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ARTICLE INFO ABSTRACT

Keywords:

A hybrid material made of carbon fiber, poly(ether-ether-ketone) and metallic braided wire mesh was designed
to improve the crashworthiness of thermoplastic composite structures. The filament winding process was
adapted to enable the winding of carbon fiber/poly(ether-ether-ketone) commingled tow with five different
patterns of braided wire mesh, which were later consolidated by thermoforming. Samples of the hybrid steel-
commingled composites were subjected to interlaminar shear strength tests, dynamic mechanical and thermo-
mechanical analysis. Thermal analysis determined the glass transition, secondary temperature transitions,
melting point, and the thermal expansion coefficient of CF/PEEK hybrid composites. The shear and thermal
properties were investigated using statistical techniques of analysis of variance and design of experiments,
highlighting the effects of the braided wire mesh parameters, i.e., mesh physical dimensions, on the material
behavior. The incorporation of wire mesh showed no significant difference in the thermal properties of the
hybrid composites and the applicability of these materials has no restrictive effect on temperature variations. An
improvement of 22.7% in interlaminar shear strength was obtained for the hybrid metal-composite compared to
the material without the braided wire mesh. Finally, a multiple regression model was developed to predict the

Interlaminar shear properties
Structural composites
Thermomechanical analysis
Dynamic mechanical analysis
Metal-composite structure

interlaminar shear strength of hybrid steel-commingled composites as a function of the mesh parameters.

1. Introduction

Hybrid metal-composite structures (MCS) are being produced and
constantly improved for automotive applications, aiming at reduced
weight, and improved structural performance [1]. Thermoplastic com-
posites (TPCs), in particular, have been used for multi-material struc-
tures due to the ability to be thermoformed, reducing throughput time.
However, joining composites to metals has, until now, relied mostly on
mechanical fasteners, which require drilling holes that damage
load-bearing fibers, as evidenced by Nettles (2019) [2]. The drilling
technique was evaluated by four different qualities of holes for fasteners.
The author suggested visual inspection and thermography as inspection
techniques to indicate the quality of the holes drilled in laminates. Ad-
hesive bonding and chemical surface treatments have also been inves-
tigated, but thermoplastics materials are difficult to bond in this way.
Marques et al. (2020) [3] realized that adhesives add material and

weight to the structural components, and require proper chemical
adhesion to steel-composites hybrid applicability.

In another recent study on multi-materials, by Yao et al. (2020) [4],
the shear strength of steel-carbon fiber reinforced polymer (CFRP)
hybrid composites was measured when the steel surfaces were treated
with adhesive-bonding methods, abrasion and grit blasting. The results
show the adhesion steel/CFRP has no significant effect on the mechan-
ical properties of the hybrid composites. Crashworthiness of hybrid
steel/carbon fiber composite was investigated by Kim et al. (2020) [5].
The study consisted of manufacturing a hybrid metal-composite auto-
motive B-pillar component and comparing the results with a steel
B-pillar. The performance of the composite structure increases when
different materials are combined. This result indicates the effectiveness
of the hybrid steel-composite combination for crashworthiness
applications.

Mechanical properties of hybrid metal-composite carbon fiber (CF)
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reinforced polymer and stainless-steel wire mesh (SM) were evaluated
by Truong and Choi (2021) [6]. Tensile tests were applied to the ma-
terials, which were composed of three different SM types and different
CF orientations. An analytical model for predicting the load-strain
curves of the hybrid composites was developed, showing good agree-
ment with the experimental data. Krishnasamy et al. (2020) [7] evalu-
ated the effect of aluminum (Al) and copper (Cu) wire mesh embedded
as a structural reinforcement on epoxy hybrid composite. These studies
focused on improving mechanical properties of composite structures,
however, were limited to thermosetting resins to manufacture the
composites, and do not include thermoplastics, which offer lower
manufacturing costs and processing times [8,9]. Studies of hybrid
composite materials that combine commingled technology and braided
wire meshes with filament winding and thermoforming processes are
scarce or inexistent in the literature.

