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Abstract 

 

 

The air intake manifold is an integral part of modern internal combustion engines. Currently 

manufactured in glass fibre reinforced PA66, inquiries have been raised regarding a change of 

material to glass fibre reinforced PP. A new engine project is the purpose for which this proposed 

material is evaluated. The thermochemical environment in the air intake system puts high 

demands on the material. Ageing treatments and tensile testing was conducted on samples of the 

new material, as well as on the currently used PA66 to evaluate mechanical response of each 

material to treatments made to simulate the air intake environment. Furthermore, understanding 

of the chemical setup is lacking and needs to be studied. Experiments was performed to study the 

chemistry of the intake environment. Results indicated that PP can retain sufficient mechanical 

rigidity and strength when subjected to parameters made to simulate the air intake. Moreover, 

results regarding the chemical environment in the air intake system provided limited information.  
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1   INTRODUCTION 

 

1.1 Background 

 

The impact of the internal combustion engine on civilisation development cannot be understated. 

Ever since its first invention in the 19th century, the internal combustion engine has had a central 

place in human society. Western civilisations’ rapid technological development during the 

twentieth century would not have been possible without the presence of combustion engines and 

the evolution of the vehicular-centric society that emerged. Today, virtually every form of 

significant way of propulsion is based on an internal combustion engine and its principal design. 

A modern internal combustion engine is a highly developed and complex feat of engineering. 

Coupled to this lies the air induction system that feeds the engine with air, containing oxygen for 

combustion.   

 

The engine air intake manifold is the last component in the air induction system before the actual 

engine inlet. The purpose of the manifold is to divide the incoming air and distribute evenly 

between the cylinders of the engine. The manifold is subjected to a complex chemical environment. 

In addition, dynamic physical stressors such as high temperature and high pressure profiles provide 

further challenges for the component. This asks high demands of the polymeric material 

constituting the air intake manifold. The material is required to be resilient, durable and to be able 

to withstand prolonged instances of induced stress whilst still to retain sufficient component 

functionality.  

 

The component of interest for this thesis project is the air intake manifold. A change in polymeric 

material for the manifold has been proposed. Furthermore, the chemical environment in the system 

can vary widely. Currently, standardised specifications of the composition of the chemical 

environment are utilised to evaluate the air intake systems’ chemical stability. An investigation to 

evaluate the adequacy of the standardised specifications is thus needed. This will be done by 
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comparing existing specifications to real-case chemical data extracted from air intake systems of 

test cars. 

 

1.2 Aim 

 

The aim of this master thesis is to evaluate if a change in material choice for the air intake manifold 

component is possible without any significant loss of functionality. The currently used material is 

a grade of glass fibre-reinforced PA66, and the proposed material is a grade of glass fibre-

reinforced PP. Furthermore, a verdict on the viability of the new proposed material shall ultimately 

be delivered, and motivated.  

In addition, this master thesis will investigate the chemical environment found in the air intake 

system. Comparison will be performed on extracted real world intercooler condensate samples to 

the specified chemical environmental models used by the Material Centre section at Volvo Cars. 

This comparison will evaluate the adequacy and accuracy of the models currently used.  

 

1.3 Purpose 

 

Motivated by future car projects, an investigation has been proposed to evaluate the possibility to 

change the material used for the air intake system, in particular the air intake manifold. Future 

engine projects are estimated to subject the part to less physical stresses enabling lower material 

criteria. Thus, a material change for the air intake manifold is proposed. From Ultramid A3WG7 

20560, a fiberglass reinforced grade of PA66 manufactured by BASF to Fibremod GB307HP, a 

fiberglass reinforced grade of PP by Borealis Group (1). The proposed PP material will be subjected 

to rigorous testing. Its mechanical properties and resistance to chemical environments will be 

assessed. Potential benefits and drawbacks of the PP material will be tested for and evaluated 

accordingly. This will be conducted in order to determine and conclude if the proposed material is 

able to meet the usage criteria, and thus be a suitable candidate for material choice of the air intake 

manifold. 

Future car projects may enable the possible use of a lower grade of polymeric material for the air 

intake system. The choice of this PP grade specifically is motivated by its lower material density 

(2), whilst still providing sufficient retained material properties. PP may furthermore provide 
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economic benefits, as well as further material benefits compared to PA66, such as good resistance 

to acidic conditions (3). 

 

1.4 Limitations 

 

The chemical and physical environment of the air induction system is tremendously complex, and 

varies dynamically. Innumerable factors influence both temperature and pressure, as well as the 

chemical composition of the environment the air intake manifold is subjected to. For purpose of 

technical restrictions and time constraint, limitations in the scope of this Master’s Thesis was 

needed. The subsequent focus was thus primarily placed on evaluating effects of specific chemical 

compositions and temperatures.  

Material evaluation was limited to the currently used PA66 and the proposed PP. Compounds 

considered for the condensate was limited to acidic water, consumer grade fuels and motor oil (4). 

Factors such as dynamic pressure, driving and weather conditions, and other compounds than those 

tested for was not included in this investigation. Toughness was not measured. Crack initiation and 

propagation properties was not considered. Moreover, fibre orientation of glass fibre or cooling 

rate of matrix was not investigated. 

 

 

1.5 Methodology 

 

This Master’s Thesis had two separate main aims. One aim was to evaluate the adequacy of a new 

polymeric material for choice to constitute the intake manifold. The other aim was to determine 

the accuracy of air induction condensate specifications currently used by Volvo. Thus, work was 

segmented over a range of disciplines. Methods for chemical analysis, tensile testing and materials’ 

mechanical and chemical properties are amongst the topics considered.  

 

A literature review was initially conducted as a measure to gain valuable knowledge and insight 

into the topics to be raised by this Master’s Thesis. These topics differ in discipline and each will 

thus be given ample attention in their respective chapters in this report. Research of previous work 
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within these disciplines aided in the formulation and limitation of scope for this Master’s Thesis.  

 

The polymeric materials’ mechanical and chemical properties were evaluated by a two-step 

procedure. First, samples were subjected to an ageing process. Samples were submerged in a liquid 

phase of selected chemicals under elevated temperatures for prolonged periods of time. After this 

ageing step, the samples would then be tensile tested as a measure to gain data on the detrimental 

effect of the ageing exposure to the materials mechanical properties.  

 

Ageing treatments were outlined to help evoke heightened material response. Ageing of specimens 

was performed in liquid phase to more effectively provoke deterioration of mechanical properties.  

 

The chemical composition of the milieu was assessed primarily by analysing real world condensate 

samples extracted from test cars. Twelve samples in total were studied using several analytical 

methods to determine the overall composition, and to identify presence of certain substances of 

interest. 

Finally, results were gathered, analysed and presented in a concise format of which conclusions 

regarding material adequacy and environment composition were drawn. From these thoughts, 

guidelines and recommendations were presented to Volvo Cars, and for further work.  
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2   AIR INDUCTION SYSTEM 

 

The combustion chamber, commonly constituted by a piston encapsulated within a closed cylinder, 

combines air with fuel for combustion through oxidation of the carbon-based fuel by air-based 

molecular oxygen. The resulting gases expands explosively, and creates a force within the cylinder, 

pushing upon the piston which thus converts chemical energy into mechanical energy, ultimately 

propelling the vehicle. Within the context of an internal combustion engine the air intake system is 

the direct junction of incoming air into the combustion chambers. The air intake system is the 

prevailing transporter of highly pressurised air to the combustion chambers. This pressurised air is 

a carrier of a complex chemical blend of both aqueous and organic compounds. Demands for 

chemical and mechanical durability are thus high for the air intake manifold. Furthermore, through 

recirculation mechanisms, air entering the air intake manifold is further complicated by the addition 

of aqueous and organic compounds.  
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Figure 1: Computer model of the air induction system (5). 

 

2.1 Air Intake Manifold  

 

The air induction system is a combination of several components, working in tandem to lead the 

air to the combustion chambers. The air intake manifold is the last component the air encounters 

before the actual combustion chamber inlet. Thus, the manifold is subjected to a demanding set of 

varying chemical environments as well as a large temperature gradient across the component.  

 

The design of the air intake manifold is a result of several important optimised parameters. Air 

flow path through the component is vital to the performance of the engine. As the air flowing 

through is highly pressurised, the manifold should be able to withstand charged air pressure as well 
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as pressure pulsations. The incoming air flow to the manifold is dynamic and thus the component 

is designed to optimise air flow path to the combustion chambers at varying air pressures.  

Any variations of air flow between cylinders of the manifold will have an impact on the engine 

performance, drivability of the vehicle and emission levels. The volume of the component will also 

influence the engine performance, and it is desirable to keep the volume as low as possible, whilst 

still providing an adequate gas exchange and air distribution.  

Furthermore, the manifold is designed to minimise component vibrations. Thus, the manifold is 

structurally reinforced as to minimise any damages or acoustic noise generated by the component 

being subjected to intense vibrations (5).   

 

 

Figure 2: Schematic of the Air intake manifold. Top down view (6). 

 

A particular and common failure of the manifold is leakage. This is caused by failing rubber-based 

seals situated at component inlet and outlets. These failures are accredited both chemical and 

mechanical causes (5).  

 

Material for the air intake manifold is selected as to ensure full functionality throughout expected 
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service life. The material chosen must be able to withstand continuously dynamic high pressure air 

flow as well as chemical mixtures of water, acids and organic substances, including residues of 

fuel, motor oil and emissions. This chemical compote can promote material failure, polymer creep 

and other chemical degradations (7).  

The chosen material for the manifold is a glass fibre-reinforced grade of Polyamide, PA66-GF (5).  

 

2.2 Exhaust Gas Recirculation (EGR) 

 

Exhaust gas recirculation is a technique for reducing emission levels of NOx. Exhaust gases from 

the combustion engine are recirculated back into the air intake system. This adds inert gases to the 

air flow and effectively dilutes the oxygen levels entering the combustion process. The inert gases 

furthermore act as heat absorbers within the combustion cylinders which aids in avoiding peak 

temperatures causing NOx gases from forming (8). The recirculated gases from this mechanism 

will moreover contribute with additional substances such as hydrocarbons and carbon monoxide to 

the air intake system (9) 

 

2.3 Crankcase Ventilation (CCV) 

 

Connected to the air induction system is a crankcase ventilation system. Purposed to escape pass-

through gases and to depressurise the crankcase from over pressurising, the CCV recirculates gases 

back into the air induction system. This gas recycling mechanism reintroduces the blow-by gases 

from the crankcase into the air intake. An inevitable side effect of an internal combustion engine 

is the leakage of gases to the crankcase. Gases will blow by the piston and enter the crankcase 

compartment to contribute to a pressure build up. The escaping of blow by-gases provides 

ventilation and depressurising of the crankcase which is necessary for avoiding expelling of motor 

oil. The blow by-gases are mixtures of unburned fuel leaked through the piston, which are 

combined with motor oil gases. The blow by-gases are led back to the air intake system for further 

combustion as a measure to utilise the unburned fuel left after passing by the engine, as well as to 

limit emissions from the engine compartment (10). 
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Figure 3: Schematic representation of the function of the crankcase ventilation.  

