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Abstract

Carbon fiber (CF)-reinforced thermoplastic composites have been widely used in dif-
ferent structural applications due to their superior thermal and mechanical properties.
The big area additive manufacturing (BAAM) system, developed at Oak Ridge Mational
Laboratory's Manufacturing Demonstration Facility, has been used to manufacture
several compesite components, demonstration vehicles, molds, and dies. These com-
ponents have been designed and fabricated using various CF-reinforced thermoplastics.
In this study, the dynamic rheological and mechanical properties of a material commonly
used in additive manufacwring, 20 wie% CF-acrylonitrile butadiene styrene (ABS), as well
as three CF-reinforced high-temperature polymers, 25 wi% CF-polyphenylsulfone
(PPSU), 35 wi CF-polyethersulfone (PES), and 40 wt% CF-polyphenylene sulfide
(PPS), used to print molds were investigated. The viscoelastic properties, namely storage
modulus, loss modulus, tan delta, and complex viscosity, of these composites were
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studied, and the rheclogical behavior was related to the BAAM extrusion and bead
formation process. The results showed 20 wt CF-ABS and 40 w3 CF-PPS to display a
more dominant elastic component at all frequencies tested while 25 wt% CF-PPSU and
35 wi% CF-PES have a more dominant viscous component. This viscoelastic behavior is
then used to inform the deposition and bead formation process during extrusion on the
BAAM system.

Keywords
Big area additive manufacturing, high-temperature thermoplastics, reinforced
thermoplastics, rheological characteristics, printabilicy

Introduction

Additive manufacturing {AM), popularly known as three-dimensional (3-D) printing,
offers the ability to fabricate structures of complex shapes designed using computer-
aided design (CAD) files. In AM, parts are made by adding material in layers, whereby
each layer is a thin cross section of the original part derived from the CAD file.!” AM
techniques have developed over the years and can process common materials such as
polymers, metals, and ceramics.” ™ Historically, AM has proven useful for making
models and prototypes with the number of applications increasing as the process has
developed and improved.

Big area AM (BAAM) is an extrusion-based AM technique developed at Oak Ridge
Mational Laboratory in conjunction with Cincinnati Inc. BAAM can build complex
structures that are as large as 6 m long, 2.4 m wide, and 1.8 m tall, which is roughly 10
times larger than the commercial AM systems such as those used in fused filament
fabrication (FFF).” The system uses a single screw extruder to melt pelletized feedstock
and deposit beads of semi-molten thermoplastic along a tool path. The pelletized
feedstock allows BAAM to use a wide variety of thermoplastics on the market as
feedstock while driving down the production cost since the need for a filament is
eliminated.*” BAAM has been used to manufacture demonstration vehicles, molds, dies,
and autoclave tools that can be used to fabricate Tier 1 composite aerospace structural
components with very low void content (i.e. <5%)."""" Most of these components
printed on BAAM have been designed and fabricated using carbon fiber (CF )-reinforced
acrylonitrile butadiene styrene [ABS}.'Z ABS 15 the most commonly used thermoplastic
in extrusion-based AM becanse of its excellent processability and dimensional stabi-
lity.""'® However, it has a relatively low glass transition temperature (7T,) of 105°C
which restricts its use in advanced applications that demand contimious use of printed
components at elevated temperatures,

The polymer AM market is growing and for the transition from prototyping to pro-
duction of end-use parts on AM systems to be realized, the ability to mamufacture parts
with desired thermomechanical properties needs to be fulfilled. As a result, high-
performance thermoplastics as well as their fiber-reinforced composites are of interest
as feedstock for BAAM due to their superior thermal and mechanical properties.'” ™"
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Some of these high-temperature polymers include polyphenylene sulfide (PPS), poly-
phenylsulfone (PPSL), polvetherketoneketone (PEKK), and polyetherimide (PEIL).
Compared to ABS, the base resins for these high-performance thermoplastics tend to be
more expensive and the processing parameters have not been identified for BAAM
applications. A method for determining the processability of high-performance polymers
as well as their composites on extrusion-based AM systems has been proposed and
developed for PPS, PPSU, PEL and PEKK.""" 22 Cyrrently these high-temperature
materials are utilized in AM molds and dies for fabrication of high-temperature com-
posite structures such as autoclave and in-oven cure applications. Composite tooling
faces key challenges, such as cost and lead-time, that prevent widespread application of
composite matenals. The BAAM process provides a smart and cost-effective solution for
rapid tooling production.

Rheological studies help to understand the dynamics associated with the AM process
for reinforced polymeric materials in areas such as pressure driven flow through the
nozzle during extrusion, formation of a freestanding bead of adequate height on the
deposition bed, and ability of the bead to support subsequent layers deposited during
printing, and obtaining a quality bead with minimal void fraction.”* Since most of the
thermoplastic AM process occurs in the melt state, entanglement dynamics and micro-
structure can have significant influence on the printability of the feedstock material.
Stress relaxation tests are commonly employed to observe the timescales at which
polymer chains relax through short-range and long-range thermal motions.™ When
entanglements hinder chain relaxation, a stress platean or rubbery regime is observed, for
which the platean modulus is defined. The magnitude of this platean modulus is related
to the molecular weight of polymer segments between entanglements; a property unigque
to the structure of the polymer chain.> Beyond the plateau regime, with sufficient time,
terminal relaxation results in a total stress reduction. For neat resins, an increase in
molecular weight prolongs the stress relaxation to longer timescales. Since time and
temperature are proportional, the terminal region may be entered with higher processing
temperatures.”® The added complexity of filler reinforcement can lead to networks which
must first be destroyed to sufficiently reduce the stress. However, the buildup of a filler
network after flow cessation is much gquicker than the buildup of entanglement net-
works.”’ By controlling temperature, molecular weight, and filler concentration, a
polymer can exhibit significant shear-thinning behavior from filler network breakdown
to allow extrusion through the nozzle, high zero-shear viscosity within extruder torque
limits, and fast filler network buildup to maintain the shape of the deposited bead.

