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Abstract: One of the challenges for single-screw micro-extrusion or additive manufacturing (AM),
thus 3D printing, of polymers is controlling the melting efficiency so that energy and equipment
costs can be minimized. Here, a numerical model is presented for AM process design, selecting
acrylonitrile-butadiene—styrene (ABS) as viscoelastic reference polymer. It is demonstrated that AM
melting is different compared to conventional melting due to variation in extrusion dimensions,
leading to a different balance in heating by conduction and viscous heat dissipation as caused by
the shearing between the melt layers in the associated film layer near the barrel. The thickness
of this melt film layer is variable along the screw length, and it is shown that simplified models
assuming an overall average value are too approximate. It is highlighted that the screw frequency,
pitch angle and compression ratio are important process parameters to control the point of melt
finalization. In addition, the power-law index reflecting the shear thinning nature of the polymer melt
is showcased as a key parameter. Moreover, AM process results assuming constant and temperature
dependent specific heat capacities and thermal conductivities are compared. The current work opens
the door for on-line AM process control, addressing all relevant operating and material parameters.

Keywords: rapid prototyping; process design; melting; single screw extrusion; polymer melting
model; additive manufacturing; micro-extrusion

1. Introduction

The application of additive manufacturing (AM) for polymeric final products, which is popularly
known as 3D printing or rapid prototyping, has increased significantly in the last years [1-9].
A frequently considered methodology for the manufacturing of polymer parts is extrusion-based AM
(EAM) [2,10]. EAM depends on many parameters and several studies aimed at the facilitation of its
industrial implementation [11-14]. The majority of EAM processes uses a polymer filament, which is
forced through a heated nozzle promoting its melting, followed by the continuous deposition of the
molten polymer substance as tracks to generate three-dimensional shapes [14]. Next to that, the use of
single-screw extruders (SSEs) fed with pellet-shaped polymers is growing [15-19].
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SSE-based AM allows the immediate employment of a wide variety of thermoplastic materials
such as acrylonitrile butadiene styrene polymer (ABS), poly(lactic acid) PLA, polycarbonate (PC),
polyamide (PA), thermoplastic polyurethane (TPU), and styrene—ethylene-butylene-styrene polymer
(SEBS), reducing the cost of the feedstock materials [16-21]. It allows bypassing multiple manufacturing
steps such as the filament extrusion before the AM process, relieving the material to one extrusion cycle
and leading to less degradation. Its versatility and design simplicity make SSE one of the essential
equipment tools for the bulk polymer processing industry [22-26]. Most SSEs are fed by a granular solid
polymer, which is melted or plasticized in the screw channel. The extrusion process primarily consists of
four elementary steps: handling of solid granules, melting, pumping, and mixing. Among these steps,
understanding the melting is crucial for optimum SSE design and operation [23-29]. An excessively
high melting rate and too long residence times can lead to substantial polymer degradation, while
a too low melting rate can allow solid particles to reach the end of the metering zone affecting the
extrusion rate stability.

Even though SSEs are regularly used in the polymer industry, a direct transition to EAM is not
straightforward. Conventional extruders are much larger than the extruders used in AM so that
downsizing is needed, and the term micro-extruder is more appropriate. As micro-extruders have
different screw length (L) and diameter (D) values compared to traditional extruders (D > 40 mm
and L/D > 18:1 for the latter and the opposite for the former) [30,31], a different optimum operating
window can be expected to avoid both polymer degradation and solid slippage. The SSE melting
process is also complicated, as it depends on many interconnected processing parameters. For example,
the actual processing temperature depends not only on the screw and barrel temperature but also
relies on shear dependent viscosity and stress, thermal conductivity, and heat capacity [23,24,32-34].
Specifically, shearing is a key parameter for a conventional SSE; it is claimed that ca. 80% of the total
heat required for polymer melting is generated by this mechanism. The remaining heat is externally
supplied through thermal resistances installed around the extruder barrel, thus conduction [35]. Upon
reducing the SSE size, a higher heat transfer area-to-volume ratio is manifested compared to larger
machines. Better heat transfer characteristics are thus reported for micro-extruders [35,36], further
highlighting the differences in optimal processing conditions. A deep understanding of the effect of
the machine size on the melt performance specifically in the range of the smaller sizes—as relevant for
SSE-based EAM—is however still lacking.

In the present work, a numerical model based on previous studies regarding the melting
mechanism in SSEs [24,33-45] is therefore presented to evaluate the melt evolution of a reference
polymer ABS along the screw length for an AM pellet-based micro-extruder, also comparing the
results with conventional extrusion. The developed model can be easily integrated into a real-time
controller to actively tune the positions where the complete melting of the pellets should happen
during a micro-extrusion AM process, as algebraically based mathematical relations are established
between processing/material parameters and the melting efficiency. Two main user options are the
rotational speed (or frequency) of the micro-extruder screw and the heating profile for the barrel to
ensure that the polymer can be extruded at the desired exit viscosity. Focus is also on other processing
characteristics such as the volumetric feeding ratio, the compression ratio, the channel width, and
the pitch angle, as well as the effect of a variation of material characteristics such as the density, heat
capacity, and shear-thinning power-law index. A differentiation is made between simulation results
with constant and variable physicochemical parameters.

