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Sammanfattning 
Detta examensarbete utfördes på Scania CV AB och behandlar delar i lastbilens avgassystem 

som utsätts för korrosion och nötning. Huvudmålet med detta arbete är att utveckla en 

provmetod för livslängdsundersökning av flexibla slangar. En serie tester utfördes för att förstå 

grundorsakerna till brott och en FE-analys utfördes för att verifiera resultaten till dessa prov. 

En stor del av den flexibla slangen blir stel på grund av höga avgastemperaturer och som leder 

till plastisk deformation av slangen. Men de tre första lindningarna som ligger närmast motorn 

behåller sin flexibilitet på grund av kontinuerliga motorvibrationer. Slutsatsen är att 

huvudorsaken som gör att de flexibla slangarna går av, är slitage som leder till sprickinitiering. 

Den sprickan sprider sig i form av lågcykelutmattning d.v.s att det tar ganska kort tid tills brott 

sker i den flexibla slangen. Korrosion initierar mellan de icke-flexibla delar av slangen 

Korrosionshastigheten ökar med tiden och det orsakar små hål på ytorna.  

Baserat på testresultaten är den mest lämpliga stället för livslängdsundersökningar Scanias 

komponentprovceller. Genom att mäta slitagedjupet under repeterbara förhållanden som 

rekommenderas i rapporten och med hjälp av data från kundutfall, kan en livslängd uppskattas. 

För att kunna förbättra livslängden för de flexibla slangarna, rekommenderas att använda 

rostfritt stål typ 1.4828 vid tillverkning av dessa slangar bör varmformning användas, samt att 

avståndet mellan lagrena respektive tjockleken ökas. Flera tester med olika teststidsintervall 

behöver göras för att ta reda på nötningshastigheten. 

Nyckelord: Flexibel slang, korrosion, nötning, Lågcykelutmattning , sprickinitiering, hög 

avgastemperatur, plastisk deformation .
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Abstract 
This thesis was conducted at Scania CV AB with information based on corrosion and wear. The 

main goal of this work is to develop a test method to investigate the stripwounded hose’s 

lifetime. A series of tests were performed to understand the reasons of their failure and a FE 

analysis was performed to verify the results obtained from these tests.  

It was observed that a large part of stripwounded hose becomes stiff due to high temperatures 

of the exhaust gas. The high temperature leads to plastic deformation of the hose. In contrast, 

the three first windings closest to the engine keep their flexibility due to continuously engine 

vibrations while there is sign of wear between the layers in these three windings more than other 

parts of the stripwounded hose. Hence, it is concluded that the main reason for stripwounded 

hose’s unpredictable failures is wear which leads to crack initiation. The crack propagation is 

in type of low cycle fatigue which means that it takes a short time until the stripewounded hose 

breaks. Corrosion is initiated between the non-flexible parts of the hose. The rate of corrosion 

is increased by time and causes small holes on the surfaces.  

According to results from the experiments the most suitable location for the lifetime 

investigation is Scania’s component test cells . Several tests with different time spans needs to 

be performed. By measuring the wear depth rate under repeatable test conditions and 

bycomparing with stripwounded hoses from customer trucks, a lifetime can be estimated. 

To improve the fatigue lifetime of the stripwounded hoses, it is recommended to use stainless 

steel of type 1.4828, manufactured through hot-forming with larger distance between layers and 

thicker layers to find out the wear rate. 

Keywords: Stripwounded hose, corrosion, wear, low cycle fatigue, high exhaust temperature, 

plastic deformation.
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NOMENCLATURE 

Here are parameters used in this report. 

Abbreviations 

CAD Computer Aided Design 

FEM Finita Element Method 

KTH Kungliga Tekniska Högskolan 

SWH Stripwounded Hose 

SEM                         Scanning Electron Microscope  

Ra                             The surface roughness average value 
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1. Introduction 

1.1. About Scania  

Scania is a well-known company that produces trucks, buses, and industrial engines. Scania’s 

productions are found in almost every single part of the world. Scania has sales, service, and 

support organizations in more than 100 countries. In fact, Scania is a leading technology 

company that offers reliable, energy efficient products, and solutions that have continuously 

increased customer satisfaction and works toward a more sustainable society. Scania’s vision 

is to improve components quality in order to make the customers more satisfied by  minimizing 

service costs.  

 

1.2.  Background  

  In Scania trucks, a flexible exhaust hose, known as Stripwound Hoses (SWHs), is used to 

decouple the motions of components in the exhaust system. The SWHs provide an important 

function which allows the engine and muffler to move individually with respect to chassis. It 

has been observed that SWH gets stiff after a period of time which causes the hose to break due 

to high vibration amplitudes from the engine or chassis movement (Björkblad, 2015). This 

project is based on the previous master thesis, conducted by Niklas Björkblad who has 

concluded that “mechanical wear” is the main reason of the failure in SWH (Björkblad, 2015). 

Therefore, beside other factors, a special consideration has been taken towards wear in this 

study. 

1.2.1. Scania inlet-pipe 

An inlet pipe is located between the silencer and the engine in Scania trucks. Its structure 

consists of a muffler interface, weld fittings, a SWH that decouples movements between muffler 

and frame, a pipe, a bracket on the pipe which mounts with chassis, a SWH that decouples 

movements between engine and frame, and an engine interface. Depending on the type of 

engine, there are two different designs for the inlet pipe, as shown in Fig. 1. The location of the 

inlet-pipe is also shown in Appendix F. 

 

 

 

 

 

 

 

 

Figure 1 Different types of inlet-pipes which SWHs is located inside of them. 
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As mentioned previously, the SWHs occasionally experience premature and unpredictable 

failures. It is known that “corrosion” has contributing effects on wearing of stainless steel, as 

well as temperatures above 400° C which can further complicate the situation and provide a 

more harmful environment for the exhaust hose. The inside of the exhaust system is subjected 

to mechanical loads that originate from the engine and chassis vibrations. These loads can 

causes wearing between different structural layers of the SWHs. Under circumstances when all 

these three factors, i.e. corrosion, high temperature, and mechanical loads occur at the same 

time, failure becomes unpredictable (Björkblad, 2015). 

Extensive research has been conducted on different types of stainless steels herein to find the 

causes of stiffening and eventually failures of SWHs. The developed methods and tests can lead 

to predicting the life time of SWHs more precisely and to generate better designs with much 

better performance.   

 

 

 

 

 

 

 

 

 

 

 

1.3.   Purpose  
The aim of this project is to develop a test method to investigate the SWH’s lifetime. In that 

regard, it is important to verify which type of mechanism that has most impact on the SWH 

lifetime and leads to breakage of the SWHs. In addition, the obtained results herein can be 

compared to those reported previously in (Björkblad, 2015).  

 

1.4.   Delimitation 
 During the analysis of flexible exhaust hoses many aspects can be considered to evaluate the 

durability. In this report, however, only those aspects which are relevant for such an analysis 

will be covered.  In addition, the focus has been narrowed down to those types of steels which 

The Pipe 

Breakage of the SWH 

The SWH 

Figure 2 The breakage of the hose near the engine 
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have the manufacturability in form of SWHs and have enough thermal resistance. Finally, the 

spring extruded flexible hoses have been only considered and other types of decoupling 

elements, such as bellows, are not included. 

 

1.5.   Method  
At the beginning of the work process, a literature study was carried out that will be partly 

presented in the next chapter. The literature study was divided, based on the key concepts of 

the study, viz  corrosion and wear. This literature study was a guide tool, as well as a knowledge 

foundation, for some consulting to be mentioned later.  

To gather more information about the subject for identifying and evaluating the problem, a 

qualitative approach was set for the study. A total of four consulting were conducted with 

experts in the fields of corrosion and wear at Scania. 

Thereafter, many tests and investigations were performed to identify a test method for the 

lifetime analysis of SWHs. In these investigations, the crack initiations inside the SWHs was 

observed. In (Björkblad, 2015), the wear between SWH layers was concluded to be the main 

reason of the failure. Hence, several cross sections were cut on two old SWHs to distinguish 
the type of wear and finding the crack initiation point. A heat analysis test method was also 

chosen with help and advices from corrosion experts to check the effects of thermal expansion. 

As mentioned before, a series of test were performed which are listed below: 

1. Two SWHs that belonged to customer trucks were analysed. Several cross section cuts 

were made at different locations of the hoses. 

2. A SEM (Scanning Electron Microscope) analysis has been done to find out why the 

crack is initiated and propagated. 

3. Three tests were performed in the engine test cells to determine the best location for the 

lifetime analysis. 

4. Two different heat analyses were done to check the reaction of the bends1 at high 

temperatures, and to find out the stiffening reason.  

5. A corrosion test which was modified for the exhaust environment was performed. 

Beside the special consideration of the addition of heat in this test, the rest was done 

according to a standard method described in (Nina Fröidh, 2014). 

