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Sammanfattning 
 
Detta examensarbete handlar om förpackning av keramiska substrat. Canning är det universella 
namnet på förpackning av keramiska substrat. Keramiska substrat kan vara katalysatorer eller 
partikelfilter som används som ett efterbehandlingssystem i bensin och Diesel applikationer. 
Examensarbetet genomfördes hos Scania CV AB. 
 
I installationsprocessen sveps en keramisk fibermatta runt det keramiska substratet. Substratet 
inkapslas sedan med ett metalhölje. Rapporten inleds med att beskriva olika installationsmetoder. 
Fördelar och tillämpningsområden för det olika metoderna beskrivs. 
 
Sedan beskrivs det ingående komponenterna. Support mattor, katalysatorer, partikelfilter, 
wiremesh stöd och metaller diskuteras.  
 
Metoden för att beräkna vilket mattryck som behövs för att hålla kvar substraten beskrivs. 
Metoder för att beräkna accelerationskrafter och tryckfallskrafter beskrivs. Sedan diskuteras 
temperaturmätningar. 
 

Till sist beskrivs hur designprogrammet fungerar och hur det används. 
 
Det största problemet vid installationen är de dåliga tillverkningstoleranserna hos de ingående 
komponenterna. De uppmätta temperaturerna var höga så värmeutvidgning kan leda till att 
substraten lossnar. Höga tryck vid installationen kan leda till att substraten spricker vid för låga 
tryck kan substraten lossna i drift. 
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Abstract 
 
This thesis treats canning of ceramic substrates. Canning is the packaging of ceramic catalysts 
and particulate filters which are used as an aftertreatment system for Gasoline and Diesel 
engines. The thesis was conducted at Scania CV AB. 
 
In the canning process a ceramic fiber mat is first sleeved around the ceramic substrate. The 
substrate and mat are then canned in a metal housing. The thesis starts of with describing 
different canning methods. Advantages and application of the methods is described. 
 
Then the different components in the canning system are described. Different support mats, 
catalysts, particulate filters, wiremesh and steels for the housing are discussed. 
 
The method for calculating which mat pressure is needed is described. How to calculate holding 
forces from backpressure and acceleration are described. Temperature measurements are 
discussed. 

How the design program works and how to use the program is then discussed. 
 
The major problem in canning is poor manufacturing tolerances of the components. Thermal 
expansion will influence the robustness of the system. The measured temperatures were high due 
to the filter and catalyst being enclosed inside the muffler. This combined could lead to substrate 
slippage. The tolerances could mean that high pressure occur during caning that could lead to 
substrate cracking during canning. 
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Background  
 
To meet stricter legislation regarding vehicle emissions the use of catalysts and particle filters as 
an after treatment method for exhaust gases is becoming inevitable. To meet legislation demands 
the use of thin-walled and ultra thin-walled ceramic catalysts and high porosity particulate filters 
are becoming more frequently used. These properties make the new substrates more fragile and 
require more caution when canned. 
 
The ceramic catalysts and particulate filters are installed using a canning process where the 
substrate is sleeved in a ceramic fiber mat and then canned in a surrounding metal housing. 
Several techniques have been developed to encapsulate the substrate during the last three 
decades.  
 
The mat is the component that has to provide axial holding forces to keep the substrate from 
slippage during all possible operational conditions. 
 
Due to temperature variations, the different thermal expansions of the components will influence 
the pressure from the sleeving mat on the substrate during operation. Thermal expansion could 
lead to support mat erosion when the gap between the substrate and metal housing will increase 
due to thermal expansion. To avoid erosion a wiremesh support ring is installed. Wiremesh can 
also provide additional holding force. 
   
This thesis work, conducted at Scania CV AB, is to develop a calculation method for which 
support mat that could hold a substrate in place in the canning process and during operation, 
without risking substrate failure. 
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Canning 
 
Canning is the universal name for the installation of ceramic substrate in a metal housing. 
A number of different canning methods have been developed. The most used methods are shown 
in figure 1. There are called stuffing, tourniquet and clamshell.  
 

 
 

Figure 1 – Different canning methods
 [1] 

 
Before canning the substrate is sleeved in a support mat. Different support mat types exist, but 
all have the same objective to supply holding force to the substrate during operational lifetime. 
Almost all support mats used today are made-up of ceramic fibers or alumina fibers. 
 
The shape of the substrate influences the canning stability. The shape and size of the used 
substrate is usually determined by the design volume available for the catalyst or particulate 
filter. Figure 2 shows the canning stability for different substrate shapes [2]. Low canning 
stability implies larger the risk of substrate breakage. 
 

 
 

Figure 2 - Canning stability of different substrate shapes [2]  
 
The most stable canning process can be achieved with round substrates. The reason is that a 
more uniform pressure field around the substrate can be achived with round substrates. The long 
oval racetrack shape makes it difficult to obtain a uniform pressure field around the substrate 
which increase the risk of substrate breakage [2], see figure 3.  
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Figure 3 – Schematic pressure field of different substrate shapes [2] 
 
With the stricter vehicle emission legislation the use of thin-walled and ultra thin-walled 
substrate is a possibility to comply with regulations with smaller substrates, backpressures 
should also decrease. Thinner walls mean more surface area which exhaust conversion is 
proportional to. Reducing the wall thickness reduces the thermal mass. This means that less time 
is needed to reach the light-off temperatures were oxidation of the exhaust gases starts, but 
reducing wall thickness will consequently reduce the substrates strength. 
 
A robust mounting system has to take in consideration the mechanical and physical properties of 
the components and different scenarios encountered during operation. Acceleration loads from 
gas pulses, vibrations and substrate backpressure have to be considered. 
 
With the thin-walled and ultra thin-walled substrates it is very important that the pressure 
distribution is as uniform as possible to avoid substrate cracking. 
 

Canning methods 
 
Canning methods are divided in different categories depending on how they obtain the required 
ceramic support mat pressure to keep the substrate in place. Different methods have been 
developed to fit different shapes of substrate. The classifications of methods are shown in table 
1. 

 

Table 1 – Classification of different canning methods [3] 
 
 
 
 
 
 
The Shoebox and Tourniquet methods uses a fixed force to close the surrounding metal housing, 
while the Stuffing, Swaging and Clamshell methods uses a predetermined gap between the 
catalyst or particulate filter and the surrounding metal housing. Single seam implies that the 
surrounding metal is closed by welding one seam, Tourniquet method is one example described 
later in this chapter. Double seam means that the metal is made up from two separate parts that 
are closed by welding on two seams. 

 Fixed Gap Fixed Force 

Single seam Stuffing, Swaging Tourniquet 
Double seam Clamshell Shoebox 
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The major difficulty in canning with a fixed gap is the poor manufacturing tolerances of the 
components. To overcome this problem, the components are measured and the metal housing 
dimension is adjusted to obtain the right gap. This is known as “soft-canning”; consequently in 
“hard-canning” components are not measured. Hard canning is in reality generally not possible 
in production due the poor manufacturer tolerances. For hard canning to work the sorting would 
have to be made at the manufacturers, which would give higher cost. 
 
When canning against a fixed force the gap is inconsistent and the dimensions will vary so that 
individual inlets/outlets will have to be made. In this chapter the different methods will be 
described.  
 
Stuffing 
 
Stuffing is a canning method were the substrate is sleeved in a support mat and then pushed into 
a steel housing using a stuffing cone [3], see figure 2. 
 

 
 

Figure 2 - Schematics of the stuffing method [3] 

 
The stuffing cone is used to get a smooth compression of the mat and to reduce high peak 
pressures during insertion, due to viscoelastic behaviour of the support mat. The smaller the 
stuffing cone angle, α in figure 2, the less the compression rate off the support mat will be. The 
less the compression rate, the lower viscoelastic peak pressure of the support mat will be. 
 
The stuffing method is popular from a tooling cost and productivity standpoint. A downside is 
that measurement of the substrate diameter and support mat weight is required to obtain Gap 
Bulk Density (GBD) control, explained in the “Canning design variable” chapter. The housing is 
usually made from rolled steel sheets. The cutting length is adjusted to obtain an acceptable gap 
between the substrate and the metal housing. The rolled sheet is the seam welded shut. 
 
The stuffing method is not preferable when using thin-walled and ultra thin-walled substrate [4]. 
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Tourniquet 
 
The tourniquet method is a fixed force, single seam method. The substrate is sleeved with a 
support mat and then inserted into rolled steel sheet and the closed by pulling on the opposite 
sides of the steel sheet until the set force is met and welded shut [1], see figure 3. 
 