2. Modeling Details

2.1. Earlier Model Developments and Current Modeling Strategy

Maddock [46] was the first who investigated the melting mechanism of thermoplastic polymers
in a conventional SSE, performing screw-freeze experiments. He observed that the solid and melt
phases coexist along most of the extruder length. The melt first appears as a film between the hot barrel
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and the compacted solid pellets. This molten film is continuously displaced due to screw rotation,
creating a pool of molten polymer between a screw flight and the solid bed. As the polymer chains are
pushed more forward, the molten pool increases, and the remaining solid bed continuously deforms
and reduces in size until the liquid state goes from one screw flank to the other. This mechanism has
been confirmed for a wide variety of polymers, although some exceptions have been observed for
poly(vinyl chloride) (PVC), polypropylene (PP), and low-density polyethylene (LDPE) [23,24,46].

Based on Maddock’s pioneering study, in 1966, Tadmor [42] proposed the first mathematical
model for polymer melting in SSEs, considering for simplicity a Newtonian fluid and a constant molten
film thickness. He derived a heat and mass balance for the melt film between the solid bed and the
barrel to obtain an equation for the so-called solid bed profile (SBP) that describes the variation in
the width of the solid bed along the extruder channel, which can be seen as the macro-scale. Several
decades later, in 2006, Tadmor and Gogos [28] upgraded this Newtonian melting model by including
the effect of a variable molten film thickness as well as the influence of temperature and shear rate on
the height-dependent local or micro-scale viscosity. This model is based on a steady state implying a
given mass throughput (solid and molten) and a melt velocity variation normalized with respect to the
melt film thickness, which is on its own varying in size. The melting is assumed to take place only at
the barrel surface through a drag-induced melt removal mechanism with the solid bed assumed to be
homogeneous, continuous, and deformable except at the flight.

In addition, other modifications of the original Tadmor model have been put forward. Interestingly,
Altinkaynak [24] examined in 2011 the modifications by several authors [32,37-45,47,48] and deduced
that the Tadmor-type melting models are highly convenient in qualitatively explaining the melting
in large scale SSEs, although it is impossible to assume a single melting mechanism to be valid for
all extruder and polymer combinations. These authors recommended that ideally polymer melting
processes in SSEs are simulated by integrating the conservation equations for mass, momentum,
and energy, considering an advanced constitutive equation for the polymer investigated instead of
assuming a predefined melting mechanism in combination with a simplified rheological description.
Such detailed approaches are computationally very demanding, explaining why only a limited number
of literature reports are available on such dedicated numerical implementations. For example, one
has the study conducted by Syrjala [49] (2000) but it should be mentioned that this author assumed a
constant velocity for the solid bed. Noteworthy are also the studies presented by Rauwendaal [33,34],
who developed a numerical approach with a dispersive melting mechanism that takes into account the
non-Newtonian characteristics of the fluid and a varying melt thickness.

A natural question that arises is whether the more accessible Tadmor (and Gogos)-based modeling
strategy can be directly applied for AM micro-extruders, thus SSEs with a much smaller size. For
AM melting, some substantial differences can be noted compared to conventional larger extruders, as
already highlighted in the Introduction. The rotational speeds in micro-extrusion can be substantially
lower and less heat is generated due to shear rate differences, while better heat transfer characteristics
are established due to the higher heat transfer area-to-volume ratio [35,36]. This leads to lower
values for the so-called Brinkman number (Br), which is a dimensionless number commonly used in
polymer processing, indicating the ratio between the viscous heating to the (molecular) conduction
heating [49-53]. In SSE, the heat transported by molecular conduction is supplied by external heaters
to the wall of the extruder and then to the fluid, while the viscous heat is generated by the shearing
caused by flowing elements moving at different velocities, and it is triggered by the engine turning
the screw.

In the present section, the Tadmor and Gogos’ model for large-scale SSE is transferred toward
micro-extruder application. First, the governing equations are described in a general position in the
(micro-)extruder to then make the concrete link to the full equipment. For the derivation, an unwound
screw is considered with the x and z directions defined based on the actual screw dimensions, as shown
in Figure 1. Here, the barrel (or liquid layer at the barrel) is formally translated as moving with the
velocity V.
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Figure 1. Definitions of x and z directions for the general equations for melt removal by drag.

2.1.1. General Principles

It is essential to evaluate in a first step (Step 1) the melting rate per unit of channel width W, i.e., 4.
Upon assuming in a first instance a constant viscosity of the fluid (simplified Newtonian fluid case),
constant physicochemical properties, sufficiently large cohesive forces for the solid bed, and a given
barrel temperature T}, g can be expressed as a function of the channel coordinate z based on earlier
work by Tadmor [23,42] as:

Xpm |th’ Br
T~ \/A e (T —To) +n © (To—Tm) 1~ Tm)k(l + 7) =P X(2) (1)

in which X is the width of the solid bed (initially W; see Figure 2), p,, is the density of the molten phase,
Vi is the velocity of the molten phase at the barrel in the x direction as defined in Figure 1 (absolute
value to avoid sign confusion), A is the heat of fusion, c;, is the specific heat capacity of the molten
phase, c; is the specific heat capacity of the solid phase, O is the average temperature of the melt (e.g.,
© = 2 + 2L [24], T}, is the melting temperature, and k is the thermal conductivity. The symbol @ is
a melting efficiency used to enable a short notation but contains all extrusion settings and material
parameters, and it is generally not a constant.

Feeding
section

X=0

Compression
section

Metering
section

A .

