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Chapter 1

Introduction

1.1 Nuclear fusion and its material requirements
轃转轩轭轡轴轥 轣轨轡轮轧轥 轩轳 软轮轥 软车 轴轨轥 轫轥轹 轣轨轡转转轥轮轧轥轳 软车 软轵轲 轧轥轮轥轲轡轴轩软轮輮 轒轥轤轵轣轴轩软轮 软车 轴轨轥 轥轭轩轳轳轩软轮
软车 轧轲轥轥轮轨软轵轳轥 轧轡轳轥轳 轳轵轣轨 轡轳 轣轡轲轢软轮 轤轩软轸轩轤轥 輨轃轏2輩 轲轥轤轵轣轥轳 轴轨轥 轲轩轳轫 软车 轳轥轶轥轲轥 轣软轮轳轥轱轵轥轮轣轥轳
车轲软轭 轣转轩轭轡轴轥 轣轨轡轮轧轥輮 轅转轥轣轴轲轩轣轩轴轹 轧轥轮轥轲轡轴轩软轮 轣轵轲轲轥轮轴转轹 轡轴轴轲轩轢轵轴轥轳 轴软 轡轲软轵轮轤 12 % 软车 轴轨轥
轃轏2 轥轭轩轳轳轩软轮轳 轷软轲转轤 轷轩轤轥 轛輱轝輮 轔轨轥轲轥车软轲轥輬 轳轣轩轥轮轣轥 轳轨软轵转轤 轣软轮轳轩轤轥轲 轡转转 轡轶轡轩转轡轢转轥 软轰轴轩软轮轳 轴软
轧轥轮轥轲轡轴轥 轥转轥轣轴轲轩轣轩轴轹 轥轭轩轴轴轩轮轧 轡轳 转轩轴轴转轥 轧轲轥轥轮轨软轵轳轥 轧轡轳轥轳 轡轳 轰软轳轳轩轢转轥 轡轮轤 轤轲轡轷 轣软轮轣转轵轳轩软轮轳
轡车轴轥轲 轥轸轰转软轲轩轮轧 轴轨轥 软轰轰软轲轴轵轮轩轴轩轥轳輮

轆轲软轭 轣轵轲轲轥轮轴 轫轮软轷转轥轤轧轥輬 轴轨轥轲轥 轡轲轥 轴轨轲轥轥 轭轡轩轮 轰轲轩轭轡轲轹 轥轮轥轲轧轹 轳软轵轲轣轥轳輺 车软轳轳轩转 车轵轥转轳輬
轲轥轮轥轷轡轢转轥 轥轮轥轲轧轹 轳软轵轲轣轥轳輬 轡轮轤 轮轵轣转轥轡轲 轥轮轥轲轧轹輮 轎轥轷 轴轥轣轨轮软转软轧轩轥轳 轣轡轮 轩轭轰轲软轶轥 轴轨轥 轥輞轣轩轥轮轣轹
软车 轥转轥轣轴轲轩轣轩轴轹 轧轥轮轥轲轡轴轩软轮 车轲软轭 车软轳轳轩转 车轵轥转轳輮 轈软轷轥轶轥轲輬 轧轲轥轥轮轨软轵轳轥 轧轡轳 轥轭轩轳轳轩软轮轳 轷轩转转 轲轥轭轡轩轮輮
轒轥轮轥轷轡轢转轥 轥轮轥轲轧轹 轳软轵轲轣轥轳 轳轵轣轨 轡轳 轷轩轮轤輬 轳软转轡轲輬 轡轮轤 轨轹轤轲软輭轰软轷轥轲 轡轲轥 轡轮 轩轭轰软轲轴轡轮轴 輜轥转轤
软车 轲轥轳轥轡轲轣轨輮 轈软轷轥轶轥轲輬 轴轨轥轲轥 轡轲轥 转轡轲轧轥 輝轵轣轴轵轡轴轩软轮轳 轩轮 轡轶轡轩转轡轢轩转轩轴轹 软车 轴轨软轳轥 轳软轵轲轣轥轳輮 轔轨轩轳
轣轲轥轡轴轥轳 轣轨轡转转轥轮轧轥轳 车软轲 轴轨轥 轧轲轩轤 轡轮轤 轴轨轥 轮轥轥轤 车软轲 轳轴软轲轡轧轥 轳软转轵轴轩软轮轳 轛輲轝輮 轔轨轥 轨轩轧轨轥轲 轴轨轥
车轲轡轣轴轩软轮 软车 轥转轥轣轴轲轩轣轩轴轹 车轲软轭 轲轥轮轥轷轡轢转轥 轳软轵轲轣轥轳輬 轴轨轥 轢轩轧轧轥轲 轩轳 轴轨轥 轴轥轣轨轮软转软轧轩轣轡转 轣轨轡转转轥轮轧轥轳
车软轲 轴轨轥 轧轲轩轤 轡轮轤 轴轨轥 轳轴软轲轡轧轥輮 轒轥轳轥轡轲轣轨 轩轳 轮轥轥轤轥轤 轩轮 轴轨轡轴 輜轥转轤輮

轎轵轣转轥轡轲 轥轮轥轲轧轹 轩轳 轴轨轥 轴轨轩轲轤 软轰轴轩软轮輮 轔轨轥 轰轵轢转轩轣 轡轣轣轥轰轴轡轮轣轥 软车 轮轵轣转轥轡轲 轥轮轥轲轧轹 轩轳 轰软软轲
轩轮 轳软轭轥 轣软轵轮轴轲轩轥轳 轳轵轣轨 轡轳 轇轥轲轭轡轮轹 轤轵轥 轴软 轮轵轣转轥轡轲 轷轡轳轴轥 轡轮轤 轡轣轣轩轤轥轮轴轳 轩轮 轔轳轣轨轥轲轮软轢轹转
轡轮轤 轆轵轫轵轳轨轩轭轡 轛輳轝輮 轁转转 轮轵轣转轥轡轲 轰软轷轥轲 轰转轡轮轴轳 轩轮 软轰轥轲轡轴轩软轮 轡轲轥 轡轮轤 轷轥轲轥 輜轳轳轩软轮 轰软轷轥轲
轰转轡轮轴轳輮 轉轮轤轥轥轤 轴轨轥 轰轲软轢转轥轭 软车 轴轨轥 轮轵轣转轥轡轲 轷轡轳轴轥 车轲软轭 輜轳轳轩软轮 轰软轷轥轲 轰转轡轮轴轳 轩轳 轮软轴 轳软转轶轥轤輮
轈软轷轥轶轥轲輬 轮轥轷 轲轥轳轥轡轲轣轨 轣软轮轴轩轮轵软轵轳转轹 轩轭轰轲软轶轥轳 轴轨轥 轳轡车轥轴轹 软车 輜轳轳轩软轮 轰软轷轥轲 轰转轡轮轴轳 轛輴轝輮 轉轮
轰轵轢转轩轣 轤轥轢轡轴轥轳輬 轩轴 轩轳 软车轴轥轮 车软轲轧软轴轴轥轮 轴轨轡轴 轴轨轥 輜轥转轤 软车 轮轵轣转轥轡轲 轥轮轥轲轧轹 轳轨软轵转轤 轢轥 轳轥轰轡轲轡轴轥轤 轩轮轴软
輜轳轳轩软轮 轡轮轤 车轵轳轩软轮輮 轆轩轳轳轩软轮 轲轥转轩轥轳 软轮 轳轰转轩轴轴轩轮轧 轡 转轡轲轧轥 轮轵轣转轥轵轳 轩轮轴软 轳轭轡转转轥轲 轰轡轲轴轳輬 轷轨轥轲轥轡轳
车轵轳轩软轮 轲轥转轩轥轳 软轮 轭轥轲轧轩轮轧輯车轵轳轩轮轧 轴轷软 轳轭轡转转 轮轵轣转轥轩輮 轔轨轵轳輬 轴轨轥轲轥 轩轳 轡 车轵轮轤轡轭轥轮轴轡转 轤轩輛轥轲轥轮轣轥
轢轥轴轷轥轥轮 轴轨轥 轰轨轹轳轩轣轳 软车 輜轳轳轩软轮 轡轮轤 车轵轳轩软轮輮 轏轮轥 轣软轮轳轥轱轵轥轮轣轥 轩轳 轴轨轡轴 轴轨轥 轲轥轡轣轴轩软轮 轰轲软轤轵轣轴轳
软车 轡 车轵轳轩软轮 轲轥轡轣轴轩软轮 轡轲轥 轮软轴 轲轡轤轩软轡轣轴轩轶轥輮 轔轨轵轳輬 转软轮轧輭轴轥轲轭 轲轡轤轩软轡轣轴轩轶轥 轷轡轳轴轥 轣轡轮 轢轥 轡轶软轩轤轥轤
轩轮 轡 车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴輬 轵轮转轩轫轥 轩轮 轡 輜轳轳轩软轮 轰软轷轥轲 轰转轡轮轴 轛輵轝輮 轁轮软轴轨轥轲 轣软轮轳轥轱轵轥轮轣轥 轩轳 轴轨轡轴
车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴轳 轡轲轥 轩轮轨轥轲轥轮轴转轹 轳轡车轥 轛輵轝輮

轉轮轨轥轲轥轮轴 轳轡车轥轴轹 轩轳 轧轩轶轥轮 轡轳 轡 车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴 轲轥轱轵轩轲轥轳 轡 轭轡轧轮轥轴轩轣轡转转轹 轣软轮輜轮轥轤 轰转轡轳轭轡
轩轮 轡 轶轡轣轵轵轭 轶轥轳轳轥转 轛輶轝輮 轁轮 轵轮轣软轮轴轲软转转轥轤 车轵轳轩软轮 轰轲软轣轥轳轳 轩轮 轣轡轳轥 软车 轡轮 轡轣轣轩轤轥轮轴 轩轳 轮软轴 轰软轳轳轩轢转轥輬
轴轨轥 轰转轡轳轭轡 轷轩转转 轩轭轭轥轤轩轡轴轥转轹 轣软转转轡轰轳轥 轩轮 轣轡轳轥 软车 轡轩轲 轩轮轧轲轥轳轳輮 轉轮 软轲轤轥轲 轴软 轨轡轶轥 轡轮 轥輞轣轩轥轮轴
车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴輬 轴轨轥 轲轥轱轵轩轲轥轤 轰转轡轳轭轡輭轨轥轡轴轩轮轧 轥轮轥轲轧轹 轳轨软轵转轤 轢轥 轭轩轮轩轭轩轺轥轤 轷轨轥轲轥轡轳 轴轨轥
轲轥轡轣轴轩软轮 轲轡轴轥 软车 轴轨轥 车轵轳轩软轮 轰轲软轣轥轳轳 轳轨软轵转轤 轢轥 轭轡轸轩轭轩轺轥轤輮 轔轨轥轲轥车软轲轥輬 轡 车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴
轢轡轳轥轤 软轮 轴轨轥 轲轥轡轣轴轩软轮 软车 轴轨轥 轨轹轤轲软轧轥轮 轩轳软轴软轰轥轳 轤轥轵轴轥轲轩轵轭 輨轄輩 轡轮轤 轴轲轩轴轩轵轭 輨轔輩 轩轳 轴轨轥 轭软轳轴

輹



轰轲软轢轡轢转轥 软轰轴轩软轮輺
2
1D +3

1 T→ 4
2He (3.5 MeV) +1

0 n (14.1 MeV) 輨輱輮輱輩

轉轮 轴轨轥 轴轥轭轰轥轲轡轴轵轲轥 轲轡轮轧轥 软车 10 keV 轴软 20 keV 轴轨轥 轲轥轡轣轴轩软轮 轲轡轴轥 轩轳 轡轢软轶轥 1× 10−22 m3 s−1

轛輷轝 轡轮轤 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮 车软轲 轴轨轥 轲轥轡轣轴轩软轮 轩轳 轡轢软轶轥 1× 10−2 b 轛輸轝輮 轔轨轥 轨轹轤轲软轧轥轮 轩轳软轴软轰轥轳
轭轵轳轴 轢轥 轭轡轧轮轥轴轩轣轡转转轹 轣软轮輜轮轥轤 轡轮轤 轨轥轡轴轥轤 轴软 轴轨轡轴 轴轥轭轰轥轲轡轴轵轲轥輮 轁车轴轥轲 轩轧轮轩轴轩软轮 软车 轴轨轥
轰转轡轳轭轡 轴轨轥 车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴 轭轵轳轴 轲轵轮 轳轥转车輭轳轵轳轴轡轩轮轩轮轧輬 轩輮轥輮 轴轨轥 轨轥轡轴 轲轥转轥轡轳轥轤 车轲软轭 轴轨轥
轲轥轡轣轴轩软轮轳 轩轮 轴轨轥 轰转轡轳轭轡 轭轵轳轴 轳轵轢轳轴轩轴轵轴轥 轥轸轴轥轲轮轡转 轨轥轡轴轩轮轧 轳轹轳轴轥轭轳輮 轔轨轩轳 轲轥轱轵轩轲轥轭轥轮轴 轩轳
轥轸轰轲轥轳轳轥轤 轵轳轩轮轧 轴轨轥 轴轨轥 车轵轳轩软轮 轴轲轩轰转轥 轰轲软轤轵轣轴輮 轔轨轥 轣软轮轤轩轴轩软轮 车软轲 轴轨轥 车轵轳轩软轮 轴轲轩轰转轥 轰轲软轤轵轣轴
轩轮 轡 轄輭轔 轰转轡轳轭轡 轩轳 轡轳 车软转转软轷轳輺

n τ T ≥ 3× 1021 m−3 s keV 輨輱輮輲輩

轷轨轥轲轥 n 轩轳 轴轨轥 轰转轡轳轭轡 轤轥轮轳轩轴轹輬 τ 轩轳 轴轨轥 轥轮轥轲轧轹 轣软轮輜轮轥轭轥轮轴 轴轩轭轥 轡轮轤 T 轴轨轥 轴轥轭轰轥轲轡轴轵轲轥
轛輹轝輮

轔轨轩轳 轷软轲轫 轡轳轳轵轭轥轳 轡 车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴 轷轩轴轨 轡 轷轥转转 轣软轮輜轮轥轤 轡轮轤 轣软轮轴轲软转转轥轤 轰转轡轳轭轡輮
轉轮 轳轵轣轨 轡 轣轡轳轥 轴轨轥轲轥 轡轲轥 轳轴轩转转 轣轨轡转转轥轮轧轥轳 轳轵轣轨 轡轳 轴轨轥 轭轡轴轥轲轩轡转 轳轥转轥轣轴轩软轮 车软轲 轴轨轥 輜轲轳轴 轷轡转转
软车 轴轨轥 轶轡轣轵轵轭 轶轥轳轳轥转輮 轉轮 轡 轤轥轭软轮轳轴轲轡轴轩软轮 轰软轷轥轲 轰转轡轮轴 輨轄轅轍轏輩 轡 轨轥轡轴 转软轡轤 软车 轵轰 轴软
1 MWm−2 轩轳 车软轲轥轳轥轥轮 软轮 轴轨轥 輜轲轳轴 轷轡转转 轛輱輰轝輮 轁轮软轴轨轥轲 轰轥轣轵转轩轡轲轩轴轹 软车 轡 车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴
轡轲轥 轴轨轥 14.1 MeV 轮轥轵轴轲软轮轳 轲轥轡轣轨轩轮轧 轴轨轥 轷轡转转 轭轡轴轥轲轩轡转轳輮 轔轨轥轳轥 轣软轮轤轩轴轩软轮轳 轩轭轰软轳轥 轭轵转轴轩轰转轥
轲轥轱轵轩轲轥轭轥轮轴轳 软轮 轴轨轥 轭轡轴轥轲轩轡转 轳轥转轥轣轴轩软轮 轛輱輱轝輺

• 轔轨轥 轭轡轴轥轲轩轡转 轲轥轱轵轩轲轥轳 轡 轨轩轧轨 轴轨轥轲轭轡转 轣软轮轤轵轣轴轩轶轩轴轹 轡轮轤 轡 轨轩轧轨 轭轥转轴轩轮轧 轰软轩轮轴 轴软
轨轡轮轤转轥 轴轨轥 轨轥轡轴 转软轡轤輮

• 轔轨轥 轭轡轴轥轲轩轡转 轲轥轱轵轩轲轥轳 轡 转软轷 轥轲软轳轩软轮 轹轩轥转轤 车轲软轭 轴轨轥 轩轮轣软轭轩轮轧 轰转轡轳轭轡 轰轡轲轴轩轣转轥轳 轴软
轥轮轳轵轲轥 轡 转软轮轧 转轩车轥轴轩轭轥 轡轮轤 轴软 轭轩轮轩轭轩轺轥 轴轨轥 轣软轮轴轡轭轩轮轡轴轩软轮 软车 轴轨轥 轰转轡轳轭轡 轢轹 轩轭轰轵轲轩轴轩轥轳
车轲软轭 轴轨轥 轷轡转转輮

• 轔轨轥 轭轡轴轥轲轩轡转 轲轥轱轵轩轲轥轳 轡 转软轷 轨轹轤轲软轧轥轮 轲轥轴轥轮轴轩软轮輮 轏轴轨轥轲轷轩轳轥輬 轲轡轤轩软轡轣轴轩轶轥 轴轲轩轴轩轵轭
轴轲轡轰轰轥轤 轩轮轳轩轤轥 轴轨轥 轷轡转转 轣轡轵轳轥轳 轡 轲轡轤轩软转软轧轩轣轡转 轨轡轺轡轲轤輮 轆轵轲轴轨轥轲輬 轴轨轥 轴轲轩轴轩轵轭 轩轮 轴轨轥
轷轡转转 轩轳 转软轳轴 车软轲 轴轨轥 车轵轳轩软轮 轰轲软轣轥轳轳輮

• 轔轨轥 轭轡轴轥轲轩轡转 轲轥轱轵轩轲轥轳 轲轥轳轩轳轴轡轮轣轥 轴软轷轡轲轤轳 轮轥轵轴轲软轮 轩轲轲轡轤轩轡轴轩软轮輮 轎轥轵轴轲软轮 轩轲轲轡轤轩轡轴轩软轮
轣轡轵轳轥轳 轴轨轥 轤轩轳轰转轡轣轥轭轥轮轴 软车 轡轴软轭轳 轩轮 轴轨轥 轭轡轴轥轲轩轡转 轡轮轤 轴轲轡轮轳轭轵轴轡轴轩软轮轳 轢轹 轮轵轣转轥轡轲
轲轥轡轣轴轩软轮轳輮 轔轲轡轮轳轭轵轴轡轴轩软轮轳 转轥轡轤 轴软 轡 轣轨轡轮轧轥 轩轮 轴轨轥 轣轨轥轭轩轣轡转 轣软轭轰软轳轩轴轩软轮 轡轮轤
轡轣轴轩轶轡轴轩软轮 软车 轭轡轴轥轲轩轡转轳輮 轔轨轥 轲轥轳轩轳轴轡轮轣轥 轩轭轰转轩轥轳 轴轨轡轴 轴轨轥 轰轲软轰轥轲轴轩轥轳 软车 轴轨轥 轭轡轴轥轲轩轡转
轤软 轮软轴 轣轨轡轮轧轥 轳轩轧轮轩輜轣轡轮轴转轹 轷轩轴轨 轮轥轵轴轲软轮 轩轲轲轡轤轩轡轴轩软轮 轡轮轤 轴轨轡轴 轴轨轥 轭轡轴轥轲轩轡转 轣轡轮 轢轥
轲轥轣轹轣转轥轤 轷轩轴轨轩轮 輱輰輰 轹轥轡轲轳 轡车轴轥轲 轳轨轵轴輭轤软轷轮 软车 轴轨轥 轰软轷轥轲 轰转轡轮轴輮

• 轔轨轥 轭轡轴轥轲轩轡转 轲轥轱轵轩轲轥轳 轴软 轢轥 轳轴轡轢转轥 轩轮 轡轮轹 轡轢轮软轲轭轡转 轥轶轥轮轴輮 轁 轰软轴轥轮轴轩轡转 轮轥轣轥轳轳轩轴轹
车软轲 轡轮 轥轶轡轣轵轡轴轩软轮 软车 轰轥软轰转轥 转轩轶轩轮轧 轩轮 轴轨轥 轳轵轲轲软轵轮轤轩轮轧 软车 轴轨轥 轰软轷轥轲 轰转轡轮轴 轭轵轳轴 轢轥
轥轸轣转轵轤轥轤輮 轆轡轩转轵轲轥 软车 轡转转 轡轣轴轩轶轥 轣软软转轩轮轧 轳轹轳轴轥轭轳 轡轮轤 轣轲轡轣轫轩轮轧 软车 轴轨轥 轶轡轣轵轵轭 轶轥轳轳轥转 轩轳
软轮轥 轰软轳轳轩轢转轥 轡轢轮软轲轭轡转 轥轶轥轮轴輮

輱輰



1.2 Tungsten alloys
The main candidate for the plasma-facing material in future fusion power plants is
currently tungsten (W). It fulfills already multiple requirements listed in section 1.1: the
thermal conductivity at room temperature of 1.75W cm−1 K−1 [12] and the melting point
of 3663K [13] are sufficiently high. W is a heavy element resulting in a low erosion yield.
A sufficiently low tritium retention was measured - the retained hydrogen in the wall is
reduced by a factor of 100 to 1000 if a full W plasma-facing wall is used as compared to
a full C plasma-facing wall [14]. The neutron-induced activity of W decays to the hands-
on level of 10 μSv h−1 within 100 years meeting the requirement of recycle-ability within
100 years [15]. Neutron-induced embrittlement and the intrinsic brittleness of W are an
important field of research [16]. The safety of the power plant in case of an accident is
another field.

The accident scenario involves a total loss of active cooling and simultaneous air ingress
into the vacuum vessel (LOCA). The air influx will cause the plasma to switch off, no
chain reaction is possible. However, the activated wall heats up due to the nuclear decay
heat of the wall itself. In the absence of active cooling a temperature above 1200K will
be reached after three days and held for several weeks [17]. W will form WO3. WO3 is
volatile under these conditions and radioactive W can be released to the environment.

At 1473K in humid air a WO3 sublimation rate of 3.68× 10−2 mg cm−2 s−1 is reported
[18]. A first wall armor with a surface area of 1000m2, a thickness of 2mm and a mass of
4× 104 kg is mobilized in less than 2 days. Potentially a fraction of that material deposits
onto cooler parts of the reactor before being released to the environment. However, this
fraction depends on the details of the accident and a reliable safety concept should not be
based on deposition of already mobilized W. The expected activity of W at the first wall
after 5 full power years (fpy) is 8.74× 1014 Bqkg−1 [19]. In comparison, the total release in
the nuclear accident from Fukushima is estimated at 5.2× 1017 Bq excluding noble gases
[20]. In summary, a LOCA would be a major nuclear accident and solutions must be
found to passively mitigate the consequences.

Smart alloys as armor material could improve safety in case of a LOCA. The concept
is schematically illustrated in Fig. 1.1. For normal operation of the fusion power plant,
the alloy shall possess the beneficial properties of W as mentioned above. During plasma
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Figure 1.1: Schematic working principle of smart alloys. On the left, during operation of
the power plant the material shall behave as normal W which is achieved by formation of
a pure W zone due to preferential sputtering of the lighter alloying elements X. On the
right, after a LOCA, the alloying elements X shall diffuse to the surface to passively form
a protective oxide layer suppressing the sublimation of WO3.
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輥 轷轨轥轲轥 轴轨轥 轲轡轴轩软 轩轳 轮软轴 轤轥轴轥轲轭轩轮轥轤 轢轹 轴轨轥 轷轥轩轧轨轴 软车 轥轡轣轨 轥转轥轭轥轮轴 轢轵轴 轢轹 轴轨轥 轮轵轭轢轥轲 软车
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轆轩轧轵轲轥 輱輮輲輺 輨轡輩 轔轥轲轮轡轲轹 轰轨轡轳轥 轤轩轡轧轲轡轭 软车 轗輬 轃轲輬 轡轮轤 轏 轡轴 1273 K 轷轨轥轲轥 ∆µO2 轩轳 轴轨轥
轣轨轥轭轩轣轡转 轰软轴轥轮轴轩轡转 软车 软轸轹轧轥轮輬 α′ 轴轨轥 轃轲輭轲轩轣轨 轳软转轩轤 轳软转轵轴轩软轮 轰轨轡轳轥輬 α′′ 轴轨轥 轗輭轲轩轣轨 轳软转轩轤
轳软转轵轴轩软轮 轰轨轡轳轥輬 轡轮轤 ηCr輬 ηW 轡轲轥 轴轨轥 轡轴软轭轩轣 轣软轮轣轥轮轴轲轡轴轩软轮 软车 轃轲 轡轮轤 轗輬 轲轥轳轰轥轣轴轩轶轥转轹輮 pO2

轩轳 轴轨轥 轰轡轲轴轩轡转 软轸轹轧轥轮 轰轲轥轳轳轵轲轥 轩轮 轢轡轲輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轊轡轣软轢 轛輲輷轝 輨轢輩 轂轩轮轡轲轹 轰轨轡轳轥
轤轩轡轧轲轡轭 软车 轗 轡轮轤 轃轲輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轎轡轩轤轵 轛輲輸轝輬 轤轡轴轡 轴轡轫轥轮 车轲软轭 轇轲轥轥轮轡轷轡轹 轛輳輱轝輬
轒轵轤轹 轛輳輲轝輬 轔轲轺轥轢轩轡轴软轷轳轫轩 轛輳輳轝輬 轄轥轮 轂轲软轥轤轥轲 轛輳輴轝輬 轡轮轤 轍轡轲轧轡轲轩轡 轛輳輵轝輮

轡轴软轭轳 软车 轥轡轣轨 轥转轥轭轥轮轴輮
轁 转轡轴轥轲 轳轴轵轤轹 车软轵轮轤 轡 轳轩轧轮轩輜轣轡轮轴 轩轭轰轲软轶轥轭轥轮轴 软车 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轢轹

轳轵轢轳轴轩轴轵轴轩轮轧 轔轩 轢轹 轙輮 轓轹轳轴轥轭轡轴轩轣 轶轡轲轩轡轴轩软轮 软车 轴轨轥 轥转轥轭轥轮轴轡转 轣软轮轴轥轮轴 轹轩轥转轤轥轤 轴轨轥 软轰轴轩轭轵轭
轣软轭轰软轳轩轴轩软轮 软车 轗輭輱輱輮輴轃轲輭輰輮輶轙 轛輳輰轝輮 轁转转 轴轨轥轳轥 轳轴轵轤轩轥轳 轷轥轲轥 轢轡轳轥轤 软轮 轴轨轩轮 輜转轭轳 轤轥轰软轳轩轴轥轤
轢轹 轭轡轧轮轥轴轲软轮 轳轰轵轴轴轥轲轩轮轧輮

轎轥轵轴轲软轮 轩轲轲轡轤轩轡轴轩软轮 轩轮 轡 车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴 轣轡轵轳轥轳 轴轲轡轮轳轭轵轴轡轴轩软轮 轡轮轤 轡轣轴轩轶轡轴轩软轮 软车 轴轨轥
轷轡转转 轭轡轴轥轲轩轡转轳 轷轨轩轣轨 轭轵轳轴 轢轥 轣软轮轳轩轤轥轲轥轤 轷轨轥轮 轳轥转轥轣轴轩轮轧 轴轨轥 轡转转软轹轩轮轧 轥转轥轭轥轮轴轳輮 轁轳轳轵轭轩轮轧
5 fpy 软车 软轰轥轲轡轴轩软轮 软车 轡 车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴 轳轵轣轨 轡轳 轄轅轍轏輬 轴轨轥 轡轣轴轩轶轩轴轹 软车 轤轩輛轥轲轥轮轴 轥转轥轭轥轮轴轳
100 years 轡车轴轥轲 轳轨轵轴輭轤软轷轮 轩轳 轧轩轶轥轮 轩轮 轴轡轢转轥 輱輮輱輮 轁转转 轣软轮轳轩轤轥轲轥轤 轥转轥轭轥轮轴轳 车轡转转 轢轥转软轷 轴轨轥
轲轥轭软轴轥 轲轥轣轹轣转轩轮轧 转轩轭轩轴 轥轸轰轥轣轴轥轤 车软轲 车轵轳轩软轮 轲轥轡轣轴软轲 轣软轭轰软轮轥轮轴轳 软车 10 mSv h−1 轛輳輶轝 轷轩轴轨轩轮
100 years輮 轗輬 轃轲輬 轡轮轤 轙 车轡转转 轥轶轥轮 轢轥转软轷 轴轨轥 轨轡轮轤轳輭软轮 轲轥轣轹轣转轩轮轧 转轩轭轩轴 软车 1× 10−2 mSv h−1

轛輳輶轝輮 轔轨轵轳輬 轗輬 轃轲輬 轙輬 轡轮轤 轔轩 轡轲轥 轳轵轩轴轡轢转轥 车软轲 轡轰轰转轩轣轡轴轩软轮 轩轮 轡 车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴輮

轔轡轢转轥 輱輮輱輺 轁轣轴轩轶轩轴轹 软车 轳轥转轥轣轴轥轤 轥转轥轭轥轮轴轳 100 years 轡车轴轥轲 轢轥轩轮轧 轥轸轰软轳轥轤 轴软 轴轨轥 轮轥轵轴轲软轮 輝轵轸
轩轮 轡 轄轅轍轏輭转轩轫轥 车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴 车软轲 輵 车轰轹輮 轄轡轴轡 轴轡轫轥轮 车轲软轭 轇轩转轢轥轲轴 轥轴 轡转輮 轛輱輹轝輮

轗 轃轲 轙 轔轩
轁轣轴轩轶轩轴轹 轛轭轓轶 轨−1轝 2.05× 10−2 6.72× 10−8 2.82× 10−7 1.79× 10−1

轃软轮轳轥轱轵轥轮轴转轹輬 轳轩轮轴轥轲轩轮轧 软车 轢轵转轫 轡转转软轹轳 轷轩轴轨 轴轨轥 轭软轳轴 轰轲软轭轩轳轩轮轧 轣软轭轰软轳轩轴轩软轮轳 轗輭輱輵轃轲輬
轗輭輱輰轃轲輭輲轔轩輬 轡轮轤 轗輭輱輲轃轲輭輰輮輵轙 轷轡轳 轣软轮轤轵轣轴轥轤輮 轐软轷轤轥轲 轭轥轣轨轡轮轩轣轡转 轡转转软轹轩轮轧 车软转转软轷轥轤 轢轹
轈软轴 轉轳软轳轴轡轴轩轣 轐轲轥轳轳轩轮轧 輨轈轉轐輩 轷轡轳 轵轳轥轤 轛輳輷轝輮 轉轴 轷轡轳 车软轵轮轤 轴轨轡轴 轢软轴轨 轔轩 轡轮轤 轙 轩轮轨轩轢轩轴
轧轲轡轩轮 轧轲软轷轴轨 轤轵轲轩轮轧 轴轨轥 轈轉轐 轰轲软轣轥轳轳輮 轔轨轥 轗輭輱輰轃轲輭輲轔轩 轡转转软轹 轷轡轳 轡轢转轥 轴软 轷轩轴轨轳轴轡轮轤 轡
轰软轷轥轲 轤轥轮轳轩轴轹 软车 2 MW m−2輮 轆轩轲轳轴 软轸轩轤轡轴轩软轮 轴轥轳轴轳 轡轴 1073 K 轳轨软轷轥轤 轴轨轥 轭软轳轴 轰轲软轭轩轳轩轮轧

輱輳



软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 车软轲 轗輭輱輲轃轲輭輰輮輵轙輬 轡 转轩轮轥轡轲 软轸轩轤轡轴轩软轮 轲轡轴轥 软车 3.1× 10−6 mg cm−2 s−1

轷轡轳 轭轥轡轳轵轲轥轤 车软轲 40 h 轛輳輷轝輮 轙輭轲轩轣轨 软轸轩轤轥 轮轡轮软輭轰轡轲轴轩轣转轥轳 轷轥轲轥 软轢轳轥轲轶轥轤 轡轴 轴轨轥 轧轲轡轩轮
轢软轵轮轤轡轲轩轥轳輮 轈软轷轥轶轥轲輬 轴轨轥 轥輛轥轣轴 软车 轙 轡轮轤 轴轨轥 轤轥轴轡轩转轳 软车 轴轨轥 软轸轩轤轡轴轩软轮 轭轥轣轨轡轮轩轳轭轳 轷轥轲轥
轰软软轲转轹 轵轮轤轥轲轳轴软软轤輮 轔轥轳轴轩轮轧 软车 轴轨轥 轭轡轴轥轲轩轡转 轷轡轳 轰轥轲车软轲轭轥轤 轩轮 轤轲轹 轡轩轲 轢轥转软轷 1100 K 车软轲
转轥轳轳 轴轨轡轮 2 轤轡轹轳輮 轔轨轩轳 轴轨轥轳轩轳 轷轩转转 轩轭轰轲软轶轥 轴轨轥 轵轮轤轥轲轳轴轡轮轤轩轮轧 软车 轴轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳 轡轮轤
轩轮轣转轵轤轥 轴轥轳轴轩轮轧 轩轮 轨轵轭轩轤 轡轩轲 轡轮轤 轡轴 轴轥轭轰轥轲轡轴轵轲轥轳 轡轢软轶轥 1200 K 车软轲 轭软轲轥 轴轨轡轮 轡 轷轥轥轫輮

轔轨轥 轢轥轮轥輜轴轳 软车 轙 软轮 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轡轲轥 轡转轲轥轡轤轹 轫轮软轷轮 车轲软轭 软轴轨轥轲 轡转转软轹轳輯轳轴轥轥转轳
轛輳輸輬 輳輹輬 輴輰轝 轡轮轤 轳轵轭轭轡轲轩轺轥轤 轩轮 轴轨轥 车软转转软轷轩轮轧輮 轔轨轥 轲轥轡轣轴轩软轮 软车 轙 轡轮轤 轏2 轴软 轙2轏3 轡轴 1273 K
轨轡轳 轡 轇轩轢轢轳 车轲轥轥 轥轮轥轲轧轹 ∆GY2O3(T = 1273 K) = −1× 103 kJ/(mol O2) 轛輴輱轝輬 轷轨轩轣轨 轩轳 轭轵轣轨
转软轷轥轲 轴轨轡轮 车软轲 轥轸轡轭轰转轥 轩轲软轮 輨轆轥輩 轷轩轴轨 轡 轇轩轢轢轳 车轲轥轥 轥轮轥轲轧轹 软车 ∆GFe2O3(T = 1273 K) =
−3× 102 kJ/(mol O2) 车软轲 轴轨轥 轲轥轡轣轴轩软轮 软车 轆轥 轡轮轤 轏2 轴软 轆轥2轏3 轛輴輱轝輮 轔轨轵轳輬 轴轨轥 轡輞轮轩轴轹 软车 轙
轴软 软轸轹轧轥轮 轏 轩轳 轨轩轧轨轥轲 轡轳 轣软轭轰轡轲轥轤 轴软 轆轥輮 轁轳 轡 轲轥轳轵转轴 轙 轢轩轮轤轳 车轲轥轥 轏 轡轮轤 轩轳 车软轵轮轤 轡轳 轹轴轴轲轩轡
轰轡轲轴轩轣转轥 轡轴 轴轨轥 轧轲轡轩轮 轢软轵轮轤轡轲轩轥轳輮 轔轨轩轳 轣轡轮 轨轥转轰 轴软 轳轴轡轢轩转轩轺轥 轡 轤轥轳轩轲轥轤 轧轲轡轩轮 轳轴轲轵轣轴轵轲轥 轛輴輲轝輮
轆轵轲轴轨轥轲輬 轴轨轥 轭软轳轴 轳轴轡轢转轥 轳轵转车轵轲 輨轓輩 轣软轮轴轡轩轮轩轮轧 轣软轭轰软轵轮轤 轩轮 轴轨轥 轰轲轥轳轥轮轣轥 软车 轙 轡轮轤 轏 轩轳
轙2轏2轓 轛輴輳轝輮 轔轨轵轳輬 轓 轷轨轩轣轨 轩轳 轲轥轰软轲轴轥轤 轴软 轤轥轳轴轡轢轩转轩轺轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲轳 轛輴輴轝 轩轳 轡转轳软
轢软轵轮轤 轢轹 轙輮

轉轮 轣轡轳轥 软车 轣轨轲软轭轩轡輭车软轲轭轩轮轧 轡转转软轹轳 轙 轩轳 车软轵轮轤 轴软 轡转轴轥轲 轴轨轥 轤轩輛轵轳轩软轮 轣软轮轳轴轡轮轴轳輬 轴轨轥
轤轩輛轵轳轩软轮 轲轡轴轥 软车 轢软轴轨 轏 轡轮轤 轃轲 轩轮 轴轨轥 轣轨轲软轭轩轡 轳轣轡转轥 轡轲轥 轲轥轤轵轣轥轤 轛輴輵轝輮 轆轵轲轴轨轥轲輬 轙 轩轳 轲轥轰软轲轴轥轤
轴软 轩轭轰轲软轶轥 轴轨轥 轡轤轨轥轲轥轮轣轥 软车 轴轨轥 软轸轩轤轥 轳轣轡转轥 轢轹 轭轡轩轮转轹 轴轷软 轭轥轣轨轡轮轩轳轭轳輺 輜轲轳轴輬 轙 轣轡轮 轣轡轵轳轥
轴轨轥 车软轲轭轡轴轩软轮 软车 软轸轩轤轥 轰轥轧轳 轛輴輰輬 輴輴輬 輴輶轝輮 轏轸轩轤轥 轰轥轧轳 轡轲轥 輜轮轧轥轲輭轳轨轡轰轥轤 软轸轩轤轥轳 轧轲软轷轩轮轧
车轲软轭 轴轨轥 轭轥轴轡转輭软轸轩轤轥 轩轮轴轥轲车轡轣轥 轩轮轴软 轴轨轥 轡转转软轹輮 轔轨轥轳轥 輜轮轧轥轲輭轳轨轡轰轥轤 软轸轩轤轥轳 轭轥轣轨轡轮轩轣轡转转轹
轣转轡轭轰 软轸轩轤轥 轡轮轤 轡转转软轹 轴软轧轥轴轨轥轲輮 轓轥轣软轮轤輬 轙 轣轡轮 轰轲软轶轩轤轥 轮轵轣转轥轡轴轩软轮 轳轩轴轥轳輮 轎轵轣转轥轡轴轩软轮 轳轩轴轥轳
轡轲轥 轹轴轴轲轩轵轭 软轸轩轤轥 轮轡轮软輭轰轡轲轴轩轣转轥轳 轷轨轥轲轥 轤轩輛轵轳轩软轮 软车 软轸轹轧轥轮 轩轳 轳轥轶轥轲轡转 软轲轤轥轲轳 软车 轭轡轧轮轩轴轵轤轥
车轡轳轴轥轲 轡轳 轣软轭轰轡轲轥轤 轴软 轃轲2轏3輮 轔轨轵轳輬 轴轨轥 轮轵轣转轥轡轴轩软轮 轳轩轴轥轳 轣轡轮 轰轲软轶轩轤轥 轡 轳轨软轲轴 轣轵轴 轴软 车轲轥轥
轃轲 轩软轮轳 轡轮轤 轴轨轵轳 轰轲软轭软轴轥 轳轥转轥轣轴轩轶轥 软轸轩轤轡轴轩软轮 软车 轃轲 轷轨轩轣轨 轹轩轥转轤轳 轡 车轡轳轴轥轲 车软轲轭轡轴轩软轮 软车 轡
轣转软轳轥轤 轣轨轲软轭轩轡 转轡轹轥轲 轛輴輰輬 輴輷輬 輴輸轝輮 轁 轣转软轳轥轤 轣轨轲软轭轩轡 转轡轹轥轲 轳轵轰轰轲轥轳轳轥轳 轴轨轥 车软轲轭轡轴轩软轮 软车 软轴轨轥轲
软轸轩轤轥轳輮 轈软轷轥轶轥轲輬 轮软轮轥 软车 轴轨轥轳轥 轥輛轥轣轴轳 轷轥轲轥 轩轮轶轥轳轴轩轧轡轴轥轤 车软轲 轗輭轢轡轳轥轤 轡转转软轹轳輮

輱輴



1.3 On oxidation mechanisms
Ellingham-Richardson diagrams show the Gibbs free energy change ΔG for a reaction in
dependence of the temperature. Here, the reactants are a metal and oxygen. ΔG is given
per 1mol O2 and can be expressed as

ΔG = ΔH − T ΔS (1.3)

where T is the temperature, ΔH is the enthalpy change, and ΔS is the entropy change.
Using ΔG the equilibrium oxygen pressure can be calculated by

pO2 = exp
ΔG

RT
× 1 bar (1.4)

where R is the gas constant and T the temperature [40]. Fig. 1.3 shows the elements of
relevance for this work.

The more negative ΔG the less likely an element is found in its elemental form. For
example, if WO3 and Y are mixed and brought into equilibrium by heating in inert
atmosphere, the WO3 is reduced and yttrium oxides form as the ΔG for the reaction of
Y and O2 to Y2O3 is much more negative than ΔG for the reaction of W and O2 to WO3

(see Fig. 1.3).
Generally, oxidation refers to the reaction between two chemical elements in which

electrons are transfered from one element to the other. The reaction of a metal and
oxygen from the atmosphere to an oxide is the oxidation process relevant for the work in
this thesis. In this case, the mass of the material increases by the mass of oxygen which is
added to the material. Thus, the oxidation rate can be quantified by measuring the mass
change of the sample as a function of time at a specified temperature and atmosphere.
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Figure 1.3: Ellingham-Richardson diagrams showing the Gibbs free energy of oxidation
reactions as a function of the temperature for different metals. Data taken from
[49, 50, 51].
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轡 轤轥轴轡轩转轥轤 轵轮轤轥轲轳轴轡轮轤轩轮轧 软轮 轨软轷 轴轨轥 轭轡轴轥轲轩轡转 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轩轳 轩轮輝轵轥轮轣轥轤 轩轳
轲轥轱轵轩轲轥轤輮 轔轨轥 轰轥轣轵转轩轡轲轩轴轩轥轳 软车 轴轨轩轮 輜转轭轳 轡轲轥 轥轸轰转轡轩轮轥轤 轡轮轤 轴轨轥 轤轥轴轡轩转轳 软车 轣软轭轰轡轣轴轩轮轧
轢轵转轫 轳轡轭轰转轥轳 轡轲轥 轤轩轳轣轵轳轳轥轤輮 轁轮 轵轮轤轥轲轳轴轡轮轤轩轮轧 软轮 轨软轷 轡轮轤 轷轨轹 轤轩輛轥轲轥轮轴 轳轩轮轴轥轲轩轮轧
轰轡轲轡轭轥轴轥轲轳 轩轮輝轵轥轮轣轥 轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 软车 轡 轳轡轭轰转轥 轩轳 轤轥轶轥转软轰轥轤輮

• 轗轨轩轣轨 轰轲软轰轥轲轴轩轥轳 轡轲轥 轩轭轰软轲轴轡轮轴 车软轲 轡 轧软软轤 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 软车 轳轭轡轲轴 轡转转软轹轳輿
轔轨轥 轰轲软轤轵轣轴轩软轮 软车 轢轵转轫 轳轡轭轰转轥轳 轨轡轳 轶轡轲轩软轵轳 车轲轥轥 轰轡轲轡轭轥轴轥轲轳 輭 轴轨轥 轳轩轮轴轥轲轩轮轧 软轰轴轩软轮轳輬
轴轨轥 轳轵轲车轡轣轥 轰轲轥轰轡轲轡轴轩软轮輬 轡轮轤 轴轨轥 轡轴软轭轩轣 轣软轭轰软轳轩轴轩软轮輮 轁转转 轴轨轥轳轥 轰轡轲轡轭轥轴轥轲轳 轭轵轳轴 轢轥
软轰轴轩轭轩轺轥轤 轡轮轤 轵轮轤轥轲轳轴软软轤 轩轮 软轲轤轥轲 轴软 轳轴轵轤轹 轴轨轥 轭轥轣轨轡轮轩轳轭轳 软车 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥
轩轮 轤轥轴轡轩转輮

• 轈软轷 轭轵轣轨 轭轡轴轥轲轩轡转 轳轵轢转轩轭轡轴轥轳 轵轮轤轥轲 轄轅轍轏 轲轥转轥轶轡轮轴 轣软轮轤轩轴轩软轮轳輿 轓轭轡轲轴 轡转转软轹轳
轳轨软轵转轤 轳轵轰轰轲轥轳轳 轳轵轢转轩轭轡轴轩软轮 软车 轲轡轤轩软轡轣轴轩轶轥 轴轵轮轧轳轴轥轮 轩轮 轣轡轳轥 软车 轡 轌轏轃轁輮 轉轮 软轲轤轥轲
轴软 轡轳轳轥轳轳 轴轨轥 轳轵轣轣轥轳轳 轩轴 轩轳 轣轲轵轣轩轡转 轴软 轭轥轡轳轵轲轥 轴轨轥 轡轢轳软转轵轴轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥輮 轁 轮轥轷
轳轥轴轵轰 轩轳 轤轥轶轥转软轰轥轤 轡轮轤 轣轡转轩轢轲轡轴轥轤 轩轮 轴轨轩轳 轴轨轥轳轩轳 轴软 轭轥轡轳轵轲轥 轴轨轥 轳轵轢转轩轭轡轴轩软轮輮

• 轗轨轡轴 轡轲轥 轴轨轥 轣软轮轴轲轩轢轵轴轩软轮轳 轴软 轴轨轥 轭轡轳轳 轣轨轡轮轧轥 软车 轴轨轥 轳轡轭轰转轥 轤轵轲轩轮轧 软轸轩轤轡轴轩软轮
轡轮轤 轨软轷 轴软 轱轵轡轮轴轩车轹 轴轨轥轭輿 轍轡轳轳 轧轡轩轮 轡轮轤 轳轵轢转轩轭轡轴轩软轮 软车 轴轨轥 轳轡轭轰转轥轳 轡轲轥
轭轥轡轳轵轲轥轤 轩轮 轳轥轰轡轲轡轴轥 轥轸轰轥轲轩轭轥轮轴轳輮 轔轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轢轥车软轲轥 轡轮轤 轡车轴轥轲 软轸轩轤轡轴轩软轮
轩轳 轡轮轡转轹轺轥轤 轵轳轩轮轧 轥转轥轣轴轲软轮 轭轩轣轲软轳轣软轰轹 轡车轴轥轲 轤轩輛轥轲轥轮轴 软轸轩轤轡轴轩软轮 轴轩轭轥轳輮 轔轨轩轳 轡转转软轷轳
轡轮 轵轮轤轥轲轳轴轡轮轤轩轮轧 软车 轴轨轥 软轸轩轤轡轴轩软轮 轤轹轮轡轭轩轣轳 轡轮轤 轷轨轩轣轨 软轸轩轤轥轳 车软轲轭 轵轮轤轥轲 轷轨轩轣轨
轣软轮轤轩轴轩软轮轳輮

• 轈软轷 轤软 轴轨轥 轭轥轣轨轡轮轩轳轭轳 软车 软轸轩轤轡轴轩软轮 轡轮轤 轳轵轢转轩轭轡轴轩软轮 轣轨轡轮轧轥 轡轳 轡 车轵轮轣轴轩软轮 软车
轴轥轭轰轥轲轡轴轵轲轥 轡轮轤 轡轴轭软轳轰轨轥轲轥輿 轎轥轩轴轨轥轲 轴轨轥 轥轸轡轣轴 轴轥轭轰轥轲轡轴轵轲轥 轮软轲 轴轨轥 轳轰轥轣轩輜轣
轡轴轭软轳轰轨轥轲轩轣 轣软轮轤轩轴轩软轮轳 轩轮 轴轨轥 轰软轷轥轲 轰转轡轮轴 轡车轴轥轲 轡 轌轏轃轁 轡轲轥 轷轥转转 轫轮软轷轮輮 轔轨轥轲轥车软轲轥輬
轩轴 轩轳 轣轲轵轣轩轡转 轴软 轵轮轤轥轲轳轴轡轮轤 轴轨轥 轩轮輝轵轥轮轣轥 软车 轤轩輛轥轲轥轮轴 轣软轮轤轩轴轩软轮轳輮 轉轴 轩轳 轤轩轳轣轵轳轳轥轤 轨软轷
轴轨轥 轰轲轥轳轥轮轣轥 软车 轷轡轴轥轲 轩轮輝轵轥轮轣轥轳 轴轨轥 轣轨轥轭轩轣轡转 轲轥轡轣轴轩软轮轳 轤轵轲轩轮轧 软轸轩轤轡轴轩软轮 轡轮轤 轨软轷
轴轥轭轰轥轲轡轴轵轲轥 轡转轴轥轲轳 轴轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳輮

• 轗轨轩轣轨 轤轩輛轵轳轩软轮 轰轲软轣轥轳轳轥轳 软轣轣轵轲 轩轮 轴轨轥 轳轡轭轰转轥 轤轵轲轩轮轧 软轸轩轤轡轴轩软轮輿 轔轨轥 软轸轩轤轡轴轩软轮
轲轥轳轩轳轴轡轮轣轥 轲轥轱轵轩轲轥轳 轡 轰轲软轴轥轣轴轩轶轥 轣轨轲软轭轩轵轭 软轸轩轤轥 转轡轹轥轲 轷轨轩轣轨 轲轥轱轵轩轲轥轳 轴轨轥 轤轩輛轵轳轩软轮
软车 轃轲 轡轮轤 轏輮 轁轮 轵轮轤轥轲轳轴轡轮轤轩轮轧 软轮 轷轨轩轣轨 轥转轥轭轥轮轴轳 轡轲轥 轤轩輛轵轳轩轮轧 轩轳 软轢轴轡轩轮轥轤
轵轳轩轮轧 18轏 轩轳软轴软轰轥轳 轡轳 轴轲轡轣轥轲輮 轆轵轲轴轨轥轲輬 轴轨轥 轰轨轡轳轥 车软轲轭轡轴轩软轮 轡轮轤 轨软轷 轩轴 轣轨轡轮轧轥轳
轴轨轥 轤轩輛轵轳轩软轮 轡轮轤 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轩轳 轳轴轵轤轩轥轤 轩轮 轡 轤轥轤轩轣轡轴轥轤 轥轸轰轥轲轩轭轥轮轴 轷轨轥轲轥
轴轨轥 软轸轩轤轡轴轩软轮 轢轥轨轡轶轩软轲 软车 轳轡轭轰转轥轳 轣软轮轴轡轩轮轩轮轧 轡 轃轲 轲轩轣轨 轰轨轡轳轥 轩轳 轣软轭轰轡轲轥轤 轴软 轴轨轥
软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 软车 轨软轭软轧轥轮轥软轵轳 轳轡轭轰转轥轳輮
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• 轗轨轩轣轨 轭轥轣轨轡轮轩轳轭轳 轣轡轵轳轥 轩轮轣轲轥轡轳轥轤 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轩车 轙 轩轳 轡轤轤轥轤 轴软 轴轨轥
轭轡轴轥轲轩轡转輿 轉轮 轴轨轩轳 轴轨轥轳轩轳 轴轨轥 轥輛轥轣轴 软车 轙 轩轮 轗輭轃轲 轡转转软轹轳 轩轳 轳轴轵轤轩轥轤 车软轲 轴轨轥 輜轲轳轴 轴轩轭轥
轩轮 轤轥轴轡轩转輮 轃轲轵轣轩轡转 轥轸轰轥轲轩轭轥轮轴轳 车软轲 轭轡轫轩轮轧 轡 轨轹轰软轴轨轥轳轩轳 轡轲轥 轴软 轳轰轡轴轩轡转转轹 转软轣轡轴轥 轴轨轥
轙 轩轮 轴轨轥 轡转转软轹 轵轳轩轮轧 轡轴软轭 轰轲软轢轥 轴软轭软轧轲轡轰轨轹 轡轮轤 轳轣轡轮轮轩轮轧 轴轲轡轮轳轭轩轳轳轩软轮 轥转轥轣轴轲软轮
轭轩轣轲软轳轣软轰轹輮

• 轁轲轥 轴轨轥轲轥 软轴轨轥轲 轥转轥轭轥轮轴轳 轷轩轴轨 轳轩轭轩转轡轲 轥輛轥轣轴轳 轡轳 轙輿 轓轵轣轨 轳轴轵轤轩轥轳 轣软轮轴轲轩轢轵轴轥 轴软 轴轨轥
轵轮轤轥轲轳轴轡轮轤轩轮轧 软车 轴轨轥 轲软转轥 软车 轙 轩轮 轴轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳 轡轮轤 轭轡轹 轹轩轥转轤 轴软 车轵轲轴轨轥轲
轩轭轰轲软轶轥轭轥轮轴 轢轹 輜轮轤轩轮轧 轡轤轤轩轴轩软轮轡转 轡转转软轹轩轮轧 轥转轥轭轥轮轴轳 轷轨轩轣轨 轥轮轨轡轮轣轥 轴轨轥 软轸轩轤轡轴轩软轮
轲轥轳轩轳轴轡轮轣轥輮 轔轨轥 轥輛轥轣轴轳 软车 轚轲 软轮 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轡轲轥 轩轮轶轥轳轴轩轧轡轴轥轤 轩轮 轴轨轩轳
轴轨轥轳轩轳輮

• 轗轨轩轣轨 轥转轥轭轥轮轴轳 轡轴轴轲轡轣轴 轥轡轣轨 软轴轨轥轲輿 轈软轷 轳轴轡轢转轥 轩轳 轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轡轮轤 轷轨轡轴
轩轳 轴轨轥 轲软转轥 软车 轴轨轥 轤轩輛轥轲轥轮轴 轡转转软轹轩轮轧 轥转轥轭轥轮轴轳輿 轉轮 轄轅轍轏 轴轨轥 轭轡轴轥轲轩轡转 轩轳 轥轸轰软轳轥轤
轴软 轥转轥轶轡轴轥轤 轴轥轭轰轥轲轡轴轵轲轥轳 车软轲 轹轥轡轲轳輮 轔轨轵轳輬 轡轮 轵轮轤轥轲轳轴轡轮轤轩轮轧 软车 轴轨轥轳轥 轭轥轣轨轡轮轩轳轭轳
轩轳 轣轲轵轣轩轡转 轴软 轡轳轳轥轳轳 轴轨轥 轵轳轡轢轩转轩轴轹 软车 轴轨轥 轭轡轴轥轲轩轡转輮 轒轥轳轵转轴轳 软轮 轴轨轥 轩轮轴轥轲轡轣轴轩软轮 软车 轡轢輭
轩轮轩轴轩软 轣轡转轣轵转轡轴轩软轮轳 轡轲轥 轳轨软轷轮 轡轮轤 轣软轭轰轡轲轥轤 轴软 轥轸轰轥轲轩轭轥轮轴轡转 轲轥轳轵转轴轳輮 轄轩輛轥轲轥轮轣轥轳 轡轮轤
轳轩轭轩转轡轲轩轴轩轥轳 轡轲轥 软轵轴转轩轮轥轤輬 轰软轳轳轩轢转轥 轩轭轰轲软轶轥轭轥轮轴轳 软车 轴轨轥 轣轡转轣轵转轡轴轩软轮轳 轡轲轥 轤轩轳轣轵轳轳轥轤輮

轔轨轥 轰轲轥轳轥轮轴 輜轲轳轴 轣轨轡轰轴轥轲 轩轮轴轲软轤轵轣轥轳 车轵轳轩软轮 轡轮轤 轩轴轳 轭轡轴轥轲轩轡转 轲轥轱轵轩轲轥轭轥轮轴轳 轣软轭轢轩轮轥轤
轷轩轴轨 轡轮 软轶轥轲轶轩轥轷 软车 轰轲轥轶轩软轵轳 轷软轲轫 软轮 轴轵轮轧轳轴轥轮 轡转转软轹轳 轡轮轤 轡轮 轩轮轴轲软轤轵轣轴轩软轮 轴软 软轸轩轤轡轴轩软轮輮
轔轨轥 轳轥轣软轮轤 轣轨轡轰轴轥轲 轩轮轴轲软轤轵轣轥轳 轴轨轥 轥轸轰轥轲轩轭轥轮轴轡转 轭轥轴轨软轤轳 轵轳轥轤 轷轩轴轨轩轮 轴轨轩轳 轴轨轥轳轩轳輮 轔轨轥
轴轨轩轲轤 轣轨轡轰轴轥轲 车软轣轵轳轥轳 软轮 轴轨轥 软轸轩轤轡轴轩软轮 轡轮轤 轳轵轢转轩轭轡轴轩软轮 软车 轰轵轲轥 轴轵轮轧轳轴轥轮輬 轴轨轥 轭轡轩轮
轥转轥轭轥轮轴 轣软轮轴轡轩轮轥轤 轩轮 轳轭轡轲轴 轡转转软轹轳輮 轔轨轥 车软轲轴轨 轣轨轡轰轴轥轲 轩轮轶轥轳轴轩轧轡轴轥轳 轴轨轥 轶软转轡轴轩转轩轺轡轴轩软轮 软车
轰轵轲轥 轣轨轲软轭轩轵轭 软轸轩轤轥輬 轷轨轩轣轨 轩轳 轴轨轥 轰轲软轴轥轣轴轩轮轧 软轸轩轤轥 软车 轳轭轡轲轴 轡转转软轹轳輮 轔轨轥 輜车轴轨 轣轨轡轰轴轥轲
轳轨软轷轳 软轸轩轤轡轴轩软轮 轳轴轵轤轩轥轳 软轮 轗輭轃轲輭轙 轴轨轩轮 輜转轭轳輬 轴轨轥 輜转轭轳 轡轲轥 轣轨轡轲轡轣轴轥轲轩轺轥轤輬 轴轨轥 软轸轩轤轡轴轩软轮
轫轩轮轥轴轩轣轳 轡轲轥 轤轩轳轣轵轳轳轥轤輬 轡轮轤 轴轨轥 轩轭轰软轲轴轡轮轣轥 软车 轙 轩轳 轤轥轭软轮轳轴轲轡轴轥轤輮 轔轨轥 轳轩轸轴轨 轣轨轡轰轴轥轲
轡轤轤轲轥轳轳轥轳 轡 轤轥轴轡轩转轥轤 轡轮轡转轹轳轩轳 软车 轴轨轥 轣软轭轰轡轣轴轩轮轧 软车 轗輭轃轲輭轙 轢轵转轫 轳轡轭轰转轥轳 轢轹 轆轩轥转轤輭轁轳轳轩轳轴轥轤
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轏轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轡轮轤 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥轳 轡轲轥 轭轥轡轳轵轲轥轤 轡轮轤 轤轩轳轣轵轳轳轥轤 轩轮 轤轲轹 轡轮轤
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轵轮轤轥轲轳轴轡轮轤轩轮轧 软车 轴轨轥 轭轥轣轨轡轮轩轳轭轳 轹轩轥转轤轩轮轧 轴软 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 软车 轳轭轡轲轴 轡转转软轹轳輮
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轡转转软轹轳 轣软轮轴轲轩轢轵轴轥轳 轴软 轴轨轥 轵轮轤轥轲轳轴轡轮轤轩轮轧 软车 轳轭轡轲轴 轡转转软轹轳輮 轉轮 轴轨轥 轥转轥轶轥轮轴轨 轣轨轡轰轴轥轲 轺轩轲轣软轮轩轵轭
轩轳 轩轮轶轥轳轴轩轧轡轴轥轤 轡轳 轡轮 轡转轴轥轲轮轡轴轩轶轥 轡转转软轹轩轮轧 轥转轥轭轥轮轴 轴软 轹轴轴轲轩轵轭輮 轔轨轥 轴轷轥转车轴轨 轡轮轤 转轡轳轴 轣轨轡轰轴轥轲
轰轲轥轳轥轮轴轳 轣软轮轣转轵轳轩软轮轳 软轮 轴轨轥 轷软轲轫 轩轮 轴轨轩轳 轴轨轥轳轩轳 轡轮轤 轡轮 软轵轴转软软轫 车软轲 车轵轴轵轲轥 轤轥轶轥转软轰轭轥轮轴轳 软车
轳轭轡轲轴 轡转转软轹轳輮
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Chapter 2

Experimental methods

2.1 Magnetron deposition
A magnetron is used to deposit films on a substrate. Magnetron sputtering is a fast and
reliable way to make multiple samples for testing and understanding the performance
of a material. A multi-electrode magnetron sputter-device manufactured by PREVAC,
44362 Rogow, Poland, is used in this work. The produced films have a thickness below
10 μm and can contain up to four different elements as four different electrodes with an
individual power supply are available. The purity of all used targets with a diameter of
7.6 cm is better than 99.9%.

The schematic working principle is illustrated in the photograph shown in Fig. 2.1.
In a typical deposition process the pressure in the magnetron chamber is reduced below
1× 10−5 mbar. Then argon (Ar) is introduced into the chamber causing the pressure to
increase to 6× 10−3 mbar. At the same time a negative voltage is applied to the metal
targets. Further, there is a magnetic field near the target. Ar ions are accelerated towards
the target and electrons spiral along the magnetic flux lines ionizing Ar atoms. A stable
plasma is generated and the the accelerated Ar ions continuously sputter material of the
target. This material deposits onto the substrates placed on a grounded, rotating table
below the electrodes with the targets. Typically the voltage applied to each electrode is
in the range of 100V to 500V corresponding to 2V cm−2 to 11V cm−2 , a higher voltage

Figure 2.1: Photograph of the multi-electrode magnetron sputtering device including a
schematic illustration of the working principle.
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轹轩轥转轤轳 轡 轨轩轧轨轥轲 轳轰轵轴轴轥轲轩轮轧 轲轡轴轥 轡轮轤 轴轨轵轳 轡 轨轩轧轨轥轲 轣软轮轣轥轮轴轲轡轴轩软轮 软车 轴轨轡轴 轴轡轲轧轥轴 轥转轥轭轥轮轴 轩轮
轴轨轥 轤轥轰软轳轩轴轥轤 轳轡轭轰转轥輮

轔轨轥 轰软轷轥轲 轴软 轴轨轥 轴轡轲轧轥轴 轩轳 轳轵轰轰转轩轥轤 轥轩轴轨轥轲 轢轹 轡 轤轩轲轥轣轴輭轣轵轲轲轥轮轴 輨轄轃輩 轰软轷轥轲 轳轵轰轰转轹 软轲
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轣轨轡轲轧轥 轴软 轢轥 轣软轭轰轥轮轳轡轴轥轤輮 轈软轷轥轶轥轲輬 轩轮 轣轡轳轥 软车 轡轮 轩轮轳轵转轡轴轩轮轧 轴轡轲轧轥轴 轴轨轥 轣轨轡轲轧轥 轲轥轰轥转轳 轴轨轥
轩轮轣软轭轩轮轧 轩软轮轳 轡轮轤 轳轰轵轴轴轥轲 轤轥轰软轳轩轴轩软轮 轩轳 轮软轴 轰软轳轳轩轢转轥輮 轕轳轩轮轧 轡 轒轆 轰软轷轥轲 轳轵轰轰转轹 轡转转软轷轳 轴软
轣软轭轰轥轮轳轡轴轥 轴轨轥 轣轨轡轲轧轥輮 轆软轲 轭轥轴轡转转轩轣 轴轡轲轧轥轴轳 轴轨轥 轳轰轵轴轴轥轲轩轮轧 轥輞轣轩轥轮轣轹 轤轲软轰轳 轵轳轩轮轧 轡 轒轆
轩轮轳轴轥轡轤 软车 轡 轄轃 轰软轷轥轲 轳轵轰轰转轹 轡轳 转轥轳轳 轩软轮轳 轡轲轥 轡轴轴轲轡轣轴轥轤輮 轔轨轥轲轥车软轲轥輬 轴轨轥 轭轡轩轮 轥转轥轭轥轮轴轳 轗
轡轮轤 轃轲 软车 轳轭轡轲轴 轡转转软轹轳 轡轲轥 轳轰轵轴轴轥轲轥轤 轵轳轩轮轧 轡 轄轃 轰软轷轥轲 轳轵轰轰转轹 轷轨轩转轥 轴轨轥 轡轣轴轩轶轥 轥转轥轭轥轮轴
轙 轩轳 轳轰轵轴轴轥轲轥轤 轵轳轩轮轧 轡 轒轆 轰软轷轥轲 轳轵轰轰转轹輮 轔轨轩轳 轡转转软轷轳 轡轣轣轵轲轡轴轥 轣软轮轴轲软转 软车 轴轨轥 轲轥轱轵轩轲轥轤 转软轷
轣软轮轣轥轮轴轲轡轴轩软轮轳 软车 轡轲软轵轮轤 1 wt.%輮

2.2 Powder mechanical alloying
轐软轷轤轥轲 轭轥轣轨轡轮轩轣轡转 轡转转软轹轩轮轧 轩轳 轴轨轥 輜轲轳轴 轳轴轥轰 车软轲 轴轨轥 轰轲软轤轵轣轴轩软轮 软车 轢轵转轫 轳轡轭轰转轥轳輮 轔轨轥
轰转轡轮轥轴轡轲轹 轢轡转转 轭轩转转 轐轍輴輰輰 轭轡轮轵车轡轣轴轵轲轥轤 轢轹 轒轥轴轳轣轨輬 輴輲輷輸輱 轈轡轡轮輬 轇轥轲轭轡轮轹輬 轩轳 轵轳轥轤 轩轮
轴轨轩轳 轷软轲轫輮 轉轮 轧轥轮轥轲轡转 轴轨轥 轭轩转转 轣轡轮 轢轥 轵轳轥轤 车软轲 轰轵转轶轥轲轩轺轩轮轧輬 轭轩轸轩轮轧輬 轨软轭软轧轥轮轩轺轩轮轧輬 轣软转转软轩轤轡转
轭轩转转轩轮轧輬 轡轮轤 轭轥轣轨轡轮轩轣轡转 轡转转软轹轩轮轧輮

轁 轧轲轩轮轤轩轮轧 轪轡轲 轩轳 輜转转轥轤 轷轩轴轨 轭轩转转轩轮轧 轢轡转转轳 轡轮轤 轴轨轥 轳轡轭轰转轥 轰软轷轤轥轲轳輮 轔轨轥 轪轡轲 轩轳 轴轨轥轮
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轲软轴轡轴轥轤 轡轮轤 轴轨轥 轪轡轲轳 轴轨轥轭轳轥转轶轥轳 轡轲轥 轲软轴轡轴轥轤 轩轮 轴轨轥 软轰轰软轳轩轴轥 轤轩轲轥轣轴轩软轮輮 轁轳 轡 轲轥轳轵转轴 软车 轴轨轥
轲软轴轡轴轩软轮 轴轨轥 轢轡转转轳 轡轲轥 轳轵轢轪轥轣轴轥轤 轴软 轃软轲轩软转轩轳 车软轲轣轥轳 轛輵輲轝輮 轔轨轥 轵轰轰轥轲 轢软轵轮轤轡轲轹 车软轲 轴轨轥 轫轩轮轥轴轩轣
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轴轨轩轳 轷软轲轫 m = 89 g 轡轮轤 v = 5 m s−1 轡轲轥 轵轳轥轤 轡轳 轲轥轣软轭轭轥轮轤轥轤 轢轹 轛輵輳轝輮 轔轨轥 轣轡转轣轵转轡轴轩软轮
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Ekin =
1

2
mv2 = 0.1 J ≈ 1018 eV. 輨輲輮輱輩

轉轮 轣软轭轰轡轲轩轳软轮輬 轴轨轥 轣软轨轥轳轩轶轥 轥轮轥轲轧轹 软车 轡 轗 轡轴软轭 轩轮 轴轨轥 轣轲轹轳轴轡转 转轡轴轴轩轣轥 轩轳 8.9 eV 轛輵輴轝輮
轔轨轥 轫轩轮轥轴轩轣 轥轮轥轲轧轹 车轲软轭 轴轨轥 轢轡转转轳 轩轳 轴轲轡轮轳车轥轲轲轥轤 轴软 轴轨轥 轰软轷轤轥轲 轰轡轲轴轩轣转轥轳 轲轥轳轵转轴轩轮轧 轩轮 轳轩轺轥
轲轥轤轵轣轴轩软轮 软车 轴轨轥 轩轮轩轴轩轡转 轰轡轲轴轩轣转轥轳輬 轡轧轧转软轭轥轲轡轴轩软轮 软车 輜轮轥 轰轡轲轴轩轣转轥轳輬 轡轮轤 轭轥轣轨轡轮轩轣轡转 轡转转软轹轩轮轧輮

轔轨轥 轳轰轥轣轩輜轣 轭轩转转轩轮轧 轰轡轲轡轭轥轴轥轲轳 轡轲轥 轡轤轡轰轴轥轤 轡轣轣软轲轤轩轮轧 轴软 轴轨轥 轲轥轣软轭轭轥轮轤轡轴轩软轮轳 软车
轛輵輳輬 輵輵轝輺 轴轨轥 轧轲轩轮轤轩轮轧 轪轡轲轳 轡轲轥 輜转转轥轤 轷轩轴轨 轭轩转转轩轮轧 轢轡转转轳 轡轮轤 轤轩輛轥轲轥轮轴 轰软轷轤轥轲轳 轩轮 轁轲
轡轴轭软轳轰轨轥轲轥 轴软 轡轶软轩轤 软轸轩轤轡轴轩软轮 轤轵轲轩轮轧 轭轥轣轨轡轮轩轣轡转 轡转转软轹轩轮轧輮 轔轨轥 轪轡轲 轷轩轴轨 轡 轶软转轵轭轥 软车
250 ml 轡轮轤 轢轡转转轳 轷轩轴轨 轡 轤轩轡轭轥轴轥轲 软车 10 mm 轡轲轥 轭轡轤轥 车轲软轭 轴轵轮轧轳轴轥轮 轣轡轲轢轩轤轥 輨轗轃輩 轴软
轡轶软轩轤 轣软轮轴轡轭轩轮轡轴轩软轮 软车 轴轨轥 轰软轷轤轥轲 轷轩轴轨 软轴轨轥轲 轭轥轴轡转轳輮 轔轨轥 轰软轷轤轥轲 轰轡轲轴轩轣转轥 轤轩轡轭轥轴轥轲 轩轳
轢轥转软轷 75 µm輬 轴轨轥 轢轡转转輭轴软輭轰软轷轤轥轲輭轲轡轴轩软 轩轳 輵輺輱輬 轡轮轤 110 g 软车 轰软轷轤轥轲 轡轲轥 輜转转轥轤 轩轮轴软 轡 轪轡轲輮
轔轨轥 轣轩轲轣轵转轡轲 轰转轡轴轥 轷轩轴轨 轴轨轥 轪轡轲轳 轩轳 轲软轴轡轴轥轤 轷轩轴轨 250 rpm 輨轲软轴轡轴轩软轮轳 轰轥轲 轭轩轮轵轴轥輩輮 轔轨轥 轪轡轲轳
轴轨轥轭轳轥转轶轥轳 轡轲轥 轲软轴轡轴轥轤 轩轮 轴轨轥 软轰轰软轳轩轴轥 轤轩轲轥轣轴轩软轮 轡轴 500 rpm輬 轡轳 轩转转轵轳轴轲轡轴轥轤 轩轮 轆轩轧輮 輲輮輲 轡輮
轔轨轥 轲软轴轡轴轩软轮 轩轳 轰轥轲车软轲轭轥轤 车软轲 60 h輮

2.3 Field assisted sintering technology (FAST)
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软车 轡 轄轅轍轏輭轲轥转轥轶轡轮轴 轳轩轺轥 轣轡轮 轢轥 轳轩轮轴轥轲轥轤輮 轔轨轥 轭轥轴轨软轤 轩轳 轡转轳软 轫轮软轷轮 轡轳 輧轓轰轡轲轫 轰转轡轳轭轡
轳轩轮轴轥轲轩轮轧輧 輭 轨软轷轥轶轥轲輬 轡 轳轰轡轲轫 软轲 轡 轰转轡轳轭轡 轣软轵转轤 轮软轴 轹轥轴 轢轥 轤轥轴轥轣轴轥轤 轤轵轲轩轮轧 轴轨轥 轳轩轮轴轥轲轩轮轧
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process [56]. The device FCT HPD5 manufactured by FCT Systeme GmbH, 96528
Effelder-Rauenstein, Germany is used.

The basic principle of FAST is ohmic heating and pressure to achieve sintering, as
illustrated in Fig. 2.2 b. An electric current flows through the graphite die and the powder.
Typically, the electrical resistance of the powder is high as compared to the sintered sample
[56]. Therefore, the current through the sample increases with progressing in the sintering
process. The current through the sample is inhomogeneous and a network of current paths
forms depending on the initial packing structure. Locations with a higher current density
can locally reach temperatures above the average temperature of the sample. Depending
on the material and on the sintering parameters these temperature inhomogeneities are
visible in the resulting microstructure of the sample [56]. Further, the electrical resistance
at the contacts between the particles is higher as compared to inside the particles. Thus,
more heat is generated at the contacts and the temperature at the contacts is higher [57].

The full sintering process takes only a few minutes. Therefore, the time is not sufficient
for the system to reach thermodynamic equilibrium - grain growth and phase formation
are reduced as compared to other sintering methods such as Hot Isostatic Pressing (HIP)
[57]. More details on FAST are found in [56].

The FAST process follows the following steps: first, a graphite die with an inner
diameter of 2 cm is prepared by cladding it with graphite foil. Second, the mechanically
alloyed powder is poured into that die. Good electrical, thermal, and mechanical contact
between the die and the powder must be ensured. Third, the die is placed in the FAST
device and the chamber is pumped to around 1mbar. Fourth, uniaxial pressure is applied
onto the powder. Typically the pressure is chosen to be 50MPa, alloys which are prepared
using a different pressure are marked explicitly. Fifth, a current is applied to heat the
sample at a rate of 100Kmin−1 to 300Kmin−1. This requires a heating power of 1 kW to
10 kW, the heating power depends on the heating rate and the temperature - the device
dynamically adjusts the input power on the temperature measured by a pyrometer. Sixth,
the target temperature of 1700K to 1850K is reached and held for a certain time, this
time will be specified for each experiment individually. Seventh, the pressure is released
and the heating is stopped, the sample cools down at around 300Kmin−1. The chosen
target temperature, holding time, and heating rate are given specifically for each sample.
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Figure 2.2: (a) Schematic top view on the planetary ball mill showing the milling balls
and the powder inside a WC jar and the directions of rotation. (b) Schematic of the Field
Assisted Sintering Technology (FAST).
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2.4 Cutting and grinding
轍轥轣轨轡轮轩轣轡转 轣轵轴轴轩轮轧 轡轮轤 轧轲轩轮轤轩轮轧 轡轲轥 轴轨轥 转轡轳轴 轳轴轥轰轳 轡车轴轥轲 轳轩轮轴轥轲轩轮轧 轴软 软轢轴轡轩轮 轡 轢轵转轫 轳轡轭轰转轥
车软轲 轩轮轶轥轳轴轩轧轡轴轩软轮轳輮 轁转转 轧轲轩轮轤轩轮轧 轳轴轥轰轳 轡轲轥 轰轥轲车软轲轭轥轤 软轮 轡 轧轲轩轮轤轥轲 轷轩轴轨 轡 轰转轡轮轡轲 轲软轴轡轴轩轮轧
轤轩轳轣 轡轮轤 轳轩转轩轣软轮 轣轡轲轢轩轤轥 輨轓轩轃輩 轡轢轲轡轳轩轶轥 轰轡轰轥轲 软轮 轴轨轥 轤轩轳轣輮

轁车轴轥轲 轳轩轮轴轥轲轩轮轧 轡轲软轵轮轤 0.5 mm 软车 轭轡轴轥轲轩轡转 轩轳 轲轥轭软轶轥轤 车轲软轭 轡转转 轳轩轤轥轳 软车 轴轨轥 轳轩轮轴轥轲轥轤
轩轮轧软轴輮 轔轨轥 轲轥轭软轶轡转 轥轮轳轵轲轥轳 轴轨轡轴 轴轨轥 轣轡轲轢软轮 轣软轮轴轡轭轩轮轡轴轥轤 轭轡轴轥轲轩轡转 轩轳 轲轥轭软轶轥轤 轡轮轤 轴轨轡轴 轡
轨软轭软轧轥轮轥软轵轳 轳轡轭轰转轥 轲轥轭轡轩轮轳 轛輵輳轝輮 轔轨轥 轲轥轭软轶轡转 轩轳 轡轣轨轩轥轶轥轤 轢轹 轰轲轥轳轳轩轮轧 轴轨轥 轳轡轭轰转轥 轷轩轴轨
轵轰 轴软 0.3 MPa 软轮轴软 轡 轓轩轃 轰轡轰轥轲 轷轨轩转轥 轲软轴轡轴轩轮轧 轷轩轴轨 150 rpm輮 轁 轣软轮轳轴轡轮轴 輝软轷 软车 轷轡轴轥轲 轩轳
轭轡轩轮轴轡轩轮轥轤 车软轲 轣软软转轩轮轧輮 轔轨轥 轓轩轃 轰轡轰轥轲 轨轡轳 轡 轧轲轩轤 轳轩轺轥 软车 輸輰 轣软轲轲轥轳轰软轮轤轩轮轧 轴软 轓轩轃 轰轡轲轴轩轣转轥轳
轷轩轴轨 轡 轳轩轺轥 软车 188 µm輮 轔轨轥 轭轡轴轥轲轩轡转 轲轥轭软轶轡转 软车 轴轨轥 轳轡轭轰转轥 轩轳 轣轨轥轣轫轥轤 轩轮 轩轮轴轥轲轶轡转轳 软车 10 min輮

轁车轴轥轲轷轡轲轤轳 轴轨轥 轩轮轧软轴 轩轳 轣轵轴 轩轮轴软 轮轩轮轥 轣轵轢轥轳 轷轩轴轨 轡 轳轩轺轥 软车 轡轢软轵轴 4 mm 轥轡轣轨輮 轉轮 软轲轤轥轲 轴软
轡转转软轷 轭轥轣轨轡轮轩轣轡转 轣轵轴轴轩轮轧 轷轩轴轨软轵轴 轣轲轡轣轫轩轮轧 软车 轴轨轥 轳轡轭轰转轥轳輬 轴轨轥 轩轮轧软轴 轩轳 輜轸轥轤 轩轮轴软 轡 轤轲轩转转轥轤
轡转轵轭轩轮轵轭 轢转软轣轫輮 轔轨轥 轣轵轴 轩轳 轰轥轲车软轲轭轥轤 轵轳轩轮轧 轡 轢软轲软轮輭轣轡轲轢轩轤輭轢软轵轮轤 轤轩轡轭软轮轤 轣轵轴轴轩轮轧 轷轨轥轥转
轲软轴轡轴轩轮轧 轡轴 3200 rpm 轷轨轩转轥 轣软软转轩轮轧 轷轩轴轨 轷轡轴轥轲輮

轔轨轥 轲轥轳轵转轴轩轮轧 轳轡轭轰转轥轳 轡轲轥 轭轡轮轵轡转转轹 轧轲软轵轮轤 轵轳轩轮轧 轡 轰转轡轮轡轲 轧轲轩轮轤轥轲輮 轉轮 轴轨轥 车软转转软轷轩轮轧
轴轨轥 软轰轴轩轭轩轺轥轤 轧轲轩轮轤轩轮轧 轲软轵轴轩轮轥 轩轳 轤轥轳轣轲轩轢轥轤輮 轉轴 轷轩转转 轢轥 轳轰轥轣轩輜轣轡转转轹 轲轥轭轡轲轫轥轤輬 轩车 轡轮轹 轳轡轭轰转轥
轩轳 轧轲软轵轮轤 轤轩輛轥轲轥轮轴转轹輻 轴轨轥 轩轮輝轵轥轮轣轥 软车 轴轨轥 轧轲轩轮轤轩轮轧 软轮 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轩轳 轤轥轳轣轲轩轢轥轤
轩轮 轳轥轣轴轩软轮 輷輮輲輮 轉轮 轴轨轥 软轰轴轩轭轩轺轥轤 轲软轵轴轩轮轥輬 轴轨轲轥轥 轳轡轭轰转轥轳 轡轲轥 轧转轵轥轤 轵轳轩轮轧 轷轡轸 轴软 轡 轭轥轴轡转转轩轣
轤轩轳轣 轥轮轳轵轲轩轮轧 轡 车轵转转 轣软轮轴轡轣轴 轴软 轴轨轥 轡轢轲轡轳轩轶轥 轰轡轰轥轲 轤轵轲轩轮轧 轧轲轩轮轤轩轮轧輮 轔轨轥 轴轨轲轥轥 轳轡轭轰转轥轳 轡轲轥
轰轲轥轳轳轥轤 软轮轴软 轴轨轥 轲软轴轡轴轩轮轧 轤轩轳轣 轷轩轴轨 轡 车软轲轣轥 软车 ∼0.02 kN 轩轮 轴软轴轡转輬 轴轨轵轳 轴轨轥轲轥 轩轳 轡 轰轲轥轳轳轵轲轥 软车
∼0.4 MPa 软轮 轥轡轣轨 轳轡轭轰转轥輮 轔轨轥 轲软轴轡轴轩软轮 轳轰轥轥轤 轩轳 50 轲软轴轡轴轩软轮轳 轰轥轲 轭轩轮轵轴轥輮 轁 轲轥轰轲软轤轵轣轩轢转轥
轳轵轲车轡轣轥 輜轮轩轳轨 轩轳 轡轣轨轩轥轶轥轤 轢轹 轳轵轣轣轥轳轳轩轶轥 轧轲轩轮轤轩轮轧 轷轩轴轨 輜轮轥轲 轓轩轃 轰轡轰轥轲輺 轐輴輰輰輬 轐輸輰輰輬 轐輱輰輰輰輬
轡轮轤 轴轷轩轣轥 轐輱輲輰輰 轧轲轩轤 轳轩轺轥 轩轳 轵轳轥轤 车软轲 2 min 轥轡轣轨輮 轔轨轥 轐輱輲輰輰 轧轲轩轤 轳轩轺轥 轨轡轳 轰轡轲轴轩轣转轥轳 软车
8 µm輮 轔轨轥 轳轡轭轰转轥 轩轳 轣转轥轡轮轥轤 轡轴 轲软软轭 轴轥轭轰轥轲轡轴轵轲轥 车软轲 15 min 轩轮 轡轮 轵转轴轲轡轳软轮轩轣 轢轡轴轨 轷轩轴轨
輜轲轳轴 轡轣轥轴软轮轥 輨轃3轈6轏輩 轡轮轤 轴轨轥轮 轩轳软轰轲软轰轡轮软转 輨轃3轈8轏輩 轢轥车软轲轥 车轵轲轴轨轥轲 轡轮轡转轹轳轩轳輮

轉轮 轳软轭轥 轣轡轳轥轳 轩轴 轩轳 轩轮轴轥轲轥轳轴轩轮轧 轴软 转软软轫 轡轴 轴轨轥 轳轵轲车轡轣轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轵轳轩轮轧 轭轩轣轲软轳轣软轰轹
轴轥轣轨轮轩轱轵轥轳輮 轉轮 轴轨轡轴 轣轡轳轥 轴轨轥 轳轡轭轰转轥 轮轥轥轤轳 轴软 轢轥 轰软转轩轳轨轥轤輮 轔轨轥 轡车软轲轥轭轥轮轴轩软轮轥轤 轧轲轩轮轤轩轮轧
轰轲软轣轥轳轳 轩轳 轣软轮轴轩轮轵轥轤 软轮 轴轨轥 轰转轡轮轡轲 轧轲轩轮轤轥轲 轢轹 轰软转轩轳轨轩轮轧 轷轩轴轨 轓轩轃 轰轡轰轥轲 软车 轴轨轥 轧轲轩轤 轳轩轺轥
轐輲輵輰輰 轡轮轤 轐輴輰輰輰輮 轁车轴轥轲轷轡轲轤轳 轴轨轥 轓轩轃 轰轡轰轥轲 轩轳 轥轸轣轨轡轮轧轥轤 轴软 轡 轣转软轴轨 软轮 轷轨轩轣轨 轡 轤轩轡轭软轮轤
轰轡轳轴轥 轷轩轴轨 轡 轰轡轲轴轩轣转轥 轤轩轡轭轥轴轥轲 软车 1 µm 轩轳 轡轰轰转轩轥轤輮 轉轮 轡 輜轮轡转 轰软转轩轳轨轩轮轧 轳轴轥轰 轡轮 轁轣轴轩轶轥 轏轸轩轤轥
轐软转轩轳轨轩轮轧 轓轵轳轰轥轮轳轩软轮 輨轏轐轓輩 轷轩轴轨 0.04 µm 轓轩轏2 轰轡轲轴轩轣转轥轳 轩轳 轵轳轥轤 车软轲 10 min 轴软 20 min輮

2.5 Carbon determination
轔轨轥 轣轡轲轢软轮 輨轃輩 轣软轮轴轥轮轴 软车 轡 轳轡轭轰转轥 轩轳 轱轵轡轮轴轩輜轥轤 轵轳轩轮轧 轴轨轥 轣轡轲轢软轮 轤轥轴轥轲轭轩轮轡轴软轲 轃轓輶輰輰
轭轡轮轵车轡轣轴轵轲轥轤 轢轹 轌轅轃轏 轣软轲轰软轲轡轴轩软轮輬 輴輹輰輸輵 轓轴輮 轊软轳轥轰轨輬 轕轓轁輮 轉轮 轡 輜轲轳轴 轳轴轥轰 轡 轳轡轭轰转轥
软车 轡轲软轵轮轤 0.1 g 轩轳 轣软轭轢轵轳轴轥轤 轩轮 轡 轳轴轲轥轡轭 软车 轰轵轲轩輜轥轤 软轸轹轧轥轮輮 轄轵轲轩轮轧 轴轨轩轳 轰轲软轣轥轳轳 轡转转 轴轨轥
轣轡轲轢软轮 轩轮 轴轨轥 轳轡轭轰转轥 轩轳 软轸轩轤轩轺轥轤 轴软 轣轡轲轢软轮 轤轩软轸轩轤轥 輨轃轏2輩 轡轮轤 轣轡轲轢软轮 轭软轮软轸轩轤轥 輨轃轏輩輮 轉轮 轡
轳轥轣软轮轤 轳轴轥轰 轴轨轥 轧轡轳轥轳 轡轲轥 轳轷轥轰轴 轴轨软轵轧轨 轡 轤轵轳轴 輜转轴轥轲輬 轡 轤轲轹轩轮轧 轲轥轡轧轥轮轴輬 轡轮轤 轡 轨轥轡轴轥轤 轣轡轴轡转轹轳轴
轣软轮轶轥轲轴轩轮轧 轃轏 轴软 轃轏2輮 轉轮 轡 轴轨轩轲轤 轳轴轥轰 轴轨轥 轃轏2 轩轳 轭轥轡轳轵轲轥轤 轩轮 轡轮 轩轮车轲轡轲轥轤 轡轢轳软轲轰轴轩软轮 轣轥转转輮
轃轏2 轡轢轳软轲轢轳 轩轮车轲轡轲轥轤 转轩轧轨轴 轡轴 轡 轷轡轶轥转轥轮轧轴轨 软车 2.7 µm輬 4.3 µm輬 轡轮轤 15 µm輮 轔轨轥 轤轥轴轥轣轴软轲轳
轭轥轡轳轵轲轥 轴轨轥 轣轨轡轮轧轥轳 轩轮 轩轮轴轥轮轳轩轴轹 轡轴 轴轨轩轳 轷轡轶轥转轥轮轧轴轨 轡轳 轴轨轥 轧轡轳 轰轡轳轳轥轳 轴轨轲软轵轧轨 轴轨轥 轩轮车轲轡轲轥轤
轡轢轳软轲轰轴轩软轮 轣轥转转輮 轔轨轥 轤轥轴轥轣轴轩软轮 转轩轭轩轴 轩轳 轡轴 轡轲软轵轮轤 10 ppm輮 轃轡转轩轢轲轡轴轩软轮 轩轳 轰轥轲车软轲轭轥轤 轢轹
轭轥轡轳轵轲轩轮轧 轴轨轥 轃 轣软轮轴轥轮轴 软车 轡 轲轥车轥轲轥轮轣轥 轭轡轴轥轲轩轡转 轰轲软轶轩轤轥轤 轢轹 轌轅轃轏輮
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2.6 Oxygen and nitrogen determination
轔轨轥 软轸轹轧轥轮 輨轏輩 轡轮轤 轮轩轴轲软轧轥轮 輨轎輩 轣软轮轴轥轮轴 软车 轡 轢轵转轫 轳轡轭轰转轥 轩轳 轱轵轡轮轴轩輜轥轤 轵轳轩轮轧 轴轨轥
轎轩轴软轧轥轮輯轏轸轹轧轥轮 轤轥轴轥轲轭轩轮轡轴软轲 轔轃轈輶輰輰 轭轡轮轵车轡轣轴轵轲轥轤 轢轹 轌轅轃轏 轣软轲轰软轲轡轴轩软轮輬 輴輹輰輸輵 轓轴輮
轊软轳轥轰轨輬 轕轓轁輮 轔轨轥 轤轥轴轥轣轴轩软轮 转轩轭轩轴 软车 轏 轡轮轤 轎 轩轳 轡轲软轵轮轤 0.5 µg g−1輮

轁 轷轥轩轧轨轴轥轤 轳轡轭轰转轥 轩轳 轰转轡轣轥轤 轩轮 轡 轧轲轡轰轨轩轴轥 轣轲轵轣轩轢转轥 轡轮轤 轨轥轡轴轥轤 轢轹 轡轮 轥转轥轣轴轲轩轣 轣轵轲轲轥轮轴 轩轮
轡 輝软轷轩轮轧 轨轥转轩轵轭 轧轡轳 轳轴轲轥轡轭輮 轏 轡轮轤 轎 轡轲轥 轲轥转轥轡轳轥轤 车轲软轭 轴轨轥 轭轡轴轥轲轩轡转輮 轔轨轥 轏 轲轥轡轣轴轳 轷轩轴轨
轴轨轥 轣轡轲轢软轮 輨轃輩 车轲软轭 轴轨轥 轣轲轵轣轩轢转轥 轴软 轃轏輮 轔轨轥 轃轏 轩轳 轱轵轡轮轴轩輜轥轤 轢轹 轩轮车轲轡轲轥轤 轡轢轳软轲轰轴轩软轮輮
轔轨轥轮輬 轴轨轥 轧轡轳 轰轡轳轳轥轳 轴轨轲软轵轧轨 轨轥轡轴轥轤 轣软轰轰轥轲 软轸轩轤轥 轷轨轩轣轨 轣软轮轶轥轲轴轳 轡轮轹 轃轏 轡轮轤 轨轹轤轲软轧轥轮
轴软 轷轡轴轥轲 轷轨轩轣轨 轩轳 轲轥轭软轶轥轤 轢轹 轡 轌轥轣软轳软轲轢輯轁轮轨轹轤轲软轮轥 轴轲轡轰輮 轆软转转软轷轩轮轧 轴轨轩轳輬 轴轨轥 轴轨轥轲轭轡转
轣软轮轤轵轣轴轩轶轩轴轹 轩轳 轭轥轡轳轵轲轥轤 轡转转软轷轩轮轧 轴软 轤轥轴轥轲轭轩轮轥 轴轨轥 轎2 轣软轮轴轥轮轴輮 轃轡转轩轢轲轡轴轩软轮 轩轳 轰轥轲车软轲轭轥轤
轢轹 轭轥轡轳轵轲轩轮轧 轴轨轥 轏 轡轮轤 轎 轣软轮轴轥轮轴 软车 轡 轲轥车轥轲轥轮轣轥 轭轡轴轥轲轩轡转 轰轲软轶轩轤轥轤 轢轹 轌轅轃轏輮

2.7 Inductively coupled plasma optical emission
spectrometry (ICP-OES)

轔轨轥 轥转轥轭轥轮轴轡转 轣软轭轰软轳轩轴轩软轮 软车 轳轡轭轰转轥轳 轣轡轮 轢轥 轤轥轴轥轲轭轩轮轥轤 轵轳轩轮轧 轉轮轤轵轣轴轩轶轥转轹 轃软轵轰转轥轤
轐转轡轳轭轡 轏轰轴轩轣轡转 轅轭轩轳轳轩软轮 轓轰轥轣轴轲软轳轣软轰轹 輨轉轃轐輭轏轅轓輩輮 轔轨轥 轤轥轶轩轣轥轳 轩轃轁轐輷輶輰輰 轡轮轤 轩轃轁轐輶輵輰輰
轉轃轐輭轏轅轓 轡轮轡转轹轺轥轲 轭轡轮轵车轡轣轴轵轲轥轤 轢轹 轔轨轥轲轭软 轆轩轳轨轥轲 轓轣轩轥轮轴轩輜轣 輨轗轡转轴轨轡轭輬 轍轁 轕轓轁 輰輲輴輵輱輩
轡轲轥 轵轳轥轤 轩轮 轴轨轩轳 轷软轲轫輮 轉轮 轰轲轥轰轡轲轡轴轩软轮 车软轲 轴轨轥 轭轥轡轳轵轲轥轭轥轮轴 轴轨轥 轳轡轭轰转轥 轩轳 轤轩轳轳软转轶轥轤輺 轴轨轥
轳轡轭轰转轥 轩轳 轰转轡轣轥轤 轩轮 1 ml 轴软 3 ml 轈轃转轏4 轡轮轤 1 ml 轴软 3 ml 轈2轐轏4輮 轆软轲 轢软轴轨 轡轣轩轤轳 轴轨轥 轳轡轭轥
轡轭软轵轮轴 轩轳 轵轳轥轤輬 轴轨轥 轥轸轡轣轴 轡轭软轵轮轴 轤轥轰轥轮轤轳 软轮 轴轨轥 轳轩轺轥 软车 轴轨轥 轳轡轭轰转轥輮 轔轨轥 轳轡轭轰转轥 轩轳 车轵转转轹
轤轩轳轳软转轶轥轤 轵轳轩轮轧 轂轥轲轧轨软车 轰轲轥轳轳轵轲轥 轤轩轧轥轳轴轩软轮 轩轮 轡 轱轵轡轲轴轺 轢轥轡轫轥轲 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 520 K
轴软 580 K 车软轲 3 days輮 轔轨轥 轲轥轳轵转轴轩轮轧 轳软转轵轴轩软轮 轩轳 轤轩转轵轴轥轤 轷轩轴轨 轷轡轴轥轲 轴软 轡 轶软转轵轭轥 软车 100 ml輮
轔轨轥 轤轩转轵轴轥轤 轳软转轵轴轩软轮 轩轳 轳轰轲轡轹轥轤 轩轮轴软 轡 轰转轡轳轭轡 轵轳轩轮轧 轡 轮轥轢轵转轩轺轥轲輮 轔轨轥 轰转轡轳轭轡 轥轸轣轩轴轥轳 轴轨轥
轳轰轲轡轹轥轤 轡轴软轭轳輮 轗轨轥轮 轲轥轴轵轲轮轩轮轧 轴软 轴轨轥 轧轲软轵轮轤 轳轴轡轴轥輬 轴轨轥 轡轴软轭轳 轥轭轩轴 轡 轣轨轡轲轡轣轴轥轲轩轳轴轩轣
轲轡轤轩轡轴轩软轮輮 轔轨轥 轤轥轴轥轣轴轩软轮 软车 轴轨轥 轥轭轩轴轴轥轤 轲轡轤轩轡轴轩软轮 轡转转软轷轳 轱轵轡轮轴轩轴轡轴轩轶轥 轤轥轴轥轲轭轩轮轡轴轩软轮 软车
轴轨轥 轣软轮轴轡轩轮轥轤 轥转轥轭轥轮轴轳輮 轔轨轥 轤轥轴轥轣轴轩软轮 转轩轭轩轴 轩轳 轡轲软轵轮轤 1 µg g−1輮 轃轡转轩轢轲轡轴轩软轮 轩轳 轰轥轲车软轲轭轥轤
轵轳轩轮轧 轳轴轡轮轤轡轲轤轩轺轥轤 轲轥车轥轲轥轮轣轥 轳软转轵轴轩软轮轳輮

2.8 Weighting
轔轨轥 轭轡轳轳 轡轮轤 轴轨轥 轤轥轮轳轩轴轹 软车 轴轨轥 轳轡轭轰转轥轳 轩轳 轭轥轡轳轵轲轥轤 轵轳轩轮轧 轴轨轥 轡轮轡转轹轴轩轣轡转 轢轡转轡轮轣轥
轍轓轁輲輲輵轓 车轲软轭 轓轡轲轴软轲轩轵轳輬 輳輷輰輷輹 轇迶轴轴轩轮轧轥轮輬 轇轥轲轭轡轮轹輮 轁 轭轡轳轳 软车 轵轰 轴软 220 g 轣轡轮 轢轥
轭轥轡轳轵轲轥轤 轷轩轴轨 轡 轰轲轥轣轩轳轩软轮 软车 10 µg輮 轔轨轥 轭轡轳轳 软车 轴轨轥 轭轥轡轳轵轲轥轤 轳轡轭轰转轥 轧轥轮轥轲轡轴轥轳 轡 轴软轲轱轵轥
轶轩轡 轡 转轥轶轥轲 轤轵轥 轴软 轩轴轳 轷轥轩轧轨轴輮 轔轨轩轳 轴软轲轱轵轥 轩轳 轣软轭轰轥轮轳轡轴轥轤 轢轹 轡轮 轥转轥轣轴轲轩轣 轣软轩转 轩轮 轡 轣软轮轳轴轡轮轴
轭轡轧轮轥轴轩轣 輜轥转轤輮 轔轨轥 轭轡轳轳 软车 轴轨轥 轳轡轭轰转轥 轩轳 轤轥轴轥轲轭轩轮轥轤 轢轡轳轥轤 软轮 轴轨轥 轣轵轲轲轥轮轴 轲轥轱轵轩轲轥轤 轩轮
轴轨轥 轣软轩转輮

