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ABSTRACT

Advanced robotics as one of the elements of the smart factory has attracted interests in the composite industry
through the last decade, and Automated Fiber Placement has found its way to be one of the well-established
composite fabrication techniques in both aerospace and automated industries. However, because of using the
fiber tows instead of composite prepreg sheets, new types of defects may be formed during the fiber deposition
by a robot arm. These defects can induce interlaminar/intralaminar damages under the service loading, which
reduces the mechanical performance of the final products. Although the effect of these defects on the
performance of the composite structure can be found in the literature, there is still a lack of knowledge in the
mechanism of interaction between the manufacturing defects and damages. In the present study, the effect of
automated manufacturing gaps on the damage initiation and propagation in Carbon/Epoxy composite beams
under out-of-plane loading is investigated. Short beam shear and three-point bending tests are carried out on
the samples with defects. Flexural and interlaminar shear strengths of the samples are measured and compared
with the samples with no defects (baseline sample). Furthermore, a series of microscopic observations are
performed, and the effect of the manufacturing defects on the delamination and matrix damages initiation and
also on matrix cracks propagation is investigated.

1. INTRODUCTION

Automated Fiber Placement (AFP) is an advanced robot technology for the manufacturing of large composite
structures, especially in the aircraft industry. Despite many benefits of using this technology, such as rapid
manufacturing, structures manufactured by AFP techniques are prone to have induced defects during the fiber
deposition process. These defects can be categorized as gap, overlap, missing tow, tow wrinkling, upfolding,
twisted tow, bridging, and crowning (Figure 1). However, gap is the most probable type of defects that may
occur between two adjacent fiber tows during the automated fiber deposition. This defect may bring local
material and geometrical discontinuities that affect the mechanical performance of the composite structures,
which cannot be neglected [1]. It can also accelerate the process of catastrophic failure under different loading
conditions, initiate the internal damages and decrease the durability of the structures. These defects can even
affect the flexural and in-plane stiffness of the structures, which might be an issue for the structures in which
the deformation is one of the main design criteria.
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Experimental studies show that the effect of gaps on the tensile strength is negligible [2, 3]. However, a
reduction of compressive strength between 5-27% can be expected for the composite plate under compressive
loading [3—6]. The wide range of the effectiveness comes from the fact that different scenarios of the
embedding the gaps into the structures can be defined. For instance, an experimental study on the quasi-
isotropic laminates with 2.0 mm intentional gap and overlap between the tapes has been performed in Ref. [7]
and it was shown that compressive strengths of the composite beams could be reduced by around 7% and
15%, respectively. However, the existence of the stress concentration due to having an open hole makes this
effect negligible to consider [8]. An experimental in-plane fatigue test has also been performed on a
unidirectional laminate with a single intentional gap with the dimensions of 0.125x0.25 square inch in Ref.
[9]. Results reveal that the effect of gaps becomes more severe with increasing the maximum applied stress.
However, this effect is negligible for the low level of fatigue stress.

Figure 1. Different types of AFP manufacturing defect (reproduced from ref. [10])

It is also important to note that, although the induced gaps are the result of machine malfunction for regular
composite laminates, it is impossible to avoid these defects in the new concept of composite manufacturing
with fiber steering. Designing the structure with the curvilinear fiber path changes the in-plane stress
distribution and causes a considerable increase in the buckling capacity of the composite structures [11-17].
However, the existence of the induced gaps is still a significant issue for these types of structures.

Although the effect of fiber tow gaps on the ultimate strengths of the composite plates under in-plane loading
can be found in literature, there is still a lack of knowledge on the effect of induced gaps for the structures
under out-of-plane loading. Furthermore, the interaction of this defect with the interlaminar and intralaminar
damages needs to be studied.

The main objective of the present paper is to study the effect of fiber two gaps induced in the thin quasi-
isotropic Carbon/Epoxy plates on the ultimate strength and also on the damage propagation under transverse
loading. For this purpose, standard flexural and short-beam shear tests are carried out to observe the effect of
the manufacturing defects on the flexural behavior and interlaminar shear strength of the composite beams.
Furthermore, microscopic observation was performed on the damaged sample to investigate the interaction of
the defects with delamination initiation and matrix cracks propagation.



