
Half-life sparkles 
 
”Sparks caused by an angle grinder tend to fly over a 
certain distance and then to split into several smaller 
sparks. What causes them to split? What is the 
condition for a split to occur? What influences the 
distance before the split? What will be the distance 
distribution of the sparks to fly?”  

Frederik Laust Durhuus, Danish Team 
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•  Local friction heating 

 

•  Velocity and size distributions 
 

•  Power transferred 

•  Microstructure of wheel  
and metal 

•  Grain size 

r(0) : Pr(r)
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Speed dominated by air resistance: 

Oxide thickness1:  

•  Oxidative heating and surface cooling 

•  Exothermic reactions 

•  Auto-ignition 
 

 

 

mv̇ = �bv
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h
ox

: Oxide thickness[m]

k : Rate constant[m2/t]

b : Damping parameter[kg/s]

Q : Activation energy[J/mol]
<latexit sha1_base64="2lOZH/yq3lmhtZs29OvWT9Piqys="></latexit><latexit sha1_base64="2lOZH/yq3lmhtZs29OvWT9Piqys="></latexit><latexit sha1_base64="2lOZH/yq3lmhtZs29OvWT9Piqys="></latexit><latexit sha1_base64="2lOZH/yq3lmhtZs29OvWT9Piqys="></latexit>

h
ox

(t) =
p
k0te

�Q/2RT =
p

k
ox

t
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[1]: Chen, et. Al. "Review of the high-
temperature oxidation of iron and carbon 
steels in air or oxygen."  
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•  Solid state fracture:  
 - Thermal expansion mismatch 
 - Growth stress from oxidation 

 

•  Phase transitions: 
 - Melting 
 - Local sublimation 

 
 

•  Outwards pressure: 
 -Explosive reactions 



DTU Physics, Technical University of Denmark 
Add or change  
Presentation Title or Date 
via ”Insert”; ”Header & Footer” 

Spark temperature2 

5 

•  Mean temperatures 

•  Distance variation 
due to oxidation 

[2]: Tschorn G., ”Spark Atlas of Steels” 
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•  Bursting: Explosive reactions. •  Splitting: Solid fracture 
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•  Rapid surface oxidation 
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•  Rapid surface oxidation 

•  Growth strain 

•  Deformation of metal 

 

✏̇
growth

/ eT ḣ
ox
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<latexit sha1_base64="ytVpUJ3QDBtouuac2eHym3emVUk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARXNSSqKAuhKIbN0KFpi00MUymk3bo5OLMRCwhL+HGV3HjQsWtC3e+jdM2C239YeDjP+dw5vxezKiQhvGtFebmFxaXisulldW19Q19c6spooRjYuGIRbztIUEYDYklqWSkHXOCAo+Rlje4HNVb94QLGoUNOYyJE6BeSH2KkVSWq1fIbQOeQ1vccdk5clLb5winTTe9rkQPWTahIMsyeABNVy8bVWMsOAtmDmWQq+7qX3Y3wklAQokZEqJjGrF0UsQlxYxkJTsRJEZ4gHqkozBEARFOOr4qg3vK6UI/4uqFEo7d3xMpCoQYBp7qDJDsi+nayPyv1kmkf+qkNIwTSUI8WeQnDMoIjiKCXcoJlmyoAGFO1V8h7iOVi1RBllQI5vTJs2AdVs+q5s1xuXaRp1EEO2AX7AMTnIAauAJ1YAEMHsEzeAVv2pP2or1rH5PWgpbPbIM/0j5/AH6dnfo=</latexit><latexit sha1_base64="ytVpUJ3QDBtouuac2eHym3emVUk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARXNSSqKAuhKIbN0KFpi00MUymk3bo5OLMRCwhL+HGV3HjQsWtC3e+jdM2C239YeDjP+dw5vxezKiQhvGtFebmFxaXisulldW19Q19c6spooRjYuGIRbztIUEYDYklqWSkHXOCAo+Rlje4HNVb94QLGoUNOYyJE6BeSH2KkVSWq1fIbQOeQ1vccdk5clLb5winTTe9rkQPWTahIMsyeABNVy8bVWMsOAtmDmWQq+7qX3Y3wklAQokZEqJjGrF0UsQlxYxkJTsRJEZ4gHqkozBEARFOOr4qg3vK6UI/4uqFEo7d3xMpCoQYBp7qDJDsi+nayPyv1kmkf+qkNIwTSUI8WeQnDMoIjiKCXcoJlmyoAGFO1V8h7iOVi1RBllQI5vTJs2AdVs+q5s1xuXaRp1EEO2AX7AMTnIAauAJ1YAEMHsEzeAVv2pP2or1rH5PWgpbPbIM/0j5/AH6dnfo=</latexit><latexit sha1_base64="ytVpUJ3QDBtouuac2eHym3emVUk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARXNSSqKAuhKIbN0KFpi00MUymk3bo5OLMRCwhL+HGV3HjQsWtC3e+jdM2C239YeDjP+dw5vxezKiQhvGtFebmFxaXisulldW19Q19c6spooRjYuGIRbztIUEYDYklqWSkHXOCAo+Rlje4HNVb94QLGoUNOYyJE6BeSH2KkVSWq1fIbQOeQ1vccdk5clLb5winTTe9rkQPWTahIMsyeABNVy8bVWMsOAtmDmWQq+7qX3Y3wklAQokZEqJjGrF0UsQlxYxkJTsRJEZ4gHqkozBEARFOOr4qg3vK6UI/4uqFEo7d3xMpCoQYBp7qDJDsi+nayPyv1kmkf+qkNIwTSUI8WeQnDMoIjiKCXcoJlmyoAGFO1V8h7iOVi1RBllQI5vTJs2AdVs+q5s1xuXaRp1EEO2AX7AMTnIAauAJ1YAEMHsEzeAVv2pP2or1rH5PWgpbPbIM/0j5/AH6dnfo=</latexit><latexit sha1_base64="ytVpUJ3QDBtouuac2eHym3emVUk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARXNSSqKAuhKIbN0KFpi00MUymk3bo5OLMRCwhL+HGV3HjQsWtC3e+jdM2C239YeDjP+dw5vxezKiQhvGtFebmFxaXisulldW19Q19c6spooRjYuGIRbztIUEYDYklqWSkHXOCAo+Rlje4HNVb94QLGoUNOYyJE6BeSH2KkVSWq1fIbQOeQ1vccdk5clLb5winTTe9rkQPWTahIMsyeABNVy8bVWMsOAtmDmWQq+7qX3Y3wklAQokZEqJjGrF0UsQlxYxkJTsRJEZ4gHqkozBEARFOOr4qg3vK6UI/4uqFEo7d3xMpCoQYBp7qDJDsi+nayPyv1kmkf+qkNIwTSUI8WeQnDMoIjiKCXcoJlmyoAGFO1V8h7iOVi1RBllQI5vTJs2AdVs+q5s1xuXaRp1EEO2AX7AMTnIAauAJ1YAEMHsEzeAVv2pP2or1rH5PWgpbPbIM/0j5/AH6dnfo=</latexit>
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•  Rapid surface oxidation 

•  Growth strain 

•  Deformation of metal 

•  Stress build up2 

•  Spreading cracks 

 

•  Brittle fracture 

 

[3] 

Stress expression valid for low t. Specifically for thin oxide layers. 

E : Young modulus[Pa]

⌫ : Poisson ratio

rs : Spark radius[m]