This article surveys the dynamic rheological properties of four CF-reinforced com-
posites used on the BAAM system for tooling applications. The use of fiber-reinforced
composites is preferred for BAAM applications as fibers lower the coefficient of thermal
expansion by an order of magnitude.® This in turn minimizes shrinkage in printed parts
as they cool from deposition temperature to ambient temperature.® The high-
performance materials investigated in this smdy include two amorphous polymers,
25 wit% CF-reinforced PPSU and 35 wt%h CF-PES, and one semi-crystalline polymer,
40 wt% CF-PPS. The rheological behavior of 20 wt'h CF-ABS, an amorphous polymer,
is also investigated since ABS tends to be the most utilized base feedstock for
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Table |. Thermoplastic composite materials used in the study as well as the CF content.

Resin system CF content (wti) Resin manufacturer  Compounding TelTe (°C)

ABS 20 NA Techmer ES |05°
PPSU 25 BASF Techmer ES 220
PES 35 BASF Techmer ES 224%8
PPS 40 NA Techmer ES 280-285""

CF: carbon fiber; ABS: acrylonitrile butadiene styrene PPSLE polyphenylsulfone; PES: polyethersulfone; PPS:
polyphenylene sulfide; T, glass transition temperature; T..: melt temperature.
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Figure 1. 20 wt¥% CF-ABS pellets used for rheological testing and BAAM extrusion process.
CF: carbon fiber; ABS: acrylonitrile butadiene styrene; BAAM: big area additive manufacturing,

BAAM.”®'2 Analysis of the unfilled material for all the systems is incorporated along to
highlight the effect that addition of reinforcing fillers have on the neat resin. The vis-
coelastic properties of the composites at their respective deposition temperatures are
used to guide the deposition and bead formation process during BAAM extrusion.

Experimental setup
Materials

Four different resin systems {ABS, PPSU, PES, and PPS) along with their composites
reinforced with short CFs with an average length of 0.3 mm (filler loadings as shown in
Table 1) were obtained in the form of compounded pellets from Techmer ES (Tennessee,
USA) (Figure 1). Note that all four chosen matrix materials have different fiber loadings,
which were selected based on the desired end-use properties. Assessing the printability
of a wide range of materials is beneficial for capitalizing on the benefits of BAAM for
tooling applications.'®!®

Rheological tests were performed using compression molded 25 mm circular disks
with a thickness of 2 mm. The circular disks were water-jet cut from 152.4 mm
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Table 2. Dynamic rheclogical characterization test parameters and drying conditions.

Feedstock material Drying conditions Test temperature ("C) Frequency sweep
Meat and 20 wt% CF-ABS 85°C, 4 h 230

Meat and 25 wt% CF-PPSU 120°C, 6 h 340 @ = 0.1-100 rad s~
Meat and 35 wt% CF-PES 120°C, 6 h 340

Meat and 40 wt% CF-PPS 140°C, 4 h 335 7o =0.1%

CF: carbon fiber; ABS: acrylonitrile butadiene styrene; FPSU: polyphemdsulfone; PES: polyethersulfone; PPS:
polyphemylene sulfide.

compression molded square plaques. Compression molding of feedstock pellets was
performed on a 100 ton hydraulic press (Beckwood, Missouri, USA), heated to the
composites” melting temperature, and applying a 2.5 MPa pressure. The molded plaque
was then cooled to room temperature for 10-15 min.

Dynamic rheological characterization

The dynamic viscoelastic moduli (i.e. storage modulus (G') and loss modulus (G")) and
complex viscosity (i*) of the neat and CF-reinforced composites were measured using
a parallel-plate (25 mm diameter) rheometer (Discovery Hybrid Rheometer (DHR-2),
TA Instruments, Delaware, USA). All tests were performed in an environmental test
chamber under nitrogen atmosphere to minimize degradation. The processing tem-
perature of each material varied based on the structure of the base polymer recorded in
Table 2."'® Strain sweeps were performed on each composite at the chosen melt
temperature to determine the linear viscoelastic (LVE) regime. In a strain sweep test,
the angular frequency () is kept constant while the strain amplitude (%) applied on the
material is varied. Frequency sweep tests were then performed from 0.1 to 100 rad s~
using a strain amplitude, g, in the LVE regime and at the selected test temperature.
The test gap was maintained between 1.5 and 1,8 mm for all tests, According to Powell,
the recommended gap in the rheometer must be 3—-10 times larger than the fiber
len,gth.zg Given that the average size of the CFs used in these composites is approxi-
mately 0.3 mm, the gap was set within the recommended range to minimize the
boundary effect of the rheometer on the fibers, although it is not possible to exclude
this effect completely due to the existence of some fibers longer than 0.3 mm.* Since
the tests are being conducted on parallel plates, it is important to note that the shear rate
at each position in the sample is not the same, but changes with radial position.”” Prior
to testing, all samples were dried in a vacuum oven following the drying conditions
shown in Table 2.

Steady-shear viscosity tests

Steady-shear viscosity measurements were carried out on two of the materials, ABS and
PPS, as well as their CF composites using a Dynisco LCR 7001 capillary rheometer
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Figure 1. Schematic illustration of a BAAM printed wall showing the positons where rectangular
DMA specimen were cut from,

BAAM: big area additive manufacturings DMA: dynamic mechanical analysis.