Recirculation of blow by-gases to the air intake (11). 
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3   POLYMER MATERIALS 

 

 

Table 1: Material grades evaluated. 

Polymer Product Manufacturer Samples 

standard/size 

Reinforcement 

PA66 Ultramid A3WG7 

 

BASF ISO 527-1 35 % Glass fibre 

PP Fibremod 

GB307HP 

Borealis Group ISO 527-1 35 % Glass fibre 

 

 

3.1 Polyamide-66 Ultramid A3WG7 20560 

 

3.1.1 Applications 

 

The current choice of material for the air intake manifold is PA66. PA66 is a chain interlinked 

by polar amid groups. This polarity renders the inter-polymeric forces strong, but also attracted by 

polar molecules, such as water. PP on the other hand is a polyolefin with no polar constituents in 

its structure to attract water molecules. The material is a glass fibre-reinforced grade of PA66, an 

engineering plastic with wide industrial implementation. Glass fibre-reinforced polyamide-66 is 
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prevalent as material choice for applications where demands on physical properties are high, such 

as the air intake system components in the automotive industry (12) (13). 

 

3.1.2 Properties and Chemical Compatibility 

 

Distinguishing properties of PA66 are its good resistance to abrasion, high modulus, toughness and 

favourable heat resistance (14).  

 

 

Figure 4: Principle chemical structure of PA66. 

 

The foremost drawback identified for the reinforced PA66 is the relatively substantial effect of 

relative humidity (RH) on the mechanical properties of the material.  PA66 suffers from diffusion 

of water into the bulk of the material. This may cause plasticising effects. At water absorption 

levels above 1 % both stress at rupture and elastic modulus are affected significantly. Both 

mechanical properties are affected negatively, and the material is weakened as a result. This 

plasticising effect is proportionally dependent on the water absorption level, which in turn is 

dependent on the relative humidity of the environment. The influence of water on PA66’s strength 

and modulus may be a source of detrimental effect on the mechanical properties of the manifold 

component (15) (16) (17) (18) (19) (20). 

 

Furthermore, PA66 is sensitive to exposure to strong acidic and alkali environments, as well as to 

the presence of small weak organic acids. Acids may potentially have severe detrimental effects on 

the structural and mechanical solidity of the material. Both mineral and organic acids have been 

detected in internal investigations. Presence of acids may cause PA66 to break down through a 

process of hydrolysis. Studies have shown that the presence of acetic, propanoic and butanoic acid 
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can hydrolyse PA66 (7) (21) (22) (17) (23). 

 

In the context of the air intake system, glass fibre reinforced PA66 shows potential to be affected 

by the relative humidity of the air flowing through. Alternatives to PA66 are thus desirable to 

evaluate for usage as bulk material for the air intake manifold. 

 

 

 

3.2 Polypropylene Fibremod GB307HP 

 

3.2.1 Applications 

 

PP is prevalent as a commodity plastic, as well as in industrial applications. Its use is limited in 

applications where high demands are put on mechanical properties. However, glass fibre reinforced 

PP is gaining popularity in industrial settings (24) (25). The proposed grade of PP is reinforced by 

a 35% partition of high performance glass fibre to enhance the mechanical properties of the 

polymeric material (26). Furthermore, it is long term high heat stabilised using copper (Cu) 

additives (1). 

 

3.2.2 Properties and Chemical Compatibility 

 

The suggested replacement material is a grade of fibre-reinforced PP, with material properties 

thought to be of sufficient quality to withstand the environment of the engine compartment. PP 

proper is a simple aliphatic polymer of the monomer propylene. PP can be isotactic, syndiotactic 

or atactic in chain structure, dependent on the purposed use and manufacturing process. It is a non-

polar chain void of any functional or polar groups, with a high tendency for crystallinity, especially 

the isotactic form. Compared to other polyolefins and polymers of smaller monomer structures, PP 

has a relatively low density of 0.93 g/cm2 with regard to its mechanical toughness, or 1.18 g/cm2 
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when reinforced with 35 % glass fibre (1). This property gives PP an advantage in industrial 

applications as weight reduction is a common sought after measure.  

Thermal ageing of PP is known to give rise to chain scission through oxidative stress. This 

mechanism results in shorter polymer chains which are abler to rearrange to energetically favoured 

configurations and the degree of crystallinity thus tends to increases in the material. When the 

samples are cooled after extraction, this increase in crystallinity results in higher values for the 

elastic modulus (27) (28).  

 

 

 

Figure 5: Principal chemical structure of PP. 

 

 

Furthermore, PP exhibits excellent resistance to degrading effects of most commonly occurring 

acids (29) (30). 
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Table 2: PP resistance towards effect of acids. 

Acid (10 % concentration) PP response 

Nitric acid Excellent 

Formic acid Excellent 

Acetic acid Excellent 

K-X Excellent 

Sulphuric acid Excellent 

Sodium Hydroxide/Chloride Excellent 

Ammonium-X Excellent 

Hydrochloric acid Excellent 

 

3.3 Property Comparison 

 

The potential benefits gained from choosing to replace PA66 for PP as the principle bulk material 

for the air intake manifold includes (26): 

• Material independence of humidity 

• Weight reduction (at least 15 %) 

• Infrastructure unaffected by material change 

• Favourable acoustic behaviour (5dB reduction compared to PA66) 

• Lower system costs (up to 20 %) 

• Same performance in burst pressure as PA66 
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Table 3: Comparisons of selected material properties for 30 % glass fibre reinforced PA66 

and PP (31). 

Material Property 

(average value) 

PA66, 30 % glass fibre  PP, 30 % glass fibre 𝚫 =  |𝑷𝑷|  |𝑷𝑨|⁄  

Tensile strength 

(break) [MPa] 

143,0 81,2 57 % 

Tensile strength 

(yield) [MPa] 

121,0 76,7 63 % 

Young’s modulus 

[GPa] 

7,94 6,33 80 % 

Density [g/cm2] 1,37 1,14 83 %  

Water Absorption 

[%] 

3,79 0,026 0,7 % 

 

3.3.1 Mechanical Properties 

 

The data would suggest that PP is less stiff and suffers from a lower breaking point when compared 

to PA66. The tensile strength for both point of break and point of yield are significantly lower, 

indicating that the material strength of PP is inferior to PA66. The resistance towards elastic 

deformation is illustrated by Young’s modulus. PP is shown to be less rigid and is more easily 

deformed than PA66. However, PP exhibits some favourable properties as well. It is less inclined 

to absorb water, a behaviour of PA66 that may be problematic in an air intake setting. PP is less 

dense, and thus lighter as well. (31) 
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3.3.2 Chemical Properties 

 

Unlike PA66 plastics, PP is resistant towards the degrading effects of water and solvated acids. As 

a significant partition of incoming air flowing through the air intake system contains water and 

solvated acidic compounds any influence of water on the component material may cause issues. 

Use of PP can possibly mitigate any effects on the manifolds mechanical rigidity as it is in large 

immune to the effects of water. However, the non-polar nature of PP is well known for its affinity 

for organic compounds. Permeation of hydrocarbons into PP and its effect has been studied (32).    

 

Table 4: Tabulated values for water absorption of 30 % glass fibre-reinforced polymers 

after immersion for 24h at 23° C (33). 

Water absorption rates Min. absorption value % weight 

gain 

Max. absorption value % weight 

gain 

PA66 30 % GF 0.80 1.10 

PP 30 % GF 0.01 0.02 
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4   Air Induction Chemistry 

 

The overall largest contributor to contaminants is the addition of blow by-gases, often named 

crankcase venting condensate. Thus are the recipes for chemicals used to evaluate the material 

choice for air intake system components often based on these crankcase venting condensates. One 

analysis performed internally at Volvo Car Corporation showed that the crankcase venting 

condensate was comprised by water at approximately 90% of the substances flowing through the 

system. The remaining 10 % is a mixture of organic substances originating from residues of both 

fuel and motor oil that have entered the air intake system (7). Another source of contaminants is 

the exhaust gas recirculation. This adds additional partitions of acidic water, salts, carbon dioxide 

and nitric oxides to the intake air, further complicating the chemical composition (34).  

 

4.1 Chemical Composition 

 

Contained in the gases are complex hydrocarbons, carbon dioxide, nitrogen oxides and water, 

which in high concentrations may form corrosive carboxylic and nitric acids (35). The chemical 

composition of the incoming air includes varying partitions of  

 

• Water vapour 

• Unburned fuel residues 

• Motor oil residues 

• Organic acids 

• Nitric acid, hydrochloric acid, sulphuric acid 

• Carbon dioxide  
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Crankcase venting condensate recipes used for simulated chemical environments are variations of 

approximate compositions for the condensate made to mimic the chemical setup found in the air 

intake system, which the air intake manifold would be subjected to.  

 

The air intake manifold is subjected to a challenging environment. Additionally, the chemical 

composition of the internal environment is notoriously difficult to specify, as it is dependent on 

numerous variables which are difficult to account for (7) (5). The air entering the air intake system 

brings with it water and a complex chemical composition which induces chemical stress to the 

material of the component. Both water-based and organic contaminants contributes to this chemical 

setting.  

 

4.1.1 Aqueous Phase 

 

The primary sources for water is incoming air humidity, and the product of fuel combustion. 

Ethanol in gasoline is the source of both water and carbon dioxide at full combustion, as well as 

organic fuel residues, including carbon monoxide at not fully completed combustion. Ethanol 

oxidation furthermore produces acetic acid and formic acid.  

 

4.1.2 Fuel Residues and Motor Oil 

 

Fuel residues originates from the gases recirculated back into the air intake foremost by the CCV 

and EGR systems. This adds partitions of motor oil, as well as fuel residues to the intake air flow. 

Gasoline contains varying levels of sulphur, which may contribute to presence of sulphuric acid in 

the intake system. Furthermore, nitric acid may be a product of nitrogen compounds originating 

from the exhaust gas circulation, as well as nitrogen from incoming air (34) (35). 
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4.1.3 Intake Air Composition Models 

 

The different recipes used by Material Centre at Volvo Cars to simulate the chemical composition 

of air flowing through the air intake shows great variety. In a real case scenario, the chemical 

composition will vary depending on driving behaviour and conditions. The variation in recipes 

reflect this uncertainty. Furthermore is the choice of engine system and fuel more sources of 

variation in recipe composition. Condensate composition differs significantly between gasoline and 

diesel-based systems (5). A clear understanding of the chemical environment of the intake manifold 

is thus hard to distinguish, and the demands in term of chemical resistance on the air intake 

manifold is rendered difficult to evaluate.  
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5   EXPERIMENTS AND ANALYSIS 

 

Investigation was performed on two materials in this study. The material composition, 

manufacturer and material grade of each polymer material can be found in table 1. The sample size 

followed the ISO 527-1 standard and the materials were delivered in two separate orders (36).  