Figure 2. Polymer melting in the consecutive cross-sections of a micro-extruder; settings in Table 1
(Column 2). The right-hand side illustrates the concept of melt removal by drag. Blue, solid; red,
molten. Melting is done once the solid bed width (X) vanishes.
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In Equation (1), V, is related to the screw frequency (N), the inside diameter of the extruder
barrel Dy, and the helix pitch angle of the screw 0:

Vi = Vp sin6 2)

Vy,=nD, N 3)

For Newtonian fluids, Br in Equation (1) is evaluated according to:

. o VJZ- @
r=————

k (Th - Tm)
in which 7 is the zero-shear rate thus Newtonian viscosity of which the temperature dependence
can be reflected by the so-called Williams-Landel-Ferry (WLF) equation [54] based on general fitting

parameters (D1, Ay, Ay, and T,):
A (T-Tq)

flo = Dy ¢ 230 ©)

In Equation (4), V; is the velocity difference between the solid bed (in the z direction) and the melt
layer at the barrel surface:
i =Vi+VZ —2V,Vizcos0 (6)

This z-direction velocity of the solid phase (V) can be calculated based on the volumetric flow
rate Q as defined with the starting channel dimensions denoting Hy as the initial channel height:

Q

Vez = W Hp

@)

For non-Newtonian fluids, as covered in the present work, one needs a more complex set of
expressions to calculate Br in Equation (1). Considering a basic Cross-like rheological model [55], one
can use:

n il
5  k(Ty—Ty)
o
p=—"1 ©)
1+(22)
T]O V 1-n
o = mo(1 +(T—) ) (10)

in which #n is the pseudo-plasticity or power-law index; 7 is the shear rate dependent melt viscosity;
10 is a short notation to retrieve the Newtonian, limit thus before the critical shear rate y,; T* is the
critical Cross model stress at the transition to shear thinning; 6 is the average thickness of the molten
layer (formally up to z); and the shear rate y (for the molten film layer) at z is evaluated as:

y = 5 (11)

in which 0, is the (over the melt width averaged) thickness at z, which can be assessed at z = 0 in the

absence of heat dissipation [23]:
AWk(T,-T
A o |Vl
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This value can also be used for an initial guess of 6 with further corrections (thus, at larger z) for

0, based on [23,42]:
2X nvi
= |———— [2k(T, =T 1
6 J/\,, pm Vbx ( b m) + —n—-1 ( 3)
in which A" is given by:
A" =N +¢y O (Ty—Ty) (14)
A=A + Cs (Tm - T()) (15)

with Ty the initial temperature of the pellets.

In a second step (Step 2), Equation (1) can be applied in a differential way along the z direction
to complete the mass balance for the solid phase and to focus on specific settings, also including for
instance variations in physicochemical parameters:

pstsz(H = N) X, 4. — psvsz(H — A) X, = qx(2)dz = —D VX dz (16)

in which p; is the density of the solid phase and A is the gap height between barrel and screw. In the
limit for Az — 0 and ignoring A, it follows that:

dHX)  @VX

dz PsUsz

(17)

so that with piecewise integration it is possible to calculate SBP while updating H and @ if found
appropriate, thus accounting for any significant change in flow behavior and temperature gradients.

2.1.2. Implementation for a Micro-Extruder with ABS Polymer

The piecewise concept, as discussed in the previous subsection, was encoded in a MATLAB®
environment, assuming Az intervals of 0.0001 m. Unless stated otherwise, a two-dimensional (2D)
steady isothermal flow was simulated for an EAM compression and metering section with a respective
helical length of 274 and 108 mm, assuming a perfect inlet, thus feeding section. These extruder
dimensions are based on a micro-extruder with a conical screw in which the size of the diameter and
pitch angle are not constant along its sections. The extruder is designed to be suitable for 3D printing
applications with specific emphasis on a stable and reliable operability.

The design of the micro-extruder screw is presented in Figure 2 with the main extruder dimensions
and reference operating conditions listed in Table 1 (Column 2, top part), also including related
parameters for conventional extruders (Column 3 and 4). Here, a conventional case with similar
parameters and conventional parameters is considered. In Figure 2, the concept of melt formation by
drag is also illustrated on the right-hand side, consistent with the original work of Maddock [46].

The polymer material is ABS polymer manufactured by The Dow Chemical Company with its
main characteristics listed at the bottom of Table 1 [24]. For illustration purposes, in most sensitivity
analyses, constant physicochemical properties are considered, consistent with a major part of the
derivation above. The ABS shear viscosity dependence at reference temperature (473 K) is depicted in
Figure S3.
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Table 1. Reference equipment dimensions and operational parameters as well as the ABS material
parameters for one micro-extruder and two standard extruders with one having the same screw speed
and barrel temperature as with micro-extrusion.