<latexit sha1_base64="BNgZ23o+TBLe8bn4AmyFOWJhjAg="></latexit><latexit sha1_base64="BNgZ23o+TBLe8bn4AmyFOWJhjAg="></latexit><latexit sha1_base64="BNgZ23o+TBLe8bn4AmyFOWJhjAg="></latexit><latexit sha1_base64="BNgZ23o+TBLe8bn4AmyFOWJhjAg="></latexit>
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<latexit sha1_base64="1ybYyQMAKI0S3kb3IjSNYdEiMsU=">AAACGHicbVDLSgMxFM34tr6qLt0Ei+CqzIig7opuXCpYK7S1ZNLbNjSThOSOWob5DTf+ihsXKm7d+Temj4VWDwQO59zLzTmxkcJhGH4FM7Nz8wuLS8uFldW19Y3i5ta106nlUOVaansTMwdSKKiiQAk3xgJLYgm1uH829Gt3YJ3Q6goHBpoJ6yrREZyhl1rFsNHWmDXAOCG1yltZ1+p77OW0Yaw2qCncXtHRTM+b+iFvFUthORyB/iXRhJTIBBet4qdf52kCCrlkztWj0GAzYxYFl5AXGqkDw3ifdaHuqWIJuGY2SpbTPa+0aUdb/xTSkfpzI2OJc4Mk9pMJw56b9obif149xc5xMxPKpAiKjw91Ukl94mFNtC0scJQDTxi3wv+V8h6zjKMvs+BLiKYj/yXVg/JJObo8LFVOJ20skR2yS/ZJRI5IhZyTC1IlnDySZ/JK3oKn4CV4Dz7GozPBZGeb/ELw+Q1drqH6</latexit><latexit sha1_base64="1ybYyQMAKI0S3kb3IjSNYdEiMsU=">AAACGHicbVDLSgMxFM34tr6qLt0Ei+CqzIig7opuXCpYK7S1ZNLbNjSThOSOWob5DTf+ihsXKm7d+Temj4VWDwQO59zLzTmxkcJhGH4FM7Nz8wuLS8uFldW19Y3i5ta106nlUOVaansTMwdSKKiiQAk3xgJLYgm1uH829Gt3YJ3Q6goHBpoJ6yrREZyhl1rFsNHWmDXAOCG1yltZ1+p77OW0Yaw2qCncXtHRTM+b+iFvFUthORyB/iXRhJTIBBet4qdf52kCCrlkztWj0GAzYxYFl5AXGqkDw3ifdaHuqWIJuGY2SpbTPa+0aUdb/xTSkfpzI2OJc4Mk9pMJw56b9obif149xc5xMxPKpAiKjw91Ukl94mFNtC0scJQDTxi3wv+V8h6zjKMvs+BLiKYj/yXVg/JJObo8LFVOJ20skR2yS/ZJRI5IhZyTC1IlnDySZ/JK3oKn4CV4Dz7GozPBZGeb/ELw+Q1drqH6</latexit><latexit sha1_base64="1ybYyQMAKI0S3kb3IjSNYdEiMsU=">AAACGHicbVDLSgMxFM34tr6qLt0Ei+CqzIig7opuXCpYK7S1ZNLbNjSThOSOWob5DTf+ihsXKm7d+Temj4VWDwQO59zLzTmxkcJhGH4FM7Nz8wuLS8uFldW19Y3i5ta106nlUOVaansTMwdSKKiiQAk3xgJLYgm1uH829Gt3YJ3Q6goHBpoJ6yrREZyhl1rFsNHWmDXAOCG1yltZ1+p77OW0Yaw2qCncXtHRTM+b+iFvFUthORyB/iXRhJTIBBet4qdf52kCCrlkztWj0GAzYxYFl5AXGqkDw3ifdaHuqWIJuGY2SpbTPa+0aUdb/xTSkfpzI2OJc4Mk9pMJw56b9obif149xc5xMxPKpAiKjw91Ukl94mFNtC0scJQDTxi3wv+V8h6zjKMvs+BLiKYj/yXVg/JJObo8LFVOJ20skR2yS/ZJRI5IhZyTC1IlnDySZ/JK3oKn4CV4Dz7GozPBZGeb/ELw+Q1drqH6</latexit><latexit sha1_base64="1ybYyQMAKI0S3kb3IjSNYdEiMsU=">AAACGHicbVDLSgMxFM34tr6qLt0Ei+CqzIig7opuXCpYK7S1ZNLbNjSThOSOWob5DTf+ihsXKm7d+Temj4VWDwQO59zLzTmxkcJhGH4FM7Nz8wuLS8uFldW19Y3i5ta106nlUOVaansTMwdSKKiiQAk3xgJLYgm1uH829Gt3YJ3Q6goHBpoJ6yrREZyhl1rFsNHWmDXAOCG1yltZ1+p77OW0Yaw2qCncXtHRTM+b+iFvFUthORyB/iXRhJTIBBet4qdf52kCCrlkztWj0GAzYxYFl5AXGqkDw3ifdaHuqWIJuGY2SpbTPa+0aUdb/xTSkfpzI2OJc4Mk9pMJw56b9obif149xc5xMxPKpAiKjw91Ukl94mFNtC0scJQDTxi3wv+V8h6zjKMvs+BLiKYj/yXVg/JJObo8LFVOJ20skR2yS/ZJRI5IhZyTC1IlnDySZ/JK3oKn4CV4Dz7GozPBZGeb/ELw+Q1drqH6</latexit>
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<latexit sha1_base64="8NvJ1e4O9bFZyAAEYZTi920owHc=">AAACKXicbZDLSsNAFIYnXmu9VV26GSyCG0sigrqriuCygrGFpoTJdNIOnUuYmYgl5Hnc+CpuuvC29UWctllo6w8DP/85hzPnixJGtXHdT2dhcWl5ZbW0Vl7f2NzaruzsPmiZKkx8LJlUrQhpwqggvqGGkVaiCOIRI81ocD2uNx+J0lSKezNMSIejnqAxxcjYKKxcBpr2OAo5DBIlEyNhECuEs0GYyac8z1So8yK6KSLvOBDp1ENTLoeVqltzJ4LzxitMFRRqhJVR0JU45UQYzJDWbc9NTCdDylDMSF4OUk0ShAeoR9rWCsSJ7mSTU3N4aJMujKWyTxg4SX9PZIhrPeSR7eTI9PVsbRz+V2unJj7vZFQkqSECTxfFKYOWyJgb7FJFsGFDaxBW1P4V4j6yXIylO4bgzZ48b/yT2kXNuzut1q8KGiWwDw7AEfDAGaiDW9AAPsDgGbyCN/DuvDgj58P5mrYuOMXMHvgj5/sH+/2oZQ==</latexit><latexit sha1_base64="8NvJ1e4O9bFZyAAEYZTi920owHc=">AAACKXicbZDLSsNAFIYnXmu9VV26GSyCG0sigrqriuCygrGFpoTJdNIOnUuYmYgl5Hnc+CpuuvC29UWctllo6w8DP/85hzPnixJGtXHdT2dhcWl5ZbW0Vl7f2NzaruzsPmiZKkx8LJlUrQhpwqggvqGGkVaiCOIRI81ocD2uNx+J0lSKezNMSIejnqAxxcjYKKxcBpr2OAo5DBIlEyNhECuEs0GYyac8z1So8yK6KSLvOBDp1ENTLoeVqltzJ4LzxitMFRRqhJVR0JU45UQYzJDWbc9NTCdDylDMSF4OUk0ShAeoR9rWCsSJ7mSTU3N4aJMujKWyTxg4SX9PZIhrPeSR7eTI9PVsbRz+V2unJj7vZFQkqSECTxfFKYOWyJgb7FJFsGFDaxBW1P4V4j6yXIylO4bgzZ48b/yT2kXNuzut1q8KGiWwDw7AEfDAGaiDW9AAPsDgGbyCN/DuvDgj58P5mrYuOMXMHvgj5/sH+/2oZQ==</latexit><latexit sha1_base64="8NvJ1e4O9bFZyAAEYZTi920owHc=">AAACKXicbZDLSsNAFIYnXmu9VV26GSyCG0sigrqriuCygrGFpoTJdNIOnUuYmYgl5Hnc+CpuuvC29UWctllo6w8DP/85hzPnixJGtXHdT2dhcWl5ZbW0Vl7f2NzaruzsPmiZKkx8LJlUrQhpwqggvqGGkVaiCOIRI81ocD2uNx+J0lSKezNMSIejnqAxxcjYKKxcBpr2OAo5DBIlEyNhECuEs0GYyac8z1So8yK6KSLvOBDp1ENTLoeVqltzJ4LzxitMFRRqhJVR0JU45UQYzJDWbc9NTCdDylDMSF4OUk0ShAeoR9rWCsSJ7mSTU3N4aJMujKWyTxg4SX9PZIhrPeSR7eTI9PVsbRz+V2unJj7vZFQkqSECTxfFKYOWyJgb7FJFsGFDaxBW1P4V4j6yXIylO4bgzZ48b/yT2kXNuzut1q8KGiWwDw7AEfDAGaiDW9AAPsDgGbyCN/DuvDgj58P5mrYuOMXMHvgj5/sH+/2oZQ==</latexit><latexit sha1_base64="8NvJ1e4O9bFZyAAEYZTi920owHc=">AAACKXicbZDLSsNAFIYnXmu9VV26GSyCG0sigrqriuCygrGFpoTJdNIOnUuYmYgl5Hnc+CpuuvC29UWctllo6w8DP/85hzPnixJGtXHdT2dhcWl5ZbW0Vl7f2NzaruzsPmiZKkx8LJlUrQhpwqggvqGGkVaiCOIRI81ocD2uNx+J0lSKezNMSIejnqAxxcjYKKxcBpr2OAo5DBIlEyNhECuEs0GYyac8z1So8yK6KSLvOBDp1ENTLoeVqltzJ4LzxitMFRRqhJVR0JU45UQYzJDWbc9NTCdDylDMSF4OUk0ShAeoR9rWCsSJ7mSTU3N4aJMujKWyTxg4SX9PZIhrPeSR7eTI9PVsbRz+V2unJj7vZFQkqSECTxfFKYOWyJgb7FJFsGFDaxBW1P4V4j6yXIylO4bgzZ48b/yT2kXNuzut1q8KGiWwDw7AEfDAGaiDW9AAPsDgGbyCN/DuvDgj58P5mrYuOMXMHvgj5/sH+/2oZQ==</latexit>

[3]: Panicaud et. Al. “On the growth strain origin and stress 
evolution prediction during oxidation of metals”  
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Brittle 
Fracture3: 

