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Abstract: The present paper aims to broaden the field of application of the phenomenological
model proposed by the authors in a previous study (ICP model) and to assess the shear properties
of a recycled 30 wt.% talc-filled polypropylene (TFPP) and a recycled 30 wt.% short glass fiber-
reinforced polypropylene (SGFPP), used in the automotive industry. The materials were produced
by injection molding employing post-industrial mechanical shredding of recycled materials. In
particular, Iosipescu shear tests adopting the American Standard for Testing Materials (ASTM D5379)
at three different operating temperatures (—40, 23 and 85 °C) were performed. The strain was
acquired using a Digital Image Correlation (DIC) system to determine the map of the strain in the
area of interest before failure. Lower operating temperatures led to higher shear chord moduli
and higher strengths. Recycled SGFPP material showed higher mechanical properties and smaller
strains at failure with respect to recycled TFPP. Finally, the ICP model also proved to be suitable and
accurate for the prediction of the shear behavior of 30 wt.% SGFPP and 30 wt.% TFPP across different
operating temperatures.

Keywords: Iosipescu; mechanical tests; polymers; recycled materials; automotive

1. Introduction

In the automotive industry, plastic usage has been constantly rising since the 1950s;
this growth appears even more relevant when expressed in terms of a percentage of car
weight [1]. Given the large amount of polymers present in cars and the increasing attention
afforded to the sustainability of new vehicles [2], the use of recycled materials has become
a fundamental aspect of the automotive industry in saving raw materials and reaching
sustainable goals. In particular, the usage of recycled composite materials is considered one
of the best solutions to reduce carbon emissions and fuel consumption or increase battery
autonomy by reducing the weight of vehicles. These materials can offer comparable or
even better specific mechanical properties when compared to the most used materials in
cars, such as steel or aluminum [3].

In recent years, several approaches have been adopted for recycling thermoplastic
composites [4]; among them, the most common are pyrolysis [5], solvolysis [5] and mechan-
ical shredding [6]. In the case of low-cost fiber reinforcements, such as glass fiber-reinforced
polymers (GFRP), the recycling processing method must not be expensive. For this reason,
since mechanical shredding is the cheapest methodology, this process is typically adopted
for producing such kinds of recycled polymer composites [7,8]. The adopted recycling
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process can also have a key role in the resultant mechanical properties of the recycled poly-
mer composite. Indeed, the mechanical behavior of short-fiber or mineral-filled polymers
depends on many factors, such as the aging of the polymer, the radius of the reinforcement
and its aspect ratio [9], fiber orientation [10], production process parameters [11], the strain
rate and the operating temperature [12-14].

For this reason, knowledge and modeling of the tensile and shear behavior of recycled
plastics are of prime importance when designing polymer components. In particular,
concerning the shear behavior of materials, the losipescu test method [15] is the most used
since it applies a uniform shear stress state to the specimens, it is relatively simple and
reproducible, and it is not restricted to specific materials [16,17].

Concerning the tensile behavior of polymer composites, an abundance of data and
phenomenological models are available in the literature. By contrast, the literature on the
shear testing and phenomenological modeling of the shear behavior of recycled thermoplas-
tic polymers is scarce, but there are some studies on non-recycled polymers with variants
of Iosipescu [15] fixtures [18-21] and others [14,17].

Indeed, in 2006, Xiao [19] implemented a physically based model (CODAM model [22,23])
for a glass mat-reinforced PP composite. The damage parameters required in the CODAM
model were determined through correlations of simulations with the tension, compression
and losipescu shear experimental results. The simulation with the addition of the shear
and compression damage parameters yielded a better prediction than the simulation with
assumed shear and compression parameters.

In 2008, Temimi-Maaref et al. [20] developed a phenomenological model based on
experimental observations of PP materials under tensile and shear loading conditions,
using a unique set of parameters. The prediction of the shear behavior was acceptable, but
relevant variations from the experimental curves were observed. Moreover, they concluded
that the assumptions of pure elasticity, isotropic damage and isochoricity were invalid.

