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Abstract

This study evaluated the effectiveness of maleic anhydride polypropylene (MAPP) in
improving the mechanical performance and interfacial adhesion of lignocellulosic fiber-
reinforced polypropylene (PP) composites. Based on Scanning Electron Microscopy (SEM)
investigations, the relationship between fiber fraction, MAPP content, mechanical charac-
teristics, and fracture morphology was the main focus. The test results showed that the
stiffness and tensile strength of the composites increased with the addition of MAPP. The
esterification reaction between the anhydride groups of MAPP and the hydroxyl groups
of the fibers strengthened the interphase covalent bond, with the 46:50:4 composition pro-
ducing the highest elastic modulus of 79.67 MPa and maximum tensile stress of 11.01 MPa.
The dense interphase zone, few gaps, and no dominant fiber tension were all confirmed
by SEM morphology, and also indicated effective stress transfer from the PP matrix to
the fibers. However, the toughness of the material decreased significantly with increasing
stiffness. Due to strong plastic deformation in the PP matrix that is not tightly attached to
the fibers, the composition without MAPP (30:70:0) shows high impact energy and breaking
strain, reaching 25.39 k] /m? and 121.26%, respectively. The increase in chemical bonding
at 4% MAPP content limits the mobility of the polymer chains, making it more brittle. In
addition, even though MAPP is still present in the system, increasing the fiber fraction
above 60% causes agglomeration, decreased homogeneity, and increased voids due to
limited matrix wetting, ultimately deteriorating the mechanical properties. Tensile stress
and elastic modulus have a very strong positive correlation (R? = 0.93), while impact energy
and strain have a good correlation (R? = 0.89). The results overall showed that the ideal
MAPP dosage is in the range of 4% before interface saturation occurs and confirmed that
MAPP efficiency is determined by the balance between fiber composition, MAPP quantity,
and dispersion homogeneity.

Keywords: MAPP; polypropylene composite; lignocellulosic fiber; interfacial adhesion;
properties mechanics; SEM; fiber pull-out
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1. Introduction
1.1. Background

The development of natural polymer-based composite materials has increased sig-
nificantly in the last two decades, along with the increasing demand for environmentally
friendly, lightweight materials with competitive mechanical performance. Lignocellulosic
natural fiber-based composites have become the main focus of various studies due to their
high sustainability potential, renewable resources, and supportive physical properties for
various structural and non-structural applications. However, despite their great potential,
one of the main challenges in the development of natural fiber-based composites is the
weak adhesion between the fiber and the polymer matrix, mainly due to the difference in
polarity between the two [1].

Lignocellulosic fibers have polar characteristics because they are composed of hydroxyl
groups in their main components, namely cellulose, hemicellulose, and lignin. These
hydroxyl groups are highly reactive to water and are able to form hydrogen bonds, making
natural fibers hydrophilic [2]. In contrast, polypropylene (PP), one of the most widely
used thermoplastic matrices, is nonpolar and hydrophobic. This polarity mismatch causes
weak interfacial interactions between the two phases, which ultimately reduces the ability
to transfer stress from the matrix to the fiber when the material is loaded. As a result,
the resulting composites tend to exhibit lower tensile and impact strengths compared to
synthetic fiber-based composites such as glass fiber or carbon fiber [3,4].

In addition, the lack of compatibility between fibers and matrices often results in the
formation of voids, debonding, and microcracks along the interface. This phenomenon
can be observed morphologically through Scanning Electron Microscopy (SEM) analysis,
where in composites without a coupling agent (compatibilizer), the fibers often appear to be
detached from the matrix due to inadequate adhesion forces [5]. Therefore, one solution
that is widely used to overcome this polarity mismatch is through chemical modification of
both the fiber surface and the polymer matrix by adding coupling agents that function to
increase surface energy and strengthen interfacial bonds [6].

In this context, maleic anhydride polypropylene (MAPP) is one of the most effective
compatibilizers and is widely applied in lignocellulosic fiber-based PP composite systems.
MAPP is a polypropylene derivative containing active maleic anhydride groups, which
can react with hydroxyl groups on the fiber surface to form ester bonds, while interacting
physically with nonpolar polypropylene chains through molecular compatibility [7]. This
reaction produces a chemical bridge that increases the cohesion between the fiber and
matrix phases, thereby increasing stress transfer capabilities, reducing interface defects,
and increasing resistance to delamination [8].

