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Abstract. Additive manufacturing of polymeric foams via Material Extrusion (MEX) is an attractive 
route to lightweight components with tunable mechanical response. However, reproducible 
performance remains challenging because foam expansion, cell stabilization, and inter-layer bonding 
are strongly governed by the thermal–processing window. This study evaluates the feasibility of 
directly printing a commercial PLA foaming filament and quantifies the influence of nozzle 
temperature (and the associated flow-rate adjustment) on density and tensile behavior. ISO 527-2 
tensile specimens were printed under three printing-condition combinations, a nominal PLA setting 
(190°C, 100% flow) and two foaming-window settings (250°C, 55% flow and 270°C, 50% flow). 
Tensile tests were conducted, and the tensile properties were assessed via Young’s Modulus, Yield 
and Ultimate properties (stress/strain), and elastic and total absorbed energy up to fracture. In addition 
to absolute values, all relevant metrics were normalized by relative density to enable robust 
comparisons across foaming levels. Finally, the DIC maps at the Yield and Fracture point were used 
to support the derived results and conclusions. 

Introduction 
Additive manufacturing (AM) of polymeric foams is attracting increasing interest due to its ability to 
merge layer-wise fabrication with cellular material architectures [1,2]. This integration gives the 
ability to develop lightweight components with tunable mechanical performance [3]. AM allows 
precise control over part morphology and internal porosity, which is difficult to achieve using 
conventional foam manufacturing routes due to its geometric freedom [4]. 
Among the available AM techniques, material extrusion (MEX)—widely known as fused filament 
fabrication (FFF)—is one of the most established and commercially prevalent technologies [5]. In 
MEX, three-dimensional components are fabricated directly from computer-aided design (CAD) data 
through the sequential deposition of molten thermoplastic material. Compared with traditional 
manufacturing techniques, MEX offers superior design flexibility, cost-effective fabrication of 
complex geometries, rapid production cycles, and straightforward customization using relatively low-
cost materials and equipment [6]. 
Despite its technological maturity, the application of MEX to polymeric foams remains comparatively 
underexplored, particularly with regard to the controlled generation of cellular structures during the 
printing process [7]. The introduction of foaming agents and mechanisms within the extrusion stage 
enables the fabrication of lightweight components with reduced material consumption and enhanced 
functional performance [8]. However, the resulting foam morphology and mechanical behavior are 
strongly influenced by the type and size of the foaming agent, as well as the printing parameters and 
thermal history, which govern gas expansion, cell stabilization, and interlayer adhesion [9]. 
Damanpack, Sousa and Bodaghi [10] investigated the influence of printing temperature and flow rate 
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on the tensile mechanical properties and porosity of the printed samples. The authors developed an 
analytical model that can correlate the mechanical properties with the porosity of PLA foams. In the 
study by Abu Hassan et al. [11] investigated the influence of the foaming agent and the printing 
temperature on the properties of PLA/kenaf composites. The findings show that lower extrusion 
temperatures promote finer and more uniform cell structures, although this was accompanied by a 
reduction in mechanical properties. 
Based on the abovementioned, a systematic investigation of the relationship between processing 
conditions and foam characteristics is essential to ensure reproducibility and performance consistency 
in additively manufactured polymeric foams, given that even small variations in printing temperature 
can lead to measurable changes in material properties. The present study examines the influence of 
nozzle temperature on the resulting density and tensile performance of a PLA foaming filament. Three 
printing temperatures were selected: one close to the nominal processing temperature of conventional 
PLA and two within the material’s foaming window, in conjunction with appropriate adjustments of 
the flow rate. The tensile response was characterized in terms of Young’s Modulus (YM), Yield Stress 
(YS) and the corresponding Yield Strain (YStr), Ultimate Tensile Strength (UTS) and the 
corresponding Ultimate Tensile Strain (UTStr), as well as the Total absorbed Energy up to fracture 
(TE) and the Elastic Energy (EE). In addition to the absolute values, density-normalized properties 
were calculated using the relative density, enabling more robust comparisons across foaming 
conditions. Finally strain data obtained via digital image correlation (DIC) were also used to support 
the assessment of the material’s tensile behavior. 