In 2012, Daiyan et al. [21] analyzed and compared the distribution of shear strain
and strain states for two in-plane shear test fixtures (losipescu and V-notched rail), using
digital image correlation (DIC) and numerical simulations. The investigated materials (non-
recycled polymers) were a 20 wt.% TFPP, a 40 wt.% TFPP and an unfilled PP homopolymer
(PPH). They conducted an in-depth analysis of the shear behavior in order to obtain reliable
data for the calibration of material models. From DIC analysis, they observed that, for small
strains (~0.045), PPH material showed a less localized strain in the notch area compared
with the TFPP materials. Meanwhile, at large strains (~0.2), the strain distribution appeared
to be less localized for 20 wt.% TFPP material. Shear data obtained with the Iosipescu [15]
fixture showed a shear modulus of 1.22 GPa, 0.49 GPa and 0.59 GPa for the 40 wt.% TFPP,
20 wt.% TFPP and PPH materials, respectively. In contrast, for the shear stress yield, they
obtained 22.3 MPa, 10.8 MPa and 23.1 MPa for the 40 wt.% TFPP, 20 wt.% TFPP and PPH
materials, respectively.

In 2021, Tan and Falzon [24] developed a phenomenological model to predict the non-
linear hardening behavior of composite laminates (unidirectional carbon fiber-reinforced
plastics) under finite deformation. Finite element simulations of shear tests of the composite
laminates were conducted to validate this phenomenological model. Good prediction was
achieved between the numerical models and experimental results. Despite that, a mismatch
of the stress—strain curves in the final regime was present due to the absence of a composite
damage model in the crystal model used to capture the large plastic matrix shearing and
associated fiber rotations.

In a previous study [25], the authors proposed a new phenomenological model (ICP
model) that modified the phenomenological model previously proposed by Zhou and
Mallick [26,27] in order to correctly predict the complex tensile behavior of thermoplastic
materials including the linear viscoelastic deformation, the non-linear viscoelastic deforma-
tion, the yielding, the post-yield strain softening and the post-yield strain hardening. The
authors performed a validation activity based on data from the literature for the tensile and
compressive behavior of polyether ether ketone (PEEK) and polycarbonate (PC) materials.
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The ICP model [25] proved to be accurate and effective in predicting all the phases of the
tensile flow stress behavior for the considered materials, across a wide range of strain rates
and temperature conditions. A comparison with the most recent phenomenological models
showed the better fitting performance of the ICP model [25].

The present paper illustrates that an in-depth analysis of the shear behavior, and
consequent modeling, of recycled polymers is necessary to significantly improve knowledge
on the mechanical behavior for these materials. Indeed, this work provides experimental
data analysis on the shear behavior, at three different test operating temperatures (—40, 23
and 85 °C), of two recycled PP composites (a 30 wt.% TFPP and a 30 wt.% SGFPP) obtained
by injection molding using 30% material from post-industrial mechanical shredding. These
experimental results have been used to broaden the field of application of the ICP model
and thus provide a phenomenological model able to predict the shear behavior for the
considered materials at different operating temperatures.

2. Materials and Methods

The materials considered in this study are a 30 wt.% talc-filled recycled PP and a
30 wt.% short glass fiber recycled PP used for car interior applications, such as instrument
panels, inner door panels and bumper beams. The materials were produced by injection
molding using 30% recycled plastic obtained by post-industrial mechanical shredding. They
were provided by Centro Ricerche Fiat (CRF, Stellantis, Turin, Italy). The commercial name
of the considered materials has been deliberately omitted because of company policies. The
principal mechanical, physical and thermal properties are provided by the supplier of the
materials (Table 1).

Table 1. Nominal physical, mechanical and thermal properties of the materials used.

Izod Impact

Melt Flow Recveled Flexural Tensile Streneth 2 Heat Deflection
Material Rate ! Percgn tage Modulus 2 Strength 2 (No tc%le d Temperature 3
[g/10 min] [MPa] [MPa] [kJ/m?] (HDT)
PP 65.40 9 30% 2350 20 5 63
PP 140.80 4 30% 5500 82 10 142

1230°C/2.16 kg, 2 23 °C, 3 (185 N/cm?).

According to company policies (Stellantis, Turin, Italy) for material characterizations,
the materials are named based on the Heat Deflection Temperature (HDT) and Izod prop-
erties obtained by internal company tests. The two numbers after “PP”, in the material
column in Table 1, represent the HDT and Izod values, respectively. Therefore, the recycled
30 wt.% TFPP and the recycled 30 wt.% SGFPP materials considered in this study are
identified as PP65.40 and PP140.80, respectively.

