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ABSTRACT

This thesis was aimed to investigate the soldering between Sn-Cu lead-free solders
and copper substrate. The investigation was focused on the wettability, formation and
growth of intermetallic phase in the soldered joint. Effects of grain size, grain orientation
and residual strain of the substrate on the wettability, formation and g¢rowth of
intermetallic phase were studied in this research. The Sn-Cu solders used in this thesis
included Sn-0.7Cu, Sn-1.0Cu and Sn-3.0Cu. Reflow soldering was utilized in the

investigation. The results showed that M-CusSns intermetallic phase was the first phase

formed at the interface and €-CusSn was formed when soldered with a longer time. Among
the three solders, Sn-3.0Cu provided the thickest intermetallic layer when soldered under
the same condition and it was consequently easy to observe. Sn-3.0Cu was therefore
selected to study on the wettability on copper substrate. The wettability of the solder
was increased with the increase of soldering time. When annealed at different annealing
temperatures of 300, 600 and 900 °C for 1 hr, the copper substrate had different grain
size, grain orientation and residual strain. By using electron backscatter diffraction
technique, the substrate annealed at 300 °C possessed the highest misorientation angle
and residual strain while the 900 °C annealed substrate had the lowest values. The grain
size, grain orientation and residual strain of the substrate had no significant effect on the
wettability. However, the thickness of intermetallic layer was proportional to
misorientation angle and residual strain of the substrate. After thermal aging, €-CusSn
appeared between M-CusSns layer and the copper substrate when thermally aged at
75 °C for 1,000 hr. The formation of &-CusSn was shorter when thermally aged at 100 and
125 °C. The growth of the intermetallic compounds was chemical reaction and diffusion
controlled. The copper substrate without annealing provided the lowest growth rate of
the intermetallic compounds.
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UNU

1.1 anudunuazanudrAgasslym

Tugnamnssudidnnsetind mstansidunszuiunsidifydmiunsusznougunsal
Bidnnsefing [1-3] vhunansszutlavenn3fiiauniduesduseneuiiugiu (Sn-based solders)
Tavtnn3l¥ansngi Sn-Cu Wungunilsiihunlinaunulave Tnninddunauvesme Muagiyn
(Sn-Pb solders) iilasarnilautifinsnaiituaziisiagn (4-6) Inslanstnnilunduiiarunso
thanlFeuldieigumaiantu Sn-0.7Cu uazitgnmgdas 19U Sn-1.0Cu uag Sn-3.0Cu dusu
maaLL@@IG’{%’Ummﬁﬂﬂuﬂﬂﬂ%L"TJu’J’aﬂiamﬁw%LL&JuiaaiugﬂLﬁm (Under bump metallurgy:
UBM) uazmalulagnisndnleduuuldanueaunuyl (Ball grid array; BGA) [6, 7] iN518N83u04
anusaunslugdansdaniwanlainelusgnitenisianiliiinugiserseninaunusesias
TangansiRmdutuasusenouddany (ntermetallic compound; IMC) MSLAnTuYB AL IMC
fflgunvuidoldesuazaiiianovsvenisninieudenislansinnia ogrslsAniunig
wiivlaveadu IMC Awniiulldaadernudeieldvessegsavans fosmaniinliaiy
Wizhagmui sty (7-9] Tnetu IMC fiasnsaifntuldssninmeauniuay
Aun lawa CuizSns (B), CusSn (y) wag CusoSns (§), CuaiSnir (8), CusSn (g) wag CueSns () [10]
ws IMC Ainuldaannisdandviald fe CusSns was Cussn taenisiasaAiulnues Cussns wag
CusSn ﬁ’]lﬂdﬂ’]ilﬁ@%ﬂﬂaﬂﬂ?’mLf’gfué’@ [11] wasiindesinauadnlusy CusSn [12]

msLﬁmLLazﬂwsLQ%@Lauimmaq%u IMC ﬁu%wmawiaﬁm’%%uagﬁ’uwawﬂﬁﬁ]é’fa Kif
UA381m19All (Chemical reaction) n13uNsTivBULNFULAZIEeINTY (Grain boundary and
volume diffusion) [13-15] Inefitladaeuenidnuniedos 1wy samgil nawazuauifives
LKUT84 [16-18] M TNUvIUNUITeRHunuATsdnauviaansliiiud singnisaisingg
AAgrdestunnaigidulaves IMC Fadunananuuiainsuvesisuses Wosnmsunsidu
PINTUVDIVUIALNTUBHUTBY [19, 20] 19U 31N91WIT889 Cao warAnly way Lee wavAy [19,
21] wuheamunges IMC windusumsldudusesiifinsuanden esanidumenisunsves
POUNTUTILNTUNT VD 0ZRaNRAL RTINS AUTRTaY IMC 21NN1SUNTVBIDEADLNIY
vaunsuAntuldinnIInsunTEukania (Lattice) wardisenulinisnasyivlaves IMC
anaudloudusemosunsiinsuruialung wsensunseiiureuinsuiaduldtiosas [12, 22]
Tumanduiu Wang wazany [22] S180uianumumes IMC istufumsiinuumnsy e
nsuralngiliiAnnsnuiuresufizemaaiivaznalnnisundideveuin suresususes
anas datumaunsiafetulddrdmaliinnsasunalnanmaunslugnalnvesufizenis
il ukusesiitinsulngvinliiAs fisomaeifigsduiominnisunivomemaminisiuses



¥ [
Y

ugslanetnng Fafunsifinvunansuanselfisomaaiiissuireiufiavilidy IMC wutu
(23]

uenniideinenuimadenvesudusemesunsiiiinsulussaulalasuasiiatule
Andusiusesifvunansulussduulumns iesanmsgeduddanvasulinnvesnsuruia
Andwalindinudassiufitanas [24] wiegelsinunislenvesuiusomesuasiinny
Fudpuanmaiintures IMC fsgwinaiiuiia [25] fedunisdendsldlégnimunlnegauauts
veafiufnfissrinduuaduisrfunisunsvesernouiintudiouiy [26] Tnensunsves
szmouvennsulusziuuluwesiinnitluseiulalaswns [27] fadunanisunsueseynonss
annsaviiliAa IMC fifiannumn wazniswsadulaves IMC iliAnnsdenfiadestang
wazanassnasailoamaBsunlatesdussnoumanaiives IMC fiszninaiiuia (28] egalsh
AUNUIINTEAIL MU YEeT Y IMC kazn1sasuudatesdlssneuniuaiifissninafiuia
dwalrifyududafiutufdnansstuduiunuidefinm uwiddldausneiueeuduiug
sew19n13LAR IMC wazauansatuns@enlilifednadmaulunsdi [29] edhslsfinunis
L?‘JaﬂﬁamyizﬁmmmLﬁmﬁulﬁwé’aﬂmﬁm%wum%u IMC isteriies uenainiimsadsuntasnis
L?JEJﬂﬂ’llI’]iﬂLﬁﬂ%ﬁﬂﬁ'ﬁswj’mﬂ’lﬂﬁuQN%QQLL@%EQ@J“UEN‘UE)UL?]?N (Misorientation angle) [30, 31]
Fetunuansalunsdonwagaitavuives IMC 919asiaruduiusfudinasiansanld
SRR RN Lﬁaqmﬂif"?qamﬁmaaéﬂqﬁﬁfaﬁwﬁﬁyﬁuammwmmmiﬁ’mﬂ% [28]