The study of Rehra et al. (2018) [10] highlighted that the incorpo-
ration of steel fibers into carbon fiber reinforced polymer (CFRP) pro-
vides significant improvements of crashworthiness. The hybrid material
post-damage performance depends on the laminate architecture, indi-
vidual properties of the materials used and specially the interface
adhesion [11]. The hybrid material interlaminar shear strength (ILSS)
indicates the quality of interface bond when steel, reinforcing fibers and
polymer are combined [12].

Automotive components are being manufactured using hybrid steel-
composite technology. Gauntt and Campbell (2019) [13] created a
hybrid steel-composite automotive gear with different materials and
layups for rotorcraft industry. They evaluated the gear’s resonance fre-
quency for different configuration of hybrid materials. A model was
developed based on the design of the gear and the materials properties.
A B-pillar was designed and manufactured using CRFP hybrid
steel-composite by Kim et al. (2020) [14]. Drop weight impact tests were
conducted on the material considering the optimized stacking sequence,
thickness, and shape for improving the crashworthiness. The CRPF
hybrid steel-composite B-pillar resented improvement on the impact
performance when compared with conventional steel B-pillar. These
studies reveal the importance and relevance of developing new mate-
rials and processes for the manufacture of hybrid steel-composite com-
ponents for automotive application.

This work reports the development of hybrid steel-composite carbon
fiber/poly(ether-ether-ketone)/braided wire mesh (CF/PEEK/BwM) for
crashworthiness improvement. BwM reinforced thermoplastic compos-
ites do not require adhesives or drilling holes for effective interface
bond; the thermal consolidation is in itself responsible for compacting
the material and subsequently impregnating the BwM with the ther-
moplastic polymer in the molten state. Processing parameters were
defined according to the optimal response of PEEK[15,16], respecting
thermal degradation limits during consolidation [17] obtained accord-
ing to Friedman’s isoconversional method [18]. A complete consolida-
tion and higher matrix crystallization will result in higher interlaminar
strength of the structure[19,20].

The design of the CF/PEEK/BwM steel-commingled hybrid com-
posites has proven to be effective for structural application where
crashworthiness is required. The adjustments in the filament winding
process allowed manufacturing materials with high quality of compac-
tion and processing control. Based on experimental data, a multiple
regression model was developed to predict the ILSS of CF/PEEK/BwM
with different combinations of BWM parameters, leading to the opti-
mization of the structure performance.

2. Materials and methods
2.1. Steel-commingled hybrid composites manufacturing
This section describes the technical specifications of the materials

and the stages of the hybrid composites design and manufacture. The
CF/PEEK commingled tow was supplied by Concordia Manufacturing,
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Fig. 1. Filament winding mechanism used to manufacture carbon fiber/poly
(ether-ether-ketone)/braided wire mesh (CF/PEEK/BwM) hybrid composites.
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Fig. 2. Representation of braided wire mesh (BwM) pattern showing the
physical dimensions used as parameters, which are mesh gap Mgy, wire
diameter D,,, and mesh count M, (M4 in this case).

LLC. The carbon fibers (CF) are characterized by 4240 MPa and 237 GPa
of tensile strength and elastic modulus, respectively. The PEEK yarns
have the specification PEEK-900/68, and the CF/PEEK commingled tow
is classified as AS4 (40% matrix volume fraction) combining 12k carbon
fiber tow with 7 pm diameter peek yarns.

Before the consolidation of the hybrid composites by thermoforming,
the CF/PEEK commingled tow was subjected to a filament winding
process with five different patterns of BwM. For this purpose, metal
support was constructed to accommodate each BwM for the filament
winding process. Fig. 1 represents the mechanism developed for the

Table 1
Summary of BwM patterns and the physical dimension used as parameters for
each wire mesh used to manufacture CF/PEEK/BwM.

BwM  Mesh Wire Mesh gap, Open Area density,
count, diameter, D,, Mg (mm)  area, Ay Aq (g/mm?)
M. (mm) (%)

M14 14 0.30 1.51 69.6 0.07

M30 30 0.23 0.62 53.2 0.08

M40 40 0.20 0.44 47.2 0.08

M60 60 0.16 0.26 38.3 0.08

M80 80 0.12 0.20 39.0 0.07




R.M. Di Benedetto et al.