 

The experimental methodology combined an ageing process followed by a tensile testing process. 

Samples were subjected to long-term chemical and thermal ageing to evaluate structural and 

chemical deterioration. For all ageing processes, temperature was kept elevated. By exposing the 

samples to condensates over time, one could simulate an environment similar to the one found in 

the air intake system. Furthermore, samples were also exposed to singular solutions of enhanced 

concentration, such as a solution of purely gasoline. This could provide information regarding the 

impact of specific compounds on the material. 

Mechanical testing was performed on samples of the proposed new PP material. Coupled to this, 

testing on the currently used PA66 was done for reference and comparison. Tensile testing was the 

primary method of choice for information gathering. 

Properties of interest will include volume and weight development, changes in tensile strength, 

hardness, elastic modulus and elongation at break.  

 

Experiments were performed in order to investigate the induced detrimental effects on mechanical 

properties by prolonged exposure to heat and chemical environments. This provided data for 

evaluation of material response. 

 

Three batches of ageing and subsequent tensile testing were performed. Each batch of ageing was 

designed to evaluate separate aspects of the suspected environment for which the polymer materials 

would be subjected to.  

 

The chemical composition of the air induction system was investigated experimentally as well.  
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A set of twelve condensates originating from the air induction system of test cars was the primary 

target of this analytical investigation. The condensates were extracted through the air induction 

system during driving. Further attempts to extract additional condensate samples were 

unsuccessful.  

 

5.1 Ageing 

 

The primary experimental treatment of the polymer material was to subject dog bone samples to a 

series of environments at elevated temperatures and selected chemical compositions This treatment 

will hereby be referred to as ageing.  

 

The ageing was conducted in order to evaluate the mechanical response of the polymer materials 

on the induced effect of the simulated environments. The specific temperatures and environments 

were selected as to simulate the environmental parameters for which the intake manifold would be 

subjected to during its use in driving conditions. Temperature ranges and chemical compositions 

were motivated through analysis of internal Volvo Cars documents (7) (5). The subsequent ageing 

treatments were then designed through the evaluation of the results of the initial ageing treatments. 

Investigation of certain mechanical properties was also a motivating factor when designing the 

compositions, ageing time and aggregate phases as well as the temperature used.  

The experimental setups for the ageing processes were as follows. Three batches of ageing, as well 

as an ancillary ageing treatment were conducted in total.  

 

5.1.1 Chemicals 

 

Chemicals used to simulate the milieu of the air intake were limited to three main groups of 

compounds. Aqueous solution, fuels and motor oil.  
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5.1.1.1 Aqueous Solution 

 

Distilled water predominantly constituted the aqueous solution. A stock solution of acids was used 

to lower the pH value to approximately pH 3.0. This pH value was chosen as reports have found 

that the pH of the air intake may reach as low as pH 3 (7).  

Table 5: Stock solution acid composition. 

Compounds Amount [%] 

Acetic acid (conc.) 69.0 

Hydrochloric acid (conc.) 2.4 

Sulfuric acid (conc.) 2.4 

Nitric Acid (conc.) 26.2 

Total 100 

 

Aqueous solution was prepared by diluting 4 ml of the stock solution per every 1 litre of distilled 

water. The resulting solution thus reaches approximately pH 3.0.  

 

5.1.1.2 Fuels 

 

Fuels used for the condensate was consumer grade gasoline LEV 3 and ethanol (37). 

 

5.1.1.3 Motor Oil 

 

Denotation “Motor oil” refers to the oil grade VCC RBS02-AE 0W-20 (4).  
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5.1.2 Batch 1 

 

A set of four reflux boilers placed on heater plates were used. Reflux boilers were large glass 

containers equipped with an attached vapour cooling reflux column. The reflux column condenses 

any formed vapour phase of the condensate and successfully reintroduces the condensed vapours 

to the liquid phase, in order to retain the chemical composition. Cooling of the cylinder was 

achieved with cold water flow.  

 

 

Figure 6: Experimental setup of Batch 1. Captured after 1 week out of 3 weeks of ageing. 
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Each boiler was filled with a simulated condensate mixture. Condensate compositions were 

motivated by analysis of internal Volvo reports of the chemical environment found in the air intake 

system. Four different crude condensate compositions were then chosen as to cover a range of 

possible simulated chemical scenarios. Four substances were included in the condensate recipes; 

acidic aqueous solution, consumer grade gasoline, ethanol and motor oil. Temperature was set to 

70° C Celsius and kept stable by a PT 100 sensor connected to the heater plate. 70° C was the 

chosen temperature as it is included in the temperature range of the intake manifold. 

 

In each boiler vessel 18 samples of each material were placed, thus in total 36 dogbone samples 

were placed in each condensate. For each extraction three samples of each material was taken out 

for tensile testing. Ageing proceeded for a total time of 504 hours (3 weeks).  Outtakes of samples 

were conducted at 24 hours, 48 hours, 72 hours, 168 hours (1 week), 336 hours (2 weeks) and 504 

hours (3 weeks) of ageing.  

 

The purpose of this first batch of ageing tests was primarily to evaluate material response of the 

polymer samples to long term exposure to the milieu of the air intake manifold. Chemical 

composition and temperature varies dynamically, and thus a range of condensate compositions 

were tested for. Material response to each composition was then analysed, and combined with 

further data of the actual air intake manifold to design the subsequent ageing treatments. The below 

stated values are volumetric percentages of the simulated condensates.  
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Table 6: Batch 1 condensate composition [vol%]. 

 

 

5.1.3 Batch 2 

 

The second batch of ageing furthered the investigation of the first batch. For the second batch, a 

version of condensate 4 from the first batch was used (90 % aqueous solution, 5 % fuel phase, 5 % 

motor oil). The condensate composition was modified to include only the water and motor oil 

phases (90 % aqueous solution, 10 % motor oil). Batch 2 was designed to further evaluate the 

mechanical response of PA66 and PP when exposed to an environment dominated by acidic water 

at elevated temperatures. Ageing was performed at two separate temperatures, 90° C and 120° C. 

The higher temperature was selected to simulate the highest temperature for which the air intake 

manifold component would be subjected to (5).  

 

From preliminary analysis of provided real world condensate samples, more information regarding 

the air intake milieu was amassed. Results from analysis of the collection of condensates showed 

that water with varying acidity tended to be the overwhelmingly dominant phase of the chemical 

environment in the air intake system (7). Results from this extraction thus motivated the 

configuration of testing parameters for the second batch of ageing procedures.  

 

1 2 3 4

Water (pH 3) 5 20 60 90

Fuel Phase (EtOH & Gas) 5 20 20 5

Motor oil 90 60 20 5
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Ageing process was conducted in autoclaves. Autoclaves containers are made out of stainless steel, 

and are commonly purposed to contain chemical reactions or other experiments conducted at 

elevated temperatures and pressures (38). Three samples of each material and ageing time were 

placed in the container. Ageing was conducted for a total time of 336 hours, with outtakes of 

samples at 24 hours, 48 hours, 72 hours, 168 hours and 336 hours, and thus, a total of 30 samples 

of each material was aged.  

 

 

Table 7: Batch 2 material sample designation by temperature and ageing time for each 

material.  

  

 

120° C 90° C 

1 day 24 h 3 3 

2 days 48 h 3 3 

3 days 72 h 3 3 

1 week 168 h 3 3 

2 weeks 336 h 3 3 

 

5.1.4 Oil Dip Tests 

 

As an auxiliary test to the second batch of ageing, a smaller test was conducted. Termed “Oil Dip 

Test” this test will hereby be referred to as the “ODT”. ODT was an auxiliary investigation aimed 

at evaluating the effect of a possible oil film present on the polymeric material. A theory was 

proposed that within the air intake manifold, residues of motor oil would accumulate and form a 

thin film covering significant partitions of the inside surface of the component. This film could 

possibly alter the materials exposure to the chemical milieu of the passing air. As a real world 

investigation was not possible, a simulation was undertaken.  
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ODT was designed and performed using the same methodology and with similar parameters as 

batch 2. Ageing in distilled water, 120° C and performed in autoclaves. ODT however had addition 

of interspersed motor oil bath steps. Before the initiation of the long term ageing, a partition of 

samples was placed in separate autoclaves for a 24-hour short term motor oil exposure at 80° C 

Celsius. After the motor oil exposure, samples were carefully cleaned to remove excess motor oil, 

and then placed in the long term ageing autoclave containers. One third of the samples was after 

72 hours of regular ageing then treated with a second oil exposure of 24 hours. Again, after the 

exposure to motor oil, the samples were cleaned and placed back in the ageing autoclaves to 

complete the 2-week long term ageing in water condensate. Suspicion of the presence of an oil film 

in the air intake component was the principle factor that this auxiliary test was purposed to 

investigate.  

 

Table 8: ODT Batch material sample designation by material, number of oil exposures and 

ageing time. 

  PA 

  

PP 

  

 Oil treatments 0 1 2 0 1 2 

72h 4 3 3 4 3 3 

192h (+24h) 4 3 3 4 3 3 

338h 4 3 3 4 3 3 

 

 

5.1.5 Batch 3 

 

Batch 3 contained multiple implementations of ageing treatments. Several aspects of PPs’ 

compatibility with organic substances motor oil and gasoline were tested for. PP was tested for: 
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• Compatibility with gasoline in liquid phase and gaseous phase 

• Compatibility with blends of motor oil and gasoline 

• Compatibility with motor oil at elevated temperatures 

• Compatibility with acidic water at elevated temperatures 

 

Samples of PP were aged for 336 hours. Ageing was again conducted in autoclaves. A total of 

twenty samples for each set of samples were prepared and weighed before being put through the 

ageing process. Within the autoclaves, samples were fixated using wire to ensure that each dog 

bone would be fully exposed to the liquid phase. Weighing before and after ageing, and before 

tensile testing, was done in order to quantify possible absorption of liquid phase into the samples 

as a function of exposure over time.  

 

The three included tests in batch 3 are below denoted Motor oil ageing, Gasoline ageing and Gas 

phase ageing. 

 

5.1.5.1 Motor Oil Ageing 

 

PPs interaction with motor oil at elevated temperatures was investigated. Samples were submerged 

in motor oil with no additional component to the liquid phase. Parameter of interest was the impact 

of heat on PP mechanical properties. Ageing in motor oil was decided as it is assumed that motor 

oil will be more effective in translating the impact of thermal ageing than air. 

