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Abstract
This study explores how additive manufacturing processes, specifically fused filament fabrication (FFF) parameters, affect 
the β-crystallization of polyvinylidene fluoride (PVDF). A key focus is to ascertain if flow-induced crystallization during FFF 
improves the overall crystallinity, as the polymer melt is subjected to high shear forces during printing, which reduces kinetic 
barriers to crystallization and influences the resulting morphology. Using a design-of-experiments approach, the effects of 
extrusion temperature and printing speed were systematically evaluated to assess their impact on crystallinity, character-
ized through differential scanning calorimetry, Fourier-transform infrared spectroscopy, and polarized optical microscopy. 
Statistical analysis identified extrusion temperature as the most significant parameter for promoting β-phase formation, with 
the highest crystallinity observed at an extrusion temperature of 235 °C. In contrast, printing speed appeared to have a lim-
ited influence on crystalline phase distribution, indicating that higher production rates may be achievable without adversely 
affecting material properties. Nevertheless, rheological investigations underscored the role of both extrusion temperature and 
printing speed in facilitating shear-induced crystallization. These findings provide valuable insights into the optimization 
of FFF parameters for PVDF-based functional devices, advancing the development of improved piezoelectric and energy 
harvesting applications while reducing the cost and complexity associated with conventional manufacturing techniques.
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Abbreviations
ANOVA	� Analysis of variance
DSC	� Differential scanning calorimetry
DoE	� Design of experiments
FFF	� Fused filament fabrication
FIC	� Flow-induction crystallization
FTIR	� Fourier-transform infrared spectroscopy
POM	� Polarized optical microscope
PVDF	� Polyvinylidene fluoride

Sp	� Extrusion speed
Tex	� Extrusion temperature

1  Introduction

Fused filament fabrication (FFF) of polymers is a popu-
lar additive manufacturing plastic processing technique 
known for its versatility, sustainability, affordability, and 
user-friendly system. It involves the layer-by-layer deposi-
tion of thermoplastic filaments to build three-dimensional 
objects [1]. For high-performance semi-crystalline poly-
mers, FFF presents both opportunities and challenges 
due to the unique properties of these materials [2]. One 
opportunity consists of the ability to orient and align the 
polymer chains. During FFF, both the shear flow within 
the nozzle and the velocity gradients induced by the 
deposition process can significantly deform the polymer 
microstructure. Flow distorts the configuration of poly-
mer chains, and it is believed that this distortion breaks 
down the kinetic barriers to crystallization and directs the 
resulting morphology [3]. This phenomenon known as 
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flow-induction crystallization (FIC) [4] enhances oriented 
crystallization. As a result, it is a potentially valuable tool 
for altering the crystalline morphology of the polymer 
materials resulting in advanced material properties of the 
3D-printed objects [5].

Among the high-performance semi-crystalline polymers, 
polyvinylidene fluoride (PVDF) has gained attention as a 
promising material due to its unique combination of proper-
ties, including chemical resistance, mechanical strength, and 
the ability to generate piezoelectricity [6]. From the molecu-
lar point of view, PVDF is a thermoplastic semi-crystalline 
polymer with well-known polymorphism resulting in multi-
ple crystalline phases that significantly influence its proper-
ties and applications [7]. In particular, PVDF crystallizes 
into several polymorphs, α, β, γ, δ, and ε, where α, β, and γ 
phases are the most commonly seen over the molten crystal-
lization. The α-phase is the most stable and prevalent form, 
and the α-phase with its trans-gauche (TGTG′) conformation 
crystallizes more readily under quiescent conditions [7] due 
to its lower energy barrier compared to the all-trans (TTTT) 
conformation of the β-phase [8]. The β-phase, known for its 
superior piezoelectric, pyroelectric, and ferroelectric prop-
erties, is typically achieved through advanced technologies 
that induce permanent polarization and molecular chain 
alignment, such as mechanical stretching, high-pressure 
application, melt quenching, poling under strong electric 
fields, and electrospinning [9].

Although there have been significant improvements in 
these areas, there are still limitations, such as the cost and 
the feasibility of utilizing these techniques to create energy-
harvesting or sensing devices with more intricate geometries 
or scales. These constraints have motivated researchers to 
explore alternative approaches, such as the development of 
electroactive PVDF filaments for 3D printing via material 
extrusion.