Materials and Methods 
The specimen geometry followed BS EN ISO 527-2:2012 and the parts were fabricated via material 
extrusion (MEX) on a Flashforge Creator 3 using 1.75 mm PLA foaming filament. The “Standard” 
slicing profile was employed with a 0.8 mm nozzle. Specifically, a fixed layer-height strategy was 
adopted with a nominal layer height of 0.30 mm and an increased first-layer height of 0.40 mm. The 
perimeter configuration employed three shells (nominal shell thickness ≈2.40 mm) with 10% 
perimeter overlap, and seam placement was controlled via start-point selection (“closest to specific 
location”). Full-density infill (100%) was used with a line pattern (start angle 45°, cross angle 90°), 
combined with 4 top solid layers and 3 bottom solid layers and a 15% infill–perimeter overlap, whilst 
the infill combining option was disabled (maximum solid and sparse combine = 1). The base print 
speed was 60 mm/s with a travel speed of 100 mm/s, a minimum speed of 20 mm/s, and the first layer 
printing speed was limited to 40 mm/s. Finally, the exterior wall speed was capped at 40 mm/s and 
interior wall maximum speeds were set to 60 mm/s. Keeping in mind that the aim of the present work 
is to investigate the effect of printing temperature on the tensile properties of 3D-printed PLA foaming 
material, three nozzle temperature – flow rate combinations were examined. The tested conditions 
spanned from the typical PLA processing window (190°C at 100% flow rate) up to a high-
temperature, reduced-flow regime (250°C at 55% flow rate and 270°C at 50%). 
The tensile properties were quantified in terms of YM, YS and the corresponding YStr, UTS and the 
corresponding UTStr, as well as the TE up to fracture and the EE. Since specimens produced at 
elevated nozzle temperatures exhibit significant foaming, and thus reduced density, direct comparison 
of the as-measured tensile properties based solely on absolute values is not meaningful. Therefore, in 
addition to reporting the absolute properties, all values (YM, YS, UTS, EE and TE) were normalized 
with respect to the relative density of the specimens for each printing condition. The relative density 
was defined as the ratio of the specimen nominal density to the nominal density of solid PLA (1.24 
g/cm3 [12]). The specimen nominal density was calculated by dividing the experimentally measured 
mass by the CAD-based specimen volume (8.55 cm3). Any deviations between the manufactured 
specimen dimensions and the CAD geometry were considered minor and are not expected to 
materially affect the results or the conclusions drawn. 
Finally, all tensile tests were performed using a Shimadzu universal testing machine equipped with a 
20 kN load cell and an optical extensiometer for precise strain acquisition, utilizing a 16 MP CCD 
camera operating at 5 fps. The tensile loading rate was set to 2 mm/min. Additionally, Digital Image 
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Correlation (DIC) software (xsight) was employed to obtain full-field strain maps and to validate the 
strain measurements acquired by the optical extensiometer, enabling a detailed analysis of strain 
localization and deformation evolution during loading. For this purpose, each specimen was prepared 
by applying a uniform white matte primer coating (plastic skin), followed by the deposition of a 
random black speckle pattern on the gauge section to ensure adequate image contrast and reliable 
DIC correlation throughout the test. 

Results and Discussion 
Table 1 summarizes the measured tensile metrics and the corresponding relative-density-normalized 
values for all printing conditions. 

Table 1. Tensile properties and the respective reduced to relative density values. 

 Rel. 
Density 

YM 
(MPa) 

YS 
(MPa) TYStr UTS 

(MPa) UTStr EE 
(MJ/m3) 

PE 
(MJ/m3) 

TE 
(MJ/m3) 

T190 80% 543 16.11 2.23% 16.876 2.85% 0.22 1.77 2.00 
T250 40% 173 5.45 1.61% 5.951 2.33% 0.06 1.85 1.92 
T270 41% 213 4.95 2.31% 5.426 24.90% 0.06 1.23 1.29 

  Reduced to relative density tensile properties 
T190 80% 677 20.09 2.23% 21.05 2.85% 0.28 2.21 2.49 
T250 40% 431 13.54 1.61% 14.79 2.33% 0.16 4.61 4.77 
T270 41% 524 12.17 2.31% 13.35 24.90% 0.16 3.02 3.18 

In Fig. 1 the dominant role of foaming-induced density reduction on stiffness is presented, while also 
indicating an additional temperature-dependent microstructural effect beyond density alone. The 
relative density decreases markedly from ~0.80 at T190 to ~0.40–0.41 at T250 – T270, consistent 
with strong in situ cell nucleation and expansion at elevated nozzle temperatures and reduced flow 
rate. This density drop is reflected in the absolute Young’s modulus, which falls from 543 MPa 
(T190) to 173 MPa (T250) and 213 MPa (T270). However, after normalization by relative density, 
the reduced YM remains lower for the foamed conditions (677 MPa at T190 versus 431 and 524 MPa 
at T250 and T270 respectively), implying that the stiffness loss cannot be attributed solely to reduced 
solid fraction. This behavior may be explained by three main reasons. The transition from a 
predominantly solid “skin–core” structure at T190 to a more compliant cellular core at higher 
temperatures, the increased inter-layer compliance due to gas expansion during deposition and 
reduced effective interlayer adhesion area, and possible changes in crystallinity/thermal history that 
alter the intrinsic stiffness of the polymer matrix. Notably, T250 and T270 exhibit nearly identical 
relative density but different modulus values, suggesting that the foam morphology (cell size 
distribution, cell-wall thickness, and degree of coalescence) along with the interlayer bonding quality 
vary with nozzle temperature even at similar bulk density, thereby modulating stiffness. 

