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Abstract
Continuous fiber-reinforced plastic composite materials are being increasingly used in material extrusion additive manufactur-
ing, typically fused filament fabrication, because it enables unprecedented freedom to manufacture high-performance parts 
on demand and on-site. Interlayer weaknesses of continuous fiber-reinforced plastic composites made by additive manu-
facturing need to be addressed to assure the structural integrity of a design that is inherently anisotropic, commonly deter-
mined by characterization of interlaminar shear strength. In this study, interlaminar shear strength of 3D-printed continuous 
fiber-reinforced plastic composites was characterized with a single-lap joint specimen. It was observed that the interlaminar 
shear strength and failure mode changes as a function of the fiber orientation. The layup sequences were found to affect the 
stress distribution over the joint area, causing non-tensile failure regarding the eccentric load. The bonding quality data were 
compared to finite element analysis results to map the effective load transfer to the interlaminar area between each printed 
laminated structure. Stress distribution of the 3D-printed laminated structure under tension loading can be complex, and the 
results from such tests can be misinterpreted. Based on the present investigation, it is recommended that the layup design 
should incorporate a balanced stiffness to take advantage of continuous fiber reinforcement.

Keywords Interlaminar shear strength · Single-lap joint · Continuous fiber-reinforced plastic · Additive manufacturing · 
Fused filament fabrication · Finite element analysis

1 Introduction

Additive manufacturing (AM) has demonstrated the poten-
tial to revolutionize manufacturing and enable the deploy-
ment of novel materials for advanced applications [1]. AM 
technology enables performance-driven design [2–4] and an 
integration-friendly environment to aid the implementation 
of novel materials into new applications, such as aerody-
namically enhanced jet engines printed with laser powder 
bed AM [5], tissue engineering using a hybrid bioprint-
ing method [6], and the unmanned vehicle made of FFF 

composites [7, 8], to name a few. Fused filament fabrication 
(FFF) is one of the most popular material-extrusion AM 
technology, which is capable of utilization of an array of 
filament feedstock, including continuous fiber-reinforced 
plastic (CFRP), to form solid object based on its layer-by-
layer extrusion process. CFRP composites possess high spe-
cific strength and modulus. Continuous fiber reinforcement 
(CFR) [9–12] technology is the frontrunner for additively 
manufactured composites for their simplicity, flexibility of 
architecture design, and tailored performance. AM of CFR 
utilizes a dual extrusion system to deposit multiple materi-
als alternatively, one of which is continuous fiber-reinforced 
plastic composite.

In spite of the advantages cited above, due to the layered 
deposition, the main shortcoming of the AM process is the 
systematic defects embedded within the laminas and inter-
facial regions [15], as illustrated in Fig. 1. The typical void 
content of a 3D-printed CFRP is reported in the literature 
to be around 5% [12, 16]. Insufficient consolidation could 
cause poor adhesion or interfacial bonding issues [17]. This 

 * Haibin Ning 
 ning@uab.edu

1 Department of Mechanical and Materials Engineering, 
Materials Processing and Applications Development 
(MPAD) Center, University of Alabama at Birmingham, 
Birmingham, AL 35294, USA

2 Sev1Tech LLC, Space Science and Engineering, 6703 
Odyssey Dr NW #103, Huntsville, AL 35806, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s40964-023-00417-8&domain=pdf


1502 Progress in Additive Manufacturing (2023) 8:1501–1516

1 3

is a direct manifestation of the gradient solidification during 
the extrusion-deposition procedure. Based on the inherent 
interfacial defects within the structure, the primary com-
posite failure modes are shown in Fig. 2. The similarities of 
these failure modes between conventional composites and 
AM structures have been previously discussed elsewhere 
[13, 18, 19]. The simplest criteria to predict such failure 
is the interlaminar shear strength (ILSS), prescribing the 
failure would occur upon a critical threshold is reached. One 
of the standard ILSS characterization methods is the short 
beam shear (SBS) test, which applies a flexural load on a 
thick specimen to monitor the shear strength of the neutral 
layer upon delamination. Many authors have investigated 
the ILSS of 3D printed composites with SBS samples as a 
function of fiber type, layer thickness, and fiber orientations 
[20–22]. SBS test results from the literature suggest a low 
ILSS value for 3D-printed composites compared to com-
mercial composites, concluding that the embedded voids are 
the primary contributing factor. Iragi et al. [16] went one 

step further to characterize the mechanical properties at the 
lamina level, including mode I and mode II fracture tough-
ness. The inefficiency of the reinforcement was evidenced 
by several studies [20, 22–24] showing that ILSS and tensile 
properties do not increase proportionally with higher fiber 
volume fraction. Despite the apparent use of the SBS test 
for quantifying ILSS, the method is limited to unidirectional 
and symmetrical ply.