2. EXPERIMENTAL PROCEDURE

In this study, the hand-layup (HL) technique was chosen for fabricating the composite plate with no defects.
These samples, which are made by using prepreg sheets, are considered as baseline samples. A ZX130L
Kawasaki 6-axis articulated robot arm was used to fabricate the samples with the periodical gaps between
fiber tows (AFP-G). The process of embedding the gaps between each fiber course was proceeded by adjusting
the AFP software to consider the fiber tow’s width, 2.0 mm larger than the real width, which is 6.35 mm
(Figure 2). These gaps cause 8% of the free spaces (Gap percentage) in the whole laminate during the fiber
deposition.

Two composite plates with the dimensions of 19x17 inches were fabricated with both HL and AFP techniques
and have been vacuumed and cured in an autoclave for six hours under the constant pressure of 90 psi and
curing temperature of 180° C. An Aluminum hard tool (Caul plate) was also used to reduce the out-of-plane
fiber waviness caused by free spaces between the fiber tows. The plates are then cut into the desired samples
for both flexural and short beam shear tests. Table 1 shows the properties of the composite beams prepared
for this study.

Table 1. Geometrical properties of the experimental samples

Type of the test Sample Stacking Sequence Material Curing Type
Dimensions
Three-point bending 100 x13 mm? [02/45:/5902/-4321; Cvcom 977-2
[90/-45,/0,/45,] yHTS 20 Autoclave
Short beam shear 15 x5 mm? [02/452/902/-45]s

Fiber Tow Gap

Figure 2. Automated Fiber Placement process (a) Fiber deposition by a robot arm (b) Fiber tow gap
between the fiber courses

The effect of free spaces between the fiber tows on the quality of the cured plates was investigated by measuring
the thickness and also by the microscopic observation of the cross-section of the intact samples. Figure 3.a.
shows that embedding the 8% of the gap during fiber deposition may decrease the final thickness of the plates
by 8%. This change has a significant effect on the flexural behavior of the samples. For example, it can reduce
the second moment of area (Ixx) of the composite beam by 25% (Figure 3.b.). Figure 4 shows the cross-section



view of the AFP-G samples at gap area. It can be seen that the thickness of the -45° plies has been reduced at
the gap area, which has been filled with resin.
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Figure 3. Effect of fiber tow gaps on (a) thickness reduction (b) second moment of area

Figure 4. Local thickness reduction at the gap area

The other effect of the existence of the pre-set gaps on the quality of the composite samples can be found in
Figure 5. The preset gap affects the uniformity of the Fiber Volume Fraction (FVF) in the gap area. For instance,
FVF drops by 50% at the -45°1amina and reaches 27% at the center of the gap area. It is also worth to note that
the width of the resin-rich area (pre-set gap area) is reduced due to fibers movement during the curing process.
However, the domain of the FVF reduction seems to remain around 2.0 mm, which is equal to the width of the
intentional gap.
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Figure 5. Distribution of the Fiber Volume Fractions at the gap zone at 45° lamina



The effect of the distributed gaps on the out-of-plane behavior and interlaminar behavior of the composite
beams was investigated by performing a series of three-point bending and short-beam shear (SBS) tests. Figure
6 shows the dimensions and applied boundary conditions for flexural and SBS tests setup, which are based on
ASTM D7264 and ASTM D2344 standards, respectively. It can be seen that the specimens for the flexural
tests have the dimensions of 100x13 mm with a span length of 80 mm (Figure 6.a.). Besides, two 5.0 mm
diameter rollers simulate the simply-supported boundary conditions, and the out-of-plane load is applied by a
10 mm diameter roller. The same boundary condition but with a crosshead roller with diameter of 5.0 mm is
used for SBS tests (Figure 6.b.). A universal testing machine with a maximum load capacity of 5 kN was used
for measuring the flexural strength and Interlaminar Shear Strength (ILSS) of the composite beams. The
machine can record 50 data per second with the displacement and load precision of 0.01 mm and 0.1 N,
respectively. In order to achieve consistency in the results, four samples per each category were subjected to
loading with the loading rate of 1.0 mm/min.
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Figure 6. Dimensions and boundary condition of the specimens for the (a) three-point flexural test and
(b) Short-beam shear test (All dimensions are in mm)

3. RESULTS AND DISCUSSION

It is recommended by ASTM standard to find the flexural stiffness and strength and also ILSS of the beams
by the following formulae:

Flexural strength 3P, L [1]
om = 2bh?

