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ARTICLEINFO ABSTRACT

Handling Bditor: Dr Uday Vaidya Large format additive manufacturing (LFAM) necessitates the uze of short fiber thermoplastic compozites, such az
carbon fiber filled acrylonitrile butadiene styrene, to enable printing. Currently, when LFAM parts are machined
into their final thape, the machining zerap (ie, small flake like particlez and offentz) iz landfilled. Previous
studies have demonstrated the viability of recycling end-of-life LFAM parts by shredding and optiomally re-
compounding the material back into pellets. Howewer, there iz little understanding of the value and perfor-
mance of recycled material made from LFAM machining serap, which if pursued could motivate more broad
recycling of thiz waste stream. In thiz study, recycled in-process machining serap iz explored az an LFAM
feedstock source. Herein, it is found that the primary degradation mechanizm of the recycled material iz sig-
nificant fibker length attrition during surface machining. While thiz fiber anrition negatively impacts the me-
chanical performanee of the material in the print direction, it seems that the changes in procezzing behaviors and
print quality, namely the surface roughness of the printed structure associated with shorter fiber lengths, iz
beneficial to interlayer adhesion. The tenzile strength and elastic modulus of the recyeled material, in the print
direction, decreased 11% and 31% respectively compared to the pristine material However, in the layer-wize
direction it was found that the recycled material exhibited no significant change in elastic modulus and a sig-
nificant 21% increaze in tensile strength — a surprizsing result Thiz work indicates that machining waste could be
a viable material stream for recyeled LFAM feedstock materials.

1. Introduction carbon-intensive materials, the addition of short discontinuous earbon

fiber (CF) to polymers reduces warpage during the prnting process

Composite materiale, such as carbon-fiber reinforeed polymers
(CFRPz), are industrially desirable materiale due to their high-strength-
to-weight ratioc and durability in multiple manufacturing industries
[1—4]. For example, CFRP: have scen widespread adoption in com-
mereial aireraft (e.g., Boeing 787 and rapid production and prototyping
for the mold/tocling industry [5-7]. The demand for composite mate-
rials, specifically thermoplastic composites, 1= expected to have a com-
pound annual growth rate of 65.9% in the US market between the years
2022-2030, where the primary demand is for short discontinuous fiber
compaosites [2] as driven by the growth of the asrospace, manne, and
wind energy application sectors [2-1 2].

New manufacturing processes for short fiber CFRPs, like large-format
additive manufacturing (LFAM), are growing rapidly and use high wol-
umes of CFBRPs [1,13]. Although CFRPes are ecxpensive and
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while simultaneously increasing the mechanical performance of the
printed structures; these benefite make them neceszary for the
large-scale printing of some high-performance applications [4,]14]. The
Big Area Additive Manufacturing (BAAM) syetem, developed by Qak
Ridge Mational Laboratory (ORNL) and Cincinnati Ine, iz an LFAM
syetem capable of producing significantly larger parts than traditional
benchtop AM technologies, partially enabled using a high-throughput
single-screw extruder and pellebized material, such as carbon fiber
acrylomitrile butadiene styrene (CF-ABS), az a feedstock [4,15,16].
LFAM and CFRP feedstock matenals have been eritical to developing
rapid mold and tooling production — especially for low-volume, high--
value tooling componentz. For example, the BAAM system has been used
to manufacture a catamaran boat hull meold, which was 10.36 m in
length and required the use of 2494 76 kg of material [1]. As the demand
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for thermoplastic composites increases, notably driven by industries
such az LFAM mold/tooling, production scrap and end-of-life composite
materials are also expected to iIncrease significantly.

As demand for LFAM feedstocks grows, a robust and sustasinable
supply chain of CFRP: must be available [23]. Az supply chain issues
remain an industrial concern, some are looking to use recyeled materials
to bolster the supply of pristine feedstock material. However, the recy-
cling of composites and their filler materials has yet to see broader
market adoption, likely due to composite performance degradation, as
recyeled materials can exhibit lower mechanieal properties when
compared to their pristine counterparts [17-20]. In addibon, recyeling
fiber-filled compoesites poses a particular challenge due to the increazsed
complexity of the fiber-matrix interface and wvaried microstructural
composition [2],22]. Mechanical recyeling, the process of size-reducing
bulk materials either through grinding/granulation or other mechanical
means such as milling [23], 12 an emerging technique for recovering
high-value composite matenals from LFAM end-of-life parts with mimi-
mal impacts on mechanieal performanee, thereby mitigating the energy
demand and cost associated with these feedstocks [6,17,24]. Recent
studies on the ublization of granulated feedstock materials for LFAM
have demonstrated the viability of using recyeled fiber-filled materials
in LFAM parte such as pre-cast conerete molds [17,24,25]. Recyeled
thermoplastic composites have also been utibized in the development of
urban furniture [25] and automotive parts, such az an aecrodynamie
gplitter mold [27]. In addition to recycling end-of-life waste, it was
found that up to 40% of CFRP waste (mnclusive of all CFRP
manufacturing) iz generated as processing serap in the manufacturing
stage, before the firet application life of the manufactured part [12]; it 1=
estimated that approximately 7000-15,000 tons of processing waste 1=
generated each year [23]. This scrap 1= an un-tapped material stream
conzisting of potentially high-value CFRF materials.