6. Wear in a SWH that belonged to a long-time test has been verified. 

7. Finally, a finite element calculation, based on the model developed previously in 

(Björkblad, 2015), was conducted to investigate the possible plastic deformations 

between SWH layers due to high temperatures. 

 

To understand the problem at hand, it was necessary to act as flexible as possible (such 

as agile approach) and sometimes, it was required to find more relevant approaches 

(Benefield G, Greening D, 2013). 

  

                                                           
1 A bend is referred to deflection of sheet metal in SWH’s structure. 
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2. Consult with experts 
In order to look at the problem from different perspectives and find all sorts of damaging 

mechanisms on SWH, four interviews were conducted with different experts who had 

knowledge in different areas within material failure. The interviews were done in the form of 

semi-structure (Drever, 1995) and the contact was kept continuously during the project. The 

questions asked during these interviews are shortly presented as follows: 

 In the first consultation, two of the experts who participated work in the field of 

corrosion investigations the various trucks components. The main subject of the 

questions to these experts was on different types of corrosion which may occur most 

likely in the exhaust environment, and the connection between the corrosion and wear. 

The interviews helped to find out more about the factors which have the most effect on 

corrosion of the metals and how to prevent or minimize them.  

 In the second consultation, a number of questions were asked about the effects of soot 

on the metals and its reactions at high temperatures. The negative impacts of soot, such 

as impairing the metal due to its low PH value, the acidic property, and preventing the 

reconstitution of passive film was identified. However, soot may also have positive 

impacts such as reduction of the friction coefficient during wear. 

 The third consultation was done with an abrasion expert. The aim of the interview was 

to realize which type of wear is more feasible to happen in a flexible hose and how much 

severe degradation they can cause. It became evident that there is a limited amount of 

information available at Scania in this regard. Thus, a part of the project process was to 

gather more information on wear. 

 The last consultation was done with a material expert to collect enough information 

about different types of stainless steel and their different material properties. The 

interview helped the author to select a variety of suitable materials for performing the 

tests in this project. Also an interesting subject of this interview was the protective layer 

performance in metals and the rate of the passive layer reformation. 
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3. Theory 

3.1.  Stripwound hoses  
Stripwound hoses are used in multi-sided and low leakage decoupling elements with end 

fittings in different variations of inlet pipes.  The three first windings of the hose structure 

have movement due to the engine vibrations. However, there is additional chassis movements 

that can cause the entire flexible hose to move on the truck. The design of each of these hoses 

consists of different helix shaped layers with different thicknesses (WESTFALIA, 2016). 

The raw material of these SWHs is one of the simplest types of stainless steel, i.e. 1.4301. 

This type of steel is used based on its formability, high flexibility, and its low cost. For more 

information about the metal, see appendix B. 

Three different cross section models of SWHs is shown in Fig. 3. Each of these models have 

different number of layers which result in three different SWH thicknesses (Appendix G). The 

triple layers version which is the latest version available at Scania, is the one referred to in 

this report. The interested reader is referred to appendix E for more detailed information 

regarding the structure of SWHs. 

 

Figure 3 The cross section view of three different types of SWHs. (WESTFALIA, 2016) 

 

Engine vibrations excite three first windings close to the engine side when the engine is 

running, see Fig. 4. Road induced vibrations rarely happen in comparison to engine vibrations 

and have larger movement amplitudes than the engine’s vibrations and move all the SWHs 

length.  

   

Figure 4 A view of a SWH. 
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3.2.  Damage mechanisms  
The exhaust system environment is of a very destructive kind. The corrosion occurs on the inner 

surface of the hose due to the existence of different types of the acids. The constant engine and 

chassis vibrations further boost the corrosion rate and cause localized wear to appear between 

the lamella surfaces of the SWH layers. Both of these phenomena are destructive while the 

effect of them dramatically increases when both occur simultaneously. Further, identifying the 

starting point of the crack can help to determine whether wear is more severe than corrosion as 

concluded in (Björkblad, 2015). Thus, complete understanding of different types of corrosion 

and wear and their consequences were crucial.  

Different types of damage that can lead to SWH failure are noted as follows: 

1. Corrosion 

2. Wear 

3. Fatigue 

3.2.1. Corrosion 

Generally, stainless steels are corrosion resistant in most environments. The limitations of the 

corrosion resistance for stainless steels depend on its alloying elements grades and types, i.e., 

each composition has slightly different reactions to a corrosive environment. Selecting the most 

appropriate grade of stainless steel can award the application with the most corrosion resistance. 

The corrosion in general, is the loss of material due to interactions with the environment. 

Corrosion might extend indiscriminately in a wide area that wholly corrodes the surface or it 

might be concentrated on a specific location and form a crack or pit. Good detailing and 

workmanship can significantly reduce the probability of stain and corrosion (Damstahl, 2016) 

(British Stainless Steel Association, 2016). Different variants of alloys and properties have been 

mentioned in Appendix A. 

The corrosion rate is controlled by many factors: 

i. Protective layer 

Oxygen has an important role in corrosion of the stainless steels and triggers the corrosion 

reaction. As long as the corrosion uses the oxygen in environment, the rate of the corrosion 

drops despite any changes in the temperature (Moniz, 2008). 

 

Passivation is a spontaneous formation of a thin oxide film on products in corrosive 

environments, which on the stainless steel's surface acts as a protection cover. The film’s 

microstructure is different from the underlying metal due to chromium which is contained in 

the stainless steels. Combination of the chromium with oxygen builds a thin chromium oxide 

protective film on the metal surface. Oxidation resistance is related to chromium content but in 

the conditions of high temperature and corrosion, it loses the ability to protect (American iron 

and steel institute). As temperature increases, while the passive film remains intact, corrosion 

rate will not be affected. On the other hand, when the passive film is overwhelmed, by the 

temperature exceeding a critical level for each type of stainless steels, corrosion rate increases 

rapidly  (Moniz, 2008). 
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Oxide ceramics and ceramic metal mixes are examples of coatings that are strongly wear 

resistant, in addition to their corrosion resistant properties (Olofsson, 2012). The microstructure 

and the type of the chemical composition of a passive film are different from other metals. The 

passive film is different from oxide layers that are formed upon heating and are in the 

micrometre thickness range while the passive film thickness on stainless steel is around 10 

nanometres – the passive film recovers if removed or damaged, unlike the oxide layer. 

Passivation in natural environments such as air, water, and soil and at moderate pH is seen in 

materials like aluminium, stainless steel, titanium, and silicon.  

Methods to reduce the activity of the exposed surface, such as passivation and chromate 

conversion can increase a material's corrosion resistance. However, some corrosion 

mechanisms are less visible and less predictable (Blucher, 2016). 

ii. Type of the metal 

Stainless steel is a large group of different materials which the main elements are iron and 

chromium (between 10-12% and more). Three main groups of stainless steels have been 

considered in this report which have different types of crystal structures:  

 Austenitic 

This type of stainless steels is a class of alloys which is characterized by high chromium 

(Cr) content , high nickel (Ni) or manganese (Mn), a low carbon content (C), and often 

with addition of molybdenum (Mo). This is the largest and the most important group of 

stainless steels with a broad domain of application. They are not brittle at low 

temperatures, and they have better properties when approaching high temperatures. 

Austenitic steels have high ductility, weldability and corrosion resistance. Austenite 

steel generally has good corrosion resistance, but is sensitive to chloride induced stress 

corrosion. (N.French, 1992) (Damstahl, 2016) 

 Ferritic 

These are alloys containing 10.5-27% chromium (Cr), low nickel (Ni), low 

molybdenum (Mo) and low carbon, the low carbon content makes it impossible to be 

cured. They are relatively soft, but the toughness is lower compared to the austenitic 

steels at low temperatures. Ferritic and duplex steels become brittle with prolonged 

exposure at temperatures between 400°C and 500°C (Damstahl, 2016). Ferritic stainless 

steel’s thermal conductivity is better than austenitic steels. Ferritic steels expand less at 

temperature gradients. The lowest alloy contents such as material 1.4003 and 1.4512 

have relatively poor corrosion resistance in acidic environments. Higher alloy contents 

like material 1.4521 have very good resistance when it comes to pitting and crevice 

corrosion. Furthermore, ferritic steels show better resistance to chloride-induced stress 

corrosion than corresponding austenitic steel and are therefore better suited for hot 

components  (Damstahl, 2016). 

 Ferritic-austenitic (duplex)   

These are two-phase blind structures with half ferrite and half austenite. These 

proportions of the contents can vary to some extent, however. Duplex has high 

chromium (Cr) and nickel (Ni), low molybdenum (Mo) and carbon content (C). High 

corrosion resistance for pitting, crevice corrosion and stress corrosion. But the operating 
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process might be complicated because of the risk of creating intermetallic phases such 

as Cr-Mo, Cr-Fe during the welding process and the risk might increase with increasing 

content of chromium (Cr) and molybdenum (Mo). The heat transfer coefficient of 

duplex steels is between ferrite and austenite steel. The ferritic steels duplex steels can 

become brittle after prolonged heating with temperatures between 400 and 500 ° C. 

