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?#A2(E S>BB2(2/# 2@C?/2/#$ )?=1< T2 #A2?(2#>)"11I 2@C1">/2< TI <>BB2(2/#1I )A"(.2< G")"/)>2$ >/ 
#A2 .(?3>/. B>1D J-?I 2# "1E :RR:ME QA2$2 G")"/)>2$ "11?3 #A2 )?CC2( "#?D$ #? <>BB=$2 #? #A2 
$=(B")2E

5/?#A2( $#=<I J6.T=&> "/< V=DCA(2I 899;M .?>/. #? 2G2/ 1?32( ?@I.2/ C"(#>"1 C(2$$=(2$7 
��2

= 33�Pa (2G2"12< " 1>/2"( T2A"G>?=(E QA2 $"D2 ?T$2(G"#>?/ 3"$ <?/2 3>#A 211>C$?D2#(I "# " 
C(2$$=(2 ?B 5 ∙ 10����� J-"=A "/< _>D"// :RR;ME QA2 C"("T?1>) #? 1>/2"( #("/$>#>?/ 32(2
<2$)(>T2< TI _"./2( "/< a(p/23"1< J:R;UM "$ 3211 "$ -'//]G>$# "/< ^>$)AD2>$#2( J:RY:ME QA2 
("#2 2]="#>?/ 3"$ 3(>##2/ "$

�
��

+ ��

��
= �7 (2-2)

3A2(2 �� >$ #A2 1>/2"( ("#2 )?/$#"/#E QA2 T21>2G2< D2)A"/>$D T2A>/< #A2 1>/2"( *>/2#>)$ 3"$ " 
(2")#>?/ "# #A2 P=86[68 >/#2(B")2 3A>)A )?DC2#2< 3>#A #A2 <>BB=$>?/ #A(?=.A #A2 ?@><2 1"I2(E 
^?( #A2 C"("T?1>) C"(# _"./2( "/< a(p/23"1< J:R;UM ?T$2(G2< " �� ∝ ���

�/ � T2A"G>?=(E QA2 
$"D2 B?(D ?B ("#2 2]="#>?/ 3"$ <2(>G2< #? <2$)(>T2 #A2 #A2(D"1 ?@><"#>?/ ?B +> #? +>68 JS2"1 
"/< a(?G2 :RYWME

:;B AC%30%&#'( '- ./*C#'0, $%&%
QA2 �� G"1=2$ B(?D $2G2("1 <>BB2(2/# $#=<>2$: A"G2 T22/ $=DD"(>b2< >/ ^>.=(2 8\:E QA2 1?3 
#2DC2("#=(2 <"#" J-?I 2# "1E :RR:7 k>//21 2# "1E :RNRM 32(2 .>G2/ >/ #A>)*/2$$ ("#2$ ("#A2( #A"/ 
32>.A# ("#2$E QA2$2 <"#" 32(2 (2)"1)=1"#2< #? #A>)*/2$$ ("#2$ 3>#A #A2 #("/$B?(D"#>?/ 
1 �� �� �⁄ = 14.65��� )"1)=1"#2< B(?D #A2 "#?D>) <2/$>#>2$ ?B P=86E 5$ )"/ T2 $22/ B(?D #A2 
B>.=(2 #A2 A>.A #2DC2("#=(2 <"#" $A?3$ .??< ".(22D2/#E %21?3 500℃" 1"(.2( $C(2"< T2#322/ 
$#=<>2$ "CC2"($E QA2 D"@>D=D $C(2"< "D?=/#$ #? #3? ?(<2($ ?B D"./>#=<2 "# 350℃E Q? 
D"#A2D"#>)"11I D?<21 #A2 #2DC2("#=(2 T2A"G>?=( " <?=T12 5((A2/>=$ 2@C(2$$>?/ 3"$ =$2<

��(�) = ���� ��
�� + ���� ��

��, J2-3M

3A2(2 �� "/< �� "(2 "DC1>#=<2 B")#?($E ��7 �� "(2 ")#>G"#>?/ 2/2(.>2$E QA2 #3? #2(D 2@C(2$$>?/ 
)"/ T2 2@C1">/2< TI " )?DT>/"#>?/ ?B 1"##>)2 <>BB=$>?/ "# A>.A #2DC2("#=(2$ "/< .(">/ T?=/<"(I 
<>BB=$>?/ "# 1?3 #2DC2("#=(2$E 5$$=D>/. #A"# #A2 #3? C(?)2$$2$ A"G2 #3? $2C"("#2 )A"//21$ ?B 
<>BB=$>?/ "/< #A"# #A2 B(")#>?/ ?B .(">/ T?=/<"(>2$ >$ )?/$#"/# 3>#A #>D2 "/< #2DC2("#=(2 I>21<$ " 
1>/2"( 2@C(2$$>?/ "$ "T?G2 JgA= 2# "1E 899YME QA2 (2$=1#>/. 12"$# $]="(2 B>#7 ")A>2G2< TI G"(I>/. 
#A2 B?=( C"("D2#2($7 )"/ T2 $22/ "$ " <"$A2< 1>/2 >/ ^>.=(2 8\:E QA2 (2$=1#>/. B>##>/. C"("D2#2($ 
"(2 C(2$2/#2< >/ Q"T12 2\1E ^(?D #A2 B>.=(2 ># )"/ T2 $22/ #A"# #2(D : >$ ?/1I /22<2< B?( #A2 
                                                     