The materials were produced by injection molding of material plates (Figure 1) using
an Elektron EVO 275 (Milacron, Cincinnati, OH, USA) vertical injection molding machine
(CREF, Stellantis, Turin, Italy). The injection molding machine was equipped with a custom
2-plate molding die (Table 1) with an adjustable cross-section.

As explained by Stamopoulos and Gazza [28], to avoid any potential effect of the die
walls on the fiber orientation, the material is injected inside a planar cavity and, after the
cooling-down process, a 200 x 200 mm square plate is obtained, but only the central part of
the plate (130 x 150 mm) is considered for the testing activity. Even if the talc has a globular
shape, the same production technique is adopted to obtain as uniform a dispersion of the
filler as possible. The specimens are cut in the transversal (Cross-Flow, 90°) direction with
respect to the injection flow from the middle of the PP composite plate (Figure 1), so that
the direction of the applied force is parallel to the injection flow direction in the notched
area. The main injection molding process parameters are reported in Table 2.
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Material Input

Flat Injection Gate

Injection Flow

Figure 1. Schematic representation of the dies and the geometry of the injection gate and the resulting
composite plate [28].

Table 2. Basic parameters of the injection molding process.

Parameter Value Unit
Screw diameter 50 mm
Dosage volume 240 cm3
Dosage counterpressure 70 bar
Cylinder inner temperature 220 °C
Die inner temperature 35 °C
Speed 145 mm/s
Injection flow 80 em3/s
Injection volume 52 cm3
Commutation pressure 364 bar
Holding pressure 350 bar
Holding time 20 s
Cycle time 62 s

These parameters were chosen based on previous experiences [28] in producing
composite plates characterized by a dispersion of the reinforcement as uniform as possible
in the central part.

The test method used in this paper is based on the V-Notched Beam Standard (ASTM
D5379 [15]) for shear testing, addressing composite materials. Test specimens were ma-
chined according to this standard [15], from 4 mm thick injection-molded plates (Figure 1).
Figure 2 shows a scheme of the specimen mounted in the testing fixture.

(b)

Figure 2. Representation of (a) the V-Notched Beam Test Fixture and (b) a magnification of the

notched area of the specimen mounted in the testing fixture during testing.
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Shear tests were performed using an MTS Landmark (Eden Prairie, MN, USA),
equipped with a 25 kN load cell, provided by the laboratories of the Material Sustain-
ability Engineering Department of Centro Ricerche Fiat (CRF, Stellantis, Turin, Italy). The
testing machine was equipped with a LaVision GmbH (Gottingen, Germany) Digital Im-
age Correlation (DIC) system (with DaVis 10 processing software) for the acquisition of
the shear strain distribution. Moreover, a Weiss Technik (Hamburg, Germany) climatic
chamber was used to perform high-temperature (+85 °C) and low-temperature (—40 °C)
tests, pre-conditioning the specimens at the desired temperature before and maintaining
a constant temperature during the test. For each test, five specimens were tested and
representative curves were considered for the analysis. The temperatures considered in
this study are typically used to test materials in the automotive industry [29]. Shear tests
were performed at 2 mm/min. According to the ASTM standard D5379 [15], the shear
stress (T), shear strain () and shear chord modulus (G) were determined as described in
the calculation section. In particular, the shear strain was computed during the DIC data
processing using two virtual orthogonal strain gages centered between the notch roots at
+45°, using Equation (1):

Vi = |easi| + |e_as,il, 1)

where 7; and e,45; are the engineering shear strain and the normal strain (at £45°) at the
i-th data point, respectively. The ultimate engineering shear strain is determined using

Equation (2):
. 5%
T mm{% at ultimate load @

2.1. ICP Model

As more deeply explained in the authors’ previous work [25], the proposed ICP
constitutive model is based on the formulation proposed by Zhou and Mallick [27]:

- E(¢ T)e
"T1TEGET)B(E e

®)

As a result, the Zhou-Mallick model [27] can predict the behavior of a polymer that
behaves as a strain-hardening material (when m is less than 1) or as a strain-softening
material (when m is greater than 1). When m = 1, the slope of the stress—strain diagram
becomes zero and the polymer is strain-neutral. The ICP constitutive model [25] was
obtained by substituting m in Equation (3) with a polynomial dependent on ¢. Therefore,
the constitutive equation of the ICP model is expressed as follows:

E(¢ T)e
o= . . n—1 : i’ (4)
1+ E(& T) ag (¢, T)ekizo @1 (&) Ine)

When a polynomial degree (1) equal to 1 is imposed, the constitutive equation returns
to the original form proposed by Zhou and Mallick [27]:

E(¢ T)e

= - P 5
"TITEGT) a6, T)en D) ®)

where a5 and a1 are B and m in Equation (3), respectively.

