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Abstract

Using dynamic mechanical analysis (DMA), we investigate differences in the mechanical properties of a single-filament
wall of polyether ether ketone (PEEK) constructed using fused filament fabrication (FFF) under a range of different
printing conditions. Since PEEK is a semi-crystalline polymer, we employ a non-isothermal quiescent crystallization
model, informed by infra-red (IR)-imaging measurements, to understand our findings. We propose that, under typical
FFF cooling conditions, the weld region between filaments remains amorphous. In contrast, the core of the filament has
increased time above the glass transition temperature allowing for a significant crystal fraction to develop. We correlate
the predicted crystal fraction to a storage modulus using the Halpin and Kardos model. With only a single model fitting
parameter we can make reasonable predictions for the perpendicular and parallel storage moduli measured via DMA
over a range of printing conditions. This work provides a foundation for optimising crystallization for the mechanical
performance of the FFF printed PEEK.

Keywords: polyether ether ketone (PEEK), fused filament fabrication (FFF), quiescent crystallization model, infra-red
(IR) thermography, dynamic mechanical analysis (DMA)

1. Introduction

Additive Manufacturing (AM), often referred to as 3D
printing, is an advanced manufacturing field that has found
interesting industrial application in recent years [1, 2, 3].
AM refers to the manufacture of functional parts in a
layer-by-layer manner to form a physical part embodying
a digital-defined geometry. AM enables near net shape
fabrication, reducing the need for material removal oper-
ations [4]. Another feature of AM is the ability to realize
complex geometry without the added cost of subtractive
manufacturing methods, thereby enabling completely new
designs and functionalities [5]. Fused filament fabrication
(FFF) is one of the most popular AM methods because of
its low material and equipment costs [6]. FFF is a filament-
based material extrusion technology where a temperature-
controlled nozzle extrudes thermoplastic material onto a
substrate [7].

1The first and second authors equally contribute to this research.

Compared with polymers such as polylactic acid (PLA),
polyamide (PA) and acylonitrile butadiene styrene (ABS),
polyether ether ketone (PEEK) is a material with a high
melting temperature, a low thermal conductivity, and a
generally narrow processing window. This makes PEEK
difficult to process with FFF printing [8, 9]. In contrast
to other FFF polymers, reports have shown that using
FFF to construct PEEK parts may cause excessive ther-
mal stresses, which result in the parts cracking [9, 10].
Yang et al [11] and Wu et al [12] compared the mechani-
cal properties of PEEK artefacts made by the FFF print-
ing process with those made by injection moulding. They
found a lower mechanical strength for the FFF printed
artefacts compared with the injection molded artefacts.
Depending on the thickness and angle between deposited
filaments, the tensile strength of FFF-printed samples was
found on average to be 45% of injection molded PEEK; the
bending strength was 71% and the compressive strength
was 34% of injection molded PEEK. This proved to be re-
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lated to the processing conditions. Hence, understanding
the relationship between the printing parameters and the
quality of the manufactured parts is important if the su-
perior polymeric properties of PEEK are to be achieved
by FFF. Since PEEK is a semi-crystalline polymer, its
mechanical properties depend strongly on the degree of
crystallinity [13, 14]. Studies presented in Refs [15, 16, 17]
show that slower cooling rates can increase the degree of
crystallinity and therefore increase the tensile strength and
elastic modulus. Liao et al [18] show that due to the re-
peated heating and cooling cycles that occur during a lay-
ered build, the FFF printed layer is always under a un-
stable crystallization until the printing process is finished.
By adjusting the thermal processing parameters [19, 20],
it is possible to obtain a wide range of crystallinity frac-
tions in the samples due to the crystallization kinetics of
PEEK. Thus, appropriate design of the processing con-
ditions will allow manufacture of PEEK parts with the
maximum possible crystal fraction of 50% [21]. For this
reason, in this paper we focus on investigating the crystal
growth of PEEK during FFF.