 
 

Figure 3 - Schematics of the tourniquet method [1] 
 
The tourniquet method is restricted to round and close-to-round substrates. It is the most used 
method for packing of catalyst today and it is also used for particulate filter [5]. The packaging 
equipment is expensive and therefore high volumes are needed to make the investment justified. 
The method is insensitive to dimension variation of the substrates. 
 
Clamshell 
 
The clamshell method is a fixed gap, dual seam method [5]. The metal housing is usually made 
up from two prefabricated halves, stamped out of sheet metal. The housing is then pressed 
together to a predetermined gap and spot welded in place, see figure 4. The pressure is removed 
and the canning package is then seam welded together. 
 

 
 

Figure 4 – Schematics of the clamshell method [3] 

 
The clamshell method is mostly used for non-round and oval substrate which is used in under-
floor placement of catalysts and particulate filters. To obtain the right gap around the substrate, 
the diameter of the substrate needs to be measured and the shell adjusted accordantly. Otherwise 
the flanges will move outwards/inwards, depending on if the gap is smaller or bigger then the 
design gap, resulting in locally lower/higher pressures at the intersection of the halves. 
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Shoebox 
 
The shoebox canning method uses two prefabricated stamped out metal halves that are pressed 
with a fixed force to obtain the required GBD as in figure 5. The overlapped shell is then welded 
into place. The difference from the clamshell method is the overlapping of the halves. 
 

 
 

Figure 5 – Schematics of the clamshell method [3] 

 

As in the clamshell method the metal halves have to be adjusted to avoid locally low pressures at 
the overlap. The shoebox method is usually used for flat-oval racetrack type of converters for 
under-body mounting. 
 
Swaging 
 
Swaging is a new method and not commonly used and is restricted to round substrates. The 
substrate is sleeved in a support mat and inserted into a tube.  The shell is formed down to reach 
the desired diameter, inlets and outlets are also machined. Figure 6 shows a swaged 
encapsulation tube [5]. 
 

 
 

Figure 6 – A swaged tube with substrate inside [5] 

 

The process is fully automated with the use of CNC machines. The investment costs are high 
which demands large volume production. Due to the spring-back of the tube the gap is machined 
less than the final gap, this will give higher pressures. Difference of substrate diameters are 
handled automatically by the CNC machine, which makes altering of the shell dimensions not 
necessary.  
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Canning design variables 
 
In the canning process of ceramic substrate a number of variables have to be considered to obtain 
a robust system without the risk of breaking the substrate. In this chapter a number of canning 
variables will be explained. 
 
 
Gap Bulk Density 
 
The key variable for support mounting systems is gap bulk density (GBD). It gives the installed 
density of the support mat after canning [3].   
 






⋅
=

3

1000

cm

g

gap

wieghtmat
GBD         (1) 

 
were mat weight is mass per area (g/m2) of the support mat. The tolerance for the area weight is 
usually around 10 weight percent making it hard to obtain close GBD control.  
 
The support mats are also hydroscopic and can contain a couple of weight percent of moister. 
When fixed gap methods are used, the GBD will be overestimated. Therefore the support mat 
should be stored in a room with a desiccant a couple of days before installation to remove the 
moister from the support mats. 
 
Gap is calculated using equation 2. It is the distance between the substrate diameter and the inner 
diameter of the shell housing [3] in mm as shown in figure 7.  
 

[ ]mm
ODSubstrateIDShell

Gap
2

−
=       (2)  

 

 
 

Figure 7 - Intersection of a canned substrate 

 
Two types of GBD are commonly used. When the binder, used to keep the support mat together 
during transportation and encapsulation, is included the term Bonded-GBD or B-GBD is used. 
The other Fiber-GBD is the F-GBD where the binder weight is subtracted and only the fibre 
weight is included. Manufacturers use the different definitions and therefore cautions have to be 
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taken when doing calculations. When GBD is used it generally implies that the binder is 
included.   
 
The combination of the hydroscopic properties, the poor manufacturer tolerances of the 
components makes it difficult to reach consistent GBD. To regain some control of the GBD, 
components can be measured and paired together. The metal housing dimensions can also be 
adjusted. 
 
To illustrate possible fixed gap GBD variations due to tolerance stacking, the general 
manufacturing tolerances of the components are seen in table 2. 
 

Table 2 – General manufacturing tolerances of the canning components 

 
Substrate Ø [mm] Mat weight [wt%] Housing Ø [mm] 

± 2 ± 10 ± 0.5 
 
For a 2400 g/m2 support mat and a 6 mm design gap this could theoretically give the following 
GBD interval using equation 1.  
 

Table 3 – Possible GBD without measurement of the components. 

  

GDBLow GDBNom GDBHigh 
0.2541 0.4 0.7543 

 
In reality the manufacturers set the tolerances this high to avoid sorting of the components during 
production. However GBD variation as those seen in table 3 would cause both substrate cracking 
and slippage as it would mean extreme variation in mat pressures.  
 
Thermal expansion will also cause the GBD to change during operation. To design a robust 
support system these changes will have to be taken into account. 
 
Closing speed 
 
Canning closing speed is the rate of mat compression in the canning process. Closing speed is 
important because of the viscoelastic properties that the support mats have. Figure 8 shows a 
general behaviour of the mat pressure during compression [6]. 
 

  
 

Figure 8 – General mat pressure during mat compression [6] 
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A high closing speed will give a high peak pressure leading to an increased risk of substrate 
brakeage. For that reason the mat compression speed should be kept low enough to prevent mat 
pressure rising above the strength of the substrate. High closing speed also increases the risk of 
individual fibres to break, resulting in lower performance of the support mat.  
 
The most of the relaxation of the support mat occurs during the first minutes after canning. 
Relaxation can still occur 60 minuets after canning, but at a lower rate. The higher the closing 
speed the longer time is needed for relaxation [7]. The closing speed most commonly used is 
around 25 millimetres per minute, but speeds of 1-100 millimetres per minute are used [7]. 
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Support mats 
 
The support mat is the component that supplies mechanical support to the substrate to keep it in 
place during operation. It also acts as a thermal insulator between the substrate and the outer 
shell and as a seal to prevent exhaust gas flow going around the substrate. Three types of support 
mats are commercially available. 
 

• Intumescent 
• Non-intumescent  
• Hybrid 

 
These types of support and the bio-soluble mats being developed are explained later in this 
chapter. 
All support mats today are made up from ceramic or alumia fibers. The classification of fibers 
used for substrate support is seen in figure 9. 
 

 
 

Figure 9 – Classification of fibers used for ceramic substrate support supplied by the Ibiden 

Company 
 
All support mat used for substrate support are made from artificially non-metallic fibers. The 
polycrystalline fibers are manufactured using the SOL-GEL technology [8], vitreous fibers are 
manufactured using a melt-spun technology that are becoming more infrequently used. The 
SOL-GEL method in fiber mat production is shown as Mixing and Fiberization in the top of 
figure 11. 
 
In the SOL-GEL method chemicals is mixed to an aqua-solution (SOL is short for solution) and 
then blown out through the fiberized blower under high pressure forcing the solution to create 
fibernetworks (GEL) as in figure 10. 

 
Figure 10 – Fiber network a support mat supplied by the Ibiden company 
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Figure 11 – Flowchart of the SOL-GEL manufacturing process of the non-expanding wool fiber 

approved by the Ibiden Company 

 
The fibers are then collected and driven trough a needling process. When needled the fibers 
interlock with each other making the mat stronger and more resistant against erosion [9]. The 
thickness is also determined in this process.  
 
The fibers are then sintered through a furnace that is height adjusted for the appointed thickness 
of the support mat. The fiber is then stored on rolls. The rolls are then impregnated with a binder 
to keep the fibers in place during transportation and canning in accordance with the lower line in 
figure 11. The binder is usually a latex-polymer material. 
 
The vitreous fibers are manufactured using a melt fiberization process [10]. The material is 
melted and then extruded through a die and spun close to the desired diameter. The process is 
then carried out in the similar ways as in figure 11 from the needling forward. 
 
Aluminosilicate are the commonly used base material for the ceramic fibers. It contains 
aluminium oxide Al2O3 and silicon dioxide SiO2 and the composition is usually around 70-80% 
and 20-30 % respectively [11]. The aluminosilicate have lower Young’s modulus than pure 
aluminium making it more ductile. The lower stiffness makes it possible to make wool. Mixing 
the alumina oxide with silicon oxide also make it cheaper to produce. Aluminosilicate has good 
thermal insulating properties and high temperature resilience [11]. These are desired properties 
of support mats. 
 



15 

The diameter of the fibers is usually only a couple of microns. From a health prospective this 
requires caution when handling the support mats. Different directives apply to fiber materials, 
the following legislated in 1997 for the European Union except Germany [12]. 
 