Method to Determine the Parameters in the New Constitutive Equation

In the present paper, the same formulation used for tensile and compressive tests
(Equation (4)) was used for the shear test. Therefore, Equation (4) can be rewritten

as follows: )
G(7,T)y
e N * ( Yt i (4,7 (Iny) ©)
1+ G(’YI T) ay (7/ T)’Y i=0 ST
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where T and 1y are the shear stress and the shear strain, respectively.
To estimate the parameters ag, a1, . .., a, involved in the model, Equation (6) can be
rewritten as follows: .
2 # Y Vg (Iny)
L =g i=0 di+1Un7y , 7
T G 0’)/ ( )

which, by taking natural log on both sides, becomes

1

¥ 1 n—1 .
in( %~ &) =n(ai) + (T aainn)’ino: ®
=0
Equation (8) can then be rewritten as follows:

in(2-5)=m+Latna, ©)

i=1

where ay = In(aj). Finally, Equation (9) can be expressed in a compact form as follows:
v 1)\ _y :
By considering y = ln(% - é) and x = Iny, Equation (10) then becomes:

aixi. (11)

Y-

y:

i=0

Equation (11) represents a polynomial with degree n. The set of parameter estimates,
a, can be obtained from the experimental dataset, (7j,Tj) with j = 1,..., f, by applying the
Least Squares Method (LSM):

ap
a= || =X X)Xy (12)
Eﬂ
L ] ()
being X = : : ' : andy = :
) )] ez

In the present paper, a good fitting for the experimental data was obtained by adopting
a polynomial of the 2nd order (n equal to seven in Equation (11)) for the shear behavior of
both PP65.40 (Section 3.1.1) and PP140.80 (Section 3.1.2).

The estimation procedure can be repeated for each tested temperature (T). For each
testing condition, it is thus possible to estimate a set of parameter estimates, a; with
k=1,...,q. The polynomial function that expresses the variation in the parameter esti-
mates with respect to the testing conditions can be obtained by applying the LSM again.
The shape of the polynomial function depends on the number of available testing condi-
tions. In particular, if g testing conditions are available, then g parameters can be estimated
at most. In both validation datasets concerning this study (Sections 3.1.1 and 3.1.2), the
number of testing conditions is equal to three. Therefore, the polynomial assumed for the

i-th estimated parameter, ;, can be a quadratic model with three parameters:

Ei =0+ D‘i,lT + D(,'lsz. (13)
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The three parameters «;, ..., a;» in Equation (13) can be estimated from the values

related to each testing condition, (Tk, Ei,k) withk =1,...,3, and by applying the LSM:

Ei,O_

&= |ag | =(2-2)"Za (14)
[ia]
1T T2 2,1 ]
beingZ= |1 T, T}|anda; = @i
1 Tz T i3]

3. Results and Discussion

In this section, data obtained from shear tests of PP65.40 (Section 3.1.1) and PP140.80
(Section 3.1.2) are used to validate and broaden the applicability of the ICP model. Shear
tests were conducted across a range of temperatures (—40 °C, 23 °C and 80 °C). Shear chord
modulus of elasticity (G) and ultimate shear strength (USS) are computed following the
ASTM standard D5379 [15]. In order to evaluate the predictive precision of the ICP model,
the coefficient of determination (R?) is computed for each curve as an index to compare the
predicted and experimental curves.

3.1. Shear Tests and Validation of the ICP Model
3.1.1. Recycled 30 wt.% Talc-Filled PP (PP65.40)

The curves in Figure 3 represent the experimental shear stress—strain curves for the
recycled 30 wt.% TFPP (PP65.40) material across the three different considered temperatures,
and the respective predicted curves using the ICP model.