{Massachusetts, USA) at their respective test temperatures (Table 2). Data were col-
lected at 21 logarithmically spaced apparent shear rates between 10 and 10000 1/s. A
capillary die with a length-to-diameter ratio of 20, and a 0.749 mm diameter was used.
After the data were collected, the apparent shear rate was corrected using the Rabino-
witsch correction (equation (1)) to account for the non-parabolic velocity profile of the
polymer melt and obtain the true shear rate at the wall

- %52

where % is the true shear rate, O is the volumetric flow rate, R is the radius of the
capillary, and n 18 the shear-thinning index. The data were not corrected for wall-slip and
entrance effects.

Dynamic mechanical analysis

Dynamic mechanical analysis {(DMA) is widely used to characterize mechanical
properties of a material as a function of temperature, time, frequency, stress, and so
on. In this study, DMA tests were performed on the DHR-2 system fitted with a
torsion rectangular DMA geometry and tests were done at a @ = 10 rad s~ ' and
strain of 0.1% (within LVE region). The samples used were cut from BAAM printed
parts in two different directions, the xy-direction (parallel to the motion of the
extruder) and the z-direction (perpendicular to the plane of the extruded layers)
(Figure 2). The DMA rectangular specimen dimensions were approximately 5.0 =
1.2 % 0.3 em” for length, width, and thickness, respectively. The test was conducted
over a temperature range of 25-170°C for 20 wit% CF-ABS and a temperature range
of 25-270°C for the other three high-performance composites using a heating rate of
2°C min . Prior to testing, all the materials were dried in a vacuum oven (con-
ditions as shown in Table 2).
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Table 3. Temperature profile for different zones of the extruder while printing.

Temperature ("C)
Material Zone | Zone 2 Zone 3 Zone 4 Tip
20 w3 CF-ABS 176 176 232 249 249
25 wi%% CF-PPSL) 299 i3 338 343 354
35 wt¥% CF-PES 299 in EX ] 343 354
40 wr3% CF-PPS 305 321 27 i3 138

CF: carbon fiber; ABS: acrylonitrile butadiene styrene; PPSU: polyphemydsulfone; PES: polyethersulfone; PPS:
pelyphemdene sulfide.

Table 4. Printing parameters for all materials.

Marerial
Printing parameters 20 wt¥ CF-ABS 25 wi CF-PPSU 35 wa® CF-PES 40 wtk CF-PPS
Screw speed (r min~') 300
Mozzle diameter (em) 076
Bed temperature ("C) 95 1o |10 110
Printing speed (cms ') 254-27.9
Layer deposition time (s) 20 35 35 120
Melt temperature (*C) 250 382-388 9% J66-382

CF: carbon fiber; ABS: acrylonitrile butadiene styrene; PPSL: polyphemdsulfone; PES: polyethersulfone; PPS:
pelyphemdene sulfide.

BAAM extrusion and printing parameters

Double-bead walls measuring 152.4 x 38.1 x 1.14 cm® (Figure 2) were printed using the
CF-reinforced materials to highlight some of the challenges faced with print quality on
BAAM. The extrusion profiles for the five different zones of the BAAM extruder are
shown in Table 3 while Table 4 shows the printing parameters for the composite systems
investigated. The bed temperature was maintained between 95°C and 110°C depending
on the material to promote initial layer adhesion,

Results and discussion
Dynamic rheological characterization

Strain sweep. Strain sweep measurements were used to determine the LVE regime. In
the LVE region, applied strain is sufficiently small such that both ¢" and G" are inde-
pendent of the applied strain amplitude at a fixed frequency of @ = 10 rad s, A
decrease in " with oscillation strain is an indicator of structural breakdown in the
polymer system.”! Figure 3 illustrates the change in & and G” with varying oscillation
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Figure 3. Variation of G’ and G" as a function of osdillation strain (%) for (a) neat and 20 w3 CF-
ABS ar 230°C, (b) neatand 25 wt CF-PPSU at 340°C, (c) neat and 35 w2 CF-PES at 340°C, and
{d) neat and 40 wt% CF-PPS at 335°C, w = 10 rad s,

CF: carbon fiber; ABS: acrylonitrile butadiene styrene; PPSU: polyphenylsulfone; PES: polyether-
sulfone; PPS: polyphenylene sulfide; G storage modulus; G": loss modulus.

strain amplitude for all neat resins as well as the CF-reinforced composites tested. As
shown in Figure 3, &' and G" of all the neat resins are independent of the applied strain
amplimde in the range tested. For subsequent tests such as frequency sweeps, any strain
amplitude % can be utilized for these neat resins since it will fall within the LVE regime.

However, addition of CF to the neat resins reduces the LVE regime for the composites
and results in an earlier onset of nonlinearity with increasing fiber loading. This suggests
that the filler network dominates each of the systems. This behavior is commonly
referred to as the Payne effect for filled systems.*” Similar behavior has been reported in
literature for other CF-reinforced thermoplastic composites.'” %! As a result, the tol-
erance range for the linearity limit is taken as 5% deviation for G' around the plateau
value according to 1SO 6721-10.>* The strain sweep accuracy is + 5% based on an
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average of two strain sweep tests. The rise in &' of the CF-reinforced composite systems
compared to the neat resins is attributed to the increase in effective filler volume fraction,
commonly known as the hydrodynamic effect. This phenomenon has been observed in
other polymer-filled systems.™

In 20 wt% CF-ABS (Figure 3(a)), the LVE region extends up to a strain amplitude of
4%. Meanwhile, analysis of the strain sweeps for the high-performance amorphous
composites shows that the LVE region for 25 wit' CF-PPSU (Figure 3(b)) extends up to
1% while that of 35 wt% CF-PES (Figure 3(c)) is up to 0.4%. The narrowest LVE region
in these composites is observed in 40 wi% CF-PPS (Figure 3(d)), where the maximum
strain amplitude that can be used for subsequent tests is 0.1%. After 0.1%, the depen-
dence of G' for 40 wt%h CF-PPS is more pronounced and &' decreases drastically as this
composite contains the highest CF loading. This result is explained by the breakdown of
the filler—filler transient network attributed to the Payne effect.”® For uniformity in
testing and reporting, the strain amplitude used for frequency sweep and DMA testing is
0.1%, which is within the LVE region of all the material systems investigated.

