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Abstract 
 

Structural engineering ceramics are widely used in all kinds of engineering 

fields for their advantages of wear resistance, corrosion resistance, abrasion resistance 

and high temperature resistance. The ceramics have been used for turbo-chargers, gas 

turbines, auto heat engines, rolls, stalks and conveying rollers. However, it is not easy to 

utilize large ceramics material in many kinds of engineering fields more efficiently 

because of their high cost of machining and low fracture toughness compared with 

metallic material. In this study, the maximum stresses of ceramics structure will be 

mainly considered by the application of the finite element method. Then, how to reduce 

the maximum stress will be investigated with varying dipping speeds for ceramics tube, 

and with varying the dimensions of the structure for conveying rollers. 



Chapter 1 

Introduction 

Metal, polymers, and ceramics are classified as one of materials for structure. In 

metals(1), the bonding process is predominantly metallic, where delocalized electrons 

provide glue that kept cores of positive ion each other(2). Metals consist of high density, 

medium to high melting point and elastic modulus, reactive and ductile. Polymers(3) 

consist of very long, for the most part, C-based chains to which other organic atoms and 

molecules are attached. Polymers(3) consist of very low density lower melting points and 

elastic modulus, higher thermal expansion of coefficients, lower stiffness than most 

metals or ceramics, ductile and brittle. Ceramics are compound between metallic 

element and nonmetallic element(3). They are non-magnetic, chemically stable, good 

thermal and electric isolative, and hard but very brittle. The earliest ceramics were 

pottery objects made from clay and either by itself or mixed with other materials. 

Ceramics are now includes industrial products, building products and art objects. In the 

20th century, new ceramics materials were developed for use in advanced ceramics 

engineering; for example, in semiconductors and parts of automotive engines.  

Large ceramics structure has been recently used for tube (stalk) in the low 

pressure die casting machine(4)~(6), conveying rollers in the hot rolling mills(7), rolls in 

the galvanizing line(8), rolling, rolls, and die cast sleeve(9)(10). Previously, cast iron, steel 

and those coated of hard layer is used for stalk, conveying rollers and rolls. However, in 

case of conveying rollers, cast iron, steel and those coated conveying rollers must be 

changed frequently because hot conveyed strips induce wear on the roller surface in 

short period. Similarity with the galvanizing process, since the molten metal has high 

temperature, corrosion and abrasion arise on the roll surface only in a week, causing the 
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deterioration of quality of plating. Therefore, the production lines must be stopped to 

change the rolls, tube and roller. Then, the wear damage portions are usually repaired by 

using the flame spray or plasma jet coating. To prevent the surface damage, rollers are 

coated by alloyed steel, and rolls for the galvanizing line are coated by cemented 

carbide(11) and those coated rolls and roller are inadequate for needs. Recently, use of 

ceramics has been also started and promoted(12).  

In this study, ceramics are considered for material tube and rollers because they 

have high temperature resistance, high corrosion resistance and high abrasion resistance. 

However, the attention should be paid to the thermal stress when the ceramics tube is 

dipped into the molten metal. It is important to reduce the risk of fracture that may 

happen due to the thermal stresses. For conveying rollers, attention should be paid to the 

maximum tensile stresses (appearing at the edge of the sleeve) for brittle fracture and 

maximum repeated stress amplitude for fatigue fracture. In particular, as the fracture 

toughness of ceramics is extremely smaller compared with the values of steel, 

furthermore, exact stress analysis for the roller becomes more and more important.  

Therefore, in this study the finite element method is applied to structure of 

conveying rollers, rolls in pickling continuous line and ceramics tube to calculate the 

thermal stress, maximum tensile stress and maximum repeated stress amplitude for 

ceramics that being strong in compression and weak in tension. 

1.1 General of Ceramics  

Ceramics are defined as solid materials that have as their essential component, 

and are composed by large part of inorganic non metallic materials(13). Ceramics are 

inorganic, nonmetallic materials that have been subjected to high temperatures during 
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manufacturing(14). Ceramics are solid compound with combinations of at least of two 

non metallic elemental solids and/or a combination of metal and non metallic element(2). 

For example, magnesia, MgO, is ceramics when a solid compound composed of metal 

Mg, bonded to the non metal, O2. Silica is ceramics when it combines with non metallic 

elemental solid Si and non metal O2. Oxides, nitrides, borides, carbides and silica at all 

metals and non metallic elemental solids are ceramics. The characteristics of ceramics 

are high stiffness, high wear and temperature resistances, good thermal and electric 

isolative characteristic, non-magnetic and chemically stable, refractory and brittle. 

1.1.1 Traditional and Advanced of Ceramics 

Ceramics have been used in the world for thousand years in types of 

earthenware, pottery, porcelain, tiles etc. In old days, the process was considered only to 

the traditional or silicate-based. Nowadays, ceramics science or engineering 

encompasses much more than silicates and divided into traditional and advanced 

ceramics. Traditional ceramics are only used for sanitary ware, porcelains, Chinese fines 

and glass products. Strength of traditional ceramics is quite satisfactory for such 

structural products such as drain tile, bricks, and sewer pipe.  

However, in more recent years, much money and time has been expended on 

developing stronger ceramics materials and improves the properties of ceramics 

material to compete with metal alloys for demanding structural applications. These 

materials are commonly termed “advanced ceramics” or, usually in Japan “fine 

ceramics”(14). Dissimilarity to the traditional ceramics and advanced ceramics mainly 

occurs on raw materials and manufacturing process. Traditional ceramics are 

manufactured by mixing, shaping and firing natural minerals, and meanwhile, advanced 
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ceramics are manufactured by using highly purified natural raw materials, artificial raw 

materials synthesized through chemical processes and other non-naturally compounds. 

Through a series of precisely controlled, complex processes such as grinding, forming, 

sintering and machining, these compounded raw materials turn out to be advantage 

value-added products with excellent dimensional accuracy and characteristics functional. 

Advanced ceramics are used to make components that require high levels of 

performance and reliability.  

1.1.2 Classification and Properties of Advanced Ceramics 

Five important classes of advanced ceramics for structure are:  

1. Alumina ceramics (Al2O3) 

Alumina ceramics have been used in commercial application because of their 

availability and low cost. Alumina ceramics are often classified into high alumina 

(80% alumina oxide) and porcelains (having less than 80% aluminum oxide). High 

aluminas are used in many mechanical devices and electronics. Strength and other 

properties generally improve as the percentage of alumina is increased. However, 

cost increases because of the difficulty in processing. 

2. Zirconia ceramics (ZrO2) 

Zirconia ceramics are an important class of ceramic materials that are characterized 

by high strength and toughness at room temperature. Zirconia exist in three different 

crystal structures such as monolithic (stable at room temperature and become up to 

about 11700C), tetragonal (stable up to 23700C) and cubic. Three types of zirconia 

ceramics used in the technical applications are cubic, partially stabilized and 

tetragonal zirconia. Cubic zirconia has low fracture toughness and strength. Partially 
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stabilized zirconia (PSZ) has larger fracture toughness. Tetragonal zirconia has 

highest toughness and strength compared to cubic and partially stabilized zirconias. 

3. Silicon nitride ceramics (Si3N4) 

Silicon nitride is one of the strongest and most toughness structural ceramics. They 

have an excellent oxidation resistance, very good thermal shock resistance since of 

its low thermal expansion coefficient and high strength. Silicon nitride classified by 

processing method, which is sintered, hot pressed, reaction bonded and hot 

iso-statically pressed. Silicon nitride is used for anti wear element for pump and 

water whale, conveying rollers in the hot rolling mills and for sink rolls in the 

galvanizing line. Silicon nitride is used in this study. 

4. Sialon ceramics (SiAlON) 

Sialon is usually made by addition of AIN, MgO, BeO, Y2O3 or other metal oxides 

to silicon nitride. Advantages of Sialon, its lower cost compared than silicon nitride 

and meanwhile mechanical properties are better than those of alumina. Sialon is 

used for heat protective tube, rolls for thin strip rolling, ceramics tube in the low 

pressure die casting machine and etc. Sialon is used in this study. 

5. Silicon carbide ceramics (SiC) 

Silicon carbide is widely used in applications requiring wear resistance, high 

hardness, high corrosion resistance and high oxidation resistance but low toughness. 

Silicon carbide classified by processing method is reactions bonded or reaction 

sintered, hot pressed, sintered and chemical vapor deposition (CVD). The advantage 

of silicon carbide for reaction bonded is low cost, and the other side, silicon carbide 

for hot pressed is high strength but high cost for finished components, which is due 

to the difficulty in machining process. Advantage of sintered type is that most of the 
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machining can be used easily.  

Table 1.1 shows the mechanical and physical properties of advanced structural 

ceramics(15). Five categories of properties of advanced ceramics for engineering 

application are shown as follows: 

1. Abrasion and erosion resistances 

The abrasion resistance is related to the hardness of the material. Ceramics are 

suitable for this requiring for abrasion and erosion resistance because of their high 

hardness. For example PSZ is used for knives in textile fiber processing, silicon 

carbide is used in rocket nozzles, spray drying nozzles and sandblasting nozzles. 

Silicon carbide and Sialon are used for bearings, seals, and bushing for slurry and 

Material Density 
(g/cm3) 

Flexural 
strength 
(MPa) 

Fracture 
Toughness
(MPa.m1/2)

Elastic 
Modulus
(GPa) 

Poisson’s 
ratio 

Hardness
(GPa) 

Thermal 
expansion 
coefficient 

(1/K) 

Thermal 
conductivity 

(W/mK) 

Silicon nitride 
sintered 
hot pressed 
reaction bonded 
sintered reaction 
bonded 
HIPed 

Sialon 
Silicon carbide 

Hot pressed 
Sintered 
Reaction-bonded 
CVD 

Alumina (%)  
85 
90 
96 
99.8 

Zirconia 
Cubic 
TZP 
PSZ 

 
3.2 
3.2 
2.5 

 
3.3 
3.2 
3.2 

 
3.2 
3.1 
3.0 
3.2 

 
3.4 
3.6 
3.7 
3.9 

 
5.9 
6.1 
6.0 

 
600 
800 
210 

 
825 

1000 
650 

 
550 
400 
350 
500 

 
296 
338 
352 
552 

 
245 

1020 
750 

 
4.5 
5.0 
3.6 

 
- 

6.0 
5.0 

 
3.9 
3.0 
3.5 
2.6 

 
3.5 
3.5 
4.5 
4.5 

 
2.4 
11.0 
8.1 

 
276 
317 
165 

 
297 
310 
297 

 
449 
427 
385 
450 

 
221 
276 
303 
386 

 
150 
210 
205 

 
0.24 
0.28 
0.22 

 
0.28 
0.28 
0.28 

 
0.19 
0.19 
0.19 

- 
 

0.22 
0.22 
0.21 
0.22 

 
0.25 
0.24 
0.23 

 
14 
20 
10 

 
19 
20 
18 

 
25 
27 
17 
30 

 
10 
11 
12 
15 

 
11 
13 
12 

 
3.4 
3.2 
2.8 

 
3.5 
3.5 
3.2 

 
4.5 
4.8 
4.4 
5.5 

 
5.3 
6.1 
6.3 
7.1 

 
8.0 
10.6 
8.3 

 
28 
30 
6 
 

30 
32 
22 

 
70 
80 
90 

150 
 

15 
17 
23 
30 

 
1.7 
0.4 
2.1 

Table 1.1 Mechanical and physical properties of advanced structural ceramics(15) 
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particulate handling equipment. In this study, Sialon is used for ceramics tube in the 

melting pot of the low pressure die casting machine. Si3N4 is used for conveying 

rollers in the hot rolling mills and rolls in the pickling continuous line. 

2. Corrosive resistance 

Ceramics are generally more resistant to chemical reactions and degradation than 

metals. Advanced ceramics such as silicon nitride and PSZ are used as pump sleeves, 

seals, and bushing and valve components in the chemical process industry to combat 

corrosive wear in harsh environments. In some applications the component must 

operate at temperatures as high as 8500C. Due to corrosive resistance, in this study, 

silicon nitride and Sialon are used for ceramics tube in the low pressure die casting 

machine and rolls in the continuous galvanizing line.  

3. Wear resistance at elevated temperature 

Advanced ceramics are used in metal forming and high speed metal cutting 

operations(16). Sialon, silicon nitride and PSZ are used in metal forming process such 

as bending, extrusion, drawing and tube expanding. PSZ, TiB2, silicon nitride, 

Al2O3/B4C are used in the high cutting speed applications. Their processes require 

high hardness, fracture strength, and wear resistance at high temperature. In this 

study, silicon nitride used for conveying rollers in the hot rolling mills is analyzed. 

4. Low density 

Advanced ceramics are used in ceramic rolling element bearing because high 

abrasive and corrosive resistance, and high temperature environments(17)~(20). 

An important advantage of ceramics, besides high strength and resistance to 

abrasion and corrosion, their lower density is another advantage. Ceramics bearing 

based on silicon nitride have high strength and low coefficient of thermal expansion, 
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which minimizes distortions and thermal stresses; allow a longer life than 

conventional bearing(21). 

5. Thermal properties. 

Excellent thermal resistivity of ceramics is based on utilization of ceramics cylinder 

liners in low heat rejection engines(22) and tunnel furnace rolls operating in the range 

1100~12000C(23). 

In this study, Sialon used to the structure for thermal stress and silicon nitride for 

shrink fitting stress and operating stress are analyzed. 

1.1.3 Application of Advanced Ceramics 

Advanced ceramics have been commonly used since the 1970s. Advanced 

ceramics have found in electrical insulator, automotive engines(22)(24), tribological 

components(15) and cylinder head plates, pistons and turbocharger rotors, machine tools, 

hot rolling mills and low pressure die casting machine. More than 60% of fine 

(advance) ceramics are used for electromagnetic parts; 25-26% are used for machine 

parts and 6-7% for biochemical purposes(25).  

1.1.4 Project Market of Advanced Ceramics 

Figure 1.1 shows the US view of national efforts and projected world market for 

advanced ceramics(26)(27). As shown in Fig. 1 the lower area is prediction of the 

domination of markets in Japan and US. It also shows the position Americans have 

assigned to the rest of advanced ceramics. Upper area shows the national effort on 

funding over the last few decades and present situation is that there is a large American 

programme, a substantial German and Japanese. According to market studies, industrial 
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ceramics had a 1986 world-market volume of roughly US$5.4 billion (109) (Japan Fine 

Ceramics Association, 1988). Rapid growth is expected to expand this volume US$24.5 

billion within the next 10 years. The percentage of the share of structural ceramics 

(thermal or mechanical applications) is still small (13%) compared to that of the 

functional ceramics (electrical or magnetic applications)(28). 

1.2 Thermal Stresses in Ceramics Structures 

Thermal stresses are stresses induced in a body as results of distribution in 

temperature(3). An understanding of the origins and nature of thermal stresses is 

important because these stresses can lead to fracture in brittle material such as ceramics. 

