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Abstract

There is a lack of knowledge concerning the interlaminar fracture toughness under mixed-mode ratios of 3D-
printed composites. In this work, several Additive Manufacturing (AM) continuous Fiber Reinforced
Thermoplastic (cFRT) specimens have been tested to characterize the initiation and propagation of
interlaminar fracture toughness under three different mixed-mode Gu/(Gi+Gn) ratios: 25, 50 and 75%. The
results obtained do not exhibit the common tendency seen in traditional laminated composite materials, in
which the fracture toughness increases with the mixed-mode ratio. While the fracture toughness for the 50%
mixed-mode ratio falls between the corresponding mode I and mode II values, the fracture toughness for the
25 and 75% ratios falls outside this range. To provide a reasonable explanation, fractography and
microstructure analyses were conducted to quantify fiber, matrix and void contents. It was concluded that this

uncommon behavior is probably related to the intrinsic variability of the material and manufacturing process.

Keywords: 3-D Printing; Fracture toughness; Mechanical testing; Mixed-mode fracture

Highlights:

- Continuous fibers improve mechanical properties of 3D-printed composite parts
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- Delamination is a critical failure mode for laminated composite materials

- Characterization of mixed-mode delamination is key for simulation and design

- First complete study of mixed-mode delamination for 3D-printed composites

1. Introduction

Continuous Fiber-Reinforced Polymer (FRP) composites are widely employed in many industrial
applications, such as aerospace, automotive, sport, energy industries, construction and defense, thanks to their
excellent strength and stiffness to weight ratio. They are traditionally manufactured by means of Resin
Transfer Molding, pultrusion, spray-up, Automated Fiber Placement and Filament Wilding, among others.
These techniques require time-consuming tasks, in addition to expensive curing equipment and tooling, which
are economically unsuitable for a limited batch of production. These drawbacks have prompted the increased
utilization of Additive Manufacturing (AM), commonly referred to as 3D printing. This method has several
advantages over traditional manufacturing: (i) it allows to manufacture complex geometry patterns without
the need of post machining operations, (ii) its flexibility allows rapid prototyping and facilitates customizing

components such as molds and tooling, and (iii) it reduces material wastage and is relatively inexpensive'=.

As a difference from traditionally manufactured FRP, thermoplastic matrices are commonly used in AM
composites. This is mainly due to the thermal (low glass transition) and rheological (low viscosity) properties
required for the preparation of the composite and the later additive deposition*. For approximately the past
decade, short Fiber-Reinforced Thermoplastic (sFRT) composites, produced through additive manufacturing,
have been extensively investigated®®. Mainly, short fibers were added to reinforce pure raw polymeric
materials such as Acrylonitrile Butadiene Styrene (ABS), Polylactide (PLA) and Nylon. However, the
mechanical performance of these composites is in general limited, presenting a slightly higher strength and
stiffness than the raw polymeric material. Hence, recent research trends are focusing on manufacturing new
AM continuous Fiber-Reinforced Thermoplastic (cFRT) composites with carbon, glass, Kevlar and natural
jute fibers. In contrast to sSFRT, cFRT composites have the potential to substantially enhance the mechanical

properties of printed components. For example, the tensile properties can be up to five times higher than that
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of the unreinforced material>*. There are several publications on the experimental analysis of cFRT under in-

10-15 and bending!"'*"°, but a lesser number of studies in the field of impact?, fatigue and creep

plane tension
properties?!?2. Currently, there is a lack of knowledge concerning the mechanical properties of cFRT under
degrading environments, out-of-plane shear loading and, especially, about fracture toughness?>?*. The latter is
a relevant aspect for the mechanical performance of AM cFRT parts. In most of the manufacturing processes
for AM composites, side-by-side filaments and layer-by-layer plies are deposited by a robotic system. Poor

bonding between filaments of layers results in low interlaminar fracture toughness and low material

performance.

Iragi et al.? carried out one of the first studies characterizing the interlaminar fracture toughness in mode I
and mode IT with 3D printed cFRT composites. The authors used the continuous Carbon Fiber (CF) reinforced
PolyAmide 6 (PA) of the Markforged MarkTwo® system with Dyneema® doublers bonded to the bending
arms of the specimen to prevent flexural failure during the tests. They found that the initiation value for the
mode II fracture toughness (G = 1.59 kJ/m?) was lower than that for mode I (G = 2 kJ/m?). The authors
justified this unusual material behavior by the large number of fiber bridges during mode I tests and the lack

1.2 characterized the interlaminar fracture

of matrix shearing in mode II tests. On the other hand, Santos et a
toughness in mode [ and mode II for the same CF/PA material, but without reinforcing the specimens with
another composite or doubler. The authors concluded that the use of thicker specimens is not appropriate for
this material type. They also found that the initiation value of the interlaminar fracture toughness in mode |
(Gie= 1.5 kJ/m?) was lower than the mode II fracture toughness (G = 1.95 kJ/m?), which is the usual
tendency for traditional laminated composite materials. In another study, Polyzos et al.?” used PA doublers in
specimens of the same material and obtained fracture toughness values in mode I and mode II similar to those
of Santos et al.?%, 1.4 and 2 kJ/m?, respectively. Moreover, Polyzos et al. used several analytical methods from
the standards and 2D numerical models to predict the delamination process. They reported good agreement

with the experimental results in mode II, while a significant error was found in mode I. This discrepancy was