Subcritical crack growth5: ȧ = Ae�Q0/kbTKn
<latexit sha1_base64="0E6kHY4b9E2q6mDSkZwHXU8E7Mo=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XQhTURQV0IVTeCmxZaW2jTMJlO2qGTSZiZCCXkG9z4K25cqLh1586/cdJmodUDA4dz7r1z7/EiRqWyrC+jMDe/sLhUXC6trK6tb5ibW3cyjAUmTRyyULQ9JAmjnDQVVYy0I0FQ4DHS8kbXmd+6J0LSkDfUOCJOgAac+hQjpSXXPOj2Q5WgFF7AS9gNkBqKICFpLzmsu9bRyPVgI4W3PV4quWbZqlgTwL/EzkkZ5Ki55qeejeOAcIUZkrJjW5FyEiQUxYykpW4sSYTwCA1IR1OOAiKdZHJSCve00od+KPTjCk7Unx0JCqQcB56uzJaWs14m/ud1YuWfOQnlUawIx9OP/JhBFcIsH9ingmDFxpogLKjeFeIhEggrnWIWgj178l/SPK6cV+z6Sbl6ladRBDtgF+wDG5yCKrgBNdAEGDyAJ/ACXo1H49l4M96npQUj79kGv2B8fAOVkpuy</latexit><latexit sha1_base64="0E6kHY4b9E2q6mDSkZwHXU8E7Mo=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XQhTURQV0IVTeCmxZaW2jTMJlO2qGTSZiZCCXkG9z4K25cqLh1586/cdJmodUDA4dz7r1z7/EiRqWyrC+jMDe/sLhUXC6trK6tb5ibW3cyjAUmTRyyULQ9JAmjnDQVVYy0I0FQ4DHS8kbXmd+6J0LSkDfUOCJOgAac+hQjpSXXPOj2Q5WgFF7AS9gNkBqKICFpLzmsu9bRyPVgI4W3PV4quWbZqlgTwL/EzkkZ5Ki55qeejeOAcIUZkrJjW5FyEiQUxYykpW4sSYTwCA1IR1OOAiKdZHJSCve00od+KPTjCk7Unx0JCqQcB56uzJaWs14m/ud1YuWfOQnlUawIx9OP/JhBFcIsH9ingmDFxpogLKjeFeIhEggrnWIWgj178l/SPK6cV+z6Sbl6ladRBDtgF+wDG5yCKrgBNdAEGDyAJ/ACXo1H49l4M96npQUj79kGv2B8fAOVkpuy</latexit><latexit sha1_base64="0E6kHY4b9E2q6mDSkZwHXU8E7Mo=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XQhTURQV0IVTeCmxZaW2jTMJlO2qGTSZiZCCXkG9z4K25cqLh1586/cdJmodUDA4dz7r1z7/EiRqWyrC+jMDe/sLhUXC6trK6tb5ibW3cyjAUmTRyyULQ9JAmjnDQVVYy0I0FQ4DHS8kbXmd+6J0LSkDfUOCJOgAac+hQjpSXXPOj2Q5WgFF7AS9gNkBqKICFpLzmsu9bRyPVgI4W3PV4quWbZqlgTwL/EzkkZ5Ki55qeejeOAcIUZkrJjW5FyEiQUxYykpW4sSYTwCA1IR1OOAiKdZHJSCve00od+KPTjCk7Unx0JCqQcB56uzJaWs14m/ud1YuWfOQnlUawIx9OP/JhBFcIsH9ingmDFxpogLKjeFeIhEggrnWIWgj178l/SPK6cV+z6Sbl6ladRBDtgF+wDG5yCKrgBNdAEGDyAJ/ACXo1H49l4M96npQUj79kGv2B8fAOVkpuy</latexit><latexit sha1_base64="0E6kHY4b9E2q6mDSkZwHXU8E7Mo=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XQhTURQV0IVTeCmxZaW2jTMJlO2qGTSZiZCCXkG9z4K25cqLh1586/cdJmodUDA4dz7r1z7/EiRqWyrC+jMDe/sLhUXC6trK6tb5ibW3cyjAUmTRyyULQ9JAmjnDQVVYy0I0FQ4DHS8kbXmd+6J0LSkDfUOCJOgAac+hQjpSXXPOj2Q5WgFF7AS9gNkBqKICFpLzmsu9bRyPVgI4W3PV4quWbZqlgTwL/EzkkZ5Ki55qeejeOAcIUZkrJjW5FyEiQUxYykpW4sSYTwCA1IR1OOAiKdZHJSCve00od+KPTjCk7Unx0JCqQcB56uzJaWs14m/ud1YuWfOQnlUawIx9OP/JhBFcIsH9ingmDFxpogLKjeFeIhEggrnWIWgj178l/SPK6cV+z6Sbl6ladRBDtgF+wDG5yCKrgBNdAEGDyAJ/ACXo1H49l4M96npQUj79kGv2B8fAOVkpuy</latexit>

Stress intensity factor4: KI = ↵
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<latexit sha1_base64="X76SlwRykvBFuMJlyjJo3MZ9/94=">AAACCHicbVBNS8NAEN3Ur1q/oh69LBbBU0lEUA9C0YvipYKxhSaEyXbbLt0k6+5GKKFXL/4VLx5UvPoTvPlv3LY5aPXBwNv3ZtiZFwnOlHacL6s0N7+wuFRerqysrq1v2JtbtyrNJKEeSXkqWxEoyllCPc00py0hKcQRp81ocD72m/dUKpYmN3ooaBBDL2FdRkAbKbTxVXiJT7EPXPQB++pO6twXDMPIPFgvhtCuOjVnAvyXuAWpogKN0P70OynJYppowkGptusIHeQgNSOcjip+pqgAMoAebRuaQExVkE8uGeE9o3RwN5WmEo0n6s+JHGKlhnFkOmPQfTXrjcX/vHamu8dBzhKRaZqQ6UfdjGOd4nEsuMMkJZoPDQEimdkVkz5IINqEVzEhuLMn/yXeQe2k5l4fVutnRRpltIN20T5y0RGqowvUQB4i6AE9oRf0aj1az9ab9T5tLVnFzDb6BevjG1lYmRI=</latexit><latexit sha1_base64="X76SlwRykvBFuMJlyjJo3MZ9/94=">AAACCHicbVBNS8NAEN3Ur1q/oh69LBbBU0lEUA9C0YvipYKxhSaEyXbbLt0k6+5GKKFXL/4VLx5UvPoTvPlv3LY5aPXBwNv3ZtiZFwnOlHacL6s0N7+wuFRerqysrq1v2JtbtyrNJKEeSXkqWxEoyllCPc00py0hKcQRp81ocD72m/dUKpYmN3ooaBBDL2FdRkAbKbTxVXiJT7EPXPQB++pO6twXDMPIPFgvhtCuOjVnAvyXuAWpogKN0P70OynJYppowkGptusIHeQgNSOcjip+pqgAMoAebRuaQExVkE8uGeE9o3RwN5WmEo0n6s+JHGKlhnFkOmPQfTXrjcX/vHamu8dBzhKRaZqQ6UfdjGOd4nEsuMMkJZoPDQEimdkVkz5IINqEVzEhuLMn/yXeQe2k5l4fVutnRRpltIN20T5y0RGqowvUQB4i6AE9oRf0aj1az9ab9T5tLVnFzDb6BevjG1lYmRI=</latexit><latexit sha1_base64="X76SlwRykvBFuMJlyjJo3MZ9/94=">AAACCHicbVBNS8NAEN3Ur1q/oh69LBbBU0lEUA9C0YvipYKxhSaEyXbbLt0k6+5GKKFXL/4VLx5UvPoTvPlv3LY5aPXBwNv3ZtiZFwnOlHacL6s0N7+wuFRerqysrq1v2JtbtyrNJKEeSXkqWxEoyllCPc00py0hKcQRp81ocD72m/dUKpYmN3ooaBBDL2FdRkAbKbTxVXiJT7EPXPQB++pO6twXDMPIPFgvhtCuOjVnAvyXuAWpogKN0P70OynJYppowkGptusIHeQgNSOcjip+pqgAMoAebRuaQExVkE8uGeE9o3RwN5WmEo0n6s+JHGKlhnFkOmPQfTXrjcX/vHamu8dBzhKRaZqQ6UfdjGOd4nEsuMMkJZoPDQEimdkVkz5IINqEVzEhuLMn/yXeQe2k5l4fVutnRRpltIN20T5y0RGqowvUQB4i6AE9oRf0aj1az9ab9T5tLVnFzDb6BevjG1lYmRI=</latexit><latexit sha1_base64="X76SlwRykvBFuMJlyjJo3MZ9/94=">AAACCHicbVBNS8NAEN3Ur1q/oh69LBbBU0lEUA9C0YvipYKxhSaEyXbbLt0k6+5GKKFXL/4VLx5UvPoTvPlv3LY5aPXBwNv3ZtiZFwnOlHacL6s0N7+wuFRerqysrq1v2JtbtyrNJKEeSXkqWxEoyllCPc00py0hKcQRp81ocD72m/dUKpYmN3ooaBBDL2FdRkAbKbTxVXiJT7EPXPQB++pO6twXDMPIPFgvhtCuOjVnAvyXuAWpogKN0P70OynJYppowkGptusIHeQgNSOcjip+pqgAMoAebRuaQExVkE8uGeE9o3RwN5WmEo0n6s+JHGKlhnFkOmPQfTXrjcX/vHamu8dBzhKRaZqQ6UfdjGOd4nEsuMMkJZoPDQEimdkVkz5IINqEVzEhuLMn/yXeQe2k5l4fVutnRRpltIN20T5y0RGqowvUQB4i6AE9oRf0aj1az9ab9T5tLVnFzDb6BevjG1lYmRI=</latexit>

↵ : Geometric parameter

A : Constant

Q0 : Activation energy[J]