Directive 97/69/EC 
 
Classification as a carcinogen need not to apply to fibers with a length weighted geometric mean 

diameter, X, less than two standard errors, e, greater than 6 micrometer. 

 
meX µ62 >⋅−  

 
Directive 97/69/EC applies to vitreous fibers only, see figure 9, not polycrystalline support mats 
produced with the SOL-GEL method in figure 11. The support mats not in compliance with 
97/69/EC are categorized in three categories C1, C2 and C3. 
 
C1: Known carcinogenic 
C2: Probable carcinogenic  
C3: Possible carcinogenic 
 
The Germans formed their own worker directive as they thought that the definition of 97/69/EC 
were enough and formed their own local worker directive TRGS 905 valid to fiber imported or 
produced in Germany [13]. TRGS includes the polycrystalline fibers which makes it more 
justified to use than the European Union directive above. Manufacturers are free to self-classify 
of the polycrystalline support mats.    
 
TRGS 905 
 
Respirable fiber is defined as particle if the fiber diameter is less than 3 micrometer and its 

length is greater than 5 micrometer and its length/width ratio is greater than 3:1. 

 
They are classified in the same way as in the 97/69/EC, but with K1, K2 and K3.  
 
The airborne fibers are collected on a filter using a selective sampler. The fiber diameters and 
length are then measured using a scanning electron microscope (SEM). If the fiber samples do 
not comply with regulation it needs to be fitted with either the “Skull and bones”-label, for C2 or 
K2, or the “Saint Andrew cross”-label for C3 or K3 in figure 13.  
 
 
 

 
 

Figure 13 – Saint Andrew cross and Skull and bones symbol for support mats that do not comply 

with the directives  
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The manufacturers are developing new support mats. Two strategies are considered to get 
support mats to comply with regulation [14]. The use of larger diameters of the fibers and the use 
of bio-soluble fibers is being considered. If the support mat is bio-soluble [15] the directives 
97/69 and TRGS 905 does not need to be met. Developments of bio-soluble mats are 
undergoing. 
 
The bio-soluble fibers are usually having the following composition in weight percent: 

•      61.0 – 67.0  [wt%] 
• CaO     27.0 – 33.0  [wt%] 
• MgO     2.5 – 6.5  [wt%] 
• Al2O3     ≦1.0   [wt%] 

• Fe2O3     ≦0.6   [wt%] 
 

 
 

Figure 13 – Picture of a bio-soluble support mat [15]  
 

 Figure 14 show a photo of airborne collected ceramic fibers taken through a SEM. 
 

 
 

Figure 14 – SEM photo of ceramic fibers [7] 
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The photo shows a large deviation of ceramic fiber diameters that are obtained using current 
methods. This makes the standard error quite large making it hard to comply with directive 
97/69. The manufacturers have focused their attention [14] on producing fibers in compliance 
with TRGS 905. Respiratory fibers get trapped in the human lung making the contamination time 
longer [14]. Protective clothing and breathing mask is a recommendation when handling the 
support mat. 
 
Figure 15 shows a result from another a mat sample that does comply the directive 97/69 as it is 
a polycrystalline fibre. The support mat fails the German TRGS 905 and has to be marked with 
K2 – Possible carcinogenic. This is the support mat used by Scania today. 
 
 

 
 

Figure 15 – Diameter distribution of a fiber sample 
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Intumescent mat 
 
Intumescent support mats were the main support mat used in the early 1990 for gasoline 
passenger cars. The intumescent support mat has the characteristic that it expands with 
increasing temperature. They consist of vermiculite, high temperature aluminosilicate fibers and 
organic binders. The composition ranges [16] are 
 

• Aluminosilicate fiber 30-45% 
• Vermiculite   45-60% 
• Organic binder  5-9% 

 
Vermiculite is a mined mineral that gives the intumescent mat it expanding properties. 
Vermiculite palette contains trapped water molecules that turn to steam when heated putting 
pressure on the fiber matrix causing the mat to expand, see figure 16. 
 

 
 

Figure 16 – Schematic of the vermiculite molecule [1]  
 
Below 350°C the vermiculite is not activated providing no additional pressure. The holding force 
of the substrate is only relying on the spring forces from the initial canning compression at these 
temperatures. 
 
Vermiculite limits the average mat temperature to approximately 750-800°C. Temperature 
exceeding the temperature limit will cause vermiculite platelets to sinter and possibly melt 
allowing the trapped water to escape. This results in reduced performance and possibly substrate 
slippage. This could happen during uncontrolled regeneration of the Diesel particulate filter.  
 
Due to the relatively low exhaust gas temperature in the Diesel the use of intumescent support 
mat needs to be heated after the canning process to secure the substrate holding forces before 
installation on the vehicle. Figure 17 shows a common expansion curve for the mat during the 
first heating. 
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Figure 17 –General intumescent mat expansion curve during heat cycling [1] 

 

As seen in the right in figure 17 the mat shrinks due to the decomposition of the organic binder 
until temperature reaches about 300°C. The vermiculite particle contains trapped water which 
turns to steam between 300°C and 500°C causing the mat to pop out. 
 
The intumescent mats have viscoelastic pressure behaviour with a relaxation in the span of 30-
60% from the peak pressure during canning [16]. Using thin-walled substrate and the high 
temperature regeneration of particulate filters or thin-walled catalysts, the intumescent support 
mat may cause substrate cracking.   
 

 
 

Figure 18 – Intumescent mat pressure variation with temperature 

 

The extra heating process and risk of substrate brakeage with thin-walled substrate due to the 
large pressure variation with temperature, see figure 18, gives that the intumescent mat is not 
well suited. There is also concern that the intumescent support mat needs re-popping during 
operation which is hard because of low exhaust temperatures of the Diesel. 
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Non-intumescent mat 
 
The non-intumescent support mats do not contain any vermiculite. The main component of non-
intumescent is aluminiumsilicate fibres with a small amount of organic fibres. 
 

• Aluminosilicate fiber  85-100  [wt%] 
• Organic binder   0-15   [wt%] 

 
The organic fibres are used to hold the fibres together before the canning and will then burn up 
during the first hours of operation. 

 
Non-intumescent mats rely entirely on the fiber spring from the initial compression from the 
canning process to hold the substrate in place.  
 
The peak pressure when using non-intumescent support mats will occur within the canning 
process. The support mats have viscoelastic properties that will create high initial pressure in 
canning, proportional to the closing speed. This pressure relaxes within a couple of minutes after 
canning, as shown in figure 19. 
 

 
 

Figure 19 – Peak and relaxed pressure for different GBD for a non-intumescent support mat 

[14] 

 

Thermal expansion gives that non-intumescent support mats will give their highest holding 
pressure in the low temperature region. This property is favourable in the Diesel application. 
The non-intumescent fibre mat holding pressure, in comparison with the intumescent mat, has a 
relatively low variation with temperature as seen in figure 20. 
 
The GBD where held for 18 hours for the mat to relax. The temperature is then raised gradually 
to 500°C. The non-intumescent support mats have quite linear pressure with temperature, while 
the intumescent support mat pressure varies heavily. The data has been supplied by a 
manufacturer [14]. The GBD were kept constant during the test.  
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Figure 20 – Mat pressure at different temperatures for fixed GBDs  

 
The gap oscillation under real conditions will give larger variation of pressure. When comparing 
figure 20 with figure 18 the non-intumescent support mat is more favourable behaviour with 
temperature. 
 
The non-intumescent support mat also has lower conductivity as seen in figure 21. Therefore the 
heat flow to the metal can will be lower giving lower thermal expansion. 

 

 
 

Figure 21 – Difference in thermal conductivity of the intumescent and non-intumescent support 

mat [14] 

 

The lower conductivity of the non-intumescent support mat also gives more effective 
regeneration when used with particulate filters as less heat is lost to the surrounding metal 
housing. Conductivity is GBD-dependent figure 21 were measured at target GBDs for the 
respective support mat.
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Hybrid mats 
 
Hybrid mats are made up of two layers with an intumescent mat on top of a non-intumescent 
support mat [17]. This gives better low temperature support and also gives better support at high 
temperature. The intumescent support mat is a darker colour due to the vermiculite mineral. 
 

 
 

Figure 22 – Hybrid support mat [17] 

 

The hybrid mat still has to be heated after canning for the intumescent part to expand. The 
pressure variation with temperature is similar to the intumescent mat, but on a lower scale. 
 
The need for popping after canning and relatively large pressure variations with temperature of 
the support mat makes it not suitable for Diesel application and thin-walled substrate. Therefore 
the support mat is not treated in this thesis. 
 

Support mat layout 
 
Figure 23 shows the most commonly used patterns for support mats. The “tongue and groove” 
layout shown on top is the most used application. For very short substrate the “offset” layout is 
used. 