attributed to excessive fiber bridging, which is omitted in the analytical models.
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One well-known limitation of the Markforged MarkTwo® system is the inability to control the printing
parameters. To address this challenge, Goh et al.?® employed an open-source 3D printer, the Hello BeePrusa,
in conjunction with Markforged® cFRT material to investigate how printing parameters affect the mode I
interlaminar fracture toughness of cFRT composites. Double Cantilever Beam (DCB) specimens were
manufactured, and it was found that the highest fracture toughness (Gi.= 943 J/m?) was obtained under high
nozzle and bed temperatures with low printing speed, 265 °C, 70 °C and 7 mm/s, respectively. The reported
toughness was still lower than the published values using commercial 3D Markforged MarkTwo® printer?>-
2729 Touchard et al.?’ analyzed the fracture toughness of both unidirectional (UD) and multidirectional (MD)
45/-45 CF/PA specimens under mode I loading using symmetric DCB specimens. Each laminate consisted of
20 PA plies and 2 CF/PA layers in each bending arm. To determine the interlaminar fracture toughness, the
authors followed the experimental procedure proposed by Ozdil and Carlsson®, according to which, the
specimen is initially loaded until the interlaminar crack propagates approximately 5 mm. Subsequently, the
specimen undergoes a series of unloading and reloading cycles. The interlaminar fracture toughness was 1.3
kJ/m?, for the UD interface and 2.2 kJ/m? for the MD interface. According to Touchard and colleagues, the
higher value of the interlaminar fracture toughness for the MD case aligns with the results found for
carbon/epoxy laminates made from prepregs. However, delamination migration occurred after a few loading-
unloading cycles for the MD specimens and only the initial points of the corresponding R-curves could be

considered.

Kong et al.’!

analyzed experimentally the interlaminar fracture toughness under mixed-mode loading for
cFRT CF/PA composites using the Single-Lap Shear (SLS) test. Pure mode I and mode II tests were also
carried out. The stacking sequence for the pure mode loading specimens alternated between one Onyx® (short
carbon fiber-reinforced PA) ply and one continuous CF ply along the arm thickness, whereas the SLS
specimen (mixed-mode) changed the stacking sequence from one to two Onyx® layers. The fracture
toughness was 1.1 and 0.49 kJ/m? for mode I and II, respectively. The latter was lower than the reported by
Iragi et al.® using the same test, probably due to the different doublers and stacking sequence. For the SLS

tests, the authors explored several material and interface angle combinations: CF/CF with 0/0, 90/90 and 0/90,

CF/Onyx with 0/45, and Onyx/Onyx 45/-45. Macroscale fractography revealed a large area of intra-layer
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separation for MD interfacing layers. Fiber fracture occurred at the end of the interface area for UD interface
due to a better matrix impregnation during printing. The best balance between strength and flexibility was

obtained for CF/CF cross-ply.

Katalagarianakis et al.’ studied, for the first time, the interlaminar fracture toughness of cFRT CF/PA AM
composites under a 50% mixed-mode Gi/(Gr+Gn) ratio, by performing Mixed-Mode Bending (MMB) tests.
Pure mode I and mode 1II tests were also carried out. The authors determined the initiation values of the
fracture toughness for mode I, 1.4 kJ/m?, and mode II, 2.1 and 1.8 kJ/m?, using the End-Loaded Split (ELS)
and the End-Notched Flexure (ENF) tests, respectively. However, the initiation (1 kJ/m?) and propagation (1.3
kJ/m?) values for the mixed-mode toughness, were not in-between the pure mode I and Il magnitudes, as it
would have been expected. The authors were unable to explain this peculiar behavior and concluded that

more research in this field is highly needed.

To date, the studies of Kong et al.>' and Katalagarianakis et al.’? are the only ones that have analyzed the
fracture toughness of AM cFRT CF/PA material under mixed-mode loading. However, Kong et al. used the

SLS test under which is not possible to clearly determine or control the degree of mixed-mode Gu/(Gr+Gu)

involved. On the other hand, the initiation and propagation values reported by Katalagarianakis et al.>* for the
mixed-mode fracture toughness did not properly fall between the pure mode I and mode II loading, even using
the well-established MMB test. As a result, additional research in this area is required, including the
exploration of various mixed-mode ratios. To this end, in this work, we characterized experimentally the
interlaminar fracture toughness of cFRT CF/PA AM composites using the MMB test, for three different

mixed-mode Gu/(Gr+Gn) ratios: 25, 50 and 75%. The fracture toughness for the 50% mixed-mode ratio was

found to be in-between the pure mode I and mode II values, as it is generally seen in traditional composite
materials. Oppositely, the fracture toughness values for the MMB 25 and 75% tests were lower than that of
mode I, which is not the expected tendency. A fracture surface exploration, using a scanning electron
microscope, suggested that the values of fracture toughness obtained are unrelated to manufacturing defects or

issues during testing.
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The remainder of this paper is organized as follows. Firstly, we present the materials and the manufacturing
process and preparation of the specimens, as well as the testing procedure. Secondly, results and discussion

are presented. Finally, some conclusions are drawn.

2. Materials and methods

2.1. Specimens material and manufacturing

In this study, we utilized an AM unidirectional (UD) thermoplastic composite material obtained with
Markforged MarkTwo® filament, combining continuous carbon fiber with PolyAmide 6, and referred to as
CF/PA. The CF/PA material has a nominal ply thickness of 0.125 mm when using a solid infill pattern.
Adjacent extruded rasters partially overlap by 250 pum, resulting in a width of 1.8 mm for two adjacent
rasters'®. The fiber volume fraction has a variability range between 27 and 41% with matrix and fiber
dominated areas, random flaws and dry spot areas'#!®2333-37_ The in-plane elastic properties used to define
testing parameters are as follows: longitudinal elastic modulus, E1; = 66.5 GPa, transverse elastic modulus,
E» = 6.1 GPa, and in-plane shear modulus G = 2.1 GPa. These properties were obtained in the AMADE

laboratory following the corresponding ASTM standards®®.

The CF/PA specimens for the MMB tests with 25, 50 and 75% mixed-mode Gu/(Gr+Gn) ratios were designed
and printed according to the ASTM-D66713® standard. Based on a previous experimental campaign performed
by Santos et al.?, the specimens for mode I and mode II loadings should have an arm thickness equal to 1.5
mm (3 mm in total) for the same material. This corresponds to a total of 24 plies (excluding the 4 top and
bottom PA layers), with the fiber oriented in the longitudinal direction. Stable crack propagation was achieved
during the entire test campaign using these DCB specimen dimensions and no stick-slip effect was observed?®.