: 5$ gA= 2# "1E J899YM $A?32< #A"# #A2 C=(>#I )?/#2/# A"< "/ 2BB2)# ?B #A2 ?@><"#>?/ ("#27 A>.A 
C=(>#I7 "T?G2 Zj7 A"$ T22/ 2@)1=<2< B(?D #A2 <"#" =$2< >/ ^>.=(2 8\:E
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D?<211>/. ?B #2DC2("#=(2$ "T?G2�800�℃E QA2 ")#>G"#>?/ 2/2(.>2$ >/ Q"T12 2\1 >$ >/ #A2 $"D2 
("/.2 "$ D?$# ?B #A2 1>#2("#=(2 G"1=2$ (2G>232< TI gA= J899YME 5<<>/. " #A>(< #2(D <>< /?# 
>DC(?G2 #A2 ".(22D2/# T2#322/ #A2 D?<21 "/< #A2 )=((2/# <"#"E 5 #3? #2(D 2@C(2$$>?/ C(?G><2< 
" T2##2( B># #A"/ " $>/.12 5((A2/>=$ 2@C(2$$>?/E
Table 2-1. The values of the fitted parameters for  the Arrhenius expression used to model the 
parabolic rate constant.
D%/%5*&*/ E#&&*$ C%30*

�� 634���/ (�� ��)
�� 8.67 ∙ 10�����/ (�� ��)
�� 248���/ � ��
�� 103���/ � ��

Figure 2-1. The temperature dependence of ��. The entire temperature range can be described by a 
linear combination of two Arrhenius expressions (full line). The legend denotes the data sources. The 
inset shows the high temperature region with a linear y-axis which emphasise the necessity of the first 
Arrhenius term to describe the data.

Q? )?DC"(2 #A2 <>BB2(2/# <"#" B(?D G"(I>/. ?@I.2/ C"(#>"1 C(2$$=(2$ #A2 ��(��2
,�)�G"1=2$ B(?D 

#A2 1>#2("#=(2 32(2 /?(D"1>b2< 3>#A #A2 B>##2<7 2]="#>?/ J2-3M7 G"1=2 B?( #A2 $"D2 #2DC2("#=(2E 
QA2 (2$=1# )"/ T2 $22/ >/ ^>.=(2 8\8E QA2 <2C2/<2/)2 ?B ��?/ ��2

>$ 32"*7 #A2 G"1=2 ?B ��
G"(>2$ 1>##12 )?DC"(2< #? #A2 #2DC2("#=(2 <2C2/<2/)2E QA2 1?3 #2DC2("#=(2 <"#" (2C?(#2< TI -?I 
2# "1E J:RR:M <2G>"#2$ $>./>B>)"/#1I B(?D #A2 (2$# ?B #A2 <"#"E QA>$ >$ <=2 #? #A2 B")# #A"# #A2 B>##2< 
2@C(2$$>?/7 $22 ^>.=(2 8\87 <2G>"#2 ?/2 ?(<2( ?B D"./>#=<2 B(?D #A2 <"#" C?>/# "# "#D?$CA2(>) 
)?/<>#>?/$E
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Figure 2-2. The pressure dependence of �� normalized with the fitted expression. The legend gives 
reference to the source of the data points. Also included are the previously proposed pressure 
dependencies as lines.

:;F G'(+30,#'(, -/'5 ./*C#'0, ?'/)
5$ <2#">12< "T?G27 #A2 ?@><"#>?/ *>/2#>)$ =/<2( "#D?$CA2(>) )?/<>#>?/$ A"$ T22/ 3211 $#=<>2< 
"/< /22< G2(I 1>##12 B=(#A2( $#=<IE QA2 1>/2"( )?DT>/"#>?/ ?B #3? 5((A2/>=$ ("#2 1"3$ I>21<2< " 
D"#A2D"#>)"1 (2C(2$2/#"#>?/ #A"# <2G>"#2 "# D?$# ?/2 ?(<2( ?B D"./>#=<2 B(?D "/I ?B #A2 
(2G>232< <"#"E 
51#A?=.A #A2 <"#" >/ #A2 1>#2("#=(2 >$ ("#A2( )?/$>$#2/# B?( ?@I.2/ C"(#>"1 C(2$$=(2$ >/ #A2 ("/.2 
10� − 10��Pa #A2 *>/2#>)$ B?( ��� ≤ 10��Pa >$ $#>11 "/ ?C2/ ]=2$#>?/ )?/)2(/>/. #A2 ("#2 
)?/$#"/#$E 5 ("#2 2]="#>?/7 2]E (2-2)7 A"$ T22/ C(?C?$2< T=# #A2 1>/2"( ("#2 )?/$#"/#l$7 ��7
#2DC2("#=(2 ?( C(2$$=(2 <2C2/<2/)2 A"G2 /?# T22/ <2#2(D>/2<E V?32G2(7 ��<(?C$ B"$#2( 3>#A 
(2<=)>/. ?@I.2/ )?/#2/# #A"/��� J_"./2( "/< a(p/23"1< :R;UME
Q? )?/)1=<27 ># >$ /2)2$$"(I #? >/G2$#>."#2 #A2 C(2$$=(2 <2C2/<2/)2 "/< #2DC2("#=(2 <2C2/<2/)2 
>/ ?( )1?$2 #? #A2 1>/2"( (2.>?/ 3A2(2 #A2 ?@><"#>?/ ("#2 <2)(2"$2 B"$#2( 3>#A ���E QA>$ C"(# >$ "1$? 
?B >/#2(2$# B?( #A2 ^+_ C(?)2$$ <=2 #? #A2 (2<=)2< ?@><"#>?/ ("#2E QA2 #2DC2("#=(2 <2C2/<2/)2 
?B ��A"$ #? T2 2@C1?(2< "$ 3211 $>/)2 #A2 1>/2"( *>/2#>)$ A"$ " <>BB2(2/# CAI$>)"1 ?(>.>/ #A"/ #A2 
C"("T?1>) ("#2 )?/$#"/#E
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@ A".*/#5*(&%3 $*&%#3,
QA2 2@C?$=(2$ 32(2 C2(B?(D2< =$>/. #A2(D? .("G>D2#(>) "/"1I$>$ JQa5M >/ "/ 2]=>CD2/# B(?D 
-=T?#A2(D JD"$$ D2"$=(>/. "))=(")I q9E98 D.M 3>#A T?#A #2$# "/< C(?#2)#>?/ ."$ 2/#2(>/. "# 
#A2 #?C ?B #A2 2]=>CD2/# "/< 12"G>/. "# #A2 T?##?DE 5 Qa5 #2$# )=(G2 3"$ (=/ =$>/. 5( 3>#A 
2]="1 )?/<>#>?/$ "$ #A2 2@C?$=(2$ B?( #A2 2DC#I )(=)>T12 JT1"/* $"DC12M "# 2G2(I #2DC2("#=(2 
=$2< >/ #A2 $#=<IE QA2 D"$$ .">/ (2)?(<2< B?( #A>$ T1"/* $"DC12 3"$ #A2/ $=T#(")#2< B(?D #A2 
#2$# )=(G2 #? .>G2 #A2 (2$=1#E 