The experimental curves show different behaviors at different operating temperatures.
Indeed, PP65.40 material at —40 °C (Figure 3a) shows brittle behavior and small values of
strain at break (3%), as can be shown by the values of the strain compared to the other curves
obtained at 23 °C and 80 °C. Meanwhile, tests conducted at 23 °C and 80 °C (Figure 3c)
showed a strain-softening behavior and an almost strain-neutral behavior after yielding,
respectively, reaching higher values of ultimate shear strain (14% at 23 °C and 18% at 80 °C)
compared to the test conducted at —40 °C. Overall, the peak stress decreases, the yielding
occurs at higher strain and the ultimate shear strain increases with temperature. The shear
chord modulus of elasticity and the ultimate shear strength follow a decreasing trend as
the temperature increases, as shown in Table 3.

Table 3. Shear mechanical properties and R? values for PP.65.40 material.

Temperature —40°C 23°C 85°C
G [MPa] 2160.0 1016.7 210.1

USS [MPa] 36.1 17.5 6.0
Shear strain at USS [%] 3.2 14.2 17.7
R?% [%] 99.96 99.70 99.73

This behavior is probably due to the change in the degree of crystallinity of the polymer.
Indeed, the degree of crystallinity of a polymer remains constant below Tg, then it gradually
decreases between the Tg and the melting temperature [30], probably resulting from crystal
melting. Therefore, a polymer with a larger degree of crystallinity will exhibit a larger
drop in mechanical properties between the glass transition point and the rubbery state [31].
The values obtained for G and USS for our recycled 30 wt.% TFPP at 23 °C (Table 3) are
comparable with the results obtained for the 40 wt.% and 20 wt.% non-recycled TFPP
investigated by Daiyan et al. [21]. Indeed, the G values obtained for our recycled polymer
(Table 3) were between 1.22 GPa and 0.49 GPa, which are, respectively, the G values for
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40

Shear stress [MPa]
N »
o o

-
o

the 40 wt.% and 20 wt.% non-recycled TFPP investigated by the authors [21]. Meanwhile,
the USS values of our recycled 30 wt.% TFPP at 23 °C (Table 3) were between 22.3 MPa
and 10.8 MPa, which are, again, the USS values for the 40 wt.% and 20 wt.% non-recycled
TFPP, respectively.

20

o Experimental
— ICP model

iy
o

Shear stress [MPa]
o =

o Experimental
—ICP model

0.01

0.02 0.03 0.04 0 01 02 03 04 05 06 07

Strain [mm/mm] Strain [mm/mm]

(a) (b)

~

@

Shear stress [MPa]
w ESN o

N

o Experimental
—ICP model

0 0.1 02 03 04 05 06 0.7
Strain [mm/mm]

(©)

Figure 3. Shear stress—strain curves and predicted results for tensile behavior of PP65.40 at (a) —40 °C;
(b) 23 °C; and (c) 85 °C.

Y

o

Overall, the prediction of the ICP model is precise and accurate and it provides high
R? values at over 99.7% (Table 3). The curves estimated using the ICP model are in good
agreement with the experimental data at all the operating temperatures considered. The
proposed model can accurately fit all the phases of the flow stress. The trend, the shape and
the peaks of the estimated curves are identical to the experimental ones. The prediction
of the curve at 85 °C (Figure 3c) slightly underestimates yielding. To describe the shear
behavior of PP65.40 material with the ICP model, a second degree polynomial function
was used (Equation (11)). The material coefficients (Equation (14)) needed to implement
the model for each temperature are reported in Table 4.

Table 4. Material parameters of the ICP model for the shear behavior of PP65.40.

®0,0 0,1 x0,2
—3.1950 - 10° 3.4643 - 1072 —1.9739-10~*

&1,0 &1,1 &1,2
1.0269 - 10° 1.7593 - 102 —1.8992-10~%

®2,0 58] &2,2
—2.1017 - 102 3.7160 - 1073 —4.1877-1073

Therefore, the proposed model can be used to effectively describe the shear behavior
of a recycled 30 wt.% TFPP material across different temperatures.
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3.1.2. Recycled 30 wt.% Short Glass Fiber-Reinforced PP (PP140.80)

The curves in Figure 4 represent the experimental shear stress—strain curves for the
recycled 30 wt.% SGFPP (PP140.80) material across the three temperatures considered, and
the respective predicted curves using the ICP model.