轔轨轥 轤轥轮轳轩轴轹 轩轳 轭轥轡轳轵轲轥轤 轵轳轩轮轧 轴轨轥 轳轡轭轥 轤轥轶轩轣轥輬 轤软轩轮轧 轴轷软 轭轥轡轳轵轲轥轭轥轮轴轳輮 轉轮 轡 輜轲轳轴
轭轥轡轳轵轲轥轭轥轮轴 轴轨轥 轷轥轩轧轨轴 软车 轴轨轥 轳轡轭轰转轥 轩轮 轡轩轲 轩轳 轭轥轡轳轵轲轥轤輮 轉轮 轡 轳轥轣软轮轤 轭轥轡轳轵轲轥轭轥轮轴 轴轨轥
轢轵软轹轡轮轣轹 车软轲轣轥 软车 轴轨轥 轳轡轭轰转轥 轩轭轭轥轲轳轥轤 轩轮 轥轴轨轡轮软转 轩轳 轤轥轴轥轲轭轩轮轥轤輮 轂轡轳轥轤 软轮 轁轲轣轨轩轭轥轤轥轳輧
轰轲轩轮轣轩轰转轥 轴轨轩轳 轩轳 轤轩轲轥轣轴转轹 轰轲软轰软轲轴轩软轮轡转 轴软 轴轨轥 轶软转轵轭轥 软车 轴轨轥 轤轩轳轰转轡轣轥轤 輝轵轩轤輮 轖软转轵轭轥 轡轮轤
轤轥轮轳轩轴轹 轣轡轮 轢轥 轣轡转轣轵转轡轴轥轤 车轲软轭 轴轨轥 轲轥轳轵转轴轳 软车 轴轨轥 轴轷软 轭轥轡轳轵轲轥轭轥轮轴轳輮
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2.9 Profilometry
轔轨轥 轳轵轲车轡轣轥 轲软轵轧轨轮轥轳轳 软车 轴轨轥 轳轡轭轰转轥轳 轩轳 轭轥轡轳轵轲轥轤 轵轳轩轮轧 轴轨轥 轰轲软輜转软轭轥轴轥轲 轄轥轫轴轡轫 輶轍 车轲软轭
轂轲轵轫轥轲輮 轁 轤轩轡轭软轮轤輭轴轩轰轰轥轤 轳轴轹转轵轳 轷轩轴轨 轡 轤轩轡轭轥轴轥轲 软车 2 µm 轩轳 轥转轥轣轴轲软轭轥轣轨轡轮轩轣轡转转轹 轭软轶轥轤
轡轣轲软轳轳 轴轨轥 轳轡轭轰转轥輮 轔轨轥 轳轵轲车轡轣轥 轰轲软輜转轥 软车 轴轨轥 轳轡轭轰转轥 轣轡轵轳轥轳 轶轥轲轴轩轣轡转 轭软轶轥轭轥轮轴 软车 轴轨轥 轴轩轰輮
轂轹 轣软轵轰转轩轮轧 轴轨轥 轴轩轰 轴软 轡 转轩轮轥轡轲 轶轡轲轩轡轢转轥 轤轩輛轥轲轥轮轴轩轡转 轴轲轡轮轳车软轲轭轥轲 轴轨轥 轶轥轲轴轩轣轡转 轭软轶轥轭轥轮轴
轧轥轮轥轲轡轴轥轳 轡轮 轥转轥轣轴轲轩轣轡转 轳轩轧轮轡转 轷轨轩轣轨 轣轡轮 轢轥 轣软轮轶轥轲轴轥轤 轩轮 轡 轤轩轧轩轴轡转 车软轲轭轡轴輮 轁 转轩轮轥 轳轣轡轮 轩轳
轰轥轲车软轲轭轥轤 轡轮轤 轴轨轥 轳轵轲车轡轣轥 轲软轵轧轨轮轥轳轳 ra 轩轳 轣轡转轣轵转轡轴轥轤 轵轳轩轮轧 轴轨轥 轥轱轵轡轴轩软轮

ra =
1

n

n∑
i=1

|xi| 輨輲輮輲輩

轷轨轥轲轥 n 轩轳 轴轨轥 轮轵轭轢轥轲 软车 轤轡轴轡 轰软轩轮轴轳 轡轮轤 xi 轴轨轥 轤轩轳轴轡轮轣轥 软车 轤轡轴轡 轰软轩轮轴 i 车轲软轭 轴轨轥 轳轵轲车轡轣轥
轰转轡轮轥輮 轔轨轥 轳轵轲车轡轣轥 轰转轡轮轥 轩轳 轤轥輜轮轥轤 轡轳 轴轨轥 轡轶轥轲轡轧轥 轭轥轡轳轵轲轥轤 轨轥轩轧轨轴 软轶轥轲 轡 转轥轮轧轴轨 软车 1 mm輮
轔轨轥 轭轡轸轩轭轵轭 轳轣轡轮 转轥轮轧轴轨 轩轳 3 cm輬 轴轨轥 轶轥轲轴轩轣轡转 轲轥轳软转轵轴轩软轮 轩轳 ∼ 10 nm輮

2.10 X-ray diffraction (XRD)
轔轨轥 轣轲轹轳轴轡转 转轡轴轴轩轣轥 轳轴轲轵轣轴轵轲轥 软车 轴轨轥 轳轡轭轰转轥轳 轩轳 轭轥轡轳轵轲轥轤 轵轳轩轮轧 轴轨轥 轘輭轲轡轹 轤轩輛轲轡轣轴轩软轮 輨轘轒轄輩
轤轥轶轩轣轥 轄輸 轄轩轳轣软轶轥轲 车轲软轭 轂轲轵轫轥轲輬 轁轘轓 轇轭轢轈輬 輷輶輱輸輷 轋轡轲轳轲轵轨轥輬 轇轥轲轭轡轮轹輮 轔轨轥 轳软轵轲轣轥 轩轳
轡 轣软轰轰轥轲 轘輭轲轡轹 轴轵轢轥 轥轭轩轴轴轩轮轧 轡轴 轡 轷轡轶轥转轥轮轧轴轨 软车 0.154 18 nm輮 轔轨轥 轤轥轴轥轣轴软轲 轩轳 轴轨轥 软轮轥輭
轤轩轭轥轮轳轩软轮轡转 轳轩转轩轣软轮 轳轴轲轩轰 轤轥轴轥轣轴软轲 轌轹轮轸轥轹轥 轘轅輮 轘輭轲轡轹 轳软轵轲轣轥 轡轮轤 轤轥轴轥轣轴软轲 轡轲轥 轣软轮轴轩轮轵软轵轳转轹
轲软轴轡轴轥轤 轤轵轲轩轮轧 轴轨轥 轭轥轡轳轵轲轥轭轥轮轴 轩轮 软轲轤轥轲 轴软 轭轥轡轳轵轲轥 轴轨轥 轩轮轴轥轮轳轩轴轹 轩轮 轤轥轰轥轮轤轥轮轣轥 软车 轴轨轥
轤轩輛轲轡轣轴轩软轮 轡轮轧转轥 2θ 车轲软轭 20◦ 轴软 100◦輮

轔轨轥 轩轮轣轩轤轥轮轴 轘輭轲轡轹轳 轡轲轥 轲轥輝轥轣轴轥轤 轡轴 轴轨轥 轳轡轭轰转轥輮 轃软轮轳轴轲轵轣轴轩轶轥 轩轮轴轥轲车轥轲轥轮轣轥 软轣轣轵轲轳 轷轨轥轮
轂轲轡轧轧輧轳 转轡轷 轡轰轰转轩轥轳輺

nλ = 2dhkl sin θi 輨輲輮輳輩

轷轨轥轲轥 n 轩轳 轡 轮轡轴轵轲轡转 轮轵轭轢轥轲輬 dhkl 轩轳 轴轨轥 转轡轴轴轩轣轥 轳轰轡轣轩轮轧 软车 轴轨轥 轳轥轴 软车 转轡轴轴轩轣轥 轰转轡轮轥轳 輨轨輬轫輬转輩輬
轡轮轤 θi 轴轨轥 轤轩輛轲轡轣轴轩软轮 轡轮轧转轥輮 轔轨轥 轩轮轴轥轮轳轩轴轹 软车 轴轨轥 轲轥輝轥轣轴轥轤 轘輭轲轡轹轳 轩轳 轤轥轰轩轣轴轥轤 轡轳 轡 车轵轮轣轴轩软轮
软车 轴轨轥 轤轩輛轲轡轣轴轩软轮 轡轮轧转轥 θi 轩轮 轡 轤轩輛轲轡轣轴软轧轲轡轭輮 轅轡轣轨 轭轡轸轩轭轵轭 轩轮 轴轨轥 轤轩輛轲轡轣轴轲软轧轲轡轭 轢轥转软轮轧轳
轴软 轡 轳轰轥轣轩輜轣 轳轥轴 软车 转轡轴轴轩轣轥 轰转轡轮轥轳輮 轁 轣轲轹轳轴轡转 轳轴轲轵轣轴轵轲轥 轨轡轳 轭轵转轴轩轰转轥 轳轥轴轳 软车 转轡轴轴轩轣轥 轰转轡轮轥轳
轷轨轩轣轨 轧轩轶轥 轲轩轳轥 轴软 轤轩輛轥轲轥轮轴 轭轡轸轩轭轡輮 轁 轭轡轴轥轲轩轡转 轣软轮轴轡轩轮轩轮轧 轤轩輛轥轲轥轮轴 轰轨轡轳轥轳 轲轥轳轵转轴轳 轩轮
轡 轤轩輛轲轡轣轴软轧轲轡轭 轷轩轴轨 轭轡轸轩轭轡 车软轲 轥轡轣轨 轰轨轡轳轥輮 轔轨轥 轰软轳轩轴轩软轮 软车 轴轨轥 轰轥轡轫 轲轥转轡轴轥轳 轴软 轴轨轥
转轡轴轴轩轣轥 轣软轮轳轴轡轮轴輬 轴轨轥 轷轩轤轴轨 软车 轴轨轥 轰轥轡轫轳 轲轥转轡轴轥轳 轴软 轴轨轥 轶轡轲轩轡轴轩软轮 轩轮 转轡轴轴轩轣轥 轣软轮轳轴轡轮轴輬 轡轮轤
轴轨轥 轲轥转轡轴轩轶轥 轩轮轴轥轮轳轩轴轩轥轳 轲轥转轡轴轥 轴软 轴轨轥 轣轲轹轳轴轡转 软轲轩轥轮轴轡轴轩软轮 轡轮轤 轴轨轥 轡轭软轵轮轴 软车 轡 轣轥轲轴轡轩轮 轰轨轡轳轥輮
轍软轲轥 轤轥轴轡轩转轳 轡轲轥 轰轲软轶轩轤轥轤 轩轮 轛輵輸轝 轡轮轤 轷轨轥轮 轡轮轡转轹轺轩轮轧 轡 轳轰轥轣轩輜轣 轤轩輛轲轡轣轴软轧轲轡轭輮

2.11 Secondary ion mass spectroscopy (SIMS)
轃轨轡轮轧轥轳 轩轮 轴轨轥 轥转轥轭轥轮轴轡转 轣软轭轰软轳轩轴轩软轮 轡轳 轡 车轵轮轣轴轩软轮 软车 轤轥轰轴轨 轩轮 轴轨轥 轳轡轭轰转轥轳 轡轲轥 轭轥轡轳轵轲轥轤
轢轹 轓轥轣软轮轤轡轲轹 轉软轮 轍轡轳轳 轓轰轥轣轴轲软轳轣软轰轹 輨轓轉轍轓輩輮 轔轨轥 轭轡轣轨轩轮轥 轔软轆輭轓轉轍轓 轉轖 轭轡轮轵车轡轣轴轵轲轥轤
轢轹 轉轏轎輭轔轏轆 轇轭轢轈輬 輴輸輱輴輹 轍迼轮轳轴轥轲輬 轇轥轲轭轡轮轹 轩轳 轵轳轥轤 轩轮 轴轨轩轳 轷软轲轫輮

轔轨轥 轭轡轣轨轩轮轥 轩轳 软轰轥轲轡轴轥轤 轩轮 轤轵轡转 轢轥轡轭 轭软轤轥輺 软轮轥 轢轥轡轭 轳轰轵轴轴轥轲轳 轡 轣轲轡轴轥轲輬 轴轨轥 软轴轨轥轲
轢轥轡轭 轰轲软轧轲轥轳轳轩轶轥转轹 轡轮轡转轹轺轥轳 轴轨轥 轣轲轡轴轥轲 轢软轴轴软轭輮 轆软轲 轳轰轵轴轴轥轲轩轮轧 轴轹轰轩轣轡转转轹 轡 轣轥轡轳轩轵轭 轢轥轡轭
轷轩轴轨 轡轮 轥轮轥轲轧轹 软车 2 keV 轡轮轤 轡 轣轵轲轲轥轮轴 轡轲软轵轮轤 0.2 mA 轩轳 轵轳轥轤 轴软 轭轡轫轥 轡 轣轲轡轴轥轲 软车
0.3 mm × 0.3 mm輮 轔轨轥 轳轰轵轴轴轥轲 轴轩轭轥 轩轳 轲轥轣软轲轤轥轤 轡轮轤 轴轨轥 轣轲轡轴轥轲 轤轥轰轴轨 轩轳 轭轥轡轳轵轲轥轤 轵轳轩轮轧
轴轨轥 轄轥轫轴轡轫 輶轍 輨轳轥轥 轳轥轣轴轩软轮 輲輮輹輩輮 轏轮 轗 轡转转软轹轳 轡 轳轰轵轴轴轥轲輭轲轡轴轥 软车 ∼ 3 µm h−1 轩轳 轭轥轡轳轵轲轥轤
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轵轳轩轮轧 轴轨轥 轡车软轲轥轭轥轮轴轩软轮轥轤 轰轡轲轡轭轥轴轥轲轳輮 轁轮 轡轲轥轡 软车 轡轲软轵轮轤 0.1 mm× 0.1 mm 轩轳 轢软轭轢轡轲轤轥轤
轷轩轴轨 轡 轢轩轳轭轵轴轨 轢轥轡轭 轷轩轴轨 轡轮 轥轮轥轲轧轹 软车 25 keV 轡轮轤 轡 轣轵轲轲轥轮轴 软车 1 nA輮 轔轨轩轳 轢软轭轢轡轲轤轭轥轮轴
轧轥轮轥轲轡轴轥轳 轳轥轣软轮轤轡轲轹 轰轡轲轴轩轣转轥轳 车轲软轭 轴轨轥 轳轡轭轰转轥輮 轔轨轥 轳轥轣软轮轤轡轲轹 轩软轮轳 轡轲轥 轡轮轡转轹轺轥轤 轩轮 轡
轴轩轭轥輭软车輭輝轩轧轨轴 輨轔软轆輩 轭轡轳轳 轳轰轥轣轴轲软轭轥轴轥轲 轡轮轤 轴轨轥 轩轮轴轥轮轳轩轴轹 软车 轩软轮轳 轩轮 轤轥轰轥轮轤轥轮轣轥 软车 轴轨轥轩轲
轭轡轳轳 轩轳 软轢轴轡轩轮轥轤輮 轔轨轥 轭轡轳轳 轲轥轳软转轵轴轩软轮 轡转转软轷轳 轴软 轳轥轰轡轲轡轴轥 轤轩輛轥轲轥轮轴 轩轳软轴软轰轥轳 软车 轡轮 轥转轥轭轥轮轴輮
轃软轭轢轩轮轥轤 轷轩轴轨 轴轨轥 轤轥轰轴轨 轩轮车软轲轭轡轴轩软轮 轴轨轩轳 轡转转软轷轳 轴软 轤轥轴轥轲轭轩轮轥 轣轨轡轮轧轥轳 轩轮 轴轨轥 轥转轥轭轥轮轴轡转
轣软轭轰软轳轩轴轩软轮 软车 轴轨轥 轳轡轭轰转轥 轡轳 轡 车轵轮轣轴轩软轮 软车 轤轥轰轴轨輮

轔轨轥 轡轮轡转轹轺轥轤 轳轥轣软轮轤轡轲轹 轩软轮轳 轣软轮轳轴轩轴轵轴轥 软轮转轹 0.1 % 轴软 10 % 软车 轴轨轥 轳轥轣软轮轤轡轲轹 轰轡轲轴轩轣转轥轳輬
轴轨轥 轩软轮轩轺轡轴轩软轮 轲轡轴轥 轤轥轰轥轮轤轳 软轮 轴轨轥 轥转轥轭轥轮轴 轡轮轤 轴轨轥 轳轵轲轲软轵轮轤轩轮轧 轭轡轴轥轲轩轡转 轛輵輹輬 輶輰轝輮
轔轨轥轲轥车软轲轥輬 轴轨轥 轤轥轴轥轲轭轩轮轡轴轩软轮 软车 轡轢轳软转轵轴轥 轣软轮轣轥轮轴轲轡轴轩软轮轳 轩轳 轤轩輞轣轵转轴 轵轳轩轮轧 轓轉轍轓輮 轗轨轥轮 轡轮
软轸轹轧轥轮 轢轥轡轭 轩轮轳轴轥轡轤 软车 轴轨轥 轣轡轥轳轩轵轭 轢轥轡轭 轩轳 轵轳轥轤 车软轲 轳轰轵轴轴轥轲轩轮轧輬 轥转轥轣轴轲软轮轳 轡轲轥 轴轲轡轮轳车轥轲轲轥轤
车轲软轭 轴轨轥 轭轥轴轡转 轳轵轲车轡轣轥 轴软 轴轨轥 软轸轹轧轥轮 轩软轮轳 轲轥轳轵转轴轩轮轧 轩轮 轡轮 轩轮轣轲轥轡轳轥轤 轩软轮轩轺轡轴轩软轮 轲轡轴轥 软车
轴轨轥 轳轰轵轴轴轥轲轥轤 轭轥轴轡转輮 轔轨轥 轨轩轧轨轥轲 轩软轮轩轺轡轴轩软轮 轲轡轴轥 轹轩轥转轤轳 轡 轨轩轧轨轥轲 轳轥轮轳轩轴轩轶轩轴轹 车软轲 轭轥轴轡转轳輮
轈软轷轥轶轥轲輬 轴轨轥 软轸轹轧轥轮 轣软轭轰软轳轩轴轩软轮 轣轨轡轮轧轥 轣轡轮 轮软轴 轢轥 轭轥轡轳轵轲轥轤 轷轨轥轮 轡轮 软轸轹轧轥轮 轢轥轡轭 轩轳
轵轳轥轤輮 轆轵轲轴轨轥轲輬 轩轴 轭轵轳轴 轢轥 轣软轮轳轩轤轥轲轥轤 轴轨轡轴 轳轵轲车轡轣轥 轲软轵轧轨轮轥轳轳 轡轮轤 轰软轲软轳轩轴轹 轩轮 轴轨轥 轳轡轭轰转轥
轰轲软轰轡轧轡轴轥轳 轴软 轴轨轥 轢软轴轴软轭 软车 轴轨轥 轳轰轵轴轴轥轲轥轤 轣轲轡轴轥轲 轷轨轩轣轨 轩轳 轡轮轡转轹轺轥轤輮 轔轨轩轳 轲软轵轧轨轮轥轳轳 轲轥轳轵转轴轳
轩轮 轡轮 轵轮轣轥轲轴轡轩轮轴轹 轩轮 轴轨轥 轤轥轰轴轨 轲轥轳软转轵轴轩软轮輮 轔轨轥轲轥车软轲轥輬 轩轴 轩轳 轩轭轰软轲轴轡轮轴 轴软 轳轴轡轲轴 轷轩轴轨 轡 輝轡轴
轳轵轲车轡轣轥 轡轮轤 轡 轳轡轭轰转轥 轷轩轴轨软轵轴 轰软轲软轳轩轴轹輮

2.12 X-ray photoelectron spectroscopy (XPS)
轘輭轲轡轹 轰轨软轴软轥转轥轣轴轲软轮 轳轰轥轣轴轲软轳轣软轰轹 輨轘轐轓輩 轩轳 轵轳轥轤 轴软 轭轥轡轳轵轲轥 轴轨轥 软轸轹轧轥轮 轣软轮轴轥轮轴 轩轮 轴轨轩轮
輜转轭轳 轤轥轰软轳轩轴轥轤 轢轹 轭轡轧轮轥轴轲软轮 轳轰轵轴轴轥轲轩轮轧輮 轔轨轥 轵轳轥轤 轤轥轶轩轣轥 轷轡轳 轳轥轴 轵轰 轩轮 轣软转转轡轢软轲轡轴轩软轮
轷轩轴轨 轐轒轅轖轁轃輬 輴輴輳輶輲 轒软轧软轷輬 轐软转轡轮轤輮 轉轮 轘轐轓 轴轨轥 轳轡轭轰转轥 轩轳 轩轲轲轡轤轩轡轴轥轤 轷轩轴轨 轰轨软轴软轮轳
轡轴 轴轨轥 轥轮轥轲轧轹 Ep = 1486.6 eV輮 轔轨轥 轰轨软轴软轥转轥轣轴轲轩轣 轥輛轥轣轴 软轣轣轵轲轳輺 轥转轥轣轴轲软轮轳 轩轮 轴轨轥 轳轡轭轰转轥
轡轲轥 轥轸轣轩轴轥轤 轡轮轤 轭轡轹 转轥轡轶轥 轴轨轥 轥转轥轣轴轲软轮轩轣 轣软轲轥輮 轔轨轥 轢轩轮轤轩轮轧 轥轮轥轲轧轹 Eb 软车 轴轨轥 轥轭轩轴轴轥轤
轰轨软轴软轥转轥轣轴轲软轮 轣轡轮 轢轥 轣轡转轣轵转轡轴轥轤 车轲软轭

Eb = Ep − Ekin − ΦA 輨輲輮輴輩

轷轨轥轲轥 Ekin 轩轳 轴轨轥 轭轥轡轳轵轲轥轤 轫轩轮轥轴轩轣 轥轮轥轲轧轹 软车 轴轨轥 轥轭轩轴轴轥轤 轥转轥轣轴轲软轮轳輬 轡轮轤 ΦA 轩轳 轴轨轥 轷软轲轫
车轵轮轣轴轩软轮 软车 轴轨轥 轡轮轡转轹轺轥轲輮 轃软轮轣转轵轳轩软轮轳 轡轢软轵轴 轴轨轥 轣轨轥轭轩轣轡转 轣软轭轰软轳轩轴轩软轮 轷轩轴轨轩轮 轴轨轥 輜轲轳轴
轮轡轮软轭轥轴轥轲轳 轡轲轥 轤轲轡轷轮輮 轂轥车软轲轥 轡 轭轥轡轳轵轲轥轭轥轮轴 轩轴 轩轳 轰软轳轳轩轢转轥 轴软 轳轰轵轴轴轥轲 轴轨轥 轳轵轲车轡轣轥 轷轩轴轨
轡轲轧软轮 轩软轮轳輮 轓轰轵轴轴轥轲轩轮轧 轡转转软轷轳 轣转轥轡轮轩轮轧 软车 轴轨轥 轳轵轲车轡轣轥 轡轮轤 轭轥轡轳轵轲轥轭轥轮轴轳 轢轥转软轷 轴轨轥 轩轮轩轴轩轡转
轳轵轲车轡轣轥輮 轔轨轥 轢轡轳轥 轰轲轥轳轳轵轲轥 轩轮 轴轨轥 轤轥轶轩轣轥 轩轳 1× 10−10 mbar輮

2.13 Preparation using a focused ion beam (FIB)
轐轲轥轰轡轲轡轴轩软轮 软车 轳轡轭轰转轥轳 轵轳轩轮轧 轡 车软轣轵轳轥轤 轩软轮 轢轥轡轭 輨轆轉轂輩 轩轳 轩轭轰软轲轴轡轮轴 车软轲 轴轨轥 车软转转软轷轩轮轧
轡轰轰转轩轣轡轴轩软轮轳 轩轮 轴轨轩轳 轴轨轥轳轩轳輺

• 轔软 轰轲轥轰轡轲轥 轡 轣轲软轳轳 轳轥轣轴轩软轮 轷轨轩轣轨 轩轳 轩轭轡轧轥轤 轵轳轩轮轧 轥转轥轣轴轲软轮 轭轩轣轲软轳轣软轰轹 輨轳轥轥 轳轥轣轴轩软轮
輲輮輱輴輩輮

• 轔软 轰轲轥轰轡轲轥 轡 转轡轭轥转转轡 车软轲 轡轮轡转轹轳轩轳 轵轳轩轮轧 轳轣轡轮轮轩轮轧 轴轲轡轮轳轭轩轳轳轩软轮 轥转轥轣轴轲软轮 轭轩轣轲软轳轣软轰轹
輨轳轥轥 轳轥轣轴轩软轮 輲輮輱輴輮輳輩

• 轔软 轰轲轥轰轡轲轥 轡 轴轩轰 轷轨轩轣轨 轩轳 轡轮轡转轹轺轥轤 轵轳轩轮轧 轡轴软轭 轰轲软轢轥 轴软轭软轧轲轡轰轨轹 輨轳轥轥 轳轥轣轴轩软轮 輲輮輱輵輩輮
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轉轮 轴轨轩轳 轷软轲轫 轆轉轂 轭轩转转轩轮轧 轩轳 轰轥轲车软轲轭轥轤 轭软轳轴转轹 轩轮 轴轨轥 轃轲软轳轳轢轥轡轭 輵輴輰 轭轡轮轵车轡轣轴轵轲轥轤 轢轹
轃轡轲转 轚轥轩轳轳輬 輷輳輴輴輷 轏轢轥轲轫软轣轨轥轮輬 轇轥轲轭轡轮轹輮 轇轡转转轩轵轭 轩软轮轳 轡轴 轡轮 轥轮轥轲轧轹 软车 30 kV 轡轲轥 轵轳轥轤 车软轲
轭轩转转轩轮轧輮 轔轨轥 轭轩转转轩轮轧 轲轡轴轥 轤轥轰轥轮轤轳 软轮 轴轨轥 轭轡轴轥轲轩轡转 轡轮轤 轴轨轥 轩软轮 轣轵轲轲轥轮轴 輭 轴轨轥 轨轩轧轨轥轲 轴轨轥
轣轵轲轲轥轮轴 轴轨轥 轨轩轧轨轥轲 轴轨轥 轭轩转转轩轮轧 轲轡轴轥輮 轔轨轥 轣轵轲轲轥轮轴 轣轡轮 轢轥 轳轥转轥轣轴轥轤 轩轮 轴轨轥 轲轡轮轧轥 软车 1 pA 轴软
100 nA輮

轔轹轰轩轣轡转转轹 轴轨轥 轳轵轲车轡轣轥 轩轳 轰轲软轴轥轣轴轥轤 轷轩轴轨 轡 转轡轹轥轲 软车 轰转轡轴轩轮轵轭 輨轐轴輩 轢轥车软轲轥 轳轴轡轲轴轩轮轧 轡
轭轩转转轩轮轧 轰轲软轣轥轳轳輮 轔轨轥 轐轴 轣软轡轴轩轮轧 轩轳 轡轣轨轩轥轶轥轤 轢轹 轩软轮輭轢轥轡轭 轡轳轳轩轳轴轥轤 轤轥轰软轳轩轴轩软轮輺 轴轨轥 轰轲轥轣轵轲轳软轲
轭轥轴轨轹转轣轹轣转软轰轥轮轴轡轤轩轥轮轹转輨轴轲轩轭轴轨轹转輩轰转轡轴轩轮轵轭輨轉轖輩 輨轃9轈16轐轴輩 轩轳 轶轡轰软轲轩轺轥轤 轡轮轤 转轩轢轥轲轡轴轥轤 轢轹
轡 轧轡轳輭轩轮轪轥轣轴轩软轮 轳轹轳轴轥轭 轮轥轡轲 轴轨轥 轤轥轳轩轲轥轤 轣软轡轴轩轮轧 轲轥轧轩软轮輮 轉轮 轰轡轲轡转转轥转 轴轨轥 轧轡转转轩轵轭 轩软轮 轢轥轡轭
轳轣轡轮轳 轴轨轥 轳轵轲车轡轣轥 轷轩轴轨 300 pA 轣轡轵轳轩轮轧 轤轥轰软轳轩轴轩软轮 软车 轐轴 轰轡轲轴轩轣转轥轳 软轮 轴轨轥 轳轵轲车轡轣轥輮 轔轨轥 輜轲轳轴
轲软轵轧轨 轭轩转转轩轮轧 轰轲软轣轥轳轳 轴轹轰轩轣轡转转轹 轳轴轡轲轴轳 轷轩轴轨 30 nA輮 轔轨轥 轳轰软轴 轳轩轺轥 软车 轴轨轥 轩软轮 轢轥轡轭 轡轴 轴轨轩轳
轣轵轲轲轥轮轴 轩轳 4.2 µm輮 轁 转软轷轥轲 轣轵轲轲轥轮轴 轩轳 轵轳轥轤 车软轲 轨轩轧轨轥轲 轰轲轥轣轩轳轩软轮 轡轮轤 轣转轥轡轮轩轮轧 輭 轴轨轥 轳轰软轴 轳轩轺轥
软车 轴轨轥 轩软轮 轢轥轡轭 轡轴 700 pA 轤轥轣轲轥轡轳轥轳 轴软 1.3 µm輮 轁 轣轲软轳轳 轳轥轣轴轩软轮 软轮 轡 轳轡轭轰转轥 轩轳 轵轳轵轡转转轹
轣转轥轡轮轥轤 轷轩轴轨 轡 轣轵轲轲轥轮轴 轤软轷轮 轴软 700 pA 轷轨轥轲轥轡轳 轡 轴轨轩轮 转轡轭轥转转轡 轩轳 轥轸轰软轳轥轤 轴软 轣轵轲轲轥轮轴轳 轤软轷轮
轴软 10 pA 轷轩轴轨 轡 轳轰软轴 轳轩轺轥 软车 0.2 µm輮

2.14 Microscopy

2.14.1 Scanning electron microscopy (SEM)

轔轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轡轮轤 轳轵轲车轡轣轥 轭软轲轰轨软转软轧轹 轩轳 轩轭轡轧轥轤 轵轳轩轮轧 轳轣轡轮轮轩轮轧 轥转轥轣轴轲软轮 轭轩轣轲软轳轣软轰轹
輨轓轅轍輩輮 轔轨轥 轃轲软轳轳轢轥轡轭 輵輴輰 轥转轥轣轴轲软轮 轭轩轣轲软轳轣软轰轥 轭轡轮轵车轡轣轴轵轲轥轤 轢轹 轃轡轲转 轚轥轩轳轳輬 輷輳輴輴輷
轏轢轥轲轫软轣轨轥轮輬 轇轥轲轭轡轮轹輬 轩轳 轵轳轥轤輮 轔轨轥 轤轥轶轩轣轥 轡转转软轷轳 轴轨轥 轰轲轥轰轡轲轡轴轩软轮 软车 轣轲软轳轳 轳轥轣轴轩软轮轳 轡轮轤
转轡轭轥转转轡轳 轢轹 轆轉轂 輨轳轥轥 轳轥轣轴轩软轮 輲輮輱輳輩 轡轮轤 轩轭轡轧轥 轴轨轥轭 轢轹 轓轅轍 轡轮轤 轅轮轥轲轧轹 轤轩轳轰轥轲轳轩轶轥 轘輭
轲轡轹 轳轰轥轣轴轲软轳轣软轰轹 輨轅轄轘輩 轷轩轴轨软轵轴 轢轲轥轡轫轩轮轧 轴轨轥 轶轡轣轵轵轭輮 轔轨轥 轧轥软轭轥轴轲轹 软车 轩轭轡轧轩轮轧 软轮
轡 轣轲软轳轳 轳轥轣轴轩软轮 轩轳 轩转转轵轳轴轲轡轴轥轤 轩轮 轆轩轧輮 輲輮輳 轡輮 轔轨轥 轢轡轳轥 轰轲轥轳轳轵轲轥 轩轮 轴轨轥 轣轨轡轭轢轥轲 轩轳 轢轥转软轷
1× 10−6 mbar輮

轆软轲 轩轭轡轧轩轮轧 轡 车软轣轵轳轥轤 轥转轥轣轴轲软轮 轢轥轡轭 轳轣轡轮轳 轡 轳轵轲车轡轣轥輮 轔轨轥 轥转轥轣轴轲软轮 轥轮轥轲轧轹 轴轹轰轩轣轡转转轹 轩轳
轢轥轴轷轥轥轮 1 keV 轡轮轤 5 keV輬 轴轨轥 轣轵轲轲轥轮轴 轩轳 轡轲软轵轮轤 0.1 nA 轴软 0.2 nA 车软轲 轡 轲轥轳软转轵轴轩软轮 轢轥转软轷
10 nm輮 轆轡轳轴轥轲 轩轭轡轧轩轮轧 轡轴 轲轥轤轵轣轥轤 轲轥轳软转轵轴轩软轮 轣轡轮 轢轥 轰轥轲车软轲轭轥轤 轡轴 轵轰 轴软 300 nA輮 轔轨轥
轩轮轣轩轤轥轮轴 轥转轥轣轴轲软轮轳 轩轮轴轥轲轡轣轴 轷轩轴轨 轴轨轥 轭轡轴轥轲轩轡转 轡轳 轳轣轨轥轭轡轴轩轣轡转转轹 轩转转轵轳轴轲轡轴轥轤 轩轮 轆轩轧輮 輲輮輳 轢輮
轓软轭轥 轥转轥轣轴轲软轮轳 轡轲轥 轢轡轣轫轳轣轡轴轴轥轲轥轤 轡轮轤 轳轥轣软轮轤轡轲轹 轥转轥轣轴轲软轮轳 輨轓轅輩 轡轲轥 轧轥轮轥轲轡轴轥轤輮 轅转轥轣轴轲软轮轳
轡车轴轥轲 轭轡轴轥轲轩轡转 轩轮轴轥轲轡轣轴轩软轮 轡轲轥 轤轥轴轥轣轴轥轤 轷轨轩转轥 轳轣轡轮轮轩轮轧輮 轔轨轥 轩轮轴轥轮轳轩轴轹輬 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轨轥
轰软轳轩轴轩软轮 软轮 轴轨轥 轳轡轭轰转轥 轩轳 轲轥轣软轲轤轥轤輮 轄轩輛轥轲轥轮轴 轤轥轴轥轣轴软轲轳 轡轲轥 轵轳轥轤 轩轮 轴轨轩轳 轷软轲轫輺

• 轴轨轥 轣软轮轶轥轮轴轩软轮轡转 轅轶轥轲轨轡轲轴輭轔轨软轲轮转轥轹 轴轹轰轥 轓轅 轤轥轴轥轣轴软轲 轛輶輱轝 轩轳 轰转轡轣轥轤 轮轥轸轴 轴软 轴轨轥 轰软转轥
轰轩轥轣轥 软车 轴轨轥 轩轮轣轩轤轥轮轴 轢轥轡轭輬 轨轡轳 轡 轣软转转轥轣轴软轲 轢轩轡轳 轶软转轴轡轧轥 软车 300 V輬 轡轮轤 轤轥轴轥轣轴轳 轓轅輮
轔轨轩轳 轤轥轴轥轣轴软轲 轩轳 轰轡轲轴轩轣轵转轡轲转轹 轳轥轮轳轩轴轩轶轥 轴软 轴轨轥 轳轵轲车轡轣轥 轴软轰软轧轲轡轰轨轹輮

• 轴轨轥 轩轮輭转轥轮轳 轓轅 轤轥轴轥轣轴软轲 轩轳 轰转轡轣轥轤 轩轮轳轩轤轥 轴轨轥 轰软转轥 轰轩轥轣轥 软车 轴轨轥 轥转轥轣轴轲软轮 轭轩轣轲软轳轣软轰轥
轡轮轤 轤轥轴轥轣轴轳 轓轅輮 轄轵轥 轴软 轩轴轳 轰软轳轩轴轩软轮 轩轴 轩轳 轭软轲轥 轳轥轮轳轩轴轩轶轥 轴软 轤轩輛轥轲轥轮轣轥轳 轩轮 轴轨轥 轷软轲轫
车轵轮轣轴轩软轮輬 轴轨轥 轥转轥轣轴轲软轮轩轣 轣软轮輜轧轵轲轡轴轩软轮 轩轮 轴轨轥 轳轡轭轰转轥 轡轮轤 转轥轳轳 轳轥轮轳轩轴轩轶轥 轴软 轴软轰软轧轲轡轰轨轹
轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轣软轮轶轥轮轴轩软轮轡转 轓轅 轤轥轴轥轣轴软轲輮 轃软轮轳轥轱轵轥轮轴转轹輬 轴轨轥 轩轭轡轧轥 轳轨软轷轳 轡
轳轴轲软轮轧轥轲 轥转轥轭轥轮轴轡转 轣软轮轴轲轡轳轴輮 轛輶輲轝輮

• 轡 轅轮轥轲轧轹 轓轥转轥轣轴轩轶轥 轂轡轣轫轳轣轡轴轴轥轲 輨轅轓轂輩 轤轥轴轥轣轴软轲 车软轲 轢轡轣轫轳轣轡轴轴轥轲轥轤 轥转轥轣轴轲软轮轳 轩轳 轰转轡轣轥轤
轩轮轳轩轤轥 轴轨轥 轰软转轥 轰轩轥轣轥 软车 轴轨轥 轭轩轣轲软轳轣软轰轥 轢轥轨轩轮轤 轡 轲轥轰轥转转轩轮轧 轧轲轩轤 轡轴 轡 轶软转轴轡轧轥 软车
1 kV輮 轓轅 轡轲轥 轲轥轰轥转转轥轤 轢轹 轴轨轩轳 轧轲轩轤 轡轳 轴轨轥轹 轨轡轶轥 轡 转软轷轥轲 轥轮轥轲轧轹 轣软轭轰轡轲轥轤 轴软 轴轨轥
轢轡轣轫轳轣轡轴轴轥轲轥轤 轥转轥轣轴轲软轮轳輮 轂轡轣轫轳轣轡轴轴轥轲轥轤 轥转轥轣轴轲软轮轳 软轲轩轧轩轮轡轴轥 车轲软轭 轡 转轡轲轧轥轲 轤轥轰轴轨 轩轮
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the sample than SE electrons as illustrated in Fig. 2.3 a. Therefore, an image based
on backscattered electrons is particularly sensitive on elemental contrast whereas
topography is hardly visible.

e- Ga+

(a)

characteris c x-rays

sample 
surface

primary electron beam

auger electrons

secondary electrons
(within 5-10 nm below 
the surface)
backsca ered electrons

x-ray con nuum

(b)

Figure 2.3: (a) Illustration of the geometry when imaging with secondary electrons on a
cross section prepared by focused ion beam milling. (b) Schematic of the electron-matter
interaction.

2.14.2 Energy dispersive X-ray (EDX) spectroscopy

Energy Dispersive X-ray spectroscopy allows an identification of chemical elements on a
surface with a spatial resolution in the sub-μm range. The EDX detector is integrated
in the Crossbeam 540 electron microscope mentioned in sections 2.13 and 2.14.1. There
is a monochromatic incident electron beam with an energy between 1 keV and 30 keV.
The electrons excite atoms. Once the excited atoms relax, they emit their characteristic
X-rays. The X-rays are detected and the intensity as a function of energy is measured.
The information on the elemental composition at the position where the electron beam
hits the sample is obtained. It is possible to scan the surface while detecting the X-rays
showing the spatial distribution of elements on the sample surface.

The higher the electron energy the higher energy levels of the atoms can be excited.
Excitation to high energy levels is important in order to have unambiguous peaks for
different elements. However, the higher the electron energy the larger the penetration
volume and the poorer the spatial information on the location of the excited atoms.
In a first approximation, the measurement is based on the X-rays from a hemispheric
volume around the penetration spot of the electron beam: the depth of the volume is
x[μm] = 0.1E1.5

0 × ρ−1 and the width is y[μm] = 0.077E1.5
0 × ρ−1 where E0 is the electron

energy in keV and ρ the material density in g cm−3 [63].

2.14.3 Scanning transmission electron microscopy (STEM)

Imaging on a nano-scale is achieved by Scanning Transmission Electron Microscopy
(STEM) using the FEI Titan 80-300 STEM at the Ernst Ruska-Centre [64]. A resolution
down to 50 pm can be reached. STEM requires the preparation of a lamella before imaging.
A lamella with the size of about 10 μm× 10 μm and a thickness below 100 nm is cut using
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轆轉轂 輨轳轥轥 轳轥轣轴轩软轮 輲輮輱輳輩輮 轔轨轩轳 转轡轭轥转转轡 轩轳 轳轣轡轮轮轥轤 轩轮 轴轨轥 轭轩轣轲软轳轣软轰轥 轷轩轴轨 轡 轭软轮软轣轨轲软轭轡轴轩轣
轥转轥轣轴轲软轮 轢轥轡轭 轡轴 轡轮 轥轮轥轲轧轹 软车 200 keV輮 轔轨轥 轥转轥轣轴轲软轮轳 轩轮轴轥轲轡轣轴 轷轩轴轨 轴轨轥 轭轡轴轥轲轩轡转 轷轨轥轮
轰轡轳轳轩轮轧 轴轨轥 转轡轭轥转转轡輮 轁轮 轡轮轮轵转轡轲 轤轡轲轫輭輜转轥轤 轤轥轴轥轣轴软轲 轡轮轤 轡轮 轥转轥轣轴轲软轮 轳轰轥轣轴轲软轭轥轴轥轲 轤轥轴轥轣轴
轴轨轥 轳轣轡轴轴轥轲轥轤輬 轴轲轡轮轳轭轩轴轴轥轤 轥转轥轣轴轲软轮轳 轴软 轲轥轣软轮轳轴轲轵轣轴 轡轮 轩轭轡轧轥輮 轆轵轲轴轨轥轲輬 轴轨轥 轅轄轘 轳轰轥轣轴轲轵轭
輨轳轥轥 轳轥轣轴轩软轮 輲輮輱輴輮輲輩 轣轡轮 轢轥 轡轮轡转轹轺轥轤 车软轲 轥转轥轭轥轮轴轡转 轡轳轳轩轧轮轭轥轮轴輮

2.15 Atom probe tomography (APT)
轁轴软轭 轰轲软轢轥 轴软轭软轧轲轡轰轨轹 輨轁轐轔輩 轰轲软轶轩轤轥轳 轴轨轲轥轥 轤轩轭轥轮轳轩软轮轡转 轩轮车软轲轭轡轴轩软轮 软轮 轴轨轥
轤轩轳轴轲轩轢轵轴轩软轮 软车 轩轮轤轩轶轩轤轵轡转 轡轴软轭轳 轩轮 轡 轳轡轭轰转轥輮 轔轨轥 轤轥轶轩轣轥 轌轅轁轐 輴輰輰輰轘 轈轒 轭轡轮轵车轡轣轴轵轲轥轤
轢轹 轃轡轭轥轣轡 轓轣轩轥轮轴轩輜轣 轉轮轳轴轲轵轭轥轮轴轳 輨轍轡轤轩轳软轮輬 轗轉輬 輵輳輷輱輱輬 轕轓轁輩 轩轳 轵轳轥轤輮 轔轨轥 轳轰轡轴轩轡转
轲轥轳软转轵轴轩软轮 轩轳 ≤ 1 nm輮 轔轨轥 轭轡轳轳 轲轥轳软转轵轴轩软轮 m/∆m 轩轳 轢轥转软轷 輱輰輰輰輬 轷轨轥轲轥 m 轩轳 轡 轭轡轳轳
轡轮轤 ∆m 轡 轭轡轳轳 轤轩輛轥轲轥轮轣轥輮 轔轨轥 轥转轥轭轥轮轴轡转 轳轥轮轳轩轴轩轶轩轴轹 轩轳 轤软轷轮 轴软 10 ppm輮

轁轐轔 轲轥轱轵轩轲轥轳 轴轨轥 轰轲轥轰轡轲轡轴轩软轮 软车 轡 轮轥轥轤转轥輭轳轨轡轰轥轤 轳轡轭轰转轥 轢轹 轆轉轂輮 轔轨轥 轤轩轡轭轥轴轥轲 软车 轴轨轥
轮轥轥轤转轥 轩轳 轳轥轶轥轲轡转 轴轥轮轳 软车 轮轭輬 轴轨轥 转轥轮轧轴轨 轩轳 100 nm 轴软 200 nm輮 轔轨轥 轮轥轥轤转轥 轩轳 轰转轡轣轥轤 轡轴
轡 轴轥轭轰轥轲轡轴轵轲轥 软车 50 K 轡轮轤 轡 轰轲轥轳轳轵轲轥 软车 ∼ 10−10 mbar 轩轮 轡轮 轥转轥轣轴轲轩轣 輜轥转轤 软车 10 V nm−1

轴软 20 V nm−1 轣轡轵轳轩轮轧 轴轨轥 轡轴软轭轳 轡轴 轴轨轥 轴软轰 软车 轴轨轥 轮轥轥轤转轥 轴软 轢轥 轡轴 轴轨轥 轴轨轲轥轳轨软转轤 轴软 輜轥转轤輭
轡轣轴轩轶轡轴轥轤 轩软轮轩轺轡轴轩软轮輮 轌轡轳轥轲 輝轡轳轨轥轳 轡轴 轡 车轲轥轱轵轥轮轣轹 软车 200 kHz 轩软轮轩轺轥 轡轮轤 轶轡轰软轲轩轺轥 轴轨轥
轡轴软轭轳 轡轴 轴轨轥 轳轵轲车轡轣轥 轳轵轣轣轥轳轳轩轶轥转轹輮 轔轨轥 轩软轮 轩轳 轡轣轣轥转轥轲轡轴轥轤 轴软 轡 轰软轳轩轴轩软轮輭轳轥轮轳轩轴轩轶轥 轤轥轴轥轣轴软轲
车软轲 轳轰轡轴轩轡转 轲轥轳软转轵轴轩软轮輮 轔轨轥 轤轥轴轥轣轴软轲 轥輞轣轩轥轮轣轹 轡轣轨轩轥轶轥轤 轩轮 轥轸轰轥轲轩轭轥轮轴轳 轰轲轥轳轥轮轴轥轤 轩轮 轴轨轩轳
轷软轲轫 轩轳 36 %輮 轔轨轥 轣轨轡轲轧轥輭轴软輭轭轡轳轳 轲轡轴轩软輬 轩轮 软轴轨轥轲 轷软轲轤轳 轴轨轥 轥转轥轭轥轮轴輬 轩轳 轲轥轳软转轶轥轤 轢轹 轴轨轥
轴轩轭轥 软车 輝轩轧轨轴 软车 轴轨轥 轩软轮輮 轍软轲轥 轤轥轴轡轩转轳 软轮 轴轨轥 轤轥轶轥转软轰轭轥轮轴 软车 轁轐轔 轡轲轥 车软轵轮轤 轩轮 轛輶輵轝輮

2.16 Thermogravimetric analysis (TGA)
轔轨轥 轷轥轩轧轨轴 轣轨轡轮轧轥 软车 轡 轳轡轭轰转轥 轩轮 轡 轣软轮轴轲软转转轥轤 轡轴轭软轳轰轨轥轲轥 轡轴 轡 轣软轮轴轲软转转轥轤 轴轥轭轰轥轲轡轴轵轲轥 轩轳
轭轥轡轳轵轲轥轤 轩轮 轡 轴轨轥轲轭软轧轲轡轶轩轭轥轴轲轩轣 轡轮轡转轹轺轥轲 輨轔轇轁輩輮 轁 轭轥轡轳轵轲轥轭轥轮轴 软车 轴轨轥 轷轥轩轧轨轴 轣轨轡轮轧轥
轡转转软轷轳 轱轵轡轮轴轩輜轣轡轴轩软轮 软车 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轡轮轤 软车 轴轨轥 轳轵轢转轩轭轡轴轩软轮輮 轏轸轩轤轡轴轩软轮 轣轡轵轳轥轳
轭轡轳轳 轩轮轣轲轥轡轳轥 软车 轡 轳轡轭轰转轥 轡轳 软轸轹轧轥轮 轩轳 轩轮轣软轲轰软轲轡轴轥轤 轩轮轴软 轴轨轥 轭轡轴轥轲轩轡转輮 轓轵轢转轩轭轡轴轩软轮 轣轡轵轳轥轳
轭轡轳轳 转软轳轳 软车 轡 轳轡轭轰转轥 轡轳 轭轡轴轥轲轩轡转 转轥轡轶轥轳 轴轨轥 轳轡轭轰转轥輮

轔轨轥 轤轥轶轩轣轥 輢轔轁轇 輱輶輯輱輸輢 轭轡轮轵车轡轣轴轵轲轥轤 轢轹 轓轥轴轡轲轡轭輬 輶輹輳輰輰 轃轡转轵轩轲轥輬 轆轲轡轮轣轥 轩轳 轵轳轥轤輬
轣轨轡轲轡轣轴轥轲轩轺轥轤 轡轮轤 轰轡轲轴轩轡转转轹 轩轭轰轲软轶轥轤輮 轔轨轥 软轰轥轲轡轴轩软轮 轴轥轭轰轥轲轡轴轵轲轥 轣轡轮 轢轥 轣轨软轳轥轮 轩轮 轴轨轥
轲轡轮轧轥 车轲软轭 300 K 轴软 2000 K輮 轁 轧轲轡轰轨轩轴轥 轲轥轳轩轳轴软轲 轩轳 轵轳轥轤 车软轲 轨轥轡轴轩轮轧輮 轔轨轥 轤轥轶轩轣轥 轣轡轮 轢轥
轥轶轡轣轵轡轴轥轤 轤软轷轮 轴软 3× 10−3 mbar 轡轮轤 輜转转轥轤 轷轩轴轨 轡 轶轡轲轩轥轴轹 软车 轧轡轳轥轳 轴软 轡轭轢轩轥轮轴 轰轲轥轳轳轵轲轥輺
轡轲轧软轮 輨轁轲輩輬 轮轩轴轲软轧轥轮 輨轎2輩輬 轨轥转轩轵轭 輨轈轥輩輬 软轸轹轧轥轮 輨轏2輩輬 轡轮轤 轩轳软轴软轰轥 轰轵轲轥 软轸轹轧轥轮輭輱輸 輨18轏2輩
轡轲轥 轵轳轥轤 轩轮 轴轨轩轳 轷软轲轫輮 轏轮轥 轧轡轳 轣轡轮 轢轥 轩轮轴轲软轤轵轣轥轤 轷轩轴轨 轡 轲轥转轡轴轩轶轥 轨轵轭轩轤轩轴轹 转轥轶轥转 软车 0 %
轴软 100 % 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 340 K輮 轔轨轥 轭轡轸轩轭轵轭 轷软轲轫轩轮轧 轶软转轵轭轥 轩轳 轡 轣轹转轩轮轤轥轲 轷轩轴轨
轡 轤轩轡轭轥轴轥轲 软车 14 mm 轡轮轤 轡 轨轥轩轧轨轴 软车 20 mm輮 轔轨轥 轭轡轸轩轭轵轭 轳轡轭轰转轥 轷轥轩轧轨轴 轩轳 32 g輬 轡
轷轥轩轧轨轴 轣轨轡轮轧轥 轵轰 轴软 400 mg 轣轡轮 轢轥 轭轥轡轳轵轲轥轤 轷轩轴轨 轡 轰轲轥轣轩轳轩软轮 软车 0.1 µg輮 轓轴轡轢转轥 软轰轥轲轡轴轩软轮
车软轲 轡 轭软轮轴轨 软轲 轭软轲轥 轩轳 轰软轳轳轩轢转轥輬 轡 轤轲轩车轴 轡轳 转软轷 轡轳 0.1 µg h−1 轩轳 轰软轳轳轩轢转轥 轵轮轤轥轲 轩轳软轴轨轥轲轭轡转
轣软轮轤轩轴轩软轮轳輮 轔轨轥 轴轥轭轰轥轲轡轴轵轲轥 轶轡轲轩轡轴轩软轮 轷轩轴轨轩轮 轴轨轥 轨软轭软轧轥轮轥软轵轳 轺软轮轥 轣轡轮 轢轥 轵轰 轴软 4 K
轡轳 轡 轲轥车轥轲轥轮轣轥 轭轥轡轳轵轲轥轭轥轮轴 轷轩轴轨 轡轮 轥轸轴轥轲轮轡转 轴轨轥轲轭软轣软轵轰转轥 轳轨软轷轳輬 轳轥轥 轆轩轧輮 輲輮輴 轡輮 轔轨轥
轨软轭软轧轥轮轥软轵轳 轺软轮轥輬 轩轮 轷轨轩轣轨 轴轨轥 轳轡轭轰转轥 轭轵轳轴 轢轥 轰转轡轣轥轤輬 轩轳 轭轡轲轫轥轤 轩轮 轧轲轥轥轮輮 轃软软转轥轲
轲轥轧轩软轮轳 轡轲轥 轭轡轲轫轥轤 轢转轵轥 轩轮 轆轩轧輮 輲輮輴 轡輮

轉轮轳轩轤轥 轴轨轥 车轵轲轮轡轣轥 轴轨轥 轳轡轭轰转轥轳 转轩轥 轩轮 轡轮 轩轮轥轲轴 轱轵轡轲轴轺 轧转轡轳轳 软轲 轩轮轥轲轴 轡转轵轭轩轮轡 轨软转轤轥轲
轡转转软轷轩轮轧 车轵转转 轥轸轰软轳轵轲轥 轴软 轴轨轥 轳轵轲轲软轵轮轤轩轮轧 轧轡轳 輝软轷輮 轔轨轥 转轡轭轩轮轡轲 轧轡轳 輝软轷 轩轳 10 ml min−1

轩轮 轡 轴轵轢轥 轷轩轴轨 轡 轤轩轡轭轥轴轥轲 软车 2.2 cm輮 轉轮 轴轨轥 轣轡轳轥 软车 轡 轨轵轭轩轤 轧轡轳輬 轴轨轥 輝软轷 轩轳 轩轮轣轲轥轡轳轥轤 轴软
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20 ml min−1 轡转转软轷轩轮轧 轭软轲轥 轡轣轣轵轲轡轴轥 轣软轮轴轲软转 软车 轴轨轥 轨轵轭轩轤轩轴轹 转轥轶轥转輮 轔轨轥 轨软转轤轥轲轳 轨轡轮轧 软轮
轡 轰转轡轴轩轮轵轭 轷轩轲轥 轣软轮轮轥轣轴轥轤 轴软 轴轨轥 轭轩轣轲软輭轢轡转轡轮轣轥 转软轣轡轴轥轤 轡轰轰轲软轸轩轭轡轴轥转轹 0.4 m 轡轢软轶轥 轴轨轥
轳轡轭轰转轥輬 轰轲软轴轥轣轴轥轤 车轲软轭 轰轥轲轴轵轲轢轡轴轩软轮轳 轤轵轥 轴软 轴轨轥 轨轥轡轴轩轮轧輮 轔轨轥 轷轥轩轧轨轴 轣轨轡轮轧轥 轩轳 轭轥轡轳轵轲轥轤
轢轹 轤轥轴轥轲轭轩轮轩轮轧 轴轨轥 轥转轥轣轴轲轩轣轡转 轣轵轲轲轥轮轴 轴轨轲软轵轧轨 轡轮 轥转轥轣轴轲软轭轡轧轮轥轴轩轣 轣软轩转 轲轥轱轵轩轲轥轤 轴软 轫轥轥轰
轡 輝轡轰 轩轮 轰软轳轩轴轩软轮輮 轔轨轥 轰软轳轩轴轩软轮 软车 轴轨轥 輝轡轰 轩轳 轣软轮轴轲软转转轥轤 轵轳轩轮轧 轡 转轡轳轥轲 轢轥轡轭 轡轮轤 轰轨软轴软輭
轲轥轳轩轳轴软轲轳輮

轔轨轥 轔轇轁 轨轡轳 轡 轳轹轭轭轥轴轲轩轣轡转輬 轤轵轡转 车轵轲轮轡轣轥 轤轥轳轩轧轮輮 轏轮轥 轳轩轤轥 软车 轴轨轥 轤轵轡转 车轵轲轮轡轣轥
轣软轮轴轡轩轮轳 轴轨轥 轳轡轭轰转轥輬 轷轨轩轣轨 轭轡轹 轣轨轡轮轧轥 轩轴轳 轭轡轳轳 轤轵轲轩轮轧 轴轨轥 轥轸轰轥轲轩轭轥轮轴輮 轔轨轥 软轴轨轥轲 轳轩轤轥
软车 轴轨轥 车轵轲轮轡轣轥 轣软轮轴轡轩轮轳 轡轮 轩轮轥轲轴 轰轲软轤轵轣轴輮 轔轨轥 轩轮轥轲轴 轰轲软轤轵轣轴 轨轡轳 轴轨轥 轳轡轭轥 轶软转轵轭轥 轡轳
轴轨轥 轳轡轭轰转轥 轡轮轤 轣软轭轰轥轮轳轡轴轥轳 车软轲 轢轵软轹轡轮轣轹 轥輛轥轣轴轳 轛輶輶轝輮 轔轨轥 轢轵软轹轡轮轣轹 轥輛轥轣轴轳 轡轲轥 轣轲轩轴轩轣轡转
轤轵轲轩轮轧 轴轥轭轰轥轲轡轴轵轲轥 轲轡轭轰轳輬 轷轨轩转轥 轩轳软轴轨轥轲轭轡转 轥轸轰轥轲轩轭轥轮轴轳 轡轲轥 转轥轳轳 轳轥轮轳轩轴轩轶轥 輭 轥轸轰轥轲轩轭轥轮轴轳
轳轨软轷 轴轨轡轴 轡 轤轥轶轩轡轴轩软轮 软车 20 % 轩轮 轶软转轵轭轥 轩轳 轡轣轣轥轰轴轡轢转轥輮 轔轨轥 轳轴轡轮轤轡轲轤 轳轥轴轵轰 轩轳 轩转转轵轳轴轲轡轴轥轤
轩轮 轆轩轧輮 輲輮輴 轢輺 轴轨轥 轭轡轳轳 轣轨轡轮轧轥 软车 轴轨轥 轳轡轭轰转轥 轩轮 轡轮 轩轮轥轲轴 轨软转轤轥轲 轩轳 轭轥轡轳轵轲轥轤輮 轁 轣轵轳轴软轭轩轺轥轤
轳轥轴轵轰 轩轳 轤轥轶轥转软轰轥轤 轩轮 轴轨轥 车轲轡轭轥轷软轲轫 软车 轴轨轩轳 轴轨轥轳轩轳 轴软 轭轥轡轳轵轲轥 轳轵轢转轩轭轡轴轩软轮 轡轳 轩转转轵轳轴轲轡轴轥轤
轩轮 轆轩轧輮 輲輮輴 轣輺 轡轮 轩轮轥轲轴 轣轡轴轣轨轥轲 轩轳 轣软轮轮轥轣轴轥轤 轴软 轴轨轥 轢轡转轡轮轣轥輮 轔轨轥 轳轡轭轰转轥 轩轳 轨轵轮轧 轩轮轳轩轤轥 轴轨轥
轣轡轴轣轨轥轲輬 轴轨轥轲轥 轩轳 轮软 轤轩轲轥轣轴 轭轥轣轨轡轮轩轣轡转 轣软轮轴轡轣轴 轢轥轴轷轥轥轮 轴轨轥 轣轡轴轣轨轥轲 轡轮轤 轴轨轥 轳轡轭轰转轥輬 轴轨轥
轳轡轭轰转轥 轩轳 轮软轴 轣软轮轮轥轣轴轥轤 轴软 轴轨轥 轢轡转轡轮轣轥輮 轍轡轴轥轲轩轡转轳 轳轵轢转轩轭轡轴轩轮轧 车轲软轭 轴轨轥 轳轡轭轰转轥 轣轡轮 轤轥轰软轳轩轴
软轮轴软 轴轨轥 轣轡轴轣轨轥轲 轷轨软轳轥 轭轡轳轳 轣轨轡轮轧轥 轩轳 轲轥轣软轲轤轥轤輮 轁轳 软轮转轹 轡 车轲轡轣轴轩软轮 软车 轴轨轥 轳轵轢转轩轭轡轴轥轤
轭轡轴轥轲轩轡转 轤轥轰软轳轩轴轳 软轮轴软 轴轨轥 轣轡轴轣轨轥轲輬 轴轨轩轳 轭轥轡轳轵轲轥轭轥轮轴 轲轥轱轵轩轲轥轳 轡 轣轡转轩轢轲轡轴轩软轮 车软轲 轡 轳轰轥轣轩輜轣
轴轥轭轰轥轲轡轴轵轲轥輬 轭轡轴轥轲轩轡转輬 轡轮轤 轧轡轳 輝软轷輮 轔轨轥 轣轡转轩轢轲轡轴轩软轮 轭轥轡轳轵轲轥轭轥轮轴轳 轷轩转转 轢轥 轳轨软轷轮 轢轥车软轲轥
轥轡轣轨 轳轵轢转轩轭轡轴轩软轮 轭轥轡轳轵轲轥轭轥轮轴輮

轁 轴轹轰轩轣轡转 软轸轩轤轡轴轩软轮 轥轸轰轥轲轩轭轥轮轴 轵轳轥轳 轴轨轥 车软转转软轷轩轮轧 轲软轵轴轩轮轥輺

輱輮 轔轨轥 车轵轲轮轡轣轥 轩轳 轣转软轳轥轤 轡轮轤 轥轶轡轣轵轡轴轥轤 轡轴 轲软软轭 轴轥轭轰轥轲轡轴轵轲轥輮 轁车轴轥轲 45 min 轡 轰轲轥轳轳轵轲轥
轡轲软轵轮轤 3× 10−2 mbar 轩轳 轲轥轡轣轨轥轤輮

輲輮 轔轨轥 车轵轲轮轡轣轥 轩轳 輝软软轤轥轤 轷轩轴轨 轁轲 輶輮輰 輨轩輮轥輮 轁轲 轷轩轴轨 轡 轰轵轲轩轴轹 软车 99.9999 %輩 轴软 轡轴轭软轳轰轨轥轲轩轣
轰轲轥轳轳轵轲轥輮

輳輮 轓轴轥轰轳 輱 轡轮轤 輲 轡轲轥 轲轥轰轥轡轴轥轤 轵轰 轴软 轳轩轸 轴轩轭轥轳輮 轔轨轥 轴轥轭轰轥轲轡轴轵轲轥 轤轵轲轩轮轧 轥轶轡轣轵轡轴轩软轮
轩轳 轩轮轣轲轥轡轳轥轤 轵轰 轴软 520 K 轡轮轤 轴轨轥 轰轵轭轰轩轮轧 轴轩轭轥 轵轰 轴软 1.5 h輮 轁 轰轲轥轳轳轵轲轥 轡轳 转软轷
轡轳 3× 10−3 mbar 轣轡轮 轢轥 轡轣轨轩轥轶轥轤輮 轅轡轣轨 轰轵轭轰轩轮轧 轣轹轣转轥 轤轥轣轲轥轡轳轥轳 轴轨轥 轡轭软轵轮轴 软车
轲轥轳轩轤轵轡转 轧轡轳轥轳 轩轮 轴轨轥 车轵轲轮轡轣轥輮 轒轥轳轩轤轵轡转 软轸轹轧轥轮 轩轮 轴轨轥 车轵轲轮轡轣轥 轤轵轲轩轮轧 轴轨轥 轨轥轡轴轩轮轧
轰轲软轣轥轳轳 轳轴轡轲轴轳 轴轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳 轡轴 转软轷轥轲 轴轥轭轰轥轲轡轴轵轲轥轳 轢轥车软轲轥 轲轥轡轣轨轩轮轧 轴轨轥
轩轳软轴轨轥轲轭轡转 软轸轩轤轡轴轩软轮 轺软轮轥輮

輴輮 轔轨轥 车轵轲轮轡轣轥 轩轳 轨轥轡轴轥轤 轴软 轴轨轥 轴轡轲轧轥轴 轴轥轭轰轥轲轡轴轵轲轥 轵轮轤轥轲 轁轲 软轲 轎2 輝软轷輮 轔轨轥 轨轥轡轴轩轮轧
轲轡轴轥 轩轳 10 K min−1 轴软 20 K min−1輮 轁 轨轥轡轴轩轮轧 轲轡轴轥 软车 10 K min−1 轩轳 轲轥轣软轭轭轥轮轤轥轤
车软轲 轡 转软轮轧轥轲 转轩车轥轴轩轭轥 软车 轴轨轥 轧轲轡轰轨轩轴轥 轨轥轡轴轩轮轧 轥转轥轭轥轮轴轳輮 轔轨轥 轨轥轡轴轩轮轧 轲轡轴轥 轩轳 轧轲轡轤轵轡转转轹
轤轥轣轲轥轡轳轥轤 轳轴轡轲轴轩轮轧 车轲软轭 20 K 轢轥转软轷 轴轨轥 轴轡轲轧轥轴 轴轥轭轰轥轲轡轴轵轲轥輮 轁轴 轡轲软轵轮轤 4 K 轢轥转软轷 轴轨轥
轴轡轲轧轥轴 轴轥轭轰轥轲轡轴轵轲轥 轴轨轥 轨轥轡轴轩轮轧 轲轡轴轥 轩轳 轲轥轤轵轣轥轤 轴软 2 K min−1 轲轥轤轵轣轩轮轧 轴轥轭轰轥轲轡轴轵轲轥
软轳轣轩转转轡轴轩软轮轳 轤轵轥 轴软 软轶轥轲轨轥轡轴轩轮轧 轢轥转软轷 1 K輮

輵輮 轔轨轥 车轵轲轮轡轣轥 轩轳 轫轥轰轴 轩轳软轴轨轥轲轭轡转转轹 轡轴 轴轨轥 轤轥轳轩轲轥轤 轴轥轭轰轥轲轡轴轵轲轥 轷轨轩转轥 轴轨轥 轲轥轡轣轴轩轶轥 轧轡轳
輨软轸轹轧轥轮 轡轮轤輯软轲 轨轵轭轩轤轩轴轹輩 轩轳 车轥轤 轩轮轴软 轴轨轥 车轵轲轮轡轣轥 轡轴 轡 轣软轮轳轴轡轮轴 輝软轷輬 轡轳 轲轥轱轵轩轲轥轤 车软轲
轴轨轥 轳轰轥轣轩輜轣 轥轸轰轥轲轩轭轥轮轴輮

輶輮 轔轨轥 车轵轲轮轡轣轥 轣软软转轳 轤软轷轮 轡轴 轡 轲轡轴轥 软车 30 K min−1 轷轨轩转轥 轢轥轩轮轧 輝轵轳轨轥轤 轷轩轴轨 轁轲 轡轴 轡
輝软轷 轲轡轴轥 软车 100 ml min−1輮

輷輮 轔轨轥 车轵轲轮轡轣轥 轩轳 软轰轥轮轥轤 轡轮轤 轴轨轥 轳轡轭轰转轥 轩轳 轲轥轭软轶轥轤 车软轲 车轵轲轴轨轥轲 轡轮轡转轹轳轩轳輮
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Figure 2.4: (a) Temperature distribution inside the furnace measured using an external
thermocouple. (b) Schematic of the measurement of the mass change of a sample.
The sample lies in the holder and its mass change is recorded. (c) Schematic of the
measurement of sublimating material depositing onto a catcher. The sample is hung into
a catcher. There is no direct contact between the sample and the catcher, only the mass
change of the catcher is recorded.
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Chapter 3

On oxidation and sublimation of
tungsten (W)

3.1 Oxidation

3.1.1 General understanding of the oxidation behavior of W

轔轨轥 软轸轩轤轡轴轩软轮 轣轨轡轲轡轣轴轥轲轩轳轴轩轣轳 软车 轰轵轲轥 轗 轡轲轥 轷轥转转 轳轴轵轤轩轥轤輮 轔轨轩轳 轣轨轡轰轴轥轲 轳轵轭轭轡轲轩轺轥轳 轴轨轥
轫轥轹 轣轨轡轲轡轣轴轥轲轩轳轴轩轣轳輮 轆轵轲轴轨轥轲輬 轰轵轲轥 轗 轳轡轭轰转轥轳 轡轲轥 轵轳轥轤 轴软 轶轥轲轩车轹 轴轨轡轴 轤轩輛轥轲轥轮轴 轤轥轶轩轣轥轳 轡轲轥
轷软轲轫轩轮轧 轣软轲轲轥轣轴转轹 轡轮轤 轲轥轰轲软轤轵轣轥 轰轲轥轶轩软轵轳 轲轥轳轵转轴轳輮 轗轨轥轮 轗 轩轳 轥轸轰软轳轥轤 轴软 轡轩轲輬 轴轨轥 轭轡轩轮
轲轥轡轣轴轡轮轴轳 轡轲轥 轏2 轡轮轤 轷轡轴轥轲輮 轎轩轴轲软轧轥轮 輨轎2輩 轤软轥轳 轮软轴 轲轥轡轣轴 轷轩轴轨 轗 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 轢轥转软轷
1770 K 轡轴 轡轴轭软轳轰轨轥轲轩轣 轰轲轥轳轳轵轲轥 轛輶輷轝輮 轃轡轲轢软轮 轤轩软轸轩轤轥 輨轃轏2輩 车软轲轭轳 轗 软轸轩轤轥轳 轳轴轡轲轴轩轮轧 车轲软轭
1470 K 轛輶輷轝輮

轔轨轥 轡轤轳软轲轰轴轩软轮 软车 轏2 轩轳 轴轨轥 輜轲轳轴 轳轴轥轰 软车 轴轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳輮 轍软转轥轣轵转轡轲 轡轤轳软轲轰轴轩软轮
轩轳 软轮转轹 车软轵轮轤 轡轴 转软轷 轴轥轭轰轥轲轡轴轵轲轥轳輮 轓轴轡轲轴轩轮轧 车轲软轭 轲软软轭 轴轥轭轰轥轲轡轴轵轲轥輬 轴轨轥 轭软转轥轣轵转轡轲
轡轤轳软轲轰轴轩软轮 轩轳 软轮转轹 轡 轰轲轥轣轵轲轳软轲 轳轴轡轴轥 轴软 轴轨轥 轡轴软轭轩轣 轡轤轳软轲轰轴轩软轮輮 轔轨轵轳輬 软轸轩轤轡轴轩软轮 软车 轗
轳轴轡轲轴轳 轡轴 轲软软轭 轴轥轭轰轥轲轡轴轵轲轥 轛輶輸轝輮 轗轏3 轩轳 轴轨轥 轭软轳轴 轣软轭轭软轮 轴轵轮轧轳轴轥轮 软轸轩轤轥輮 轔轨轥 轶软转轵轭轥
轥轸轰轡轮轳轩软轮 轤轵轥 轴软 软轸轩轤轡轴轩软轮 轩轳 轧轩轶轥轮 轢轹 轴轨轥 轐轩转转轩轮轧輭轂轥轤轷软轲轴轨 轲轡轴轩软 輨轐轂轒輩

轐轂轒 =
Voxide
Vmetal

= 3.4 輨輳輮輱輩

轷轨轥轲轥 Voxide 轡轮轤 Vmetal 轩轳 轴轨轥 轭软转轡轲 轶软转轵轭轥 软车 轴轨轥 软轸轩轤轥 轡轮轤 轴轨轥 轭轥轴轡转輬 轲轥轳轰轥轣轴轩轶轥转轹輮 轔轨轡轴
轭轥轡轮轳 轴轨轥 轶软转轵轭轥 软车 轴轨轥 软轸轩轤轥 轩轳 3.4 轴轩轭轥 转轡轲轧轥轲 轴轨轡轮 轴轨轥 轶软转轵轭轥 软车 轴轨轥 轭轥轴轡转 轩轴 车软轲轭轥轤
车轲软轭輮 轔轨轩轳 轰轲软轰轥轲轴轹 轣轡轮 轣轡轵轳轥 轣轲轡轣轫轩轮轧 软车 轴轨轥 轭轡轴轥轲轩轡转 轤轵轲轩轮轧 软轸轩轤轡轴轩软轮 轛輶輹輬 輶輷轝輮

轖轡轲轩软轵轳 轳轴轡轢转轥 轴轵轮轧轳轴轥轮 软轸轩轤轥轳 车软轲轭 轤轥轰轥轮轤轩轮轧 软轮 轴轨轥 轴轥轭轰轥轲轡轴轵轲轥 轡轮轤 软轮 轴轨轥 软轸轹轧轥轮
轣软轮轴轥轮轴輬 轡轳 轳轨软轷轮 轩轮 轴轨轥 轰轨轡轳轥 轥轱轵轩转轩轢轲轩轵轭 轤轩轡轧轲轡轭 轩轮 轆轩轧輮 輳輮輱輮 轔轨轥 软轸轩轤轡轴轩软轮 轭轥轣轨轡轮轩轳轭轳
软车 轡 轗 轳轡轭轰转轥 轩轮 轡轩轲 轷软轲轫轳 轡轳 车软转转软轷轳 轛輶輹輬 輶輷轝輺 轩轮 轴轨轥 轢轥轧轩轮轮轩轮轧 轴轨轥轲轥 轩轳 轡 转轡轲轧轥 轡轭软轵轮轴 软车
轗 软轮 轴轨轥 轳轵轲车轡轣轥 轡轮轤 轗轏2 轳轴轡轲轴轳 轴软 车软轲轭輮 轁 轴轨轩轮 软轸轩轤轥 转轡轹轥轲 车软轲轭轳輮 轏轸轹轧轥轮 轩软轮轳 轤轩輛轵轳轥
轴轨轲软轵轧轨 轴轨轥 软轸轩轤轥 轳轣轡转轥 轴软 轴轨轥 轭轥轴轡转輭软轸轩轤轥 轩轮轴轥轲车轡轣轥輮 轁轳 转软轮轧 轡轳 轴轨轥轲轥 轩轳 轡 轧轲软轷轩轮轧 轗轏2

輨软轲 轗轏2.79輩 轳轣轡转轥輬 轴轨轥 轤轩輛轵轳轩软轮 轰轲软轣轥轳轳 轩轳 轴轨轥 轲轡轴轥輭轤轥轴轥轲轭轩轮轩轮轧 轳轴轥轰 轡轮轤 轴轨轥 软轸轩轤轡轴轩软轮
轫轩轮轥轴轩轣轳 车软转转软轷 轡 轰轡轲轡轢软转轩轣 轲轡轴轥 转轡轷輮 轁轳 轴轨轥轲轥 轩轳 轡轮 轩轮輜轮轩轴轥 轏2 轳轵轰轰转轹輬 轥轶轥轮轴轵轡转转轹 轗轏3

车软轲轭轳 轡轳 轡轮 软轵轴轥轲 软轸轩轤轥 轡轳 轩轮轤轩轣轡轴轥轤 轢轹 轴轨轥 轰轨轡轳轥 轥轱轵轩转轩轢轲轩轵轭 轤轩轡轧轲轡轭 轩轮 轆轩轧輮 輳輮輱輮 轗轏3

轨轡轳 轡 轐轂轒 软车 3.4 轡轳 轧轩轶轥轮 轡轢软轶轥輮 轉轮 轣软轭轰轡轲轩轳软轮輬 轴轨轥 轐轂轒 软车 轗轏2 轩轳 软轮转轹 2.1輮 轗轏3

车软轲轭轳輬 轩轮 轣软轮轴轲轡轳轴 轴软 轗轏2輬 轡 轰轨轹轳轩轣轡转转轹 轰软轲软轵轳 轳轴轲轵轣轴轵轲轥 轡轮轤 轮软 转软轮轧轥轲 轡轣轴轳 轡轳 轡 轤轩輛轵轳轩软轮
轢轡轲轲轩轥轲 车软轲 软轸轹轧轥轮輮 轔轨轥轲轥车软轲轥輬 轴轨轥 软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳 轣轨轡轮轧轥 轴软 轡 转轩轮轥轡轲 轲轡轴轥 软轮轣轥 轗轏3 轩轳
轴轨轥 轭轡轩轮 软轸轩轤轥輮
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轆轩轧轵轲轥 輳輮輱輺 轔轵轮轧轳轴轥轮輭软轸轹轧轥轮 轰轨轡轳轥 轥轱轵轩转轩轢轲轩轡 轡轴 轡轴轭软轳轰轨轥轲轩轣 轰轲轥轳轳轵轲轥輮 轄轩轡轧轲轡轭 轡轤轡轰轴轥轤
车轲软轭 轒輮 轓轰轥轩轳轥轲 轛輶輹轝輮

轅轸轰轥轲轩轭轥轮轴轡转 轭轥轡轳轵轲轥轭轥轮轴轳 轣软轮輜轲轭 轴轨轩轳 轢轥轨轡轶轩软轲 轡轳 轳轨软轷轮 轩轮 轆轩轧輮 輳輮輲輺 轡轴 900 K 轡
轰轡轲轡轢软转轩轣 软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳 轩轳 软轢轳轥轲轶轥轤 轴轨轲软轵轧轨软轵轴 轴轨轥 轭轥轡轳轵轲轥轭轥轮轴 轰轥轲轩软轤 软车 2 h輮 轔轨轥
轢转轵轥輯轰轵轲轰转轥 轣软转软轲 软车 轴轨轥 轳轡轭轰转轥 轩轮轤轩轣轡轴轥轳 轴轨轡轴 轗轏2.79 软轸轩轤轥轳 轡轲轥 轰轲轥轳轥轮轴 软轮 轴轨轥 轳轵轲车轡轣轥輮
轔轨轥 轫轩轮轥轴轩轣 轡轴 1273 K 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輳輮輲 轢輺 轡 轰轡轲轡轢软转轩轣 软轸轩轤轡轴轩软轮 轲轡轴轥 软车 0.4 mg2 cm−4 s−1

轩轳 软轢轳轥轲轶轥轤 车软轲 1 h 轴软 2 h 轩轮 轤轲轹 轡轩轲輮 轁车轴轥轲 轡轲软轵轮轤 2 h 轴轨轥 软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳 轣轨轡轮轧轥轳 车轲软轭
轰轡轲轡轢软转轩轣 轴软 转轩轮轥轡轲 轷轩轴轨 轡 轲轡轴轥 软车 0.4 mg cm−2 s−1輬 轡轳 轳轥轥轮 轩轮 轆轩轧輮 輳輮輲 轢輮 轙轥转转软轷 轗轏3 轩轳
轥轶轩轤轥轮轴 软轮 轴轨轥 轳轵轲车轡轣轥 轡车轴轥轲 软轸轩轤轡轴轩软轮輮

轉轮 轴轨轥 轰轲轥轳轥轮轣轥 软车 轷轡轴轥轲 輨轈2轏輩 轴轨轥轲轥 轩轳 轴轨轥 轡轤轤轩轴轩软轮轡转 轲轥轡轣轴轩软轮 轛輶輸轝

W + 3 H2O −−→WO3 + 3 H2 輨輳輮輲輩

轔轨轥 轨轹轤轲软轧轥轮 輨轈2輩 轰轡轲轴轩轡转 轰轲轥轳轳轵轲轥 轩轳 轡轳轳轵轭轥轤 轴软 轢轥 转软轷 轡轳 轩轴 轩轳 轡轮 轲轥轡轣轴轩软轮 轰轲软轤轵轣轴
轷轨轩轣轨 轴轨轥 轧轡轳 輝软轷 轴轲轡轮轳轰软轲轴轳 软轵轴 软车 轴轨轥 车轵轲轮轡轣轥輮 轒轥轤轵轣轴轩软轮 软车 轗轏3 轭轵轳轴 轢轥 轣软轮轳轩轤轥轲轥轤
软轮转轹 轷轨轥轮 轴轨轥 轈2 轰轡轲轴轩轡转 轰轲轥轳轳轵轲轥 轩轳 轳轩轭轩转轡轲 轴软 轴轨轥 轴轨轥 轈2轏 轰轡轲轴轩轡转 轰轲轥轳轳轵轲轥 轛輶輸轝輮 轗轨轥轮
轷轡轴轥轲 轲轥轡轣轴轳 轷轩轴轨 轗輬 轴轨轥 轈2轏 轭软转轥轣轵转轥轳 轡轲轥 轡轤轳软轲轢轥轤 轡轴 轴轨轥 轗 轳轵轲车轡轣轥 轡轮轤 轤轩轳轳软轣轩轡轴轥輮
轔轨轥 轏 轣轡轵轳轥轳 软轸轩轤轡轴轩软轮 轪轵轳轴 轡轳 轩轮 轴轨轥 轣轡轳轥 软车 轴轨轥 轲轥轡轣轴轩软轮 轷轩轴轨 轏2 轷轨轩转轥 轴轨轥 轈2 轥轳轣轡轰轥轳
轛輶輸轝輮 轔轨轥轲轥车软轲轥輬 轴轨轥 轢轡轳轩轣 软轸轩轤轡轴轩软轮 轭轥轣轨轡轮轩轳轭 软车 轗 轩轮 轴轨轥 轰轲轥轳轥轮轣轥 软车 轈2轏 轲轥轭轡轩轮轳
轡轳 轤轥轳轣轲轩轢轥轤 轡轢软轶轥輮 轉轮 轨轵轭轩轤 轡轩轲 轴轨轥 轰轡轲轡轢软转轩轣 软轸轩轤轡轴轩软轮 轲轡轴轥 轤轵轲轩轮轧 轴轨轥 輜轲轳轴 2 h 软车
0.3 mg2 cm−4 s−1 轩轳 轭轥轡轳轵轲轥轤 轡轴 1273 K輬 轩輮轥輮 轴轨轥 轥輛轥轣轴 软轮 轴轨轥 软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳 轩轳 轭轩轮软轲輮
轔轨轥 轥輛轥轣轴 软轮 轳轵轢转轩轭轡轴轩软轮 轩轳 轤轩轳轣轵轳轳轥轤 轩轮 轳轥轣轴轩软轮 輳輮輲輮

轁轮 轡轣轴轩轶轡轴轩软轮 轥轮轥轲轧轹 Ea 轮轥轥轤轳 轴软 轢轥 软轶轥轲轣软轭轥 车软轲 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轡轣轴轩软轮輮 轔轨轥轲轥车软轲轥輬
轴轨轥 软轸轩轤轡轴轩软轮 轲轡轴轥 轩轮轣轲轥轡轳轥轳 轥轸轰软轮轥轮轴轩轡转转轹 轷轩轴轨 轴轥轭轰轥轲轡轴轵轲轥輮 轆轩轧輮 輳輮輳 轣软轭轰轡轲轥轳 转轩轮轥轡轲
輨轆轩轧輮 輳輮輳 轡輩 轡轮轤 轰轡轲轡轢软转轩轣 輨轆轩轧輮 輳輮輳 轢輩 软轸轩轤轡轴轩软轮 轲轡轴轥轳 车轲软轭 转轩轴轥轲轡轴轵轲轥 輨轢转轵轥輩 轷轩轴轨 轴轨轥 轤轡轴轡
轭轥轡轳轵轲轥轤 轩轮 轴轨轩轳 轷软轲轫 輨轲轥轤 轳轴轡轲轳輩 轩轮 轤轲轹 轡轩轲輮 轔轨轥 轤轡轴轡 轰软轩轮轴轳 轡轲轥 轢轡轳轥轤 软轮 轴轨轥 輜轴轳 轳轨软轷轮
轩轮 轆轩轧輮 輳輮輲輮 轔轨轥 转轩轴轥轲轡轴轵轲轥 轤轡轴轡 轩轳 轣软转转轥轣轴轥轤 车轲软轭 轶轡轲轩软轵轳 轲轥车轥轲轥轮轣轥轳輺 轛輶輷輬 輲輳輬 輷輰輬 輷輱轝輮 轔轨轥轲轥
轩轳 轡 轳轣轡轴轴轥轲 轤轵轥 轴软 轤轩輛轥轲轥轮轴 轳轡轭轰转轥轳 轡轮轤 轤轩輛轥轲轥轮轴 轥轸轰轥轲轩轭轥轮轴轡转 轳轥轴轵轰轳輮 轈软轷轥轶轥轲輬 轴轨轥
轣软轮轣转轵轳轩软轮 轩轳 轴轨轡轴 轴轨轥 轲轥轳轵转轴轳 轩轮 轴轨轩轳 轷软轲轫 轭轡轴轣轨 轷轩轴轨 转轩轴轥轲轡轴轵轲轥 轤轡轴轡輮
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轆轩轧轵轲轥 輳輮輲輺 輨轡輩 轍轡轳轳 轧轡轩轮 软车 轰轵轲轥 轗 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轤轵轲轩轮轧 轩轳软轴轨轥轲轭轡转 软轸轩轤轡轴轩软轮 轡轴
900 K 轩轮 80 轶软转輮 輥 轁轲 轡轮轤 20 轶软转輮 輥 轏2 轡轴轭软轳轰轨轥轲轥輮 轔轨轥 轤软轴轴轥轤 转轩轮轥 轩轮轤轩轣轡轴轥轳 轡 轰轡轲轡轢软转轩轣
輜轴輮 轔轨轥 轰轨软轴软轧轲轡轰轨 轳轨软轷轳 轴轨轥 轳轡轭轰转轥 轡车轴轥轲 软轸轩轤轡轴轩软轮輮 輨轢輩 轍轡轳轳 轧轡轩轮 软车 轰轵轲轥 轗 轡轳 轡
车轵轮轣轴轩软轮 软车 轴轩轭轥 轤轵轲轩轮轧 轩轳软轴轨轥轲轭轡转 软轸轩轤轡轴轩软轮 轡轴 1273 K 轩轮 轤轲轹 輨轲轥轤輩 轡轮轤 轨轵轭轩轤 輨轢转轵轥輩 轡轩轲輮
轔轨轥 轨轵轭轩轤轩轴轹 转轥轶轥转 软车 轴轨轥 轨轵轭轩轤 轡轩轲 轩轳 5 vol.% 轣软轲轲轥轳轰软轮轤轩轮轧 轴软 70 % 轲轥转轡轴轩轶轥 轨轵轭轩轤轩轴轹
轡轴 313 K輮 轁 轰轡轲轡轢软转轩轣 輜轴 软车 轴轨轥 輜轲轳轴 2 h 轩轮 轤轲轹 轡轩轲 轡轮轤 轡 转轩轮轥轡轲 輜轴 车软轲 轴轨轥 轲轥轭轡轩轮轩轮轧
轴轩轭轥 轩轮 轤轲轹 轡轩轲 轡轲轥 轳轨软轷轮 轷轩轴轨 轤轡轳轨轥轤 转轩轮轥轳輮 轔轨轥 轰轨软轴软轧轲轡轰轨 轳轨软轷轳 轴轨轥 轳轡轭轰转轥 轡车轴轥轲 10 h
软轸轩轤轡轴轩软轮 轩轮 轤轲轹 轡轩轲輮
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轆轩轧轵轲轥 輳輮輳輺 轐轡轲轡轢软转轩轣 輨轡輩 轡轮轤 转轩轮轥轡轲 輨轢輩 软轸轩轤轡轴轩软轮 轲轡轴轥轳 软车 轰轵轲轥 轗 轡轳 轡 车轵轮轣轴轩软轮 软车
轴轥轭轰轥轲轡轴轵轲轥 T 輮 轔轨轥 轲轥轤 轳轴轡轲轳 轡轲轥 轭轥轡轳轵轲轥轤 轩轮 轴轨轩轳 轷软轲轫 轡轮轤 轣软轮轮轥轣轴轥轤 轢轹 轡 轤软轴轴轥轤 转轩轮轥
轴软 轧轵轩轤轥 轴轨轥 轥轹轥輮 轔轨轥 轢转轵轥 轰软轩轮轴轳 轡轲轥 轣软转转轥轣轴轥轤 车轲软轭 转轩轴轥轲轡轴轵轲轥 轛輶輷輬 輲輳輬 輷輰輬 輷輱轝輮
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3.1.2 Oxidation of W in different TGAs

轆软轲 轴轨轥 轷软轲轫 软轮 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轴 轗 轡转转软轹轳輬 轴轨轥轲轥 轥轸轩轳轴轳 轡 轣软转转轡轢软轲轡轴轩软轮 轷轩轴轨 轉轐轐
轇轡轲轣轨轩轮轧輮 轔轨轥 轔轇轁 轩轮 轇轡轲轣轨轩轮轧 轩轳 轭轡轮轵车轡轣轴轵轲轥轤 轢轹 轒轥轴轳轣轨 轡轮轤 软轰轥轲轡轴轥轤 轡轴 轡 轤轩輛轥轲轥轮轴
輝软轷 轲轡轴轥 轡轮轤 轡 轤轩輛轥轲轥轮轴 轧轥软轭轥轴轲轹輮 轓轴轩转转輬 轴轨轥 轡轩轭 轩轳 轴轨轡轴 轲轥轳轵转轴轳 车轲软轭 软轸轩轤轡轴轩软轮 轥轸轰轥轲轩轭轥轮轴轳
轩轮 轴轨轥 轴轨轥轲轭软轧轲轡轶轩轭轥轴轲轩轣 轡轮轡转轹轺轥轲轳 轩轮 轆轚 轊迼转轩轣轨 轡轮轤 轉轐轐 轇轡轲轣轨轩轮轧 轹轩轥转轤 轣软轭轰轡轲轡轢转轥
轲轥轳轵转轴轳輮 轃轡转轩轢轲轡轴轩软轮 轷轩轴轨 转轩轴轥轲轡轴轵轲轥 轤轡轴轡 轩轳 轤轩輞轣轵转轴 轤轵轥 轴软 轴轨轥 转轡轲轧轥 轳轣轡轴轴轥轲 轩轮 转轩轴轥轲轡轴轵轲轥
轤轡轴轡 轡轳 轤轩轳轣轵轳轳轥轤 轡轢软轶轥輬 轳轥轥 轆轩轧輮 輳輮輳輮 轔轨轥轲轥车软轲轥輬 轩轴 轷轡轳 轤轥轣轩轤轥轤 轴软 轣软轮轤轵轣轴 轥轸轰轥轲轩轭轥轮轴轳
轷轩轴轨 轩轤轥轮轴轩轣轡转 轳轡轭轰转轥轳 车软轲 轣软轭轰轡轲轩轳软轮輮

轆软轲 轴轨轡轴 轰轵轲轰软轳轥 轴轨轥 车软转转软轷轩轮轧 轣软轮轤轩轴轩软轮轳 轡轲轥 轣轨软轳轥轮輺

• 轐轵轲轥 轗 轳轡轭轰转轥轳 轡轲轥 轰轲软轶轩轤轥轤 轢轹 轉轐轐 轇轡轲轣轨轩轮轧輮 轇轲轩轮轤轩轮轧 轷轡轳 轰轥轲车软轲轭轥轤 轢轹 轉轐轐
轇轡轲轣轨轩轮轧 轷轩轴轨 轡 轳轵轲车轡轣轥 輜轮轩轳轨 软车 轐輲輰輰輰 轓轩轃 轰轡轰轥轲輮

• 轈轥轡轴轩轮轧 轩轳 轣软轮轤轵轣轴轥轤 轩轮 轰轵轲轥 轁轲 轡轴轭软轳轰轨轥轲轥輮

• 轉轳软轴轨轥轲轭轡转 软轸轩轤轡轴轩软轮 轡轴 900 K 车软轲 2 h 轩轳 轰轥轲车软轲轭轥轤輮

• 轉轳软轴轨轥轲轭轡转 软轸轩轤轡轴轩软轮 轩轳 轣软轮轤轵轣轴轥轤 轡轴 轡轭轢轩轥轮轴 轰轲轥轳轳轵轲轥 轩轮 80 vol.% 轁轲 轡轮轤 20 vol.%
轏2 轡轴轭软轳轰轨轥轲轥輮

轈轥轡轴轩轮轧 轡轮轤 软轸轩轤轡轴轩软轮 轡轴轭软轳轰轨轥轲轥 轡轲轥 轣轨软轳轥轮 轡轣轣软轲轤轩轮轧 轴软 轴轨轥 轣软轮轤轩轴轩软轮轳 轴轹轰轩轣轡转
车软轲 轥轸轰轥轲轩轭轥轮轴轳 轣轡轲轲轩轥轤 软轵轴 轩轮 轢软轴轨 车轡轣轩转轩轴轩轥轳輮 轔轨轥 轴轥轭轰轥轲轡轴轵轲轥 软车 900 K 轩轳 轣轨软轳轥轮 车软轲
轴轷软 轲轥轡轳软轮轳輺 輜轲轳轴輬 轡轴 轴轨轩轳 轴轥轭轰轥轲轡轴轵轲轥 轴轨轥 轳轵轢转轩轭轡轴轩软轮 软车 轗轏3 轩轳 轮轥轧转轩轧轩轢转轥輮 轔轨轵轳輬
轴轨轥 轭轥轡轳轵轲轥轭轥轮轴 软车 轰轵轲轥 软轸轩轤轡轴轩软轮 轣轡轮 轢轥 轤轩轲轥轣轴转轹 轣软轭轰轡轲轥轤 轡轮轤 轰软轴轥轮轴轩轡转 轣轨轡轮轧轥轳 轩轮
轳轵轢转轩轭轡轴轩软轮 轤轵轥 轴软 轡 轤轩輛轥轲轥轮轴 轨软转轤轥轲 轧轥软轭轥轴轲轹 轡轲轥 轥轸轣转轵轤轥轤輮 轓轥轣软轮轤輬 轡轴 轴轨轩轳 轴轥轭轰轥轲轡轴轵轲轥
轴轨轥 轭轡轳轳 轧轡轩轮 轩轳 轲轥轡轳软轮轡轢转轹 轳轭轡转转輮 轔轨轩轳 轲轥轱轵轩轲轥轳 轡 轨轩轧轨 轰轲轥轣轩轳轩软轮 软车 轴轨轥 轴轨轥轲轭软轧轲轡轶轩轭轥轴轲轩轣
轡轮轡转轹轺轥轲轳輮 轔轨轥 轭轥轡轳轵轲轥轭轥轮轴 轩轳 轲轥轰轥轡轴轥轤 轴轨轲轥轥 轴轩轭轥轳 轩轮 轢软轴轨 轴轨轥轲轭软轧轲轡轶轩轭轥轴轲轩轣 轡轮轡转轹轺轥轲轳輮

轔轨轥 轲轥轳轵转轴轳 软车 轴轨轥 软轸轩轤轡轴轩软轮 轥轸轰轥轲轩轭轥轮轴轳 软车 轰轵轲轥 轗 轡轴 900 K 轡轲轥 轳轨软轷轮 轩轮 轆轩轧輮 輳輮輴 轡輮
轉轮 轴软轴轡转 轴轨轥轲轥 轡轲轥 轳轩轸 软轸轩轤轡轴轩软轮 转轩轮轥轳 轳轨软轷轮 轩轮 轆轩轧輮 輳輮輴 轡輮 轁转转 软车 轴轨轥轭 轡轲轥 轡转轭软轳轴 轩轤轥轮轴轩轣轡转輮
轔轨轥 软轮转轹 轤轩輛轥轲轥轮轣轥 轩轳 轴轨轡轴 轴轨轥 轴轨轲轥轥 轣轵轲轶轥轳 轭轥轡轳轵轲轥轤 轩轮 轇轡轲轣轨轩轮轧 轳轴轡轲轴 轳转轩轧轨轴转轹 轳轴轥轥轰轥轲
轣软轭轰轡轲轥轤 轴软 轴轨轥 轴轨轲轥轥 轣轵轲轶轥轳 轭轥轡轳轵轲轥轤 轩轮 轊迼转轩轣轨輮 轔轨轩轳 轣轡轮 轢轥 轵轮轤轥轲轳轴软软轤 转软软轫轩轮轧 轡轴 轴轨轥
轴轥轭轰轥轲轡轴轵轲轥 轰轲软輜转轥 轳轨软轷轮 轩轮 轆轩轧輮 輳輮輴 轢輮 轔轨轥 轴轨轥轲轭软轧轲轡轶轩轭轥轴轲轩轣 轡轮轡转轹轺轥轲 轩轮 轇轡轲轣轨轩轮轧 轨轥轡轴轳
轡轢软轵轴 9 K 轡轢软轶轥 轴轨轥 轴轡轲轧轥轴 轴轥轭轰轥轲轡轴轵轲轥 轢轥车软轲轥 轡轰轰轲软轡轣轨轩轮轧 轴轨轥 轴轡轲轧轥轴 轴轥轭轰轥轲轡轴轵轲轥輮 轔轨轩轳
轢轥轨轡轶轩软轲 轩轳 轮软轴 车软轵轮轤 轩轮 轴轨轥 轤轥轶轩轣轥 轩轮 轊迼转轩轣轨輮 轔轨轥 轨轩轧轨轥轲 轴轥轭轰轥轲轡轴轵轲轥 轩轮 轴轨轥 轢轥轧轩轮轮轩轮轧 软车
轴轨轥 轥轸轰轥轲轩轭轥轮轴 轩轮 轴轨轥 轤轥轶轩轣轥 轩轮 轇轡轲轣轨轩轮轧 轹轩轥转轤轳 轡 轳转轩轧轨轴转轹 轨轩轧轨轥轲 轭轡轳轳 轧轡轩轮輮

轔轨轥 轤轩輛轥轲轥轮轣轥 轡车轴轥轲 轴轨轥 轩轮轩轴轡转 软轸轩轤轡轴轩软轮 轰轨轡轳轥 转轥轶轥转轳 软轵轴 轡车轴轥轲 转软轮轧轥轲 软轸轩轤轡轴轩软轮 轴轩轭轥轳
轡轮轤 轡车轴轥轲 2 h 轢软轴轨 轤轥轶轩轣轥轳 轳轨软轷 轡转轭软轳轴 轴轨轥 轳轡轭轥 轭轡轳轳 轧轡轩轮輮 轔轨轥 轭轡轳轳 轧轡轩轮 轡车轴轥轲 轴轷软
轨软轵轲轳 轩轳 轧轩轶轥轮 轩轮 轴轡轢转轥 輳輮輱輮
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轆轩轧轵轲轥 輳輮輴輺 輨轡輩 轍轡轳轳 轧轡轩轮 软车 轰轵轲轥 轗 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轤轵轲轩轮轧 轩轳软轴轨轥轲轭轡转 软轸轩轤轡轴轩软轮
轡轴 900 K 轩轮 80 轶软转輮 輥 轁轲 轡轮轤 20 轶软转輮 輥 轏2 轡轴轭软轳轰轨轥轲轥輮 轔轨轲轥轥 轭轥轡轳轵轲轥轭轥轮轴轳 轣软轮轤轵轣轴轥轤
轩轮 轇轡轲轣轨轩轮轧 轡轲轥 轰转软轴轴轥轤 轩轮 轧轲轥轥轮輮 轔轨轲轥轥 轭轥轡轳轵轲轥轭轥轮轴轳 轣软轮轤轵轣轴轥轤 轩轮 轊迼转轩轣轨 轡轲轥 轰转软轴轴轥轤
轩轮 轲轥轤輮 輨轢輩 轔轥轭轰轥轲轡轴轵轲轥 轰轲软輜转轥 轲轥轣软轲轤轥轤 轢轹 轴轨轥 轴轨轥轲轭软轢轡转轡轮轣轥轳 轤轵轲轩轮轧 轴轨轥 软轸轩轤轡轴轩软轮
轥轸轰轥轲轩轭轥轮轴轳 轳轨软轷轮 轩轮 輨轡輩輮

