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ABSTRACT

Large area additive manufacturing (LAAM) of polymers and short carbon-fiber polymer
composites have proven effective for producing meter-scale parts. Unfortunately, LAAM
parts exhibit substandard strength due in part to process-induced microstructural defects,
including microvoids within the printed beads. In this work, a comprehensive analysis
incorporating experimental, empirical and numerical methods to study the effect of voids and
fibers on bead properties, degree of healing, and fracture behaviors were performed on
LAAM-produced acrylonitrile butadiene styrene (ABS) and short carbon fiber-reinforced ABS
(CF/ABS). Compact tension specimens (CTS) measure interbead and crossbead fracture
toughness Kic of ABS and CF/ABS. The correlation between residual stress and fracture
behaviors in ABS and CF/ABS is established, providing a comprehensive set of tools and
insights into the processing effects on LAAM part strength.

INTRODUCTION

Large area additive manufacturing (LAAM) is gaining popularity for producing large
polymer composite structures due to its rapid execution. The LAAM process typically
involves extruding molten polymer through heated nozzles onto a print bed, creating thermal
gradients during cooling that can affect the adhesion between deposited beads [1]. These
gradients may lead to residual stress, geometric distortions, and voids [2-5], which can
compromise interbead adhesion and reduce the damage tolerance of finished parts. The higher
thermal mass in LAAM beads results in slower cooling rates, causing the printed beads to
compress under subsequent layers [6]. These challenges primarily impact materials made via
LAAM compared to standard sized additive manufacturing [7-9]. Understanding the process-
induced microstructural changes (i.e., fiber reorientation and void development) and their
effects on thermomechanical behaviors and structural integrity is crucial for enhancing
confidence in LAAM technology.

Microstructural features in LAAM short fiber composites have been studied by various
authors, many of which have focused on the influence of voids and fibers on the mechanical
properties [10-13]. Modeling approaches for analyzing LAAM polymer and polymer composites
have also appeared. For example, transient thermal analyses have been used to evaluate the time-
temperature history of bead stacks during material extrusion-deposition. Compton et al.
developed a 1D transient thermal model for thin walls in LAAM-manufactured parts [14], while
Owens et al. created a 2D finite volume model to evaluate FFF and LAAM thermal histories [1].
However, both models did not consider the actual shape, geometry, and microstructural features
of the deposited beads.
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Short fiber polymer composites beads produced by the LAAM process have been shown
to have microstructures that are both inhomogeneous and non-isotropic where both fibers
and microvoids vary over the bead cross section. Microvoid volume fraction varies with
location within the bead, from bead to bead, and are seen within short fiber filled beads, but not
within neat polymer beads [15,16]. Furthermore, fibers tend to align in the print direction and
show much higher alignment around the outer edges of the bead. The center of the bead tends to
have a much more random fiber alignment and more microvoids. It has been shown that there
is an inverse correlation between fiber alignment and microvoid volume fraction in short
carbon fiber ABS beads [15,17]. In separate studies, the interbead fracture toughness has been
measured for various material and extrusion-deposition systems [18-22]. Most relevant to
this paper is a study by Barocio [22] show showed that heating the print bed significantly
increased the interbead fracture toughness. In addition, Yudhanto, et al., [23] showed that
interbead fracture toughness improved further from a non-heated print bed, and that printed
ABS beads had a significantly higher interbead and intrabead fracture toughness than
carbon fiber ABS. These experiments help to better understand factors that affect fracture
toughness, however, they do not address the effect that bead microstructure has on interbead
adhesion.

This paper aims to (i) characterize the microstructural features (shape, geometry, void
volume fraction, fiber orientation) of short carbon fiber-reinforced acrylonitrile butadiene styrene
(CF/ABS) using X-ray computed tomography (X-ray pnCT), (ii) evaluate interbead mechanical
adhesion via fracture toughness testing, (iii) create 2D thermo-mechanical finite element models
with realistic bead geometries and thermal mechanical properties derived from pCT-measured
bead microstructures to simulate the transient thermal and residual stress history during the bead
extrusion-deposition, and (iv) estimate the degree of healing of the deposited beads with realistic
microstructures. This paper presents results from ongoing research that aims to better understand
the effect of LAAM processing on polymer composite microstructure formation and its effect on
structural integrity of LAAM parts.

