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Abstract

Fusion bonding is understood to be the decisive mechanism for the interlayer

strength in extrusion additive manufacturing. This study links the characteris-

tic temperatures of semicrystalline thermoplastics, namely, PA6 with 40% car-

bon fibers, to the bond formation in respect to real-world processing

conditions. Based on theoretical investigations, a process window is proposed

for bonding to occur without polymer degradation. This range from the glass

transition to the initial degradation temperature was determined through dif-

ferential scanning calorimetry and thermogravimetric analysis. A second pro-

cess window for optimal bonding is proposed from the extrapolated onset

crystallization temperature, Teic, to the melt temperature, Tm. The validation

of these process windows was conducted by bending tests according to DIN

EN 178. Tm was confirmed as the upper limit, with the part's geometric integ-

rity compromised at higher temperatures. Teic had to be refuted as lower limit

as no discrete reduction in bond strength was determined in alignment with

Teic. Authors suggest the lower limit is defined by the lowest substrate temper-

ature to lead to interface temperatures above the onset of melt temperature. By

utilizing thermal analyses, less time and resources are required to detemine a

suitable process window for extrusion additive manufacturing.
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1 | INTRODUCTION

Additive manufacturing (AM) has become integral to the
manufacturing world, and its versatility has enabled it to
enter new markets.[1] Compared to traditional subtractive
methods, AM facilitates small batch production with a
high degree of individualization.[2,3] Low scrap rates
make it attractive for applications involving high-cost

materials, while its geometric flexibility and large poten-
tial for digitalization and automation have advanced the
use of additive manufacturing from mere prototyping to
small serial productions.[3]

In recent years, various AM technologies, particularly
material-extrusion-based AM, have progressed and
increased in their applications.[4,5] This paper focuses on
extrusion additive manufacturing (EAM), which contrary to
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fused filament fabrication (FFF), uses pelletized feedstocks
instead of filaments. This enables material cost reductions,
as well as higher deposition rates.[6] Multiple studies have
demonstrated the potential of generally increasing the
throughput and printing speeds of FFF and EAM to tailor
larger, more efficient and cost-effective AM processes.[1,6–8]

One of the greatest challenges of extrusion-based pro-
cesses in industrial scale applications is the directional
bias of the mechanical properties in the build direc-
tion.[6,9,10] This is mostly the result of both insufficient
fusion bonding of consecutive layers due to nontailored
temperature conditions and macro porosity, created by
the rounded bead geometry. Incomplete fusion bonding
in turn reduces the mechanical properties in comparison
to the bulk material.[6,11]

To achieve bulk-like mechanical properties in all direc-
tions of the part, interlayer bonding must be optimized. For
basic thermal and bonding models for EAM, analogies can
be drawn from injection molding, thermoplastic welding,
and tape laying.[12] In injection molding, the temperatures
of the melt and mold have the most significant effect on the
final part's properties.[13] Similarly, the weldline properties
of welded semicrystalline thermoplastics approach those of
the bulk material for processing temperatures around the
melting point.[14]

Compared to thermosets, thermoplastics melt due to
their lack of crosslinks. Furthermore, they offer distinct
advantages such as improvements of several mechanical
and chemical properties, recyclability and reparability, low
costs, and shorter cycle times.[15–17] Based on these advan-
tages, they are increasingly being used in the automotive
and general transport sector.[18] In additive manufacturing,
thermoplastics challenge AM processes by virtue of their
high viscosities, as they require high temperatures and pres-
sures to initiate polymer flow during extrusion.[19,20]

Semicrystalline polymers make up a considerable pro-
portion of thermoplastics used in AM. Their morphological
structure leads to a high dependency on mechanical proper-
ties on the processing conditions and the resulting degree of
crystallization.[17,18,21] Processing temperatures above the
melting point reduce the viscosity and mobilize molecules
for polymer flow.[12] Polyamide 6 (nylon 6) is well suited for
high heat and stress resistance applications and thus has
become a common engineering polymer used in the auto-
motive industry, for instance, in injection molding pro-
cesses.[22] Its crystalline structure promotes a glass
transition between 45 and 80�C, and melting at around
230�C.[23,24]

Insufficient polymer properties can be overcome by
the addition of fiber reinforcements.[25,26] While this can
increase a part's stiffness by three to seven times,[6,27] the
use of recycled short fibers from production scrap is a
step toward waste-reduced production. Furthermore, the

transition from continuous fibers to short fibers enables
pellet processing, directly increasing cost effectiveness,
while still providing increased stiffness and strength.[3,6]

The intended operational system is a robot-based
EAM facility fed with short-carbon-fiber-reinforced PA6
pellets and the ability to produce thin-walled parts up to
4 � 2 � 2 m. Figure 1 shows the time-dependent cooling
curve, which makes it clear that the substrate tempera-
ture drops rapidly below the glass transition. This creates
the need for external substrate heating in order to opti-
mize bonding even for large parts.[11,28]

Researchers have defined process windows for
improved fusion bonding of AM feedstocks based on
thermal analyses, while only considering the glass transi-
tion and decomposition of the material.[29] Many times,
processing parameters have also been optimized solely by
mechanical testing of the part's bond strength. This
paper, therefore, strives to link the thermal properties of
thermoplastics to their fusion bonding ability to allow a
more effective and process-tailored mechanical testing.

The effect of thermal properties of thermoplastics, spe-
cifically short-carbon-fiber-reinforced polyamide 6, on their
fusion bonding capabilities during layer-wise additive
manufacturing is considered by means of a theoretical
investigation. A comprehensive thermal analysis is pres-
ented to explain the impact of processing conditions on the
investigated properties and to define a process-tailored
processing window. A suggestion is provided for validation
of the results in terms of mechanical bond strength, though
its execution is still subject to further research.

