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Abstract 

The objective of this study is to investigate the effect of temperature and strain 

rate on the characterization of an ABS/PMMA bilayer polymer structure. The bilayer is 

composed of 85% Acrylonitrile Butadiene Styrene (ABS) and 15% Poly(Methyl 

Methacrylate) (PMMA). The theoretical section presents a review of the applications of 

this polymer and explores the potential of thermoforming for bathtub production. It is of 

great importance that the technology used in this process gains insight into the 

relationship between thermoforming processes and the thermal, mechanical, and 

tribological properties of the ABS/PMMA bilayer. The experimental phase comprises a 

series of methodically designed tests on ABS/PMMA bilayer sheets. The thermal 

properties, including thermal stability and glass transition temperature, were evaluated, 

as well as viscoelastic behavior through mechanical dynamic analysis. Tensile testing was 

performed at varying temperatures and deformation rates to determine the modulus of 

elasticity, stress limits, maximum stresses, and elongation at break. Charpy impact testing 

was done to assess the impact resistance of the material, followed by fractographic 

analysis to examine interlayer interactions, identify the characteristics of structural and 

fracture defects, and explain the fracture characteristics observed following tensile and 

impact testing. Bending strength evaluations were performed to compare the 

ABS/PMMA bilayer with pure ABS and PMMA. Furthermore, the hardness and 

tribological properties, including the coefficient of friction and specific wear rate, were 

investigated. The findings indicated that the ABS/PMMA bilayer exhibited notable 

thermal stability. The glass transition temperature of the bilayer was found to be 111 °C. 

The viscoelastic behavior was described by determining the storage and loss modulus. 

Additionally, the results demonstrate that the influence of temperature and strain rate 

parameters on the tensile behavior of the ABS/PMMA bilayer was also determined, 

indicating a high dependence of mechanical behavior on these two parameters. The 

bilayer structure exhibited good adhesion between the two layers, and the hardness and 

wear rate were determined. 

Key words: ABS; PMMA; Bilayer polymer; Thermal and mechanical properties; 

Tribology; Fractography. 



 

 

 

Résumé 

L'objectif de cette étude est d'examiner l'effet de la température et de la vitesse de 

déformation sur la caractérisation d'une structure polymère bicouche ABS/PMMA. La 

bicouche est composée de 85% d'Acrylonitrile Butadiène Styrène (ABS) et de 15% de 

Poly(Méthacrylate de Méthyle) (PMMA). La section théorique présente une revue des 

applications de ce polymère et explore le potentiel du thermoformage pour la production 

de baignoires. Il est très important pour la technologie utilisée dans ce processus de 

comprendre la relation entre les processus de thermoformage et les propriétés thermiques, 

mécaniques et tribologiques de la bicouche ABS/PMMA. La phase expérimentale 

comprend une série de tests méthodiques sur la feuille bicouche ABS/PMMA. Les 

propriétés thermiques, y compris la stabilité thermique et la température de transition 

vitreuse, ont été évaluées, ainsi que le comportement viscoélastique par le biais d'une 

analyse mécanique dynamique. Des essais de traction ont été réalisés à différentes 

températures et vitesses de déformation pour déterminer le module d'élasticité, les limites 

de contrainte, les contraintes maximales et l'allongement à la rupture. Des essais d'impact 

Charpy ont été effectués pour évaluer la résistance à l'impact du matériau, suivis d'une 

analyse fractographique pour examiner les interactions entre les couches, identifier les 

caractéristiques des défauts structurels et de rupture, et expliquer les caractéristiques de 

rupture observées à la suite des essais de traction et d'impact. Des évaluations de la 

résistance à la flexion ont été réalisées pour comparer la bicouche ABS/PMMA à l'ABS 

et au PMMA purs. En outre, la dureté et les propriétés tribologiques, y compris le 

coefficient de frottement et le taux d'usure spécifique, ont été étudiées. Les résultats 

indiquent que la bicouche ABS/PMMA présente une stabilité thermique notable. La 

température de transition vitreuse de la bicouche est de 111 °C. Le comportement 

viscoélastique a été décrit en déterminant le module de stockage et de perte. En outre, les 

résultats montrent que l'influence des paramètres de température et de vitesse de 

déformation sur le comportement à la traction de la bicouche ABS/PMMA a également 

été déterminée, ce qui indique une forte dépendance du comportement mécanique à 

l'égard de ces deux paramètres. La structure bicouche présentait une bonne adhérence 

entre les deux couches, et la dureté et le taux d'usure ont été déterminés. 

Mots-clés : ABS ; PMMA ; Polymère bicouche ; Propriétés thermiques et mécaniques ; 

Tribologie ; Fractographie. 



 

 

 

 ملخص 

للبوليمر  الهيكلي  التوصيف  الحرارة ومعدل الإجهاد على  تأثير درجة  الدراسة هو فحص  الهدف من هذه 

%  15( وABS% من أكريلونيتريل بيوتادين ستايرين )85. تتكون الطبقة الثنائية من  ABS/PMMAثنائي الطبقة

(. يقدم القسم النظري لمحة عامة عن تطبيقات هذا البوليمر ويستكشف PMMA)ميثيل ميثاكريلات الميثيل( )من بولي  

إمكانات التشكيل الحراري كتقنية تصنيع لأحواض الاستحمام. ومن الأهمية الكبيرة للتقنية المستخدمة في هذه العملية  

ة والترايبولوجية اكتساب نظرة عامة على العلاقة بين عمليات التشكيل الحراري والخصائص الحرارية والميكانيكي

 . اشتملت المرحلة التجريبية على سلسلة من الاختبارات المصممة بشكل منهجي علىABS/ PMMAللطبقة الثنائية  

الطبقة الثنائية. تم تقييم الخواص الحرارية، بما في ذلك الثبات الحراري ودرجة حرارة التحول الزجاجي، وكذلك    هذه

الشد في درجات حرارة ومعدلات تشوه  ا الميكانيكي. تم إجراء اختبار  الديناميكي  التحليل  اللزج، من خلال  لسلوك 

اختبار  إجراء  تم  الكسر.  عند  والاستطالة  القصوى  والإجهادات  الإجهاد  وحدود  المرونة  معامل  من  للتأكد  متفاوتة 

يل تخطيطي للكسر لفحص التفاعلات بين الطبقات، وتحديد  تشاربي للصدمات لتقييم مقاومة الصدمات للمادة، تلاه تحل

خصائص العيوب الهيكلية والعيوب الناتجة عن الكسر، وتوضيح أنماط الكسر الملحوظة بعد اختبار الشد والصدمات. 

النقي. وعلاوة على    PMMAو  ABSمع    ABS/PMMAتم إجراء تقييمات قوة الانحناء لمقارنة الطبقة الثنائية  

ف تم  أشارت ذلك،  النوعي.  التآكل  الاحتكاك ومعدل  ذلك معامل  في  بما  الترايبولوجية،  الصلابة والخصائص  حص 

أظهرت ثباتاً حراريًا ملحوظًا. وُجد أن درجة حرارة التحول الزجاجي    ABS/PMMAالنتائج إلى أن الطبقة الثنائية  

درجة مئوية. تم وصف سلوك اللزوجة المرنة من خلال تحديد معامل التخزين والفقد. بالإضافة    111للطبقة الثنائية  

سلوك الشد للطبقة إلى ذلك، أظهرت النتائج أنه تم أيضًا تحديد تأثير معاملات درجة الحرارة ومعدل الإجهاد على  

، مما يشير إلى اعتماد كبير للسلوك الميكانيكي على هذين العاملين. أظهر هيكل الطبقة الثنائية ABS/PMMAالثنائية  

 .قًا جيداً بين الطبقتين، وتم تحديد الصلابة ومعدل التآكلالتصا

؛ بوليمر ثنائي الطبقة؛ الخصائص الحرارية والميكانيكية؛ علم الاحتكاك؛ التحليل PMMA ؛ ABS كلمات البحث:

 .الفراغي
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General Introduction  

In the contemporary technological environment, the investigation of advanced 

materials is of paramount importance. Thermoplastic amorphous polymers, with their 

distinctive properties and applications, represent a significant area of focus in this regard. 

Understanding these materials' mechanical behavior at the macroscopic level is 

paramount, as it reveals novel characteristics and behaviors essential for advancing the 

frontiers of material science and enhancing industrial applications. 

The thermoforming process is a widely used method in polymer processing, 

known for its efficiency, simplicity, and cost-effectiveness. Its versatility allows for 

producing intricate, large-scale, and custom-shaped products. Thermoforming is regarded 

as a "secondary" plastic manufacturing process, where a heated thermoplastic sheet is 

shaped using a vacuum, pressure, or mold. The key aspect of this process is transforming 

a flat polymer sheet, secured at its edges, into a three-dimensional form [1]. In other 

words, thermoforming is a process that encompasses all shaping techniques where a 

material, typically in the form of a sheet or film, is molded after being softened. It involves 

various methods to transform the material from a flat state into a desired shape once it 

reaches a pliable condition [2]. 

The thermoforming process involves subjecting the polymer to various 

conditions, including applied forces, pressures, temperature changes, deformation rates, 

impacts, and contact with the mold. These factors are instrumental in determining the 

material's performance and final properties. Our research is focused on investigating the 

behavior of an ABS/PMMA bilayer sheet under these conditions, specifically within an 

industrial sanitary materials company (EIMS of Miliana), where these sheets are used to 

produce bathtubs. The thesis objective is to optimize the process to enhance material 

performance and identify potential improvements for producing high-quality shape 

complex components. A more profound comprehension of these thermoforming 

conditions could pave the way for the advancement of more efficient and dependable 

thermoforming techniques for multilayer polymer systems. 

Further researches are required to develop advanced analytical techniques that 

provide a more comprehensive understanding of polymer behavior under the 
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thermoforming process, thus enabling this material to avoid the posed challenges by new 

industry developments and products. These researches will contribute to: 

• Firstly, a comprehensive understanding of the thermoforming process for 

polymers is of paramount importance. This study will provide a detailed 

account of the thermoforming process as it pertains to the production of 

ABS/PMMA bilayer sheets utilized in bathtub manufacturing at the 

Miliana industrial facility. It will examine the challenges encountered and 

the key parameters that influence the thermoforming performance of these 

sheets. 

• Secondly, the study will analyze the thermal and mechanical performance 

of the ABS/PMMA bilayer sheet. While extensive research has been 

conducted on the thermal and mechanical behavior of pure polymers and 

their blends, there is a notable lack of studies that specifically address the 

impact of temperature and deformation rate on the mechanical properties 

of ABS/PMMA bilayers. Our analysis will include comparisons with pure 

ABS and pure PMMA, with a particular focus on aspects such as bending 

and hardness, as well as a tribological behavior test on ABS and PMMA 

sides. 

Additionally, to the two sections of the general introduction and general 

conclusion with perspectives, this thesis is divided into four chapters: 

The initial chapter presents a comprehensive overview of the current state of the 

art in thermoforming thermoplastic polymers. The chapter begins with a bibliographic 

review of the fundamental mechanisms of thermoforming, including an overview of its 

various types, steps, and polymers utilized in the process. This is followed by an in-depth 

examination of the thermoforming process employed in bathtub manufacturing at the 

Miliana sanitary materials industrial company. Additionally, the chapter addresses critical 

factors influencing the process, such as temperature effects, thickness distribution, and 

frictional contact with the mold, all of which impact the final product.  

The second chapter offers a comprehensive literature review of amorphous 

polymers, with a particular investigation of the characteristics and structures of ABS and 

PMMA, as well as the production of ABS/PMMA bilayer sheets through coextrusion. 

The objective is to provide a comprehensive understanding of the properties, production 
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methods, and previous research findings to support the experimental work conducted in 

this study. 

The third chapter presents a comprehensive account of the polymer studies 

(ABS/PMMA), followed by an analysis of the experimental procedures employed to 

assess the behavior of bilayer sheets. The focus is on their thermal, mechanical, 

tribological, and hardness properties, together with a fractographic analysis. This 

comprehensive analysis provides an in-depth understanding of the performance and 

characteristics of the bilayer structure, thereby offering valuable insights into its 

suitability for industrial applications. 

The fourth chapter presents the results of a series of experiments conducted on the 

thermal and mechanical properties of the ABS/PMMA bilayer polymer. Additionally, it 

includes a fracture analysis of the ABS/PMMA bilayer structure following tensile and 

Charpy impact tests, as well as an investigation into the hardness and tribological 

behavior of the polymer layers. 
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1.1. Introduction 

Thermoforming is a shaping process that uses heat to form polymer materials. 

This process permits the manufacturing of products with complex geometry. In the first 

part of this chapter, it focuses on the thermoforming processes for thermoplastic 

polymers. It provides a general overview of the different types of thermoforming as well 

as the materials that can be used in this process. Subsequently, the manufacturing steps 

of polymer bathtubs at the Miliana Sanitary Materials Industrial Company are discussed, 

including the different zones of thermoforming, reinforcement, finishing by trimming the 

edges, and some common defects caused by this process, along with the relationship 

between bathtub thermoforming to the process parameters of temperature, sheet thickness 

distribution, and frictional contact. 

1.2. Introduction to thermoforming process 

Thermoforming is a manufacturing process that transforms polymer sheets into 

plastic products with desired shapes. For the finely chopped walls [3], a sheet of polymer 

is first heated to a soft, formable state. It is then stretched against the surface of a mold to 

retain a hollow geometry after cooling. Due to the inherent characteristics of this forming 

process, contact between the mold and the polymer occurs at different times and in 

different places, causing non-uniform stretching of the polymer and consequent thickness 

variations in the manufactured part [4]. 

Today the production and use of polymers have spread considerably in various 

fields such as the automotive, sanitary, household appliance, and even decoration 

industries. This is due to the ease with which raw materials (granules) can be converted 

by the very modern and advanced technological methods mentioned above (extrusion, 

molding, etc.). Some produce a finished Product; others are semi-finished and require 

another process such as thermoforming. 

Thermoforming is used to manufacture polymers into complex-shaped objects 

with surfaces that are difficult to measure, for short-term use in the packaging parts 

industry [5], [6] and, to a greater extent, in refrigerators [7] and bathtubs. 

The principle of the thermoforming process passes through several steps. Firstly, 

the polymer sheet is clamped mechanically with a clamping frame that applies a load to 

the end of the sheet. It is then heated by a furnace with a distributed temperature difference 
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to soften it. When the sheet is sufficiently hot, the initial shape is obtained by pre-forming, 

with air compression, or by available mechanical means. In most cases, the mold has only 

one side, meaning that only one side of the sheet is in contact with the forming surface, 

while the other side is open to the elements. When the sheet undergoes cooling to maintain 

the shape of the mold, it is retracted. The product is then separated from the excess paper 

that surrounds it, and the off-cuts are transformed into a new sheet [8]. 

During thermoforming, it can be said that there is a very interesting problem with 

the stress-strain of the sheet. Then, the polymer is heated, and the mechanical properties 

of the material change due to the deformation of the part. As a result, the stress-strain 

curve varies strongly with temperature [9]. It depends on how to manufacture the product, 

considering its shape and size. The surface of contact with the mold must be smooth and 

flawless. Different techniques can be used for forming the extruded plate into the final 

shape [10], On the other hand, thermoforming includes a variety of techniques, including 

plug thermoforming, vacuum forming, and positive or negative blow forming, which 

differ according to the type of pressure applied (vacuum or positive air) and the use of 

pre-stretching. This versatile process is widely used in the manufacture of food 

packaging, blister packs, and many consumer goods. Beyond packaging, thermoforming 

is also used in a variety of industries, such as automotive and toy production [6]. During 

the thermoforming process, thermoplastic sheets undergo significant deformation both 

inside and outside the sheet plane to achieve the final product without sheet failure, 

whether negative or positive thermoforming is used (Figure 1-1).  

 

Figure 1-1 : Thermoforming steps: top positive thermoforming [7], and bottom negative 

thermoforming [4]. 
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1.2.1. Production of semi-finished polymer sheets used for 
thermoforming 

Extrusion of polymeric materials generally involves the continuous shaping of a 

polymeric fluid through a suitable die, followed by the solidification of the fluid into a 

solid product [11]. The extrusion process begins by feeding the powder or pellet (Figure 

1-2) into the hopper in the solids conveying zone. It is then melted along the cylinder by 

heating it in the transition zone to a controlled temperature as it travels from the screw to 

the tip. Finally, it is discharged from the die at the extruder tip via the auger, which presses 

the extruded die [12]–[14]. It comes in the form of sheets [15] , pipes, and profiles of 

different thicknesses.  

 

Figure 1-2: Schematics of a single-screw extruder [5]. 

1.2.2. The materials used in thermoforming 

A comprehensive overview of the thermoforming properties of the various 

polymers used in the thermoforming process is given in Table 1-1. It contains essential 

information on their specific applications and forming performance. In addition, the table 

indicates the glass transition temperature (Tg) and melting temperatures (Tm) of each 

material, which are critical parameters influencing their behavior during thermoforming. 

These comprehensive data help to select the right thermoplastic for specific applications, 

ensuring optimum performance and efficiency in the manufacturing process. 
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Table 1-1: Temperature range for forming polymers used in thermoforming, with additional 

information about the polymer states (A: amorphous, SC: semi-crystalline) and references [16], [17]. 