轔轡轢转轥 輳輮輱輺 轍轡轳轳 轧轡轩轮 轡车轴轥轲 117.5 min 软轸轩轤轡轴轩软轮輬 轡轳 轳轨软轷轮 轩轮 轆轩轧輮 輳輮輴 轡輮 x̄ 轩轳 轴轨轥 轡轶轥轲轡轧轥
轶轡转轵轥 轡轮轤 σ 轴轨轥 轳轴轡轮轤轡轲轤 轤轥轶轩轡轴轩软轮 软轮 轴轨轥 轡轶轥轲轡轧轥輮

轍轥轡轳轵轲轥轭轥轮轴 轮软輮 轊迼转轩轣轨 轛mg/cm2轝 轇轡轲轣轨轩轮轧 轛mg/cm2轝
輱 輱輮輴輹輳輶 輱輮輴輹輷輳
輲 輱輮輴輹輳輷 輱輮輴輷輹輲
輳 輱輮輴輹輱輱 輱輮輵輰輴輵

x̄ 輱輮輴輹輳 輱輮輴輹
σ 輰輮輰輰輱 輰輮輰輱

轉轮 轣软轮轣转轵轳轩软轮輬 轴轨轥 轴轷软 轴轨轥轲轭软轧轲轡轶轩轭轥轴轲轩轣 轡轮轡转轹轺轥轲轳 轩轮 轊迼转轩轣轨 轡轮轤 轇轡轲轣轨轩轮轧 轰轲软轤轵轣轥
轮轥轡轲转轹 轩轤轥轮轴轩轣轡转 轲轥轳轵转轴轳輮 轔轨轥 轲轥轳轵转轴轳 软车 轤轩輛轥轲轥轮轴 轳轡轭轰转轥轳 软轸轩轤轩轺轥轤 轩轮 软轮轥 软轲 轴轨轥 软轴轨轥轲 轤轥轶轩轣轥
轣轡轮 轢轥 轣软轭轰轡轲轥轤 轷轩轴轨 轥轡轣轨 软轴轨轥轲 轱轵轡轮轴轩轴轡轴轩轶轥转轹輮
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3.2 Sublimation of W
轓轵轢转轩轭轡轴轩软轮 软车 轴轵轮轧轳轴轥轮 软轸轩轤轥 车轲软轭 轡 车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴 轩轳 轡 轲轡轤轩软转软轧轩轣轡转 轨轡轺轡轲轤 车软轲 轴轨轥
轥轮轶轩轲软轮轭轥轮轴輬 轡轳 轤轩轳轣轵轳轳轥轤 轩轮 轳轥轣轴轩软轮 輱輮輲輮 轔轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 轭轡轩轮转轹 轤轥轰轥轮轤轳 软轮 轴轨轥
轴轥轭轰轥轲轡轴轵轲轥輬 轴轨轥 轡轴轭软轳轰轨轥轲轥 轡轮轤 轨轵轭轩轤轩轴轹 转轥轶轥转輬 轴轨轥 轧轡轳 輝软轷 轲轡轴轥輬 轡轮轤 轴轨轥 轣轨轥轭轩轣轡转 轳轴轡轴轥
软车 轴轨轥 轴轵轮轧轳轴轥轮 软轸轩轤轥輮 轁轴 轡 轳轴轥轡轭 轶轥转软轣轩轴轹 软车 48.5 cm s−1 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1263 K 轡
轲轥转轥轡轳轥 软车 1× 10−2 mg cm−2 s−1 轩轳 轭轥轡轳轵轲轥轤 轛輷輲轝輮 轔轨轥 轲轥转轥轡轳轥 轩轳 轤轵轥 轴软 轡轥轲软轳软转 轧轥轮轥轲轡轴轩软轮輬
轷轨轩轣轨 轩轳 软轰轴轩轣轡转转轹 轶轩轳轩轢转轥 轡轳 轷轨轩轴轥 轳轴轥轡轭輮 轔轨轥 轡轥轲软轳软转 轧轥轮轥轲轡轴轩软轮 轩轳 轴轲轩轧轧轥轲轥轤 轢轹 轴轨轥 轨轩轧轨
轳轴轥轡轭 轶轥转软轣轩轴轹 轛輷輲轝輮 轉轮 轴轨轩轳 轴轨轥轳轩轳 輝软轷 轶轥转软轣轩轴轩轥轳 轢轥转软轷 0.2 cm s−1 轡轲轥 轩轮轶轥轳轴轩轧轡轴轥轤 轷轨轥轲轥
轡轥轲软轳软转 轧轥轮轥轲轡轴轩软轮 轩轳 轮轥轧转轩轧轩轢转轥輮 轔轡轢转轥 輳輮輲 轰轲软轶轩轤轥轳 轡轮 软轶轥轲轶轩轥轷 软轮 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥轳
车软轲 轤轩輛轥轲轥轮轴 轰轡轲轡轭轥轴轥轲轳輮

轔轡轢转轥 輳輮輲輺 轓轵轭轭轡轲轹 软车 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥轳 软车 轤轩輛轥轲轥轮轴 轴轵轮轧轳轴轥轮 软轸轩轤轥轳 轩轮 轁轲 轡轮轤 轷轡轴轥轲
轶轡轰软轲 轩轮 轤轩輛轥轲轥轮轴 轥轸轰轥轲轩轭轥轮轴轡转 轣软轮轤轩轴轩软轮轳輮 轄轡轴轡 轴轡轫轥轮 车轲软轭 轛輱輸轝輮

轏轸轩轤轥 轔轥轭轰轥轲轡轴轵轲轥 轛轋轝 pH2O 轛vol.%轝 輝软轷 轲轡轴轥 轛cm3s−1轝 轳轵轢转轩轭轡轴轩软轮 轛mg cm−2 s−1轝
轗轏3 輱輳輲輳 輳輳 輲輲輮輶 7.9× 10−3

轗轏3 輱輴輷輳 輳輳 輲輱輮輶 36.8× 10−3

轗轏3 輱輴輷輳 輰 輱輶輮輱 1.7× 10−3

轗轏2 輱輴輷輳 輳輳 輲輵輮輹 8.6× 10−3

轗轏2 輱輳輹輸 輲輷 輱輳輮輳 2.4× 10−3

轗轏2 輱輳輹輸 輲輷 輲輴輮輲 2.8× 10−3

轉轮 轴轨轥 轰轲轥轳轥轮轴 轷软轲轫 轴轨轥 车软轣轵轳 轩轳 软轮 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 轤轥轰轥轮轤轥轮轣轥 软轮 轴轥轭轰轥轲轡轴轵轲轥
轡轮轤 软轮 轡轴轭软轳轰轨轥轲轥輮 轔轨轥 轴轥轭轰轥轲轡轴轵轲轥 轩轳 轡转轴轥轲轥轤 轩轮 轴轨轥 轲轡轮轧轥 软车 1050 K 轴软 1500 K輮 轔轨轲轥轥
轤轩輛轥轲轥轮轴 轡轴轭软轳轰轨轥轲轥轳 轡轲轥 轣轨软轳轥轮輺 80 kPa 轁轲 轷轩轴轨 20 kPa 轏2輬 80 kPa 轎2 轷轩轴轨 20 kPa
轏2輬 轡轮轤 80 kPa 轎2 轷轩轴轨 20 kPa 轏2 轡轮轤 5 vol.% 轷轡轴轥轲輮 轔轨轥 轨轵轭轩轤轩轴轹 转轥轶轥转 轩轳 轣轨软轳轥轮 轴软
轲轥轳轥轭轢转轥 轴轨轥 轡轩轲 轰轥轮轥轴轲轡轴轩轮轧 轴轨轥 轶轡轣轵轵轭 轶轥轳轳轥转 轩轮 轣轡轳轥 软车 轡 轌轏轃轁 轩轮 轡 轴轲软轰轩轣轡转 轣转轩轭轡轴轥 輭
70 % 轲轥转轡轴轩轶轥 轨轵轭轩轤轩轴轹 轡轴 313 K輮

轉轮 软轲轤轥轲 轴软 轭轥轡轳轵轲轥 轳轵轢转轩轭轡轴轩软轮 软车 轴轵轮轧轳轴轥轮 软轸轩轤轥輬 轴轵轮轧轳轴轥轮 轭轵轳轴 轢轥 软轸轩轤轩轺轥轤 輜轲轳轴輮
轁轳 转软轮轧 轡轳 轴轨轥轲轥 轩轳 轳轴轩转转 轭轥轴轡转转轩轣 轴轵轮轧轳轴轥轮 轩轮 轴轨轥 轳轡轭轰转轥輬 软轸轩轤轡轴轩软轮 轡轮轤 轳轵轢转轩轭轡轴轩软轮 软轣轣轵轲
轩轮 轰轡轲轡转转轥转輬 轢软轴轨 轣软轮轴轲轩轢轵轴轩轮轧 轴软 轴轨轥 轭轡轳轳 轣轨轡轮轧轥輮 轔轨轥轲轥车软轲轥輬 轩轴 轩轳 轮软轴 轰软轳轳轩轢转轥 轴软 轤轩轲轥轣轴转轹
轥轸轴轲轡轣轴 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 车轲软轭 轴轨轥 轭轡轳轳 轣轨轡轮轧轥輮 轆轵轮轤轡轭轥轮轴轡转转轹輬 轴轨轥轲轥 轡轲轥 轴轨轲轥轥 软轰轴轩软轮轳
轴软 轭轥轡轳轵轲轥 轳轵轢转轩轭轡轴轩软轮輺

輱輮 轔轨轥 轭轡轳轳 轣轨轡轮轧轥 软车 轴轨轥 轳轡轭轰转轥 轩轳 轭轥轡轳轵轲轥轤 轩轮 轡轮 软轸轹轧轥轮 车轲轥轥 轥轮轶轩轲软轮轭轥轮轴輮 轔轨轩轳
软轰轴轩软轮 轩轳 轮软轴 车软转转软轷轥轤 车轵轲轴轨轥轲 轢轥轣轡轵轳轥 轴轨轥 轹轥转转软轷 轗轏3 软轮 轴轨轥 轳轵轲车轡轣轥 轣轨轡轮轧轥轳 轴轨轥
轣软转软轲 轴软 轰轵轲轰转轥輯轢转轡轣轫 轡车轴轥轲 轨轥轡轴轩轮轧 车软轲 3 h 轩轮 轁轲 轡轴 1273 K輬 轡轳 轳轨软轷轮 轩轮 轆轩轧 輳輮輵輮 轔轨轩轳
轣软转软轲 轣轨轡轮轧轥 轩轮轤轩轣轡轴轥轳 轡 轲轥轤轵轣轴轩软轮 软车 轴轨轥 轗轏3 轡轮轤 轴轨轥 轳轵轢转轩轭轡轴轩软轮 软车 轡轮 软轸轩轤轥 轮软轴
车软轲轭轩轮轧 轩轮 轴轨轥 轰轲轥轳轥轮轣轥 软车 轏2 轩轳 轭轥轡轳轵轲轥轤輮

輲輮 轔轨轥 轭轡轳轳 轣轨轡轮轧轥 软车 轡 车轵转转轹 软轸轩轤轩轺轥轤 轳轡轭轰转轥 轩轳 轭轥轡轳轵轲轥轤 轩轮 轴轨轥 轳轡轭轥 轡轴轭软轳轰轨轥轲轥 轡轳
轤轵轲轩轮轧 软轸轩轤轡轴轩软轮輮 轔轨轩轳 轭轥轴轨软轤 轲轥轱轵轩轲轥轳 轳轭轡转转 轴轵轮轧轳轴轥轮 轳轡轭轰转轥轳 轩轮 软轲轤轥轲 轴软 轥轮轳轵轲轥
轣软轭轰转轥轴轥 软轸轩轤轡轴轩软轮 轷轩轴轨轩轮 轡 轲轥轡轳软轮轡轢转轥 轴轩轭轥輮 轔轨轩轮 輜转轭轳 轷轩轴轨 轡 轴轨轩轣轫轮轥轳轳 轢轥转软轷
5 µm 轤轥轰软轳轩轴轥轤 轢轹 轭轡轧轮轥轴轲软轮 轳轰轵轴轴轥轲轩轮轧 轡轲轥 轡轮 轩轤轥轡转 轣轡轮轤轩轤轡轴轥輮

輳輮 轔轨轥 轭轡轳轳 轣轨轡轮轧轥 软车 轡 轣轡轴轣轨轥轲 轣软转转轥轣轴轩轮轧 轴轨轥 轳轵轢转轩轭轡轴轥轤 轭轡轴轥轲轩轡转 轩轳 轭轥轡轳轵轲轥轤輮
轈软轷轥轶轥轲輬 轴轨轩轳 轭轥轴轨软轤 轲轥轱轵轩轲轥轳 轣轡转轩轢轲轡轴轩软轮 软车 轴轨轥 轥輞轣轩轥轮轣轹 软车 轴轨轥 轣轡轴轣轨轥轲 轷轨轩轣轨
轩轳 轣轡轲轲轩轥轤 软轵轴 轵轳轩轮轧 轴轨轥 轭轥轴轨软轤 轤轥轳轣轲轩轢轥轤 轡轢软轶轥輮 轔轨轥轲轥车软轲轥輬 轴轨轥 轣轡轴轣轨轥轲 轩轳 轮软轴 轵轳轥轤
轴软 轤轲轡轷 轣软轮轣转轵轳轩软轮轳 软轮 轴轨轥 轳轵轢转轩轭轡轴轩软轮 软车 轰轵轲轥 轗 轳轡轭轰转轥轳輮
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1 mm

(a)

2 mm

(b)

2 mm

(c)

轆轩轧轵轲轥 輳輮輵輺 轐轨软轴软轧轲轡轰轨轳 软车 轴轵轮轧轳轴轥轮輯轴轵轮轧轳轴轥轮 软轸轩轤轥 轳轡轭轰转轥轳輮 輨轡輩 轔轵轮轧轳轴轥轮 轳轡轭轰转轥 轢轥车软轲轥
软轸轩轤轡轴轩软轮輮 輨轢輩 轔轵轮轧轳轴轥轮 轳轡轭轰转轥 轡车轴轥轲 10 h 软轸轩轤轡轴轩软轮 轡轴 1273 K輮 輨轣輩 轔轵轮轧轳轴轥轮 轳轡轭轰转轥 轡车轴轥轲
10 h 软轸轩轤轡轴轩软轮 轡轴 1273 K 车软转转软轷轥轤 轢轹 轡轮轮轥轡转轩轮轧 轩轮 轁轲 轡轴轭软轳轰轨轥轲轥 车软轲 3 h 轡轴 1273 K輮

轔轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥轳 轩轮 轤轥轰轥轮轤轥轮轣轥 软车 轴轥轭轰轥轲轡轴轵轲轥 轢轡轳轥轤 软轮 轴轨轥 轭轡轳轳 转软轳轳 软车 车轵转转轹
软轸轩轤轩轺轥轤 轴轨轩轮 輜转轭轳 轡轲轥 轰转软轴轴轥轤 轩轮 轆轩轧輮 輳輮輶輮 轉轮 轁轲 轷轩轴轨 20 % 轏2 轡轮 轥轸轰软轮轥轮轴轩轡转 轤轥轰轥轮轤轥轮轣轥
软车 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 s 软轮 轴轥轭轰轥轲轡轴轵轲轥 T 轩轳 车软轵轮轤輺

s = c1 × exp− Q

kT
輨輳輮輳輩

轷轨轥轲轥 c1 ≈ 3.8× 1010 mg cm−2 s−1 轩轳 轡 轣软轮轳轴轡轮轴輬 Q ≈ 4.0 eV 轩轳 轡 轣软轮轳轴轡轮轴輬 轡轮轤 k 轩轳 轴轨轥
轂软转轴轺轭轡轮轮 轣软轮轳轴轡轮轴輮

轂轡轳轥轤 软轮 輷 轭轥轡轳轵轲轥轭轥轮轴轳 轡轴 1273 K 轩轮 轁轲 轷轩轴轨 20 % 轏2 轡轮 轡轶轥轲轡轧轥 轳轵轢转轩轭轡轴轩软轮
轲轡轴轥 软车 (5.4± 0.9)× 10−6 mg cm−2 s−1 轩轳 车软轵轮轤輮 轉轮 轣软轭轰轡轲轩轳软轮輬 轡 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 软车
6.7× 10−6 mg cm−2 s−1 轩轳 轭轥轡轳轵轲轥轤 轩轮 轎2 轷轩轴轨 20 % 轏2 轡轴 1273 K輮 轔轨轥 轳轴轡轮轤轡轲轤 轤轥轶轩轡轴轩软轮
轩轮 轎2輫轏2 轣轡轮轮软轴 轢轥 轣轡转轣轵转轡轴轥轤 轡轳 轩轴 轲轥转轩轥轳 软轮 轡 轳轩轮轧转轥 轭轥轡轳轵轲轥轭轥轮轴輮 轔轨轵轳輬 轴轨轥 转软轷轥轲
轢软轵轮轤轡轲轹 车软轲 轴轨轥 轥轲轲软轲 轢轡轲 软轮 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 轩轮 轎2輫轏2 轩轳 轴轨轥 软轮轥 轩轮 轁轲輫轏2輮 轉轮
轣软轮轣转轵轳轩软轮 轴轨轥 轥輛轥轣轴 软车 轎2 轶轳輮 轁轲 轡轴 1273 K 轩轳 轳轭轡转转輮

轔轨轥 轤软轭轩轮轡轴轩轮轧 轲轥轡轣轴轩软轮 轩轮 轳轵轢转轩轭轡轴轩软轮 软车 轗轏3 轩轮 轤轲轹 轡轩轲 轩轳

3 WO3 (s) −−→W3O9 (g). 輨輳輮輴輩

轔轨轥 轨轥轡轴 软车 轳轵轢转轩轭轡轴轩软轮 车软轲 轴轨轡轴 轲轥轡轣轴轩软轮 轩轳 轧轩轶轥轮 轢轹 ∆H = 0.5 MJ/mol 软车 轗3轏9 轛輷輳轝輮
轈轵轭轩轤轩轴轹 轨轡轳 轡 轳轴轲软轮轧 轥輛轥轣轴 软轮 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 轡轳 轳轥轥轮 轩轮 轩轮 轆轩轧輮 輳輮輶輺 轡轴 1273 K

轩轮 轨轵轭轩轤 轡轩轲 轡 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 软车 1.4× 10−4 mg cm−2 s−1 轩轳 轭轥轡轳轵轲轥轤輬 轡轮 轩轮轣轲轥轡轳轥 软车 轡
车轡轣轴软轲 软车 26 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轭轥轡轳轵轲轥轭轥轮轴轳 轷轩轴轨软轵轴 轨轵轭轩轤轩轴轹輮 轔轨轥 轣软轥輞轣轩轥轮轴轳 车轲软轭
轥轱轵轡轴轩软轮 輳輮輳 轣轨轡轮轧轥 轴软 c1 ≈ 7.0× 103 mg cm−2 s−1 轡轮轤 Q ≈ 1.9 eV輮 轉轮 轴轨轥 轰轲轥轳轥轮轣轥 软车
轷轡轴轥轲 轴轨轥 车软转转软轷轩轮轧 轲轥轡轣轴轩软轮 轩轳 轰软轳轳轩轢转轥輺

WO3 (s) + H2O (g) −−⇀↽−−WO2(OH)2 (g) 輨輳輮輵輩

轷轩轴轨 轴轨轥 轭轥轡轳轵轲轥轤 轥轱轵轩转轩轢轲轩轵轭 轣软轮轳轴轡轮轴 keq

log keq =
−5840 K

T
+ 1.216 輨輳輮輶輩
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Chapter 4

On volatilization of chromium oxide
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≈ −2.47× 104 K

T
+ 6.20 輨輴輮輳輩

轷轨轥轲轥 Ni 轡轲轥 轴轨轥 轮轵轭轢轥轲 软车 轰轡轲轴轩轣转轥轳 i 轩轮 轴轨轥 轧轡轳 轰轨轡轳轥 轡轮轤 T 轩轳 轴轨轥 轴轥轭轰轥轲轡轴轵轲轥 轛輷輶轝輮
轔轨轵轳輬 轴轨轥 轇轩轢轢轳 车轲轥轥 轥轮轥轲轧轹 ∆G 软车 轴轨轥 轲轥轡轣轴轩软轮 轩轳 轰软轳轩轴轩轶轥輺

∆G ≈ (4.7× 105 − 1.2× 102 K−1 × T ) 轊 輨輴輮輴輩

轔轨轥轲轥车软轲轥輬 轴轨轥 轲轥轡轣轴轩软轮 轲轡轴轥 轩轳 轳转软轷輬 轩轮轣轲轥轡轳轥轳 轷轩轴轨 轴轥轭轰轥轲轡轴轵轲轥輬 轡轮轤 软轣轣轵轲轳 软轮转轹 轤轵轥
轴软 轡 轣软轮轴轩轮轵软轵轳 轴轲轡轮轳轰软轲轴 软车 轴轨轥 轧轡轳 轰轨轡轳轥 软轵轴 软车 轴轨轥 车轵轲轮轡轣轥輺 轩轮 轛輷輷轝 轡 轲轡轴轥 软车
0.6× 10−6 mg cm−2 s−1 轩轳 轭轥轡轳轵轲轥轤 轡轴 1373 K 轷轨轩轣轨 轩轮轣轲轥轡轳轥轳 轴软 4× 10−6 mg cm−2 s−1

轡轴 1473 K 轡轴 轴轨轥 轳轡轭轥 轧轡轳 輝软轷輬 软轲 轴软 2× 10−6 mg cm−2 s−1 轡轴 1373 K 轷轩轴轨 轡 20 轴轩轭轥轳
轨轩轧轨轥轲 轧轡轳 輝软轷輮

轉轮 轨轵轭轩轤 轡轩轲 轴轨轥轲轥 轩轳 轡转轳软 轴轨轥 轲轥轡轣轴轩软轮

Cr2O3 (s) + O2 (g) + H2O (g) −−→ 2 CrO2(OH) (g). 輨輴輮輵輩

轔轨轥 轥轱轵轩转轩轢轲轩轵轭 轣软轮轳轴轡轮轴 k′ 软车 轴轨轥 轲轥轡轣轴轩软轮 轩轳 轭轥轡轳轵轲轥轤 轡轳

log10 k
′ = log10

(
N2

CrO2(OH)

NO2NH2O

)
≈ −2.24× 104 K

T
+ 6.24 輨輴輮輶輩

轷轨轥轲轥 Ni 轩轳 轴轨轥 轮轵轭轢轥轲 软车 轰轡轲轴轩轣转轥轳 i 轩轮 轴轨轥 轧轡轳 轰轨轡轳轥 轡轮轤 T 轩轳 轴轨轥 轴轥轭轰轥轲轡轴轵轲轥 轛輷輶轝輮
轔轨轵轳輬 轴轨轥 轇轩轢轢轳 车轲轥轥 轥轮轥轲轧轹 ∆G′ 软车 轴轨轥 轲轥轡轣轴轩软轮 轩轳 轰软轳轩轴轩轶轥輺

∆G′ ≈ (4.3× 105 − 1.2× 102 K−1 × T ) 轊 輨輴輮輷輩
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轔轨轥轲轥车软轲轥輬 轴轨轥 轲轥轡轣轴轩软轮 轲轡轴轥 轩轳 转软轷輬 轩轮轣轲轥轡轳轥轳 轷轩轴轨 轴轥轭轰轥轲轡轴轵轲轥輬 轡轮轤 软轣轣轵轲轳 软轮转轹 轤轵轥 轴软
轡 轣软轮轴轩轮轵软轵轳 轴轲轡轮轳轰软轲轴 软车 轴轨轥 轧轡轳 轰轨轡轳轥 软轵轴 软车 轴轨轥 车轵轲轮轡轣轥輮 轎轥轶轥轲轴轨轥转轥轳轳輬 轴轨轥 轇轩轢轢轳 车轲轥轥
轥轮轥轲轧轹 轩轳 转软轷轥轲 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轇轩轢轢轳 车轲轥轥 轥轮轥轲轧轹 轩轮 轥轱轵轡轴轩软轮 輴輮輴輬 轴轨轵轳 轴轨轥 轶软转轡轴轩转轩轺轡轴轩软轮
轲轡轴轥 软车 轃轲2轏3 轩轳 轨轩轧轨轥轲 轩轮 轨轵轭轩轤 轡轩轲 轴轨轡轮 轩轮 轤轲轹 轡轩轲輮

轉轮 轳轵轭轭轡轲轹輬 轃轲2轏3 轩轳 轭软轲轥 轳轴轡轢转轥 轩轮 轤轲轹 轡轩轲 轡轳 轣软轭轰轡轲轥轤 轴软 轨轵轭轩轤 轡轩轲輮 轈软轷轥轶轥轲輬 轩轮
轡转转 轣轡轳轥轳 轃轲2轏3 轩轳 轭软轲轥 轳轴轡轢转轥 轴轨轡轮 轗轏3 轡轮轤 轴轨轥 车软轲轭轡轴轩软轮 软车 轡 轰轲软轴轥轣轴轩轮轧 轃轲2轏3 转轡轹轥轲
软轮 轴轵轮轧轳轴轥轮 轣轡轮 轭轩轴轩轧轡轴轥 轣软轮轳轥轱轵轥轮轣轥轳 软车 轡 轌轏轃轁輺 轴轨轥 轲轥转轥轡轳轥 软车 轲轡轤轩软轡轣轴轩轶轥 轭轡轴轥轲轩轡转
轳轨软轵转轤 轢轥 轳轵轰轰轲轥轳轳轥轤 轢轹 轳轵轰轰轲轥轳轳轩轮轧 轴轨轥 车软轲轭轡轴轩软轮 软车 轗轏3 轤轵轥 轴软 轡 轰轲软轴轥轣轴轩轮轧 转轡轹轥轲輮
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Chapter 5

Oxidation of W-Cr-Y thin films

5.1 Pre-characterization of the thin films
轁车轴轥轲 轤轩轳轣轵轳轳轩轮轧 轴轨轥 轭轡轩轮 轡转转软轹轩轮轧 轥转轥轭轥轮轴轳 软车 轳轭轡轲轴 轡转转软轹轳 轩轮轤轩轶轩轤轵轡转转轹輬 轴轨轥 车软轣轵轳 轳轨轩车轴轳 轴软
轴轨轥 轩轮轴轥轲轡轣轴轩软轮 软车 轴轨轥 轤轩輛轥轲轥轮轴 轥转轥轭轥轮轴轳 轩轮 轴轨轥 轡转转软轹轥轤 轭轡轴轥轲轩轡转輮 轔轨轥 轳轡轭轰转轥轳 轩轮轶轥轳轴轩轧轡轴轥轤
轡轲轥 轴轨轩轮 輜转轭轳 轰轲软轤轵轣轥轤 轢轹 轭轡轧轮轥轴轲软轮 轳轰轵轴轴轥轲 轤轥轰软轳轩轴轩软轮 软轮 轳轡轰轰轨轩轲轥 轳轵轢轳轴轲轡轴轥轳 轷轩轴轨 轡
轤轩轡轭轥轴轥轲 软车 1.1 cm輮 轄轥轴轡轩转轳 软轮 轴轨轥 轭轡轧轮轥轴轲软轮 轤轥轶轩轣轥 轡轮轤 轴轨轥 轳轰轵轴轴轥轲轩轮轧 轰轲软轣轥轳轳 轡轲轥 轧轩轶轥轮
轩轮 轛輵輳轝 轡轮轤 轳轥轣轴轩软轮 輲輮輱輮 轕轰 轴软 輱輵 轳轵轢轳轴轲轡轴轥轳 软轮 轡 轲软轴轡轴轩轮轧 轰转轡轴轥 轵轮轤轥轲 轴轨轥 轰转轡轳轭轡 轡轲轥
轣软轡轴轥轤 轷轩轴轨 轡轮 轡转转软轹 轩轮 轰轡轲轡转转轥转輮 轎软 车轵轲轴轨轥轲 轴轲轥轡轴轭轥轮轴轳輬 轳轵轣轨 轡轳 轡轮轮轥轡转轩轮轧輬 轰软转轩轳轨轩轮轧輬 软轲
轣轨轥轭轩轣轡转 轲轥轡轧轥轮轴轳 轡轲轥 轡轰轰转轩轥轤 轡车轴轥轲 轤轥轰软轳轩轴轩软轮 轢轥车软轲轥 车轵轲轴轨轥轲 轩轮轶轥轳轴轩轧轡轴轩软轮轳輮 轔轨轩轳 轥轸轣转轵轤轥轳
轴轨轥 轵轮轣轥轲轴轡轩轮轴轹 软轮 轴轨轥 轲轥轰轲软轤轵轣轩轢轩转轩轴轹 软车 轴轨轥轳轥 轴轲轥轡轴轭轥轮轴轳輮

轔轨轥 轤轥轰软轳轩轴轥轤 輜转轭轳 轷轥轩轧轨 6 mg 轴软 12 mg 轷轩轴轨 轡 輝轵轣轴轵轡轴轩软轮 轢轥转软轷 2% 车软轲 轳轡轭轰转轥轳 软车
轴轨轥 轳轡轭轥 轤轥轰软轳轩轴轩软轮 轢轡轴轣轨輮 轔轨轥 轷轥轩轧轨轴 轤轥轰轥轮轤轳 软轮 轴轨轥 轣轨软轳轥轮 轳轰轵轴轴轥轲轩轮轧 轴轩轭轥輬 轴轹轰轩轣轡转转轹
轡轲软轵轮轤 1 µg s−1 轡轲轥 轤轥轰软轳轩轴轥轤 软轮 轡 轳轵轢轳轴轲轡轴轥輮 轔轨轥 轴轨轩轣轫轮轥轳轳 软车 轡 輜转轭 轩轳 轭轥轡轳轵轲轥轤 软轮 轡
轣轲软轳轳 轳轥轣轴轩软轮 轡车轴轥轲 轡 轆轉轂 轣轵轴輺 轩轴 轩轳 车软轵轮轤 轴软 轢轥 3 µm 轴软 8 µm輮 轔轨轥 轳轵轲车轡轣轥 轡轲轥轡 软车 轴轨轥
轳轵轢轳轴轲轡轴轥輬 轴轨轥 輜转轭 轴轨轩轣轫轮轥轳轳輬 轡轮轤 轴轨轥 輜转轭 轭轡轳轳 轹轩轥转轤 轴轨轥 轤轥轮轳轩轴轹 软车 轴轨轥 輜转轭轳輮 轁 轤轥轮轳轩轴轹
软车 (15.3± 0.5) g cm−3 轩轳 轡轣轨轩轥轶轥轤 车软轲 轗輭輱輱輮輶轃轲輭輰輮輴轙 輜转轭轳輮

轔轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 软车 轴轨轥 輜转轭轳 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輵輮輱輮 轔轨轥 轩轮轳轥轴 轳轨软轷轳 轡轮 轥转轥轣轴轲软轮
轭轩轣轲软轳轣软轰轹 轩轭轡轧轥 软轮 轴轨轥 轳轵轲车轡轣轥輬 轷轨轥轲轥轡轳 轴轨轥 轭轡轩轮 轩轭轡轧轥 轳轨软轷轳 轡 轣轲软轳轳 轳轥轣轴轩软轮輮 轔轨轥
轧轲轡轩轮 轤轩轡轭轥轴轥轲 轩轳 轡轲软轵轮轤 0.2 µm輮 轔轨轥 轩轭轡轧轥 轩轮轤轩轣轡轴轥轳 轡 轨软轭软轧轥轮轥软轵轳 輜转轭輺 轮软 轰轨轡轳轥
轳轥轰轡轲轡轴轩软轮輬 轮软 轳轥轧轲轥轧轡轴轩软轮 软车 轳轰轥轣轩輜轣 轥转轥轭轥轮轴轳輬 轡轮轤 轮软 软轸轩轤轥 轳轥轧轲轥轧轡轴轩软轮 轡轲轥 轤轥轴轥轣轴轥轤輮
轁轳 轴轨轥 輜转轭轳 轡轲轥 轳轰轵轴轴轥轲輭轤轥轰软轳轩轴轥轤輬 轡轮 轡轴软轭轩轣轡转转轹 轤轩轳轰轥轲轳轥轤 轤轩轳轴轲轩轢轵轴轩软轮 轩轳 轥轸轰轥轣轴轥轤輮 轔轨轥
轥轸轰轥轲轩轭轥轮轴轡转 轲轥轳轵转轴轳 轤软 轮软轴 轣软轮轴轲轡轤轩轣轴 轴轨轩轳 轥轸轰轥轣轴轡轴轩软轮輮 轔轨轥 轩轮轴轥轮轳轩轴轩轥轳 软车 轗輬 轃轲輬 轡轮轤
轙轏 轩轮 轴轨轥 轓轉轍轓 轭轥轡轳轵轲轥轭轥轮轴 轡轲轥 轣软轮轳轴轡轮轴 轷轩轴轨 轴轨轥 轤轥轰轴轨 轩轮 轴轨轥 轳轡轭轰转轥輬 轡轳 轳轨软轷轮 轩轮
轆轩轧輮 輵輮輲輮 轏轮转轹 轏 轨轡轳 轡 轳转轩轧轨轴转轹 轩轮轣轲轥轡轳轥轤 轩轮轴轥轮轳轩轴轹 轷轩轴轨轩轮 轴轨轥 輜轲轳轴 0.2 µm輮 轔轨轥 轤轥轴轥轣轴轩软轮
轳轥轮轳轩轴轩轶轩轴轹 轩轳 轤轩輛轥轲轥轮轴 车软轲 轤轩輛轥轲轥轮轴 轥转轥轭轥轮轴轳輮 轔轨轥轲轥车软轲轥輬 轴轨轥 轣软轵轮轴轳 轡轲轥 轮软轴 轰轲软轰软轲轴轩软轮轡转 轴软
轴轨轥 轲轥转轡轴轩轶轥 轣软轭轰软轳轩轴轩软轮輮 轔轨轥 轭轥轡轳轵轲轥轭轥轮轴轳 软车 轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轡轮轤 轴轨轥 轓轉轍轓 轰轲软輜转轥
轩轮轤轩轣轡轴轥 轡 轨软轭软轧轥轮轥软轵轳 輜转轭輮
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200 nm

Alloy

Surface

Pt-Coating

200 nm

Surface

轆轩轧轵轲轥 輵輮輱輺 轅转轥轣轴轲软轮 轭轩轣轲软轳轣软轰轹 轩轭轡轧轥轳 软车 轡 轴轨轩轮 輜转轭 轡转转软轹 轡轳 轤轥轰软轳轩轴轥轤輮 轔轨轥 轣软轭轰软轳轩轴轩软轮
软车 轴轨轥 輜转轭 轩轳 轗輭輱輳轃轲輭輱轙 轡轳 轭轥轡轳轵轲轥轤 轢轹 轉轃轐輭轏轅轓 輨轳轥轥 轳轥轣轴轩软轮 輲輮輷輩輮 轔轨轥 轣轲软轳轳 轳轥轣轴轩软轮
轤轥轰轩轣轴轳 轴轨轥 轰轲软轴轥轣轴轩轶轥 轰转轡轴轩轮轵轭 輨轐轴輩 轣软轡轴轩轮轧 轡轮轤 轴轨轥 轡转转软轹輻 轴轨轥 轳轵轲车轡轣轥 轩轳 轳轨软轷轮 轩轮 轴轨轥
轩轮轳轥轴輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輷輸轝輮

轆轩轧轵轲轥 輵輮輲輺 轅轸轥轭轰转轡轲轹 轓轉轍轓 轲轥轳轵转轴轳 车软轲 轴轨轩轮 輜转轭轳 轡轳 轤轥轰软轳轩轴轥轤 轢轹 轭轡轧轮轥轴轲软轮 轳轰轵轴轴轥轲轩轮轧輮
轔轨轥 轣软轭轰软轳轩轴轩软轮 软车 轴轨轥 輜转轭 轩轳 轗輭輱輲轃轲輭輰輮輵轙 轡转转软轹輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮
轛輷輸轝輮

轔轨轥 轨软轭软轧轥轮轥轩轴轹 软车 轴轨轥 輜转轭 轡转转软轷轳 轴软 轣轡转轣轵转轡轴轥 轴轨轥 轴轨轥软轲轥轴轩轣轡转 轤轥轮轳轩轴轹 ρt 软车 轴轨轥 輜转轭
轩轮 輜轲轳轴 轡轰轰轲软轸轩轭轡轴轩软轮 轵轳轩轮轧 轴轨轥 轲轵转轥 软车 轭轩轸轴轵轲轥輺

ρt = 100/
∑
i

ci
ρi

輨輵輮輱輩

轷轨轥轲轥 ci 轩轳 轴轨轥 轣软轮轣轥轮轴轲轡轴轩软轮 软车 轥转轥轭轥轮轴 轩 轩轮 轷轥轩轧轨轴 輥 轡轮轤 ρi 轴轨轥 轤轥轮轳轩轴轹 软车 轴轨轥 轰轵轲轥
轥转轥轭轥轮轴 轩輮 轔轨轥 轣轡转轣轵转轡轴轩软轮 轹轩轥转轤轳 轡 轤轥轮轳轩轴轹 软车 96 % 轲轥转轡轴轩轶轥 轴软 轴轨轥 轴轨轥软轲轥轴轩轣轡转 轤轥轮轳轩轴轹 车软轲
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轴轨轥 轗輭輱輱輮輶轃轲輭輰輮輴轙 輜转轭 轭轥轮轴轩软轮轥轤 轡轢软轶轥輮 轔轨轩轳 轣轡转轣轵转轡轴轩软轮 轡轳轳轵轭轥轳 轡转转 轥转轥轭轥轮轴轳 轩轮 轴轨轥
轭轥轴轡转转轩轣 车软轲轭輮 轏轸轩轤轥轳 轴轹轰轩轣轡转转轹 轨轡轶轥 转软轷轥轲 轤轥轮轳轩轴轩轥轳 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轭轥轴轡转 轴轨轥轹 轡轲轥
车软轲轭轥轤 车轲软轭 輭 轴轨轵轳 轴轨轥 轲轥转轡轴轩轶轥 轤轥轮轳轩轴轹 软车 轴轨轥 輜转轭 轷软轵转轤 轩轮轣轲轥轡轳轥 轩车 软轸轩轤轥轳 轷轥轲轥 轣软轮轳轩轤轥轲轥轤輮
轉轮 车轡轣轴輬 轡轮 轏 轣软轮轴轥轮轴 软车 ∼ 8 at.% 轩轳 轭轥轡轳轵轲轥轤 轵轳轩轮轧 轘轐轓輮 轔轨轥 轳轴轡轮轤轡轲轤 车轲轥轥 轥轮轥轲轧轹 软车 轴轨轥
轲轥轡轣轴轩软轮 輴 轙 輫 輳 轏2 −−→ 輲 轙2轏3 轩轳 −1.2 MJ mol−1 轛輷輹轝輬 轙 软轸轩轤轩轺轥轳 轡轴 轲软软轭 轴轥轭轰轥轲轡轴轵轲轥輮
轔轨轥 轏 轣软轮轴轥轮轴 轡轮轤 轴轨轥 车轲轥轥 轥轮轥轲轧轹 轹轩轥转轤 轴轨轥 轡轳轳轵轭轰轴轩软轮 轴轨轡轴 轡转转 轹轴轴轲轩轵轭 轩轮 轴轨轥 轡转转软轹 轩轳 轩轮
轴轨轥 车软轲轭 软车 轹轴轴轲轩轡輮 轔轨轥 软轸轹轧轥轮 轣软轮轴轥轮轴 轩轳 轨轩轧轨轥轲 轴轨轡轮 轩轮 轡 轗輭輱輰轃轲輭輲轔轩 轡转转软轹 轣软轭轰轡轣轴轥轤 轢轹
轰轲轥轳轳轵轲轥转轥轳轳 轳轩轮轴轥轲轩轮轧 轡轮轤 轳轵轢轳轥轱轵轥轮轴 轈轉轐轩轮轧 轡轳 轤轥轳轣轲轩轢轥轤 轩轮 轛輵輵轝 轷轨轥轲轥 轡轮 轏 轣软轮轴轥轮轴 软车
∼ 2 at.% 轷轡轳 轲轥轡轣轨轥轤輮 轐轵轭轰轩轮轧 轴轨轥 轭轡轧轮轥轴轲软轮 轣轨轡轭轢轥轲 轴软 轡 轢轥轴轴轥轲 轶轡轣轵轵轭 转轥轶轥转 轢轥车软轲轥
轳轰轵轴轴轥轲轩轮轧 轩轳 软轮轥 轡轰轰轲软轡轣轨 轴软 轲轥轤轵轣轥 轴轨轥 软轸轹轧轥轮 轣软轮轴轥轮轴 软车 轴轨轥 輜转轭轳輮 轉轮 轴轨轥 轰轲轥轳轥轮轴 轳轴轵轤轹
轡 轰轲轥轳轳轵轲轥 轴轨轲轥轳轨软转轤 软车 1× 10−6 mbar 轩轳 轳轥转轥轣轴轥轤 轢轥车软轲轥 轴轨轥 轳轰轵轴轴轥轲轩轮轧 轰轲软轣轥轳轳 轩轳 轳轴轡轲轴轥轤輮
轔轨轥 轤轥轴轡轩转轥轤 轩轮輝轵轥轮轣轥 软车 轴轨轥 轏 轣软轮轴轥轮轴 软轮 轴轨轥 轰轲软轰轥轲轴轩轥轳 软车 轴轨轥 轡转转软轹 轩轳 轡 轳轵轢轪轥轣轴 轴软 车轵轴轵轲轥
轩轮轶轥轳轴轩轧轡轴轩软轮轳輮

轔轨轥 转轡轴轴轩轣轥 轳轴轲轵轣轴轵轲轥 软车 轴轨轥 輜转轭轳 轩轳 轡轮轡转轹轺轥轤 轵轳轩轮轧 轘轒轄輮 轔轨轥 轲轥轳轵转轴 轩轳 轳轨软轷轮 轩轮 轆轩轧輮
輵輮輳輮 轁转转 轭轡轩轮 轗 轰轥轡轫轳 轡轲轥 轶轩轳轩轢转轥輬 轮软 轰轥轡轫轳 轡轴 轰软轳轩轴轩软轮轳 轣轨轡轲轡轣轴轥轲轩轳轴轩轣 车软轲 轰轵轲轥 轃轲 轡轲轥
车软轵轮轤輮 轔轨轩轳 輜轮轤轩轮轧 轩轮轤轩轣轡轴轥轳 轡 轗輭转轩轫轥 转轡轴轴轩轣轥 轳轴轲轵轣轴轵轲轥輮 轒轥转轡轴轩轶轥 轩轮轴轥轮轳轩轴轹輬 轰轥轡轫 轷轩轤轴轨輬
轡轮轤 轰轥轡轫 轰软轳轩轴轩软轮 轡轲轥 轴轨轥 轴轨轲轥轥 轭轡轩轮 轣轨轡轲轡轣轴轥轲轩轳轴轩轣轳 软车 轴轨轥 轰轥轡轫轳 轩轮 轡轮 轘轒轄輺

• 轔轨轥 轲轥转轡轴轩轶轥 轩轮轴轥轮轳轩轴轹 轩轳 轰轲软轰软轲轴轩软轮轡转 轴软 轴轨轥 轰轲软轢轡轢轩转轩轴轹 轴轨轡轴 轴轨轥 轘輭轲轡轹 轩轳 轲轥輝轥轣轴轥轤
软轮 轴轨轥 轣软轲轲轥轳轰软轮轤轩轮轧 转轡轴轴轩轣轥 轰转轡轮轥輮 轌轩轴轥轲轡轴轵轲轥 轤轡轴轡 轡轳轳轵轭轥轳 轡轮 轩轳软轴轲软轰轩轣 轣轲轹轳轴轡转
软轲轩轥轮轴轡轴轩软轮輮 轈软轷轥轶轥轲輬 轴轨轥 轭轡轧轮轥轴轲软轮 輜转轭轳 轩轮 轴轨轩轳 轳轴轵轤轹 轨轡轶轥 轥转软轮轧轡轴轥轤 轳轵轢輭轭轩轣轲软轮
轧轲轡轩轮轳 輨轡轳 轳轥轥轮 轩轮 轆轩轧輮 輵輮輱輩 轤轵轥 轴软 轡 轤轥輜轮轥轤 轧轲软轷轴轨 轤轩轲轥轣轴轩软轮輮 轔轨轥 轥转软轮轧轡轴轩软轮
轩轳 轩轮 轡轧轲轥轥轭轥轮轴 轷轩轴轨 转轩轴轥轲轡轴轵轲轥 轥轸轰轥轣轴轡轴轩软轮轳 车软轲 轴轨轥 轳轥转轥轣轴轥轤 轰轲软轣轥轳轳 轰轡轲轡轭轥轴轥轲轳
轛輸輰轝輮 轔轨轵轳輬 轴轨轥 轣轲轹轳轴轡转 轩轳 轡轮轩轳软轴轲软轰轩轣輮 轒轥转轡轴轩轶轥 轩轮轴轥轮轳轩轴轩轥轳 轡轲轥 轣轨轡轮轧轥轤 轣软轭轰轡轲轥轤 轴软
轩轳软轴轲软轰轩轣 轣轲轹轳轴轡转 软轲轩轥轮轴轡轴轩软轮轳 轡轮轤 转轩轴轴转轥 轩轮车软轲轭轡轴轩软轮 软轮 轴轨轥 轣轲轹轳轴轡转 轳轴轲轵轣轴轵轲轥 轣轡轮 轢轥
软轢轴轡轩轮轥轤 轢轡轳轥轤 软轮 轴轨轥 轲轥转轡轴轩轶轥 轩轮轴轥轮轳轩轴轩轥轳輮

• 轔轨轥 轰轥轡轫 轷轩轤轴轨 轩轮轤轩轣轡轴轥轳 轴轨轥 轶轡轲轩轡轴轩软轮 轩轮 轴轨轥 转轡轴轴轩轣轥 轣软轮轳轴轡轮轴輮 轂轲软轡轤轥轲 轰轥轡轫轳 轨轡轶轥 轡
转轡轲轧轥轲 轶轡轲轩轡轴轩软轮 轩轮 转轡轴轴轩轣轥 轣软轮轳轴轡轮轴 轴轹轰轩轣轡转转轹 轤轵轥 轴软 轤轥车轥轣轴轳 轡轮轤 轳轴轲轡轩轮 轩轮 轴轨轥 轭轡轴轥轲轩轡转輮
轆软轲 轥轸轡轭轰转轥輬 轴轨轥 轰轥轡轫 轡轴 2Θ = 73.1◦ 轨轡轳 轡 车轵转转輭轷轩轤轴轨輭轨轡转车 轭轡轸轩轭轵轭 輨轆轗轈轍輩 软车
1.8◦ 轩轮 轆轩轧輮 輵輮輳輮 轔轨轩轳 轩轳 轢轲软轡轤轥轲 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轆轗轈轍 软车 轴轨轡轴 轰轥轡轫 轭轥轡轳轵轲轥轤
软轮 轡 轰轵轲轥 轗 轳轡轭轰转轥 轰轲轥轰轡轲轥轤 轢轹 轭轡轧轮轥轴轲软轮 轳轰轵轴轴轥轲轩轮轧 轷轨轥轲轥 轡 轆轗轈轍 软车 0.3◦ 轩轳
轭轥轡轳轵轲轥轤輮 轔轨轥 轩轮轣轲轥轡轳轥轤 轶轡轲轩轡轴轩软轮 轩轮 轴轨轥 转轡轴轴轩轣轥 轣软轮轳轴轡轮轴 轩轳 轩轮轤轵轣轥轤 轢轹 轡转转软轹轩轮轧輮

• 轔轨轥 轰轥轡轫 轰软轳轩轴轩软轮 轡转转软轷轳 轴软 轣轡转轣轵转轡轴轥 轴轨轥 转轡轴轴轩轣轥 轣软轮轳轴轡轮轴 轶轩轡 轂轲轡轧轧輧轳 转轡轷 轧轩轶轥轮 轩轮
轥轱轵轡轴轩软轮 輲輮輳輮 轔轨轥 轰轥轡轫 轰软轳轩轴轩软轮轳 软车 轴轨轥 车软轵轲 轭轡轩轮 轰轥轡轫轳 轩轮 轆轩轧輮 輵輮輳 轡轲轥 轧轩轶轥轮 轩轮
轴轡轢转轥 輵輮輱輮 轔轨轥 轰软轳轩轴轩软轮轳 轹轩轥转轤 轡 转轡轴轴轩轣轥 轣软轮轳轴轡轮轴 软车

a = (1.002± 0.004)× aW 輨輵輮輲輩

轷轩轴轨 轴轨轥 转轡轴轴轩轣轥 轣软轮轳轴轡轮轴 软车 轰轵轲轥 轗 aW = 3.1648 迅 轛輸輱轝輮 轉轮 软轴轨轥轲 轷软轲轤轳輬 轴轨轥 转轡轴轴轩轣轥
轣软轮轳轴轡轮轴 软车 轴轨轥 轡转转软轹 轤轩輛轥轲轳 轢轹 转轥轳轳 轴轨轡轮 1 % 轣软轭轰轡轲轥轤 轴软 轴轨轡轴 软车 轰轵轲轥 轗輮

轉轮 轡 轰轥轲车轥轣轴 轳轵轢轳轴轩轴轵轴轩软轮轡转 轳软转轩轤 轴轨轥 转轡轴轴轩轣轥 轣软轮轳轴轡轮轴 aVegard 轣轡轮 轢轥 轣轡转轣轵转轡轴轥轤 轵轳轩轮轧
轖轥轧轡轲轤輧轳 轡轰轰轲软轸轩轭轡轴轩软轮輺

aVegard = xA × aCr + (1− xA)× aW = 0.97× aW 輨輵輮輳輩

轷轨轥轲轥 xA = 12 wt.% = 32 at.% 轩轳 轴轨轥 轃轲 轣软轮轣轥轮轴轲轡轴轩软轮 轡轮轤 aCr = 2.91 迅 轴轨轥 轃轲
转轡轴轴轩轣轥 轣软轮轳轴轡轮轴 轛輸輲轝輮 轅轱轵轡轴轩软轮轳 輵輮輲 轡轮轤 輵輮輳 轣软轮轴轲轡轤轩轣轴 轥轡轣轨 软轴轨轥轲輮 轔轨轥轲轥车软轲轥輬 轴轨轥
轡轳轳轵轭轰轴轩软轮 软车 轡 轰轥轲车轥轣轴 轳轵轢轳轴轩轴轵轴轩软轮轡转 轳软转轩轤 轩轳 轮软轴 轶轡转轩轤 轡轮轤 轖轥轧轡轲轤輧轳 轡轰轰轲软轸轩轭轡轴轩软轮
轣轡轮轮软轴 轢轥 轵轳轥轤 车软轲 轴轨轥 轭轡轧轮轥轴轲软轮 轤轥轰软轳轩轴轥轤 輜转轭轳輮
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轆轩轧轵轲轥 輵輮輳輺 轘轒轄 轭轥轡轳轵轲轥轭轥轮轴 软车 轡轮 轤轥轰软轳轩轴轥轤 轗輭輱輲轃轲輭輰輮輵轙 輜转轭輮 轔轨轥 轢转轡轣轫輬 轤轡轳轨轥轤
转轩轮轥轳 轩轮轤轩轣轡轴轥 轴轨轥 轥轸轰轥轣轴轥轤 轰轥轡轫輭轰软轳轩轴轩软轮轳 车软轲 轗 轛輸輱轝輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮
轛輷輸轝輮

轔轡轢转轥 輵輮輱輺 轍轥轡轳轵轲轥轤 轰软轳轩轴轩软轮轳 软车 轰轥轡轫轳 轩轮 轴轨轥 轘轒轄 轳轨软轷轮 轩轮 轆轩轧輮 輵輮輳 轣软轭轰轡轲轥轤 轴软
转轩轴轥轲轡轴轵轲轥 轤轡轴轡 车软轲 轰轥轡轫轳 轩轮 轰轵轲轥 轗輮

輨輱輱輰輩輭轐转轡轮轥 輨輲輰輰輩輭轐转轡轮轥 輨輲輱輱輩輭轐转轡轮轥 輨輲輲輰輩輭轐转轡轮轥
轰轵轲轥 轗 轛輸輱轝 輴輰輮輲輶輵◦ 輵輸輮輲輷輶◦ 輷輳輮輱輹輸◦ 輸輷輮輰輲輴◦
轗輭輱輲轃轲輭輰輮輵轙 輴輰輮輴◦ 輵輷輮輸◦ 輷輳輮輱◦ 輸輷輮輱◦

轉轮 轳轵轭轭轡轲轹輬 轴轨轥 轭轡轧轮轥轴轲软轮 轤轥轰软轳轩轴轩软轮 轰轲软轶轩轤轥轳 轭轵转轴轩轰转轥 轤轥轮轳轥 輜转轭轳 轷轩轴轨 轡
轨软轭软轧轥轮轥软轵轳 轤轩轳轴轲轩轢轵轴轩软轮 软车 轡转转软轹轩轮轧 轥转轥轭轥轮轴轳輬 轡轮轤 轡 轗輭转轩轫轥 转轡轴轴轩轣轥 轳轴轲轵轣轴轵轲轥輮 轔轨轥轳轥 輜转轭轳
轡轲轥 轵轳轥轤 轴软 轳轴轵轤轹 车轵轮轤轡轭轥轮轴轡转 轰轲软轰轥轲轴轩轥轳 软车 轴轨轥 轗輭轃轲輭轙 轡转转软轹 轡轴 轥转轥轶轡轴轥轤 轴轥轭轰轥轲轡轴轵轲轥轳輺
轴轨轥 輜转轭轳 轷轥轲轥 轵轳轥轤 轴软 软轰轴轩轭轩轺轥 轴轨轥 轥转轥轭轥轮轴轡转 轣软轭轰软轳轩轴轩软轮 轛輳輰輬 輵輳轝輬 软轢轴轡轩轮 轡 輜轲轳轴
轵轮轤轥轲轳轴轡轮轤轩轮轧 软轮 轨软轷 轨轵轭轩轤轩轴轹 轩轮輝轵轥轮轣轥轳 轴轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳 轛輸輳輬 輵輳轝輬 轡轮轤 轴软 轳轴轵轤轹
轴轨轥 轥輛轥轣轴轳 软车 轡轮轮轥轡转轩轮轧 软轮轴软 轴轨轥 轭轡轴轥轲轩轡转 轛輵輳轝輮 轔轨轥 车软转转软轷轩轮轧 轳轥轣轴轩软轮 轰轲轥轳轥轮轴轳 轡轮 软轶轥轲轶轩轥轷
软车 轴轨轥 软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳 软车 轗輭轃轲輭轙 轴轨轩轮 輜转轭轳輬 轣软轭轰转轥轭轥轮轴轡轲轹 轤轩轳轣轵轳轳轩软轮轳 软车 轴轨轥 轤轡轴轡 轩轳
车软轵轮轤 轩轮 轔輮 轗轥轧轥轮轥轲 轛輵輳轝 轡轮轤 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輷輸轝輮 轉轮 轴轨轩轳 轴轨轥轳轩轳 轴轨轥 轲轥轳轵转轴轳 轡轲轥 轳轨软轷轮 轡轳
轭软轴轩轶轡轴轩软轮 轡轮轤 轢轥轮轣轨轭轡轲轫 车软轲 轴轨轥 轳轴轵轤轩轥轳 软轮 轢轵转轫 轳轡轭轰转轥轳 轩轮 轴轨轥 车软转转软轷轩轮轧 轣轨轡轰轴轥轲轳輮
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5.2 Kinetics of the oxidation process of W-Cr-Y films

5.2.1 Mass change due to oxidation

轉轮 轴轨轩轳 轳轥轣轴轩软轮 轴轨轥 轫轩轮轥轴轩轣 软车 轴轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳 轩轳 轤轥轴轥轲轭轩轮轥轤 轵轳轩轮轧 轴轨轥 轭轡轳轳 轣轨轡轮轧轥輮
轔轨轥 轭轡轳轳 轣轨轡轮轧轥 软车 轴轨轥 輜转轭轳 轤轥轰软轳轩轴轥轤 轢轹 轭轡轧轮轥轴轲软轮 轳轰轵轴轴轥轲轩轮轧 轩轳 轭轥轡轳轵轲轥轤 轡轴 轡
轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K 轡轴 轡轴轭软轳轰轨轥轲轩轣 轰轲轥轳轳轵轲轥輬 轷轩轴轨 20 kPa 轏2 轡轮轤 80 kPa 轁轲 轰轡轲轴轩轡转
轰轲轥轳轳轵轲轥輮 轔轨轥 轲轥轳轵转轴轳 车软轲 轗輬 轗輭轃轲輬 轡轮轤 轗輭轃轲輭轙 轡轲轥 轳轨软轷轮 轩轮 轆轩轧輮 輵輮輴輮

轔轨轥 轢轩轮轡轲轹 轗輭轃轲 轡转转软轹 轳轨软轷轳 轰轡轲轡轢软转轩轣 软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳 轷轩轴轨 轡 轲轡轴轥 软车
6× 10−3 mg2 cm−4 s−1輮 轔轨轥 轭轩轮轩轭轵轭 轧轲轡轤轩轥轮轴 软车 轴轨轥 轭轡轳轳 轧轡轩轮 轷轩轴轨 轲轥轳轰轥轣轴 轴软 轴轩轭轥
轩轳 4× 10−5 mg cm−2 s−1輮 轔轨轥 輜转轭 轤轥轴轡轣轨轥轳 车轲软轭 轴轨轥 轳轵轢轳轴轲轡轴轥 轡车轴轥轲 15 min輬 轩轮轤轩轣轡轴轩轮轧 轡
轣软轭轰转轥轴轥 车轡轩转轵轲轥 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 车轵轮轣轴轩软轮輮 轔轨轥 轭轡轳轳 轣轨轡轮轧轥 软车 轰轵轲轥 轗 软轸轩轤轩轺轥轤 轡轴 轴轨轥
轳轡轭轥 轣软轮轤轩轴轩软轮轳 轩轳 轡转轳软 轳轨软轷轮 轩轮 轆轩轧輮 輵輮輴 车软轲 轣软轭轰轡轲轩轳软轮輮 轔轨轥 转轩轮轥轡轲 轭轡轳轳 轧轡轩轮 轲轡轴轥 轩轳
6× 10−3 mg cm−2 s−1輬 轤轥轴轡轩转轳 轡轲轥 轤轩轳轣轵轳轳轥轤 轩轮 轳轥轣轴轩软轮 輳輮輱輮輱輮

轗輭轃轲輭轙 輜转轭轳 轳轨软轷 软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳 轷轩轴轨 轴轨轲轥轥 轤轩轳轴轩轮轣轴 轳轴轡轧轥轳 轡轳 轰轵轢转轩轳轨轥轤 轢轹 轆輮
轋转轥轩轮 轥轴 轡转輮 轛輷輸轝輺

輱輮 轉轮 轳轴轡轧轥 轉 轴轨轥 7.6 µm 轴轨轩轣轫 轳轡轭轰转轥 轳轨软轷轳 轡 轰轡轲轡轢软转轩轣 软轸轩轤轡轴轩软轮 轲轡轴轥 软车
2× 10−5 mg2 cm−4 s−1輮 轔轨轥 轰轡轲轡轢软转轩轣 软轸轩轤轡轴轩软轮 轲轡轴轥 软车 轴轨轥 3.6 µm 轴轨轩轣轫 轳轡轭轰转轥
轷轩轴轨 轴轨轥 软轰轴轩轭轩轺轥轤 轣软轭轰软轳轩轴轩软轮 轩轳 车软轵轲 轴轩轭轥轳 转软轷轥轲輮 轓轴轡轧轥 轉 转轡轳轴轳 0.5 h 车软轲 轢软轴轨
轳轡轭轰转轥轳輮

輲輮 轉轮 轳轴轡轧轥 轉轉 轴轨轥 轰轡轲轡轢软转轩轣 软轸轩轤轡轴轩软轮 轲轡轴轥 软车 轴轨轥 7.6 µm 轴轨轩轣轫 轳轡轭轰转轥 轩轳 轲轥轤轵轣轥轤 轴软
5× 10−6 mg2 cm−4 s−1輮 轔轨轥 轭轩轮轩轭轵轭 轧轲轡轤轩轥轮轴 轩轳 4× 10−6 mg cm−2 s−1輮 轓轴轡轧轥 轉轉
转轡轳轴轳 车软轲 8.5 h輻 轴轨轥 轳轡轭轰转轥 软车 3.6 µm 轴轨轩轣轫轮轥轳轳 轷轩轴轨 轴轨轥 软轰轴轩轭轩轺轥轤 轣软轭轰软轳轩轴轩软轮 轳轨软轷轳
轡 转软轷轥轲 轰轡轲轡轢软转轩轣 软轸轩轤轡轴轩软轮 轲轡轴轥 软车 2× 10−6 mg2 cm−4 s−1輮 轈软轷轥轶轥轲輬 轳轴轡轧轥 轉轉 软轮转轹
转轡轳轴轳 车软轲 1.8 h輮

輳輮 轉轮 轳轴轡轧轥 轴轨轲轥轥 轴轨轥 软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳 轣轨轡轮轧轥轳 轴软 轡 转轩轮轥轡轲 轭轡轳轳 轧轡轩轮 轡轴 轡 轨轩轧轨轥轲 轲轡轴轥輮
轒轡轴轥轳 软车 5× 10−5 mg cm−2 s−1 轡轮轤 2× 10−5 mg cm−2 s−1 轡轲轥 轭轥轡轳轵轲轥轤 车软轲 轴轨轥 3.6 µm
轡轮轤 7.6 µm 轴轨轩轣轫 轳轡轭轰转轥轳輬 轲轥轳轰轥轣轴轩轶轥转轹輮
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轆轩轧轵轲轥 輵輮輴輺 轍轡轳轳 轣轨轡轮轧轥 软车 轴轨轩轮 輜转轭轳 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轭轥轡轳轵轲轥轤 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥
软车 1273 K 轡轴 轡 轰轲轥轳轳轵轲轥 软车 20 kPa 轏2 轰转轵轳 80 kPa 轁轲輮 轏轸轩轤轡轴轩软轮 轳轴轡轧轥轳 轉輭轉轉轉 轡轲轥 转轡轢轥转轥轤輬
轴轨轥 轮轵轭轢轥轲轳 3.6 轡轮轤 7.6 轲轥车轥轲 轴软 轴轨轥 轳轡轭轰转轥 轴轨轩轣轫轮轥轳轳 软车 3.6 µm 轡轮轤 7.6 µm輬 轲轥轳轰轥轣轴轩轶轥转轹輮
轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輷輸轝輮
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5.2.2 Microstructure of the formed oxide scale

轔轨轥 轤轩轳轣轵轳轳轩软轮 软车 轴轨轥 软轸轩轤轡轴轩软轮 轳轴轡轧轥轳 轰轲轥轳轥轮轴轥轤 轩轮 轴轨轥 轰轲轥轶轩软轵轳 轳轥轣轴轩软轮 輵輮輲輮輱 轲轥轱轵轩轲轥轳
轩轮车软轲轭轡轴轩软轮 软轮 轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥輮 轔轨轥轲轥车软轲轥輬 轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轡轴 轥轡轣轨 轳轴轡轧轥 软车 轴轨轥
软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳 轩轳 轳轨软轷轮 软轮 轳轡轭轰转轥轳 轷轨轥轲轥 轴轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳 轩轳 轩轮轴轥轲轲轵轰轴轥轤輮 轔轨轥
轤轩轳轣轵轳轳轩软轮 轵轳轩轮轧 轩轮车软轲轭轡轴轩软轮 软轮 轴轨轥 轭轡轳轳 轣轨轡轮轧轥 輨轳轥轣轴轩软轮 輵輮輲輮輱輩 轡轮轤 轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥
车软转转软轷轳 轩轮 轴轨轥 轮轥轸轴 轳轥轣轴轩软轮 輵輮輲輮輳輮 轗輭輱輲轃轲輭輰輮輵轙 轳轡轭轰转轥轳 车轲软轭 轴轨轥 轳轡轭轥 轢轡轴轣轨 轷轩轴轨 轡
轴轨轩轣轫轮轥轳轳 软车 3.6 µm 轡轲轥 软轸轩轤轩轺轥轤 轡轴 1273 K 轩轮 20 kPa 轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥輮 轔轨轥
轭轩轣轲软轳轴轲轵轣轴轵轲轥 轩轭轡轧轥轳 轡轣轱轵轩轲轥轤 轵轳轩轮轧 轥转轥轣轴轲软轮 轭轩轣轲软轳轣软轰轹 轡轲轥 轣软轲轲轥转轡轴轥轤 轷轩轴轨 轓轉轍轓 轡轮轤
轅轄轘 轭轥轡轳轵轲轥轭轥轮轴轳輬 轡轳 轳轨软轷轮 轩轮 轆轩轧輮 輵輮輵輮 轔轨轥 轐轴 轣软轡轴轩轮轧 轶轩轳轩轢转轥 轩轮 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮轳
轩轳 轤轥轰软轳轩轴轥轤 轪轵轳轴 轢轥车软轲轥 轣轵轴轴轩轮轧 轩轮 软轲轤轥轲 轴软 轡轶软轩轤 轤轡轭轡轧轥 软车 轴轨轥 轳轵轲车轡轣轥輬 轡轳 轥轸轰转轡轩轮轥轤 轩轮
轳轥轣轴轩软轮 輲輮輱輳輮

轔轨轥 轥转轥轣轴轲软轮 轭轩轣轲软轳轣软轰轹 软轮 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮轳 轣轡轮轮软轴 轲轥轳软转轶轥 轙輮 轔轨轥 輜轮轥 轤轩轳轴轲轩轢轵轴轩软轮
软车 轙 轩轳 轡轤轤轲轥轳轳轥轤 轩轮 轭软轲轥 轤轥轴轡轩转 轵轳轩轮轧 轓轔轅轍 轭轥轡轳轵轲轥轭轥轮轴轳 轰轲轥轳轥轮轴轥轤 轩轮 轳轥轣轴轩软轮 輹輮輲輮

轏轸轩轤轡轴轩软轮 轳轴轡轧轥 轉

轔轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轡车轴轥轲 10 min 软车 软轸轩轤轡轴轩软轮 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輵輮輵 轡輮 轔轨轥 轭轡轳轳 软车 轴轨轥
轳轡轭轰转轥 轩轮轣轲轥轡轳轥轤 轢轹 0.08 mg 轤轵轲轩轮轧 轴轨轥轳轥 10 min輮 轔轨轥 轧轲轡轩轮 轳轩轺轥 软车 轴轨轥 轳轵轲车轡轣轥 软轸轩轤轥 转轡轹轥轲
轩轳 轢轥转软轷 0.1 µm輬 轡轳 轳轥轥轮 轩轮 轴轨轥 轳轵轲车轡轣轥 轩轭轡轧轥 轩轮 轴轨轥 轩轮轳轥轴 软车 轆轩轧輮 輵輮輵 轡輮 轔轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轩轮
轆轩轧輮 輵輮輵 轡 轩轮 轣软轭轢轩轮轡轴轩软轮 轷轩轴轨 轴轨轥 软轶轥轲转轡轩轤 轅轄轘 转轩轮轥 轳轣轡轮 轳轨软轷 轡 转轡轹轥轲轥轤 轳轴轲轵轣轴轵轲轥輺 轴轨轥
轳轵轲车轡轣轥 轣轨轲软轭轩轵轭 软轸轩轤轥 转轡轹轥轲輬 轷轨轥轲轥 轴轨轥 轗 轳轩轧轮轡转 轶轡轮轩轳轨轥轳輬 轩轳 (0.15± 0.04) µm 轴轨轩轣轫輻 轴轨轥
轡转转软轹 轢轥轮轥轡轴轨 轩轳 (3.30± 0.03) µm 轴轨轩轣轫輮 轔轨轥 转轩轮轥 轳轣轡轮 轩轳 轣软轮轤轵轣轴轥轤 轷轩轴轨轩轮 轴轨轥 轢软轸 轷轨轥轲轥
轩轴 轩轳 轰转软轴轴轥轤 轵轳轩轮轧 轡轮 轥转轥轣轴轲软轮 轥轮轥轲轧轹 软车 5 keV輮 轔轨轥轲轥车软轲轥輬 轴轨轥轲轥 轩轳 软轮转轹 轡 轣软轭轢轩轮轥轤 轳轩轧轮轡转
车软轲 轴轨轥 轭轡轩轮 轰轥轡轫轳 软车 轃轲 轡轴 0.57 keV 轡轮轤 轏 轡轴 0.52 keV輮 轅轄轘 轡轴 10 keV輬 轥轸轣轩轴轩轮轧 轡转轳软
轴轨轥 轃轲 轰轥轡轫 轡轴 5.4 keV輬 轩轤轥轮轴轩輜轥轳 轴轨轥 轤轡轲轫轥轲 轳轰软轴轳 轷轩轴轨轩轮 轴轨轥 轡转转软轹 轴软 轢轥 轣轨轲软轭轩轵轭 软轸轩轤轥輮
轔轨轥轳轥 轤轡轲轫轥轲 轳轰软轴轳 轡轲轥 轲轥车轥轲轲轥轤 轡轳 轩轮轴轥轲轮轡转 软轸轩轤轥轳 轩轮 轴轨轥 车软转转软轷轩轮轧輮 轂轡轳轥轤 软轮 轧轲轡轰轨轩轣轡转
轡轮轡转轹轳轩轳 輨轣软轵轮轴轩轮轧 轴轨轥 轤轡轲轫 轡轮轤 轴轨轥 轢轲轩轧轨轴 轰轩轸轥转轳 软轮 轡 轣轲软轳轳 轳轥轣轴轩软轮輩 轴轨轥 轩轮轴轥轲轮轡转 软轸轩轤轥轳
轣软轮轳轴轩轴轵轴轥 轡轰轰轲软轸轩轭轡轴轥转轹 2 % 软车 轴轨轥 轩轭轡轧轥轤 轡轲轥轡 轩轮 轆轩轧輮 輵輮輵 轡輮

轏轸轩轤轡轴轩软轮 轳轴轡轧轥 轉轉

轔轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轡车轴轥轲 75 min 软车 软轸轩轤轡轴轩软轮 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輵輮輵 轢輮 轔轨轥 轭轡轳轳 软车 轴轨轥
轳轡轭轰转轥 轩轮轣轲轥轡轳轥轤 轢轹 0.18 mg 轤轵轲轩轮轧 轴轨轥轳轥 75 min輮 轔轨轥 轧轲轡轩轮 轳轩轺轥 软车 轴轨轥 轳轵轲车轡轣轥 软轸轩轤轥 转轡轹轥轲
轩轳 轡轲软轵轮轤 0.1 µm輬 轡轳 轳轥轥轮 轩轮 轴轨轥 轳轵轲车轡轣轥 轩轭轡轧轥 轩轮 轴轨轥 轩轮轳轥轴 软车 轆轩轧輮 輵輮輵 轢輮 轔轨轥 轣轲软轳轳 轳轥轣轴轩软轮
轩轮 轆轩轧輮 輵輮輵 轢 轩轮 轣软轭轢轩轮轡轴轩软轮 轷轩轴轨 轴轨轥 软轶轥轲转轡轩轤 轓轉轍轓 轳轰轥轣轴轲轵轭 轳轨软轷轳 轡 转轡轹轥轲轥轤 轳轴轲轵轣轴轵轲轥輺
轴轨轥 轳轵轲车轡轣轥 轣轨轲软轭轩轵轭 软轸轩轤轥 转轡轹轥轲輬 轷轨轥轲轥 轴轨轥 轗 轳轩轧轮轡转 轶轡轮轩轳轨轥轳輬 轩轳 (0.23± 0.04) µm 轴轨轩轣轫輻
轴轨轥 轡转转软轹 轢轥轮轥轡轴轨 轩轳 (3.31± 0.03) µm 轴轨轩轣轫輮 轔轨轥 轓轉轍轓 轭轥轡轳轵轲轥轭轥轮轴 轩轳 轮软轴 轡轴轴轲轩轢轵轴轥轤 轴软
轡 轳轰轥轣轩輜轣 轲轥轧轩软轮 轩轮 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轡轳 轩轴 轩轳 轢轡轳轥轤 软轮 轡 轣轲轡轴轥轲 轭轵轣轨 转轡轲轧轥轲 轴轨轡轮 轴轨轥 轣轲软轳轳
轳轥轣轴轩软轮 輨轳轥轥 轳轥轣轴轩软轮 輲輮輱輱輩輮 轂轡轳轥轤 软轮 轧轲轡轰轨轩轣轡转 轡轮轡转轹轳轩轳 软车 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轴轨轥 轩轮轴轥轲轮轡转
软轸轩轤轥轳 轣软轮轳轴轩轴轵轴轥 轡轰轰轲软轸轩轭轡轴轥转轹 8 % 软车 轴轨轥 轩轭轡轧轥轤 轡轲轥轡 轩轮 轆轩轧輮 輵輮輵 轢輮 轉轮 轣软轭轰轡轲轩轳软轮
轴软 轴轨轥 轳轡轭轰转轥 轩轮 软轸轩轤轡轴轩软轮 轳轴轡轧轥 轉 轴轨轥 轴轨轩轣轫轮轥轳轳 软车 轴轨轥 软轸轩轤轥 转轡轹轥轲 轡轮轤 轴轨轥 轡轭软轵轮轴 软车
轩轮轴轥轲轮轡转 软轸轩轤轥轳 轩轮轣轲轥轡轳轥輬 轷轨轥轲轥轡轳 轴轨轥 轴轨轩轣轫轮轥轳轳 软车 轴轨轥 轡转转软轹 轲轥轭轡轩轮轳 轣软轮轳轴轡轮轴輮 轆轵轲轴轨轥轲輬
轅轄轘 轡轮轡转轹轳轩轳 轡轴 10 keV 轩轮轤轩轣轡轴轥轳 轡 轲轥轤轵轣轴轩软轮 软车 轴轨轥 轃轲 轣软轮轣轥轮轴轲轡轴轩软轮 轩轮 轴轨轥 轡转转软轹 车轲软轭
轩轮轩轴轩轡转转轹 12 wt.% 轤软轷轮 轴软 8 wt.%輮 轔轨轥 轓轉轍轓 轭轥轡轳轵轲轥轭轥轮轴 轳轨软轷轳 轡 轣软轮轳轴轡轮轴 轗 轳轩轧轮轡转
轴轨轲软轵轧轨软轵轴 轴轨轥 轡转转软轹輮 轔轨轥 轃轲 轡轮轤 轏 轳轩轧轮轡转轳 轧轲轡轤轵轡转转轹 轤轥轣轲轥轡轳轥 车轲软轭 轡 轤轥轰轴轨 软车 0.5 µm 轴软
2 µm 轡轮轤 轲轥轭轡轩轮 轣软轮轳轴轡轮轴 轡车轴轥轲轷轡轲轤轳輮
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轏轸轩轤轡轴轩软轮 轳轴轡轧轥 轉轉轉

轔轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轡车轴轥轲 8 h 软车 软轸轩轤轡轴轩软轮 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輵輮輵 轣輮 轔轨轥 轭轡轳轳 软车 轴轨轥 轳轡轭轰转轥
轩轮轣轲轥轡轳轥轤 轢轹 1.12 mg 轤轵轲轩轮轧 轴轨轥轳轥 8 h輮 轔轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轩轮 轆轩轧輮 輵輮輵 轣 轩轮 轣软轭轢轩轮轡轴轩软轮 轷轩轴轨
轴轨轥 软轶轥轲转轡轩轤 轅轄轘 转轩轮轥 轳轣轡轮 轡轴 5 keV 轳轨软轷轳 轡 转轡轹轥轲轥轤 轳轴轲轵轣轴轵轲轥 轷轩轴轨 轴轷软 轤轩輛轥轲轥轮轴 软轸轩轤轥轳輺
轴轨轥 轴软轰 转轡轹轥轲 轩轳 (0.2± 0.1) µm 轴轨轩轣轫 轴轵轮轧轳轴轥轮 软轸轩轤轥 轷轩轴轨 轧轲轡轩轮轳 软车 轡 车轥轷 100 nm輮 轂轥转软轷輬
轴轨轥轲轥 轩轳 轡 (0.4± 0.1) µm 轴轨轩轣轫 转轡轹轥轲 软车 轃轲2轏3輮 轔轨轥轲轥 轡轲轥 轳轭轡转转 轷轨轩轴轥 轳轰软轴轳 轥轮轣轡轰轳轵转轡轴轥轤
轩轮 轴轨轥 轃轲2轏3 转轡轹轥轲輬 轡轮 轥轸轡轭轰转轥 轩轳 轭轡轲轫轥轤 轩轮 轆轩轧輮 輵輮輵輮 轔轨轥轹 轡轲轥 轩轤轥轮轴轩輜轥轤 轡轳 轗 轢轹 轅轄轘輮
轐软轲轥轳 轡轲轥 软轢轳轥轲轶轥轤 轭轡轩轮转轹 轡轴 轴轨轥 轩轮轴轥轲车轡轣轥 软车 轴轨轥 轃轲2轏3 转轡轹轥轲 轡轮轤 轴轨轥 轡转转软轹輮 轔轨轥 轡转转软轹
轨轡轳 轡 轴轨轩轣轫轮轥轳轳 软车 (3.54± 0.05) µm輮 轔轨轥 轩轮轣轲轥轡轳轥轤 轴轨轩轣轫轮轥轳轳 轣软轭轰轡轲轥轤 轴软 轆轩轧輮 輵輮輵 轡輬轢 轩轳
轡轴轴轲轩轢轵轴轥轤 轴软 轴轨轥 轶软转轵轭轥 轥轸轰轡轮轳轩软轮 软车 轴轨轥 轩轮轴轥轲轮轡转 软轸轩轤轥轳輮 轔轨轥 轩轮轴轥轲轮轡转 软轸轩轤轥轳 轡轲轥 车软轵轮轤
轴轨轲软轵轧轨软轵轴 轴轨轥 轥轮轴轩轲轥 轡转转软轹 轡轮轤 轣软轶轥轲 轡轢软轵轴 20 % 软车 轴轨轥 轩轭轡轧轥轤 轡轲轥轡輮 轅轄轘 轡轮轡转轹轳轩轳 轡轴
10 keV 轩轮轤轩轣轡轴轥轳 轡 轃轲 轣软轮轣轥轮轴轲轡轴轩软轮 轩轮 轴轨轥 轡转转软轹 软车 7 wt.%輮

轂轩轮轡轲轹 轗輭輱輱轃轲

轔轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 软车 轡 轢轩轮轡轲轹 轗輭輱輱轃轲 輜转轭 轡车轴轥轲 15 min 软车 软轸轩轤轡轴轩软轮 轩轳 轳轨软轷轮 轩轮 轆轩轧輮
輵輮輵 轤輮 轔轨轥 輜转轭 轩轳 轡转轲轥轡轤轹 轰轡轲轴轩轡转转轹 轤轥转轡轭轩轮轡轴轥轤輮 轓轅轍 轡轮轤 轓轉轍轓 轲轥轳轵转轴轳 软车 轴轨轥 轩轮轴轡轣轴
轲轥轧轩软轮 轡轲轥 轳轨软轷轮 轩轮 轆轩轧輮 輵輮輵 轤輮 轔轨轥 轳轵轲车轡轣轥 轩轭轡轧轥 轳轨软轷轳 轡 轨轩转转轹 轳轵轲车轡轣轥 轷轩轴轨 轧轲轡轩轮轳 软车
轡轲软轵轮轤 0.1 µm輮 轔轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轩轮 轆轩轧輮 輵輮輵 轤 轩轮 轣软轭轢轩轮轡轴轩软轮 轷轩轴轨 轴轨轥 软轶轥轲转轡轩轤 轓轉轍轓
轳轰轥轣轴轲轵轭 轳轨软轷轳 轡 转轡轹轥轲轥轤 轳轴轲轵轣轴轵轲轥輺 软轮 轴轨轥 轳轵轲车轡轣轥 轴轨轥轲轥 轩轳 轡 车轥轷 轮轭 轴轨轩轣轫 转轡轹轥轲 软车 轗輭轏輮
轔轨轥 转轡轹轥轲 轩轳 轮软轴 车轵转转轹 轣转软轳轥轤輮 轂轥转软轷輬 轴轨轥轲轥 轩轳 轡 轣转软轳轥轤 转轡轹轥轲 软车 轃轲2轏3輮 轔轨轥 轴轨轩轣轫轮轥轳轳 软车
轴轨轥 轃轲2轏3 转轡轹轥轲 轩轳 (0.19± 0.04) µm輮 轂轥转软轷 轴轨轥 轃轲2轏3輬 轴轨轥轲轥 轩轳 轡 转轡轹轥轲 软车 轭轩轸轥轤 轗輭轃轲輭轏輮
轔轨轥 轭轩轸轥轤 软轸轩轤轥 轨轡轳 轡 轴轨轩轣轫轮轥轳轳 软车 (0.64± 0.09) µm 轩轮轣转轵轤轩轮轧 轶轩轳轩轢转轥 轰软轲轥轳輮 轂轥转软轷 轴轨轥
轭轩轸轥轤 软轸轩轤轥輬 轴轨轥轲轥 轩轳 轴轨轥 轡转转软轹輮 轓软轭轥 轰软轲轥轳 轡轮轤 转轩轴轴转轥 轩轮轴轥轲轮轡转 软轸轩轤轥轳 轡轲轥 轶轩轳轩轢转轥 轩轮 轴轨轥
輜轲轳轴 ∼ 0.3 µm 软车 轴轨轥 轡转转软轹輮 轔轨轥 轓轉轍轓 轰轲软輜转轥 轳轨软轷轳 轡 转软轣轡转 轭轩轮轩轭轵轭 轩轮 轴轨轥 轃轲 轳轩轧轮轡转 轩轮
轴轨轩轳 轲轥轧轩软轮輮 轉轮轴轥轲轮轡转 软轸轩轤轥轳 轡轲轥 轶轩轳轩轢转轥 轩轮 轴轨轥 轣轥轮轴轲轡转 轲轥轧轩软轮 软车 轴轨轥 輜转轭輮 轁轴 轨轩轧轨轥轲 轤轥轰轴轨
轩轮轴轥轲轮轡转 软轸轩轤轥轳 轡轲轥 轮软 转软轮轧轥轲 轶轩轳轩轢转轥 轡轮轤 轴轨轥 轰轵轲轥 轡转转软轹 轩轳 车软轵轮轤輮 轔轨轥 软轸轹轧轥轮 轳轩轧轮轡转 软车 轴轨轥
轓轉轍轓 轭轥轡轳轵轲轥轭轥轮轴 轨轡轳 轡 轭轡轸轩轭轵轭 轡轴 轴轨轥 轳轵轲车轡轣轥 轡轮轤 轧轲轡轤轵轡转转轹 轤轥轣轲轥轡轳轥轳 轷轩轴轨 轤轥轰轴轨
轴软 轴轨轥 轭轩轮轩轭轵轭 轡轴 轴轨轥 轩轮轴轥轲车轡轣轥 软车 轴轨轥 轡转转软轹 轴软 轴轨轥 轳轵轢轳轴轲轡轴轥輮 轔轨轥 轣软轮轳轥轱轵轥轮轣轥轳 软车 轴轨轥
轭轩轮轩轭轵轭 轡轲轥 轤轩轳轣轵轳轳轥轤 轩轮 轴轨轥 车软转转软轷轩轮轧 轳轥轣轴轩软轮 輵輮輲輮輳輮
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轆轩轧轵轲轥 輵輮輵輺 轃轲软轳轳 轳轥轣轴轩软轮轳 轣软轭轢轩轮轥轤 轷轩轴轨 轅轄轘 转轩轮轥 轳轣轡轮轳 轡转软轮轧 轴轨轥 轢软轸 轩轮 轷轨轩轣轨 轴轨轥轹 轡轲轥
轰转软轴轴轥轤 輨轡輬轣輩輬 轓轉轍轓 輨轢輬轤輩 轡轮轤 轳轵轲车轡轣轥 轩轭轡轧轥轳 轩轮 轴轨轥 轩轮轳轥轴 轳轨软轷 轴轨轥 轤轩輛轥轲轥轮轴 轳轴轡轧轥轳 软车 轴轨轥
软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳輮 輨轡輕轣輩 轳轨软轷 轡 轴轥轲轮轡轲轹 轗輭輱輲轃轲輭輰輮輵轙 轡转转软轹輬 轷轨轥轲轥轡轳 輨轤輩 轳轨软轷轳 轴轨轥 轢轩轮轡轲轹
轗輭輱輱轃轲 轡转转软轹輮 轔轨轥轹 轡轲轥 软轸轩轤轩轺轥轤 轡轴 1273 K 轩轮 20 kPa 轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥 车软轲
輨轡輩 10 min輻 车软轲 輨轢輩 75 min輻 车软轲 輨轣輩 8 h輻 轡轮轤 车软轲 輨轤輩 15 min輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮
轥轴 轡转輮 轛輷輸轝輮
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5.2.3 Understanding and evaluation of the oxidation kinetics

轏轸轩轤轡轴轩软轮 轳轴轡轧轥 轉 輭 轷轨轹 轰轡轳轳轩轶轡轴轩软轮 轷软轲轫轳

轉轮 软轸轩轤轡轴轩软轮 轳轴轡轧轥 轉 软轮转轹 轃轲2轏3輬 轮软 轗轏x 輬 车软轲轭轳 轡轳 轳轨软轷轮 轢轹 轓轅轍輯轅轄轘 轭轥轡轳轵轲轥轭轥轮轴轳
輨轳轥轥 轆轩轧輮 輵輮輵 轡輩輮 轔轨轩轳 软轢轳轥轲轶轡轴轩软轮 轣轡轮 轢轥 轵轮轤轥轲轳轴软软轤 轢轹 转软软轫轩轮轧 轡轴 轴轨轥 轇轩轢轢轳 车轲轥轥 轥轮轥轲轧轩轥轳
轡轳轳轵轭轩轮轧 轳轵輞轣轩轥轮轴 轃轲 轡轴 轴轨轥 轳轵轲车轡轣轥輺 轴轨轥 轇轩轢轢轳 车轲轥轥 轥轮轥轲轧轹 车软轲 轴轨轥 轲轥轡轣轴轩软轮

4 Cr + 3 O2 −−→ 2 Cr2O3 輨輵輮輴輩

轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 T = 1273 K 轩轳

∆GT=1273K
Cr2O3

= −5.3× 102 kJ/(mol O2) [輴輱]. 輨輵輮輵輩

轉轮 轣软轭轰轡轲轩轳软轮輬 轴轨轥 轇轩轢轢轳 车轲轥轥 轥轮轥轲轧轹 车软轲 轴轨轥 轲轥轡轣轴轩软轮

2 W + 3 O2 −−→ 2 WO3 輨輵輮輶輩

轡轴 轴轨轥 轳轡轭轥 轴轥轭轰轥轲轡轴轵轲轥 轩轳 转轥轳轳 轮轥轧轡轴轩轶轥輺

∆GT=1273K
WO3

= −3.6× 102 kJ/(mol O2) [輴輱]. 輨輵輮輷輩

轂轡轳轥轤 软轮 轴轨轥轳轥 轥轮轥轲轧轩轥轳 轃轲 轩轳 轭软轲轥 轡輞轮轥 轴软 轏2 轴轨轡轮 轗 轡轮轤 轡轮轹 轃轲 软轸轩轤轩轺轥轳 轢轥车软轲轥 轗 轣轡轮
软轸轩轤轩轺轥輮 轁轮轹 轙2轏3 轲轥轭轡轩轮轳 轳轴轡轢转轥 轩轮 轴轨轥 轰轲轥轳轥轮轣轥 软车 轗 软轲 轃轲 轡轳 轴轨轥 轇轩轢轢轳 车轲轥轥 轥轮轥轲轧轹 软车
轴轨轥 轲轥轡轣轴轩软轮 软车 轙 轴软 轙2轏3 轩轳 轶轥轲轹 转软轷輺

∆GT=1273 K
Y2O3

= −1.4× 103 轫轊輯輨轭软转 O2) [輴輱] 輨輵輮輸輩

轔轨轲软轵轧轨软轵轴 软轸轩轤轡轴轩软轮 轳轴轡轧轥 轉 轴轨轥 软轸轩轤轥 转轡轹轥轲 轧轲软轷轳 轴软 轡 轴轨轩轣轫轮轥轳轳 软车 0.2 µm 轡轴 轡 轰轡轲轡轢软转轩轣
轲轡轴轥 转轡轷 软车 kp = 2× 10−5 mg2 cm−4 s−1輬 车轡轳轴轥轲 轴轨轡轮 轡 轣软轭轢轩轮轥轤 轲轡轴轥 转轡轷 轴轨轲软轵轧轨软轵轴
轳轴轡轧轥轳 轉 轡轮轤 轉轉 轷软轵转轤 轰轲轥轤轩轣轴輮 轔轨轥轲轥 轡轲轥 轴轨轲轥轥 轨轹轰软轴轨轥轳轩轺轥轳 轥轸轰转轡轩轮轩轮轧 轴轨轩轳 轢轥轨轡轶轩软轲輺
轴轨轥 輜轲轳轴 轨轹轰软轴轨轥轳轩轳 轩轳 轴轨轡轴 轴轨轥 车轡轳轴轥轲 软轸轩轤轡轴轩软轮 轲轡轴轥 轩轮 轳轴轡轧轥 轉 轡轳 轣软轭轰轡轲轥轤 轴软 轳轴轡轧轥 轉轉 轩轳
轣轡轵轳轥轤 轢轹 轴轨轥 车轡轣轴 轴轨轡轴 轴轨轥 轧轲轡轩轮 轳轩轺轥 软车 轴轨轥 软轸轩轤轥 轩轳 轳轩轭轩转轡轲 轴软 轴轨轥 软轸轩轤轥 转轡轹轥轲 轴轨轩轣轫轮轥轳轳輮
轔轨轥 轥轤轧轥轳 软车 轣轥轲轴轡轩轮 软轸轩轤轥 轧轲轡轩轮轳 轰轲软轶轩轤轥 轡 车轡轳轴 轤轩輛轵轳轩软轮 轰轡轴轨 车软轲 轩软轮轳 轡轮轤 轣轡轵轳轥 车轡轳轴
软轸轩轤轡轴轩软轮輮 轔轨轥 轳轥轣软轮轤 轨轹轰软轴轨轥轳轩轳 轩轳 轴轨轡轴 轹轴轴轲轩轡 轡轣轣轥转轥轲轡轴轥轳 轴轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳 轢轹
软輛轥轲轩轮轧 轡轤轤轩轴轩软轮轡转 轮轵轣转轥轡轴轩软轮 轳轩轴轥轳輮 轎轵轣转轥轡轴轩软轮 轳轩轴轥轳 轡轲轥 软轢轳轥轲轶轥轤 轡轮轤 轤轩轳轣轵轳轳轥轤 轩轮 轭软轲轥
轤轥轴轡轩转 轩轮 轳轥轣轴轩软轮 輹輮輲輮 轔轨轥 轴轨轩轲轤 轨轹轰软轴轨轥轳轩轳 轩轳 轣软轮轮轥轣轴轥轤 轴软 轴轨轥 轡轴软轭轩轣 轤轥轰软轳轩轴轩软轮 轤轵轲轩轮轧
轭轡轧轮轥轴轲软轮 轳轰轵轴轴轥轲轩轮轧輮 轁 车轲轡轣轴轩软轮 软车 轃轲 轡轴软轭轳 轣轡轮 轢轥 轤轥轰软轳轩轴轥轤 轩轮轴软 轤轩轳转软轣轡轴轩软轮轳 轢轥轩轮轧
车轡轳轴轥轲 轡轶轡轩转轡轢转轥 车软轲 软轸轩轤轡轴轩软轮 轡轳 轣软轭轰轡轲轥轤 轴软 软轴轨轥轲 轡轴软轭轳輮 轁转转 轴轨轥 轨轹轰软轴轨轥轳轩轺轥轳 轲轥轱轵轩轲轥
车轵轲轴轨轥轲 轥轸轰轥轲轩轭轥轮轴轡转 轡轮轤 轴轨轥软轲轥轴轩轣轡转 轳轵轰轰软轲轴輮 轈软轷轥轶轥轲輬 轩轴 轩轳 轩轭轰软轲轴轡轮轴 轴轨轡轴 轡 轣转软轳轥轤輬
轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲 车软轲轭轳 轡轳 车轡轳轴 轡轳 轰软轳轳轩轢转轥 轩轮 软轲轤轥轲 轴软 轡轣轨轩轥轶轥 轰轡轳轳轩轶轡轴轩软轮 轡车轴轥轲 轴轨轥
车软轲轭轡轴轩软轮 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 转轡轹轥轲輮 轔轨轩轳 轩轳 轡轣轨轩轥轶轥轤輮

轏轸轩轤轡轴轩软轮 轳轴轡轧轥 轉轉 輭 轃轲 轣软轮轳轵轭轰轴轩软轮

轉轮 软轸轩轤轡轴轩软轮 轳轴轡轧轥 轉轉 轳轴轩转转 软轮转轹 轃轲2轏3輬 轮软 轗轏x 輬 车软轲轭轳 轡轳 轳轨软轷轮 轢轹 轓轅轍輯轅轄轘
轭轥轡轳轵轲轥轭轥轮轴轳 輨轳轥轥 轆轩轧輮 輵輮輵 轢輩輮 轔轨轥 轳轵轰轰轲轥轳轳轩软轮 软车 轗轏x 车软轲轭轡轴轩软轮 轩轳 轡轣轨轩轥轶轥轤 轢轹
轣软轮轴轩轮轵软轵轳转轹 轲轥轰转轥轮轩轳轨轩轮轧 轃轲 轴软 轴轨轥 轧轲软轷轩轮轧 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲 软轮 轴软轰 软车 轴轨轥 轡转转软轹輮
轔轨轥 轡转转软轹 轨轡轳 轡 轣软轮轳轴轡轮轴 轴轨轩轣轫轮轥轳轳 轴轨轲软轵轧轨软轵轴 轳轴轡轧轥轳 轉 轡轮轤 轉轉輮 轔轨轥 轣软轮轳轴轡轮轴 轴轨轩轣轫轮轥轳轳
软车 轴轨轥 轡转转软轹 轡转转软轷轳 轴软 轥轸轣转轵轤轥 轡 轣软轮轴轩轮轵软轵轳 转软轳轳 软车 轗轏3 轢轹 轳轵轢转轩轭轡轴轩软轮 轡轴 轴轨轥 轲轡轴轥 软车
轗轏3 车软轲轭轡轴轩软轮輮 轍软轲轥 轡轤轶轡轮轣轥轤 轳轴轵轤轩轥轳 软轮 轳轵轢转轩轭轡轴轩软轮 轡轲轥 轰轥轲车软轲轭轥轤 轩轮 轣轨轡轰轴轥轲 輸輮 轁
轣软轮轴轩轮轵软轵轳 轲轥轰转轥轮轩轳轨轩轮轧 软车 轃轲 轲轥轱轵轩轲轥轳 轡 轳轵輞轣轩轥轮轴转轹 车轡轳轴 轤轩輛轵轳轩软轮 软车 轃轲 轷轩轴轨轩轮 轴轨轥 轡转转软轹輮

輵輱



轔轨轥 轰轲软轴轥轣轴轩轶轥 转轡轹轥轲 轫轥轥轰轳 轴轨轥 轰轡轲轴轩轡转 软轸轹轧轥轮 轰轲轥轳轳轵轲轥 轢轥转软轷 轴轨轥 轃轲2轏3 转轡轹轥轲 轳轵輞轣轩轥轮轴转轹
转软轷 轴软 轡轶软轩轤 轗 软轸轩轤轡轴轩软轮輺 轗 软轸轩轤轩轺轥轳 轡轴 轡 轰轡轲轴轩轡转 软轸轹轧轥轮 轰轲轥轳轳轵轲轥 软车 10−9 Pa 轡轴 1273 K
轷轨轥轲轥轡轳 轃轲 轲轥轱轵轩轲轥轳 软轮转轹 10−17 Pa 轛輷輹轝輮

轉轮 轣软轭轰轡轲轩轳软轮輬 轴轨轥轲轥 轩轳 轴轨轥 轢轩轮轡轲轹 轗輭轃轲 轡转转软轹 轳轨软轷轮 轩轮 轆轩轧輮 輵輮輵 轤輮 轔轨轥 软轢轳轥轲轶轥轤 转软轣轡转
轭轩轮轩轭轵轭 轩轮 轴轨轥 轃轲 轣软轮轣轥轮轴轲轡轴轩软轮 轩轮轤轩轣轡轴轥轳 轡轮 轩轮轴轥轲轲轵轰轴轩软轮 轩轮 轴轨轥 轃轲 轳轵轰轰转轹 轡轮轤 轣轡轵轳轥轳
轗 软轸轩轤轡轴轩软轮 轴软 轳轴轡轲轴 輭 轳轵轣轨 轡 轭轩轮轩轭轵轭 轩轳 轮软轴 车软轵轮轤 轩轮 轴轨轥 轴轥轲轮轡轲轹 轗輭轃轲輭轙 轡转转软轹轳輬 轳轥轥
轆轩轧輮 輵輮輵 轡輬轢輮 轔轨轥轲轥车软轲轥輬 轩轮 轴轨轥 轡轢轳轥轮轣轥 软车 轙 轴轨轥 轃轲 轤轩輛轵轳轩软轮 轩轮 轴轨轥 轡转转软轹 轩轳 轴软软 轳转软轷 轴软
轣软轮轴轩轮轵软轵轳转轹 轲轥轰转轥轮轩轳轨 轴轨轥 轰轲软轴轥轣轴轩轶轥 转轡轹轥轲輮

轆软轲轭轡轴轩软轮 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥轳 轣软轮轳轵轭轥轳 轃轲 车轲软轭 轴轨轥 轡转转软轹輮 轔轨轥 轭轡轳轳 软车 轴轨轥 轃轲2轏3

轩轳 轧轩轶轥轮 轢轹
mox = N × (2mCr + 3mO) 輨輵輮輹輩

轷轨轥轲轥 mi 轩轳 轴轨轥 轡轴软轭轩轣 轭轡轳轳 软车 轥转轥轭轥轮轴 i 轡轮轤 N 轩轳 轧轩轶轥轮 轢轹 轴轨轥 轭轥轡轳轵轲轥轤 轭轡轳轳 轣轨轡轮轧轥