When a solid body is heated or cooled, the internal temperature distribution will depend 

on its size and shape, the thermal conductivity of the material, and the rate of 
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Fig. 1.1 US view of national efforts and projected world markets for 
advanced ceramics(26)(27)
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temperature change. Thermal stresses may be established as a result of temperature 

gradients across a body, which are frequently caused by rapid heating or cooling, in that 

the outside changes temperature more rapidly than the inside(3). The two prime sources 

of thermal stresses are restrained thermal expansion (or contraction), and temperature 

gradients established during heating or cooling.  

 Thermal shock is resulting from thermal stresses induced by rapid temperature 

changes and caused by the fracture of a body. Because ceramic materials are brittle, 

they are especially susceptible to this type of failure. The thermal shock resistance of 

many materials is proportional to the fracture strength and thermal conductivity, and 

inversely proportional to both the modulus of elasticity and the coefficient of thermal 

expansion. As a consequence of their brittleness and their low thermal conductivities, 

ceramics are prone to the thermal shock; i.e., they will crack when subjected to large 

thermal gradients. The robustness of a material to thermal shock is characterized with 

the thermal shock parameter(29): 

( )
TR = T

TE

λ σ 1 - ν

α E

⋅

⋅

⋅
    (1.1) 

where 

• λ is thermal conductivity 

• Tσ  is maximal tension the material can resist 

• αTE is the thermal expansion coefficient  

• E is the Young’s Modulus 

• ν is the Poisson ratio 



Chapter 1 

Mechanical Engineering Dept  Kyushu Institute of Technology 

11

This is why it is usually not advisable to pour very hot liquid into a cold glass 

container, or cold water on a hot ceramic furnace tube. The rapidly cooled surface will 

want to contract, but will be restrained from contract by the bulk of the body, so tensile 

stresses will develop at the surface. If these stresses are large enough, the ceramic will 

crack(2). The crack resistance is critical for structural components and ceramics products 

operating under extreme mechanical and thermal loads whose brittle fracture is 

intolerable even under arbitrary loads(30).  

 To calculate the thermal stress, it is necessary to know the surface heat transfer 

coefficient α  when the tube dips into the molten metal(8). Since three-dimensional 

thermo-fluid analysis to estimate α  is very complicated, two-dimensional solutions 

will be considered.  Zukauskas(31) proposed the following equation to estimate Nusselt 

number for a two-dimensional cylinder in the fluid with the velocity u . 
0.25

0.37nm
m w

w

u
α D PrN = C Re Pr
λ Pr

⎛ ⎞⋅
≡ ⋅ ⋅⎜ ⎟

⎝ ⎠
⋅   (1.2) 

u DRe= ν
⋅ , 

C ηpPr =
λ

⋅
    (1.3) 

Here, mα  is the average surface heat transfer coefficient, λ  is thermal conductivity, 

D is the diameter of the cylinder, C1 and n are constants determined by Reynolds 

number Re (32)(33). Also, Pr is Prandtl number, and subscript w denotes the property for 

temperature of cylinder wall. The velocity u can be calculated by the diameter of the 

tube divided by the time when the tube dips into the molten aluminum. In this study, 

two-dimensional (2D) and axi-symmetric models are analyzed by using Zukauskas 

formula and the finite volume method to calculate α  when the stalk dips into molten 

metal.  

The finite volume method (FVM) based on the pressure corrections procedures 
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such as the SIMPLE (semi-implicit method for pressure linked equations) algorithm has 

been developed and employed widely in conventional computational fluid dynamics 

(CFD) applications(34). The FVM can more efficiently utilize both time and computer 

space and is also more computationally stable then the finite element method (FEM) 

when modeling polymer processing(35). 

1.3 Static Fatigue and Cyclic Fatigue of Ceramics 

Fatigue is a form of failure that occurs in structures subjected to dynamic and 

fluctuating stresses(3). Fatigue is important in as much as it is the single largest cause of 

failure in metal, polymers and ceramics. Fatigue failure is brittle like in nature even in 

normally ductile metals, in that there is very little, if any, gross plastic deformation 

associated with failure. The process occurs by the initiation and propagation of crack, 

and ordinarily the fracture surface is perpendicular to the direction of an applied tensile 

stress. 

  In ceramics, static fatigue is exists and the mechanism had been considered as 

main fatigue mechanism until about 20 years ago. Static fatigue proceeds by sub-critical 

crack growth under constant loads and has been recognized as an environmentally 

activated process. Gang JIN et al.(36) carried out the static and cyclic fatigue of alumina 

using smooth surface flexures specimen under several constant stress levels. The 

investigation showed that by comparing of the stress-lifetime curves for the static tests 

and modified cyclic curves, it is apparent that the difference between the static and 

cyclic curves in the Fig. 1.2 is relatively small at higher stress levels and more 

significant at lower stress levels. In one hand, this suggested that at higher stress levels 

cracks will propagate so quickly that the cyclic effects will not be sufficient to reduce 
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the stress shielding by bridging in the process zone wake(36). In addition, at higher stress 

levels, the time-dependent mechanism of cyclic fatigue is predominant due to an 

environmentally enhanced crack growth, meanwhile, the difference between the 

lifetimes in the static and cyclic fatigue tests becomes small. On the other hand, at lower 

stress level, the rate of the crack extension caused by cyclic fatigue loading is low and 

stress shielding at the process zone wake may be extensively weakened due to the cyclic 

stress, with accelerates the crack extension rate. Therefore, the difference between the 

lifetimes in the static and cyclic fatigue tests becomes larger.  
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Fig. 1.2 Comparison of stress-lifetime curves obtained in 
the static and cyclic fatigue test of alumina(36) 
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Kawakubo et al.(37) showed static and cyclic fatigue of alumina, silicon nitride, 
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Fig. 1.5 Static and cyclic fatigue strength sintered silicon 
carbide at room temperature(37). 

Fig. 1.4 Static and cyclic fatigue strength sintered silicon nitride 
at room temperature(37).  

Fig. 1.3 Static and cyclic fatigue of alumina at room 
temperature(37).  



Chapter 1 

Mechanical Engineering Dept  Kyushu Institute of Technology 

15

silicon carbide, AlN and zirconia. Figure 1.3 shows static and cyclic fatigue exists in 

alumina at higher frequency and amplitudes. For the case of silicon nitride, effect of the 

cyclic fatigue is exist (37)(38)(39) in specimens. At the lowest limit of fatigue life markedly 

increased as the applied stress decreased and no specimen failed below 76% of the 

 
Fig. 1.7 Static and cyclic fatigue of zirconia at room temperature(37) 
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Fig. 1.6 Cyclic fatigue life of hot-pressed AlN at room temperature(37) 
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Fig. 1.8 Cyclic fatigue degradation of ceramics at room temperature(37) 
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average flexural strength up to 106s. Figure 1.4 shows the results of static and cyclic 

fatigue.  The two specimens were tested at each stress level, and the difference in the 

fatigue life between two specimens was small as 10 times. The fatigue life increased as 

the applied peak stress was lowered but in a non-monotonic manner. At the peak stress 

of 372MPa, about 70% of the average flexural stress, no cyclic specimen failed.  

Comparing the static and cyclic fatigues, the minimum time to failure in both cases was 

similar, when the applied load was relatively high as shown in Fig. 1.4. Arbitrary fatigue 

limit in cyclic loading, however, was lower than that in static loading.  

In the case of silicon carbide, Kawakubo et al.(37) showed static and cyclic 

fatigue of silicon carbide (see Fig. 1.5). The investigation showed that between the static 

and cyclic lifetimes, little difference was observed in silicon carbide. Figure 1.6 shows 

the cyclic fatigue of AlN. The apparent fatigue limit was about 80% of the average 

flexural strength for AlN. Hot-pressed AlN showed a mixed mode fracture of 

inter-granular and trans-granular cracking, and SiC exhibited trans-granular cracking 

only.  For zirconia ceramics, Kawakubo et al.(37) showed static and cyclic fatigue of 

zirconia (see Fig.1.7). The cyclic fatigue strength of zirconia became as small as 

one-third of its flexural strength. Moreover, the fracture mode for static and cyclic 

fatigue in zirconia was the mixed type of trans-granular and inter-granular cracking, 

although the inter-granular cracking was dominant in the fast fractured portion. The 

fatigue degradation is increased compared to its flexural strength in this order: 

hot-pressed AlN, sintered SiC, hot-pressed Si3N4, sintered Si3N4 and sintered Al2O3 (see 

Fig. 1.8). The apparent fatigue limit was about 80% of the average flexural strength for 

AlN, and 60% for sintered Al2O3.    

In general, three different fluctuating stress-time modes are possible in fatigue 
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such as reversed stress cycle, repeated stress cycle and random stress cycle. Figure 1.9 a 
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Fig. 1.9 Stress amplitude vs. time 
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shows reversed stress cycle, in which the stress alternates from a maximum tensile 

stress to a maximum compressive stress of equal magnitude. Repeated stress, in which 

maximum ( maxσ ) and minimum ( minσ ) stresses are asymmetrical relative to the zero 

stress level as shown in Fig. 1. 9 b. Random stress cycle, the stress level may vary 

randomly in amplitude and frequency as shown in Fig. 1.9 c.  

The cyclic stress amplitude is defined as(2)(3) 

( )max min
amp

σ - σ
σ =

2
    (1.4) 

The mean stress mσ   is defined as the average of the maximum and minimum stresses 

in the cycle, namely, 

( )max min
m

+σ σ
σ =

2
    (1.5)  

The range of stress bσ  is defined as difference between maxσ  and  minσ , namely, 

b max minσ σ σ= -      (1.6) 

whereas the stress ratio R is defined as the ratio of maximum and minimum stress 

amplitudes. 

 min

max

σ
R

σ
=      (1.7) 

Fatigue in ceramics materials is a very complicated phenomenon, which is 

involved in at least the following three factors: 



Chapter 1 

Mechanical Engineering Dept  Kyushu Institute of Technology 

19

1. Mechanical factor, refer to loading conditions (static and cyclic stress). 

2. Microstructure factor, such as grain size, grain shape and toughening phase. 

3. Environmental factor, especially for oxide ceramics with water and other 

corrosive medium. 

Cyclic fatigue is mechanical phenomenon in which load oscillation leads to 

crack propagation. Meanwhile, ceramics are loaded cyclically, crack initiated from 

flaws in ceramics; the cracks then grow and final failure occurs at critical size. Different 

with metal fatigue, the crack initiation in ceramics fatigue under load is not known very 

well. For metal fatigue, the fatigue life is composed of crack initiation and crack 

propagation.  

The characteristic of cyclic fatigue in ceramics appear to be quite different to 

metal fatigue: 

1. Unlike in ductile materials fatigue crack in ceramics do not appear to initiate 

naturally; crack initiation is invariably with some pre-existing defect such as 

PSZ(40). 

2. Unlike metal fatigue where there is a characteristic fracture mode for cyclic 

loading, i.e., striation growth, which is quite distinct from that for monotonic 

loading, the morphology of fatigue fracture surfaces in ceramics is almost 

identical to that under monotonic loads. 

3. Effect a fatigue-crack growth rates becomes significant in microstructures of 

ceramics. The microstructure influences on fracture by fatigue.  

4. The high sensitivity of growth rate for the stress intensity especially the 

exponent m in the simple Paris equation (see Eq.1.8) can take values as high as 
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15 to 50(41). 

( )mda dN =C ∆K      (1.8) 

Equation 1.9 shows the growth-rate relationship in terms of both maxK and ∆K , 

viz(42)(43): 

( ) ( ) pn
'

maxda dN =C K ∆K     (1.9) 

The critical and sub-critical extension of a crack can be considered to the result 

of the mutual competition of two classes fatigue mechanisms. There are two classes of 

fatigue mechanisms(44): 

1. Intrinsic mechanisms where, as in metals, crack-advance results from damage 

processes in the crack-tip region, which they are unique to cyclic loading. 

2. Extrinsic mechanisms, where the crack-advance mechanisms ahead of the crack-tip 

is identical to that for monolithic loading, but unloading cycles promoted 

accelerated crack growth by degrading the degree of crack-tip shielding behind the 

tip. 

Whereas the cyclic processes in metal fatigue are predominantly intrinsic in nature, the 

cyclic fatigue processes in ceramics are extrinsic.  

Several researches have been reported since Williams showed cyclic fatigue degradation 

in sintered alumina. Under the assumption that there is no enhanced cyclic effect, the 

time to failure tc under load is expressed by: 

  -1 s
c s

m

n
σ

t t g
σ

=
⎛ ⎞

⋅ ⋅ ⎜ ⎟
⎝ ⎠

     (1.10) 



Chapter 1 

Mechanical Engineering Dept  Kyushu Institute of Technology 

21

where st  time to failure under constant stress, 1g−  is factor depending on cyclic 

stress and n. sσ  is maximum stress and mσ  is mean stress of the cyclic stress.  

Mechanisms of the cyclic fatigue have been proposed by many researchers and 

they have been summarized in various reviews. In this review, proposed mechanisms of 

the cyclic fatigue which are summarized briefly: 

1. Crack growth, which results from the generations of vacancies and other lattice 

defects by dislocation motion at the crack-tip. 

2. Acceleration of the crack rate through heat generation at the tips of micro-cracks. 

3. Role of localized tensile residual stress which results from thermal shrinkage. 

4. Crack extension by sequential loss of interacting forces between crack faces. 

5. Role of crack-tip shielding. 

In this study, silicon nitride is used for ceramics structure. Finite element method 

analysis is applied to the new structure, and the maximum tensile stress and stress 

amplitude have been investigated by varying the dimensions of the structure. Fatigue 

strengths of ceramics are also considered under several geometrical conditions. 

1.4 Wear Surface Damage on the Ceramic Structure 

Modern industry requires stronger, harder, more wear resistance and heat 

resistant materials, which will operate cost effectively and produce high quality 

products in more hostile environments than ever before. Whenever the wear resistance, 

dimensional stability, surface quality or friction behavior of conventional materials is 
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inadequate for use in machine elements subject mainly to mechanical stress, high 

temperature, chemical attach, a ceramics material makes the better choice. As far as 

wear is concerned, metals do not fit the bill; they are quickly worn down by the 

synthetic thread, ultimately resulting in torn threads. In such load case, the relative wear 

resistance depends on the hardness of the material.  

 In a sliding contact, the surface is subjected to a set of normal and tangential 

stresses, which produce deformation and fracture of the material in a surface layer(45). 

