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Abstract: This paper shows how temperature influences impact energy for continuous fiber additively
manufactured (AM) polymer matrix composites. AM composites were fabricated with a nylon-based
matrix and four continuous reinforcements: fiberglass, high-temperature fiberglass (HSHT), Kevlar,
and carbon. The tested temperatures ranged from —40 to 90 °C. The chosen printed configuration for
the lattice structure and fiber volume was the configuration that was found to perform the best in
the literature, with a volumetric fiber content of 24.2%. Impact tests showed that the best response
was fiberglass, HSHT, Kevlar, and carbon, in that order. The impact resistance was lowered at
temperatures below ambient temperatures and above 50 °C. Additionally, each material’s impact
energy was adjusted to third-degree polynomials to model results, with correlation factors above
92%. Finally, the failure analysis showed the damage mechanisms of matrix cracking, delamination
in the printing direction, fiber tearing, and fiber pulling as failure mechanisms.

Keywords: additive manufacturing; composites; impact energy; continuous fiber; temperature
toughness

1. Introduction

A recent review [1] identified the missing tests needed to characterize the behavior
of the newly produced additively manufactured (AM) composites. Among those tests
were impact strength. The importance of impact tests for polymers is that although they
show ductile failure when tested in tension at moderate strain rates, they suffer fragile
rupture when tested at high strain rates [2]. A relatively low energy absorption rate
often accompanies fragile breakage and is a failure mode that structural designers must
avoid. Moreover, experiments measure the impact strength of a structure and validate the
analytical methods used to calculate the in-service performance of a structure [3]. In the
case of parametric models, a post-testing simulation uses coupon sample results to recreate
the part’s performance.

Toughness is a mechanical property that describes a material’s resistance to loads at
a high strain rate [4]. It can be quantified as the total deformation energy a component
can absorb before rupturing by accumulating high-speed dislocations per unit area of
the fractured section. In a viscoelastic material, such energy depends on the evolution of
deformation velocity, whereas in elastoplastic materials, it is not affected by it. One can use
fracture mechanics to predict the behavior of a composite under the inevitable presence
of a flaw [5,6]. Toughness is heavily influenced by temperature [4], which makes fracture
mechanics methods to measure it impractical. Therefore, indirect measurement of fracture
toughness can be performed by impact tests.

Yasa [7] and Sauer [8] performed independent Charpy impact tests for MEX [9] nylon
composites and short carbon-reinforced samples, studying layer height and material infill
raster angles. They both found high anisotropy and dependence on infill patterns. Sauer [8]
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went further and tested additional samples in the flat (f) and on-edge (e) directions (see
Figure 1 for the description of such orientations). Caminero et al. [2] performed the
Charpy impact test for a Nylon matrix with continuous carbon, fiberglass, and Kevlar fiber
reinforcement using different printing configurations, including flat (f) and on-edge (e)
configurations, and three different fiber contents (Vf). They found that fiberglass delivered
the best results compared to Kevlar and carbon, in that order, the opposite of the tensile
strength results [10,11] in agreement with Prajapati et al. [12] who also confirmed that
continuous fiber orientation heavily influences impact energy. Sauer [8] and Caminero
et al. [2] also found that the on-edge (e) configuration delivers higher performance than
the flat (f) one, as shown in Figure 1. Kabir et al. [13] performed drop weight and impact
tests on several FDM nylon matrix-reinforced composites. Ojha et al. [14] also performed
tests on nylon-based matrix composites, and Papa et al. [15] measured thermography fields
in AM composites under impact at high speed. Vasko et al. [16] systematically tested
3D-printed composites under different printing conditions. Finally, Scrocco et al. [17] tested
onyx composites with different reinforcements to find that Kevlar and hexagonal infill
perform best in Charpy and high-speed impact tests. No studies were found that show the
influence of temperature on impact energy on AM composites.

Type B Type C

= " T

On-Edge

Figure 1. Printing configurations for Charpy impact tests. Adapted from [2].