∆m = N × 3mO. 輨輵輮輱輰輩

轔轨轵轳輬 轴轨轥 轭轡轳轳 软车 轃轲 轷轨轩轣轨 轲轥轡轣轴轥轤 轴软 轴轨轥 软轸轩轤轥 轩轳 轧轩轶轥轮 轢轹

mCr
ox = N × 2mCr 輨輵輮輱輱輩

mCr
ox 轣轡轮 轢轥 轳轵轢轴轲轡轣轴轥轤 车轲软轭 轴轨轥 轴软轴轡转 轃轲 轲轥轳轥轲轶软轩轲 轩轮 轴轨轥 轡转转软轹 轡轮轤 轡 轮轥轷 轃轲 轣软轮轣轥轮轴轲轡轴轩软轮

cCr
new 轣轡轮 轢轥 轣轡转轣轵转轡轴轥轤輮 轔轨轩轳 轣轡转轣轵转轡轴轩软轮 轹轩轥转轤轳 cCr

new ≈ 5 wt.% 轡轴 轴轨轥 轥轮轤 软车 软轸轩轤轡轴轩软轮 轳轴轡轧轥
轉轉 轩轮 轴轨轥 轴轥轲轮轡轲轹 轡转转软轹輮 轈软轷轥轶轥轲輬 轴轨轩轳 轣轡转轣轵转轡轴轩软轮 轮轥轧转轥轣轴轳 轴轨轥 车轡轣轴 轴轨轡轴 轗 软轸轩轤轩轺轥轳 轡轴 轴轨轥
轥轤轧轥 软车 轴轨轥 轳轡轭轰转轥 轤轵轥 轴软 轷轥轡轫轥轲 轡轤轨轥轳轩软轮 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 转轡轹轥轲 轡轴 轴轨轥 轥轤轧轥輮 轔轨轥 轭轡轳轳
轧轡轩轮 轣轡轵轳轥轤 轢轹 软轸轩轤轡轴轩软轮 软车 轗 轡轴 轴轨轥 轥轤轧轥 软车 轴轨轥 轳轡轭轰转轥 轭轵轳轴 轢轥 轳轵轢轴轲轡轣轴轥轤 车轲软轭 ∆m
轢轥车软轲轥 轣轡转轣轵转轡轴轩轮轧 N 轩轮 轥轱轵轡轴轩软轮 輵輮輱輰輮 轔轨轩轳 轣软轲轲轥轣轴轩软轮 轹轩轥转轤轳 轴轨轥 轭轥轴轡转转轩轣 轃轲 轣软轮轴轥轮轴 轩轮
轴轨轥 轡转转软轹 轡轴 轴轨轥 轥轮轤 软车 软轸轩轤轡轴轩软轮 轳轴轡轧轥 轉轉 cCr

new ≈ 8 wt.%輮 轔轨轥 轣轡转轣轵转轡轴轩软轮 轩轳 轩轮 轡轧轲轥轥轭轥轮轴
轷轩轴轨 轴轨轥 轲轥轳轵转轴轳 车轲软轭 轅轄轘輮

轐轲轥轶轩软轵轳转轹 轛輳輰轝 轩轴 轩轳 轰轲轥轳轥轮轴轥轤 轴轨轡轴 轥輛轥轣轴轩轶轥 轰轡轳轳轩轶轡轴轩软轮 轲轥轱轵轩轲轥轳 轭软轲轥 轴轨轡轮 8 wt.%
软车 轃轲輮 轔轨轥轲轥车软轲轥輬 轴轨轥 软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳 轣轨轡轮轧轥轳 轡轮轤 软轸轩轤轡轴轩软轮 轳轴轡轧轥 轉轉轉 轳轴轡轲轴轳輬 轡轳 轳轥轥轮
轩轮 轆轩轧輮 輵輮輴輮 轔轨轥 转轡轲轧轥轲 轴轨轥 轃轲 轲轥轳轥轲轶软轩轲 软车 轡 轳轡轭轰转轥輬 轴轨轥 转软轮轧轥轲 轩轴 轴轡轫轥轳 轴软 轤轥轰转轥轴轥 轩轴 轴软
轡轲软轵轮轤 8 wt.% 软车 轃轲 轡轮轤 轴轨轥 转软轮轧轥轲 轩轴 轲轥轭轡轩轮轳 轩轮 软轸轩轤轡轴轩软轮 轳轴轡轧轥 轉轉輮

轏轸轩轤轡轴轩软轮 轳轴轡轧轥 轉轉轉 輭 车轡轩转轵轲轥 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 车轵轮轣轴轩软轮

轉轮 软轸轩轤轡轴轩软轮 轳轴轡轧轥 轉轉轉 轢软轴轨 轃轲2轏3 轡轮轤 轗轏x 车软轲轭 轡轳 轳轨软轷轮 轢轹 轓轅轍輯轅轄轘 轭轥轡轳轵轲轥轭轥轮轴轳
輨轳轥轥 轆轩轧輮 輵輮輵 轣輩輮 轔轨轥 轃轲 轲轥轳轥轲轶软轩轲 轩轳 轤轥轰转轥轴轥轤 轡轳 轤轩轳轣轵轳轳轥轤 轩轮 轴轨轥 轰轲轥轶轩软轵轳 轰轡轲轡轧轲轡轰轨輮
轔轨轥轲轥车软轲轥輬 轴轨轥 轃轲 轳轵轰轰转轹 轩轳 轮软 转软轮轧轥轲 轳轵輞轣轩轥轮轴 轴软 轳轵轰轰轲轥轳轳 轴轨轥 车软轲轭轡轴轩软轮 软车 轴轵轮轧轳轴轥轮
软轸轩轤轥轳輮 轔轨轥 轮轥轷 轴轵轮轧轳轴轥轮 软轸轩轤轥轳 车软轲轭 软轮 轴软轰 软车 轴轨轥 轰轲轥轶轩软轵轳转轹 车软轲轭轥轤 轃轲2轏3 转轡轹轥轲輬 轡轳
轳轥轥轮 轩轮 轆轩轧輮 輵輮輵 轣輮 轔轨轩轳 软轢轳轥轲轶轡轴轩软轮 轲轥轱轵轩轲轥轳 轤轩輛轵轳轩软轮 软车 轗 轴轨轲软轵轧轨 轴轨轥 软轸轩轤轥 转轡轹轥轲輮 轔轨轥
轳轭轡转转 轗 轳轰软轴轳 轩轮 轴轨轥 轃轲2轏3 转轡轹轥轲 轡轲轥 轡轮 轩轮轤轩轣轡轴轩软轮 车软轲 轴轨轥 轤轩輛轵轳轩软轮 轰轲软轣轥轳轳輮 轗6+ 轩软轮轳
轨轡轶轥 轡 轭轡轳轳 软车 184 u 轡轮轤 轡轮 轩软轮轩轣 轲轡轤轩轵轳 软车 74 pm 轛輸輴轝輮 轉轮 轣软轭轰轡轲轩轳软轮輬 轃轲3+ 轡轮轤 轏2– 轩软轮轳
轨轡轶轥 轡 轭轡轳轳 软车 52 u 轡轮轤 16 u 轷轩轴轨 轩软轮轩轣 轲轡轤轩轩 软车 75.5 pm 轡轮轤 126 pm輬 轲轥轳轰轥轣轴轩轶轥转轹 轛輸輴轝輮
轔轨轵轳輬 轴轨轥轩轲 轭轡轳轳轥轳 轡轲轥 转软轷轥轲 轢轵轴 轴轨轥轩轲 轩软轮轩轣 轲轡轤轩轩 轡轲轥 转轡轲轧轥轲 轡轳 轣软轭轰轡轲轥轤 轴软 轗6+ 轩软轮轳 轡轮轤
轤轩輛轵轳轩软轮 软车 轗 轩软轮轳 轴轨轲软轵轧轨 轴轨轥 软轸轩轤轥 转轡轹轥轲 轩轳 轧轥软轭轥轴轲轩轣轡转转轹 轰转轡轵轳轩轢转轥輮 轔轨轥 轶软轩轤轳 轳轨软轷轮
轩轮 轆轩轧輮 輵輮輵 轣 轡轴 轴轨轥 轩轮轴轥轲车轡轣轥 软车 轴轨轥 轃轲2轏3 转轡轹轥轲 轡轮轤 轴轨轥 轡转转软轹 车软轲轭 轤轵轥 轴软 轴轨轥 软轵轴轷轡轲轤
轤轩輛轵轳轩软轮 软车 轗輮 轔轨轥 輝轵轸 软车 轗 轩软轮轳 轴轨轲软轵轧轨 轴轨轥 轃轲2轏3 转轡轹轥轲 轤轥轣轲轥轡轳轥轳 轷轩轴轨 轴轨轥 轴轨轩轣轫轮轥轳轳
软车 轴轨轥 轃轲2轏3 转轡轹轥轲輮 轔轨轥轲轥车软轲轥輬 轴轨轥 软轸轩轤轡轴轩软轮 轲轡轴轥 轩轮 轳轴轡轧轥 轉轉轉 轩轳 转软轷轥轲 轩轮 轴轨轥 7.6 µm 轴轨轩轣轫
轳轡轭轰转轥 轷轩轴轨 轡 轴轨轩轣轫轥轲 软轸轩轤轥 转轡轹轥轲 轡轴 轴轨轥 轴轲轡轮轳轩轴轩软轮 轴软 软轸轩轤轡轴轩软轮 轳轴轡轧轥 轉轉轉 轡轳 轣软轭轰轡轲轥轤 轴软
轴轨轥 3.6 µm 轴轨轩轣轫 轳轡轭轰转轥輮
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轔轨轥 轰轲软轴轥轣轴轩轶轥 转轡轹轥轲 轩轳 轷轥轡轫轥轮轥轤 轢轹 轴轨轥 软轵轴轷轡轲轤 轤轩輛轵轳轩轮轧 轗 轡轮轤 轭软轲轥 轏 轣轡轮 轰轥轮轥轴轲轡轴轥
轣轡轵轳轩轮轧 轭软轲轥 轩轮轴轥轲轮轡转 软轸轩轤轡轴轩软轮輮 轔轨轥 轗轏3 软轮 轴轨轥 轳轵轲车轡轣轥 轳轵轢转轩轭轡轴轥轳輮 轔轨轥轲轥车软轲轥輬 轳轴轡轧轥
轉轉轉 轣软轲轲轥轳轰软轮轤轳 轴软 轡 车轡轩转轵轲轥 轳轴轡轧轥 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 车轵轮轣轴轩软轮 轡轮轤 轩轴 轭轵轳轴 轮软轴 轢轥 轲轥轡轣轨轥轤 轩轮
轡轮轹 轡轣轣轩轤轥轮轴轡转 轳轣轥轮轡轲轩软 软车 轡 车轵轴轵轲轥 车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴輮

轉轮轴轥轲轰软转轡轴轩软轮轳 轴软 轡轮 轡轣轣轩轤轥轮轴 轩轮 轄轅轍轏

轉轮 轡 轌轏轃轁 轩轮 轄轅轍轏 轴轨轥 轡转转软轹 轭轵轳轴 轲轥轭轡轩轮 轩轮 软轸轩轤轡轴轩软轮 轳轴轡轧轥轳 轉 轡轮轤 轉轉 轴软 轭轩轴轩轧轡轴轥 轴轨轥
轲轡轤轩软轡轣轴轩轶轥 轨轡轺轡轲轤 轤轵轥 轴软 轳轵轢转轩轭轡轴轩软轮 软车 轴轵轮轧轳轴轥轮 软轸轩轤轥輮 轔轨轥 3.6 µm 轴轨轩轣轫 輜转轭轳 轩轮 轴轨轩轳
轣轨轡轰轴轥轲 轲轥轭轡轩轮轥轤 车软轲 2.3 h 轩轮 轳轴轡轧轥轳 轉 轡轮轤 轉轉輮 轉轮 轄轅轍轏輬 轴轨轥 輜轲轳轴 轷轡转转 轡轲轭软轲 轷轩转转 轨轡轶轥 轡
轴轨轩轣轫轮轥轳轳 软车 轡轲软轵轮轤 2 mm輮 轔轨轥 轤轩輛轥轲轥轮轣轥 轩轮 轴轨轩轣轫轮轥轳轳 轣轨轡轮轧轥轳 轴轨轥 轃轲 轲轥轳轥轲轶软轩轲 轡轮轤 轴轨轵轳
轡转轳软 轴轨轥 轥轸轰轥轣轴轥轤 转轩车轥轴轩轭轥輮

轆轩轲轳轴 轥轸轰轥轲轩轭轥轮轴轡转 轥轶轩轤轥轮轣轥轳 车软轲 轡 轨软轭软轧轥轮轥软轵轳 轃轲 轣软轮轣轥轮轴轲轡轴轩软轮 轩轮 轴轨轥 轗輭轃轲輭轙 轡转转软轹
轡轲轥 轰轲轥轳轥轮轴轥轤 轩轮 轳轥轣轴轩软轮 輵輮輲輮輲輬 车轵轲轴轨轥轲 轥轶轩轤轥轮轣轥轳 车软转转软轷 轩轮 轳轥轣轴轩软轮 輹輮輱輮 轔轨轥 轩轮轴轥轲轰软转轡轴轩软轮
轴软 轡 转轡轲轧轥轲 轴轨轩轣轫轮轥轳轳 软车 轴轨轥 轡转转软轹 轡轳轳轵轭轥轳 轴轨轡轴 轡 轨软轭软轧轥轮轥软轵轳 轃轲 轣软轮轣轥轮轴轲轡轴轩软轮 轩轳 轡转轳软
轭轡轩轮轴轡轩轮轥轤 轩轮 轴轨轥 轴轨轩轣轫轥轲 轡转转软轹輮 轓轵轣轨 轡 轨软轭软轧轥轮轥软轵轳 轣软轮轣轥轮轴轲轡轴轩软轮 轣轡轮 轢轥 轭轡轩轮轴轡轩轮轥轤
轢轹 轳轵輞轣轩轥轮轴转轹 车轡轳轴 轤轩輛轵轳轩软轮 软车 轃轲 轷轩轴轨轩轮 轴轨轥 轡转转软轹 轹轩轥转轤轩轮轧 轡 轧轲轡轤轵轡转 轤轥轣轲轥轡轳轥 软车 轴轨轥 轃轲
轣软轮轣轥轮轴轲轡轴轩软轮 轷轩轴轨 软轸轩轤轡轴轩软轮 轴轩轭轥輮 轔轨轥 轣软轮轳轵轭轥轤 轃轲 轩轳 轣轡转轣轵转轡轴轥轤 轵轳轩轮轧 轥轱轵轡轴轩软轮轳 輵輮輱輰輬
輵輮輱輱輬 轡轮轤 轴轨轥 轭轥轡轳轵轲轥轤 轰轡轲轡轢软转轩轣 软轸轩轤轡轴轩软轮 轲轡轴轥 kp

∆m =
√
kpt; kp = 5× 10−6 mg2 cm−4 s−1 輨輵輮輱輲輩

轔轨轥 轤轥轮轳轩轴轹 软车 轴轨轥 轡转转软轹 轩轳 ρ ≈ 15 g cm−3輮 轗轩轴轨 轴轨轩轳 轩轮车软轲轭轡轴轩软轮 轴轨轥 轴轩轭轥 轲轥轱轵轩轲轥轤 车软轲
轴轨轥 轃轲 轣软轮轣轥轮轴轲轡轴轩软轮 轴软 轤轥轣轲轥轡轳轥 车轲软轭 12 wt.% 轤软轷轮 轴软 8 wt.% 轣轡轮 轢轥 轣轡转轣轵转轡轴轥轤 轡轳 轡
车轵轮轣轴轩软轮 软车 轴轨轥 轡转转软轹 轴轨轩轣轫轮轥轳轳輮 轔轨轩轳 轣轡转轣轵转轡轴轩软轮 轹轩轥转轤轳 0.5 h 轡轮轤 2.2 h 车软轲 轴轨轥 3.6 µm
轡轮轤 7.6 µm 轴轨轩轣轫 轳轡轭轰转轥轳輬 轲轥轳轰轥轣轴轩轶轥转轹輮 2.3 h 轡轮轤 9 h 轡轲轥 轭轥轡轳轵轲轥轤 轡轮轤 轴轨轥 轣轡转轣轵转轡轴轩软轮
轵轮轤轥轲轥轳轴轩轭轡轴轥轳 轴轨轥 轰轥轲车软轲轭轡轮轣轥輮 轔轨轩轳 轵轮轤轥轲轥轳轴轩轭轡轴轩软轮 轩轳 轣轡轵轳轥轤 轢轹 轴轨轥 车轡轣轴 轴轨轡轴 kp 轡转轳软
轩轮轣转轵轤轥轳 轴轨轥 车轡轳轴轥轲 轭轡轳轳 轧轡轩轮 轡轴 轴轨轥 轥轤轧轥 软车 轴轨轥 轳轡轭轰转轥 輭 轴轨轥 kp 软车 轡轮 轩轮輜轮轩轴轥 轳轡轭轰转轥
轷软轵转轤 轢轥 轥轶轥轮 轳轭轡转转轥轲輮 轄轥轳轰轩轴轥 轴轨轥 轵轮轤轥轲轥轳轴轩轭轡轴轩软轮 软车 轴轨轥 轰轥轲车软轲轭轡轮轣轥輬 轴轨轥 轣轡转轣轵转轡轴轩软轮
轰轲轥轤轩轣轴轳 轡 轴轩轭轥 软车 10 years 轵轮轴轩转 轴轨轥 轰轲软轴轥轣轴轩轶轥 车轵轮轣轴轩软轮 软车 轡 2 mm 轴轨轩轣轫 轡转转软轹 车轡轩转轳 轤轵轥
轴软 轃轲 轤轥轰转轥轴轩软轮輮 轈软轷轥轶轥轲輬 轴轨轥 轣轲轩轴轩轣轡转 轴轥轭轰轥轲轡轴轵轲轥 轷软轵转轤 轢轥 轭轡轩轮轴轡轩轮轥轤 软轮转轹 车软轲 轡 车轥轷
轭软轮轴轨轳 轩轮 轴轨轥 轡轣轣轩轤轥轮轴轡转 轳轣轥轮轡轲轩软 软车 轄轅轍轏 轛輱輷轝輮 轅轲软轳轩软轮 轤轵轲轩轮轧 软轰轥轲轡轴轩软轮 软车 轴轨轥 轰软轷轥轲
轰转轡轮轴 轣轡轮 轲轥轤轵轣轥 轴轨轥 轴轨轩轣轫轮轥轳轳 软车 轴轨轥 轡轲轭软轲 轭轡轴轥轲轩轡转輮 轈软轷轥轶轥轲輬 轥轶轥轮 轩车 轴轨轥 轴轨轩轣轫轮轥轳轳
轩轳 轲轥轤轵轣轥轤 轴软 软轮转轹 0.5 mm 轴轨轥 轣轡转轣轵转轡轴轩软轮 轰轲轥轤轩轣轴轳 轡 轴轩轭轥 软车 1 year 轵轮轴轩转 轴轨轥 轰轲软轴轥轣轴轩轶轥
车轵轮轣轴轩软轮 车轡轩转轳輮

轔轨轥轳轥 轩轮轴轥轲轰软转轡轴轩软轮轳 轰轲轥轤轩轣轴 轴轨轡轴 轡 轗輭轃轲輭轙 轡转转软轹 轣轡轮 轷轩轴轨轳轴轡轮轤 轡 轌轏轃轁 轷轩轴轨 轡
轴轥轭轰轥轲轡轴轵轲轥 轲轩轳轥 轴软 1273 K 轩轮 轤轲轹 轡轩轲 轡轮轤 轳轵轰轰轲轥轳轳轥轳 轴轨轥 轲轥转轥轡轳轥 软车 轲轡轤轩软轡轣轴轩轶轥 轭轡轴轥轲轩轡转輮
轉轮 轴轨轥 车软转转软轷轩轮轧 轣轨轡轰轴轥轲轳 轴轨轩轳 轰轲轥轤轩轣轴轩软轮 轩轳 轶轥轲轩輜轥轤 轵轳轩轮轧 轢轵转轫 轡转转软轹轳輮
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轓轵轭轭轡轲轹 软车 轴轨轥 软轸轩轤轡轴轩软轮 轳轴轵轤轩轥轳 软轮 轴轨轩轮 輜转轭轳

• 轔轨轩轮 輜转轭轳 轤轥轰软轳轩轴轥轤 轢轹 轭轡轧轮轥轴轲软轮 轳轰轵轴轴轥轲轩轮轧 轡轲轥 轡轮 轩轤轥轡转轩轳轴轩轣 轳轹轳轴轥轭 轴软 轳轴轵轤轹 轴轨轥
软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轩轮 轴轨轥 转轡轢软轲轡轴软轲轹輮

• 轏轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 软车 轗輭轃轲輭轙 轴轨轩轮 輜转轭轳 轩轳 轳轨软轷轮輬 轡 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 转轡轹轥轲 车软轲轭轳
软轮 轴轨轥 轳轵轲车轡轣轥輮 轔轨轥 轡轤轤轩轴轩软轮 软车 轙 轩轳 轣轲轵轣轩轡转 车软轲 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥輮 轍软轲轥
轤轥轴轡轩转轳 软轮 轵轮轤轥轲轳轴轡轮轤轩轮轧 轴轨轥 轥輛轥轣轴 软车 轙 轡轲轥 轰轲轥轳轥轮轴轥轤 轩轮 轣轨轡轰轴轥轲 輹輮

• 轔轨轥 轳轭轡转转 轭轡轴轥轲轩轡转 轲轥轳轥轲轶软轩轲 轩轮 轴轨轩轮 輜转轭轳 转轩轭轩轴轳 轴轨轥 轴轥轳轴轳 轴软 轡 轤轵轲轡轴轩软轮 软车 软轮转轹 轡 车轥轷
轨软轵轲轳輮

• 轔轨轥 车轡轩转轵轲轥 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 轩轳 轳轴轵轤轩轥轤 轡轮轤 轡 轳轵輞轣轩轥轮轴 转轩车轥轴轩轭轥 软车 轢轵转轫 轳轡轭轰转轥轳
轩轮 轄轅轍轏 轩轳 轰轲轥轤轩轣轴轥轤輮
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Chapter 6

Towards bulk W-Cr-Y alloys from
FAST

6.1 Why bulk alloy materials are needed
轃轨轡轰轴轥轲 輵 轰轲轥轳轥轮轴轳 轨软轷 轗輭轃轲輭轙 轴轨轩轮 輜转轭轳 轳轵轣轣轥轳轳车轵转转轹 轳轵轰轰轲轥轳轳 轴轨轥 车软轲轭轡轴轩软轮 软车 轗轏x 輮
轔轨轩轮 輜转轭轳 轨轡轶轥 轡 轴轨轩轣轫轮轥轳轳 软车 转轥轳轳 轴轨轡轮 10 µm輬 轹轩轥转轤轩轮轧 轡 转轩轭轩轴轥轤 轲轥轳轥轲轶软轩轲 软车 轭轡轴轥轲轩轡转輮
轔轨轥轲轥车软轲轥輬 轤轵轥 轴软 轴轨轥 转轩轭轩轴轥轤 轭轡轴轥轲轩轡转 轲轥轳轥轲轶软轩轲 轴轨轥 软轸轩轤轡轴轩软轮 轴轩轭轥 软车 轴轨轩轮 輜转轭轳 轩轳 转轩轭轩轴轥轤
轴软 轡 车轥轷 轨软轵轲轳 轡轳 轤轩轳轣轵轳轳轥轤 轩轮 轳轥轣轴轩软轮 輵輮輲輮 轈软轷轥轶轥轲輬 轡 轌轏轃轁 轩轮 轄轅轍轏 轲轥轱轵轩轲轥轳 轧软软轤
软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 车软轲 轷轥轥轫轳輮 轁 转轡轲轧轥轲 轭轡轴轥轲轩轡转 轲轥轳轥轲轶软轩轲 轤轵轥 轴软 轡 轴轨轩轣轫轮轥轳轳 软车 轡 车轥轷
轭轩转转轩轭轥轴轥轲轳 轩轳 轴轨轥 轫轥轹 轡轤轶轡轮轴轡轧轥 软车 轢轵转轫 轡转转软轹轳輮 轏轸轩轤轡轴轩软轮 轥轸轰轥轲轩轭轥轮轴轳 软轶轥轲 轷轥轥轫轳輬 轄轅轍轏
轲轥转轥轶轡轮轴 轴轩轭轥 轳轣轡转轥轳輬 轡轲轥 软轮转轹 轰软轳轳轩轢转轥 轵轳轩轮轧 轢轵转轫 轳轡轭轰转轥轳輮

轔轨轥 轤轥轰软轳轩轴轩软轮 软车 轡 1 mm 轴轨轩轣轫 輜转轭 轩轮 轴轨轥 轭轡轧轮轥轴轲软轮 轷轩轴轨 轴轨轥 轰轡轲轡轭轥轴轥轲轳 轡轳 轵轳轥轤
轩轮 轣轨轡轰轴轥轲 輵 轷软轵转轤 轲轥轱轵轩轲轥 轡轲软轵轮轤 400 h輮 轈软轷轥轶轥轲輬 轴轨轥 轭轡轧轮轥轴轲软轮 轲轥轱轵轩轲轥轳 轣转轥轡轮轩轮轧
轡车轴轥轲 3 h 轴软 4 h 软车 轳轰轵轴轴轥轲轩轮轧輮 轔轨轵轳輬 轩轴 轩轳 轮软轴 车轥轡轳轩轢转轥 轴软 轤轥轰软轳轩轴 轢轵转轫 轡转转软轹轳 轵轳轩轮轧 轴轨轥
轭轡轧轮轥轴轲软轮輮 轂轵转轫 轳轡轭轰转轥轳 轳轨软轵转轤 轢轥 轭轡轮轵车轡轣轴轵轲轥轤 轵轳轩轮轧 轡 轴轥轣轨轮软转软轧轹 轷轨轩轣轨 轩轳 轵轰輭轳轣轡转轡轢转轥
车软轲 轰轲软轤轵轣轴轩软轮 软车 轴轨轥 輜轲轳轴 轷轡转转 轩轮 轡 车轵轴轵轲轥 车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴輮 轈轥轲轥輬 轡 轰软轷轤轥轲輭轭轥轣轨轡轮轩轣轡转
轲软轵轴轥 轩轳 轳轥转轥轣轴轥轤 轛輵輶轝輺 輜轲轳轴輬 轴轨轥 轰软轷轤轥轲 轩轳 轭轥轣轨轡轮轩轣轡转转轹 轡转转软轹轥轤 轩轮 轡 轰转轡轮轥轴轡轲轹 轢轡转转 轭轩转转
輨轳轥轥 轳轥轣轴轩软轮 輲輮輲 轡轮轤 轛輵輳轝輩輮 轂轡轳轥轤 软轮 轴轨轥 轲轥轳轵转轴轳 车轲软轭 轛輳輰轝輬 轰软轷轤轥轲轳 轷轩轴轨 轴轨轥 轣软轭轰软轳轩轴轩软轮
轗輭輱輱輮輴轃轲輭輰輮輶轙 轡轲轥 轡转转软轹轥轤輮 轓轥轣软轮轤輬 轴轨轥 轡转转软轹轥轤 轰软轷轤轥轲 轩轳 轣软轭轰轡轣轴轥轤 轢轹 轆轩轥转轤 轁轳轳轩轳轴轥轤
轓轩轮轴轥轲轩轮轧 轔轥轣轨轮软转软轧轹 輨轆轁轓轔輩輬 轤轥轴轡轩转轳 软车 轴轨轥 轭轥轴轨软轤 轡轲轥 轤轥轳轣轲轩轢轥轤 轩轮 轣轨轡轰轴轥轲 輲 轡轮轤 轩轮
轛輵輶輬 輵輳轝輮 轁轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轭轡轧轮轥轴轲软轮 輜转轭轳 轡 轳轥轴 软车 轮轥轷 车轲轥轥 轰轡轲轡轭轥轴轥轲轳 轡轲轩轳轥轳輺

• 轔轨轥 轭轥轣轨轡轮轩轣轡转 轡转转软轹轩轮轧 轨轡轳 车轲轥轥 轰轡轲轡轭轥轴轥轲轳輮 轍软轳轴 轩轭轰软轲轴轡轮轴 轡轲轥 轴轨轥 轤轵轲轡轴轩软轮輬
轢轡转转輭轴软輭轰软轷轤轥轲 轲轡轴轩软輬 轲软轴轡轴轩软轮 轳轰轥轥轤輬 轡轮轤 轢轡转转 轳轩轺轥輮 轔轨轥 轰轡轲轡轭轥轴轥轲轳 轵轳轥轤 轩轮 轴轨轩轳
轷软轲轫 轡轲轥 轧轩轶轥轮 轩轮 轳轥轣轴轩软轮 輲輮輲輮 轄轥轴轡轩转轥轤 轲轥轳轥轡轲轣轨 软轮 轭轥轣轨轡轮轩轣轡转 轡转转软轹轩轮轧 软车 轗輭轃轲輭轙
轰软轷轤轥轲轳 轩轳 车软轵轮轤 轩轮 轛輵輳轝輮

• 轔轨轥 轳轩轮轴轥轲轩轮轧 轰轲软轣轥轳轳 轨轡轳 车轲轥轥 轰轡轲轡轭轥轴轥轲轳輮 轍软轳轴 轩轭轰软轲轴轡轮轴 轡轲轥 轴轨轥 轰轲轥轳轳轵轲轥輬 轴轨轥
轨轥轡轴轩轮轧 轲轡轴轥輬 轴轨轥 轭轡轸轩轭轵轭 轳轩轮轴轥轲轩轮轧 轴轥轭轰轥轲轡轴轵轲轥輬 轡轮轤 轴轨轥 轨软转轤轩轮轧 轴轩轭轥 轡轴 轴轨轥
轭轡轸轩轭轵轭 轳轩轮轴轥轲轩轮轧 轴轥轭轰轥轲轡轴轵轲轥輮 轔轨轥 轩轮輝轵轥轮轣轥 软车 轴轨轥 轤轩輛轥轲轥轮轴 轰轡轲轡轭轥轴轥轲轳 软轮 轴轨轥
轭轩轣轲软轳轴轲轵轣轴轵轲轥 软车 轴轨轥 轡转转软轹 轡轮轤 轴轨轥 轣软轮轳轥轱轵轥轮轣轥轳 软轮 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轡轲轥
轩轮轶轥轳轴轩轧轡轴轥轤 轩轮 轣轨轡轰轴轥轲 輷輮

• 轁车轴轥轲 轳轩轮轴轥轲轩轮轧 轴轨轥 轡转转软轹 轩轳 轣轵轴 轡轮轤 轧轲软轵轮轤輬 轡轳 轥轸轰转轡轩轮轥轤 轩轮 轳轥轣轴轩软轮 輲輮輴輮 轉轮轶轥轳轴轩轧轡轴轩软轮轳
软轮 轨软轷 轴轨轥 轳轨轡轰轥 软车 轴轨轥 轳轡轭轰转轥 轡轮轤 轴轨轥 轳轵轲车轡轣轥 轲软轵轧轨轮轥轳轳 轩轮輝轵轥轮轣轥 轴轨轥 软轸轩轤轡轴轩软轮
轢轥轨轡轶轩软轲 轡轲轥 轰轲轥轳轥轮轴轥轤 轩轮 轣轨轡轰轴轥轲 輷輮
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6.2 From powder to the bulk sample: processing and
understanding

轔轨轩轳 轳轥轣轴轩软轮 车软轣轵轳轥轳 软轮 轴轨轥 轣软轭轰轡轣轴轩轮轧 轰轲软轣轥轳轳 轩轴轳轥转车輮 轔轨轥 轣软轭轰轡轣轴轩轮轧 轰轲软轣轥轳轳 轩轳 轡轮
轥轳轳轥轮轴轩轡转 轳轴轥轰 软车 轴轨轥 轡转转软轹 轰轲软轤轵轣轴轩软轮輮 轔轨轥轲轥车软轲轥輬 轩轴 轩轳 轩轮轶轥轳轴轩轧轡轴轥轤 轨轥轲轥輮 轔轨轥 轩轮輝轵轥轮轣轥 软车
轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 软轮 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轩轳 轳轴轵轤轩轥轤 软轮转轹 轩轮 轴轨轥 车软转转软轷轩轮轧 轣轨轡轰轴轥轲 輷輮
轆软轲 轴轨轥 轷软轲轫 轩轮 轴轨轩轳 轣轨轡轰轴轥轲 輶輬 轴轨轥 轰轲轥轳轳轵轲轥 轤轵轲轩轮轧 轳轩轮轴轥轲轩轮轧 轩轳 輜轸轥轤 轡轴 50 MPa輬 轴轨轥 轨轥轡轴轩轮轧
轲轡轴轥 轩轳 200 K min−1輬 轴轨轥 轣软软转轩轮轧 轲轡轴轥 轩轳 300 K min−1輬 轡轮轤 轴轨轥 轨软转轤轩轮轧 轴轩轭轥 轡轴 轴轨轥 轭轡轸轩轭轵轭
轳轩轮轴轥轲轩轮轧 轴轥轭轰轥轲轡轴轵轲轥 轩轳 0 s輮 轉轮 软轴轨轥轲 轷软轲轤轳輬 轡转转 轰轡轲轡轭轥轴轥轲轳 轥轸轣轥轰轴 轴轨轥 轭轡轸轩轭轵轭 轳轩轮轴轥轲轩轮轧
轴轥轭轰轥轲轡轴轵轲轥 輨Tmax輩 轡轲轥 轫轥轰轴 轣软轮轳轴轡轮轴輮

轆轩轧輮 輶輮輱 轡 轳轨软轷轳 轴轨轥 轳轡轭轰转轥 轴轥轭轰轥轲轡轴轵轲轥 轤轵轲轩轮轧 轳轩轮轴轥轲轩轮轧 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥輮 轈轥轡轴轩轮轧
轩轳 轳轴软轰轰轥轤 轡轴 1740 K輬 625 s 轡车轴轥轲 轳轴轡轲轴轩轮轧 轴轨轥 轭轡轣轨轩轮轥輮 轔轨轩轳 轰软轩轮轴 轩轳 轭轡轲轫轥轤 轷轩轴轨 轡 轶轥轲轴轩轣轡转
转轩轮轥 轩轮 轆轩轧輮 輶輮輱輮 轆轩轧輮 輶輮輱 轢 轳轨软轷轳 轴轨轥 轤轩轳轰转轡轣轥轭轥轮轴 轳轰轥轥轤 软车 轴轨轥 轳轴轡轭轰 轤轵轲轩轮轧 轳轩轮轴轥轲轩轮轧 轡轳 轡
车轵轮轣轴轩软轮 软车 轴轩轭轥輮 轁 轨轩轧轨 轤轩轳轰转轡轣轥轭轥轮轴 轳轰轥轥轤 轣软轲轲轥轳轰软轮轤轳 轴软 轡 轨轩轧轨 轣软轭轰轡轣轴轩轮轧 轲轡轴轥 软车 轴轨轥
轳轡轭轰转轥輬 轷轨轥轲轥轡轳 轡 轤轩轳轰转轡轣轥轭轥轮轴 轳轰轥轥轤 软车 0 mm min−1 轩轮轤轩轣轡轴轥轳 轴轨轡轴 轴轨轥 轳轡轭轰转轥 轣轡轮轮软轴
轢轥 轣软轭轰轡轣轴轥轤 车轵轲轴轨轥轲輮 轔轨轥 轤轩轳轰转轡轣轥轭轥轮轴 轳轰轥轥轤 轤轲软轰轳 轴软轷轡轲轤轳 0 mm min−1 轪轵轳轴 轢轥车软轲轥 轴轨轥
轭轡轲轫 软车 625 s 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1733 K輮 轔轨轥 轩轮轣轲轥轡轳轥轤 轤轩轳轰转轡轣轥轭轥轮轴 轳轰轥轥轤 轤轵轲轩轮轧 轣软软转轩轮轧
轩轳 轣轡轵轳轥轤 轢轹 轴轨轥轲轭轡转 轳轨轲轩轮轫轩轮轧 软车 轴轨轥 轳轡轭轰转轥 轡轮轤 轴轨轥 轧轲轡轰轨轩轴轥 轤轩轥輮 轔轨轵轳輬 车轵转转 轣软轭轰轡轣轴轩轮轧
轩轳 轡轣轨轩轥轶轥轤 软轮轣轥 轴轨轥 轳轩轮轴轥轲轩轮轧 轴轥轭轰轥轲轡轴轵轲轥 轲轥轡轣轨轥轳 ∼ 1730 K輮 轁 轲轥转轡轴轩轶轥 轤轥轮轳轩轴轹 软车 99 %
轩轳 轭轥轡轳轵轲轥轤 软轮 轳轡轭轰转轥轳 轳轩轮轴轥轲轥轤 轡轴 轵轰 轴软 1740 K 轵轳轩轮轧 轁轲轣轨轩轭轥轤轥轳 轰轲轩轮轣轩轰转轥輬 轡轳 轤轥轳轣轲轩轢轥轤
轩轮 轳轥轣轴轩软轮 輲輮輸輮

轔轨轥 轃 轣软轮轴轥轮轴 轩轳 2× 102 ppm輬 轭轥轡轳轵轲轥轤 轵轳轩轮轧 轴轨轥 轌轅轃轏 轣轡轲轢软轮 轤轥轴轥轲轭轩轮轡轴软轲 轃轓輶輰輰
輨轳轥轥 轳轥轣轴轩软轮 輲輮輵輩輮 轁 轳轩轭轩转轡轲 轃 轣软轮轴轥轮轴 轷轡轳 车软轵轮轤 轩轮 轤轩輛轥轲轥轮轴 轗輭轃轲輭轙 轡转转软轹轳 轛輸輵轝輮 轔轨轥
轡车软轲轥轭轥轮轴轩软轮轥轤 轡转转软轹轳 轷轥轲轥 轰轲软轤轵轣轥轤 轢轹 轭轥轣轨轡轮轩轣轡转 轡转转软轹轩轮轧 车软转转软轷轥轤 轢轹 轈软轴輭轉轳软轳轴轡轴轩轣
轐轲轥轳轳轩轮轧 輨轈轉轐輩輬 轮软轴 轢轹 轆轁轓轔 轡轳 轴轨轥 轡转转软轹轳 轩轮 轴轨轩轳 轷软轲轫輮 轔轨轵轳輬 轴轨轥 轭轡轩轮 轃 轳软轵轲轣轥轳 轳轥轥轭
轴软 轢轥 轴轨轥 轗轃 轭轩转转轩轮轧 轪轡轲 轡轮轤 轴轨轥 轗轃 轭轩转转轩轮轧 轢轡转转轳 轷轨轩轣轨 轷轥轲轥 轵轳轥轤 轩轮 轢软轴轨 轳轴轵轤轩轥轳輮
轓轴轵轤轩轥轳 软轮 轰轵轲轥 轗 轳轨软轷轥轤 轡轮 轩轮轣轲轥轡轳轥 软车 轴轨轥 轤轵轣轴轩转轥 轴软 轢轲轩轴轴转轥 轴轲轡轮轳轩轴轩软轮 轴轥轭轰轥轲轡轴轵轲轥 软车
轡转轭软轳轴 200 K 轤轵轥 轴软 轴轨轥 轡轤轤轩轴轩软轮 软车 60 ppm 软车 轃 轛輸輶轝輮 轈软轷轥轶轥轲輬 轴轨轥 轣软轮轳轥轱轵轥轮轣轥轳 软车 轃
轩轭轰轵轲轩轴轩轥轳 软轮 轗輭轃轲輭轙 轡转转软轹轳 轡轲轥 轮软轴 轹轥轴 轳轴轵轤轩轥轤 轳轹轳轴轥轭轡轴轩轣轡转转轹 輭 轴轨轥 轩轮轴轥轲轰软转轡轴轩软轮 车轲软轭
轰轵轲轥 轗 轴软 轴轨轥 轡转转软轹轳 软轮 轴轨轥 轩轮輝轵轥轮轣轥 软车 轃 轩轳 轤软轵轢轴车轵转輮 轓轭轡轲轴 轡转转软轹轳 轡轲轥 轮软轴 轩轮轴轥轮轤轥轤 轴软
轢轥 轵轳轥轤 轡轳 轳轴轲轵轣轴轵轲轡转 轭轡轴轥轲轩轡转轳輬 轴轨轵轳 轡 轳转轩轧轨轴 轩轮轣轲轥轡轳轥 轩轮 轥轭轢轲轩轴轴转轥轭轥轮轴 轩轳 轮软轴 轣轲轵轣轩轡转輮

轏轴轨轥轲 轩轭轰轵轲轩轴轩轥轳 轡轲轥 (0.153± 0.002) wt.% 轏2 轡轮轤 (8± 1)× 10−3 wt.% 轎2 轭轥轡轳轵轲轥轤
轵轳轩轮轧 轡 轌轅轃轏 轤轥轴轥轲轭轩轮轡轴软轲 輨轳轥轥 轳轥轣轴轩软轮 輲輮輶輩輮 轉轮 轣软轭轰轡轲轩轳软轮輬 轴轨轥 轲轥轡轣轴轩软轮 软车 轡转转 轙
轣软轮轴轡轩轮轥轤 轩轮 轴轨轥 轡转转软轹 轴软 轙2轏3 轷软轵转轤 轲轥轱轵轩轲轥 0.16 wt.% 软车 轏輬 轷轨轩轣轨 轩轳 轭软轲轥 轴轨轡轮 轴轨轥
轴软轴轡转 轣软轮轴轥轮轴 软车 轏 轩轮 轴轨轥 轡转转软轹輮 轄轥轴轡轩转轳 软轮 轴轨轥 轤轩轳轴轲轩轢轵轴轩软轮 软车 轙 轡轮轤 轏 轩轮 轴轨轥 轡转转软轹 轡轲轥
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轆轩轧轵轲轥 輶輮輱輺 輨轡輩 轔轨轥 轳轡轭轰转轥 轴轥轭轰轥轲轡轴轵轲轥 轭轥轡轳轵轲轥轤 轢轹 轴轨轥 轰轹轲软轭轥轴轥轲 轡轳 轡 车轵轮轣轴轩软轮 软车
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shown in section 9.
A dedicated set of experiments on the compacting process is performed: the FAST

process is interrupted at different stages from the powder after milling to a fully compact
sample. The obtained material is analyzed using the electron microscope and XRD. The
sintering is interrupted at Tmax of 1279K, 1449K, and 1614K. Surface images of the
powder and the sintered samples are shown in Fig. 6.2. The powder is pressed onto
graphite tape. The sintered samples are ground with P1200-grade SiC abrasive paper
and cleaned with isopropanol.

The powder is shown in Fig. 6.2 a. Particles and agglomerates from sub-μm size to
around 20 μm are found. The sample interrupted at 1279K has a relative density of
∼ 70%. It is shown in Fig. 6.2 b and looks very similar to the powder. A flat surface
or scratches from grinding are not visible as the sample disassembles in the isopropanol
bath. The sample interrupted at 1449K is shown in Fig. 6.2 c. It has a relative density
of ∼ 80%, the powder particles are no longer visible on the surface, the small black spots
on the surface are the remaining pores. Scratches from polishing are visible. The sample
interrupted at 1614K has a relative density of 98%, a surface image is shown in Fig. 6.2 d
and looks very similar to the fully sintered sample shown in Fig. 6.2 e.

The cross sections corresponding to the surface images in Fig. 6.2 are shown in Fig.
6.3. The powder is shown in Fig. 6.3 a: there are pores within the agglomerates and
open spaces between different agglomerates. The color contrast within the agglomerates
is small, indicating full alloying of W, Cr, and Y. See [53] for deeper analysis of the
alloyed powder.

10 μm

(a) 300K (b) 1279K

(c) 1449K (d) 1614K

(e) 1740K

Figure 6.2: Surface images of samples in different stages of the sintering process. (a)
powder after mechanical alloying. The sintering is interrupted at a temperature of (b)
1279K, (c) 1449K, and (d) 1614K. (e) shows the fully sintered sample compacted at up
to 1740K.
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轁车轴轥轲 轳轩轮轴轥轲轩轮轧 轴软 1279 K 轴轨轥 轡轧轧转软轭轥轲轡轴轥轳 轡轮轤 轰轡轲轴轩轣转轥轳 软车 轴轨轥 轰软轷轤轥轲 轡轲轥 轰轲轥轳轳轥轤
轴软轧轥轴轨轥轲輬 轡轳 轳轨软轷轮 轩轮 轆轩轧輮 輶輮輳 轢輮 轈软轷轥轶轥轲輬 轴轨轥轲轥 轲轥轭轡轩轮 转轡轲轧轥 轰软轲轥轳 轢轥轴轷轥轥轮 轴轨轥 轰轡轲轴轩轣转轥轳
轡轮轤 轴轨轥 轳轴轲轵轣轴轵轲轥 软车 轴轨轥 轰轡轲轴轩轣转轥轳 轲轥轭轡轩轮轳 轴轨轥 轳轡轭轥 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轰软轷轤轥轲輮

轏轮转轹 车轥轷 轰软轲轥轳 轲轥轭轡轩轮 轡车轴轥轲 轳轩轮轴轥轲轩轮轧 轴软 1449 K輬 轡轳 轳轨软轷轮 轩轮 轆轩轧輮 輶輮輳 轣輮 轁 轃轲輭轲轩轣轨
轰轨轡轳轥 轳轴轡轲轴轳 轴软 车软轲轭 轩轮 轴轨轥 轶轩轣轩轮轩轴轹 软车 轴轨轥 轰软轲轥轳輬 轡轴 轴轨轥 轥轤轧轥轳 软车 轴轨轥 软轲轩轧轩轮轡转 轰软轷轤轥轲
轰轡轲轴轩轣转轥轳輮
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轁 轣轲软轳轳 轳轥轣轴轩软轮 软车 轴轨轥 轳轡轭轰转轥 轳轩轮轴轥轲轥轤 轴软 1614 K 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輶輮輳 轤輺 轴轨轥 软轲轩轧轩轮轡转
轰软轷轤轥轲 轰轡轲轴轩轣转轥轳 轶轡轮轩轳轨轥轤輮 轉轮轳轴轥轡轤輬 轳轵轢輭轭轩轣轲软轮 轧轲轡轩轮轳 轷轩轴轨 轙輭轃轲輭轏 轮轡轮软輭轰轡轲轴轩轣转轥轳 輨轢转轡轣轫
轰软轩轮轴轳輩 轡轲轥 轶轩轳轩轢转轥輬 轡轮 轡轮轡转轹轳轩轳 软车 轴轨轥 轮轡轮软輭轰轡轲轴轩轣转轥轳 轵轳轩轮轧 轡轴软轭輭轰轲软轢轥 轴软轭软轧轲轡轰轨轹 轩轳
轳轨软轷轮 轩轮 轳轥轣轴轩软轮 輹輮輲輮輲輮 轌软轣轡转转轹 轴轨轥轲轥 轲轥轭轡轩轮 轡 车轥轷 轧轲轡轩轮轳 轷轩轴轨 轡轮 轩轮轣轲轥轡轳轥轤 轃轲 轣软轮轴轥轮轴
轡轮轤 轡 车轥轷 轳轭轡转转 轰软轲轥轳輮 轔轨轥 轳轭轡转转 轰软轲轥轳 轡轲轥 轩轮 轡轧轲轥轥轭轥轮轴 轷轩轴轨 轴轨轥 轳转轩轧轨轴转轹 轲轥轤轵轣轥轤 轤轥轮轳轩轴轹
轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 车轵转转轹 轳轩轮轴轥轲轥轤 轳轡轭轰转轥輮

轔轨轥 车轵转转轹 轳轩轮轴轥轲轥轤 轳轡轭轰转轥 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輶輮輳 轥輮 轔轨轥 轃轲輭轲轩轣轨 轧轲轡轩轮轳 轡轮轤 轴轨轥 轰软轲轥轳
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轮轡轮软輭轰轡轲轴轩轣转轥轳 轩轳 车软轵轮轤輮

轔轨轥 轘轒轄 软车 轴轨轥 轡车软轲轥轭轥轮轴轩软轮轥轤 轳轡轭轰转轥轳 轩轮 轤轩輛轥轲轥轮轴 轳轴轡轧轥轳 软车 轴轨轥 轳轩轮轴轥轲轩轮轧 轰轲软轣轥轳轳 轡轲轥
轳轨软轷轮 轩轮 轆轩轧輮 輶輮輴 轷轨轥轲轥 轆轩轧輮 輶輮輴 轡 轳轨软轷轳 轴轨轥 车轵转转 轤轩輛轲轡轣轴软轧轲轡轭轳輮 轆轩轧輮 輶輮輴 轢 轳轨软轷轳 轡 轺软软轭
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转轡轴轴轩轣轥 轰转轡轮轥轳輬 轡轳 轧轩轶轥轮 轩轮 轴轡轢转轥 輶輮輱輮 轆轵轲轴轨轥轲輬 轴轨轥轲轥 轩轳 轡 Kβ 轰轥轡轫 轶轩轳轩轢转轥 轡轴 37◦輮 轔轨轩轳 轰轥轡轫
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aav輬 轳轹轳轴轥轭轡轴轩轣 轥轲轲软轲轳 车轲软轭 轮轥轧转轥轣轴轩轮轧 轙 轡轮轤 车轲软轭 轖轥轧轡轲轤輧轳 轡轰轰轲软轸轩轭轡轴轩软轮 轡轲轥 轥轸轣转轵轤轥轤輮
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轁轮 轡轮轡转软轧软轵轳 轣轡转轣轵转轡轴轩软轮 轣轡轮 轢轥 轰轥轲车软轲轭轥轤 车软轲 轴轨轥 轃轲輭轲轩轣轨 轰轥轡轫轳 轳轨软轷轮 轩轮 轆轩轧輮 輶輮輴 轢輮
轉轮 轡轧轲轥轥轭轥轮轴 轷轩轴轨 轴轨轥 轓轅轍 轭轥轡轳轵轲轥轭轥轮轴轳 轳轨软轷轮 轩轮 轆轩轧輮 輶輮輳 轮软 轃轲輭轲轩轣轨 轰轨轡轳轥 轩轳 轤轥轴轥轣轴轥轤
轩轮 轴轨轥 轰软轷轤轥轲 轡轮轤 轴轨轥 轳轡轭轰转轥 轩轮轴轥轲轲轵轰轴轥轤 轡轴 1279 K輮 轔轨轥 轳轡轭轰转轥轳 轩轮轴轥轲轲轵轰轴轥轤 轡轴 轡
轳轩轮轴轥轲轩轮轧 轴轥轭轰轥轲轡轴轵轲轥 软车 1449 K輬 1614 K輬 轡轮轤 轴轨轥 车轵转转轹 轳轩轮轴轥轲轥轤 轳轡轭轰转轥 轨轡轶轥 轡 轃轲輭轲轩轣轨
轰轥轡轫 轣软轲轲轥轳轰软轮轤轩轮轧 轴软 53 wt.% 轃轲輬 37 wt.% 轃轲輬 轡轮轤 21 wt.% 轃轲輬 轲轥轳轰轥轣轴轩轶轥转轹輮 轔轨轵轳輬 轩轮
轡轧轲轥轥轭轥轮轴 轷轩轴轨 轴轨轥 轓轅轍 轲轥轳轵转轴轳 轴轨轥 轃轲輭轲轩轣轨 轰轨轡轳轥 车软轲轭轳 轡轴 轡轲软轵轮轤 1400 K 轡轮轤 轤轥轣轲轥轡轳轥轳
轳轴轡轲轴轩轮轧 车轲软轭 轡轲软轵轮轤 1500 K 轤轵轥 轴软 轴轨轥 轩轮轣轲轥轡轳轥轤 轳软转轵轢轩转轩轴轹 软车 轃轲 轩轮 轗輮 轁轳 轃轲 车轲软轭 轴轨轥
轃轲輭轲轩轣轨 轰轨轡轳轥 轤轩轳轳软转轶轥轳 轴软 轴轨轥 轭轡轩轮 轰轨轡轳轥輬 轴轨轥 轃轲 轣软轮轴轥轮轴 轩轮 轴轨轥 轭轡轩轮 轰轨轡轳轥 轩轮轣轲轥轡轳轥轳輬 轡轳
轳轥轥轮 轩轮 轆轩轧輮 輶輮輵輮

轔轡轢转轥 輶輮輱輺 轒轥轳轵转轴轳 软车 轇轡轵轳轳轩轡轮 輜轴轳 轴软 轴轨轥 轘轒轄 轰轥轡轫轳 车轲软轭 轴轨轥 轗 转轡轴轴轩轣轥 轰转轡轮轥轳 輨輱輱輰輩輬
輨輲輰輰輩輬 輨輲輱輱輩輬 轡轮轤 轴轨轥 轃轲輭轲轩轣轨 轰轨轡轳轥 轳轨软轷轮 轩轮 轆轩轧輮 輶輮輴輮 µ 轩轳 轴轨轥 轭轥轡轮 轡轮轤 σ 轩轳 轴轨轥 轳轴轡轮轤轡轲轤
轤轥轶轩轡轴轩软轮 软车 轴轨轥 轇轡轵轳轳轩轡轮 輜轴輮

轳轡轭轰转轥 輨輱輱輰輩 輨輲輰輰輩 輨輲輱輱輩 轃轲輭轲轩轣轨
轗 轛輸輱轝 µ 轛◦轝 輴輰輮輲輷 輵輸輮輲輸 輷輳輮輲輰 輭
轰软轷轤轥轲 µ 轛◦轝 輴輱輮輱輵 輵輹輮輶輵 輷輵輮輰輷 輭

σ 轛◦轝 輰輮輴輴 輰輮輵輷 輰輮輷輱
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Chapter 7

Influence of production parameters on
the oxidation of bulk samples

7.1 Influence of the sintering parameters on oxidation
The fact, that the production of bulk alloys has multiple free parameters is already
introduced in chapter 6. In this section the influence of the sintering parameters on the
oxidation resistance is studied. A recommendation for the optimum sintering parameters
is given at the end of the section. The pressure on the sample during sintering is fixed at
50MPa for all experiments. A lower pressure is expected to yield less efficient compacting.
A significantly higher pressure is not possible with the employed equipment - sintering
at 70MPa was attempted, but the graphite die broke during the process. The remaining
parameters are the heating rate h, the maximum sintering temperature Tmax, and the
holding time thold at Tmax. In the following these parameters are given in a tuple (h, Tmax,
thold). Fig. 7.1 shows an overview of the investigated sintering parameters. Microstructure,
density, and oxidation resistance of the W-11.4Cr-0.6Y alloys are compared.

The grain size of the samples is measured by graphical analysis based on the
planimetric procedure [87]: a rectangular area containing more than 30, usually around 50
grains is selected on a SEM image. The size A of that area is measured and the number N
of grains in the area is counted. Further, the number of pixels P falling onto the Y-Cr-O
nano-particles (see section 9 for analysis of the nano-particles) are counted in the selected
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Figure 7.1: Overview of the investigated sintering parameters: heating rate h, maximum
sintering temperature Tmax, and holding time thold.
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轰软轲轥轳 轡轲轥 轶轩轳轩轢转轥 轡轮轤 轴轨轥 轲轥转轡轴轩轶轥 轤轥轮轳轩轴轹 软车 轴轨轥 轳轡轭轰转轥 轲轥轡轣轨轥轳 软轮转轹 (91.8± 0.1) %輬
轡轳 轭轥轡轳轵轲轥轤 轵轳轩轮轧 轁轲轣轨轩轭轥轤轥轳 轰轲轩轮轣轩轰转轥輮 轁 轨轩轧轨轥轲 轳轩轮轴轥轲轩轮轧 轴轥轭轰轥轲轡轴轵轲轥 轹轩轥转轤轩轮轧
轨轩轧轨轥轲 轤轵轣轴轩转轩轴轹 软车 轴轨轥 轳轡轭轰转轥 轳轥轥轭轳 轴软 轢轥 轲轥轱轵轩轲轥轤 车软轲 车轵转转 轤轥轮轳轩輜轣轡轴轩软轮輮 轎轥轩轴轨轥轲
轴轨轥 轃轲輭轲轩轣轨 轰轨轡轳轥 轮软轲 轴轨轥 轰软软轲 轤轥轮轳轩轴轹 轡轲轥 轤轥轳轩轲轥轤 轰轲软轰轥轲轴轩轥轳輮 轔轨轵轳輬 轴轨轥 轳轡轭轰转轥 轩轳
轮软轴 轩轮轶轥轳轴轩轧轡轴轥轤 车轵轲轴轨轥轲輮

• 轁 轣轲软轳轳 轳轥轣轴轩软轮 软车 轴轨轥 轳轡轭轰转轥 轳轩轮轴轥轲轥轤 轡轴 輨200 K min−1輬 1740 K輬 0 min輩 轩轳 轳轨软轷轮 轩轮
轆轩轧輮 輷輮輲 轢輮 轉轮 轣轨轡轰轴轥轲 輶 轩轴 轩轳 轡转轲轥轡轤轹 轳轨软轷轮 轴轨轡轴 轴轨轥轳轥 轳轩轮轴轥轲轩轮轧 轰轡轲轡轭轥轴轥轲轳 轰轲软轶轩轤轥
轡 车轵转转轹 轤轥轮轳轥 轳轡轭轰转轥輮 轇轲轡轰轨轩轣轡转 轡轮轡转轹轳轩轳 软车 轴轨轥 轩轭轡轧轥 轹轩轥转轤轳 轡 轳轭轡转转 轧轲轡轩轮 轳轩轺轥 软车
(0.23± 0.03) µm輮 轔轨轥 轙輭轃轲輭轏 轮轡轮软輭轰轡轲轴轩轣转轥轳 轨轡轶轥 轡 轤轩轡轭轥轴轥轲 软车 轡轲软轵轮轤 23 nm輮
轁 轭轥轡轳轵轲轥轭轥轮轴 轢轡轳轥轤 软轮 轁轲轣轨轩轭轥轤轥轳 轰轲轩轮轣轩轰转轥 輨轳轥轥 轳轥轣轴轩软轮 輲輮輸輩 轹轩轥转轤轳 轡 轲轥转轡轴轩轶轥
轤轥轮轳轩轴轹 软车 99 %輮

• 轁 轣轲软轳轳 轳轥轣轴轩软轮 软车 轴轨轥 轳轡轭轰转轥 轳轩轮轴轥轲轥轤 轡轴 輨200 K min−1輬 1740 K輬 1 min輩 轩轳 轳轨软轷轮
轩轮 轆轩轧輮 輷輮輲 轣輮 轇轲轡轰轨轩轣轡转 轡轮轡转轹轳轩轳 软车 轴轨轥 轩轭轡轧轥 轹轩轥转轤轳 轡 轭轥轤轩轵轭 轧轲轡轩轮 轳轩轺轥 软车
(0.33± 0.03) µm輮 轔轨轥 轙輭轃轲輭轏 轮轡轮软輭轰轡轲轴轩轣转轥轳 轡轴 轴轨轥 轧轲轡轩轮 轢软轵轮轤轡轲轩轥轳 轨轡轶轥 轡
轤轩轡轭轥轴轥轲 软车 轡轲软轵轮轤 26 nm輮 轔轨轵轳輬 轡 轨软转轤轩轮轧 轴轩轭轥 软车 1 min 轣轡轵轳轥轳 轳转软轷 轧轲轡轩轮 轧轲软轷轴轨
轢轵轴 轮软 软轴轨轥轲 轳轩轧轮轩輜轣轡轮轴 轣轨轡轮轧轥轳 轴软 轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥輮 轁 轭轥轡轳轵轲轥轭轥轮轴 轢轡轳轥轤 软轮
轁轲轣轨轩轭轥轤轥轳 轰轲轩轮轣轩轰转轥 轹轩轥转轤轳 轡 轲轥转轡轴轩轶轥 轤轥轮轳轩轴轹 软车 99 %輬 轮软 车轵轲轴轨轥轲 轣软轭轰轡轣轴轩轮轧 轩轳
轡轣轨轩轥轶轥轤 轤轵轲轩轮轧 轴轨轥 轡轤轤轩轴轩软轮轡转 轨软转轤轩轮轧 轴轩轭轥 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轳轡轭轰转轥 轷轩轴轨 轴轨轥
轳轩轮轴轥轲轩轮轧 轰轡轲轡轭轥轴轥轲轳 輨200 K min−1輬 1740 K輬 0 min輩輮

• 轁 轣轲软轳轳 轳轥轣轴轩软轮 软车 轴轨轥 轳轡轭轰转轥 轳轩轮轴轥轲轥轤 轡轴 輨300 K min−1輬 1740 K輬 0 min輩 轩轳 轳轨软轷轮
轩轮 轆轩轧輮 輷輮輲 轤輮 轇轲轡轰轨轩轣轡转 轡轮轡转轹轳轩轳 软车 轴轨轥 轩轭轡轧轥 轹轩轥转轤轳 轡 轭轥轤轩轵轭 轧轲轡轩轮 轳轩轺轥 软车
(0.28± 0.03) µm輮 轙輭轃轲輭轏 轮轡轮软輭轰轡轲轴轩轣转轥轳 轷轩轴轨 轡 轤轩轡轭轥轴轥轲 软车 轡轲软轵轮轤 34 nm 轡轲轥 车软轵轮轤
轡轴 轴轨轥 轧轲轡轩轮 轢软轵轮轤轡轲轩轥轳輮 轁 轭轥轡轳轵轲轥轭轥轮轴 轢轡轳轥轤 软轮 轁轲轣轨轩轭轥轤轥轳 轰轲轩轮轣轩轰转轥 轹轩轥转轤轳 轡
轲轥转轡轴轩轶轥 轤轥轮轳轩轴轹 软车 99 %輮 轏轰轥轲轡轴轩软轮 轡轴 300 K 轩轳 轴轨轥 轵轰轰轥轲 转轩轭轩轴 软车 轴轨轥 轭轡轣轨轩轮轥輬 轴轨轥轲轥
轩轳 轮软 轳轩轧轮轩輜轣轡轮轴 轩轭轰轡轣轴 软轮 轴轨轥 轧轲轡轩轮 轳轩轺轥輮 轗轩轴轨轩轮 轴轨轥 轥轲轲软轲 轢轡轲轳 轴轨轥 轧轲轡轩轮 轳轩轺轥 轩轳
轥轱轵轡转 软轲 轳转轩轧轨轴转轹 转轡轲轧轥轲 轡轳 轣软轭轰轡轲轥轤 轴软 轡 轨轥轡轴轩轮轧 轲轡轴轥 软车 200 K min−1輮 轓轵轣轨 轡 轨轩轧轨
轨轥轡轴轩轮轧 轲轡轴轥 轣轡轮 轣轡轵轳轥 转软轣轡转 轴轥轭轰轥轲轡轴轵轲轥 轶轡轲轩轡轴轩软轮轳 轡轮轤 轴轨轵轳 转软轣轡转转轹 轥轮轨轡轮轣轥轤 轧轲轡轩轮

輶輳



轧轲软轷轴轨輮 轉轮 轴轨轥 轡轢轳轥轮轣轥 软车 轢轥轮轥輜轴轳輬 轴轨轥 轨轩轧轨 轨轥轡轴轩轮轧 轲轡轴轥 软车 300 K min−1 轩轳 轤轩轳轣轡轲轤轥轤
车软轲 轳轡轭轰转轥 轰轲软轤轵轣轴轩软轮 轩轮 车轡轶软轲 软车 轡 轨轩轧轨轥轲 轳轴轡轢轩转轩轴轹 软车 轴轨轥 轰轲软轣轥轳轳輮

• 轁 轣轲软轳轳 轳轥轣轴轩软轮 软车 轴轨轥 轳轡轭轰转轥 轳轩轮轴轥轲轥轤 轡轴 輨100 K min−1輬 1740 K輬 1 min輩 轩轳 轳轨软轷轮 轩轮
轆轩轧輮 輷輮輲 轥輮 轇轲轡轰轨轩轣轡转 轡轮轡转轹轳轩轳 软车 轴轨轥 车轵转转 轣轲软轳轳 轳轥轣轴轩软轮 轹轩轥转轤轳 轡 转轡轲轧轥 轧轲轡轩轮 轳轩轺轥 软车
(1.0± 0.1) µm輮 轙輭轣软轮轴轡轩轮轧 轰轡轲轴轩轣转轥轳 轷轩轴轨 轡 轤轩轡轭轥轴轥轲 软车 轡轲软轵轮轤 0.1 µm 轡轲轥 车软轵轮轤輮 轉轮
轣轨轡轰轴轥轲 輶 轩轴 轩轳 轳轨软轷轮 轴轨轡轴 轴轨轥 轧轲轡轩轮 轳轴轲轵轣轴轵轲轥 车软轲轭轳 轤轵轲轩轮轧 轳轩轮轴轥轲轩轮轧 轢轥轴轷轥轥轮 1450 K
轡轮轤 1614 K輮 轒轥轤轵轣轩轮轧 轴轨轥 轨轥轡轴轩轮轧 轲轡轴轥 车轲软轭 200 K min−1 轴软 100 K min−1 轤软轵轢转轥轳
轴轨轥 轴轩轭轥 轩轮 轴轨轩轳 轴轥轭轰轥轲轡轴轵轲轥 轲轥轧轩软轮輮 轌软轮轧轥轲 轴轩轭轥 轡转转软轷轳 轭软轲轥 轴轩轭轥 车软轲 软轲轤轥轲轩轮轧 轴软
车软轲轭 转轡轲轧轥轲 轧轲轡轩轮轳輮 轁 轭轥轡轳轵轲轥轭轥轮轴 轢轡轳轥轤 软轮 轁轲轣轨轩轭轥轤轥轳 轰轲轩轮轣轩轰转轥 轹轩轥转轤轳 轡 轲轥转轡轴轩轶轥
轤轥轮轳轩轴轹 软车 99 %輮

• 轁 轣轲软轳轳 轳轥轣轴轩软轮 软车 轴轨轥 轳轡轭轰转轥 轳轩轮轴轥轲轥轤 轡轴 輨200 K min−1輬 1823 K輬 1 min輩 轩轳 轳轨软轷轮 轩轮
轆轩轧輮 輷輮輲 车輮 轔轨轥 轨软轲轩轺软轮轴轡转 转轩轮轥轳 轡轲轥 轭轡轲轫轩轮轧轳 轭轡轤轥 轵轳轩轮轧 轴轨轥 轆轉轂 轷轨轩轣轨 轡轲轥 轲轥轱轵轩轲轥轤
车软轲 轡 轤轩輛轥轲轥轮轴 轥轸轰轥轲轩轭轥轮轴輮 轇轲轡轰轨轩轣轡转 轡轮轡转轹轳轩轳 软车 轴轨轥 车轵转转 轣轲软轳轳 轳轥轣轴轩软轮 轹轩轥转轤轳 轡 转轡轲轧轥
轧轲轡轩轮 轳轩轺轥 软车 (1.0± 0.1) µm輮 轙輭轣软轮轴轡轩轮轩轮轧 轰轡轲轴轩轣转轥轳 轷轩轴轨 轡 轤轩轡轭轥轴轥轲 软车 轡轲软轵轮轤 0.1 µm
轡轲轥 车软轵轮轤 轡轴 轴轨轥 轧轲轡轩轮 轢软轵轮轤轡轲轩轥轳輮 轁 轭轥轡轳轵轲轥轭轥轮轴 轢轡轳轥轤 软轮 轁轲轣轨轩轭轥轤轥轳 轰轲轩轮轣轩轰转轥
轹轩轥转轤轳 轡 轲轥转轡轴轩轶轥 轤轥轮轳轩轴轹 软车 99 %輮 轇轲轡轩轮 车软轲轭轡轴轩软轮 轡轮轤 轣软轭轰轡轣轴轩轮轧 轩轳 轣软轭轰转轥轴轥轤 轡轴
轴轨轥 轳轩轮轴轥轲轩轮轧 轴轥轭轰轥轲轡轴轵轲轥 软车 1740 K輬 轡轳 轤轩轳轣轵轳轳轥轤 轡轢软轶轥輮 轁车轴轥轲 轴轨轡轴 轰软轩轮轴 软轮转轹 轧轲轡轩轮
轧轲软轷轴轨 轡轣轣轥转轥轲轡轴轥轤 轢轹 轡轮 轩轮轣轲轥轡轳轥轤 轳轩轮轴轥轲轩轮轧 轴轥轭轰轥轲轡轴轵轲轥 软轣轣轵轲轳輮 轔轨轵轳輬 轴轨轥 轧轲轡轩轮轳
轡轲轥 转轡轲轧轥轲 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轳轡轭轰转轥 轷轩轴轨 轴轨轥 轳轩轮轴轥轲轩轮轧 轰轡轲轡轭轥轴轥轲轳 輨200 K min−1輬
1740 K輬 1 min輩輮

轂轡轳轥轤 软轮 轴轨轥 轡轮轡转轹轳轩轳 软车 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮轳輬 轴轨轥 软轸轩轤轡轴轩软轮 轢轥轨轡轶轩软轲 软车 轴轨轥 轳轡轭轰转轥轳
轷轩轴轨 轴轨轥 车软转转软轷轩轮轧 轳轩轮轴轥轲轩轮轧 轰轡轲轡轭轥轴轥轲轳 轩轳 轩轮轶轥轳轴轩轧轡轴轥轤輺 輨200 K min−1輬 1740 K輬 0 min輩輬
輨200 K min−1輬 1740 K輬 1 min輩輬 輨100 K min−1輬 1740 K輬 1 min輩輬 轡轮轤 輨200 K min−1輬 1823 K輬
1 min輩輮

轔轨轥 软轸轩轤轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轡车轴轥轲 软轸轩轤轡轴轩软轮 车软轲 44 h 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K 轩轮 20 kPa
轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輷輮輳 轡轮轤 輷輮輴輮 轔轨轥 轳轡轭轰转轥 轷轩轴轨 转轡轲轧轥 轧轲轡轩轮轳
輨100 K min−1輬 1740 K輬 1 min輩 轩轳 轳轨软轷轮 轡车轴轥轲 软轸轩轤轡轴轩软轮 轩轮 轆轩轧輮 輷輮輳輺 轴轨轥轲轥 轩轳 轡 0.5 µm 轴轨轩轣轫
转轡轹轥轲 软车 轗輭轙輭轏 软轮 轴轨轥 轳轵轲车轡轣轥輮 轂轥转软轷 轴轨轥轲轥 轩轳 轡 0.3 µm 轴轨轩轣轫 转轡轹轥轲 软车 轃轲2轏3輮 轄轥轥轰轥轲
轩轮轳轩轤轥輬 轴轨轥轲轥 轩轳 轡 ∼ 7 µm 轴轨轩轣轫 转轡轹轥轲 软车 轰软轲软轵轳 轗輭轃轲輭轏輮

轔轨轥 轳轡轭轰转轥 轷轩轴轨 轳轭轡转转 轧轲轡轩轮轳 輨200 K min−1輬 1740 K輬 0 min輩 轩轳 轳轨软轷轮 轡车轴轥轲 软轸轩轤轡轴轩软轮
轩轮 轆轩轧輮 輷輮輴輺 轴轨轥轲轥 轩轳 轡 轣转软轳轥轤輬 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 转轡轹轥轲 轷轩轴轨 轡 轴轨轩轣轫轮轥轳轳 软车 (1.3± 0.3) µm
软轮 轴轨轥 轳轵轲车轡轣轥輮 轔轨轥 轶轡轲轩轡轴轩软轮 轩轮 轴轨轩轣轫轮轥轳轳 软车 轴轨轥 软轸轩轤轥 转轡轹轥轲 轣软轲轲轥轳轰软轮轤轳 轴软 轴轨轥 轳轵轲车轡轣轥
轲软轵轧轨轮轥轳轳 Ra 软车 0.3 µm 轭轥轡轳轵轲轥轤 轵轳轩轮轧 轴轨轥 轄轥轫轴轡轫 轰轲软輜转轥轲輮 轆轵轲轴轨轥轲輬 轴轨轥轲轥 轩轳 轩轮轴轥轲轮轡转
软轸轩轤轡轴轩软轮輬 轢轵轴 轮软 软轴轨轥轲 软轸轩轤轥 转轡轹轥轲轳 轡轲轥 轤轥轴轥轣轴轥轤輮 轏轮 轴轨轥 轳轵轲车轡轣轥 轴轨轥轲轥 轡轲轥 轡 车轥轷 轢轲轩轧轨轴轥轲
轳轰软轴轳 轶轩轳轩轢转轥輮 轔轨轥轳轥 轡轲轥 软轸轩轤轥轳 轣软轮轴轡轩轮轩轮轧 轗輭輱輷轙輭輱輸轏 轡轮轤 轰软轴轥轮轴轩轡转转轹 轡转轳软 轡 车轥轷 wt.% 软车
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Figure 7.3: Cross section of the W-11.4Cr-0.6Y alloy (100Kmin−1, 1740K, 1min) after
oxidation for 44 h at a temperature of 1273K in 20 kPa O2 and 80 kPa Ar atmosphere.

Figure 7.4: Cross section of the W-11.4Cr-0.6Y alloy (200Kmin−1, 1740K, 0min) after
oxidation for 44 h at a temperature of 1273K in 20 kPa O2 and 80 kPa Ar atmosphere. A
surface image is shown in the inset.

thin film sample discussed in chapter 5 and included as reference in Fig. 7.5. The main
reason for the lower mass gain is the absence of the oxidation stage I discussed in section
5.2. This supports the hypothesis that oxidation stage I is a characteristic property of
magnetron deposited thin films, see section 5.2.3.

The results in this section show that small grains increase the oxidation resistance.
A W-11.4Cr-0.6Y alloy with a grain size of around 0.2 μm forms a protective Cr2O3

layer which is maintained for at least 44 h at 1273K. As estimated in section 9.1.2 and
reported in literature, Cr diffuses mainly along the grain boundaries where the vacancy
concentration is highest [34]. The number of grain boundaries per unit area decreases
with increasing grain size, a quantitative estimation of this situation is provided in the
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7.2 Influence of the surface roughness on oxidation
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轩轳 轴软 软轸轩轤轩轺轥 轡 转轡轲轧轥轲 轳轡轭轰转轥 轲轥轤轵轣轩轮轧 轴轨轥 车轲轡轣轴轩软轮 软车 轴轨轥 轳轵轲车轡轣轥 轩轮 轴轨轥 轶轩轣轩轮轩轴轹 软车 轴轨轥 轥轤轧轥
轴软 轴轨轥 轲轥轭轡轩轮轩轮轧 轳轵轲车轡轣轥輮 轔轨轥 轳轴轡轮轤轡轲轤輬 轣轵轢轩轣 轳轡轭轰转轥 轨轡轳 轡 轳轩轤轥 转轥轮轧轴轨 软车 ∼ 4 mm輮

轔轡轢转轥 輷輮輱輺 轒轥轳轵转轴轳 软车 轴轨轥 软轸轩轤轡轴轩软轮 轥轸轰轥轲轩轭轥轮轴轳 软车 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹轳 轡轴 1273 K 轩轮
20 kPa 轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥 车软轲 轤轩輛轥轲轥轮轴 轳轵轲车轡轣轥 輜轮轩轳轨 软车 轴轨轥 轳轡轭轰转轥轳輮

轳轡轭轰转轥 轲软轵轧轨轮轥轳轳 轛µm轝 轳轨轡轰轥 轢轥车软轲轥
软轸轩轤轡轴轩软轮

软轸轩轤轡轴轩软轮 轲轡轴轥
轛mg cm−2 s−1轝

轡车轴轥轲
软轸轩轤轡轴轩软轮

輱輮 轲软轵轧轨 0.6± 0.1 轣轵轢轩轣

2 mm

1.8× 10−5

2 mm

輲輮
轳轴轡轮轤轡轲轤 0.04± 0.01 轣轵轢轩轣

2 mm

3.0× 10−6

2 mm

輳輮 轲软轵轮轤 輕 轲软轵轮轤

2 mm

1.2× 10−5

2 mm
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7.3 Influence of the Y content on oxidation
轔轨轥 轥转轥轭轥轮轴轡转 软轰轴轩轭轩轺轡轴轩软轮 软车 轳轭轡轲轴 轡转转软轹轳 轹轩轥转轤轩轮轧 轴软 轴轨轥 轣软轭轰软轳轩轴轩软轮 轗輭輱輱輮輴轃轲輭輰輮輶轙
轷轡轳 轢轡轳轥轤 软轮 轴轨轩轮 輜转轭轳 轛輳輰轝輮 轔轨轩轳 轳轥轣轴轩软轮 轡轤轤轲轥轳轳轥轳 轴轨轥 轱轵轥轳轴轩软轮 轷轨轥轴轨轥轲 轳轭轡转转 轣轨轡轮轧轥轳
轩轮 轴轨轥 轙 轣软轮轴轥轮轴 轨轡轶轥 轢轥轮轥輜轣轩轡转 轥輛轥轣轴轳 软轮 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 软车 轢轵转轫 轭轡轴轥轲轩轡转轳輮 轆软轲
轴轨轡轴 轰轵轲轰软轳轥 轳轡轭轰转轥轳 轡轲轥 轳轩轮轴轥轲轥轤 轷轩轴轨 轴轨轥 软轰轴轩轭轩轺轥轤 轳轩轮轴轥轲轩轮轧 轰轡轲轡轭轥轴轥轲轳 輨200 K min−1輬
1740 K輬 0 min輩輬 轡轳 轤轩轳轣轵轳轳轥轤 轩轮 轳轥轣轴轩软轮 輷輮輱輬 车软转转软轷轥轤 轢轹 轧轲轩轮轤轩轮轧 轴软 轡 轳轴轡轮轤轡轲轤輬 轣轵轢轩轣
轳轡轭轰转轥輬 轡轳 轤轥轳轣轲轩轢轥轤 轩轮 轳轥轣轴轩软轮 輷輮輲輮 轔轨轥 轥转轥轭轥轮轴轡转 轣软轭轰软轳轩轴轩软轮 轩轳 轗輭輱輱輮輴轃轲輭x轙 轷轨轥轲轥
轴轨轥 轙 轣软轮轴轥轮轴 x 轩轳 轶轡轲轩轥轤輮 轆软轵轲 轣软轭轰软轳轩轴轩软轮轳 轣软轮轴轡轩轮轩轮轧 x = (0.3, 0.6, 1.0, 1.5) wt.% Y
轡轲轥 软轸轩轤轩轺轥轤 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K 轩轮 20 kPa 轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥 车软轲 44 h輮
轔轨轥 轲轥轳轵转轴轳 轡轲轥 轳轨软轷轮 轩轮 轆轩轧輮 輷輮輷 轡轮轤 輷輮輸輮

轆轩轧輮 輷輮輷 轳轨软轷轳 轴轨轥 轭轡轳轳 轣轨轡轮轧轥 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K
轩轮 20 kPa 轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥輮 轔轨轥 转软轷轥轳轴 轭轡轳轳 轧轡轩轮輬 轩輮轥輮 轴轨轥 轢轥轳轴 软轸轩轤轡轴轩软轮
轲轥轳轩轳轴轡轮轣轥 轩轳 轡轣轨轩轥轶轥轤 轢轹 轴轨轥 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹轳輬 轷轨轩轣轨 轩轳 轴轨轥 轥转轥轭轥轮轴轡转 轣软轭轰软轳轩轴轩软轮
轡转轲轥轡轤轹 轲轥轣软轭轭轥轮轤轥轤 轩轮 轴轨轥 轳轴轵轤轩轥轳 轢轡轳轥轤 软轮 轴轨轩轮 輜转轭轳 轛輳輰轝輮 轔轨轥 轭轥轡轳轵轲轥轭轥轮轴 轩轳 轲轥轰轥轡轴轥轤
轴轨轲轥轥 轴轩轭轥轳 轵轳轩轮轧 轳轡轭轰转轥轳 轷轨轩轣轨 车软转转软轷轥轤 轴轨轥 轳轡轭轥 轰轲软轤轵轣轴轩软轮 轲软轵轴轥輮 轔轨轥 轲轥轳轵转轴轳 轣软轮輜轲轭
轴轨轡轴 轡轮 轡转转软轹 轷轩轴轨 轴轨轩轳 轣软轭轰软轳轩轴轩软轮 轨轡轳 轴轨轥 轢轥轳轴 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥輮 轁轮 轡轶轥轲轡轧轥 转轩轮轥轡轲
软轸轩轤轡轴轩软轮 轲轡轴轥 软车 4× 10−6 mg cm−2 s−1 轩轳 轭轥轡轳轵轲轥轤輮

轁转转 软轴轨轥轲 轡转转软轹轳 轳轨软轷 轢轲轥轡轫轡轷轡轹 软轸轩轤轡轴轩软轮輮 轁轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹輬
轴轨轥 轡轶轥轲轡轧轥 转轩轮轥轡轲 软轸轩轤轡轴轩软轮 轲轡轴轥 轩轮轣轲轥轡轳轥轤 轢轹 轡 车轡轣轴软轲 软车 13輬 6輬 轡轮轤 8 车软轲 0.3 wt.% Y輬
1.0 wt.% Y輬 轡轮轤 1.5 wt.% Y輬 轲轥轳轰轥轣轴轩轶轥转轹輮 轔轨轥 转轩轮轥轡轲 软轸轩轤轡轴轩软轮 轲轡轴轥 软车 轰轵轲轥 轗 轩轳 轩轮轣轲轥轡轳轥轤
轢轹 轡 车轡轣轴软轲 软车 1600輬 轡轳 轣软轭轰轡轲轥轤 轴软 轗輭輱輱輮輴轃轲輭輰輮輶轙輮 轉轴 轩轳 轩轭轰软轲轴轡轮轴 轴软 轲轥轭轡轲轫 轴轨轡轴
轴轨轥轳轥 车轡轣轴软轲轳 轡轲轥 轢轡轳轥轤 软轮 转轩轮轥轡轲 软轸轩轤轡轴轩软轮 轲轡轴轥轳輬 轩轮 转轩轴轥轲轡轴轵轲轥 软车轴轥轮 轰轡轲轡轢软转轩轣 软轸轩轤轡轴轩软轮
轲轡轴轥轳 轡轲轥 轡轰轰轲软轸轩轭轡轴轥轤 轹轩轥转轤轩轮轧 轴软 轤轩輛轥轲轥轮轴 车轡轣轴软轲轳 软车 软轸轩轤轡轴轩软轮 轲轥轤轵轣轴轩软轮輮 轈软轷轥轶轥轲輬 轴轨轥
轭轥轡轳轵轲轥轭轥轮轴轳 轳轨软轷轮 轩轮 轆轩轧輮 輷輮輷 轤软 轮软轴 轡转转软轷 轡 轰轡轲轡轢软转轩轣 轡轰轰轲软轸轩轭轡轴轩软轮輮 轔轨轥 轲轥轡轳软轮轳
轷轨轹 轴轨轥 轴软轴轡转 轭轡轳轳 轧轡轩轮 车软转转软轷轳 轡 转轩轮轥轡轲 轲轡轴轥 转轡轷輬 轮软轴 轡 轰轡轲轡轢软转轩轣 轲轡轴轥 转轡轷輬 轡轲轥 轤轩轳轣轵轳轳轥轤
轩轮 轴轨轥 车软转转软轷轩轮轧 轣轨轡轰轴轥轲 輸輮輱輮
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轆轩轧轵轲轥 輷輮輷輺 轍轡轳轳 轣轨轡轮轧轥 软车 轗輭輱輱輮輴轃轲輭x轙 轡转转软轹轳 轡轮轤 轰轵轲轥 轗 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轡轴 轡
轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K 轩轮 20 kPa 轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥輮 轔轨轥 轹轴轴轲轩轵轭 轣软轮轴轥轮轴 x
轩轳 轧轩轶轥轮 轩轮 轴轨轥 转轡轢轥转轳輮

輷輱



轆轩轧輮 輷輮輸 轳轨软轷轳 轘輭轲轡轹 轤轩輛轲轡轣轴软轧轲轡轭轳 轡车轴轥轲 软轸轩轤轡轴轩软轮 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K 轩轮
20 kPa 轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥 车软轲 44 h輮 轔轨轥 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轩轳 轴轨轥 软轮转轹 软轮轥
轷轨轥轲轥 轴轨轥 轭轥轴轡转转轩轣 轗 轡转转软轹 轰轥轡轫轳 轲轥轭轡轩轮 轶轩轳轩轢转轥輮 轔轨轵轳輬 轩轴 轨轡轳 轴轨轥 轴轨轩轮轮轥轳轴 软轸轩轤轥 转轡轹轥轲
轡轳 轥轸轰轥轣轴轥轤 轤轵轥 轴软 轴轨轥 转软轷轥轳轴 轭轡轳轳 轧轡轩轮 轳轨软轷轮 轩轮 轆轩轧輮 輷輮輷輮 轆轵轲轴轨轥轲輬 轴轨轥 轘轒轄 轩轮 轆轩轧輮
輷輮輸 轳轨软轷轳 轴轨轡轴 轴轨轥 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轩轳 轴轨轥 软轮转轹 轣软轭轰软轳轩轴轩软轮 轷轨轥轲轥 轣转轥轡轲 轃轲2轏3 轰轥轡轫轳
轡轲轥 轤轥轴轥轣轴轥轤輬 轷轨轩转轥 轡转转 轰轥轡轫轳 轩轮轤轩轣轡轴轩轮轧 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥轳 轡轲轥 轭轩轳轳轩轮轧輮 轔轨轥 轳轡轭轰转轥 轨轡轳
轴轨轥 轤轥轳轩轲轥轤 轰轲软轰轥轲轴轩轥轳輺 轡 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 转轡轹轥轲 轳轵轰轰轲轥轳轳轥轳 轴轨轥 车软轲轭轡轴轩软轮 软车 轗輭轣软轮轴轡轩轮轩轮轧
软轸轩轤轥轳輬 轡轳 轳轨软轷轮 轩轮 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轩轮 轆轩轧輮 輷輮輴輮

轁转转 软轴轨轥轲 轣软轭轰软轳轩轴轩软轮轳 轳轨软轷轮 轩轮 轆轩轧輮 輷輮輸 轨轡轶轥 轰轥轡轫轳 轣软轲轲轥轳轰软轮轤轩轮轧 轴软 轗輭轣软轮轴轡轩轮轩轮轧
软轸轩轤轥轳輬 轭轡轩轮转轹 轰轲轥轳轥轮轴 轩轮 轴轨轥 车软轲轭 软车 轃轲2轗轏6輮 轔轨轥轳轥 软轸轩轤轥轳 软輛轥轲 转轥轳轳 轰轲软轴轥轣轴轩软轮 轡轮轤
轣轡轵轳轥 轴轨轥 轨轩轧轨轥轲 轭轡轳轳 轧轡轩轮 轳轨软轷轮 轩轮 轆轩轧輮 輷輮輷輮 轉轮 轣软轮轣转轵轳轩软轮輬 轴轨轥 輜轮轥 轡轤轪轵轳轴轭轥轮轴 轴软
轡轲软轵轮轤 0.6 wt.% Y 轩轳 轣轲轵轣轩轡转 车软轲 轴轨轥 车软轲轭轡轴轩软轮 软车 轡 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 转轡轹轥轲 轷轩轴轨 轡 轧软软轤
轤轩輛轵轳轩软轮 轢轡轲轲轩轥轲 车软轲 轩轮轣软轭轩轮轧 软轸轹轧轥轮 轡轮轤 轧软软轤 轡轤轨轥轳轩软轮 轴软 轴轨轥 轡转转软轹輮 轔轨轥 轭轥轣轨轡轮轩轳轭轳
轨软轷 轙 轩轭轰轲软轶轥轳 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轡轲轥 轡轤轤轲轥轳轳轥轤 轩轮 轳轥轣轴轩软轮 輹輮輲輮

Cr2WO6W Cr2O3 W8O21

0.6Y

1.0Y

1.5Y

0.3Y

轆轩轧轵轲轥 輷輮輸輺 轘轒轄 轭轥轡轳轵轲轥轭轥轮轴轳 软车 轗輭輱輱輮輴轃轲輭x轙 轡转转软轹轳 轡车轴轥轲 软轸轩轤轡轴轩软轮 轡轴 1273 K 轩轮
20 kPa 轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥 车软轲 44 h輮 轔轨轥 轹轴轴轲轩轵轭 轣软轮轴轥轮轴 x 轩轳 轧轩轶轥轮 轩轮 轴轨轥
转轡轢轥转轳輮 轐轥轡轫 轰软轳轩轴轩软轮轳 车软轲 轤轩輛轥轲轥轮轴 轣软轭轰软轵轮轤轳 轡轲轥 轭轡轲轫轥轤輮 轗輬 轃轲2轏3輬 轃轲2轗轏6 轡轮轤
轗8轏21 轡轲轥 轢轡轳轥轤 软轮 轛輸輱輬 輹輴輬 輹輵輬 輹輶轝輬 轲轥轳轰轥轣轴轩轶轥转轹輮
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7.4 Summary of the analyzed influences on oxidation
轔轨轥 轰轲轥轳轥轮轴轥轤 轳轴轵轤轩轥轳 软轮 轤轩輛轥轲轥轮轴 轰轡轲轡轭轥轴轥轲轳 轩轮輝轵轥轮轣轩轮轧 轴轨轥 软轸轩轤轡轴轩软轮 软车 轢轵转轫 轗輭轃轲輭轙
轡转转软轹轳 轹轩轥转轤轳 轡 轲轥轣软轭轭轥轮轤轡轴轩软轮 车软轲 轭轡轮轵车轡轣轴轵轲轩轮轧 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轴 轳轭轡轲轴 轡转转软轹轳輺

輱輮 轍轩轸 轰软轷轤轥轲 轷轩轴轨 轴轨轥 轥转轥轭轥轮轴轡转 轣软轭轰软轳轩轴轩软轮 轗輭輱輱輮輴轃轲輭輰輮輶轙輮 轓轥轥 轳轥轣轴轩软轮 輷輮輳 车软轲 轴轨轥
软轰轴轩轭轩轺轡轴轩软轮 软车 轴轨轥 轡轴软轭轩轣 轣软轭轰软轳轩轴轩软轮輮

輲輮 轍轥轣轨轡轮轩轣轡转转轹 轡转转软轹 轴轨轥 轰软轷轤轥轲 轵轳轩轮轧 轡 轰转轡轮轥轴轡轲轹 轢轡转转 轭轩转转 车软轲 60 h輮 轔轨轥 车轵转转
轰轡轲轡轭轥轴轥轲轳 轡轲轥 转轩轳轴轥轤 轩轮 轳轥轣轴轩软轮 輲輮輲輮 轄轥轴轡轩转轥轤 轲轥轳轥轡轲轣轨 软轮 轭轥轣轨轡轮轩轣轡转 轡转转软轹轩轮轧 软车
轗輭轃轲輭轙 轰软轷轤轥轲轳 轩轳 车软轵轮轤 轩轮 轛輵輳轝輮

輳輮 轓轩轮轴轥轲 轴轨轥 轡转转软轹轥轤 轰软轷轤轥轲 轵轳轩轮轧 轆轁轓轔輮 轕轳轥 轡 轨轥轡轴轩轮轧 轲轡轴轥 软车 200 K min−1 轴软 轴轨轥
轭轡轸轩轭轵轭 轳轩轮轴轥轲轩轮轧 轴轥轭轰轥轲轡轴轵轲轥 软车 1740 K輮 轔轨轥轲轥 轩轳 轮软 轨软转轤轩轮轧 轴轩轭轥 轡轴 轴轨轥 轨轩轧轨轥轳轴
轴轥轭轰轥轲轡轴轵轲轥 轡轮轤 轡 轰轲轥轳轳轵轲轥 软车 50 MPa 轩轳 轡轰轰转轩轥轤 轤轵轲轩轮轧 轴轨轥 轷轨软转轥 轰轲软轣轥轳轳輮 轓轥轥
轳轥轣轴轩软轮 輷輮輱 车软轲 轴轨轥 软轰轴轩轭轩轺轡轴轩软轮 软车 轴轨轥 轳轩轮轴轥轲轩轮轧 轰轲软轣轥轳轳輮

輴輮 轃轵轴 轴轨轥 轳轡轭轰转轥 轲轥轭软轶轩轮轧 轡轴 转轥轡轳轴 0.5 mm 车轲软轭 轴轨轥 轳轵轲车轡轣轥輮 轁车轴轥轲轷轡轲轤轳輬 轧轲轩轮轤 轴轨轥
轳轵轲车轡轣轥 轤软轷轮 轴软 轡 轳轵轲车轡轣轥 輜轮轩轳轨 软车 轐輱輲輰輰輭轧轲轡轤轥 轓轩轃 轡轢轲轡轳轩轶轥 轰轡轰轥轲 轲轥轳轵转轴轩轮轧 轩轮 轡
轳轵轲车轡轣轥 轲软轵轧轨轮轥轳轳 软车 轡轲软轵轮轤 0.04 µm輮 轔轨轥 轮轵轭轢轥轲 软车 轥轤轧轥轳 软车 轴轨轥 轳轡轭轰转轥 轳轨软轵转轤 轢轥
轭轩轮轩轭轩轺轥轤 车软轲 轡轮 软轰轴轩轭轵轭 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥輮 轓轥轥 轳轥轣轴轩软轮 輷輮輲 车软轲 轴轨轥 软轰轴轩轭轩轺轡轴轩软轮
软车 轴轨轥 轳轵轲车轡轣轥 轰轲轥轰轡轲轡轴轩软轮輮
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Chapter 8

Long-term studies in dry and humid air

8.1 Oxidation and sublimation in dry air
轔轨轥 轡转转软轹轳 轡轮轡转轹轺轥轤 轩轮 轴轨轩轳 轣轨轡轰轴轥轲 轡轲轥 轭轡轮轵车轡轣轴轵轲轥轤 轡轣轣软轲轤轩轮轧 轴软 轴轨轥 轲轥轣软轭轭轥轮轤轡轴轩软轮轳
轧轩轶轥轮 轩轮 轳轥轣轴轩软轮 輷輮 轆软轲 轴轨轥 輜轲轳轴 轴轩轭轥輬 轡轮 轥轸轰轥轲轩轭轥轮轴 轤轵轲轡轴轩软轮 软车 轴轨轲轥轥 轷轥轥轫 轩轳 轡轤轤轲轥轳轳轥轤輮
轓轵轣轨 轡 转软轮轧輭轴轥轲轭 轳轴轵轤轹 轡转转软轷轳 轴软 轳轴轵轤轹 轨软轷 轴轨轥 轰轲轥轳轥轮轣轥 软车 轡 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲
轣轨轡轮轧轥轳 轴轨轥 轩轮轴轥轲轡轣轴轩软轮 轰轲软轣轥轳轳轥轳 软车 轴轨轥 轤轩輛轥轲轥轮轴 轥转轥轭轥轮轴轳 轗輬 轃轲輬 轙輬 轡轮轤 轏輮 轉轮 轡轤轤轩轴轩软轮
轴软 轭轥轡轳轵轲轩轮轧 轴轨轥 软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳輬 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥轳 软车 轴轨轥 轡转转软轹 轤轵轲轩轮轧 软轸轩轤轡轴轩软轮
轡轲轥 轭轥轡轳轵轲轥轤輮 轍轥轡轳轵轲轥轭轥轮轴 软车 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轩轳 轣轲轵轣轩轡转 车软轲 轥轳轴轩轭轡轴轥轳 软车 轴轨轥 轲轡轤轩软轡轣轴轩轶轥
轨轡轺轡轲轤輮

轃轡转轩轢轲轡轴轩软轮 软车 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轭轥轡轳轵轲轥轭轥轮轴 轴轥轣轨轮轩轱轵轥

轓轵轢转轩轭轡轴轩软轮 轩轳 轭轥轡轳轵轲轥轤 轵轳轩轮轧 轴轨轥 轣轡轴轣轨轥轲輬 轡轳 轩转转轵轳轴轲轡轴轥轤 轩轮 轆轩轧輮 輲輮輴 轣輮 轃轡转轩轢轲轡轴轩软轮 车软轲 轴轨轥
轳轰轥轣轩輜轣 轥轸轰轥轲轩轭轥轮轴轡转 轣软轮轤轩轴轩软轮轳 轩轳 轣软轮轤轵轣轴轥轤 轩轮 软轲轤轥轲 轴软 轤轥轴轥轲轭轩轮轥 轴轨轥 轥輞轣轩轥轮轣轹 软车 轴轨轥
轣轡轴轣轨轥轲輮 轔轨轥 轳轰轥轣轩輜轣 轥轸轰轥轲轩轭轥轮轴轡转 轣软轮轤轩轴轩软轮轳 轡轲轥 轡 輝软轷 软车 10 ml min−1 软车 轳轹轮轴轨轥轴轩轣 轡轩轲
轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K輮 轓轹轮轴轨轥轴轩轣 轡轩轲 轣软轮轴轡轩轮轳 80 % 轎2 轡轮轤 20 % 轏2輮 轃轡转轩轢轲轡轴轩软轮
轩轳 轰轥轲车软轲轭轥轤 轢轹 轣软轮轤轵轣轴轩轮轧 轴轷软 轳轥轰轡轲轡轴轥 轥轸轰轥轲轩轭轥轮轴轳 轩轮 轴轨轥 轡车软轲轥轭轥轮轴轩软轮轥轤 轣软轮轤轩轴轩软轮轳輮
轔轨轥 轲轥轳轵转轴轳 轡轲轥 轳轨软轷轮 轩轮 轆轩轧輮 輸輮輱輮

• 轔轨轥 轭轡轳轳 轣轨轡轮轧轥 软车 轡 车轵转转轹 软轸轩轤轩轺轥轤 轗轏3 輜转轭 轩轳 轭轥轡轳轵轲轥轤輬 轡轳 轤轩轳轣轵轳轳轥轤 轩轮 轳轥轣轴轩软轮
輳輮輲輮 轔轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 轩轳 sW = 6.7× 10−6 mg cm−2 s−1輮

• 轁 轰轩轥轣轥 软车 轗 轩轳 轨轵轮轧 轩轮轴软 轴轨轥 轣轡轴轣轨轥轲輬 轴轨轥 轗 轭轵轳轴 轮软轴 轴软轵轣轨 轴轨轥 轣轡轴轣轨轥轲 轡轮轤 轩轳 轮软轴
轣软轮轮轥轣轴轥轤 轴软 轴轨轥 轢轡转轡轮轣轥輮 轔轨轥 轗 软轸轩轤轩轺轥轳 轡轮轤 轳轵轢转轩轭轡轴轥轳 轷轨轩转轥 轴轨轥 轭轡轳轳 轣轨轡轮轧轥 软车
轴轨轥 轣轡轴轣轨轥轲 轩轳 轭轥轡轳轵轲轥轤 轡轮轤 轮软轲轭轡转轩轺轥轤 轴软 轴轨轥 轡轲轥轡 软车 轴轨轥 轗 轳轡轭轰转轥輮 轁 车轲轡轣轴轩软轮 软车
轴轨轥 轭轡轴轥轲轩轡转 轳轵轢转轩轭轡轴轩轮轧 车轲软轭 轴轨轥 轳轡轭轰转轥 轤轥轰软轳轩轴轳 软轮轴软 轴轨轥 轣轡轴轣轨轥轲 輭 轴轨轥 轭轡轳轳 轧轡轩轮
软车 轴轨轥 轣轡轴轣轨轥轲 轩轳 rc = 3.5× 10−6 mg cm−2 s−1輮 轆软轲 轥轡轳轩轥轲 轣软轭轰轡轲轩轳软轮 轴软 轴轨轥 轭轡轳轳
转软轳轳 软车 轴轨轥 轴轨轩轮 輜转轭輬 轴轨轥 轭轡轳轳 轧轡轩轮 软车 轴轨轥 轣轡轴轣轨轥轲 轩轳 轭轵转轴轩轰转轩轥轤 轢轹 (−1) 轩轮 轆轩轧輮 輸輮輱輮