In LFAM, waste generation oceours at every step of the manufacturing
process — egpecially in the surface finishing of parts. To achieve geo-
metrie tolerances and a uniform surface fimish, LFAM parte underso
surface machining, a subtractive process resulting in high volumes of
esmall, flake-like particles and off-cuts that are typically landfilled. When
considering the wiability of utilizing machining scraps as recyeled
feedstock matenials, understanding how material degradation may
affect resulting properties ie eritical. There are two major aspects of
degradation that must be considered: (1) how the recyeling and rema-
nufacturing process affect the matrix phase of the material (eg,
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molecular weight degradation) and (2) how the recyeling and remanu-
facturing process affect the fiber phase of the material (e.z, fiber loss or
attrition).

ABS iz an amorphous co-polymer that has been shown to degrade via
a chain-seission mechanism in the presence of high thermal and me-
chanical enersy, like what would be experienced in the milling and
repelletization process [22,29]. Chain scission causes the breaking of
bonds and has been shown in ABS to produce low molecular weight
oxidation products, resulting in a lower molecular weight, and in some
instances the formation of stable eross-linked structures [30]. A redue-
tion in molecular weight has been associated with decreased thermal
properties, decreased viscosity, and decreased mechanical properties,
due to the changes in the way in which the polymer chaing are able to
entangle with each other — where less entanglement has been directly
correlated to a reduction in mechanical performanee [21]. In a previous
study Bai et al. [32] investigated the degradation behavior of ABS that
had been processed three times on a torque rheometer at 230 “C. They
found that there were minimal degradation effects on the polybutadiene
(PB} and styrenc-acrylonitrile (SAN) phases of the ABS. However, they
also found that when ABS iz re-processed at a higher temperature,
200 °C, there was significant thermo-coadative degradation that
oceurred due to erosslinking reactions in the PB-phase of the ABS after

As CP-ABES 1= a chort fiber composite material, it iz also important to
consider the potential for degradation of the fiber-phasze of the material
As discuszed above, the machining and repelletization process are me-
chanically intensive, with potential for fiber attribion at either the
milling process or the high shear/high extensional flow deformation
during the twin serew re-pelletization process [33-35]. Fiber attntion is
a primary concern in the recyeling of composites [12], as reductions in
fiber length can also cause reductions of wviscosity, changes in fiber
ornentation that would affect thermomechanical properties such as the
cocfficient of thermal expansion, and reductions in bulk mechanical
properties such as tensile strength and meodulus. Quantifying material
degradation from thiz industrial process and elucidating ite underlying
mechaniem iz critical to the industrial adoption of thiz recyeled
feedstock.

Machining and processing serap could provide a sustainable and
economical feedstock to the LFAM and CFRP industry, howewver, further
investigation 1= necessary to understand the value and the viability of
recyeling these materials This recyeling approach iz not without ite
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Filg. 1. An owverview of the recycling process iz shown where the material’s first and second life iz shown in the blue and green background, rezpectively. (For
interpretation of the references to color in thiz fgure legend, the reader iz referred to the Web version of thiz article.)
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challenges; for example, the collection of machining waste poses diffi-
culty in the reeyeling process due to the shape and size of the material
and the potential for contamination. Herein, the potential for recyeling
CF-ABS material scrap generated during the surface finishing of LFAM
parts was investigated (Fiz. 1). By repurposing machining scrap, we aim
to demonstrate its potential as a recyeled LFAM feedstock material
resulting in environmentally sustainable parts, reduced demand for
pristine CFRP materials, and the creation of a value-added process for
CFRP waste materials.

2. Materials and methods

Pristine CF-ABS pellets were utilized as the starting material for this
study. Techmer PM (Clinten, TN) provided the Electrafil ABS 1501 3DP
with 20 wt3 short carbon fiber (CF). The reeyeled CF-ABS was produced
from machining scrapes in the form of flaked particles (Le, mill flakes)
from subtractive surface machining processes, specifically large-scale
computer numerical control (CNC) and bench top secale CNC
machiming, of pronted structures. These mill flakes (ef Fig. 1) were
compounded and repelletized by Techmer PM via twin-serew extrusion
(TSE).