2 | THEORETICAL
INVESTIGATION

The optimization of fusion bonding in additive processes
requires an understanding of material behavior in terms

FIGURE 1 Cooling curve of the substrate surface temperature

of PA6 CF40 after bead deposition
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of thermal phase changes, bond formation, and crystal-
line structure. Research has shown that crystallization
can hinder the molecular diffusion at the layer inter-
face.[15,17] Therefore, it must be considered to occur
simultaneously with bond formation, which can lead to
poor bonding and reduced mechanical properties. As part
properties can also be impacted by the effects of polymer
degradation, models describing degradation effects are
also considered.

Fusion bonding, in terms of intimate contact and
autohesion, as well as crystallization and degradation
processes are strongly temperature- and time depen-
dent.[30] These characteristic temperature ranges have to
be identified in order to control the substrate and thus
the interface temperature for complete fusion bonding.
The general process window is limited by the minimum
and maximum temperatures, between which fusion
bonding can occur. A more defined process window is
outlined for maximum fusion bonding and tailored spe-
cifically to the applicable EAM system.

2.1 | Fusion bonding

For the understanding of semicrystalline polymers, heat
transfer, resin flow, and wetting have to be considered in
addition to the bonding-rate-controlled chain diffu-
sion.[17,20,31] As the aim of fusion bonding is to achieve a
monolithic material with the strength of the bulk
polymer,[20,32] the degree of bonding, Db, describes the
interlaminar bond strength of identical polymer surfaces
that are in contact compared to the strength of the
bulk.[17,18] The degree of bonding is calculated from
the degree of intimate contact, Dic, and the degree of
healing, Dh :

[32]

Db ¼Dic 0ð Þ �Dh tð Þþ
ð t

0
Dh t� t0ð Þ �Dic t0ð Þ

dt
dt0 ð1Þ

A low Db results from the hindered bond formation by
nonideal processing conditions, which create anisotropy
through regions of reduced molecular entangle-
ment[9,11,13,25] and possible void formation, acting as initi-
ators of crack propagation.[9,20,33] Various studies on
mechanical testing of interlayer bonding showed that the
interface temperature, Tint, is the primary factor deter-
mining the degree of bonding. Good bond formation is
observed for Tint above the melting temperature,
Tm:

[18,34,35] With the constant extrusion temperature
greatly exceeding Tm, the substrate temperature can be
below Tm as long as the resulting Tint rises above Tm:

[31]

Multiple models of interlaminar bond strength have
been devised in an attempt to model this behavior. Dara

and Loos[36] assumed that only neat resin resides at the sur-
faces and first defined bonding as two processes, namely,
intimate contact and autohesion. Intimate contact describes
a process of surface rearrangement that achieves full con-
tact between the bonding partners, while autohesion is the
phase of molecular diffusion across the interface. Lee and
Springer[37] built on this with their own models of intimate
contact and autohesion. Over the years, the models were
extended by time and molecular scaling factors,[38] and to
do justice to residual stresses and strains,[39] to consider
nonisothermal conditions, varying pressures, crystallinity,
and thermal degradation.[20] For fiber placement, void for-
mation during bonding was modeled with basic assump-
tions of heat input and ideal heat transmission,[40] and was
later expanded to nonisothermal fusion bonding.[12]

Assumptions for intimate contact and autohesion will be
analyzed in more detail, as a basic understanding is crucial
for the definition of the process window.

2.2 | Intimate contact

When polymer surfaces are placed in contact, their micro-
asperities and surface roughness result in a small initial
area of contact.[20,25,32] As the temperature rises above the
glass transition, Tg, the asperities flow into the free spaces,
increasing the degree of intimate contact, Dic:

[16–18,25]

Compared to the temperature in nonisothermal bonding,
the system pressure has little effect, as the highly molten
outer surface layers form nearly instantaneous contact
under sufficiently high temperatures.[41]

The intrinsic features of the surface asperities and
their change over time are difficult to model mathemati-
cally as they are of high geometric complexity.[42,43] Dara
and Loos[36] first modeled the surface as a function of dif-
ferently sized rectangular units. Lee and Springer[37] sim-
plified this model to rectangular elements of the same
size and verified it for semicrystalline polymers. As the
most widely used model,[25] it describes Dic as:

Dic ¼ 1
1þω0

b0

1þ5Papp

μmf
1þω0

b0

� �
a0
b0

� �2

t

" #1=5

ð2Þ

where Papp is the applied gauge pressure, μmf is the
matrix fiber viscosity and a0, b0, ω0 are theoretical geo-
metrical constraints that cannot be identified by experi-
ment.[37,43] Yang and Pitchumani[42,43] compensated for
this by accounting for the measurable asperities by way
of a cantor set fractal model, for which the geometrical
parameters could be identified by experiment. At the
same time, the Lee and Springer model was adapted
in different ways for time-varying non isothermal

TAGSCHERER ET AL. 5211



conditions[20,39] and was simplified by Sonmez and
Hahn[20] to:

Dic ¼ a�
ð tb

0

Papp

μmf
dt

" #1=5

ð3Þ

which can be fitted into experimental data using the con-
stant a�:[20] Once intimate contact is established at a
point on the surface, autohesion can proceed.[44]

However, with AM, intimate contact is only established
for the material residing directly under the nozzle, as no
pressure except the weight of the extrudate acts on the
interface after the nozzle has moved on. As this time frame
for the chosen nozzle is between 0.075 and 0.013 s for slow
and fast traversing speeds, the assumption of intimate con-
tact occurring instantaneously is made.[45] Therefore, the
degree of intimate contact can be reduced to

Dic 0ð Þ¼ 1�VVoid ð4Þ

where VVoid is the volume fraction of voids at the poly-
mer interface. With the assumption of no in intimate
contact over time: _Dic tð Þ¼ 0.