轔轨轥 轥輞轣轩轥轮轣轹 ηd 软车 轴轨轥 轣轡轴轣轨轥轲 轩轳 轧轩轶轥轮 轢轹 轴轨轥 车轲轡轣轴轩软轮

ηd =
rc
sW

= 52 % 輨輸輮輱輩
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轆轩轧轵轲轥 輸輮輱輺 轃轡转轩轢轲轡轴轩软轮 软车 轴轨轥 轣轡轴轣轨轥轲 车软轲 轳轵轢转轩轭轡轴轩软轮 轭轥轡轳轵轲轥轭轥轮轴轳 轡轴 1273 K 轩轮
轳轹轮轴轨轥轴轩轣 轡轩轲輮 轔轨轥 轭轡轳轳 转软轳轳 软车 轡 车轵转转轹 软轸轩轤轩轺轥轤 轴轨轩轮 輜转轭 轩轳 轰转软轴轴轥轤 轩轮 轢转轵轥輮 轆软轲 轴轨轥
轳轥轣软轮轤 轭轥轡轳轵轲轥轭轥轮轴輬 轰转软轴轴轥轤 轩轮 轲轥轤輬 轗 轩轳 轨轵轮轧 轩轮轴软 轴轨轥 轣轡轴轣轨轥轲 轡轮轤 轴轨轥 轭轡轳轳 轣轨轡轮轧轥 软车
轴轨轥 轣轡轴轣轨轥轲 轩轳 轭轥轡轳轵轲轥轤輮 轍轡轳轳 轧轡轩轮 软车 轴轨轥 轣轡轴轣轨轥轲 轩轳 轰转软轴轴轥轤 轮轥轧轡轴轩轶轥 轮软轲轭轡转轩轺轥轤 轴软 轴轨轥
轳轵轲车轡轣轥 轡轲轥轡 A 软车 轴轨轥 轗 轳轡轭轰转轥 轩轮轳轩轤轥 轴轨轥 轣轡轴轣轨轥轲輮

轏轸轩轤轡轴轩软轮 轡轮轤 轳轵轢转轩轭轡轴轩软轮 轫轩轮轥轴轩轣轳

轔轨轥 轥轸轰轥轲轩轭轥轮轴轳 轡轲轥 轰轥轲车软轲轭轥轤 轡轴 轴轨轥 轳轡轭轥 轣软轮轤轩轴轩软轮轳 轡轳 轴轨轥 轡车软轲轥轭轥轮轴轩软轮轥轤 轣轡转轩轢轲轡轴轩软轮輺
轤轲轹輬 轳轹轮轴轨轥轴轩轣 轡轩轲 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K輮 轔轷软 轳轭轡轲轴 轡转转软轹 轳轡轭轰转轥轳 轡轲轥 轣轵轴 车轲软轭 软轮轥
轳轩轮轴轥轲轩轮轧 轩轮轧软轴輺 软轮轥 轩轳 轵轳轥轤 轴软 轭轥轡轳轵轲轥 轴轨轥 软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳輬 软轮轥 轩轳 轵轳轥轤 轴软 轭轥轡轳轵轲轥
轴轨轥 轳轵轢转轩轭轡轴轩软轮 轫轩轮轥轴轩轣轳輮 轅轡轣轨 轥轸轰轥轲轩轭轥轮轴 转轡轳轴轳 轡转轭软轳轴 轴轨轲轥轥 轷轥轥轫轳輮 轔轨轥 轲轥轳轵转轴轳 轡轲轥
轳轨软轷轮 轩轮 轆轩轧輮 輸輮輲輮 轔轨轥 轵轰轰轥轲 轰轡轲轴 软车 轴轨轥 輜轧轵轲轥 轳轨软轷轳 轴轨轥 轴软轴轡转 轭轡轳轳 轣轨轡轮轧轥 软车 轴轨轥
轳轡轭轰转轥 轮软轲轭轡转轩轺轥轤 轴软 轴轨轥 轡轲轥轡 软车 轴轨轥 轳轡轭轰转轥輮 轔轨轥 轴软轴轡转 轭轡轳轳 轣轨轡轮轧轥 轩轳 轴轨轥 轳轵轭 软车 轴轨轥
轣软轮轴轲轩轢轵轴轩软轮轳 车轲软轭 轳轵轢转轩轭轡轴轩软轮 轡轮轤 软轸轩轤轡轴轩软轮輮 轔轨轥 轴软轴轡转 轭轡轳轳 轣轨轡轮轧轥 轩轳 轳轰转轩轴 轩轮轴软 轴轨轲轥轥
轰轨轡轳轥轳輺 轴轨轥 輜轲轳轴 轰轨轡轳轥 软车 180 h 轳轨软轷轳 轭轡轳轳 轧轡轩轮 轡轴 轡 轲轡轴轥 软车 ∼ 6× 10−6 mg cm−2 s−1輮 轔轨轥
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轆轩轧轵轲轥 輸輮輲輺 轍轡轳轳 轣轨轡轮轧轥 软车 轡 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轡轮轤 轰轵轲轥 轗 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轡轴
1273 K 轩轮 轳轹轮轴轨轥轴轩轣 轡轩轲輮 轔轨轥 轵轰轰轥轲 轰轡轲轴 轳轨软轷轳 轴轨轥 轴软轴轡转 轭轡轳轳 轣轨轡轮轧轥 软车 轴轨轥 轳轡轭轰转轥輮 轔轨轥
转软轷轥轲 轰轡轲轴 轳轨软轷轳 轴轨轥 轣软轮轴轲轩轢轵轴轩软轮 软车 轳轵轢转轩轭轡轴轩软轮 輭 轴轨轥 轤轥轰软轳轩轴轩软轮 软轮轴软 轴轨轥 轣轡轴轣轨轥轲 轡轮轤
轴轨轥 轣轡转轣轵转轡轴轥轤輬 轴软轴轡转 轳轵轢转轩轭轡轴轩软轮輮 轐轨轡轳轥轳 輱輭輳 轡轲轥 转轡轢轥转轥轤輮
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轳轥轣软轮轤 轰轨轡轳轥 轳轨软轷轳 车轡轳轴轥轲 轭轡轳轳 轧轡轩轮 轡轴 轡 轲轡轴轥 软车 ∼ 2.3× 10−5 mg cm−2 s−1 车软轲 100 h輮 轉轮
轴轨轥 轴轨轩轲轤 轰轨轡轳轥 轴轨轥 轭轡轳轳 轧轡轩轮 轲轥轤轵轣轥轳 轢轡轣轫 轴软 ∼ 1.0× 10−5 mg cm−2 s−1輮 轉轮 轣软轭轰轡轲轩轳软轮輬
轰轵轲轥 轗 轳轨软轷轳 轡 轭轵轣轨 轨轩轧轨轥轲 轴软轴轡转 轭轡轳轳 轧轡轩轮 软车 ∼ 6× 10−3 mg cm−2 s−1輮

轔轨轥 轣软轮轴轲轩轢轵轴轩软轮 车轲软轭 轳轵轢转轩轭轡轴轩软轮 轴软 轴轨轥 轴软轴轡转 轭轡轳轳 轣轨轡轮轧轥 轩轳 轳轨软轷轮 轩轮 轴轨轥 转软轷轥轲
轰轡轲轴 软车 轆轩轧輮 輸輮輲輮 轔轨轥 轳软转轩轤 转轩轮轥 轩轳 轴轨轥 轭轥轡轳轵轲轥轤 轤轥轰软轳轩轴轩软轮 软车 轭轡轴轥轲轩轡转 软轮轴软 轴轨轥
轣轡轴轣轨轥轲輮 轔轨轥 轳轵轢转轩轭轡轴轩软轮 轩轳 轳轵轰轰轲轥轳轳轥轤 车软轲 轡轢软轵轴 50 h輮 轁车轴轥轲輬 轡 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥
sSA = 2× 10−6 mg cm−2 s−1 软车 轴轨轥 轳轭轡轲轴 轡转转软轹 轩轳 轣轡转轣轵转轡轴轥轤 车轲软轭 轴轨轥 轤轡轴轡 轡轮轤 轴轨轥
轥輞轣轩轥轮轣轹 η輮 轔轨轥 轤轡轳轨轥轤 转轩轮轥 sW 轩轮轤轩轣轡轴轥轳 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 软车 轰轵轲轥 轗 轥轸轴轲轡轰软转轡轴轥轤
车轲软轭 轆轩轧輮 輸輮輱輮 轎轥轸轴輬 轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 软车 轴轨轥 轡转转软轹 轡车轴轥轲 软轸轩轤轡轴轩软轮 轩轳 轳轨软轷轮輮 轁车轴轥轲轷轡轲轤轳輬
轴轨轥 轫轮软轷转轥轤轧轥 软轮 轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轩轳 轵轳轥轤 轴软 轰轲轥轳轥轮轴 轡 轤轥轥轰轥轲 轵轮轤轥轲轳轴轡轮轤轩轮轧 软车 轴轨轥
软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳輮

轍轡轴轥轲轩轡转 轡轮轡转轹轳轩轳 轡车轴轥轲 软轸轩轤轡轴轩软轮

轐轨软轴软轧轲轡轰轨轳 软车 轴轨轥 轡转转软轹轳 轩轮 轤轩輛轥轲轥轮轴 轳轴轡轧轥轳 软车 轴轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳 轡轲轥 轳轨软轷轮 轩轮 轆轩轧輮 輸輮輳輮
轆轩轧輮 輸輮輳 轡 轳轨软轷轳 轡 轳轴轡轮轤轡轲轤輬 轣轵轢轩轣 轳轡轭轰转轥 轢轥车软轲轥 软轸轩轤轡轴轩软轮輮 轔轨轥 轰轨软轴软轧轲轡轰轨轳 软车 轗 轡轮轤
轡 轳轭轡轲轴 轡转转软轹 转软软轫 轩轤轥轮轴轩轣轡转 轢轥车软轲轥 软轸轩轤轡轴轩软轮輮 轆轩轧輮 輸輮輳 轢 轳轨软轷轳 轡 轰轵轲轥 轗 轡车轴轥轲 软轸轩轤轡轴轩软轮
车软轲 10 h輮 轔轨轥 车软轲轭轡轴轩软轮 软车 轗轏3 轷轩轴轨 轡 轐轩转转轩轮轧輭轂轥轤轷软轲轴轨 轲轡轴轩软 软车 3.4 轣轡轵轳轥轳 轶软转轵轭轥轴轲轩轣
轥轸轰轡轮轳轩软轮 轡轮轤 轳轨轡轰轥 轤轥车软轲轭轡轴轩软轮輮 轔轨轥 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹轳 轡车轴轥轲 软轸轩轤轡轴轩软轮 车软轲 44 h 轡轮轤
467 h 轡轲轥 轳轨软轷轮 轩轮 轆轩轧輮 輸輮輳 轣輬轤輬 轲轥轳轰轥轣轴轩轶轥转轹輮 轁轳 轡转轲轥轡轤轹 轳轨软轷轮 轩轮 轴轨轥 轓轅轍 轩轭轡轧轥 轩轮 轆轩轧輮
輷輮輴輬 轡 轳转轩轧轨轴 轢轵轣轫转轩轮轧 轡轴 轴轨轥 轥轤轧轥 轡车轴轥轲 44 h 轩轳 轶轩轳轩轢转轥 轩轮 轴轨轥 轰轨软轴软 轩轮 轆轩轧輮 輸輮輳 轣輮 轏轶轥轲轡转转輬
轴轨轥 轣轵轢轩轣 轳轨轡轰轥 软车 轴轨轥 轳轡轭轰转轥 轩轳 轰轲轥轳轥轲轶轥轤輮 轁车轴轥轲 467 h 软车 软轸轩轤轡轴轩软轮 轴轨轥 轳轵轲车轡轣轥 轩轳 轰软轲软轵轳輬
轢轵轴 轴轨轥 轣轵轢轩轣 轳轨轡轰轥 软车 轴轨轥 轳轡轭轰转轥 轩轳 轰轲轥轳轥轲轶轥轤輮

1 mm

(a)

2 mm

(b)

1 mm

(c)

1 mm

(d)

轆轩轧轵轲轥 輸輮輳輺 輨轡輩轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轢轥车软轲轥 软轸轩轤轡轴轩软轮 轡车轴轥轲 轧轲轩轮轤轩轮轧輮 轔轨轥 轰轵轲轥 轗 轳轡轭轰转轥轳
转软软轫 轴轨轥 轳轡轭轥輮 輨轢輩 轐轵轲轥 轗 轳轡轭轰转轥 轡车轴轥轲 10 h 软车 软轸轩轤轡轴轩软轮 轩轮 轳轹轮轴轨轥轴轩轣 轡轩轲 轡轴 1273 K輮 輨轣輩
轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轡车轴轥轲 44 h 软车 软轸轩轤轡轴轩软轮 轩轮 轳轹轮轴轨轥轴轩轣 轡轩轲 轡轴 1273 K輮 輨轤輩 轗輭輱輱輮輴轃轲輭輰輮輶轙
轡转转软轹 轡车轴轥轲 467 h 软车 软轸轩轤轡轴轩软轮 轩轮 轳轹轮轴轨轥轴轩轣 轡轩轲 轡轴 1273 K輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴
轡转輮 轛輹輱轝輮

轆轩轧輮 輸輮輴 轳轨软轷轳 轓轅轍 轩轭轡轧轥轳 软车 轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轡车轴轥轲 467 h 软车 软轸轩轤轡轴轩软轮 轡轴 1273 K輮
轔轨轥 轤轩輛轥轲轥轮轴 轣轲轹轳轴轡转轳 软轮 轴轨轥 轳轵轲车轡轣轥 轳轨软轷轮 轩轮 轆轩轧輮 輸輮輴 轡 轡轲轥 轩轤轥轮轴轩輜轥轤 轢轹 轅轄轘輺 轴轨轥轲轥 轡轲轥
轗26轃轲15轏59 轣轲轹轳轴轡转轳 轷轩轴轨 轡 轳轩轺轥 软车 轵轰 轴软 5 µm 轡轮轤 轴轨轥轲轥 轡轲轥 轳轭软软轴轨 轳轨轡轰轥轳 轷轩轴轨软轵轴 轳轨轡轲轰
轣软轲轮轥轲轳 轣软轮轳轩轳轴轩轮轧 软车 轗33轙14轏54輮 轔轨轥 轵轮轣轥轲轴轡轩轮轴轹 软车 轴轨轥 轥转轥轭轥轮轴轡转 轣软轭轰软轳轩轴轩软轮 轩轳 轡 车轥轷
輥 轡轳 轴轨轥 轙輭轥轮轲轩轣轨轥轤 软轸轩轤轥 轰轡轲轴轩轣转轥轳 轡轲轥 轳轭轡转转 轡轮轤 轴轨轥 轥转轥轣轴轲软轮輭软轸轩轤轥 轩轮轴轥轲轡轣轴轩软轮 轶软转轵轭轥
轡转轷轡轹轳 轣软轮轴轡轩轮轳 轴轨轥 轙輭轥轮轲轩轣轨轥轤 软轸轩轤轥 轡轮轤 轴轨轥 轳轵轲轲软轵轮轤轩轮轧 轃轲輭轥轮轲轩轣轨轥轤 软轸轩轤轥輮 轆轵轲轴轨轥轲輬
轴轨轥 轱轵轡轮轴轩輜轣轡轴轩软轮 软车 轏 轲轥转轩轥轳 软轮 轴轨轥 Kα 转轩轮轥 轡轴 0.525 keV輮 轔轨轩轳 转轩轮轥 软轶轥轲转轡轰轳 轷轩轴轨 轴轨轥 Lα
转轩轮轥 软车 轃轲 轡轴 0.572 keV輮 轔轨轵轳輬 轡轮 轡轣轣轵轲轡轴轥 轤轥轴轥轲轭轩轮轡轴轩软轮 软车 轏 轩轮 轴轨轥 轰轲轥轳轥轮轣轥 软车 轃轲 轩轳 轮软轴
轰软轳轳轩轢转轥 轵轳轩轮轧 轅轄轘輮

輷輶



轆轩轧輮 輸輮輴 轢 轳轨软轷轳 轡 轭轥轴轡转转软轧轲轡轰轨轩轣 轣轲软轳轳 轳轥轣轴轩软轮 轩轭轡轧轥轤 轡车轴轥轲 轥轭轢轥轤轤轩轮轧 轴轨轥 轳轡轭轰转轥 轩轮
轥轰软轸轹輬 轲轥轭软轶轩轮轧 2 mm 软车 轭轡轴轥轲轩轡转 车轲软轭 软轮轥 轳轩轤轥輬 轡轮轤 轰软转轩轳轨轩轮轧輮 轁 转轡轹轥轲轥轤 轳轴轲轵轣轴轵轲轥 软车
轤轩輛轥轲轥轮轴 软轸轩轤轥轳 轩轳 车软轵轮轤輬 轴轨轥 轣软轭轰软轳轩轴轩软轮 软车 轴轨轥 软轸轩轤轥轳 轩轳 轭轥轡轳轵轲轥轤 轵轳轩轮轧 轅轄轘輮 轏轮 轴轨轥
轳轵轲车轡轣轥 轴轨轥轲轥 轩轳 轡 转轡轹轥轲 轣软轮轴轡轩轮轩轮轧 轤轩輛轥轲轥轮轴 轗輭轃轲輭轙輭轏輮 轔轨轩轳 轲轥轧轩软轮 轩轳 轤轡轭轡轧轥轤 轤轵轲轩轮轧
轴轨轥 轰轲轥轰轡轲轡轴轩软轮 软车 轴轨轥 轭轥轴轡转转软轧轲轡轰轨轩轣 轣轲软轳轳 轳轥轣轴轩软轮輮

轔轨轥轲轥车软轲轥輬 轡 轆轉轂 轣轵轴 轩轳 轰轥轲车软轲轭轥轤輬 轷轨轥轲轥 轴轨轥 轳轵轲车轡轣轥 轩轳 轰轲软轴轥轣轴轥轤 轵轳轩轮轧 轡 轐轴 轣软轡轴轩轮轧輮
轔轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轩轮 轆轩轧輮 輸輮輴 轣 轳轨软轷轳 轴轨轥 软轸轩轤轥轳 轩轮 轴轨轥 輜轲轳轴 轭轩轣轲软轭轥轴轥轲轳 轮轥轡轲 轴轨轥 轳轵轲车轡轣轥輮
轔轨轥 软轸轩轤轥轳 轃轲輭轏輬 轗輭轙輭轏輬 轡轮轤 轗輭轃轲輭轏 轡轲轥 轤轥轴轥轣轴轥轤輮 轔轨轥 轣软轮轣轥轮轴轲轡轴轩软轮轳 轡轲轥 轭轥轡轳轵轲轥轤
轵轳轩轮轧 轅轄轘 轡轮轤 轡轲轥 轧轩轶轥轮 轢轹 轴轨轥 轢轡轲轳 轩轮 轴轨轥 輜轧轵轲轥 轡轮轤 轩轮 轴轡轢转轥 輸輮輱輮 轔轨轥 轵轮轣轥轲轴轡轩轮轴轹
轥轳轴轩轭轡轴轩软轮 轩轳 轢轡轳轥轤 软轮 轭轥轡轳轵轲轥轭轥轮轴轳 软车 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轡轮轤 轴轨轥 轳轵轲车轡轣轥 软车 轡 轨软轭软轧轥轮轥软轵轳
轲轥车轥轲轥轮轣轥 轭轡轴轥轲轩轡转輮 轔轨轥 轲轥轡轳软轮 车软轲 轴轨轥 转轡轲轧轥 轵轮轣轥轲轴轡轩轮轴轹 轩轳 轴轨轥 车轡轣轴 轴轨轡轴 轴轨轥 轭轥轡轳轵轲轥轭轥轮轴 轩轳
轰轥轲车软轲轭轥轤 轩轮轳轩轤轥 轡 轣轲软轳轳 轳轥轣轴轩软轮輬 轷轨轥轲轥 轳轥轣软轮轤轡轲轹 轳轣轡轴轴轥轲轩轮轧 轧轥轮轥轲轡轴轥轳 轡轤轤轩轴轩软轮轡转 轘輭轲轡轹轳輮

轔轨轥 软轸轩轤轥轳 轢轥转软轷 轴轨轥 轡车软轲轥轭轥轮轴轩软轮轥轤 轗輭轃轲輭轙輭轏 软轮 轴轨轥 轳轵轲车轡轣轥 轡轲轥 轳轥轥轮 轩轮 轴轨轥
轭轥轴轡转转软轧轲轡轰轨轩轣 轣轲软轳轳 轳轥轣轴轩软轮 轩轮 轆轩轧輮 輸輮輴 轢輮 轔轨轥轲轥 轩轳 轡 20 µm 轴轨轩轣轫 转轡轹轥轲 软车 轗轏3輮 轐软轲软轳轩轴轹
轩轳 轳轥轥轮 轡轴 轴轨轥 轩轮轴轥轲车轡轣轥 轷轩轴轨 轴轨轥 车软转转软轷轩轮轧 轃轲2轗轏6 转轡轹轥轲輬 轷轨轩轣轨 轨轡轳 轡 轴轨轩轣轫轮轥轳轳 软车 31 µm輮
轔轨轥 转轡轳轴 转轡轹轥轲 轢轥车软轲轥 轴轨轥 轭轥轴轡转 轩轳 轡 31 µm 轴轨轩轣轫 轗轏3 转轡轹轥轲輮 轆轵轲轴轨轥轲輬 轃轲 轣轡轵轳轥轳 轩轮轴轥轲轮轡转
软轸轩轤轡轴轩软轮 轷轩轴轨轩轮 轴轨轥 輜轲轳轴 ∼ 10 µm 软车 轴轨轥 轭轥轴轡转輮

轆轩轧輮 輸輮輴 轤 轳轨软轷轳 轡 轭轡轧轮轩輜轣轡轴轩软轮 软车 轴轨轥 轵轰轰轥轲 轗轏3 转轡轹轥轲輬 轷轨轩轣轨 轩轳 转轡轢轥转轥轤 輨轤輩 轩轮 轆轩轧輮
輸輮輴 轢輮 轗輭輱輷轙輭輱輸轏 轡轮轤 轗輭輲輳轏 輨轣软轲轲轥轳轰软轮轤轩轮轧 轴软 轗轏3輩 轧轲轡轩轮轳 轷轩轴轨 轡 轳轩轺轥 软车 0.8 µm 轡轲轥
轳轥轥轮輮

轔轡轢转轥 輸輮輱輺 轅转轥轭轥轮轴轡转 轣软轮轣轥轮轴轲轡轴轩软轮轳 软车 轴轨轥 轤轩輛轥轲轥轮轴 软轸轩轤轥轳 轭轡轲轫轥轤 轩轮 轆轩轧輮 輸輮輴 轣輮

轗 轛at.%轝 轃轲 轛at.%轝 轙 轛at.%轝 轏 轛at.%轝
輱 33± 5 7± 5 14± 5 47± 5
輲 26± 5 15± 5 輕 59± 5
輳 3± 5 22± 5 輕 75± 5
輴 37± 5 11± 5 輕 52± 5
輵 46± 5 5± 5 輕 49± 5
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轆轩轧轵轲轥 輸輮輴輺 轔轨轥 软轸轩轤轥 轳轣轡转轥 软车 轡轮 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轡车轴轥轲 软轸轩轤轡轴轩软轮 车软轲 467 h 轡轴 1273 K
轩轮 轳轹轮轴轨轥轴轩轣 轡轩轲 轩轳 轩轭轡轧轥轤 轢轹 轓轅轍輮 轅轄轘 轲轥轳轵转轴轳 软车 轴轨轥 轣软轮轣轥轮轴轲轡轴轩软轮 轩轮 轡轴软轭轩轣 輥 轡轲轥
轧轩轶轥轮 轢轹 轴轨轥 轢轡轲轳 软轮 轴软轰 软车 轴轨轥 轥转轥轭轥轮轴轳輮 輨轡輩 轳轨软轷轳 轡 轳轵轲车轡轣轥 轩轭轡轧轥輮 輨轢輩 轳轨软轷轳 轡 轣轲软轳轳
轳轥轣轴轩软轮 软车 轴轨轥 车轵转转 软轸轩轤轥 轳轣轡转轥 轷轨轥轲轥 轴轨轥 转软轣轡轴轩软轮 软车 轩轭轡轧轥 輨轤輩 轩轳 轭轡轲轫轥轤 轡轳 輨轤輩輮 轔轨轥 轴软轰
10 µm 软车 轴轨轥 轳轡轭轰转轥 轡轲轥 轳轨软轷轮 轩轮 轴轨轥 轆轉轂 轣轵轴 轩轮 輨轣輩輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮
轛輹輱轝輮

輷輸



轕轮轤轥轲轳轴轡轮轤轩轮轧 软车 轴轨轥 软轸轩轤轡轴轩软轮 轢轥轨轡轶轩软轲

轔轨轥 车软转转软轷轩轮轧 轣软轮轳轩轤轥轲轡轴轩软轮轳 轡轤轤轲轥轳轳 轴轨轥 轭轥轣轨轡轮轩轳轭轳 软车 轴轨轥 软轢轳轥轲轶轥轤 轤轥轧轲轡轤轡轴轩软轮 软车 轴轨轥
轰轲软轴轥轣轴轩轶轥 轃轲2轏3 转轡轹轥轲 轳轥轥轮 轩轮 轆轩轧輮 輸輮輴 轡轳 轣软轭轰轡轲轥轤 轴软 轆轩轧輮 輷輮輴 轡轮轤 輸輮輵輮 轉轮 车轡轣轴 轴轨轥 轃轲2轏3

转轡轹轥轲 轡车轴轥轲 467 h 轩轳 轴轨轩轮轮轥轲 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轃轲2轏3 转轡轹轥轲 轡车轴轥轲 44 h輬 轡轳 轳轥轥轮 轩轮 轆轩轧輮
輸輮輴 轣 轡轮轤 輸輮輵輮 轔轨轥 轃轲 轳轵轰轰转轹 轴软 轴轨轥 轃轲2轏3 转轡轹轥轲 轩轳 轣轵轴 软轮轣轥 轴轨轩轣轫 转轡轹轥轲轳 软车 轗 软轸轩轤轥轳 轡轲轥
车软轲轭轥轤輮 轔轨轥 软轸轩轤轡轴轩软轮 轴轩轭轥 软车 467 h 轩轳 轳轵輞轣轩轥轮轴转轹 转软轮轧 轴软 车软轲轭 软轸轩轤轥轳 轡轣轣软轲轤轩轮轧 轴软 轴轨轥
轰轨轡轳轥 轤轩轡轧轲轡轭 轛輲輷轝輺 轴轨轥 轩轮轩轴轩轡转转轹 车软轲轭轥轤 轃轲2轏3 轲轥轡轣轴轳 轷轩轴轨 轗 软轸轩轤轥轳 轴软 车软轲轭 轃轲2轗轏6輮 轙
轩轳 轥轮轲轩轣轨轥轤 轩轮 轴轨轥 轰轨轡轳轥 轳轩轭轩转轡轲 轴软 轗輭輱輴轙輭輲輰輮輸轏輮 轁轣轣软轲轤轩轮轧 轴软 轴轨轥 轰轨轡轳轥 轤轩轡轧轲轡轭 轛輹輷轝輬
轴轨轩轳 轰轨轡轳轥 轨轡轳 轡 轭轥转轴轩轮轧 轴轥轭轰轥轲轡轴轵轲轥 软车 1427 K輬 轴轨轥 转软轷轥轳轴 轭轥转轴轩轮轧 轰软轩轮轴 软车 轡轮轹 轗輭轙
软轸轩轤轥輮 轔轨轵轳輬 轴轨轥 轴轥轭轰轥轲轡轴轵轲轥 轤轵轲轩轮轧 软轸轩轤轡轴轩软轮 轩轳 轡轴 轡轲软轵轮轤 90 % 软车 轴轨轥 轭轥转轴轩轮轧 轰软轩轮轴 软车
轴轨轥 轗輭輱輴轙輭輲輰輮輸轏 轰轨轡轳轥 轡轮轤 轩轴 轨轡轳 轡 轭软转轴轥轮輭转轩轫轥 轳轨轡轰轥 软轮 轴轨轥 轳轵轲车轡轣轥 软车 轴轨轥 轳轡轭轰转轥輬 轳轥轥
轆轩轧輮 輸輮輴 轡輮

轔轨轥 轴软轴轡转 轭轡轳轳 轧轡轩轮 软车 轴轨轥 轡转转软轹 轳轨软轷轮 轩轮 轆轩轧輮 輸輮輲 轩轳 轤轩轶轩轤轥轤 轩轮轴软 车软轵轲 轣软轮轴轲轩轢轵轴轩软轮轳
∆mi, i = 1, 2, 3, 4輺

輱輮 ∆m1 轩轳 轴轨轥 轭轡轳轳 轧轡轩轮 轤轵轥 轴软 轴轨轥 车软轲轭轡轴轩软轮 软车 轡 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 转轡轹轥轲輮 轔轨轥
车软轲轭轡轴轩软轮 软车 轡 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 转轡轹轥轲 轲轥轱轵轩轲轥轳 轤轩輛轵轳轩软轮 软车 轃轲 轴软 轴轨轥 轳轵轲车轡轣轥 轛輴輰轝輬 轡
轤轥轤轩轣轡轴轥轤 轳轴轵轤轹 软轮 轴轨轥 轤轩輛轵轳轩软轮 软车 轃轲 轩轳 轳轨软轷轮 轩轮 轣轨轡轰轴轥轲 輹輮 轄轩輛轵轳轩软轮 轰轲软轣轥轳轳轥轳
轡轲轥 轤轥轳轣轲轩轢轥轤 轢轹 轆轩轣轫輧轳 輜轲轳轴 转轡轷輮 轔轨轵轳輬 ∆m1 轭轵轳轴 车软转转软轷 轡 轰轡轲轡轢软转轩轣 轲轡轴轥 转轡轷輺

∆m1/A =
√
c1 × t 輨輸輮輲輩

轷轨轥轲轥 A 轩轳 轴轨轥 轳轵轲车轡轣轥 轡轲轥轡 软车 轴轨轥 轳轡轭轰转轥輬 t 轴轨轥 软轸轩轤轡轴轩软轮 轴轩轭轥輬 轡轮轤 c1 轡 轣软轮轳轴轡轮轴輮 轁
1.3 µm 轴轨轩轣轫 轃轲2轏3 转轡轹轥轲 轩轳 轤轥轴轥轣轴轥轤 轡车轴轥轲 44 h輬 轳轥轥 轆轩轧輮 輸輮輵輮 轁轳轳轵轭轩轮轧 轡 轤轥轮轳轩轴轹 软车
ρ = 5.2 g cm−3 车软轲 轃轲2轏3輬 ∆m1/A 轩轳 轣轡转轣轵转轡轴轥轤輮 轔轨轵轳輬 c1 = 6× 10−7 mg2 cm−4 s−1

轩轮 轥轱轵轡轴轩软轮 輸輮輲 轩轳 软轢轴轡轩轮轥轤輮

輲輮 ∆m2 轩轳 轴轨轥 轭轡轳轳 轧轡轩轮 轤轵轥 轴软 车软轲轭轡轴轩软轮 软车 轩轮轴轥轲轮轡转 轃轲2轏3輮 轔轨轩轳 车软轲轭轡轴轩软轮 轲轥轱轵轩轲轥轳
轤轩輛轵轳轩软轮 软车 轏 轴轨轲软轵轧轨 轴轨轥 软轸轩轤轥轳 轩轮轴软 轴轨轥 轭轥轴轡转輮 轄轩輛轵轳轩软轮 轰轲软轣轥轳轳轥轳 轡轲轥 轤轥轳轣轲轩轢轥轤
轢轹 轆轩轣轫輧轳 輜轲轳轴 转轡轷輮 轔轨轥轲轥车软轲轥輬 ∆m2 轭轵轳轴 车软转转软轷 轡 轰轡轲轡轢软转轩轣 轲轡轴轥 转轡轷輺

∆m2/A =
√
c2 × t 輨輸輮輳輩

轷轨轥轲轥 c2 轩轳 轡 轣软轮轳轴轡轮轴輮 轉轮轴轥轲轮轡转 软轸轩轤轥轳 轨轡轶轥 轡 轤轡轲轫轥轲 轣软转软轲 软轮 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轡轳
轣软轭轰轡轲轥轤 轴软 轴轨轥 轗 轭轡轴轲轩轸輬 轳轥轥 轆轩轧輮 輸輮輵輮 轃软轵轮轴轩轮轧 轴轨轥 轰轩轸轥转轳 轷轩轴轨 轤轡轲轫轥轲 轣软转软轲 软轮
轴轨轥 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轹轩轥转轤轳 轴轨轥 轩轭轡轧轥 轣软轶轥轲轡轧轥 轷轩轴轨 轩轮轴轥轲轮轡转 软轸轩轤轡轴轩软轮 轡车轴轥轲 44 h 软车
软轸轩轤轡轴轩软轮輮 轔轨轥 轴软轴轡转 轶软转轵轭轥 软车 轩轮轴轥轲轮轡转 轃轲2轏3 轩轳 轣轡转轣轵转轡轴轥轤 轡轳轳轵轭轩轮轧 轩轳软轴轲软轰轹 软车 轴轨轥
轩轮轴轥轲轮轡转 软轸轩轤轥轳輮 轔轨轥 轭轡轳轳 轩轮轣轲轥轡轳轥 ∆m2 轩轳 轣轡转轣轵转轡轴轥轤 车轲软轭 轴轨轥 轶软转轵轭轥 轡轮轤 轹轩轥转轤轳
c2 = 9× 10−8 mg2 cm−4 s−1 轩轮 轥轱轵轡轴轩软轮 輸輮輳輮

輳輮 ∆m3 轩轳 轴轨轥 轭轡轳轳 轧轡轩轮 轤轵轥 轴软 轴轨轥 车软轲轭轡轴轩软轮 软车 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥轳輮 轓轩轭轩转轡轲 轴软 轰轵轲轥
轗轏3 轡轳 轤轩轳轣轵轳轳轥轤 轩轮 轳轥轣轴轩软轮 輳輮輱輮輱輬 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥轳 轡轲轥 轡轳轳轵轭轥轤 轴软 轮软轴 轡轣轴 轡轳 轡
轤轩輛轵轳轩软轮 轢轡轲轲轩轥轲 车软轲 轩轮轣软轭轩轮轧 软轸轹轧轥轮輮 轔轨轵轳輬 ∆m3 车软转转软轷轳 轡 转轩轮轥轡轲 轲轡轴轥 转轡轷

∆m3 = c3 × t× A′(t) 輨輸輮輴輩

轷轨轥轲轥 c3 轩轳 轡 轣软轮轳轴轡轮轴 轡轮轤 A′ 轩轳 轴轨轥 轡轲轥轡 轣软轶轥轲轥轤 轢轹 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥轳輮 轗輭
轣软轮轴轡轩轮轩轮轧 软轸轩轤轥轳 车软轲轭 轷轨轥轲轥 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲 车轡轩转轳輮 轔轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥
车轡轩转轳 轷轩轴轨 轡 轣轥轲轴轡轩轮 轰轲软轢轡轢轩转轩轴轹 p輮 轔轨轵轳輬 A′ 轩轳 轧轩轶轥轮 轢轹

A′(t) = A× p. 輨輸輮輵輩

輷輹



A′ ≤ A 轭轵轳轴 轢轥 轶轡转轩轤 车软轲 轡转转 轴轩轭轥轳 轡轳 轗 软轸轩轤轥轳 轣轡轮轮软轴 轣软轶轥轲 轭软轲轥 轴轨轡轮 轴轨轥 轥轮轴轩轲轥
轳轵轲车轡轣轥輮 轆轡轩转轵轲轥 轳轰软轴轳 轤轵轲轩轮轧 轴轨轥 輜轲轳轴 180 h 轡轣轣轵轭轵转轡轴轥 轡轮轤 轹轩轥转轤 轴轨轥 车软轲轭轡轴轩软轮
软车 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥轳 软轮 轴轨轥 轥轮轴轩轲轥 轳轵轲车轡轣轥 轤轥轧轲轡轤轩轮轧 轴轨轥 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 转轡轹轥轲
轤轵轥 轴软 轶软转轵轭轥轴轲轩轣 轥轸轰轡轮轳轩软轮輮 轔轨轩轳 轤轥轧轲轡轤轡轴轩软轮 轣轡轵轳轥轳 轴轨轥 轡轢轲轵轰轴 轣轨轡轮轧轥 轩轮 轴轨轥
软轸轩轤轡轴轩软轮 轲轡轴轥 软轢轳轥轲轶轥轤 轩轮 轴轨轥 轳轥轣软轮轤 轰轨轡轳轥 软车 轴轨轥 轭轡轳轳 轧轡轩轮 轫轩轮轥轴轩轣轳 轳轨软轷轮 轩轮 轆轩轧輮
輸輮輲輮 轉轮 软轴轨轥轲 轷软轲轤轳輬 轴轨轥 轢软轵轮轤轡轲轹 轣软轮轤轩轴轩软轮 A′(t > 180 h) = A 轡轰轰转轩轥轳輮 轉轮 轡 转轩轮轥轡轲
轡轰轰轲软轸轩轭轡轴轩软轮輬 轴轨轥 车轡轩转轵轲轥 轰轲软轢轡轢轩转轩轴轹 p 轩轳 轧轩轶轥轮 轷轩轴轨 轴轨轩轳 轣软轮轤轩轴轩软轮輺

⇒ p =

{
1

180 h
× t , t < 180 h

1 , t > 180 h
輨輸輮輶輩

c3 轲轥轭轡轩轮轳 轡 车轲轥轥 轰轡轲轡轭轥轴轥轲 车软轲 轡 輜轴 轴软 轴轨轥 轤轡轴轡 轳轨软轷轮 轩轮 轆轩轧輮 輸輮輲輮

輴輮 ∆m4 轩轳 轴轨轥 轭轡轳轳 转软轳轳 轤轵轥 轴软 轳轵轢转轩轭轡轴轩软轮輮 轉轮 轣轨轡轰轴轥轲 輴 轩轴 轩轳 轳轨软轷轮 轴轨轡轴 轳轵轢转轩轭轡轴轩软轮
软车 轃轲輭软轸轩轤轥 轩轳 轮轥轧转轩轧轩轢转轥 轵轮轤轥轲 轴轨轥 轰轲轥轳轥轮轴 轣软轮轤轩轴轩软轮轳 软车 1273 K 轩轮 轤轲轹 轳轹轮轴轨轥轴轩轣 轡轩轲輮
轔轨轵轳輬 轴轨轥 轳轵轢转轩轭轡轴轩软轮 软车 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥轳 轲轥轭轡轩轮轳輮 轔轨轥 轲轡轴轥 sSA 轹轩轥转轤轳

∆m4 = sSA × t× A′(t) 輨輸輮輷輩

轉轮 轆轩轧輮 輸輮輲 轡 轣软轮轳轴轡轮轴 轭轡轳轳 轣轨轡轮轧轥 软车 轴轨轥 轣轡轴轣轨轥轲 轩轳 轭轥轡轳轵轲轥轤 轡车轴轥轲 180 h 轷轨轥轮
A′ = A輮 轔轨轩轳 轲轥轳轵转轴 轹轩轥转轤轳 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 sSA = −2× 10−6 mg cm−2 s−1輮

轔轨轥 车软轲轭轡轴轩软轮 软车 轴轨轥 轃轲輭轲轩轣轨 轰轨轡轳轥 轶轩轳轩轢转轥 轩轮 轆轩轧輮 輸輮輵 轤软轥轳 轮软轴 轣轡轵轳轥 轭轡轳轳 轣轨轡轮轧轥輮 轔轨轥
轲软转轥 软轮 轴轨轥 软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳 轩轳 轩轮轶轥轳轴轩轧轡轴轥轤 轩轮 轡 轤轥轤轩轣轡轴轥轤 轥轸轰轥轲轩轭轥轮轴 轳轨软轷轮 轩轮 轣轨轡轰轴轥轲
輹輮 轔轨轥 轵轮轤轥轲轳轴轡轮轤轩轮轧 软车 轴轨轩轳 轭软轤轥转 转轥轡轶轥轳 轴轷软 车轲轥轥 轰轡轲轡轭轥轴轥轲轳 车软轲 轤轥轳轣轲轩轢轩轮轧 轴轨轥 轴软轴轡转
轭轡轳轳 轧轡轩轮 轡轳 轳轨软轷轮 轩轮 轆轩轧輮 輸輮輲輺 轴轨轥 轣软轮轳轴轡轮轴 c3 轡轮轤 轡轮 软輛轳轥轴 轡轴轴轲轩轢轵轴轩轮轧 轴轨轥 轡轣轣轥转轥轲轡轴轥轤
轭轡轳轳 轧轡轩轮 轩轮 轴轨轥 轳轥轣软轮轤 轰轨轡轳轥 软车 轴轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳輮 轆轩轴轴轩轮轧 轡轣轣软轲轤轩轮轧 轴软 轴轨轥 轥轱轵轡轴轩软轮

∆m =
∑
i

∆mi 輨輸輮輸輩

轹轩轥转轤轳 c3 = 6× 10−6 mg cm−2 s−1 轡轮轤 轡轮 软輛轳轥轴 软车 4 mg cm−2輮 轆轩轧輮 輸輮輶 轳轨软轷轳 轡 轣软轭轰轡轲轩轳软轮
软车 轴轨轥 轣轡转轣轵转轡轴轥轤 轲轥轳轵转轴轳 轡轮轤 轴轨轥 轥轸轰轥轲轩轭轥轮轴轡转 轤轡轴轡輬 轡轧轲轥轥轭轥轮轴 轩轮 车软轵轮轤輮
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轆轩轧轵轲轥 輸輮輶輺 轍轡轳轳 轣轨轡轮轧轥 软车 轡 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轡轮轤 轰轵轲轥 轗 轡轳 轡 车轵轮轣轴轩软轮 软车
轴轩轭轥 轡轴 1273 K 轩轮 轳轹轮轴轨轥轴轩轣 轡轩轲輮 轔轨轥 轵轰轰轥轲 轰轡轲轴 轳轨软轷轳 轴轨轥 轴软轴轡转 轭轡轳轳 轣轨轡轮轧轥 软车 轴轨轥
轳轡轭轰转轥輮 轔轨轥 转软轷轥轲 轰轡轲轴 轳轨软轷轳 轴轨轥 轣软轮轴轲轩轢轵轴轩软轮 软车 轳轵轢转轩轭轡轴轩软轮 輭 轴轨轥 轤轥轰软轳轩轴轩软轮 软轮轴软
轴轨轥 轣轡轴轣轨轥轲 轡轮轤 轴轨轥 轣轡转轣轵转轡轴轥轤輬 轴软轴轡转 轳轵轢转轩轭轡轴轩软轮輮 轐轨轡轳轥轳 輱輭輳 轡轲轥 转轡轢轥转轥轤輮 轓软转轩轤 转轩轮轥轳
轡轲轥 轢轡轳轥轤 软轮 轭轥轡轳轵轲轥轭轥轮轴 轤轡轴轡輬 轤软轴轴轥轤 转轩轮轥轳 软轮 轣轡转轣轵转轡轴轩软轮轳輬 轡轮轤 轤轡轳轨轥轤 转轩轮轥轳 软轮
轩轮轴轥轲轰软转轡轴轩软轮轳輯轣轡转轩轢轲轡轴轩软轮轳輮

轔轨轩轳 轭软轤轥转 轤软轥轳 轮软轴 轤轥轳轣轲轩轢轥 轴轨轥 轳轥轣软轮轤 轰轨轡轳轥 软车 轴轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳 轡轳 转轡轢轥转轥轤
轩轮 轆轩轧輮 輸輮輲輯輸輮輶輮 轔轨轥 轳轥轣软轮轤 轰轨轡轳轥 轩轳 轴轨轥 轴轲轡轮轳轩轴轩软轮 车轲软轭 轡 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 转轡轹轥轲 轴软
轴轨轩轣轫 转轡轹轥轲轳 软车 轗輭轃轲輭轙 软轸轩轤轥轳 轲轥轤轵轣轩轮轧 轴轨轥 软轸轩轤轡轴轩软轮 轲轡轴轥 轡轳 轣软轭轰轡轲轥轤 轴软 轰轵轲轥 轗輮
轔轨轥 轨轹轰软轴轨轥轳轩轳 轩轳 轴轨轡轴 轴轨轥轲轥 轢轵轩转轤轳 轵轰 轡 轳转轩轧轨轴 轃轲 轤轥轰转轥轴轩软轮 轵轮轤轥轲 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥
转轡轹轥轲 轤轵轲轩轮轧 轴轨轥 輜轲轳轴 轰轨轡轳轥輮 轔轨轥 软轸轩轤轡轴轩软轮 轲轡轴轥 轩轳 轡轣轣轥转轥轲轡轴轥轤 轵轮轴轩转 轴轨轩轳 轃轲 轤轥轰转轥轴轩软轮 轩轳
轣软轭轰轥轮轳轡轴轥轤 轩轮 轴轨轥 轴轨轩轲轤 轰轨轡轳轥 软车 轴轨轥 软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳 轳轨软轷轮 轩轮 轆轩轧輮 輸輮輲輮

轏轮 轴轨轥 轳轵轢转轩轭轡轴轩软轮

轔轨轥 轳轵轢转轩轭轡轴轩软轮 软车 轭轡轴轥轲轩轡转 车轲软轭 轴轨轥 轳轭轡轲轴 轡转转软轹 轩轳 轧轩轶轥轮 轢轹 轥轱轵轡轴轩软轮 輸輮輷輮 轗轩轴轨轩轮 轴轨轥
輜轲轳轴 轴轷软 轤轡轹轳 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 轩轳 轶轥轲轹 轳轭轡转转輬 轡车轴轥轲轷轡轲轤轳 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 sSA 轩轳
轭轥轡轳轵轲轡轢转轥輮 sSA 轡转转软轷轳 轴轨轥 轥轳轴轩轭轡轴轩软轮 软车 轴轨轥 轲轡轤轩软转软轧轩轣轡转 轨轡轺轡轲轤 轩轮 轣轡轳轥 软车 轡 轌轏轃轁輺 轴轨轥
车轲轡轣轴轩软轮 软车 轳轵轢转轩轭轡轴轥轤 轭轡轴轥轲轩轡转 轤轥轰软轳轩轴轩轮轧 轥转轳轥轷轨轥轲轥 轩轮 轴轨轥 轲轥轡轣轴软轲 轤轥轰轥轮轤轳 软轮 轴轨轥 轳轰轥轣轩輜轣
轣软轮轤轩轴轩软轮轳 轩轮 轴轨轥 轰软轷轥轲 轰转轡轮轴 轡轮轤 软轮 轴轨轥 轡轣轣轩轤轥轮轴輮 轉轮 轴轨轥 轷软轲轳轴 轣轡轳轥輬 轡转转 轭轡轴轥轲轩轡转 轴轨轡轴
轳轵轢转轩轭轡轴轥轳 轩轳 轡转轳软 轲轥转轥轡轳轥轤 轩轮轴软 轴轨轥 轥轮轶轩轲软轮轭轥轮轴輮 轔轨轵轳輬 轴轨轥 轰软轴轥轮轴轩轡转 轲轥转轥轡轳轥 软车 轗 车轲软轭 轡
轲轥轡轣轴软轲 轨轡轶轩轮轧 轡 轗輭轃轲輭轙 輜轲轳轴 轷轡转转 轡轲轭软轲 轷轩轴轨 轳轵轲车轡轣轥 轡轲轥轡 软车 1000 m2 轩轳 41 kg/month輮 轔轨轥
轡轣轴轩轶轩轴轹 软车 轴轨轩轳 轡轭软轵轮轴 软车 轭轡轴轥轲轩轡转 轷软轵转轤 轢轥 轡轲软轵轮轤 4× 1016 Bq輮 轄轥轰轩轴轥 轴轨轥 轤轥轧轲轡轤轡轴轩软轮
软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 转轡轹轥轲輬 轴轨轩轳 轲轥转轥轡轳轥 轩轳 轡 轭轡轪软轲 轩轭轰轲软轶轥轭轥轮轴 轡轳 轣软轭轰轡轲轥轤 轴软 轡 轰轵轲轥
轗 轷轡转转 轷轨轥轲轥 140 kg/month 轣软轲轲轥轳轰软轮轤轩轮轧 轴软 12× 1016 Bq 轷软轵转轤 轢轥 轲轥转轥轡轳轥轤 轵轮轤轥轲 轴轨轥
轳轡轭轥 轣软轮轤轩轴轩软轮轳 輭 轤轲轹 轡轩轲 轡轴 1273 K輮 轉轮 轣软轭轰轡轲轩轳软轮 轴轨轥 轴软轴轡转 轲轥转轥轡轳轥 轤轵轥 轴软 轴轨轥 轮轵轣转轥轡轲
轡轣轣轩轤轥轮轴 轩轮 轆轵轫轵轳轨轩轭轡 轷轡轳 52× 1016 Bq輬 轥轸轣转轵轤轩轮轧 轮软轢转轥 轧轡轳轥轳 轛輲輰轝輮
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轔轨轥 轫轥轹 輜轮轤轩轮轧轳 软车 轴轨轩轳 轳轥轣轴轩软轮 轡轲轥 轳轵轭轭轡轲轩轺轥轤 轡轳 车软转转软轷轳輺

• 轔轨轥 轭轡轳轳 轣轨轡轮轧轥 软车 轴轨轥 轳轡轭轰转轥 轩轳 轤轩轶轩轤轥轤 轩轮轴软 车软轵轲 轣软轮轴轲轩轢轵轴轩软轮轳 轷轨轩轣轨 轡轲轥 轱轵轡轮轴轩輜轥轤
轩轮轤轩轶轩轤轵轡转转轹輮

• 轓轭轡轲轴 轡转转软轹轳 轣轡轮轮软轴 车轵转转轹 轳轵轰轰轲轥轳轳 轳轵轢转轩轭轡轴轩软轮 轡轮轤 轲轡轤轩软轡轣轴轩轶轥 轣软轮轴轡轭轩轮轡轴轩软轮 软车
轴轨轥 轥轮轶轩轲软轮轭轥轮轴 轩轮 轣轡轳轥 软车 轡 轌轏轃轁輮 轈软轷轥轶轥轲輬 轴轨轥 轣软轮轳轥轱轵轥轮轣轥轳 轡轲轥 轳轩轧轮轩輜轣轡轮轴转轹
轭轩轴轩轧轡轴轥轤輮 轆轩轲轳轴转轹輬 轳轭轡轲轴 轡转转软轹轳 轰轲软轶轩轤轥 轡 轴轩轭轥 软车 轡轲软轵轮轤 2 days 轡车轴轥轲 轴轨轥 轡轣轣轩轤轥轮轴
轢轥车软轲轥 软轸轩轤轥 轳轵轢转轩轭轡轴轩软轮 轳轴轡轲轴轳 轡轴 轴轨轥 转软轷 轲轡轴轥 软车 sSA = −2× 10−6 mg cm−2 s−1輮

• 轕轮转轩轫轥 轩轮 轴轨轥 轣轡轳轥 软车 轗 轴轨轥 轷轡转转 轩轳 轮软轴 轭轥轣轨轡轮轩轣轡转转轹 轤轥轳轴轲软轹轥轤 轡轮轤 软轮轥 轣软轵转轤
轰软轴轥轮轴轩轡转转轹 轩轭轡轧轩轮轥 轴软 轲轥轳轴轡轲轴 轣软软转轩轮轧 輭 轣软软转轩轮轧 轷软轵转轤 轣轡轵轳轥 轳轵轢转轩轭轡轴轩软轮 轴软 轤轲软轰
轤轵轥 轴软 轡 转软轷轥轲 轴轥轭轰轥轲轡轴轵轲轥輮
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8.2 Oxidation and sublimation at 1273 K in humid air
轁转转 轥轸轰轥轲轩轭轥轮轴轳 软轮 软轸轩轤轡轴轩软轮 软车 轗輭轃轲輭轙 轡转转软轹轳 轰轲轥轳轥轮轴轥轤 轩轮 轴轨轥 轰轲轥轶轩软轵轳 轳轥轣轴轩软轮轳 轡轲轥
轰轥轲车软轲轭轥轤 轩轮 轤轲轹 轡轴轭软轳轰轨轥轲轥輮 轈软轷轥轶轥轲輬 轴轨轥 轡轩轲 车轲软轭 轴轨轥 轥轮轶轩轲软轮轭轥轮轴 轡轮轤 轷轡轴轥轲 车轲软轭 轡
轣软软转轩轮轧 轳轹轳轴轥轭 轡轲轥 轰软轴轥轮轴轩轡转 轳软轵轲轣轥轳 软车 轨轵轭轩轤轩轴轹 轩轮 轣轡轳轥 软车 轡 轌轏轃轁輮 轔轨轵轳輬 轴轨轥 轰轲轥轳轥轮轣轥
软车 轨轵轭轩轤轩轴轹輬 轷轨轩轣轨 轩轮轴轲软轤轵轣轥轳 轈 轡轳 轡轤轤轩轴轩软轮轡转 轲轥轡轣轴轩软轮 轰轡轲轴轮轥轲輬 轭轵轳轴 轢轥 轣软轮轳轩轤轥轲轥轤輮
轉轮 轣轨轡轰轴轥轲轳 輳 轡轮轤 輴 轩轴 轩轳 轡转轲轥轡轤轹 轳轨软轷轮 轴轨轡轴 轨轵轭轩轤轩轴轹 轩轮輝轵轥轮轣轥轳 轴轨轥 软轸轩轤轡轴轩软轮 轡轮轤
轳轵轢转轩轭轡轴轩软轮 软车 轗 轡轮轤 轃轲 轩轮轤轩轶轩轤轵轡转转轹輺 轨轵轭轩轤轩轴轹 轩轮轣轲轥轡轳轥轳 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 轡轴 轡
轣软轮轳轴轡轮轴 轴轥轭轰轥轲轡轴轵轲轥 轡轮轤 轴轨轵轳 轩轮轣轲轥轡轳轥轳 轴轨轥 轲轡轤轩软转软轧轩轣轡转 轨轡轺轡轲轤輮 轗轥轧轥轮轥轲 轥轴 轡转輮 轛輸輳轝
轰轵轢转轩轳轨轥轤 轴轨轥 輜轲轳轴 轳轴轵轤轹 软轮 轴轨轥 轥輛轥轣轴轳 软车 轨轵轭轩轤轩轴轹 软轮 轴轨轥 软轸轩轤轡轴轩软轮 轢轥轨轡轶轩软轲 软车 轗輭轃轲輭轙
轡转转软轹轳輮 轈软轷轥轶轥轲輬 轴轨轥 轳轴轵轤轹 轷轡轳 轢轡轳轥轤 软轮 轴轨轩轮 輜转轭轳 轡转转软轷轩轮轧 软轮转轹 轳轨软轲轴 轥轸轰软轳轵轲轥 轴轩轭轥轳輬
轡轳 轤轩轳轣轵轳轳轥轤 轩轮 轣轨轡轰轴轥轲 輵輮

轔轨轥 软轸轩轤轡轴轩软轮 软车 轴轨轥 轡转转软轹轳 轩轮 轴轨轩轳 轳轥轣轴轩软轮 轩轳 轰轥轲车软轲轭轥轤 轡轴 轡轴轭软轳轰轨轥轲轩轣 轰轲轥轳轳轵轲轥 轩轮
轳轹轮轴轨轥轴轩轣 轡轩轲 轷轩轴轨 轡 轲轥转轡轴轩轶轥 轨轵轭轩轤轩轴轹 转轥轶轥转 软车 70 % 轡轴 313 K 轣软轲轲轥轳轰软轮轤轩轮轧 轴软 5 vol.%
轨轵轭轩轤轩轴轹輮 轉轮 轴轨轥 车软转转软轷轩轮轧 轴轨轥轳轥 轣软轮轤轩轴轩软轮轳 轡轲轥 轲轥车轥轲轲轥轤 轡轳 轨轵轭轩轤 轡轩轲輮 轔轨轥 轴轥轭轰轥轲轡轴轵轲轥
轩轳 轳轥轴 轴软 1273 K輬 轡 轤轵轲轡轴轩软轮 软车 10 days 轩轳 轩轮轶轥轳轴轩轧轡轴轥轤輮 轅转轥轭轥轮轴轡转 轣软轭轰软轳轩轴轩软轮輬 轳轩轮轴轥轲轩轮轧
轰轡轲轡轭轥轴轥轲轳輬 轡轮轤 轧轲轩轮轤轩轮轧 轳轴轥轰轳 轡轲轥 轣轨软轳轥轮 轡轣轣软轲轤轩轮轧 轴软 轴轨轥 软轰轴轩轭轩轺轡轴轩软轮 轰轲轥轳轥轮轴轥轤 轩轮
轣轨轡轰轴轥轲 輷輺 轗輭輱輱輮輴轃轲輭輰輮輶轙 轩轳 轳轩轮轴轥轲轥轤 轡轴 轡 轰轲轥轳轳轵轲轥 软车 50 MPa 轡轮轤 轡 轨轥轡轴轩轮轧 轲轡轴轥 软车
200 K min−1 轴软 轴轨轥 轭轡轸轩轭轵轭 轳轩轮轴轥轲轩轮轧 轴轥轭轰轥轲轡轴轵轲轥 软车 1740 K 轷轨轩轣轨 轩轳 轨轥转轤 车软轲 0 s 轴软
30 s輮 轉轴 轷轡轳 轳轨软轷轮 轴轨轡轴 轳轵轣轨 轡 轳轭轡转转 轤轩輛轥轲轥轮轣轥 轩轮 轴轨轥 轨软转轤轩轮轧 轴轩轭轥 轤软轥轳 轮软轴 轣轨轡轮轧轥 轴轨轥
软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轛輵輳轝輮 轔轨轥轲轥车软轲轥輬 轳轡轭轰转轥轳 轷轩轴轨 轢软轴轨 轨软转轤轩轮轧 轴轩轭轥轳 轡轲轥 轳轥转轥轣轴轥轤 轴软 轨轡轶轥
轡 轢轥轴轴轥轲 轡轶轡轩转轡轢轩转轩轴轹 软车 轳轡轭轰转轥轳輮 轃轵轢轩轣 轳轡轭轰转轥轳 轷轩轴轨 轡 轳轵轲车轡轣轥 輜轮轩轳轨 轵轳轩轮轧 轐輱輲輰輰輭轧轲轡轤轥
轓轩轃 轧轲轩轮轤轩轮轧 轰轡轰轥轲 轡轲轥 轰轲轥轰轡轲轥轤輮

轃轡转轩轢轲轡轴轩软轮 软车 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轭轥轡轳轵轲轥轭轥轮轴 轴轥轣轨轮轩轱轵轥

轏轸轩轤轡轴轩软轮 轡轮轤 轳轵轢转轩轭轡轴轩软轮 轭轥轡轳轵轲轥轭轥轮轴轳 轡轲轥 轰轥轲车软轲轭轥轤 轵轳轩轮轧 轴轨轥 轴轨轥轲轭软轧轲轡轶轩轭轥轴轲轩轣
轡轮轡转轹轺轥轲輬 轡轳 轤轥轳轣轲轩轢轥轤 轩轮 轳轥轣轴轩软轮 輲輮輱輶輮 轓轵轢转轩轭轡轴轩软轮 轩轳 轭轥轡轳轵轲轥轤 轢轹 轤轥轴轥轣轴轩轮轧 轴轨轥 轭轡轳轳
轣轨轡轮轧轥 软车 轴轨轥 轣轡轴轣轨轥轲輬 轡轳 轩转转轵轳轴轲轡轴轥轤 轩轮 轆轩轧輮 輲輮輴 轣輮 轄轵轥 轴软 轡 轤轩輛轥轲轥轮轴 轡轴轭软轳轰轨轥轲轥 轡轳
轣软轭轰轡轲轥轤 轴软 轴轨轥 轣轡转轩轢轲轡轴轩软轮 轩轮 轣轨轡轰轴轥轲 輸輮輱輬 轴轨轥 轣轡转轩轢轲轡轴轩软轮 软车 轴轨轥 轣轡轴轣轨轥轲 轩轳 轲轥轰轥轡轴轥轤
车软轲 轴轨轥 轳轰轥轣轩輜轣 轥轸轰轥轲轩轭轥轮轴轡转 轣软轮轤轩轴轩软轮轳輮 轉轮 轣轨轡轰轴轥轲 輴 轩轴 轩轳 轳轨软轷轮 轴轨轡轴 轩轮 轨轵轭轩轤 轡轩轲
轮软轴 软轮转轹 轗轏3 轳轵轢转轩轭轡轴轥轳輬 轢轵轴 轡转轳软 轃轲2轏3 轶软转轡轴轩转轩轺轥轳輮 轔轨轵轳輬 轳轥轰轡轲轡轴轥 轣轡转轩轢轲轡轴轩软轮轳 轡轲轥
轰轥轲车软轲轭轥轤 车软轲 轗 轡轮轤 轃轲輺 轴轨轥 轲轥轳轵转轴轳 轡轲轥 轳轨软轷轮 轩轮 轆轩轧輮 輸輮輷輮 轍轥轡轳轵轲轥轭轥轮轴 软车 轴轨轥 轭轡轳轳
轣轨轡轮轧轥 软车 车轵转转轹 软轸轩轤轩轺轥轤 轴轨轩轮 輜转轭轳 轹轩轥转轤轳 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥轳 软车 sW = 1.4× 10−4 mg cm−2 s−1

轡轮轤 sCr = 2× 10−6 mg cm−2 s−1 车软轲 轗 软轸轩轤轥 轡轮轤 轃轲 软轸轩轤轥輬 轲轥轳轰轥轣轴轩轶轥转轹輮 轔轨轥轳轥 轲轡轴轥轳
轡轲轥 轣软轭轰轡轲轥轤 轴软 轴轨轥 轤轥轰软轳轩轴轩软轮 轲轡轴轥轳 软车 轭轡轴轥轲轩轡转 软轮轴软 轴轨轥 轣轡轴轣轨轥轲 sci 轷轨轥轮 轡 轳轡轭轰转轥
i 轩轳 轨轵轮轧 轩轮轴软 轴轨轥 轣轡轴轣轨轥轲 轡轴 1273 K 轩轮 轨轵轭轩轤 轡轩轲輺 scW = 6× 10−5 mg cm−2 s−1 轡轮轤
scCr = −3× 10−8 mg cm−2 s−1 轡轲轥 轭轥轡轳轵轲轥轤 车软轲 轗 轡轮轤 轃轲輬 轲轥轳轰轥轣轴轩轶轥转轹輮 scCr 轩轳 轷轩轴轨轩轮
轴轨轥 轭轥轡轳轵轲轥轭轥轮轴 轵轮轣轥轲轴轡轩轮轴轹 软车 轴轨轥 轤轥轶轩轣轥輬 轴轨轵轳 scCr ≈ 0 mg cm−2 s−1輮 轔轨轥 轥輞轣轩轥轮轣轩轥轳 ηih
软车 轴轨轥 轣轡轴轣轨轥轲 轤轥轴轥轣轴轩轮轧 轗 轡轮轤 轃轲 轳轵轢转轩轭轡轴轩软轮 轩轮 轨轵轭轩轤 轡轩轲 轡轲轥 轧轩轶轥轮 轢轹

ηWh =
scW
sW

= 43 % 轡轮轤 ηCr
h =

scCr

sCr

= 0 % 輨輸輮輹輩

轔轨轵轳輬 轡轲软轵轮轤 轨轡转车 软车 轴轨轥 轳轵轢转轩轭轡轴轩轮轧 轴轵轮轧轳轴轥轮 软轸轩轤轥 轤轥轰软轳轩轴轳 软轮轴软 轴轨轥 轣轡轴轣轨轥轲 轷轨轥轲轥轡轳
轴轨轥 轤轥轰软轳轩轴轩软轮 软车 轣轨轲软轭轩轵轭 软轸轩轤轥轳 轩轳 轢轥转软轷 轴轨轥 轤轥轴轥轣轴轩软轮 转轩轭轩轴輮
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轆轩轧轵轲轥 輸輮輷輺 轃轡转轩轢轲轡轴轩软轮 软车 轴轨轥 轣轡轴轣轨轥轲 车软轲 轳轵轢转轩轭轡轴轩软轮 轭轥轡轳轵轲轥轭轥轮轴轳 轡轴 1273 K 轩轮 轨轵轭轩轤
轡轩轲輮 轔轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 软车 轥转轥轭轥轮轴 i 轭轥轡轳轵轲轥轤 轢轹 轴轨轥 轭轡轳轳 转软轳轳 软车 轡 车轵转转轹 软轸轩轤轩轺轥轤 轴轨轩轮
輜转轭 轩轳 轧轩轶轥轮 轡轳 si輮 轔轨轥 轭轡轳轳 轧轡轩轮 软车 轴轨轥 轣轡轴轣轨轥轲 轤轵轥 轴软 轤轥轰软轳轩轴轩软轮 软车 轳轵轢转轩轭轡轴轥轤 轭轡轴轥轲轩轡转
车轲软轭 轴轨轥 轳轡轭轰转轥 i 轩轳 轭轵转轴轩轰转轩轥轤 轢轹 (−1) 轡轮轤 轰转软轴轴轥轤 轡轳 sci 輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮
轥轴 轡转輮 轛輹輸轝輮

轍轡轴轥轲轩轡转 轡轮轡转轹轳轩轳 轡车轴轥轲 软轸轩轤轡轴轩软轮 轩轮 轨轵轭轩轤 轡轩轲

轁 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轩轳 软轸轩轤轩轺轥轤 轩轮 轨轵轭轩轤 轡轩轲 车软轲 10 days 轡轴 1273 K輮 轔轨轥 轳轵轲车轡轣轥 软车
轴轨轥 轳轡轭轰转轥 轡车轴轥轲 软轸轩轤轡轴轩软轮 轩轳 轡轮轡转轹轺轥轤 轵轳轩轮轧 轅轄轘 轡轮轤 轘轒轄輺 轴轨轥 轅轄轘 轳轰轥轣轴轲轵轭 轩轳 轳轨软轷轮
轩轮 轆轩轧輮 輸輮輸 轡輮 轁 轣软轭轰软轳轩轴轩软轮 软车 37 at.% 轃轲輬 62 at.% 轏輬 轡轮轤 0.3 at.% 轗 轩轳 车软轵轮轤輮 轔轨轥
轘轒轄 轭轥轡轳轵轲轥轭轥轮轴 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輸輮輸 轢輮 轔轨轥 轰轥轡轫 轰软轳轩轴轩软轮轳 轡轮轤 轨轥轩轧轨轴轳 轣软轲轲轥轳轰软轮轤
轴软 轴轨轥 轥轸轰轥轣轴轥轤 轰轥轡轫轳 车软轲 轃轲2轏3 轡轣轣软轲轤轩轮轧 轴软 轛輹輴轝輮 轎软 软轴轨轥轲 轰轥轡轫轳 轡轲轥 车软轵轮轤輮 轔轨轥
轣软轮轣轥轮轴轲轡轴轩软轮 软车 0.3 at.% 轗 轤轥轴轥轣轴轥轤 轩轮 轴轨轥 轅轄轘 轩轳 轴软软 转软轷 轴软 轧轩轶轥 轲轩轳轥 轴软 轡 轣转轥轡轲 轘轒轄
轰轥轡轫 轣软轲轲轥轳轰软轮轤轩轮轧 轴软 轡 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥輮 轂软轴轨 轭轥轡轳轵轲轥轭轥轮轴轳 轡轧轲轥轥 轴轨轡轴 轴轨轥轲轥 轩轳 轡
轃轲2轏3 转轡轹轥轲 软轮 轴轨轥 轳轵轲车轡轣轥 软车 轴轨轥 轳轡轭轰转轥輮 轁轮 软轶轥轲轶轩轥轷 轓轅轍 轩轭轡轧轥 软车 轴轨轥 轳轵轲车轡轣轥 轩轳 轳轨软轷轮
轩轮 轆轩轧輮 輸輮輹 轡輺 轴轨轥轲轥 轡轲轥 轴轷软 轲轥轧轩软轮轳輮 轏轮轥 轲轥轧轩软轮 轩轳 转轡轢轥转轥轤 輧轴轨轩轣轫輧輬 轡 转轡轭轥转转轡輭转轩轫轥 轳轴轲轵轣轴轵轲轥
轩轳 软轢轳轥轲轶轥轤 轩轮轤轩轣轡轴轩轮轧 轴轨轡轴 轭轵转轴轩轰转轥 转轡轹轥轲轳 轡轲轥 轳轴轡轣轫轥轤 轡轢软轶轥 轥轡轣轨 软轴轨轥轲輮 轔轨轥 软轴轨轥轲 轲轥轧轩软轮
轩轳 转轡轢轥转轥轤 輧轴轨轩轮輧輬 轴轨轥 轳轵轲车轡轣轥 轡轰轰轥轡轲轳 轲轡轴轨轥轲 轳轭软软轴轨輮 轔轨轥 轆轉轂輭轣轵轴 轰轥轲车软轲轭轥轤 轩轮 轴轨轥 輧轴轨轩轮輧
轲轥轧轩软轮 轩轳 轶轩轳轩轢转轥 轩轮 轴轨轥 软轶轥轲轶轩轥轷 轩轭轡轧轥 轩轮 轆轩轧輮 輸輮輹 轡輮

轆轉轂輭轣轵轴轳 轡轲轥 轰轥轲车软轲轭轥轤 轩轮 轢软轴轨 轲轥轧轩软轮轳輮 轔轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轩轮 轴轨轥 輧轴轨轩轮輧 轲轥轧轩软轮 轩轳 轳轨软轷轮
轩轮 轆轩轧輮 輸輮輹 轢輮 轁 轣转软轳轥轤 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲 轷轩轴轨 轡 轴轨轩轣轫轮轥轳轳 软车 ∼ 2.8 µm 轩轳 车软轵轮轤 软轮
轴轨轥 轳轵轲车轡轣轥 软轮 轴软轰 软车 轴轨轥 轭轥轴轡转輮 轉轮轴轥轲轮轡转 软轸轩轤轡轴轩软轮 轩轳 轤轥轴轥轣轴轥轤 轷轩轴轨轩轮 轴轨轥 輜轲轳轴 12 µm 软车
轴轨轥 轭轥轴轡转輮 轔轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轩轮 轴轨轥 輧轴轨轩轣轫輧 轲轥轧轩软轮 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輸輮輹 轣輮 轔轨轥 轰轲软轴轥轣轴轩轶轥
软轸轩轤轥 转轡轹轥轲 轩轳 轭软轲轥 轴轨轡轮 20 µm 轴轨轩轣轫輬 轷轨轩轣轨 轩轳 轴轨轥 轤轥轰轴轨 软车 轴轨轥 轣轲轡轴轥轲輮 轐软轲轥轳 轡轲轥 轤轥轴轥轣轴轥轤
轷轩轴轨轩轮 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲輮 轔轨轥 轳轨轡轰轥 软车 轴轨轥 轰软轲轥轳 轣软轩轮轣轩轤轥轳 轷轩轴轨 轴轨轥 转轡轭轥转转轡輭转轩轫轥
轳轴轲轵轣轴轵轲轥 轳轥轥轮 软轮 轴轨轥 轳轵轲车轡轣轥 轩轮 轆轩轧輮 輸輮輹 轡輮 轆轵轲轴轨轥轲輬 轴轨轥轲轥 轡轲轥 轢轲轩轧轨轴轥轲 轳轰软轴轳 轷轩轴轨轩轮 轴轨轥
轃轲2轏3 轷轨轩轣轨 轡轲轥 轩轤轥轮轴轩輜轥轤 轡轳 轗輭輳輲輮輲轃轲輭輱輱輮輸轙輭輱輰輮輸轏 轵轳轩轮轧 轅轄轘 轡轴 轡轮 轥轮轥轲轧轹 软车 10 keV輮
轔轨轥 轩轮车软轲轭轡轴轩软轮 轤轥轰轴轨 软车 轅轄轘 轡轴 10 keV 软轮 轗轏3 轩轳 轡轲软轵轮轤 0.5 µm輮 轔轨轵轳輬 轡 轳轩轧轮轩輜轣轡轮轴
车轲轡轣轴轩软轮 软车 轴轨轥 轃轲輭Kα 轲轡轤轩轡轴轩软轮 软轲轩轧轩轮轡轴轥轳 车轲软轭 轃轲 软轵轴轳轩轤轥 轴轨轥 轷轨轩轴轥 轳轰软轴輮 轇轲轡轰轨轩轣轡转
轣软轮轴轲轡轳轴 轡轮轡转轹轳轩轳 软车 轆轩轧輮 輸輮輹 轣 轹轩轥转轤轳 轴轨轡轴 轡轲软轵轮轤 5 % 软车 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轩轳 轣软轶轥轲轥轤 轷轩轴轨
轴轨轩轳 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥輮 轈软轷轥轶轥轲輬 轴轨轥 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥 轩轳 轴轲轡轰轰轥轤 轷轩轴轨轩轮 轴轨轥 轃轲2轏3

转轡轹轥轲 轡轮轤 轣轡轮轮软轴 轢轥 轲轥转轥轡轳轥轤 轴软 轴轨轥 轥轮轶轩轲软轮轭轥轮轴輮 轔轲轡轰轰轥轤 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥轳 轡轲轥 轮软
轲轡轤轩软转软轧轩轣轡转 轨轡轺轡轲轤輮

轉轮 轣软轮轴轲轡轳轴輬 轴轨轥 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥轳 软轮 轴轨轥 轳轵轲车轡轣轥 轭轡轹 轳轵轢转轩轭轡轴轥 轡轮轤 轴轨轵轳 轰软轳轥
轡 轲轡轤轩软转软轧轩轣轡转 轨轡轺轡轲轤輮 轃软轮轴轲轡轳轴 轢轥轴轷轥轥轮 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥轳 轡轮轤 轃轲2轏3 软轮 轴轨轥 轮软轮輭
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OKα WMα CrKαCrKβCrLα

(a) (b)

轆轩轧轵轲轥 輸輮輸輺 轓轵轲车轡轣轥 轣轨轡轲轡轣轴轥轲轩轺轡轴轩软轮 软车 轴轨轥 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轡车轴轥轲 软轸轩轤轡轴轩软轮 车软轲 10 days
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s = 0.99sCr + 0.01sW = 3× 10−6 mg cm−2 s−1. 輨輸輮輱輰輩
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Figure 8.9: SEM images of the W-11.4Cr-0.6Y alloy after oxidation for 10 days at 1273K
in humid air. (a) overview of the surface, the region ’thin’ and ’thick’ are labeled. (b)
a cross section in the thin region. (c) cross section in the thick region. (d) ESB image
with a grid voltage of 1 kV resolving both W-Y oxide and Cr oxide, the W-Y oxides have
a lighter color in the image. The ESB image is representative for both regions ’thin’ and
’thick’. Figure adapted from F. Klein et al. [98].

Oxidation and sublimation kinetics

Measuring the mass change of the catcher, while the alloy inside the catcher is oxidizing
and sublimating, is another method to determine the sublimation rate. The results of the
sublimation measurement as well as the total mass change of the sample are shown in Fig.
8.10. A measurement on oxidation and sublimation of pure W is included for comparison.
Further, the sublimation rate of Cr2O3 is included, interpolated from the results shown
in Fig. 8.7.

86



轔轨轥 轴软轴轡转 轭轡轳轳 轧轡轩轮 软车 轴轨轥 轡转转软轹 轩轳 1× 10−5 mg cm−2 s−1輮 轔轨轥 轡转转软轹 车软转转软轷轳 轡 转轩轮轥轡轲
软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳輬 轪轵轳轴 轡轳 轳轨软轷轮 轩轮 轤轲轹 轡轩轲 轩轮 轳轥轣轴轩软轮 輸輮輱輮 轔轨轥 转轡轭轥转转轡輭转轩轫轥 轳轴轲轵轣轴轵轲轥 软车
轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲 輨轳轥轥 轆轩轧輮 輸輮輹輩 轩轮轤轩轣轡轴轥轳 轣软轮轴轩轮轵软轵轳 车轡轩转轵轲轥 轡轮轤 轳轥转车輭轨轥轡转轩轮轧 软车
轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲輮 轔轨轥 轣软轮轣轥轰轴 软车 轡 车轡轩转轵轲轥 轰轲软轢轡轢轩转轩轴轹 轡轳 轩轮轴轲软轤轵轣轥轤 轩轮 轳轥轣轴轩软轮
輸輮輱 轲轥轭轡轩轮轳 轶轡转轩轤 輭 轴轨轥 轫轥轹 轤轩輛轥轲轥轮轣轥 轩轳 轴轨轥 轰轲轥轳轥轮轣轥 软车 轈 轡转转软轷轩轮轧 轴轨轥 轃轲2轏3 轴软 轨轥轡转 轡轳
轤轩轳轣轵轳轳轥轤 轡轢软轶轥輮

轔轨轥 轭轡轳轳 轧轡轩轮 软车 轴轨轥 轣轡轴轣轨轥轲 轷轨轩转轥 轴轨轥 轡转转软轹 轨轡轮轧轳 轩轮轳轩轤轥 轴轨轥 轣轡轴轣轨轥轲 轩轳 scatcher =
0.23× 10−6 mg cm−2 s−1輮 轕轳轩轮轧 轴轨轥 轣轡转轩轢轲轡轴轩软轮 轳轨软轷轮 轩轮 轆轩轧輮 輸輮輷輬 轴轨轥 轡轭软轵轮轴 软车 轗輭
轣软轮轴轡轩轮轩轮轧 软轸轩轤轥 轳轵轢转轩轭轡轴轩轮轧 车轲软轭 轴轨轥 轡转转软轹 轩轳 轣轡转轣轵转轡轴轥轤

sAW =
scatcher
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轆轩轧轵轲轥 輸輮輱輰輺 轍轡轳轳 轣轨轡轮轧轥 软车 轡 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轡轮轤 轰轵轲轥 轗 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轡轴
1273 K 轩轮 轨轵轭轩轤 轡轩轲輮 轔轨轥 轵轰轰轥轲 轰轡轲轴 轳轨软轷轳 轴轨轥 轴软轴轡转 轭轡轳轳 轣轨轡轮轧轥 软车 轴轨轥 轳轡轭轰转轥輮 轔轨轥
转软轷轥轲 轰轡轲轴 轳轨软轷轳 轴轨轥 轣软轮轴轲轩轢轵轴轩软轮 软车 轳轵轢转轩轭轡轴轩软轮 輭 轴轨轥 轤轥轰软轳轩轴轩软轮 软轮轴软 轴轨轥 轣轡轴轣轨轥轲 轡轮轤
轴轨轥 轣轡转轣轵转轡轴轥轤 轴软轴轡转 轳轵轢转轩轭轡轴轩软轮 轡轲轥 轰转软轴轴轥轤輮

轒轡轤轩软转软轧轩轣轡转 轣软轮轳轩轤轥轲轡轴轩软轮轳

轆软轲 轴轨轥 輜轲轳轴 轴轩轭轥 轩轴 轩轳 轡轣轨轩轥轶轥轤輬 轴轨轡轴 轴轨轥 轴软轴轡转 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 车轲软轭 轴轨轥 轡转转软轹 轩轳
轤软轭轩轮轡轴轥轤 轢轹 轴轨轥 轳轵轢转轩轭轡轴轩软轮 软车 轃轲2轏3 s

A
Cr = 0.99sCr = 2× 10−6 mg cm−2 s−1輮 轁轤轤轩轮轧
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轴轨轥 轣软轮轴轲轩轢轵轴轩软轮 车轲软轭 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥轳 轹轩轥转轤轳 轡 轴软轴轡转 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 轡轲软轵轮轤 s =
3× 10−6 mg cm−2 s−1 轩轮 轣轡轳轥 软车 轡 轌轏轃轁 车轥轡轴轵轲轩轮轧 轨轵轭轩轤 轡轩轲 轡轮轤 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K輬
轡轳 轰转软轴轴轥轤 轩轮 轆轩轧輮 輸輮輱輰輮

轔轨轥 轡轣轴轩轶轩轴轹 轡车轴轥轲 5 fpy 软车 轮轥轵轴轲软轮 轩轲轲轡轤轩轡轴轩软轮 轩轳 8.74× 1014 Bq kg−1 轡轮轤
2.91× 1014 Bq kg−1 车软轲 轗 轡轮轤 轃轲輬 轲轥轳轰轥轣轴轩轶轥转轹 轛輱輹轝輮 轔轨轥 轡轣轴轩轶轩轴轹 5.3 min 轡车轴轥轲 轮轥轵轴轲软轮
轩轲轲轡轤轩轡轴轩软轮 轳轴软轰轰轥轤 轩轳 轵轳轥轤 轩轮 软轲轤轥轲 轴软 轤轩轳轣轡轲轤 轶轥轲轹 轳轨软轲轴 转轩轶轥轤 轩轳软轴软轰轥轳 车轲软轭 轴轨轥 轥轳轴轩轭轡轴轩软轮
软车 轴轨轥 轲轡轤轩软转软轧轩轣轡转 轨轡轺轡轲轤輮 轔轨轥 轲轡轤轩软轡轣轴轩轶轥 轲轥转轥轡轳轥 rr 轩轳 轣轡转轣轵转轡轴轥轤 轡轳轳轵轭轩轮轧 轡 輜轲轳轴 轷轡转转
轳轵轲车轡轣轥 轡轲轥轡 软车 1000 m2 轡轮轤 轴轨轡轴 轡转转 轳轵轢转轩轭轡轴轥轤 轭轡轴轥轲轩轡转 轩轳 轲轥转轥轡轳轥轤 轴软 轴轨轥 轥轮轶轩轲软轮轭轥轮轴輮
轔轨轥 轣轡转轣轵转轡轴轩软轮 轹轩轥转轤轳 rr = 3× 1016 Bq/month 车软轲 轴轨轥 轳轭轡轲轴 轡转转软轹 轡轳 轣软轭轰轡轲轥轤 轴软
rr = 3× 1018 Bq/month 车软轲 轰轵轲轥 轗 輜轲轳轴 轷轡转转 轡轲轭软轲 轡轴 1273 K輮 轔轨轵轳輬 轴轨轥 轰软轴轥轮轴轩轡转
轲轥转轥轡轳轥 软车 轲轡轤轩软轡轣轴轩轶轩轴轹 轩轳 轳轵轰轰轲轥轳轳轥轤 轢轹 轡 车轡轣轴软轲 软车 轡转轭软轳轴 100 轢轹 轥轭轰转软轹轩轮轧 轳轭轡轲轴 轡转转软轹轳輮
轎轥轶轥轲轴轨轥转轥轳轳輬 轡 轲轡轤轩软轡轣轴轩轶轥 轳轡车轥轴轹 轨轡轺轡轲轤 轲轥轭轡轩轮轳輻 轴轨轥 轲轥轱轵轩轲轥轤 轳轡车轥轴轹 转轩轭轩轴轳 车软轲 车轵轴轵轲轥
车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴轳 轳轨软轵转轤 轢轥 轳轰轥轣轩輜轥轤 轡轮轤 轡轤轤轩轴轩软轮轡转 轭轥轡轮轳 轴软 轭轩轴轩轧轡轴轥 轴轨轥 轲轡轤轩软转软轧轩轣轡转
轨轡轺轡轲轤 轳轨软轵转轤 轢轥 轣软轮轳轩轤轥轲轥轤輮

8.3 Influence of temperature on oxidation
轏轰轴轩轭轩轺轥轤 轗輭輱輱輮輴轃轲輭輰輮輶轙 轢轵转轫 轡转转软轹轳 轡轲轥 软轸轩轤轩轺轥轤 轩轮 轨轵轭轩轤 轡轩轲 轡轴 轡轴轭软轳轰轨轥轲轩轣 轰轲轥轳轳轵轲轥
车软轲 2 days 轡轴 轴轨轲轥轥 轤轩輛轥轲轥轮轴 轴轥轭轰轥轲轡轴轵轲轥轳輺 1100 K輬 1273 K輬 轡轮轤 1473 K輮 轔轨轥 轭轩转转轩轮轧輬
轳轩轮轴轥轲轩轮轧輬 轡轮轤 轧轲轩轮轤轩轮轧 轰轲软轣轥轤轵轲轥 轳轴轩转转 车软转转软轷轳 轴轨轥 轲轥轣软轭轭轥轮轤轡轴轩软轮轳 车轲软轭 轣轨轡轰轥轲 輷輮

轉轮 轣软轮轴轲轡轳轴 轴软 轴轨轥 软轴轨轥轲 轳轡轭轰转轥轳 轩轮 轴轨轩轳 轴轨轥轳轩轳輬 轴轨轥轲轥 轩轳 轡 轤轩輛轥轲轥轮轴 轳轴软轲轡轧轥 轴轩轭轥 软车
轴轨轥 轰软轷轤轥轲 轢轥轴轷轥轥轮 轭轩转转轩轮轧 轡轮轤 轳轩轮轴轥轲轩轮轧輺 轴轨轥 轰软轷轤轥轲 车软轲 轡转转 轳轡轭轰转轥轳 轩轮 轴轨轩轳 轳轥轣轴轩软轮 轩轳
轳轴软轲轥轤 车软轲 轭软轮轴轨 轷轨轩转轥 轴轨轥 轰软轷轤轥轲 车软轲 轴轨轥 轳轡轭轰转轥轳 轩轮 轳轥轣轴轩软轮 輸輮輲 轩轳 轳轴软轲轥轤 软轮转轹 轤轡轹轳輮 轔轨轥
转软轮轧 轰软轷轤轥轲 轳轴软轲轡轧轥 轣轡轵轳轥轳 轡轮 轩轮轣轲轥轡轳轥 软车 轴轨轥 轏 轣软轮轴轥轮轴 车轲软轭 0.15 wt.% 轴软 0.19 wt.% 轩轮
轴轨轥 轳轩轮轴轥轲轥轤 轳轡轭轰转轥輮 轔轨轥 轎 轣软轮轴轥轮轴 轳轴轡轹轳 轣软轮轳轴轡轮轴 轡轴 8× 10−3 wt.%輮 轏 轡轮轤 轎 轣软轮轴轥轮轴
轡轲轥 轭轥轡轳轵轲轥轤 轵轳轩轮轧 轴轨轥 轌轅轃轏 轤轥轴轥轲轭轩轮轡轴软轲 轤轥轳轣轲轩轢轥轤 轩轮 轳轥轣轴轩软轮 輲輮輶輮 轔轨轥 轲轥轳轵转轴轳 软车 轴轨轥
软轸轩轤轡轴轩软轮 轥轸轰轥轲轩轭轥轮轴 轡轲轥 轳轨软轷轮 轩轮 轆轩轧輮 輸輮輱輱輮

轁轴 1473 K 轡 轴软轴轡转 轭轡轳轳 轣轨轡轮轧轥 轡轴 轴轨轥 轲轡轴轥 软车 −5× 10−4 mg cm−2 s−1 轩轳 轭轥轡轳轵轲轥轤 轡车轴轥轲
4 h 软车 软轸轩轤轡轴轩软轮輬 轳轥轥 轆轩轧輮 輸輮輱輱輮 轔轨轩轳 轭轡轳轳 轣轨轡轮轧轥 轩轮轣转轵轤轥轳 轴轨轥 轭轡轳轳 轧轡轩轮 轤轵轥 轴软 软轸轩轤轡轴轩软轮
轡轮轤 轴轨轥 轭轡轳轳 转软轳轳 轤轵轥 轴软 轳轵轢转轩轭轡轴轩软轮輬 轷轨轩轣轨 轩轳 轤软轭轩轮轡轴轩轮轧輮 轔轨轵轳輬 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 轩轳
轥轶轥轮 轨轩轧轨轥轲輮 轔轨轥 轳轡轭轰转轥 轩轳 轭轥轣轨轡轮轩轣轡转转轹 轤轥轳轴轲软轹轥轤 轡车轴轥轲 44 h輬 轡轳 轳轨软轷轮 轩轮 轴轨轥 轰轨软轴软轧轲轡轰轨輮
轔轨轥 轰轲软轴轥轣轴轩软轮 软轢轳轥轲轶轥轤 轡轴 1273 K 轡轮轤 轤轩轳轣轵轳轳轥轤 轩轮 轳轥轣轴轩软轮 輸輮輲 轣轡轮轮软轴 轢轥 轭轡轩轮轴轡轩轮轥轤 轡轴
1473 K輮 轔轨轥 轡转转软轹 轣轡轮轮软轴 轰轲软轶轩轤轥 轲轡轤轩软转软轧轩轣轡转 轳轡车轥轴轹 轩轮 轣轡轳轥 软车 轡 轌轏轃轁 车轥轡轴轵轲轩轮轧 轳轵轣轨
轨轩轧轨 轴轥轭轰轥轲轡轴轵轲轥轳輮

轁轴 1273 K 轡 轴软轴轡转 轭轡轳轳 轣轨轡轮轧轥 轡轴 轴轨轥 轲轡轴轥 软车 2× 10−5 mg cm−2 s−1 轩轳 轭轥轡轳轵轲轥轤輬 轳轥轥
轆轩轧輮 輸輮輱輱輮 轔轨轥 轰轨软轴软轧轲轡轰轨 轡车轴轥轲 44 h 软车 软轸轩轤轡轴轩软轮 轳轨软轷轳 轴轨轡轴 轴轨轥 轣轵轢轩轣 轳轨轡轰轥 软车 轴轨轥 轳轡轭轰转轥
轩轳 轰轲轥轳轥轲轶轥轤輮 轔轨轥 轳轡轭轰转轥 轴轵轲轮轳 轧轲轥轥轮 轡轳 轡 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 转轡轹轥轲 车软轲轭轳輮

轁 轤轥轴轡轩转轥轤 轣轨轡轲轡轣轴轥轲轩轺轡轴轩软轮 轡轮轤 轤轩轳轣轵轳轳轩软轮 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲 车软轲轭轥轤 轡轴
1273 K 轩轳 车软轵轮轤 轩轮 轳轥轣轴轩软轮 輸輮輲輮 轔轨轥 软轸轩轤轡轴轩软轮 轲轡轴轥 轤软轵轢转轥轤 轣软轭轰轡轲轥轤 轴软 轴轨轥 轳轡轭轰转轥轳
轰轲轥轳轥轮轴轥轤 轩轮 轳轥轣轴轩软轮 輸輮輲 轤轵轥 轴轨轥 轩轮轣轲轥轡轳轥轤 轏 转轥轶轥转 轩轮 轴轨轥 轩轮轩轴轩轡转 轳轡轭轰转轥轳 輭 轴轨轥 轲轥轡轣轴轩软轮 软车
轴轨轥 轣软轮轴轡轩轮轥轤 轙 轴软 轙2轏3 轣轡轮 软轮转轹 轢轩轮轤 轵轰 轴软 0.16 wt.%輬 转轥轡轶轩轮轧 轡轴 转轥轡轳轴 0.03 wt.% 软车
轥轸轣轥轳轳 轏 轷轨轩轣轨 轩轳 轢软轵轮轤 轢轹 轃轲輮 轍软轲轥 轤轥轴轡轩转轳 软轮 轨软轷 轙 轡轮轤 轏 轡轲轥 轢软轵轮轤 轩轮 轴轨轥 轭轡轴轥轲轩轡转
轡轲轥 轧轩轶轥轮 轩轮 轣轨轡轰轴轥轲 輹輮 轔轨轥 车轡轣轴 轴轨轡轴 轳轵轣轨 轡 轳轭轡转转 轡轭软轵轮轴 软车 轏 轨轡轳 轳轵轣轨 轡 轳轴轲软轮轧 轥輛轥轣轴
轩轮轤轩轣轡轴轥轳 轴轨轡轴 轢轩轮轤轩轮轧 轏 轩轮 轴轨轥 轭轡轴轥轲轩轡转 轩轳 软轮轥 轩轭轰软轲轴轡轮轴 轲软转轥 软车 轴轨轥 轣软轮轴轡轩轮轥轤 轙輮 轔轨轥
轡轵轴轨软轲 轡轳轳轵轭轥轳 轴轨轡轴 轡 轨轩轧轨轥轲 轏 轣软轮轴轥轮轴 轷软轵转轤 轹轩轥转轤 车轵轲轴轨轥轲 轤轥轧轲轡轤轡轴轩软轮 软车 轴轨轥 软轸轩轤轡轴轩软轮
轲轥轳轩轳轴轡轮轣轥輮 轓轴轩转转輬 轩轮 轴轨轥 轰轲轥轳轥轮轴 轳轡轭轰转轥轳 轴轨轥 轏 轣软轮轴轥轮轴 轩轳 轩轮轣轲轥轡轳轥轤 轢轹 软轮转轹 0.04 wt.% 轡轳
轣软轭轰轡轲轥轤 轴软 轴轨轥 轳轡轭轰转轥轳 轰轲轥轳轥轮轴轥轤 轩轮 轳轥轣轴轩软轮 輸輮輲輬 轴轨轥 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 轩轳 轳轴轩转转 车软轲轭轥轤 轡轮轤
轭轡轩轮轴轡轩轮轥轤輬 轡轮轤 轴轨轥 轳轡轭轰转轥 轣轡轮 轢轥 轵轳轥轤 车软轲 轡轮轡转轹轳轩轳輮
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轁轴 1100 K 轴轨轥 轴软轴轡转 轭轡轳轳 轣轨轡轮轧轥 轩轳 轲轥轤轵轣轥轤 轢轹 轡 车轡轣轴软轲 软车 20 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥
轥轸轰轥轲轩轭轥轮轴 轡轴 1273 K 轤轵轥 轴软 轴轨轥 转软轷轥轲 轴轥轭轰轥轲轡轴轵轲轥輮 轔轨轥 轤轵轲轡轢轩转轩轴轹 轴轩轭轥 软车 轴轨轥 轡转转软轹 轩轳
轩轮轣轲轥轡轳轥轤輮

轓轴轵轤轩轥轳 软车 轩轮輝轵轥轮轣轥轳 软轮 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轳轨软轵转轤 轣软轮轴轩轮轵轥輮 轉轭轰软轲轴轡轮轴 轴轥轳轴轳
轩轮轣转轵轤轥 轴轨轥 软轸轩轤轡轴轩软轮 轢轥轨轡轶轩软轲 轩轮 轡轴轭软轳轰轨轥轲轥轳 轷轩轴轨 轨轩轧轨轥轲 轷轡轴轥轲 轣软轮轴轥轮轴輮 轆轵轲轴轨轥轲輬 轴轨轥
轡轣轴轩轶轡轴轩软轮 软车 轴轨轥 轭轡轴轥轲轩轡转 轩轳 轨轩轧轨轥轳轴 轡轴 轴轨轥 轥轮轤 软车 轴轨轥 转轩车轥輭轴轩轭轥 软车 轴轨轥 輜轲轳轴輭轷轡转转 轡轲轭软轲
轣软轭轰软轮轥轮轴轳 轷轨轥轮 轴轨轥轹 轷轥轲轥 轥轸轰软轳轥轤 轴软 轴轨轥 轨轩轧轨轥轳轴 轴软轴轡转 轮轥轵轴轲软轮 輝轵轥轮轣轥輮 轔轨轵轳輬 轡 轧软软轤
软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轩轳 轭软轳轴 轣轲轵轣轩轡转 轩轮 轣轡轳轥 软车 轡轮 轡轣轣轩轤轥轮轴 轡轴 轴轨轥 轥轮轤 软车 轴轨轥 转轩车轥輭轴轩轭轥 软车
轴轨轥 輜轲轳轴輭轷轡转转 轡轲轭软轲 轭轡轴轥轲轩轡转輮 轔轨轥轲轥车软轲轥輬 轣轨轡轮轧轥轳 软车 轣轨轡轲轡轣轴轥轲轩轳轴轩轣轳 轡车轴轥轲 轵轳轡轧轥 轩轮 轴轨轥
轰软轷轥轲 轰转轡轮轴 轭轵轳轴 轢轥 轡轳轳轥轳轳轥轤輮 轍软轳轴 轣轲轩轴轩轣轡转 轩轮輝轵轥轮轣轥轳 轡轲轥 轳轰轵轴轴轥轲轩轮轧 软车 轴轨轥 轳轵轲车轡轣轥 轢轹
轴轨轥 轰转轡轳轭轡輬 转软轮轧輭轴轥轲轭 轥轸轰软轳轵轲轥 轴软 轥转轥轶轡轴轥轤 轴轥轭轰轥轲轡轴轵轲轥轳 软车 轡轲软轵轮轤 900 K 车软轲 轹轥轡轲轳輬 轡轮轤
轴轲轡轮轳轭轵轴轡轴轩软轮轳 软车 轡转转软轹轩轮轧 轥转轥轭轥轮轴轳輮 轆轩轲轳轴 轳轴轵轤轩轥轳 软轮 轴轨轥 轩轮輝轵轥轮轣轥 软车 轳轰轵轴轴轥轲轩轮轧 软车 轴轨轥
轳轵轲车轡轣轥 轢轹 轴轨轥 轰转轡轳轭轡 轩轮轤轩轣轡轴轥 轴轨轡轴 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轲轥轭轡轩轮轳 轳轩轭轩转轡轲 轡轳 轣软轭轰轡轲轥轤
轴软 轵轮轥轸轰软轳轥轤 轳轡轭轰转轥轳 轛輹輹輬 輱輰輰轝輮

0 10 20 30 40

time [h]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

(Δ
m

/A
) 