In this context, Saleh et al. [10] focused on the optimi-
zation of the electroactive PVDF filament production, both 
with and without additives, using a micro compounder fol-
lowed by post-treatment (mechanical stretching or electric 
poling). They attained the highest β-phase fraction (ca. 
80%) by fabricating pure (i.e., without additives) PVDF 
filament through extrusion at 220  °C and mechanical 
stretching with an average of 4.5 times. While mechani-
cal stretching proved more effective than electric pol-
ing in enhancing β-phase content, the latter significantly 
increased the output current compared to commercially 
available PVDF filaments. Similarly, Porter et al. [11] 
investigated the fabrication of PVDF thick films using FFF 
under various parameters, including in situ electrical pol-
ing. Although they could not perform statistical analysis, 
their results suggested that lower extrusion temperatures, 
faster extrusion rates, and higher hot-end voltages were 
favorable for β-phase formation. However, they found that 

as-printed films exhibited minimal piezoelectricity, and 
post-printing poling was required to induce measurable 
piezoelectricity [11].

In addition, some researchers incorporated fillers to 
induce the generation of β-phase in the FFF 3D-printed 
PVDF films such as tetraphenylphosphonium chloride, 
ionic liquid [12], and trifluoroethylene [13]. These addi-
tives have led to a significant increase in β-phase content, 
but they also cause an increase in production times and 
costs a necessity for additional safety measures. Despite 
the growing interest toward the use of innovative printing 
processes, the literature lacks systematic studies on how 
the 3D-printing process affects the final PVDF crystalline 
structure.

It is well established that extrusion processes subject 
the amorphous molten polymer to high shear forces, caus-
ing polymer chains to orient and stretch. This orientation 
reduces the system’s entropy, which, in turn, elevates the 
equilibrium melting temperature, providing additional 
undercooling that triggers crystallization [8]. Conse-
quently, flow can induce the transition of α to the β-phase 
by promoting the all-trans conformation, thereby accel-
erating crystallization kinetics and eventually enhancing 
electroactive properties. Thus, flow-induced crystallization 
represents a promising approach for increasing crystallin-
ity and engineering specific crystalline phases. However, 
the relationship between shear forces, crystallinity, and the 
electroactive properties of PVDF during 3D printing has 
not been fully explored.

Consequently, the aim of this work was to address the 
following research questions:

•	 Can FIC be harnessed to achieve polarized PVDF sam-
ples?

•	 How does the effect of flow during 3D printing alter crys-
tallinity?

To investigate the FIC, the temperature (Tex) and extru-
sion speed (Sp) were tuned to examine the influence of differ-
ent shear rates on the β-phase content in PVDF. A statistical 
approach was employed to ensure the significance of these 
parameters on crystallinity, involving a design of experi-
ments (DoE), to select the appropriate parameter range for 
printing. Analytical techniques, including differential scan-
ning calorimetry (DSC), Fourier-transform infrared spec-
troscopy (FTIR), polarized optical microscope (POM), and 
rheology, were utilized to assess crystallinity. The resulting 
crystalline structures were further analyzed using analysis 
of variance (ANOVA) to correlate the β-phase content with 
FFF processing parameters. In conclusion, the potential and 
limitations of the flow-induced crystallization phenomenon 
in the production of piezoelectric devices through FFF are 
discussed.
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2 � Materials and methods

2.1 � Material

The PVDF filament (diameter of 1.75 ± 0.05 mm) was pur-
chased from 3DXTech (3DXTech, Michigan, USA), with the 
commercial name of FluorX.

2.2 � DoE for the variation of the printing parameters

This study employs a DoE framework to investigate the 
effects of two factors, namely, printing speed (Sp) and extru-
sion temperature (Tex), on the crystalline structure. The 
experimental design includes six levels for each factor and 
three replications for each combination to ensure the robust-
ness and reliability of the results. Therefore, the number of 
total samples printed in this work was calculated as follows:

Table 1 shows the levels for the printing speed (Sp) and 
extrusion temperature (Tex) used for the study, for a total of 
36 combinations.

For each of the 36 combinations of the conditions, we 
printed a cylindrical sample with a diameter of 20 mm and 
a height of 3 mm. The printing geometry was input into 
the PrusaSlicer software. The samples were printed on the 
Original Prusa i3 MK3S printer. The other parameters, 
including the building platform temperature and layer 
height, were maintained at consistent values of 100 °C and 
0.15 mm, respectively. Concerning the range of the param-
eters selected, the boundaries of the temperature range were 
identified through a series of printing tests, which demon-
strated that fabricating samples without printing issues was 
not feasible at temperatures below 215 °C or above 265 °C.

