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Sammanfattning 

Uponor AB är under ständig utveckling för expansions verktygsteknik. Deras vision är att förkorta tiden för täthet 
(TTT) genom att hitta en optimal verktyg segmentform. TTT är tiden mellan fullständig expandering och montering 
av koppling med rör och Quick & Easy (Q & E) ring kombination, tills kopplingen är tät med röret och Q & E ring 
kombinationen och systemet kan trycksättas. 
Syftet med avhandlingen är att föreslå ett realistiskt koncept med målet att förkorta TTT. 
 
Under designfasen arbetade gruppen med brainstorming och att hitta inspiration på olika sätt. I slutet av designfasen 
levererades flera handenskissade idékoncept till Uponor AB. Uponor AB valde ett idé koncept för gruppen att 
fokusera på att utveckla och konstruera realistiskt i CAD-program. I slutet av konstruktionsfasen presenterades tre 
realistiska versioner baserade på det valda konceptet. Uponor AB valde ett av de realistiska presenterade koncepten 
att tillverka. 
 
Data samlades in genom litteratur, KTH bibliotekets sökmotor, Internet, intervju med experterna på Uponor AB, 
observation av nuvarande expansionsverktyg, nödvändiga studiebesök, flera program användes som CAD Creo 
Simulate för att analysera och simulera det valda konceptet. 
Sedan Uponor AB tillverkat det slutliga konceptet fick gruppen en chans att observera och rapportera testresultatet 
av den tillverkade prototypen. Detta gav gruppen möjlighet att jämföra resultaten från Creo Simulate programmet 
med testresultaten från den verkliga tillverkade prototypen. 
 
Två olika slutsatser baserade på resultat från Creo Simulera och TTT testet har erhållits i denna avhandling. Enligt 
resultaten av Creo Simulate, för att få ett optimalt styvhetsvärde av rör modellen, bör antingen belastningen som 
anbringas av konan eller expansionshastighet av segmenten minskas. I rapportens rekommendationer har ett antal 
förbättringar på tillverkning metoden, ringfjäder, material av segmentet har nämnts detaljerad med avseende på bland 
annat resultaten från TTT testet. Enligt de nämnda rekommendationerna behövs ytterligare en utredning och tester 
genomföras i framtiden, för att förstå hur tiden för täthet kommer att uppföra sig med de nämnda förbättringarna. 

Nyckelord 

Expansionsverktygs huvud, P-EX, Time To Tightness(TTT), Q&E teknik 
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Abstract 

Uponor AB is always developing considering the expansion tool technique. Their vision is to shorten the time to 
tightness (TTT) through finding an optimal tool segment shape. TTT is the time between complete expansion and 
assembly of fitting, pipe and Quick & Easy (Q&E) ring combination, until the fittings are tight with the pipe and 
Q&E ring combination and the system can be pressurized.  
The aim of the thesis is to propose a realistic concept based on shortening TTT. 
 
During the design process the group worked with brainstorming and finding inspiration in different way trying to 
think outside the box. The design phase delivered several hand sketched idea concepts for Uponor AB. Uponor AB 
selected one idea concept for the group to focus on to develop and construct realistic in the CAD program. In the 
end of the construction phase three realistic versions based on the selected concept were presented. Uponor AB 
selected one of the realistic presented concepts to manufacture.  
 
Data was collected through literature, the KTH library search motor, Internet, interview with the experts at Uponor 
AB, observation of current expansion tool, necessary field trips, using several programs as the CAD Creo Simulate to 
analyze and simulate the selected concept.  
Since Uponor AB manufactured the final concept the group got a chance to observe and report the result of testing 
the real manufactured prototype. This also made it possible for the group to compare the results from the Creo 
Simulate program with the test results of the real prototype. 
 
Two different conclusions based on results by the Creo Simulate and TTT test have been obtained in this thesis. 
According to the results by the Creo Simulate, to get an optimal stiffness value of the pipe model, either the load 
applied by the cone or expansion velocity of the segments should be decreased. According to the results by the TTT 
test, a number of improvements on the manufacture method, ring spring, material of the segment have been 
mentioned detailed on the recommendation. The concerned recommendations show that a further investigation is 
needed to understand how time to tightness values will behave with the concerned improvements in the near future. 

Key-words 

Expansion tool head, PEX, Time To Tightness(TTT), Q&E technique 

  

 

 

 

 Bachelor of Science ThesisTMT2015: 

 

Optimization impact of Q&E expansion technique 

   

                   Tara Faraj Yousef 

                 Bahadir Uysal  

Approved 

2015-06-30 

Examiner KTH 

Mark W. Lange 

Supervisor KTH 

Mark W. Lange 

 Commissioner 

Uponor AB 

Contact person at company 

Charlotte Ericsson, Peter Hauki, 
Thomas Larsson 



   

 

 

Acknowledgements 

The project group would like to gratefully thank Uponor AB that the group cooperated with for theirs 
guidance, understanding, and kindness during our project at the KTH University.  
 
The members of the group would also like to acknowledge the financial support of Uponor AB during the 
thesis degree. It is a pleasure to thank also the supervisors at Uponor AB: Peter Hauki, Thomas Larsson 
and Charlotte Ericsson. The concerned support made it possible that a prototype could be created and 
tested in the project.  
 
Last but definitely not the least; we would like to thank Dr. Mark W. Lange at KTH for his support and 
kindly advices about the plan and time arrangements during the thesis degree's flow.  
 

KTH, Södertälje  

2015-06-15 

Tara Faraj Yousef and Bahadir Uysal   

 
 



 

 

Table of Contents 
1 Introduction ................................................................................................................................................................ 1 

1.1 Background ....................................................................................................................................... 1 

1.2 Problem definition ........................................................................................................................... 1 

1.3 Objective of the project .................................................................................................................. 1 

1.4 Requirements specification............................................................................................................. 2 

1.5 Solution methods ............................................................................................................................. 3 

1.6 Limitations ........................................................................................................................................ 3 

2 Pipe material fact .................................................................................................................................................. 4 

2.1 Polyethylene (PE) ............................................................................................................................ 4 

2.2 PE-X .................................................................................................................................................. 4 

2.3 Cross-linking of polyethylene ........................................................................................................ 5 

2.4 Wirsbo PE-X pipes .......................................................................................................................... 5 

2.5 Uponor AB. PE-Xa pipes ............................................................................................................... 6 

3 Deformation .......................................................................................................................................................... 7 

3.1 Similarities and difference between elastic and plastic deformation ........................................ 7 

3.2 Plastic deformation .......................................................................................................................... 7 

4 Tool material fact ................................................................................................................................................. 8 

4.1 Prototype material ............................................................................................................................ 8 

4.2 Tool steel ........................................................................................................................................... 8 

4.3 Recommendation and suggestions of material and coating of the segments ......................... 8 

5 The design process .............................................................................................................................................10 

5.1 Starting up the project and idea generation ...............................................................................10 

5.2 The design phase ............................................................................................................................10 

5.2.1 Image-board and mood-board .....................................................................................................10 

5.3 The user ...........................................................................................................................................11 

5.3.1 Personas ...........................................................................................................................................11 

5.3.2 The group´s persona .....................................................................................................................11 

5.4 Brain storming/idea generation ...................................................................................................11 

5.5 PUGH ..............................................................................................................................................12 

5.6 Presentation of idea concepts in the design phase ...................................................................12 

5.7 Completion of the design phase ..................................................................................................13 

5.8 Selected concept (camera lens) after design part 1 ...................................................................14 

5.8.1 Camera lens concept design .........................................................................................................14 

5.8.2 Camera lens concept idea description ........................................................................................14 



  

 

 

5.9 Construction phase ........................................................................................................................15 

6 CAD modeling and FEM process ...................................................................................................................16 

6.1 Pre-process ......................................................................................................................................16 

6.2 CAD model creation .....................................................................................................................16 

6.3 Material definition of the PE-X pipe ..........................................................................................17 

6.3.1 Stress & strain data for PE-Xa as a modified HDPE ..............................................................18 

6.4 Mesh creation .................................................................................................................................19 

6.5 Boundary conditions .....................................................................................................................20 

6.6 Loads applying ................................................................................................................................21 

6.7 Analysis performing .......................................................................................................................22 

6.7.1 Foreknowledge about the first stage of static analysis .............................................................22 

6.7.2 Foreknowledge about the second stage of static analysis ........................................................23 

6.8 Post-process ....................................................................................................................................23 

6.8.1 Results on the first stage of static analysis .................................................................................23 

6.8.2 Results on the second stage of static analysis ............................................................................27 

6.9 Static Analysis of segment ............................................................................................................32 

7 Conclusion of the FEM analyses .....................................................................................................................34 

7.1 Conclusion ......................................................................................................................................34 

7.2 Discussion .......................................................................................................................................35 

8 Field trips .............................................................................................................................................................36 

8.1 Uponor AB, Virsbo .......................................................................................................................36 

8.2 Grantek AB, Fagersta ....................................................................................................................37 

8.3 Real estate fair .................................................................................................................................37 

9 Manufacturing process ......................................................................................................................................38 

9.1 Wire EDM (electrical discharge machine) .................................................................................38 

10 Tests .....................................................................................................................................................................39 

10.1 Test theories....................................................................................................................................39 

10.1.1 TTT test theory ..............................................................................................................................39 

10.1.2 Burst pressure test theory .............................................................................................................40 

10.2 Preparation for tests ......................................................................................................................41 

10.2.1 Modifications before test ..............................................................................................................41 

10.2.2 Preparation for the TTT test ........................................................................................................41 

10.2.3 Preparation for burst pressure test ..............................................................................................42 

11 Test results ...........................................................................................................................................................43 

11.1 Results of the TTT test .................................................................................................................43 

11.2 Result of the burst pressure test ..................................................................................................43 



  

 

 

12 Conclusion of the test results ...........................................................................................................................44 

12.1 Conclusion ......................................................................................................................................44 

12.2 Discussion .......................................................................................................................................45 

13 References ...........................................................................................................................................................46 

APPENDIX   

 

 

 

  



  

 

 

 



1 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



1 

 

1 Introduction 
 

1.1 Background 

 

The Uponor AB Quick & Easy (Q&E) Technology is a patented and unique innovation from the beginning of 
1990. The technical solution is mainly used for expanding pipes with supporting rings to be mounted on fittings 
to connect the PE-X pipes in plumbing and industrial applications. The expander heads for the Q & E 
installation have a unique shape and behavior. 
 
Uponor AB´s expansion tool products like M12 and M18 already meet the demands by the customers on a large 
scale. In the future technology performing a smooth expansion will become a reality along with the investigations 
about material deformation of pipe and Q&E ring combinations. However much remains in order to achieve an 
excellent expansion process, with minimum damage at the inside of the pipe, the expansion tool head must 
develop and therefore this thesis were established. 
 

1.2 Problem definition 

 

The aim of this thesis is shape optimization of segments on expansion tools that have already been used by 
Uponor AB. The outcome of the thesis should give some answers of the optimum shape of the segments, stress 
areas in the pipe and Q&E ring combination and material regarding the tool components as well as how the 
speed and rotations are affecting the pipes. 
 
The following points describe the problem definition and the main objective of this study. 
 

 Material deformation of the pipe and Q&E ring combination depends on the expansion process. 

 Expansion forces are generated by the material of the pipe during the expansion of the segments. 
Contraction forces are generated by the material of the pipe and Q&E ring combination during the 
coming back to original position of segments. 

 The initial problem for this thesis is Time To Tightness(TTT). TTT is the time it requires for the 
expanded material to contract and become tightly linked to the fitting. 

 The second problem can be defined as plastic deformation of the pipe and Q&E ring combination 
during expansion and it should be avoided. 

 The third problem can be defined as the relation between temperature, deformation and expansion 
speed of segments. All of these factors have an effect on the result of TTT. 