2.3 | Autohesion

Autohesion, which is often referred to as chain, molecu-
lar or self-diffusion, healing, or autohesive strength devel-
opment, is the central process when it comes to the
strength formation.[44] Once intimate contact has been
realized and the process has been sufficiently thermally
activated, the molecular chains diffuse across the inter-
face.[16–18] Models of autohesion are based on the
reptation theory proposed by De Gennes,[46] which
models the interdiffusion of amorphous polymers under
isothermal conditions following intimate contact.
Entangled random coil chains move through their imagi-
nary tube of length L under the influence of Brownian
motion. The reptation time, tR is the time required for
the chain to fully exit its tube for which l=L¼ t=tRð Þ1=2
has been found to be true.[12] tR can be determined from
experimental data by fitting the Arrhenius equation[12,47]

or by frequency sweeps in parallel plate rheometry, deter-
mining the required weld time tw as tw ≥ tR:

[48] Just as
high temperatures lead to increased chain mobility and a
shorter reptation time, low molecular masses correspond
to lower viscosities due to the shorter chains and shorten
the reptation time according to tR ¼M3:[24,38,46]

Based on De Gennes, Yang and Pitchumani[12]

derived the degree of healing, Dh, for isothermal

processes and later adapted their model for non-
isothermal conditions to:

Dh ¼ l
Lw

� �1=2

¼ 2f tð Þ½ �1=4 ¼
ð t

0

1
tw Tð Þdt

� �1=4
ð5Þ

which simplifies to:

Dh ¼ t
tR

� �1=4

ð6Þ

The different models, with their particular advantages
and disadvantages, can be used to describe crack healing
at the polymer-polymer interface,[44] as well as bond for-
mation during welding,[48] tape placement[20] and addi-
tive manufacturing. Various studies have found that the
temperature of the interface must be close to or above Tm

to promote fast chain diffusion. As the healing tempera-
ture increases, the diffusion rate also increases, and thus
the time taken for healing decreases.[35] When healed
under ideal conditions for a sufficient amount of time,
the interface becomes indistinguishable from the bulk
polymer.[17,19,20] Under these conditions, crystallization is
a competing mechanism with autohesion and is an
important phenomenon to consider.[17]

2.4 | Crystallization

During cooling and annealing, crystallization is driven by
the temperature difference between the crystallization
temperature, Tpc, and Tm, with small differences leading
to slow crystal growth.[17] Tpc lies between Tg and Tm,
where the chains are slightly mobile without melt flow
occurring. A polymer kept long enough within the right
temperature range rearranges its chains to form compact
structures, known as crystallites.[17] These can hinder
chain reptation and the molecular diffusion required for
a high degree of autohesion and bulk-like proper-
ties.[15,17] Thus, the degree of crystallization and the crys-
tal morphology determine a part's mechanical and
physical properties.[20,49]

The phases of crystallization are driven by multiple
factors, including molecular weight, temperature, cooling
rate, pressure, orientation, flow field, and residence time
at melt temperature.[13,50] The crystal growth in isother-
mal fusion bonding can be described on a macroscopic
scale by the Avrami equation.[50,51] It has been adapted
for nonisothermal processes for the interrelation of tem-
perature and crystallization[51] as the Ozawa equation.[52]
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Due to a mutual coupling of temperature and crystal
growth, higher cooling rates lead to lower crystallization
temperatures and a lower degree of crystallinity with
smaller crystals,[51] leading to a lower transverse elastic
modulus and an increase in interlaminar fracture tough-
ness.[13,18] In semicrystalline polymers, the molecular
chains align locally when heated above Tg. Once their
melting point is exceeded, strong chain motion eradicates
any local alignment, and the melt is present in an amor-
phous state.[15] The amorphous and crystalline regions of
neat polyamide 6 display dissimilar mechanical proper-
ties.[53] The α-phase is formed either at isothermal tem-
peratures above 150�C[54] �190�C[53] or through slow
cooling and is thermodynamically most stable.[55] The
metastable γ-phase is formed at lower crystallization tem-
peratures or through fast cooling (10–50K/s),[54] and can
be turned into an α-phase by annealing.[53] Studies on
PA6 revealed that at cooling rates above 100–150K/s, no
crystallization takes place and fully amorphous PA6 is
obtained.[53,54] More details on the crystallization behav-
ior of PA6 can be found in the literature.[21,49,56–58]

As fibers act as nucleation sites and increase the
nucleation density,[25] the addition of fibers to PA6 cau-
ses a thin transcrystalline γ-layer that covers the bulk
dominated by the α-phase and grows with increasing
fiber volume contents (FVC), while increasing the crys-
tallization rate.[53,59,60] Higher cooling rates serve to
reduce the transcrystallinity. With research on the effects
of transcrystallinity on the mechanical properties of ther-
moplastics is as yet indecisive, it is not considered in this
study.[59]

Many thermal models and process window defini-
tions for similar welding processes, for example, tape lay-
ing, have neglected the effect of crystallinity on bond
formation.[20] However, the strong coupling between
crystallite presence and chain mobility suggests that
interdiffusion is hindered as crystallinity increases. A few
studies have addressed this with specific reference to
polyamides.[61,62]

2.5 | Polymer degradation

The thermal influence on degradation kinetics of non-
isothermal processes can be measured by non-isothermal
assessment through thermogravimetric analysis (TGA).[20]

This prediction is based on either model-free or model-
based isoconversional methods,[63] assuming that the pro-
cess rate is a function of temperature and conversion
dα=dt¼ϕ T,αð Þ and that activation parameters are
assessed through different isothermal measurements or
sets of different heating rates.[63] Model-based methods
are adapted from the degradation kinetic equations and

chemical reactions occurring during degradation. Model-
free methods, however, enable the determination of deg-
radation behavior and activation energy without the
knowledge of the exact kinetic equations of the mate-
rial.[64] Model-free methods are based on two assump-
tions: (i) that degradation can be described by a single
kinetic equation that specifies the degree of conver-
sion, α:

dα=dt¼A αð Þf αð Þexp �E αð Þ=RTð Þ ð7Þ

with activation energy E αð Þ and pre-exponential factor
A αð Þ; and (ii) that the change in reaction for each degree
of conversion depends only on the temperature.[64,65]