Characterization of the bonding quality of an adhe-
sive-bonding system is highly specialized as load transfer 
between dissimilar materials and bonding geometry can be 
nontrivial and resulting in complex stresses. Single-lap joint 
(SLJ) is one of the basic bonding geometries and are widely 
used to compare adhesion strength for varying conditions, 
due to its simplicity in design and application [26]. Com-
posed of two lapped-body bonded with a layer of adhesive 
[27], SLJ originated from the necessity of combining assem-
blies or structural reinforcement. Despite the simplicity of 
manufacturing the testing specimens, caution must be exer-
cised to prevent misuse of the SLJ stress as allowable design 
stress because of the complex stress in the system [28]. 
Milestone SLJ stress field analysis includes the Goland and 
Reissner analysis, accounting for load eccentricity and beam 
bending [29] and Volkersen’s differential shear treatment 
[30]. A representative sandwich element of two adherend 
bodies and a layer of adhesives is usually used in the analysis 
based on the formulations of plate theories [31]. Analytical 
models for bonded joints were reviewed, implemented, and 
compared by da Silva [32, 33] as to provide an accurate pre-
diction of SLJ strength. A lap shear test is usually conducted 
to examine the interlaminar bonding of adhesives between 
bonded surfaces on a quantitative and comparative basis [27, 
29, 34]. Other than the intended use of functional evaluation 
of a designed bonded joint, the growing popularity of using 

Fig. 1  Physical defects in continuous fiber-reinforced plastic compos-
ite fabricated with extrusion-based additive manufacturing (adapted 
from [13, 14])

Fig. 2  Typical failure modes 
of conventional additively 
manufactured continuous fiber-
reinforced plastic composites 
(Adapted from [25]) 
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the SLJ specimen for characterizing the interfacial bonding 
strength of fiber-reinforced laminate or 3D-printed structure 
has been discussed elsewhere in the literature [35–40]. A 
considerable sum of analytical treatments for SLJ specimens 
is available to be implemented in the analytical and numeri-
cal analysis [32, 41]. However, the nature of the prescribed 
adhesive thickness and mostly plane stress simplification 
does not necessarily apply to AM FRP specimens due to 
its complex laminate blending profile and structural integ-
rity within the laminas. From the material standpoint, the 
AM FRP differs from conventional beam composition as it 
is highly anisotropic and possess less integrity than of the 
beam.

This study aims to develop a novel methodology to ana-
lyze the fracture behavior of the SLJ specimen in relation 
to continuous fiber orientation and stacking sequences. The 
coupling of voids and the inherent anisotropic nature of an 
AM composite material can further complicate its structural 
integrity assessment. It is demonstrated that a combination 
of experimental results and a simulation approach can be 
used to optimize the performance. Interlaminar bonding 
quality assessment of AM FRP composites, including unbal-
anced laminated SLJ specimens, was further advanced using 
a physics-based observation of the failure of SLJ specimens. 
Finite element analysis (FEA) was implemented to analyze 
the stress distribution profile over the lapped length account-
ing for geometric deflection on the laminated SLJ speci-
mens. The fracture morphologies and load were recorded 
and correlated to the stress field results from the simulation.

2  Materials and methods

2.1  Materials and equipment

All CFRP samples were fabricated with the Mark Two 3D 
printer (Markforged, MA, USA). Mark Two is a desktop 
composite 3D printer using the principle of material extru-
sion-based additive manufacturing technologies of FFF and 
continuous fiber reinforcement (CFR). Onyx, a chopped 
carbon fiber reinforced PA6 composite filament, and con-
tinuous carbon fiber (CCF) composite filament were used 
to manufacture specimens. Printing parameters were pre-set 
at a printing temperature of 270 °C on both extrusion out-
lets and a layer height of 0.125 mm. A 100% infill matrix, 
labeled as solid infill, was chosen to fabricate the specimen 
in this study based on a rectangular infill pattern of alter-
nate + 45°/− 45° raster angle. The specimen geometry was 
made with a commercial CAD software Solidworks 2021 
(Solidworks, Dassault Systems, Tennessee). Tensile tests 
following the procedure specified by ASTM D3039 were 
used to get a baseline property for composites made from 
100% Onyx and 100% continuous carbon fiber composite 

filaments, respectively. All mechanical tests were conducted 
on an MTS 810 system with a 2 kN load cell. The result 
would be used in further analysis to generate baseline lamina 
parameters in FEA.