2 ]. Printing

Pristine CF-ABS and recyeled CF-ABS pellets were printed on the
BAAM system at ORNLs Manufacturing Demonstration Facility (MDF).
The materials were dried at 80 “C for 4 h prior to printing. The pristine
and recyeled pellets were printed at 250 “C and 45 RPM, with a 0.76 em
nozzle diameter and a 90-z layer ime to achieve 247 x 247 x 127 boxes.
The printed samples were allowed to cool for 15 min on the print bed,
maintained at 100 “C, before remowal to reduce part warpage.

2.2, Gel permeation chromatography

The molecular weight distribution of neat ABS pellets, pristine and
recycled pellets, mill flakes, and the pristine and recyeled prints were
measured using gel permeation chromatography (GPC), a type of size
exclusion chromatography (SEC). Neat ABS was utilized in thiz expen-
ment as a companzon material az it iz the base matrix of the materials of
interest. The materiale were diesolved in tetrahydrofuran (THF) with
magnetic stirring. The resulting solutions were then filtered to remove
fiber from the sclutions and distributed into high-performanes Liquid
chromatography (HPLC) vials. THF was used as the mobile phase at a
flow rate of 1.0 mL/min. The GPC process was completed with an Ag-
lent 1260 Infimity [l. Reported molecular weight values were acquired
via conventional calibration analyeis using polystyrene standarde over
the range of 1000 g/mol to 1,000,000 g /mol.

2.2.]. Thermogravimetric analysis

A TA Instruments Discovery series thermogravimetric analyzer
(TGA) was used on neat ABS pellets, pristine and recyeled pellets, mill
flakes, and the postine and reeyeled printe to understand the degrada-
tion mechanizme of the CF-ABS. A temperature ramp from 30 “C to
600 “C with a heating rate of 10 *C/min was completed for all sample
types In both an air and argon enviromment. A triplicate was run for all
sample types. The decomposition temperature was measured at 2 widh
and 5 wi¥ loss to determine thermal stability. The final mass of each
sample type at 600 “C was recorded to quantify the fiber amount in the
composite and determine if any fiber was lost dunng the reeyeling or
2 3. Fiber length analysiz

Microscopy was utilized to image the fibers from pristine and reey-

cled pellets, mill fAakes, and the pristine and recyeled pont (Fig. 1). In
onder to isolate the carbon fiber from the polymer matrix, ultrasonie-
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aided digestion was utilized [36], using acetone az the solvent
Approximately 3-5 g of material samples, either pellet, flake, or small
print samples recovered with a chisel, were mixed with approximately
50 mL of acetone. The solutions were placed in an ultrazonic bath and
allowed to somicate for at least 90 min at room temperature. The
resulting solutions were then applied to microscopy slides, siven time
for the acetone to evaporate from the slhide surface, and imaged on a
Eeyence Optical Microscope with 50x total magmfication. The images
were processed and measured using Imagel [37]. The lengths of the
fibers were then measured, excluding unelear, incompletely imaged, or
overlapping fibers. A minimum of 1500 fibers were imaged and
measured for each sample. The results were analyzed for statistical
significance (p < 0.05), amd their distributions were observed using a
log—normal distribution analysiz [32]. Weighted average fiber length
was used to report the average fiber length of each sample [39].

2.4, Rheological characterization

The rheclogical behavior of neat ABS pellets, pristine and recyeled
pellets, mill flakes, and the pristine and recyeled printe were measured
using a Discovery Hybrid Rheometer-2 (DHR-2), using a parallel plate
geometry with a diameter of 25 mm. The rheological testing was per-
formed at 250 “C, which 15 the BAAM printing nozzle temperature for
pristine CF-ABS. The materials were exposed to an oscillatory frequency
sweep In air at a frequency range of 0.1-628 radians per second and
applied strain of 0.1 %. The frequency ranges were chosen to simulate
the chear rate range of material within the printing nozzle and at the
nozzle exit The applied strain was chosen to fall within the materials"
linear viscoelastic region. The gap height between the plates wazs 1.5
mm. The materials were dried at 80 “C for 4 h prior to testing.

2.5. Density measurentents

The density of the prstine and recyeled CF-ABS pellets, the mill
flakes, and the pristine and recyeled prints were measured using a
Micromeretics AccuPye 1340 gas pyenometer. Sample weighte ranged
from ~0.4 g (flakes) to ~2.5 g (printed samples). Each sample was doed
and allowed to cool prior to testing. The mass of each sample was
recorded prior to placing in the system. The sample was sealed in the
testing chamber and was flooded with Helium gas and allowed to reach
equilibrium to rapidly fill sample pores and then was discharged into a
second chamber and allowed to reach equilibrium to caleulate the solid
phase volume of each sample. One sample was used to acquire 5 density
measurements and used to determine the average density of each
material.