Consequently, the same specimen thickness was used in this work.

Given the substantial amount of CF/PA composite material needed for this study, all specimens were
individually manufactured with rounded corners to minimize residual thermal stresses and prevent warping
effects. A larger PA brim than the default one in Eiger™ (slicer software from Markfoged®) was also defined

to avoid debonding between the part and the printer bed. The number of the outer PA walls was set equal to
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one, while the number of the floor layers was defined as four, which is the minimum imposed in Eiger™
under solid infill configuration. To generate the pre-crack at the midplane of the specimen, a Kapton® tape
with a thickness of 50 um was placed at the midplane after pausing the impression, following the procedure
described by Santos et al.?6 (Figure 1). Following manufacturing, the printed specimens were stored in a dry
box with desiccant bags at room temperature until they were instrumented and tested. This was done to
prevent the moisture absorption by the Nylon and avoid any possible influence that it could have on the
experimental results, such as a reduction in strength and stiffness, or an increase in ductility and impact

resistance® 4!

Kapton® film CF/PA Nle)n®

l

27.5 mm

166 mm

Figure 1. Schematic top view of the MMB specimen for fracture toughness exploration with the
corresponding printed part dimensions.

Before testing, the specimens were post-processed by removing all PA walls and PA floor layers with a
diamond saw. The MMB specimens had final dimensions of 160 mm x 25 mm X 3 mm (length X width x
thickness), with a pre-crack length of 50 mm. In total, six MMB specimens were manufactured and tested for

each of the considered loading ratios (25, 50 and 75%)).

2.2. Testing

Figure 2 shows the testing equipment and tooling used to perform the MMB tests. The instrumented specimen
was securely fastened to the base support and the load was applied vertically onto the upper lever. The mixed-
mode ratio of the test was adjusted by altering the saddle position of the MMB fixture. The edges of the
specimens were coated with white paint and 1 mm-spaced marks were drawn for monitoring the crack
propagation. Two loading blocks, one at the top and one at the bottom, were attached to the cracked end of the

specimen, following standard procedure (see Figure 2). In characterizing the 50% mixed-mode ratio, these
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loading blocks were securely bonded by applying Henkel-Ibérica Loctite 401® on the surfaces, and no
adhesion issues were encountered. However, during the 25 and 75% tests, the loading blocks at the cracked
end experienced debonding under high loads. As a solution, the Henkel Loctite® EA 9466™ epoxy adhesive
was used to bond the loading blocks for the remaining duration of the experimental campaign, resulting in

successful outcomes.

Central roller

Figure 2. MMB specimen during testing instrumented with inclinometers (Inc-#).

As shown in Figure 2, four NA3-30 inclinometers, referred to as 'Inc-#', were used to facilitate the
measurement of interlaminar fracture toughness using the J-integral method following the procedures outlined
by Paris and Paris*? and Sarrado et al.*}. Nevertheless, during preliminary tests with 25 and 75% loading, it
was observed that the Inc-4 inclinometer, attached to the underside of the specimen, experienced physical
interference with the base fixture. This issue was especially pronounced for long crack lengths. Thus, this
inclinometer had to be removed, and the J-integral method could not be used to determine the energy release
rate. Instead, the modified beam theory method indicated in the standard® (based on Hashemi et al.** and
Kinloch et al.¥%) was followed measuring the crack length during the tests. Thus, both initiation (G/Ge,ini) and

propagation (Gu/Geprop) Values were calculated.

All fracture tests were carried out using an MTS Insight testing machine equipped with a 5 kN load cell
(calibrated for the full load range) at 23 + 2 °C and 50 + 5 HR. The cross-head speed of the system was set to

0.5 mm/min for loading and 2.5 mm/min for unloading. Since the thickness of the Kapton® insert exceeded
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the thickness indicated in the standard®® (13 pm), the initial pre-crack was extended for all the specimens
between 3 and 5 mm from the insert under mode I loading before the mixed-mode tests. This previous test
was carried out to avoid any possible effect of the tape and ensure the initiation from a sharp crack tip. During
all tests, force and displacement data were recorded. Crack propagation was monitored and recorded using a

high-resolution Canon® 5D reflex video camera.

3. Results

The load-displacement curves for all MMB specimens tested at mixed-mode ratios of 25, 50 and 75% can be
seen in Figure 3 (25%), Figure 4 (50%) and Figure 5 (75%). Markers on the curves indicate the crack

propagation points as specified in the standard. All specimens exhibit a linear elastic response until the onset
of crack propagation, after which they display either a plateau or a softening behavior. The behavior of all of

them is analyzed and identified next.

3.1. 25% mixed-mode ratio

As can be observed from the load-displacement curves in Figure 3, the entire batch of six MMB 25%
specimens was tested without any issues. All specimens exhibited smooth and stable crack growth throughout
the tests. However, the curves show different crack onset points and distinct behaviors during crack

propagation, with no clear trend emerging.
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Figure 3. Load-displacement curves for the MMB 25% test.
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It is noteworthy that the stiffness of specimen 25-4 was approximately 45% lower, and its maximum
displacement was about 50% higher compared to the other specimens in the batch. All other specimens
exhibited similar stiffness within the linear elastic region, although specimen 25-2 showed a secondary slope
from a displacement of approximately 4 mm, once the delamination had started to propagate. Despite the
differences among all the load-displacement curves, specimens 25-1, 25-2, and 25-3 exhibited more consistent
results, showing similar stiffness prior and after crack propagation, as well as similar maximum force

(between 81 and 92 N) and maximum displacement (between 11 and 13 mm).