 

1.3 Objective of the project 

 

The main objective of the project is to present a realistic concept based on shortening Time To Tightness (TTT) 

through finding an optimal segment shape. 

Objective of the project: 

 Present several concepts ideas in hand sketches in the design phase. 

 Present a realistic concept for production, which could be used in reality or could be used in reality 

after modifications.  
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 Present realistic and processed CAD drawings and models based of the concept idea that is selected 

by Uponor AB. 

 Observation of two tests, the TTT test and the burst pressure test at the laboratory of Uponor AB 

regarding the final selected concept.  

 Outcome from the test will be used for comparison with the current tool segment regarded to TTT 

test and burst pressure test. The TTT test would be performed at different weather conditions, as 

room temperature (RT), 7.2̊ C and -10̊ C.  

 Calculation of expansion force & speed of the segment concerning the selected concept/concepts 

by Uponor AB and also stress determination of the PE-Xa pipe that was exposed to expansion 

load.    

 FEM analysis will be performed separately for the P-EX pipe, pipe and Q&E ring combination and 

segment. The following goals for the FEM analysis will be focused. 

  To indicate how expansion forces are applied on the different inner surface regions of the pipe 

via segments and compare results of stress regarding the contact surface of segment with the pipe.   

  To indicate how resistance force of the pipe is applied to segments contact surface and be sure 

whether the material of segment is durable during the expansion or not. 

 Material investigation will be made in order to find out needs of newer material or coating with 

better strength properties regarding the expander head and/or conic part in expander adaptor. 

Recommendations of the material investigation will be handled to Uponor AB in the report. 

 A mechanism will be created by Creo Parametric to have an idea about the whole movement.   

 

1.4 Requirements specification 

 

 Components in the prototype will be produced by manufacturing methods and will be as cost-

effective as possible. 

 Expander head and its components within it need to perform down to temperatures at - 15̊ C 

without failures. 

 Edges of the expander segments will not be sharp to prevent any negative impact on the pipe 

considering the burst failure after a while according to ASTM F876-13.  

 All segments will be easily assembled and disassembled to be able to wipe off any residual oil or dirt 
between the components in the expander head. 

 All segments will have convenient dimensions according to the design guideline.   

 Prototype will contain the necessary dimensions to be able to fit in expander adaptor of the M12 
expansion tool. 

 A written report in English and an oral presentation of the results will be presented at the end of 
thesis. 
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1.5 Solution methods 

 

The group worked by the directions from the KTH and below mentioned methods where used to achieve the 

desired results in the project. 

 Literature, scientific articles, studying present similar tools, technical manuals, etc. are used to learn 

and understand the subject of the project and also the function of the materials and tool the project 

contains.  

 Branch Analysis was done to research and compare similar products on the market.  

 The PUGH matrix is a decision help, and was used in the design process to choose concept. 

 The CAD program was used to construct the concept and to make analysis and simulations.  

 FEM-analysis was performed to make analysis on the concept. 

 The prototype was printed by the 3D printer at KTH. This was done both for the group to get a 

feeling of the prototype before it was manufactured and also to show at the final presentation. 

 Theoretical calculations was done to help the group choose the right dimensions with the base 

results from the calculations. 

 Test equipment at the Uponor AB´s laboratory was used during the test to get the right results and 

compare to the current product. 

 Table data on various parameters for the current segment/ tool head was used in the comparison.  

 Photoshop, Illustrator and Power Point program was used to create images in the report and 

posters in the presentation.  

 Field trips were made to gather information and inspiration for the project.  

 

1.6 Limitations 

 

For the prototype 

 The selected concept was tested by the expansion of PE-Xa pipe with the outer diameter of 16 x 

2.2 mm. as a maximum pipe size. 

 Thermal tests was performed by Uponor AB and the project group observed the tests regarding the 

room temperatures (RT) and 7.2 ̊ C. 

 Project group did not calculate any thermal equations. 

 Only expander head and components within the head and/or conic part in expander adaptor was 
treated in this project, no other tool components. 

 Limitations during the tests, 

 PE-Xa was handled as a material for the pipe. 

 PE-RT (Dowlex 2388) was handled as a material for the Q&E ring. 

 The material of brass was used for the fitting. 
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2 Pipe material fact 
 

2.1 Polyethylene (PE) 
 

The benefits of polyethylene (PE) is that its easily processed, it is low-cost material with good mechanical 

properties, has excellent impact strength over wide temperature range, low water absorbing, resistant to most 

chemicals, can be used in contact with food etc. 

Sub crystalline thermoplastic. The color is white or colorless. Common uses are water pipes, household items, 

bottles etc.  

Manufacturing method which is suitable for HDPE is blow molding, injection molding, extrusion, rotational 

molding, and thermoforming and cutting can be processed, embossing, welded and vacuum metallized. 

HDPE, polyethylene of high density 0,940-0,965.  

PE-X, is PE where molecular chains are cross-linked chemically during the machining process. (Klason. Carl och 

Kubát, 2001) 

2.2 PE-X 
 

PE-X consists of polyethylene PE, X symbolizes the significance cross or cross-linked. 

The crosslinking provides feature enhancements that distortion temperature and impact strength at low 

temperatures, higher resistance to voltage corrosion and better aging resistance than thermoplastic polyethylene 

(PE). The cross linked material becomes more rigid than the starting material and temperature endurance 

improves. (Hammar, 2002) 

The stiffness and impact of somewhat lower in room temperature, but most important property is the form 

stability at higher temperatures. 

A cross-linked polyethylene can be heated to a temperature up to 200ºC for a short time and 120°C for a long 

time. (Hammar, 2002) 

Long-term tests show that PE-X pipes, which is used for hot water distribution in normal application works well 

at temperatures up to 100 ºC. 

Pipes for hot water has therefore become large scope of PE-X. 

The material also has good electrical properties combined with its lasting strength.  

Polyethylene in the form of cross-linked foam is also important area because the foam good damping abilities. 

(Hammar, 2002) 
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2.3 Cross-linking of polyethylene 
 

The cross-linking takes place in three processes 

- Engel 

- Daoplas 

- Pont A Mousson 

Engel process involves sintering and extrusion under heating. The method developed by the German Thomas 

Engel in the mid-sixties. 

Wirsbo acquired a license in 1968, and developed process for the production of pipes. This effort was successful, 

and after years of extensive testing and field trials, Wirsbo were the first company in the world with PE-X pipes 

for floor heating and other heating systems. 

At the Dao process manufactured product, subsequently added to the peroxide by absorption. Thereafter cross-

linking occur in heat and pressure. 

The Pont a Mousson process involves the extrusion of polyethylene admixed peroxide. Thereafter cross-

linking occur in a salt bath in 250-289°C. The high temperature causes problems of the surface shape and the 

profile stability. (Hammar, 2002) 

The Engel process  

Raw PE-HD material have a density of 950kg/m3, and average molecular weight of 500 000. The polyethylene 

powder is mixed with peroxides, antioxidants, UV stabilizers, processing aids, etc. The raw material must be of 

high purity to avoid unwanted side reactions during the crosslinking. Mixture is aged a certain time before it is 

extruded. 

At extrusion the material is fed into a chamber and exposed to a pressure above 2000 bar. The pressure is carried 

out via a piston that moves up and down in the chamber. 

The high pressure results in high temperatures of the plastic mass. The masses warm temperature increased 

further when it is pressed between the cylinder wall and the device in the cylinder wall. (Hammar, 2002) 

 The temperature is so high that crosslinking occurs by reaching the polyethylene crystalline melting point, 

resulting in a uniform distribution crosslinks. The crosslinking takes place namely in the amorphous area. The 

pipe leaves the nozzle, the wall thickness is checked for defects. The pipe calibrates and quenches in water to 

crystallize. (Hammar, 2002) 

2.4 Wirsbo PE-X pipes 
 

Polyethylene melts at its crystalline melting point. 

Crystalline melting point of the PE-HD is 126-136°C. Wirsbo PE-X pipes consists of cross-linked PE-HD.  

Since PE-HD is cross-linked, the material do not melt, but becomes rubbery at temperatures above the 

crystalline melting point. 

If bending the PE-HD pipe is desired, it must be heated it to 133 ºC. At this temperature it becomes transparent 

(amorphous) and soft, and can then be bent to the desired angle. (Hammar, 2002) 
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The pipe is cooled by air or water and the bending is complete. The tube will be opaque white, and thus partially 

crystalline.  

A cross-linked polyethylene contains as ordinary polyethylene crystallites. But the material does not flow when 

the crystallites melt at the melting points. Crystallites turns instead to amorphous solid state held together by the 

network. 

The material then changes from opaque white to gummy transparent material. (Hammar, 2002) 

2.5 Uponor AB. PE-Xa pipes 
 

Uponor AB uses PE-Xa pipe that is peroxides cross-linked. The peroxide cross-linking makes the material 

resistant for pressure and high temperature.  

The Uponor PE-Xa pipes are produced according to existing standards. (Hauki, 2015)  
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3 Deformation 
 

A material is arranged in lattice. Lattice is the pattern which the atoms are arranged after, in each crystal.  

The material leads to changing shape when it is loaded to certain limit so that the lattice slides, and deforms. 

What kind of deformation occurs depends on the loading limit and how the lattice slides and changes place.  

3.1 Similarities and difference between elastic and plastic deformation 
 

Elastic shape change implies when the lattice deforms slightly but resumes to its original shape after unloading.  

A material appears elastic up to a certain limit voltage, then after that limit the material will be plastic deformed. 

(Bjärbo, 1997)  

Illustraded in the Figure 1, in a. Normal pipe, b. Expanded pipe, c. Pipe that contracted after expansion, the pipe 

was elastic deformated (Figure 1). 

But if the shape remains as in number 2 after expansion, then the pipe is plastic deformed.  

Figure 1: Pipe deformation. 

 

 

  a.Pipe                 b. Expanded pipe                     c. Pipe contracts, after expansion.  

3.2 Plastic deformation 
 

Plastic deformation implies the sliding that occur between atomic planes. Sliding occurs gradually, each step is an 

atomic distance. The material will not resume to its original shape after unloading. Sliding occurs in the most 

densely packed planes, then each atom takes a smaller step when an atomic plane slides into another. 

There is theoretically calculated force to cause plastic shape change in the regular lattice. But in practice, the 

force that is needed to cause plastic shape change is less than the theoretical value. This is because the dislocation 

causes weakening in the material, which makes it change easier. Dislocation is a lattice defect. Sliding in a plane 

with the dislocation does not occur evenly along the entire plan, but gradually. (Brennert, 1993) 

The material is plastically deformed when the maximum shear stress τmax exceeds the material's critical shearing 

stress τcr. (τ critical) 

 τ𝑚𝑎𝑥 ≥  τ𝑐𝑟 

Plastic deformation takes place by sliding, along the crystal plane called sliding plane. These planes move easily in 

relation to each other, since they are tightly joined together by atoms. Sliding planes are the most densely packed. 

(Bjärbo, 1997)  

Uponor AB´s goal is to achieve desired deformation. Their desired expansion is to expand the PE-Xa pipe 

material so the fitting fits in the pipe but at the same time stay in the elastic area of the PE-Xa material. If that 

desired deformation occurs, the material contracts and aim to regain its form after expansion. In that way the 

material contracts until it reaches a stop, and in this way it becomes tight with the fitting and also gets a good 

grip. Otherwise outside that desired deformation limit, the PE-Xa material will be plastic deformed and will not 

contract and be tight with the fitting.  
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4 Tool material fact 
 

The common material for expansion tool segments is tempered steel, although precise identification of the 

current segment material is not disclosed by the company. (Jansson, 2015)  (Hauki, 2015) (Larsson, 2015) 

4.1 Prototype material 
 

The prototype is produced in quenched and tempered steel SS 2541-03. SS2541-03 quenched and tempered 

steels are high alloy. Alloyed quenched and tempered steels can by tempering achieve greater yield strength and 

tensile strength than unalloyed quenched and tempered steels. Chromium Nickel Molybdenum (SS2541) usually 

contain about 0,3% C, about 1% Cr, 1-3,5% Ni and about 0,2% Mo. Applications are highly loaded shafts, gears, 

connecting rods with more, especially when large dimensions of the material has a high yield strength and tensile 

strength of good through hardening. (Brennert, 1993)  

This material integrates well to run tests and show close results with the produced final product. Test results are 

based on the prototype material. This material rusts after a while, however it is processed with Wire 

EDM(electrical discharge machine) in water. (Jansson, 2015)  

Quenched and tempered steels are used for welded constructions and machine parts requiring good strength 

properties. Alloy steel contains between 0.2% and 0.5% carbon, and also many different alloys in small amounts. 