Moukinha[64] suggests using model-free analyses to
obtain a satisfactory decomposition model for either
separated-step or single-step processes. The widely
accepted Friedman method[66,67] investigates degradation
kinetics at heating rates not achievable in TGA measure-
ments, as presented in additive manufacturing. It is based
on a set of multiple linear heating rates and derives a
semi-empirical rate law to predict degradation behavior.
The model presents a plot of log dα=dtð Þ over 1000/T, with
isoconversional lines plotted. The activation energy E αð Þ
can be determined from their slope.[68]

2.6 | Definition of a process window

The hypothesis of this paper is that a process window for
optimized fusion bonding can be defined based on the
material characteristics of the polymer. As is it easiest mea-
sured by optical sensors during any printing process, the
surface substrate temperature, Tsub, is chosen as the tem-
perature for defining the process window. Researchers
already defined a broad processing window, in which
bonding can generally occur, between the glass transition
and the degradation.[29] Within this large temperature
range, crystallization is presumed to hinder interdiffu-
sion, and high temperatures lead to polymer flow and
risk the part's geometric integrity. Therefore, this paper
aims to tailor a narrower process window for fusion
bonding optimization.

2.6.1 | Broad process window

I. Upper limit: Degradation and the decline of mechani-
cal properties can be analyzed by thermogravimetric
analysis (TGA).[65,69] DIN 51006[70] and ASTM E2550[71]

define the temperature of the first deflection from the
baseline as Tini and Tonset , respectively, corresponding to
a 0.1% mass loss from the baseline. With degraded
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polymer exhibiting altered diffusion behavior,[25] Tini

allows judgment of the thermal stability of the given
polymer.[65]

II. Lower limit: Chain motion is suppressed below
the glass transition, Tg, and thus, it is the lowest tempera-
ture limit for bond formation to occur.[7,15,20] At Tg, the
molecular chains become mobile, causing a sudden rise
in heat capacity.[24,72] The longer a polymer is kept above
Tg, the better the fusion bonding at the interlayer sur-
face.[73] The glass transition is visible as change in heat
capacity in differential scanning calorimetry (DSC).[72]

Higher heating rates shift Tg to higher temperatures, with
the shape depending on the previous cooling rate experi-
enced by the polymer.[72]

2.6.2 | Tailored process window

III. Upper limit: A basic requirement in AM is that the
extrusion temperature, Textr , must be higher than
the melting temperature, Tm. However, the substrate
temperature, Tsub, must remain below Tsub to avoid poly-
mer flow.[31,73] Therefore, the first hypothesis is that to
optimize the mechanical properties and geometrical
integrity, the upper limit of the tailored process window
is Tsub ¼Tm.

IV. Lower limit: As crystallization may hinder bond
formation,[15,17,32] the crystallization behavior when
cooling from Tm to Tg is presumed to define the lower
limit of the tailored process window. Crystallization can
be analyzed in form of an exothermal peak in the cooling
cycle of DSC measurements. The crystallization onset
temperature, Tic, indicates the first rise in crystallization
rate and depends on the sensitivity of the measurement
device.[74] The extrapolated onset temperature, Teic, is
regarded as the most relevant temperature for

characterizing the onset of crystallization.[72] The second
hypothesis is therefore that the lower limit of the crystal-
lization is defined by the extrapolated onset of crystalliza-
tion, which concludes the process window as depicted in
Figure 2.

3 | MATERIALS AND METHODS

The chosen polyamide for this study was Akromid B3
ICF40,[75] supplied by AKRO-PLASTIC GmbH, as it is
commonly used for automotive structural injection-
molded parts. The density of the composite polymer was
calculated on the basis of the manufacturer's pvT-data as
ρc,25�C ¼ 1:344 and ρc,300�C ¼ 1:220 g/cm3 at 1 bar atmo-
spheric pressure. Samples of the neat polymer were addi-
tionally used in both DSC and TGA measurements. All
samples were dried according to the manufacturer's rec-
ommendation and reached a water content of 0.02%
before being sealed airtight.

3.1 | Dynamic scanning calorimetry

3.1.1 | Method for standard heating rates

DSC measurements were performed on a Netzsch DSC
204 F1 Phoenix® system, calibrated at corresponding
temperature ranges. Samples were sliced to 7.00
± 0.25 mg and placed into aluminum pans. Measure-
ments according to DIN EN ISO 11357[74] and DIN
51005[76] were repeated five times per setup with nitrogen
supplied at 25 ml/min to avoid oxidation reactions. The
program was set to heat from equilibrium at �40 to
250�C before cooling back down to �40�C, equilibrating
for 5 min and heating back up to 250�C. The first cycle
was used to erase the thermal history of the material and
to then determine the characteristic properties of the
polymer in the second heating scan.[72] The heating/
cooling rates were chosen as the lowest possible,
3 K/min, 10 K/mins standard for determining Tm and
20K/min for Tg:

[72]

Method for elevated heating rates: A double fur-
nace DSC LAB SYS-DSC 8500 system made by
PerkinElmer, together with HyperDSC® equipment was
used for DSC measurements at elevated heating and
cooling rates. The heating rates were chosen according to
real heating rates in the present extrusion process at
low, medium, and high screw speeds: 264, 484, and
660 K/min. The cooling rate was set to the maximum
possible at 80 K/min. The incongruence between the
heating and cooling rates had to be tolerated for technical
reasons. Calibration determined the unavoidable errors

FIGURE 2 Definition of the overall process window, with the

broad process window spanning Tg to Tini and the tailored process

window in the range Teic to Tm for PA6 CF40
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of 0.65�C at 100 K/min and 5.39�C at 660 K/min. The
errors for 80, 264, and 484 K/min were determined by
linear progression and shifted the thermal events to
higher temperatures during heating and to lower temper-
atures during cooling, which was later taken into account
in the analysis of the results. To adapt to the different
DSC instrument and the high heating rates, samples were
prepared as discs of 14 ± 0.5 mg and nitrogen was pro-
vided at a rate of 20 ml/min. The temperature program
started at �75�C and was heated to 285�C at 264 K/min,
and to 300�C at 484 and 660 K/min, before cooling down
with 80 K/min to 20�C. Measurements were repeated
3 times and only performed on the filled polymer.