Tunuitefidlafnmnistaniseniislangdaniliasngilundy Sn-Cu fuususes
NOWA MlEnTIIEIUMAnTULAY TSR UlAves IMC aaenaunsilon waskaveuruses
nowwnsiiinasonuasalumsionwaznisiiniuves IMC lhfnwauTRivewulusome s
TusUnuuvesunminsy msdnidesianazaanuinisanndg filrermannsalunisidonves
lavzUnnsuaznisasyaulaves IMC

1.2 AUInELAZ I UTEEIAYaINISANEY

1. iilefnumavesUSinamesundulanzdans sn-Cu filliontsintusaznisasaivla
P99 IMC

2. le@nedvsnavesalunisdnnifidnasenuaiusalunsdenuaznisiin IMC
s¥19langinng Sn-Cu WaTUHUTDINBILAY

3. iefnwinaveuruse e uasiiiiienimasalunisilen nsiintuuaznis
3uiulanees IMC Tuszuulanginng Sn-Cu LaZUNUTBINIBILAY

4. ofnWIBNENATRIUNUTDINBILAS gaungiuaziiatunisuumenuiou (Thermal
aging) fidisonsuasaiulnues IMC



1.3 aUUAFIUVBINITANYN
mnnsAnsduairfoyaiiisdouaslunuifedisgannsofiauigruiiioninun
vouLumveImsAnwldd
1. Usinamesundulanydaniiinasensiistuuaznsiasaivinues IMC szwinenns

2. hanlunstaniiinasienuaiunsalunisilentaznisiinwme IMC
3. guanUAvasuHusasdiNadanalnnsinTuLazn1s93AuLaae IMC
4. gumgiuazianlumsunsiigaLseulnanan1sasyulnves IMC

1.4 YAULIANITANY)

Anwlangtaniliarsnsialungy Sn-Cu fulHuseanouasuigns fde3sslndi
gl 350 °C Mnawaniaiu TagdanInamnasgiunisageundn fusidmiuiamudoya
langUnn3vea NIST [32] uarfinu1ansnaveunuseamnaiuns anmgiinaziattunisuumeainy
¥au (Thermal aging) ifisian 15.a5qLAularaa IMC Imal%qmwgﬁmiﬂmﬁ 50, 75, 100 Way
125 °C uagIauudi 1, 10, 100 uaz 1,000 hr

1.5 JuAeUYRINIIANY

1. Anwwagsausandeyafiieadesiunisfnm

2. AnwTEms dumeuuanedosiiofildlunmavages

3. 9RNKUUMINARBY N3BNaUNTalingY WspuuHuTakatlavednns

4. veaeIwaztiuNaRULANNINABlALA N1sUAn3 N1siiuRanITNAaRIluLILNR19Y

5. JATIENHANTITIINN1TNAABIRA1Y USunaunesundlulanzUans laseasneganin
ngRnssunsdenvedlansdand maiiatusaynisasaiiulnues IMC

6. asUnanIaaomsandaiausiusiiliannmaans
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2.193%eMieados

2.1.1 navasUSnamasunsiiinadonsinng

Tuu3seaes Chang uwazams [33] laAnvnieafunavesUSualansdanIuazaiy
Wudureanesuna (Cu concentration) fifiosnsanisarats (Consumption rate) UowAY
NOIAIIENINNITUANTUUUSINGD (Reflow soldering) fudsiild@nen Ao (1) Arandudu
Busuvemeaansludslanstani (2) wa1nstnniuas (3) vuislangtinn3uuugnuea (Solder
ball size) MnmsldlangianIvin Sn-3.0Ag vuIRLEURUALGNA1T 400, 500, 760 Wag 960 um
wazfiunewadlulansUnndludiunm 0.3, 0.5 uay 0.7 Wesidumaeimin (wt.%) thandans
flgamnd 235 °C Taeldiaan 90 s vdansTAnINUTY IMC 9l CusSns dWSumsazatsvasisy
sewolansfiunesntariivinasfininniuiunisaneududuremewadulansdaniuas
Uinalensdanififindu uasaunuivesdu IMC agtusgiunrunduduvemesndlulans
UnniuerUsunensveslanzUnng

AusunIkauaAIUTIIN 1.5, 4.5 uag 6.0 wt.% astulansdnni Sn9Zn-1AL,05 91
Tauanmsalunsidenvedanstnndaty saiaiaeudumiussadouvessessendsns
Uansuuusuegiifleinin 6061 fiaamail 220 °C 13a1 5 min Tagmsiiumosuastioisdiin

YU IMC N5&PIINURITOYRDLAZAANAIITUTEIINNURAITENINHUSBILaETangUnnSvinlmAm

IS v

Msenadundudavedtarsinnites [34]

)
a

NIALANDUNIANDILAUTEAUUITUUNTUTI 1 Uag 2 wt.% adlundndnaudaniiu
AyunuuLHUNoUAsF835n15TAnILuUTINg T lulneufigamail 250 °C 1181 10-120 s
anuanunsalunsidenvesvesianazgnisesnseynianesunsiifnadly Taensisalfzen
sseiuiiAald S Turdeisin iUt maaiiseninvonnatiazlaveiiu v iiula
IMC ﬁswdwﬁuﬁaﬁmwwmLﬁumﬂﬁuﬁ’unmﬁuﬂ%mmmaqmﬂmqu,mLLazL’Jaﬂumﬁﬁ’mﬂ%
[35] uenantudsdinmsdnwnistudamsnesuesesitmuainludu IMC Tnsnsifiuyiuna
nowwaslulansnng Sn~xCu FeflUSInanNesLAILAnanei (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25,
0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 wt.%) ndsn15UanIuuuslndrfigunnfl 235 °C 121 90 s WU
W@y Cugsns AiszmindlansdnnIuasvosuns ATumuwas Cugsns Suunltufiumntudefia
Umnaweamesadulanzdand venandunsifinimamesuadlulansdanidiiedudanis
Antuuarannislavesdesriswuwiadnludy IMC 16 Tnsameludu cusn desanamududy
vosmaswnslulangdaniannsadudinisunseanluvesesmenainususomosuaslgslans
ﬁ’mﬂ%“vﬁaLﬂumsammm"l,ajamasuamWsLLwiﬁuaaazmawaqumLLasﬁ‘qﬂﬁiw’mﬁuﬁﬁqﬁﬂﬂé
NN3aANSANTEIIRLAN [36]