 

5.1.5.2 Gasoline Ageing 

 

Compatibility with gasoline was also investigated. PP dog bone samples were submerged in pure 

gasoline as well as in blends of gasoline together with motor oil. Two different compositions of 

blends were used. All ageing treatments were performed at 70° C.  
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5.1.5.3 Gas Phase Ageing 

 

Furthermore, an ageing procedure in gas phase was performed. This gas phase ageing was identical 

to the gasoline-motor oil ageing in all but aggregation phase. Thus, samples were placed in 

autoclaves with only a small volume of liquid gasoline and motor oil. Temperature would let the 

substances to evaporate in the containers.  

 

 

Table 9: Batch 3. Motor oil ageing. Samples designation by ageing time and temperature. 

 Motor oil 120° C Motor oil 90° C 

24h 4 4 

48h 4 4 

72h 4 4 

168h 4 4 

336h 4 4 
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Table 10: Batch 3. Gasoline ageing. Samples designation by ageing time and condensate 

composition. 

 67 % motor oil, 33 % 

gasoline 70° C 

33 % motor oil, 67 % 

gasoline 70° C 

Gasoline 70° C 

24h 4 4 4 

48h 4 4 4 

72h 4 4 4 

168h 4 4 4 

336h 4 4 4 

 

 

Table 11: Batch 3. Gas phase ageing. Samples designation by ageing time and gas phase 

composition. 

 67 % motor oil, 33 % 

gasoline 70° C 

33 % motor oil, 67 % 

gasoline 70° C 

Gasoline 70° C 

24h 4 4 4 

48h 4 4 4 

168h 4 4 4 

336h 4 4 4 
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5.2 Tensile Testing 

 

In order to evaluate changes to the polymers’ mechanical properties induced by ageing, 

standardised tensile tests were performed. Tensile strength and tensile modulus were the only 

parameters examined. After being exposed to the variety of heat and chemical compositions of the 

various ageing processes, the samples were carefully removed from their experimental vessels 

(reflux boiler or autoclave). Samples were left to cool down to room temperature before carefully 

being categorised and cleaned in order to remove any eventual liquid residues. Thus all tensile tests 

are evaluating the material properties of samples which has been thermochemical aged, and then 

let cool back down to room temperature.  

 

 

Figure 6. Dog bone specimen of standard ISO 527-1 used in tensile testing (39). 

 

 

The method used for determination of tensile properties of plastics was the European standard ISO 

527-1: 2012. Outlined by this standard is the procedure definitions and regulations for which tensile 

testing should follow. Included is amongst other shape and dimensions of specimens, test speed, 

test atmosphere and data calculations (36).  

The tensile test speed was initially 5 mm/min to determine the elastic modulus. The modulus was 

calculated by secant method at strain values at 0.01 % and 0.25 %. The tensile test was then 

conducted at 50 mm/min until sample failure.  
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The machine used for tensile testing was a Zwick Roell (apparatus name and source) and was 

operated with the software TestExpert II on a coupled PC. The Zwick Roell was equipped with a 

force cell of 10kN force. The testing arrangement was constructed by several mounts and adapters 

which held the jaws in which the samples were mounted.  

Before being loaded into the tensile machine, the samples were fitted with highly reflective 

markers. Application of markers let the optical extensometer mounted on the machine to 

successfully and accurately measure the strain of each samples (40) (41) (42). Mechanical 

properties for which data was collected included: 

 

 

• Elastic Modulus [GPa] 

• Force at 0.2 % plastic strain [N] 

• Max force and force at break [N] 

• Elongation at max force and force at break [mm]  

• Plastic elongation at max force and force at break [mm] 

• Cross sectional area [mm2] 
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Figure 7a & 7b: Example of tensile test result. From batch 1 tensile test of a) PA66 and b) 

PP specimen after 1 week's ageing in condensate 2. 

 

5.3 Further Analysis of Polymer Specimen 

 

A range of additional analytical techniques were utilised to complement the data gathering of the 

tensile testing. While tensile testing provided information regarding alterations of the material 

mechanical response, DSC, ATR and SEM provide information on the possible cause for the 
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material deterioration. Data collected from these analyses were coupled to the tensile data for better 

understanding of the underlying processes affecting the material. 

 

5.3.1 Differential Scan Calorimetry 

 

Differential scanning Calorimetry is a thermoanalytical technique in where amount of heat required 

to increase a sample’s temperature as a function of temperature is measured. Parameters of interest 

in polymer analysis are changes in melting temperature Tm and changes in the melting enthalpy 

Hm (43) (44). DSC gives potential information regarding polymer degradation and degree of 

crystallisation.  

 

5.3.2 Attenuated Total Reflection IR Spectroscopy 

 

Analysis of samples with the aid of ATR-IR aimed at evaluating any changes in the surface 

composition resulting from the ageing treatment. Sample data was compared with reference data 

for the specific polymer to discern any differences in chemical content on the surface.  

ATR-IR was the technique chosen as it enables analysis of highly absorbing samples. The limited 

path length into the sample made transmission IR analysis difficult (45). Furthermore, Only ATR-

IR could practically accommodate analysis of the polymer samples due to size restrictions.  

 

5.3.3 Scanning Electron Microscope 

 

For illustrative analysis purposes images were acquired through Scanning Electron Microscope. 

Images are acquired through an electron bombardment of the samples. Information about the 

composition and topography of the sample surface is received. Low conducting samples are most 

often gold-sputted as to help with increasing the conductivity. This will avoid any charge build up 

in the sample (46) (47).  
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Fracture surfaces were examined. More specifically, the adhesion of the polymer matrix to the 

reinforcement glass fibres was of primary interest.  

 

5.4 Analysis of Intercooler Samples 

 

Two sets of samples were obtained from the intercooler system, aqueous condensate samples and 

oil residual samples. The chemical environment found in the air intake system have previously 

been simulated by synthetic chemical environments of varying and adequate accuracy of the actual 

chemical composition of the air flowing through the system. Analysis was conducted by several 

analysis techniques, such as gas chromatography coupled mass spectrometry as well as ATR-IR 

spectroscopy, to determine the chemical constituents, and the relative amounts within the obtained 

samples. Selected condensate samples were also sent to RISE, Research Institutes of Sweden, for 

Ion-Exchange Chromatography analysis. 

 

Nine condensates, with varying volumetric amounts, in total was provided for analysis. All samples 

had been extracted with the same method from the intercooler component. An engine system was 

suspended and operated for 15 minutes under constant speed whereafter the engine was stopped 

and liquid condensate was extracted. Conditions varied during operation, i.e. the RPM and torque 

diverged between 1000 – 2000 RPM and 23,5 – 188 Nm respectively. 

 

Six samples of oil residuals were extracted from intercooler component parts which had been in 

service. Components had been left for an extended period of time. Thus, any volatile phase such 

as water had escaped by the time of investigation. Samples extracted were oily in nature and were 

found on the inside surface of the components. 

 

5.4.1 Gas Chromatography-Mass Spectrometry 

 

The chemical composition of condensate samples was analysed using Gas Chromatography-Mass 

spectrometry. The gas chromatograph utilises chemical properties of compounds, often the polarity 

and affinity for the columns stationary phase, to separate constituents of a sample. The column can 
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vary in length, diameter and stationary phase thickness to successfully separate compounds. This 

separation allows the mass spectrometer to ionise, accelerate and detect molecules individually 

with great precision. Detection is analysis of molecular fragments mass-to-charge ratio (48). 

GC-MS was used to evaluate chemical composition and identify organic compounds and molecules 

from extracted condensate samples. Samples were in certain cases evaporated and dissolved in 

ethanol for further analysis.  

 

5.4.2 Ion-Exchange Chromatography 

 

In order to further determine the acidic composition of extracted samples qualitatively and 

quantitatively, RI.SE analysed the condensate samples. Chosen samples were shipped to RI.SE for 

ion-exchange chromatography. RI.SE utilises ion-exchange chromatography as a method for 

determination of low concentration organic acidic compounds (49).  Ion-exchange chromatography 

works on the principle of polar attraction and repulsion of ionic compounds. An efficient ion-

exchange column in tandem with an eluent separates compounds with regard to charge. Detection 

is then performed with a compatible detector (50).  

 

5.4.3 Attenuated Total Reflection-IR Spectroscopy 

 

IR analysis was conducted on condensate samples in a similar procedure as conducted on polymeric 

samples.  

 

5.4.4 pH Analysis 

 

For the condensates of sufficient volumetric amounts, pH was tested. The pH level was assessed 

using a Mettler Toledo FiveEasy pH meter (51). Determination of the pH levels in these 

condensates gives valuable information about the acidity of the chemical environment in the air 

intake system.  
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6   RESULTS 

 

6.1 Batch 1 

 

The purpose of this first batch of ageing tests was primarily to evaluate material response of the 

polymer samples to long term exposure to the milieu of the air intake manifold. Within the system, 

chemical composition and temperature varies dynamically. Thus the ageing outline was designed 

to test for a range of possible chemical compositions. Mechanical and physical response to the 

ageing treatment were recorded through the use of tensile tests on samples. Further analysis of 

samples includes ATR analysis and DSC measurements. 

This data for each composition was analysed, and combined with further data of the actual air 

intake manifold to design the subsequent ageing treatments. 

 

6.1.1 Tensile Strength 

 

Figure 8 illustrates the clear discerning difference between PA66s and PPs tensile response upon 

exposure to aqueous solutions. One of the parameters measured by tensile testing is the tensile 

strength at break response of the material which is recorded at specimen failure. Tensile strength 

provides insight into the mechanical durability of a material, how well it fares under heavy stress. 

Literature sources explains the connection that strength of a polymeric material is inter alia 

connected to the chain length of the polymer chains. Longer polymeric chains grant higher tensile 

strength (52) (53). A study by Law et al. indicated that a heat ageing of PP allots the polymer a 

higher degree of crystallinity. They further concluded that this increase in degree of crystallinity 

was a result of chain scission. Further studies have also derived that chain scission is a result of 

heat ageing of polymers This implies that the degree of crystallinity of a polymer can be linked to 

shorter chains (27) (54) (55). 
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deterioration of tensile strength could have its cause in chain scission resulting in shorter polymeric 

chains within the material.   

 

The results for the plastic strain at break agrees with the results for the tensile strength. The failing 

tensile strength may be due to chain scission and polymer degradation by exposure to water. The 

increase in plastic strain reaches a plateau within 72 hours of ageing, which aligns the plastic strain 

results with the deterioration to the tensile strength of PA66. 

 

Inversely from the effects seen in the data for the ageing of PA66, the data for PP indicates no 

detrimental effect on tensile strength of condensate exposure on the material. PP retains full 

functionality throughout the ageing process, with no signs of a chemically induced effect.  

 

 

 

Figure 8: Tensile strength at Break for PA66 and PP when exposed to ageing in batch 1. 
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Figure 9: Force at 0.2 % Plastic strain for PA66 and PP when exposed to ageing in batch 1. 