On the other hand, the potential of palm fiber (Arenga pinnata) as a lignocellulosic
reinforcement in polymer composites has still been rarely explored compared to other
natural fibers such as kenaf, coconut fiber, sisal, or ramie. In fact, palm fiber has a number of
significant advantages in terms of mechanical properties, water resistance, and raw material
availability. Morphologically, palm fiber has a rough surface structure, a relatively large
fiber diameter, and a high lignin content (more than 40%), thus providing good resistance
to biological degradation and water absorption. These natural properties make palm fiber
superior in applications that require resistance to humid or corrosive environments [9,10].

Palm fiber has a relatively high tensile strength, ranging from 170 to 260 MPa de-
pending on the chemical treatment. Significant cellulose content (35-45%) and high lignin
content contribute to the stiffness and dimensional stability of the fiber [11]. In addition,
palm fiber is an abundant agricultural byproduct in Indonesia, especially from the sugar
palm tree, which grows abundantly in tropical areas. The availability of sustainable raw
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materials and low production costs make palm fiber a potential alternative to replace
synthetic fibers in automotive, construction, and interior panel applications [12].

However, the main limitation in the use of palm fiber in polypropylene composites
is still related to the hydrophobic nature of PP as a nonpolar matrix. Polypropylene has
low surface energy and does not have active polar functional groups, so it is unable to
form direct chemical bonds with the hydroxyl groups of the fiber. As a result, without
interfacial modification, the adhesion of the fiber to the matrix is very low, which results in
fiber pull-out when the composite receives a load. This phenomenon not only reduces the
tensile strength but also reduces the impact toughness of the material [13,14].

To overcome these constraints, the use of MAPP-based compatibilizers has been proven
effective in various PP /natural fiber composite systems. The anhydride groups of MAPP
can undergo esterification reactions with the hydroxyl groups of lignocellulosic fibers,
forming strong chemical bonds at the interface. At the same time, the polypropylene chains
in MAPP will physically bond with the PP matrix, producing chemical and physical bridges
that improve the homogeneity of fiber dispersion and stress transfer efficiency. Thus, me-
chanical properties such as tensile strength, elastic modulus, and impact absorption energy
can be significantly improved. In addition, the fracture morphology of the composites
shows better interfacial adhesion, characterized by a decrease in the number of voids and
detached fibers, as observed through SEM images [15].

Based on this background, microstructure and mechanical properties play an impor-
tant role [16-19]. Research on the synergistic effect of MAPP on the tensile, impact, and
microstructural properties of lignocellulosic palm fiber-reinforced polypropylene compos-
ites is highly relevant both scientifically and applicatively. This study not only contributes
to the understanding of the interfacial interaction mechanism between natural fibers and
thermoplastic matrices but also opens up opportunities for the utilization of local biolog-
ical resources such as palm fiber as a high-value composite reinforcement material. The
research results are expected to provide a scientific basis for the development of environ-
mentally friendly composite materials that can be applied to the automotive, furniture, and
lightweight construction industries with competitive mechanical performance and high
material sustainability [20].

1.2. The Role of MAPP Compatibilizer and the Chemical Mechanism of Anhydride Group
Reactions -OH Groups in Lignocellulose Fibers

The main problem in composite systems based on polypropylene (PP) and lignocel-
lulosic fibers is the polarity mismatch between the nonpolar matrix (PP) and the polar
reinforcement (natural fiber). PP has saturated hydrocarbon chains without reactive func-
tional groups, is hydrophobic, and has a low surface energy. In contrast, lignocellulosic
fibers—which are composed of cellulose (40-60%), hemicellulose (20-35%), and lignin
(10-25%)—are hydrophilic because they contain abundant hydroxyl (-OH) groups on the
surface of their microfibrils. This difference in chemical properties causes weak interfa-
cial adhesion, which results in low stress transfer capacity and increased porosity in the
composite structure.