[m
g

 c
m

]
−2

pure W

1273 K

1473 K

1273 K

1100 K

2 mm

2 mm

2 mm

轆轩轧轵轲轥 輸輮輱輱輺 轔轨轥 轴软轴轡转 轭轡轳轳 轣轨轡轮轧轥 轡轳 车轵轮轣轴轩软轮 软车 轴轩轭轥 车软轲 轴轨轲轥轥 轩轤轥轮轴轩轣轡转 轗輭輱輱輮輴轃轲輭輰輮輶轙
轡转转软轹轳 轡轴 轤轩輛轥轲轥轮轴 轴轥轭轰轥轲轡轴轵轲轥轳 轡轳 轣软轭轰轡轲轥轤 轴软 轰轵轲轥 轗輮 轍轥轡轳轵轲轥轭轥轮轴轳 轡轲轥 轰轥轲车软轲轭轥轤 轩轮
轨轵轭轩轤 轡轩轲 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 轡轳 轳轰轥轣轩輜轥轤 轩轮 轴轨轥 转轡轢轥转輮 轔轨轥 轰轨软轴软轧轲轡轰轨轳 轡轲轥 轴轡轫轥轮 轡车轴轥轲
44 h 软车 软轸轩轤轡轴轩软轮輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輹輸轝輮

轔轨轥 轫轥轹 輜轮轤轩轮轧轳 软车 轴轨轥 软轸轩轤轡轴轩软轮 轡轮轤 轳轵轢转轩轭轡轴轩软轮 轰轲软轣轥轳轳 轩轮 轨轵轭轩轤 轡轩轲 轡轲轥 轡轳 车软转转软轷轳輺

• 轁轴 1273 K 轳轵轢转轩轭轡轴轩软轮 车轲软轭 轴轨轥 轳轭轡轲轴 轡转转软轹 轩轮 轨轵轭轩轤 轡轩轲 轩轳 轤软轭轩轮轡轴轥轤 轢轹 轴轨轥
轳转软轷 轲轥转轥轡轳轥 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 轃轲2轏3輮 轁 轴软轴轡转 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 轡轲软轵轮轤 s =
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Chapter 9

Oxidation mechanisms of smart alloys
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9.1 Oxidation mechanisms of thin films on a micro-
scale

9.1.1 On diffusion of O
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16轏18轏 轩轮 轴轨轥 软轸轩轤轥輮 轔轨轥 轤轩輛轥轲轥轮轴 轏輭轩轳软轴软轰轥轳 轡轲轥 轣轨轥轭轩轣轡转转轹 轩轤轥轮轴轩轣轡转輮 轔轨轥轲轥车软轲轥輬 轴轨轥
18轏 轩轳软轴软轰轥 轡轢轵轮轤轡轮轣轥 轩轮 轴轨轥 软轸轩轤轥輬 轷轨轩轣轨 轩轳 轭轡轲轫轥轤 轷轩轴轨 轧轲轡轹 轢轡轣轫轧轲软轵轮轤 轩轮 轆轩轧輮 輹輮輲輬
轩轳 轣轡转轣轵转轡轴轥轤 轵轳轩轮轧 轴轨轥 轲轡轴轩软 软车 16轏18轏輯16轏2輮 轉轮 轴轨轥 轡转转软轹 轴轨轥 轲轡轴轩软 软车 16轏輯18轏 轩轳 轵轳轥轤 轴软
轣轡转轣轵转轡轴轥 轴轨轥 18轏 轩轳软轴软轰轥 轡轢轵轮轤轡轮轣轥 p(18O)輮

轔轨轥 轥轸轡轣轴 车软轲轭轵转轡轳 车软轲 轴轨轥 轣轡转轣轵转轡轴轩软轮轳 轡轲轥 轤轥轲轩轶轥轤 轩轮 轴轨轥 车软转转软轷轩轮轧輮 轔轨轥 18轏 轩轳软轴软轰轥
轡轢轵轮轤轡轮轣轥 p輨18轏輩 轩轳 轴轨轥 轰轲软轢轡轢轩转轩轴轹 轴软 轨轡轶轥 轡轮 18轏 轡轴软轭 轩车 软轮轥 輜轮轤轳 轡轮轹 轏輭轡轴软轭輮 轔轨轡轴
轩轭轰转轩轥轳

p(16O) + p(17O) + p(18O) = 1 = 100 % 輨輹輮輱輩

轁轣轣软轲轤轩轮轧转轹 p(18O16O) 轩轳 轴轨轥 轰轲软轢轡轢轩转轩轴轹 轴软 轨轡轶轥 轡轮 18轏16轏 轭软转轥轣轵转轥 轩车 软轮轥 轨轡轳 轡 轭软转轥轣轵转轥
轣软轮轳轩轳轴轩轮轧 软车 轡轮轹 轴轷软 软轸轹轧轥轮 轡轴软轭轳輮 轔轨轥 轣软轮轣轥轮轴轲轡轴轩软轮 软车 17轏 轩轳 轡轳轳轵轭轥轤 轣软轮轳轴轡轮轴 轡轴 轴轨轥
轮轡轴轵轲轡转 轡轢轵轮轤轡轮轣轥 车软轲 轡转转 轥轭轰转软轹轥轤 软轸轹轧轥轮輬 轴轨轵轳 p(17O) = 0.038 %輮

轉轮 轴轨轥 轡转转软轹 轓轉轍轓 轭轥轡轳轵轲轥轳 轣软轵轮轴轳 车软轲 轢软轴轨 18轏– 輭 轡轮轤 16轏– 輭轩软轮轳輮 轔轨轥 轶轡转轵轥

a =
轣软轵轮轴轳(18O−)

轣软轵轮轴轳(16O−)
輨輹輮輲輩

轣轡轮 轢轥 轩轮轴轲软轤轵轣轥轤輮 轁轳 轢软轴轨 轩软轮轳 轡轲轥 轣轨轥轭轩轣轡转转轹 轩轤轥轮轴轩轣轡转輬 轴轨轥 轣软轵轮轴 轲轡轴轩软 软车 轩软轮轳 轥轱轵轡转轳
轴轨轥 轰轲软轢轡轢轩转轩轴轹 轲轡轴轩软 软车 轡轴软轭轳輬 轴轨轵轳

a =
p(18O)

p(16O)
⇒ p(18O) =

a(1− p(17O))

1 + a
. 輨輹輮輳輩

轉轮 轴轨轥 软轸轩轤轥 轓轉轍轓 轭轥轡轳轵轲轥轳 轣软轵轮轴轳 车软轲 轴轨轥 轏2 轭软转轥轣轵转轥轳輮 18轏16轏 轡轮轤 16轏2 轣轡轮 轢轥
轤轥轴轥轣轴轥轤 轷轨轩转轥 轴轨轥 轳轩轧轮轡转 车轲软轭 18轏2 轩轳 轴软软 轳轭轡转转輮 轔轨轥 轶轡转轵轥

b =
轣软轵轮轴轳(18O16O−)

轣软轵轮轴轳(16O2
−)

輨輹輮輴輩

輹輱



轣轡轮 轢轥 轩轮轴轲软轤轵轣轥轤輮 轁轳 轢软轴轨 轭软转轥轣轵转轥轳 轡轲轥 轣轨轥轭轩轣轡转转轹 轩轤轥轮轴轩轣轡转輬 轴轨轥 轣软轵轮轴 轲轡轴轩软 软车 轩软轮轩轺轥轤
轭软转轥轣轵转轥轳 轥轱轵轡转轳 轴轨轥 轰轲软轢轡轢轩转轩轴轹 轲轡轴轩软 软车 轭软转轥轣轵转轥轳輮 轔轨轥 18轏 轩轳软轴软轰轥 轡轢轵轮轤轡轮轣轥 轩轮 轴轨轥
软轸轩轤轥 轣轡轮 轢轥 轣轡转轣轵转轡轴轥轤 轵轳轩轮轧 轥轱轵轡轴轩软轮轳 輹輮輱 轡轮轤 輹輮輴輮

b =
p(18O16O)

p(16O2)

=
p(18O)× p(16O) + p(16O)× p(18O)

p(16O)× p(16O)

⇒ p(18O) =
b(1− p(17O))

2(1 + b/2)

輨輹輮輵輩

轔轨轵轳輬 轴轨轥 轰轨轹轳轩轣轡转 轶轡转轵轥 p(18O) 轩轳 轣轡转轣轵转轡轴轥轤 轩轮 轴轨轥 软轸轩轤轥 轡轮轤 轴轨轥 轡转转软轹輮 轔轨轥 轲轥轳轵转轴轳
轡轲轥 轣软轭轢轩轮轥轤 轩轮 轆轩轧輮 輹輮輲輮 轂软轴轨 轭轥轡轳轵轲轥轭轥轮轴轳 轳轨软轷 轡 轳轭轡转转 轭轡轸轩轭轵轭 轡轴 轴轨轥 轩轮轴轥轲车轡轣轥
轢轥轴轷轥轥轮 轴轨轥 软轸轩轤轥 轡轮轤 轴轨轥 轡转转软轹輮 轔轨轩轳 轩轳 轴轨轥 轰软轩轮轴 轷轨轥轲轥 轴轨轥 轡轣轣轵轲轡轣轹 软车 轢软轴轨 轣轡转轣轵转轡轴轩软轮
轭轥轴轨软轤轳 车软轲 p輨18轏輩 轤轥轣轲轥轡轳轥轳 轡轳 轡 轭轩轸轴轵轲轥 软车 软轸轩轤轥轳 轡轮轤 轭轥轴轡转轳 轩轳 轭轥轡轳轵轲轥轤輮 轔轨轥轲轥车软轲轥輬
轴轨轩轳 轭轡轸轩轭轵轭 轡轴 轤轥轰轴轨 软车 ∼ 0.5 µm 轩轳 轡轴轴轲轩轢轵轴轥轤 轴软 轡轮 轡轲轴轩车轡轣轴 轩轮 轴轨轥 轭轥轡轳轵轲轥轭轥轮轴輮

轁车轴轥轲 轰轡轲轴 软轮轥 软车 轴轨轥 轥轸轰轥轲轩轭轥轮轴輬 轳轥轥 轆轩轧輮 輹輮輲輬 p(18O) 轨轡轳 轡 轭轡轸轩轭轵轭 轡轴 轴轨轥 轳轵轲车轡轣轥
软车 轴轨轥 软轸轩轤轥 转轡轹轥轲 轡轮轤 轤轥轣轲轥轡轳轥轳 轷轩轴轨 轨轩轧轨轥轲 轤轥轰轴轨輮 轁轴 轡 轤轥轰轴轨 软车 轡轲软轵轮轤 1 µm p(18O)
轩轮轣轲轥轡轳轥轳 轧轲轡轤轵轡转转轹 轢轹 0.1 % 轴软 轡 转软轣轡转 轭轡轸轩轭轵轭 轡轴 轡 轤轥轰轴轨 软车 轡轲软轵轮轤 2 µm輮

轁车轴轥轲 轰轡轲轴 轴轷软 软车 轴轨轥 轥轸轰轥轲轩轭轥轮轴輬 轳轥轥 轆轩轧輮 輹輮輲輬 p(18O) 轩轳 轣转软轳轥 轴软 轴轨轥 轮轡轴轵轲轡转 轡轢轵轮轤轡轮轣轥
轡轴 轴轨轥 轳轵轲车轡轣轥 软车 轴轨轥 轳轡轭轰转轥輮 轁 轭轡轸轩轭轵轭 软车 p(18O) ≈ 2.5 % 轩轳 车软轵轮轤 ∼ 0.1 µm 轢轥转软轷
轴轨轥 轳轵轲车轡轣轥輮 轔轨轥 车软转转软轷轩轮轧 轤轥轣轲轥轡轳轥 软车 p(18O) 轩轳 轳轴轥轥轰轥轲 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轤轥轣轲轥轡轳轥 轩轮
轰轡轲轴 软轮轥輮 轔轨轲软轵轧轨软轵轴 轴轨轥 轲轥轭轡轩轮轩轮轧 软轸轩轤轥 轡轮轤 轩轮 轴轨轥 輜轲轳轴 ∼ 0.5 µm 软车 轴轨轥 轡转转软轹 p(18O)
轩轳 轣软轮轳轴轡轮轴 轢轥转软轷 0.5 %輮 轁 轢轲软轡轤 转软轣轡转 轭轡轸轩轭轵轭 轩轮 p(18O) 轩轳 车软轵轮轤 轡轴 轡 轤轥轰轴轨 软车 轡轲软轵轮轤
2 µm輬 轴轨轥 轳轡轭轥 轤轥轰轴轨 轷轨轥轲轥 轴轨轥 转软轣轡转 轭轡轸轩轭轵轭 轡车轴轥轲 轰轡轲轴 软轮轥 轩轳 轳轥轥轮輮 轔轨轵轳輬 轡 车轲轡轣轴轩软轮
软车 轏 轭轵轳轴 轨轡轶轥 轤轩輛轵轳轥轤 轴软 轡 轤轥轰轴轨 软车 2 µm 轤轵轲轩轮轧 轴轨轥 0.5 h 软轸轩轤轡轴轩软轮輮

轃软轭轢轩轮轩轮轧 轴轨轥 轲轥轳轵转轴 车轲软轭 轰轡轲轴 软轮轥 轡轮轤 轴轷软 软车 轴轨轥 轥轸轰轥轲轩轭轥轮轴 轳轨软轷轮 轩轮 轆轩轧輮 輹輮輲 轴轨轥轲轥
轡轲轥 轴轷软 轭轡轩轮 轣软轮轣转轵轳轩软轮轳輺

• 轔轨轥 18轏 轳轵轰轰转轩轥轤 轤轵轲轩轮轧 轴轨轥 转轡轳轴 轭轩轮轵轴轥轳 软车 轰轡轲轴 软轮轥 软车 轴轨轥 轥轸轰轥轲轩轭轥轮轴 轩轳 轥轮轲轩轣轨轥轤
轡轴 轴轨轥 轳轵轲车轡轣轥 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲輮 轎轥轷 轃轲2轏3 车软轲轭轳 软轮 轴软轰 软车 轴轨轥 18轏
轥轮轲轩轣轨轥轤 轃轲2轏3 轤轵轲轩轮轧 轰轡轲轴 轴轷软輮 轔轨轵轳輬 轴轨轥 软轸轩轤轥 转轡轹轥轲 轧轲软轷轳 轰轲轩轭轡轲轩转轹 轡轴 轴轨轥 轳轵轲车轡轣轥
轩轮 轤轩轲轥轣轴 轣软轮轴轡轣轴 轷轩轴轨 轴轨轥 软轸轩轤轩轺轩轮轧 轡轴轭软轳轰轨轥轲轥輮 轔轨轩轳 轩轳 轡轮 轩轭轰软轲轴轡轮轴 輜轮轤轩轮轧 轡轳 轴轨轥
轴轨轥 轮轥轷 轃轲2轏3 轣轡轮 车轲轥轥转轹 轥轸轰轡轮轤輬 轡轳 轩转转轵轳轴轲轡轴轥轤 轩轮 轆轩轧輮 輹輮輱 轢輮 轔轨轥轲轥 轩轳 轮软 轲轩轳轫 软车
轳轰轡转转轡轴轩软轮 轤轵轥 轴软 轶软转轵轭轥 轥轸轰轡轮轳轩软轮 软车 轃轲2轏3輮

• 轔轨轥 轳轥轣软轮轤 輜轮轤轩轮轧 轩轳 轢轡轳轥轤 软轮 轴轨轥 轭轡轸轩轭轵轭 软车 p(18O) 轡轴 轡 轤轥轰轴轨 软车 2 µm 轡轮轤
轴轨轥 轮轡轲轲软轷轩轮轧 软车 轴轨轥 18轏 轰轥轡轫 轩轮 轴轨轥 软轸轩轤轥輬 轳轥轥 轆轩轧輮 輹輮輲輮 轔轨轥 轢轲软轡轤轥轮轩轮轧 软车 轴轨轥
p(18O) 轰轥轡轫 轩轮 轴轨轥 软轸轩轤轥 轡车轴轥轲 轰轡轲轴 软轮轥 轩轳 轣轡轵轳轥轤 轢轹 18轏 轷轨轩轣轨 轩轳 轮软轴 轢软轵轮轤 轴软 轃轲
轡轮轤 轩轭轭软轢轩转轥 轡轴 轲软软轭 轴轥轭轰轥轲轡轴轵轲轥輻 轣软软转轩轮轧 轡车轴轥轲 轰轡轲轴 软轮轥 轩轳 轰轥轲车软轲轭轥轤 轡轴 轡 轲轡轴轥 软车
40 K min−1輮 轉轮 轰轡轲轴 轴轷软輬 轴轨轩轳 车轲轥轥 18轏 轤轩輛轵轳轥轳 轴软 轴轨轥 轭轡轸轩轭轵轭 轤轥轰轴轨 软车 轴轨轥 轩轮轴轥轲轮轡转
软轸轩轤轥 轷轨轥轲轥 轮轥轷 轩轮轴轥轲轮轡转 软轸轩轤轥轳 轣轡轮 车软轲轭 轡轮轤 轴轨轥 转软轣轡转 轭轡轸轩轭轵轭 轩轮 p(18O) 轡轰轰轥轡轲轳
轡轴 轡 轤轥轰轴轨 软车 2 µm輮 轔轨轥 轭轡轸轩轭轵轭 轩轳 轡轮 轥轶轩轤轥轮轣轥 轴轨轡轴 轴轨轥 轤轵轲轡轴轩软轮 软车 轴轨轥 软轸轩轤轡轴轩软轮
轷轡轳 转软轮轧 轥轮软轵轧轨 轴软 轡转转软轷 轤轩輛轵轳轩软轮輮 轌软轮轧轥轲 软轸轩轤轡轴轩软轮 轩轮 18轏 轷软轵转轤 软轮转轹 轣轡轵轳轥 轡轮
轰转轡轴轥轡轵 轩轮 轴轨轥 18轏 轩轳软轴软轰轥 轡轢轵轮轤轡轮轣轥 轳轴轡轲轴轩轮轧 轡轴 轴轨轥 轤轥轰轴轨 软车 轴轨轥 轣轵轲轲轥轮轴 轭轡轸轩轭轵轭
轡轮轤 轥轸轴轥轮轤轩轮轧 轴软 轨轩轧轨轥轲 轤轥轰轴轨輮 轔轨轥 轩轮轴轥轲轮轡转 软轸轩轤轥 轲轥轭轡轩轮轳 轩轭轭软轢轩转轥 软轮轣轥 车软轲轭轥轤
轡轮轤 轏 轭轵轳轴 轤轩輛轵轳轥 轩轮轴软 轴轨轥 轡转转软轹 轴软 车软轲轭 轩轮轴轥轲轮轡转 软轸轩轤轥轳輮

輹輲



Part 2

Part 1

1
8
O

 i
so

to
p
e
 a

b
u
n

d
a
n
ce

 [
%

]

depth [µm]
0 1 2 3

0.0

1.0

0.5

2.5

1.5

2.0

轆轩轧轵轲轥 輹輮輲輺 轔轨轥 18轏 轩轳软轴软轰轥 轡轢轵轮轤轡轮轣轥 轡车轴轥轲 软轸轩轤轡轴轩软轮 软车 轗輭輱輲轃轲輭輰輮輶轙 轡轴 1273 K輮 轔轩轭轥轳
轡轮轤 轡轴轭软轳轰轨轥轲轥 轡轲轥 轣轨软轳轥轮 轡轳 车软转转软轷轳輺 轰轡轲轴 輱輺 65 min 轩轮 轁轲 + 16O2 轡轴轭软轳轰轨轥轲轥 车软转转软轷轥轤
轢轹 11 min 轷轩轴轨 轩轮轣轲轥轡轳轥轤 18轏 轡轢轵轮轤轡轮轣轥輮 轐轡轲轴 輲輺 轣软轮轴轩轮轵轥轤 软轸轩轤轡轴轩软轮 软车 轴轨轥 轳轡轭轰转轥 车轲软轭
轰轡轲轴 輱 车软轲 20 min 轩轮 轁轲 + 16O2 轡轴轭软轳轰轨轥轲轥輮 轔轨轥 轤轥轰轴轨 轴软 轷轨轩轣轨 轴轨轥 轃轲2轏3 转轡轹轥轲 轥轸轴轥轮轤轳
轩轳 轭轡轲轫轥轤 轩轮 轧轲轡轹輮 轔轨轥 轮轡轴轵轲轡转 轡轢轵轮轤轡轮轣轥 软车 0.2 % 18轏 轩轳 轭轡轲轫轥轤 轢轹 轴轨轥 轢转轡轣轫 转轩轮轥 轛輱輰輱轝輮
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9.1.2 On diffusion of Cr
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Figure 9.3: (a) Cross section of a 7.6 μm thick W-13Cr-1Y alloy exposed to a temperature
of 1273K in 20 kPa O2 and 80 kPa Ar atmosphere for 6 h. The corresponding Cr profile
measured using SIMS and (b) an EDX map of W based on the W Mα line at the location
of the green box in (a) are included. (c) Increased magnification, showing the pores more
clearly.

Local Cr-rich phase formation

The pores and the Cr rich phase shown in Fig. 9.3 have a similar size and shape. This
observation yields the hypothesis that grains from the Cr-rich phase form porosity once
their Cr is consumed - a first indication that Cr in the Cr-rich phase participates in
replenishing the protective oxide layer. An additional experiment is presented in the
following in order to verify this hypothesis.

The effects of phase formation and of oxidation are separated in a dedicated
experiment: the furnace is evacuated and filled with 99.9999% pure Ar. This procedure is
repeated 9 times for optimum purity. The minimum pressure reached in the furnace during
evacuation is 0.8Pa for the atmosphere labeled Ara . For the atmosphere labeled Arb the
minimum pressure is 0.6Pa resulting in a different residual oxygen level as compared to
Ara . 3.6 μm thick films are annealed in the created Ar atmosphere for 1.25 h and 3 h. The
residual oxygen causes slow mass gain due to oxidation during annealing, the oxygen level
and thus the mass gain rate is different in Ara and Arb .

The microstructure of the sample after annealing for 3 h is shown in Fig. 9.4 a.
EDX identifies the darker regions as the (αCr, W) phase, whereas the brighter regions
are identified as the (αW, Cr) phase. The annealed samples are oxidized at 1273K
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in 20 kPa O2 and 80 kPa Ar atmosphere. The oxidation kinetics of the samples are
shown in Fig. 9.4 b. A sample without annealing prior to oxidation is included as a
reference measurement. The details on the different stages of the oxidation process are
explained in section 5.2.1. The plotted mass change is relative to the mass of the sample
before oxidation and before annealing. To allow a better comparison to the reference
measurement, the oxidation curves after annealing are shifted in time. The time shift is
chosen so that the mass gain of the sample after annealing matches the mass gain of the
reference measurement.

Despite annealing the three stages of the oxidation process are still observed, no clear
effect on the oxidation behavior is found. The transition to oxidation stage III occurs at a
mass gain above ∼ 0.15mg cm−2 due to the depletion of Cr, as discussed in section 5.2.3.
The region of Cr depletion is shaded in Fig. 9.4 b.

This finding suggests, that the oxidation resistance in stages I and II is not driven
by the phase formation. The Cr dissolved in the (αCr, W) phase remains available for
replenishing the protective oxide layer. As a consequence for future alloy development, it
is not crucial to find ways to avoid phase formation on a nano-scale. A homogeneously
distributed (αCr, W) phase, with clusters not larger than a few tens of nm - which are
seen in Figure 9.4 a - does not degrade the oxidation resistance of the alloy.
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Figure 9.4: (a) Phase formation in a W-12Cr-0.5Y film after 3 h annealing in Ar; (b)
Mass change with respect to time of annealed W-12Cr-0.5Y samples at 1273K in 20 kPa
O2 and 80 kPa Ar atmosphere. The annealing times in Ar are 0min, 1.25 h, and 3 h.
Figure adapted from F. Klein et al. [78].

Transport of Cr to the surface

The Cr transport is estimated based on SIMS measurements of the Cr concentration as
a function of depth shown in Fig. 5.5 b and 9.3. The surface roughness and pores cause
smearing out of sharp interfaces: according to the SEM image the transition from the
protective oxide to the metal occurs within 0.05 μm. However, in the SIMS profile the
transition zone is around 0.6 μm which limits the analysis to a micro-scale. No conclusions
on the material within nanometers from the interface can be drawn.

Further, matrix effects change the probability of ionization, therefore the intensity of
the secondary Cr ions is increased when sputtering CrOx instead of pure Cr [102]. This
effect is observed in region B (the first 2 μm in Fig. 9.3) where internal oxidation is present.
Thus, the gradient in region B may not be caused by a variation in Cr content, but by a
reduction of O. The SIMS measurement resolves a constant Cr level in region C starting
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9.2 Oxidation mechanisms of smart alloys on a nano-
scale

9.2.1 Scanning transmission electron microscopy on a thin film
after oxidation
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Figure 9.5: W-12Cr-0.5Y alloy oxidized at 1273K for 75min in 20 kPa O2 and 80 kPa
Ar atmosphere. (a) Schematic drawing of a lamella, not in scale. Measurements are
conducted in regions A and B; (b) STEM measurement in region A. The white arrow
points towards the surface oxide layer; (c) combined EDX map of W, Cr, and Y
corresponding to the area shown in (b); (d) separate EDX map of Y and the spectrum
added up over the whole mapping area in the inset. Figure adapted from F. Klein et al.
[78].

STEM at the interface of the oxide and the metallic thin film

STEM and EDX images of region B - the interface between alloy and surface oxide layer,
as illustrated in Fig. 9.5 a - are shown in Fig. 9.6. Fig. 9.6 a is the dark-field image
where the scattered electrons are detected. Scattering in a metal is different as compared
to scattering in an oxide. Therefore, there is a large brightness deviation between the
surface oxide layer and the alloy: good contrast in both regions is achieved by using two
different color scales.

A sharp change in composition at the interface is found in the EDX maps of all
contained elements (W, Cr, Y, and O) - see Fig. 9.6 b-f. EDX detects Cr and O in the
oxide layer, neither W nor Y is detected by EDX in the oxide layer. W is detected in
the alloy, with a decreased intensity at the spots where internal oxides are present. The
internal oxides cause an increased Cr and O signal.

The Y signal in EDX, see Fig. 9.6 e, is homogeneous within the alloy, it is independent
of grain boundaries and internal oxides. A single circular spot with a diameter of 30 nm is
detected at the interface of the alloy and the protective oxide layer. This is a nucleation
site with an increased Y content as compared to the alloy. No contrast is seen in the
electron image as the yttrium content is only a few percent higher as compared to the W
matrix. The effect of Y and such nucleation sites on the oxidation resistance is discussed
in section 9.2.3 where the observations from STEM and atom probe tomography are
combined.
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Figure 9.6: STEM measurement in region B, as indicated in Fig. 9.5 a. The W-12Cr-0.5Y
alloy is oxidized at 1273K in 20 kPa O2 and 80 kPa Ar atmosphere for 75min. The length
of the scale bar in the top right corner is 50 nm for all images. (a) Dark-field image
using two different color maps: one for the Cr2O3 layer and one for the alloy; EDX map
measurements of (b) W, (c) Cr, (d) O, and (e) Y. (f) Overlay of images (b,c,e). Figure
adapted from F. Klein et al. [78].

9.2.2 Atom probe tomography on a bulk sample after oxidation

Overall, the STEM measurement alone does not provide a concise answer on the
exact mechanism how the Y improves the oxidation resistance. This section presents
Atom Probe Tomography (APT) studies on sintered bulk smart alloys. The results
are complementary to the STEM results from section 9.2.1 and yield first qualitative
hypotheses on how Y improves the oxidation resistance, as presented in section 9.2.3.

A sample with the best known oxidation resistance as investigated in Fig. 8.10 is chosen
- the powder in the optimized elemental composition is stored only a few days ensuring
an O content below 1.4 at.%; it is compacted with optimized sintering parameters, and
the grinding procedure follows the optimized routine. Oxidation is performed in humid
air at 1273K for 20 h. Thus, the alloy is studied in an early stage of the oxidation process
where the protecting mechanisms are fully in operation. After cooling the sample to room
temperature a tip, as shown in Fig. 9.7, is cut using FIB. The tip has a height of ∼ 1.6 μm
and a diameter of ∼ 0.3 μm.

oxidealloyPt weldSi post

200 nm

Figure 9.7: A SEM image of the tip cut for the APT study.
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软车 轆轩轧輮 輹輮輸 轡輺 轢轥转软轷 轴轨轥 轃轲2轏3輬 轗 轡轮轤 轡 轗 软轸轩轤轥 轰轡轲轴轩轣转轥 轡轲轥 轤轥轴轥轣轴轥轤輮 轔轨轥 轩轮轴轥轲车轡轣轥 软车
轴轨轥 轃轲2轏3 轴软 轴轨轥 轭轥轴轡转 轩轳 轲轥轳软转轶轥轤 轩轮 轤轥轴轡轩转 轩轮 轆轩轧輮 輹輮輹輮 轁轴 轴轨轥 轩轮轴轥轲车轡轣轥 轢轥轴轷轥轥轮 轃轲2轏3

轡轮轤 轴轨轥 轗 软轸轩轤轥輬 轴轨轥 轙 轣软轮轴轥轮轴 轩轮轣轲轥轡轳轥轳 车轲软轭 0 at.% 轴软 ∼ 2 at.%輮 轂软轴轨 轃轲 轡轮轤 轙
轳轩轧轮轡转轳 轤轲软轰 轴软 0 at.% 轷轩轴轨轩轮 轴轨轥 轗轏3輮 轔轨轥 车软轲轭轡轴轩软轮 软车 轗轏3 轣轡轵轳轥轳 轶软转轵轭轥 轥轸轰轡轮轳轩软轮
轲轥轳轵转轴轩轮轧 轩轮 轷轥轡轫轥轮轩轮轧 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲輮 轔轨轵轳輬 轗轏3 车软轲轭轡轴轩软轮 轩轳 轵轮轤轥轳轩轲轡轢转轥輮
轏轮轥 轨轹轰软轴轨轥轳轩轳 轩轳 轴轨轡轴 轴轨轥 轩轮轣轲轥轡轳轥轤 轙 轣软轮轴轥轮轴 轩轮 轴轨轥 轶轩轣轩轮轩轴轹 软车 轗轏3 轳轵轰轰轲轥轳轳轥轳 轴轨轥
车软轲轭轡轴轩软轮 软车 轗轏3 轰轡轲轴轩轣转轥轳輬 轡轳 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥轳 轡轲轥 轭软轲轥 轤软轭轩轮轡轮轴 轩轮 轙輭车轲轥轥 轡转转软轹轳輬
轳轥轥 轆轩轧輮 輵輮輵輮

轁轴软轭 轰轲软轢轥 轴软轭软轧轲轡轰轨轹 轢轥转软轷 轴轨轥 软轸轩轤轥

轁轐轔 轡轮轡转轹轳轩轳 软车 轴轨轥 轡转转软轹 轢轥转软轷 轴轨轥 轃轲2轏3 转轡轹轥轲 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輹輮輹輮 轔轨轥 轤轡轴轡轳轥轴 轣软轮轴轡轩轮轳
8.7 × 106 轩软轮轳輮 轆轩轧輮 輹輮輹 轡 轳轨软轷轳 轡轮 软轶轥轲轶轩轥轷 软车 轴轨轥 轡轮轡转轹轺轥轤 轶软转轵轭轥 轷轨轥轲轥 轲轥轧轩软轮轳 软车
轩轮轣轲轥轡轳轥轤 轩轮轴轥轲轥轳轴 轡轲轥 轭轡轲轫轥轤 轡轳 輨轢輩 轡轮轤 輨轣輩 轷轨轩轣轨 轡轲轥 轳轨软轷轮 轡轴 轨轩轧轨轥轲 轭轡轧轮轩輜轣轡轴轩软轮 轩轮
轆轩轧輮 輹輮輹 轢 轡轮轤 轣輬 轲轥轳轰轥轣轴轩轶轥转轹輺 轆轩轧輮 輹輮輹 轢 轤轥轰轩轣轴轳 轴轨轥 轙輭轃轲輭轏 轮轡轮软輭轰轡轲轴轩轣转轥轳 轩轮 轴轨轥 轭轥轴轡转
轷轨轩转轥 轆轩轧輮 輹輮輹 轣 轳轨软轷轳 轴轨轥 轩轮轴轥轲车轡轣轥 轢轥轴轷轥轥轮 轴轨轥 轭轥轴轡转 轡轮轤 轴轨轥 软轸轩轤轥輮

轁轳 轳轥轥轮 轩轮 轆轩轧輮 輹輮輹輬 轩轮 轰轡轲轴轩轣轵转轡轲 轆轩轧輮 輹輮輹 轢輬 轡转转 轙 轣软轮轴轡轩轮轥轤 轩轮 轴轨轥 轡转转软轹 轩轳 转软轣轡轴轥轤 轩轮
轮轡轮软輭轰轡轲轴轩轣转轥轳 轷轩轴轨 轡 轤轩轡轭轥轴轥轲 软车 10 nm 轴软 50 nm輮 轃软轮轣轥轮轴轲轡轴轩软轮 轰轲软輜转轥轳 轩轮 轴轨轥 轮轡轮软輭
轰轡轲轴轩轣转轥轳 轣轡轮 轢轥 轤轥轰轩轣轴轥轤 轢轹 轡 轰轲软轸轩轭轩轴轹 轨轩轳轴软轧轲轡轭輮 轁 轰轲软轸轩轭轩轴轹 轨轩轳轴软轧轲轡轭 轩轳 轧轥轮轥轲轡轴轥轤
轩轮 轴轨轲轥轥 轳轴轥轰轳 轛輱輰輶轝輺 輜轲轳轴輬 轡 轲轥轧轵转轡轲 轧轲轩轤 轩轳 轧轥轮轥轲轡轴轥轤 轢轡轳轥轤 软轮 轴轨轥 轰软轳轩轴轩软轮轳 软车 轴轨轥
轡轴软轭轳輮 轓轥轣软轮轤輬 轡轮 轩轳软轣软轮轣轥轮轴轲轡轴轩软轮 轳轵轲车轡轣轥 轩轳 轩轤轥轮轴轩輜轥轤 轩轮 轴轨轩轳 轧轲轩轤輮 轔轨轩轲轤輬 轴轨轥 转软轣轡转
轣软轮轣轥轮轴轲轡轴轩软轮 软车 轡轮 轡轴软轭 轡轳 轡 车轵轮轣轴轩软轮 软车 轰轲软轸轩轭轩轴轹 轴软 轴轨轥 轳轵轲车轡轣轥 轩轳 轤轥轴轥轲轭轩轮轥轤 轡轮轤
轰转软轴轴轥轤 轩轮 轡 轨轩轳轴软轧轲轡轭輮 轔轨轥 轲轥轳轵转轴 车软轲 轴轨轥 轢轩轧轧轥轳轴 轮轡轮软輭轰轡轲轴轩轣转轥 轩轳 轤轥轰轩轣轴轥轤 轩轮 轆轩轧輮 輹輮輹 轤輮
轔轨轥 轴轲轡轮轳轩轴轩软轮 轺软轮轥 车轲软轭 轴轨轥 轡转转软轹 轴软 轴轨轥 轮轡轮软輭轰轡轲轴轩轣转轥 轨轡轳 轡 轴轨轩轣轫轮轥轳轳 软车 轡轲软轵轮轤 3 nm輮
轗輬 轃轲輬 轙輬 轡轮轤 轏 轡轲轥 轤轥轴轥轣轴轥轤 轩轮 轴轨轥 轮轡轮软輭轰轡轲轴轩轣转轥輮 轔轨轥 轭轥轡轳轵轲轥轤 轣软轮轣轥轮轴轲轡轴轩软轮 软车 轗
轩轮 轴轨轥 轮轡轮软輭轰轡轲轴轩轣转轥轳 轩轳 转软轷轥轲 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轭轥轡轳轵轲轥轤 轣软轮轣轥轮轴轲轡轴轩软轮 轩轮 轴轨轥 轡转转软轹輮
轈软轷轥轶轥轲輬 轡 轲轥轣软轮轳轴轲轵轣轴轩软轮 轡轲轴轩车轡轣轴 轥轸轰转轡轩轮轥轤 轩轮 轴轨轥 车软转转软轷轩轮轧 轭轵轳轴 轢轥 轣软轮轳轩轤轥轲轥轤輮

轒轥轣软轮轳轴轲轵轣轴轩软轮 软车 轴轨轥 轁轐轔 轭轥轡轳轵轲轥轭轥轮轴 轴软 轴轨轥 輳轄輭轩轭轡轧轥 轡轳轳轵轭轥轳 轡 轨轥轭轩轳轰轨轥轲轩轣轡转
轳轨轡轰轥 软车 轴轨轥 轴轩轰輮 轔轨轥 轮轡轮软輭轰轡轲轴轩轣转轥轳 轨轡轶轥 轡 轤轩輛轥轲轥轮轴 轩软轮轩轺轡轴轩软轮 轴轨轲轥轳轨软转轤 轡轳 轣软轭轰轡轲轥轤 轴软
轴轨轥 轗 轡转转软轹輮 轔轨轥 轤轩輛轥轲轥轮轴 轩软轮轩轺轡轴轩软轮 轴轨轲轥轳轨软转轤 轲轥轳轵转轴轳 轩轮 轡 轤轥轶轩轡轴轩软轮 软车 轴轨轥 轳轰轨轥轲轩轣轡转 轳轨轡轰轥
轡轮轤 轴轨轥 轲轥轡转 轳轵轲车轡轣轥 轡轳 轩转转轵轳轴轲轡轴轥轤 轩轮 轆轩轧輮 輹輮輱輰輮 轔轨轥 轩软轮 轴轲轡轪轥轣轴软轲轩轥轳 轡轲轥 轮软轲轭轡转 轴软 轴轨轥
轲轥轡转 轳轵轲车轡轣轥輮 轔轨轩轳 轤轥轶轩轡轴轩软轮 轩轳 轮软轴 轣软轮轳轩轤轥轲轥轤 轩轮 轴轨轥 轲轥轣软轮轳轴轲轵轣轴轩软轮 轡轮轤 轴轨轥 轲轥轣软轮轳轴轲轵轣轴轥轤
轩软轮 轴轲轡轪轥轣轴软轲轩轥轳 轡轲轥 轮软轲轭轡转 轴软 轴轨轥 轡轳轳轵轭轥轤 轨轥轭轩轳轰轨轥轲轩轣轡转 轳轵轲车轡轣轥輮 轔轨轩轳 轡轲轴轩车轡轣轴 轹轩轥转轤轳 轡
轭轩轳轰转轡轣轥轭轥轮轴 软车 轴轨轥 轲轥轣软轮轳轴轲轵轣轴轥轤 轡轴软轭 轰软轳轩轴轩软轮轳輮 轁 轭轩轳轰转轡轣轥轭轥轮轴 轢轹 2 nm 轴软 3 nm 轩轳
轰软轳轳轩轢转轥輮

轔轨轥轲轥车软轲轥輬 轩轴 轩轳 轡轳轳轵轭轥轤 轴轨轡轴 轴轨轥 轭轥轡轳轵轲轥轭轥轮轴 软车 轗 轩轮 轴轨轥 轮轡轮软輭轰轡轲轴轩轣转轥轳 轩轳 轡轮
轡轲轴轩车轡轣轴 软车 轴轨轥 轁轐轔 轡轮轤 轴轨轡轴 轴轨轥 轡轰轰轲软轸轩轭轡轴轥 轣软轭轰软轳轩轴轩软轮 软车 轴轨轥 轮轡轮软輭轰轡轲轴轩轣转轥轳 轩轳 轙轃轲轏3輮
轅轱轵轩轶轡转轥轮轴 轡轮轡转轹轳轩轳 轹轩轥转轤轩轮轧 轴轨轥 轳轡轭轥 轲轥轳轵转轴 轩轳 轰轥轲车软轲轭轥轤 车软轲 轴轨轥 轳轭轡转转轥轲 轮轡轮软輭轰轡轲轴轩轣转轥轳輮
轔轨轥 轏 轣软轮轣轥轮轴轲轡轴轩软轮 轩轮 轴轨轥 轢轵转轫 软车 轴轨轥 轡转转软轹 轩轳 轢轥转软轷 1 at.%輮 轔轨轩轳 輜轮轤轩轮轧 轩轳 轡轮 轩轮轤轩轣轡轴轩软轮
轴轨轡轴 轴轨轥 轮轡轮软輭轰轡轲轴轩轣转轥轳 轢轩轮轤 轴轨轥 轏 轩轭轰轵轲轩轴轩轥轳 车轲软轭 轴轨轥 轡转转软轹輮

轔轨轥 轣软轮轣轥轮轴轲轡轴轩软轮 软车 轃轲 轩轮 轴轨轥 轢轵转轫輬 转轥轳轳 轴轨轡轮 100 nm 车轲软轭 轴轨轥 轩轮轴轥轲车轡轣轥 轴软 轴轨轥
轰轲软轴轥轣轴轩轶轥 轃轲2轏3輬 轩轳 轩轮轨软轭软轧轥轮轥软轵轳輬 轡轳 轳轥轥轮 轩轮 轆轩轧輮 輹輮輹 轢輮 轔轨轥轲轥 轡轲轥 轃轲輭轨轩轧轨 轲轥轧轩软轮轳
轷轩轴轨 轡 轃轲 轣软轮轴轥轮轴 软车 轡轲软轵轮轤 9 at.% 轡轮轤 轃轲輭转软轷 轲轥轧轩软轮轳 轷轩轴轨 轡 轃轲 轣软轮轴轥轮轴 软车 轡轲软轵轮轤
1 at.%輮 轁 转轩轮轥 轳轣轡轮 轡轣轲软轳轳 轡 轧轲轡轩轮 轢软轵轮轤轡轲轹 软车 轧轲轡轩轮轳 轷轩轴轨 轤轩輛轥轲轥轮轴 轃轲 轣软轮轴轥轮轴 轩轳 轳轨软轷轮
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轆轩轧轵轲轥 輹輮輹輺 轒轥轳轵转轴轳 软车 轴轨轥 轁轐轔 轭轥轡轳轵轲轥轭轥轮轴 轩轮 轴轨轥 轡转转软轹 轤轩轲轥轣轴转轹 轢轥轮轥轡轴轨 轴轨轥 轃轲2轏3 轳轣轡转轥輮
輨轡輩 轴轨轥 轥转轥轭轥轮轴轡转 轤轩轳轴轲轩轢轵轴轩软轮 轩轮 轡轮 轴轨轲轥轥 轤轩轭轥轮轳轩软轮轡转 软轶轥轲轶轩轥轷 轩轭轡轧轥輮 輨轢輩 轡轮轤 輨轣輩 轺软软轭輭
轩轮轳 软车 轴轨轥 轲轥轧轩软轮轳 轭轡轲轫轥轤 轩轮 輨轡輩輮 輨轤輩 轴轨轥 轥转轥轭轥轮轴轡转 轣软轭轰软轳轩轴轩软轮 轩轮 轡 轰轲软轸轩轭轩轴轹 轨轩轳轴软轧轲轡轭
轡轲软轵轮轤 轴轨轥 轢轩轧轧轥轳轴 轮轡轮软輭轰轡轲轴轩轣转轥輬 轡轳 转轡轢轥转轥轤 轩轮 輨轡輩輮 輨轥輩 轴轨轥 轥转轥轭轥轮轴轡转 轣软轮轣轥轮轴轲轡轴轩软轮轳 轩轮
轡 轰轲软轸轩轭轩轴轹 轨轩轳轴软轧轲轡轭 轡轣轲软轳轳 轴轷软 轤轩輛轥轲轥轮轴 轧轲轡轩轮轳輮 輨车輩 轴轨轥 轥转轥轭轥轮轴轡转 轣软轭轰软轳轩轴轩软轮 轩轮 轡
轰轲软轸轩轭轩轴轹 轨轩轳轴软轧轲轡轭 车轲软轭 轴轨轥 软轸轩轤轥 轴软 轴轨轥 轡转转软轹輮
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轩轮 轆轩轧輮 輹輮輸 轥輬 轴轨轥 轴轲轡轮轳轩轴轩软轮 软轣轣轵轲轳 轷轩轴轨轩轮 3 nm輮 轏轶轥轲轡转转輬 轴轨轥 轃轲 轣软轮轴轥轮轴 轩轳 轲轥轤轵轣轥轤 车轲软轭
轴轨轥 轩轮轩轴轩轡转 31 at.% 轤轵轥 轴软 轃轲 轣软轮轳轵轭轰轴轩软轮 轩轮 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲輮

轔轨轥 轳轰轡轴轩轡转 轲轥轳软转轵轴轩软轮 软车 轴轨轥 轁轐轔 轩轳 轭轵轣轨 轨轩轧轨轥轲 轡轳 轣软轭轰轡轲轥轤 轴软 轓轉轍轓輬 轷轨轥轲轥
轴轨轥 轣软轮轣轥轮轴轲轡轴轩软轮 轩轳 轡轶轥轲轡轧轥轤 软轶轥轲 轡 轰转轡轮轥 软车 ∼ 100 µm 轢轹 100 µm 轡轮轤 轨轡轳 轡轮 轤轥轰轴轨
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轳轵轰轥轲轡转转软轹輮 轔轨轩轳 轵轮轤轥轲轳轴轡轮轤轩轮轧 轹轩轥转轤轳 轴软 轴轨轥 轨轹轰软轴轨轥轳轩轳 轴轨轡轴 轴轨轥 轡轤轤轩轴轩软轮 软车 轙 轤轥轣轲轥轡轳轥轳
轴轨轥 轮轵轭轢轥轲 软车 软轣轣轵轰轩轥轤 轩轮轴轥轲轳轴轩轴轩轡转轳 轩轮 轴轨轥 轡转转软轹 轷轨轩轣轨 轩轮轣轲轥轡轳轥轳 轴轨轥 轤轩輛轵轳轩软轮 软车 轃轲 轩轮 轴轨轥
轡转转软轹 轡轳 轣软轭轰轡轲轥轤 轴软 轡轮 轙 车轲轥轥 轡转转软轹輮 轔轨轩轳 轭软轤轥转 轰轲轥轤轩轣轴轳 轴轨轡轴 轡轮 轩轮轣轲轥轡轳轥轤 轏 轣软轮轴轥轮轴
轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轏 轣软轮轴轥轮轴 软车 轴轨轥 轩轮轶轥轳轴轩轧轡轴轥轤 轡转转软轹 轩轮轣轲轥轡轳轥轳 轴轨轥 轮轵轭轢轥轲 软车 软轣轣轵轰轩轥轤
轩轮轴轥轲轳轴轩轴轩轡转轳 轡轮轤 轤轥轣轲轥轡轳轥轳 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥輮 轅轸轰轥轲轩轭轥轮轴轡转 轣软轮輜轲轭轡轴轩软轮 软车 轴轨轩轳
轰轲轥轤轩轣轴轩软轮 轩轳 轧轩轶轥轮 轩轮 轳轥轣轴轩软轮 輸輮輳輮 轓轴轩转转輬 车轵轲轴轨轥轲 轥轸轰轥轲轩轭轥轮轴轡转 轡轮轤 轴轨轥软轲轥轴轩轣轡转 轷软轲轫 轩轳
轲轥轱轵轩轲轥轤 轩轮 软轲轤轥轲 轴软 轶轥轲轩车轹 轡轮轤 轲轥輜轮轥 轴轨轥 轵轮轤轥轲轳轴轡轮轤轩轮轧輮

轏轸轹轧轥轮 轩轮 轴轨轥 轭轥轴轡转转轩轣 轡转转软轹

轏轸轹轧轥轮 轩轮 轴轨轥 轭轥轴轡转转轩轣 轡转转软轹 轣轡轵轳轥轳 软轣轣轵轰轡轴轩软轮 软车 轩轮轴轥轲轳轴轩轴轩轡转 轳轩轴轥轳 轡轮轤 轣软轮轳轵轭轰轴轩软轮 软车
轃轲 车软轲 轩轮轴轥轲轮轡转輬 轮软轮輭轰轲软轴轥轣轴轩轶轥 软轸轩轤轡轴轩软轮輮 轂软轴轨 轥輛轥轣轴轳 轡轲轥 轮软轴 轤轥轳轩轲轡轢转轥輬 轩轮 轰轡轲轴轩轣轵转轡轲 轴轨轥
车软轲轭轡轴轩软轮 软车 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥轳 轷轩轴轨 转轡轲轧轥 轶软转轵轭轥轴轲轩轣 轥轸轰轡轮轳轩软轮 轤轥轧轲轡轤轥轳 轴轨轥 软轸轩轤轡轴轩软轮
轲轥轳轩轳轴轡轮轣轥輬 轡轳 轳轨软轷轮 轩轮 轳轥轣轴轩软轮 輷輮輱輮 轔轨轥 轰轲软轴轥轣轴轩轶轥 轣轨轲软轭轩轵轭 软轸轩轤轥 转轡轹轥轲 轭轩轮轩轭轩轺轥轳
轴轨轥 轰轥轮轥轴轲轡轴轩软轮 软车 轏 轩轮轴软 轴轨轥 轭轥轴轡转輮 轁轢软轶轥輬 轩轴 轷轡轳 轳轵轧轧轥轳轴轥轤 轴轨轡轴 轙 轩轭轰轲软轶轥轳 轴轨轥
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ΔE1

ΔE2 > ΔE1 
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X

轆轩轧轵轲轥 輹輮輱輱輺 轓轩轭轰转轩輜轥轤 轳轣轨轥轭轡轴轩轣 软车 轤轩輛轵轳轩软轮 轩轮 轴轨轥 轰轲轥轳轥轮轣轥 软车 轩轭轰轵轲轩轴轩轥轳輮 轍软轶轥轭轥轮轴 软车
轃轲 轴软 轴轨轥 轮轥轡轲轥轳轴 轶轡轣轡轮轣轹 轲轥轱轵轩轲轩轮轧 轴轨轥 轥轮轥轲轧轹 ∆E1 轩轳 轢转软轣轫轥轤 轢轹 轙 软轲 轏輮 轍软轶轥轭轥轮轴 轴软
轴轨轥 轮轥轸轴 轮轥轡轲轥轳轴 轶轡轣轡轮轣轹 轲轥轱轵轩轲轥轳 轡 轨轩轧轨轥轲 轥轮轥轲轧轹 ∆E2輮

轰轲软轴轥轣轴轩轶轥 车轵轮轣轴轩软轮 软车 轴轨轥 软轸轩轤轥 轢轹 轭轩轮轩轭轩轺轩轮轧 轴轨轥 轡轭软轵轮轴 软车 轩轮轴轥轲轳轴轩轴轩轡转 轏 轩轮 轴轨轥 轭轥轴轡转輮 轁
轣软轭轰转轥轭轥轮轴轡轲轹 轨轹轰软轴轨轥轳轩轳 轩轳 轴轨轡轴 轴轨轥 轮轡轮软輭轰轡轲轴轩轣转轥轳 轡轴轴轲轡轣轴 软轸轹轧轥轮 轡轮轤 轰轵轲轩车轹 轴轨轥 轳轭轡轲轴
轡转转软轹 轡转轳软 轤轵轲轩轮轧 软轸轩轤轡轴轩软轮輮 轓轵轣轨 轡 轰轵轲轩輜轣轡轴轩软轮 轰轲软轣轥轳轳 轡轶软轩轤轳 轴轨轥 软轸轩轤轡轴轩软轮 软车 轗輮

轔轨轥 轡轤轨轥轳轩软轮 软车 轴轨轥 软轸轩轤轥 轳轣轡转轥

轎轵轣转轥轡轴轩软轮 轳轩轴轥轳 轣轡轮 轰轲软轭软轴轥 轴轨轥 轳轥转轥轣轴轩轶轥 软轸轩轤轡轴轩软轮 软车 轃轲 车软轲轭轩轮轧 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥
转轡轹轥轲 轡轮轤 轳轵轰轰轲轥轳轳轩轮轧 轴轨轥 软轸轩轤轡轴轩软轮 软车 轗輺 轴轨轥 轲轥轡轣轴轩软轮 软车 轙2轏3 轷轩轴轨 轃轲2轏3 轴软 车软轲轭
轙轃轲轏3 轨轡轳 轡 轳轴轡轮轤轡轲轤 轇轩轢轢轳 轥轮轥轲轧轹 软车 −2× 102 kJ mol−1輮 轙轃轲轏3 轨轡轳 轡 轨轩轧轨 软轸轹轧轥轮
轶轡轣轡轮轣轹 轣软轮轣轥轮轴轲轡轴轩软轮 轡轮轤 轴轨轵轳 软輛轥轲轳 轡 车轡轳轴 轤轩輛轵轳轩软轮 轰轡轴轨 车软轲 软轸轹轧轥轮 轷轨轩转轥 轢转软轣轫轩轮轧
轣轡轴轩软轮 轤轩輛轵轳轩软轮 轛輱輰輹轝輮 轓轵轣轨 轡 轢轥轨轡轶轩软轲 轩轳 轥轸轰轥轣轴轥轤 轴软 轩轮轣轲轥轡轳轥 轴轨轥 轡轤轨轥轳轩软轮 软车 轴轨轥 软轸轩轤轥
轳轣轡转轥輮 轎轵轣转轥轡轴轩软轮 轳轩轴轥轳 轡轲轥 轤轥轴轥轣轴轥轤 软轮 轴轨轩轮 輜转轭轳 輨轳轥轥 轆轩轧輮 輹輮輶 轥輩輬 轹轥轴 轴轨轥轹 轡轲轥 轴软 轢轥 车软轵轮轤
轩轮 轴轨轥 轣轡轳轥 软车 轢轵转轫 轡转转软轹轳輮

轍软轲轥 轥轸轰轥轲轩轭轥轮轴轡转 轡轮轤 轴轨轥软轲轥轴轩轣轡转 轷软轲轫 轩轳 轲轥轱轵轩轲轥轤 软轮 轴轨轥 輜轥转轤 软车 轡轤轨轥轳轩软轮 软车 轴轨轥
软轸轩轤轥 轳轣轡转轥輬 软轰轥轮 轱轵轥轳轴轩软轮轳 轩轮轣转轵轤轥 轴轨轥 轩轮輝轵轥轮轣轥 软车 轴轨轥 轧轲软轷轴轨 轲轡轴轥 轡轮轤 轴轨轥 轲轡轴轩软 ΦCr/ΦO

软车 轃轲 轩软轮 輝轵轸 ΦCr 轡轮轤 轏 轩软轮 輝轵轸 ΦO 轩轮 轴轨轥 软轸轩轤轥 转轡轹轥轲輮 轃轵轲轲轥轮轴 轷软轲轫 轰轲轥轳轥轮轴轥轤 轩轮 轳轥轣轴轩软轮
輹輮輱輮輱 轳轨软轷轳 软轮转轹 ΦCr > ΦO輮

轔轨轩轳 轳轵轢轳轥轣轴轩软轮 輹輮輲輮輳 轩轳 轡 轣软轭轰轩转轡轴轩软轮 软车 轰转轡轵轳轩轢转轥 轨轹轰软轴轨轥轳轥轳 软轮 轴轨轥 轥輛轥轣轴 软车 轹轴轴轲轩轵轭
轳轵轰轰软轲轴轥轤 轢轹 轥轸轰轥轲轩轭轥轮轴轡转 轲轥轳轵转轴轳 轡轮轤 轩轮车软轲轭轡轴轩软轮 车轲软轭 转轩轴轥轲轡轴轵轲轥輮 轔轨轥 车软转转软轷轩轮轧 转轩轳轴
轰轲轥轳轥轮轴轳 轴轨轥 轫轥轹 车轡轣轴轳 车软轵轮轤 轩轮 轴轨轩轳 轣轨轡轰轴轥轲 轩轮 软轲轤轥轲 轴软 轡轶软轩轤 轣软轮车轵轳轩软轮 轢轥轴轷轥轥轮 车轡轣轴轳 轡轮轤
轨轹轰软轴轨轥轳轥轳輺

• 轔轨轥 轃轲2轏3 轧轲软轷轳 轰轲轩轭轡轲轩转轹 轡轴 轴轨轥 软轵轴轥轲轭软轳轴 轳轵轲车轡轣轥 輨轳轥轥 轳轥轣轴轩软轮 輹輮輱輮輱輩輮

• 轁 轨软轭软轧轥轮轥软轵轳转轹 轤轩轳轴轲轩轢轵轴轥轤 輨α轃轲輬 轗輩 轰轨轡轳轥 轷轩轴轨 轣转轵轳轴轥轲轳 轮软轴 转轡轲轧轥轲 轴轨轡轮 轡 车轥轷
轴轥轮轳 软车 轮轭 轩轳 轡轣轣轥轰轴轡轢转轥 輨轳轥轥 轳轥轣轴轩软轮 輹輮輱輮輲輩輮

• 轁车轴轥轲 软轸轩轤轡轴轩软轮 轃轲 轩轳 轨软轭软轧轥轮轥软轵轳转轹 轤轩轳轴轲轩轢轵轴轥轤 软轮 轡 µm 轳轣轡转轥 轩轮 轴轨轥 轡转转软轹 輨轳轥轥
轳轥轣轴轩软轮 輹輮輱輮輲輩輬 轷轨轩转轥 轩轮轨软轭软轧轥轮轥轩轴轩轥轳 轡轲轥 轶轩轳轩轢转轥 软轮 轡 轮轭 轳轣轡转轥 輨轳轥轥 轳轥轣轴轩软轮 輹輮輲輮輲輩輮

• 轙 轩轮 轴轨轩轮 輜转轭轳 轩轳 轤轩轳轴轲轩轢轵轴轥轤 轨软轭软轧轥轮轥软轵轳转轹 软轮 轡轮 轡轴软轭轩轣 轳轣轡转轥 轷轨轩转轥 轙 轥轮轲轩轣轨轥轤
轮轵轣转轥轡轴轩软轮 轳轩轴轥轳 轡轲轥 轤轥轴轥轣轴轥轤 轡轴 轴轨轥 轩轮轴轥轲车轡轣轥 轴软 轴轨轥 轃轲2轏3 转轡轹轥轲 輨轳轥轥 轳轥轣轴轩软轮 輹輮輲輮輱輩輮

• 轙 轩轳 车软轵轮轤 轡轴 轴轨轥 轧轲轡轩轮 轢软轵轮轤轡轲轩轥轳 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 輨轳轥轥 轳轥轣轴轩软轮 輹輮輲輮輲輩輮

• 轁转转 轙 轩轮 轢轵转轫 轳轭轡轲轴 轡转转软轹轳 轩轳 轢软轵轮轤 轩轮 轮轡轮软輭轰轡轲轴轩轣转轥轳 轣软轮轴轡轩轮轩轮轧 轙輬 轃轲輬 轡轮轤 轏 輨轳轥轥
轳轥轣轴轩软轮 輹輮輲輮輲輩輮
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Chapter 10

Modeling of W-Cr-Y alloys

轅轸轴轥轮轳轩轶轥 轭软轤轥转轩轮轧 轩轳 轰轥轲车软轲轭轥轤 轩轮 轴轨轥 輜轥转轤 软车 轈轩轧轨 轅轮轴轲软轰轹 轁转转软轹轳 輨轈轅轁輩 轛輱輱輰轝輮 轔轨轥轳轥
轭软轤轥转轳 轡轲轥 轡轰轰转轩轥轤 软轮 轴轨轥 轗輭轃轲輭轙 轡转转软轹轳 轰轲轥轳轥轮轴轥轤 轩轮 轴轨轩轳 轴轨轥轳轩轳 轩轮 软轲轤轥轲 轴软 轤轥轶轥转软轰 轡
轭轡轴轨轥轭轡轴轩轣轡转 轤轥轳轣轲轩轰轴轩软轮 软车 轴轨轥 轗輭轃轲輭轙 轡转转软轹轳輮 轈轅轁 轡轲轥 轩轮轴轲软轤轵轣轥轤 轩轮 轳轥轣轴轩软轮 輱輰輮輱 轷轨轩转轥
轳轥轣轴轩软轮 輱輰輮輲 轰轲轥轳轥轮轴轳 轴轨轥 轭软轤轥转轩轮轧 轲轥轳轵转轴轳 软轮 轳轭轡轲轴 轡转转软轹轳輮

10.1 Introduction to high entropy alloys
轔轨轥 轴轥轲轭 轈轅轁 轲轥车轥轲轳 轴软 轡转转软轹轳 轷轩轴轨 轭轵转轴轩轰转轥 轰轲轩轮轣轩轰转轥 轥转轥轭轥轮轴轳 轷轨轩轣轨 轡轲轥 轡转转 轰轲轥轳轥轮轴 轩轮 轡
轲软轵轧轨转轹 轥轱轵轡转 轡轴软轭轩轣 轣软轭轰软轳轩轴轩软轮輮 轁 轈轅轁 轭轡轹 轣软轮轴轡轩轮 车软轵轲 软轲 輜轶轥 轵轰 轴软 轴轷轥轮轴轹 轤轩輛轥轲轥轮轴
轥转轥轭轥轮轴轳輮 轔轨轥轲轥 轳轨软轵转轤 轢轥 软轮轥 轤软轭轩轮轡轮轴 轳软转轩轤 轳软转轵轴轩软轮 轰轨轡轳轥 轛輱輱輱轝輮

轃转轡轳轳轩轣轡转 轡转转软轹 轤轥轶轥转软轰轭轥轮轴 轵轳轵轡转转轹 轳轴轡轲轴轳 轷轩轴轨 软轮轥 轢轡轳轥 轭轡轴轥轲轩轡转 轷轨轩轣轨 轨轡轳 轣轥轲轴轡轩轮
轤轥轳轩轲轡轢转轥 轰轲软轰轥轲轴轩轥轳輮 轉轮 轣轡轳轥 软车 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轴 轡转转软轹轳 轰轲轥轳轥轮轴轥轤 轩轮 轴轨轩轳 轷软轲轫輬 轴轨轥
轢轡轳轥 轭轡轴轥轲轩轡转 轩轳 轗輮 轈软轷轥轶轥轲輬 轴轨轩轳 轢轡轳轥 轭轡轴轥轲轩轡转 轨轡轳 轰轲软轰轥轲轴轩轥轳 轷轨轩轣轨 轲轥轱轵轩轲轥 轩轭轰轲软轶轥轭轥轮轴
輭 车软轲 轥轸轡轭轰转轥 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥輮 轁转转软轹轩轮轧 轥转轥轭轥轮轴轳 轡轲轥 轡轤轤轥轤 轴软 轴轨轥 轭轡轴轥轲轩轡转 轩轮
软轲轤轥轲 轴软 轩轭轰轲软轶轥 轴轨轥 轰轲软轰轥轲轴轩轥轳 软车 轴轨轥 轭轡轴轥轲轩轡转 轷轨轩转轥 轫轥轥轰轩轮轧 轴轨轥 轡轤轶轡轮轴轡轧轥软轵轳 轰轲软轰轥轲轴轩轥轳
软车 轴轨轥 轢轡轳轥 轭轡轴轥轲轩轡转輮 轉轮 轴轨轩轳 轷软轲轫 轃轲 轡轮轤 轙 轡轲轥 轡轤轤轥轤輮 轔轨轥 转轡轲轧轥轳轴 车轲轡轣轴轩软轮 软车 轴轨轥 轭轡轴轥轲轩轡转
轲轥轭轡轩轮轳 轴轨轥 轢轡轳轥 轥转轥轭轥轮轴 轡轮轤 轴轨轥 轣软轭轰软轳轩轴轩软轮 软车 轴轨轥 轡转转软轹轩轮轧 轥转轥轭轥轮轴轳 轩轳 轡轤轪轵轳轴轥轤 轩轮 软轲轤轥轲
轴软 轡轣轨轩轥轶轥 软轰轴轩轭轩轺轥轤 轰轡轲轡轭轥轴轥轲轳輮 轓轵轣轨 轡轮 轡轰轰轲软轡轣轨 轹轩轥转轤轳 轴软 轷轥转转 轥轸轰转软轲轥轤 轥轤轧轥轳 轩轮 轴轨轥
轰轨轡轳轥 轤轩轡轧轲轡轭轳輬 轢轵轴 转轩轴轴转轥 轫轮软轷转轥轤轧轥 轴软 轴轨轥 轣轥轮轴轥轲 软车 轴轨轥 轰轨轡轳轥 轤轩轡轧轲轡轭 轷轨轥轲轥 轭轵转轴轩轰转轥
轥转轥轭轥轮轴轳 轡轲轥 轰轲轥轳轥轮轴 轩轮 轥轱轵轡转 车轲轡轣轴轩软轮轳輮

轔轨轥 轣软轮轣轥轰轴 软车 轈轅轁 软輛轥轲轳 轡 车轵轮轤轡轭轥轮轴轡转转轹 轤轩輛轥轲轥轮轴 轳轴轡轲轴轩轮轧 轰软轩轮轴 车软轲 轡转转软轹
轤轥轶轥转软轰轭轥轮轴輮 轍轩轸轩轮轧 轭轵转轴轩轰转轥 轥转轥轭轥轮轴轳 轩轮 轥轱轵轡转 轡轴软轭轩轣 轣软轭轰软轳轩轴轩软轮 轭轡轹 轹轩轥转轤 轮轥轷
轭轡轴轥轲轩轡转 轰轲软轰轥轲轴轩轥轳 轡轮轤 软轰轥轮轳 轴轨轥 輜轥转轤 轴软 转轥轳轳 轥轸轰转软轲轥轤 轲轥轧轩软轮轳 轩轮 轡 轰轨轡轳轥 轤轩轡轧轲轡轭
轛輱輱輲轝輮 轃软轭轰轵轴轡轴轩软轮 软车 轴轨轥 轳轨软轲轴 轲轡轮轧轥 软轲轤轥轲 輨轓轒轏輩 轡轳 轰轡轩轲 轣软轲轲轥转轡轴轩软轮 软车 轴轨轥 轡轴软轭轳
轩轳 轡轮 轩轭轰软轲轴轡轮轴 轴软软转 轴软 轰轲轥轤轩轣轴 轴轨轥 轰轨轡轳轥 轳轴轡轢轩转轩轴轹 轛輱輱輱轝輮 轔轨轥 轓轒轏 轩轳 轩轮轴轲软轤轵轣轥轤 轩轮 轳轥轣轴轩软轮
輱輰輮輲輮

轔轨轥轲轥 轩轳 轡 轶轥轲轹 转轡轲轧轥 轣软轭轰软轳轩轴轩软轮轡转 轳轰轡轣轥 车软轲 轮轥轷 轈轅轁 轡轮轤 轩轴 轩轳 轩轭轰软轳轳轩轢转轥 轴软
车轡轢轲轩轣轡轴轥 轡转转 软轰轴轩软轮轳輮 轔轨轥轲轥车软轲轥輬 轭轡轴轥轲轩轡转轳 轭软轤轥转轩轮轧 轡轮轤 轣软轭轰轵轴轡轴轩软轮轡转 轡转转软轹 轤轥轳轩轧轮 轡轲轥
轩轮轤轩轳轰轥轮轳轡轢转轥 轴软软转轳 车软轲 轩轮轶轥轳轴轩轧轡轴轩软轮轳 轛輱輱輳轝輮 轔轨轥 輜轲轳轴 轡轩轭 轩轳 轴软 轰轲轥轤轩轣轴 轷轨轩轣轨 轥转轥轭轥轮轴轳
车软轲轭 轡 轳轴轡轢转轥輬 轳轩轮轧转轥 轳软转轩轤 轳软转轵轴轩软轮 轰轨轡轳轥 輨软轲 轴轷软輭轰轨轡轳轥 轳软转轩轤 轳软转轵轴轩软轮輩 轷轨轥轮 轡转转软轹轥轤
轩轮 轥轱轵轡转 轡轴软轭轩轣 轣软轭轰软轳轩轴轩软轮 轛輱輱輳轝輮 轔轨轥 轥轸轡轣轴 轣软轭轰软轳轩轴轩软轮 轩轳 软轮转轹 轡轤轪轵轳轴轥轤輬 软轮轣轥 轡
轰轲软轭轩轳轩轮轧 轣软轭轢轩轮轡轴轩软轮 软车 车软轵轲輬 輜轶轥輬 软轲 轭软轲轥 轥转轥轭轥轮轴轳 轩轮 轥轱轵轡转 轡轴软轭轩轣 轣软轭轰软轳轩轴轩软轮 轩轳
车软轵轮轤輮 轓轩轭轵转轡轴轩软轮轳 轣轡轮 轢轥 轥轸轴轥轮轤轥轤 轴软 轴轨轥轲轭软轤轹轮轡轭轩轣輬 轭轩轣轲软轳轴轲轵轣轴轵轲轡转輬 轡轮轤 轭轥轣轨轡轮轩轣轡转
轰轲软轰轥轲轴轩轥轳 轛輱輱輳轝輮

轉轮 轧轥轮轥轲轡转 轡 轳轹轳轴轥轭 轴轲轩轥轳 轴软 轭轩轮轩轭轩轺轥 轩轴轳 轥轮轥轲轧轹 轡轮轤 轴软 轭轡轸轩轭轩轺轥 轩轴轳 轥轮轴轲软轰轹輮 轉轮 轴轨轥

輱輰輶



轣轡轳轥 软车 轈轅轁 轥轡轣轨 轡轴软轭 轡轩轭轳 轴软 软轣轣轵轰轹 轡 轰软轳轩轴轩软轮 软车 轭轩轮轩轭轵轭 轳轩轴轥 轡轮轤 轢软轮轤轩轮轧 轥轮轥轲轧轹輮
轔轨轥轳轥 轥轮轥轲轧轩轥轳 轤轥轰轥轮轤 软轮 轴轨轥 转软轣轡转 轣轨轥轭轩轣轡转 轥轮轶轩轲软轮轭轥轮轴輬 轩轮轴轥轲輭轡轴软轭轩轣 轩轮轴轥轲轡轣轴轩软轮轳輬 轡轮轤
轡轴软轭轩轣 轶软转轵轭轥轳 软车 轴轨轥 轣软轮轳轴轩轴轵轥轮轴 轥转轥轭轥轮轴轳 轛輱輱輱轝輮 轔轨轥 轥轮轴轲软轰轹 软车 轡 轳轹轳轴轥轭 轩轮轣轲轥轡轳轥轳 轷轩轴轨
轲轡轮轤软轭 轭轩轸轩轮轧輮 轔轨轥 轣软轮輜轧轵轲轡轴轩软轮轡转 轥轮轴轲软轰轹 轰轥轲 轭软转轥 輨Sconf輩 轤轵轥 轴软 轴轨轥 车软轲轭轡轴轩软轮 软车 轡
轳软转轩轤 轳软转轵轴轩软轮 车轲软轭 n 轥转轥轭轥轮轴轳 轷轩轴轨 轥轱轵轡转 轡轴软轭轩轣 轣软轭轰软轳轩轴轩软轮 轩轳 轧轩轶轥轮 轢轹

Sconf = −k lnw = kNA lnn 輨輱輰輮輱輩

轷轨轥轲轥 k 轩轳 轴轨轥 轂软转轴轺轭轡轮轮 轣软轮轳轴轡轮轴輬 NA 轩轳 轴轨轥 轁轶软轧轡轤轲软 轣软轮轳轴轡轮轴輬 轡轮轤 w 轩轳 轴轨轥 轮轵轭轢轥轲
软车 轷轡轹轳 软车 轭轩轸轩轮轧 轛輱輱輲轝輮 轔轨轩轳 轥轮轴轲软轰轹 轣轨轡轮轧轥 轳轴轡轢轩转轩轺轥轳 轴轨轥 轳软转轩轤 轳软转轵轴轩软轮輮

轓轩轭轵转轡轴轩软轮 轡轮轤 轭软轤轥转转轩轮轧 软车 轈轅轁 轣轡轮 轢轥 轰轥轲车软轲轭轥轤 轵轳轩轮轧 轰轲轩软轲 轥轸轰轥轲轩轭轥轮轴轡转
轫轮软轷转轥轤轧轥 软轲 轡轢輭轩轮轩轴轩软 轭轥轴轨软轤轳輺

• 轔轨轥 轡轴软轭轩轣 轳轩轺轥 轤轩輛轥轲轥轮轣轥 软车 轴轨轥 轣软轮轴轡轩轮轥轤 轥转轥轭轥轮轴轳 轩轳 软轮轥 轩轭轰软轲轴轡轮轴 轰轲轩软轲
轥轸轰轥轲轩轭轥轮轴轡转 轫轮软轷转轥轤轧轥輮 轔轨轩轳 轤轩輛轥轲轥轮轣轥 轣轡轮 轢轥 轥轸轰轲轥轳轳轥轤 轩轮 轡 轰轡轲轡轭轥轴轥轲 δ
轡轮轤 轴轨轥 轭轩轸轩轮轧 轥轮轴轨轡转轰轹 ∆Hmix 轩轳 轣轡转轣轵转轡轴轥轤 轢轡轳轥轤 软轮 轴轨轥 轲轥轧轵转轡轲 轭轥转轴 轭软轤轥转
轛輱輱輴轝輮 轓轵轣轨 轣轡转轣轵转轡轴轩软轮轳 轡转转软轷 轰轲轥轤轩轣轴轩软轮轳 轷轨轥轴轨轥轲 轡 轳软转轩轤 轳软转轵轴轩软轮 车软轲轭轳 轷轩轴轨
轡 轣轥轲轴轡轩轮 轥转轥轭轥轮轴轡转 轣软轭轰软轳轩轴轩软轮輮 轍软轲轥 轲轥转轩轡轢转轥 轳轩轭轵转轡轴轩软轮轳 轩轮轣转轵轤轥 轶轡轲轩软轵轳 软轴轨轥轲
轴轨轥轲轭软轤轹轮轡轭轩轣 轰轲软轰轥轲轴轩轥轳 轛輱輱輳轝輮

• 轁轢輭轩轮轩轴轩软 轭轥轴轨软轤轳 轡轲轥 轢轡轳轥轤 软轮 轴轨轥 轤轥轮轳轩轴轹 车轵轮轣轴轩软轮轡转 轴轨轥软轲轹 輨轄轆轔輩輮 轔轨轥 轭轡轮轹輭
轢软轤轹 轓轣轨轲迶轤轩轮轧轥轲 轥轱轵轡轴轩软轮 轩轳 轳软转轶轥轤 轴软 轣轡转轣轵转轡轴轥 轥转轥轣轴轲软轮轩轣 轷轡轶轥 车轵轮轣轴轩软轮轳 轡轮轤
轥轸轴轲轡轣轴 轰轲软轰轥轲轴轩轥轳 软车 轴轨轥 轭轡轴轥轲轩轡转輮 轁 轣转轵轳轴轥轲 轥轸轰轡轮轳轩软轮 輨轃轅輩 轭轥轴轨软轤 轣轡轮 轢轥
轥轭轰转软轹轥轤 轴软 轷轲轩轴轥 轴轨轥 轥轮轴轨轡转轰轹 软车 轭轩轸轩轮轧 软车 轴轨轥 轭轵转轴轩轣软轭轰软轮轥轮轴 轡转转软轹 轩轮 轴轨轥 车软轲轭
软车 轡轮 轉轳轩轮轧輭转轩轫轥 轈轡轭轩转轴软轮轩轡轮 轛輱輱輰轝輮

轖轡轲轩软轵轳 轈轅轁 轡转转软轹轳 轷轥轲轥 轭轡轮轵车轡轣轴轵轲轥轤 轡轮轤 轳轨软轷轥轤 轰轲软轭轩轳轩轮轧 轰轲软轰轥轲轴轩轥轳輺

• 轃轡轮轴软轲 轥轴 轡转輮 轛輱輱輵轝 轩轮 輲輰輰輴 轷轥轲轥 轡轭软轮轧 轴轨轥 輜轲轳轴 轴软 车轡轢轲轩轣轡轴轥 轡 轈轅轁輮 轉轴 轩轳 轳轨软轷轮 轴轨轡轴
轴轨轥 輜轶轥輭轣软轭轰软轮轥轮轴 轡转转软轹 轆轥20轃轲20轍轮20轎轩20轃软20 车软轲轭轳 轡 轳轩轮轧转轥 轳软转轩轤 轳软转轵轴轩软轮 轰轨轡轳轥
轷轨轩轣轨 轣轡轮 轤轩轳轳软转轶轥 轴轲轡轮轳轩轴轩软轮 轭轥轴轡转轳 轳轵轣轨 轡轳 轎轢輬 轔轩輬 轡轮轤 轖輮 轔轨轥 轩轮轤轩轣轥轳 轧轩轶轥 轴轨轥
轡轴软轭轩轣 轣软轭轰软轳轩轴轩软轮輬 轩輮轥輮 轴轨轥 轡车软轲轥轭轥轮轴轩软轮轥轤 轡转转软轹 轣软轮轴轡轩轮轳 20 at.% 软车 轥轡轣轨 轥转轥轭轥轮轴輮

• 轙轥轨 轥轴 轡转輮 轛輱輱輲轝 车轡轢轲轩轣轡轴轥轤 轃轵轔轩轖轆轥轎轩轚轲輬 轁转轔轩轖轆轥轎轩轚轲輬 轍软轔轩轖轆轥轎轩轚轲 轡转转软轹轳 轡轭软轮轧
软轴轨轥轲轳 轡轮轤 轳轨软轷轥轤 轴轨轡轴 轴轨轥 轨轡轲轤轮轥轳轳 轡车轴轥轲 轡轮轮轥轡转轩轮轧 车软轲 12 h 轡轴 1273 K 轲轥轭轡轩轮轳
轣软轮轳轴轡轮轴 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轡轳輭轣轡轳轴 轨轡轲轤轮轥轳轳輮

• 轄轡软轵轤 轥轴 轡转輮 轛輱輱輶轝 轩轮轶轥轳轴轩轧轡轴轥轤 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 软车 轈轅轁輮 轃轲 软轲 轁转 轣软轮轴轥轮轴
轡轰轰轥轡轲轳 轴软 轢轥 轲轥轱轵轩轲轥轤 车软轲 轡 轧软软轤 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轛輱輱輳轝輬 轡轳 轃轲 软轲 轁转 轡轲轥 轣轡轰轡轢转轥
软车 车软轲轭轩轮轧 轡 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲 輭 轴轨轥 轭轥轣轨轡轮轩轳轭 轩轳 轴轨轥 轳轡轭轥 轡轳 轣软轭轰轡轲轥轤 轴软
软轴轨轥轲 轡转转软轹轳輮 轁转17轃软17轃轲17轃轵17轆轥17轎轩17 轡转转软轹轳 轥轸轨轩轢轩轴 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轩轮 轡轩轲 輭
轴轨轥 轰轡轲轡轢软转轩轣 软轸轩轤轡轴轩软轮 轲轡轴轥 轩轳 1× 10−7 mg2 cm−4 s−1 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1073 K
轛輱輱輶轝輮

• 轅转輭轁轴轷轡轮轩 轥轴 轡转輮 轛輱輱輷轝 轭轡轮轵车轡轣轴轵轲轥轤 轗38轔轡36轃轲15轔轡11 轡转转软轹轳 轡轮轤 轤轥轭软轮轳轴轲轡轴轥轤 轴轨轥轩轲
软轵轴轳轴轡轮轤轩轮轧 轲轡轤轩轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥輮 轔轨轥 轭软轢轩转轩轴轩轥轳 软车 轶轡轣轡轮轣轩轥轳 轡轮轤 轳轥转车輭轩轮轴轥轲轳轴轩轴轩轡转轳 轡轲轥
轳轩轭轩转轡轲輮 轔轨轩轳 车轡轣轴 轭轡轸轩轭轩轺轥轳 轲轥轣软轭轢轩轮轡轴轩软轮 轡轮轤 轲轥轤轵轣轥轳 轴轨轥 轤轥车轥轣轴 轣软轮轣轥轮轴轲轡轴轩软轮輮
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10.2 Understanding of W-Cr-Y alloys using knowledge
from HEA
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轓轨软轲轴 轲轡轮轧轥 软轲轤轥轲 轰轡轲轡轭轥轴轥轲轳 轔轨轥 轓轨软轲轴 轒轡轮轧轥 轏轲轤轥轲 輨轓轒轏輩 轩轳 轤轥轳轣轲轩轢轥轤 轡轳 轰轡轩轲
轣软轲轲轥转轡轴轩软轮 轢轹 轴轨轥 轰轡轲轡轭轥轴轥轲

αp,q2,m = 1− ypqm
cpcq

輨輱輰輮輶輩

轷轨轥轲轥 ci 轩轳 轴轨轥 轡轶轥轲轡轧轥 轡轴软轭轩轣 轣软轮轣轥轮轴轲轡轴轩软轮 软车 轡轴软轭 轳轰轥轣轩轥轳 i 轡轮轤 ypqm 轩轳 轤轥輜轮轥轤 轡轳 轡轢软轶轥
輭 轴轨轥 轰轲软轢轡轢轩转轩轴轹 软车 輜轮轤轩轮轧 轴轨轥 轡轴软轭轩轣 轳轰轥轣轩轥轳 p輬q 转软轣轡轴轥轤 轡轴 轴轨轥 轡轴软轭轩轣 轣软轮輜轧轵轲轡轴轩软轮 m
轛輱輱輱轝輮 轉轮 轴轨轥 轣轡轳轥 轴轨轡轴 轴轨轥 轡轴软轭轳 轡轲轥 轲轡轮轤软轭转轹 轤轩轳轴轲轩轢轵轴轥轤輬 轴轨轥 轰轲软轢轡轢轩转轩轴轹 ypqm 轩轳 轧轩轶轥轮
轢轹 cpcq輮 轔轨轥 轣软轮輜轧轵轲轡轴轩软轮 轴轨轡轴 轡轮 轡轴软轭 软车 轳轰轥轣轩轥轳 p 轩轳 转软轣轡轴轥轤 轡轴 轡 轳轰轥轣轩輜轣 轰软轳轩轴轩软轮 轡轮轤
轡轮 轡轴软轭 软车 轳轰轥轣轩轥轳 q 轩轳 轴轨轥 轮轥轡轲轥轳轴 轮轥轩轧轨轢软轲 软车 轴轨轡轴 轡轴软轭 轩轳 轤轥轳轣轲轩轢轥轤輮 轔轨轵轳輬 轡 轲轡轮轤软轭
轤轩轳轴轲轩轢轵轴轩软轮 软车 轡轴软轭轳 轲轥轳轵转轴轳 轩轮 αp,q2,1 = 0輮 轉轮 轴轨轥 轣轡轳轥 轴轨轡轴 轡轴软轭轳 软车 轴轨轥 轳轡轭轥 轳轰轥轣轩轥轳 轡轲轥
轰轲轥车轥轲轥轮轴轩轡转转轹 轮轥轡轲轥轳轴 轮轥轩轧轨轢软轲 软车 轥轡轣轨 软轴轨轥轲 αp,q2,1 > 0輮 轉轮 轴轨轥 轣轡轳轥 轴轨轡轴 轡轴软轭轳 软车 轤轩輛轥轲轥轮轴
轳轰轥轣轩轥轳 轡轲轥 轰轲轥车轥轲轥轮轴轩轡转转轹 轮轥轡轲轥轳轴 轮轥轩轧轨轢软轲 软车 轥轡轣轨 软轴轨轥轲 αp,q2,1 < 0輮

轗 轡轮轤 轃轲 轨轡轶轥 轡 轢软轤轹輭轣轥轮轴轥轲轥轤 轣轵轢轩轣 輨轢轣轣輩 转轡轴轴轩轣轥 轳轴轲轵轣轴轵轲轥 轛輱輱輸轝 轡轮轤 轴轨轥 轓轒轏
轰轡轲轡轭轥轴轥轲轳 软车 轗70轃轲29轙1 轡轲轥 轣轡转轣轵转轡轴轥轤 车软轲 轡 轢轣轣 转轡轴轴轩轣轥 轳轴轲轵轣轴轵轲轥輮 轔轨轥 轤轩轳轴轡轮轣轥 轢轥轴轷轥轥轮
轴轨轥 轮轥轡轲轥轳轴 轮轥轩轧轨轢软轲轳 轡轮轤 轴轨轥 轤轩轳轴轡轮轣轥 轢轥轴轷轥轥轮 轴轨轥 轳轥轣软轮轤 轮轥轡轲轥轳轴 轮轥轩轧轨轢软轲轳 轤轩輛轥轲轳 轢轹
软轮转轹 13 %輮 轔轨轥轲轥车软轲轥輬 轴轨轥 轓轒轏 轰轡轲轡轭轥轴轥轲 轡轲轥 轡轶轥轲轡轧轥轤 软轶轥轲 轴轨轥 輜轲轳轴 轡轮轤 轳轥轣软轮轤 轮轥轡轲轥轳轴
轮轥轩轧轨轢软轲轳輮 轔轨轥 轡轶轥轲轡轧轥轤 轓轒轏 α1+2 轩轳 轧轩轶轥轮 轢轹

α1+2 =
z1α

p,q
2,1 + z2α

p,q
2,2

z1 + z2
輨輱輰輮輷輩

轷轨轥轲轥 z1 = 8 轡轮轤 z2 = 6 轡轲轥 轴轨轥 轮轵轭轢轥轲 软车 輜轲轳轴 轡轮轤 轳轥轣软轮轤 轮轥轡轲轥轳轴 轮轥轩轧轨轢软轲轳輬 轲轥轳轰轥轣轴轩轶轥转轹輮
轔轨轥 轲轥轳轵转轴 软车 轴轨轩轳 轣轡转轣轵转轡轴轩软轮 车软轲 轡 轗50轃轲50 轡转转软轹 轩轳 轰转软轴轴轥轤 轩轮 轆轩轧輮 輱輰輮輱 轥輮 轁轴 转软轷

轴轥轭轰轥轲轡轴轵轲轥轳 α1,2 > 0 轩轳 车软轵轮轤 轷轨轩轣轨 轰轲轥轤轩轣轴轳 轴轨轥 车软轲轭轡轴轩软轮 软车 轴轷软 轰轨轡轳轥轳輬 软轮轥 轃轲 轲轩轣轨
轡轮轤 软轮轥 轗 轲轩轣轨 轰轨轡轳轥輮 α1+2 轤轥轣轲轥轡轳轥轳 轴软 輰 轩轮 轴轨轥 轴轥轭轰轥轲轡轴轵轲轥 轲轡轮轧轥 车轲软轭 1000 K 轴软
2000 K輮 轔轨轵轳輬 轳轴轡轲轴轩轮轧 车轲软轭 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 轡轲软轵轮轤 2000 K 轡 轳软转轩轤 轳软转轵轴轩软轮 轩轳 轰轲轥轤轩轣轴轥轤輮
轔轨轥轳轥 轲轥轳轵转轴轳 轡轲轥 轩轮 轡轧轲轥轥轭轥轮轴 轷轩轴轨 轴轨轥 轰轨轡轳轥 轤轩轡轧轲轡轭 轳轨软轷轮 轩轮 轆轩轧輮 輱輮輲 轢 轷轨轥轲轥 轡 轳软转轩轤
轳软转轵轴轩软轮 软车 轗50轃轲50 轩轳 车软轵轮轤 轳轴轡轲轴轩轮轧 车轲软轭 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1950 K輬 轡 轤轥轶轩轡轴轩软轮 软车 转轥轳轳
轴轨轡轮 3 % 车轲软轭 轴轨轥 轣轡转轣轵转轡轴轥轤 轴轥轭轰轥轲轡轴轵轲轥輮

轁车轴轥轲 轳轵轣轣轥轳轳车轵转 轢轥轮轣轨轭轡轲轫轩轮轧 软车 轢轩轮轡轲轹 轣轡转轣轵转轡轴轩软轮轳 轷轩轴轨 轥轸轰轥轲轩轭轥轮轴轡转 轲轥轳轵转轴轳輬 轴轨轥
轣轡转轣轵转轡轴轩软轮 轩轳 轰轥轲车软轲轭轥轤 车软轲 轴轨轥 轴轥轲轮轡轲轹 轳轭轡轲轴 轡转转软轹轳輮 轔轨轥 轣轡转轣轵转轡轴轥轤 轓轒轏 轰轡轲轡轭轥轴轥轲轳 车软轲
轴轨轥 轗70轃轲29轙1 轡转转软轹 轡轲轥 轰转软轴轴轥轤 轩轮 轆轩轧輮 輱輰輮輱 轤輮 轁轴 轴轥轭轰轥轲轡轴轵轲轥轳 轢轥转软轷 1000 K α1+2 > 0
轩轳 轣轡转轣轵转轡轴轥轤 车软轲 轡转转 轰轡轩轲轳 软车 轣软轮轴轡轩轮轥轤 轳轰轥轣轩轥轳輮 轔轨轩轳 轲轥轳轵转轴 轩轮轤轩轣轡轴轥轳 轴轨轡轴 轴轨轥 轡轴软轭轳

輱輱輰



轳轥轧轲轥轧轡轴轥 轩轮轴软 輱輭轡轴软轭輭轴轹轰轥 轣转轵轳轴轥轲轳輬 轩輮轥輮 轙 轰轡轲轴轩轣转轥轳輬 轡 轃轲 轲轩轣轨 轰轨轡轳轥輬 轡轮轤 轡 轗 轲轩轣轨 轰轨轡轳轥
轡轲轥 轰轲轥轤轩轣轴轥轤輮

α1+2 > 0 轲轥轭轡轩轮轳 轶轡转轩轤 车软轲 轴轨轥 轗輭轙 轡轮轤 轃轲輭轙 轰轡轩轲轳 轵轰 轴软 3000 K 轡轮轤 轙 轰轡轲轴轩轣转轥轳 轡轲轥
轥轸轰轥轣轴轥轤 轴软 轢轥 轳轴轡轢转轥 轢轥轹软轮轤 轴轨轥 轭轥转轴轩轮轧 轰软轩轮轴 软车 轙 轷轨轩轣轨 轩轳 轡轴 1795 K 轛輱輱輹轝輮

α1+2 车软轲 轗輭轃轲 轤轲软轰轳 轴软轷轡轲轤轳 輰 轩轮 轴轨轥 轲轡轮轧轥 软车 750 K 轴软 1500 K 轡轮轤 轲轥轭轡轩轮轳 轡轴 輰
车软轲 轨轩轧轨轥轲 轴轥轭轰轥轲轡轴轵轲轥轳輮 轔轨轩轳 轲轥轳轵转轴轳 轩轮轤轩轣轡轴轥轳 轴轨轡轴 轗 轡轮轤 轃轲 轩轮 轴轨轥 轧轩轶轥轮 轥转轥轭轥轮轴轡转
轣软轭轰软轳轩轴轩软轮 车软轲轭 轡 轳软转轩轤 轳软转轵轴轩软轮 轳轴轡轲轴轩轮轧 车轲软轭 1500 K輮 轉轮 轣软轭轰轡轲轩轳软轮輬 轴轨轥 轥轸轰轥轲轩轭轥轮轴轡转輬
轢轩轮轡轲轹 轰轨轡轳轥 轤轩轡轧轲轡轭 轳轨软轷轮 轩轮 轆轩轧輮 輱輮輲 轢 轳轨软轷轳 轡 轳软转轩轤 轳软转轵轴轩软轮 软车 轗70轃轲30 轳轴轡轲轴轩轮轧 车轲软轭
1820 K輮 轂轡轳轥轤 软轮 轴轨轩轳 轲轥轳轵转轴輬 轴轨轥 轡轤轤轩轴轩软轮 软车 轙 轡轰轰轥轡轲轳 轴软 轳轴轡轢轩转轩轺轥 轴轨轥 轗輭轃轲 轰轨轡轳轥
轲轥轳轵转轴轩轮轧 轩轮 轡 轳软转轩轤 轳软转轵轴轩软轮 轤软轷轮 轴软 转软轷轥轲 轴轥轭轰轥轲轡轴轵轲轥轳 轡轮轤 轩轮 轡轮 轩轮轣轲轥轡轳轥轤 轳软转轵轢轩转轩轴轹 软车
轃轲 轩轮 轗 轡轴 轡 轧轩轶轥轮 轴轥轭轰轥轲轡轴轵轲轥輮

轓轴轡轢轩转轩轺轡轴轩软轮 软车 轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轤轵轥 轴软 轡轤轤轩轴轩软轮 软车 轙 轩轳 轫轮软轷 轡轳 轚轥轮轥轲 轰轩轮轮轩轮轧 车软轲
轤轥轣轡轤轥轳 轛輱輲輱轝輮 轔轨轥 轰轲轥轳轥轮轣轥 软车 轧轲轡轩轮 轢软轵轮轤轡轲轩轥轳 轩轳 轣轲轵轣轩轡转 车软轲 轚轥轮轥轲 轰轩轮轮轩轮轧輮 轈软轷轥轶轥轲輬 轴轨轥
轡轢輭轩轮轩轴轩软 轭软轤轥转轩轮轧 轤软轥轳 轮软轴 轣软轮轳轩轤轥轲 轧轲轡轩轮 轢软轵轮轤轡轲轩轥轳輮 轔轨轥轲轥车软轲轥輬 轡 轰轨轡轳轥 轳轴轡轢轩转轩轺轡轴轩软轮
轤轵轥 轴软 轴轨轥 轡轤轤轩轴轩软轮 软车 轙 轡轰轰轥轡轲轳 轡转轳软 轩轮轤轥轰轥轮轤轥轮轴转轹 软轮 轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥輺 轴轨轥 轡轤轤轩轴轩软轮
软车 轙 轫轥轥轰轳 轭软轲轥 轃轲 轩轮 轳软转轩轤 轳软转轵轴轩软轮 轷轩轴轨 轗 轷轨轩轣轨 轩轳 轥轸轰轥轣轴轥轤 轴软 轩轮轣轲轥轡轳轥轳 轴轨轥 轭软轢轩转轩轴轹 软车
轃轲 轩轮 轴轨轥 轭轥轴轡转转轩轣 轡转转软轹輮 轁 轨轩轧轨轥轲 轭软轢轩转轩轴轹 软车 轃轲 轩轮 轴轨轥 轭轥轴轡转转轩轣 轡转转软轹 轡转转软轷轳 轭软轲轥 轥輞轣轩轥轮轴
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轆轩轧轵轲轥 輱輰輮輱輺 輨轡輩輭輨轣輩 轔轨轥 轣轡转轣轵转轡轴轥轤 轥轮轴轨轡转轰轹 软车 轭轩轸轩轮轧 Hmix 车软轲 轡转转 轰软轳轳轩轢转轥 轰轡轩轲轳 轩轮 轴轨轥
轗輭轃轲輭轙 轳轹轳轴轥轭 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轨轥 轥转轥轭轥轮轴轡转 轣软轭轰软轳轩轴轩软轮輮 轔轨轥 轢转轵轥 轤软轴轳 轡轲轥 轢轡轳轥轤 软轮
轄轆轔 轣轡转轣轵转轡轴轩软轮轳 轷轨轩转轥 轴轨轥 软轲轡轮轧轥 轤软轴轳 轡轲轥 轣轡转轣轵转轡轴轥轤 轶轩轡 轃轅輮 輨轤輩 轔轨轥 轣轡转轣轵转轡轴轥轤 轡轶轥轲轡轧轥
轳轨软轲轴 轲轡轮轧轥 软轲轤轥轲 輨轓轒轏輩 车软轲 轴轨轥 轤轩輛轥轲轥轮轴 轰轡轩轲轳 轩轮 轡 轗70轃轲29轙1 轡转转软轹 轡轳 轡 车轵轮轣轴轩软轮 软车
轴轥轭轰轥轲轡轴轵轲轥輮 輨轥輩 轔轨轥 轣轡转轣轵转轡轴轥轤 轡轶轥轲轡轧轥 轓轒轏 车软轲 轗輭轃轲 轰轡轩轲轳 轩轮 轡 轗50轃轲50 轡转转软轹 轡轳 轡
车轵轮轣轴轩软轮 软车 轴轥轭轰轥轲轡轴轵轲轥輮 轓轩轭轵转轡轴轩软轮轳 轷轥轲轥 轰轥轲车软轲轭轥轤 轢轹 轊輮 轓輮 轗轲迳轢轥转 轛輱輲輰轝輮
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轲轥轰转轥轮轩轳轨轩轮轧 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲 轲轥轳轵转轴轩轮轧 轩轮 轡 轢轥轴轴轥轲 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥輮
轔轨轥 轣轡转轣轵转轡轴轩软轮轳 轡轳轳轵轭轥 轭轥轴轡转转轩轣 轹轴轴轲轩轵轭 轡轮轤 轤软 轮软轴 轣软轮轳轩轤轥轲 软轸轹轧轥轮輮 轈软轷轥轶轥轲輬 轴轨轥

轭轡轮轵车轡轣轴轵轲轥轤 轳轡轭轰转轥轳 轡转轷轡轹轳 轳轨软轷 轏 轩轮 轴轨轥 轶轩轣轩轮轩轴轹 软车 轴轨轥 轙輮 轆轵轴轵轲轥 轳轴轵轤轩轥轳 轳轨软轵转轤
轶轡转轩轤轡轴轥 轴轨轩轳 轳轩轭轰转轩輜轣轡轴轩软轮 轡轮轤 轩轮轶轥轳轴轩轧轡轴轥 轨软轷 轏 轩轮 轴轨轥 轭轡轴轥轲轩轡转 轣轨轡轮轧轥轳 轩轴轳 轰轲软轰轥轲轴轩轥轳輮
轓轴轵轤轩轥轳 轡轲轥 软轮轧软轩轮轧 轡轮轤 轡轲轥 轴软 轢轥 轰轵轢转轩轳轨轥轤 轥转轳轥轷轨轥轲轥輮

轍软轮轴轥 轃轡轲转软 轳轩轭轵转轡轴轩软轮轳 轅轸轣轨轡轮轧轥 轍软轮轴轥 轃轡轲转软 輨轍轃輩 轳轩轭轵转轡轴轩软轮轳 轳轨软轷 轴轨轥
轥转轥轭轥轮轴轡转 轤轩轳轴轲轩轢轵轴轩软轮 轩轮 轴轨轲轥轥 轤轩轭轥轮轳轩软轮轳 轷轨轩轣轨 车软轲轭 轤轵轥 轴软 轤轩輛轵轳轩软轮 轰轲软轣轥轳轳轥轳輮 轉轮轰轵轴
轰轡轲轡轭轥轴轥轲轳 轡轲轥 轴轨轥 轥輛轥轣轴轩轶轥 轣转轵轳轴轥轲 轩轮轴轥轲轡轣轴轩软轮轳 Jω輬 轴轨轥 轥轮轴轨轡转轰轹 软车 轭轩轸轩轮轧 Hmix 轡轳 轧轩轶轥轮
轩轮 轥轱轵轡轴轩软轮 輱輰輮輳輬 轡轮轤 轴轨轥 轢软轤轹 轣轥轮轴轥轲轥轤 轣轵轢轩轣 轣轲轹轳轴轡转 轳轴轲轵轣轴轵轲轥輮 轔轨轥 轳轴轡轲轴轩轮轧 轣软轮轤轩轴轩软轮
轩轳 轴轨轡轴 轡 輜轸轥轤 轮轵轭轢轥轲 软车 轥轡轣轨 轫轩轮轤 软车 轡轴软轭轳 轩轳 轲轡轮轤软轭转轹 轤轩轳轴轲轩轢轵轴轥轤 轷轩轴轨轩轮 轡轮 轡轮轡转轹轳轩轳
轶软转轵轭轥 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 3000 K輮

