








Experimental Methods

The material used for this study was a 15% carbon fiber reinforced PLA (CF-PLA) purchased
as CarbonX from 3DXTech. Samples were produmed MakerGear M2 desktop printer with a
print temperature of 245°C. The individual tensiéenples were harvestédm a single vertical
wall, measuring 127 mm (x) x 12.7 mm (y) x 127 mm (z). The dimensions of the tensile sample
are shown in Figure 3 as they are waterjet cut from the printed vertical wall. The samples were
dried in an oven at 50°C for at least 8 hours stoded in a desiccant chamber prior to tensile
testing on an MTS servo-hydraulic test system (110 kN load cell, strain rate of 3 mm/min).

Figure 3. Tensile sample dimensions (left) in mm waterjet cut from printed wall (right).

A conventional solid sample it 45/-45 infill pattern was jpmted as an initial control
reference. As shown in Figure 4, the print time for the solid sample included only sum of the times
to print the individual layers (No Pin, No Paus#&Jhen pins were added on every fourth layer (8-

4 Pins), it consumed an additional 55 seconds &aeh increasing the print tina that particular

layer by more than 50%. Since the strength of the interlayer bond has been attributed to
maintaining a high interfacial temperature [19;2he additional time during every fourth layer
could significantly cool the interface and weaken the structure. Therefore, a more appropriate
control sample was algwinted without pins that includedpause on every forth layer to match

the print time of the pinned samples (No Pin w/ Pause). In practice, this could be representative
of a much larger part that would naturally have longer layer times.
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Figure 4. Print time comparison among solid samples.

Two pinning configurations were considered for this study. Both sample sets utilized three
rows of 8-4 pins across the thickness of the sample with a fill factor of 43%. The pinning
configuration within the x-y plane was varied among the two sample sets as shown in Figure 5.
For this figure, consider that the “K™ pin in the “A” location would be deposited after layer (Kn)
while the K pin in the “B” locations would be deposited after layer (Kn+m), where pins of length
(n) are inserted every other (m) layers. For the example of the 4-2 pins (n=4, m=2) in Figure 1,
pin (b) would be the first “A” pin (K=1) deposited after layer 4, and pin (c) would be the first “B”
pin (K=1) deposited after layer 6. When (n/2 = m), the seams between “A” pins are located on the
same layer as the mid-point of the “B” pins. Figure 5 shows a “Standard” pinning configuration
where the “A” pins are located on alternating rows of the x-y plane. If a fracture occurred across
a given x-y plane, the Standard configuration involving only three rows of pins would be unevenly
balanced. The “Staggered” configuration alternates the pin locations along a given row, providing
more balance across a 3 row structure.

Standard
A A A A A A
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B B B B B
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12 B’s
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Figure 5. Comparison of pin spacing patterns in the x-y plane.
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Results and Discussion

The ultimate tensile strength in the z-direction of the printed samples are shown Figure 6. The
conventional solid sample that was printed without pauses is clearly the best performing structure,
with a UTSz of 33 MPa. When the same structure was printed with a 55 second pause on every
fourth layer, the strength dropped to a baseline value of 12 MPa (64% reduction). The addition of
z-pins to the structure improved the UTSz by roughly 40% regardless of the pinning configuration
used (Standard = 17 MPa, Staggered = 16 MPa). Although the strength of the pinned structure did
not approach the solid sample printed without pausing, this represents a significant improvement
in strength when compared to parts that may be cooling down considerably between successive
layers (e.g. a large part with a naturally long layer time).
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Figure 6. Average ultimate tensile strength of solid printed samples (CF-PLA).

The fracture surfaces of the tensile samples are shown in Figure 7. It is apparent that the
unpinned sample had a very clean fracture surface, with the crack front progressing unobstructed
across the layer-to-layer interface (note: the two unpinned sample sets looked very similar). In
contrast, the two pinned samples resulted in very tortuous fracture surfaces as the crack front
deflected around the solid pins to find the weaker interfaces at the seams. The pin locations for
the latter two samples are highlighted in Figure 8, along with a schematic of the observed crack
front progression in the z-direction. It appears that the crack front crossed the pin locations at the
seams between pins rather than fracturing the pin or pulling it out of the structure. Close inspection
of Figure 8a shows a “string” of material originating from the red pin locations and stretching out
in a line (left-to-right) toward the next pin location. This is an artifact of a non-optimized pinning
process, where the extruded pin has slightly overfilled the hole and excess material has been
dragged along the surface to the next pin location. A similar pattern can be seen in the lower row
of blue pins in Figure 8a, but this time apparently originating on the right-most pin and being
dragged to the left.
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Figure 7. Representative fracture surfaces of tensile samples (CF-PLA).

A “stair-stepping” effect was observed at the fracture surface, but it is not readily apparent in
the photographs in Figures 8a and 8c. The seams in the Standard pin configuration remained
constant within a given row. Near bottom of the sample in Figure 8a, each of pins colored blue
have a seam at the same layer height, which is 4 layers below the seam locations of the middle row
of pins colored red. Observing the fractured sample from the side (schematically illustrated in
Figure 8b) showed that the crack front distinctly shifted across the width of the sample to cross at
the new seam location. As the crack progressed to the third row (blue pins), the fracture surface
shifted up a similar amount to cross the seams of the two pins on the left, but actually shifted back
down to the original layer height to cross the lower seam of the pin in the back right (dashed line
in Figure 8b). A similar stair-stepping effect was observed in the Staggered sample in Figure 8c.
In this configuration, the seam locations are at the same height for pins that are diagonally
positioned. So rather than progressing across rows, the stair-step path progressed diagonally across
the sample, continuing to gain height when moving from left-to-right (positive x-direction) in
Figures 8c and 8d. The color-coded sections in Figure 8d illustrate the height of the fracture
surface that is aligned with the seam of a given pin. These fracture patterns indicate that the
weakest location under the current printing conditions is the seam between adjacent pins, which
could result from under-filling of voids. Future work will investigate alternate configurations and
optimize print conditions.

(@)

Figure 8. Fracture surface analysis relative to pin position.
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Conclusions and Future Work

The z-pinning approach has been demonstrated for MatEx samples with a solid cross section.
The strength of solid samples without pins was found to be very sensitive to the layer time; less
than a one minute delay on every fourth layer caused the UTSz to decrease by more than 60%.
The addition of z-pins to the structure was able to increase the z-strength by ~40% regardless of
the pinning configuration used. Inspection of the fracture surface of pinned samples revealed that
the crack front navigated to the seams between adjacent pins, indicating that defects may be present
due to incomplete filling of the void intended for the pin. Because solid samples do not have an
open architecture, the placement and extrusion of pins is less forgiving than sparse structures and
additional optimization of the printing process and pin geometry is required.
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