To overcome this incompatibility, a compatibilizer based on Maleic Anhydride Grafted
Polypropylene (MAPP) is used, namely polypropylene that has been chemically grafted
with maleic anhydride groups (-CO-O-CO-) through a free-radical grafting process. The
addition of MAPP plays a dual role, namely as a chemical link between the fiber and matrix
phases and as a dispersion-enhancing agent that reduces the interfacial tension between
the two components [21].
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1.2.1. Chemical Reaction Mechanism of MAPP with Lignocellulose Fiber

Chemically, the anhydride group in MAPP has two carbonyl carbon atoms (C=0),
which are highly reactive toward nucleophiles such as the hydroxyl group (-OH) found
in cellulose and hemicellulose. During the melt blending process taking place above
170-180 °C, the anhydride group of MAPP undergoes an esterification reaction with the
hydroxyl group of the fiber, forming a strong covalent ester bond (C-O-C=0) at the
interface. This reaction can be simplified as follows:

R-CO-O-CO-R’ + R"-OH — R-CO-O-R” + COOH
where:
e R-CO-O-CO-R’: anhydride group of MAPP;

e R’-OH: hydroxyl groups in lignocellulosic fibers;
e  R-CO-O-R”: ester bond resulting from grafting between MAPP and fiber.

In this reaction, one of the anhydride rings of MAPP is opened by the attack of the
—OH group of the fiber, producing an ester bond (C-O-C=0) and a carboxylic acid (-COOH)
as a byproduct. This bond becomes a permanent chemical bridge between the fiber phase
and the matrix phase. The formed -COOH group can then form additional hydrogen
bonds with other -OH groups on the fiber surface, thus strengthening the interfacial bonding
synergistically [22].

1.2.2. Physical Interaction Between MAPP Chain and PP Matrix

Figure 1 shows the interaction of mulecular fiber, matrix, and MAPP [23]. The chemical
reactions between polar groups, MAPP also plays a role through physical interactions of
polymer chain compatibility. The main chain part of MAPP is polypropylene (nonpolar),
which can physically bind and interdiffuse with pure PP chains in the matrix. This results in
strong molecular entanglement between PP-PP chains, so that the interface becomes more
homogeneous. Thus, MAPP works as a molecular bridge: the anhydride ends chemically
bind the fibers, while the PP backbone physically binds the matrix.

Figure 1. Interaction of molecular fiber, matrix and MAPP [23].

The combination of these two effects—chemical reaction (esterification) and physical
entanglement—increases the total surface energy of the system, improving the wetting of
the fiber by the matrix, and reducing the interfacial tension.
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1.2.3. Structural Impact on Adhesion and Mechanical Properties

The results of this interaction produce significant changes to the morphology and
mechanical performance of the composite. SEM analysis in various studies shows that
composites without MAPP exhibit many voids and fiber pull-out, whereas with the addition
of MAPP (2-4 wt%), the fracture surface becomes more homogeneous, with fibers firmly
embedded in the matrix. This indicates an increase in effective interfacial adhesion. Macro-
scopically, this increase in adhesion results in increased pull strength due to more efficient
stress transfer from the matrix to the fibers; an increase in impact toughness due to the
increased ability of the material to absorb energy through strong plastic deformation of the
fiber-matrix; and a decrease in voids and porosity, which increases resistance to mechanical
and moisture degradation. Recent research on PP /kenaf/MAPP composite systems shows
an increase in tensile strength of 35% and impact strength of 42% at 4 wt% MAPP content,
compared to composites without compatibilizer [24]. Optimization of MAPP effectiveness
is greatly influenced by the concentration used. In general, the optimum concentration is
in the range of 2-4% by weight of the total matrix. Atlow concentrations, the number
of anhydride groups is not sufficient to cover the entire fiber surface, whereas at too high
concentrations (>6%), MAPP can cause agglomeration and plasticization, which actually
reduces mechanical strength due to the excess non-crystalline amorphous phase [25].

1.3. Limitations of Polypropylene (PP) as a Nonpolar Matrix in Fiber Composite Lignocellulose

Polypropylene (PP) is one of the most widely used thermoplastic matrices in polymer
composites due to its good mechanical properties, low density (~0.9 g/cm?), high chemical
resistance, and ease of processing through injection molding or melt extrusion techniques.
However, in applications of natural fiber or lignocellulose-based composites, PP faces a
number of fundamental limitations stemming from its chemical nonpolarity and the lack of
reactive functional groups in its polymer chain [26].