  

Polymer Type Tg (°C) Tm (°C) Range forming 

temperature (°C) 

Acrylonitrile butadiene styrene (ABS) A 90-120 175-235 130-180 

Polystyrene                                (PS) A 90 175-260 130-182 

Poly (methyl methacrylate)  (PMMA) A 100 225 150-190 

Poly (chlorite of vinyl)           (PVC) A 90 160 100-155 

Polycarbonate                            (PC) A 150 230 170-200 

Polypropylene                           (PP) SC 5 165 150-165 

Polyethylene terephthalate        (PET) SC 70 255 120-180 

High density polyethylene       (HDPE) SC -110 134 130-185 

1.2.3. Advantages and disadvantages of thermoforming 
process 

Thermoforming offers several competitive advantages. Most notably, tooling and 

equipment costs are quite low compared to other processes. Specifically, the molds used 

in thermoforming are relatively simple and thus not overly expensive. Additionally, 

thermoforming can handle multilayer materials, foams, and printed, and coated materials, 

which reduces post-forming processing time. Moreover, thermoforming allows for the 

production of much larger parts than many other processes. However, thermoforming also 

has distinct disadvantages. Primarily, the complexity of thermoformed parts is limited. 

Additionally, the process generates a significant amount of waste, leading to higher 

material costs, although some of this waste can be recycled. Finally, a major drawback is 

that only certain materials are compatible with the thermoforming process [18].  

1.3. Thermoformability 

Efforts have been made to define the concept of "thermoformability" of sheet 

materials clearly and comprehensively, both quantitatively and qualitatively. This term 

encompasses various factors such as resistance to deformation, flowability, replication 

accuracy of molds, the ability for deep drawing, consistency in thickness distribution 

post-thermoforming, shrinkage after forming, and dimensional stability. Typically, 

evaluating the thermoforming performance and processing range of material involves 

conducting trials on standard molds like cups or rectangular boxes. However, some 

studies have sought to correlate inherent material properties with thermoforming 

behavior. Certain findings suggest that a material, particularly non-reinforced types, is 

deemed thermoformable when its shear modulus is approximately 1 MPa [19], [20] and 
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exhibits an elongational viscosity ranging from 105 to 108 Pa.s during stretching [20]–

[22]. When a uniform wall thickness distribution is required, materials showing strain-

hardening behavior are highly advantageous [21]. In 1991 Hylton [20] discussed various 

methods including uniaxial hot tensile tests, viscosity measurements, and biaxial inflation 

techniques to forecast material "thermoformability." Alongside traditional 

thermoforming trials and rheological assessments, these techniques continue to be widely 

employed. Moreover, researchers have delved into alternative definitions of 

"thermoformability" and material characterization methods. Error! Reference source not 

found. offers a summary of specific techniques deemed pertinent for thermoforming. 

Some of these methods [23]–[28] have been designed to establish material parameters for 

thermoforming simulation (by reverse engineering) or processing windows (including 

temperature ranges). However, the author suggests that these techniques can also be used 

to determine a material's "thermoformability".  

Table 1-2: An overview of terms and techniques used to define thermoformability. 

Term or technique  Description Reference 

Melting resistance 

tester 

The melt strength is assessed using a Gottfert "Rheotens" melt strength tester 

and then compared to its resistance to sagging. 

[29] 

Thermoformability 

index (TFI) 

The TFI is determined by multiplying the viscosity by the compliance (also 

known as creep recovery time) and is evaluated using a rheometer. 

[30] 

Bubble inflation / 

Bulging 

A biaxial extension test involves bulging a circular-shaped specimen that is 

clamped at its perimeter. 

[31]–[33] 

Biaxial extension A specialized biaxial extension machine is used for this purpose, conducting 

tensile tests at various speeds and temperatures. 

[26], [34], [35] 

Plug testing 

(Thermoforming 

material 

characterization 

apparatus) 

A sheet is secured within an oven, and plugging tests are conducted at varying 

temperatures and speeds. 

[27], [28], 

[36], [37] 

Small deformation 

rheological tests 

A combination of dynamic mechanical tests (DMA) conducted at various 

temperatures and frequencies across the thermoforming range, along with 

creep (recovery) tests and sag measurements, are performed using a heat 

deflection temperature (HDT) device. 

[24], [25], [38] 
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1.4. Characteristics and classification of flexible 
polymers 

A polymer that is flexible because it melts or softens in response to temperature 

changes. They are made up of small, branched, or linear macromolecules. Physical 

interactions (van der Wall forces, hydrogen, etc.) give this type of polymer a certain 

amount of cohesion. These polymers can be inferred to be sensitive to solvents and 

temperatures because they include solvents and transition from a plastic phase to a liquid 

phase when heated (breaking the physical type). Thermoplastics can typically be recycled 

and are simple to turn into liquid [39]–[41]. At room temperature, thermoplastic polymers 

are almost at their softening temperature (Tg, Tf), and the temperature has a significant 

impact on their mechanical properties [39]. They can also be found in semi-crystalline 

and amorphous polymers. 

Amorphous polymers, like ABS, PMMA, and PC, which are frequently used in 

engineering (Figure 1-3), have a homogenous and disordered structure, and other 

amorphous polymers are used. Zones where the structure is crystallized define semi-

crystalline polymers. Examples of this category include (HDPE, PP, and Pa) [12]. It is 

possible to distinguish between two different methods of polymerizing monomers by 

changing or combining them: homopolymers are chains of monomers of the same kind, 

and copolymers are polymerizations of two monomers, also known as co-monomers [42]. 

 

Figure 1-3: polymer pyramids of amorphous and semi-crystalline [43]. 
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1.5. Manufacture of bathtubs using the thermoforming 
process at the industrial company of sanitary materials  

Algerian company (EIMS) manufactures a wide range of products, such as bathtubs, 

sinks, and heaters, using various methods, including stamping and thermoforming. 

Stamping is employed for metal materials (steel sheets) to produce items like bathtubs 

and sinks, while thermoforming is utilized for plastic materials (polymer sheets). The 

company's thermoforming business is a crucial aspect of its industrial production due to 

the high market demand for its products, characterized by their light weight, strength, 

quality, and appealing appearance. Plastics have found extensive applications across 

various fields, and their flexibility continues to expand with modern technology, 

facilitating ease of use and rapid development and production. Thermoforming 

specifically involves the use of thermoplastic materials, which undergo a softening 

process that alters specific properties such as density, viscosity, and mechanical 

properties. Subsequently, the softened sheet is deformed by air pressure to create a pre-

stretching (bubble), then pulled to assume the shape of the mold. The final step involves 

cooling to maintain the molded shape, as illustrated below: 

 

Figure 1-4: bathtub forming cycle at the Sanitary Materials Industrial Company 
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1.6. Steps in Bathtub Production at EIMS 

The bathtub is manufactured through several distinct steps. The first fundamental 

step is thermoforming. The second step involves reinforcing the bathtub to enhance its 

hardness and strength. Finally, unnecessary appendages are removed, as illustrated in the 

following diagram: 

 

Figure 1-5: Cycle of manufacture of bathtub product at EIMS 

 

1.6.1. Thermoforming zone 

At EIMS, bathtub production primarily relies on vacuum thermoforming, 

facilitated by the LABOFORMA, an Italian-made thermoforming machine (Figure 1-6). 

This machine, which features straightforward operation via a control panel, boasts an 

automatic stop function triggered by the proximity of a technician, ensuring enhanced 

safety with infrared technology. The process utilizes various thermoplastic materials such 

as ABS, PMMA, PP, and HIPS in sheet form, each with a maximum thickness of 8 mm. 

With a maximum plate size of 2,050x1,050 mm and a minimum size of 1,050x550 mm, 

it accommodates diverse production needs, reaching a maximum printed height of 700 
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mm. Powering the machine are electric motors, compressed air (through a vacuum pump 

and pneumatic pressure operation), and water for mold heating. 

This machine does not accept any materials other than those specified by the 

supplier, and it does not accommodate different thicknesses than what is requested. Any 

discrepancies in dimensions between the material and the mold, especially in the setting 

of the forming reduction codes, result in errors that lead to the production of incorrect and 

unacceptable products.  

 

Figure 1-6 : Thermoforming machine used at EIMS Miliana. 

1.6.1.1. Clamping the sheet 
To ensure a successful thermoforming process, all thermoplastic sheet materials 

must be securely held on all four sides (Figure 1-7). This four-sided grip must be 

maintained throughout all steps of the thermoforming process. The securing of the sheet 

materials is crucial for both thin, flexible sheets as well as heavier, more rigid materials. 

All thermoplastic sheet materials tend to soften and sag when heated. During the 

heating cycle, the thermoplastic sheet undergoes thermal expansion, loss of crystallinity, 
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and relief of molecular orientation, which can lead to sheet movement and distortion. If 

the thermoplastic sheet is not fully supported on all four sides during the heating cycle, 

the unsupported side will typically distort and pull away from the clamping area. This can 

result in a shift in material thickness, with thickening towards the center of the sheet. 

 

Figure 1-7 : Sheet clamping system. 

1.6.1.2. Heating the sheet 
The polymer sheet used in our study, ABS-15%PMMA, is fed into the conveyor, 

with dimensions suitable for 1400 mm tubs (1480x785x4 mm). On entering the forming 

zone, the upper frame descends to hold the sheet firmly in place, enabling the heating 

process to begin until the polymer sheet softens. For amorphous thermoplastics, this 

temperature is theoretically higher than the glass transition temperature (Tg). The two 

upper and lower-temperature furnaces work in parallel to evenly heat the sides of the 

sheet (Figure 1-8). The sheet is heated primarily by ceramic elements positioned in a 

heating coil located at the top and/or bottom, each carefully calibrated to maintain specific 

degrees of temperature. During the heating cycle, there are two modes of thermal energy 

transfer: conduction and convection. Convection involves the distribution of hot air that 

heats the polymer sheet. When the surface area, volume, and thickness of the sheet are 

large, a longer time is needed to heat the sheet. Heat diffusion by conduction is the transfer 

of energy within the solid (the polymer sheet). This method is preferred for sheets with 

low thickness because thick sheets have low thermal conductivity, requiring more time 

for the conduction method, the foil remains free until it reaches a temperature of 100°C. 

At this point, supports are deployed to secure the ends of the foil. The temperature then 

continues to rise, precisely controlled by an optical pyrometer immersed in the external 

heating medium, reaching between 140°C and 160°C. The entire heating process lasts 
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170 seconds, ending with the retraction of the two resistors to their initial positions. 

During the heating phase, the sheet's rigidity decreases, and it begins to bend under the 

effect of gravity.  

 

Figure 1-8 : Heating the thermoforming sheet. 

1.6.1.3. Pre-stretching the sheet 
After heating, the sheet is pre-stretched with air to elongate and expand the sheet 

and facilitate the forming step, which is a rapid deformation under high air pressure, an 

essential step in the production process. This simultaneous action not only deforms the 

material but also precisely controls the thickness distribution of the inflated sheet. To 

maintain precision, the machine is equipped with a 15% inflation control sensor that 

regulates the bubble formation process. This sensor ensures that the inflation rate does 

not exceed the specified limit, preventing potential defects and ensuring consistent 

product quality (see Figure 1-9). Such inflation control is essential to achieve optimum 

structural integrity and aesthetics of the final product. 
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Figure 1-9 : Sheet bubbling (pre-stretching). 

1.6.1.4. Forming the sheet 
Following the pre-stretching step, the mold is elevated using an auger system to 

enable deep-drawing of the softened sheet. Vacuum pumps play a crucial role in this 

phase, delicately drawing the sheet through the mold's aeration holes at a precisely 

controlled rate of deformation until it seamlessly conforms to the mold's contours. To 

optimize the forming operation and minimize friction (Figure 1-10.a), the mold is 

equipped with a water hot system, which helps regulate temperature and reduce resistance 

during shaping (Figure 1-10.b). Subsequently, the polymer sheet undergoes plastic 

deformation, seamlessly transitioning into its final bathtub shape. This intricate process 

ensures not only structural integrity but also meticulous attention to detail, resulting in a 

high-quality end product that meets stringent standards of durability and aesthetics. 
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Figure 1-10 : Bathtub-shaped sheet forming: a) forming and b) the mold. 

1.6.1.5. Cooling the part 
The thermoformed polymer sheet is precisely positioned to meet the heated mold, 

a critical step in shaping the tub's final contours. After this molding process, the bath 

temperature is carefully regulated by activating fans to facilitate controlled cooling. As 

the cooling process begins (Figure 1-11), the mold sinks to the bottom, adding the final 

touch to the bathtub's formation. This sequential operation ensures not only the precise 

definition of the tub's shape (see the Annex 1), but also the gradual stabilization of its 

structural integrity. Thanks to thorough temperature control and mechanical processes, 

this manufacturing steps guarantees the production of high-quality bathtubs that meet 

both functional and design demands. 
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Figure 1-11 : Fans opened for bath cooling. 

1.6.2. Reinforcement zone 

1.6.2.1. Heating and adding additives to the bathtub 
The bathtub obtained from the thermoforming process is not yet considered a 

finished product, and needs to be reinforced to increase the strength and durability of the 

material. To achieve this, the company applies a protective material to the outside of the 

tub, in the form of a foam. This foam not only strengthens the structure, but also acts as 

a protective layer, protecting the tub from potential damage and extending its lifespan. 

By incorporating this extra layer, the company ensures that its bathtubs meet rigorous 

quality standards, offering customers a product that not only prides itself on superior 

strength, but also long-lasting performance and reliability. 

 

Figure 1-12 : bathtub reinforcement chamber [44]. 
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To strengthen the bond with the foam, the thermoformed bathtub undergoes a 

second heating process at 60°C in a separate oven. This additional heating step ensures 

optimum adhesion between the tub and the reinforcing foam. Once heated, the tub is 

quickly introduced into the reinforcement cabin (Figure 1-12), where the foam application 

process takes place. The foam, a liquid composite, is composed of crushed thermoformed 

embossed scrap mixed with an MC+ISO type liquid (Figure 1-13), meticulously designed 

to provide both structural reinforcement and protective qualities. Thanks to these 

improvements, the final weight of the bathtub is 6 kg, ensuring a balanced combination 

of strength, durability and functionality. This comprehensive reinforcement process not 

only strengthens the tub's structural integrity, but also improves its resilience, 

guaranteeing a superior product with great durability. 

 

Figure 1-13: Additives for bathtub reinforcement. 

 

1.6.3. Finishing chain 

After the reinforcement process, the bathtub enters its final manufacturing step, 

which involves precision machining using a state-of-the-art CNC machine with 5-axis 

capabilities (Figure 1-14.a). This machine meticulously cuts the bathtub along its contour 

and drills holes according to specifications. This phase ensures precise shaping and 

finishing of the piece. Once completed, the finished products are carefully stored and 

prepared for delivery to the market, maintaining quality standards and meeting customer 

demands (Figure 1-14.b). 
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Figure 1-14: a) Bathtub cutting, and b) bathtub storage. 

1.6.4. The bathtub's failure forms are manufactured by 
thermoforming 

The most important objectives for any industrial company are costs and deadlines. 

In thermoforming processes, acceptance criteria can vary significantly. Acknowledging 

these challenges is crucial for improving production quality and efficiency. Firstly, holes 

on the edges of the bowl can occur due to insufficient temperature for the sheet to soften, 

causing poor friction with the mold (Figure 1-15.a). Secondly, surface defects such as 

wrinkles are common (Figure 1-15.b). When a part is subjected to very high temperatures, 

this affects the mechanical properties of the polymer used, such as ABS/PMMA. Thirdly, 

as seen in Figure 1-15.c, the mold can bend under the effect of temperature, necessitating 

cuts at all ends to align it. Additionally, high roughness on the product surface due to 

elevated temperatures is typically referred to as "orange peel" or "surface roughness" 

(Figure 1-15.d), This phenomenon occurs when the thermoplastic sheet is overheated, 

causing the surface to develop a textured, uneven appearance similar to the skin of an 
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orange. High temperatures can lead to differential shrinkage, inconsistent cooling, or 

degradation of the material, all of which contribute to the rough surface texture. 

Sometimes, the thermoformed sheet requires a long heating time, consuming a lot of 

energy. This is often due to the extrusion conditions not being properly implemented. 

Recognizing and addressing these issues is essential for optimizing the thermoforming 

process and achieving better results. 

 

Figure 1-15: bathtub manufacturing failure modes. 

Amorphous polymers are inherently easier to shape because they lack intricate 

meltable crystalline structures, making them the preferred choice for thermoforming 

applications. At forming temperatures, some amorphous polymers can be stretched up to 

ten times their original length [4]. In the 1970s, Schmidt et al. [45] Found that high-impact 

polystyrene (HIPS), which remains a widely used material in thin gauge thermoforming, 

can achieve polar extension ratios up to 11 during inflation tests. They also noted that 

other amorphous materials, such as polycarbonate (PC) and polymethyl methacrylate 

(PMMA), cannot be stretched beyond a hemispherical shape without bursting. 

