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Abstract

In this study, we investigate the relationship between structure and properties
of fiber-matrix adhesion for material extrusion-based 3-dimensional
(3D) printed composites. We examine the influence of fiber length and fiber con-
tent on the tensile properties of glass, basalt, and carbon fiber-reinforced polylac-
tic acid (PLA) composites. Short fiber-reinforced filaments were produced, then,
simple micromechanical models were used to predict the in-plane tensile proper-
ties. We found that interlayer tensile properties are strongly influenced by fiber-
matrix adhesion. If adhesion is sufficient, the fibers and matrix deform together
under tensile load. A second-order relationship describes interlayer tensile
strength in relation to fiber content between 5 and 25 w%, with a maximum at
15 w%, for carbon and basalt fiber-reinforced composites. If adhesion is weak, the
crack propagates along the fiber-matrix interface, causing brittle fracture and low
strength. This behavior was noted for the glass fiber composite, for which the cal-
culated interface shear strength was the lowest (1.4 MPa). In this case, fiber con-
tent is inversely proportional to interlayer tensile strength. Our results show the
role of fiber-matrix adhesion quality on tensile properties, which has a major
impact on both the accuracy of predictions and the damage processes.

Highlights

« Critical fiber length determines accuracy of tensile property estimates

« Quality of fiber-matrix adhesion governs interlayer damage process

« Poor adhesion causes brittle fracture and low strength

« Second-order relationship of interlayer tensile strength and fiber content

« Loss of interlayer tensile strength in composite due to fiber-matrix interface
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1 | INTRODUCTION

Research on 3D-printed composites is widespread but
there are still areas that need investigating. Material
extrusion 3D printing is well-suited for the processing of
short fiber-reinforced thermoplastic composites, there-
fore it is widely used for industrial and research purposes.
The fibers are mostly used to improve mechanical proper-
ties such as tensile’” and flexural properties,®> and
dynamic®’ behavior. By combining short fibers with
nanoparticles, functional properties such as electrical or
thermal conductivity, or shape memory can be
achieved.*'° Despite intensive research in this area,
methods for estimating mechanical properties are still
underdeveloped. The macroscale properties of 3D-printed
composites are greatly affected by fiber length, orienta-
tion, fiber-matrix adhesion and void content, so these
should be incorporated into predictive calculations. How-
ever, microstructural features depend on the
manufacturing process, and thus have little predictabil-
ity in the product.'’ The mechanical, thermal, wear,
etc. properties of the polymers used for 3D printing are
also very diverse, which can cause further difficulties.'?
Overall, the effects of manufacturing parameters on
mechanical properties ranges widely and is difficult to
generalize.'® Accurate modeling also requires sufficient
quantitative data, which can be time-consuming and
error-prone to collect. Polyzos et al.'* aimed to over-
come the time-consuming data processing for micro-
mechanical modeling with a stochastic approach. The
authors generated artificial fibers and presented a
semi-analytical modeling method to estimate elastic
properties. The stochastic modeling could give compa-
rable predictions to deterministic modeling (where
fiber properties are extracted from X-ray microtomo-
graphy images), and it reduced pre-processing time
significantly.

But most often, microstructural features are deter-
mined experimentally. Nasirov et al.'> presented three-
scale homogenization from bead level to macroscale level
for carbon fiber-reinforced polylactic acid composites.
The authors showed that fiber orientation and fiber
length distribution should be measured to improve
accuracy. Gupta et al.'® applied the Mori-Tanaka
approach with a two-step homogenization framework
to predict Young's modulus and tensile strength in
relation to fiber content. For homogenization, they
considered and determined fiber length and bead size
(the diameter of a single 3D-printed extrudate) experi-
mentally. They found that the method reduces the
error mostly for higher fiber contents, in the case of
carbon fiber-reinforced polycarbonate composites.
Abderrafai et al.'” also presented homogenization

based on the Mori-Tanaka model to predict the
Young's modulus of carbon fiber-reinforced polyamide
composites. The authors showed that their method pro-
vides a lower bound for mechanical properties and that
experimental values below this bound indicate imper-
fect fiber-matrix adhesion. Sufficient fiber-matrix
adhesion is key to efficient load transfer.'® Yu et al.*®
showed that fiber-matrix adhesion strongly affects the
properties of 3D-printed composites, not only in terms
of strength but also in terms of ductility. The authors
conducted in-situ X-ray tomography during tensile
testing and found that the composites had several com-
ponents in a hierarchical structure and distinctive frac-
ture behavior, in which voids have a key role. Yilmaz
et al.*® have shown that post-processing can success-
fully eliminate most of the voids, which can result in
an increase in mechanical properties. Pei et al.''
applied the Halpin-Tsai model with parameter adjust-
ment, where fiber and void volume fractions were con-
sidered as stochastic variables. They also analyzed the
effects of process parameters on the structure. The
authors revealed a structure-property relationship
between void distribution and Young's modulus. The
Classical Laminate Theory (CLT) is also often used to
estimate macro-level properties of 3D-printed compos-
ites, but mostly for composites reinforced with continu-
ous fibers.”!

