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INTRODUCTION GENERALE 

Nc" tfiingogpvcvkqp" gpxktqppgogpvcng" fg" rnwu" gp" rnwu" eqpvtckipcpvg" eqpfwkv" ngu" ukffitwtikuvgu" §"
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tgewkv"rgtogv"fg"tgetkuvcnnkugt" ng"ocvfitkcw"fietqwk"rct" ng" ncokpcig."chkp"fg" nwk" tgfqppgt" ugu"rtqrtkfivfiu"
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CHAPITRE I. CONTEXTE DE L’ETUDE ET REVUE 

BIBLIOGRAPHIQUE 

Fcpu" eg" ejcrkvtg." pqwu" cnnqpu" rtfiugpvgt." fcpu" wp" rtgokgt" vgoru." ng" eqpvgzvg" fg" nÓfivwfg" gp"ogvvcpv"
nÓceegpv" uwt" nÓqtkikpcnkvfi"fg"egu" vtcxcwz"swk"eqpegtpgpv" ngu"eqwtvgu"fwtfigu"fÓqz{fcvkqp0"Gp"ghhgv." egu"
vtcxcwz"pg"uqpv"rcu"egpvtfiu"uwt"nc"fwtcdknkvfi"fgu"ocvfitkcwz"fivwfkfiu."ocku"uwt"fgu"fivcrgu"fw"rtqefiffi"fg"
hcdtkecvkqp0"Ng"eÍwt"fw"uwlgv"fg"vjflug"guv"fg"eqortgpftg"ngu"ofiecpkuogu"uwtxgpcpv"nqtu"fgu"fivcrgu"fg"
tgewkv"gv"ffiecrcig"fgu"cekgtu"hgttkvkswgu"kpqz{fcdngu0"Ckpuk."pqwu"rtfiugpvgtqpu"ngu"rtkpekrcngu"fivcrgu"fg"
hcdtkecvkqp" fg" egu" cekgtu" uwt" wpg" nkipg" kpfwuvtkgnng0" Fcpu" wp" ugeqpf" vgoru." pqwu" tcrrgnngtqpu" ngu"
tfiuwnvcvu"fg"nc"nkvvfitcvwtg"uwt"nÓqz{fcvkqp"cwz"vgoru"eqwtvu"fgu"cekgtu"hgttkvkswgu"kpqz{fcdngu0"""""""""
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I. Aciers inoxydables ferritiques stabilisés 

I.1. Généralités sur les aciers 

Ng"hgt"gzkuvg"uqwu"fkhhfitgpvgu"hqtogu"cnnqvtqrkswgu"="cwuvfipkvg"*け+"fg"uvtwevwtg"ewdkswg"hceg"egpvtfig"gv"
hgttkvkswg"*g"gv"h+"fg"uvtwevwtg"ewdkswg"egpvtfig0"É"vgorfitcvwtg"codkcpvg."ng"hgt"ug"vtqwxg"uqwu"nc"hqtog"
hgttkvkswg"g"gv"tguvg"uvcdng"lwuswÓ§";34̇E." vgorfitcvwtg"fg" vtcpukvkqp"gpvtg" nc" hgttkvg"gv" nÓcwuvfipkvg0"Wp"
cekgt"guv"wp"cnnkcig"Hg/E"fqpv"nc"vgpgwt"gp"ectdqpg"guv"kphfitkgwtg"§"4.3"'"ocuukswg."ocku"eqorvg"vgpw"
fw"hckv"swg"ng"ectdqpg"guv"wp"finfiogpv"g/iflpg."nÓcekgt"hgttkvkswg"pÓcfogv"gp"uqnwvkqp"uqnkfg"swÓwpg"vtflu"
hckdng" vgpgwt" fg" ectdqpg" *2.24"'"ocuukswg+0"Ng"fkcitcoog"fg" rjcug" hgt/ectdqpg" pÓguv" rcu" rtfiugpvfi"
fcpu"eg"ocpwuetkv0"

Wp"cekgt"hgttkvkswg"guv"kpqz{fcdng"nqtuswg"uc"vgpgwt"gp"ejtqog"guv"uwhhkucpvg"rqwt"hqtogt"wpg"eqwejg"
f)qz{fg"fg"ejtqog"rtqvgevtkeg0"Rqwt"cuuwtgt"wpg"rtqvgevkqp"ghhkeceg"fg"n)cekgt."nc"eqwejg"fg"ejtqokpg"
fqkv"‒vtg"eqpvkpwg."eqorcevg"gv"cfjfitgpvg"cw"ofivcn0"Kn"guv"cfoku"swÓwp"cekgt"guv"kpqz{fcdng"nqtuswg"uc"
vgpgwt"gp"ejtqog"guv"uwrfitkgwtg"§"32.7"'"ocuukswg0""

FÓcrtflu"ng"fkcitcoog"fg"rjcug"Hg/Et"*Hkiwtg"3+."wp"cekgt"kpqz{fcdng"hgttkvkswg"eqpugtxg"uc"uvtwevwtg"
ewdkswg"egpvtfig"lwuswÓcw"rqkpv"fg"hwukqp"nqtuswg"uc"vgpgwt"gp"ejtqog"guv"eqortkug"gpvtg"37"gv"42"'"
ocuukswg0" Egrgpfcpv." ngu" finfiogpvu"okpgwtu" tfiukfwgnu" rgwxgpv" cxqkt" wpg" kphnwgpeg" uwt" nÓfivgpfwg" fw"
fqockpg"fg"uvcdknkvfi"fg"nc"hgttkvg0""

"

Figure 1."Fkcitcoog"fg"rjcug"dkpcktg"kuqdctg"Hg/Et"*f)crtflu"Vjgtoqecne+0"

Rctok"egu"finfiogpvu."kn"eqpxkgpv"fg"pqvgt"swg"ng"ectdqpg"gv"nÓc¦qvg"fkokpwgpv"ng"fqockpg"fg"uvcdknkvfi"fg"
nc" hgttkvg0" Gp" ghhgv." fÓwpg" rctv" egu" finfiogpvu" uqpv" g/iflpgu." knu" ffiecngpv" ng" fqockpg" fg" uvcdknkvfi" fg"
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:"
"

nÓcwuvfipkvg" xgtu" fgu" vgpgwtu" gp" ejtqog" rnwu" fingxfigu" *Hkiwtg" 4+0" FÓcwvtg" rctv." gp" rtfiekrkvcpv" uqwu" nc"
hqtog" fg" ectdwtgu" fg" v{rg" Et45E8." ng" ectdqpg" gpvtc¶pg" wpg" ffiejtqokucvkqp" fg" nÓcekgt" ]9_0" NÓclqwv"
fÓfinfiogpvu"g/iflpgu." vgnu"swg"ng"vkvcpg."ng"pkqdkwo."ng"¦kteqpkwo."ng"vcpvcng"gv"ng"xcpcfkwo."rgtogv"fg"
ockpvgpkt"nc"uvtwevwtg"hgttkvkswg"lwuswÓcw"rqkpv"fg"hwukqp"fg"nÓcekgt0"Gp"rnwu"fÓ‒vtg"kpvtkpuflswgogpv"g/
iflpgu." egu" finfiogpvu" uvcdknkugpv" nc" hgttkvg" gp" finkokpcpv" ng" ectdqpg" gv" nÓc¦qvg" gp" uqnwvkqp" uqnkfg" rct"
rtfiekrkvcvkqp"uqwu"hqtog"fg"ectdwtgu"gv"fg"pkvtwtgu"]9_0""

"

Figure 2."Ghhgv"fw"ectdqpg"gv"fg"nÓc¦qvg"*E-P+"uwt"ng"fqockpg"dkrjcufi"*g"-"g)"fw"fkcitcoog"Hg/Et"]9_0"

I.2. Précipitation dans les aciers 

I.2.1. Généralités 

Fcpu"ngu"cekgtu"hgttkvkswgu"kpqz{fcdngu"uvcdknkufiu"Vk"qw1gv"Pd."fkhhfitgpvu"v{rgu"fg"rtfiekrkvfiu"rgwxgpv"ug"
hqtogt." vgnu" swg" fgu" ectdwtgu." fgu" pkvtwtgu." fgu" ectdqpkvtwtgu" qw" fgu" rjcugu" kpvgtofivcnnkswgu0" Ngu"
ectdwtgu"gv"pkvtwtgu"rgtogvvgpv"fÓfinkokpgt"ngu"finfiogpvu"tfiukfwgnu"*ectdqpg"gv"c¦qvg+"gp"uqnwvkqp"uqnkfg"
fcpu"nÓcekgt0""

NÓgzeflu" fg" pkqdkwo" fgogwtcpv" gp" uqnwvkqp" uqnkfg" rgwv" eqpfwktg" §" nc" hqtocvkqp" fÓkpvgtofivcnnkswgu"
Hg4Pd"qw" Hg4Pd5" *rjcugu" fg" Ncxgu+." ocku" fiicngogpv" fg" eqorqufiu" fg" v{rg" Hg5Pd5Z." cxge" Z"
tgrtfiugpvcpv" wp" cvqog" fÓc¦qvg." fg" ectdqpg" ]:_" qw" fÓqz{iflpg"];_" gv" Hg8Pd8Qx ]32_0" Nc" rtfiugpeg" fgu"
rjcugu" fg" Ncxgu" rgtogv" fÓcofinkqtgt" ngu" rtqrtkfivfiu" ofiecpkswgu" fg" nÓcnnkcig" uqwoku" cwz" jcwvgu"
vgorfitcvwtgu0"Gp"ghhgv."gp"rtfiekrkvcpv"cwz"lqkpvu"fg"itckpu."Hg4Pd"dnqswg"ng"itquukuugogpv"fgu"itckpu."
eg"swk"ug"vtcfwkv"rct"wpg"ogknngwtg"vgpwg"cw"hnwcig"fg"nÓcekgt"]33_0"



Ejcrkvtg"K0"Eqpvgzvg"fg"nÓfivwfg"gv"tgxwg"dkdnkqitcrjkswg"
"
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Nc"Hkiwtg"5"rtfiugpvg"ngu"fkcitcoogu"fg"rjcugu"ecnewnfiu"rqwt"wp"cekgt"kpqz{fcdng"hgttkvkswg"*Hg/3:Et/
2.23E/yVk/xPd+."gp"hqpevkqp"fw"vcwz"fg"pkqdkwo"*Hkiwtg"5"*c++."gv"gp"hqpevkqp"fw"vcwz"fg"vkvcpg"*Hkiwtg"
5"*d++"]34_0"Ngu"cwvgwtu"fg"egvvg"fivwfg"pÓqpv"rcu"rtku"gp"eqpukffitcvkqp"nÓghhgv"fg"nÓc¦qvg"fcpu"nÓcnnkcig0""""

"

Figure 3."Fkcitcoog"fg"rjcug"fg"nÓcekgt"Hg/3:Et/Pd"(a)"gv"fg"nÓcekgt"Hg/3:Et/Vk"(b)"]34_0"DEE"*dqf{"egpvtgf"
ewdke+"ukipkhkg"uvtwevwtg"ewdkswg"egpvtfig."gv"OE"hckv"tfihfitgpeg"cwz"ectdwtgu"*O"rqwt"ofivcn+0""

Rqwt"nÓcnnkcig"Hg/3:Et/2.23E/2.4Vk/xPd."nqtuswg"x ?"2."wp"fqockpg"dkrjcufi."eqpuvkvwfi"fg"hgttkvg"*pqvfi"
DDE+"gv"fg"ectdwtgu"*pqvfi"OE+."uÓfivgpf"gpvtg"772̇E"gv"3422̇E0"Gp"fguuwu"fg"3422̇E."ugwng"nc"hgttkvg"
guv"uvcdng"*lwuswÓcw"rqkpv"fg"hwukqp+."ngu"ectdwtgu"fg"vkvcpg"fivcpv"tgoku"gp"uqnwvkqp"uqnkfg"fcpu"nÓcekgt0"
Nc"rtfiugpeg"fw"pkqdkwo"fcpu"nÓcnnkcig"*x @"2+"gpvtc¶pg"nÓcrrctkvkqp."fcpu"ng"fqockpg"fg"nc"hgttkvg"gv"fgu"
ectdwtgu."fg" nc"rjcug"fg"Ncxg0"Eg"fqockpg" vtkrjcufi"*hgttkvg."ectdwtgu"gv"rjcug"fg"Ncxg+"guv"fÓcwvcpv"
rnwu"fivgpfw"swg"nc"vgpgwt"gp"pkqdkwo"guv"fingxfig0"Nc"vgorfitcvwtg"fg"tgokug"gp"uqnwvkqp"fg"nc"rjcug"fg"
Ncxg."fg":72̇E"gpxktqp"rqwt"2.7"'"ocuukswg"fg"pkqdkwo."rcuug"§"3322̇E"rqwt"4"'"ocuukswg0"""

Gp"cdugpeg"fg"vkvcpg"*y ?"2+"fcpu"nÓcnnkcig"Hg/3:Et/2.23E/yVk/2.7Pd."wp"fqockpg"vtkrjcufi"eqpuvkvwfi"fg"
hgttkvg."fg"ectdwtgu"gv"fg"rjcug"fg"Ncxg"guv"rtfiugpv"fg"872̇E"§":22̇E0"Fg":22̇E"§"3422̇E"ugwnu"nc"
hgttkvg" gv" ngu" ectdwtgu"fgogwtgpv" uvcdngu0"Gp"fguuwu"fg"3422̇E." ngu" ectdwtgu" uqpv" tgoku" gp" uqnwvkqp0"
NÓcffkvkqp"fg"vkvcpg"eqpfwkv"§"wpg"cwiogpvcvkqp"fw"uqnxwu"fg"nc"rjcug"fg"Ncxg0""

Egu" fkcitcoogu" rtfiugpvfiu" uwt" nc" Hkiwtg" 5" uqpv" gp" ceeqtf" cxge" ngu" qdugtxcvkqpu" gzrfitkogpvcngu" fg"
Hwlkvc"et al."]33_."ogpfigu"uwt"wp"cekgt"Hg/3;Et/2.24*E-P+/Pd0"FÓcrtflu"egv"cwvgwt."fgu"ectdwtgu"gv"fgu"
pkvtwtgu"fg"pkqdkwo"ug"hqtogpv"§"3222̇E"rqwt"fgu"vgpgwtu"gp"pkqdkwo"kphfitkgwtgu"§"2.8"'"ocuukswg0"
Cw/fgn§" fg" egvvg" xcngwt." fgu" rtfiekrkvfiu" fg" Hg4Pd" crrctckuugpv" gv" fgxkgppgpv" oclqtkvcktgu" rqwt" fgu"
vgpgwtu"gp"pkqdkwo"uwrfitkgwtgu"§"3"'"ocuukswg0"

I.2.2. Précipitation des carbures et nitrures 

Nc"Hkiwtg"6"rtfiugpvg"ngu"uqnxwu"fgu"ectdwtgu"gv"pkvtwtgu"hqtofiu"§"rctvkt"fg"fkhhfitgpvu"uvcdknkucpvu"]35_0"Kn"
crrctc¶v" encktgogpv" swg" ngu" pkvtwtgu" uqpv" rnwu" uvcdngu" swg" ngu" ectdwtgu0" VkP" rtfiekrkvg" rqwt" fgu"
vgorfitcvwtgu"uwrfitkgwtgu"cw"rqkpv"fg"hwukqp"fg"nÓcekgt0""



Eqorqtvgogpv"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"uvcdknkufiu"nqtu"fgu"fivcrgu"fg"tgewkv"gv"ffiecrcig""
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Ngu"finfiogpvu"<"cnwokpkwo"*pqp"tgrtfiugpvfi"fcpu"nc"Hkiwtg"6+." vcpvcng"gv"xcpcfkwo"pg"uqpv"rcu"wvknkufiu"
eqoog"uvcdknkucpvu0"Ng"ectdwtg"CnE"pÓguv"rcu"uvcdng"eqpvtcktgogpv"cw"pkvtwtg"CnP0"Nc"pqp/wvknkucvkqp"
fw" vcpvcng" gv" fw" xcpcfkwo" guv" fwg." tgurgevkxgogpv" §" fgu" tckuqpu" fieqpqokswgu." gv" fg" ekpfivkswg" fg"
rtfiekrkvcvkqp"]36_0"Gp"eqpufiswgpeg."ngu"cekgtu"hgttkvkswgu"uqpv"rtkpekrcngogpv"uvcdknkufiu"rct"ng"vkvcpg."ng"
pkqdkwo"gv"ng"¦kteqpkwo0"Ng"¦kteqpkwo"pÓfivcpv"rcu"wvknkufi"ejg¦"Crgtco."fcpu"nc"uwkvg"fg"egvvg"rctvkg."
pqwu"pqwu"kpvfitguugtqpu"ugwngogpv"cw"vkvcpg"gv"cw"pkqdkwo0""""""

"

Figure 4."Uqnxwu"fgu"ectdwtgu"gv"pkvtwtgu"fcpu"wp"cekgt"Hg/3:Et/4Oq"]35_0"

Aciers stabilisés titane

Nc"rtfiekrkvcvkqp"ffidwvg"fflu"nc"uqnkfkhkecvkqp"fg"nÓcekgt"*3622̇E+."rct"nc"hqtocvkqp"fw"pkvtwtg"fg"vkvcpg"
VkP0" Egu" rtfiekrkvfiu" tguvgtqpv" uvcdngu" cw" eqwtu" fgu" fkhhfitgpvgu" fivcrgu" fw" rtqefiffi" fg" hcdtkecvkqp"
*fincdqtcvkqp"gv"okug"gp"hqtog+"fgu"cekgtu0"Nc"rtfiekrkvcvkqp"ug"rqwtuwkv"rct"nc"hqtocvkqp"fw"ectdwtg"fg"
vkvcpg"VkE."fflu"3322̇E."VkE"rtfiekrkvg"§"rctvkt"fgu"rtfiekrkvfiu"rtfigzkuvcpvu"fg"VkP"]37_0"Ngu"rtfiekrkvfiu"fg"
VkP"uqpv"fg"itcpfgu"fkogpukqpu."fg"swgnswgu"oketqoflvtgu"§"swgnswgu"fk¦ckpgu"fg"oketqoflvtgu."cnqtu"
swg"ngu"rtfiekrkvfiu"fg"VkE"uqpv"fg"vcknngu"xctkcdngu"rqwxcpv"cnngt"fg"322"po"§"swgnswgu"oketqoflvtgu0"

Rqwt"cuuwtgt"wpg"dqppg"uvcdknkucvkqp"fg"nÓcekgt."kn"guv"kpfkurgpucdng"swg"nc"vgpgwt"gp"vkvcpg"uqkv"gp"gzeflu"
rct"tcrrqtv"cwz"vgpgwtu"gp"ectdqpg"gv"c¦qvg0"Nc" vgpgwt"gp" vkvcpg" nkdtg."pqvfig"〉Vk."eqttgurqpfcpv"§"nc"
swcpvkvfi"fg"vkvcpg"fgogwtcpv"gp"uqnwvkqp"uqnkfg"crtflu"nc"hqtocvkqp"fgu"ectdwtgu"gv"fgu"pkvtwtgu0"Egvvg"
vgpgwt"ug"ffivgtokpg"§"nÓckfg"fg"nc"hqtowng"<"

· 〉Vk"?"Vk"Î"*OVk"1"OE+"'"E"Î"*OVk"1"OP+"'"P" " " " " " ]K03_"

q́"OVk."OE"gv"OP" uqpv" ngu"ocuugu"oqncktgu"fw" vkvcpg"fw"ectdqpg"gv"fg"nÓc¦qvg"gv"Vk."E"gv"P"ffiukipg"
ngwtu" rtqrqtvkqpu" ocuukswgu" tgurgevkxgu" fcpu" nÓcekgt0" Gp" eqpukffitcpv" swg" OVk"1"OE" Ã"OVk"1"OP" Ã" 6."
cnqtu."kn"xkgpv""
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· 〉Vk"?"Vk"Î"6"'"*E"-"P+""" " " " " " " " """]K04_"

Aciers stabilisés niobium

Rqwt" ngu" cekgtu" uvcdknkufiu" pkqdkwo." fgu" rtfiekrkvfiu" fg" ectdqpkvtwtgu"<" Pd*E.P+" ug" hqtogpv" nqtu" fw"
tghtqkfkuugogpv." §" rctvkt" fg" 3372̇E0"Egu" rtfiekrkvfiu"fg" uvtwevwtg" ewdkswg" rquuflfgpv" wp" rctcoflvtg" fg"
ocknng"eqortku"gpvtg"egnwk"fg"PdE"*669.3"ro+"gv"egnwk"fg"PdP"*659.7"ro+0"

Ngu"ectdqpkvtwtgu"fg"pkqdkwo"ug"rtfiugpvgpv"uqwu"nc"hqtog"fg"rncswgvvgu"fg"3"-o"fÓfirckuugwt"gv"32"-o"
fg"nqpiwgwt"]38_0"

Nc"vgpgwt"gp"pkqdkwo"nkdtg"ug"ffivgtokpg"§"nÓckfg"fg"nc"hqtowng"uwkxcpvg"<"

· 〉Pd"?"Pd"Î"*OPd"1"OE+"'"E"Î"*OPd"1"OP+"'"P" " " " " " """]K05_"

Fg" nc"o‒og"ocpkfltg" swg" rqwt" ngu" cekgtu" uvcdknkufiu" vkvcpg." gp" crrtqzkocpv" ngu" tcrrqtvu" fgu"ocuugu"
oqncktgu"*"OPd"1"OE"Ã"OPd"1"OP"Ã"9+."kn"xkgpv"<""

· 〉Pd"?"Pd"Î"9"'"*E"-"P+" " " " " " " " """]K06_"

Aciers bistabilisés niobium, titane

Rqwt"ngu"pwcpegu"dkuvcdknkufigu"pkqdkwo"gv"vkvcpg."nc"ufiswgpeg"fg"rtfiekrkvcvkqp"ffidwvg"rct"nc"hqtocvkqp"
fg"VkP"gv"ug"rqwtuwkv"rct"nc"hqtocvkqp"fg"PdE"§"rnwu"dcuug"vgorfitcvwtg0""

Gp"hqpevkqp"fg"nc"vgpgwt"gp"vkvcpg."pqwu"fgxqpu"fkuvkpiwgt"ngu"fgwz"ecu"uwkxcpvu0"Nqtuswg"nc"vgpgwt"gp"
vkvcpg" pÓguv" rcu" uwhhkucpvg" rqwt" finkokpgt" vqwv" nÓc¦qvg" gp" uqnwvkqp" uqnkfg." *ecu" ṗ3+." kn" ug" hqtog" wp"
ectdqpkvtwtg" fg" pkqdkwo"Pd*E.P+" eqpvgpcpv" egv" gzeflu" fÓc¦qvg" ];_0"Ngu" vgpgwtu" gp" pkqdkwo"gv" vkvcpg"
nkdtgu"ug"ffivgtokpgpv"cnqtu."fg"nc"hc›qp"uwkxcpvg"<""

· 〉Vk"?"2"" " " " " " " " " " """]K07_"
· 〉Pd"?"Pd"Î"9"'"*E"-"P+"-"916"Vk" " " " " " " """]K08_"

Gp"tgxcpejg."nqtuswg"ng"vkvcpg"guv"gp"gzeflu"rct"tcrrqtv"§"nÓc¦qvg"*ecu"ṗ4+."nÓgzeflu"fg"vkvcpg"guv"eqpvgpw"
fcpu" ng" ectdwtg"PdE" uqwu" nc" hqtog" fg" PdxVkyE0" Uk" pqwu" eqpukffitqpu" swg" eg" ectdwtg" rquuflfg" nc"
uvÍejkqofivtkg"uwkxcpvg"<"Pd2.7Vk2.7E."kn"xkgpv"<"

· 〉Vk"?"Vk"Î"6"'"*E14"-"P+" " " " " " " " """]K09_"
· 〉Pd"?"Pd"Î"5.7"E" " " " " " " " " """]K0:_"

Ngu" ecnewnu" fg" 〉Vk" gv" 〉Pd" rgtogvvgpv" fqpe" fg" ffivgtokpgt" nc" vgpgwt" fg" egu" finfiogpvu" vqwlqwtu" gp"
uqnwvkqp"uqnkfg"fcpu"nÓcekgt0""""

Crtflu" swg" pqwu" pqwu" uq{qpu" kpvfitguufiu" cwz" cekgtu" kpqz{fcdngu" hgttkvkswgu." pqwu" cnnqpu" rtfiugpvgt" ng"
eqpvgzvg" kpfwuvtkgn" fg" egvvg" fivwfg0" Ng" eqpvgzvg" guv" egpvtfi" uwt" ngu" fivcrgu" fg" tgewkv" gv" ffiecrcig."
kpvgtxgpcpv"gp"hkp"fg"nÓfincdqtcvkqp"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu0"""

" "



Eqorqtvgogpv"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"uvcdknkufiu"nqtu"fgu"fivcrgu"fg"tgewkv"gv"ffiecrcig""
"
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II. Fabrication des aciers inoxydables stabilisés 

Fcpu"egvvg"rctvkg"pqwu"rtfiugpvgtqpu"dtkflxgogpv"ngu"rtkpekrcngu"fivcrgu"fg"hcdtkecvkqp"fgu"cekgtu"rncvu."gp"
ffidwvcpv" rct" nÓfivcrg" fg" eqwnfig" eqpvkpwg0" Pqwu" pqwu" kpvfitguugtqpu." fcpu" ng" ffivckn." wpkswgogpv" cwz"
fivcrgu" fg" tgewkv" gv" ffiecrcig" ug" ffitqwncpv" gp" v»ngtkg" uwt" nc" nkipg" kpfwuvtkgnng"fÓCrgtco"§" Kudgtiwgu"<"
NE4k"]39_0"

II.1. De l’aciérie à la tôlerie

Gp"cekfitkg."nc"eqwnfig"eqpvkpwg"fw"ofivcn"hqpfw"rgtogv"nÓqdvgpvkqp"fg"brames"fg"fkogpukqpu"eqortkugu"
gpvtg" 822" §" 4222"oo"fg" nctig." rqwt" 372" §" 472"oo" fÓfirckuugwt0"Egu"brames" uqpv" vtcpuhqtofigu" rct"
ncokpcig"§"ejcwf"*gpvtg"3222"gv"3422̇E+"fcpu"ng"dwv"fÓqdvgpkt"fgu"dqdkpgu"fg"4"§"32"oo"fÓfirckuugwt0"
Ngu"dqdkpgu"ckpuk"rtqfwkvgu"uqpv"crrgnfigu"coil noir gp"tckuqp"fg"nc"eqwejg"fÓqz{fg"firckuug"hqtofig"nqtu"
fw"vtckvgogpv"§"ejcwf"*qw"calamine+0"NÓfincdqtcvkqp"ug"rqwtuwkv"gp"v»ngtkg."ng"coil noir"guv"vtcpuhqtofi"gp"
rtqfwkv"hkpk."crtflu"wpg"uweeguukqp"fÓfivcrgu"swg"pqwu"cnnqpu"ffietktg0""

Wpg"rtgokfltg"ufiswgpeg"fg"tgewkv"gv"ffiecrcig"guv"okug"gp"Íwxtg"rqwt"finkokpgt" nc"eqwejg"fÓqz{fg"gv"
qdvgpkt"ckpuk"ng"coil blanc0"Ngu"fkhhfitgpvgu"fivcrgu"fg"egvvg"ufiswgpeg"uqpv"tgrtfiugpvfigu"uwt"nc"Hkiwtg"70"
Crtflu"ffidqdkpcig."ng"coil noir"guv"tgewkv"§"jcwvg"vgorfitcvwtg"rwku"tghtqkfk"§"nÓckt"gv"§"nÓgcw0"Gp"uqtvkg"fg"
nc"¦qpg"fg"tgewkv."nc"eqwejg"fÓqz{fg"guv"rtfirctfig"ofiecpkswgogpv"fg"ocpkfltg"§"hceknkvgt"uqp"finkokpcvkqp"
nqtu" fg" nÓfivcrg" fg" ffiecrcig0" Rqwt" eg" hcktg." nc" dcpfg" fÓcekgt" qz{ffig" rcuug" fcpu" wpg" ¦qpg" fg"
ffiecncokpcig" eqortgpcpv" wp" dtkug" qz{fg" gv" fgu" itgpcknngwugu0"Egvvg" fivcrg" c" rqwt" dwv" fÓfinkokpgt" nc"
rctvkg" gzvgtpg" fg" nc" eqwejg" fÓqz{fg." ckpuk" swg" fg" etfigt" fgu" hkuuwtgu" fcpu" nc" rctvkg" kpvgtpg." rqwt"
ceetq¶vtg"nc"rgteqncvkqp"fgu"uqnwvkqpu"fg"ffiecrcig"lwuswÓcw"ofivcn0"Uwkvg"§"nc"rtfirctcvkqp"ofiecpkswg."nc"
eqwejg"fÓqz{fg"rgwv"cnqtu"‒vtg"finkokpfig"rct"ffiecrcig"rct"xqkg"ejkokswg"gv"fingevtqn{vkswg0"Kn"gp"tfiuwnvg"
ckpuk"ng"coil blanc0"

"

Figure 50"Rtgokfltg"ufiswgpeg"fg"tgewkv/ffiecrcig"okug"gp"Íwxtg"rqwt"qdvgpkt"fgu"dqdkpgu"fg"eqkn"dncpe"§"rctvkt"fg"
dqdkpgu"fg"eqkn"pqkt"]3:_0"

Ng" coil blanc" guv" ncokpfi" §" htqkf" fg"ocpkfltg" §" qdvgpkt" fgu" dcpfgu" fÓcekgt" fÓfirckuugwtu" ffiuktfigu0" Eg"
ncokpcig."tficnkufi"§"htqkf."gpigpftg"wp"fietqwkuucig"fg"nÓcekgt0"Wp"tgewkv"fg"tgetkuvcnnkucvkqp"guv"cnqtu"oku"
gp" Íwxtg" rqwt" tgfqppgt" §" nÓcekgt" ugu" rtqrtkfivfiu" ofiecpkswgu0" Ng" tgewkv" jcwvg" vgorfitcvwtg" *;72" /
3322̇E+" ug" ffitqwng" uqwu" cvoqurjfltg" qz{fcpvg" *tgewkv" qz{fcpv+0"Nqtu" fw" tgewkv." wp" hkno"fÓqz{fg" ug"
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hqtog." eg" hkno" guv" finkokpfi" rct" wpg" fivcrg" fg" ffiecrcig0" Egu" fivcrgu" fg" tgewkv" gv" ffiecrcig" uqpv"
ffixgnqrrfigu"fcpu"nc"rctvkg"uwkxcpvg0""

II.2. Étapes finales de recuit et décapage  

Nc"Hkiwtg"8"rtfiugpvg" nc" ufiswgpeg"fg" tgewkv" ffiecrcig" hkpcn0"Egvvg" ufiswgpeg" eqortgpf"wp" tgewkv" uqwu"
cvoqurjfltg" qz{fcpvg." wp" tghtqkfkuugogpv" §" nÓckt" gv" §" nÓgcw." ckpuk" swÓwpg" ¦qpg" fg" ffiecrcig" rct" xqkg"
ejkokswg"gv"fingevtqn{vkswg0""

"

Figure 6."Ufiswgpeg"fg"tgewkv/ffiecrcig"hkpcn"]3:_0"

II.2.1. Recuit sous atmosphère oxydante 

Principe

Ng" tgewkv" eqpukuvg" §" hcktg" ffihkngt" nc" dcpfg" fÓcekgt" fcpu" wp" hqwt" jqtk¦qpvcn" fg" swgnswgu" fk¦ckpgu" fg"
oflvtgu"fg"nqpi0"Nc"fwtfig"fw"tgewkv"guv"eqpvt»nfig"rct"nc"xkvguug"fg"rcuucig"fg"nÓcekgt"fcpu"ng"hqwt0"Egvvg"
fwtfig"ffirgpf"fg"nÓfirckuugwt"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"*67"§"342"u+0""

Nc" oqpvfig" gp" vgorfitcvwtg" fg" nÓcekgt" ffirgpf" §" nc" hqku" fg" nc" xkvguug" fg" rcuucig" ckpuk" swg" fgu"
vgorfitcvwtgu" fg" eqpukipgu0" Ng" hqwt" guv" eqorqufi" fg" fkhhfitgpvgu" egnnwngu." gnngu/o‒ogu" fkxkufigu" gp"
rnwukgwtu"¦qpgu0"Ng"ejcwhhcig"guv"cuuwtfi"§"nÓckfg"fg"dtwngwtu"tfirctvku"fcpu"ngu"fkhhfitgpvgu"¦qpgu0"Ejcswg"
¦qpg"guv" kpfgzfig"§"wpg" vgorfitcvwtg"fg"eqpukipg"swk"guv"eqpvt»nfig"rct"tfiiwncvkqp"fg" nc"rwkuucpeg"fgu"
dt̂ngwtu0"""""""""

Atmosphère oxydante

Uwt" ngu" nkipgu" kpfwuvtkgnngu." nÓcvoqurjfltg" guv" eqorqufig" fgu" ic¦" kuuwu" fg" nc" eqodwuvkqp" fw"ofivjcpg"
uqwu"qz{iflpg0"Nc"eqodwuvkqp"fw"ofivjcpg"ug"ffitqwng"uwkxcpv"nc"tficevkqp"<"

· EJ6"*i+"-"4"Q4"*i+"s"EQ4"*i+"-"4"J4Q"*i+" " " " " " """]K0;_"

Nc"tficevkqp"eqpfwkv"§"nc"hqtocvkqp"fg"fkqz{fg"fg"ectdqpg"gv"fg"xcrgwt"fÓgcw0"Rqwt"fixkvgt"nc"hqtocvkqp"
fg"oqpqz{fg"fg"ectdqpg."gp"ecu"fg"ffihcwv"fg"fkqz{iflpg."nc"eqodwuvkqp"fw"ofivjcpg"guv"tficnkufig"uqwu"
gzeflu"fg"fkqz{iflpg0"Fcpu"ng"hqwt"kpfwuvtkgn."nÓckt"guv"wvknkufi"eqoog"uqwteg"fg"fkqz{iflpg."nÓcvoqurjfltg"
guv"fqpe"eqpuvkvwfig"fÓwp"ofincpig"<"Q41EQ41J4Q1P40"Ng"tcrrqtv"gpvtg" nc"swcpvkvfi"vqvcng"fg"fkqz{iflpg"
kpvtqfwkv"gv"nc"swcpvkvfi"fg"fkqz{iflpg"pfieguucktg"§"nc"tficevkqp"ffihkpkv"ng"taux d’aération0"Gp"rtcvkswg."nc"
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eqodwuvkqp"fw"ofivjcpg"guv" tficnkufig"rqwt"wp" taux d’aération"fg"nÓqtftg"fg"3.40"Gp"lqwcpv"uwt"ng"vcwz"
fÓcfitcvkqp."pqwu"rqwxqpu"oqfkhkgt"ngu"rtqrqtvkqpu"fgu"gurflegu"ic¦gwugu"fg"nÓcvoqurjfltg0"Nc"Hkiwtg"9"
eqttgurqpf"cw"fkcitcoog"fÓfiswknkdtg"fw"ofivjcpg"§"3422̇E."wvknkufi"rqwt"ffivgtokpgt"nc"eqorqukvkqp"fg"
nÓcvoqurjfltg"]3;_0"Eg"fkcitcoog"rtfiugpvg"nÓfixqnwvkqp"fg"nc"eqorqukvkqp"fgu"rtqfwkvu"fg"eqodwuvkqp"
*fumées+"fw"ofivjcpg."gp"hqpevkqp"fw"taux d’aération,"pqvfi"n0"

"

Figure 7."Fkcitcoog"fÓfiswknkdtg"fw"ofivjcpg"]3;_0""""

Uqwu"nÓghhgv"fg"nc"vgorfitcvwtg"gv"fg"nÓcvoqurjfltg"qz{fcpvg."wp"hkno"fÓqz{fg"ug"hqtog"gp"uwthceg0"Eg"
hkno"guv"finkokpfi"rct"wpg"fivcrg"fg"ffiecrcig"swg"pqwu"rtfiugpvqpu"fcpu"nc"ugevkqp"uwkxcpvg0"

II.2.2. Décapage final 

Nc" ufiswgpeg"fg"ffiecrcig" uwt" nc" nkipg" kpfwuvtkgnng"NE4k" eqorqtvg"wpg" ugevkqp"fg"ffiecrcig"rct"xqkg"
fingevtqn{vkswg" gv" wpg" ugevkqp" fg" ffiecrcig" rct" xqkg" ejkokswg" *ucpu" rqnctkucvkqp" fg" nÓcekgt+0"Fcpu" eg"
rctcitcrjg."pqwu"pqwu"nkokvqpu"§"rtfiugpvgt"ngu"fgwz"oqfgu"fg"ffiecrcig"*fingevtqn{vkswg"gv"ejkokswg+0"
Nc"ufiswgpeg"fg"ffiecrcig."gp"vcpv"swg"vgnng."ugtc"rtfiugpvfig"fcpu"ng"ejcrkvtg"KK0"

NÓfinkokpcvkqp"fw"hkno"fÓqz{fg"ug"ffitqwng"uqkv"rct"wpg"cvvcswg"fktgevg"fg"egnwk/ek."uqkv"rct"wpg"cvvcswg"
fw"ofivcn"uqwu/lcegpv"]42_0"Ngu"ofiecpkuogu"uwtxgpcpv"nqtu"fw"ffiecrcig"ugtqpv"fkuewvfiu"fcpu"ng"ejcrkvtg"
X"eqpucetfi"§"nÓfivwfg"fw"eqorqtvgogpv"fg"nÓcekgt"nqtu"fw"ffiecrcig0""

Décapage électrolytique

Nqtu" fÓwp" ffiecrcig" rct" xqkg" fingevtqn{vkswg." nÓcekgt" guv" rqnctkufi" kpfktgevgogpv" rct" rcuucig" fcpu" wp"
fingevtqn{vg"gpvtg"wpg"rcktg"fÓfingevtqfgu"fg"o‒ogu"rqnctkvfiu0"Ng"dckp"fingevtqn{vkswg"eqortgpf"rnwukgwtu"
ufitkgu" fg" rcktgu" fÓfingevtqfgu0" Nqtu" fÓwp" ffiecrcig" uwt" nc" nkipg" kpfwuvtkgnng." nÓcekgt" guv" rqnctkufi"
cnvgtpcvkxgogpv"gp"cpqfkswg"gv"ecvjqfkswg0"Ifipfitcngogpv."nc"ufiswgpeg"fg"rqnctkucvkqp"fg"nÓcekgt"guv"nc"
uwkxcpvg"<" cpqfkswg" Î" ecvjqfkswg" Î" cpqfkswg." eg" swk" eqttgurqpf" cw" rcuucig" gpvtg" wpg" ufitkg" fg"
ecvjqfgu."fÓcpqfgu"gv"fg"ecvjqfgu"*Hkiwtg":+0"""
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Figure 8."Ufiswgpeg"fg"rqnctkucvkqp"nqtu"f)wp"ffiecrcig"fingevtqn{vkswg"]3:_0"

Ngu"rctcoflvtgu"fw"ffiecrcig"fqpv."nc"ufiswgpeg"fg"rqnctkucvkqp."nc"pcvwtg"fgu"fingevtqn{vkswgu."nc"xkvguug"
fg"rcuucig"fg" nÓcekgt" uqpv" kuuwu"fg" nÓgzrfitkgpeg"ceswkug"rct"Crgtco0"Fcpu" nc" uwkvg"fg"eg"ocpwuetkv."
pqwu"pg"fkuewvgtqpu"rcu"fg"egu"rctcoflvtgu0"

Décapage chimique

Ng" ffiecrcig" rct" xqkg" ejkokswg" *ucpu" rqnctkucvkqp+" eqpukuvg" §" hcktg" rcuugt" ng" ofivcn" fcpu" wp" dckp"
eqpvgpcpv"wpg"uqnwvkqp"cswgwug0"Ng"dckp"wvknkufi"rqwt"eg"v{rg"fg"ffiecrcig"uwt"nc"nkipg"kpfwuvtkgnng"guv"
wpg"uqnwvkqp"fÓWI5R"*wikpg"rgtqzkfg"rkemnkpi"rtqeguu+"]9_0"Egvvg"uqnwvkqp."okug"cw"rqkpv"uwt"ng"ukvg"fg"
Iwgwipqp." guv" eqorqufig" fÓcekfg" hnwqtj{ftkswg." fg"rgtqz{fg" fÓj{ftqiflpg" gv" fÓkqpu" hgttkswgu0"Pqwu"
fkuewvgtqpu"fg"nÓghhgv"fg"nc"uqnwvkqp"fÓWI5R"fcpu"ng"ejcrkvtg"X0"""

II.3. Problématique industrielle 

Ng"rtqfwkv"hkpk"fqkv"rquufifgt"ngu"ectcevfitkuvkswgu"tgswkugu"rct"ng"enkgpv."swg"eg"uqkgpv"gp"swk"eqpegtpg"
nÓfirckuugwt."ngu"rtqrtkfivfiu"ofiecpkswgu"gv"guvjfivkswgu0"Egu"ectcevfitkuvkswgu"fqkxgpv"‒vtg"qdvgpwgu"rct"nc"
oc¶vtkug"fw"rtqefiffi"fg"hcdtkecvkqp"fgu"cekgtu0"Eqoog"fixqswfigu"fcpu"nÓkpvtqfwevkqp"fg"eg"ocpwuetkv."
ngu"fivcrgu"fg"tgewkv"gv"ffiecrcig"rgwxgpv"gpvtc¶pgt"wpg"cnvfitcvkqp"fgu"rtqrtkfivfiu"guvjfivkswgu"fg"nÓcekgt"
kpqz{fcdng"hgttkvkswg"dkuvcdknkufi"Vk."Pd0"""""

Fcpu" nc" rctvkg" uwkxcpvg." pqwu" rtfiugpvgtqpu" fgu" tfiuwnvcvu" kuuwu" fg" nc" nkvvfitcvwtg" eqpegtpcpv." fcpu" wp"
rtgokgt"vgoru."nÓqz{fcvkqp"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"rqwt"fg"eqwtvgu"fwtfigu0"Fcpu"wp"ugeqpf"
vgoru."pqwu"pqwu"kpvfitguugtqpu"§"nÓghhgv"fw"vkvcpg"gv"fw"pkqdkwo0""

""""

""""

"

"

" "
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III. Oxydation des aciers inoxydables ferritiques 

III.1. Introduction 

Ng" ffixgnqrrgogpv" fÓcekgtu" kpqz{fcdngu" hgttkvkswgu" hckv" nÓqdlgv." rqwt"Crgtco" fÓwp" kpvfit‒v" ceetw" rct"
tcrrqtv"cwz"cekgtu"kpqz{fcdngu"cwuvfipkvkswgu"rqwt"fgu"tckuqpu"fieqpqokswgu0"Eqpvtcktgogpv"cwz"cekgtu"
kpqz{fcdngu"cwuvfipkvkswgu."ngu"cekgtu"hgttkvkswgu"pg"eqpvkgppgpv"swÓwpg"vtflu"hckdng"vgpgwt"gp"pkemgn."eg"
swk"ngu"chhtcpejkv"fgu"hnwevwcvkqpu"fgu"eqwtu"fw"pkemgn"fg"egu"fgtpkfltgu"cppfigu"]43_0""

Nc"rnwrctv"fgu"fqppfigu"kuuwgu"fg"nc"nkvvfitcvwtg"uqpv"eqpucetfigu"§"nc"fwtcdknkvfi"fg"egu"cekgtu"fcpu"ngwtu"
fqockpgu"fÓcrrnkecvkqp"vgnu"swg"ngu"nkipgu"fÓfiejcrrgogpv"fgu"cwvqoqdkngu"]7."44_."ngu"kpvgteqppgevgwtu"
fg" UQHE" *uqnkf" qzkfg" hwgn" egnn+" ]45/48_0" Ngu" fivwfgu" gp" eg" swk" eqpegtpg" nc" fwtcdknkvfi" fgu" cekgtu" ug"
vtcfwkugpv" rct" fg" nqpiwgu" fwtfigu" fÓqz{fcvkqp" rqwxcpv" cnngt" fg" swgnswgu" jgwtgu" ]49_" §" swgnswgu"
egpvckpgu"]4:_"xqktg"swgnswgu"oknnkgtu"fÓjgwtgu"]4;."52_0"Gp"tgxcpejg."rgw"fÓcwvgwtu"ug"uqpv"eqpucetfiu"
§"nÓfivwfg"fw"eqorqtvgogpv"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"rqwt"fgu"qz{fcvkqpu"fg"eqwtvgu"fwtfigu0"

Fcpu" ng" rctcitcrjg" uwkxcpv." pqwu" hgtqpu" ng" rqkpv" uwt" ngu" tfiuwnvcvu" kuuwu" fg" nc" nkvvfitcvwtg" eqpegtpcpv"
nÓqz{fcvkqp"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"uwt"fg"eqwtvgu"fwtfigu0""

III.2.  Oxydations de courtes durées 

III.2.1. Aciers ferritiques Fe-15Cr  

Ngu" fivcrgu" kpkvkcngu" fÓqz{fcvkqp" fÓwpg" uwthceg" rqnkg" uqwokug" §" wp" ic¦" qz{fcpv" qpv" fivfi" ffietkvgu" rct"
Mqhuvcf" et al." ]53_0" Vqwv" fÓcdqtf." ngu" gurflegu" ic¦gwugu" fg" nÓcvoqurjfltg" uÓcfuqtdgpv" cw"ofivcn0" Egu"
gurflegu"rgwxgpv"cnqtu"tficikt"cxge"ngu"ecvkqpu"ofivcnnkswgu"rqwt"hqtogt"›§"gv"n§"fgu"igtogu"fÓqz{fg0"Nc"
etqkuucpeg"ncvfitcng"fgu"igtogu"eqpfwkv."§"nc"hqtocvkqp"fÓwpg"eqwejg"fÓqz{fg"eqpvkpwg."swk"rgwv"cnqtu"
uÓfirckuukt0""

Ejcvvqrcfj{c{"et al."]54_"qpv"fivwfkfi"nc"eqwejg"fÓqz{fg"hqtofig"uwt"wp"cekgt"Hg/37Et"qz{ffi"37"okp"§"
822̇E0" Knu" qpv" tfixfinfi" nc"rtfiugpeg"fÓwpg" eqwejg" vtkrngz" eqorqufig." fÓjfiocvkvg"fcpu" nc"rctvkg"gzvgtpg."
fÓwp" urkpgnng" *Hg.Et+5Q6" cw" egpvtg" gv." fg" ejtqokpg" fcpu" nc" rctvkg" kpvgtpg0" Rqwt" Rctm" et al." ]55_.
nÓqz{fcvkqp"fÓwp"cekgt"Hg/37Et"uqwu"ckt"§":22̇E"eqpfwkv"§"nc"hqtocvkqp"fg"igtogu"fÓqz{fg"fg"hgt"swk"
tgeqwxtgpv"nc"vqvcnkvfi"fg"nÓfiejcpvknnqp"crtflu"52"u0"Egu"igtogu"etqkuugpv"uqwu"nc"hqtog"fg"itckpu"hcegvvfiu"
gv" uÓgptkejkuugpv" gp" ejtqog0" É" rctvkt" fg" ;2"u." fgu" pqwxgcwz" etkuvcwz" tkejgu" gp" hgt" igtogpv" uwt" ngu"
itckpu"fw"rtgokgt"qz{fg0"Kn"gp"tfiuwnvg"wp"qz{fg"fwrngz"cxge"wpg"rctvkg"kpvgtpg"tkejg"gp"ejtqog"gv"wpg"
rctvkg"gzvgtpg"tkejg"gp"hgt0"Rqwt"wpg"fwtfig"fg"342"u."wpg"eqwejg"eqpvkpwg"fÓqz{fg"fwrngz"ug"hqtog."gv"
ug"vtcpuhqtog."crtflu"gptkejkuugogpv"gp"ejtqog."gp"wpg"eqwejg"oqpqrjcufig"tkejg"gp"ejtqog0""""""

Ucgmk"et al. ]56_"rtqrqugpv"wp"ofiecpkuog"ffietkxcpv" ngu"rtgokfltgu"fivcrgu"fg" nc"etqkuucpeg"fÓwp" hkno"
fÓqz{fg"hqtofi"§"3222̇E0"Eg"ofiecpkuog"rtgpf"gp"eqorvg"nÓfixqnwvkqp."cxge"nc"fwtfig"fÓqz{fcvkqp."fg"nc"
eqorqukvkqp" gv" fg" nc" oqtrjqnqikg" fg" nc" eqwejg" gp" etqkuucpeg0" Ng" ffidwv" fg" nÓqz{fcvkqp" *v" ?" 2"u+"
eqttgurqpf" cw" oqogpv" q́" nÓfiejcpvknnqp" cvvgkpv" nc" vgorfitcvwtg" ffiuktfig"<" 3222̇E0" É" egv" kpuvcpv."
nÓfiejcpvknnqp" guv" tgeqwxgtv" fÓwp" hkp" hkno" fÓqz{fg." fÓgpxktqp" 72" po" fÓfirckuugwt." eqorqufi" fg" Hg4Q50"
Crtflu" 37"u" fÓqz{fcvkqp." fgu" etkuvcnnkvgu" kuqnfigu" fg" Hg4Q5" etqkuugpv" uwt" nÓfiejcpvknnqp." nc" fgpukvfi" gv" nc"
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vcknng"fg"egu"etkuvcnnkvgu"cwiogpvgpv"cxge"nc"fwtfig"fÓqz{fcvkqp0"Egu"etkuvcnnkvgu"etqkuugpv"gv"eqcnguegpv"
*52"u+." eg" swk" gpvtc¶pg" wpg" ejwvg" fg" nc" rtguukqp" rctvkgnng" fÓqz{iflpg" cw" pkxgcw" fg" nÓkpvgthceg"
ofivcn1qz{fg0"Kn"gp"tfiuwnvg"wpg"qz{fcvkqp"fw"ejtqog."ug"vtcfwkucpv"rct"wp"gptkejkuugogpv"gp"ejtqog"fg"
nc" eqwejg" fÓqz{fg0" Rqwt" fgu" fwtfigu" rnwu" nqpiwgu" *342"u+." fg" pqwxgnngu" etkuvcnnkvgu" etqkuugpv" uwt" nc"
eqwejg"fÓqz{fg"eqorqufig"fg"nc"uqnwvkqp"uqnkfg"*Hg.Et+4Q50"Eg"oqfflng"ffietkv"ek/fguuwu"guv"rtfiugpvfi"uwt"
nc"Hkiwtg";0"

"

Figure 9."Ofiecpkuog"fg"hqtocvkqp"fg"nc"eqwejg"fÓqz{fg"uwt"nÓcekgt"Hg/37Et"§"3222̇E"rtqrqufi"rct"Ucgmk"et al."
]56_0"

III.2.2. Aciers ferritiques Fe-15Cr-Mn  

Composition de la couche d’oxyde

Fcpu" ng" oqfflng" rtqrqufi" rct" Ucgmk" et al.." nÓcekgt" fivwfkfi" pg" eqorqtvg" swg" 2.2;"'" ocuukswg" fg"
ocpicpflug0" Egu" o‒ogu" cwvgwtu" qpv" fivwfkfi" nÓkphnwgpeg" fg" nc" vgpgwt" gp" ocpicpflug" *2.5:"gv" 2.;"'"
ocuukswg+" uwt" nc" eqorqukvkqp" fg" nc" eqwejg" fÓqz{fg" ]57_0" Knu" tcrrqtvgpv" swg." gp" rnwu" fg" Hg4Q5." ng"
urkpgnng" OpHg4Q6" etq¶v" rqwt" fgu" fwtfigu" fÓqz{fcvkqp" eqortkugu" gpvtg" 37" gv" 52"u0" Nqtuswg" nc" fwtfig"
fÓqz{fcvkqp"cwiogpvg."nÓjfiocvkvg"gv"ng"urkpgnng"uÓgptkejkuugpv"gp"ejtqog0"Rqwt"fgu"fwtfigu"uwrfitkgwtgu"
§" 522" u." nc" eqwejg" fÓqz{fg" guv" eqorqufig" fg" nc" uqnwvkqp" uqnkfg" *Hg.Et+4Q5" tkejg" gp" ejtqog" gv" fw"
urkpgnng"OpEt4Q60" Nc" etqkuucpeg" fw" urkpgnng" ejtqokvg" fg"ocpicpflug" guv" fiicngogpv" tcrrqtvfig" crtflu"
qz{fcvkqp" fg" nÓcekgt" 652" *Hg/38Et/2.5Op+" rgpfcpv" 522"u." §" :22̇E" uqwu" ckt" ]58_0" Nc" etqkuucpeg" fw"
urkpgnng"ugtc"fkuewvfig"rnwu"gp"ffivckn"fcpu"ng"ejcrkvtg"eqpucetfi"§"nc"ectcevfitkucvkqp"fg"nc"eqwejg"fÓqz{fg0""
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Iqp¦cngu"et al."]59_"qpv"fivwfkfi"nc"etqkuucpeg"fg"nc"eqwejg"fÓqz{fg"hqtofig"uwt"wp"cekgt"652"*Hg/38Et/
2.5Op+"qz{ffi"§";22̇E" uqwu"ofincpig"Q41J4Q1EQ41P40"Eqpvtcktgogpv"§"Ucgmk"et al.." egu" cwvgwtu"qpv"
ffihkpk"ng"ffidwv"fg"nÓqz{fcvkqp"*v"?"2"u+."cw"oqogpv"fg"nÓkpvtqfwevkqp"fg"nÓfiejcpvknnqp"fcpu"ng"hqwt0"Ng"
ofiecpkuog"rtqrqufi"rct"egu"cwvgwtu"guv"rtfiugpvfi"fcpu"nc"Hkiwtg"320"Kpkvkcngogpv."wpg"eqwejg"fÓjfiocvkvg"
ug" hqtog" uwt" nÓfiejcpvknnqp0" Rct" nc" uwkvg." ng" ejtqog" uÓqz{fg" uqwu" hqtog" fg" ejtqokpg." kn" {" c" cnqtu"
hqtocvkqp"fg" nc"uqnwvkqp"uqnkfg"*Hg.Et+4Q50"Egvvg"uqnwvkqp"uqnkfg"guv"uwtoqpvfig"rct"fgu"etkuvcnnkvgu"fg"
urkpgnng" *Op.Et+5Q6"swk" hkpkuugpv"rct" hqtogt"wpg"eqwejg"eqpvkpwg"crtflu"372"u"§";22̇E0"NÓqz{fg"guv"
eqorqufi"fÓwpg"eqwejg"fwrngz"fqpv"nc"rctvkg"kpvgtpg"guv"eqpuvkvwfig"fg"*Hg.Et+4Q5"tkejg"gp"ejtqog"gv"nc"
rctvkg"gzvgtpg"fg"*Op.Et+5Q60"

Fcpu" nÓcvoqurjfltg" fivwfkfig." ngu" cwvgwtu" qpv"oku" gp" fixkfgpeg" wpg" fixcrqtcvkqp" fw" ejtqog" *KKK+" fg" nc"
eqwejg"fÓqz{fg0"Eg"rjfipqoflpg"guv"dnqswfi"rct"nc"hqtocvkqp"fÓwpg"eqwejg"eqpvkpwg"fg"urkpgnng"fcpu"nc"
rctvkg"gzvgtpg"fg"nc"eqwejg"fÓqz{fg0"Pqwu"fkuewvgtqpu"fg"eg"rjfipqoflpg"fcpu"ng"ejcrkvtg"KKK0"""

"

Figure 10."Etqkuucpeg"fg"nc"eqwejg"f)qz{fg"uwt"n)cekgt"652"]59_0"

Rqwt" fÓcwvtgu" cwvgwtu" ]5:_." nc" eqwejg" fÓqz{fg" hqtofig" crtflu" fgu"qz{fcvkqpu" fg";22"u" §" 3322̇E" gv" §"
3422̇E"uqwu"ckt."guv"eqorqufig"fÓjfiocvkvg"gv"fg"ocipfivkvg0"NÓjfiocvkvg"guv"rtfihfitgpvkgnngogpv"hqtofig"§"
dcuug" vgorfitcvwtg" *3322̇E+." cnqtu" swg" nc" hqtocvkqp" fg" ocipfivkvg" guv" rtkxknfiikfig" §" rnwu" jcwvg"
vgorfitcvwtg"*3422̇E+0""""""

Effet de l’atmosphère

Wpg"fivwfg"c"oqpvtfi"nÓkphnwgpeg"fg"nÓcvoqurjfltg"uwt"nc"eqorqukvkqp"fg"nc"eqwejg"fÓqz{fg" ]5;_0"Kn"guv"
oqpvtfi"swg" nc"rtguukqp"rctvkgnng"fÓqz{iflpg"gv"fg"xcrgwt"fÓgcw" pÓc"rcu"fÓghhgv" uwt" nc"eqorqukvkqp"fg"
nÓqz{fg" hqtofi" nqtu" fgu" vqwvgu" rtgokfltgu" ugeqpfgu" fÓqz{fcvkqp" *37"u+" §" 3222̇E" ]5;_0" Nc" eqwejg"
fÓqz{fg"guv"eqpuvkvwfig"fg" nc"uqnwvkqp"uqnkfg"*Hg.Et+4Q5" vtflu"tkejg"gp"hgt" *rtqejg"fg"Hg4Q5+0"Rqwt"fgu"
fwtfigu"fÓqz{fcvkqp"rnwu" nqpiwgu" *52"u" gv" rnwu+." nÓcvoqurjfltg" kphnwg" uwt" nc"eqorqukvkqp"fg" nc" eqwejg"
fÓqz{fg0"Dkgp"swÓwp"gptkejkuugogpv"gp"ejtqog"fg"nc"uqnwvkqp"uqnkfg"kpvgtxkgppg"kpffirgpfcoogpv"fg"
nÓcvoqurjfltg."ng"urkpgnng"gp"etqkuucpeg."kpkvkcngogpv"eqorqufi"fg"OpHg4Q6."uÓgptkejkv"gp"ejtqog."cxge"
nc"fwtfig"fÓqz{fcvkqp."wpkswgogpv"uqwu"Q41P4"rqwt"hqtogt"OpEt4Q60"Fg"rnwu."rqwt"wpg"o‒og"fwtfig"
fÓqz{fcvkqp." ng" urkpgnng"guv"fÓcwvcpv"rnwu"gptkejk"gp"ejtqog"swg" nc"rtguukqp"rctvkgnng"gp"qz{iflpg"guv"
fingxfig0""""""
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III.2.3. Aciers ferritiques Fe-15Cr-Mn-Ti-Nb  

Ngu" fivwfgu" fg" nÓqz{fcvkqp" fgu" cekgtu" kpqz{fcdngu" hgttkvkswgu" uvcdknkufiu" Vk" gv1qw"Pd" rqwt" fg" eqwtvgu"
fwtfigu"uqpv"vtflu"tctgu"fcpu"nc"nkvvfitcvwtg0"Iqp¦cngu"et al."]59_"qpv"fivwfkfi"nc"eqwejg"fÓqz{fg"hqtofig"uwt"
nÓcekgt"Hg/37Et/Op/Vk/Pd"qz{ffi"§"3282̇E0"Crtflu"52"u"fÓqz{fcvkqp"nc"eqwejg"fÓqz{fg"guv"eqorqufig"
fg"nc"uqnwvkqp"uqnkfg"*Hg.Et+4Q5."fw"urkpgnng"*Op.Et+5Q6."fcpu"nc"rctvkg"gzvgtpg"fg"nc"eqwejg."ckpuk"swg"
fg"rtfiekrkvfiu"fg"VkQ4"gv"PdQ"uqwu" nÓkpvgthceg"ofivcn1qz{fg0"Nqtuswg" nc"fwtfig"fÓqz{fcvkqp"cwiogpvg."
f)wpg"rctv"*Vk.Pd+Q4"etq¶v"gp"uwthceg"fg"nc"eqwejg"fÓqz{fg"*82"u+."fÓcwvtg"rctv."ng"urkpgnng"hqtog"wpg"
eqwejg"eqpvkpwg"*372"u+0""""""

"

Figure 11."Etqkuucpeg"fg"nc"eqwejg"f)qz{fg"uwt"n)cekgt"663"]59_0"

Nc"rtfiugpeg"fgu"qz{fgu"VkQ4."PdQ"gv"*Vk.Pd+Q4"pÓguv"rcu"tfixfinfig"crtflu"nÓqz{fcvkqp"fg"egv"cekgt"uwt"
wpg"rnwu"nqpiwg"fwtfig"*522"u+"§"rnwu"dcuug"vgorfitcvwtg"*872"gv":72̇E+"uqwu"ckt"gv"uqwu"xcrgwt"fÓgcw"
]62_0"

III.2.4. Effet du silicium 

Ngu" tfiuwnvcvu"rtfiugpvfiu"ek/fguuwu"pg"hqpv"rcu"fivcv"fg" nc"rtfiugpeg"fg"uknkekwo"fcpu" nc"eqwejg"fÓqz{fg"
hqtofig"uwt" ngu"cekgtu" hgttkvkswgu"cwz" vgoru"eqwtvu0" Kn"guv"egrgpfcpv"tgrqtvfi"fcpu" nc" nkvvfitcvwtg."swg" ng"
uknkekwo"rtfiekrkvg"uqwu"hqtog"fg"uknkeg"coqtrjg"§" nÓkpvgthceg"ofivcn1qz{fg0"Eg"rjfipqoflpg."ffietkv"rct"
Uvqvv"et al." ]63."64_." guv" rtfiugpvfi" uwt" nc" Hkiwtg"340"Crtflu" nÓfivcdnkuugogpv"fÓwpg"eqwejg"fg" ejtqokpg"
eqpvkpwg."ng"uknkekwo"gp"uqnwvkqp"uqnkfg"fcpu"ng"ofivcn"rtfiekrkvg."cw"pkxgcw"fg"nÓkpvgthceg"ofivcn1qz{fg."
uqwu" hqtog" fg" uknkeg0" Egu" rtfiekrkvfiu" etqkuugpv" ncvfitcngogpv" ng" nqpi" fg" nÓkpvgthceg" ofivcn1qz{fg" rqwt"
cdqwvkt"§"nc"hqtocvkqp"fÓwpg"eqwejg"eqpvkpwg"fg"uknkeg0""""

Gp"cikuucpv"eqoog"wpg"dcttkfltg"fg"fkhhwukqp"]65_." nc"eqwejg"fg"uknkeg"rgtogv"fÓcofinkqtgt" nc" vgpwg"§"
nÓqz{fcvkqp" §" jcwvg" vgorfitcvwtg" fgu" cekgtu" ]66_0" Nc" vgpgwt" gp" uknkekwo" pfieguucktg" rqwt" hqtogt" wpg"
eqwejg"eqpvkpwg"rtqvgevtkeg"fg"uknkeg"fkokpwg"nqtuswg"ng"vcwz"fg"ejtqog"cwiogpvg0"Vqwvghqku."chkp"fg"
ictfgt" wp" dqp" eqortqoku" gpvtg" ngu" rtqrtkfivfiu"ofiecpkswgu" gv" nc" tfiukuvcpeg" §" nÓqz{fcvkqp." ng" vcwz" fg"
uknkekwo"pg"fqkv"rcu"gzefifgt"3"'"ocuukswg"]64_0"

""
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Figure 12."Rtfiekrkvcvkqp"fg"nc"uknkeg"§"n)kpvgthceg"ofivcn1qz{fg"]64_0"

III.2.5.Bilan  

Vtflu"rgw"fÓfivwfgu"uqpv"eqpucetfigu"§"nÓqz{fcvkqp"§"jcwvg"vgorfitcvwtg"fgu"cekgtu"hgttkvkswgu"kpqz{fcdngu"
rqwt"fgu"vgoru"eqwtvu0"Egu"fivwfgu"uqpv"gpeqtg"rnwu"tctgu"nqtuswÓkn"uÓcikv"fÓcekgtu"hgttkvkswgu"uvcdknkufiu"
qw" dkuvcdknkufiu0" Ocnitfi" fgu" fkhhfitgpegu" swk" rgwxgpv" ‒vtg" nkfigu" cwz" eqpfkvkqpu" gzrfitkogpvcngu"
*vgorfitcvwtg." cvoqurjfltg." gv" fwtfig" fÓqz{fcvkqp+." pqwu" rqwxqpu" tgvgpkt" swg" nc" eqwejg" fÓqz{fg" guv"
eqorqufig"fg" nc"uqnwvkqp"uqnkfg"*Hg.Et+4Q5"tkejg"gp"hgt."rqwt" ngu"fwtfigu"fÓqz{fcvkqp" ngu"rnwu"eqwtvgu0"
Nqtuswg" nc" fwtfig" fÓqz{fcvkqp" cwiogpvg." nc" eqwejg" fÓqz{fg" fgxkgpv" fwrngz." cxge" nc" rctvkg" gzvgtpg"
eqorqufig" fÓwp" urkpgnng" *Op.Et+5Q6" gv" nc" rctvkg" kpvgtpg" eqorqufig" fg" nc" uqnwvkqp" uqnkfg" *Hg.Et+4Q5"

gptkejkg"gp"ejtqog0"

Wpg" cwvtg" urfiekhkekvfi"oclgwtg"fg" egu" vtcxcwz" fg" vjflug" eqpegtpg" nc" rtfiugpeg"fg"pkqdkwo"gv" fg" vkvcpg"
fcpu" nÓcekgt0" Eqoog" pqwu" xgpqpu" fg" ng" xqkt." rgw" fÓcwvgwtu" ug" uqpv" kpvfitguufiu" §" nÓkphnwgpeg" fg" egu"
finfiogpvu"uwt"nÓqz{fcvkqp"fg"eqwtvg"fwtfig."fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu0"Fcpu"nc"rctvkg"uwkxcpvg."
pqwu"cnnqpu"fixqswgt"nÓghhgv"fg"egu"finfiogpvu"uwt"nÓqz{fcvkqp"fg"egu"o‒ogu"cekgtu."ocku"rqwt"fgu"fwtfigu"
fÓqz{fcvkqp"rnwu"nqpiwgu0"

"

"""

"
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III.3. Effet des éléments niobium et titane sur l’oxydation

III.3.1. Effet du niobium 

Rnwukgwtu"cwvgwtu"qpv"cvvtkdwfi"cw"pkqdkwo"wp"ghhgv"dfipfihkswg"uwt" nc" tfiukuvcpeg"fgu"cekgtu"hgttkvkswgu"§"
nÓqz{fcvkqp" §" jcwvg" vgorfitcvwtg" ]38." 67_0"Oqtqkujk" et al." ]67_" qpv"oqpvtfi" swg" rqwt" fgu" vgpgwtu" gp"
pkqdkwo"uwrfitkgwtgu"§"2.6"'"ocuukswg."egv"finfiogpv"fkokpwg"ng"ickp"fg"ocuug"oguwtfi"crtflu"qz{fcvkqp"
fg"322"j."§"3222̇E."uqwu"ckt0"Egv"ghhgv"dfipfihkswg"guv"cvvtkdwfi"§"nc"uvcdknkucvkqp"fg"nc"uvtwevwtg"hgttkvkswg"
rct" ng" pkqdkwo0" Nqtuswg" nc" vgpgwt" gp" pkqdkwo" guv" kpuwhhkucpvg" rqwt" uvcdknkugt" nÓcekgt." cnqtu." §" jcwvg"
vgorfitcvwtg." nc" hgttkvg" rgwv" ug" vtcpuhqtogt" gp" cwuvfipkvg." eg" swk" gpigpftg" wpg" oqfkhkecvkqp" fgu"
rtqrtkfivfiu" fw" ofivcn0" Rctok" egu" rtqrtkfivfiu." pqwu" rqwxqpu" ekvgt." wpg" fkokpwvkqp" fw" eqghhkekgpv" fg"
fkhhwukqp" fw" ejtqog." gv" wpg" cwiogpvcvkqp" fw" eqghhkekgpv" fg" fkncvcvkqp" vjgtokswg." fg" nÓcwuvfipkvg" rct"
tcrrqtv"§"nc"hgttkvg0"NÓcwiogpvcvkqp"fw"eqghhkekgpv"fg"fkncvcvkqp"rgwv"gpvtc¶pgt"nÓcoqteg"fg"hkuuwtgu"cw"
pkxgcw" fg" nÓkpvgthceg"ofivcn1qz{fg0" Cnqtu" swg" nc" fkokpwvkqp" fw" eqghhkekgpv" fg" fkhhwukqp" rgwv" nkokvgt"
nÓcrrqtv"gp"ejtqog"cw"pkxgcw"fg"nÓkpvgthceg"ofivcn1qz{fg."egvvg"ffiejtqokucvkqp"swk"gp"tfiuwnvg."eqpfwkv"
cnqtu"§"wpg"qz{fcvkqp"fw"hgt0"""

Gp"tgxcpejg."rqwt"Kuuctvgn"et al."]49_."ng"pkqdkwo"pÓc"cwewpg"kphnwgpeg"uwt"nÓqz{fcvkqp"§";72̇E."uqwu"
ckt." fg" nÓcekgt" Hg/39Et/Pd0" Rqwt" egu" cwvgwtu." nc" rtfiugpeg" fw" pkqdkwo" pÓchhgevg" pk" ngu" xkvguugu"
fÓqz{fcvkqp."pk"nc"eqorqukvkqp"fg"nc"eqwejg"fÓqz{fg0"Gp"eg"swk"eqpegtpg"nc"eqorqukvkqp"fg"nc"eqwejg"
fÓqz{fg." Htqkv¦jgko" et al." ]4;_" qpv" tfixfinfi" nc" rtfiugpeg" fÓwpg" eqwejg" fÓqz{fg" tkejg" gp" pkqdkwo" cw"
pkxgcw" fg" nÓkpvgthceg" ofivcn1qz{fg." crtflu" qz{fcvkqp" fÓwp" cnnkcig" Hg/44Et/3Pd." rgpfcpv" 3222"j." §"
;22̇E."uqwu"ckt0"

Fcpu" nc"icoog"fg" vgorfitcvwtg"fg" hqpevkqppgogpv"fgu"UQHE"*872/:22̇E+."fgu" vtcxcwz"tfiegpvu" hqpv"
nÓfivcv"fÓwpg"eqorfivkvkqp"gpvtg"ng"pkqdkwo"gv"ng"uknkekwo"]47."4;_0"Rqwt"[cpi"et al."]47_."ngu"rjcugu"fg"
Ncxgu" hqtofigu"§" egu" vgorfitcvwtgu"rkfligpv" ng" uknkekwo"gor‒ejcpv"ckpuk" nc" hqtocvkqp"fg" nc" eqwejg"fg"
uknkeg" §" nÓkpvgthceg"ofivcn1qz{fg0"FÓcrtflu" fÓcwvtgu" cwvgwtu" ]4;_." nÓcffkvkqp" fg" pkqdkwo" gv" fg" uknkekwo"
fcpu"nÓcekgt"tfifwkv"fÓwpg"rctv."nc"rtfiekrkvcvkqp"fg"nc"uknkeg"§"n)kpvgthceg"ofivcn1qz{fg."gv"fÓcwvtg"rctv."nc"
rtfiugpeg"f)qz{fg"fg"pkqdkwo."fcpu"nc"eqwejg"f)qz{fg0"Egu"chhktocvkqpu"uqpv"eqpvtgfkvgu"rct"Lcdnqpumk"
et al." ]34_." swk" qpv" guvkofi" swg." rqwt" n)cekgt" 663" *2.7"'"Pd" gv" 2.55"'" Uk+." nc" swcpvkvfi" tfiukfwgnng" fg"
uknkekwo" crtflu" hqtocvkqp" fgu" rjcugu" fg" Ncxgu" guv" uwhhkucpvg" rqwt" rgtogvvtg" nÓfivcdnkuugogpv" fÓwpg"
eqwejg"fg"uknkeg"§"n)kpvgthceg"ofivcn1qz{fg0""

III.3.2. Effet du titane 

Ng"vkvcpg"rgwv"cofinkqtgt"nc"tfiukuvcpeg"§"nÓqz{fcvkqp"fgu"cekgtu"hgttkvkswgu"]67_0"Ng"ofiecpkuog"kpxqswfi"
guv" kfgpvkswg" §" egnwk" gzrnkswfi" fcpu" nc" ugevkqp" rtfiefifgpvg." kn" uÓcikv" fg" nc" uvcdknkucvkqp" fg" nc" uvtwevwtg"
hgttkvkswg"§"jcwvg"vgorfitcvwtg"]67_0""

Rqwt"fÓcwvtgu"cwvgwtu."ng"vkvcpg"ugodng"cxqkt"wp"ghhgv"pfihcuvg"uwt"nc"ekpfivkswg"fÓqz{fcvkqp"]49."68_0"Ng"
Vcdngcw"3"rtfiugpvg"ngu"eqpuvcpvgu"ekpfivkswgu"kp"ffivgtokpfigu"rct"fkhhfitgpvu"cwvgwtu"crtflu"wpg"qz{fcvkqp"
fg"322"j."§";72̇E"uqwu"ckt"]49_"gv"uqwu"Q41Ct"]68_."rqwt"fgu"vgpgwtu"gp"vkvcpg"eqortkugu"gpvtg"2.37"gv"
2.6"'"ocuukswg0"Kn"guv"encktgogpv"oku"gp"fixkfgpeg"swg"rnwu"nc"vgpgwt"gp"vkvcpg"guv"korqtvcpvg"gv"rnwu"nc"
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"
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eqpuvcpvg"ekpfivkswg"fÓqz{fcvkqp"guv"fingxfig0"NÓghhgv"fw"vkvcpg"uwt"nc"ekpfivkswg"fÓqz{fcvkqp"ugtc"fkuewvfi"
rnwu"gp"ffivckn"fcpu"ng"ejcrkvtg"KKK0"""

Tableau 1."Xcngwtu"fgu"eqpuvcpvgu"ekpfivkswgu"rctcdqnkswgu"kp"rqwt"crtflu"qz{fcvkqp"fg"322"j"§";72̇E"fÓcekgtu"
hgttkvkswgu"eqpvgpcpv"fkhhfitgpvgu"vgpgwtu"gp"vkvcpg"fÓcrtflu"]49."68_0"

'"ocuukswg"Vk" kp"*32&34"i40eo&60u&3+"
]49_"

'"ocuukswg"Vk" kp"*32&34"i40eo&60u&3+"
]68_"

2" 2.68" 2" 3.27"
2.37" 2.::" 2.3:" 6.:;"
2.53" 4.39" /" /"
2.66" 5.53" 2.63" 9.36"

"

Cw"pkxgcw"fg" nc"eqorqukvkqp"fg" nc"eqwejg"fÓqz{fg." nc"rtfiugpeg"fg" vkvcpg"fcpu"wp"cekgt"gpigpftg" nc"
hqtocvkqp"fg"VkQ40"Egv"qz{fg"guv"oku"gp"fixkfgpeg"cwuuk"dkgp"fcpu" ng"ofivcn" uqwu" hqtog"fg"rtfiekrkvfi"
kpvgtpg."swÓgp"uwthceg"fg"nc"eqwejg"fÓqz{fg"]7."58."68_0""

Ocnitfi" nÓghhgv"pfihcuvg"fw" vkvcpg"uwt" nc"ekpfivkswg"fÓqz{fcvkqp."fgu"fivwfgu"qpv"oqpvtfi"swg"egv"finfiogpv"
cofinkqtckv" nÓcfjfitgpeg" fg" nc" eqwejg" fÓqz{fg" cw" uwduvtcv" ofivcnnkswg0" Gp" ghhgv." nc" rtfiekrkvcvkqp"
kpvgtitcpwncktg"fg"VkQ4"gpigpftg"wp"cpetcig"ofiecpkswg"fg"nc"eqwejg"fÓqz{fg"fcpu"ng"uwduvtcv"]68_0""

"

"

"

"

"

"

"

"

"

"

"

"

"
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IV. Conclusion 

Fcpu"eg"ejcrkvtg."pqwu"pqwu"uqoogu"cvvcejfiu"§"rtfiugpvgt"cwuuk"dkgp"nÓqdlgv"fg"egvvg"fivwfg"<"ngu"cekgtu"
kpqz{fcdngu"hgttkvkswgu"uvcdknkufiu"swg"ng"eqpvgzvg"kpfwuvtkgn0""

Fcpu" wp" rtgokgt" vgoru." pqwu" cxqpu" ffihkpk" ejcswg" vgtog" fg" nÓgzrtguukqp" Å"cekgtu" kpqz{fcdngu"
hgttkvkswgu" uvcdknkufiu"Ç0" Gpuwkvg." pqwu" cxqpu" rtfiugpvfi" ngu" fivcrgu" hcdtkecvkqp" fg" egu" cekgtu." gp" pqwu"
kpvfitguucpv"rnwu"rctvkewnkfltgogpv"cwz"fivcrgu"fg"tgewkv"gv"ffiecrcig"swk"pqwu"eqpegtpgpv"fktgevgogpv0"""""

Fcpu" wp" ugeqpf" vgoru." pqwu" cxqpu" oku" nÓceegpv" uwt" nc" urfiekhkekvfi" fg" egu" vtcxcwz" §" ucxqkt" ngu" vtflu"
eqwtvgu"fwtfigu"fÓqz{fcvkqp"gv"nc"rtfiugpeg"fg"vkvcpg"gv"pkqdkwo"fcpu"nÓcekgt0"Rqwt"egnc."pqwu"cxqpu"hckv"
wp"fivcv"fg"nÓctv."pqp"gzjcwuvkh"fgu"fivwfgu"ogpfigu"uwt"ngu"eqwtvgu"fwtfigu"fÓqz{fcvkqp"fÓwpg"rctv."gv"uwt"
nÓghhgv" fgu" finfiogpvu" uvcdknkucpvu" vkvcpg" gv" pkqdkwo." fÓcwvtg" rctv0" Rnwukgwtu" rqkpvu" cdqtffiu" fcpu" eg"
ejcrkvtg"ugtqpv"fkuewvfiu"rnwu"gp"ffivckn"fcpu"ngu"ejcrkvtgu"uwkxcpvu0"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"
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CHAPITRE II. TECHNIQUES EXPERIMENTALES 

Eg"ejcrkvtg"guv"eqpucetfi"§"nc"fguetkrvkqp"fgu"vgejpkswgu"okugu"gp"Íwxtg"fcpu"ng"ecftg"fg"egu"vtcxcwz0"
Pqwu"pqwu"kpvfitguugtqpu"fcpu"wp"rtgokgt"vgoru"cwz"ocvfitkcwz"fivwfkfiu"<"cekgtu"hgttkvkswgu"kpqz{fcdngu"
uvcdknkufiu." §" nÓfivcv" fietqwk" qw" §" nÓfivcv" hkpk0" Fcpu" wp" fgwzkflog" vgoru." pqwu" ffietktqpu" ngu" fkurqukvkhu"
gzrfitkogpvcwz"wvknkufiu"rqwt" ngu" tgewkvu"gv" ng"ffiecrcig"fgu"fiejcpvknnqpu0"Gphkp."pqwu"rtfiugpvgtqpu" ngu"
vgejpkswgu"fg"ectcevfitkucvkqp"okugu"gp"Íwxtg"rqwt"fivwfkgt" ngu"eqwejgu"fÓqz{fcvkqp"gv" nc" uwthceg"fgu"
fiejcpvknnqpu"crtflu"ffiecrcig0""

