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Unraveling the Influence of Thermal Drawing Parameters
on the Microstructure and Thermo–Mechanical Properties
of Multimaterial Fibers
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Lison S. Marthey, Antonia Neels, and Fabien Sorin*
and drawing[8–10] have revealed the presence of polymer chain alignment induced
by the significant amount of flow and fast
cooling. This orientation induces anisotropic
properties and has a significant impact
on the mechanical properties and failure
mechanisms[11] that must be anticipated.
In addition, the chain alignment leads to
a rise in entropic energy due to the out-ofequilibrium conformation. Consequently, an
increase in temperature enables the relaxation of the chains into a random coil conformation and induces macroscopic shrinkage.
Therefore, while chain orientation is
beneficial for some applications such as the
production of high strength textile fibers,
it becomes an issue when a high level of
dimensional stability is required.[12,13] For
example, poly(lactic-co-glycolic acid) electrospun scaffolds have a high potential for
tissue engineering, however, a shrinkage of
almost 80% when stored in phosphate-buffered saline buffer at 37 °C for 2 h has been
observed.[14] Similarly, polymer optical fibersbased sensors suffer from high hysteresis
and low sensitivity in response to temperature and humidity when operated at high temperature due to
dimensional instabilities.[15,16] Therefore, an additional annealing
treatment is required to relax the orientation in order to improve
the performances.
A particular area of fiber processing where the influence
of the polymer microstructure on the resilience of the fiber
device is critical, yet thus far unexplored, is the thermal

Multimaterial thermally drawn fibers are becoming important building blocks
in several foreseen applications in surgical probes, protective gears, or
medical textiles. Here, the influence of the thermal drawing parameters on the
degree of polymer chain orientation, the related thermal shrinkage behavior,
and the mechanical properties of the final fibers is investigated via thermo–
mechanical testing and small- and wide-angle X-ray scattering (SAXS and
WAXS) analyses. This study on polyetherimide fibers reveals that the drawing
stress, which depends on the drawing speed and temperature, controls the
thermal shrinkage behavior and mechanical properties. Furthermore, SAXS
and WAXS analyses show that the degree of chain orientation increases with
drawing stresses below 8 MPa and then saturates, which correlates with the
amount of observed shrinkage. The use of this process-dependent polymer
chain alignment to tune the mechanical and shrinkage properties of the fibers
is highlighted and controlled bending multimaterial fibers made of two polymethyl methacrylates having different molecular weights are developed. Finally,
a heat treatment procedure is proposed to relax the chain alignment and
increase the dimensional stability of devices such as temperature sensors.
This deeper understanding can serve as a guide for the processing of complex
fibers requiring specific mechanical properties or enhanced thermal stability.

1. Introduction
The final properties of polymers depend on their morphology,
which is largely determined by the fabrication process. In particular, the latter affects the amount of crystallized domains and
their orientation, as well as the degree of orientation of amorphous
regions.[1,2] Several fiber processing techniques of amorphous
and semicrystalline polymers such as extrusion,[3,4] spinning,[5–7]
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drawing of multimaterial fibers. Multimaterial thermal
drawing starts with the design of macroscopic thermoplastic
preforms containing materials with a wide range of optical,
electronic, and mechanical properties arranged in complex
structures. Subsequently, the structure is drawn into thin,
kilometer-long fibers conserving the exact architecture of
the initial cross section. These functional fibers have a broad
range of applications in optics, electronics, sensing, or neuroscience.[17–19] Depending on the final application, different
thermo–mechanical properties are required such as high
strength and high dimensional stability at high temperature
or in an aqueous environment.[20,21] Even though the influence
of the drawing parameters on some fiber properties has been
reported,[20,22] no in-depth study at the microscopic level has
been carried out. A precise understanding of this phenomenon
is however essential to predict the final properties, reliability,
and long-term performance of fiber devices. It also constitutes
an important basis to tune the processing parameters and
perform post-heat-treatment in order to expand device performance and resilience, and meet the desired requirements.
Here, we propose an in-depth analysis of the influence of the
drawing parameters on the polymer microstructure, on the fiber
shrinkage behavior when annealed, and on its mechanical properties. We focus at first on polyetherimide (PEI) fibers yet our conclusions can be applied to a wide range of thermoplastic materials.
The mechanical stress measured during fiber drawing is proposed
as the key parameter determining the final fibers properties due to
its large influence on the degree of alignment of polymer chains.
In order to clarify the change in morphology, small- and wideangle X-ray scattering (SAXS and WAXS) experiments are carried out which provide an insight into the presence of anisotropy
trapped-in the fibers. This study is then extended to polymethyl
methacrylate (PMMA) fibers and a heat-controlled bending fiber is
designed. Finally, an annealing procedure is proposed to relax the
fibers and the thermo–mechanical properties are correlated with
structural change through additional SAXS and WAXS experiments. To highlight the scientific and technological impact of our
study, we apply this knowledge to a temperature sensing multimaterial fiber device designed for heat monitoring in protective
garments. We demonstrate that we could extend the maximum
temperature of operation of the fiber device by 40%, paving the
way toward more robust fiber-based sensors.