We apply dynamic mechanical analysis (DMA) to mea-
sure the mechanical performance of a single-filament PEEK
wall printed under various conditions. Moreover, we per-
form the DMA test both parallel and perpendicular to the
print direction to reveal cross-sectional differences in the
mechanical properties, i.e. differences between properties
in the weld regions compared to within the filaments. In
order to understand these disparities, we employ a nu-
merical quiescent crystallization model. As this model re-
quires knowledge of the thermal history, we also conduct
infra-red (IR) thermography to analyze how cooling varies
with print speed and print temperature [22]. Using clas-
sic multi-phase composite solid theory [13], we relate the
degree of crystallinity predicted by the model to a stor-
age modulus, and consequently the results of our DMA
testing. Thus, we have a method to relate the printing pa-
rameters to the mechanical properties of the printed parts,
and therefore a foundation for optimizing crystallinization
for mechanical performance.

2. Experimental Methods

2.1. Material Properties

The PEEK filament used in the experiments was the
Victrex 450G with standard melting viscosity, acquired
from iMaker Ltd (London, UK) . It has a 1.75 mm di-
ameter with natural colour. PEEK is a semi-crystalline
polymer with a glass transition temperature (Tg) of 143
◦C, and a melting temperature (Tm) of 343 ◦C. The water
absorption of this PEEK at a room temperature of 23 ◦C
is 0.45%. The PEEK filament was kept in a box with des-
iccant before printing. The thermal diffusivity of PEEK
at Tm, which is denoted α, is 1.27 × 10−7 m2s−1 [23].
The storage modulus of fully amorphous PEEK is typi-
cally around 0.07 GPa at a plateau [24].

2.2. FFF Printing

A CreatBot F430 printer (Henan Suwei Electronic Tech-
nology Co., Ltd, Henan, China) was used for the printing.
The printer is equipped with a nozzle of diameter size 0.4
mm that can be heated up to 420 ◦C. The chamber and
printbed of this printer can both be heated to keep the
environment at the required temperature. The maximum
printbed temperature is 90 ◦C.

In order to facilitate thermography measurements us-
ing infra-red (IR) imaging, as in Ref [22], and enable a
more accurate comparison with McIlroy et al’s model [25]
discussed in Section. 4, we chose to mechanically test a
rectangular sample that is a single filament thick. The
DMA tension test fixture accommodates samples up to 5
× 10 mm. Thus, to create the test sample we designed a
print path to print a hollow rectangular box, with walls
consisting of a single filament, as shown in Fig. 1(a). The
test samples were then cut using a pair of sharp scissors
from the walls of the box, as shown in Fig. 1(b). Note that
we varied the height of the box in the z-direction accord-
ing to the test direction; a height of 5 mm (33 layers) was
used for the parallel test, compaired with a height of 15
mm (97 layers) required for the perpendicular test. This
is shown schematically in Fig. 1(c).

During printing, it was found that only certain print-
ing parameters yielded a printable part; adjacent filaments
did not bond well if the print speed was too fast, or if the
print temperature was too low. For this reason, we printed
samples in a print temperature (TN ) range of 390 ◦C to
420 ◦C and with print speeds of 3 mm/s, 6 mm/s and
18 mm/s in the xy-plane. Under these conditions, sam-
ples generally had good dimensional accuracy and struc-
tural integrity, with no visible flaws or thermal distortion.
Within this print speed range, the width of a deposited
filament is consistently 0.5 mm with approximately 2% er-
ror. This window for which the road width is independent
of print speed has previously been considered in Ref [26].
The machine control data (G-code) was initially generated
by the software called CreatWare 6.4.7, which is associated
with the CreatBot F430 printer. Subsequently the print
path G-code was modified using the Repetier-Host soft-
ware (Hot-World GmbH & Co. KG, Willich, Germany).
The G-code was modified to enable printing of the sin-
gle filament walls shown in Fig. 1(a). Note that the print
strategy ensures that all layers in a wall are printed in the
same direction for consistent cooling profiles in the form of
temperature distribution of the x-direction. The printer
chamber was pre-heated until the printbed temperature
became stable at 90 ◦C, then the printer front door was
opened to make the IR-imaging measurements described
in the Section. 2.3.