 

 

Figure 10: Plastic strain at Break for PA66 and PP when exposed to ageing in batch 1. 

6.1.2 Elastic Modulus 

 

Figure 11 shows the development of the elastic modulus over time. Similar to the trends found in 

the data for the tensile strength, the elastic modulus is affected negatively for PA66, while having 

a relatively small effect on PP. Again, results for condensate 1 for PA66 is an outlier, while all 

other condensate data agrees with the results for the effect on tensile strength and plastic strain. 

PA66 is heavily deteriorated and PP suffers only slight noteworthy negative effect.  

 

The cross sectional area of the dog bone samples was documented manually using callipers. The 

dimensions were measured on the smallest part of the dog bones, and the measurements were 

performed in connection with the tensile tests. The swelling effect of the materials are illustrated 



     

 

 

 

41 

in figure 12. Clearly, PA66 absorbs condensate phase, and does so rather immediate. Furthermore, 

there seems to be a variation in the rate of absorption between the different condensates. PP on the 

other hand shrinks significantly when exposed to condensate solutions. For the first measurement 

the average cross sectional area has shrunken approximately 2.0 mm2. However, later 

measurements indicate a rebound of this effect. A proposed reason for this result is a combination 

of two effects. First, the material shrinks when exposed to an elevated temperature. As the ageing 

process then proceeds over time the absorption of liquid phase will cause a slight swelling of the 

material. Table 11 shows the relative weight gain range for each polymeric material. PP, whilst 

non-polar in nature, will still absorb water.   

 

 

 

Figure 11: Elastic modulus of PA66 and PP when exposed to ageing in batch 1. 

 

Figure 12: Cross sectional area of PA66 and PP when exposed to ageing in batch 1. 
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6.1.3 Attenuated Total Reflection-IR Spectroscopy 

 

Beyond results collected through tensile analysis, specimens were also subjected to further 

analysis. ATR-IR analysis was performed as to investigate possible traces of fluctuations in 

chemical composition. Results were largely inconclusive, with no clear sign of presence, or lack 

thereof, of certain substances in aged samples. Comparisons of aged sample spectra were done 

towards reference samples. Furthermore, comparisons were done over exposure time, hence 

between short-time ageing and long-time ageing. Comparisons were also done over condensate 

composition, hence between exposure to different condensates. Spectral comparisons were 

analysed to evaluate any distinct effects on the materials.  

 

 

Figure 13: PA66 analysis with ATR-IR. 3 weeks of ageing in red) condensate 1 and blue) 

condensate 4 as well as yellow) unaged reference. 
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Figure 14 PP analysis with ATR-IR. Ageing in condensate 1 for red) 48 hours and cyan) 3 

weeks as well as blue) unaged reference. 

Data collected from the ATR analysis is inadequate and delivers no clear sign of chemical effect 

on material after ageing. The spectra for aged samples concurs well with unaged reference spectra. 

However, any possible spectral divergence which may have revealed ageing induced effects are 

not discernible from the data collected. Neither through library searches nor by manual analysis 

can notable differences be discerned. The complete series of spectra can be found in appendix B. 

 

6.2 Batch 2 

 

Batch 2 focused on the effect of the aqueous phase on the polymers. Furthermore, material response 

to thermal degradation within the working temperature range of the component was of interest. The 

ageing temperatures were higher in this experiment, 90o C and 120o C. Thus batch 2 was to simulate 

an environment of wet conditions and elevated temperatures. Aqueous phase was a modified 

version of batch 1’s condensate 4 with 90 vol% acidic water and 10 vol% motor oil.  
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Figure 15: Tensile strength at Break for PA66 and PP when exposed to ageing in batch 2. 

 

 

Figure 16: Force at 0.2 % Plastic strain  for PA66 and PP when exposed to ageing in batch 2. 

 

 

Figure 17: Plastic strain at Break for PA66 and PP when exposed to ageing in batch 2. 
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The tensile strength of PA and PP again give rise to different responses. PA66 is again deteriorated 

heavily by the exposure to an aqueous solution. Furthermore, the increase in temperature seems to 

have had a negative effect on PA66. PP is deteriorated only very slightly by the treatment at every 

measurement instance. Results shows that PP is consistently very stable mechanically after being 

exposed to aqueous environments at elevated temperatures.  

 

 

Figure 18: Elastic modulus  for PA66 and PP when exposed to ageing in batch 2. 

 

Measurements for the elastic modulus gives rise to interesting results. Between the penultimate and 

the last measurement, both materials gives rise to an increase of the modulus. Thus at both ageing 

temperatures PA66 and PP are affected by an effect which increases the elastic modulus as a 

function of the treatment.  

 

 

Figure 19: Cross sectional area for PA66 and PP when exposed to ageing in batch 2. 
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PA66 is, as expected, plasticised dramatically compared to its unaged value. However, PP does 

also lose stiffness continuously until 168 hours of ageing, before regaining its stiffness towards the 

end of ageing.  

 

Figure 19 shows the development of specimen swelling and shrinking. PP again, in a similar 

fashion as in the previous ageing, shrinks significantly upon exposure to heat and aqueous 

condensate followed by a slow gaining of volume. The contracting effect is more pronounced as 

compared to ageing in 70o C, and it is regardless of condensate composition.  

 

PP initially contracts 4.7 % in batch 2, as compared to 3.2 % when aged in 70o C. Thus contraction 

response of PP can be assumed to be temperature dependent. More specifically, the temperature 

range between 70o C and 90o C seems to facilitate some significant contraction difference. There 

is no substantial variance in response in between the measurements at 90o C and 120o C. 

 

PA66 on the other hand does not behave correspondingly to when aged at higher temperatures. In 

this ageing treatment, the cross sectional area of PA66 does not exhibit the same swelling tendency 

as observed in batch 1 ageing.  

 

 

6.3 Oil Dip Tests 

 

In tandem with batch 2, an additional batch was initiated.  

 

Results gathered showed a slight tendency for a theorised oil film to affect the conditioning of 

PA66 during ageing. The conditioning impact was lowered as compared to results for batch 2. The 

elastic modulus was not as severely deteriorated when the specimens had been exposed to an oil 

bath before (1 Dip) and interspersed (2 Dip) the ageing process. However, the degradation of tensile 

strength was not affected.  
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Tensile data showed variance in impact from ageing on PP modulus. Having the specimens dipped 

in motor oil gave rise to a lower value for the modulus as compared to ageing in solely water phase. 

Included in the comparison in figure 20 is the result of ageing PP in pure motor oil in the same 

conditions. Data indicates a difference for when aged in aqueous solution and when motor oil has 

been introduced.  

 

 

Figure 20: Elastic modulus  for PA66 and PP when exposed to ageing in Oli Dip Test. 

 

An interesting observation was found in the second (192 hours) extraction of samples of the Oil 

dip test. When extracted, samples of both materials were coated in a foam-like substance not seen 

before in any other extraction. PA66 was covered in a pink foam substance, whilst PP gave rise to 

a yellow-coloured froth. 
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Each residue was analysed using both ATR and GC-MS analysis. Both analysis techniques were 

inconclusive and gave no distinct result on the composition of the foam residues.  

 

Figure 21: PA66 specimens after extraction (192 hours). Lower right image shows samples 

subjected to one dip (left) and two dips (right).  
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Figure 22: ATR-IR spectra of foam residues together with condensate components. 

As seen in the ATR spectra in figure 22 above, both residues correlate fairly well with the spectrum 

for motor oil. Both residues seem to also contain molecular groups that gives rise to peaks 

correlating with the spectrum for water. Furthermore, the spectra for the foams follow each other 

very closely which leads one to believe that the foams are similar in general composition. However, 

information is insufficient to discern presence of any individual compound. A performed library 

search did not give rise to conclusive results either. Furthermore, GC-MS analysis of the residues 

gave inadequate results. Appendix B lists the complete set of analytical results obtained throughout 

this Master’s Thesis.  

 

6.4 Batch 3 

 

The third batch aimed at exploring the response of PP on contact with gasoline. PP was subjected 

to gasoline, and gasoline-motor oil blends in both liquid form as well as gas phase. Furthermore, 

PPs interaction with motor oil at elevated temperatures was investigated. 
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The experimental procedure was very similar to batch 2. Ageing of PP specimens was conducted 

in sealed autoclaves which were placed in dry-air ovens. Samples were fixed in place as to not 

interfere or hinder one another.  

 

6.4.1 Gasoline Ageing 

 

Moreover, an inspection of gas phase exposure was of interest. Thus beyond ageing in liquid phase 

compositions of gasoline and motor oil, ageing was also performed in gas phase. In total, ageing 

was performed in liquid phase and gaseous phase for three chemical compositions, as listed in table 

13. The ratios of chemicals in the condensates were chosen as to cover for a very wide spectrum 

of possible compositions. In addition, the influence of gasoline was of utmost interest in batch 3. 

Thus, gasoline was incorporated in all condensates and at different amounts in order to properly 

evaluate its effect on propylene. Furthermore, ageing was performed in pure motor oil at two 

temperatures (90 and 120). This was done to investigate the pure heat based degradation of PP.  

 

Table 12: Batch 3 Condensate Disclaimer. 

Ageing condensate Series name designation 

Liquid: Motor Oil 120o C 1 

Liquid: Motor Oil 90o C 2 

Liquid: (2/3) Motor Oil, (1/3) Gasoline 3 

Liquid: (1/3) Motor Oil, (2/3) Gasoline 4 

Liquid: Pure Gasoline 5 

Vapour: (2/3) Motor Oil, (1/3) Gasoline A 

Vapour: (1/3) Motor Oil, (2/3) Gasoline B 

Vapour: Pure Gasoline C 
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Figure 23: Elastic modulus for PP when exposed to ageing in liquid phase in batch 3. 

 

 

Figure 24: Elastic modulus for PP when exposed to ageing in gaseous phase batch 2. 
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Figure 25: Elastic modulus as a function of gained weight for PP when exposed to liquid (3-

5) and gaseous (A-C) phase ageing in batch 3. 

 

Condensate 3, 4 and 5 have partitions of gasoline. Condensate 3 contains the least relative amount 

of gasoline whilst condensate 5 consisted of pure gasoline. All measurements give rise to a 

plasticising effect. Previous ageing resulted in late-in-experiment material stiffening. The modulus 

eventually regained value as a stiffening occurred. However, in these results this stiffening effect 

is notably lessened.  

 

Overall, PP fares best of when aged in an environment of lower amount of gasoline. Data for ageing 

in condensate 3 suggests that PP fares better off than it does in condensate 4 and 5. A correlation 

between the partition of gasoline and the degrading modulus of propylene can hence be observed. 