Standard
Extruder Dimensions Micro Extruder Standard Extruder  Extruder SE II Unit
(This Work) SE I (This Work) (Altinkaynak
et al. 2011)
Axial length 662 1333 1333 (mm)
-Feeding (helical length) 280 1245 1245 (mm)
-Compression (helical 274 1672 1672 (mm)
length)
-Metering (helical length) 108 1463 1463 (mm)
Screw diameter—initial 28 63.5 63.5 (mm)
Screw diameter—final 16 63.5 63.5 (mm)
Helical length 690 4380 4380 (mm)
H—Channel depth—initial 6 8.89 8.89 (mm)
H—Channel depth—final 2 3.18 3.18 (mm)
W—Channel width 16 53 53 (mm)
0—Pitch angle 0.308 0.308 0.308 (rad)
Axial length 662 1333 1333 (mm)
-Feeding (helical length) 280 1245 1245 (mm)
Operational parameters
Q—Volumetric Flow rate 8.6 x107* 1.43 x 1072 5.7 x 1072 (m3h1)
N—Screw Speed 15 15 60 (rpm)
T,—Barrel Temperature 473 473 503 (K)
Material parameters
b 1—Mg;(e)zlsziwi;ameter 3.6 x 1011 3.6 x 1011 3.6 x 1011 (Pa s)
Ai—Material parameter
Cross-WLF 27.2 27.2 27.2 -)
Ay—Material parameter
Cross-WLE 92.6 92.6 92.6 (-)
T,—Material parameter
Cross-WLE 373 373 373 (XK
7*—Critical stress at the
transition to shear thinning 29000 29000 29000 (Pa)
Ye—Critical shear rate 1.1x 1071 1.1x 107! 3.8x 1071 (s7H
n—Power-law index 0.33 0.33 0.33 (-)
ps—Density (solid) 1050 1050 1050 (kg m )
pm—Density (melt) 940 940 940 (kg m )
cs—Specific heat capacity 2350 2350 2350 (kg 1K
k—Thermal conductivity 0.18 0.18 0.18 Wm-1K1
A—Heat of fusion 0 0 0 (Jkg -1
Tyn—Melt Temperature 423 423 423 (K)
Tp—Initial polymer 300 300 300 (K)
Temperature
3. Results

3.1. Melting Efficiency for Micro- vs. Conventional Extruder

In the present section, first, a comparison between the (melting) performance of the two standard
extruders (short notation SE) and the micro-extruder (short notation ME) in Table 1 is conducted,
considering normalized distances. The discussion is continued by evaluating the practicality of
film thickness approximations in the AM melting model. Subsequently, for the micro-extruder case,
emphasis is on the effects of the operating conditions and ABS material properties on the heating
mechanism and SBP. The main focus is on the variations in the melting film layer in the compression
section but for completeness results are also depicted for the metering section dealing with the whole
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channel height formally considering the drag velocity. The latter velocity is also considered in the
metering section as soon as melting is completed.

In Figure 3, for the same screw speed and barrel temperature, the main compression and metering
section variations for the micro-extruder (Table 1, Column 2, blue full line) and the standard extruder
(Table 1, Column 3, red dashed line) are compared. The conventional extruder presents a bigger barrel
diameter that leads to higher velocities (V}, V', and Vs; Equations (3), (6) and (7)), as visible by the red
lines in Figure 3a. Specifically, the higher relative velocities are leading to stronger viscous heating
dissipations during the melting stage, leading to larger Br numbers (red dashed line in Figure 3d),
at least if the shear thinning effect is not dominant. As illustrated in Figure 3¢, this is the case at the
lower to intermediate z values (up to 60 mm) with a plateau-like behavior for the melt layer viscosity.
However, at higher z values (>60 mm), the shear rates are much higher (Figure 3b) so that shear
thinning becomes very strong and the Br number for the larger extruder becomes lower than for the
micro-extrusion counterpart.
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Figure 3. (a) Variation of velocities in compression and metering section for micro-extrusion (ME)
case (blue full line, material properties, dimensions and settings from Table 1, Column 2 and
conventional/standard extrusion (SE) case with same screw speed and barrel temperature (red dashed
line, material properties, dimensions and settings from Table 1, Column 3; (b) corresponding variation
of shear rates that are in the compression section defined based on the relative velocity and the melt
layer thickness and in the metering section (strictly as soon as the melting is done) based on the
total channel height and the drag flow definition; (c) the associated variation of viscosity; and (d) the
associated variation of the Brinkman number.

At one point in Figure 3d for both extruders, a Br value of one is reached and thermal conductivity
is equally important as viscous heat dissipation. This transition is for both extruders at similar z
positions, but for the standard extruder a smaller period of Br numbers lower than 1 is established
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afterwards, highlighting that overall Br is still higher for the conventional case. Once Br becomes closer
to 0 in Figure 3d, @ lowers towards its minimum value (Figure 4a), consistent with the solid bed width

approaching 0 mm, as clear in Figure 4c.
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Figure 4. Extra information for Figure 3 regarding: (a) melting efficiency parameter @; (b) melt film
layer thickness 0; and (c) solid bed profile. In (b), the overall average melt layer thickness (6) is also
provided as horizontal lines.

Further model analysis, as covered in Figure 4b, shows that 6 decreases with increasing z values,
with a more pronounced decrease for the standard extruder consistent with the discussion of the
melting efficiencies above. One can of course wonder if a simplified model with directly a constant
6 is worthwhile. This is explored in Figure 5 for the micro-extruder considering the case of taking
6 always equal to the initial value and of the whole time the average from the detailed model from
before over the total z range that matters (cf. extra horizontal blue line in Figure 4b). It follows in
Figure 5a that the final melting point incorrectly shifts 14.5% to a lower value if one always uses the
initial 0 value, whereas the use of the explicit average is more warranted (lower shift of 8.0%). The Br
variations in Figure 5b are for both approximations, although completely different compared to the
detailed solution, putting forward that from a more fundamental point of view the detailed description
is preferred. Assuming 6(z) = 9, a better approximation of the heating mechanism is obtained at the
beginning of the compression section but later on strong deviations result. The use of the explicit
average leads to a similar shape as the 6(z) = 0g model so that neither of the two approximations can
provide a dedicated reflection of the detailed Br plot.
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Figure 5. Relevance of model with explicit melt layer thickness variation versus an average one (either
evaluation at initial value (orange dashed line) or actual overall average of detailed simulation (brown
dashed line)): (a) solid bed profile; and (b) Brinkman number. The case of micro-extruder in Figures 3
and 4.