2.3 � Characterization

Differential scanning calorimetry  DSC analyses were car-
ried out using a DSC 214 Polyma Equipment (Netzsch 
Group, Selb, Germany). Two heating and cooling scans were 
performed under a nitrogen atmosphere (40 mL/min) from 
20 to 400 °C with a heating/cooling rate of 0.5, 5, and 10 °C/

(N◦ of levels)N
◦ of factors × n◦ of replica = 6

2 × 3 = 108 samples

min. DSC data allowed us to measure the melting tempera-
tures and enthalpies of the material after process conditions, 
providing information about the changes in the crystalline 
fraction. The crystalline fraction was evaluated as

where ΔHm is the experimental enthalpy of melting, calcu-
lated by the integration of the melting endothermic peak, 
and ΔH0

m
 is the theoretical melting enthalpy of a purely crys-

talline PVDF, which was assumed to be equal to 104.7 J/g 
[10].

Fourier‑transform infrared spectroscopy  FTIR analysis 
was carried out with the Bruker Tensor 27 in combination 
with the OPUS software. The applied spectral range was 
600–1500 cm−1, with a resolution of 2 cm−1, and 64 scans 
in attenuated total reflection mode were collected per sam-
ple [10]. The fractions of the different phases were calcu-
lated following the approach previously employed by Ye 
et al. [14]. The initial phase involved assessing the α and β, 
γ-fractions (Fα and Fβ,γ) as.

where A763 and A840,832 are the absorbance intensities at 
763 cm−1 for α-phase and 840/832 cm−1 for β- and γ-phases, 
respectively. Following this, the individual fractions of β- 
and γ-phases (Fβ and Fγ) were calculated by.

where A1276 and A1233 are the absorbance intensities at 1276 
and 1233 cm−1 that are exclusive for the β- and γ-phases, 
respectively. The FTIR spectra were processed using the 
EssentialFTIR software. Initially, they were normalized 
according to the 1070 peak [11], and the intensities of the 
characteristic peaks (763, 840, 1233, 1276  cm⁻1) were 
exported.

Polarized optical microscope  POM was used to observe the 
morphology of crystalline phases in samples on a Keyence 
VHX-7000 instrument. The samples were prepared using a 
microtome (Leica RM2245).

(1)Xc(%) =
ΔHm

ΔH0

m

× 100

(2)Fα =
A763

A763 + A840,832

× 100

(3)F�,� = 100% − F�

(4)Fβ = Fβ,γ ×
A1276

A1276 + A1233

× 100

(5)Fγ = Fβ,γ ×
A1233

A1276 + A1233

× 100

Table 1   Process parameters 
including printing speed (Sp) 
and extrusion temperature (Tex)

Tex (°C) Sp (mm/s)

215 15
225 25
235 35
245 45
255 55
265 65
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Rheological properties  The effect of the different print-
ing temperatures and extrusion speeds was investigated by 
analyzing the rheological properties of the samples with an 
Anton Paar rheometer (MCR 702) equipped with a CTD600 
oven. We used plate-plate geometry with a 25-mm diam-
eter. Rheological data were collected from 3D-printed discs 
(25 mm diameter and 1 mm thickness). Rotational rheologi-
cal measurements were performed to characterize the poly-
mer's steady-state viscosity as a function of shear rate. The 
shear rate range analyzed was between 0.01 and 10 s−1.

The shear-induced crystallization measurements were con-
ducted according to the heating scheme in Fig. 1. The sam-
ples were loaded at a temperature of 180 °C in the rheometer 
and kept at this temperature for 5 min to erase the ther-
mal history. Then, before the start of the measurement, the 
samples were cooled down to 160 °C. The temperature was 
selected close to the crystallization temperature verified with 
additional DSC measurement. When the measure started, the 
samples were subjected to a shear flow with constant shear 
rates. The range values of the shear rate investigated were 
0.01, 0.1, and 1 s−1.