The measurement for condensate 5 at 336 hours is a notable outlier. 
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In the gas phase ageing, figure 24, the same impact on the modulus are observed, however not as 

notable. Results for ageing in condensate A, which correlates with recipe 3 in the liquid phase 

ageing, differs from the other data curves. The data for condensate A regains an amount of modulus 

within the first measurements. As seen in the liquid phase ageing, the value for the modulus 

correlates with the relative amount of gasoline in the condensate.  

 

When comparing the results from gas and liquid phase ageing one can discern an analogous 

development in the consequence of gasoline exposure. In both phases gasoline evokes a weakening 

of modulus on PP. The mechanical degradation is on a comparable level between the two phases, 

leading to a suggestion that the acting aggregate phase of gasoline does not play a vital role in 

plasticising PP. 

 

 

Figure 26: Tensile strength at Break for PP when exposed to liquid phase ageing in batch 3. 



     

 

 

 

54 

 

Figure 27: Tensile strength at Break for PP when exposed to gaseous phase ageing in batch 

3. 

 

Figure 28: Tensile strength at Break of PP as a function of weight gain in liquid (numbers) 

and gaseous (letters) phase ageing in batch 3. 
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The tensile strength of PP is given in figure 26 for liquid phase ageing and in figure 27 for gas 

phase ageing. The degrading effect of the treatment is limited, with a limited loss of strength. The 

strength is only affected initially and the deterioration is contained to the first hours of ageing.  

 

Comparing the effects of the ageing treatments on PPs tensile strength, a couple of trends emerges. 

First, having the specimens aged in gas phase deteriorates the tensile strength less than when aged 

in liquid phase. The absorption rate of the specimens submerged in liquid phase is overall greater 

than in gas phase. Furthermore, an increase in gasoline concentration correlates with a more 

degraded tensile strength as well as a heightened absorption. 

 

Thus, this data would suggest that the absorption rate of gasoline does have a significant effect on 

the tensile property of PP.  

 

 

Figure 29: Weight gain of PP when exposed to liquid (numbers) and gaseous (letters) phase 

ageing in batch 3. 
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Figure 30: Swelling of when exposed to liquid (numbers) and gaseous (letters) phase ageing 

in batch 3. 

 

Specimen weight and cross sectional area was closely monitored for batch 3 experiments. A 

possible weight gain, probably a result of condensate diffusion into specimens, would be a property 

of interest.  

 

In figure 29 the weight developments of specimens are listed. Both series exhibit the same general 

trend. Weight gain are greater in liquid ageing (series 3, 4 and 5) than in gaseous ageing (series A, 

B and C). Ageing in pure gasoline gives a greater weight gain than condensates of mixtures. Ageing 

in majority motor oil (3 and A) seem to give the lowest amount of absorption.  

 

Figure 30 shows the data for the cross sectional area of specimens. Swelling is present for series 4 

and 5, as well as B and C, samples exposed to pure gasoline as well as to condensate of majority 

gasoline. Similar to the weight results, PP seems to gain volume and to gain more volume when 

exposed to higher partitions gasoline. Data suggests that liquid phase ageing tends to result in 

higher swelling than when aged in gas phase. Correspondent results for gasoline in liquid phase 

exhibits higher swelling tendencies than their gas phase counterparts.  
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These results may be connected to the degrading impact on PP. Thus, perhaps the absorption of 

gasoline phase into the polymer may evoke chemical degrading, as well as mechanical plasticising.  

 

6.4.2 Thermal Ageing 

 

Ageing was also performed in motor oil. Two temperatures were selected, 120° C and 90° C. PPs’ 

response to heat in a dry environment was the property of interest. A supposition of the presence 

of an oil film on the inside of the air intake manifold motivated an ageing in pure motor oil.  

 

 

Figure 31: Elastic modulus of PP when exposed motor oil ageing at 120° C and 90° C in 

batch 3. 

The modulus experiences a stiffening in the latter parts of the treatment. PP exhibits similar degree 

of stiffening in both temperatures.  
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6.5 Intercooler Samples 

 

Investigation of the chemical environment in the air intake manifold included multiple angles of 

approach. Primarily, analysis of extracted real-world condensate samples was performed and 

evaluated. Furthermore, analysis was performed on condensate samples manually extracted from 

air induction components. Analysis was done with several techniques, including IR ATR, GC-MS, 

IEC and pH measurement.  

 

6.5.1 Intercooler Low Pressure-EGR Condensates 

 

The primary aim and execution of air intake environment determination was performed on 

condensate samples provided by Volvo Cars in the early stages of this Master’s Thesis project.  

Findings of tests were in general unsatisfying. Despite thorough analysis of sample composition in 

IR spectrum and mass spectrum form, clear presence of individual compounds could not be 

determined. All condensate samples were water based with only minor traces of organic 

compounds. pH levels could be determined for samples of sufficient volume. RISE, Research 

Institute of Sweden aided in analysing samples using ion-exchange chromatography. Their results 

indicated the presence of several small weak organic acids. Furthermore, the ion-exchange 

chromatography test results gave acid amounts which were within the specifications outlined by 

internal Volvo Cars documentations (5).  

 

Complete results of performed analysis are presented in table 14. In table 15 results from IEC are 

listed.  
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Table 13: Qualitative findings from collective chemical analysis on condensate samples. For 

all samples the solvating agent was found in all spectra and analytical results. Listed are 

only results of adequate quality. 

 ATR-IR GC-MS pH 

Sample 1  Triethyl borate 4.00 

Sample 2 Weak traces of organic compounds  4.26 

Sample 3    

Sample 4  2,4-Toluenediamine 4.39 

Sample 5  3-Methylbenzoic acid 7.62 

Sample 6    

Sample 7    

Sample 8    

Sample 9   5.64 

 

Table 14: Quantitative Ion-exchange Chromatography analysis results courtesy of RISE. 

 Formic acid 

[mg/kg] 

Acetic acid 

[mg/kg] 

Propionic acid 

[mg/kg] 

Butyric acid 

[mg/kg] 

Pentanoic 

acid [mg/kg] 

Sample 1 220 60 <10 <10 <10 

Sample 4 120 30 <10 10 <10 

Sample 5 10 10 <10 <10 <10 

Sample 9 80 30 <10 10 <10 

Volvo Nom. 40 200 - - - 

Volvo WC. 400 300 - - - 
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Quantitative results for formic acid and acetic acid are not well correlating to Volvo’s measured 

values (Volvo Nom.) and Volvo’s worst case standard (Volvo WC.). Overall samples indicate a 

higher amount of formic acid, and a lower amount of acetic acid than what is documented by VCC 

(56). Furthermore, analysis by RISE showed presence of relatively high amounts of salts. 

 

6.5.2 Intercooler Component Oil Residuals 

 

Intercooler components from in-service use was swabbed for residues. Samples of 6 components 

were oil based films taken from the inside surface. Residues were analysed in both ATR-IR and 

GCMS analysis.  

 

Results from the GCMS analysis showed a composition of a wide variety of short chain aliphatic 

compounds, further organic molecules as well as minerals. Over 50 different compounds were 

found in certain samples. The specific information regarding the chemical composition of the motor 

oil used by Volvo Cars is classified information, and thus no categorisation of compounds was 

possible. One can only assume that the residues found on the inside of the component most likely 

consists of a majority motor oil phase.  

 

ATR-IR spectroscopy analysis was performed on the samples. Spectral comparisons with motor 

oil was done to possibly distinguish compounds which was present exclusively in the component 

residues. Only one of the samples gave rise to interesting results. In samples denoted “F”, 

poly(ethylene:propylene)diene was found to be present in the oil residue. See sample F in appendix 

B for further information. Results can be found in appendix B. 

 



     

 

 

 

61 

7   DISCUSSION 

 

Glass fibre-reinforced PA66 is the currently utilised material for the manifold component. It is 

selected for its outstanding mechanical properties. The air intake manifold is subjected to an 

environment of several challenging parameters. Elevated temperatures and unpredictable 

temperature profiles, as well as pressure fluctuations and a complex chemical composition are 

amongst these. The focus of this Master’s Thesis was to evaluate the viability of using glass fibre-

reinforced PP as a replacement material for the air intake manifold component. Furthermore, an 

evaluation of the chemical composition of the internal air environment was expected.  

 

7.1 Polymeric Material Choice for Intake Manifold 

 

Having knowledge regarding the thermochemical challenges that the component is subjected to is 

a key factor when evaluating the viability of material choice. The constituting material needs to 

have good resistance to heat treatment, wet conditions, acidic conditions, contact with oil and 

organic compounds, whilst still to retain structural rigidity and strength. Glass fibre-reinforced 

PA66 has proven itself to be a practical choice when it comes to engine compartment components. 

Most car manufacturers today choose PA66 as the main material for plastic elements.  

 

PP has in in this project demonstrated itself to be a sustainable alternative as material choice. Its 

mechanical and physical properties are acknowledged, and results gained from this project 

indicates that PP demonstrates satisfactory resistance properties to both heat and chemical 

stressors.  

 

Experiments was started with batch 1 evaluating both materials (PA66 and PP) response to 

simulated chemical composites. This treatment was designed to give a first indication on the 
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qualitative chemical response of the plastic materials when exposed to an environment made to 

simulate the milieu of the air intake manifold.  

 

Following ageing procedures focused more on the quantitative chemical impact of specific 

substances. In batch 2 and auxiliary tests, the polymers’ interaction with an acidic aqueous solution 

was investigated, while in batch 3 with auxiliary tests, the impact of gasoline exposure was the 

primary focus. 

 

The motivational through line of the experimental procedure in this Thesis project can be concluded 

as: 

 

• Evaluation of polymer materials and their response to exposure to simulated condensates. 

This was performed in batch 1.  

 

• Experiments in batch 2 were motivated by initial analysis results of intercooler 

condensate samples, as well as an inquiry of the impact of higher temperatures. 

 

• As findings on components suggested that the inside surface could be covered by oil 

residues, an additional ageing experiment was initiated. The Oil dip tests investigated 

what effect a possible surface oil film would represent, and how it would affect the 

degradation effects induced by acidic water.  

 

• Batch 3 focused solely on PP, and on the degradation of mechanical properties gasoline 

exposure induces. Both gaseous and liquid phase ageing was performed.  

 

Experiments in this project cannot be interpreted as a real world simulation tests for the materials 

as the experiments are performed under controlled and static conditions. Furthermore, treatments 

are performed in liquid phase whereas the actual component phase is assumed to be gaseous. 

Ageing the materials in liquid phase was decided as a measure to provoke a heightened degree of 

material response. Results are to be interpreted as indications of possible effects on PP if subjected 

to the environment present in the air induction system.  

 

 



     

 

 

 

63 

 

7.1.1 Impact on Elastic Modulus 

 

The two effects that is believed to have been observed for the elastic modulus in the performed 

experiment has been i) a conditioning, where the modulus is lowered, and ii) a stiffening, where 

the modulus is increased.  