2.3. IR Thermography

Since the temperature profile is required as an input
for the crystallization model described in Section. 4, we
conducted IR thermography across all three print speeds.
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Figure 1: Fabrication of DMA test samples from a printed box with walls that are a single filament thick, with (a) the printing direction, (b)
cutting lines, and (c) final sample dimensions.

Figure 2: IR image of printing (a) printing with loaded nozzle (b)
printing with unloaded nozzle

With any printable conditions, the thermal history of the
filaments could be IR-imaging measured. IR thermogra-
phy can be used to measure two-dimensional temperature
profiles in the FFF process [22]. It gives a surface mea-
surement of the temperature profile. Using the notation of
Seppala et al [22], the top filament being actively printed
is Li+1, and the adjacent sub-layer is Li. The mid-point
of these adjacent filaments is the weld line Wi. Due to the
curvature of the filaments, it is not feasible to report the
IR-imaging measurement at the weld line directly. Thus,
the weld temperature was calculated as the average value
for two adjacent filaments i.e. Wi = (Li+1 + Li)/2.

Temperature profiles were measured with the FLIR
SC-7600 IR camera from FLIR Systems (Oregon, U.S.).
The frame rate was set to 100 Hz for the recording. The
region of interest (ROI) is three by three pixels and is
placed at the middle of each layer during the printing pro-
cess. The ROI cursor used to locate the first filament Li+1

Figure 3: Schematic of DMA test samples. The valid test size is less
than 5 mm width and 10 mm length (a) test sample with parallel
load direction (b) test sample with perpendicular load direction

temperature is shown in Fig. 2(a). The IR signals were
converted into temperature directly using standard ther-
mographic measurement techniques that account for the
emissivity of the object, the reflected apparent tempera-
ture, the distance between the object and the camera, the
relative humidity, and the temperature of the atmosphere
[27].

Since crystallization ceases at the Tg, we stopped the
IR-imaging measurement once the temperature decreased
below Tg. The reflection IR signals were corrected using
the method of Seppala et al [28]. This reflection-correction
method requires subtracting the signal obtained from a
pass of an unloaded nozzle. By this means we were able to
obtain the surface temperature evolution at the filament
mid-point under these conditions, as shown in Fig. 2(b).

2.4. Dynamic Mechanical Analysis

We used DMA to measure mechanical stiffness. A Dy-
namic Mechanical Analyzer DMA 8000 from PerkinElmer,
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Inc. (Massachusetts, US) was used. A sinusoidal stress
was applied and the strain in the material was measured.
The temperature was fixed at room temperature (23 ◦C),
and the frequency at 1 Hz. 6 samples were tested for each
print condition, and each test lasted for 5 minutes. The
test mode executed was the tension test. The measure-
ments were carried out for samples in which the filaments
were either perpendicular (sample with 33 layers) to or
parallel (sample with 97 layers) to the loading direction in
the DMA test, as illustrated in Fig 3.

3. Experimental Results

Fig. 4 shows the results of the perpendicular and par-
allel DMA tests for the printing conditions detailed in
Section. 2.2. Error bars represent the standard deviation
from the time-averaged mean, averaged over the 6 samples.
Fig. 7 indicates the temperature profile at the weld calcu-
lated by the IR-imaging measurement under different print
conditions. First, from the DMA results, we note that
both the perpendicular, Eperp, and parallel, Epar, stor-
age moduli are greater than the storage modulus of the
amorphous material (Ea = 0.07 GPa [24]). We also find
that Epar is on average between 24% to 40% greater than
Eperp. Similar anisotropy has been observed by Capote
et al [29] for acrylonitrile butadiene. Here tensile, com-
pression and torsion tests were performed to calculate a
failure envelop. Considerable interactions were found be-
tween the shear stresses applied in directions parallel and
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Figure 4: Storage modulus of PEEK single-filament wall tested via
DMA in the (a) perpendicular, Eperp, and (b) parallel, Epar, direc-
tions for the prescribed print conditions.

perpendicular to the deposited filaments in a typical dog-
bone specimen. It can also be seen in Fig. 4 that both
Epar and Eperp depend on the print temperature, with
higher print temperatures yielding greater storage moduli.
Finally, we observe that on average there is little depen-
dence on print speed for Epar, whereas Eperp decreases
with print speed. The IR-imaging measurement are used
to predict the cooling profile at the filament centre in Sec-
tion. 4.3. In order to understand these results, we propose
the following hypothesis.