 
Fig. 1. a) Young’s Modulus (bar charts), reduced Young’s Modulus (line) and b) Relative density 

for the different printing temperatures. 
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Based on the data presented in Fig. 2, yielding is highly sensitive to both density reduction and the 
thermo-foaming regime, since strength is degrading more than can be explained by density alone. 
The YS decreases from 16.11 MPa (T190) to 5.45 MPa (T250) and 4.95 MPa (T270), consistent with 
reduced load-bearing cross-section and stress concentrations introduced by pores. Density 
normalization partially collapses this trend but does not eliminate it since the reduced YS drops from 
20.09 MPa (T190) to 13.54 MPa (T250) and 12.17 MPa (T270), indicating that the effective yield 
mechanism is additionally governed by microstructural integrity like the cell-wall continuity, the 
interlayer bonding quality and the void morphology. 

 
Fig. 2. a) Yield Strength (bar charts), reduced Yield Strength (line) and b) Yields Strain for the 

different printing temperatures. 
The YStr behavior is also interesting since T250 exhibits the lowest YStr (1.61%), implying earlier 
onset of irreversible deformation, possibly due to weaker bonding and more heterogeneous porosity, 
whereas T270 shows a higher YStr (2.31%), suggesting a shift toward more stable pre-yield 
deformation and delayed yielding due to improved chain mobility and interdiffusion at the highest 
nozzle temperature partially counteracting the foaming-induced heterogeneity. Overall, the combined 
trends support the interpretation that higher-temperature printing generates a more compliant, 
porosity-dominated structure with reduced yield capacity, while the yield strain reflects the balance 
between foam morphology and thermal crystallinity effects that promote a more uniform deformation. 
In Fig. 3, a significant reduction in tensile strength with foaming is presented, accompanied by a 
substantial change in post-yield deformation capacity, especially at the highest nozzle temperature. 
The UTS drops from 16.876 MPa (T190) to 5.951 MPa (T250) and 5.426 MPa (T270), consistent 
with the lower effective load-bearing area and premature damage initiation at pores and inter-road 
defects. Normalization by relative density again reduces, but does not remove, the differences (21.05 
MPa at T190 versus 14.79 MPa at T250 and 13.35 MPa at T270), reinforcing that the strength 
reduction is not purely a density effect and likely reflects reduced interlayer bonding efficiency, larger 
and less uniform cells, and earlier microcrack nucleation at cell-wall junctions. In contrast, the 
ultimate strain shows a qualitatively different response. More specifically, while T190 and T250 
exhibit low UTStr (~2–3%), T270 shows a notably high UTStr (24.90%), suggesting a transition from 
relatively brittle and limited-strain failure to a highly ductile, stable deformation regime. 
Mechanistically, this response can arise from a more extensible foam network in which deformation 
proceeds through progressive cell-wall stretching and reorientation. In this regime, the UTS shifts 
away from the initial elastic region and occurs at higher strains, closer to the final fracture strain, 
indicating that the material exhibits limited strain hardening up to fracture. 
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Fig. 3. a) UTS (bar charts), reduced UTS (line) and b) UTStr for the different printing temperatures. 
Finally, Fig. 4 consolidates the mechanical implications of foaming by separating stiffness-dominated 
energy storage from the overall energy absorption capacity up to fracture, and it reveals that density 
normalization can invert the interpretation of “performance”. The EE is highest for the dense material 
(0.22 MJ/m³ at T190) and drops to 0.06 MJ/m³ for both foamed conditions, which is expected because 
EE scales strongly with YM and YS / YStr, which have both been reduced by porosity. The absolute 
TE remains comparable between T190 (2.00 MJ/m³) and T250 (1.92 MJ/m³) but decreases at T270 
(1.29 MJ/m³), indicating that excessive foaming and/or microstructural degradation at the highest 
temperature reduces the material’s ability to sustain load over large deformations before fracture. 
However, once normalized by relative density, TE increases substantially for the foamed conditions 
(2.49 MJ/m³ at T190 versus 4.77 MJ/m³ at T250 and 3.18 MJ/m³ at T270), implying that, per unit 
solid material, the foamed architectures can dissipate more energy, a conclusion consistent with 
progressive damage mechanisms that are efficient energy sinks in cellular polymers. The fact that 
T250 provides the highest density-normalized TE suggests it offers the most favorable compromise 
between creating a cellular structure (enhancing energy dissipation per unit mass) and preserving 
sufficient integrity to avoid premature catastrophic failure, whereas T270, limits absolute and 
normalized energy absorption despite increased ductility indicators. 