METHODS

Materials and large area additive manufacturing

Neat acrylonitrile butadiene styrene (ABS) and short carbon fiber-reinforced ABS (CF/ABS)
with 13 wt.% of carbon fibers were used to print large-area additive manufacturing (LAAM)
single and multi-bead samples for evaluation and testing. Before the extrusion-deposition was
performed, neat ABS and CF/ABS pellets were dried in an oven at 80 °C for 12 h. Single
beads and multi-bead stacks of two, eight, and twenty-four layers with one-bead width (7-10
mm) were printed with the nozzle diameter of 3.17 mm and nozzle height (from the print bed) of
1.2 mm. The nozzle temperature was 220°C. The print bed and ambient temperature remained
at room temperature (23°C) throughout processing. Each bead was deposited onto the print bed
or previously printed beads and bead deposition was performed in the same direction at the time
interval of 17 seconds. The screw speed was 90 rpm, while the nozzle flow rate and translation
speed were 4.5 kg/h and 40 mm/s, respectively. To prepare fracture toughness test specimens, an
initial crack was made in the double-bead configuration specimen by inserting a Teflon film with
the thickness of 70 micron between the first and second printed bead. This pre-crack served as a
starter to initiate the crack at the bead interface in both CF/ABS and ABS test samples.
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X-ray micro-computed tomography

X-ray computed tomography was performed with the NSI X3000 pCT (North Star Imaging,
Rogers, MN, USA) to characterize the geometry, void content, and fiber orientation within the
deposited LAAM beads. Only single-width eight-layer CF/ABS beads were scanned for this study
where two resolution scans were performed with scan settings shown in Table 1. The standard-
resolution scan setting was used to identify the 2D geometry of the beads, and the high-resolution
scan was used to characterize the void volume fraction and fiber orientation within the bead.

Table 1. Parameters prescribed in X-ray computed tomography for characterizing bead microstructures
produced by large-area additive manufacturing (LAAM)

Parameter Standard-resolution scan High-resolution scan
Voltage 60 kV 60 kV

Current 900 pnA 900 pA

Projection number 1440 2400

Voxel size 10 pm 1.7 pm

Scan duration 75 min 348 min

Homogenization method

Thermo-elastic material constants of the short fiber polymer composites were computed
using an orientation homogenization method, where properties are computed using measured fiber
orientation tensor values following the procedure proposed by Advani and Tucker [24] and further
developed by Jack and Smith [10]. This method treats the composite as a collection of
representative volume elements (RVEs), each containing short fibers within a matrix phase and
categorized into pseudo-grains. Each pseudo-grain maintains the same fiber and matrix volume
fraction as the overall composite, with fibers sharing the same orientation. The approach involves
two main steps: (i) calculation of the stiffness of each pseudo-grain by assuming unidirectional
fiber alignment and uniform fiber length; (i1) homogenization of all pseudo-grains to determine
the overall stiffness of composite system. The detailed mathematical treatment of thermal
conductivity, elastic constants (based on the modified Halpin-Tsai technique), and coefficient of
thermal expansion (CTE) can be reviewed in Refs. [17].