3 (2]
Flexural Stiffness Epecant — L_m
4bh3

(3]
Interlaminar Shear sbs _ Pm
Strength F7 =0.75 bh

In the above, P, is the maximum applied load, L is the span length, b, and /4 are the width and thickness of the
specimens, respectively, and m is the slope of the secant of the force-displacement curve. Note that a reference
value of 2.1 mm (baseline thickness) has been used for the thickness of all specimens.



Table 2 shows a summary of the results for both flexural and short beam shear tests. It shows that the effect
of fiber tow gaps on the flexural stiffness and strength, and interlaminar shear strength is significant. While
the flexural stiffness of the baseline beam is around 75 GPa, there is 35% reduction for the samples with
periodic gaps. Almost the same reduction can be expected for the flexural strength. In this case, flexural
stiffnesses are about 1200 MPa and 840 MPa for the baseline and AFP-G samples, respectively. It is important
to note that part of this reduction comes from the assumption of using the reference thickness for both baseline
and AFP-G samples. For example, applying the actual thickness for AFP-G samples in the formula (2), the
flexural stiffness of the samples would be around 65 MPa. It means only 12% reduction in flexural stiffness
is the result of the thickness reduction and material properties reduction due to the existence of resin-rich
area. The reason for using the reference thickness instead of the actual one is that widespread gaps can take
place at a partial zone of a structure in the actual practice. It is more practical to consider the effect of the
manufacturing gap as local material degradation rather than local thickness reduction. The same explanation
can be said for the reduction of the flexural strength.

Furthermore, there is no difference in the failure mode of the quasi-isotropic beams under flexural loading.
For both series of the beams, ultimate failure is the fiber breakage under compression loading at zero layers
and the delamination between the zero and 45° laminae (Figure 7).

Table 2. A comparison of the flexural behavior and ILSS of the composite beams with gaps and
baseline samples

. Difference
Baseline AFP-G (%)
Flexural Stiffness (GPa) 7408 o 35
exural Stiftness a =
Std. Dev. = 1.7 Std. Dev.
1.88
1232 836.6
Flexural Strength (MPa) 32
Std. Dev. =20 Std. Dev. =26
Interlaminar Shear Strength | 94.86 81.6
13
(MPa) Std. Dev. =2.7 Std. Dev. = 4.8

Figure 7. Failure mode of the composite beams under flexural loading



Fiber tow gaps also reduce the interlaminar shear strength of the composite laminates. It was shown in Table
2 that this defect can decrease the ILSS by around 13%. Note that because of the small dimensions of the short
beams, there is a possibility of not having gap area in the tested samples, which means that all of the studied
samples are not necessarily the representative of the samples with the gap. In order to overcome this issue,
more than 15 samples were tested experimentally, and then by using microscopic observation, the average
value has been calculated from the samples with the gap. Looking at the zone of delamination initiation for
the AFP-G samples, it was realized that the resin pockets can be the sources of delamination initiation for the
beams under short beam shear tests. Figure 8 shows two different short beams that have been failed under
transverse loading. It is clear that the delamination, which is the primary mechanism of the failure, initiates
from the resin-rich areas which have been created due to the intentional gaps.
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Figure 8. Delamination initiation from the resin-rich area induced by fiber tow gaps

The effect of the intentional gaps on the Matrix Crack (MC) propagation in the beams under transverse loading

was investigated by three-point bending tests on the composite beams with the stacking sequence of [90./-
45,/02/457]s.