On the other hand, specimen 25-5 exhibited the lowest load (62 N) and a maximum displacement of only 6
mm. Moreover, specimen 25-6 achieved the highest maximum load of 113 N and exhibited a maximum

displacement comparable to that of specimens 25-1 to 25-3.

3.2. 50% mixed-mode ratio

Figure 4 presents the load-displacement curves for the 50% mixed-mode ratio batch. Monitoring of the crack
propagation for the MMB 50% test was visually feasible up to a crack extension of approximately 35 mm.
After that, the saddle had moved downward too much, covering the crack propagation at the edge of the
specimen. Consequently, the specimens were unloaded once the crack reached this position. For this batch, all
specimens exhibited a common trend, although specimens 50-2 and 50-6 demonstrated slightly lower

stiffness.

250
200 / n
p =
z1so} //4
S .
]
S 100t
50t #1 #4] |
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0 2 4 6 8 10 12 14
Displacement (mm)

Figure 4. Load-displacement curves for the MMB 50% test.
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It was possible to obtain a smooth and stable crack propagation for all the specimens up to a crack extension
of 10 mm, except for specimen 50-6. In this case, the top loading block debonded from the specimen once the
crack length had grown to about 5 mm after the peak load, and it was not possible to conclude the test.
Nonetheless, this specimen is included for determining the fracture toughness since its mechanical response
before this failure is in line with all the others. The MMB 50% batch showed an average maximum load and

average maximum displacement of 217 N and 11.9 mm, respectively.

3.3. 75% mixed-mode ratio

The load-displacement curves for the 75% mixed-mode tests are shown in Figure 5. In general, this batch
exhibited lower repeatability compared to the MMB 50% tests, but higher than the 25% ones. All specimens
presented a similar curve, both during the linear elastic regime and during the crack propagation, except for
specimens 75-4 and 75-6, which exhibited lower stiffness. As shown in the figure, the load-displacement
curve of specimen 75-4 exhibited slightly lower stiffness and smaller stiffness difference between the loading
and unloading phases compared to most of the specimens in the batch. Nevertheless, the peak load (289 N)
and maximum displacement (6.3 mm) are in line with the average values of all other specimens, which were
270 N and 6.8 mm, respectively. However, similar to the situation found for the 25% mixed-mode tests, the
stiffness of the load-displacement curve of specimen 75-6 was about 30% lower, while the peak load and
maximum displacement were approximately 21% and 49% higher compared to the rest of the specimens in

the batch.
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Figure 5. Load-displacement curves for the MMB 75% test.
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The interlaminar fracture toughness results for mixed-mode loading ratios of 25, 50 and 75% in the CF/PA
3D printed composite are summarized in Table 1. As previously mentioned, specimens 25-4 and 75-6
exhibited stiffnesses in the linear part of their load-displacement curves that were 45% and 30% lower,
respectively, than the rest of the specimens in their batches. Consequently, these specimens were excluded
from the interlaminar fracture toughness analysis. Nevertheless, the individual calculation of the initiation and
propagation values of the interlaminar fracture toughness for these two specimens yielded Gas.aini = 1140 J/m?

and G25.4,pmp = 1800 J/mz, and G75.6,ni = 1649 J/m? and G75.6,pmp = 1893 J/m?.

Table 1. Experimental values for the initiation and propagation interlaminar fracture toughness of the 3D
printed CF/PA composite with mixed-mode ratios of 25, 50 and 75%.

Fracture toughness (J/m?)

Gu/(Gi+Gn) (%)
Initiation Propagation
25 318+ 176 620 + 283
50 1673 £ 133 2041+ 153
75 323+92 1143 £210

Despite undergoing identical manufacturing, preparation, conditioning, and testing procedures, specimens 25-
4, 25-6 and 75-6 exhibited higher strength compared to the rest of the specimens in their batches. In contrast,
specimen 25-5 showed lower strength. Furthermore, as previously mentioned, the stiffnesses observed for
specimens 25-4 and 75-6 are lower than those of the other specimens in their respective batches. These
variations imply that differing amounts of flaws originated during the manufacturing process, which may
result in distinct mechanical behaviors. This inherent variability in material properties can be attributed to the
pre-impregnated CF spool and the AM technology?®*8. Indeed, previous studies have reported different
values for in-plane elastic properties and interlaminar fracture toughness for the same CF/PA composite®>~
2849 For instance, a higher void content could lead to a decrease in stiffness while simultaneously altering the
interlaminar fracture toughness of the material. This hypothesis has been investigated in the following section

through various microstructure analyses of the specimens.

12



273

274

275

276

277

278

279

280

281

282

283

284

285

286
287
288

289

290

291

292

293

4. Discussion

4.1. Fracture toughness variation and R-curves

Figure 6 summarizes the variation of the initiation and propagation fracture toughness versus the mixed-mode
ratio. The figure includes the mode I and mode II interlaminar fracture toughness (Gi. and Guc) obtained by
Santos et al.?6 in a previous study for the same CF/PA composite material used in this work: Gicini = 1497
J/m? and Giic,ini = 1950 J/m? for initiation and Gic,prop = 1720 J/m? and Giic prop = 2307 J/m? for propagation. As
can be seen in the figure, only the fracture toughness values in the 50% mixed-mode MMB test fall within the
range defined by the mode I and mode II. In contrast, the initiation and propagation fracture toughness values
for the 25 and 75% mixed-mode ratios are notably lower than those of mode I, as clearly shown in Figure 6.
The initiation values of the fracture toughness for both 25 and 75% mixed-mode ratios are approximately 21%
of the mode I value. Moreover, the propagation fracture toughness of the 25 and 75% mixed-mode ratio are

approximately 36% and 66%, respectively, of the mode I value.
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Figure 6. Variation of the initiation (left) and propagation (right) interlaminar fracture toughness of the AM
CF/PA composite vs. the mixed-mode ratio. The fracture toughness values for mode I (0%) and mode II
(100%) were reported by Santos et al.%.