(Jonsson, 1997) 

4.2 Tool steel 
Tools subjected to stresses and must have a certain lifetime before they need replacing. A requirement of tool 

steels is that they must be curable. Heat treatable steels must contain a certain amount of carbon, from 0.3% to 

2.0%, depending on the content of other alloying elements (Jonsson, 1997). Therefore high-alloyed steel is best 

suited for this mixture. 

 

The choice of steel grade depends for the purpose of the tool. The price depends on the steel choice, it is the 

alloys are expensive not iron. Therefore, it is important to avoid unnecessary use of alloyed steels. But the tools 

are subjected to high stresses and must be resistant during the application, however the high-alloy steels suites 

the best for that mission. 

4.3 Recommendation and suggestions of material and coating of the segments 
 

Proposal 1: 

Technical chrome plating (hard chromium), ISO 6158th plating of tools made of hardened steel are made to 

provide higher durability and reduce friction. Applications include machine parts subject to wear and cutting 

tools. Chromium must be ground as finishing. The manufacture of the coating occurs by electrolytic method. 

The estate is cleaned by degreasing and pickling. In normal cases, goods are hung down as the cathode in the 

electrolytic bath. But for small items used drum would be too expensive to keep up all the details that one usually 

does in this method. 

The drum is partially filled with goods, and lowered in the electrolytic bath. The power turns on and the drum 

will rotate slowly. The rotation will constantly new details up to cargo mass uppermost layer. 

As used anode lead and chromic acid solution. The precipitated chromium is replaced with addition of chromic 

acid to the solution. 
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Corrosion protection can be excellent depending on the thickness. Thickness / normal average thickness 20-

50μm work piece maximum temperature will be 55ºC. The downside is that technical chrome plating is 

expensive. The coating sheet can be adjusted to the desired thickness. (Brennert, 1993) 

Proposal 2: 

Galvanizing SS 3192 / SS3583 is a common method which is inexpensive and provides a good looking surface. 

In hot dipping method the goods are first cleaned by pickling in hydrochloric acid or sulfuric acid. First the 

goods are dipped in a flux and then in a bath of molten coating metal. When the goods reach the temperature of 

the bath it will be taken up. The surface is then covered by the coating metal. If necessary it is brushed to remove 

excess metal and cools the goods in the air, water or oil. In hot dip galvanizing dipped goods in a bath of molten 

zinc. 

Zinc is resistant against corrosions in plain water and fresh air. It protects the steel cathodically and is easy to 

apply. Therefore, it has been widely used as anti-corrosive metal. Zinc coatings may not be used in the handling 

of food but goes well with drinking water according to the National Food Administration regulations. 

Application Examples are bodywork parts, fencing wire, nails etc. But the downside is that the surface 

deteriorates with time and discolored. 

Layer thickness of the coating is 20-100μm. (Mattson, 1999)  

Proposal 3: 

Electrolytic zinc coating ISO 2081 is also worth mentioning as a proposal. Thickness 15-30μm. 

The estate is connected as cathode in the zinc solution and an anode connected a zinc plate. When power is 

precipitated zinc as a thin layer on the estate. (Mattson, 1999)  

The goods chromate after the galvanizing by dipping in a bath of example. Sodium dichromate. Zinc surface 

have better resistance to atmospheric corrosion and sometimes becomes colored. 

Electrolytic zinc coating provides relatively good surface with good tolerance and suitable for small items. 

(Brennert, 1993)  

Proposal 4: 

Manufacturing segments in stainless steel SS2387. This material has very high mechanical- and strength 

properties comparable to the known toughened steel (SS2541). By SS2387 is weld able it can replace the 

controversial design of the toughened steel (SS2541). Typical applications include shafts, bolts, strips etc. 

(Kihlbergsstål, 2015) 

There are other coatings but the focus for further work should be what the desired main goal of the material is. 

Is it for example desired corrosions durable material and how much does looks matter for that use. 
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5 The design process 
 

5.1 Starting up the project and idea generation 
 

Starting the degree thesis, the group conducted a feasibility study to get a better insight about the Uponor AB. 

The study was about Uponor AB´s expansion tool machines and the market. 

The following day the group introduced a framework to promote the project in the future with respect to 

documentation, rules, schedule, time planning over the project both individual time reporting and for the group.  

For this responsibility the group selected a project manager. The project manager’s role beside the assignments 

in the project, was to do all the project planning which contains planning for the project overview, weekly and 

everyday planning for each phase. A calendar was made by the project manager to give everyday overview for the 

whole project with most important happening for the day with some words.   

The time was planned for that particular week both individual and for the group with follow-up meeting in the 

group each week to go through individual achievement of the week and time reported. At the follow-up meeting 

the group discussed what was already done and what´s next week´s plan. The time reporting was run through to 

see if the actual time is same as planned or need to adjust the planning for the coming week.   

The project manager also did all the administrative assignments among others the contact with supervisors both 

at Uponor AB and KTH.  

 

5.2 The design phase 
 

The objective of the design process was to gather inspiration and ideas, in different ways mentioned below, and 

in the end of the design process present several concept ideas for Uponor AB. Then Uponor AB select among 

the presented ideas and that selected concept would be processed in the CAD program. Starting the design 

process the group begun with mood boards and image boards. Most of the inspiring material was put on the wall 

in the working room.  

Benchmarking was made to gather information and inspiration. (Appendix 1) 

“Benchmarking; involves measuring how well for example a company or industry is performing compared to other companies or 

industries.” (Stymne, 2015)   

5.2.1 Image-board and mood-board 

 

Image-board is a visual record of the products available in all possible stages from concept to finished product. 

Image boards contribute to inspiration in the design respect but also in the form of various product features and 

innovative solutions. The group also created mood-board that visually conveys a sense. Keywords was chosen to 

explain the impressions and feelings the group wanted the product to convey; functional, user-friendly, 

innovative, robust and appealing. This feeling would be fixed on the different concepts.  

Inspiration material during the entire design process was clearly visible in the group´s work room to promote the 

creative work process. (Ullman, 2003) 
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5.3 The user  
 

The group wanted to put focus on the user, and create the product suitable for him. In this case, the client was 

Uponor AB which made limitations and requirements for the project. And the user is the installer who will buy 

and uses the tool. Those aspects from both client and user should be taken into account during design and 

construction, to create an ergonomic product that was going to be tailored to their needs, desires and conditions. 

 

5.3.1 Personas 

 

To create a good perception of the product user, the group chose to create a persona. A persona is a fictional 

person who represents the market that the products are developed for. 

”Personas are a method for enhancing engagement and reality. We are finding them to be a powerful design tool 

in practice. Persona use does not require eliminating scenarios or any other method: It is a foundation on which 

to build scenarios and data collection. It is an infrastructure for engagement. It is a means for communicating 

data that is collected using other user research methods.” (J. Grudin, 2015) 

 

5.3.2 The group´s persona 

 

Daniel Svensson is 45 years old and a trained plumber and project manager. He works for a large company in a 

Swedish city and is responsible to some extent for installation projects of water lines. He lives in a house with his 

family. 

By introducing a persona in the design phase, a fictional person representing the market segment that the 

products are developed for, increases the inspiration around the concept ideas and its users.  

Personas also give a clearer visual impression for the group members about the product's potential users. For 

this project, the group developed a persona for inspiration. 

The personas and the feasibility study contributed that the group members could more easily understand the 

problems covered by the project to implement a solid idea generation. 

5.4 Brain storming/idea generation 
 

Sketch work continued with the only restriction by the requirements of the project. That requirements included 

that all the sketches would contain a number of selected components (segments, grooves, cone and a holder that 

the main body segments are connected and stuck in).  

Brainstorming in different ways were performed, both orally and brain-writing had become a beginning of 

finding ideas and think freely and innovatively.  

The group used the whiteboard to write down all the ideas that emerged, then screen and debate the ideas after 

that. Brain sketching was a useful method that the group practiced while brainstorming. 
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It appeared that the ideas divided in two main categories, mechanism and segment category concepts.  

  

The mechanism oriented concepts worked with ideas on features, design, geometry, and various solutions to be 

innovative. 

The segment oriented concepts focused more on developing innovative solutions with respect to the features, 

design, geometry, segments and the expansion head, in its entirety a futuristic designed expansion head. 

In all concepts the group worked with appealing new ideas, and in some concepts the group combined new ideas 

while Uponor spirit was maintained. 

Then the group worked in parallel with sketches and data collection. The more data collection was made became 

the sketches more detailed, even though in this stage the greatest focus was on new ideas and presenting many 

concepts ideas to give the company options.  

The group held reconciliations to select ideas to proceed with developing, resulting in several sketching sections 

and working meetings. 

Based on the second sketching section was the 16 best concepts elected out by the group. The election was 

based on the specifications, then ranked using PUGH's decision matrix.  

5.5 PUGH 
 

PUGH decision matrix(named after the British engineer Stuart Pugh) is based on comparing the concepts to a 

reference, which is Uponor AB´s current expansion tool and segment. PUGH matrix comparison is done by a 

point system. The points are graded after importance of the criteria. A criteria is for example requirements and 

specifications, compared with the base reference.  

The group developed properties that may impact on the function and design, that become the criteria as 

requirements and specifications.  

This type of decision matrix is effective and useful for comparison between concepts against each other and the 

PUGH matrix sets a clear standard of what the group expects of the concepts. 

As there are many aspects which determine whether a concept is good, the idea concepts was divided in two 

categories, mechanism and segments concepts and it was made PUGH matrix for each of the categories. 

Within these two categories, considered the group a total of 11 weighted criteria to get a complete picture of the 

concept ideas that best meets the specification group worked out. (Ullman, 2003) 

Each concept was compared against Uponor AB´s current expansions tool M12, then compiled the total for 

each category and concept (Appendix 2). 

5.6 Presentation of idea concepts in the design phase  
 

The 16 concepts that was selected from the sketch phase by the group was evaluated, and 13 of the concepts 

would be present. The 13 concepts were hand sketched nicely and presented to the company in Power Point 

presentation with summary of the work during the design phase. 

In PUGH matrices those concepts landed almost at the same point sum.  

The concepts were presented in Power Point at the end of this phase, with the purpose to present all ideas for 

the company in order for them to be able to choose.  

Not only the winning concepts from PUGH matrices was presented, 

but almost all concepts in both the PUGH matrices (Appendix 3, 4 & 5). 
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The intension with presenting several ideas was to give Uponor wider selection possibilities to choose among.  

Instead of presenting just the winning ideas of the PUGH matrices and in that way lock the selection possibilities 

for Uponor AB, and also shrink the assortment down to a couple of ideas. 

In view of the advantages and disadvantages of each concept idea, the team conducted another sketch section, 

which resulted in some of the concepts were combined to finally produce the 13 concepts ready for presentation. 

For example the combination could be part form of a concept of "module thinking" and the other from another 

concept.  

For further work was needed additional facts to all the components. This would be done after Uponor AB´s 

choice of concepts to proceed with and develop.  

 

5.7 Completion of the design phase 
 

After concept presentation of the design phase results, there were discussions conducted with both Uponor AB 

and KTH supervisor about which concept the focus would be on. 