 
 

Figure 23 - The most commonly used support mat layout 

 
The length A of the support mat can be calculated using equation 3: 
 

π⋅+= )( diameterSubstratethicknessMatA       (3) 

 
A gap of 2-5 mm is usually subtracted of the calculated length a to avoid overlap of the support 
mat. Overlap will lead to high pressures and/or sagging of the support mat, which could lead to 
substrate cracking. 
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Mat friction 
 
The mat friction is obviously important to retain the substrate during operation. The friction will 
differ during operation. The manufacturer measures friction with the schematic setup shown in 
figure 24. 
 

 
 

Figure 24 – Schematic setup for measuring friction coefficient [14] 

 
A sample of the mat is cut out and a metal or ceramic plate is put on a hot plate. A metal weight 
is put on top of the mat sample and hot plate is heated to the desired temperature. When the 
desired temperature is reached the metal weight is pulled with a constant speed and the 
maximum force is recorded. 
 
The static friction coefficient is then calculated using equation 4: 
 

 
gm

F

Weight ⋅
= maxµ          (4)  

 
were: maxF is the maximum recorded pulling force  [N]  

          Weightm  is the mass of the weight    [kg] 

           g is the gravitational acceleration     [m/s2]  
 
Two friction coefficients exist in the system. The steel against support mat and the support mat 
against the ceramic. Figure 25 and 26 shows the measurement results for the ceramic surface and 
steel surface respectively [14]. 
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Figure 25 – Friction coefficient on a ceramic plate against temperature [14] 

  

Figure 25 shows that the binder content has effect on the friction decrease during the burn-off of 
the binder. The reason for this is explained later in this chapter. The friction coefficient is also 
dependent of how coarse the surface of the substrate is. 
 

 
 

Figure 26 – Friction coefficient on a steel plate against temperature [14] 

 
The friction against the steel surface is lower than the friction against the ceramic surface.  
The binder content were the same for both test, the only different is that the dot-marked line is a 
support mat with larger diameter of the fibres. The material and mat weight were the same.  
 
Figure 27 shows the decomposition of the binder during the first few hours of operation. At 
150°C is monomers in the polymer network starts to decompose and melt making it easier for the 
fibres to move around. As the temperature increases the binder decompose more rapidly [14]. 
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Figure 27 – Schematic decomposition of the binder [14] 

 

During the temperature increase the decomposed binder attaches to the metal making the surface 
coarser increasing the friction as seen in figure 26.  
 
When the temperature reaches 300°C the binder decomposition rate increases dramatically and 
continues until the temperature reaches 400°C as seen in figure 28. The binder starts to burn 
when temperatures exceed 400°C. The binder is totally burnt out at 600°C. When the binder 
decomposes and burns an odour of the decomposing binder can be scents in the exhausts [14]. 
 

 
 

Figure 28 – Binder decomposition versus temperature [14] 

 
Comparing the results from the friction coefficient measurement the conclusion can be drawn 
that the friction against the metal housing is the lowest and therefore the most important to 
manage. High content of binder will decrease friction and therefore increase the risk of substrate 
slippage. This has been confirmed by the mat manufacturers [7,14].  
 
This has also been verified by the Scania canning manufacturer were the substrate and mat 
crawled out of the can after only 1000 hours of heat cycling due to insufficient mat pressure and 
friction [18], see figure 29.  
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Figure 29 – Substrate crawled out of the can during heat cycling [18]. 
 

Aging test of the support mats 
 
As the support mats are subjected to the gap oscillation from thermal expansion/contraction they 
will lose performance. This is due to thermal and mechanical effects of the material used in the 
support mat. The thermal effects cause structural relaxation of the mat by viscous creep. 
Mechanical effects are fiber rearrangements from vibrations and also individual fiber breakage.  
 
To predict this degradation of the mat a 1000 cycle test is performed by the manufacturer to see 
how much mat pressure is lost. A typical test method [19] is shown in figure 30. 
 

 
 

Figure 30 - Typical setup of the 1000 cycle test [14] 

 
First a sample of the support mat is cut out and its weight is measured. The support mat is 
compressed to a certain gap bulk density and held at that point relax from the higher pressure 
that occur due to viscoelastic properties of the support mat.  
 
The compression plates are heated to different temperatures to simulate real application 
condition of the substrate and metal housing. The gap between the plates is opened a certain 
percentage and the pressure required to hold the plates at that position is recorded. 
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The gap opening is then repeated. At the 1000 opening cycle the pressure is then recorded again 
to see how much of the mat pressure has been lost. 
 
The non-expanding support mat made from polycrystalline fibers show less pressure loss than 
the refractory ceramic expanding support mat. Therefore the non-expanding mat might appear to 
be the mat to choose, however if the gap opening is large a wiremesh support ring could supply 
more holding force at higher temperatures. To achieve low performance degradation the canning 
system should be designed to have low gap opening. This could be done by minimize the 
difference between Coefficients of Thermal Expansion (CTE) of the canning components. 
 

Steel 
 
When designing a catalyst system the use of ferritic steel is commonly used. The low CTE gives 
beneficial support properties for the canning-system. Low CTE gives better GBD control of the 
system. 
 

Table 4 – Properties of some commonly used steels for converter packaging 

 
Steel Coefficient of thermal expansion 

EN 1.4301, Austenitic 17.8 x 10-6 
EN 1.4509, Ferritic 12.34 ×10-6 
EN 1.4512, Ferritic 9.89 ×10-6 
 
Looking at expansion the ferritic steels are better, but the austenitic steel shows better oxidation 
resistance [5]. As the catalyst and particulate filter is encapsulated in the muffler on Scania 
trucks the temperature on the canning metal is high. The thermal expansion is related to the 
initial gap and GBD [20].  A smaller gap will give a higher percent of expansion. Thermal 
expansions were shown to have a linear increase with increasing substrate diameter. 
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Wiremesh 
 
Wiremesh is a component made up from knitted metal rings. They are commonly used in the 
canning process. One purpose of using wiremesh support rings on a substrate is to prevent the 
support mat from erosion and the other to supply additional holding force.  
 
Particulate filter substrates are relatively large and heavy. This means that the mass force from 
acceleration and pressure drop becomes substantial. Wire mesh is also used to prevent support 
mat erosion.  
 

 
 

Figure 31 – L-shaped wiremesh on ceramic substrate 

 
Wiremesh is made up from knitted wires, see figure 31. Variables such as wire material, wire 
geometry, wire density, wiremesh courses per inch, needle count, number of strands of wire, 
wiremesh temper, wiremesh surface profile and surface friction characteristics are changed to get 
the necessary axial and radial compression spring rates [21]. 
 
The amount of parameters that determines the characteristics of the wiremesh makes the 
modelling very difficult. Therefore the geometries of the components and the thermal 
characteristics of the system and required holding force are supplied to the manufacturer to get a 
suitable wiremesh support ring.   
 
There are several types of wiremesh support available today. The one used at Scania today is a 
radial support ring. The purpose of the support ring is to protect the support mat from erosion 
and to act as a gas seal preventing blow-by around the substrate. Figure 32 shows a canned 
substrate with the wiremesh compressed behind the tack welded steel support ring. 
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Figure 32 – Canned substrate with radial wiremesh support ring [18] 

 
As seen in the figure 32 the wiremesh a small part of the support ring crawls around the edge, 
this should provide some extra axial support. 
 
There are wiremesh supports that are knitted in an L-shape to provide this axial support. Tests 
have been made at the supplier using a bio-soluble fiber mat together with an L-shape wiremesh, 
but the glass fibers did not handle the high temperatures [18]. When using these L-shaped 
supports some filtration inlet area is lost but the axial holding force increases. 
 
Another possibility would be to use only L-shaped wiremesh and have air or a cheaper material 
as an insulator. The conductivity of “standing” air and the support mats are quite similar, but 
contributions from the radiation have to be considered for using air as an insulator.  
 
   

 
 

Figure 33 – Schematics of a possible support setup 
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Ceramic substrates 
 
Ceramic substrates can be either catalyst or particulate filters. Both are used in Diesel application 
to clean the exhaust. In this chapter the catalyst and filter are described. Then a couple of 
structural properties are described. 
 

Catalysts 
 
Oxidation catalysts are used as an after treatment system for both gasoline and Diesel to oxidize 
hydrocarbons, nitrogen oxides and carbon oxides to less harmful gases. The main design targets 
for catalysts are good conversion efficiency and low backpressure. 
 
A big focus is to reduce the light-off emissions, which is the discharged emissions before the 
temperature raises enough to start the oxidation. To obtain this the walls of the catalyst are 
getting thinner, reducing the thermal mass and reach the light-off temperatures faster. This will 
consequently reduce the strength of the catalyst making the canning process more difficult. Table 
5 shows the classification of the catalyst wall thickness [16]. 
 