(Damstahl, 2016). Unlike austenitic steel, all other types will not provide opportunity to 

produce thin sheets with 300 µ𝑚 thickness (Damstahl, 2016). 

 

iii. Type of environment 

SWH is located in an environment where the temperature is extremely high and the exhaust 

gases make the environment around it to be highly acidic.  

 Diesel 

Diesel Engine emissions are heavily dependent on the quality of the fuel. The engine 

converts chemical power contained in the fuel into mechanical power and at the same 

time emits gases that are not always clean and harmless. During an ideal and normal 

combustion process, an engine should only emit H₂O and CO₂ and the unused portion 

of engine charge air. The gasses percentage which are emitted through the exhaust are 

typically in the following ranges (Fig.5): 

 

Figure 5 Exhaust  gases percentage (Robin Gourley, Chuck Walker, 2012). 

None of these basic diesel emissions (except CO₂ and its greenhouse gas effect) have 

harmful health or environmental effects. However, the main point is that the combustion 

does not usually happen in an ideal mode. Hence, the emissions include pollutants as 

well which can have adverse health or environmental effects. Common contaminations 

include: unburned hydrocarbons (HC), carbon monoxide (CO), Nitrogen oxide (NO), 

and small amounts of SO₂ depending on the diesel quality and Particulate Matter (PM). 

PM is responsible for the black smoke that is traditionally associated with diesel-

powered vehicles. The medical research suggests that PM is one of the major harmful 

emissions produced by diesel engines (Carmona, 2014). 

N₂. 58%

H₂O.12%
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When temperature is decreased, nitric acid, sulphuric acid and organic acids will be 

formed. Nitric and sulphuric acids are highly corrosive, while the organic acids are less 

corrosive (Olofsson, 2012).  

The allowed sulphur levels in various fuels limit varies between countries (10 to 2000 

ppm) (René Olivares-Navarrete , Jhon Jairo Olaya , Claudia Ramírez, Sandra Elizabeth 

Rodil , 2011). Furthermore, there are very low chlorides content in diesel fuels that their 

concentration in exhaust gas condensate are below 80 ppm (Robin Gourley, Chuck 

Walker, 2012). 

 Temperature 

The temperature differs greatly between inside and outside of the flexible hose 

according to (Björkblad, 2015). The temperature of the gases entering the silencer has 

been monitored at the surface of the SWH for a Euro 5, 6 cylinder inline engine (DC13 

146). SWH in a regular inlet pipe consists of several thin plates of metal, and it shows 

a large difference in temperature between the inner and outer sheet metals. The 

temperature inside the flexible hose from lowest load to full load alters between 240°C 

to 530°C while the temperature outside of the hose changes between 102°C to 251°C. 

This temperature gradient may cause the corrosion rate to differ  between inner and 

outer parts of the sheet metals (Björkblad, 2015). 

 

 PH 

Low pH or the presence of chloride ions make the conditions suitable for pitting 

corrosion in stainless steels. PH-value in an exhaust environment is between 1.5 to 2.5 

which is very acidic (Olofsson, 2012). 

 

iv. The corrosion types 

Relevant types of corrosion that can happen to a stainless steel are as follows: 

 General Corrosion 

General corrosion is an electrochemical process that takes place at the surface of the 

material, and as a result, the steel surface is oxidized and a thin layer appears, see Fig 6. 

It spreads over an exposed surface and does not have any particular localization. There 

is a corrosion type which is commonly found in highly acidic media, also known as an 

acid corrosion. Corrosion rate is particularly dependent on the temperature and the 

amount of pollutants (especially chlorides) (Bell, 2016). This type of corrosion is a slow 

process, which causes increase of metal thickness. The low pH in exhaust environment 

makes the formation of the oxide layer (Passive film) become thermodynamically 

destructive. Material waste calculated in grams per square meter, might be large amount 

while the rate of penetration is often low. 

One of the most negative effects of general corrosion on components is that it might 

make them lose the ability to perform their functions. An effective controlling measure 

for uniform corrosion is protective coatings, for example, cathodic protection which is 

an electrochemical technique used for corrosion control. High temperature corrosion 
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can also be caused by high temperature oxidization, sulphidation, and carbonization. In 

environments where the pH is less than 10, carbon steel does not form a passivating 

oxide film and the addition of chloride results in uniform attack over the entire surface 

(Damstahl, 2016). In order to prevent oxidation, a protective coating must interfere with 

the reaction.                                 

 
Figure 6 The general corrosion on the metal. 

 

 Stress corrosion cracking (SCC)  
Stress corrosion cracking is growth of the crack due to the combined interaction between 

mechanical stress and a corrosive medium and sufficiently high temperature, see Fig 7. 

Certain alloys are more susceptible to this kind of corrosion when they are exposed to 

chemical environments like acids and it leads them to crack in an unpredictable manner. 

Austenitic steels are quite vulnerable to this phenomenon. Usually, without the presence 

of the corrosive medium, when the stress is high enough, the material will crack. 

However, when the metal is placed in a corrosive aqueous environment, the cracking 

process occurs at lower stress levels. The tensile stresses could be in the form of applied 

forces directly to the material or in the form of residual stresses and it can be due to 

surface treatments (Olofsson, 2012). 

The stress corrosion cracking (SCC) cannot be avoided by the passive film on the metal, 

the stress can break the film easily and cause it to crack which makes it difficult for the 

film to reform again and thus, SCC (Stress corrosion cracking) occurs. 

The corrosion fatigue occurs because of the back and forth motion of an alloy for a long 

time. It grows during the movement and both the beginning and continuing of the 

process are susceptible to the corrosive medium (Stress Corrosion Cracking (SCC), 

2016). 

 

 

Figure 7 The propagation of cracks in SCC. 
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 Metal 
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 Localized Corrosion 

o Pitting corrosion  

It is a type of localized corrosion that leads to the formation of small holes in the metal. 

This type of corrosion happens in alloys that are protected by a passivizing oxide film 

such as stainless steels. In a corrosive environment, the protective passive film breaks 

down in several small areas on the surface of the metal and the corrosion develops in 

the areas where the passivity has been destroyed, see Fig 8. Some oxidizing factors like 

chloride ions promote pitting corrosion. They act by depolarizing the cathode area and 

accelerate the process of pitting. This type of corrosion is difficult to predict and prevent 

(International organization for standardization, 1995) (The internayional nickel 

company , 1963) (Gate keeper, 2013). 

  

Figure 8 The pitting corrosion inside of the metal. 

  

o Crevice corrosion  

This form of attack is associated with the presence of chloride ions that exist in the 

exhaust environment. These chloride ions penetrate between closed interstices, which 

destroy the passive film, see Fig. 9 (Damstahl, 2016) (The Multimedia Corrosion Guide, 

u.d.). 

 

Figure 9 The Crevice corrosion between the sheet metals. 

 Intergranular corrosion 

This kind of corrosion happens where the boundaries of crystallites of the material are 

more susceptible to corrosion than the inner parts (Fig10). The operating mechanism is 

precipitation of chromium carbide at the grain boundaries that causes chromium-

depleted zones to be formed adjacent to the grain boundaries. Even though they protect 

the metal from corrosive environments, they also act as local galvanic corrosion. The 

risk of intergranular corrosion significantly increases simultaneously with increasing of 

the steel's carbon content (The Multimedia Corrosion Guide, u.d.) (Damstahl, 2016). 

Crevice 

Oxide film 

Pit 
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Figure 10 The formation of intergranular corrosion  

Grain boundary 
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3.2.2. Wear  

Wear is the interaction between surfaces which results in surface damage or degradation of the 

material due to relative motion between the adjacent surfaces and contacting substances. The 

factors that affect wear could be: applied load, lubricant, environmental conditions, the rolling 

and sliding velocities, surface structure, contact area, and material properties.  

Because of the asperity, surfaces which are rough and irregular with Ra >1.5 µm (The surface 

roughness average of the absolute value), make the connection between surfaces ununiformed, 

and therefore, deformation of the asperities for a suitable contact area starts under suitable load 

and pressure. Further, these asperities and valleys cause not having lubrication between contact 

surfaces which help extricated material to stay in place between contact surfaces that enables 

the wear to occur at a fast rate. Therefore, polishing the surfaces is preferred for withstanding 

wear (Bayer, R.G, Nov 1975). 

