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Abstract
This study investigates the applicability of micromechanical models for predicting the mechanical properties of short fiber-
reinforced 3D-printed composites. Basalt fiber-reinforced poly(lactic acid) composites are analyzed by microstructural 
measurements to determine fiber length and fiber orientation factors. Micro-computed tomography analysis identifies a linear 
relationship between fiber content and fiber orientation, enabling an improved method for estimating the fiber orientation 
correction factor. The application of this correction allows the prediction of Young’s modulus and tensile strength while 
reducing the number of measurements required. The modified Halpin–Tsai model shows high accuracy, with an average 
error of 7% for Young’s modulus and 18% for tensile strength for fiber contents ranging from 5 to 25 w%. In addition, an 
anisotropy ratio was introduced as a dimensionless parameter to quantify the directional dependence of the tensile properties. 
Since 3D-printed fiber-reinforced composites are commonly used in load-bearing structures, understanding their anisotropic 
behavior is essential for optimal component design. These results contribute to improving the predictability of mechanical 
properties, supporting the efficient design of 3D-printed composite parts for engineering applications.
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1  Introduction

Short fiber-reinforced composites (SFRCs) are widely used 
in the automotive, aerospace, and biomedical industries due 
to their enhanced mechanical properties and lightweight and 
cost-effective manufacturing [1, 2]. The advent of 3D print-
ing technologies has further expanded their applicability, 
enabling customized geometries and controlled orientation 
of fibers. The mechanical behavior of 3D-printed SFRCs is 
strongly influenced by their microstructural features, such 
as the fiber length, fiber orientation, and the fiber-matrix 
adhesion [3, 4]. These microstructural features depend on 

the manufacturing process and thus have little predictability 
in the product [5, 6].

The fiber orientation is determined by the printing direc-
tion due to shear. It is also assumed that the filament fabri-
cation process has aligned the majority of the fibers along 
the length [7]. The type of fiber affects orientation, as stiffer 
fibers may fragment and inhibit each other’s movement 
more than flexible fibers [8, 9]. Consul et al. [10] and Yan 
et al. [11] found that the nozzle diameter has the strongest 
effect on orientation so narrower diameters cause a higher 
degree of fiber alignment. This result is expected, as forcing 
the same material flow through a narrower space increases 
shear, causing the fibers to align in the direction of the high-
est shear. Shulga et al. [12] also found that layer height has 
the same effect on orientation, for the same reasons.

The quality of interfacial adhesion can be evaluated 
using the critical fiber length—the minimum fiber length 
required to effectively transfer stress and provide tensile 
reinforcement within a given fiber/matrix system. In the 
case of 3D-printed short fiber-reinforced composites, only 
a few research articles can be found on the subject of adhe-
sion and fiber length. Yu et al. [13] found that 3D-printed 

 *	 Csenge Tóth 
	 tothcs@pt.bme.hu

1	 Department of Polymer Engineering, Faculty of Mechanical 
Engineering, Budapest University of Technology 
and Economics, Műegyetem Rkp. 3, 1111 Budapest, 
Hungary

2	 MTA-BME Lendület Lightweight Polymer Composites 
Research Group, Műegyetem Rkp. 3, 1111 Budapest, 
Hungary

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-025-15738-x&domain=pdf
http://orcid.org/0000-0002-8191-9056


	 The International Journal of Advanced Manufacturing Technology

composites show distinctive mechanical behavior under 
different adhesion conditions. The authors observed that 
strong adhesion led to increased tensile strength and 
enhanced toughness, the latter attributed to void forma-
tion. Papon et  al. [14] applied oxidation treatment on 
carbon fibers to increase bonding with poly(lactic) acid 
matrix. Better bonding also reduced micro-voids at the 
fiber interface.

3D-printed structures are anisotropic, which means that 
there can be a large difference (even an order of magnitude) 
between in-plane mechanical properties and those perpen-
dicular to the printing direction. Numerous studies investi-
gated interlayer bonding in the case of neat polymers. How-
ever, the effect of fibers is less explored. The highest value 
found in the literature was achieved by Allum et al. [15], 
who state that poor interlayer properties are not due to insuf-
ficient polymer bonding but due to geometric features. How-
ever, their claim contradicts other literature and may require 
further verification. König et al. [16] investigated the effects 
of process parameters on the interlayer bonding of carbon 
fiber–reinforced polyamide composites. The authors found 
that carbon fibers decrease interlayer bonding strength, prob-
ably due to weak fiber-matrix adhesion. Bhandari et al. [17] 
found that carbon fibers reduce the interlayer tensile strength 
by 66% and 50% for an amorphous 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.

PLA is widely used for 3D printing because of its rela-
tively low processing temperature range and low shrinkage. 
It can be produced from renewable resources and is biode-
gradable, thus meeting the sustainable management guide-
lines of industry and EU regulations. With the addition of 
reinforcing fibers, it can also be used for engineering pur-
poses. As basalt is natural, PLA composites reinforced with 
basalt fibers (BF) have the potential to be a more sustain-
able thermoplastic composite alternative for semi-industrial 
applications. BF/PLA composites are also biologically inert, 
so have application possibilities in the medical sector [18, 
19].