<latexit sha1_base64="TWTg8kORTZBWQEca4T8FqyJCofs="></latexit><latexit sha1_base64="TWTg8kORTZBWQEca4T8FqyJCofs="></latexit><latexit sha1_base64="TWTg8kORTZBWQEca4T8FqyJCofs="></latexit><latexit sha1_base64="TWTg8kORTZBWQEca4T8FqyJCofs="></latexit>

afrac =
K2

Ic

↵2�2⇡
<latexit sha1_base64="872uuY8xExbYi3WLo0ow1El2zhE=">AAACGXicbZDLSsNAFIYnXmu9RV26GSyCq5IUQV0IRTeKmwrGFpo2nEwn7dDJhZmJUEKew42v4saFiktd+TZO0y609YeBj/+cw5nz+wlnUlnWt7GwuLS8slpaK69vbG5tmzu79zJOBaEOiXksWj5IyllEHcUUp61EUAh9Tpv+8HJcbz5QIVkc3alRQjsh9CMWMAJKW55pg5cFAkiOz7E7huzGy65J3q3lmQs8GUC3hl3J+mEBCcs9s2JVrUJ4HuwpVNBUDc/8dHsxSUMaKcJByrZtJaqTgVCMcJqX3VTSBMgQ+rStMYKQyk5WnJbjQ+30cBAL/SKFC/f3RAahlKPQ150hqIGcrY3N/2rtVAWnnYxFSapoRCaLgpRjFeNxTrjHBCWKjzQAEUz/FZMB6ICUTrOsQ7BnT54Hp1Y9q9q3x5X6xTSNEtpHB+gI2egE1dEVaiAHEfSIntErejOejBfj3fiYtC4Y05k99EfG1w/xwKBk</latexit><latexit sha1_base64="872uuY8xExbYi3WLo0ow1El2zhE=">AAACGXicbZDLSsNAFIYnXmu9RV26GSyCq5IUQV0IRTeKmwrGFpo2nEwn7dDJhZmJUEKew42v4saFiktd+TZO0y609YeBj/+cw5nz+wlnUlnWt7GwuLS8slpaK69vbG5tmzu79zJOBaEOiXksWj5IyllEHcUUp61EUAh9Tpv+8HJcbz5QIVkc3alRQjsh9CMWMAJKW55pg5cFAkiOz7E7huzGy65J3q3lmQs8GUC3hl3J+mEBCcs9s2JVrUJ4HuwpVNBUDc/8dHsxSUMaKcJByrZtJaqTgVCMcJqX3VTSBMgQ+rStMYKQyk5WnJbjQ+30cBAL/SKFC/f3RAahlKPQ150hqIGcrY3N/2rtVAWnnYxFSapoRCaLgpRjFeNxTrjHBCWKjzQAEUz/FZMB6ICUTrOsQ7BnT54Hp1Y9q9q3x5X6xTSNEtpHB+gI2egE1dEVaiAHEfSIntErejOejBfj3fiYtC4Y05k99EfG1w/xwKBk</latexit><latexit sha1_base64="872uuY8xExbYi3WLo0ow1El2zhE=">AAACGXicbZDLSsNAFIYnXmu9RV26GSyCq5IUQV0IRTeKmwrGFpo2nEwn7dDJhZmJUEKew42v4saFiktd+TZO0y609YeBj/+cw5nz+wlnUlnWt7GwuLS8slpaK69vbG5tmzu79zJOBaEOiXksWj5IyllEHcUUp61EUAh9Tpv+8HJcbz5QIVkc3alRQjsh9CMWMAJKW55pg5cFAkiOz7E7huzGy65J3q3lmQs8GUC3hl3J+mEBCcs9s2JVrUJ4HuwpVNBUDc/8dHsxSUMaKcJByrZtJaqTgVCMcJqX3VTSBMgQ+rStMYKQyk5WnJbjQ+30cBAL/SKFC/f3RAahlKPQ150hqIGcrY3N/2rtVAWnnYxFSapoRCaLgpRjFeNxTrjHBCWKjzQAEUz/FZMB6ICUTrOsQ7BnT54Hp1Y9q9q3x5X6xTSNEtpHB+gI2egE1dEVaiAHEfSIntErejOejBfj3fiYtC4Y05k99EfG1w/xwKBk</latexit><latexit sha1_base64="872uuY8xExbYi3WLo0ow1El2zhE=">AAACGXicbZDLSsNAFIYnXmu9RV26GSyCq5IUQV0IRTeKmwrGFpo2nEwn7dDJhZmJUEKew42v4saFiktd+TZO0y609YeBj/+cw5nz+wlnUlnWt7GwuLS8slpaK69vbG5tmzu79zJOBaEOiXksWj5IyllEHcUUp61EUAh9Tpv+8HJcbz5QIVkc3alRQjsh9CMWMAJKW55pg5cFAkiOz7E7huzGy65J3q3lmQs8GUC3hl3J+mEBCcs9s2JVrUJ4HuwpVNBUDc/8dHsxSUMaKcJByrZtJaqTgVCMcJqX3VTSBMgQ+rStMYKQyk5WnJbjQ+30cBAL/SKFC/f3RAahlKPQ150hqIGcrY3N/2rtVAWnnYxFSapoRCaLgpRjFeNxTrjHBCWKjzQAEUz/FZMB6ICUTrOsQ7BnT54Hp1Y9q9q3x5X6xTSNEtpHB+gI2egE1dEVaiAHEfSIntErejOejBfj3fiYtC4Y05k99EfG1w/xwKBk</latexit>

[4]: D Roylance “Introduction to Fracture Mechanics” 

[5]: Bazant et. Al. ” Subcritical crack growth law and its 

consequences for lifetime statistics and size effect of quasibrittle structures” 
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•  Independently growing cracks 

[6] 

•  Self-similarity: 

•  Stress effect5: 

•  Weibull distribution: 

m 2 [1, 3]
<latexit sha1_base64="scWX7BkIHnI+0P2fphWihTtHKo0=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8SNhVQb0FvXiM4JrAZgmzk0kyZB7LzKwQlnyGFw8qXv0bb/6Nk2QPmljQUFR1092VpJwZ6/vf3tLyyuraemmjvLm1vbNb2dt/NCrThIZEcaVbCTaUM0lDyyynrVRTLBJOm8nwduI3n6g2TMkHO0ppLHBfsh4j2DopEqjNJIqC0/O4U6n6NX8KtEiCglShQKNT+Wp3FckElZZwbEwU+KmNc6wtI5yOy+3M0BSTIe7TyFGJBTVxPj15jI6d0kU9pV1Ji6bq74kcC2NGInGdAtuBmfcm4n9elNneVZwzmWaWSjJb1Ms4sgpN/kddpimxfOQIJpq5WxEZYI2JdSmVXQjB/MuLJDyrXdeC+4tq/aZIowSHcAQnEMAl1OEOGhACAQXP8ApvnvVevHfvY9a65BUzB/AH3ucP5xGP5A==</latexit><latexit sha1_base64="scWX7BkIHnI+0P2fphWihTtHKo0=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8SNhVQb0FvXiM4JrAZgmzk0kyZB7LzKwQlnyGFw8qXv0bb/6Nk2QPmljQUFR1092VpJwZ6/vf3tLyyuraemmjvLm1vbNb2dt/NCrThIZEcaVbCTaUM0lDyyynrVRTLBJOm8nwduI3n6g2TMkHO0ppLHBfsh4j2DopEqjNJIqC0/O4U6n6NX8KtEiCglShQKNT+Wp3FckElZZwbEwU+KmNc6wtI5yOy+3M0BSTIe7TyFGJBTVxPj15jI6d0kU9pV1Ji6bq74kcC2NGInGdAtuBmfcm4n9elNneVZwzmWaWSjJb1Ms4sgpN/kddpimxfOQIJpq5WxEZYI2JdSmVXQjB/MuLJDyrXdeC+4tq/aZIowSHcAQnEMAl1OEOGhACAQXP8ApvnvVevHfvY9a65BUzB/AH3ucP5xGP5A==</latexit><latexit sha1_base64="scWX7BkIHnI+0P2fphWihTtHKo0=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8SNhVQb0FvXiM4JrAZgmzk0kyZB7LzKwQlnyGFw8qXv0bb/6Nk2QPmljQUFR1092VpJwZ6/vf3tLyyuraemmjvLm1vbNb2dt/NCrThIZEcaVbCTaUM0lDyyynrVRTLBJOm8nwduI3n6g2TMkHO0ppLHBfsh4j2DopEqjNJIqC0/O4U6n6NX8KtEiCglShQKNT+Wp3FckElZZwbEwU+KmNc6wtI5yOy+3M0BSTIe7TyFGJBTVxPj15jI6d0kU9pV1Ji6bq74kcC2NGInGdAtuBmfcm4n9elNneVZwzmWaWSjJb1Ms4sgpN/kddpimxfOQIJpq5WxEZYI2JdSmVXQjB/MuLJDyrXdeC+4tq/aZIowSHcAQnEMAl1OEOGhACAQXP8ApvnvVevHfvY9a65BUzB/AH3ucP5xGP5A==</latexit><latexit sha1_base64="scWX7BkIHnI+0P2fphWihTtHKo0=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8SNhVQb0FvXiM4JrAZgmzk0kyZB7LzKwQlnyGFw8qXv0bb/6Nk2QPmljQUFR1092VpJwZ6/vf3tLyyuraemmjvLm1vbNb2dt/NCrThIZEcaVbCTaUM0lDyyynrVRTLBJOm8nwduI3n6g2TMkHO0ppLHBfsh4j2DopEqjNJIqC0/O4U6n6NX8KtEiCglShQKNT+Wp3FckElZZwbEwU+KmNc6wtI5yOy+3M0BSTIe7TyFGJBTVxPj15jI6d0kU9pV1Ji6bq74kcC2NGInGdAtuBmfcm4n9elNneVZwzmWaWSjJb1Ms4sgpN/kddpimxfOQIJpq5WxEZYI2JdSmVXQjB/MuLJDyrXdeC+4tq/aZIowSHcAQnEMAl1OEOGhACAQXP8ApvnvVevHfvY9a65BUzB/AH3ucP5xGP5A==</latexit>