Tua1u3duves Liu wazAng [37] U1 Sn-3.0Cu u1UAN3A2ELaLE0swUUTING (Laser
reflow soldering) AULKHUNDEANDIAT (Au) MEINTTANINUTY CugSns MuUszanas 5 um was
dewssuidleuiitu IMC wunnninslélansdans Sn-0.7Cu way Sn-1.5Cu HpsanuSuta
nesunsiistegannlulangdand Wwudefunuideves Sebo uazamy [38] WU CusSns nturfy
MsHiy3NamMen31nn1sld Sn-3.0Cu, Sn-5.0Cu wag Sn-10.0Cu TANTULLHLNDILAITLIN
15 mm x 1.5 mm San3figamgfi 300, 350 uar 400 °C uanandudanuit madendduiile
dugamgilunstang duaineiddefisnuandiifunuliuiifdosiunarosina
neansfifinasensinnslunivesmnuaunsalunstaniuasnsiasaiivlaves IMC vauziing
Yasunusosfiinatenua st unsilnvedlangtandaznanililudesely

2.1.2 NAYBILRUTBINIHARRANEINTA lun1s Uenvadlanzinns

Twau3deves Zang wazaniy [39] Anwinszuaunisilen (Wetting process) WazAIs
nsranefvedlanyUnns Sn-3.0A¢-0.5Cu UNLNLTBIMBLLAL dniia wiannanliaty (SUS 304)
wag SO, nelaussenId Ar (99.999%), Hy (99.999%) Tuyitgauuaiitnn3n 503 fa 673 K nd3
nsUnnsyuduNa (Contact angles) semindlavsdansvaiuazunusetluanizveudaiiiiana
Watiugamninistans Tnsyuianasvinlilansdan3dainizuruseslaniiiosannainufaii
(Surface tension) anadtilogungiin1sUan3aedy dniundeanuseninaiuila (Interface
energy) Tunsdlvewemasariiniaanasegednnullioiivaamal snvivunusodnannants
atluiay SO, uwdiin1siiueamiin1sUANTAWUNT 673 K WANAIaIUIEnINiulildeuLla
ntesidasnnlaneiulyaviasumaigiuas SO, aziindausznineiuiigeninmwannanls
atly Audvilinanisgainizvedlaneianivlinluniiuse wmoiuaaindulanngnsesasun
Ao dnifia SIO, wazmannalSady

319U V8Y Zhao Uazame [40] laldanalgasusuusanuia (Surface treatment)
lavziutinausudgsanuasatunisienvedlangianuunewas Ingldndanuaivesi
2000 Uag 4000 W AR 16 Hz WazliaInsesu (Pulse duration) 71 8 ms anglaussennie
& ¢ - Y a o v & a A o g ¥ a ]
ngorineuiatdssiuoan@iadu n1sUSUUTIUREIN 2000 W vilvivatuafiiun1sateawe sy

= = % A4 A g a =2 <
HANWUU Columnar tilaeanarnuew tiaiiiuidu 4000 W iinuevasuazalsdnuintuwas
wWagunanuuy Columnar Widvwialadu nasianilegldlanedans Sn-3.5A¢ Luugnueavuin
0.76 mm Mgauugil 265 °C 11a1 60 s LieNAEBUAN1I2A5TEN N15UTUUTIHINDIUAIIY
LA SN IANS I UNUR LRI UL DLUTE UB UAUNDIMAITINIUNITIA Fevilvanyuduiauas
LanzUnn3iuNoIwAIaian 42° 1nde 31° uay 32° Waldndaulawesi 2000 uay 4000 W
ALEAY
! [ £ 1 Aa LY ! a

aglsfinuainnsldurusesniivuininsulusedvlulaswasnudn danuaiunsalunis
Wenainiimsldurusesivuininsulussauunluwns Wewnveunsuausaindaunnses
wsaian1sazauaudull dnnunsulusgaululasunsduinlngn IMC ndaussliouasdl

1 ! = = = LY LY = < S

AuvwiuinniwlewSeuiisuiuinsuluseduunluuns [26] Jdianudululalunsalingy



fflvunalngnuanfuiiveuinsuyngsiisifiundsnuveuinsuiliianuansalunsdonld
ﬁﬂ’jwaumimwwuﬁﬂ [30, 41, 42]

0e19lsAmUNTLNI T MBILAMANNENEIN TN LGNS ULAT NS HuYa LY
mnwamimaaﬂm%uﬁuﬂ’; Wafer Level Chip Scale Packaging (WLCSP) A28A2 1AL
Ya9nsesabiiluananaiy A 0.5 ASD, 1.0 ASD, 1.5 ASD, 2.0 ASD, 2.5 ASD wag 3.0 ASD wag
thundanIuuuiindfigunadl 255 °C uaguuseaufeuiigumadl 150 °C \Juian 48, 96
wag 200 hr Anunuwduvenszualidinild 0.5 ASD ilildneunsfivuinnsulssana 200-
300 nm wazawAnsUintuiofiummuuresnszualii ned 3.0 ASD nesuasivue
nsUUTENI 1-2 pm w&ansTRnSAnTY CUsSNs LATUAINITUNNU CusSn LARLRNTASZAINg
CusSns Insuriusesiifinsulnfindsnuanuedsanelusaendsnuszaouios wunnsuiding
ilingAnssunistaseyiulaves IMC Wuufuruensuiidnas 1197 dedudssiuuiusesuay
ndunelureuinsuindusaddntulasiauganaiiddydmiunsunsvosesneuuagnis
WwigAvlaves IMC Tusyuunsuang