The aim of this study is to advance the micromechani-
cal modeling methods for 3D-printed short fiber composites 
by evaluating the applicability of correction factors. These 
factors are typically derived from extensive microstructural 
measurements, which can be time-consuming. To address 
this issue, we explore the potential of micro-computed 
tomography to identify correlations within the internal 
structure. This study is particularly relevant for mechanical 
engineers and designers working with fiber-reinforced com-
posites, as the proposed approach enables faster and more 
cost-effective material characterization. It complements the 

state of the art by offering a practical, data-driven alternative 
to time-consuming orientation measurements.

2 � Materials and methods

2.1 � Preparation of composite filaments

As the matrix of the composites, Ingeo 4060D poly(lactic) 
acid (PLA) from Natureworks LLC (USA) was used. 
Chopped basalt fibers (KV-18) were obtained from 
Kamenny Vek (Russia). The fibers were cut from a continu-
ous yarn and sized for compounds based on polypropylene 
and polyethylene. The nominal fiber diameter is 12 µm and 
the initial fiber length is 10 mm. The density of the basalt 
fibers is 2.59 g/cm3, the tensile strength is 2335 MPa, and 
the Young’s modulus is 85 GPa [20–22]. The density and 
mechanical properties of the constituents were used to cal-
culate 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 presents the main processing steps and the cor-
responding 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 °C, 190 °C, 190 °C, 190 °C, 190 °C, 200 °C, 200 °C, 
200 °C, 200 °C, 200 °C, and 190 °C.

After compounding, the composite extrudates were cut 
into 6-mm long pellets with a LZ-120/VS granulator from 
Labtech Engineering Co., Ltd. (Thailand). Then, the pellets 
were fed to a single-screw filament extruder (Precision 450, 
3 devo Inc., The Netherlands) to prepare the filaments for 3D 
printing. Screw speed (r) was 4.5 rpm and the zone tempera-
tures from hopper to die were 170 °C, 210 °C, 185 °C, and 
175 °C. Filament diameter was 1.7 ± 0.5 mm. The filament 
extruder is equipped with a winding and spooling system, 
and the diameter is automatically controlled based on live 
data acquisition. During extrusion, the diameter of the mate-
rial exiting the die is constantly measured via a sensor, and 
the pulling rate is adjusted accordingly. Neat PLA filaments 
were also produced with the same process to ensure the same 
manufacturing history of the materials.

2.2 � 3D printing of the samples

Two types of specimens were fabricated for tensile testing. 
To evaluate in-plane tensile properties, the 5 A-type geom-
etry was used as specified in ISO 527–2:2012. These speci-
mens were printed flat on the print bed, with the printing 
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orientation aligned parallel (0°) to the longitudinal axis in 
each layer. For interlayer tensile property measurements, a 
custom specimen was designed [23]. Hollow boxes were 
printed with a single contour, then rectangular specimens 
were cut using lever plate shears. The wall thickness was 
0.8 mm. Tensile testing was conducted with the load applied 
perpendicular to the build direction, allowing the assessment 
of interlayer adhesion. Schematics of the samples are shown 
in Fig. 1. The 25 w% basalt fiber–reinforced filament was 
not suitable due to its brittleness. All samples were prepared 
using a Craftbot + desktop FFF printer (Craftbot, Hungary). 
The G-codes were generated with Ultimaker Cura 4.13.1 
(Ultimaker B.V., The Netherlands). Printing parameters 
included a 0.8-mm nozzle diameter, 200 °C nozzle tempera-
ture, 0.2 mm layer height, and 100% infill rate. The print bed 
was heated to 60 °C, and fan cooling was not used.

2.3 � Tensile testing

The 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 crosshead speed of 5 mm/min, at 25 °C 
and in 20% relative humidity. Twenty kN-rated Zwick 8131 
screw grips were used. The gripping distance was 50 mm. At 
least 5 specimens were tested in each case. Young’s modulus 
(E) was determined as a chord slope between 0.05% and 

0.25% strains. The ultimate tensile strength was given with 
Eq. 1. 

where �exp,xy(MPa) denotes the experimental in-plane tensile 
strength and Axy(mm) is the cross-section in the (x, y) plane. 
�exp,z(MPa) is the experimental interlayer tensile strength and 
Az(mm) is the cross-section of the single-wall specimens. 
The cross-sections were calculated as follows:

where h1 = 4mm, b1 = 2 mm , and h2 = 5 mm, b2 = 0.8mm.