 

The source for the modulus deterioration, as well as the swelling effect, is most probably a result 

of a conditioning mechanism for both polymers. The liquid condensates for which samples were 

submerged in will act as a plasticiser as diffusion into the material occurs. Water molecules or 

gasoline for example, will penetrate the polymer solid and position themselves in between the 

polymer chains. The result is an increased intermolecular distance between the chains which is 

inversely related to the intermolecular attraction force. Thus as the material is conditioned by 

absorption, the material is rendered less stiff and more easily deformed as a result (57) (58) (15). 

 

In the first batch of ageing, PA66 seemingly suffers more intensely from this effect than PP which 

can be attributed to its very polar molecular structure. Condensates contained varying shares of 

water and it has in this Thesis project been shown through experiments that PA66 does suffer 

significant mechanical property loss when exposed to aqueous solutions. PP on the other hand 

retains most of its tensile strength and modulus. Water does not experience the same drive to diffuse 

into the PP matrix, and thus PP does not suffer the same deteriorating plasticising effect on its 

modulus as PA66 when exposed long-term to liquid water.  

 

Results gathered from experiments in batch 1 showed the clear resistance to chemically induced 

deterioration of PP. A slight conditioning effect was observed. The elastic modulus is left 

deteriorated by 10 – 20 %. Compared to PA66, which had its elastic modulus deteriorated upwards 

of 45 % from its original, dry reference value. Gasoline exposure is known to plasticise and 

negatively affect the mechanical viability of PP (30) (59) (3).  

Furthermore, no implicit thermally induced stiffening, or increase of elastic modulus, was found 

as a result of the treatment. Subjection to elevated temperatures with a subsequent cooling is well 

known to induce a stiffening of the polymeric material due to increased crystallinity. Thus, results 

would suggest that the chemical compositions of condensates and temperature used in batch 1 are 
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not able to affect PP to any weighty degree, and that in these conditions, PP would be a suitable 

material choice for the intake manifold component.  

 

However, results on PP’s elastic modulus from batch 2 revealed clear tendencies of stiffening, as 

well as indications of plasticising effects. In batch 2, samples were aged at 90° C and 120° C in a 

single condensate recipe of 90 vol% pH 3.00 water and 10 vol% motor oil, which was chosen and 

motivated by the findings from analysis of intercooler condensate samples Thermal ageing can 

trigger a crystallisation effect which has been shown by Oliani, et al. together with other studies to 

cause embrittlement of a polymer material, see figure 18. Thermal degradation of PP is known to 

have its origin in chain scission (27). Resulting shorter polymer chains are abler to rearrange to 

energetically favoured configurations and the degree of crystallinity thus increases in the material. 

The elastic modulus of a polymer is subjected to the degree of crystallinity. 

The modulus of PP in batch 2 ageing is thus not only affected by a plasticising effect, but also 

stiffened by heat. This effect is most prevalently observed in the data for PP, but is also present in 

the data for PA66. The presence of this mechanism is an important observation, as the curving 

nature of the moduli data suggests that the modulus is affected by two conflicting processes as a 

result of the treatment (54).  

 

However, no data on change in the degree of crystallinity was able to be acquired, and thus this 

reasoning will remain only a theory until further study on the impact of crystallinity and molecular 

weight is done evaluate if a change in crystal structure occurs.  

 

Results for the elastic modulus in batch 2 is most probably of limited concern in regards to the 

structural rigidity of PP and by extension the rigidity of the manifold. The subsequent stiffening 

process found in the data suggests that the effects of water absorption does not impact the PP 

material at longer time scales.  

 

However, the results gathered from batch 2 could perhaps also be explained without a change in 

crystallinity. For PA66, the absolute values from batch 1 and 2 of the modulus deterioration are 

more or less equal in their last measurements. Furthermore, possible prevalence of measurement 

errors need to be taken into account when analysing the resulting curves for the mechanical 

properties. Thus, no specific effect can be attributed the trends seen in the data.   
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Furthermore, as a result of exposure to the aqueous phase, PA66 is suspected to suffer from chain 

scission. Water, and in selected cases added acids, enabled by the elevated temperature would allow 

reversed hydrolysis to cause scission to the polymer chains. Absorption of water into PA66 has 

been proven to be dependent on temperature, which could explain the increased rate of 

deteriorating effects (19). This could be a noteworthy addition to the weakening of moduli for 

PA66 that is observed throughout this study. Also, the damage to PA66’s properties is perceived 

to be immediately enacted upon exposure. Compared to batch 1, where the loss of property was 

significantly slower. This could probably be a result of the higher temperature enabling faster chain 

damage.  

 

Thus when exposed to a high humidity environment at elevated temperatures over long periods of 

time, it is suggested that PP suffers an initial conditioning effect. However, the continuing chain 

scission that occurs due to heat exposure probably contributes to an increase in crystallinity which 

in turn stiffens the material after a cooling period.  

 

Introducing interspersed short-term stages of motor oil exposures in the Oil dip tests alters the 

effect of the ageing in unexpected ways. Comparison data of ageing in i) pH 3.00 water, ii) ageing 

in water with one and iii) two oil exposures respectively as well as iv) ageing in pure motor oil is 

presented in figure 20. It can be discerned that when the PP specimens were placed in motor oil for 

24 hour-periods, their elastic modulus gave rise to different trends. The data would suggest that the 

results from oil dip ageing tests more resembles the results from ageing in motor oil. The reason 

for this artefact is however unknown and is recommended to be studied further.  

 

PP was furthermore subjected to ageing at 120° C in both water and motor oil. This was performed 

to investigate pure effects of heat on PP. As expected was the tensile strength at break not affected 

beyond a very slight increase in both cases. The elastic modulus however, exhibited diverse 

behaviour. The moduli give rise to initial conditioning followed by an increase in modulus again. 

However, comparing water and motor oil ageing, water ageing gives rise to significantly higher 

stiffening, whilst being conditioned less. A theory to explain this may be that in motor oil, PP is 

conditioned as motor oil is an organic phase and could thus tend to diffuse more into the polymer. 

Furthermore, the water ageing could inflict oxidative stress which would be a result of chain 

scission. This would, as discussed before, lead to an increase in degree of crystallinity which could 

be expressed as an increase in modulus and embrittlement of tensile strength.  
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Ageing in gasoline induces heavier degradation of elastic modulus for PP than water ageing. This 

was performed in batch 3. Comparing the results for ageing in water and gasoline respectively at 

70° C illustrates the effect exerted on the PP by gasoline. The last measurement in the gasoline 

series is assumed to be an outlier. A stiffening of the modulus is possible, and was to a degree 

indeed observed for the other condensates. However, an increase of modulus of that proportion is 

assumed to be a measuring error.  

 

A difference in absorption rate for water and gasoline is seen in figure 33. The cross sectional area 

data indicates that PP tends to absorb gasoline significantly more than it tends to absorb water. An 

increased absorption of liquid phase has been observed to cause increased plasticity in polymeric 

materials. The superior absorption of gasoline can aid in explaining the results found for the elastic 

modulus degradation. Absorption of liquid, and gasoline in particular, is suggested to be a 

significant contributor to the deterioration of elastic modulus for PP.  

 

In batch 3 ageing of PP was also performed in gas phase gasoline, as well as gasoline-motor oil 

mixtures. Considering that a significant majority of conditions during driving will consist of gas 

phase exposure, ageing in gas phase was of interest to observe if gas phase gasoline would induce 

different effects on PP. Results expressed no significant difference in chemical impact between the 

aggregate phases. Ageing in liquid phase facilitated slightly heavier deterioration than gas phase 

ageing, but the overall impact correlated well over both results.  

Thus, the choice to subject PP to a liquid phase can be considered to enact fairly accurate results 

comparable to what the material would be subjected to in the engine compartment. A factor not 

evaluated in these experiments is the release of additives from the polymeric materials as a function 

of ageing. Both materials contain several additives, such as heat stabilisers and antioxidants. The 

specifics of additives were not shared by the respective manufacturers. These substances are most 

probably affected by the thermal and chemical exposure of ageing. It is also expected that the 

gathered results of the tensile tests are influenced by depletion or sweating of these additives. For 

example, is a gaseous phase not equally capable to extract additives from polymeric materials as a 

liquid phase. This could possibly be a cause for the slight differences observed in elastic modulus 

for PP when aged in gasoline condensates of different aggregate phases. 

 

The seeming attractive interaction between PP and gasoline could be a cause for concern regarding 

PP’s viability for choice of manifold material choice. However, gasoline’s impact on the 

mechanical and tensile properties of PP is not as detrimental as initially feared.  
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Figure 32: Comparison of ageing effects on elastic modulus of PP in different liquid phases 

at 70° C. 

 

Figure 33: Comparison of ageing effects on swelling of PP in  different liquid phases at 70° 

C. 
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7.1.2 Impact on Tensile Properties 

 

The results collected from the ageing in batch 1 would suggest that after only being exposed to 

water-containing condensates for 24 h, the tensile strength of PA66 is lowered to approximately 64 

% of its original value. After a further 144h of exposure, one full week of ageing, the ultimate 

tensile strength has reached 4.0 kN, 47 % of the original strength. Beyond this time point, the rate 

of deterioration slows down, and a plateau is ostensibly reached.  

 

Clearly, the data from ageing in condensate 1 differ significantly from the other condensates. This 

data artefact is consistent throughout the tests of batch 1. Results for condensate 1 differs from all 

other data in every measured parameter. This may have several causes. Most probably is this an 

artefact of lacking experimental execution. The more volatile phases of condensate 1 (i.e. water 

and fuel phase) most probably escaped the experiment vessel during sample extraction.   

 

Figure 10 illustrates the loss of elongation at break over time from ageing in batch 1. The initial 

rise in elongation can be attributed to a plasticising effect caused by the aqueous immersion. The 

subsequent slight loss of elongation however has been shown to be coupled to the exposure to heat 

as discussed by Gonçalves et al. (60). 

 

PA66s’ strength in batch 2 deteriorates at an accelerated rate as compared to the deterioration in 

batch 1. This again concurs with what Gonçalves et al. found for the temperature-dependence of 

PA66’s tensile properties. The onset of the weakening is accelerated as compared to ageing in 70° 

C. The deterioration of tensile strength reached a plateau value more or less already at 24 hours. 

Furthermore, PA66s tensile strength is farther deteriorated at elevated temperature as compared to 

the batch 1 ageing.  

 

The overall level of the detrimental effect on PA66, especially at higher temperatures, renders the 

material weaker than PP after ageing. This is a noteworthy result, as PA66 at dry and unaged states 

is far stronger and more mechanically and physically rigid than PP. Thus results from batch 2 would 

suggest that in environments of high temperatures and high humidity, PP fares better off and is, 

from a physical standpoint, more viable than PA66 as material choice.  
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While PA66 experienced heavy deterioration, PP suffered significantly less loss of tensile strength 

throughout all ageing. Figure 8 and figure 15 showcases the deterioration of tensile force at break 

for both PA66 and PP in batch 1 and batch 2 respectively. From the results one can identify the 

generally more stable behaviour of PP over ageing exposure and over ageing time when exposed 

to condensate environments of majority water.  

