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ARTICLEINFO ABSTRACT

Eeywords Large-format additive manufacturing (LFAM) iz a branch of additive manufacturing (AM) research with the
Thermeplastic polymer ability to create large structures typically measuring several meters in seale. LFAM iz advantageous for tooling
Shoet-fiher campacites applications, not cnly because it offers the ability to create complex gecmetriss not easily made using subtractive
Digital image correlation manufacturing processes, but the cost savings of pelletized feedstock nsed by these systems result in larger parts
]'h'm[ omechanical properties printed at faster speeds than traditional AM systems. Fiber reinforced polymer (FRP) iz 2 commonly used

feedstock material in LFAM structures because it reduces the distortion experienced during printing. However,
FRP inroduces highly anisotropic thermomechanical properties and conmributes to a nonhomogeneous micro-
smucture that can result in critical distortion of dimensions during tooling. Meazuring the global thermo-
mechanical response of LFAM structures requires a more representative method that accounts for not only
anizotropic properties but alzo the nonhomogeneoses namre of the final part This is where traditional techniques
to measure thermomechanical response, such as thermomechanical analyziz (TMA), fall short as they azsume
homogeneity. This study evaluated the coefficient of thermal expansion (CTE) of LFAM structures az measured by
TMA as compared to a novel digital image correlation oven (DIC Oven) system. The LFAM structures were made
from 20 % by weight carbon fiber reinforced acrylonitrile butadiene styrene (CF-ABE). TMA measurements
showed zignificant variations in CTE across a single LFAM bead, confirming the need for a global technique that
captures overall thermomechanical response. The CTE values measured uzing the DIC Oven compared well to
average TMA values obtained from localized measurements across the zample. The DIC Oven was also used to
quantify the effects of different layer orientations on thermomechanical propertiez, which canmot be easily
captured uzsing TMA. A predictive model was alzo developed by using localized TMA values across an LFAM bead
to predict the overall thermomechanical response of an LFAM structure.

1. Introduction [5.2,9.11]. Howewver, the addition of fiber reinforcement material in-

troduces highly anizotropic thermomechanical properties [12-15]

Large-format additive manufacturing (LFAM) 15 a subset of additive
manufacturing (AM) that epecializes in pronting large volumes (=1 m®)
at high deposition rates (~50 kg/hr) [1-7]. Instead of wsing a wound
filament feedstock, LFAM typically uses fiber reinforeed polymer (FRF)
pellets as feedstock for a single-serew extruder beecause it reduces the
material cost and allows printing of larger parts at faster epeeds without
the need of a heated build chamber [2.9]. FRPe also typically increase
the stiffness and reduce the coefficient of thermal expansion (CTE)
exhibited by the print structure after extrusion [1-2,10]. These cost and
gize advantages make LFAM a popular process for tooling applications
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which can causze the composite tool to warp due to thermal distortion
that may occur during an autoclave eyele [5,12,16-20]. LFAM tool
expansion, ag llustrated In Fig. 1, neads to be better understood and
allow designers to develop parts that reach correct dimensions after this

1.1. Non-homogeneity of LEAM structures

While using FRP: does lower the CTE of LFAM structures, the fiber
reinforcement aleo resulte iIn nonhomogenecous thermomechanical
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properties across the structure that are dependent on fiber orientation
and diepersion within the matrix material [10,13-15,21-27]. During
material extruzsion, fibers are aligned in the direction of the print head
travel by shear forees acting within the nozzle in a process referred to as
fiber alignment that resulis in a bead with an outer shell of highly
aligned fibers and a core of randomly oriented fibers at the center, as
shown by Fiz. 2 [7,13.14,25,28-31]- The fibers themselves are anizo-
tropic with resistance to thermal expansion significantly higher (over
10x) in the longitudinal direction than transverse [32 33]. This signifies
that the orientation of fiber dictates how well the reinforeing material
resiste thermal expansion. With varying fiber onentation within the
bead and thermomechanical properties dependent on fber onentation,
the printed LFAM bead iz not only laghly anisotropic but also nonho-
mogencous across the microstructure. Since an LFAM structure is
entirely constructed of these nonhomogeneous beads, the end resultiz a
nonhomogeneous final structure. The hierarchical structure of LFAM
prints iz illustrated by Fiz. 3; namely the microstructure (3 A), the
mezostructure (3B), and the maecrostructure (3C). The microstructure is
the complex arrangement of fiber and poroeity within a bead that de-
pends on orientation, distnibution, and location along the cross-section
Mesostructure describes how these different beads and layers interact
with one another az influenced by microstructure az well az the quality
structure refers to the behavior of the printed structure az a whole,
including the overarching print geometry and layer sequencing.