" "



Eqorqtvgogpv"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"uvcdknkufiu"nqtu"fgu"fivcrgu"fg"tgewkv"gv"ffiecrcig""
"
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I. Matières premières 

I.1. Aciers inoxydables étudiés 

Fcpu"egvvg"vjflug."pqwu"fivwfkqpu"fkhhfitgpvgu"pwcpegu"fÓcekgtu"kpqz{fcdngu"hgttkvkswgu0"Egu"pwcpegu"uqpv"
vqwvgu"hqwtpkgu"rct"ng"egpvtg"fg"tgejgtejg"fÓCrgtco"§"Kudgtiwgu0"Gp"hqpevkqp"fgu"vtcxcwz"ogpfiu."ngu"
cekgtu"fivwfkfiu"uqpv"fkxkufiu"gp"fgwz"ecvfiiqtkgu" uwkxcpv" ngwt"fivcv"fg"hkpkvkqp"<"fietqwk" *crtflu" ncokpcig"§"
htqkf+" rqwt" ngu" guucku" fg" tgewkv" jcwvg" vgorfitcvwtg" gv" ffiecrcig." gv" tgewkv/ffiecrfi" rqwt" nÓfivwfg" fw"
eqorqtvgogpv"nqtu"fw"ffiecrcig0"""""

I.1.1. Aciers écrouis 

Présentation des nuances

Ngu"cekgtu"fivwfkfiu"rtqxkgppgpv"fg"pwcpegu"eqoogtekcngu"CKUK"663"gv"65;."qw"uqpv"kuuwu"fg"eqwnfigu"fg"
ncdqtcvqktg0"Egu" cekgtu" uqpv" rtfingxfiu" crtflu" nÓfivcrg" fg" ncokpcig" §" htqkf." knu" ug" vtqwxgpv" fqpe" §" nÓfivcv"
fietqwk0"Vqwvgu"ngu"pwcpegu"fivwfkfigu"eqpvkgppgpv"wpg"vgpgwt"gp"ejtqog"fg"39"§"3:"'"ocuukswg"gv"uqpv"
uqkv" oqpquvcdknkufigu" vkvcpg" *65;+" qw" pkqdkwo" *eqwnfigu" fg" ncdqtcvqktg+." uqkv" dkuvcdknkufigu" vkvcpg" gv"
pkqdkwo" *663+0" Ngu" eqwnfigu" fg" ncdqtcvqktg" qpv" fivfi" fincdqtfigu" rqwt" fivwfkgt" nÓghhgv" fw" pkqdkwo" gv" fw"
uknkekwo0" Ngu" eqorqukvkqpu" fgu" cekgtu" uqpv" rtfiugpvfigu" fcpu" ng" Vcdngcw" 40" Ngu" vgpgwtu" gp" vkvcpg" gv"
pkqdkwo" nkdtgu"pqvfigu." tgurgevkxgogpv"〉Vk"gv"〉Pd"kpfkswfigu"fcpu"eg" vcdngcw."uqpv"ecnewnfigu"§" nÓckfg"
fgu"hqtowngu"rtfiugpvfigu"fcpu"ng"ejcrkvtg"K"*cf."ejcr0"K/K0404+0""

Tableau 2."Eqorqukvkqpu"fgu"cekgtu"fietqwku"fivwfkfiu0"Ngu"vgpgwtu"fgu"finfiogpvu"uqpv"gzrtkofigu"gp"rqwtegpvcig"
ocuukswg0""

Pqvcvkqp3" 663" 65;" 2.;Pd/2.8Uk" 2.8Pd/2.8Uk" 2.5Pd/2.8Uk" 2.8Pd/2.5Uk"
Qtkikpg" kpfwuvtkgnng" kpfwuvtkgnng" ncdqtcvqktg" ncdqtcvqktg" ncdqtcvqktg" ncdqtcvqktg"
Crgtco4" M63" M5;" /" /" /" /"
Ṗeqwnfig" 57892" 469::" E33/8755" E:/8729" E9/8723" E;/8739"
Et" 39.;2" 39.54" 3:.42" 39.76" 39.87" 39.84"
Vk" 2.384" 2.62;" /" /" /" /"
Pd" 2.724" 2.229" 2.;83" 2.7;:" 2.543" 2.824"
Op" 2.468" 2.482" 2.4:5" 2.48;" 2.489" 2.47;"
Uk" 2.778" 2.696" 2.89;" 2.863" 2.894" 2.546"
Pk" 2.3:7" 2.389" 2.387" 2.35:" 2.359" 2.368"
Oq" 2.259" 2.22:" 2.242" 2.239" 2.23;" 2.242"
E" 2.2345" 2.2349" 2.239" 2.238" 2.238" 2.238"
P" 2.235;" 2.2348" 2.23;" 2.238" 2.23;" 2.23:"
U" 2.222:" 2.2235" 2.222;" 2.2228" 2.2229" 2.2232"

〉Vk" 2.2:4" 2.52:" /" /" /" /"
〉Pd" 2.67;" /" 2.92;" 2.596" 2.298" 2.586"

""""""""""""""""""""""""""""""""""""""""""""""""""""""
3"Ngu"pwcpegu"kpfwuvtkgnngu"fietqwkgu"uqpv"pqvfigu"uwkxcpv"nc"pqtog"CKUK0"
4"Pqwu"fqppqpu"rqwt"ejcswg"pwcpeg"nc"ffiukipcvkqp"eqoogtekcng"<"MCTC0"
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État de la matière

Nc"Hkiwtg" 35" rtfiugpvg" nc"oketqitcrjkg" fg" nÓcekgt" 663" qdugtxfi" cw"oketqueqrg" qrvkswg" crtflu" cvvcswg"
ejkokswg"cw"tficevkh"fg"Dfijctc"*uqnwvkqp"fg"JEn"gv"M4U4Q7+0"Ngu"itckpu"rquuflfgpv"wpg"hqtog"cnnqpifig"gv"
uqpv"qtkgpvfiu"fcpu"ng"ugpu"fw"ncokpcig"*xgtvkecn+0"Nc"vcknng"fgu"itckpu"guv"fg"nÓqtftg"fg"322"§"422"-o"fg"
nqpiwgwt"rqwt"42"§"52"-o"fg"nctigwt0"Nc"rtfiugpeg"fg"rtfiekrkvfiu"kpvgt"gv"kpvtc/itcpwncktgu"guv"fiicngogpv"
tfixfinfig"rct"egvvg"cvvcswg"ejkokswg0""

"

Figure 130"Oketquvtwevwtg"fg"nc"uwthceg"fg"n)cekgt"663"cxcpv"tgewkv"qdugtxfig"cw"oketqueqrg"qrvkswg"crtflu"cvvcswg"
ejkokswg0"

Ngu"rtfiekrkvfiu"uqpv"ectcevfitkufiu"rct"oketqueqrkg"fingevtqpkswg"§"dcnc{cig"gv"urgevtqofivtkg"§"fkurgtukqp"
fÓfipgtikg" *OGD1GFU+0" Ng" rtkpekrg" fg" egu" vgejpkswgu" ugtc" rtfiugpvfi" wnvfitkgwtgogpv" *cf." KX04+0" Ngu"
rtfiekrkvfiu" ug" rtfiugpvgpv" uqwu" wpg" hqtog" cnnqpifig." fg" fkogpukqpu" eqortkugu" gpvtg" 7" §" 32"-o" fg"
nqpiwgwt"rqwt"3"§"4"-o"fg" nctigwt"="gv"uqpv"fiicngogpv"qtkgpvfiu"fcpu"ng"ugpu"fw"ncokpcig"*Hkiwtg"36"
*c++0"NÓcpcn{ug"GFU"oqpvtg"wp"hqtv"gptkejkuugogpv"fgu"rtfiekrkvfiu"gp"pkqdkwo"gv"gp"vkvcpg"rct"tcrrqtv"§"
nc"ocvtkeg"hgttkvkswg"*Hkiwtg"36"*d++0"Ngu"rtfiekrkvfiu"uqpv"cvvtkdwfiu"cwz"ectdwtgu"gv"pkvtwtgu"fg"vkvcpg"gv"
pkqdkwo."rtqdcdngogpv"VkP"gv"PdVkE0""

"

Figure 140"Qdugtxcvkqp"OGD."gp"fingevtqpu"ugeqpfcktgu."fg"nc"uwthceg"fg"n)cekgt"663"crtflu"cvvcswg"ejkokswg"gp"
(a)0"Urgevtgu"GFU"gptgikuvtfiu"uwt"wp"rtfiekrkvfi"gv"uwt"nÓcekgt"gp"(b)0"
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I.1.2. Aciers recuits-décapés  

Ngu" cekgtu" tgewkvu" ffiecrfiu" *rtqfwkvu" hkpku+" uqpv" vqwu" kuuwu"fg"pwcpegu" eqoogtekcngu0"Egu"cekgtu" uqpv"
uvcdknkufiu" vkvcpg" qw" pkqdkwo" qw" dkuvcdknkufiu" vkvcpg." pkqdkwo" gv" eqpvkgppgpv" wpg" vgpgwt" gp" ejtqog"
xctkcdng0"Ngu"eqorqukvkqpu"fg"egu"cekgtu"uqpv"nkuvfigu"fcpu"ng"Vcdngcw"50"""

Tableau 3."Eqorqukvkqpu"fgu"cekgtu"tgewkvu/ffiecrfiu"fivwfkfiu0"Nc"vgpgwt"guv"fqppfig"gp"rqwtegpvcig"ocuukswg0"

Pqvcvkqp" 42"Et" 3:"Et" 38"Et" 37"Et" 33"Et"
CKUK" 664" 663" 65;" 64;" 62;"
Qtkikpg"

"

kpfwuvtkgnng" kpfwuvtkgnng" kpfwuvtkgnng" kpfwuvtkgnng" kpfwuvtkgnng"
Crgtco5" M64"

"

M63" M5;O""

"

M33Z"

"

M2;"
Ṗ"eqwnfig" "356:;C" 59;67"

HV;2"

"562;:" "43:66" 4:;25"
Et" 42.35" 39.;2" 38.3:" 36.:2" 33.37"
Vk" 2.33;" 2.384" 2.674" 2.228"" 2.394"
Pd" 2.449" 2.724" 2.233" 2.675" 2.226"
Op" 2.375" 2.468" 2.55:" 2.3;4" 2.435"
Uk" 2.49:" 2.778" 2.546" 2.798" 2.745"
Pk" 2.38;" 2.3:7" 2.3:7" 2.334" 2.2:8"
Oq" 2.245" 2.259" 2.372" 2.228" 2.264"
E"" 2.2379" 2.2345" 2.2422" 2.2322" 2.227:"
P" 2.23:6" 2.235;" 2.2338"" 2.2373" 2.229:"
U" 2.2237" 2.222:" 2.2238" 2.22:2"" 2.2234"

〉Vk" 2.236" 2.2:4" 2.548" /" 2.33:"
〉Pd" 2.394" 2.67;" /" 2.499" /"

I.2. Gaz de l’atmosphère des recuits

NÓcvoqurjfltg" fgu" tgewkvu" tfiipcpv" fcpu" ngu" hqwtu" *hqwt" §" ukowncvkqp" fÓcvoqurjfltg"<" HCUC" gv" hqwt"
vwdwncktg"eqpxgpvkqppgn"<"HVE+"eqttgurqpf"§"wp"ofincpig"Q4."J4Q."EQ4"gv"P40"Eg"ofincpig"ic¦gwz"guv"
oku" gp" rnceg" rqwt" tgrtqfwktg" ngu" eqpfkvkqpu" fg" tgewkv" fgu" nkipgu" kpfwuvtkgnngu0" Nc" xcrgwt" fÓgcw" guv"
rtqfwkvg"rct"ejcwhhcig"fÓgcw"fkuvknnfig"cnqtu"swg" ngu"cwvtgu"ic¦"uqpv" kuuwu"fg"dqwvgknngu"eqoogtekcngu"
hqwtpkgu"rct"Ckt"nkswkfg0"Ngu"eqorquvkqpu"fgu"ic¦"wvknkufiu"uqpv"nkuvfigu"fcpu"ng"Vcdngcw"60""""

"

"

"

"

""""""""""""""""""""""""""""""""""""""""""""""""""""""
5"Pqwu"fqppqpu"rqwt"ejcswg"pwcpeg"nc"ffiukipcvkqp"eqoogtekcng"uwkxkg"fg"nc"ffiukipcvkqp"vgejpkswg"pqvfig"gpvtg"rctgpvjflugu0"
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Tableau 4. Eqorqukvkqpu"fgu"dqwvgknngu"fg"ic¦"fqppfigu"gp"'"xqnwokswg"gv"rro"xqnwokswg."wvknkufiu"cw"HVE"*P4"
3."Q4"3"gv"EQ4+"gv"cw"HCUC"*P4."Q41P4"gv"EQ41P4+0"Fcpu"ng"vcdngcw."ng"vgtog"Bal.guv"wvknkufi"rqwt"Å"dcncpeg"Ç0"Eg"

vgtog"guv"rncefi"rqwt"kpfkswgt"ng"eqpuvkvwcpv"rtkpekrcn"fw"ofincpig"fcpu"nc"dqwvgknng0"

Ic¦" P4" Q4" J4Q" J4" EQ" EQ4" EpJo"
P4"3" Dcn0" >"4"rro" >"5"rro" /" /" /" >"2.7"rro"
Q4"3" /" Dcn0" >"5"rro" /" /" /" >"2.7"rro"
EQ4"" /" >"4"rro" >"7"rro" >"2.7"rro" >"7"rro" Dcn0" >"4"rro"

P4" Dcn0" /" /" /" /" /" /"
Q41P4" Dcn0" 42.39"ł"2.6'" /" /" /" /" /"
EQ41P4" Dcn0" /" /" /" /" 42.39"ł"2.6'" /"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"
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II. Recuits de recristallisation  

II.1. Introduction 

NÓfivwfg"fw"eqorqtvgogpv"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"nqtu"fw"tgewkv"hkpcn"uwt"nkipg"kpfwuvtkgnng"
pfieguukvg"fg"tgetfigt"gp"ncdqtcvqktg"ngu"eqpfkvkqpu"fcpu"nguswgnngu"uqpv"oku"gp"Íwxtg"egu"tgewkvu0"Ckpuk."
pqwu"xgknngtqpu"§"eg"swg"nÓcvoqurjfltg."nc"fwtfig."nc"vgorfitcvwtg."gv"nÓfivcv"fg"uwthceg"fgu"fiejcpvknnqpu"ug"
tcrrtqejgpv"ng"rnwu"rquukdng"fgu"eqpfkvkqpu"tfignngu0"Fgwz"fkurqukvkhu"gzrfitkogpvcwz"uqpv"wvknkufiu"rqwt"
tgewktg"ngu"fiejcpvknnqpu"<"wp"hqwt"§"ukowncvkqp"fÓcvoqurjfltg"gv"wp"hqwt"vwdwncktg"eqpxgpvkqppgn0"

II.2. Four à simulation d’atmosphère contrôlée (FASA)

II.2.1. Dispositif expérimental  

Ng"HCUC"guv"wp"hqwt"fw"egpvtg"fg"tgejgtejg"fÓKudgtiwgu."wvknkufi"rqwt"ukowngt"ngu"tgewkvu" kpfwuvtkgnu0"
Egv"qwvkn"rgtogv"fg"eqpvt»ngt"§"nc"hqku"nc"xkvguug"fg"oqpvfig"gp"vgorfitcvwtg"fg"nÓfiejcpvknnqp"ckpuk"swg"
nÓcvoqurjfltg0"Nc"vgorfitcvwtg"guv"tgrfitfig"§"nÓckfg"fÓwp"vjgtoqeqwrng"*v{rg"M+"uqwffi"§"nÓfiejcpvknnqp0"Ng"
eqpvt»ng"fg"nÓcvoqurjfltg"qz{fcpvg"guv"cuuwtfi"§"nÓckfg"fÓwp"urgevtqoflvtg"fg"ocuug"rncefi"gp"gpvtfig"fg"
hqwt0"

Ng"HCUC"guv"rtkpekrcngogpv"eqpuvkvwfi"fÓwp"hqwt"§"ncorg"kphtctqwig."fÓwp"u{uvflog"fg"rtqfwevkqp"gv"fg"
eqpvt»ng"fg"nÓcvoqurjfltg0"Nc"Hkiwtg"37"rtfiugpvg"ngu"ectcevfitkuvkswgu"fw"HCUC."swk"uqpv"ffivcknnfiu"fcpu"
nc"uwkvg"fg"egvvg"ugevkqp0"

"

Figure 15."Uejfioc"fw"fkurqukvkh"gzrfitkogpvcn"rqwt"nÓqz{fcvkqp"cw"hqwt"§"ukowncvkqp"f)cvoqurjfltg"*HCUC+0"

Four à lampe

Ng"hqwt"§"ncorg"guv"eqpuvkvwfi"fÓwp"vwdg"jqtk¦qpvcn"gp"swctv¦"gv"fÓwp"u{uvflog"fg"ejcwhhcig"cuuwtfi"rct"
fgu" ncorgu"jcnqiflpgu" KT"fkurqufigu"cwvqwt"fw" vwdg"ugnqp"wpg"ifiqofivtkg" vtkcpiwncktg0"Ng" hqwt"rgtogv"
fÓghhgevwgt"fgu" vtckvgogpvu" vjgtokswgu" lwuswÓ§"3522̇E"cxge"fgu"xkvguugu"fg"oqpvfigu"gp" vgorfitcvwtg"
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rqwxcpv" cvvgkpftg" ngu" 322̇E0u&30" Rqwt" ukowngt" ngu" tgewkvu" kpfwuvtkgnu." pqwu" pqwu" nkokvgtqpu" §" fgu"
xkvguugu"oq{gppgu"fg"oqpvfigu"gp"vgorfitcvwtg"fg"nÓqtftg"fg"37"/"47̇E0u&30"

Production de l’atmosphère

Ngu" ic¦" ugeu" uqpv" kuuwu"fg" dqwvgknngu"<"Q41P4."EQ41P4" gv"P4" *eh0" K04+0"Ngu" ffidkvu" fg" ic¦" uqpv" hkzfiu" §"
nÓckfg"fg"ffidkvoflvtgu"§"dknng."ng"ofincpig"ic¦gwz"uÓghhgevwg"crtflu"nc"uqtvkg"fgu"ffidkvoflvtgu0"Eg"ofincpig"
ic¦gwz"rtqfwkv" ug"fktkig"xgtu" nc"dqodqppg"fÓjwokfkhkecvkqp0"Cxcpv" nÓgpvtfig"fcpu" nc"dqodqppg."wpg"
rctvkg"fw"ofincpig"ic¦gwz"guv"ffitkxfig"xgtu"nÓkplgevgwt"fg"xcrgwt"fÓgcw0"Rqwt"rtqfwktg"nc"xcrgwt"fÓgcw."
ng" u{uvflog" fkurqug" fÓwp" tfiugtxqkt" fÓgcw" fkuvknnfig" §" vgorfitcvwtg" codkcpvg0" Wpg" cttkxfig" fÓc¦qvg" uqwu"
rtguukqp"*8"dct+"rgtogv"fg"tghqwngt"nÓgcw"nkswkfg"fw"tfiugtxqkt"lwuswÓ§"nÓkplgevgwt0"Nc"xcrgwt"fÓgcw"guv"
rtqfwkvg"cw"pkxgcw"fg"nÓkplgevgwt"swk"guv"ejcwhhfi"§"432̇E0"NÓqwxgtvwtg"fg"nc"xcppg"fÓkplgevkqp"rgtogv"
fÓgpvtc¶pgt" nc" xcrgwt" fÓgcw." rct" ng" ofincpig" Q41EQ41P4." fcpu" nc" dqodqppg" fÓjwokfkhkecvkqp0" Ng"
ofincpig" fgu" ic¦" jwokfgu" rtqxgpcpv" fg" nÓkplgevgwt" gv" fgu" ic¦" ugeu" c" nkgw" fcpu" nc" dqodqppg"
fÓjwokfkhkecvkqp0" Nc" vgpgwt" gp" xcrgwt" fÓgcw" {" guv" ffivgtokpfig" rct" oguwtg" fw" rqkpv" fg" tqufig0" Nc"
tfiiwncvkqp"fw"rqkpv"fg"tqufig"guv"tficnkufig"rct"ng"eqpvt»ng"fg"nc"fwtfig"fÓkplgevkqp"*fwtfig"fÓqwxgtvwtg"fg"nc"
xcppg+." gv" fg" nc" fwtfig" gpvtg" fgwz" kplgevkqpu0" Ngu" eqorqucpvu" fw" HCUC" ukvwfiu" gpvtg" nc" uqtvkg" fg"
nÓkplgevgwt" gv" nc" uqtvkg" fw" hqwt" uqpv" gphgtofiu" fcpu" wp" eckuuqp" ejcwhhfi" §" :2̇E" fixkvcpv" ckpuk" nc"
eqpfgpucvkqp"fg"nc"xcrgwt"fÓgcw0""

NÓcvoqurjfltg"rtqfwkvg"guv"eqpvt»nfig"rct"wp"urgevtqoflvtg"fg"ocuug"(dycor proline)."rncefi"cxcpv"nÓgpvtfig"
fw"hqwt0"Nc"Hkiwtg"38"rtfiugpvg"ng"uwkxk"urgevtqofivtkswg"fg"nc"eqorqukvkqp"fg"nÓcvoqurjfltg"cw"HCUC"
nqtu"fÓwp"tgewkv0"

"

Figure 16."Uwkxk"urgevtqofivtkswg"fg"n)cvoqurjfltg"cxcpv"n)gpvtfig"fcpu"ng"HCUC0"N)gptgikuvtgogpv"fg"nc"
eqorqukvkqp"fg"n)cvoqurjfltg"guv"vqwlqwtu"ncpefi"cxcpv"ng"ffidwv"fw"tgewkv0"

"

""
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II.2.2. Température de recuits  

Cycle thermique

Nc"oqpvfig"gp" vgorfitcvwtg"guv" tfiiwnfig"fg"ocpkfltg"§" tgrtqfwktg" ng"e{eng" vjgtokswg"fg" nÓcekgt"fcpu" ng"
hqwt"kpfwuvtkgn0"Rqwt"nc"pwcpeg"dkuvcdknkufig"Vk."Pd."pqwu"fkurquqpu"fg"fgwz"rqkpvu"fg"tgrfltg"rtqxgpcpv"
fg"nc"nkipg"kpfwuvtkgnng"<":62̇E"crtflu"52"u"gv"3292̇E"gp"hkp"fg"tgewkv0"Ngu"vgorfitcvwtgu"gv"fwtfigu"fgu"
fkhhfitgpvu" ugiogpvu" fw" e{eng." oku" cw" rqkpv" rqwt" ngu" tgewkvu" fg" 67" u" §" 3292̇E." uqpv" rtfiugpvfigu" gp"
cppgzg"C0"Fcpu"nc"uwkvg"fw"ocpwuetkv."nc"vgorfitcvwtg"fg"tgewkv"crrnkswfig"fcpu"ng"HCUC"eqttgurqpftc"§"
nc"vgorfitcvwtg"cvvgkpvg"rct"nÓfiejcpvknnqp"gp"hkp"fg"tgewkv0"

Effet de la température

Ngu" rctcoflvtgu"vgnu" swg" nc" xkvguug" fg" oqpvfig" gp" vgorfitcvwtg" gv" nc" vgorfitcvwtg" hkpcng" cvvgkpvg" rct"
nÓfiejcpvknnqp"gp"hkp"fg"tgewkv"qpv"wpg"kphnwgpeg"uwt"nc"tgetkuvcnnkucvkqp"fw"ocvfitkcw0"Nc"oketquvtwevwtg"fg"
nÓcekgt"xc"fqpe"hqtvgogpv"ffirgpftg"fw"e{eng"vjgtokswg"oku"gp"rnceg"nqtu"fw"tgewkv0""

Rqwt" uÓcuuwtgt" fg" nc"oc¶vtkug" fw" ejcwhhcig." ngu" vcknngu" fgu" itckpu" fg" nÓcekgt" uqpv"oguwtfigu" crtflu"fgu"
tgewkvu" §" fkhhfitgpvgu" vgorfitcvwtgu0" Egu" vcknngu" fg" itckpu" uqpv" eqorctfigu" cxge" egnngu"oguwtfigu" crtflu"
vtckvgogpv"vjgtokswg"fcpu"wp"hqwt"§"ghhgv"lqwng"*Inggdng+."uwkxcpv"ngu"o‒ogu"eqpfkvkqpu0"Ng"hqwt"§"ghhgv"
lqwng"rgtogv"fÓcxqkt"wpg"rcthckvg"oc¶vtkug"fg"nc"oqpvfig"gp"vgorfitcvwtg"fg"nÓfiejcpvknnqp0"Pqwu"wvknkuqpu"
fqpe" eg" hqwt" rqwt" xfitkhkgt" nc" hkcdknkvfi" fw" HCUC" rqwt" eg" v{rg" fg" vtckvgogpv" vjgtokswg" *jcwvg"
vgorfitcvwtg." vgoru" eqwtvu+0" Nc" Hkiwtg" 39" rtfiugpvg" nÓfixqnwvkqp" fg" nc" vcknng" fgu" itckpu" cxge" nc"
vgorfitcvwtg"rqwt"fgu"tgewkvu"ogpfiu"cw"hqwt"Inggdng"gv"cw"HCUC0"Kn"uÓcxfltg"swg"ngu"vcknngu"fgu"itckpu"
uqpv"fw"o‒og"qtftg"fg"itcpfgwt"swgn"swg"uqkv"ng"hqwt"wvknkufi0""""

"

Figure 17."¡xqnwvkqp"fg"nc"vcknng"fg"itckpu"fg"n)cekgt"663"cxge"nc"vgorfitcvwtg"fg"tgewkv"rqwt"fgu"vtckvgogpvu"
vjgtokswgu"tficnkufiu"cw"hqwt"Inggdng"gv"cw"HCUC0"

"
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II.2.3. Mise en œuvre des recuits

Fgu" fiejcpvknnqpu" fg" fkogpukqpu" 352"'"72"'"2.7"oo5" fÓcekgt" fietqwk" uqpv" ffieqwrfiu" rwku" ffiitckuufiu" §"
nÓfivjcpqn0" Rqwt" ictfgt" nÓcurgev" kpfwuvtkgn." ngu" uwthcegu" fgu" fiejcpvknnqpu" pg" uqpv" rcu" rqnkgu0" Wp"
vjgtoqeqwrng"fg"v{rg"M"guv"uqwffi"§"nÓfiejcpvknnqp0"NÓfiejcpvknnqp"guv"cnqtu"kpvtqfwkv"fcpu"nc"¦qpg"ejcwfg"
fw" hqwt" §" nÓckfg" fg" nc" ecppg" fg" vtcpuhgtv0" NÓcvoqurjfltg" rgwv" cnqtu" ‒vtg" okug" gp" rnceg" gv" ng" e{eng"
vjgtokswg"ncpefi0"É"nc"hkp"fw"tgewkv."nÓfiejcpvknnqp"guv"tghtqkfk"fcpu"nc"¦qpg"fg"ejcwhhcig"*crtflu"ctt‒v"fgu"
ncorgu"KT+"rwku"fcpu"nc"¦qpg"fg"vtgorg0""

Cw"HCUC."nc"fwtfig"fgu"tgewkvu"guv"hkzfig"§"67"u"cnqtu"swg"nc"vgorfitcvwtg"fw"tgewkv"xctkg0"Ngu"tgewkvu"ug"
ffitqwngpv"uqwu"rtguukqp"cvoqurjfitkswg."rqwt"wp"ffidkv"fg"ic¦"fg";22"N0j&3."uqkv"wpg"xkvguug."§"nÓkpvfitkgwt"
fw"vwdg"gp"swctv¦."fg"3;2"eo0okp&30""

Nc"tfiiwncvkqp"fg"nc"xkvguug"fg"oqpvfig"gp"vgorfitcvwtg"fÓwp"fiejcpvknnqp"uÓcxfltg"vtflu"fkhhkekng"§"tgrtqfwktg"
rqwt" egu" vgorfitcvwtgu" fingxfigu" gv" egu" eqwtvgu" fwtfigu" fg" tgewkv0" Nc" rwkuucpeg" fgu" ncorgu" KT" ffirgpf"
hqtvgogpv"fg"nÓfivcv"fg"rtqrtgvfi"fw"vwdg"gp"swctv¦0"Ngu"ugockpgu"fg"vtcxcwz"cw"HCUC"fivcpv"tgncvkxgogpv"
gurcefigu." kn" pÓguv" rcu" tctg" swg." rqwt" fgu" eqpfkvkqpu" kfgpvkswgu" *pwcpegu." firckuugwt" fg" nÓfiejcpvknnqp."
e{eng" vjgtokswg." rwkuucpeg" fgu" ncorgu" KT+" fgu" fiectvu" fg" vgorfitcvwtgu" uqkgpv" eqpuvcvfiu0" Kn" guv" fqpe"
kpfkurgpucdng" fÓcfcrvgt" eqpuvcoogpv" ngu" eqpfkvkqpu" fg" tfiiwncvkqp" fg" oqpvfig" gp" vgorfitcvwtg." rqwt"
qdvgpkt"fgu"tgewkvu"tgrtqfwevkdngu"fÓwpg"uficpeg"§"nÓcwvtg0""

II.3. Four tubulaire conventionnel (FTC) 

II.3.1. Dispositif expérimental 

Ng"fkurqukvkh"gzrfitkogpvcn"wvknkufi"cw" ncdqtcvqktg"UKOcR"§"Itgpqdng"guv"rtfiugpvfi"uwt"nc" Hkiwtg"3:0"Eg"
fkurqukvkh" ug"eqorqug"f)wp" hqwt" vwdwncktg"jqtk¦qpvcn."gv"fÓwp"u{uvflog"fg"rtqfwevkqp"fg" nÓcvoqurjfltg"
qz{fcpvg" *Q41J4Q1EQ41P4+0" Nc" xcrgwt" fÓgcw" guv" ifipfitfig" §" nÓckfg" fÓwp" oqpvcig" eqortgpcpv" fgwz"
dcnnqpu" fÓgcw" fkuvknnfig"oqpvfiu" gp" ufitkg0" Ng" rtgokgt" dcnnqp." ejcwhhfi" §" n)ckfg" f)wp" ejcwhhg/dcnnqp." guv"
wvknkufi"rqwt"rtqfwktg"nc"xcrgwt"f)gcw."cnqtu"swg"ng"ugeqpf."rncefi"fcpu"wp"dckp"vjgtoquvcvfi."rgtogv"fg"
tfiiwngt" fg"ocpkfltg" rtfiekug" nc" rtguukqp" fg" xcrgwt" ucvwtcpvg" fg" n)gcw0"Gp" ghhgv." nc" rtguukqp" fg" xcrgwt"
ucvwtcpvg" fg" nc" xcrgwt" fÓgcw" guv" hkzfig" rct" nc" vgorfitcvwtg" fg" nÓgcw0" Nc" xcrgwt" f)gcw" rtqfwkvg" guv"
gpvtc¶pfig"uqwu"hnwz"fÓc¦qvg0"Gpvtg"nc"uqtvkg"fw"rtgokgt"dcnnqp"gv"nÓgpvtfig"fcpu"ng"hqwt."ngu"eqpfwkvu"fg"
ic¦" ucvwtfi" gp" xcrgwt" fÓgcw" uqpv" gpvqwtfiu" fg" eqtfqpu" ejcwhhcpv" chkp" fÓfixkvgt" nc" eqpfgpucvkqp" fg" nc"
xcrgwt" fÓgcw0"Ngu" ic¦"EQ4" gv"Q4" uqpv" clqwvfiu" cw"ofincpig"P4."J4Q"cxcpv" n)gpvtfig" fcpu" ng" hqwt0"Ngu"
ffidkvu"ic¦gwz"uqpv"eqpvt»nfiu"rct"fgu"ffidkvoflvtgu"§"dknng"rncefiu"gp"uqtvkg"fgu"dqwvgknngu"fg"ic¦0""

Ng"hqwt"wvknkufi"guv"wp"hqwt"vwdwncktg"Herrmann Moritz fqvfi"fÓwp"vwdg"gp"uknkeg0"Nc"vgorfitcvwtg"fw"hqwt"
guv"tfiiwnfig"§"nÓckfg"fÓwp"rtqitcoocvgwt"peckly XS300"Rqwt"uÓcuuwtgt"fg"nc"vgorfitcvwtg"fcpu"ng"hqwt"fgu"
vjgtoqeqwrngu"fg"v{rg"M"uqpv"rncefiu"gpvtg"nc"rctqk"fw"hqwt"gv"ng"vwdg"fg"uknkeg0"""""
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Figure 18."Uejfioc"fw"fkurqukvkh"gzrfitkogpvcn"rqwt"nÓqz{fcvkqp"cw"hqwt"vwdwncktg"eqpxgpvkqppgn"*HVE+0"

II.3.2. Caractéristiques thermiques 

Profil thermique du four

Nc"eqppckuucpeg"fw"rtqhkn"vjgtokswg"§"nÓkpvfitkgwt"fw"hqwt"vwdwncktg"guv"kpfkurgpucdng"rqwt"uÓcuuwtgt"swg"
ngu" fiejcpvknnqpu" uqpv" eqttgevgogpv" tgewkvu" §" nc" vgorfitcvwtg" ffiuktfig0" Nc" Hkiwtg" 3;" rtfiugpvg" ng" rtqhkn"
vjgtokswg"fw"hqwt"rqwt"wpg"vgorfitcvwtg"fg"eqpukipg"fw"hqwt"fg"3222̇E0"Nc"vgorfitcvwtg"rtfiugpvg"wp"
rcnkgt" kuqvjgtog" fÓgpxktqp" 32"eo" fg" nqpiwgwt." ukvwfi" cw" egpvtg" fw" hqwt0" Cw" eqwtu" fgu" tgewkvu."
nÓfiejcpvknnqp"fgxtc"korfitcvkxgogpv"‒vtg"rncefi"fcpu"egvvg"¦qpg"ejcwfg0"""

"

Figure 19."Rtqhkn"vjgtokswg"fw"hqwt"vwdwncktg"eqpxgpvkqppgn0"Ngu"nkipgu"gp"rqkpvknnfiu"eqttgurqpfgpv"§"nc"¦qpg"
ejcwfg"fw"hqwt"*rcnkgt"kuqvjgtog+0"

Choix de la température de consigne

Fcpu"ng"hqwt"vwdwncktg"eqpxgpvkqppgn."nc" vgorfitcvwtg"fg" tgewkv"guv"wp"rctcoflvtg"hkzfi"§"3282̇E0"Pqwu"
uqwjckvqpu"swg"egvvg" vgorfitcvwtg"eqttgurqpfg"§" nc" vgorfitcvwtg"fg" nÓfiejcpvknnqp"rqwt"wp" tgewkv"fÓwpg"
fwtfig"rtfiekug0"Nc"fwtfig"fg"67"u"guv"ejqkukg"fg"ocpkfltg"§"ug"tcrrtqejgt"fgu"eqpfkvkqpu"kpfwuvtkgnngu0"Kn"
uwhhkv"cnqtu"fg"ffihkpkt"wpg"vgorfitcvwtg"fg"eqpukipg"fw"hqwt0"Rqwt"eg"hcktg."wp"vjgtoqeqwrng"*v{rg"M+"guv"
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uqwffi"§"wp"fiejcpvknnqp"fg"2.7"oo"fÓfirckuugwt0"Rqwt"fkhhfitgpvgu"vgorfitcvwtgu"fg"eqpukipg"fw"hqwt."pqwu"
oguwtqpu"nc"vgorfitcvwtg"cvvgkpvg"rct"nÓfiejcpvknnqp"67"u"crtflu"uqp"gphqwtpgogpv"fcpu"nc"¦qpg"ejcwfg0"
Ngu" tfiuwnvcvu" uqpv" rtfiugpvfiu" fcpu" ng"Vcdngcw" 70" Kn" uÓcxfltg" swg" rqwt" wpg" vgorfitcvwtg" fg" eqpukipg" fg"
32:2̇E."gv"wpg"fwtfig"fg"tgewkv"fg"67"u."nc"vgorfitcvwtg"fg"nÓfiejcpvknnqp"guv"fg"nÓqtftg"fg"3282̇E0""

Tableau 5."Vgorfitcvwtg"fg"n)fiejcpvknnqp"oguwtfig"crtflu"67"u"fg"tgewkv"rqwt"fkhhfitgpvgu"vgorfitcvwtgu"fg"eqpukipg"
fw"hqwt0"

Vgorfitcvwtg"fg"eqpukipg"*̇E+" 3282" 3292" 32:2"
Vgorfitcvwtg"cvvgkpvg"crtflu"67"u"*̇E+" 3259"ł"3" 3266"ł"4" 327:"ł"4"

"

Rqwt"ngu"tgewkvu"fg"rnwu"nqpiwgu"fwtfigu"*uwrfitkgwtgu"§"67"u+."nc"vgorfitcvwtg"fg"nÓfiejcpvknnqp"cwiogpvg"
fg"ocpkfltg"tfiiwnkfltg"cxcpv"fg"ug"uvcdknkugt"cwz"cngpvqwtu"fg"3297̇E."crtflu"462"u0"""

Vitesse de montée en température de l’échantillon

Nc"xkvguug"fg"oqpvfig"gp"vgorfitcvwtg"fg"nÓfiejcpvknnqp"fcpu"ng"hqwt"eqpxgpvkqppgn"pÓguv"rcu" eqpvt»nfig."
ocku" uwdkg0" Fg" eg" hckv." nc" vgorfitcvwtg" fg" eqpukipg" gv" nÓfirckuugwt" fg" nÓfiejcpvknnqp" uqpv" ngu" fgwz"
rctcoflvtgu" iqwxgtpcpv" nc"xkvguug" fg"oqpvfig0"Ckpuk." rqwt" fgu" fiejcpvknnqpu" fg" 2.7"oo"fÓfirckuugwt" nc"
vgorfitcvwtg"fg"eqpukipg"fw"hqwt"guv"hkzfig"§"32:2̇E0"Nc"Hkiwtg"42"rtfiugpvg"nÓghhgv"fg"nÓfirckuugwt"*2.7"gv"
2.:"oo+" uwt" nc" vgorfitcvwtg" fg" nÓfiejcpvknnqp" rqwt" wpg" vgorfitcvwtg"fg" eqpukipg" fg" 32:2̇E0" LwuswÓ§"
872̇E."nÓfixqnwvkqp"fg"nc"vgorfitcvwtg"guv"swcukogpv"kfgpvkswg"swgnng"swg"uqkv"nÓfirckuugwt."nc"xkvguug"fg"
oqpvfig"guv"fg"nÓqtftg"fg"77̇E0u&30"Cnqtu"swÓ§"rctvkt"872̇E."ngu"xkvguugu"fg"oqpvfigu"gp"vgorfitcvwtg"ug"
fkhhfitgpekgpv0" Fg" 872" §" :72̇E." ngu" xkvguugu" uqpv" fg" 62" gv" 4:̇E0u&3" rqwt." tgurgevkxgogpv." ngu"
fiejcpvknnqpu" 2.7" gv" 2.:"oo" fÓfirckuugwt0" NÓfiejcpvknnqp" fÓfirckuugwt" 2.:"oo" cvvgkpv" nc" vgorfitcvwtg" fg"
3282̇E"crtflu"82"u."uqkv"cxge"wp"tgvctf"fg"37"u"rct"tcrrqtv"§"nÓfiejcpvknnqp"fg"rnwu"hckdng"firckuugwt0""

"

Figure 20."Eqorctckuqp"fgu"fixqnwvkqpu"fg"oqpvfig"gp"vgorfitcvwtg"f)fiejcpvknnqpu"fg"fkhhfitgpvgu"firckuugwtu"*2.:"gv"
2.7"oo+0"Nc"vgorfitcvwtg"fgu"fiejcpvknnqpu"guv"tgrfitfig"§"nÓckfg"fÓwp"vjgtoqeqwrng"fg"v{rg"M"uqwffi0""

"
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II.3.3. Recuits dans le four tubulaire conventionnel 

Mise en œuvre des recuits

Fgu"fiejcpvknnqpu"fg"fkogpukqpu"42"'"37"'"2.7"oo5"fÓcekgt"fietqwk"uqpv"ffieqwrfiu."ffiitckuufiu"§"nÓfivjcpqn"
fcpu" wp" dckp" §" wnvtcuqpu." ufiejfiu" rwku" rgufiu0" Ngu" rgufigu" uqpv" tficnkufigu" §" nÓckfg" fÓwpg" dcncpeg" fg"
rtfiekukqp"Mettler Toledo AG135" *ł"32"-i+0" Ngu" fiejcpvknnqpu" uqpv" tgewkvu" §" 3282̇E" rqwt" fg" eqwtvgu"
fwtfigu"rtfiffihkpkgu0"Ng"vtckvgogpv"vjgtokswg"ffidwvg"*v"?"2"u+"fflu"nÓgphqwtpgogpv"fg"nÓfiejcpvknnqp"fcpu"
nc" ¦qpg" ejcwfg" fw" hqwt0" Ng" tghtqkfkuugogpv" ug" ffitqwng" gp" dqwv" fw" hqwt." rwku" §" nÓckt" nkdtg0" Ngu"
fiejcpvknnqpu"uqpv"eqpugtxfiu"cw"uge"fcpu"wp"fguukeecvgwt"cxcpv"fÓ‒vtg"rgufiu0""

Vqwu"ngu"tgewkvu"oku"gp"Íwxtg"cw"hqwt"eqpxgpvkqppgn"uqpv"tficnkufiu"§"rtguukqp"cvoqurjfitkswg."cxge"wp"
ffidkv"ic¦gwz"fg"32"N0j&3."uqkv"wpg"xkvguug."§"nÓkpvfitkgwt"fw"vwdg"fg"uknkeg."fg"56"eo0okp&30"""""

Suivi gravimétrique discontinu

Ng" uwkxk" itcxkofivtkswg" fkueqpvkpw" eqpukuvg" §"oguwtgt" nÓfixqnwvkqp" fg" nc"ocuug" fÓwp" fiejcpvknnqp" nqtu"
fÓwp"tgewkv0"É"nc"fkhhfitgpeg"fÓwp"uwkxk"itcxkofivtkswg"fkueqpvkpw"encuukswg."q́"wp"ugwn"fiejcpvknnqp"guv"
rgufi"rqwt"fkhhfitgpvgu"fwtfigu"fÓqz{fcvkqp."fcpu"ng"ecu"rtfiugpv."pqwu"wvknkuqpu"wp"fiejcpvknnqp"rqwt"wpg"
ugwng"fwtfig"fÓqz{fcvkqp0"Egvvg"ofivjqfg"pfieguukvg"fg"fkurqugt"fÓwp"itcpf"pqodtg"fÓfiejcpvknnqpu."chkp"
fÓqz{fgt" rnwukgwtu" fiejcpvknnqpu" rqwt" wpg"o‒og" fwtfig" fg" tgewkv0" Nqtuswg" egnc" guv" rquukdng." ejcswg"
rqkpv" uwt" wpg" eqwtdg" itcxkofivtkswg" eqttgurqpf" cw"oqkpu" §" vtqku" fiejcpvknnqpu0" Nc" xcngwt" fw" ickp" fg"
ocuug" guv" ffivgtokpfig"rct" nc"oq{gppg"fgu"ickpu"oguwtfiu" uwt" ngu"fkhhfitgpvu" fiejcpvknnqpu"qz{ffiu"rqwt"
wpg"o‒og"fwtfig0"Wpg"dcttg"fÓgttgwt."eqttgurqpfcpv"§" nc"xcngwt"fg" nÓfiectv/v{rg."guv"cnqtu"chhgevfig"cw"
ickp"fg"ocuug0""

Nc"tgrtqfwevkdknkvfi"fgu"ejcpigogpvu"fg"ocuug"guv"xfitkhkfig"rqwt"wpg"qz{fcvkqp"fg"82"u"§"3282̇E."uqwu"
Q41J4Q1EQ41P40" Nc" Hkiwtg" 43" rtfiugpvg" nc" xctkcvkqp" fg" ocuug" ffivgtokpfig" fcpu" egu" eqpfkvkqpu" §"
fkhhfitgpvgu"rfitkqfgu"cw"eqwtu"fg"nc"vjflug0"Pqwu"pqvqpu"swg"ngu"ickpu"fg"ocuug"xctkgpv"fÓwpg"rfitkqfg"§"
nÓcwvtg."ocku"tguvgpv"eqortku"fcpu"ngu"dcttgu"fÓgttgwt0"Egu"xctkcvkqpu"fg"ickp"fg"ocuug"uqpv"cwuuk"dkgp"
nkfigu"§"nÓkpegtvkvwfg"uwt"nc"fwtfig"fgu"tgewkvu"*vgoru"fÓgphqwtpgogpv."gv"fg"uqtvkgu"fgu"fiejcpvknnqpu+"swg"
uwt"nc"ffivgtokpcvkqp"fw"ickp"fg"ocuug"*kpegtvkvwfgu"nkfigu"cwz"rgufigu+0""
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Figure 21."Xcngwtu"fgu"ickpu"fg"ocuug"ffivgtokpfiu"rct"rgufigu"rqwt"fgu"qz{fcvkqpu"fg"n)cekgt"663"§"3282̇E"
rgpfcpv"82"u"uqwu"J4Q1Q41EQ41P40""

NÓfivwfg"ekpfivkswg"guv"okug"gp"Íwxtg"fcpu"ng"hqwt"vwdwncktg"eqpxgpvkqppgn"rqwt"nc"ugwng"vgorfitcvwtg"fg"
3282̇E" *vgorfitcvwtg" cvvgkpvg" rct" nÓfiejcpvknnqp" crtflu" 67"u" fg" vtckvgogpv" vjgtokswg+." gv" wp" ugwn" hnwz"
ic¦gwz0"Ngu"rctcoflvtgu"xctkcdngu"uqpv"nc"fwtfig"fÓqz{fcvkqp"*fg"52"§"462"u+."ngu"pwcpegu"*kpfwuvtkgnngu."
eqwnfigu"fg"ncdqtcvqktg+"ckpuk"swg"nÓcvoqurjfltg0""

II.4.  Bilan : comparaison FASA – FTC

Ngu"xkvguugu"fg"oqpvfig"gp"vgorfitcvwtg"fgu"fiejcpvknnqpu"uqpv"fkhhfitgpvgu"fcpu"ng"HCUC"gv"fcpu"ng"HVE0"
Gnngu" uqpv" eqpvt»nfigu" fcpu" ng" rtgokgt" ecu" gv" uwdkgu" fcpu" ng" ugeqpf" ecu0" Nc" Hkiwtg 44" rtfiugpvg"
nÓfixqnwvkqp"fg" vgorfitcvwtg"fÓwp"fiejcpvknnqp" tgewkv"cw"HCUC."§"3292̇E"gv"fÓwp"fiejcpvknnqp" tgewkv"cw"
hqwt"vwdwncktg"eqpxgpvkqppgn."rqwt"wpg"fwtfig"fg"67"u0"Gp"rnwu"fg"nc"xkvguug"fg"oqpvfig"gp"vgorfitcvwtg."
fÓcwvtgu" rctcoflvtgu" fkhhfitgpvkgpv" ngu" tgewkvu" fcpu" egu" fgwz" hqwtu" vgnu" swg" ngu" fkogpukqpu" fgu"
fiejcpvknnqpu."nc"xkvguug"fw"hnwz"ic¦gwz0""
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Figure 22."Eqorctckuqp"fgu"fixqnwvkqpu"gp"vgorfitcvwtg"fÓfiejcpvknnqpu"tgewkvu"67"u"gpvtg"ng"HVE"gv"ng"HCUC0"""

" "
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III. Décapage  

Ng" ffiecrcig" xkug" §" finkokpgt" nc" eqwejg" fÓqz{fg" hqtofig" nqtu" fw" tgewkv0" Nc" ufiswgpeg" tficnkufig" gp"
ncdqtcvqktg"tgrtqfwkv"egnng"okug"gp"rnceg"uwt"wpg"nkipg"kpfwuvtkgnng"fw"ukvg"fÓKudgtiwgu0"Egvvg"ufiswgpeg"
guv"urfiekhkswgogpv"cfcrvfig"rqwt"ffiecrgt"nÓcekgt"663"tgewkv"§"3292̇E0"Ugwnu"ngu"fiejcpvknnqpu"tgewkvu"cw"
HCUC"uqpv"ffiecrfiu0""

III.1. Solutions d’attaque

Ngu"ukowncvkqpu"fg"ffiecrcig"uqpv"okugu"gp"Íwxtg"cxge"fgu"uqnwvkqpu"fÓcvvcswg"fktgevgogpv"rtfingxfigu"
uwt"nc"nkipg"kpfwuvtkgnng0"Kn"uÓcikv"fg"uqnwvkqpu"fg"uwnhcvg"fg"uqfkwo."fÓcekfg"uwnhwtkswg."fÓWI5R"*Wikpg"
rgtqzkfg" rkemnkpi" rtqeguu+" gv" fÓcekfg" pkvtkswg0" Nc" uqnwvkqp" fÓWI5R" guv" eqorqufig" fÓcekfg"
hnwqtj{ftkswg." fg" rgtqz{fg" fÓj{ftqiflpg" gv" fÓkqpu" hgttkswgu0" Ngu" eqorqukvkqpu" fgu" uqnwvkqpu" uqpv"
rtfiugpvfigu"fcpu"ng"Vcdngcw"80""

Tableau 6."Eqorqukvkqp"fgu"uqnwvkqpu"fg"ffiecrcigu0"

Dckp" Eqpegpvtcvkqp"""
*i0N&3+"

Eqpegpvtcvkqp"gp"
Hg4-"*i0N&3+"

Eqpegpvtcvkqp"gp"
Hg5-"*i0N&3+"

rJ"

Pc4UQ6" 45:" /" /" 4.5"

J4UQ6" 465" 49" 48" Pqp"oguwtfi"

WI5R"" 57" /" 67" Pqp"oguwtfi"

JPQ5" :6" /" :" Pqp"oguwtfi"

III.2. Séquence de décapage de type industriel 

Nc"ufiswgpeg"fg"ffiecrcig."ghhgevwfig"gp"ncdqtcvqktg."eqortgpf"wp"vtckvgogpv"rct"xqkg"fingevtqn{vkswg"gp"
oknkgw"uwnhcvg"fg"uqfkwo."rwku"gp"oknkgw"cekfg"uwnhwtkswg0"Nc"ufiswgpeg"ug"rqwtuwkv"rct"wp"vtckvgogpv"
rct"xqkg"ejkokswg"gp"oknkgw"WI5R"*ucpu"rqnctkucvkqp+"gv"ug"vgtokpg"rct"wp"vtckvgogpv"fingevtqn{vkswg"gp"
oknkgw"cekfg"pkvtkswg0"

Nqtu"fw"vtckvgogpv"fingevtqn{vkswg"gp"oknkgw"uwnhcvg"fg"uqfkwo."nÓfiejcpvknnqp"guv"rqnctkufi"cpqfkswgogpv."
rwku" ecvjqfkswgogpv." cxcpv" fÓ‒vtg" tgrqnctkufi" cpqfkswgogpv0"Egu" qrfitcvkqpu" uqpv" tfirfivfigu" fgwz" hqku."
rqwt"tgrtqfwktg"nc"ufiswgpeg"fg"nc"nkipg"kpfwuvtkgnng0"Rqwt"ng"vtckvgogpv"gp"oknkgw"cekfg"uwnhwtkswg."pqwu"
ghhgevwqpu"ngu"o‒ogu"qrfitcvkqpu"swg"rtfiefifgoogpv."ocku"wpg"ugwng"hqku0"Nqtu"fw"vtckvgogpv"gp"oknkgw"
WI5R."nÓfiejcpvknnqp"guv"ukorngogpv"koogtifi"fcpu"nc"uqnwvkqp"rqwt"wpg"fwtfig"ffivgtokpfig0"Gphkp."rqwt"
ng"vtckvgogpv"§"nÓcekfg"pkvtkswg."pqwu"rtqefifqpu"eqoog"rqwt"ng"vtckvgogpv"gp"oknkgw"uwnhcvg"fg"uqfkwo."
ocku" cxge"fgu" vgoru"fg"rqnctkucvkqp"gv"wpg"fgpukvfi"fg" eqwtcpv"fkhhfitgpvu0"Ng"Vcdngcw"9"rtfiugpvg" ngu"
eqpfkvkqpu"fg"ffiecrcig"rqwt"ejcswg"dckp0"

"
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Tableau 7."Eqpfkvkqpu"fg"ffiecrcig"fg"nc"nkipg"kpfwuvtkgnng"tgrtqfwkvgu"gp"ncdqtcvqktg0"

Dckp"
Fwtfig"fg"rqnctkucvkqp"*u+"

k"*oC0eo&4+" Fwtfig"
fÓkoogtukqp"*u+"

Vgorfitcvwtg"
*̇E+"Cpqfg" Ecvjqfg" Cpqfg"

Pc4UQ6" 4" 6" 4" 342" /" :2"

J4UQ6" 4" 6" 4" 342" /" :7"

WI5R"" /" /" /" /" 44" 82"

JPQ5" 3.7" 5" 3.7" 362" /" 77"

III.3. Traitement des échantillons en milieu sulfate de sodium 

Ng"vtckvgogpv"fgu"fiejcpvknnqpu"gp"oknkgw"uwnhcvg"fg"uqfkwo"guv"tficnkufi"rqwt"finkokpgt"nc"eqwejg"fÓqz{fg"
tkejg" gp" ejtqog0"Eg" vtckvgogpv" rgwv" ‒vtg"oku" gp"Íwxtg" rct" fkhhfitgpvgu"ofivjqfgu." ffiecrcig" fg" v{rg"
kpfwuvtkgn" vgn" swg" rtfiugpvfi" fcpu" ng" rctcitcrjg" rtfiefifgpv" *KKK04+." qw" ffiecrcig" gp" egnnwng"
fingevtqejkokswg0" Ng" ffiecrcig" gp" egnnwng" fingevtqejkokswg" guv" ghhgevwfi" §" nÓckfg" fÓwp"oqpvcig" §" vtqku"
fingevtqfgu." wpg" fg" vtcxckn." eqpuvkvwfig" fg" nÓfiejcpvknnqp" §" ffiecrgt." wpg" fg" tfihfitgpeg"<" fingevtqfg" fg"
Ci1CiEn."gv"wpg"eqpvtg/fingevtqfg"gp"cekgt"fwrngz0"Gp"egnnwng."ng"vtckvgogpv"cw"uwnhcvg"fg"uqfkwo"rgwv"
‒vtg" oku" gp" Íwxtg" uwkxcpv" nc" o‒og" ufiswgpeg" swg" nc" nkipg" kpfwuvtkgnng0" Nc" rqnctkvfi" gv" nc" fwtfig" fg"
rqnctkucvkqp"fg" nÓfiejcpvknnqp"uqpv"rknqvfigu"fcpu"eg"ecu"§" nÓckfg"fÓwp"rqvgpvkquvcv"Biologic VSP0"Egvvg"
ufiswgpeg"fg"rqnctkucvkqp"*cpqfg/ecvjqfg/cpqfg+."tfirfivfig"fgwz"hqku."guv"rtfiugpvfig"uwt"nc"Hkiwtg"450"

"

Figure 23."Rqnctkucvkqp"fg"n)fiejcpvknnqp"nqtu"fw"ffiecrcig"fingevtqn{vkswg"gp"oknkgw"uwnhcvg"fg"uqfkwo"okug"gp"
Íwxtg"rqwt"tgrtqfwktg"ngu"eqpfkvkqpu"kpfwuvtkgnngu0"""

Ng"vtckvgogpv"gp"egnnwng"rgwv"fiicngogpv"‒vtg"ghhgevwfi"rct"ejtqpqrqvgpvkqofivtkg0"Fcpu"eg"ecu/n§."pqwu"
pg"tgrtqfwkuqpu"rcu"ngu"eqpfkvkqpu"kpfwuvtkgnngu."ocku"pqwu"cuuwtqpu"wpg"finkokpcvkqp"vqvcng"fg"nÓqz{fg"
fg"ejtqog0"" "
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IV. Techniques de caractérisation  

Fcpu" egvvg" ugevkqp." ngu"ofivjqfgu" fg" ectcevfitkucvkqp"okugu" gp"Íwxtg" fcpu" egu" vtcxcwz" fg" vjflug" uqpv"
rtfiugpvfigu0"Egu"vgejpkswgu"fÓcpcn{ug"qpv"fivfi"ejqkukgu"fg"ocpkfltg"§"tfirqpftg"cwz"swguvkqpu"uwkxcpvgu"<"

*k+ Swgnng"guv"nc"rj{ukeq/ejkokg"fgu"eqwejgu"fÓqz{fg"hqtofigu"A"
*kk+ Swgnng" guv" nc" oqtrjqnqikg" fgu" eqwejgu" fÓqz{fgu" gp" uwthceg" qw" gp" eqwrg"

vtcpuxgtucngu"A"
*kkk+ Swgnng"guv"nc"swcnkvfi"fg"uwthceg"fw"rtqfwkv"hkpk."e)guv/§/fktg"fg"nÓcekgt"crtflu"ngu"fivcrgu"

fg"tgewkv"Î"ffiecrcig"A"

IV.1. Caractérisation physico-chimique des couches d’oxyde formées

Nc"ffivgtokpcvkqp"fg"nc"pcvwtg"rj{ukeq/ejkokswg"fgu"eqwejgu"fÓqz{fg"guv" tficnkufig"rct"fkhhtcevkqp"fgu"
tc{qpu"Z" *FTZ+" uqwu" kpekfgpeg" tcucpvg." rct" urgevtqueqrkg" Tcocp" gv" rct" urgevtqueqrkg" §" ffiejctig"
nwokpguegpvg"*UFN+0"""

IV.1.1. Diffraction des rayons X sous incidence rasante  

Nc" fkhhtcevkqp" fgu" tc{qpu"Z" *FTZ+" rgtogv" fÓqdvgpkt" fgu" kphqtocvkqpu" uvtwevwtcngu" uwt" ngu" rtqfwkvu"
fÓqz{fcvkqp0" Nc" FTZ" uqwu" kpekfgpeg" tcucpvg" guv" rctvkewnkfltgogpv" cfcrvfig" §" nÓfivwfg" fgu" eqwejgu"
fÓqz{fg"fg"hckdngu"firckuugwtu."fg"rctv"nc"hckdng"rtqhqpfgwt"fg"rfipfivtcvkqp"fgu"tc{qpu"Z0"Rqwt"wp"cping"
fÓkpekfgpeg" fg" 2.:̇" *wvknkufi" fcpu" egvvg" fivwfg+." nÓfirckuugwt" fg" nc" eqwejg" uqpffig" rct" ngu" tc{qpu"Z" guv"
kphfitkgwtg"cw"oketqoflvtg0"""

Ng"fkhhtcevqoflvtg"wvknkufi"rqwt"egu"vtcxcwz"guv"wp"Panalytical X’Pert Pro MPD0"Egv"crrctgkn"guv"fiswkrfi"
fÓwpg"uqwteg"§"tc{qpu"Z"*cpvkecvjqfg+."fiogvvcpv"nc"tckg"EwMg"*そMg3"?"3.7639:"|+."gv"fÓwp"ffivgevgwt"3F"
fg"v{rg X Celerator0"Ngu"fkhhtcevqitcoogu"uqpv"eqnngevfiu"gpvtg"37"gv"322̇"cxge"wp"rcu"gp"4し"fg"2.26̇"
gv"wpg"fwtfig"fÓceswkukvkqp"fg"42"u"rct"rqkpv0"Nc"fwtfig"fÓceswkukvkqp"fÓwp"urgevtg"guv"fÓgpxktqp"33"j0"

Nc" FTZ" uqwu" kpekfgpeg" tcucpvg" rgtogv" fÓcpcn{ugt" wp" fiejcpvknnqp" uwt" swgnswgu" oknnkoflvtgu" ecttfiu"
fÓcktg"rqwt"wpg"rtqhqpfgwt"fg"nÓqtftg"fw"oketqoflvtg0""""

IV.1.2. Spectroscopie Raman 

Nc" urgevtqueqrkg" Tcocp" guv" wpg" vgejpkswg" fg" ectcevfitkucvkqp." pqp" fguvtwevkxg."swk" hqwtpkv" fgu"
kphqtocvkqpu" rj{ukeq/ejkokswgu" uwt" nÓfiejcpvknnqp" cpcn{ufi" vgnngu" swg" nÓkfgpvkhkecvkqp" fg" eqorqufi." ngu"
eqpvtckpvgu000" Egvvg" vgejpkswg." eqornfiogpvcktg" fg" nc" urgevtqueqrkg" kphtc/tqwig." guv" dcufig" uwt" nc"
fkhhwukqp."rct"ngu"rjqpqpu"fw"tfiugcw."f)wpg"nqpiwgwt"f)qpfg"oqpqejtqocvkswg."ffinkxtfig"rct"wp"ncugt0""

Ngu" cpcn{ugu" qpv" fivfi" okugu" gp" Íwxtg" §" nÓckfg" fÓwp" urgevtqoflvtg" Tcocp" Renishaw RM1000. Egv"
crrctgkn" guv" fiswkrfi" fÓwp" ncugt" ctiqp" kqpkufi." fiogvvcpv" wpg" nqpiwgwt" f)qpfg" gzekvcvtkeg" rtkpekrcng" fg"
736"po" *tckg" xgtvg+." f)wp" tfiugcw" fg" fkurgtukqp" gv" fÓwp" ffivgevgwt" EEF" *ejctig" eqwrngf" fgxkeg+0" Wp"
qdlgevkh"'"72"guv"wvknkufi"fg"ocpkfltg"§"hqecnkugt"ng"hckuegcw"kpekfgpv"uwt"wp"urqv"fg"fkcoflvtg"3.7"-o0"Nc"
rwkuucpeg" fw" hckuegcw" guv" hkzfig" §" 42"oY." chkp" fÓfixkvgt" vqwv" fiejcwhhgogpv" rqwxcpv" ffivfitkqtgt"
nÓfiejcpvknnqp0"Nc"fwtfig"fg"eqnngevg"fÓwp"urgevtg"guv"fg"nÓqtftg"fg"nc"okpwvg0"""""
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Nc"urgevtqueqrkg"Tcocp"rgtogv"fg"ectcevfitkugt"nqecngogpv"nc"ocvkfltg."uwt"xqnwog"fg"3"§"4"-o50"Rqwt"
‒vtg" tgrtfiugpvcvkh" fg" nÓgpugodng" fg" nÓfiejcpvknnqp." fkz" rqkpvfiu." tfirctvku" fg" ocpkfltg" cnficvqktg." uqpv"
ghhgevwfiu" uwt"wpg"o‒og"uwthceg0"Ngu"urgevtgu"rtfiugpvfiu"eqttgurqpfgpv"§" nc"oq{gppg"fg"fkz"urgevtgu"
eqnngevfiu0"""""""""

IV.1.3. Spectroscopie à décharge luminescente (SDL) 

Nc"urgevtqueqrkg"§"ffiejctig"nwokpguegpvg"guv"wpg"vgejpkswg"fÓcpcn{ug"cfcrvfig"§"nÓfivwfg"fgu"uwthcegu0"
Gnng"rgtogv"fÓqdvgpkt"fgu"kphqtocvkqpu"uwt"ngu"eqpegpvtcvkqpu"fgu"finfiogpvu"fw"ocvfitkcw."gp"hqpevkqp"fg"
nc"rtqhqpfgwt"fcpu"nÓfiejcpvknnqp0""

Ng"urgevtqoflvtg"§"ffiejctig"nwokpguegpvg"wvknkufi"guv"wp"LECO GDS-750A0"Egv"fiswkrgogpv"ug"eqorqug"
rtkpekrcngogpv" fÓwpg" ncorg" §" ffiejctig" nwokpguegpvg" qw" ncorg" fg" Itkoo." gv" fÓwp" urgevtqoflvtg"
qrvkswg"*Hkiwtg"46+0"Nc" ncorg"guv"eqpuvkvwfig"fÓwp"gpugodng"cpqfg/ecvjqfg"fcpu" ngswgn" nÓfiejcpvknnqp"
lqwg"ng"t»ng"fg"ecvjqfg0"Egv"gpugodng"guv"vtcxgtufi"rct"wp"ic¦"*Ct+"§"hckdng"rtguukqp"*32"odct+"swk"xc"
hqtogt" wp" rncuoc" *Ct-+" uqwu" nÓghhgv" fÓwpg" ffiejctig" fingevtkswg0" Ng" rncuoc." ceefinfitfi" rct" wp" ejcor"
fingevtkswg"*922"X+."xc"dqodctfgt"nÓfiejcpvknnqp."rtqxqswcpv"wpg"fitqukqp"rtqitguukxg"fg"nc"uwthceg0"Nc"
ocvkfltg"cttcejfig."eqpuvkvwfig"fÓcvqogu"pgwvtgu."guv"gzekvfig"rct"eqnnkukqp"cxge" ngu" kqpu"Ct-0"Nqtu"fg" nc"
ffiugzekvcvkqp"fgu" cvqogu."fgu"rjqvqpu." fqpv" ngu" nqpiwgwtu"fÓqpfg"uqpv" ectcevfitkuvkswgu"fgu" finfiogpvu"
eqpuvkvwcpvu" nÓfiejcpvknnqp." uqpv" fioku0" Nc" nwokfltg" rqn{ejtqocvkswg" ifipfitfig" guv" cpcn{ufig" rct" ng"
urgevtqoflvtg" qrvkswg0" Ngu" tckgu" uqpv" ufirctfigu" §" nÓckfg" fÓwp" tfiugcw" jqnqitcrjkswg" gv" ngwtu" kpvgpukvfiu"
uqpv"oguwtfigu"rct"fgu"rjqvqownvkrnkecvgwtu0"

"

Figure 240"Rtkpekrg"fg"hqpevkqppgogpv"fw"urgevtqoflvtg"§"ffiejctig"nwokpguegpvg"]69_0"

NÓcrrctgkn"guv"fivcnqppfi"§"nÓckfg"fÓfiejcpvknnqpu"uvcpfctfu"fg"eqpegpvtcvkqpu"rcthckvgogpv"eqppwgu0"Rqwt"
ejcswg"finfiogpv"ffivgevcdng." 54"fcpu" ng" ecu"rtfiugpv." ngu" kphqtocvkqpu" tgewgknnkgu" ug"rtfiugpvgpv" uqwu" nc"
hqtog"fg"nÓkpvgpukvfi"nwokpgwug"gp"hqpevkqp"fg"nc"fwtfig"fÓfitqukqp0"Nc"rtqhqpfgwt"guv"ffivgtokpfig"§"rctvkt"
fg"nc"fwtfig"gv"fg"nc"xkvguug"fÓfitqukqp0"Egvvg"xkvguug"ffirgpf"fg"nc"pcvwtg"fw"ocvfitkcw."fcpu"ng"ecu"fÓwpg"
eqwejg" fÓqz{fg" fg" v{rg" ejtqokpg." egnng/ek" guv" fg" nÓqtftg" fg" 3.7"-o0okp&30" NÓcdtcukqp" gpvtc¶pg" nc"
hqtocvkqp"fÓwp"etcvfltg"rquufifcpv"wp"fkcoflvtg."gp"uwthceg"fg"nÓfiejcpvknnqp."fÓgpxktqp"7"oo0""
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IV.2. Microscopies électroniques 

IV.2.1. MEB-FEG  

Nc" oketqueqrkg" fingevtqpkswg" §" dcnc{cig" guv" wvknkufig" rqwt" nÓqdugtxcvkqp" fg" uwthceg" qw" fg" eqwrg"
vtcpuxgtucng"fg"nc"eqwejg"fÓqz{fg"hqtofig0"Fgwz"crrctgknu"uqpv"wvknkufiu"rqwt"egu"vtcxcwz"wp"OGD"LEO 

S440 Stereoscan"gv"wp"OGD"owpk"fÓwpg"eqnqppg"§"ghhgv"fg"ejcor"*OGD/HGI+"<"Zeiss Ultra 55."Ng"
OGD"NGQ"guv"fiswkrfi"fÓwp"ffivgevgwt"fÓGxgtjctv"gv"Vjqtpng{"rqwt"nc"eqnngevg"fgu"fingevtqpu"ugeqpfcktgu"
gv" tfivtqfkhhwufiu0" Ng" OGD1HGI" ¥gkuu" rquuflfg." gp" rnwu" fw" ffivgevgwt" fÓGxgtjctv" gv" Vjqtpng{." wp"
ffivgevgwt" §" nÓkpvfitkgwt" fg" nc" eqnqppg0" Eg" ffivgevgwt" §" nÓcxcpvcig" fg" pg" rcu" ffivfitkqtgt" nc" tfiuqnwvkqp"
ncvfitcng."nÓcping"fg"ffivgevkqp"fgu"fingevtqpu"ugeqpfcktgu"guv"hckdng."ect"ngu"fingevtqpu"ugeqpfcktgu"UG5*6+"
pg"uqpv"rcu"eqnngvfiu0"

Ngu"qdugtxcvkqpu"OGD"rgwxgpv"‒vtg"eqwrnfigu"§"nÓcpcn{ug"GFU"*urgevtqofivtkg"§"fkurgtukqp"fÓfipgtikg+"
swk" rgtogv" fÓfivwfkgt" swcnkvcvkxgogpv" nc" eqwejg" fÓqz{fg0" Ngu" fgwz" oketqueqrgu" fingevtqpkswgu" §"
dcnc{cig"uqpv"fiswkrfiu"fg"ffivgevgwt"rqwt" nc"oketqcpcn{ug"Z0"Ng"OGD"Ngq"guv"rqwtxw"fÓwp"ffivgevgwt"
TZ"§"fkqfg"ugok/eqpfwevtkeg"*Uk"fqrfi"Nk+"tghtqkfk"§"nÓc¦qvg"nkswkfg0"Cnqtu"swg"ng"OGD1HGI"¥gkuu"guv"
owpk"fÓwp"ffivgevgwt"UFF"*uknkeqp"ftkhv" fgvgevqt+0"Ngu" cpcn{ugu"GFU"uqpv" tficnkufigu"rqwt"wpg" vgpukqp"
fÓceefinfitcvkqp"fg"42"mX0"""

IV.2.2. Microscopie électronique à transmission (MET) 

Nc" oketqueqrkg" fingevtqpkswg" §" vtcpuokuukqp" guv" wvknkufig" rqwt" fivwfkgt" ngu" ncogu" fg" hkpgu" firckuugwtu"
*kphfitkgwt"§"422"po+"gzvtckvgu"fgu" fiejcpvknnqpu0"Ngu" cpcn{ugu" uqpv" tficnkufigu" §" nÓckfg"fÓwp"oketqueqrg"
JEOL 30100"Fcpu"ng"ecftg"fg"pqu" vtcxcwz." ng"OGV"guv"wvknkufi"gp"oqfg" kocigtkg"*ejcor"enckt+"gv"gp"
oqfg"fkhhtcevkqp0"Ng"oqfg"kocigtkg"rgtogv"fÓqdvgpkt"fgu"kphqtocvkqpu"uwt"nc"oqtrjqnqikg"fgu"qdlgvu"
qdugtxfiu0"Ng"oqfg"fkhhtcevkqp"guv"gornq{fi"rqwt"tgewgknnkt"fgu"kphqtocvkqpu"uwt"nc"etkuvcnnqitcrjkg"fgu"
qdlgvu"fivwfkfiu0""

IV.2.3. Préparation pour les observations en coupes transversales 

NÓqdugtxcvkqp"fgu"eqwejgu"fÓqz{fgu"gp"eqwrg"vtcpuxgtucng"pfieguukvg"wpg"rtfirctcvkqp"vqwvg"rctvkewnkfltg0"
Fgwz"ofivjqfgu"uqpv"wvknkufigu"rqwt" nÓqdvgpvkqp"fgu"eqwrgu" vtcpuxgtucngu." nc"rtfirctcvkqp"rct"HKD"gv" nc"
rtfirctcvkqp"rct"rqnkuucig0"Nc"rtgokfltg"ofivjqfg"guv" ffietkvg"fcpu" ng"rctcitcrjg"eqpucetfi" cw"HKD" *eh0"
KX05+."nc"ugeqpfg"ofivjqfg"guv"ffietkvg"ek/fguuqwu0""

Rqwt" rtfirctgt" wpg" eqwrg" vtcpuxgtucng" rct" rqnkuucig." kn" guv" kpfkurgpucdng" fcpu" wp" rtgokgt" vgoru" fg"
rtqvfiigt" nc"eqwejg"fÓqz{fg"rct"ffir»vu" uweeguukhu"fÓwp" hkno"fÓqt"gv"fÓwpg"eqwejg"fg"pkemgn0" Ng" hkno"
fÓqt."fg"swgnswgu"pcpqoflvtgu"fÓfirckuugwt."guv"ffirqufi"rct"rwnxfitkucvkqp"ecvjqfkswg0"Ng"ffir»v"fg"pkemgn."
fg"swgnswgu"oketqoflvtgu"fÓfirckuugwt."guv" tficnkufi"rct"xqkg"ejkokswg0"NÓfiejcpvknnqp"guv" koogtifi"fcpu"
wpg" uqnwvkqp" fg" uwnhcvg" fg" pkemgn" gv" fÓj{rqrjqurjkvg" fg" uqfkwo" ]6:_0" Ng" hkno" fÓqt" rtficncdngogpv"
ffirqufi"cuuwtg"wpg"dqppg"oqwknncdknkvfi"fw"pkemgn"uwt"nÓfiejcpvknnqp0"NÓfiejcpvknnqp"guv"rct"nc"uwkvg"rncefi"
fcpu"wp"uwrrqtv"ofivcnnkswg"eqpuvkvwfi"fg"fgwz"rncswgu"cxcpv"fÓ‒vtg"dnqswfi"§"nÓckfg"fg"dqwnqpu0"Nc"rkfleg"
*fiejcpvknnqp"-"uwrrqtv+"rgwv"cnqtu"‒vtg"cdtcufig"cw"rcrkgt"UkE"lwuswÓcw"itcfg"4622"rwku"rqnkg"oktqkt"uwt"
""""""""""""""""""""""""""""""""""""""""""""""""""""""
6"Ngu"fingevtqpu"ugeqpfcktgu"UG5"uqpv"kuuwu"fg"nc"eqnnkukqp"gpvtg"ngu"fingevtqpu"tfivtqfkhhwufiu"gv"ngu"rkflegu"rqncktgu"fg"nc"ejcodtg0"
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r¤vg"fÓcnwokpg"5"-o"gv"3"-o0"Nc"rkfleg"guv"ncxfig"§"nÓfivjcpqn"fcpu"wp"dce"§"wnvtcuqpu"cxcpv"fÓ‒vtg"ufiejfig"
uqwu"ckt"uge"gv"eqpugtxfig"cw"fguukeecvgwt0"""""

IV.3. Couplage du MEB-FEG à une sonde ionique focalisée 

IV.3.1. Principe 

Ng"OGD/HGI"rgwv"‒vtg"eqwrnfi"§"wpg"uqpfg"kqpkswg"hqecnkufig"*HKD"<"hqewugf"kqp"dgco+0"Ng"eqwrncig"
OGD/HGI1HKD"rgtogv" nÓqdugtxcvkqp"jcwvg"tfiuqnwvkqp"gp" vgoru"tfign"rgpfcpv" nÓcdtcukqp"fg" nc"uwthceg"
rct"ng"hckuegcw"fÓkqpu0"Pqwu"rqwxqpu"fqpe"nqecnkugt"rtfiekufiogpv"nc"¦qpg"fÓkpvfit‒v"§"fivwfkgt0"

Ng"oketqueqrg" §" fqwdngu" eqnqppgu."oku" §" fkurqukvkqp" cw" ncdqtcvqktg." guv" wp"Zeiss NVision 40 cross 

beam0"Nc"Hkiwtg"47"rtfiugpvg"ngu"rtkpekrcwz"finfiogpvu"§"nÓkpvfitkgwt"fg"nc"ejcodtg"<"nÓgzvtfiokvfi"fgu"fgwz"
eqnqppgu" *HGI" gv" HKD+." nc" dwug" IKU" *Ic¦" Kplgevkqp" U{uvgo+" gv" nÓfiejcpvknnqp0" Nc" eqnqppg" HKD" guv"
kpenkpfig"fg"76̇"rct"tcrrqtv"§"nc"eqnqppg"HGI0"NÓfiejcpvknnqp"guv"qtkgpvfi"fg"ocpkfltg"§"eg"swg"nc"eqnqppg"
HKD" uqkv" rgtrgpfkewncktg" §" uc" uwthceg0" Ng"IKU"guv" wvknkufi" rqwt" ffirqugt" wpg" eqwejg" fg" rncvkpg" qw" fg"
ectdqpg"chkp"fg"rtqvfiigt"nc"uwthceg"fg"nÓfiejcpvknnqp"nqtu"fg"nÓcdtcukqp0"""

"

Figure 25."Enkejfi"fg"n)kpvfitkgwt"fg"nc"ejcodtg"rtfiugpvcpv"ngu"gzvtfiokvfiu"fgu"eqnqppgu"OGD/HGI"gv"HKD"ckpuk"swg"
nc"dwug"IKU0""