2.4 � Microstructure

Micro-computed tomography (micro-CT) measurements 
were performed to qualify the fiber orientation after 3D 
printing. Samples with a size of 4 × 2 × 5 mm were cut 
from the middle of the 3D-printed specimens, and a GE 
Phoenix Micromex 180 PCB (Baker Hughes Company, 
Houston) X-ray device was applied to acquire data. Fig-
ure 2 shows representative cross-sections from micro-
CT analysis. The samples were rotated 360° while being 
exposed to an X-ray beam (accelerating voltage 180 kV; 
power 20 W). Then, the 3D geometry was reconstructed 
with Volume Graphics Studio Max software. Phases in the 

(1)�exp,xy =
F

Axy

and �exp,z =
F

Az

(2)Axy = h1b1 and Az = h2b2

Fig. 1   Steps of the filament 
preparation method and the 
specimens for in-plane tensile 
testing (0° printing orientation) 
and interlayer tensile testing 
(90° printing orientation)
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composites were segmented with gray level values based 
on the density differences of the materials. 3D fiber orien-
tation angle and the tensor components were determined 
using fiber composite material analysis. The second-order 
fiber orientation tensor (Aij) is given with Eq. 3. The fiber 
orientation distribution (h(θ)) was approximated with two-
term Gaussian distribution function, given by Eq. 4.

where θ is the polar angle; �1 , �2 , �1 , �2 , �1 , and �2 are fitted 
constants.

The fiber length (L) is expected to decrease due to the 
two-step processing. To measure the fiber length, 3-g 
pieces were cut from the samples and placed in a Denkal 
5B furnace at 600 °C for 4 h. This removed the matrix 
material. Then, the fibers were dispersed on glass sheets 
and the individual lengths were measured with a Keyence 
VHX-5000 (Keyence Corporation, Mechelen) digital opti-
cal microscope with × 40 magnification. At least 300 fib-
ers were measured in all cases. The numerical averages 
(Ln) were measured according to Eq. 5, and the length-
weighted averages (Lw) with Eq. 6.

(3)Aij =

⎡⎢⎢⎣

axx axy axz
ayx ayy ayz
azx azy azz

⎤⎥⎥⎦

(4)h(�) = �1e
−
(

�−�1
�1

)2

+ �2e
−
(

�−�2
�2

)2

where Li (µm) is the length of ith fiber, ni is the number of 
fibers having Li length, and n is the total number of fibers.

The fiber length distribution (f(L)) was approximated 
with the Weibull distribution function according to Eq. 7.

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

Lastly, to gain more insight into the microstructure of 
the composites, the broken surfaces of the specimens were 
analyzed after tensile testing using a JSM 6380LA scanning 
electron microscope from Jeol Ltd. (Japan). Before image 
acquisition, the samples were sputtered with gold.

2.5 � Micromechanical modeling

Micromechanical and homogenization models are math-
ematical frameworks used to predict the macroscopic 
properties based on the microstructural features of the 
composite. Micromechanical models aim to describe the 

(5)Ln =

∑
niLi∑
ni

(6)Lw =

∑
niLi

2

∑
niLi

(7)f (L|a, b) = b∕a(L∕a)b−1e−(L∕a)
b

if L ≥ 0

Fig. 2   Representative cross-sections of the samples used for micro-CT analysis: (a) schematic representation of the sample preparation process 
for micro-CT, (b) longitudinal cross-section along the thickness, (c) longitudinal cross-section along the width
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effective properties by considering the behavior of an indi-
vidual fiber within the matrix, and homogenization models 
are techniques used to bridge the microstructure and mac-
roscopic behavior by averaging the material properties. 
Both require high-precision input parameters, which can 
be determined by quantifying the individual microstruc-
tural features. In this study, the rule of mixture (RoM) 
and the semi-empirical Halpin–Tsai (H-T) models were 
applied to estimate the in-plane tensile properties. A gen-
eralized method for micromechanical modeling of short 
fiber-reinforced composites is shown in Fig. 3. Micro-
mechanical and homogenization models require detailed 
knowledge of microstructural parameters such as fiber 
length, orientation, and void content. These characteristics 
are typically measured using imaging techniques such as 
optical microscopy or 3D imaging. After data processing, 
mathematical descriptors are generated to represent micro-
structural properties for modeling. Such parameters are 
the fiber length correction factor calculated from the fiber 
length distribution, or the orientation correction factor cal-
culated from the Gaussian function describing the 2D fiber 
alignment. In addition, the models require inherent mate-
rial properties as input, such as bulk modulus, density, and 
tensile strength. In 3D-printed short fiber-reinforced com-
posites, reinforcing and toughening mechanisms operate 

at both the micro and macro levels [24]. At the micro 
level, mechanisms such as fiber bridging, fiber pull-out, 
and crack deflection play a dominant role. When short 
fibers are well aligned and evenly distributed, they can 
connect developing cracks and transfer the load, which can 
improve fracture toughness. Fiber pullout, which occurs 
due to crack propagation, dissipates a significant amount 
of energy, contributing to improved toughness. The deflec-
tion of cracks around the fibers also increases the fracture 
surface and the energy required for crack growth [25]. In 
addition, a strong interfacial bond between the fibers and 
the matrix is essential for efficient stress transfer. At the 
macroscopic level, the anisotropic nature of 3D printing 
can result in additional toughening due to the alignment 
of the fibers in the printing direction. The porosity of 3D 
printed structures and the interlayer bonding also signifi-
cantly influence the macroscopic behavior.