Classification:  Standard Thin-wall Ultra thin-wall 

Wall thickness: > 5.5 mil < 5.5 mil & > 4 mil < 4 mil 
 

Table 5 – Classification of catalyst wall thickness  

 

Were a mil is 0.0001” or 0.0254 mm.  Thin-walled catalyst is not commonly used in Diesel 
application compared to the gasoline application, due to the larger substrate size [22].  
 
A catalyst washcoat layer, as in figure 34, is applied to the substrate for the noble catalyst metals, 
such as platinum, palladium and/or rhodium to attach to. The washcoat can also increase the 
strength substantially, beyond 50 %, of the catalyst when using thin-walled and ultra-thin walled 
catalyst. This is compared with a bare substrate. 
 

 
 

Figure 34 – Schematics of intersection of a coated catalyst 
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The conversion efficiency of the catalyst is proportional to the wall surface area [2]. In reality the 
design volume available is usually restricted. Some of the developed cell geometries to increase 
surface area are seen in figure 35.  
 

 
 

Figure 35 – Different cell geometries. Triangular, square and hexagonal [2]  
 
The geometric surface area (GSA) is used to describe the conversion area per substrate volume. 
The GSA should be as high as possible. 
 

volumesubstrate

areasurface
GSA = ,      
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2

cm

cm
       (6) 

 
The hexagonal cell geometry gives the highest GSA for catalyst washcoat. The hydraulic 
diameter is quite large, which contributes to a lower backpressure. Comparing with the other cell 
types at the same wall thickness the strength is lower. 
 
The triangular geometry gives high strength making it easier to can, but the small hydraulic 
diameter makes backpressure high. With the sharp corners the washcoat spread unevenly making 
it inferior to the other shapes.  
 
The square cell is the most common shape. It gives a great trade-off between surface area and 
strength.   
 
To reduce backpressure the open substrate frontal area (OFA) should be large.  
 

open frontal area
OFA

total frontal area
=  ,       [-]      (7) 

 
Also the circumference, (hydraulic diameter), of the channels should be kept large to reduce the 
contraction and expansion contribution to the backpressure [2]. 
 
The ceramic catalysts are also hydroscopic and absorb moister. This gives that ceramic substrate 
can shrink as the moister is vaporized increasing the gap and decreasing mat pressure. 
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Particulate filter 
 
Particulate filters are used to reduce the particle matter (PM) in the exhaust gases.  
Particle matter is formed due to incomplete combustion. The particles contains manly of chained 
carbon chains particles commonly know as soot. PM less then 2,5 micron is suspected to be 
carcinogenic and therefore it is of importance to minimize. 
 
Filters are categorized in metal-, ceramic-, fibre- and foam particle filters. The most common 
filter used today is the ceramic wall-flow particulate filter. Wall-flow filters traps particles as 
they flow trough the porous wall, see figure 36. 
 

 
 

Figure 36 – Schematic sketch of wall-flow filter 

 
As more particles are trapped inside the filter the backpressure will increase, this is known as 
soot loading. Soot loading is the mass of soot per filter volume usually in grams per litre. When 
backpressure rises fuel consumption goes up as well. There for the filter needs to be regenerated 
in order to burn off the trapped particles at certain intervals.   
 
Soot starts to burn spontaneously at temperature of 600°C, but oxidation to CO2 starts between 
350-500°C [23]. Such high exhaust temperatures are not available under normal operation 
condition. To raise temperatures post-injection is used and an oxidation catalyst is usually placed 
in front of the particle filter which raises inlet temperature trough to exothermic reaction. 
 
When choosing a particle filter good filtration efficiency and low backpressure is the most 
desirable properties. For that reason more high porosity filters are becoming more and more 
common. Higher porosity will decrease the strength of the filters and making the canning process 
more challenging.  
 



33 

Cordierite filter 
 
Cordierite particle filters were first developed in 1978 to reduce Diesel soot emissions [23]. 
Cordierite filters are made from kaolin and talc which is an MgAl-silicate. Kaolin is one of the 
most mined mineral in the world and it mixed with talc and water to form a paste. The paste is 
then extruded to the requierd size and shapes and dried and clicined. 

 
The low thermal coefficient of expansion, which gives low thermal stress, is the main reason 
why the cordierite filter is so widely used and also the low cost benefits the cordierite material. 
The low thermal conductivity of the material may cause hotspots during regeneration of the 
filter. 
 
SiC filter  
 
Silicon-carbide (SiC) based filters are made up of extruded segments that are the cemented 
together [23] as shown in figure 37.  
 

 
 

Figure 37 – Drawing of a segmented SiC filter 
 
The SiC filter is segmented into brick honeycombs because of the high CTE of the material. This 
could lead to very high thermal stresses during regeneration of the filter. 
 

From a canning point of view the SiC filter is easy to can because of its high mechanical 
strength. The risk of substrate breakage is small due to isostatic strength normally range from 3 
to above 6 MPa. 
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Structural properties of ceramic substrates  
 
Cell density 
 
Cell density is the number of channels per square inch, see figure 38.  
 

 
 

Figure 38 – Definitions of different wall thickness [24]   
 

As the conversion efficiency is proportional to the catalyst area, higher cell densities are 
favourable. The values generally range from 300-900 cells per square inch. A high value gives 
more catalytic area, but weakens the substrates strength. 
 
Strength 
 
Another strength measure is the isostatic strength of a ceramic substrate [22]. This could be 
given for 3D or 2D. The 2D is known as the biaxial compressive test and is used in this thesis. 
The isostatic strength is the uniform pressure on a substrate that gives substrate breakage.   
 

 
 

Figure 39 – Measurement of isostatic strength 
22 

 

The isostatic strength is good measurement for round substrate. This is because round substrates 
have the most uniform pressure distribution [2].  
 
Bulk density 
 
Bulk density is the mass of the substrate divided by the volume it occupies. It is useful to 
calculate the weight of the substrate as the dimensional tolerances vary quite much.  
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Thermal stress 
 
Thermal stresses will occur within the substrate due to thermal gradients. The stress depends on 
the coefficient of thermal expansion (CTE) and the elastic modulus of the material [22]: 
 

TL

L

∆⋅
∆

=α           (8) 

 
From the CTE the strain (ε ) for a given temperature gradient can be calculated: 
 

T∆⋅= αε           (9) 
 
With the modulus of elasticity (E) the thermal stress ( Tσ ) can be calculated: 

 
εσ ⋅= ET           (10) 

 
From equation 10 the conclusion that a stiffer material, higher E-modulus, will give a higher 
stress level for a given strain. To minimize the thermal stresses a material with low CTE and 
modulus of elasticity should be considered.  
 
From a mounting point of view the gap expansion in between the substrate and the metal housing 
has to be considered. For that reason the difference of CTE for the substrate and metal housing 
should be minimized. 
 
The metal CTE is often much larger then the ceramic CTE, but if a support mat with high 
thermal insulation is chosen the temperature of the metal can be minimized.   
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Method 
 
The purpose of the thesis were to create a program that helps the designer to chose which support 
mat that could work for a given design of the catalyst or particulate filter and a given 
surrounding gap.  
 
The first week a visit to Scanias canning vendor Swenox were made. The visit gave insight in the 
practical stuffing process and the manufacturing of the exhaust system.  
 
Then information about canning and the different components were collected through technical 
papers, books, browsing the internet and contacting manufacturers. 
 
The calculation program Matlab where chosen to do the calculations. A General User Interface 
(GUI) was created to make the interaction with program more user-friendly. Also the component 
properties are input into Excel files to make it easier to add future components. 
 
The user makes inputs of different variables to the program and the program lists the support 
mats that could be used. 
 

Acting forces 
 
To get a robust support system the forces on the substrate had to be identified. The pressure drop 
over the substrate and a mass force were the forces determined to influence the axial force that 
have to be supplied by the canning system. 
 
Backpressure 
 
The axial forces are the forces that try to move the substrate along the centre line of the substrate. 
The largest contributor to the axial forces is the backpressure that acts on the substrates frontal 
area, with exception to very low exhaust flow rates. 
 
The forces from the pressure drop are calculated from: 
 

PAF csp ∆⋅=           (11) 

 
were Acs is the closed substrate frontal area and P∆  is the pressure drop over the substrate. 
 
The backpressure is difficult to model with out making some initial measurement to get proper 
values of unknown flow constants. When the laminar and turbulent flow coefficients have been 
measured the backpressure [25] of the substrate can be calculated using equation 12. 
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Where: LK is the laminar flow constant    [-] 

TK is the laminar flow constant    [-] 

      η is the dynamic viscosity         [ sPa ⋅ ] 
  L is the length of the substrate    [m] 
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U is the fluid velocity      [m/s] 
A is the frontal area of the substrate    [m2] 
ρ is the density of the fluid     [kg/m3] 

 
The viscosity of Diesel exhausts is calculated using semi empirical formula [26] in equation 13.   
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η       [Pa s]  (13) 

 
were t is the temperature of the fluid in °C the viscosity from equation 13 is shown in figure 40.  
 