 
Fig. 4. a) Elastic absorbed energy (bar charts), reduced Elastic absorbed energy (line) and b) Total 

absorbed energy (bar charts), reduced Total absorbed energy (line) for the different printing 
temperatures. 
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Fig. 5. DIC maps for the different printing temperatures at the (a), (c) and (e) Yield Point and (b), 

(d) and (f) at the fracture point. 
The DIC maps of axial strain e1 in Fig. 5 provide direct evidence that the deformation mode transitions 
from largely uniform straining at the nominal PLA temperature (T190) to increasingly heterogeneous 
and localized deformation as the printing temperature enters the foaming window. At the Yield Point, 
the low-temperature condition of T190 exhibits a comparatively homogeneous strain field across the 
gauge section, which is consistent with stable load transfer and limited early strain localization. In 
contrast, the foamed conditions (T250 and T270) show clear strain gradients and banding and local 
“hot spots,” indicating that yielding initiates preferentially in regions of locally reduced stiffness and 
strength (e.g., pore-rich zones, thinner cell walls, and weaker inter-layer adhesion). At the fracture 
point, the high-temperature foamed specimens (T250 and T270) develop substantially larger strains 
prior to rupture, with a broad region of elevated strain followed by the emergence of a dominant 
necking failure band, behavior that is consistent with progressive cell-wall stretching, bending, and 
reorientation and with gradual damage accumulation rather than abrupt catastrophic cracking. 
Conversely, the low temperature specimen (T190) fractures shortly after yielding, a result in 
agreement with the small yield-to-fracture strain gap reported in Table 1, whilst the final map is 
dominated by a narrow high-strain zone at the crack path. This pattern is typical of rapid localization 
and limited plastic redistribution, while the very high strain values at the immediate fracture line 
should be interpreted cautiously as they may be amplified by DIC decorrelation during crack initiation 
and opening. 
To close the Results and Discussion section, it is worth noting a few limitations and directions for 
future work. First, the foaming response was evaluated mainly through bulk density and 
mechanical/DIC data, without direct microstructural quantification. Measurements of cell-size 
distribution, porosity fraction, cell-wall thickness, and possible skin–core gradients would strengthen 
the process–morphology correlation. Second, inter-layer bonding was assessed indirectly, while 
fracture-surface analysis and interfacial characterization could clarify bonding mechanisms in 
directly printed MEX foams. Finally, only three nozzle-temperature conditions (with corresponding 
flow-rate adjustments) and a single material were examined, so the findings should be interpreted 
within this parameter window and may not directly generalize to other systems. Future work should 
therefore combine systematic process mapping with quantitative morphology and bonding 
assessment to further reinforce the process–structure–property link. 
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Conclusion 
In the current study, the effect of nozzle temperature, together with the corresponding flow-rate 
adjustment, on the foaming intensity and tensile response of material-extruded PLA foaming filament 
was investigated. ISO 527-2 tensile specimens were printed at one nominal PLA condition and two 
conditions within the foaming window. The tensile behavior was quantified via YM, YS, YStr, UTS, 
UTStr, EE and TE, supported by full-field DIC strain mapping. To enable meaningful comparisons 
across markedly different foam contents, the measured properties were additionally normalized by 
the relative density derived from specimen mass and CAD volume. Overall, nozzle temperature was 
shown to be an effective process lever to tune density and mechanical performance, while the results 
also demonstrate that small thermal shifts within the foaming window can lead to substantial changes 
in deformation mode and failure characteristics. More specifically, the main conclusions were: 

• Increasing nozzle temperature from the nominal PLA setting into the foaming window 
produced a pronounced reduction in relative density, confirming strong process sensitivity of 
cellular expansion. This density shift is the primary driver for the reduction of stiffness and 
strength in absolute terms. 

• Density normalization reduced, but did not eliminate, differences in YM and strength between 
the processing conditions. This indicates that foam morphology and inter-layer bonding 
quality influence the effective load-bearing efficiency in addition to bulk solid fraction. 

• The highest-temperature condition (T270) promoted substantially larger tensile strains prior 
to fracture, consistent with a more extensible cellular network and progressive cell-wall 
deformation. DIC maps corroborated this by showing a transition from comparatively uniform 
straining at nominal temperature to stronger strain localization and band formation in the 
foamed conditions. 

• In absolute terms, EE decreased strongly with foaming due to the reduction in stiffness, while 
TE depended on the balance between ductility and premature damage. When normalized by 
relative density, the foamed conditions exhibited improved energy absorption per unit solid 
material, highlighting the potential of controlled foaming for lightweight, energy-dissipative 
applications. 
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