To develop materials that meet specific stretching requirements, researchers have 

explored various methods of modifying polymers. Over the past 20 years, significant 

published advancements in polymer modification for thermoforming applications aside 

from the largely undisclosed chemical developments by material suppliers include [4]. It 
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is of the utmost importance to select PMMA grades that are particularly well-suited for 

coextrusion and for maintaining the optimal layer thickness of the PMMA. For a variety 

of reasons, PMMA is currently the only option available for coextrusion with ABS or 

PC/ABS. Furthermore, PMMA is readily amenable to polishing, thereby facilitating the 

attainment of a smooth surface finish. Additionally, it can be colored in a multitude of 

ways, thus offering considerable versatility in design. Furthermore, PMMA displays 

remarkable ultraviolet stability and noteworthy chemical resistance, rendering it highly 

durable in diverse environmental circumstances [46]. 

1.7. Temperature influences on Initial Boundary 
Conditions 

For large-drape forming (covering a significant area of the sheet), increasing the 

temperature of the clamped sheet can lead to thermal deformations due to the relaxation 

of residual stresses from its thermo-mechanical history. The sheet is mechanically 

constrained on all sides and sags due to the force of gravity [47]. Sagging (as shown in 

Figure 1-16) changes the distance between the sheet and the infrared heaters, thereby 

altering the efficiency of radiative heat transfer [48]. Temperature homogeneity might not 

always be guaranteed due to the radiative heating technique used and the resulting sagging 

of the sheet. The radiative energy absorbed by a surface from a radiative source depends 

on the solid angle that the absorbing surface subtends with the source, which influences 

the radiation view factor [49]. As the sheet sags, the deformation of the absorbing surface 

causes the angle subtended by a material point on the sheet to vary depending on its 

location. Consequently, this unbalanced heating from the ceramic radiators leads to a 

difference in stretching between the hotter zones on the sheet (T > Tg) and the relatively 

cooler ones [50]. 
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Figure 1-16: (a) Recording displaying the sagging of the sheet followed by heating [45], (b) Vertical 

displacement and temperature of the sheet over time during the heating step [43]. 

1.8. Relation between contact friction and temperature 

The final thickness of the product is influenced by the temperature difference 

between the thermoplastic sheet and the mold. This temperature difference dictates 

whether the mechanical behavior during the forming phase stays within the forming 

window or shifts into the glassy range [51]. The friction coefficient, characterizing the 

contact surface between the sheet and the mold or blug, can also affect the final thickness 

[5], [47], [52], [53]. Figure 7 illustrates the variation of the friction coefficient between a 

HIPS sheet and an aluminum plug, as observed by Marathe et al. [52]. Figure 1-17 shows 

that the COF appears to increase from 0.25 at Tg to values exceedingly almost 0.5 at 

130°C in the HIPS formation window. 

 

Figure 1-17: Evolution of the coefficient of friction between HIPS and an aluminum plug as a 

function of temperature increase [52]. 
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1.9. Sheet thickness not uniform 

One of the main limitations of the thermoforming process is the non-homogenous 

thickness distribution of the parts produced [54]. Thin thermoplastic sheets are essentially 

incompressible materials. According to the principle of volume conservation, as the sheet 

expands along a principal axis, its thickness decreases. The ability of a thermoplastic to 

stretch is influenced by its local properties, which are determined by the temperature 

distribution after infrared heating. Consequently, achieving a uniform thickness during 

the stretching phase of thermoforming depends on the homogeneity of heating throughout 

the sheet. For example, in the case of vacuum-assisted thermoforming, it is well known 

that the finished parts show significant variations in thickness. Sheet walls are thinner in 

zones subject to intense stretching, such as mold corners and near bottom edges, as shown 

in Figure 1-18 [55], [56]. 

 

Figure 1-18: Variation of the thickness-to-length ratio in a part with complex geometry using (a) 

PMMA [55], (b) PC, ABS, PPO, PEI [56]. 

 

Figure 1-19 illustrates the variation in thickness measurements of a thermoformed 

yogurt tub made from HIPS material under the influence of forming temperature. The 135 

mm pot shows significant reductions in thickness, reaching values as low as 150 µm and 

500 µm, as the temperature increases from 120°C to 140°C. 
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Figure 1-19: (a) Thickness section of a part thermoformed with a HIPS sheet plug at a temperature 

of 120°C, (b) evolution of thickness distribution for different sheet temperatures [51]. 

 

As a result, mechanical stretching can lead to a non-uniform thickness 

distribution, potentially below the minimum critical thickness specified in the product 

design [51], [57]. 

1.10. Conclusion 

The bibliographic study has provided us with a deeper understanding of the 

general principles of the thermoforming process for thermoplastic polymers, particularly 

in the context of the manufacture of industrial bathtubs at EIMS. From this study, it is 

observed that the material properties are closely related to various parameters such as 

temperature, process speed, material selection, and the contact dynamics between the bath 

and the mold. These insights are essential for refining the thermoforming process and 

improving the quality of the final products.  
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2.1. Introduction 

In this chapter, it focused on the thermal and mechanical characterization of 

amorphous polymers, with particular emphasis on ABS and PMMA. A detailed 

investigation of the individual properties of these materials was conducted to provide a 

comprehensive understanding of their behavior. This analysis serves as a foundation for 

exploring the performance of the ABS/PMMA bilayer structure, facilitating insights into 

how each component contributes to the overall material performance.  

2.2. Amorphous polymers  

The use of polymers has become increasingly common across various fields. 

Today, a wide range of polymer types and processing options are available for selection. 

Polymers are popular due to their lightweight and low cost, with each field leveraging 

specific properties to meet their requirements. The stability of these properties over time 

is crucial for industrial applications. Polymers are generally categorized into three major 

families based on their properties: elastomers, thermoplastics (non-cross-linked chains), 

and thermosets (cross-linked chains). Thermoplastic polymers are further classified into 

amorphous and semi-crystalline polymers [58] 

Amorphous polymers are characterized by a large molecular weight and an 

irregular structure, generally exhibit the properties of amorphous solids. The atoms inside 

these polymers are arranged randomly [59], although a specific short-range order can be 

observed due to the physical packing of neighboring atomic spheres. Amorphous 

thermoplastics are remarkable for their softening behavior and their structural changes 

during the glass transition [60]. In this temperature range, the polymer is brittle at room 

temperature but becomes superplastic as the temperature increases [61]. 

2.3. Molecular structures and thermal properties of 
polymers 

2.3.1. Structures of macromolecules 

Polymers, composed of various monomers, can form carbon-based 

macromolecular structures that take different shapes. These structures include a 

nondimensional linear type, a branched type with short lengths, and a cross-linked type 

that features a tangled configuration, as shown in Figure 2-1. 
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Figure 2-1: Main polymer chain structures [62]. 

 

A polymer with side chains attached is considered branched, whereas a polymer 

with a single main chain is described as linear. When a monomer possesses multiple 

polymerization sites, forming covalent bonds between individual chains results in a three-

dimensional network. Both branched and linear polymers are encompassed within 

thermoplastic polymers [62].  When the temperature surpasses the glass transition point, 

these materials display a viscosity level higher than that of linear polymers  (Figure 2-1) 

[63]. Conversely, cross-linked polymers typically manifest as elastomers or thermosets. 

While cross-linking is appealing due to its impact on specific properties, such as elasticity, 

shaped polymers generally remain amorphous, albeit with the possibility of being 

partially crystallized [64]. 

2.3.2. Thermal behavior of amorphous polymers 

For most polymers, there is a critical temperature that permits two distinct states 

to be distinguished: the rubbery state (at higher temperatures) and the glassy state (at 

lower temperatures). As a rule, polymers have a rigid glassy state. As the temperature 

rises, the polymer's macromolecular chains begin to slide relative to one another, 

softening the material. This transition occurs within a temperature range known as the 

glass transition temperature (Tg). At this point, the behavior of polymers becomes 

viscoelastic and they enter the rubbery state, The latter behavior is used to shape plastics 

[62]. 
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2.3.3. Glass transition temperature 

The glass transition temperature (Tg) marks the change from a glassy to a rubbery 

state. This transition corresponds to the shift from low-amplitude local molecular motion 

(when T < Tg) to significant motion along the entire macromolecular chain (when T > 

Tg). The glass transition is a kinetic phenomenon, representing the shift from an 

equilibrium state to a non-equilibrium state [62]. Gibbs and Di Marzio [65] predicted a 

second-order phase transition at a temperature T2, which is lower than Tg. They 

demonstrated that T2 and Tg share similar properties and consistently respond in the same 

way to various factors affecting the glass transition. Therefore, the glass transition 

behaves similarly to a second-order transition [66]–[68]. The glass transition is detected 

experimentally using several techniques, such as differential scanning calorimetry (DSC), 

dynamic mechanical analysis (DMA), and various other methods for analyzing the glass 

transition. 

To determine the glass transition temperature (Tg) from a DSC graph using the 

midpoint method, identify the midpoint where there is a gradual change in heat flux by 

drawing tangents to the steepest parts of the curve before and after the transition. The 

point where these tangents intersect gives an estimate of the Tg value. For a completely 

amorphous polymer, illustrated in Figure 2-2, an ABS/PMMA blend (50/50) exhibits a 

distinct change in slope. In contrast, in a fully crystalline polymer, the slope of the curve 

remains unchanged until the melting point is reached. 

 

Figure 2-2: DSC curve of amorphous polymer [12]. 

 

The glass transition temperature (Tg) is significant from the point of view of 

industrial processes, as it marks the point at which materials begin to soften for further 
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processing. It also has an impact on material properties and product performance, and 

guides material selection for optimum application performance and durability. 

2.3.4. Thermal stability of thermoplastics polymer  

The thermal stability of amorphous thermoplastic materials refers to their ability 

to maintain their structural integrity and mechanical characteristics when exposed to 

elevated temperatures. This stability is essential in determining their suitability for 

various industrial applications, particularly those involving high-temperature processing 

or long-term use at elevated temperatures. Amorphous polymers have a glass transition 

temperature (Tg) instead of a melting point because of their non-crystalline structure. 

Thermal stability control often involves understanding how Tg influences the material's 

mechanical strength, dimensional stability, and resistance to heat-induced deformation or 

degradation. 

Figure 2-3 shows the ATG of different polymers, demonstrating that the SAN 

copolymer and ABS exhibit high levels of thermal degradation at lower temperatures 

compared to the other polymers, such as PMMA homopolymer and copolymer, PS [69]. 

 

Figure 2-3: thermogravimetric analysis curves of pure thermoplastics [69]. 
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2.4. Mechanical behavior of polymers 

The behavior of polymers varies widely, with each type exhibiting different 

characteristics such as brittleness, ductility, and rubberiness. In general, the constitutive 

laws governing these polymers are influenced by temperature and strain rate, which in 

turn affect their viscoelasticity and mechanical properties, including Young's modulus, 

maximum stress, and strain at break. For example, an increase in temperature can make 

a polymer more ductile Figure 2-4, while higher strain rates can increase its strength. 

These factors can either increase or decrease these properties, depending on the specific 

conditions and polymer type. 

 

 

Figure 2-4: Higher temperatures and slower strain rates in polymers [70]. 
 

2.4.1. The effect of temperature on the mechanical properties 
of polymers 

The effect of temperature on the mechanical behavior of amorphous polymers is 

significant. At ambient temperature, these polymers exhibit high tensile strength and 

elastic modulus, resulting in brittle behavior with minimal elongation at break. As the 

temperature rises until the glass transition (Tg), the tensile strength and elastic modulus 

decrease, causing the polymer to become less stiff and more prone to deformation. This 

results in a significant increase in elongation at break as the polymer becomes more 

ductile. This behavior is due to the weakening and extension of molecular interaction 

forces within the polymer as shown in Figure 2-5.a, allowing for greater molecular 

mobility and reorganization. Consequently, the polymer transitions from a rigid, brittle 

state to a more flexible, ductile state as the temperature increases. 
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2.4.2. The effect of strain rate on the mechanical properties of 
polymers 

The effect of strain rate on the mechanical behavior of amorphous polymers is 

significant. At higher strain rates, these polymers exhibit higher tensile strength and 

modulus of elasticity, resulting in stiffer, more brittle behavior, with minimal elongation 

at break. As the rate of deformation increases, tensile strength and modulus of elasticity 

continue to rise, making the polymer even more resistant to deformation. As a result, the 

elastic modulus and tensile strength of the polymer increase considerably, while the 

elongation at break decreases, highlighting the effective relationship between strength 

and flexibility at varying strain rates as shown in Figure 2-5.b. 

 

 

Figure 2-5:  typical stress-strain curves: a) constant strain rates vs different temperature, b) 

constant temperature vs different strain rates [71]. 

  

2.4.3. Impact strength 

The transition between the behavior of “resistant ‘and’ brittle” materials, 

characterized by the energy required to form a fracture surface, is emphasized. The impact 

strength has been determined by measuring the energy absorbed in relation to the fracture 

surface, using older impact testing techniques that do not allow the tracking of load and 

time. This method complicates the distinction between materials that fracture under low 

load but absorb more energy during propagation and those that fracture under high load 

but absorb little additional energy. Differences in the balance between fracture initiation 

and propagation cause variations in impact strength results depending on the specimen 

geometry. In addition, the small amount of energy absorbed by the fracture surface in 
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polymers can be overshadowed by other energy losses. During testing, the rate of 

displacement varies unpredictably, altering the kinetic energy. Variations in sample size 

and geometry also affect results [72].  

The main factors influencing impact resistance are temperature, notch thickness, 

and notch radius [73]. Temperature is an intrinsic property, while notch thickness and 

notch radius are geometric factors. A smaller notch radius increases the rate of 

deformation at the bottom of the notch, which affects the material's yield strength and its 

ability to blunt cracks, thus influencing the tendency to brittle fracture. Increasing 

temperature generally raises impact resistance by lowering yield strength and tensile 

modulus, thus reducing loading rates. Thermoplastics show a plateau in impact resistance 

at low temperatures, with a sharp increase at higher temperatures indicating a transition 

to harder behavior. Notch sensitivity varies considerably from polymer to polymer, with 

hard, crystalline polymers being the most affected, although modifications such as rubber 

hardening or fiber reinforcement can improve impact resistance [72]. 

2.5. Tribology and hardness of polymers 

2.5.1. Tribology of polymer  

The study of polymer tribology is highly complex, having been extensively 

explored since the mid-20th century. Polymers are valued for their unique mechanical 

properties, such as elasticity, shock absorption, low friction, and high wear resistance, 

along with their ability to be modified [74]. Unlike other materials, polymers can readily 

absorb external liquid lubricants, a property that can be influenced by operating 

conditions and environmental factors, making traditional metal-based experimental 

methods less applicable [75], [76]. Additionally, distinguishing between different types 

of polymer wear is challenging because wear mechanisms are interrelated and rarely 

occur in isolation. Wear resistance depends on material properties such as elastic 

modulus, tensile strength, and elongation at failure. Generally, polymers with high tensile 

strength and elongation at failure exhibit better wear resistance. Linear thermoplastic 

polymers with a semi-crystalline structure typically perform better in wear resistance 

compared to thermosets or amorphous thermoplastics under consistent conditions [74]. 
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2.5.2. Hardness of polymer  

Hardness tests are valued for their simplicity and are widely used for rubbers and 

metals, though less so for plastics, where their significance has been less clear. Among 

the hardness testing methods, Shore durometers (Shore A and Shore D) are particularly 

popular for plastics, using handheld devices with indenters to measure hardness based on 

penetration depth [77]. In contrast, Vickers hardness testing employs a pyramidal indenter 

with a load-on, load-off approach, creating geometrically consistent impressions 

irrespective of penetration depth. The process involves measuring two diagonal lengths 

on the indent, averaging them to determine the impression area, and calculating the 

Vickers hardness number by dividing the load by this area. Vickers microhardness testing, 

which produces small indents (less than 150 µm), is effective for polymers. Additionally, 

micro-Vickers hardness testing involves using a load below 2 kg and typically measures 

diagonals with an optical microscope due to the small scales. This method is preferred in 

scientific research for its precision in assessing hardness at specific locations [78]. 

2.6. Morphology of amorphous polymers 

Fractography is a crucial technique in the advancement of technology and 

optimization of materials. It serves to identify significant shortcomings and ensure that 

materials possess the requisite mechanical properties. The field of fracture mechanics is 

concerned with the study of the mechanisms of crack propagation, both prior to and 

following the formation of critical crack size, as well as the locations of crack initiation. 

As illustrated in the attached diagram, the actual fracture surfaces are shown in Figure 

2-6, where the centers of fracture initiation are clearly identifiable. Regardless of whether 

the initiation center is a defect within the volume or on the surface, macro fractography 

(focused on examining larger fracture regions at lower magnifications or by the naked 

eye) reveals several distinctive features surrounding it. 

▪ Mirror: a flat area surrounding the defect; 

▪ Mist: a slightly rugged area surrounding the mirror; 

▪ Hackle: a highly rugged area exhibiting a network of rivers in the radial 

direction, centered at the initiation point; 

▪ Terminal zone of fracture: the region of material observed on both the 

tensile and pressure surfaces of the sample [79]. 
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Figure 2-6: A schematic representation of surface and volume defects with examples in brittle 

materials [79]. 

