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ABSTRACT 
Diploma thesis deals with solving of the problem with heat shield used in a turbocharger for 
heavy duty vehicles. The description of the problem origin with focus on environmental 
standarts and therefore a need of changes in turbocharger construction, is included. Further, the 
procedure for finding the component failure causes using the results of stress tests and analyses 
performed is described step by step. Most of the practical part is focused on a use of quality 
tools for finding a root cause of heat shield failure and also on advanced material analysis, 
verifying the results from quality analysis performed. An the end of the thesis there are 
suggested and accepted measures for elimination of similar failure recurrence and 
recommendations for further development. 

 

 
  

Boundary diagram, FMEA, FTA, RCA, Ishikawa, 5 . 
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Emission standarts in automotive industry, turbocharger heat shield, quality tools, Boundary 
diagram, FMEA, FTA, RCA, Ishikawa, 5 Whys, material analysis. 

 





 

 

E 
 

Funk
 hlediska spolehlivosti v 

  
87 s., Ved  

 





 

 

 
veden

.   firmy Garret  Advancing 
 p n   a  
 r a  

 
   studia.





 

 

  
zpracovala 

., a s  seznamu. 

 

V 4. 5. 2019  

 

 





13 
 

OBSAH 
1  ...................................................................................................................... 15

2 VLIV  ................... 17
2.1  .................................................................................................. 17
2.2  .......................................................................................... 18
2.3  .......................................... 19

2.3.1 Cena paliva ...................................................................................................... 19
2.3.2 Ekologie a CNG ............................................................................................... 20
2.3.3  ................................................................................ 20
2.3.4  ................................................................... 20
2.3.5  .................... 20

3 CE ....................................................................... 21
3.1  ............................................................................................. 21
3.2  ........................................................................................... 21
3.3  ....................................................................................... 21
3.4  ......................................................................................... 21

4 KONSTRUKCE A PRINCIP TURBODMYCHADLA ...................................... 22
4.1 Konstrukce turbodmychadla ............................................................................... 22
4.2 Princip funkce turbodmychadla .......................................................................... 23
4.3  ..................................................................................... 24
4.4  ......................................................................................................... 24

5  ......................................................... 25

6 TEORIE K VALITY ......................................... 27
6.1  ................................................................ 27

6.1.1  ............................................................................... 27
6.1.2 Bloko  .............................................................................. 27
6.1.3 Boundary diagram ........................................................................................... 28

6.2  Root Cause Analysis (RCA) ............................... 28
6.3  Cause-and-Effect Diagram (Ishikawa) ................. 30
6.4   ................................................................... 31
6.5  Fault Tree Analysis (FTA) ..................... 32
6.6 - Failure Mode and Effect Analysis 
(FMEA) ......................................................................................................................... 33

6.6.1  ............................................................................... 34
6.6.2  ................................................................................... 34
6.6.3  .............................................................................. 35
6.6.4  ................................................... 35
6.6.5   ............................................................... 36
6.6.6 RPN (UPR) Risk Priority Number (Ukazatel priority rizika) ....................... 36

6.7  .............................................................................. 36

7  ........................................... 39
7.1  .................................................................................. 39
7.2  .................................................... 39

7.2.1 KROK 1   .................................. 39
7.2.2 KROK 2   ................................................................................ 40



 

7.2.3 KROK 3   ...................................................................... 41
7.2.4 KROK 4   ........................................... 41
7.2.5 KROK 5   ...................................................................... 42

8  ............................................................................... 43
8.1  ............................................................................. 43

8.1.1  .............................................................................. 43
8.1.2  ............................................................................ 43
8.1.3 Boundary diagram ........................................................................................... 44
8.1.4  .... 46

8.2  ................................................................................ 47
8.2.1 gram) ........................................................ 48
8.2.2  ................................................................................................ 50

8.3  Fault Tree Analysis) ..................... 52
8.4  .............................................................................. 54
8.5  Failure Mode and Effect 
Analysis) ....................................................................................................................... 54

9  .............................................................................. 59
9.1  ......................................................................................................... 62

9.1.1 tereomikroskopem .................... 62
9.1.2  .. 63
9.1.3 Mikrostruktura ................................................................................................. 64