1.2. Thermomechanical analyss

The CTE walues of a material are an important design consideration
in any scenario where a range of temperatures will be experienced. A
typical method to measure CTE 15 by thermomechanical analyeis (TMA).
TMA iz a localized measurement method that analyzes change in
dimension az a function of temperature change at a constant rate,
typically uzsing a linear variable differential transformer (LVDT). For an
anisotropic material, in order to capture the directional dependence of
CTE, TMA measurements must be taken in each cardinal direction
While TMA can measure the CTE of homogensous or orthotropic ma-
terials with high accuracy, the technique struggles to accurately mea-
sure the properties of a nonhomogeneous material, such as printed FRP,
since TMA assumes homogeneity. TMA iz also imated by the size of the
sample (5 mm* 5 mm x 5 mm in thiz study) which iz often smaller than
the LFAM bead itself (cross section of 15 mm»6 mm in thie study) [1,2,
4,6,34-36]. While multiple TMA measurements can be taken across a
sample with varying composition (complex microstructure], 1t is diffi-
cult to capture the interactive effects of the mesostructure that affect the
macroscale properties of LFAM structures. Therefore, this study has
explored other methods to better represent the macrostructural ther-
momechanical response of LFAM structures by capturing the effects of
complex.

1.2. 2D digital image correlation

A common method for collecting strain data over a large area 1=z
digital image correlation. Specifically, two-dimensional digital image

el -

Designed
Composie
Part Shape

Taol-Fart
Intertace

ng_h

wm.ﬁ

Additive Marmrfacturing 94 (2024) 104479

correlation (DIC) i= an accurate way to record the strain experienced by
a sample by tracking the relative movement of diserete surface markers
before and after loading eonditions [37-42]. For typical DIC testing,
samples are speckled with small black dots against a white background
to create a contrast across the desired surface of interest (SOI). This
sample 501 iz imaged before and after deformation using a camera. The
DIC computer software then divides sach image into small regions,
called subsets, based on the arrangement of speckles to create a unique
“fingerprint” across ecach image. The two-dimensional displacement
expernienced by the SOI iz caleulated using DIC computer zoftware by
comparing the relative location of corresponding subsets before and
after deformation in the form of displacement vectors, as chown by
Fiz. 4, for each image captured using the camera. By averaging
displacement vectors from each image, the DIC software determines the
average two-dimensional strain experienced by the sample [39 40].
Thuz, DIC can be applied to entire faces of nonhomogeneous samples to
capture spatially varying global effects rather than relying on the imited
sampling volume available to TMA techniques.

1.4. Dhgital image correlation oven

The Digital Image Correlation Owen (DIC Oven) shown by Fiz. Siza
novel gystem that uses DIC to track the strain experienced by an LEAM
structure before and after a thermally-indueced distortion [24,34 35,
43-45]. The 5SMP (megapixel) camera used in this system iz mounted
under the oven furnace with the sample placed over the opening of a
stationary tray. Thizs specific placement of the sample limits strain to a
two-dimensional plane that iz parallel to and maintains a constant dis-
tance from the DIC camera. With the strain caleulated by the DIC =oft-
CTE expericneed by LFAM structure can be caleulated. This system has
been optimized and ealibrated to provide accurate CTE results within
20 ppm (parte per million) [45]. The DIC Oven iz thus advantageous for
measuring the CTE of LFAM structures because large surface areas
(45 mm %45 mm) can be measured simultaneously to capture the com-
bined effects of both the microstructure and mesostructure on the
macroscopic propertics.