The studies listed above investigated mechanical
properties along the length of the part. 3D-printed struc-
tures are anisotropic, which means that there can be a
large difference (even an order of magnitude) between in-
plane mechanical properties and mechanical properties per-
pendicular to the printing direction. Konig et al.** investi-
gated the effects of process parameters on the interlayer
bonding of carbon fiber-reinforced polyamide composites.
The authors found that the carbon fibers decrease interlayer
bonding strength, probably due to weak fiber-matrix adhe-
sion. Bhandari et al.** found that carbon fibers reduce the
interlayer tensile strength by 66% and 50% for an amor-
phous and a semi-crystalline polymer, respectively. Post-
processing increases strength but also increases production
time and can deform 3D-printed products. The authors
reported that increased melt viscosity and crystallization
inhibit diffusion between layers and can therefore result in
poor interlayer bond strength.

Overall, further research is needed to explore the
complex microstructure and process-structure rela-
tionships of 3D-printed composites. Most studies are
concerned with longitudinal (in-plane) mechanical
properties, the load response in other orientations is
less explored. In this study, we examine the impacts of
fiber length, fiber content, and fiber-matrix adhesion
on the tensile properties of glass, basalt, and carbon
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fiber polylactic acid (PLA) composites. Tensile proper-
ties were determined from both in-plane and interlayer
tests. We also present predictions of tensile strength
and Young's modulus based on the Rule of Mixtures
and the Halpin-Tsai model. Our results provide a better
insight into the role of interfaces in 3D-printed com-
posites and help to develop more accurate predictive
models.

2 | MATERIALS AND METHODS
2.1 | Preparation of the composite
filaments

We used Ingeo 4060D polylactic acid (PLA) from Nature-
works LLC. (USA) as the matrix of the composites. The
density of PLA is 1.24 g/cm® Chopped carbon fibers
(PX35) were obtained from Zoltek Corporation (USA).
According to the supplier, the fibers have an epoxy sur-
face treatment. Chopped basalt fibers (KV-18) were
obtained from Kamenny Vek (Russia). The fibers
were cut from a continuous yarn and sized for com-
pounds based on polypropylene and polyethylene. As
basalt is natural, PLA composites reinforced with
basalt fibers have the potential to be a more sustainable
thermoplastic composite alternative for semi-industrial
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applications.>**> Table 1 shows the material properties
of the fibers and the matrix (4060D PLA). The fiber
length and diameter presented in Table 1 are used as a
reference for interpreting the fiber length results pre-
sented in later chapters. The density and mechanical
properties of the constituents were used to calculate
the mechanical properties of the composites. The PLA
pellets were dried for 4 h at 45°C before processing in a
WGLL-125 BE drying oven from Faithful Instrument
Co., LTD (China).

Figure 1 illustrates the manufacturing process of the
composite filaments, and Table 2 summarizes the main
process parameters. First, the dry mixtures were prepared
in the appropriate weight ratios (5, 10, 15, 20, 25 w%).
Then the mixtures were fed to a twin-screw extruder
(LTE 26-44 manufactured by Labtech Engineering Co.,
Ltd., Thailand). The screw diameter and the L/D ratio
were 26 mm and 44, respectively. The zone temperatures
from hopper to die were 180, 190, 190, 190, 190, 200,
200, 200, 200, 200, and 190°C in all cases. Compounding
is a very important step to make composite filaments pro-
cessable with 3D printing. Homogeneous distribution of
the reinforcing fibers must be ensured, otherwise, clumps
of fibers can clog the nozzle. However, during com-
pounding, the fibers are subjected to significant shear
stress, which causes breakage.31 We aimed to minimize
fiber breakage to achieve the longest possible residual

26-30

hopper. 2. Compounding with a

basalt  glass carbon

TABLE 1 Material properties of the matrix and the fibers used as reinforcements.
Fiber length Fiber diameter Tensile strength Young's modulus
Material type (mm) (pm) Density (g/cm?) (MPa) (GPa)
4060D PLA - - 1.24 55 3
Carbon fiber 8 7 1.37 4137 242
Basalt fiber 10 12 2.59 2335 85
Glass fiber 8 14 2.55 1956 78
(B) COMPOUNDING A) =
DRY MIXTURE
Die Vent zone e %S / \ ______________________________
¥ " llA 'tlli/u i ] ] 1 [ ! M = !
AR AN A AR AN = ! atrix :
AR ARA AKX N R ! '
”’nl 9L 8L 71l 6| 5L 4L 3L 2 1 ! . _\}‘ i
Twin screw 3 i
PC : PLA pellets '
, Composite | : i
' /7 ¢ N (C) FILAMENT EXTRUSION ; i
FIGURE 1 Compounding i __peiets . ; Chopped fibers !
3 ! # \L !
of the composites: 1. Dry 1\\5 "
mixtures are fed through the > i =g '

twin-screw extruder and
preparation of composite pellets.