9.2  ......................................................................................................... 65
9.2.1  .................... 66
9.2.2 66
9.2.3 Mikrostruktura ................................................................................................. 68

9.3 S a 4 ................................................................................................... 70
9.3.1  .................... 70
9.3.2  .. 72
9.3.3 Mikrostruktura ................................................................................................. 73

10  ............................................................................... 75

11  .................................................................................................................... 77

12  ...................................................................... 79

13 SEZNAM ZKRATEK, SYMB EK ....................... 83
13.1 Seznam zkratek ................................................................................................... 83
13.2 Seznam tabulek ................................................................................................... 83
13.3  .................................................................................................. 83



 

15 
 

1  

V  
 

obu a 
  bo 

 

 

o se ji  

  
automobily  alternativn

 ale pracuje za 

spaliny o zhruba 200   
  

 

-  

ro mate
 

   

 poruchy. 

 





 

17 
 

2 VLIV EMI
 

 

 n  

 
na za z

 
 

-li tedy firma 
 trh ze

-
organizace je t  
nem

-
[1] 

2.1  

V   

v ov S  
 

j  

 
 

 

  

Obr. 1) P  kamion [3] Obr. 2) P  pickup [4] 

 



18 

-   

z  

V  osti a ekologie dva druhy 
 po

: [2] 

 

 
 

 

  

  l  
 Kamiony  viz. obr. 1) 
 Autobusy 
 technika 
  

  
   

viz obr. 2) 
 

(SUV) 

2.2  

ve v
(ji  

 
-VI  

-  

S 
z ou tedy nuceni hledat s

 

EURO normy jsou 

lost uj  
 

a nafty z EURO VI jsou uvedeny v tab. 1) ). [5] 

 

  se : [5] 

 

  

  

  

   

EURO normy se a o    

 

 



 

19 
 

Tab 1)  dlivin  EURO VI [5] 
Rok 

Normy 
CO 
benzin 

CO 
nafta 

NOx 
benzin 

NOx 
nafta 

HC 
benzin 

HC+N
Ox 
benzin 

HC+N
Ox  
nafta 

 
nafta 

  [g/km] [g/km] [g/km] [g/km] [g/km] [g/km] [g/km] [g/km] 
1992 I 3,16 3,16 - - - 1,13 1,13 0,18 
1996 II 2,20 1,00 - - - 0,5 0,70 0,08 
2000 III 2,30 0,64 0,15 0,50 0,20 - 0,56 0,05 
2005 IV 1,00 0,50 0,08 0,25 0,10 - 0,30 0,025 
2009 V 1,00 0,50 0,06 0,18 0,10 - 0,23 0,005 
2014 VI 1,00 0,50 0,06 0,08 0,10 - 0,17 0,005 

 

E s
 (China), Indie (BS), Japonsko (JP), USA (EPA) 

 (P) normy
o normy EURO p

 

V o j  
 turbodmychadla k motoru.  

ti   

ot y. [6]  

 
v 

druhy vozidel  normy, aby se 
 

2.3  

 
zidel. Tyto mo

 

2.3.1 Cena paliva 

it 

 

Vzhledem k 
jeho ceny. [7] 
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2.3.2 Ekologie a CNG 
-

motor na CNG palivo  viz Tab 2) [7] 

Tab 2)  M    [7] 
  

s  
 

se naftou 

CO2  - 

CO   

 
  

2.3.3 Cel oby CNG 

 

 0
[8] 

2.3.4  
 

 roce 2017 jich bylo p [8] 

 tedy v islosti na velikosti  je 
 [8] 

2.3.5  
nstrukci vozidla pouze 

samot

 - te  turbodmychadlo.  

 
mohou v .  
odoln zhruba 
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4 KONSTRUKCE A PRINCIP TURBODMYCHADLA 

Turbodmychadlo j h
. [20] 

 jedna  je 
tek energie se  u nebo 

 
 gie z paliva. Tyto spaliny ysokou 

[20] 

4.1 Konstrukce turbodmychadla 

Turbodmychadlo  (viz obr. 3) a obr. 4) ) [21] 

   

   

  
ko

s  [21]  

 

 

Obr. 3) Konstrukce turbodmychadla  [9] 
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4.2 Princip funkce turbodmychadla 