%2B?(2 2G2(I 2@C?$=(27 #A2 ?G2/ 3"$ B1=$A2< B?( "# 12"$# ; A 3>#A 5(E QIC>)"1 ?@I.2/ 12G21$ 
"B#2( ; A )?((2$C?/<2< #? " ("/.2 ;9\ZW CCD 68 G?1[G?1E 5B#2( #A2 >/>#>"1 B1=$A>/.7 A2"#>/. #? #2$# 
#2DC2("#=(2 3"$ )?/<=)#2< >/ 5( Y9 DL[D>/ r W DL 5([D>/ C(?#2)#>?/ ."$E 5B#2( #2DC2("#=(2 
$#"T>1>$"#>?/ B?( :9 D>/ "# $C2)>B>2< #2DC2("#=(27 #A2 ."$ #A(?=.A #A2 D">/ ."$ 2/#("/)2 3"$ 
$3>#)A2< B(?D 5( #? #2$# ."$ "))?(<>/. #? #A2 #2$# C1"/ JQ"T12 ;\:ME Q>D2 ?B 2@C?$=(2 3"$ $2# #? 
U A 3>#A $=T$2]=2/# )??1>/. #? (??D #2DC2("#=(2 >/ #2$# ."$E 511 D2"$=(2D2/#$ 32(2 )?/<=)#2< 
"# "DT>2/# C(2$$=(2$E QA2 ")#="1 )?/)2/#("#>?/ ?B #A2 #2$# ."$2$ "(2 .>G2/ >/ Q"T12 3\2E
Table 3-1. Test plan for  exposures per formed within the study
6*,& 2%, !: .%/&#%3 

./*,,0/* HD%I
:JKLG FKKLG JKKLG MKKLG MKKLGN 8:KOF 5>P5#(

Ar/21 mol% O2 2.1 � 10� 1A 1B

Ar/1 mol% O2 1 � 10� 2A 2B

Ar/1000 mol-ppm O2 100 3A 3D 3E 3B 3C

Ar/100 mol-ppm O2 10 4A 4B

90% (Ar/2% H2)-10% 
(Ar/1% O2)

100 5A 5B

Table 3-2. Premixed gases used within the study
6*,& 2%, G'(+*(&/%&#'( '- 

!: %++'/$#(2 &' 
%(%31,#,

Q(%31&#+%3 &'3*/%(+*

Ar/1% O2 0.997 mol-% �1%

Ar/1000 ppm O2 986 mol-ppm �1%

Ar/100 ppm O2 98.5 mol-ppm �2%

Ar/2% H2 1.96 mol-% �2%

4/ ?(<2( #? *22C #A2 $=(B")2$ "$ )1?$2 "$ C?$$>T12 #? #A2 &?>/# $=(B")2$ #A2 $"DC12$ 3"$ 2@C?$2< 
"B#2( #A2I A"< T22/ <(I\D>112< 3>#A?=# "/I )=##>/. B1=><$E QA2I 32(2 A"/<12< =$>/. #322b2($ #? 
"G?>< "/I =/3"/#2< )?/#"D>/"#>?/E j? D2"$=(2D2/#$ ?B #A2 .2?D2#(>)"1 <>D2/$>?/$ 32(2 
C2(B?(D2<7 #A2 /?D>/"1 $=(B")2 "(2" ?B 5.22 � 0.07cm2 A"$ T22/ =$2< >/ "11 )"1)=1"#>?/$E Q? 
)?DC12#2 #A2 D2"$=(2D2/#$7 #A2 32>.A#$ ?B D?$# $"DC12$ 32(2 "1$? <2#2(D>/2< =$>/. " $2C"("#2 
T"1"/)2 J+"(#?(>=$ %k 8::9M 3>#A D2"$=(>/. "))=(")I ?B q9E9Y D.E %2B?(2 2@C?$=(27 #A2 $"DC12 
"/< #A2 )(=)>T12 32(2 32>.A2< $2C"("#21IE 5B#2( 2@C?$=(27 #A2 #?#"1 32>.A# ?B )(=)>T12 "/< 
$"DC12 3"$ <2#2(D>/2<7 #A2/ $"DC12 "/< )(=)>T12 32(2 32>.A2< $2C"("#21IE %2B?(2 #A2 
32>.A>/.7 #A2 $"DC12$ 32(2 12B# >/ #A2 $"D2 (??D "$ #A2 T"1"/)2 #? "##">/ #A2 #2DC2("#=(2 ?B #A2
(??D B?( "# 12"$# 89 D>/E 
5B#2( 2@C?$=(2$ "# R99OP7 D?$# $"DC12$ <>$C1"I2< $C"11"#>?/ "/< $?D2 )?/#"D>/"#>?/ TI )?CC2( 
>/ #A2 )(=)>T12 =$2< B?( #A2 2@C?$=(2$ 3"$ ?T$2(G2<E Q? "G?>< 2((?/2?=$ (2$=1#$ B(?D ?@><"#>?/ 
#2$#$7 #A2 )(=)>T12 3"$ C=# >/#? "/ ?@><>$>/. "#D?$CA2(2 "# :999OP B?( 8Z A T2B?(2 /2@# 
2@C?$=(2E 5$ #A2 D2#"1[D2#"1 ?@><2 ?B #A2 )(=)>T12 3"$ #A2/ )?DC12#21I ?@><>$2<7 "<<>#>?/"1 
D"$$ .">/ <=2 #? ?@><"#>?/ ?B (2D">/>/. ?@><2 ?B #A2 )(=)>T12 3"$ D>/>D>$2<E 
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%2B?(2 2@C?$=(2$ >/ #A2 D>@#=(2 ?B J: D?1\L 68[5( r 5([8 D?1\L V8M7 #A2 (2D">/>/. 
D2#"1[D2#"1 ?@><2 ?B #A2 )(=)>T12 3"$ >/$#2"< (2<=)2< B?( 8Z A "# :999OP >/ 5([8 D?1\L V8 #? 
"G?>< 32>.A# (2<=)#>?/ ?B ?@><2 #A"# 3?=1< )?/)2"1 "/I 32>.A# >/)(2"$2 <=(>/. 2@C?$=(2E 
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B R*,03&, %($ $#,+0,,#'(
B;8 A".',0/*, %& :JKLGN C%/1#(2 .!:

5B#2( 2@C?$=(2$ "# 8N9OP7 #A2 ?@><2 1"I2($ 32(2 #A>/ "# "11 2@"D>/2< C"(#>"1 C(2$$=(2$ ?B ?@I.2/E 
kA?#?.("CA$ ?B 2@C?$2< $"DC12$ "# ��� = 10����J:99 CCD 68M "/< ��� = 100����J:999 D?1\
CCD 68M "(2 $A?3/ >/ ^>.=(2 Z\:E QA2 D2"$=(2< 32>.A# .">/ 3"$ $D"11 "/< >$ .>G2/ >/ Q"T12 
4\1 B?( "11 $"DC12$E 
Table 4-1; Results from mass measurements before and after  exposures at 270�C. In the table, the
mass of the sample before exposure, the total weight of the sample and crucible before exposure 
and the total weight after  exposure is shown. The accuracy of the mass measurements are������.
A".',0/* S%,, '- ,%5.3* 

7*-'/* *".',0/*
T2U

6'&%3 5%,, 7*-'/* 
*".',0/* T2U

6'&%3 5%,, %-&*/ 
*".',0/* T2U

S%,, 2%#( TV2U

Ar/21% O2 4.8236 8.8664 8.8668 373

Ar/1% O2 4.8619 8.9083 8.9086 310

Ar/1000 ppm O2 4.8757 8.9190 8.9193 293

Ar/100 ppm O2 4.8709 8.9200 8.9202 140

Figure 4-1. Photographs of an unexposed sample and samples exposed at 270�C in environments with 
100 ppm (��� = �����) or 1000 ppm O2 (��� = ������) in Ar.

B;: A".',0/*, %& MKKLGN C%/1#(2 .!:

5B#2( 2@C?$=(2$ "# R99OP7 #A2 ?@><2 1"I2( 3"$ #A>)* "/< $C"11"#>?/ 3"$ 2G><2/# ?/ D?$# $"DC12$E 
+C"11"#>?/ A"< ?))=((2< >/ 1"(.2 B1"*2$E 5$ D"$$ .">/ <"#" B(?D #A2 #A2(D?.("G>D2#(>) 
2@C?$=(2$ "(2 $D??#A "/< $C"11 >/ #A2 )(=)>T12 32(2 B?=/< #? T2 1"(.2 B1"*2$7 ># >$ "$$=D2< #A"# 
$C"11"#>?/ A"G2 ?))=((2< =C?/ )??1>/.E +C"11"#>?/ ?B 1"(.2 B1"*2$ <=(>/. 2@C?$=(2 3?=1< T2 
B?11?32< TI "/ >/)(2"$2< ?@><"#>?/ ("#2 <=2 #? "))2$$ #? B(2$A D2#"1 $=(B")2E 51$?7 >/>#>"1 
D2"$=(2D2/#$ =$>/. .1?3 <>$)A"(.2 $C2)#(?$)?CI ?/ ?@><>$2< $"DC12$ 2@C?$2< "# U99OP
<>$C1"I2< )?/$>$#2/)I T2#322/ D2"$=(2< ?@><2 #A>)*/2$$ "/< ?@><2 #A>)*/2$$ )"1)=1"#2< B(?D 
D"$$ .">/ <"#"E +C"11"#>?/ =C?/ )??1>/. ?))=($ <=2 #? #A2 <>BB2(2/# )?2BB>)>2/#$ ?B #A2(D"1 
2@C"/$>?/ T2#322/ #A2 D2#"1 "/< ?@><2 "/< >$ ?B#2/ ?T$2(G2< "B#2( A>.A #2DC2("#=(2 2@C?$=(2$E 
V?32G2(7 $C"11"#>?/ <=(>/. 2@C?$=(2 )"//?# T2 2@)1=<2< $>/)2 $"DC12$ 32(2 2@C?$2< >/ " 
)(=)>T12 "/< "/I $C"11 >$ )?112)#2< 3>#A>/ #A2 )(=)>T12E !"$$ <"#" B(?D #A2 T"1"/)2 >$ .>G2/ >/ 
Q"T12 4\2 T21?37 3A2(2"$ #A2(D?.("G>D2#(>) <"#" "(2 .>G2/ >/ ^>.=(2 Z\8 "/< CA?#?.("CA$ ?B 
$?D2 $"DC12$ "(2 .>G2/ >/ ^>.=(2 Z\;E 5$ )"/ T2 $22/ >/ ^>.=(2 Z\8 #A2 ?@><"#>?/ )?D2$ #? " 
A"1# "$ $??/ "$ #A2 #2DC2("#=(2 >$ 1?32(2< "1#A?=.A #A2 $"DC12 >$ $#>11 2@C?$2< #? #A2 #2$# ."$E 
QA>$ >$ C(>D"(>1I <=2 #? #A2 $A"(C >/>#>"1 <2)"I ?B #A2 #2DC2("#=(2 3A>)A ("C><1I )A"/.2$ #A2 ("#2 
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)?/$#"/#7 )?DC"(2 #? ^>.=(2 8\:E 51$?7 "/ ?@><2 $)"12 >$ B?(D2< "# A>.A #2DC2("#=(2$ ?/ #A2 
$"DC12$ 3A>)A 3>11 $1?3 <?3/ #A2 ?@><"#>?/ ("#2 "# #A2 1?32( #2DC2("#=(2$ >B #A2 ("#2 1>D>#>/. 
$#2C >$ <>BB=$>?/ )?/#(?112< J$2 $2)#>?/ 8E;ME
Table 4-2; Results from mass measurements before and after  exposures at 900�C. In the table, mass 
of the samplesbefore exposure, total weight of sample and crucible before exposure and total 
weight after  exposure aregiven. Note that data for  mass gain of the exposure per formed in 21% O2
or iginates from the TGA equipment and not from measurements using a separate balanceas the 
remaining measurements. The accuracy of the mass measurements are������.
A".',0/* S%,, '- ,%5.3* 