2.1.3 BvswavesgumpiinaziaaiinadonisiaigAulavas IMC

TuauIdgues Sharif asanis [43] lé’ﬁﬂmwaﬂiz‘vmSuaaﬂ%umﬂuﬂg’jﬁ%mawdwﬁuﬁ’s
senislanzdnn3vda Sn-Pb waz Cu metallization Tugunsaldiannseind lneldlanzdan3
¥iingnuea (Solder ball) BuIAwdURILALSNANS 760 LA 500 um Yi1Uan3Agumail 190,
200 uaz 210 °C 381 1, 5, 10 Waz 20 min KAIINAITTANT WU CugSns TEMINNDIUAINAE
TangdhnaiRntuiiyanainsdaniwagaanatinnifiaan 20 min wudi CusSn fisznrinamoung
TngAnumnvastu IMC wfivwaifistudlefiuguvnivaznainistnng msaraievemaung
wiiutufumafaUamslansdaniuaglaneianinduiinasdesyinldaumuniadsvesty
IMC ﬁ%u’lﬂimu’lﬂﬂ’j']ﬂ’lﬂsﬁawdﬁﬂﬂ%ﬁﬁ‘d%ll’]@ill’]ﬂ%ﬂLﬁﬂ%’umﬁ@uﬁuﬁﬂﬂE}ﬂAM{]ﬁﬂ’]iﬂJﬂﬂ%
Tnednsmaasuiaswes IMC ztusgiutunalansinnd wu uimmEmuwesdu IMC ag
anaadlelinyUiinasveslavgdand winsdiflilavedaninivsunstoslanyaniazdusiu
U AINUALTaseE NI AT A TiDa NN NUELTasZY T IMC TaTy

Tusuideves Yane wasamy [44] ldnwinmsunsuuuunudl (nterdiffusion) fisening
fufaldud fynusans Sn-0.7Cu uaw Sn-3.5Ag fuHUTBIMDILAMAINITTANTT 260 °C way
Ul 150 °C Huan 120, 240 uaz 480 hr MEINTULWUTY CusSn 58319 CugSns LALTIBINAY
Tneduasuszneuiddaveiinuvunfsludlefiunainisy nmsfnmnsunsuuuunud
veanedunsuaziynluduansuszneuidslanenudn faainisuuandieiuiiszninediuia
Solder/CugSns waz CusSns/CusSn Sn1siadeudsesnosludilanstnnideduogfunainisus
Avduseningituin CusSn/Cu %zLﬂﬁauﬁwleUgiLLsiuiawmLLm 1AEHANITATUIUNSNTNITUNT
(Diffusion flux) TavazmeumaILANLazRYnTuTY IMC Tnsnesuasannsaunsldiiininfynluty
CugSns Waw CusSn NTuNTvaIsIgIsaadazgniudslasduarsusznauidslanedifvingud



FutasEminafiuiin CueSns/CusSn V\Ié’ﬂ%mmwiﬁumawawmLLmLLazﬁqﬂ%amauﬁawm
naLfissmEuazeunmalufyn

Tuauwideaes Yu wag Wang [45] ladnw1itaiuinisnalnnisifiulalazaiiuiseuinees
1 IMC izw’jwqﬁuﬁﬂamﬂ@ﬂ%‘LLas‘maﬂLmﬁwdwﬂﬁﬁ%mmiﬁmﬁ Tnglglanginng Sn-3.5Ag,
Sn-3.5Ag-0.7Cu, Sn—-3.5Ag-1.7Cu tay Sn-0.5Ag—4Cu LUULHUEMUY 1 mm 812 5 mm (U3N103
Uszaned 0.02 cm?) WagyeaLaInul 1 mm A319 20 mm ﬁ’mﬂ%‘ﬁqmmﬂﬁ 250 °C 13@1 10, 30,
60, 180 way 600 s wazidumaluainia nden1sdanInu AgSn Tulangdans wagdu CugSns i
sgmisiuiuasdanuvunfistufunaifianainisiong viinaewsulanednnififa
fosmsanmsazansvesusiuses mumeIuiavesty IMC fiszvinssesdeifindufunisdiunan
N15UAN3 lneAuneIuiavee Sn-3.5A6-0.7Cu ke Sn-3.5Ag-1.7Cu 91NN SN-3.5A¢ Uae
Sn-0.5Ag-4Cu dmsuAAuneuiaidntesidemnndrnussniniuialavednnivaiuas
Fu IMC Fuhlmsasyivlaves IMC Bntulates

dmsuufisenseninaiufingas sn- 3.5A8 wagAynUIanSIlothundan3funesunavas
Naﬂ (Polycrystalline Copper) maamauwamwﬂu 240 o 280 + 2 °C 19@1 2 83 600 min
wud4 CusSns wag CusSn Lua’msummmmaq CUgSNs szmaslmuuuﬂuu CusSn WU WIANTY
91nn9ld Sn-3.5A¢ uagiiynuavdans tuninsutesty Cussns Srunmanadiaifiuainis
¥ang uisunnsuagintuidefugaumainistang anmsldiynusandili Cuesns fuual
nlanzdnng Sn-3.5A¢ WelUSauilieufian1izieai seming Cussns 1AuTARuazanndsu
sewiniuialanzdaniuartuaisszneuddanglfuinnindeisudisviuiynuiansly
annnfeaty dmsvnalnniadulnvesingu Cusns mruaulaansunsfiveuinsy (Grain
boundary diffusion) ilal#laaninn3unnnin 30 min nalnnisiaulnazauaulngnisunsves
dlawnsu (Volume diffusion) iwudisafunalaninfivlnvesdiuansusznauibslans Cusns ud
13U CusSn semine CugSns wagnmaauns nalnnisifivlnazauaulnenisunsveaieinsy
[46]

Tusiideves Abdelhadi way Ladani [13] tauanslhiviunalnnisasaiivinvesdu IMC
Tussutlavenan Sn-3.54¢ fuvaaussiiAnduanmsnuiuresjisemaaiiuaznalnnisuns
Tngn1stanIfgangil 260, 310 way 360 °C 198769U6 1240 min MU CugSns WaE CusSn
szislangdaniuaznewundlaetuansuszneuiBlansdvunafintudoifingumgiuazing
tfan3 91nlanma Dybkov wandlidiunislavestu IMC nmNMsENsLazUIsEININURATEN
maadl nsnuaunniulagesiu IMC luanizd§Atemanifiauduiusuuuidunss
(Linear relations) wagilanuduiiusuuuidulas (Parabolic relations) luan1ignisaiuaulag
nsund dmsumafisgumgilunistinniansdiujisemaeiiuagdnsnsundifindulag
nalnmafiulaiaestuneududeujitemaaiuasnisfulnazgnamuaudensunsfianoe
gaviny legAndsnunsedudmsvanneamuaunsiiulaves CusSn megufisermaad wiriu



20.59 kJ/mol dmsuani1ign13auaulagn1sung CugSns way CusSn Wiy 41.98 wag 50.10
kJ/mol muaay