NÓcdtcukqp"guv"tficnkufig"§"nÓckfg"fg"nc"eqnqppg"HKD0"Egvvg"eqnqppg"guv"fiswkrfig"fÓwpg"uqwteg"fg"icnnkwo"gv"
fÓwp"ecpqp"§" kqpu."eqpuvkvwfi"fÓwpg"rqkpvg" vwpiuvflpg0"É"vgorfitcvwtg"codkcpvg." ng"icnnkwo"ug"vtqwxg"§"
nÓfivcv" fg" nkswkfg"xkuswgwz"gv"xkgpv"oqwknngt" nc"rqkpvg0"NÓcrrnkecvkqp"fÓwpg"fkhhfitgpeg"fg"rqvgpvkgn"fg"
52"mX"rgtogv" nÓgzvtcevkqp"fgu" kqpu"Ic-0"Fcpu" nc" eqnqppg." ng" hckuegcw" fÓkqpu" guv" hqecnkufi" §" nÓckfg"fg"
ngpvknngu"fingevtquvcvkswgu0"Ng"dcnc{cig"fg"nc"uwthceg."rct"ngu"kqpu"icnnkwo."guv"cuuwtfi"rct"wpg"rncswg"fg"
ffihngzkqp" fingevtquvcvkswg0" Nqtu" fg" nc" rtfirctcvkqp" fÓwpg" eqwrg" vtcpuxgtucng." ng" eqwtcpv" kqpkswg" gp"
uwthceg" fg" nÓfiejcpvknnqp" guv" fg" nÓqtftg" fg" 5"pC." eg" swk" fqppg" wpg" vcknng" fg" hckuegcw" fg" 392"po" fg"
fkcoflvtg0"Ng"Å"rqnkuucig"Ç"fg" nc"eqwrg"guv"tficnkufi"§"rnwu"hckdng"eqwtcpv"ifipfitcngogpv"372"rC"gv"rgwv"
fguegpftg"lwuswÓ§"62"rC0"Eg"eqwtcpv"guv"eqpvt»nfi"rct"wp"fkcrjtciog"rncefi"fcpu"nc"eqnqppg"HKD0"""""""
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Ng" eqwrncig" OGD/HGI1HKD" tgpf" rquukdng" nc" rtfirctcvkqp" gv" nÓqdugtxcvkqp" fg" eqwrgu" vtcpuxgtucngu"
*Hkiwtg"48+."nÓgzvtcevkqp"fg"ncogu"okpegu."ckpuk"swg"nc"eqnngevg"fg"rkngu"fÓkocigu"rqwt"nc"tgeqpuvtwevkqp"
5F0"Nc"Hkiwtg"48"rtfiugpvg"wpg"eqwrg"vtcpuxgtucng"rtfirctfig"rct"cdtcukqp"kqpkswg"cw"HKD0"""

"

Figure 26."Qdugtxcvkqp"f)wpg"eqwrg"vtcpuxgtucng"rtfirctfig"cw"HKD0"

IV.3.2. Reconstruction tridimensionnelle 

Rqwt" tgeqpuvtwktg" gp" vtqku"fkogpukqpu" wp" qdlgv." fgrwku" fgu" qdugtxcvkqpu" dkfkogpukqppgnngu" qdvgpwgu"
rct"OGD/HGI1HKD."kn"uwhhkv"fg"eqnngevgt"wpg"Å"rkng"Ç"fÓkocigu0"Nc"eqnngevg"fg"ncfkvg"Å"rkng"Ç"fÓkocigu"
eqpukuvg" §" rtfirctgt" wpg" eqwrg" vtcpuxgtucng" fcpu" nÓfiejcpvknnqp" rwku" §" cnvgtpgt" uweeguukxgogpv"
qdugtxcvkqp"rct"ng"hckuegcw"fÓfingevtqpu."gv"fitqukqp"fÓwpg"hkpg"eqwejg"rct"ng"hckuegcw"fÓkqpu"Ic-0"Nc"rkng"
fÓkocigu"guv"vtckvfig"§"nÓckfg"fÓwp"nqikekgn"fg"tgeqpuvtwevkqp"gp"vtqku"fkogpukqpu"<"Avizo Fire Version 6."
Pqwu" wvknkuqpu" egvvg"ofivjqfg" rqwt" tgeqpuvtwktg" nÓkpvgthceg"ofivcn1qz{fg" fÓcekgtu" qz{ffiu0"Fcpu" pqvtg"
ecu." rnwu" fÓwpg" egpvckpg" fÓkocigu" guv" gptgikuvtfig" rqwt" wpg" fkuvcpeg" vqvcng" fitqffig" fÓgpxktqp" 4.7"-o"
uwkxcpv"nÓczg"z"*Hkiwtg"48+0"Nc"Hkiwtg"49"rtfiugpvg"nc"rkng"fÓkocigu"gzvtckvgu"fg"nÓfiejcpvknnqp0"Nc"vcknng"
fw"rkzgn"uwt"ngu"enkejfiu"OGD"guv"fg"8.;"po."gv"ng"rcu"gpvtg"fgwz"enkejfiu"fg"42"po."eg"swk"pqwu"fqppg"
fgu"xqzgnu"*Å"volumetric pixels »)"fg"fkogpukqp"8.;"'"8.;"'"42"po50"

Rnwu" fg" ffivcknu" fg" egvvg" tgeqpuvtwevkqp" ugtqpv" rtfiugpvfiu" fcpu" ng" ejcrkvtg" eqpucetfi" §" nÓfivwfg" fg"
nÓkpvgthceg"ofivcn1qz{fg0"

"

Figure 27."Rkng"fg"enkejfiu"OGD/HGI"eqnngevfig"rqwt"nc"tgeqpuvtwevkqp"5F0"
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IV.4. Étude de la surface après décapage 

Ngu" uwthcegu" fgu" fiejcpvknnqpu" c{cpv" uwdk" wp" ffiecrcig" rctvkgn" qw" vqvcn" uqpv" ectcevfitkufigu" rct" ngwtu"
dtknncpegu."ngwtu"twiqukvfiu"gv"ngwtu"oqtrjqnqikgu0"Nc"dtknncpeg"guv"fivwfkfig"§"nÓckfg"fÓwp"dtknncpegoflvtg."
nc"twiqukvfi."§"nÓckfg"fÓwp"rtqhknqoflvtg"qrvkswg"qw"fÓwp"oketqueqrg"§"hqteg"cvqokswg"*CHO."cetqp{og"
cpincku"rqwt"Cvqoke"Hqteg"Okuetqueqr{+."gv"nc"oqtrjqnqikg."§"nÓckfg"fÓwp"OGD"*cf."Ejcr0"KK/KX0403+"
qw" fÓwp" oketqueqrg" qrvkswg0" Fcpu" nc" uwkvg" fg" eg" rctcitcrjg." ngu" rtkpekrgu" fw" dtknncpegoflvtg." fw"
rtqhknqoflvtg"qrvkswg"gv"fw"oketqueqrg"§"hqteg"cvqokswg"uqpv"rtfiugpvfiu0""

IV.4.1. Brillance

Nc"dtknncpeg"guv"oguwtfig"§"nÓckfg"fÓwp"dtknncpegoflvtg"*qw"tfihnfievqoflvtg+"picogloss 560MC0"Nc"dtknncpeg"
fÓwpg" uwthceg" eqttgurqpf"cw" tcrrqtv" gpvtg" nc" swcpvkvfi" fg" nwokfltg" tfihnfiejkg" gv" nc" swcpvkvfi"fg" nwokfltg"
kpekfgpvg0"Nc"xcngwt"fg"nc"dtknncpeg"guv"gzrtkofig"gp"wpkvfi"fg"dtknncpv"pqvfig"WD"]69_0""

Gp"rtcvkswg"nc"swcpvkvfi"fg"nwokfltg"kpekfgpvg"pÓguv"rcu"oguwtfig"rct"ng"dtknncpegoflvtg."ect"wpg"rctvkg"fw"
tc{qppgogpv" kpekfgpv" guv" rgtfwg" rct" cduqtrvkqp" gv" vtcpuokuukqp" *rqwt" ngu" uwthcegu" vtcpurctgpvgu" qw"
vtcpunwekfgu+0"Ckpuk"nc"xcngwt"fg"nc"dtknncpeg"eqttgurqpf"fcpu"ngu"hckvu"§"nc"swcpvkvfi"fg"nwokfltg"tfihnfiejkg"
rct"nc"uwthceg"§"fivwfkgt"rct"tcrrqtv"§"nc"swcpvkvfi"fg"nwokfltg"tfihnfiejkg"rct"wpg"uwthceg"fg"tfihfitgpeg."rqwt"
wpg"o‒og"swcpvkvfi"fg"nwokfltg"kpekfgpvg."uqwu"wp"o‒og"cping"fÓkpekfgpeg0"Nc"tfihfitgpeg"guv"eqpuvkvwfig"
fÓwp"oktqkt"pqkt"fÓkpfkeg"fg"tfihtcevkqp"<"p"?"3.789"]6;."72_0"

NÓcping"fÓkpekfgpeg"guv"hkzfi"rct"nc"pqtog"KUQ"4:35"§"42̇."§"82̇"qw"§":7̇0"Rct"ffihcwv"nÓcping"guv"hkzfi"§"
82̇." uk" nc"dtknncpeg"oguwtfig" guv" kphfitkgwtg"§"32"WD"cnqtu" kn" eqpxkgpv"fg" tghcktg"wpg"oguwtgt"cxge"wp"
cping"fg":7̇0"Gp"tgxcpejg." uk" nc" dtknncpeg"guv" uwrfitkgwtg"§"92"WD."egnng/ek"guv"oguwtfig"wpg"pqwxgnng"
hqku" cxge" wp" cping" fg" 42̇" ]72_0" NÓkphnwgpeg" fg" nÓcping" fÓkpekfgpeg" uwt" nc" xcngwt" fg" nc" dtknncpeg" guv"
rtfiugpvfig"uwt"nc"Hkiwtg"4:0"

Nc"dtknncpeg"fg"nÓcekgt"fietqwk"guv"oguwtfig"§"5:"WD"rqwt"wp"cping"fg"82̇."pqwu"hckuqpu"fqpe"ng"ejqkz"fg"
ictfgt"egv"cping"fÓkpekfgpeg."cfcrvfi"cw"ecu"rtfiugpv0"Oguwtgt"nc"dtknncpeg"pfieguukvg"fg"fkurqugt"fÓwpg"
uwthceg"rncpg"gv"fg"fkogpukqpu"uwhhkucpvgu."e)guv/§/fktg"uwrfitkgwtgu."§"nc"vcknng"fg"nc"hgp‒vtg"fg"oguwtg"<"
32"'"46"oo40"Rqwt"ejcswg"fiejcpvknnqp."vtqku"oguwtgu"fg"dtknncpeg"uqpv"ghhgevwfigu0""



Eqorqtvgogpv"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"uvcdknkufiu"nqtu"fgu"fivcrgu"fg"tgewkv"gv"ffiecrcig""
"

6:"
"

"

Figure 28."Oguwtg"fg"nc"dtknncpeg"f)wpg"ufitkg"fg"35"fiejcpvknnqpu."rqwt"ngu"5"cpingu"encuufiu"ugnqp"ngwt"curgev"
xkuwgn"fg"ocv"*3+"§"vtflu"dtknncpv"*35+"]72_0"

IV.4.2. Rugosité 

Ngu" twiqukvfiu" fg" uwthceg" fgu" fiejcpvknnqpu" uqpv" fivwfkfigu" §" nÓckfg" fÓwp" rtqhknqoflvtg" qrvkswg" gv" fÓwp"
oketqueqrg"§" hqteg"cvqokswg" *CHO+0"É"rctvkt"fg"egu" vgejpkswgu"fÓcpcn{ug."pqwu"rqwxqpu"qdvgpkt" nc"
twiqukvfi"oq{gppg"ctkvjofivkswg."pqvfig"Tc."fg"pqu"fiejcpvknnqpu0"

Profilomètre optique

Ng"rtqhknqoflvtg"qrvkswg"wvknkufi"guv"wp"ZYGO NewView 600s,"dcufi"uwt"ng"rtkpekrg"fg"nÓkpvgthfitqofivtkg"
gp" nwokfltg" dncpejg" §" dcnc{cig0" Wp" hckuegcw" fg" nwokfltg" dncpejg" fioku" rct" wpg" uqwteg" *NGF"<" nkijv"
gokvvkpi" fkqfg+" guv" fkxkufi" §" nÓckfg" fÓwp"oktqkt" ufirctcvgwt0"Wpg"rctvkg" fg" eg" hckuegcw" guv" gpxq{fi" uwt"
nÓfiejcpvknnqp"§"fivwfkgt"gv" nÓcwvtg"rctvkg."uwt"wp"oktqkt"fg"tfihfitgpeg0"Nc" nwokfltg"tfihnfiejkg"rct"ngu"fgwz"
uwthcegu"*fiejcpvknnqp"gv"tfihfitgpeg+"guv"uwrgtrqufig"cw"pkxgcw"fw"oktqkt0"Nqtuswg"ngu"ejgokpu"qrvkswgu"
uwkxku" rct" ngu" fgwz" hckuegcwz" tfihnfiejku" uqpv" fkhhfitgpvu." gp" vgtog" fg" nqpiwgwt." nÓwp" fg" nÓcwvtg." fgu"
htcpigu" fÓkpvgthfitgpeg" uqpv" ifipfitfigu0"Egu" htcpigu" uqpv" gptgikuvtfigu" §" nÓckfg" fÓwpg" ecofitc"EEF0"Ng"
oktqkt" ufirctcvgwt" gv" ng" oktqkt" fg" tfihfitgpeg" uqpv" eqpvgpwu" fcpu" nÓqdlgevkh0" Nqtu" fÓwpg" oguwtg." nc"
vtcpuncvkqp"xgtvkecng"fg"nÓqdlgevkh"rgtogv"fg"dcnc{gt"nc"uwthceg"gp"fkhhfitgpvgu"jcwvgwtu"chkp"fg"hqwtpkt"
wpg" kocig" vqrqitcrjkswg0" Nc" tfiuqnwvkqp" xgtvkecng" guv" kphfitkgwtg" §" 2.3"po." gv" nc" tfiuqnwvkqp" ncvfitcng"
ffirgpf"fg" nc" vcknng"fg" nÓqdlgevkh0"Ng"Vcdngcw":"rtfiugpvg" ngu"ectcevfitkuvkswgu"fgu"fkhhfitgpvu"qdlgevkhu"§"
fkurqukvkqp0"

Tableau 8."Ectcevfitkuvkswgu"fgu"qdlgevkhu"fw"rtqhknqoflvtg"qrvkswg0"

Qdlgevkhu" '"4.7" '"7" '"42" '"72"
Uwthceg"fivwfkfig"*-o)+" 4:32"'"4322" 3632"'"3282" 572"'"482" 362"'"332"
Tfiuqnwvkqp"ncvfitcng"*-o+" 5.:" 4.3;" 2.93" 2.74"
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Microscopie à force atomique (AFM)

Nc"oketqueqrkg"§"hqteg"cvqokswg"guv"dcufig"uwt"nc"oguwtg"fgu"hqtegu"fÓkpvgtcevkqp"gpvtg"wpg"rqkpvg"hkpg"
*swgnswgu"pcpqoflvtgu+"hkzfig"§"nÓgzvtfiokvfi"fÓwp"ngxkgt"gv"nc"uwthceg"§"fivwfkgt0"Ngu"hqtegu"fÓkpvgtcevkqpu"
*tfirwnukqp"kqpkswg."Xcp"fgt"Yccnu."fingevtquvcvkswgu."ecrknncktgu."htqvvgogpvu+"gpvtc¶pgpv"nc"ffixkcvkqp"fw"
ngxkgt"swk"guv"uwkxkg"rct"wp"u{uvflog"fg"ffivgevkqp"qrvkswg0"Wp"hckuegcw"ncugt"guv"rqukvkqppfi"uwt"nc"hceg"
uwrfitkgwtg"fw"ngxkgt"q́"guv"rncefi"wp"oktqkt0"Ng"hckuegcw"guv"tfihnfiejk"rct"ng"oktqkt"gv"guv"eqnngevfi"rct"wpg"
fkqfg" rjqvqfingevtkswg0" Ng" dcnc{cig" fg" nc" uwthceg" rct" nc" rqkpvg" guv" cuuwtfi" rct" wp" u{uvflog" rkfi¦q/
fingevtkswg0""

Fcpu" ng" ecftg" fg" egu" vtcxcwz." nÓcrrctgknncig" wvknkufi" guv" wp"Digital 31000" Ngu"oguwtgu"CHO"qpv" fivfi"
tficnkufigu" gp" oqfg" eqpvcev" kpvgtokvvgpv" *Å"vcrrkpi"Ç+0" Eg" oqfg" fg" hqpevkqppgogpv" eqpukuvg" §" hcktg"
queknngt" ng" ngxkgt" §" nc" uwthceg" fg" nÓfiejcpvknnqp" §" wpg" htfiswgpeg" rtqejg" fg" uc" htfiswgpeg" fg" tfiuqpcpeg"
*422/622" mJ¦+" cxge" wpg" egtvckpg" cornkvwfg0" Nqtu" fw" ffirncegogpv" fg" nc" rqkpvg" uwt" nc" uwthceg" fg"
nÓfiejcpvknnqp."ngu"xctkcvkqpu"fÓcornkvwfgu"uqpv"gptgikuvtfigu"fqppcpv"ckpuk"wpg"kocig"vqrqitcrjkswg0"Nc"
tfiuqnwvkqp"xgtvkecng"fg"nÓCHO"guv"fg"nÓqtftg"fg"egnng"fg"nc"rtqhknqofivtkg"qrvkswg"*2.3"po+."gp"tgxcpejg"
uc"tfiuqnwvkqp"ncvfitcng"guv"dkgp"ogknngwtg"*2.5"po"gpxktqp+0"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"
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V. Conclusion 

Fcpu"eg"ejcrkvtg."ngu"ocvfitkcwz."ngu"rtqefifwtgu"gzrfitkogpvcngu"rqwt"ng"tgewkv"gv"ng"ffiecrcig."ckpuk"swg"
ngu"vgejpkswgu"fg"ectcevfitkucvkqp"qpv"fivfi"rtfiugpvfigu0""

Ngu"ocvfitkcwz"fivwfkfiu"uqpv"fgu"cekgtu" kpqz{fcdngu"hgttkvkswgu"uvcdknkufiu"Vk"gv1qw"Pd0"Rqwt" nÓfivwfg"fw"
eqorqtvgogpv"fgu"cekgtu" nqtu"fw" tgewkv." ng"ocvfitkcw"ug" vtqwxg" kpkvkcngogpv"§" nÓfivcv"fietqwk0"Cnqtu"swg"
rqwt"nÓfivwfg"fw"ffiecrcig."uqkv"ng"ocvfitkcw"kpkvkcngogpv"fietqwk"guv"tgetkuvcnnkufi"rct"vtckvgogpv"vjgtokswg."
uqkv"egnwk/ek"ug"vtqwxg"§"nÓfivcv"hkpk"*tgewkv/ffiecrfi+0"

Ngu"pwcpegu"fietqwkgu"uqpv"tgewkvgu"§"jcwvg"vgorfitcvwtg"rqwt"fgu"fwtfigu"vtflu"eqwtvgu"*swgnswgu"fk¦ckpgu"
fg" ugeqpfgu+." uqwu" cvoqurjfltgu" eqorngzgu" *ofincpigu" Q41J4Q1EQ41P4+0" Fgwz" fkurqukvkhu"
gzrfitkogpvcwz"uqpv"wvknkufiu"rqwt"ogvvtg"gp"Íwxtg"ngu"vtckvgogpvu"vjgtokswgu"fgu"cekgtu."ng"HCUC"gv"wp"
hqwt"vwdwncktg"eqpxgpvkqppgn"*HVE+"fiswkrfi"fÓwp"u{uvflog"fg"rtqfwevkqp"fg"nÓcvoqurjfltg"qz{fcpvg0"Ng"
HCUC"rgtogv"fg"tfiiwngt"ngu"xkvguugu"fg"oqpvfig"gp"vgorfitcvwtg"fgu"fiejcpvknnqpu."cnqtu"swg"fcpu"ng"HVE"
egnngu/ek"uqpv"ukorngogpv"oguwtfigu0""

Ngu" vgejpkswgu" fg" ectcevfitkucvkqp" uqpv" ejqkukgu" fg" ocpkfltg" §" fivwfkgt" nc" rj{ukeq/ejkokg" gv" nc"
oqtrjqnqikg" fg" nc" eqwejg" fÓqz{fg" hqtofig" nqtu" fw" tgewkv" *UFN." FTZ" uqwu" kpekfgpeg" tcucpvg."
urgevtqueqrkg" Tcocp." OGV."OGD1HGI." HKD+0" FÓcwvtgu" vgejpkswgu" ugtqpv" wvknkufigu" rqwt" fivwfkgt" nc"
swcnkvfi"fg"uwthceg"fgu"fiejcpvknnqpu"crtflu"ng"ffiecrcig"*rtqhknqofivtkg"qrvkswg."dtknncpegoflvtg."CHO+0"

"

"

"

"

"

"

"

"

" "
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CHAPITRE III. COMPORTEMENT HAUTE 

TEMPERATURE DES ACIERS FERRITIQUES 

""

Fcpu" ng" dwv" fg" eqortgpftg" ngu" rjfipqoflpgu." uwtxgpcpv" nqtu" fgu" fivcrgu" fg" tgewkv" gv" ffiecrcig."
tgurqpucdngu"fg"nc"ffiitcfcvkqp"fg"swcnkvfi"fg"uwthceg"fÓcekgtu"kpqz{fcdngu"hgttkvkswgu"uvcdknkufiu"="pqwu"
pqwu"kpvfitguuqpu."fcpu"eg"ejcrkvtg."cwz"eqpufiswgpegu"fw"tgewkv0"Gp"fÓcwvtgu"vgtogu."kn"uÓcikv"fÓfivwfkgt"
ng" eqorqtvgogpv" fg" pwcpegu" hgttkvkswgu" uvcdknkufigu" nqtu" fg" tgewkvu" fg" eqwtvgu" fwtfigu." §" jcwvg"
vgorfitcvwtg."uqwu"cvoqurjfltgu"qz{fcpvgu0""

Fgwz"hqwtu"uqpv"wvknkufiu"rqwt"nc"okug"gp"Íwxtg"fgu"tgewkvu0"Ng"rtgokgt."wp"hqwt"vwdwncktg"eqpxgpvkqppgn"
*HVE+"rgtogv" nÓfivcdnkuugogpv"fg"rcnkgtu" kuqvjgtogu"rqwt" ngu"fivwfgu"ekpfivkswgu0"Ng"ugeqpf."wp" hqwt"§"
ncorg"KT"rgtogv"ng"eqpvt»ng"fg"nc"xkvguug"fg"oqpvfig"gp"vgorfitcvwtg"fgu"fiejcpvknnqpu."fcpu"ng"dwv"fg"
tgrtqfwktg" ngu"tgewkvu"fgu" nkipgu" kpfwuvtkgnngu0"Pqwu"pqwu" kpvfitguugtqpu"§" nc"pwcpeg"663" *Vk."Pd+"swk"
ugtc"qz{ffig"cw"HVE"§"3282̇E."rqwt"fkhhfitgpvgu"fwtfigu."uqwu"fkhhfitgpvgu"cvoqurjfltgu0"Fgu"qz{fcvkqpu"
cwtqpv"fiicngogpv"nkgw"cw"HCUC."rqwt"wpg"fwtfig"fg"67"u."§"fkhhfitgpvgu"vgorfitcvwtgu0"Rct"nc"uwkvg."rqwt"
ogvvtg" gp" fixkfgpeg" nÓkphnwgpeg" fgu" finfiogpvu" vkvcpg." pkqdkwo" gv" uknkekwo." pqwu" eqorctgtqpu" ng"
eqorqtvgogpv"fg" nc"pwcpeg"663"§" nc"pwcpeg"65;"uvcdknkufig" vkvcpg."rwku"§"fgu"eqwnfigu"fg" ncdqtcvqktgu"
vqwvgu"uvcdknkufigu"pkqdkwo."ocku"eqpvgpcpv"fgu"vgpgwtu"gp"pkqdkwo"gv"uknkekwo"fkhhfitgpvgu"x"Pd"/"2.8"'"
Uk"cxge"x"?"2.5."2.8."2.;"'"ocuukswg."gv"2.8"'"Pd"/"y"Uk"cxge"y"?"2.5"gv"2.8"'"ocuukswg0"

"

"

"

"
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I. Comportement de l’acier 441 (Ti, Nb) 

Ng"eqorqtvgogpv"fg"nÓcekgt"663"guv"fivwfkfi"nqtu"fg"tgewkvu"fcpu"wp"hqwt"vwdwncktg"eqpxgpvkqppgn"gv"nqtu"
fg" tgewkvu" cw" HCUC0" Cw" hqwt" vwdwncktg" eqpxgpvkqppgn." ngu" tgewkvu" uqpv" ghhgevwfiu" rqwt" wpg" ugwng"
vgorfitcvwtg"*3282̇E+."ocku"rqwt"fkhhfitgpvgu"fwtfigu"gv"fkhhfitgpvgu"cvoqurjfltgu0"Cw"HCUC."ngu"tgewkvu"
uqpv" ghhgevwfiu" rqwt" wpg" ugwng" fwtfig" *67"u+" gv" wpg" ugwng" cvoqurjfltg" *Q41J4Q1EQ41P4+." ocku" rqwt"
fkhhfitgpvgu"vgorfitcvwtgu0""""

I.1. Oxydation au four conventionnel 

I.1.1. Étude cinétique 

NÓfixqnwvkqp"fg"nc"ocuug"fg"nÓcekgt"663"qz{ffi"§"3282̇E"uqwu"cvoqurjfltg"Q41J4Q1EQ41P4"guv"rtfiugpvfig"
uwt"nc"Hkiwtg"4;0"O‒og"uk"nc"vgorfitcvwtg"fg"nÓfiejcpvknnqp"cvvgkpv"ngu"3282̇E"wpkswgogpv"crtflu"67"u"fg"
tgewkv." ngu"ickpu"fg"ocuugu"oguwtfiu"§"52."67"gv";2"u" uqpv"cnkipfiu"cxge" nÓqtkikpg"fw"itcrjkswg0"Pqwu"
ejqkukuuqpu" fqpe" fÓclwuvgt" ngu" rqkpvu" gzrfitkogpvcwz" rct" wpg" nqk" nkpficktg/rctcdqnkswg" rcuucpv" rct"
nÓqtkikpg0" Ng" rcuucig" rct" nÓqtkikpg" ugodng" kpfkswgt" swg" nÓgzvt‒og" uwthceg" fg" nÓfiejcpvknnqp" cvvgkpv" nc"
vgorfitcvwtg" ffiuktfig" cxcpv" ngu" 67"u" oguwtfigu." rqwt" nÓgpugodng" fg" nÓfiejcpvknnqp." §" nÓckfg" fw"
vjgtoqeqwrng0"Pqwu" cxqpu"oqpvtfi." fcpu" ng"ejcrkvtg"rtfiefifgpv." swg"rqwt" nc" vgorfitcvwtg"fg" eqpukipg"
ejqkukg." nÓfiejcpvknnqp" cvvgkpv" 3282̇E" gp" 67"u" *cf. Ejcr0"KK/KK0504+" Fcpu" ngu" eqpfkvkqpu" fw" tgewkv." nc"
ekpfivkswg" fg" rtkug" fg" ocuug" fg" nÓcekgt" uwkv" wpg" nqk" nkpficktg/rctcdqnkswg0" Nqtu" fgu" ;2" u" rtgokfltgu"
ugeqpfgu"fÓqz{fcvkqp."nc"rtkug"fg"ocuug"guv" nkpficktg."nc"eqpuvcpvg"ekpfivkswg"nkpficktg"*ml+"guv"guvkofig"§"
2.74"-i0eo&40u&30"Rqwt"egu"fwtfigu."nc"ekpfivkswg"fÓqz{fcvkqp"guv"nkokvfig"rct"ngu"tficevkqpu"cwz"kpvgthcegu."
gv"pqp"rct"nc"fkhhwukqp"fgu"finfiogpvu"fcpu"nc"eqwejg"fÓqz{fg0"Cw/fgn§"fg";2"u"ng"eqorqtvgogpv"fgxkgpv"
rctcdqnkswg."nc"fkhhwukqp"fcpu"nc"eqwejg"fgxkgpv"ng"rctcoflvtg"nkokvcpv"nc"ekpfivkswg"fg"rtkug"fg"ocuug0"""

"

Figure 29."Ekpfivkswg"fkueqpvkpwg"f)qz{fcvkqp"fg"n)cekgt"663"§"3282̇E"uqwu"cvoqurjfltg"Q41J4Q1EQ41P40"

"



Eqorqtvgogpv"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"uvcdknkufiu"nqtu"fgu"fivcrgu"fg"tgewkv"gv"ffiecrcig""
"

76"
"

I.1.2. Caractérisation de la couche d’oxyde

Nc"eqwejg"fÓqz{fg"guv"ectcevfitkufig"rqwt"fkhhfitgpvgu"fwtfigu"fÓqz{fcvkqp0"Ng"ejqkz"fg"egu"fwtfigu"guv"hckv"
fg" ocpkfltg" §" fivwfkgt" nÓfixqnwvkqp" fg" nc" pcvwtg" fg" nc" eqwejg" fÓqz{fg" nqtu" fgu" rtgokfltgu" ugeqpfgu"
fÓqz{fcvkqp0" Fcpu" ngu" hckvu." pqwu" pqwu" nkokvgtqpu" cwz" fwtfigu" rqwt" nguswgnngu" ng" eqorqtvgogpv"
ekpfivkswg"fg"rtkug"fg"ocuug"fg"nÓcekgt"guv"nkpficktg"*lwuswÓ§";2"u"fcpu"ng"ecu"rtfiugpv+0""""

Analyse structurale

Nc"Hkiwtg" 52" rtfiugpvg" ngu"fkhhtcevqitcoogu" gptgikuvtfiu" crtflu" 52."82" gv";2"u" fÓqz{fcvkqp0" Rqwt" 52"u"
fÓqz{fcvkqp." gp" rnwu" fgu" tckgu" fw" uwduvtcv" *pqvfigu" O"<" CKUK" 663+." ngu" tckgu" ectcevfitkuvkswgu" fÓwpg"
uqnwvkqp" uqnkfg" eqpuvkvwfig"fÓwp"ofincpig" fg"Hg4Q5" gv"Et4Q5." pqvfig" <"T"<"Og4Q5" uqpv" ffivgevfigu0"Egvvg"
uqnwvkqp" uqnkfg" fg" uvtwevwtg" tjqodqfiftkswg." rquuflfg" fgu" tckgu" fg" fkhhtcevkqp" uqtvcpv" gpvtg" egnngu" fg"
Hg4Q5" gv" Et4Q50" Crtflu" 82"u" fÓqz{fcvkqp." wpg" pqwxgnng" rjcug" guv" qdugtxfig." kn" uÓcikv" fw" urkpgnng"
Op3.7Et3.7Q6"*pqvfig"U"<"Urkpgnng+0"Rqwt"wpg"qz{fcvkqp"fg";2"u."wpg"rjcug"okpgwtg."ectcevfitkufig"rct"wp"
rke"uqtvcpv"§"48.9̇."etq¶v0"Egvvg"rjcug"pÓguv"rqwt"nÓjgwtg"rcu"kfgpvkhkcdng."ect"wpg"ugwng"tckg"guv"ffivgevfig0"
Cw"eqwtu"fw"vgoru." n)kpvgpukvfi"fgu"ukipcwz"fgu"rjcugu"tjqodqfiftkswg"gv"urkpgnng"cwiogpvg"cnqtu"swg"
egnng"fw"uwduvtcv"fkokpwg."eg"swk"vtcfwkv" nc"etqkuucpeg"fg" nc"eqwejg"f)qz{fg0"Ng"uwduvtcv"guv" vqwlqwtu"
ffivgevfi" rqwt" wpg" qz{fcvkqp" fg" ;2"u0" Rqwt" ngu" fwtfigu" fÓqz{fcvkqp" fivwfkfigu." nÓfirckuugwt" fg" nc" eqwejg"
fÓqz{fg"guv"kphfitkgwtg"cw"oketqoflvtg."swk"guv"nÓqtftg"fg"itcpfgwt"fg"nc"rtqhqpfgwt"fg"rfipfivtcvkqp"fgu"
tc{qpu"Z"uqwu"kpekfgpeg"tcucpvg0""""

"

Figure 30."Fkhhtcevqitcoogu"gptgikuvtfiu"crtflu"52"u."67"u"gv";2"u"f)qz{fcvkqp"uqwu"Q41J4Q1EQ41P4"§"3282̇E0"

Gp"fivwfkcpv"fg"rnwu"rtflu"nc"rqukvkqp"fgu"rkeu." kn"uÓcxfltg"swg." nqtuswg"nc"fwtfig"fÓqz{fcvkqp"cwiogpvg."
egtvckpu" rkeu" rtfiugpvgpv" fgu" ffiecncigu" ukipkhkecvkhu" gp" 4し0" Nc" rqukvkqp" fg" nc" tckg" nc" rnwu" kpvgpug" fg"
ejcewpg"fgu"rjcugu"rtkpekrcngu"guv"xfitkhkfig"rqwt"ngu"fkhhfitgpvgu"fwtfigu"fÓqz{fcvkqp"*Hkiwtg"53+0"Rqwt"nc"
uqnwvkqp" uqnkfg" *Hkiwtg" 53" *c++." §" 52"u."nc" rqukvkqp" fw" rke" *326+" guv" rtqejg" fg" nc" rqukvkqp" fg" Hg4Q5"
tfihfitgpefig"uwt"nc"hkejg"LERFU"ṗ":;/27;;0"Nqtuswg" nc"fwtfig"fÓqz{fcvkqp"cwiogpvg."eg"rke"ug"ffiecng"
xgtu"fg"rnwu"itcpfu"4し."e)guv/§/fktg"xgtu"nc"rqukvkqp"fg"tfihfitgpeg"fg"Et4Q5"*LERFU"ṗ":4/36:6+0"Gp"eg"
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swk"eqpegtpg"nc"rqukvkqp"fw"rke"*533+"fw"urkpgnng"gv"fw"rke"*332+"fw"uwduvtcv"*tgurgevkxgogpv."Hkiwtg"53"
*d+"gv"*e++."cwewp"ffiecncig"ukipkhkecvkh"pÓguv"encktgogpv"tgoctswfi0"Swgnng"swg"uqkv"nc"fwtfig"fÓqz{fcvkqp."
ng"rke"rtkpekrcn"fw"urkpgnng"gv"egnwk"fw"uwduvtcv"uqtvgpv"swcukogpv"cwz"o‒ogu"cpingu0""

"

Figure 31."Rqukvkqp"gp"4し"fw"rke"ng"rnwu"kpvgpug"fg"nc"uvtwevwtg"tjqodqfiftkswg"*326+"gp"(a)."fw"urkpgnng"*533+"gp"
(b)"gv"fw"uwduvtcv"*332+"gp"(c)."rqwt"ngu"fkhhfitgpvgu"fwtfigu"fÓqz{fcvkqp0""

É"nÓckfg"fg"nc"FTZ"uqwu"kpekfgpeg"tcucpvg."kn"guv"ffioqpvtfi"swg"<"

· Nc" eqwejg" fÓqz{fg" guv" eqpuvkvwfig" fÓwpg" uqnwvkqp" uqnkfg" fg" uvtwevwtg" tjqodqfiftkswg"
*Hg.Et+4Q5."fÓwp"urkpgnng"Op3.7Et3.7Q6"gv"fÓwpg"rjcug"okpgwtg"*pqp" kpfgzfig+0" Kn"eqpxkgpv"fg"
uqwnkipgt" swg" egvvg" rjcug" guv" wpkswgogpv" ffivgevfig" rqwt" ngu" fwtfigu" fÓqz{fcvkqp" ngu" rnwu"
nqpiwgu0""

· Nc"rtfiugpeg"fgu"finfiogpvu"okpgwtu"*Vk."Pd"gv"Uk+"pÓguv"rcu"okug"gp"fixkfgpeg0""
· Nc"rqukvkqp"fw"rke"rtkpekrcn"fg"nc"uqnwvkqp"uqnkfg"*326+"xctkg"cxge"nc"fwtfig"fÓqz{fcvkqp0"

Ng"ffiecncig"cpiwncktg"qdugtxfig"uwt"ngu"fkhhtcevqitcoogu"rgwv"‒vtg"f̂."fÓwpg"rctv"cwz"eqpvtckpvgu"fg"
etqkuucpeg" fg" nc" eqwejg" fÓqz{fg" ]73." 74_." gv1qw" §" wpg"oqfkhkecvkqp" fg" nc" eqorqukvkqp" ejkokswg" fg"
egvvg"fgtpkfltg" ]57_0"Rqwt"ffivgtokpgt" nÓqtkikpg"fg"eg"ffiecncig."pqwu"pqwu" kpvfitguuqpu"rnwu"gp"ffivckn"§"
nÓfivwfg"fg"nc"uqnwvkqp"uqnkfg"fcpu"ng"rctcitcrjg"uwkxcpv0"""

Étude de la solution solide 

Gp" FTZ" uqwu" kpekfgpeg" tcucpvg." ngu" rkeu" fg" nc" uqnwvkqp" uqnkfg" *Hg.Et+4Q5" crrctckuugpv" cwz" cpingu"
eqortku"gpvtg"egwz"fg"Hg4Q5"gv"Et4Q5"*Hkiwtg"53"*c++0"Nqtuswg"nc"fwtfig"fÓqz{fcvkqp"cwiogpvg."kn"{"c"
wp"ffiecncig"fw"rke"*326+"fg"Hg4Q5"xgtu"Et4Q50"Nc"Hkiwtg"54"rtfiugpvg"nÓfiectv"gpvtg"nc"rqukvkqp"oguwtfig"
fg"*Hg.Et+4Q5"gv"nc"rqukvkqp"fg"tfihfitgpeg"fg"Hg4Q5."rqwt"ngu"tckgu"ngu"rnwu"kpvgpugu."§"fkhhfitgpvgu"fwtfigu"
fÓqz{fcvkqp0"Egvvg" hkiwtg"oqpvtg" swg" ng" ffiecncig" xgtu" fg" rnwu" itcpfgu" xcngwtu" fg" 4し" cxge" nc" fwtfig"
fÓqz{fcvkqp" guv" xfitkhkfi" rqwt" vqwu" ngu" rkeu" fg" nc" uqnwvkqp" uqnkfg0" Fg" rnwu." rqwt" wpg" o‒og" fwtfig"
fÓqz{fcvkqp."ng"ffiecncig"ffirgpf"fw"rke"eqpukffitfi."ngu"tckgu"uqtvcpv"cwz"rnwu"itcpfu"cpingu"uwdkuugpv"ngu"
ffiecncigu"ngu"rnwu"korqtvcpvu0""
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Egvvg"qdugtxcvkqp"ugodng"rtqwxgt"swg"ng"ffiecncig"cpiwncktg."cxge"nc"fwtfig"fÓqz{fcvkqp."pÓguv"rcu"nkfi"§"
wp" ghhgv" fg" eqpvtckpvgu" ofiecpkswgu" fcpu" nc" eqwejg" fÓqz{fg" ]75_." ocku" §" wpg" fixqnwvkqp" fg" nc"
eqorqukvkqp"ejkokswg"fg"nc"uqnwvkqp"uqnkfg0"Dkgp"swg"nc"FTZ"uqwu"kpekfgpeg"tcucpvg"pÓc"rcu"rgtoku"fg"
ogvvtg"gp"fixkfgpeg"nc"rtfiugpeg"fg"eqpvtckpvg"fcpu"nc"eqwejg"fÓqz{fg."egnc"pg"ukipkhkg"rcu"rqwt"cwvcpv"
swg"nc"eqwejg"pÓguv"rcu"uqwokug"§"fgu"eqpvtckpvgu0"

"

Figure 32."Rqukvkqp"fgu"rkeu"ngu"rnwu"kpvgpugu"fg"nc"uqnwvkqp"uqnkfg"**326+."*332+."*338+"gv"*234++"rct"tcrrqtv"§"nc"
rqukvkqp"fgu"rkeu"fg"Hg4Q5."rqwt"ngu"fkhhfitgpvgu"fwtfigu"fÓqz{fcvkqp0""

NÓfixqnwvkqp"fg"nc"eqorqukvkqp"ejkokswg"fg"nc"rjcug"tjqodqfiftkswg"eqttgurqpf"§"wp"gptkejkuugogpv"gp"
ejtqog0" Ngu" cvqogu" fg" hgt" fg" nc" uqnwvkqp" uqnkfg" uqpv" uwduvkvwfiu" rct" fgu" cvqogu" fg" ejtqog0" Egv"
gptkejkuugogpv" rgwv" ‒vtg" swcpvkhkfi" §" nÓckfg" fg" nc" nqk" fg" Xgictf" ]76_." uwkxcpv" ncswgnng." crrnkswfig" §"
*Hg3&x.Etx+4Q5." ng" rctcoflvtg" fg"ocknng" fg" nc" uvtwevwtg" xctkg" nkpficktgogpv" gp" hqpevkqp" fg" nc" vgpgwt" gp"
ejtqog0" Wpg" ftqkvg" fÓfivcnqppcig" guv" eqpuvtwkvg" §" rctvkt" fg" nc" rqukvkqp" gp" 4し" fg" nc" tckg" *326+" fg"
uqnwvkqpu" uqnkfgu" rquufifcpv" fkhhfitgpvgu" uvÍejkqofivtkgu0" Nc" ftqkvg" fÓfivcnqppcig" guv" rtfiugpvfig" uwt" nc"
Hkiwtg"550"Ngu"vgpgwtu"gp"ejtqog"fg"nc"uqnwvkqp"uqnkfg"swk"gp"uqpv"ffifwkvgu"rqwt"ngu"fkhhfitgpvgu"fwtfigu"
fÓqz{fcvkqp"uqpv"nkuvfigu"fcpu"ng"Vcdngcw";0"
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"

Figure 33."Ftqkvg"f)fivcnqppcig"tgrtfiugpvcpv"nc"rqukvkqp"fg"nc"tckg"*326+"fg"*Hg3&xEtx+4Q5"gp"hqpevkqp"fg"nc"vgpgwt"
gp"Et0"

Tableau 9."Vgpgwt"gp"ejtqog"fg"nc"uqnwvkqp"uqnkfg"<"*Hg3&xEtx+4Q5""ffivgtokpfig"rct"FTZ"uqwu"kpekfgpeg"tcucpvg"
rqwt"ngu"fkhhfitgpvgu"fwtfigu"fÓqz{fcvkqp0"Ngu"xcngwtu"fg"x"uqpv"ffivgtokpfigu"§"rnwu"qw"oqkpu"2.270"

Fwtfig"*u+" x"<"*Hg3&xEtx+4Q5"""
52" 2.43"
67" 2.62"
82" 2.67"
;2" 2.7;"

"

It¤eg"§"nÓgzrnqkvcvkqp"fgu"fqppfigu"fg"FTZ"uqwu"kpekfgpeg"tcucpvg."kn"guv"oqpvtfi"swg"nc"uqnwvkqp"uqnkfg"
eqorqtvg." rqwt" nc"fwtfig"fÓqz{fcvkqp" nc"rnwu"eqwtvg." wp" vcwz"fingxfi"fg" hgt"*Hg3.7:Et2.64Q5+0"Nqtuswg" nc"
fwtfig" fÓqz{fcvkqp" cwiogpvg." nc" uqnwvkqp" uqnkfg" uÓgptkejkv" gp" ejtqog" rqwt" cvvgkpftg" crtflu" ;2"u"
fÓqz{fcvkqp."nc"uvÍejkqofivtkg"uwkxcpvg"<"Et3.3:Hg2.:4Q50""

Rqwt"fivwfkgt"rnwu"hkpgogpv"nc"uqnwvkqp"uqnkfg."wpg"cpcn{ug"fg"nc"eqwejg"fÓqz{fg"guv"fiicngogpv"okug"gp"
Íwxtg" rct" urgevtqueqrkg" Tcocp0" Egvvg" vgejpkswg" rgtogv" fg" fkhhfitgpvkgt" encktgogpv" ngu" ukipcwz" fg"
Hg4Q5."Et4Q5"gv"*Hg3&xEtx+4Q5"]77."78_0""

Étude par spectroscopie Raman de la couche d’oxyde

Ngu" urgevtgu" Tcocp" gptgikuvtfiu" gpvtg" 52" gv" ;2"u" f)qz{fcvkqp" uqpv" rtfiugpvfiu" uwt" nc" Hkiwtg" 560" Egu"
urgevtgu" uqpv" kpfgzfiu"§" nÓckfg"fgu"fqppfigu"fg" nc" nkvvfitcvwtg0"Ngu" vtcxcwz"fg"OeEctv{" et al." ]78_" uqpv"
eqpucetfiu"§"nÓfivwfg"fgu"uqnwvkqpu"uqnkfgu"*Hg3&xEtx+4Q5"cnncpv"fg"nÓjfiocvkvg"*x ?"2+"§"nc"ejtqokpg"rwtg"
*x ?"3+0"Egu"cwvgwtu"qpv"oqpvtfi"swg"ngu"ffirncegogpvu"Tcocp"fgu"rkeu"ectcevfitkuvkswgu"xctkgpv"cxge"nc"
uvÍejkqofivtkg"fg"nc"uqnwvkqp"uqnkfg0"FÓcwvtgu"hcevgwtu"rgwxgpv"fiicngogpv"chhgevgt"ng"ffirncegogpv"fgu""
rkeu"Tcocp"vgnu"swg"nc"vgorfitcvwtg."ngu"eqpvtckpvgu."nc"ecnkdtcvkqp"fg"nÓcrrctgknncig"]79_0"Egu"hcevgwtu"
pg"uqpv"rcu"rtku"gp"eqorvg"fcpu"ng"ecftg"fg"egu"vtcxcwz0"É"rctvkt"fg"ngwtu"tfiuwnvcvu"gzrfitkogpvcwz."ng"
ffirncegogpv"fgu"rkeu"Tcocp""fg"*Hg3&xEtx+4Q5"uqtvcpv"gpvtg"724"gv"775"eo&3"gv"gpvtg"886"gv"8:7"eo&3"



Eqorqtvgogpv"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"uvcdknkufiu"nqtu"fgu"fivcrgu"fg"tgewkv"gv"ffiecrcig""
"

7:"
"

uqpv"vtcefiu"gp"hqpevkqp"fg"nc"vgpgwt"gp"ejtqog0"Ng"rke"uqtvcpv"gpvtg"724"gv"775"eo&3"guv"ejqkuk."ect"kn"
eqwxtg"vqwvg"nÓfivgpfwg"fg"uvÍejkqofivtkg"fg"nc"uqnwvkqp"uqnkfg."fgrwku"Hg4Q5"lwuswÓ§"Et4Q50"Eg"rke"guv"
rct" cknngwtu" ng" rtkpekrcn" fw" urgevtg" fg" nc" ejtqokpg0" Ng" ejqkz" fw" rke" uqtvcpv" gpvtg" 886" gv" 8:7"eo&3"

uÓgzrnkswg"rct"ng"hckv"swÓkn"ectcevfitkug"nc"rtfiugpeg"fg"nc"uqnwvkqp"uqnkfg."eg"rke"pÓguv"rcu"rtfiugpv"uwt"ngu"
urgevtgu"fg"Hg4Q5"gv"Et4Q50"Fg"rnwu."eg"rke"guv"uwhhkucoogpv"kpvgpug"rqwt"ectcevfitkugt"nc"rtfiugpeg"fg"nc"
uqnwvkqp"uqnkfg0"Ngu"fixqnwvkqpu"fgu"ffirncegogpvu"Tcocp"fg"egu"fgwz"rkeu"uqpv"rtfiugpvfigu"uwt"nc"Hkiwtg"
570" Kn" guv" kpvfitguucpv" fg" eqpuvcvgt" swg" ng" ffirncegogpv" Tcocp" xctkg" nkpficktgogpv" cxge" ng" vcwz" fg"
ejtqog0"Egu"tfiuwnvcvu"uqpv"wvknkufiu"eqoog"ftqkvgu"fÓfivcnqppcigu"rqwt"ffivgtokpgt"nc"uvÍejkqofivtkg"fg"
*Hg3&xEtx+4Q50"""""""""""""""

Rqwt"52"u"fÓqz{fcvkqp." ngu"rkeu" uqtvcpvu" §"44:."46;."4;8."638"gv"83;"eo&3" uqpv" encktgogpv" kfgpvkhkfiu"
eqoog"fivcpv"ectcevfitkuvkswgu"fg"nÓjfiocvkvg0"Wp"rke"vtflu"rgw"kpvgpug"guv"ffivgevfi"§"732"eo&3."§"nÓckfg"fg"
nc" Hkiwtg" 57." eg" rke" rgwv" ‒vtg" cvvtkdwfi" §" nc" rtfiugpeg" fg" nc" uqnwvkqp" uqnkfg" *Hg2.:5Et2.39+4Q50" Gphkp."
nÓkpfgzcvkqp" fw" fgtpkgt" rke" uqtvcpv" §" 893"eo&3" guv" tgpfwg" fkhhkekng" rct" ng" hckv" swg" ngu" urkpgnngu"
*Hg3&x.Etx+5Q6."OpEt4Q6"gv"nc"uqnwvkqp"uqnkfg"*Hg3&xEtx+4Q5"rquuflfgpv"vqwu"wp"rke"gpvtg"872"gv"922"eo&3"
]78_0"Gp"ug"tfihfitcpv"cw"fkhhtcevqitcoog"gptgikuvtfi"crtflu"52"u"q́" ng"urkpgnng"pÓguv"rcu"ffivgevfi."eg"rke"
rgwv"fqpe"‒vtg"cvvtkdwfi"§"*Hg2.96Et2.48+4Q50""

Nqtuswg"nc"fwtfig"fÓqz{fcvkqp"cwiogpvg." ng"rke"ectcevfitkuvkswg"fg"nc"ejtqokpg"guv"ffivgevfi"§"778"eo&3"
rqwt"82"u"gv"§"777"eo&3"rqwt";2"u0"NÓfircwngogpv"ukvwfi"gpvtg"742"gv"762"eo&3" kpfkswg" nc"rtfiugpeg"fw"
urkpgnng"OpEt4Q6"]7:_0"Ngu"rkeu"uqtvcpv"§"8:3"eo&3."rqwt"82"u."gv"8:5"eo&3."rqwt";2"u."uqpv"fiicngogpv"
cvvtkdwfiu" §" nc" ejtqokvg" fg"ocpicpflug0" Cw/fgn§" fg" 52"u" fÓqz{fcvkqp." nÓjfiocvkvg" pÓguv" rnwu" ffivgevfig."
ugwnu"ngu"rkeu"fg"nc"ejtqokpg."fw"urkpgnng"gv"fg"nc"uqnwvkqp"uqnkfg"uqpv"rtfiugpvu0"Nqtuswg"ng"urkpgnng"guv"
rtfiugpv."nc"uvÍejkqofivtkg"fg"nc"uqnwvkqp"uqnkfg"pg"rgwv"rcu"‒vtg"ffivgtokpfig"§"oqkpu"fg"ffieqpxqnwgt"ngu"
ukipcwz"fg"*Hg.Et+4Q5"gv"OpEt4Q6."eg"swk"pÓguv"rcu"hckv"fcpu"ng"ecu"rtfiugpv0"Rqwt"nÓkfgpvkhkecvkqp"fgu"
eqorqufiu."pqwu"pqwu"crrw{qpu"uwt"nc"eqornfiogpvctkvfi"FTZ"Î"Tcocp0"""

Ngu"tfiuwnvcvu"fg"urgevtqueqrkg"Tcocp"ffioqpvtgpv"dkgp"swg"nÓqz{fg"guv"tkejg"gp"hgt"cxge"nc"rtfiugpeg"fg"
nÓjfiocvkvg" gv" fg" nc" uqnwvkqp" uqnkfg" §" hqtvg" vgpgwt" gp" hgt." rqwt" ngu" rnwu" hckdngu" fwtfigu" fg" tgewkv0"
NÓcwiogpvcvkqp" fg" nc" fwtfig" fÓqz{fcvkqp" eqpfwkv" §" wp" gptkejkuugogpv" gp" ejtqog" fg" nÓqz{fg." nc"
ejtqokpg"guv"rct"cknngwtu"ffivgevfig"rqwt"fgu"fwtfigu"uwrfitkgwtgu"§"52"u0""

Nc" urgevtqueqrkg" Tcocp" rgtogv" fg" fkuetkokpgt" ngu" ukipcwz" fg" nÓjfiocvkvg." fg" nc" ejtqokpg" gv" fg" nc"
uqnwvkqp"uqnkfg"eg"swk"pÓguv"rcu"rquukdng"gp"FTZ"uqwu"kpekfgpeg"tcucpvg0"NÓgptkejkuugogpv"gp"ejtqog"
fg"nc"eqwejg"fÓqz{fg"guv"encktgogpv"oku"gp"fixkfgpeg0"Gp"tgxcpejg."nc"urgevtqueqrkg"Tcocp"pg"pqwu"c"
rcu" rgtoku" fÓkfgpvkhkgt" nc" rtfiugpeg" fÓfinfiogpvu" okpgwtu" §" nÓgzegrvkqp" fw" ocpicpflug0" Nc" okug" gp"
fixkfgpeg"fixgpvwgnng"fg"nc"rtfiugpeg"fgu"finfiogpvu"vkvcpg."pkqdkwo"gv"uknkekwo"fcpu"nc"eqwejg"fÓqz{fg"guv"
tficnkufig"§"nÓckfg"fg"nc"urgevtqueqrkg"§"ffiejctig"nwokpguegpvg0""
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Figure 34."Urgevtgu"Tcocp"gptgikuvtfiu"crtflu"52."82"gv";2"u"f)qz{fcvkqp"uqwu"Q41J4Q1EQ41P4"§"3282̇E0"

"

Figure 350"Ffirncegogpvu"fgu"rkeu"Tcocp"fg"*Hg3/xEtx+4Q5"cxge"nc"vgpgwt"gp"Et"fÓcrtflu"]78_0"

Recherche des éléments mineurs

Rqwt"fivwfkgt"rnwu"gp"ffivckn"nc"eqorqukvkqp"fg"nc"eqwejg"fÓqz{fg"gv"rnwu"rctvkewnkfltgogpv"nc"nqecnkucvkqp"
fgu" finfiogpvu"okpgwtu." ngu" fiejcpvknnqpu" uqpv" ectcevfitkufiu" rct" UFN0" Ngu" rtqhknu" fg" eqpegpvtcvkqp" fgu"
rtkpekrcwz"finfiogpvu"fÓcnnkcig."crtflu"qz{fcvkqp"fg";2"u."uqpv"rtfiugpvfiu"uwt"nc"Hkiwtg"580"NÓqtkikpg"fg"
nÓczg"fgu"cduekuugu"eqttgurqpf"§"nÓkpvgthceg"gzvgtpg"*ic¦1qz{fg+0"Nc"rctvkg"ofivcnnkswg"guv"ectcevfitkufig"
rct"wp"vcwz"fg"hgt"fg":2"'"ocuukswg"gv"wp"vcwz"fg"ejtqog"fg"3:"'"ocuukswg"eg"swk"ug"tfihfitgpv"dkgp"§"
nc"eqorqukvkqp"fg"nÓcekgt0"Wp"gptkejkuugogpv"gp"uknkekwo"octswg"nÓkpvgthceg"kpvgtpg"*ofivcn1qz{fg+0"Egv"
gptkejkuugogpv" gp" uknkekwo"guv" nkfi" §" nc" rtfiugpeg"fÓwp" hkno"fg" uknkeg" coqtrjg" ]64_0"Pqwu" ejqkukuuqpu"
fqpe" fg" tgrfitgt" nÓkpvgthceg" ofivcn1qz{fg" rct" ng" oczkowo" fw" rke" fw" uknkekwo0" Nc" eqwejg" fÓqz{fg"
rtfiugpvg" wp" tcrrqtv" Et1Hg" kpxgtufi" rct" tcrrqtv" §" egnwk" fw" ofivcn0" Nc" rctvkg" gzvgtpg" fg" nÓqz{fg" guv"
gptkejkg" gp"ocpicpflug0"Ng" vkvcpg" ugodng" ‒vtg"fkurgtufi." gp" vtflu" hckdng" swcpvkvfi." fcpu" vqwvg" nc" eqwejg"



Eqorqtvgogpv"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"uvcdknkufiu"nqtu"fgu"fivcrgu"fg"tgewkv"gv"ffiecrcig""
"

82"
"

fÓqz{fg"ckpuk"swg"fcpu"ng"uwduvtcv"uqwu/lcegpv0"Ng"pkqdkwo"rtfiugpvg"wp"oczkowo"fg"eqpegpvtcvkqp"cw"
pkxgcw"fg"nÓkpvgthceg"ofivcn1qz{fg0"Wp"vtflu"nfiigt"gptkejkuugogpv"gp"pkqdkwo"fg"nc"uwthceg"guv"fiicngogpv"
pqvfi0""

"

Figure 36."Urgevtg"UFN"gptgikuvtfi"crtflu"wpg"qz{fcvkqp"fg";2"u0""

Nc"Hkiwtg"59"rtfiugpvg"nÓfixqnwvkqp"fgu"rtqhknu"UFN"fgu"finfiogpvu"ocpicpflug."uknkekwo"gv"pkqdkwo"cxge"
nc"fwtfig"fÓqz{fcvkqp0"NÓgptkejkuugogpv"gp"ocpicpflug"fcpu"nc"rctvkg"gzvgtpg"fg"nc"eqwejg."qdugtxfi"fflu"
52"u."uÓceegpvwg"cxge"nc"fwtfig"fÓqz{fcvkqp"*Hkiwtg"59"*c++0"Ng"rke"fg"uknkekwo"*Hkiwtg"59"*d++"uÓfinctikv"
gv"ug"ffiecng"xgtu"fg"rnwu"itcpfgu"rtqhqpfgwtu"nqtuswg"nc"fwtfig"fÓqz{fcvkqp"cwiogpvg0"Ng"ffiecncig"fw"
rke"vtcfwkv"nc"etqkuucpeg"fg"nc"eqwejg"fÓqz{fg"**Hg.Et+4Q5"gv"Op3.7Et3.7Q6+"gv"uqp"finctikuugogpv"tfixflng"
nc"etqkuucpeg"fw"hkno"fg"uknkeg0"Gp"eg"swk"eqpegtpg"ng"pkqdkwo"*Hkiwtg"59"*e++."wp"rke"guv"qdugtxfi"cw"
pkxgcw"fg"nÓkpvgthceg"ofivcn1qz{fg0"Eg"rke"ug"ffiecng"gp"rtqhqpfgwt"gv"uqp"kpvgpukvfi"cwiogpvg"hqtvgogpv"
cxge"nc"fwtfig"fÓqz{fcvkqp0"Kn"guv"fiicngogpv"kpvfitguucpv"fg"eqpuvcvgt"swg"nc"rqukvkqp"tgncvkxg"fw"rke"fw"
pkqdkwo"rct"tcrrqtv"§"egnwk"fw"uknkekwo"fixqnwg"cxge"nc"fwtfig0"Rqwt"52"u"fÓqz{fcvkqp."ng"rke"fw"pkqdkwo"
ug" ukvwg" §" nÓcttkfltg" fg" nÓkpvgthceg" kpvgtpg0" Nqtuswg" nc" fwtfig" cwiogpvg." ng" rke" fw" pkqdkwo" ug" ukvwg" §"
nÓcxcpv"fg"nÓkpvgthceg"kpvgtpg"eÓguv/§/fktg"fcpu"nc"eqwejg"fÓqz{fg0""
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Figure 37."¡xqnwvkqp"fgu"rtqhknu"UFN"cxge"nc"fwtfig"f)qz{fcvkqp"fg"Op"(a)."fg"Uk"(b)"gv"fg"Pd"(c)0"Uwt"nc"
tgrtfiugpvcvkqp"fw"ukipcn"fg"Pd"ngu"hnflejgu"kpfkswgpv"nc"rqukvkqp"fg"nÓkpvgthceg"kpvgtpg0"

I.1.3. Morphologie de la couche d’oxyde

Morphologie de surface

Nc"Hkiwtg"5:"rtfiugpvg"ngu"oqtrjqnqikgu"fg"uwthceg"fgu"eqwejgu"fÓqz{fg"rqwt"fgu"qz{fcvkqpu"fg"52"gv"
82"u0"Nc"eqwejg"fÓqz{fg"hqtofig"crtflu"52"u"rtfiugpvg"wp"curgev"ifipfitcn"nkuug0"Egvvg"eqwejg"ugodng"rgw"
etkuvcnnkufig" §" nÓfiejgnng" fg" nÓqdugtxcvkqp" cw"oketqueqrg" fingevtqpkswg" §" dcnc{cig0" Ugwnu" swgnswgu" itqu"
pqfwngu"fg"hqtog"cnnqpifig"gv"fg"rgvkvgu"etkuvcnnkvgu"wpkswgogpv"qdugtxcdngu"§"hqtv"itcpfkuugogpv"uqpv"
rtfiugpvu"§" nc" uwthceg"fg" nÓqz{fg" *Hkiwtgu"5:" *c+"gv" *d++0" Ngu"pqfwngu"cnnqpifiu"ugodngpv"‒vtg"qtkgpvfiu"
ugnqp" ng" ugpu"fg" ncokpcig0" Kn" eqpxkgpv"fiicngogpv"fg"pqvgt" nc"rtfiugpeg"fg"ffihcwvu"fg"uwthceg"fw" v{rg"
cttcejgogpv"fg"ocvkfltg0"Rqwt"wpg"fwtfig"fÓqz{fcvkqp"rnwu"nqpiwg"*67/82"u+."nc"uwthceg"guv"tgeqwxgtvg"fg"
rgvkvu"itckpu"pqfwncktgu."fg"fkcoflvtg" kphfitkgwt"cw"oketqoflvtg."fg"itqu"pqfwngu"cnnqpifiu."ffil§"oku"gp"
fixkfgpeg" §" 52" u." gv" rct" gpftqkvu." fg" etkuvcwz" r{tcokfcwz" *Hkiwtgu" 5:" *e+" gv" *f++0" Ngu" rgvkvu" itckpu"
pqfwncktgu"ugodngpv"‒vtg"kuuwu"fg"nc"etqkuucpeg"fgu"etkuvcnnkvgu"qdugtxfigu"§"52"u0""

Rqwt"82"u"fÓqz{fcvkqp."nÓcpcn{ug"GFU"fgu"pqfwngu"cnnqpifiu"tfixflng"nc"rtfiugpeg"fg"pkqdkwo"gv"rcthqku"fg"
vkvcpg0"Kn"guv"kpvfitguucpv"fg"eqpuvcvgt"swg"nc"rtfiugpeg"fw"vkvcpg"guv"vqwlqwtu"eqwrnfig"§"egnng"fw"pkqdkwo."
cnqtu" swg" nc" tfiekrtqswg" pÓguv" rcu" xfitkhkfig0" NÓgptkejkuugogpv" gp" pkqdkwo" ug" tgvtqwxg" fiicngogpv" uwt"
egtvckpu"itckpu"pqfwncktgu"gv"gp"egtvckpu"gpftqkvu"fg"nc"eqwejg"fÓqz{fg."gpvtg"ngu"itckpu"pqfwncktgu0"Gp"
GFU"vqwvg"nc"eqwejg"fÓqz{fg"guv"uqpffig0"Nc"rtfiugpeg"fg"nc"tckg"fg"vtcpukvkqpu"Ng"fw"pkqdkwo"rgwv"‒vtg"
nkfig"§"wp"gptkejkuugogpv"rnwu"gp"rtqhqpfgwt"fg"nc"eqwejg"fÓqz{fg."qw"o‒og"fw"ofivcn"uqwu/lcegpv0"Egek"
guv"fiicngogpv"xcncdng"rqwt"nc"tckg"Mg"fw"uknkekwo"qdugtxfig"uwt"vqwu"ngu"urgevtgu"GFU0"Egu"tgoctswgu"
uqpv" crrw{figu" rct" nÓgptkejkuugogpv" gp" pkqdkwo" gv" uknkekwo" fg" nÓkpvgthceg" ofivcn1qz{fg" tfixfinfi" rct"
nÓcpcn{ug"UFN0"Ngu"etkuvcwz"r{tcokfcwz"uqpv"rqwt"ngwt"rctv"gptkejku"gp"ejtqog"gv"ocpicpflug"eg"swk"
kpfkswg"nc"rtfiugpeg"fw"urkpgnng"*Op.Et+5Q60""

Rqwt" fivwfkgt" nÓfixqnwvkqp" fg" nc" uwthceg" fgu" eqwejgu" fÓqz{fg." pqwu" cxqpu" fiicngogpv" hckv" fgu"
qdugtxcvkqpu"rqwt"fgu"vgoru"rnwu"nqpiu."gp"fgjqtu"fw"fqockpg"q́"nc"rtkug"fg"ocuug"fg"nÓfiejcpvknnqp"guv"
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nkpficktg0" Ngu" Hkiwtgu" 5:" *g+" gv" *h+" rtfiugpvgpv" nc" oqtrjqnqikg" fg" uwthceg" §" 3:2"u0" É" egvvg" fwtfig"
fÓqz{fcvkqp." nc" uwthceg"fg" nÓfiejcpvknnqp"guv" vqvcngogpv" tgeqwxgtvg"fg"itckpu"pqfwncktgu"fÓgpxktqp"3"§"
3.7"-o" fg" fkcoflvtg0" Egu" itckpu" hqtogpv" rct" gpftqkvu" wpg" uwteqwejg" eqpvkpwg" swk" tfiuwnvg" fg" ngwt"
eqcnguegpeg0" Egvvg" uwteqwejg" guv" uwtoqpvfig" fg" rncswgvvgu" tkejgu" gp" ejtqog0" Gphkp." ngu" ffihcwvu" fg"
uwthceg" pg" uqpv" rnwu" qdugtxfiu0" Egvvg" tgoctswg" pÓguv" xcncdng" swg" rqwt" fgu" fwtfigu" fÓqz{fcvkqp"
uwrfitkgwtgu"§"nc"okpwvg0"

Wpg" fixqnwvkqp" fg" nc" oqtrjqnqikg" fg" uwthceg" fgu" eqwejgu" fÓqz{fg." cxge" nc" fwtfig" fÓqz{fcvkqp." guv"
encktgogpv"okug"gp"fixkfgpeg0"Fcpu"ng"rctcitcrjg"uwkxcpv."pqwu"pqwu"kpvfitguuqpu"§"nc"oqtrjqnqikg"fg"nc"
eqwejg"fÓqz{fg"gp"eqwrg"vtcpuxgtucng0"

"

Figure 38."Oqtrjqnqikg"OGD"gp"fingevtqpu"ugeqpfcktgu"fg"nc""uwthceg"fgu"eqwejgu"f)qz{fg"hqtofigu"crtflu"
qz{fcvkqp"§"3282̇E."uqwu"Q41J4Q1EQ41P4."rgpfcpv"52"u"gp"(a) gv"(b),"82"u"gp"(c)"gv"(d)."gv"3:2"u"gp"(e)"gv"(f)0"Ngu"

enkejfiu"(b)."(d)"gv"(f)"uqpv"fgu"citcpfkuugogpvu"fgu"enkejfiu"tgurgevkhu"(a)."(c)"gv"(d)0"""
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Figure 39."Cpcn{ug"GFU"fg"nc"uwthceg"fg"nÓfiejcpvknnqp"crtflu"wpg"qz{fcvkqp"fg"82"u0"

Morphologie en coupe transversale

Rqwt" hceknkvgt" nÓqdugtxcvkqp" fgu" eqwejgu" fÓqz{fg" gp" eqwrg" vtcpuxgtucng." pqwu" cxqpu" ejqkuk" ngu"
fiejcpvknnqpu"rtfiugpvcpv"ngu"rnwu"hqtvu"ickpu"fg"ocuug0"Nc"Hkiwtg"62"rtfiugpvg"nc"oketqitcrjkg"gp"eqwrg"
vtcpuxgtucng" fÓwp" fiejcpvknnqp" qz{ffi" 82"u." §" 3282̇E0"NÓfiejcpvknnqp" qdugtxfi." c" uwdk" nqtu" fw" tgewkv" wp"
ickp"fg"ocuug"fg"5;"-i0eo&4"uqkv"wpg"firckuugwt"fg"462"po*7+0"FÓcrtflu"ng"enkejfi"OGD."nÓfirckuugwt"fg"nc"
eqwejg" fÓqz{fg" guv" guvkofig" §" gpxktqp" 622"po0" Fgu" fiectvu" fÓfirckuugwt" uqpv" ifipfitcngogpv" eqpuvcvfiu"
gpvtg"nc"oguwtg"cw"OGD"gv"ng"ecnewn"§"rctvkt"fw"ickp"fg"ocuug0""

Nc"eqwejg"fÓqz{fg"hqtofig"§"3282̇E"uqwu"Q41J4Q1EQ41P4"guv"hkpg."eqorcevg"gv"cfjfitgpvg"cw"uwduvtcv0"
NÓkpvgthceg"ofivcn1qz{fg"guv"octswfig"rct"wp"nkugtfi"rnwu"qw"oqkpu"eqpvkpw"fg"UkQ40"Fgu"rtqvtwukqpu"uqpv"
qdugtxfigu"fcpu"nc"eqwejg"fÓqz{fg."cw/fgn§"fg"nc"uknkeg0"Wpg"fivwfg"crrtqhqpfkg"fg"egu"rtqvtwukqpu"hckv"
nÓqdlgv"fw"ejcrkvtg"uwkxcpv0""

"

Figure 40."Oqtrjqnqikg"OGD1HGI"gp"fingevtqpu"ugeqpfcktgu"§"hckdng"itcpfkuugogpv"gp"(a)"gv"gp"fingevtqpu"
tfivtqfkhhwufiu"§"hqtv"itcpfkuugogpv"gp"(b)"fÓwpg"eqwrg"vtcpuxgtucng"tficnkufig"uwt"wp"fiejcpvknnqp"qz{ffi"§"3282̇E"

rgpfcpv"82"u0"

"

""""""""""""""""""""""""""""""""""""""""""""""""""""""
7"Ng"ecnewn"fÓfiswkxcngpeg"<"ickp"fg"ocuug"/"firckuugwt"fg"nc"eqwejg"guv"rtfiugpvfi"gp"cppgzg"D0"
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I.1.4. Bilan 

NÓqz{fcvkqp"fg"nÓcekgt"663."§"3282̇E."gpvtg"52"gv";2"u."uqwu"cvoqurjfltg"Q41J4Q1EQ41P4."eqpfwkv"§"nc"
hqtocvkqp"fÓwpg"eqwejg"fwrngz"eqorqufig"fg"*Hg.Et+4Q5"fcpu"nc"rctvkg"kpvgtpg"gv"fg"Op3.7Et3.7Q6"fcpu"
nc"rctvkg" gzvgtpg0"NÓkpvgthceg"ofivcn1qz{fg"guv"octswfig"rct"wp" hkno"fg"uknkeg" coqtrjg"rnwu"qw"oqkpu"
eqpvkpw0"Nc"eqwejg"fÓqz{fg"kpkvkcngogpv"tkejg"gp"hgt"uÓgptkejkv"gp"ejtqog"cxge"nc"fwtfig"fÓqz{fcvkqp0"
Ocnitfi"wpg"ceewowncvkqp"gp"ocpicpflug"fcpu"nc"rctvkg"gzvgtpg"§"52"u."ng"urkpgnng"pÓguv"ffivgevfi"swg"rqwt"
fgu" fwtfigu" uwrfitkgwtgu" §" 52"u0" Fgu" swguvkqpu" fgogwtgpv" eqpegtpcpv." nc" ffivgevkqp" rct" FTZ" uqwu"
kpekfgpeg" tcucpvg" fÓwpg" rjcug" okpgwtg" §" rctvkt" fg" 82"u" gv" nc" rtfiugpeg" fw" pkqdkwo" cw" pkxgcw" fg"
nÓkpvgthceg"ofivcn1qz{fg0"

Ockpvgpcpv"swg" ng" u{uvflog"guv"ffihkpk"fcpu" ngu" eqpfkvkqpu"fg" tgewkv" Å"uvcpfctf"Ç"*§"3282̇E."rqwt"fgu"
fwtfigu" fg" nÓqtftg" fg" nc" okpwvg." uqwu" ofincpig" Q41J4Q1EQ41P4+." pqwu" rqwxqpu" hcktg" xctkgt" egtvckpu"
rctcoflvtgu"*cvoqurjfltg."vgorfitcvwtg."vgpgwtu"gp"finfiogpvu"okpgwtu+"rqwt"fivwfkgt"ngwtu"kphnwgpegu"uwt"nc"
pcvwtg" rj{ukeq/ejkokswg" gv" nc" oqtrjqnqikg" fg" nc" eqwejg" fÓqz{fg0" Nc" ugevkqp" uwkxcpvg" vtckvg" fg"
nÓkphnwgpeg"fg"nÓcvoqurjfltg."gv"rnwu"rctvkewnkfltgogpv"fg"nÓghhgv"fg"nc"xcrgwt"fÓgcw0"

I.2. Effet de la vapeur d’eau sur l’acier 441 

Fcpu"egvvg"rctvkg."pqwu"pqwu"kpvfitguuqpu"§"nÓghhgv"fg"nc"xcrgwt"fÓgcw"uwt"nÓqz{fcvkqp"fg"nÓcekgt0"Rqwt"eg"
hcktg."fgu"qz{fcvkqpu"qpv"fivfi"ogpfigu."§"3282̇E."uqwu"ofincpigu"Q41P4"*51;9"'"xqn0+"gv"J4Q1P4"*381:6"
'"xqn0+0"Ngu"tfiuwnvcvu"qdvgpwu"uqpv"eqorctfiu"§"egwz"eqnngevfiu"uqwu"Q41J4Q1EQ41P4"*51381:195"'"xqn0+"
rtfiugpvfiu"fcpu"nc"rctvkg"rtfiefifgpvg0"

I.2.1. Étude cinétique 

Nc" Hkiwtg" 63" rtfiugpvg" ng" eqorqtvgogpv" ekpfivkswg" fg" nÓcekgt" 663" §" 3282̇E" uqwu" fgu" cvoqurjfltgu"
jwokfgu"J4Q1P4."Q41J4Q1EQ41P4"gv"uqwu"wpg"cvoqurjfltg"uflejg"Q41P40"Swgnng"swg"uqkv"nÓcvoqurjfltg."
ngu"ickpu"fg"ocuug"ugodngpv"uwkxtg"wpg"nqk"nkpficktg."rqwt"ngu"swcvtg/xkpiv/fkz"rtgokfltgu"ugeqpfgu0"Ngu"
ickpu"fg"ocuug"ngu"rnwu"korqtvcpvu"uqpv"qdugtxfiu"uqwu"cvoqurjfltgu"eqpvgpcpv"fg"nc"xcrgwt"fÓgcw0"Ngu"
eqpuvcpvgu" ekpfivkswgu" nkpficktgu" uqpv" fg" 2.7;"-i0eo&40u&3" gv" 2.74"-i0eo&40u&3" rqwt" tgurgevkxgogpv."
J4Q1P4" gv" Q41J4Q1EQ41P4." cnqtu" swÓgnng" guv" wpkswgogpv" fg" 2.47"-i0eo&40u&3" rqwt" Q41P40" Rqwt" fgu"
vgoru" f)qz{fcvkqp" eqwtvu." nc" rtfiugpeg" fg" xcrgwt" f)gcw" fcpu" n)cvoqurjfltg" guv" pfihcuvg" uwt" ng"
eqorqtvgogpv"§"3282̇E"fg"n)cekgt"6630""
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Figure 41."Ekpfivkswgu"fg"rtkug"fg"ocuug"fg"n)cekgt"663"§"3282̇E"uqwu"cvoqurjfltgu"jwokfgu"<"J4Q1P4."
Q41J4Q1EQ41P4."gv"uqwu"cvoqurjfltg"uflejg"Q41P40"

I.2.2. Caractérisation de la couche d’oxyde

Identification des phases dans la couche d’oxyde

Ngu" fkhhtcevqitcoogu" gptgikuvtfiu" crtflu" 52." 82" gv" ;2"u" fÓqz{fcvkqp" uqwu" J4Q1P4" gv" Q41P4" uqpv"
swcukogpv"kfgpvkswgu0"Ng"uwduvtcv"ofivcnnkswg"guv"ffivgevfi"rqwt" vqwvgu" ngu"fwtfigu"fÓqz{fcvkqp"gv" vqwvgu"
ngu" cvoqurjfltgu." eg" swk" kpfkswg" swg" nc" eqwejg" fÓqz{fg" guv" gpvkfltgogpv" uqpffig" rct" ng" hckuegcw" fg"
tc{qpu" Z0" Ngu" firckuugwtu" fg" eqwejg" fÓqz{fg" uqpv" fqpe" fiicngogpv" kphfitkgwtgu" cw" oketqoflvtg0" Ngu"
o‒ogu"rjcugu"uqpv"ffivgevfigu"gp"rnwu"fw"uwduvtcv."§"ucxqkt."ng"urkpgnng"Op3.7Et3.7Q6"gv"nc"uqnwvkqp"uqnkfg"
*Hg.Et+4Q50"Ngu" ugwngu" fkuvkpevkqpu" swk" rgwxgpv" ‒vtg" fivcdnkgu" eqpegtpgpv" nc" rtfiugpeg" §" rctvkt" fg" 82"u"
uqwu" xcrgwt" fÓgcw" fg" nc" rjcug"okpgwtg" *rtfiugpvcpv" wp" ugwn" rke" fg" fkhhtcevkqp" §" 48.9̇+"=" nÓfixqnwvkqp."
cxge"nc"fwtfig"fÓqz{fcvkqp."fg"nÓkpvgpukvfi"fgu"rkeu"fg"nc"uqnwvkqp"uqnkfg"gv"fw"urkpgnng"="gv"nc"rqukvkqp"fgu"
rkeu"fg"nc"uqnwvkqp"uqnkfg0""

Nc" Hkiwtg" 64" rtfiugpvg" ng" tcrrqtv" fgu" kpvgpukvfiu" fw" rke" fg" nc" rjcug" urkpgnng" *533+" uwt" nc" rjcug"
tjqodqfiftkswg"*326+0"Jqtoku"rqwt"82"u."ng"tcrrqtv"guv"rnwu"fingxfi"uqwu"nÓcvoqurjfltg"uflejg"swg"uqwu"ngu"
cvoqurjfltgu"jwokfgu0"Uqwu"cvoqurjfltg"uflejg"§"rctvkt"fg"67"u." ng"ukipcn"fg"nc"rjcug"urkpgnng"guv"rnwu"
kpvgpug" swg" egnwk" fg" nc" rjcug" tjqodqfiftkswg" *U*533+1T*326+"@"3+0" Cnqtu" swg" uqwu" cvoqurjfltgu"
jwokfgu." nÓkpvgpukvfi" fg" nc" rjcug" urkpgnng" guv" nctigogpv" kphfitkgwtg" §" nÓkpvgpukvfi" fg" nc" rjcug"
tjqodqfiftkswg"swgnng"swg"uqkv"nc"fwtfig"f)qz{fcvkqp"*U*533+1T*326+">"3"fg"52"§";2"u+0"Uqwu"cvoqurjfltg"
uflejg."nc"rjcug"urkpgnng"guv"rtfirqpffitcpvg"rct"tcrrqtv"§"nc"rjcug"tjqodqfiftkswg."eg"swk"p)guv"rcu"ng"ecu"
gp"rtfiugpeg"fg"xcrgwt"f)gcw"fcpu"n)cvoqurjfltg0"
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Figure 42."Tcrrqtv"fg"n)kpvgpukvfi"fw"rke"fg"nc"rjcug"urkpgnng"*533+"uwt"nc"rjcug"tjqodqfiftkswg"*326+"rqwt"ngu"
fkhhfitgpvgu"cvoqurjfltgu0"Ngu"kpvgpukvfiu"uqpv"ffivgtokpfigu"rct"ng"ecnewn"fg"nÓcktg"uqwu"ng"rke"§"nÓckfg"fg"nc"ofivjqfg"

fgu"vtcrfl¦gu0""