1.3.1. Polarity Mismatch Between PP and Lignocellulosic Fibers

The most critical limitation of PP as a matrix is its nonpolar and hydrophobic nature,
whereas lignocellulosic fibers such as palm fiber (Arenga pinnata), coconut fiber, kenaf,
hemp, and jute are polar and hydrophilic due to the high hydroxyl (-OH) group content in
the cellulose and hemicellulose structures. This difference in polarity causes poor wetting of
the fiber by the matrix during the melt blending process, resulting in a weak and chemically
unbonded interphase.

As a result, stress transfer from the PP matrix to the natural fibers during mechanical
loading is not efficient, resulting in a decrease in tensile strength and impact toughness of
the composites. SEM micrographs generally show numerous fiber pull-out and debonding
phenomena at the fracture surface of the composites without a compatibilizer, indicating
weak interfacial adhesion [27].

1.3.2. Absence of Reactive Functional Groups

Chemically, PP is a saturated polymer consisting of aliphatic hydrocarbon chains
(-CH,—-CH(CH3)-) without active functional groups such as carbonyl (C=0), carboxyl
(-COOH), or hydroxyl (<OH). As a result, PP is unable to form covalent chemical bonds
with the polar-rich surfaces of natural fibers. The interactions that occur are weak van der
Waals forces, which are insufficient to withstand tensile or shear forces at the interface.

The absence of these reactive groups also results in a high dependence on compatibi-
lizers such as maleic anhydride polypropylene (MAPP) or silane coupling agents. Without
compatibilizers, PP-natural fiber composites will exhibit significantly lower mechanical
properties than polar matrix-based composites such as polyamide (PA) or polyester (PET) [28].
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1.3.3. Research Gaps

Many studies have investigated the effectiveness of maleic anhydride polypropylene
(MAPP) in enhancing interfacial adhesion in lignocellulosic fiber-based polypropylene
composites, but research specifically examining the performance of MAPP in untreated
palm fiber-reinforced polypropylene systems is still very limited. Palm fiber, with its high
lignin content, coarse fibril structure, and non-uniform diameter distribution, exhibits
different characteristics compared to the more commonly studied kenaf, jute, or coconut
fiber. These differences could potentially influence the grafting mechanism between the
anhydride groups in MAPP and the fiber hydroxyl groups, but to date, there is no systematic
data confirming the effectiveness of this ester bond formation in strengthening the PP-palm
fiber interface. Furthermore, there are few studies that directly assess the relationship
between MAPP concentration variations, fracture patterns, and interfacial bond quality
through mechanical and microscopic approaches in systems that do not undergo fiber
pretreatment. Data on the contribution of MAPP in reducing interphase gaps, improving
stress transfer, and stabilizing fiber dispersion during processing are also limited. This
condition indicates a significant scientific gap, so comprehensive research is needed that
directly evaluates the effectiveness of MAPP in increasing interfacial adhesion in untreated
palm fiber-reinforced PP composites.

1.3.4. Research Objectives

This study aims to analyze the synergistic effect of maleic anhydride polypropylene
(MAPP) as a compatibilizer on increasing the tensile strength, impact toughness, and mi-
crostructural characteristics of lignocellulosic palm fiber-reinforced polypropylene (PP)
composites without treatment chemistry (Arenga pinnata), and to explain the relationship
between MAPP-induced interfacial modifications and the mechanical and morphological
behavior of composites at the micro level, as well as to determine the optimum MAPP
content that provides a balance between interfacial adhesion and fiber structural integrity.

1.3.5. Hypothesis

Based on research and studies, this theory also addresses the gap in previous research,
that the addition of MAPP at optimum levels can increase the interfacial adhesion between
palm fiber and PP matrix through the formation of ester bonds between the anhydride
groups of MAPP and the hydroxyl groups on the fiber surface. This chemical reaction is
expected to produce more efficient stress transfer, reduce debonding and fiber pull-out, and
ultimately significantly increase the tensile strength and impact toughness of the composite.
In addition, an additional hypothesis states that increased interfacial compatibility will
be reflected in a smoother and more homogeneous fracture surface morphology, with
fewer voids than composites without MAPP. Thus, the results of this study are expected to
broaden the understanding of the interfacial bonding mechanism in PP/coir fiber compos-
ites and strengthen the scientific basis for the use of coir fiber as a potential lignocellulosic
reinforcement for sustainable engineering applications in the future.