Figure 6 updates Figure 3 if more realistic settings are considered for the standard extruder (Table 1,
Column 4, green dashed line). This implies a higher screw speed and barrel temperature for the
standard extruder so that even higher velocities are observed for the standard extrusion, as depicted
by the green dashed lines in Figure 6a repeating the full blue lines of the ME case from before. As
expected, this increase in velocities leads to higher initial shear rates (Figure 6b) and also due to the
higher barrel temperature much lower initial viscosities (Figure 6¢c). Consequently, the initial gap in Br
number for the micro- and conventional extruder (Figure 6d) is less pronounced. The Br numbers are
still the highest for the standard extruder, but the melting is now less efficient. A closer inspection
reveals that the melting is 10% too slow, as part of the conventional melting still takes place in the
metering section, which is not the case for micro-extrusion. In other words, Figure 6 shows that the
lower viscosity values for the standard extruder limits the (initial) Br increase, counteracting the effect
of higher V; values. In addition, the critical switch point defined at Br equal to 1 is pushed further
away. Notably, the observed values of the conventional Br number, at the beginning of the compression
section, are consistent with the reported balance between shear heat and conduction heat in previous
work [35].

For completeness, in Figure S1, the updated plots of the melting efficiency parameter @, the melt
film layer thickness 0, and the solid bed profile are provided. It again follows that these plots agree
with the trends described for the main characteristics (in this case, Figure 6). On an overall basis, it is
thus clear that for AM applications a different ideal operating window is expected, as explained in the
following sections each time addressing one processing or material variable.
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Figure 6. (a) Variation of velocities in compression and metering section for micro-extrusion (ME)
case (blue full line, material properties, dimensions and settings from Table 1, Column 2 and
conventional/standard extrusion (SE) case with same screw speed and barrel temperature (red dashed
line, material properties, dimensions and settings from Table 1, Column 4; (b) corresponding variation
of shear rates that are in the compression section defined based on the relative velocity and the melt
layer thickness and in the metering section (strictly as soon as the melting is done) based on the
total channel height and the drag flow definition; (c) the associated variation of viscosity; and (d) the
associated variation of the Brinkman number.

3.2. Effect of Barrel Temperature

To evaluate the effect of the barrel temperature on the micro-extrusion melting profile and the
associated Br variation, both an increment and a decrement of the reference barrel temperature (473 K,
Table 1) of 20 K were simulated, reminding that in this part of the sensitivity analysis physicochemical
properties are still constant. Figure 7a shows that the increment in barrel temperature has a modest
effect on SBP. It even leads to a slightly slower solid fraction reduction, slightly shifting the point of
complete melting to higher values along the channel length z.

Asindicated by the Br number plot in Figure 7b, the heating mechanism, on the other hand, changes
considerably in the three cases, showing that the amount of heat supplied by the external heaters at the
beginning of the compression section decreases from about 40% at 493 K to 10% at 453 K. These results
are in qualitative agreement with a previous study on conventional extrusion [24], where an increment
in the barrel temperature resulted in an increase in the complete melting point position. This was
attributed to a decrease in the heat generated by shear since the polymer at higher temperatures presents
lower Newtonian viscosity so that the heat generated by viscous dissipation decreases. The same
conclusion thus follows for the micro-extrusion case. At first sight, the barrel temperature is thus less
critical but from an energy point of view a lower barrel temperature is recommendable.
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Figure 7. (a) Melting profile for different barrel temperatures considering otherwise the micro-extrusion
settings and material parameters of Table 1 (Column 2); and (b) associated Brinkman numbers. Blue
(reference) lines as in Figure 4.

3.3. Effect of Screw Frequency under Flood Feeding

The effect of the rotational velocity of the screw thus the screw frequency on the melting profile
and Br variation was evaluated by considering three screw frequencies, i.e., 10, 15, and 20 rpm, with
the middle one the reference value in Table 1 (Column 2). The volumetric flow rate at the inlet was
assumed to be directly proportional to the intrinsic screw velocity. This can be claimed as a constant
amount of material is assumed to enter the extrusion screw with every rotation, which implies flood
feeding (value of 16 mm?/(s rpm)).

Figure 8a shows that for increasing rotational velocities the point of complete melting moves
to smaller distances along the channel. An analysis of the heating mechanism through the Br plot
in Figure 8b shows that increasing the screw frequency leads to an increment of the share of heat
generated by shear at lower z values with the critical point (value of 1) reached earlier or reversely
closer to the final melting point. Hence, the screw frequency is an essential parameter to design the
micro-extrusion melting behavior.
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Figure 8. (a) Melting profile; and (b) Brinkman number for different screw frequencies under flood
feeding considering otherwise the micro-extrusion settings and material parameters of Table 1 (Column
2). Blue (reference) lines as in Figure 4.