For this purpose, the crack density of the bottom layers (90° plies) at different crosshead loads was measured.
Figure 9.a. shows the load versus displacement curve for both baseline and AFP-G samples. It shows that the
intentional gaps have significant effect on the loading capacity of the composite beams with low flexural
rigidity. Manufacturing gaps can reduce the loading capacity of the beams with the stacking sequence of [902/-
45,/02/452]s by about 50%. Although matrix cracking is not a catastrophic failure, it reduces the stiffness of
the materials and also might induce the delamination. MC also reduces the level of the stress due to free
surface area and causes stress perturbation at MC zone [18, 19]. In this study, the crack density of the 90° plies
at the bottom was measured experimentally at different loads. These layers are under tension load
perpendicular to the fiber directions. Thus, matrix cracks propagate from the spot with the highest level of the
stress, which in this case it places at the middle of the beam. Figure 9.b shows the graph of the crack density
versus the longitudinal strain of the bottom surface at the center of the beams. Note that, the longitudinal strain
(€,,) Was calculated based on the Euler-Bernoulli beam theory. It is evident that the MC initiates at lower
strain for AFP-G sample. However, there is no major difference between the MC propagation for both
samples. That probably shows that gap defects do not have any significant effect of the matrix crack
propagation. Furthermore, no evidence on the interaction of MC and gap defects was also found by
microscopic observation. However, more experimental studies are required to confirm this statement.
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Figure 9. Comparison of Crosshead load versus (a) transverse displacement (b) crack density of 90°
plies for AFP-G and baseline samples with the stacking sequence of [902/-45,/0,/45:]s under flexural loading

4. CONCLUSION

In this paper, the effect of fiber tow gaps on the interlaminar and intralaminar damage initiation and
propagation and also on the failure of the thin composite beams under transverse loading was investigated
experimentally. For this purpose, both three-point bending and short beam shear tests were selected to measure
the flexural stiffness and strength and also the interlaminar shear strength of the beams in the presence of the
gaps. A quasi-static composite plate with periodic gaps between the fiber tows was fabricated by Automated
Fiber Placement technique. This plate is the representative of the samples with the manufacturing gap and the
results were compared with that of the samples with no defects (baseline samples).

Results show that the flexural stiffness of the beams are reduced by around 35% due to thickness reduction
and material degradation caused by fiber tow gaps. The same percentage of reduction can also be expected
for the flexural stiffness of the quasi-isotropic beams. Interlaminar shear strength is also decreased by about
13%. Microscopic observation shows that the delamination was initiated at the gap areas for the short beam
samples with defects. It emphasizes that the resin-rich areas caused by gaps are prone to be the sources of the
delamination initiation.

The effect of the fiber tow gaps on the matrix cracks propagation under bending load was studied by
performing three-point bending test on the beams with the stacking sequence of [902/-452/02/45>]s in which
the matrix cracks propagate at 90° layers under tensile loads. No significant difference between the results
was found for both the samples with the gaps and the baseline. It probably shows that the effect of the gaps
on the matrix crack initiation and propagation can be neglected. However, more studies are required to confirm
this statement.

5. ACKNOWLEDGMENT

The authors would like to acknowledge the support provided by the Concordia University, Concordia Center
for Composites (CONCOM), Natural Sciences and Engineering Research Council of Canada (NSERC),
Bombardier Aerospace and also FRQNT Doctoral Research Scholarship (BX2).



[1]
[2]

[3]
[4]

[5]

[6]
[7]

[8]
[9]

[10]

[11]
[12]

[13]

[14]
[15]
[16]

[17]

[18]

[19]

6. REFERENCES

Lukaszewicz DH-JA, Ward C, Potter KD. "The engineering aspects of automated prepreg layup:
History, present and future". Compos Part B Eng 2012; 43: 997-1009.

Lan M, Carti¢ D, Davies P, Baley C. "Influence of embedded gap and overlap fiber placement defects
on the microstructure and shear and compression properties of carbon—epoxy laminates". Compos Part
A Appl Sci Manuf2016; 82: 198-207.