Of the 13 concept proposals, Uponor AB considered to focus on the concept ”Camera lens” as the best 

principal base to develop. Uponor AB also saw some potential ideas from other presented concepts (Appendix 

6).  

Proposal was that the ideas may be combined in the final result and could be worth retaining. 

In efforts to identify and develop segments for expansion tool that is focused on the segment design, geometry 

and grooves on segments. The segments of these parts must be in the expansion movement to cause the desired 

deformation inside the tube and ultimately, the goal is to reduce ”time to tightness” (TTT).  

Desirable were also suggestions of new materials coating and weight loss on segments. 

After the decision on selected concept to proceed developing and ultimately producing, the group took hold of 

facts collection.  

In parallel with the facts collection a new concept phase started. In this phase focus would be on processing the 

selected concept. The concept would develop and be formed realistic in CAD program. After the CAD 

construction three different ideas of the base concept was presented with calculations and analysis.  

In the final of the design process phase the selected and processed concept was presented to  Uponor AB. 

Uponor AB decided to focus on one of the three presented concept ideas to final production. 
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5.8 Selected concept (camera lens) after design part 1  

5.8.1 Camera lens concept design  
 

The basic idea behind the Camera lens concept is” different but still the same”. The changes are in the details 

while the user get a sense of recognition at the same time.  

”The same” because the first sight is reminding the user about Uponor AB´s current products, and” different” 

because the concept is developed with small differences at several points, which becomes recognized with a 

closer look.  

5.8.2 Camera lens concept idea description  

 

Segments are extended, also the shape and geometry of the segments are changed. The segment length is 

extended, facets/edges are rounded, the shape of the segments is narrower so they can get move deeper into the 

pipe and perform smoother expansion which results in smaller gaps.  

The design of the segments grooves is altered. The grooves begin more frequently at the segment top. Then the 

distance between the grooves edges increases, the further away from the top the distance becomes. This concept 

idea is simple, it is easy to assemble and disassemble and give desired centre position during the expansion. 

This concept also gives esthetical feeling. Ergonomic material is placed over the tool head ring in a circular shape 

placed at the head ring shape around. This ergonomic-ring material could be for example silicone grooves. The 

function of those silicon grooves is to give the installer a feedback during the mounting.  

This material is placed at the tool head ring, where the segments are assembled inside and connected together. 

The silicon grooves idea is to facilitate assembly of the expansion head, especially when the installer is wearing 

gloves while using the tool (Figure 2). 

 

 

 

 

 

 

 

 

                                                         4 

              

                2               3   

                

 1                                                                    

Figure 2: The Camera lens 1. The silicone grooves in a circular shape placed at the tool head ring 2. The 10 segments 3. The 

rounded edges 4. The grooves that begins frequently at the segment top and then the distance between the grooves edges increases. 
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5.9 Construction phase 
 

The camera lens concept was designed and constructed in CAD program. In order to find the optimal 

combination of ideas based on the selected concept (camera lens) every alteration in the concept was made in 

CAD program and tested.  

After each alteration a test was run in CAD Creo Simulate. The test gave analysis results decided on this 

particular amendment constituted improvement, deterioration or gave unchanged results as compared to the 

current expansion tool. 

This decided the final three alterations that were presented in the end of the implement phase. All based on the 

selected camera lens concept, but each alteration/ amendment results presented. The Group has not combined 

these into a concept yet.  

Uponor should after that presentation of those three concepts or alterations/ amendments and the result analysis 

associated to them, select one or several alteration/ amendment to finally/lastly produce a prototype from to run 

tests on.  
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6 CAD modeling and FEM process 
 

CAD models were created first before the static analysis process. All CAD models were created by the Creo 

Parametric 2.0 and the next step was to prepare them for FEM (finite element method) on the Creo Simulate 2.0. 

The following steps were considered during the analysis process one by one. 

 Pre-process 

 CAD model creation 

 Material definition 

 Mesh creation 

 Boundary conditions 

 Loads applying 

 Analysis performing 

 Post-process 

6.1 Pre-process 
 
During the pre-process; 

 Mechanical characteristics for the materials PE-Xa, PE-RT (Dowlex 2388) and SS 2541-03 were 

collected. 

 Facts about material laws were investigated. 

 Which kind of static analysis would be performed, was decided. 

 All foreknowledge about how loads and constraints should be created, was searched.   

6.2 CAD model creation 
 
All CAD models were created by the Creo Parametric 2.0 and technical drawings obtained by the Uponor AB 

were used as a draft during the modeling. An assembly CAD model mounted by the PE-Xa pipe and Q&E ring 

(Dowlex 2388) to perform static analysis and also an assembly CAD model which includes expander head, ring 

spring and 8 segments was created afterward (Figure 3). A technical drawing for the final concept selected by 

Uponor AB and also an exploded view (Appendix 7) were drawn and also a mechanism that indicates all 

movement from the cone to expansion of the segments was animated by the Creo Parametric. 

  
 
Figure 3: Assembly CAD models created by the Creo Parametric 
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6.3 Material definition of the PE-X pipe 

 
A new material was defined to the Creo Simulate through material properties of the PE-Xa (cross linked 

polyethylene) and it was saved to CAD model because there was not a data for the PE-Xa material on materials 

dialog window (Figure 4). In addition, PE-Xa as a selected material was assigned to the model. 

 
 
Figure 4: Material definition of PE-Xa by the Creo Simulate  
 
The following mechanical characteristics have written according to values which have been stated on the 
technical information (Uponor, 2006) 
Young’s Modulus : 425 MPa. (23°C) 
Density  : 0.938 gr/m³ 
Yield Stress  : 18.1 N/mm² (23°C) 
Impact Strength : 118 kJ/m² (23°C) 
Coefficient of thermal  
Expansion  : 0.14°C-1(20°C)(Wirsbo-PEX, 2008) 
Poisson ratio  : 0.41 (Carelli, 2010) 
Tensile strength : 26 MPa. (20°C)(Tensile strength, 2015) 
Coefficient of Thermal  
Softening  : 0.304(Coefficient of Thermal Softening, 2015) 
 
In the beginning of analysis performing, a stress & strain test data for PE-Xa material has not been created. 

Elasto plastics material law was selected for the analysis but the Creo Simulate demanded that the coefficient of 

thermal softening (CTS) have to be defined therefore CTS was calculated by the following equation; 

Y=Yo x (1–CTS x (Tmodel–Tref)) (Coefficient of Thermal Softening, 2015) 

The yield stress, Y of a material decreases linearly with temperature 

Yo is the yield stress at the reference temperature 

Tmodel is the temperature of the model 

Tref is the reference temperature 
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CTS is the coefficient of thermal softening which is a constant for a material. 

 

6.3.1 Stress & strain data for PE-Xa as a modified HDPE 

 
After a while during the thesis, a convenient stress & strain data for the material could be gotten by a test report. 

Thus, the Creo Simulate could select the best fitted material law regarding the test data. The test report related to 

a HDPE (high density polyethylene) ring was considered and then the stress & strain data was entered to the 

Creo Simulate. Concerned ring test was not exactly same as an expansion test but it was so similar as the load 

would be applied inner surface of the HDPE ring and the concerned ring was being forced to be expanded 

asymmetrically by two half fixture of the test machine (Figure 5). 

On the other hand, PE-Xa is a kind of modified HDPE which by polymer chains are linked to each other. The 

cross-linking process of polymer chains does not change the tensile yield strength at 23°C temperature.(Institute, 

2013) Therefore the stress & strain data for the HDPE could be used during the process of static analysis on the 

Creo Simulate.  

 

 
Figure 5: Ring test machine and two half fixture (International Journal of Pressure Vessels and Piping, 2010, page: 3) 

Curve to 100 mm/minute (1.7 mm/s) of tensile velocity was focused on the graph (Figure 6) and then the stress 

& strain data on the concerned curve was measured with a ruler in order to pick right data values. Because the 

nearest value among velocity values of the test machine was 1.7 mm/s by taking into consideration the velocity 

value of 3.13 mm/s by each expanding segment (Appendix 8). 

 
Figure 6: Stress & strain diagrams regarding the ring test of HDPE (International Journal of Pressure Vessels and Piping, 2010) 
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The stress & strain data from the ring test was entered to a table by the option of material definition and finally a 

convenient stress & strain diagram was created. The Creo Simulate could automatically select the exponential 

material law which fit best for the PE-Xa material regarding the stress & strain diagram (Figure 7). 

 
Figure 7: Stress & Strain data table and diagram creation by the Creo Simulate 

6.4 Mesh creation 
 
An element mesh for the model was created by auto gem function (Figure 8). 3D meshing by ¼ of the PE-Xa 

pipe constituted of 12983 tetra, 18976 edge and 28440 face elements. Meshing process was refined at the second 

stage of static analysis by adding function of maximum element size control and isolate for exclusion control. 

Contact surface between the segment and the pipe was selected and 0.5 mm element size was entered on this 

surface region by maximum element size control. The exclusion control was applied to all edges that form the 

contact surface in order to prevent singularity on the pipe model.       

 
 
Figure 8: 3D meshing of the ¼ pipe model by the Creo Simulate 
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6.5 Boundary conditions 
 

Constraints were improved to get better and realistic results by compared to earlier analysis in the beginning of 

static analysis. A symmetric constraint was applied to the both long wall side of the pipe model (Figure 9). In this 

way, the model was made defined to the Creo Simulate as a thick walled cylinder with the length of 120 mm and 

time for every single analysis on the model was able to be reduced. Otherwise, much more time would be loosed 

to perform static analyses for a whole cylindrical pipe model.    

 
 

 
 

Figure 9: Symmetric boundary condition of the ¼ pipe model by the Creo Simulate 

A constraint icon was placed on the left-end and outer-upper surface of the model. A video film was observed to 

understand how PE-Xa pipe was held up by one hand to make expanding easier. This method could be reflected 

on the model to animate real boundary condition. Two conditions of the constraint were specified as a fixed 

along the x, y, z directions because the PE-Xa pipe was stable without any movements during the expanding in 

reality according to the video film by Uponor AB (Figure 10). 

 
 

  
 
Figure 10: Relationship between the real boundary condition of the PE-Xa pipe (www.youtube.com) and created constraint icon of 

the pipe model by the Creo Simulate  
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6.6 Loads applying 
 

In the beginning of thesis, force applied to the cone on axial direction was pointed out as a value of 5860 N for 

the PE-Xa pipe with the dimension of (16x2.2 mm) by Uponor AB. By the way of a simple logical equation, it 

was thought that the force applied to the cone would be distributed to every single segment equally. In this case, 

expanding force of each segment should be calculated by dividing the total force to number of the segments as 

shown on the following mathematical solution; 

Ns= Fc / 8 => Ns= 5860 / 8 => Ns= 732.5 N 

On the other hand, a free body diagram was created to realize which forces should be handled along the 

horizontal movement of cone. Referring to the free body diagram, expanding force of each segment was 

determined as 1000 N through the solution of a number of equations (Appendix 9). 

Referring to the different values of expanding force, it was decided that the value of 1000 N would be 

determined as expanding force of each segment by the condition that Pugsley Safety Factor Approach would not 

be used for the concerned value of force. 

Before loads were applied, a surface region was created on the inner surface of each pipe model. Different 

surface regions were sketched regarding the segments upper surface with variable geometrical form of gripping 

bars. The reason with these different sketches was to compare stress values at the post process of analysis. In 

other words, it was investigated how geometry and shape forms on the segment’s surface with gripping bars, 

would affect the stress value and distribution along the PE-Xa pipe. A surface region application is indicated as 

shown on the following figure (Figure 11). 