The investigation of polymer fracture surfaces allows scientists to understand the 

behavior of these materials under external loads, considering factors such as material 

defects and environmental influences like humidity or weathering. Several researchers 

have studied the fractography of polymers, focusing on factors such as tensile strength at 

different temperatures, strain rates, and impact strength. By examining these surfaces, 

scientists gain invaluable insights into the mechanisms of fracture, which are essential for 

improving material performance and preventing future failures. Unlike crystalline 

polymers, amorphous polymers lack a regular internal structure, which influences their 

fracture behavior. Fractography helps identify the nature of cracks and surface 

morphology, revealing whether failures result from brittleness, stress concentration, or 

environmental factors. For example, the mirror zone and ribs disappear from the PMMA 

polymer as the deformation speed increases, indicating a transition from a ductile to a 

more brittle fracture behavior (Figure 2-7.A). Additionally, in Figure 2-7.B, a brittle 

fracture of the ABS polymer occurs at a deformation speed of around 60 mm/min, 

accompanied by smaller voids. This suggests that the material's toughness decreases 

under higher strain rates, leading to a more brittle failure mode. Fibrils can be observed 
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on the fracture surface of several polymers, such as ABS, indicating the presence of 

plastic deformation mechanisms (Figure 2-8.a). However, defect-induced fractures can 

also be observed, characterized by features like parabolic shapes and cracks (Figure 2-8.b 

and Figure 2-8.c), which suggest higher stress absorptions and potential points of failure 

within the material. 

 

Figure 2-7: The morphologies of fracture surfaces (A) different strain rate of PMMA polymer:  (a) 

2.31x10 -5 s-1, 2.38x10 -4 s-1, 2.01x10 -3 s-1, 0.292x10 -1 s-1, 2.81x10 -1 s-1 [80], (B) Brittle fracture of ABS 

polymer at loading rate of 60 mm/min [81].  

 

 
Figure 2-8: Observations of a fracture surface: a) fibrils, b) cracks and c) parabolas [81]. 
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2.7. Acrylonitrile Butadiene Styrene (ABS) 

Acrylonitrile Butadiene Styrene (ABS) is an important amorphous thermoplastic 

widely used in the mechanical engineering industry. ABS is utilized in the manufacture 

of household appliances (refrigerators, washing machines, air conditioners), sports 

equipment, vehicle parts (bumpers, wheel guards, dashboards), luggage, and packaging 

parts produced by various processes such as thermoforming and injection molding …etc. 

ABS is one of the most important synthetic polymers on the market today. Almost 

everyone in the modern world owns an ABS product. Finished products made from ABS 

inherit the properties of its three main components: acrylonitrile, butadiene, and styrene 

(Figure 2-9). ABS was developed as a replacement for styrene-butadiene rubber (SBR), 

which styrene had been used to substitute for many years [82]. Acrylonitrile provides 

hardness, heat resistance, and chemical resistance. Styrene offers rigidity, strength, and 

ease of processing. Butadiene enhances elasticity, reinforcing the plastic's impact 

resistance and toughness [83]. 

 

Figure 2-9: Chemical Structure of ABS [84]. 

 

The thermos-physical properties of ABS polymer are crucial considerations in 

various applications. ABS exhibits acceptable thermal stability, making it resistant to 

deformation or degradation at elevated temperatures. Additionally, its high flammability 

makes it susceptible to combustion, highlighting the importance of understanding its 

ignition temperature and heat release rate for safety assessments. Moreover, ABS has a 

favorable glass transition temperature, indicating the temperature range at which it 

transitions from a hard, rigid state to a more pliable state. These thermal properties play 

a significant role in determining the suitability of ABS for diverse applications [85]. 

Based on the ABS material tests described above and the literature review, Table 

2-1 summarizes the main mechanical, electrical, and thermal properties of the ABS 

material studied. 
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Table 2-1: Thermal and mechanical properties of ABS polymer. 

property ABS References 

Density (g/cm3) 1.01 - 1.21 [86], [87] 

Hardness 

 

Vickers HV 5.6 – 16 [86], [87] 

Shore D 74 - 76 [88], [89] 

Glass Transition Temp. (°C) 88 - 128 [87] 

Thermal Expansion Coefficient (10-6 /K) 84.6 – 234 [86], [87] 

Thermal conductivity (W/m K) 0.188 - 0.335 [86], [87] 

Yield stress (MPa) 18.5 - 51 [86], [87] 

Tensile Strength (MPa) 27.6 - 55.2 [86], [87] 

Tensile modulus (MPa) 1100 - 2900 [86], [87] 

Elongation at break (%) 2-10 [86], [87] 

Flexural strength (MPa)  73.5 [90] 

Flexural modulus (MPa) 2450 [90] 

Impact strength (kJ/m2) 23.6 - 27.82 [91], [92] 

2.8. Poly (Methyl Methacrylate) (PMMA) 

Poly (methyl methacrylate) (PMMA) is a transparent amorphous polymer known 

for its excellent optical clarity and weather resistance. It is synthesized from methyl 

methacrylate (MMA) through radical polymerization, a process that uses peroxides as 

initiators and occurs at temperatures up to 100°C (see Figure 2-10). PMMA is widely 

used in applications such as engineering medical fields, packaging parts and transports. 

 

Figure 2-10: a) Methyl methacrylate. b) Poly (methyl methacrylate) [93]. 

 

PMMA exhibits several notable properties: it has good mechanical tensile 

strength, high hardness and scratch resistance, low water absorption, strong thermal and 

hydrolytic resistance, excellent transparency, effective thermal insulation properties, and 

outstanding resistance to UV-induced aging. These characteristics have made PMMA a 

widely used material in various applications [94], [95]. 
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2.8.1. Physical and mechanical properties of PMMA  

Table 2-2 presents the characterization of PMMA obtained from various 

literatures. It shows that PMMA is a glassy polymer with a good glass transition 

temperature (Tg) and thermal stability. Despite its brittleness, it has a high modulus of 

elasticity and low elongation at break, making it a rigid and durable material. 

Table 2-2: Thermal and mechanical properties of PMMA polymer. 

property PMMA References 

Density (g/cm3) 1.18-1.19 [96], [97] 

Hardness  
Vickers HV 16-21 [86] 

Shore D (78-86) [98][99] 

Glass Transition Temp. (°C) 110 to 120 [96], [100] 

Thermal Expansion Coefficient (10-6 /K) 72–162 [86] 

Water Absorption (%) 0.3 27 

Thermal conductivity (W/m K) 0.08–0.25 [86], [96], 

[101] 

Tensile Strength (MPa) 72 [97] 

Tensile modulus (MPa) 3100 [97] 

Flexural strength (MPa)  110 [100] 

Flexural modulus (MPa) 3000 [100] 

Elongation at break (%) 5 [97] 

Impact strength (kJ/m) 2 [102] 

2.9. Application of the ABS/PMMA bilayer sheets 

ABS polymer-based sheets have a matte surface which is usually co-extruded with 

another polymer such as PMMA protecting it against scratches [103], [104] and chemical 

attacks [105]. By combining of these performances, many ABS/PMMA multilayer sheets 

are generally used in the manufacture of parts by thermoforming process [106]. These 

thermoplastics are well-suited to specific engineering applications requiring excellent 

mechanical resistance [107] and good thermal stability under severe use conditions [108]. 

Interesting application domains using these sheets continually grow such as: exterior 

panels and vans, bumpers, guards and wheel arch for trucks, kitchens [109]–[112], 

bathroom [46], [113] electronic and medical areas [114], [115]. 
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2.10. Literature review on the mechanical behavior of ABS 
and PMMA polymers  

To enhance the performance of ABS/PMMA bilayer sheets, many experiments 

were performed to determine the mechanical and thermal properties of several sheets 

made by combining of polymers, using different processes, in function of temperatures 

[116] and strain rates [117]–[119] separately or combined [120]–[122]. Among these 

experiments, Li et al. [123] and Huang et al. [124] have determined the tensile properties 

of ABS polymer at different temperatures and glass transition temperature using DMA 

analysis. They showed that the ABS uniaxial tensile behavior exhibited temperature 

sensitivity, a decrease in Young modulus, yield stress and maximum stress with increase 

in temperature, while the strain increased significantly [123]. These findings showed a 

high flexibility of ABS polymer at high temperatures [123], [124]. The glass transition 

temperature, Tg, of ABS was 110°C [124]. An increase in Young's modulus with an 

increase in strain rate due to the viscous nature, while a softening behavior was observed 

when the temperature was increased [125]. In the other hand, Abdel-Wahab et al. [61] 

analyzed the mechanical behavior of the PMMA polymer via tensile and three-point 

bending tests in function of different temperatures ranging from 20°C to 80°C.They 

showed that the PMMA polymer exhibited the same temperature sensitivity as ABS 

polymer. At 80°C, the PMMA polymer exhibits a 79% drop in Young's modulus and 67% 

drop in yield strength compared to the ambient temperature, while the maximal strain 

increased by 110%. The stress evolution of PMMA also exhibits a high sensitivity to the 

strain rate [80]. Additionally, under compression tests of PMMA [126], [127], a decrease 

in yield stress with increasing temperature and decreasing strain rate was observed. 

Comparing the characteristics of these two polymers, it can be deduced that PMMA is 

more brittle than ABS at low temperature, but becomes more flexible at high temperatures 

[61], [123].  
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Figure 2-11: Tensile stress-strain curves at different temperatures: a) ABS polymer [123], b) 

PMMA polymer [61]. 

2.11. Characterization of the ABS/PMMA blend 

The combination of these two polymers, using mixing or co-extrusion processes, 

permits the obtaining of composite sheets taking advantage of each ABS and PMMA 

polymer characteristics. Therefore, certain experimental works were conducted on 

ABS/PMMA blends made by mixing process at only room temperature. Al Haydary et 

al. [128] found that the PMMA/ABS polymer blend exhibits ABS main bands, while the 

methyl stretching vibration of the PMMA C-O bands confirms interactions between the 

PMMA and ABS functional groups. Notably, when the ABS percentage increases up to 

70%, the glass transition temperature of PMMA tends be not clear and though it isn't 

completely miscible. Moreover, they observed that the material's tensile and bending 

strengths exhibit an upward trend with higher proportions of ABS additive. However, the 

optimal mechanical properties were achieved with a 55% ABS composition, underscoring 

the delicate balance needed for achieving peak performance in PMMA/ABS blends. 

Reinaldo et al. [69] studied PMMAh/ABS and PMMAe/ABS blends. They found that the 

glass transition temperatures of these blends were similar, with ABS exhibiting more 

thermal stability than the other polymers. PMMAh/ABS blends behave more brittle than 

the PMMAe/ABS blends which exhibit ductile behavior, due to that the elastic modulus 

of PMMAh was higher than of ABS and PMMAe. Kuleyin et al. [129] studied the 

thermal, chemical and mechanical performance of a range of ABS proportions in 

PMMA/ABS blends. The results showed increased bond strengths and peak intensities in 

the interaction between C=O and C≡N, suggesting improving miscibility and structural 

modifications within the blend system. As well, thermal stability and glass transition 
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temperature increased up to112.2°C with increasing ABS content, accompanied with 

decreasing of mechanical properties such as modulus of elasticity and peak stress. Ma 

[130] investigates blending PMMA/ABS to enhance mechanical and optical properties. 

Through varied blending processing and conditions, including extrusion cycles and 

injection parameters, the ABS/PMMA blend properties for electrical enclosure 

applications were optimized. the findings show that dual extrusion process improves 

impact strength and tensile properties, while at specific injection conditions of 220°C 

leads toa yield stress of 70 MPa superior than obtained via extrusion process. 

2.12. Mechanical behavior of extruded bilayer polymer 
structures 

With regard to the literature review, there is a notable absence of research 

examining the thermal and mechanical properties of sheets produced through the co-

extrusion process, particularly in the context of ABS/PMMA bilayers. Khledj et al. 

investigated the mechanical properties of ABS/PMMA bilayer structures under tensile 

testing. The tests were conducted under varying strain rates and temperatures, and the 

results demonstrated that the ABS/PMMA bilayer exhibited robust mechanical 

properties. As the strain rate increased, the bilayer displayed brittle characteristics, while 

at elevated temperatures, it exhibited ductile and plastic behavior. The fractography 

analysis revealed that the strain rate affects the fracture surfaces of ABS/PMMA 

polymers, which present fibrils at low strain rates and large cracks and crazes at high 

strain rates [131]–[133]. Comparison of the ABS/PMMA bilayer with pure ABS and pure 

PMMA by three-point bending reveals that pure ABS is ductile, while pure PMMA is 

brittle and has no plastic zone, giving it high mechanical properties compared with pure 

ABS. However, the ABS/PMMA bilayer structure has even higher mechanical properties 

than pure ABS, as well as higher ultimate deformation [134]. Many other bilayer 

structures have been studied by various researchers. Indeed, Leong et al. [135] studied 

the molding conditions effect on the mechanical characteristics of the injection molded 

PP Film/PP Matrix bilayer by modifying pressure and speed of injection. Bending tests 

showed similar properties with no noticeable effect from the inserted film. Wittmann and 

Drummer [136] analyzed the melt flow index of an extruded thermoformed and non-

thermoformed polypropylene PP sheet with monolayer and multilayer. They found that 

the Young's modulus of thermoformed parts remained unchanged, with minor reducing 
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attributed to the forming temperature-induced crystallinity. However, the tensile strength 

of post-thermoforming PP slightly exceeded the non-thermoformed PP sheet due to 

molecular chain elongation. Ji et al. [137] investigate the characterization of shape-

memory polymeric materials fabricated with TPE/PLA polymers bilayer and blend. The 

obtained results show that the glass transition of TPU/PLA bilayer has a higher storage 

modulus than the TPE/PLA blend. Furthermore, the tensile strength of the TPU/PLA 

bilayer exhibits higher elongation at break strain compared to the TPU/PLA blend. While 

the TPU/PLA blend presents slightly higher tensile strength than the TPU/PLA bilayer. 

Chen et al. [138] used 3D extrusion printing of PETG/ABS, varying layer thickness, print 

speed and fill density. They found that when print speed and fill density increase, the 

tensile strength and the Young's modulus significantly increased. 

2.13. Conclusion 

This chapter has provided a comprehensive overview of amorphous polymers, 

with a particular focus on ABS and PMMA, which are integral to this research project. 

The distinctive properties of amorphous polymers, including their exceptional thermal 

and mechanical characteristics, underscore their versatility and suitability for diverse 

industrial applications. The glass transition temperature (Tg) is a critical parameter that 

significantly impacts the performance of these materials, influencing their behavior 

during processing and end-use. Furthermore, the mechanical characteristics, including 

impact strength, tribology, and hardness, highlight the importance of material selection 

for specific applications. Understanding the interplay of molecular structure and 

environmental factors can enhance the performance of ABS/PMMA bilayer systems. This 

knowledge paves the way for advancing thermoforming applications, ultimately 

contributing to innovation in polymer engineering. Further research and experimentation 

will be essential in optimizing these materials for enhanced durability and functionality. 
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3.1. Introduction 

The development and optimization of polymeric materials, particularly 

multilayered structures, have attracted considerable attention in recent years due to their 

enhanced performance and extensive range of industrial applications. The use of 

coextruded bilayer structures, such as those composed of ABS and PMMA, is becoming 

more prevalent due to their combined mechanical strength, thermal stability, and aesthetic 

qualities. In this study, a comprehensive series of experimental tests were conducted to 

assess the properties and behavior of an ABS/PMMA bilayer structure. 

To investigate the thermal properties of the material, thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC) were employed. The viscoelastic and 

mechanical characteristics were analyzed through dynamic mechanical analysis (DMA), 

tensile tests, Charpy impact tests at varying temperatures, and three-point bending tests. 

Following, a fractographic analysis was conducted using scanning electron microscopy 

(SEM) on fractured surfaces from tensile and Charpy tests. Additionally, the durability 

of the material was evaluated through the application of Vickers and Shore D hardness 

tests, while tribological analysis facilitated the acquisition of data on the coefficient of 

friction (COF) and wear rate.  

3.2. The ABS/15%PMMA coextruded sheet 

The sheets were composed of acrylonitrile-butadiene-styrene (ABS) and a 15% 

poly(methyl methacrylate) (PMMA) bilayer, produced by a coextrusion process. These 

commercial bilayer polymer sheets are used in the manufacturing industry, in particular 

by local company EIMS-Miliana in Algeria. Using the thermoforming process, EIMS-

Miliana manufactures products with complex geometries from these bilayer sheets, 

including a variety of bathtub sizes. The company wishes to evaluate the thermoforming 

capabilities of the ABS/PMMA bilayer material. To this end, experimental studies on the 

thermal and mechanical behavior of the sheets have been carried out to assess the 

performance of products obtained by thermoforming. ABS/PMMA bilayer is a high-

gloss, amorphous thermoplastic polymer with a density of 1.11 g/cm³. ABS offers high 

impact resistance, rigidity and thermal stability show in (Table 3-1) from (Annex 1), while 

PMMA offers transparency, high gloss and excellent scratch and impact resistance. The 

geometry of the sheet received was also investigated under the optical microscope, as 
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shown in Figure 3-1. The total thickness of the ABS/PMMA bilayer sheet is 4 mm, with 

the PMMA layer measuring 0.72 mm (as shown in Figure 3-1). The remaining thickness, 

around 3.28 mm, is the ABS layer. 