Frequency sweep. Frequency sweeps for the neat and CF-reinforced thermoplastics
investigated are shown in Figure 4. In all materials investigated, the addition of CF to the
neat resin results in an increase in the &', ", and #* values and enhances the shear-
thinning effect of the CF-reinforced composites.

For 20 wt% CF-ABS (Figure 4(a)), G is higher than " across the entire frequency
range tested. The dominance of &' over & at all frequencies has also been observed in
other studies of CF-ABS at different extrusion temperatures.!” The decrease in * with
increasing frequency of 20 wt% CF-ABS shows that the composite is shear thinning
across the frequency range. In comparison, ' for the neat ABS resin dominates shghtly
at @ less than 1 rad s™', and above that, both viscoelastic moduli are very close in value.
On the other hand, n* of the ABS is also shear thinning across the entire  range tested.

In the case of 25 wt% CF-PPSU (Figure 4(b)) and 35 wt% CF-PES (Figure 4(¢c)), G"
is higher than ' across all w, indicating a dominance of the viscous component over
the elastic component. The observed " dominance is also present in their respective
neat resins,

In 40 wit'¥, CF-PPS (Figure 4(d)), G" slightly dominates G’ at lower w values (i.e. <2
rad s7') indicating that the viscous component is higher in this region. A crossover is
observed around 2 rad s—' and above that, ' is marginally higher than G”. At this test
temperature, neither the elastic component nor the viscous component seems to be
dominant. Analysis of the * of 40 wt% CF-PPS shows that the composite exhibits shear-
thinning behavior across the entire w region. The viscoelastic behavior of neat PPS is
different from that of the CF-reinforced composite in that G" is dominant across the
entire ¢ region and 1* does not vary as much with increasing angular frequency.

Overall, the frequency sweeps across all materials are very similar in their stress
magnitudes. In BAAM, where the extruder rotation-per-minute (r min™') may be high,
each material will experience a difference in stress growth. However, looking at the high
frequency asymptote for each material in Figure 4, it is clear that the operating tem-
peratures chosen result in a similar stress profile. Based on the slope of the elastic
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Figure 4. Variation of G', G, and complex viscosity (/%) with angular frequency for (a) neat and 20
wii CF-ABS at 230°C, (b) neat and 25 wr¥% CF-PPSU at 340°C, (c) neat and 35 wt¥ CF-PES at
340°C, and (d) neat and 40 w3 CF-PPS at 335°C, +; = 0.1%.

CF: carbon fiber; ABS: acrylonitrile butadiene styrene; PPSU: polyphenylsulfone; PES: polyether-
sulfone; PPS: polyphenylene sulfide; G storage modulus; G": loss modulus.

modulus, the PPSU and PES matrices are in their terminal region (G'c”) while ABS
and PPS are in the rubbery region (G'awm™).”* Although the results shown here are
at one test temperature, previous work by the anthors explored the extremes of the
processing temperature ranges on the evolution of viscoelastic properties of these
composites.' ™' Analysis of the behavior of G' is in agreement with the findings in
this smdy.

Relating G', G", and 1/* to BAAM bead formation and extrusion process. Forming a
bead with a stable geometry is very critical for achieving a successful print in the BAAM
system and it is highly dependent on the knowledge of whether G' or " is dominant in
the polymer melt.*? Under the proposed 3-D material printability guidelines by Duty
et al, once extruded, the bead must maintain a stable geometry throughout the
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Figure 5. Final BAAM printed CF-reinforced PPS composite wall showing crack initiation and
growth in between beads.
BAAM: big area additive manufacturing: CF: carbon fiber; PPS: polyphenylene sulfide.

characteristic processing time.”” For materials with a dominant elastic component (G =
"y such as 20 wt% CF-ABS and 40 wt%% CF-PPS, the printability model classifies them
as viscoelastic solids with the evolution of strain under a given stress primarily depen-
dent on the zero-shear elastic modulus and zero-shear viscosity. Therefore, in order for
the bead to have good sagging resistance, the observed ' needs to be high especially at
the terminal zone. With regard to print quality, parts built with materials that have a
dominant elastic component are likely to have cracks between the beads. For mstance in
CF-reinforced PPS, these cracks appear at the first deposited layer and in the middle of
the printed wall as shown in Figure 5.'"

On the other hand, polymer melts with a dominant viscous component (G" = G')
such as 25 wtly CF-PPSU and 35 wt}h CF-PES are classified as viscoelastic liquids,
with the evolution of strain under a given stress dependent on the characteristic
time- and shear-rate-dependent viscosity. For stable bead geometry creation, the
elastic deformation is assumed to occur immediately, but the viscous strain evolves
over time, based on the Maxwell model. Therefore, the material’s viscosity plays a
critical tole in stable bead geometry formation. Figure 6 shows the processing
defects that arise when printing polymer melts with a dominant viscous component
{35 wt'i CF-PES). These defects include material irregulanties caused by the
nozzle tip drooling resulting in local bead dislocation in the final part.