3 � Results

3.1 � Experimental determination of the crystalline 
phase in the printed samples

The fraction of crystallinity can be determined via DSC and 
FTIR analyses. Figure 2 presents the first heating cycle of 
the DSC for the polymers printed at the lowest and highest 
Sp, within the selected temperature range, to show the pro-
cessing-induced crystallinity. The DSC analysis can detect 
the presence of different phases by resolving the melting 
peaks of each crystalline phase. The melting temperature for 

α-, β-, and γ-phases are 167, 172, and 180 °C, respectively 
[15]. However, at a heating rate of 10 °C/min, the γ-peak was 
not detected from the DSC analysis. As shown in Fig. 2, we 
did not observe a well-defined unique melting peak which 
can be linked to the suboptimal heating/cooling rate. Fan 
et al. [15] used different cooling rates to reveal the nature of 
the multi-peak phenomenon of multiple crystalline phases. 
Therefore, Fig. 3a and b show the DSC trace obtained at 
5 and 0.5 °C/min, respectively. Indeed, the lower cooling 
rates resulted in two different melting peaks, one closer to 
the α melting point and one closer to the β melting point. 
Decreasing the cooling rate reveals that the melting peak at 
a higher temperature exhibits a larger area for the sample 
printed at 235 °C at 15 mm/s. This result suggests a greater 
contribution of the β-phase compared to the α-phase in the 

Fig. 1   Heating cycle used for the rheological test to study the shear-
induced crystallization

Fig. 2   DSC results for the samples printed at the highest, medium, 
and lowest Tex with a cooling rate of 10 K/min. The black curves cor-
respond to the lowest printing speed and the red curves to the highest 
speed
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sample's crystallinity. The study of the DSC traces at differ-
ent cooling rates was also conducted on the filament before 
printing, and the results are shown in Fig. 4. In this case, 
lower cooling rates resulted in two distinct melting peaks, 
with the peak corresponding to the β-phase exhibiting a sig-
nificantly larger area than that of the α-phase. Additionally, 
no peak was observed around 180 °C in this analysis either.

As the melting peaks of α- and β-phases overlap on 
DSC and no deconvolution can be easily performed, we 
used FTIR to clarify the presence of polymorphism, as 
FTIR is a complementary method to quantify different 
crystalline phase contents in a sample.

Figure 5 summarizes the results from the FTIR analysis 
by comparing the spectra of samples printed at different 
temperatures at the lowest and highest speeds and the fila-
ment, respectively, in Fig. 4a and b. Comparing the spectra 
of the printed samples, it is immediately obvious that for 
the α-phase, the peak at 763 cm−1 remained mostly con-
stant, except at a temperature of 235 °C, where at both 

high printing speeds and especially at low printing speed, 
it tended to decrease significantly in favor of an increase 
in the β-phase, both at the peaks of 840 and 1276 cm−1. 
Regarding the γ-phase, the relative peaks were limited, 
providing the reason why we did not observe the melting 
peak at 180 °C. In general, simply observing the spectra 
does not make it easy to distinguish the contribution of γ 
from that of β, particularly concerning the peaks at 840 
and 832 cm−1.

Therefore, Eqs. (2) to (5) were used to evaluate the phase 
content and separate the two contributions. The results of 
these calculations are shown in Fig. 6 in the form of a color 
map, where for each phase the color intensity depends on 
the phase crystallization fraction percentage; the details 
are described in [16]. These results also highlight that the 
α-phase (Fα) is predominant, with the only exception at 
235 °C. There does not appear to be a characteristic growth 
trend of one phase over the others.

Fig. 3   DSC results for the 
samples printed at the highest, 
medium, and lowest Tex with a 
cooling rate of 5 K/min (a) and 
0.5 K/min (b). The black curves 
correspond to the lowest print-
ing speed and the red curves to 
the highest speed
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Now, the FTIR results of the printed samples and the fila-
ment are compared. Figure 5 indicates that in the filament 
spectra, the peaks related to the α-phase were almost absent, 
while those related to the β- and γ-phases were clearly vis-
ible. The β- and γ-phase contributions for the filament 
were also calculated using Eqs. (2) to (5), revealing that 
the cumulative percentage of the Fβ,γ was approximately 
82% (Fβ=40%, Fγ=43%). This result is consistent with 
the findings reported in a previous article [10]. The only 
sample that recorded a similar value is the one printed at 
235 °C at 15 mm/s, with a β-fraction value of 53% (Fβ=38%, 
Fγ=15%).