The process of fracture consists of plastic flow, formation of micro-cracks, and 

propagation of this crack to eventual failure. When a tangential force is applied to two 

contacting bodies, resulting in shear traction, the displacement is initially elastic. With 

increasing force, some amount of the displacement will occur within the contact by 

plastic flow and slip. Sliding at the contact will require a tangential force sufficiently 

large to overcome the static friction force(12). For silicon nitride balls on sapphire flats, 

brittle fracture and cracking of the flat occurred at large slip amplitudes. At smaller slip 

amplitudes, wear occurred by micro fracture within the contact area, which produced 

powdered wear debris(46). Peterson and Murray reported that the tribological behavior of 

ceramics is greatly influenced by contact load, temperature and environment(47). These 

authors concluded that at low stress levels, ceramics can slide effectively without 

surface damage.  

The effect of temperature on the friction and wear of ceramics has been studied 

by several investigators. The results show the friction coefficient of alumina increasing 

at room temperature until 4200C, then to decrease at  6400C(48). Similarly behavior was 

recently reported by Yust and DeVore(49) for zirconia-toughened alumina. One of these 

researchers also reported that further increase in temperature to 8000C was accompanied 
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by a decrease in the friction coefficient. 

In internal combustion engines, silicon nitride is particularly attractive for 

thermal oxidation and wear resistance because of its high strength, low density, and 

good oxidation resistance. Wear of silicon nitride engine component will be expected to 

occur at elevated temperature in the presence of reactive atmospheres containing 

combustion product, oxidant, and unburned fuels. Silicon nitride is not 

thermodynamically stable in such environments. Its resistance to oxidation and 

corrosion result from the formation of a protective oxidation product layer of SiO2, 

which separates the ceramic from the reactive atmospheres(50). Therefore, silicon nitride 

is used for conveying rollers in the hot rolling mills and for rolls in continuous 

galvanizing line. 

1.5 Motivation and Objectives 

The information and knowledge of the stresses in the thermal stress and shrink 

fitting stress of ceramics materials are important because the stress makes the structure 

to fail mechanically by heating and load. Therefore, attention should be paid to the 

thermal stress when the ceramics structure is dipped into molten metal and for 

maximum tensile stress in the ceramics structure because the fracture toughness of 

ceramics and plasticity is extremely lower than values of steel. Fatigue strength of 

ceramics is also considered in this study. 

To design new structure by finite element method has a potentially to optimum 

design in new application of ceramics and it minimize the cost and time to renew and 

maintenance of ceramics component. Thus, the maximum stress and maximum stress 

amplitude should be decreased by design of structure, change of material and varying 
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dipping process. From this viewpoint, the objectives of the study in this thesis are to 

analyze the thermal stress and shrink fitting stress. 

1.6 Main Contributions 

As the objectives of study on how to reduce thermal and mechanical stresses for 

cylindrical large ceramics structures give a result of maximum stress and stress 

amplitude on the ceramics structure. This information is important for designing 

ceramics structure, whereas, these this abilities used in ceramics component, their 

reliability will be increasing and their life time will also be prolonged. These 

contributions will be useful for industries to increase the quality and productivity, and at 

the same time reduce the cost of production. 

1.7 Outline of the Dissertation 

The objectives of the study in this thesis constructs on how to reduce the thermal 

stress, shrink fitting stress and operating stress for cylindrical large ceramics structures 

by numerical analysis.  Zukauskas formula and the finite volume method are applied in 

this study to calculate surface heat transfer coefficient. Thus, the finite element method 

is applied to calculate the thermal stresses when the tube is dipped into the crucible with 

varying dipping speeds. For shrink fitting stress and operating stress, we considered on 

finite element method. The thesis outline is composed of 6 (six) chapters as following: 

Chapter 1 constructs of the background of ceramics application and the outline of thesis. 

Chapter 2 briefly constructs the effect of surface heat transfer coefficient α  on the 

thermal stress and thermal stress analysis for simple ceramics tube model dipping 

vertical and horizontal into molten metal. This chapter shows the results of the surface 
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heat transfer coefficient α  for 2D cylinder and axi-symmetric models, and thermal 

stress for tubes dipping (vertical and horizontal). The discussion about the results is 

presented. 

Chapter 3 briefly describe and explain the heat transfer coefficient α  by finite volume 

method and thermal stress analysis for simple ceramics tube and tube having 

protuberance dipping vertical into molten metal. This chapter shows the results of 

thermal stress for simple tube and tube having protuberance. The discussion about the 

results is presented. 

Chapter 4 give brief explanation on the stress analysis on shrink fitting system used for 

ceramics conveying rollers. This chapter shows the results of maximum stress for 

conveying rollers structure by different dimension and properties of material. The 

discussion about the results is presented. 

Chapter 5 give brief focus analyzed on strengths analysis on shrink fitting system used 

for ceramics rolls in the pickling continuous line. This chapter shows the results of the 

maximum stress and stress amplitude of the ceramics rolls. The discussion about the 

results is presented. 

Chapter 6 give brief summary of the study. 
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Chapter 2 

Effect of Heat Transfer Coefficient on the Thermal Stress and Thermal 

Stress Analysis for Simple Ceramics Tube in the Low Pressure Die 

Casting Machine  

2.1 Introduction 

Generally, structural engineering ceramics are widely used in all kinds of 

engineering fields for their advantages of high temperature resistance, corrosion 

resistance and abrasion resistance. The ceramics material has been used for auto heat 

engine, gas turbine, stalk in the low pressure die casting machine as shown in Fig. 2.1, 

and rolls in the galvanizing line (see Fig. 2.2). Low pressure die casting machine 

(LPDC) is especially suitable for producing axi-symmetric component such as cylinder 

head, piston, and brake drum(1)(2). LPDC is defined as a net shape casting technology in 
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Fig. 2.1 Schema of the low pressure die casting (LPDC) machine 
(Note that LPDC is sometimes called “low pressure casting” in Japan) 
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which the molten metal is injected at a high speed and pressured into a metallic die. The 

LPDC process is playing an increasingly important role in the foundry industry as a 

low-cost and high-efficiency precision forming technique. Typically operating sequence 

for the LPDC is shown in Fig. 2.1. The LPDC process is that the permanent die and 

filling systems are placed over the furnace containing the molten alloy. The filling of the 

cavity is obtained by forcing the molten metal by means of a pressurized gas in order to 

rise into a ceramic tube, which connects the die to the furnace. Ceramic tube called stalk 

has been used in the LPDC. Ceramics tube has high temperature resistance and high 

corrosion resistance. Previously, the tube was made of cast iron which resulted in 

spoiling the quality of the product due to the tube partial melted by molten metal. 

Therefore, ceramics tube was introduced to improve the life time of tube. However, 

there is still low reliability of ceramics mainly due to low toughness.  

 As shown in Fig. 2.1, the tube plays a critical function in the LPDC because it 

receives the molten metal from the crucible. However, attention should be paid to the 

thermal stress when the ceramics tube is dipped into the molten metal. It is important to 
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reduce the risk of fracture because of low fracture toughness of ceramics. 

In this study the finite volume method is applied to calculate surface heat transfer 

coefficient. Then, the finite element method is applied to calculate the thermal stresses 

when the ceramics tube is dipped into the crucible with varying dipping speeds and tube 

directions. 

2.2 Effect of Heat Transfer Coefficient on Thermal Stress when Ceramics Tube 

Dipping into Molten Metal 

The heat transfer coefficient is the primary quantity characterizing the convection 

heat transfer process. In any given flow situation, it can vary with position on the 

surface and with time. It depends strongly on the velocity and thermal boundary 

conditions, as well as the geometry of the body. Since the value of heat transfer 

coefficient α  is not well known, we will check the effect of α  on the thermal stress 

of ceramics. Here, we consider a simple two-dimensional (2D) circular model in Fig. 

2.3 to investigate the effect of heat transfer coefficient on the thermal stress because 

Zukauskas(3) proposed a convenient formula to estimate heat transfer coefficient for 2D 

u

D

2D circle
model

u

D

2D circle
model

 

Fig. 2.3 Two-dimensional (2D) circle model
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circle (see Eq. 2.1 in Sec. 2.2.2). 
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In this study, three values of α  are assumed for boundary conditions in the 

finite element method analysis, first 3 2
Zu = 6.348×10 W/m Kα ⋅  by Zukauskas 

formula(4)(5); second 7 2
I =10×10 W/m Kα ⋅  as an infinite large value of α , and third 

3 2
FVM = (2.886-10.214)×10 W/m Kα ⋅  given by applying finite volume method (FVM) 

(see Fig. 2.7 (b) in Sec. 2.2.2). Temperature of the molten aluminum is assumed to be 

7500C (1023K) (see Table 2.1 in Sec. 2.3), and the initial temperature of the 2D circular 

model is assumed to be 20oC. Sialon is used for 2D circular model (see Table 2.2 in Sec. 

2.3) which has total of 510 elements and 548 nodes. The results are shown in Figs. 2.4 

(a) and 2.4 (b). From Fig. 2.4 (b), it is found that the maximum stress rmax =192MPaσ  

at = 75st  when 3 2
Zu = 6.348×10 W/m Kα ⋅ . For this case maximum stress is reached in 

a long time and the value is smaller than the case of the infinite large value of α . 

Figure 2.5 (a) shows the temperature distribution and maximum stress by Zukauskas 

formula. The maximum stress appears at the center of circle as shown in Fig. 2.5 (a).  
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Utilizing the infinite large value of α , it is found that maximum stress 

rmax = 372MPaσ  appears at = 0.01st  when 7 2
I =10×10 W/m Kα ⋅ . For this case the 
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maximum stress is reached to be the large value in a short time. Figure 2.5 (b) shows the 

temperature distribution and maximum stress for the infinite large value of α . As 

shown in Fig. 2.5 (b), the maximum stress appears near surface. This is due to the large 

temperature difference appearing near outside surface very shortly. 

Figure 2.4 (b) shows maximum stress by finite volume method calculation, 

rmax =194MPaσ  at = 0.98st  when 3 2
FVM = (2.886-10.214)×10 W/m Kα ⋅  (see Fig. 2.5 

(c)). The time to reach the maximum stress is shorter than the Zukauskas formula 

although the value is almost the same. Figure 2.5 (c) shows the temperature distribution 

and maximum stress by finite volume method. As shown in Fig. 2.5 (c), the maximum 

stress appears near the surface at the bottom of circle. This is due to the large 

temperature difference appearing near the surface at the bottom of circle.  

As shown in Fig. 2.4 (b), the maximum stress due to the infinite large value of 

α  is larger than that due to Zukauskas formula and finite volume method. From the 

above discussion, it is found that just assuming a infinite large value of α  does not 

provide correct thermal stresses. Maximum stress of α  using Zukauskas formula and 

FVM is nearly the same but the time for reaching maximum stress is different. It may be 

therefore concluded that the finite volume method is desirable for calculating thermal 

stress of ceramics correctly. 

2.3 Analysis Method and Modeling 

2.3.1  Analysis Model and Material Properties 

In low pressure die casting machine in Fig. 2.1, the ceramics tube is 170mm in 

diameter and 1300mm in length. Recently it is usually made of ceramic because of its 
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high temperature resistance and high corrosion resistance. Temperature of the molten 
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 Fig. 2.6 (b) Finite element mesh of horizontal tube (No. of elements=45000, 
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aluminum is assumed as 750oC, and the initial temperature of the tube is assumed as 

20oC. Table 2.1 shows the physical properties of molten aluminum at 750 0C (1023 K)(4). 

Table 2.2 shows the properties of ceramics called Sialon(5)(6) used for the ceramics tube. 

Axi-symmetric model will be used for vertical tube with total of 19500 elements and 

20816 nodes as shown in Fig. 2.6 (a). Three-dimensional model will be used for 

Table 2.1 The Physical properties of molten aluminum at 750oC (1023K) 

Physical property (dimension)  

Thermal conductivity λ , W/m K 

Roll diameter D, m 

Kinematics viscosity ν , mm2/s 

Isobaric specific heat pC , kJ/kg K 

Viscosity η , mPa s 

Constants in Eq. (1) when 3 5
1-=1×10 2×10 (C )Re  

Constants in Eq. (1) when 3 5-=1×10 2×10 (n)Re  

112.2 

0.17 

0.967 

1.1 

2.2 

0.26 

0.6 

 

Mechanical properties of ceramics (dimension) Sialon 

Thermal conductivity, W/m K 

Specific heat, J/kg K 

Coefficient of linear expansion, 1/K 

Young`s modulus, GPa(kgf/mm2) 

Specific weight 

Poisson`s ratio 

4 Point bending strength, MPa (kgf/mm2) 

Fracture toughness, MN/m3/2 

17 

650 

3.0×10-6 

294 (29979) 

3.26 

0.27 

1050 (107) 

7.5 

Table 2.2 Mechanical properties of Sialon ceramics
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horizontal tube with total of 45000 elements and 55986 nodes as shown in Fig. 2.6 (b). 

Here, 4-node quadrilateral elements will be employed for FEM analysis.  

2.3.2  Evaluation for Surface Heat Transfer  

To calculate the thermal stress, it is necessary to know the surface heat transfer 

coefficient α  when the tube dips into the molten aluminum. In this study, 

two-dimensional (2D) and axi-symmetric models are analyzed by using the finite 

volume method to calculate α  when the vertical tube is dipped into the molten metal. 

  Figure 2.7 (a) shows the results of α  for the 2D and axi-symmetric models at 

= 25mm/su . For axi-symmetry model, the values of the surface heat transfer coefficient 

α  inner (B) and outer (A) of tube are different as shown in Fig. 2.7 (a). It is confirmed 

that when the diameter of the axi-symmetric model is infinity the value of α  coincides 

with 2D results.  

  In case of horizontal tube, the calculation α  for a two-dimensional cylinder 

Fig. 2.7 (a) Surface heat transfer coefficient for 2D and axi-symmetry model 
as a function of z in the molten metal with the velocity = 25mm/su  
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using Zukauskas(5) is compared with the finite volume method calculation. Zukauskas(3) 

proposed the following equation to estimate Nusselt number for a two-dimensional 

cylinder in the fluid with the velocity u . 
0.25

0.37nm
m 1

w

u
α D PrN = C Re Pr
λ Pr

⎛ ⎞⋅
≡ ⋅ ⋅⎜ ⎟

⎝ ⎠
⋅   (2.1) 

u DRe= ν
⋅ , 

C ηpPr =
λ

⋅
    (2.2) 

where, mα  is the average surface heat transfer coefficient, λ  is thermal conductivity, 

D  is the diameter of the cylinder, 1C  and n  are constants determined by Reynolds 

number Re . Also, Pr  is Prandtl number, and subscript w  denotes the property for 

temperature of cylinder wall. The velocity u  can be calculated by the diameter of the 

tube divided by the time when the tube dips into the molten aluminum, which is usually 

= 2-25mm/su . The values of isobaric specific heat pC , viscosity η , kinematics 

viscosity ν  are taken from reference(4), as shown in Table 2.1. Substituting these into 

Fig. 2.7 (b) Surface heat transfer as a function of x for two-dimensional 
cylinder in the molten metal with the velocity = 25mm/su  
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Eqs. (2.1) and (2.2), mNu  is calculated for the determination of mα , which is, 

3 2
m =1.523×10 W/m Kα ⋅  (when = 2mm/su ). (2.3) 

3 2
m = 6.348×10 W/m Kα ⋅  (when = 25mm/su ). (2.4) 

Figure 2.7 (b) shows the distribution of surface heat transfer coefficient as a function  
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Table 2.3 Assumption of surface heat transfer coefficient α  W/m2.K  
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of x  for two-dimensional cylinder in the molten metal with the velocity = 25mm/su . 