2.2  Single‑lap shear test

All SLJ specimens were manufactured with the Mark Two 
3D printer. The specimens would be subjected to a 2 mm/
min constant crosshead rate until failure, for which the 
load–displacement relationship was recorded. The maximum 
length of the overlapping area to assure failure at the bonded 
joint region was determined by the equation [42],

in which L is the overlap length, T is the adherend thick-
ness, Fty is the yield strength of the adherend, and � is 50% 
of the estimated average shear strength in the bonded joint 
[43]. The overlapped length of L = 6.4 mm was conserva-
tively chosen for all configurations to avoid undesired ten-
sile failure on the adherend based on the properties from 
the literature [16] and this study. The SLJ specimen are 
dimensionally symmetric and each adherend beam is dimen-
sioned at 82.55 × 12.7 × 3 mm with an overlapping area of 
6.4 × 12.7 mm, as shown in Fig. 3a. Figure 3b shows the 
engineering drawing of the specimen with detailed dimen-
sions. The formulation suggested by ASTM standard to cal-
culate the single-lap joint strength considers the load fully 
applied on a simplified interfacial area over the bonded 
adhesive joint [28, 42, 43]. Under this context, the average 
shear strength is:

where P is the load at failure, b is the width of the joint, and 
l is the single-lap length. Table 1 shows the fiber layout ori-
entation and purposes of each SLJ specimen design variant. 
Three specimens were printed and tested for each variant. 
Designed configurations are summarized below in Fig. 4. 
Additional baseline samples B1 for pure Onyx and B2 for 
4-ply Onyx interface reinforced with four 0°-ply outside of 
the bonded joint were configured. B1 and B2 compare the 
SLJ strength of the Onyx interface with and without stiffener 
plies outside of the load path. Each specimen was printed 
with an automatically generated support structure under the 
upper adherend. The support structure was removed before 
being tested.

2.3  Fracture surface analysis

Morphological observation of the fracture surface is the 
centerpiece of identifying the onset of the fracture and the 

(1)L < FtyT∕𝜏

(2)� =
P

bl
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Fig. 3  Single-lap joint specimen design, a Isometric view, b Engineering drawing. (Unit: mm)

Table 1  Experiment design on single-lap joint shear test for FRP composites

Designation Purpose Description

M Evaluate the effect of fiber layups between interfacial bonded 
areas

Orientation of a 4-ply laminated structure
Five different layer sequences at the lap joint: (0°–0°; 0°–90°; 

90°–90°; 0°–45°; 45°–135°)
N Evaluate the effect on the extensional stiffness and asymmetry 

on adherend beam
Orientation of an 8-ply laminated structure
Three different layer sequences at the lap joint: (0°/45°–135°/0°; 

0°/90°–90°/0°; 0°/90°–0°)
O Evaluate the effect of a buffer layer between unidirectional CF 

reinforcement
Orientation of 1 or 2 plies between the 4-ply 0° CF
Three different layer sequences at the lap joint: (45°; 90°; Onyx-

45°)

Fig. 4  Schematics of fiber layout sequences over the bonded joint for the SLJ specimen design
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failure mode itself. The structural integrity of an interlami-
nar area between two adherends can be assessed by matching 
a specific fracture pattern defined by the corresponding type 
of stress. Failure mode recognition of the AM composite 
SLJ samples was performed with a modified figure similar 
to the ASTM D5573 (Standard Practice for Classifying Fail-
ure Modes in Fiber-Reinforced-Plastic (FRP) Joints) [44]. 
Images of the fracture surface specimens were taken with 
DinoLite AM3111 digital microscopy with 0.3-megapixel 
image resolution. Side images were also taken to identify 
the location of the fracture onset. The fracture mode can be 
a manifestation of a combination of stresses, namely lon-
gitudinal tensile stress, through-thickness peel stress, and 
interlaminar shear stress.