2. Research Methodology

2.1. Research Materials

e  Polypropylene (PP) homopolymer, which has moderate heat resistance up to 120 °C
(see Figure 2).

e  Maleic anhydride polypropylene (MAPP), which functions as a compatibilizer, Grade
NG2002 (see Figure 3).

e  Palm fiber, cut into £5 mm, cleaned with water without chemical treatment, and dried
at a temperature of 80 °C for 24 h (see Figure 4).
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Palm fiber

Figure 4. Palm fiber.

2.2. Making Process Composite

Weighing—The composition of the composite material consists of:

Composition 1: 46% weight of palm fiber, 50% PP, 4% MAPP;
Composition 2: 48% weight of palm fiber, 50% PP, 2% MAPP;
Composition 3: 40% weight of palm fiber, 60% PP, 0% MAPP;
Composition 4: 34.5% weight of palm fiber, 64.5% PP, 1% MAPP;
Composition 5: 30% weight of palm fiber, 66% PP, 4% MAPP;
Composition 6: 30% weight of palm fiber, 70% PP, 0% MAPP.

https://doi.org/10.3390/engproc2026137019
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e  Processing—Composite material process:
- Mix the composite ingredients using a single-screw extruder with a temperature
of 180-200 °C to produce a pellet-shaped composite.
- Cut the pellets into a size no greater than 2 mm-3 mm.
- Produce specimens by molding at a pressure of £150 bar. Tensile speci-
mens should follow the ASTM D638 standard, and impact specimens the
ASTM D256 standard.

2.3. Machine Tests Used
- Machine tensile tests (mechanical testing):

e  Model: WDW-5;
e Load: 5KN;
e  Serial no: 201702016.
- SEM (Scanning Electron Microscopy) test machine:
e  Brand: Thermo Scientific;
e  Part number: 721-20000-01(MVE075722-60167-S);
e  MFGYR: 2021 (1193921).

- Zwick HIT 5.5P impact test machine
- Print machine:

e Brand: RAY-RAN TEST EQUIPMENT LTD;
e Model: RR/TSMP;
e Serial No.: RR/TSMP /0002.

3. Research Results Data
3.1. Test Result Data

Tensile test results of stress and strain for palm fiber are presented in Table 1. Whereas
the results of Modulus of elasticity and impact test are presented in Table 2.

Table 1. Stress and starin of palm fiber.

Composition

Tensile stress Standard of Strain Standard of
No PF'PP(;/MAPP (o) Mpa Average Deviation (e) % Average Deviation
(1)

11.311 12.625

1 46:50:04 11.822 11.015 0.989 21.916 14.969 6.121
9.911 10.367
10.622 83.968

2 46:50:02 10.644 10.599 0.058 69.291 82.665 12.772
10.533 94.736
9.811 24.771

3 40:60:0 9.511 9.645 0.153 23.392 21.522 4.486
9.612 16.404
11 54.856

4 34:5:64:5:1 9.178 10 0.906 36.614 54.025 17.010
9.761 70.604
8.933 17.894

5 30:66:04 11.644 10.399 1.369 29.527 22.097 6.453
10.622 18.872
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Table 1. Cont.
Composition . .
Tensile stress Standard of Strain Standard of
No PF.PPO./MAPP (c) Mpa Average Deviation © % Average Deviation
8.981 125.722
6 30:70:00 8.887 9.734 1.386 100.656 121.26 18.775
11.333 137.402
Table 2. Modulus of elasticity and impact of palm fiber.
Composition Modulus of
No.  PF:PP:MAPP Elasticity Average ~ Standardof - Impact Average ~ Standard of
o Deviation (kJ/m*?) Deviation
Yo Mpa
89.611 6.231
1 46:50:04 53.912 79.678 22.508 8.291 8.971 3.163
95.511 12.391
12.611 12.581
2 46:50:02 15.312 13.015 2.124 19.481 15.821 3.469
11.121 15.401
39.511 5.341
3 40:60:0 40.611 46.245 10.725 2.295 3.170 1.8912
58.612 1.876
19.991 9.361
4 34:5:64:5:1 25.251 19.685 5.726 11.352 11.241 1.828
13.812 13.012
49911 1.851
5 30:66:04 25.811 43.974 16.041 2.491 1.818 0.690
56.201 1.112
8.401 26.112
6 30:70:00 11.101 9.268 1.589 23.521 25.398 1.641
8.301 26.561

The test results are shown concisely in the following histogram image (Figures 5-8):
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Figure 5. Histogram of average stress values (MPa).
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3.2. SEM Test Result Data

The surface morphology of the fiber composites with various compositions was ex-
amined using Scanning Electron Microscopy (SEM). The SEM results are presented in
Figures 9-14.