The results for = 85mma  in molten aluminum are obtained by the application of the 

finite volume method for two-dimensional cylinder model in the molten metal with the 

velocity = 25mm/su . The results in Fig. 2.7 (b) are used in horizontal tubes for 

calculation of thermal stress. In Fig. 2.7 (b), the average value of 

3 2
m = 6.740×10 W/m Kα ⋅  for = 85mma  which is in agreement with Eq. (2.4). Table 

2.3 shows the values of surface heat transfer coefficient α  for simple tube when the 

vertical and horizontal tubes are dipped into molten metal at = 2mm/su  and 

= 25mm/su . 

2.4 Thermal Stress for Vertical Tube 

  The vertical tube model with the length of 1300mm as shown in Fig. 2.1 (a) is 

considered when half of the tube is dipping into molten aluminum at the speeds of 

= 2mm/su  and = 25mm/su . It should be noted that < 2mm/su  is too slow and not 

convenient and 25mm/su >  is too fast and not safe. Here, maximum tensile stress is 

important because ceramics is strong for compressive stress. Therefore, maximum 

tensile stress will be discussed in this study.    

2.4.1 Results for Dipping Slowly 

When = 2mm/su , a constant value 3 2
m =1.523×10 W/m Kα ⋅  in Eq. (2.3) is 

applied for dipping step by step along the inner and outer surfaces ( = 70mmir , 

= 85mmor ) until reaching half tube. Since it takes 328s for dipping completely, sixteen 

types of partially dipping models are considered as shown in the Table 2.3, and the 

value 3 2
m =1.523×10 W/m Kα ⋅  is applied to the whole surface touching molten 

aluminum. 
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Then, the results are shown in Fig. 2.8. The figure indicates the maximum 
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tensile principle stress 1σ , maximum compressive principle stress 3σ  and maximum 

stresses components rσ , σθ , zσ . Since the maximum shear stresses rzτ , θzτ , rθτ  are 

within 25% of zmaxσ , only the largest shear stress rzτ  is indicated. From Fig. 2.8 it is 
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Fig. 2.9 Maximum stresses vs. time relation of vertical tube ( = 25mm/su ) 
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seen that zmaxσ  coincides with 1σ  at = 20.5st , and zminσ  coincides with 3σ  at 

=165st . Therefore, only zmaxσ  and zminσ  will be discussed later because they are 

almost equivalent to the maximum stresses 1σ  and 3σ , respectively. The stress zmaxσ  

has the peak value of 128MPa at = 20.5st . The maximum thermal stress 

zmax =128MPaσ  does not decrease while half of the tube is dipping into the molten 

metal. Then, the stress decreases gradually after half dipping is finished. Since sixteen 

types of partially dipping model are utilized, fluctuation of stresses appears as shown in 

Fig. 2.8. 

2.4.2 Results for Dipping Fast 

In this study, the finite volume method is used to calculate heat transfer 

coefficient for dipping fast for thermal stress analysis. In this case, the lower half part of 

the vertical tube is assumed already in the molten aluminum and molten metal has a 

velocity of = 25mm/su . 

 Thermal stress is considered when the tube in Fig. 2.1 dips into molten 

aluminum fast at = 25mm/su . The surface heat transfer is applied as follows (see 

Table 2.3): 

 1. When = 0-60st , the values in Table 2.3 3 2= (0.831-19.516)×10 W/m Kα ⋅  is 

applied at the inner and outer surfaces for simple tube. Also the maximum value, 

in Fig. 2.7 (a), 3 2=16.090×10 W/m Kα ⋅  is applied at the lower end surface 

( = 0mmz ) for simple tube. 

 2. When 60st > , the minimum value, in Fig. 2.7 (a) 3 2= 0.831×10 W/m Kα ⋅  is 

applied for the exposed surface until reaching half tube for simple tube.  
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  Figure 2.9 shows the maximum value of stresses 1σ , rσ , σθ , zσ  and rzτ . As 

shown in Fig. 2.9, the maximum tensile stress 1σ = σθ  increases in a short time. After 

taking a peak value max = 246MPaσθ  at =1.1st  for simple tube, it is decreasing. The 

maximum value 246MPa is larger by twice than that of 128MPa for dipping slowly.   

2.4.3  Comparison between Dipping Slowly and Fast  

The temperature and stress distributions of vertical tubes are indicated in Figs. 

2.10 and 2.11. Figure 2.10 shows temperature and stress distributions of zσ  at 

= 20.5st , where the maximum stress zmax =128MPaσ  appears for the tube dipping 

slowly. Figure 2.11 shows temperature and stress distributions σθ  at =1.1st  where 

the maximum stress max = 246MPaσθ  appears for the tube dipping fast. For dipping 

slowly at = 2mm/su , the maximum stress zσ  appears at the inner surface of the tube 

= 70mmir  just above the dipping level of molten aluminum (see Fig. 2.10). This is due 

Fig. 2.10 Temperature and stress zσ  distributions of vertical tube 
( = 2mm/su  at time = 20.5st ), displacement 50×    
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to the bending moment caused by the thermal expansion of the dipped portion of the 

tube. On the other hand, for the fast dipping at = 25mm/su , the maximum stress maxσθ  

appears at the inside of the thickness as shown in Fig. 2.11. This is due to the large 

temperature difference appearing in the thickness direction. In the previous study(7),  it 

is found that micro-crack formation appears under 60%-80% of the final fracture stress 

independent of the position of the maximum stress. Therefore, in this paper we consider 

the maximum value of tensile stress in order to compare the results for dipping fast and 

dipping slowly.  

2.5  Thermal Stress for Horizontal Tube 

  Thermal stress is considered when the horizontal tube in Fig. 2.1 (b) dips into 

Fig. 2.11 Temperature and stress θσ  distributions of vertical tube 
( = 25mm/su  at time =1.1st ), displacement 50×
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molten aluminum at the speeds of = 2mm/su  and = 25mm/su . Three-dimensional 

model will be used for horizontal tube with a total of 45000 elements and 55986 nodes 

as shown in Fig. 2.6 (b). 

2.5.1  Results for Dipping Slowly 

  When = 2mm/su , a constant value 3 2
m =1.523×10 W/m Kα ⋅  (same to the case 

of vertical tube) is applied for dipping step by step along the inner and outer surfaces 

( = 70mmir , = 85mmor ). Since it takes 210s for dipping completely, six types of 

partially dipping models are considered as shown in the Table 2.3, and the value 
3 2

m =1.523×10 W/m Kα ⋅  is applied to the surface touching molten aluminum. Figure 

2.12 shows maximum values of stresses 1σ , rσ , σθ , zσ  and rzτ . In Fig. 2.12, the 

maximum tensile stress max = 258MPaσθ  appears at = 75st  and compressive stress 

min = -430MPaσθ  at = 80.1st . 

2.5.2  Results for Dipping Fast 

Fig. 2.12 Maximum stresses vs. time relationship of horizontal tube ( = 2mm/su )  
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  Similarly, with the dipping fast for vertical tube in the simple model, the finite 

volume method is used to calculate heat transfer coefficient for thermal stress for 
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horizontal tube dipping fast. In this case, the whole part of horizontal tube is assumed in 

the molten aluminum because it takes 6.8s to dip into the bath and 47s to the horizontal 

tube position.  

  Thermal stress is considered when the horizontal tube in Fig. 2.1 (b) dips into 

the molten aluminum fast at = 25mm/su . Here, the surface heat transfer is applied in 

the following way: 

1. When = 0-60st , the values in Table 2.3 3 2= (2.886-10.214)×10 W/m Kα ⋅  are 

applied along the outer surface ( = 85mmor ). Also the minimum value in Table 

2.3 3 2= 2.886×10 W/m Kα ⋅  is applied at the inner surface ( = 70mmir ) and 

tube ends = ±650mmz . 

2. When 60st > , the minimum value in Table 2.3 3 2= 2.886×10 W/m Kα ⋅  is 

applied for all exposed surfaces.  

Figure 2.13 shows maximum values of stresses 1σ , rσ , σθ , zσ  and rzτ . As 

shown in Fig. 2.13 the maximum tensile stress increases in a short time, and has a peak 

value max =196MPaσθ  at =1.73st  and compressive stress min = -564MPaσθ  at 

= 0.7st . 

2.5.3  Comparison between Dipping Slowly and Fast  

 Figure 2.14 (a) shows the temperature and stress distributions σθ  for horizontal 
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tube at both ends where max = 258MPaσθ  appears at = 75st  for the tube dipping 

slowly. Figure 2.14 (b) shows temperature and stress distributions σθ  near both ends, 

where max =196MPaσθ  appears at =1.73st  for the tube dipping fast. 

  For dipping slowly, as shown in Fig. 2.15 (a) the maximum stress maxσθ  appears 

at the inner surface of the tube ends = ±650mmz . In this case, the circular cross 

section becomes elliptical because of temperature difference between the dipped and 

Fig. 2.14 (b) Temperature and stress θσ  distributions of horizontal tube 
near the both ends at = 615mmz ( = 25mm/su at time =1.73st )  
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upper parts. In other words, the maximum stress maxσθ  appears due to asymmetric 

deformation. For dipping fast as shown in Fig. 2.15 (b), the temperature and stress 

distributions are similar to the ones of vertical tube dipping fast in Fig. 2.11. In other 

words, for dipping fast, the deformation is almost axi-symmetric. The larger stress 

appears much more shortly than the case of = 2mm/su . Therefore horizontal tubes 

should dip fast at = 25mm/su  rather than slowly at = 2mm/su  to reduce the thermal 

stress. 

2.6 Comparison between the Results of Vertical and Horizontal Tubes 

Table 2.4 shows the maximum values of tensile stresses for each tube. For 

vertical tube, dipping slowly for ceramics tube may be suitable for reducing the thermal 

stresses because dipping fast causes larger temperature difference in the thickness 

direction, which results in larger thermal stresses. On the other hand, for horizontal tube, 

dipping fast may reduce the thermal stress although in this case similar large 
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temperature difference appears in the thickness direction. Those different conclusions 

may be explained in terms of deformations of the tube. For vertical tube, the 

deformation is always axi-symmetric. However, for horizontal tube, dipping slowly 

causes large asymmetric deformation, which results in the largest maxσθ  at the inner 

surface of the end of the tube. On the other hand, for dipping fast of horizontal tube, the 

deformation is almost axi-symmetric.  

2.7  Conclusions 

 In the recent low pressure die casting machine, the vertical tube called stalk is 

usually made of ceramics because of its high temperature and corrosion resistances. 

However, attention should be paid to the thermal stresses when the tube is dipped into 

the molten aluminum. In this study, the finite element method in connection with 

thermo-fluid analysis (finite volume method) for surface heat transfer coefficient α  

was applied to reduce the thermal stress when the tube is installed in the crucible. The 

conclusions are given as following.  
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1. Thermal stress for 2D ceramic cylinder was considered. It was found that accurate 

α  distribution is desirable for obtaining accurate thermal stress by applying the 

finite volume method (see Figs. 2.7 (a) and 2.7 (b)). 

2. For vertical tube, dipping slowly ( = 2mm/su ) may be suitable for reducing the 

thermal stresses because dipping fast ( = 25mm/su ) causes larger temperature 

difference in the thickness direction, which results in larger thermal stresses. 

3. For horizontal tube, however, dipping fast may be suitable for reducing the thermal 

stress even though it causes larger temperature difference in the thickness direction 

of the tube. 

4. The different conclusions about the vertical and horizontal tubes may be explained 

in terms of deformations of tube. For horizontal tube, dipping slowly causes larger 

asymmetric deformation, which results in larger maxσθ  at the tube ends.  
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Chapter 3 

Thermal Stress and Heat Transfer Coefficient for Simple 

Ceramics Tube and Tube with protuberance Dipping into Molten 

Aluminum  

3.1  Introduction 

 Ceramics tube called stalk has been used in the low pressure die casting 

machine(1) (LPDC). In this study the shape of tube as shown in Fig. 3.1 is used. 

Ceramics tube has high temperature resistance and high corrosion resistance. Previously, 

the tube was made of cast iron which resulted in spoiling the quality of the product due 

to the tube partial melted by molten metal. Therefore, ceramics tube was introduced to 

improve the life time of tube. However, there is still low reliability of ceramics mainly 
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Fig. 3.1 Schema of the low pressure die casting (LPDC) machine 
(Note that LPDC is sometimes called “low pressure casting” in Japan) 
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due to low toughness.  

The ceramics tube plays a critical function in the LPDC(2) because it receives the 

molten metal with high temperature from the crucible. However, attention should be 

paid to the thermal stress when the ceramics tube is dipped into the molten metal. It is 

important to reduce the risk of fracture because of low fracture toughness of ceramics. 

In this study the finite volume method is applied to calculate surface heat transfer 

coefficient. Then, the finite element method is applied to calculate the thermal stresses 
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Fig. 3.2 Finite element mesh of ceramics stalk  
(Note that the protuberance has the radius ρ=5mm) 
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when the tube with protuberance is dipped into the crucible with varying dipping speeds. 

Figure 3.1 shows the model of ceramics tube for simple model and tube with 

protuberance.  

3.2 Analysis Method  

3.2.1  Analysis Model and Material Properties 

  In low pressure die casting machine, the tube is 170mm in diameter and 1300 

mm in length. As shown in Fig. 3.1 (b) the tube has the protuberance with the root 

radius 5mmρ= . The tube is made of ceramics because of its high heat temperature 

resistance and high corrosion resistance. Temperature of the molten aluminum is 

assumed to be 750oC, and the initial temperature of the ceramics tube is assumed to be 

20oC. Table 2.1 (see in Chapter 2) shows the physical properties of molten aluminum at 

Fig. 3.3 Surface heat transfer coefficient for simple tube and stalk with protuberance 
models as a function of z in the molten metal with the velocity u=25mm/s 
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750oC (1023K)(3)(4). Table 2.2 (see in Chapter 2) shows the mechanical properties of 

ceramics called Sialon(3)(4) used for the tube. Axi-symmetric model will be used for 

simple tube with a total of 19500 elements and 20816 nodes, and for tube with 

protuberance with a total of 14931 elements and 16278 nodes as shown in Fig. 3.2. In 

this study, laminar(5)(6) model is applied for finite volume method and 4-node 

quadrilateral elements are employed for FEM analysis.  