3Devo
Precision 450

3. Filament extrusion with a
single-screw filament extruder.

5, 10, 15, 20, 25 w%

Basalt, glass, carbon
fiber filaments
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fiber length. Therefore, we investigated the influence of
screw speed on fiber fracture. Composites were produced
with screw speeds of 40, 60, 80, and 120 1/min, and resid-
ual fiber length was measured. The tests were carried out
with a composite containing a PLA matrix and 10 w%
carbon fiber.

The number average fiber length (L,) decreased line-
arly as a function of screw speed. At 40 1/min
L,, = 220 + pm while above 80 1/min, the length average
reduced below 200 pm, which means that the proportion
of long fibers was significantly reduced. We were looking
for an optimum speed that would minimize breakage
while keeping the manufacturing process productive, so
we produced the composites at 60 1/min. After com-
pounding, the composite extrudates were cut into 6 mm
long pellets with a LZ-120/VS granulator from Labtech
Engineering Co., Ltd. (Thailand). We then fed the pellets
to a single-screw filament extruder (Precision 450, 3devo
Inc., The Netherlands) to prepare the filaments for 3D
printing. Screw speed (r) was 4.5 rpm and the zone tem-
peratures from hopper to die were 170, 210, 185, and
175°C. Filament diameter was 1.7 + 0.5 mm. Neat PLA
filaments were also produced with the same process to
ensure the same manufacturing history of the materials.

We produced two types of specimens for tensile test-
ing. To measure in-plane tensile properties, we used the
5A-type geometry described in ISO 527-2:2012
(Figure 2A). The specimens were laid flat on the print
bed and the printing orientation was parallel to the longi-
tudinal axis (0°) in each layer. To measure the interlayer

tensile properties, we designed a custom specimen
(Figure 2B). Hollow boxes with one contour were pre-
pared, then the rectangle specimens for testing were cut
with lever plate shears. Wall thickness was 0.8 mm. The
tests were performed with the direction of the load
perpendicular to the direction of building so that the
interlayer properties could be measured. The 25 w%
basalt fiber-reinforced filament could not be used for box
specimens due to the brittleness of the filament.

All specimens were produced on a Prusa Mini desk-
top 3D printer (Prusa Research, Czech Republic). To gen-
erate the G-codes we used the Ultimaker Cura 4.13.1
software (Ultimaker B.V., The Netherlands). The diame-
ter and the temperature of the nozzle were 0.8 mm and
200°C, respectively. Layer height was 0.2 mm, and the
infill rate was 100%. The print bed was heated to 60°C
and no fan cooling was used.

2.2 | Microstructural analysis

We measured the average fiber length for each composite
after processing. We cut samples of 2-3 g, then we
burned the PLA at 600°C for 4 h in a Denkal 6B furnace
(Kaléria Hotechnikai Kft.,, Hungary). The remaining
fibers were dispersed on glass sheets, and the individual
lengths were measured with the use of a Keyence VHX-
5000 (Keyence Corporation, Belgium) digital microscope
at 40x magnification. At least 200 fibers were measured
in all cases. The number averages and the length-

TABLE 2 Filament production process steps and their main manufacturing parameters.
Temperature profile from hopper
No. Procedure to die (if applicable) Speed (1/min)
1 Dry mixing Room temperature Hand mixing/not applicable
2 Compounding 180-190-200-190°C 60
3 Granulation Room temperature 40
4 Filament extrusion 170-210-185-175°C 4.5

(A) Specimen for in-plane
tensile testing

0° printing
2 mm orientation
4 mm 75 mm Cutting
area

Il
]

(B) Specimen for interlayer
tensile testing

90° printing
orientation

80 mm

.7

<> 5mm

FIGURE 2
(A) for in-plane tensile testing

Specimens

Print bed
(0° printing orientation) and
(B) for interlayer tensile testing
(90° printing orientation).
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weighted averages were calculated with Equations (1)
and (2), respectively. The probability density function of
the Weibull distribution is given by Equation (3).>

L~ 1)
ne=a ®

where L; (pm) is the length of fiber i, n; is the number of
fibers of length L; and n is the number of fibers.

£(ila,b) :g (g)b‘lef(%)b if x>0 (3)

where a and b are the scale and the shape parameters,
respectively.

We determined the critical fiber length (L est) USing
Equation (4), which is an estimation based on the aver-
age fiber (L,).>* Critical fiber length was also calculated
from the measured tensile strengths for comparison
(based on Equation 7). Then, interfacial shear strength
was calculated with Equation (4) for each composite.**

4

Lcrit,est = gLn (4)
ord

Lcrit,calc = % (5)

where L, (mm) is the number average fiber length, t
(MPa) is interfacial shear strength at the fiber-matrix
interface, oy (MPa) is the ultimate tensile strength of a
single fiber and d; (mm) is fiber diameter.