Tunsalngfnssunisiasgiaulnveansu Cuémﬁi%ﬁﬁ’j’]ﬂﬁua? Sn-3.5A¢ WAENDILAY
iwdwmiﬁ’mﬂ%‘é”mam%auﬁqquﬁ 240 °C way 280 °C #8138 2, 30 hag 600 min
Wisuiisuiunisiduilueiniandsnistianiuaznisiilanednneanmeaunounisiduss Tu
anmezmandusluemaiigamgil 240 °C yaaMITANg CugSns SSUNTILUUNALLIULAZINTY
fowadfindudofiunainistand dmsunisifingungdil 280 °C insuazdnsundsuen
(Prismatic) ARlaNEIa1 2 uay 30 min Welfina1da 600 min sxdisUuuunALILIUIALA
Ni1an1rdue oenslsinudmIu Cugsns fisuuuudinnnsiaiu lunsdillangdnnTinaneen
Aeunisiduivinliynaniizn1smaaes Cusns f5Unsauuunausuaziivuindnninile
Wisuiisudunisuaeslidusialueinia Ineynnsveasssilassasimdnumiouiufe wuy
Hexagonal %QLﬁszijmmLLazIawzﬁ’ﬂﬂ%' [47]

Tuu3dyves Memg Lwazatuy [48] AnwiauduiussEnInsrIIve Y IMC uay
Yadelulanenau Sn-3.0Ae-0.5Cu Wag Sn-3.0Ag-0.5Cu-0.2Co natn1suanslaamnnuatadslu
msAnmilduA nstfiusigdnifa nauarenniinistnng Jeusasdaded 3 seiufie n1sidusg
dniAalulansinniwsaassiad 0.00, 0.05 wag 0.10 wt.% 11a1n15UANST 1, 3 wag 5 min
dmfugamnlinistaniagivuail 235, 250 wag 265 °C wawuimnadeduatunisifiuay
ety IMC TugUiuuihdsens Quadratic ainnsvuelaglfaunisidunsnnumvosdy
IMC Tulangdnns Sn-3.0Ag-0.5Cu fwu1a 3.60 Way 6.72 um kagd1nsulansinns Sn-3.0Ag-
0.5Cu-0.2Co Winfu 5.04 waz 13.76 um Wounumdadefisefumuazgenudfuadluaunis
Uy kaznavasslavead (Co) tu SAC 305 asisdliinnsnnadndeinlvinisiasayulnves
o IMC WisnguidlenfSeuiiteuiiu SAC 305

2.2 Nouinedes
221 wgufiieadasiunisiani

2.2.1.1 Tangdans (Solders) [49]

Tugnanunssuntsnanuazysznaviudiudidnnsedindfuusuisas avldlavy
wanfiieninlansinng (Solder) Wufiuszay dmulangianIudanaiu (Conventional
solder) Afguldagddunaueingiaziyn (Sn-Pb solder) 1u langnanlusnindiu 60:40
(Sn-40Pb) W 63:37 (Sn-37Pb) wt.% Thaesiindulanzdaniidqnnasuvaiiishesonis
thanlden widwiuzmidlulansdanidaeglunguanssunsneidsmansenusesianenywd
uazdsunden Mtugnainnisunisanuazysznougunsaididnnsedndlutiagiu Sades
Uiuussmandneilidududuuuliasngi TnemsilangnauiiusaanansaemniediFonin

TangUnnsliansnena (Lead-free solder) umaunuuanduintguiieatunszuiuniswan



\losanlangdaniftumaunudulavenanvialvdqfidshinsuauaudiveddanydan3
TnslanzivesAdsenounineadifiuandsfu ileduvanifulaneiuniouduisasi
Usgnausevesuasuiav’ liAnufAsemaaiissninimesunsuarsmiinaueglulavginng
Fanssauduressinlansiifegarunsafiafuduarsusznauidelany (Intermetallic
compounds; IMC) Funnaneiu

dnilavenaniidonldlunuiteifoamofiduldmwonds (Solidus) veuna

Y

(Liquidus) #agAIumUILUL (Density) HAAIRINITNT 2.1

A13197 2.1 saungidulAvauna lduldwesuduazanunuiuiuvedansians [50]

Alloy Liquidus (°C) Solidus (°C) Density (g/cm?)
Sn-0.7Cu 227 227 7.31
Sn-1.0Cu 227 227 7.31
Sn-3.0Cu 300 227 7.32

2.2.1.2 WHUTDY

uiuses vi3e Tangiu (Substrate) nasuasu3avsiiamsouty wilwihuazaiy
Souldd maenaulmiuaunsalunisaununisianssulamiduiu edislsianunasunsiivae
\n3A dmSunIaRiuTAINe8ndian (Oxygen-free copper) Bumiunldfunuiifinnudesnis
sumsiliinldgs degransevemenins msthlvliuazaanuiumunsiaanafinised

2.2

A5199 2.2 NSAVDINBINAS NISUNNAILALAMUATUNIULTIAG [51]

Alloy Nominal Electrical Tensile
UNS Composition | Conductivity |  Strength
Common name
No. (Wt.%) (%LACS) (ksi (MPa))
C11000 | Copper 99 min Cu 101 42(290)
Phosphorus Deoxidized
C12200 0.025 P 85 42(290)
Copper
C17200 | Beryllium Copper 1.90 Be 22 128(882)
23000 | Red Brass 15Zn 37 56(386)
C26000 | Cartridge Brass 30Zn 28 62(427)
C28000 | Muntz Metal 40Zn 28 70(483)
C42500 | Tin Brass 10Zn-2Sn 28 63(434)
C5100 | Phosphor Bronze A 55n-0.2P 15 68(469)
C52400 | Phosphor Bronze D 10Sn-0.2P 11 83(572)
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a15197 2.2 (o) [51]

Alloy Nominal Electrical Tensile
UNS Composition | Conductivity |  Strength
No. common name (wt.%) (9LACS) | (ksi (MPa)
C65500 | High Silicon Bronze A 3.3Si-1.0Mn 7 78(537)
C70600 | Copper Nickel 10% 10Ni-1.4Fe 9 65(448)
C71500 | Copper Nickel 30% 30Ni-0.7Fe 4.6 73(503)
C74500 | Nickel Silver, 65-10 257n-10Ni 9 73(503)
C75200 | Nickel Silver, 65-18 17Zn-18Ni 6 74(510)

AmsuautRvnInen1n (Physics properties) YaVIBIAILARIFINITIT 2.3 B9
nowwnsimneavoznow 29 Sthminesneu 63.54 flasvadiwaniuu FCC agnslsfinumecuns
fanuanunsalunisazanslen lusmdu 1w dnifa (Nickeh) dangd (Zinc) ogfidlos (Aluminum)
wazAyn (Tin) Nosuasiina LML 0,321 b/in? (8.89 g/cc) uaviyanasmmaiigavgil
1981°F (1083 °C) m3791 2.3 uansnaasiinianion i liveme suaduagantivnsnienn
voslanznewafidenlfiiiowsoudioulilunised 2.4 dwsunesunsfildidunduses T
nsfnvidenldingn €11000 ilesainnosununsndiinisilninldguas doaiuldly
dianvsetind