It should be stressed that previous SSE studies evaluating the melting profile as a function
of the screw frequency observed the opposite behavior as the one detected in the present
investigation [22,37,56]. However, these previous results were obtained considering larger extruders
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(barrel diameter > 38 mm) with lower heat transfer area-to-volume ratios, higher screw frequencies,
and higher mass output in comparison with the current AM-based study.

3.4. Effect of the Compression Ratio of the Screw

The effect of the compression ratio (C.R.) of the screw is investigated considering always the same
value for the channel height at the beginning of the compression section and a varying channel height
along the whole section to reach the desired C.R. values of 2, 3 (reference value from before), and 4.
Figure 9a shows the effect of C.R. on the solid fraction along the channel length. For an increasing C.R.,
a shift of the point of complete melting to lower z values is observed. For example, for a compression
rate increase from 2 to 4, the melting completion point lowers by 23%. As the rate of melting is
directly dependent on the height of the channel through Equation (17), a variation in the melting
profile is noticeable. This is mostly once the difference in the height of the channel becomes substantial,
which explains why the melting profiles in Figure 9a at the beginning of the compression zone are
still comparable.
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Figure 9. (a) Melting profile; and (b) Brinkman number for different compression ratios (C.R. values)
considering otherwise the micro-extrusion settings and material parameters of Table 1 (Column 2).
Blue (reference) lines as in Figure 4.

This effect is also observed in Figure 9b showing that the C.R. variation only results in an
appreciable variation of the heating mechanism toward the end of the melting. In all three cases, Br
values are comparable at the beginning of the compression section and decrease until they reach zero
at the point of complete melting. Hence, C.R. is also a critical parameter, leading to higher melting
efficiencies, as shown in Figure S2.

3.5. Effect of the Screw Pitch Angle

The effect of the screw pitch angle on the melting profile and Br evolution is covered in a next
step by regarding an increment and decrement of the pitch angle by 20% from the reference value in
Table 1 (Column 2). As shown in Figure 10a, increasing the pitch angle leads to a shift in the complete
melting point, moving it to lower distances of the screw channel. This can be understood by noting
that the melting rate is determined by the square root of V,, (Equation (1)), a property that is on its
own strongly dependent on the pitch angle (Equation (2)), as illustrated in Figure 10c. An increment of
Vpx, due to an increase in the pitch angle, thus accelerates the melting rate.

It however also causes 6 to decrease, as visible in Figure 10d. The latter decrement increases
the melting shear rate so that viscosity profile is lowered as shown in Figure 10d. This leads in
turn to a decrement of the heat generated by shear, thus the Brinkman number (Figure 10b), despite
that the variation in the relative velocity is not affected, as shown in Figure S3. Overall, the square
root dependence is dominant, explaining the positive effect of an increase of the pitch angle on the
melting behavior.
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Figure 10. (a) Melting profile; (b) variation of Brinkman number; (c) velocity in the x direction
Viy; (d) melt layer thickness 6; and (e) viscosity for different pitch angles considering otherwise the
micro-extrusion settings and material parameters of Table 1 (Column 2). Blue (reference) lines as in
Figure 4.

3.6. Effect of Volumetric Feeding Rate

The effect of an increment and a decrement of 15% regarding the reference volumetric feeding
rate on the melting profile and Br variation was also evaluated. The use of different volumetric feeding
rates at a constant rotational speed is well representative, for example, for different pellets sizes used
as a raw material in the extrusion process. Approximating a pellet as a sphere, one can visualize, as
shown in Figure 54, how, for increasing average pellet diameters, the volume ratio between polymer
material and voids decrease.

The melting profile appears to be sensitive to the volumetric rate of material entering the
extruder, as reported in Figure S5. As expected, a shift of the point of complete melting to higher
z values is observed with an increase in the volumetric rate. It is interesting to observe that the
effect of this increment of the volumetric feed rate only results in a gradual increase of Br along the
channel as visible in Figure S5, while the balance between viscous heat and conduction heat at the
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beginning of the compression section is comparable, indicating that the heating mechanism does not
change considerably.

The variations observed in the solid bed profile are in good agreement with previous single
screw literature data, showing that increasing the volumetric flow rate results in an increase of the
solid fraction at the same position of the screw length. These observations have been attributed to
a shorter time to heat the polymer if higher flow rates are employed [25]. A different study from
Lewandowski [57] observed the opposite effect for an intermeshing counter-rotating twin-screw
extruder. The different effect can be explained by the different melting mechanism, geometry, and
operating conditions existing for twin-screw counter-rotating extrusion.

3.7. Effect of Screw Channel Width

The effect of the screw channel width W on the melting profile and Br variation was also evaluated
by considering an increment and a decrement of 10% from the reference channel width (W = 16 mm;
Table 1, Column 2), considering a constant volumetric feeding rate per unit of channel width (value
of 15 mm3/mmy/s). Both the SBP and the Br chart are visible in Figure S6. For increasing values of
W, a shift is observed in the position of the complete melting point to higher values of the channel
distance. The results are in accordance with those found for higher volumetric feeding rates previously
discussed [24]. For higher values of W, a small increment of Br is also observable indicating that a
higher share of the energy is supplied by viscous dissipation for wider channels.