For successful extrusion of polymer melts through a nozzle on BAAM, it is necessary
that the materials exhibit shear-thinning behavior especially at the frequency/shear rate
ranges of interest to the BAAM process.”*-*® This behavior is characterized by the shear-
thinning exponent, (n), and quantified by fitting the complex viscosity versus angular
frequency curves to a power la

n=Cy"" (2)

where C is the consistency index and - is the shear rate. For Newtonian fluids, n = 1,
and for shear-thinning fluids, n < 1. The smaller the n value, the more shear thinning
the fluid is. Numerical values for n were determined by fitting a linear regression
over the linear portions of the log—log plot of complex wviscosity versus angular
frequency.
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Hem

Figure 6. Final printed 35 wt% CF-PES wall showing processing defects caused by material
irregularities due to (a) nozzle tip drool and (b) and (c) local bead dislocation.
CF: carbon fiber; PES: polyethersulfone.
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Figure 7. Complex viscosity and shear viscosity curves of neat (unfilled symbels) and CF-
reinforced (filled symbals) ABS (a) and PPS (b) at 230°C and 335°C, respectively.
CF: carbon fiber; ABS: acrylonitrile butadiene styrene; PPS: polyphenylene sulfide.

In order to link the complex viscosities obtained from the small amplimde oscillatory
shear measurements on the parallel-plate rheometer to steady-state shear viscosities from
a capillary rheometer, the Cox—Merz rule is applied™®

n) = W) fory = w (3)
where 4 is the steady-shear viscosity, 7* is the complex viscosity, - is the shear rate, and

w 1% the angular frequency. The Cox—Merz principle was applied to two of the materials,
ABS and PPS, as well as their CF-reinforced composites (Figure 7). It was found to hold
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true for neat ABS, PPS, and 20 wt'% CF-ABS (Figure 7(a)), but was not applicable for
40 wt% CF-PPS,

The applicability of the Cox—Merz mule to the fiber-filled composites in this study is
an initial approximation. Previous studies on fiber-filled linear low density polyethylene
showed higher dynamic viscosity values compared to steady-state shear viscosity values
from capillary rheometry.’® The shear viscosity values measured on the capillary rhe-
ometer for 40 wt' CF-PPS are at least 7 lower than the complex viscosity values from
the rotational rheometer. The reduction in steady-state viscosity values was attributed to
fiber alignment along the flow direction which is a condition more likely to be
encountered during printing.'***** Therefore, although the measured complex viscos-
ities may be elevated in the high-performance thermoplastics as demonstrated in Figure
7(b), the relative impact on viscosity due to changes in material composition and pro-
cessing conditions can still be quantified.

20 wt% CF-ABS and 40 wt% CF-PPS are shear thinning across the o region tested,
between 0.1 and 100 rad ™, with n values of 0.301 and 0.356, respectively. 25 wt% CF-
PPSU and 35 wt% CF-PES exhibit shear-thinning behavior at « greater than 1 rad s~
Computed n values for 25 wit% CF-PPSU and 35 wt% CF-PES are 0.714 and 0.707,
respectively. These n values corroborate the assertion that CF-PPSU and CF-PES are less
shear thinning than 20 wt% CF-ABS and 40 wt% CF-PPS.

20 wit% CF-ABS and 40 wi'h CF-PPS materials exhibit shear-thinning behavior at all
frequencies, and this provides a wider processing window. This allows for adjustment of
a wider range of the flow rates to match the desired output when depositing these
materials on the BAAM system. For example, when Hassen et al. had difficulty
extruding 60 wt' CF-PPS at the desired screw speed of 200 r min " due to material not
flowing at the desired throughput, they were able to achieve a homogenous flow of
material and optimize their print, by increasing the screw speed to 300 r min~ "% In
BAAM, the screw speed controls the flow rate of the material out of the extruder and is
selected based on print geometry, layer time, and nozzle dimensions. For less shear-
thinning materials such as 25 wt'%% CF-PPSU and 35 wi% CF-PES, the load on the screw
can be controlled by either increasing the processing temperature or increasing the screw
speed (i.e. increasing the shear rate) to match the desired flow rate (i.e. deposition speed).
For instance, increasing the processing temperature of 25 wi% CF-PPSU from 348°C to
393°C decreased the complex viscosity by 35%."" Therefore, if the viscosity of CF-
reinforced PPSL is too high for BAAM extrusion, increasing the temperature to achieve
the desired throughput is a possibility as long as the material is not degraded in the
process.

Addition of CF to neat resins increases the complex viscosity and enhances the shear-
thinning behavior due to filler network breakup.'*'™'® This behavior is evident in this
study where the complex viscosity of 20 wt% CF-ABS is 1.5x higher than of the neat
resin while that of 25 wi% CF-PPSU and 35 wti CF-PPSU are both 2.2 higher than
their neat resins at 100 rad s~ '. Lastly, the viscosity of 40 wt'% CF-PPS drastically
increased by 13 x due to addition of CF to the neat resin at 100 rad s~". This increase in
melt viscosity directly increases the torque of the BAAM extruder. Viscosity
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Table 5. Maximum G, G, tan & and T, (*C) of the four compesites measured using DMA.

Maximum G’ Maximum G" Maximum

Material {MPa) {MPa) tan & T, (°C)
20 wid CF-ABS xy-direction 8746 136.9 1.5 121.5
z-direction 816.0 1174 20 175
25 wi¥% CF-PPSU  xy-direction 1125 182.1 1.4 2233
z-direction 889.0 1558 1.5 221
35 wrk CF-PES xy-direction 1883.4 3857 1.8 2310
z-direction |625.6 308.3 1.6 270
40 wid CF-PPS xy-direction 33686 146.4 0.1 109.0
z-direction 23458 145.2 0.1 108.1

CF: carbon fiber; ABS: acrylonitrile butadiena styrene; PPSLE polyphenylsulfone; PES: polyethersulfone; PPS:
polyphenylene sulfide; DMA: dynamic mechanical analysis; T,: glss transition temperature; G': storage
moedulus; G kess modulus.

measurements are thus crucial in determining extrusion parameters on BAAM such as
screw speed to obtain the desired flow rate when printing a component.