Generally, it is assumed that mode I fracture toughness is the most critical one and a conservative value for
design purposes™, especially for traditional composite materials, and that the fracture toughness value

increases monotonically from mode I to mode II. However, Dillard et al.’! summarized several cases where
different authors reported mixed-mode fracture toughness values that were lower than those of mode I, with

non-monotonic variations in fracture toughness between mode I and mode II. This is also the situation

13



294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

reported by Katalagarianakis et al.3? for the same material, manufacturing process and test method considered
in the current study. In their work, Katalagarianakis et al. reported an initiation value of the critical energy
release rate at a 50% mixed-mode ratio Gsoc,ini = 966 J/m?, which was lower than the pure mode I, Gicjni =
1442 J/m?, and pure mode 11, Giiini = 2130 J/m?, values. A similar trend was reported for the propagation
toughness values: Gicprop = 1853 J/m?, Gsoc.prop = 1337 J/m? and Grie,prop = 2275 J/m?. Thus, although the
variations of fracture toughness with the mixed-mode ratio shown in Figure 6 do not correspond to the usual

situation, other studies have also observed non-monotonic trends.

Analyzing the different results, it can be observed that the behavior of the 50% mixed-mode ratio
demonstrates good repeatability between tests, with a Coefficient of Variation (CV) of around 8% for both
initiation and propagation (see Table 1). The 75% mixed-mode ratio results exhibit the second-best
repeatability in terms of the load-displacement curves (see Figure 5). Consistent with this, this mixed-mode
ratio also showed the second-lowest CV for initiation (28.5%) and propagation (18%). On the other hand, the
MMB 25% batch exhibits the lowest repeatability in terms of load-displacement behavior. Consequently, it

shows the highest CV for initiation and propagation fracture toughness values, 55% and 46%, respectively.

The crack propagation resistance curves (R-curve) for the MMB tests at 25, 50 and 75% are illustrated in
Figure 7. The analysis of the R-curves reveals varying trends for different mixed-mode ratios. The 25% R-
curve exhibits a clear linear trend, where increasing crack length corresponds to higher fracture toughness,
without reaching a plateau. Consistent with the load-displacement curves shown in Figure 3, specimens 25-1
to 25-3 present similar behavior along the entire crack propagation length in the R-curve (Figure 7). Within
this subgroup, the highest level of scatter is observed at the beginning of the curve, until a crack length of 55
mm. Beyond this point, the two longest crack lengths exhibit lower relative scatter. On the other hand, as
shown in Figure 7, the lowest fracture toughness values across the crack propagation length for the MMB
25% batch correspond to specimen 25-5. This is consistent with the lowest peak load, maximum displacement
and area under the load-displacement curve exhibited by this specimen, as seen in Figure 3. Conversely,

specimen 25-6 presented the highest fracture toughness values across the crack propagation length for the
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MMB 25% batch, which aligns with the highest peak load and area under the load-displacement curve of this

specimen (Figure 3).

The initiation fracture toughness, measured at 318 J/m?, correlates with the beginning of the curve. However,
the propagation fracture toughness cannot be precisely identified due to the absence of the typical plateau
observed in composite R-curves. Therefore, the mean fracture toughness value across all crack lengths,

determined to be 620 J/m?, can be considered a conservative estimate for design purposes.
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Figure 7. R-curves of the representative MMB specimens, separating each loading ratio through a vertical
dashed black line. Red dashed curves correspond to trendlines obtained through a polynomial fit for each

group.

In the case of the R-curve for the 50% mixed-mode ratio, an initial increasing trend is observed, with a
plateau zone emerging after a crack length of 55 mm. Notably, specimen 50-4 exhibits a temporary decreasing
trend at 54 and 55 mm crack lengths, but subsequently returns to an increasing trend. The initiation fracture
toughness (1673 J/m?) aligns with the onset of crack propagation at the beginning of the curve. In contrast, the
propagation fracture toughness (2280 J/m?) is located in the plateau zone, consistent with traditional

laminated composite materials.

For the 75% mixed-mode ratio, the R-curve displays a doubly curved increasing trend, with higher fracture
toughness values associated with longer crack lengths. This increasing tendency is particularly pronounced,
with the initiation toughness (323 J/m?) being nearly four times smaller than the propagation toughness (1143

J/m?). However, significant scatter is observed along the entire test, especially at a crack length of 60 mm.
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4.2. Fractographic analysis

To investigate whether the unexpectedly low fracture toughness values for the 25 and 75% mixed-mode ratios
were due to manufacturing defects or material variability, a fractography analysis was conducted on
representative post-mortem MMB specimens included in the interlaminar fracture toughness analysis. Each
specimen was manually split open, and the first 20 mm of crack propagation length was carefully cut to
preserve the original failure morphology. A scanning electron microscope (SEM) was employed for
microscopic failure analysis, using an accelerating voltage of 7 kV. To enhance scanning quality, the bottom
surface of each specimen was adhered with conductive tape and rendered conductive through carbon

evaporation using an Emitech K950® system.

