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Thermal and rheological transitions of high
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(PAEK) polymers in material extrusion (MEX)
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Mechanical properties in material extrusion (MEX) processes are influenced by the printing conditions

and the cooling profile of extruded polymer. During cooling, the polymer transitions from a viscoelastic
fluid to a “rubber” like state and ends as a glassy solid. The time taken to transition through each region

is unique to individual polymers and it is linked to the melt rheology, thus indirectly affecting the layer to

layer bond strength. By combining several thermal and thermomechanical

methods, dynamic

mechanical analysis (DMA), rotational rheometry (RR), differential scanning calorimetry (DSC) and
infrared (IR) thermography, this paper defines the time a semicrystalline polymer takes to pass through
each thermal transition region under a specific cooling regime. From the results, Victrex PAEK AM 200

spent 0.1 seconds in complete melt (terminal region), before beginning to solidify (rubbery region),

taking a total of 0.95 seconds to reach complete solidification (glassy region). Defining these transition
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regions allows us to control the printing parameters for optimum interface bond strength, as the time
spent in the terminal and rubbery regions governs interlayer diffusion. This is the first study to approach
the combined melt rheology and solidification profile of a high-performance polymer in order to

understand critical points within the printing process and identify ways of controlling them, providing

rsc.li/materials-advances

1. Introduction

Material extrusion (MEX) is an additive manufacturing (AM)
technique in which molten polymer is extruded through a
nozzle and deposited onto a platform layer by layer in order
to build a three-dimensional part. MEX is an attractive manu-
facturing method for the automotive, aerospace and biomedi-
cal industries due to its ability to build complex components
with minimal lead time and the option of varied feedstock
materials.’ This enables the production of both prototypes and
functional components with one manufacturing technique.
Amongst the compatible feedstock materials are semicrystal-
line polymers. They exhibit excellent mechanical properties at
high temperatures, as well as have good chemical and wear
resistance.” Examples of these materials include Polyarylether-
ketones (PAEKS), which are a family of high temperature and
performance polymers. Despite their improved properties and
increased working temperature range, semi-crystalline poly-
mers can be subject to shrinkage and warpage when compared
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quantitative values for the onset and endset of solidification of extruded polymer in MEX.

to amorphous polymers.® These printing defects are generally
caused by specific volume changes upon cooling, which are
influenced by printing conditions.?

During MEX, the difference in temperature between the
nozzle and chamber can generate rapid cooling profiles for
the deposited polymer, generally in the span of seconds.”
During this time, the polymer transitions from a molten
viscoelastic fluid to a glassy solid, undergoing complete
solidification.’ In this study the terms solidification and cool-
ing profile will be used to describe the physical and thermal
changes occurring within the feedstock material from the
moment of deposition. The cooling profile of a polymer is the
change in temperature over time from the moment of deposi-
tion and is dependent on the set temperatures of the nozzle,
chamber and platform in MEX. It has been obtained previously
in the literature experimentally®® and numerically’** for var-
ious polymers. On the other hand, the solidification profile is
based on the thermomechanical changes the polymer experi-
ences upon cooling and is dependent on the molecular struc-
ture of the polymer.'* It can be quantified by using the storage
modulus (G’), which describes the elasticity of a polymer under
dynamic stress. The changes in storage modulus of a polymer
with temperature are inversely correlated with the free volume
available and the chain mobility of the polymer’s molecular

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structure. A large number of papers exist in the litera-
ture, in which the printing parameters and cooling conditions
are related to the bond strength of printed parts. However,
these conclusions are deduced relationships, lacking the
understanding of the viscoelastic response to cooling of the
polymers, and its impact on the bond formation between
adjacent strands.">™ This paper proposes to provide these
details and through this inform material and machine manu-
facturers on the design and set up of MEX processes.