2. Results and Discussion
2.1. Shrinkage Behavior
We start by investigating the influence of the drawing parameters on the shrinkage of thermally drawn fibers upon annealing.
The thermal drawing process consists in slowly inserting and
heating a macroscopic polymer preform above its glass transition temperature and pulling it at a fixed speed to produce
a continuous and uniform fiber (Figure 1a). The draw is controlled by varying the oven temperature and the draw down
ratio, defined as ddr =

vd
, where vd and vf are the drawing
vf

and the feeding speed, respectively. Both have a significant
impact on polymer flow, since they determine the viscosity, the
deformation rate, and the total deformation.[23] Their influence
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can be correlated to the drawing stress, defined as the tension
continuously monitored during the draw, divided by the fiber
surface area. The stress increases when the temperature is
reduced or the drawing speed is increased. To assess the influence of these parameters on the polymer chain orientation and
thermo–mechanical properties of thermally drawn fibers, two
sets of pure rectangular PEI fibers (glass transition temperature (Tg) = 214 °C) were processed by either varying the drawing
temperature from 360 to 340 °C at a ddr of 15, or keeping the
drawing temperature constant at 350 °C and varying the ddr
from 10 to 40 (Figure 1b). Few meters of fibers were drawn upon
changing settings to insure having reached a stable state. A
wide range of drawing stress was therefore obtained, spanning
from 1.1 to 17.5 MPa (see Table S1, Supporting Information).
Figure 1c shows the shrinkage ratio after an annealing at
≈10 °C above Tg to ensure sufficient chain mobility, as a function of the drawing stress. It increases first with the drawing
stress before stabilizing at values as high as 75% for stresses
above 8 MPa, the ultimate being limited to the initial size of the
preform portion that generated the fiber piece. Furthermore, a
proportional increase in thickness and width is observed, which
confirms the isotropic behavior of the fibers in the transverse
directions (see Figure S1, Supporting Information).
Additional thermo–mechanical tests were performed in a
dynamic mechanical analyzer (DMA) in order to record the
evolution of retractive stresses upon heating of the fibers in the
condition where their extremities were fixed (Figure 1d) and
of deformation without constraint (Figure 1e). In Figure 1d,
fibers drawn between 1.1 and 8.4 MPa are characterized first
by a negative stress developing in the fiber to compensate for
the thermal expansion, then by an increase in stress while
approaching the Tg, and a maximum just above it. Interestingly, when the relationship between the maximum stress and
the drawing stress is plotted, a linear correlation is obtained
independent of the varied parameters, the temperature or
the drawing speed (Figure 1f, top). This reveals that most of
the frozen entropic stresses induced in the fiber during processing are preserved. Furthermore, a variation in the peak
stress temperatures can be observed, decreasing from 232 °C
for the fiber drawn at the lowest stress (i.e., highest temperature) to 222 °C for the highest drawing stress. Turning now to
the strain experienced by fibers without constraints (Figure 1e)
upon heating, it respects first a linear behavior, whose slope
corresponds to the thermal expansion, followed by a sharp
drop when irreversible shrinkage takes place. In Figure 1f,
middle graph, we show that the temperature of the inflection
point, corresponding to the overtaking of the shrinkage force,
is characterized by first a strong decrease with the drawing
stress and then seems to reach a plateau at a temperature as
low as 130 °C for the fiber drawn at 17.5 MPa. The occurrence
of shrinkage far below Tg might be explained by the reduction
in chain entanglement in oriented polymers, which results in
greater ease with which the polymer chains can slip.[24] The
frozen-in entropic forces could also be sufficient to compensate for the thermal activation to overcome local barrier potentials and allow polymer flow.[25] Furthermore, some studies
suggest that in addition to entropic forces, intrachain enthalpic
forces can emerge due to chain stretching via the entanglement network and could explain the apparition of shrinkage
much below the Tg.[26]
© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Fabrication and shrinkage behavior of drawn PEI fibers. a) Schematic of the thermal drawing process. b) Photograph of PEI fibers. c) Total
shrinkage at 225 °C as a function of the drawing stress. The dashed line represents the linear fitting of the first six data points and is added to ease
the visualization of the two stress regimes. d) Representative retractive stress measurements of fibers drawn at various stresses. Solid lines correspond to fibers drawn at different temperatures and dashed lines at different drawing speeds. e) Representative deformation of fibers drawn at various
stresses upon heating. Solid lines correspond to fibers drawn at different temperatures and dashed lines at different drawing speeds. f) Maximum
retractive stress (fixed extremities), temperature of inflection of the shrinkage tests, and longitudinal CTE (without constraint) as a function of the
drawing stress.