There are different wear phenomena criteria which are listed herein bellow: 

a) Adhesive 

Because of shearing motion between the interfaces, the displacement and attachment of the 

wear debris appears and material compounds move from one surface to another due to a process 

of solid-phase welding (Organization for Economic Cooperation and Development, 1969). In 

this type of wear, when the SWH surfaces move respectively against each other under sufficient 

load, the oxide layer breaks down and makes direct connection between the two metals. This 

causes a rapid degradation on the surfaces; a common condition in processes, such as, sheet 

metal forming. Back and forth movements can lead to damages in form of plastic deformation 

of the very small fragments within the surface layers and the loss of ductility. Lubrication plays 

an important role when there is low direct load during the relative motion, see Fig 11. Thus, it 

is essential to deliver the lubricant to the whole component (American Iron and Steel Institute). 

 

Figure 11 The adhesive wear between the surfaces 

 

b) Galling 

Galling is a form of severe adhesive wear. When we face relative motions between sheet metals, 

exchange of material occurs between different layers due to high friction. Galling might lead to 

material dislocating from the surface and occurs at a faster rate when compared to adhesive 

wear.  (American Iron and Steel Institute). 

 

Solid-phase welding 
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c) Abrasive 

This phenomenon occurs when a hard and rough surface is rubbing against a softer one. There 

are two primary forms of abrasive wear:  

 

1. Two-body abrasive wear - when a hard protuberance of a surface eliminates and slides 

over the opposing surface, see Fig 12. This type of wear removes the material by a 

scratching or cutting action (A.P. Harsha, 2002). 

 

 

Figure 12 Two body abrasive wear. 

 

2. Three-body wear – as seen in Fig 13, there are particles which are trapped between two 

solid surfaces but they have the ability to slide and roll on the surfaces, when they are 

adequately displaced to become free of each other (A.P. Harsha, 2002). 

There are wear debris among the SWH plates and soot particles and they might be harder 

than the SWH’s material which in high temperatures they increase the risk of three-

body-wear. 

 

 

 

 

 

 

 

d) Erosion wear 

The impingement of solid particles, or small drops of liquid or gas on a solid surface causes 

wear which is known as erosion. This phenomena can be used for drilling, cutting and polishing 

brittle materials (American Iron and Steel Institute). 

e) Tribocorrosion  

Combination of wear and corrosion leads to the mutual reinforcement of their effectiveness 

which can result in material degradation and aggressive damages. There exists a synergism 

Figure 13 Three body abrasive wear. 
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relationship between these two processes. Wear in the tribological contacts removes the passive 

film. Wherever the film is mechanically damaged and removed, the charge transfer can take 

place at the interface without any resistance from the barrier film. This interaction between 

tribological and electrochemical corrosive effects increases loss of material significantly. It will 

be much higher than the summation of material loss under pure corrosion (without tribological 

movements) and pure wear conditions (preventing corrosion under cathodic conditions) (S.C. 

Ferreira, 2006).  

3.2.3. Fatigue 

 If tensile loads are above a certain level microscopic cracks in form of localized structures will 

appear. The crack will propagate until reaching a critical size after which the structure will fail.  

Fretting   

Fretting refers to wear and sometimes corrosion damage at the surfaces which are in contact. 

This type of damage occurs under load and repeated relative surface motion. A perfect example 

is vibration that causes material removal over a long period of time. It appears similarly to rust 

and the surface looks pitted. In the other words, fretting occurs when the surfaces vibrate 

relatively to each other in low amplitudes (<0.2 mm) (American Iron and Steel Institute). 

  

https://en.wikipedia.org/wiki/Wear
https://en.wikipedia.org/wiki/Corrosion
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4. Investigation 
A series of tests were performed specifically to understand the processes which lead to SWH 

stiffening during this work. These tests can be divided into seven different categories which are 

described in this section in details. In addition, a finite element analysis (FEA) was performed 

to verify the results obtained from the tests. Altogether, the tests and the FEA are considered as 

“investigation” conducted in this work.  

4.1. Examining the pipes from customer truck 
Two flexible hoses that were mounted on two different customers’ trucks had been sent back 

to Scania due to failure. One of them came from Brazil and had been used for 300 000 Km of 

driving. The second one was also from Brazil but had been used for only 160 000 Km. 

 

4.1.1. Test procedure 

To check where the cracks had been initiated and what types of wear had occurred in the first 

three windings close to engine, eight cross-section cuts were made in two SWHs mentioned 

above (four cuts per hose). Three cuts were done around the first three windings that were 

affected by the engine’s vibrations and the fourth was in the middle of the hose where it was 

stiff and hard, see Fig. 14. At the same time a cut was made on a clean and unused pipe to be 

used as the reference. These cross section cuts were checked through a microscope and the wear 

surfaces were identified. 

 

 

 

Figure 14 The locations of the four cross sections cuts. 

 

4.1.2. Result of the test 

 Adhesive wear occurred in the most inner layer in the three first windings. 

 Abrasive wear occurred mostly in the second layer from the inside in the three first 

windings, see Fig. 15. 

The location of cross section cuts in the 

first three windings. 



 

 
 

17 

 The second layer from inside became thinner due to abrasive wear. The crack initiated 

in this layer on both hoses. 

 There was no wear in the middle of the hoses while crevice corrosion between the layers 

could be seen. 

 

 

 

Figure 15 Different layers in the SWH structure. 

 

4.1.3. Discussion 

The first layer of the SWH structure oxidizes faster from inside due to the high exhaust 

temperatures which causes a thicker oxide film compared to the next layer. Therefore, when 

the oxide film of the second layer is worn all the way off, it begins to decompose while the first 

layer still has its film left. That is the reason why the wear on the second layer is more severe 

than the first layer from the inside of the SWH. In other words, the oxidation causes the first 

layer to become harder than the second one. When they rub against each other, the atoms move 

from one surface to the other and the surface will become lumpy and will grow. The wear 

happening at the first layer of the surface is the adhesive type in which the wear debris transit 

from one surface to another due to the process of cold-phase welding. Figure 16 shows the wear 

surface of the first layer from the inside of the SWH. 

First layer           Second layer 

Windning 
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Figure 16 The Groove wear surface that belongs to the first layer. 

Wear is localized at some points and depends on a lot of factors such as, the engine vibration 

and chassis movement. The vibration is a destructive factor on the three first windings against 

the engine side. The surface is oxidized, masking the steel features. When the mask is removed, 

the wear rate grows significantly. 

There are distinct marks in the form of scratches on the surface which indicate abrasive wear 

on the second layer from the inside, see Fig. 17.  

 

Figure 17 Scratches on the wear surface that belongs to second layer. 

Comparing the surfaces in Fig. 17 and Fig. 18 shows that the surface of a SWH before being 

used is completely smooth in comparison to a used SWH.  
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Figure 18 The surface of an unused SWH. 

Cross section cut (1-3 first cuts) 

Figure 19 is taken from the cross section cuts and illustrates the wear which is not integrated 

around the windings and is localized in some regions. The initiation and propagation of the 

cracks appear to occur where the adhesive wear is present. Multiple wear mechanisms occur in 

the SWH in unison, see Fig. 19. The three body abrasive wear is more probable to occur. The 

hard particles between the surfaces might come from the wear debris of the surfaces or the hard 

iotas that are formed by high temperatures in the soot. 

 

 

Figure 19 The second layer getting thin due to abrasive wear. 

 

Cross section cut (the forth cut) 

The cross section cutting in the middle of the SWH shows clear sign of crevice corrosion 

between the layers, see Fig 20. There is no relative movement there, and hence, no sign of wear 

is found therein.  

 The first layer  

The second layer  
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Figure 20 Crevice corrosion in the middle length of SWH. 
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4.2. SEM analysis of the fracture surface 

A SEM investigation was performed in order to verify the reasons for the propagation of cracks 

on the fracture surface. 

4.2.1. Test procedure (Test description) 

The first part of this process was to cut down the crack points to uncover the fracture surface, 

see Fig 21. The test specimens were rubbed with cloths of ethanol and they were cleaned again 

by being put in ethanol and run in an ultrasonic bath for at least two minutes, just before the 

investigation (Appendix F). 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.2. Result 

After the crack has been initiated, it propagates in a low cycle fatigue fashion. 

Figure 21 Cut out a section of SWH to check the fracture surface. 
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Figure 22 The fracture surface that belong to the first layer. 

 

4.2.3. Discussion 

The use of a SEM microscope provided the possibility to investigate the cause of the crack 

propagation. The crack propagates into the material because of fretting fatigue as is shown in 

Fig 22. This is a low cycle fatigue and resulted from the chassis movements and the engine 

vibrations. It takes a brief time before the crack converts into a full scale breakage. The crack 

surface is not brittle which indicates that SCC is not the main cause of the crack spreading. 
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4.3. Evaluation of the inlet-pipes from Engine test cells 
Scania’s engine test cells (Fig. 12) are usually used to evaluate the engine outside of trucks and 

chassis connection. Three tests have been performance to assess the wear in SWHs (triple layers) 

and to investigate the overall situation in the engine test cells. 