Fig. 1 demonstrates the average changes in storage modulus
and their corresponding regions of a viscoelastic polymer upon
cooling."” During deposition the polymer is molten and depos-
ited above its melting temperature (Ty,) such that it can bond
with the previously deposited layer.?° Therefore, during deposi-
tion, the polymer is within the terminal region and acts as a
viscoelastic fluid. Upon cooling, the polymer transitions into
the rubbery region, becoming a “rubber-like” soft solid. The
rubbery region is split into the rubbery plateau and transition
region, behaving as a soft and stiff “rubber-like” material
respectively. Upon further cooling, below the glass transition
temperature (T,), the polymer finally enters the glassy region
and behaves like an elastic solid. Each transition from melt
corresponds to an increase in storage modulus, which corre-
lates to a decrease in free volume and chain mobility. Depend-
ing on its molecular structure, chain organisation and
crystallite quantity, individual polymers will demonstrate
unique thermal transitions.'> Therefore, polymers subjected
to the same cooling profile in MEX will not exhibit the same
solidification profile.

The time spent in each thermal transition region is influ-
enced by the cooling profile of the extruded polymer, which in
turn is controlled by the selected printing parameters and the
material’s thermal properties. In two separate studies, T. Coo-
gan, et al.”" and Q. Sun, et al.>*> determined that by increasing
the nozzle and chamber temperatures, the time taken to reach
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Fig. 1 Standard thermal transitions of polymers.
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the glass transition temperature could be increased. This
allowed for increased chain mobility and diffusion across the
layer-to-layer interface, leading to increased bond strength.>"*?
From these studies, it can be concluded the time spent in each
thermal transition region can be influenced by controlling the
printing settings and thus the cooling profile. As each thermal
transition region is related to changes in chain mobility and
free volume, the time spent within the terminal and rubbery
regions should be maximised for increased chain diffusion and
therefore increased bond strength between adjacent layers.**?
However, in the terminal region, the viscosity is also at its
lowest for the extruded polymer. C. Duty, et al.” determined that
in order for a material to be printable, a stable geometry must be
maintained upon deposition. Therefore, an extended time in the
terminal region can cause excessive polymer flow, reducing
dimensional fidelity. This demonstrates the need for a careful
balance between the printing settings and the solidification
profile of the polymer. In order to achieve this, the thermal
transitions of the polymer in the MEX process need to be under-
stood such that the time spent in the regions can be optimised.

The solidification profile of deposited polymers in MEX is
not linear, rather it is dependent on its viscoelastic properties.
Upon cooling, these thermal transitions govern the time adja-
cent strands are able to spend forming bonds. Therefore,
understanding the time taken to reach each thermal transition
from deposition is crucial to understanding the relationship
between viscoelastic properties and filament bonding. In order
to identify the thermal transition regions of cooling deposited
filament, an experimental approach was taken. In this study,
the thermal transition regions of a high temperature semi-
crystalline polymer are quantitatively defined using dynamic
mechanical analysis (DMA) and rotational rheometry (RR). The
addition of the successive self-nucleation thermal data com-
pletes the solidification profile and adds significant insights
into the rheological transitions taking place during cooling in
MEX. This is the first study to experimentally determine the
onset and endset of solidification, providing quantitative tim-
ings for the terminal, rubbery and glass transition regions of
MEX extruded high-temperature semicrystalline polymer, form-
ing the basis of a printing setting optimisation tool and
informing the design and production of MEX tailored feedstock
polymers.

2. Materials

Victrex AM™ 200 was chosen for analysis in this study. It is a
high performance, semi-crystalline PAEK co-polymer designed
specifically for use in MEX printers. Table 1 outlines the

Table 1 Victrex PAEK AM 200 properties

Glass transition Melting
temperature temperature

[C] [C]

150

Material Manufacturer Emissivity

PAEK Victrex 0.63
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Table 2 Printing settings used for Victrex PAEK AM 200 in a 3D Gence
F340 MEX printer for infrared experiments

Settings Values Units
Nozzle temperature 400 °C
Print bed temperature 110 °C
Chamber temperature 35 °C
Print speed 25 mm s~
Layer height 0.3 mm
Layer time 15.8 s

properties of Victrex AM™ 200.>* The emissivity for PAEK AM
200 listed in Table 1 was determined experimentally by Instru-
mentation Systems and Services (ISS).>®> Emissivity values are
used to convert received energy values into temperature readings
as IR cameras are not capable of directly reading temperature.*®

3. Experimental methods

The thermal transition curve for polymers can be obtained over
a range of temperatures using DMA and rheometry. However,
due to the thermal hardware limitations, there is a gap in the
test range between the two techniques. The Successive Self-
nucleation and Annealing (SSA) protocol was used to provide
data in this gap and therefore complete the full temperature
region. Fig. 2 demonstrates the thermal transition captured by
each method.