(w)

(c)

Composites Science and Technology 218 (2022) 109174

(b)

CE/PEEX
Mis-1L

(@)

Fig. 3. Details of the CF/PEEK/BwM assembly and thermal consolidation processing. (a) The metal support used to wind the commingled yarn around the woven
wire mesh. (b) CF/PEEK/BWM set after winding. (c) Steel plate used to ensure uniform load distribution in the material during thermal consolidation. (d) Final

processed composite highlighting the sampling area.

assembly of CF/PEEK/BwWM sets.

The rotating mandrel (1) pulls and wraps the CF/PEEK commingled
tow around the BwM, which was first attached to the metal support (2).
The winding cycles consist of moving the carriage (3) right and left
(cycle) along the longitudinal length L. The commingled roving (4) feeds
the filament winding process completing 5 cycles to each assembly
composed by CF/PEEK commingled tow and BwM.

The BwM are made of stainless steel AISI 302 with linear coefficient
of thermal expansion a = 17.6 pm/m°C and elasticity modulus E =
187.5 GPa. The BwM were supplied by Catumbi Ltda. Five different

patterns of BWM were used in this work. The physical parameters of a
BwM pattern are shown in Fig. 2, and their values are listed in Table 1.
The area density A4 is related to the hybrid composite weight gain. Mesh
gap Mg, is the distance between the stainless-steel wires. Open area A,
represents the total percentage of the free area between the wires. The
mesh count M. is the wire mesh identification and related to the number
of gaps within 1 inch distance.

Ay was used as an independent parameter because it refers to the
contact area of the top and bottom layers during thermal consolidation.
The values of A,, was used to investigate the effect of BwM incorpora-

Fig. 4. Exploded-view drawings of CF/PEEK/BwM sets showing the assembly and dimensioning perspective of a 150 x 100mm sample: (a) CF/PEEK/BwM M14, (b)
CF/PEEK/BwM M30, (c) CF/PEEK/BwM M40, (d) CF/PEEK/BwM M60, (e) CF/PEEK/BwM M80, and (f) representation of the hybrid steel-composite after thermal
consolidation.
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tion on the hybrid composites shear properties, and they were deter-
mined according to the Equation (1) [21],

— Myap ’
A,y = <Mgap+ DM> x 100 6]

relating the mesh count M. and the wire diameter D,,.

The construction of CF/PEEK/BwM sets, composed of commingled
tow and BwM, required the production of machined metal support to fix
the meshes for further filament winding processing. Fig. 3 shows (a) the
metal support produced for the filament winding process; (b) the CF/
PEEK/BwM set after winding; (c) the hydraulic press with heating sys-
tem to consolidate the hybrid composite and (d) the CF/PEEK/BwM
hybrid steel-composite.

Hybrid CF/PEEK/BwWM steel-composites consist of multiple plies of
commingled tow in the longitudinal direction (0°), in which the BwM
defines the plane of symmetry. Carver hydraulic press model CMV100H-
15-X was used to consolidate the hybrid composites with processing
parameters given by Darcy’s law, used to predict whether viscous fluid
can impregnate the reinforcing fibers in a composite material [22]. The
flow rate u, of the viscous polymer can be calculated according to
Equation (2). Taking % constant, Equation (3) describes the impregna-
tion time t;,, used to define the processing soak time:

dx K dpP

= == — 2
YT U T A @
vD}, @)

timp 7% )

where v is the polymer viscosity, K is the coefficient of permeability of
the reinforcing fibers, & is the pressure gradient, and D, is the impreg-
nation distance. The consolidation pressure P = 0.3 MPa was determined
empirically in previous studies, as well as the matrix viscosity as a
function of temperature [23]. Accordingly, the processing parameters
were defined by Tprocessing = 400 °C, timp = 20min (holding time) using #
=1000 Pa s [24], K = 1.4 x 1071° m?[15,16,25,261, and D, = 0.3 mm
measured by the displacement of the hydraulic press plates. Final
thickness (e = 3.0 + 0.15 mm) of the composites was defined according
to the number of winding cycles (n = 5 cycles). Each winding cycle in-
crease the hybrid material thickness in 0.6 mm because the mean of
thickness of CF/PEEK tow is 0.3 mm. The range of the metallic wire
diameter is 0.12-0.3 mm which causes a deviation +0.15 mm for the
final thickness of the hybrid composites. Thereby, the thermal process-
ing cycle was defined with 5 °C/min of heating rate, 20 min of holding
time (calculated by Eq. (3)) and 10 °C/min of cooling rate. The pro-
cessing parameters are in accordance with the thermoplastic prepreg
systems stablished by Takeda el al. (2019) [27], which contributes with
the understand of the influence of cooling rate on the strength of com-
posite materials. The quality of the hybrid composites considering total
void elimination was achieved and confirmed with ultrasound
inspection.