V mychadla   eno spalinami 
 

velmi 
 do

okolo 

ze st  k 
 tomu funguje ve 

 a 
jeho objem. . [22] 

 

Obr. 4) Konstrukce turbodmychadla  pohled v  [10] 

 

 

Obr. 5) S  [11] 
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 losti na 
typu vozidla a tedy i typu turbodmychad   viz obr. 6) a obr. 7). 
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Obr. 6)  , 

van  u HDV [24] 
Obr. 7)  

 [23] 
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6.1.3 Boundary diagram 
Smysle

 

Pro boundary diagram je typic
 

  

  

  

 [13] 

6.2  Root Cause Analysis (RCA) 

v 

14]. 

u tak. Tato anal
postupu, a  chnik, kte  kombinaci. 
Jedn d, 

 [19] 

RCA je z

sou  v  
4] 

 : [15] 

1.  

-  staty 
askytne chyba,  

analytik sn  

2.  

K 
i jeho vzniku. V 

brainstorming. 

3.  

 
k zam dopadu na chod firmy. V 
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4.  

itizaci nejpravd
 kce se 

 
 

5.  

 a imple
-

 budoucnosti. 

h skupin, podle 
jak je uvedeno v   : [14] 

 

1.  

 , 

 , 

 , 

 . 

 

2.  

 Brainstorming, 

 Brainwriting, 

 Mati - , 

 , 

  

 

3.  

 Vzor , 

  

 

4.  

 m, 

  diagram, 

 Diagra  

 Diagram afinity. 
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5.  

 Diagram p , 

  

  

 . 

 

6.  

 Six thinking hats, 

  

 . 

 

7.  

  

 . 

6.3  Cause-and-Effect Diagram (Ishikawa) 

 tomto diagramu se kombi
  

[19] 

Diagr
kos   viz obr. 8)

 
v ch procesech.[14] 

: [14] 

1. ou rozptylu   
upiny 

. 

2.  
 

Hl
e 4-  4: [16] 

 Stroj (machine), 
 , 
 (man), 
 Metody (methods). 
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K  

 

nutn
  

 [16] 

6.4  Analysis 

 

 [19] 

  
byla- -l

ou. [14] 

: [14] 

1.   te
 

2.   
 

3. U ka nastala. 

4. 
. N

 

u 
. [14] 

 

 

Obr. 8) P diagramu r  
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6.5  Fault Tree Analysis (FTA) 

 
u 

 

TA  Fault tree analysis) 

 17] 

K  [17] 

a) K  

 Prav nesleduje. 
 

jich 
 

 st  

b)  

  

 

P   - viz obr. 9), 
reprez   
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 hradla: 

 AND -  

 OR - jen lost, nebo jejich 
 

  - ou k dispozici 
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ch se z   

 

Obr. 9) diagram FTA 
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i je tato 

podrobnostech [17]

 [17] 

  

 n  

  

  

  

Kombinace s ezporuchovosti 

 kombinaci s 
 

 kombinaci s 
poruch (FMEA). Je to   

  [17] 

Kontrola konzistence FTA a FMEA: [17] 

    
  

 

  porucha z  FMEA 

6.6 - Failure Mode and Effect Analysis 
(FMEA) 

ruch (FMEA  Failure Mode and Effects Analysis) je 
oruch, jejich 

i cel edstavitel hardwaru, 
citace 18] 

 k  
  

 [18] 

 
 omu lze 

 
ech. [18] 

 
z hadnout 
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 o
tak byl poskytnu   [18] 

Jeliko sledky, a tedy se 

 
[13,18] 

 
  [18] 

MEA: [18] 

1.   

2.  

3. oruchovosti syst osti 

4.  

 
-

  
 [13,18] 

6.6.1  

 hlediska jeho t

 [18] 

  

   v  

  

  

  

  

   

6.6.2 Stanove  

popsat

  [18] 

 . [18] 
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6.6.3 uch 

objek
to vhod   [18] 

 [18] 

6.6.4 ledk  

z hlediska likace FMEA, proto je 
 [18] 

   
 poruchy 

  

  

  ostn
 

  

klasifik   je v tab. 3. 