3.8. Effect of Polymer Density

The melting profile and the Brinkman number were also evaluated for an increment and a
decrement of the 15% of the standard polymer density (950 kg/m? in Table 1, Column 2). The variation
of the solid fraction along the channel distance in Figure 11a indicates a slower melting for increasing
values of this density. This can be explained as increasing the density of the polymeric material, for a
constant volumetric feeding rate, results in a higher mass rate. More energy is hence required to melt
the material completely, dislocating the SBP to longer distances in the channel. For increasing values
of the material density, an initial decrement of the value of Br is observed, which is, keeping in mind
the results of Figure 11a, indicative of an initial diminishing viscous dissipation heat.
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Figure 11. (a) Melting profile; and (b) Brinkman number for different polymer solid densities considering
otherwise the micro-extrusion settings and material parameters of Table 1 (Column 2). Blue (reference)
lines as in Figure 4.

3.9. Effect of Specific Heat Capacity and Thermal Conductivity

The effect of both an increment and decrement of 10% of the standard specific heat capacities
(cs and cm) on the melting profile and Br variation was investigated and the results are shown in
Figure 12. For higher values of the specific heat capacity, the amount of heat energy required to raise
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the temperature of a substance per unit of mass increases, resulting in a slower melting so that the
melting profile in Figure 12a moves slightly to the right. The Br number plot in Figure 12b displays
rather modest variations in the heating mechanism. Hence, even for the lower values of the specific
heat capacity the shearing effect is dominant, at least at the beginning of the compression section.
However, advancing along the compression section, this dominance becomes less relevant and at about
one third through the compression section the effect is reversed so that the share of heat supplied by
the external heaters becomes higher towards the end of the channel. This inversion is also visible in
the 0 variation, which leads to a modification in Br.

1.0 | ) 5 i
Compression Section I Metering Section Compression Section | Metering Section
E ]
g 0.8 4 |
15 ‘ ---c, =2115JKgK;
£ - = - ¢, = 2115 J/Kg K; _ .
0.6 - ’ — ¢, = 2350 JKg K;
c,,, = 2350 JKg K; _ ,
_ _ c,,, = 2585 JIKg K;
< c,,, = 2585 JIKg K; 1
004 !
©
©
[T
Bo0.2]
[e]
(%)
0'00 50 100 150 260\2é01360 350 400 450 Ot T
. 0 50 100 150 200 250 300 350 400 450
a) Distance along the channel [mm] b) Distance along the channel [mm]
0.7 q .
Compression Section  Metering Section
06
0.5 ---c,, =2115JKgK;
o — c,,, = 2350 J/Kg K;
E 47 = 2585 JKg K;
v 0.3 :
0.2
0.1
0.0 s

0 50 100 150 200 250 300 350 400 450

) Distance along the channel [mm]
Figure 12. (a) Melting profile; (b) Brinkman number; and (c) melt layer thickness 6 for different specific
heat capacities (both solid and melt) considering otherwise the micro-extrusion settings and material
parameters of Table 1 (Column 2). Blue (reference) lines as in Figure 4.

Previous literature studies [24] observed that no variation in the SBP for a variation of 10% of the
specific heat capacity or thermal conductivity. The ME case, however, presents substantial differences
compared to those previous studies, which is mostly related to a different extruder geometry and
operating conditions (Table 1, Column 4). Furthermore, the effect of a variation of the 20% of the
thermal conductivity on the melting profile and the Br evolution was investigated. For an increment
of the thermal conductivity, an increased amount of energy supplied from the heated barrel trough
molecular conduction results. As expected, Figure S7 shows that for an increasing value of the thermal
conductivity a faster melting of the pellets results, while the Br values decrease along the extruder
as the heat exchanged between the polymer and the heated barrel increases. Again, the observed
variation is different from what was observed in the previous studies [24]. The difference is attributed
to the different extruder geometry, operating conditions, and entity of the thermal conductivity
variation considered.
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3.10. Effect of Power-Law Index

The melting profile and Br variation were further evaluated for different values of the power-law
index n, reflecting a variation in the pseudo-plasticity of the polymer fluid. Both an increment and a
decrement of 20% were considered compared to the reference micro-extrusion case in Table 1, with the
main results shown in Figure S8a. The point of complete melting is observed to significantly move to
higher z values for lower values of the power-law index. This result confirms what is expected since
a lower power-law index is representative of a lesser viscous material under a defined shear rate in
the processing regime. Such reduced viscosity leads to a lower amount of heat generated by viscous
dissipation, delaying the position of complete melt for otherwise similar settings.

The associated Br plot as reported in Figure S8b shows that reducing #n substantially reduces
Br, i.e., lowering n leads to lowering heat being generated by viscous dissipation promoted by shear.
Notably these simulation results regarding the effect of the power-law index on the melting profile in
SSEs are in good agreement with what has been observed in previous studies for conventional SSE [24].

3.11. Summary of Individual Variations

From the above discussion, it is evident that many variables play an individual role but not
all of them have an equal impact. In Table 2 a summary is presented regarding the above insights.
One column contains the range of the variables explored and the other the range of shifts of the melting
point finalization as well as the Br variation. It follows that the screw frequency and compression ratio
are specifically sensitive as well as the power-law index.

Table 2. Overview of individual effects for finalization melting.