2.6. Surface roughness characterization

Due to noticeable differences in the surface finish of the recyeled
print compared to the pristine print (ef. Fiz. 2}, the topology and surface
roughness of the surface of each printed sample was investizgated. Using
a Keyence VR-5000 Wide Area 3D Measurement System, a non-contact

Flg. 2. Surface imaging is provided for the pristine (left) and recyeled (right)
printed parts.
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profilometer, 15 mm * 30 mm samples from each printed structure were
seanned at 40X high-definibion magnification. After scanning, five 3 mm
* 7 mm surface roughness measurements were observed using area
seans and quantified using Keyence VR-5000 analysis software. These
values were averaged and tested for statizbieal significanee (p < 0.05). In
addition to surface roughness, surface topology was visualized. Each
printed sample was normalized to the flat scanning plate for surface
topology visualization and iz only used as a qualitative aid in under-
standing the difference in surface finich as a function of recyeling.

2.7. Digital image correlation for thermomechanical properties

Thermomechanical properties of LFAM materiale can be character-
ized using 2D digital image correlation (DIC) by using a umique speckles
pattern to track the movement of entire surfaces before and after ther-
mal loading [40,41]. The Digital Image Correlation Oven (DIC Oven) isa
techmique that was developed to characterize cocfficient of thermal
expansion [(CTE) experienced by an LFAM structure by using DIC az a
global method to measure thermal-indueed strain [42]. Printed pristine
and reeyeled samples for this work were prepped for DIC Oven testing by
machining the face of interest to a flat surface. The LFAM structures
were then dried at 80 “C for 8 h. The machined face of interest wae then
coated with a thin layer of matte white colored high-temperature Krylon
gpray paint and covered in black ink speckles to create a clear contrast of
unique points for accurate DIC measurements. The sample was posi-
tioned, tested at room temperature to provide baseline positions of the
speckles, and tested at an elevated (steady state) temperature of 90 °C
using the DIC Oven as explained in previcus literature [42]. The room
temperature and steady state temperature images were uploaded to
Correlated Solutions" Vie-2D software to calculate the thermal-mduced
strains experienced by the sample. The known temperature states,
calculated room temperature strains, and caleulated steady state strain
were used to caleulate CTE of the LFAM structures using the method
deseribed in thiz authors previous work [42]. The DIC Oven 1= a global
techmique that better represents thermomechanical propertics of LFAM
structures than by tradibional, local techmiquesz such as thermo-
mechanical analysis (TMA) due to the complex microstructure of printed
parts [42].

2.8. Mechanical characterization

Mechamieal properties (Le, Young's elastic modulus and the ultimate
to determine the influence of the recyeling process on mechameal per-
formance. Five tensile samples were cut from both the X and Z directions
(Fig. 2) to determine the changes in tenzile strength in the printing di-
rection (X-direction) and also to observe the layer-layer strength of the
normal direction (Z-direction). The tensile specimens were water jet cut
from machined walls from each printed sample to ASTM DE3E8 Tyvpe 1
size specifications. The tensile testing was completed at a rate of 5 mm/
min on an MTS Criterion Series, Model 45, with a 10 kN load eell, and
extension was measured using an MTS LX 500 Laser Extensometer.

3. Results and discussion
3.1. Effect of recycling on matrix phase and fiber reinforcement

To determine any degradation impacts on the matnx phase, the
molecular weight of CF-ABS, as a function of recycling, was observed
with GPC analysiz (ef. Fiz. 3 and Table 52). As the machining and
repelletization processes are mechanically and thermally intensive,
potentially leading to chain seission in the matrix phase, monitoring the
molecular weight az a degradation indicator allows for a better under-
standing of the potential degradation of bulk mechanical properties. Due
to the primary shape of machining waste being flake-like particulate, it
must be compounded into pellets prior to printing, introducing an
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Flg. 3. GPC results for the materials of interest- A) weighted average molecular
weight (M) and B) polydizpersity index (PDI); the results thow that there iz no

sigmificant change in M. or PDI in the recycled CF-ABS zamples compared to
the pristine CF-ABS.