3.2 � Effect of process parameters on crystallinity 
percentage and melting temperature

Figure 7 shows the results of the ANOVA about the effect 
of the extrusion temperature and printing speed on the DSC 
analysis; the response variables are the melting enthalpy 
ΔHm, which is used for the total crystallinity estimation in 
Eq. (1), and the melting temperature Tm (recorded at the 
cooling rate of 10 K/min). For both response variables, the 

significance level is set at 95%. The ANOVA tables and 
the residual plots are collected in the supplementary mate-
rial (S1). Figure 7a shows the ANOVA results on the total 
crystallinity. It reports a p-value lower than 0.5% for both 
the factors Tex and Sp. Therefore, it is possible to assume 
with a probability of 95% that both extrusion temperature 
and speed have significant effects on the response variable. 
The interaction between temperature and speed (Tex × Sp) is 
not statistically significant, with an F-value of 1.34 and a 
p-value of 0.168, suggesting no significant combined effect. 
Therefore, the interaction contribution was excluded from 
the analysis as an ineffective parameter [17]. Moreover, 
higher temperature generally leads to higher crystallinity, 
although the dependence is not entirely linear as seen at 
235 and 245 °C. The effect of the printing speed requires 
further clarification, but the correlation between speed and 
crystallinity appears to be strongly nonlinear. In addition, 
the ANOVA was also conducted to investigate the effect 
of printing parameters on the melting temperature, includ-
ing extrusion temperature, speed, and their interaction; the 
results are reported in Fig. 7b. The sole factor that affects the 
melting temperature is the extrusion temperature. The main 
plot exhibits the relationship between extrusion temperature 
and melting temperature. When comparing this plot to the 
one in Fig. 7a, it can be noticed that the influence of Tex on 
∆Hm and Tm are opposite; greater extrusion temperatures 
favor a higher percentage of crystallinity but lower melting 
temperature. Figure 7a and b also present the enthalpy and 
melting temperature values obtained from a DSC analysis 
of the filament, indicated by a black dashed line, to highlight 
the effects of the printing process parameters on the mate-
rial. It can be observed that at low extrusion temperatures, 
there is a slight increase in both the total crystallinity and the 
melting temperature. However, as the extrusion temperature 
increases, there is a sudden rise in crystallinity and a drastic 
reduction in the melting temperature.

3.3 � Effect of process parameters in β‑phase fraction 
formation

ANOVA was also conducted for the β-phase fraction for-
mation calculated by Eq. (4). Before performing the analy-
sis, the normality of the β-phase distribution was verified, 
but the probability plot recorded a p-value < 0.005. Thus, 
it is impossible to exclude with 95% confidence that the 
β-phase distribution is normal. Consequently, the β-phase 
distribution was transformed using the Johnson transfor-
mation to achieve normality. Subsequently, ANOVA was 
performed, and the results are presented in Fig. 8. Similar 
to the melting temperature in DSC shown in Fig. 7b, the 
only factor that appears to have an influence is the extru-
sion temperature. Thus, the results for the same extrusion 
temperature at different speeds have been considered as 

Fig. 4   DSC results for the commercial filament recorded at a cooling 
rate of 10 K/min (black line), 5 K/min (blue line), and 0.5 K/min (red 
line)
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replicates. The one-way analysis indicates that the p-value 
for Tex is 0.4%, which suggests a 99.6% probability that 
the extrusion temperature has a significant effect on the 
β-phase percentage. Contrary to the assertions made by 
Porter [11], the observation of the main effect plot reveals 
that the β-phase percentage increases with rising extru-
sion temperatures. However, as shown also in Figs. 2, 3, 
and 4, the extrusion temperature at 235 °C reaches the 
maximum β fraction value. Nevertheless, it is important to 
emphasize that all the printed samples exhibit a non-neg-
ligible percentage of the β-phase directly from the melt. 
This result highlights the effect of flow on the crystalliza-
tion of PVDF, as in quiescent crystallization only the pure 
α-phase forms [4].

3.4 � Effect of process parameters on crystalline 
morphology

This section leads to further investigation of the effect of 
printing parameters on the PVDF flow-induced crystalliza-
tion. Since the previous sections point out that the main 
parameter that influences the crystals is the extrusion tem-
perature, it was decided to analyze samples printed at dif-
ferent temperatures but with the same printing speed of 
35 mm/s. The literature frequently states that the melting 
temperature is mainly related to the thickness of the crys-
tals. Therefore, in this analysis, the radius of the spherulitic 
crystals was calculated, as shown in the images in Fig. 9. 
Various optical microscope images were taken at the same 

Fig. 5   FTIR spectra comparison of samples printed with different 
temperatures at 15 mm/s (a) and 65 mm/s (b). Different curves define 
different extrusion temperatures: red (265  °C), yellow (255  °C), 

light green (245  °C), green (235  °C), pale blue (225  °C), dark blue 
(215 °C), and filament (dark)