n 2 [10, 30]
<latexit sha1_base64="HTsiodNxrmrVOJOVrS3fpl/Tyc8=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4kLKrgnorevFYwbWFdinZdNqGZrNrki2Upb/DiwcVr/4Zb/4b03YP2vpg4PHeTDLzwkRwbVz321laXlldWy9sFDe3tnd2S3v7jzpOFUOfxSJWjZBqFFyib7gR2EgU0igUWA8HtxO/PkSleSwfzCjBIKI9ybucUWOlQJIWl6TpuafnbtAuld2KOwVZJF5OypCj1i59tToxSyOUhgmqtX0nMUFGleFM4LjYSjUmlA1oD5uWShqhDrLp0mNybJUO6cbKljRkqv6eyGik9SgKbWdETV/PexPxP6+Zmu5VkHGZpAYlm33UTQUxMZkkQDpcITNiZAllittdCetTRZmxORVtCN78yYvEP6tcV7z7i3L1Jk+jAIdwBCfgwSVU4Q5q4AODJ3iGV3hzhs6L8+58zFqXnHzmAP7A+fwByeaQWQ==</latexit><latexit sha1_base64="HTsiodNxrmrVOJOVrS3fpl/Tyc8=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4kLKrgnorevFYwbWFdinZdNqGZrNrki2Upb/DiwcVr/4Zb/4b03YP2vpg4PHeTDLzwkRwbVz321laXlldWy9sFDe3tnd2S3v7jzpOFUOfxSJWjZBqFFyib7gR2EgU0igUWA8HtxO/PkSleSwfzCjBIKI9ybucUWOlQJIWl6TpuafnbtAuld2KOwVZJF5OypCj1i59tToxSyOUhgmqtX0nMUFGleFM4LjYSjUmlA1oD5uWShqhDrLp0mNybJUO6cbKljRkqv6eyGik9SgKbWdETV/PexPxP6+Zmu5VkHGZpAYlm33UTQUxMZkkQDpcITNiZAllittdCetTRZmxORVtCN78yYvEP6tcV7z7i3L1Jk+jAIdwBCfgwSVU4Q5q4AODJ3iGV3hzhs6L8+58zFqXnHzmAP7A+fwByeaQWQ==</latexit><latexit sha1_base64="HTsiodNxrmrVOJOVrS3fpl/Tyc8=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4kLKrgnorevFYwbWFdinZdNqGZrNrki2Upb/DiwcVr/4Zb/4b03YP2vpg4PHeTDLzwkRwbVz321laXlldWy9sFDe3tnd2S3v7jzpOFUOfxSJWjZBqFFyib7gR2EgU0igUWA8HtxO/PkSleSwfzCjBIKI9ybucUWOlQJIWl6TpuafnbtAuld2KOwVZJF5OypCj1i59tToxSyOUhgmqtX0nMUFGleFM4LjYSjUmlA1oD5uWShqhDrLp0mNybJUO6cbKljRkqv6eyGik9SgKbWdETV/PexPxP6+Zmu5VkHGZpAYlm33UTQUxMZkkQDpcITNiZAllittdCetTRZmxORVtCN78yYvEP6tcV7z7i3L1Jk+jAIdwBCfgwSVU4Q5q4AODJ3iGV3hzhs6L8+58zFqXnHzmAP7A+fwByeaQWQ==</latexit><latexit sha1_base64="HTsiodNxrmrVOJOVrS3fpl/Tyc8=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4kLKrgnorevFYwbWFdinZdNqGZrNrki2Upb/DiwcVr/4Zb/4b03YP2vpg4PHeTDLzwkRwbVz321laXlldWy9sFDe3tnd2S3v7jzpOFUOfxSJWjZBqFFyib7gR2EgU0igUWA8HtxO/PkSleSwfzCjBIKI9ybucUWOlQJIWl6TpuafnbtAuld2KOwVZJF5OypCj1i59tToxSyOUhgmqtX0nMUFGleFM4LjYSjUmlA1oD5uWShqhDrLp0mNybJUO6cbKljRkqv6eyGik9SgKbWdETV/PexPxP6+Zmu5VkHGZpAYlm33UTQUxMZkkQDpcITNiZAllittdCetTRZmxORVtCN78yYvEP6tcV7z7i3L1Jk+jAIdwBCfgwSVU4Q5q4AODJ3iGV3hzhs6L8+58zFqXnHzmAP7A+fwByeaQWQ==</latexit>

f(t) / tm
<latexit sha1_base64="6Z5oKr6ia9hbjXbFDo8AOCoooxU=">AAAB/XicbVBNS8NAEN3Urxq/ouLJy2IR6qUkIqi3ohePFYwttLFstpt26W4SdidCCQX/ihcPKl79H978N27bHLT1wcDjvRlm5oWp4Bpc99sqLS2vrK6V1+2Nza3tHWd3714nmaLMp4lIVCskmgkeMx84CNZKFSMyFKwZDq8nfvORKc2T+A5GKQsk6cc84pSAkbrOQVSFE9xJVZJCguEhl2PbtrtOxa25U+BF4hWkggo0us5Xp5fQTLIYqCBatz03hSAnCjgVbGx3Ms1SQoekz9qGxkQyHeTT88f42Cg9HCXKVAx4qv6eyInUeiRD0ykJDPS8NxH/89oZRBdBzuM0AxbT2aIoE3jyqckC97hiFMTIEEIVN7diOiCKUDCJTULw5l9eJP5p7bLm3Z5V6ldFGmV0iI5QFXnoHNXRDWogH1GUo2f0it6sJ+vFerc+Zq0lq5jZR39gff4Ad2SUEQ==</latexit><latexit sha1_base64="6Z5oKr6ia9hbjXbFDo8AOCoooxU=">AAAB/XicbVBNS8NAEN3Urxq/ouLJy2IR6qUkIqi3ohePFYwttLFstpt26W4SdidCCQX/ihcPKl79H978N27bHLT1wcDjvRlm5oWp4Bpc99sqLS2vrK6V1+2Nza3tHWd3714nmaLMp4lIVCskmgkeMx84CNZKFSMyFKwZDq8nfvORKc2T+A5GKQsk6cc84pSAkbrOQVSFE9xJVZJCguEhl2PbtrtOxa25U+BF4hWkggo0us5Xp5fQTLIYqCBatz03hSAnCjgVbGx3Ms1SQoekz9qGxkQyHeTT88f42Cg9HCXKVAx4qv6eyInUeiRD0ykJDPS8NxH/89oZRBdBzuM0AxbT2aIoE3jyqckC97hiFMTIEEIVN7diOiCKUDCJTULw5l9eJP5p7bLm3Z5V6ldFGmV0iI5QFXnoHNXRDWogH1GUo2f0it6sJ+vFerc+Zq0lq5jZR39gff4Ad2SUEQ==</latexit><latexit sha1_base64="6Z5oKr6ia9hbjXbFDo8AOCoooxU=">AAAB/XicbVBNS8NAEN3Urxq/ouLJy2IR6qUkIqi3ohePFYwttLFstpt26W4SdidCCQX/ihcPKl79H978N27bHLT1wcDjvRlm5oWp4Bpc99sqLS2vrK6V1+2Nza3tHWd3714nmaLMp4lIVCskmgkeMx84CNZKFSMyFKwZDq8nfvORKc2T+A5GKQsk6cc84pSAkbrOQVSFE9xJVZJCguEhl2PbtrtOxa25U+BF4hWkggo0us5Xp5fQTLIYqCBatz03hSAnCjgVbGx3Ms1SQoekz9qGxkQyHeTT88f42Cg9HCXKVAx4qv6eyInUeiRD0ykJDPS8NxH/89oZRBdBzuM0AxbT2aIoE3jyqckC97hiFMTIEEIVN7diOiCKUDCJTULw5l9eJP5p7bLm3Z5V6ldFGmV0iI5QFXnoHNXRDWogH1GUo2f0it6sJ+vFerc+Zq0lq5jZR39gff4Ad2SUEQ==</latexit><latexit sha1_base64="6Z5oKr6ia9hbjXbFDo8AOCoooxU=">AAAB/XicbVBNS8NAEN3Urxq/ouLJy2IR6qUkIqi3ohePFYwttLFstpt26W4SdidCCQX/ihcPKl79H978N27bHLT1wcDjvRlm5oWp4Bpc99sqLS2vrK6V1+2Nza3tHWd3714nmaLMp4lIVCskmgkeMx84CNZKFSMyFKwZDq8nfvORKc2T+A5GKQsk6cc84pSAkbrOQVSFE9xJVZJCguEhl2PbtrtOxa25U+BF4hWkggo0us5Xp5fQTLIYqCBatz03hSAnCjgVbGx3Ms1SQoekz9qGxkQyHeTT88f42Cg9HCXKVAx4qv6eyInUeiRD0ykJDPS8NxH/89oZRBdBzuM0AxbT2aIoE3jyqckC97hiFMTIEEIVN7diOiCKUDCJTULw5l9eJP5p7bLm3Z5V6ldFGmV0iI5QFXnoHNXRDWogH1GUo2f0it6sJ+vFerc+Zq0lq5jZR39gff4Ad2SUEQ==</latexit>

f(t,�0) / tm�nm
0
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f : Single crack fracture probability

Nd : Defect number

PF : Spark fracture probability

⇢ : Defect density[m

�3
]

V : Spark volume[m

3
]
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PF (t) = 1�
NdY

i=1

[1� f(t)] ) PF (t) ⇡ 1� exp[�⇢V f(t)]
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PF (t,�) = 1� exp (�Atm�̄nm
)
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[6]: Alava et. Al “Statistical Models of Fracture” 

[5]: Bazant et. Al. ” Subcritical crack growth law and its 

consequences for lifetime statistics and 

size effect of quasibrittle structures” 
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•  Grinder: 11000RPM, R=6.7cm 

•  Steel and stainless steel rectangels. Iron cylinder 

•  1503 FPS camera.  
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Camera handled by Sif Fink 
Arnbjerg Nielsen  
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Video Analysis 
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•  Tracker. Marking sparks frame by frame. 