3.2 | Thermogravimetric analysis

The primary objective of the TGA measurements was to
determine the initial degradation temperature, Tini,
under consideration of kinetic modeling. Additionally,
TGA measurements have been identified as a reliable
method for FVC-determination by various studies.[77–80]

Measurements at standard heating rates of 2, 5, 10, and
20K/min, were based on DIN EN ISO 11358[81] and DIN
51006[70] and performed on a TGA 209 F1 Libra® made
by NETZSCH, which was calibrated with indium, tin, bis-
muth, zinc, aluminum, and silver.

Residue was burned off the Al2O3 pans before
weighing and adding the samples of 10.5 ± 0.5 mg. The
furnace was purged with 25 ml/min of nitrogen at 25�C
for 15 min before heating the samples to 800�C. After
10 min at 800�C, the purge gas was switched to 25 ml/
min of oxygen and the samples heated to 950�C. The
combination of both purge gases enabled separate analy-
sis of the polymer decomposition and the fiber and char
decomposition stages.[77] The char content of neat PA6
samples at high temperatures under oxygen atmosphere
was determined and deducted from the reinforced sam-
ples measurements, thus additionally enabling accurate
determination of the fiber mass fraction.

4 | RESULTS AND DISCUSSION

4.1 | Dynamic scanning calorimetry

Figure 3 presents the average heat flow of the measure-
ments of PA6 CF40 for heating and cooling rates of 3, 10,
and 20 K/min. The glass transition temperature, Tg, was
determined for all measurements by the half-step/mid-
point temperature method.[72] No Tg is apparent for both
the filled PA6 and the neat PA6 at elevated heating rates.
The five measurements of PA6 CF40 in the second

heating cycle at 20K/min in Figure 4 exemplify the
agreement in the repeatability of the measurements as
well as the relaxation peak resulting from stresses in the
microstructure, followed by a baseline shift after
the peak. The height and width of the relaxation peak, as
exemplified in Figure 4, showed to be greater for higher
heating rates and thus dominates the temperature range
of the glass transition at higher heating rates, such that
no clear Tg can be determined.

Table 1 presents the average Tg of the neat and filled
material, showing that increasing heating rates shifted
the glass transition to higher temperatures. As expected,
a second heating scan showed no significant effect on the
glass transition of the filled PA6.[56] The addition of fibers
to the neat PA6 shifts the Tg to higher temperatures in
the first heating scan. The baseline shift is more signifi-
cant for the filled polymer as the fibers intensify the sig-
nal, and thus, no Tg was visible for the neat PA6 in the
second heating scans.

FIGURE 3 Average DSC measurements of PA6 CF40 at

standard heating rates of 3, 10 K/min and 20 K/min

FIGURE 4 The glass transition of five measurements of PA6

CF40 in the second heating scan heated at 20 K/min
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For the presented additive manufacturing process the
heating in the extrusion unit corresponds to the first
heating cycle of the DSC measurements. As the process
window is defined for the substrate temperature, which
is reheated upon deposition of the new extrudate, the Tg,2

at the highest measurable heating rate of Tg = 76�C was
determined as lower limit for the broad processing
window.

In the measurements of the melting point at elevated
heating rates reached the maximum measurable signal of
the machine, which reduced the analyzable sample size
at the highest two heating rates. In future measurements
choosing lower sample weights should prevent this prob-
lem. Table 2 presents the measured melting points for the
filled and neat polymer. Greatly elevated heating rates
shift the melting point to higher temperatures, while the
second heating cycle, performed for the standard heating
rates, shifted it to slightly lower temperatures as
expected.[56] It is suggested that this results from the
induced increase in crystallinity during controlled
cooling in the first cycle. The addition of fibers to PA6
showed no significant change to the melting temperature
at the standard heating rates.

Regarding the reheating of the substrate after deposi-
tion, the heating rates in real life were measured exemplary
by insertion of thermocouples and showed to be signifi-
cantly lower than in the extrusion unit itself. Therefore, the
upper limit of the tailored processing window for Tsub is

best represented by the standard heating rates of the sec-
ond heating cycle and thus set to Tm = 221�C.

The literature suggests that higher cooling rates lead
to a decrease in the crystallization temperature and a
higher potential for cold crystallization.[51,72] Addition-
ally, higher cooling rates lead to a lower degree of crystal-
linity, smaller crystal sizes, and larger amorphous
domains, resulting in significantly higher interlaminar
fracture toughness.[13,51] This decrease of crystallization
temperature and extrapolated onset temperature, Teic, is
apparent across all heating rates and for both materials
as presented in Table 3.

Although fibers are known to serve as nucleation sites
and to increase the rate of nucleation,[25] the addition of
fibers showed no significant influence on the characteris-
tic crystallization temperatures, and the differences
between filled and unfilled PA6 were in a comparable
range to the standard deviations. The degree of crystalli-
zation is mostly dependent on the heating rates within
the extrusion unit and the subsequent cooling rate after
deposition. Therefore, the elevated heating rates must be
considered for the process window definition. The largest
restriction to the process window is given at 264 K/min
for slow screw speed, and thus Teic = 166�C is suggested
as the lower limit of the tailor process window.