Finite element method

Finite element method (FEM) simulations using 2D 4 node continuum elements were
performed with ABAQUS (Dassault Systemes, Waltham, MA, USA) to analyze the temperature
distribution and residual stress during the deposition of multiple 3D-printed beads on an aluminum
build plate. Each bead was deposited in the FEM simulation at 17-second intervals using the
ABAQUS element birth feature, and the model was composed of 1,517 elements total (600 for the
build plate and 917 for the beads). The actual geometry of the beads was obtained using standard-
resolution uCT, and coordinates were exported to MATLAB to create a 2D FE model. High-
resolution scans of the first and fourth bead above the build platform provided microstructural
data, which were used to compute material properties for the FEA models for the lower (bead 1 to
bead 3) and upper beads (bead 4 to bead 8), respectively. It was seen that these sets of beads
generally contained distinct properties, likely due to the difference in cooling rates which varied
with distance from the build platform. Key physical characteristics of bead 1 and bead 4, such as
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void volume fraction and orientation tensor components, are summarized in Table 2.
Simulations were also performed for perfectly aligned (4. = 4,, = 0, 4, = 1) and perfectly
random (Ax = A4,, = A=z = 1/3) fiber orientations to provide insights into the effect of fiber
alignment over a range of orientation tensor values that form practical limits on expected values.
Computed values of degree of healing appear in the results section for these additional
simulations.

Table 2. Physical characteristics of scanned CF/ABS beads

Bead volume orientation tensor
.. . Remark
position  fraction A
(%) Axx yy AZZ
_ 0
Bead-1 13% 0.17 0.12 0.71 cmployed for defining Bead 2 and Bead 3
Bead-4 10% 0.20 0.08 0.72

employed tor defining Bead 5 to Bead ¥

Computing the bead interface degree of healing
The bonding strength between beads was evaluated based on the time-dependent, non-

isothermal degree of healing D), which takes on values between 0 and 1, representing incomplete
and complete bonding, respectively, and is given as [25]

1
o t 1 74
Dnl) =5 = Uo tw (T)]

where ¢ is the time-dependent bond strength between beads and o, is the strength of bulk
material. The temperature-dependent welding time t,,, (T) for ABS is taken from [26] as

(1

t,,(T) = 1.080 x 10~*"exp (%;) )

where Q, is the activation energy for polymer diffusion, R is the universal gas constant (8.314
J/(mol-K)).

Fracture test methods

A double cantilever beam with doubler (DCB-D) test, as proposed by Yudhanto et al. [23],
was employed to evaluate the Mode I (opening) critical strain energy release rate G;. of ABS and
CF/ABS at intralayer and interlayer regions. G, is the rate of energy that is being released due to
the unit extension of crack within (intralayer) and between (interlayer) beads. Initial cracks were
introduced by placing a PTFE film between the beads during printing, followed by a sharp crack
tip being added with a blade. Doublers were bonded to the print bead samples using Scotch-
Weld™ Structural Plastic Adhesive (3M™, Maplewood, MN, USA). All fracture toughness tests
were conducted on a universal testing machine TestResources Model 100-1000-6 tensile test
machine with a 4.4 kN load cell, (TestResources Inc., Shakopee, MN, USA) at a displacement rate
of 1 mm/min. Crack lengths were recorded using a handheld microscope (Dino-Lite Edge,
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Microscope LLC, Roanoke, VA). V alues of G were calculated based on the Simple Beam
Theory as

o - P2g2 (3)
7 be(EDy

where P is the applied load, byis the sample width at the crack location, a is the distance from the
applied load to the crack tip, and the total bending stiftness (EI)y is calculated as

(EDr = Eq(Ig + Aglzg — 21%) + Es(Is + Aslzs — 217) 4

where E; and E are the Young’s modulus of the doubler and sample, respectively. The distance
measured from the composite line (C}) to the plane of crack propagation Z is given as

(Eq/E9)Aqzg + Aszg (5)
(Ed/Es)Ad + As

Z =

The geometric parameters for the doublers (moment of inertia I;, cross-sectional area A4, and
height from the neutral axis z;) are given as

bah} ©
Id = 12 , Ad == bdhd' Zd = (hs/z) + (h'd/z)

The geometric parameters for single-bead specimen (moment of inertia I, cross sectional area
A,, and distance from neutral axis z) are given as

brh3 beh (7)
f f
Iy = 965, Ag = 25, zs = hy/2
The geometric parameters for the double-bead specimen (area moment of inertia I, cross sectional
area Ag, and distance from the neutral axis z;) are given as

15"32

S 2 16’

hd (bs wh bshy mh? 8
__S<?f+ 325>’ A ! >+ zg = hg/4 ®

The standard compact tension specimen (CTS) was employed to measure G;. using the 24 layer
multiple-bead test samples, which is calculated as

K2 15
Gre = 2 (1-v}) =
S

where v, is the sample Poissons Ratio and the stress intensity factor K. is calculated as
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Kic (1

Prax ( 2+x )
= [0.886 + 4.64x — 13.32x? + 14.72x3 — 5.6x*]
(bVW)\1 — x13
¥

and

x= %/, (17)

where P,,,, 1s the maximum force during the test of CTS, W is the width of CTS, and a, is the
distance between pin and crack tip.