•  Best fit for stokes drag 
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Re ⇡ 50
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PF = 1� e�Atm ) ln [� ln (1� PF )] = m ln t+ lnA
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New measurement series 

Expectation: Straight line and m 2 [1, 3]
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•  Split caused by oxidative growth stress 

•  Split at critical crack length 

•  Distance depends on:  temperature, spark size, initial speed,  
oxidation kinetics, elastic properties and material microstructure 

•  Grinder pressure and speed is essential 

•  Weibull distribution of times  
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mv̇ = �bv ) v(t) = v0e
�bt/m

<latexit sha1_base64="EzDuAHr30kWbiB/Hox+F+HSDW5U="></latexit><latexit sha1_base64="EzDuAHr30kWbiB/Hox+F+HSDW5U="></latexit><latexit sha1_base64="EzDuAHr30kWbiB/Hox+F+HSDW5U="></latexit><latexit sha1_base64="EzDuAHr30kWbiB/Hox+F+HSDW5U="></latexit>

•  Stokes drag and spherical sparks: 

b

m
=

6⇡µairrspark
4
3⇡r

3
spark⇢spark

) rspark = 3
r

µair

2⇢spark
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dr

dt
= v0e

�bt/m ) r(ta)� r(tb) =
v0m

b

�
e�btb � e�bta

�
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•  For launch time r(tL) = 0
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e�btL/m =
br(ta)

v0m
+ e�bta/m

) tL =
m

b
ln


v0m

br(ta) + e�bta/m

�
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[2]: Panicaud et. Al. “On the growth strain origin and stress 
evolution prediction during oxidation of metals”  

•  Rectangular geometry 

•  Single oxide layer with continuity at interface 

•  No non-linear effects, e.g. Buckling 

•  Parabolic oxidation kinetics 

•  Constant temperature 

•  Isotropic system 

(✏̇
elastic

+ ✏̇
viscoelastic

+ ✏̇
growth

)
ox

= (✏̇
elastic

+ ✏̇
viscoelastic

)
m
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Appendix 8:  
Spark characteristics of metals 

21 February 2018 
https://en.wikipedia.org/wiki/

Spark_testing#cite_note-
davis-2 

28 

Bogstaver skal 
gøres tydeligere 

Metal / Oxide Spark behaviour V
ox

V
m

Fe/Fe3O4 Frequent splits 2.16
Fe/Fe2O3 Frequent splits 2.15
Ti/TiO2 Very frequent splits 1.78
Al/Al2O3 No sparks 1.30
W/WO3 Sparks after long flight 3.40
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<latexit sha1_base64="OfWAUzN4pKLtZ2Tosn2llAths+0=">AAACFnicbVBNSwMxEM3Wr1q/qh69BIvgadkVQT0IRS8ePFSwttAtSzbNtqFJNiRZsSz7L7z4V7x4UPEq3vw3ZtsetPXBwOO9GWbmRZJRbTzv2yktLC4tr5RXK2vrG5tb1e2dO52kCpMmTlii2hHShFFBmoYaRtpSEcQjRlrR8LLwW/dEaZqIWzOSpMtRX9CYYmSsFFbd6zDDA6RyeA5VmGmJ1DCHAZJSJQ/Q92DAkRkongU8hTwPqzXP9caA88SfkhqYohFWv4JeglNOhMEMad3xPWm6GVKGYkbySpBqIhEeoj7pWCoQJ7qbjf/K4YFVejBOlC1h4Fj9PZEhrvWIR7azuFLPeoX4n9dJTXzazaiQqSECTxbFKYMmgUVIsEcVwYaNLEFYUXsrLEJC2NgoKzYEf/bledI8cs9c/+a4Vr+YplEGe2AfHAIfnIA6uAIN0AQYPIJn8ArenCfnxXl3PiatJWc6swv+wPn8AdqUn1I=</latexit><latexit sha1_base64="OfWAUzN4pKLtZ2Tosn2llAths+0=">AAACFnicbVBNSwMxEM3Wr1q/qh69BIvgadkVQT0IRS8ePFSwttAtSzbNtqFJNiRZsSz7L7z4V7x4UPEq3vw3ZtsetPXBwOO9GWbmRZJRbTzv2yktLC4tr5RXK2vrG5tb1e2dO52kCpMmTlii2hHShFFBmoYaRtpSEcQjRlrR8LLwW/dEaZqIWzOSpMtRX9CYYmSsFFbd6zDDA6RyeA5VmGmJ1DCHAZJSJQ/Q92DAkRkongU8hTwPqzXP9caA88SfkhqYohFWv4JeglNOhMEMad3xPWm6GVKGYkbySpBqIhEeoj7pWCoQJ7qbjf/K4YFVejBOlC1h4Fj9PZEhrvWIR7azuFLPeoX4n9dJTXzazaiQqSECTxbFKYMmgUVIsEcVwYaNLEFYUXsrLEJC2NgoKzYEf/bledI8cs9c/+a4Vr+YplEGe2AfHAIfnIA6uAIN0AQYPIJn8ArenCfnxXl3PiatJWc6swv+wPn8AdqUn1I=</latexit><latexit sha1_base64="OfWAUzN4pKLtZ2Tosn2llAths+0=">AAACFnicbVBNSwMxEM3Wr1q/qh69BIvgadkVQT0IRS8ePFSwttAtSzbNtqFJNiRZsSz7L7z4V7x4UPEq3vw3ZtsetPXBwOO9GWbmRZJRbTzv2yktLC4tr5RXK2vrG5tb1e2dO52kCpMmTlii2hHShFFBmoYaRtpSEcQjRlrR8LLwW/dEaZqIWzOSpMtRX9CYYmSsFFbd6zDDA6RyeA5VmGmJ1DCHAZJSJQ/Q92DAkRkongU8hTwPqzXP9caA88SfkhqYohFWv4JeglNOhMEMad3xPWm6GVKGYkbySpBqIhEeoj7pWCoQJ7qbjf/K4YFVejBOlC1h4Fj9PZEhrvWIR7azuFLPeoX4n9dJTXzazaiQqSECTxbFKYMmgUVIsEcVwYaNLEFYUXsrLEJC2NgoKzYEf/bledI8cs9c/+a4Vr+YplEGe2AfHAIfnIA6uAIN0AQYPIJn8ArenCfnxXl3PiatJWc6swv+wPn8AdqUn1I=</latexit><latexit sha1_base64="OfWAUzN4pKLtZ2Tosn2llAths+0=">AAACFnicbVBNSwMxEM3Wr1q/qh69BIvgadkVQT0IRS8ePFSwttAtSzbNtqFJNiRZsSz7L7z4V7x4UPEq3vw3ZtsetPXBwOO9GWbmRZJRbTzv2yktLC4tr5RXK2vrG5tb1e2dO52kCpMmTlii2hHShFFBmoYaRtpSEcQjRlrR8LLwW/dEaZqIWzOSpMtRX9CYYmSsFFbd6zDDA6RyeA5VmGmJ1DCHAZJSJQ/Q92DAkRkongU8hTwPqzXP9caA88SfkhqYohFWv4JeglNOhMEMad3xPWm6GVKGYkbySpBqIhEeoj7pWCoQJ7qbjf/K4YFVejBOlC1h4Fj9PZEhrvWIR7azuFLPeoX4n9dJTXzazaiQqSECTxbFKYMmgUVIsEcVwYaNLEFYUXsrLEJC2NgoKzYEf/bledI8cs9c/+a4Vr+YplEGe2AfHAIfnIA6uAIN0AQYPIJn8ArenCfnxXl3PiatJWc6swv+wPn8AdqUn1I=</latexit>