1.5. Modeling thermally-induced distortion

A model has also been developed as a means of predicting the global
response of a large nonhomogeneous structure to thermally-indueced
strain by combiming dizerete, localized TMA measurements. Other
finite element analyziz (FEA) methods [12,20,44 46 47], but each of
these studies make some degree of a simplifying assumphion either by
averaging TMA samples of dissimilar microstructure or by assuming
microstructural symmetry about the bead center. This study addressed
dizeussed mn Section 1.1, by using a umique TMA sampling method that
accounts for site-specific fiber orientation to capture localized micro-
structural effects to better represent the resulting macrostructural
properties

Distarted
Composite Part

High
Temperature

Flg. 1. Composite part distortion from anizotropic thermal expansion iz shown.
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Filg. 5. An image of the DIC Onren (left) and a schematic of major compo-
nents (right).

2. Materials & experimental methods

This study utilized 20 % by weight carbon fiber reinforeed acrylo-
nitrile butadiene styrene (CP-ABS) samples printed on the Big Area
Additive Manufacturing (BAAM) system at Oak Ridge National Labo-
ratory [1-5]. The coordinate syetem used for thiz work defined the
x-direction parallel to the print direction, the y-direction perpendicular
to print direction within the printed layer, and the z-direction perpen-
dicular to the build surface. The thermal response was measured in cach

of thege directions using both TMA and the DIC Oven. A TMA sampling
technique iz deseribed that attempted to capture the complex micro-
structure of the structure by measurning multiple locations across the
LFAM bead. The DIC Oven was used to more accurately represent LFAM
properties with global data rather than localized data Finally, the
development of an FEA model within Abaque iz deseribed that vhilized
the localized TMA measurements to predict mesostructural propertics.

2.1. LFAM printing

The BAAM samples tested in thiz study were printed using CF-ABS
with a 12.7 mm diameter nozzle, resulting in beads with an approxi-
mate cross-section of 15 mmx 6 mm. The final printed structure was
machined into a 50 mmx 50 mm* 50 mm cube with flat, paralle]l faces.
Two different layer cnentations were tested mn this study to explore the
capabilities of the DIC Oven with one sample prnted using 0°/0° (0—0)
and another using 0° /90 (0—90) layer onentation. A layer orientation
of 0-0 has each layer onented the same direction, whereas a 0-90 layer
orentation has each xy-plane rotated 90° from the previous layer, as
shown by Fiz. 6A. The samples of thiz work were printed using a
“serpentine” toolpath for each layer, where the direction of printing
alternates as shown by Fiz. 6B.

2.2 TMA approach

Since the orientation and distribution of reinforcing fibers wvary
considerably acroes an LFAM bead, as shown previously by Fiz. 34,
such effects or when developing a predictive model of global behavior.
Thiz approach involves taking samples at multiple locations across the
bead to capture distinet regions of fiber onentation that have been
identified by previous studies that addressed the non-homogenous dis-
tribution of fiber orentation across a single LFAM bead [7,14,25,28, 48,
49]. The TMA samples in thiz study were taken from a machined LFAM
printed structure, as shown in Fig. 7. The LFAM bead was dinded into
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Flg. 6. The layer orientation used to print the 0—0 and 0-90 structures (A) az well as the serpentine toolpath for each layer (B).
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Flg. 7. The process of machining the 50 mm=50 mm x 50 mm LFAM cube to 5 mm=5 mmx5 mm TMA samples.

different regions as chown in Fiz. 2, referred to as: left bead interface
(LBI}), left of eenter (LC), center of bead (CB), right of eenter (RC), and
right bead mterface (RBI). Thiz approach intentionally isolated the
highly aligned edges of an LFAM bead while also capturing the interface
created by neighboring beads (LBI, REI), the less alisned off-center re-
gion (LC, RC), and the randomly oriented eenter of the bead (CB). The
sampling was accomplished by machining away an individual layer
(xy-plane) from an LFAM structure and using a Buehler lsoMet diamond
zaw to create emall (5 mm*5 mm* 5 mm) TMA samples with parallel
faces (Fiz. 7).