RESULTS AND DISCUSSION

Microstructures of LAAM-printed ABS and CF/ABS beads

Figures 1 contains cross-sectional views of ABS and CF/ABS, respectively, obtained from
high-resolution pCT of LAAM printed bead stacks. Figure 1a shows that printed ABS beads have
almost no voids, including at the bead-to-bead interface. In contrast, CF/ABS beads contain
numerous voids around randomly oriented short fibers (cf. Figure 2b), with fiber and void volume
fractions measured at 8.1% and 11.7%, respectively. Note that the pellets used to produce the
CF/ABS (not shown) has a lower void volume fraction of 7.8%. The printing process appears to
increase the void volume fraction in CF/ABS by 3.9%. In areas with randomly oriented fibers near
the bead center, the void volume fraction was measured to be 17.1% which are significantly higher
than the measured 8.3% void volume fraction near the edges of the bead. The same CF/ABS multi-
bead stacks showed an interbead void volume of 11.7% which is expected to negatively affect
bead adhesion.
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Figure 1. 2D X-ray micro-computed tomography images of two-bead systems printed using large area
additive manufacturing machine: (a) ABS, (b) CF/ABS

Thermo-elastic constants

Homogenized thermal conductivity values appear in Table 3 for ABS and CF/ABS for the
various fiber orientation conditions considered in this study. Conductivities are provided for
perfectly aligned, perfectly random, and for fiber orientations obtained from our pCT
measurements. Table 3 shows that neat ABS and uniformly random fiber distributions yield
isotropic thermal conductivities. However, other, nonuniform orientations result in higher thermal
conductivity in the print direction since these samples also have fibers that show an increased
alignment in that direction (i.e., in the z-direction). Note that thermal conductivity was assumed to
be independent of temperature in our simulations.

Additional thermo-elastic constants for the same short fiber composite microstructures
appear in Table 4. As with thermal conductivities, computed moduli illustrate the effect of bead
microstructure, i.e., fiber orientation and void volume fraction, on calculated thermo-elastic
properties (elastic moduli and coefficient of thermal expansion (CTE)) of the CF/ABS composites
considered here. Note that Table 4 presents the thermo-elastic properties of the materials
obtained
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at 80°C. The properties for neat ABS were computed based on the data provided in Ref. [20],
while that for CF/ABS were computed using the homogenization process described above. The
thermal stress simulations presented below also included temperature dependent properties for
neat ABS (and also CF/ABS through the homogenization process) based data provided by
Cattenone et al.

[27] who included elastic modulus as a function of temperature for ABS.

Table 3. Computed thermal properties for CF/ABS composite with various microstructures.

Simulation Density Specific Heat Thermal Conductivity Matrix K
Microstructure (kg/m® (J/g°C) (W/m°C)
Neat ABS 1040 2080 0.177
[0.222 0 0
A o 1095 2002 0 0222 0
y 0621 0 0'%54:
glli:/r[?elflsﬁber /594void 1040 1902 0 0.211 0
g obs 8 0%
glli:g/rl?elflsﬁber/m%void 963 1762 0 0195 0
0 59 66 8 0'%75:
Sri/f[;rlgr;fed fiber/no void 1095 2002 0 0.366 0
0 59 48 8 0'3666:
CF/ABS )
uniformed fiber/5%void 1040 1902 0 0.348 0
L 0 0 0.348
CF/ABS [0.322 0 0 ]
uniformed 963 1762 0 0.322 0
fiber/12%void [ 0 0 0.322]
[0.261 0 0 ]
E£$£§u1ts/13% void 933 1742 0 0231 0
[ 0 0 0.464]
[0.270 0 0 ]
CF/ABS 0 0.239 0
pCT results/10% void o83 1802 [ 0 0 0.4801
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Table 4. Computed thermo-elastic properties for CF/ABS composite with various microstructures at 80 °C.