additional thermo-mechanical cycle before printing, potentially
inereazsing the likelihood of polymer degradation. It was important to
obeserve the molecular weight at each step of the conversion and printing
process in order to understand how stable the materiales were after each
thermo-mechanical cyele as reductions in molecular weight can regult in
reductions in mechanical properties [43]; specifically, if the molecular
weilght decreases below the eritical weight of entanglement, it can cause
a reduction mn tensile strength, modulus, and glass transibon tempera-
ture due to a reduction in entanglement between chains [44]. No sig-
nificant (p > 0.05) reduction in molecular weight was recorded az a
result of either the recyeling or printing process. In addition to no =ig-
nificant decrease in molecular weight, it was aleo observed that there
was no significant change in polydispersity index (PDI), indicating that
the recyeled material i as heterogencous in molecular weight as the
pristine material Based on these resulte, there 1z no indication that the
molecular weight of the reeyeled material would contribute to a
reduction of mechanical properties or thermal behavier. As further
confirmation of the minimal reduction in molecular weight and the of-
fect on thermal properties, differential scanning calorimetry (DSC) was
performed and confirmed that there was no significant change in glass
transition temperature (Ty) az a function of the recyeling or printing
process (Figure 5] and Table 51). The degradation profiles of the recy-
cled materials were also obeserved with TGA after each step In the
recyeling and printing process (Table 53), there was no significant (p =
0.05) difference in the material weight at the print deposition temper-
ature of the recyeled pellets compared to the pristine pellets.

After confirming there was no significant molecular weight re-
ductions, the fiber reinforcement phase was explored as a function of
that could influence mechanical performanee. In the collechion of
machining scraps, there were concerns that fiber content would be
reduced due to the generation of emall flake-like particulates and dust
that may be unable to be reclaimed prior to repelletization, potentially
decreazsing the fiber weight content below 20 wi%. To determine the
fiber weight content of each sample, TGA was performed In an inert
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Flg. 4. A) Carbon fiber content az measured via TGA at 600 “C. There iz no
sigmificant change in residual fiber content compared to the pristine CF-ABS
material: B) Fiber length analyziz of all zamplez iz visualized uzing a log
normal distribotion. A significant reduction in fiber length was observed, with
the most significant reduction ocowring after the surface machining process.
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environment to quantify the residual fiber content at 600 “C (Fiz. 44).
After comparing the remaining fiber content of the pristine pont
(18.53% =+ 0.5) to the recyeled print (17.09% + 0.3), no significant (p >
0.05) difference in fiber weight pereentage was observed after recyeling
(Table 53).

After confirming the fiber content was mimimally impacted, the
average fiber length was then explored at each step of the recyeling
process and the individual measurements were visnalized using a log-
normal distribution (Fiz. 4B). Pregerving fiber length in short fiber
composites is important in the preservation of mechanical properties
after the recyeling and remanufacturing process. Composites with fiber
lengths greater than the eritical fiber length (CFL), the minimum fiber
length necessary for maximum reinforeement, exhabit superior perfor-
mance compared to syeteme with fiber lengths less than the CFL [45,46].
The documented CFL for short dizcontinuous CF-ABS 1z ~3 mm [47].
The average fiber length of the collected mull flakes was compared to the
average fiber length of the pristine print to determine the effect the
machining process has on fiber atintion; it was observed that the
average fiber length of the mill flakes (45 pm) was 80% chorter than that
of the pristine print (226 pm) after the machining process. This average
ie relatively stable during the TSE conversion and printing steps, mdi-
cating that the machining process iz the step in which the most fiber
degradation occurs. Further, 91% of the measured fibers within the
recycled CF-ABS printed material were less than or equal to 100 pm
compared to 44% in the pristine CF-ABS print, which iz visualized in
Fig. 4B.

It iz important to note that fiber length directly affects the load
transfer process, which has been widely researched for short fiber
composite materials as documented in previous hterature [39,48,49].
The pristine print and recyeled print have an average fiber length that 1=
far below the documented CFL, where the pristine print’s and recyeled
print’s average fiber length is 93% and 96% shorter than the doeu-
mented CFL, respectively. Therefore, it iz expected that while both
materials are unable to achieve maximum load transfer [21,45,49,50],
the recyeled matenial As the molecular weight and fiber content are not
significantly changing while the average fiber length i reduced sipmif-
icantly, we postulate that fiber attrifion during the machining process is
the primary mechaniem for any observed reduction in the bulk me-

3.1.1. Effect of recyeling on processability and print quality

Beyond the anticipated impacte to mechanical performanee, it 1z
expected that the significantly reduced fiber length will alse impact the
angular frequency [51-55], as reported in Fiz. 5. Complex viseosity of
LFAM feedstocks 15 important as the viscosity directly impacts the shear
experienced by the material in the nozzle durnng deposition and there-
fore fiber alignment in the printed strocture. The reeyeled CF-ABS pel-
lete exhibit an overall decreased complex viscosity; at ~100 =), the
approximate shear rate at the nozzle exit [14], the recyeled CF-ABS
chows a 97% decrease In complex viscosity when compared to the
pristine CF-ABS pellets and a 41% increase in complex viscosity when
compared to neat ABS. Due to there being no significant change in
molecular weight or fiber content, we propose that the degradation of
complex viscosity ie directly related to the degradation of fiber length
(Figure 52). At low shear rates, the effect of fiber attntion 1= more pro-
nounced than at high shear rates, this phenomena iz consistent with
previous literature [52,55].