轔轨轥 轥转轥轭轥轮轴轡转 轤轩轳轴轲轩轢轵轴轩软轮轳 轷轨轥轮 轣软软转轩轮轧 轴软 1200 K輬 900 K輬 600 K輬 轡轮轤 300 K 轡轲轥
轳轨软轷轮 轩轮 轆轩轧輮 輱輰輮輲輮 轃转轵轳轴轥轲轩轮轧 软车 轙 轡轴软轭轳 轩轳 轰轲轥轤轩轣轴轥轤 轡轴 轡转转 轩轮轶轥轳轴轩轧轡轴轥轤 轴轥轭轰轥轲轡轴轵轲轥轳輮
轁轴 1200 K 轃轲 轳轴轡轲轴轳 轴软 车软轲轭 轣转轵轳轴轥轲轳 轩轮 轴轨轥 轳轩轭轵转轡轴轩软轮 轶软转轵轭轥輬 轳轥轥 轆轩轧輮 輱輰輮輲 轡輮 轉轮轣轲轥轡轳轥轤
轣转轵轳轴轥轲轩轮轧 软车 轃轲 轩轳 车软轵轮轤 轡轴 900 K 轡轮轤 轢轥转软轷輮 轔轹轰轩轣轡转转轹 轴轨轥 轃轲 轣转轵轳轴轥轲轳 轡轲轥 车软轵轮轤 轡轴 轴轨轥
轥轤轧轥 软车 轴轨轥 轳轩轭轵转轡轴轩软轮 轶软转轵轭轥輬 轳轥轥 轆轩轧輮 輱輰輮輲 轢輭轤輮 轔轨轥 轣轥轮轴轥轲 软车 轴轨轥 轭软轤轥转轥轤 轃轲 轣转轵轳轴轥轲轳
轩轳 轰轵轲轥 轃轲 轷轨轩转轥 轃轲 轡轮轤 轗 轡轲轥 轭轩轸轥轤 轡轴 轴轨轥 轥轤轧轥 软车 轴轨轥 轃轲 轣转轵轳轴轥轲轳輮 轔轨轥轳轥 轲轥轳轵转轴轳 轡轲轥
轩轮 轧软软轤 轡轧轲轥轥轭轥轮轴 轷轩轴轨 轴轨轥 轰轲轥轤轩轣轴轩软轮 轢轡轳轥轤 软轮 轴轨轥 轲轥轳轵转轴轳 车轲软轭 轴轨轥 轳轨软轲轴 轲轡轮轧轥 软轲轤轥轲
轣轡转轣轵转轡轴轩软轮 轳轨软轷轮 轩轮 轆轩轧輮 輱輰輮輱 轤輮

W Cr Y
(a) 1200K

W Cr Y
(b) 900K

W Cr Y
(c) 600K

W Cr Y
(d) 300K

轆轩轧轵轲轥 輱輰輮輲輺 轔轨轥 轣轡转轣轵转轡轴轥轤 轥转轥轭轥轮轴轡转 轤轩轳轴轲轩轢轵轴轩软轮 轩轮 轡 轗70轃轲29轙1 轡转转软轹 轢轡轳轥轤 软轮 轡 轍软轮轴轥
轃轡轲转软 轳轩轭轵转轡轴轩软轮輮 轓轴轡轲轴轩轮轧 轰软轩轮轴 软车 轴轨轥 轳轩轭轵转轡轴轩软轮 轩轳 轡 轣软轭轰转轥轴轥转轹 轲轡轮轤软轭 轤轩轳轴轲轩轢轵轴轩软轮輮
轔轨轥 轤轩轳轴轲轩轢轵轴轩软轮 轤轵轲轩轮轧 轴轨轥 轣软软转轩轮轧 轰轲软轣轥轳轳 轩轳 轳轨软轷轮 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 輨轡輩 1200 K輬 輨轢輩
900 K輬 輨轣輩 600 K輬 轡轮轤 輨轤輩 300 K輮 轓轩轭轵转轡轴轩软轮轳 轷轥轲轥 轰轥轲车软轲轭轥轤 轢轹 轊輮 轓輮 轗轲迳轢轥转 轛輱輲輰轝輮

轃软轭轰轡轲轩轳软轮 轷轩轴轨 轴轨轥 轥轸轰轥轲轩轭轥轮轴 轔轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 软车 轴轨轥 轡转转软轹 轡车轴轥轲 3 weeks 轡轴
1273 K 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輱輰輮輳輮 轁车轴轥轲 轴轨轥 轨轥轡轴 轥轸轰软轳轵轲轥 轴轨轥 轳轡轭轰转轥 轩轳 轣轵轴 轡轮轤 轰软转轩轳轨轥轤輮 轔轨轩轳
轡转转软轷轳 轩轭轡轧轩轮轧 轳轥轶轥轲轡转 轭轩转转轩轭轥轴轥轲轳 轡轷轡轹 车轲软轭 轴轨轥 轳轵轲车轡轣轥 轷轨轥轲轥 轴轨轥 轰轨轡轳轥 车软轲轭轡轴轩软轮 轩轳
轮软轴 轤软轭轩轮轡轴轥轤 轢轹 轴轨轥 车软轲轭轡轴轩软轮 软车 轃轲2轏3輮 轓轥轰轡轲轡轴轥 轙輭轃轲輭轏 轮轡轮软輭轰轡轲轴轩轣转轥轳 轡轲轥 轤轥轴轥轣轴轥轤
轡轮轤 轡 轃轲輭轲轩轣轨 轰轨轡轳轥 轩轳 车软轵轮轤輬 轳轥轥 轆轩轧輮 輱輰輮輳輮 轔轨轩轳 轲轥轳轵转轴 轩轳 轩轮 轱轵轡转轩轴轡轴轩轶轥 轡轧轲轥轥轭轥轮轴 轷轩轴轨
轴轨轥 轭软轤轥转轩轮轧 轲轥轳轵转轴轳 轳轨软轷轮 轩轮 轆轩轧輮 輱輰輮輲 轥轶轥轮 轴轨软轵轧轨 轴轨轥 轮轡轮软輭轰轡轲轴轩轣转轥轳 轩轮 轴轨轥 轥轸轰轥轲轩轭轥轮轴
轣软轮轴轡轩轮 轡转轳软 轃轲輬 轳轥轥 轳轥轣轴轩软轮 輹輮

轔轨轩轳 轡轧轲轥轥轭轥轮轴 轵轮轤轥轲转轩轮轥轳 轴轨轡轴 轴轨轥 轳轩轭轵转轡轴轩软轮轳 轣轡轮 轰轲软轶轩轤轥 轡 轢轡轳轩轣 轵轮轤轥轲轳轴轡轮轤轩轮轧 软车
轴轨轥 轡转转软轹輬 轤轥轳轰轩轴轥 轭轵转轴轩轰转轥 轳轩轭轰转轩輜轣轡轴轩软轮轳輺 轏 轩轳 轮软轴 轣软轮轳轩轤轥轲轥轤 轩轮 轴轨轥 轭软轤轥转轩轮轧輬 轧轲轡轩轮
轢软轵轮轤轡轲轩轥轳 轡轲轥 轮轥轧转轥轣轴轥轤輬 轡轮轤 轴轨轥 轳轩轭轵转轡轴轩软轮 轶软转轵轭轥 轩轳 转轩轭轩轴轥轤輮

轉轮轴轥轲轥轳轴轩轮轧 轱轵轥轳轴轩软轮轳 车软轲 车轵轲轴轨轥轲 轲轥轳轥轡轲轣轨 轡轲轥 轴软 轩轮轣转轵轤轥 轏輬 轨软轷 轴轨轥 轧轲轡轩轮 轢软轵轮轤轡轲轩轥轳
轣轡轮 轢轥 轩轮轣转轵轤轥轤 轩轮轴软 轴轨轥 轭软轤轥转 轡轮轤 轷轨轥轴轨轥轲 轭软轤轥转轩轮轧 轣轡轮 轰轲轥轤轩轣轴 轮轥轷 轡转转软轹轩轮轧 轥转轥轭轥轮轴轳

輱輱輲



轷轨轩轣轨 轳轴轡轢轩转轩轺轥 轴轨轥 轭轡轩轮 轗輭轃轲 轰轨轡轳轥 车轵轲轴轨轥轲輮

200 nm

Cr-rich

W-rich

Y-Cr-O

轆轩轧轵轲轥 輱輰輮輳輺 轍轩轣轲软轳轴轲轵轣轴轵轲轥 软车 轡 轗67轃轲32轙1 輨轗輭輱輱輮輴轃轲輭輰輮輶轙輩 轡转转软轹 轡车轴轥轲 3 weeks 轡轴 1273 K
轳轥轶轥轲轡转 轭轩转转轩轭轥轴轥轲轳 轡轷轡轹 车轲软轭 轴轨轥 轳轵轲车轡轣轥輮 轔轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轢轥车软轲轥 轨轥轡轴 轥轸轰软轳轵轲轥 轩轳
轳轨软轷轮 轩轮 轆轩轧輮 輶輮輳 轥輮

轏轶轥轲轡转转輬 轴轨轥 轰轲轥轳轥轮轴轥轤 輜轲轳轴 轲轥轳轵转轴轳 软轮 轭软轤轥转轩轮轧 软车 轗輭轃轲輭轙 轡转转软轹轳 轰轲软轶轩轤轥 轮轥轷 轩轮轳轩轧轨轴轳
轩轮轴软 轴轨轥 轵轮轤轥轲轳轴轡轮轤轩轮轧 软车 轳轭轡轲轴 轡转转软轹轳輺

• 轔轨轥 轡轤轤轩轴轩软轮 软车 轙 轩轮轣轲轥轡轳轥轳 轴轨轥 轳软转轵轢轩转轩轴轹 软车 轃轲 轩轮 轗輮 轔轨轩轳 轥輛轥轣轴 轣软轵转轤 轢轥 轩轭轰软轲轴轡轮轴
车软轲 轴轨轥 轩轭轰轲软轶轥轤 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轩轮 轴轨轥 轰轲轥轳轥轮轣轥 软车 轙輮

• 轙 轲轥轰轥转轳 轗 轡轮轤 轃轲 轡轮轤 轴轥轮轤轳 轴软 车软轲轭 轣转轵轳轴轥轲轳輮 轔轨轩轳 輜轮轤轩轮轧 轩轳 软轮转轹 轩轮 轰轡轲轴轩轡转
轡轧轲轥轥轭轥轮轴 轷轩轴轨 轴轨轥 轥轸轰轥轲轩轭轥轮轴輮

• 轐轨轡轳轥 轳轥轰轡轲轡轴轩软轮 软车 轗 轡轮轤 轃轲 轩轮 轡 轗70轃轲29轙1 轡转转软轹 轩轳 轥轸轰轥轣轴轥轤 轢轥转软轷 1500 K輮 轔轨轥
轫轩轮轥轴轩轣轳 软车 轴轨轥 轰轨轡轳轥 轳轥轰轡轲轡轴轩软轮 轡轲轥 轮软轴 轹轥轴 轩轮轶轥轳轴轩轧轡轴轥轤輮 轅轸轰轥轲轩轭轥轮轴轡转转轹 轰轨轡轳轥
轳轥轰轡轲轡轴轩软轮 轩轳 软轢轳轥轲轶轥轤 轡轴 1273 K輮 轎软 轭轥轡轳轵轲轥轭轥轮轴轳 轢轥轴轷轥轥轮 1273 K 轡轮轤 1500 K
轷轥轲轥 轣软轮轤轵轣轴轥轤輮

輱輱輳



Chapter 11

Zr as an alternative active element to Y
in the W-Cr alloy

轔轨轥 轰轲轥轶轩软轵轳 轣轨轡轰轴轥轲轳 輵 轴软 輱輰 车软轣轵轳轥轤 软轮 轗輭轃轲輭轙 轡转转软轹轳輮 轔轨轥 软轸轩轤轡轴轩软轮 轭轥轣轨轡轮轩轳轭轳
轡轲轥 轳轴轵轤轩轥轤 轡轮轤 轴轨轥 轩轭轰软轲轴轡轮轣轥 软车 轙 车软轲 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轩轳 轤轩轳轣轵轳轳轥轤 轩轮
轤轥轴轡轩转輮 轈软轷轥轶轥轲輬 轩轴 轩轳 轡轮 软轰轥轮 轱轵轥轳轴轩软轮 轷轨轥轴轨轥轲 轮轥轷 轡转转软轹轩轮轧 轥转轥轭轥轮轴轳 轣轡轮 轩轭轰轲软轶轥 轴轨轥
软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 车轵轲轴轨轥轲輮 轏轮轥 轣轡轮轤轩轤轡轴轥 轩轳 轴轨轥 轡轣轴轩轶轥 轥转轥轭轥轮轴 轚轲 轵轳轥轤 车软轲 轩轮轳轴轡轮轣轥 轩轮
轛輱輲輲輬 輱輲輳輬 輱輲輴轝 轡轮轤 轳轨软轷轩轮轧 轰轲软轭轩轳轩轮轧 轰轲软轰轥轲轴轩轥轳輮

轚轲 轩轳 轲轥轰软轲轴轥轤 轴软 轨轡轶轥 轳轩轭轩转轡轲 轥輛轥轣轴轳 轡轳 轙輺 轴轨轥 轡轤轨轥轲轥轮轣轥 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲
轩轳 轩轮轣轲轥轡轳轥轤輻 轩轭轰轵轲轩轴轩轥轳 轳轵轣轨 轡轳 轳轵转车轵轲 輨轓輩輬 轣轡轲轢软轮 輨轃輩輬 轡轮轤 软轸轹轧轥轮 輨轏輩 轡轲轥 轢软轵轮轤 轤轵轥 轴软
轴轨轥 轨轩轧轨 轡輞轮轩轴轹 软车 轚轲輻 轴轨轥 轧轲轡轩轮 轧轲软轷轴轨 轩轮 轴轨轥 轡转转软轹 轩轳 轩轮轨轩轢轩轴轥轤 轛輴輰轝輮 轆轵轲轴轨轥轲輬 轚轲 轨轡轳 轡
转软轷 轐轩转转轩轮轧輭轂轥轤轷软轲轴轨 轲轡轴轩软 软车 1.56 轡轮轤 轡 轨轩轧轨 轭轥转轴轩轮轧 轰软轩轮轴 软车 轡轢软轶轥 2100 K 轛輴輰轝輮

轔轨轩轳 轣轨轡轰轴轥轲 轰轲轥轳轥轮轴轳 輜轲轳轴 轩轮轶轥轳轴轩轧轡轴轩软轮轳 软轮 轚轲 轣软轮轴轡轩轮轩轮轧 轳轭轡轲轴 轡转转软轹轳 轵轳轩轮轧 轴轨轥
轳轡轭轥 轭轥轴轨软轤轳 轡轳 轰轲轥轳轥轮轴轥轤 轩轮 轣轨轡轰轴轥轲轳 輵 轴软 輷輮 轔轥轲轮轡轲轹 轗輭轃轲輭轚轲 轡转转软轹轳 轷轩轴轨软轵轴 轙 轡轲轥
轩轮轶轥轳轴轩轧轡轴轥轤 轩轮 软轲轤轥轲 轴软 轳轥轥 轴轨轥 轰轵轲轥 轥輛轥轣轴轳 软车 轚轲輮 轉轮轶轥轳轴轩轧轡轴轩软轮轳 软车 轱轵轡轴轥轲轮轡轲轹 轗輭轃轲輭轙輭轚轲
轡转转软轹轳 轡轤轤轲轥轳轳轩轮轧 轣软轲轲轥转轡轴轩轶轥 轥輛轥轣轴轳 软车 轤轩輛轥轲轥轮轴 轡轣轴轩轶轥 轥转轥轭轥轮轴轳 轡轲轥 轡 轴软轰轩轣 软车 车轵轴轵轲轥 轳轴轵轤轩轥轳輮
轃輮 轌轥轮轳轥轲 轩轮轶轥轳轴轩轧轡轴轥轤 轱轵轡轴轥轲轮轡轲轹 轗輭轓轩輭轃轲輭轙輬 轗輭轓轩輭轃轲輭轚轲輬 轡轮轤 轗輭轓轩輭轃轲 轡转转软轹轳 轛輱輲輵轝輮 轈轥
车软轵轮轤 轴轨轡轴 轴轨轥 轡轤轤轩轴轩软轮 软车 轢软轴轨 轙 轡轮轤 轚轲 轩轭轰轲软轶轥 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥輮

轔轨轩轳 轣轨轡轰轴轥轲 轩轳 轤轩轶轩轤轥轤 轩轮 轴轷软 轳轥轣轴轩软轮轳輮 轓轥轣轴轩软轮 輱輱輮輱 轩轮轶轥轳轴轩轧轡轴轥轳 轗輭轃轲輭轚轲 轴轨轩轮 輜转轭轳
轤轥轰软轳轩轴轥轤 轢轹 轭轡轧轮轥轴轲软轮 轳轰轵轴轴轥轲轩轮轧輮 轓轥轣轴轩软轮 輱輱輮輲 轩轮轶轥轳轴轩轧轡轴轥轳 轗輭轃轲輭轚轲 轢轵转轫 轡转转软轹轳 轳轩轮轴轥轲轥轤
轢轹 轆轁轓轔輮 轔轨轥 轤轡轴轡 轰轲轥轳轥轮轴轥轤 轡轮轤 轤轩轳轣轵轳轳轥轤 轩轮 轴轨轥 轳轥轣轴轩软轮 輱輱輮輱 轩轳 轡转轲轥轡轤轹 轰轵轢转轩轳轨轥轤 轢轹
轘輮 轙輮 轔轡轮輬 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輱輲輶轝輮 轔轨轥 轷软轲轫 轷轡轳 轰轥轲车软轲轭轥轤 轩轮 轣转软轳轥 轣软转转轡轢软轲轡轴轩软轮輮 轔轨轥
轡轵轴轨软轲 软车 轴轨轩轳 轴轨轥轳轩轳 轩轮轴轲软轤轵轣轥轤 轘輮 轙輮 轔轡轮 轴软 轡转转 轴轨轥 轥轭轰转软轹轥轤 轭轥轴轨软轤轳 轡轮轤 轳轨软轷轥轤 轨软轷
轴软 轵轳轥 轴轨轥 轤轥轶轩轣轥轳輺 轴轨轥 轭轡轧轮轥轴轲软轮 輨轳轥轥 轳轥轣轴轩软轮 輲輮輱輩輬 轴轨轥 轘轒轄 輨轳轥轥 轳轥轣轴轩软轮 輲輮輱輰輩 轡轮轤 轴轨轥
轔轇轁 輨轳轥轥 轳轥轣轴轩软轮 輲輮輱輶輩輮 轔轨轥 轳轨软轷轮 轥轸轰轥轲轩轭轥轮轴轳 轷轥轲轥 轣软轮轤轵轣轴轥轤 轰轡轲轴轩轡转转轹 轢轹 轘輮 轙輮 轔轡轮
轡轮轤 轰轡轲轴轩轡转转轹 轢轹 轴轨轥 轡轵轴轨软轲 软车 轴轨轩轳 轴轨轥轳轩轳輮 轓轡轭轰转轥 轰轲软轤轵轣轴轩软轮 轷轡轳 轰轥轲车软轲轭轥轤 轢轹 轘輮 轙輮
轔轡轮輮 轅转轥轣轴轲软轮 轭轩轣轲软轳轣软轰轹 轩轭轡轧轥轳 轡轲轥 轴轡轫轥轮 轢轹 轴轨轥 轡轵轴轨软轲 软车 轴轨轩轳 轴轨轥轳轩轳輮 轄轡轴轡 轡轮轡转轹轳轩轳輬
轵轮轤轥轲轳轴轡轮轤轩轮轧輬 轡轮轤 轰转轡轮轮轩轮轧 软车 轴轨轥 轥轸轰轥轲轩轭轥轮轴轳 轡轲轥 轴轨轥 轲轥轳轵转轴 软车 轴轨轥 轩轮轰轵轴 车轲软轭 轘輮 轙輮
轔轡轮輬 轴轨轥 轡轵轴轨软轲 软车 轴轨轩轳 轴轨轥轳轩轳 轡轮轤 轴轨轥 软轴轨轥轲 轡轵轴轨软轲轳 软车 轴轨轥 轡车软轲轥轭轥轮轴轩软轮轥轤 轰轵轢转轩轣轡轴轩软轮
轛輱輲輶轝輮
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11.1 W-Cr-Zr thin films

11.1.1 Pre-characterization of the films

轔轨轥 轳轡轭轰转轥轳 轩轮轶轥轳轴轩轧轡轴轥轤 轩轮 轴轨轩轳 轳轥轣轴轩软轮 轡轲轥 轴轨轩轮 輜转轭轳 轤轥轰软轳轩轴轥轤 轢轹 轭轡轧轮轥轴轲软轮 轳轰轵轴轴轥轲
轤轥轰软轳轩轴轩软轮 软轮 轳轡轰轰轨轩轲轥 轳轵轢轳轴轲轡轴轥轳 轷轩轴轨 轡 轤轩轡轭轥轴轥轲 软车 1.1 cm輮 轄轥轴轡轩转轳 软轮 轴轨轥 轭轡轧轮轥轴轲软轮
轤轥轶轩轣轥 轡轮轤 轴轨轥 轳轰轵轴轴轥轲轩轮轧 轰轲软轣轥轳轳 轡轲轥 轧轩轶轥轮 轩轮 轳轥轣轴轩软轮 輲輮輱 轡轮轤 輵輮輱輮 轁轳 轣软轭轰轡轲轥轤 轴软 轴轨轥
轰轲软轣轥轤轵轲轥 轵轳轥轤 轩轮 轳轥轣轴轩软轮 輵輮輱輬 轙 轩轳 轳轵轢轳轴轩轴轵轴轥轤 轢轹 轚轲 轡轮轤 轴轨轥 轲软轴轡轴轩软轮 轳轰轥轥轤 轩轳 轲轥轤轵轣轥轤
车轲软轭 5 rotations/min 轴软 1.7 rotations/min 车软轲 轴轥轣轨轮轩轣轡转 轲轥轡轳软轮轳輮

轁 轣轲软轳轳 轳轥轣轴轩软轮 轡轮轤 轡 轳轵轲车轡轣轥 轩轭轡轧轥 软车 轡 轗輭輱輱輮輲轃轲輭輱輮輷轚轲 輜转轭 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輱 轡輮
轔轨轥 轴轨轩轣轫轮轥轳轳 轭轥轡轳轵轲轥轤 软轮 轴轨轥 车轵转转 轣轲软轳轳 轳轥轣轴轩软轮 轩轳 3.9 µm輮 轁 轤轥轮轳轩轴轹 软车 15.4 g cm−3 轩轳
轣轡转轣轵转轡轴轥轤 轵轳轩轮轧 轴轨轥 轴轨轩轣轫轮轥轳轳 轡轮轤 轴轨轥 轭轡轳轳 软车 轴轨轥 輜转轭 轣软轭轢轩轮轥轤 轷轩轴轨 轴轨轥 轳轵轲车轡轣轥 轡轲轥轡
软车 轴轨轥 轳轵轢轳轴轲轡轴轥輮 轔轨轥 轭轡轩轮 轣轨轡轲轡轣轴轥轲轩轳轴轩轣轳 轡轲轥 轴轨轥 轳轡轭轥 轡轳 车软轲 轴轨轥 轗輭轃轲輭轙 輜转轭轳輺 轴轨轥
轧轲轡轩轮 轳轩轺轥 轩轳 轡轲软轵轮轤 0.2 µm輻 轮软 轰轨轡轳轥 轳轥轰轡轲轡轴轩软轮輬 轮软 轳轥轧轲轥轧轡轴轩软轮 软车 轳轰轥轣轩輜轣 轥转轥轭轥轮轴轳輬 轡轮轤
轮软 软轸轩轤轥 轳轥轧轲轥轧轡轴轩软轮 轡轲轥 轤轥轴轥轣轴轥轤 轵轳轩轮轧 轘轒轄 轡轮轤 轓轅轍 软轮 轡 轣轲软轳轳 轳轥轣轴轩软轮輮 轔轨轥 轭轡轩轮
轤轩輛轥轲轥轮轣轥 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轗輭轃轲輭轙 輜转轭轳 輨轤轩轳轣轵轳轳轥轤 轩轮 轣轨轡轰轴轥轲 輵輩 轩轳 轴轨轡轴 轴轨轥 轰轥轲轩软轤轩轣
转轩轮轥轳 软车 轤轥轰软轳轩轴轩软轮 轩轮轣轲轥轡轳轥轤 车轲软轭 7 nm 輨轮软轴 轶轩轳轩轢转轥 轩轮 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轢轵轴 轩轮 轴轨轥 轓轔轅轍
轡轮轡转轹轳轩轳 轩轮 轳轥轣轴轩软轮 輹輮輲輮輱輩 轴软 21 nm 轷轨轩轣轨 轩轳 轲轥轳软转轶轥轤 轩轮 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮輮 轉轮 轢软轴轨 轣轡轳轥轳 轴轨轥
轭轡轴轥轲轩轡转 车轲软轭 软轮轥 转轩轮轥 轴软 轴轨轥 轮轥轸轴 轩轳 轤轥轰软轳轩轴轥轤 轷轩轴轨轩轮 软轮轥 轲软轴轡轴轩软轮 软车 轴轨轥 轴轡轢转轥 软轮 轷轨轩轣轨
轴轨轥 轳轵轢轳轴轲轡轴轥轳 轡轲轥 轰转轡轣轥轤 轤轵轲轩轮轧 轳轰轵轴轴轥轲轩轮轧輮

轔轨轥 轘轒轄 轭轥轡轳轵轲轥轭轥轮轴 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輱 轢輮 轐轥轡轫轳 轡轳 轥轸轰轥轣轴轥轤 车软轲 轡 轗 轣轲轹轳轴轡转 轡轲轥
轤轥轴轥轣轴轥轤輮 轔轨轥 轰轥轡轫 轰软轳轩轴轩软轮轳 轡轲轥 轧轩轶轥轮 轩轮 轴轡轢转轥 輱輱輮輱輬 轷轩轴轨轩轮 轴轨轥 轵轮轣轥轲轴轡轩轮轴轹 轧轩轶轥轮 轢轹 轴轨轥
轆轗轈轍 轴轨轥 轰轥轡轫 轰软轳轩轴轩软轮轳 轡轲轥 轴轨轥 轳轡轭轥 轡轳 轴轨轥 轰轥轡轫 轰软轳轩轴轩软轮轳 轭轥轡轳轵轲轥轤 软轮 轗輭轃轲輭轙 輜转轭轳
轡转轳软 轩轮轣转轵轤轥轤 轩轮 轴轨轥 轴轡轢转轥輮 轔轨轥 轤轩輛轥轲轥轮轣轥轳 轩轮 轴轨轥 轰轥轡轫 轰软轳轩轴轩软轮轳 轡轲轥 轭轵轣轨 轳轭轡转转轥轲 轴轨轡轮
轴轨轥 轰轥轡轫 轷轩轤轴轨轳 轡轮轤 轴轨轥 輜轮轤轩轮轧轳 车轲软轭 轴轨轥 轘轒轄 软轮 轗輭轃轲輭轙 轰轲轥轳轥轮轴轥轤 轩轮 轣轨轡轰轴轥轲 輵 轡轲轥
轩轤轥轮轴轩轣轡转 轴软 轴轨轥 软轮轥轳 软轮 轴轨轥 轗輭轃轲輭轚轲 轤轩輛轲轡轣轴软轧轲轡轭輮

轂轡轳轥轤 软轮 轴轨轥轳轥 輜轮轤轩轮轧轳 轩轴 轣轡轮 轢轥 轣软轮轣转轵轤轥轤 轴轨轡轴 轴轨轥 轳轵轢轳轴轩轴轵轴轩软轮 软车 轙 轢轹 轚轲 轩轳
轰轥轲车软轲轭轥轤 轳轵轣轣轥轳轳车轵转转轹輮 轔轨轥 轳轡轭轰转轥轳 轣轡轮 轢轥 轵轳轥轤 车软轲 软轸轩轤轡轴轩软轮 轴轥轳轴轳輮

轔轡轢转轥 輱輱輮輱輺 轍轥轡轳轵轲轥轤 轰软轳轩轴轩软轮轳 软车 轰轥轡轫轳 轩轮 轴轨轥 轘轒轄 轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輱 轢 轣软轭轰轡轲轥轤 轴软
轴轨轥 轲轥轳轵转轴轳 轧轩轶轥轮 轩轮 轣轨轡轰轴轥轲 輵輬 轴轡轢转轥 輵輮輱輮 轔轨轥 轆轵转转輭轗轩轤轴轨輭轈轡转车輭轍轡轸轩轭轵轭 輨轆轗轈轍輩 车软轲 轴轨轥
轰轥轡轫轳 软车 轴轨轥 轗輭轃轲輭轚轲 輜转轭轳 轩轳 轡转轳软 轧轩轶轥轮輮

輨輱輱輰輩輭轐转轡轮轥 輨輲輰輰輩輭轐转轡轮轥 輨輲輱輱輩輭轐转轡轮轥 輨輲輲輰輩輭轐转轡轮轥
轗輭轃轲輭轚轲 輴輰輮輴◦ 輵輸輮輰◦ 輷輳輮輴◦ 輸輷輮輱◦

轗輭轃轲輭轚轲輬 轆轗轈轍 輰輮輹◦ 輱輮輲◦ 輲輮輰◦ 輱輮輸◦
轗輭轃轲輭轙 车轲软轭 轴轡轢转轥 輵輮輱 輴輰輮輴◦ 輵輷輮輸◦ 輷輳輮輱◦ 輸輷輮輱◦
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轆轩轧轵轲轥 輱輱輮輱輺 輨轡輩 轓轅轍 轩轭轡轧轥 软车 轡 轗輭輱輱輮輲轃轲輭輱輮輷轚轲 轡转转软轹 轤轥轰软轳轩轴轥轤 轢轹 轭轡轧轮轥轴轲软轮 轳轰轵轴轴轥轲轩轮轧輮
轔轨轥轲轥 轩轳 轡 轣轲软轳轳 轳轥轣轴轩软轮 轶轩轥轷 轳轨软轷轩轮轧 轴轨轥 轐轴 轣软轡轴轩轮轧 轡轮轤 轴轨轥 轡转转软轹 轡轮轤 轡 轳轵轲车轡轣轥 轩轭轡轧轥 轩轮
轴轨轥 轩轮轳轥轴輮 輨轢輩 轒轥轳轵转轴 软车 轡 轘轒轄 轭轥轡轳轵轲轥轭轥轮轴 软轮 轴轨轥 轳轡轭轰转轥 轤轥轰轩轣轴轥轤 轩轮 輨轡輩輮 轔轨轥 轶轥轲轴轩轣轡转輬
轤轡轳轨轥轤 转轩轮轥轳 轩轮轤轩轣轡轴轥 轴轨轥 轥轸轰轥轣轴轥轤 轰轥轡轫 轰软轳轩轴轩软轮轳 车软轲 轗 轛輸輱轝輮
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11.1.2 Oxidation behavior of the films

轔轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳 软车 轗輭轃轲輭轚轲 轴轨轩轮 輜转轭 轡转转软轹轳 轩轳 轳轴轵轤轩轥轤 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K
轩轮 80 % 轁轲 轡轮轤 20 % 轏2 轡轴轭软轳轰轨轥轲轥 轡轴 轡轴轭软轳轰轨轥轲轩轣 轰轲轥轳轳轵轲轥輮 轉轮 轡 輜轲轳轴 轳轴轥轰 轴轨轥 轥转轥轭轥轮轴轡转
轣软轭轰软轳轩轴轩软轮 轩轳 轶轡轲轩轥轤輮 轔轨轥 轭轡轳轳 轣轨轡轮轧轥 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轩轳 轰转软轴轴轥轤 轩轮 轆轩轧輮 輱輱輮輲 轡輮
轔轨轥 轣软轭轰软轳轩轴轩软轮 轩轳 轶轡轲轩轥轤 轩轮 轴轨轥 轲轡轮轧轥 软车 9.6 wt.% 轃轲 轴软 12.5 wt.% 轃轲 轡轮轤 0.6 wt.% 轚轲
轴软 3.6 wt.% 轚轲 轷轨轩转轥 轗 轣软轮轳轴轩轴轵轴轥轳 轴轨轥 轲轥轭轡轩轮轩轮轧 车轲轡轣轴轩软轮輮 轁转转 轳轡轭轰转轥轳 轳轴轡轲轴 轷轩轴轨 轭轡轳轳
轧轡轩轮 车软转转软轷轩轮轧 轡 轰轡轲轡轢软转轩轣 轲轡轴轥 转轡轷 轤轵轲轩轮轧 轴轨轥 ∼ 0.5 h 轡轮轤 轣轨轡轮轧轥 轴软 轡 转轩轮轥轡轲 软轸轩轤轡轴轩软轮
轫轩轮轥轴轩轣轳輮 轗輭輱輲輮輵轃轲輭輰輮輶轚轲 轥轸轨轩轢轩轴轳 轴轨轥 轨轩轧轨轥轳轴 轭轡轳轳 轧轡轩轮 轲轡轴轥 轡轴 2.5× 10−5 mg cm−2 s−1

轷轨轩转轥 轗輭輱輱輮輲轃轲輭輱輮輷轚轲 轥轸轨轩轢轩轴轳 轴轨轥 转软轷轥轳轴 轲轡轴轥 轡轴 1.5× 10−5 mg cm−2 s−1輮 轏轶轥轲轡转转輬 轚轲
轳轥轥轭轳 轴软 轢轥 轲轥轱轵轩轲轥轤 轩轮 轡 轳转轩轧轨转轹 轨轩轧轨轥轲 轣软轮轣轥轮轴轲轡轴轩软轮 轡轳 轣软轭轰轡轲轥轤 轴软 轙 轩轮 软轲轤轥轲 轴软
轡轣轨轩轥轶轥 轴轨轥 软轰轴轩轭轵轭 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥輮 轉轮 轣软轭轰轡轲轩轳软轮輬 轡 转轩轮轥轡轲 轡轰轰轲软轸轩轭轡轴轩软轮 软车 轴轨轥
轗輭輱輲轃轲輭輰輮輵轙 软轸轩轤轡轴轩软轮 轫轩轮轥轴轩轣轳輬 轷轨轩轣轨 轩轳 轩轮轣转轵轤轥轤 轩轮 轆轩轧輮 輱輱輮輲 轡 轹轩轥转轤轳 轡 轳转轩轧轨轴转轹 转软轷轥轲
轲轡轴轥 软车 1.0× 10−5 mg cm−2 s−1輮

轔轨轥 轭软轳轴 轰轲软轭轩轳轩轮轧 轡转转软轹 轗輭輱輱輮輲轃轲輭輱輮輷轚轲 轩轳 轣轨软轳轥轮 车软轲 车轵轲轴轨轥轲 轳轴轵轤轩轥轳輮 轔轨轥 软轸轩轤轡轴轩软轮
轴轩轭轥 轩轳 轩轮轣轲轥轡轳轥轤 轴软 10 h 轷轨轩转轥 轡转转 软轴轨轥轲 软轸轩轤轡轴轩软轮 轣软轮轤轩轴轩软轮轳 轡轲轥 轫轥轰轴 轣软轮轳轴轡轮轴輮 轔轨轥 轭轡轳轳
轣轨轡轮轧轥 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輲 轢輮 轔轨轥 轗輭輱輱輮輲轃轲輭輱輮輷轚轲 轡转转软轹 轤轲软轰轳 轴软
轡轮 软轸轩轤轡轴轩软轮 轲轡轴轥 软车 1× 10−5 mg cm−2 s−1 轤轵轲轩轮轧 轴轨轥 10 h 软车 软轸轩轤轡轴轩软轮 轷轨轩转轥 轴轨轥 轲轡轴轥 软车
轗輭輱輲轃轲輭輰輮輵轙 轩轮轣轲轥轡轳轥轳 轴软 轡 转轩轮轥轡轲 轭轡轳轳 轧轡轩轮 软车 5× 10−5 mg cm−2 s−1輮

轘轒轄 轭轥轡轳轵轲轥轭轥轮轴轳 软车 轴轨轥 轗輭輱輱輮輲轃轲輭輱輮輷轚轲 轡转转软轹 轡车轴轥轲 软轸轩轤轡轴轩软轮 车软轲 1.25 h 轡轮轤 10 h 轡轲轥
轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輳輮 轉轮 轢软轴轨 轣轡轳轥轳 轗 轰轥轡轫轳 轲轥轭轡轩轮 轶轩轳轩轢转轥 轷轨轩轣轨 轩轮轤轩轣轡轴轥轳 轴轨轡轴 轴轨轥 软轸轩轤轥
转轡轹轥轲 软轮 轴轨轥 轳轵轲车轡轣轥 轩轳 轳轵輞轣轩轥轮轴转轹 轴轨轩轮 车软轲 轴轨轥 轘輭轲轡轹轳 轴软 轰轥轮轥轴轲轡轴轥輮 轔轨轥 轳轰轥轣轩輜轣 轴轨轩轣轫轮轥轳轳
轩轳 轤轥轴轥轲轭轩轮轥轤 轩轮 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮轳 轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輴輮 轃轲2轏3 轩轳 轴轨轥 软轮转轹 软轸轩轤轥 轤轥轴轥轣轴轥轤
轢轹 轴轨轥 轘轒轄 轭轥轡轳轵轲轥轭轥轮轴 轩轮 轣轡轳轥 软车 软轸轩轤轡轴轩软轮 车软轲 1.25 h輮 轁车轴轥轲 10 h 软车 软轸轩轤轡轴轩软轮 轃轲2轏3

轲轥轭轡轩轮轳 轴轨轥 轤软轭轩轮轡轴轩轮轧 软轸轩轤轥輮 轉轮 轡轤轤轩轴轩软轮輬 轳轭轡转转 轰轥轡轫轳 轣软轲轲轥轳轰软轮轤轩轮轧 轴软 轗輭轣软轮轴轡轩轮轩轮轧
软轸轩轤轥轳 轃轲2轗轏6 轡轮轤 轗轏3 轡轰轰轥轡轲輮
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轆轩轧轵轲轥 輱輱輮輲輺 轍轡轳轳 轧轡轩轮 轤轵轥 轴软 软轸轩轤轡轴轩软轮 软车 轭轡轧轮轥轴轲软轮輭轤轥轰软轳轩轴轥轤 轴轨轩轮 輜转轭轳 轡轳 轡 车轵轮轣轴轩软轮
软车 轴轩轭轥輮 轏轸轩轤轡轴轩软轮 轩轳 轰轥轲车软轲轭轥轤 轡轴 1273 K 轩轮 80 % 轁轲 轡轮轤 20 % 轏2 轡轴轭软轳轰轨轥轲轥 轡轴
轡轴轭软轳轰轨轥轲轩轣 轰轲轥轳轳轵轲轥輮 轔轨轥 轥转轥轭轥轮轴轡转 轣软轭轰软轳轩轴轩软轮 软车 轴轨轥 轳轡轭轰转轥轳 轩轳 轧轩轶轥轮 轩轮 轴轨轥 转轡轢轥转轳 轩轮
轷轥轩轧轨轴 輥輮 轔轨轥 软轸轩轤轡轴轩软轮 轴轩轭轥 轩轳 1.25 h 轩轮 輨轡輩 轡轮轤 10 h 轩轮 輨轢輩輮
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1.25 h

10 h

Cr2WO6W Cr2O3 WO2.83

轆轩轧轵轲轥 輱輱輮輳輺 轒轥轳轵转轴轳 软车 轘轒轄 轭轥轡轳轵轲轥轭轥轮轴轳 软轮 轗輭輱輱輮輲轃轲輭輱輮輷轚轲 轡转转软轹轳 轡车轴轥轲 软轸轩轤轡轴轩软轮 轡轴
1273 K 轩轮 80 % 轁轲 轡轮轤 20 % 轏2 轡轴轭软轳轰轨轥轲轥 轡轴 轡轴轭软轳轰轨轥轲轩轣 轰轲轥轳轳轵轲轥輮 轏轮轥 轳轡轭轰转轥 轩轳
软轸轩轤轩轺轥轤 车软轲 1.25 h輬 轴轨轥 软轴轨轥轲 轩轳 软轸轩轤轩轺轥轤 车软轲 10 h輮 轐轥轡轫 轰软轳轩轴轩软轮轳 车软轲 轗 轛輸輱轝輬 轃轲2轏3 轛輹輴轝輬
轃轲2轗轏6 轛輹輵轝輬 轡轮轤 轗轏2.83 轛輱輲輷轝 轡轲轥 轭轡轲轫轥轤輮

轔轨轥 轣轲软轳轳 轳轥轣轴轩软轮轳 轣软轲轲轥轳轰软轮轤轩轮轧 轴软 轴轨轥 轳轡轭轰转轥轳 轡轮轡转轹轺轥轤 轩轮 轴轨轥 轘轒轄 轩轮 轆轩轧輮 輱輱輮輳 轡轲轥
轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輴輮 轁车轴轥轲 1.25 h 软车 软轸轩轤轡轴轩软轮 轡 0.3 µm 轴轨轩轣轫 轃轲2轏3 转轡轹轥轲 轩轳 车软轵轮轤 软轮 轴轨轥
轳轵轲车轡轣轥輬 轡轳 轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輴 轡輮 轉轮轴轥轲轮轡转 软轸轩轤轡轴轩软轮 轩轳 车软轵轮轤 轷轩轴轨轩轮 轴轨轥 輜轲轳轴 2 µm 车轲软轭 轴轨轥
轩轮轴轥轲车轡轣轥 软车 轴轨轥 轡转转软轹 轡轮轤 轴轨轥 软轸轩轤轥輮 轔轨轥 轡转转软轹 转轡轹轥轲 轨轡轳 轡 轴轨轩轣轫轮轥轳轳 软车 3.9 µm輬 轷轨轩轣轨 轩轳
轣软轮轳轴轡轮轴 轣软轭轰轡轲轥轤 轴软 轴轨轥 轴轨轩轣轫轮轥轳轳 软车 轴轨轥 輜转轭 轢轥车软轲轥 软轸轩轤轡轴轩软轮輮

轁车轴轥轲 10 h 软车 软轸轩轤轡轴轩软轮 轴轨轥 轴轨轩轣轫轮轥轳轳 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 转轡轹轥轲 轩轮轣轲轥轡轳轥轳 轴软 1 µm輬 轡轳
轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輴 轢輮 轗輭轣软轮轴轡轩轮轩轮轧 软轸轩轤轥轳輬 轩轤轥轮轴轩輜轥轤 轵轳轩轮轧 轴轨轥 轅轄轘 轩轮 轣软轭轢轩轮轡轴轩软轮 轷轩轴轨
轴轨轥 轘轒轄 轭轥轡轳轵轲轥轭轥轮轴 轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輳輬 轡轲轥 车软轵轮轤 轡轴 轳轭轡转转輬 转软轣轡转轩轺轥轤 轳轰软轴轳 轡轳 轭轡轲轫轥轤 轩轮
轆轩轧輮 輱輱輮輴 轢輮 轉轮轴轥轲轮轡转 软轸轩轤轡轴轩软轮 轡轮轤 轰软轲轥轳 软轲轩轧轩轮轡轴轩轮轧 车轲软轭 轭轡轴轥轲轩轡转 轤轩輛轵轳轩轮轧 轴软 轴轨轥 轳轵轲车轡轣轥
轡轲轥 车软轵轮轤 轴轨轲软轵轧轨软轵轴 轴轨轥 轥轮轴轩轲轥 輜转轭輮 轉轮轴轥轲轮轡转 软轸轩轤轥轳 轡轲轥 轩轤轥轮轴轩輜轥轤 轢轹 轡 轤轡轲轫轥轲 轣软转软轲 轩轮
轴轨轥 轩轭轡轧轥輻 轰软轲轥轳 轡轲轥 轩轤轥轮轴轩輜轥轤 轢轹 轡 轷轨轩轴轥 轢软轲轤轥轲 轩轮 轆轩轧輮 輱輱輮輴 轢輮 轔轨轥 轴轨轩轣轫轮轥轳轳 软车 轴轨轥 轡转转软轹
转轡轹轥轲 轤轥轣轲轥轡轳轥轤 轢轹 0.1 µm 轴软 3.8 µm輮 轔轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轡轮轤 轴轨轥 轘轒轄 轭轥轡轳轵轲轥轭轥轮轴 轡轲轥
轤软轮轥 轩轮 轴轨轥 轣轥轮轴轥轲 软车 轴轨轥 轳轡轭轰转轥輮 轔轨轥 轰轨软轴软轧轲轡轰轨 轩轮 轴轨轥 轩轮轳轥轴 软车 轆轩轧輮 輱輱輮輴 轢 轳轨软轷轳 轡 轧轲轥轥轮
轣软转软轲 轩轮 轴轨轥 轣轥轮轴轥轲 软车 轴轨轥 轳轡轭轰转轥 轡轮轤 轡 轢转轡轣轫 轣软转软轲 轡轴 轴轨轥 轥轤轧轥輮 轔轨轩轳 软轢轳轥轲轶轡轴轩软轮 轩轮轤轩轣轡轴轥轳
轴轨轡轴 轡 轣轲软轳轳 轳轥轣轴轩软轮 轩轮 轴轨轥 轣轥轮轴轥轲 轩轳 轮软轴 轲轥轰轲轥轳轥轮轴轡轴轩轶轥 车软轲 轴轨轥 轥轤轧轥 软车 轴轨轥 轳轡轭轰转轥 轷轨轥轲轥
轴轨轥 轡轤轨轥轳轩软轮 软车 轴轨轥 輜转轭 轴软 轴轨轥 轳轵轢轳轴轲轡轴轥 轡轮轤 轴轨轥 软轸轩轤轥 轴软 轴轨轥 轡转转软轹 轩轳 轷轥轡轫轥轲 轡轳 轣软轭轰轡轲轥轤
轴软 轴轨轡轴 轩轮 轴轨轥 轣轥轮轴轥轲輮

轔轨轥 轭软轳轴 轳轴轡轢转轥 软轸轩轤轥轳 软车 轃轲 轡轮轤 轚轲 轡轲轥 轃轲2轏3 轡轮轤 轚轲轏2 轷轩轴轨 轇轩轢轢轳 车轲轥轥 轥轮轥轲轧轩轥轳
车软轲 轴轨轥 轲轥轡轣轴轩软轮 轷轩轴轨 轏2 软车 ∆GT=1273K

Cr2O3
= −5.3× 102 kJ/(mol O2) 轛輴輱轝 轡轮轤 ∆GT=1273K

ZrO2
=

−8.6× 102 kJ/(mol O2)輬 轲轥轳轰轥轣轴轩轶轥转轹輮 轔轨轥 轇轩轢轢轳 车轲轥轥 轥轮轥轲轧轹 软车 轴轨轥 轲轥轡轣轴轩软轮 软车 轗 轴软
轗轏3 轩轳 ∆GT=1273K

WO3
= −3.6× 102 kJ/(mol O2)輬 轷轨轩轣轨 轩轳 轨轩轧轨轥轲 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥

轡车软轲轥轭轥轮轴轩软轮轥轤 轥轮轥轲轧轩轥轳 车软轲 轴轨轥 软轸轩轤轡轴轩软轮 软车 轃轲 轡轮轤 轚轲輮 轔轨轵轳輬 轃轲 轡轮轤 轚轲 软轸轩轤轩轺轥
轰轲轥车轥轲轥轮轴轩轡转转轹 轴软 轗 轩车 轡轣轣轥轳轳 轴软 轏 轩轳 轰轲软轶轩轤轥轤輮

轉轮轴轥轲轮轡转 软轸轩轤轥轳 轡轲轥 轰轲轥轳轥轮轴 轩轮 轴轨轥 轥轮轴轩轲轥 輜转轭輮 轆软轲轭轡轴轩软轮 软车 轩轮轴轥轲轮轡转 软轸轩轤轥轳 轲轥轱轵轩轲轥轳 轴轨轥
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轆轩轧轵轲轥 輱輱輮輴輺 轃轲软轳轳 轳轥轣轴轩软轮轳 软车 轗輭輱輱輮輲轃轲輭輱輮輷轚轲 轡转转软轹轳 轡车轴轥轲 软轸轩轤轡轴轩软轮 轡轴 1273 K 轩轮 80 % 轁轲
轡轮轤 20 % 轏2 轡轴轭软轳轰轨轥轲轥 轡轴 轡轴轭软轳轰轨轥轲轩轣 轰轲轥轳轳轵轲轥輮 輨轡輩 轳轨软轷轳 轴轨轥 轳轡轭轰转轥 轡车轴轥轲 1.25 h 软车
软轸轩轤轡轴轩软轮 轷轨轩转轥 輨轢輩 轳轨软轷轳 轩轴 轡车轴轥轲 10 h 软车 软轸轩轤轡轴轩软轮輮 轔轨轥 轩轮轳轥轴 轩轮 輨轢輩 轳轨软轷轳 轡 轰轨软轴软轧轲轡轰轨
轡车轴轥轲 10 h 软车 软轸轩轤轡轴轩软轮輮

轰轲轥轳轥轮轣轥 软车 轏輮 轔轨轵轳輬 轡轣轣轥轳轳 轴软 轏 轩轳 轰轲软轶轩轤轥轤 轴软 轴轨轥 轥转轥轭轥轮轴轳 轩轮 轡转转 轰轡轲轴轳 软车 轴轨轥 轡转转软轹輮 轔轨轥
软轸轹轧轥轮 轰轡轲轴轩轡转 轰轲轥轳轳轵轲轥 轭轵轳轴 轢轥 轩轮 轴轨轥 轲轡轮轧轥 软车 1× 10−22 bar 轴软 1× 10−14 bar 輭 轴轨轥 转软轷轥轲
轢软轵轮轤轡轲轹 轩轳 轧轩轶轥轮 轢轹 轴轨轥 轰轡轲轴轩轡转 轰轲轥轳轳轵轲轥 轲轥轱轵轩轲轥轤 车软轲 轴轨轥 车软轲轭轡轴轩软轮 软车 轃轲2轏3 轷轨轩轣轨 轩轳
轤轥轴轥轣轴轥轤輻 轴轨轥 轵轰轰轥轲 轢软轵轮轤轡轲轹 轩轳 轧轩轶轥轮 轢轹 轴轨轥 轰轡轲轴轩轡转 轰轲轥轳轳轵轲轥 轲轥轱轵轩轲轥轤 车软轲 轴轨轥 车软轲轭轡轴轩软轮
软车 轗轏3 轷轨轩轣轨 轩轳 轮软轴 轤轥轴轥轣轴轥轤輮

轔轨轥 轴软轴轡转 轩轮轩轴轩轡转 轷轥轩轧轨轴 软车 轴轨轥 轗輭輱輱輮輲轃轲輭輱輮輷轚轲 轡转转软轹 轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輴 轢 轢轥车软轲轥
软轸轩轤轡轴轩软轮 轩轳 6.66 mg輮 轔轨轵轳輬 轩轴 轣软轮轴轡轩轮轳 0.75 mg 软车 轃轲 轡轮轤 0.11 mg 软车 轚轲輮 轔轨轥 轲轥轡轣轴轩软轮
软车 0.75 mg 软车 轃轲 轴软 轃轲2轏3 轡轮轤 0.11 mg 软车 轚轲 轴软 轚轲轏2 轣轡轵轳轥轳 轡 轭轡轳轳 轧轡轩轮 软车 0.34 mg 轡轮轤
0.04 mg 轡轳 轏 轩轳 轡轤轤轥轤 轴软 轴轨轥 轭轡轴轥轲轩轡转輮 轎软轲轭轡转轩轺轥轤 轴软 轴轨轥 轳轵轲车轡轣轥 轡轲轥轡 软车 轴轨轥 轳轡轭轰转轥輬 轡 轴软轴轡转
轭轡轳轳 轧轡轩轮 软车 0.34 mg cm−2 轩轳 轥轸轰轥轣轴轥轤 轩车 轡转转 轣软轮轴轡轩轮轥轤 轃轲 轡轮轤 轚轲 轲轥轡轣轴轥轤 轴软 轴轨轥轩轲 软轸轩轤轥轳輮
轈软轷轥轶轥轲輬 轡轳 轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輲 轢 轴轨轥 轭轡轳轳 轧轡轩轮 轡车轴轥轲 10 h 软车 软轸轩轤轡轴轩软轮 轩轳 0.43 mg cm−2輮
轔轨轩轳 轣轡转轣轵转轡轴轩软轮 轣软轭轢轩轮轥轤 轷轩轴轨 轴轨轥 轰轲轥轳轥轮轴轥轤 轭轥轡轳轵轲轥轭轥轮轴轳 轡转转软轷 轭轵转轴轩轰转轥 轣软轮轣转轵轳轩软轮轳輺

• 轍软轳轴 轃轲 轡轮轤 轚轲 轣软轮轴轡轩轮轥轤 轩轮 轴轨轥 轡转转软轹 轨轡轳 软轸轩轤轩轺轥轤輮

• 轁 轣软轮轳轴轡轮轴 软轸轩轤轡轴轩软轮 轲轡轴轥 轩轳 车软轵轮轤 轢轥轹软轮轤 轴轨轥 轰软轩轮轴 软车 轡转轭软轳轴 车轵转转 软轸轩轤轡轴轩软轮 软车 轃轲
轡轮轤 轚轲輬 轳轥轥 轆轩轧輮 輱輱輮輲輬 轡轮轤 轴轨轥 车软轲轭轡轴轩软轮 软车 轗輭软轸轩轤轥轳 轩轳 轳轵轰轰轲轥轳轳轥轤 轩轮 轴轨轥 轣轥轮轴轥轲 软车
轴轨轥 轳轡轭轰转轥輺 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲 轭轡轩轮轴轡轩轮轳 轩轴轳 轰轲软轴轥轣轴轩轶轥 车轵轮轣轴轩软轮 轤轥轳轰轩轴轥 轮软轴
轢轥轩轮轧 轲轥轰转轥轮轩轳轨轥轤 轡轮轹轭软轲轥輮 轔轨轩轳 輜轮轤轩轮轧 轩轳 轭轡轪软轲 轤轩輛轥轲轥轮轣轥 轡轳 轣软轭轰轡轲轥轤 轴软 轗輭轃轲輭轙
轡转转软轹轳 轷轨轥轲轥 轗 轳轴轡轲轴轳 轴软 软轸轩轤轩轺轥 轡轳 轳软软轮 轡轳 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 轩轳 轮软轴 轲轥轰转轥轮轩轳轨轥轤
轡轮轹轭软轲轥輬 轳轥轥 轣轨轡轰轴轥轲 輵輮 轔轨轵轳輬 轚轲 轡轰轰轥轡轲轳 轴软 轢轥 轶轥轲轹 轥輞轣轩轥轮轴 轩轮 轳轴轡轢轩转轩轺轩轮轧 轴轨轥
轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲輮

• 轁 轭轡轳轳 轧轡轩轮 软车 轡轴 转轥轡轳轴 0.09 mg 轩轳 轣轡轵轳轥轤 轢轹 轴轨轥 软轸轩轤轡轴轩软轮 软车 轗輮 轔轨轩轳 轣软轲轲轥轳轰软轮轤轳
轴软 0.34 mg 软车 轗輬 6 % 软车 轴轨轥 轗 轣软轮轴轡轩轮轥轤 轩轮 轴轨轥 輜转轭輮 轈软轷轥轶轥轲輬 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮
轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輴 轢 轰轲软轶轥轳 轴轨轡轴 轴轨轥 软轸轩轤轡轴轩软轮 软车 轗 轩轳 轳轵轰轰轲轥轳轳轥轤 轩轮 轴轨轥 轣轥轮轴轥轲 软车
轴轨轥 轳轡轭轰转轥輮 轔轨轵轳輬 软轸轩轤轡轴轩软轮 软车 轗 轭轵轳轴 软轣轣轵轲 轡轴 轴轨轥 轥轤轧轥 软车 轴轨轥 轳轡轭轰转轥 轷轨轥轲轥 轴轨轥
轡轤轨轥轳轩软轮 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲 轩轳 轷轥轡轫轥轲 輭 轴轨轩轳 轥輛轥轣轴 轣轡轵轳轥轳 轴轨轥 轣软转软轲 轣轨轡轮轧轥
软车 轴轨轥 软轸轩轤轥 轡轴 轴轨轥 轥轤轧轥 软车 轴轨轥 轳轡轭轰转轥輬 轳轥轥 轆轩轧輮 輱輱輮輴 轢輮

• 轔轨轥 轗輭輱輱輮輲轃轲輭輱輮輷轚轲 轡转转软轹 轳轨软轷轳 轡 轶轥轲轹 轰轲软轭轩轳轩轮轧 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥輮
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11.1.3 On the influence of Zr

轆轲软轭 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮轳 轳轨软轷轮 轩轮 轴轨轥 轰轲轥轶轩软轵轳 轳轥轣轴轩软轮 轩轴 轩轳 轣转轥轡轲 轴轨轡轴 轃轲 轡轣轴轳 轡轳 轰轲软轴轥轣轴轩轮轧
轥转轥轭轥轮轴 轡轮轤 车软轲轭轳 轴轨轥 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 转轡轹轥轲輮 轚轲 轩轳 轣轲轵轣轩轡转 轩轮 轴轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳 轡轳 轴轨轥
软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 软车 轢轩轮轡轲轹 轗輭轃轲 轡转转软轹轳 轩轳 轭轵轣轨 轷轥轡轫轥轲輬 轳轥轥 轣轨轡轰轴轥轲 輵輮 轈软轷轥轶轥轲輬 轚轲 轩轳
轮软轴 轲轥轳软转轶轥轤 轡轮轤 轩轴轳 轲软转轥 轩轮 轴轨轥 轰轲软轴轥轣轴轩软轮 轰轲软轣轥轳轳 轩轳 轮软轴 轣转轥轡轲輮 轁 轤轥轤轩轣轡轴轥轤 轥轸轰轥轲轩轭轥轮轴 轩轳
轰轥轲车软轲轭轥轤 轡轴轴轥轭轰轴轩轮轧 轴软 轣转轡轲轩车轹 轴轨轥 轲软转轥 软车 轚轲輮

轔轷软 轴轹轰轥轳 软车 轳轡轭轰转轥轳 轡轲轥 轤轥轰软轳轩轴轥轤 轢轹 轭轡轧轮轥轴轲软轮 轳轰轵轴轴轥轲轩轮轧輮 轔轨轥 輜轲轳轴 轴轹轰轥 轩轳 轡 轰轵轲轥
轃轲 轳轡轭轰转轥 轷轩轴轨 轡 轴轨轩轣轫轮轥轳轳 软车 2.2 µm 软轮 轡 轳轡轰轰轨轩轲轥 轳轵轢轳轴轲轡轴轥輮 轔轨轥 轳轥轣软轮轤 轴轹轰轥 轩轳 轳轨软轷轮
轡轮轤 轩转转轵轳轴轲轡轴轥轤 轩轮 轆轩轧輮 輱輱輮輵 轡輺 轡 2.2 µm 轴轨轩轣轫 转轡轹轥轲 软车 轃轲 软轮 轴轨轥 轳轡轰轰轨轩轲轥 轳轵轢轳轴轲轡轴轥 轩轳 轣软轡轴轥轤
轢轹 0.15 µm 轴轨轩轣轫 转轡轹轥轲 软车 轃轲輭輹轚轲 轵轳轩轮轧 轴轨轥 轭轡轧轮轥轴轲软轮輮

轂软轴轨 轳轡轭轰转轥轳 轡轲轥 软轸轩轤轩轺轥轤 轡轴 1273 K 轩轮 80 % 轁轲 轡轮轤 20 % 轏2 轡轴轭软轳轰轨轥轲轥 轡轴
轡轴轭软轳轰轨轥轲轩轣 轰轲轥轳轳轵轲轥輮 轔轨轥 轭轡轳轳 轧轡轩轮 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輵 轢輮
轐轡轲轡轢软转轩轣 软轸轩轤轡轴轩软轮 轲轡轴轥轳 软车 2.8× 10−5 mg2 cm−4 s−1 轡轮轤 1.2× 10−6 mg2 cm−4 s−1 轡轲轥
车软轵轮轤 车软轲 轃轲 轡轮轤 轃轲輭輹轚轲 轣软轡轴轥轤 轃轲輬 轲轥轳轰轥轣轴轩轶轥转轹輮

轔轨轩轳 轲轥轳轵转轴 轩轮轤轩轣轡轴轥轳 轴轨轡轴 轴轨轥 轰轲轥轳轥轮轣轥 软车 轚轲 轤轥轣轲轥轡轳轥轳 轴轨轥 轰轥轲轭轥轡轢轩转轩轴轹 软车 轃轲 软轸轩轤轥
转轡轹轥轲轳 车软轲 轃轲 轡轮轤 轏 轩软轮轳輮 轔轨轵轳輬 软轮轥 轣轡轮 轡轳轳轵轭轥 轴轨轡轴 轴轨轥 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 转轡轹轥轲轳 轳轨软轷轮
轩轮 轆轩轧輮 輱輱輮輴 轣软轮轴轡轩轮 轳轭轡转转 轡轭软轵轮轴轳 软车 轚轲 轹轩轥转轤轩轮轧 轴轨轥 轧软软轤 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 软车 轴轨轥
轳轡轭轰转轥轳輮 轆轵轴轵轲轥 轳轴轵轤轩轥轳 软轮 轴轨轥 轭轥轣轨轡轮轩轳轭轳 轩轮轶软转轶轩轮轧 轚轲 轣软轵转轤 轡轮轡转轹轺轥 轴轨轥 轰轲软轴轥轣轴轩轶轥
软轸轩轤轥 转轡轹轥轲 轵轳轩轮轧 轁轐轔輬 轳轩轭轩转轡轲 轴软 轴轨轥 轳轴轵轤轹 轰轲轥轳轥轮轴轥轤 轩轮 轳轥轣轴轩软轮 輹輮 轓轵轣轨 轡 轳轴轵轤轹 轡转转软轷轳
轰轲轥轤轩轣轴轩软轮轳 轷轨轥轴轨轥轲 轙 轡轮轤 轚轲 轨轡轶轥 轳轩轭轩转轡轲 车轵轮轣轴轩软轮轳 轩轭轰轲软轶轩轮轧 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥
软轲 轷轨轥轴轨轥轲 轤轩輛轥轲轥轮轴 轭轥轣轨轡轮轩轳轭轳 轡轲轥 轩轮轶软转轶轥轤輮
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轆轩轧轵轲轥 輱輱輮輵輺 輨轡輩 轃轲软轳轳 轳轥轣轴轩软轮 轡轮轤 轳轣轨轥轭轡轴轩轣 轩转转轵轳轴轲轡轴轩软轮 软车 轴轨轥 轭轡轧轮轥轴轲软轮 轤轥轰软轳轩轴轥轤
轃轲 转轡轹轥轲 轣软轡轴轥轤 轷轩轴轨 轃轲輭輹轚轲 轢轹 轭轡轧轮轥轴轲软轮 轳轰轵轴轴轥轲 轤轥轰软轳轩轴轩软轮輮 轔轨轩轳 轳轡轭轰转轥 轩轳 轲轥车轥轲轲轥轤
轡轳 轃轲輭轃轲輬轚轲輮 輨轢輩 轍轡轳轳 轧轡轩轮 轤轵轥 轴软 软轸轩轤轡轴轩软轮 软车 轭轡轧轮轥轴轲软轮輭轤轥轰软轳轩轴轥轤 轴轨轩轮 輜转轭轳 轡轳 轡
车轵轮轣轴轩软轮 软车 轴轩轭轥輮 轏轸轩轤轡轴轩软轮 轩轳 轰轥轲车软轲轭轥轤 轡轴 1273 K 轩轮 80 % 轁轲 轡轮轤 20 % 轏2 轡轴轭软轳轰轨轥轲轥
轡轴 轡轴轭软轳轰轨轥轲轩轣 轰轲轥轳轳轵轲轥輮
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11.2 W-Cr-Zr bulk alloys

11.2.1 Pre-characterization of the sintered alloy

轉轮 轳轥轣轴轩软轮 輱輱輮輱 轡 轶轥轲轹 轰轲软轭轩轳轩轮轧 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 软车 轗輭輱輱輮輲轃轲輭輱輮輷轚轲 輜转轭轳 轤轥轰软轳轩轴轥轤
轢轹 轭轡轧轥轮轴轲软轮 轳轰轵轴轴轥轲轩轮轧 轩轳 轳轨软轷轮輮 轔轨轥轲轥车软轲轥輬 轢轵转轫 轗輭輱輱輮輲轃轲輭輱輮輷轚轲 轡转转软轹轳 轡轲轥 轳轩轮轴轥轲轥轤輬
轡轩轭轩轮轧 轴软 轵轮轤轥轲轳轴轡轮轤 轷轨轥轴轨轥轲 轴轨轥 轳轡轭轥 轭轥轣轨轡轮轩轳轭轳 轡轰轰转轹 车软轲 轴轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳
软车 轢轵转轫 轳轡轭轰转轥轳 轡轮轤 轴轨轩轮 輜转轭轳輮 轉轮 轡 輜轲轳轴 轳轴轥轰 轭轩转转轩轮轧輬 轳轩轮轴轥轲轩轮轧輬 轡轮轤 轧轲轩轮轤轩轮轧 车软转转软轷
轴轨轥 轲软轵轴轩轮轥 软轰轴轩轭轩轺轥轤 软轮 轴轨轥 轗輭輱輱輮輴轃轲輭輰輮輶轙 轳轹轳轴轥轭 轡轳 轰轲轥轳轥轮轴轥轤 轩轮 轣轨轡轰轴轥轲 輷輺 60 h 软车
轭轥轣轨轡轮轩轣轡转 轡转转软轹轩轮轧 车软转转软轷轥轤 轢轹 轳轩轮轴轥轲轩轮轧 轡轴 轡 轰轲轥轳轳轵轲轥 软车 50 MPa 轷轨轩转轥 轨轥轡轴轩轮轧 轡轴 轡 轲轡轴轥
软车 200 K min−1 轴软 1740 K 车软转转软轷轥轤 轢轹 轡轮 轩轭轭轥轤轩轡轴轥 轣软软转轩轮轧 轡轴 轡 轲轡轴轥 软车 300 K min−1輮 轔轨轥
软轢轴轡轩轮轥轤 轳轡轭轰转轥 轩轳 轣轵轴 轩轮轴软 轣轵轢轥轳 轷轩轴轨 轡 轷轩轤轴轨 软车 ∼ 4 mm 轡轮轤 轧轲软轵轮轤 轷轩轴轨 轡 轳轵轲车轡轣轥
輜轮轩轳轨 软车 轐輱輲輰輰輭轧轲轡轤轥 轓轩轃 轰轡轰轥轲輮 轁 轲轥转轡轴轩轶轥 轤轥轮轳轩轴轹 软车 98 % 轩轳 轭轥轡轳轵轲轥轤 轵轳轩轮轧 轁轲轣轨轩轭轥轤轥轳
轰轲轩轮轣轩轰转轥輮

轆轩轧輮 輱輱輮輶 轡 轳轨软轷轳 轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 软车 轴轨轥 轳轩轮轴轥轲轥轤 轡转转软轹輮 轔轨轥 轧轲轡轩轮 轳轩轺轥 轩轳 轡轲软轵轮轤
0.3 µm 轷轩轴轨 0.05 µm 轚轲轏2 轰轡轲轴轩轣转轥轳 轡轴 轴轨轥 轧轲轡轩轮 轢软轵轮轤轡轲轩轥轳輮 轁轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轗輭轃轲輭轙
轡转转软轹轳 轩轮轶轥轳轴轩轧轡轴轥轤 轩轮 轣轨轡轰轴轥轲 輷 轴轨轩轳 轣软轲轲轥轳轰软轮轤轳 轴软 轡 轭轥轤轩轵轭 轧轲轡轩轮 轳轩轺轥輮 轔轨轥 轳轩轺轥 软车 轴轨轥
轚轲 轣软轮轴轡轩轮轩轮轧 轰轡轲轴轩轣转轥轳 轩轳 轤软轵轢转轥轤 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轙輭轃轲輭轏 轮轡轮软輭轰轡轲轴轩轣转轥轳 輭 轨软轷轥轶轥轲輬
轴轨轥轲轥 轩轳 轡转轳软 轴轨轲轥轥 轴轩轭轥轳 轭软轲轥 轚轲 轴轨轡轮 轙 轩轮 轴轨轥 轡转转软轹輮 轎软 轃轲輭轲轩轣轨 轰轨轡轳轥轳 软轲 轰软轲轥轳 轡轲轥
轤轥轴轥轣轴轥轤 轩轮 轴轨轥 轣轲软轳轳 轳轥轣轴轩软轮輮

轔轨轥 轲轥轳轵转轴 软车 轴轨轥 轘轒轄 轭轥轡轳轵轲轥轭轥轮轴 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輶 轢輮 轔轨轥 轤轩輛轲轡轣轴软轧轲轡轭 轩轳
轡转轭软轳轴 轩轤轥轮轴轩轣轡转 轴软 轴轨轥 软轮轥 软车 轗輭轃轲輭轙 轳轨软轷轮 轩轮 轆轩轧輮 輶輮輴輺 轴轨轥 轭轡轩轮 轰轨轡轳轥 轧轩轶轥轳 轲轩轳轥 轴软
轴轨轲轥轥 轰轥轡轫轳 轷轨轩轣轨 轡轲轥 轣轨轡轲轡轣轴轥轲轩轳轴轩轣 车软轲 轡 轢软轤轹輭轣轥轮轴轥轲轥轤輭轣轵轢轩轣 转轡轴轴轩轣轥輮 轁转转软轹轩轮轧 轳轨轩车轴轳
轴轨轥轩轲 轰软轳轩轴轩软轮 µ 车轲软轭 轴轨轥 轥轸轰轥轣轴轥轤 轰轥轡轫 轰软轳轩轴轩软轮 软车 轰轵轲轥 轗 轷轨轩轣轨 轩轳 轭轡轲轫轥轤 轩轮 轆轩轧輮
輱輱輮輶 轢輮 轆轵轲轴轨轥轲輬 轡 轰轥轡轫 轤轵轥 轴软 轴轨轥 轳轥轣软轮轤轡轲轹 Kβ 轘輭轲轡轹 轷轡轶轥转轥轮轧轴轨 轡轮轤 轡 轰轥轡轫 车轲软轭 轡
轃轲輭轲轩轣轨 轰轨轡轳轥 轡轲轥 轤轥轴轥轣轴轥轤輮 轐轥轡轫 轰软轳轩轴轩软轮轳 µ 轡轮轤 轷轩轤轴轨 σ 轩轮 轡 轇轡轵轳轳轩轡轮 轆轩轴 轡轲轥 轧轩轶轥轮 轩轮
轴轡轢转轥 輱輱輮輲輮

輱輲輱



200 nm

(a)

W

Kβ Cr-rich

(b)

轆轩轧轵轲轥 輱輱輮輶輺 轒轥轳轵转轴轳 软轮 轴轨轥 轣轨轡轲轡轣轴轥轲轩轺轡轴轩软轮 软车 轴轨轥 轳轩轮轴轥轲轥轤 轗輭輱輱輮輲輭輱輮輷轚轲 轡转转软轹輮 輨轡輩
轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轩轮 轡 轣轲软轳轳 轳轥轣轴轩软轮輮 輨轢輩 轴轨轥 轘轒轄 轤轩輛轲轡轣轴软轧轲轡轭輮 轔轨轥 轰轥轡轫 轰软轳轩轴轩软轮轳
轥轸轰轥轣轴轥轤 车软轲 轰轵轲轥 轗 轡轲轥 轭轡轲轫轥轤 轛輸輱轝輮

µ 软车 轴轨轥 轴轨轲轥轥 轭轡轩轮 轰轥轡轫轳 轩轳 轳轨轩车轴轥轤 软轮 轡轶轥轲轡轧轥 轢轹 0.04◦ 轴软轷轡轲轤轳 轴轨轥 轰轥轡轫 轰软轳轩轴轩软轮 软车
轰轵轲轥 轗 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 µ 软车 轴轨轥 轗輭轃轲輭轙 轡转转软轹轳輮 轔轨轩轳 轳轨轩车轴 轣软轲轲轥轳轰软轮轤轳 轴软 轡 轣轨轡轮轧轥
车轲软轭 (6.7±0.016 ) wt.% 车软轲 轗輭轃轲輭轙 轴软 (6.5±0.013 ) wt.% 车软轲 轗輭轃轲輭轚轲輮 轔轨轥 轣轡转轣轵转轡轴轩软轮
车软转转软轷轳 轴轨轥 轥轱轵轡轴轩软轮轳 轧轩轶轥轮 轩轮 轳轥轣轴轩软轮 輶輮輲輬 轴轨轥 轥轲轲软轲 轢轡轲 轩轳 轢轡轳轥轤 软轮 轴轨轥 轥轲轲软轲 软轮 轴轨轥 轭轥轡轮
软车 轴轨轥 轴轨轲轥轥 轰轥轡轫轳輬 轴轨轥 轳轹轳轴轥轭轡轴轩轣 轥轲轲软轲 软车 轡 车轥轷 輥 轩轳 轮软轴 轩轮轣转轵轤轥轤 輨轳轥轥 轣轨轡轰轴轥轲 輶 车软轲 轡
轭软轲轥 轤轥轴轡轩转轥轤 轤轩轳轣轵轳轳轩软轮輩輮 轔轨轥 轰轥轡轫 轷轩轤轴轨轳 轲轥轭轡轩轮 轣软轮轳轴轡轮轴輮 轔轨轵轳輬 轴轨轥 轰轥轡轫轳 软车 轴轨轥 轭轡轩轮
轰轨轡轳轥 轤软 轮软轴 轩轮轤轩轣轡轴轥 轳轩轧轮轩輜轣轡轮轴 轤轩輛轥轲轥轮轣轥轳 轢轥轴轷轥轥轮 轴轨轥 轗輭轃轲輭轙 轡轮轤 轗輭轃轲輭轚轲 轡转转软轹輮

轔轨轥 轰软轳轩轴轩软轮 软车 轴轨轥 轰轥轡轫 软车 轴轨轥 轃轲輭轲轩轣轨 轰轨轡轳轥輬 轡轳 轧轩轶轥轮 轩轮 轴轡轢转轥 輱輱輮輲輬 轳轵轧轧轥轳轴轳 轡 轃轲輭轲轩轣轨
轰轨轡轳轥 轣软轮轴轡轩轮轩轮轧 29 wt.% 轃轲輮 轔轨轥 轳轨轩车轴 软车 轴轨轥 轰轥轡轫 轰软轳轩轴轩软轮 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轗輭轃轲輭轙
轡转转软轹 轩轳 0.5◦輮 轔轨轥 轳轨轩车轴 轩轳 轳轭轡转转轥轲 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轳轨轩车轴 软车 轴轨轥 轰轥轡轫 轤轵轲轩轮轧 轴轨轥 轳轩轮轴轥轲轩轮轧
轰轲软轣轥轳轳輬 轡轳 轡轮轡转轹轺轥轤 轩轮 轳轥轣轴轩软轮 輶輮輲輮 轆轵轲轴轨轥轲輬 轴轨轥 轡轭轰转轩轴轵轤轥 软车 轴轨轥 轰轥轡轫 车轲软轭 轴轨轥 轃轲輭轲轩轣轨
轰轨轡轳轥 轩轳 70 轴轩轭轥轳 转软轷轥轲 轴轨轡轮 轴轨轥 轰轥轡轫 车轲软轭 轴轨轥 轭轡轩轮 轰轨轡轳轥輬 轳轥轥 轆轩轧輮 輱輱輮輶 轢輮 轔轨轥轲轥车软轲轥輬 轩轴
轩轳 轣软轮轣转轵轤轥轤 轴轨轡轴 轴轨轥 轡转转软轹 轩轳 轳轵轩轴轡轢转轥 车软轲 轣软轭轰轡轲轩轮轧 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 软车 轗輭轃轲輭轚轲
轡轮轤 轗輭轃轲輭轙輮

轔轡轢转轥 輱輱輮輲輺 轒轥轳轵转轴轳 软车 轇轡轵轳轳轩轡轮 輜轴轳 轴软 轴轨轥 轘轒轄 轰轥轡轫轳 车轲软轭 轴轨轥 轗 转轡轴轴轩轣轥 轰转轡轮轥轳 輨輱輱輰輩輬
輨輲輰輰輩輬 輨輲輱輱輩輬 轡轮轤 轴轨轥 轃轲輭轲轩轣轨 轰轨轡轳轥 轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輶 轢輮 µ 轩轳 轴轨轥 轭轥轡轮 轡轮轤 σ 轩轳 轴轨轥
轳轴轡轮轤轡轲轤 轤轥轶轩轡轴轩软轮 软车 轴轨轥 轇轡轵轳轳轩轡轮 輜轴輮 轔轨轥 轲轥轳轵转轴轳 软车 轗輭轃轲輭轙 轧轩轶轥轮 轩轮 轴轡轢转轥 輶輮輱 轡轲轥
轲轥轰轥轡轴轥轤 车软轲 轣软轭轰轡轲轩轳软轮輮

轳轡轭轰转轥 輨輱輱輰輩 輨輲輰輰輩 輨輲輱輱輩 轃轲輭轲轩轣轨
轗輭轃轲輭轚轲 µ 轛◦轝 輴輱輮輰輴 輵輹輮輴輷 輷輴輮輸輴 輴輲輮輷輲

σ 轛◦轝 輰輮輲 輰輮輳 輰輮輴 輰輮輲
轗輭轃轲輭轙 车轲软轭 轴轡轢转轥 輶輮輱 µ 轛◦轝 輴輱輮輰輶 輵輹輮輵輱 輷輴輮輸輹 輴輲輮輱輹

σ 轛◦轝 輰輮輲 輰輮輳 輰輮輴 輰輮輳

輱輲輲



11.2.2 Oxidation behavior in dry atmosphere

轔轨轥 轳轩轮轴轥轲轥轤 轗輭輱輱輮輲轃轲輭輱輮輷轚轲 轡转转软轹 轩轳 软轸轩轤轩轺轥轤 轡轴 1273 K 轩轮 轳轹轮轴轨轥轴轩轣 轡轩轲 轡轴 轡轴轭软轳轰轨轥轲轩轣
轰轲轥轳轳轵轲轥輮 轔轨轥 轭轡轳轳 轣轨轡轮轧轥 轤轵轥 轴软 软轸轩轤轡轴轩软轮 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轩轳 轰转软轴轴轥轤 轩轮 轆轩轧輮 輱輱輮輷輮
轔轨轥 轭轡轳轳 轧轡轩轮 轩轳 16 轴轩轭轥轳 轨轩轧轨轥轲 轴轨轡轮 轴轨轥 轭轡轳轳 轧轡轩轮 软车 轴轨轥 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹輮 轔轨轵轳輬
轴轨轥 轰轲软轭轩轳轩轮轧 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 软轢轳轥轲轶轥轤 软轮 轴轨轩轮 輜转轭轳 轩轳 轮软轴 轡轣轨轩轥轶轥轤 轵轳轩轮轧 轢轵转轫 轡转转软轹轳輮

轔轨轥 轘轒轄 软车 轴轨轥 轳轡轭轰转轥 轡车轴轥轲 软轸轩轤轡轴轩软轮 车软轲 44 h 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輸輺 轴轨轥 轤轩輛轲轡轣轴软轧轲轡轭
轭轡轴轣轨轥轳 轴轨轥 輜轮轧轥轲轰轲轩轮轴 轣轨轡轲轡轣轴轥轲轩轳轴轩轣轳 车软轲 轃轲2轗轏6 轛輹輵轝輮 轎软 软轴轨轥轲 轲轥转轥轶轡轮轴 轰轥轡轫轳輬 轩轮
轰轡轲轴轩轣轵转轡轲 轮软 轃轲2轏3 轰轥轡轫轳 轡轲轥 轤轥轴轥轣轴轥轤輮 轔轨轥 轡轢轳轥轮轣轥 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 轃轲2轏3 轩轳 轴轨轥
轲轥轡轳软轮 车软轲 轴轨轥 轤轥轧轲轡轤轥轤 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥輮

轔轨轥轳轥 輜轮轤轩轮轧轳 轡转转软轷 轭轵转轴轩轰转轥 轣软轮轣转轵轳轩软轮轳輺

• 轔轨轥 轧轲轡轩轮 轳轩轺轥 软车 轴轨轥 轗輭轃轲輭轚轲 轩轳 转轡轲轧轥轲 轣软轭轰轡轲轥轤 轴软 轴轨轥 轗輭轃轲輭轙 轡转转软轹轳 轷轩轴轨 轴轨轥
轳轭轡转转轥轳轴 轧轲轡轩轮轳 轢轵轴 轳轭轡转转轥轲 轣软轭轰轡轲轥轤 轴软 轴轨轥 轗輭轃轲輭轙 轡转转软轹轳 轷轩轴轨 轴轨轥 转轡轲轧轥轳轴 轧轲轡轩轮轳輬
轳轥轥 轳轥轣轴轩软轮 輷輮輱輮 轁转转 轗輭轃轲輭轙 轡转转软轹轳 轩轮 轳轥轣轴轩软轮 輷輮輱 轳轨软轷 轡 轨轩轧轨轥轲 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥
轴轨轡轮 轗輭轃轲輭轚轲 轳轨软轷轮 轩轮 轆轩轧輮 輱輱輮輷輮 轔轨轵轳輬 轴轨轥 轧轲轡轩轮 轳轩轺轥 轩轳 轮软轴 轥轸轰轥轣轴轥轤 轴软 轢轥 轴轨轥
轣轲轵轣轩轡转 轡轳轰轥轣轴 车软轲 轴轨轥 轤轥轧轲轡轤轥轤 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥輮

• 轔轨轥 轭轡轧轮轥轴轲软轮 輜转轭轳 轨轡轶轥 轡 輜轮轥轲 轤轩轳轰轥轲轳轩软轮 软车 轚轲 轡轳 轣软轭轰轡轲轥轤 轴软 轴轨轥 轢轵转轫 轡转转软轹轳輮
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Chapter 12

Conclusions and outlook

12.1 Conclusions
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轔轨轥 轰轲软轣轥轳轳 软车 轣软轭轰轡轣轴轩轮轧 轡轮轤 轧轲轡轩轮 轳轴轲轵轣轴轵轲轥 车软轲轭轡轴轩软轮 软轣轣轵轲轳 轷轩轴轨轩轮 轭轩轮轵轴轥轳輮

轔轨轥 轭轥轣轨轡轮轩轳轭轳 软车 轴轨轥 轳轩轮轴轥轲轩轮轧 轰轲软轣轥轳轳 轡轲轥 轣软轮轳轩轤轥轲轥轤 轷轨轥轮 轳轴轵轤轹轩轮轧 轴轨轥 轩轮輝轵轥轮轣轥轳
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软车 轴轨轥 轳轩轮轴轥轲轩轮轧 轰轡轲轡轭轥轴轥轲轳 软轮 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轩轮 轣轨轡轰轴轥轲 輷輮 轔轨轥 轭软轢轩转轩轴轹 软车 轃轲
轷轩轴轨轩轮 轴轨轥 轭轥轴轡转 轩轮轣轲轥轡轳轥轳 轷轩轴轨 轡 轤轥轣轲轥轡轳轩轮轧 轧轲轡轩轮 轳轩轺轥 轡轮轤 轡转转软轷轳 轥輛轥轣轴轩轶轥 轲轥轰转轥轮轩轳轨轩轮轧
软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲輮 轔轨轥轲轥车软轲轥輬 轴轨轥 轧轲轡轩轮 轳轩轺轥 轩轳 轭轩轮轩轭轩轺轥轤 轴软 轡轲软轵轮轤 0.2 µm 轢轹
轵轳轩轮轧 轡 轨轥轡轴轩轮轧 轲轡轴轥 软车 200 K min−1 轴软 轡 轭轡轸轩轭轵轭 轳轩轮轴轥轲轩轮轧 轴轥轭轰轥轲轡轴轵轲轥 软车 1740 K 轷轩轴轨软轵轴
轨软转轤轩轮轧 轴轩轭轥 轡轴 1740 K輮 轆轵转转 轣软轭轰轡轣轴轩轮轧 轩轳 轮软轴 轡轣轨轩轥轶轥轤 轡轴 转软轷轥轲 轳轩轮轴轥轲轩轮轧 轴轥轭轰轥轲轡轴轵轲轥轳
轤轵轥 轴软 轡 转轡轣轫 软车 轤轵轣轴轩转轩轴轹 软车 轴轨轥 轰软轷轤轥轲 轰轡轲轴轩轣转轥轳輮

轔轨轥 轩轮輝轵轥轮轣轥 软车 轴轨轥 轳轵轲车轡轣轥 轲软轵轧轨轮轥轳轳 软轮 软轸轩轤轡轴轩软轮 輨轳轥轥 轳轥轣轴轩软轮 輷輮輲輩 轩轳 轳轴轵轤轩轥轤 轵轳轩轮轧
轡轮 轡转转软轹 轣软轭轰轡轣轴轥轤 轷轩轴轨 轴轨轥 软轰轴轩轭轩轺轥轤 轳轩轮轴轥轲轩轮轧 轰轡轲轡轭轥轴轥轲轳輮 轁 轳轭软软轴轨 轳轵轲车轡轣轥 轡轰轰轥轡轲轳
轴软 轢轥 轲轥轱轵轩轲轥轤 轴软 轰轲软轶轩轤轥 轡 轧软软轤 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥輮 轓轨轡轲轰 轥轤轧轥轳 轡轮轤 轳轣轲轡轴轣轨轥轳 轩轮轩轴轩轡轴轥
轴轨轥 车轡轩转轵轲轥 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲輮 轔轨轵轳輬 轡 轣轡轲轥车轵转 轳轵轲车轡轣轥 轰轲轥轰轡轲轡轴轩软轮 轩轳 轲轥轱轵轩轲轥轤
轢轥车软轲轥 轩轮轴轲软轤轵轣轩轮轧 轳轭轡轲轴 轡转转软轹轳 轩轮轴软 轴轨轥 轲轥轡轣轴软轲 輭 轴轨轥 轰转轡轳轭轡 软轰轥轲轡轴轩软轮 轩轳 轮软轴 轥轸轰轥轣轴轥轤 轴软
轣轲轥轡轴轥 轮轥轷 轳轣轲轡轴轣轨轥轳 软轮 轴轨轥 轭轡轴轥轲轩轡转輮

轆轵轲轴轨轥轲輬 轴轨轥 轲轥轱轵轩轲轥轤 轥转轥轭轥轮轴轡转 轣软轭轰软轳轩轴轩软轮 轡轮轤 轴轨轥 轲软转轥 软车 轙 轩轳 轩轮轶轥轳轴轩轧轡轴轥轤輮
轅轸轰轥轲轩轭轥轮轴轡转 轲轥轳轵转轴轳 轹轩轥转轤 轶轡轲轩软轵轳 轨轹轰软轴轨轥轳轥轳 软轮 轴轨轥 轥輛轥轣轴 软车 轙輺

• 轍软轲轥 轴轨轡轮 1 wt.% 软车 轙 轤轥轳轴轡轢轩转轩轺轥轳 轴轨轥 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲 轡轮轤 轣轡轵轳轥轳 轢轲轥轡轫轡轷轡轹
软轸轩轤轡轴轩软轮輮 轔轨轥 软轰轴轩轭轵轭 轙 轣软轮轴轥轮轴 轩轳 0.6 wt.% 輨轳轥轥 轳轥轣轴轩软轮 輷輮輳輩輮

• 轙 轢轩轮轤轳 轏 轩轮 轴轨轥 轡转转软轹 轩轮 轴轨轥 车软轲轭 软车 轙轃轲轏3 轮轡轮软輭轰轡轲轴轩轣转轥轳輮 轏 轩轭轰轵轲轩轴轩轥轳 轩轮 轴轨轥
轡转转软轹 轡轲轥 轡 轣轡轵轳轥 车软轲 轤轥轧轲轡轤轡轴轩软轮 软车 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 輨轳轥轥 轳轥轣轴轩软轮轳 輸輮輳 轡轮轤
輹輮輲輮輲輩輮

• 轁 轣软轮轴轩轮轵软轵轳 转轡轹轥轲 软车 轙 轩轳 轤轥轴轥轣轴轥轤 轡轴 轴轨轥 轧轲轡轩轮 轢软轵轮轤轡轲轩轥轳 软车 轴轨轥 软轸轩轤轥 轷轨轥轲轥 轩轴
轲轥轤轵轣轥轳 轴轨轥 轤轩輛轵轳轩软轮 软车 轏 轡轮轤 轃轲 轩软轮轳 轳转软轷轩轮轧 轤软轷轮 轴轨轥 软轸轩轤轡轴轩软轮 轲轡轴轥 輨轳轥轥 轳轥轣轴轩软轮
輹輮輲輮輲輩輮

• 轙 轣轡轮 轰轲软轭软轴轥 轴轨轥 轳轥转轥轣轴轩轶轥 软轸轩轤轡轴轩软轮 软车 轃轲 轤轵轲轩轮轧 轴轨轥 轩轮轩轴轩轡转 车软轲轭轡轴轩软轮 软车 轴轨轥
轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲 轢轹 轰轲软轶轩轤轩轮轧 轮轵轣转轥轡轴轩软轮 轳轩轴轥轳 輨轳轥轥 轳轥轣轴轩软轮 輹輮輲輩輮 轓软 车轡轲 轴轨轥轳轥
轮轵轣转轥轡轴轩软轮 轳轩轴轥轳 轡轲轥 软轮转轹 轤轥轴轥轣轴轥轤 软轮 轴轨轩轮 輜转轭轳輮

• 轙 轡轰轰轥轡轲轳 轴软 轳轴轡轢轩转轩轺轥 轴轨轥 轗輭轃轲 轰轨轡轳轥輮 轔轨轩轳 轣轡轮 轡轰轰轥轡轲 轶轩轡 轥輛轥轣轴轳 软车 轧轲轡轩轮 轢软轵轮轤轡轲轹
轰轩轮轮轩轮轧 轢轹 轮轡轮软輭轰轡轲轴轩轣转轥轳 轛輱輲輱轝輬 轢轵轴 轡转轳软 轶轩轡 轴轨轥 轣轨轡轮轧轥 轩轮 轣软轮輜轧轵轲轡轴轩软轮轡转 轥轮轴轲软轰轹 软车
轴轨轥 轳轹轳轴轥轭 轷轨轩轣轨 轩轮轣轲轥轡轳轥轳 轴轨轥 轳软转轵轢轩转轩轴轹 软车 轃轲 轩轮 轗 輨轳轥轥 轴轨轥 轣轡转轣轵转轡轴轩软轮轳 轩轮 轳轥轣轴轩软轮
輱輰輮輲輩輮

轔轨轥 轥轸轣轥转转轥轮轴 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 软车 轴轨轥 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹轳 轩轳 轴轨轥 轲轥轳轵转轴 软车 轡
轣软轭轢轩轮轡轴轩软轮 车轲软轭 轴轨轥轳轥 轥輛轥轣轴轳輮

轔轨轥 轩轮轴轥轲轡轣轴轩软轮 软车 轴轨轥 轮轥轷 轭轡轴轥轲轩轡转 轷轩轴轨 轤轲轹 轡轮轤 轨轵轭轩轤 轡轩轲 轩轳 轳轴轵轤轩轥轤 车软轲 轡轮 轥轸轰轥轲轩轭轥轮轴
轤轵轲轡轴轩软轮 软车 轵轰 轴软 轴轨轲轥轥 轷轥轥轫轳輮 轁 轮轥轷 轭轥轴轨软轤 软车 轭轥轡轳轵轲轩轮轧 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 轩轳
轤轥轶轥转软轰轥轤 轡轮轤 轣轡转轩轢轲轡轴轥轤 轤轵轲轩轮轧 轴轨轩轳 轐轨輮轄輮 轷软轲轫 輨轳轥轥 轳轥轣轴轩软轮 輲輮輱輶輩輮 轋轮软轷转轥轤轧轥 轡轢软轵轴
轴轨轥 轳轵轢转轩轭轡轴轩软轮 轡转转软轷轳 轥轳轴轩轭轡轴轥轳 软车 轴轨轥 轲轡轤轩软转软轧轩轣轡转 轨轡轺轡轲轤 轡轮轤 轱轵轡轮轴轩輜轣轡轴轩软轮 软车 轴轨轥
轩轭轰轲软轶轥轭轥轮轴 轢轲软轵轧轨轴 轢轹 轳轭轡轲轴 轡转转软轹轳 轡轳 轣软轭轰轡轲轥轤 轴软 轰轵轲轥 轗輺

• 轉轮 轤轲轹 轡轩轲 轡轴 1273 K 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 轩轳 轲轥轤轵轣轥轤 轢轹 轡 车轡轣轴软轲 软车 輳 輨轳轥轥 轳轥轣轴轩软轮
輸輮輱輩輮

• 轉轮 轨轵轭轩轤 轡轩轲 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 轩轳 轲轥轤轵轣轥轤 轢轹 轭软轲轥 轴轨轡轮 软轮轥 软轲轤轥轲 软车 轭轡轧轮轩轴轵轤轥
輨轳轥轥 轳轥轣轴轩软轮 輸輮輲輩輮

轉轮 轴轨轥 轰轲轥轳轥轮轣轥 软车 轨轵轭轩轤轩轴轹 轴轨轥 轴软轴轡转 轳轵轢转轩轭轡轴轩软轮 车轲软轭 轳轭轡轲轴 轡转转软轹轳 轩轳 轤软轭轩轮轡轴轥轤 轢轹 轴轨轥
轳轵轢转轩轭轡轴轩软轮 软车 轃轲2轏3輮 轗轡轴轥轲 轲轥轡轣轴轳 轷轩轴轨 轃轲2轏3 轡轮轤 轩轮轣轲轥轡轳轥轳 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 软车
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轃轲2轏3 轡轳 轣软轭轰轡轲轥轤 轴软 轤轲轹 轡轩轲 轢轵轴 轡转轳软 轰轲软轭软轴轥轳 轴轨轥 轳轥转轥轣轴轩轶轥 软轸轩轤轡轴轩软轮 软车 轃轲 轳轵轰轰轲轥轳轳轩轮轧
轴轨轥 车软轲轭轡轴轩软轮 软车 轗 软轸轩轤轥轳輮

轔轨轥 轰轲软轴轥轣轴轩软轮 轭轥轣轨轡轮轩轳轭 轷软轲轫轳 轵轰 轴软 1273 K輮 轁轴 轴轥轭轰轥轲轡轴轵轲轥轳 轡轳 轨轩轧轨 轡轳 1473 K
轳轭轡轲轴 轡转转软轹轳 轣轡轮轮软轴 轳轴软轰 轴轨轥 轲轥转轥轡轳轥 软车 轲轡轤轩软轡轣轴轩轶轥 轭轡轴轥轲轩轡转 輨轳轥轥 轳轥轣轴轩软轮 輸輮輳輩輮 轃轵轲轲轥轮轴
轤轥轶轥转软轰轭轥轮轴轳 轣轡轮轮软轴 软輛轥轲 轡 轳软转轵轴轩软轮 轴软 轴轨轩轳 轰轲软轢转轥轭輮 轁转2轏3 轩轳 轫轮软轷轮 轴软 轢轥 轳轴轡轢转轥
轴软 轴轥轭轰轥轲轡轴轵轲轥轳 轢轥轹软轮轤 1300 K 轛輱輲輹轝 輭 轨软轷轥轶轥轲輬 轩轴 轩轳 轮软轴 轳轵轩轴轡轢转轥 轩轮 轡 车轵轳轩软轮 轲轥轡轣轴软轲
轥轮轶轩轲软轮轭轥轮轴 轡轳 轩轴 车软轲轭轳 轶轥轲轹 转软轮轧輭转轩轶轥轤 轲轡轤轩软轡轣轴轩轶轥 轩轳软轴软轰轥轳 轵轮轤轥轲 轮轥轵轴轲软轮 轩轲轲轡轤轩轡轴轩软轮
轛輱輹轝輮 轁轮 轥转轥轭轥轮轴轡转 轳轣轲轥轥轮轩轮轧 轳轴轵轤轹 轳轨软轷轥轤 轴轨轡轴 轃轲 轩轳 轲轥轱轵轩轲轥轤 车软轲 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥輬
轰软轳轳轩轢转轥 轳轵轢轳轴轩轴轵轴轥轳 车软轲 轃轲 轷轥轲轥 轮软轴 车软轵轮轤 轛輲輹轝輮 轔轨轥轲轥车软轲轥輬 轴轨轥 轤轥轳轩轧轮 轣软轮轣轥轰轴 软车 轡 车轵轴轵轲轥
车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴 轳轨软轵转轤 轢轥 轡轤轡轰轴轥轤 轩轮 轡 轷轡轹 轴轨轡轴 轴轨轥 輜轲轳轴輭轷轡转转 轴轥轭轰轥轲轡轴轵轲轥 轰轥轡轫轳
轡轲软轵轮轤 1250 K 轩轮 轣轡轳轥 软车 轡轮 轡轣轣轩轤轥轮轴輮

轔轨轥 轰软轴轥轮轴轩轡转 软车 轭轵轴轵轡转 轢轥轮轥輜轴 软车 轭轡轴轥轲轩轡转轳 轤轥轶轥转软轰轭轥轮轴 车轲软轭 轤轩輛轥轲轥轮轴 輜轥转轤轳 轩轳
轤轥轭软轮轳轴轲轡轴轥轤 輨轳轥轥 轣轨轡轰轴轥轲 輱輰輩輮 轔轨轥 轭轥轴轨软轤轳 轥轭轰转软轹轥轤 软轮 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轴 轗 轡转转软轹轳
轡轲轥 轵轳轥轤 轴软 轭轡轮轵车轡轣轴轵轲轥 轡轮轤 轣轨轡轲轡轣轴轥轲轩轺轥 轨轩轧轨輭轥轮轴轲软轰轹 轡转转软轹轳輮 轃软轭轰轵轴轡轴轩软轮轡转 轭轥轴轨软轤轳
轴轹轰轩轣轡转转轹 轥轭轰转软轹轥轤 车软轲 轴轨轥 轤轥轶轥转软轰轭轥轮轴 软车 轨轩轧轨輭轥轮轴轲软轰轹 轡转转软轹轳 轡轲轥 轥轭轰转软轹轥轤 软轮 轳轭轡轲轴
轡转转软轹轳輮 轔轨轥 轣软轭轰轵轴轡轴轩软轮轡转 轭软轤轥转轳 轨轡轶轥 轰轲轥轤轩轣轴轥轤 輜轲轳轴 轥轸轰轥轲轩轭轥轮轴轡转 轲轥轳轵转轴轳 轡轮轤 轡轲轥 轵轳轥轤
轴软 轩轭轰轲软轶轥 轴轨轥 轵轮轤轥轲轳轴轡轮轤轩轮轧 软车 轳轭轡轲轴 轡转转软轹轳輮