4.2 | Thermogravimetric analysis

Figure 5 depicts the TGA results of PA6 CF40, while
Figure 6 shows a comparison of filled and unfilled PA6
heated at 10 K/min. The mass change in a nitrogen atmo-
sphere (<800�C) appeared to be a single-step mass loss,
but the small shoulders in the rising edge of the DTG cur-
ves identify it as a two-step degradation process of the
polymer. Purging the furnace with oxygen at 800�C leads
to degradation of the carbon fibers in a third
degradation step.

The slight decrease in mass of the neat PA6 between
100 and 250�C is assumed to be due to potential water

TABLE 1 Glass transition temperatures for the first and second

heating scan of PA6 CF40 and the first heating scan of neat PA6

respectively for the standard heating rates

Heating rate
[K/min]

Tg,1 [�C]

Tg,2 [�C]

Tg,1 [�C]

PA6 CF40 PA6

3 72 ± 0.6 73 ± 1.1 48 ± 0.4

10 74 ± 0.3 74 ± 0.2 54 ± 0.4

20 76 ± 0.6 75 ± 0.4 60 ± 0.2

TABLE 2 Melting temperatures for the first and second heating scans of PA6 CF40 and neat PA6

Heating rate
[K/min]

Tm,1 [�C]

Tm,2 [�C]

Tm,1 [�C]

Tm,2 [�C]PA6 CF40 PA6

3 224 ± 0.2 218 ± 0.6 225 ± 0.2 219 ± 0.0

10 224 ± 0.3 221 ± 0.3 225 ± 0.6 222 ± 0.2

20 224 ± 0.8 221 ± 0.2 226 ± 0.9 222 ± 0.5

264 253 ± 2.0 — — —

484 282 ± 3.5 — — —

660 278 — — —
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intake as the samples were tested at a later point in time.
The mass loss in the neat PA6 sample under nitrogen is
calculated using DIN 11358:[81]

ML ¼ ms�mc

ms

� �
�100% ð8Þ

where ms is the composite weight after water evaporation
and before degradation, and mc is the weight of the
remaining char. If mc is replaced by mf for the remaining
mass of fibers and char, the residual weight of the filled
sample can be determined, with the results presented in
Table 4. As expected, the variation in heating rates pro-
duced no significant difference in mass loss. The
remaining char content, mc, of the neat PA6 sample in
inert gas was deducted from the fiber contents of all mea-
surements for the corrected fiber content. The char con-
tent of the neat resin samples must also be deducted, as
the same residual weight fraction of additives will remain
in the filled samples after polymer degradation under
nitrogen purge gas. The average of this corrected fiber
content produced a fiber mass fraction of 39.4% with a
standard deviation of 0.4%.

The initial degradation temperatures at 0.1% mass
loss range from 308�C at 2 K/min to 336�C at 20 K/min,
with standard deviations of 0.1 and 1.7�C, respectively,
with completed degradation at Tfin of 511 and 503�C,
respectively, with standard deviations of 0.5 and 1.6�C.
The difference between Tini at 2K/min and at 20K/min
is therefore 28�C and for Tfin only 8�C. The significantly
smaller difference in the final degradation temperatures
suggests a low thermal inertia of the system.

The model-free approach to degeneration kinetics by
Friedman[66] was used to determine the degradation
behavior within the extrusion unit, and additionally for
the case of subsequent hot gas heating of the substrate
for long layer times. The model is based on measure-
ments under nitrogen atmosphere and only predicts the
degradation of the polymers, as the fibers degrade at tem-
peratures significantly higher than the processing
temperatures.

Smoothing of the data alters the mass loss by a maxi-
mum of 0.01% while achieving a steadier modeling basis,
for which the Friedman model achieves a satisfactory fit
of R2 = 0.99992. Based on the kinetic model, the dynamic
degradation behavior can be presented graphically as
shown in Figure 7, with Tini shifting to higher tempera-
tures for increasing heating rates.

Figure 8 presents the Friedman plot of log dx=dtð Þ
over the inverse temperature. The gradient of the
isoconversional lines corresponds to E αð Þ=RT, with the
universal gas constant R = 1.987 cal/Kmol and the cur-
rent temperature T. At high temperatures (low conver-
sions), the isoconversional lines lie almost on top of each
other, implying a process close to the first order.[82] They
can be used to calculate the required activation energy
E αð Þ as a function of the degree of conversion α, as
shown in Figure 9 for the entire thermal decomposition.
Although this has no direct effect on the process window,
it can later be used for the calculation of required heat

TABLE 3 Extrapolated initial crystallization temperatures from

the cooling scan of PA6 ICF40 and neat PA6

Heating rate
[K/min]

Cooling rate
[K/min]

Teic [�C]
PA6 CF40

Teic [�C]
PA6

3 3 200 ± 0.8 200 ± 0.0

10 10 194 ± 0.2 193 ± 0.3

20 20 189 ± 0.2 188 ± 0.3

264 80 166 ± 0.3 169 ± 1.1

484 80 159 ± 1.6 —

660 80 153 ± 0.3 —

FIGURE 5 Degradation behavior of PA6 CF40 at heating rates

of 2, 5, 10, and 20 K/min

FIGURE 6 Average mass loss in the degradation process at

10 K/min of PA6 CF40 and neat PA6
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input for potential reheating. Figure 9 also illustrates and
confirms the two stages of the thermal degradation pro-
cess with a stage change close to 0.2.

This model was used to model a multistep prediction
of the degradation behavior throughout the entire extru-
sion process. Therefore, the temperature program was
adapted to drying for 4 h at 80�C, cooling down during
the transfer to the extrusion system, rapid heating at the
maximum 660 K/min, followed by ballistic cooling to
room temperature. Figure 10 presents the temperature
program and the corresponding degradation which
reached 0.01% until deposition. This confirmed that the
decisive factor for the degradation is in fact the heating
rate in the extrusion unit. According to the results pres-
ented in Figures 7, 0.1% degradation occurs at 367�C for
a heating rate of 64 K/min, at 379�C for a heating rate of
128 K/min and < 400�C for heating at 512 K/min. With
heating rates of 200 to 700 K/min in the extrusion unit,
the maximum degradation is expected for the lowest
heating rate.