It is also interesting to note that the estimated coefficient
of thermal expansion (CTE, see experimental part) below Tg
along the fiber direction can be tuned from positive to negative
values depending on the drawing stress (Figure 1f, bottom).
Due to the chain structure of the polymer macromolecules,
the CTE components are different parallel (αpara) perpendicular (αperp) to the polymer chains.[2] Thermal expansion arises
from stretching vibrations due to the asymmetry of the binding
potentials as well as some transverse vibrations. While αperp is
always positive, αpara can be negative due to the contribution
of the transverse thermal vibrations, which induce a shortening of the chains. From our experiments, it seems that PEI
polymer chains exhibit a negative αpara, which clarifies the negative CTE at room temperature of highly oriented fibers. Furthermore, some cycling tests up to 100 °C showed the relative
stability of the CTE, which confirms that the negative value is
not caused by frozen-in stress due to the fast cooling during
thermal drawing (Figure S2, Supporting Information). Tuning
Small 2022, 18, 2101392
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the drawing parameters is therefore a simple way to make the
CTE of polymer fibers comparable to other classes of materials
like metal and therefore improve the dimensional stability of
complex devices,[27,28] as we show below.
2.2. Small- and Wide-Angle X-Ray Scattering Analyses
To provide more in-depth information on the effect of drawing
stresses to the nm-to-Ångström scale structure and the related
structural orientation phenomena, we performed SAXS and
WAXS measurements on PEI fibers drawn at stresses ranging
from 0.8 to 15.5 MPa, as shown in Figure 2a. At low drawing
stresses, isotropic scattering halos are observed in 2D-SAXS
profiles caused by the random distribution of lamellar domains
(short-range ordering of polymer chains) in the fibers. Then,
the patterns evolve from isotropic halos to four-point SAXS
patterns on increasing the drawing stress. Four-point patterns
© 2021 The Authors. Small published by Wiley-VCH GmbH

www.small-journal.com

www.advancedsciencenews.com

Figure 2. SAXS and WAXS characterization of PEI fibers. a) 2D-SAXS and 2D-WAXS profiles were measured at a SDD of 28.5 and 13 cm, respectively,
for PEI fibers drawn under stresses between 0.8 and 15.5 MPa. b) 1D extracted WAXS azimuthal profiles. The dashed lines correspond to the Gaussian
fit to estimate FWHM. c) Degree of orientation in the drawing direction (black) as a function of the drawing stress. The error bars correspond to half
of the 95% confidence interval of the fitting parameters. The shrinkage ratio (red) from Figure 1c is reproduced to enable comparison.