The 5mmx5mm x 5mm samples cut from the original LFAM
structure were dned in a furnaee at 80°C for at least 8 h, allowed to cool
to ambient temperature in a desiceator for at least 2 h, and tested uzing a
TA Instruments Q400 TMA. These dimensions were chosen to comple-
ment the size of the 7.5 mm diameter LVDT probe and reduce the in-
fluence of probe placement on sample measurement. Each of the CF-ABS
TMA samples were tested twice to ensure consistency. Each test con-
gisted of 4 cycles where each eyele heated the zample from room tem-
perature to 90 “C at a rate of 5°C/min and allowed the sample to
naturally cool between cyeles. Data was processed using TA Instruments
Universal Analysiz software where the firet set of data was discarded as
relieving residual stress. The data from eyeles 2—4 were used to caleulate
CTE values by using the alpha fit function of the TA Universal Analyzis
software to analyze the mostly linear region from 30 “C to 90 “C. The
CTE values from cvcles 2—4 were averaged from both tests to determine
an average CTE value to represent each TMA sampling location. This
process was repeated for the x, v, and z-direction of each TMA sample to
calculate an anizotropic CTE for each region and a corresponding stan-
dard deviation. Average CTE values recorded using TMA were plotted +

[ LFAM Structure XY Plane |

one standard deviation.

2.3. DIC oven approach

Both the 0-0 and 090 layer cnientation CF-ABS cubes were dried in
a furnace at 80 “C for at least 8 h and allowed to cool to ambient tem-
perature in a desiecator for at least 2 h. Each cube had an xy- and x=-
plane selected for sample preparation based on having minimal de-
fects and the most parallel faces [34,37,39 45]. Each face of interest was
lightly coated using white matte finich Krylon High Temperature spray
paint to create a light color over the naturally dark CF-ABS surface.
Samples were then speckled using a Correlated Solutions Speckle Kit
with a stamp, evenly covered in 0.007" gized dote and black ink This
speckling method provided adequate contrast for accurate subset
tracking without negatively influencing the face of interest as deseribed
in [45]. The contrast of black speckles over a white surface allowed the
DIC to measure surface movement by subset tracking [40.41]. The
speckled CF-ABS eamples tested using the DIC Oven are shown by Fig. 9.

DIC Owven testing began by aligning the x-direction of sample parallel
to the x-direction of the Vie Snap-8 sofiware and adjusting the brighiness
of the oven lighting according to previous work [45]. With the sample
properly placed and highting adjusted, a set of 45 Images were taken at
room temperature (~20 “C) with an acquizition interval of 100 ms
across a 5 ¢ ttme frame. The DIC Oven furnace was then heated to 90°C
at a rate of 5°C/min and the sample was allowed to reach thermal
equilibrium for at least 6 h to ensure adequate steady state had been
reached bazed on the study in [24]. Onee the zample was allowed to
reach steady state, a set of 45 images were taken uzing the same camera
conditions as at room temperature to sufficiently capture the

[ LM Structure ¥Z Plane |

Fig. 8. The cut locations for the LFAM structure to create TMA zamples (red).
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Fig. 9. Speckled LFAM samples that were measured using DIC Oven testing in thiz study.

thermally-induced strain experienced by the LFAM sample [45]. The
total set of 20 images from the room temperature and steady state
captures were uploaded to Correlated Sclubion’s Vie-2D software to
calculate the average strain experienced by the sample onee the thermal
load was applied and steady state was reached. Any strain measured at
room temperature condibons was treated as system nolse and dis-
regarded since no thermal loading had yet occurred. Eq. 1 was used to
calculate CTE using known wvalues of: strain at room temperature (£g7),
strain at steady state (£55), room temperature (Tar), and steady state
temperature (Teg).
Ez5 — EpT
Tss — Tar

CTE = (1)

Each sample was then run a second time with the orientation rotated
907 go that the x-direction of the physical sample was perpendicular to
the x-direction of the coftware. Averaging the “fipped” orientation
measurement with the original measurement accounted for any bias that
may result from the alisnment and lighting process [34,45]. This test
process was nun twice for each speckled face of mterest resulting in four
CTE data pointz for each directionally dependent value of each face.
Corresponding CTE values were averaged to obtain an overall CTE value
and standard deviation to represent each cardinal direction for each
sample.