The simplest model for estimating the tensile strength 
of a composite is the rule of mixture (RoM), which takes 
into account the tensile strength of the constituents and 
their weight or volume ratio (Eq. 8). It is assumed that the 
fibers are perfectly aligned in the load direction, the load 
transfer between the matrix and the fibers is perfect, and 
both fiber and matrix are linearly elastic under applied 
loads.

Fig. 3   Input parameters for the micromechanical modeling of short fiber-reinforced 3D-printed composites
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where σ and w are the tensile strength and the weight frac-
tion, respectively. The subscripts “f” and “m” denote fiber 
and matrix, respectively.

In a modified version of the Halpin–Tsai (H-T) model 
for tensile strength, the fiber length and the fiber orientation 
distribution are incorporated with correction factors (Eq. 9):

where χ1 is the fiber length correction factor and χ2 is the 
fiber orientation correction factor. The fiber length correc-
tion factor (χ1) can be calculated using Eq. 10 [26].

where Ln (mm) is the number average fiber length, Lcrit (mm) 
is the estimated critical fiber length, Lmin and Lmax (mm) are 
the shortest and the longest fibers measured, respectively, 
and f(L) is the fiber length distribution. The Lmin, Lmax, Ln, 
and the f(L) were determined on burnt-out samples using 
optical microscopy, described in Sect. 2.4. The Lcrit was 
determined according to our previous study [20]. During 
the calculation of χ1, the critical fiber length (Lcrit) is taken 
into account, which is dependent on the fiber-matrix adhe-
sion. However, its value is rarely determined experimentally, 
so inaccuracy should be expected. χ1 depends on the number 
average fiber length (Ln) and the critical fiber length (Lcrit) 
and can be obtained by integrating the area under the fiber 
length distribution function. Therefore, the distribution must 
be determined experimentally, and then a suitable continu-
ous function must be used to describe it. Predictive methods 
to estimate the fiber length distribution after processing are 
scarce. Most methods contain experimental constants, which 
are production and material-specific values, making them 
difficult to generalize [27, 28]. In summary, the determina-
tion of the fiber length correction factor requires measure-
ments of the samples produced, which calls into question the 
predictive value of its application.

The fiber orientation correction factor (χ2) can be given 
with Eq. 11 [29]. Similarly to length, it can be derived from 
the area under the distribution curves.

where � is the Poisson ratio, θ is the polar angle, and h(θ) 
is the fiber orientation distribution. The h(θ) distributions 
were obtained from micro-CT measurements, described in 
Sect. 2.4. For Poisson’s ratio, the contraction perpendicular 
to the fibers as a result of extension parallel to the fibers with 

(8)�ROM = wf�f + wm�m

(9)�HT = �1�2�f wf + wm�m

(10)�
1
= ∫

Lcrit

Lmin

[
L2∕2LcritLn

]
f (L)dL +

Lmax

∫
Lcrit

(
L

Ln

)[
1 −

Lcrit

2L

]
f (L)dL

(11)

�2 = ∫
�∕2

0

h(�)cos�d� × ∫
�∕2

0

h(�)(cos3� − �sin2�cos�)d�

a value of �=0.33 was used in all cases [30]. Note that the 
H-T model for tensile strength is consistent with the RoM 
model when χ1 = 1, i.e., all fibers are infinite length (continu-
ous fibers), and χ2 = 1, i.e., all fibers aligned in the printing 
direction (unidirectional fibers). When using the H-T model, 
homogeneous stress distribution and uniform fiber distribu-
tion are assumed. These can also lead to overestimation, as 
fiber clustering and agglomeration can occur with higher 
fiber contents or if fiber dispersion during processing has 
not been fully successful. Overall, micromechanical models 
are expected to be less accurate for strength predictions as 
strength is a failure property that depends on damage mecha-
nisms, defects, and random variables.

To estimate the Young’s modulus (E), the RoM model 
(Eq. 12) was also used in the simplest case. Micromechanical 
models are generally more accurate for elastic modulus than 
for strength, as the stiffness depends on deformation under 
small strains. Under small strains, the effects of defects such 
as partial load transfer or voids are usually negligible.

To obtain more accurate predictions, correction factors can 
also be applied. The H-T model for Young’s modulus (Eq. 13) 
incorporates the reinforcing efficiency and the fiber geometry 
[26, 31].

where � is the reinforcing efficiency and � is the empirical 
shape factor. The � expresses the relative stiffness improve-
ment due to the reinforcement (Eq. 14) [26, 31].