We analyzed the broken surfaces of the specimens
after tensile testing using a Keyence VHX-5000 (Keyence
Corporation, Belgium) digital microscope, and a JSM
6380LA scanning electron microscope from Jeol Ltd.
(Japan). For scanning electron microscopy, the samples
were sputtered with gold.

2.3 | Tensile properties

In-plane and the interlayer tensile properties were deter-
mined with a Zwick Z005 (Zwick Roell AG, Germany)
universal testing machine in accordance with the ISO
527 standard, with a cross-head speed of 5 mm/min, at
25°C and in 20% relative humidity. 20 kN-rated Zwick
8131 screw grips were used. Gripping distance was
50 mm for both types of specimens. We tested 5 speci-
mens in each case. Young's modulus was determined as a
chord slope between 0.05% and 0.25% strains.

{
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2.4 | Micromechanical models

We applied simple micromechanical models to estimate
the in-lane tensile properties. The models consider the
impact of fiber length in different ways, for which a cor-
rection factor is introduced (yr). In the simplest case, we
used the Rule of Mixtures (Equation 6) and fiber length
was not taken into account (y; = 1). In the Halpin-Tsai
model (Equation 7), the fiber length correction factor
depends on the number average fiber length, and critical
fiber length (Equation 8). The number average fiber
lengths and the fiber length distributions were determined
experimentally. We estimated the critical fiber lengths
(Leyiy) for all composites with Equation (4). Then, we calcu-
lated the tensile strengths with the Halpin-Tsai model,
where the fiber length correction factors were determined
with the use of measured fiber length data. The elastic
moduli were estimated based on the same principle. The
Rule of Mixtures (Equation 6) was applied in the simplest
case, and fiber length was taken into account in the
Halpin-Tsai method (Equation 7). Fiber orientation also
affects mechanical properties, but it has been shown that
in 3D-printed composites orientation usually aligns with
the printing direction.***> In this study, we prepared uni-
directional composites therefore we did not consider the
effects of orientation in the calculations.

XRrRoM :Xfo+Vme (6)

Xur :)(LXfo+vam (7)

where X stands for tensile strength or Young's modulus and
v is fiber volume fraction. The subscripts ‘f* and ‘m’ stand
for fiber and matrix, respectively, and y; is the fiber length
correction factor. The tensile strength and Young's modu-
lus values used for the calculations are given in Table 1.
The fiber volume fraction is given by Equation (8):

wr

P
vfzﬂ fw_m (8)
Pr " Pm

where w (g) is the weight and p (g/cm3) is the density.
The subscripts ‘f and ‘m’ stand for fiber and matrix,
respectively. The densities were given in Table 1.

Lcril,esl

AL= [12/(ZLcrit,esth)}f(l)dl
]

Liax

T @b

Lcri[,est
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where L, (mm) is the number average fiber length,
Lesitest (mm) is the estimated critical fiber length, L,
and L., (mm) are the shortest and the longest fibers
measured, respectively, and f(I) is the fiber length distri-
bution function.

The accuracy of the estimates is characterized by rela-
tive error (Equation 10)

X measured — X calc

8 (%) = x 100 (10)

X measured

where X stands for tensile strength or Young's modulus
and the subscripts ‘measured’ and ‘calc’ stand for the

measured properties and the estimated values,
respectively.
3 | RESULTS AND DISCUSSION

3.1 | Fiber length distribution

We fitted the Weibull distribution function on all the
fiber length results (Figure 3). These distributions were
used to obtain the fiber length correction factors
(Equation 9). Generally, the distributions shifted towards
shorter lengths as fiber content increased. We calculated

the horizontal displacement of the peak maximum
between the lowest and the highest fiber contents. The
peak shift was 139 um, 84 pm and 209 pm for the glass,
basalt and carbon fibers, respectively. This shows that the
impact of fiber content on fiber length was most promi-
nent for carbon fiber-reinforced composites, while the
basalt fiber-reinforced composites were least affected.
Figure 3D shows the number averages and the length-
weighted averages. The longest remaining fiber length
was achieved for the glass fiber composites
(L, =642+ 62 um), while the shortest were the basalt
fibers (L, =246 =42 um). The slope of the lines fitted to
the data points decreases monotonically, with the stee-
pest slope for carbon fibers. This shows that carbon fibers
fragment the most with increasing fiber content.