Gp" eg" swk" eqpegtpg" nc" rqukvkqp" fgu" rkeu" fg" nc" uqnwvkqp" uqnkfg." nc" Hkiwtg" 65" rtfiugpvg" nÓfixqnwvkqp" fw"
ffiecncig"gp"4し"fg"nc"tckg"nc"rnwu"kpvgpug"fg"nc"uqnwvkqp"uqnkfg"*326+"cxge"nc"fwtfig"fÓqz{fcvkqp"uqwu"ngu"
cvoqurjfltgu" jwokfgu" gv" uqwu" n)cvoqurjfltg" uflejg0"Eqpvtcktgogpv" §" nÓcvoqurjfltg"Q41P4." wp" ffiecncig"
xgtu"fg"rnwu"itcpfu"cpingu"4し"guv"qdugtxfi"uqwu"J4Q1P40"Eg"ffiecncig."fw"o‒og"qtftg"fg"itcpfgwt"swg"
egnwk"rtficncdngogpv"oku" gp" fixkfgpeg"uqwu"Q41J4Q1EQ41P4." vtcfwkv" nÓgptkejkuugogpv" gp" ejtqog"fg" nc"
uqnwvkqp"uqnkfg0"Uqwu"cvoqurjfltg"uflejg."nc"uqnwvkqp"uqnkfg"guv"tkejg"gp"ejtqog"fflu"52"u"fÓqz{fcvkqp"gv"
ng"fgogwtg"nqtuswg"nc"fwtfig"cwiogpvg0"Nc"uvÍejkqofivtkg"fg"nc"uqnwvkqp"uqnkfg"ffivgtokpfig"§"nÓckfg"fg"nc"
nqk"fg"Xgictf"*Hkiwtg"55+."rqwt"ngu"fkhhfitgpvgu"cvoqurjfltgu."guv"tgrqtvfig"fcpu"ng"Vcdngcw"320""

"

Figure 43."¡xqnwvkqp"fg"nc"rqukvkqp"fg"nc"tckg"*326+"fg"*Hg.Et+4Q5"cxge"nc"fwtfig"fÓqz{fcvkqp"rqwt"ngu"
cvoqurjfltgu"jwokfgu"gv"n)cvoqurjfltg"uflejg0""
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Tableau 10."Vgpgwt"gp"ejtqog"fg"nc"uqnwvkqp"uqnkfg"<"*Hg3&xEtx+4Q5"ffivgtokpfig"rct"FTZ"uqwu"kpekfgpeg"tcucpvg"
rqwt"ngu"fkhhfitgpvgu"cvoqurjfltgu"gv"fwtfigu"fÓqz{fcvkqp0"Ngu"xcngwtu"fg"x"uqpv"ffivgtokpfigu"§"rnwu"qw"oqkpu"2.270"

Fwtfig"*u+" x"<"*Hg3&xEtx+4Q5"
Q41P4" J4Q1P4" Q41J4Q1EQ41P4"

52" 2.9:" 2.47" 2.43"
67" 2.;5" 2.52" 2.62"
82" 2.67" 2.72" 2.67"
;2" 2.96" 2.8;" 2.7;"

Egu"qdugtxcvkqpu"uwt"nc"eqorqukvkqp"ejkokswg"fg"nc"eqwejg"fÓqz{fg"uqpv"eqphtqpvfigu"§"nÓcpcn{ug"rct"
urgevtqueqrkg"Tcocp0"Crtflu"qz{fcvkqp"uqwu"J4Q1P4."nÓcnnwtg"fgu"urgevtgu"Tcocp"guv"kfgpvkswg"§"egwz"
gptgikuvtfiu"uqwu"Q41J4Q1EQ41P40"Rqwt"wpg"qz{fcvkqp"fg"52"u."ngu"ukipcwz"ectcevfitkuvkswgu"fg"Hg4Q5"gv"
fg" *Hg.Et+4Q5" uqpv" ffivgevfiu0" Cnqtu" swg" rqwt" 82" u" fÓqz{fcvkqp." ng" ukipcn" ectcevfitkuvkswg" fg" Hg4Q5" c"
fkurctw."gv"ngu"ukipcwz"fg"Et4Q5"gv"OpEt4Q6"uqpv"qdugtxfiu"*Hkiwtg"66+0"Uqwu"cvoqurjfltg"uflejg"cwewpg"
fixqnwvkqp" pqvcdng" fg" nÓcnnwtg" fw" urgevtg" pÓguv" eqpuvcvfig" rqwt" fkhhfitgpvgu" fwtfigu" fÓqz{fcvkqp0" Nc"
rtfiugpeg"fg"nc"ejtqokpg."fg"nc"uqnwvkqp"uqnkfg"*Hg.Et+4Q5"gv"fw"urkpgnng"OpEt4Q6"uqpv"oku"gp"fixkfgpeg"
fflu"52"u"fÓqz{fcvkqp0"""

Nc"urgevtqueqrkg"Tcocp"eqphktog"nÓfixqnwvkqp"fg"nc"eqwejg"fÓqz{fg"qdugtxfig"rct"FTZ"uqwu"kpekfgpeg"
tcucpvg0"Uqwu"cvoqurjfltgu"jwokfgu."nc"eqwejg"fÓqz{fg"kpkvkcngogpv"tkejg"gp"hgt."uÓgptkejkv"gp"ejtqog"
cxge"nc"fwtfig"fÓqz{fcvkqp0"Cnqtu"swg"uqwu"nÓcvoqurjfltg"uflejg."nc"eqwejg"fÓqz{fg"guv"tkejg"gp"ejtqog"
swgnng"swg"uqkv"nc"fwtfig"fÓqz{fcvkqp0"

"

Figure 44."Urgevtgu"Tcocp"gptgikuvtfiu"crtflu"52"u."82"u"f)qz{fcvkqp"§"3282̇E"uqwu"J4Q1P4"(a) gv"uqwu"Q41P4"(b)0"

"
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I.2.3. Morphologie de la couche d’oxyde

Morphologie à durée d’oxydation équivalente

Nc" Hkiwtg" 67" rtfiugpvg" ngu" oqtrjqnqikgu" fg" uwthceg" fgu" eqwejgu" fÓqz{fg" qdugtxfigu" crtflu" fgu"
qz{fcvkqpu"fg"82"u"§"3282̇E"uqwu"wpg"cvoqurjfltg"jwokfg"*J4Q1P4+"gv"wpg"cvoqurjfltg"uflejg"*Q41P4+0"
Uqwu"J4Q1P4." nc" uwthceg" guv" tgeqwxgtvg" fg" itckpu" pqfwncktgu" fg" nÓqtftg" fw"oketqoflvtg" fg" fkcoflvtg0"
Uqwu"Q41P4."nc"uwthceg"rtfiugpvg"wp"curgev"inqdcngogpv"rnwu"nkuug"cxge"›§"gv"n§"fg"rgvkvu"etkuvcnnkvgu"vtflu"
hcegvvfiu0" Nc" uwthceg" fgu" fiejcpvknnqpu" qz{ffiu" uqwu"J4Q1P4" rtfiugpvg" wpg"oqtrjqnqikg" vtflu" rtqejg" fg"
egnng"qdugtxfig"uwt"ngu"fiejcpvknnqpu"qz{ffiu"uqwu"Q41J4Q1EQ41P40"""

"

Figure 45."Oqtrjqnqikgu"OGD"gp"fingevtqpu"ugeqpfcktgu"fg"nc"uwthceg"fÓfiejcpvknnqpu"qz{ffiu"82"u"§"3282̇E"uqwu"
J4Q1P4"*381:6+"gp"(a)"gv"uqwu"Q41P4"*381:6+"gp"(b)0"

Ngu" oqtrjqnqikgu" gp" eqwrg" vtcpuxgtucng" fgu" eqwejgu" fÓqz{fg" hqtofigu" crtflu" 82"u" qz{fcvkqp." uqwu"
cvoqurjfltgu" J4Q1P4" gv" Q41P4" uqpv" rtfiugpvfigu" tgurgevkxgogpv." uwt" ngu" Hkiwtgu" 68" *c+" gv" *d+0" Ngu"
eqwejgu" fÓqz{fg" rtfiugpvgpv" fgu" oqtrjqnqikgu" kfgpvkswgu" uqwu" cvoqurjfltg" uflejg" gv" jwokfg0" Ngu"
eqwejgu" uqpv" eqorcevgu." eqpvkpwgu." gv" rtfiugpvgpv" wp" nkugtfi" fg" uknkeg" §" nÓkpvgthceg" ofivcn1qz{fg0" Nc"
rtfiugpeg"fg"rtqvtwukqpu"nqecnkufigu"fcpu"nc"ejtqokpg"cw"vtcxgtu"fg"nc"uknkeg"guv"fiicngogpv"qdugtxfig0"Nc"
ugwng"fkuvkpevkqp"eqpuvcvfig"eqpegtpg"nÓfirckuugwt"fgu"eqwejgu"fÓqz{fg"<"952"po"uqwu"J4Q1P4"gv"572"po"
uqwu"Q41P40""

"

Figure 46. Oqtrjqnqikgu"OGD1HGI"gp"fingevtqpu"tfivtqfkhhwufiu"fg"eqwrgu"vtcpuxgtucngu"tficnkufigu"uwt"fgu"
fiejcpvknnqpu"qz{ffiu"82"u"§"3282̇E"uqwu"J4Q1P4"*381:6+"gp"(a)"gv"uqwu"Q41P4"*381:6+"gp"(b)0"""



Ejcrkvtg"KKK0"Eqorqtvgogpv"jcwvg"vgorfitcvwtg"fgu"cekgtu"hgttkvkswgu"
"

8;"
"

Morphologie à avancement équivalent

Ngu"oqtrjqnqikgu"fg"uwthceg"crtflu"82"u"fÓqz{fcvkqp"uqpv"fkhhfitgpvgu"uqwu"cvoqurjfltg"jwokfg"gv"uflejg0"
Qt." kn" guv" oqpvtfi" swg" nc" ekpfivkswg" fg" rtkug" fg" ocuug" guv" rnwu" fingxfig" uqwu" J4Q" swg" uqwu" Q40" Rqwt"
uÓchhtcpejkt"fg"nÓkphnwgpeg"fg" nc"ekpfivkswg."pqwu"eqorctqpu"nc"oqtrjqnqikg"fÓfiejcpvknnqpu"rtfiugpvcpv"
wp"cxcpegogpv"fiswkxcngpv0"Eqoog"hcevgwt"fÓcxcpegogpv."pqwu"ejqkukuuqpu" ng"ickp"fg"ocuug."eg"swk"
rgtogv"fg"pfiinkigt"ngu"rjfipqoflpgu"uwuegrvkdngu"fg"uwtxgpkt"gv"rqwxcpv"hcwuugt"ngu"rtkugu"fg"ocuug"vgnu"
swg"nÓfiecknncig"gv"nÓfixcrqtcvkqp"fw"ejtqog0""

Nc"oqtrjqnqikg"fg"nÓfiejcpvknnqp"qz{ffi"uqwu"J4Q1P4"rgpfcpv"82"u"guv"eqorctfig"§"wp"fiejcpvknnqp"qz{ffi"
uqwu"Q41P4"gv"rquufifcpv"wp"ickp"fg"ocuug"vtflu"rtqejg"*67"-i0eo&4+0"Egv"fiejcpvknnqp"c"fivfi"qdvgpw"crtflu"
wpg"qz{fcvkqp"fg"342"u0"Nc"Hkiwtg"69"rtfiugpvg"nc"oqtrjqnqikg"fg"uwthceg"fg"nÓfiejcpvknnqp0"Nc"uwthceg"
guv" vtflu" etkuvcnnkufig." gnng" rtfiugpvg" fgu" itckpu" hcegvvfiu" swk" ugodngpv" cxqkt" eqcnguefiu" rqwt" hqtogt." rct"
gpftqkvu."wpg"uwteqwejg"eqpvkpwg0"Fg"vqwvgu"rgvkvgu"etkuvcnnkvgu"tfirctvkgu"uwt"nc"uwthceg"uqpv"fiicngogpv"
qdugtxfigu0"Rqwt"wp"o‒og"fivcv"fÓcxcpegogpv."ngu"oqtrjqnqikgu"fg"uwthceg"fÓfiejcpvknnqpu"qz{ffiu"uqwu"
Q41P4"gv"J4Q1P4"fgogwtgpv"fkhhfitgpvgu0"

"

Figure 47."Oqtrjqnqikg"OGD"gp"fingevtqpu"ugeqpfcktgu"fg"nc"uwthceg"fÓfiejcpvknnqpu"qz{ffiu"342"u"§"3282̇E"uqwu"
Q41P4"*51;9+0"

I.2.4. Bilan 

Ngu" ectcevfitkuvkswgu" rj{ukeq/ejkokswgu." oqtrjqnqikswgu" ckpuk" swg" ng" eqorqtvgogpv" ekpfivkswg" fgu"
eqwejgu"fÓqz{fg"hqtofigu"uqwu"nÓcvoqurjfltg"eqpvgpcpv"§"nc"hqku"J4Q"gv"Q4"uqpv"vtflu"rtqejgu"fg"egnngu"
qdugtxfigu"uqwu"J4Q1P40"Nc"xcrgwt"fÓgcw"ugodng"eqpvt»ngt"nc"ekpfivkswg"fÓqz{fcvkqp."nc"pcvwtg"ejkokswg"
gv"nc"oqtrjqnqikg"fgu"eqwejgu"fÓqz{fg0""

Ngu" eqwejgu" fÓqz{fg" hqtofigu" crtflu" tgewkv" fg" nc" pwcpeg" 663." §" 3282̇E." uqwu" cvoqurjfltgu" jwokfgu"
*J4Q1P4." Q41J4Q1EQ41P4+" gv" uqwu" cvoqurjfltg" uflejg" *Q41P4+" qpv" fivfi" ectcevfitkufigu" §" fgu" vgoru" vtflu"
eqwtvu"fcpu"ng"dwv"fg"ug"tcrrtqejgt"cw"okgwz"fgu"eqpfkvkqpu"fg"tgewkvu"kpfwuvtkgnu0"Ngu"qz{fcvkqpu"qpv"
fivfi" okugu" gp" Íwxtg" fcpu" wp" hqwt" vwdwncktg" eqpxgpvkqppgn." swk" rtfiugpvg" nÓkpeqpxfipkgpv" fg" pg" rcu"
tgrtqfwktg"ngu"eqpfkvkqpu"fg"oqpvfigu"gp"vgorfitcvwtg"fg"nÓcekgt0"Ng"rctcitcrjg"uwkxcpv"guv"eqpucetfi"§"
nÓfivwfg"fgu"eqwejgu"fÓqz{fg"hqtofigu"nqtu"fg"tgewkv"cw"HCUC."swk"rgtogv"fg"eqpvt»ngt"ngu"xkvguugu"fg"
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oqpvfigu"gp"vgorfitcvwtg0"Pqwu"rqwxqpu"fqpe."§"nÓckfg"fg"egv"qwvkn."tgrtqfwktg"cw"okgwz"ngu"eqpfkvkqpu"
fgu"tgewkvu"fg"v{rg"kpfwuvtkgn0""""""""

I.3. Recuit de type industriel – oxydation au FASA 

Cw"HCUC"ngu" vtckvgogpvu" vjgtokswgu"uqpv"oku"gp"Íwxtg"rqwt"wpg"fwtfig"hkzg"fg"67"u."ocku"rqwt"fgu"
vgorfitcvwtgu"hkpcngu"fg"tgewkvu"eqortkugu"gpvtg"3222"gv"3372̇E0""

I.3.1. Caractérisation physico-chimique de la couche d’oxyde

Identification des phases dans la couche d’oxyde

Ngu"eqwejgu"fÓqz{fg"hqtofigu"crtflu"67"u"fg"tgewkv"gpvtg"3222"gv"3372̇E."uqpv"ectcevfitkufigu"rct"FTZ"
uqwu"kpekfgpeg"tcucpvg"gv"urgevtqueqrkg"Tcocp0"Ngu"fkhhtcevqitcoogu"gv"urgevtgu"Tcocp."gptgikuvtfiu"§"
3222" gv" 3322̇E." uqpv" rtfiugpvfiu" tgurgevkxgogpv" uwt" ngu" Hkiwtgu" 6:" *c+" gv" *d+0" É" 3222̇E." nc" eqwejg"
fÓqz{fg" guv" eqpuvkvwfig" fg" nc" uqnwvkqp" uqnkfg" *Hg.Et+4Q50" É" egvvg" vgorfitcvwtg." ngu" rkeu" fg" nc" rjcug"
tjqodqfiftkswg" uwt" ng" fkhhtcevqitcoog" uqpv" rgw" kpvgpugu" rct" tcrrqtv" cw" uwduvtcv"ofivcnnkswg." eg" swk"
kpfkswg" swg" nÓfirckuugwt" fg" nc" eqwejg" fÓqz{fg" guv" hckdng0" FÓcwvtg" rctv." ng" uwduvtcv" ugodng" cxqkt" wpg"
qtkgpvcvkqp"rtfihfitgpvkgnng"fg" ugu"itckpu." ect" ugwng" nc" tckg" *332+" guv" ffivgevfig0"Egvvg"qdugtxcvkqp" tfixflng"
swÓ§"3222̇E"nc"tgetkuvcnnkucvkqp"fw"uwduvtcv"pÓguv"rcu"vqvcngogpv"cvvgkpvg0"É"3322̇E."nc"eqwejg"fÓqz{fg"
guv"eqpuvkvwfig"fg"*Hg.Et+4Q5."Op3.7Et3.7Q6" gv"fÓwpg"rjcug"okpgwtg0"Nc"uqnwvkqp"uqnkfg"guv."rqwt"egvvg"
vgorfitcvwtg." tkejg" gp" ejtqog." ng" urgevtg" Tcocp" tfixflng" nc" rtfiugpeg" fg" ejtqokpg0" NÓfirckuugwt" fg" nc"
eqwejg"fÓqz{fg"c"eqpukffitcdngogpv"cwiogpvfi."ng"rke"*326+"fg"nc"rjcug"tjqodqfiftkswg"guv"rnwu"kpvgpug"
swg"ng"rke"*332+"fw"uwduvtcv0""

"

Figure 48."Fkhhtcevqitcoogu"gp"(a)"gv"urgevtgu"Tcocp"gp"(b)"gptgikuvtfiu"rqwt"fgu"tgewkvu"fg"67"u"§"3222"gv"
3322̇E"uqwu"Q41J4Q1EQ41P40"

"

"
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Recherche des éléments mineurs

Ngu" cpcn{ugu" UFN"oqpvtgpv" wp" gptkejkuugogpv" gp"ocpicpflug" fg" nc" uwthceg." nkfi" §" nc" rtfiugpeg" fg" nc"
ejtqokvg"fg"ocpicpflug."fcpu"nc"rctvkg"gzvgtpg"fg"nc"eqwejg"fÓqz{fg"*Hkiwtg"6;+0"Egv"gptkejkuugogpv"
guv" fÓcwvcpv" rnwu" octswfi" swg" nc" vgorfitcvwtg" fg" tgewkv" guv" fingxfig0" Ng" rke" fw" uknkekwo." §" nÓkpvgthceg"
ofivcn1qz{fg." ug" ffiecng" gp" rtqhqpfgwt" cxge" nc" vgorfitcvwtg0" Ng" pkqdkwo" guv" rtfiugpv" cw" pkxgcw" fg"
nÓkpvgthceg"ofivcn1qz{fg0"Nc"rqukvkqp"fw"rke" fw"pkqdkwo"rct" tcrrqtv" §" nÓkpvgthceg"ofivcn1qz{fg"fixqnwg"
cxge"nc"vgorfitcvwtg0"É"3222̇E."ng"rke"fw"pkqdkwo"ug"ukvwg"§"nÓcttkfltg"fg"nÓkpvgthceg"kpvgtpg0"Nqtuswg"nc"
vgorfitcvwtg"cwiogpvg."fÓwpg"rctv" ng"rke"fw"pkqdkwo"ug"ffiecng"fcpu"ng"eÍwt"fg"nc"eqwejg"fÓqz{fg"gv"
fÓcwvtg"rctv"fgxkgpv"rnwu"kpvgpug0"Nc"vgorfitcvwtg"c"wpg"kphnwgpeg"uwt"nÓgptkejkuugogpv"gp"pkqdkwo"rtflu"
fg"nÓkpvgthceg"ofivcn1qz{fg0"

"

Figure 49."¡xqnwvkqp"fgu"rtqhknu"UFN"cxge"nc"vgorfitcvwtg."fg"Op"(a)."fg"Uk"(b)"gv"fg"Pd"(c)0"Uwt"nc"
tgrtfiugpvcvkqp"fw"ukipcn"fg"Pd"ngu"hnflejgu"kpfkswgpv"nc"rqukvkqp"fg"nÓkpvgthceg"kpvgtpg0"

Identification de la phase mineure

Ngu"fkhhtcevqitcoogu"gptgikuvtfiu"uwt"fgu"eqwejgu"fÓqz{fg"hqtofigu"§"fgu"vgorfitcvwtgu"uwrfitkgwtgu"§"
3292̇E"rtfiugpvgpv"wp"rke"rgw"kpvgpug"uqtvcpv"§"48.9̇0"Fcpu"ng"dwv"fg"ffihkpkt"uk"egvvg"rjcug"okpgwtg"guv"
nqecnkufig"gp"uwthceg"fg" nc"eqwejg"fÓqz{fg"qw"gp"rtqhqpfgwt." ngu"qz{fgu" tkejgu"gp"ejtqog"<" uqnwvkqp"
uqnkfg" gv" urkpgnng" uqpv" finkokpfiu0" NÓfinkokpcvkqp" fgu" qz{fgu" tkejgu" gp" ejtqog" guv"okug" gp"Íwxtg" rct"
ffiecrcig"fingevtqn{vkswg"cw"uwnhcvg"fg"uqfkwo0"Uwkvg"cw"ffiecrcig."nÓfiejcpvknnqp"guv"ectcevfitkufi"rct"FTZ"
uqwu" kpekfgpeg" tcucpvg0" Ng" fkhhtcevqitcoog" fÓwp" fiejcpvknnqp" tgewkv" 67"u" §" 3372̇E" rwku" ffiecrfi" cw"
uwnhcvg"fg"uqfkwo"guv"rtfiugpvfi"uwt"nc"Hkiwtg"720"Gp"rnwu"fgu"rkeu"fw"uwduvtcv"gv"fg"swgnswgu"rkeu"rgw"
kpvgpugu"kuuwu"fg"*Hg.Et+4Q5"tfiukfwgn."nc"rjcug"okpgwtg"rgwv"‒vtg"encktgogpv"kfgpvkhkfig0"Egvvg"rjcug"guv"
cvvtkdwfig"§"wp"qz{fg"okzvg"fg"pkqdkwo"gv"fg"vkvcpg"*Pd2.;7Vk2.;7+Q6"pqvfig"PdVkQ60"NÓkfgpvkhkecvkqp"fg"nc"
rjcug"okpgwtg."crtflu"finkokpcvkqp"fw"urkpgnng"gv"fg"nc"uqnwvkqp"uqnkfg."rtqwxg"swg"PdVkQ6"pg"ug"ukvwg"
rcu"gp"uwthceg"fg"nc"eqwejg"fÓqz{fg."ocku"gp"rtqhqpfgwt"cw"pkxgcw"fg"nÓkpvgthceg"ofivcn1qz{fg0""
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Figure 50."FTZ"uqwu"kpekfgpeg"tcucpvg"okug"gp"Íwxtg"uwt"wp"fiejcpvknnqp"ffiecrfi"rct"xqkg"fingevtqn{vkswg"cw"
uwnhcvg"fg"uqfkwo"crtflu"wp"tgewkv"fg"67"u"§"3372̇E0"

I.3.2. Morphologie de la couche d’oxyde

Ngu"oqtrjqnqikgu"fg"uwthceg"fgu"eqwejgu"fÓqz{fg" hqtofigu"§"3222"gv"3322̇E"uqpv"rtfiugpvfigu" uwt" nc"
Hkiwtg"730"É"3222̇E."nc"uwthceg"fg"nÓqz{fg"rtfiugpvg"wp"curgev"vtflu"nkuug."cnqtu"swÓ§"3322̇E"nc"uwthceg"
guv"tgeqwxgtvg"fg"rgvkvu"itckpu"pqfwncktgu0"Egu"rgvkvu"pqfwngu"qdugtxfiu"§"3322̇E."uqpv"oku"gp"fixkfgpeg"
fflu"3292̇E0""

"

Figure 51."Oqtrjqnqikgu"OGD"gp"fingevtqpu"ugeqpfcktgu"fg"nc"uwthceg"fÓfiejcpvknnqpu"qz{ffiu"rgpfcpv"67"u"§"
3222̇E"gp"(a)."gv"§"3322̇E"gp"(b)0"

I.3.3. Bilan 

Nqtu"fw"tgewkv"fg"nc"pwcpeg"663."§"3222̇E."uqwu"Q41J4Q1EQ41P4."kn"ug"hqtog"wpg"hkpg"eqwejg"fÓqz{fg"
fg"swgnswgu"fk¦ckpgu"fg"pcpqoflvtgu"fÓfirckuugwt0"Egvvg"eqwejg"guv"eqorqufig"fg"*Hg.Et+4Q5"tkejg"gp"hgt"
gv"fÓwp"okpeg"hkno"fg"uknkeg"§"nÓkpvgthceg"ofivcn1qz{fg0"Nc"oqtrjqnqikg"fg"eg"hkno"pÓc"rcu"fivfi"qdugtxfig0"
Nc"rctvkg"gzvgtpg"fg" nc"eqwejg"fÓqz{fg"guv"gptkejkg"gp"ocpicpflug."ucpu"swg" ng"urkpgnng"pg"uqkv"rqwt"
cwvcpv"ffivgevfi0"Gphkp."uqwu"nc"eqwejg"fg"uknkeg."ng"uwduvtcv"guv"gptkejk"gp"pkqdkwo0"""
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Nqtu"fw"tgewkv"§"3322̇E."wpg"eqwejg"fÓqz{fg"fg"422"po"fÓfirckuugwt"ug"hqtog0"Nc"rctvkg"gzvgtpg"fg"nc"
eqwejg" fÓqz{fg" guv" eqpuvkvwfig" fw" urkpgnng" Op3.7Et3.7Q6." gv" nc" rctvkg" kpvgtpg" fg" Et4Q50" NÓkpvgthceg"
ofivcn1qz{fg" guv" octswfig" rct" wp" hkno" fg" uknkeg0" Fg" rnwu." PdVkQ6" guv" rtfiugpv" cw" pkxgcw" fg" egvvg"
kpvgthceg0""""

I.4. Discussion 

I.4.1. Caractérisation de la couche d’oxyde

NÓqz{fcvkqp"fg"nÓcekgt"663"§"3282̇E"cw"HVE."rgpfcpv"52"u."uqwu"ofincpig"Q41J4Q1EQ41P4."eqpfwkv"§"
nc"hqtocvkqp"fÓwpg"eqwejg"fÓqz{fg"eqpuvkvwfig."fg"nc"uqnwvkqp"uqnkfg"*Hg.Et+4Q5"tkejg"gp"hgt"gv"fg"Hg4Q50"
NÓkpvgthceg" ofivcn1qz{fg" guv" octswfig" rct" nc" rtfiugpeg" fÓwp" hkno" fg" UkQ4" coqtrjg." rnwu" qw" oqkpu"
eqpvkpw0"Nqtuswg"nc"fwtfig"fÓqz{fcvkqp"cwiogpvg."nc"uqnwvkqp"uqnkfg"uÓgptkejkv"gp"ejtqog"gv"nc"ejtqokpg"
etq¶v" cw" ffivtkogpv" fg" nÓjfiocvkvg0" Fg" rnwu." nc" eqwejg" fÓqz{fg" fgxkgpv" fwrngz" cxge" nc" etqkuucpeg" fw"
urkpgnng"Op3.7Et3.7Q6"§"nÓkpvgthceg"gzvgtpg"]7;_0"Wpg"rjcug"okpgwtg"cvvtkdwfig"§"PdVkQ6"guv"fiicngogpv"
nqecnkufig"cw"pkxgcw"fg"nÓkpvgthceg"kpvgtpg0""

Ngu" o‒ogu" eqpuvcvcvkqpu" uqpv" fivcdnkgu" nqtu" fw" tgewkv" fg" nÓcekgt" cw" HCUC." rgpfcpv" 67"u." rqwt" fgu"
vgorfitcvwtgu" eqortkugu" gpvtg" 3222" gv" 3372̇E0" É" ucxqkt." nÓgptkejkuugogpv" gp" ejtqog" fg" nc" eqwejg"
fÓqz{fg"cxge" nc" vgorfitcvwtg." nc" etqkuucpeg"fg"PdVkQ6"rqwt"fgu" vgorfitcvwtgu" uwrfitkgwtgu" §"3292̇E0"
Ocnitfi"egu"rctcnnflngu."pqwu"pg"eqorctgtqpu"rcu"ngu"tfiuwnvcvu"fktgevgogpv"gpvtg"gwz."ect"ngu"oqpvfigu"gp"
vgorfitcvwtg"fgu"fiejcpvknnqpu"gv"ngu"xkvguugu"fg"ic¦"uqpv"fkhhfitgpvgu"gpvtg"ngu"fgwz"hqwtu"*cf."Ejcr0"KK/KK+0"""""

Nc" rjcug" urkpgnng" Op3.7Et3.7Q6" guv" rtfiugpvg" fcpu" nc" eqwejg" fÓqz{fg" hqtofig" §" 3282̇E." uqwu"
Q41J4Q1EQ41P4."wpkswgogpv"rqwt"fgu"fwtfigu"uwrfitkgwtgu"§"52"u0"Cnqtu"swg"uqwu"Q41P4."ng"urkpgnng"guv"
ffil§" ffivgevfi" §" 52"u0" Nc" hqtocvkqp" fg" nc" ejtqokvg" fg"ocpicpflug" ugodng" uwtxgpkt" wpkswgogpv" crtflu"
nÓfivcdnkuugogpv"fg"nc"ejtqokpg0"Ucgmk"et al."]5;_"rtqrqugpv"wp"ofiecpkuog"fg"hqtocvkqp"fw"urkpgnng"§"
nÓkpvgthceg" qz{fg1ic¦." gp" fgwz" fivcrgu0" Nc" rtgokfltg" eqttgurqpf" §" nc" tfifwevkqp" fg" nÓqz{fg"Op4Q5" gp"
OpQ"uwkxcpv"nc"tficevkqp"<""

· 4"Op4Q5"s"6"OpQ"-"Q4" " " " " " " " ]KKK03_"

Nqtu"fg"nÓfivcrg"uwkxcpvg."ng"urkpgnng"OpEt4Q6"ug"hqtog"§"rctvkt"fg"OpQ"gv"Et4Q5."uwkxcpv"nc"tficevkqp"<""""

· OpQ"-"Et4Q5"s"OpEt4Q6" " " " " " " " ]KKK04_"

Nc"rtfiugpeg"fg"nÓqz{fg"Op4Q5"c"fivfi"qdugtxfig"uwt"nÓcekgt"652"crtflu"7"okp"§":22̇E"uqwu"ckt" ]58_0"Egv"
qz{fg" rgwv" gzrnkswgt" ng" hqtv" gptkejkuugogpv" gp"ocpicpflug" fg" nc" uwthceg"oku" gp" fixkfgpeg" fflu" 52" u"
fÓqz{fcvkqp" uqwu"Q41J4Q1EQ41P4." cnqtu" swg" ng" urkpgnng" pÓguv" rcu" kfgpvkhkfi" rct"FTZ" uqwu" kpekfgpeg"
tcucpvg0"Kn"gp"guv"fg"o‒og"crtflu"wpg"qz{fcvkqp"cw"HCUC"fg"67"u."§"3222̇E0"""

Nc"rjcug"PdVkQ6"guv"ffivgevfig"wpkswgogpv"§"rctvkt"fg"82"u"fÓqz{fcvkqp"§"3282̇E"cw"HVE."gv"rqwt"ngu"
vgorfitcvwtgu"uwrfitkgwtgu"§"3292̇E"rqwt"fgu"qz{fcvkqpu"fg"67"u"cw"HCUC0"Nc"hqtocvkqp"fg"egv"qz{fg"
pfieguukvg"nc"rtfiugpeg"fg"pkqdkwo"gv"fg"vkvcpg"gp"uqnwvkqp"fcpu"ng"ofivcn0"Qt"nc"pwcpeg"663"eqpvkgpv"wpg"
vgpgwt"gp" vkvcpg"nkdtg"fg"2.2:"'"gv"wpg"vgpgwt"gp"pkqdkwo"nkdtg"fg"2.67"'0"Nc"fkuewuukqp"fg"eg"rqkpv"
ugtc"ffixgnqrrfig"rnwu"gp"ffivckn"fcpu"nc"rctvkg"ffifkfig"§"nÓghhgv"fgu"finfiogpvu"okpgwtu0""
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I.4.2. Effet de la vapeur d’eau 

Nqtu"fgu"swcvtg/xkpiv/fkz"rtgokfltgu"ugeqpfgu"f)qz{fcvkqp."nc"ekpfivkswg"fg"rtkug"fg"ocuug"uwkv"wpg"nqk"
nkpficktg"uqwu"cvoqurjfltgu"jwokfgu"gv"uqwu"cvoqurjfltg"uflejg0"Egvvg"nqk" kornkswg"swg"nc"ekpfivkswg"guv"
nkokvfig" rct" ngu" tficevkqpu" cwz" kpvgthcegu"<" gzvgtpg" gv1qw" kpvgtpg0" Uk" nc" ekpfivkswg" guv" nkokvfig" rct" ngu"
tficevkqpu"§"nÓkpvgthceg"gzvgtpg."egnc"tgxkgpv"§"eqpukffitgt"swg"nc"fkhhwukqp"fgu"ecvkqpu"ofivcnnkswgu"fcpu"ng"
hkno"fÓqz{fg"guv"rnwu"tcrkfg"swg"n)cfuqtrvkqp"fgu"gurflegu"ic¦gwugu"gv"ngwtu"tficevkqpu"cxge"ngu"ecvkqpu"
ofivcnnkswgu0"Fg"o‒og."uk"nc"ekpfivkswg"guv"nkokvfig"rct"ngu"tficevkqpu"§"nÓkpvgthceg"kpvgtpg."egnc"kornkswg"
swg" nÓcfuqtrvkqp" fgu" gurflegu" ic¦gwugu" gv" nc" fkhhwukqp" fg" egnngu/ek" fcpu" ng" hkno" fÓqz{fg" uqpv" rnwu"
tcrkfgu"swg"ngwtu"tficevkqpu"cxge"ngu"ecvkqpu"ofivcnnkswgu"]82_0""

Dcodc"et al."qpv"ffioqpvtfi"swg"nÓqz{fcvkqp"fÓwp"cekgt"Hg/37"Et"uqwu"qz{iflpg"tfiuwnvg"fg"nc"fkhhwukqp"fw"
ejtqog."xgtu"nÓkpvgthceg"gzvgtpg0"Cnqtu"swg."uqwu"xcrgwt"fÓgcw."eg"uqpv"ngu"gurflegu"j{ftqz{ngu."kuuwgu"
fg" nÓcfuqtrvkqp" fg" nc" xcrgwt" fÓgcw." swk" fkhhwugpv" xgtu" nÓkpvgthceg" kpvgtpg" ]83_0" Egu" tfiuwnvcvu" uqpv"
eqphktofiu"rct"nÓfivwfg"fg"nÓcekgt"652"§":72̇E"uqwu"P41J4Q"]84_0"Ckpuk"fqpe."uqwu"Q41P4."nc"ekpfivkswg"
fgu" rtgokfltgu" ugeqpfgu" fÓqz{fcvkqp" ugtc" nkokvfig" rct" nc" tficevkqp" fg" uwthceg" §" nÓkpvgthceg" qz{fg1ic¦0"
Cnqtu"swg"uqwu"J4Q1P4."nc"ekpfivkswg"ugtc"nkokvfig"uqkv"rct"nc"tficevkqp"fÓcfuqtrvkqp"fg"nc"xcrgwt"fÓgcw"§"
nÓkpvgthceg"gzvgtpg."uqkv"rct"nc"tficevkqp"fg"nÓgurfleg"j{ftqz{ng"cxge"ngu"ecvkqpu"ofivcnnkswgu"§"nÓkpvgthceg"
kpvgtpg0""""

Gp"rtfiugpeg"fgu"fgwz"ic¦"fcpu" nÓcvoqurjfltg." uqwu"Q41J4Q1EQ41P4." nc"ekpfivkswg"guv"eqpvt»nfig"rct" nc"
xcrgwt"fÓgcw0"Ngu"eqpuvcpvgu"ekpfivkswgu"nkpficktgu"gp"rtfiugpeg"fg"xcrgwt"fÓgcw"uqpv"fw"o‒og"qtftg"fg"
itcpfgwt." eqortkugu" gpvtg" 2.72"gv" 2.82"-i0eo&40u&3." gv" uqpv" fgwz" hqku" uwrfitkgwtgu" §" egnng" ffivgtokpfig"
uqwu"qz{iflpg"*2.47"-i0eo&40u&3+0"""

Eg" eqpvt»ng" fg" nÓqz{fcvkqp" rct" nc" xcrgwt" fÓgcw" ug" tgvtqwxg" fcpu" nc" pcvwtg" ejkokswg" fg" nc" eqwejg"
fÓqz{fg0"Nqtu"fflu"vqwvgu"rtgokfltgu"ugeqpfgu"f)qz{fcvkqp."kn"gzkuvg"wpg"eqorfivkvkqp"gpvtg"n)qz{fcvkqp"
fw" hgt" gv" egnng" fw" ejtqog0" Ng" rtgokgt" qz{fg" hqtofi" *ffivgevfi" crtflu" 52"u" fÓqz{fcvkqp+" ffirgpf" fg" nc"
pcvwtg" fg" nÓcvoqurjfltg0" Uqwu" cvoqurjfltg" J4Q1P4" nc" hqtocvkqp" fg" n)jfiocvkvg" guv" rtkxknfiikfig" cw"
ffivtkogpv" fg" nc" ejtqokpg0" Egu" qdugtxcvkqpu" eqttqdqtgpv" ng" ofiecpkuog" fivcdnk" rct" Icngtkg" et al."
eqpegtpcpv"ng"t»ng"fg"nc"xcrgwt"fÓgcw"]85."86_0"Ngu"qz{fgu"fg"hgt"ecvcn{ugpv"nc"fkuuqekcvkqp"fgu"nkckuqpu"
JÎQÎJ0""

Uqwu" cvoqurjfltg"Q41P4." nc" hqtocvkqp" fg" nc" ejtqokpg" guv"okug" gp" fixkfgpeg" fflu" ngu" vtgpvg" rtgokfltgu"
ugeqpfgu"fÓqz{fcvkqp0"Nqtuswg" ngu"fgwz"gurflegu" uqpv"rtfiugpvgu"fcpu" nÓcvoqurjfltg." eg"swk"guv" ng"ecu"
rqwt"ng"ofincpig"Q41J4Q1EQ41P4."nÓjfiocvkvg"ug"hqtog0"Pqwu"rqwxqpu"fqpe"gp"ffifwktg"swg."fcpu"pqvtg"
u{uvflog."nÓghhgv"fg"nc"xcrgwt"fÓgcw"guv"rtfifqokpcpv"rct"tcrrqtv"§"nÓghhgv"fg"nÓqz{iflpg0"Nqtuswg"nc"fwtfig"
fÓqz{fcvkqp" cwiogpvg." uqwu" cvoqurjfltgu" jwokfgu." wp" hqtv" gptkejkuugogpv" gp" ejtqog" fg" nc" eqwejg"
fÓqz{fg"guv"qdugtxfi0"Nc"rtfiugpeg"fg"nc"ejtqokpg"guv"okug"gp"fixkfgpeg"rct"urgevtqueqrkg"Tcocp0"""

Gp" cikuucpv" uwt" nc" pcvwtg" ejkokswg" fg" nc" eqwejg" fÓqz{fg." nc" xcrgwt" fÓgcw" c" fqpe" wpg" kphnwgpeg"
kpfktgevg"uwt" nÓcrrctkvkqp"fw"urkpgnng"Op3.7Et3.7Q60"Nc"hqtocvkqp"fw"urkpgnng"pfieguukvg" nc"rtfiugpeg"fg"
Et4Q50"Qt" nqtu" fgu" vqwvgu" rtgokfltgu" ugeqpfgu" fÓqz{fcvkqp." nc" hqtocvkqp"fg"Hg4Q5" guv" rtkxknfiikfig" gp"
rtfiugpeg" fg" xcrgwt" fÓgcw" fcpu" nÓcvoqurjfltg0" Nc" xcrgwt" fÓgcw" tgvctfg" fqpe" nc" etqkuucpeg" fg" nc"
ejtqokvg"fg"ocpicpflug0"
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Ngu"tfiuwnvcvu"gzrfitkogpvcwz"oqpvtgpv"encktgogpv"swg."fflu"ngu"rtgokgtu"uvcfgu"fÓqz{fcvkqp."nc"xcrgwt"
fÓgcw"c" wpg" kphnwgpeg"fÓwpg" rctv." uwt" ngu" ekpfivkswgu"fg" rtkug"fg"ocuug" gv" fÓcwvtg" rctv." uwt" nc" pcvwtg"
ejkokswg"fg"nc"eqwejg"fÓqz{fg0"

I.4.3. Évaporation de la chromine  

Fg" pqodtgwz" vtcxcwz" hqpv" nÓqdlgv" fg" nÓfivwfg" fg" nÓfixcrqtcvkqp" fg" nc" ejtqokpg" ]87/8;_0" Gp" rtfiugpeg"
fÓqz{iflpg" uge." §" jcwvg" vgorfitcvwtg." nc" ejtqokpg" guv" uwuegrvkdng" fg" uÓqz{fgt" uqwu" hqtog" fÓgurflegu"
xqncvkngu0"Nc"ffiitcfcvkqp"fg"nc"ejtqokpg"uÓfietkv"<"

· +"Et4Q5"*u+"-"-"Q4"*i+"?"EtQ5"*i+"" " " " " " " ]KKK05_"

Nqtuswg"nÓcvoqurjfltg"eqpvkgpv"§"nc"hqku"fg"nc"xcrgwt"fÓgcw"gv"fg"nÓqz{iflpg."cnqtu"nc"ejtqokpg"rgwv"ug"
xqncvknkugt"uqwu"hqtog"fÓgurflegu"j{ftqz{fgu"gv"qz{/j{ftqz{fgu"ugnqp"ngu"tficevkqpu""

· +"Et4Q5"*u+"-"J4Q"*i+"-"-"Q4"*i+"?"EtQ4*QJ+4"*i+" " " " " ]KKK06_"
· +"Et4Q5"*u+"-"+"J4Q"*i+"-"+"Q4"*i+"?"EtQ4*QJ+"*i+" " " " " ]KKK07_"

Fcpu" ng" ecu" q́" nc" ejtqokpg" hqtog" cxge" nÓjfiocvkvg" nc" uqnwvkqp" uqnkfg" *Hg3&x.Etx+4Q5" nc" tficevkqp"
fÓfixcrqtcvkqp"fw"ejtqog"fgxkgpv"]92_"<"

· +"*Hg3&x.Etx+4Q5"*u+"-"x"J4Q"*i+"-"-"x"Q4"*i+"?"x"EtQ4*QJ+4"*i+"-"+"*3&x+"Hg4Q5"*u+"""" ]KKK08_""

NÓfixcrqtcvkqp"fg"nc"ejtqokpg"pfieguukvg"nc"rtfiugpeg"fÓQ4"fcpu"nÓcvoqurjfltg"qw"nc"rtfiugpeg"eqwrnfig"fg"
J4Q"gv"Q40"

NÓfixqnwvkqp"fg"nc"rtguukqp"rctvkgnng"fÓfiswknkdtg"fgu"fkhhfitgpvgu"gurflegu"kuuwgu"fg"nc"ffiitcfcvkqp"fg"nc"
ejtqokpg" gpvtg" :22" gv" 3422̇E." uqwu" Q41J4Q1EQ41P4." guv" rtfiugpvfig" uwt" nc" Hkiwtg" 740" Ngu" ecnewnu"
vjgtoqf{pcokswgu"qpv"fivfi"ghhgevwfiu"§"nÓckfg"fg"HcevUcig"]93_."rqwt"wp"hqtv"gzeflu"fÓcvoqurjfltg."ocku"
gp"ictfcpv"ngu"rtqrqtvkqpu"fw"ofincpig"ic¦gwz"*51381:195"'"xqn0+0"Nc"Hkiwtg"74"oqpvtg"swg"nc"rtguukqp"
rctvkgnng" fÓfiswknkdtg" fgu" gurflegu" xqncvkngu" cwiogpvg" cxge" nc" vgorfitcvwtg0" Rqwt" ngu" rnwu" dcuugu"
vgorfitcvwtgu." nÓgurfleg" oclqtkvcktg" hqtofig" guv" EtQ4*QJ+4" cnqtu" swÓ§" rctvkt" fg" ;82̇E." nÓgurfleg"
oclqtkvcktg"fgxkgpv"EtQ50""""""
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Figure 52."Xctkcvkqp"fgu"rtguukqpu"rctvkgnngu"f)fiswknkdtg"fgu"gurflegu"xqncvkngu"rtkpekrcngu"fw"ejtqog"gp"hqpevkqp"
fg"nc"vgorfitcvwtg."rqwt"nÓcvoqurjfltg"*Q41J4Q1EQ41P4"51381:195"'"xqn0+0"

Ngu"ecnewnu"uqpv"fiicngogpv"tficnkufiu"uqwu"ngu"cwvtgu"cvoqurjfltgu0"Rqwt"ngu"vtqku"cvoqurjfltgu"fivwfkfigu."
ngu" rtguukqpu" rctvkgnngu" fÓfiswknkdtg" fg" ejcswg" eqorqufi" xqncvkn" hqtofi" §" 3282̇E." uqpv" nkuvfigu" fcpu" ng"
Vcdngcw"330"Eqoog"cvvgpfw." nc"xqncvknkucvkqp"fg" nc"ejtqokpg"guv"pfiinkigcdng"uqwu"J4Q1P4."gv"gnng"ug"
ffitqwng"uwkxcpv"nc"tficevkqp"KKK05"uqwu"Q41P4"gv"Q41J4Q1EQ41P40"

"""Tableau 11."Rtguukqpu"rctvkgnngu"f)fiswknkdtg"§"3282̇E"fgu"gurflegu"xqncvkngu"rqwt"ejcswg"cvoqurjfltg0"

Gurflegu" Rtguukqpu"rctvkgnngu"fÓfiswknkdtg"*cvo+"
Q41P4" J4Q1P4" Q41J4Q1EQ41P4"

EtQ5" 5.8;032&:" 6.;4032&33" 5.92032&:"
EtQ4*QJ+4" /" ;.95032&33" 3.36032&:"
EtQ4*QJ+" /" 3.74032&33" :.25032&;"

"

Ngu" ecnewnu" fgu" rtguukqpu" rctvkgnngu" fgu" gurflegu" xqncvkngu." pqwu" rgtogvvgpv" fg" ffivgtokpgt" ng" hnwz"
oczkowo" fÓfixcrqtcvkqp" §" nÓckfg" fw" oqfflng" fg" Mpwfugp" ]94_" gv" tgoqpvgt" §" nc" rgtvg" fg" ocuug"
gpigpftfig"rct"nc"xqncvknkucvkqp"fg"nc"ejtqokpg0"Uqwu"ngu"cvoqurjfltgu"Q41P4"gv"Q41J4Q1EQ41P4."ng"hnwz"
fg" EtQ5" guv" guvkofi" §" 6.65032&6"oi0eo&40u&30" É" rctvkt" fg" egvvg" xcngwt." pqwu" uqoogu" gp" oguwtg" fg"
ecnewngt"nc"rgtvg"fg"ocuug"fg"Et4Q5"rqwt"ngu"fkhhfitgpvgu"fwtfigu"fÓqz{fcvkqp0"É"3282̇E."nc"xqncvknkucvkqp"
fg" nc" ejtqokpg" uqwu" nc" hqtog" fg" EtQ5" rgwv" gpvtc¶pgt" fgu" rgtvgu" fg"ocuug"oczkocng" fg" nÓqtftg" fg"
32&4"oi0eo&4"rqwt"52"u."4032&4"oi0eo&4"rqwt"82"u"gv"5032&4"oi0eo&4"rqwt";2"u"fÓqz{fcvkqp" *Cppgzg"
E+0"Egu"ecnewnu"pg"rtgppgpv"rcu"gp"eqorvg" nc"rtfiugpeg"fg" nc"ejtqokvg"fg"ocpicpflug."fcpu" nc"rctvkg"
gzvgtpg"fg"nc"eqwejg"fÓqz{fg."swk"uÓcxfltg"tfifwktg"nÓfixcrqtcvkqp"fw"ejtqog"]8;_0"

Pqu"tfiuwnvcvu"gzrfitkogpvcwz"pg"rgtogvvgpv"rcu"fg"ogvvtg"gp"fixkfgpeg"wpg"fixgpvwgnng"xqncvknkucvkqp"fg"
nc"ejtqokpg0"Ngu"firckuugwtu"fg"eqwejg"fÓqz{fg"ecnewnfigu"§"rctvkt"fgu"ickpu"fg"ocuug"uwtguvkogpv"ngu"
firckuugwtu"oguwtfigu" rct" UFN" *Hkiwtg" 75+0"FÓcwvtg" rctv." gp" eqorctcpv" egu" firckuugwtu" ecnewnfigu" cwz"
firckuugwtu"fixcnwfigu"cw"OGD."kn"gzkuvg"fgu"fiectvu"vtflu"korqtvcpvu0"Egu"fiectvu"uqpv"cwuuk"dkgp"qdugtxfiu"
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uqwu" ngu" cvoqurjfltgu" Q41P4." Q41J4Q1EQ41P4." rqwt" nguswgnngu" nc" xqncvknkucvkqp" fg" nc" ejtqokpg" rgwv"
uwtxgpkt."swg"uqwu"J4Q1P40"""

"

Figure 53."Eqorctckuqp"gpvtg"ngu"firckuugwtu"fgu"eqwejgu"f)qz{fg"ecnewnfigu"§"rctvkt"fgu"ickpu"fg"ocuug"gv"ngu"
firckuugwtu"ffivgtokpfigu"rct"UFN0"Ngu"eqwejgu"fÓqz{fgu"qpv"fivfi"hqtofigu"crtflu"fgu"tgewkvu"cw"HVE"§"3282̇E"uqwu"

Q41J4Q1EQ41P40"

" "
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II. Effet des éléments mineurs 

Fcpu"eg"rctcitcrjg."pqwu"pqwu"kpvfitguuqpu"§"nÓghhgv"fgu"finfiogpvu"okpgwtu"pkqdkwo."vkvcpg"gv"uknkekwo0"
Rqwt"fivwfkgt" nÓghhgv"fw"pkqdkwo." ngu" kpxguvkicvkqpu"rqtvgtqpv" uwt" ng"eqorqtvgogpv"fÓwpg"pwcpeg"ucpu"
pkqdkwo"*65;"uvcdknkufi"Vk+0"Rwku."rqwt"ogvvtg"gp"fixkfgpeg"nÓghhgv"fg"nc"vgpgwt"gp"pkqdkwo."fgu"eqwnfigu"
fg" ncdqtcvqktg" ucpu" vkvcpg." ocku" eqpvgpcpv" fkhhfitgpvu" vcwz" fg" pkqdkwo" *2.;." 2.8" gv" 2.5"'"
ocuukswg+"ugtqpv" fivwfkfigu0"Gphkp." nÓghhgv" fw" uknkekwo" uwt" nÓqz{fcvkqp" ugtc" fivwfkfi"rct" eqorctckuqp" fw"
eqorqtvgogpv"fg"nc"eqwnfig"§"2.8"'"Uk"/"2.8"'"Pd"cxge"wpg"eqwnfig"uwrrnfiogpvcktg"eqpvgpcpv"2.5"'"Uk"/
"2.8"'"Pd0""""""

II.1. Comportement de l’acier 439 (Ti)

II.1.1. Étude cinétique 

NÓfixqnwvkqp"fg"ocuug"fg"nÓcekgt"65;"qz{ffi"§"3282̇E."uqwu"cvoqurjfltg"Q41J4Q1EQ41P4"guv"rtfiugpvfig"
uwt"nc"Hkiwtg"760"Nc"ekpfivkswg"fg"rtkug"fg"ocuug"fg"nÓcekgt"uwkv"wpg"nqk"nkpficktg"rctcdqnkswg0"Nc"nqk"guv"
nkpficktg"rqwt"fgu"fwtfigu"fÓqz{fcvkqp"kphfitkgwtgu"§";2"u."gv"rctcdqnkswg"cw/fgn§0"Nc"eqpuvcpvg"ekpfivkswg"
fg"nc"rctvkg"nkpficktg"ml"guv"guvkofig"§"3.24"-i0eo&40u&30""

"

Figure 54."Ekpfivkswg"fkueqpvkpwg"f)qz{fcvkqp"fg"n)cekgt"65;"§"3282̇E"uqwu"cvoqurjfltg"Q41J4Q1EQ41P40"

II.1.2. Caractérisation physico-chimique de la couche d’oxyde

Ngu"eqwejgu"fÓqz{fg"hqtofigu"crtflu"qz{fcvkqp"§"3282̇E"rqwt"fgu"fwtfigu"eqortkugu"gpvtg"52"gv";2"u"
uqpv"ectcevfitkufigu"rct"FTZ"uqwu"kpekfgpeg"tcucpvg"gv"urgevtqueqrkg"Tcocp0"Ngu"fkhhtcevqitcoogu"gv"
urgevtgu"Tcocp"gptgikuvtfiu"crtflu"52"gv"82"u"uqpv"rtfiugpvfiu"tgurgevkxgogpv"uwt"ngu"Hkiwtgu"77"*c+"gv"*d+0"
Rqwt" fgu" qz{fcvkqpu" fg" 52" gv" 82" u." ngu" eqwejgu" fÓqz{fg" hqtofigu" uqpv" tgncvkxgogpv" ugodncdngu0" Ng"
urkpgnng"Op3.7Et3.7Q6."nc"uqnwvkqp"uqnkfg"*Hg.Et+4Q5."ckpuk"swg"nc"rjcug"okpgwtg"uqpv"ffivgevfiu"fflu"52"u0"
Rqwt" egvvg" fwtfig" fÓqz{fcvkqp." nc" uqnwvkqp" uqnkfg" guv" gptkejkg" gp" ejtqog0"Fg" rnwu." nc" rtfiugpeg" fg" nc"
ejtqokpg"guv"tfixfinfig"rct"urgevtqueqrkg"Tcocp0"""""
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Figure 55."Fkhhtcevqitcoogu"gp"(a)"gv"urgevtgu"Tcocp"gp"(b)"gptgikuvtfiu"crtflu"qz{fcvkqp"§"3282̇E"fg"52"gv"82"u"
uqwu"Q41J4Q1EQ41P40"

Rqwt" cpcn{ugt" rnwu" gp" ffivckn." nc" rjcug" okpgwtg" fiicngogpv" rtfiugpvg" uwt" egvvg" pwcpeg." nc" uwthceg" fg"
nÓfiejcpvknnqp"guv"ectcevfitkufig"rct"FTZ"uqwu"kpekfgpeg"tcucpvg."crtflu"finkokpcvkqp"fgu"qz{fgu"tkejgu"gp"
ejtqog0" Egrgpfcpv." eqorvg" vgpw" fg" nc" vcknng" fgu" fiejcpvknnqpu" qz{ffiu" fcpu" ng" hqwt" vwdwncktg"
eqpxgpvkqppgn." nÓfinkokpcvkqp" fgu" qz{fgu" tkejgu" gp" ejtqog" rct" ffiecrcig" fingevtqn{vkswg" pÓguv" rcu"
rquukdng0" Ckpuk." fgu" fiejcpvknnqpu" fg" itcpfgu" fkogpukqpu" qpv" fivfi" qz{ffiu" cw" HCUC" §" 3322̇E" rwku"
ffiecrfiu." rct" xqkg" fingevtqn{vkswg." cw" uwnhcvg" fg" uqfkwo0"Fcpu" egu" eqpfkvkqpu" fÓqz{fcvkqp." nc" eqwejg"
hqtofig" nqtu" fw" tgewkv" guv" eqpuvkvwfig" fgu"o‒ogu" rjcugu"<" urkpgnng." tjqodqfiftkswg" gv"okpgwtg0"Crtflu"
finkokpcvkqp"fgu"qz{fgu"tkejgu"gp"ejtqog."ng"fkhhtcevqitcoog"tfixflng"swg."gp"rnwu"fgu"rkeu"fw"uwduvtcv."
cwewpg"rjcug"uwrrnfiogpvcktg"pÓguv"ffivgevfig0"Eg"swk"kpfkswg"swg"nc"rjcug"okpgwtg"fqkv"‒vtg"nqecnkufig"gp"
uwthceg"fg"nc"eqwejg"fÓqz{fg"gv"finkokpfig"nqtu"fw"ffiecrcig"fgu"qz{fgu"tkejgu"gp"ejtqog0""

"

Figure 56."FTZ"uqwu"kpekfgpeg"tcucpvg"okug"gp"Íwxtg"uwt"wp"fiejcpvknnqp"ffiecrfi"rct"xqkg"fingevtqn{vkswg"cw"
uwnhcvg"fg"uqfkwo"crtflu"wp"tgewkv"fg"67"u"§"3322̇E0"
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Ocnitfi"nc"rtfiugpeg"fÓwp"ugwn"rke."nc"rjcug"okpgwtg"guv"vqwv"fg"o‒og"cvvtkdwfig"§"VkQ40"Rqwt"lwuvkhkgt"eg"
ejqkz." pqwu" pqwu" crrw{qpu" uwt" ngu" tfiuwnvcvu" fg" nc" nkvvfitcvwtg" gv" uwt" nÓcpcn{ug" UFN" fg" nÓfiejcpvknnqp0"
FÓwpg" rctv." egvvg" rjcug" guv" ifipfitcngogpv" qdugtxfig" uwt" ngu" pwcpegu" uvcdknkufigu"Vk" ]49_0"FÓcwvtg" rctv."
nÓcpcn{ug" UFN" fÓwp" fiejcpvknnqp" qz{ffi" rgpfcpv" 67"u" §" 3292̇E." oqpvtg" encktgogpv" wp" hqtv"
gptkejkuugogpv"gp"vkvcpg"fg"nc"uwthceg"*Hkiwtg"79+0""""""

"

Figure 57."Urgevtg"UFN"gptgikuvtfi"crtflu"wpg"qz{fcvkqp"cw"HCUC"fg"67"u"§"3292̇E0"

II.1.3. Morphologie de la couche d’oxyde

Nc"Hkiwtg"7:"rtfiugpvg"nc"oqtrjqnqikg"fg"uwthceg"gv"fg"eqwrg"vtcpuxgtucng"fÓwp"fiejcpvknnqp"qz{ffi"82"u"
§" 3282̇E0" Gp" uwthceg." nc" eqwejg" fÓqz{fg" guv" eqpuvkvwfig" fg" itckpu" fg" vtflu" rgvkvg" vcknng" *swgnswgu"
egpvckpgu"fg"pcpqoflvtgu+"swk"ugodngpv"cxqkt"eqcnguefi"rct"gpftqkvu0"Fgu"pqfwngu"urjfitkswgu."fg"itcpfgu"
fkogpukqpu" *4"-o" fg" fkcoflvtg+." cuug¦" hcegvvfiu" uqpv" rtfiugpvu" gp" uwthceg0" Egu" pqfwngu." hqtvgogpv"
gptkejku"gp"vkvcpg."uqpv"cvvtkdwfiu"§"VkQ40"Gp"eqwrg"vtcpuxgtucng."nc"eqwejg"fÓqz{fg"rtfiugpvg"wp"curgev"
eqorcev" gv" eqpvkpw0"Wp" hkno"fg" uknkeg" rnwu" qw"oqkpu" eqpvkpw"octswg" nÓkpvgthceg"ofivcn1qz{fg0"Pqwu"
pqvqpu"fiicngogpv"nc"rtfiugpeg"fg"rtfiekrkvfiu."gptkejku"gp"vkvcpg."nqecnkufiu"fcpu"ng"uwduvtcv"uqwu"nc"eqwejg"
fÓqz{fg0"Egu"rtfiekrkvfiu"rtqxkgppgpv"fg"nÓqz{fcvkqp"kpvgtpg"fw"vkvcpg"uqwu"nc"hqtog"fg"VkQ40""""""""

"

Figure 58."Oqtrjqnqikg"OGD"gp"fingevtqpu"ugeqpfcktgu"fg"nc"uwthceg"(a)."oqtrjqnqikg"OGD1HGI"gp"fingevtqpu"
tfivtqfkhhwufiu"gp"eqwrg"vtcpuxgtucng"(b)"fÓfiejcpvknnqpu"qz{ffiu"rgpfcpv"82"u"§"3282̇E0"
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II.2. Comportement des coulées de laboratoire (Effet de Nb et Si) 

II.2.1. Cinétique 

NÓfixqnwvkqp"fg"nc"ocuug"fgu"fkhhfitgpvgu"eqwnfigu"fg"ncdqtcvqktg."cxge"nc"fwtfig"fÓqz{fcvkqp."guv"rtfiugpvfig"
uwt"nc"Hkiwtg"7;0"Ngu"Hkiwtgu"7;"*c+"gv"*d+"ogvvgpv"tgurgevkxgogpv"gp"fixkfgpeg"nÓghhgv"fg"nc"vgpgwt"gp"
pkqdkwo" gv" uknkekwo0" Eqorvg" vgpw" fw" pqodtg" fg" rqkpvu" gzrfitkogpvcwz" fqpv" pqwu" fkurquqpu." kn" guv"
fkhhkekng"fg"ffihkpkt"nc"nqk"swk"tfiikv"nc"ekpfivkswg"fg"rtkug"fg"ocuug"fgu"eqwnfigu"fg"ncdqtcvqktg0""

Gp" eg" swk" eqpegtpg" nÓghhgv" fg" nc" vgpgwt" gp" pkqdkwo." cwewpg" vgpfcpeg" encktg" pg" ug" ffiicig" rqwt" ngu"
fkhhfitgpvgu" fwtfigu" fÓqz{fcvkqp0" Kn" ugodng" swg" ng" pkqdkwo" pÓc" rcu" fÓkphnwgpeg" uwt" nc" ekpfivkswg"
fÓqz{fcvkqp"fgu"cekgtu"hgttkvkswgu0"Gp"tgxcpejg."nc"vgpgwt"gp"uknkekwo"c"wpg"hqtvg"kphnwgpeg"uwt"ng"ickp"
fg"ocuug"fgu"fiejcpvknnqpu0"Rnwu"nc"vgpgwt"gp"uknkekwo"fkokpwg"gv"rnwu"ng"ickp"fg"ocuug"guv"fingxfi0"Rqwt"
82"u."ngu"rtkugu"fg"ocuug"uqpv"fw"o‒og"qtftg"fg"itcpfgwt"*gpvtg"42"gv"52"-i0eo&4+0"Cnqtu"swg."nqtuswg"
nc"fwtfig"fÓqz{fcvkqp"cwiogpvg."fg"hqtvu"fiectvu"uqpv"eqpuvcvfiu"gpvtg"ngu"fgwz"eqwnfigu0"Nc"fkokpwvkqp"fg"
nc"vgpgwt"gp"uknkekwo"cwiogpvg"fqpe"nc"ekpfivkswg"fÓqz{fcvkqp0"Egv"ghhgv"guv"fÓcwvcpv"rnwu"xfitkhkfi"rqwt"
ngu"fwtfigu"fÓqz{fcvkqp"ngu"rnwu"fingxfigu0"

"

Figure 59."Ekpfivkswgu"f)qz{fcvkqp"§"3282̇E"fg"eqwnfigu"kpqz{fcdngu"hgttkvkswgu"uvcdknkufigu"Pd."eqpvgpcpv"
fkhhfitgpvgu"vgpgwtu"gp"Pd"gp"(a)0"Ghhgv"fg"nc"vgpgwt"gp"Uk"uwt"nc"ekpfivkswg"f)qz{fcvkqp"gp"(b)0"

II.2.2. Caractérisation de la couche d’oxyde

Nc" eqwejg" fÓqz{fg" guv" fivwfkfig" crtflu" 82"u" fÓqz{fcvkqp" rqwt" ngu" fkhhfitgpvgu" vgpgwtu" gp" pkqdkwo" gv"
uknkekwo0"NÓcpcn{ug"fg"nc"eqwejg"rct"FTZ"uqwu"kpekfgpeg"tcucpvg"tfixflng"nc"rtfiugpeg"fg"*Hg.Et+4Q5"gv"
Op3.7Et3.7Q6"swgnngu"swg"uqkgpv"ngu"vgpgwtu"gp"pkqdkwo"gv"uknkekwo0"Nc"rjcug"okpgwtg"pÓguv"swcpv"§"gnng"
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rtfiugpvg"swg"rqwt"ngu"eqwnfigu"eqpvgpcpv"2.8"gv"2.;"'"ocuukswg"fg"pkqdkwo0"Gp"nÓcdugpeg"fg"vkvcpg."nc"
rjcug" okpgwtg" rgwv" ‒vtg" cvvtkdwfig" §" PdEtQ60" Dwueckn" et al." qpv" kfgpvkhkfi" egvvg" rjcug" cw" pkxgcw" fg"
nÓkpvgthceg"ofivcn1qz{fg."uwt"wp"cnnkcig"dcug"pkemgn"qz{ffi"§"3322̇E"]95_0"Pqwu"rqwxqpu"fqpe"gpxkucigt"
swg"ngu"cvqogu"fg"ejtqog"tgorncegpv"ngu"cvqogu"fg"vkvcpg."uk"eg"fgtpkgt"guv"cdugpv"qw"pg"ug"vtqwxg"rcu"
gp"uqnwvkqp"fcpu"ng"uwduvtcv0""

Nc"uqnwvkqp"uqnkfg"*Hg.Et+4Q5"guv"hqtvgogpv"gptkejkg"gp"ejtqog"gv"egv"gptkejkuugogpv"pg"ffirgpf"rcu"fg"
nc"vgpgwt"gp"pkqdkwo0"FÓwpg"rctv."ng"ukipcn"fg"nc"ejtqokpg"guv"ffivgevfi."rct"urgevtqueqrkg"Tcocp"swgnngu"
swg" uqkgpv" ngu" vgpgwtu" gp"pkqdkwo"gv" gp" uknkekwo0"FÓcwvtg"rctv."fÓcrtflu" nc" nqk"fg"Xgictf." nc" uqnwvkqp"
uqnkfg"eqpvkgpv"wpg"vgpgwt"gp"ejtqog"fg"7;"ł"7"'0""

Crtflu"wpg"qz{fcvkqp"fg"82"u." ngu"ickpu"fg"ocuug" uqpv" tgncvkxgogpv"rtqejgu"rqwt" vqwvgu" ngu" eqwnfigu0"
Rqwt" vgpvgt" fg" ogvvtg" gp" fixkfgpeg" fÓfixgpvwgnngu" fkuvkpevkqpu" fg" nc" pcvwtg" ejkokswg" fgu" eqwejgu"
fÓqz{fg."egnngu/ek"uqpv"ectcevfitkufigu"crtflu"3:2"u"fÓqz{fcvkqp0"Gp"ghhgv."rqwt"egvvg"fwtfig."ngu"ickpu"fg"
ocuug"fgogwtgpv"rtqejgu"rqwt"wpg"o‒og"vgpgwt"gp"uknkekwo."ocku"vtflu"fkhhfitgpvu"nqtuswg"nc"vgpgwt"gp"
uknkekwo"xctkg0"Ngu" eqwejgu" fÓqz{fg"eqorqtvgpv" ngu"o‒ogu" rjcugu"swÓcrtflu" wpg" qz{fcvkqp" fg" 82"u0"
Ngu" ugwngu" fkhhfitgpegu" eqpegtpgpv" nÓkpvgpukvfi" fgu" fgwz" rjcugu" <" urkpgnng" gv" tjqodqfiftkswg" swk"
cwiogpvg"hqtvgogpv."eg"swk"vtcfwkv"nc"etqkuucpeg"fg"nc"eqwejg"fÓqz{fg0""""""""""""

II.2.3. Morphologie de la couche d’oxyde

Nc"Hkiwtg"82"rtfiugpvg" ngu"oqtrjqnqikgu"fg" uwthceg"fgu" eqwejgu"fÓqz{fg" hqtofigu" uwt" ngu"fkhhfitgpvgu"
eqwnfigu" uvcdknkufigu"pkqdkwo"crtflu"82"u"fÓqz{fcvkqp"§"3282̇E0"Uwt" vqwvgu" ngu"eqwnfigu." fgu"ffihcwvu"fg"
uwthceg"fg" nÓcekgt." nkfiu"cw" ncokpcig"§" htqkf."uqpv"qdugtxfiu"ocnitfi" nc"rtfiugpeg"fg" nc"eqwejg"fÓqz{fg0"
Fgu"pqfwngu"gv"fgu"cocu"fg"pqfwngu."hqtvgogpv"gptkejku"gp"pkqdkwo"uqpv"fkurgtufiu"uwt"vqwvg"nc"uwthceg"
fgu" fiejcpvknnqpu0" Nc" vgpgwt" gp" pkqdkwo" gv" gp" uknkekwo" pg" ugodng" rcu" kphnwgt" uwt" nc"oqtrjqnqikg" fg"
uwthceg"fgu"eqwejgu"fÓqz{fg0""
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Figure 60."Oqtrjqnqikgu"OGD"gp"fingevtqpu"ugeqpfcktgu"fg"nc"uwthceg"fgu"eqwnfigu"fg"ncdqtcvqktg"qz{ffigu"§"
3282̇E"rgpfcpv"82"u0"Eqwnfig"eqpvgpcpv"2.5'"Pd/2.8'"Uk"gp"(a)."2.8'"Pd/2.8'"Uk"gp"(b)."2.;'"Pd/2.8'"Uk"gp"

(c)""gv"2.8'"Pd/2.4'"Uk"gp"(d)0""

II.2.4. Bilan 

It¤eg" §" nÓfivwfg" fgu" eqwnfigu" fg" ncdqtcvqktg." kn" uÓcxfltg" swg" ng" pkqdkwo" pÓc" rcu" fÓkphnwgpeg" uwt" nc"
ekpfivkswg" fÓqz{fcvkqp." eqpvtcktgogpv" cw" uknkekwo0" Nc" fkokpwvkqp" fg" nc" vgpgwt" gp" uknkekwo" cwiogpvg"
eqpukffitcdngogpv" nc" ekpfivkswg" fÓqz{fcvkqp0"Eg" rjfipqoflpg" guv"qdugtxfi" rqwt" fgu" fwtfigu" fÓqz{fcvkqp"
uwrfitkgwtgu"§"82"u0"Gp"fguuqwu"fg"82"u."cwewpg"qz{fcvkqp"pÓc"fivfi"okug"gp"Íwxtg0""

II.3. Discussion  

Ngu"eqorctckuqpu"gpvtg"ngu"eqwnfigu"fg"ncdqtcvqktg"gv"ngu"pwcpegu"kpfwuvtkgnngu"uqpv"§"fixkvgt"eqorvg"vgpw"
fgu" fkhhfitgpegu" fg" vgpgwt" gp" qz{iflpg" fcpu" ng"ofivcn0" Ngu" eqwnfigu" eqorqtvgpv" gpvtg" 322" gv" 422"rro"
fÓqz{iflpg"cnqtu"swg"ngu"pwcpegu"uvcpfctfu"pÓgp"eqpvkgppgpv"wpkswgogpv"swÓgpvtg"42"gv"62"rro"]96_0"
Pqwu" pqwu" nkokvgtqpu" fqpe" §" nc" eqorctckuqp" fgu" eqwnfigu" gpvtg" gnngu" rqwt" gp" vktgt" fgu" eqpenwukqpu"
ifipfitcngu0"""

II.3.1. Effet du niobium et du titane 

Sur la cinétique

Nc"ekpfivkswg"fÓqz{fcvkqp"fg"nÓcekgt"uvcdknkufi"Vk"*65;+"guv"rnwu"fingxfig"swg"egnng"fg"nÓcekgt"dkuvcdknkufi"Vk/
Pd"*663+"gv"egnc"fflu"ngu"rtgokfltgu"ugeqpfgu"fÓqz{fcvkqp0"Ngu"eqpuvcpvgu"ekpfivkswgu"nkpficktgu"uqpv"fg"
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3.24"gv"2.74"-i0eo&40u&3"rqwt"tgurgevkxgogpv"ng"65;"gv"ng"6630"Egvvg"fkhhfitgpeg"ekpfivkswg"rgwv"‒vtg"nkfig."
uqkv"§"nc"rtfiugpeg"fg"pkqdkwo."uqkv"§"nc"fkhhfitgpeg"fg"vgpgwt"gp"vkvcpg0"Nc"tfirqpug"§"egvvg"kpvgttqicvkqp"
guv"ngxfig"rct"nÓfivwfg"ekpfivkswg"fgu"eqwnfigu"fg"ncdqtcvqktg"uvcdknkufigu"Pd"*2.5."2.8"gv"2.;"'"ocuukswg+0"
Pqu"tfiuwnvcvu"gzrfitkogpvcwz"ffioqpvtgpv"swg"ng"pkqdkwo"pÓkphnwg"rcu"uwt"nc"ekpfivkswg"fÓqz{fcvkqp."eg"
swk"eqttqdqtg"ngu"tfiuwnvcvu"fg"nc"nkvvfitcvwtg"]7."49_0""

Nc"fkhhfitgpeg"fg"ekpfivkswg"fg"rtkug"fg"ocuug"gpvtg"ngu"cekgtu"663"gv"65;"guv"fqpe"fwg"§"nÓfiectv"fg"vgpgwt"
gp"vkvcpg0"Gp"cdugpeg"fg"tgokug"gp"uqnwvkqp"fgu"ectdwtgu"fg"vkvcpg."nc"vgpgwt"fg"vkvcpg"gp"uqnwvkqp"guv"fg"
2.2:"'" rqwt" ng" 663" gv" fg" 2.5"'" rqwt" ng" 65;0" Qt." ng" vkvcpg" guv" eqppw" rqwt" ceefinfitgt" ngu" ekpfivkswgu"
fÓqz{fcvkqp" fgu" cekgtu" hgttkvkswgu" ]49." 68_0" NÓghhgv" fw" vkvcpg" rgwv" ‒vtg" nkfi" cw" fqrcig" fg" nc" eqwejg"
fÓqz{fg" rct" ngu" kqpu" Vk-6." swk" cwiogpvgpv" nc" eqpegpvtcvkqp" fgu" ncewpgu" ecvkqpkswgu" ]97_." gv" §"
nÓqz{fcvkqp"kpvgtpg"fw"vkvcpg"uqwu"nc"hqtog"fg"VkQ40"Pqu"tfiuwnvcvu"ogvvgpv"gp"fixkfgpeg"wpg"kphnwgpeg"fw"
vkvcpg" fflu" ngu" rtgokfltgu" ugeqpfgu" fÓqz{fcvkqp." rqwt" nguswgnngu" nc" ekpfivkswg" fg" rtkug" fg" ocuug" guv"
nkpficktg0" Nc" ekpfivkswg" pÓfivcpv" rcu" nkokvfig" rct" nc" fkhhwukqp" fcpu" nc" eqwejg" fÓqz{fg." ng" fqrcig" fg" nc"
ejtqokpg"pg"ugodng"fqpe"rcu"‒vtg"tgurqpucdng"fg"nÓcwiogpvcvkqp"fg"nc"rtkug"fg"ocuug0"Fcpu"pqvtg"ecu."
nc"fkhhfitgpeg"fg"ekpfivkswg"gpvtg"ngu"pwcpegu"663"gv"65;"rgwv"cnqtu"‒vtg"cvvtkdwfig"§"nÓqz{fcvkqp"kpvgtpg"fg"
VkQ40"Egu"rtfiekrkvfiu"kpvgtpgu"uqpv"fÓcknngwtu"qdugtxfiu"gp"itcpf"pqodtg"uwt"ng"65;."ocku"swcukogpv"rcu"
uwt"ng"6630""

Sur la nature physico-chimique

Nqtuswg"ng"pkqdkwo"guv"rtfiugpv"gp"uqnwvkqp"uqnkfg."eg"swk"guv"ng"ecu"rqwt"nc"pwcpeg"663"gv"ngu"eqwnfigu"
2.;"gv"2.8"'"Pd."kn"ug"hqtog."cw"pkxgcw"fg"nÓkpvgthceg"ofivcn1qz{fg."wpg"rjcug"okpgwtg"fw"v{rg"PdOQ60"
Fcpu"egv"qz{fg."O"tgrtfiugpvg"wp"cvqog"fg"ofivcn"swk"rgwv"‒vtg"uqkv"fw"vkvcpg."uk"egnwk/ek"guv"rtfiugpv"gp"
uqnwvkqp"uqnkfg"uqkv"fw"ejtqog"fcpu"ng"ecu"eqpvtcktg"*eqwnfigu"2.;"gv"2.8"'"Pd+0"Gp"cdugpeg"fg"pkqdkwo"
*pwcpeg"65;+."nc"rjcug"okpgwtg"guv"cvvtkdwfig"§"VkQ4"swk"guv"nqecnkufi."pqp"rnwu"§"nÓkpvgthceg"ofivcn1qz{fg."
ocku."gp"uwthceg0"Egv"qz{fg"guv"fiicngogpv"oku"gp"fixkfgpeg"uqwu"hqtog"fg"rtfiekrkvfi"kpvgtpg"fcpu"nÓcekgt."
uqwu"nc"eqwejg"fÓqz{fg0"

Fcpu" nc" pwcpeg" 663." nc" oclqtkvfi" fw" vkvcpg" ug" vtqwxg" uqwu" hqtog" fg" pkvtwtg" *VkP+" gv" fg" ectdwtgu"
*PdVkE+0"Rqwt"swg"ng"vkvcpg"rctvkekrg"cevkxgogpv"§"nc"hqtocvkqp"fw"hkno"fÓqz{fg."kn"guv"pfieguucktg"swg"
ng" vkvcpg." qw" vqwv"fw"oqkpu"wpg"rctvkg"fg" egnwk/ek" uqkv" tgoku" gp" uqnwvkqp0"Ngu"rtfiekrkvfiu"fg"VkP" uqpv"
uvcdngu"lwuswÓcw"rqkpv"fg"hwukqp"fg"nÓcekgt"]35_0"Ugwng"nc"tgokug"gp"uqnwvkqp"fw"vkvcpg"fgu"ectdwtgu"rgwv"
uwtxgpkt" fcpu" ng" fqockpg" fg" vgorfitcvwtg" fgu" tgewkvu0" Rqwt" ngu" tgewkvu" fg" v{rg" kpfwuvtkgn" *HCUC+" nc"
tgokug" gp" uqnwvkqp" guv" fÓcwvcpv" rnwu" octswfig" swg" nc" vgorfitcvwtg" fg" tgewkv" guv" fingxfig0" Nqtu" fw"
tghtqkfkuugogpv"ngu"ectdwtgu"xqpv"tgrtfiekrkvgt"rnwu"hkpgogpv"];_0""