have been observed in oriented semicrystalline polymers and
could derive from a tilted lamellar structure or a chevron
structure induced with the crystal lamellae.[29–32] Even though
PEI is known as an amorphous material, studies revealed the
existence of short-range ordering of polymer chains in amorphous polymers, tilting of which could induce such fourpoint pattern.[33] The average distance between these lamellae
(i.e., lamellar spacing) in the drawing direction is also seen
to increase with the drawing stress (Figure S3, Supporting
Information).
Similar to SAXS, 2D-WAXS profiles also demonstrate the
increase in the anisotropy on increasing the drawing stress
of the fibers. The presence of the preferred orientation (distinct arcs perpendicular to the fiber drawing direction) in
the WAXS patterns indicates the gradual alignment of the
polymer chains along the drawing direction. In order to quantify the degree of orientation, the 1D azimuthal profiles have
been extracted (Figure 2b). It is interesting to note that in addition to the increasing intensity at azimuthal angle 90°, a slight
increase in intensity at about 45° and 135° azimuthal angle is
also observed even at low stress with respect to the fiber alignment direction. This suggests that some 45° chain alignment
is present in the fibers and may come from the shear stress
experienced by the polymer during thermal drawing and the
conical shape in the preform-to-fiber region (see schematic
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in Figure 1a). The degree of orientation, π, is estimated using
Equation (1):

π=

180  − FWHM
(1)
180 

where the full width at half maximum (FWHM) is determined
by fitting the azimuthal profile with a Gaussian function, with
π = 1 corresponding to perfect orientation and π = 0 for completely random orientation.[34,35] Despite the large standard
deviation, the degree of orientation increases linearly with the
drawing stress for stresses below 8 MPa, and then reaches a plateau for higher stresses with a maximum of ≈0.55 (Figure 2c).
This transition to a nonlinear regime above a critical stress has
been reported in polymer melt stretching experiments and has
been related to the onset of non-Gaussian stretching when the
entangled network reaches its finite extensibility.[36,37] As shown
in Figure 2c, the shrinkage percentage and the changes in the
inter- and intra-molecular polymer structure show a similar
dependence on the drawing stress. It reveals that chain orientation is the key parameter controlling the thermal shrinkage
of thermally drawn fibers. The presence of the plateau further
indicates that above 8 MPa, the drawing stress induces internal
stresses in the fiber which are not related to chain orientation
and could be therefore of enthalpic origin.
© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. Mechanical properties of drawn PEI fibers. a) Representative engineering stress–strain curves of PEI fibers drawn at stresses between 1.1 and
17.5 MPa. b) Extracted dependence of ultimate tensile strength (σmax), maximum elongation (εmax), and Young’s Modulus (E) on the drawing stress.

2.3. Room Temperature Mechanical Properties

2.4. Multimaterial Fibers

We then turn our focus to the mechanical properties since they
are also strongly dependent on the polymer chain alignment
and it is an important criterion in applications such as textiles and sutures.[18,20] As expected, depending on the drawing
stress, the tensile stress–strain curves exhibit a wide range of
behaviors (Figure 3a). Fibers drawn under high stress show a
glass-like behavior with the stress rising to the breaking point
almost linearly with the strain. The rupture occurs at stresses
higher than 250 MPa but at low strain compared to the nonoriented polymers. On the other hand, fibers drawn at low stress
have a rubber-like behavior with the stress increasing at low
strain until yielding and sample necking. It reaches then a plateau level where chains start aligning and is followed by a final
increase caused by strain hardening until the breaking point at
strains as high as 100%. While the tensile strength seems to
increase linearly with the drawing stress, the ductility decreases
strongly and reaches a plateau above 8 MPa (Figure 3b). This
trend correlates well with the degree of orientation (Figure 2c)
and suggests that the ductility depends on the number of chains
that can still be reoriented and their stretching state.[1] The true
stress–strain plot defined as σtrue = σ(1 + ε) and εtrue = ln(1 + ε)
with σ and ε being the engineering stress and strain, respectively, confirms this hypothesis. Indeed, all postyield curves can
superpose in a single curve by adding a shift in strain (Figure S4,
Supporting Information), which indicates that all the fibers
obey similar deformation mechanisms.[11] The increase of the
Young’s Modulus from 0.5 to 2.5 MPa with the drawing stress
is also attributed to the chain alignment and prestretching
(Figure 3b). Indeed, in fiber drawn under high stress, the deformation acts on the strong covalent bonds aligned to the testing
direction, instead of the weaker intermolecular and van der
Waals forces.[24] Interestingly, the mechanical behavior is determined by the drawing stress, which can be easily tuned by varying the temperature during the processing, and no size effect
is observed. We can therefore process fibers with a wide range
of dimensions with specific mechanical properties.