In the literature, average fiber length is between
100 and 500 pm,**>° but very short fiber lengths of
less than 100 ym can also be found.'® By comparison,
it is common to produce products with an average
fiber length of more than 1 mm with other thermo-
plastic composite manufacturing techniques that is,
injection molding or compression molding.*>*' Pro-
ducing long fiber-composites with material extrusion
3D printing is not yet common due to technological
limitations. In the case of a desktop 3D printer, the
print head is usually equipped with nozzles with a

(A) >, 0.005 ®)0.005 ©o.005
@ 0.004 - "o 0.004 . 0.004 - 2
B 0.003 19 19
D 0L 0.003 .15 | 0.003 - . 15
£ 0.002 - 2 0.002 .00 | 0.002 ¢ . 20
Q2
® 0.001 { 0.001 4/ .25 | 0.001 ; « 25
o ¥ & N
9 O +—2 T T T 0 T I\‘- T T 0 T l‘ \I =
o 0 400 800 1200 1600 0 400 800 1200 1600 0 400 800 1200 1600
Fiber length (um) Fiber length (um) Fiber length (um)
D)
— 1000 ;
< x Lyglass  {| =-7.65v,+756.8
o 8007 ¢ d « L, basalt (R?=09468  Glassi RMSE = 16.56
Qe ~nn | [ T X.. R B ..
= 5 6001 ¢ | |TTEe X Lycarbon | - 456y, +3143
2 _F 400 1 Feef i : °L,glass [R°=06954 Basalti RMSE = 27.52
o 2 .| fFoede g . i
o _T 200 1 % % Ly basalt & T 6w, + 489.6
S . :
g 0 °Lycarbon {R?=09517  carhon' RMSE = 23.58
< 0 5 10 15 20 25 30
Fiber content / v; (W%)
FIGURE 3 Fiber length distributions of the (A) glass, (B) basalt, and (C) carbon fiber-reinforced composites, and (D) the average fiber

lengths (number and length-weighted).
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narrow orifice (with a diameter of 0.1-1 mm), which
is prone to clogging. Zhang et al.** found that nozzle
clogging is less dependent on the viscosity of the
matrix and more on fiber volume fraction and fiber
length.

3.2 | In-plane tensile properties

Figure 4 shows experimental in-plane tensile strength
and Young's modulus, and the results of the estimations
based on the Rule of Mixtures (RoM) and the Halpin-Tsai
(HT) method. The results are presented in Table 3. The
estimates were calculated for discrete fiber contents, and
a linear trend was fitted to each (Equation 11). A linear
trend was also fitted to the experimental results. A
linear relationship is expected based on the RoM, but for
short-fiber composites, the length correction factor can
have a large effect on the type of relationship. However, a
linear relationship was found between average fiber
length and fiber content, with a relatively small

o 400
5 Glass Ogom= 10.37v; + 60
& 300 {RMsE=2504 -~ |iR2?=0.9989
A BL g e
() E 200 - < :GHT_ 372Vf + 60 :
B {R2=0.9714 ;
S 1004 ¢ .77 | esRsIiIIIIiiiIi
= Oexp= -0.55; + 60
0 R2?=0.8283
0
400 4
= Basalt ][O 11.87v+ 60
© ~300 {RMSE=6.313 R? = 0.9988
Ew® P I T
o ‘ ,
(B) g E ‘_/' por GHT_ 6 96Vf + 60
7 =2 A s 'R?=0.9787
c 7Y | tzirsisossossssoooas
@ 1004 ee® | Ogp=0.89V,+ 60
ol | R=07619
0 5 10 15 20 25 30
1000 -
= Carbon Orom= 29.86v; + 60
é’ 800 1 RMSE =13.75 ‘ R2 = 0.9996
QT 600 4 A |FEEEEEE T .
0B & i | Oyr=11.93v; + 60 !
D2 4004 |R?=0.9903 ;
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FIGURE 4

decreasing slope (Figure 3). Therefore, if the length is not
significantly impacted by fiber content, tensile strength
and Young's modulus can be estimated with a linear rela-
tionship. The nature of the relationship is not affected by
fiber length, only by its slope. This can be observed for
glass and basalt fiber-reinforced composites. However,
for the carbon fiber composites, tensile strength was
below the estimated value for the higher fiber content
(25%). The length of the carbon fibers was most depen-
dent on fiber content, thus these results support our
findings.

Xcomposite (MP(I) =avr ~+ X matrix (11)
where X stands for tensile strength (o) or Young's modu-
lus (E), a is the slope and vy is fiber weight content.
Omatrix =60MPa is the measured tensile strength and
Emawrix =3.1GPa is the measured modulus of the
neat PLA.