A Uun U399 ANR (Printed circuit board : PCB) 1fudautssnauiid1fyvns
w3asldlnfindidnnsetindnnudn gunsallwididnnsolindagusznoumeurulsasiiien
guUnsaldiannsetindsnee nszuaunskanunwIsesiiun  ludeagiuinisimuiliuinaein
asenoufivzifuuniurswsiitateresmowaaiiownuiies (Sinde-sided) Waunduaiedsasia
aodulunosneianuuukariua1s (Double-sided) auiaunanenesuwnuinnit 2 $u

Wuduluewian iileliasnndasiugunsaididnnsednddi
L’%@EJG] [52]

uusa s BuLHuAim iy neslwi fanysaitnssunfendmiunisderdiiu
Fudnlidh e tnguszasdluntsamedadluihddnnsodnddng q (53] Yanfitexldunly
urlasasiud fo Snendisdu (Wuesnana) fulesdnesuasindniuinilasuniavioraes
¢ dm3u PCB Mvhannusiufluednts®u (Phenolic resin) fulosdvaaunsindsaliunauas
fealdfuindedldlitlundauFou 1asfinivhainnesuasiiquviowdeuia 1995M09UAT199Y
wdeusetufiynaeiufietiostusendindu vieyuiefiynazinudedniawazanienosd
dielifinisilnidd 53] luiidagndniaanizresdnesunsdiléidudrnuseneuidesnin
\Retestuuniusesilluniids



A15199 2.3 FUUANIINIEAINYBINBILAT [51]
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English Metric
Property , ,
Value Units Value Units
Atomic Number 29
Atomic Weight 63.54
Density 0.322 Ib/in’ 8.92 g/cm’
Melting Point 1981 °F 1083 °C
Boiling Point 4703 °F 2595 °C
Latent Heat of Fusion 88 Btu/Ib 205 J/e
Linear Coefficient of Thermal
Expansion at: / ] P
9.33x10 In/in°F 16.8x10 cm/cm°C
77 °F -212 °F (25°C -100 °Q)
Specific Heat (Thermal
Capacity) at:
0.0921 Btu/Ib°F 0.386 J/g°C
68 °F (20 °0)
0.0939 Btu/Ib°F 0.393 J/g°C
212 °F (100 °C)
Thermal Conductivity at: Btu
68 °F (20 °C) 227 ft/ft*hr °F 3.94 Wem/cm?°C
212 °F (100 °C) 223 Btu 3.85 Wem/cm? °C
ft/ft’hr °F
Electrical Conductivity
(Volume) at: 5
100-101.5 %IACS 58.0-58.9 | MS/m(mQmm*)
68 °F (20 °C) Annealed 5
97.0 %IACS 56.3 MS/m(mamm?)
68 °F (20 °C) Fully Cold Worked
Electrical Resistivity (Volume)
at: 0.6788- 1.7241-
MQ-iN pQR-cm
68 °F (20 °C) Annealed 0.669 . 1.70
HQ-IN MR -Ccm
68 °F (20 °C) Fully Cold Worked 0.700 1.78
Modulus of Elasticity (Tension)
at: 5 )
17x10 Ksi 118,000 MPa
68 °F (20 °C) Annealed
Modulus of Rigidity (Torsion)
at: 20 °C s .
6.4x10 Ksi 44,000 MPa
68 °F (20 °C) Annealed




A15197 2.4 aUURANIINIYATNUDIVIOIUAILAAZLNTA [51]
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Thermal
, , Thermal )
, Melting Electrical o Expansion
Alloy Density . o Conductivity o
5 Point Conductivity 5 Coefficient
UNS Ib/in ) Btu ft/ft hr )
s (or Solidus) | %IACS . (Linear)
No (g¢/cm”) F b
°F (°0) (MS/m) 5 (x10°in/in °F
(Wem/cm“°Q) P
(x10°cm/cm®°C)
C11000 0.322(8.92) | 1949 (1065) | 101 (58) 226 (3.94) 9.33(16.8)
C26000 0.308 (8.53) | 1680 (915) | 28 (16) 70 (1.21) 11.1 (19.9)
C51000 0.320 (8.86) | 1750 (950) 15 (8.7) 40 (0.71) 9.9 (17.8)
C70600 0.323(8.94) | 2010(1100) | 9 (5.2) 26 (0.46) 9.5 (17.1)
C75200 0.316 (8.73) | 1960 (1070) | 6 (3.5) 19 (0.33) 9.0 (16.2)

NOIUALKUUNGNHEAIAEITNTARRURIAIEN 1Ty UNIabNTN (Electrodeposition) uag
n153n (Rolling) d1m3u FBn1siadevfindenisqumdluiindunisndavesunsiifinan g 154
dosararslunsailoasiaBidninslainesuns (Copper electrolyte) ansazatdidninsladazgn
Talufafifuszaluin vosunwuiuudazgaaudelifinszuaunisiidends nsqu (Plating)
LAngIBN1IRagUR 2.1 [54]

+ ANGDE

+ ANODE

sUN 2.1 BBmsndeuiisgnisyunalii [54]

VOLTAGE SOLURCE
——+ANODE

= CATHODE

JUT 2.2 uanenszuaumssaudunesuns tnenissaudseeniu 3 dumdng laud n1sse
50U (Hot rotlmg mill) n153AL8u (Cold rolling mill) wagn1svinvesdneuas lnan1svinnessd
NoswAInINTURUE IR M LAsTH U Inde JuuttrunUsEINas 5 mx1mx130 mm anlv
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a =

Arwoufigamgiiasds 750 °C 9ntuiniounanssevanuualild 1/10 vaseumuiia rou
iluinduanafiinaineufeussgnidnsentilaenisda (Miling anduisimduliaing
nuwmdeiiies 4 mm wieudunisiiuegluguuuumegd (Coils) lunssurunisaivaulaly
Wasuulasruinanuniedazidasuenizanuen mmzﬁi’athmmiﬂﬁugﬂsialﬁﬁﬂ%Lﬁm
nsifiuAmLds (Work hardening) 3edieainnisusuusasieninufou (Heat treatment) 1ufi

gauniuszunu 550 °C

——

Preheating o Hut rod Ling — Milling

|

Tntermssdiate anbealing V. 1t eold rolling

|

Pickling, washing, drving —_— Cold rolling
| ] Optional
= Q . =
Cutting to sheets -— Drying, washing, pickling, continuous annealing