Dynamic mechanical analysis

The dynamic mechanical properties of the four composite feedstocks were characterized
to investigate the effect of build orientation on DMA properties. &' of the polymer
composite 18 proportional to the energy stored and is the most important property to
assess when determining the load-bearing capability of a composite material. G tends to
increase with addition of fibers to the matrix as the stiffness of the specimen is raised by
fiber reinforcement, and so most of the stress is transferred to the CF through the fiber—
matrix interface.* *° Loss tangent (tan &) is the ratio of the loss and storage modulus and
it measures the damping properties of the material. The peak of the tan & curve is used in
this study to measure the T,. At the peak of tan & there is a large drop in ', indicating a
phase transition from a rigid glassy state where & is highest to a mubbery state where the
molecular chains have more freedom to move. This is attributed to the promotion of the
molecular mobility of the composite due to short-range thermal motions such as
vibrational and rotational relaxation mechanisms, A summary of the maximum &', G",
tan &, and T, values is listed in Table 5.

The max G', G", and T, values for 20 wt’h CF-ABS (Figure 8(a)) exhibit print
directionality. For instance, the xy-direction T, value is higher than that of the z-direction
sample by 4°C while the max ' and G" values are higher in xy-direction by 58 MPa and
19.5 MPa, respectively. This could indicate a potential effect of fiber orientation during
printing where fibers tend to align parallel to the print direction (xy-direction)*” A
similar observation was made in epoxy-nanoclay ink formulations where T, measured by
DMA in the transverse section was lower by 2-5°C than in the longitudinal section.” In
general, mechanical anisotropy is magnified in the z-direction in 3-D printed samples,
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Figure B. Variation of &', G", and tan & versus temperature for (a) 20 we¥% CF-ABS at 230°C,
{b) 25 we¥ CF-PPSU at 340°C, (c) 35 wt¥ CF-PES at 340°C, and (d) 40 w3 CF-PPS ar 335°C
(= 10rad s, v = 0.1%).

CF: carbon fiber; ABS: acrylonitrile butadiene styrene; PPSU: polyphenylsulfone; PES: polyether-
sulfone; PPS: palyphenylene sulfide; G': storage modulus; G": loss modulus,

with well-documented reduced strength in the z-direction compared to the x-
dimtiﬂn_l].dﬂ.d-?

The T, values for 25 wt% CF-PPSU (Figure 8(b)) do not seem to vary much
with BAAM print directionality. The tan & peak reported in Table 5 15 222°C for
the xy-direction and 223°C for the z-direction. However, the max ¢ and G" for
25 wt% CF-PPSU exhibit BAAM print directionality. The values for max G’ and G"
are higher in the xy-direction than in the z-direction by 25% and 16.7%,
respectively.

The max &', G", and T, values for 35 wt% CF-PES (Table 5 and Figure 8(c)) exhibit
print directionality. The T, values for 35 wt% CF-PES are 4°C higher in the xy-direction
than in the z-direction, respectively while max &' and G" are higher in the xy-direction by
at least 15% compared to the z-direction.

The max & value for 40 wt'% CF-PPS (Figure 8(d)) is 44% higher in the xy-direction
than the z-direction, an indication that build orientation influences the viscoelastic
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response of the composite. ** However, the T, indicated by the tan & peak for 40 wti CF-
PPS does not indicate an influence in print directionality (Table 5).

The few studies in literature that investigate the dynamical mechanical properties of
3-D printed neat ABS and PPSU resins focus on varying FFF process parameters to
optimize the dynamic mechanical properties of the printed components.”®*! For
instance, while investigating the effect of process parameters on the dynamic mechanical
properties of FFF printed polycarbonate-ABS, Mohamed et al. found that the build
direction increased the ¢ and G" in addition to enhancing the damping properties of the
components.” The G’ and G” values obtained for BAAM printed parts in this study are
within 20% of the values reported for neat ABS and PPSU DMA samples fabricated
using FFF.***' This variation could be attributed to the addition of CF to the base resin
which increases their G' and G" values. Given the variability of max &', ", and T,
values for xy- and z-direction BAAM samples, more studies need to be conducted using
various CF loadings to investigate the effect of CF content on the thermomechanical
properties of BAAM components in the xy and z build directions.

Conclusions

In this study, the dynamic rheological properties of 20 witly CF-ABS, 25 wi CF-PPSL,
35wt CF-PES, and 40 wt% CF-PPS, which have been successfully used to print molds
on BAAM, were investigated. The LVE properties, namely storage modulus (&), loss
modulus (G"), and complex viscosity, of these composites were studied, and the rheo-
logical behavior related to the BAAM extrusion and bead formation process. The results
showed that 20 wt%h CF-ABS and 40 wt'% CF-PPS display a more dominant elastic
component and are highly shear thinning at all frequencies tested. While printing with
these two composites on BAAM, the dominant elastic component of these composites
ensures good bead sagging resistance while the shear-thinning behavior allows for a
wider range of flow rates that match the desired throughput to be used. 25 wt% CF-PPSU
and 35 wt% CF-PES exhibited a more dominant viscous component and were shear
thinning at higher angular frequencies. To deposit with these composites on BAAM, the
load on the screw can be varied by increasing the deposition temperature or increasing
the screw speed to match the desired flow rate. DMA results for all BAAM printed parts
showed that the &', G”, and tan & are influenced by build direction to a certain extent.
More studies need to be conducted on various fiber loadings of these composites in order
to draw stronger conclusions about the effect of build directionality on BAAM printed
samples.

Aclmowledgements

The authors thank Techmer ES and BASF for providing all the materials used in this
research. The authors also acknowledge the partial support of the Center for Materials
Processing, a Tennessee Higher Education Commission (THEC) supported Accom-
plished Center of Excellence, for the use of various processing equipment to conduct
parts of this research.