Composite materials are intrinsically limited under localized impact loadings [18].
Roberson [19], working with ABS, found that part orientation significantly influenced im-
pact resistance due to the intrinsic anisotropic nature of MEX. Such anisotropy is attributed
to pore formation [20], which is implicit in AM [21], and a weak interlayer material bond-
ing delivers an inappropriate matrix-to-fiber load transfer [22]. Reported surface failure
modes under impact loading have been attributed to matrix splitting, matrix delamination,
intralaminar matrix cracking, and longitudinal matrix piercing. Internal failures are related
to the fiber and are associated with fiber/matrix disengagement, fiber withdrawal, and
fiber fracture [2,18,23,24]. Moreover, interlayer normal and shear deformations, both due
to high-speed bending, are the main energy dissipation mechanisms for impact loading in
composite materials [2,18].

Contrary to the rule of mixture prediction and that fibers can act as a deterrent for
crack propagation, there is evidence that fiber addition in a polymer matrix begets a brittle
and weak material [25-27]. This is possible due to a weakening in the matrix continuum
by the addition of fiber [28]. However, Caminero et al. [2] showed an increment in impact
energy absorption when more fiber was added. Finally, the reported techniques to observe
failure modes include microscopy (both optical and electron microscopy), and digital image
correlation [10,23,28,29].

Extensive details of Caminero’s work are available in [2]. Heitkamp [30] tested hybrid
composites (different ratios of carbon and Kevlar reinforcement), but the values reported
here are for only one type of reinforcement (carbon or Kevlar alone). They tested Charpy
samples for three different configurations and two different printing directions: flat (f) and
on edge (e), as shown in Figure 1, whereas the impact energy and volume fiber content
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(V1) for each sample are shown in Table 1. They reported that FG offered better impact
resistance than Kv and C for about the same V{. Furthermore, it is also observed that the
on-edge (e) configuration delivers higher performance than the f-configuration and raises
the impact resistance more than the f.

Table 1. Impact results for each configuration.

A, Caminero [2] B, Caminero[2] C, Caminero [2] C, Heitkamp

Type (kJ/m?) (kJ/m2) (kJ/m?) [30] (kJ/m?)

f.CRTP 221 3321 57.5 126
v 0.0344 0.2494 05318 0.258
f-KvRTP 30.11 83.69 12547 30.42
Vf 0.086 0.295 0.5606 0.258
f-FGRTP 74.16 206.66 271.19 N/A
Vf 0.084 0.2915 0.556 N/A
e-CRTP 24.73 59.76 82.26 N/A
v 0.0338 0.2482 0.3316 N/A
-KvRTP 36.42 95.11 184.76 N/A
Vf 0.0782 0.2533 0.3465 N/A
e-FGRTP 86.3 24619 280.95 N/A
v 0.0782 0.2968 0.343 N/A

Markforged provides mechanical properties for matrix and fibers [31]. However, material
performance varies significantly besides intrinsic AM anisotropy [24] [NO_PRINTED_FORM],
due to different combinations and configurations [1]. In addition, Dutra et al. [29] showed
that the properties of the nylon matrix are different from those of the 100% nylon filament. A
summary of relevant properties is presented in Table 2. All tests were performed at ambient
temperature.

Table 2. Individual mechanical properties for FDM composites” individual components. From [32].

Material E; (GPa) o1 (MPa) J (Izod) (N/m) 1]1)?2;:;
Onyx 2.4 40 330 1.2
Standard ASTM D638 ASTM D638 ASTM D256 NA
C 60 800 960 14
FG 21 590 2600 15
Kv 27 610 2000 12
HSHT 21 600 3100 15
Standard ASTMD3039  ASTMD3039  ASTM D256 NA

The article shows how impact strength changes under different temperature exposures
for MEX-reinforced polymers with long fibers. Impact energy values are reported, and
SEM images revealed fracture surfaces with the respective analysis.

2. Material Extrusion

Additive Manufacturing (AM) is a set of techniques used to join one or more materials
to form objects from 3D topologies, generally layer by layer, instead of subtractive technolo-
gies such as mechanized cut, foundry, forging, and welding. One tremendous advantage
for AM is that printing costs are virtually the same for one as for thousands of pieces [32],
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and it has excellent compatibility with different materials for constructing highly complex
structures. The ISO/ASTM 52900 [9] categorizes the technologies regardless of the mate-
rials used. Material extrusion (MEX, also known as fused deposition modeling of fused
filament fabrication) is the most widely used AM technology [33].