Aligned fiber orientation
(Axx =0, Ayy =0 A, =1)

Properties ¢, =0 ¢, =5% ¢, =12%
E_(MPa) 2542.2 2415.1 2237.1
E (MPa) 25415 2414.4 2236.5
E_(MPa) 9248 8785.6 8139.2
E_(MPa) 1341.9 1274.8 1180.9
CTE (10°/°C) 105.9 111.5 120.3
CTE (10°/°C) 105.9 1115 120.4

Uniform random fiber orientation
(Axx=1/3,A,,=1/3and A,,=1/3)

Properties ¢, =0 ¢, = 5% ¢, =12%
E_(MPa) 3889.9 3695.4 3422.6
E (MPa) 3889.9 3695.4 3422.6
E_(MPa) 3889.9 3695.4 3422.6
E_(MPa) 1778 1689.1 1523.2
CTE (10°/°C) 54.3 57.2 61.7
CTE (10°/°C) 54.3 57.2 61.7

uCT-based fiber orientation
¢y = 13% (Axx=0.17, Ay, =0.12 and A,, = 0.71)
¢y = 10% (Axx=0.20, Ay, = 0.08 and A,, = 0.72)

Properties ¢, =0 b, =10% ¢, =13%
E_(MPa) N/A 3007.9 2786.3
E (MPa) N/A 2673.8 2476.8
E_(MPa) N/A 6327.7 5861.4
E_ (MPa) N/A 1400.6 1297.4
CTE_(10/°C) N/A 80.2 86.5
CTE (10/°C) N/A 106.6 115.1
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FEA computed thermal history during the extrusion-deposition process

Transient thermal FEA simulations of the LAAM bead deposition process for neat ABS and
CF/ABS were performed on an 8 bead stack model assuming a nozzle and print bed temperature
of 210°C and 23°C, respectively. Temperature contour plots (cf. Figure 2) show that the
maximum temperature for the ABS bead consistently exceeds that of the CF/ABS bead
throughout the deposition process. For example, at t = 17s, the ABS bead cools to a
maximum temperature of 149.7°C, while the same for the CF/ABS is 109.4°C. As deposition
continues, the maximum temperatures at ¢ = 34s is 177.4°C for the ABS print while the CF/
ABS has cooled to 147.9°C, indicating a higher rate of heat transfer to the relatively cold build
plate for CF/ABS. The minimum temperatures calculated for both materials were similar,
reflecting the influence of the cold build plate. Figures 2a-b also illustrate the transient
temperature drop at the outer surface of the various bead interfaces, where the interface nodes at
the outer surfaces exhibit a relatively higher thermal gradient as compared to those in the
interior. As each new bead is added, the prior bead shows a slight rise in maximum temperature
as expected. This temperature rise in the ABS model reaches a plateau after the fifth bead, while
CF/ABS continues to show an increase in temperature with the addition of each new bead through
the end of our simulation. Ultimately, the ABS beads cool more slowly than CF/ABS due to the
latter having a higher thermal conductivity which is caused by the presence of carbon fiber,
resulting in CF/ABS retaining heat for a shorter duration after deposition.

Temperature at the Corner Edge of Beads Interface

\ Neat ABS
—
- @
~.@
136 sec 100 200 300 400 500
Time (s)
Temperature at the Corner Edge of Beads Interface
200
\ CF/ABS
180
- - -m' -~ @
'I-'-"?"' : AAATO8402 S0 ]
! +1028ex (2 +LXTen02 '
R 0001 +L2TPee02 m
{ saameal =L s 179es02 %0 o
= +LOTRes0Z H
B 7 S06es01 +9 79501 H S
£ B20es01 +B.795eL :
134401 +7 750l Ll ®
01 +8 TS0 *
4.7 2e=01 E +5.TPEe0] He
07l +4 TR el “
+3.390w=01 *3 Tt )
+2.704e01 +2 TRe-1 " ®
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Time (s)

(b) CF/ABS

Figure 2. The temperature contour plot and nodal temperature obtained from FE analysis in (a) ABS, (b)
CF/ABS.