Figure 11. SEM photo of fiber composition: 34.5, PP: 64.5, MAPP: 1.

https://doi.org/10.3390/engproc2026137019
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Figure 14. SEM photo fiber composition: 30, PP: 70, MAPP: 0.

4. Discussion
4.1. Effect of MAPP on Tensile Strength and Elastic Modulus

The test results data show that the addition of MAPP increases stiffness and tensile
strength. The composition of 46:50:4 shows the highest modulus (79.67 MPa) and the
highest stress (11.01 MPa). This occurs because the esterification reaction increases the
interfacial bond between the hydroxyl groups of lignocellulose fibers and the anhydride
groups in MAPP at 4% MAPP content so that it can reduce fiber pull-out and voids, as

https://doi.org/10.3390/engproc2026137019
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confirmed by the SEM morphology of Figures 1, 2 and 10. SEM images show a relatively
homogeneous fracture surface morphology with good fiber-matrix adhesion. The fiber
surface appears firmly embedded in the matrix without significant interfacial gaps. This
phenomenon shows the effectiveness of MAPP in forming covalent bonds between the an-
hydride groups in MAPP and the hydroxyl groups in lignocellulose, resulting in increased
chemical and mechanical adhesion. No dominant fiber pull-out was found, indicating
the occurrence of efficient stress transfer from the matrix to the fiber. The dense fracture
structure indicates increased stiffness and tensile strength, in line with the mechanical data
(o =11.02 MPa; E = 79.67 MPa). This covalent bond reduces fiber tension and voids by
strengthening the stress transfer from the PP matrix to the fibers. This analysis is in line
with previous studies [29,30].

4.2. Effect of MAPP on Impact and Strain Toughness

Stiffness is increased, but toughness is impaired by higher MAPP concentrations. This
is due to weak interfacial connections that allow significant plastic deformation in the
PP matrix. The composition without MAPP (30:70:0) shows the highest impact energy
(25.39 k] /m?) and breaking strain (121.26%). In contrast, the increased covalent bonding in
the 46:50:4 blend reduces the mobility of the polymer chains, making it more brittle [28,31].

4.3. Effect of Fiber Fraction and Correlation Analysis

Agglomeration occurs, dispersion homogeneity decreases, and voids increase due to
limited matrix wetting when the fiber fraction is increased above 60% (48:50:2). This indi-
cates the limited efficacy of MAPP at high fiber fractions because it causes the mechanical
characteristics to decrease partially despite the presence of MAPP. Meanwhile, tensile stress
and elastic modulus have a very strong positive relationship (R? = 0.93), which indicates
that stiffness increases with increasing material strength. Impact and strain values have a
strong correlation (R? = 0.89). Before interface saturation causes stiffness to decrease, the
MAPP content can be increased to an optimal level of about 4% [7,32].

The morphology of the composite without MAPP shows many clear interfacial cavities
and gaps around the fiber surface. A significant amount of fiber pull-out is observed,
indicating weak interphase interactions. Fibers tend to detach from the matrix during
the fracture process, indicating the dominance of physical bonds (van der Waals) without
the involvement of chemical bonds. This condition results in a low modulus of elasticity
(46 MPa) and tensile strength, but an increased strain (24.2%) due to plastic deformation of
the PP matrix, which is not strongly bound to the fiber, pattern and suitability. This has
been reported by researchers previously [29,31].

5. Conclusions

The overall analysis results show that the addition of MAPP significantly improves the
mechanical performance of PP-lignocellulose fiber composites through strengthening the
interfacial bond, especially in compositions with 4% MAPP content. The elastic modulus
and tensile strength reach optimum values at the 46:50:4 composition due to the formation
of covalent bonds between the anhydride and hydroxyl groups that facilitate more effective
stress transfer, in line with the SEM morphology, which shows tight interfacial adhesion
and minimal fiber pull-out. However, this increase in stiffness is accompanied by a decrease
in toughness, because stronger interfacial bonds limit the plastic deformation of the matrix,
so that the impact and strain values decrease at compositions with high MAPP content.
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