7*-'/* *".',0/* T2U
6'&%3 5%,, '- ,%5.3* %($ 
+/0+#73* 7*-'/* *".',0/* 
T2U

6'&%3 5%,, '- ,%5.3* %($ 
+/0+#73* %-&*/ *".',0/* T2U

S%,, 2%#( 
T52U

Ar/21% O2 n/a n/a n/a 137.02

Ar/1% O2 4.8066 8.8500 8.9526 102.66

Ar/1000 ppm 
O2 3B

4.8876 8.9304 8.9490 18.61

Ar/1000 ppm 
O2 3C

4.7813 8.8278 8.8505 22.74

Ar/100 ppm 
O2

4.8660 8.9154 8.9172 1.86

Figure 4-2. Mass gain per unit area as function of exposure time at different oxygen partial pressures at 
a total gas flow of 60mL test gas/min at a temperature 900�C.
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Figure 4-3. Photographs of an unexposed sample and samples exposed at 900�C in environments 
environments with 100 ppm (��� = �����) or 1000 ppm O2 (��� = ������) in Ar.

5$ ?T$2(G2<7 #A2 ?@><"#>?/ ("#2 ?B $"DC12 ;% 3"$ 1>/2"(E Q? 2@"D>/2 >B #A>$ T2A"G>?=( 3"$ ?/1I 
"/ 2BB2)# ?B 1>D>#2< ?@I.2/ $=CC1I7 "/?#A2( 2@C?$=(2 3>#A ��� = 100�Pa T=# 3>#A <?=T12< B1?3 
?B #2$# ."$ 3"$ )?/<=)#2< J2@C?$=(2 ; PME QA2 (2")#>?/ ("#2 >/ #A>$ 2@C?$=(2 3"$ B?=/< #? T2 
1>/2"( "$ 3211E Q?#"1 D"$$ .">/$ B(?D #A2 #3? 2@C?$=(2$ ;% "/< ;P 32(2 >/ #A2 $"D2 ("/.2 
JQ"T12 4\2M "/< #A2(D?.("G>D2#(>) <"#" $A?3 1>/2"( T2A"G>?=( B?( T?#A 2@C?$=(2$E 4# 3"$ 
"$$=D2< #A"# #A2 ?@><"#>?/ T2A"G>?=( ("#A2( #A"/ #A2 1>D>#2< $=CC1I ?B ?@I.2/ 3"$ #A2 (2"$?/ 
B?( #A2 1>/2"( T2A"G>?=( "# #A>$ 2@C?$=(2 #>D2 $C"/E 51$? "B#2( 2@C?$=(2 3>#A ��� = 10�Pa7 D"$$ 
.">/ 3"$ ?T$2(G2< #? >/)(2"$2 1>/2"(1I 3>#A #>D2E
4B <"#" B?( 2@C?$=(2$ 3>#A ��� = 10��Pa "/< ��� = 2.1 � 10��Pa "(2 C1?##2< "$ #A2 $]="(2 ?B 
D"$$ .">/ G2($=$ #>D27 $22 ^>.=(2 Z\Z7 ># >$ ?T$2(G2< #A"# #A2 2@C?$=(2 3>#A ��� = 2.1 � 10��Pa
2@A>T>#$ C"("T?1>) T2A"G>?=( "$ $??/ "$ #A2 $"DC12 >$ 2@C?$2< #? #A2 ")#>G2 ."$7 3A>12 #A2 
2@C?$=(2 ?B ��� = 10��k" (2$=1#$ >/ " C"("T?1>) T2A"G>?=( "B#2( "/ >/>#>"1 C2(>?< ?B 1>/2"( 
T2A"G>?=( "$ $A?3/ >/ ^>.=(2 Z\ZE k"("T?1>) )?/$#"/#$ B?( ��� = 2.1 � 10��Pa "/< ��� =
10��Pa 32(2 )"1)=1"#2< #? T2 8EZs:9\U .8s)D\Zs$\: "/< :EYs:9\U .8s)D\Zs$\: (2$C2)#>G21I7 3A>)A >$ 
>/ .??< ".(22D2/#7 "1#A?=.A $?D23A"# 1?32( #A"/ #A2 1>#2("#=(2 G"1=2 J,?B$#"< :RUU7 CC :UYd
:URME QA2 )"1)=1"#2< ("#2 )?/$#"/# B?( ��� = 2.1 � 10�����>$ )?DC"(2< #? #A2 C(2G>?=$1I 
"/"1I$2< 1>#2("#=(2 <"#" J$22 ^>.=(2 8\:M >/ ^>.=(2 Z\WE QA2 2@C2(>D2/#$ >/ #A>$ $#=<I <? /?# 
<2G>"#2 D?(2 B(?D #A2 B>##2< 5((A2/>=$ 2@C(2$$>?/ #A"/ #A2 B?=/< 1>#2("#=(2 <"#"E QA>$ $A?3$ #A"# 
"1#A?=.A #A2 $=(B")2$ ?B #A2 $"DC12$ 32(2 >/ "$\D>112< )?/<>#>?/$ #A>$ <>< /?# )"=$2 "/ >/)(2"$2<
<2G>"#>?/ "$ )?DC"(2< #? #A2 G"1=2$ >/ #A2 1>#2("#=(2 >/ #A2 C"("T?1>) (2.>D2E
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Figure 4-4. Square of mass gain plotted versus time for exposuresat 900�C in 1% and 21% O2
respectively.