A topology is created in a CAD software and saved as a Standard Tessellation Lan-
guage (STL) file. Such a file is discretized in a slicer software, resulting in G-code instruc-
tions. Those instructions are then loaded into a 3D printer that moves the printer head
accordingly. Eiger® is the Markforged software suite, and it is entirely cloud-based. In
MEX, a nozzle deposits molten polymer material onto a platform with relative movement
in three orthogonal axes, allowing the creation of layers that will reconstruct the original
CAD topology by continuous and appropriate movements. Furthermore, a reinforced
polymeric composite can be fabricated if a second nozzle is used, i.e., for continuous fibers
such as the technology provided by Markforged [34].

Figure 2 shows the schematics of the 3D printing process used by the Markforged Two®
printer. A moving platform is contained within the printing envelope where two nozzles,
one containing a matrix polymer (Onyx®) and the other a continuous fiber, alternate to
deposit a material layer by layer until the original topology is recreated.

Double extrusion head
Continuous
Fiber
Nozzles
Onyx
@,
7

Topology
to build

Platform

Figure 2. Schematics of FDM printing. Adapted from [33].

Commonly used materials are acrylonitrile butadiene styrene (ABS), polylactic acid
(PLA), polypropylene (PP), polyethylene (PE), polyamide (PA, also known as nylon),
polyetheretherketone (PEEK), polyetherimide (PEI), polyethersulfone (PES) or polypheny-
lene sulfide (PPS) [33]. This paper used nylon reinforced with short carbon fiber (Onyx®)
as a matrix. Comprehensive reviews on MEX for continuous fibers are available [1,35].

To create a part, there are several variables available in the Eiger® software for the
Markforged Two® printer to choose from, including the type of fiber (carbon, Kevlar,
fiberglass, and high-temperature fiberglass), fiber volume fraction (Vf), fiber layout type
(concentric and isotropic, as seen at the top of Figure 3), pattern of matrix filling (hexagonal,
triangular, square, as seen on the top of Figure 3, and solid fill), matrix fill density, matrix
deposition angle, and fiber deposition angle. In addition, mechanical characterization for
different matrix fillings from geometry and material properties is thoroughly reviewed
in [36].

Based on a literature review [1], a research campaign was launched to characterize
the MEX composite’s impact toughness through Charpy impact tests under temperature
changes. This paper deals with this characterization.



J. Manuf. Mater. Process. 2023, 7, 178

5o0f 14

Cancentric Fil Isatrapic Fil

Isotropic Concentric
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Figure 3. Graphical description of fiber layup and matrix options in the Eiger® software [1].

3. Materials and Methods

Short carbon fiber-reinforced nylon (SFRTP) was used for the matrix, as provided
by Markforged, and four types of continuous fiber were used as reinforcements: carbon,
Kevlar, fiberglass, and high-temperature fiberglass, the four also exclusively provided by
Markforged. The Vf was kept the same, about 24.2%, measured by the matrix and fiber
volume given by the Eiger® software.

Samples were printed per ASTM A-370 with 55 long, 10 high, and 4 mm wide di-
mensions The fibers were oriented so that the impact would be edgewise. Figure 4 shows
how the sample was configured in Eiger®. It details how the fiber is distributed within
the sample, as shown in Figure 4a, and how the matrix filling and reinforcement layers
are, as shown in Figures 4b and 4c, respectively and sample dimensions are shown in
Figure 4d. The samples were printed with an isotropic fiber layout oriented in the direction
of the sample, as shown in Figure 4c, according to results from Caminero et al. [2], but
printing parameters were chosen from [10], which included a triangular filling pattern and
matrix density of 20%, and two roof, wall, and floor layers. No evidence of warping during
printing was found; hence, no brim support was added during configuration.