 

4.3.1. Test procedure 

Two tests were done on the same type of pipes which are made of stainless steel type 1.4301 

(Appendix B). These pipes were connected to a DC16 engine (Fig. 23) while the temperature 

cycle was different for each test. The total operating time was approximately 240 hours. Both 

pipes underwent the same conditions except the temperature cycle. This provided an excellent 

platform to review the temperature cycle effect on the depth of the damage, especially, on the 

wear. 

 

 

Figure 23 The inlet pipe in the engine tests cell. 

 

The third test was performed on a SWH made of 1.4828 steel which is heat-resistant. Three 

tests samples from the triple layers structure with three different materials (stainless steel) 

(Appendix B and H) have been chosen for these tests. It was required to weld the flexible parts 

to the body of the pipes before running the tests. Terminal boxes were used to measure the 

pressure and temperature. These boxes were mounted on the cooling system to assure their 

attachment to the engine. A measuring sensor type K thermocouple was used to measure the 

high temperatures. We measured the pressure inside the steel pipe and the plastic tube 

connected to the terminal box.  

Various temperature cycles have been used and evaluated during the engine test in order to 

check different roads and driving conditions. The temperature cycles in the two tests were 

alternated continuously between 600 °C to 250 °C, and the temperature shifting for the third 

test was between 520 °C to 130 °C. 
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In order to evaluate the wear, three cross section cuts were made in the first three windings of 

three different SWHs, see Fig. 24. The section surfaces were placed on a mounting to be 

observed through a microscope. 

 

4.3.2. Result of the test 

o No wear occurred between the layers in the current engine test cells. 

o The SWHs stiffened during the tests. 

o By applying manual extension force to 1.4828, some parts were still flexible while 

the whole hose was stiff in the case of 1.4301. 

o The bends pushed out the closer layer slightly. 

 

4.3.3. Discussion  

The bends pushing out the layers are located close to each other as shown in Fig. 24. However, 

as it seems in Fig. 24, no wear has been observed between the layers. Nevertheless, the most 

important cause can be the pipe, being hanged in the air without any support. The conditions in 

the test cells are different from  reality (on the trucks), as illustrated in Fig. 25. 

SWH made of 1.4828 steel broke in the middle of the test while it was still flexible in some 

parts after 150 hours operation. On the other hand, SWH made of 1.4301 steel became entirely 

stiff after 150 hours operation. 

It is concluded that SWH hardening occur even in the engine tests cells in the presence of both 

corrosive mediums and high temperatures. Therefore, engine tests cells can be a suitable choice 

to perform lifetime analysis for SWHs. Real-life test conditions in the engine test cells can be 

simulated by attaching a support under the inlet-pipe which represents the engine vibration’s 

effect between the layers and review the wear between layers.  

Unfortunately, no wear occurred in the current engine test cells. Hence, it is impossible to 

analyze the effect of different temperature cycles on the wear herein. 

 

Figure 24 Cross section cut from an engine test cell specimen. 



 

 
 

25 

 

 

Figure 25  The location of a SWH in an engine tests cell. 
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4.4. Heat analysis 
Two heat experiments were conducted to analyse the effect of temperature on the SWHs 

lifetime.  

 

4.4.1. Heating in oven 

To simulate high temperature of the exhaust gases, and to investigate the effect of heat on the 

SWH, all three SWHs made of three different types of stainless steels, i.e., 1.4301, 1.4571, and 

1.4828 were placed into an oven for 4 hours at 430°C without adding any chemical substances. 

The SWH was then cut into cross sections and the structure of the hoses was observed. The 

samples, as seen in the Fig. 26, were prepared for microscopy by placing the samples under a 

supporting structure within the molding cavity (Barber, 2009). 

The sections were then immersed in an etching bath2. Depending on the solution strength, 

etching time varies. Etching process provides the ability to see the grain formation and 

determine the type of microscopic deformation (MEGGITT, 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

Result from heat in oven 

 The test specimens stiffened after being in the oven for four hours. 

 The result of etching indicated that no oxidation occurs between the layers. 

 There were not any cold-welding between the layers. 

 

                                                           
2 Etching is a chemical process in which the steel part is dissolved with strong hydrochloric 

acid or nitric acid. 

Figure 26 Three cross section cuts has been placed in a mounting. 
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Discussion for heat in oven 

After the test specimens were collected from the oven, they were stiffened. The grade of 

stiffness was different among the materials that were tested. The 1.4301steel had the worst 

performance and was entirely stiff when was pulled by hand. Few windings in 1.4571 steel had 

retained their flexibility; however, the overall length was almost unchanged while stiffing 

happened in more than 85% of the parts based on manual extension. The best result belonged 

to 1.4828 steel which showed slightly better results than the 1.4571 steel. 

When the cross-sectional cuts have been monitored, it was observed that the distance between 

the layers had disappeared, see Fig. 27. 

 

 

Figure 27 A cross section cut of a DSS model after the heat analysis. 

 

Figure 28 illustrates that there is no difference in the grain structure and it does not indicate any 

oxidation on the surfaces either. By zooming in the picture (Fig. 27 and 28), it will be possible 

to see that no cold welding can be found between the layers. In conclusion, only macroscopic 

deformations can cause the SWH stiffening and they are resulted from the high temperatures. 
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Figure 28 A section surface after etching. 

 

In addition, Fig. 29 shows a double layers’ design of an unused SWH. It is seen that the 

distances between the layers is quite noticeable and large. Hence, a triple layers structure may 

have a lower distance between its layers as it is more compact than a double layers structure. 

 

 

Figure 29 A cross section cut from an unused SWH.. 

 

4.4.2. Heat investigation of the bends 

There are curve sheets in SWH structure which are made from bended metal sheets. These parts 

will be referred to as “bends” henceforth. A section of the SWH has been cut so the bends 

became visible, see Fig. 30. This test is a continuation of the tests mentioned previously. In 

order to see the bends reaction under influence of heat, as tested before, they were placed in an 

oven at a temperature of 430°C for four hours. 
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Figure 30 The bend which has been investigated. The right picture shows the distance that has been measured. 

The distance between the straight sheet and the bends is 0.362 mm (Fig. 31) which are measured 

by MarSurf XP 20 CNC, see Appendix D (Automation in Surface Metrology). By pulling the 

measuring tip on the cutting face of SWH, it was possible to measure the gap between the bends 

and sheet, as shown in Fig. 30.  

 

Figure 31 The MarSurf measuring chart for the distance between sheet and bend before the heating. 

 

Result from heat investigation of the bends 

The distance between the curve sheet and the straight sheet was measured before and after the 

heating test which is shown in the graph below. The distance increased by 8 percent from 0.362 

mm to 0.390 mm which indicates that the bends have expand backward due to the heat (Fig. 32). 

 

 

0.362 mm 

The bends  

The sheet metal  The sheet metal  

 

The bends  
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Figure 32 The MarSurf measuring chart for the distance between sheet and bend after the heating. 

 

Discussion for the bends heating 

At high temperatures, the bends tend to reform to their original configuration (before 

manufacturing in form of SWHs). This is one of the reasons that the distance between the layers 

disappears and SWHs stiffens. 

Due to time constraints in this thesis, this experiment was performed only on one of the test 

specimen. Hence, the result may not be generalized for all SWHs and more tests in this regard 

are needed to achieve more accurate results. It was a big challenge to find an appropriate 

measuring device for the test since the distances in the tests are very small (micrometre). 
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4.5. Corrosion test 
A laboratory accelerated atmospheric corrosion test was performed with respect to both the 

standard specifications, STD4445, as well as, a modified testing environment by adding a dry 

heat cycle in an oven. 

4.5.1. About the experiment 

The objective of the test was to evaluate the corrosion resistance rate of various stainless steels 

that have been chosen for this project in a corrosive environments with a significant focus on 

influence of chloride ions, mainly NaCl, Fig. 33. This is a suitable test method for products to 

verify their corrosion resistance and select the most suitable material for them. The test 

procedure was performed under repeatable conditions.  

At the first step of the process, three SWHs made of different types of stainless steels (1.4301, 

1.4571, 1.4828) with the  same triple layers structure were put in an oven at 430 ͦ C for four 

hours. This part of the process was not exactly the same as the standard specified. However, it 

was a crucial condition to simulate the exhaust heat. The test operations were performed within 

a climate chamber. 

A Test cycle consists of: 

1. Oven 430 ͦ C for four hours. 

2. Operations within the wet phase at 25 ± 2 °C. The test samples is put in a wet condition 

for 6 hours where they are exposed to a 0.5% NaCl. 

3. Transition to controlled humidity conditions in 2.5 hours. At this phase drying processes 

are performed under controlled humidity climate. 

4. Constant climate conditions. 15.5 hours with a constant control of the temperature (50 

± 0.6  ͦ C) and humidity ( 70 ± 3% RH) (Nina Fröidh, 2014). 