Sonmez and Hahn[83] suggested in their study of
PEEK that the maximum tolerable weight loss during
tape placement is in fact 0.01%, which would shift the ini-
tial degradation temperature Tini to lower temperatures.

For the slowest heating rate above, 64K/min this shifts
Tini,0:01% to 330�C, which is still well above any
processing temperatures and represents a conservative
limit for the degradation process.

From the knowledge of a two-step degradation pro-
cess under nitrogen, as presented in Figure 8 and

TABLE 4 Average mass contents in nitrogen atmosphere with ms at 300�C, mc=f at 600�c and mO2 in oxygen at 900�c with
corresponding mass losses under nitrogen ML,1 and the overall mass loss under combined atmospheres ML,2

Heating rate [K/min] ms=f ,Avg [%] mc=f,Avg [%] mO2 ,Avg [%] ML,1,Avg [%] ML,2,Avg [%]

PA6 10 98.5 ± 0.0 0.6 ± 0.1 �0.1 ± 0.1 99.4 ± 0.1 100.1 ± 0.1

PA6 CF40 2 99.5 ± 0.2 39.5 ± 0.4 0.9 ± 0.2 60.3 ± 0.3 99.1 ± 0.2

5 99.8 ± 0.0 40.0 ± 0.1 1.2 ± 0.1 59.9 ± 0.1 98.8 ± 0.1

10 99.8 ± 0.0 40.5 ± 0.2 1.3 ± 0.1 59.4 ± 0.2 98.7 ± 0.1

20 99.8 ± 0.3 39.7 ± 0.3 1.3 ± 0.1 60.2 ± 0.3 98.7 ± 0.1

FIGURE 7 Predicted mass loss for heating rates of up to

4096 K/min, determined by the isoconversional Friedman method
FIGURE 8 Friedman plot showing the log dx=dtð Þ over the
inverse of the temperature with the corresponding isoconversional

lines for the determination of the activation energy

FIGURE 9 Predicted activation energy E αð Þ in relation to the

degree of conversion α
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Figure 9, a model-based approach was conducted to ver-
ify the Friedman model. The model-based calculations
yielded a fit of R2 = 0.99992 and aligned very closely with
the results of the model-free approach.

Vf ¼ψ �ρc
ρf

¼mf

mc
�ρc
ρf
�100% ð9Þ

In addition, the calculated fiber mass fraction was used
to calculate the actual fiber volume fraction, as important
parameter in composite design:

Where ϕ is the fiber mass fraction of 39.4%, and ρc
and ρf are the composite and fiber densities. Equation (9)
therefore yields a fiber volume fraction of Vf = 26.9%,
taking into account the deduction of the char residue
contents determined in the nitrogen atmosphere for the
neat PA6 samples, which can result from additives
applied during compounding.[72] The remaining low char
content of the filled samples may correspond to small
amount of carbonaceous material, which did not decom-
pose into smaller volatile components and thus remained
visible in the measurement even at high temperatures
under an oxidizing atmosphere.

The interpretation of the results considers that the
measurements were performed under nitrogen atmo-
sphere, while the real-world process operates under the
influence of oxygen. The scope of this study allowed sin-
gle comparable measurements to be made under oxygen
atmosphere (20% O2 and 80% N2) for both PA6 CF40 and
neat PA6. The results showed no significant difference in
the respective initial degradation temperatures and there-
fore the authors presume a high degree of reliability for
the determined degradation behavior. While not relevant
to the process window, the use of oxygen as purge gas
showed noteworthy changes in the degradation behavior
of the carbon fibers at temperatures above 450�C, as was

expected. No pressures were considered in the above
measurements and thus no conclusion can be drawn
regarding the precise degradation behavior under ele-
vated pressures. This was found to be tolerable for this
study, as the pressures in the extrusion unit for EAM are
significantly lower than the pressures in, for example,
injection molding.

Kinetic modeling enabled the prediction of the degra-
dation behavior beyond the measurable range. Smooth-
ing of the raw data for the calibration of the Friedman
model had little effect on the curve characteristics but
enabled modeling with a good agreement of data and
model. It would also have been possible to use other
model-free methods, such as Flynn-Wall-Ozawa (FWO)
or Kissinger-Akahira-Sunose (KAS).[65] Nonetheless,
based on the broad consensus among the aims of the
Friedman method and the present part of this study, as
well as the coherence with the model-based approach
used, the Friedman method represents a satisfactory rep-
resentation of the data and allows for the deduction of all
relevant variables.

4.3 | Validation

Various methods exist for analyzing the layer interface of
additively manufactured parts. For the requirements
of this study, a three-point bending test according to DIN
EN ISO 178 was conducted. Compared to conventional
3D printing, the test specimens were not individually
printed but milled from larger parts that resemble the
real EAM process and were manufactured with realistic
layer times and substrate temperatures. To avoid distur-
bance factors, such as, the influence of different screw
speeds and traversing speeds, these were kept constant
and the different layer durations were realized by a hold-
ing position outside the component geometry.

The range of substrate temperatures at which compo-
nents can still be manufactured appeared to be limited in
both directions. The upper limit corresponded quite well
with the melt temperature at Tm

�=�221�C, as parts
appeared to be slightly too hot, risking the structural
integrity, and prohibiting a uniform build-up.
Manufacturing parts at substrate temperatures below the
glass transition around 75�C was also unfeasible, as
the parts delaminated during removal from the build
platform. Based on these findings, parts were produced
with substrate temperatures in the producible range
between 75 and 210�C, which corresponded to layer
times between 80 and 12 s. To confirm the hypothesis of
good interlayer bond formation between Teic and Tm,
components were subsequently tested by a 3-point bend-
ing test. Eight samples of each setup were tested with 5N

FIGURE 10 Multiple-step prediction of the current extrusion

process with the corresponding degradation of PA6 CF40 during

(A) storage, (B) drying at 80�C for 4 h, (C) conveying to the unit,

and (D) the extrusion process
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preload at testing speeds of 2mm/min, with the results
presented in Figure 11.