 
 

Figure 40 – Dynamic viscosity 

 
The density is calculated using the equation 14 
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were: atmP is ambient pressure      [Pa] 

R is the gas constant       [ ]KkmolJ ⋅/  

      t is the fluid temperature      [°C] 
 
The fluid velocity is calculated using the equation 15. 
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         (15) 

 
m& is the mass flow       [kg/s] 
A is the frontal area of the substrate     [m2] 

 
The flow constants KL and KT in equation 16 and 17 are acquired by measuring the backpressure 
over the substrate ∆P, the mass flow and the temperature of the fluid and then using the 
following equations: 
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The constants are influenced by the measurement rig. For catalyst the dimensions of the substrate 
can be altered without re-measuring the constants. This can not be done as the different wall flow 
alters the constants [23].    
 
There are several ways to calculate backpressure, but to get reasonable results all models have to 
be correlated against measured values. Equation 12 has been validated to gives reasonable results 
when KL and KT have been measure. 
 
A higher porosity of the material will give a lower backpressure [28], see figure 41. More soot 
can be loaded and time between regeneration can be extended. Higher porosity will decrease the 
strength of substrates. 
 

 
 

Figure 41 – Different percentage of the porosity [28]  
 

Acceleration force  
 
The other forces are the acceleration force on the substrate from the combustion pulses and 
vibrations: 
 

amF suba ⋅=           (18) 

 
were  msub is the mass of the substrate including washcoat   [kg] 
 a is the axial acceleration of the substrate    [G]  
 

In a the contribution from the exhaust pulses and the vibration are merged into a fixed 
acceleration. For Diesel application acceleration of 10-20 G are commonly used [5]. 

 
Test has been conducted [29] to see if resonance might become a problem during normal 
operation. The conclusion from those tests shown that most sleeved substrate is sufficiently stiff 
to prevent resonance under normal operations. Therefore a fixed acceleration of 10-20 kg/s2 is 
used for Diesel operation. 
 
At low exhaust flow rates and heavy filters the acceleration force becomes the dominant axial 
force.  
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Required mat pressure  
 
To require the minimum mat pressure needed from the support mat the axial forces acting on the 
substrate are divided by the mat area mA covering the substrate. Using simple mechanics the 

required minimum mat pressure should not reach below: 
 

µ⋅
⋅+∆⋅

=
m
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A

amPA
Pmin         (19) 

 
were:   ASC is the closed frontal area of the substrate    [m2] 
 P∆ is the pressure drop over the substrate     [Pa] 
 mS is the mass of the substrate      [kg] 
 a is the axial acceleration       [G] 
 Am is the mat area covering the substrate     [m2] 
 µ  is the friction coefficient       [-] 

 
For particulate filters the whole frontal area is used, this intentionally overestimates the required 
mat pressure.  
 
The friction coefficient varies during operation [7,14]. The lowest friction will take place during 
the first hours of operation when the binder in the support mat burns off, see figure 26.  
 
Measurements supplied by a mat manufacturer, in the mat friction chapter, show the variation in 
friction while the binder is being burnt off. From the graph the conclusion that higher binder 
content will give lower friction during binder burn off. The binder is usually made up off a latex-
polymer composition.  
 
Wiremesh support can be designed to add holding forces to the substrate, but is not modelled due 
to the massive amount of variables. 
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Temperature 
 
Temperature is a major factor when designing a robust support system.  
The components will expand different amount due to differences in thermal expansion 
coefficients. Thermal stresses will also develop from temperature gradients. 
 
The canning metal has a much larger coefficient of thermal expansion than the ceramic substrate, 
usually around a factor 10. Therefore it is important to minimize the heat flow to the metal [31]. 
This is obtained by choosing a support mat with low conductivity. 
 

)( CanSub TTAkQ −⋅⋅=&         (20) 

 

Were   Q&  is the heat flow through the mat     [W] 

k is the conductivity of the support mat     [W/m2
K] 

 A is the area of the support mat     [m2] 
 TSub is the average temperature of the substrate outer diameter [K] 
 TCan the average temperature of the metal housing    [K] 
 
The conductivity [30] is calculated using equation (21) 
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Were inα and outα  is the heat transfer coefficient of the inner and outer sides of the support   

mat           [W/m2
K] 

δ is the thickness of the support mat      [m] 
λ  is the thermal conductivity of the support mat material   [W/mK] 

 
From equation 21 it can be seen that a thicker support mat will give a lower heat flow to the 
surrounding metal housing.  
 
Thermal expansion will increase the gap between the substrate and the metal housing. This 
consequently reduces the GBD and therefore the mat pressure and axial holding force will also 
be reduced. 
 
The non-expanding support mats made from alumina fibres has lower conductivity than the 
expanding one as shown in figure 21. So from a thermal expansion point the non-expanding 
support mat is favourable. 
 
Temperature inside the filter 
 
The temperature distribution over the substrate frontal area has been measured at Scania before 
using a setup seen in figure 42.  
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Figure 42 – Picture of the thermocouple holder and placements 

 
25 thermocouples were placed on the holder upstream the filter. Temperature measurements 
showed that over the full area the temperatures vary with a maximum value of 20°C. Looking 
only on the outer curriculum of temperature the variation is less then 12°C. Therefore thermal 
stresses from ill distributed flow could be neglected for the silencer used in these measurements. 
 
In this thesis a particulate filter were fitted with a total of 49 thermocouples to understand which 
temperatures, particular during regeneration, inside the filter and on the encapsulation metal. 
Figure 43 shows intersections of the filter with the positions, marked as dots, of the 
thermocouples.  
 

 
 

Figure 43 – Thermocouple positions of the filter encapsulation metal in the temperature 

measurements  

 
All inside temperatures are plotted for the inlet; middle and outlet during regeneration cycle are 
shown in figure 44. Each plot contains 13 measuring points.  
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Figure 44 - Inside temperatures during regeneration 

 
The even temperatures over the frontal area also give an even temperature inside the filter.  
The filter had no soot loading during these measurements. Soot would have altered the 
temperatures as it first absorbs heat and then locally increased temperature as the exothermic 
oxidation of trapped soot.  
 
Temperature on the can mantel area 
 
The temperatures on the metal housing have been measured using thermocouples. The nine 
thermocouples were positioned evenly around encapsulation metal. The purposes of these 
measurements were to get better understanding distribution of temperatures on the encapsulation 
metal.  
 

 
 

Figure 45 – Schematic layout of thermo coupling setup. 
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The purpose of the measurement was to get an understanding of the temperature field on the 
metal housing. Especially temperatures during regeneration of the filter were of great concern. 

 
Figure 46 – Temperatures on the encapsulation metal 

 
The high temperatures recorded on the encapsulation metal, in figure 46, gives serious concerns 
of the gap expansion between the substrate and the metal. The highest temperatures were 
measured at the top thermocouples in figure 43. The high temperatures are a result of the filter 
being totally sheltered inside the exhaust system. No ambient air is available to transport the heat 
away from the encapsulation metal.  
 
Using the data in figure 45 and 46 the average support mat temperature were calculated and 
plotted in figure 47. The support mat reaches an average temperature of almost 600°C. The 
intumescent support mat could, if adding the heat generated from soot regeneration, reach 
temperatures were the intumescent mat sinters. The non-intumescent support mat is better to use 
due to the linear mat pressure with temperature. Also the lower conductivity of the non-
intumescent support mat gives a lower heat flow to the metal. 
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Figure 47 – Average mat temperatures 

 

The robustness of the canning system is highly dependent on managing the gap expansion. 
Therefore the thermal expansion was calculated. 
 