Table 3-1: Characterization of ABS/PMMA bilayer sheet (Annex 1). 

ABS/15%PMMA sheet properties 

Density (g/cm3) 1.11 

Tensile modulus (MPa) >1800 (ISO 527- 50 mm/min) 

Maximum stress (MPa) >38 (ISO 527 - 50mm/min) 

Charpy unnotched  >20 

HDT (°C) (KJ/m2) >100 

 

 

Figure 3-1: SEM of sheet layers thickness of ABS/PMMA. 

 

In Algeria, the production of polymer/polymer-based coextruded sheets involves 

using co-extrusion, a manufacturing technique where two or more polymers are 

simultaneously extruded and combined to create a single structure with multiple layers 

(Figure 3-2). The selection of each layer is designed to impart specific characteristics to 

the final product, including barrier properties, heat-sealability, strength, and chemical 
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resistance. This results in an integrated product that exhibits all of these qualities. To 

guarantee the superior quality of the coextruded product, it is essential that each layer 

maintains a consistent thickness, that the layers adhere seamlessly to one another, and 

that the structure remains free from interfacial instabilities [14]. 

 

Figure 3-2: Schematic of the bilayer co-extrusion technology [139]. 

 

The bilayer polymer sheets used in EIMS come from the Blida decoplast industry, 

which manufactures a range of extruded polymers such as ABS, PMMA, impact PS, 

SAN, and PP.... 

The organized ABS/PMMA bilayer materials were produced using a layer 

coextrusion system at the Decoplast industrial facility, as depicted in Figure 3-3. In this 

process, ABS and PMMA granulates are fed into separate single-screw extruders. The 

first extruder, dedicated to ABS granulation, achieves a final bilayer composition of 85% 

ABS and 15% PMMA in the second extruder (Figure 3-3.a). Precise temperature control 

is crucial throughout the extrusion process, with set points of 180°C for the hopper, 200°C 

for the cylinder, and 220°C for the die, ensuring optimal melting and uniformity of the 

materials. The molten ABS and PMMA are combined in a coextrusion block (Figure 

3-3.b), forming a cohesive bilayer structure. This composite material is subsequently 

guided through a pull roller (Figure 3-3.b), which securely bonds the two layers and 

regulates the thickness of the ABS/PMMA bilayer. The process culminates in 
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discontinuous sheet extrusion (Figure 3-3.c), followed by precision cutting, resulting in 

uniform, high-quality sheets of different polymers ready for application (Figure 3-3.d). 

 

Figure 3-3: Fabricated polymer sheets via extrusion and co-extrusion processes; (a) single screw 

extrudates, (b) co-extrusion block and pull roll, (c) extrudate, and (d) extruded polymer sheets. 

This research examines a bilayer polymer composed of ABS and 15% PMMA. In 

addition to characterizing this composite material, comparative tests were conducted with 

pure ABS and PMMA polymers. This approach allows for the comparison of the 

mechanical, thermal, and viscoelastic properties of the bilayer with those of its 

constituents. By conducting a comprehensive analysis of these materials, the objective is 

to elucidate the synergistic effects of combining ABS and PMMA, thereby identifying 

potential applications in various industrial sectors. 

3.3. Thermal properties 

3.3.1. Thermogravimetric Analysis (TGA) and Differential 
Scanning Calorimetry (DSC) 

Thermogravimetric Analysis (TGA) was conducted using a PerkinElmer TGA 

(Figure 3-4), with a heating rate of 10 °C/min and a nitrogen gas flow of 20 ml/min, 

starting from ambient temperature up to 700 °C., This analysis allowed us to study the 
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thermal stability of the material. After that, Differential Scanning Calorimetry (DSC) was 

performed. The Perkin Elmer DSC analyzer was used with a heating rate of 20 °C/min 

and a nitrogen gas flow of 25 ml/min, starting at room temperature and up to 400 °C 

(Figure 3-4). 

 

Figure 3-4: The device used to measure the thermal properties of polymers. 

3.3.2. DSC and TGA operating principles 

The techniques of differential scanning calorimetry (DSC) and thermogravimetric 

analysis (TGA) are complementary and are used to investigate the thermal behavior and 

stability of materials. The fundamental principle of differential scanning calorimetry 

(DSC) is to quantify the differential heat flow required to raise or lower the temperature 

of a sample in comparison to a reference material, both subjected to a controlled 

temperature program. This technique is of great importance for the identification of 

thermal transitions, including melting, crystallization, and glass transitions (Tg), as well 

as for the assessment of the thermal stability of materials [140]. 

In a typical DSC experiment, the sample, which may be an ABS/PMMA bilayer, 

is placed in a crucible (Figure 3-4.a), while the reference material, which is typically an 

empty pan (Figure 3-4.b) or one containing an inert substance, is placed in a separate, 
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thermally isolated pan. The rate of heating or cooling applied to both the sample and the 

reference is identical. During the heating phase, endothermic events, such as melting or 

glass transition, result in the sample absorbing more heat than the reference, forming a 

peak on the DSC curve. Conversely, exothermic events, such as crystallization, release 

heat and appear as downward peaks. The first heating cycle removes any thermal history, 

while the second heating cycle reveals more intrinsic thermal properties. Additionally, 

cooling cycles provide valuable data on crystallization behavior and phase transitions. 

In contrast, thermogravimetric analysis (TGA) entails the measurement of a 

material's mass change as it is subjected to heating or cooling under a controlled 

temperature program, frequently within an inert or oxidative atmosphere. This technique 

is employed to ascertain the material's thermal stability and decomposition temperature 

by monitoring mass loss resulting from processes such as volatilization, degradation, or 

oxidation. In a TGA experiment, the sample is subjected to a controlled heating process, 

and the resulting weight loss is continuously recorded. This allows for the identification 

of multiple thermal events, including the loss of moisture, the decomposition of organic 

components, and oxidation. The derivative thermogravimetric (DTG) curve can be 

employed to further highlight the rate of mass loss and to identify specific degradation 

stages [140]. 

Together, DSC and TGA provide a comprehensive insight into the thermal 

properties of polymers and other materials. DSC focuses on heat flow, specifically 

endothermic and exothermic transitions, whereas TGA concentrates on mass changes, 

such as degradation and thermal stability. This combination of techniques is particularly 

beneficial for elucidating intricate thermal behavior in both amorphous and crystalline 

materials [140]. 

3.3.3. Methods for Separating the Layers of an ABS/PMMA 
Bilayer Sheet 

To compare the thermal properties of the ABS/PMMA bilayer polymer with those 

of its layers, ABS and PMMA, used a microtome device to separate the bilayer structure 

(Figure 3-5.a). An Epredia microtome is a precision instrument that cuts extremely thin 

slices of material, down to 3 microns and is often used in microscopy and material 
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science. This advanced method allows for detailed analysis and characterization of the 

separated layers and is generally employed in polymer composites. In this instrument, the 

knife moves vertically against a fixed block, progressing in a straight plane. It was 

designed to cut thin layers, as shown in Figure 3-5.b and Figure 3-5.c. 

 

Figure 3-5: Layer separation technique: (a) microtome device, (b) ABS side and (c) PMMA side. 

3.4. Viscoelastic and mechanical properties 

3.4.1. Dynamic Mechanical Analysis (DMA) 

During thermal and mechanical characterization, the viscoelastic properties of the 

material were determined using Dynamic Mechanical Analysis (DMA) under tension 

strain. These tests were conducted with the Metravib DMA 50 instrument (Figure 3-6). A 

sample measuring 23 × 4 × 2 mm was cut from the extruded ABS/PMMA bilayer sheet 
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and mounted in the grips of the instrument. Testing was carried out over a temperature 

range of 35 °C to 150 °C, applying frequencies of 1.5 Hz and 10 Hz. This analysis aimed 

to assess the viscoelastic properties of ABS/PMMA and identify the thermoforming range 

utilized at EIMS Miliana. 

 

Figure 3-6: Dynamic mechanical analyzer. 

3.4.2. Tensile test at different temperatures 

In order to ensure accuracy and quality, the tensile specimens are shaped using an 

Opal waterjet with a high sand flow rate on a PRO-X 3D cutting head machine using 

cutting-edge technology. By using these methods, cut edges are guaranteed to meet strict 

shape quality criteria and have a polished, smooth finish. The cutting parameters were 

3,000 Bars of pressure and 15 mm/s of cutting speed. The tensile samples were prepared 

according to ISO 527 standards [141], as depicted in Figure 3-7.a. Testing was conducted 

using a Zwick-Roell testing machine with a 25 kN capacity and equipped with an 

environmental chamber capable of temperatures ranging from -50 to 270°C. Two 

different tensile strain rates were applied: 3.33x10-4s-1 and 1.66x10-2s-1, corresponding to 

values indicated as mm/min in Refs. [141], [142]. Mechanical properties of the 

ABS/PMMA bilayer were evaluated through tensile tests performed at room temperature 
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(23°C) and various elevated temperatures (35°C, 50°C, 70°C, and 90°C). The 

environmental chamber was monitored and stabilized using a thermocouple attached to 

the tensile machine. Prior to testing, each specimen was placed in the chamber until the 

temperature stabilized for 7 minutes, as illustrated in Figure 3-7.b. Five specimens were 

tested at each temperature condition. 

 

Figure 3-7: (a) Tensile specimen shape and dimensions and (b)specimens into environmental 

chamber. 

Tensile tests were conducted at various temperatures on the ABS/PMMA polymer 

bilayer to analyze its behavior in terms of stress, strain, and Young's modulus. 

3.4.2.1. Elastic modulus  
The behavior of an elastic material is characterized by its Young's modulus, which 

is the ratio between the mechanical stress (σ) and the strain (ɛ) at 0.02% of the material's 

deformation. This modulus defines a material's ability to store and release mechanical 

energy, which is essential for predicting its response to various loads in engineering 

applications which determination of the modulus is given by the equation as follows: 
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𝐸 =
𝜎

𝜀
  𝑖𝑛 (𝑀𝑃𝑎)        (1) 

3.4.2.2. True stress 
True stress is derived from technical stress and provides a more accurate characterization 

of the state of a material in a tensile test. Unlike technical stress, which is based on the 

original cross-sectional area, true stress takes into account the actual cross-sectional area 

at a given moment of deformation. This adjustment enables more accurate measurement 

of a material's response under load, particularly when significant plastic deformation 

occurs. The true stress is determined by the following formula: 

𝜎𝑣 = 𝜎𝑒𝑛𝑔(1 + 𝜀𝑒𝑛𝑔)       (2) 

Where σeng, σeng are engineering stress and engineering strain. 

3.4.2.3. True strain  
True strain, offers a more realistic representation of material deformation. True 

deformation takes into account progressive changes in length, giving a continuous 

measure of deformation, whereas engineering strain measures the change in length 

relative to the initial length. The following formula is used to determine actual 

deformation:  

  𝜀𝑣 = 𝑙𝑛(1 + 𝜀𝑒𝑛𝑔)        (3) 

3.4.3. Impact strength (notched Charpy) 

The impact tests were performed using a Charpy tester, conducted following ISO 

180 standards at various temperatures (25 °C, 70 °C, and 100 °C). A V-notch with a depth 

of 2 mm was utilized for these tests. The dimensions of the impacted specimens were as 

follows: a length of 80 mm, a width of 10 mm, and a thickness of 4 mm (Figure 3-8.a). 

To guarantee precision and uniformity, each specimen was meticulously prepared and 

conditioned before testing. The specimens were heated in an oven (Figure 3-8.b) for an 

adequate period to reach thermal equilibrium at the required temperature. Once the target 

temperature was attained, the specimens were swiftly moved to the Charpy tester to 

minimize any heat loss. The Charpy machine used in this experiment is a resilience tester 

(Figure 3-8.c). The recorded outcomes were expressed in terms of energy absorbed, 

measured in joules (J) were used to compute impact strength values, represented in terms 

of kJ/m², determined using the equation: 
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  𝐸𝑎 =
𝐸𝑐

ℎ.𝑏
× 103       (4) 

where Ec represents the corrected energy absorbed by the specimen (in Joules), h is the 

thickness of the specimens (in mm), and b is the width (in mm). 

 

Figure 3-8: Charpy test: (a) shape and specimen dimension, (b) oven, (c) resilience tester. 

These tests impact energy measurements and offer important insights into the 

material's capacity to absorb energy during fracture. This data is essential for evaluating 

a material's performance under various temperature conditions, especially in applications 

where temperature fluctuations are anticipated. 

3.4.4. Fractography analysis  

The study of the morphology of an ABS/PMMA bilayer was carried out using a 

Tescan Vega 3 XMU scanning electron microscope (Figure 3-9), equipped with a variable 

acceleration voltage, to perform a detailed fractographic analysis of the fracture surfaces 

of ABS/PMMA bilayer specimens. This study aimed to explore the microstructure and 

adhesion characteristics between ABS and PMMA layers, particularly after subjecting the 
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specimens to tensile and Izod impact tests at different temperatures. By studying these 

fracture surfaces, it sought to understand how temperature variations influence the 

interfacial properties and overall structural integrity of the bilayer material. 

 

Figure 3-9: Scanning Electronic Microscopy analyzer. 

3.4.5. Three-point bending 

Three-point bending tests were conducted using a Three-point bending test were 

conducted using a Zwick universal testing machine equipped with a 15 kN load cell. The 

supports, crafted from tool steel (Figure 3-10), provided a span of 64 mm between the 

lower supports. The loading speed was set at 3 mm/min. The specimens for the three-

point bending tests were prepared and produced in accordance with ISO 178 standards 

[143], with dimensions of 80 mm in length, 10 mm in width, and 4 mm in thickness. To 

evaluate the bending stress and stiffness of our ABS/PMMA bilayer, it compared its 

performance with that of pure ABS and pure PMMA, both of which are commercial 

polymers produced by the extrusion process. This comparison allows us to understand 

the mechanical advantages and limitations of the bilayer structure with its individual 

components. The data obtained from these tests, including maximum flexural stress and 

corresponding strain, were carefully recorded and analyzed. This information is essential 

for assessing the material's behavior under bending forces and for determining its 

suitability for various applications. 
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Figure 3-10: Test set-up according to ISO 178 (a), specimens (b), and Three-point bending 

specimen mounted on custom-made supports during test (c). 

The highest bending stress and associated strain, as well as other test results, were 

meticulously noted and examined. Understanding material behavior in applications where 

bending forces are common requires knowledge of this information. The overall 

dependability of the test findings was increased by the employment of tool steel supports 

and loading rate control, which guaranteed reliable and accurate readings. 

The following equations for flexural stress (σf) and strain (εf) were used to convert 

the load-displacement (deflection) data acquired during bending into stress-strain curves. 

𝜎𝑓 =
3𝐹𝑙

2𝑏ℎ2         (5) 

 

𝜀𝑓 =
6ℎ𝑑

𝑙2          (6) 

where h and B are the thickness and width of the specimen, F is the force, d is the 

displacement (deflection) at midspan. 

Equations (1) and (2) were also obtained using the load-deflection approach. 

Using the following formula [13], the modulus of elasticity (E) for PMMA was computed 

using the load-deflection responses found in the three-point bending tests: 
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𝐸𝑓 =
𝜎𝑓2−𝜎𝑓1

𝜀𝑓1−𝜀𝑓2
        (7) 

Where σf1, σf2 are flexural stress, in megapascals, measured at strain (deflection) εf1, εf2. 

3.5. Hardness and tribology 

3.5.1. Hardness tests 

3.5.1.1. Shore D hardness 

The most widely recognized hardness measurement scale is the Shore durometer 

used for polymers, available in two main variants: Shore A and Shore D. These handheld 

instruments feature specific geometric indenters that are driven into the material surface 

under a defined spring force. Although originally designed for hand-held use, they are 

often mounted on stands to improve measurement reproducibility. The depth of 

indentation produced by the indenter is measured using a scale marked directly in units 

of hardness. Older models used dial gauges, but modern hardness testers are equipped 

with a digital display for more accurate measurements [144].  

Shore D hardness was determined in accordance with ISO 868/7619 using a 

Bareiss hardness tester (Figure 3-11), with tests applied to both sides of the ABS/PMMA 

bilayer polymer, to verified which layer hardened.  

 

Figure 3-11: Shore D durometer 
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3.5.1.2. Vickers Hardness 

Hardness tests were carried out on ABS/PMMA bilayer sheet using the Vickers 

method with a Wilson Tukun 1102 micro-durometer (Figure 3-12). This method enabled 

the hardness of the material to be measured accurately. Loads of 10 g, 25 g, 50 g, 100 g, 

and 300 g were systematically applied to the ABS and PMMA surfaces. Each indentation 

was held for 15 seconds for each load, and the process was repeated eight times to ensure 

reliable, accurate, and consistent results. The Wilson Tukun 1102 micro-durometer 

enabled the shape and size of the indentations to be studied in detail, giving an insight 

into the hardness characteristics of the material surface at different load levels. This 

approach not only enabled us to assess the bilayer's resistance to indentation but also 

facilitated a comprehensive hardness comparison between the ABS and PMMA layers, 

contributing to an in-depth understanding of their mechanical properties.  