A) Single LFAM Bead —
- I_rtﬂkjl I_rFtl:kjlf_ -
T (REN

@\

Single Bead
Profile

B] LFAM Layer (4 beads)

C) LFAM Structure (4x8 beads)

0-0 Model

0-90 Model

Flg. 10. A flow chart thowing the development and hierarchy of the FEA model.
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2.4. FEA modeling approach

An FEA model was developed using Abaqus (version 6.18-1) to
predict thermomechanical response for both the 0-0 and 090 LFAM
structure. This model utilized a technique that attempted to capture the
effects of varying fiber orientation by implementing localized CTE
values to predict more realistic behavior of a fiber reinforeed bead. Each
model began with a single LFAM bead comprized of five regions, as
chown in Fiz. 10A, that corresponded to TMA sampling locations
deseribed In Section 2.2, The CTE values assigned to each region in the
FEA model were thus representative of the x, v, and z-direction CTE
values obtained during TMA testing, as detailed in Table 1. The
remaining anisotropic material property inputs for the FEA model were
taken from previous LFAM studies that used CP-ABS material and are
histed in Table Al of the appendix [13,45].

Once the multi-material bead was ereated, successive beads were
combined into layers that reflected the serpentine toclpath taken during
the printing. A layer was assembled by patterning an LFAM bead along
the y-direction to ereate a 4-bead wide layer, as shown in Fiz. 10B. The
second and fourth beads of the layer were rotated 180° about the x-axis
to capture the effects of the serpentine toclpath on thermomechanical
responze and resulted in mirrored regions about every other bead
interface. For the 0-90 model, the x and y-direchion CTE values were
switched for every other layer to match layer-specific properties to the
global coordinate system used by Abaqus. A merge feature was used to
combine individual bead geometries into a single layer so the entire part
(now a single LFAM layer) would deform together rather than the
deformation of individual beads. With the serpentine patterned LFAM
layers completed, sueccessive layers were constructed into cubes by
patterning layers along the z-direction to create an 8-layer high LEAM
structure. For the 0-90 model, every other layer was rotated 207 to
reflect the 0-90 layer orientation of the printed structure. Fig 10C
showe the full multi-bead LFAM cube that was constructed for both the
00 and 0-90 structure. Once the correct layers were in place for cach
model, the merge function was used cnee again to allow each LFAM
structure to deform as a single part, rather than independent layers.

With final dimensions of 60 mm *60 mm x &0 mm for each LFAM
structure, a single corner wae fixed in x, v, and z-directions to allow cach
model to expand from a single reference point. The LFAM structures
were each thermally loaded by creating a change in temperature of 70 °C
to simulate thermal loading from room temperature (20 “C) to a heated
temperature of 90 “C throughout each structure. A mesh was created
across cach structure using 15200 total 3D strese elements with cubie
chape and an element size of 3 mm =3 mm x 3 mm. The element type
implemented in each model was an 8-node thermally coupled trilinear
dizplacement element (C3DET element type).

3. Experimental results and discussion
3.1. TMA results

The average CTE values measured using TMA, based on the sampling
location deseribed in Section 2.2, are displayed in Table | with + one
standard deviation listed in parentheses for the 00 orientation CF-ABS
sample. Fig. 11 also showe the CTE resulte plotted with standard

Table 1
CTE wvaloesz recorded from TMA testing.
TMA CTE Regults (pm,/m"C)

Lot - - et Forect oroct
—7.5 mm LB1 189 (+ 1.4) 816 (+9.7) 81.1 (£ 3.1)
—3.5 mm Lo 239 [+ 4.0) 746 (£ 1.0) 113.6 [+ 4.1)
0.0 mm CB 13.0 [+ 0.5) 359 (+ 2.0 123.8 [+ 6.2)
3.5 mm RC 14.8 [+ 2.2) 65.1 (£ 1.0) 1009 [+ 7.3)
7.5 mm BBl 16.3 [+ 4.1) 46.6 [+ 3.3) 114.7 [+ 4.00

Additive Mamufocturing 84 (2024) 104479

“B-x-direction -@-y-direction =d—r-direction

140

120 F

00

a0 r

60

CTE [um/m*c)

an |

0

e e

10,0 5.0 0.0 5.0 10.0
Sample Location (mm)

Fig. 11. CTE values of the 0-0 CF-ABS cube taken using TMA testing.