Re =
v⇢L

µ
= 51

<latexit sha1_base64="7BD+D7/VgSK4VFTGJuuSe//EC4M=">AAACBnicbVBNS8NAEN34WetX1KMgi0XwVBJR1INQ9OLBQxVjC00om+2mXbqbDbubQgm5efGvePGg4tXf4M1/47bNQVsfDDzem2FmXpgwqrTjfFtz8wuLS8ullfLq2vrGpr21/aBEKjHxsGBCNkOkCKMx8TTVjDQTSRAPGWmE/auR3xgQqaiI7/UwIQFH3ZhGFCNtpLa9d0fgBfQjiXA2gL7sCXiTZz5PcyOfuG274lSdMeAscQtSAQXqbfvL7wicchJrzJBSLddJdJAhqSlmJC/7qSIJwn3UJS1DY8SJCrLxHzk8MEoHRkKaijUcq78nMsSVGvLQdHKke2raG4n/ea1UR2dBRuMk1STGk0VRyqAWcBQK7FBJsGZDQxCW1NwKcQ+ZTLSJrmxCcKdfniXeUfW86t4eV2qXRRolsAv2wSFwwSmogWtQBx7A4BE8g1fwZj1ZL9a79TFpnbOKmR3wB9bnD9CWl48=</latexit><latexit sha1_base64="7BD+D7/VgSK4VFTGJuuSe//EC4M=">AAACBnicbVBNS8NAEN34WetX1KMgi0XwVBJR1INQ9OLBQxVjC00om+2mXbqbDbubQgm5efGvePGg4tXf4M1/47bNQVsfDDzem2FmXpgwqrTjfFtz8wuLS8ullfLq2vrGpr21/aBEKjHxsGBCNkOkCKMx8TTVjDQTSRAPGWmE/auR3xgQqaiI7/UwIQFH3ZhGFCNtpLa9d0fgBfQjiXA2gL7sCXiTZz5PcyOfuG274lSdMeAscQtSAQXqbfvL7wicchJrzJBSLddJdJAhqSlmJC/7qSIJwn3UJS1DY8SJCrLxHzk8MEoHRkKaijUcq78nMsSVGvLQdHKke2raG4n/ea1UR2dBRuMk1STGk0VRyqAWcBQK7FBJsGZDQxCW1NwKcQ+ZTLSJrmxCcKdfniXeUfW86t4eV2qXRRolsAv2wSFwwSmogWtQBx7A4BE8g1fwZj1ZL9a79TFpnbOKmR3wB9bnD9CWl48=</latexit><latexit sha1_base64="7BD+D7/VgSK4VFTGJuuSe//EC4M=">AAACBnicbVBNS8NAEN34WetX1KMgi0XwVBJR1INQ9OLBQxVjC00om+2mXbqbDbubQgm5efGvePGg4tXf4M1/47bNQVsfDDzem2FmXpgwqrTjfFtz8wuLS8ullfLq2vrGpr21/aBEKjHxsGBCNkOkCKMx8TTVjDQTSRAPGWmE/auR3xgQqaiI7/UwIQFH3ZhGFCNtpLa9d0fgBfQjiXA2gL7sCXiTZz5PcyOfuG274lSdMeAscQtSAQXqbfvL7wicchJrzJBSLddJdJAhqSlmJC/7qSIJwn3UJS1DY8SJCrLxHzk8MEoHRkKaijUcq78nMsSVGvLQdHKke2raG4n/ea1UR2dBRuMk1STGk0VRyqAWcBQK7FBJsGZDQxCW1NwKcQ+ZTLSJrmxCcKdfniXeUfW86t4eV2qXRRolsAv2wSFwwSmogWtQBx7A4BE8g1fwZj1ZL9a79TFpnbOKmR3wB9bnD9CWl48=</latexit><latexit sha1_base64="7BD+D7/VgSK4VFTGJuuSe//EC4M=">AAACBnicbVBNS8NAEN34WetX1KMgi0XwVBJR1INQ9OLBQxVjC00om+2mXbqbDbubQgm5efGvePGg4tXf4M1/47bNQVsfDDzem2FmXpgwqrTjfFtz8wuLS8ullfLq2vrGpr21/aBEKjHxsGBCNkOkCKMx8TTVjDQTSRAPGWmE/auR3xgQqaiI7/UwIQFH3ZhGFCNtpLa9d0fgBfQjiXA2gL7sCXiTZz5PcyOfuG274lSdMeAscQtSAQXqbfvL7wicchJrzJBSLddJdJAhqSlmJC/7qSIJwn3UJS1DY8SJCrLxHzk8MEoHRkKaijUcq78nMsSVGvLQdHKke2raG4n/ea1UR2dBRuMk1STGk0VRyqAWcBQK7FBJsGZDQxCW1NwKcQ+ZTLSJrmxCcKdfniXeUfW86t4eV2qXRRolsAv2wSFwwSmogWtQBx7A4BE8g1fwZj1ZL9a79TFpnbOKmR3wB9bnD9CWl48=</latexit>
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�̄(t) =
1

t

Z t

0
�(t) dt

/ 1

t

Z t

0
k0te

�Q/RT dt

/ te�Q/RT
<latexit sha1_base64="0J0MJTva+ojW8N8BS7mdYIvMgSE="></latexit><latexit sha1_base64="0J0MJTva+ojW8N8BS7mdYIvMgSE="></latexit><latexit sha1_base64="0J0MJTva+ojW8N8BS7mdYIvMgSE="></latexit><latexit sha1_base64="0J0MJTva+ojW8N8BS7mdYIvMgSE="></latexit>
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�̄(t) / te�Q/RT
<latexit sha1_base64="bd10uru4FYkVolk8Yf4euunRTbI=">AAACFXicbVBNTwIxFOziF+IX6tFLIzHBA7hrTNQb0YtHMCAkLJJuKdDQ7m7atyZks7/Ci3/Fiwc1Xk28+W/sAgcFJ2kymXkvfTNeKLgG2/62MkvLK6tr2fXcxubW9k5+d+9OB5GirEEDEaiWRzQT3GcN4CBYK1SMSE+wpje6Tv3mA1OaB34dxiHrSDLweZ9TAkbq5kuuR1Tsaj6QJCnCMXZDFYQQYMCuJDBUMmbJfVyqndzWk1w3X7DL9gR4kTgzUkAzVLv5L7cX0EgyH6ggWrcdO4ROTBRwKliScyPNQkJHZMDahvpEMt2JJ7ESfGSUHu4Hyjwf8ET9vRETqfVYemYyPVXPe6n4n9eOoH/RibkfRsB8Ov2oHwmcxjYd4R5XjIIYG0Ko4uZWTIdEEQqmybQEZz7yImmcli/LTu2sULmatZFFB+gQFZGDzlEF3aAqaiCKHtEzekVv1pP1Yr1bH9PRjDXb2Ud/YH3+AOlrnsU=</latexit><latexit sha1_base64="bd10uru4FYkVolk8Yf4euunRTbI=">AAACFXicbVBNTwIxFOziF+IX6tFLIzHBA7hrTNQb0YtHMCAkLJJuKdDQ7m7atyZks7/Ci3/Fiwc1Xk28+W/sAgcFJ2kymXkvfTNeKLgG2/62MkvLK6tr2fXcxubW9k5+d+9OB5GirEEDEaiWRzQT3GcN4CBYK1SMSE+wpje6Tv3mA1OaB34dxiHrSDLweZ9TAkbq5kuuR1Tsaj6QJCnCMXZDFYQQYMCuJDBUMmbJfVyqndzWk1w3X7DL9gR4kTgzUkAzVLv5L7cX0EgyH6ggWrcdO4ROTBRwKliScyPNQkJHZMDahvpEMt2JJ7ESfGSUHu4Hyjwf8ET9vRETqfVYemYyPVXPe6n4n9eOoH/RibkfRsB8Ov2oHwmcxjYd4R5XjIIYG0Ko4uZWTIdEEQqmybQEZz7yImmcli/LTu2sULmatZFFB+gQFZGDzlEF3aAqaiCKHtEzekVv1pP1Yr1bH9PRjDXb2Ud/YH3+AOlrnsU=</latexit><latexit sha1_base64="bd10uru4FYkVolk8Yf4euunRTbI=">AAACFXicbVBNTwIxFOziF+IX6tFLIzHBA7hrTNQb0YtHMCAkLJJuKdDQ7m7atyZks7/Ci3/Fiwc1Xk28+W/sAgcFJ2kymXkvfTNeKLgG2/62MkvLK6tr2fXcxubW9k5+d+9OB5GirEEDEaiWRzQT3GcN4CBYK1SMSE+wpje6Tv3mA1OaB34dxiHrSDLweZ9TAkbq5kuuR1Tsaj6QJCnCMXZDFYQQYMCuJDBUMmbJfVyqndzWk1w3X7DL9gR4kTgzUkAzVLv5L7cX0EgyH6ggWrcdO4ROTBRwKliScyPNQkJHZMDahvpEMt2JJ7ESfGSUHu4Hyjwf8ET9vRETqfVYemYyPVXPe6n4n9eOoH/RibkfRsB8Ov2oHwmcxjYd4R5XjIIYG0Ko4uZWTIdEEQqmybQEZz7yImmcli/LTu2sULmatZFFB+gQFZGDzlEF3aAqaiCKHtEzekVv1pP1Yr1bH9PRjDXb2Ud/YH3+AOlrnsU=</latexit><latexit sha1_base64="bd10uru4FYkVolk8Yf4euunRTbI=">AAACFXicbVBNTwIxFOziF+IX6tFLIzHBA7hrTNQb0YtHMCAkLJJuKdDQ7m7atyZks7/Ci3/Fiwc1Xk28+W/sAgcFJ2kymXkvfTNeKLgG2/62MkvLK6tr2fXcxubW9k5+d+9OB5GirEEDEaiWRzQT3GcN4CBYK1SMSE+wpje6Tv3mA1OaB34dxiHrSDLweZ9TAkbq5kuuR1Tsaj6QJCnCMXZDFYQQYMCuJDBUMmbJfVyqndzWk1w3X7DL9gR4kTgzUkAzVLv5L7cX0EgyH6ggWrcdO4ROTBRwKliScyPNQkJHZMDahvpEMt2JJ7ESfGSUHu4Hyjwf8ET9vRETqfVYemYyPVXPe6n4n9eOoH/RibkfRsB8Ov2oHwmcxjYd4R5XjIIYG0Ko4uZWTIdEEQqmybQEZz7yImmcli/LTu2sULmatZFFB+gQFZGDzlEF3aAqaiCKHtEzekVv1pP1Yr1bH9PRjDXb2Ud/YH3+AOlrnsU=</latexit>

PF (t) = 1� exp(Atm(n+1)
e

�Q/RT
)

<latexit sha1_base64="O/pF2xozbHIlhWub6150sv+kUc0="></latexit><latexit sha1_base64="O/pF2xozbHIlhWub6150sv+kUc0="></latexit><latexit sha1_base64="O/pF2xozbHIlhWub6150sv+kUc0="></latexit><latexit sha1_base64="O/pF2xozbHIlhWub6150sv+kUc0="></latexit>