As can be seen in Figure 8, at lower magnification, all fracture surfaces exhibit irregularities, indicating that
the fiber filament rasters deposited during manufacturing are not perfectly straight. Instead, they exhibit a
waviness along the continuous fiber direction, denoted by the dashed blue lines along the longitudinal crack
propagation in Figure 8a, Figure 8c and Figure 8e. These rasters create longitudinal furrows in all specimens,
resulting in darker areas alongside lighter ones in the MMB 25 and 75% specimens. Some loose, long fibers
are also visible in all micrographs, particularly in the MMB 75% specimen. Additionally, white PA particles
surrounded by small dark areas are randomly deposited on the surfaces, with the 50% test displaying the
highest irregular surface and, consequently, the highest number of air bubbles or voids between adjacent
longitudinally deposited fiber filaments. The MMB 25% specimen exhibits the smoothest surface, with
distinct matrix-dominated areas (darker longitudinal regions) situated between the fiber-dominated ones
(lighter areas). It is noteworthy that the MMB 25 and 75% specimens share relatively similar fracture

morphology.
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a) 25% test with the smoothest surface b) Close-up of a MMB 25% test
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Figure 8. SEM images of the fracture surfaces of the representative MMB 25, 50 and 75% specimens
analyzed at two different levels of magnification.
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A higher magnification analysis was conducted on the fracture surfaces of specimens subjected to MMB 25,
50 and 75% tests, as illustrated in Figure 8b, Figure 8d and Figure 8f, respectively. In all micrographs,
inadequate impregnation of the fiber with PA is evident, with the lowest impregnation observed in the case of
the MMB 50% test (Figure 8d) consistent with the presence of voids observed at lower magnification. Fiber

misalignment is also noticeable in all specimens after testing.

In the case of the MMB 25% (Figure 8b), a tow of broken fibers partially covered with PA is observed,
revealing matrix deformation in the form of ridges. This fracture morphology corresponds to a lower amount
of mode II (i.e., lesser sliding) for this mixed-mode, with broken fibers dominating the image. The close-up of
the MMB 50% test (Figure 8d) reveals both broken fibers and plastic deformation in the form of inclined
ridges on the upper plane of the image. At a deeper plane, evidence of fiber-matrix debonding, plastic
deformation, fiber breakage, and irregular spaces between fibers can be identified. The amplified image for
the MMB 75% specimen (Figure 8f) shares similarities with that of the 25% specimen as highlighted
previously at lower magnification. However, a larger area of shear plastic deformation is observed in the 75%
specimen compared to the 25 and 50% ratios, indicating a higher proportion of mode II due to increased

sliding between arms. Few traces of debonded fibers are observed within the PA matrix.

The fracture surfaces of specimens 25-4 and 75-6, which were excluded from the interlaminar fracture
toughness analysis, were inspected using SEM, following the same procedure as for the other specimens. The
fracture surfaces for these specimens are shown in Figure 9. At lower magnification, it can be observed that
the level of air bubbles or voids between adjacent rasters is higher in both specimens compared to what is
seen in Figure 8 for the MMB 25 and 75% specimens. Additionally, it can be observed that the fracture
surface of the 25% specimen contains many long loose fibers, whereas fewer are seen for specimen 75-6. At
higher magnification, both fracture surfaces reveal non-impregnated fibers, but this is more pronounced for
specimen 25-4. On the other hand, the fracture surface presented in Figure 9b shows more matrix deformation
in the form of ridges, which is typically associated to a higher contribution of mode I. In contrast, the fracture
surface in Figure 9d displays more shear plastic matrix deformation, indicating a higher proportion of mode

II. The distinctive features observed in the SEM images of the fracture surfaces of these two specimens,
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389  compared to those of the other specimens tested under the same mixed-mode ratio, may explain their lower
390 stiffness and higher fracture toughness. To further explore this hypothesis, a microstructure analysis has been

391 conducted in the following section.

STRUAG 7.8 kV X28.0 STRUdAG 7.8 kV

a) Fracture surface specimen 25-4 b) Close-up specimen 25-4

STRUAG 7.8 kV X28.090

¢) Fracture surface specimen 75-6 d) Close-up specimen 75-6

392 Figure 9. SEM images of the fracture surfaces of specimens 25-4 and 75-6 analyzed at two different levels of
393 magnification.

394 4.3. Microstructure analysis

395 A microstructure analysis of representative post-mortem specimens under 25, 50 and 75% mixed-mode ratios
396  was carried out using the EN 256452 standard for a better interpretation of the results. The mass and volume
397 fractions of fiber and matrix, as well as the void content, for the three mixed-mode ratios are summarized in
398  Table 2. It can be observed in this table that fiber and matrix mass fractions were virtually the same for the

399 three mixed-mode ratios. There was more variation in fiber and matrix volume fractions between mixed-mode

19



400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

ratios, but differences were less than 8 and 9%, respectively. However, the void content values varied
considerably between mixed-mode ratios. Indeed, the lowest void content was found for the MMB 75%
specimen, 8.3%, while, the highest void content, 16.1%, was found for the MMB 50% specimen,
approximately 94% more. This is in line with the observations from the SEM analysis, where indications of
higher presence of voids or air bubbles were already detected for the MMB 50% specimens. It is worth noting
that this porosity level is within the range of values reported by other authors for the same material and 3D

printer: Yavas et al.> 3.4%, Iragi et al.>> 7.5%, He et al.** 12%, Chabaud et al.>* 15% and Saaed et al.>* 20%.

Table 2. Fiber, matrix and void content of the MMB 25, 50 and 75% specimens.

Fiber fraction (%) Matrix fraction (%) Void fraction (%)

Gu/(Gr+Gn) (%)
Mass Volume Mass Volume Volume
25 44 .4 28.6 55.6 58.7 12.7
50 44.8 27.8 55.2 56.1 16.2
75 44.6 30.2 55.4 61.5 8.3

The same microstructure analysis was performed on the two specimens excluded from the interlaminar
fracture toughness analysis due to their low stiffness: specimen 25-4 and specimen 75-6. The results obtained
for these two specimens are summarized in Table 3. It can be observed that in comparison to the values
included in Table 2, the fiber mass fraction was higher, while the matrix one was lower. Furthermore, while
the fiber volume fractions are comparable, there is a reduction in matrix volume fraction. This resulted in
higher void contents. This agrees with the indications of air bubbles or voids in the fracture surfaces shown in
Figure 9. These higher void fractions were likely responsible for the reduction in stiffness observed in these
specimens. However, the reduction in stiffness was not directly proportional to the increase in void content.
For instance, while the stiffness reduction for specimen 25-4 was of 45% with respect to the rest of specimens
in the batch, its increase in void content was 29%. On the other hand, for specimen 75-6 the stiffness
reduction was about 30% and the void content increase was 169%. In parallel, and as will be discussed later,
the higher void content observed in these two specimens compared to the other specimens in their respective

batches might be considered a possible cause for their higher interlaminar fracture toughness.