From the sampling area delimited in Fig. 3(d), specimens of CF/
PEEK/BwM hybrid steel-commingled composites, labeled M14, M30,
M40, M60 and M80, were prepared and subjected to ILSS tests, ther-
momechanical analysis (TMA) and dynamic mechanical analysis (DMA).
Fig. 4 is a representation of the constituent layers of each hybrid
composite.

2.2, ILSS tests

Shear properties of the CF/PEEK/BwM composites were evaluated
by ILSS tests to examine the quality of the steel-matrix interface bonding
for each BWM pattern. The universal testing machine EMIC DL2000A
performed the ILSS tests with 1 mm/min of compression rate, 10 kN of
load cell, 6 mm diameter loading nose, and 3 mm diameter supports

Composites Science and Technology 218 (2022) 109174

consisting of the three-point flexure in accordance with ASTM 2344
standard. A total of 15 specimens (18 x 6x3mm) of each CF/PEEK/BwM
composite were prepared and tested. The span length is 12 mm. Short-
beam strength F*, usually known as shear strength, is determined
using a short beam shear test (SBS) and can be calculated by Equation
(4) from ASTM 2344:

P
F** =0.75 —2 ), 4
x <b><h)' @

where Py, is the maximum load, b is the measured specimen width, and h
is the measured specimen thickness.

2.3. Thermal analysis

Three specimens of each CF/PEEK/BwM were tested by DMA tech-
nique in an oxidative atmosphere to evaluate the material dynamic
mechanical response as a function of temperature. Exstar SII 6000
equipment performed the tests with 1 Hz frequency, 33 pm amplitude,
an oscillating load of 7000 mN, from 25 °C to 400 °C and heating rate ‘fi—f
=10 °C/min. Test conditions are in accordance with ASTM D7028. The
idea is to verify the effect of BWM incorporation on glass transition
temperature T,, secondary transition temperature T,, and melt tem-
perature T;, of the hybrid steel-composites by evaluating elastic modulus
(or storage modulus, E’), viscous modulus (or loss modulus, E”) and
damping coefficient (Tan §). The peaks observed on E” curve is related to
Tg, T, and T, respectively [28].

The TMA was performed by SII EXSTAR 6000 equipment, in three
samples for each CF/PEEK/Bw), in an oxidative atmosphere from 25 °C
to 400 °C with a heating rate ‘f—‘f = 5 °C/min, and constant load of 100
mN. TMA was conducted according to the ASTM E831 to measure linear
coefficients of thermal expansion («) of CF/PEEK/BwM hybrid steel-
composites. TMA measured the temperature-dependent dimensional
changes while allowing the specimens of CF/PEEK/BwM to be subjected
to mechanical load. This makes it possible to determine the thermal
length change as well as the thermomechanical characteristics of the
hybrid steel-composites developed. Linear coefficients of thermal
expansion « is essential for assessing the dimension changes as function
of temperature for different BwM patterns of the hybrid composites. The
mean coefficient of linear thermal expansion (@) is defined as the slope
of a secant through two points of the curve of thermal expansion
(Equation (5)):

ALy, x k

= —2
L x AT’

5)
where k is calibration of the length change (deflection), L is the cali-
bration length, ALg, is the change of specimen length, and AT is the
temperature difference over which the change in specimen length is
measured.

2.4. Statistics and data analysis

The experimental results were subjected to analysis of variance
(ANOVA), design of experiments (DOE), and multiple linear regression
(MLR). In its simplest form, ANOVA provided a preliminary statistical
test on the database, comparing means of thermomechanical properties
and of shear strength measured. Subsequently, DOE described and
explained the variation of the material behavior as a function of BwM
patterns. A full factorial design evaluated main effects and significant
interactions between independent variables. Finally, MLR determined a
model that considers the relations between BwM patterns, polymer
thermal properties and @ to predict the CF/PEEK/BwWM shear strength.