Tab 3)    [18] 
 Krit  Klasifikace 

 zjistitel  1 

 
 s 

 
2 

 
 na 

s  
3 

    l
 

4 

 Vozidlo je 

 

5 

  objekt 

 

6 

 Vozidlo je provozus
 

7 

 
 

8 

s  a 
  

9 

 o
  

10 
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6.6.5  
 

 [18] 

dat o: [18] 

  

 -  

   

   

s
e

 [18] 

6.6.6 RPN (UPR) Risk Priority Number (Ukazatel priority rizika) 

priority riz  od 
 [18] 

RPN se   [18] 

  (Severity), 

 , 

 Odhalitelnost (Detection). 

D
v -  R
maximum 1 cha 

 
nou hranici. [18] 

6.7  

 ezi 
 se v 

-   viz obr. 10)
 [25] 

ro p
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Obr. 10)  [25] 
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7  

V 
k   

7.1  

Po  tvarov  a 
 u spaliny svedeny k 

. 

  
 motoru  voluty 

kola  viz obr. 11). 

 
- viz obr. 12). 

7.2  

Kroky 1
 Kroky 3 a 5 byly  

7.2.1 KROK 1   

  
: 

 
teplot 

  
 

 n mezi  
  

s  
turbodmychadla rotovat) 

           

Obr. 12) v 
 [foto 

autor] 

Obr. 13) 
 em 

 [foto autor] 



40 

7.2.2 KROK 2   
 testy za 

  

 s Varianta I  m 
leg  

 s Varianta II  
obsahem legu  

Oba lech. 

turbodmychadlech s     volut 
(viz obr. 13))  od jazyka po obvodu v . 

 tab. 4). Teplota T1T 
(teplota spalin na vstupu do  

 

Tab 4)   
Test 

 
Varianta Voluta Stav po testu 

1 I   

2 I   

3 II   

4 II  Bez  

5 II   

6 II   

7 II   

8 II X  

 

 

Obr. 14)  volut [foto autor] 
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 kroku 2: 

1.  
s  

2. z    kola i 
 

3.    v 
 v  

 
 m   

4. 

Z  
 vymize

kolem. Je- tu 
  

7.2.3 KROK 3   
y ke 

poruchy 
 . 

 

 RCA (Root Cause Analysis  A  

  

 Ishikawa ) 

 FTA 

 FMEA 

h k ch e uvedeno v kapitole 8. 

7.2.4 KROK 4  kteristik 
 . 

byla provedena 

 programu ANSYS. 

A i B) v 
a CNG. 

Pozn. k  

V rov  

 
v 

t. 
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 kroku 4: 

1.  K  

    s  

 
 

 
z toho  

2.    

    stra : 

     

   trany 

  

 t
De tu s  

7.2.5 KROK 5   
 

 - Advancing motion provedeny 
materi  

pektem . Tato ou 
 delta-feritu dojde ke sti, tvrdosti, 

 as
 

 zahajuje nukleaci  , ve 
su
  

. 

 kapitole 9. 
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8 KVAL  

 s 
 

8.1  

 

8.1.1  
Vypra  S je uvedeno na obr. 14).  

Turbodmychadlo jako sy  
paliva v  
jej

  

 . 

8.1.2  
Vypra  I. S je uvedeno na obr. 15).  

V 
jsou komp  

 mo  
z otoru. 

 

 

Obr. 15) s  
 

 

Obr. 16)    
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8.1.3 Boundary diagram 
V boundary diagramu je deta  

 
 okol  

Boundary diagr

f  
 

Popis boundary diagramu  obr. 16) 

  motoru. Ty s sebou nesou 
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 v 
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o  
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8.1.4  
 diagram turbodmychadla dosti 

   viz obr. 
17).  1, 2, a 3,   

 

 

Obr. 18) Boundary diagram s detailem na t  
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8.2.1 m) 

  viz obr. 18),  
jako  pouze   
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 Design 
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8.2.2  
 

t k 
k  5 

 

a diag o 
   viz obr. 19). 

a 
diagramu. Bude  
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8.3  Fault Tree Analysis) 

Popis diagramu na obr. 20): 

 

Pokud dojde k  

i
 lopatka, disk). Objekt se 

  

 - 
  

 

  

 

 

  
 

elikosti. 