2.4  Finite element analysis

Finite element analysis (FEA) has been used extensively in 
modeling laminated composites to provide accurate stress 
fields at a laminate level [45]. Using an engineering FEA 
suite, ANSYS professional 2022R1, a three-dimensional 
FEA was conducted to simulate the stress field of the SLJ 
specimen. Material properties were calibrated with the ten-
sile test results, such that the simulation of nonlinear Onyx 
softening behavior was permitted throughout straining. The 
ten-percent-rule [46] was used as an approximation tool for 
required out-of-plane properties, assuming the transverse 
modulus as one-tenth of the longitudinal modulus. The solid 
model was constructed with geometrical detail including all 
walls and other configured features. The laminated composi-
tion was configured with the ANSYS Composites PrePost 
(ACP) using orthotropic material properties and element 
SOLID185. SOLID185 is nominally known as a homoge-
neous brick element, which has eight nodes, and each node 
has 3 degrees of freedom (DoF). The enforced load of failure 
on each configuration was set on one side of the adherend 
and fixed support on the other. Non-slide boundary condi-
tions were applied to the tabbed surfaces to constrain the 
models as in the experiment. The interfaces were assumed 
to be perfectly bonded since the interlaminar shear strain 
is minor compared to the extensional strain of the adher-
end until joint failure by sudden debonding. Twenty-four 
sub-steps were implemented with a 6 s pseudo-time to cap-
ture the nonlinearity of the model. The through-thickness 
peel stress, tensile stress, and interlaminar shear stress were 
recorded, plotted, and compared to the experimental data. A 
set of convergence studies was conducted to assure sufficient 
mesh discretization with the prescribed element size [47] to 
avoid stress singularity and improve precision. Trials have 
been conducted with element sizes of 8, 4, 3, 2, 1.2, 0.8, 0.5, 
0.4, 0.2, and 0.15 mm within the lamina, while the thickness 
remains unchanged. It was determined that the element size 
of 0.2 mm is sufficient for a valid result.

3  Result and discussion

3.1  Feedstock material characterization

The  t ens i l e  spec imen  was  d imens ioned  a t 
152 × 12.7 × 6.4 mm, with the gage length set to 76.2 mm. 
The outer wall layers of the CCF specimen have been 
removed to achieve the composition of 100% CCF filaments. 
The characterized tensile modulus and strength are shown 
in Table 2. The nonlinear plasticity on the stress–strain rela-
tionship of the matrix Onyx was calibrated and will be put 
into the simulation as material properties. The elastic and 
plastic segments of the tensile stress–strain data of Onyx 
were input into the model to develop proper responses of 
the AM printed samples.

Each SLJ specimen was measured before the tests to 
assess the dimensional deviation. The width and length of 
the overlapped area were recorded and compiled. The aver-
age dimensional deviation of the overlapping area was found 
to be minimal (around 2%).

3.2  Lap shear results

SLJ results from all M, N, and O specimens were sum-
marized in Fig. 5. The baseline SLJ strength of pure Onyx 
specimen B1 and stiffened Onyx B2 are also included. 
Group M data show the highest shear stress for 0°–0° (M1) 
at 28.5 MPa, and the lowest at 10.2 MPa for 90°–90° speci-
mens. The peeling force on the edge of the joint induced 
by beam bending under tensile load weakens the structural 
integrity of the 3D-printed single-lap joint, resulting in a 
12.3% lower strength of 25 MPa for 0°–45° (M5), a 48.5% 
lower strength of 14.7 MPa for 0°–90° (M3), 53.7% lower 
strength of 13.2 MPa for 45°–135° (M2), and a 64.2% lower 
strength of 10.2 MPa for 90°–90° (M4). It is observed that 
although the presence of an imbalanced beam of greater 
stiffness would induce additional bending, the overall struc-
tural strength of those M3/M5 is still larger than those with-
out 0° plies (M2, M4).