Since thermal drawing enables the production of fibers composed of several materials in complex architectures, we first
verify if our main conclusions for PEI can be extended to other
thermoplastics and then we exploit our in-depth understanding
to develop heat-controlled bendable fibers. Fibers made of two
PMMAs with different molecular weight (MW) were drawn and
analyzed in a DMA following the same procedures as described
earlier. Interestingly, an identical correlation between the maximum retractive stress and drawing stress is obtained independently of the polymer type (Figure 4a). This highlights the
major influence of the processing stress on the final fiber morphology. Likewise, the free shrinkage shows similar dependence with drawing stress as observed for PEI fibers (Figure 4b).
However, the temperatures at which shrinkage occurs depend
on the polymer type and MW. As can be seen in Figure 4b,
the low MW PMMA fibers start shrinking at slightly lower
temperature even though they were drawn at similar drawing
stress to the high MW ones. Indeed, low MW polymers have
lower Tg and viscosity due to the reduction in chain entanglement and increased free volume which facilitate molecular slipping.[38,39] Therefore, a higher chain mobility can be assumed
at low temperatures. WAXS patterns of three high MW PMMA
fibers drawn at various stresses are shown in Figure 4c. Similar
to PEI, an anisotropic pattern develops upon drawing at high
stress. The 1D azimuthal profiles extracted from 2D-WAXS
exhibit comparable features as PEI fibers and the degree of
orientation reaches a maximum of ≈0.42 at a drawing stress
of 16.4 MPa (Figure 4d). This value is lower than for the PEI
and demonstrates the influence of the polymer chemistry on
the chain alignment dependence. Additionally, no intensity was
observed in the SAXS range for PMMA fibers, which indicates
an absence of correlation between the short-range ordering of
polymer chains of this polymer.
Overall, these results indicate that the polymer chain alignment induced during drawing predominantly depends on the
processing conditions, in particular the drawing stress, for
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Figure 4. Multimaterial fibers. a) Correlation between maximum retractive stress and the drawing stress for the different polymers. The horizontal error
bar takes into account the variation in tension during the thermal drawing experiment. b) Temperature-dependent shrinkage for the two PMMA fibers
drawn at various stresses. The continuous lines correspond to the high MW PMMA and the dashed lines to the low MW PMMA. c) 2D-WAXS patterns
of three high MW PMMA fibers. d) 1D extracted radial profiles of the high MW PMMA fibers and calculated degree of orientation. e) Schematic of the
preform of the PMMA bending fiber. f) Photograph of fibers drawn under different drawing stresses after annealing with the high MW PMMA at the top.