 

 Vada v  . 
 

 
  Tyto vady 

n
 

   - 
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Chyba designu: 
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8.4  

ek bude z 
 

 mapa z 
 

8.5  Failure Mode and Effect 
Analysis) 

  
viz Tab 5). Tato je ve f  
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priority rizika  RPN (UPR): 
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9  

 Advancing motion byly 
 viz tab. 6)  obr. 21), 22), 23), 24). 

Tab 6)    
 1    

 
Obr. 22)  

 
[foto autor] 

 
Obr. 23)  

 
[foto autor] 

 
Obr. 24)  

 
[foto autor] 

 
Obr. 25)  

 
[foto autor] 

Design     
     

Test Po testu Po testu Po testu N  
Stav po 

testu 
    

  

 

 s jejich specifikacemi ve 
 

  
 

   v  

  

 u  bude-  

 

pomo  tab. 7), na obr. 25), 26), 27), 28) a 29). 
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Tab 7)   
 HK): 

 

 

Obr. 26)  [foto autor] 

EMCO-  
 
M u 

 
 

 
 
 HV1 
 HV0,5 
 HK0.5 
 HK0.05 

Stereomikroskop 
 

 

Obr. 27) Stereomikroskop [foto autor] 

OLYMPUS 
 

 
 

 
 

- 8.0x  
 

 mikroskop 

 

  

Obr. 28) SEM [foto autor] 

FEI s.r.o. (dnes Thermofirsher scientific 
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povrch metal
v h 2 + 
HCl + Ethanol). 

9.1  

(obr. 30) )  z 

ost mat
 

  A s  

  

9.1.1  
 

 
 i  

ny v  , viz obr. 31), 32) a 33). 

 

Obr. 31) : hled s ); B) pohled z 
strany; . [foto autor] 

 

Obr. 32) Detail na 
oblast X [foto autor] 

Obr. 33) Detail na 
oblast Y [foto autor] 

Obr. 34) Detail na 
oblast Z [foto autor] 
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9.1.2  
 (obr. 34) ) jsou  

vy obr. 35) a obr. 36)  

 (obr. 37), 38) a 39) ) nebyla 
vysoce zoxid   viz obr. 38) 

  EDAX 

SEM-EDA  (obr. 40) ) le 
A  

 

   

Obr. 35) Detail oblasti 
SEM  

[foto autor] 

Obr. 36) Detail na 
oblast L1 [foto autor] 

Obr. 37) Detail na 
oblast L2 [foto 

autor] 

   

Obr. 38) Detail na 
oblast K [foto autor] 

Obr. 39) Detail na 
oblast M [foto autor] 

Obr. 40) Detail na 
oblast N [foto autor] 

 

 

Obr. 41) SEM-  
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9.1.3 Mikrostruktura 
rek (viz obr. 44) ) en z oblasti X (viz obr. 31) )  v 

obr. 43)
mikroskopem. 

orovat silnou vrstvu oxidace 

  obr. 41) a 42) y v  
. 

Po na  
poloze ve vzorku: 

 V lokaci G ( viz obr. 45) )
mat    

 V lokaci H (viz obr. 46) )  vzo
  

 
karbidy) na povrchu zrn i v  

       

Obr. 42) D
  

 [foto autor] 

Obr. 43) D  

v  2[foto autor] 

  

Obr. 44) N
 [foto autor] 

Obr. 45) Metalografick  

[foto autor] 
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9.2  

 testov   B

testo  
s 

 

    

  

  

 

 

 

  

Obr. 46) Mikrostruktura v oblasti G: A 
  se 

 [foto autor] 

Obr. 47) Mikrostruktura v oblasti H: A 
 
 detail ch karbid  [foto 

autor] 

A A 

B B 

G 
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9.2.1  
 

 (viz obr. 50): A), 
 - 

  
(viz obr. 37): B).  (viz obr. 50): C) lze dle 

  

K  X (obr. 47) ), Y (obr. 48) ) a Z (obr 49) ) 
p in. 