 

 

Figure 33 Three SWHs with the selected materials. 
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4.5.2. Result 

Material 1.4828 had the best result with respect to corrosion while material 1.4571 had very 

deep holes in the first and last layers. Additionally, a lot of crevice corrosions were observed 

between the layers in material 1.4301. 

 

4.5.3. Discussion 

General corrosion was observed in all three materials on the outside layer while 1.4301 had the 

most corrosion compared to other types. This was concluded since the material color turned to 

red and had considerable amount of crevice corrosion between the layers, see Fig 34. 

 

 

 

 

 

 

 

 

 

 

Moreover, the hose with material 1.4571 had several holes on the outsides layers, see Fig 35. 

The cross section picture from the structure shows that the holes have large depths although 

this type of material is acid resistant. 

 

 

 

 

 

 

 

 

 

 

Figure 34  The stainless steel in type of 1.4301 after the corrosion test. 

Figure 35 The stainless steel in type of 1.4571 after the corrosion test. 
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The cross sections pictures from the hose with material 1.4828 shows a few number of holes 

on the top layer. It is noted that the depth of these holes were not as much as observed in 1.4571, 

as seen in Fig 36. 

 

Figure 36 The stainless steel in type of 1.4828 after the corrosion test. 

There are corrosive mediums in the exhaust environment which lead to crevice and pitting 

corrosions and engine vibrations that result in wear between the SWH’s layers. When both of 

these phenomena occur simultaneously, a condition occurs which is known as Tribocorrosion. 

In conclusion, a material with better corrosion response and resistance generally make it 

possible to minimize the wear rate and finally lead to a longer lifetime for SWHs. 
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4.6. Investigate the long-time test vehicles pipe (Validation of complete 

vehicles) 
A long-time test is performed to validate reliability on truck components and their functions. 

One of the exhaust pipes has been taken from the long-term tests to investigate the amount of 

wear on their flexible hoses. This part of the process was performed to determine the wear-

depth for a hose that has been on a vehicle for a certain time. The truck3 was driven on the 

special testing track at Scania using a test cycle which representing “heavy” customer usage. 

4.6.1. About the experiment 

Three cross section cuts have been made on the first three windings to evaluate the wear depth. 

The material type of the SWH was the original 1.4301 steel (Fig. 14). 

4.6.2. Result 

The lowest thickness that have been seen in the SWH was 0.117 mm. 

 

Figure 37 A section view of the SWH. 

 

4.6.3. Discussion  

The shape of SWHs changes slightly due to gravity, see Fig. 38. The flexible hose was not 

mounted vertically on the trucks, they were mounted lightly skewed upward; thus, it bended 

after being used for a while. Three cross section cuts were made; one of them was located on 

the side of the bending. The cut shows that there is no wear on the second layer. The second cut 

was made at the top of the bending where the maximum movements between the layers occurs. 

The wear is visible in this position. The third cross section cut was located under the bending 

where all the layers are extended together with little to no relative movement. Figure 39 shows 

                                                           
3 The truck was named Fingal with these specifications: Chassinumber: 2107778. 
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the wear on the second layer. The thickness of the layer has been reduced to 0.117 mm which 

is about one third of the original thickness. 

 

Figure 38 The form of placing the SWH on trucks and the effect of its weight on its original shape. 

A limited numbers of trucks that finish their driving tests are available per year. Thus, it was 

not possible to investigate more SWHs.  

   

 

Figure 39 The location of inlet-pipe between the engine and silencer (Scania, 2011). 

Since, hoses in these tests have the same conditions on the trucks such as the chassis movement, 

driven distance, and the type of the fuel; performing more long-time tests will provide a good 

opportunity to compare their results related to the thickness of the second layer. Furthermore, 

as the trucks are under similar conditions during these tests, having the same thickness for the 

second layer will indicate a similar cause for their thinning.  

  Inlet-pipe 

SWH 

Silencer  

Engine 

The original form of SWH before 

deforming based on its weight. 

Extended 

Compressed 
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It was observed that the second layer of SWH from the long-time tests becomes thinner than 

customer trucks. This is another strong evidence to use these results to be compared with those 

obtained from the engine test cells. 

The main disadvantage of the long-time tests is that they take a long time to be completed. Thus, 

it may be questionable to suggest the log-time tests as the best way to examine the lifetime 

verifications of SWHs. 
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4.7. Finite element analysis 

4.7.1. About the analysis 
 

To understand the cause of SWH stiffening and validate the performed tests results, a thermo-

mechanical finite element (FE) simulation was performed. The stresses raised from applied 

temperature were calculated and compared with the tensile strength of the SWH’s material. 

Additionally, the amount of plastic deformation was determined. This simulation was 

performed in Abaqus 6.14.  

The geometry (Fig. 40) in this calculation was taken 

from the previously developed model in (Björkblad, 

2015). The geometry is a quarter of a SWH (due to 

symmetries in two planes) and consists of three 

shells. The material properties used in the calculation 

were taken from (Svensk standard SS-EN 10088-2, 

2014). The yield strength of the stainless steel 

(1.4301) is reduced at elevated temperatures. For 

temperatures between 400 ͦ C – 500 ͦ C it varies 

between 98 MPa- 92 MPa, see Table 1. 

 

 

   Figure 40. A quarter of SWH used in the FE calculation. 

As the first step, the geometry was divided into two different boundaries: inner and outer where 

different temperatures were applied to each one, see Fig. 41.  

 

Figure 41. The blue line indicates the applied temperature to the inner boundary while the orange line shows the 
temperature applied to the outer boundary.  

 

The initial temperature of the whole structure is taken to be 20 ͦ C. Two steps are then considered: 

heating up step and cooling down step. In the former step, the inner boundary is subjected to a 
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“surface heat convection” with the film coefficient4 100
𝑊

𝑚2𝐾
 and the sink5 temperature 500 ͦ C 

while the outer boundary is subjected to another convection in which the film coefficient is 

taken to be 50
𝑊

𝑚2𝐾
 with the sink temperature 120 ͦ C. The heating step is assumed to take 300s.  

During the cooling step, both boundaries are subjected to the same heat convections both with 

20 ͦ C sink temperature. It is noted that the same amount of time, i.e. 300s is considered for the 

cooling step (Fig. 41). Finally, it is assumed that the heat transfers only due to the direct contact 

between layers (tie contact). 

After running the simulation, the steady-state temperatures on different shell layers are 

calculated. The temperature after heating step and at the end of cooling steps are shown in Fig. 

42.  

 

Figure 42. Temperatures of the sheets obtained at the thermal simulation steps. The left figure shows temperatures at the 
end of heating up step and the right figure shows the temperatures are the end of cooling step. 

The obtained temperature data are used in the next step, i.e., the solid mechanics calculation to 

determine the stresses and deformations caused by the thermal conditions. In this calculation, 

it is assumed that the material is able to deform plastically. In this way, we can obtain the 

amount of plastic deformations. Moreover, one end of the hose is fixed (no displacement) at 

axial direction, see Fig. 44. The inner boundary introduced previously is taken to be subjected 

to a constant pressure of 32000 kPa. 

 

                                                           
4  Known as the heat transfer coefficient as well. 
5 It is the temperature of the air (gas) which is in contact with the surface. 
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Figure 43. Applied mechanical boundary conditions. 

At the end of heating and cooling steps, a tensile force (pulling force) is applied to the free end 

of the SWH to check whether it elongates or not. This will indicate the flexibility of the SWH. 

 

Figure 44. The percentage of the plastic strain (left). The amount of plastic deformation which are more than 0.3% (right). 

4.7.2. Result 

The most important results obtained from the FE calculation are:  

Fixed end  

symmetry  

symmetry  
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 The temperature variation causes plastic deformations between layers as shown in Fig. 

39.   

 The most plastic deformation occurs at the middle of the SWH compared to the ends 

(Fig. 39).  

 Beside the plastic deformation, there will be a deformation which may lead to lock the 

layers within each other, as shown in Fig. 40. 

 After pulling the SWH, a non-uniform deformation (Fig. 45) occurs which indicates that 

the hose is not flexible any more   

Figure 45. Deformation between layers (exaggerated 10 times). 

If a plastic material is used in the FE calculation, the maximum stress within the component 

cannot exceed the yielding stress of that material (Table 1). Therefore, a new solid mechanics 

calculation was performed in which an elastic material is implemented to see how high the 

stress can be at high temperatures in the SWH.  

Table 1. The yield stress values of the implemented material representing the SWH at different temperatures 

Temperature [°C] 0 200 400 

Yielding stress [MPa] 160 127 98 

    

 

Figure 46. Displacement magnitude in mm after pulling the SWH. 

The result of this calculation shows that the stress in the SWH can go up to 500 MPa (Fig. 47) 

which is much higher than the tensile strength of the used material (100—120 MPa).  
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Figure 47. The von Mieses stress values after heating (left) and cooling (right) steps in [MPa] obtained from the calculation 
using elastic material. 