The predictions based on the RoM overestimate ten-
sile strength and Young's modulus by orders of
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In-plane tensile strength and Young's modulus of the (A) glass, (B) basalt, and (C) carbon fiber composites as a function of

fiber content. RMSE values refer to the linear fits of the measured tensile strength (6.xp) and Young's modulus (Ecyp).
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TABLE 3 Experimental results (average strength and standard deviation) and predicted in-plane tensile strength and Young's modulus.
Measured in-plane Pred.icted in-plane Measured in-plane Predic’ted in-plane
Fiber content tensile strength tensile strength Young's modulus Young's modulus
Type Ve (W%) Gexp (MPa) 6ur (MPa) o6gom (MPa) E., (GPa) Egr (GPa) Egov (GPa)
4060D PLA 0 56.7+7.3 - - 310+ 0.4 - -
Glass 5 40.6 + 2.6 78.1 107.5 3.02+14 4.44 4.76
10 444 + 3.0 92.2 157.6 3.78 £ 0.3 5.97 6.62
15 50.4 + 2.9 122.1 210.6 4.09 +0.3 7.61 8.59
20 53.0+33 128.2 266.7 4.52+ 0.4 9.36 10.67
25 513 +21 156.0 326.1 4.52 + 0.4 11.23 12.88
Basalt 5 654 + 1.0 90.1 114.3 3.59+0.3 4.20 4.96
10 58.6 + 2.2 122.9 171.6 3.68 + 0.5 5.50 7.02
15 73.7+2.2 149.0 232.3 4.64 + 0.2 6.90 9.21
20 744 + 1.8 195.3 296.7 4.52 + 0.7 8.42 11.53
25 88.5 + 4.8 249.9 365.0 530 +1.2 10.07 13.99
Carbon 5 67.9 + 4.1 129.5 201.9 3.88 + 0.4 7.72 11.32
10 829 +4.2 175.1 348.4 525+0.3 12.76 19.91
15 83.8+7.9 255.1 499.7 542 +0.2 18.13 28.78
20 56.2 + 7.1 292.8 656.2 SYPER 0 23.88 37.95
25 48.1 +4.3 353.0 817.9 5.74 + 0.2 30.06 47.43

magnitude. As the effect of fiber length is not included in
the calculation, it is assumed that the tensile strength of
each fiber is fully utilized when subjected to tensile load.
However, the degree of fiber utilization is determined by
the efficiency of load transfer between the fiber and the
matrix. For length-corrected calculations (HT method),
the slope of the fitted lines is considerably reduced, but
the measured properties are still grossly overestimated.
Up to 15 w% fiber content, the relative errors were below
120% for tensile strength. The errors calculated for
Young's modulus were below 50% for basalt and glass up
to 15% fiber content, while for carbon they were below
50% only at 5% fiber content.

The fiber length correction factor is calculated with
the use of experimental fiber length data and it is strongly
dependent on critical fiber length (L.). However, L. is
usually estimated and rarely measured, because current
test methods are prone to error.?® Thus, the value of L. is
usually taken from literature data, which can lead to
inaccuracy, since critical fiber length depends on fiber-
matrix adhesion. The quality of adhesion depends on sev-
eral aspects, such as compatibility, the surface treatment
of the fibers, or the processing conditions, and therefore
it is a specific characteristic of the materials used. In
other cases, it is derived from the number average fiber
length, as described in Chapter 2.3. However, the differ-
ence between the estimated and the experimental slopes

show that the critical fiber length derived from the aver-
age is not applicable in practice because it does not take
into account the quality of fiber-matrix adhesion. From
the fitted tensile strengths, we estimated the critical fiber
lengths of the composites using Equations (7) and (9).
Then, we calculated interfacial shear strength (z) at the
fiber-matrix interface using Equation (5) (Table 4). Com-
pared to the number and the length-weighted averages,
there is a difference of an order of magnitude between
the measured fiber length and the critical fiber length
required for adequate reinforcement. The smallest inter-
facial shear strength was estimated for the glass fiber
composites (1.4 MPa), which is reflected in the flat slope
of the fitted tensile strength curve. In the case of the
basalt fiber composites, the tensile strength results are
similar to those reported in the literature,**** so interfa-
cial shear strength (10.4 MPa) can be considered ade-
quate. Lastly, the interfacial shear strength estimated for
the carbon fiber composites (7.2 MPa) is higher than that
measured by Li et al. (~2MPa).*> However, when
compared to the study of Chen et al.*® in which they
investigated injection-molded carbon fiber PLA compos-
ites, it can be seen that the reinforcing effect of carbon
fibers is far lower than expected. In all the literature ref-
erences mentioned above, only the class of material is the
same (fiber type and PLA), not the exact type, so they are
only suitable for a comparison of magnitude.
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TABLE 4

length-weighted fiber length averages
and critical fiber lengths determined
with different approximating methods.

FIGURE 5

tensile properties (A) tensile
strength, (B) Young's modulus,

Number average and

Interlayer

(C) Elongation at break.

TABLE 5

Type
4060D PLA
Glass

Basalt

Carbon

“Basalt 25 w% type composite could not be measured due to failed 3D printing.