NÓgptkejkuugogpv"gp"pkqdkwo"cw"pkxgcw"fg"nÓkpvgthceg"ofivcn1qz{fg."rgwv"uÓgzrnkswgt"rct"nc"hqtocvkqp"
fg"nÓqz{fg"PdOQ60"Fgu"gptkejkuugogpvu"qpv"fiicngogpv"fivfi"qdugtxfiu"uwt"fgu"cekgtu"hgttkvkswgu"42"'"Et."
]4;_"ocku" fiicngogpv" uwt" fÓcwvtgu" v{rgu" fÓcnnkcig" eqpvgpcpv" fw" pkqdkwo" vgn" swg" nÓkpeqpgn" 847" *dcug"
pkemgn+"]98_0"""""

"

"
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II.3.2. Effet du silicium 

Kn"guv"dkgp"eqppw"swg"ng"uknkekwo"cofinkqtg"nc"tfiukuvcpeg"§"nÓqz{fcvkqp"jcwvg"vgorfitcvwtg"fgu"cekgtu"]3."
66." 99_0" " Ng" uknkekwo" rtfiekrkvg" §" nÓkpvgthceg"ofivcn1qz{fg" uqwu" hqtog" fg" uknkeg." swk" cikv" eqoog" wpg"
dcttkfltg" fg" fkhhwukqp" fgu" ecvkqpu" ofivcnnkswgu0" Pqu" tfiuwnvcvu" ogvvgpv" encktgogpv" gp" fixkfgpeg" swÓwpg"
fkokpwvkqp" fg" nc" vgpgwt" gp" uknkekwo" ug" vtcfwkv" rct" wpg" cwiogpvcvkqp" fg" nc" rtkug" fg" ocuug" fgu"
fiejcpvknnqpu0"Ng"eqorqtvgogpv"ekpfivkswg"fgu"eqwnfigu"fg"ncdqtcvqktg"pÓfivcpv"rcu"encktgogpv"kfgpvkhkfi."kn"
guv" gp" eqpufiswgpeg" ffinkecv" fÓcuuqekgt" ng" ofiecpkuog" rtqrqufi" fcpu" nc" nkvvfitcvwtg" §" pqu" qdugtxcvkqpu"
gzrfitkogpvcngu0" Egvvg" tgoctswg" guv" lwuvkhkfig" rct" pqu" eqpfkvkqpu" gzrfitkogpvcngu0" Eqpvtcktgogpv" cwz"
fqppfigu"dkdnkqitcrjkswgu"ffifkfigu"§"nÓghhgv"fw"uknkekwo"pqwu"vtcxcknnqpu"uwt"fgu"fwtfigu"fÓqz{fcvkqp"vtflu"
eqwtvgu."fg"nÓqtftg"fg"nc"okpwvg0""

" "
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III. Conclusion 

Fcpu"eg"ejcrkvtg."pqwu"pqwu"uqoogu"kpvfitguufiu"cwz"eqpufiswgpegu"fw"tgewkv"hkpcn."e)guv/§/fktg"§"nÓfivwfg"
fgu"eqwejgu"fÓqz{fg"hqtofigu."§"jcwvg"vgorfitcvwtg"*uwrfitkgwtg"§"3222̇E+."rqwt"fg"eqwtvgu"fwtfigu"*fg"
nÓqtftg"fg"nc"okpwvg+."uqwu"cvoqurjfltgu"qz{fcpvgu"*Q41J4Q1EQ41P4."Q41P4"gv"J4Q1P4+0"Ngu"tgewkvu"ug"
uqpv"ffitqwnfiu"fcpu"fgwz" hqwtu"fkhhfitgpvu"<"wp"HVE"§" vgorfitcvwtg"hkzg"gv"fwtfig"xctkcdng."gv"wp"HCUC"
*hqwt"§"ncorg+"§"fwtfig"hkzg"gv"vgorfitcvwtg"xctkcdng0""

NÓqz{fcvkqp"cw"HVE"fg"nc"pwcpeg"663"*Vk/Pd+"§"3282̇E."uqwu"cvoqurjfltg"Q41J4Q1EQ41P4."eqpfwkv"§"
nc" hqtocvkqp" fg" eqwejgu" fÓqz{fg." kpkvkcngogpv" tkejgu" gp" hgt." eqpuvkvwfigu" fg" nc" uqnwvkqp" uqnkfg" fg"
uvtwevwtg"tjqodqfiftkswg"*Hg.Et+4Q5"gv"fÓjfiocvkvg0"Nqtuswg"nc"fwtfig"fÓqz{fcvkqp"cwiogpvg."fÓwpg"rctv"
nc" uqnwvkqp" uqnkfg" uÓgptkejkv" gp" ejtqog." gv" fÓcwvtg" rctv" ng" urkpgnng" Op3.7Et3.7Q6" etq¶v" §" nÓkpvgthceg"
qz{fg1ic¦0" Ng" uknkekwo" rtfiekrkvg" §" nÓkpvgthceg" ofivcn1qz{fg" uqwu" hqtog" fÓwp" nkugtfi" fg" UkQ4" rnwu" qw"
oqkpu"eqpvkpw0"Ng"pkqdkwo"gv"ng"vkvcpg"uÓqz{fgpv"gp"PdOQ6"cw"pkxgcw"fg"nÓkpvgthceg"kpvgtpg0""

NÓfixqnwvkqp."cxge"nc"vgorfitcvwtg."fg"nc"pcvwtg"rj{ukeq/ejkokswg"fgu"eqwejgu"fÓqz{fg"hqtofigu"nqtu"fg"
tgewkvu" cw" HCUC" *fwtfig" fg" 67"u" uqwu" Q41J4Q1EQ41P4+." uwkv" nc" o‒og" vgpfcpeg" swg" nÓfixqnwvkqp"
qdugtxfig." cxge" nc" fwtfig" fÓqz{fcvkqp." nqtu" fg" tgewkvu" cw" HVE" *§" 3282̇E." uqwu" Q41J4Q1EQ41P4+0" É"
ucxqkt."cw"HCUC."nqtuswg"nc"vgorfitcvwtg"fg"tgewkv"cwiogpvg."kn"{"c"wp"gptkejkuugogpv"gp"ejtqog"fg"nc"
eqwejg"fÓqz{fg."nÓcrrctkvkqp"fw"urkpgnng"gv"fg"nc"rjcug"PdOQ60"

Nqtu" fg" nÓfivwfg" fg" nÓcvoqurjfltg." pqwu" pqwu" uqoogu" wpkswgogpv" eqpegpvtfiu" §" ogvvtg" gp" fixkfgpeg"
nÓkphnwgpeg"fg"nc"xcrgwt"fÓgcw"rct"eqorctckuqp"fgu"cvoqurjfltgu"Q41J4Q1EQ41P4" *51381:195"'"xqn0+."
Q41P4"*51;9"'"xqn0+"gv"J4Q1P4"*381:6"'"xqn0+0"Ngu"tfiuwnvcvu"pqwu"rgtogvvgpv"fg"eqpenwtg"swg"nc"xcrgwt"
fÓgcw" lqwg"wp" t»ng"rtfirqpffitcpv."ect" gnng" ugodng"eqpvt»ngt" §" nc" hqku." nc"ekpfivkswg"fg"etqkuucpeg" gv" nc"
pcvwtg"rj{ukeq/ejkokswg"fg"nc"eqwejg"fÓqz{fg0"NÓkphnwgpeg"fw"fkqz{fg"fg"ectdqpg"ckpuk"swg"fÓc¦qvg"
pÓc"rcu"fivfi"fivwfkfig"fcpu"pqu"vtcxcwz0""

Nc"pwcpeg"65;"rquuflfg"wpg"ekpfivkswg"fÓqz{fcvkqp"rnwu"fingxfig"swg"nc"pwcpeg"6630"NÓfivwfg"fgu"eqwnfigu"
fg"ncdqtcvqktg"qpv"rgtoku"fÓfivcdnkt"swg"egvvg"fkhhfitgpeg"fg"ekpfivkswg"fivckv"nkfig"pqp"rcu"§"nc"rtfiugpeg"fg"
pkqdkwo."ocku"§"nÓfiectv"fg"vgpgwt"gp" vkvcpg0"Gp"ghhgv." ng"pkqdkwo"pÓc"rcu"fÓkphnwgpeg"uwt"nc"ekpfivkswg"
fÓqz{fcvkqp"eqpvtcktgogpv"cw"vkvcpg"gv"cw"uknkekwo0"""

É"eg"uvcfg"fgu"vtcxcwz."pqwu"cxqpu"ectcevfitkufi"fgu"eqwejgu"fÓqz{fg"hqtofigu"nqtu"fg"tgewkvu"fg"eqwtvgu"
fwtfigu0" Kn" guv" kpvfitguucpv"fg" eqpuvcvgt"swÓwpg"oqtrjqnqikg"qtkikpcng"fg" nÓkpvgthceg"ofivcn1qz{fg"c" fivfi"
okug"cw"lqwt0"Egvvg"oqtrjqnqikg"rctvkewnkfltg"ug"fkuvkpiwg"rct"nc"rtfiugpeg"fÓwpg"eqwejg"fkueqpvkpwg"fg"
uknkeg"gv"fg"rtqvtwukqpu" nqecnkufigu"fcpu" nc"ejtqokpg."cw" vtcxgtu"fg" nc"uknkeg0"Fcpu" ng"ejcrkvtg"uwkxcpv."
pqwu" pqwu" rtqrquqpu" fÓfivwfkgt" egu" rtqvtwukqpu." fcpu" ng" dwv" fg" eqortgpftg" uk" gnngu" lqwgpv" wp" t»ng"
swgneqpswg"fcpu"nc"ffiitcfcvkqp"fg"uwthceg"crtflu"ng"ffiecrcig0"""""

"

"

"
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CHAPITRE IV. ÉTUDE DE L’INTERFACE METAL/OXYDE 

Fcpu" ng" ejcrkvtg" rtfiefifgpv." pqwu" cxqpu"oku" gp" fixkfgpeg" swg" nÓqz{fcvkqp" cwz" vgoru" eqwtvu" fÓcekgtu"
kpzq{fcdngu" hgttkvkswgu" eqpfwkv" §" nc" hqtocvkqp" fÓwpg" kpvgthceg" ofivcn1qz{fg" rctvkewnkfltg0" Fcpu" eg"
ejcrkvtg." pqwu" pqwu" rtqrquqpu" fÓfivwfkgt" fcpu" ng" ffivckn" egvvg" kpvgthceg0" Rqwt" egnc." fcpu" wp" rtgokgt"
vgoru."pqwu"pqwu"kpvfitguugtqpu"§"nc"pcvwtg"rj{ukeq/ejkokswg"fg"nÓkpvgthceg"ofivcn1qz{fg"hqtofig"uwt"ngu"
cekgtu" 663" gv" 65;" crtflu" qz{fcvkqp" cw" HVE0" Ngu" rtqvtwukqpu" ugtqpv" ectcevfitkufigu" rct" oketqueqrkg"
fingevtqpkswg" §" vtcpuokuukqp." gv" nÓkpvgthceg" ofivcn1qz{fg" ugtc" tgeqpuvtwkvg" gp" vtqku" fkogpukqpu" rct"
vqoqitcrjkg" tgeqpuvtwevkxg" §" nÓckfg" fw"OGD/HGI1HKD0" Rct" nc" uwkvg." pqwu" fivwfkgtqpu" nÓfixqnwvkqp" fg"
nÓkpvgthceg" ofivcn1qz{fg" cxge" nc" fwtfig" fÓqz{fcvkqp0" Rwku." pqwu" pqwu" kpvfitguugtqpu" §" nÓkpvgthceg"
ofivcn1qz{fg"crtflu"qz{fcvkqp"fcpu" ngu"eqpfkvkqpu"fg" nc" nkipg" kpfwuvtkgnng."e)guv/§/fktg"cw"HCUC0"Rqwt"
enqtg"eg"ejcrkvtg."pqwu"rtqrqugtqpu"wp"ofiecpkuog"ffietkxcpv"nc"hqtocvkqp"gv"nÓfixqnwvkqp"fgu"rtqvtwukqpu"
§"nÓkpvgthceg"ofivcn1qz{fg0"

"

"

"

"

"

"

"

"

"
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I. Interface métal/oxyde à 1060°C 

I.1. Interface métal/oxyde formée aux temps courts 

I.1.1. Morphologie de l’interface métal/oxyde de l’acier 441 

Nqtu" fg" nc" ectcevfitkucvkqp" fg" nc" eqwejg" fÓqz{fg" hqtofig" uwt" nÓcekgt" 663" *cf." Ejcr0" KKK+." pqwu" cxqpu"
oqpvtfi"nc"rtfiugpeg"fÓwpg"oqtrjqnqikg"rctvkewnkfltg"cw"pkxgcw"fg"nÓkpvgthceg"ofivcn1qz{fg0"Nc"Hkiwtg 83""
rtfiugpvg" nc" oqtrjqnqikg" fg" nÓkpvgthceg" qdugtxfig" uwt" wp" fiejcpvknnqp" qz{ffi" cw" HVE." rgpfcpv" 82"u" §"
3282̇E" uqwu" J4Q1P40" Egvvg" kpvgthceg" ofivcn1qz{fg" ug" eqorqug" fÓwpg" eqwejg" fg" uknkeg." rtfiugpvcpv"
swgnswgu"fkueqpvkpwkvfiu."gv"fg"rtqvtwukqpu0"Pqwu"rqwxqpu"fkuvkpiwgt"fgwz"v{rgu"fg"rtqvtwukqpu"<"v{rg"C"
gv"v{rg"D0"Ngu"rtqvtwukqpu"fg"v{rg"C"uqpv"nqecnkufigu"fcpu"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog"gv"uqpv"
nkfigu"cw"uwduvtcv"rct"fgu"rkgfu"rcuucpv"cw"vtcxgtu"fg"nc"eqwejg"fg"uknkeg0"Ngu"rtqvtwukqpu"fg"v{rg"D"pg"
uqpv" rcu" nkfigu" cw" uwduvtcv." fcpu" ng" rncp" fg" nc" eqwrg" vtcpuxgtucng0" Egu" rtqvtwukqpu" ugodngpv" ‒vtg"
gortkuqppfigu"fcpu"nc"eqwejg"fÓqz{fg"uqwu"nc"hqtog"fÓkpenwukqpu0"

Ngu"qdugtxcvkqpu"ghhgevwfigu"gp"fingevtqpu"tfivtqfkhhwufiu"pg"tfixflngpv"rcu"fg"eqpvtcuvg"ejkokswg"gpvtg"ngu"
rtqvtwukqpu" *v{rgu" C" gv" D+" gv" ng" ofivcn0" Pqwu" rqwxqpu" tckuqppcdngogpv" uwrrqugt" swg" egu" qdlgvu"
rquuflfgpv"nc"o‒og"eqorqukvkqp"swg"ng"uwduvtcv0"""""

"

Figure 61."Qdugtxcvkqp"f)wpg"eqwrg"vtcpuxgtucng"cw"OGD/HGI"*fingevtqpu"tfivtqfkhhwufiu+"gp"(a)0"Okug"gp"fixkfgpeg"
fgu"rtqvtwukqpu"fg"v{rg"C"gp"(b)"gv"D"gp"(c)0"""

Nc"Hkiwtg"84"rtfiugpvg"ngu"urgevtgu"GFU"kuuwu"fg"rqkpvfiu"uwt"ng"ofivcn"*-3+."uwt"wpg"rtqvtwukqp"*-4+"gv"
uwt"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog"*-5+0"Ngu"fkhhfitgpvu"rqkpvfiu"GFU"uqpv"u{odqnkufiu"rct"fgu"etqkz"
uwt"nc"eqwrg"vtcpuxgtucng"fg"nc"Hkiwtg 83"*c+0"NÓcpcn{ug"fw"ofivcn"ogv"gp"fixkfgpeg"nc"rtfiugpeg"fg"hgt"gv"
fg"ejtqog0"Gp"rnwu"fg"egu"finfiogpvu."ngu"tckgu"fg"vtcpukvkqp"Ng"fw"pkqdkwo."Mg"fw"uknkekwo"gv"Mg"fg"
nÓqz{iflpg"uqpv"ffivgevfigu0"Nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog"rtfiugpvg."gp"rnwu"fgu"vtcpukvkqpu"Mg"gv"
Mく" fw" ejtqog" gv" fw" hgt." nc" vtcpukvkqp" Mg" fg" nÓqz{iflpg0" NÓcpcn{ug" GFU" fg" egvvg" eqwejg" fÓqz{fg"
eqphktog" ngu" tfiuwnvcvu" fg" nc" ectcevfitkucvkqp" fÓfiejcpvknnqpu" qz{ffiu" 82"u" §" 3282̇E" uqwu" J4Q1P4" *cf."
ejcr0"KK/K0405+0""
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Pqwu" eqpuvcvqpu" swg" ngu" rtqvtwukqpu" uqpv" eqpuvkvwfigu" fg" hgt" gv" fg" ejtqog" gv" eqpvkgppgpv." fcpu" wpg"
oqkpftg" oguwtg" fgu" finfiogpvu" vgnu" swg" ng" pkqdkwo." ng" uknkekwo" gv" nÓqz{iflpg0" Nc" ffivgevkqp" fcpu" ngu"
rtqvtwukqpu"fgu"tckgu"fg"vtcpukvkqpu"Mg"fw"uknkekwo"gv"fg"nÓqz{iflpg"guv"rtqdcdngogpv"nkfig"§"nc"rtfiugpeg"
§"rtqzkokvfi"fgu"rtqvtwukqpu"fg"nc"eqwejg"fg"uknkeg"gv"fg"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog0"Gp"ghhgv."ng"
fkcoflvtg" fgu" rtqvtwukqpu" guv" kphfitkgwt" cw" fkcoflvtg" fg" nc" rqktg" fÓkpvgtcevkqp" fgu" fingevtqpu0" Rqwt" fgu"
fingevtqpu" kpekfgpvu" fg" 37"mgX" fÓfipgtikg." ng" fkcoflvtg" fg" nc" rqktg" fÓkpvgtcevkqp" fcpu" wp" cekgt" Hg/Et"
*:2142"'"ocuukswg+"guv"guvkofi"§"722"po"§"nÓckfg"fw"nqikekgn"Ecukpq"]9:_0"Cnqtu"swg"ng"fkcoflvtg"fÓwpg"
rtqvtwukqp"fcpu"ng"ecu"rtfiugpv"guv"fg"nÓqtftg"fg"522"§"622"po0""

Gp" eg" swk" eqpegtpg" nc" ffivgevkqp" fg" nc" tckg" fg" vtcpukvkqp"Ng"fw" pkqdkwo"fcpu" ngu" rtqvtwukqpu." cwewp"
fqwvg"pÓguv"rgtoku."ect"egv"finfiogpv"pÓguv"ffivgevfi"pk"fcpu" nÓcekgt."pk"fcpu" nc"eqwejg"fÓqz{fg"tkejg"gp"
ejtqog0"Ngu"rtqvtwukqpu"uqpv"fqpe"dkgp"gptkejkgu"gp"pkqdkwo0"

"

Figure 62."Cpcn{ugu"GFU"fg"nÓcekgt"*urgevtg"3+."fÓwpg"rtqvtwukqp"*urgevtg"4+"gv"fg"nc"eqwejg"fÓqz{fg"tkejg"gp"
ejtqog"*urgevtg"5+0"

I.1.2. Définition du système  

NÓqz{fcvkqp" §" jcwvg" vgorfitcvwtg" fÓfiejcpvknnqpu" eqpfwkv" §" nc" hqtocvkqp" fÓwpg" kpvgthceg"ofivcn1qz{fg"
rctvkewnkfltg0"Egvvg"kpvgthceg"ofivcn1qz{fg."uejfiocvkufig"uwt"nc"Hkiwtg 85."ug"ectcevfitkug"rct"nc"rtfiugpeg"
fg" rtqvtwukqpu" nqecnkufigu" fcpu" nc" eqwejg" fÓqz{fg" tkejg" gp" ejtqog0"Pqwu" cxqpu" xw" fcpu" ng" ejcrkvtg"
rtfiefifgpv"swg"nc"eqorqukvkqp"fg"nc"eqwejg"fÓqz{fg"fixqnwckv"cxge"nc"fwtfig"fÓqz{fcvkqp"*§"vgorfitcvwtg"
hkzg+" gv" cxge" nc" vgorfitcvwtg" *§" fwtfig" fÓqz{fcvkqp" hkzg+0" Rqwt" tcrrgn." egvvg" eqwejg" fÓqz{fg" guv"
kpkvkcngogpv" eqpuvkvwfig" fÓwp" qz{fg" fg" uvtwevwtg" tjqodqfiftkswg" tkejg" gp" hgt" *Hg4Q5" gv" *Hg.Et+4Q5+0"
Nqtuswg" nc" fwtfig" *qw" nc" vgorfitcvwtg+" fÓqz{fcvkqp" cwiogpvg." fÓwpg" rctv" nc" eqwejg" fÓqz{fg" fgxkgpv"
fwrngz."cxge" nc"etqkuucpeg"fcpu" nc"rctvkg"gzvgtpg"fw" urkpgnng" *Op3.7Et3.7Q6+."fÓcwvtg"rctv." nÓqz{fg"fg"
uvtwevwtg"tjqodqfiftkswg"uÓgptkejkv"gp"ejtqog"*Et4Q5"gv1qw"*Hg.Et+4Q5+0"Eqorvg"vgpw"fg"nc"eqorngzkvfi"
fw" u{uvflog." pqwu" ictfgtqpu" nÓgzrtguukqp"<" Å"eqwejg" fÓqz{fg" tkejg" gp" ejtqog"Ç" rqwt" ffietktg" egvvg"
eqwejg0" Egvvg" gzrtguukqp" guv" fÓcwvcpv" rnwu" lwuvkhkfig" swg" ngu" qdugtxcvkqpu" fg" nÓkpvgthceg"ofivcn1qz{fg"
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uqpv" tficnkufigu" rqwt" fgu" fwtfigu" uwrfitkgwtgu" qw" fiicngu" §" 82"u." rqwt" nguswgnngu" nÓqz{fg" fg" uvtwevwtg"
tjqodqfiftkswg"guv"gptkejk"gp"ejtqog0"

Ngu"fgwz"v{rgu"fg"rtqvtwukqpu."C"gv"D."uqpv"tgrtfiugpvfigu"uwt"nc"Hkiwtg"850"Ngu"rtqvtwukqpu"fg"v{rg"C"
uqpv"eqpuvkvwfigu"fÓwpg"v‒vg"ukvwfig"fcpu"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog."gv"fÓwp"rkgf"tgnkcpv"nc"v‒vg"
fg"nc"rtqvtwukqp"cw"uwduvtcv0"Ngu"rtqvtwukqpu"fg"v{rg"D."rquuflfgpv"wpkswgogpv"wpg"v‒vg"gphgtofig"fcpu"
nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog0""

Uwt" nc" tgrtfiugpvcvkqp" uejfiocvkswg" fw" u{uvflog." nÓkpvgthceg" ofivcn1qz{fg." u{odqnkufig" rct" wpg" nkipg"
rqkpvknnfig."rcuug"rct"ng"oknkgw"fg"nc"eqwejg"fg"uknkeg0"Fcpu"nc"uwkvg"fg"eg"ejcrkvtg."pqwu"fkuvkpiwgtqpu"
nÓkpvgthceg" ofivcn1qz{fg." ffivgtokpfig" rct" ng" oczkowo" fw" rke" fg" uknkekwo" uwt" ngu" urgevtgu" UFN." fg"
nÓkpvgthceg"uknkeg1qz{fg"tkejg"gp"ejtqog"fÓwpg"rctv."gv"fg"nÓkpvgthceg"ofivcn1uknkeg"fÓcwvtg"rctv0""""

"

Figure 630"Tgrtfiugpvcvkqp"uejfiocvkswg"fg"n)kpvgthceg"ofivcn1qz{fg"hqtofig"uwt"nÓcekgt"663"crtflu"qz{fcvkqp"fg"82"u"
§"3282̇E0"

Nc"ectcevfitkucvkqp"fgu"eqwejgu"fÓqz{fg"rtfiugpvfig"fcpu"ng"ejcrkvtg"rtfiefifgpv"pqwu"c"rgtoku"fg"ogvvtg"
gp" fixkfgpeg" nc" rtfiugpeg" fg" rtqvtwukqpu" crtflu" fgu" qz{fcvkqpu" uqwu" fkhhfitgpvgu" eqpfkvkqpu0" Ngu"
rtqvtwukqpu"uqpv"qdugtxfigu"nqtu"fÓwpg"qz{fcvkqp"fg"82"u"§"3282̇E"uqwu"Q41J4Q1EQ41P4"cwuuk"dkgp"uwt"
nc" pwcpeg" 663" swg" nc" pwcpeg" 65;0" Fg" rnwu." rqwt" nc" pwcpeg" 663." ngu" rtqvtwukqpu" qpv" fiicngogpv" fivfi"
qdugtxfigu" crtflu" fgu" qz{fcvkqpu" uqwu" ngu" cvoqurjfltgu" uwkxcpvgu"<"Q41P4" gv"J4Q1P40" Gp" eqpufiswgpeg"
pqwu" rqwxqpu" gp" vktgt" ngu" eqpenwukqpu" uwkxcpvgu"<" nc" rtfiugpeg" fg" pkqdkwo" fcpu" nÓcekgt" gv" fg" xcrgwt"
fÓgcw"fcpu"nÓcvoqurjfltg"pg"uqpv"rcu"tgurqpucdngu"fg"nc"hqtocvkqp"fgu"rtqvtwukqpu0"""

I.1.3. Bilan 

Nqtu"fw"tgewkv"fg" nÓcekgt"663"rqwt"fg"eqwtvgu"fwtfigu"§"jcwvg" vgorfitcvwtg"uqwu"cvoqurjfltg"qz{fcpvg."
fgu"rtqvtwukqpu"ug"hqtogpv"fcpu"nc"eqwejg"fÓqz{fg0"Ngu"rtqvtwukqpu."oclqtkvcktgogpv"eqpuvkvwfigu"fg"hgt"
gv"fg"ejtqog."uqpv"gptkejkgu"gp"pkqdkwo0"Kn"crrctckv"egrgpfcpv"swg"ng"pkqdkwo"pÓc"rcu"fÓkphnwgpeg"uwt"
nc"hqtocvkqp"fgu"rtqvtwukqpu0"Egnngu/ek"uqpv"fiicngogpv"qdugtxfigu"uwt"nc"pwcpeg"65;"*ucpu"Pd+0"Kn"gp"guv"
fg"o‒og"cxge"nc"rtfiugpeg"fg"xcrgwt"fÓgcw"fcpu"nÓcvoqurjfltg"qz{fcpvg0""

Uwkvg"§"nÓqdugtxcvkqp"fgu"rtqvtwukqpu."fg"pqodtgwugu"swguvkqpu"ug"rqugpv"<"
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· Swgnng"guv"nc"pcvwtg"rj{ukeq/ejkokswg"fgu"rtqvtwukqpu"A"
· Guv/eg"swg"ngu"rtqvtwukqpu"hqtogpv"wp"tfiugcw"vtkfkogpukqppgn"A""
· Rqwtswqk"uqpv/gnngu"gptkejkgu"gp"pkqdkwo."nqtuswg"egv"finfiogpv"guv"rtfiugpv"fcpu"nÓcekgt"A"
· Eqoogpv"fixqnwg"nÓkpvgthceg"ofivcn1qz{fg"cxge"nc"fwtfig"fÓqz{fcvkqp"A"
· Guv/eg"swg"ngu"rtqvtwukqpu"ug"hqtogpv"fcpu"ngu"eqpfkvkqpu"fw"tgewkv"kpfwuvtkgn."e)guv/§/fktg"crtflu"

fgu"tgewkvu"cw"HCUC"A""

Rqwt"tfirqpftg"cwz"fgwz"rtgokfltgu"swguvkqpu."pqwu"fivwfkgtqpu"nÓkpvgthceg"ofivcn1qz{fg"fÓwp"fiejcpvknnqp"
fÓcekgt"65;"qz{ffi"rgpfcpv"3:2"u"§"3282̇E0"Egv"fiejcpvknnqp"ugtc"fcpu"wp"rtgokgt"vgoru"ectcevfitkufi"cw"
OGV"crtflu"gzvtcevkqp"fÓwpg"ncog"okpeg"rct"HKD0"Fcpu"wp"ugeqpf"vgoru."nÓkpvgthceg"ofivcn1qz{fg"ugtc"
tgeqpuvtwkvg"chkp"fÓfivwfkgt"nc"oqtrjqnqikg"fg"egvvg"kpvgthceg"gp"vtqku"fkogpukqpu0"

I.2. Étude des protrusions formées sur l’acier 439 

I.2.1. Échantillon étudié 

NÓfivwfg"fg"nc"pwcpeg"65;"pqwu"qhhtg"nc"rquukdknkvfi"fg"ectcevfitkugt"ngu"rtqvtwukqpu"ucpu"‒vtg"rgtvwtdfi"rct"
nc" rtfiugpeg" fg" pkqdkwo0" Fgu" fiejcpvknnqpu" fÓcekgt" 65;" uqpv" qz{ffiu" fcpu" ng" HVE" rgpfcpv" 3:2"u" §"
3282̇E." uqwu" Q41J4Q1EQ41P40" Wpg" eqwrg" vtcpuxgtucng" guv" rtfirctfig" rct" ofivjqfg" ofivcnnqitcrjkswg"
encuukswg"chkp"fg"xfitkhkgt"nc"rtfiugpeg"fgu"rtqvtwukqpu"cw"pkxgcw"fg"nÓkpvgthceg"ofivcn1qz{fg0"Nc"Hkiwtg"
86"rtfiugpvg"nc"oqtrjqnqikg"fg"nÓfiejcpvknnqp"gp"eqwrg"vtcpuxgtucng0"Pqwu"eqpuvcvqpu"nc"rtfiugpeg"fÓwpg"
eqwejg"fg"uknkeg"fkueqpvkpwg."fgu"fgwz"v{rgu"fg"rtqvtwukqpu"C"gv"D."gv"fg"rtfiekrkvfiu"kpvgtpgu"fg"VkQ40"
Uwt"egv"fiejcpvknnqp"wpg"ncog"okpeg"guv"gzvtckvg"§"nÓckfg"fw"HKD"chkp"fÓ‒vtg"fivwfkfig"cw"OGV0""

"

Figure 64."Qdugtxcvkqp"OGD/HGI"*gp"fingevtqpu"tfivtqfkhhwufiu+"fg"nc"eqwrg"vtcpuxgtucng"tficnkufig"uwt"wp"
fiejcpvknnqp"fÓcekgt"65;"qz{ffi"3:2"u"§"3282̇E0"

I.2.2. Caractérisation des protrusions par MET6     

Nc"Hkiwtg"87"rtfiugpvg" nc"oqtrjqnqikg"fg" nÓkpvgthceg"ofivcn1qz{fg"qdugtxfig"cw"OGV"gp"oqfg"ejcor"
enckt0"Uwt"nc"Hkiwtg"87"*c+."vtqku"rtqvtwukqpu"uqpv"qdugtxfigu"ejcewpg"fg"v{rg"C0"Nc"nctigwt"fg"nc"v‒vg"fgu"
rtqvtwukqpu"guv"guvkofig"§"522"po"cnqtu"swg"nc" nctigwt"fw"rkgf"guv"eqortkug"gpvtg"372"gv"422"po0"Nc"

""""""""""""""""""""""""""""""""""""""""""""""""""""""
8"Nc"ectcevfitkucvkqp"rct"OGV"c"fivfi"ogpfig"rct"Octkg"Ejg{pgv"KT"EPTU1UKOcR0""
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eqwejg" fg" uknkeg" guv" vtflu" fkueqpvkpwg." gnng" ug" rtfiugpvg" uqwu" nc" hqtog" fg" fgok/fkuswgu" fqpv" nc" rctvkg"
cttqpfkg" ug" ukvwg" eqpvtg" ng" ofivcn0" Fgu" rtfiekrkvfiu" fg" hckdngu" fkogpukqpu" *swgnswgu" fk¦ckpgu" fg"
pcpqoflvtgu+."cvvtkdwfiu"§"VkQ4."uqpv"nqecnkufiu"fcpu"ng"uwduvtcv0"Fcpu"ng"ofivcn."fgwz"itckpu"fkuvkpevu"uqpv"
oku"gp"fixkfgpeg"rct"eqpvtcuvg"etkuvcnnkp."nkfi"§"ngwt"qtkgpvcvkqp0"""

Kn"pg"ugodng"rcu"swÓkn"{"ckv"fg"fkueqpvkpwkvfi"gpvtg"nc"v‒vg"fg"nc"rtqvtwukqp"gv"ng"itckp"fw"uwduvtcv0"Uwt"nc"
Hkiwtg"87"*c+."ngu"rtqvtwukqpu"qdugtxfigu"uqpv"nqecnkufigu"uwt"ng"o‒og"itckp"swg"ng"uwduvtcv"uqwu/lcegpv0"
Egvvg"qdugtxcvkqp" ugodng" eqphktogt" nÓfivwfg"oqtrjqnqikswg"ogpfig" cw"oketqueqrg"§" ghhgv" fg" ejcor."
swk"pÓc"rcu"tfixfinfi"fg"eqpvtcuvg"ejkokswg"gpvtg"ng"uwduvtcv"gv"ngu"rtqvtwukqpu."gp"fingevtqpu"tfivtqfkhhwufiu0""

Egtvckpgu"rtqvtwukqpu"uqpv"nqecnkufigu"uwt"wp"itckp"fkhhfitgpv"fg"egnwk"fw"uwduvtcv"uqwu/lcegpv"*Hkiwtg"87"
*d++0"Gp" ghhgv." ng" rkgf" fg" nc" rtqvtwukqp." tgnkcpv" uc" v‒vg" cw" uwduvtcv." guv" vtcxgtufi" rct" wp" lqkpv" fg" itckp"
*LfI+0" Chkp" fg" xfitkhkgt" uÓkn" gzkuvg" wpg" fkhhfitgpeg" fg" pcvwtg" rj{ukeq/ejkokswg" gpvtg" ng" itckp" fg" nc"
rtqvtwukqp"gv"egnwk"fw"ofivcn"uqwu/lcegpv."fgu"enkejfiu"fg"fkhhtcevkqp"uqpv"gptgikuvtfiu"fcpu"ng"ofivcn"*-"3+"
gv"fcpu"nc"rtqvtwukqp"*-"4+0"""""

"

Figure 650"Qdugtxcvkqpu"fg"n)kpvgthceg"ofivcn1qz{fg"cw"OGV"gp"oqfg"ejcor"enckt0""

Ng" enkejfi" fg" fkhhtcevkqp" fw" uwduvtcv" ofivcnnkswg" guv" rtfiugpvfi" uwt" nc" Hkiwtg" 88" *c+0" Ngu" v¤ejgu" fg"
fkhhtcevkqp" uqpv" kpfgzfigu" §" nÓckfg" fw" nqikekgn" EcTKpg" Et{uvcnnqitcrj{" ]9;_0" Eg" nqikekgn" rgtogv" fg"
ecnewngt"fgu"enkejfiu"fg"fkhhtcevkqp"gp"rctvcpv"fÓwpg"uvtwevwtg"rtfiekug0"Fcpu"pqvtg"ecu."ngu"enkejfiu"fg"nc"
uvtwevwtg" ewdkswg" egpvtfig" *hgttkvg+" uqpv" ecnewnfiu0" Kn" uwhhkv" cnqtu." rct" eqorctckuqp" gpvtg" ng" enkejfi"
gzrfitkogpvcn"gv" ngu" enkejfiu"ecnewnfiu"fg" vtqwxgt" nÓczg"fg"¦qpg"eqttgurqpfcpv0"Ng"enkejfi"fg"fkhhtcevkqp"
gzrfitkogpvcn"eqttgurqpf"§"nc"hcoknng"fg"rncpu"c{cpv"rqwt"czg"fg"¦qpg"nc"fktgevkqp"]332_"fg"nc"uvtwevwtg"
ewdkswg"egpvtfig"fg"nc"hgttkvg0"Ng"enkejfi"ecnewnfi"rqwt"egv"czg"fg"¦qpg"guv"rtfiugpvfi"uwt"nc"Hkiwtg"88"*d+0"""
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"

Figure 66."Enkejfi"fg"fkhhtcevkqp"fw"ofivcn"*rqkpvfi"3"uwt"nc"Figure 65 (b)+"gp"(a)0"Enkejfi"fg"fkhhtcevkqp"ecnewnfi"§"
nÓckfg"fg"Ectkpg"Et{uvcnnqitcrj{"gp"(b)0"

Ngu" Hkiwtgu" 89" *c+" gv" *d+" rtfiugpvgpv." tgurgevkxgogpv." ng" enkejfi" fg" fkhhtcevkqp" gptgikuvtfi" uwt" nc"
rtqvtwukqp."gv"ng"enkejfi"ecnewnfi"rqwt"nÓczg"fg"¦qpg"]335_"fg"nc"uvtwevwtg"ewdkswg"egpvtfig"fg"nc"hgttkvg0""

"

Figure 67."Enkejfi"fg"fkhhtcevkqp"fÓwpg"rtqvtwukqp"*rqkpvfi"4"uwt"nc"Figure 5"(b)+"gp"(a)0"Enkejfi"fg"fkhhtcevkqp"
ecnewnfi"§"nÓckfg"fg"Ectkpg"Et{uvcnnqitcrj{"gp"(b)0"

Ngu" hcoknngu" fg" rncpu" fg" ¦qpg" gptgikuvtfigu" uwt" nc" rtqvtwukqp" gv" uwt" ng" ofivcn" uqpv" vqwvgu" fgwz"
ectcevfitkuvkswgu"fg"nc"uvtwevwtg"ewdkswg"egpvtfig"fg"nc"hgttkvg0"Gp"eqpufiswgpeg."kn"pÓ{"c"rcu"fg"fkhhfitgpeg"
rj{ukeq/ejkokswg"gpvtg"ng"uwduvtcv"gv"ngu"rtqvtwukqpu0"""

I.3. Investigation à l’aide du MEB-FEB/FIB 

É"nÓckfg"fw"eqwrncig"OGD/HGI1HKD."pqwu"rqwxqpu"eqnngevgt"wpg"rkng"fÓkocigu"gp"xwg"fg"tgeqpuvtwktg"
gp"vtqku"fkogpukqpu"nÓkpvgthceg"ofivcn1qz{fg0""

I.3.1. Informations sur la morphologie bidimensionnelle 

Cxcpv" nc" tgeqpuvtwevkqp" vtkfkogpukqppgnng" fg" nÓkpvgthceg" ofivcn1qz{fg." pqwu" rqwxqpu" vktgt" fgu"
kphqtocvkqpu" gp" fivwfkcpv" ngu" enkejfiu" kuuwu" fg" nc" rkng" fÓkocigu" fg" nÓfiejcpvknnqp" fÓcekgt" 65;" qz{ffi" §"
3282̇E"rgpfcpv"3:2"u"uqwu"Q41J4Q1EQ41P40"

Nc"Hkiwtg"8:"rtfiugpvg"fgu"eqwrgu"vtcpuxgtucngu"pwofitqvfigu"fg"3"§":"rtqxgpcpv"fg"nc"rkng"fÓkocigu0"Uwt"
ngu"eqwrgu."pqwu"qdugtxqpu"ngu"o‒ogu"finfiogpvu"swg"uwt"nc"eqwrg"fg"nc"Hkiwtg"86."§"ucxqkt."wpg"eqwejg"
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fg" uknkeg" fkueqpvkpwg" gv" ngu" fgwz" v{rgu" fg" rtqvtwukqpu" *C" gv" D+0" Nc" fkuvcpeg" gpvtg" ejcswg" eqwrg"
eqttgurqpf"§"nÓfirckuugwt"fg"ocvkfltg"finkokpfig"rct"ng"hckuegcw"fÓkqpu"icnnkwo."§"ucxqkt"42"po0"""

Gp" tguvcpv" hqecnkufi" uwt" wpg"o‒og" rtqvtwukqp." pqwu" rqwxqpu" qdugtxgt" uqp" fixqnwvkqp"oqtrjqnqikswg"
fcpu"nc"rtqhqpfgwt"*fktgevkqp"pqtocng"cw"rncp"fg"nc"eqwrg."pqvfig"z+0"Nqtuswg"nÓqp"uwkv"wpg"rtqvtwukqp"
fg"v{rg"C"*tgnkfig"cw"ofivcn+."pqwu"eqpuvcvqpu"swg"nÓfirckuugwt"fg"uqp"rkgf"vtcxgtucpv"nc"eqwejg"fg"uknkeg"
fkokpwg0"Ng"rkgf"fkurctc¶v"vqvcngogpv"uwt"nc"eqwrg"ṗ60"Uwt"ngu"cwvtgu"enkejfiu"*ṗ7"§":+."ng"fkcoflvtg"fg"
nc"v‒vg"fg"nc"rtqvtwukqp"fkokpwg"gv"fkurctc¶v"§"uqp"vqwt"uwt"nc"eqwrg"ṗ:0"Gp"hckucpv"fg"o‒og"rqwt"wpg"
rtqvtwukqp"fg" v{rg"D" *kuqnfig" fcpu" nc" eqwejg" fÓqz{fg+." kn" uÓcxfltg" swÓwp"rkgf" tgnkcpv" nc" rtqvtwukqp"cw"
ofivcn" fg" dcug" crrctc¶v" uwt" nc" eqwrg" ṗ5" uqkv" 62"po" uwkxcpv" nc" fktgevkqp" z0" NÓfirckuugwt" fg" eg" rkgf"
cwiogpvg"uwt"ngu"eqwrgu"uwkxcpvgu0""

"

Figure 68."Gzgorngu"fg"eqwrgu"vtcpuxgtucngu"kuuwgu"fg"nc"rkng"eqnngevfig"rct"OGD/HGI1HKD0"""

Fg"egu"qdugtxcvkqpu." pqwu"rqwxqpu" eqpenwtg"swÓ§" eg"uvcfg." qz{fcvkqp"fg"3:2" u"§"3282̇E"fg" nÓcekgt"
65;."nc"fkhhfitgpvkcvkqp"fgu"rtqvtwukqpu"gp"fgwz"v{rgu"*C"gv"D+"pÓc"rcu"fg"ugpu"rj{ukswg0"Ngu"rtqvtwukqpu"
uqpv" tgnkfigu" cw" uwduvtcv" xkc" wp" rkgf" rcuucpv" cw" vtcxgtu" fg" nc" eqwejg" fg" uknkeg0" Egrgpfcpv." pqwu"
eqpugtxgtqpu" egvvg" ffiukipcvkqp" rqwt" ngu" eqwrgu" vtcpuxgtucngu." ect" gnng" rgtogv" fg" ffietktg" fg"ocpkfltg"
tcrkfg"uk"ng"rkgf"tgnkcpv"nc"rtqvtwukqp"cw"ofivcn"fg"dcug"guv"qdugtxfi"fcpu"ng"rncp"fg"nc"eqwrg0""

Rqwt"fivwfkgt"rnwu"gp"ffivckn"ng"ectcevfltg"vtkfkogpukqppgn"fg"egvvg"kpvgthceg"ofivcn1qz{fg."pqwu"cnnqpu"nc"
tgeqpuvtwktg"§"rctvkt"fg"nc"rkng"fg"eqwrgu"vtcpuxgtucngu"eqnngevfig"cw"OGD/HGI1HKD0"""

I.3.2. Reconstruction tridimensionnelle de l’interface métal/oxyde

Mise en œuvre de la reconstruction

Nc" rkng" fg" eqwrgu" vtcpuxgtucngu" guv" wvknkufig" rqwt" nc" tgeqpuvtwevkqp" vtkfkogpukqppgnng" fg" nÓkpvgthceg"
ofivcn1qz{fg0"Egvvg"tgeqpuvtwevkqp"guv"tficnkufig"§"nÓckfg"fw"nqikekgn"Cxk¦q"Hktg"x8"]:2_0"Ng"rqkpv"ng"rnwu"
korqtvcpv"rqwt"tfiwuukt"wpg"tgeqpuvtwevkqp"guv"fÓcttkxgt"§"fkuuqekgt"ngu"rjcugu"gp"rtfiugpeg"uwkxcpv"ngwt"
pkxgcw"fg"itku" *kocigu"eqffigu"gp":"dkvu"uqkv"478"pkxgcwz"fg"itku."fg"2"§"477+0"Rqwt"egnc." ngu" kocigu"
OGD/HGI"uqpv"eqnngevfigu"gp"oqfg"fingevtqpu"tfivtqfkhhwufiu"cxge"wp"hqtv"eqpvtcuvg0"Fcpu"pqvtg"ecu."ngu"
rjcugu" gp" rtfiugpeg" uqpv" nc" eqwejg" fÓqz{fg" tkejg" gp" ejtqog." ng" hkno" fg" uknkeg." ng" ofivcn" fqpv" ngu"
rtqvtwukqpu." gv" ngu" rtfiekrkvfiu" kpvgtpgu" fg" VkQ40" Ngu" eqwrgu" vtcpuxgtucngu" *Hkiwtg" 8:+" ogvvgpv" gp"
fixkfgpeg"nc"rtfiugpeg"fÓwp"eqpvtcuvg"gpvtg"ngu"itckpu"fw"ofivcn"nkfi"§"ngwt"qtkgpvcvkqp0""
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Pqwu"rqwxqpu"cnqtu"ffivgtokpgt" ng"pqodtg"fg"xqzgnu"*volumetric pixels+"rqwt"ejcswg"pkxgcw"fg"itku0"
Ngu"tfiuwnvcvu"uqpv"rtfiugpvfiu"uwt"nc"Hkiwtg"8;0"Pqwu"eqpuvcvqpu"nc"rtfiugpeg"fg"ekps"rkeu"fkuvkpevu"uqtvcpv"
rqwt"ngu"pkxgcwz"fg"itku"uwkxcpvu"<"32;."387."425."447"gv"4750"Egu"pkxgcwz"fg"itku"uqpv"cvvtkdwfiu"§"nc"
uknkeg"*32;+."§"nÓqz{fg"*387+."cw"ofivcn"*425"gv"447+"gv"cw"hqpf"ukvwfi"gp"fgjqtu"fw"u{uvflog"*475+0"Pqwu"
ffiukipqpu"rct"qz{fg"nc"eqpvtkdwvkqp"eqorqufig"fg"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog"gv"fgu"rtfiekrkvfiu"
kpvgtpgu"fg"VkQ40"Gp"ghhgv."kn"pg"pqwu"guv"rcu"rquukdng"fg"fkuuqekgt"ngu"rtfiekrkvfiu"kpvgtpgu"fg"nc"eqwejg"
fÓqz{fg"tkejg"gp"ejtqog."ect"knu"rquuflfgpv"vqwu"fgwz"ng"o‒og"pkxgcw"fg"itku0""

Wp"ugwknncig"guv"cnqtu"oku"gp"rnceg"rqwt"ufirctgt"ngu"eqpvtkdwvkqpu"fg"nc"eqwrg"vtcpuxgtucng"gp"hqpevkqp"
fw"pkxgcw"fg"itku0" Kn" uwhhkv" rqwt" egnc"fg"rncegt"fgu" ugwknu" ufirctcpv" ngu"fkhhfitgpvgu" eqpvtkdwvkqpu0"Egu"
pkxgcwz" fg" ugwknu" uqpv" ffihkpku" rct" ngu" okpkowou" nqecwz" gpvtg" ngu" rkeu0" Pqwu" gp" rnc›qpu" vtqku." ng"
rtgokgt" rqwt" wp" pkxgcw" fg" itku" fg" 357." ng" ugeqpf." rqwt" 3:5" gv" ng" fgtpkgt." rqwt" 4550" Ngu" xqzgnu"
rquufifcpv"fgu"pkxgcwz"fg"itku" kphfitkgwtu"§"357"ugtqpv"eqpukffitfiu"eqoog"crrctvgpcpv"§" nc" uknkeg0"Ngu"
xqzgnu"fg"pkxgcw"fg"itku"eqortku"gpvtg"357"gv"3:5."§"nÓqz{fg."gv"egwz"fqpv"ng"pkxgcw"fg"itku"ug"ukvwg"
gpvtg" 455" gv" 3:5." cw"ofivcn0"Gphkp." ngu" xqzgnu" fqpv" nc" xcngwt" fw" pkxgcw" fg"itku" guv" uwrfitkgwtg" §" 3:5"
ugtqpv" gzenwu" gv" pÓkpvgtxkgpftqpv" rcu" fcpu" nc" tgeqpuvtwevkqp0" Pqwu" chhgevqpu" wpg" eqwngwt" fkhhfitgpvg"
rqwt"ejcswg"eqpvtkdwvkqp"chkp"fg"hceknkvgt"nc"xkuwcnkucvkqp0"Ng"tqwig"guv"cvvtkdwfi"§"nÓqz{fg."ng"xgtv"§"nc"
uknkeg"gv"ng"dngw"cw"ofivcn0"

"

Figure 69."Fkuvtkdwvkqp"fg"xqzgnu"gp"hqpevkqp"fw"pkxgcw"fg"itku0"Ngu"hnflejgu"tgrtfiugpvgpv"ngu"ugwknu"oku"gp"rnceg"
rqwt"ufirctgt"ngu"rjcugu"fgu"eqwrgu"vtcpuxgtucngu0"

Étude qualitative

Nc"Hkiwtg"92"rtfiugpvg" nc" tgeqpuvtwevkqp"fg" nÓkpvgthceg"ofivcn1qz{fg"uwt"wpg"rtqhqpfgwt"fg" nÓqtftg"fg"
4"-o"uwkxcpv"z0"It¤eg"cw"nqikekgn."pqwu"rqwxqpu"qdugtxgt"ufirctfiogpv"ejcewpg"fgu"rjcugu"gp"rtfiugpeg"
fcpu"ng"u{uvflog"fivwfkfi0"Nc"Hkiwtg"92"*c+"rtfiugpvg"nÓgpugodng"fgu"rjcugu"tgeqpuvtwkvgu0"Uwt"nc"Hkiwtg"92"
*d+."pqwu"cxqpu"finkokpfi"nÓqz{fg."kn"guv"fqpe"rquukdng"fÓqdugtxgt"ngu"rtqvtwukqpu"fiogtigpvgu"fg"nc"uknkeg0"
Gphkp."pqwu"cxqpu"kuqnfi"ng"ofivcn"fÓwpg"rctv"*Hkiwtg"92"*e++."gv"nc"eqwejg"fg"uknkeg"fÓcwvtg"rctv"*Hkiwtg"
92"*f++0"
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Figure 70."Tgeqpuvtwevkqp"vtkfkogpukqppgnng"fg"nÓkpvgthceg"ofivcn1qz{fg"gp"(a)."ng"tqwig"eqttgurqpf"§"nÓqz{fg."ng"
dngw"cw"ofivcn"gv"ng"xgtv"§"nc"uknkeg0"Kpvgthceg"ofivcn1qz{fg"crtflu"finkokpcvkqp"fg"nÓqz{fg"gp"(b)."ofivcn"kuqnfi"gp"(c)"gv"

uknkeg"kuqnfig"gp"(d)0"""

Rqwt" hceknkvgt" nÓfivwfg" oqtrjqnqikswg." pqwu" rqwxqpu" qdugtxgt" ngu" tgeqpuvtwevkqpu" rtfiugpvfigu" uwt" nc"
Hkiwtg" 92" fcpu" wp" rncp" fg" pqvtg" ejqkz0" Nc" Hkiwtg" 93" rtfiugpvg" nÓkpvgthceg"ofivcn1qz{fg" fcpu" ng" rncp"
fÓwpg" eqwrg" vtcpuxgtucng" encuukswg" *x." y+" gv" fcpu" ng" rncp" *z." x+." e)guv/§/fktg" gp" xwg" fg" fguuwu0" Nc"
nqecnkucvkqp"fg"nc"¦qpg"qdugtxfig"fcpu"ng"rncp"fg"nc"eqwrg"vtcpuxgtucng"guv"kpfkswfig"rct"wp"ecftg"uwt"nc"
Hkiwtg"920""""

Fcpu" ng" rncp" fÓwpg" eqwrg" vtcpuxgtucng." ngu" v‒vgu" fgu" rtqvtwukqpu" rquuflfgpv" fgu" oqtrjqnqikgu" swk"
ugodngpv" ‒vtg" urjfitkswgu0" Gp" tgxcpejg." gp" qdugtxcpv" ngu" rtqvtwukqpu" rct/fguuwu." crtflu" ngu" cxqkt"
gzvtckvgu"fg"nc"eqwejg"fÓqz{fg."pqwu"eqpuvcvqpu"swg"ngwtu"v‒vgu"qpv"wpg"hqtog"cnnqpifig0"""
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Figure 71."Qdugtxcvkqpu"fg"nÓkpvgthceg"ofivcn1qz{fg"tgeqpuvtwkvg"fcpu"ngu"rncpu"*x."y+"*xwg"gp"eqwrg"vtcpuxgtucng+"
gv"*x."z+"*xwg"fg"fguuwu+0"Ng"tqwig"eqttgurqpf"§"nÓqz{fg."ng"dngw"cw"ofivcn"gv"ng"xgtv"§"nc"uknkeg0"

Étude quantitative

Fg" egvvg" kpvgthceg"ofivcn1qz{fg" tgeqpuvtwkvg." pqwu" rqwxqpu" vktgt" rnwukgwtu" kphqtocvkqpu" swcpvkvcvkxgu"
rct"vtckvgogpvu"fÓkocigu"§"nÓckfg"fgu"nqikekgnu"Cxk¦q"Hktg"gv"Kocig"L"]:3_0"

É"rctvkt"fg" nc"Hkiwtg"93"*dÓÓ+." ng" vcwz"fg"tgeqwxtgogpv"fg"nc"uwthceg"fivwfkfig"*3.;"'"8.9"-o)+"rct" ngu"
v‒vgu"fgu"rtqvtwukqpu"rgwv"‒vtg"ffivgtokpfi0"Ngu"v‒vgu"fgu"rtqvtwukqpu"tgeqwxtgpv"65"'"fg"nc"uwthceg"vqvcng"
fg" nÓfiejcpvknnqp0"Pqwu"rqwxqpu"fiicngogpv"ffivgtokpgt" ng" vcwz"fg"eqpvkpwkvfi"fg" nc"eqwejg"fg"uknkeg."§"
rctvkt" fg" nc" Hkiwtg" 93" *fÓÓ+0" Egnc" tgxkgpv" §" ffivgtokpgt" nÓcktg" vqvcng" qeewrfig" rct" ngu" rkgfu" fgu"
rtqvtwukqpu."uk"nÓqp"eqpukffltg"swg"ejcswg"fkueqpvkpwkvfi"fg"nc"eqwejg"fg"uknkeg"guv"qeewrfig"rct"ngu"rkgfu"
fgu"rtqvtwukqpu0"NÓcktg"vqvcng"qeewrfig"rct"ngu"rkgfu"fgu"rtqvtwukqpu"tgeqwxtg"3:"'"fg"nc"uwrgthkekg"fg"
nÓfiejcpvknnqp0"Gp"eqorctcpv."ng"vcwz"fg"tgeqwxtgogpv"fg"nc"uwthceg"fg"nÓfiejcpvknnqp"rct"ngu"v‒vgu"gv"rct"
ngu"rkgfu."pqwu"eqpuvcvqpu"swg"nc"itcpfgwt"guvkofig"rqwt"ngu"v‒vgu"guv"gpxktqp"fg"fgwz"hqku"uwrfitkgwtgu"§"
egnng"guvkofig"rqwt"ngu"rkgfu0"Egvvg"fkhhfitgpeg"gzrnkswg"swg."uwt"ngu"eqwrgu"vtcpuxgtucngu."ngu"rtqvtwukqpu"
rgwxgpv"§"nc"hqku"‒vtg"qdugtxfigu"cxge"ngwtu"rkgfu"*v{rg"C+"gv"ucpu"ngwtu"rkgfu"*v{rg"D+0""

FÓcwvtgu" kphqtocvkqpu" rgwxgpv" ‒vtg" vktfigu" fg" nÓcpcn{ug" fÓkocigu" vgnngu" swg" nc" fgpukvfi" fgu" v‒vgu" fg"
rtqvtwukqp."nc"fgpukvfi"fgu"rkgfu"fg"rtqvtwukqp"gv"ng"tcrrqtv"pqodtg"fg"v‒vgu"uwt"pqodtg"fg"rkgfu0"Egu"
itcpfgwtu"uqpv"ffivgtokpfigu"gp"ffipqodtcpv"ng"pqodtg"fg"v‒vgu"gv"fg"rkgfu"fg"rtqvtwukqp"rqwt"wpg"cktg"
rtfiekug0"Ng"ffipqodtgogpv"guv"tficnkufi"§"rctvkt"fgu"Hkiwtgu"93"*dÓÓ"qw"eÓÓ+"gv"*fÓÓ+"rqwt"tgurgevkxgogpv"
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ngu" v‒vgu" gv" ngu" rkgfu" fgu" rtqvtwukqpu0" Ngu" fgpukvfiu" uqpv" fixcnwfigu." rqwt" ngu" v‒vgu" fg" rtqvtwukqp" §" 4.4"
qdlgvu1-o4."gv"rqwt"ngu"rkgfu"§"4.:"qdlgvu1-o40"Ng"tcrrqtv"pqodtg"fg"v‒vgu"uwt"pqodtg"fg"rkgfu"guv"rqwt"
uc"rctv."guvkofi"§"2.9:"swk"ukipkhkg"swÓwpg"rtqvtwukqp"rgwv"rquufifgt"rnwukgwtu"rkgfu0"""

I.3.3. Bilan 

Fcpu" eg" rctcitcrjg." pqwu" cxqpu" fivwfkfi" nÓkpvgthceg" ofivcn1qz{fg" hqtofig" uwt" nÓcekgt" 65;" crtflu" wpg"
qz{fcvkqp"cw"HVE"fg"3:2"u"§"3282̇E0"Nc"ectcevfitkucvkqp"rct"oketqueqrkg"fingevtqpkswg"§"vtcpuokuukqp"c"
rgtoku" fg" eqphktogt" swg" ngu" rtqvtwukqpu" uqpv" eqorqufigu" fÓcekgt" hgttkvkswg0" Nc" tgeqpuvtwevkqp"
vtkfkogpukqppgnng" c" tfixfinfi" nc"oqtrjqnqikg" rctvkewnkfltg" fgu" rtqvtwukqpu" hqtofigu" uwt" egvvg" pwcpeg0"Fg"
rnwu."kn"guv"oku"gp"fixkfgpeg"swg"ejcswg"rtqvtwukqp"guv"tgnkfig"cw"uwduvtcv"rct"wp"qw"rnwukgwtu"rkgfu0"Pqwu"
rqwxqpu"nqikswgogpv"pqwu"fgocpfgt"§"eg"uvcfg"fg"nÓfivwfg"uk"ngu"rtqvtwukqpu"hqtofigu"uwt"nc"pwcpeg"663"
rquuflfgpv"nc"o‒og"oqtrjqnqikg"swg"egnngu"fg"nc"pwcpeg"65;0"Pqwu"tfirqpftqpu"§"egvvg"kpvgttqicvkqp."
rnwu"vctf"fcpu"nc"uwkvg"fw"ejcrkvtg0"""

Fcpu" ng" rctcitcrjg" uwkxcpv." pqwu" pqwu" kpvfitguugtqpu" §" nÓfixqnwvkqp" fg" nc"oqtrjqnqikg" fg" nÓkpvgthceg"
ofivcn1qz{fg"cxge"nc"fwtfig"fÓqz{fcvkqp0"Egvvg"fixqnwvkqp"ugtc"okug"gp"fixkfgpeg"rqwt"wp"ugwn"cekgt." ng"
6630""""""""

I.4. Évolution de la morphologie de l’interface métal/oxyde  

NÓkpvgthceg"ofivcn1qz{fg"fg"nÓcekgt"663"guv"qdugtxfig"rqwt"fkhhfitgpvgu"fwtfigu"fÓqz{fcvkqp0"Nc"Hkiwtg"94"
rtfiugpvg"nc"oqtrjqnqikg"fg"nÓkpvgthceg"ofivcn1qz{fg"rqwt"fgu"fwtfigu"fÓqz{fcvkqp"fg";22"u"*c+"gv"3:22"u"
*d+0""

Nc"Hkiwtg"94"*c+"guv"wp"enkejfi"OGD/HGI"fÓwpg"ncog"okpeg."gzvtckvg"rct"HKD."fÓwp"fiejcpvknnqp"qz{ffi"
;22"u0" Rqwt" egvvg" fwtfig" fÓqz{fcvkqp." nÓfirckuugwt" fg" nc" eqwejg" fÓqz{fg" guv" fg" 4"-o0" NÓkpvgthceg"
ofivcn1qz{fg"guv"octswfig"rct"nc"rtfiugpeg"fÓwpg"eqwejg"eqpvkpwg"fg"uknkeg"fg"322"§"422"po"fÓfirckuugwt0"
Ngu"rtqvtwukqpu" uqpv" §"eg" uvcfg." gpvkfltgogpv" gortkuqppfigu"fcpu" nc" eqwejg"fÓqz{fg" tkejg" gp"ejtqog"
uqwu"hqtog"fÓkpenwukqpu"ofivcnnkswgu0"Fgu"rqtgu"uqpv"fiicngogpv"rtfiugpvu"§"nÓkpvgthceg"uknkeg1qz{fg"tkejg"
gp" ejtqog0" Egu" rqtgu" uqpv" rtqdcdngogpv" kuuwu" fg" nc" rtfiekrkvcvkqp" fgu" ncewpgu" crtflu" fkhhwukqp" fgu"
ecvkqpu" ofivcnnkswgu" xgtu" nÓkpvgthceg" qz{fg" tkejg" gp" ejtqog1ic¦0" NÓqdugtxcvkqp" cw" OGD/HGI" gp"
fingevtqpu"ugeqpfcktgu"ogv"encktgogpv"gp"fixkfgpeg"nc"oketquvtwevwtg"fg"nÓcekgt"gv"fg"nc"eqwejg"fÓqz{fg0"
Dkgp"swÓkn"uqkv"korquukdng"fg"ffivgtokpgt"fg"ocpkfltg"rtfiekug."uwt"eg"enkejfi."nc"vcknng"fg"itckp"fg"nÓcekgt."
pqwu" rqwxqpu" nÓguvkogt" §" swgnswgu" fk¦ckpgu" fg" oketqoflvtgu0" Nc" eqwejg" fÓqz{fg" tkejg" gp" ejtqog"
rquuflfg"swcpv"§"gnng"fgu"itckpu"fg"vcknng"uwdoketqpkswg0""

Nc" Hkiwtg" 94" *d+" rtfiugpvg" wpg" eqwrg" vtcpuxgtucng" fÓwp" fiejcpvknnqp" qz{ffi" 3:22"u0" NÓfirckuugwt" fg" nc"
eqwejg"fÓqz{fg"guv"fg"nÓqtftg"fg"3.7"-o0"É"nÓkpvgthceg"ofivcn1qz{fg."nc"eqwejg"fg"uknkeg"guv"eqpvkpwg0"
Ngu"rqtgu"encktgogpv"oku"gp"fixkfgpeg"crtflu"wpg"qz{fcvkqp"fg";22"u."pg"ug"fkuvkpiwgpv"rcu"fg"nc"eqwejg"
fg"uknkeg"fcpu"ng"ecu"rtfiugpv0"Cwewpg"kpenwukqp"ofivcnnkswg"pÓguv"qdugtxfig"fcpu"nc"eqwejg"fÓqz{fg"tkejg"
gp"ejtqog0"""

Nc"fwtfig"fÓqz{fcvkqp"c"fqpe"wpg"kphnwgpeg"uwt"nc"oqtrjqnqikg"fg"nÓkpvgthceg"ofivcn1qz{fg0""
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Figure 72."Oqtrjqnqikgu"fgu"eqwrgu"vtcpuxgtucngu"fg"nÓcekgt"663"qz{ffi";22"u"gp"(a)"gv"3:22"u"gp"(b)0"
Qdugtxcvkqp"OGD/HGI"gp"fingevtqpu"ugeqpfcktg"gp"(a)"gv"gp"fingevtqpu"tfivtqfkhhwufiu"gp"(b)0""

É"eg"uvcfg"fg" nÓfivwfg."pqwu"cxqpu"oku"gp"fixkfgpeg" nc" hqtocvkqp." nqtu"fg"eqwtvgu"fwtfigu"fÓqz{fcvkqp"
*82/3:2"u+." fg" rtqvtwukqpu" ofivcnnkswgu" nqecnkufigu" fcpu" nc" eqwejg" fÓqz{fg" fg" ejtqog0" It¤eg" §" nc"
fkueqpvkpwkvfi"fg"nc"eqwejg"fg"uknkeg."ngu"rtqvtwukqpu"uqpv"tgnkfigu"cw"uwduvtcv0"NÓcwiogpvcvkqp"fg"nc"fwtfig"
fÓqz{fcvkqp"eqpfwkv"§"nc"hqtocvkqp"fÓwpg"eqwejg"eqpvkpwg"fg"uknkeg0"Ngu"rtqvtwukqpu"ug"vtqwxgpv"cnqtu"
gortkuqppfigu"fcpu"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog"uqwu"nc"hqtog"fÓkpenwukqpu"ofivcnnkswgu0"Gphkp."
rqwt"fgu"fwtfigu"rnwu"nqpiwgu."ngu"kpenwukqpu"hkpkuugpv"rct"uÓqz{fgt0""

Fcpu" ng"rctcitcrjg" uwkxcpv." pqwu"pqwu"rtqrquqpu"fÓfivwfkgt" ngu" kpenwukqpu"qdugtxfigu"fcpu" nc" eqwejg"
fÓqz{fg"tkejg"gp"ejtqog"crtflu"wpg"qz{fcvkqp"fg";22"u0""

I.5. Étude des inclusions formées sur l’acier 441 

I.5.1. Caractérisation au MEB-FEG couplé à l’EDS

NÓfivwfg"fgu"kpenwukqpu"guv"tficnkufig"§"rctvkt"fÓwpg"ncog"okpeg"gzvtckvg"fÓwp"fiejcpvknnqp"qz{ffi";22"u"§"
3282̇E0"Nc"nqecnkucvkqp"fgu"finfiogpvu"rtkpekrcwz"*hgt."ejtqog."uknkekwo"gv"pkqdkwo+"guv"tgejgtejfig"rct"
ectvqitcrjkg"Z0"Ngu"ectvqitcrjkgu"Z"eqnngevfigu"rqwt" ng" hgt." ng"ejtqog." ng"uknkekwo"gv" ng"pkqdkwo"uqpv"
rtfiugpvfigu"tgurgevkxgogpv"uwt"ngu"Hkiwtgu"95"*c+."*d+."*e+"gv"*f+0"Ng"hgt"guv"ffivgevfi"fcpu"ng"ofivcn"fg"dcug"
gv"fcpu"ngu"kpenwukqpu0""

Ng" ejtqog" guv" nqecnkufi" fcpu" ng" ofivcn." ngu" kpenwukqpu" gv" nc" eqwejg" fÓqz{fg0" Nc" eqwejg" fÓqz{fg" guv"
hqtvgogpv" gptkejkg" gp" ejtqog" rct" tcrrqtv" cwz" kpenwukqpu" gv" cw" ofivcn0" Ng" uknkekwo" guv" ffivgevfi" §"
nÓkpvgthceg"ofivcn1qz{fg"q́"ug"ukvwg"nc"eqwejg"fg"uknkeg0"Gphkp."ng"pkqdkwo"guv"wpkswgogpv"nqecnkufi"fcpu"
ngu" kpenwukqpu0" NÓgptkejkuugogpv" gp" pkqdkwo" fgu" kpenwukqpu" eqphktog" nÓcpcn{ug" GFU" ogpfig" uwt" ngu"
rtqvtwukqpu"hqtofigu"uwt"nÓcekgt"6630""

Gp"ug"hqecnkucpv"uwt"ngu"Hkiwtgu"95"*c+"gv"*f+."kn"ugodng"swg"nc"nqecnkucvkqp"fw"pkqdkwo"gv"fw"hgt"pg"ug"
tgeqwrg" rcu" gpvkfltgogpv0" Cwvtgogpv" fkv." ng" pkqdkwo" ugodng" fiicngogpv" ‒vtg" rtfiugpv" cw" pkxgcw" fgu"
kpenwukqpu." ocku" gp" fgjqtu" fg" egnngu/ek0" Rqwt" xfitkhkgt" egvvg" qdugtxcvkqp." ngu" ectvqitcrjkgu" Z" uqpv"
vtckvfigu"chkp"fg"ffivgtokpgt"ngu"¦qpgu"fg"tgeqwrgogpv"gpvtg"ng"pkqdkwo"gv"ng"hgt0"""""""
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Figure 73."Ectvqitcrjkgu"Z"fw"hgt"gp"(a)."fw"ejtqog"gp"(b)."fw"uknkekwo"gp"(c)"gv"fw"pkqdkwo"gp"(d)0"

Ngu" Hkiwtgu" 96" *c+" gv" *d+" rtfiugpvgpv" ngu" kocigu" kuuwgu" fw" vtckvgogpv" fgu" ectvqitcrjkgu" Z" §" nÓckfg"
fÓKocig"L0"Uwt"nc"Hkiwtg"96"*c+."pqwu"cxqpu"tgrtfiugpvfi"ngu"¦qpgu"fg"tgeqwrgogpv"fgu"finfiogpvu"hgt"gv"
pkqdkwo"*Pd"gv"Hg+"crtflu"dkpctkucvkqp"fgu"ectvqitcrjkgu"Z"fw"hgt"gv"fw"pkqdkwo"*Hkiwtg"95"*c+"gv"*f++"="
gv"uwt"nc"Hkiwtg"96"*d+."ngu"¦qpgu"q́"ng"pkqdkwo"guv"nqecnkufi"gp"fgjqtu"fgu"kpenwukqpu"*Pd"Î"Hg+0"Kn"guv"
oku" gp" fixkfgpeg" swg" ng" pkqdkwo" guv" nqecnkufi" fcpu" ngu" kpenwukqpu." ocku" fiicngogpv" fcpu" nc" eqwejg"
fÓqz{fg"tkejg"gp"ejtqog"cw"pkxgcw"fgu"kpenwukqpu0"""

"

Figure 74."Kocigu"kuuwgu"fw"vtckvgogpv"fgu"ectvqitcrjkgu"Z"fw"hgt"gv"fw"pkqdkwo0"¥qpgu"fg"tgeqwrgogpv"gpvtg"ng"
hgt"gv"ng"pkqdkwo"*Pd"gv"Hg+"gp"(a)."gv"¦qpgu"qw"ng"pkqdkwo"ug"ukvwg"gp"fgjqtu"fgu"kpenwukqpu"*Pd"Î"Hg+"gp"(b)0"

Gp" qdugtxcpv" rnwu" cvvgpvkxgogpv" ng" enkejfi" OGD/HGI." gp" fingevtqpu" tfivtqfkhhwufiu" fg" nc" eqwrg"
vtcpuxgtucng"rtfiugpvfi"uwt"nc"Hkiwtg"97"*c+."pqwu"tgoctswqpu"swÓkn"{"c"wp"eqpvtcuvg"fg"rjcug"cw"pkxgcw"
fgu"kpenwukqpu0"Uwt"egvvg"eqwrg"vtcpuxgtucng."pqwu"rqwxqpu"fkuvkpiwgt"swcnkvcvkxgogpv"swcvtg"pkxgcwz"
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fg"itku."pqvfig"3."4."5"gv"60"Ng"rtgokgt"pkxgcw"eqttgurqpf"§"egnwk"fw"ofivcn."kn"ug"tgvtqwxg"§"nc"hqku"cw"
eÍwt"fg"nÓcekgt"gv"fcpu"ngu"kpenwukqpu0"Ng"ugeqpf"pkxgcw"fg"itku"guv"ugwngogpv"qdugtxfi"§"rtqzkokvfi"fgu"
kpenwukqpu0"Ng"vtqkukflog"pkxgcw"eqttgurqpf"§"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog."gv"ng"swcvtkflog"§"nc"
eqwejg"fg"uknkeg0"Cw"pkxgcw"fgu"kpenwukqpu."ngu"pkxgcwz"fg"itku"3"gv"4"uqpv"rtfiugpvu0""""

Rqwt" fkhhfitgpekgt" egu" pkxgcwz" fg" itku" gp" vgtog" fg" eqorqukvkqp" ejkokswg." ngu" rtqhknu" GFU" fg"
eqpegpvtcvkqp"fgu"finfiogpvu"hgt."ejtqog."uknkekwo"gv"pkqdkwo"uqpv"gptgikuvtfiu"rct"wp"dcnc{cig"nkpficktg0"
Nc"fktgevkqp"fg"dcnc{cig"guv"rqukvkqppfig"fg"ocpkfltg"§"ogvvtg"gp" fixkfgpeg" nc"fkhhfitgpeg"fg"eqpvtcuvg"
ejkokswg"cw"pkxgcw"fgu" kpenwukqpu0"Ngu"rtqhknu"fg"eqpegpvtcvkqp"uqpv"rtfiugpvfiu" uwt" nc" Hkiwtg"97" *d+0"
Egu" rtqhknu" rtfiugpvgpv" nÓfixqnwvkqp" fg" nc" vgpgwt" ocuukswg" fgu" finfiogpvu" gp" hqpevkqp" fg" nc" fkuvcpeg"
dcnc{fig0"Nc"vgpgwt"ocuukswg"guv"pqtocnkufig"rqwt"swg"nc"uqoog"fgu"vgpgwtu"gp"finfiogpvu"fivwfkfiu"*Hg."
Et."Uk"gv"Pd+"uqkv"fiicng"§"322."kn"uÓcikv"fqpe"wpkswgogpv"fÓwpg"cpcn{ug"ugok/swcpvkvcvkxg0"Nc"fkuvcpeg"
kpkvkcng"*x"?"2+"guv"rqukvkqppfig"cnficvqktgogpv"fcpu"nÓcekgt0"Nc"fkuvcpeg"dcnc{fig"guv"fg"5"-o."wpg"cpcn{ug"
guv"tficnkufig"vqwu"ngu"42"po0""

Kpvfitguuqpu" vqwv" fÓcdqtf" cw" rtqhkn" fw" hgt." fcpu" ng" uwduvtcv." nc" vgpgwt" gp" hgt" guv" eqortkug" gpvtg" :2"gv"
;2"'"ocuukswg0"Egvvg" vgpgwt" ejwvg" dtwvcngogpv" crtflu" 3.4"-o." eg" swk" eqttgurqpf" cw" rcuucig" fcpu" nc"
eqwejg"fg"uknkeg0"NÓgpvtfig"fcpu"wpg"kpenwukqp"ffihkpkg"rct"wp"pkxgcw"fg"itku"pqvfi"3."ug"vtcfwkv"rct"wpg"
hqtvg" cwiogpvcvkqp" fg" nc" vgpgwt" gp" hgt0"Egnng/ek" cvvgkpv" ng" pkxgcw" swÓgnng" cxckv" fcpu" nÓcekgt0" Nqtu" fw"
rcuucig"fcpu"nc"¦qpg"fqpv"ng"pkxgcw"fg"itku"guv"pqvfi"4."nc"vgpgwt"gp"hgt"ejwvg0"Crtflu"4"-o."nc"vgpgwt"gp"
hgt"cwiogpvg"gv"cvvgkpv":2"'"ocuukswg"gpxktqp."eg"swk"eqttgurqpf"§"wpg"kpenwukqp"fg"pkxgcw"fg"itku"
pqvfi"30"Gphkp."rqwt"wpg"fkuvcpeg"uwrfitkgwtg"§"4.5"-o."nc"vgpgwt"gp"hgt"tgejwvg"gv"ug"uvcdknkug"cw"cngpvqwt"
fg"2."qp"ug"ukvwg"cnqtu."fcpu"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog0""

Gp"eg"swk"eqpegtpg"ng"ejtqog."uc"vgpgwt"fcpu"nÓcekgt"ug"ukvwg"cwz"cngpvqwtu"37/3:"'"ocuukswg0"Fcpu"nc"
eqwejg" fg" uknkeg" nc" vgpgwt" gp" ejtqog" ejwvg0" Egnng/ek" tguvg" hckdng" fcpu" nÓkpenwukqp." dkgp" swÓgnng"
cwiogpvg"nfiifltgogpv"rct"tcrrqtv"§"uc"vgpgwt"fcpu"nc"uknkeg0"Nc"vgpgwt"gp"ejtqog"cvvgkpv"gpxktqp"72"'"
ocuukswg" fcpu" nc" ¦qpg" ffihkpkg" rct" ng" pkxgcw" fg" itku" pqvfi" 4." rwku" gnng" ejwvg" fcpu" nÓkpenwukqp" cwz"
cngpvqwtu"fg"32/37"'"ocuukswg0"Gphkp."fcpu"nc"eqwejg"fÓqz{fg."nc"vgpgwt"gp"ejtqog"guv"swcukogpv"fg"
nÓqtftg"fg"322"'"ocuukswg0""

Uwt" ng" rtqhkn" fg" eqpegpvtcvkqp" fw" uknkekwo." " pqwu" qdugtxqpu" wp" ugwn" rke" rqukvkqppfi" cw" pkxgcw" fg" nc"
eqwejg"fg"uknkeg0"Kn"guv"fiicngogpv"kpvfitguucpv"fg"pqvgt"swg"nÓkpenwukqp"ukvwfig"cw"eqpvcev"fg"nc"eqwejg"fg"
uknkeg"*pkxgcw"fg"itku"pqvfi"3+."guv"nfiifltgogpv"gptkejkg"gp"uknkekwo0""

Ng"pkqdkwo"rqwt"uc"rctv."gptkejkv"nfiifltgogpv"ngu"¦qpgu"fqpv"ng"pkxgcw"fg"itku."guv"pqvfi"3"*kpenwukqp+0"Gp"
tgxcpejg."egv"finfiogpv"guv"hqtvgogpv"ffivgevfi"fcpu"nc"¦qpg"fqpv"ng"pkxgcw"fg"itku"guv"pqvfi"40"Uc"vgpgwt"{"
guv"fg"nÓqtftg"fg"52"§"62"'"ocuukswg0"