Ajinferu et al. |7

Funding

The author(s) disclosed receipt of the following financial support for the research,
authorship, and/or publication of this article: This research was sponsored by the US
Department of Energy, Office of Energy Efficiency and Renewable Energy, Advanced
Manufachuring Office, under contract DE-ACO5-000R22725 with UT-Battelle, LLC.

ORCID iD
Christine Ajinjeru @ https://orcid.org/0000-0002-0788-9952

References

2.

12,

13.

14,

Bak I, Rapid prototyping or rapid production? 3D printing processes move industry towards
the latter. Assem Aurom 2003; 23; 340345,

Gibson I, Rosen DW and Stucker B. Addiive manufac turing technologies 30D priniing, rapid
protofyping, and direct digital manufacoring, 2nd ed. New York: Spnnger Science + Busi-
ness Media, 2010. Epub ahead of print 2010, DOL: 10.1007/97814930921133.

. Ko SH, Pan H and Lee D. All-inkjet-printed flexible electromics fabrication on a polymer

substrate by low-temperature high-resolution selective laser sintering of metal nanoparticles.
Nanotechnology 18, http:/fiopscience.iop.org/article/TO.T088/095 T-4484/18/34/34 5202/ pdf
(2007, accessed 14 September 201 7).

. Sachs E, Cima M, Comie J, et al. Three-dimensional printing: the physics and implications of

additive manufacturing. Amnn CIRP 1993 42: 257-260.

. Tumer BN, Strong K and Gold SA. A review of melt extrusion additive manufacturing

processes: |, Process design and modeling. Rapid Protonp J 2014; 200 192204,

. Huang ¥, Leu MC, Mazumder I, et al. Additive manufacturing: current state, future potential,

gaps and needs, and recommendations, J Mamu Sei £ 137(1): 014001,

. Holshouser C, Newell C, Palas 8, et al. Out of bounds additive manufacturing. Adv Marer

Process 2003: 171: 1517,

. Love L), Kune WV, Rios O, et al. The importance of carbon fiber to polymer additive manu-

facturing. J Mater Res 2014; 29: 18931898,

. Love L1 Utility of big area additive manufacturing (BAAM) for the rapid manufaciure of

customized electric vehicles, Report no, ORNLTM-2004/607, 23 October 2014, Oak Ridge,
TH: Oak Ridge National Laboratory,

. Hassen AA, Lindahl 1, Chen X, et al. Additive manufacturing of composite tooling using high

temperature thermoplastic materials. In: faternational SAMPE technical conference, Long
Beach, CA, 23-26 May 2016,

. Kune V, Lindahl I, Dinwiddie R, et al. Investigation of in-autoclave additive manufacturing

composite tooling. In: 3rd anmal composiies and advanced materials expo (CAMX) confer-
ence, Ammaheim, CA, 2629 September 2016, pp. 1-9.

Duty CE, Kunc V, Compton B, et al. Structure and mechanical behavior of big area additive
manufacturing (BAAM) materials. Rapid Prototyp J 2017; 23: 181-189,

Perez ART, Roberson DA and Wicker RB. Fracture surface analysis of 3D-printed tensile
specimens of novel ABS-based materials. J Fafl Anal Prev 2014; 14: 343353,

Tekinalp HL, Kunc V, Velez-garcia GM, et al. Highly oriented carbon fiber—polymer com-
posites via additive manufacturing, Compos Sof Technol 2014; 105: 144-150.

. Shofner ML, Lozano K, Rodriguez-Macias FJ, et al. Nanofiber-reinforced polymers prepared

by fused deposition modeling. J Appl Polym Sci 2003; 89: 308 1-3090.


https://orcid.org/0000-0002-0788-9952
https://orcid.org/0000-0002-0788-9952
https://orcid.org/0000-0002-0788-9952
http://iopscience.iop.org/article/10.1088/0957-4484/18/34/345202/pdf

Journal of Thermoplastic Composite Materiak XX(X)

17.

18.

19

20.

21.

22

23,

24

25.

26.

27.

28,

29,

30.

il

32

33

34

. Hassen AA, Springfield R, Lindahl J, et al. The durability of large-scale additive manufac-

turing composite molds, In: 3rd aneual composites and advanced materials epo (CAMX)
2016, Annaheim, CA, 26-29 September 2016, pp. 1-10.

Ajinjeru C, Kishore V, Liu P, et al. Determination of melt processing conditions for high
performance amorphous thermoplastics for larze format additive manufacturing. Addit Mamuf
201%; 21: 125-132.

Kishore V, Chen X, Ajinjeru C, et al. Additive manufacturing of high performance semicrys-
talline thermoplastics and their composites. In: dnnwal international solid freeform fabrica-
ion sympostum 2006, Austin, TX, 810 August 2016, pp. Y06-915,

Ajinjeru C, Kishore ¥, Lindahl I, et al. The influence of dynamic rheological properties on
carbon fiber-reinforced polyetherimide for large-scale extrusion-based additive manufactur-
ing. fnt J Adv Mamf Teehrol 2018; 99: 411-418.

Ajinjeru C, Kishore ¥V, Chen X, et al. The influence of theology on melt processing conditions
of amorphous thermoplastics for big area additive manufacturing (BAAM). In: Annual inter-
national solid freeform fabvication symposium 2016, Austin, TX, 810 August 2016, pp.
754-T6l.

Kishore ¥, Ajimjern C, Duty C, et al, Rheological characteristics of fiber reinforced poly{ether
ketone ketone) (PEKK) for melt extrusion additive manufacturing. In: fnternational SAMPE
technical conference, Seattle, WA, 22-25 May 2017.