9.2.2 AX 
  

olem  EDA
 -slitina). Tato 

 
 

V oblasti K (viz obr. 51) ) 
nerov SEM (viz obr. 52) ) a EDA

 - je  

V oblasti L (viz obr. 53) ) byla zpo
varu, 

-  
metalografie. Mate   

 

Obr. 51) 2:  ); B) pohled z 
strany; . [foto autor] 

   

Obr. 48) Detail na 
oblast X [foto autor] 

Obr. 49) Detail na 
oblast Y [foto autor] 

Obr. 50) Detail na 
oblast Z [foto autor] 
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 -
 oblasti M (viz obr. 54) ) v 

ch. 

 obl  (viz obr. 55) ). Z 
 detailu (viz obr. 56) ) 

h. 

 

  

Obr. 52) 
pod SEM [foto autor] 

Obr. 53) Detail na oblast K  

[foto autor] 
 

  

Obr. 54) Detail na oblast L [foto 
autor] 

Obr. 55) Detail na oblast M  

[foto autor] 

  

Obr. 56)  oblasti 
L [foto autor] 

Obr. 57) Detail trhliny  oxidace, 
 [foto autor] 
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 EDX 

SEM-
B  (obr. 60) ). 

9.2.3 Mikrostruktura 
 obr. 57): 

1. 58) ) z oblasti L  viz obr. 53) 

2. 9) ) z oblasti K  viz obr. 52) 

 
vrstvu . 

 

  (viz obr. 61) )
  diusu. P

mikrostrukturu -  - z obr. 62) je p
  

 

 

 

 

 

Obr. 61)  SEM-  

 

   

Obr. 58) N

 [foto autor] 

Obr. 59) 
vzorek 1 [foto autor] 

Obr. 60) 
vzorek 2 [foto autor] 
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mikrostruktura v s : 

 Ve  precipitaci  
 delta feritu (obr. 63) ). 

   
mikrostruktury -  tenitu (viz obr. 62) ) 

 

  

Obr. 62) Trhlina v oblasti L [foto 
autor] 

Obr. 63) Trhlina v oblasti L po 
 [foto autor] 

  

Obr. 64) P
v  [foto 

autor] 

Obr. 65) Detail oblasti K na 
 [foto autor] 

 

  



70 

9.3  a 4 

 B byly  
- s  (obr. 65) )  (obr. 66) ) .  

 

  
 

 
 

 s  
chromu 

  

9.3.1 ikroskopem 

po cel   viz. obr 67) A,B. 
prasklin v metalogr i  jejich 

nalezen  

 

Obr. 66) 3: , B) pohled z strany, 
 [foto autor] 

 

Obr. 67) :  
 [foto autor] 
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  r  
 viz obr. 68). Z metalogra vzorku na obr. 76) se zjistilo

 viz obr. 69),  povrchu 
odlupovat a v  
vzorku (obr. 75) )  

 

Obr. 68) - 
testu, B -  [foto autor] 

 

  

Obr. 69) 
 [foto autor] 

Obr. 70) 
s odloupanou povrchovou   

[foto autor] 
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9.3.2  
 -ferit, 

v sou z 70)  popis v kapitole 
7.2.5.  

 EDX 

SEM- (obr. 72) a obr. 73) ) odhalila 
B   

Na obr. 74) i (
prvek vyskytuje, jsou zobrazena v

B 
v omu 
obsahuje  

 

Obr. 73) SEM-  

 

Obr. 74) SEM-  

  

Obr. 71) Detail oblasti vzorku po 
testu s 

 [foto autor] 

 

Obr. 72) M
4 na SEM [foto autor] 
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9.3.3 Mikrostruktura 
 jeden z d Metalogra

  
  

Na obr. 75) je fotografie vzorku na fotografii 
 

v 
mikrostruktura (viz. obr. 78)) obr. 71 a 77)). V a vzork   
vypadaly mikrostruktur  
strukturou ve spe m  

V  
 byla zde precipitov na a  na obr. 78). V 

  

  

Obr. 76) M
 [foto autor] 

Obr. 77) 
 [foto autor] 

    
 C Cr Fe 

    
Mn Si Ni Ca 

Obr. 75) Ma v   
, C  chrom, D  , E  mangan, F  , G  nikl, H   

E F G H 

A B C D 
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Obr. 78) Mikrostruktura vzorku 
. 4 [foto autor] 

Obr. 79) Mikrostruktura vzorku 
  
e [foto autor] 
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