all polymers. Very low MW polymers could show a different
behavior under annealing due to their very weak chain networking which allows the chain to individually retract.[26] However, such polymers are typically not favored in multimaterial
thermal drawing due to too low viscosity that leads to unstable
processing conditions.
With the ability to control the polymer chain orientation and
resulting thermal properties of different thermally drawn materials, we can design novel effects and performance for multimaterial fibers. We present a first example of a heat-controlled
bendable fiber that can be directly produced by codrawing two
plates of different polymers. Here, we used the two PMMAs
analyzed before, which have similar thermo–mechanical properties, to demonstrate the dependence of the bending direction
on the drawing parameters (Figure 4e). The fiber was drawn at
various set temperatures (between 270 and 210 °C) with a ddr of
10 or 15 and then subjected to annealing. By tuning the stress
during drawing, we can engineer different bending behavior
upon annealing. Indeed, as shown in Figure 4f, after heating
the fibers for one hour at 100 °C, opposite bending behaviors
were observed. For fibers drawn at high stress, the low MW
PMMA part shrank first, while for the others, bending occurred
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due to the shrinkage of the high MW PMMA part. To understand this transition, the stress experienced by both polymers
during thermal drawing was estimated by measuring their
temperature-dependent viscosity and assuming a stress proportional to the viscosity at a fixed deformation rate following
Pone et al.[40] model and the values are presented in Table 1
(see Note S5, Supporting Information). In all the fibers, the
high MW PMMA carried the highest stress, between two to
four times higher, due to its higher viscosity during the draw.
Since at low stress, the shrinkage temperature is very sensitive
to the drawing stress, this difference is sufficient to promote
the shrinkage of the high MW part. On the other hand, at high
stress, even though each part supported, respectively, 6 and
13 MPa, the difference in chain alignment is smaller and the
low MW part shrinks first due to its higher chain mobility at
the annealing temperature.
2.5. Strategy to Engineer Dimensional Stability
While significant polymer chain alignment improves the
mechanical properties and enables the tuning of the CTE and
© 2021 The Authors. Small published by Wiley-VCH GmbH
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Table 1. Stresses in the PMMA fibers.
Drawing [MPa]

Low MW [MPa]

High MW [MPa]

0.7

0.26

1.08

2.5

0.93

3.8

9.9

6.1

13.02

controlled shrinkage, some applications or postprocessing steps
require stable dimensions independently of the temperature.
Based on the deeper understanding developed above, we propose a relaxation procedure consisting in annealing the fibers
while fixing the fiber extremities to prevent shrinkage. Figure 5a
shows the retractive stress measured after successive heat treatments of a PEI fiber drawn under a stress of 17 MPa. Although
a heat treatment below the Tg can delay the shrinkage to higher
temperatures, the maximum retractive stress is only marginally reduced. The sub-Tg annealing does not reduce the overall
orientation of the polymer chains due to their low mobility

but can induce a relaxation of the residual stresses caused by
the fast cooling and a reduction in free volume, which further
reduces the chain mobility.[41] A second heat treatment above
Tg is thus necessary to allow a larger relaxation. This relaxation goes along with a reduction of the lamellar spacing in the
drawing direction (Figure S5, Supporting Information) and of
the polymer chain alignment as revealed by the decrease in
anisotropy of the 2D-WAXS profiles (Figure 5b). After the heat
treatment at 200 °C, the degree of orientation barely decreases
which explains the similar retractive stress measured. After the
annealing at 216 °C, the degree of orientation is reduced from
0.55 to 0.5 (Figure 5c) and, as demonstrated earlier, this reduction is sufficient to induce a large decrease in retractive stress
due to its strong dependence on the orientation degree at high
stresses. Furthermore, it is important to note that a temperature-step heat treatment is required. A direct heating above Tg
can lead to a mechanical failure of the fiber because of the combined high retractive stress and high chain mobility. This first
heat treatment procedure paves the way toward the engineering

Figure 5. Thermal annealing of PEI fibers. a) Retractive stress measurements of PEI fibers drawn with a draw down ratio of 40 after no annealing
(No HT), 2 h annealing at 200 °C, and additional 2 h annealing at 216 °C, respectively. b) 2D-WAXS patterns of the same fibers. c) 1D extracted azimuthal
profiles and calculated degree of orientation. d) Photograph of a 5 m-long fiber and optical image of its cross section. e) Schematic of the temperature
sensing fiber and experimental set-up. f) Relative resistance change versus temperature for the temperature sensing fiber after no annealing and a step
annealing at a maximum temperature of 210 °C.
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of a more complex temperature ramp that could lead to optimize relaxation in fiber devices.
To illustrate this finding, we applied this treatment to a PEI
fiber containing a thin Pt57.5Cu14.7Ni5.3P22.5 metallic glass (Pt-MG)
ribbon serving as an electrode drawn under a stress of 10.1 MPa
(Figure 5d).[42] Such fiber can be used as a classical resistive
metal-based temperature sensor since the resistance will vary
both due to the temperature-dependent resistivity of the metal
and thermal expansion of the fiber.[43] These types of fibers, integrated within the garments can alert workers of excessive heat
at the proximity of the skin, for example. Such high-temperature applications however require a large temperature window
of operation. We measured the relative resistance change due to
a localized heating on two fibers of similar dimensions before
and after annealing at the maximum temperature of 210 °C as
schematized in Figure 5e. While the as-drawn fiber deviates
from a linear relationship above 140 °C due to the irreversible
fiber shrinkage, the linearity is preserved up to nearly 200 °C
for the heat treated one, as shown in Figure 5f. This experiment
illustrates how an annealing procedure based on the developed
in-depth understanding of process–microstructure relationship
in the thermal drawing process, can extend the operating temperature range of a fiber sensor by 40%, paving the way toward
industrially relevant applications.