20



422 Table 3. Fiber, matrix and void content of specimens 25-4 and 75-6.

Fiber fraction (%) Matrix fraction (%) Void fraction (%)

Specimen
Mass Volume Mass Volume Volume
25-4 46.4 28.9 53.6 54.7 16.4
75-6 45.8 26.5 54.2 51.2 22.3

423

424 The microstructure of representative specimens included in the fracture toughness analysis was also analyzed
425  through SEM observations of the cross-sections of one beam of specimen per mixed-mode ratio (Figure 10).
426 It can be clearly observed in the micrographs of the three cross-sections that there was an accumulation of
427  voids where consecutive filament rasters overlap. In line with the measurement of the void contents

428 previously commented, the density of voids was lower for the MMB 75% specimen, approximately 3.8%
429 (Figure 10c and Figure 10f). However, for the specific cross-sections considered, and opposite to the

430 determination of the voids content according to the EN 2564 standard, the area of voids observed for

431 specimen 25% (Figure 10a and Figure 10d), 9.2%, was larger than the one corresponding to the MMB 50%

432 specimen (Figure 10b and Figure 10e), 7.3%.

a)
b)
<)
d) zoom MMB 25% e) zoom MMB 50% f) zoom MMB 75%
433 Figure 10. SEM micrographs of the cross-sections of representative MMB a) 25%, b) 50% and ¢) 75%
434 specimens and the corresponding closeups.
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The analysis of the fracture surface and the microstructure of the MMB specimens revealed differences in
porosity. Additionally, the two specimens excluded from the interlaminar fracture toughness analysis showed
variations in fiber and matrix volume fractions. Nevertheless, it is not totally clear to what extent the
differences in void content may have affected the interlaminar fracture toughness values obtained for each

mixed-mode ratio, as well as the stiffness response.

On the one hand, He et al.>* compared the tensile response of 3D-printed prismatic specimens manufactured
with the same material with and without compression molding (CM) post-processing, applying a pressure of 5
MPa, for 10 minutes at 230 °C. They observed that the porosity level was reduced from 11 to 3.4%, while the
tensile modulus increased from 61 to 83 MPa and the tensile strength increased from 767 to 940 MPa. Saeed
et al.’® followed a similar procedure but kept the same pressure for 60 minutes at 130 °C. In this case, the final
value of void content was 3.96%, while the final values of tensile modulus and strength, 768 MPa and 80

GPa, respectively, were 27% higher in comparison to the values achieved without post-processing.

In their work, He et al.>* also reported differences in the measure of the mode 1 fracture toughness. They
found that the initiation value increased from 118.5 to 225 J/m?, whereas the propagation one was reduced
from 1467 to 471 J/m?. The analysis of the fracture surfaces revealed that the higher volume of voids in the
non-postprocessed specimens facilitated the debonding between matrix and fibers. Thus, a major proportion
of fiber bridging occurred and the fracture toughness during propagation increased. Similarly, Iragi®’ observed
a reduction in the mode I fracture toughness for the same material, from 1886 to 250 J/m?, when it was
postprocessed at 210 °C and 1 MPa for 15 minutes. Iragi also observed that the fracture surface of the non-
postprocessed specimens was more irregular and involved more fiber bridging that in the case of the
postprocessed ones. According to this, the interlaminar fracture toughness of the 25 and 50% specimens
should be higher than that of the 75% specimens, as the micrographs presented in Figure 8 show a more
irregular microstructure and more broken fibers (resulting from fiber bridging) for the former. However, the
fracture toughness found for the MMB 75% specimens in propagation was approximately twice that of the

25% ones.
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On the other hand, Iragi®’ also reported an increase in the mode II fracture toughness, from 1590 to 1801 J/m?,
when the material was postprocessed under the same conditions (210 °C and 1 MPa for 15 minutes). In this
case, the fracture surface of the postprocessed specimens involved more shear failure cracks in the matrix.
Thus, in our case, the fracture toughness of the 75% mixed-mode ratio specimens should be higher than that
of the 50% ones: less void content and higher component of mode II. However, the value of the interlaminar
fracture toughness found for the MMB 50% specimens was 79% higher than that of the 75% ones.
Considering specimens 25-4 and 75-6, which were excluded from the fracture toughness analysis, the higher
void content compared to the other MMB 25 and 75% specimens, respectively, could be related to the
increase in fracture toughness. Specifically, an increase in porosity of 29% for specimen 25-4 resulted in a
258% increase in fracture toughness for initiation and a 190% increase for propagation. For specimen 75-6, an
increase in porosity of 169% led to a 411% increase in fracture toughness for initiation and a 66% increase for

propagation.

Consequently, it seems evident that the level of porosity in the specimens had an effect in the stiffness
response and interlaminar fracture toughness of the specimens. However, it has not been possible to establish

a clear and univocal association between void content and variation in stiffness and fracture toughness.

In the present study, all specimens were manufactured with the same 3D printer, using the same Markforged®
material and following the same manufacturing procedure. The only reasons for different void contents can be
the variations in the CF spools used to manufacture the specimens and the relatively low repetitiveness
associated to 3D printing processes resulting in a wide range of reported values for the same material
properties (as summarized by Santos et al.2%). These two factors would also explain the difference in the value
of the 50% mixed-mode interlaminar fracture toughness measured in this work, 2041 J/m?, and the one
reported by Katalagarianakis et al.2, 1300 J/m?, a reduction of 36%, while the values for pure mode I and
pure mode II were similar. In these two works, the void contents in the specimens were not reported and,
therefore, it is not possible to establish a clear relation between void content and interlaminar fracture

toughness. The same variability and low repetitiveness of the manufacturing process could explain the high
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void contents observed in specimens 25-4 and 75-6 in parallel to a reduction in stiffness and an increase in

fracture toughness in comparison to the other specimens in their respective batches.