 
 
Figure 11: Function of the surface region by the Creo Simulate 
 
At the first stage of static analysis, loads were applied as a uniformly distributed on the inner surface of the pipe 

model. At the second stage of static analysis, loads were applied as a function of coordinates to be fit along the 

circumference of the selected surface region and prevent the point loads on all edges of the surface region (Figure 

12). 
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(a) Uniform loads (b) Parabolic loads 
Figure 12: Comparison of uniform (a) and parabolic loads (b) by the Creo Simulate 
 

6.7 Analysis performing 
Performing of static analysis consists of two following parts; 

6.7.1 Foreknowledge about the first stage of static analysis 

 

The second step of concept selection by Uponor AB was based on 

stress results obtained by the Creo Simulate. Therefore the first stage 

of static analysis was performed by considering different geometrical 

gripping bar shapes on the Uponor standard 1/6 segment and the 

concept of 1/8 segment. 

The main goal on this stage of static analysis was to compare stress 

results of the pipe models and also to get an outcome about how 

surface region modification could decrease maximum stress value on 

the pipe model. 

At this stage, different surface regions regarding the gripping bars 

were sketched and saved to loads applied on inner surface of the 

pipe models. Length of each pipe was modeled as 40 mm. in order 

to save time. 

In addition, a non-linear static analysis was defined and multi pass 

adaptive convergence was selected for all analyses (Figure 13). Multi-

pass function is more comprehensive than the other convergence 

methods therefore this method was used during the analyses. Stress 

results in the first second were compared to have an idea on 

geometrical form of the gripping bars. Because the first contact 

between inner surface of the PE-Xa pipe and the gripping bars 

would take place in a very short time like 1 second. 

 
Figure 13: Static analysis definition by the Creo Simulate  
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6.7.2 Foreknowledge about the second stage of static analysis 

 
At this stage, all of the analysis steps were improved to get a stress result which was very close to theoretical 

stress value calculated by the equations (Appendix 10). By compared with the first stage of analysis, the following 

steps were changed; 

 A mathematical model between the parameters like as time, number of expansion and contact surface 

area between the segment and the pipe was determined one more time   

 An engineering stress strain test data was added to the material definition 

 Element meshing was refined 

 Loads were converted from the linear form to a parabolic in order to match with the curve structure of 

inner surface of the pipe and also prevent point loads on edges of the surface region 

 A new boundary condition was created considering by the real expansion process 

 A time depended non-linear static analysis was performed and true stress & strain values were 

determined by the Creo Simulate. 

 

6.8 Post-process 
 
Results of the static analyses consist of two following parts with the detailed tables and figures. 

6.8.1 Results on the first stage of static analysis 

Von Mises stress and displacement results are indicated on the following table (Table 1). 
 

 
 

Concept 

 
 

Surface region by applied load 

Length 
of the 
pipe 

model 
(mm) 

 
Time 

(s) 

 
Von Mises 

Stress 
(Mpa.) 

 
Displacement 

(mm) 

1/6 Uponor 
original 
segment 

 
 
16 bars, unchanged form 

 
 

40 

 
 

1 

 
 

73 

 
 

0.27 

1/8 segment 16 bars, unchanged form 40 1 70 0.29 

1/6 segment 8 bars + area without bars  40 1 106 0.44 

1/8 segment 8 bars + area without bars  40 1 99 0.52 

 
1/6 segment 

16 bars, extended bar diameter 
from 0.6 to 1 mm 

 
40 

 
1 

 
79 

 
0.24 

 
1/8 segment 

16 bars, extended bar diameter 
from 0.6 to 1 mm 

 
40 

 
1 

 
80 

 
0.30 

 
1/6 segment 

22 bars, shortened bar diameter 
from 0.6 to 0.3 mm 

 
40 

 
1 

 
84 

 
0.31 

 
1/8 segment 

22 bars, shortened bar diameter 
from 0.6 to 0.3 mm 

 
40 

 
1 

 
67 

 
0.29 

 
1/6 segment 

13 bars, extended bar edge width 
from 0.4 to 0.8 mm 

 
40 

 
1 

 
60 

 
0.24 

 
1/8 segment 

13 bars, extended bar edge width 
from 0.4 to 0.8 mm 

 
40 

 
1 

 
53 

 
0.27 

1/6 Uponor 
original 
segment 

 
 
16 bars, unchanged form 

 
 

40 

 
 

12 

 
 

873 

 
 

*3.3 

Table 1: Results of the first stage of static analysis 
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According to these results, values of stress which by 1/8 segment concepts generate on the pipe model are less 

than the values of 1/6 segment concepts. The lowest value of stress was obtained by the 1/8 segment concept 

with the extended bar edge width. This modification of gripping bars was seemed as a logical geometrical change. 

Because the pipe might have a milder expansion regarding with the lowest stress value in the beginning of 

expansion. Therefore analysis results were based on the time of 1 sec. Impact loading occurs by the collision of 

objects and sudden applied loads are developed between the objects during a very short period of time 

(Hibbeler, 2011). Impact strength of PE-Xa pipe has been handled at the static analysis of the selected segments 

concept furthermore. 

In addition, when loads were applied to the pipe, upper surfaces of the gripping bars were considered not all 

surfaces. The main purpose of this procedure was to observe the deformation scale of the material during the 

time of first second through the simulation. All the results of stress and displacement at the first stage of static 

analysis can be seen on the Appendix 11 & 12.  

Another interesting point with this stage was the value of displacement at the twelfth second regarding the 1/6 

Uponor segment. Referring to the fact that full expansion of PE-Xa pipe with the dimension of (16x2.2 mm) 

provides an expanded pipe with the inner diameter of 18.2 mm (Bylin, 2014). Inner diameter of unexpanded pipe 

is 11.6 mm (16 - 4.4 = 11.6 mm).  

A radial displacement for a maximum expanded pipe can be solved through the equation;  

18.2 – 11.6 = 6.6 mm 

And this is the maximum displacement which is in demand for a whole pipe in reality. But the radial 

displacement for the sectioned pipe model has been calculated by the equation, 6.6 / 2= 3.3 mm. It was 

observed that a very similar value of displacement was obtained by the Creo Simulate when the time was 12 

seconds (Figure 14). The reason why the time interval of twelfth second was taken an important point for the 

analysis is that expansion process for the PE-Xa pipe (16x2.2 mm) takes almost 12 seconds (www.youtube.com). 

 

 

Figure 14: Desired displacement result obtained by the Creo Simulate at the twelfth second  
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6.8.1.1 Static analysis of the assembly CAD model (pipe and Q&E ring) 

 

Another static analysis was performed to the assembly of pipe and Q&E ring components in order to have an 

idea about how results would be indicated by the Creo Simulate. A bonded interface between contact surfaces of 

pipe and Q&E ring was defined before the analysis (Figure 15). In this way, loads could be transferred through 

the components and bonded pipe and Q&E ring would always touch each other during the analysis.  

 

 
 

 
 

Figure 15: Defined interface between contact surfaces of the pipe and Q&E ring and stress result of the assembly by the Creo 

Simulate 

Stress result is based on the 1/6 Uponor segments surface region which 16 gripping bars are included. The 

highest stress region shown in red is considerable on the contact surface which the Q&E ring holds the pipe 

with the three foots. 
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6.8.1.2 Development process of the selected concept (Camera lens) 

 
Three segment concepts were modeled by the Creo Parametric (Figure 16) and concerned concepts were 
preliminary designed for both of 1/6 and 1/8 segments form before selection. 
 

 
 
a) Sharp point b) Ergonomic c) Alligator 
 
Figure 16: Segment concepts modeled by the Creo Parametric 
 
At the second stage of concept selection, 1/8 ergonomic concept was selected by Uponor AB. The reason why 

1/8 segment concept was preferred instead of 1/6 segment was; 

 Lower stress results compared with the 1/6 segment 

 A new design for the expander head 

Alligator concept was eliminated because of manufacturing difficulty and much costly compared to ergonomic 

concept. Sharp point was also eliminated because it had no positive effect regarding with the deformation of 

pipe.  

Ergonomic concept had two advantages. The first was that a mounting ease would be provided during 

disassemble and assemble of the segments. Because curved upper surface of segment would be as similar as a 

curved surface of a thumb.  

The second advantage was that the weight of each segment would be decreased by almost 2 gram compared to 

standard 1/8 segment concept (Figure 17). Thus a weight as a value of 2 x 8=16 gram would be decreased totally. 

Although the concerned value was look like an inconsiderable change, this process was a kind of optimization of 

the segments. 

   
Standard 1/8 segment   b) Ergonomic 1/8 segment 

Figure 17: Mass comparison of the 1/8 segment concepts by the Creo Parametric 
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6.8.2 Results on the second stage of static analysis 

 

6.8.2.1 Observations before the static analysis 

 

Referring to the video by Uponor AB (www.youtube.com), the whole expansion time, 12 sec. was divided by 8, 

the number of expansion. Twelfth second was handled as a time that took 8 expansions to be reached on a 

desired inner diameter of the pipe. Thus, the time for each expansion was determined as 1.5 sec. Therefore a 

detailed time depended stress analysis was performed at this stage. 

It was observed through the concerned video that surface with approximately 8 gripping bars was contacted 

already by inner surface of the pipe without any expansion. After first expansion while time was 1.5 sec, surface 

with 16 bars was contacted by the pipes inner surface. After second expansion while time was 3 sec, the whole 

surface covered by the surface with 16 bars and without bars on segments was contacted by the pipes inner 

surface (see Graph 1). Expansion process would continue regarding to the whole contact surface of segments 

until the twelfth second. 

 

 

 

 

 

 

 

 

 

Graph 1: Relationship between time and contact surface of segments with inner surface of the pipe 

Before analysis of the PE-Xa pipe model with refined mesh, improved boundary conditions and distribution of 

loads, a theoretical solution about stress and strain based on an open ended thick walled cylinder was 

determined. Von Mises stress value of 410.6 MPa was determined by the theoretical solution (Appendix 10). 

6.8.2.2 Stress & strain data of the pipe model  

 

The Creo Simulate has been focused on this thesis to understand behavior of the PE-Xa pipe model defined as a 

non linear elasto-plastic material. Therefore, true stress & strain values are based on the results of static analysis 

of the PE-Xa pipe model. Engineering stress & strain values are based on the real test data diagram of the 

HDPE mentioned on the title of material definition (International Journal of Pressure Vessels and Piping, 2010). 
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6.8.2.3 Engineering stress & strain data 

 

The diagram shown on the figure 18 has been included to indicate that a perfect elastic material will have two 

different parts of elasticity. These are linear and non-linear elasticity according to the Hooke’s Law. When the 

diagram shown on the figure 19 observes, it seems that elastic region of the PE-Xa pipe model consisted of two 

parts as a linear and non-linear elasticity (Figure 19).  

  
 
Figure 18: Hooke’s Law   Figure 19: Engineering stress & strain diagram 
(Earth system 1, geological environment, 1984) by the Creo Simulate 
    
 

As shown on the engineering stress & strain diagram (Figure 19), there is a linear relationship based on the 

straight line between stress and strain up to nearly 16 MPa. After this point, linear elasticity is followed by a non-

linear relationship that ends at a stress value nearly 20.5 MPa. Despite non-linearity in the elastic region, a 

permanent deformation will not occur in the pipe as long as stress values are situated under the value of yield 

stress. 

6.8.2.4 True stress & strain data 
 

The following figure indicates that Von Mises stress (true stress) & maximum principal strain (true strain) after 

the time depended non-linear static analysis performed by the Creo Simulate (Figure 19). 
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Figure 20: Von Mises stress (true stress) & maximum principal strain (true strain) by the Creo Simulate 

As shown on the figure 20, the value of Von Mises stress, 409 MPa determined on the 12th second by the Creo 

Simulate is very close to Von Mises stresses value, 410.6 MPa determined by the theoretical solution. This 

comparison has indicated that Von Mises stress value determined by the theoretical solution and Von Mises 

stress value determined by the static analysis on the Creo Simulate are very close to each other. 