Samples were tested at different temperatures to assess the variation in impact energy.
Samples were labeled describing the type of fiber (C for carbon, FG for fiberglass, Kv
for Kevlar, and HSHT for high-strength, high-temperature fiberglass) and the exposed
temperature origin (A for liquid nitrogen at about —40 °C, B for solid CO; at about —20 °C,
C for ambient temperature at about 25 °C, D for warm glycerin at about 50 °C, and E for
hot glycerin at about 90 °C). The minimum number of samples was three per measured
point, following ASTM A370-19 [37]. The performance of individual components and many
different combinations was thoroughly reviewed [1] except for HSHT. According to Mark-
forged, HSHT is a fiber that maintains elastic properties until about 150 °C, and its impact
resistance is almost 30 and 100 times more than that of ABS and PLA, respectively [31].
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¢ (d)

Figure 4. Sample configuration was performed in Eiger®. (a) Location of fiber-reinforcement on
the sample, (b) non-reinforced area showing the triangular filling pattern; (c) fiber reinforcement
distribution; (d) sample dimensions in mm.

Impact tests were carried out in the impact tester HSM41 from P. A. Hilton (Stock-
bridge, UK) equipped with a 354 mm arm and mass increments of 0.3 kg. The temperature
was verified for each sample before testing with a Fischer Scientific infrared temperature
gun and a FLIR A655sc Infrared camera. Liquid N; has a boiling point of about —195 °C;
however, the IR camera has a range from —40 to 150 °C. Therefore, to measure the temper-
ature, once samples were out of the N; bath, they were left to warm up until the camera
registered a temperature slightly higher than —40 °C. Data were logged and processed
with MS-Excel®. Figure 5a shows a sample mounted on the impact apparatus being tested
for temperature with the IR camera right before the hammer was released, and it was
double-checked with the IR gun. This was the recorded temperature for each sample.
Figure 5b shows the IR gun monitoring temperature while the samples were in glycerin on
a hot plate.

Figure 5. General view of testing (a) Temperature measurement with IR camera for samples mounted
on the impact apparatus; (b) temperature measurement with IR gun for samples heated in a beaker.
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Finally, the same type of fiber reinforcement samples was randomly distributed within
the different temperature groups to avoid any possible bias from printing differences that
may have been raised from the manufacturing technique variation. Table 3 shows the

summary of the samples used.

Table 3. Description of labeling used for samples.

Group A B C D E

Temperature . . Warm Hot

Medium Lig N, Solid CO; Tamb Glycerine  Glycerine

Temp, °C —40 ~—15 25 ~50 ~90
C 3 3 3 3 3
Fg 4 3 3 3 3

Sample ID

Kv 3 3 3 3 3
HSHT 3 3 3 3 3

Figure 6 shows the terminology used for the impact apparatus variables. Impact

energy, U, was calculated with Equation (1).

U = mgR(cosa — cos )

where m is the arm mass, R is the arm radius, g is gravity, « and B are the angle between
the vertical and maximum height after impact and maximum before release, respectively.

Figure 6. Schematics and nomenclature of the impact apparatus.

Finally, it has to be added that many attempts have been made to try to correlate
Charpy impact energy with fracture toughness [38]. Although they are used for metals,
fundamental differences such as a blunt notch, specimen size, and load speed in both
samples make such a correlation defective. Care should, therefore, be taken when using

these results.
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4. Results and Discussion
4.1. Impact Results

Figure 7 shows the absorbed impact energy plotted against the average temperature for
the four composite materials. Although HSHT offers a 55% higher 1zod energy than FG (and
is marketed as offering superior performance at temperatures up to 150 °C), FG delivers
superior performance at ambient temperature and about the same at —20 °C. However, the
highest temperature we tested was about 90 °C, so we cannot verify performance beyond
that point. Kevlar outperforms HSHT after ambient temperature. As expected, carbon fiber-
reinforced samples offer the poorest performance, being a resistant but less tough material.
Finally, the results are proportional to the values for Izod impact strength provided by
the manufacturer, as shown in Table 2. In that order, the most resistant fibers are HSHT,
FG, Kv, and C. One might be tempted to use the commonly known rule of mixtures to
obtain a prediction of impact properties. However, it has been shown that such a rule might
make an inaccurate prediction [1] as it only accounts for the individual contribution of
impact strength for the matrix and fiber in this case. It cannot include energy dissipation
mechanisms such as matrix-fiber bonding and does not account for the internal fiber layout
distribution [18]. Therefore, a more suitable method could be numerical modeling, such as
asymptotic homogenization as described by Dutra et al. [29].