Since PEEK is a semi-crystalline polymer, it is known
that an increase in storage modulus may originate from an
increase in crystal fraction [13, 14, 30]. Indeed, both Epar
and Eperp are greater than Ea, and we observe a change in
transparency during the printing, which indicates that the
filament crystallizes to some degree during cooling. Thus,
we propose that the increase in Epar with print tempera-
ture seen in Fig. 4(b) is due to an increase in the degree
of crystallinity. Furthermore, since Epar > Eperp, we pro-
pose that the cores of the filaments achieve a greater degree
of crystallinity than that of the weld regions during cool-
ing. This reasoning for this assumption will become ap-
parent in Section. 4. Next, we explore this hypothesis via a
numerical model that considers non-isothermal, quiescent
crystallization under the prescribed printing conditions.

4. A Numerical Model

4.1. Overview

Here we introduce a numerical model based on the
work of McIlroy et al [25]. In line with our hypothesis, we
develop a model to predict the crystallization kinetics of
a singly-deposited filament of PEEK under typical print-
ing conditions, based on the Schneider rate equations [31].
Since the process is non-isothermal, we account for spatial
variations in the temperature evolution via the axisym-
metric heat equation, together with a boundary condition
informed by the IR-imaging measurements.

In particular, we make predictions of the final crystal
fraction at the centre of a deposited filament, φf , and at
the surface of a deposited filament, φw, which corresponds
to a weld region within a fully constructed wall. These
predictions of crystallinity are related to the storage mod-
uli in the filament and in the weld, denoted Ef and Ew,
respectively, via the composite solid theory of Halpin &
Kardos et al [13] in Section. 4.4.

In order to compare the DMA measurements to the
crystallization model we must relate Ef and Ew to the
sample-averaged measurements Epar and Eperp. Indeed,
by considering the stiffness of heterogeneous structures,
we can write

1

Eperp
=

1

z

(
z − zw
Ef

+
zw
Ew

)
, (1)

and

Epar =
1

z
(Ef (z − zw) + Ewzw), (2)
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where z is the height of a single filament and zw is the
height of a single weld region. See Section. 4.5 for details of
this derivation. Note that since the samples are walls with
a thickness of a single filament, we have neglected porosity
here. Also, Eqs.1 and 2 highlight how variations in zw
along the print direction may lead to significant deviations
within a sample.

4.2. Modelling Quiescent Crystallization

This model considers the homogeneous growth of spherulitic
structures via the Schneider rate equations:

φ̇3 = 8πṄ(T ), (φ3 = 8πN), (3)

φ̇2 = G(T )φ3, (φ2 = 8πRtot) (4)

φ̇1 = G(T )φ2, (φ1 = Stot), (5)

φ̇0 = G(t)φ1, (φ0 = Vtot), (6)

where N , Rtot, Stot and Vtot are the total number, radii,
surface area and volume fraction of spherulites that grow
over time. The crystal growth rate, G, and nucleation
rate, Ṅ , depend on the temperature profile, T , as discussed
below. To account for space filling, the Avrami equation
is employed:

ξ = 1 − exp(−φ0) (7)

where ξ is the degree of space filling. Here the degree of
space filling is related to the crystal fraction via:

φ = Vmaxξ, (8)

where Vmax is the maximum degree of crystallinity for
PEEK Vmax ≈ 0.3 [21]. The Schneider rate equations
are solved via Euler’s method with a non-isothermal tem-
perature evolution measured via IR-imaging measurement.
The temperature dependence of the crystal growth and nu-
cleation rates are informed by experimental measurements
found in the literature, as discussed below:

The temperature dependence of the crystal growth rate
takes the form [32]:

G(T ) = Gmax exp (bG(T − TG,ref))
2

(9)

where constants Gmax, bG and TG,ref are chosen by fitting
the growth rate prediction to optical microscopy measure-
ments in Ref. [14]. The crystal growth curve is shown in
Fig 5.