 

Figure 3-12: Vickers hardness tester 

Hardness analysis involved testing and measuring the diagonals on each side of 

the ABS/PMMA bilayer using a ZEISS optical microscope (Figure 3-13). This made it 

possible to accurately investigate the indentations made during the hardness tests. The 

Vickers hardness test, carried out with loads ranging from 10 g to 300 g on the ABS and 

PMMA faces, provided a better understanding of the material's surface hardness 

characteristics. Each indentation was carefully observed and measured using the optical 

microscope, enabling hardness values to be accurately determined across the entire 
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bilayer structure. This approach enabled us not only to assess the material's resistance to 

indentation, but also to investigate in detail the differences in hardness between the ABS 

and PMMA layers. 

 

Figure 3-13: ZIESS optical microscope analyzer surface. 

The Vickers method measures the average diagonal of the depression made by a 

pyramid of straight diamonds placed on a square base. This yields the hardness 

relationship, which can be expressed as follows: 

𝐻𝑉 =
2𝐹 𝑠𝑖𝑛(𝜃/2)

9.81∗𝑑2 ≅ 0.1891
𝐹

𝑑2     (8) 

Where’s HV is Vickers hardness (MPa), F is the force applied in (g), d the mean diagonal 

width of the impression (mm) and θ is the angle of the pyramid (= 136°) 

3.5.2. Tribology test 

Tribological tests were conducted using a Reciprocating Motion Tribometer 

(CSM, Slovakia) with a ball-disc contact configuration (Figure 3-14). The stationary 

counter body samples were Φ5 mm AL2O3 alumina. A polymer-on-steel contact setup 

was chosen to ensure stable contact conditions, with the use of alumina balls preventing 

any wear on the stationary sample. The tests were performed at two normal loads, 2 N 

and 5 N, on both the ABS and PMMA sides at a sliding velocity of 10 mm/s. Each test 

lasted for 1 hour, corresponding to approximately 250 m of sliding distance, to ensure 

steady-state conditions. All tests were conducted dry and under laboratory conditions (23 

± 2 °C).  
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Figure 3-14: Tribometer measurement device. 

The measurement of friction can be achieved through the analysis of forces, 

moments, or energy transmission within the tribological pair illustrated in Figure 3-15. 

The coefficient of friction, an empirical value, is used to quantify the sliding friction 

between two bodies. The coefficient of friction is expressed as the ratio of the tangential 

force (FS) to the normal force (FN) acting on the tribological pair. This relationship, known 

as the first law of friction, states that the force required to initiate sliding motion is directly 

proportional to the normal force. 

μ =
𝐹𝑆

𝐹𝑁
          (9) 

 

Figure 3-15: The forces applied in friction tests [79]. 
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Following the tribological tests, The friction coefficients were continuously 

recorded throughout the tests, and the material losses, specifically the volume of wear 

tracks on each layer of the ABS/PMMA sheet, were precisely measured using a high-

resolution microscope PLu neox 3D Optical Profiler by SENSOFAR (Figure 3-16). A 

Nikon 20x objective lens provided detailed magnification for accurate observation, while 

the SensoMAP program was employed to perform advanced surface analysis and 

calculate the wear metrics. 

 

Figure 3-16: PLu neox 3D confocal microscope profiler [145]. 

To accurately determine the wear rate, the volume and surface area of the wear 

scar on the polymer sample were measured using a 3D confocal microscope and using 

equation following: 

      𝑊𝑟 =
𝑉 (𝑚𝑚3)

𝐹𝑁(𝑁)×𝐿(𝑚)
        (10) 

Where Wr is the wear rate, V is the volume of tribology test, FN is the normal force, and 

L is the sliding distance. 

3.6. Conclusion 

In this chapter, it successfully fabricated the ABS/PMMA bilayer using various 

devices adhering to standard testing protocols. The thermal properties of the ABS/PMMA 

bilayer were evaluated and compared to those of the individual ABS and PMMA layers 

under controlled temperature conditions. It also investigated the mechanical properties 



Chapter 3. Material and experimental procedures 

______________________________________________________________________ 

- 63 - 

 

through tensile tests at different temperatures and two deformation rates, followed by a 

comprehensive study of viscoelasticity, both in tension and dynamic modes. Additionally, 

the material's impact resistance was assessed using notched Charpy tests, while durability 

was evaluated with Shore D and Vickers hardness tests. The three-point bending test was 

conducted to analyze and compare the structural characteristics of ABS, PMMA, and the 

ABS/PMMA bilayer. Tribological tests were performed to determine the COF, and 

finally, fractographic analysis was conducted using scanning electron microscopy (SEM) 

to further understand the material's behavior under stress. 
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4.1. Introduction 

The previous chapter examined the unique characteristics of polymer materials, 

with a focus on amorphous thermoplastics such as ABS and PMMA, which are 

extensively utilized in a range of industrial applications due to their advantageous 

mechanical and thermal properties. In this study, it conducted experimental tests on an 

ABS/PMMA bilayer, which was designed to leverage the complementary strengths of 

these two polymers. The analysis concentrated on assessing the bilayer's thermal stability, 

mechanical resistance, and tribological behavior. Additionally, a comprehensive 

fractographic analysis was conducted to examine fracture surfaces, providing valuable 

insights into the material's failure modes and interfacial bonding between the layers. This 

chapter presents a detailed analysis of the results obtained from the ABS/PMMA bilayer, 

offering a deeper understanding of its performance, durability, and potential applications 

under different operating conditions.  

4.2. Results of Thermal properties 

4.2.1. Thermogravimetric analysis (TGA) 

Figure 4-1 presents the thermogravimetric analysis (TGA) results showing the 

ABS layer, ABS/PMMA bilayer, and PMMA layer degradation temperatures. Table 4-1 

summarized the obtained degradation temperatures of specimens. These TGA results 

showed that the thermal degradation of ABS layer was higher than of ABS/PMMA 

bilayer and PMMA layer, these results are attributed to the increasing PMMA content in 

the ABS structure [129]. It can be seen from Table 4-1 and Figure 4-1 that the ABS layer 

has higher decomposition temperature, associated with mass losses of 5% and 50%, than 

the ABS/PMMA bilayer, indicating that the PMMA layer has low thermal stability. 

Additionally, as the temperature at which thermal degradation occurs is higher than that 

of the coextruded polymer bilayer, does not have negative effect on the mechanical 

properties of the ABS/15%PMMA bilayer structures [129]. Due to acrylonitrile presence 

in the chemical structure of ABS, which causes the enhancement of thermal stability [69].  
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Figure 4-1: Thermogravimetric analysis of amorphous material: (a) ABS pure, (b) 

ABS/15%PMMA and (c) PMMA pure. 

4.2.2. Glass transition temperature (Tg) 

The glass transition temperatures of pure PMMA, pure ABS and ABS/PMMA 

bilayer polymer are shown in Figure 4-2 and Table 4-1. It is clearly shown that the 

difference between the Tg of the PMMA layer is 112 °C which is slightly higher than that 

of the ABS layer which is 109 °C. It note that the glass transition temperature Tg of the 

ABS/PMMA bilayer is 111°C represents the mean of the two glass temperatures of its 

components. This Tg of the bilayer is close to the Tg of the ABS80 fraction in 

ABS/PMMA blends, which is 112.2°C [129]. While, the heat flow of the polymer 

undergoes an endothermic process, whereby it has been observed that ABS melts at 

approximately 425°C (Figure 4-3 and Table 4-1), while ABS/PMMA melts at 485°C. 

This indicates that the bilayer exhibits a higher melting temperature. In contrast, PMMA 

has a lower melting temperature than both ABS and the ABS/PMMA bilayer. It can 

therefore be concluded that the ABS/PMMA bilayer exhibits a higher melting 

temperature, potentially due to the combined influence of both ABS and PMMA 

components. 
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Figure 4-2: DSC of ABS side, PMMA side, and ABS/15%PMMA. 

 
Figure 4-3: Tg range Melting temperature range of ABS/PMMA bilayer, ABS side and PMMA 

side. 
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Table 4-1: Obtained thermal properties of ABS layer, ABS/PMMA bilayer and PMMA layer. 

Specimen Td (˚C) 

(at 5% mass loss) 

Td (˚C) 

(at 50% mass loss) 

Tg (˚C) Tm(˚C) 

ABS side 403.64 438.43 109.27 425.89 

ABS/PMMA bilayer 395.86 437.91 111.09 385.49 

PMMA side 353.69 425.28 112.7 375.21 

4.3. Viscoelastic and mechanical behavior results 

4.3.1. Dynamic mechanical properties  

The mechanical properties, storage, E’, and loss modulus, E”, obtained via DMA 

under tension loading in function of temperature are shown in Figure 4-4 and Figure 4-5. 

For this purpose, these modulus measurements were carried out on a specimen heated at 

a rate of 3 °C/min and a temperature range of 35–150 °C using two frequencies of 1.5 and 

10 Hz. The evolution of the storage modulus versus temperature (Figure 4-4) at the two 

frequencies is nearly similar and slowly decreases in the glassy state. However, after 

reaching a certain temperature of 97°C, which is the temperature of glassy state onset, 

there is a rapid decrease in the storage modulus. 

 

Figure 4-4: Storage modulus of ABS/PMMA bilayer sheet. 
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As it is presented for the storage modulus, the loss modulus evolution, E'', is 

shown in  Figure 4-5. This loss modulus shows slight variation with temperature before 

reaching specific peaks within the transition interval. As a function of frequency, there 

are small differences between the loss modulus values for all used temperatures except in 

the transition region, where slight differences in modulus peak values and their 

corresponding temperature were obtained. The loss modulus evolution permits the 

determination of the glass transition temperature (Tg), which was found included in the 

range of 100 °C to 110 °C for both used frequencies. The Tg values are similar to those 

obtained via DSC, which was around of 111°C. 

 

Figure 4-5: Loss modulus of ABS/PMMA bilayer sheet. 

However, a slight shift in Tg range variations was observed as a function of 

frequency (Figure 4-5). As it is well known, the loss modulus, E'', defines the tendency 

of the material to dissipate mechanical energy as heat dissipation during deformation 

cycles. This behavior is closely associated with the movement of molecular chains within 

the material [146]. 

Figure 4-6 illustrates the evolution of the loss factor, also called damping factor, 

Tan δ as function of temperature. The loss factor, Tan δ, quantifies the relationship 
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between the energy dissipated by damping (E'') and the elastic energy retained and then 

recovered during a sinusoidal deformation cycle (E'), as follow: 

 𝑻𝒂𝒏 𝜹 = 𝑬′′/𝑬′                                                                             (1) 

As it is presented in Figure 4-6, this factor evolves constant when the temperature 

is less than Tg. Beyond this temperature, the damping factor reaches rapidly a peak nearly 

the same value for both frequencies and equal to 1,7 (60°) for two close temperatures 116 

°C and 122 °C for 1,5 Hz and 10 Hz respectively. Comparing the results in Figure 4-4 to 

Figure 4-6 and in function of the two used frequencies, the material behaves as 

viscoelastic with an amorphous structure. 

 
Figure 4-6: Damping factor of ABS/PMMA bilayer sheet. 

It is well known that the damping factor determines the viscoelastic ability of 

materials to dissipate mechanical energy in the form of heat during dynamic loading. A 

higher tan δ value corresponds to more effective vibration damping, which increases with 

frequency [147]. High frequencies induce subtle changes in the storage modulus, 

reflecting the material's ability to store and recover energy and simultaneously 

intensifying the energy dissipation within the material. Approaching Tg, the increase in 
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loading frequency slightly reduces the damping factor peak, but an inverse tendency of 

this factor was obtained with increasing temperature (Figure 4-6). 

4.3.2. Tensile tests 

 

Figure 4-7 to Figure 4-10 present the determined mechanical properties using 

uniaxial tensile tests. Amorphous polymers are known to be sensitive to temperature 

changes due to the weak intermolecular forces that hold their molecular chains together. 

In these experimental tests, the tensile strength of ABS/PMMA bilayer was measured at 

ambient and different temperatures ranging from 23°C to 90°C under glass transition 

temperature with two different strain rates of 3.33x10-4s-1 (Figure 4-7.a) and 1.66x10-2s-1 

(Figure 4-7.b). These figures show similar tensile behavior of material in function of 

temperature. However, a small influence of strain rate on the plastic domain and an 

increase in yield stress were obtained. The maximal stresses, at 23 °C, were 31 MPa and 

41 MPa for strains of 3.33x10-4s-1 and 1.66x10-2s-1 respectively. Comparing the two 

tensile results (Figure 4-7.a and Figure 4-7.b), it is shown that the yield stress decreases 

with the increasing of temperature, but with the different maximum stress interval 

between the two limit temperatures 23 °C and 90°C, 11 MPa at 3.33x10-4 s-1 and 19 MPa 

at 1.66x10-2s-1. 

The tensile properties of ABS/PMMA bilayer are highly affected by temperature 

due to the viscoelastic nature of this polymer. The nonlinear part of the elastic domain of 

the stress-strain curve is most affected. Also, strain rate has a major role in mechanical 

properties. At the higher test rate, the more significant the mechanical properties of the 

ABS/PMMA bilayer rise. In other words, temperature affects strongly the mechanical 

behavior. 

Figure 4-7 shows the ABS/PMMA samples after fracture. It observe that for the 

two strain rates, the sheet material exhibits a similar behavior and the same maximal 

strain, when the temperature of the specimens varies from 23°C to 50°C. While this 

increases significantly at temperatures of 70°C and 90°C. It can be seen that samples 

subjected to a strain rate of 1.66x10-2s-1 break more quickly than those strained at 3.33x10-

4s-1. The fracture of the specimen tested at 90°C does not occur at a rate of 3.33x10-4s-1. 

In addition, a curve at the two ends of the fracture section of the specimen when the rate 

is 1.66x10-2s-1 for the temperatures: 50°C, 70°C, 90°C (Figure 4-7.b) is observed. While 
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it does not exist when the rate is 3.33x10-4s-1 (Figure 4-7.a). This was due to the difference 

in thermal expansion coefficients.  

 

 

 

Figure 4-7:True stress–true strain at different temperatures. 
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For the two rates used, the elastic limit and the ultimate stress decrease with 

increasing temperature (Figure 4-8). The viscoelastic behavior of the tested material is 

remarkably observed for the two determined stresses. 

 

Figure 4-8: Yield stress (σy) and ultimate stress (σult) of ABS/PMMA bilayer vs. temperature and 

strain rates. 

 

A difference in yield strength between room temperature and maximum 

temperature, from 23°C to 90°C, was 67%, at a rate of 3.33x10-4s-1. However, at 1.66x10-

2s-1, this difference was 46%. In addition, the yield strength and ultimate stress obtained 

at 1.66x10-2s-1 are higher than those at a rate of 3.33x10-4s-1. Thus, this viscoelastic 

behavior is sensitive to the increase in temperature and also to the strain rate. 

It observe the progressive degradation of the elastic modulus of the ABS/PMMA 

bilayer with the increase in test temperatures (Figure 4-9). A drop in the elastic modulus 

is observed when going from 23°C to 90°C. This is around 74%. Indeed, values of 1872 

MPa at 23°C and 579 MPa at 90°C were recorded. This transition from a solid state to a 

soft state of the ABS/PMMA bilayer with increasing temperature is due to the weakening 

of intermolecular forces. 
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Figure 4-9: Evolution of elastic modulus ABS/PMMA bilayer vs. temperature and strain rates. 

 

 However, the elastic modulus of the ABS/PMMA bilayer presents a small 

variation depending on the two strain rates used at all temperatures. The same observation 

was made for the two components, PMMA and ABS studied separately [147]–[149]. The 

bilayer sheet studied contained 15% PMMA and ABS made up the rest. Thus, this 

invariance and this evolution of the elastic modulus with the strain rate and the 

temperature can be attributed to the specific mechanical properties of each layer.   

The behavior of ABS/PMMA bilayer exhibits a softening response (Figure 4-7) 

when subjected to varying strain rates and high temperatures. At low strain rate of 

3.33x10-4s-1, this bilayer displays a pronounced softening effect across the used 

temperature range. With these latter conditions, the softening has a high deformation at 

break point compared to the one obtained with high strain rate of 1.66x10-2s-1. 

Specifically, and under the two strain rates, the studied bilayer shows minimal softening 

at temperatures ranging from 23°C, to 50°C (Figure 4-10). Beyond 50 °C, a softening 

behavior with temperatures till 90°C was noticed. Consequently, the temperature plays a 

dominate parameter influencing the mechanical properties of the ABS/PMMA bilayer. 

Temperatures beyond 50 °C significantly increase the bilayer ductility, allowing the 
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material to undergo great plastic deformation without fracturing, especially with low 

strain rate of 3.33x10-4s-1. 

 

Figure 4-10: Ultimate strain of ABS/PMMA bilayer vs. temperature and strain rate. 