3.2.2  Surface Heat Transfer Coefficient for Ceramics Tube 

  In this study, axi-symmetric models are analyzed by using the finite volume 

method to calculate α  when the tube is dipped into the molten metal. For 

axi-symmetry model, the values of the surface heat transfer coefficient α  inner (B) and 

outer (A) of tube are different as shown in Fig. 3.3. Figure 3.3 shows the surface heat 

transfer coefficient α  of tube with protuberance compared with the simple tube. As 

shown in Fig. 3.3 the values of α  for inner (F) of tube with protuberance are much 

smaller than those of the simple tube (B) and the value of α  becomes 350 W/m2K 

when z 100mm≥ . The molten metal cannot go into the ceramics tube with 

protuberance smoothly and most of the molten metal has to detour the tube. Therefore, 

the outer α  of ceramics tube with protuberance is also lower than the outer α  of the 

simple tube when z < 200mm . And when z 230mm> , the outer α  of ceramics tube 

with protuberance becomes coincides with the outer α  of simple tube. Table 3.1 shows 

the values of surface heat transfer coefficient α  for simple tube and for ceramics tube 

with protuberance at = 2mm/su  and = 25mm/su .  

3.3  Thermal Stress for Simple Tube and Tube with Protuberance 

  The simple tube and tube having protuberance with the length of 1300mm and 
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5mmρ=  as shown in Fig. 3.1 is considered when half of the tube is dipping into 

molten aluminum at the speeds of = 2mm/su  and = 25mm/su . 

3.3.1  Results for Dipping Slowly 

Table 3.1 surface heat transfer coefficient α, W/m2.K 
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 When = 2mm/su , a constant value 3 2
m =1.523×10 W/m Kα ⋅  is applied for 

dipping step by step along the inner and outer surfaces ( = 70mmir  and = 85mmor ) 

until reaching half tube. Since it takes 328s for dipping completely, sixteen types of 

partially dipping models are considered as shown in Table 3.1, and the value 

3 2
m =1.523×10 W/m Kα ⋅  is applied to the whole surface touching molten aluminum. 

The results are shown in Figs. 3.4-3.5. The figures indicate the maximum tensile 

principle stress 1σ , maximum compressive principle stress 3σ , maximum stresses 

components rσ , σθ , zσ  and maximum shear stresses rzτ . From Fig. 3.5 it is seen that 

zmaxσ  coincides with 1σ  at = 20.5st  for simple tube. Therefore, only zmaxσ  will be 

discussed because it is almost equivalent to the maximum stresses 1σ . The stress zmaxσ  

Fig. 3.4 Maximum stresses vs. time relation for stalk with protuberance ( = 2mm/su )
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(= 1maxσ ) has the peak value of 128MPa at = 20.5st  for simple tube. For simple tube, 

the maximum stress =128MPazmaxσ  appears at = 20.5st  and does not decrease while 

half of the tube is dipping into molten metal. Then, the stress decreases gradually after 

half dipping is finished. On the other hand, the maximum stress 1maxσ  ( zmaxσ≅ ) has the 

peak value = 328MPa1maxσ  ( = 296MPazmaxσ ) at = 41st  for ceramics tube having 

protuberance as shown in Fig. 3.4.  

 However, for tube having protuberance, the maximum stresses = 296MPazmaxσ  

appears only at = 41st . After = 41st  the stress zσ  decreases and coincides with the 

results for simple tube. Since sixteen types of partially dipping models are utilized, 

fluctuation of stresses appears as shown in Figs. 3.4 and 3.5.  

Fig. 3.5 Maximum stresses vs. time relation for simple tube and tube 
with protuberance ( = 2mm/su ) : similar to Fig. 2.8 (a) 
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3.3.2  Results for Dipping Fast 

  Thermal stress is considered when the tube in Fig. 3.1 dips into molten 

aluminum fast at = 25mm/su . In this study the finite volume method is used to 

calculate heat transfer coefficient for thermal stress analysis. In this case the half part of 

the vertical tube is assumed already in the molten aluminum and molten metal has a 

velocity of = 25mm/su . The surface heat transfer is applied as follows (see Table 3.1): 

1. When = 0-60st , the values in Table 3.1 3 2= (0.831-19.516)×10 W/m Kα ⋅  is 

applied at the inner and outer surfaces for simple tube and 

3 2= (0.034-18.11)×10 W/m Kα ⋅  for tube having protuberance. Also the maximum 

Fig. 3.6 Maximum stresses vs. time relation for stalk with protuberance ( = 25mm/su ) 
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value, in Fig. 3.3 (b), 3 2=16.090×10 W/m Kα ⋅  is applied at the lower end surface 

( = 0mmz ) for simple tube and 3 2=15.09×10 W/m Kα ⋅  for tube having 

protuberance. 

2. When 60st > , the minimum value, in Fig. 3.3 (b) 3 2= 0.831×10 W/m Kα ⋅  is 

applied for the exposed surface until reaching half tube for simple tube and 

3 2= 0.034×10 W/m Kα ⋅  for tube having protuberance.  

 Figures 3.6 and 3.7 show the maximum value of stresses 1σ , rσ , σθ , zσ  and 

rzτ . As shown in Fig. 3.7, the maximum tensile stress 1σ = σθ  increases in a short time. 

After taking a peak value max = 246MPaσθ  at =1.1st  for simple tube and 

Fig. 3.7 Maximum stresses vs. time relation for simple tube and tube with 
protuberance ( = 25mm/su ) 
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1max = 374MPaσ  ( zmax = 363MPaσ ) at = 8.8st  for tube having protuberance, it is 

decreasing. As shown clearly the maximum value of tube having protuberance 

374MPa  is larger than that of 246MPa  for simple tube 

3.3.3  Comparison between Dipping Slowly and Fast  

The temperature and stress distributions of simple tube and tube having 

protuberance are indicated in Figs. 3.8-3.11.  

(1) Dipping Slowly   

Figure 3.8 shows temperature and stress distributions of zσ  at = 20.5st , where 

the maximum stress zmax =128MPaσ  appears for the simple tube dipping slowly. For 

Detail of  A

950C
1700C 2460C
3220C

3970C

4720C 5480C

6230C

Detail of  B

-138MPa

9.6MPa

-108MPa

-49MPa

-79MPa
68MPa

98MPa

-19MPa

39MPa
-19MPa

σzmax=128MPa

Temperature σz

A

r

z

B

r

z

Detail of  A

950C
1700C 2460C
3220C

3970C

4720C 5480C

6230C

Detail of  B

-138MPa

9.6MPa

-108MPa

-49MPa

-79MPa
68MPa

98MPa

-19MPa

39MPa
-19MPa

σzmax=128MPa

Detail of  B

-138MPa

9.6MPa

-108MPa

-49MPa

-79MPa
68MPa

98MPa

-19MPa

39MPa
-19MPa

σzmax=128MPa

Temperature σz

A

r

z

A

r

z

B

r

z

Temperature Stress σz 

Fig. 3.8 Temperature and stress distribution for simple tube at the time of maxσ
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simple tube at = 2mm/su , the maximum stress zσ  appears at the inner surface of the 

tube = 70mmir  just above the dipping level of molten aluminum as shown in Fig. 3.8. 

This is due to the bending moment caused by the thermal expansion of the dipped 

portion of the tube. Figure 3.9 shows temperature and stress distributions of zσ  at 

= 41st , where the maximum stress zmax = 296MPaσ  ( 1max = 328MPaσ )  appears for 

the tube with protuberance dipping slowly. The maximum stress zσ  appears at the 

lower root of the protuberance 5mmρ=  (see Fig. 3.9). This is due to the bending 

moment caused by the thermal expansion of the dipped portion of the tube and stress 

concentration by corner radius ρ.  

(2) Dipping Fast  

Fig. 3.9 Temperature and stress distribution for stalk with protuberance at the time 
of maxσ  ( = 2mm/su , = 41st )  
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Figures 3.10 and 3.11 show temperature and stress distributions of σ  for 

simple tube and tube with protuberance dipping fast. Figure 3.10 shows temperature and 

stress distributions σθ  at =1.1st  where the maximum stress max = 246MPaσθ  

appears for the simple tube dipping fast. For the simple tube at = 25mm/su , the 

maximum stress maxσθ  appears on the inside of the thickness as shown in Fig. 3.10. 

This is due to the large temperature difference appearing in the thickness direction.  
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Figure 3.11 shows temperature and stress distributions zσ  at = 8.8st  where 

the maximum stress  zmax = 363MPaσ  ( 1max = 374MPaσ ) appears for tube with 

protuberance dipping fast. The maximum stress zmaxσ  appears at upper root of 

protuberance 5mmρ=  as shown in Fig. 3.11. This is due to the large temperature 

difference appearing in the outside the thickness and lower part of tube and stress 

concentration by corner radius ρ. 

(3) Comparison between results of simple tube and tube with protuberance 
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Fig. 3.11 Temperature and stress distributions of vertical tube at the 
time of maxσ  ( = 25mm/su  at time = 8.8st ), displacement 50×  
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  For simple tube, the maximum value max = 246MPaσθ  for dipping fast is larger 

than that of zmax =128MPaσ  for dipping slowly. Similarly, for tube with protuberance, 

the maximum stress 1max = 374MPaσ  for dipping fast is larger than that of 

1max = 328MPaσ  for dipping slowly. Table 3.2 shows maximum stresses for tube with 

protuberance compared with the results of simple tube at the same time. As shown in 

Table 3.2, the maximum value of tube with protuberance is about 2.5 times larger than 

the value of simple tube for = 2mm/su . On the other hand, for = 25mm/su  the 

maximum value of tube with protuberance is about 1.5 times larger than the value of 

simple tube. 

3.4  Conclusions 

 In the recent low pressure die casting machine, the tube is usually made of 

ceramics because of its high heat and corrosion resistances. However, attention should 

be paid to the thermal stresses when the tube is dipped into the molten aluminum. In this 

study, the finite element method in connection with thermo-fluid analysis (finite volume 

Table 3.2 Maximum stresses for stalk with protuberance compared with the results of 
simple tube at the same time. 
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method) for surface heat transfer coefficient α  was applied to reduce the thermal stress 

when the tube is installed in the crucible. The conclusions are given as following.  

1. Since the molten metal difficult to flow into the tube with protuberance, the inner α  

of tube with protuberance is much lower than the inner α  of simple tube. Accurate 

α  is shown in Table 3.1 and Fig. 3.3. 

2. For both simple tube and tube with protuberance, dipping slowly for ceramics tube 

may be suitable for reducing the thermal stresses because dipping fast causes larger 

temperature difference in the thickness direction in the case of simple tube, and 

complex temperature difference in the case of tube with protuberance. 
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Chapter 4 
Maximum Stress for Shrink Fitting System used for Ceramics 

Conveying Rollers  

4.1  Introduction 

Cast iron and steel conveying rollers used in hot rolling mills (see Fig. 4.1) must 

be changed very frequently because hot conveyed strips induce wear on the roller 

surface in short period than expectation. The damage portions are usually repaired using 

the flame spray coating(1). Use of ceramics and cemented carbide has been also 

promoted in the spray coating(2) because they have high temperature resistance and high 

abrasion resistance. 

Figure 4.2 (a) shows the structure of the conventional rollers. For conventional 

Fig. 4.2 Roller Structure 

Roller 

Strip 

Fig. 4.1 Layout of Conveying Rollers 

Sleeve 

(a) Conventional Roller 

(b) New Roller

Shaft 
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rollers, material consumptions are large and the exchange cost is high because we have 

to change whole roller. In this study, we will focus on the roller structure where a sleeve 

and two short shafts are connected by shrink fitting at both ends as shown in Fig. 4.2 

(b). 

The new roller is suitable for maintenance and reducing the cost because we can 

exchange the sleeve only. In addition, the running speed of the steel strip can be 

changed smoothly due to the light weight. Moreover, further cost reduction can be 

realized if ceramics are used as the sleeve because they offer high temperature 

resistance and high abrasion resistance. However, for the hollow rollers, attention 

should be paid to the maximum tensile stresses appearing at the edge of the sleeve. In 

particular, because fracture toughness of ceramics is extremely smaller compared with 

the values of steel, stress analysis for the roller becomes more and more important. 

1600 

L=210

Fig. 4.3 Models considered 

Width of strip=1200mm 

2100 

w=100N/mm

(a) Dimensions 

(b) Distributed load 

2300 

D
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70
 

D
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Therefore, in this study FEM analysis will be applied to the structure as shown in Fig. 

4.2 (b), and suitable dimensions will be considered. 

4.2  Analytical Conditions 

  Define the shrink fitting ratio as δ d , where δ  is the diameter difference with 

the diameter = 210mmd . Assume that the roller is subjected to distributed load 

=100N/mmw  and simply supported at both ends (see Fig. 4.3). The friction coefficient 

between sleeve and shafts is assumed as 0.3.  

Table 4.1 shows the material properties of steel, ceramics and also cemented 

carbide for reference. Stainless steel is usually used for conventional rollers but 

ceramics and cemented carbide rollers may provide a longer maintenance span due to 

their high heat resistance and high abrasion resistance. 

Figure 4.4 shows the finite element mesh model of the conveying rollers. The 

total number of elements is 22340 and the total number of nodes is 26751. The model of 

1/4 of the roller is considered due to symmetry.  

4.3  Results and Discussion 

4.3.1  Maximum Tensile Stress 

Figure 4.5 shows stress distribution θσ  when the shaft and sleeve are perfectly 

bonded as a unit body. The maximum tensile stress at point A is 10.1MPa as shown in 

Fig. 4.5. Figure 4.6 shows stress distribution θσ  at the shrink fitting ratio 

-4= 3.0×10δ d . Figure 4.6 (a) shows the stress sθσ  due to shrink fitting and Fig. 4.6 (b) 

shows maximum stress distribution ( )max s bθ θ θ= +σ σ σ  due to load distribution 
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=100N/mmw  after shrink fitting. As shown in Fig. 4.6, the maximum tensile stress at 

point A is 75.2MPa  while shrink fitting. It becomes 85.6MPa  by applying the 

distribution load after shrink fitting. In other words, bθσ  increases by 10.4MPa . 

Figure 4.7 shows stress distribution zσ  at the shrink fitting ratio 

-4= 3.0×10δ d . Figure 4.7 (a) shows the stress zsσ  due to shrink fitting and Fig. 4.7 (b) 

shows maximum stress distribution ( )zmax zs zb= +σ σ σ  due to load distribution 

100N/mmw=  after shrink fitting. As shown in Fig. 4.7, the maximum tensile stress at 

point B is 34.5MPa  while shrink fitting. It becomes 54.5MPa  by applying the 

distribution load after shrink fitting. In other words, zbσ  increases by 20.0MPa . 