In order to determine the time spent in each thermal transi-
tion region, the cooling profile for PAEK AM 200 was obtained
using an IR camera.

3.1. Dynamic mechanical analysis (DMA)

A Mettler Toledo DMA 1 was used to perform dynamic shear
tests on crystalline PAEK AM 200 pellets. Dynamic shear tests
were selected over alternative DMA test modes in order to have
a direct comparison between rotational rheometry and DMA.
Tests were conducted over a temperature range of 135-260 °C at
a heating rate of 2 °C min™', a frequency of 1 Hz and an
amplitude of 10 pm. Cylindrical pellet samples of AM200 with a
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Fig. 2 Test ranges of dynamic mechanical analysis (DMA), rotational
rheometry (RR) and successive self-nucleation and annealing (SSA)
protocol.
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diameter of 2 mm and a length of 3 mm were clamped using
the shear titanium geometry. Tests were limited to 260 °C due
to restrictions of the equipment.

3.2. Rotational rheometry (RR)

A TA Instruments DHR 1 rotational rheometer with 25 mm
parallel plate geometry was used to conduct oscillatory tem-
perature ramp tests on crystalline PAEK AM 200 chopped
filaments over a temperature range of 310-330 °C at a heating
rate of 2 °C min~' and a frequency of 1 Hz. Tests on the
rotational rheometer were limited to a start temperature of
310 °C due to a 50N axial force limit on the rheometer.

3.3. Successive self-nucleation and annealing protocol (SSA)

As the two methods, DMA and rheometry, cannot cover the
entire temperature region and leave untested a temperature
range gap between 260-310 °C a Successive Self-nucleation and
Annealing (SSA) protocol was proposed with a Mettler Toledo
DSC 1. This will allow the understanding of any crystal phase
changes taking place close to the melt region. The Successive
Self-nucleation and Annealing protocol (SSA) was created by A.
J. Muller, et al. in 1997.”” The technique consists of repetitive
heating and cooling cycles within a DSC, designed to deconvo-
lute melting endotherms into elementary components.”® This
process results in the definition of the self-nucleation domains
(domains I-1IT) and a fractionated curve. Domain I (DI) occurs
when the polymer is in complete melt and no crystals are
present, (2) domain II (DII) where self-nucleation begins, and
(3) domain III (DIII) where crystals are present in the melt. Prior
to fractionating the curve, the first nucleation temperature
(Ts,idear) and the domain regions need to be identified. This is
done by performing the self-nucleation protocol on the DSC, as
outlined by B. Fillon, et al.>® The self-nucleation protocol
consists of conducting isothermal heating and cooling cycles
on PAEK AM 200 at 10 °C min~', in order to capture the
recrystallization curve shift in the cooling curve and the dis-
appearance of the annealing peak in the melting curve. For
PAEK AM 200, this range was 310-325 °C The T jgca1 Was then
used as the final isothermal temperature in the SSA protocol for
AM 200, used to obtain a fractionated curve from 230-330 °C.

3.4. IR camera

An Optris Xi 400 IR camera was placed within the printing
chamber of a 3D Gence F340 MEX printer in order to measure
the deposition temperature and cooling curve of extruded PAEK
AM 200 filaments. Table 2 outlines the printing setting used to
print a double track “U” shaped part. Printing settings are
standard for PAEK AM 200, apart from the chamber tempera-
ture which was reduced due to thermal restrictions of the IR
camera.