Fig. 6   Maps of phase area at different extrusion temperatures and speed
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magnification (1000 ×) for each specimen and the radii of 
ca. 20 crystals were measured. The mean and distribution 
of the crystal size obtained from these measurements are 
reported in the graph in Fig. 9a. Considering the average 
radii with respect to the extrusion temperature, a trend like 
that observed for the melting temperatures is noted; specifi-
cally, lower extrusion temperatures lead to a higher melting 
temperature and a larger crystal radius. Previous studies 
[18] have demonstrated that applying flow at higher tem-
peratures leads to an increase in the density of crystalliza-
tion nuclei and the formation of spherulites with smaller 
diameters due to the enhanced crystallization rate at higher 
temperatures. However, this trend is not strictly decreas-
ing, and it should be noted that the distribution of radii at 
higher extrusion temperatures is broader compared to those 
recorded at lower temperatures.

3.5 � Effect of process parameters on molecular 
properties and shear‑induced crystallization 
as measured by rheological test

The results in the previous sections suggest that no influence 
of Sp exists on the printed samples: the crystallinity is inde-
pendent of the shear induced by the printing speed. This is, 
however, counterintuitive, as shear effects on the molecular 
level degradation and thus crystallization behavior are well 
described in the literature. To get a deeper insight into the 
influence of shear due to the printing speed, we performed a 
rheological investigation of the samples. First, we performed 
amplitude speed tests to evaluate the molecular degradation. 
Next, we designed a special experiment of crystallization 
rate measurement via rheological test. For that, we selected 
samples printed at different Tex and studied the crystalliza-
tion rate for them. It is known that the viscosity increases 
due to the crystallization process. Thus, steady-state viscos-
ity measurements at the crystallization temperature can eval-
uate the rate of crystallization providing additional insights.

Figure 10 illustrates the viscosity (η) versus shear rate 
( 𝛾̇ ) behavior of 3D-printed samples printed at various 
temperatures and measured at a constant temperature of 
180 °C. Subplot in Fig. 9a shows the three different plot 
lines which correspond to the PVDF sample printed at the 
lowest, medium, and highest extrusion temperature. Sub-
plot Fig. 9b shows the difference in the viscosity behavior 
for the samples printed at different Sp.

For the samples printed at different temperatures 
(Fig. 10a), we observe a clear difference in the zero-shear 
viscosity ( �0 ) at low shear rates which is linked to the aver-
age molar mass. The value of zero-shear viscosity decreases 
as the Tex increases confirming the thermal degradation of 
the polymer via chain scission mechanism leading to the 
reduction in the Mn value and thus �0.

Fig. 7   Analysis of variance where the response variable is the melting enthalpy in (a) and the melting temperature in (b)

Fig. 8   Analysis of variance where the response variable is the 
β-fraction (transformed by the Johnson method)
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Another interesting behavior to point out is the changing of 
the curve shape between the material processed at 215 °C and 
the other two. For the samples extruded at 215 °C, the shear 
thinning happens more abruptly than for the others. The rea-
son could be due to the fronting of the molar mass distribution 

of the polymer due to the formation of oligomers [19]. This 
is linked to a type of degradation process happening by chain 
scission, which increases the number of smaller oligomers.

In Fig. 10, the data were fitted using the Carreau model 
in this formulation:

Fig. 9   Mean and distribution of the crystal radius at different extrusion temperatures (a); POM analysis of the 215 °C (b) and 265 °C printed 
samples (c)

Fig. 10   Effect of process parameters on viscosity at different shear rates at 180 °C for three different extrusion temperatures (215, 245, 265 °C) 
(a) and for the lowest and highest printing speed (15 and 65 mm/s) printed at 245 °C extrusion temperature (b)
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where �inf  is the viscosity for an infinite value of shear rate 
(corresponding to the value at the second Newtonian pla-
teau), �0 is the viscosity for a low value of shear rate (cor-
responding to the value at the first Newtonian plateau), a is 
the transition control factor, and n is the power index. The 
slope of the curve corresponds to n−1 and it is an indica-
tion of the magnitude of the shear thinning effect which is 
strongly affected by the dispersity of the polymer. In fact, we 
notice that the n increases for lower Tex indicating that the 
dispersity increases. This is consistent with the degradation 
of the polymer via the chain-scission mechanism with the 
formation of oligomers [20].