Minitab software resources performed the ANOVA and DOE ana-
lyzes. The MLR was created by an integrated development environment
for R programming language for statistical computing [17,18]. To
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Fig. 5. Short-beam strength versus strain plots for ILSS tests of CF/PEEK composite and CF/PEEK/BwM M14, M30, M40, M60 and M80 steel-commingled
hybrid composites.
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Table 2
Results of ILSS tests for CF/PEEK and CF/PEEK/BwM ILSS hybrid composites.
Outlier data for CF/PEEK and M60 were not included.

Material ~ Number of Mean of Standard deviation ~ Short-beam
samples maximum load  of maximum load strength

N) N) (MPa)

CF/ 14 1905.90 211.27 68.35

PEEK

M14 15 1435.00 367.49 47.04

M30 15 2260.20 75.96 83.86

M40 15 2294.20 182.89 69.37

M60 14 1611.30 92.69 60.23

M80 15 993.65 128.94 30.51

determine a more appropriate fit for the data, the method of least square
was used to minimize the maximum likelihood function L of the model
(Eq. (6)) [29,30]. The function L measures the probability of observing
the set of dependent variable values; the higher the likelihood function
L, the higher the probability of observing the dependent variable values
in the sample [31], as in Equation (6):

L=3"" (Y= Py + Prxa + Prxa + o+ Bpxy) (6)

The regression coefficients j; indicate a change in the mean response
of F* according to the independent variable x; when the other variables
are kept fixed. Y; is the response-dependent variable F***. Subsequently,
the stepwise method of variable selection determined a subset of inde-
pendent variables that best estimate F**. Subsequently, the Akaike In-
formation Criterion (AIC) was based on sample fit to estimate the
likelihood of the MLR model to predict F***. The minimum value of AIC
calculated by Equation (7) defines the variables which were included on
the model [32]:

AIC= —2log(L,) +2[(p+ 1) +1], @

where L, is the maximum likelihood function of MLR model and p is the
number of explanatory variables.

3. Results
3.1. Shear properties of steel-commingled hybrid composites

The ILSS tests were applied to CF/PEEK composite, and the M14,
M30, M40, M60 and M80 steel-commingled hybrid composites.
Graphical ILSS results are shown in Fig. 5. The results show changes in
the mechanical responses of CF/PEEK/BwM hybrid composites for each
BwM pattern, keeping both processing parameters and the number of
winding cycles the same for all specimens. Understanding the effects of
BwM patterns parameters D,,, Mg and A,, on the shear strength aims to
optimize crashworthiness of CF/PEEK/BwM hybrid composites. The
non-uniformity of the mechanical behavior regarding M14 and M80
samples is associated with a premature detachment at the interface
metal/polymer, which occurs at the beginning of displacement.
Depending on the position of the BmW within the material and the
sampling cut, premature detachment can happen more easily in these
configurations. This can be confirmed by evaluating the strain values of
ILSS tests and also by the results obtained by Wu et al. (2014), who used
scanning electron microscopy (SEM) to investigate the fracture mecha-
nism [33].

From Fig. 5, it is clear that the differences in mechanical behavior of
these materials are related to the effects of BwWM incorporation. Next,
Fig. 6 summarizes (a) the mean values of P, and (b) the mean of shear
strength F*>, calculated according to Eq. (4).

The boxplot in Fig. 6(a) shows the distribution of P, of the com-
posites. Basically, M14 presented higher dispersion of P,, values and
M30 presented the lowest dispersion. The CF/PEEK, M40, M60, and
M80 presented similar dispersion of P,. Only two outliers were

Composites Science and Technology 218 (2022) 109174

Table 3

Analysis of variance of maximum load means between all the composites.
Source DF Adj SS Adj MS F-Value P-Value
Factor 5 19015973 3805195 92.74 0.001
Error 82 3364516 41031
Total 87 22390489

Table 4

Analysis of variance of maximum load to compare the mean of CF/PEEK and the
M30 sample.