Thermal expansion  
 
The thermal gap expansion between the substrate and metal housing is calculated using equation 
22: 
 

subsubsubcancancantemp DTDTGap ⋅⋅−⋅⋅=∆ αα       (22) 

 

where: canα  is the thermal expansion coefficient of the can metal   
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             canT  is the average temperature of the metal can                   [ Co ] 

            canD is the diameter of the metal can                            [m] 

            subα  is the thermal expansion coefficient of the substrate  
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             subT  is the average temperature of the substrate                    [ Co ] 

            subD  is the diameter of the substrate            [m] 

 
 
The substrate used was a 10.5” diameter and the installation gap is 6 mm. This gives a 
surrounding encapsulation diameter of 304.4 mm. subtracting the substrate surface temperature 
from the corresponding encapsulation temperature. Giving these and the measured temperatures 
the following gap expansion is obtained for a ferritic steel (EN 1.4509) and one austenitic steel 
(EN 1.4301).  
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Figure 48 – Thermal gap expansion 

 
The maximal gap expansion calculated of about 0.4 mm is 9 percent increase for the ferritic and 
almost the double for the austenitic steel. The model is highly simplified but a general rule of 
thumb is to keep gap expansion under 10 percent. The ferritic steels should be used not only 
because of the lower CTE, but also resistance to oxidation have to be considered choosing a 
metal with oxidation stabilizing metals such as titanium and molybdenum [27].  
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Matlab program 
 
The design program created to make it easier for the designer to sort out which support mat 
could be used. A screenshot of the Matlab [31] GUI is shown in figure 49.  
 

 
 

Figure 49 – Screenshot of the Matlab program  

 
In the upper corner of figure 49 in the “Gap & temperature input”-panel the user inputs 
temperatures on the substrate and encapsulation metal and which gap 
 

 
 

Figure 50 – Gap & temperature input panel 

 
The gap expansion is calculated using equation 22. The user chooses if what type of substrate to 
use. When the user chooses substrate type the pop-up menu in figure 49 is updated with the 
available substrate from the database under the “Choose support”-panel. Inside the panel 
different physical properties are displayed about the chosen substrate. 
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From the “Choose canning material”-panel the user chooses an encapsulation metal. The user 
then presses the “List possible support mats” button and the program sorts which support mat 
that could be used with the current selection of components stated in the lower left of figure 49.  
 
 

Sorting out possibly usable support mat 
 
Choosing a support mat is usually the last step in the design process. A large amount of 
commercially available support mats exists. As mentioned before the core variable in canning is 
the Gap Bulk Density (GBD). 
 
Manufacturers will supply a target GBD for the support mat, GBD are calculated using equation 
1. In this recommendation consideration for minimum mat erosion is taken into account. A 
database containing mat name, mat weight and tolerances, mat thickness and tolerances, target 
GBD and upper and lower GBD were created as an Excel document. Excel was chosen for easy 
extension of the list when new support mats become available. How to add a new support mat is 
described in Appendix B. 
 

 
 

Figure 51 – GBD interval 

 
A Matlab program was created that reads the data from the database (Excel file). Then it 
calculates the GBD for the upper and lower mat weights and checks if the values are inside the 
GBD interval for the support mat as shown in figure 52. 

 

If the mat is in compliance with the GBD range then the support mat name, deviation from target 
GBD and percent compression of the mat thickness is stored. 
 

 
Figure 52 – Sorting of possible support mat 
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When all support mats in the database has been checked the possibly usable mats are sorted in 
order of least deviation from target GBD. These mats are then listed for the user to choose from 
in figure 49. 
 
The user then inputs backpressures and acceleration values. When the user pushes the “Calculate 
mat pressure” button the program checks which variables that have been chosen.  
 
For the given GBD and the chosen support mat the relaxed pressure after canning is plotted in 
the design window in figure 49. In the design window lower horizontal line is set by the pressure 
calculated with equation 19 and the upper horizontal line is set by the isostatic strength of the 
substrate set from the database. The vertical lines are determined by the upper and lower GBD 
limits from the manufacturer. If the calculated pressures, plotted as rings, are within the design 
window the support mat could be used. 
 
The user has the option to input the temperatures on the metal shell and the substrate. If the 
temperatures are entered the calculated expansion is shown in the lower right corner of figure 49. 
In the design window the 10% gap opening pressure after 1000 cycles is plotted for the user to 
compare with the calculated gap expansion. 
 

Wiremesh gap input 
 
The program offers the user to reserve space for fitting of wiremesh support rings. By pushing 
the Wiremesh gap? button in the main Matlab program the window shown in figure 53 appears. 

 

 
 

Figure 53 – Window for input of eventual distance for wiremesh support rings 

 
By entering the distances for the wiremesh the mat area are reduced. This will reduce the axial 
holding forces provided by the support mat. The wiremesh properties should be chosen so that it 
contributes to the axial holding forces. 
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Evaluation of support mat holding force 
 
To evaluate that the holding force of the support mat two push-out tests were carried out. 
In the test two 10.5” x 10” particulate filters were sleeved in a non-intumescent support mats at 
a GBD of 0.37 which is near the recommended gap bulk density from the manufacturer.  

 

       
 

Figure 54 – Sleeved substrate used for evaluation 

 
The purpose of the test were to mainly to compare the calculated values of holding force to the 
measured, but also to see what effect the binder burn-off had on the holding force. Samples of 
the support mats weights were measured together with the dimensions of the substrates for GBD 
calculation using equation 1. The measured values are shown in table 5. 
 

Table 5 – Measured data of the components 

 

Substrate Ø [mm] Can inner Ø [mm] Mat weight [g/m2] 
266.7 275.5 1643 
266.6 275.4 1653 

 
The average values in table 6 gives the following GBDs and pressures calculated with the 
program. The binder is included in the mat weight. 
 

Table 6 – GBDs and mat pressures of the substrates 

 
GBD [g/cm3] Mat pressure [kPa] 
0.3734 236.2 
0.3757 241.0 

 
After consulting engine people at Scania a maximum backpressure of 12 kPa and 15 G of 
acceleration were given for these substrates. The mass of the substrate is 6.3 kg. From equation 
19 a minimum holding force of 1.598 kN is required to hold the substrate in place. 
 
To burn out the binder a canned substrate were placed in the oven seen in figure 55. The 
temperature was set to 400°C and the substrate was held there for 2 hours. At 400°C the binder 
has entered its radical decomposition interval as shown in figure 28. The decomposition of the 
binder is believed more temperature dependent than time dependent [14]. 
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Figure 55 – Oven for binder burn-off and the heated substrate 

 
Measurements of the inner diameter have increased by a few tenths of a millimeter during the 
heating processes. These will decrease GBD and mat pressure as the gap is larger. The smaller 
the gap is the higher percentage of gap expansion. 
 
To measure the support mats ability to retain the substrate a push out test were carried out. 
For the push-out test the hydraulic cylinder with load cell seen in figure 56 were used. 
 

 
 

Figure 56 – The push-out rig 

 
In the test the hydraulic cylinder were set to a constant speed of 1”/min and the load cell 
recorded the acting force. The results of the tests are seen in figure 57.  
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Figure 57 – Measured holding forces 

 
Looking in figure 57 the peak holing force is 12,056 kN and 20,318 kN for the unburned binder 
and burned binder respectively. These means, from this limited testing, that the binder burn-off 
will increase the holding force. 
           
Similar measurements have been performed in the past on the support mat used today and the 
results of those tests are shown in figure 58. In these tests holding force in hot condition were 
carried out. Heated test could not be carried out in the machine that was used for this thesis.   
 

 
 

Figure 58 – Test results for the support mat used today 
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To compare the friction values in figure 26 the measured holding force in figure 57 were 
converted to friction coefficients using equation 23. 
 

matmat

ssmatmat
Ap

F
ApF

⋅
=⇒⋅⋅= µµ       (23) 

 
were: F is the maximum recorded push-out force   [kN] 

matp  is the relaxed mat pressure after canning  [kPa] 

matA  is the support mat area    [m2] 

 
The following static friction coefficients were calculated and the friction coefficient given by the 
manufacture are seen in table 7 
 

Table 7 – Calculated and given friction coefficients  

 
 Cold substrate Heated substrate 

Calculated: 0,36 0,601 
Given: 0,27 0,54 

 
The calculated values are larger then the given by 33% and 11% for the cold and heated substrate 
respectively. The test was limited to one push-out test for the heated and cold canned substrate. 
More studies should be made to determine these values. However one can expect that the given 
values are lower to protect the manufacturer from complaints from customers. 
 
If equation 19 is used to calculate which backpressures the support mats can withstand the values 
in table 8 is obtained. 
 

Table 8 – Calculated backpressures that the mat can hold the substrate in place 
 

 Cold substrate Heated substrate 
Maximum backpressure: 51,46 kPa 90,7 kPa 

 
 A acceleration of 15 G were chosen and the substrate were a 10,5”x10” substrate. The 
backpressure is at cold condition. At hot condition the gap expansion will give a lower mat 
pressure. This will give a lower mat pressure and therefore the maximum allowed backpressure 
will be reduced. Future test should be carried out in hot condition. A measuring rig were heat 
could be applied to the canning package is needed for that. Another possibility would be to 
conduct such test on a vehicle were the backpressure is measured to obtain the value when the 
support mat loses grip. 
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Conclusion 
 
In this thesis the canning of ceramic substrate has been studied. The method used for canning of 
substrate is mainly decided by the shape and secondly of productivity. The tool cost for some 
canning methods requires large volumes to make the investment justified. The round shape 
substrate is the easiest to can because of the most uniform pressure field. Stuffing, tourniquet and 
clamshell methods are the most commonly used methods. 
 