It is found that the maximum tensile stress appears at point A as θσ . In this 

study we will focus on reducing the maximum tensile stress θσ  at A with varying 

r 

Fig. 4.4 FEM mesh 

z 

o 
θ 

 Young's  modulus  

[GPa] 

Poisson's 

ratio 

Tensile strength   

[MPa] 

Fracture toughness  

[MPa√m] 

Ceramics 300 0.28 500 7.7 

Cemented Carbide 500 0.24 1000 20 

Steel HV220 210 0.3 600 100 

Table 4.1 Material Properties 
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geometrical conditions. 

4.3.2 Effect of Shrink Fitting Ratio δ d  and Bending Moment upon the 

Maximum Tensile Stress maxθσ   

Figure 4.8 illustrates effects of shrink fitting ratio δ d  upon the stresses sθσ , 

maxθσ  and bθσ . Figure 4.8 (a) shows the sθσ  and ( )max s bθ θ θ= +σ σ σ  vs. δ d  

relationship when the load distribution 100N/mmw=  is applied after shrink fitting. To 

Fig. 4.6 Stress distribution θσ when -4= 3.0×10δ d

-60   -40  -20   0   20   40   60 [MPa]

(b) zσ  due to shrink fitting and load distribution  ( zsσ + zbσ ) (a) zσ due to shrink fitting  ( zsσ ) 
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B :σz=34.5MPa :σz=54.5MPa 

L=210mm 
w=100N/mm

B 

(a) θσ  due to shrink fitting ( sθσ ) 

L=210mm σθ=75.2MPa A:

(b) θσ  due to shrink fitting and load distribution ( sθσ + θbσ ) 
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Detail of A
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Detail of A
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A

Fig. 4.7 Stress distribution zσ when -4= 3.0×10δ d

σθmax=10.1MPa 

w=100N/mm

Fig. 4.5 Stress distribution θσ  when the sleeve 
and shaft are perfectly bonded as unit body 
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clarify the effect of load distribution, Fig. 4.8 (b) shows the b max sθ θ θ= -σ σ σ  vs. δ d  

relationship when the load distribution 100N/mmw=  is applied. From Fig. 4.8 (a) it is 

found that maxθσ  has a minimum value at about -4= 0.5×10δ d . When -41.5×10δ d ≥ , 

sθσ  increases linearly with increasing δ d . On the other hands, bθσ  decreases with 
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increasing δ d  to about -4=1.0×10δ d , and becomes constant when -41.5×10δ d ≥ . 

Detail investigations reveal that the value b =10.4MPaθσ  by bending coincides with 

the value when the shaft and sleeve are perfectly bonded as a unit body as shown in Fig. 

4.5. From Fig. 4.8 (b), it is found that the large δ d  reduces the contact stress bθσ  by 

gripping the shaft tightly. It may be concluded that ( )max s bθ θ θ= +σ σ σ  has a minimum 

Fig. 4.9 θσ  vs. δ d  when L=100mm, 150mm, 210mm 
( ( )max s bθ θ θ= +σ σ σ , sθσ : Stress due to shrink fitting, bθσ : Stress due to load distribution) 

(a) maxθσ  vs. δ d  and sθσ  vs. δ d  

(b) bθσ  vs. δ d  

Shrink fitting ratio δ d  

Shrink fitting ratio δ d  

0                   1.0                 2.0                  3.0×10-4

100

80

60

40

20

0

L=100mm
L=150mm
L=210mm

σ
θ

m
ax

[M
Pa

]

Lσθs

0                   1.0                 2.0                  3.0×10-4

100

80

60

40

20

0

L=100mm
L=150mm
L=210mm

σ
θ

m
ax

[M
Pa

]

Lσθs

σ θs
, σ

θm
ax

[M
Pa

]

d=210mm

ρ=5mm

t=30mm
Lσθs

0                   1.0                 2.0                  3.0×10-4

100

80

60

40

20

0

L=100mm
L=150mm
L=210mm

σ
θ

m
ax

[M
Pa

]

Lσθs

0                   1.0                 2.0                  3.0×10-4

100

80

60

40

20

0

L=100mm
L=150mm
L=210mm

σ
θ

m
ax

[M
Pa

]

Lσθs

σ θs
, σ

θm
ax

[M
Pa

]

d=210mm

ρ=5mm

t=30mm
Lσθs

σ θs
, σ

θm
ax

[M
Pa

]

d=210mm

ρ=5mm

t=30mm
Lσθs

 

100

80

60

40

20

0

σ
θ

b
[M

Pa
]

0                   1.0                  2.0                  3.0×10-4

L=100mm
L=150mm

L=210mm

L

100

80

60

40

20

0

σ
θ

b
[M

Pa
]

0                   1.0                  2.0                  3.0×10-4

L=100mm
L=150mm

L=210mm

LL

100

80

60

40

20

0

σ
θ

b
[M

Pa
]

0                   1.0                  2.0                  3.0×10-4

L=100mm
L=150mm

L=210mm

LL

100

80

60

40

20

0

σ
θ

b
[M

Pa
]

0                   1.0                  2.0                  3.0×10-4

L=100mm
L=150mm

L=210mm

LL

σ θb
[M

Pa
]

d=210mm

ρ=5mm

t=30mm L

100

80

60

40

20

0

σ
θ

b
[M

Pa
]

0                   1.0                  2.0                  3.0×10-4

L=100mm
L=150mm

L=210mm

L

100

80

60

40

20

0

σ
θ

b
[M

Pa
]

0                   1.0                  2.0                  3.0×10-4

L=100mm
L=150mm

L=210mm

LL

100

80

60

40

20

0

σ
θ

b
[M

Pa
]

0                   1.0                  2.0                  3.0×10-4

L=100mm
L=150mm

L=210mm

LL

100

80

60

40

20

0

σ
θ

b
[M

Pa
]

0                   1.0                  2.0                  3.0×10-4

L=100mm
L=150mm

L=210mm

LL

σ θb
[M

Pa
]

100

80

60

40

20

0

σ
θ

b
[M

Pa
]

0                   1.0                  2.0                  3.0×10-4

L=100mm
L=150mm

L=210mm

L

100

80

60

40

20

0

σ
θ

b
[M

Pa
]

0                   1.0                  2.0                  3.0×10-4

L=100mm
L=150mm

L=210mm

LL

100

80

60

40

20

0

σ
θ

b
[M

Pa
]

0                   1.0                  2.0                  3.0×10-4

L=100mm
L=150mm

L=210mm

LL

100

80

60

40

20

0

σ
θ

b
[M

Pa
]

0                   1.0                  2.0                  3.0×10-4

L=100mm
L=150mm

L=210mm

LL

σ θb
[M

Pa
]

d=210mm

ρ=5mm

t=30mm L

 

sθσ



Chapter 4 

Mechanical Engineering Dept  Kyushu Institute of Technology 

80

value at a certain value of δ d . This is because with increasing δ d  the stress sθσ  

increases monotonously but bθσ  decreases and becomes constant. 

4.3.3  The Effect of Fitted Length L on sθσ , maxθσ  and bθσ  

Figure 4.9 (a) shows sθσ  and ( )max s bθ θ θ= +σ σ σ  vs. δ d  relation when the load 

distribution 100N/mmw=  is applied after shrink fitting for different fitted length L. 

Here, we assume the fitted length =100mmL , 150mm , 210mm . Small values of L 

are desirable for the maintenance because exchanging the sleeve is easier for smaller L. 

Figure 4.9 (b) shows bθσ  vs. δ d  relation when the load distribution 100N/mmw=  

is applied. When shrink fitting ratio -42.0×10δ d ≥ , bθσ  becomes constant and 

independent of δ d . When -42.0×10δ d ≥ , the shafts and sleeve can be treated 

as a unit body bonded perfectly. 

From Fig. 4.9 (a), it is found that maxθσ  has a minimum value 60.5MPa at 

-41.8×10δ d =  when =100mmL . Similarly, it is found that the shrink fitting ratio for 

minimunizing maxθσ  is -41.2×10δ d =  when =150mmL , and also  -40.5×10δ d =  

when = 210mmL . When shrink fitting ratio -42.0×10δ d ≥ , bθσ  becomes constant 

10.4MPa  independent of δ d . 

4.3.4  The Effect of Materials Difference on sθσ , maxθσ  and bθσ  

  Figure 4.10 shows sθσ , maxθσ  and bθσ  vs. δ d  relation for different materials 

of sleeve. As shown in Fig. 4.10 (b), the maximum tensile stress of cemented carbide is 

larger than those of ceramics and steel at the same value of δ d . This is because the 

Young’s modulus of cemented carbide = 500MPaE  is larger than the ones of ceramics 

= 300MPaE , and steel = 210MPaE  (see Table 4.1). 
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Fig. 4.10 θσ  vs. δ d  when Steel, Ceramics, Cemented Carbide are used as the sleeve 
( ( )max s bθ θ θ= +σ σ σ , sθσ : Stress due to shrink fitting, bθσ : Stress due to load distribution) 

(b) maxθσ  vs. δ d  
Shrink fitting ratio δ d  

(c) bθσ  vs. δ d  
Shrink fitting ratio δ d  

Shrink fitting ratio δ d  
(a) sθσ  vs. δ d  
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From Fig. 4.10 (c), bθσ  becomes constant when δ d  is large. The constant 

values are bθσ =9.2MPa for steel, bθσ =10.4MPa for ceramics and bθσ =11.4MPa for 

cemented carbide. These results coincide with the case when the shafts and sleeve are 

perfectly bonded as shown in Fig. 4.5. It is seen that bθσ  becomes constant at a smaller 

value of δ d  if the Young’s modulus becomes larger. This is because larger Young’s 

modulus reduces the maximum contact stress by tightening the shafts stronger. In other 

words the results of larger Young’s modulus are corresponding to larger shrink fitting 

ratio δ d .  

4.3.5  The Effect Radius Curvature ρ  on sθσ , maxθσ  and bθσ  
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  In the previous discussion, the radius curvature ρ  at the edge of sleeve is 

(c) bθσ  vs. δ d  
Shrink fitting ratio δ d  

Fig. 4.12 θσ  vs. δ d  when ρ =5, 10, 20, 30mm 
( ( )max s bθ θ θ= +σ σ σ , sθσ : Stress due to shrink fitting, bθσ : Stress due to load distribution) 

(a) sθσ  vs. δ d  
Shrink fitting ratio δ d  

(b) maxθσ  vs. δ d  
Shrink fitting ratio δ d  
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always assumed as = 5mmρ . However, the values of sθσ , maxθσ  and bθσ  may be 

(c) bθσ vs. δ d  
Fig. 4.13 θσ  vs. δ d  when D=270, 405, 540mm 
( ( )max s bθ θ θ= +σ σ σ , sθσ : Stress due to shrink fitting, bθσ : Stress due to load dstribution)

(a) sθσ  vs. δ d
Shrink fitting ratio δ d  

(b) maxθσ  vs. δ d  
Shrink fitting ratio δ d  
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changed depending on the radius curvature ρ  because maxθσ  appears at point A in the 

circular arc part at the edge of sleeve. As shown in Fig. 4.11, therefore, the effect of 

radius curvature is analyzed with varying = 5mmρ , 10mm, 20mm, and 30mm. The 

relationships between the shrink fitting ratio δ d  and sθσ , maxθσ  and bθσ  are 

shown in Fig. 4.12. From Fig. 4.12 (a) and Fig. 4.12 (b) it is found that the maximum 

stresses sθσ  and maxθσ  increase with decreasing the radius ρ . For the large values of 

δ d , the stress bθσ  becomes constant at the same value of δ d  independently of ρ . 

At the fixed value of -43.0×10δ d = , for example max = 85.6MPaθσ  when = 5mmρ  

but max = 69.1MPaθσ  when = 30mmρ . From Fig. 4.12(c), it is seen that bθσ  

becomes larger when δ d  is smaller. However, when δ/d≧1.5×10-4 
bθσ  for 

=10mmρ  is larger than bθσ  for = 5mmρ .  

4.3.6 The Effect of Diameter D on sθσ , maxθσ  and bθσ  

   Figure 4.13 shows the relationships between shrink fitting ratio δ d  on sθσ , 

maxθσ  and bθσ  with varying the outside diameter of sleeve as = 270mmD , 405mm  

and 540mm . Here, we assume a ceramics sleeve has a fitted length = 210mmL , 

radius of curvature = 5mmρ , and thickness of the sleeve ( ) 2 = 30mmD - d . Also, we 

calculate magnitudes of load distribution w  so as to produce the same value of 

nominal bending stress znσ  from Eq. (4.1). Then, we have 100N/mmw=  for 

= 270mmD , = 243N/mmw  for = 405mmD , = 450N/mmw  for = 540mmD . 

The nominal bending stress is expressed by 

( )zn 3 3

32Mσ =
π D - d

     (4.1)  

where  
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D  : outside diameter of sleeve (mm) 

d  : inner diameter of sleeve (mm) 

M  : bending moment (Nmm) 

Figure 4.13 (b) shows that maxθσ  increases with increasing the outer diameter 

of the sleeve when δ d  is small. With increasing the diameter D, a minimum value of 

maxθσ  is appearing at a larger value of δ d . Figure 4.13 (b) is closely related to Fig. 4.9 

(a), where the fitted length L is changed under a constant D. In other words, increasing 

D under a fixed L in Fig. 4.13 (b) is found to be almost equivalent to decreasing L under 

a fixed D in Fig. 4.9 (a). 

From Fig.4.13 (c), it is seen that for large values of δ d , bθσ  becomes 

constant independently of δ d . The constant values are b =10.5MPaθσ  for 

= 270mmD , b = 5.5MPaθσ  for = 405mmD , and b =1.9MPaθσ  for = 540mmD . 

Further investigations reveal that those constant values coincide with the values when 

the shaft and sleeve are perfectly bonded as a unit body. With increasing the outer 

diameter D, bθσ  becomes constant under larger values of δ d .  

Figure 4.14 shows a stress distribution θσ  due to the load distribution 

Fig. 4.14 θσ  due to shrink fitting and load distribution when -43.0×10δ d =  
-40   -20   0   20   40   60   80  100 [MPa]

w=450N/mm L=210mm

C: σθ=91.6MPa

D
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0m
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 4

80
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m
 

A: σθ=85.0MPa 
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450N/mmw=  after shrink fitting when = 540mmD  with -43.0×10δ d = . 

Attention should be paid to the large diameter D because the maximum stress 

91.6MPa  appears at point C instead of A ( = 85.0MPaθσ ) in Fig. 4.6 differently 

from other cases when δ d ≧
-41.0×10 . 

4.4  Conclusions 

Hot conveyed strips induce wear on the steel roller surface in short periods than 

expectation. To reduce maintenance cost for exchanging the rollers, in this study, a new 

structure is considered where a ceramics sleeve connected with short steel shafts at both 

ends. Stress analysis was performed with the application of the finite element method; 

then several geometrical conditions were investigated, such as fitted length L, radius 

curvature ρ at end of the sleeve, outer diameter D of the sleeve. The conclusions can be 

made in the following way. 