Degree of healing at ABS and CF/ABS bead interfaces

The nodal temperature at the outer edged of the bead interface was used to calculate the
degree of healing at the seven bead interfaces during deposition of the 8 bead stack FEM transient
thermal simulations described above. As shown in Figure 2, the temperature at the bead 1-2
interface drops rapidly from 210°C to about 110°C and 150°C for the CF/ABS and ABS beads,
respectively, within 17 s, resulting in a cooling rate of 212-424°C/min. Despite significant
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increases in healing factors at greater distances from the print bed, Figure 3a shows that at
bead interface 1-2 remained below unity for all materials, indicating poor bonding due to the
relatively high cooling rate in bead-1 (i.e., with temperatures at 150°C for ABS and 120°C for
CF/ABS) and bead-2 (i.e., with temperatures at 175°C for ABS and 150°C for CF/ABS). As a
result, the proximity of the bead 1-2 interface to the room-temperature print bed hinders
interbead adhesion where we calculated D, = 0.83 and D, = 0.06 for neat ABS and CF/ABS,
respectively. In contrast, n at interface 2-3 in ABS shows sufficient healing (i.e., 1),
while that in

CF/ABS with aligned fibers also achieve D> 1 (see Figure 3b). As the interface location is
moved farther away from the print bed, Dy is shown to attain unity in simulations except for
CF/ABS with both uniform fibers and voids (see Figure 3c). At interface 4-5, Dy, reached unity
for all configurations (see Figure 3d). The findings indicate that aligned fibers enhance interfacial
healing, while voids have a lesser impact. The addition of carbon fibers reduces bead temperature
and interbead adhesion, while highly aligned fibers in the print direction increase bead temperature
and improve adhesion as compared to uniformly distributed fibers. Voids decrease material density
and further lower bead temperature, weakening adhesion.

Bead 1-2 Interface Corner Edge D, Bead 2-3 Interface Corner Edge D

1 1 T
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09 4 09 - - - \CFABS ALGN/WITH VOID | |
CFABS ALGN/NO VOID
08t . 08 — CFABS UNI'NO VOID
ETFEQESAEEG"W'IT[[ VOID 0.7 - - - -CFABS UNI/'WITH vOID
07 = = = "CFABS ALGN B Tr “FARS SULTS
——— CFABS ALGN/NO YOID CEABS CTRESULTS
0.6 F CFABS UNI/NO VOID J 06k
= = = \CFABS UNI'WITH VOID
~= 05k CFABS CT RESULTS d ~~os}
04} 1 o4}
03 . 03k o ______ -
’
02f 4 ez} B
01kl i nif IS
0 I e —— = === - == 0 ! L L L L 2
0 100 200 300 400 500 0 100 200 300 400 S00
Time (s) Time {s)
Bead 3-4 Interface Corner Edge D, Bead 4-5 Interface Corner Edge D
1 r - . - 1 T . T r
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~ = =CFABS ALGN/WITH VOID (1 4 ' - - - -CFABS ALGN/WITH VOID | ]
CFABS ALGN/NOVOID ——— CFABS ALGN/NO VOID
0.8 ———CFABS UNI/NO VOID 1 (R34 CFABS UNI/NO YOID
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Figure 3. Estimated degree of healing at selected bead interfaces: (a) interface 1-2, (b) interface 2-3, (c)
interface 3-4, (d) interface 4-5.
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Figure 3 also includes calculated results for bead systems with perfectly aligned
and perfectly random using thermal conductivities from Table 3. It was determined that the
cooling rate for neat ABS was much slower than that of CF/ABS which resulted in bead
interfaces remaining at higher temperatures longer for ABS as compared to CF/ABS, thus
increasing the degree of healing. It was also shown that the decreased cooling rate within beads
further from the build platform also results in increased adhesion. In summary, the presences of
carbon fiber, the random orientation of carbon fiber, and the presence of voids all decreased
adhesion.