According to the literature data, PVDF thermal degra-
dation consists of two different mechanisms. One of them 
includes the scission of the C–H bond followed by the C–F 
bond. The other consists of backbone scission with con-
sequent formation of halogenated compounds. Silva et al. 
[21] showed that in the presence of any solvent, the main 
mechanism is represented by the first one. However, the 
presence of alkali promotes the chain-scission process [22].

Figure 10b shows that for the samples extruded at dif-
ferent Sp, the molecular degradation is also detectable: 
despite the zero-shear rate viscosity being identical for 
both samples, the shear-thinning behavior is significantly 
different, highlighting the decrease of the n value which 
corresponds to the increase of dispersity. Consequently, 
we can elaborate that, due to degradation, a lot of oligom-
ers are formed due to the so-called unzipping mechanism. 
That might have a very subtle effect on the overall crys-
tallization, as the chain mobility changes insignificantly 
resulting in a negligible influence on the crystallinity.

The shear-induced crystallization rheological tests at 
160 °C allowed us to get the insights into the difference in 

y = �inf +
(

�0 − �inf
)[

1 + (tx)a
]

n−1

a
the crystallinity of the samples which cannot be observed 
otherwise. In Fig. 11, the normalized shear stress growth 
coefficient is plotted over time. Each sample is identified 
with its extrusion temperature. Additionally, the induction 
times are plotted in Fig. 12 for each sample and for each 
shear rate which corresponds to the different Sp. Over-
all, we see that for a low shear rate the increase of Tex 
results in the increase of the induction time. As expected, 
the higher the shear rate, the closer is the value of induc-
tion times. Consequently, we can conclude that the FIC is 
observed for our samples though it cannot be detected by 
FTIR and DSC measurements.

The maximum shear rate selected for the investiga-
tion was dictated by instrument limitation; it is evidently 
lower than the one imposed by the printing. However, for 
the present work, the aim was to uncover the effect of the 
extrusion temperature on the flow-induced crystallization. 
Even if the global value of the shear rate at the nozzle exit 
is higher than the maximum investigated experimentally, 
our shear rate range allowed us to speculate on the local 
shear rate of the nozzle area.

At the exit of the die, when the local shear rate is 
higher, the FIC could be considered uniform for all the 
Tex. Hence, the difference among the Tex becomes negligi-
ble by increasing the shear rate via changing Sp. However, 
at the core of the filament where shear rates are extremely 
low, as highlighted in yellow in Fig. 13, lower tempera-
ture can promote fast crystallization [23]. Consequently, 
the crystallinity differs inside the filament and on its sur-
face. The FTIR, however, would detect only the “surface” 
crystallinity, whereas DSC measures the overall/average 
crystallinity. The direct crystallinity measurements in the 
middle of the filament experimentally are rather compli-
cated. Thus, we can derive the conclusion only via indi-
rect observations of the FIC effect.

Fig. 11   Effect of different shear stress (0.01, 0.1, and 1 s−1) on the crystallization phenomenon at 160 °C
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4 � Discussion

During the FFF process, the molten polymer experiences 
shear and extensional flows within the nozzle, leading to 
the orientation and the stretching of polymer chains on the 
molecular level [24]. This mechanical deformation is criti-
cal, as it breaks down the kinetic barriers for crystallization, 
thereby accelerating the nucleation and growth of specific 
crystalline phases. This phenomenon is called flow-induced 
crystallization (FIC). In the context of PVDF, FIC plays a 
crucial role in promoting the formation of the electroactive 
β-phase, which is particularly valued for its piezoelectric 
properties. Indeed, in each printed sample analyzed in this 
study, a non-negligible percentage of the β-phase is present. 
This result is a consequence of the effect of flow on crystal-
lization, as under quiescent conditions, the only phase that 
forms is α-phase [6].

In this study, we elaborate on the impact of extrusion tem-
perature and printing speed on the crystallization behavior 
of 3D-printed PVDF. The statistical analysis via ANOVA 
revealed that extrusion temperature is the dominant factor 
influencing both the overall crystallinity and the β-phase 
content. The DSC analysis confirmed that higher extrusion 
temperatures generally lead to an increase in crystallinity, 
as evidenced by the higher melting enthalpies. However, 
this increase is not linear, with the most notable enhance-
ment in β-phase crystallization occurring at 235 °C, which 
suggests an optimal temperature for achieving the desired 
polymorphic transformation. This is consistent with the find-
ings from the FTIR analysis, where the β-phase fraction was 
significantly higher at this temperature, particularly at lower 
printing speeds. This could be attributed to the increased 
molecular mobility [25] and the favorable thermodynamic 