Fiber content
Vf (W%)

0

5

10
15
20
25
5

10
15
20

25°

5

10
15
20
25

Interlayer tensile™
strength / o (MPa)

1200

Young's modulus /™~
E, (MPa

PROFESSIONALS  COMPOSITES

L_w (,um) Lcrit = i (/’lm) Lcrit,calc (Hm) T (MPa)

Fiber content / v; (W%)

Glass 720 + 60 856 + 83 10,000 14
Basalt 313 + 44 328 + 58 1400 10.4
Carbon 390 + 14 424 + 12 2000 7.2
24 5 ¢ Glass 0,.=-0.19v; + 12.89
20 *Basalt | | R*=0.8183 Glass: RMSE = 0.7994
16 A Carbon
12 aPLA 0, =-0.09v2 + 2.88v; - 10.59
8 - R?=0.9816 Basalt: RMSE = 1.042
4 A
5 § - o, = -0.05v2 + 1.52v, - 2.87
0 5 20 25 30 R*=0.9174 Carbon: RMSE = 0.988
Fiber content / v; (W%)
1600 © ¢
. - -
| ! 3 e,
3 @ S & % {*
800 - i + T~
L a & ¥ 4 S = }
4004 ¢ 5§82 P e ¢
| o .E : o A
0 T T T T T 0 T T T T T 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Fiber content / v; (W%)

Experimental results (average strength and standard deviation) and predicted interlayer tensile strengths.

Interlayer tensile strength Young's modulus Elongation at break
Gexp (MPa) E; (MPa) er, (%)
243 + 4.4 13424 + 114.5 2.61 £+ 0.88
12.2 £ 0.7 950.4 + 134.5 2.52 +1.13
10.5+ 1.0 827.2 + 88.0 2.92 +0.22
10.0 £ 0.8 929.0 + 87.0 2.29 + 0.48
10.3 £ 0.7 846.7 + 36.4 3.43 £+ 0.67
7.6 £ 0.5 1069.3 + 70.3 1.83 + 0.37
1.7+ 0.7 452.0 +£170.3 0.45 + 0.09
81+26 652.6 + 115.9 1.63 + 0.28
122+ 1.8 1215.6 + 113.1 1.53 £0.13
9.3+09 1011.4 + 66.2 1.24 + 0.18
N/A N/A N/A
31+1.7 809.9 + 126.8 0.90 + 0.51
8.5+0.2 666.4 + 23.8 3.54 £ 0.54
83+1.5 687.6 + 85.0 3.81 + 0.84
7.7+ 1.0 672.0 £ 121.0 4.10 = 0.86
4.7+ 0.6 779.4 + 109.6 1.13 £ 0.17

3.3 | Interlayer tensile properties

Figure 5 shows the interlayer tensile properties in rela-
tion to fiber content. The results are summarized in

Table 5. Overall, interlayer tensile strength was lower
than that of the unfilled PLA for all composites. For glass
fiber-reinforced PLA, interlayer tensile strength
decreased linearly with increasing fiber content between
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5 and 25 w%. The equation of the fitted line and the
goodness of fit are shown in Figure 5A. For basalt and
carbon fiber-reinforced composites, the dependence of
interlayer strength on fiber content can be described with
a second-order function, with a local maximum at 15 w%
in both cases. The fitted second-order polynomials and
the accuracy of the fits are shown in Figure 5A. The
interlayer Young's modulus of all composites was lower
than the modulus of neat PLA. In the case of the glass
and carbon fiber-reinforced PLA, no significant effect of
fiber content was observed in the 5-25 w% range. The
interlayer Young's modulus of the basalt fiber composites
reached a local maximum at 15 w%. Lastly, elongation at
break increased for carbon fiber composites but
decreased when basalt fibers where used, compared to
unreinforced PLA. In the case of glass fibers, no change
was detectable due to the high scatter.

Figure 6 shows optical microscopy images of the com-
posites with the lowest and highest fiber contents taken
after the interlayer tensile tests. For glass fiber-reinforced
composites (Figure 6A), the crack penetrated through the
layers, indicating that sufficient polymer diffusion
occurred. The magnification shows that the surfaces of
the protruding glass fibers are completely smooth, which
suggests poor fiber-matrix adhesion. This was also con-
firmed by the SEM image in Figure 7A, which shows a
clear separation of the glass fibers from the matrix. In the
case of the basalt fiber composite with low fiber content
(Figure 6B), the crack ran horizontally between two
layers, indicating poor interlayer bonding. Material gaps

-?ésaltg— ==

in the top layer could be due to deformation during ten-
sile testing. In the case of the 20 w% basalt fiber PLA
samples, the crack propagated through the layers. The
SEM images of the fracture surface (Figure 7B) show that
the basalt fibers separated from the matrix with a clean
surface. On the matrix, signs of brittle fracture can be
observed. The carbon fiber-reinforced composites
showed similar damage modes regardless of fiber content.
On the fracture surface, fibers parallel to the load direc-
tion can be detected, suggesting that the fibers were bent
as the matrix deformed, until they broke. Figure 7C
shows that the PLA thinned where the fibers were torn
out of the matrix, confirming that the fibers and the
matrix have deformed together until failure.