1. The maximum tensile is appearing at the end of the sleeve as maxθσ . The 

stress maxθσ  may be expressed by max s bθ θ θ= +σ σ σ  where sθσ  is a shrink 

fitting stress and bθσ  is a stress due to load distribution. For example, the 

maximum value = 85.6MPaθmaxσ  appears under the load w=100N/mm after 

shrink fitting. Here, = 75.2MPaθsσ , -= =10.4MPaθb θmax θsσ σ σ  when the fitted 

length = 210mmL , shrink fitting ratio -43.0×10δ d = , radius curvature = 5mmρ , 

and outer diameter = 270mmD  (see Fig. 4.6). 

2. For small values of δ d , the maximum stress maxθσ  becomes larger because large 

contact forces may appear between the sleeve and shafts, especially for small L. 

Suitably larger values of δ d  may reduce maxθσ  effectively. In other words, maxθσ  

takes a minimum value at a certain value of δ d . 

3. For large values of δ d , bθσ  becomes constant independently from δ d . 
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The constant value coincides with the results when the shafts and sleeve are 

perfectly bonded. In other words, if δ d  is large enough, the shafts and 

sleeve can be treated as a unit body. 

4. The effect of material difference of the sleeve was considered. Under small 

values of δ d , a larger Young’s modulus of the sleeve may reduce bθσ  because 

the sleeve clamps the shafts more tightly and reduces the magnitude of contact 

forces. On the other hand, large values of δ d  with larger Young’s modulus of 

sleeve may increase the value of sθσ . 

5. With increasing the radius ρ  at the end of sleeve, the maximum stress maxθσ  

decreases. The stress bθσ  becomes constant for large values of δ d  independent of 

ρ . 

6. Care should be taken for large diameters D because the maximum stress θσ  may 

appear at a different position. Increasing diameter D under a fixed fitted length L is 

almost equivalent to decreasing L under a fixed D. 
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Chapter 5 

Strength Analysis for Shrink Fitting System Used for Ceramics Rolls in 

the Continuous Pickling Line  

5.1  Introduction 

Pickling is the process of chemically removing oxides and scale from the surface 

of a metal by the action of water solutions of inorganic acids. Considerable variation in 

type of pickling solution, operation and equipment is found in the industry. Among the 

types of pickling equipment may be mentioned the batch picklers, modified batch, 

non-or semi-continuous and continuous picklers(1). Figure 5.1 shows the schematic 

diagram of pickling line. As shown in Fig. 5.1 the continuous acid wash makes the coil 

surface clean by going through hydrochloric acid tank and removing surface scale 

formed in the previous process. Similar lines for Fig. 5.1 may be found in coil painting 

equipment, which continuously paints the cold rolling lamina coil, galvanizing steel 

board coil, and aluminum coil, etc. A lot of large rolls are used for those equipments. At 

present cast iron, carbon steel, and alloy steel are used as roll materials in the coil 

painting and also continuous acid wash equipments, which induce wear on the roll 

surface in a short period than expected. Therefore, the production lines have to be 

stopped to exchange the rolls requiring a lot of time for maintenance. Then, the damage 

portions have to be repaired by using the flame spray coating(2).  

Figure 2 shows the structure of the rolls. In this study, we will focus on the roll 

structure where a sleeve and two short shafts are initially connected by shrink fitting at 

both ends, and shaft and spacer rings are finally connected by welding as shown in Fig. 

5.2. The use of hard facing roll spraid by ceramics and cemented carbide is recently 
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promoted(3) because they provide high temperature resistance, high abrasion resistance 

and anti-oxidation. Here, we consider ceramics sleeve and ceramics spacer rings 

connected by shrink fitting, which are suitable for reducing the cost for maintenance. 

However, to design the hollow rolls as shown in Fig. 5.2, attention should be 

paid to the maximum tensile stresses and stress amplitude appearing at the edge of the 

sleeve. In particular, since fracture toughness is extremely smaller and fatigue strengths 

of ceramics are small, stress analysis for the roll becomes more and more important 

compared with the cases for steel rolls. Therefore, in this study FEM analysis will be 

applied to the structure as shown in Fig. 5.3, and suitable dimensions will be discussed. 

Fig. 5.1 Schematic diagram of new pickling line 
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5. 2.  Analytical Conditions 

 Define the shrink fitting ratio as δ d , where δ  is the diameter difference with 

the diameter d. Assume that the roll is subjected to distributed load 100N/mmw=  and 

simply supported at both ends (see Fig. 5.2). The friction coefficient between sleeve and 

shafts is assumed as 0.3. 

 Table 5.1 shows the material properties of ceramics, steel, and cemented carbide. 

Stainless steel is usually used for rolls but ceramics and cemented carbide rolls may 

provide a longer maintenance span due to their high corrosion resistance and high 

abrasion resistance.  

Figure 5.3 shows the finite element mesh model of the rolls. The total number of 

elements is 37020 and the total number of nodes is 26751. The model of 1/4 of the roll 

 Young's  
modulus  

[GPa] 

Poisson'
s ratio 

Tensile 
strength   
[MPa] 

Fracture 
toughness   
[MPa√m] 

Fatigue 
strength 
[MPa] 

Ceramics (Si3N4) 300 0.28 500 7 200 
Steel (HV=220) 210 0.3 600 100 300 
Cemented Carbide 500 0.24 1000 20 400 

Table 5.1 Material Properties 

r 

Fig. 5.3 FEM mesh 

o 

z 
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is considered due to symmetry. 

5.3. Maximum Tensile Stress Analysis 

5.3.1  Maximum Tensile Stress 

We will consider the range -41.5×10δ d ≤  because large values δ d  are not 

suitable for ceramics. Figure 5.4 shows stress distribution θσ  at the shrink fitting ratio 

-4=1.5×10δ d  and the sleeve thickness h=30mm. Figure 5.4 (a) shows the stress sθσ  

due to shrink fitting and Fig. 5.4 (b) shows maximum stress distribution 

( )max s bθ θ θ= +σ σ σ  due to load distribution 100N/mmw=  after shrink fitting. As shown 

in Fig. 5.4 (a), the maximum tensile stress at point A and A1 are sθσ =47.3MPa while 

shrink fitting. It becomes maxθσ =50.3MPa by applying the distribution load after shrink 

fitting at point A and maxθσ =46.0MPa at point A1 as shown in Fig. 5.4 (b). In other 

words, bθσ  increases by bθσ =2.9MPa at point A. 

It is found that the maximum tensile stress appears at point A as θσ . In this chapter 

we will focus on reducing the maximum tensile stress θσ  at A with varying 

geometrical conditions. 

(b) θσ  due to shrink fitting and load distribution 

Fig. 5.4 Stress distribution θσ when -4=1.5×10δ d  
(a) θσ  due to shrink fitting 

w=100N/mm

h=30mm 
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5.3.2 Effect of Shrink Fitting Ratio δ d  and Bending Moment upon the 

Maximum Tensile Stress maxθσ   

Figure 5.5 illustrates effects of shrink fitting ratio δ d  upon the stresses sθσ , 

maxθσ  and bθσ . Figure 5.5 (a) shows the stress sθσ  vs. δ d  and ( )max s bθ θ θ= +σ σ σ  vs. 

δ d  relationships when the load distribution 100N/mmw=  is applied after shrink 

fitting when h=20mm. From Fig. 5.5 (a), it is found that sθσ  increases with 

increasing δ d  and maxθσ  has a minimum value at -4=1.5×10δ d . On the other 

hand, bθσ  decreases with increasing δ d  as shown in Fig. 5.5 (b). From Fig.5.5 (b), 

it is found that the large δ d  reduces the contact stress bθσ  by gripping the shaft 

tightly. It may be concluded that ( )max s bθ θ θ= +σ σ σ  may decreases with increasing δ d . 

5.3.3  The Effect of Thickness h on sθσ  and bθσ  

 Figure 5.6 shows sθσ  vs. δ d  and sb θmax θσ σ σθ = −  vs. δ d  relations when the 

load distribution 100N/mmw= is applied after shrink fitting for different thickness h. 

(b) bθσ  vs. δ d  
Fig. 5.5 θσ  vs. δ d  when h=20mm 
( ( )max s bθ θ θ= +σ σ σ , sθσ : Stress due to shrink fitting, bθσ : Stress due to load distribution) 

50

100

150

0.5 1.0 1.5 ×10-4

Shrink Fitting δ/d

h=20mm

σ θ
s, 
σ θ

m
ax

, (
M

Pa
)

σθmax

σθs

0
0

50

100

150

0.5 1.0 1.5 ×10-4

Shrink Fitting δ/d

h=20mmh=20mm

σ θ
s, 
σ θ

m
ax

, (
M

Pa
)

σθmax

σθs

0
0

 

σ θ
b

= 
σ θ

m
ax

-σ
θs

(M
Pa

)

50

100

150

0.5 1.0 1.5 ×10-

Shrink Fitting δ/d

h=20mm

0
0

σ θ
b

= 
σ θ

m
ax

-σ
θs

(M
Pa

)

50

100

150

0.5 1.0 1.5 ×10-

Shrink Fitting δ/d

h=20mm

0
0

(a) sθσ  vs. δ d  and maxθσ  vs. δ d  



Chapter 5 

Mechanical Engineering Dept  Kyushu Institute of Technology 

94

Here, we assume three different thicknesses, h=10mm, h=20mm, and h=30mm. From 

Fig. 5.6 (a), it is seen that sθσ  increases with increasing δ d . It should be noted 

that sθσ  decreases with increasing the sleeve thickness h. Similarly, bθσ  

decreases with increasing sleeve thickness h in Fig. 5.6 (b). When the δ d  is larger, 

the spacer rings and sleeve can be treated as a unit body bonded perfectly in sleeve 

thickness 30mm.  

5.4.  Fatigue Strengths Analysis of Ceramics Rolls 

Maximum stresses are found to be lower than the tensile stress 500MPa as 

shown in the previous chapter. However, fatigue strengths should be also considered for 

ceramics. The values of fatigue limit such as 200MPaaσ =  and 500MPamσ =  are 

obtained at room temperature as shown in Fig. 5.7 (b). However, the previous study 

show that the mechanical properties of ceramics are not changed up to 1000oC (4). 

Figure 5.7 (a) indicates the mean stress ( ) 21m θtA θtA
σ = σ +σ  and stress amplitude 
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( ) 21a θtA θtA
σ = σ σ-  at shrink fitting ratio -4=1.5×10δ d  when thickness h=30mm. Due to 

the rotation of rolls, the largest value of θσ  varies from 50.3MPa to 46.0MPa as shown 

in Fig. 5.7 (a). Then, the corresponding value of mean stress 48.2MPamσ =  with the 

value of stress amplitude 2.1MPaaσ = . With increasing the shrink fitting ratio δ d , 

the mean stress increases but the stress amplitude decreases in the case of h=30mm. As 

shown in Fig. 5.7 (b), it is found that the values of stress amplitude aσ  and mean stress 

mσ  are below the fatigue strengths of ceramics material. In the case of thickness 

h=10mm, the mean stress and stress amplitude increase when the shrink fitting ratio 

δ d  is less than 1.0×10-4 as shown in Fig. 5.7 (b). Under this condition, the values of 

fatigue exceed value the fatigue limit. This is not suitable for designing the rolls. 
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5.5.  Conclusions 

Cast iron and steel rolls used in the continuous pickling line must be changed 

frequently because the continuous acid wash equipment process induces wear on the roll 

surface in a short period. Therefore the production lines have to be stopped to exchange 

the rolls with requiring a lot of time for maintenance. To reduce maintenance cost for 

exchanging the rolls, in this study, a new structure was considered where a ceramics 

sleeve connected with ceramics spacer rings and steel shafts at both ends by shrink 

fitting. Strengths analysis was performed with the application of the finite element 

method with varying several geometrical conditions. The conclusions can be made in 

the following way. 

1. The maximum tensile stress is appearing at the end of the sleeve as maxθσ . 

The stress maxθσ  may be expressed as ( )max s bθ θ θ= +σ σ σ  where sθσ  is a shrink 

fitting stress and bθσ  is a stress due to load distribution. For example, the 

maximum tensile stress at point A and A1 are s = 47.3MPaθσ  while shrink fitting 

when the thickness h=30mm, shrink fitting ratio -4=1.5×10δ d . It becomes 

max = 50.3MPaθσ  by applying the distribution load after shrink fitting at point A and 

max = 46.0MPaθσ  at point A1. In other words, bθσ  increases by b = 2.9MPaθσ  at 

point A.  

2. For small values of δ d , the maximum stress maxθσ  becomes larger because large 

contact stresses may appear between the sleeve and shafts, especially for small 

thickness h. The maximum values of  -4=1.5×10δ d  may reduce maxθσ  

effectively. In other words, maxθσ  takes a minimum value at -4=1.5×10δ d . 

3. The effect of thickness of the sleeve was considered. It is seen that sθσ  

increases with increasing δ d . It should be noted that sθσ  decreases with 
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increasing the sleeve thickness h. Similarly, bθσ  decreases with increasing 

sleeve thickness h in Fig. 5.6 (b).  

4. Fatigue strength was also considered for ceramics rolls. When -4=1.5×10δ d  with 

thickness h=30mm, it is found that the values of stress amplitude aσ  and mean 

stress mσ  are definitely below the fatigue strengths of ceramics material. 
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Chapter 6 

Summary 

6.1  Conclusion of This study 

Structural engineering ceramics are widely used in all kinds of engineering fields 

for their advantages of wear resistance, corrosion resistance, abrasion resistance and 

high heat resistance. The ceramics have been used for turbo-charger, gas turbine, auto 

heat engine, rolls, die cast sleeve, stalk and conveying roller. However, it is not easy to 

utilize large ceramics material in many kinds of engineering fields more efficiently 

because of their high cost of machining and low toughness compared with metallic 

material. In this study, the maximum tensile stresses and stress amplitude of ceramics 

structure will be mainly considered by the application of the finite element method. 

Then, how to reduce the maximum stress will be investigated with varying dipping 

speeds for ceramics tube, and with varying the dimensions of the structure for 

conveying rollers. 

(1) In chapter 1, introduction about ceramics applications in this study was 

explained briefly. Ceramics are compound between metallic and nonmetallic elements. 

Oxides, nitrides, borides, carbides and silica at all metals and non metallic elemental 

solids are ceramics. Glasses, traditional ceramics, engineering ceramics, cements and 

concretes, rocks and minerals, ceramics composites and new engineering ceramics are 

types of ceramics. The characteristics of ceramics are high stiffness, high wear and heat 

resistances, good thermal and electric isolative characteristic, non-magnetic, chemically 

stable, refractory and brittle. Nowadays, ceramics engineering encompasses much more 

than silicates and divided into traditional and advanced ceramics. Five classes of 
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advanced ceramics for structure are alumina, zirconia, silicon nitride, sialon and silicon 

carbide. Advanced ceramics have found in electrical insulator, automotive engines, 

tribological components and cylinder head plates, pistons and turbocharger rotors, 

machine tools, cold rolling mill rolls and low pressure die casting machine. In this study, 

ceramics (silicon nitride and Sialon) are considered for material tube and rollers because 

it has high heat resistance, high corrosion resistance and high abrasion resistance. 