4.7.3. Discussion 

The FE calculation confirmed the existence of the permanent plastic deformations between 

layers to some extent. It also indicated the high stresses in SWH due to the applied temperatures. 

Accordingly, the material that should be used in the SWHs has to resist the high stresses 

observed in the calculation. However, the amount of maximum plasticity (0.6%) calculated 

herein is very low compared to what observed in the tests. This can be due to unrealistic 

boundary conditions employed in this simulation and/or used material parameters. Therefore, 

one can improve the FE model by: 

 Improving the thermal boundary conditions, e.g., how the heat transfers between 

different metal sheets. In the present simulation, it is assumed that the layers are in a 

direct contact. This can be true in some regions while in other parts, the heat can transfer 

via convection and/or radiation.  

 Using more realistic heat transfer coefficients. To do so, one can consider the 

temperature sink applied to the inner boundary to be, e.g., 500C while the heat 

coefficient is tuned, through an optimization process, to obtain the temperature at the 

outer layer to be around 100C after the heating process. The 100C has been reported 

at the outer layer in (Björkblad, 2015). It is noticed that this will lead to a higher 

temperature gradient between layers, and thus, higher stress values and more plastic 

deformations, as expected. 

 Improving the mechanical boundary conditions, e.g., applied pressures, fixed ends, the 

properties of the contacted surfaces, etc. This will require more measurement under real 

conditions or on the engine test cell regarding the applied forces and the pressures to the 

SWH (see, Conclusion). 

 Improving the employed geometry. This can lead to improve the quality of the boundary 

conditions, as well as, the final results. 

In general, this calculation indicated that the SWH will plastically deform under only one 

thermal cycle; therefore, it cannot fulfil any fatigue life criteria, e.g., 100,000 cycles. 
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5. Discussion  
In the presented work, the failure of SWH used in inlet-pipe is studied. In doing so, different 

tests have been performed based on information gathered by consulting experts at Scania. The 

results of these tests have been compared to the fractured SWHs assembled on costumers’ 

trucks. It is concluded herein that the main reason for the failure of the SWHs is the wear in the 

second layer of the SWH while their stiffening is due to the plastic deformations happening 

between layers together with corrosion occurred in that area. Finally, a FE calculation was 

performed to validate the obtained experimental results. The calculation shows the presence of 

plastic deformations between layers that can lead to lock the bends into each other and stiffening 

the whole SWH. 

It is observed that the first three windings of the SWH (close to the engine) keep their flexibility 

compared to the rest of the hose. This can be due to the engine vibration which leads to rupture 

of the local connections between layers caused through plasticity. In addition to the latter 

process, as mentioned previously, there exists wear between these three layers caused by the 

vibration coming from the engine and chassis. The result of these two phenomena is a 

continuous thinning of the second layer of the SWH until the thickness reaches a threshold after 

which the SWH cannot hold any further load and will fracture. The fracture in this case can be 

categorized as a low cycle fatigue fracture at which the crack grows quickly through the 

component. The rest of the SWH remains stiffened based on the plastic deformation between 

the layers. Corrosion initiates between the non-flexible layers. By time, the amount of corrosion 

increases which causes small holes on the surface of this layers (crevice corrosion). 

Since this project is a continuation of a previous master thesis (Björkblad, 2015), it was intended 

to use the obtained information in that work herein as much as possible. In that regard, a study 

review was conducted on wear, known to be the ultimate reason for the SWH failure in 

(Björkblad, 2015), and corrosion, based on the warm and harsh exhaust environment. On the 

other hand, vibration was not considered within the framework here due to time limitations. By 

taking the vibration into account, one could check the eigenfrequencies of the structure and 

perform a modal analysis in which different type of materials and SWH structures can be 

compared. The vibration study can also help to investigate the large and sudden SWH 

movements when the engine’s vibration and material eigenfrequency are situated in the same 

phase. At the frequencies closer to the eigenfrequecies of the SWH, wearing increases between 

the layers. Therefore, fracture will happen more rapidly and aggressively.  

All the consulting were conducted at Scania Headquarters with experts in different fields of 

expertise within fracture mechanics. More interviews outside the Scania (At universities or with 

suppliers) are required in order to cover all aspects of the matter. This will lead to a better 

understanding of the problem and find more practical solutions to further improve the product 

(both on theories and production perspectives). 

Test rig experiment can be an appropriate way to evaluate the effects of the exhaust on the 

SWHs. Before starting the experiment, it is, however, necessary to heat up the test specimens 

in an oven to make them stiffen in order to simulate a more realistic situation. One can then 

continue the tests on a test rig without the exhaust gases. The hoses should be fixed on the side 
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of the hoses while the other side can vibrate with a frequency corresponding to the combination 

of both engine vibrations and chassis movements. 

In component test cells, the same engine vibration, chassis movement, and test time span should 

be used as those employed on the test rig. By comparing the obtained results then, it will be 

possible to find out the exhaust effect on the hose lifetime. As discussed in Section 3.2.1, the 

exhaust gases make the environment acidic which leads to the corrosive damages. These tests 

will indicate how corrosion can affect the wear depths ratio. 
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6. Conclusion 
 Corrosion and wear occur simultaneously between the SWH’s (Tribocorrosion). 

 The stiffening of the SWHs is one of the contributing causes for the premature failures 

and the only possible reason for the SWH’s stiffness is “plastic deformation”. 

 The crack initiates from the second layer of the SWH’s structure, due to abrasive 

wear. 

 The crack propagates until a complete breakage due to low cycle fatigue. 

 

6.1. Test method  
Different vehicles that have been driven at various time cycles and different paths, have had 

problem with the flexible hoses. One of the main topics for this project was to obtain a test 

method for estimating the SWH’s lifetime. It was essential to limit the scope of the work by 

selecting a specific number of factors that affect the lifetime of the hoses. By choosing a specific 

engine, chassis movement data and a temperature cycle, that corresponds to a determined drive. 

The most suitable location for the lifetime investigation should be the components test cells 

according to the results of the previous experiments regarding elevated temperature and exhaust 

gas effect on both corrosion and wear. Thus, the tests can be completed quickly without the 

requirement to be fulfilled on the trucks. By connecting a hydraulic cylinder to the inlet pipe in 

the Scania test cells, it is possible to have the chassis movements besides the engine vibration 

during the test. In this way, the test will include all the factors that are subjected to the SWH on 

the trucks.  

 Test cells contain a lot of measurement equipment that can get damaged or depreciated by 

adding a hydraulic cylinder connected to the exhaust pipe in long time tests cell. Hence, the 

component test cell is preferable to conduct such tests. The hydraulic cylinder can be controlled 

by measured data obtained from the trucks chassis movements.   

To estimate the lifetime for SWH, several number of tests with different time spans must be 

performed. It is also imperative to define the ultimate minimum thickness of the SWH layers 

before the appearance of the cracks. It is necessary to determine which specified outer limits of 

acceptability are recognized without affecting other factors or the final outcome to make it able 

to define a tolerance limit for this thickness.  

Experimental investigation is one of the most useful methods to investigate the spread of 

failures. To determine the spread it is required to check the number of examples with a normal 

distribution. 

The samples should be investigated by making cross section cuts after the tests to achieve the 

second layer thickness in various test times. A graph could be obtained by using test results 

which shows the second layer thickness versus time. 

The tests in the component test cell are performed more quickly and intensive. This indicates 

that a short time (some hours) in the component test cell may resemble few months of real-

world use on the trucks. Therefore, one can save a lot of time by doing the tests in the test cells. 



 

 
 

45 

The lowest thickness threshold for the second layer could be estimated by measuring several 

SWHs that belong to customer trucks which have a crack on the hose.   
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7. Future work 
Measurement from the chassis movement is necessary for selecting a suitable hydraulic cylinder 

for component test cells. By doing two separate tests, we can evaluate the effect of the few and 

sudden chassis movements on SWH’s destruction in the component tests cells. In one test, a 

support can be attached to the floor to obtain a preferable result since without the support no 

wear will appear between the layers in the first three windings. The support should be mounted 

with bracket that is located on the inlet pipe. This bracket belongs to chassis attachment while 

can be used to mount the inlet-pipe to the support. In the other test, a hydraulic cylinder should 

be used with the data obtained from the chassis movement measured previously at Scania on a 

specific tests road. By programing these data to the computer which is connected to the 

hydraulic cylinder, one can simulate the desired chassis movement during the tests. This test 

can be continued until the pipe is fractured. It is noted that all other conditions should be the 

same for both tests. By performing these two tests, we can verify the tests time spans and 

understand how destructive is the chassis movements. The support can then be used instead of 

the hydraulic cylinder if the test time did not differ considerably; otherwise, the hydraulic 

cylinder will be the only option for the lifetime tests analysis. As described in the Conclusion, 

it is necessary to run multiple tests to investigate SWH lifetime at the component tests cells. 