3. Conclusion
In this work, we revealed the dependence of the thermal
shrinkage behavior on the processing stress during thermal
drawing. In particular, we found that the retractive stress contained in the drawn fibers was proportional to the processing
stress and that the latter also controlled the temperature
dependent deformation. We then carried out morphological
characterization through SAXS and WAXS experiments and
correlated the shrinkage behavior to the variation in the degree
of polymer chain orientation. Our research also showed the
influence of the drawing parameters on the mechanical properties with a transition from weak but ductile fibers to strong
but brittle fibers with increasing stress. Moreover, we generalized these findings by following a similar approach to study
fibers made of two grades of PMMA with different MWs. We
observed that the MW has an impact on the temperature at
which shrinkage takes place and therefore were able to design
a bending fiber by codrawing the two types of PMMAs. Finally,
we proposed a thermal annealing strategy to reduce the amount
of internal stress and the degree of polymer orientation in order
to postpone the shrinkage to higher temperatures. This procedure allowed us to extend by nearly 60 °C the operating range
of a temperature sensor based on a metallic glass electrode. We
envision that the deeper understanding revealed by this study
can serve as a guide for the processing of complex multimaterial fibers with finely tuned, robust, and long-lasting properties.

4. Experimental Section
Materials: 0.25 inches thick plates of PEI (ULTEM 1000) and PMMA)
were purchased from Boedeker and Evonik Röhm GmbH, respectively. A
PMMA powder (average MW ≈ 120 000 by GPC, 182230) was obtained
Small 2022, 18, 2101392
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from Sigma-Aldrich. The Pt57.5Cu14.7Ni5.3P22.5 alloy was purchased at
PXGroup (Switzerland) and the ribbons were prepared by melt spinning
on a Cu wheel with a rim speed of 20 m s−1.
Preform Fabrication and Thermal Drawing: Flat rectangular preforms
(24 × 6.4 × 150 mm3) were cut from the commercially acquired polymer
plates. The low MW PMMA powder was consolidated in a mold in a hot
press at 210 °C for 20 min to obtain plates of similar dimensions (Lauffer
Pressen UVL 5.0). The preform for the PMMA bending fiber was processed
by consolidating a low MW PMMA powder plate and high MW PMMA in
a mold at 135 °C for 15 min. The heat sensor preform was obtained by
encapsulating a Pt–MG ribbon between two plates of PEI and consolidating
it at 240 °C for 30 min (Maschinenfabrik Herbert Meyer GmbH).
The preforms were thermally drawn into fibers in a three-stage vertical
oven. In order to obtain a wide range of drawing stresses, two PEI fibers
were drawn at a ddr of 15 and various set temperatures between 360 and
320 °C. Additionally, a PEI fiber was drawn at a fixed set temperature of
350 °C and ddr between 10 and 40, a high MW PMMA fiber at 255 °C
with ddr between 10 and 30, and a low MW PMMA fiber at 235 °C with
ddr between 10 and 25. The bending fiber was drawn at 270 °C under
a ddr of 10 and 15, and at 250 °C under a draw down ratio of 15. The
temperature sensing fiber was drawn at 340 °C with a ddr of ≈26. Few
meters were drawn after each variation of the drawing parameters before
collecting the samples to ensure stable conditions.
The tension was measured by a tension meter composed of three
rollers. The drawing stress was then calculated by