Figure 4-5. Experimental data, crosses, obtained in this study compared with data taken from the 
literature, circles. The literature data is the same as for Figure 2-1.

B;@ A".',0/*, #( 8KKK ..5 !:PQ/ %& $#--*/*(& &*5.*/%&0/*,
5B#2( 2@C?$=(2$ 3>#A ��� = 100�Pa "# <>BB2(2/# #2DC2("#=(2$7 " 1>/2"( T2A"G>?=( 3"$ ?T$2(G2< 
"# T?#A R99OP "/< N99OP7 "$ $A?3/ >/ ^>.=(2 Z\YE QA2 "CC"(2/# D"$$ .">/ <=(>/. A2"#>/. >$ 
D?$# C(?T"T1I "/ "(#>B")# )"=$2< TI "/ >DC2(B2)# (2D?G"1 ?B #A2 >/$#(=D2/# (2$C?/$2 3>#A #A2 
#2$# )=(G2 #A"# >$ (2)?(<2< T2B?(2 #A2 D2"$=(2D2/# >#$21BE 511 $"DC12$ 2@A>T>#2< $C"11"#>?/7 
3A>)A "B#2( 2@C?$=(2 "# N99OP 3"$ ?T$2(G2< #? T2 >/>#>"#2< "B#2( #A2 #2$# C2(>?<E S"#" B(?D 
$2C"("#2 D"$$ D2"$=(2D2/#$ "(2 .>G2/ >/ Q"T12 4\3E
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Figure 4-6. Exposure with ��� = ������ (1000 ppm O2 in Ar) at different temperatures. 

Table 4-3. Results from mass measurements before and after  exposures with ��� = ������ (1000 
ppm O2/Ar . In the table, the mass of the sample before exposure, the total weight of sample and 
crucible before exposure and total weight after  exposure are shown. The accuracy of the mass 
measurements is������.
A".',0/* S%,, '- ,%5.3* 

7*-'/* *".',0/* T2U
6'&%3 5%,, '- 
,%5.3* %($ 
+/0+#73* 7*-'/* 
*".',0/* T2U

6'&%3 5%,, '- 
,%5.3* %($ 
+/0+#73* %-&*/ 
*".',0/* T2U

S%,, 2%#( T52U

270�C 4.8757 8.9190 8.9193 0.293

500�C 4.7967 8.8464 8.8497 3.31

700�C 4.8393 8.8888 8.8999 11.04

900�C 4.8876 8.9304 8.9490 18.61

4/ #A2 2@C?$=(2$ 3>#A ��� = 100�Pa7 2@C?$=(2$ C2(B?(D2< "# N99OP "/< R99OP 2@A>T># " 1>/2"( 
T2A"G>?=(7 3A2(2"$ #A2 <"#" "# W99OP <>BB2( B(?D #A2 1>/2"( T2A"G>?=(E V?32G2(7 "11 <"#" )?=1< 
T2 B>##2< TI 2]E 8\8 3>#A (2$=1#$ C(2$2/#2< >/ 5CC2/<>@ :E

B;B A".',0/*, #( Q/P8;W 5'3XY <:P8KKK 5'3X..5 !:

5B#2( 2@C?$=(2 >/ 5([:EU L V8[:999 CCD 687 #A2 $"DC12 2@C?$2< "# 8N9OP7 <>$C1"I2< " $1>.A# 
<>$)?1?("#>?/E ^?( #A2 $"DC12 2@C?$2< "# R99OP7 #A2 $"DC12 3"$ $A>/I 3>#A #A2 D>11>/. (><.2$ 
$?D23A"# 12$$ C(?/?=/)2< "B#2( 2@C?$=(2 "/< $?D2 .(">/ T?=/<"(>2$ ?B #A2 D"#2(>"1 #A"# )?=1< 
T2 <>$#>/.=>$A2< TI G>$="1 >/$C2)#>?/ J^>.=(2 Z\NME !"$$ .">/$ JQ"T12 4\4M 32(2 T21?3 #A2 
"))=(")I ?B #A2 $)"127 60���E

QA2 "=#?\>./>#>?/ C?>/# ?B AI<(?.2/ >$ "CC(?@>D"#21I W99OPE 5T?G2 #A>$ #2DC2("#=(27 #A2 ."$ 
2/G>(?/D2/# D>.A# "1$? )?/#">/ $?D2 3"#2(E 4B #A2 #?#"1 "D?=/# ?B ?@I.2/ >$ )?/$=D2< TI 
AI<(?.2/ C(?<=)>/. 3"#2(7 #A2 (2$=1#>/. ."$ 2/G>(?/D2/# >/ #A2 R99OP 2@C?$=(2 >$ 5([:EY D?1\
L V8[8999 D?1\CCD V86E QA2 #(=2 )?DC?$>#>?/ "# R99OP D>.A#7 <2C2/<>/. ?/ #A2 (2")#>?/ ("#2 
?B #A2 3"#2( (2")#>?/7 A"G2 "/ ?@I.2/ C"(#>"1 C(2$$=(2 T2#322/ 9 "/< :99 k"E 5$ #A2 $"DC12 
"B#2( #A>$ 2@C?$=(2 $22D$ =/"BB2)#2<7 ># >$ C?$$>T12 #A"# #A2 ?@I.2/ (2")#$ T2B?(2 (2")A>/. #A2 
$"DC12E 