All group M results were plotted in Fig. 6. The 0°–0° 
specimen shows the lowest strain to failure while the 
90°–90° have the highest strain-to-failure. The other con-
figurations have the strain-to-failure in between. It was found 
that a lower strain-to-failure showed the highest failure load, 

Table 2  Tensile test results for continuous fiber-only and Onyx-only 
3D-printed composites

Material Modulus (GPa) Strength (MPa)

Laminated carbon fiber 66.5 ± 0.7 811.0 ± 18

Laminated Onyx 1.26 ± 0.1 34.4 ± 1.6
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and a higher strain-to-failure showed a lower failure load. 
The relationship implies the bonded structure could bear 
more load with a higher beam modulus by reducing load 
eccentricity. The ILSS from the literature suggests ~ 30 MPa 
for CF-Onyx composites with the SBS test [16], which is 
consistent with the result in this study. The SLJ result gives 
a more conservative estimation because of the presence of 
additional bending from the geometry's free edges. The con-
centration over the free edges was alleviated by the enclosure 

walls and layered structures. The enclosure constituted of 
the base material was configured to protect the integrity 
of the samples as well as prevent failure on free edges by 
stress concentration permitting strain energy to be released 
by straining. The mechanism is similar to a mixed-adhe-
sive joint (MAJ) [48, 49], for which the adhesively bonded 
lapped region consists of a rigid adhesion in the middle sec-
tion and two flexible adhesion on the sides. The effect of 
eliminating the excessive interlaminar shear stresses on the 

Fig. 5  Comparison of all SLJ results by group

Fig. 6  Load–displacement 
curves of all group M results 
with Onyx baseline
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unsupported free edges under tensile loading was evident in 
this study and is consistent with that stated in [50]. Group 
N shows that the N2 specimen has an average strength of 
19.5 MPa, which is 35% higher than the 14.4 MPa of the 
N3 specimen. The failure mode of mixed intralaminar fail-
ure on N3 stiffened 90°–90° also differs from the cohesive 
interlaminar debonding on a stiffened 45°–135 of N2. The 
result confirms that the 90° layer is more susceptible to a 
composite shear-peel loading. Although the N1 and N3 dif-
fer by four layers of unidirectional 0° layer, the resulting SLJ 
shear strength does not result in a significant difference. It 
is reasonable as the fiber orientation around the section of 
stiffness centroid is identical and prone to a lamina failure 
on the 90° layer.

Group O result shows the effect of an additional off-axis 
buffer layer on specimens with similar structural bending 
stiffness. O2 specimen has the highest strength of 28.8 MPa 
for the additional 90° layer gives extra flexibility on the 
stress-concentrated x direction. It is followed by 27.6 MPa 
for the O3 specimen that was buffered with a 45°-Onyx 
bilayer over the interlaminar centroid region, and the lowest 
of 26.4 MPa for O1, which has an additional 45° layer. The 
comparable SLJ strength on group O result confirms the 
previous assumption that structural stiffness in the loading 
direction is the primary factor in SLJ strength. The addi-
tional buffer layer in the O specimens does not improve 
the shear strength significantly compared to the M1 0°–0°. 
The boxplot on groups M and N results are shown in Fig. 7, 
which also displays the variability on each configuration. 
The similarity has been found in the plateaued trend in 
M3-N1-N3 for the presence of the 0–90 interface. It is evi-
dent that the reinforced 0°–90° configuration is prone to 
lamina failure on the 90° layer. Comparing these two groups 

shows that the fiber orientation type is the most important 
parameter, followed by the beam stiffness. The interval plot 
for the 95% confidence interval (CI) result of all continuous 
FRP specimens is listed in Fig. 8.

The result shows that as the stiffness of the weaker adher-
end increases, the SLJ strength increases drastically. The 
greater lap shear strength was observed when both adher-
ends are of higher longitudinal stiffness. Significant peel 
effect was observed on those with higher bending angles, 
which could be subsequently exacerbated by low flexural 
stiffness on symmetrical samples and the degree of stiffness 
difference between two adherends on asymmetrical samples. 
From the SLJ strength in descending order 0–0 (M1) > 0–45 
(M5) > 45–135 (M3) > 0–90 (M2) > 90–90 (M4), it can be 
surmised that an important parameter that affects the SLJ 
strength is the interface type at the interlaminar region. 
The 0° layers near the stiffness centroid can decrease load 
eccentricity with the increased flexural stiffness, resulting 
in higher effective shear stress on the beam. In contrast, if 
the stiffness centroid has lower flexural resistance, the bend-
ing effect would result in greater peel stress. It was also 
evidenced in the B2 samples, with the lowest SLJ strength 
resulting from delamination due to off-axis load that causes 
peel-dominant delamination. It is concluded that the stress 
composition resulting from the load situation would play an 
essential role in the structural assessment.