Ul 2.2 M53aneauna [54]
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2.2.1.3 Wdngdmiunistnng (Fluxes for soldering) [55]
Wangaldlunstianiazldifniuszusinilouazidudissufisonall n1sinnd
Taglifl Wang@slduszlonilugrainnssufonavilausdinandazinlinistansazainiu lag

a

Wandvimthavang Ae Wudvih iRt laneiuldlileonlonuayyinlitunuazonn 8nviei
IilaneUnnudvengluifunaliminisfinladne ddndaiuisautsesnidulssianlvegq 16 2
Uszian Ae 1) Wanddunsd (Organic fluxes) datdundndusyinnilidinisianseu
(Noncorrosive fluxes) tawn &13ldl (Natural rosin) ladnd g19au Loanaged nIndunidunay
= 1 Y] ¥ v 6 1 a‘{ Y v a A a « a & v 5
ndevessgny 7 lnemldudmandnauiiliiunisianiaunsalluiivsedidnnsetind fanu

Wandydntarldiunvnasdunssil uay 2) wandelunid (norganic fluxes) Wundnduszian
insinngeu (Corrosive fluxes) laun nauazinaeeiunidudaanie Insundazldnanddiwan

A A a a o J v Ao P v e 1 &
ULQJ@N{jQJJ‘Vi'F\ﬂﬂﬂqiLﬂ@@@ﬂ"?ﬁL@%u531ﬂ'§qﬂiaﬁ3‘U@ﬂﬁﬂ‘U@qﬂqﬂ Lu@\‘mqﬂwaﬂgﬁﬂqmuaﬁmﬁliﬂﬂﬂﬂﬂﬂ

'
A

seewdaulafeud1ed nasnmstanindndivaunisegasgniinesniilagldarsazaenies
avangiall

2.2.1.4 F5n13UAN3 (Soldering methods)
Fnstaniuuudnge linasldiuegnaluuasndouldlugnamnssunisninuas
Usznavaunsalddnnsedng leun

' [
= aa a [ 1

1) msvan3sleile (Hand soldering) Aagu# 2.3 81w IAUNAING19I1UAT
o A v oA A v v oo A v o ) o Aa . ad
founnUudnnsvierusedans talvianuseudulavedaninegluguuuuain (Solder wire) 35
tmngiunsUanigeunauaunsalddnnsedngd

Uil 2.3 mstinisneile (56)

2) mstinnIuuuadu (Wave soldering) #13Ufl 2.4 FufunsianIesduszney
#1399 vereashiiinfuukuIsasiudt (Print circuit board: PCB) Insuainfifesdusznausiigg fn
ogavindeuiiiuluiienslangdanifegluanzveanan Flavzdaniimaiazgngauazyiuluds
Funisiigeansdang aedlddmsvenamnssudidnnseting
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Components A
3%

JU# 2.4 msdaniuuunau [55]

3) N15UANSUUUIINAT (Reflow soldering) Aeun 2.5 F5llaglddmiunistans
fa & a ¢ 2 Ao U A a o =2 =
gunsaldidnnselindvuiaannidlavedaniviingnuea (Solder ball) unuulunsiudn vseay
IlavgdnnineglusUuesaiu (Solder paste) lnglavgUanIaznanegiunanduazsiagn (Binder)
Fe9zNANIUAIUUAILMITNIADINITULLH LT WA N UNSalBdnnsedndasuulans Unnd
PnuIzgnivauseuaulansUnnsinan1sasNazaiy Lﬁaamqmmﬁaﬂamﬁmﬂ%zﬂmalﬂu
< ° P aca | Y o aaa o aa A | ] ~ v
voudsarunsaidrlwinld uenaInIsNnanuILAgEAEAsTANSDUY Bn LU nasUanIlagld
LA a3 (Laser soldering) n3an15Unnsuuuiu (Dipping soldering) dwmsulunisvnaaswaznis
AN I NITURNSLUUS INAIE NS ULASEUTUINTUAIBEN

R
e

sUii 2.5 nstinnuunsgs [57)

2.2.1.5 msWnuagnisnsyangivedlanedans
= . [ va = a0 o Y a
n13.en (Wetting) 1unaudinilandrfyuinvedansdans owanainy
A A = v a & 1% Y B S v = Sa g
Wetelalun1sendesetintunieuiunisileninvedanstnng nslonffilunauiain
langdnn3nivivasly vieesdanedan3tivedninnunisnszalemseua iullseemaiiasindan
ibilliAan1slen undadnng) anuaiusalunislenveswaarairvuiuinveuds (lave
) gninlundvesudula (Contact angle) UARIRIFUN 2.6 wanaAUdNTUS Y NIy ududa
wazszAuNslen nguuuduianuinndt 90° vuneds liflauduiusvesnsileniiia lag
anvaurnsleniifvedlansUnnsyududanistaunit 10° dwsulanetansliansnenidiulng
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~ = 0 i v = a 2 A U a1 a A = DRI
llﬂ'ﬁLUEJﬂ‘Vlm’]ﬂ'J'ﬂa‘Vig‘U@ﬂi Sn-Pb %L‘V]F’W]ﬂ LLagLUUWW?WUﬂu@QWaQL‘U@UUQQLLQJN@QLaﬂu@UIU

Tanzinn3azildnsnasneseaun1senuadtansinnskarauifnianavedsasns AIuunISNIIU
fangAnssukazauansatunsienvedlansinn3dsdfgy

0 /

(a) Total non-wetting (6 = 180°) (b) Very good wetting 6 — 0°

F 3
v

5UN 2.6 Anuduiiugsenineseauvesnsilonluidvesyududa [57]

wanIINNITinyududavedansinnsuas dulinsnsivaevluguuuudnsinig
N3za8@7 (Spread ratio; S,) kags1UT¥NOUNIINTLAG (Spread factor; Sp) wedlanzinn
Tnedusznaunisnseneimdslans inninssnefuandudvlangiuied (R) uazaugs
(h) neenudusgunatsvadlans NSty 2A uaASUALAMNNSATEEFIRIGUT 2.7 [58]

Spherical cap
Solid surface

Area of spread

2A

UM 2.7 sUstmasunadindmiunisnseateiivedaveUans [58]

Usumsvedlansinnsndinisidusiuulansiuanunsouanalansaunis (2.1) wazdnsn
ANNSEANEAEINNSAMLRANNANNST (2.2) — (2.4)

V = <mh(h? + 3a?) (2.1)

__ Planarea of spread on the substrate surface (2 2)
r Plan area of the original spherical pellet ’



a= %[h(hz + 3a2)]1/3 (2.3)
4q2
Sr = [h(h2+3a?2)]2/3 (2.4)