Fg" egvvg" fivwfg." pqwu" ffifwkuqpu" swg" ngu" kpenwukqpu" uqpv" eqpuvkvwfigu" oclqtkvcktgogpv" fg" hgt" gv" uqpv"
gptkejkgu"gp"pkqdkwo."eg"swk"eqphktog"ngu"qdugtxcvkqpu"fgu"ectvqitcrjkgu"Z0"Wp"eqorqufi"eqpuvkvwfi"fg"
ejtqog" gv" pkqdkwo" guv" oku" gp" fixkfgpeg" cw" pkxgcw" fgu" kpenwukqpu0" Pqwu" rqwxqpu" tckuqppcdngogpv"
cvvtkdwgt" eg" eqorqufi" §" nÓqz{fg"PdOQ6" cxge"O" tgrtfiugpvcpv" wp" cvqog" fg" vkvcpg" qw" fg" ejtqog0" Ng"
vkvcpg"pÓc"rcu"fivfi"tgejgtejfi"fcpu"egvvg"fivwfg0"NÓqz{fg"PdOQ6"c"fivfi"rtficncdngogpv"oku"gp"fixkfgpeg"cw"
pkxgcw"fg"nÓkpvgthceg"ofivcn1qz{fg"fcpu"ng"ejcrkvtg"rtfiefifgpv"*cf."Ejcr0"KKK/K0503+0"Fg"rnwu."kn"guv"oku"gp"
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fixkfgpeg"swg"nc"rctvkg"kpvgtpg"fg"nc"eqwejg"fÓqz{fg."rqwt"egu"fwtfigu"fÓqz{fcvkqp"*;22"u+"guv"eqpuvkvwfig"
wpkswgogpv"fg"ejtqokpg0"Ng"dcnc{cig"c"fivfi"ctt‒vfi"cw"eÍwt"fg"nc"eqwejg"fÓqz{fg"pqwu"pÓcxqpu"fqpe"
rcu"cpcn{ufi"nc"rctvkg"gzvgtpg"fg"nc"eqwejg"fÓqz{fg"*urkpgnng+0""""

"

Figure 75."Enkejfi"OGD/HGI"gp"fingevtqpu"tfivtqfkhhwufiu"fg"nc"eqwrg"vtcpuxgtucng"fg"nÓcekgt"663"qz{ffi";22"u"gp"
(a)0"Rtqhknu"fg"eqpegpvtcvkqp"GFU"gptgikuvtfiu"rct"dcnc{cig"nkpficktg"gp"(b)0"Nc"fktgevkqp"fg"dcnc{cig"guv"

tgrtfiugpvfig"rct"wpg"hnflejg"uwt"ng"enkejfi"OGD/HGI0"

I.5.2. Bilan 

Nc"ectcevfitkucvkqp"rct"OGD/HGI"gv"GFU"fgu"kpenwukqpu"hqtofigu"uwt"nc"pwcpeg"hgttkvkswg"663."pqwu"c"
rgtoku"fg"ogvvtg"gp"fixkfgpeg"swg"ngu"kpenwukqpu"rquuflfgpv"wpg"eqorqukvkqp"rtqejg"fg"egnng"fw"ofivcn0"
FÓcwvtg"rctv."pqwu"cxqpu"xfitkhkfi"swg"ngu"kpenwukqpu"uqpv"gptkejkgu"gp"pkqdkwo"eqoog"ngu"rtqvtwukqpu0"
Gphkp."pqwu"cxqpu"rw"ogvvtg"gp"fixkfgpeg"nc"rtfiugpeg"fÓwp"qz{fg"tkejg"gp"ejtqog"gv"pkqdkwo"cw"pkxgcw"
fgu"kpenwukqpu0""""

"

"

"

"

"
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II. Interface métal/oxyde lors de recuits de types 

industriels 

II.1. Mise en œuvre expérimentale

Rqwt"fivwfkgt"nÓkpvgthceg"ofivcn1qz{fg"hqtofig"nqtu"fg"tgewkvu"ogpfiu"cw"HCUC."pqwu"fgxqpu"rtfirctgt"fgu"
eqwrgu" vtcpuxgtucngu0" Egrgpfcpv." kn" uÓcxfltg" vtflu" fkhhkekng" fg" rtfirctgt" egu" eqwrgu" vtcpuxgtucngu" rct"
ofivjqfg"ofivcnnqitcrjkswg"encuukswg0"Gp"ghhgv." eqorvg" vgpw"fg" nc"fkogpukqp"fgu" fiejcpvknnqpu"HCUC"
*352"'" 72"eo4+." kn" guv" pfieguucktg" fg" ngu" ffieqwrgt." eg"swk" guv" uwuegrvkdng"fg" ffivfitkqtgt" nqecngogpv" nc"
eqwejg"fÓqz{fg."swk"rgwv"‒vtg"cnqtu"cttcejfig"nqtu"fw"rqnkuucig."gv"egnc"ocnitfi"ng"ffir»v"fÓwpg"eqwejg"fg"
pkemgn0" Rqwt" eqpvqwtpgt" egu" fkhhkewnvfiu." fgwz" ofivjqfgu" uÓqhhtgpv" §" pqwu." nc" rtgokfltg." eqpukuvg" §"
rtfirctgt"wpg"eqwrg"vtcpuxgtucng"rct"cdtcukqp"kqpkswg"cw"HKD0"Egvvg"vgejpkswg."pfieguukvg"fiicngogpv"wpg"
ffieqwrg" rtficncdng" fgu" fiejcpvknnqpu." ocku" pqwu" qhhtg" nc" rquukdknkvfi" fg" ejqkukt" nc" ¦qpg" §" fivwfkgt." gp"
fgjqtu"fgu"rctvkgu"ffivfitkqtfigu"rqwt"nc"ffieqwrg0"Nc"ugeqpfg"ofivjqfg"eqpukuvg"§"hcktg"fgu"qdugtxcvkqpu"
gp"xwg"fg"fguuwu0"Rqwt"egnc."kn"uwhhkv"fÓfinkokpgt"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog0"Ngu"fiejcpvknnqpu"
uqpv"cnqtu"vtckvfiu"rct"xqkg"fingevtqn{vkswg"gp"oknkgw"uwnhcvg"fg"uqfkwo0"Egvvg"vgejpkswg"eqpvtcktgogpv"cw"
HKD." guv" vtflu" tcrkfg" gv" hcekng" §" ogvvtg" gp" Íwxtg0" Gp" tgxcpejg." gnng" rgtogv" wpkswgogpv" fÓqdugtxgt"
nÓkpvgthceg" uknkeg1qz{fg0" NÓqdugtxcvkqp" fg" nÓkpvgthceg"ofivcn1uknkeg" pfieguukvg" wpg" cvvcswg" fw" ofivcn" fg"
dcug"swk"pÓguv"rcu"oku"gp"Íwxtg"fcpu"ng"ecu"rtfiugpv0""""""""

II.2.  Étude de la nuance 441 

II.2.1. Topographie de surface 

NÓfivwfg"fg"nc"vqrqitcrjkg"fg"uwthceg"guv"okug"gp"Íwxtg"§"nÓckfg"fÓwp"oketqueqrg"§"hqteg"cvqokswg0"Ng"
ejqkz" fg" egvvg" vgejpkswg" rct" tcrrqtv" cw" rtqhknqoflvtg" qrvkswg" uÓgzrnkswg" rct" uc"ogknngwtg" tfiuqnwvkqp"
ncvfitcng0"Nc"vcknng"fgu"rtqvtwukqpu""*522"po+"guv"nctigogpv"uwrfitkgwtg"§"nc"tfiuqnwvkqp"ncvfitcng"fg"nÓCHO"
*2.3" po+." cnqtu" swÓgnng" guv" fg" nÓqtftg" fg" itcpfgwt" fg" egnng" fw" rtqhknqoflvtg" qrvkswg" *742"po" cxge"
nÓqdlgevkh"ng"rnwu"rwkuucpv"§"fkurqukvkqp"cw"ncdqtcvqktg"'"72+0"NÓcktg"fg"nc"uwthceg"fivwfkfig"gp"CHO"guv"fg"
32"'"32"-o40"Ngu" vqrqitcrjkgu" fg" uwthceg"fÓfiejcpvknnqpu" tgewkvu" §" 3232"gv" 3342̇E" uqpv" rtfiugpvfigu."
tgurgevkxgogpv."uwt"ngu"Hkiwtgu"98"*c+"gv"*d+0""

NÓfiejcpvknnqp" tgewkv" §" 3232̇E" rtfiugpvg" wpg" uwthceg" cxge" rgw" fg" tgnkgh0" Nc" twiqukvfi" Tc" fg" egv"
fiejcpvknnqp"guv"oguwtfig"§"63"ł"4"po0"NÓfiejcpvknnqp"tgewkv"§"3322̇E"rtfiugpvg."rqwt"uc"rctv"wpg"uwthceg"
rnwu"ceekfgpvfig0"Egvvg"qdugtxcvkqp"ug"tgvtqwxg"uwt"nc"xcngwt"fg"twiqukvfi"swk"guv"oguwtfig"§"332"ł"32"po0""
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Figure 76."Vqrqitcrjkgu"fg"uwthceg"fgu"fiejcpvknnqpu"fÓcekgt"663"rtficncdngogpv"tgewkv"§"3232̇E"gp"(a)"gv"3322̇E"
gp"(b)"vtckvfi"cw"uwnhcvg"fg"uqfkwo"crtflu"tgewkv0""

É"nÓckfg"fg"egvvg"fivwfg" vqrqitcrjkswg"fg" nc"uwthceg"fgu"fiejcpvknnqpu"qz{ffiu" fqpv" nc"eqwejg"fÓqz{fg"
tkejg" gp" ejtqog" c" fivfi" finkokpfig." pqwu" cxqpu" oku" gp" fixkfgpeg" swg" nc" vgorfitcvwtg" fg" tgewkv" c" wpg"
kphnwgpeg"uwt"nc"twiqukvfi0"Fcpu"ng"rctcitcrjg"uwkxcpv."pqwu"cnnqpu"vgpvgt"fÓgzrnkswgt"egvvg"fixqnwvkqp"fg"
nc"twiqukvfi"gp"fivwfkcpv"nc"oqtrjqnqikg"fg"nc"uwthceg"fgu"fiejcpvknnqpu0"

II.2.2. Morphologie de l’interface métal/oxyde

Après recuit de 45 s à 1120°C

Nc"Hkiwtg"99"rtfiugpvg"nc"oqtrjqnqikg"fÓwp"fiejcpvknnqp"fÓcekgt"663"tgewkv"67"u"§"3342̇E"qdugtxfig"cw"
OGD/HGI0""

Nc"uwthceg"fg"nÓfiejcpvknnqp."crtflu"finkokpcvkqp"fg"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog."guv"tgeqwxgtvg"fg"
rtqvtwukqpu0"Rct"gpftqkvu."fgu"pqfwngu"cnnqpifiu"fg"itcpfgu"fkogpukqpu"*4"'":"-o4+"uqpv"qdugtxfiu0"Ngu"
rtqvtwukqpu"rtfiugpvgpv"fgu"hqtogu"urjfitkswgu"dkgp"ffihkpkgu"fqpv"ng"fkcoflvtg"guv"fg"nÓqtftg"fg"422"po0"
Nc" Hkiwtg" 99" *f+" guv" wpg" eqwrg" vtcpuxgtucng" tficnkufig" §" nÓckfg" fw" HKD" uwt" egv" fiejcpvknnqp." cxcpv" ng"
vtckvgogpv" fingevtqn{vkswg" gp" oknkgw" uwnhcvg" fg" uqfkwo0" Nc" eqwejg" fÓqz{fg" tkejg" gp" ejtqog" guv"
tgncvkxgogpv" hkpg" fg" nÓqtftg" fg" 422"po0" Nc" eqwejg" fg" uknkeg" §" nÓkpvgthceg" ofivcn1qz{fg" guv" vtflu"
fkueqpvkpwg0"Nc"oqtrjqnqikg"fgu"rtqvtwukqpu"gp"eqwrg"vtcpuxgtucng"guv"fkhhfitgpvg"fg"egnng"qdugtxfig"uwt"
fgu"fiejcpvknnqpu"tgewkvu"cw"HVE0"Fcpu"ng"ecu"rtfiugpv."kn"ugodng"swÓkn"{"ckv"wpg"qpfwncvkqp"fg"nÓkpvgthceg"
ofivcn1qz{fg"cxge"fgu"rtfiekrkvfiu"fg"uknkeg"nqecnkufiu"cw"dcu"fg"nÓqpfwncvkqp0"Ngu"rtqvtwukqpu."nqecnkufigu"
fcpu"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog."pg"rquuflfgpv"rcu"fg"rkgfu"vgnu"swg"pqwu"ngu"cxqpu"ffihkpkgu"
fcpu"nc"rctvkg"I.1.20"Pqwu"eqpugtxgtqpu"egrgpfcpv."ng"vgtog"fg"rtqvtwukqp"rqwt"ffihkpkt"egu"qdlgvu0"""""""""""
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Figure 77."Qdugtxcvkqpu"OGD/HGI"fgu"rtqvtwukqpu"hqtofigu"uwt"nÓcekgt"663"crtflu"qz{fcvkqp"fg"67"u"§"3342̇E0"
Xwg"fg"fguuwu"*gp"fingevtqpu"ugeqpfcktgu+"crtflu"finkokpcvkqp"fg"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog"gp"(a)."(b)"gv"
(c)0"Xwg"gp"eqwrg"vtcpuxgtucng"cw"OGD/HGI1HKD"*fingevtqpu"tfivtqfkhhwufiu+"gp"(d)0"Ngu"enkejfiu"(a)"gv"(b)"qpv"fivfi"

qdvgpwu"crtflu"wpg"kpenkpckuqp"fg"nÓfiejcpvknnqp"fg"67̇0"""

Ngu"urgevtgu"GFU"kuuwu"fg"rqkpvfiu"ffivcknnfiu"uwt"nc"Hkiwtg"39"*-3"gv"-4+"tfixflngpv"nc"rtfiugpeg"fÓqz{iflpg"
gv"fg"uknkekwo"gpvtg"ngu"rtqvtwukqpu"gv"ngu"itqu"pqfwngu"*urgevtg"-3+0"Kn"uÓcikv"fqpe"dkgp"fg"nc"eqwejg"fg"
uknkeg0" Ng" hgt" gv" ng" ejtqog" uqpv" fiicngogpv" ffivgevfiu" fw" hckv" fg" nc" hkpguug" fg" nc" eqwejg" fg" uknkeg." egu"
finfiogpvu"fqkxgpv"rtqxgpkt"fw"uwduvtcv"ofivcnnkswg0"NÓcpcn{ug"fgu"itqu"pqfwngu"tfixflng"rtkpekrcngogpv"nc"
rtfiugpeg"fÓqz{iflpg."fg" vkvcpg"gv"fg"pkqdkwo"*urgevtg"-4+0"Egu"itqu"pqfwngu" uqpv"cvvtkdwfiu"§" nÓqz{fg"
PdVkQ6."ectcevfitkufi"rct"FTZ"uqwu" kpekfgpeg" tcucpvg"fcpu" ng"ejcrkvtg"rtfiefifgpv" *cf."Ejcr0" KKK/K0503+0"
Ngu" rtqvtwukqpu" uqpv" eqpuvkvwfigu" fg" hgt." gv" rtfiugpvgpv" wp" gptkejkuugogpv" gp" pkqdkwo" *urgevtg" pqp"
rtfiugpvfi"fcpu"nc"Hkiwtg"9:+0"""
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Figure 78."Urgevtgu"GFU"fg"nc"uwthceg"fg"nÓfiejcpvknnqp"gpvtg"ngu"rtqvtwukqpu"*urgevtg"3+"gv"fw"itqu"pqfwng"*urgevtg"
4+0""

Ng"tgewkv"fg"67"u"§"3342̇E"fg"nc"pwcpeg"663"gpvtc¶pg"nc"hqtocvkqp"fg"rtqvtwukqpu"gptkejkgu"gp"pkqdkwo0"
Gp"rnwu"fgu"rtqvtwukqpu."nÓqz{fg"PdVkQ6"guv"oku"gp"fixkfgpeg"cw"pkxgcw"fg"nÓkpvgthceg"ofivcn1qz{fg0"

Après recuit de 45 s à plus basses températures (1010 et 1075°C)

NÓghhgv" fg" nc" vgorfitcvwtg" uwt" nc" oqtrjqnqikg" fg" nÓkpvgthceg" guv" fivwfkfi" rqwt" fgu" tgewkvu" fg" 67"u0" Nc"
Hkiwtg" 9;" rtfiugpvg" ngu" oqtrjqnqikgu" fg" uwthceg" fg" nc" pwcpeg" 663" tgewkvg" §" 3232" gv" 3297̇E" crtflu"
finkokpcvkqp" fg" nc" eqwejg" fÓqz{fg" tkejg" gp" ejtqog0" Uwt" nÓfiejcpvknnqp" tgewkv" §" 3232̇E." cwewpg"
rtqvtwukqp" pÓguv" encktgogpv" qdugtxfig" *Hkiwtg" 9;" *c++0"Gp" tgxcpejg." nc" uwthceg" fg" nÓfiejcpvknnqp" crtflu"
tgewkv" §" 3297̇E" guv" tgeqwxgtvg" fg" rtqvtwukqpu0" Fg" rnwu." uwt" eg"o‒og" fiejcpvknnqp." fg" itqu" pqfwngu."
cvvtkdwfiu"§"PdVkQ6"uqpv"fiicngogpv"qdugtxfiu"rct"gpftqkvu."dkgp"swÓknu"pg"uqkgpv"rcu"oku"gp"fixkfgpeg"uwt"
nc"Hkiwtg"9;"*d+0"Ngu"rtqvtwukqpu"hqtofigu"§"3297̇E"pg"rquuflfgpv"rcu"fg"hqtogu"dkgp"ffihkpkgu"eqoog"
egnngu"hqtofigu"§"3342̇E0""""

"

Figure 79."Qdugtxcvkqpu"cw"OGD/HGI"*gp"fingevtqpu"ugeqpfcktgu+"fg"nc"oqtrjqnqikg"fg"uwthceg."crtflu"vtckvgogpv"
rct"xqkg"fingevtqn{vkswg"gp"oknkgw"uwnhcvg"fg"uqfkwo."fÓfiejcpvknnqpu"fÓcekgt"663"tgewkv"§"3232̇E"gp"(a)"gv"§"

3297̇E"gp"(b)0"



Eqorqtvgogpv"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"uvcdknkufiu"nqtu"fgu"fivcrgu"fg"tgewkv"gv"ffiecrcig""
"
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II.2.3. Bilan 

Pqwu"pqwu"uqoogu"kpvfitguufiu"§"nÓkpvgthceg"ofivcn1qz{fg"hqtofig"uwt"fgu"fiejcpvknnqpu"fÓcekgt"663"tgewkvu"
cw"HCUC0" Kn" crrctc¶v" encktgogpv"swg" nc" vgorfitcvwtg"fg" tgewkv" kphnwg" uwt" nc" twiqukvfi"fgu" fiejcpvknnqpu"
crtflu"finkokpcvkqp"fg"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog0"Nc"twiqukvfi"cwiogpvg"cxge"nc"vgorfitcvwtg"fg"
tgewkv0" NÓfixqnwvkqp" fg" nc" twiqukvfi" guv" §" ogvvtg" gp" rctcnnflng" cxge" nÓfixqnwvkqp" fg" nc" oqtrjqnqikg" fgu"
fiejcpvknnqpu"cxge"nc"vgorfitcvwtg"fg"tgewkv0"É"3232̇E."cwewpg"rtqvtwukqp"pÓguv"okug"gp"fixkfgpeg"cnqtu"
swÓ§" rctvkt" fg" 3297̇E." fÓwpg" rctv" ngu" fiejcpvknnqpu" uqpv" tgeqwxgtvu" fg" rtqvtwukqpu." gv" fÓcwvtg" rctv."
nÓqz{fg"PdVkQ6"etq¶v"uqwu"nc"hqtog"fg"itqu"pqfwngu0"""

Fcpu"ng"rctcitcrjg"uwkxcpv."pqwu"fivwfkgtqpu"nÓkpvgthceg"ofivcn1qz{fg"hqtofig"nqtu"fw"tgewkv"fg"nc"pwcpeg"
65;"*ucpu"pkqdkwo+0"

II.3. Étude de la nuance 439 

II.3.1. Morphologie de l’interface métal/oxyde

Nc"Hkiwtg":2"rtfiugpvg"nc"oqtrjqnqikg"fg"uwthceg"fÓfiejcpvknnqpu"fÓcekgt"65;"tgewkvu"§";:2"gv"3342̇E."
crtflu"finkokpcvkqp"fg"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog0"Swgnng"swg"uqkv"nc"vgorfitcvwtg"fg"tgewkv"ngu"
rtqvtwukqpu" uqpv" qdugtxfigu" gv" rtfiugpvgpv" wpg" oqtrjqnqikg" kfgpvkswg"<" cnnqpifig0" Nc" vgorfitcvwtg" fg"
tgewkv"c"egrgpfcpv"wp"ghhgv"uwt"nc"fkogpukqp"fgu"rtqvtwukqpu"swk"rcuug"fg"322"'"622"po4"rqwt";:2̇E"§"
422"'"822"po4"rqwt"3342̇E0""""""

"

Figure 80."Qdugtxcvkqpu"cw"OGD/HGI"*gp"fingevtqpu"ugeqpfcktgu+"fg"nc"oqtrjqnqikg"fg"uwthceg"fÓfiejcpvknnqpu"
fÓcekgt"65;"tgewkvu"§";:2̇E"gp"(a)"gv"3342̇E"gp"(b)"gv"vtckvfiu"rct"xqkg"fingevtqn{vkswg"gp"oknkgw"uwnhcvg"fg"uqfkwo0"

II.3.2. Comparaison des protrusions formées sur les aciers 441 et 439 

Rqwt" fkuvkpiwgt" ngu" rtqvtwukqpu" hqtofigu" uwt" ngu" cekgtu" 663" gv" 65;" tgewkvu" §" fkhhfitgpvgu" vgorfitcvwtgu."
pqwu" ffivgtokpqpu" fgu" itcpfgwtu" vgnngu" swg" nc" fgpukvfi" fg" rtqvtwukqp" gv" ng" vcwz" fg" tgeqwxtgogpv" fg"
nÓfiejcpvknnqp" rct" ngu" rtqvtwukqpu0" Egu" itcpfgwtu." qdvgpwgu" §" rctvkt" fgu" kocigu" OGD/HGI." uqpv"
rtfiugpvfigu"fcpu"ng"Vcdngcw"340""



Ejcrkvtg"KX0"Gvwfg"fg"nÓkpvgthceg"ofivcn1qz{fg""

32;"
"

Kpvfitguuqpu/pqwu"fcpu"wp"rtgokgt"vgoru"§"nÓcekgt"663."nqtuswg"egvvg"pwcpeg"guv"tgewkvg"§"3232̇E."ngu"
rtqvtwukqpu"pg"uqpv"rcu"qdugtxfigu."gp"eqpufiswgpeg"cwewpg"itcpfgwt"pg"rgwv"‒vtg"ffivgtokpfig0"Rqwt"wp"
tgewkv"fg"3297̇E."nc"fgpukvfi"fg"rtqvtwukqp"guv"guvkofig"§"8.7"qdlgvu1-o4."egvvg"fgpukvfi"tguvg"uvcdng"rqwt"
wp"tgewkv"§"3342̇E0"Gp"tgxcpejg."eqpvtcktgogpv"§"nc"fgpukvfi"fg"rtqvtwukqp."ng"vcwz"fg"tgeqwxtgogpv"fg"
nÓfiejcpvknnqp" rct" ngu" rtqvtwukqpu" cwiogpvg" cxge" nc" vgorfitcvwtg" fg" tgewkv." ng" vcwz" rcuug" fg" 49"'"
uwthcekswg"rqwt"3232̇E"§"56"'"uwthcekswg"rqwt"3342̇E0""

Rqwt" nc" pwcpeg" 65;" tgewkvg" §" ;:2̇E." kn" uÓcxfltg" swg" nc" fgpukvfi" fg" rtqvtwukqp" guv" fg" nÓqtftg" fg"
33"qdlgvu1-o40" Egvvg" itcpfgwt" fkokpwg" cxge" nc" vgorfitcvwtg" fg" tgewkv." rqwt" cvvgkpftg" gpxktqp"
7"qdlgvu1-o40" Ng" vcwz" fg" tgeqwxtgogpv" swcpv" §" nwk." cwiogpvg" cxge" nc" vgorfitcvwtg" fg" tgewkv0" Egvvg"
itcpfgwt." fg" nÓqtftg" fg" 56" '" uwthcekswg" rqwt" ;:2̇E." cvvgkpv" 68"'" uwthcekswg" rqwt" 3342̇E0" Rqwt"
gzrnkswgt" nc" fkokpwvkqp" fw" pqodtg" fg" rtqvtwukqpu." pqwu" rqwxqpu" gpxkucigt" fgwz" rquukdknkvfiu." nc"
rtgokfltg." wp" tgeqwxtgogpv" fg" egtvckpgu" rtqvtwukqpu" rct" nc" etqkuucpeg" fg" nc" eqwejg" fg" uknkeg"=" nc"
ugeqpfg." wpg" eqcnguegpeg" fgu" rtqvtwukqpu0" Nc" rtgokfltg" rquukdknkvfi" uÓcrrwkg" uwt" nÓqdugtxcvkqp" fg" nc"
Hkiwtg":2"*c+"swk"oqpvtg"swg"egtvckpgu"rtqvtwukqpu"hqtofigu"§";:2̇E"fiogtigpv"§"rgkpg"fg"nc"uknkeg0"Kn"guv"
gp"eqpufiswgpeg"gpxkucigcdng"swg"nÓcwiogpvcvkqp"fg"nc"vgorfitcvwtg"fg"tgewkv"gpvtc¶pg"wpg"etqkuucpeg"
ncvfitcng" fg" nc" eqwejg" fg" uknkeg0" Gp" eg" swk" eqpegtpg" nc" eqcnguegpeg" fgu" rtqvtwukqpu." egvvg" j{rqvjflug"
uÓcrrwkg"fÓwpg"rctv" uwt" nc"oqtrjqnqikg"cnnqpifig"fgu"rtqvtwukqpu"gv"fÓcwvtg"rctv." uwt" ng" hckv"swg"pqwu"
cxqpu"oku" gp" fixkfgpeg" swÓwpg" rtqvtwukqp" hqtofig" uwt" nÓcekgt" 65;" rgwv" rquufifgt" rnwukgwtu" rkgfu" *cf."
K0504+0"Kn"guv"pfieguucktg"fg"tcrrgngt"swg"egvvg"fgtpkfltg"chhktocvkqp"rtqxkgpv"fg"nÓfivwfg"fÓwp"fiejcpvknnqp"
fÓcekgt"65;"qz{ffi"cw"HVE0"Egrgpfcpv."swgnngu"swg"uqkgpv"ngu"eqpfkvkqpu"fw"tgewkv"*hqwt."vgorfitcvwtg."
fwtfig+"nc"oqtrjqnqikg"fgu"rtqvtwukqpu"tguvg"kfgpvkswg0""

Gp" eqorctcpv" ngu" pwcpegu" gpvtg" gnngu." pqwu" eqpuvcvqpu" swg" rqwt" fg" hckdngu" vgorfitcvwtgu" fg" tgewkvu"
*kphfitkgwtgu" §" 3232̇E+" ngu" rtqvtwukqpu" uqpv" wpkswgogpv" qdugtxfigu" uwt" nc" pwcpeg" 65;0" É" jcwvg"
vgorfitcvwtg" *3342̇E+." ngu"fgwz" pwcpegu" rtfiugpvgpv" fgu" rtqvtwukqpu0"Nc" fgpukvfi"fg" rtqvtwukqp" guv" fw"
o‒og"qtftg"fg"itcpfgwt."egrgpfcpv"ng"vcwz"fg"tgeqwxtgogpv"guv"rnwu"fingxfi"uwt"nc"pwcpeg"65;0"Fg"rnwu"
ngu"rtqvtwukqpu"pg"rquuflfgpv"rcu"nc"o‒og"oqtrjqnqikg"fÓwpg"pwcpeg"§"nÓcwvtg0"Ngu"rtqvtwukqpu"uqpv"fg"
hqtog"urjfitkswg"rqwt"nÓcekgt"663"gv"cnnqpifig"rqwt"nÓcekgt"65;0"""""""""""

Tableau 12."Ectcevfitkuvkswgu"fgu"rtqvtwukqpu"§"fkhhfitgpvgu"vgorfitcvwtgu"rqwt"ngu"pwcpegu"663"gv"65;0""

Nuance
Température

(°C)

Densité 

(objets/µm2)

Taux de recouvrement

(% surfacique)

663"
3232" /" /"
3297" 8.7" 49"
3342" 8.6" 56"

65;"
;:2" 33.4" 56"
3342" 6.:" 68"

"

"

"
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III. Discussion 

III.1. Protrusions à l’interface métal/oxyde

Pqwu"xgpqpu"fg"ogvvtg"gp"nwokfltg"nc"oqtrjqnqikg"rctvkewnkfltg"fg"nÓkpvgthceg"ofivcn1qz{fg"hqtofig"uwt"
ngu"cekgtu"hgttkvkswgu"663"gv"65;0"Egvvg"kpvgthceg."ug"ectcevfitkucpv"rct"wpg"eqwejg"fg"uknkeg"fkueqpvkpwg"gv"
rct" nc"rtfiugpeg"fg"rtqvtwukqpu."guv"okug"gp"fixkfgpeg"crtflu"fgu"qz{fcvkqpu"fg"eqwtvgu"fwtfigu"§"jcwvg"
vgorfitcvwtg0"Ng"Vcdngcw"35"tfiecrkvwng"ngu"eqpfkvkqpu"fcpu"nguswgnngu"qpv"fivfi"qdugtxfigu"ngu"rtqvtwukqpu0"
NÓkpvgthceg" ofivcn1qz{fg" fg" nÓcekgt" 663" c" fivfi" fivwfkfig" crtflu" qz{fcvkqp" cw" HVE" rqwt" fgu" fwtfigu"
eqortkugu" gpvtg" 82"gv" 3:22"u0" Ngu" rtqvtwukqpu" {" uqpv" qdugtxfigu" lwuswÓ§" 3:2"u0"Cw/fgn§" fg" 3:2"u." nc"
eqwejg"fg"uknkeg"fgxkgpv"eqpvkpwg."pqwu"rcuuqpu"cnqtu"fÓwp" uvcfg"fg"rtqvtwukqpu" §" egnwk"fÓkpenwukqpu"
eqoog" qdugtxfi" §" ;22"u0" Nc" fwtfig" §" ncswgnng" kpvgtxkgpv" nc" vtcpukvkqp" rtqvtwukqpu" Î" kpenwukqpu." ukvwfig"
gpvtg" 3:2"gv" ;22"u." pÓc" rcu" fivfi" ffivgtokpfig" fg" ocpkfltg" rtfiekug0" Rqwt" ngu" fwtfigu" kphfitkgwtgu" §" 82"u."
cwewpg"qdugtxcvkqp"pÓc"fivfi"ghhgevwfig"cw"eqwtu"fg"egu"vtcxcwz0"Uwt"ngu"fiejcpvknnqpu"qz{ffiu"cw"HCUC."
fgu"qdugtxcvkqpu"qpv"fivfi"ogpfigu"fcpu"wpg"icoog"fg"vgorfitcvwtgu"eqortkugu"gpvtg";:2"gv"3372̇E0"Ngu"
rtqvtwukqpu"uqpv"rtfiugpvgu"fcpu"vqwvg"egvvg"icoog"fg"vgorfitcvwtgu."rqwt"nc"pwcpeg"65;."cnqtu"swÓgnngu"
uqpv"okugu"gp"fixkfgpeg"wpkswgogpv"rqwt"fgu"vgorfitcvwtgu"uvtkevgogpv"uwrfitkgwtgu"§"3232̇E."rqwt"nc"
pwcpeg"6630""""""

Nc" vgorfitcvwtg" gv" nc" fwtfig" fÓqz{fcvkqp" qpv" wpg" kphnwgpeg" uwt" nc" oqtrjqnqikg" fg" nÓkpvgthceg"
ofivcn1qz{fg."cnqtu"swg"nc"rtfiugpeg"fg"pkqdkwo"fcpu"nÓcekgt"gv"fg"xcrgwt"fÓgcw"fcpu"nÓcvoqurjfltg"pÓgp"
qpv"rcu0"""

Tableau 13."Tfiecrkvwncvkh"fgu"qdugtxcvkqpu"fg"nÓkpvgthceg"ofivcn1qz{fg"ogpfigu"cw"eqwtu"fg"egu"vtcxcwz0"Ng"vgtog"
Å"rtqvtwukqpu"Ç"ukipkhkg"nc"rtfiugpeg"fgu"rtqvtwukqpu."kn"gp"guv"fg"o‒og"rqwt"Å"kpenwukqpu"Ç0"Å"Pqp"Ç"ukipkhkg"
swÓcwewpg"rtqvtwukqp"qw"kpenwukqp"pÓc"fivfi"oku"gp"fixkfgpeg"uwt"nÓfiejcpvknnqp0"Gphkp"ng"vktgv"kpfkswg"swg"pqwu"

pÓcxqpu"rcu"hckv"fÓqdugtxcvkqp"uwt"nÓfiejcpvknnqp0"

Four Temps/température Atmosphère 441 (Nb-Ti) 439 (Ti)

HVE"
*3282̇E+"

82"u" Q41J4Q1EQ41P4" Rtqvtwukqpu" Rtqvtwukqpu"
82"u" J4Q1P4" Rtqvtwukqpu" /"
82"u" Q41P4" Rtqvtwukqpu" /"
3:2"u" Q41J4Q1EQ41P4" Rtqvtwukqpu" Rtqvtwukqpu"
;22"u" Q41J4Q1EQ41P4" Kpenwukqpu" /"
3:22"u" Q41J4Q1EQ41P4" Pqp" /"

HCUC"
*67"u+"

;:2̇E" Q41J4Q1EQ41P4" /" Rtqvtwukqpu"
3232̇E" Q41J4Q1EQ41P4" Pqp" /"
3297̇E" Q41J4Q1EQ41P4" Rtqvtwukqpu" /"
3342̇E" Q41J4Q1EQ41P4" Rtqvtwukqpu" Rtqvtwukqpu"
3372̇E" Q41J4Q1EQ41P4" Rtqvtwukqpu" Rtqvtwukqpu"

"

Pqwu"fgxqpu"ukipcngt"swg"ngu"rtqvtwukqpu"qpv"ffil§"fivfi"qdugtxfigu"rct"egtvckpu"cwvgwtu"ucpu"swÓgnngu"pg"
hcuugpv."rqwt"cwvcpv."nÓqdlgv"fÓfivwfgu"crrtqhqpfkgu0"Nc"Hkiwtg":3"rtfiugpvg"fgu"gzgorngu"fÓqdugtxcvkqp"



Ejcrkvtg"KX0"Gvwfg"fg"nÓkpvgthceg"ofivcn1qz{fg""
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fÓkpvgthceg"ofivcn1qz{fg"kuuwu"fg"nc"nkvvfitcvwtg0"Fgu"rtqvtwukqpu"uqpv"okugu"gp"fixkfgpeg"*Hkiwtgu"*c+."*d+"
gv"*e++"cwuuk"dkgp"swg"fgu"kpenwukqpu"*Hkiwtg":3"*f++0"""

"

Figure 81."Gzgorngu"fÓkpvgthcegu"ofivcn1qz{fg"cw"uvcfg"fg"rtqvtwukqpu"rct"Rkpv"et al."]:4_"gp"(a)."rct"Vquecp et 
al.""]7_"gp"(b)."rct"Rctm et al."]:5_"gp"(c)."gv"cw"uvcfg"fÓkpenwukqpu"rct"Yqwvgtu et al."]99_"gp"(d)0""""""

Ngu"eqpfkvkqpu"fcpu"nguswgnngu"qpv"fivfi"ogpfigu"ngu"qz{fcvkqpu"eqpfwkucpv"§"nc"hqtocvkqp"fg"rtqvtwukqpu"
qw" fÓkpenwukqpu" uqpv" nkuvfigu" fcpu" ng" Vcdngcw" 360" Fgu" rtqvtwukqpu" uqpv" qdugtxfigu" uwt" fgu" cekgtu"
hgttkvkswgu" gv" cwuvfipkvkswgu" qz{ffiu" uqwu" fkhhfitgpvgu" eqpfkvkqpu"<" vgorfitcvwtg." fwtfig." cvoqurjfltg0" Ng"
rqkpv" eqoowp" gpvtg" vqwvgu" egu" fqppfigu" fg" nc" nkvvfitcvwtg" gv" ngu" p»vtgu" ugodngpv" ‒vtg" nc" rtfiugpeg" fg"
uknkekwo" fcpu" nÓcekgt0" Ng" uknkekwo" rtfiekrkvg" uqwu" nc" hqtog" fÓwpg" eqwejg" fg" uknkeg" §" nÓkpvgthceg"
ofivcn1qz{fg" swk" rgwv" ‒vtg"fkueqpvkpwg" qw"eqpvkpwg0"Nqtuswg" nc" eqwejg" fg" uknkeg" guv" fkueqpvkpwg."fgu"
rtqvtwukqpu"rgwxgpv"‒vtg"qdugtxfigu"]7.":4/:7_."uk"nc"eqwejg"guv"eqpvkpwg."kn"guv"cnqtu"rquukdng"fg"ogvvtg"
gp"fixkfgpeg"fgu"kpenwukqpu"]3."99_0""

Tableau 14."Eqpfkvkqpu"fÓqz{fcvkqp"fcpu"nguswgnngu"nÓkpvgthceg"rctvkewnkfltg"c"fivfi"okug"gp"fixkfgpeg0"Rqwt"nc"
eqorqukvkqp"fgu"cekgtu"ngu"xcngwtu"uqpv"gzrtkofigu"gp"'"ocuukswg0"""

Auteurs Acier
Température

(°C)

Durée 

(h)
Atmosphère

Rkpv et al.""]:4_" Hgttkvkswg"<"Hg/37Et/"AUk9" :22" 7222" Ckt1J4Q"
Vquecp et al.""]7_:" Hgttkvkswg"<"Hg/3:Et/2.7Uk" 3272" 372"'"2.5" Ckt"
Rctm et al.""]:5_" Hgttkvkswg"<"Hg/3;Et/2.3:Uk" 3322" 2.7" J41P4"
Lqpuuqp et al.""]:6."
:7_"

Cwuvfipkvkswg"<"Hg/48Et/
54Pk/3Uk"

;22" 38:" Q41J4Q"

Yqwvgtu et al.""]99_" Hgttkvkswg"<"Hg/37Et/2.7Uk" ;72" :" J4Q1Ct"
Dcodc et al.""]3_" Hgttkvkswg"<"Hg/37Et/3Uk" :72" 94" J4Q1Ct"

"

""""""""""""""""""""""""""""""""""""""""""""""""""""""
9"Ng"rqkpv"fÓkpvgttqicvkqp"ukipkhkg"swg"nc"vgpgwt"gp"uknkekwo"fcpu"nÓcekgt"pÓguv"rcu"eqppwg0""
:"Qz{fcvkqp"e{enkswg"<"372"e{engu"fg"42"okp0"
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Ngu"kpenwukqpu"rgwxgpv"fÓcknngwtu"rtgpftg"nc"hqtog"fÓwpg"eqwejg"eqpvkpwg"fg"ofivcn"ukvwfig"gpvtg"nc"uknkeg"
gv"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog"]3_0"Dcodc"rtqrqug"wp"ofiecpkuog"fg"hqtocvkqp"fg"egvvg"eqwejg"
fg"ofivcn"fcpu"nÓqz{fg0"Eg"ofiecpkuog"guv"dcufi"uwt"nc"tfifwevkqp"fg"nc"eqwejg"fÓqz{fg"kpkvkcngogpv"tkejg"
gp"hgt"rct"ng"uknkekwo"gp"uqnwvkqp"fcpu"ng"ofivcn."ugnqp"nc"tficevkqp"]3_"<"

·
態戴"Hg4Q5"-"Ukuqnwvkqp"s"替戴"Hg"-"UkQ4"" " " " " " " ]KX03_"

FÓcwvtgu"cwvgwtu."vgnu"swg"Tqwknnctf et al."]:8_"gv"Ejcrqxcnqhh et al.""]:9_"qpv"qdugtxfi"fgu"gzetqkuucpegu"
ofivcnnkswgu"qw"fgu"rtqvtwukqpu"fcpu"nc"eqwejg"fÓqz{fg"hqtofig"uwt"fgu"cnnkcigu"dcugu"pkemgn"<"Jc{pgu"
452" *Pk/44Et/36.9Y+" gv" Kpeqpgn" 839" *Pk/43Et/;Oq/34Eq/3Cn+0" Nc" hqtocvkqp" fg" egu" qdlgvu" guv"
cvvtkdwfig"§" nc" tfifwevkqp"fg" nc"ejtqokpg"rct" ng"ectdqpg"gp"uqnwvkqp"uqnkfg." uqwu"cvoqurjfltg"EQ1EQ4."
vgnng"swg"rtqrqufig"rct"Swcfcmmgtu et al.""]::_"<"

·
怠戴"Et4Q5"-"Euqnwvkqp"s"EQ*i+"-"

怠態"Et" " " " " " " ]KX04_"

Gp"eg"swk"pqwu"eqpegtpg."kn"pg"pqwu"ugodng"rcu"gpxkucigcdng"fÓcuuqekgt"pqu"qdugtxcvkqpu"§"nÓwp"fg"egu"
ofiecpkuogu0"Gp"pqwu"crrw{cpv" uwt"pqu" tfiuwnvcvu"gzrfitkogpvcwz."pqwu"cnnqpu"rtqrqugt"wp"oqfflng"fg"
hqtocvkqp"fgu"rtqvtwukqpu0"

III.2. Construction d’un modèle de formation et d’évolution des 

protrusions 

III.2.1.Description du modèle 

É" rctvkt" fgu" qdugtxcvkqpu" gzrfitkogpvcngu." pqwu" rtqrquqpu" wp" ofiecpkuog" ffietkxcpv" nc" hqtocvkqp" gv"
nÓfixqnwvkqp"fgu"rtqvtwukqpu"hqtofigu"uwt"nÓcekgt"6630"Eg"ofiecpkuog"guv"rtfiugpvfi"fcpu"uc"inqdcnkvfi"uwt"nc"
Hkiwtg":40"Cvvcejqpu/pqwu"§"nc"ffietktg"fivcrg"rct"fivcrg0""

"

Figure 82."Ofiecpkuog"oqpvtcpv"nc"hqtocvkqp"fgu"rtqvtwukqpu"gv"ngwt"fixqnwvkqp"cxge"nc"fwtfig"f)qz{fcvkqp0"
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Pqvtg" oqfflng" tgrqug" uwt" wpg" rtgokfltg" j{rqvjflug" swk" eqpukuvg" §" eqpukffitgt" wpg" qpfwncvkqp" fg"
nÓkpvgthceg"ofivcn1qz{fg"*Hkiwtg":4"*c++0"Egvvg"j{rqvjflug"uÓcrrwkg"uwt"ng"hckv"swg"fcpu"nc"rnwrctv"fgu"ecu."
nqtu"fg"nc"etqkuucpeg"fÓwpg"eqwejg"fÓqz{fg"uwt"wp"ofivcn."ng"htqpv"fÓqz{fcvkqp"§"nÓkpvgthceg"ofivcn1qz{fg"
pÓguv" rcu" rncp" ]:;." ;2_0"NÓqpfwncvkqp" fg" nÓkpvgthceg"ofivcn1qz{fg" guv" wvknkufig" eqoog"rqkpv" fg" ffirctv"
rqwt"nc"eqpuvtwevkqp"fw"oqfflng0"""

Nc"ugeqpfg"fivcrg"eqttgurqpf"§" nc"rtfiekrkvcvkqp"fw"uknkekwo"gp"uqnwvkqp"fcpu" ng"ofivcn."uqwu"hqtog"fg"
uknkeg."cw"pkxgcw"fg"nÓkpvgthceg"ofivcn1qz{fg"*Hkiwtgu":4"*d+"gv"*e++0"Egvvg"rtfiekrkvcvkqp"uwtxkgpv"nqtuswg"
nÓqz{iflpg"kuuw"fg"nÓcvoqurjfltg"cvvgkpv"nÓkpvgthceg"ofivcn1qz{fg"crtflu"fkhhwukqp"fcpu"nc"eqwejg"fÓqz{fg0"
Rqwt"wpg" kpvgthceg"ofivcn1qz{fg"qpfwnfig."pqwu"uwrrquqpu"swg" nc" hqtocvkqp" fg" nc" uknkeg"ug"ffitqwng"cw"
dcu" fg" nÓqpfwncvkqp" *Hkiwtgu" :4" *d+" gv" *e++0" Egvvg" j{rqvjflug" uÓcrrwkg" uwt" fgu" ecnewnu" pwofitkswgu"
*ofivjqfg"rct"finfiogpvu"hkpku+."ogpfiu"cw"ncdqtcvqktg"UKOcR"rct"Iwknncwog"Rctt{"gv"Tchcgn"Guvgxg¦0"Egu"
ecnewnu." tficnkufiu" §" nÓckfg" fÓCdcswu" x8032" ];3_." ugtqpv" rtfiugpvfiu" fcpu" ng" rctcitcrjg" uwkxcpv0" Pqwu"
wvknkuqpu"ngu"eqpenwukqpu"fg"egu"vtcxcwz"rqwt"crrw{gt"pqvtg"oqfflng0""

Ngu"ecnewnu"oqpvtgpv"swg"nc"rtguukqp"j{ftquvcvkswg"fcpu"nc"eqwejg"fÓqz{fg"rquuflfg"wp"oczkowo"cw"
uqoogv"fg"nÓqpfwncvkqp"gv"wp"okpkowo"cw"dcu"fg"nÓqpfwncvkqp"];4_"*cf."Ejcr0"KX/KKK0404+0"Eg"itcfkgpv"
fg"rtguukqp"guv"tgurqpucdng"fg"nc"fkhhwukqp"rtfihfitgpvkgnng"fg"nÓqz{iflpg"xgtu"ng"dcu"fg"nÓqpfwncvkqp"];5."
;6_." rgtogvvcpv" cwuuk" nc" rtfiekrkvcvkqp" fg" uknkeg" gp" egv" gpftqkv" rtfieku0" Egvvg" fivcrg" *Hkiwtg" :4" *e++" guv"
knnwuvtfig"rct"nc"oqtrjqnqikg"fg"nÓkpvgthceg"ofivcn1qz{fg"qdugtxfig"crtflu"wpg"qz{fcvkqp"fg"nÓcekgt"663"fg"
67"u"§"3342̇E"cw"HCUC"*Hkiwtg"99"*f++0"

Nc"etqkuucpeg"ncvfitcng"fg"nc"uknkeg"eqpfwkv"§"nc"hqtocvkqp"fg"rtqvtwukqpu"ofivcnnkswgu"*Hkiwtg":4"*f++0"É"
nÓjgwtg"cevwgnng."cwewp"ecnewn"pwofitkswg"pg"rgtogv"fg"lwuvkhkgt"egvvg"chhktocvkqp0"Pqwu"pqwu"crrw{qpu"
ukorngogpv"uwt"ngu"qdugtxcvkqpu"gzrfitkogpvcngu"rtfiugpvfigu" vqwv"cw"nqpi"fg"eg"ejcrkvtg."rqwt"knnwuvtgt"
nÓfivcrg"fg"etqkuucpeg"ncvfitcng"fg"nc"uknkeg0""

Nqtuswg"nc"fwtfig"fÓqz{fcvkqp"cwiogpvg."nc"eqwejg"fg"uknkeg"fgxkgpv"eqpvkpwg0"Ngu"rtqvtwukqpu"uqpv."§"
eg"uvcfg."gortkuqppfigu"fcpu"nc"eqwejg"fÓqz{fg"uqwu"nc"hqtog"fÓkpenwukqpu"ofivcnnkswgu"*Hkiwtg":4"*f++0"
Gphkp."egu"kpenwukqpu"hkpkuugpv"rct"uÓqz{fgt"rqwt"fgu"fwtfigu"fÓqz{fcvkqp"rnwu"fingxfigu0""""""

Pqwu"xgpqpu"fg"rtqrqugt"wp"ofiecpkuog"ffietkxcpv"nÓfixqnwvkqp"fg"nÓkpvgthceg"ofivcn1qz{fg"cxge"nc"fwtfig"
fÓqz{fcvkqp0"Ngu" fivcrgu" *e+." *f+." *g+" gv" *h+" fw"ofiecpkuog" uqpv" vqwvgu" knnwuvtfigu" rct" fgu" qdugtxcvkqpu"
gzrfitkogpvcngu0"Fcpu" ng" rctcitcrjg" uwkxcpv." pqwu" rtfiugpvqpu" dtkflxgogpv" nc"ofivjqfg"okug" gp" rnceg"
rqwt"ghhgevwgt"ngu"ecnewnu"pwofitkswgu"xkucpv"§"lwuvkhkgt"nÓfivcrg"*d+."fg"rtfiekrkvcvkqp"fg"nc"uknkeg"cw"dcu"
fg"nÓqpfwncvkqp0"""

III.2.2.Calculs par méthode des éléments finis9

Fcpu"eg"rctcitcrjg."pqwu"rtfiugpvqpu"ngu"ecnewnu"fg"nc"rtguukqp"j{ftquvcvkswg"fcpu"nc"eqwejg"fÓqz{fg"
swk" uqpv" wvknkufiu" rct" lwuvkhkgt" pqvtg" oqfflng0" Rqwt" egnc." pqwu" wvknkuqpu" wpg" eqphkiwtcvkqp"
dkfkogpukqppgnng" fÓwp" qz{fg" gv" fÓwp" ofivcn" ufirctfiu" rct" wpg" kpvgthceg" qpfwnfig" *Hkiwtg" :5+0" Egvvg"
kpvgthceg" guv" ectcevfitkufig" rct" uqp" tcrrqtv"A/L." q́"A" tgrtfiugpvg" nÓcornkvwfg" fg" nÓqpfwncvkqp" gv" L." nc"

""""""""""""""""""""""""""""""""""""""""""""""""""""""
;"Ecnewnu"oku"gp"Íwxtg"rct"Iwknncwog"Rctt{"gv"Tchcgn"Guvgxg¦0"
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nqpiwgwt"fg"nc"rfitkqfg0"Nc"ffihqtocvkqp"εpb"cuuqekfig"§"nc"eqwejg"fÓqz{fg."tgrtfiugpvg"ng"ejcpigogpv"fg"
xqnwog"swk"uÓqrfltg"nqtu"fg"nc"vtcpuhqtocvkqp"ofivcn"s"qz{fg0"Eg"ejcpigogpv"fg"xqnwog"guv"ectcevfitkufi"
rct"ng"tcrrqtv"fg"Rknnkpi"gv"Dgvjyqtvj"*RPB+"]82_"ecnewnfi"ugnqp"nÓgzrtguukqp"<"

· 迎鶏稽 噺 "蝶岫暢猫潮熱岻掴"┻""蝶岫暢岻 "" """""""]KX05_"

Gp" eqpukffitcpv" nc" etqkuucpeg" fÓwpg" eqwejg" fg" ejtqokpg" uwt" wp" cekgt" Hg/42"'"Et" *'"ocuukswg+." nc"
xcngwt"fw"RPB"guv"guvkofig"§"4.23."eg"swk"ukipkhkg"swg"nc"eqwejg"fg"ejtqokpg"guv"gp"eqortguukqp0"Pqwu"
rqwxqpu" tcrrgngt" swg" egu" eqpvtckpvgu" fg" eqortguukqp" pÓqpv" rcu" fivfi" okugu" gp" fixkfgpeg" nqtu" fg" nc"
ectcevfitkucvkqp"fg"nc"eqwejg"fÓqz{fg"rct"fkhhtcevkqp"fgu"tc{qpu"Z"uqwu"kpekfgpeg"tcucpvg"*cf."ejcr0"KKK/
K03040+0""""

"

Figure 83."Tgrtfiugpvcvkqp"uejfiocvkswg"fg"nc"eqphkiwtcvkqp"fg"nÓkpvgthceg"ofivcn1qz{fg0"

NÓqz{fg"guv"eqpukffitfi"eqoog"wp"ocvfitkcw"fincuvkswg"kuqvtqrg"fqpv"ng"oqfwng"fÓ[qwpi"EOXYDE"guv"hkzfi"§"
382"IRc"rqwt"nc"uwkvg"fgu"ecnewnu"];7_0"Uqwu"nÓghhgv"fgu"eqpvtckpvgu"ofiecpkswgu"gv"fg"nc"vgorfitcvwtg"fg"
tgewkv."pqwu"uwrrquqpu"swg"ng"ofivcn"uwdkv"wp"hnwcig0"Nc"tfirctvkvkqp"fg"nc"rtguukqp"j{ftquvcvkswg"p"guv"
ecnewnfig" rqwt" fkhhfitgpvu" pkxgcwz" fg" hnwcig" fw" ofivcn." e)guv/§/fktg" rqwt" fgu" tcrrqtvu" EOXYDE/EMETAL"
kphfitkgwtu"§"30"Nc"Hkiwtg":6"rtfiugpvg"nc"tfirctvkvkqp"fg"nc"rtguukqp"j{ftquvcvkswg"pqtocnkufig"rct"tcrrqtv"
cw"oqfwng"fÓ[qwpi"fg"nÓqz{fg"*p/EOXYDE+"rqwt"fgu"tcrrqtvu"EOXYDE/EMETAL fg"516."314"gv"3160""

Gp" uÓkpvfitguucpv" cwz" tfiuwnvcvu" qdvgpwu" rqwt" EOXYDE/EMETAL" ?" 516." pqwu" eqpuvcvqpu" swg" nc" rtguukqp"
j{ftquvcvkswg"guv"rqukvkxg"fcpu"vqwvg"nc"eqwejg"fÓqz{fg0"Fg"rnwu." kn"gzkuvg"wp"itcfkgpv"fg"rtguukqp"ng"
nqpi"fg" nÓqpfwncvkqp."cxge"wp"oczkowo"nqecnkufi"cw"uqoogv"fg" nÓqpfwncvkqp"gv"wp"okpkowo"cw"dcu0"
Egvvg"tgoctswg"guv"xfitkhkfig"swgn"swg"uqkv"ng"pkxgcw"fg"hnwcig"fw"ofivcn"eqpukffitfi"*EOXYDE/EMETAL"?"314"
gv"316+0""

"
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Figure 84.""Tfirctvkvkqp"fg"nc"rtguukqp"j{ftquvcvkswg"pqtocnkufig"rct"tcrrqtv"cw"oqfwng"fÓ[qwpi"fg"nÓqz{fg"
*p/EOXYDE+"rqwt"fkhhfitgpvu"pkxgcwz"fg"hnwcig0"EMETAL/EOXYDE"?"516"gp"(a)."314"gp"(b)"gv"316"gp"(c)0"

Nc"fkhhfitgpeg"gpvtg"ng"oczkowo"gv"ng"okpkowo"fg"rtguukqp"j{ftquvcvkswg"pqtocnkufig"rct"tcrrqtv"cw"
oqfwng" fÓ[qwpi" fg" nÓqz{fg." pqvfig" つp/EOXYDE." ectcevfitkug" ng" itcfkgpv" fg" rtguukqp" ng" nqpi" fg"
nÓqpfwncvkqp0" Nc" Hkiwtg" :7" rtfiugpvg" nc" xctkcvkqp" fg" eg" itcfkgpv" rqwt" ngu" fkhhfitgpvu" tcrrqtvu"
EOXYDE/EMETAL0"Uk"EOXYDE/EMETAL"guv"rtqejg"fg"3."ngu"rtqrtkfivfiu"ofiecpkswgu"fw"ofivcn"gv"fg"nÓqz{fg"uqpv"
swcukogpv" kfgpvkswgu." gp" eqpufiswgpeg." つp/EOXYDE guv" vtflu" hckdng0" Nc" fkokpwvkqp" fw" tcrrqtv"
EOXYDE/EMETAL"ug"vtcfwkv"rct"wp"hnwcig"fw"ofivcn0"Eg"itcrjkswg"ogv"encktgogpv"gp"fixkfgpeg"nc"rtfiugpeg"
fÓwp"oczkowo"fw"itcfkgpv"fg"nc"rtguukqp"j{ftquvcvkswg"nqtuswg"EOXYDE/EMETAL ?"2.470""

"

Figure 85. Xctkcvkqp"fg"nc"fkhhfitgpeg"rtguukqp"j{ftquvcvkswg"pqtocnkufig"rct"ng"oqfwng"fÓ[qwpi"fg"nÓqz{fg"
*つp/EOXYDE+"gp"hqpevkqp"fw"hnwcig"fw"ofivcn0"

Eg" oczkowo" fg" itcfkgpv" fg" nc" rtguukqp" j{ftquvcvkswg" ng" nqpi" fg" nÓqpfwncvkqp." kpfkswg" swg" nc"
eqodkpckuqp"fgu"rtqrtkfivfiu"ofiecpkswgu"fg"nc"eqwejg"fÓqz{fg"gv"fw"hnwcig"fw"ofivcn"guv"qrvkocng"rqwt"
rgtogvvtg"wpg"fkhhwukqp"fg"nÓqz{iflpg"cw"dcu"fg"nÓqpfwncvkqp."gv"fqpe"wpg"rtfiekrkvcvkqp"fg"nc"uknkeg0"""
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III.2.3.Protrusions formées sur la nuance 439  

Nc"hqtocvkqp"fgu"rtqvtwukqpu"uwt"nÓcekgt"65;."rgwv"‒vtg"ffietkvg"rct"eg"ofiecpkuog"§"eqpfkvkqp"fÓclqwvgt"
wpg"fivcrg"fg"eqcnguegpeg"gpvtg"ngu"uvcfgu"*e+"gv"*f+0"Nc"fkhhfitgpeg"fg"oqtrjqnqikg"gpvtg"ngu"rtqvtwukqpu"
hqtofigu" uwt" ngu" cekgtu" 65;" gv" 663" pg" ugodng" rcu" ‒vtg" nkfig" cw" pkqdkwo." ocku" rtqdcdngogpv" §" nc"
fkhhfitgpeg"fg"vgpgwt"gp"vkvcpg"gpvtg"egu"fgwz"cekgtu0"Ng"vkvcpg"rtfiekrkvg"fcpu"ng"uwduvtcv"uqwu"nc"hqtog"fg"
VkQ4" swk" guv" vjgtoqf{pcokswgogpv" rnwu" uvcdng" swg" UkQ4" ]82_0" VkQ4" rqwttckv" cnqtu" gor‒ejgt"
nqecngogpv"nc"rtfiekrkvcvkqp"fg"UkQ40"Vqwvghqku."egvvg"j{rqvjflug"tgrqucpv"uwt"nc"eqorfivkvkqp"gpvtg"VkQ4"
gv"UkQ4."tguvg"§"ffioqpvtgt0"""

Cxcpv"fg"eqpenwtg"eg"ejcrkvtg."pqwu"cnnqpu"fkuewvgt"fg"nc"rtfiugpeg"fw"pkqdkwo"cw"pkxgcw"fg"nÓkpvgthceg"
ofivcn1qz{fg0"

III.3. Niobium à l’interface métal/oxyde

NÓkpvgthceg"ofivcn1qz{fg"hqtofig"uwt"nÓcekgt"663"guv"hqtvgogpv"gptkejkg"gp"pkqdkwo0"Egv"gptkejkuugogpv"
c"fivfi"rtficncdngogpv"oku"gp"fixkfgpeg"nqtu"fg"nc"ectcevfitkucvkqp"fg"nc"eqwejg"fÓqz{fg"rct"urgevtqueqrkg"§"
ffiejctig" nwokpguegpvg0" É" rctvkt" fg" egu" fqppfigu." pqwu" rqwxqpu" ffivgtokpgt" nc" fkuvcpeg" gpvtg" ng"
oczkowo"fÓgptkejkuugogpv"gp"pkqdkwo"gv"nc"rqukvkqp"fg"nÓkpvgthceg"ofivcn1qz{fg0"NÓfixqnwvkqp"fg"egvvg"
fkuvcpeg"cxge"nc"vgorfitcvwtg"fg"tgewkv"guv"rtfiugpvfig"uwt"nc"Hkiwtg":80"Ng"pkqdkwo."nqecnkufi"fcpu"ng"ofivcn"
rqwt"wpg"vgorfitcvwtg"fg"3222̇E."ug"ffiecng"fcpu"nc"eqwejg"fÓqz{fg"nqtuswg"nc"vgorfitcvwtg"cwiogpvg0""

Ngu"tfiuwnvcvu"fg"UFN"pg"rgtogvvgpv"rcu"fg"fkuvkpiwgt"ng"fgitfi"fÓqz{fcvkqp"fw"pkqdkwo0"Nc"nqecnkucvkqp"
fg"nÓgptkejkuugogpv"gp"pkqdkwo"cw"pkxgcw"fg"nÓkpvgthceg"ofivcn1qz{fg"guv"nkfig"§"nc"hqku"§"nc"rtfiugpeg"fw"
pkqdkwo" gp" uqnwvkqp" uqnkfg" fcpu" ngu" rtqvtwukqpu" gv" §" nc" rtfiugpeg" fg" nÓqz{fg"PdOQ6" *cxge"O"?"Et"
qw"Vk+0""

"

Figure 86."Fkuvcpeg"gpvtg"nc"rqukvkqp"fw"pkqdkwo"gv"nc"rqukvkqp"fg"nÓkpvgthceg"ofivcn1qz{fg"ffivgtokpfig"§"rctvkt"fgu"
urgevtgu"UFN0"

"
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IV. Conclusion 

Fcpu"eg"ejcrkvtg"pqwu"cxqpu."fcpu"wp"rtgokgt"vgoru."ectcevfitkufi"ngu"rtqvtwukqpu"hqtofigu"§"nÓkpvgthceg"
ofivcn1qz{fg"crtflu"tgewkv"cw"HVE0"Nc"ectcevfitkucvkqp"c"fivfi"ogpfig"cxge"fgu"qwvknu"cxcpefiu" vgnu"swg" ng"
oketqueqrg"§"ghhgv"fg"ejcor"eqwrnfi"§" nc"uqpfg" kqpkswg" hqecnkufig0"Ngu"rtqvtwukqpu"qpv"fiicngogpv"fivfi"
okugu" gp" fixkfgpeg" fcpu" fgu" eqpfkvkqpu" rtqejgu" fg" egnngu" fw" tgewkv" kpfwuvtkgn." e)guv/§/fktg" crtflu"
qz{fcvkqp"cw"HCUC0"""""

Nc"fwtfig"fÓqz{fcvkqp"c"wpg"kphnwgpeg"uwt"nc"oqtrjqnqikg"fg"nÓkpvgthceg"ofivcn1qz{fg"hqtofig"§"3282̇E0"
Fgu"rtqvtwukqpu"uqpv"qdugtxfigu"gpvtg"82"gv"3:2"u0"C"rctvkt"fg";22"u."nc"eqwejg"fg"uknkeg"guv"eqpvkpwg."kn"
gp"tfiuwnvg"nc"rtfiugpeg"fÓkpenwukqpu"ofivcnnkswgu"fcpu"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog0"

Nc" vgorfitcvwtg" fg" tgewkv" c" wpg" kphnwgpeg" uwt" nc" rtfiugpeg" fgu" rtqvtwukqpu0" Eqpvtcktgogpv" cwz"
rtqvtwukqpu"hqtofigu"uwt"nÓcekgt"65;."swk"uqpv"qdugtxfigu"fcpu"vqwvg"nc"icoog"fg"vgorfitcvwtgu"fivwfkfigu"
*;:2/3372̇E+." ngu" rtqvtwukqpu" hqtofigu" uwt" nÓcekgt" 663" pg" uqpv" okugu" gp" fixkfgpeg" swg" rqwt" fgu"
vgorfitcvwtgu"uwrfitkgwtgu"§"3232̇E0""

Nc"rtfiugpeg"fg"pkqdkwo"pÓc"rcu"fÓkorcev"uwt"nc"hqtocvkqp"fgu"rtqvtwukqpu0"Ngu"rtqvtwukqpu"uqpv"cwuuk"
dkgp" qdugtxfigu" uwt" nÓcekgt" 663" *Vk." Pd+" swg" 65;" *Vk+0" NÓgptkejkuugogpv" gp" pkqdkwo" guv" f̂" §" nc"
etqkuucpeg" fg" nÓqz{fg" PdOQ6" cw" pkxgcw" fg" nÓkpvgthceg" ofivcn1qz{fg0" NÓghhgv" fw" vkvcpg" uwt" ngu"
rtqvtwukqpu."tguvg"swcpv"§"nwk."qdlgv"§"nc"fkuewuukqp0"Ng"uknkekwo."gp"rtfiekrkvcpv"§"nÓkpvgthceg"ofivcn1qz{fg"
uqwu"hqtog"fg"uknkeg"ugodng"lqwgt"wp"t»ng"korqtvcpv"fcpu"nc"hqtocvkqp"fgu"rtqvtwukqpu0"

Uwkvg" §" egvvg" fivwfg." wp"ofiecpkuog" c" rw" ‒vtg" fivcdnk0" Eg"ofiecpkuog" uÓcrrwkg" uwt" wpg" qpfwncvkqp" fg"
nÓkpvgthceg"ofivcn1qz{fg"gv"nc"rtfiekrkvcvkqp"fg"nc"uknkeg"cw"dcu"fg"nÓqpfwncvkqp0""

"

"

"

""

""" "
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Ejcrkvtg"X0"Swcnkvfi"fg"uwthceg"fg"nÓcekgt"crtflu"tgewkv"gv"ffiecrcig"
"

"
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CHAPITRE V. QUALITE DE SURFACE DE L’ACIER APRES 

RECUIT ET DECAPAGE 

Fcpu"eg"ejcrkvtg."pqwu"pqwu"kpvfitguuqpu"§"nÓghhgv"fw"ffiecrcig"uwt"nc"swcnkvfi"fg"uwthceg"fw"rtqfwkv"hkpk0"
Fcpu"wp"rtgokgt"vgoru."pqwu"pqwu"rtqrquqpu"fÓgzcokpgt"ngu"ffihcwvu"fg"uwthceg"gpigpftcpv"nc"rgtvg"fg"
dtknncpeg0"Rqwt" eg" hcktg." pqwu" fivwfkgtqpu" nÓghhgv" fg" nc" vgorfitcvwtg"fg" tgewkv" uwt" nc"swcnkvfi"fg" uwthceg"
crtflu"ffiecrcig"fg" nc"pwcpeg"6630"Ng"eqorqtvgogpv"fg"egvvg"pwcpeg"ugtc"eqorctfi"§" egnwk"fg" nÓcekgt"
65;0" Fcpu" wp" ugeqpf" vgoru." pqwu" vgpvgtqpu" fÓkfgpvkhkgt" ngu" rjfipqoflpgu" §" nÓqtkikpg" fg" nc" rgtvg" fg"
swcnkvfi"fw"rtqfwkv0"Pqwu"pqwu"hqecnkugtqpu"wpkswgogpv"uwt"nc"pwcpeg"6630""

NÓghhgv" fw" ffiecrcig" uwt" nc" swcnkvfi" fg" uwthceg" guv" tficnkufi" uwt" fgu" fiejcpvknnqpu" fÓcekgtu" kpqz{fcdngu"
hgttkvkswgu"rtficncdngogpv"qz{ffiu"cw"HCUC0"""""

" "

" "
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I. Étude de la surface en fin de décapage 

Ngu"uwthcegu"fgu"pwcpegu"fÓcekgtu" kpqz{fcdngu" hgttkvkswgu"663"gv"65;"uqpv"fivwfkfigu"crtflu"fgu" tgewkvu"
ghhgevwfiu"§"fkhhfitgpvgu"vgorfitcvwtgu"cw"HCUC0"Uwkvg"cwz"vtckvgogpvu"vjgtokswgu."ngu"fiejcpvknnqpu"uqpv"
ffiecrfiu"uwkxcpv"ng"o‒og"oqfg"qrfitcvqktg"swgnngu"swg"uqkgpv"nc"vgorfitcvwtg"fg"tgewkv"gv"nc"pwcpeg0"Nc"
ufiswgpeg"fg"ffiecrcig"guv"ictffig"eqoog"rctcoflvtg"hkzg0"Pqwu"ejqkukuuqpu"nc"rtqefifwtg"fg"ffiecrcig"
cfcrvfig" §" nÓfinkokpcvkqp"fgu" eqwejgu"fÓqz{fg" hqtofigu" nqtu"fw" tgewkv" fg" nc"pwcpeg"663"§"3292̇E" uwt"
nkipg" kpfwuvtkgnng0" Eg" ejqkz" ug" lwuvkhkg" rct" ng" hckv" swg" nÓqdlgevkh" fg" egu" vtcxcwz" guv" fÓfivwfkgt" ng"
eqorqtvgogpv"fg"egv"cekgt"nqtu"fgu"fivcrgu"fg"tgewkv"Î"ffiecrcig0""""

Ngu"cekgtu"663"gv"65;"qpv"fivfi"ufingevkqppfiu."ect."crtflu"ngu"fivcrgu"hkpcngu"fg"tgewkv"gv"ffiecrcig"uwt"nkipg"
kpfwuvtkgnng."wpg"ugwng"fg"egu"pwcpegu."nc"663"rtfiugpvg"fgu"rtqdnflogu"fg"swcnkvfi0"""""""

I.1. Étude de la surface de l’acier 441  

Fcpu"eg"rctcitcrjg."pqwu"pqwu"kpvfitguuqpu"§"nÓfixqnwvkqp"fg"nÓfivcv"fg"uwthceg"fg"nÓcekgt"kpqz{fcdng"663"
crtflu"tgewkvu"cw"HCUC"gv"ffiecrcigu"ukownfiu"gp"ncdqtcvqktg0""

I.1.1. Qualité de surface de l’acier

Ng"eqpvt»ng"fg"nc"Å"swcnkvfi"Ç"fw"rtqfwkv"crtflu"ngu"fivcrgu"fg"tgewkv"gv"ffiecrcig."eqpukuvg"gpvtg"cwvtgu"§"
oguwtgt" nc" dtknncpeg" fg" nc" uwthceg" §" nÓckfg" fÓwp" dtknncpegoflvtg0" Ng" ocvfitkcw" fietqwk" rquuflfg" wpg"
dtknncpeg" fg" 5:"WD320" Nc" dtknncpeg" fw" rtqfwkv" hkpk" guv" hqtvgogpv" chhgevfig" rct" ngu" fivcrgu" fg" tgewkv" gv"
ffiecrcig0"Swgnng"swg"uqkv"nc"vgorfitcvwtg"fg"tgewkv."ngu"dtknncpegu"oguwtfigu"uqpv"kphfitkgwtgu"§"egnng"fw"
ocvfitkcw"fietqwk0"""

Nc" Hkiwtg" :9" rtfiugpvg" nÓfixqnwvkqp" fg" nc" dtknncpeg" rqwt" ngu" fkhhfitgpvgu" vgorfitcvwtgu" fg" tgewkv0" Egvvg"
hkiwtg"oqpvtg"swg"nc"rgtvg"fg"dtknncpeg"guv"fÓcwvcpv"rnwu"rtqpqpefig"swg"ngu"vgorfitcvwtgu"fg"tgewkv"uqpv"
fingxfigu0"Gpvtg"3222̇E"gv"32:2̇E"nc"dtknncpeg"ejwvg"fg"44"§"9"WD0"Cw/fgn§"fg"32:2̇E."gnng"ug"uvcdknkug"
cwz"cngpvqwtu"fg"7"WD0""

Rqwt" fgu" vgorfitcvwtgu" fg" tgewkv" kphfitkgwtgu" §"3242̇E." nc" dtknncpeg"oguwtfig" guv" uwrfitkgwtg" §" 42"WD0"
Egvvg" xcngwt" guv" ffihkpkg" eqoog" nc" xcngwt" etkvkswg" gp/fguuqwu" fg" ncswgnng" nc" dtknncpeg" guv" lwifig"
kpuwhhkucpvg"fw"rqkpv"fg"xwg"kpfwuvtkgn0"Nqtuswg"nc"vgorfitcvwtg"fg"tgewkv"ffircuug"3242̇E."nc"dtknncpeg"
rcuug"gp/fguuqwu"fg"egvvg"xcngwt"etkvkswg0"

""""""""""""""""""""""""""""""""""""""""""""""""""""""
32"NÓwpkvfi"fg"dtknncpv"<"WD"guv"ffihkpkg"fcpu"ng"ejcrkvtg"KK"*cf."ejcr0"KK/KX0603+"
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Figure 87."Xcngwtu"fg"dtknncpeg"fg"nc"pwcpeg"663"crtflu"ffiecrcig"rqwt"ngu"fkhhfitgpvgu"vgorfitcvwtgu"fg"tgewkv0"Nc"
nkipg"gp"rqkpvknnfiu"u{odqnkug"nc"vgorfitcvwtg"fg"tgewkv"okug"gp"Íwxtg"uwt"nc"nkipg"kpfwuvtkgnng0"

Kn"guv"encktgogpv"oku"gp"fixkfgpeg"swg"nc"vgorfitcvwtg"fg"tgewkv"c"wpg"kphnwgpeg"oclgwtg"uwt"nc"dtknncpeg"
oguwtfig"crtflu"ng"ffiecrcig0"Fg"rnwu."rqwt"nc"vgorfitcvwtg"fg"tgewkv"kpfwuvtkgn"*3292̇E+."nc"dtknncpeg"guv"
nctigogpv"kphfitkgwtg"§"nc"xcngwt"etkvkswg"*42"WD+0"Egnc"ukipkhkg"swg"nc"uwthceg"fg"nÓcekgt"pg"tfirqpf"rnwu"
§"nÓgzkigpeg"tgswkug"gp"vgtog"fg"dtknncpeg0"

Rqwt"ngu"vgorfitcvwtgu"fg"tgewkv"kphfitkgwtgu"§"3292̇E."nc"dtknncpeg"rqwttckv"‒vtg"cofinkqtfig"gp"cfcrvcpv"nc"
ufiswgpeg"fg"ffiecrcig0"Ngu"ffiecrcigu"uqpv"ghhgevwfiu"cxge"wpg"ufiswgpeg"fkvg"Å"uvcpfctf"Ç."e)guv/§/fktg"
okug"gp"Íwxtg"uwt" nc" nkipg" kpfwuvtkgnng"rqwt"finkokpgt" ngu"eqwejgu"fÓqz{fg" hqtofigu" nqtu"fw" tgewkv"fg"
nÓcekgt"663"§"3292̇E0"Qt."pqwu"cxqpu"hckv"ng"ejqkz"fg"ictfgt"egvvg"ufiswgpeg"kpejcpifig"chkp"swÓwp"ugwn"
rctcoflvtg"uqkv"xctkcdng."nc"vgorfitcvwtg"fg"tgewkv0""

Pqwu"eqpuvcvqpu"wpg"rgtvg"fg"nc"swcnkvfi"fg"nÓcekgt"crtflu"ngu"fivcrgu"fg"tgewkv"gv"ffiecrcig0"Egvvg"rgtvg"fg"
swcnkvfi" ug" vtcfwkv" rct" wpg" ejwvg" fg" nc" dtknncpeg0"Fcpu" ng" rctcitcrjg" uwkxcpv." pqwu" cnnqpu" fivwfkgt" ngu"
tfirgtewuukqpu"swg"egvvg"rgtvg"fg"dtknncpeg"rgwv"cxqkt"uwt"nc"oqtrjqnqikg"fg"nÓcekgt0""""

I.1.2. Morphologie de surface 

Kpvfitguuqpu/pqwu."fcpu"wp"rtgokgt"vgoru."§"nc"oqtrjqnqikg"fg"uwthceg"fÓwp"fiejcpvknnqp"rquufifcpv"wpg"
xcngwt"fg"dtknncpeg"vtflu"hckdng."e)guv/§/fktg"nctigogpv"kphfitkgwtg"§"nc"xcngwt"etkvkswg0"Pqwu"ejqkukuuqpu."
rqwt"egnc."wp"fiejcpvknnqp"tgewkv"§"3372̇E"fqpv"nc"dtknncpeg"guv"fg"7"WD0""

Morphologie de surface après recuit à 1150°C et décapage

Nc" Hkiwtg" ::" *c+" rtfiugpvg" nc" oqtrjqnqikg" fg" nÓcekgt" crtflu" tgewkv" §" 3372̇E" gv" ffiecrcig0" Pqwu"
eqpuvcvqpu"swg" nÓgpugodng"fgu"itckpu"fg"nÓfiejcpvknnqp"guv"cvvcswfi0"NÓcvvcswg"fw"itckp"rtgpf" nc" hqtog"
fÓwp"pcpq/hgwknngvcig"qtkgpvfi"uwkxcpv"wpg"o‒og"fktgevkqp."eqoog"oku"gp"fixkfgpeg"uwt"ngu"Hkiwtgu"::"
*d+"gv"*f+0"Uwt"nÓfiejcpvknnqp."pqwu"qdugtxqpu"nqecngogpv"nc"rtfiugpeg"fg"ecxkvfiu"fg"hqtog"ewdkswg"*qw"
rcxfi+"swg"pqwu"ffiukipgtqpu"fcpu"nc"uwkvg"fw"tcrrqtv"rct"gortgkpvg0"Egu"gortgkpvgu."qdugtxfigu"uwt"ngu"
Hkiwtgu"::"*d+"gv"*e+."rquuflfgpv"fgu"fkogpukqpu"fg"nÓqtftg"fg"3"§"4"-o"fg"e»vfi0""""""
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NÓfiejcpvknnqp" rtfiugpvg" fqpe" wp" curgev" hqtvgogpv" ffiitcffi0" Fcpu" nc" uwkvg" fw" tcrrqtv." ng" vgtog" fg"
ffiitcfcvkqp" ugtc" wvknkufi" §" nÓfiejgnng" fg" nÓfiejcpvknnqp0" Ng" vgtog" fÓcvvcswg" ugtc" swcpv" §" nwk" wvknkufi" §"
nÓfiejgnng"fw"itckp."pqwu"rctngtqpu"fg"itckp"cvvcswfi0

"

Figure 88."Oqtrjqnqikgu"qdugtxfigu"cw"OGD/HGI"*gp"fingevtqpu"ugeqpfcktgu+"fg"nÓfiejcpvknnqp"tgewkv"§"3372̇E"gv"
ffiecrfi0"Xwg"ifipfitcng"fg"nc"uwthceg"gp"(a)."citcpfkuugogpv"§"nÓfiejgnng"fg"swgnswgu"itckpu"gp"(b)."§"nÓfiejgnng"fÓwpg"

gortgkpvg"gp"(c)"gv"§"nÓfiejgnng"fw"pcpq/hgwknngvcig"gp"(d)0"