deviation bars to show wvariation across the printed bead with the CB
identified at 0.0 mm. Owerall, the trend of the TMA data shows an in-
crease in CTE values from the x-direction to y-direction with z-direction
being the highest value This trend was expected not only due to the
anmizotropic response of the fiber reinforeed material, but also based on
the nonhomogeneous distnbution of fiber onentation throughout an
LFAM pnnted bead, commonly referred to as the highly oriented shell
and randomly oriented core [7,14,25 28 32 48 49]. Note that due to the
stochastic nature of shear fiber alignment, there remaine a fair degree of
orentation vanability even in the highly aligned regions. However, the
majority of fibers chear-align in the direction of the print (x-direction]),
g0 the x-direction CTE (CTE,) values were lowest at each region tested
since the fibers best resist thermal expansion in the longitudinal diree-
tion The y-direction CTE (CTE,) values were higher because the
expansion was measured perpendicular to the direction of the highly
aligned fiber where less resistance to thermal expansion was provided by
the fiber reinforcement. The z-direction CTE (CTE;) values were highest
not only because less resistance to expansion was offered transverse to
the highly criented fiber regions but also from effects of the tamper used
by BAAM to “squish” the bead that further decreased the amount of fiber
oriented parallel to the z-direction [1,7.258]. This variation of CTE values
exhibited acroes the bead are a function of varying fiber orientation and
emphasizes the importance of preciee sampling techniques across mul-
tiple locations.

MNotice the CTE data 15 not symmetric about the center of the bead.
While the LC and RC regions of the bead are similar, the CTE,, CTEy, and
CTE, values of RC were all lower. The LBI and RBI regions differ the most
with the CTEy and CTE; values of LBl being much more similar than at
the right interface. This was most likely a result of the asymmetrical
shear field imposed by the reversing deposition of the serpentine tool-
path (Fiz. 6B) that was used to create the LFAM structure [50]. The
serpentine path used during material deposition ereated contact along
one bead edge against already deposited material while the opposite
asymmetric chear profile within each bead. Owerall, the LC and RC re-
glons are more symmetrical about the CB than the LBl and REIl regions,
likely due to effects of the neighboring beads within the layer affecting
the bead edge with these effects reduced towards the bead center.
Another trend of thiz data was while CTE, stayed relatrvely simalar
acroes the bead, the CTEy and CTE, values changed inversely relative to
one another from region to region across the bead position. Specifically
analyzing points from CB to RC, as the value of CTE, decreases, the CTE,
inereases. This trend was consistent across each sampled location with
the inverse of this effect also true. This trend quantified the rotation of
the fiber orientation tensor and how tensor orientation changed across
the bead while maintaining the x, ¥, and z-relationships deseribed in [7,
258,29 5]-53]. This inihal TMA data clearly shows the dependence of
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CTE on bead location and emphasizes the importanees of talang multiple
samples acroes a bead to represent the complex microstructure of an
LFAM structure deseribed previously n Section 1.1.

3.2. DIC oven resultz

The CTE values obtained by DIC Oven testing are shown in Takble 2
with + one standard deviation listed in parentheses for both the 0-0 and
020 samples. Results from the 0-0 cube were similar to those obtained
using TMA in other studies [14,15]. Like the TMA results, the 0-0 cube
exhibited the lowest CTE value in the x-direction and the lnghest in the
z-direction. This was attributed to the effects of fiber crientation since
the aligned fibers in the x-direction best resist expansion in the long-
tudinal direction (also the x or print direetion), resulting in lower CTE,.
The y-direction saw higher CTE values than CTEx because expansion
oceurred transversely to the highly alipned fibers, which provided less
resistance to expansion. The CTE; value was highest because not only
did expansion oceur transversely to alisned fiber but also sinee the bead
was printed approximately 2x wider than the layer height (~15 mm
width ve. ~ 6 mm layer height). Thizs typical LFAM bead geometry,
resulted in over 2x more interfaces between adjacent layers than be-
tween adjacent beads in a given distance along the respective direction,
meaning there were also over 2x more regions of highly cnented fiber
for the xz-plane than the xy-plane. Due to the increased number of
highly onented fiber regions at layer interfaces, the CTE: values were
higher than those measured in the y-direction.