Recordings of the printing process were taken on the Optris
Xi 400 IR camera at a frequency of 40 Hz and a resolution of 382
x 288 and was analysed in the Optris PIX connect software.
Temperatures were obtained by restricting the colour palette to
display only the heat trail of the nozzle and extruded polymer.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Results and discussion

4.1. RR

Fig. 3 shows the storage modulus of PAEK AM 200 over a
temperature range of 310-330 °C obtained using rotational
rheometry (RR). Despite being above the melting temperature
of AM 200, and well within the terminal region of the polymer,
there is a change in storage modulus occurring between 314 °C
and 319 °C. The storage modulus represents the elasticity of a
polymer under dynamic stress and is inversely correlated with
the free volume available and the chain mobility of the poly-
mer’s molecular structure.'*'* Decreasing step changes (from
lower to higher temperature) in the storage modulus are caused
by relaxation transitions and phase transitions.'? Thus, when
considering higher to lower temperatures, step changes can be
associated with chain stiffening, and chain mobility reduc-
tions. From higher temperatures, the increase in storage mod-
ulus seen in Fig. 3 between 319 and 314 °C, is the first instance
of a step change occurring in storage modulus. This relates to
an increase in energy storage and a reduction in chain mobility
experienced by PAEK AM 200. As this is the first instance from
higher temperatures, it can be considered as the onset of
solidification of the polymer.

Factors such as the molecular weight and polymer architec-
ture will impact the measured storage modulus. Materials with
a higher molecular weight will demonstrate a higher storage
modulus across all temperatures. On the other hand, materials
with a higher degree of branching will impact chain mobility.

4.2 DMA

Fig. 4 and 5 show the storage modulus and phase angle of PAEK
AM 200 over a temperature range of 135-260 °C. Phase angle or
phase shift, is defined as the time lag between the applied
stress and the corresponding strain and indicates whether a
material behaves more like an elastic solid, or a viscous liquid.
Phase angle varies between 0° to 90° where a value of 0°
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Fig. 3 RR Dynamic temperature ramp conducted on PAEK AM 200 from
310-330 °C.
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Fig. 4 DMA results for PAEK AM200 from 135-260 °C.

demonstrates that the material is ideally elastic, and a value
of 90° demonstrates an ideally viscous fluid. Peaks in the phase
angle represent structural changes occurring, such as the
transition from solid to rubbery, and rubbery to viscous and
correspond to steps in the storage modulus.

Due to noise present in the reading, the curve in Fig. 5 was
smoothed using exponential smoothing, with a damping ratio
of 0.9. From higher temperatures, in Fig. 4, the first increase in
storage modulus occurs from 260 °C, which plateaus at approxi-
mately 230 °C. This is reflected as a phase angle peak in Fig. 5,
with a maxima of 233 °C. The second change in storage
modulus begins at 165 °C and plateaus at 150 °C, similarly,
reflected as a peak in the phase angle curve, with a maxima of
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Fig. 5 Phase angle variance with temperature.
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154 °C. The first increase in storage modulus can be attributed
as the transition of the polymer from the terminal region to the
rubbery plateau at 225 °C. The polymer then remains in the
plateau until 165 °C at which point it enters the second
transition region. The second increase in storage modulus
therefore reflects the polymer transitioning from a “rubber”
like polymer, to a glassy solid.

Factors such as the molecular weight and polymer archi-
tecture will impact the measured storage modulus in both RR
and DMA techniques. Materials with a higher molecular
weight will cause an increase in the length of the rubbery
plateau towards higher temperatures,'®> whilst crosslinked
materials, or materials with higher degree of branching will
demonstrate a shallower rubbery transition curve. This is
because branched chains act as cross links and impede the
chains from moving, thus leading to a lower degree of relaxa-
tion in the chains.*®

4.3. SSA

The SSA protocol was conducted on PAEK AM 200 in order to
provide insight into the melt region and crystal melt tempera-
tures. Fig. 6(a) shows the DSC cooling curves for AM 200 at
10 °C min~ "' after being held at the Ty for 5 minutes, and
Fig. 6(b) shows the subsequent heating curve of the sample at
10 °C min~". The ranges of the melt domains are obtained
through qualitative analysis of the melting and cooling curves
as outlined by B. Fillon, et al.?® The upper range of DII is
obtained by observing the first shift of the cooling curve
towards higher temperatures, Ts = 319 °C for AM 200. The
lower boundary of DII is obtained by observing the disappear-
ance of the annealing peak in the melting curves. For AM 200,
the peak was found to disappear after T = 314 °C, therefore, the
lower bound of DII is 315 °C.