Contrary to expectations, the results show no decrease
in bond strength for substrate temperatures below the
extrapolated onset of crystallization at Teic

�=�166�C. The
decrease in flexural strength only appears for parts of
substrate temperatures below 125�C. The reason for this
may be that crystallization is not only temperature-
controlled but also time-controlled.[32] Depending on the
cooling rate, it is therefore possible that the next layer is
deposited before nucleation is completed and thus bond
formation can occur before crystallization is complete.

In addition to the substrate temperature, the resulting
interface temperature is particularly relevant for adhe-
sion formation. Assuming that only amorphous material
is present and simplifying that the heat capacity remains
constant over the entire temperature range, the interface
temperature Tint can be estimated using the following
equation:[31]

Tint ¼ T1þT2ð Þ=2 ð10Þ

The temperatures T1 and T2 are the substrate tempera-
ture and the extrudate temperature of the new layer,
respectively. With the critical substrate temperature of
125�C and an extrusion temperature of 280�C the critical
interface temperature is calculated at 202�C. A compari-
son with the DSC results of section 4.1 show that this is
just below the onset melt temperature. This means that
at substrate temperatures below 125�C, the interface is
not sufficiently heated by the subsequent layer to achieve
the required chain mobility of the melt, which reduces
the strength of the manufactured part. This was verified
by imprinting of thermocouples into parts of identical
substrate temperatures, which showed high coherence to
the approximation through Equation (10).

Furthermore, the degree of bond was calculated
according to Equation (1), based on the method pres-
ented by Consul et al[45] for semicrystalline PAEK.
Results showed that the degree of bond reaches 1 consid-
erably fast, supporting the above suggestion, that the
most significant aspect is whether the interface reaches
the onset of melt for sufficient chain mobility.

5 | CONCLUSION

Fusion bonding has proven to be a significant factor for
mechanical performance of additively manufactured parts.
Due to complex thermal and mechanical behavior, the pro-
cess windows for materials and AM processes are often
determined by extensive experimental investigations, which
are costly and time-consuming. In this work, a thermal
analysis approach was followed to determine the process
window for semicrystalline polymers. This allowed a sepa-
rate definition of a feasible process window, in which fusion
bonding could generally occur, as well as an optimized pro-
cess window in which satisfactory bond strength can be
expected. These process windows were explicitly defined for
the substrate temperature, as this can be easily determined
through noncontact measurements in any extrusion-based
AM process.

Dynamic scanning calorimetry (DSC) enabled the deter-
mination of Tg, Tm, and Teic and contributed to an under-
standing of the influence of heating rates, fiber addition,
and the complex interaction between endothermal and
exothermal processes. Degradation behavior was ana-
lyzed by dynamic measurements in thermogravimetric
analysis. The application of the Friedman method
established a quantitative framework with which to
determine the initial degradation temperature Tini at
heating rates outside of the measurable range. It also
enhanced understanding of the decomposition behavior
during the printing process itself. The proposed process
windows resulting from the thermal analyses were vali-
dated by three-point bending tests of specimens man-
ufactured at different layer times and consequently
different substrate temperatures.

The first hypothesis of a broad processing window was
confirmed as the range between Tg and Tini in which the
molecular chains are mobile enough that fusion bonding
can generally occur without degradation taking place.
The experimental results also confirmed that the upper
limit of the optimized processing window, namely, the
melting point, is also the upper limit to the manufactur-
ability with a part's integrity in danger for substrate tem-
peratures higher than Tm. The lower limit of the optimal
process window was suggested to be the onset of crystalli-
zation as it may prevent bond formation. This hypothesis,

FIGURE 11 3-point bending results for specimens

manufactured with different substrate temperatures by varying

layer times
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however, had to be refuted as experimental results
showed to provide sufficient bond strength for even lower
substrate temperatures. It is therefore proposed to set the
lower limit to the lowest substrate temperature at which
the combined interface temperature still exceeds the
onset of melt, thus allowing for sufficient chain mobility
for fusion bonding.

The presented approach represents a highly effective
shortcut for the determination of ideal process parameters
in both industrial and scientific additive manufacturing pro-
cesses. Especially for applications where high manufactur-
ing flexibility must be achieved in a short time with limited
resources, this approach can significantly increase the effi-
ciency of parameter determination for semi-crystalline poly-
mers. With the elimination of extensive experimentation on
printed parts, the approach also becomes advantageous
from a sustainability perspective. The thermal analyses only
require small quantities in the gram range, while experi-
mental mechanical determination requires a high material
input as well as long printing and testing times.

The molecular weight distribution, as well as the time
component of intimate contact and fusion bonding are
not considered. While the process window is defined for
the average molecular weight of the polymer, longer
chains may already crystallize at higher temperatures.[17]

However, since Teic was found to be less influential in
fusion bonding than expected, this should only have a
minimal impact. At the same time, the time component
in both intimate contact and fusion bonding plays a criti-
cal role in bond strength development[32] and thus poses
potential for further research.

Further research is also suggested on the effect of
cooling and heating of the substrate. This would allow
shorter or longer layer times, however, the effect on the
mechanical properties, specifically the degree of bond,
require further investigation. With fibers primarily orien-
tated along the strand direction in the x-y-plane,[84,85] the
fiber orientation itself is disregarded for thermal and
mechanical analyses of interface properties and bond
strength in the out of plane direction.
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