80 50 ¢
5 o Experimental
70 - ——ICP model
=60 — 40" %0
o
-;-50 r 30 LS
%] 7] o3,
©40; o
® 17
530" &0
2 2
w20 n
o Experimental 10+
10+ —ICP model
0 ! ! ! ! 0 ' ' !
0 0.01 0.02 0.083 0.04 0.05 0.06 0.07 0 0.05 0.1 0.15 0.2 0.25
Strain [mm/mm] Strain [mm/mm]
(a) (b)
25 1 T
o Experimental
—ICP model
.20
©
o
=3
» 15
17}
o #
210§
© #
(] B
< :
] ;
5
0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain [mm/mm]

()

Figure 4. Shear stress—strain curves and predicted results for tensile behavior of PP140.80 at
(a) =40 °C; (b) 23 °C; and (c) 85 °C.

The shear behavior of PP140.80 and PP65.40 materials is similar across the different
operating temperatures. As for PP65.40 material, PP140.80 at —40 °C (Figure 4a) shows a
more brittle behavior and smaller values of strain at break (6%). Tests conducted at 23 °C
and 80 °C (Figure 4b,c) showed strain-softening behavior with ultimate shear strain of 9%
and 14%, respectively. Overall, the peak stress decreases, as also reported in Table 5, the
yielding points move rightwards at higher strains and the ultimate shear strain is larger as
the temperature increases.

Table 5. Shear mechanical properties and R? values for PP140.80 material.

Temperature —40°C 23°C 85°C

G [MPa] 2386.0 1393.1 908.0

USS [MPal 72.5 41.8 19.4
Shear strain at USS [%] 6.10 8.8 14.3
R? [%] 99.97 99.75 99.31

The shear chord modulus of elasticity and ultimate shear strength obtained for
PP140.80 are higher compared to PP65.40 material due to the different types, sizes and
shapes of the reinforcement. However, the results show a similar decreasing trend with tem-



J. Compos. Sci. 2024, 8, 345

10 of 13

perature, as reported in Table 5. Moreover, a comparison of the shear properties between
PP65.40 (Section 3.1.1) and PP140.80 materials is reported in Table 6.

Table 6. Increment for PP140.80 material of G and USS properties with respect to PP65.40 material.

Temperature —40°C 23°C 85°C
G [MPa] +10% +37% +332%
USS [MPa] +101% +139% +223%

The results show that the G values for the recycled 30 wt.% SGFPP are higher than
those of the recycled 30 wt.% TFPP at about 10% in the case of —40 °C. This increment
becomes larger at room operating temperature (23 °C) and, at 85 °C, PP140.80 material
shows a G value more than three times larger with respect to PP65.40 material. This
increasing trend is also exhibited by the USS values (Table 6). Indeed, the increments are all
above 100%, and they increase with temperature from almost 100% increment at —40 °C to
more than 200% increment at 85 °C.

Again, the prediction of the ICP model is precise and accurate and gives very good R?
values (Table 5). The curves estimated using the ICP model are in good agreement with
the experimental data at all the operating temperatures considered. The proposed model
can fit all the phases of the flow stress. The trend and the peaks of the estimated curves
are very close to the experimental ones. The prediction of the curves at 23 °C and 80 °C
(Figure 4b,c) anticipates the yielding behavior and the shape of the post-yielding behavior
is not well captured. As for PP65.40, to describe the shear behavior of PP140.80 material
with the ICP model, a second degree polynomial function was used (Equation (11)). The
material coefficients (Equation (14)) needed to implement the model for each temperature
are reported in Table 7.

Table 7. Material parameters of the ICP model for the shear behavior of PP140.80.

®0,0 %01 ®0,2
—1.7608 - 10° 7.1996 - 102 —9.1440-10~*

&1,0 x1,1 &1,2
2.5408E - 109 435161072 —6.4020-10~%

®2,0 x2,1 &2
1.8445 - 101 7.7825- 1073 —1.0510-10~%

Therefore, the proposed model can be used to effectively describe the shear behavior
of a recycled 30 wt.% SGFPP material across different operating temperatures.

As shown in Figure 5, it is also possible to increase the polynomial degree in Equation
(11) for PP140.80 material at 23 °C (Figure 4b) and 85 °C (Figure 4c) in order to better
describe the shear behavior of these materials using the ICP model.