Source DF Adj SS Adj MS F-Value P-Value
Factor 1 908555 908555 37.11 0.001
Error 27 661051 24483

Total 28 1569606

identified within the total sampling amount, one for CF/PEEK and the
other for M60, as seen in Fig. 6(a). Samples of the same material can
have different numbers of nodes (wire over wire), depending on how the
sampling was prepared. Accordingly, CF/PEEK/BwWM presented
different means of Py,.

Fig. 6(b) shows the shear strength Fs of CF/PEEK/BWM steel-
commingled hybrid composites and CF/PEEK for comparison. The per-
centual related to the difference between F* of the CF/PEEK/BwM
hybrid composites and CF/PEEK are indicated. M14, M60 and M80
decreased F* by 31.2%, 11.9% and 55.3%, respectively. M40 almost
kept the same F** of CF/PEEK, just 1.5% higher. The mechanical per-
formance of CF/PEEK/BwM M30 overmatch other specimens. It displays
F*% 22.7% higher than CF/PEEK. Table 2 summarizes the results ob-
tained from the ILSS tests.

Although the ILSS test results for short-beam strength are quite
apparent, the results of statistical analysis are more precise to describe
whether these improvements of mechanical behavior are significant or
not. The statistical analysis was also used to verify the effects of D,, and
Aqp on ILSS. Differences between the mean of P and F** were assessed
using ANOVA, removing the outlier points, the results of which are listed
in Table 3.

P-Value less than the level of significance of 0.05 indicates that dif-
ferences between the means of P, are statistically significant and,
therefore, the shear properties of CF/PEEK/BwWM steel-commingled
hybrid composites are indeed affected by D,, and A,,. Due to the per-
formance of CF/PEEK/BwM M30, the results were compared with those
of CF/PEEK by the two-factor ANOVA method. P-Value < 0.05 revealed
a significant difference between the means of P, and it proves the
improvement of the structure performance. Therefore, the incorporation
of BwM in thermoplastic composites can be successful if it respects the
best combination of D,, and A,p. Table 4 shows the two-factor ANOVA
analysis results.

The effects of Dy, A, and the interaction D, *A,, on the shear
properties of CF/PEEK/BwM were evaluated by DOE technique, and the
results placed in descending order according to the Pareto chart shown
in Fig. 7(a). The results of the statistical analysis summarized in Table 5
clearly show the influence of BWM patterns on the shear properties of
CF/PEEK/BwM. Standardized effects above the reference line at 4.30
means the factors significantly affect the shear properties of CF/PEEK/
BwM hybrid steel-commingled composites. Fig. 7(b) shows the contour
plot of the ILSS test results, showing the changes on the material shear
property as a function of D,, and Ap.

The Pareto chart reveals that not only D, and A, but also the
product D, *A,, has a significant effect on the ILSS of CF/PEEK/BWM.
Adding interaction terms to the MRL model contributes to the under-
standing of the relationships between variables and allows more hy-
potheses to be tested. The presence of significant interaction indicates
that the effect of one predictor variable on the response variable is
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Fig. 7. DOE graphics to illustrate the relation between the factors D, Ao, and D, *A,,. (a) Pareto chart for ILSS. (b) Contour plot for ILSS test results.

Table 5
Coded coefficients and P-Values of the full factorial design.
Factor Effect Coefficient of SE Coefficient of T- P-
variation variation Value Value
Constant 23.43 4.54 5.16 0.036
Dy, 48.88 24.44 3.71 6.58 0.022
Agp —60.63 -30.31 4.88 —6.21 0.025
Dy* Agp —-199.4 -99.7 10.6 -9.45 0.011
ILSS, F** (MPa)
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Fig. 8. 3D Surface response plot for CF/PEEK/BwM ILSS based on MRL model.

different at different values of the other predictor variable. It is tested by
adding a term to the model in which the two predictor variables are
multiplied. The MLR model predicts ILSS of CF/PEEK/BwM as a function
of D, A,y and Dy, *A,p, as described by Equation (8).
®
Here, f,, ;,, and f, are the regression coefficients, respectively,
with values of —155.5, 1643, 223.9 and —2145. The model presents a
coefficient of determination R%; = 0.9501 and it properly fits the
experimental data.

The response surface methodology (RSM) was helpful in graphically
indicating predictable values of ILSS for different combinations of D,,

ILSS = f, + p) X Dy + Py X Agy + Py X D,*A,).

