Applicability to Honeycomb Compression

To examine the validity of the ROM model vddoped in this work, honeycombs were
fabricated on the same printer (MarkForged MBnko) per the design shown in Figure 12a. The
smallest thickness that could consistently fit two CCF paths within two walls of Onyx, as shown
in Figure 12b was 3.72mm. A paused print with the CCF and Onyx visible is shown in Figure 12c.

(@) (b) (c)

Figure 12 (a) CAD file of honeycomb with 3.72mm thick walls — this thickness was the minimum
possible to (b) fit 2 inner walls of CCF within 2 Ngaof Onyx, (¢) paused print showing the different
paths of CCF and Onyx

These honeycombs were then subject to compression with an INSTRON 8801 (50kN load
cell capacity). Initial data suggested a significant strain rate dependence (see Figure 13a) for both
the effective modulus (Figure 14b) and for the peak load (Figure 13c). For this work, we are only
concerned with the effective modulus, and asleaseen in Figure 13b, this value saturates
below 10° s,

The question of interest emerging from the prior work therefore was this: can the ROM model,
when implemented in Finite Element Analygt&A) predict the response of the honeycomb under
compression? To address this, material properties were required for the FEA model. With the prior
ROM models, the only additional informatioreeded is the volume fraction specific to the
honeycomb beams. Once again, a paused pristmeasured with the Keyence microscope, as
shown in Figure 14, and an average of measurenehtdifferent regions was used to estimate a
CCF volume fraction of 0.4773. Using the two RO@hthods previously discussed, the elastic
modulus was estimated as 36.41 and 34.71 GPdhéorinear fit, and averaging methods,
respectively.

The finite element model, developed in ANSYSshown in Figure 15b, and was setup with
a mesh size such that 3 solid elements sphtirethickness of the beam — this was found to be
sufficient from a refinement stdpoint, in that subsequent mment did not change reaction
force results by more than 3%. The FEA nidud frictional contacts between honeycomb and
platen with a frictional coefficient of 0.15.
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Figure 13. (a) Compression of honeycombs at effective strain rates spanning seven orders of magnitude,
(b) effective elastic modulus, and (b) peak load (first maximum), as a function of effective strain rate

Figure 14. Measurements of Onyx and CCF widths for computation of volume fraction
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(b)

Figure 15. (a) Experimental setup for honeycomb compression on an INSTRON 8801, and (b) FEA
model simulating the same

Comparisons between the experimental result from the test conducted at 10-6 s-1, and the FEA
model for both ROM approaches is shown in Figure 16. As can be seen the discrepancy is vast,
with the experimental result vastly less stiff than that predicted in the model. This may be attributed
to several reasons: the ROM model is derived from a pure tension study, with the fibers loaded
only in the axial direction — in a honeycomb, in particular one as thick as this, the stress state is a
combination of bending, axial and shear loading. A second contributing factor is the behavior at
the nodes, which are idealized as having homogeneous properties, but in reality are the site of
significant porosity, as seen in Figure 14. These results, while far from desired, are nonetheless
presented here in the hope that they suggest future directions to the community concerned with
modeling 3D printed composites.
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Figure 16. Comparison between FEA and experimental result showing a wide discrepancy
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Discussion

This work adds to prior published work with regard to the development of ROM models for
Continuous fiber composite 3D printing. The following three points are highlighted for discussion,
and consideration in future work:

The use of ASTM D638 specimen designs for composite 3D printing, as has been done by
us in this work, and others in the literature, needs to be reexamined, with designs that are
not sensitive to fiber start points and voids, developed.

The large discrepancy between experimental and FEA modeling for the honeycomb
compression indicates the need for a more thorough characterization effort beyond just
tensile testing conducted here. Additionally, a more effective approach may be to
characterize a member that matches the beam geometry and process parameters exactly
[18] or extracts material properties using inverse homogenization approaches from testing
honeycomb [19].

Void regions are quite common in material extrusion based processes, and the composite
3D printing process used in this work is no exception. A more accurate model would
therefore account for these voids.
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