Pd(d) =

Z 1

0
PF (t)Pv(v0[t, d]) dt

<latexit sha1_base64="ZdtoZwY6RiuGWRSAdTZjSX7djs8=">AAACHHicbVBNS8NAEN34bf2KevSyWIQUpCQiqIggCuKxgtVCG8Nms9Glm03YnRRC6B/x4l/x4kHFiwfBf+O29qDWB8s83pthdl6YCa7BdT+ticmp6ZnZufnKwuLS8oq9unal01xR1qSpSFUrJJoJLlkTOAjWyhQjSSjYddg9HfjXPaY0T+UlFBnzE3IrecwpASMF9m4jiJyoho9wh0sI3JvS1BiKPm4EZw7UTOk5vcBtw3bk13DnEEdQCeyqW3eHwOPEG5EqGqER2O+dKKV5wiRQQbRue24GfkkUcCpYv9LJNcsI7ZJb1jZUkoRpvxxe18dbRolwnCrzJOCh+nOiJInWRRKazoTAnf7rDcT/vHYO8b5fcpnlwCT9XhTnAkOKB1HhiCtGQRSGEKq4+Sumd0QRCibQQQje35PHSXOnflD3LnarxyejNObQBtpEDvLQHjpG56iBmoiie/SIntGL9WA9Wa/W23frhDWaWUe/YH18Ab2Insg=</latexit><latexit sha1_base64="ZdtoZwY6RiuGWRSAdTZjSX7djs8=">AAACHHicbVBNS8NAEN34bf2KevSyWIQUpCQiqIggCuKxgtVCG8Nms9Glm03YnRRC6B/x4l/x4kHFiwfBf+O29qDWB8s83pthdl6YCa7BdT+ticmp6ZnZufnKwuLS8oq9unal01xR1qSpSFUrJJoJLlkTOAjWyhQjSSjYddg9HfjXPaY0T+UlFBnzE3IrecwpASMF9m4jiJyoho9wh0sI3JvS1BiKPm4EZw7UTOk5vcBtw3bk13DnEEdQCeyqW3eHwOPEG5EqGqER2O+dKKV5wiRQQbRue24GfkkUcCpYv9LJNcsI7ZJb1jZUkoRpvxxe18dbRolwnCrzJOCh+nOiJInWRRKazoTAnf7rDcT/vHYO8b5fcpnlwCT9XhTnAkOKB1HhiCtGQRSGEKq4+Sumd0QRCibQQQje35PHSXOnflD3LnarxyejNObQBtpEDvLQHjpG56iBmoiie/SIntGL9WA9Wa/W23frhDWaWUe/YH18Ab2Insg=</latexit><latexit sha1_base64="ZdtoZwY6RiuGWRSAdTZjSX7djs8=">AAACHHicbVBNS8NAEN34bf2KevSyWIQUpCQiqIggCuKxgtVCG8Nms9Glm03YnRRC6B/x4l/x4kHFiwfBf+O29qDWB8s83pthdl6YCa7BdT+ticmp6ZnZufnKwuLS8oq9unal01xR1qSpSFUrJJoJLlkTOAjWyhQjSSjYddg9HfjXPaY0T+UlFBnzE3IrecwpASMF9m4jiJyoho9wh0sI3JvS1BiKPm4EZw7UTOk5vcBtw3bk13DnEEdQCeyqW3eHwOPEG5EqGqER2O+dKKV5wiRQQbRue24GfkkUcCpYv9LJNcsI7ZJb1jZUkoRpvxxe18dbRolwnCrzJOCh+nOiJInWRRKazoTAnf7rDcT/vHYO8b5fcpnlwCT9XhTnAkOKB1HhiCtGQRSGEKq4+Sumd0QRCibQQQje35PHSXOnflD3LnarxyejNObQBtpEDvLQHjpG56iBmoiie/SIntGL9WA9Wa/W23frhDWaWUe/YH18Ab2Insg=</latexit><latexit sha1_base64="ZdtoZwY6RiuGWRSAdTZjSX7djs8=">AAACHHicbVBNS8NAEN34bf2KevSyWIQUpCQiqIggCuKxgtVCG8Nms9Glm03YnRRC6B/x4l/x4kHFiwfBf+O29qDWB8s83pthdl6YCa7BdT+ticmp6ZnZufnKwuLS8oq9unal01xR1qSpSFUrJJoJLlkTOAjWyhQjSSjYddg9HfjXPaY0T+UlFBnzE3IrecwpASMF9m4jiJyoho9wh0sI3JvS1BiKPm4EZw7UTOk5vcBtw3bk13DnEEdQCeyqW3eHwOPEG5EqGqER2O+dKKV5wiRQQbRue24GfkkUcCpYv9LJNcsI7ZJb1jZUkoRpvxxe18dbRolwnCrzJOCh+nOiJInWRRKazoTAnf7rDcT/vHYO8b5fcpnlwCT9XhTnAkOKB1HhiCtGQRSGEKq4+Sumd0QRCibQQQje35PHSXOnflD3LnarxyejNObQBtpEDvLQHjpG56iBmoiie/SIntGL9WA9Wa/W23frhDWaWUe/YH18Ab2Insg=</latexit>

  

v0(t, d) =
bd

1� e�bt
<latexit sha1_base64="4d3a9ezV6cfzG1TOliFPEtsjhTE=">AAACFXicbVBNS8NAEN34WetX1KOXxSJUsCURQT0IRS8eKxhbaGvZbDbt0s0Hu5NCCfkVXvwrXjyoeBW8+W/ctD1o64OBx3szzMxzY8EVWNa3sbC4tLyyWlgrrm9sbm2bO7v3KkokZQ6NRCSbLlFM8JA5wEGwZiwZCVzBGu7gOvcbQyYVj8I7GMWsE5BeyH1OCWipa1aGXasMx94RvsRtXxKautjLUhtXcDsg0JdByrKHtOJiyLJi1yxZVWsMPE/sKSmhKepd86vtRTQJWAhUEKVathVDJyUSOBUsK7YTxWJCB6THWpqGJGCqk47fyvChVjzsR1JXCHis/p5ISaDUKHB1Z36qmvVy8T+vlYB/3kl5GCfAQjpZ5CcCQ4TzjLDHJaMgRpoQKrm+FdM+0eGATjIPwZ59eZ44J9WLqn17WqpdTdMooH10gMrIRmeohm5QHTmIokf0jF7Rm/FkvBjvxsekdcGYzuyhPzA+fwBvkZ1J</latexit><latexit sha1_base64="4d3a9ezV6cfzG1TOliFPEtsjhTE=">AAACFXicbVBNS8NAEN34WetX1KOXxSJUsCURQT0IRS8eKxhbaGvZbDbt0s0Hu5NCCfkVXvwrXjyoeBW8+W/ctD1o64OBx3szzMxzY8EVWNa3sbC4tLyyWlgrrm9sbm2bO7v3KkokZQ6NRCSbLlFM8JA5wEGwZiwZCVzBGu7gOvcbQyYVj8I7GMWsE5BeyH1OCWipa1aGXasMx94RvsRtXxKautjLUhtXcDsg0JdByrKHtOJiyLJi1yxZVWsMPE/sKSmhKepd86vtRTQJWAhUEKVathVDJyUSOBUsK7YTxWJCB6THWpqGJGCqk47fyvChVjzsR1JXCHis/p5ISaDUKHB1Z36qmvVy8T+vlYB/3kl5GCfAQjpZ5CcCQ4TzjLDHJaMgRpoQKrm+FdM+0eGATjIPwZ59eZ44J9WLqn17WqpdTdMooH10gMrIRmeohm5QHTmIokf0jF7Rm/FkvBjvxsekdcGYzuyhPzA+fwBvkZ1J</latexit><latexit sha1_base64="4d3a9ezV6cfzG1TOliFPEtsjhTE=">AAACFXicbVBNS8NAEN34WetX1KOXxSJUsCURQT0IRS8eKxhbaGvZbDbt0s0Hu5NCCfkVXvwrXjyoeBW8+W/ctD1o64OBx3szzMxzY8EVWNa3sbC4tLyyWlgrrm9sbm2bO7v3KkokZQ6NRCSbLlFM8JA5wEGwZiwZCVzBGu7gOvcbQyYVj8I7GMWsE5BeyH1OCWipa1aGXasMx94RvsRtXxKautjLUhtXcDsg0JdByrKHtOJiyLJi1yxZVWsMPE/sKSmhKepd86vtRTQJWAhUEKVathVDJyUSOBUsK7YTxWJCB6THWpqGJGCqk47fyvChVjzsR1JXCHis/p5ISaDUKHB1Z36qmvVy8T+vlYB/3kl5GCfAQjpZ5CcCQ4TzjLDHJaMgRpoQKrm+FdM+0eGATjIPwZ59eZ44J9WLqn17WqpdTdMooH10gMrIRmeohm5QHTmIokf0jF7Rm/FkvBjvxsekdcGYzuyhPzA+fwBvkZ1J</latexit><latexit sha1_base64="4d3a9ezV6cfzG1TOliFPEtsjhTE=">AAACFXicbVBNS8NAEN34WetX1KOXxSJUsCURQT0IRS8eKxhbaGvZbDbt0s0Hu5NCCfkVXvwrXjyoeBW8+W/ctD1o64OBx3szzMxzY8EVWNa3sbC4tLyyWlgrrm9sbm2bO7v3KkokZQ6NRCSbLlFM8JA5wEGwZiwZCVzBGu7gOvcbQyYVj8I7GMWsE5BeyH1OCWipa1aGXasMx94RvsRtXxKautjLUhtXcDsg0JdByrKHtOJiyLJi1yxZVWsMPE/sKSmhKepd86vtRTQJWAhUEKVathVDJyUSOBUsK7YTxWJCB6THWpqGJGCqk47fyvChVjzsR1JXCHis/p5ISaDUKHB1Z36qmvVy8T+vlYB/3kl5GCfAQjpZ5CcCQ4TzjLDHJaMgRpoQKrm+FdM+0eGATjIPwZ59eZ44J9WLqn17WqpdTdMooH10gMrIRmeohm5QHTmIokf0jF7Rm/FkvBjvxsekdcGYzuyhPzA+fwBvkZ1J</latexit>

Pv(v) = �(v � v0) ) Pd(d) = PF (t[d, v0])

= PF
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Appendix 14: Experimental error 
sources 
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•  Poorly known metal composition 

•  Sparks hitting ruler, rod or grinder screen 

•  Difficult to distinguish sparks close to grinder 

•  Varying and poorly known applied force 