Mgap PEEK accumulation

Stainless steel wire

Fig. 9. CF/PEEK/BwWM cross-section showing the zone of polymer accumula-
tion promoting mechanical anchoring mechanisms.

and A, providing an overview of CF/PEEK/BwWM hybrid composites
shear properties. Fig. 8 shows the surface response of ILSS for the hybrid
composite materials.

Higher values of ILSS are found for the combination of Dy, from 0.4
to 0.5 mm, and A,y from 0.3 to 0.4 and confirm that the interaction of
these variables has significant effect on the material shear properties.
Therefore, the shear properties of CF/PEEK/BwM are optimized
increasing D,, and reducing A,,. Another relevant aspect is the linearity
seen in the relationship between these two factors when ILSS increases.
It proves the significant effect of the interaction Dy, *A,, on shear prop-
erties of CF/PEEK/BwWM composites. This effect is intensified when A,,
increases and D,, decreases, simultaneously.

Changes in the shear properties are attributed to the mechanical
anchoring between BwM and the polymer. During thermoforming, A, is
filled just by the PEEK in the molten state. Due to the geometry of BwM,
the carbon fibers just act on its faces, but not within the braided mesh.
Fig. 9 shows the CF/PEEK/BwM cross-section and the representation of
the PEEK accumulation region. The region of PEEK accumulation is
directly related to Dy,. As previously demonstrated by statistical analysis,
higher values of D,, increase the ILSS. This is due to the mechanical
anchoring that is most effective when D,, is greater, creating a blockage
of the shear movement. In addition, lower M,,, values mean more wires
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Fig. 10. Dynamic mechanical analysis (DMA) thermograms showing the behavior of the CF/PEEK/BwM hybrid composites (M14, M30, M40, M60, and M80),

compared to that of CF/PEEK.

in the BwM patterns per unit area, translating into more mechanical
anchoring points providing CF/PEEK/BwM shear properties
improvement.

3.2. Dynamic mechanical analysis

The material characterization by DMA identified viscoelastic
behavior of the polymeric matrix while it is subjected to a temperature
regime. A sinusoidal stress was applied to measure the material strain,
allowing one to determine the complex modulus E’, E” and Tan 8. The
temperature of the sample or the frequency of the stress are often varied,
leading to variations in the complex modulus; this approach can be used
to locate the glass transition temperature T, of the material, as well as to
identify transitions corresponding to other molecular motions as T,, and
melting point Ty,. Fig. 10 contains the DMA thermograms for CF/PEEK
and CF/PEEK/BwM hybrid composites (see Fig. 11).

An ideal type of DMA thermograms due to T, values are clearly
displayed in Fig. 10. In the region of the glass transition molecular
segmental motions are activated, however motions occur with difficulty,
described as molecular friction that dissipates much of the force.

Therefore, though the material reduces its stiffness, more force is
dissipated as heat, increasing the loss modulus. This is an alternative
definition of T, such as the peak of the loss modulus.

According to the DMA, mean of T, of 159 + 4 °C, and mean of T, of
352 + 6 °C were obtained. Low values of standard deviation indicate
that BwM incorporation does not affect the polymer thermal behavior.
However, when evaluating secondary transition T,, a change in the
baseline was observed for CF/PEEK/BwM. This change can be consid-
ered an effect of the thermal conductivity of stainless steel, not exactly a
change in the thermal properties. T, is associated with conformational
changes in molecular rearrangements and can be affected by the dif-
ference between the thermal conductivity of stainless steel (14 W/m.K)
and PEEK (0.24 W/m.K). Thermal conductivity quantifies the ability of
materials to conduct thermal energy. The metal structure conducts
thermal energy more quickly and efficiently than PEEK, especially when
the polymer is in the molten state. However, part of the thermal energy
is absorbed by the BwM which explains why the higher temperatures of
secondary transitions are observed for CF/PEEK/BwM.
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Fig. 12. Area of interesting of TMA plot to determine @ of CF/PEEK/BwM
hybrid composites according to ASTM E831.