轚轲 轩轳 轩轮轶轥轳轴轩轧轡轴轥轤 轡轳 轡轮 轡转轴轥轲轮轡轴轩轶轥 轡轣轴轩轶轥 轥转轥轭轥轮轴 轴软 轙 輨轳轥轥 轣轨轡轰轴轥轲 輱輱輩輮 轉轴 轳轨软轷轳
轡 轰轲软轭轩轳轩轮轧 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 软轮 轴轨轩轮 輜转轭轳 轡轮轤 轴轨轥 轰轲软轴轥轣轴轩轶轥 车轵轮轣轴轩软轮 软车 轡 轃轲輭轚轲輭轏
转轡轹轥轲 轩轳 轳轩轧轮轩輜轣轡轮轴转轹 轩轭轰轲软轶轥轤 轡轳 轣软轭轰轡轲轥轤 轴软 轡 轰轵轲轥 轃轲輭轏 转轡轹轥轲輮 轈软轷轥轶轥轲輬 轤轩轲轥轣轴 轴轲轡轮轳车轥轲
软车 轴轨轥 轫轮软轷转轥轤轧轥 软轮 轴轨轥 轳轩轮轴轥轲轩轮轧 轡轮轤 轰轲软轤轵轣轴轩软轮 软车 轗輭轃轲輭轙 轡转转软轹轳 软轮轴软 轴轨轥 轰轲软轤轵轣轴轩软轮
软车 轢轵转轫 轗輭轃轲輭轚轲 轡转转软轹轳 轹轩轥转轤轳 轡 轳轩轧轮轩輜轣轡轮轴转轹 轷软轲轳轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 软车 轗輭轃轲輭轚轲 轡轳
轣软轭轰轡轲轥轤 轴软 轗輭轃轲輭轙輮 轔轨轥 轭轡轩轮 轨轹轰软轴轨轥轳轩轳 轩轳 轴轨轡轴 轴轨轥 轰轲软轭软轴轩软轮 软车 车软轲轭轡轴轩软轮 软车 轴轨轥
轩轮轩轴轩轡转 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 轳轣轡转轥 轩轳 轮软轴 轥輞轣轩轥轮轴 车软轲 轗輭轃轲輭轚轲輬 车轵轲轴轨轥轲 轲轥轳轥轡轲轣轨 轩轳 轲轥轱轵轩轲轥轤輮
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12.2 Next steps towards smart alloys in a fusion power
plant

轔轨轥 轲轥轳轵转轴轳 轳轨软轷轮 轩轮 轴轨轩轳 轴轨轥轳轩轳 轳轨软轷 轴轨轡轴 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹轳 轡轲轥 轡 轳轴轲软轮轧 轣轡轮轤轩轤轡轴轥 轡轳
輜轲轳轴 轷轡转转 轡轲轭软轲 轭轡轴轥轲轩轡转 车软轲 车轵轴轵轲轥 车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴轳輮 轁 轭轩轴轩轧轡轴轩软轮 软车 轴轨轥 轲轡轤轩软轡轣轴轩轶轥
轨轡轺轡轲轤 轩轮 轣轡轳轥 软车 轡 轌轏轃轁 轩轳 轤轥轭软轮轳轴轲轡轴轥轤 轵轰 轴软 1273 K 软轮 轢轵转轫輬 转轡轢软轲轡轴软轲轹 轳轡轭轰转轥轳輮 轁轮
轡轤轶轡轮轣轥轤 轵轮轤轥轲轳轴轡轮轤轩轮轧 软车 轴轨轥 轮轥轷 轡转转软轹 轩轳 轤轥轭软轮轳轴轲轡轴轥轤輮 轔轨轩轳 轳轵轣轣轥轳轳车轵转 轷软轲轫 软轰轥轮轳 轡
车轵转转 轮轥轷 輜轥转轤 软车 轲轥轳轥轡轲轣轨輮 轔轨轥 轭软轳轴 轣轲轩轴轩轣轡转 轴软轰轩轣轳 轡轲轥 轡轤轤轲轥轳轳轥轤 轩轮 轴轨轥 车软转转软轷轩轮轧輮

12.2.1 Analytic understanding

轖轡轲轩软轵轳 轥轸轰轥轲轩轭轥轮轴轳 轷轥轲轥 轰轥轲车软轲轭轥轤 轹轩轥转轤轩轮轧 轡 轧轥轮轥轲轡转 轵轮轤轥轲轳轴轡轮轤轩轮轧 软车 轳轭轡轲轴 轡转转软轹轳輮
轓轴轩转转輬 轡 轭轡轴轨轥轭轡轴轩轣轡转 轤轥轳轣轲轩轰轴轩软轮 轩轳 转轡轣轫轩轮轧輮 轆轩轲轳轴 轳轴轥轰轳 轴软 轩轭轰轲软轶轥 轴轨轡轴 轳轩轴轵轡轴轩软轮 轡轲轥
轰轲轥轳轥轮轴轥轤 轩轮 轣轨轡轰轴轥轲 輱輰 轷轨轥轲轥 轣软轭轰轵轴轡轴轩软轮轡转 轭轥轴轨软轤轳 轡轲轥 轥轭轰转软轹轥轤輮 轓软 车轡轲 轴轨轥 轫轩轮轥轴轩轣轳
轡轲轥 轮软轴 轣软轮轳轩轤轥轲轥轤 轡轮轤 轭轵转轴轩轰转轥 轳轩轭轰转轩輜轣轡轴轩软轮轳 轡轲轥 轭轡轤轥輮 轆软轲 轥轸轡轭轰转轥 软轸轹轧轥轮 轡轮轤
轧轲轡轩轮 轢软轵轮轤轡轲轩轥轳 轡轲轥 轮软轴 轣软轮轳轩轤轥轲轥轤輮 轓轵轣轨 轡轮 轵轮轤轥轲轳轴轡轮轤轩轮轧 轭轡轹 轹轩轥转轤 轴软 轮轥轷 轣软轮轣轥轰轴轳
轩轭轰轲软轶轩轮轧 轴轨轥 轭轡轴轥轲轩轡转 车轵轲轴轨轥轲 轡轮轤 轴软 轳软转轵轴轩软轮轳 车软轲 轳软轭轥 软车 轴轨轥 轩轳轳轵轥轳 轰轲轥轳轥轮轴轥轤 轩轮 轴轨轥
车软转转软轷轩轮轧輮

12.2.2 Application in a fusion environment

轔轨轥 轡轰轰转轩轣轡轴轩软轮 轩轮 轡 车轵轳轩软轮 轥轮轶轩轲软轮轭轥轮轴 轲轥轱轵轩轲轥轳 轴轨轥 轵轮轤轥轲轳轴轡轮轤轩轮轧 轡轮轤 轩轮轶轥轳轴轩轧轡轴轩软轮 软车
轴轨轥 轩轮轴轥轲轰转轡轹 软车 轤轩輛轥轲轥轮轴 轰轡轲轡轭轥轴轥轲轳 轩轮輝轵轥轮轣轩轮轧 轴轨轥 轡转转软轹 轳轵轣轨 轡轳輺

• 轐转轡轳轭轡輭轡转转软轹 轩轮轴轥轲轡轣轴轩软轮輮 轆轩轲轳轴 轳轴轵轤轩轥轳 软轮 轴轨轩轳 轴软轰轩轣 轡轲轥 轰轵轢转轩轳轨轥轤 轩轮 轛輲輱輬 輹輹轝輮

• 轅轸轰软轳轵轲轥 轴软 轥转轥轶轡轴轥轤 轴轥轭轰轥轲轡轴轵轲轥轳輮 轅轸轰软轳轵轲轥 轴软 923 K 车软轲 1000 h 轤轩轤 轮软轴 轹轩轥转轤
轡 轣轨轡轮轧轥 轩轮 轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轛輱輳輰轝輮 轏轮 轴轨轥 软轴轨轥轲 轨轡轮轤 轡轮 轥轮轲轩轣轨轭轥轮轴 软车 轡 车轥轷
轭软轮软转轡轹轥轲轳 软车 轃轲 软轮 轴轨轥 轳轵轲车轡轣轥 轩轳 轤轥轴轥轣轴轥轤 轢轹 转软轷 轥轮轥轲轧轹 轩软轮輭轳轣轡轴轴轥轲轩轮轧 轳轴轡轲轴轩轮轧
车轲软轭 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 700 K 轛輱輳輱轝輮 轔轨轥 轣软轮轳轥轱轵轥轮轣轥轳 轡轮轤 轭轥轣轨轡轮轩轳轭轳 轳轨软轵转轤 轢轥
轩轮轶轥轳轴轩轧轡轴轥轤 轩轮 轭软轲轥 轤轥轴轡轩转輮

• 轎轥轵轴轲软轮 轩轲轲轡轤轩轡轴轩软轮輺 轤轥车轥轣轴轳 轡轮轤 轮轥轷 轩轭轰轵轲轩轴轹 轥转轥轭轥轮轴轳 轤轵轥 轴软 轴轲轡轮轳轭轵轴轡轴轩软轮轳輮 轓软
车轡轲 转轩轴轴转轥 轷软轲轫 轩轮 轴轨轩轳 轤轩轲轥轣轴轩软轮 轩轳 轤软轮轥輮 轁 輜轲轳轴 轳轴轥轰 轩轳 轴软 轣轡转轣轵转轡轴轥 轴轨轥 轥轸轰轥轣轴轥轤
轣软轭轰软轳轩轴轩软轮 轡车轴轥轲 轮轥轵轴轲软轮 轩轲轲轡轤轩轡轴轩软轮 轡轮轤 轴软 轰轲轥轰轡轲轥 轳轡轭轰转轥轳 轡轣轣软轲轤轩轮轧转轹輮 轆软轲
轥轸轡轭轰转轥 轡 轰轵轲轥 轗 轳轡轭轰转轥 轷软轵转轤 轣软轮轴轡轩轮 轡轲软轵轮轤 1 at.% 轒轥輬 0.33 at.% 轔轡輬 轡轮轤
0.1 at.% 轏轳 轡车轴轥轲 輲 轹轥轡轲轳 软车 轄轅轍轏輭转轩轫轥 轩轲轲轡轤轩轡轴轩软轮 轛輱輹轝輮 轔轨轥 轥輛轥轣轴 软车 轳轵轣轨 轡转转软轹轩轮轧
轥转轥轭轥轮轴轳 轳轨软轵转轤 轢轥 轳轴轵轤轩轥轤 轩轮 轡 轮软轮輭轡轣轴轩轶轡轴轥轤 轥轮轶轩轲软轮轭轥轮轴輮

轔轨轥 轡轰轰转轩轣轡轢轩转轩轴轹 软车 轳轭轡轲轴 轡转转软轹轳 轩轮 轴轨轥 轤轩轶轥轲轴软轲 轩轳 轡轮软轴轨轥轲 輜轥转轤 软车 轲轥轳轥轡轲轣轨輮 轉轮 轉轔轅轒
轴轨轥 轳轵轲车轡轣轥 轡轲轥轡 软车 轴轨轥 轤轩轶轥轲轴软轲 轷轩转转 轢轥 120 m2 轷轨轩转轥 轴轨轥 輜轲轳轴 轷轡转转 轷轩转转 轨轡轶轥 轡 轳轵轲车轡轣轥 轡轲轥轡
软车 ∼ 700 m2輬 轴轨轵轳 轴轨轥 轤轩轶轥轲轴软轲 轣软轮轳轴轩轴轵轴轥轳 15 % 软车 轴轨轥 轴软轴轡转 轳轵轲车轡轣轥 轡轲轥轡 轛輱輳輲轝輮 轁轳 轡轮
轡轰轰轲软轸轩轭轡轴轩软轮 软轮轥 轣轡轮 轡轳轳轵轭轥 轴轨轥 轳轡轭轥 轲轡轴轩软 轩轮 轄轅轍轏輮 轓轭轡轲轴 轡转转软轹轳 软轮 轴轨轥 輜轲轳轴 轷轡转转
轷软轵转轤 轳轵轰轰轲轥轳轳 轴轨轥 轳轵轢转轩轭轡轴轩软轮 轩轮 轣轡轳轥 软车 轡 轌轏轃轁 轢轹 轡 车轡轣轴软轲 软车 轥輮轧輮 47 轡轳 轣软轭轰轡轲轥轤 轴软
轰轵轲轥 轗 輨轳轥轥 轳轥轣轴轩软轮 輸輮輲輩輮 轔轨轥轳轥 轡轳轳轵轭轰轴轩软轮轳 轹轩轥转轤 轴轨轡轴 89 % 软车 轴轨轥 轳轵轢转轩轭轡轴轥轤 轭轡轴轥轲轩轡转
轷软轵转轤 软轲轩轧轩轮轡轴轥 车轲软轭 轴轨轥 轤轩轶轥轲轴软轲 轡轴 1273 K 轩轮 轨轵轭轩轤 轡轩轲輮 轔轨轵轳輬 轴轨轥 轗 轤轩轶轥轲轴软轲 轷软轵转轤
轢轥轣软轭轥 轴轨轥 轭轡轩轮 轳软轵轲轣轥 软车 轶软转轡轴轩转轥輬 轲轡轤轩软轡轣轴轩轶轥 轭轡轴轥轲轩轡转輮 轔轨轥 轳轵轲车轡轣轥 轴轥轭轰轥轲轡轴轵轲轥 软车
轴轨轥 轤轩轶轥轲轴软轲 轤轵轲轩轮轧 软轰轥轲轡轴轩软轮 软车 轄轅轍轏 轩轳 车软轲轥轳轥轥轮 轴软 轢轥 轡轢软轶轥 2000 K 轛輱輳輳轝輮 轓轵轣轨 轡
轴轥轭轰轥轲轡轴轵轲轥 轩轳 轥轸轰轥轣轴轥轤 轴软 轤轥轣软轭轰软轳轥 轳轭轡轲轴 轡转转软轹轳 轤轵轥 轴软 轰轨轡轳轥 车软轲轭轡轴轩软轮輬 轃轲 轤轩輛轵轳轩软轮
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轴软 轴轨轥 轳轵轲车轡轣轥輬 轡轮轤 轃轲 轥轲软轳轩软轮 车轲软轭 轴轨轥 轳轵轲车轡轣轥輮 轔轨轥 轡轵轴轨软轲 轩轳 轳轫轥轰轴轩轣轡转 轴轨轡轴 轴轨轥 轣轵轲轲轥轮轴
轣软轮轣轥轰轴 软车 轳轭轡轲轴 轡转转软轹轳 轣轡轮 轢轥 轡轰轰转轩轥轤 轳轵轣轣轥轳轳车轵转转轹 轩轮 轴轨轥 轤轩轶轥轲轴软轲輮

轆轩轮轡转转轹輬 轴轨轥 轴轲轡轮轳轰软轲轴 轡轮轤 轤轥轰软轳轩轴轩软轮 软车 轭软轢轩转轩轺轥轤 轭轡轴轥轲轩轡转 轩轮 轣轡轳轥 软车 轡 轌轏轃轁 轳轨软轵转轤
轢轥 轳轴轵轤轩轥轤輮 轓轵轣轨 轳轴轵轤轩轥轳 轭轡轹 轹轩轥转轤 轴软 轴轨轥 轤轥轶轥转软轰轭轥轮轴 软车 轡轤轤轩轴轩软轮轡转 轳轡车轥轴轹 轭轥轡轳轵轲轥轳
轴软 轴轲轡轰 轭软轢轩转轩轺轥轤輬 轲轡轤轩软轡轣轴轩轶轥 轭轡轴轥轲轩轡转輮 轁转轳软輬 轡轣轣轥轰轴轡轢转轥 轲轡轤轩软转软轧轩轣轡转 轢软轵轮轤轡轲轩轥轳 车软轲 轴轨轥
轰软轴轥轮轴轩轡转 轲轥转轥轡轳轥 软车 轭轡轴轥轲轩轡转 轳轨软轵转轤 轢轥 轳轰轥轣轩輜轥轤輮

12.2.3 Merging different advanced materials concepts

轂轥轳轩轤轥轳 轵轮轤轥轲轳轴轡轮轤轩轮轧 轡轮轤 轤轥轶轥转软轰轭轥轮轴 软车 轴轨轥 轡转转软轹 轩轴轳轥转车 软轮轥 轳轨软轵转轤 车轡轣轥 轴轨轥 轣轨轡转转轥轮轧轥轳
轷轨轩轣轨 轭轡轹 轡轲轩轳轥 轷轨轥轮 轭轥轲轧轩轮轧 轡轤轶轡轮轣轥轤 轣软轮轣轥轰轴轳 车软轲 轰转轡轳轭轡輭车轡轣轩轮轧 轭轡轴轥轲轩轡转轳 轩轮 车轵轳轩软轮
轡轮轤 轳轭轡轲轴 轡转转软轹轳輮 轍软轳轴 轣软轮轣轥轰轴轳 轡轲轥 轤轥轶轥转软轰轥轤 车软轲 轗 轡轮轤 轡 轴轲轡轮轳轩轴轩软轮 软车 轴轥轣轨轮软转软轧轹 轴软
轗輭轃轲輭轙 轳轥轥轭轳 车轥轡轳轩轢转轥 轢轵轴 轲轥轱轵轩轲轥轳 轤轥轭软轮轳轴轲轡轴轩软轮 轡轮轤 轴轥轳轴轩轮轧輮

轏轮轥 轩轳轳轵轥 轩轳 轪软轩轮轩轮轧 轴轨轥 輜轲轳轴 轷轡转转 轡轲轭软轲 轴软 轴轨轥 轳轴轲轵轣轴轵轲轡转 轭轡轴轥轲轩轡转 轷轨轩转轥 轡轶软轩轤轩轮轧 轰转轡轳轴轩轣
轳轴轲轡轩轮轳 轰软轴轥轮轴轩轡转转轹 轣轡轵轳轩轮轧 轤轥转轡轭轩轮轡轴轩软轮輮 轃轵轲轲轥轮轴转轹 轴轷软 轭轡轩轮 轡轰轰轲软轡轣轨轥轳 轡轲轥 轴轥轳轴轥轤輺 轡
轧轲轡轤轥轤 转轡轹轥轲 轮轥轡轲 轴轨轥 轩轮轴轥轲车轡轣轥 轛輱輳輴轝 轡轮轤 轤轵轣轴轩转轥 车软轩转轳 轡轴 轴轨轥 轩轮轴轥轲车轡轣轥 轛輱輳輵轝輮 轔轨轥 轩轤轥轡转
轳软转轵轴轩软轮 轩轳 轮软轴 轹轥轴 车软轵轮轤 轡轮轤 软轮轥 轳轨软轵转轤 轩轮轶轥轳轴轩轧轡轴轥 轴轨轥轳轥 轰软轳轳轩轢轩转轩轴轩轥轳 轢轹 轪软轩轮轩轮轧 轗輭轃轲輭轙
轩轮轳轴轥轡轤 软车 轗 轴软 轡 轳轴轲轵轣轴轵轲轡转 轳轴轥轥转輮 轔轨轥 轡轩轭 轳轨软轵转轤 轢轥 轴软 轭轡轮轵车轡轣轴轵轲轥 轡 輝轡轴輭轴轩转轥 轰轲软轴软轴轹轰轥
车软轲 轴轥轳轴轩轮轧輮

轁轮软轴轨轥轲 轩轳轳轵轥 轩轳 轴轨轥 轩轮轴轲轩轮轳轩轣 轢轲轩轴轴转轥轮轥轳轳 软车 轗輮 轁转转软轹轩轮轧 轩轳 轮软轴 轥轸轰轥轣轴轥轤 轴软 轩轭轰轲软轶轥
轴轨轥 轭轥轣轨轡轮轩轣轡转 轰轲软轰轥轲轴轩轥轳輮 轔轨轥轲轥车软轲轥輬 轴轨轥 轣软轮轣轥轰轴轳 软车 轴轵轮轧轳轴轥轮 輜轢轥轲 轲轥轩轮车软轲轣轥轤 轴轵轮轧轳轴轥轮
輨轗f 輯轗輩 轛輱輳輶轝 轡轮轤 轡转转软轹轩轮轧 轳轨软轵转轤 轢轥 轭轥轲轧轥轤輮 轗f 輯轗 轰轲软轶轩轤轥轳 轰轳轥轵轤软 轤轵轣轴轩转轩轴轹 轴软 轴轨轥
轭轡轴轥轲轩轡转 轢轹 轩轮轣轲轥轡轳轩轮轧 轴轨轥 轲轥轳轩轳轴轡轮轣轥 轴软 轣轲轡轣轫 轰轲软轰轡轧轡轴轩软轮輮 轔轨轵轳輬 轴轨轥 轲轩轳轫 软车 轣轡轴轡轳轴轲软轰轨轩轣
车轡轩转轵轲轥 轩轳 轲轥轤轵轣轥轤輮

轉轮 轡 輜轲轳轴 轳轴轥轰 轡 轴轵轮轧轳轴轥轮 輜轢轥轲 轲轥轩轮车软轲轣轥轤 轗輭轃轲輭轙 轡转转软轹 輨轗f 輯轗轃轲轙輩 轩轳 轣软轭轰轡轣轴轥轤
轢轹 轆轁轓轔輮 轁 轰轨软轴软轧轲轡轰轨 软车 轴轨轥 轳轡轭轰转轥 轩轳 轳轨软轷轮 轩轮 轆轩轧輮 輱輲輮輱 轡輬 轗 輜轢轥轲轳 轴软轵轣轨轩轮轧 轴轨轥
轳轵轲车轡轣轥 轡轲轥 轶轩轳轩轢转轥輮 轔轨轥 轳轡轭轰转轥 轩轳 软轸轩轤轩轺轥轤 车软轲 15 min 轡轴 1273 K 轩轮 20 kPa 轏2 轡轮轤 80 kPa
轁轲 轡轴轭软轳轰轨轥轲轥輮 轙轥转转软轷 轳轰软轴轳 软车 轗轏3 轡轲轥 轶轩轳轩轢转轥 软轮 轴轨轥 轳轵轲车轡轣轥輬 轡轳 轳轥轥轮 轩轮 轆轩轧輮 輱輲輮輱 轢輮
轔轨轥 轗 輜轢轥轲轳 轤软 轮软轴 轣软轮轴轡轩轮 轡轮轹 轃轲 轷轨轩轣轨 轣软轵转轤 车软轲轭 轡 轰轲软轴轥轣轴轩轶轥 软轸轩轤轥 转轡轹轥轲輮 轔轨轵轳輬 轗
輜轢轥轲轳 轴软轵轣轨轩轮轧 轴轨轥 轳轵轲车轡轣轥 软轸轩轤轩轺轥 轲轡轰轩轤转轹 轡轮轤 轤软轭轩轮轡轴轥 轴轨轥 软轸轩轤轡轴轩软轮 轡轮轤 轳轵轢转轩轭轡轴轩软轮
轣轨轡轲轡轣轴轥轲轩轳轴轩轣轳輮 轔轨轥 轳轵轲车轡轣轥 转轡轹轥轲 轩轳 轧轲轡轤轵轡转转轹 轥轲软轤轥轤 轤轵轲轩轮轧 轰转轡轳轭轡 软轰轥轲轡轴轩软轮輬 轴轨轵轳 轩轴 轩轳
轮软轴 车轥轡轳轩轢转轥 轴软 轨轡轶轥 轡 輜轢轥轲輭车轲轥轥 轣软轡轴轩轮轧輮 轔轨轥 轡轰轰轲软轡轣轨 轷轨轩轣轨 轳轨软轵转轤 轢轥 轴轥轳轴轥轤 轩轳 轴软 轤轲轡轷
轴轨轥 輜轢轥轲轳 车轲软轭 轴轨轥 轡转转软轹 轭轡轴轥轲轩轡转輮
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1 mmW-fibres

(a)

1 mm

W-fibres

(b)

轆轩轧轵轲轥 輱輲輮輱輺 輨轡輩 轁 轰轨软轴软轧轲轡轰轨 软车 轡 轳轩轮轴轥轲轥轤 轴轵轮轧轳轴轥轮 輜轢轥轲 轲轥轩轮车软轲轣轥轤 轴轵轮轧轳轴轥轮 轳轡轭轰转轥輮
輨轢輩 轁 轰轨软轴软轧轲轡轰轨 软车 轴轨轥 轳轡轭轰转轥 轳轨软轷轮 轩轮 輨轡輩 轡车轴轥轲 15 min 软车 软轸轩轤轡轴轩软轮 轡轴 1273 K 轩轮 20 kPa
轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥輮

12.2.4 Up-scaling and industrialization

轁 2 mm 轴轨轩轣轫 輜轲轳轴 轷轡转转 轡轲轭软轲 软轮 轡轮 轡轲轥轡 软车 1000 m2 轭轡轤轥 车轲软轭 轴轨轥 轤轥轶轥转软轰轥轤 轗輭轃轲輭轙輭
轡转转软轹 轷轥轩轧轨轳 轭软轲轥 轴轨轡轮 30 t輮 轔轨轥轲轥车软轲轥輬 轵轰輭轳轣轡转轩轮轧 轡轮轤 轩轮轤轵轳轴轲轩轡转轩轺轡轴轩软轮 轡轲轥 轡 轣轲轵轣轩轡转
轳轴轥轰 车软轲 轴轨轥 轭轡轴轥轲轩轡转 轴软 轢轥 轡轣轴轵轡转转轹 轥轭轰转软轹轥轤 轩轮 车轵轴轵轲轥 车轵轳轩软轮 轰软轷轥轲 轰转轡轮轴轳輮 轓轣轩轥轮轣轥
轳轨软轵转轤 轤轥转轩轶轥轲 轴轨轥 轫轮软轷轨软轷 软轮 轴轨轥 轭轡轴轥轲轩轡转轳 轴软 轩轮轤轵轳轴轲轹 轡轮轤 轡轣轣软轭轰轡轮轹 轴轨轥 轴轥轣轨轮软转软轧轹
轤轥轶轥转软轰轭轥轮轴 车软轲 轩轮轤轵轳轴轲轩轡转 轰轲软轤轵轣轴轩软轮輮 轔轨轩轳 轡轣轴轩轶轩轴轹 轳轨软轵转轤 轢轥 轣软轮轤轵轣轴轥轤 轩轮 轰轡轲轡转转轥转 轴软
輜轮轡转 软轰轴轩轭轩轺轡轴轩软轮 轡轮轤 轵轮轤轥轲轳轴轡轮轤轩轮轧 软车 轴轨轥 轮轥轷 轭轡轴轥轲轩轡转 轩轮 软轲轤轥轲 轡轤轤轲轥轳轳 轮轥轷 轱轵轥轳轴轩软轮轳
轡轳 轥轡轲转轹 轡轳 轰软轳轳轩轢转轥輮

轉轮轤轵轳轴轲轩轡转 轭轡轮轵车轡轣轴轵轲轩轮轧 轭轡轹 车软转转软轷 轴轨轥 轆轁轓轔 轲软轵轴轥 轤轥轳轣轲轩轢轥轤 轩轮 轴轨轩轳 轴轨轥轳轩轳輮 轉轮 轴轨轡轴
轣轡轳轥 软轮轥 轳轨软轵转轤 轩轮轶轥轳轴轩轧轡轴轥 轡轮轤 轰轲轥轤轩轣轴 轴轨轥 轩轮輝轵轥轮轣轥 软车 轴轨轥 轳轴轡轭轰 轤轩轡轭轥轴轥轲 轡轮轤 轥轳轴轩轭轡轴轥
轴轨轥 轳轩轧轮轩輜轣轡轮轣轥 软车 轩轮轨软轭软轧轥轮轥轩轴轩轥轳輮 轃轵轲轲轥轮轴转轹輬 轴轨轥 轰软轷轤轥轲 轩轳 轰轲轥轰轡轲轥轤 轢轹 轭轥轣轨轡轮轩轣轡转
轡转转软轹轩轮轧 轡轮轤 轲轥轱轵轩轲轥轳 轭轵转轴轩轰转轥 轭轡轮轵轡转 轳轴轥轰轳輮 轉轴 轹轩轥转轤轳 软轮转轹 ∼ 100 g/process輮 轒轥轡转轩轳轴轩轣
轳轰轥轣轩輜轣轡轴轩软轮轳 轡轮轤 轴软转轥轲轡轮轣轥轳 轭轵轳轴 轢轥 车软轵轮轤 车软轲 轵轰輭轳轣轡转轩轮轧 轡轮轤 轡轵轴软轭轡轴轩软轮 软车 轴轨轥 轰软轷轤轥轲
轰轲软轤轵轣轴轩软轮輮

轔轨轥 轳轰轥轣轩輜轣轡轴轩软轮轳 轳轨软轵转轤 轩轮轣转轵轤轥 轩轮车软轲轭轡轴轩软轮 软轮 轡转转软轷轥轤 轩轭轰轵轲轩轴轩轥轳 轤轵轲轩轮轧 轰轲软轤轵轣轴轩软轮輮
轉轭轰轵轲轩轴轩轥轳 轩轮 轡 轭轡轴轥轲轩轡转 轣轨轡轮轧轥 轰轲软轰轥轲轴轩轥轳 轡轮轤 轴轨轥 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 软车 轴轨轥 轡转转软轹輮 轆软轲
轥轸轡轭轰转轥輬 轏 轩轭轰轵轲轩轴轩轥轳 轡轲轥 轡轤轤轲轥轳轳轥轤 轩轮 轴轨轩轳 轷软轲轫 轩轮 轳轥轣轴轩软轮 輸輮輳輮

轁转轳软 软轴轨轥轲 轭轡轮轵车轡轣轴轵轲轩轮轧 轲软轵轴轥轳 轳轨软轵转轤 轢轥 轣软轮轳轩轤轥轲轥轤 轡轮轤 轴轥轳轴轥轤輮 轐软轴轥轮轴轩轡转 轣轡轮轤轩轤轡轴轥轳
轡轲轥 轒轆 轰转轡轳轭轡 轳轰轲轡轹轩轮轧 轡轮轤 輳轄輭轰轲轩轮轴轩轮轧輮 轐转轡轳轭轡 轳轰轲轡轹轩轮轧 轡转转软轷轳 轴软 轤轩轲轥轣轴转轹 轳轰轲轡轹 轴轨轥
轡转转软轹 软轮轴软 轴轨轥 轳轴轲轵轣轴轵轲轡转 轭轡轴轥轲轩轡转 轡轶软轩轤轩轮轧 轭轵转轴轩轰转轥 轩轮轴轥轲轭轥轤轩轡轴轥 轰轲软轣轥轳轳轩轮轧 轳轴轥轰轳輮 輳轄
轰轲轩轮轴轩轮轧 软车 轡 车轵转转 轣软轭轰软轮轥轮轴 轩轳 轡轮 轡轰轰轥轡转轩轮轧 轢轵轴 轣轨轡转转轥轮轧轩轮轧 轡轰轰轲软轡轣轨輮 轔轨轥 软轵轴轣软轭轥 软车
轡转转 轡轰轰轲软轡轣轨轥轳 轳轨软轵转轤 轢轥 轡轮 轩轮轤轵轳轴轲轩轡转 轭软轮软轢转软轣轫 车软轲 轡轣轣轩轤轥轮轴轡转 轡轮轤 轴轨轥轲轭软輭轭轥轣轨轡轮轩轣轡转
轴轥轳轴轳 轣软轵轰转轥轤 轷轩轴轨 轳轵轰轰软轲轴轩轶轥 轴软轫轡轭轡轫 轳轴轵轤轩轥轳輮
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12.3 Aluminum as an alloying element?
轏轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轡轴 轨轩轧轨 轴轥轭轰轥轲轡轴轵轲轥轳 轩轳 轡转轳软 轲轥转轥轶轡轮轴 车软轲 轡轰轰转轩轣轡轴轩软轮轳 软轵轴轳轩轤轥 轴轨轥
輜轥转轤 软车 轮轵轣转轥轡轲 车轵轳轩软轮輮 轅轸轡轭轰转轥轳 轡轲轥 轴轨轥 轢转轡轤轥轳 软车 轮轥轷 轧轥轮轥轲轡轴轩软轮 轧轡轳 轴轵轲轢轩轮轥轳輬 轨轥轡轴
轥轸轣轨轡轮轧轥轲轳輬 软轲 轴轨轥 轲轥轣轥轩轶轥轲 软车 轣软轮轣轥轮轴轲轡轴轥轤 轳软转轡轲 轰软轷轥轲 轰转轡轮轴轳輮 轃轥轲轡轭轩轣轳 轨轡轶轥 轴轨轥 轰轲软轢转轥轭
软车 轡 转软轷 轴轨轥轲轭轡转 软轲 轥转轥轣轴轲轩轣轡转 轣软轮轤轵轣轴轩轶轩轴轹輮 轃软轡轴轩轮轧轳 轡轲轥 轡转轷轡轹轳 轳轵轢轪轥轣轴 轴软 轡 轲轩轳轫 软车
轳轰轡转转轡轴轩软轮 轡轮轤 轳轵轤轤轥轮 转软轳轳 软车 轴轨轥 轰轲软轴轥轣轴轩轶轥 车轵轮轣轴轩软轮輮 轓轵轰轥轲轡转转软轹轳 轡轲轥 轲轥轳轴轲轩轣轴轥轤 轢轹 轴轨轥轩轲
轭轥转轴轩轮轧 轰软轩轮轴 轡轴 轡轲软轵轮轤 1600 K 轛輱輳輷轝輮 轃轵轲轲轥轮轴转轹 轮轥轷 轣软轮轣轥轰轴轳 轳轵轣轨 轡轳 轍轁轘 轰轨轡轳轥轳 轡轲轥
轤轥轶轥转软轰轥轤 轛輱輳輸轝輮 轏轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轴 轗 轡转转软轹轳 轡轲轥 轡轮软轴轨轥轲 轣轡轮轤轩轤轡轴轥輮

轔轨轥 轡转转软轹 轤轥轶轥转软轰轥轤 轩轮 轴轨轩轳 轴轨轥轳轩轳 轰轲软轶轩轤轥轳 轧软软轤 软轸轩轤轡轴轩软轮 轲轥轳轩轳轴轡轮轣轥 轵轰 轴软 1273 K輮
轁转轵轭轩轮轩轵轭 輨轁转輩 轡轳 轡转转软轹轩轮轧 轥转轥轭轥轮轴 轩轳 轴轨轥 轭软轳轴 转软轧轩轣轡转 轣轨软轩轣轥 轴软 轩轮轣轲轥轡轳轥 轴轨轥 轡轰轰转轩轣轡轴轩软轮
轴轥轭轰轥轲轡轴轵轲轥輮 轁转 车软轲轭轳 轲轡轤轩软轡轣轴轩轶轥 轩轳软轴软轰轥轳 轷轩轴轨 轡 轨轡转车輭转轩车轥 软车 7.2× 105 years 轵轮轤轥轲 轮轥轵轴轲软轮
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輳輮輴 輨轡輩 轍轡轳轳 轧轡轩轮 软车 轰轵轲轥 轗 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轤轵轲轩轮轧 轩轳软轴轨轥轲轭轡转
软轸轩轤轡轴轩软轮 轡轴 900 K 轩轮 80 轶软转輮 輥 轁轲 轡轮轤 20 轶软转輮 輥 轏2 轡轴轭软轳轰轨轥轲轥輮
轔轨轲轥轥 轭轥轡轳轵轲轥轭轥轮轴轳 轣软轮轤轵轣轴轥轤 轩轮 轇轡轲轣轨轩轮轧 轡轲轥 轰转软轴轴轥轤 轩轮 轧轲轥轥轮輮 轔轨轲轥轥
轭轥轡轳轵轲轥轭轥轮轴轳 轣软轮轤轵轣轴轥轤 轩轮 轊迼转轩轣轨 轡轲轥 轰转软轴轴轥轤 轩轮 轲轥轤輮 輨轢輩 轔轥轭轰轥轲轡轴轵轲轥
轰轲软輜转轥 轲轥轣软轲轤轥轤 轢轹 轴轨轥 轴轨轥轲轭软轢轡转轡轮轣轥轳 轤轵轲轩轮轧 轴轨轥 软轸轩轤轡轴轩软轮 轥轸轰轥轲轩轭轥轮轴轳
轳轨软轷轮 轩轮 輨轡輩輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輳輶

輳輮輵 轐轨软轴软轧轲轡轰轨轳 软车 轴轵轮轧轳轴轥轮輯轴轵轮轧轳轴轥轮 软轸轩轤轥 轳轡轭轰转轥轳輮 輨轡輩 轔轵轮轧轳轴轥轮 轳轡轭轰转轥
轢轥车软轲轥 软轸轩轤轡轴轩软轮輮 輨轢輩 轔轵轮轧轳轴轥轮 轳轡轭轰转轥 轡车轴轥轲 10 h 软轸轩轤轡轴轩软轮 轡轴 1273 K輮 輨轣輩
轔轵轮轧轳轴轥轮 轳轡轭轰转轥 轡车轴轥轲 10 h 软轸轩轤轡轴轩软轮 轡轴 1273 K 车软转转软轷轥轤 轢轹 轡轮轮轥轡转轩轮轧 轩轮
轁轲 轡轴轭软轳轰轨轥轲轥 车软轲 3 h 轡轴 1273 K輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輳輸

輳輮輶 轓轵轢转轩轭轡轴轩软轮 轲轡轴轥轳 软车 轴轵轮轧轳轴轥轮 软轸轩轤轥 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轡轴 轡轴轭软轳轰轨轥轲轩轣
轰轲轥轳轳轵轲轥輮 轔轷软 轤轩輛轥轲轥轮轴 轡轴轭软轳轰轨轥轲轥轳 轡轲轥 轳轥转轥轣轴轥轤輺 轨轵轭轩轤 轡轩轲 轷轩轴轨 轡 轲轥转轡轴轩轶轥
轨轵轭轩轤轩轴轹 软车 70 % 轡轴 313 K 轡轮轤 轩轮 轤轲轹 轁轲 轷轩轴轨 20 % 轏2輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輳輹

輴輮輱 轍轡轳轳 轣轨轡轮轧轥 软车 车轵转转轹 软轸轩轤轩轺轥轤 轴轨轩轮 輜转轭轳 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥輮 轔轨轥 轳轡轭轰转轥轳
轡轲轥 轥轸轰软轳轥轤 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K 轴软 轤轲轹 软轲 轨轵轭轩轤 轡轩轲 轡轴 轡轴轭软轳轰轨轥轲轩轣
轰轲轥轳轳轵轲轥 轡轳 轩轮轤轩轣轡轴轥轤 轢轹 轴轨轥 转轡轢轥转轳輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輴輱

輵輮輱 轅转轥轣轴轲软轮 轭轩轣轲软轳轣软轰轹 轩轭轡轧轥轳 软车 轡 轴轨轩轮 輜转轭 轡转转软轹 轡轳 轤轥轰软轳轩轴轥轤輮 轔轨轥
轣软轭轰软轳轩轴轩软轮 软车 轴轨轥 輜转轭 轩轳 轗輭輱輳轃轲輭輱轙 轡轳 轭轥轡轳轵轲轥轤 轢轹 轉轃轐輭轏轅轓 輨轳轥轥 轳轥轣轴轩软轮
輲輮輷輩輮 轔轨轥 轣轲软轳轳 轳轥轣轴轩软轮 轤轥轰轩轣轴轳 轴轨轥 轰轲软轴轥轣轴轩轶轥 轰转轡轴轩轮轵轭 輨轐轴輩 轣软轡轴轩轮轧 轡轮轤
轴轨轥 轡转转软轹輻 轴轨轥 轳轵轲车轡轣轥 轩轳 轳轨软轷轮 轩轮 轴轨轥 轩轮轳轥轴輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮
轥轴 轡转輮 轛輷輸轝輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輴輴

輵輮輲 轅轸轥轭轰转轡轲轹 轓轉轍轓 轲轥轳轵转轴轳 车软轲 轴轨轩轮 輜转轭轳 轡轳 轤轥轰软轳轩轴轥轤 轢轹 轭轡轧轮轥轴轲软轮
轳轰轵轴轴轥轲轩轮轧輮 轔轨轥 轣软轭轰软轳轩轴轩软轮 软车 轴轨轥 輜转轭 轩轳 轗輭輱輲轃轲輭輰輮輵轙 轡转转软轹輮 轆轩轧轵轲轥
轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輷輸轝輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輴輴

輵輮輳 轘轒轄 轭轥轡轳轵轲轥轭轥轮轴 软车 轡轮 轤轥轰软轳轩轴轥轤 轗輭輱輲轃轲輭輰輮輵轙 輜转轭輮 轔轨轥 轢转轡轣轫輬 轤轡轳轨轥轤
转轩轮轥轳 轩轮轤轩轣轡轴轥 轴轨轥 轥轸轰轥轣轴轥轤 轰轥轡轫輭轰软轳轩轴轩软轮轳 车软轲 轗 轛輸輱轝輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭
轆輮 轋转轥轩轮 轥轴 轡转輮 轛輷輸轝輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輴輶

輵輮輴 轍轡轳轳 轣轨轡轮轧轥 软车 轴轨轩轮 輜转轭轳 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轭轥轡轳轵轲轥轤 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥
软车 1273 K 轡轴 轡 轰轲轥轳轳轵轲轥 软车 20 kPa 轏2 轰转轵轳 80 kPa 轁轲輮 轏轸轩轤轡轴轩软轮 轳轴轡轧轥轳 轉輭轉轉轉
轡轲轥 转轡轢轥转轥轤輬 轴轨轥 轮轵轭轢轥轲轳 3.6 轡轮轤 7.6 轲轥车轥轲 轴软 轴轨轥 轳轡轭轰转轥 轴轨轩轣轫轮轥轳轳 软车 3.6 µm
轡轮轤 7.6 µm輬 轲轥轳轰轥轣轴轩轶轥转轹輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輷輸轝輮 輮 輮 輮 輮 輮 輴輷

輱輴輳



輵輮輵 轃轲软轳轳 轳轥轣轴轩软轮轳 轣软轭轢轩轮轥轤 轷轩轴轨 轅轄轘 转轩轮轥 轳轣轡轮轳 轡转软轮轧 轴轨轥 轢软轸 轩轮 轷轨轩轣轨 轴轨轥轹
轡轲轥 轰转软轴轴轥轤 輨轡輬轣輩輬 轓轉轍轓 輨轢輬轤輩 轡轮轤 轳轵轲车轡轣轥 轩轭轡轧轥轳 轩轮 轴轨轥 轩轮轳轥轴 轳轨软轷 轴轨轥
轤轩輛轥轲轥轮轴 轳轴轡轧轥轳 软车 轴轨轥 软轸轩轤轡轴轩软轮 轰轲软轣轥轳轳輮 輨轡輕轣輩 轳轨软轷 轡 轴轥轲轮轡轲轹 轗輭輱輲轃轲輭輰輮輵轙
轡转转软轹輬 轷轨轥轲轥轡轳 輨轤輩 轳轨软轷轳 轴轨轥 轢轩轮轡轲轹 轗輭輱輱轃轲 轡转转软轹輮 轔轨轥轹 轡轲轥 软轸轩轤轩轺轥轤 轡轴
1273 K 轩轮 20 kPa 轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥 车软轲 輨轡輩 10 min輻 车软轲 輨轢輩
75 min輻 车软轲 輨轣輩 8 h輻 轡轮轤 车软轲 輨轤輩 15 min輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮
轛輷輸轝輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輵輰

輶輮輱 輨轡輩 轔轨轥 轳轡轭轰转轥 轴轥轭轰轥轲轡轴轵轲轥 轭轥轡轳轵轲轥轤 轢轹 轴轨轥 轰轹轲软轭轥轴轥轲 轡轳 轡 车轵轮轣轴轩软轮 软车
轴轩轭轥 轤轵轲轩轮轧 轆轁轓轔 轩轳 轰转软轴轴轥轤 车软轲 轭轵转轴轩轰转轥 轳轡轭轰转轥轳輮 輨轢輩 轔轨轥 轤轩轳轰转轡轣轥轭轥轮轴
轳轰轥轥轤 软车 轴轨轥 轰轵轮轣轨 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轤轵轲轩轮轧 轆轁轓轔 轩轳 轰转软轴轴轥轤 车软轲 轭轵转轴轩轰转轥
轳轡轭轰转轥轳輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輵輶

輶輮輲 轓轵轲车轡轣轥 轩轭轡轧轥轳 软车 轳轡轭轰转轥轳 轩轮 轤轩輛轥轲轥轮轴 轳轴轡轧轥轳 软车 轴轨轥 轳轩轮轴轥轲轩轮轧 轰轲软轣轥轳轳輮
輨轡輩 轰软轷轤轥轲 轡车轴轥轲 轭轥轣轨轡轮轩轣轡转 轡转转软轹轩轮轧輮 轔轨轥 轳轩轮轴轥轲轩轮轧 轩轳 轩轮轴轥轲轲轵轰轴轥轤 轡轴 轡
轴轥轭轰轥轲轡轴轵轲轥 软车 輨轢輩 1279 K輬 輨轣輩 1449 K輬 轡轮轤 輨轤輩 1614 K輮 輨轥輩 轳轨软轷轳 轴轨轥 车轵转转轹
轳轩轮轴轥轲轥轤 轳轡轭轰转轥 轣软轭轰轡轣轴轥轤 轡轴 轵轰 轴软 1740 K輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輵輷

輶輮輳 轃轲软轳轳 轳轥轣轴轩软轮轳 软车 轳轡轭轰转轥轳 轩轮 轤轩輛轥轲轥轮轴 轳轴轡轧轥轳 软车 轴轨轥 轳轩轮轴轥轲轩轮轧 轰轲软轣轥轳轳輮
輨轡輩 轰软轷轤轥轲 轡车轴轥轲 轭轥轣轨轡轮轩轣轡转 轡转转软轹轩轮轧輮 轔轨轥 轳轩轮轴轥轲轩轮轧 轩轳 轩轮轴轥轲轲轵轰轴轥轤 轡轴 轡
轴轥轭轰轥轲轡轴轵轲轥 软车 輨轢輩 1279 K輬 輨轣輩 1449 K輬 轡轮轤 輨轤輩 1614 K輮 輨轥輩 轳轨软轷轳 轴轨轥 车轵转转轹
轳轩轮轴轥轲轥轤 轳轡轭轰转轥輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輵輸

輶輮輴 輨轡輩 轘轒轄 轭轥轡轳轵轲轥轭轥轮轴轳 软车 轳轡轭轰转轥轳 轩轮 轤轩輛轥轲轥轮轴 轳轴轡轧轥轳 软车 轴轨轥 轳轩轮轴轥轲轩轮轧
轰轲软轣轥轳轳輮 轔轨轥 轤轡轳轨轥轤 转轩轮轥轳 轩轮轤轩轣轡轴轥 轴轨轥 轥轸轰轥轣轴轥轤 轰轥轡轫輭轰软轳轩轴轩软轮轳 车软轲 轗 轛輸輱轝輮
輨轢輩 轚软软轭 软车 輨轡輩 轡轲软轵轮轤 2Θ = 43◦輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輵輹

輶輮輵 轃轡转轣轵转轡轴轥轤 轃轲 轣软轮轴轥轮轴 软车 轴轨轥 轭轡轩轮 轰轨轡轳轥 软车 轳轡轭轰转轥轳 轩轮 轤轩輛轥轲轥轮轴 轳轴轡轧轥轳 软车
轴轨轥 轳轩轮轴轥轲轩轮轧 轰轲软轣轥轳轳輮 轔轨轥 轣轡转轣轵转轡轴轩软轮 轩轳 轢轡轳轥轤 软轮 轴轨轥 輜轴 轲轥轳轵转轴轳 软车 轴轨轥 轘轒轄
轰轥轡轫轳 轧轩轶轥轮 轩轮 轴轡轢转轥 輶輮輱 轡轮轤 轖轥轧轡轲轤輧轳 轡轰轰轲软轸轩轭轡轴轩软轮輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輶輰

輷輮輱 轏轶轥轲轶轩轥轷 软车 轴轨轥 轩轮轶轥轳轴轩轧轡轴轥轤 轳轩轮轴轥轲轩轮轧 轰轡轲轡轭轥轴轥轲轳輺 轨轥轡轴轩轮轧 轲轡轴轥 h輬
轭轡轸轩轭轵轭 轳轩轮轴轥轲轩轮轧 轴轥轭轰轥轲轡轴轵轲轥 Tmax輬 轡轮轤 轨软转轤轩轮轧 轴轩轭轥 thold輮 輮 輮 輮 輮 輮 輮 輮 輮 輶輲

輷輮輲 轅转轥轣轴轲软轮 轭轩轣轲软轳轣软轰轹 轩轭轡轧轥轳 软车 轣轲软轳轳 轳轥轣轴轩软轮轳 软轮 轗輭轃轲輭轙 轡转转软轹轳 轳轨软轷轩轮轧
轴轨轥 轭轩轣轲软轳轴轲轵轣轴轵轲轥 轢轥车软轲轥 软轸轩轤轡轴轩软轮 车软轲 轤轩輛轥轲轥轮轴 轴轨轥 轳轩轮轴轥轲轩轮轧 轰轡轲轡轭轥轴轥轲轳
輨轨轥轡轴轩轮轧 轲轡轴轥輬 轭轡轸轩轭轵轭 轳轩轮轴轥轲轩轮轧 轴轥轭轰轥轲轡轴轵轲轥輬 轨软转轤轩轮轧 轴轩轭轥輩輮 輮 輮 輮 輮 輮 輮 輮 輶輵

輷輮輳 轃轲软轳轳 轳轥轣轴轩软轮 软车 轴轨轥 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 輨100 K min−1輬 1740 K輬 1 min輩 轡车轴轥轲
软轸轩轤轡轴轩软轮 车软轲 44 h 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K 轩轮 20 kPa 轏2 轡轮轤 80 kPa 轁轲
轡轴轭软轳轰轨轥轲轥輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輶輶

輷輮輴 轃轲软轳轳 轳轥轣轴轩软轮 软车 轴轨轥 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 輨200 K min−1輬 1740 K輬 0 min輩 轡车轴轥轲
软轸轩轤轡轴轩软轮 车软轲 44 h 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K 轩轮 20 kPa 轏2 轡轮轤 80 kPa 轁轲
轡轴轭软轳轰轨轥轲轥輮 轁 轳轵轲车轡轣轥 轩轭轡轧轥 轩轳 轳轨软轷轮 轩轮 轴轨轥 轩轮轳轥轴輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輶輶

輷輮輵 轍轡轳轳 轣轨轡轮轧轥 软车 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹轳 轡轮轤 轰轵轲轥 轗 轡轳 轡 车轵轮轣轴轩软轮 软车
轴轩轭轥 轭轥轡轳轵轲轥轤 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K 轩轮 20 kPa 轏2 轡轮轤 80 kPa 轁轲
轡轴轭软轳轰轨轥轲轥輮 轔轨轥 轴轨轩轮 輜转轭 轩轳 轰轲软轤轵轣轥轤 轢轹 轭轡轧轮轥轴轲软轮 轳轰轵轴轴轥轲轩轮轧輮 轆轩轧轵轲轥
轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輹輱轝輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輶輷

輷輮輶 轍轡轳轳 轣轨轡轮轧轥 软车 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹轳 轡轮轤 轰轵轲轥 轗 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轡轴 轡
轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K 轩轮 20 kPa 轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥輮 轔轨轥 轳轵轲车轡轣轥
輜轮轩轳轨 软车 轴轨轥 轡转转软轹轳 轩轳 轤轩輛轥轲轥轮轴輬 轥转轳轥 轴轨轥轹 轡轲轥 轩轤轥轮轴轩轣轡转輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭
轆輮 轋转轥轩轮 轥轴 轡转輮 轛輹輱轝輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輶輹

輷輮輷 轍轡轳轳 轣轨轡轮轧轥 软车 轗輭輱輱輮輴轃轲輭x轙 轡转转软轹轳 轡轮轤 轰轵轲轥 轗 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥 轡轴
轡 轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K 轩轮 20 kPa 轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥輮 轔轨轥
轹轴轴轲轩轵轭 轣软轮轴轥轮轴 x 轩轳 轧轩轶轥轮 轩轮 轴轨轥 转轡轢轥转轳輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輷輱

輱輴輴



輷輮輸 轘轒轄 轭轥轡轳轵轲轥轭轥轮轴轳 软车 轗輭輱輱輮輴轃轲輭x轙 轡转转软轹轳 轡车轴轥轲 软轸轩轤轡轴轩软轮 轡轴 1273 K 轩轮
20 kPa 轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥 车软轲 44 h輮 轔轨轥 轹轴轴轲轩轵轭 轣软轮轴轥轮轴 x 轩轳
轧轩轶轥轮 轩轮 轴轨轥 转轡轢轥转轳輮 轐轥轡轫 轰软轳轩轴轩软轮轳 车软轲 轤轩輛轥轲轥轮轴 轣软轭轰软轵轮轤轳 轡轲轥 轭轡轲轫轥轤輮 轗輬
轃轲2轏3輬 轃轲2轗轏6 轡轮轤 轗8轏21 轡轲轥 轢轡轳轥轤 软轮 轛輸輱輬 輹輴輬 輹輵輬 輹輶轝輬 轲轥轳轰轥轣轴轩轶轥转轹輮 輮 輮 輮 輷輲

輸輮輱 轃轡转轩轢轲轡轴轩软轮 软车 轴轨轥 轣轡轴轣轨轥轲 车软轲 轳轵轢转轩轭轡轴轩软轮 轭轥轡轳轵轲轥轭轥轮轴轳 轡轴 1273 K 轩轮
轳轹轮轴轨轥轴轩轣 轡轩轲輮 轔轨轥 轭轡轳轳 转软轳轳 软车 轡 车轵转转轹 软轸轩轤轩轺轥轤 轴轨轩轮 輜转轭 轩轳 轰转软轴轴轥轤 轩轮 轢转轵轥輮
轆软轲 轴轨轥 轳轥轣软轮轤 轭轥轡轳轵轲轥轭轥轮轴輬 轰转软轴轴轥轤 轩轮 轲轥轤輬 轗 轩轳 轨轵轮轧 轩轮轴软 轴轨轥 轣轡轴轣轨轥轲
轡轮轤 轴轨轥 轭轡轳轳 轣轨轡轮轧轥 软车 轴轨轥 轣轡轴轣轨轥轲 轩轳 轭轥轡轳轵轲轥轤輮 轍轡轳轳 轧轡轩轮 软车 轴轨轥 轣轡轴轣轨轥轲
轩轳 轰转软轴轴轥轤 轮轥轧轡轴轩轶轥 轮软轲轭轡转轩轺轥轤 轴软 轴轨轥 轳轵轲车轡轣轥 轡轲轥轡 A 软车 轴轨轥 轗 轳轡轭轰转轥 轩轮轳轩轤轥
轴轨轥 轣轡轴轣轨轥轲輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輷輵

輸輮輲 轍轡轳轳 轣轨轡轮轧轥 软车 轡 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轡轮轤 轰轵轲轥 轗 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥
轡轴 1273 K 轩轮 轳轹轮轴轨轥轴轩轣 轡轩轲輮 轔轨轥 轵轰轰轥轲 轰轡轲轴 轳轨软轷轳 轴轨轥 轴软轴轡转 轭轡轳轳 轣轨轡轮轧轥
软车 轴轨轥 轳轡轭轰转轥輮 轔轨轥 转软轷轥轲 轰轡轲轴 轳轨软轷轳 轴轨轥 轣软轮轴轲轩轢轵轴轩软轮 软车 轳轵轢转轩轭轡轴轩软轮 輭 轴轨轥
轤轥轰软轳轩轴轩软轮 软轮轴软 轴轨轥 轣轡轴轣轨轥轲 轡轮轤 轴轨轥 轣轡转轣轵转轡轴轥轤輬 轴软轴轡转 轳轵轢转轩轭轡轴轩软轮輮 轐轨轡轳轥轳
輱輭輳 轡轲轥 转轡轢轥转轥轤輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輷輵

輸輮輳 輨轡輩轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轢轥车软轲轥 软轸轩轤轡轴轩软轮 轡车轴轥轲 轧轲轩轮轤轩轮轧輮 轔轨轥 轰轵轲轥 轗
轳轡轭轰转轥轳 转软软轫 轴轨轥 轳轡轭轥輮 輨轢輩 轐轵轲轥 轗 轳轡轭轰转轥 轡车轴轥轲 10 h 软车 软轸轩轤轡轴轩软轮 轩轮
轳轹轮轴轨轥轴轩轣 轡轩轲 轡轴 1273 K輮 輨轣輩 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轡车轴轥轲 44 h 软车 软轸轩轤轡轴轩软轮 轩轮
轳轹轮轴轨轥轴轩轣 轡轩轲 轡轴 1273 K輮 輨轤輩 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轡车轴轥轲 467 h 软车 软轸轩轤轡轴轩软轮
轩轮 轳轹轮轴轨轥轴轩轣 轡轩轲 轡轴 1273 K輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輹輱轝輮 輮 輮 輮 輮 輷輶

輸輮輴 轔轨轥 软轸轩轤轥 轳轣轡转轥 软车 轡轮 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轡车轴轥轲 软轸轩轤轡轴轩软轮 车软轲 467 h 轡轴
1273 K 轩轮 轳轹轮轴轨轥轴轩轣 轡轩轲 轩轳 轩轭轡轧轥轤 轢轹 轓轅轍輮 轅轄轘 轲轥轳轵转轴轳 软车 轴轨轥 轣软轮轣轥轮轴轲轡轴轩软轮
轩轮 轡轴软轭轩轣 輥 轡轲轥 轧轩轶轥轮 轢轹 轴轨轥 轢轡轲轳 软轮 轴软轰 软车 轴轨轥 轥转轥轭轥轮轴轳輮 輨轡輩 轳轨软轷轳 轡
轳轵轲车轡轣轥 轩轭轡轧轥輮 輨轢輩 轳轨软轷轳 轡 轣轲软轳轳 轳轥轣轴轩软轮 软车 轴轨轥 车轵转转 软轸轩轤轥 轳轣轡转轥 轷轨轥轲轥 轴轨轥
转软轣轡轴轩软轮 软车 轩轭轡轧轥 輨轤輩 轩轳 轭轡轲轫轥轤 轡轳 輨轤輩輮 轔轨轥 轴软轰 10 µm 软车 轴轨轥 轳轡轭轰转轥 轡轲轥
轳轨软轷轮 轩轮 轴轨轥 轆轉轂 轣轵轴 轩轮 輨轣輩輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輹輱轝輮 輮 輮 輮 輷輸

輸輮輵 轃轲软轳轳 轳轥轣轴轩软轮 软车 轴轨轥 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轡车轴轥轲 软轸轩轤轡轴轩软轮 轡轴 1273 K 车软轲 44 h輮 輸輰
輸輮輶 轍轡轳轳 轣轨轡轮轧轥 软车 轡 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轡轮轤 轰轵轲轥 轗 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥

轡轴 1273 K 轩轮 轳轹轮轴轨轥轴轩轣 轡轩轲輮 轔轨轥 轵轰轰轥轲 轰轡轲轴 轳轨软轷轳 轴轨轥 轴软轴轡转 轭轡轳轳 轣轨轡轮轧轥
软车 轴轨轥 轳轡轭轰转轥輮 轔轨轥 转软轷轥轲 轰轡轲轴 轳轨软轷轳 轴轨轥 轣软轮轴轲轩轢轵轴轩软轮 软车 轳轵轢转轩轭轡轴轩软轮 輭 轴轨轥
轤轥轰软轳轩轴轩软轮 软轮轴软 轴轨轥 轣轡轴轣轨轥轲 轡轮轤 轴轨轥 轣轡转轣轵转轡轴轥轤輬 轴软轴轡转 轳轵轢转轩轭轡轴轩软轮輮 轐轨轡轳轥轳
輱輭輳 轡轲轥 转轡轢轥转轥轤輮 轓软转轩轤 转轩轮轥轳 轡轲轥 轢轡轳轥轤 软轮 轭轥轡轳轵轲轥轭轥轮轴 轤轡轴轡輬 轤软轴轴轥轤 转轩轮轥轳
软轮 轣轡转轣轵转轡轴轩软轮轳輬 轡轮轤 轤轡轳轨轥轤 转轩轮轥轳 软轮 轩轮轴轥轲轰软转轡轴轩软轮轳輯轣轡转轩轢轲轡轴轩软轮轳輮 輮 輮 輮 輮 輮 輮 輸輱

輸輮輷 轃轡转轩轢轲轡轴轩软轮 软车 轴轨轥 轣轡轴轣轨轥轲 车软轲 轳轵轢转轩轭轡轴轩软轮 轭轥轡轳轵轲轥轭轥轮轴轳 轡轴 1273 K 轩轮 轨轵轭轩轤
轡轩轲輮 轔轨轥 轳轵轢转轩轭轡轴轩软轮 轲轡轴轥 软车 轥转轥轭轥轮轴 i 轭轥轡轳轵轲轥轤 轢轹 轴轨轥 轭轡轳轳 转软轳轳 软车 轡 车轵转转轹
软轸轩轤轩轺轥轤 轴轨轩轮 輜转轭 轩轳 轧轩轶轥轮 轡轳 si輮 轔轨轥 轭轡轳轳 轧轡轩轮 软车 轴轨轥 轣轡轴轣轨轥轲 轤轵轥 轴软
轤轥轰软轳轩轴轩软轮 软车 轳轵轢转轩轭轡轴轥轤 轭轡轴轥轲轩轡转 车轲软轭 轴轨轥 轳轡轭轰转轥 i 轩轳 轭轵转轴轩轰转轩轥轤 轢轹 (−1)
轡轮轤 轰转软轴轴轥轤 轡轳 sci 輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輹輸轝輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輸輴

輸輮輸 轓轵轲车轡轣轥 轣轨轡轲轡轣轴轥轲轩轺轡轴轩软轮 软车 轴轨轥 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轡车轴轥轲 软轸轩轤轡轴轩软轮 车软轲
10 days 轩轮 轨轵轭轩轤 轡轩轲 轢轹 輨轡輩 轅轄轘 轡轮轤 輨轢輩 轘轒轄輮 轔轨轥 轶轥轲轴轩轣轡转 轤软轴轴轥轤 转轩轮轥轳
轲轥轰轲轥轳轥轮轴 轴轨轥 轥轸轰轥轣轴轥轤 轰轥轡轫 轰软轳轩轴轩软轮轳 轡轮轤 轩轮轴轥轮轳轩轴轩轥轳 车软轲 轃轲2轏3 轛輹輴轝輮 輮 輮 輮 輮 輸輵

輱輴輵



輸輮輹 轓轅轍 轩轭轡轧轥轳 软车 轴轨轥 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轡车轴轥轲 软轸轩轤轡轴轩软轮 车软轲 10 days 轡轴
1273 K 轩轮 轨轵轭轩轤 轡轩轲輮 輨轡輩 软轶轥轲轶轩轥轷 软车 轴轨轥 轳轵轲车轡轣轥輬 轴轨轥 轲轥轧轩软轮 輧轴轨轩轮輧 轡轮轤
輧轴轨轩轣轫輧 轡轲轥 转轡轢轥转轥轤輮 輨轢輩 轡 轣轲软轳轳 轳轥轣轴轩软轮 轩轮 轴轨轥 轴轨轩轮 轲轥轧轩软轮輮 輨轣輩 轣轲软轳轳 轳轥轣轴轩软轮
轩轮 轴轨轥 轴轨轩轣轫 轲轥轧轩软轮輮 輨轤輩 轅轓轂 轩轭轡轧轥 轷轩轴轨 轡 轧轲轩轤 轶软转轴轡轧轥 软车 1 kV 轲轥轳软转轶轩轮轧
轢软轴轨 轗輭轙 软轸轩轤轥 轡轮轤 轃轲 软轸轩轤轥輬 轴轨轥 轗輭轙 软轸轩轤轥轳 轨轡轶轥 轡 转轩轧轨轴轥轲 轣软转软轲 轩轮 轴轨轥
轩轭轡轧轥輮 轔轨轥 轅轓轂 轩轭轡轧轥 轩轳 轲轥轰轲轥轳轥轮轴轡轴轩轶轥 车软轲 轢软轴轨 轲轥轧轩软轮轳 輧轴轨轩轮輧 轡轮轤 輧轴轨轩轣轫輧輮
轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輹輸轝輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輸輶

輸輮輱輰 轍轡轳轳 轣轨轡轮轧轥 软车 轡 轗輭輱輱輮輴轃轲輭輰輮輶轙 轡转转软轹 轡轮轤 轰轵轲轥 轗 轡轳 轡 车轵轮轣轴轩软轮 软车 轴轩轭轥
轡轴 1273 K 轩轮 轨轵轭轩轤 轡轩轲輮 轔轨轥 轵轰轰轥轲 轰轡轲轴 轳轨软轷轳 轴轨轥 轴软轴轡转 轭轡轳轳 轣轨轡轮轧轥 软车
轴轨轥 轳轡轭轰转轥輮 轔轨轥 转软轷轥轲 轰轡轲轴 轳轨软轷轳 轴轨轥 轣软轮轴轲轩轢轵轴轩软轮 软车 轳轵轢转轩轭轡轴轩软轮 輭 轴轨轥
轤轥轰软轳轩轴轩软轮 软轮轴软 轴轨轥 轣轡轴轣轨轥轲 轡轮轤 轴轨轥 轣轡转轣轵转轡轴轥轤 轴软轴轡转 轳轵轢转轩轭轡轴轩软轮 轡轲轥 轰转软轴轴轥轤輮 輸輷

輸輮輱輱 轔轨轥 轴软轴轡转 轭轡轳轳 轣轨轡轮轧轥 轡轳 车轵轮轣轴轩软轮 软车 轴轩轭轥 车软轲 轴轨轲轥轥 轩轤轥轮轴轩轣轡转 轗輭輱輱輮輴轃轲輭輰輮輶轙
轡转转软轹轳 轡轴 轤轩輛轥轲轥轮轴 轴轥轭轰轥轲轡轴轵轲轥轳 轡轳 轣软轭轰轡轲轥轤 轴软 轰轵轲轥 轗輮 轍轥轡轳轵轲轥轭轥轮轴轳
轡轲轥 轰轥轲车软轲轭轥轤 轩轮 轨轵轭轩轤 轡轩轲 轡轴 轡 轴轥轭轰轥轲轡轴轵轲轥 轡轳 轳轰轥轣轩輜轥轤 轩轮 轴轨轥 转轡轢轥转輮 轔轨轥
轰轨软轴软轧轲轡轰轨轳 轡轲轥 轴轡轫轥轮 轡车轴轥轲 44 h 软车 软轸轩轤轡轴轩软轮輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮
轋转轥轩轮 轥轴 轡转輮 轛輹輸轝輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輸輹

輹輮輱 轓轣轨轥轭轡轴轩轣 软车 轴轨轥 轴轷软 软轰轴轩软轮轳 车软轲 轴轨轥 软轸轩轤轥 轧轲软轷轴轨 轤轩轲轥轣轴轩软轮輮 輨轡輩 轔轨轥 软轸轩轤轥
轧轲软轷轳 轡轴 轴轨轥 轩轮轴轥轲车轡轣轥 软车 轴轨轥 轡转转软轹 轡轮轤 轴轨轥 软轸轩轤轥輮 輨轢輩 轔轨轥 软轸轩轤轥 轧轲软轷轳 轡轴
轴轨轥 轳轵轲车轡轣轥輬 轴轨轥 轩轮轴轥轲车轡轣轥 软车 轴轨轥 轡轴轭软轳轰轨轥轲轥 轡轮轤 轴轨轥 软轸轩轤轥輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輹輰

輹輮輲 轔轨轥 18轏 轩轳软轴软轰轥 轡轢轵轮轤轡轮轣轥 轡车轴轥轲 软轸轩轤轡轴轩软轮 软车 轗輭輱輲轃轲輭輰輮輶轙 轡轴 1273 K輮
轔轩轭轥轳 轡轮轤 轡轴轭软轳轰轨轥轲轥 轡轲轥 轣轨软轳轥轮 轡轳 车软转转软轷轳輺 轰轡轲轴 輱輺 65 min 轩轮 轁轲 + 16O2

轡轴轭软轳轰轨轥轲轥 车软转转软轷轥轤 轢轹 11 min 轷轩轴轨 轩轮轣轲轥轡轳轥轤 18轏 轡轢轵轮轤轡轮轣轥輮 轐轡轲轴 輲輺
轣软轮轴轩轮轵轥轤 软轸轩轤轡轴轩软轮 软车 轴轨轥 轳轡轭轰转轥 车轲软轭 轰轡轲轴 輱 车软轲 20 min 轩轮 轁轲 + 16O2

轡轴轭软轳轰轨轥轲轥輮 轔轨轥 轤轥轰轴轨 轴软 轷轨轩轣轨 轴轨轥 轃轲2轏3 转轡轹轥轲 轥轸轴轥轮轤轳 轩轳 轭轡轲轫轥轤 轩轮
轧轲轡轹輮 轔轨轥 轮轡轴轵轲轡转 轡轢轵轮轤轡轮轣轥 软车 0.2 % 18轏 轩轳 轭轡轲轫轥轤 轢轹 轴轨轥 轢转轡轣轫 转轩轮轥
轛輱輰輱轝輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輷輸轝輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輹輳

輹輮輳 輨轡輩 轃轲软轳轳 轳轥轣轴轩软轮 软车 轡 7.6 µm 轴轨轩轣轫 轗輭輱輳轃轲輭輱轙 轡转转软轹 轥轸轰软轳轥轤 轴软 轡
轴轥轭轰轥轲轡轴轵轲轥 软车 1273 K 轩轮 20 kPa 轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥 车软轲 6 h輮
轔轨轥 轣软轲轲轥轳轰软轮轤轩轮轧 轃轲 轰轲软輜转轥 轭轥轡轳轵轲轥轤 轵轳轩轮轧 轓轉轍轓 轡轮轤 輨轢輩 轡轮 轅轄轘 轭轡轰
软车 轗 轢轡轳轥轤 软轮 轴轨轥 轗 轍α 转轩轮轥 轡轴 轴轨轥 转软轣轡轴轩软轮 软车 轴轨轥 轧轲轥轥轮 轢软轸 轩轮 輨轡輩 轡轲轥
轩轮轣转轵轤轥轤輮 輨轣輩 轉轮轣轲轥轡轳轥轤 轭轡轧轮轩輜轣轡轴轩软轮輬 轳轨软轷轩轮轧 轴轨轥 轰软轲轥轳 轭软轲轥 轣转轥轡轲转轹輮 輮 輮 輮 輹輴

輹輮輴 輨轡輩 轐轨轡轳轥 车软轲轭轡轴轩软轮 轩轮 轡 轗輭輱輲轃轲輭輰輮輵轙 輜转轭 轡车轴轥轲 3 h 轡轮轮轥轡转轩轮轧 轩轮 轁轲輻 輨轢輩
轍轡轳轳 轣轨轡轮轧轥 轷轩轴轨 轲轥轳轰轥轣轴 轴软 轴轩轭轥 软车 轡轮轮轥轡转轥轤 轗輭輱輲轃轲輭輰輮輵轙 轳轡轭轰转轥轳 轡轴
1273 K 轩轮 20 kPa 轏2 轡轮轤 80 kPa 轁轲 轡轴轭软轳轰轨轥轲轥輮 轔轨轥 轡轮轮轥轡转轩轮轧 轴轩轭轥轳 轩轮
轁轲 轡轲轥 0 min輬 1.25 h輬 轡轮轤 3 h輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輷輸轝輮 輮 輮 輮 輹輵

輹輮輵 轗輭輱輲轃轲輭輰輮輵轙 轡转转软轹 软轸轩轤轩轺轥轤 轡轴 1273 K 车软轲 75 min 轩轮 20 kPa 轏2 轡轮轤 80 kPa
轁轲 轡轴轭软轳轰轨轥轲轥輮 輨轡輩 轓轣轨轥轭轡轴轩轣 轤轲轡轷轩轮轧 软车 轡 转轡轭轥转转轡輬 轮软轴 轩轮 轳轣轡转轥輮
轍轥轡轳轵轲轥轭轥轮轴轳 轡轲轥 轣软轮轤轵轣轴轥轤 轩轮 轲轥轧轩软轮轳 轁 轡轮轤 轂輻 輨轢輩 轓轔轅轍 轭轥轡轳轵轲轥轭轥轮轴
轩轮 轲轥轧轩软轮 轁輮 轔轨轥 轷轨轩轴轥 轡轲轲软轷 轰软轩轮轴轳 轴软轷轡轲轤轳 轴轨轥 轳轵轲车轡轣轥 软轸轩轤轥 转轡轹轥轲輻 輨轣輩
轣软轭轢轩轮轥轤 轅轄轘 轭轡轰 软车 轗輬 轃轲輬 轡轮轤 轙 轣软轲轲轥轳轰软轮轤轩轮轧 轴软 轴轨轥 轡轲轥轡 轳轨软轷轮 轩轮
輨轢輩輻 輨轤輩 轳轥轰轡轲轡轴轥 轅轄轘 轭轡轰 软车 轙 轡轮轤 轴轨轥 轳轰轥轣轴轲轵轭 轡轤轤轥轤 轵轰 软轶轥轲 轴轨轥 轷轨软转轥
轭轡轰轰轩轮轧 轡轲轥轡 轩轮 轴轨轥 轩轮轳轥轴輮 轆轩轧轵轲轥 轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輷輸轝輮 輮 輮 輮 輮 輹輸

輱輴輶



輹輮輶 轓轔轅轍 轭轥轡轳轵轲轥轭轥轮轴 轩轮 轲轥轧轩软轮 轂輬 轡轳 轩轮轤轩轣轡轴轥轤 轩轮 轆轩轧輮 輹輮輵 轡輮 轔轨轥
轗輭輱輲轃轲輭輰輮輵轙 轡转转软轹 轩轳 软轸轩轤轩轺轥轤 轡轴 1273 K 轩轮 20 kPa 轏2 轡轮轤 80 kPa 轁轲
轡轴轭软轳轰轨轥轲轥 车软轲 75 min輮 轔轨轥 转轥轮轧轴轨 软车 轴轨轥 轳轣轡转轥 轢轡轲 轩轮 轴轨轥 轴软轰 轲轩轧轨轴 轣软轲轮轥轲
轩轳 50 nm 车软轲 轡转转 轩轭轡轧轥轳輮 輨轡輩 轄轡轲轫輭輜轥转轤 轩轭轡轧轥 轵轳轩轮轧 轴轷软 轤轩輛轥轲轥轮轴 轣软转软轲 轭轡轰轳輺
软轮轥 车软轲 轴轨轥 轃轲2轏3 转轡轹轥轲 轡轮轤 软轮轥 车软轲 轴轨轥 轡转转软轹輻 轅轄轘 轭轡轰 轭轥轡轳轵轲轥轭轥轮轴轳 软车
輨轢輩 轗輬 輨轣輩 轃轲輬 輨轤輩 轏輬 轡轮轤 輨轥輩 轙輮 輨车輩 轏轶轥轲转轡轹 软车 轩轭轡轧轥轳 輨轢輬轣輬轥輩輮 轆轩轧轵轲轥
轡轤轡轰轴轥轤 车轲软轭 轆輮 轋转轥轩轮 轥轴 轡转輮 轛輷輸轝輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輹輹

輹輮輷 轁 轓轅轍 轩轭轡轧轥 软车 轴轨轥 轴轩轰 轣轵轴 车软轲 轴轨轥 轁轐轔 轳轴轵轤轹輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輹輹
輹輮輸 轒轥轳轵转轴轳 软车 轴轨轥 轁轐轔 轭轥轡轳轵轲轥轭轥轮轴 轩轮 轴轨轥 轃轲2轏3 轳轣轡转轥輮 輨轡輩 轴轨轥 轥转轥轭轥轮轴轡转

轤轩轳轴轲轩轢轵轴轩软轮 软车 轃轲輬 轙輬 轗輬 轡轮轤 轗轏 轩轮 轡 轴轨轲轥轥 轤轩轭轥轮轳轩软轮轡转 轩轭轡轧轥輮 輨轢輩
轴轨轥 轥转轥轭轥轮轴轡转 轤轩轳轴轲轩轢轵轴轩软轮 软车 轏 轩轮 轡 轴轨轲轥轥 轤轩轭轥轮轳轩软轮轡转 轩轭轡轧轥輮 輨轣輩 轴轨轥
轣软轮轣轥轮轴轲轡轴轩软轮 软车 轙 轩轮 轡 转轩轮轥 轳轣轡轮 轡轣轲软轳轳 轡 轧轲轡轩轮 轢软轵轮轤轡轲轹輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輱輰輰

輹輮輹 轒轥轳轵转轴轳 软车 轴轨轥 轁轐轔 轭轥轡轳轵轲轥轭轥轮轴 轩轮 轴轨轥 轡转转软轹 轤轩轲轥轣轴转轹 轢轥轮轥轡轴轨 轴轨轥 轃轲2轏3

轳轣轡转轥輮 輨轡輩 轴轨轥 轥转轥轭轥轮轴轡转 轤轩轳轴轲轩轢轵轴轩软轮 轩轮 轡轮 轴轨轲轥轥 轤轩轭轥轮轳轩软轮轡转 软轶轥轲轶轩轥轷
轩轭轡轧轥輮 輨轢輩 轡轮轤 輨轣輩 轺软软轭輭轩轮轳 软车 轴轨轥 轲轥轧轩软轮轳 轭轡轲轫轥轤 轩轮 輨轡輩輮 輨轤輩 轴轨轥 轥转轥轭轥轮轴轡转
轣软轭轰软轳轩轴轩软轮 轩轮 轡 轰轲软轸轩轭轩轴轹 轨轩轳轴软轧轲轡轭 轡轲软轵轮轤 轴轨轥 轢轩轧轧轥轳轴 轮轡轮软輭轰轡轲轴轩轣转轥輬 轡轳
转轡轢轥转轥轤 轩轮 輨轡輩輮 輨轥輩 轴轨轥 轥转轥轭轥轮轴轡转 轣软轮轣轥轮轴轲轡轴轩软轮轳 轩轮 轡 轰轲软轸轩轭轩轴轹 轨轩轳轴软轧轲轡轭
轡轣轲软轳轳 轴轷软 轤轩輛轥轲轥轮轴 轧轲轡轩轮轳輮 輨车輩 轴轨轥 轥转轥轭轥轮轴轡转 轣软轭轰软轳轩轴轩软轮 轩轮 轡 轰轲软轸轩轭轩轴轹
轨轩轳轴软轧轲轡轭 车轲软轭 轴轨轥 软轸轩轤轥 轴软 轴轨轥 轡转转软轹輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輱輰輲

輹輮輱輰 轓轫轥轴轣轨 轩转转轵轳轴轲轡轴轩轮轧 轴轨轥 轲轥轣软轮轳轴轲轵轣轴轩软轮 轡轲轴轩车轡轣轴 轷轨轥轮 轴轨轥 轲轥轡转 轳轵轲车轡轣轥 轤轥轶轩轡轴轥轳
车轲软轭 轴轨轥 轨轥轭轩轳轰轨轥轲轩轣轡转 轴轩轰 轳轨轡轰轥 轡轳轳轵轭轥轤 车软轲 轴轨轥 轲轥轣软轮轳轴轲轵轣轴轩软轮輮 轔轨轥
轡轲轴轩车轡轣轴 轩轳 轥轸轡轧轧轥轲轡轴轥轤 轩轮 轴轨轥 轳轫轥轴轣轨 车软轲 轣转轡轲轩轴轹輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輮 輱輰輳

輹輮輱輱 轓轩轭轰转轩輜轥轤 轳轣轨轥轭轡轴轩轣 软车 轤轩輛轵轳轩软轮 轩轮 轴轨轥 轰轲轥轳轥轮轣轥 软车 轩轭轰轵轲轩轴轩轥轳輮 轍软轶轥轭轥轮轴
软车 轃轲 轴软 轴轨轥 轮轥轡轲轥轳轴 轶轡轣轡轮轣轹 轲轥轱轵轩轲轩轮轧 轴轨轥 轥轮轥轲轧轹 ∆E1 轩轳 轢转软轣轫轥轤 轢轹 轙 软轲
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轧轥轭轥轩轮轳轡轭轥 轖轥轲轳轴迤轮轤轮轩轳 轶轥轲轢轥轳轳轥轲轴輮 轄轡轮轫轥輮

轊轡轮轩轮轡 轓轣轨轭轩轴轺 轨轡轴 轤轩轥 软轸轩轤轡轴轩软轮轳轢轥轳轴迤轮轤轩轧轥轮 轗软转车轲轡轭转轥轧轩轥轲轵轮轧轥轮 轵轮轴轥轲 轐转轡轳轭轡輭
轥轸轰软轮轩轥轲轵轮轧 轵轮轴轥轲轳轵轣轨轴輮 轄轡轳 轨轡轴 轷轩轣轨轴轩轧轥輬 轫软轭轰转轩轭轥轮轴迤轲轥 轅轲轫轥轮轮轴轮轩轳轳轥 轧轥转轩轥车轥轲轴輮 轉轭
轧轥轭轥轩轮轳轡轭轥轮 轂迼轲软 轳轴轡轮轤 轳轩轥 轩轭轭轥轲 车迼轲 轷轩轳轳轥轮轳轣轨轡车轴转轩轣轨轥轮 轁轵轳轴轡轵轳轣轨 轺轵轲 轖轥轲车迼轧轵轮轧輮
轄轡轮轫轥輮

轄轲輮 轈软轮轧轣轨轵 轄轵 进行了轓轔轅轍 测量，提供了对纳米量级智能合金薄膜的一些见
解。谢谢。

轁轮轤轲轥轡轳 轓轣轨轷轡轩轴轺轥轲 轷轡轲 轢轥轩 轤轥轲 轈轥轲轳轴轥转转轵轮轧 轶软轮 轳轰轥轺轩轥转转轥轮 轈轡转轴轥轲轮 车迼轲 轏轸轩轤轡轴轩软轮轳輭
轵轮轤 轓轵轢转轩轭轡轴轩软轮轳轶轥轲轳轵轣轨轥 轩轭轭轥轲 轨轩转车轳轢轥轲轥轩轴輮 轄轡轮轫轥輮

轒轵轤轩 轃轡轳轰轥轲轳 轨轡轴 轤轩轥 车轥轲轴轩轧 轧轥轳轩轮轴轥轲轴轥轮 轐轲软轢轥轮 轺轵轶轥轲转迤轳轳轩轧 轧轥轳轣轨轮轩轴轴轥轮輮 轄轡轮轫轥輮

轄轲輮 轊轡轮 轗轩转转轥轭 轃软轥轮轥轮 轳轴轡轮轤 轡转轳 轇轲轵轰轰轥轮转轥轩轴轥轲 轡轭 轉轅轋輭輴 轩轭轭轥轲 轡转轳 轨轩转车轲轥轩轣轨轥轲
轁轮轳轰轲轥轣轨轰轡轲轴轮轥轲 轺轵轲 轖轥轲车迼轧轵轮轧輮 轄轡轮轫轥輮

輱輵輱



轔轨轥 轉轅轋輭輴 轡轳 轡 轩轮轳轴轩轴轵轴轥 轰轲软轶轩轤轥轤 轡轮 轥轸轣轥转转轥轮轴 轷软轲轫轩轮轧 轡轴轭软轳轰轨轥轲轥 轡轮轤 轴轨轥
轩轮车轲轡轳轴轲轵轣轴轵轲轥 轲轥轱轵轩轲轥轤 车软轲 轰轥轲车软轲轭轩轮轧 轴轨轥 轷软轲轫 轰轲轥轳轥轮轴轥轤 轩轮 轴轨轩轳 轴轨轥轳轩轳輮 轔轨轡轮轫 轹软轵 轴软 轡转转
轣软转转轥轡轧轵轥轳輮

轍轥轩轮轥轲 轆轡轭轩转轩轥 轵轮轤 轭轥轩轮轥 轆轲轥轵轮轤轥轮 车迼轲 轤轥轮 轷轩轣轨轴轩轧轥轮 轒迼轣轫轨轡转轴 轩轭 轌轥轢轥轮輮 轄轡轮轫轥輮

輱輵輲



Lebenslauf

Persönliche Daten

轎轡轭轥輺 轆轥转轩轸 轋转轥轩轮
轇轥轳轣轨转轥轣轨轴輺 轭迤轮轮转轩轣轨
轇轥轢轵轲轴轳轤轡轴轵轭輺 輱輵輮輰輸輮輱輹輹輰
轇轥轢轵轲轴轳软轲轴輺 轄轲轥轳轤轥轮
轎轡轴轩软轮轡转轩轴迤轴輺 轄轥轵轴轳轣轨

Bildungsweg

輱輹輹輷輭輲輰輰輱 轓轥轢轡轳轴轩轡轮轵轳轳轣轨轵转轥輬 轋轡轴轨软转轩轳轣轨轥 轇轲轵轮轤轳轣轨轵转轥 轗迼轲轳轥转轥轮輬
轄轥轵轴轳轣轨转轡轮轤

輲輰輰輱輭輲輰輱輰 轇轹轭轮轡轳轩轵轭 轤轥轲 轓轴轡轤轴 轗迼轲轳轥转轥轮輬 轄轥轵轴轳轣轨转轡轮轤
輲輰輰輷輯輸 轁轵轳转轡轮轤轳轡轵车轥轮轴轨轡转轴輺 轒软轣轨轥轤轡转轥 轓轴轡轴轥 轈轩轧轨 轓轣轨软软转輬 轂轲轩轳轢轡轮轥輬

轁轵轳轴轲轡转轩轥轮
輲輰輱輰 轁轢轳轣轨转轵轳轳輺 轁轢轩轴轵轲 轭轩轴 轤轥轲 轎软轴轥 輱輬輱

輲輰輱輰輭輲輰輱輶 轓轴轵轤轩轵轭 轤轥轲 轐轨轹轳轩轫 轡轮 轤轥轲 轒轨轥轩轮轩轳轣轨輭轗轥轳轴车迤转轩轳轣轨轥轮 轔轥轣轨轮轩轳轣轨轥轮
轈软轣轨轳轣轨轵转轥 轁轡轣轨轥轮輬 轄轥轵轴轳轣轨转轡轮轤

輲輰輱輳 轁轢轳轣轨转轵轳轳輺 轂轡轣轨轥转软轲 软车 轓轣轩轥轮轣轥 轭轩轴 轤轥轲 轎软轴轥 輲輬輵
轔轩轴轥转 轤轥轲 轂轡轣轨轥转软轲轡轲轢轥轩轴輺 轃软轮车软轣轡转 轒轡轭轡轮 轓轰轥轣轴轲软轳轣软轰轹 软车

轇轲轡轰轨轥轮轥 软轮 轄轩輛轥轲轥轮轴 轓轵轢轳轴轲轡轴轥轳
輲輰輱輳輯輴 轓轴轵轤轥轮轴轩轳轣轨轥 轈轩转车轳轫轲轡车轴輬 輲輮 轐轨轹轳轩轫轡转轩轳轣轨轥轳 轉轮轳轴轩轴轵轴 轁輬 轒轨轥轩轮轩轳轣轨輭

轗轥轳轴车迤转轩轳轣轨轥 轔轥轣轨轮轩轳轣轨轥 轈软轣轨轳轣轨轵转轥 轁轡轣轨轥轮輬 轄轥轵轴轳轣轨转轡轮轤
輲輰輱輴 轁轵轳转轡轮轤轳轡轵车轥轮轴轨轡转轴 轩轭 轒轡轨轭轥轮 轶软轮 轅轒轁轓轍轕轓 轡轮 轤轥轲 轓轣轨软软转 软车

轓轣轩轥轮轣轥輬 轁轡转轴软 轕轮轩轶轥轲轳轩轴轹輬 轅轳轰软软輬 轆轩轮轮转轡轮轤
輲輰輱輴 轗轩轳轳轥轮轳轣轨轡车轴转轩轣轨轥 轈轩转车轳轫轲轡车轴輬 轄轥轰轡轲轴轭轥轮轴 软车 轍轩轣轲软輭 轡轮轤

轎轡轮软轳轣轩轥轮轣轥轳輬 轓轣轨软软转 软车 轅转轥轣轴轲轩轣轡转 轅轮轧轩轮轥轥轲轩轮轧輬 轁轡转轴软 轕轮轩轶轥轲轳轩轴轹輬
轅轳轰软软輬 轆轩轮轮转轡轮轤

輲輰輱輶 轁轢轳轣轨转轵轳轳輺 轍轡轳轴轥轲 软车 轓轣轩轥轮轣轥 轭轩轴 轤轥轲 轎软轴轥 輱輬輳
轔轩轴轥转 轤轥轲 轍轡轳轴轥轲轡轲轢轥轩轴輺 轓轴轵轤轩轥轳 软轮 轙轴轴轲轩轵轭輭轃软轮轴轡轩轮轩轮轧 轓轭轡轲轴

轁转转软轹轳
輲輰輱輶輭輲輰輱輹 轗轩轳轳轥轮轳轣轨轡车轴转轩轣轨轥轲 轍轩轴轡轲轢轥轩轴轥轲 轡轭 轆软轲轳轣轨轵轮轧轳轺轥轮轴轲轵轭 轊迼转轩轣轨

轇轭轢轈輬 轉轮轳轴轩轴轵轴 车迼轲 轅轮轥轲轧轩轥輭 轵轮轤 轋转轩轭轡车软轲轳轣轨轵轮轧 輕 轐转轡轳轭轡轰轨轹轳轩轫輬
轐轡轲轴轮轥轲 软车 轴轨轥 轔轲轩转轡轴轥轲轡转 轅轵轲轥轧轩软 轃转轵轳轴轥轲 輨轔轅轃輩輬 轊迼转轩轣轨輬
轄轥轵轴轳轣轨转轡轮轤輻
轄软轫轴软轲轡轮轤 轤轥轲 轆轡轫轵转轴迤轴 车迼轲 轐轨轹轳轩轫 轵轮轤 轁轳轴轲软轮软轭轩轥輬 轒轵轨轲輭
轕轮轩轶轥轲轳轩轴迤轴 轂软轣轨轵轭輬 轄轥轵轴轳轣轨转轡轮轤

輱輵輳



Sprachkenntnisse

轄轥轵轴轳轣轨輺 轍轵轴轴轥轲轳轰轲轡轣轨轥
轅轮轧转轩轳轣轨輺 轖轥轲轨轡轮轤转轵轮轧轳轳轩轣轨轥轲
轆轲轡轮轺迶轳轩轳轣轨輺 轄轩轰转迴轭轥 轤輧迩轴轵轤轥轳 轥轮 转轡轮轧轵轥 车轲轡轮迧轡轩轳轥 轄轅轌轆 轁輲 輨轊轡轨轲 輲輰輰輷輩
轌轡轴轥轩轮輺 轓轣轨轵转轫轥轮轮轴轮轩轳轳轥輬 輲 轊轡轨轲轥
轆轩轮轮轩轳轣轨輺 轅转轥轭轥轮轴轡轲轥 轓轰轲轡轣轨轶轥轲轷轥轮轤轵轮轧輬 轎轩轶轥轡轵轳轴轵车轥 轁輱輮輲

輱輵輴



Curriculum vitae

Personal information

轎轡轭轥輺 轆轥转轩轸 轋转轥轩轮
轇轥轮轤轥轲輺 轭轡转轥
轄轡轴轥 软车 轢轩轲轴轨輺 輱輵輯輰輸輯輱輹輹輰
轐转轡轣轥 软车 轢轩轲轴轨輺 轄轲轥轳轤轥轮
轎轡轴轩软轮轡转轩轴轹輺 轇轥轲轭轡轮

Education

輱輹輹輷輭輲輰輰輱 轓轥轢轡轳轴轩轡轮轵轳轳轣轨轵转轥輬 轃轡轴轨软转轩轣 轐轲轩轭轡轲轹 轓轣轨软软转輬 轗迼轲轳轥转轥轮輬 轇轥轲轭轡轮轹
輲輰輰輱輭輲輰輱輰 轇轹轭轮轡轳轩轵轭 轤轥轲 轓轴轡轤轴 轗迼轲轳轥转轥轮輬 轇轥轲轭轡轮轹

輲輰輰輷輯輸 轓轴轡轹 轡轢轲软轡轤輺 轒软轣轨轥轤轡转轥 轓轴轡轴轥 轈轩轧轨 轓轣轨软软转輬 轂轲轩轳轢轡轮轥輬 轁轵轳轴轲轡转轩轡
輲輰輱輰 轇轲轡轤轵轡轴轩软轮輺 轁轢轩轴轵轲 轷轩轴轨 轴轨轥 轭轡轲轫 輱輮輱

輲輰輱輰輭輲輰輱輶 轓轴轵轤轹 软车 轐轨轹轳轩轣轳 轡轴 轴轨轥 轒轨轥轩轮轩轳轣轨輭轗轥轳轴车迤转轩轳轣轨轥 轔轥轣轨轮轩轳轣轨轥
轈软轣轨轳轣轨轵转轥 轁轡轣轨轥轮 轕轮轩轶轥轲轳轩轴轹輬 轇轥轲轭轡轮轹

輲輰輱輳 轇轲轡轤轵轡轴轩软轮輺 轂轡轣轨轥转软轲 软车 轓轣轩轥轮轣轥 轷轩轴轨 轴轨轥 轭轡轲轫 輲輮輵
轔轩轴转轥 软车 轴轨轥 轂轡轣轨轥转软轲 轴轨轥轳轩轳輺 轃软轮车软轣轡转 轒轡轭轡轮 轓轰轥轣轴轲软轳轣软轰轹 软车

轇轲轡轰轨轥轮轥 软轮 轄轩輛轥轲轥轮轴 轓轵轢轳轴轲轡轴轥轳
輲輰輱輳輯輴 轓轴轵轤轥轮轴 轲轥轳轥轡轲轣轨 轡轳轳轩轳轴轡轮轴輬 輲輮 轐轨轹轳轩轫轡转轩轳轣轨轥轳 轉轮轳轴轩轴轵轴 轁輬

轒轨轥轩轮轩轳轣轨輭轗轥轳轴车迤转轩轳轣轨轥 轔轥轣轨轮轩轳轣轨轥 轈软轣轨轳轣轨轵转轥 轁轡轣轨轥轮 轕轮轩轶轥轲轳轩轴轹輬
轇轥轲轭轡轮轹

輲輰輱輴 轓轴轡轹 轡轢轲软轡轤 轩轮 轴轨轥 车轲轡轭轥轷软轲轫 软车 轅轒轁轓轍轕轓 轡轴 轴轨轥 轓轣轨软软转 软车
轓轣轩轥轮轣轥輬 轁轡转轴软 轕轮轩轶轥轲轳轩轴轹輬 轅轳轰软软輬 轆轩轮转轡轮轤

輲輰輱輴 轒轥轳轥轡轲轣轨 轡轳轳轩轳轴轡轮轴輬 轄轥轰轡轲轴轭轥轮轴 软车 轍轩轣轲软輭 轡轮轤 轎轡轮软轳轣轩轥轮轣轥轳輬
轓轣轨软软转 软车 轅转轥轣轴轲轩轣轡转 轅轮轧轩轮轥轥轲轩轮轧輬 轁轡转轴软 轕轮轩轶轥轲轳轩轴轹輬 轅轳轰软软輬 轆轩轮转轡轮轤

輲輰輱輶 轇轲轡轤轵轡轴轩软轮輺 轍轡轳轴轥轲 软车 轓轣轩轥轮轣轥 轷轩轴轨 轴轨轥 轭轡轲轫 輱輮輳
轔轩轴转轥 软车 轴轨轥 轍轡轳轴轥轲 轴轨轥轳轩轳輺 轓轴轵轤轩轥轳 软轮 轙轴轴轲轩轵轭輭轃软轮轴轡轩轮轩轮轧

轓轭轡轲轴 轁转转软轹轳
輲輰輱輶輭輲輰輱輹 轒轥轳轥轡轲轣轨 轡轳轳轩轳轴轡轮轴 轡轴 轴轨轥 轆软轲轳轣轨轵轮轧轳轺轥轮轴轲轵轭 轊迼转轩轣轨 轇轭轢轈輬

轉轮轳轴轩轴轵轴 车迼轲 轅轮轥轲轧轩轥輭 轵轮轤 轋转轩轭轡车软轲轳轣轨轵轮轧 輕 轐转轡轳轭轡轰轨轹轳轩轫輬
轐轡轲轴轮轥轲 软车 轴轨轥 轔轲轩转轡轴轥轲轡转 轅轵轲轥轧轩软 轃转轵轳轴轥轲 輨轔轅轃輩輬 轊迼转轩轣轨輬 轇轥轲轭轡轮轹輻
轐轨轄 轳轴轵轤轥轮轴 轡轴 轴轨轥 轆轡轣轵转轴轹 软车 轐轨轹轳轩轣轳 轡轮轤 轁轳轴轲软轮软轭轹輬 轒轵轨轲輭
轕轮轩轶轥轲轳轩轴迤轴 轂软轣轨轵轭輬 轇轥轲轭轡轮轹

輱輵輵



Languages

轇轥轲轭轡轮輺 轎轡轴轩轶轥 轳轰轥轡轫轥轲
轅轮轧转轩轳轨輺 轁轤轶轡轮轣轥轤
轆轲轥轮轣轨輺 轄轩轰转迴轭轥 轤輧迩轴轵轤轥轳 轥轮 转轡轮轧轵轥 车轲轡轮迧轡轩轳轥 轄轅轌轆 轁輲 輨轹轥轡轲 輲輰輰輷輩
轌轡轴轩轮輺 轓轣轨软软转 轫轮软轷转轥轤轧轥輬 輲 轹轥轡轲轳
轆轩轮轮轩轳轨輺 轂轥轧轩轮轮轥轲輬 转轥轶轥转 轁輱輮輲

Conferences and trainings

輲輰輱輵 轅轩轮轤轨软轶轥轮輬
轎轥轴轨轥轲转轡轮轤轳

轔轲轩转轡轴轥轲轡转 轅轵轲轥轧轩软 轃转轵轳轴轥轲 轍轥轥轴轩轮轧
轔轡转轫輺 轓轭轡轲轴 轁转转软轹轳 輭 轔轥轳轴轳 轡轮轤 轕轮轤轥轲轳轴轡轮轤轩轮轧

輲輰輱輶 轈轡轮轮软轶轥轲輬
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