2
500 kJ/m
450 o
400
350 a m]
A0
300 =]
+ A
250
200 A
150
100 £ o o
50 5
O o
0."".o'"'I""I""I""I""I"'C':I
-40 20 0 20 40 60 80 100
OFrG Kv ocC
AHSHT +FG, Caminero, 2018 Kv, Caminero, 2018
X C, Caminero, 2018

Figure 7. Impact—energy versus average temperature for the four composite materials [2].

As a comparison, the results for the same configuration with a similar Vf obtained by
Caminero [2] are plotted as well. The difference is about 69, 88, and 25 times higher for FG,
Kv, and C, respectively. On the other hand, Vasko et al. [16] obtained the best results for
HSHT, FG, Kv, and C, in that order. However, their Vf was very different than the one used
in this study.

Figure 8 shows the absorbed impact energy versus average temperature and standard
error. The standard error is calculated with Equation (2).

@

where 7 is the number of measured points.
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Figure 8. Impact—energy versus average temperature with standard error.
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Table 4 shows the average temperature in °C for every group, the average impact
strength in k] / m?2, and the standard deviation. Because the time taken from the immersion
in the heating fluid until the actual test and measurement was not constant, and environ-
mental conditions varied, the temperature slightly changed as recorded by the IR camera
at the time of the test. One can see the group that presented the largest standard deviation
for the four fibers, except for C and FG, was the group tested after the samples were
immersed in hot glycerin at 90 °C. The SD were 47.6, 28.8, 7.6, and 4.8% for KV, HSHT, FG,
and C, respectively. Such an effect might be attributed to some of those samples bending
rather than breaking. This bending may be why the impact strength decreases instead of
absorbing more energy, like in the case of metals.

Table 4. Average temperature, impact strength, and standard deviation for the tested samples.

T,°C KJ/m? SD
FG 24.9 460.7 1.3
~15.0 326.4 16.7
—40.0 178.6 473
85.8 300.4 2.8
51.0 349.2 115
HSHT 255 362.1 72
—18.7 316.6 265
—40.0 268.3 18.4
943 172.5 51.3
52.7 263.1 3.1
Kv 25.3 236.2 16.7
~19.3 110.0 9.9
~39.3 125.3 24.1
91.3 206.6 98.3
49.0 286.6 36.2
C 25.2 40.9 32
~18.7 12.2 15
~36.7 346 13.2
81.7 100.0 48
493 96.9 16.3




J. Manuf. Mater. Process. 2023, 7, 178

10 of 14

On the other hand, the C samples presented the most considerable dispersion (38.3%)
when they were tested after immersion in liquid nitrogen (about —40 °C) followed by FG
(28.4%), Kv (19.2%), and HSHT at 6.8%. The C samples were also the samples with the
lowest impact strength. Furthermore, the SD for the temperature was below 10%.

Experimental data were adjusted to a third-order polynomic model, as shown in
Equation (3).

Uy = aT® + bT? +cT +d ©)

Equation (3) uses the constants shown in Table 5, for each type of reinforcement
material, and the correlation coefficient R?, representing data inclusion. The impact energy
is in k] /m?, whereas temperature is in °C. The polynomic models are valid from —40 to
+90 °C.

Table 5. Constants for modeling impact energy.

Material\Constant a b c d R?
FG 0.0004 —0.0734 2.3096 4034.36 92.19
HSHT 0.0002 —0.0436 0.2928 355.61 93.89
Kv —0.0006 0.0297 2.2783 151.63 99.79
C —0.0004 0.0317 0.9323 10.869 97.78

4.2. Failure Analysis

Figure 9 shows the macroscopic appearance of the samples heated with warm glycerin
(about 50 °C). FG and HSHT did not break, but HSHT showed some separation between
the matrix and fiber along the printing direction. C completely broke, and one sample
showed separation between the matrix and fiber along the printing direction, whereas Kv
showed fiber tearing and pulling accompanied by matrix bending.