Major difficulties when canning ceramic substrate against a fixed gap is the poor tolerances of 
the components mainly the ceramic substrate but also the support mats. This makes it very hard 
to maintain gap bulk density control which is the most important variable in the canning process 
without measuring and sorting of the components. 
 
The use of thinner walls of substrate makes the intumescent support mats pressure variation with 
temperatures and the need for heat cycling before use to become unfavourable for future 
application. Also the pursuit for non-respiratory fibres turns down the intumescent support. One 
support mat maker has cancelled their production of the intumescent mat. And the others are 
likely to follow to comply with the health directives set for fiber materials. The use of thicker 
fiber mats and bio-soluble mats is the only way to fulfil the set directives in the future. 
 
The friction between the metal housing and the support mat is the most important to mange to 
the risk of substrate movement. A larger amount of binder in the support mat will result in lower 
friction and also an increased odour in the exhaust as the binder decomposes during the first 
hours of use. 
 
Thermal expansion has to be taken into account to reduce the risk of substrate slippage during 
operation. A large gap expansion will accelerate the support mat degradation. A rule of thumb is 
that gap expansion should be kept below 10 %. Wiremesh support rings are highly recommended 
to reduce mat erosion and to provide extra holding force at thermal expansion. Due to the 
massive amount of variables for determine wiremesh contribution to the holding force it was not 
modelled in the created program. 
 
The canning package were completely encapsulated in the silencer and the temperature 
measurements showed that the condition in the filter could be approximated as isothermal. The 
filter temperature reaches 680°C during regeneration and the canning metal reaches 580°C. This 
gives a gap expansion of 0.25 mm or about 3 %.   
 
A design program was created to help designers to sort out usable support mats in the design 
process. The program calculates the required mat pressure from backpressures and acceleration. 
In the program a design window has been created in which the mat pressure should be enclosed 
to avoid substrate breakage and slippage. Databases containing component data were created in 
Excel to make it easier to add new components in the future. 
 
The push-out test showed that the frictions coefficient have a safety margin of 10-30 %. Hot 
push-out test could not be conducted. Future studies of hot condition holding forces are needed 
to see if holding forces at this condition is satisfactory. The push-out test showed that the mat 
pressures calculated in the program were higher than necessary. Holding forces in hot condition 
with gap expansion and reduced holding forces needs to be investigated.  
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Appendix A – Adding a new particulate filter or 

catalyst 
 
To add new particulate filter, open the catalysts.xls for catalyst or Filter.xls for particulate filter 
in the folder containing the main Matlab program.  
 
Scroll down to the last row and add the manufacturers name and size of the substrate in column 
“A”. 
 
 NGK 10”x12” 

  
Insert the diameter of the substrate in column “B” in [mm]. 
 
 254  

 
Insert the manufacturing tolerances in column “C” in [mm] 
 
 2 
 

Insert the length of the substrate in column “D” in [mm] 
 
 304,8 

 

Insert the length tolerance of the substrate in column “E” in [mm] 
 
 4 

 

The isostatic strength of the substrate is inserted in column “F” in [kPa] 
 
 700 

 

Last input the linear thermal coefficient of expansion (CTE) into column “G” in 





⋅mC

m
o

µ
 

 
  1,3 
 

In column “H” input the bulk density of the substrate in [kg/dm3] 
  
 0,45 

 
 
The row should now look like table A. 
 

 Ø Ø tol  Length Length tol Isostatic [kPa] CTE Bulk density

254 2 304,8 4 700 1,3 0.45  
 

Table A – Input parameters for a new substrate 
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Appendix B - Adding a new support mat 
 
To add a new support mat to the program the following data have to be obtained from the 
manufacturer: 
 

• Mat:  
o Weight + tolerance [g/cm3, wt%] 
o Thickness + tolerance [mm,  %] 
o Binder content [wt %] 

• Cold compression data: 
o Peak and relaxed pressure as a function of Gap Bulk Density  [kPa] 
o 1000 cycle compression data for aging purpose [kPa] 

• Friction coefficients: 
o With binder (The lowest while the binder is being burnt off) 
o When the binder has been burnt off (Higher then initial value) 

 
Step 1) 

Open the NonExpandingMats.xls file in the map containing the Matlab-program 
file named GapGivePossibleMat.m 

      Step 2) 
Scroll down to the last row and add the mat name in the “A” column.  
Add the mat weight [g/cm3] in the “B” column and the tolerance in weight-percent 
in column “C”.  
 
The mat thickness is entered in column “D” and the mat thickness tolerance in 
column “E” 
 
Add the nominal, upper and lower GBD in column “F”, “G” and “H” respectively. 
 
Add the binder content [wt%] of the support mat in column “J”. 
 
If the mat type previously been an a new mat weight search in column “I” to find 
the “function file number“ and add the same number in column “I”.  And you don’t 
need to do step 3. 
 
If it is a new mat scroll column “I” to find the highest number and return to the row 
were you have added the previous data and input the highest number + 1 and 
continue with step 3. 
  

     Step 3) 
 

Run Matlab and have the mat pressures for relaxed and peak pressures ready. 
 In the command window, create a vector called tab by entering: 
 
  >> tab=[] 
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Figure B.1 – Screenshot of the tab vector in Matlab 

 
Double-click the vector you created in the workspace window and copy the GBD 
data [g/cm3] into the first column and the relaxed pressure in the second column 
and 1000 cycle pressure in the third column [kPa]. 
 
Plot the pressures by entering: 
 

>> plot(tab(:,1),tab(:,2:3)) 
 

In the plot window chose Tools->Basic fitting and figure B.2 should appear. 
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Figure B.2 – Basic fitting window in Matlab 

 

Chose a degree polynomial that gives a small norm of residuals in the Numerical results.  
The create a new m-file by File->New->M-file 
 
Input: 
 

function f=MatName(GBD) 

 
Were MatName is changed to the name of the support mat. 
 
Copy the coefficients and polynomial expression after function. 
 

 

 p1 = 2.3093e+006; 
   p2 = -5.3015e+006; 

 . 

 . 
    

 pressure = p1.*GBD.^2+p2.*GBD+p3  

  
 

Were y has been replaced by pressure and x is replaced by GBD. 
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Repeat for the 1000 cycle pressure by Selected data to data2 in the basic fitting window. 
 
Add the coefficients and polynomial expression for the 1000 cycle data 
 

p1open = 2.343e+002; 
   p2open = -32.3015e+005; 

 . 

 . 
    

 pressureopen = p1open.*GBD.^2+p2open.*GBD+p3open  

 

Last add: 
 
 f=[pressure; pressureopen]; 

 

 

Save the file as MatName.m in the same folder as the main Matlab program.  
 
An example: 
 
  function f=IbidenN40(GBD) 
  % Calculates relaxed canning pressure 
  p1 = -1.6705e+006; 
  p2 = 4.0219e+006; 
  p3 = -3.9236e+006; 
  p4 = 1.9774e+006; 
  p5 = -5.3724e+005; 
  p6 = 75099; 

p7 = -4239.4; 
pressure = p1*GBD.^6 + p2*GBD.^5 + p3*GBD.^4 + p4*GBD.^3 + p5*GBD.^2 +  

p6*GBD + p7; 

   
  % Calculates pressure 1000 cycles and 10 % gap opening 
  p1open = 320.99; 
  p2open = 320; 
  p3open = -90.1; 
  pressureopen = p1open*GBD.^2+p2open*GBD+p3open;  
  % Returns the pressures to the main program 

f=[pressure; pressureopen]' 

Step 4) Open the main program GapGivePossibleMat.m and chose Edit � Search and replace. 
 
Search for “switch” and scroll down to the last case number. 
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Figure B.3 – Switch case in program m-file 

 
Input after the last case: 
 
case 7 % Case filefunction number in Excel-file is 7 
       % Relaxed after canning 
     pressure=IbidenG50(GBD); 
     pressureL=IbidenG50(GBDL); 
     pressureH=IbidenG50(GBDH); 
     % After binder have been burnt off 
     Fpressure=IbidenG50(FGBD); 
     FpressureL=IbidenG50(FGBDL); 
     FpressureH=IbidenG50(FGBDH); 
     axes(handles.axes1); 
     cla; 
     plot(GBDLow:0.01:GBDHigh,IbidenG50(GBDLow:0.01:GBDHigh),':'); 

 
Were 7 is replaced by the number IbidenG50 is replaced by the name put into the function-file in 
step 3). 
 
Save the m-file and the program is ready to use. 
 