Pqwu"xgpqpu"fg"ogvvtg"gp"fixkfgpeg"nc"oqtrjqnqikg"rctvkewnkfltg"fg"nc"uwthceg"fÓwp"fiejcpvknnqp"fqpv"nc"
dtknncpeg" guv" fg" 7" WD" *nctigogpv" kphfitkgwtg" §" nc" xcngwt" etkvkswg+0" Pqwu" rqwxqpu" nqikswgogpv" pqwu"
kpvgttqigt"uwt"nc"oqtrjqnqikg"fg"uwthceg"fÓwp"fiejcpvknnqp"fqpv" nc"dtknncpeg"guv"uwrfitkgwtg"§" nc"xcngwt"
etkvkswg0"Rqwt"egnc."fcpu"ng"rctcitcrjg"uwkxcpv"pqwu"rtfiugpvgtqpu"nc"uwthceg"fÓwp"fiejcpvknnqp"tgewkv"§"
rnwu"dcuug"vgorfitcvwtg"<"3232̇E0"""

Morphologie de surface après recuit à 1010°C et décapage

Nc"Hkiwtg" :;"rtfiugpvg" nc"oqtrjqnqikg" fg" uwthceg"fÓwp" fiejcpvknnqp" tgewkv" §" 3232̇E" gv" ffiecrfi0" Kn" guv"
kpvfitguucpv"fg"pqvgt"swg"egtvckpu"itckpu"uqpv"cvvcswfiu."fÓcwvtgu"rcu0"Fg"rnwu."fgu"gortgkpvgu."tfirctvkgu"
uwt"vqwv"nÓfiejcpvknnqp."uqpv"fiicngogpv"qdugtxfigu0"É"nc"fkhhfitgpeg"fg"nÓfiejcpvknnqp"tgewkv"§"3372̇E"ugwng"
wpg"rctvkg"fgu"itckpu"fg"nÓfiejcpvknnqp"guv"cvvcswfig0""
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Figure 89."Oqtrjqnqikg"uwthceg"qdugtxfig"cw"OGD"*gp"fingevtqpu"ugeqpfcktgu+"fÓwp"fiejcpvknnqp"tgewkv"§"3232̇E"gv"
ffiecrfi0"

Morphologie de surface après recuits aux températures intermédiaires et décapage

Rqwt" ngu" vgorfitcvwtgu" kpvgtofifkcktgu" gpvtg" 3232" gv" 3372̇E" *oketqitcrjkgu" pqp" rtfiugpvfigu" fcpu" eg"
ocpwuetkv+." nc" rtqrqtvkqp" fg" itckpu" cvvcswfiu33" cwiogpvg" cxge" nc" vgorfitcvwtg" fg" tgewkv0" Ngu" itckpu"
cvvcswfiu" ug" tfircpfgpv" §" nÓgpugodng" fg" nc" uwthceg" fg" nÓfiejcpvknnqp." rqwt" fgu" vgorfitcvwtgu" fg" tgewkv"
uwrfitkgwtgu" §" 32:2̇E0" Gp" rnwu" fg" itckpu" cvvcswfiu" fgu" gortgkpvgu" fkurgtufigu" uwt" nc" uwthceg" uqpv"
qdugtxfigu"swgnng"swg"uqkv"nc"vgorfitcvwtg"fg"tgewkv0"""""""

Bilan

Vqwv"fÓcdqtf."kn"crrctc¶v"encktgogpv"swg"nc"vgorfitcvwtg"fg"tgewkv"§"wpg"kphnwgpeg"uwt"nc"oqtrjqnqikg"fg"
nÓfiejcpvknnqp"crtflu"ffiecrcig0"Fgu"gortgkpvgu"uqpv"qdugtxfigu"swgnng"swg"uqkv"nc"vgorfitcvwtg"fg"tgewkv."
cnqtu" swg" nc" rtqrqtvkqp" fg" itckpu" cvvcswfiu" cwiogpvg" cxge" nc" vgorfitcvwtg0" Pqwu" rqwxqpu"
tckuqppcdngogpv"gpxkucigt"swg"nÓcvvcswg"fgu"itckpu"guv"tgurqpucdng"fg"nc"rgtvg"fg"dtknncpeg0"Ng"pcpq/
hgwknngvcig"fgu"itckpu"gpvtc¶pg"wpg"tfihngzkqp"fg"nc"nwokfltg"ugnqp"fkhhfitgpvgu"fktgevkqpu"eg"swk"ug"vtcfwkv"
rct"wpg"rgtvg"fg"nc"dtknncpeg0"""

Rqwt"rqwtuwkxtg"nÓfivwfg"fg"eg"hcekflu"v{rkswg"fg"ffiitcfcvkqp."pqwu"pqwu"kpvfitguuqpu"fcpu"ng"rctcitcrjg"
uwkxcpv"§"nÓfivwfg"fg"nc"vqrqitcrjkg"fg"uwthceg0""

I.1.3. Topographie de la surface dégradée 

NÓfivwfg" vqrqitcrjkswg" fg" nc" uwthceg" guv" okug" gp" Íwxtg" §" nÓckfg" fw" rtqhknqoflvtg" qrvkswg0" Pqwu"
fkuvkpiwgtqpu"nc"vqrqitcrjkg"§"fkhhfitgpvgu"fiejgnngu."nc"rtgokfltg."§"nÓfiejgnng"fg"nc"ffiitcfcvkqp"fgu"itckpu"
*uwdoketqofivtkswg+."nc"ugeqpfg."§"nÓfiejgnng"fgu"gortgkpvgu"*oketqofivtkswg+"gv"nc"fgtpkfltg."§"nÓfiejgnng"
fw"ncokpcig"*oknnkofivtkswg+0""

"

"

""""""""""""""""""""""""""""""""""""""""""""""""""""""
33"Egvvg"itcpfgwt"pÓc"rcu"fivfi"swcpvkhkfig0"
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À l’échelle submicrométrique

É" nÓfiejgnng" fg" nc" ffiitcfcvkqp" fw" itckp." pqwu" pg" uqoogu" rcu" gp" oguwtg" fÓfivwfkgt" nc" uwthceg" rct"
rtqhknqoflvtkg" qrvkswg0" Gp" ghhgv." ng" rnwu" itcpf" qdlgevkh" fqpv" pqwu" fkurquqpu" cw" ncdqtcvqktg" rgtogv"
fÓcpcn{ugt"wpg"cktg"fg"362"'"332"-o4."qt"nc"vcknng"fgu"itckpu"xctkg"gp"hqpevkqp"fg"nc"vgorfitcvwtg"gpvtg""
42"gv"72"-o"*cf."Ejcr0"KK/KK04040+0

À l’échelle micrométrique

Nc"Hkiwtg";2"rtfiugpvg"ngu"rtqhknu"vqrqitcrjkswgu"rqwt"fgu"fiejcpvknnqpu"tgewkvu"§"3232"gv"3372̇E0"Egu"
rtqhknu"uqpv"gptgikuvtfiu"uwt"wpg"nqpiwgwt"372"-o."uwkxcpv"wpg"fktgevkqp"pqtocng"cw"ugpu"fg"ncokpcig0""

NÓfiejcpvknnqp" tgewkv" §" 3232̇E" *Hkiwtg" ;2" *c++" rtfiugpvg" wpg" uwthceg" cxge" fgu" tgnkghu" uqwu" hqtog" fg"
rncvgcwz"gv"fg"xcnnfigu0"NÓcornkvwfg"gpvtg"ng"dcu"fÓwpg"xcnnfig"gv"ng"uqoogv"fw"rnwu"jcwv"rncvgcw"guv"fg"
nÓqtftg"fg"itcpfgwt"fw"oketqoflvtg0"Ngu"rncvgcwz"uqpv"ufirctfiu"rct"fgu"octejgu"fg"swgnswgu"egpvckpgu"
fg"pcpqoflvtgu"fg"jcwv0"Nc"twiqukvfi"uwt"wp"o‒og"rncvgcw"guv"vtflu"hckdng"§"nÓfiejgnng"fg"nÓqdugtxcvkqp0"Ngu"
rncvgcwz"rquuflfgpv"fgu"nqpiwgwtu"eqortkugu"gpvtg"42"gv"62"-o."e)guv/§/fktg"fg"nÓqtftg"fg"itcpfgwt"fg"nc"
vcknng"fgu"itckpu"rqwt"egvvg"vgorfitcvwtg"fg"tgewkv"*cf."Ejcr0"KK/KK04040+0"Nc"rtfiugpeg"fg"octejgu"ufirctcpv"
ngu"rncvgcwz"guv"fwg"§"nÓcvvcswg"fg"egtvckpu"itckpu"nqtu"fw"ffiecrcig0"Ngu"xcnnfigu"rquuflfgpv"fgu"nctigwtu"
fg" swgnswgu" oketqoflvtgu" gv" fgu" rtqhqpfgwtu" kphfitkgwtgu" cw" oketqoflvtg0" Egu" xcnnfigu" ugodngpv"
eqttgurqpftg"cwz"gortgkpvgu0"NÓfiectv"oq{gp"swcftcvkswg"fg"twiqukvfi"*Tc+"oguwtfi"uwt"eg"rtqhkn"guv"fg"
492"-o0"

NÓfiejcpvknnqp"tgewkv"§"3372̇E"*Hkiwtg";2"*d++"rtfiugpvg"wp"rtqhkn"vtflu"rgtvwtdfi0"Kn"pÓguv"rcu"rquukdng"fg"
fkuvkpiwgt"ngu"itckpu"fw"ofivcn"rct"nc"rtfiugpeg"fg"rncvgcwz0"Wpg"xcnnfig"fg"itcpfg"fkogpukqp."3.:"-o"fg"
rtqhqpfgwt"rqwt"7"-o"fg"nctig."guv"qdugtxfig0"Nc"twiqukvfi"oguwtfig"uwt"ng"rtqhkn"guv"fg"588"-o0""

"

Figure 90."Rtqhknu"vqrqitcrjkswgu"gptgikuvtfiu"uwt"wpg"fkuvcpeg"fg"372"-o"uwt"fgu"fiejcpvknnqpu"tgewkvu"ffiecrfiu0"
¡ejcpvknnqp"tgewkv"§"3232̇E"gp"(a)"gv"§"3372̇E"gp"(b)0"
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À l’échelle millimétrique

Nc" Hkiwtg" ;3" rtfiugpvg" fgu" ectvgu" vqrqitcrjkswgu" fg" nc" uwthceg" ffiecrfig" crtflu" tgewkv" §" 3232̇E" gv"
3372̇E0"Egvvg"hkiwtg"ogv"gp"fixkfgpeg"nc"rtfiugpeg"fg"tgnkghu"gv"fg"xcnnfigu"§"nc"uwthceg"fgu"fiejcpvknnqpu0"
Kn"ugodng"swg"ngu"tgnkghu"gv"ngu"xcnnfigu"uqkgpv"qtkgpvfiu"uwkxcpv"wpg"fktgevkqp"rctvkewnkfltg."nqpikvwfkpcng"
rqwt"nÓfiejcpvknnqp"tgewkv"§"3232̇E"*Hkiwtg";3"*c++."gv"vtcpuxgtucng"rqwt"nÓfiejcpvknnqp"tgewkv"§"3372̇E"
*Hkiwtg" ;3" *d++0" Egvvg" qtkgpvcvkqp" uÓgzrnkswg" rtqdcdngogpv" rct" ng" ugpu" fg" ncokpcig" fg" nÓcekgt0" Nc"
uwthceg" fg" nÓfiejcpvknnqp" tgewkv" §" 3232̇E" ugodng"oqkpu" rgtvwtdfig" swg" egnng" fg" nÓfiejcpvknnqp" tgewkv" §"
3372̇E0"Egvvg"eqpuvcvcvkqp"ug"tgvtqwxg"uwt"ngu"xcngwtu"fg"nc"twiqukvfi"*Tc+"fg"nc"uwthceg"fivwfkfig"*572"'"
482"-o4+"swk"uqpv"fg"462"gv"4;6"po"rqwt"ngu"fiejcpvknnqpu"tgewkvu"tgurgevkxgogpv"§"3232"gv"3372̇E0"

"

Figure 91."Ectvgu"fg"nc"vqrqitcrjkg"fg"uwthceg"f)fiejcpvknnqpu"tgewkvu"gv"ffiecrfiu0"¡ejcpvknnqp"tgewkv"§"3232̇E"gp"
(a)"gv"§"3372̇E"gp"(b)0"NÓcktg"qdugtxfig"guv"fg"572"'"482"-o4"rqwt"ngu"fgwz"hkiwtgu0"Nc"eqwngwt"tqwig"u{odqnkug"

ngu"tgnkghu"gv"ng"dngw."ngu"xcnnfigu0"Ngu"hnflejgu"dncpejgu"tgrtfiugpvgpv"nc"fktgevkqp"fg"ncokpcig"pqvfig"FN0""

Comparaison des rugosités (Ra) aux différentes échelles

Ngu"twiqukvfiu"fgu"fiejcpvknnqpu"tgewkvu"§"3372̇E." uqpv" uwrfitkgwtgu"§"egnngu"fgu"fiejcpvknnqpu"§"3232̇E"
swgnng"swg"uqkv" nÓfiejgnng"eqpukffitfig0"Rqwt"wpg"o‒og" vgorfitcvwtg"fg"tgewkv." ngu" twiqukvfiu"oguwtfigu"§"
nÓfiejgnng"oketqofivtkswg" *uwt" ngu"rtqhknu+"uqpv"uwrfitkgwtgu"§"egnngu"oguwtfigu"§" nÓfiejgnng"oknnkofivtkswg"
*uwt"ngu"ectvgu+"*Vcdngcw"37+0"""

Tableau 37."Xcngwtu"fg"twiqukvfi"*Tc+"rqwt"ngu"tgewkvu"fg"3232̇E"gv"3372̇E0"

¡ejgnng" Tc3232̇E"*po+" Tc3372̇E"*po+"

Uwdoketqpkswg" /" /"
Oketqofivtkswg"" 492" 588"
Oknnkofivtkswg""" 462" 4;6"

"

Ngu" twiqukvfiu"oguwtfigu" §" nÓfiejgnng"oketqofivtkswg" *fgu" gortgkpvgu+" gv" §" nÓfiejgnng"oknnkofivtkswg" *fw"
ncokpcig+"pg"ugodngpv"rcu"‒vtg"tgurqpucdngu"fg"nc"rgtvg"fg"dtknncpeg"fg"nÓcekgt0"Kn"guv"tgitgvvcdng"fg"pg"
rcu" cxqkt" fg" xcngwtu" fg" twiqukvfi" §" nÓfiejgnng" uwdoketqpkswg" *fw" pcpq/hgwknngvcig+0" Gp" ghhgv." pqwu"
cvvtkdwqpu"§"eg"pcpq/hgwknngvcig"fgu"itckpu"nc"rgtvg"fg"dtknncpeg0"""

"
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I.1.4. Analyse structurale des échantillons après décapage 

Crtflu" nc" ufiswgpeg" eqornflvg" fg" ffiecrcig." fgu" fiejcpvknnqpu" uqpv" cpcn{ufiu" rct" FTZ" uqwu" kpekfgpeg"
tcucpvg0" Nc" Hkiwtg" ;4" rtfiugpvg" ng" fkhhtcevqitcoog" gptgikuvtfi" uwt" wp" fiejcpvknnqp" tgewkv" §" 3372̇E" gv"
ffiecrfi0" Kn" crrctc¶v" encktgogpv" swg" ugwnu" ngu" rkeu" fw" uwduvtcv" uqpv" ffivgevfiu." cwewp" tfiukfw" fÓqz{fg" gv"
cwewpg" rjcug" pqwxgnng" pg" uqpv"oku" gp" fixkfgpeg0"Fg"rnwu." nc" rqukvkqp" fgu" rkeu"fw" uwduvtcv" pÓguv" rcu"
ffiecnfig" rct" tcrrqtv" §" ngwt" rqukvkqp" fg" tfihfitgpeg" *LERFU" ṗ56/25;8+0" Ng" ffiecrcig" rgtogv" wpg"
finkokpcvkqp" eqornflvg" fg" nc" eqwejg" fÓqz{fg" hqtofig" nqtu" fw" tgewkv." ucpu" chhgevgt" nc" pcvwtg" rj{ukeq/
ejkokswg"fg"nÓcekgt0"

"

Figure 92."Fkhhtcevqitcoog"gptgikuvtfi"uwt"wp"fiejcpvknnqp"tgewkv"§"3372̇E"gv"ffiecrfi0"

I.1.5. Bilan 

Ngu"fivcrgu"fg"tgewkv"gv"ffiecrcig"fg"nc"pwcpeg"663"gpvtc¶pgpv"wpg"rgtvg"fg"nc"dtknncpeg"fg"uwthceg"rct"
tcrrqtv"cw"ocvfitkcw"fietqwk0"Egvvg"rgtvg"fg"dtknncpeg"guv"fÓcwvcpv"rnwu"rtqpqpefig"swg"nc"vgorfitcvwtg"fg"
tgewkv"guv"fingxfig0"Pqwu"xgpqpu"fÓfivwfkgt"nÓcekgt"663."fqpv"nc"uwthceg"guv"ffiitcffig"crtflu"ngu"fivcrgu"fg"
tgewkv"gv"ffiecrcig"uwt"nc"nkipg"kpfwuvtkgnng0"Fcpu"nc"ugevkqp"uwkxcpvg."pqwu"pqwu"kpvfitguugtqpu"§"nÓcekgt"
65;"swk"pÓguv"rcu"chhgevfi"rct"egu"rtqdnflogu"crtflu"ng"tgewkv"gv"ng"ffiecrcig"kpfwuvtkgn0"É"nc"fkhhfitgpeg"fg"
nÓcekgt"663."nÓcekgt"65;"pg"eqpvkgpv"rcu"fg"pkqdkwo0"""

I.2.  Comparaison avec la nuance 439 

I.2.1. Évolution de la brillance 

Nc" Hkiwtg" ;5" rtfiugpvg" ngu" xcngwtu" fg" dtknncpeg"oguwtfigu" uwt" ngu" uwthcegu" ffiecrfigu" rqwt" fkhhfitgpvgu"
vgorfitcvwtgu" fg" tgewkv0" Nc" vgorfitcvwtg" c" wpg" kphnwgpeg" uwt" nc" xcngwt" fg" dtknncpeg." egnng/ek" fkokpwg"
hqtvgogpv"nqtuswg"nc"vgorfitcvwtg"cwiogpvg0"Gp"ghhgv."nc"dtknncpeg."oguwtfig"§"45"WD"rqwt";:2̇E."ejwvg"
gv"ug"uvcdknkug"cwz"cngpvqwtu"fg"8/9"WD"§"rctvkt"fg"3262̇E0"NÓfixqnwvkqp"fg" nc"dtknncpeg"fg"uwthceg"fg"
nÓcekgt" 65;" cxge" nc" vgorfitcvwtg" uwkv" swcukogpv" ng" o‒og" eqorqtvgogpv" swg" egnwk" fg" nÓcekgt" 663." §"
ucxqkt."wpg"ejwvg"gv"wpg"uvcdknkucvkqp0"Egrgpfcpv."nÓcekgt"65;"rtfiugpvg"fgu"xcngwtu"fg"dtknncpeg"ffiecnfigu"



Eqorqtvgogpv"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"uvcdknkufiu"nqtu"fgu"fivcrgu"fg"tgewkv"gv"ffiecrcig""
"

34:"
"

xgtu" ng"dcu." rct" tcrrqtv" §" nc"pwcpeg"663."rqwt"wpg"o‒og" vgorfitcvwtg"fg" tgewkv0"Egek" gpvtc¶pg."rqwt"
nÓcekgt" 65;" wpg" uvcdknkucvkqp" fg" nc" dtknncpeg" §" uc" xcngwt" nc" rnwu" hckdng" rqwt" fgu" vgorfitcvwtgu"oqkpu"
fingxfigu"swg"fcpu"ng"ecu"fg"nÓcekgt"6630""

Ocnitfi" egu" tgoctswgu." kn" pg" hcwv"rcu"qwdnkgt"swg" nÓcekgt"65;"pÓguv"rcu" chhgevfi"rct"fgu"rtqdnflogu"fg"
swcnkvfi" fg" uwthceg0" Rqwt" nc" vgorfitcvwtg" §" ncswgnng" egvvg" pwcpeg" guv" tgewkvg" fcpu" ng" hqwt" kpfwuvtkgn"
*;:2̇E+"nc"dtknncpeg"guv"uwrfitkgwtg"§"nc"xcngwt"etkvkswg0""

"

Figure 930"Xcngwtu"fg"dtknncpeg"fg"nc"pwcpeg"65;"crtflu"ffiecrcig"rqwt"ngu"fkhhfitgpvgu"vgorfitcvwtgu"fg"tgewkv0"Nc"
nkipg"rqkpvknnfig"u{odqnkug"nc"vgorfitcvwtg"fg"tgewkv"oku"gp"Íwxtg"uwt"nc"nkipg"kpfwuvtkgnng0"

I.2.2. Morphologie de surface 

Fgu"oqtrjqnqikgu" fg" uwthceg" qdugtxfigu" crtflu" ng"ffiecrcig" fg" nc" pwcpeg"65;" uqpv" rtfiugpvfigu" uwt" ngu"
Hkiwtgu";6"*c+"gv"*d+"rqwt"fgwz"vgorfitcvwtgu"fg"tgewkv0"Pqwu"hckuqpu"ng"ejqkz"fg"pg"rtfiugpvgt"swg"fgwz"
oqtrjqnqikgu"fg"uwthceg."nc"rtgokfltg."rqwt"wp"fiejcpvknnqp"tgewkv"§";:2̇E."e)guv/§/fktg"fqpv"nc"dtknncpeg"
guv"uwrfitkgwtg"§"nc"xcngwt"etkvkswg"*Hkiwtg";6"*c++0"Nc"ugeqpfg."rqwt"wp"fiejcpvknnqp"tgewkv"§"3342̇E."swk"
rquuflfg"wpg"dtknncpeg"nctigogpv"kphfitkgwtg"§"nc"xcngwt"etkvkswg"*Hkiwtg";6"*d++0"""""""

Rqwt"wp"fiejcpvknnqp"tgewkv"§";:2̇E."nc"uwthceg"pÓguv"swg"vtflu"rgw"ffiitcffig."ugwngu"fgu"gortgkpvgu"uqpv"
okugu"gp"fixkfgpeg"*Hkiwtg";6"*c++0"NÓcvvcswg"fgu"itckpu"pÓguv"rcu"qdugtxfig"rqwt"egvvg"vgorfitcvwtg"fg"
tgewkv0" Gp" tgxcpejg." ngu" itckpu" fg" nÓfiejcpvknnqp" tgewkv" §" 3342̇E" uqpv" cvvcswfiu" uwt" nÓgpugodng" fg"
nÓfiejcpvknnqp"*Hkiwtg";6"*d++0"
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Figure 94."Qdugtxcvkqpu"OGD"gp"fingevtqpu"ugeqpfcktgu"fgu"oqtrjqnqikgu"fg"uwthceg"crtflu"tgewkvu"§"fkhhfitgpvgu"
vgorfitcvwtgu"gv"ffiecrcig0"¡ejcpvknnqp"tgewkv"§";:2̇E"gp"(a)."gv"§"3342̇E"gp"(b)0"

Rqwt" ngu" vgorfitcvwtgu" fg" tgewkv" kpvgtofifkcktgu." eqortkugu" gpvtg" ;:2" gv" 3342̇E." ngu" qdugtxcvkqpu" cw"
OGD"pg" uqpv" rcu" rtfiugpvfigu" fcpu" ng" tcrrqtv0"Fflu" 3232̇E." pqwu" eqpuvcvqpu" nc"rtfiugpeg" §" nc" hqku" fg"
itckpu" cvvcswfiu" gv" fÓgortgkpvgu0" NÓcvvcswg" fgu" itckpu" uÓfivgpf" §" nÓgpugodng" fg" nc" uwthceg" §" rctvkt" fg"
3262̇E0"Rqwt"fgu"vgorfitcvwtgu"uwrfitkgwtgu."nc"oqtrjqnqikg"fg"uwthceg"pÓfixqnwg"swg"vtflu"rgw"gv"gnng"guv"
ugodncdng"§"egnng"rtfiugpvfig"uwt"nc"Hkiwtg";6"*d+0""

I.2.3. Bilan 

Wpg"rgtvg"fg"dtknncpeg"fg"uwthceg"fg"nc"pwcpeg"65;"guv"okug"gp"fixkfgpeg."eqoog"rqwt"nc"pwcpeg"6630"
Egvvg"rgtvg"fg"dtknncpeg"ug"vtcfwkv"fiicngogpv"rct"wpg"cvvcswg"fg"nc"uwthceg0"É"nc"fkhhfitgpeg"fg"nc"pwcpeg"
663."nc"ffiitcfcvkqp"fg"uwthceg"fg"nÓcekgt"65;"uwtxkgpv"§"rnwu"dcuug"vgorfitcvwtg0"

I.3. Discussion  

I.3.1. Effet du décapage sur la brillance 

Nqtuswg"ngu"cekgtu"663"gv"65;"uqpv"ffiecrfiu"uwkvg"cw"vtckvgogpv"vjgtokswg"uqwu"cvoqurjfltg"qz{fcpvg."
wpg"rgtvg"fg"dtknncpeg"fg" nc" uwthceg."rct" tcrrqtv" §" nÓcekgt" fietqwk."guv" qdugtxfig0"Nc"rgtvg"fg"dtknncpeg"
cwiogpvg"cxge"nc"vgorfitcvwtg"fg"tgewkv0"Nc"vgorfitcvwtg"§"rctvkt"fg"ncswgnng"nc"dtknncpeg"ejwvg"guv"rnwu"
hckdng"rqwt"nc"pwcpeg"65;"swg"rqwt"nc"pwcpeg"6630"Egrgpfcpv."nqtu"fw"tgewkv"kpfwuvtkgn."nÓcekgt"65;"pg"
uwdkv"rcu"fg"ffiitcfcvkqp"fg"uwthceg0"Gp"ghhgv."nc"vgorfitcvwtg"fg"tgewkv"uwt"nc"nkipg"kpfwuvtkgnng"*;:2̇E+"
guv"kphfitkgwtg"§"nc"vgorfitcvwtg"§"rctvkt"fg"ncswgnng"nc"dtknncpeg"fgxkgpv"rnwu"hckdng"swg"nc"xcngwt"etkvkswg0"
Gp" tgxcpejg." nc" pwcpeg" 663" guv" tgewkvg" §" 3292̇E" uwt" nc" nkipg" kpfwuvtkgnng0" É" egvvg" vgorfitcvwtg" nc"
dtknncpeg"guv"kphfitkgwtg"§"nc"xcngwt"etkvkswg0"

I.3.2. Morphologie de surface 

Nc"dtknncpeg"fg"nc"uwthceg"ffiecrfig"guv"nkfig"§"nc"oqtrjqnqikg"fg"nÓfiejcpvknnqp0"Ng"ffiecrcig"gpvtc¶pg"wpg"
ffiitcfcvkqp"fg"nc"uwthceg"fÓcwvcpv"rnwu"rtqpqpefig"swg"nc"vgorfitcvwtg"§"ncswgnng"ngu"fiejcpvknnqpu"uqpv"
tgewkvu"guv"fingxfig0"Nc"ffiitcfcvkqp"rtgpf" nc" hqtog"fÓwpg"cvvcswg"fg"egtvckpu"itckpu0"Nc"rtqrqtvkqp"fg"
itckpu"cvvcswfiu"cwiogpvg"cxge"nc"vgorfitcvwtg"fg"tgewkv"gv"uÓfivgpf"§"nÓgpugodng"fg"nc"uwthceg"rqwt"fgu"
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tgewkvu"uwrfitkgwtu"§"32:2̇E"rqwt"nc"pwcpeg"663."gv"uwrfitkgwtu"§"3262̇E"rqwt"nc"pwcpeg"65;0"Ngu"hcekflu"
fg"ffiitcfcvkqp"qdugtxfiu"rqwt"ngu"jcwvgu"vgorfitcvwtgu"fg"tgewkv"uqpv"ukokncktgu"§"egwz"qdugtxfiu"nqtu"fg"
nc"fkuuqnwvkqp"cpqfkswg"fÓcekgtu"hgttkvkswgu"*48"'"Et+"crtflu"vtckvgogpv"gp"oknkgw"cekfg"uwnhwtkswg"];8_0"
Ngu"oqtrjqnqikgu"fg"uwthceg."§"nÓkuuwg"fw"ffiecrcig"fgu"pwcpegu"hgttkvkswgu"663"gv"65;."pg"rtfiugpvgpv"
rcu"fgu" lqkpvu"fg" itckpu"itcxfiu" eqoog"qdugtxfiu"rct"egtvckpu" cwvgwtu" uwt" nc"pwcpeg"cwuvfipkvkswg"526"
];9/;;_0"

Nc"ffiitcfcvkqp"fg"uwthceg"rqwttckv"‒vtg"nkfig"§"wp"uwt/ffiecrcig"fg"nÓcekgt0"Uk"vgn"fivckv"ng"ecu."kn"ugtckv"rnwu"
rtqdcdng"swg"ngu"fiejcpvknnqpu"tgewkvu"§"rnwu"dcuug"vgorfitcvwtg"*rquufifcpv"ngu"eqwejgu"fÓqz{fg"ngu"rnwu"
hkpgu+"uqkgpv"ngu"rnwu"chhgevfiu0"Qt."pqu"tfiuwnvcvu"oqpvtgpv"encktgogpv"swg"nc"ffiitcfcvkqp"fg"uwthceg"guv"
fÓcwvcpv"rnwu"octswfig"nqtuswg"nc"vgorfitcvwtg"fg"tgewkv"guv"fingxfig0""

Fcpu"egvvg"rctvkg."pqwu"cxqpu"eqpuvcvfi"swg"ngu"fivcrgu"fg"tgewkv"gv"ffiecrcig."gpvtc¶pgpv"wpg"ffiitcfcvkqp"
fg" uwthceg" fgu" cekgtu0" Nc" ffiitcfcvkqp" ug" vtcfwkv" rct" wpg" oqtrjqnqikg" rctvkewnkfltg" §" nÓfiejgnng"
uwdoketqoflvtkswg." octswfig" rct" wp" pcpq/hgwknngvcig" fgu" itckpu" cvvcswfiu0" Egvvg" oqtrjqnqikg" guv"
tgurqpucdng"fg"nc"rgtvg"fg"dtknncpeg0""Fcpu"nc"uwkvg"fw"ejcrkvtg."pqwu"cnnqpu"pqwu"cvvcejgt"§"eqortgpftg"
egvvg" ffiitcfcvkqp" fg" uwthceg0" Fcpu" nc" rctvkg" uwkxcpvg." pqwu" pqwu" rtqrquqpu" fÓfivwfkgt" fgwz" curgevu"
uwuegrvkdngu"fÓ‒vtg"§"nÓqtkikpg"fg"nc"ffiitcfcvkqp"<"nc"ofivcnnwtikg"fÓwpg"rctv."gv"nÓqz{fcvkqp"fÓcwvtg"rctv0"""""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"
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II. Origine de la dégradation de surface  

Egvvg"rctvkg"guv"eqpucetfig"§"nÓkfgpvkhkecvkqp"fg"nÓqtkikpg"fg"nc"ffiitcfcvkqp"fg"uwthceg0"Nc"ffiitcfcvkqp"ug"
vtcfwkv" rct" wpg" cvvcswg" jfivfitqiflpg" fgu" itckpu" fw"ofivcn" qdugtxfig" uwt" ngu" fgwz"pwcpegu"<" 663" gv" 65;0"
Pqwu"hckuqpu"ng"ejqkz"fg"pqwu"eqpucetgt"wpkswgogpv"§"nÓfivwfg"fg"nc"pwcpeg"6630"""

II.1. Influence de la métallurgie  

Pqwu"pqwu"rtqrquqpu"fg"ogvvtg" gp"fixkfgpeg"wpg"fixgpvwgnng" kphnwgpeg"fg" nÓqtkgpvcvkqp"fgu"itckpu"fw"
uwduvtcv" uwt" nc" ffiitcfcvkqp" fg" uwthceg0" NÓqdlgevkh" guv" fg" ffivgtokpgt" uk" nc" ffiitcfcvkqp" guv" nkfig" §" egv"
curgev"rwtgogpv"ofivcnnwtikswg0""

II.1.1. Mode opératoire 

Fgu"fiejcpvknnqpu"uqpv"tgewkvu"§"dcuugu"gv"jcwvgu"vgorfitcvwtgu0"Pqwu"ffiukipqpu"rct"dcuugu"vgorfitcvwtgu"
ngu"vgorfitcvwtgu"rqwt"nguswgnngu"nc"uwthceg"pg"uwdkv"swÓwpg"hckdng"ffiitcfcvkqp"crtflu"ffiecrcig."e)guv/§/
fktg"wpg"uwthceg"rquufifcpv"wpg"dtknncpeg"cwz"cngpvqwtu"fg"42"WD0"Fg"o‒og."pqwu"ffiukipqpu"rct"jcwvgu"
vgorfitcvwtgu"ngu"vgorfitcvwtgu"rqwt"nguswgnngu"nc"uwthceg"guv"hqtvgogpv"ffiitcffig"crtflu"ffiecrcig."cxge"
wpg"dtknncpeg"fg"nÓqtftg"fg"7"WD0"Ngu"tgewkvu"uqpv"oku"gp"Íwxtg"§";:2"gv"3342̇E0"Wpg"hqku"ng"tgewkv"
ghhgevwfi"cw"HCUC"fcpu"ngu"eqpfkvkqpu"uvcpfctf"*67"u"uqwu"Q41EQ41J4Q1P4+."ngu"fiejcpvknnqpu"uwdkuugpv"
nc"ufiswgpeg"fg"ffiecrcig"encuukswg0"Ngu"oqtrjqnqikgu"fg"uwthceg"uqpv"cnqtu"qdugtxfigu"cw"oketqueqrg"
qrvkswg"rqwt"eqpuvcvgt"nc"rtfiugpeg"fw"hcekflu"fg"ffiitcfcvkqp0"Ngu"fiejcpvknnqpu"uqpv"nfiifltgogpv"rqnku"uwt"
rcrkgt"UkE"4622."chkp"fÓfinkokpgt"nc"rctvkg"ffiitcffig0"Ngu"rgtvgu"fg"ocuug"gpigpftfigu"rct"ng"rqnkuucig"
uqpv" ffivgtokpfigu" rct" rgufig." chkp" fÓfixcnwgt" nÓfirckuugwt" fg" eqwejg" finkokpfig0" Ngu" firckuugwtu" uqpv"
guvkofigu"§"2.9"gv"2.:"-o"rqwt"ngu"fiejcpvknnqpu"tgewkvu."tgurgevkxgogpv."§"3342"gv";:2̇E0"É"nc"uwkvg"fw"
rqnkuucig." nc" oqtrjqnqikg" fg" uwthceg" guv" eqpvt»nfig" cw" oketqueqrg" qrvkswg0" Gphkp." ngu" fiejcpvknnqpu"
uwdkuugpv"wpg"pqwxgnng"ufiswgpeg"fg"ffiecrcig."cxcpv"fÓ‒vtg."wpg"pqwxgnng"hqku."qdugtxfiu"cw"oketqueqrg"
qrvkswg0"""

II.1.2. Morphologie de surface 

Nc"Hkiwtg";7"rtfiugpvg"ngu"oqtrjqnqikgu"fg"uwthceg"qdugtxfigu"crtflu"nc"rtgokfltg"ufiswgpeg"fg"ffiecrcig"
*c" gv" d+." crtflu" ng" rqnkuucig" *e" gv" f+" gv" gphkp." crtflu" nc" ugeqpfg" ufiswgpeg" fg" ffiecrcig" *g" gv" h+0"
NÓfiejcpvknnqp" rtficncdngogpv" tgewkv" §" ;:2̇E." gv" ffiecrfi" *Hkiwtg" ;7" *c++." rtfiugpvg" wpg" uwthceg" rgw"
ffiitcffig" ocnitfi" nÓqdugtxcvkqp" fg" itckpu" cvvcswfiu" gv" fÓgortgkpvgu0" Gp" ghhgv." fÓwpg" rctv." wpg" hckdng"
rtqrqtvkqp" fg" itckpu" guv" cvvcswfig" gv" fÓcwvtg" rctv." nc" uwthceg" pg" eqorqtvg" swÓwpg" hckdng" fgpukvfi"
fÓgortgkpvgu0"Uwt"nÓfiejcpvknnqp"tgewkv"§"3342̇E"*Hkiwtg";7"*d++."nÓcvvcswg"fgu"itckpu"guv"fivgpfwg"§"vqwvg"
nc" uwthceg." gv" wpg" hqtvg" fgpukvfi" fÓgortgkpvgu" guv" qdugtxfig0" Crtflu" rqnkuucig." ngu" uwthcegu" fgu"
fiejcpvknnqpu" pg" rtfiugpvgpv" rnwu" ng" hcekflu" fg" ffiitcfcvkqp" *Hkiwtgu" ;7" *e+" gv" *f++0" NÓfinkokpcvkqp" rct"
rqnkuucig"fÓwpg"eqwejg"fg"ofivcn"fÓfirckuugwt"kphfitkgwtg"cw"oketqoflvtg"rgtogv"fg"tgvktgt"vqwvg"nc"rctvkg"
fg" nÓfiejcpvknnqp" chhgevfig" rct" nc" ffiitcfcvkqp" nqtu" fw" ffiecrcig0" Ngu" uwthcegu" rtfiugpvgpv" ugwngogpv"
swgnswgu"tc{wtgu"gv"cttcejgogpvu"fg"ocvkfltg"tfiuwnvcpv"fw"rqnkuucig"uwt"ng"rcrkgt"UkE"46220"Nqtuswg"ngu"
fiejcpvknnqpu" uwdkuugpv" wpg" ufiswgpeg" fg" ffiecrcig" crtflu" rqnkuucig." ngu"oqtrjqnqikgu" fg" uwthceg" uqpv"
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kfgpvkswgu" swgnng" swg" uqkv" nc" vgorfitcvwtg" fg" tgewkv" *Hkiwtgu" ;7" *g+" gv" *h++0" Ngu" itckpu" pg" uqpv" rcu"
cvvcswfiu."ugwngu"swgnswgu"gortgkpvgu"uqpv"qdugtxfigu"uwt"nc"uwthceg0""

"

Figure 95."Oqtrjqnqikgu"fg"uwthceg"qdugtxfigu"cw"oketqueqrg"qrvkswg"crtflu"ffiecrcig"(a)"gv"(b)."crtflu"rqnkuucig"
(c)"gv"(d)"gv"crtflu"nc"ugeqpfg"ufiswgpeg"fg"ffiecrcig"(e)"gv"(f)0"Ngu"enkejfiu"(a)."(c)"gv"(e)"eqttgurqpfgpv"§"

nÓfiejcpvknnqp"rtficncdngogpv"tgewkv"§";:2̇E0"Ngu"enkejfiu"(b)."(d)"gv"(f)"ug"tfihfltgpv"§"nÓfiejcpvknnqp"tgewkv"§"3342̇E0"""""

Fg"egvvg"fivwfg."pqwu"rqwxqpu" vktgt"rnwukgwtu"eqpenwukqpu." vqwv"fÓcdqtf." nÓfirckuugwt"fw"ofivcn"chhgevfig"
rct" nc" ffiitcfcvkqp" guv" kphfitkgwtg" cw"oketqoflvtg." kn" uÓcikv" fqpe" fÓwp" rjfipqoflpg" fÓgzvt‒og" uwthceg0"
NÓfirckuugwt"fg"nc"¦qpg"chhgevfig"rct"nc"ffiitcfcvkqp"guv"kphfitkgwtg"§"nc"vcknng"fw"itckp0"Gpuwkvg."egnc"pqwu"
rgtogv" fg" fkuuqekgt" nÓcvvcswg" fgu" itckpu" gv" nc" rtfiugpeg" fÓgortgkpvgu0" Ngu" itckpu" uqpv" cvvcswfiu"
wpkswgogpv" crtflu" ffiecrcig" fg" nc" eqwejg" fÓqz{fg0"Crtflu" ngu" finkokpcvkqpu" uweeguukxgu" fg" nc" eqwejg"
fÓqz{fg"gv"fg"nc"eqwejg"ffiitcffig."ngu"itckpu"pg"uqpv"rcu"cvvcswfiu"nqtuswÓkn"guv"uqwoku"§"wpg"pqwxgnng"
ufiswgpeg"fg"ffiecrcig0"Nc"rtfiugpeg"fÓgortgkpvgu"guv"rqwt"uc"rctv"qdugtxfig"§"nc"hqku"crtflu"ffiecrcig"fg"
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nc" eqwejg" fÓqz{fg." ckpuk" swÓcrtflu" ngu" qrfitcvkqpu" fg" rqnkuucig" gv" ugeqpfg" ufiswgpeg" fg" ffiecrcig0"
NÓqz{fg"hqtofi"nqtu"fw"tgewkv"ugodng"cxqkt"wp"t»ng"rtfirqpffitcpv"rqwt"eqortgpftg"nc"ffiitcfcvkqp"fg"nc"
uwthceg0""

II.2. Effet de l’oxydation sur le métal

NÓfivwfg"fgu"rtqfwkvu"fÓqz{fcvkqp"hqtofiu"nqtu"fg"vtckvgogpvu"vjgtokswgu"cw"HCUC"c"rgtoku"fg"ogvvtg"
gp" fixkfgpeg" wp" gptkejkuugogpv" gp" ejtqog" fg" nc" eqwejg" fÓqz{fg" cxge" nc" vgorfitcvwtg" fg" tgewkv" *cf."
Ejcr0"KKK/K05+0"Pqwu"pqwu"rtqrquqpu"fcpu"eg"rctcitcrjg"fg"xfitkhkgt"uk"egv"gptkejkuugogpv"gp"ejtqog"fg"
nc"eqwejg"fÓqz{fg"c"fgu"eqpufiswgpegu"uwt"nc"eqpegpvtcvkqp"gp"ejtqog"fcpu"ng"ofivcn0"Pqwu"ejqkukuuqpu"
fgu"fiejcpvknnqpu"fÓcekgt"663"tgewkvu"cw"HCUC"§"fkhhfitgpvgu"vgorfitcvwtgu"*3232."3297"gv"3332̇E+0"Nc"
eqwejg"fÓqz{fg"guv"cnqtu"finkokpfig"rct"vtckvgogpv"fingevtqn{vkswg"cw"uwnhcvg"fg"uqfkwo0"Ngu"fiejcpvknnqpu"
uqpv"rct"nc"uwkvg"ectcevfitkufiu"rct"UFN"chkp"fg"ogvvtg"gp"fixkfgpeg"nc"eqpegpvtcvkqp"fw"ejtqog"fcpu"ng"
ofivcn0""

II.2.1. Recherche du chrome dans le substrat 

Nc"Hkiwtg";8"rtfiugpvg" ng"rtqhkn" fg" eqpegpvtcvkqp"fw"ejtqog"fcpu" ng"ofivcn0"NÓfixqnwvkqp"fw"rtqhkn" fg"
eqpegpvtcvkqp" fw" ejtqog" guv" kfgpvkswg" swgnng" swg" uqkv" nc" vgorfitcvwtg" fw" tgewkv0" Rqwt" fg" hckdngu"
rtqhqpfgwtu"fÓfitqukqp"*kphfitkgwtg"§"42"po+."ng"ukipcn"fw"ejtqog"rtfiugpvg"wp"rke"nkfi"cwz"tfiukfwu"fg"nc"
eqwejg" fÓqz{fg" pqp" finkokpfiu" rct" ng" ffiecrcig" cw" uwnhcvg" fg" uqfkwo0"É" rnwu" itcpfg" rtqhqpfgwt." wp"
okpkowo"fg"eqpegpvtcvkqp"eqttgurqpfcpv"cw"pkxgcw"fg"nc"eqwejg"fg"uknkeg"*ng"rtqhkn"fw"uknkekwo"pÓguv"
rcu"tgrtfiugpvfi"uwt"nc"hkiwtg+0"NÓkpvgthceg"ofivcn1uknkeg"guv"uejfiocvkufig"rct"nc"rtfiugpeg"fÓwpg"hnflejg"rqwt"
nc" vgorfitcvwtg" fg" 3232̇E0" Nc" vgpgwt" gp" ejtqog" cwiogpvg" gp" ug" ffiecncpv" fcpu" ng" uwduvtcv." gv" ug"
uvcdknkug"§"39.:"'"ocuukswg"*vcwz"fg"ejtqog"fcpu"nÓcekgt"663+0"Ngu"ugwngu"fkuvkpevkqpu"fivcdnkgu"gpvtg"ngu"
fkhhfitgpvgu"vgorfitcvwtgu"fg"tgewkv"eqpegtpgpv"fÓwpg"rctv." nc"xcngwt"fg"nc"eqpegpvtcvkqp"gp"ejtqog"cw"
pkxgcw"fg"nÓkpvgthceg"ofivcn1uknkeg"gv"fÓcwvtg"rctv."nc"rtqhqpfgwt"§"rctvkt"fg"ncswgnng"nc"vgpgwt"gp"ejtqog"
cvvgkpv"nc"xcngwt"fg"uc"vgpgwt"ocuukswg"fg"nÓcekgt"6630"

"

Figure 96."Rtqhknu"UFN"fw"ejtqog"fgu"fiejcpvknnqpu"tgewkvu"§"3232."3297"gv"3322̇E"gv"ffiecrfiu"rct"xqkg"
fingevtqn{vkswg"gp"oknkgw"uwnhcvg"fg"uqfkwo0"Nc"hnflejg"tqwig"octswg"nÓkpvgthceg"ofivcn1uknkeg"rqwt"3232̇E."egvvg"

kpvgthceg"eqttgurqpf"§"nÓkpvgtugevkqp"gpvtg"ngu"ukipcwz"fw"uknkekwo"gv"fw"ejtqog0""
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Egu"cpcn{ugu"UFN"ogvvgpv"encktgogpv"gp"fixkfgpeg"nc"rtfiugpeg"fÓwpg"¦qpg"ffiejtqofig"fcpu"ng"uwduvtcv0"
Nc" vgpgwt"gp"ejtqog"kpvgthcekcng"fkokpwg"gv" nÓfirckuugwt"fg" nc"eqwejg"ffiejtqofig"cwiogpvgpv"cxge"nc"
vgorfitcvwtg" fg" tgewkv0"Egu" xcngwtu" uqpv" nkuvfigu" fcpu" ng" Vcdngcw" 380" NÓcwiogpvcvkqp" fg" 322̇E" fg" nc"
vgorfitcvwtg" fg" tgewkv" gpvtc¶pg" swcukogpv" wp" fqwdngogpv" fg" nÓfirckuugwt" fg" nc" ¦qpg" chhgevfig" rct" nc"
ffiejtqokucvkqp0""""""

""""""Tableau 16."Vgpgwtu"gp"Et"oguwtfigu"§"nÓkpvgthceg"ofivcn1uknkeg"gv"firckuugwt"fg"nc"¦qpg"ffiejtqofig"rqwt"
fkhhfitgpvgu"vgorfitcvwtgu0"

Vgorfitcvwtg"*̇E+" Vgpgwt"gp"Et"*'"
ocuukswg+"

¡rckuugwt"fg"nc"¦qpg"
ffiejtqofig"*-o+"

3232" 35.9" 4.8"

3297" 34.:" 5"

3332" 32" 7.3"

"

II.2.2. Discussion 

Nc"etqkuucpeg"fg"nc"eqwejg"fÓqz{fg."gpigpftfig"rct"ng"tgewkv"fg"67"u"§"jcwvg"vgorfitcvwtg."gpvtc¶pg"wpg"
ffiejtqokucvkqp"fw"uwduvtcv0"Eg"rjfipqoflpg"c"ffil§"fivfi"oku"gp"fixkfgpeg"uwt"fgu"cekgtu"hgttkvkswgu"qz{ffiu"
§";72̇E"rgpfcpv"rnwu"fÓwpg"jgwtg"]322_."ocku"fiicngogpv."crtflu"fgu"tgewkvu"fg"eqwtvgu"fwtfigu"72/82"u."§"
3322̇E"uwt"nÓcekgt"cwuvfipkvkswg"526"]323_0"NÓcrrctkvkqp"fÓwpg"¦qpg"ffiejtqofig"ukipkhkg"swg"nc"xkvguug"
fg" eqpuqoocvkqp" fw" ejtqog" guv" uwrfitkgwtg" §" nc" xkvguug" fg" uqp" crrtqxkukqppgogpv" cw" pkxgcw" fg"
nÓkpvgthceg"ofivcn1qz{fg0"Fcpu"ng"ecu"fÓwp"tgewkv"fg"eqwtvg"fwtfig."nc"vgorfitcvwtg"kphnwg"§"nc"hqku"uwt"nc"
eqpegpvtcvkqp"gp"ejtqog"§" nÓkpvgthceg"ofivcn1qz{fg"ckpuk"swg"uwt" nÓfirckuugwt"fg" nc"eqwejg"ffiejtqofig"
fcpu"ng"uwduvtcv0"

II.3. Bilan 

Fcpu"eg"rctcitcrjg."pqwu"cxqpu"fivcdnk"swg"fcpu"ngu"eqpfkvkqpu"fg"ffiecrcig."nc"ffiitcfcvkqp"fg"uwthceg"
pÓguv"rcu"nkfig"§"wpg"qtkgpvcvkqp"fgu"itckpu"fw"ofivcn0"Nc"etqkuucpeg"fg"nc"eqwejg"fÓqz{fg"nqtu"fw"tgewkv"
ugodng" lqwgt" wp" t»ng" rtfirqpffitcpv0" Gp" fivwfkcpv" nc" uwthceg" fgu" fiejcpvknnqpu" crtflu" ffiecrcig"
fingevtqn{vkswg" gp" oknkgw" uwnhcvg" fg" uqfkwo." pqwu" cxqpu" oku" gp" fixkfgpeg" nc" rtfiugpeg" fÓwpg" ¦qpg"
ffiejtqofig"fcpu"ng"uwduvtcv0"NÓfirckuugwt"fg"egvvg"¦qpg"gv"nc"eqpegpvtcvkqp"§"nÓkpvgthceg"ofivcn1uknkeg"uqpv"
fÓcwvcpv"rnwu"itcpfgu"rqwt"fgu"vgorfitcvwtgu"fg"tgewkv"fingxfigu0"

Fcpu"nc"uwkvg"fg"eg"ejcrkvtg."pqwu"cnnqpu"vgpvgt"fg"tgnkgt"fktgevgogpv"rtfiugpeg"fg"nc"¦qpg"ffiejtqofig"gv"
nc"ffiitcfcvkqp"fg"uwthceg0" """ "
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III. Effet de la teneur en chrome sur la tenue au décapage 

NÓqdlgevkh" fg" egvvg" rctvkg" guv" fg" xfitkhkgt" uk" wp" nkgp" gzkuvg" gpvtg" nc" ffiejtqokucvkqp" fw" uwduvtcv" gv" nc"
swcnkvfi" fg" uwthceg" fg" rtqfwkv" hkpk0"Gp" fÓcwvtgu" vgtogu." kn" uÓcikv" fg" ffivgtokpgt" uk" nc" ffiejtqokucvkqp."
eqpufiswgpeg"fg"nc"vgorfitcvwtg"fg"tgewkv."guv"nc"ecwug"fg"nc"ffiitcfcvkqp"fg"uwthceg0"Qw"cnqtu."uk"rgtvg"fg"
dtknncpeg" gv" ffiejtqokucvkqp" uqpv" vqwvgu" fgwz" fgu" eqpufiswgpegu" pqp" nkfigu" nÓwpg" §" nÓcwvtg" fg" nc"
vgorfitcvwtg"fg"tgewkv0"Pqwu"pqwu"rtqrquqpu"fÓfivwfkgt"nÓkphnwgpeg"fg"nc"vgpgwt"gp"ejtqog"uwt"nc"vgpwg"
cw"ffiecrcig"fg"nÓcekgt0""

III.1. Étude des nuances de produits finis  

Fcpu"eg"rctcitcrjg."pqwu"fivwfkqpu"eqoogpv"fgu"pwcpegu"fÓcekgtu"hgttkvkswgu"uvcdknkufigu"Vk"gv1qw"Pd."
eqpvgpcpv"fkhhfitgpvgu"vgpgwtu"gp"ejtqog"*42."3:."38."37"gv"33"'"ocuukswg+"ug"eqorqtvgpv"nqtuswÓgnngu"
uqpv" uqwokugu" cw" ffiecrcig" gp" oknkgw" WI5R" *JH/J4Q4/Hg5-+0" NÓcevkqp" fg" egvvg" uqnwvkqp" ugtc"
ffixgnqrrfig"fcpu"nc"rctvkg"fkuewuukqp0"Ngu"pwcpegu"uqpv"ejqkukgu"§"nÓfivcv"hkpk."e)guv/§/fktg"c{cpv"uwdk"ngu"
fivcrgu"fg"tgewkv"gv"ffiecrcig0"

III.1.1. Mode opératoire 

Fgu"fiejcpvknnqpu"fgu"fkhhfitgpvgu"pwcpegu"hgttkvkswgu"uqpv"rqnku"uwt"rcrkgt"UkE"lwuswÓcw"itcfg"46220"Ng"
rqnkuucig" guv" ghhgevwfi" fg" ocpkfltg" §" finkokpgt" wpg" fixgpvwgnng" ¦qpg" ffiejtqofig" uwuegrvkdng" fg" uÓ‒vtg"
hqtofig"nqtu"fg"nÓfincdqtcvkqp"fg"nÓcekgt0"Uwkvg"cw"rqnkuucig."ngu"fiejcpvknnqpu"uqpv"ncxfiu"§"nÓfivjcpqn"gv"uqpv"
xkgknnku"46"j."uqwu"ckt."rqwt"rgtogvvtg"nÓfivcdnkuugogpv"fÓwp"hkno"rcuukh0"Ngu"fiejcpvknnqpu"uqpv"rct"nc"uwkvg"
rgufiu"chkp"fg"ffivgtokpgt"nc"rgtvg"fg"ocuug"nkfig"cw"vtckvgogpv"ejkokswg0"

Ngu" fiejcpvknnqpu" pÓfivcpv" rcu" qz{ffiu." pqwu" ejqkukuuqpu" fg" ogvvtg" gp" Íwxtg" wpkswgogpv" nÓfivcrg" fg"
ffiecrcig"rct"xqkg"ejkokswg"gp"oknkgw"WI5R0"Ng"eqorqtvgogpv"fgu"cekgtu"fcpu"nc"uqnwvkqp"fÓWI5R"guv"
uwkxk" rct" oguwtg" fw" rqvgpvkgn" fÓcdcpfqp" rqwt" wpg" fwtfig" fÓkoogtukqp" fg" 52" u0" Rqwt" eg" hcktg." wp"
oqpvcig"§"fgwz"fingevtqfgu."wpg"fg"vtcxckn"*fiejcpvknnqp+"gv"nÓcwvtg"fg"tfihfitgpeg"*Ci.CiEn+."guv"wvknkufi0""""

III.1.2. Comportement en milieu UG3P 

Nc"Hkiwtg" ;9" rtfiugpvg" nÓfixqnwvkqp" fw" rqvgpvkgn" fÓcdcpfqp" fgu" fkhhfitgpvgu" pwcpegu0" Kpvfitguuqpu/pqwu"
fcpu"wp"rtgokgt"vgoru"cw"eqorqtvgogpv"fg"nÓcekgt"3:"'"Et0"Ng"rqvgpvkgn"fkokpwg"hckdngogpv"rgpfcpv"
ngu"fkz"rtgokfltgu"ugeqpfgu"fÓkoogtukqp."eg"swk"eqttgurqpf"§"wpg"ffiuvcdknkucvkqp"fw"hkno"rcuukh0"Egvvg"
¦qpg." fkvg" fÓcevkxcvkqp." guv" uwkxkg" rct" wpg" hqtvg" ejwvg" fg" rqvgpvkgn" octswcpv" nc" fguvtwevkqp" fw" hkno"
rcuukh0"Ng"rqvgpvkgn"ug"uvcdknkug"cwz"cngpvqwtu"fg"&2.7"X1Ci.CiEn."lwuswÓ§"nc"hkp"fg"nÓgzrfitkgpeg0"Egvvg"
¦qpg" eqttgurqpf" §" nc" fkuuqnwvkqp" fw" ofivcn0" Cxcpv" nc" uvcdknkucvkqp" §" &2.7"X1Ci.CiEn." kn" eqpxkgpv"
fiicngogpv"fg"pqvgt"nc"rtfiugpeg"fÓwp"rcnkgt"§"&2.68"X1Ci.CiEn0"Eg"rcnkgt"pqp"qdugtxfi"rqwt"ngu"cwvtgu"
cekgtu"pg"ugtc"rcu"fkuewvfi"rct"nc"uwkvg0"

Nqtuswg" nc" vgpgwt" gp" ejtqog" guv" uwrfitkgwtg" §" 3:"'" *cekgt" 42"'" Et+." ng" ofivcn" pÓgpvtg" rcu" fcpu" ng"
fqockpg" fg" fkuuqnwvkqp" crtflu" 52" u" fÓkoogtukqp0"Nc"ejwvg" fg" rqvgpvkgn" §" &2.7"X1Ci.CiEn" pÓguv" rcu"
qdugtxfig0"Gp"tgxcpejg." nqtuswg" nc" vgpgwt"gp"ejtqog"guv"rnwu" hckdng." nc"fwtfig"fg" nc"¦qpg"fÓcevkxcvkqp"
fkokpwg."eg"swk"ukipkhkg"swg"nc"rgtvg"fw"ectcevfltg"rtqvgevgwt"fg"nÓcekgt"*ejwvg"fg"rqvgpvkgn"fÓcdcpfqp+"
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uwtxkgpv" fg" rnwu" gp" rnwu" v»v0" Nc" fguvtwevkqp" fw" hkno" rcuukh" kpvgtxkgpv" crtflu" 33"u" fÓkoogtukqp" fcpu"
nÓWI5R"rqwt"nÓcekgt"3:"'"Et."gv"gnng"guv"o‒og"kpuvcpvcpfig"rqwt"nc"pwcpeg"33"'"Et0""

"

Figure 97."¡xqnwvkqp"fw"rqvgpvkgn"f)cdcpfqp"fgu"pwcpegu"hgttkvkswgu"§"fkhhfitgpvgu"vgpgwtu"gp"ejtqog."cxge"nc"
fwtfig"fÓkoogtukqp"fcpu"nc"uqnwvkqp"fÓWI5R0"

NÓkoogtukqp"fg"52"u"gp"oknkgw"WI5R"gpvtc¶pg"fgu"rgtvgu"fg"ocuug"urfiekhkswg."egnngu/ek"uqpv"rtfiugpvfigu"
uwt"nc"Hkiwtg";:0"Nc"ocuug"rgtfwg"rct"nÓcekgt"42"'"Et"guv"vtflu"hckdng."swcukogpv"fg"nÓqtftg"fg"itcpfgwt"
fg" nc" dcttg" fÓgttgwt0" Nqtuswg" nc" vgpgwt" gp" ejtqog" fkokpwg." nc" rgtvg" fg"ocuug" cwiogpvg." gv" cvvgkpv"
3"oi0eo&4"rqwt"nÓcekgt"3:"'"Et."cxcpv"fg"ug"uvcdknkugt"cw"cngpvqwt"fg"3.4"oi0eo&4"rqwt"ngu"pwcpegu"38."
37." gv" 33"'" Et0" Vqwvghqku." ngu" tfiuwnvcvu" fgu" rgtvgu" fg" ocuug" urfiekhkswg" uqpv" §" tgncvkxkugt." ect" fgu"
tgffirqukvkqpu"uqpv"uwuegrvkdngu"fg"uwtxgpkt"gv"fg"rgtvwtdgt"ngu"ecnewnu"fg"rgtvg"fg"ocuug0""

"

Figure 98."Rgtvg"fg"ocuug"urfiekhkswg"gpigpftfig"rct"ng"vtckvgogpv"§"nÓWI5R0"Ngu"pwcpegu"uqpv"encuufigu"ugnqp"ngwt"
vgpgwt"gp"ejtqog"ffietqkuucpvg0"
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É"nÓckfg"fgu"xcngwtu"fgu"rgtvgu"fg"ocuug"urfiekhkswg"oguwtfigu"nqtu"fg"nÓcvvcswg"ejkokswg."pqwu"uqoogu"
gp"oguwtg"fÓfixcnwgt"nc"xkvguug"fg"fkuuqnwvkqp"fw"ofivcn"fcpu"nc"uqnwvkqp"fÓWI5R0"Rqwt"egnc."ngu"rgtvgu"
fg"ocuugu"oguwtfigu" uqpv" tcrrqtvfigu" §" nc" fwtfig" fg" nc" ¦qpg" fg" fkuuqnwvkqp" fw"ofivcn0" Ngu" xkvguugu" fg"
fkuuqnwvkqp" fg" ejcewpg" fgu" pwcpegu" uqpv" rtfiugpvfigu" uwt" nc" Hkiwtg" ;;0" NÓcekgt" 42"'"Et" rquuflfg" wpg"
xkvguug"fg" fkuuqnwvkqp" pwnng0"Gp" ghhgv." egvvg" pwcpeg" pÓgpvtg" rcu" fcpu" wp" fqockpg" fg" fkuuqnwvkqp" nqtu"
fÓwpg"koogtukqp"fg"52"u"fcpu"nc"uqnwvkqp"fÓWI5R0"Ngu"cwvtgu"pwcpegu"ug"fkuuqnxgpv"cxge"fgu"xkvguugu"
eqortkugu" gpvtg" 62" gv" 72"-i0eo&40u&30" Pqwu" tgoctswqpu" swg" nc" xkvguug" fg" fkuuqnwvkqp" fkokpwg"
nfiifltgogpv"nqtuswg"nc"vgpgwt"gp"ejtqog"fw"ofivcn"fkokpwg0"""""

"

Figure 99."Xkvguug"fg"fkuuqnwvkqp"fw"ofivcn"ffifwkvg"fgu"rgtvgu"fg"ocuug0"Ngu"pwcpegu"uqpv"encuufigu"ugnqp"ngwt"
vgpgwt"gp"ejtqog"ffietqkuucpvg0"

Gp"eqpufiswgpeg."ng"ejtqog"c"wp"ghhgv"dfipfihkswg"uwt"nc"vgpwg"fg"nÓcekgt"gp"oknkgw"WI5R0"Rnwu"nc"vgpgwt"
gp"ejtqog"guv"fingxfig"gv"rnwu"nc"fwtfig"fÓcevkxcvkqp"guv" nqpiwg0"Gp"tgxcpejg."nqtuswg"ng"hkno"rcuukh"guv"
finkokpfi."ng"ejtqog"c"wp"ghhgv"pfihcuvg"uwt"nc"xkvguug"fg"fkuuqnwvkqp"fw"ofivcn0"""

III.1.3. Qualité de surface après traitement à l’UG3P

Mesure de la brillance

Ngu"oguwtgu"fg"dtknncpeg"crtflu" vtckvgogpv"§" nÓWI5R"uqpv"rtfiugpvfigu" uwt" nc" Hkiwtg"3220"Egu"oguwtgu"
tfixflngpv"swÓwpg"fkokpwvkqp"fg"nc"vgpgwt"gp"ejtqog"ug"vtcfwkv"rct"wpg"dckuug"fg"nc"dtknncpeg"fg"uwthceg0"
FÓcwvtg"rctv."kn"crrctc¶v"swg"nc"xcngwt"fg"dtknncpeg"tguvg"tgncvkxgogpv"fingxfig"o‒og"rqwt"ngu"rnwu"hckdngu"
vgpgwtu"gp"ejtqog0"Nc"dtknncpeg"pg"ejwvg"rcu"gp"fguuqwu"fg"37"WD0"""""
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"
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Figure 100."Dtknncpeg"fg"uwthceg"oguwtfig"crtflu"vtckvgogpv"gp"oknkgw"WI5R0"Ngu"pwcpegu"uqpv"encuufigu"ugnqp"ngwt"
vgpgwt"gp"ejtqog"ffietqkuucpvg0"

Morphologie de surface

Nc"vgpgwt"gp"ejtqog"c"wpg"hqtvg"kphnwgpeg"uwt"ngu"oqtrjqnqikgu"fg"uwthceg"crtflu"vtckvgogpv"ejkokswg"
fg" 52"u" gp" oknkgw" WI5R0" Nc" uwthceg" fg" nÓcekgt" 42"'" Et" pg" rtfiugpvg" rcu" ngu" ectcevfitkuvkswgu" fg"
ffiitcfcvkqp" *Hkiwtg" 323" *c++0" Uwt" nc" uwthceg" fg" nÓcekgt" 3:" '" Et." ugwngu" swgnswgu" gortgkpvgu" uqpv"
qdugtxfigu"*Hkiwtg"323"*d++."cnqtu"swg"rqwt"ngu"vgpgwtu"gp"ejtqog"fg"37"gv"33"'."fgu"gortgkpvgu"gv"fgu"
itckpu"cvvcswfiu"uqpv"oku"gp"fixkfgpeg0"""

Ngu" qdugtxcvkqpu"oqtrjqnqikswgu" fg" nc" uwthceg" fgu" cekgtu" uqpv" gp" cffiswcvkqp" cxge" ngu"oguwtgu" fg"
dtknncpeg"gv"ngu"rgtvgu"fg"ocuug0"Nc"ffiitcfcvkqp"fg"nc"uwthceg"guv"wpkswgogpv"qdugtxfig"rqwt"ngu"pwcpegu"
eqpvgpcpv"ngu"rnwu"hckdngu"vgpgwtu"gp"ejtqog0"""

"
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Figure 101."Oqtrjqnqikgu"OGD"*fingevtqpu"ugeqpfcktgu+"fg"nc"uwthceg"fgu"cekgtu"hgttkvkswgu"crtflu"vtckvgogpv"gp"
oknkgw"WI5R0"Cekgt"42"'"Et"gp"(a)."3:"'"Et"gp"(b)."37"'"Et"gp"(c)"gv"33"'"Et"gp"(b)0""

III.1.4. Bilan 

Fcpu"eg"rctcitcrjg."pqwu"cxqpu"oqpvtfi"swg" nc" vgpgwt" gp"ejtqog"guv"wp"rctcoflvtg"swk" kphnwg" uwt" nc"
ffiitcfcvkqp"fg"uwthceg"gpigpftfig"rct"ng"ffiecrcig0"Rnwu"nc"vgpgwt"gp"ejtqog"guv"fingxfig."gv"rnwu"nÓcekgt"
guv" tfiukuvcpv" gp" oknkgw" WI5R0" Egv" ghhgv" dfipfihkswg" guv" qdugtxfi" uwt" ngu" rgtvgu" fg" ocuug" urfiekhkswg"
eqpuvcvfigu" rgpfcpv" nÓkoogtukqp" fcpu" nc" uqnwvkqp" fÓcvvcswg." ckpuk" swg" uwt" ngu" dtknncpegu" gv" ngu"
oqtrjqnqikgu"fg"uwthceg0"NÓcekgt"eqpvgpcpv"42"'"fg"ejtqog"pg"uwdkv"rcu"fg"ffiitcfcvkqp"fg"uc"uwthceg0"
Egrgpfcpv." kn" eqpxkgpv" fg" uqwnkipgt" swg" nÓghhgv" dfipfihkswg" fw" ejtqog" guv" §" tgncvkxkugt" cw" tgictf" fgu"
xkvguugu"fg"fkuuqnwvkqp"fw"ofivcn0"Gp"ghhgv."wpg"hqku"ng"hkno"rcuukh"ffivtwkv."ngu"xkvguugu"fg"fkuuqnwvkqp"fw"
ofivcn"uqpv"fÓcwvcpv"rnwu"itcpfgu"swg"nc"vgpgwt"gp"ejtqog"fg"nÓcekgt"guv"fingxfig0""

III.2. Étude de la nuance 441 après recuit 

Rqwt"xcnkfgt"ngu"qdugtxcvkqpu"rtfiefifgpvgu"ghhgevwfigu"uwt"nÓkphnwgpeg"fw"ejtqog."fgu"guucku"fg"ffiecrcig"
uqpv"oku"gp"Íwxtg"uwt"nÓcekgt"663"crtflu"tgewkv0"Fgu"fiejcpvknnqpu"fietqwku"uqpv"qz{ffiu"cw"HCUC"gpvtg"
32:2"gv"3342̇E"="rwku"ffiecrfiu"rct"xqkg"fingevtqn{vkswg"gp"oknkgw"uwnhcvg"fg"uqfkwo"gv"rct"xqkg"ejkokswg"
gp"oknkgw"WI5R0""

"

"
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III.2.1.Comportement de l’acier en milieu sulfate de sodium 

Ng" uwkxk" fw" ffiecrcig" fingevtqn{vkswg" fcpu" nc" uqnwvkqp" fg" uwnhcvg" fg" uqfkwo" guv" tficnkufi" rct"
ejtqpqrqvgpvkqofivtkg"§"eqwtcpv"eqpuvcpv0"Nc"fgpukvfi"fg"eqwtcpv"crrnkswfig"guv"fg"2.3"C0eo&40"Nc"Hkiwtg"
324" rtfiugpvg" nÓcnnwtg" fgu" ejtqpqrqvgpvkqitcoogu" gptgikuvtfiu" rqwt" ngu" fiejcpvknnqpu" tgewkvu" cwz"
fkhhfitgpvgu"vgorfitcvwtgu0""

Gp" fivwfkcpv" nÓfixqnwvkqp" fw" rqvgpvkgn" gp" hqpevkqp" fw" vgoru" fg" nÓfiejcpvknnqp" tgewkv" §" 3322̇E." pqwu"
rqwxqpu"kfgpvkhkgt"vtqku"¦qpgu0"Fcpu"nc"rtgokfltg"¦qpg."nqtu"fg"nÓcrrnkecvkqp"fw"eqwtcpv."wpg"finkokpcvkqp"
rtfihfitgpvkgnng" fg" nc" eqwejg" fÓqz{fg" tkejg" gp" ejtqog" ug" rtqfwkv0" Gp" eqpukffitcpv" swg" nc" eqwejg" guv"
eqorqufig"wpkswgogpv"fg"ejtqokpg."nÓfinkokpcvkqp"ug"ffitqwng"rct"qz{fcvkqp"fg"Et*KKK+"gp"Et*XK+"uqwu"
nc"hqtog"fÓkqpu"EtQ6

4&"gv"Et4Q9
4&"uqnwdngu"gp"uqnwvkqp"]42_"<"

· Et4Q5"-"7J4Q"s"32J-"-"EtQ6
4&"-"8g&" " " " " " ]X03_"

· Et4Q5"-"6J4Q"s":J-"-"Et4Q9
4&"-"8g&" " " " " " ]X04_"

Nqtuswg" nc" ejtqokpg" guv" tgokug" gp" uqnwvkqp." kn" {" c" wpg" cwiogpvcvkqp" fg" nc" uwthceg" tficevkxg0" Egvvg"
cwiogpvcvkqp"fg"uwthceg"gpvtg"nÓfingevtqn{vg"gv"nc"eqwejg"fÓqz{fg"gpvtc¶pg"wpg"fkokpwvkqp"fg"nc"fgpukvfi"
fg"eqwtcpv"tfignng"swk"ug"vtcfwkv."uwt"ng"ejtqpqrqvgpvkqitcoog."rct"wpg"fkokpwvkqp"fw"rqvgpvkgn"rtku"rct"
nÓfiejcpvknnqp0""

Crtflu"wpg"fk¦ckpg"fg"ugeqpfgu."rqwt"nÓfiejcpvknnqp"tgewkv"§"3322̇E."nc"fkuuqnwvkqp"fw"ejtqog"fgxkgpv"
rnwu" fkhhkekng." nc"oclqtkvfi" fivcpv" tgokug" gp" uqnwvkqp0"Wpg" cwiogpvcvkqp" fg" rqvgpvkgn" guv" fqpe" tgswkug"
rqwt"ictfgt"nc"fgpukvfi"fg"eqwtcpv"eqpuvcpvg0"Egvvg"cwiogpvcvkqp"fg"rqvgpvkgn"eqttgurqpf"§"nc"ugeqpfg"
¦qpg" fw" ejtqpqrqvgpvkqitcoog0" Fcpu" egu" fgwz" rtgokfltgu" ¦qpgu." eg" uqpv" ngu" eqwrngu" EtQ6

4&1Et4Q5"
gv1qw"Et4Q9

4&1Et4Q5"swk"uqpv"oku"gp"lgw0""

Fcpu"nc"vtqkukflog"¦qpg."ng"rqvgpvkgn"fkokpwg"nfiifltgogpv"gv"ugodng"cvvgkpftg"wp"fivcv"swcuk"uvcvkqppcktg0"
Egvvg" uvcdknkucvkqp" ug" vtcfwkv" cw" pkxgcw" fg" nÓfingevtqfg" fg" vtcxckn" rct" wp" ffiicigogpv" ic¦gwz"
eqttgurqpfcpv" §" nÓqz{fcvkqp" fg" nÓgcw" uqwu" nc" hqtog" fg" fkqz{iflpg0" Egvvg" tficevkqp" kpfkswg" swg"
nÓfinkokpcvkqp" fgu" qz{fgu" fg" ejtqog" guv" cejgxfig0" Fcpu" ngu" eqpfkvkqpu" fg" ffiecrcig" okugu" gp"Íwxtg"
*eqpegpvtcvkqp."vgorfitcvwtg."rJ+"nc"uknkeg"gv"ng"uwduvtcv"pg"uqpv"rcu"cvvcswfiu"rct"nc"uqnwvkqp"fg"uwnhcvg"fg"
uqfkwo"]42_0"Ng"eqwrng"oku"gp"lgw"fcpu"egvvg"fgtpkfltg"¦qpg"guv"fqpe"<"Q41J4Q0"""

Nc" vgorfitcvwtg"fg"tgewkv"chhgevg" ngu"fwtfigu"fgu"fgwz"rtgokfltgu"¦qpgu"swk" uÓcoqkpftkuugpv" nqtuswg" nc"
vgorfitcvwtg"fkokpwg0"Nc"rtgokfltg"¦qpg"pÓguv"fÓcknngwtu"rcu"qdugtxfig"rqwt"nc"vgorfitcvwtg"fg"32:2̇E0"Kn"
{"c"fgwz"tckuqpu"§"egnc."nÓfirckuugwt"fg"nc"eqwejg"gv"uqp"gptkejkuugogpv"gp"ejtqog0""
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Figure 102."Ejtqpqrqvgpvkqitcoogu"fg"n)cekgt"663"tgewkv"§"32:2."3322"gv"3342̇E"

É"rctvkt"fg"egu"ejtqpqrqvgpvkqitcoogu."pqwu"rqwxqpu"guvkogt"nÓfirckuugwt"fg"nc"eqwejg"fÓqz{fg"tkejg"
gp"ejtqog"§"nÓckfg"fg"nc"nqk"fg"Hctcfc{."swk"uÓgzrtkog"nqtuswg"ng"eqwtcpv"guv"eqpuvcpv"<" "

· ッ券沈 噺 蓄日蓄刀貼 ┻軸 " ┻ 件┻ 鯨┻ ッ建" " " " " " " " "]X05_"

Fcpu" egvvg" gzrtguukqp." で沈" gv" で奪貼" tgrtfiugpvg" tgurgevkxgogpv" ngu" eqghhkekgpvu" uvÍejkqofivtkswgu" fg"
nÓgurfleg" k" gv" fgu" fingevtqpu" oku" gp" lgwz" fcpu" nc" tficevkqp." つni, nc" xctkcvkqp" fw" pqodtg" fg" oqngu" fg"
nÓgurfleg"k."寂."nc"eqpuvcpvg"fg"Hctcfc{."i."nc"fgpukvfi"fg"eqwtcpv"*2.3"C0eo&4+."S."nc"uwthceg"fg"nÓfingevtqfg"
uwt"ncswgnng"ug"rtqfwkv"nc"tficevkqp."gv"ッ建."nc"fwtfig"fg"nc"tficevkqp0"Gp"eqpukffitcpv"swg"ngu"tficevkqpu"X03"gv"
X04" ug" ffitqwngpv." pqwu" rqwxqpu" gp" ffifwktg" nc" xctkcvkqp" fÓfirckuugwt." pqvfig" ッ結寵追鉄潮典 ." fg" nÓfingevtqfg"
uwkxcpv"nÓgzrtguukqp"<""

· ッ結寵追鉄潮典 噺 蓄日蓄刀貼 ┻軸 " ┻ 件"┻暢頓認鉄捺典諦頓認鉄捺典 ┻ ッ建" " " " " " " "]X06_"

Fcpu" nÓfiswcvkqp" X06." 警寵追鉄潮典" gv" 貢寵追鉄潮典" tgrtfiugpvg" tgurgevkxgogpv." nc" ocuug" oqncktg" gv" nc" ocuug"
xqnwokswg"fg"Et4Q50"

Ngu"firckuugwtu"fgu"eqwejgu"fÓqz{fg"ecnewnfigu"§"nÓckfg"fg"nc"nqk"fg"Hctcfc{"gv"egnngu"oguwtfigu"rct"UFN"
*cf."Ejcr0" KKK/K0503+" uqpv" nkuvfigu" fcpu" ng"Vcdngcw" 390"Ngu" rgtvgu" fg"ocuugu" nkfigu" cw" ffiecrcig" uwnhcvg"
pÓqpv" rcu" fivfi" oguwtfigu" rqwt" fgu" tckuqpu" rtcvkswgu0" Pqwu" pqwu" nkokvgtqpu" fqpe" §" eqorctgt" ngu"
firckuugwtu"ecnewnfigu."§"nÓckfg"fg"nc"hqtowng"X05."gv"oguwtfigu."rct"UFN0"Kn"eqpxkgpv"fg"rtfiekugt"swg"ngu"
firckuugwtu"ffivgtokpfigu"rct"UFN"gv"nqtu"fw"ffiecrcig"pÓqpv"rcu"fivfi"tficnkufigu"uwt"ngu"o‒ogu"fiejcpvknnqpu0"
Egrgpfcpv."kn"crrctc¶v"encktgogpv"swg"ngu"firckuugwtu"ecnewnfigu"nqtu"fw"ffiecrcig"uqpv"kphfitkgwtgu"§"egnngu"
oguwtfigu"rct"UFN0"Gp"ghhgv."ng"ffiecrcig"fingevtqn{vkswg"gp"oknkgw"uwnhcvg"fg"uqfkwo"pg"rgtogv"rcu"wp"
ffiecrcig"eqorngv"fg"vqwvg"nc"eqwejg"fÓqz{fg0"Fgu"qz{fgu"vgnu"swg"UkQ4"gv"PdOQ6"*O"?"Vk"qw"Et+."
kfgpvkhkfiu" nqtu"fg" nc"ectcevfitkucvkqp"fgu"rtqfwkvu"fÓqz{fcvkqp"*cf."Ejcr0" KKK/K05+"uqpv" kpuqnwdngu"rct" ng"
vtckvgogpv"gp"oknkgw"uwnhcvg"fg"uqfkwo0""""
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Tableau 17."Eqorctckuqp"fgu"firckuugwtu"fg"eqwejgu"f)qz{fcvkqp"hqtofigu"uwt"fgu"fiejcpvknnqpu"tgewkvu"cw"HCUC0"
Ngu"xcngwtu"uqpv"ecnewnfigu"§"rctvkt"fg"nc"nqk"fg"Hctcfc{"gv"oguwtfigu"rct"UFN0"