FG HSHT C Kv
—ﬁ ‘!

Figure 9. Macroscopic appearance of samples at ~50 °C.

Figure 10 shows the macroscopic appearance of samples cooled under liquid N, (about
—40 °C). FG did not break, while HSHT showed fiber matrix separation along the printing
direction. C showed matrix bending and some delamination, whereas Kv completely broke.
Overall, one can see how the samples show a more fragile failure compared to the samples
at higher temperatures. This morphological behavior agrees with the lower impact energy
presented in Figure 7. Furthermore, the failure mechanisms agree with the observations
from the literature [12,13,15].
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FG HSHT Kv ___C

Figure 10. Macroscopic appearance of samples at ~—40 °C.

Figure 11 shows the macroscopic appearance of samples cooled in liquid CO, (about
—18 °C). FG and HSHT samples did not break but instead showed delamination. Carbon
broke completely in a fragile manner, including both the matrix and fiber, whereas Kevlar
showed a mixture of delamination, fiber-matrix separation, and sample rupture.

FG HSHT C Kv

Figure 11. Macroscopic appearance of samples at ~—18 °C.

Figure 12 shows a closer look at the fracture area for samples tested at 50 °C. Figure 12¢
shows a cleaner rupture in carbon-reinforced specimens, whereas for Kv (Figure 12a) and
FG (Figure 12b), pulling and fiber tearing are also observed. The latter two mechanisms
partially explain the higher impact energy absorbed by FG and Kv shown in Figure 8. The
applied impact energy is absorbed by pulling fiber from the matrix, tearing fiber, cracking,
and rupture. Carbon-reinforced samples only show the last two mechanisms.

Matrix cracking Fiber pull-out Fiber tearing  Fiber rupture

SEM MAG: 34 x SEM MAG: 34 x GA3 TESC! SEMMAG:3x | SEMMAG:3Ax

\ VEGA3 TESCAN
SEM MAG: 30 X SEMMAG:30X | 1mm  TECNOPARQUE BUCARAMANGA) SEMM N SN X NN L w ST E O S SEM MAG: 34 X SEMMAG:34x | 1mm  TECNOPARQUE BUCARAMANGA

(a) FG, 50 °C (b) Kv, 50 °C (c) C, 50 °C

Figure 12. Fractured area tested at 50°C: (a) fiberglass, (b) Kevlar, and (c) carbon-reinforced samples.
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5. Conclusions

Charpy impact tests were performed for additively manufactured composites under
different temperatures. The matrix was onyx, which is nylon based with embedded
short carbon, whereas the reinforcements were continuous fiberglass, high-temperature
fiberglass, Kevlar, and carbon fibers. The tested temperatures were —40, —20, 25, 50, and
90 °C. A reduction in impact energy absorption was observed in all the samples when
the temperature was reduced. In contrast, the impact energy increased when the testing
temperature was elevated, reaching a maximum at 50 °C. At that point, the impact energy
decreased. In this order, the reinforcement fibers that withstood the higher impact energy
were fiberglass, HSHT, Kv, and C. Therefore, if the projected component experiences impact
service loads, design verification must be performed using analytical or numerical methods
to avoid the damage mechanisms typical of impact loading, even at low-speed strain rates.
This study provides impact strength values. The results were adjusted to polynomic models
with a linear correlation factor, RZ, of 92.19, 93.89, 99.79, and 97.78% for FG, HSHT, Kv, and
C, respectively, which are valid between —40 and 90 °C.

The failure mechanism for AM composites does not seem to differ from those of
composites fabricated by other methods or from the same type of composites tested at
ambient temperature. More specifically, the failure mechanisms for carbon and Kevlar
included fiber pull-out, delamination, and matrix cracking for tests performed at —40
and —20. For ambient temperature, failure modes were fiber pull-out and fiber tearing.
The failure mechanism for fiberglass was matrix cracking, whereas for HSHT, it was
delamination and matrix cracking.
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