3.3  Fracture analysis

The primary fracture types of the SLJ samples are summa-
rized in Fig. 9. Type A shows a shear-dominant failure mode 
as the fracture propagates through the interlaminar region. 
Type B is associated with concentrated peel stress along the 

Fig. 7  Result of SLJ strength of 
continuous FRP composites on 
groups M and N
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edges of the lapped joint. Type C displays a lamina failure 
by tensile stresses, in which the failure scheme is almost 
certain to be the result of a combination with A or B. Type 
D displays an invalid test result where adherend tensile fail-
ure occurs. Fracture morphologies on the side of all SLJ 
specimens were identified and listed in Fig. 10. Detailed 
recognitions were done regarding the proposed identification 
scheme in Fig. 9.

Configurations of M1, N2, O1, and O3 have been rec-
ognized to fail within the centroid layer as they possess a 
balanced adherend stiffness, and the edges are not prone to 
mode II shearing as opposed to the specimens with a 90° ply. 
Configurations M2 and M4 were found to undergo intrala-
minar fracture within the four off-direction plies region, 

which could result from a combination of peel and shear. 
As discussed later in section 4.5, it is evident that the lack 
of extensional stiffness would incur higher peel stresses. 
Configuration M3, M5, N1, N3, and O2 all have a failure 
occurring within the interlaminar 45°/90 layers potentially 
caused by the mixed loading of concentrated peel/shear 
stresses on the off-axis lamina. It is also possible that the 
modulus mismatch between the off-axis ply and the adjacent 
0-degree layer induced additional interlaminar shear stress 
that promoted fracture.

The results of SLJ strength and failure mode recogni-
tion for group M, N, O, and B2 specimens were plotted in 
Fig. 11. Type A, B, and C were according to Fig. 9. The 
result is consistent with the shear strength value when the 

Fig. 8  95% confidence interval 
of the mean on all CFRP com-
posites (M, N, O)

Fig. 9  Failure mode determination of SLJ specimen (Adapted from [44])
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failure occurs within a non-0° layer. Decreased properties 
were observed when a layer of weak tensile strength was 
presented, namely in the 45° and the 90° layers. The failure 
on those specimens was caused by inadequate intralaminar 
bonding between each linear placement of directional fiber. 
Comparing the strength and fracture mode in M3, N1, and 
N3 shows an identical pattern for their similar composi-
tion of mismatched 0°–90° interface. Statistical treatment 
reveals that the variation among these three configurations 
is non-significant, which supports the claim that additional 
0° stiffeners would not effectively reinforce the beam if the 
shear-dominated failure occurs. M2 and M4 specimens dis-
played the lowest SLJ strength amongst all the M, N, and 
O configurations. It is to say that a successive off-axis layer 
without unidirectional reinforcement could spur a struc-
tural weakness, especially when the off-axis load encoun-
ters them. The B2 sample of the Onyx at the interlaminar 
area with an additional 0° stiffener displays the lowest SLJ 
strength, resulting from failure between the Onyx and uni-
directional 0°. It is concluded that delamination occurs on 
the B2 while undergoing eccentric loading.

Fracture propagation was observed to jump to the adja-
cent layer in specimens M1, M3, M5, N3, O2, and stiffened 
Onyx. Other than the weakness of interlaminar debonding, 
another probable reason is the defects embedded system-
atically along the extrusion tool path. The type B failure 
of crack propagation through the gap between the continu-
ous fiber and the wall enclosures weakened the strength. 
The propagation might also be attributed to other intralayer 
defects induced by the printing process, such as void and 
unfilled regions. General fracture modes in SLJ specimens 
are cohesion, adhesive, or adherend failure, which can 
apply to the 3D printed composite sample within the scope 
of Fig. 9 for types A, C, and D, respectively. The fracture 
could occur along the eccentric load path, defined by the 
EC, to the intersection of the interlaminar bonding area. 