Fiber length impacte the compoeite rheology and subsequent print-
ing conditions as vizsibly noticed on the surface fimishes of the pristine
and recyeled prints, where the recyeled print was significantly smoother
(ef. Fiz. 2). To quantify the change in average surface roughness, pro-
filometry scans were completed for each print surface where 3D height
maps of the surface topology are visualized for each print in Fig. 6.

Utilizing area scans, the surface roughness of the printed structures
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Flg. 5. Frequency sweeps were utilized to obzerve the complex viscosity of the
priztine and recycled pelletz to characterize the effect of recycling on fAow
propertez. Meat ABS iz used az a comparizon to illustrate the substantial
reduction in complex viscosity compared to the pristine composite material.

wags characterized, where the recyeled print was found to exhibit a 19%
decrease in surface roughness compared to the pristine print. It 15 not
uncommen for additively manufactured structures to exhibit poor sur-
face finish, namely surface roughness, and iz a result of the processing
inereased Auidity of the deposited material resulte in emoother surface
fimizh [57] and that materials exposed to lower chear rates during
deposition have more uniform surface features [52]. Increased fAwdity
during printing iz most often controlled by the deposition temperature;
in thiz etudy the reeyeled materials exhibit an inereased fluidity doe to
the resulting decreased wiscosity (ef Fig. 5) and shear rates during
extrusion due to fiber atirition rather than a change In processing tem-
perature. The signifieant reduction in surface roughness could poten-
tially have a direct effect on the mechanical performance of the printed
structures, specifically the z-direction tensile strength, as a change in
surface roughness could influence the interlayer bonding.

Further, the density of the printed samples was measured to deter-
mine if the recyeled material exhibited decreased density, which would
be mndicative of increassd concentrations of porosity within the strue-
ture. Print density has been chown to directly affect mechanical per-
formance, where redueed print density often causes a reduction in bulk
mechanical properties like tensile strength. Density, measured via gas
pyenometry of printed pristine and recyeled samples, confirms that
there 15 alzo no significant change in print density when comparing the
recyeled and pristine printed materials (Figurs 52). Based on these re-
sultz, it iz not anticipated that density will influenee the final bulk me-
chanical propertics.

3.1.2. Effect of recycling on print performance

As previously discussed, the additon of short CF to polymer feed-
stocks used in LFAM applications reduces warpage that ocours during
warpage due to the thermal conditions during printing and the ther-
momechanical properties of the material iteelf. Mitizating and reducing
part warpage in LFAM materials is eritical to ensuring that the pont head
doezs not collide with the part during the deposition process and that the
final structure iz geometrically accuracy [14]. Therefore, the CTE of the
recyeled CF-ABS printed structure was measured and compared to the
pristine CF-ABS printed material with the use of a DIC oven (Table 1]. It
was observed that there was a significant inerease (60%) in the
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Flg. 6. Height map wvisualization of the printed surface topographiez. A) Surface topography of pristine CF-ABS (Surface Roughness = 239.4 + 12.6 pm) and B)
zurface topography of recycled CF-ABS (Surface Roughness = 193.5 + 4.9 pm). There was a significant decrease (p < 0.05) in surface roughness of the recycled print

compared to the pristine zample.

Table 1

Avwerage CTE values for each printed structure where significant change (p <
0.05, denoted wia *) iz zeen in both directions of the recycled print when
compared to the pristine print.

Maserial X-Dir [, C] Z-Dis [um/mC]
Pristine Print 27.51 + 104 126.75 + 4.5
Mill Flake Print 43.00 4 1.02* 117.60 + 3.25%

x-direction CTE (CTEx) when comparing the pristine printed structure to
the recyeled printed structure and a significant reduction (7%) in the
z-direction CTE (CTEgz), as visualized by the strain contour plots in Fiz. 7.