Thermo-Elastic Stress

The coupled thermo-mechanical simulation based on material properties in Tables 3 and 4
showed that the relatively higher elastic moduli and cooling rates in CF/ABS promoted higher
residual stresses as compared to neat ABS which is shown in Figure 4. In addition, the locations
of high residual tensile stress were shown to be in areas of high void content which is expected
as the outer shell of the bead tends to become more ridged first putting the bead interior
material under tension as it contracts during continued cooling.

15t Principal Stress prior to Next Bead Deposition
Bead

Neat ABS CF/ABS
1 4.03 (MPa) 6.57 (MPa)
2 4.29 (MPa) 5.39 (MPa)
3 3.57 (MPa) 3.99 (MPa)
4 2.89 (MPa) 6.33 (MPa)
5 4.23 (MPa) 7.22 (MPa)
6 4.56 (MPa) 7.61 (MPa)
7 5.65 (MPa) 8.43 (MPa)
8 6.14 (MPa) 8.85 (MPa)

Figure 4. Calculated Von Mises stress within printed beads of ABS and CF/ABS determined through a
transient thermo-mechanical simulation of LAAM bead deposition

Fracture behaviors

The effect of degree of healing on the quality of bead adhesion was assessed by analyzing
the interbead fracture properties, i.e., critical strain energy release rate G at various locations in
the LAAM printed bead stacks. Table 5 shows the measured intrabead and interbead G, of neat
ABS and CF/ABS. The single-bead specimens were used to produce intrabead G;. which were
found to be lower as compared to neat ABS, especially at the initiation stage, which is attributed
to the presence of voids acting as crack initiators in the CF/ABS samples. The maximum measured
G;- in CF/ABS was higher than that in ABS due to the fiber pull-out that provided additional
energy dissipation during the intrabead fracturing process. In double and multi-bead
configurations, ABS exhibited significantly higher interbead adhesion than CF/ABS due in part to
the relatively lower number of voids present in the ABS sample. Note that the calculated degree
of healing was found to be poorer near the print bed (i.e., D, = 0.83 and 0.06 for neat ABS and
CF/ABS, respectively), and improved adhesion was observed with distance from the print bed (i.e.,
the computed Dy, exceeded unity for both neat ABS and CF/ABS) which is consistent with the high
measured G;. values obtained from multi-bead specimens.
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Table 5. The strain energy release rate G;. measured in intrabead and interbead of ABS and CF/ABS
using single-bead, double-bead, and multi-bead test specimens.

Fracture . Gre (J/mz) Gre ('.sz)
orientation Specimen type Initiation Maximum
ABS CF/ABS ABS CF/ABS
Intrabead Single-bead 270 90 600 1060
Interbead Double-bead 150 80 1170 770
Interbead Multi-bead 2420 590 - -
CONCLUSIONS

This paper presents a framework for analyzing the effects of microstructural features, such
as fiber orientation and voids, on the thermal behavior and fracture properties of large-area additive
manufactured short fiber composites using X-ray computed tomography. A two-dimensional
transient thermal finite element analysis revealed that neat ABS beads maintain higher
temperatures than CF/ABS beads after deposition, due to the enhanced thermal conductivity from
the carbon fibers in CF/ABS, which results in faster cooling. The study also found that carbon
fibers lower bead temperature and reduce interbead healing. In addition, fiber orientation was
shown to significantly effect predicted adhesion as random fiber distributions yielded lower
adhesion as compared to uniaxial alignment. Voids in CF/ABS composites increase maximum
principal stress and reduce adhesion (critical energy release rate), though fiber orientation plays a
more crucial role in stress variation, with unidirectional alignment leading to higher anisotropic
behavior.
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