The mechanical properties obtained from the experiments are presented in (Figure 

4-8 to Figure 4-10), which show the average results as means with corresponding standard 

deviations, giving a comprehensive overview of the material's performance in different 

situations (Annex 2). Statistical analyses were carried out using MS Excel (Microsoft), 

ensuring the accuracy and reliability of our results. A detailed summary of these analyses 

can be found in Table 4-2 below, which presents key statistical parameters such as p-

values and confidence intervals: 

Table 4-2: Mechanical properties of ABS/PMMA bilayer at different temperature and strain rate. 

Mechanical 

properties 
Yield stress (MPa) Ultimate stress (MPa) Elastic modulus (MPa) Elongation at break 

Strain rate (s-1) 

Temperature 
3.33x10-4 1.66x10-2 3.33x10-4 1.66x10-2 3.33x10-4 1.66x10-2 3.33x10-4 1.66x10-2 

23°C 28.48±0.98 37.61±1.23 30.95±1.33 39.50±1.14 1820.79±21 1861.56±22 0.050±0.004 0.039±0.001 

35°C 27.76±0.53 34.49±0.43 29.83±0.47 36.48±0.42 1443.41±35 1507.13±30 0.062±0.007 0.041±0.006 

50°C 24.13±0.46 29.04±0.88 25.97±0.26 31.87±0.61 1196.25±58 1273.04±29 0.056±0.001 0.043±0.007 

70°C 19.53±0.55 27.02±0.17 22.13±0.29 29.09±0.66 775.37±51 870.65±39 0.22±0.010 0.10±0.022 

90°C 11.05±0.22 17.14±0.24 19.86±0.99 20.91±0.62 485.33±28 526.40±42 0.62±0.024 0.51±0.038 
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4.3.2.1. Temperature and strain rates effect on tensile 
properties of the ABS/PMMA bilayer 

 The mechanical response of ABS/PMMA bilayer sheet via tensile tests showed 

an initial elastic reaction, then yielding behavior, followed by strain softening, and 

ultimately, nonlinear strain hardening as it is also shown in [122]. As noted in this 

previous article, when polymer glasses were subjected to deformation beyond their yield 

stress, there was a decrease in stress level referred to as strain softening or yield-drop 

[119], [150]. Strain softening marks the initiation of strain localization and holds 

significant importance in regulating the ultimate mechanical characteristics of polymers 

[61]. 

At the low strain rate of 3.33x10-4s-1, the polymer molecules have more time to 

adjust and reorient, leading to slower molecular expansion and longer fracture times 

causing more mobility and arrangement of molecule [151], increasing softening behavior 

of the material. These parameters of strain rate and elevated temperature accelerate the 

material creep phenomenon. On the other hand, the high strain rate, of 1.66x10-2s-1, limits 

molecular reorientation and adjustment processes. This may lead to a more brittle 

behavior and/or to rapid material fracture, indicating less material flexibility and 

adaptability under high strain rates (Figure 4-7 and Figure 4-10). 

The viscoelastic behavior of ABS/PMMA (Figure 4-11), known as sensitive to the 

temperature and to the strain rate, is closely linked to its mechanical characteristics. 

Changes in temperature and strain rate does not only affect the material's viscoelastic 

properties but also influence its mechanical behavior, leading to variations in stress 

strength, yield stress, and overall material performance [80]. 

4.3.2.2. Viscoelastic domain analysis 

Figure 4-11 shows the behavior of the ABS/PMMA bilayer at different 

temperatures at two strain rates (3.33x10-4s-1 and 1.66x10-2s-1) in the elastic zone. At the 

low rate of 3.33x10-4s-1 (Figure 4-11.a), the elastic domain of the true stress-true strain 

curve is linear at temperatures (23°C, 35°C, and 50°C) and weakly linear with increasing 

temperature (70°C and 90°C).However, at the high strain rate of 1.66x10-2s-1 (Figure 
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4-11.b), the true stress-true strain curve presents an elastic domain made up of two parts: 

one strictly linear and the other non-linear except at temperature ambient (23°C) where 

the linear part is predominant. At temperatures (35°C, 50°C, 70°C and 90°C), the 

behavior remains linear from the beginning until the deformation reaches 2% indicated 

by the inflection point in Figure 4-11.b, and immediately after it becomes nonlinear. 

Which indicates that the distinct behaviors of the two layers (ABS layer and PMMA 

layer) are influenced by strain rate (1.66x10-2s-1) and temperature. This point of inflection 

is explained by the fact that the ABS layer deforms more quickly than the PMMA layer 

under the effect of temperature. As a result, it can remark (Figure 4-11.b) that at 

temperatures superior to room temperature, there is a linear elastic behavior up to a strain 

of 2%, beyond which it changes to a viscoelastic response. This behavior becomes more 

noticeable at high temperatures. This difference in sheets elastic behavior is obtained by 

the combined action of strain rate and temperature. It is affected by the influence of the 

ABS-PMMA interface. 

 



Chapter 4. Results and discussions of ABS/PMMA bilayer polymer 

______________________________________________________________________ 

- 79 - 

 

 

Figure 4-11: Tensile tests of ABS/ PMMA bilayer in the elastic zone with two strain rates:  

(a) 3.33× 10−4 s −1 and (b) 1.66× 10−2 s −1. 

4.3.3. Fractography analysis of ABS/PMMA bilayer polymer  

4.3.3.1. SEM images of tensile test 

The scanning electron microscopy (SEM) images of the fracture surfaces of the 

PMMA/ABS bilayer structure after tensile tests, conducted at various temperatures and 

two strain rates (3.33x10-4s-1 and 1.66x10-2s-1), are presented in Figure 4-12. At 23°C, 

mirror zones appear on the PMMA layer for both applied strain rates. They are then 

slightly observed at 35°C for the 3.33x10-4s-1 strain rate. These mirrors are followed by 

ribs and spaces between them, extending to the starting line of the ABS layer and fine 

cracks are visible at the ends of the ABS and PMMA layers. However, at a strain rate of 

1.66x10-2s-1 (for 35°C), mirrors and ribs disappear, and large cracks and crevices appear 

in the ABS/PMMA structure. In addition, semi-circular blunt zones begin to appear with 

a limiting radius of 72 µm, propagating towards the edge of the PMMA layer. 

At 50°C and a strain rate of 3.33x10-4s-1, the PMMA layer develops numerous fine 

cracks that terminate at the interface with the ABS layer. Conversely, at a rate of 1.66x10-

2s-1, there is an increase in blunt zones observed in dark gray on the extreme edge of the 
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PMMA side. Additionally, significant large cracks and a few fibrils appear in both the 

ABS and PMMA layers.  

At temperatures of 70°C and 90°C, the structural shape of the ABS/PMMA sheet 

differs from that observed at lower temperatures. The color of the PMMA layer is a darker 

gray compared to the light gray appearance of ABS. The material becomes softer and 

more flexible at higher temperatures (70°C and 90°C), resulting in weaker and broader 

molecular chains. External microcracks ranging from 14 µm to 28 µm appear on the 

sample, followed by the emergence of blunt zones on the PMMA side. Additionally, 

fibrils develop along the direction of the molecular chains in the ABS/PMMA structure. 

The ABS/PMMA polymer structure changes from a less ductile to a more ductile 

state due to the ABS content in the ABS/PMMA bilayer. The weight of the polybutadiene 

phase of the rubber in the ABS content (i.e. the PB of ABS) [130]. It is observed that the 

mirror zone, the ribs, and the spaces between them appear in a brittle state at low 

temperatures. These results are consistent with similar findings reported in other studies 

of PMMA polymers in the literature [80]. The blunt region and fibrils are more visible in 

the ductile state than in the brittle state, which is consistent with the results obtained at 

room temperature in the literature [129].  It can be concluded that the blunt area is 

increased with temperature, resulting in surface microcracks during tensile testing of the 

ABS/PMMA polymer. These cracks penetrate deeper into the sample, hence the 

appearance of the blunt region. 

 3.33x10-4s-1     1.66x10-2s-1  
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Figure 4-12: SEM image of fractured specimens after tensile test. 

 

4.3.3.2. The effect of strain rate and temperature on 
ABS/PMMA polymer structure 

The fractured surfaces of ABS/PMMA structure specimens are shown at two 

loading speeds and at different temperatures (23°C, 35°C, 50°C, 70°C and 90°C) (see 

Figure 4-13 and Figure 4-14). At a strain rate of 3.33x10-4s-1 (Figure 4-13), a characteristic 

ductile fracture appearance is clearly displayed. Conversely, at a strain rate of 1.66x10-2s-

1 (Figure 4-14), brittle fracture is apparent, resulting in the initiation of large cracks and 

extensive fracture propagation across the specimens. However, an increase in temperature 

induces softening of the ABS/PMMA bilayer structure and elongation of the molecular 

chain, prolonging the fracture time during the tensile test and making it particularly 

flexible and thickness-reducing. therefore, it can be said that the ABS/PMMA bilayer 

structure exhibits an inverse relationship between temperature and strain rate. Higher 

strain rates lead to brittle fracture, whereas elevated temperatures result in ductile fracture, 

rendering the polymer more flexible and superplastic. 

9
0
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Figure 4-13: SEM image of ABS/PMMA structure after tensile test at a strain rate of 3.33x10-4s-1. 
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Figure 4-14: SEM image of ABS/PMMA structure after tensile test at a strain rate of 1.66x10-2s-1. 

Figure 4-15 presents an enlarged view of the contact line between the PMMA and 

ABS layers at varying temperatures. This indicates that the molecular chains of PMMA 

(resembling scarp formation) are marginally larger than those of the ABS layer. These 

molecules remain stable at temperatures below 23°C and above 35°C. As the temperature 

increases from 50°C to 90°C, the molecular chain structure of ABS and PMMA 

transforms, taking on a resemblance to molecular fibrils with micro-voids. The layer 

cohesion, resulting from the coextrusion manufacturing method, permits the two 

polymers to fuse intimately, thereby creating molecular chains that combine and become 

tightly bonded. This results in enhanced molecular compatibility at the interface during 

coextrusion, which can be of significant importance in maintaining adhesion between 

ABS and PMMA layers. Despite exposure to elevated temperatures and high loading 

speeds on the polymer sheet, the adhesion is maintained due to the convergence of their 

thermal properties. This serves to reinforce the necessity of considering the specific 

material properties and manufacturing techniques involved when designing composite 

materials. 
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Figure 4-15: SEM image of ABS/PMMA bilayer structure polymer at different temperatures. 

4.3.4. Three-point bending tests 

Figure 4-16 illustrates the stress-strain curves depicting the three-point bending 

behavior of various polymers, including PMMA, ABS, and the ABS/PMMA bilayer. 

PMMA demonstrates high strength and exhibits brittle fracture behavior at room 

temperature, characterized by minimal deformation after yielding (Figure 4-16.a). In 
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contrast, ABS displays a weaker performance compared to PMMA but shows a 

significantly higher elongation at break (Figure 4-16.b), indicative of its ductile nature. 

The ABS/PMMA bilayer combines the properties of its constituent polymers, 

exhibiting stress levels close to those of PMMA while maintaining strain levels similar 

to those of ABS. This unique combination results in a material that balances strength and 

flexibility (Figure 4-16.c). The enhanced ductility observed in ABS and the ABS/PMMA 

bilayer is attributed to the presence of butadiene in the ABS polymer matrix. Butadiene 

acts as a rubbery component, imparting significant flexibility to both pure ABS and the 

ABS/PMMA bilayer. This characteristic makes the bilayer particularly suitable for 

applications requiring a balance of strength and ductility. 

 

 

(a) 

(b) 



Chapter 4. Results and discussions of ABS/PMMA bilayer polymer 

______________________________________________________________________ 

- 87 - 

 

 

Figure 4-16: Flexure stress - flexure strain curves of three-point bending tests of polymers; a) 

PMMA, b) ABS, and c) ABS/PMMA bilayer. 

Table 4-3 provides a comprehensive summary of the flexural properties of the 

three polymers, including PMMA, ABS, and ABS/PMMA bilayer. The table details the 

bending stress, bending strain, and bending modulus for each material. These properties 

were determined using standard deviation calculations to ensure the reliability and 

accuracy of the results. Statistical analyses were carried out using Microsoft Office tools, 

facilitating accurate data handling and analysis. Comparison of these flexural properties 

highlights the distinct mechanical behaviors of the polymers, emphasizing the high 

strength and brittleness of PMMA, the ductility of ABS, and the balanced performance 

of the ABS/PMMA bilayer. These detailed data are essential for understanding the 

suitability of these materials for various technical applications. 

Table 4-3: Flexural properties of ABS, PMMA, ABS/PMMA bilayer. 

Material  Flexure stress 

(MPa) 

Flexure strain Flexure modulus 

(MPa) 

PMMA pure 106.65 ±13.20  0.038± 0.0058 3187.38±231.70 

ABS pure 62.59±4.70 0.089± 0.051 2543.63±265.98 

ABS/PMMA bilayer 94.54±4.81 0.091± 0.0054 2908.37±188.34 

4.3.5. Impact Strength 

The results of notched impact tests carried out on ABS/PMMA bilayer samples 

are shown in Figure 4-17 The impact strength of the bilayer at room temperature (25 

KJ/m²) is comparable to that of pure ABS, as reported by several researchers [92], [152]. 
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Notably, impact strength shows an upward trend with increasing temperature, indicating 

an improvement in polymer ductility. This increased ductility of the ABS/PMMA bilayer 

is mainly attributed to the high proportion of ABS in the bilayer, which takes advantage 

of the high impact strength of the ABS polymer. These results suggest that the 

ABS/PMMA bilayer retains the beneficial properties of ABS while potentially offering 

additional benefits in applications requiring both high-impact resistance and flexibility at 

different temperatures. 

 

Figure 4-17: Energy absorption at different temperatures. 

4.3.5.1. SEM images of impact test 

Fractography analyses were conducted on the ABS/PMMA bilayer using the Izod 

impact test at different temperatures (23°C, 70°C, and 100°C), as illustrated in Figure 

4-18 to Figure 4-20. Examination of the SEM surfaces of the ABS/PMMA structure at 

room temperature reveals a ductile fracture pattern, with an impact strength of 25 kJ/m2. 

The ABS layer exhibits fibrils terminating in wave formations, with the number of waves 

increasing and converging towards the end of the specimen fracture. The PMMA layer 

displays crazes following the initial cracking, intensifying towards the end of the sample, 

leading to less ductile fracture. At 70°C, the material becomes more shock-absorbing, 
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with an impact of 30.5 kJ/m2, and there's a reduction in cracking and crazing in the 

PMMA layer, accompanied by the disappearance of waves in the ABS layer. Features 

such as cusps and microcracks in the pre-fatigue flow also diminish. In particular, a small 

parabolic cavitation is observed (Figure 4-19), centered around the 30 µm well with an 

elliptical particle. At 100°C, the ABS/PMMA polymer becomes rubber-like, effectively 

absorbing shock increases of 37.5KJ/m2. The PMMA layer structure shows complete 

fracture and remains largely unchanged from lower temperatures, showing no cracks or 

crazing. Conversely, the ABS structure displays distinct zones, including parabolic 

cavities distributed more widely between 40-110 µm on the ABS layer surface, most of 

these cavities are located inside the ribs. These Ribs and spaces between ribs originate 

from the specimen's center and conclude in hackles and striations, leading to ductile 

rupture in the ABS layer's end. Furthermore, no rupture was observed at the end of the 

ABS layer, indicated by the ellipse zone, which extends to the beginning of the PMMA 

layer that has undergone complete fracture. This suggests that the ABS layer has reached 

a high level of performance and toughness. 

The ABS/PMMA bilayer structure exhibited ductile fracture (25 KJ/m2) upon 

impact at room temperature (23°C). However, as the temperature increased to 100°C, the 

impact strength reached (37.5 KJ/m2), and this ductile fracture transitioned into a ductile 

and super-plastique (rubber) fracture, inducing a shift in the polymer's behavior. This 

resulted in distinctive behaviors observed in both the ABS and PMMA layers during the 

impact test. Remarkably, the PMMA layer showed minimal response to the impact test, 

in contrast to the ABS layer, which displayed strength, toughness, and shock absorption, 

particularly with increasing temperatures. The layer avoided complete failure (refer to 

Figure 4-20), and the small particles in the cavities can be attributed to the presence of 

butadiene, serving as a rubbery (i.e. Poly Butadiene of  ABS) curing agent established in 

the reactor [92], [130]. 
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Figure 4-18: SEM image of ABS/PMMA structure after notched Izod impact at 23°C. 

 

 
 

Figure 4-19: SEM image of ABS/PMMA structure after notched Izod impact at 70°C. 
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Figure 4-20: SEM image of ABS/PMMA structure after notched Izod impact at 100°C. 

4.4. Hardness and tribology of ABS/PMMA bilayer sheet  

4.4.1. Hardness results 

4.4.1.1. Shore Hardness 

Shore D hardness was measured for four commercial polymers: ABS/PMMA 

bilayer, ABS/PMMA blend, pure ABS and pure PMMA, in accordance with ISO 

standards 868/7619. The results, presented in Table 4-4, reveal distinct hardness 

characteristics for each material. The hardness of the ABS side of the ABS/PMMA 

bilayer corresponds to that of pure ABS, while the PMMA side has a hardness identical 

to that of pure PMMA. In the case of the ABS/PMMA blend, the hardness value lies 

between those of ABS and PMMA, reflecting a balanced combination of the properties 

of the two materials. It is particularly interesting to note that the PMMA layer has a higher 

hardness than the ABS layer, underlining PMMA's greater resistance to surface 

deformation. These results underline the distinct mechanical characteristics of each 

polymer, and provide valuable insights for applications requiring specific levels of 

hardness and material performance. 
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Table 4-4: Shore D hardness properties of ABS/PMMA bilayer, ABS/PMMA blend, pure ABS and 

pure PMMA. 