The temperature dependence of the nucleation rate
takes the classic form [33]:

Ṅ = Ṅ0 exp

(
− na
T − Tg

)
exp

(
−nb

T 4
m

(Tm − T )2

)
, (10)

where Ṅ0, na and nb are fitting coefficients. To find coef-
ficients na and nb, we employ experimental measurements
of the crystallization half time [30], which is assumed to
be equivalent to the time to reach 50% space filling. The
half time is measured isothermally using nanocalorimetry
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Figure 5: Crystal growth rate given by Eq. (9) with Gmax, bG and
TG,ref fit to Ref. [14]
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Figure 6: (a) Crystallization half time measured using isothermal
nanocalorimetry [30] and model prediction based on solving the
Schneider rates equations (Eq.6) and fitting the data for Ṅ . (b)
Parameters Ṅ0, na and nb are chosen by fitting Eq.10 to the predic-
tions for the nucleation rate.

over a discrete range of temperatures. Thus, by solving
the isothermal Schneider rate equations Eq. (6), the nu-
cleation rate Ṅ can be chosen to fit the experimental data
of the half time, as shown in Fig. 6(a). Once Ṅ is known
for a discrete temperature range, parameters na and nb
can be found by fitting Eq. (10), as shown in Fig.6(b).

4.3. Modelling Temperature Profile

The IR-imaging technique discussed in Section. 2.3 pro-
vides a measurement of the temperature at the filament
surface. Whilst this is sufficient to make predictions for
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Figure 7: Cooling profile at the filament centre as predicted by solving Eq.(11) (solid line) with a boundary condition specified by the
IR-imaging measurement at the weld (dashed line) for each printing condition. The model fitting parameter b is chosen to fit measurements
of the modulus, as discussed in Section. 5.

the crystallization kinetics in the weld region, understand-
ing properties within the filament requires knowledge of
the temperature evolution at the filament centre.

To make a prediction of the temperature evolution at
the filament centre, we employ the axisymmetric heat equa-
tion:

∂T

∂t
= α

1

r

∂

∂r

(
r
∂T

∂r

)
, (11)

where α is thermal diffusivity. Here, we neglect the effects
of latent heat for simplicity.

First, Eq. (11) is non-dimensionalized; the tempera-
ture scale is chosen to be the nozzle temperature TN , the
length scale, R, is chosen to be the half-height of a singly-
deposited filament. The time scale is governed by the ther-
mal diffusivity time scale:

τα = b
R2

α
(12)

where b is a model fitting parameter. We allow the thermal
diffusivity time scale to vary in this way for the following
reasons:

1. Thermal diffusivity, α, is strongly temperature de-
pendent and may vary in orders of magnitude near
to the melting point.

2. The length scale, R, may vary due to the ellipticity
of the printed filament.

3. The filament may retain heat due to the deposition
of multiple filaments.

4. The filament may retain heat due to latent heat ef-
fects.

We justify our choice for b in the Section. 5.
We solve Eq. (11) numerically with initial condition

T (r, t = 0) = TN . The filament is assumed to cool ax-
isymmetrically, the model makes no distinction between
filament-filament and filament-air. The boundary condi-
tion at the filament surface is given by:

Tsurf = T0 exp(−βt) + Ta (13)

where T0, β and Ta are chosen by fitting the IR-imaging
measurement at the weld. In this way we obtain the tem-
perature evolution profile at r = 0 i.e. at the centre of the
filament. This temperature profile can then be employed
in the Schneider rate equations (Eq. (6)) to make predic-
tions of the degree of space filling at the filament centre
and consequently the properties originating from the fila-
ment core (i.e. Ef ).