 

This result is not surprising considering PP’s inert nature, and its resistance towards acidity. PP 

does not suffer from degradation caused by chain scission and the conditioning effect by water is 

limited, see figure 12 and figure 19. Thus it can be suggested that PP does not suffer noteworthy 

degradation of mechanical properties when exposed to aqueous environments, even at pH 3.0. 

 

Gasoline has been observed to cause detrimental effects on the mechanical properties of PP (3). 

Thus in batch 3 with condensates containing varying partitions of gasoline, it was expected to find 

significant deterioration on the tensile strength of PP. However, results in figure 26 suggest that PP 

does not suffer heavy deterioration, even when exposed to full gasoline phase. The deterioration 

reaches 19 % at 338 hours of ageing. Compared to the deterioration of PP’s tensile strength when 

aged in majority water phase in batch 2 which reached 16 %, the difference is negligible and can 

be considered within the margin of error. This limited effect on PP can be observed in the chart for 

the plastic elongation at break as well, figure 34 in Appendix A. The increased plasticity of the 

material is clearly observed, but can be considered not substantially affected.  

 

The presence of gasoline can however be observed to be decisive as the internal variance of results 

between condensate mixtures (gasoline, gasoline-motor oil, motor oil-gasoline). The effect is 

furthermore expressed similarly when aged in the same condensate mixtures in gas phase, though 

the variation between series in gas phase shows greater spread. The series of highest relative 

amount of gasoline exhibits the greater deterioration of tensile strength, while data series 

representing condensate of majority motor oil gives rise to the least degrading effect.  

 

The theory regarding the tensile degradation of PA66 is centred around the impact of chain scission 

of polymers through hydrolysis or other degrading mechanism. Thus when observing the seeming 

stable response of PP upon gasoline exposure, it is suggested that there is no chain scission 

occurring in the PP polymer. If there were to occur chain scission, a weakening of tensile strength 

would have been expected to be observed.  
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Combining observations of the impact on material properties enacted by the varying ageing 

processes, it can be determined that PP is plasticised significantly, but not weakened when exposed 

to gasoline at 70° C. Elastic modulus suffers conditioning as well as stiffening. The material suffers 

both swelling and weight gain in both gaseous and liquid phase. All these results are most probably 

caused by the same mechanism and are all expressions of prominent absorption of gasoline by PP.  
 

7.2 Determination of Chemical Composition of Air Intake Environment 

 

 

Even though both the condensate samples as well as the component residue samples were extracted 

from the intercooler component, the extraction method and extraction conditions were vastly 

diverse. This explains the seeming contrast in sample composition between the two sample sets.  

The condensates were extracted from a component in service shortly after operation. The system 

was still hot and full of volatile compounds such as water vapour. Thus at extraction, relatively 

large quantities were able to be extracted. The oil residues on the other hand were extracted from 

components which had been let to dry for an unknown amount of time before being swabbed for 

analysis. All volatile substances have most definitively evaporated at that point.  

 

From the results gathered from analyses performed, it became clear relatively immediate that more 

controlled testing is required in order to gain sufficient understanding of how the chemical milieu 

is developed. Beyond the ever-changing air flow and pressure profiles, additions of EGR and CCV 

amongst other parameters, contributes to a chemical composition which is very hard to predict. 

Categorisation of specific compounds presence could not be determined through the analysis 

performed in this Thesis project.  
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7.3 Sources of Errors 

 

Recollecting the experimental procedure and setup, various mistakes were made. 

 

In batch 1, the fact that the cooling reflux apparatus had to be removed in conjunction with samples 

extraction most probably led to an escape of the more volatile phases. This did probably cause a 

significant error in the measurements. This is the leading theory behind why the mechanical data 

for PA66 in condensate 1 gives rise to such a divergent trend from the other condensate data. Water 

and fuel phases did probably evaporate during the first extraction. After the first measurement, PA 

data indicates a steep recovery of mechanical properties which probably can be explained through 

the lack of a water phase.  

 

The Zwick Roell tensile testing machine used for all tensile testing could be a source of further 

errors. More specifically errors in the data collected. An issue occurred before tensile tests of batch 

3 was performed. The data collected was slightly distorted in the initial measurements. This 

problem was eventually circumvented through a re-evaluating of all tensile data. This was done in 

order to retain consistency in the data. However, questions and remarks remained regarding the 

validity of data collected from the Zwick Roell machine.  

 

The statistical basis for the results gathered throughout experiments in this Thesis project is not as 

rigid as desired. Due to specimen limitations, a compromise on statistical rigidity had to be accepted 

in order to evaluate all the mechanisms of interest. For further evaluation, a larger sample pool is 

recommended to gain results of higher statistical rigidity.  

 

A property that would have been immensely interesting to evaluate is the development of the degree 

of crystallinity in the samples. A significant part of the theory behind the deteriorating properties 

is an altering of the degree of crystallinity. Data for the degree of crystallinity could however not 

be evaluated. Aged samples were evaluated using DSC measurements, however a shortage of 

reference samples meant that no comparison could be made. The manufacturers would not share 

their internal data as well. 
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Furthermore, time management could have had been executed better as certain tests and results 

were left out of this report due to limited time.  

 

 

7.4 Implications for Manifold Component 

 

The results gathered in this Thesis project are not conclusive enough to warrant a decisive verdict 

regarding the viability of using PP as the constituting material for the air intake manifold 

component. However, evaluation of the results from experiments conducted on PP can be 

interpreted as promising regarding PP’s viability as component material. PP retains sufficient 

tensile strength and elastic modulus in the experiments performed and can be considered stable in 

the environments for which it has been exposed to.  
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8   CONCLUSIONS  

 

From this Master’s Thesis project an understanding of the mechanical properties of PP and PA66 

has been developed. Extensive experimental procedures have been performed in order to 

investigate the materials’ responses to both thermal and chemical stressors. The viability of using 

glass fibre-reinforced PP as the constituting material for the air intake manifold component has 

been evaluated. Furthermore, the chemical environment found in the air intake has been 

investigated. Analysis has been performed utilising several chemical analysis techniques to 

determine the chemical composition of the air flow passing through the manifold.  

 

Several relevant conclusions resulting from this work can be drawn.  

 

• Glass fibre-reinforced polyamide-66 is heavily conditioned when exposed to aqueous 

environments. High humidity environments may cause degradation to the material’s elastic 

modulus, as well to its tensile properties. 

 

• The conditioning effect is intensified at elevated temperatures. Higher temperatures 

accelerate the deteriorating process. Furthermore, glass fibre-reinforced polyamide-66 does 

probably suffer from chemical degradation as a function of the ageing conducted. 

 

• The elastic modulus of glass fibre-reinforced polypropylene is negatively affected and 

plasticised by the presence of gasoline in the system. Glass fibre-reinforced polypropylene 

tends to absorb gasoline and the material is rendered less stiff and more readily deformable. 

 

• The elastic modulus of glass fibre-reinforced polypropylene is furthermore observed to be 

temperature dependent. At 120° C the modulus exhibits a curve in its ageing data and 

stiffens significantly after approximately 100 hours. This effect is moreover independent 

on condensate composition. 

 



     

 

 

 

74 

• The tensile strength of glass fibre-polypropylene is not significantly affected by gasoline 

exposure, nor exposure to any other compound. This leads to a conclusion that no chemical 

deterioration of glass fibre-polypropylene occurs when subjected to thermochemical ageing 

made to simulate the environment of the air intake system.  

 

• Effects on both materials’ mechanical properties as functions of performed ageing have 

been observed to be time dependant. The modulus of both material experiences both a 

plasticising and a stiffening effect over time. More research is needed to further evaluate 

the long term impact of thermochemical ageing effects on glass fibre-reinforced PP as bulk 

material of the manifold component.  

 

• Comparisons of results for mechanical properties between glass fibre-reinforced 

polyamide-66 and polypropylene respectively, suggests that polypropylene retains superior 

tensile strength and elastic rigidity over polyamide-66 in environments made to simulate 

the air intake environment. 

 

• However, even though polypropylene suffers deterioration, it still retains sufficient 

mechanical stiffness, tensile strength and plastic rigidity to be considered a viable option 

for material choice for the air intake manifold component. 

 

• The chemical composition of the air induction system is immensely complex and cannot be 

determined readily using the methods exercised in this Thesis project. More thorough and 

extensive research is needed to map the complex and varying chemical milieu of the air 

induction system.  

 

• Presence of weak organic acids have been found. Furthermore, traces of possible strong 

acids have been found as well. 

 

• The presence and quantity of weak organic acids in the chemical environment from analysis 

and the Volvo documented specifications does not agree. More rigorous analysis with a 

larger sample basis is needed for better quantification.  
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9   RECOMMENDATIONS 

 

It is recommended that Volvo Cars Corporation keep investigating the possibility to use Fibremod 

GB307HP glass fibre-reinforced polypropylene provided by Borealis as the bulk material for the 

air intake manifold. Glass fibre-reinforced polypropylene has through experimental evaluation 

indicated that it is resistant to tensile exertion, has favourable heat resistance properties, and is 

more than able to retain sufficient mechanical properties in a chemical environment which would 

include gasoline. It is recommended that evaluation of long term thermochemical deterioration of 

the proposed material is performed. Recommended future focus includes 

 

• Further investigation on Gasoline’s thermochemical impact on the elastic modulus of 

polypropylene, as well as the impact on the material’s tensile properties. 

 

• Further investigation on long term thermally induced effects on the degree of crystallinity 

of polypropylene. 

 

• Closer investigation on how swelling and shrinking effects mechanical properties. 

 

Further aspects of the structural rigidity of the manifold is recommended to evaluate. The results 

presented in this Thesis project are only applicable on the parameters for which has been tested. 

For example, full component static and burst pressure tests and welding rigidity tests are 

recommended future focus areas for VCC to pursue.  

It is recommended that further and more extensive investigation and analysis of the chemical 

environment of the air induction system is performed. The viability of polypropylene as 

constituting material of the component is wholly dependent on the real world chemical and thermal 

profile which exists in the air induction system. In particular, it is recommended that the level of 

gasoline accumulation in the system is quantified and profiled, and how various driving conditions 

could affect this. Moreover, performing thorough quantitative and qualitative analyses of the 

acidity of the environment is recommended. Improved understanding of the acidic profile will 
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result in more well-informed decisions when evaluating use of glass fibre reinforced polypropylene 

as the designated material choice for the air intake manifold.  
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APPENDIX A 

Graphs of result for Tensile testing 
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