To obtain longitudinal modulus for circular fibers, the shape 
factor was calculated with Eq. 15 [26].

where Ln is the number average fiber length and D is the 
fiber diameter. These values were determined from optical 
microscopy measurements, as described in Sect. 2.4.

To qualify the goodness of the model predictions, the per-
cent error (δ) was calculated in every case using Eq. 16.

where X stands for tensile strength or Young’s modulus and 
the subscripts “measured” and “pred” stand for the measured 
properties and the model prediction values, respectively.

(12)EROM = wfEf + wmEm

(13)EHT = Em

(
1 + ��wf

1 − �wf

)

(14)� =
Ef − Em

Ef + �Em

(15)� = 2(Ln∕D)

(16)�(%) =
|||||
Xmeasured − Xpred

Xmeasured

|||||
⋅ 100
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2.6 � Characterization of 3D anisotropy

It is long established in the literature that 3D-printed struc-
tures are anisotropic. 3D printed products are typically not 
shell elements but components with non-negligible thick-
ness. For short fiber-reinforced 3D-printed composites, 
the typical application is more similar to injection molded 
products rather than laminated composites. Therefore, for 
structures designed for complex loading, it is important to 
know the degree of anisotropy as a function of the com-
posite properties.

The degree of directional dependence of the tensile 
properties, namely the ultimate tensile strength, elongation 
at break, and Young’s modulus, was also investigated. An 
anisotropy ratio was defined using in-plane and interlayer 
test results. The anisotropy ratio ( � ) is a dimensionless 
parameter that expresses the degree of directional depend-
ence of a given mechanical property, where 1 represents 
isotropic behavior. If 0 < 𝜗 ≤ 1 , the mechanical prop-
erty is higher in (x, y) plane, and if 𝜗 > 1 , it is higher in 
the z direction. The anisotropy ratio for tensile strength, 
Young’s modulus, and the elongation at break is given 
with Eqs. 17, 18, and 19, respectively.

where �z(MPa),Ez(GPa), and�z(−) are the interlayer; 
and �xy(MPa),Exy(GPa), and �xy(−) are the in-plane ten-
sile strength, Young’s modulus, and elongation at break, 
respectively.

3 � Results and discussion

3.1 � Fiber length distribution

Figure 4 shows the obtained fiber length distributions and 
the calculated number- (Ln) and length-weighted average 
fiber length (Lw) values. The average fiber length values 
show a decreasing trend, with increasing fiber content, 
indicating an increase in fiber–fiber interactions and 

(17)�� =
�z

�xy

(18)�E =
Ez

Exy

(19)�� =
�z

�xy

Fig. 4   Fiber length distributions of composites with different fiber contents: a) 5 w%, b) 10 w%, c) 15 w%, d) 20 w%, e) 25 w%, f) probability 
density functions
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shear-induced breakage during compounding and 3D 
printing (Fig. 4a–e). To rate the change in fiber length 
distribution as a function of fiber content, we fitted the 
Weibull distribution function (Eq. 7) on all the fiber length 
data (Fig. 4f). These distributions were used to calculate 
the fiber length correction factors (χ1) for tensile strength 
predictions. Generally, the distributions shifted towards 
shorter lengths as fiber content increased. The horizon-
tal displacement of the peak maximum between the low-
est and the highest fiber contents was 84 µm. This shows 
that the effect of fiber content on fiber length was minor 
overall.

In the literature, the average fiber length is between 100 
and 500 µm, but very short fiber lengths of less than 100 
µm can also be found [32]. By comparison, it is common to 
produce products with an average fiber length of more than 
1 mm with other thermoplastic composite processing tech-
nologies, e.g., injection molding or compression molding 
[33, 34]. In the case of 3D printing, producing composites 
with discrete fiber lengths over 1 mm is not common. This 
may be due to longer fibers being more prone to clogging 
narrow nozzles or causing inconsistencies in filament diam-
eter during processing. Continuous filament technology can 
address these challenges, and the 3D printing of composites 
with fiber lengths exceeding 1 mm remains an active area 
of research [35].

3.2 � Fiber content‑dependent fiber orientation

Figure 5 shows the fiber orientation distribution of the basalt 
fiber-reinforced composites. The orientation was determined 
with microtomography measurements. The distributions 
show the planar orientation in the (x, y) plane, and Fig. 5c 
shows the main diagonal components of the second-order 
fiber orientation tensor (Aij) as a function of fiber content. 
In the tensor, ayy indicates the direction parallel to the print-
ing direction, axx is the direction perpendicular to it, and azz 
indicates the out-of-plane direction. The results show that 
as fiber content increases, the number of fibers aligned in 
the printing direction decreases. Shahzad et al. [36] found a 
similar relationship between fiber content and fiber orienta-
tion for 3D printing of steel fiber-reinforced concrete. At low 

fiber contents, fibers are well-dispersed and predominantly 
align with the shear flow in the nozzle. With increasing fiber 
content, the probability of fiber interactions increases, which 
leads to entanglement and randomization. With a higher 
fiber content, the melt viscosity of the composite is also 
higher, so there is less shear force within the melt [37, 38]. 
Based on the results, a linear relationship can be established 
between the main diagonal components and the fiber content 
(Eq. 20). Table 1 shows the fitted parameters (c1, c2) and the 
coefficient of determination (R2).

where wf (-) is the fiber weight fraction, and c1 (-) and c2 
(-) are fitted constants. A linear approximation was used 
because, within the examined range of fiber content, the 
main diagonal components of the orientation tensor exhib-
ited an approximately monotonic trend.