Fig. 7 shows the temperature profiles used in our crys-
tallization model for each of the printing conditions with
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optimum value b = bfit, as discussed in Section. 5. Note
that the temperature profile at the weld is provided by
the IR-imaging measurement, whereas the temperature at
the centre of the filament is obtained from the calculation
described above.

4.4. Halpin and Kardos Theory

In the theory of Halpin & Kardos [13], semi-crystalline
polymers are assumed to behave as a multi-phase compos-
ite solid to develop an equation to link the crystal fraction
to the storage modulus of the material. It is shown that
the modulus of a semi-crystalline polymer is comparable
to that of a randomly-reinforced polymer, where the ge-
ometry of the reinforcement is similar in structure to the
crystal morphology. Morphology ranges from spherulites
consisting of extended fibrils at low volume fractions, to
densely packed lamellae at high volume fractions.

Consider a volume fraction of reinforcement fibres, vr,
with aspect ratio l/d, stiffness Sr, modulus Er, and Pois-
son ratio νr. The fibres sit within a matrix of stiffness
Sm, modulus Em, and Poisson ration νm. Typically Sr ∼
103Sm and Er = 103Em.

The stiffness of the material in the fibre direction, S11,
is given by

S11

Sm
=

1 + 2(l/d)ηS1vr
1 − ηS1vr

, (14)

where

ηS1 =
Sr/Sm − 1

Sr/Sm + 2(l/d)
. (15)

Furthermore, the in-plane shear modulus, E12, is given by

E12

Em
=

1 + ηEvr
1 − ηvr

, (16)

where

ηE =
Er/Em − 1

Er/Em + 1
. (17)

The stiffness transverse to the fibre direction is given by

S22

Sm
=

1 + 2ηS2vr
1 − ηS2vr

, (18)

where

ηS2 =
Sr/Sm − 1

Sr/Sm + 2
. (19)

The Poisson coefficient is given by the rule of mixtures

ν12 = vrνr + νm(1 − vr). (20)

where

νr =
Sr

2Er
− 1, (21)

νm =
Sm

2Em
− 1. (22)

It is shown that the elastic coefficients for a randomly-
reinforced solid can be expressed as

S̄ = 4U5(U1 − U5)/U1, (23)

ν̄ = (U1 − 2U5)/U1, (24)

Ē = U5 (25)

where the invariant terms are given by

U1 =
1

8
(3Q11 + 3Q22 + 2Q12 + 4Q66), (26)

U5 =
1

8
(Q11 +Q22 − 2Q12 + 4Q66), (27)

with

Q11 = S11/(1 − ν12ν21), (28)

Q22 = S22/(1 − ν12ν21), (29)

Q12 = ν12Q22 = ν21Q11, (30)

Q66 = E12. (31)

4.5. Stiffness and Modulus in Heterogeneous Structures

The stiffness of a material, S, is related to the modulus
via

S =
EA

L
, (32)

where E is the storage modulus, A = WT is the cross-
sectional area and L is the length of the sample (Fig.8).
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                  is the thickness of the sample 

Figure 8: A schematic to show the single-filament wall samples con-
structed for the (a) parallel and (b) perpendicular DMA tests. Both
samples have length L, width W and thickness T (equivalent to a
single filament). Each individual filament has height z; the ratio
of amorphous to crystalline material is denoted zw/zf . The par-
allel tests consists of nx filaments, whereas the perpendicular tests
consists of ny filaments.
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Our samples are constructed as single-filament walls, with
each filament having height z. We divide the filament into
a core filament region (blue) and a weld region (red) so
that z = zf + zw. In such hetrogeneous structures, the
stiffness is given by

S = Sf + Sw, (33)

where Sf and Sw denote the stiffness of the filament and
weld regions, respectively. Fig.8 shows how the filaments
are constructed for the parallel and perpendicular DMA
tests.