As per the SSA protocol by A. ] Muller, et al.’*® the lower
boundary of DII is the temperature at which crystals begin to

7108 | Mater. Adv., 2025, 6, 7104-7113

form and is referred to as the Ty jgea;, which can be used as the
first isothermal step in the protocol to obtain a fractionated
crystal structure. Fig. 7 shows the SSA curve for AM 200 and lists
the temperature ranges of the melt domains. The curve demon-
strates a number of peaks, which represent crystal regions
melting, with their size determining the proportion of crystals
melting.”® The largest portion of crystal melt occurs at 314 °C,
just before the beginning of DII. As the polymer cools, it begins
self-nucleating from 319 °C onwards. This can be taken as the
onset of solidification, as chain mobility begins to reduce once
crystals begin to form.

4.4. Complete solidification profile (T,-Ty, region)

Fig. 8 shows the combined SSA, DMA and RR dataset with the
overlayed thermal transition regions. Within the terminal
region of PAEK AM 200, there are the three melt domains,
the ranges of which were obtained using the SSA protocol. From
higher temperatures, DI ends at 319 °C (region 1), at which
point self-nucleation begins (DII). From melt, the first crystal
forms at 314 °C. This is matched by the rheometry dataset,
which demonstrates an increase in storage modulus from 319-
314 °C (region 2). This change can be attributed to the for-
mation of the first crystal leading to a reduction in the chain
mobility, and the free volume available. As this is the first
significant increase in storage modulus experienced by the
polymer from upon cooling, it can be considered as the onset
of solidification for PAEK AM 200.

Upon further cooling (region 3), during DIII, there is a test
gap between the DMA and RR testing ranges. However, the SSA
results completes the range and shows the temperatures at
which crystals begin to form. Each crystal formation can be
associated with a further decrease in free volume, and thus
chain mobility, leading to an increase in storage modulus per
crystal formation. The terminal region of AM 200 ends at
approximately 230 °C. This is supported by both the SSA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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protocol and DMA results, where a change in gradient is seen in
both curves. The increase in storage modulus present in the
DMA results, shows that the polymer melt is undergoing
further hardening below the melt temperature and transitions
from the terminal to the rubbery region, beginning to act as a
soft “rubber-like” material.

Between the glass transition temperature (150 °C) and the
onset of the terminal region (230 °C) (regions 4-5) the polymer
is in the rubbery region. The behaviour of the polymer melt is
further divided into soft and stiff ‘“rubber-like” properties.
Between 230-165 °C, the polymer is a soft “rubber”, and
experiences no significant changes in storage modulus, as it

© 2025 The Author(s). Published by the Royal Society of Chemistry

is within the rubbery plateau region. Once 165 °C is reached by
the cooling melt, the polymer begins to enter its final increase
in storage modulus before crossing the glass transition tem-
perature and becoming a glassy solid (region 6). At this tem-
perature, there is limited free volume available, with chain
mobility at its minimum, and is therefore, the end of the
solidification process.

4.5. Applicability of the viscoelastic curves in MEX

Fig. 9 presents the cooling profile of extruded PAEK AM 200
filament during the MEX process obtained via infrared thermo-
graphy, as well as the deposition temperature and the time

Mater. Adv,, 2025, 6, 7104-7113 | 7109
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Thermal profile of printed AM200 filament — IR camera
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Fig. 9 Infrared cooling curve of MEX extruded PAEK AM 200 filament.

taken to reach the key temperatures listed in Table 1.>* The
temperatures were obtained by inputting an emissivity of 0.63,
as shown in Table 1, to convert the IR recorded readings
into true temperature values for PAEK AM 200. Materials with
a higher emissivity will demonstrate lower overall tempera-
tures, as the emissivity is tied to the amount of thermal energy
a material reflects. The time axis has been adjusted such that
the deposition begins at ¢ = 0 s. At a nozzle temperature of
400 °C (Table 2), the deposition temperature at ¢ = 0 s is 393.9 °C.
The polymer then cools to the melt temperature within
0.15 seconds, after which the glass transition temperature is
reached at 0.95 seconds. A further 1.5 seconds is taken to reach
100 °C.