Stress results on the Creo Simulate are higher than the engineering stress & strain values. Because the static 

analysis by the Creo has been defined as the time depended non-linear. In this way, not sudden deformation but 

a slow continual deformation has been tried to create to look like as an expansion of pipe. 

Stress & time and stress & displacement diagrams have been created to have a foreknowledge about every step 

of the expansion process based on time from the second of 1.5 to 12 (Figure 21). 
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Figure 21: Diagram of Von Mises stress & time and Von Mises stress & displacement by the Creo Simulate  

6.8.2.5 Relationship between stiffness of the pipe model and velocity of expansion 

 
The slope in the linear and non linear elastic region that arises to the yield region at the engineering stress & 
strain data diagram has been called stiffness instead of the Young’s modulus (Figure 19). Thus, stiffness values 
referring to different velocity values of the ring test machine have been investigated according to the test report 
(International Journal of Pressure Vessels and Piping, 2010). These stiffness values have been obtained by the 
ring test report (Figure 22). 
 
 

 
 
 
Figure 22: Stiffness values according to the different velocity values of ring test machine (International Journal of Pressure 

Vessels and Piping, 2010) 
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The concerned values have been considered to compare with the stiffness value that depended on the stress & 

strain value obtained by the Creo Simulate. Stiffness has been defined as the true stress divided by the true strain 

at the last step of expansion on the twelfth second (see Figure 21). The main goal with this process is to compare 

with other stiffness values which were variable with different velocity values of the test machine (see Figure 22). 

The stiffness value based on the Creo Simulate has been solved by the equation below.  

 

Stiffness= 
Von Mises Stress (True Stress) 

Max.Principal Strain (True Strain)
 = 

409 

0.967
 = 423 MPa 

 
 

As shown in the equation above, the value of Von Mises stress (409 MPa) based on the static analysis is under 

the value of stiffness (423 MPa) but it is still close to the value of stiffness. Young’s modulus of a material is a 

mechanical characteristic that shows the stiffness of a material and it can be used only if the concerned material 

has linear elastic behavior. (Hibbeler, 2011). Referring to this fact, linear elastic behavior of the pipe model has 

already been emphasized on the graph (Figure 19).   

 
The segment’s speed solved as 3.13 mm/s by the determined equation (Appendix 8) has been correlated with the 

results obtained by the ring test report. As mentioned earlier, the cross linking process has no effect on tensile 

yield stress. Therefore the PE-Xa pipe model was handled like as the material of HDPE. Thus, the values 

according to the ring test report and values obtained by the Creo Simulate were combined to create a joint graph. 

The following graph has been created to indicate how stiffness rises while the value of velocity increases (Figure 

23). Referring to this graph, to get an optimal stiffness value which is connected with the Young’s modulus of 

PE-Xa material, the value of load applied by cone and the value of segments velocity are needed to be decreased.  

 

 

Figure 23: Relationship between the stiffness and velocity during expansion 
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6.9 Static Analysis of segment 
 
A brittle failure of the segment used for expansion of a pipe with a larger diameter was observed during a visit at 
the Uponor AB (Figure 24). However PE-Xa pipe with smaller dimension (16x2.2 mm) was focused by this work, 
it was thought that a static analysis for a 1/8 segment should be performed by the Creo Simulate. The reason 
with the concerned analysis was to be sure about whether material of the segment would be durable under 
resistance loads by the PE-Xa pipe.  
 

 
 
Figure 24: A failed segment under the loads by the PE-Xa pipe during expansion, figure shows a prototype. 
 
Same steps were followed like as the PE-Xa pipe model during the analysis process via the Creo Parametric and 

Simulate. The following mechanical characteristics were taken according to values on a technical catalog 

(Mechanical characteristics of hardened steel, 2010)and then these parameters were put in the material definition 

of the Creo Simulate (Figure 25). 

Density  : 7.85 gr/m³ 
Poisson ratio  : 0.3 
Young’s Modulus : 205 GPa 
Strength of material, SS 2541-03 values were obtained by the internet site(Kihlbergsstål, 2010) 
Yield Stress  : 700 MPa 
Tensile strength : 1000 MPa  
 

 
 
Figure 25: Material definition of the ergonomic segment by the Creo Simulate 
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After the material definition, boundary condition and loads were applied to the model of segment. The value of 

impact strength, 118 N at 23°C was obtained by the technical catalog of Uponor AB(Uponor, 2006).As 

mentioned earlier, impact strength was defined as a capability of the material to withstand sudden applied.  

But resistance load applied by the PE-Xa pipe to segments during the expansion would be lower than value of 

the impact strength by taking into consideration loads applied softly not sudden.  

Pugsley Safety Factor Approach was used to determine the stress at the critical point due and safety factor was 

selected as 1.2 on the following table through the equation, ns=ns1 . ns2 =(1.2) . (1.0) = 1.2 (Figure 26). Then the 

factor and the value of load was multiplied as 1.2 X 118 = 141.6 N. Finally, the load applied on the upper surface 

of the segment by inner surface of the PE-Xa pipe was determined as a rounded value, 140 N. 

 

 
 
Figure 26: Tabel of the Pugsley Safety Factor Approach  
 
Value of the Von Mises stress as a result of static analysis by the Creo Simulate was 470 MPa and it was a 

maximum value that was viewed on the underside of segment (Figure 27). Compared by the yield strength of 

segments material, SS 2541-03, it seems that Von Mises stress value is under the 700 MPa defined as yield 

strength of segments material. On the other hand, two following points as mentioned earlier should be 

remembered regarding with applied load by the PE-Xa pipe to the segments; 

 Resistance force applied by the PE-Xa pipe to the segments would be lower than impact strength value 

by taking into consideration expansion process applied softly not sudden.  

 Pugsley Safety Factor Approach was used and in this way, the value of load was increased from 118 to 

140 N. 



  

34 

 
Figure 27: Von Mises stress result of the 1/8 segment’s model by the Creo Simulate 

7 Conclusion of the FEM analyses 
 
Creo Simulate 2.0 has been focused on this thesis to understand behavior of a thermoplastic material like PE-Xa 

by to perform a number of static analyses. Performing of the static analyses has been divided into the two stages. 

In that way, a well-focused simulations work on the CAD models has been carried out by taking into 

consideration with all steps by the Creo Simulate. It has definitely been spent more time on the static analyses of 

different CAD models, but a fruitful investigation based on the realistic simulations has been achieved. 

 

7.1 Conclusion 
 
The first stage of static analysis has been performed before the second step of concept selection by Uponor AB 

in order to compare 1/6 and 1/8 segment concepts with the different geometrical gripping bar shapes. All the 

results of stress and displacement at this stage has been studied by to take a look all deformation scales based on 

the time of first second. This comparison has indicated that the values of stress which by 1/8 segment concepts 

generate on the pipe model are generally less than the values of 1/6 segment concepts. 

The idea is theoretically persuasive that enlargement of bar edge width of the segments might provide a milder 

resistance by PE-Xa pipe without any damage like as grooves in the pipe. On the other hand, bars have a 

gripping function on the inner surface of the PE-Xa pipe in order to prevent undesired slide during the 

expansion. But enlargement of the bar edge width may weaken the gripping ability between bars and inner 

surface of the pipe. Therefore modification of gripping bars has not been approved by the Uponor AB but the 

1/8 segment concept has been approved. Larger study is required to decide if reduced number of segments 

improves the expansion.  

In addition to regarding the first stage, a similar value of maximum displacement has been obtained by the Creo 

Simulate compared with the maximum displacement which is in demand for the PE-Xa pipe in reality. But an 

important point should be underlined with this comparison and it is that loads are continual at all static analyses 

by the Creo Simulate but in reality, loads are not continual because of axial movement of cone on the direction 

to forward and back. 
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A static analysis has also been performed for an assembly of the pipe and Q&E ring components in order to see 

where highest risk has occurred and which value of maximum stress has been obtained. The highest stress level 

has been seen on the contact surface that holds the PE-Xa pipe.  

The second stage of static analysis has been performed in order to determine a true stress based on the time 

depended static analysis of the PE-Xa pipe model. A theoretical stress value calculated by the equations has been 

determined and the concerned value is very close to the value of the Von Mises stress determined by the Creo 

Simulate. This similarity of the both values points that results of the static analysis by the Creo Simulate are 

reliable. 

A static analysis has also been performed on the ergonomic segment selected by Uponor AB and result of the 

static analysis is positive concerning strength of the segments material. 

A relationship between the stiffness and velocity during expansion has been formed. A logical theory on how 

stiffness is rising while the value of velocity increases has been indicated. 

It has been observed during the expansion of the PE-Xa pipe that a little plastic deformation has been occurred 

on the PE-Xa pipe. Therefore, when loads by segments are removed after the twelfth second, the PE-Xa pipe 

does not return back to its original shape in the real expansion process. On the other hand, the value of Von 

Mises stress by the Creo Simulate on the twelfth second is under the value of stiffness of the PE-Xa pipe CAD 

model. But both of the values are close to each other. Therefore, a precaution to reduce the stiffness may be 

taken into account. 

As a conclusion, to get an optimal stiffness value which is connected with the Young’s Modulus of PE-Xa 

material, value of the load applied by the cone and expansion´s velocity of the segments are needed to be 

decreased. 

 

7.2 Discussion 
 
A method which will provide to prevent rising slope on the stiffness-velocity diagram has been determined. If 

the load by cone is decreased from 5860 N to an optimal value, then the value of Von Mises stress will be also 

decreased from 409 MPa to an optimal value on the twelfth second defined as last time of the expansion process. 

There will be no rising slope excessively on the diagram if the stiffness is decreased for example, from 423 MPa 

to a value between 200 and 250 MPa.  

In addition to the concerned method, if the angle of the contact surface between cone and segments may be 

decreased from the degree of 10 to a value between 5 and 9 by condition that the value of force by cone is 

decreased, a more milder rise can be obtained on the stiffness-velocity diagram. For example, expansion´s 

velocity of the segments can be hold between 2 and 2.5 mm/s while the cone moves with the decreased 

horizontal force. Thus, the sudden rising slope on the stiffness-velocity diagram can be turned to a milder rising 

slope.  

Although Von Mises stress value of the ergonomic segment by the static analysis is under the yield strength of 

segments material, SS 2541-03, hardness of the segments material may be increased to get a more strength 

material because of the extended segments as a precaution. 

These theorems based on the analysis results by the Creo Simulate show that a further investigation is needed to 

understand how time to tightness values will behave with these modifications in the near future. 
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8 Field trips 
 

8.1 Uponor AB, Virsbo 
 

The thesis begun with introduction days at Uponor AB. Uponor AB´s supervisor kept Power Point presentation 

of the company's history and success of the Quick & Easy (Q&E) innovation and P-EX pipes.  

Video and footage was shown of the Q&E entire installations process. Also the expansion tool impact on the 

pipe internally and what can go wrong and how to resolve it by heating and reshaping of P-EX pipe was 

reviewed. 

The group made a field trip to Uponor AB´s education center in the start-up days of the thesis project. At the 

education center there were prototypes of applications and models of different pipes. There were different 

rooms as visualizes different locations in the reality of the different uses of water pipes that the Q & E 

innovation was used. 

The group was also shown the product manuals and saw demonstrations of using automatic expansion tool by 

Uponor AB´s supervisor.  

Group members had a chance to test on manual expansion tool, and expand the tube. The pipe was cut 

crosswise, to demonstrate practical for the group how the expansion affected internally.  

The group members had no experience of using the expansion tool, and neither experience in how the expansion 

tool affects the pipe on the inside. How the expansion tool damaged the pipe, became obvious once the pipe was 

cut crosswise after the group members tested to expand it.  

The group could see just with the eye and feel with the hands how the inside of the pipe had tracks/ gaps in the 

material after the segments. The damage becomes more obvious when someone without experience use the 

expansion tool. Because then the expansions isn´t even all over the surface inside the pipe.  