The strain contour plots created wsing Vie-2D vizually represent the
thermal-indueed strains experienced by the LFAM structure at steady
state heating conditions. Fiz. 7A and B visually represent the thermal
induced strain experienced in the x-direction of the pristine and recyeled
printed samples, respectively. The x-direction strain contour plote show
low, homogenous strain wvalues for both the pristine and recyeled ma-
terial; while the strain maps are homogenous in both cases, it is worth
noting that the strain values are nearly double for the recyeled material
in comparison to the pristine material Homogeneity of strain in the x-
direction was expected as the reinforcement material iz postulated to be
aligned in this direction during printing and the fiber best resists
expansion in thiz direction. However, these resulte indicate that the

‘—- kY 10 i

|— " 10 mm

fibers in the recyeled sample are unable to resist expansion as well as the
pristine material Duty et al. [14] showed that dimensional stability of
LFAM parte, such as the propensity of detrimental part warpage, was
directly related to the CTE of the material in the print direction. It was
found that neat ABS, which has a reported CTE of ~100 p/m/~ G, wac
much less dimensionally stable at large structural ratios than CF-ABS
with a CTE of ~19 p/m/"C [14,59]. An increacse in CTEx would in-
crease thermal expansion/contraction during printing causing poten-
tially detrimental warpage at inereased structure sizes, in-situ collisions
between the print head and the printed structure, and unusable printed
partz [14]. Due to the increase in CTEy observed in thie study, the
printability of thiz material may be mited, specifically the maximum
print size.

In previous literature, CTE has been chown to be mmfluenced by the
orentation of fibers within a printed structure [22], where CTE values
are the lowest at highly oriented regions (e.g the bead edge) and highest
in regions with more random fiber orientation (e.z the center of the
bead). Utilizing the DIC Oven and strain centour plote, the potential
change in fiber onientation can be indirectly obeerved. In Fiz. 7C and D,
the z-direction contour plots highlight the influence of fiber orientation
on the thermomechanical performanee of the print. The red bands that
represent high strain regions are present at the interface of layers where
highly aligned edges of beads meet. Az short carbon fibere poorly resist

pmfm

10940

9121

G080 — -
3058  tongitusinal(x-irection| Epamine
1240

Wmm

|

Transverse | 2-direction| expansion

10 mm

Flg. 7. Sirain contour plots captured through DIC measurements. A and B) Visualization of sorain in X-direction strain for pristine and recycled CF-ABS. C and D) Z-
direction visualization for pristine and recycled CF-ABE. There was a significant increase in CTEy aml a significant decrease in CTE; when compared to the pris-

tine print.
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Fig. 8. The UTS (A) and tensile modulus (B) of the X- and Z-directions of printed pristine CF-ABS and recycled CF-ABS. Schematics are provided (right) to illustrate

the directionality of the mechanical properties.

causes high regions of strain (red) at layer interfaces in the z-direction
plots. The regions of relatively low strain bands (green) are represen-
tative of the more randomly orniented fiber at the center of the bead. The
red banding phenomena i= noticeably abeent in the z-direction strain
contour plot of the recyeled matenial, where the edsge region is instead
characterized by a lower strain represented by yellow-green banding at
layer interfaces. The contour plots suggest a reduction of fiber alignment
verification of thiz phenomena could potentially be obeerved by a
reduction in the x-direction mechanical performance.

In order to observe the impact of utilizing recyeled CF-ABS made
from machining waste (Le, mill flakes) on the resulting mechanical
properties, the tensile strength and moduluz were measured and
compared to the pristine CF-ABS samples (Fig. £). In the printing di-
rection (x-direction), the average tensile strength and modulus of the
recycled prints decreased 11% and 31% respectively (p < 0.05),
compared to the pristine printe. A reduction in x-direction mechanical
properties is consistent with previous Literature on CF-ABS recycling for
LFAM [17] and can be attributed to changes in the microstructure of the
printed part, corroborated by the reduction in fiber length observed in
thiz worlke However, perpendicular to the print direction (z-direction),
the recyeled prnt displayed a 21 % increase in tensile strength (p < 0.05)
with no significant change in modulus when compared to the pristine
material. This iz surprizing as in AM structures, the z-direction strength
iz often much lower than the x-direction strength due to: 1) the nter-
layer adhesion forces being weaker than the cohesive forces within a
bead, and 2} the reduction of fiber alignment, where fibere are typically
more aligned in the print direction due to shear expenienced in the
nozzle during the printing process [17,60], resulting in mechanically
anisotropic structures. Inereasing z-strength has seldom been observed

§ = ABS polymer chain

and represents a known weakness in many additive manufacturing
processes, yet in the present study, the utilization of machining waste as
LFAM feedstock significantly enhanced the z-strength of the pronted
structure. To the best of the authors” knowledge, this is the first time that
an increase in z-strength has been observed in a recyeled material for
LFAM applications.