Polynomials with 8 and 9 degrees (Equation (11)) can be adopted to improve the
prediction of the shear behavior of PP140.80 material at 23 °C (Figure 5a) and 85 °C
(Figure 5b), respectively. By increasing the polynomial degree in Equation (11), the number
of parameter estimates using Equation (12) increases, as shown in Tables 8 and 9, and so
does the complexity of the ICP model.

Table 8. Set of parameter estimates for PP140.80 material at 23 °C considering an 8th-degree polyno-
mial function.

ap ay az
—1.925-10! —1.149 - 10! 1.331 - 10!
az aa as
7.761 - 10° —1.365 - 10! —1.514 - 10!
ae ay as

—6.125-10° —1.145-10° —8.292.102
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Figure 5. Shear stress—strain curves and optimized predicted results for tensile behavior of PP140.80
at (a) 23 °C, adopting an 8th-degree polynomial and (b) 85 °C, adopting a 9th-degree polynomial.

Table 9. Set of parameter estimates for PP140.80 material at 85 °C considering a 9th-degree
polynomial function.

ag ai az as ag
—7.2545-107! 8.1965 - 10° 7.6972 - 100 —1.4753 - 10° —6.1061 - 109

as ae az asg a9
6.9562 - 107! 5.7093 - 10° 3.8304 - 10° 1.0524 - 10° 1.0774-101

A higher degree of polynomial function provides better R? values (Table 10) com-
pared to those obtained using a second degree polynomial function (Table 5). With more
parameters (Tables 8 and 9), the model can better fit all the phases of the flow stress.

Table 10. R? values for PP140.80 material at 23 °C and 85 °C considering higher degree of
polynomial function.

Temperature 23°C 85°C
Polynomial degree (1) 8 9
RZ [%] 99.79 99.96

Therefore, a second degree polynomial function is enough to obtain an effective
prediction of the experimental curves (Figure 4) for all the materials and the operating tem-
peratures considered. On the other hand, to obtain a more precise and accurate prediction
for a particular case or loading condition, it could be useful to increase the polynomial
degree at the expense of a higher model complexity.

4. Conclusions

In the present paper, shear tests using the losipescu testing apparatus (ASTM D5379 [15])
were performed at three different operating temperatures (—40, 23 and 85 °C) for a recycled
30 wt.% short glass fiber-reinforced polypropylene (PP140.80) and a recycled 30 wt.%
talc-filled polypropylene (PP65.40).

The shear chord modulus (G) and the ultimate shear strength (USS) values obtained
from the shear tests of PP65.40 and PP140.80 showed similar trends across the considered
operating temperatures. Indeed, the peak stress decreases with temperature and the
yielding behavior occurs at higher strain by increasing the operating temperature for both
materials. The values of G and USS obtained for PP140.80 are higher compared to PP65.40
material for all the temperatures considered, and the gap is larger as the temperature
increases (Table 6).

To accurately describe the shear behavior of both PP65.40 and PP140.80, a second de-
gree polynomial function of the ICP constitutive equation (Equation (11), Section: Method
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to Determine the Parameters in the New Constitutive Equation) is required. The lower the
polynomial degree, the lower the number of material coefficients (Equation (14), Section:
Method to Determine the Parameters in the New Constitutive Equation) present in the pro-
posed model, thus reducing its complexity. Higher accuracy can be obtained by increasing
the degree of the polynomial function in the ICP constitutive equation.

The proposed ICP model shows good agreement with the experimental curves, thus
resulting in it being suitable for predicting the shear behavior of a 30 wt.% short glass fiber
and a 30 wt.% talc-filled recycled polypropylene with a very high level of accuracy across
the range of temperatures considered.

This research has highlighted the possibility of using recycled polymers, which have
shown comparable mechanical properties to similar non-recycled plastics, and the possibil-
ity of also applying the previously developed ICP model for predicting the shear behavior
of polypropylene composites in order to condense, into a limited number of parameters,
the trend of the curves that can be obtained at different temperature levels.

Further studies on different materials (i.e., thermosetting polymers, rubbery thermo-
plastics, composites) and different loading conditions (i.e., torsion, bending) should be
performed to further broaden the field of application of the ICP model.
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