Overall, this study demonstrates the successful manufacturing and testing of additive manufacturing CF/PA
composite specimens for MMB 25, 50 and 75% mixed-mode tests, following traditional laminated composite
material guidelines. However, it is noteworthy that there was no clear trend in fracture toughness values as a
function of the mixed-mode ratio. While the fracture toughness for a 50% mixed-mode ratio fell between
mode I and mode II values, the 25 and 75% ratios exhibited toughness values lower than mode I. Although
this is not the usual behavior in the case of composite materials, different authors’>3! have reported mixed-
mode fracture toughness values lower than that of mode I and non-monotonic variations of the fracture

toughness values with the mixed-mode ratio. Hence, several key points can be highlighted from this work:

- To the authors’ best knowledge, this is one of the first works investigating the interlaminar fracture
toughness using the MMB test with additive manufacturing thermoplastic CF/PA composites and the first to
consider 25 and 75% mixed-mode ratios. Previously, Kong et al.?! evaluated the fracture toughness under
mixed mode of CF/PA material, but the authors used a less common SLS specimen and focused on a single

mixed mode ratio.

- The present work revealed a peculiar behavior in the fracture toughness values, which contradicted the
typical trend observed in traditional composite materials. For a 50% mixed-mode ratio, the fracture toughness
fell between mode I and mode 11, aligning with expectations. However, for the 25 and 75% ratios, the fracture

toughness was lower than in mode 1.

- Katalagarianakis et al.>? characterized the same CF/PA material using the MMB test under a 50% mixed
mode ratio, obtaining that the initiation and propagation fracture toughness values were lower than the pure
mode I ones. Hence, the findings of the present work contribute to further increase the knowledge of the

mechanical performance of this additive manufacturing composite material.
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- SEM and microstructure analyses proved that the void content was higher for the MMB 50% specimens and
lower for the 75% ones, with the 25% ones in between. Additionally, high void fractions were observed in the

two specimens with reduced stiffness response and higher interlaminar fracture toughness.

- The findings of this work highlight a dependency of mixed-mode interlaminar fracture toughness values on
the void content in the specimens. Nevertheless, it has not been possible to establish a clear and definite
relation between the void content and the possible variation in the value of fracture toughness. More fracture
toughness tests should be carried out in a future work including specimens in mode I, mode II and different
mixed-mode ratios ensuring homogeneous and representative fractions of voids across all the batches of

specimens.

- Considering that the amount of fiber bridging present in the specimens can be affected by interfacial
bonding between fiber and matrix, it would be worth characterizing this property in a future work, e.g. using

the push-in or push-out tests.

5. Conclusions

Mixed-Mode Bending (MMB) tests with mixed-mode ratios of 25, 50 and 75%, were carried out to determine
the initiation and propagation interlaminar fracture toughness of an additive manufacturing cFRT CF/PA

composite material. The following findings can be summarized.

The MMB 50% case showed the highest repeatability response of the entire investigation. Moreover, the
fracture toughness for the 50% mixed-mode ratio fell between the values for pure mode I and mode II, Gsoc,ini
= 1673 J/m? and Gsoc,prop = 2041 J/m?, which would correspond to the typical monotonic variation of
interlaminar fracture toughness. In contrast, the fracture toughness for the MMB 25 and 75% tests was lower
than that of mode I. For all mixed-mode ratios, an increasing tendency was identified on the analysis of the R-
curve. Nonetheless, while for the 50% mixed-mode ratio the R-curve showed a plateau region for longer crack
lengths, this response has not been observed for the 25 and 75% tests. Consequently, the propagation fracture

toughness for the MMB 75% ratio was nearly 4 times higher than the initiation value.
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A microscopic fractography analysis revealed the MMB 50% surface was more irregular, damaged, and had a
larger presence of voids than for the 25 and 75% specimens. Nonetheless, the 25 and 75% specimens also
presented significant irregularities and voids. The 25% specimen showed the smoothest surface with the
major PA dominant longitudinal raster areas. The 75% specimen had the highest quantity of long loose fibers
after the test. Analyzing the images at a higher magnification, the dominant failure mechanism was properly
observed for each loading ratio. More quantity of broken fibers, due to delamination, were observed for 25%,
a proper balance between opening and shearing was seen in the 50% case, with broken fiber and permanent
plastic deformation in shear, whereas the 75% showed dominated plastic shear deformation with few broken
fibers. The microstructure analysis revealed a higher void content for the MMB 50% specimens, 16%, and a
lower one for the 75% specimens, 8%, with most of the voids concentrated in the overlaps of the fiber

filament rasters.

Two specimens, one tested at a 25% mixed-mode ratio and the other at 75%, exhibited significantly lower
stiffness responses compared to the rest of the specimens in their batches, alongside increased fracture
toughness values. The microstructure analysis of these specimens revealed higher void fractions compared to
the rest of specimens in their batches, establishing a dependency between void content and propagation
fracture toughness. This dependency confirms the influence of the low repetitiveness of the manufacturing
process on void content and material properties. However, it has not been possible to establish a clear
relationship between the variation in the measured interlaminar fracture toughness values and the porosity in
the specimens. Thus, it would be worthwhile considering future work focusing on a comprehensive
experimental characterization of the interlaminar fracture toughness, ensuring homogeneous and

representative void contents across all the batches of specimens.

Finally, although it has not been possible to establish a clear correlation between the atypical non-monotonic
variation of the interlaminar fracture toughness and the void content in the material, it should be considered

that this can be a possible and intrinsic characteristic of the material and possible users should be aware of it.
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