5# 8N9OP7 #A2(2 >$ " $1>.A# <>$)?1?("#>?/ 3>#A /? D2"$=(2< D"$$ .">/E QA>$ D>.A# T2 " $>./ ?B 
?@><"#>?/ B?11?32< TI (2<=)#>?/ >/ #A2 2@C?$=(2 ?( (2<=)#>?/ ?B "/ 2@>$#>/. ?@><2 1"I2(E 4B #A2 
?@><2 1"I2( >$ "$$=D2< #? T2 A?D?.2/2?=$7 #A2 D"$$ .">/ )"/ T2 (2)"1)=1"#2< "$ ?@><2 #A>)*/2$$ 
=$>/. #A2 <"#" :t.[)D8u:ZEYW /D J$22 $2)#>?/ 8EZME %"$2< ?/ #A2 "))=(")I ?B #A2 $)"12 #A2 
)A"/.2 ?B #A>)*/2$$ >/ #A2 ?@><2 1"I2( A"$ #? T2 T21?3 :N9 /DE h$>/. #A2 )?1?=( ?B #A2 $"DC127
T1=2 "/< G>?12#7 #A2 #A>)*/2$$ )"/ T2 2$#>D"#2< #? "T?=# W9 /D JS"G>$ 899:7 C Z::ME
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Table 4-4. Results from mass measurements before and after  exposures in 90% 2%H2/Ar  and 10% 
1% O2/Ar . The accuracy of the mass measurements is������.
A".',0/* S%,, '- ,%5.3* 

7*-'/* *".',0/* T2U
6'&%3 5%,, '- 
,%5.3* %($ 
+/0+#73* 7*-'/* 
*".',0/* T2U

6'&%3 5%,, '- 
,%5.3* %($ 
+/0+#73* %-&*/ 
*".',0/* T2U

S%,, 2%#( TV2U

270�C 4.9043 8.94901 8.94904 30

900�C 4.8906 8.93541 8.93536 -50

Figure 4-7. Photographs of an unexposed sample and the two samples exposed in 1.8% H2/1000 ppm 
O2/Ar.

B;F S'$*33#(2
4/ ?(<2( #? (2C(2$2/# #A2 ?@><"#>?/ *>/2#>)$ 3>#A " D"#A2D"#>)"1 2]="#>?/ D"$$ .">/ G2($=$ #>D2 
<"#" 3>11 T2 "/"1Ib2< 3>#A #A2 A21C ?B 2]="#>?/ (2-2)E 5# B>($# "/ "##2DC# 3"$ D"<2 #? B># #A2 
D"$$ .">/ )=(G2$ >/<>G><="11I "/< "11?3>/. �� "/< ��#? G"(IE QA2 (2$=1# ?B #A"# B># $A?32< #A"# 
#A2 #3? ("#2 )?/$#"/#$ 32(2 A>.A1I )?=C12< "/< A"(< #? <>BB2(2/#>"#2 >/ $?D2 )"$2$E QA2(2B?(27 
#A2 D"$$ .">/ )=(G2$ B?( 900�℃7 N00�℃  "/< W00�℃�A"G2 T22/ B>##2< #? " $>/.12 D?<21E QA2 <"#" 
B(?D 270�℃3"$ =$2< "$ " #2$# B?( #A2 G"1><>#I ?B #A2 D?<21E
QA2 D?<21 =$2< B?( #A2 <"#" >$ T"$2< ?/ 2]="#>?/ (2-2)7 "11?3>/. $?D2 C(2\?@><"#>?/ ?B #A2 
$=(B")27 TI >/#(?<=)>/. " #>D2 ?BB$2#���7

�
��

+ ��

��
= �+ ��. (4-1)

QA>$ >$ " $2)?/< <2.(22 C?1I/?D>"1 3>#A #A2 $?1=#>?/ 

� = �
� �− ��

��
� ����

��
�

�
+ 4��(�+ ��)�E (4-2)

QA2 /2."#>G2 $?1=#>?/ )"/ T2 <>$(2."(<2< $>/)2 ># >$ /?# CAI$>)"1 3>#A /2."#>G2 D"$$ .">/$ =/<2( 
#A2$2 )>()=D$#"/)2$E QA2 G"1=2 ?B �� >$ #"*2/ B(?D #A2 B># ?B #A2 1>#2("#=(2 <"#" "/< #A2 C(2$$=(2 
<2C2/<2/)2 >$ #"*2/ >/#? "))?=/# "$ " C?32( 1"3

������,��= �� � �� �
�� �

���,��
��

����� ��
�� + ���� ��

���7 J4-3M
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3A2(2 �� >$ #A2 C"("T?1>) C?32( 1"3 )?/$#"/#7 )?DC"(2 3>#A #A2 C?32( 1"3$ .>G2/ >/ $2)#>?/ 
8E;7 "/< ��2

���,� >$ #A2 (2B2(2/)2 ?@I.2/ )?/#2/# "# 3A>)A #A2 5((A2/>=$ 2@C(2$$>?/ 3"$ 2G"1="#2<7 

A2(2 ��2

���,� = 2.1 � 104E �� >$ " $)"12 B")#?( #? "))?DD?<"#2 )A"/.2$ B(?D #A2 2@C(2$$>?/ 
."#A2(2< B(?D #A2 1>#2("#=(2 <"#"E 4/ " $>D>1"( D"//2( #A2 1>/2"( ("#2 )?/$#"/# >$ D?<2112< 3>#A

������,��= ��� �� �
�� �

���,��
��

����
� ��

�� �
�����7 J4-4M

3A2(2 ��>$ " )?/$#"/# "/< ��>$ #A2 ")#>G"#>?/ 2/2(.I B?( #A2 1>/2"( ("#2 C(?)2$$7 ��>$ #A2 C?32( 
1"3 2@C?/2/# B?( #A2 C(?)2$$l$ C(2$$=(2 <2C2/<2/)27 ��2