Table 6

Summary of TMA results for CF/PEEK and CF/PEEK/BwM.
Specimen AL (pm) Tonset (°C) Teng (°C) @ (pm/m°C)
CF/PEEK 40 335 345 14
M14 40 315 330 13
M30 100 328 336 26
M40 110 336 342 25
M60 50 300 325 7
M80 120 327 340 12
Mean 77 324 336 16
Standard deviation 37 14 8 8

3.3. Thermomechanical analysis

TMA analysis allowed the monitoring of CF/PEEK/BwM thermal
expansion while a compressive force was applied to the material. The
technique was used to investigate the influence of BwM addition on the
linear coefficient of thermal expansion o of the hybrid composites. The
thermal expansion was measured within the limits of temperatures Tynset

and T,,q of each specimen. Note that the determination of the mea-
surement limit was based on changes of the response curve where the
dataset was located, as shown in Fig. 12. The summary of the TMA re-
sults are listed in Table 6, and can be visualized in Fig. 13, with indi-
vidual plots for CF/PEEK, and M30, M40, M60 and M80 hybrid
composite samples.

The differences observed on @ were statically evaluated by factorial
regression. P-Values > 0.05 means a non-significant difference was
observed within the specimens. Therefore, @ is not affected by BwM
incorporation and it does not depend on D,, Ay, and the interaction
Dy, *Aqp. Table 7 summarizes the analysis of variance coefficients.

4. Conclusions

The filament winding process was completely adjusted to construct
the CF/PEEK/BwM set. The mandrel rotation is the impeller to construct
the steel-commingled preform, in which no other tow tensioning system
was required. The mechanism proposed can also be used to construct
different types of steel-commingled hybrid sets based on the number of
BwM layers and its settings. The final thickness of the hybrid composites
can be adjusted according to the number of winding cycles and the
diameter of the wires.

The shear properties of CF/PEEK/BwWM hybrid steel-commingled
composites depend on wire diameter and the open area between the
wires. However, the higher effect on shear properties is related to the
interaction of these two parameters. Although there are conditions in
which BwM incorporation increases shear strength of the composites,
the mechanical response optimization depends mainly on the interac-
tion effects between wire diameter and open area. Mechanical anchoring
points are responsible for increasing tension level before the detachment
on an interface, which increases interlaminar shear strength. The opti-
mized response indicates the best fit between wire diameter and open
area to increase shear properties of CF/PEEK/BwM steel-commingled
hybrid composites.

In order to correlate the shear behavior of the steel-commingled
hybrid composites with BwM parameters, a multiple regression
method has been used. The regression model can predict interlaminar
shear strength of CF/PEEK/BwM according to different wire diameter
and open area. Understanding the shear behavior can bring benefits to
the crashworthiness of composite materials and make them more effi-
cient in a collision event. This study also has important applications in
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Fig. 13. Results of thermomechanical analysis (TMA) for CF/PEEK and CF/PEEK/BwWM to determine the coefficient of linear expansion «.

the design, development, and formulation of hybrid structures, as well
as in the improvement of existing product designs as B-pillar, inner door
panel, anti-collision side door beam and bumpers.

Author statement
The authors assume responsibility for the content of the work sub-

mitted for review. The contributions of all referees were considered and
carefully reviewed. Contributions from referees have improved the

10

quality of the work, and we are grateful for that.

The authors thank the editorial board for providing us with the op-
portunity to respond to reviewer comments and resubmit our working
title “DEVELOPMENT OF CF/PEEK/BwM HYBRID COMINGLED STEEL
COMPOSITES BY FILAMENT WINDING AND THERMOFORMING”.

This work presents the development of a new hybrid composite steel
material that has applicability for engineering. The content of this study
is innovative and can be used in future work. We look forward to pub-
lishing this manuscript in the prestigious journal of COMPOSITES



R.M. Di Benedetto et al.

Table 7
Analysis of variance results from the factorial regression design.
Source DF Adj SS Adj MS F-Value P-Value
Model 3 148.94 49.65 0.70 0.634
Linear 2 138.23 69.11 0.97 0.507
[ 1 109.47 109.47 1.54 0.340
Ay 1 58.66 58.66 0.83 0.459
2-Way Interactions 1 122.12 122.12 1.72 0.320
Ow* Agp 1 122.12 122.12 1.72 0.320
Error 2 141.89 70.94
Total 5 290.83
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