The FE model can be improved in the following ways: 

 Improving the thermal boundary conditions and heat transfer between the SWH’s layers. 

 The heat transfer coefficients need to be more realistic. 

 Improving the mechanical boundary conditions by performing more tests in which the 

applied forces and pressures to the SWH are measured precisely. 

 The geometry in this FE analysis consisted of just three layers of SWH’s structure while 

a SWH used on the trucks has more layers in reality. 

Finally, four different solutions is recommend to avoid the hardening/stiffening: 

1. Formation of the helix layer (raw material) into double or triple layers at extremely high 

temperatures (hot-forming) instead of cold-forming (which is currently used). In this 

way, we use an already deformed plastic, or, a pre-stressed material in the structure. The 

distance between the layers may not disappear after heating up the hoses. 

2. The layers in the SWHs structure are very thin which make the whole structure to be 

weak. By increasing this thickness, the total stiffness can increase, and consequently, 

the deformation will be reduced. 

3. Increasing the gap between the layers can help to minimize the large plastic deformation 

and pressure between the layers while it increases the leakage volume. By using a gas 

tight layer e.g.a "bellow" above the lamella layers, the latter problem can be avoided.  

4. Using other materials, such as stainless steel in type of 1.4828 might help to improve 

the SWH lifetime. Even though this type of steel is more expensive than 1.4301, it will 

improve the material quality against both corrosion and wear, as discussed in chapter 

4.6.3. Scania can reduce the parts’ costs and prevent unnecessary investments by 

reducing complaints of SWHs in the future (Appendix C). 
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Appendix A. Different Types of Stainless Steels Alloys Elements 
Chromium, Cr 

Main alloying additive in all types of stainless steel is Cr with content of 10-25%. The steel's 

passive surface layer consists primarily of chromium oxides, which generally increases the 

corrosion resistance in most environments especially against pitting and crevice corrosion. The 

best way to build the passivation is oxidization. It mechanically increases the yield strength and 

heat resistance with increased chromium content.  

Molybdenum, Mo 

Mo has the content of 0.8 to 7.5% in different types of stainless steel with even better 

passivation than chromium which significantly improves the corrosion resistance especially in 

acidic and oxygen-deficient media by just a small amount of molybdenum. Mo has strong 

protection against all types of corrosion but unfortunately the element’s cost is too high.  

Nitrogen, N 

0-0.5% Nitrogen enhances the passivity, but it’s difficult in practice to supply the 

molten metal which is often used in high alloyed austenitic and duplex steels. It’s particularly 

effective against pitting and crevice corrosion. 

Carbon, C 

Carbon normally has the content of <0.08% and the low carbon substance has <0.03%.  

C binds with Cr, particularly in the temperatures between 500 and 850°C which can lead to 

Intergranular Corrosion. 

Nickel, Ni 

Nickel increases the toughness of the steel, especially in low temperatures. Ni has 8-25% the 

content of the austenitic steels, 4-7% in the duplex steels and maximum 2% in 

ferritic/martensitic. Ni Increases the “General Corrosion” and “Stress Corrosion Cracking” 

resistance and at the same time slows the “Pitting Corrosion”. 

Sulphur, S 

An undesirable impurity and highly detrimental element to the corrosion resistance. Normal 

addition of S is <0.015%, but the stainless steel machine contains 0.15-0.35%. Forming 

Manganese Sulphide (MnS) which reduces tool wear. Unfortunately MnS is a disaster for the 

corrosion resistance, and Steel alloyed with content of Sulfur cannot be welded easily. 

Manganese, Mn 

Mn often has the content of 1-2% and improves steel hot rolling characteristics and 

reinforcement. 

Phosphorus,P 

an undesired contamination but not so catastrophic for corrosion resistance. Trying to keep 

lower phosphorus content in a minimum (<0.045%). 
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Copper, Cu 

0-2% copper in steel increases corrosion resistance in acidic environments by accelerating 

hydrogen evolution thus changing the medium to the more oxidizing mode. Cu slightly 

enhances the PH alloys. 

Titanium and niobium, Ti and Nb 

Ti and Nb are important additions, especially for binding the carbon substance, which 

counteracts the carbon adverse effect on austenitic steels which is sensitization and 

intergranular corrosion (Damstahl, 2016). 

 

Appendix B. Three austenitic steels  
3 different types of austenitic steel with different amount and type of alloy elements has been 

chosen for this project. 

 1.4301 is one of the simplest stainless alloys which is tough and weld able, but not 

particularly resistant to corrosion in chloride containing media particularly at elevated 

temperatures (Damstahl, 2016). 

 1.4571 is an acid resistant alloy with a titanium content of 5 times the actual carbon 

content and it is similar to 1.4404. This type of steel is suitable to be manufactured under 

a heat-affected zone without losing its corrosion resistance. It is suitable to avoid 

precipitation of chromium carbides by welding (Ebbe Rislund, 2005). 

 

 1.4828 is a heat resistance alloy which is well managed when the temperature exceeds 

550 °C. This type of alloy has general properties, such as, good resistance to oxidation 

and high-temperature corrosion and it has high mechanical strength at elevated 

temperatures. There are potential risks when the temperatures rise up to 800-1000 ° C 

(Outokumpu). 

 

Table 2. Three selected stainless steels that have been investigated in this thesis project. Each of them have different 
quantity and type of composites which provide different properties to the metals. 

Name Cr C Mo Ni Mn Si S P Other 

1.4301 16-19 0.05-0.15 ≤ 0.8 6.0-9.5 2.0 2.0 0.015 0.045 N ≤ 0.11 

1.4571 16.5-18.5 ≤ 0.08 2.0-2.5 10.5-13.5 2.0 1.0 0.015 0.045 Ti: 5 X C-

0.70 

1.4828 19-21 ≤ 0.2 - 11.0-13.0 ≤ 2.0 1.5-2.5 0.015 0.045 N ≤ 0.11 
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Appendix C. The cost of the three steels 
The production costs for a 30 cm SWH in addition to the raw material cost for three different 

types of stainless steel are indicated in the table below. 

Table 3. The price of different types of stainless steels. 

The type of stainless steel Batch size 100 Pcs Batch size 200 Pcs Batch size 500 Pcs 

1.4301 18.25 17.20 EUR 16.30 EUR 

1.4828 19.95 EUR 18.65 EUR 17.85 EUR 

1.4571 21.20 EUR 20.15 EUR 19.45 EUR 

  

 As illustrated in the Table 3, stainless steel type 1.4828 and 1.4571 are more expensive than 

1.4301, but the costs can be minimized by increasing the production rate.  

Crack initiation in SWH leads to changing the entire inlet pipe. With a better material, the 

number of failures will decrease and the service cost will consequently drop which will be 

beneficial to Scania in the long term. 

 

Appendix D MarSurf XP 20 CNC 
The picture below indicate how  MarSurf measures the distance between the bends and the sheet metal 

layer. (Mahr GmbH Göttingen) 
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Appendix E. Cross section view of a double layer hose 
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Appendix F. The Location of Inlet-pipe 
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Appendix G. Wesfalia SWHs 
 

 

Type Triple layers Double layers Single layer 

 

Design 

Round, 

Double interlocked special 

profile. 

Round,  

Double interlocked special 

profile 

Multi-sided,  

Double interlocked profile 

 

Material 

Stainless steel Strip 1.4301 

(AISI 304) 

Stainless Steel Strip 1.4301 

(AISI 304) 

Stainless steel Strip 1.4301 

(AISI 304) 

 

 

 

 

Characteristics 

 

 Excellent durability. 

 High tensile and 

bending strength. 

 High resistance against 

pressure, impact and 

mechanical stress. 

 Excellent absorption of 

axial, lateral and 

angular vibrations. 

 Highest gas-tightness 

and flexibility plus 

additional protection of 

exterior contamination. 

 Nearly gastight, high 

flexibility and 

additional protection 

against outer soiling. 

 Excellent durability 

 High tensile and 

bending strength 

 High resistance against 

pressure, impact and 

mechanical stress 

 Excellent absorption of 

axial, lateral and 

angular vibrations 

 Compensation of 

mounting tolerances 

 Special winding 

technique ensures 

almost complete gas 

tightness with 

             highest flexibility 

 High tensile and 

bending strength. 

 High resistance 

against pressure, 

impact and 

mechanical stress. 

 Excellent absorption 

of axial, lateral and 

angular vibrations. 

 Compensation of 

mounting tolerances. 

 Validated 

characteristics. 

 

Applications 

 

Used as decoupling element in 

exhaust systems of commercial 

vehicle industry. 

Used as decoupling element in 

exhaust systems of commercial 

vehicle 

industry. 

Used as decoupling element 

in exhaust systems of 

commercial vehicle 

industry. 

 

 