The short cooling period experienced by PAEK AM 200 can
be attributed to the low chamber temperature used in these
experiments. A higher chamber temperature would lead to
more gradual cooling, with more time taken to reach the melt
and glass transition temperatures.*"*> Each temperature
boundary shown in Fig. 8 can be represented on the IR cooling
curve as shown in Fig. 10. Table 3 summarizes the temperature
ranges as well as the time spent in each thermal transition
region. From the results, for the cooling profile generated by
the printing settings, the time spent in complete melt is
0.1 seconds, at which point the polymer begins to solidify.
The polymer remains in the melt region until 0.35 seconds.
After this point the polymer enters the rubbery region for

Cooling profile of MEX printed PAEK AM 200
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Fig. 10 Thermal transitions overlayed on MEX extruded PAEK AM 200 cooling curve.
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Table 3 Thermal transition regions summary for PAEK AM 200 under
specific cooling conditions

Key Time Time

temperatures  Thermal transition region range spent

393.93-319 Terminal region - complete melt  0-0.1 0.1

319-230 Terminal region - solidification 0.1-0.35 0.25
onset

230-165 Rubbery region - stable rubbery ~ 0.35-0.75  0.40
plateau

165-150 Rubbery region - rubbery 0.75-0.95 0.2
transition to glassy state

>150 Glassy region 0.95+ —

0.40 seconds, before transitioning (0.80 s) to a glassy solid at
0.95 s.

During MEX, a polymer must be capable of holding its shape
upon deposition®** as well as form a bond with the previously
deposited layer.>'** Therefore, in terms of thermal transitions
during a print, the polymer should have a short complete melt
region in order to avoid excessive flow and retain dimensional
accuracy of the printed part, and the time spent in the terminal
and rubbery regions should be maximised for increased diffu-
sion across the layer. Having the thermal regions understood,
the printing settings can be adjusted such that the time spent
in each thermal transition region is optimized for bonding,
stability and dimensional accuracy. By increasing printing
settings such as the chamber temperature, the gradient of the
cooling curve becomes more gradual, and therefore the poly-
mer remains in the melt and rubbery plateau region for longer.
From this, this study has the capacity to form the basis of a
printing setting optimisation tool. Furthermore, as each poly-
mer exhibits unique thermal transition regions, this methodol-
ogy can also be used to form a criterion for designing polymers
compatible with MEX printing. Therefore, by understanding
the impact of the viscoelastic transitions of polymers in MEX,
both commercial and academic users of MEX printers can
benefit.

5. Conclusion

MEX extruded polymers begin to solidify in fractions of sec-
onds. During solidification, a polymer undergoes various ther-
mal transitions, during which the physical properties vary
according to the viscous and elastic forces present at that
temperature. The transitions can be split into three regions,
the terminal, rubbery and glassy region. Each region corre-
sponds to the polymer acting as a viscoelastic liquid, soft solid
or elastic solid respectively. This study on additive manufactur-
ing filament extrusion proposed a method in which the time
spent in each thermal transition region was determined
through a combination of thermal analysis, rheology and
infrared thermography. This study quantified the time taken
to reach the onset of solidification (0.1 s), and the time taken to
reach complete solidification (0.95 s) for Victrex PAEK AM 200.
By identifying the time taken to reach key transition tempera-
tures this work has the potential to form the basis of a printing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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setting optimisation tool to improve part quality by informing
users on target times spent in the terminal and rubbery
regions, by way of controlling cooling profiles. Similarly, this
study can inform MEX feedstock tailoring as each polymer
demonstrates different transition region boundaries, with
materials with a longer rubbery plateau and terminal transition
allowing for more time for molecular diffusion and therefore
interlayer bonding.
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