σ draw =

F ·g
(2)
w· t

where F was the tension, g was the gravity constant, w was the width,
and t was the thickness of the fiber.
Free Shrinkage Study: 5 mm long fibers were heated up to 225 °C
(Tg + 11 °C) in a dilatometer with a temperature ramp of 3 °C min−1 and
annealed for 10 min at this temperature. Their decrease in length was
measured and the shrinkage ratio was estimated by
S (% ) =

L 0 − L1
× 100 (3)
L0

where L0 was the initial length and L1 was the length after annealing. The
width and thickness of each sample were also measured before and after
the annealing.
Thermo–Mechanical Characterization: A DMA (Q800, TA Instruments)
operating in film tension mode was used to characterize the shrinkage
behavior of the samples. A low tensile force of 0.001 N was applied
to the samples to prevent sample slippage. The samples were heated
from room temperature up to their Tg + 20 °C with a heating ramp of
3 °C min−1 and the strain was continuously recorded. The sample length
was kept as similar as possible. The CTE was estimated with the slope of
the strain versus temperature curve between 30 and 60 °C. The retractive
stresses were measured by fixing the extremities and increasing the
temperature with a heating ramp of 3 °C min−1.
Mechanical Tensile Testing: Tensile tests were performed with an
electromechanical Universal Testing Machine Series LFM-125 kN using a 1 kN
load cell. The initial sample length was 10 cm and the strain rate 1 mm s−1.
Small- and Wide-Angle X-Ray Scattering Characterization: SAXS and
WAXS experiments were performed with a Bruker Nanostar instrument
(Bruker AXS GmBH, Karlsruhe, Germany) equipped with a pinhole
collimation system, a microfocused X-ray Cu source (wavelength
CuKα 1.5406 Å) providing a beam diameter of about 400 µm and a
custom-built semitransparent beamstop. A 2D MikroGap technologybased detector (VANTEC-2000) with 2048 × 2048 pixels (pixel size
68 × 68 µm2) provided a resolvable scattering vector modulus q-range
between 0.06 and 26 nm−1 for a combination of sample-to-detector
distance (SDD). Samples were measured in transmission mode (X-ray
beam impining along the thickness of the fibers) at a SDD of 13 cm
(WAXS) and 28.5 cm (SAXS) with a resolvable q-range of 0.95–15.6
and 0.27–8.88 nm−1, respectively. Each SAXS frames were recorded for
7200 s while WAXS frames for 600 s. 1D profiles were extracted using
the Bruker software DIFFRAC.EVA (Bruker AXS, version 4.1). Extraction
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of 2D profiles and fittings were performed using MatLab and Pythonbased scripts.
Radial profiles along the fiber directions were extracted by performing
an azimuthal integration (30° wedge) from 2D-SAXS of air (background)
and fibers. The background was subtracted after normalizing the
scattering profile by the transmitted intensity measured at the direct
beam position (qo). SAXS peak position was determined by subtracting
the baseline line and fitting the extracted peak with a Lorentzian function.
The azimuthal profiles were obtained from 2D-WAXS data by performing
radial integration in the q-range of 10.65–12.77 and 8.53–10.64 nm−1 for
360° azimuthal angle for PEI and PMMA fibers, respectively. The profiles
were then normalized to the total scattering intensity and averaged over
(0–180°) and (180–360°) to improve the statistics. A Gaussian fit was
performed to determine the FWHM of the peaks.
Heat Treatments: The drawn fibers were clamped at both ends
to prevent any shrinkage and stored in an oven. The multistep heat
treatments were carried out by gradually increasing the temperature from
below to above Tg. At each temperature, a 2 h annealing was performed.
Temperature Sensing Fiber Characterization: Electrical contacts were
realized by exposing the MG electrodes on both ends of ≈10 cm-long
fibers by mechanical grinding and contacting it using electrical wires
and silver paint. Resistances were measured using a multimeter
(Keithley DMM7510) in four-probe configuration. The nozzle of a homebuilt 3D-printer was used to heat a 2 cm-long region of the fibers and
contained a built-in thermocouple which was used to measure the
temperature the fiber was exposed to.
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