The fiber orientation has a significant effect on the 
mechanical properties, especially on the tensile strength. 
Therefore, the fiber orientation is often considered in pre-
dictive calculations using the orientation distribution func-
tion in the (x, y) plane. Based on the work of Li et al. [29], 
the fiber orientation correction factor (χ2) can be calculated 
by Eq. 11. However, this requires knowledge of the orienta-
tion distribution in the product, which can be acquired by 
measurement or simulation. Both are time- and resource-
intensive. Using Eq. 20, a novel method is presented to cal-
culate the correction factor using the main diagonal compo-
nents (Eq. 21) with the following assumptions: the y-axis 
is parallel to the 3D printing direction; the fiber orientation 
distribution in the (x, y) plane is symmetric to the y axis, 
and there is a linear relationship between the main diagonal 
components and the fiber weight fraction defined by Eq. 20. 
Then, the orientation correction factor (χ2,s) can be calcu-
lated with Eq. 21. 

(20)an = c1wf + c2;0 ≤ an ≤ 1

where axx, ayy, and azz are the main diagonal components of 
the orientation tensor in x, y, and z direction, respectively. 

(21)�2,s =
((
axxcos�x + ayycos�y

)(
axx(cos

3�x − �xysin
2�x����x) + ayy(cos

3�y − �xysin
2�y����y)

))
((
azzcos�z + ayycos�y

)(
azz(cos

3�z − �zysin
2�z����z) + ayy(cos

3�y − �zysin
2�y����y)

))
;0 ≤ �2,s ≤ 1

θx = 90◦ , θz = 90◦ , and θy = 0◦ are the angles correspond-
ing to the x, z, and y axes, respectively, interpreted in the (x, 

Table 1   Parameters of the 
linear relationship fitted to 
fiber-content-dependent main 
diagonal components and the 
coefficient of determination

an c1 c2 R2

axx 0.002 0.11 1
ayy  − 0.004 0.81 0.7246
azz 0.002 0.07 0.8372
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y) and (y, z) planes. �xy = 0.33 is the major Poisson’s ratio 
(relating contraction perpendicular to the fibers as a result 
of extension parallel to the fibers). In the case of perfect 
orientation in the printing direction, i.e., axx = 0 and ayy = 1, 
�2,s = 1 . If the fiber orientation is uniform, i.e., the compos-
ite is perfectly isotropic in the (x, y) plane, �2,s = 0.

3.3 � Micromechanical modeling of tensile properties

Figure 7 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 
(H-T) method. The stress–strain curves can be found in the 
Appendix (Fig. 9). The estimates were calculated for the 
discrete fiber contents examined (5–25 w%). Halpin–Tsai-
based models for tensile strength (Eq. 22) and for Young’s 
modulus (Eq. 23) are also proposed using the novel fiber 
orientation correction ( �2,s ) factor (presented in Sect. 3.2). 
Table 3 (in the Appendix) contains the input parameters 
used for the modeling.

For tensile strength, the model parameters remain 
unchanged. For Young’s modulus, the modified model 
integrates the orientation correction factor in a way that 
accounts for reinforcement efficiency in the denominator.

(22)�HT = �1�2,s�f wf + wm�m

(23)EHT2 = Em

(
1 + ��wf

1 − �2,s�wf

)

As expected, RoM vastly overestimates the tensile 
strength and Young’s modulus. Microstructural properties 
such as fiber orientation, length, and fiber-matrix adhesion 
directly affect tensile strength and Young’s modulus by 
determining how efficiently stress is transferred from the 
matrix to the fibers. Defects such as voids and agglomera-
tions act as stress concentrators, leading to premature fail-
ure and reducing overall strength. These stochastic defects 
are very difficult to estimate; therefore, RoM model pre-
dictions are likely to be inaccurate. Naranjo-Lozada et al. 
[39] applied a RoM-based method to predict the elastic 
modulus of carbon fiber-reinforced polyamide composites. 
The authors found that the accuracy of the predictions 
decreased with increasing fiber volume fraction.