To achieve an approved pipe expansion it requires installer experience, to know when and for how long time, to 

rotate the pipe and keep expanding even all the time over the pipe during expansion. Because expanding with the 

manual expansion tool can be heavy work depending on the pipe dimension. Therefore considering all those 

points installer experience is required especially using manual expansion tool to make approved outcome.  

 

The groups experience was valuable lessons how the expansion should not be done. If this pipe would be used, 

it would not be tight with the fitting and soon it would leak. The group learned that the segments shape and the 

installer´s using habit of the expansion tool has a great influence in the final outcome.  

Uponor AB´s goal is to leave a smooth surface and minimum damage in the material inside the pipe after 

expansion. That requires specific segment shape and it´s also important that the installer have experience using 

the expansion tool.  
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8.2 Grantek AB, Fagersta 
 

Field trip was made to the tool and segments manufacturer. The group studied the various machines in the 

workshop. The group got to see the production process and equipment as the prototype would be processed. 

The CNC operator/worker presented the work process. The process start when the staff receives the clients 

CAD drawing file in the computer, which he control and then send to the lathes, in the CNC machine. The 

grooves machined by threaded steel. 

A sort of holder creates. That holder has in this case eight holders around the center. The holders are supposed 

to fix the prototype and keep the prototype in place while the segments is cut out so desired dimension is 

achieved. While the holder fixes the work piece, the wire EDM (electrical discharge machine) cuts out the 

segments in desired parts.  

Prototype material is tough tempered steel SS2541-03. 

The production time takes about four weeks for the client/Uponor to get, but the actual process of developing 

the prototype takes about 3 days at the manufacturer when work is started. 

8.3 Real estate fair 
 

Real estate fair arranged in Stockholm, Kista was visited on 19th March 2015. The concerned fair was focused on 

property management and various types of maintenance activities for buildings. An opportunity to see industrial 

properties and different maintenance methods would be gotten by participating to the fair. As an exhibitor at the 

fair, brochures about products were gotten; photos of special products were taken and not last but least, 

representatives of the some companies were met (Figure 28 & Figure 29).     

 

Figure 28: Thermoplastic pipe in the protective copper pipe  

 

Figure 29: relining method of the drain pipes (flexible polyester coating)  
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9 Manufacturing process 
 

In the first part of the prototype production process, the CNC (Computer Numerical Control) machine will be used. 

The CNC machine will shape the prototype's external form in a single part. Then in the second part the lathe 

machine and the wire EDM (electrical discharge machine) are used to finish the prototype in the desired shape. 

(Appendix 17) 

The lathe performs rotation symmetrical shape with the single-edged tool. This is an efficient and flexible 

method to obtain the desired shape, especially when the work piece´s final appearance is a circular cross-

section.(Sandberg, 2006) 

Internal turning will be performed to obtain the cylindrical hole inside of the segments. The head movement is 

performed by rotating the work piece. Feeding movement is carried out by the tool, during internal turning. 

Production takes place with the combination of part operations as in modern automatic lathes such as CNC 

machines. CNC machines often have a sufficient number of tools to perform all turning operations, and also 

shape complex work pieces in one clamping. 

The grooves are machined by thread steel with an angle of 90º.  

The CNC operator creates a kind of bracket that secures the work piece while the segments are cut with wire 

EDM. 

Wire EDM is performed on the work piece after turning, to cut out segments in exactly the right symmetric 

geometry.  

Fixation holder must be manufactured specifically for this prototype, because it must have eight holders for eight 

segments, usually it is six segments for this kind of tool. 

Wire EDM is performed to cut the work piece into 8 equal parts, which become the segments. (Appendix 17) 

9.1 Wire EDM (electrical discharge machine) 
 

The electrode that performs cutting is of brass and has 0.25mm diameter. Brass wire is supplied in rolls of 10,000 

to 20,000 meters and consumption is at 4-8 m/min. 

Cutting speed is 1.3 m/min in 150 mm thick sheet. 

In principle this method can be used for all work piece thickness, but usually it is restriction for thickness, about 

450 mm. 

- Dimensional accuracy of ± 0.025 mm can be achieved and surface smoothness Ra≈1µm. 

Even non perpendicular incision can be cut by the wire, by adjusting the angle of the wire.  

- General benefits include: high degree of automation, all leading material is workable even cured, no cutting 

forces, relatively little heat and structure affected zone (HAZ), and that complex geometries are possible. Surface 

roughness and surface structure can be steered. 

- Generic disadvantages include slow method, and many parameters, for example burning, spark gaps and stress 

affect the outcome. The electrodes are also torn out, and therefore more electrodes must be produced for use in 

work piece. 
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10 Tests 
 

10.1 Test theories 
 

10.1.1 TTT test theory 
 

The Time To Tightness (TTT) test shows the time between complete expansion and assembly of fitting, pipe 

and Quick & Easy (Q&E) ring combination, until the fittings are tight with the pipe and Q&E ring combination 

and the system can be pressurized.  

The important fact the installer wants to know is how much time after installation the system can be used, and 

that the pipe can be pressurized without leaking.  

Some systems can pressurize directly after installation, this depends on the kind of fitting that is used and the 

temperature the pipe is installed in. The question that must be answered is, after how long time after complete 

expansion and assembly the system can be pressurized? To answer that question time to tightness test will be 

performed. 

The test activities are made in a cold chamber. Air bubbles are produced when the joint leaks.(Jiménes, 

20140307)The test start by laboratory staff assembly pipe with fittings. Time to grip (TTG), is the time from last 

expansion is made and to the laboratory staff feel that the fitting have gripped the pipe, that data documented in 

table for test (Appendix 13). 

Five minutes after assembly the laboratory staff sinks the joint, in water bucket and connect one fitting to a cable 

that the air pressure will come through (Figure 30 & Figure 31). 

The system is pressurize by using air pressure (maximum 3 bar) at chosen test temperature in the test chamber. 

The TTT test will be performed at the temperatures 7.2 ºC and -10ºC.  

When the system is pressurized the laboratory staff test the system by air pressure, and look for bubbles. If the 

number of bubbles are 10 bubbles/minute or less, the system considered tight and pass the TTT test.  

If there are more than 10 bubbles/minute the test fails, and must be tested again after five minutes and 10 

minutes after assembly.  

 

The most visible result achieves with colder temperature in the test chamber during the test. For example the 

result is more obvious and visible in -10 ºC than room temperature. The test will be performed with both 

Uponor AB´s existing expansion segment and the groups prototype segment.(Hauki, 2015) 
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Figure 30: The TTT test the joint lowered                           Figure 31: TTT test equipment and table where                         

in the water bucket and pressurized.                                   the results are reported.                                                                   

10.1.2 Burst pressure test theory 

 

The Uponor AB burst pressure test is based on a principle for American standard, ASTM F876-13. There are no 

requirements within the EU. 

Uponor AB use parts of the American standard/process to examine where the failure occur. 

When performing burst pressure test the pipe fills up with water, and perform a de air procedure in order to get 

rid of air. The pressure is raised by adding more water through high pressure pump until failure occurs. 

The test is not approved if the failures occur within a nominal outside diameter of the pipe distance (OD) from 

the fitting. The test is done after at least 24 hours from assembly. In this case the nominal outside diameter of 

the pipe is 16 mm. The burst is not approved if it occur in 16 mm distance.  

The test is done at room temperature or 70 ºC.  

Within Q&E the expander procedure and in this case the segments should not impact on the inside of the pipe 

by giving deep grooves or marks that would lead to failures. 

This test indicates the impact of segments inside the pipe.(Hauki, 2015) 

 The base statement for the pressure test determines whether the connection remains tight during the test. And if 

stress cracks or other damage occurs on the plastic pipe both within the distance between the fitting and outside 

the fitting. If cracks occur in the OD distance from fitting during the determinate time (minimum) then the test 

are not approved and fails. The test is repeated once.  

Failure must not be too close to the switching point, because then the pipe will burst when used in reality.(NKB 

Produktregler, 1990) 
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10.2 Preparation for tests 
 

10.2.1 Modifications before test 

 

The preparations for the tests begun by performing expansions on pipes with the 8 segment expansion head at 

room temperature. That was made to see that everything during the expansion process works the desired way, 

before performing the real tests.  

It turned out that at room temperature some of the segment´s developed change in the segment material, in 

some kind of deformation during those preparing expansions.  

Obviously the segments did not contract symmetric, this was although a new head with new dimensions and first 

time tested.  

The laboratory staff manufactured a new holder costumed to 8 segment´s. Uponor AB only have for 6 

segment´s.  (Larsson, 2015) 

To perform TTT in 7.2 ⁰C, and avoid breaking or changing form of the 8 segments, even though a new holder 

was made to fit the 8 segments in place, an O-ring were placed on the 8 segments for stability.  

The O-ring (Figure 32) gather the segments tight together, which limits the free space for movement during 

expansion and helps the segments contract all at once. With a holder that fits exactly for the 8 segments and an 

O-ring placed on (Figure 33) a desired movement of the segments was achieved during expansion. 

 

Figure 32: The O-ring                         Figure 33: The O-ring placed on the segments 

 

10.2.2 Preparation for the TTT test 

 

The time to tightness (TTT) test and time to grip (TTG) were performed in room temperature and at 7.2 ⁰C.  

A comparison between Uponor AB´s 6 segment expansion head and 8 segments expansion head was made. The 

test was performed at the pipe dimension of 16x2.2 mm and 16x1.8mm (16=inner diameter and 2.2=pipe 

thickness). 

The 8 segments expansion head is of prototype material, and there is risk to break or change form because of 

that the prototype material is not as highly resistant as the 6 segments expansion head. 

Therefore considering 16x2.2mm dimension, to avoid that risks the supervisor and laboratory staff decided to 

expand the pipes first two expansions with Uponor AB´s 6 segment expansion head, and then continue with the 

8 segments expansion head.  
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In this way the Uponor AB´s expansion head would expand the first two times and take the most pressure from 

the pipe and open it up, which makes it easier for the 8 segments to continue the expansion. Doing that way 

helps to avoid to deform the 8 segments.  

Considering 16x1.8mm pipe dimension all the expansions on the pipe would be performed with one expansion 

head all the way, because of the pipe is thinner and requires less pressure for the 8 segments.  

 

10.2.3 Preparation for burst pressure test 

 

After assembly the laboratory staff places the joint inside the pressure testing device oven, where the burst 

pressure test is performed. The burst test was performed at pipe dimension 16x2.2mm, 2 joints with Uponor 

AB´s 6 segment expansion head and 2 joints with the 8 segment expansion head.  

The joint is placed inside the device for 24 hours. About 20 hours at 30⁰C and for the last hours at 70⁰C. 70⁰C is 

the optimal temperature for PE-Xa, because the material is long time resistant at this temperature. For 95⁰C the 

PE-Xa material can resist for short time only. That’s why the 70⁰C temperature is chosen for the test, and so that 

the burst pressure test gets performed fast. Then the system is pressurized up to 60 bar until the burst occur.  

The main goal is to burst the pipe, and then check the distance between the fitting and the burst. The time or 

temperature does not matter here and the laboratory staff wants to save the pumps of the device therefore it 

should happen in shortest time possible.(Kallio, 2015) 
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11 Test results 
 

11.1 Results of the TTT test 
 

The 8 segment expansion head that was tested in 7,2⁰C showed no result improvement compared to Uponor 

AB´s current 6 segment expansion head(Appendix 14). The results was obvious at 7,2⁰C. 

The results seen in the table is at pipe dimension 16x2.2 the Uponor AB´s 6 segments expansion head 4 fitting 

points (every pipe has 2 fitting points) passes at 5 minutes and the rest 2 passes after 10 minutes. With the 8 

segment´s expansion head 1 fitting point passes after 5 minutes, 2 passes after 10 minutes, the rest after 15 

minutes and further.  