Specimens Shore Hardness (type D) 

ABS/PMMA 

bilayer 

ABS side 76±1 

PMMA side 85±2 

ABS/PMMA blend (80/20) 81±0 

Pure ABS 74±1 

Pure PMMA 88±1 

 

4.4.1.2. Vickers microhardness 

The microhardness results for the ABS and PMMA layers in this polymer bilayer 

reveal significant differences in the hardness of these materials. Figure 4-21 illustrates 

the microhardness distribution under different loadings in the ABS layer and the PMMA 

layer, showing different diagonal lengths as a function of the delayed time ratio 

(observation time/dwell time) for four loading levels: 10 g, 25 g, 50 g, 100 g and 300 g.  

 

Figure 4-21: Optical microscope images of 10 g, 25 g, 50 g, 100 g, and 300 g indents: (a) ABS side 

and b) PMMA side 



Chapter 4. Results and discussions of ABS/PMMA bilayer polymer 

______________________________________________________________________ 

- 93 - 

 

Microscopic images show variable diagonal indentations from the hardness test, 

indicating that ABS is softer and more ductile in nature, which may contribute to its 

ability to absorb energy and deform plastically under stress. In contrast, PMMA is 

characterized as brittle and hard, prone to fracturing in similar situations, making it less 

suitable for applications requiring high-impact resistance. 

The analysis of microhardness and diagonal length data presented in Figure 4-22.a 

and Figure 4-22.b reveals significant insights into the performance of ABS and PMMA 

under varying loads. For ABS, hardness values increased by 58% (from 64 MPa to 110 

MPa) as the applied load increased from 10g to 50g. Beyond this point, the hardness of 

ABS stabilized despite further load increases, remaining consistent between 50g and 

300g. In contrast, the hardness of PMMA exhibited greater variability. At an initial load 

of 10g, PMMA demonstrated a high hardness value of 173 MPa, which decreased to 160 

MPa at 25g. Subsequently, PMMA's hardness increased again to 170 MPa at 300g. This 

indicates that PMMA is generally harder than ABS, but its hardness shows less stability 

across different loads compared to ABS. Additionally, the diagonal length of these 

polymers increased with the applied force. Notably, the diagonal length of ABS was 

consistently higher than that of PMMA under the same loads. This observation supports 

the conclusion that PMMA is harder than ABS, as the greater diagonal length of ABS 

under identical conditions suggests that PMMA resists deformation more effectively. 

 
 

Figure 4-22: Microhardness Vickers results: a) the hardness of ABS side and PMMA side vs. load 

applied, b) the diagonal length effect of ABS side and PMMA side under different loads. 

 

(a) (b) 
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4.4.1.3. The comparison between shore hardness and 
Vickers microhardness of polymers 

The two hardness tests, Shore D and Vickers are complementary in that they offer 

different perspectives on the mechanical properties of ABS/PMMA materials. While the 

Shore D test provides a general overview of surface hardness, the Vickers test offers a 

more detailed insight into how these materials respond to varying forces. The collective 

data indicate that PMMA is typically harder and more brittle, whereas ABS is softer, more 

ductile, and better suited to absorb impact. These differences are of paramount importance 

when considering the application of ABS/PMMA bilayers in a variety of industries, as 

the selection of material will depend on the specific mechanical demands of the final 

product. The Shore D method is an accurate and effective means of assessing surface 

properties, rendering it suitable for quality control and applications where surface 

characteristics are of paramount importance. In contrast, the Vickers method provides a 

more precise and comprehensive understanding of the material's hardness and its response 

to different stresses. This makes it the preferred method for research and applications that 

require detailed material characterization. 

In summary, the Shore D method is precise for surface-level assessments, while 

the Vickers method provides a more comprehensive analysis of the material's mechanical 

behavior. Combining both methods offers a well-rounded view of the material's hardness 

and overall performance. 

4.4.2. Coefficient of friction and wear of ABS/PMMA bilayer 
sheet 

Figure 4-23 illustrates the COF as measured on both sides of the ABS/PMMA 

bilayer sheet. The data demonstrate that the frictional characteristics attained a stable 

equilibrium during the tribological evaluation, thereby providing a clear representation of 

the material's behavior under consistent testing conditions. 

As can be seen from the friction results in  Figure 4-23 illustrates that an increase 

in load applied to ABS and PMMA surfaces is accompanied by a corresponding increase 

in the COF. In particular, the ABS/PMMA bilayer shows a greater increase, indicating 

that the composite structure of the bilayer amplifies the friction response under high loads. 
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Additionally, the COF on the ABS surface is higher than on the PMMA surface, 

suggesting that ABS contributes more to the friction resistance in the bilayer than PMMA. 

These observations highlight the impact of bilayer material interaction on overall friction 

performance. 

 

 

Figure 4-23: Coefficient of friction at different load for ABS/PMMA bilayer (both side ABS and 

PMMA)/Alumina: a) 2 N and b) 5 N. 
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Figure 4-24 and Figure 4-25 show 3D wear scars on ABS and PMMA surfaces, 

revealing a notable difference in wear volume. The PMMA wear scar is approximately 

six times deeper than that of ABS under a 2N load and four times deeper under a 5N load. 

In addition, the PMMA wear scar is approximately three times wider than the ABS scar 

at 2N and half as wide at 5N. This significant difference in wear depth and width suggests 

that PMMA, being harder and more brittle, tends to exhibit more pronounced wear under 

applied loads than ABS. The wider and deeper wear scars on PMMA indicate that it is 

less resistant to wear and deformation, reinforcing the brittleness of the material and 

highlighting its susceptibility to surface damage under higher loads. Conversely, the 

deeper, narrower wear scars on ABS reflect its more ductile nature Figure 4-24, which 

contributes to better resistance to wear and deformation in similar situations. 
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Figure 4-24: 3D wear-scar measurement of ABS side a) 2 N and b) 5 N. 

Interestingly, the wear rate of ABS increases with load while that of PMMA 

decreases with load. This behavior is contrary to the common expectation that wear 

generally increases with load. This suggests that the wear mechanisms of these materials 

are significantly different under different loads. 

The wave appearance observed on the PMMA side is more pronounced compared 

to the ABS side. This phenomenon is attributed to the stick-slip behavior occurring during 

the ball's contact with the PMMA surface. The intermittent stopping and starting of the 

ball create periodic waves on the PMMA side, which are less evident on the ABS side. 

This stick-slip effect results from the higher frictional forces and the increased brittleness 

of PMMA Figure 4-25, leading to more noticeable surface undulations. In contrast, the 

more consistent frictional response of ABS results in a smoother surface with fewer wave 

patterns. This difference highlights PMMA's sensitivity to frictional variations and its 

tendency to exhibit more pronounced surface deformations under dynamic loading 

conditions. 
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Figure 4-25: 3D wear-scar measurement of PMMA side a) 2 N and b) 5 N. 

Figure 4-26 summarizes the dimensions of the wear marks on the ABS and 

PMMA layers of the two-layer foil under applied loads of 2 N and 5 N. On the ABS side, 

the width of the wear trace exhibited a continuous increase, ranging from 305 µm to 540 

µm as the applied load increased, accompanied by a corresponding increase in trace 

depth. In contrast, the width of the wear trace on the PMMA side remained constant at 

1020 µm, regardless of the load applied, with a similar trend observed in trace depth. 
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Figure 4-26: Typical depth profiles of experimental ABS/PMMA bilayer sheet after tribological 

testing. 

The findings of the friction and wear testing demonstrate that the surface of ABS 

is more helpful to thermoforming processes than the smoother surface of PMMA. The 

matte texture of ABS facilitates superior adhesion and interaction with molds, thereby 

facilitating uniform contact during processing. In contrast, the smooth surface of PMMA 

presents a challenge in maintaining consistent contact with the mold, which may affect 

the quality and precision of the thermoformed product. This enhanced interaction with 

ABS underscores its utility in contexts where robust adhesion to the mold is paramount 

for attaining optimal manufacturing outcomes. 

These observations are further corroborated by the disparate wear responses of the 

two layers under varying load conditions. As a ductile material, ABS demonstrates a 

gradual increase in wear track width and depth with increasing load, indicating its 

susceptibility to deformation and material loss. In contrast, PMMA, which is brittle and 

has a lower COF than ABS, maintains a constant width and depth of wear track under 

varying loads. Although this indicates that PMMA is resistant to substantial dimensional 

alterations, it also renders it susceptible to localized failures, such as the observed stick-

slip phenomenon. The emergence of stick-slip on the PMMA side serves to highlight its 

brittleness, as the inability of the material to undergo plastic deformation results in 

intermittent oscillatory motion during sliding. 
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The contrasting wear behaviors of ABS and PMMA provide crucial insights into 

their performance characteristics within the bilayer structure. The load-dependent 

deformation of ABS suggests greater adaptability and interaction with mold surfaces, 

whereas the stability of PMMA, despite its brittleness, suggests limitations in applications 

requiring flexibility. These differences are of critical importance for determining the 

appropriate use of each material in applications involving friction, wear resistance, and 

durability, especially for processes like thermoforming that rely on surface adhesion and 

uniform contact. 

4.4.3. Conclusion 

The analysis of the results indicates that the ABS/PMMA bilayer exhibits strong 

thermal and mechanical properties, demonstrating high thermal stability. However, 

temperature variations significantly impact the material's mechanical behavior. As 

temperature increases, there is a noticeable decrease in the maximum elastic limit and 

Young's modulus, while the material shows a substantial increase in deformation at the 

break. Conversely, a higher deformation rate leads to rapid fracture and an increase in 

both Young's modulus and the elastic limit. The bilayer displays considerable flexibility 

(ductility) under bending and impact across different temperatures, attributed to the 

presence of ABS, which benefits from the toughness provided by acrylonitrile. On the 

other hand, PMMA is more brittle in bending but offers higher hardness compared to 

ABS. The COF for ABS is greater than that of PMMA, indicating ABS's suitability for 

contact applications involving the industries. Fractographic analysis reveals that the 

bilayer possesses significant ductility, with a strong interaction between the ABS and 

PMMA layers, resulting in overall satisfactory performance. 
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Conclusions & Perspectives 

This thesis examines the characterization of an ABS/PMMA bilayer polymer, 

with a particular focus on its use in the thermoforming process. It includes a 

comprehensive literature review on thermoplastic polymer properties and the 

manufacturing steps for bathtubs. Furthermore, it investigates the influence of key factors 

such as temperature, rate, and friction on the interaction between the bathtub and the 

thermoforming process, to enhance understanding of the polymer's performance. 

The initial part of the study examines the prevalent utilization of thermoforming 

techniques for thermoplastic polymer sheets in engineering contexts. These sheets are 

typically semi-finished products, manufactured through extrusion, injection molding, or 

analogous processes, which must then undergo processing at various stages. In the 

industrial context of the industrial sanitary materials company (EIMS), ABS/PMMA 

bilayer polymer is a key material utilized in the production of sanitary products, including 

bathtubs. The material undergoes several crucial steps during thermoforming, including 

clamping, where the sheet is heated to a specific temperature to ensure even distribution 

on both sides in the pre-stretching (bubbling) step. This is followed by the pre-stretching 

of the sheet to its final shape in the forming stage. Finally, cooling fans are activated to 

obtain the bathtub product, completing the process by stabilizing the material's shape. The 

behavior of the ABS/PMMA bilayer during this process is of great consequence, as it is 

directly related to temperature, strain rate, and contact conditions. An understanding of 

this behavior is essential for the optimization of the production process and the assurance 

of the quality and performance of the final product. 

The second part of the study was dedicated to examining the behavior of 

amorphous polymers, with a particular focus on analyzing their performance in the 

thermoforming process and studying their interactions with other materials. The thermal 

properties of the ABS/PMMA bilayer were subjected to comprehensive analysis, with a 

specific focus on thermal stability and glass transition temperature. Furthermore, 

viscoelastic and mechanical properties were evaluated through dynamic mechanical 

analysis (DMA) and tensile tests conducted at varying temperatures and load rates. The 

tensile and impact test outcomes were then examined using scanning electron microscopy 



 

 

______________________________________________________________________ 

- 102 - 

 

(SEM), which facilitated the visualization of fracture surfaces and the investigation of 

interactions between the ABS and PMMA layers. Moreover, the ABS/PMMA bilayer 

was evaluated in comparison with pure ABS and pure PMMA, to determine the flexibility 

and mechanical performance of these materials. The hardness of the ABS/PMMA bilayer, 

as well as that of the pure ABS and pure PMMA materials, was determined using the 

Shore D and Vickers methods, thereby providing information on their surface resistance. 

Additionally, the wear rate and coefficient of friction of the ABS and PMMA layers were 

determined by tribological tests, which revealed significant differences in their frictional 

behavior. This comprehensive analysis provided important information on the material 

properties and performance of the ABS/PMMA bilayer in comparison with its 

components. 

Based on the experimental results obtained, the characterization of the 

ABS/PMMA bilayer can be further refined by considering the following aspects: 

▪ The ABS layer exhibits superior thermal stability in comparison to the 

ABS/PMMA bilayer and the PMMA layer. The glass transition temperature of the 

bilayer is determined to be 111.09°C, which represents an average of the glass 

transition temperatures of the individual ABS and PMMA layers. 

▪ The viscoelastic properties obtained from the DMA tests display minimal 

variations as a function of frequency, and the glass transition temperature is found 

to be in accordance with the results obtained from the DSC analysis. 

▪ Temperature and strain rate significantly influence the mechanical properties of 

the ABS/PMMA bilayer. As temperature increases, there is a marked reduction in 

yield stress, ultimate stress, and elastic modulus. The reduction in strength is more 

pronounced at lower strain rates, while at higher strain rates, the decrease in 

strength is less severe. This indicates that the bilayer's viscoelastic behavior is 

highly sensitive to temperature and strain rate, which in turn affects its stress and 

strain performance. Notably, the elastic modulus shows only slight variation with 

different strain rates across all temperatures. 

▪ The viscoelastic behavior of the ABS/PMMA bilayer sheet follows a more regular 

pattern at lower strain rates, suggesting a more predictable response under these 

conditions. 
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▪ The fractography analysis of the ABS/PMMA bilayer following mechanical 

testing indicated that the tensile test data demonstrate a favorable interaction 

between the ABS and PMMA bilayers. At low strain rates, the bilayer exhibited 

a ductile rupture, while at high strain rates, it exhibited a brittle fracture. 

Additionally, the bilayer was observed to undergo ductile rupture at elevated 

temperatures. 

▪ SEM images of the ABS/15% PMMA bilayer revealed that elevated temperatures 

enhance the ductility of the ABS/PMMA bilayer under tensile testing, whereas 

higher loading rates increase its brittleness. As temperatures rose, the ABS layer 

demonstrated increased impact strength and energy absorption, while the PMMA 

layer remained susceptible to brittle fracture. 

▪ The results of the three-point bending test revealed that PMMA exhibited brittle 

behavior, in comparison to ABS, which demonstrated high elongation at break, 

indicative of ductile behavior. The ABS/PMMA bilayer thus exhibits a 

combination of superior bending strength and notable ductility, largely 

attributable to the butadiene content of ABS, which represents a significant 

advantage for thermoforming processes. 

▪ The comparative analysis of the Shore D and Vickers hardness tests has yielded 

significant insights into the mechanical properties of ABS/PMMA materials. 

While the Shore D test effectively measures surface hardness, the Vickers test 

provides a more nuanced understanding of the material's response under varying 

forces. The findings indicate that PMMA exhibits higher hardness and brittleness 

than ABS, which is softer and more ductile. 

▪ The analysis of the friction and wear of the ABS/PMMA bilayer sheet reveals 

significant distinctions in the behavior of each material under variable loads. The 

COF increases with increased loads for both the ABS and PMMA surfaces, with 

the ABS/PMMA bilayer exhibiting a more pronounced friction response. The 

ABS component contributes more to the overall frictional resistance in the bilayer 

structure, while the PMMA component, due to its harder and more fragile nature, 

leads to significant wear.  
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Annex 1 
The technical data sheet of the ABS/PMMA bilayer sheet used for thermoforming 

provides key information on the material properties. 

 

Figure 1: The technical data sheet of the ABS/PMMA bilayer sheet used for 

thermoforming provides key information on the material properties 
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Figure 2: The geometry and dimensions of the 1400 bath, as provided by EIMS 

Annex 2 
The tensile tests were conducted at different temperatures and strain rates, with 

each condition subjected to five repeated trials. This rigorous testing approach ensures 

precise and reliable data on material performance. The results provide insights into the 

material's behavior under various thermal and deformation conditions. 
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Figure 2: The result of tensile test at different temperatures vs. strain rates. 