Croft K, Lessard L, Pasini D, Hojjati M, Chen J. "Experimental study of the effect of automated fiber
placement induced defects on performance of composite laminates". Manuf2011; 42: 484-491.

Guin WE, Jackson JR, Bosley CM. "Effects of tow-to-tow gaps in composite laminates fabricated via
automated fiber placement". Compos Part A Appl Sci Manuf;, 115. Epub ahead of print 2018. DOI:
10.1016/j.compositesa.2018.09.014.

Sawicki AJ, Minguet PJ. "Effect of intraply overlaps and gaps upon the compression strength of
composite laminates". In: Collection of Technical Papers - AIAA/ASME/ASCE/AHS/ASC Structures,
Structural Dynamics and Materials Conference. AIAA, 1998, pp. 744-754.

Nimbal SS, Banker MM, Roopa A, Varughese B, Sundaram R. "Effect of Gap Induced Waviness on
Compressive Strength of Laminated Composites". Mater Today Proc 2017; 4: 8355-8369.

Woigk W, Hallett SR, Jones MI, Kuhtz M, Hornig A, Gude M. "Experimental investigation of the
effect of defects in Automated Fibre Placement produced composite laminates". Compos Struct 2018;
201: 1004-1017.

Falco O, Mayugo JA, Lopes CS, Gascons N, Costa J. "Variable-stiffness composite panels: Defect
tolerance under in-plane tensile loading". Compos Part A Appl Sci Manuf2014; 63: 21-31.

Elsherbini YM, Hoa S V. "Experimental and numerical investigation of the effect of gaps on fatigue
behavior of unidirectional carbon/epoxy automated fiber placement laminates". J Compos Mater 2016;
51: 759-772.

Heinecke F, Willberg C. "Manufacturing-Induced Imperfections in Composite Parts Manufactured via
Automated Fiber Placement". Journal of Composites Science; 3. Epub ahead of print 2019. DOI:
10.3390/jcs3020056.

Hyer MW, Lee HH. "The use of curvilinear fiber format to improve buckling resistance of composite
plates with central circular holes". Compos Struct 1991; 18: 239-261.

Marouene A, Boukhili R, Chen J, Yousefpour A. "Buckling behavior of variable-stiffness composite
laminates manufactured by the tow-drop method". Compos Struct 2016; 139: 243-253.

Z. Giurdal, B. F. Tatting, K. C. Wu, J. H. Starnes J. "Variable Stiffness Panels, PART 1: Effects of
Stiffness Variation on In-Plane and Bending Responses". Compos Part A Appl Sci Manuf 2005; 39:
911-922.

Lopes CS, Giirdal Z, Camanho PP. "Variable-stiffness composite panels: Buckling and first-ply failure
improvements over straight-fibre laminates". Comput Struct 2008; 86: 897-907.

Setoodeh S, Abdalla MM, IJsselmuiden ST, Giirdal Z. "Design of variable-stiffness composite panels
for maximum buckling load". Compos Struct 2009; 87: 109-117.

Rouhi M, Ghayoor H, Fortin-Simpson J, Zacchia TT, Hoa S V., Hojjati M. "Design, manufacturing,
and testing of a variable stiffness composite cylinder". Compos Struct 2018; 184: 146—152.
Fayazbakhsh K, Arian Nik M, Pasini D, Lessard L. "Defect layer method to capture effect of gaps and
overlaps in variable stiffness laminates made by Automated Fiber Placement". Compos Struct 2013;
97:245-251.

Ghayour M, Hosseini-Toudeshky H, Jalalvand M, Barbero EJ. "Micro/macro approach for prediction
of matrix cracking evolution in laminated composites". J Compos Mater 2016; 50: 2647-2659.
Ghayour M, Chitsaz N, Hosseini-Toudeshky H, Barbero EJ. "Enhanced variational approach for
damage analysis of laminated composite". Mech Adv Mater Struct 2019; 1-11.



	Abstract
	1.  Introduction
	2.  Experimental procedure
	3. RESULTS AND DISCUSSION
	4.  Conclusion
	5.  Acknowledgment
	6.  References