The results in Table 2 show that the 090 layer orientation had a
significant influence on thermomechanical properties az represented by
the reduced amsotropy in the xy-plane CTE of the 0-90 cube. Results
showed the difference in CTE, and CTE, was reduced from 246 % for the
0-0 cube to only 10 % for the 090 cube due to altermating layer
expanding perpendicular to each other. Compared to the 0-0 cube, the
0-90 cube exhibited higher CTE, and lower CTE, while CTE; was rela-
tively unaffected by the different layer onentation. These results were
attributed to mesostructural effects of the 0-90 layer orientation. While
each layer of the 0-0 cube deformed together with little to no resistance
from surrounding layers, the 0—90 cube expenenced expansion in
competing directions from each alternated layer that resulted in a less
anisotropic response by the CTEy and CTEy values. Since layer orienta-
tion iz a mezostructural feature, the effects of the different layer orien-
tation pattern on thermomechanical response were able to be captured
with the DIC Oven but were not captured by TMA due to its localized
testing nature.

3.2. Comparing TMA and DIC oven resultz

The results taken from TMA testing were compared to the DIC results
to understand how the localized TMA method differed from the global
DIC Oven measurements. The plot shown in Fig. 1 2 compares x, ¥, and =-
direction CTE values taken uszing the site-specific TMA data with data
from the DIC Oven overlaid to represent global CTE walues. The CTE,
values obtained were similar for both the TMA and DIC Oven techmiques
with 3 of 5 TMA locations falling within 10 % of the DIC Oven values.
Since the x-direction thermomechanical properties should be consistent
along the print within the same extruded bead, it 15 reasonable that the
structure should exhibit similar CTE, properties. The CTE, wvalues
collected using the DIC Oven were lower than 3 of the 5 TMA values

Table 2
CTE valoez obtained from DIC Owven testing.

DG Owen CTE Results (m,/ 'm0}

Cube x-fdirechion y-dorection E-drection
oo 153+ 1.1) 529+ 2.2) 1222 (4= 3.5)
[ ) 2690+ 1.4) 2050+ 1.1} 1197 (4 6.00

Additive Mamufocturing 84 (2024) 104479

—B—=TMAX —8—TMAY —h—TMAZ -0 DICK =ooooe

CTE [pmm*C)

Sample Location {mm)

Flg. 12. A comparizon of CTE values taken uzing both TMA and the DIC Owen.

collected. This was likely due to the less accurate representation of the
LFAM zample by TMA since the TMA samples could not account for
surrounding beads that acted as a boundary condition to limit expansion
at a mesostructural seale. Compared to the TMA walues, each of the CTE,
values measured via the DIC Oven were higher except those taken from
the center. The most likely reason for the diserepancy was the ability of
the DIC Oven to capture effects of multiple layers expanding simulta-
neously while the TMA only measured a emall section within a single
layer.

TMA did not accurately represent the global response of the LFAM
structure because it 1z not able to capture the influence of the meso-
structure on the thermally-induced distortion. Therefore, the DIC Oven
demonstrated an ability to more realistically characterize the global
response of an LFAM structure without requining nearly as many tests.
For example, the DIC Oven required 4 tests to represent a single LEAM
structure, while TMA required over 30 tests to account for the nonho-
mogenecous, anisotropic thermomechanical response due to the localized
nature of TMA.

3.4 FEA model result=

Both the 0-0 and 0-90 structures were modeled to show effects of
different layer orientation on the predicted thermomechanical response.
The average CTE of the model was calculated by averaging directional
strain of each element in each direction and dividing by the change in
temperature, just as in Eq. 1. Results predicted by the FEA model were
compared to the global CTE walues as shown in Fig. 13. The DIC Oven
results were used to validate the FEA approach.

The FEA results from the 0-0 model were 13-15 % higher than the

ODIC0-0 OFEAD-0 ODICO-20 [CFEA0-20
140

120 j_*. B3 -I—

1
=

100 F

BD

CTE (um/m*c)

40

e

w-direction

il

y-direction

Directional CTE

T-direction

Flg. 13. The CTE results predicted by the FEA model were compared to values
recorded by the DIC Owven.
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DIC Oven results for x, y, and z-direction and showed promise as a
predictive tool not only because they were similar to the DIC Oven re-
sults, but also because they followed the same pattern of CTEyx < CTEy <
CTE, that was exhibited due to fiber orientation. The 0-0 FEA model
verified that when site-specific TMA sampling was coupled with the
appropriate domain of a bead in the FEA model, TMA could be used as a
viable input to predict global response of an LFAM structure.