Kishore V. Meli processability and posi-processing treatment of high temperaiure semi-
crvstallineg thermoplastics for extrusion deposition additive mamfacturing, PhD Thesis, Uni-
versity of Tennesssee, https:/ftrace tennesses. edw/utk_praddiss/523 1 (2018, accessed 25 April
2019).

Duty C, Ajinjeru C, Kishore V, et al. What makes a material printable? A viscoelastic model
for extrusion-hased 3D printing of polymers. J Mamyg” Process 2018; 35 526537,
Graessley WW. Polymeric lguids and networks: dynamics and rheology. 15t ed. New York;
London: Garland Science, 2008.

Fetters LJ, Lohse D, Richter 1, et al. Connection between polymer molecular weight, den-
sity, chain dimensions, and melt viscoelastic properties. Macromolecules 1994; 27:
4630-4647.

Dealy IM and Larson RG. Struciure and rheology of molten polymers, Cincinnati: Hanser,
2006.

Vilgis TA and Heinrich G. Reinforcement of polymer nano-composites: theory, experiments
and applicaifons. Cambridge; New York: Cambridge University Press, 2000,

MeKeen LW, High-temperaturehigh-performance polvmers, In: Effect of sterilization meth-
ods on plastics and elastomers, Ind ed, Amsterdam: Elsevier, 2012, pp. 381415,

Powell RL. Bheology of suspensions of rodlike particles. J Star Phys 1991; 62: 10731004,
Kim JK and Song JH. Rheological properties and fiber orientation of short fiber-reinforced
plastics, J Rheol 1997; 41: 1061-1085.

Shenoy AV, Unsteady shear viscoelastic properties. In: Rhealogy af filled polymer sysiems. 15t
ed. Berlin: Springer Science + Business Media Dordrecht, 1999, pp. 338-394,

Cassagnau P. Payne effect and shear elasticity of silica-filled polymers in concentrated solu-
tions and in molten state. Polymer (Guildf) 2003; 44: 24552462,

150, Plastics—determination of dymamic mechanical properties, 2015,

Sajjayanukul T, Saeoui P and Sirsinha C. Experimental analysis of viscoelastic proper-
ties in carbon black-filled natural rubber compounds. J Appl Polym Sci 2005; 97:
21972203,


https://trace.tennessee.edu/utk_graddiss/5231

Ajinferu et al. ]

35

36,

37

38

39,

41.

42,

43,

45,

47,

48,

50.

51.

52,

Payne AR, The dynamic properties of carbon black loaded natural rubber vulcanizates. Part 1.
J Appl Polym Sci 1962; 6: 368372

Ajinjeru C, Kishore ¥V, Liu P, et al. Rheological evaluation of high temperature polymers to
identify successful extrusion parameters. In: 28th anmual international solid freeform fabrica-
ian sympostum, Austing TX, 7-9 August 2017, pp. 485494,

Viachopoulos J and Strutt [0, Basic concepts in polymer melt theology and their importance in
processing. In: Applied polyvmer rheology: polymeric fTuids with indusirial applications. 1st
ed. Hoboken: Wiley, 2011,

Cox WP and Merz EH. Correlation of dynamic and steady flow viscosities, J Pohan Sci 1958;
28: 619-622.

Guo R, Azaiez J and Bellehumeur C. Rheology of fiber filled polymer melts: role of fiber-fiber
interactions and polymer-fiber coupling. Polym Eng Sci 2005; 45: 385-399,

. Hmeidat NS, Kemp JW and Compton BG. High-strength epoxy nanocomposites for 3D

printing. Compos Sci Technol 2018; 160: 9-20.

Compton BG and Lewis JA, 3D-printing of lightweight cellular composites. Adv Mater 2014
26: 59305935,

Raney JR, Compton BG, Mueller J, et al. Rotational 3D printing of damage-tolerant compo-
sites with programmable mechanics, Proc NMatl Acad Sci 2008; 115 1198-1203.

Hoskins D, Ajinjeru C, Kunc V, et al. The effect of shear-induced fiber alignment on viscosity
for 3D printing of reinforced polymers, Solid Free Fabr Symp 2018; 11021111,

. Rezael F, Yunus R and Ibrahim NA, Effect of fiber length on thermomechanical properties of

short carbon fiber reinforced polypropylene composites. Mater Des 2009; 30: 260-263.
Mikzad M, Masood SH, Sbarski I, et al. Rheological properties of a particulate-filled poly-
meric composite through fused deposition process. Mater Sci Forum 2010; 654-656:
24712474,

. LiN, Li Y and Liu 8. Rapid prototyping of continuous carbon fiber reinforced polylactic acid

composites by 3D printing, J Mater Process Technol 20016; 238 218225,

Talagani MR, Dormohammadi 8, Dutton R, et al. Numerical simulation of big area additive
manufacturing (3D printing) of a full size car, SAMPE 2015; 51: 27-36.

Duty C, Failla J, Kim 5, et al. Z-pinning approach for 30 printing mechanically isotropic
materials. Addit Mamy 2019; 27: 175-184.

. Torrado AR, Shemelya CM, English 1D, et al. Characterizing the effect of additives to ABS on

the mechanical property anisotropy of specimens fabricated by material extrusion 3D printing.
Addit Manuf 2015, 6: 16-29.

Huang B, Masood SH, Mikzad M, et al. Dynamic mechamical properties of fused deposition
modelling processed polyphenylsulfone material. Am J Eng Appl Sci 2016; 1: 1-11.
Arivazhagan A, Saleem A, Masood SH, et al. Smdy of dynamic mechanical properties of
fused deposition modelling processed ULTEM material. Am.J Eng Appl 5ci 2014; 7: 307315,
Mohamed OA, Masood SH, Bhowmik JL, et al. Effect of process parameters on dynamic
mechanical performance of FDM PC/ABS printed parts through design of experiment.
J Mater Eng Perform 2016; 25: 29222035,




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