A theoretical sketch of the in-plane and the interlayer
failure of 3D-printed short-fiber composites under tensile
load is shown in Figure 8. The angle between the fibers
and the direction of the load affects the efficiency of rein-
forcement. When the short-fiber composite is prepared
by material extrusion 3D printing, the fibers are mostly
aligned with the printing direction.*”** Therefore, in the
unidirectional composites, the fibers are parallel to
the load when subjected to in-plane tensile tests. Under
tensile loading, short fiber-reinforced thermoplastic com-
posites generally exhibit the following damage modes:
matrix cracking, fiber failure and fiber-matrix failure.*
In addition, Mészaros et al.>® found that different matrix
fractions (the mobile amorphous, rigid amorphous and
crystalline phases) participate in the damage process in
different ways. These damage modes are typical when

FIGURE 6
microscope images of the

Optical

specimens after failure in the
case of (A) glass, (B) basalt, and
(C) carbon fiber-reinforced
composites.
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FIGURE 7 Scanning electron microscope images of the broken surfaces in the case of (A) glass (25 w%), (B) basalt (20 w%), and

(C) carbon (25 w%) fiber-reinforced composites.
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FIGURE 8 Damage modes of short fiber-reinforced 3D-printed composites as a function of fiber-matrix adhesion quality in the case of
(B) in-plane tension and (C) interlayer tension. (A) shows the interpretation of layers at macro level.

the fiber orientation is quasi parallel to the pulling direc-
tion. It should be noted that other types of stresses can
lead to additional damage modes, for example, compos-
ites subjected to adhesive wear show signs of fatigue,
plastic deformation and fiber thinning’. In this study we
analyze the damage modes in terms of the fiber-matrix
adhesion. If adhesion is adequate and the fiber is as long
or longer than the critical fiber length, the failure is fiber
breakage. In the case of poor adhesion, damage develops
at the interface and the fiber pulls out. The load transfer
between the fiber and the matrix is inefficient and the
fiber does not reinforce the composite.

In the case of interlayer tensile tests, the force is per-
pendicular to the printing direction and thus to the aver-
age fiber orientation. Based on our results, we found that
two different damage modes can occur, depending on the
quality of fiber-matrix adhesion. In case of good adhe-
sion, the matrix deforms, and the fibers move with it

until they break or tear. Similar damage can be observed
for the carbon fiber-reinforced PLA samples. If the fiber—
matrix adhesion is poor, the crack runs along the
interface, leading to brittle fracture and low strength.
This failure mode was observed for the glass fiber com-
posites. In the case of weak adhesion, fiber content is
inversely proportional to interlayer tensile strength, since
with more fiber-matrix interface, there is less area where
polymer diffusion can occur between the layers.

4 | CONCLUSION

In this study, we investigated the in-plane and the
interlayer tensile properties of glass, basalt, and carbon
fiber-reinforced polylactic acid (PLA) composites. Short
fiber-reinforced filaments with 5, 10, 15, 20, and 25 w%
fiber content were prepared, then tensile specimens were
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prepared by material extrusion 3D printing. We found
that with the Halpin-Tsai model the in-plane tensile
strength can be predicted with an error of less than 120%,
up to 15 w% fiber content. The accuracy of prediction
deteriorates for higher fiber contents as the proportion of
fiber-matrix interfaces in the composite increases. Based
on the in-plane tensile strength we estimated the interfa-
cial shear strength for all composites which characterizes
the quality of the adhesion between the fiber and the
matrix. Interfacial shear strength was estimated to be
10.4, 7.2, and 1.4 MPa for basalt, carbon and glass,
respectively. The interlayer tests showed that interlayer
tensile properties are highly dependent on the quality of
fiber-matrix adhesion. The estimated interfacial shear
strength (t) results suggested adequate adhesion for the
basalt and carbon fiber composites. Optical microscope
and Scanning Electron Microscope (SEM) images showed
that fibers participated in the damage process together
with the matrix, and the fracture was more ductile. We
found that in these cases, there is a second-order relation-
ship between fiber content and interlayer tensile strength
in the 5-25 w% range, with a maximum at 15 w%. The
estimated interfacial shear strength was the lowest for
the glass fiber composites. In case of the glass fiber com-
posites, we found that fiber content is inversely propor-
tional to interlayer tensile strength. Optical microscope
and SEM images show clean fiber surfaces indicating
poor adhesion. In this case the fracture runs between the
fibers and the matrix. Therefore, increasing fiber content
accelerates the crack propagation, leading to brittle frac-
ture and low strength. Also, the larger the fiber-matrix
interface, the smaller the area where polymer diffusion
can occur between the layers, which can further degrade
the interlayer properties. Our findings show that the
anisotropic behavior of 3D printed composites is strongly
affected by content and the quality of the fiber-matrix
adhesion. In the case of inadequate adhesion, the in-
plane properties improve only to a small extent with
increasing fiber content, while the interlayer properties
deteriorate linearly.
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