For the parallel direction, we have

Epar =
L

WT
Spar =

L

WT
(Spar,f + Spar,w). (34)

Since the width of the sample consists of nx filaments, we
write

Epar =
L

nxzT

(
EfnxzfT

L
+
EwnxzwT

L

)
, (35)

=
1

z
(Ef (z − zw) + Ewzw) . (36)

Similarly, in the perpendicular direction, we have

1

Eperp
=
WT

L

1

Sperp
=
WT

L

(
1

Sperp,f
+

1

Sperp,w

)
. (37)

Since the length of the sample consists of ny filaments, we
write

1

Eperp
=
WT

nyz

(
nyzf
EfWT

+
nyzw
EwWT

)
, (38)

=
1

z

(
1 − zw
Ef

+
zw
Ew

)
. (39)

5. Discussion

5.1. Properties at the Weld

Fig.9 shows the model predictions for the final degree of
space filling achieved in the weld region under each of the
prescribed printing conditions. In particular, we find that,
due to fast cooling at the weld, there is insufficient time for
crystals to form and the weld remains mostly amorphous
i.e. ξw < 1%. In the case TN = 420◦C, 3 mm/s, the degree
of space filling reaches only 2%.

Thus, the model predicts that the mechanical proper-
ties at the weld are governed by those of amorphous mate-
rial. That is, we can assume that the storage modulus at
the weld is equivalent to that of the amorphous material,
i.e. Ew = Ea. Furthermore, we can define the length scale
of the weld region, zw, to be the region near to the surface
with less than 1% space filling. This assumption reduces
Eqs.1 and 2 to two unknowns, Ef and zw, which can thus
be written as

Ef = (Ea − Epar)

(
Ea
Eperp

− 1

)−1

, (40)
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Figure 9: Degree of space filling achieved at the surface of a deposited
filament, corresponding to the weld region in a fully constructed wall,
as predicted by the model for each of the printing conditions.
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Figure 10: The varying degree of space filling from the centre of the
filament to the weld interface predicted by the model for printing
condition 420 ◦C, 18 mm/s for various values of the fitting parameter
b. Eq.41 predicts a length of zw ∼ 3 µm for the amorphous weld
region.

and

zw =
z(Epar − Ef )

Ea − Ef
. (41)

Hence, using the DMA measurements for Eperp and Epar
we can estimate Ef and zw. In particular, the length scale
of the weld region is found to be approximately zw ∼ 1−6
µm, depending on the printing conditions. Consequently,
we have an approach for validating our choice for the model
fitting parameter, b.

In particular, Fig.10 shows how the degree of crys-
tallinity varies spatially from the filament centre to the
weld interface for a number of different b values. The print
condition is 420 ◦C, 18mm/s and we find similar results
across all print conditions. Whilst the weld region remains
amorphous (ξ < 1%) due to rapid cooling at the filament
surface, the centre of the filament has sufficient time above
Tg to develop crystals. We find that the degree of space
filling at the centre also depends on the choice of b. Thus,
b = bfit is chosen to fit the filament modulus, Ef , as dis-
cussed in Section. 5.2.

5.2. Properties at the Filament Core

Fig.11 shows the degree of space filling achieved at the
centre of the filament for each of the printing conditions
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Figure 12: Modulus at the filament centre, Ef , as predicted by the
composite theory of Halpin & Kardos [13] based on the filament
crystal fraction achieved, φf , under the various printing conditions
for different values of b. For amorphous material, the crystal fraction
is zero and Ea = 0.07 GPa Pa and from Eq.40, Ef = 1.2 GPa for
printing condition 420 ◦C, 3 mm/s, as marked by black squares.

for b = bfit. In general, we find an increase in ξf with
increasing print temperature due to increased time above
Tg. For this fitted value of b, the model predicts that the
centre of the filament achieves a considerable degree of
space filling; in fact, the model predicts ξf > 40% for all
printing conditions.

Recalling that the degree of space filling is related to
the crystal fraction, the increase in storage modulus due
to crystal fraction can then be predicted by employing
composite theory, as in the work of Halpin & Kardos [13].
Full details of this model are given in 4.4.