In the case of strength estimation, Eq. 22 was applied 
with orientation correction only ( �1= 1,�2,s ≠ 1 ) and 
with fiber length and orientation correction as well 
( �1≠ 1,�2,s ≠ 1 ). The goodness of the model’s predic-
tions were rated by the percent error (δ) defined by Eq. 16. 
Figure 6a shows a systematic analysis of the effect of �1 
and �2 . Starting from the simplest case, RoM, which 
does not take either factor into account, to the proposed 
model, which accounts for both. For the five examined 
cases, the mean error of the proposed model containing 
both the length and orientation correction is 18%. The 
maximum error value is 34% for 10 w% fiber content, and 
the minimum error is 6% for 5 w% and 15 w%. Thus, in 
the 5 and 15 wt% cases, this approach can give a quite 
accurate estimate with an error of only 6%. Overall, the 
proposed model can be used as an approximation. Note 

Fig. 5   a Fiber orientation distri-
bution and b the main diagonal 
components of the orientation 
tensor as a function of fiber 
content
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that without the measurement-based length correction, the 
mean error of the prediction is 73%, and the individual 
errors are between 31 and 102%. Figure 6a and Table 2 
reveal that when comparing H-T (which considers only the 
effect of �1 ) to the proposed model considering the effect 
of �2 , the model accounting for �2 produced more accurate 
results. This indicates that the influence of fiber orienta-
tion ( �2 ) is more significant than the effect of fiber length 
( �1 ). Furthermore, applying the proposed fiber orientation 
correction factor ( �2,s ) greatly improves the accuracy of 
the tensile strength prediction.

In the case of Young’s modulus, the modeling accuracy 
can be significantly enhanced by incorporating the effect 
of fiber orientation ( �2 ) into the H-T model. For the five 
examined cases, the mean error of the proposed model 
containing both the length and orientation correction is 
only 7%. The maximum error value is 14%, and the mini-
mum error is 0%. In three of the five cases, the percent 
error of the modeling was below 5%. These results sug-
gest that the modified Halpin–Tsai model we proposed is 
highly effective for predicting Young’s modulus of short-
fiber thermoplastic composites. Considering fiber content, 
both the RoM and H-T models predict a substantial linear 
increase, whereas experimental results show only a mod-
est linear trend.

We compared our results with other analytical models 
from the literature that predict the tensile properties of 

short fiber-reinforced 3D-printed composites. The Eshelby-
Mori–Tanaka model integrates Eshelby’s solution for ellip-
soidal inclusion with Mori–Tanaka’s method for averag-
ing local stresses to predict the effective elastic properties. 
While the Eshelby-Mori–Tanaka model takes into account 
the interactions between inclusions and the surrounding 
matrix, the Halpin–Tsai model offers an empirical approach 
based on the fitting of parameters to experimental data, and 
provides simpler but less sensitive predictions [40, 41]. Shi-
rasu et al. [42] applied a two-scale micromechanics model 
based on the Eshelby-Mori–Tanaka approach to predict the 
stress–strain behavior by incorporating void volume fraction, 
fiber length, and fiber orientation distribution. The authors 
demonstrated that the Mori–Tanaka method can be effec-
tively used for rapid estimation of equivalent stiffness and 
elastoplastic behavior, and that it requires significantly less 
computation time than finite element analysis.

3.4 � 3D anisotropy

The 3D anisotropy of the composite structures was charac-
terized using the anisotropy ratios defined by Eqs. 17–19 
(Fig. 7). Table 4 (in the Appendix) contains the input param-
eters used for the calculations. The rate of anisotropy for 
all tensile properties increased parabolically with increas-
ing fiber content, with a local maximum at 10–15 w%. This 
indicates that the difference between in-plane and interlayer 

Fig. 6   a) In-plane tensile 
strength and b) Young’s modu-
lus of the basalt fiber-reinforced 
composites as a function of 
fiber content
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properties is smallest at these fiber contents, so the com-
posite shows isotropic behavior under tensile loading. The 
anisotropy ratio is the smallest in the case of tensile strength. 
Since strength is a failure property, it depends most on 
microstructural characteristics. Fibers aligned in the load 
direction will exert reinforcement. Therefore, the in-plane 
strength should increase. However, the interlayer strength 
is governed by the fiber-matrix interfaces, as it was shown 
that fiber orientation in the z direction is the least promi-
nent (Fig. 5) [23]. Therefore, the directional dependence is 
strongest for tensile strength. No significant difference is 
observed for Young’s modulus as a function of fiber content. 
When compared to the unreinforced PLA, composites show 
a higher degree of anisotropy. This may be due to weaker 
interlayer polymer bonding, as weak chain entanglement 
can result in weaker modulus. Lastly, the anisotropy ratio 
was the closest to that of the neat PLA for the elongation 
at break. In general, the elongation at break of short fiber-
reinforced composites decreases with increasing fiber con-
tent, due to the brittle fibers. In our previous research, it was 
shown that the interfacial shear strength (τ) for basalt fiber-
reinforced PLA is τ = 10.4 MPa [20]. For higher τ values, 

better load transfer can be expected, but the elongation of the 
matrix is limited by the fibers. Thus, the elongation of the 
fibers determines the mechanical response of the composite.