conditions that promote the all-trans conformation, essen-
tial for β-phase formation [18]. On the contrary, at first 
sight, the printing speed seems to have virtually no effect 
on crystallization opening the possibility for faster printing 
and thus faster production of plastic parts. The rheologi-
cal analysis provided additional insights into the molecu-
lar changes occurring at different extrusion temperatures. 
The decrease in zero-shear viscosity with increasing tem-
perature, although small, suggests potential average molar 
mass decrease, which could be due to thermal degradation 
mechanisms via chain scission. Moreover, lower extrusion 
temperatures seem to decrease the crystallization induction 
time at a lower shear rate than at the core of the filament. On 
the other hand, at a higher shear rate, the induction time dif-
ference among the different extrusion temperatures becomes 
negligible.

Interestingly, the study also observed a reduction in 
melting temperature with increasing extrusion temperature, 
which could be related to different causes:

1.	 Degradation. Tm increases as the average molar mass 
increases and decreases as polydispersity and branching 
increases [26]. Higher extrusion temperatures lead to 
more pronounced degradation, resulting in lower aver-
age molar mass, as observed in the section on rheology.

2.	 Crystal stability. Larger and more uniformly distributed 
crystals were observed at lower extrusion temperatures. 
Higher extrusion temperatures can lead to a broader dis-
tribution of crystal sizes, resulting in less stable crystals. 
This instability affects the equilibrium melting tempera-
ture [27]. This hypothesis is supported by the results of 
Section 3.4.

3.	 Relaxation of the polymer chains. The phenomenon of 
flow-induced orientation is governed by the competi-
tion between molecular relaxation and flow strength 
[4]. Jalali et al. [28] asserted that the chain orienta-
tion induced by high shear rates reduces the system's 
entropy, leading to an increase in melting temperature. 
Consequently, the increase in extrusion temperature 
causes chain relaxation, resulting in a reduction in 
orientation and, therefore, a decrease in melting tem-
perature.

In the interest of thoroughness, it is necessary to high-
light that the findings presented in this paper diverge from 
those commonly reported in the literature with respect to 
the increase of the β-phase attributed to the FIC phenom-
enon. Specifically, it is generally expected that the β-phase 
would increase with rising shear rates, thus favoring extru-
sion at lower temperatures and higher velocities. However, 
in our study, the β-phase appears to be primarily governed 
by temperature, while velocity seems to exert no signifi-
cant influence. This outcome is attributable to the choice of 

Fig. 12   Induction time over the shear rate range for all the extrusion 
temperatures involved in this work
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maintaining a constant nozzle diameter of 0.4 mm through-
out the entire experimental procedure.

Turning our attention to the calculation of the shear 
rate, described in the supplementary information S2, the 
range of shear rates examined in this study spans from 23 
to 100 s−1. If the nozzle diameter were reduced by half, 
the shear rate range would extend from 184 to 796 s−1. 
Such a modification would allow for the investigation of 
a broader range of applied shear rates, thereby offering 
a more comprehensive understanding of the influence of 
shear during the printing process.

5 � Conclusion

This study presents a comprehensive investigation of the 
FFF printing parameters' effect on PVDF crystallization 
and crystalline morphology. Different analytical tech-
niques demonstrate that extrusion temperature is a critical 
parameter in controlling the crystallization and polymor-
phic phase distribution in PVDF during FFF. The findings 
suggest that an extrusion temperature of around 235 °C 
is optimal for maximizing β-phase content. The results 
also highlight the importance of considering rheological 
behavior and potential thermal degradation when optimiz-
ing FFF parameters for PVDF. These findings contribute 
to the optimization of 3D-printing parameters for produc-
ing PVDF-based functional devices with enhanced elec-
troactive properties, such as sensors and energy harvest-
ers. Future research should explore the effect of different 
shear rates on the piezoelectric PVDF properties during 
the FFF process by tuning the nozzle diameter. In addi-
tion, the process scalability could be included by printing 
multiple samples within the same process. However, the 
results indicate that temperature control during printing 
is the most critical factor in regulating the piezoelectric 
properties of the material. Consequently, it is essential to 
print samples individually, positioning each at a different 
location on the building plate. Moreover, it is fundamental 
to investigate the PVDF 3D-printed device’s long-term 

stability under various operational conditions and post-
printing treatments to maximize the β-phase over the no-
polar α-phase.
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