���,�>$ #A2 1>/2"( (2B2(2/)2 C(2$$=(27 A2(2 

<2B>/2< "$ ��2

���,�= 100���7 "/< ���� = 900℃= 1173.15�� >$ " (2B2(2/)2 #2DC2("#=(2E
QA2 "T?G2 2]="#>?/$ 32(2 >DC12D2/#2< "$ " D?<21 >/ #A2 a2/v B>##>/. $?B#3"(2 J%&'()* "/< 
5/<2($$?/ 899NM #A2 (2$=1#>/. C"("D2#2($ #A"# 32(2 "11?32< #? T2 G"(>2< )"/ T2 B?=/< >/ Q"T12
4\5E QA2 #>D2 ?BB$2# 3"$ $22/ #? ?/1I T2 >DC?(#"/# B?( #A2 C"("T?1>) (2.>D2 "/< )?/$2]=2/#1I 
?/1I #A2 <"#" $A?3>/. " C"("T?1>) T2A"G>?=( 3"$ B>##2< 3>#A " #>D2 ?BB$2#E QA2 2@C2(>D2/#$ "# 
900�℃7 ��� = 2.1 � 10� k" "/< ��� = 10� k" =$2< #A2 $"D2 #>D2 ?BB$2#7 �0,900℃,21%1% "/< #A2 
2@C2(>D2/# "# 500�℃7 1000���� =$2< ?/2 "<<>#>?/"1 C"("D2#2( �0,500℃E 5$ #A2 2]=>CD2/# A"< 
" T")*.(?=/< ?@I.2/ C"(#>"1 C(2$$=(2 3A2/ B1=$A2< 3>#A C=(2 "(.?/ #A2 D2"/ ?@I.2/ 
T")*.(?=/< C(2$$=(27 ��� = 3.75���7 3"$ >/)1=<2< "$ " $I$#2D"#>) ?BB$2# >/ #A2 D?<21E QA2 
(2$=1#>/. ".(22D2/# ?B #A2 D?<21 3>#A #A2 <"#" )"/ T2 $22/ >/ ^>.=(2 Z\UE Q? G2(>BI #A2 D?<21l$ 
T2A"G>?=( "# 1?32( #2DC2("#=(2$ "$ 3211 " )?DC"(>$?/ 3>#A "11 D2"$=(2< D"$$ .">/$ "(2 
C(2$2/#2< >/ ^>.=(2 Z\RE QA2 D"@>D=D <2G>"#>?/ T2#322/ #A2 D?<21 "/< <"#" >$�40%E 4# )"/ T2 
$22/ #A"# #A2 D?<21 $A?3$ " $I$#2D"#>) =/<2(2$#>D"#>?/ ?B #A2 "D?=/# ?B ?@><"#>?/ "# 270℃E 
Table 4-5. The fitting parameters used to refine the model to the data. For  the parameters relating 
to the parabolic behaviour  see Table 2-1.

Parameter
!.&#5#Z*$ C%30*

��� 1.19 ∙ 10����/ (�� ��)
�� 27���/ � ��
�� 1.04
�� 0.0

��,���℃,��%�% 396��
��,���℃ 308��

�� 0.83
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Figure4-8. The resulting fits of the TGA experiments at ���℃with varying oxygen content (left) and for 
constant oxygen content ��� = ������ with varying temperature. The data is represented by black 
pixels and identified by the closest fit which is colour coded in the legend. 

Figure4-9. The total mass gains as measured by balance for all studied exposuresas a function of the 
oxygen content. The samples exposed at ����℃�were not included in the fit and serve to validate the 
model.

QA2 1>/2"( ?@><"#>?/ ("#2 )?/$#"/# B?11?3$ " 1>/2"( <2C2/<2/)2 ?/ #A2 �� C"(#>"1 C(2$$=(2E QA>$ 
T2A"G>?=( >$ 2@C2)#2< >B #A2 ("#2 <2#2(D>/>/. $#2C ?B #A2 (2")#>?/ >$ #A2 <>$$?)>"#>?/ ?B #A2 
?@I.2/ D?12)=12 ?/ #A2 $=(B")2 ?( ?/2 ?B #A2 C(>?( $#2C$ >/ #A2 (2")#>?/ J->#)A>2 "/< V=/#
:RYRME QA2 ")#>G"#>?/ 2/2(.I ?B 27��� � ���⁄ = 0.28���/ ���� ��>$ ?B #A2 $"D2 ?(<2( ?B 
D"./>#=<2 "$ #A2 $=(B")2 $21B <>BB=$>?/ T"((>2( ?B ?@I.2/ ?/ )?CC2( J,?(bA"GI> "/< w?A"/$$?/
89::ME QA2 B")# #A"# #A2 C"("T?1>) ("#2 1"3 A"$ /? <2C2/<2/)2 ?/ #A2 ?@I.2/ )?/#2/# A"$ /?# 
T22/ (2C?(#2< >/ #A2 1>#2("#=(2E ^>@>/. #A2 C"("T?1>) 2@C?/2/# #? �� = 1/ 7 I>21<2< " $1>.A#1I 
3?($2 B># 3>#A " 1"(.2(��� = 1.2E 
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Figure 4-10. The dominating rate law as a function of the oxygen content and temperature. The red full 
line denotes the boundary, � = �, between the parabolic and linear regimes with thefilled
semitransparent red transition area, �.� ≤ � ≤ ��,�for a time �= ���. The blue dotted line with an 
accompanying blue semi transparent areashows the equivalent quantities for �= ��. The green circles 
denote the experiments conducted in this study. The grey area in the graph isparameter combinations 
expected to lie outside the FSW process.
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Figure 0-1. Collection of all TGA data with fits to the model (eq. J8\8M) included to show the applicability 
of the model.
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