Pipe dimension 16x1.8 the Uponor AB´s 6 segments expansion head 4 passes after 5 minutes. With the 8 

segments expansion head 1 passes after 5 minutes, the rest 15 minutes and further(Appendix 14). 

 

Therefore the supervisor of Uponor AB decided to stop the testes at this temperature and not continue the test 

at -10⁰C. 

11.2 Result of the burst pressure test 
The burst should occur one fitting length away from the pipe edge, where the fitting is connected to be 

approved. The fitting length (the part of the fitting that is inside the pipe after assembly) is 17.3 mm. To be 

approved the burst should appear at 34,6mm ≈ 35mm on the pipe.  

The burst result of 6 segment expansion head is at 41 mm at the pipe, which means it´s approved (Figure 34). The 

burst result for 8 segment expansion head is also approved on 38mm at the pipe, although 6 segment expansion 

head got a better result by 3 mm far away from the pipe edge than the 8 segment expansion head burst result. 

(Kallio, 2015)(Appendix 15, Table 1, 2 & 3) 

 

 
 

Figure 34: The joints after the burst pressure test. The distance between failure/burst and fitting is measured(Table 2 & Table 3) 

in order to determine if the test pass or fail considering the OD. 
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12 Conclusion of the test results 

Regarding the results obtained by the TTT test of the expander head with 8 segments, an improvement has not 

been supplied compared by the Uponor head with 6 segments. The most visible observation about the failure 

has been that under surfaces of one or two segments have a deviation over the cone regarding the cylindrical 

coordinate during the expansion. It seems that a number of factors is situated at the behind of the deviation and 

the probable factors have been presented below. 

 

12.1 Conclusion 
 

1- A dimension inequality has been seen by using the magnifying glass with a lamp in the area there underside of 

a segment that contacts with the cone and directional sharp line of segments are linked to each other. 

The segment with a longer directional sharp line has been expanded higher by the cone compared by the other 

segments with the equal directional line. Thus, this dimension inequality might cause either a deviation of the 

failed segment over the cone by the cylindrical coordinate or an asymmetric expansion. 

The deviation of a segment mentioned above might lead that two segments will be forced to push each other 

during the expansion. This enforcement has caused that the segment exposed to be pushed by the other failed 

segment, has blocked autorotation function of the tool and the concerned segment has been locked in the PE-

Xa pipe. 

The asymmetric expansion leads that deeper one-way canal based on the segments side edges and visible grooves 

based on the gripping bars have taken place on the inner surface of the PE-Xa pipe. In this way, water has easily 

followed the canal tracks formed by the segment edges and caused a leakage and finally undesired results have 

been obtained by the TTT test. 

2- Ring spring might not hold the segments equally during the expansion. Therefore a slide might occur over the 

cone by the cylindrical direction. 

While tests were performed to the PE-Xa pipe with the dimension (16 x 2.2 mm.), an older Uponor head with 6 

segments was mounted to the M12 tool instead of a new one. After that, it was observed that it needed to the 

ninth of expansion to have a desired inner diameter of the expanded pipe. But it should be enough after the 

seventh or eighth of expansion at the room temperature by the normal circumstances. Therefore, an idea 

concerning this experience came up that the ring spring would not only hold segments together but also support 

the expansion process through the force of spring. 

3- Extended segments with value of 2.5 mm. may not be as durable as the shorter Uponor 6 segments during the 

expansion. 

Although Von Mises stress value determined by the Creo Simulate is under the yield strength of segments 

material (SS 2541-03), a number of segments has been bent during process of tests. The considerable point with 

this failure is that not all of segments just one or two of them has been bent. 

On the other hand, it was observed that 8 expansions were enough to manage mounting for the PE-Xa pipe (16 

x 2.2 mm.) referring to the video film by Uponor AB at the second stage of static analysis of the PE-Xa pipe 

model. According to the earlier investigation about optimization of segment, it was thought that to extend all 

segments with value of 2.5 mm could reduce the number of expansion from 8 to maybe 6 or 7. 
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12.2 Discussion 
 

By taking into consideration with the probable factors referring to the failed TTT results, the following 

recommendations about how an improvement can be supplied, have been stated by the defined number order 

above.   

1- Segments have been manufactured by a number of machine tools like as CNC (Computer Numerical 

Control). If metal powder or casting method is used to manufacture segments then risk on undesired 

unequal dimensions may be reduced to minimum level or may be eliminated. 

 

2- To increase the value of k, constant of ring spring may lead that the ring spring will also support the 

expansion process. In this way, the ring spring will not only have a mission like as to hold segments 

together but also be a part of the whole expansion process. Thus, modification of the spring will prevent 

the deviation mentioned earlier between the segment edges and hold them together with an equal 

distance of all segment edges. It is very important that the segments movement is symmetric so the pipe 

is symmetrical expanded.  

 

3- If hardness scale of the segments material increases to an optimal value in order to get a more durable 

material, the bending risk of some segments may be eliminated. In addition, to use segments with 

standard length not extended can reduce the bending risk of material at the certain ratio. 

 

4- Referring to the conclusion based on the results by the static analysis of the PE-Xa pipe CAD model, if 

the method mentioned at the conclusions stage of the static analysis by the Creo Simulate is considered, 

sudden raise of the stiffness value that is variable according to the different velocity values of the 

expansion can be prevented. Thus, a milder expansion and also an elastic deformation that is not closed 

to stiffness of the PE-Xa material can be supplied.  
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Appendix 6 
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APPENDIX 8  
 

 
Velocity of cone was given as a value of 1.1 m/min by Uponor AB. 
 
Vc= 1.1 m/min = 18.3 mm/s 
 
At the point of A, free body diagram based on the velocity of cone was determined below; 
 

  

Vconic= 18.3 mm/s  

A 

Vcx= Vc .cos(10) = 18 mm/s 

Vcy=Vc .sin(10) = 3.18 mm/s 
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The velocity vector that will create a vertical movement of segment to up towards is Vcy and following free body 

diagram indicates that velocity of (Vcy)y will determine the segments velocity up towards on y-direction not (Vcy)x. 

 

 

 

All segments that were held together by ring spring have a just vertical movement on y-direction and the concerned 

movement is determined by the velocity of (Vcy)y. 

Vcy 

Vcx 

Vc 

A 

(Vcy)y= Vcy . cos(10) 

(Vcy)y= 3.13 mm/s 

 

       Y 

(Vcy)y Vcy 

       (Vcy)x 

X 
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APPENDIX 9 

 
Free body diagram has been created to solve normal force related with the expansion force of each segment. 
Parameters used at the solving of equations: 
 
m = Mass of cone = 0.3 kg. 
g = Constant of gravity = 9.81 m/s2 

Fc = Force of cone 
Ff = Force of friction 
Ns = Force of expansion 
Fs = Force of spring 
k = Constant for the material of spring steel  
x = Elongation of the spring during expansion = 30 mm. 
G= Shear modulus of the spring = 1800 Mpa. (www.stahlbecker.de) 
na= The number of active coils = 188 
d = Diameter of the coil = 0.5 mm. 
D = Diameter of the spring = 2.7 mm. 
 

𝜀𝐹x = m . ax = Fc . Cos(10) – Ff – m.g.Sin(10)  (2 unknown parameters; ax and Ff) 
 

𝜀𝐹y = m . ay = 0 (Cone has a velocity just on the horizontal direction) 
 

𝜀𝐹y = Fc . Sin(10) + m.g.Cos(10) – Ns – Fs . Cos(10) = 0 
 
Fs = k . x   
 
k = G.d4 / 8 . D3 . na = 3.8 N/mm. (www.efunda.com) 
 
Fs = (3.8 N/mm) . (30 mm) = 114 N.  
 

𝜀𝐹y = 0 = 5860 . Sin(10) + (0.3) . (9.81) . Cos(10) – Ns – 114 . Cos(10) 
 
Ns = 907.6 N. 

10° 

F
c 

N
s 

F
f 

F
s 

m.g
 

X
 

Y
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This value has been rounded to 1000 N. and the rounded value of the force has been used during the whole 
static analysis of the PEX pipe model by the Creo Simulate. Therefore Pugsley Safety Factor Approach has not 
been used for the concerned value of force. 
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Appendix 10 
 
Parameters that determine the solution for stress values 
 

𝛷₁= Maximum inner diameter of PEX pipe after full expansion 

𝛷˳= Inner diameter of PEX pipe before expansion 

𝜎ᵣ = Stress on r- direction  

𝜎ɵ= Stress on ɵ- direction 

𝜎ƶ = Stress on axial direction 

𝜀ᵣ = Strain on r- direction 

𝜀ɵ = Strain on ɵ- direction 

𝜎von Mises = Von Mises stress 
 
PEX pipe was handled as an open ended cylinder (see figure 18). This corresponds to plane stress solution 
because there is no stress in the axial (longitudinal) direction through the pipe. Therefore; 
 
 

𝜎ƶ = 0 
 

𝜀ᵣ =
𝛥𝛷

𝛷˳
=

𝛷₁−𝛷˳

𝛷₁
=

18.2−11.6

11.6
=0.57 

 

𝜀ɵ = 𝜀ᵣ =0.57 
 

𝜎ᵣ =
𝐸

1 − 𝜈2
(𝜀ᵣ + 𝜈. 𝜀ɵ) =

425.106

1 − (0.41)2
[0.57 + (0.41)(0.57)] = 410.6 𝑀𝑝𝑎. 

 

𝜎ɵ =
𝐸

1 − 𝜈2
(𝜀ɵ + 𝜈. 𝜀ᵣ) =

425.106

1 − (0.41)2
[0.57 + (0.41)(0.57)] = 410.6 𝑀𝑝𝑎. 

 
 

𝜎von Mises= √
1

2
{(𝜎ᵣ − 𝜎ɵ)² + (𝜎ɵ − 𝜎ƶ)2 + (𝜎ƶ − 𝜎ᵣ)²} = 410.6 Mpa. 

 

 

 
 

Figure 18: Coordinate system for analysis of cylinder response to internal pressure loading (Shepherd, Pintgen, 
2007, page: 25) 
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Appendix 13 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time to grip (TTG) test at roomtemperature 20⁰ C 

Test number 1 
 

1 2 2 

Dimension 
16X2,2mm 

TTG 
(seconds) 

Expansions  TTG(seconds) Expansions  

6 segments 9 8   

8 segments 9 2 expansions 6 segments 
head 
6 expansions 8 segments 
head 

12  2 expansions 6 segments 
head 
7 expansions 8 segments 
head 

Test number 1 
 

1 2 2 

Dimension 
16X1,8mm 

TTG(seconds) Expansions  TTG 
(seconds) 

Expansions  

6 segments 10 4    

8 segments Pipe not 
expanded 
enough, too 
small. 

5 12,5 6 
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Appendix 15  

 
Fitting length (length of fitting inside the pipe when 

mounted) 
17,3 mm 

Measuring of cut pipe after burst test Dimension (mm) 

Expansion´s head used Distance from middle of burst to edge of 
pipe, where the fitter is mounted. 

6 segments 41 

8 segments  38 

Table 1: Measuring pipe after burst pressure test. 

Measure of cut pipe after burst test 

Segment track distance inside the pipe, grooves contact length inside the pipe.            

Expansion´s head used Pipe 1 half. Dimension (mm) Pipe 2 half. Dimension(mm) 

6 segments 30,7 26,65 

8 segments 32,8 32,57 

Table 2: Measuring cut pipe after burst pressure test.  

Expanded and cut pipe, to observe and measure length of segments inside the pipe 

Expansion´s head used Segment track length inside the pipe. Dimension (mm) 

6 segments 29,6 

8 segments 31,8 

Table 3: Measuring length of segments inside the cut  pipe after burst pressure test. 
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    Appendix 16 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

            Figure 1: 3D printed Ergonomic 8 segment´s assembled head  

 

 

 

 

 

 

 

 

 

            Figure 2: 3D printed segments 
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Appendix 17 