The 0-90 model captured the effects of layer orientation using the
same TMA inputs as the 0-0 model. While the 0-90 model predictions
were further elevated (25-35 % higher than the DIC Oven measure-
ments), the concept of predicting global performance based on site-
specific properties was validated. The model predicted that anisotropy
would be reduced between CTEy and CTEy from 267 % for the 0-0 model
to only a 4 % difference for the 0-90 model. It was also observed from
both the 0-0 and 0-90 model that the FEA predicted CTE, values were
lower than the DIC Oven measured values. While the x- and y-direction
thermomechanical properties were primarily compared for effects of
layer orientation, CTE, values were underestimated by the FEA
modeling since the mesostructural effects of multiple layers expanding
in the z-direction were not adequately captured by TMA.

Initial FEA results showed that with precise sampling of bead ma-
terial, this FEA model was a valid approach to predict thermally-induced
distortion. The differences between modeled and measured results
suggest that a modified technique to collect smaller TMA samples may
improve the predicted CTE values, especially for those measured along
the z-direction to capture fiber orientation localized at layer interfaces.
A correction factor may also be developed and implemented in future
studies to more accurately predict CTE values, but more work in this
area is required.

4. Conclusions

This study demonstrated a new method (the DIC Oven) for
measuring the thermal response of structures created via LFAM from
FRP materials and validated the global properties of an LFAM structure
using site-specific TMA measurements. Precise TMA sampling at pre-
scribed locations across the bead showed a clear variation in thermo-
mechanical properties (CTE) and highlighted the inability of TMA to
provide a single point characterization of such a nonhomogeneous
structure. By contrast, the DIC Oven captured global, anisotropic CTE
values that better represented the performance of the overall LFAM
structure, especially for applications such as printed tooling. Results
from the DIC Oven compared well to the average data measured across
the sample using TMA. While the majority of CTE4 values measured by
TMA fell within 10 % of the DIC Oven values, the CTEy and CTE, values
from TMA varied considerably from the global DIC Oven results due to
site specific fiber orientation. The difference in localized TMA values
from those measured by the DIC Oven were attributed to limitations of
TMA to handle variations at the microstructural scale and reinforced the

Appendix A

Table Al
Anisotropic material property inputs used for the Abaqus model.
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need for global measurements offered by the DIC Oven.

To quantify the global effects of different layer orientations (meso-
structural variations) on thermomechanical properties, the DIC Oven
was used to measure a cube printed using 0-0 and 0-90 layer orienta-
tions. Results from the DIC Oven showed the anisotropic response
exhibited by xy-plane CTE values was reduced from 246 % to only 10 %
due to the counteractive effects of alternating layers that preferentially
expanded perpendicular to each other.

A predictive FEA model was also developed to simulate thermal
distortion of LFAM structures and showed promising initial results with
patterns of anisotropy similar to those measured using the DIC Oven.
FEA predictions also properly captured the effects of layer orientation on
the thermomechanical response, showing a similar reduction in anisot-
ropy for xy-plane CTE values when comparing the 0-0 and 0-90 models.
These FEA predictions suggest that, with further refinements and vali-
dation using the DIC Oven, a model can be developed to accurately
predict thermally-induced distortion of an LFAM structure with meso-
structural variations. Future work includes the further development of a
predictive FEA model and investigation into the relationship between
fiber orientation and thermomechanical properties using the DIC Oven.
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Material Property Direction Value Units
Density — 1076 Kg/m®
Specific Heat — 1408 J/kgK
Thermal Conductivity M 1.284 W/mK
Ay 0.5522 W/mK
A3 0.2337 W/mK
Elastic Modulus Ell 6158 MPa
E22 2845 MPa
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Material Property Direction Value Units
E33 1244 MPa

Shear Modulus Gl2 741 MPa
G13 431 MPa
G23 426 MPa

Poisson’s Ratio v12 0.23 —
v23 0.37 —
v13 0.32 —

Data Availability

Data will be made available on request.
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