Anisotropy, when its extent and formation mechanisms are 
known, can greatly assist in creating heterogeneous materials 
with tailored properties. Sadeghi et al. [43] found architecture-
dependent strengthening mechanisms in graphite/aluminum 
lamellar composites, and a model for designing high-strength 
composites was proposed. Although both architected hetero-
geneous composites and short fiber-reinforced 3D-printed 
composites exhibit anisotropy and architecture-dependent 
strengthening, the underlying mechanisms and control over 
mechanical performance differ. However, there are promising 
opportunities to fuse ideas from these fields. The deliberate, 
hierarchical microstructural engineering strategies used in 
architected composites could inspire more advanced 3D print-
ing design methodologies, such as controlled fiber placement 
or multi-material printing at the filament scale.

For the analysis of anisotropy, SEM images of the frac-
ture surfaces were also taken after the in-plane and interlayer 
tensile tests. Figure 8 shows the micrographs for the lowest 
(5 w%) and the highest (25 w%) fiber contents. Consistent 

Fig. 7   Anisotropy ratios of the 
tensile properties as a function 
of fiber content

Table 2   Error of the 
micromechanical modeling in 
the case of Young’s modulus 
and tensile strength prediction

Fiber content 
(w%)

Error of modeling (%)

Tensile strength Young’s modulus

RoM H-T Proposed model 
(χ1 = 1, χ2)

Proposed 
model
(χ1 ≠  1, 
χ2 ≠ 1)

RoM H-T Pro-
posed 
model
(χ1 = 1, 
χ2)

5 75 23 31 6 38 17 0
10 193 77 86 34 91 49 12
15 215 59 63 6 99 49 5
20 299 103 102 24 155 86 14
25 312 124 85 18 164 90 4



	 The International Journal of Advanced Manufacturing Technology

with the micro-CT results, the majority of the fibers are ori-
ented parallel to the printing direction. Traces of fiber pull-
out can be observed in the in-plane samples, indicating an 
inadequate fiber-matrix relationship. Clean fiber surfaces are 
also observed after interlayer tests. In the composite with the 
highest fiber content (25 w%), small voids appear, which 
may be due to the reduced flowability caused by the fibers.

4 � Conclusion

In this study, the applicability of micromechanical models 
for short fiber-reinforced 3D-printed composites was inves-
tigated. Basalt fiber-reinforced poly(lactic acid) filaments 
were prepared with fiber contents between 5 and 25 w%. 
Microstructural measurements were used to determine fiber 
length and fiber orientation factor. Via micro-computed 
tomography analysis, a linear correlation was identified 
between fiber content and fiber orientation, based on which 
a method was proposed for estimating the fiber orientation 

correction factor. The use of orientation correction enables 
the prediction of Young’s modulus and tensile strength while 
reducing the number of measurements required. For the five 
examined cases, the mean error of the proposed model for 
Young’s modulus and tensile strength were 7% and 18%, 
respectively. The obtained results suggest that the modified 
Halpin–Tsai model we proposed is highly effective for pre-
dicting Young’s modulus of short-fiber thermoplastic com-
posites. The anisotropy ratio was also introduced as a dimen-
sionless parameter to quantify the orientation dependence of 
tensile properties. Our results show that the isotropic behav-
ior can be best approximated at a fiber content of 15 w%. 
3D-printed fiber-reinforced composites are typically used 
in structures of non-negligible thickness; therefore, under-
standing the anisotropy is key to designing parts subjected 
to complex loading conditions. The results of this study will 
contribute to improving the predictability of the mechanical 
properties of 3D-printed fiber-reinforced composites, thus 
helping to optimize their design for practical applications.

Fig. 8   Scanning electron microscopy images taken after failure in the case of the (a) in-plane and the (b) interlayer test specimens
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Appendix

Fig. 9   Tensile stress–strain curves obtained with (a) in-plane and (b) interlayer tensile tests

Table 3   Input parameters for 
the RoM, H-T, and the proposed 
model for predicting in-plane 
properties

Fiber con-
tent (w%)

σfiber (MPa) σmatrix (MPa) Efiber (MPa) Ematrix (MPa) χ1 (-) χ2,s (-) �(-) �(-)

5 2335 60 85,000 3000 0.398 0.48 0.39 41.67
10 0.409 0.45
15 0.349 0.36
20 0.400 0.40
25 0.468 0.36

Table 4   Input parameters for 
calculating the anisotropy ratios 
( �� , �E , ��)

Fiber content 
(w%)

σxy (MPa) Exy (MPa) � xy
(-)

σz (MPa) Ez (MPa) � z
(-)

5 65.4 3595 4.36 1.7 452.0 0.45
10 58.6 3683 4.13 8.1 652.6 1.63
15 73.7 4640 4.02 12.2 1215.6 1.53
20 74.4 4520 4.16 9.3 1011.4 1.24
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