The resulting stresses might also cause intralaminar failure 
upon encountering a weaker lamina. Identical failure modes 
were observed in N1 and N3. The additional 0° layer did 
not improve the structural integrity. Instead, it introduced 
more bending moments on the unsupported edges, which 
causes type B fracture propagation. Group O specimens 
were designed to test the interfacial strength between fiber 
layups with a near-symmetrical stiffened beam. Failure mor-
phologies on the group O specimens shows that the stiffened 
beam can effectively resist peel-induced bending, keeping 
the load transfer properly on the single-lap joint. Although 
the additional interlaminar buffer layer of 45°, 90°, and 
45°-Onyx were expected to provide additional strain energy 
releasing effect, the difference between the O specimens and 
M1 0–0 is not significant.

3.4  Stress field from FEA

The simulated results were grouped as their characteristics, 
namely symmetric, semi-symmetric, and asymmetric. The 
stress field data were probed at the interfacial element sur-
faces within the middle section of the overlap area between 
the two sets of the 4-ply laminated structure. The data pre-
sented are of the shear stresses acting along the shear-loaded 
XZ surfaces, as x is the longitudinal direction and z is the 
through-the-thickness direction. The flexible Onyx outer-
most walls were excluded from the probed region to avoid 
stress singularity, abrupt straining at the free edges, and the 
plastic spew effect stated in previous section. The nonlinear 
mechanical response of the matrix materials was modeled 
using an isotropic multilinear plasticity model by curve-fit-
ting of the plasticity zone over the stress–strain curve of pure 
Onyx samples. The calibration process was done using the 
tensile data, following the instruction in the ANSYS manual 
[51]. The normalized stress distribution on configuration N2 
using a 0.2 mm element size was plotted in Fig. 12, and the 

Fig. 10  Interlaminar fracture identification for all SLJ specimens



1510 Progress in Additive Manufacturing (2023) 8:1501–1516

1 3

resulting trend is identical to the distribution generated by 
analytical models [28, 32].

Four configurations were marked as symmetrical sam-
ples, including M1, M4, N3, and B1. The simulated shear 
stress distributions are presented in Fig. 13. The ILSS 
and peel stress distribution profile along the normalized 
distance from the interlaminar bonded lap between two 
configured fiber laminas were plotted in Fig. 14. The 
stress concentration factor was calculated by dividing the 
stress resultant at each location by the simulated average 
SLJ strength. It is observed that by introducing 0° uni-
directional ply as reinforcement, the additional bending 
stiffness would allow the structure to reduce the stress 

concentration on the edges of the bonded region. The 
result of the N3 also shows that the shear stress distribu-
tion could be more homogeneous by blending the lamina 
layout with 0°–90° along the loading line. Although N3 
has more evenly distributed shear stress, the concentrated 
peel stresses on the free edges result in structural weak-
ness, and the corresponding SLJ shear stress of N3 is only 
at 30% of the M1 configuration. The result of asymmetri-
cal and semi-symmetrical adherends was compiled and 
plotted in Figs. 15 and 16, respectively. The maximum 
shear stresses were observed in the vicinity of the inter-
laminar bonding edges, which are of opposite directions 
on two sides for some of the samples.

Fig. 11  Single-lap shear results for continuous fiber-reinforced composites with different fiber layups between adjacent interlaminar layers
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A comparison of the simulated and calculated SLJ ILSS 
is plotted in Fig. 17. As mentioned in the earlier sections, 
SLJ failure is a combination of peel, shear, and tensile 
stresses resulting from the enforced tensile load. When the 
fracture is shear-dominated, a good correlation between the 
simulated and experimental results could be found. Shear-
dominant failure is shown in N1, O1, and O2, for which 
the simulated average shear stresses at failure are almost 
identical to the estimated SLJ strength. For configurations 
where failure was not shear dominant, the calculated SLJ 
strength based on the average of an evenly distributed shear 
stress exceeded the simulated average. Examination of the 

stress components reveals the mixed stress failure behavior 
on each configuration, either tensile-peel dominant (M2, 
M4, N2, O3), tensile-shear dominant (M1, M3, M5, N1, 
N3), peel-shear dominant (N2, Onyx) or a mixture of the 
three (O1, O2).