Vgorfitcvwtg"*̇E+" ¡rckuugwt"*po+"
Ecnewn" UFN"

3222" /" 56"
32:2" 77" 368"
3322" 342" 3;5"
3342" 4;2" /"

III.2.2. Étude des échantillons après décapage électrolytique au sulfate de sodium 

Ngu" fiejcpvknnqpu" crtflu" ng"ffiecrcig" cw" uwnhcvg"fg" uqfkwo"uqpv" cpcn{ufiu"rct"UFN0"NÓqdlgevkh" fg" egvvg"
ectcevfitkucvkqp" guv" fg" ogvvtg" gp" fixkfgpeg" nc" rtfiugpeg" fgu" qz{fgu" pqp" finkokpfiu." gv" fg" xfitkhkgt" nc"
rtfiugpeg"fÓwpg"¦qpg"ffiejtqofig"fcpu"ng"uwduvtcv0"Ngu"rtqhknu"fg"eqpegpvtcvkqp"fgu"rtkpekrcwz"finfiogpvu"
fg"nÓfiejcpvknnqp"tgewkv"§"3342̇E."uqpv"rtfiugpvfiu"uwt"nc"Hkiwtg"3250"Ngu"urgevtgu"UFN"oqpvtgpv"wp"hqtv"
gptkejkuugogpv"gp"uknkekwo"fcpu"nc"rctvkg"gzvgtpg."nkfi"§"nc"eqwejg"fg"uknkeg0"Gp"cxcpv"fw"rke"fw"uknkekwo."
wp"gptkejkuugogpv"gp"pkqdkwo."hgt."ejtqog"gv"vkvcpg"guv"qdugtxfi0"Egu"gptkejkuugogpvu"uqpv"cvvtkdwfiu"§"nc"
rtfiugpeg"fgu"rtqvtwukqpu"ofivcnnkswgu"*cf."ejcr0"KX+"gv"rtqdcdngogpv"fg"nÓqz{fg"PdOQ60"Rqwt"ng"ukipcn"
fw" vkvcpg." wp"gptkejkuugogpv" guv" fiicngogpv"pqvfi"fcpu" ng" uwduvtcv0"Nc" vgpgwt"ocuukswg"gp" ejtqog"guv"
wpkswgogpv"fg":"'"ocuukswg"cw"pkxgcw"fg"nÓkpvgthceg"uknkeg1qz{fg0"Gp"ug"ffirnc›cpv"fcpu"ng"uwduvtcv."ng"
vcwz"fg"ejtqog"cwiogpvg"gv"cvvgkpv"gpxktqp"3:"'"ocuukswg"rqwt"wpg"rtqhqpfgwt"fg"6"-o0""

"

Figure 103."Urgevtgu"UFN"gptgikuvtfiu"crtflu"wpg"qz{fcvkqp"§"3342̇E"gv"wp"ffiecrcig"gp"oknkgw"uwnhcvg"fg"uqfkwo0"
Nc"rqukvkqp"fg"nÓkpvgthceg"ofivcn1uknkeg"guv"ukvwfig"§"nÓkpvgtugevkqp"fgu"rtqhknu"fw"uknkekwo"gv"fw"ejtqog0"""

É"rnwu" dcuug" vgorfitcvwtg" fg" tgewkv" *3322" gv" 32:2̇E+." wpg" ¦qpg" ffiejtqofig" guv" fiicngogpv" qdugtxfig"
*urgevtgu"UFN"pqp"rtfiugpvfiu+0"Ngu" vgpgwtu" gp" ejtqog" §" nÓkpvgthceg" uknkeg1ofivcn" uqpv" fÓgpxktqp" 35"gv"
33"'"rqwt" tgurgevkxgogpv." ngu" vgorfitcvwtgu" fg" 32:2"gv" 3322̇E." cnqtu" swg." ngu" firckuugwtu" fgu" ¦qpgu"
ffiejtqofigu"uqpv"fg"4.:"gv"5.6"-o"rqwt"egu"o‒ogu"vgorfitcvwtgu0""
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Nc"rtfiugpeg"fg"nc"¦qpg"ffiejtqofig"guv"dkgp"okug"gp"fixkfgpeg"uwt"ngu"fiejcpvknnqpu"fivwfkfiu0"Eqppckuucpv"
fg" ocpkfltg" rtfiekug" nc" vgpgwt" gp" ejtqog" fgu" fiejcpvknnqpu." pqwu" rqwxqpu" ghhgevwgt" ng" vtckvgogpv"
ejkokswg"fcpu"nc"uqnwvkqp"fÓWI5R0"Ng"eqorqtvgogpv"fgu"fiejcpvknnqpu"guv"gzrqufi"fcpu"ng"rctcitcrjg"
uwkxcpv0"

III.2.3. Comportement de l’acier en milieu UG3P

NÓfivwfg"fw"eqorqtvgogpv"fgu"fiejcpvknnqpu"gp"oknkgw"WI5R"guv"okug"gp"Íwxtg"rct"oguwtg"fw"rqvgpvkgn"
fÓcdcpfqp0" Nc" Hkiwtg" 326" rtfiugpvg" nÓfixqnwvkqp" fw" rqvgpvkgn" fÓcdcpfqp" rtkv" rct" ngu" fiejcpvknnqpu"
nqtuswÓknu" uqpv" koogtifiu" fcpu" nc" uqnwvkqp" fÓWI5R0" Swgnng" swg" uqkv" nc" vgorfitcvwtg" fg" tgewkv." ng"
rqvgpvkgn" fÓcdcpfqp" ejwvg" fg"ocpkfltg" vtflu" tcrkfg" gv" ug" uvcdknkug" cwz" cngpvqwtu" fg" &2.67"X1Ci.CiEn"
lwuswÓ§" nc" hkp" fg" nÓgzrfitkgpeg0" Nc" fwtfig" fw" fqockpg" fÓcevkxcvkqp" guv" fÓcwvcpv" rnwu" eqwtvg" swg" nc"
vgorfitcvwtg"fg"tgewkv"guv"fingxfig0"Gnng"rcuug"fg"6"u"rqwt"nÓfiejcpvknnqp"tgewkv"§"32:2̇E."§"nc"ugeqpfg"rqwt"
egnwk"tgewkv"§"3342̇E0""""""

"

Figure 104."¡xqnwvkqp"fw"rqvgpvkgn"f)cdcpfqp"fgu"fiejcpvknnqpu"fÓcekgt"663"cxge"nc"fwtfig"fÓkoogtukqp"fcpu"nc"
uqnwvkqp"fÓWI5R0"

Pqwu" pg" rqwuugtqpu" rcu" rnwu" nqkp" ngu" kpxguvkicvkqpu" uwt" ng" eqorqtvgogpv" fg" nÓcekgt" 663" nqtu" fw"
ffiecrcig0" Rqwt" rqwtuwkxtg" egu" kpxguvkicvkqpu." kn" ugtckv" kpvfitguucpv" fÓfivwfkgt" ng" eqorqtvgogpv"
fÓfiejcpvknnqpu"tgewkvu"§"rnwu"dcuug"vgorfitcvwtg"*3222̇E+"gv"fg"uwkxtg"fg"ocpkfltg"rtfiekug"ngu"rgtvgu"fg"
ocuugu"gpigpftfigu"rct"nÓkoogtukqp"gp"oknkgw"WI5R0""

III.2.4. Bilan 

NÓfivwfg"fw"eqorqtvgogpv"fg"nc"pwcpeg"663"nqtu"fw"ffiecrcig"pqwu"c"rgtoku"fÓfivcdnkt"nÓgzkuvgpeg"fÓwp"
nkgp"fktgev"gpvtg"vgorfitcvwtg"fg"tgewkv"gv"eqorqtvgogpv"fg"nÓcekgt"fcpu"nc"uqnwvkqp"fÓWI5R0"Rqwt"wpg"
fwtfig" fÓqz{fcvkqp" hkzg." wpg" jcwuug" fg" nc" vgorfitcvwtg" fg" tgewkv" gpvtc¶pg" wpg" cwiogpvcvkqp" fg"
nÓfirckuugwt" fg" nc" eqwejg" fÓqz{fg0" Nc" etqkuucpeg" fg" nc" eqwejg" fÓqz{fg." tkejg" gp" ejtqog." c" rqwt"
eqpufiswgpeg"nc"hqtocvkqp"fÓwpg"¦qpg"ffiejtqofig"fcpu"ng"uwduvtcv0"Qt."kn"uÓcxfltg"swg"nÓcekgt"guv"fÓcwvcpv"
oqkpu"tfiukuvcpv"gp"oknkgw"WI5R"swg"uc"vgpgwt"gp"ejtqog"guv"hckdng0"
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III.3. Discussion 

III.3.1. Séquence de décapage 

Rqwt"fivwfkgt"ng"ffiecrcig"fÓfiejcpvknnqpu"qz{ffiu."pqwu"cxqpu"hckv"ng"ejqkz"fg"pqwu"hqecnkugt"wpkswgogpv"
uwt"ngwtu"eqorqtvgogpvu"gp"oknkgw"WI5R"*JH/J4Q4/Hg5-+."crtflu"vtckvgogpv"cw"uwnhcvg"fg"uqfkwo0"Ng"
vtckvgogpv"fingevtqn{vkswg"cw"uwnhcvg"fg"uqfkwo"guv"oku"gp"rnceg"rqwt"finkokpgt"nc"ejtqokpg."gp"qz{fcpv"
ng"Et*KKK+"gp"Et*XK+"ugnqp"ngu"tficevkqpu"X03"gv"X040"Dkgp"swg"ng"ofiecpkuog"fgogwtg"gpeqtg"ofieqppw."
eg" vtckvgogpv"rgtogv"fÓfinkokpgt" gp"rnwu"fg" nc" ejtqokpg." nc" uqnwvkqp" uqnkfg" *Hg.Et+4Q5." gv" ng" urkpgnng"
Op3.7Et3.7Q60" Rqwt" Jknfgp" et al.." ng" urkpgnng" OpEt4Q6" guv" oku" gp" uqnwvkqp" nqtu" fw" vtckvgogpv"
fingevtqn{vkswg"cw"uwnhcvg"fg"uqfkwo"]324_0"Egu"cwvgwtu"rtqrqugpv"nc"tficevkqp"uwkxcpvg"<"""

· OpEt4Q6"-":"J4Q"s"4"JEtQ6
&"-""OpQ6

&"-"36"J-"-"33"g&" " " " "]X08_"

NÓfinkokpcvkqp"fgu"fixgpvwgnu" tfiukfwu"fÓqz{fg"gv"fgu"qz{fgu" kpuqnwdngu"cw"vtckvgogpv"fingevtqn{vkswg"cw"
uwnhcvg"fg"uqfkwo"vgn"swg"UkQ4"]324_."guv"okug"gp"Íwxtg"rct"wp"vtckvgogpv"ejkokswg"§"nÓWI5R0"Egvvg"
uqnwvkqp"guv"eqorqufig"fÓwp"ofincpig"JH/J4Q4/Hg5-0"Rctok"ngu"tficevkqpu"uwtxgpcpv"nqtu"fg"nÓkoogtukqp"
fg"nÓcekgt"fcpu"egvvg"uqnwvkqp."kn"eqpxkgpv"fg"ekvgt"vqwv"fÓcdqtf"nc"tficevkqp"fgu"rtqvqpu"uwt"ng"ofivcn"]42_"<"

· 4"J-"-"Hg"s"Hg4-"-"J4"" " " " " " " " "]X09_"

Ocku"fiicngogpv"egnng"fgu"kqpu"hgttkswgu"uwt"ng"ofivcn"]42_"<"

· 4"Hg5-"-"Hg"s"5"Hg4-" " " " " " " " "]X0:_"

Gp"rnwu" fg" nÓcvvcswg" fktgevg" fw"ofivcn." kn" pg" hcwv" rcu"qwdnkgt" nÓcevkqp" fg" nÓcekfg" hnwqtj{ftkswg" uwt" nc"
uknkeg0"Rnwukgwtu"cwvgwtu"ug"uqpv"kpvfitguufiu"§"nÓcvvcswg"fg"nc"uknkeg"rct"nÓcekfg"hnwqtj{ftkswg"]325/328_0"
NÓcekfg"hnwqtj{ftkswg"guv"wp"cekfg"hckdng."rgw"fkuuqekfi."kn"ug"vtqwxg."gp"uqnwvkqp."uqwu"nc"hqtog"fÓJH."
J-."H&."JH4&"gv"J4H40"NÓcevkqp"fg"egu"gurflegu"uwt"nc"uknkeg"rgwv"‒vtg"ffietkvg"gp"fgwz"fivcrgu0"Nc"rtgokfltg"
fivcrg"eqpuvkvwg"nc"rtqvqpcvkqp"fgu"itqwrgogpvu"UkÎQÎZ"*cxge"Z"?"Uk"qw"J+"§"nÓkpvgthceg"uknkeg1uqnwvkqp"
ugnqp"nc"tficevkqp"<"""

· UkÎQÎZ""-"J-"s"UkÎQÎ*J+-ÎZ" "]X0;_"

Nqtu" fg" nc" ugeqpfg" fivcrg." ngu" gurflegu" JH4&" tficikuugpv" cxge" ngu" itqwrgogpvu" UkÎQJ-ÎZ" uwkxcpv" nc"
tficevkqp"<""""

· UkÎQÎ*J+-ÎZ"-"JH4&"s"UkÎH"-"JQÎZ"-"JH""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""]X032_"

Nc"rtfiugpeg"fw"rgtqz{fg"fÓj{ftqiflpg"fcpu"nc"uqnwvkqp"fÓWI5R."rgtogv"fÓfixkvgt"nÓcrrcwxtkuugogpv"fg"
nc"uqnwvkqp"gp"kqpu"Hg5-0"Gp"ghhgv."J4Q4"guv"wvknkufi"rqwt"qz{fgt"ngu"kqpu"Hg4-"kuuwu"fg"nc"fkuuqnwvkqp"fw"
ofivcn"gp"kqpu"Hg5-"ugnqp"nc"tficevkqp"]42_"<"

· J4Q4"-"4Hg4-"-"4J-"s"4Hg5-"-"4J4Q" " " " " """"""""""""]X033_"

Gp"tfiuwofi."nÓcevkqp"fg"nÓWI5R"eqpukuvg."gp"wpg"tficevkqp"fÓqz{fqtfifwevkqp"uwt"ng"ofivcn"fg"dcug"*hgt+"gv"
gp"wpg"tficevkqp"cekfq/dcukswg"uwt"nc"uknkeg0""
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III.3.2.Tenue de l’acier lors du décapage

NÓfivwfg"fg"pwcpegu"§"fkhhfitgpvgu"vgpgwtu"gp"ejtqog"c"rgtoku"fg"ogvvtg"gp"fixkfgpeg"nÓghhgv"fw"ejtqog"
uwt" ng" eqorqtvgogpv"fg" nÓcekgt"fcpu" nc" uqnwvkqp"fÓWI5R0" Kn" crrctc¶v" encktgogpv"swg" ng" ejtqog"c"wp"
fqwdng"ghhgv"cpvciqpkuvg"uwt"nc"vgpwg"fg"nÓcekgt0"Uqp"ghhgv"guv"dfipfihkswg"uwt"nc"rcuukxcvkqp"fw"ofivcn."kn"
rgtogv"ng"ockpvkgp"fw"hkno"rcuukh0"Ocku"kn"guv"cwuuk"pfihcuvg"uwt"nc"xkvguug"fg"fkuuqnwvkqp"fg"nÓcekgt."wpg"
hqku" ng" hkno" rcuukh" ffivtwkv0" Egu" eqpenwukqpu" uqpv" kfgpvkswgu" §" egnngu" kuuwgu" fg" nÓfivwfg" fg" pwcpegu"
hgttkvkswgu"gp"oknkgw"cekfg"uwnhwtkswg"]329_0""

Gp"eg"swk"eqpegtpg"ngu"fiejcpvknnqpu"qz{ffiu."eqpvtcktgogpv"§"egtvckpu"cwvgwtu"];;."32:_."pqwu"cxqpu"oku"
gp" rnceg" wp" vtckvgogpv" gp" oknkgw" uwnhcvg" fg" uqfkwo" chkp" fÓfinkokpgt" ngu" qz{fgu" fg" ejtqog" *Et4Q5."
*Hg.Et+4Q5" gv" Op3.7Et3.7Q6+0" Uwkvg" §" egvvg" fivcrg." nc" uwthceg" fg" nÓfiejcpvknnqp" rquuflfg" fgu" qz{fgu"
tfiukfwgnu"vgnu"swg"PdOQ6"gv"UkQ4."ckpuk"swg"fgu"rtqvtwukqpu"ofivcnnkswgu"*cf. Ejcr0"KX+0"Ng"vtckvgogpv"
gp"oknkgw"uwnhcvg"rgtogv"fqpe"fg"nkokvgt"nc"fwtfig"fÓkoogtukqp"fcpu"nc"uqnwvkqp"fÓWI5R0"NÓcvvcswg"fw"
ofivcn"fg"dcug"c"nkgw"nqtuswg"nÓfiejcpvknnqp"cvvgkpv"uc"xcngwt"fg"rqvgpvkgn"fÓcdcpfqp"nc"rnwu"hckdng."swk"guv"
fcpu"pqvtg"ecu"fg"&2.67"X1Ci.CiEn0"""

Fcpu" nc" uqnwvkqp" fÓWI5R." ng" eqorqtvgogpv" fgu" fiejcpvknnqpu" fÓcekgt" 663." tgewkvu" §" fkhhfitgpvgu"
vgorfitcvwtgu."guv"ukokncktg"§"egnwk"qdugtxfi"rqwt"ngu"cekgtu"eqpvgpcpv"fkhhfitgpvgu"vgpgwtu"gp"ejtqog0"Gp"
ogvvcpv"gp"rctcnnflng"ngu"fixqnwvkqpu"fw"rqvgpvkgn"fÓcdcpfqp"fg"nÓcekgt"663"tgewkv"§"32:2"gv"3342̇E"cxge"
egwz"fgu"cekgtu"37"gv"38"'"Et"ocuukswg."pqwu"eqpuvcvqpu"fgu"ukoknkvwfgu"gp"eg"swk"eqpegtpg"nc"ejwvg"
fw" rqvgpvkgn" fÓcdcpfqp0" Nc" ugwng" fkuvkpevkqp" ug" ukvwg" cw" pkxgcw" fg" nc" uvcdknkucvkqp" fw" rqvgpvkgn"
fÓcdcpfqp"swk"guv"rnwu"fingxfig"rqwt" nÓcekgt"6630"Egvvg"fkuvkpevkqp"guv"rgwv"‒vtg"nkfig"§" nc"fkhhfitgpeg"fg"
eqorqukvkqp"ejkokswg"fgu"cekgtu"37"gv"38"'"Et"cxge" nc"pwcpeg"6630"Nc"Hkiwtg"327"ogv"gp"cxcpv" nc"
eqttgurqpfcpeg"eqpuvcvfig."cw"pkxgcw"fg"rqvgpvkgn"fÓcdcpfqp."gpvtg"nc"vgpgwt"gp"ejtqog"fcpu"ng"uwduvtcv"
gv"nc"vgorfitcvwtg"fg"tgewkv0"

"

Figure 105."Eqorctckuqp"fg"nÓfixqnwvkqp"fgu"rqvgpvkgnu"fÓcdcpfqp"fg"nÓcekgt"663"tgewkv"§"fkhhfitgpvgu"vgorfitcvwtgu"
gv"fg"pwcpegu"§"fkhhfitgpvgu"vgpgwtu"gp"ejtqog0"



Eqorqtvgogpv"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"uvcdknkufiu"nqtu"fgu"fivcrgu"fg"tgewkv"gv"ffiecrcig""
"

368"
"

Rqwt"tfiuwogt"ng"eqorqtvgogpv"fg"nÓcekgt"663"uqwoku"§"nc"uqnwvkqp"fÓWI5R"crtflu"vtckvgogpv"gp"oknkgw"
uwnhcvg" fg" uqfkwo." pqwu" fgxqpu" fkuvkpiwgt" fgwz" ecu0" Ng" rtgokgt." rqwt" ngu" tgewkvu" ghhgevwfiu" §" dcuug"
vgorfitcvwtg" *3222̇E" gpxktqp+" =" gv" ng" ugeqpf." rqwt" ngu" tgewkvu" oku" gp" Íwxtg" §" jcwvg" vgorfitcvwtg"
*3322̇E"gv"rnwu+0""

Nqtu"fg"tgewkv"§"jcwvg"vgorfitcvwtg."kn"ug"hqtog"wpg"eqwejg"fÓqz{fg"tkejg"gp"ejtqog"ckpuk"swÓwp"hkno"
fg" uknkeg" §" nÓkpvgthceg" ofivcn1qz{fg0" Nc" etqkuucpeg" fg" egvvg" eqwejg" gpvtc¶pg" wpg" ffiejtqokucvkqp" fw"
uwduvtcv0"Nc"eqpegpvtcvkqp"gp"ejtqog"§"nÓkpvgthceg"ofivcn1uknkeg"rgwv"ejwvgt"lwuswÓ§":/32"'."gv"nc"¦qpg"
ffiejtqofig" rgwv" cvvgkpftg" 7"-o" fg" rtqhqpfgwt0" Ng" vtckvgogpv" fingevtqn{vkswg" cw" uwnhcvg" fg" uqfkwo"
rgtogv" nÓfinkokpcvkqp" fg" nc" eqwejg" fÓqz{fg" fg" ejtqog" wpkswgogpv0" Ng" ffiecrcig" gp" oknkgw" WI5R"
rgtogv" fg" fkuuqwftg" nc" uknkeg" gv" fÓfinkokpgt" ngu" qz{fgu" okpgwtu" qw" tfiukfwgnu" rct" cvvcswg" fw" ofivcn0"
NÓcvvcswg" fw" ofivcn" ffiejtqofi" gpvtc¶pg" nÓcrrctkvkqp" fw" hcekflu" fg" ffiitcfcvkqp" cxge" wpg" cvvcswg" fg"
nÓgpugodng"fgu"itckpu0"Kn"gp"tfiuwnvg"wpg"uwthceg"rquufifcpv"wpg"hqtvg"twiqukvfi"gv"wpg"hckdng"dtknncpeg0""""

Nqtuswg"ngu"tgewkvu"uqpv"ogpfiu"§"dcuug"vgorfitcvwtg."nc"eqwejg"fÓqz{fg"guv"oqkpu"tkejg"gp"ejtqog0"Gp"
eqpufiswgpeg" nc" ffiejtqokucvkqp" fw" uwduvtcv." gp" vgtogu" fÓfirckuugwt" fg" ¦qpg" ffiejtqofig" gv" fg"
eqpegpvtcvkqp"gp"ejtqog"§"nÓkpvgthceg"ofivcn1uknkeg."guv"oqkpu"korqtvcpvg0"Nc"vgpwg"fgu"fiejcpvknnqpu"gp"
oknkgw"WI5R"gp"guv"cofinkqtfig0"Ngu"uwthcegu"swk"gp"tfiuwnvgpv"uqpv"fg"dkgp"ogknngwtgu"swcnkvfiu"cxge"fgu"
twiqukvfiu"rnwu"hckdngu"gv"fgu"dtknncpegu"rnwu"fingxfigu"*42"WD+0"

III.3.3.Comparaison entre les nuances 441 et 439 

Ngu"xcngwtu"fg"dtknncpegu"fgu"fgwz"pwcpegu"663"gv"65;"uwdkuugpv"wpg"ejwvg"gv"wpg"uvcdknkucvkqp"nqtuswg"
nc" vgorfitcvwtg" fg" tgewkv" cwiogpvg." crtflu" ngu" fivcrgu" fg" tgewkv" gv" ffiecrcig0" Nc" ejwvg" fg" dtknncpeg"
uwtxkgpv"§"rnwu"dcuug"vgorfitcvwtg"rqwt"nc"pwcpeg"65;0"Fcpu"eg"ejcrkvtg."pqwu"xgpqpu"fg"tgnkgt"nc"ejwvg"
fg"dtknncpeg"§"nc"ffiejtqokucvkqp"fw"uwduvtcv0"Qt."fcpu"ng"ejcrkvtg"KKK."pqwu"cxqpu"fivcdnk"swg."rqwt"wpg"
o‒og"vgorfitcvwtg"fg"tgewkv"*3282̇E+."nc"ekpfivkswg"fÓqz{fcvkqp"fg"nÓcekgt"65;"guv"uwrfitkgwtg"§"egnng"fg"
nÓcekgt"6630"Gp"eqpufiswgpeg."pqwu"rqwxqpu"gpxkucigt"swÓ§"vgorfitcvwtg"gv"fwtfig"fÓqz{fcvkqp"fiicngu."nc"
ffiejtqokucvkqp"fw"uwduvtcv"ugtc"rnwu"octswfig"rqwt"nÓcekgt"65;"rct"tcrrqtv"§"nÓcekgt"6630"Egvvg"fgtpkfltg"
tgoctswg"tguvg"§"xfitkhkgt"fÓwp"rqkpv"fg"xw"gzrfitkogpvcn0"""""""

"

"

"

"

"

"

"

"
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IV. Conclusion 

Fcpu"eg"ejcrkvtg."pqwu"cxqpu"fivwfkfi"ngu"eqpufiswgpegu"fw"ffiecrcig"uwt"nc"swcnkvfi"fg"uwthceg"fw"rtqfwkv"
hkpk0" Fgu" fiejcpvknnqpu" fÓcekgt" fietqwk"<" 663" gv" 65;" qpv" fivfi" rtficncdngogpv" tgewkvu" cw" HCUC0" Ngu"
vtckvgogpvu"vjgtokswgu"qpv"fivfi"oku"gp"Íwxtg"rqwt"wpg"fwtfig"hkzg"fg"67"u"gv"fkhhfitgpvgu"vgorfitcvwtgu"fg"
tgewkvu"*;:2/3372̇E+0""

Fcpu"wp"rtgokgt"vgoru."pqwu"cxqpu"ectcevfitkufi"nc"uwthceg"crtflu"wpg"ufiswgpeg"fg"ffiecrcig"encuukswg0"
Egvvg" ufiswgpeg"tgrtqfwkv" ng"ffiecrcig"oku"gp"Íwxtg"uwt" nc" nkipg" kpfwuvtkgnng"rqwt" nÓfinkokpcvkqp"fg" nc"
eqwejg"fÓqz{fg" hqtofig" nqtu"fw" tgewkv"fg" nc"pwcpeg"663"rgpfcpv"67"u"§"3292̇E0"Pqwu"cxqpu"oku"gp"
fixkfgpeg" wpg" rgtvg" fg" dtknncpeg" fg" nÓfiejcpvknnqp0" Egvvg" rgtvg" guv" fÓcwvcpv" rnwu" rtqpqpefig" swg" nc"
vgorfitcvwtg" fg" tgewkv" guv" fingxfig0" Nc" rgtvg" fg" dtknncpeg" uÓgzrnkswg" rct" nc"oqtrjqnqikg" nÓcvvcswg" fgu"
itckpu0"Egvvg"cvvcswg"ug"rtfiugpvg"uqwu"nc"hqtog"fÓwp"pcpq/hgwknngvcig0""

Dkgp."swg"nÓcekgt"65;"uwdkuug"wpg"rgtvg"fg"dtknncpeg"nqtuswg"nc"vgorfitcvwtg"fg"tgewkv"cwiogpvg."egvvg"
pwcpeg"pg"rqug"rcu"fg"rtqdnflog"fg"swcnkvfi"eqpvtcktgogpv"§"nc"pwcpeg"6630"É"nc"vgorfitcvwtg"§"ncswgnng"
guv" tgewkvg" nc" pwcpeg" 65;." nc" dtknncpeg" crtflu" ffiecrcig" guv" uwrfitkgwtg" cw" ugwkn" fg" dtknncpeg" etkvkswg"
tgswkug"kpfwuvtkgnngogpv0"""

NÓqtkikpg"fg"nc"ffiitcfcvkqp"uÓgzrnkswg"rct"nÓcrrctkvkqp"fÓwpg"¦qpg"ffiejtqofig"fcpu"ng"uwduvtcv"nqtu"fg"
nc"hqtocvkqp"fg"nc"eqwejg"fÓqz{fg0"É"nÓckfg"fg"pwcpegu"§"fkhhfitgpvgu"vgpgwtu"gp"ejtqog."kn"c"rw"‒vtg"
fivcdnk"swÓkn"gzkuvckv"wp"nkgp"gpvtg"nc"rgtvg"fg"dtknncpeg"gv"nc"ffiejtqokucvkqp"fw"uwduvtcv0"""

Pqwu" cxqpu" oku" gp" fixkfgpeg" swg" nc" rgtvg" fg" dtknncpeg" fg" nÓcekgt" 663" crtflu" ngu" fivcrgu" fg" tgewkv" gv"
ffiecrcig"guv"fwg"§"nc"etqkuucpeg"fg"nc"eqwejg"fÓqz{fg"swk"gpvtc¶pg"nc"hqtocvkqp"fÓwpg"¦qpg"ffiejtqofig"
fcpu" ng"uwduvtcv0"Egrgpfcpv."pqwu"pÓcxqpu"rcu"fivcdnk" nÓqtkikpg"fg" nc"oqtrjqnqikg"pcpq/hgwknngvfig"fgu"
itckpu" cvvcswfiu0" Gp" fÓcwvtgu" vgtogu." rqwtswqk" nÓcvvcswg" fw"ofivcn" ffiejtqofi" rct" nc" uqnwvkqp" fÓWI5R"
gpvtc¶pg" nÓcvvcswg" fgu" itckpu" uqwu" nc" hqtog" fÓwp" pcpq/hgwknngvcig"A" Egvvg" oqtrjqnqikg" rctvkewnkfltg"
fgogwtg"kpgzrnkswfig0"""

"

" "
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CHAPITRE VI. SYNTHESE DES TRAVAUX ET LEVIERS 

INDUSTRIELS  

Fcpu"eg"ejcrkvtg."pqwu"rtfiugpvgtqpu"wpg"u{pvjflug"fgu"vtcxcwz"ogpfiu"uwt"ng"eqorqtvgogpv"fgu"cekgtu"
kpqz{fcdngu"hgttkvkswgu"uvcdknkufiu"gv"dkuvcdknkufiu"nqtu"fw"tgewkv"gv"fw"ffiecrcig0"Fcpu"wp"ugeqpf"vgoru."
pqwu" fkuewvgtqpu" fgu" ngxkgtu" kpfwuvtkgnu" §" ogvvtg" gp" Íwxtg" rqwt" ockvtkugt" nc" swcnkvfi" fg" uwthceg" fw"
rtqfwkv"hkpk0""

" "

"

"

"

"

"

"

"

"

"
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I. Comportement de l’acier lors du recuit et du 

décapage 

Rqwt" tfiuwogt" ng" eqorqtvgogpv" fgu" cekgtu" hgttkvkswgu" kpqz{fcdngu." pqwu" fkuvkpiwqpu" ngu" tgewkvu"
ghhgevwfiu"§"dcuug"vgorfitcvwtg"*3222̇E+"gv"ngu"tgewkvu"oku"gp"Íwxtg"§"jcwvg"vgorfitcvwtg"*3322̇E+"="gv"
egnc"rqwt"ngu"cekgtu"663"gv"65;0""

I.1. Cas de l’acier 441

I.1.1. Recuit à basse température (1000°C) 

Nqtu"fw"tgewkv"fg"nÓcekgt"663"§"3222̇E."nc"eqwejg"fÓqz{fg"hqtofig."fg"hkpg"firckuugwt"*52"/"62"po+."ug"
eqorqug" rtkpekrcngogpv" fg" nc" uqnwvkqp" uqnkfg" *Hg.Et+4Q5" tkejg" gp" hgt0" Fgu" rtfiekrkvfiu" fg" uknkeg" uqpv"
rtfiugpvu"cw"pkxgcw"fg"nÓkpvgthceg"ofivcn1qz{fg0"Fg"rnwu."cw"pkxgcw"fg"egvvg"kpvgthceg."cwewpg"rtqvtwukqp"
pÓguv" qdugtxfig0"Nc" hqtocvkqp" fg" nc" eqwejg" fÓqz{fg" gpvtc¶pg" nc" rtfiugpeg" fÓwpg"¦qpg" ffiejtqofig"rgw"
rtqhqpfg"fcpu"ng"ofivcn"uqwu/lcegpv0"Nqtu"fw"ffiecrcig."ng"vtckvgogpv"fingevtqn{vkswg"gp"oknkgw"uwnhcvg"fg"
uqfkwo"rgtogv"fÓfinkokpgt"*Hg.Et+4Q50"Ng"vtckvgogpv"rct"xqkg"ejkokswg"§"nÓWI5R"gpvtc¶pg"nÓcvvcswg"fgu"
rtfiekrkvfiu"fg"uknkeg"gv"fw"ofivcn"cw"pkxgcw"fg"nc"¦qpg"hckdngogpv"ffiejtqofig0"Kn"gp"tfiuwnvg"wpg"uwthceg"q́"
ugwngogpv"rgw"fg"itckpu"uqpv"cvvcswfiu0"Nc"dtknncpeg"fg"nÓfiejcpvknnqp"guv"cnqtu"fingxfig0""""""""""

I.1.2. Recuit à haute température (1100°C) 

Rqwt" ngu" tgewkvu" §" jcwvg" vgorfitcvwtg." ng" eqorqtvgogpv" fg" nÓcekgt" nqtu" fw" tgewkv" gv" fw" ffiecrcig" guv"
ugpukdngogpv"fkhhfitgpv0"Wp"uefipctkq"rquukdng"fg"eg"eqorqtvgogpv"guv"rtfiugpvfi"uwt" nc" Hkiwtg 3280"Ng"
ofivcn" fietqwk" guv" tgetkuvcnnkufi" rct" wp" tgewkv" jcwvg" vgorfitcvwtg" fg" 67"u." uqwu" cvoqurjfltg" qz{fcpvg0"
Kpkvkcngogpv." kn" ug" hqtog" wpg" eqwejg" fÓqz{fg" vtflu" tkejg" gp" hgt0" Ng" htqpv" fÓqz{fcvkqp" §" nÓkpvgthceg"
ofivcn1qz{fg"guv"qpfwnfi"*Hkiwtg"328"*d++0"Rqwt"egvvg" vgorfitcvwtg"fg"tgewkv." nc"eqwejg"fÓqz{fg"guv"gp"
eqortguukqp" gv" ng"ofivcn" hnwg0"Nc" eqodkpckuqp"fg" egu" rtqrtkfivfiu"ofiecpkswgu" fw"ofivcn" gv" fg" nÓqz{fg"
gpvtc¶pg"nÓcrrctkvkqp"fÓwp"itcfkgpv"fg"rtguukqp"j{ftquvcvkswg"fcpu"nc"eqwejg"fÓqz{fg0"Eg"itcfkgpv"fg"
rtguukqp"hcxqtkug"nc"fkhhwukqp"fg"nÓqz{iflpg"xgtu"ng"dcu"fg"nÓqpfwncvkqp."rgtogvvcpv"nc"hqtocvkqp"fg"nc"
uknkeg"§"egv"gpftqkv"rtfieku"*Hkiwtgu"328"*d+"gv"*e++0"NÓcwiogpvcvkqp"fg"nc"fwtfig"fÓqz{fcvkqp"ug"vtcfwkv"
rct" nc" etqkuucpeg" ncvfitcng" fg" nc" uknkeg" gv" rct" wpg" fixqnwvkqp" fg" nc" eqorqukvkqp" fg" nc" eqwejg" fÓqz{fg"
*Hkiwtgu"328"*e+"gv"*f++0"Nc"eqwejg"fÓqz{fg"uÓgptkejkv"gp"ejtqog."fg"rnwu." kn"{"c"etqkuucpeg"fg"fgwz"
qz{fgu."PdOQ6"*O"?"Vk"qw"Pd+"§"nÓkpvgthceg"ofivcn1qz{fg"gv"Op3.7Et3.7Q6"gp"uwthceg0"Gp"hkp"fg"tgewkv."
nc"eqwejg"fÓqz{fg"guv"fwrngz."cxge"fcpu"nc"rctvkg"gzvgtpg"nc"rtfiugpeg"fw"urkpgnng"Op3.7Et3.7Q6."gv"fcpu"
nc" rctvkg" kpvgtpg" nc" rtfiugpeg" fg" nc" uqnwvkqp" uqnkfg" *Hg.Et+4Q5" tkejg" gp" ejtqog" *Hkiwtg" 328" *f++0" Nc"
hqtocvkqp"fg"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog"gpvtc¶pg"nÓcrrctkvkqp"fÓwpg"¦qpg"ffiejtqofig"fcpu"ng"
ofivcn0"É"nc"fkhhfitgpeg"fgu"tgewkvu"ogpfiu"§"dcuug"vgorfitcvwtg."nc"eqpegpvtcvkqp"gp"ejtqog"§"nÓkpvgthceg"
ofivcn1uknkeg"guv"rnwu"hckdng"gv"nc"¦qpg"ffiejtqofig"guv"rnwu"firckuug0""

Ng" ffiecrcig" fg" nc" eqwejg" fÓqz{fg" rct" xqkg" fingevtqn{vkswg" gp" oknkgw" uwnhcvg" fg" uqfkwo" gpvtc¶pg"
nÓfinkokpcvkqp" fg" *Hg.Et+4Q5" tkejg" gp" ejtqog" gv" fg" Op3.7Et3.7Q6" *Hkiwtg" 328" *g++0" Ng" vtckvgogpv"
ejkokswg"fcpu" nc" uqnwvkqp"fÓWI5R"rgtogv"fÓcvvcswgt" nc" uknkeg"ckpuk"swg" ng"ofivcn"fg"dcug0"Uwkvg"§"eg"
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vtckvgogpv." nc" vqvcnkvfi"fgu"itckpu"fg" nc" uwthceg" guv" cvvcswfig0"Ngu"itckpu"fw"ofivcn"rquuflfgpv"cnqtu"wpg"
oqtrjqnqikg"pcpq/hgwknngvfig"*Hkiwtg"328"*h++0"Nc"twiqukvfi"§"nÓfiejgnng"fw"itckp"nkfig"§"egvvg"oqtrjqnqikg"
rctvkewnkfltg" gpvtc¶pg" wpg" tfihngzkqp" fg" nc" nwokfltg" uwkxcpv" fkhhfitgpvgu" fktgevkqpu" gv" fqpe" wpg" rgtvg" fg"
dtknncpeg"fg"nÓcekgt0""

"

Figure 106."Uefipctkq"fw"eqorqtvgogpv"fg"n)cekgt"663"nqtu"fw"tgewkv"jcwvg"vgorfitcvwtg"*b."c."d+"gv"fw"ffiecrcig"*e."
f+0"""

I.2. Cas de l’acier 439

Ng" eqorqtvgogpv" fg" nÓcekgt" 65;" ug" fkhhfitgpekg" fg" nÓcekgt" 663" uwt" rnwukgwtu" rqkpvu0"Vqwv" fÓcdqtf." nc"
ekpfivkswg"fÓqz{fcvkqp"fg" nÓcekgt"65;"guv"rnwu"fingxfig0"Nc"eqwejg"fÓqz{fg"hqtofig"uwt" nÓcekgt"65;"ugtc"
rnwu"gptkejkg"gp"ejtqog"swg"uwt"nÓcekgt"663."§"fwtfig"fÓqz{fcvkqp"fiswkxcngpvg0"Cw"pkxgcw"fg"nÓkpvgthceg"
ofivcn1qz{fg."fgu"rtqvtwukqpu"uqpv"qdugtxfigu."crtflu"qz{fcvkqp"cw"HCUC."cwuuk"dkgp"rqwt"ngu"dcuugu"swg"
rqwt"ngu"jcwvgu"vgorfitcvwtgu"*§"3222"gv"3322̇E+0""

Eqorvg" vgpw" fg" nÓgptkejkuugogpv" rnwu" rtfieqeg" fg" nc" eqwejg" fÓqz{fg" gp" ejtqog." pqwu" rqwxqpu"
gpxkucigt" swg" nc" ffiejtqokucvkqp" fw"ofivcn" uwt" nÓcekgt" 65;" ugtc" rnwu" korqtvcpvg" swg" uwt" nÓcekgt" 6630"
Egvvg"j{rqvjflug"gzrnkswg"rqwtswqk."nc"ejwvg"fg"dtknncpeg"fg"nÓcekgt"65;"guv"okug"gp"fixkfgpeg"rqwt"fgu"
vgorfitcvwtgu"fg"tgewkv"rnwu"dcuugu0"

I.3. Lien entre les protrusions et la dégradation de surface 

Cw"eqwtu"fg"egu" vtcxcwz."pqwu"pÓcxqpu"rcu"oku"gp"fixkfgpeg"fg"nkgp"fktgev"gpvtg"ngu"rtqvtwukqpu"gv" nc"
ffiitcfcvkqp"fg"nÓcekgt0"Egrgpfcpv."pqwu"cxqpu"fivcdnk"swg"nc"vgorfitcvwtg"fg"tgewkv"c"wpg"kphnwgpeg"uwt"nc"
ffiitcfcvkqp" fg" nÓcekgt." ocku" cwuuk" uwt" nc" hqtocvkqp" fgu" rtqvtwukqpu0" Nc" ffiitcfcvkqp" rtqxkgpv" fg" nc"
ffiejtqokucvkqp"fw"ofivcn"*cf."Ejcr0"X+"="gv"nc"hqtocvkqp"fgu"rtqvtwukqpu."fg"nc"rtfiekrkvcvkqp"fg"nc"uknkeg"
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*cf."Ejcr0" KX+0"Guv/kn"rquukdng"fÓgpxkucigt"swg" ngu"rtqvtwukqpu"ckgpv"wpg"swgneqpswg" kphnwgpeg"uwt" nc"
ffiejtqokucvkqp"fw"uwduvtcv"gv"fqpe"uwt"nc"ffiitcfcvkqp"fg"nÓcekgt"A"

Kn" guv" fkhhkekng" fg" tfirqpftg" §" egvvg" swguvkqp0" Vqwvghqku." wp" rqkpv" rctvkewnkgt" ugodng" tgnkgt" egu" fgwz"
rjfipqoflpgu"<" nc" rtfiugpeg" fg" uknkeg" §" nÓkpvgthceg"ofivcn1qz{fg0" Kn" guv" cfoku" fcpu" nc" nkvvfitcvwtg" swg" nc"
eqwejg" fg" uknkeg" hqtofig" §" nÓkpvgthceg"ofivcn1qz{fg" cikv" eqoog"wpg" dcttkfltg" fg" fkhhwukqp" fgu" ecvkqpu"
ofivcnnkswgu." gpvtc¶pcpv" ckpuk" wpg" fkokpwvkqp" fg" nc" ekpfivkswg" fÓqz{fcvkqp" ]3_0"FÓcknngwtu." pqwu" cxqpu"
xfitkhkfi" egv" ghhgv" uwt" ngu"ickpu"fg"ocuug"oguwtfiu" nqtu"fg" nÓqz{fcvkqp"gpvtg"82"gv"472"u"fg" eqwnfigu"fg"
ncdqtcvqktg"Hg/3:Et."eqpvgpcpv"fkhhfitgpvgu"vgpgwtu"gp"uknkekwo"*2.5"gv"2.8"'"ocuukswg+0"Rqwt"wpg"fwtfig"
fg"82"u." ngu"ickpu"fg"ocuug"fgu"fgwz"cekgtu"uqpv" tgncvkxgogpv"rtqejgu"*cf."Ejcr0" KKK/KK04+." nqtuswg" nc"
fwtfig" cwiogpvg." ng" ickp" fg"ocuug" guv" fÓcwvcpv" rnwu" korqtvcpv" swg" nc" vgpgwt" gp" uknkekwo" guv" hckdng0"
Vqwvghqku."pqwu"fgxqpu"tguvgt"rtwfgpvu."ect"pqwu"pÓcxqpu"rcu"fg"fqppfigu"uwt"ngu"ickpu"fg"ocuug"rqwt"
fgu"fwtfigu"fÓqz{fcvkqp"kphfitkgwtgu"§"82"u"e)guv/§/fktg."rtqejgu"fgu"tgewkvu"kpfwuvtkgnu0"

Rqwt"fgu"qz{fcvkqpu"fg"eqwtvgu"fwtfigu."cw"pkxgcw"fg"nÓkpvgthceg"ofivcn1qz{fg."nc"uknkeg"pg"hqtog"rcu"wpg"
eqwejg"eqpvkpwg"gv"fgu"rtqvtwukqpu"ofivcnnkswgu"nqecnkufigu"fcpu"nc"eqwejg"fÓqz{fg"uqpv"rtfiugpvgu0"Pqwu"
rqwxqpu"fiogvvtg" nÓj{rqvjflug"uwkxcpvg"<" nc"rtfiugpeg"fg"rtqvtwukqpu"rgtogv"fÓcwiogpvgt" nc" uwthceg"fg"
eqpvcev"gpvtg"ng"ofivcn"gv" nÓqz{fg."eg"swk"hceknkvg"ckpuk" nc"ffiejtqokucvkqp"fw"uwduvtcv0"Egvvg"j{rqvjflug"
uÓcrrwkg"uwt"wpg"fivwfg"ogpfig"rqwt"ng"tgewkv"kpfwuvtkgn"fg"nÓcekgt"cwuvfipkvkswg"5260"Egvvg"fivwfg"oqpvtg"
swÓwpg"cwiogpvcvkqp"fg" nc" vgpgwt"gp"uknkekwo"gpvtc¶pg"wpg"ffiejtqokucvkqp"rnwu" korqtvcpvg"fw"ofivcn"
]323_0"
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II. Leviers industriels 

Eqoogpv" nkokvgt" nc" rgtvg" fg" dtknncpeg" fg" nÓcekgt" crtflu" ngu" fivcrgu" fg" tgewkv" gv" ffiecrcig"A" Fcpu" eg"
rctcitcrjg."pqwu"pqwu"rtqrquqpu"fg"fkuewvgt"fgu"rquukdknkvfiu"fqpv"pqwu"fkurquqpu"rqwt"oc¶vtkugt" ngu"
rtqrtkfivfiu"guvjfivkswgu"fg" nÓcekgt" *nkokvgt" nc"rgtvg"fg"dtknncpeg+0"Uwkvg"cwz" vtcxcwz"ogpfiu"cw"eqwtu"fg"
egvvg" vjflug." kn" crrctc¶v" swg" ockpvgpkt" wpg" dtknncpeg" fingxfig" crtflu" ffiecrcig" pfieguukvg" fg" nkokvgt" nc"
ffiejtqokucvkqp" fw" ofivcn" uqwu/lcegpv" §" nc" eqwejg" fÓqz{fg0" Rqwt" egnc." pqwu" rqwxqpu" lqwgt" uwt" ngu"
rctcoflvtgu"fw"tgewkv."qw"uwt"nc"eqorqukvkqp"fg"nÓcekgt0"NÓkphnwgpeg"fg"egu"rctcoflvtgu"guv"fkuewvfig"fcpu"
nc"uwkvg"fg"egvvg"rctvkg0""""""""

II.1. Paramètres du recuit de type industriel 

II.1.1. Température du recuit 

Pqwu" cxqpu" fivcdnk" swg." fcpu" ngu" eqpfkvkqpu" fw" tgewkv" kpfwuvtkgn." nc" vgorfitcvwtg" kphnwckv" uwt" nc"
ffiejtqokucvkqp" fw"ofivcn" gv" gp" eqpufiswgpeg." uwt" nc" dtknncpeg"fw" rtqfwkv" hkpk0" Rnwu" nc" vgorfitcvwtg" fg"
tgewkv" guv"fingxfig" gv" rnwu" nc" dtknncpeg"fg" nÓcekgt" guv" hckdng0"Egvvg" tgoctswg"pÓguv"xcncdng"swg"rqwt"fgu"
vgorfitcvwtgu"kphfitkgwtgu"§"32:2̇E"rqwt"nÓcekgt"663."gv"§"3262̇E"rqwt"nÓcekgt"65;0"Gp"ghhgv."cw/fgn§"fg"
egu"vgorfitcvwtgu."ngu"dtknncpegu"ug"uvcdknkugpv"cwz"cngpvqwtu"fg"xcngwtu"hckdngu."eqortkugu"gpvtg"7"gv"9"
WD0"É"nc"vgorfitcvwtg"fg"tgewkv"kpfwuvtkgn"fg"nÓcekgt"663."nc"dtknncpeg"guv"kphfitkgwtg"§"nc"xcngwt"etkvkswg"
*42"WD+."eg"swk"pÓguv"rcu"ng"ecu"fg"nÓcekgt"65;0"NÓcekgt"663"guv"tgewkv"§"3292̇E"cnqtu"swg."nÓcekgt"65;."
pÓguv"tgewkv"swÓ§";:2̇E0"Wpg"fkokpwvkqp"fg"nc"vgorfitcvwtg"fg"tgewkv"fg"nÓcekgt"663"pÓguv"egrgpfcpv"rcu"
gpxkucigcdng" fÓwp" rqkpv" fg" xwg" kpfwuvtkgn0" Nc" vgorfitcvwtg" fg" 3292̇E" guv" korqufig" rct" fgu" etkvfltgu"
rwtgogpv"ofivcnnwtikswgu"<"vcknng"fg"itckp."rtfiekrkvcvkqp"fcpu"nÓcekgtÈ""""""

II.1.2. Atmosphère du recuit 

Pqwu"cxqpu"xw"swg"nÓcvoqurjfltg"rqwxckv"cxqkt"wpg"kphnwgpeg"uwt"nc"eqorqukvkqp"fg"nc"eqwejg"fÓqz{fg"
gv"rnwu"rctvkewnkfltgogpv"uwt"nÓgptkejkuugogpv"gp"ejtqog"fg"nc"uqnwvkqp"uqnkfg"*Hg.Et+4Q50"Ngu"vtcxcwz"
ogpfiu" cw" HVE" qpv" oqpvtfi" swÓ§" fwtfig" gv" vgorfitcvwtg" fiicngu." nc" rtfiugpeg" fg" xcrgwt" fÓgcw" fcpu"
nÓcvoqurjfltg"*Q41J4Q1EQ41P4"qw"J4Q1P4+"gpvtc¶pg" nc" hqtocvkqp"fÓwpg"eqwejg"fÓqz{fg" tkejg"gp" hgt0"
Cnqtu"swg."rqwt"nÓcvoqurjfltg"uflejg"*Q41P4+."nc"eqwejg"fÓqz{fg"guv"tkejg"gp"ejtqog0"Egu"tgoctswgu"pg"
uqpv"xcncdngu"swg"rqwt"ngu"rnwu"eqwtvgu"fwtfigu"fÓqz{fcvkqp"*52/67"u+0"Egu"qdugtxcvkqpu"nckuugpv"rgpugt"
swg" rqwt" nkokvgt" nc" ffiejtqokucvkqp" fw"ofivcn." kn" uwhhkv" fÓcwiogpvgt" nc" vgpgwt" gp" xcrgwt" fÓgcw" fcpu"
nÓcvoqurjfltg0"Egvvg"tgoctswg"guv"§"tgncvkxkugt."ect."cw"HCUC."cwewp"vguv"pÓc"fivfi"ghhgevwfi"uwt"nÓghhgv"fg"
nÓcvoqurjfltg."fcpu"ng"dwv"fg"eqphktogt"swg"nc"eqwejg"fÓqz{fg"guv"rnwu"tkejg"gp"hgt"nqtuswg"nc"xcrgwt"
fÓgcw"guv"rtfiugpvg0"Fg"rnwu."pqwu"pÓcxqpu"rcu"fivwfkfi"nÓkphnwgpeg"fw"vcwz"fÓcfitcvkqp"uwt"nc"eqorqukvkqp"
fg"nc"eqwejg"fÓqz{fg"gv"uwt"nc"ffiejtqokucvkqp"fw"ofivcn0"Ng"vcwz"fÓcfitcvkqp"rgtogv"fg"hcktg"xctkgt"nc"
eqorqukvkqp"fg"nÓcvoqurjfltg"gp"oqfkhkcpv"ng"tcrrqtv"Q41J4Q0"Wpg"fkokpwvkqp"fw"vcwz"fÓcfitcvkqp."hkzfi"
§" 3.4" rqwt" egu" vtcxcwz." rgtogvvtckv" fÓcwiogpvgt" nc" vgpgwt" gp" xcrgwt" fÓgcw" fcpu" nÓcvoqurjfltg" cw"
ffivtkogpv"fw"fkqz{iflpg"*cf."Ejcr0"K/KK0403+0"Egrgpfcpv."hcktg"xctkgt"ng"vcwz"fÓcfitcvkqp"pg"pqwu"qhhtg"swg"
rgw"fg"rquukdknkvfiu."ect"egnwk/ek"fqkv"vqwlqwtu"‒vtg"uvtkevgogpv"uwrfitkgwt"§"wp."chkp"fÓfixkvgt"nc"rtfiugpeg"
fg"oqpqz{fg"fg"ectdqpg0""
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II.2. Composition de l’acier

Rnwukgwtu" rquukdknkvfiu" uÓqhhtgpv" §" pqwu" rqwt" lqwgt" uwt" nc" eqorqukvkqp" fg" nÓcekgt0" Pqwu" rqwxqpu"
gpxkucigt"fg"hcktg"xctkgt"uqkv"nc"vgpgwt"gp"ejtqog."uqkv"nc"vgpgwt"gp"uknkekwo0""

II.2.1. Teneur en chrome 

Pqwu"cxqpu"oku"gp"fixkfgpeg"swg"nc"hqtocvkqp"fg"nc"eqwejg"fÓqz{fg"gpvtc¶pg"nÓcrrctkvkqp"fÓwpg"¦qpg"
ffiejtqofig"fcpu" ng"ofivcn0"Egvvg" ¦qpg"ffiejtqofig"guv" tgurqpucdng"fg" nc"ocwxckug" vgpwg"fg" nÓcekgt"gp"
oknkgw"WI5R0"Kn"guv"fqpe"pfieguucktg"swg"nc"vgpgwt"gp"ejtqog"tguvg"uwhhkucoogpv"fingxfig"fcpu"nc"rctvkg"
ffiejtqofig"fw"ofivcn"rqwt"cuuwtgt"wpg"dqppg"vgpwg"fg"nÓcekgt"nqtu"fw"ffiecrcig0"Wpg"cwiogpvcvkqp"fg"nc"
vgpgwt"gp"ejtqog"fcpu"nÓcekgt"rgtogvvtckv"fg"ockpvgpkt"wpg"vgpgwt"gp"ejtqog"uwhhkucoogpv"fingxfig."cw"
pkxgcw"fg"nÓkpvgthceg"ofivcn1uknkeg."ocnitfi"nc"ffiejtqokucvkqp"fw"ofivcn0"

Egvvg"rquukdknkvfi"tguvg"§"fkuewvgt"gp"vgtogu"fg"eq̂vu"fg"rtqfwevkqp"fg"nc"pwcpeg0"Nc"ugeqpfg"rquukdknkvfi"
eqpukuvg"§"hcktg"xctkgt"nc"vgpgwt"gp"uknkekwo0"""

II.2.2. Teneur en silicium 

Gp" eqpukffitcpv" swg" fcpu" ngu" eqpfkvkqpu" fw" tgewkv" kpfwuvtkgn." nÓkpvgthceg" ofivcn1qz{fg" guv" eqorqufig"
fÓwpg" eqwejg" fkueqpvkpwg" fg" uknkeg" gv" fg" rtqvtwukqpu." pqwu" rqwxqpu" gpxkucigt" swg" rqwt" wpg"o‒og"
vgorfitcvwtg" gv" wpg" o‒og" fwtfig" fÓqz{fcvkqp." rnwu" nc" vgpgwt" gp" uknkekwo" guv" fingxfig." gv" rnwu" ngu"
rtqvtwukqpu"ug"vtqwxgpv"§"wp"uvcfg"cxcpefi0"Uk"pqwu"uwrrquqpu"swg"pqvtg"j{rqvjflug"fiokug."eqpegtpcpv"
wp"nkgp"fixgpvwgn"gpvtg"ngu"rtqvtwukqpu"gv"nc"ffiejtqokucvkqp"fw"ofivcn."guv"xfitkhkfig0"Cnqtu."wpg"fkokpwvkqp"
fg"nc"vgpgwt"gp"uknkekwo"fcpu"nÓcekgt"rgtogvvtckv"fÓcofinkqtgt"nc"dtknncpeg"gp"nkokvcpv"nc"ffiejtqokucvkqp"
fw"ofivcn0"Eg"uefipctkq." uwt" nÓghhgv" fw" uknkekwo." guv" knnwuvtfi"rct" nc" Hkiwtg"3290"Pqwu"fgxqpu" hqtvgogpv"
kpukuvgt"uwt"ng"ectcevfltg"j{rqvjfivkswg"fg"eg"uefipctkq."swk"rqwt"nÓjgwtg"pÓc"rcu"fivfi"xfitkhkfi0"""""""

"

Figure 1070"Uefipctkq"rquukdng"fg"n)ghhgv"fw"uknkekwo"uwt"nÓkpvgthceg"ofivcn1qz{fg"hqtofi"§"vgorfitcvwtg"gv"fwtfig"
fÓqz{fcvkqp"fiicngu0"Cekgt"§"hckdng"vgpgwt"gp"uknkekwo"gp"(a)."gv"§"hqtvg"vgpgwt"gp"uknkekwo"gp"(b)0"

"

"

"

"
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III. Conclusion 

Fcpu"eg"ejcrkvtg."pqwu"cxqpu"hckv"ng"rqkpv"uwt"ng"ofiecpkuog"uwtxgpcpv"nqtu"fw"tgewkv"gv"fw"ffiecrcig"swk"
eqpfwkugpv"§"wpg"rgtvg"fg"dtknncpeg"fg"nÓcekgt0"Rnwukgwtu"ngxkgtu"kpfwuvtkgnu"qpv"fivfi"rtqrqufiu"cxge"rqwt"
qdlgevkh"fg"oc¶vtkugt"nc"swcnkvfi"fg"nÓcekgt0"Egu"ngxkgtu"<"eqorqukvkqp"fg"nÓcvoqurjfltg."fkokpwvkqp"fg"nc"
vgpgwt"gp"uknkekwo"pg"tguvgpv"swg"fgu"j{rqvjflugu"swk"ofitkvgtckgpv"fÓ‒vtg"crrtqhqpfkgu0"

" "
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CONCLUSION GENERALE ET PERSPECTIVES 

Egu" vtcxcwz" fg" vjflug" ogpfiu" cw" ncdqtcvqktg" UKOcR" §" Itgpqdng" gp" eqnncdqtcvkqp" cxge" ng" egpvtg" fg"
tgejgtejg" fÓCrgtco" §" Kudgtiwgu" qpv" fivfi" eqpucetfiu" §" nÓfivwfg" fw" eqorqtvgogpv" fÓcekgtu" kpqz{fcdngu"
hgttkvkswgu"uvcdknkufiu"qw"dkuvcdknkufiu"nqtu"fw"rtqefiffi"fg"hcdtkecvkqp0"Pqwu"pqwu"uqoogu"kpvfitguufiu"cwz"
fivcrgu"fg"tgewkv"gv"fg"ffiecrcig"okugu"gp"Íwxtg"crtflu"ng"ncokpcig"§"htqkf0"Eqpvtcktgogpv"§"nc"rnwrctv"
fgu" fivwfgu" ogpfigu" uwt" nÓqz{fcvkqp" §" jcwvg" vgorfitcvwtg" fgu" cekgtu." kn" pg" uÓcikuuckv" rcu" fÓfivwfkgt" nc"
fwtcdknkvfi"fg"egu"ocvfitkcwz"fcpu"ngwtu"gpxktqppgogpvu"fÓwvknkucvkqp."ocku"fÓqrvkokugt"ngwt"hcdtkecvkqp"
uwt" nc" nkipg" kpfwuvtkgnng0" NÓqrvkokucvkqp" fgu" fivcrgu" fg" tgewkv" gv" fg" ffiecrcig" guv" kpfkurgpucdng" rqwt"
oc¶vtkugt" nc" swcnkvfi" fg" uwthceg" fw" rtqfwkv" hkpk0" Fcpu" egvvg" vjflug." pqwu" pqwu" uqoogu" cvvcejfiu" §"
eqortgpftg" swgnngu" fivckgpv" ngu" eqpufiswgpegu" fw" tgewkv" gv" fw" ffiecrcig" uwt" nc" swcnkvfi" fg" uwthceg" fgu"
cekgtu"kpqz{fcdngu"hgttkvkswgu0"

Egu" vtcxcwz" pqwu" qpv" rgtoku" fÓcxcpegt" uwt" fgu" rqkpvu" vgejpkswgu" gv" uekgpvkhkswgu" cwuuk" dkgp" cw"
ncdqtcvqktg"UKOcR"swÓcw"egpvtg"fg"tgejgtejg"fÓCrgtco0"

Eqpegtpcpv"ngu"rqkpvu"vgejpkswgu"ejg¦"Crgtco."pqwu"rqwxqpu"ogpvkqppgt"swÓcw"eqwtu"fg"egvvg"vjflug."
pqwu"cxqpu"pqvcoogpv"qrvkokufi"wp"hqwt"§" ncorg"*HCUC+"fcpu" ngu"eqpfkvkqpu"fw"tgewkv" kpfwuvtkgn0" Kn"
pqwu"c"fivfi"rquukdng."§"nÓckfg"fg"eg"hqwt."fg"tgrtqfwktg"ngu"xkvguugu"fg"oqpvfig"gp"vgorfitcvwtg"fg"nÓcekgt"
uwt"nc"nkipg"kpfwuvtkgnng."eg"swk"eqpuvkvwg"wpg"cxcpefig"eqpukffitcdng0"Cw"ncdqtcvqktg"UKOcR."gp"nkgp"cxge"
ng" EOVE34." nÓkppqxcvkqp" vgejpkswg" rtkpekrcng" fg" eg" vtcxckn" fg" vjflug" eqttgurqpf" ucpu" fqwvg" §" nc"
rquukdknkvfi" pqwxgnng" fÓghhgevwgt" fgu" tgeqpuvtwevkqpu" vtkfkogpukqppgnngu" fg" nÓkpvgthceg" ofivcn1qz{fg"
fÓcekgtu" qz{ffiu0" Egu" tgeqpuvtwevkqpu" qpv" fivfi" tgpfwgu" rquukdngu" rct" nc" oc¶vtkug" fÓwp" pqwxgcw"
oketqueqrg" fingevtqpkswg" §" dcnc{cig" fiswkrfi" fÓwpg" eqnqppg" §" ghhgv" fg" ejcor." eqwrnfi" §" wpg" uqpfg"
kqpkswg"hqecnkufig0""

Gp" vgtogu" fg" tfiuwnvcvu" uekgpvkhkswgu." egu" vtcxcwz" qpv" rgtoku" rqwt"Crgtco." fg" eqornfivgt" nc" dcug" fg"
eqppckuucpegu"fw"eqorqtvgogpv"fgu"cekgtu"kpqz{fcdngu"hgttkvkswgu"uvcdknkufiu"nqtu"fw"tgewkv"qz{fcpv"gv"
nqtu"fw"ffiecrcig0"Ckpuk."pqwu"cxqpu"ffivgtokpfi"nÓqtkikpg"fg"nc"ffiitcfcvkqp"fg"nc"swcnkvfi"fg"uwthceg"gv"
rtqrqufi" wpg" ufitkg" fg" ngxkgtu" kpfwuvtkgnu" chkp" fÓfixkvgt" eg" rjfipqoflpg0" Egu" rtqrqukvkqpu" fgxtqpv"
egrgpfcpv"‒vtg"xcnkffigu"rct"fgu"vtcxcwz"hwvwtu"swg"pqwu"ogpvkqppgtqpu"rct"nc"uwkvg0"Rqwt"ng"ncdqtcvqktg"
UKOcR."gp"eg"swk"eqpegtpg" ngu"tfiuwnvcvu" uekgpvkhkswgu."pqwu"cxqpu" crrtqhqpfk" ngu"eqppckuucpegu"ffil§"
ceswkugu" uwt" nÓqz{fcvkqp" fgu" cekgtu" kpqz{fcdngu" hgttkvkswgu" nqtu" fg" vjflugu" cpvfitkgwtgu." gp" pqwu"
kpvfitguucpv" cwz" vtflu" eqwtvgu" fwtfigu" fÓqz{fcvkqp." gv" §" nÓkphnwgpeg" fgu" uvcdknkucpvu"<" vkvcpg" gv" pkqdkwo0"
FÓcwvtg"rctv."pqwu"cxqpu"fivwfkfi" nc"oqtrjqnqikg"qtkikpcng"fg" nÓkpvgthceg"ofivcn1qz{fg"hqtofig"fcpu" ngu"
eqpfkvkqpu" fw" tgewkv" kpfwuvtkgn0" Egvvg" oqtrjqnqikg" ug" ectcevfitkug" rct" nc" rtfiugpeg" fg" rtqvtwukqpu"
ofivcnnkswgu"nqecnkufigu"fcpu"nc"eqwejg"fÓqz{fg"tkejg"gp"ejtqog0"Rqwt"nÓfivwfg"fg"eg"rjfipqoflpg."pqwu"
cxqpu"kpkvkfi"cw"ugkp"fw"ncdqtcvqktg."wpg"eqnncdqtcvkqp"cxge"ngu"ofiecpkekgpu"urfiekcnkuvgu"fgu"kpvgthcegu0"

""""""""""""""""""""""""""""""""""""""""""""""""""""""
34"Eqpuqtvkwo"fgu"Oq{gpu"Vgejpqnqikswgu"Eqoowpu"
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NÓqdlgevkh" guv" kek." rct" fgu" ecnewnu" pwofitkswgu" gv" nc" oqffinkucvkqp." fÓcrrw{gt" pqu" qdugtxcvkqpu"
gzrfitkogpvcngu."gv"fg"rtqrqugt"wp"ofiecpkuog"fg"hqtocvkqp"fgu"rtqvtwukqpu0""

É"nÓkuuwg"fg"egvvg"vjflug."rnwukgwtu"rqkpvu"rqwttckgpv"‒vtg"crrtqhqpfku"gv"eqornfivfiu0"Vqwv"fÓcdqtf."pqwu"
cxqpu"oku"gp"fixkfgpeg"swg"nc"rgtvg"fg"swcnkvfi"fg"uwthceg"fg"nÓcekgt"fivckv"nkfig"§"wpg"oqtrjqnqikg"pcpq/
hgwknngvfig" fgu" itckpu" fw" ofivcn" swk" gpvtc¶pg" wpg" twiqukvfi0" Fgu" swguvkqpu" fgogwtgpv" uwt" egvvg"
oqtrjqnqikg0" Pqwu" cxqpu" fivcdnk" swg" nc" ffiejtqokucvkqp" fw" uwduvtcv." nqtu" fg" nÓkoogtukqp" fg"
nÓfiejcpvknnqp"gp"oknkgw"WI5R."guv"§"nÓqtkikpg"fg"egvvg"oqtrjqnqikg0""

Fg" rnwu." rqwt" nÓfivwfg" fw" ffiecrcig." pqwu" pqwu" uqoogu" hqecnkufiu" uwt" ng" eqorqtvgogpv" fÓcekgtu" §"
fkhhfitgpvgu" vgpgwtu" gp" ejtqog" fcpu" nc" uqnwvkqp" fÓWI5R0" Kn" rqwttckv" ‒vtg" lwfkekgwz" fg" eqornfivgt" egu"
vtcxcwz"gp"fivwfkcpv"ng"eqorqtvgogpv"fg"egu"o‒ogu"cekgtu."gp"oknkgw"cekfg"uwnhwtkswg0""

Gphkp." nÓj{rqvjflug"fiokug"uwt"ng"nkgp"gpvtg"nc"hqtocvkqp"fgu"rtqvtwukqpu"gv"nc"ffiejtqokucvkqp"fw"ofivcn"
tguvg"§"xcnkfgt0"Rqwt"egnc."wpg"kpxguvkicvkqp"fg"nÓghhgv"fw"uknkekwo"rqwttckv"‒vtg"ogpfig"rqwt"ngu"eqwtvgu"
fwtfigu"fÓqz{fcvkqp0" Kn"uÓciktckv"fÓfivwfkgt"fgu"cekgtu" hgttkvkswgu"§"fkhhfitgpvgu" vgpgwtu"gp"uknkekwo"gv"fg"
ectcevfitkugt" crtflu" fgu" tgewkvu" fg" v{rg" kpfwuvtkgn." nc" etqkuucpeg" fg" nc" eqwejg" fg" uknkeg" §" nÓkpvgthceg"
ofivcn1qz{fg0"Fgwz" vgejpkswgu." §" fkurqukvkqp" cw" ncdqtcvqktg" UKOcR." rqwttckgpv" ‒vtg"okugu" gp"Íwxtg"
rqwt"egvvg"fivwfg"<"nc"rjqvqfingevtqejkokg"gv"fg"nc"tgeqpuvtwevkqp"vtkfkogpukqppgnng"rct"OGD/HGI1HKD0"""""""""""""""

"

"

"

"

"

"

"

"

"

"

"

"

"""
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A. Cycle thermique au FASA 

Ngu" e{engu" vjgtokswgu" oku" gp" Íwxtg" cw" HCUC" ug" eqorqugpv" fg" swcvtg" ugiogpvu" fg" oqpvfig" gp"
vgorfitcvwtg"gv"wp"fgtpkgt"ugiogpv"rqwt"nc"tgfguegpvg"§"vgorfitcvwtg"codkcpvg0"Ng"Vcdngcw"3:"tfirgtvqtkg"
ngu"vgorfitcvwtgu"fg"eqpukipg"gv"ngu"xkvguugu"fg"oqpvfig"gp"vgorfitcvwtg"rqwt"ngu"tgewkvu"fg"nÓcekgt"65;"§"
;:2."3292"gv"3337̇E0""

Tableau 18."Vgorfitcvwtgu"fg"eqpukipg"gv"xkvguugu"fg"oqpvfig"gp"vgorfitcvwtg"rqwt"ngu"tgewkvu"fg"nÓcekgt"65;"§"
;:2."3292"gv"3337̇E0"

Temps (s)

Recuit à 980°C Recuit à 1070°C Recuit à 1115°C

Vgorfitcvwtg"
*̇E+"

Xkvguug"
*̇E0u/3+"

Vgorfitcvwtg"
*̇E+"

Xkvguug"
*̇E0u/3+"

Vgorfitcvwtg"
*̇E+"

Xkvguug"
*̇E0u/3+"

2" 42" /" 42" /" 42" /"
42" 762" 48" 822" 4;" 852" 52.7"
52" 962" 42" :32" 43" :77" 44.7"
63" ;52" 39.5" 3232" 3:.4" 3282" 3:.8"
67" ;97" 33.47" 3292" 37" 3352" 39.7"
68" 42" /" 42" /" 42" /"

"

Ngu"fixqnwvkqpu"fg"nc"vgorfitcvwtg"gp"hqpevkqp"fw"vgoru."rqwt"egu"fkhhfitgpvu"e{engu."uqpv"tgrqtvfigu"uwt"
ngu"Hkiwtgu"32:."32;"gv"3320"Nc"vgorfitcvwtg"oguwtfig"gp"ffidwv"fg"tgewkv"eqttgurqpf"§"nc"vgorfitcvwtg"fg"
nÓfiejcpvknnqp"rncefi"fcpu"ng"hqwt."cxcpv"ng"ffiocttcig"fgu"ncorgu"KT."uqkv":2̇E"*vgorfitcvwtg"fw"eckuuqp"
ejcwhhcpv+0""

"

Figure 108."Vgorfitcvwtg"f)wp"fiejcpvknnqp"f)cekgt"65;"tgewkv"cw"HCUC"§";:2̇E0"
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Figure 109."Vgorfitcvwtg"f)wp"fiejcpvknnqp"f)cekgt"65;"tgewkv"cw"HCUC"§"3292̇E0"

"

Figure 110."Vgorfitcvwtg"f)wp"fiejcpvknnqp"f)cekgt"65;"tgewkv"cw"HCUC"§"3337̇E0"

"

"
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B. Calcul d’équivalence : gain de masse – épaisseur 

Rqwt" ffivgtokpgt" nÓfirckuugwt" fg" nc" eqwejg" fÓqz{fg" §" rctvkt" fg" nc" xcngwt" fw" ickp" fg" ocuug." pqwu"
eqpukffitqpu" swg" egvvg" eqwejg" guv" eqorqufig" fÓwp" ugwn" qz{fg." nc" ejtqokpg" fcpu" ng" ecu" rtfiugpv0" Nc"
hqtocvkqp"fg"nc"ejtqokpg"uÓfietkv"uwkxcpv"nc"tficevkqp"<"

· 4"Et"-"514"Q4"s"Et4Q5" " " " " " " " """""""""""""""]D03_""

NÓfirckuugwt"fg"nc"eqwejg"fg"ejtqokpg"e*Cr2O3+"guv"ffivgtokpfig"§"nÓckfg"fg"nÓgzrtguukqp"<"

· 結岫系堅態頚戴岻 噺 " 陳岫寵追鉄潮典岻凋┻諦岫寵追鉄潮典岻" " " " " " " """"""""""" " ""]D04_"

Fcpu"egvvg"gzrtguukqp."m*Cr2O3+"tgrtfiugpvg"nc"ocuug"fg"nc"ejtqokpg."ρ*Cr2O3+."uc"ocuug"xqnwokswg"gv"
A."nÓcktg"fg"nÓfiejcpvknnqp0"

Ng" ickp" fg" ocuug" oguwtfi" *つm/A+" gpigpftfi" rct" nc" hqtocvkqp" fg" nc" ejtqokpg" eqttgurqpf" §"
nÓkpeqtrqtcvkqp"fg"nÓqz{iflpg"fcpu"nÓqz{fg0"Pqwu"rqwxqpu"fqpe"fietktg"<"

·
ッ陳凋 噺"陳岫潮鉄岻凋 噺"津岫潮鉄岻┻暢岫潮鉄岻凋 "" " " " " " " """""""""""""""]D05_"

Fcpu"egvvg"gzrtguukqp."ugwn"ng"pqodtg"fg"oqngu"fg"fkqz{iflpg"n*O2+"guv"kpeqppw0"Qt"fÓcrtflu"nÓfiswcvkqp"
fg"hqtocvkqp"fg"nc"ejtqokpg."pqwu"gp"ffifwkuqpu"<""

· 券岫頚態岻 噺 " 戴態 ┻ 券岫系堅態頚戴岻"" " " " " " " """""""""" """""""""""""""]D06_"

Gp"tgornc›cpv"nÓgzrtguukqp"D06"fcpu"nÓgzrtguukqp"D05."kn"xkgpv"<"

·
ッ陳凋 噺"" 戴┻津岫寵追鉄潮典岻┻暢岫潮鉄岻態┻凋 """ " " " " " " """"""""""""""" ""]D07_"

Ng"ickp"fg"ocuug"rgwv"‒vtg"gzrtkofi"gp"hqpevkqp"fg"nc"ocuug"fg"ejtqokpg"pqwu"qdvgpqpu"<"

·
ッ陳凋 噺"" 戴┻陳岫寵追鉄潮典岻┻暢岫潮鉄岻態┻暢岫寵追鉄潮典岻┻凋 """" " " " " " """"""""""""""" "]D08_"

Pqwu"rqwxqpu"ckpuk"eqodkpgt"ngu"gzrtguukqpu"D04"gv"D08."pqwu"qdvgpqpu"cnqtu"<"

· 結岫系堅態頚戴岻 噺 " ッ陳凋 ┻ 態戴 ┻ 暢岫寵追鉄潮典岻諦岫寵追鉄潮典岻┻暢岫潮鉄岻" " " " " """""""""""""""""""""""""""]D09_"

É"rctvkt"fw"ickp"fg"ocuug"oguwtfi."pqwu"cxqpu"ceeflu"§"nÓfirckuugwt"vjfiqtkswg"fg"nc"eqwejg"fg"ejtqokpg0"
Fg"nc"o‒og"ocpkfltg."pqwu"rqwxqpu"ecnewngt"nÓfirckuugwt"fg"nc"eqwejg"fÓqz{fg"gp"eqpukffitcpv"swg"ugwng"
fg"nÓjfiocvkvg"*e*Fe2O3++"ug"hqtog"uwkxcpv"nÓgzrtguukqp"D090"Kn"uwhhkv"fg"tgorncegt"nc"ocuug"oqncktg"gv"nc"
ocuug" xqnwokswg" rct" ngu" itcpfgwtu" ffiuktfigu0" Gp" ifipfitcnkucpv." nÓfirckuugwt" fg" nc" eqwejg" fÓqz{fg"
*e*oxyde++"gp"hqpevkqp"fw"ickp"fg"ocuug"uÓfietkv"<"

· 結岫剣捲検穴結岻 噺 " ッ陳凋 ┻ 計墜掴槻鳥勅" " " " " " " """"""""""""""]D0:_"
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Fcpu" nÓgzrtguukqp" D0:." Koxyde" tgrtfiugpvg" wpg" eqpuvcpvg" swk" ffirgpf" fg" nÓqz{fg" eqpukffitfi0" Rqwt" nc"

ejtqokpg"gv"nÓjfiocvkvg."pqwu"qdvgpqpu"ngu"xcngwtu"uwkxcpvgu"<"

· 計寵追鉄潮典 噺 ど┸はどぱ"潔兼戴┻ 訣貸怠" " " " " " " " ]D0;_"

· 計庁勅鉄潮典 噺 ど┸はぬに"潔兼戴┻ 訣貸怠" " " " " " " """"""""""""]D032_"

É" rctvkt" fg" egu" xcngwtu" fg" eqpuvcpvg." pqwu" rqwxqpu" vtcegt" nÓfixqnwvkqp" fg" nÓfirckuugwt" fg" nc" eqwejg"
fÓqz{fg" rqwt" fgu" ickpu" fg"ocuug" eqortku" gpvtg" 2" gv" 422"-i0eo&4" *Hkiwtg" 333+0"Eg" itcrjkswg" pqwu"
rgtogv"fÓcxqkt"wpg"guvkocvkqp"fg"nÓfirckuugwt"fg"nc"eqwejg"fÓqz{fg."§"rctvkt"fg"nc"oguwtg"fÓwp"ickp"fg"
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C. Perte de masse liée à l’évaporation de la chromine 
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