To explore the unexpected increasze in z-direction strength with
recyeling, 1t iz critical to understand how material changes impacted itz
processing and affected the bonding quality between layvers. For amor-
phous polymers, like ABS, the primary mechanism of bonding 1= viscous
sintering where bond coalescence oceurs instantaneously after surface
contact [51,62]. Once in contact, the bond strength will increase until
the temperature of the matenial falls below the glass transition tem-
perature, az molecular mobility across beads becomes inhabited [63].
Increased rates of coalescence have been directly related to lower ma-
terial viscosities and increased interlayer strength [60]. It 1z postulated
that the reduction in fiber length, previously noted, iz the primary
relevant material change throughout processing, where the reduction in
fiber length 1z the reason for the reduction in viscosity of the recyeled
materials.

It 1z important to note though, that the area of contact must be
considerad when assessing bond quality as bond coalescence can only
oceur when the deposited material 1z in contact with a substrate material
[60,564]. Due to microstructural defects that occur during deposition, a
widely known limitation of AM, contact area may be limuted. Discussed
in a previous section, the viscous propertics of a material during depo-
sitton directly impact the surface finich of a printed structure, where the
recyeled matenial exhibited both a decreased wviscosity and a sigmifi-
cantly lower surface roughness. It iz reasonable to assume that the
decreased viscosity and surface roughness observed in the recyeled
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Flg. 9. Proposed mechanizm for increased z-direction strength of the recycled material az a functon of print surface roughness.
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material allowed for an increased contact area between print layers. This
increased surface area of contact between print layers would allow for
better molecular diffusion and increased molecular entanglements be-
tween the substrate layer and the depositing layer [31], leading to an
increased z-direction strength as observed in Fig. 8A. This proposed
mechanism is illustrated in Fig. 9. It should be noted that while the print
density of the recycled material was not significantly different from the
pristine material, the location and size of voids at the interface may also
contribute to the available contact area for bonding and will be
considered in future work. Further work is still needed to investigate and
validate the role that surface roughness plays in the contact area be-
tween layers and ultimately the mechanism by which interlayer adhe-
sion occurs in the recycled printed structure.

4. Conclusions

In summary, this study demonstrated the successful recycling and
utilization of CF-ABS machining scraps as an LFAM feedstock. The pri-
mary degradation mechanism was determined to be the significant fiber
length attrition that occurred during the surface machining process,
where there was an 80% reduction in average fiber length. The recycling
and printing process showed no significant effect on the molecular
weight or the fiber content of the recycled material. Both the pristine
and recycled materials were printed under the same conditions, but the
recycled material displayed a significant 97% reduction in viscosity
from the pristine material, which can be attributed to the reduction in
fiber length. Reductions in viscosity during processing reduce the shear
rates experienced during extrusion, potentially resulting in decreased
fiber orientation in the x-direction (printing direction) of the part.
Though fiber orientation was not directly measured in this study,
orientation effects in printed structures can be observed through visu-
alization of strain using x- and z-direction contour plots when measuring
CTE. This study identified a significant increase in CTEx (60%) and a
significant decrease in CTEz (7%), where the strain contour plots in the
x-direction show homogeneous strain in the recycled print twice that of
its pristine counterpart. The orientation effects are most noticeable in
the z-direction contour plots, where decreased visualized strain, typi-
cally associated with increased random orientation of fibers, was
observed in the recycled print. A future area of study will be focused on
characterizing the changes in microstructural composition due to utili-
zation of recycled feedstock materials, specifically the direct effect on
fiber orientation.

As a result of the changing microstructure, the recycled print in the x-
direction exhibited reductions of both tensile strength and modulus,
11% and 31% respectively, when compared to the pristine print. A
particularly significant finding, however, was the unexpected 21% in-
crease in z-direction tensile strength when compared to the pristine
print. As discussed, the reduced fiber length in the recycled material
resulted in a decreased complex viscosity, influencing the interlayer
bonding mechanism in the recycled print. It was found that the recycled
print had a significantly lower surface roughness compared to the pris-
tine print, potentially increasing the amount of contact area for bonding
during deposition. These findings indicate that both the viscosity during
deposition and the amount of available contact area for bonding play a
role in the observed z-direction tensile strength increase. Future work
will focus on investigating the influence of surface roughness and the
role it plays in interlayer adhesion. Herein, this study shows the suc-
cessful recovery, recycling, and utilization of CF-ABS machining waste
as an LFAM feedstock and highlights a previously unutilized material
sources’ industrial viability. This study also highlights broader impli-
cations for the use of processing waste as a material source for more
sustainable material development and maintaining a robust supply
chain for the composite manufacturing industry.
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