4  Conclusion

The interlaminar shear strength of FFF composite samples 
and their failure behaviors were studied. A comparison 
of the results confirms that for additively manufactured 

Fig. 12  The simulated normal-
ized stress distribution along the 
normalized x location

Fig. 13  FEA result of shear stress distribution—symmetrical adherends (unit: MPa)
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CFRP, the structural inefficiency of the single-lap joint 
is still severe when the stiffer reinforcement is config-
ured along the lap joint. This results from the peel stress 
introduced by the asymmetric stiffness, especially when 
interlaminar stresses are introduced by adjacent dissimilar 
plies resulting from the stiffness mismatch. This study 
has provided insight into the performance and primary 

modes of failure resulting from continuous reinforcement 
configurations on a 3D-printed functional part. Simply 
introducing unidirectional reinforcement of 0° increases 
the SLJ shear strength by more than twofold compared 
to the unreinforced Onyx specimens. It is also concluded 
that a consecutive directional 4-ply reinforcement seems 
insufficient to bear off-axis load for the induced risk of 

Fig. 14  Normalized stress distribution on CFRP samples with symmetrical adherends for ILSS and peel

Fig. 15  FEA result of shear stress distribution–asymmetrical adherends (unit: MPa)
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delamination and heterogeneous stress distribution. It is 
recognized that the tested lap strength is a manifestation 
of a complex stress field for most configurations. The 

method presented here will be useful for ranking different 
3D-printed reinforced configurations based on the inter-
laminar bonding quality.

Fig. 16  FEA result of shear stress distribution–semi-symmetrical adherends (unit: MPa)

Fig. 17  Comparison of calcu-
lated and simulated average 
interlaminar shear stresses
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Fracture morphologies were identified as a function of 
the corresponding dominant stress, namely shear, peel, and 
tensile stresses. It is essential to recognize the mode and to 
address a proper interpretation of the resulting SLJ stress 
accordingly. In addition, structural asymmetry of the lapped 
bodies is yet another factor that could cause unbalanced flex-
ing. While comparing the group M and group N results, it 
became evident that the effect of the stiffness of the beam 
was more significant than the effect of fiber layups between 
directional plies. It is also found that the additional buffer 
layer cannot significantly strengthen the single-lap shear 
strength. Comparison within-group O shows the strength dif-
ferences with the trend of 90° > Onyx-45° > 45°. The result 
confirms that the implemented 45° layers are susceptible 
to composite loading of the shear-peel dominant condition. 
The trend also confirmed that a 90° layer could compensate 
for more property mismatch than a 45° layer. Inadequate 
bonding was identified between the Onyx-0° layer, Onyx-
90° layer, and 45°–45° interfaces, as failure occurs in a low 
load in configurations M2, N2, N3, and B2. For FRPs, fiber 
layups between a near-symmetrical stiffened beam show a 
minor effect on the strength. 45° ply is not recommended 
because of weak inter-bead bonding that negatively affects 
the structural integrity of the printed composites and induces 
its susceptibility to shear and peel failure. It was established 
that limitations occur when the fulcrum-like edges and free 
edges cause stress concentration and a low-angle peel force.

This paper has demonstrated that the combination of 
results from a diversified experimental matrix and FEA 
simulation approach can provide a path for optimizing and 
ranking different reinforced AM configurations for achiev-
ing the best performance. FEA analysis was used to provide 
valid stress field information and details related to the failure 
mode for the AM composites. It is concluded that the load 
eccentricity can be precisely modeled with semi-implicit 
static structural FEA and provide relevant information on 
how the specimens were affected by the vertical stresses 
(peel stress) introduced by the flexing of the adherends and 
imbalanced stiffness. The overall trend suggests that char-
acteristic printing pattern configurations can improve AM 
continuous fiber composite shear strength. Inserting a buffer 
layer of 90° or Onyx can improve the shear resistance of a 
unidirectional CFRP. A 45° layer may be included if the part 
undergoes off-axis direction loading to give a larger strain 
limit, while a consecutive 4-plies 45° or 90° laminate does 
not provide desirable strength under the SLJ setup. If appli-
cable, an alternate layup sequence may provide a desired 
combination of shear strength and strain limit on the struc-
ture at the cost of ineffective tensile reinforcement. Exam-
ining the loading condition over an AM laminated com-
posite is crucial because the highly nonuniform stress field 
could create unknown weaknesses if not carefully assessed. 
It is observed that even without considering the adhesive 

material in FEA, the stress profile is identical to the classical 
analytical treatment on the SLJ geometry.
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