In particular, Fig.12 shows how the filament modulus,
Ef , increases with increasing crystal fraction, φf . Each
data point represents the crystal fraction achieved un-
der the prescribed print conditions and the correspond-
ing modulus for different values of the fitting parameter
b. At zero crystal fraction, the modulus corresponds to
the amorphous property Ea = 0.07 GPa, which is marked
as the origin in Fig.12. Furthermore, from Eq.40, we find
that Ef = 1.2 GPa for 420 ◦C, 3 mm/s. Thus, b = 746
is chosen so that the model results agree with this value.
Thus, Fig.12 highlights cross-sectional disparities in me-
chanical properties; the modulus at the filament core is
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Figure 13: (a) Eperp and (b) Epar predicted by the model via Eqs.1
and 2 (lines) compared to the DMA measurments (points) for the
prescribed print conditions.

two orders of magnitude larger than that at the weld.

5.3. Comparison to Experimental Measurements

Now we have determined a suitable value for b, we can
make direct predictions of Eperp and Epar by assuming
Ew = Ea and substituting the model results for Ef and
zw into Eqs.1 and 2. Following this, Fig.13 shows that the
model predictions using a single b for all print conditions
are in reasonable agreement with the DMA measurements.
Thus, from only a single parallel and perpendicular DMA
measurement, we can make predictions for the perpendic-
ular and parallel storage moduli Eperp and Epar across a
range of print conditions, thus enabling us to optimize the
print conditions for a required mechanical performance. A
better fit could potentially be achieved by fitting b for each
print condition, however, this would reduce the practical
applicability of the method.

6. Conclusion

In this work, we use DMA to investigate mechanical
properties in single-filament wall samples of PEEK printed
using FFF. We find that the storage modulus increases
with print temperature, and that there is some dispar-
ity between the perpendicular and parallel measurements.
Based on the crystalline nature of PEEK, we hypothesise
that these disparities arise due to the differences in the de-
gree of crystallinity achieved under typical FFF conditions,
both cross-sectionally and for different printing conditions.
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In particular, we see that PEEK has a narrow processing
window under typical FFF conditions, therefore there is
little time above the glass transition for crystals to grow.

To investigate our hypothesis, we employ a numerical
model of quiescent non-isothermal crystallization, where
the temperature history is informed by IR-imaging mea-
surements. The model predicts that the weld regions be-
tween printed filaments achieve less than 1% space filling
and are therefore mostly amorphous (Fig. 9). On the other
hand, the model predicts that the space filling found in the
centre of the filament exceeds 40% under all printing con-
ditions (Fig. 11) and that higher print temperatures lead
to greater degree of space filling. We can relate the fil-
ament crystal fraction to a storage modulus by applying
the Halpin & Kardos composite solid model. By employing
only a single fitting parameter to one print condition we
find reasonable agreement with the DMA measurements
across a range of print speeds and temperatures. The
model is readily applicable to different materials by se-
lecting appropriate material properties; thermal diffusiv-
ity, crystal and nucleation growth rate. The model can
also be applied to various print geometries and conditions,
provided that a measurement of the temperature evolution
can be obtained.

In summary, we have presented a framework for under-
standing mechanical disparities in FFF printed PEEK. In
particular, this crystallization model relates print temper-
ature and print speed to mechanical properties of semi-
crystalline polymers processed using FFF. Therefore, it
provides a foundation for optimizing crystallization for the
mechanical performance of FFF-printed PEEK. In the fu-
ture, we will explore the mechanisms of inter-diffusion and
molecular oreintation during FFF printing of PEEK fila-
ments to better understand the amorphous properties in
the weld, which will require linear viscoelasticity measure-
ments. We will also seek an independent measurement of
crystallinity, for instance via Raman spectroscopy, to com-
pare to the model predictions and investigate the possibil-
ity of flow-enhanced crystallization. Furthermore, we will
pursue correction of IR-imaging measurement by means of
measurement data coming from flash DSC to improve the
accuracy in-situ crystallinity measurement. Finally study-
ing the effect of a thermal post-treatment would provide
an avenue for achieving higher levels of crystallization in
the weld regions.
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