However, attention should be paid to the thermal stress when the ceramics tube is 

dipped into the molten metal. It is important to reduce the risk of fracture that may 

happen due to the thermal stresses. Also for conveying rollers, attention should be paid 

to the maximum tensile stresses (appearing at the edge of the sleeve) for brittle fracture 

and maximum repeated stress amplitude for fatigue fracture. In particular, because 

fracture toughness of ceramics is extremely smaller compared with the values of steel, 

more exact stress analysis for the roller becomes more and more important.  

(2) In chapter 2, effect of heat transfer coefficient α  on the thermal stress and 

thermal stress analysis for simple ceramics tube model vertical and horizontal dipping 

into molten metal have been conducted. In this analysis, finite volume method and finite 

element method are used for heat transfer coefficient and thermal stress calculated. 

1) Since the value of heat transfer coefficient α   is not well known in 

molten metal, we have confirmed the effect of α  on the thermal stress of 

ceramics. Three values of α  are assumed, first Zuα  by Zukauskas 

formula, second infinite large value of Iα  and third FVMα  by applying 

finite volume method. The results show the maximum stress due to the 

infinite value of Iα  is much larger than that due to Zukauskas formula 

and finite volume method. It is found that just assuming a very large α  
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does not provide correct thermal stresses. Maximum stress of α  using 

Zukauskas formula and finite volume method is nearly the same but the 

time for reaching maximum stress is different. It may be concluded that the 

finite volume method is desirable for calculating thermal stress of ceramics 

correctly.  

2) The heat transfer coefficient α  calculated by finite volume method is 

therefore applied to finite element method to calculate the thermal stresses 

when the simple tube is dipped into the crucible by varying dipping speeds 

( = 2mm/su  and = 25mm/su ), and directions (vertical and horizontal).  

a) For vertical tube, the maximum value max = 246MPaσθ  for dipping 

fast is larger than that of zmax =128MPaσ  for dipping slowly as shown 

in Figs. 2. 10 and 2. 11. Therefore, dipping slowly may be suitable for 

reducing the thermal stresses. On that condition, dipping fast 

( = 25mm/su ) causes larger temperature difference in the thickness 

direction of tube.  

b) On the other hand, for horizontal tube as shown in Figs. 2. 14 (a) and 2. 

14 (b), the maximum value max = 258MPaσθ  for dipping slowly is 

larger than that of max =196MPaσθ  for dipping fast. In conclusion 

dipping fast may be suitable for reducing the thermal stresses. 

c) Those different conclusions may be explained in terms of deformations 

of the tube. For vertical tube, the deformation is always axi-symmetric. 

However, for horizontal tube, dipping slowly causes large asymmetric 

deformation, which results in the largest maxσθ  at the inner surface of 

the end of the tube. This is due to large temperature difference 



Chapter 6 

Mechanical Engineering Dept  Kyushu Institute of Technology 

101

appearing between the dipped and uppers parts. On the other hand, for 

dipping fast of horizontal tube, the deformation is almost 

axi-symmetric.  

(3) In chapter 3, heat transfer coefficient α  and thermal stress for simple 

ceramics tube and the tube having protuberance dipping vertical into molten aluminum 

have been conducted. The finite volume method is applied to calculate surface heat 

transfer coefficient α .  

1) The results show the values of α  for inner of vertical tube with 

protuberance are much smaller than those of the simple tube. The molten 

metal cannot go into the tube with protuberance smoothly and most of the 

molten metal has to detour the tube. The results in the outer α  of tube 

with protuberance are also lower than the outer α  of the simple tube in 

the zone x < 200mm . And when x > 230mm , the outer α  of ceramics 

tube with protuberance becomes coincides with the outer α  of simple 

tube.  

2) For thermal stress, maximum stress for vertical tube with protuberance is 

larger by 2.5 times, than the value of simple tube in the case of dipping 

slowly.  

3) For dipping fast the maximum stress with protuberance is 1.5 times larger 

than the simple tube.  

4) In each case with protuberance maximum stress at the corner of the 

protuberance but for simple tube, maximum stress appears at the inner 

surface and inside of thickness of tubes. It can be concluded that dipping 

slowly may reduce the thermal stresses because dipping fast causes larger 
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temperature difference in the thickness direction of the tube with or 

without protuberance. 

(4) In chapter 4, maximum stress for shrink fitting system used for ceramics 

conveying rollers has been conducted. In this study, new roller structure is considered 

where a ceramics sleeve is connected with steel shaft at both ends by shrink fitting. 

Finite element method analysis is applied to the new structure, and the shrink fitting 

stress sθσ , maximum tensile stress maxθσ  and bending stress bθσ  have been 

investigated with varying the dimensions and material of the structure. The stress maxθσ  

may be expressed by max s bθ θ θ= +σ σ σ  where sθσ  is a shrink fitting stress and bθσ  

is a stress due to load distribution. The results show maximum tensile is 

appearing at the end of the sleeve as maxθσ .  

1) The maximum value = 85.6MPaθmaxσ  appears under the load 

100N/mmw= after shrink fitting. The stress = 75.2MPaθsσ  and 

-= =10.4MPaθb θmax θsσ σ σ  when the fitted length = 210mmL , shrink 

fitting ratio -43.0×10δ d = , radius curvature = 5mmρ , and outer 

diameter = 270mmD . 

2) For small value of shrink fitting ratio δ d , the maximum stress maxθσ  

becomes larger. The stress sθσ  increases linearly with increasing δ d . On 

the other hand, bθσ  decreases with increasing δ d  and becomes 

constant. 

3) The stresses sθσ  and maxθσ  increases with decreasing length fitted L and 

radius curvature ρ . The stress maxθσ  has a minimum value at 

-40.5×10δ d =  for = 210mmL , -4=1.2×10δ d  for =150mmL  and 

-4=1.8×10δ d  for =100mmL . The stress bθσ  increases with decreasing 
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L and ρ , and becomes constant at larger δ d . For larger length fitted L 

and radius curvature ρ  of the sleeve may reduce maxθσ .  

4) For different materials and diameter of sleeve, the stresses sθσ  and maxθσ  

increases with increasing Young’s modulus and diameter. The stress bθσ  

decreases with increasing δ d  and becomes constant.  

(5)  In chapter 5, static and fatigue strengths for shrink fitting system used for 

ceramics rolls in the continuous pickling line has been conducted. In this chapter, new 

roller structure is discussed where a ceramics sleeve is connected with ceramics spacer 

rings and steel shaft at both ends by shrink fitting. Finite element method analysis is 

applied to the new structure, and the maximum tensile stress and stress amplitude have 

been investigated with varying the dimensions of the structure.  

1) In this study, we considered the range of shrink fitting ratio -41.5×10δ d ≤ . 

Here, we assume three different thicknesses of sleeve, h=10mm, h=20mm 

and h=30mm. The results show the stress s = 47.3MPaθσ  while shrink 

fitting when the thickness h=30mm, shrink fitting ratio -4δ d =1.5×10 . It 

becomes max = 50.3MPaθσ  by applying the distribution load after shrink 

fitting. In other words, bθσ  increases by b = 2.9MPaθσ . The stress sθσ  

and maxθσ  increases with decreasing sleeve thickness h. The stress maxθσ  

has a minimum value at -4=1.5×10δ d .  

2) When the δ d  is larger, the spacer rings and sleeve become as a unit body 

bonded perfectly. With increasing the shrink fitting ratio δ d , the mean 

stress increases but the stress amplitude decreases.  

3) The values of stress amplitude and mean stress are below the fatigue 

strength of ceramics material for thickness 20mm and 30mm under any 
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values shrink fitting ratio δ d . However, under the condition when the 

thickness is smaller (h=10mm), δ d  is less than 1.0×10-4 the values of 

fatigue exceed value the fatigue limit. This is not suitable for designing of 

rolls.  

6.2  Future Issue 

There are some issues that should be investigated in future regarding the 

development of this study, which can be summarized as follows: 

In order to grasp a comprehensive understanding of thermal stress and shrink 

fitting stress on a large ceramics structure, more numerical and experimental 

investigations are required. 

It will be also necessary to do more study on the effect of heat transfer 

coefficient on the thermal stress for a large ceramics structure by using finite volume 

method.  

Moreover, it is important to explore more on the actual production of new 

ceramics structure and compare the results of simulation (e.g., FEM) with actual 

operation. 

 



Appendix A 

Finite volume method  

The finite volume method is a method for representing and evaluating partial 

differential equations in the form of algebraic equations [LeVeque, 2002; Toro, 1999], 

especially for those of the advection-diffusion-reaction type. Finite volume methods 

have been used in many cases such as pressure and enthalpy for the velocity component 

and staggered grid for radiation hydrodynamics. Finite volume methods has some 

advantages such as their numerical robustness through the obtention of maximum 

principle, their applicability on very general unstructured meshes and the intrinsic local 

conservation properties of the resulting discretized system. 

Finite volume refers to the small volume surrounding each node point on a 

mesh. The method is used in many computational fluid dynamics (CFD) packages. CFD 

is the science of predicting fluid flow, heat transfer, mass transfer, chemical reactions, 

and related phenomena by solving the mathematical equations which govern these 

processes using a numerical process. 

 The strategy of CFD is to replace the continuous problem domain with a 

discrete domain using a grid. In the continuous domain, each flow variable is defined at 

every point in the domain. For instance, the pressure p in the continuous 
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Fig. A. 1 Continuous domain and discrete 
(a) (b) 
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one-dimensional shown in Fig. A. 1 (a) would be given as 

 ( ), 0 1p p x x= < <  

In the discrete domain, each flow variable is defined only at the grid points. The 

pressure would be defined only at the N grid points as shown in Fig. A. 1 (b) 

( ), 1,2, ,i ip p x i N= = …  

 The governing partial differential equations and boundary conditions are 

defined in terms of the continuous variables p, V
JG

 etc. One can approximate these in 

the discrete domain in terms of the discrete variable pi, iV
JG

. The discrete system is large 

set of coupled, algebraic equations in the discrete variables. 

Applying the fundamental laws of mechanics to a fluid gives the governing 

equations for a fluid. The conservation mass equation is: 

 ( ) 0V
t
ρ ρ∂
+∇ ⋅ =

∂

JG
     (1) 

And the conservation of momentum equation is: 

 ( ) ijV V p g
t
ρ ρ ρ τ∂
+ ⋅∇ = −∇ + +∇ ⋅

∂

JG JG JG
   (2) 

These equations along with the conservation of energy equation form a set of coupled, 

non linier partial differential equations. 

In the finite volume method, such a quadrilateral is commonly referred to as a 

cell and a grid point as a node. In two-dimensional, one could also have triangular cells. 

In three-dimensional, cells are usually hexahedrals, tetrahedrals, or prisms. In the finite 

volume approach, the integral form of the conservation equations are applied to the 

control volume defined by a cell to get the discrete equation for the cell. The integral 

form of the continuity equation for steady, incompressible flow is: 
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� 0
S
V nds⋅ =∫
JG

      (3) 

Where S is over the surface of the control volume. 

n is the outward normal at the surface.  

Physically, this equation means that the net volume flow into the control volume is zero. 

 Consider the rectangular cell as shown in Fig. A.2. The velocity at face 1 is 

taken to be �
i i iV u i v j= +
JG � . Applying the mass conservation equation (3) to control 

volume defined by the cell gives: 

 1 2 3 4 0u y v x u y v x− ∆ − ∆ + ∆ + ∆ =    (4) 

This is the discrete form of the continuity equation for the cell. It is equivalent to 

summing up the net mass flow into the control volume and setting it to zero. The face 

value u1, v2, etc. are obtained by suitably interpolating the cell centre values at adjacent 

cells.  

Fluent, like other commercial CFD code, offers a variety of boundary condition 

options such as velocity inlet, pressure inlet, pressure outlet, etc. it is very important that 

to specify the boundary condition in order to have a well defined problem. 
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Fig. A. 2 Rectangular cell 
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Appendix B 

The heat transfer coefficients of α  

The heat transfer coefficient is the primary quantity characterizing the 

convection heat transfer process. In any given flow situation, it can vary with position 

on the surface and with time. It depends strongly on the velocity and thermal boundary 

conditions, as well as the geometry of the body.  

  Zukauskas(1) proposed a convenient formula to estimate heat transfer coefficient 

for 2D circle as shown in Fig. B. 1. The heat transfer coefficients depend on the velocity 

as shown in Eq. B.1. Zukauskas(1) proposed the following equation to estimate Nusselt 

number for a two-dimensional cylinder in the fluid with the velocity u . 
0.25

0.37nm
m 1

w

u
α D PrN = C Re Pr
λ Pr

⎛ ⎞⋅
≡ ⋅ ⋅⎜ ⎟

⎝ ⎠
⋅   (B. 1) 

u DRe= ν
⋅ , 

C ηpPr =
λ

⋅
    (B. 2) 

where, mα  is the average surface heat transfer coefficient, λ  is thermal 

conductivity, D  is the diameter of the cylinder, 1C  and n  are constants determined 

by Reynolds number Re . Also, Pr  is Prandtl number, and subscript w  denotes the 

property for temperature of cylinder wall. The velocity u  can be calculated by the 

diameter of the tube divided by the time when the tube dips into the molten aluminum, 

u

D

2D circle
model

u

D

2D circle
model

 

Fig. B. 1 Two-dimensional circle model
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which is usually = 2-25mm/su .  

In the vertical tube, axi-symmetric models are analyzed by using the finite 

volume method to calculate α  when the tube is dipped into the molten metal. For 

 

a. Simple tube

Fig. B.2 Comparison velocity simple tube and tube with protuberance 

b. Tube with protuberance

u

u 

z=200mm 

z=200mm 
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axi-symmetry model, the values of the surface heat transfer coefficient α  inner and 

outer of tube are different as shown in Fig. B. 3. Figure B. 3 shows comparison the 

surface heat transfer coefficient α  of simple tube and tube with protuberance. As 

shown in Fig. B. 3 the values of α  for inner of tube with protuberance are much 

smaller than those of the simple tube. The molten metal cannot go into the ceramics 

tube with protuberance smoothly and most of the molten metal has to detour the tube. 

Therefore, the outer α  of ceramics tube with protuberance is also lower than the outer 

α  of the simple tube when z < 200mm . And when z 230mm> , the outer α  of 

ceramics tube with protuberance becomes coincides with the outer α  of simple tube. 
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Fig. B. 3 Comparison heat transfer coefficient of α  distributions for simple tube 
and tube with protuberance 
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