Entity of the Variation Variation in the Variation in Br at the
Variable [%] Complete Melting Beginning of the
Point Position [%] Compression Section [%]
Barrel +10 +0.3 -51.5
temperature -10 -1.8 +173.0
Screw frequency +33 -128 +9.2
-33 +9.3 -13.2
Compression +33 -15.3 0
ratio -33 +11.2 0
. +20 -5.6 -6.4
Pitch angle —20 +6.5 +83
Volumetric +15 +12.8 +4.8
feeding rate -15 -11.4 =32
. +10 +2.9 +3.5
Channel width ~10 _32 _38
. +15 +5.5 -6.7
Density 15 —6.5 +10.2
Specific heat +10 +3.8 -5.1
capacity -10 —4.2 +7.7
Thermal +20 -49 -13.2
conductivity -20 +6.0 +20.9
. +20 -15.3 +74.6
Power-law index _20 +11.2 _373

3.12. Extension for Varying Physicochemical Parameters

In the previous subsections, the values for the material properties thermal conductivity and specific
heat capacity are considered constant, as also shown by the blue full lines in Figure 13. However, inside
the melt film layer, temperature variations can exist. In this subsection, the effect of such variations is
evaluated considering parameters based on previous work [58] although using scaling to obtain on
average the value in Table 1.
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In a first extra case, the solid bed temperature is assumed to vary from ambient temperature at
the beginning of the metering section to the melting temperature at the complete melting point that
is estimated from the reference case (dashed red line Figure 13c). It is of course possible to use an
iterative process to include a better approximation of the position of the point of complete melting,
but upon doing so no appreciable difference was observed, explaining why this initial assessment
was maintained. As a second extra case, a logarithmic temperature profile is considered, as shown
by the dashed green line in Figure 13c, probably closer to a real profile, as it can be expected that the
amount of energy exchanged between the polymer melt and the barrel decreases as their temperature
difference decreases.
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Figure 13. Variations of (a) the thermal conductivity and (b) specific heat capacities due to the
temperature dependencies in (c), also displaying in blue the micro-extrusion reference case results in
Table 1 with constant thermochemical properties (423 K always).

If we consider the linear temperature variation, the observed values of Br at the beginning of the
metering section are, as shown in Figure 14b (red dashed line), about 50% higher than the reference
case (Table 1, Column 2, blue full line), highlighting the impact of the temperature dependent viscosity
values. Figure 14d indeed shows that with a linear temperature profile the polymer presents a higher
viscosity at the beginning of the metering section. This effect on Br is however highly mitigated if the
logarithmic temperature profile is considered so that the heating mechanism becomes closer to the
reference case. A similar trend is observed for the complete melting point (Figure 14a) displaying that
the melting is about 13% faster if the linear temperature profile is considered (Figure 14a, red dashed
line). For the logarithmic temperature profile, the variation in the point of complete melting is instead
less than 1%.
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Figure 14. For the micro-extrusion settings in Figure 13: (a) melt profile; (b) the variation of the
Brinkman number; (c) the melt layer thickness; and (d) the viscosity. Blue lines are for the reference
case in Table 1 with constant physicochemical properties. T.D., temperature dependent.

The temperature profiles in Figure 13 also affect the variation of 6, as depicted in Figure 14c.
As expected from Equation (12), the initial value of 0 is the same for the two temperature profiles but
for the logarithmic case 6 decreases less rapidly so that the 0 profile is closer to what observed in the
reference case. Globally, it still holds that from a fundamental point of view a different 6 profile implies
a different melting behavior and, hence, the detailed update of this property along the simulation is
highly relevant.

4. Conclusions

A numerical model that can be combined with on-line control systems is proposed to investigate
the melting profile in single screw micro-extrusion processes for polymeric additive manufacturing
(AM) applications. The model was used to predict the variations of melting profile and heating
mechanism, due to variations in the extruder dimensions, process parameters, and material properties.
In a first phase, the model was applied with a constant specific heat capacity and thermal conductivity
to then switch to temperature dependent parameters in a second phase.

Essential in the model is the correct description of the melt layer thickness with only very
approximated process design if only averaged values are utilized. Moreover, the Brinkman number
(Br) appeared as an effective characteristic to explain the variations in the heating mechanism and
melting profile.

Upon comparison with a conventional extruder with barrel temperature and screw velocity as
typical for AM, it follows that the micro-extrusion is characterized by a lower Br and on a relative
basis a slower melting. Essential parameters to control the melting finalization point are the screw
frequency, pitch angle, and compression ratio. Specifically, the variation of the screw frequency has
a different relation compared to conventional extrusion as AM is inherently in a different window
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of such velocities. A significant effect is also observed for the power-law index. The impact of the
temperature dependent parameters is largely related to the actual shape of the temperature profile.
It is shown that a temperature profile can be mimicked, leading to similar results as for the model with
a given constant (high) melt temperature.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/11/1522/s1,
Figure S1: Extra information for Micro-Extruder and Standard Extruder II comparison, Figure S2: Melting
efficiency parameter ¢ for different compression ratios, Figure S3: Relative velocity for different values of the
pitch angle, Figure S4: Example of difference in the polymer (pellets) to channel volume ratio, Figure S5: Extra
information for different volumetric inlets, Figure S6: Melting profile and Brinkman number for different values of
the channel width, Figure S7: Melting profile and Brinkman number for different values of the thermal conductivity,
Figure S8: Melting profile and Brinkman number for different values of the power law index.
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