[
v v @

dwUgUN 2.7 1o A = R sin 0 uag h = R (1- cos 0) Auuimusznaunsnszemainsam

Taan
4q?
Yy (2.5)
uay
Z 4cot?6/2
3%y (1+3cot? §/2)2/3 (2.6)
d1m3U 0° < 6 < 180°
AUsEnoun1sNIzItemLasINdAIRdaIsarwIalaINaunIs
D—h 4q?
R N (h3+3A%h)1/3 2.7
2133 66 (2.8)
f (1+342/h?)1/3 '
Vo e 0/ (2.9)
e i (1+3cot20/2)1/3 '
dm3U 0° < 6 < 180°
yuduiasazuavedans Uan3nbusamnsamleain
A? = (R — h)? = R? (2.10)
AZ?+h?
R=— (2.11)
. 2
Sinf = (2.12)
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2.2.1.6 madnduasuszneuidslane [59]

nafntuaUszneuiddlansuinuselaslaveinnifivaonazaneudiodudary
uriusewilfiAnnsusnguostudurewdsseninefiufinlans dnnTuarususes Bondn Hu
a15UsznauLdslane (Intermetallic layer #38 Intermetallic compound) #30UILINITUNS
(Diffusion zone) igf’J’e)EJ"]flﬂ’]iLﬁWﬁU‘U@Qﬂﬁﬁ%ﬂﬁsWﬁN%@ﬂLL@NLLazaUﬁ Aatuansusznouids
Tavzuanadsguil 2.8 fnainususosmosunaiaduduuisues Cussn Tnednusnin (Greek
letter) 31 Epsilon (¢) Suiignagquéneduiivuininfosdusznaumanil Ao Cussns 3oniy
Fta () Wonsaaaeuanilalassunsuseninamaunsuasiiynuansfaguil 2.9 dmsuudusosia
uitlilnesuassunuuduansfiiatuninusesdonansdnsed 2.5 Sediosdusznaums
wilkazlassadendniuandneiuaziinadoaudfidanavossesseseuiy sgnslsfnuly
mAeladladnwantinianavessegnaainnisinng

Copper
Diffusion zone

souter VAE =N
older //f 4/@/[[\/// NEEY 2
2| (=
Diffusion zone ﬂbf/_\___;_’_” W
S
Copper
5UN 2.8 Mmaiintuansuseneullislany [59]
Atomic Percent Tin
(1] 10 20 30 40 50 60 70 eo 80 100
1200 $wrvrrvevey - - - A B de vvvovde oyt

T T T

1084 89

1000
9004
800+

7004

Temperature °C

400+

231.0681°C
2004 43 180°C_ 186°C 3
] 7ol (Sn)—=1
100 Frvvvrvrer T Ty T T T T T
10 20 30 40 50 60 70 80 90 100
Cu Weight Percent Tin Sn

s'i.m 2.9 WalnasnNsUTENINNDILAILALH yn [60]



A5199 2.5 WHUTDILATTUANSUTENB UL LAy [58]
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Substrates Intermetallic compounds (IMC)
Cu CusSn, CugSnb
Ni NizSny, NizSng, NizSny
Fe FeSn, FeSn,
Ag AgsSn

dmTUdnIINISAs AUl ITUATTUTENBULTLANE TENININBILAILALAUND

@
o

gNATUANIAENITUNIVBINBILAILALAYNTITENTNNURY LagUnAudituaisusenaudalany

sEninaaatkagAundantinisnawarneneaniliislseashunninlagianiznsiindy

JunguludSinaiunndedsdeyaauifnianauasnsmeaninvesduansusynouiielans bang

FIRNN199 2.6 WazAINNFURUSTEUINAUAIUNIULTIAS (Tensile strength) Y89508MBLAY
AMUNUITBITUANTUTENBULLAETNATUTE NI WAAEAUNINNTNAFBUTIR NN TIVIDY

namaagu 2.10 [58]

A1519% 2.6 FUUANIINABRENIINIININVBITUEISUSENBULTLane [57]

Property CugSns CusSn NizSn
Hardness, HV 378.0 343.0 365.0
Toughness, MPa.m? 1.4 1.7 1.2
Electrical resistivity, uQ.cm 795 8.9 28.5
Thermal conductivity, W/m.K 34.0 70.0 20.0
Thermal expansivity, 10°/K 16.3 19.0 13.7
125 —
()
s
£ 100 |—
o
5
w751
2
4
P 50|
05 | | | |
2 3 4 5 6

Intermetallic compound thickness, um

35U 2.10 ANUNWIYeY IMC SeninavediaiuazAynilfonuiumIuLsana [58]
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2.2.2 ngeineadesiuinsuuaznisausau

2.2.2.1 MINALASIAS19UDUATY

Tassasrawnsululanzaiuisaasuielaainnszuiuniswiadliveddangiva fa
wansdlugud 2.11 Fausnisulioaamgiianasiiningavasumaivedlane szneuvedlaneiiod
nszdnnszaneazsundeumduilunguussesneundlasiaiuszssninsiuinduduusle
(Embryo) Faduuslenliiafissarunsaazarenauluiduvoanaivsaduladuinduduuslon
wadesddvuiamiduruinings Senduuilenquiin Taedea (Nucleus) Insdandsangy
@ d”dq [ a Y 1 1 [ v d' d' @ d'
Wane Ueanensdasedilduiueudiguasuansmedvasuruinian (5UN 2.11 (@) uag
nsrUIUMSINATUluY9iliSandn Bardetu (Nucleation) #a9a1nUURLARYATINATUILLSULS
Tudundnvsainsuiisannanudaszvesssuy lnensuamastuuiaanisazsuununbeisad
YDUNTUIIUTUAL (JUT 2.11 (b)) ssmauniglunsuasiimadnsesiiiueginlusadeuusiia
nInsdnsewiuszuanaiull dusunsudsinvedanginluasintusgsauysaidlonsu
Induaunsenavuiukazlifivesvaimaesy (FUN 2.11 () TeuSusessaseninunsuseniy
X da a a a P ° ). 1 a L W
WuNdaszLiesunns (Free volume) lnglansnuseneumiginTudiuiudinilaggnisenin 1an
na1endn (Polycrystalline material) Faudaznanieglutiuiiendy insu (Grain) kazusiin
SYUAVDILABZLATULIENTN VBULATY (Grain boundary) F4lASIES NTUIULLDONIUNITLATYL
X a v o v N A P P & ] a Y AN o &
HURIMAINAGIUATIALBNTINADUAILNRBIFANITTAULAAIAIFUN 2.11 (d) Ineiduddnpeveu
WNSUkATUSMNglUELEAABLNTUY

5 e
A S
B ¢

ib)

==

(c) (d)

JUN 2.11 Tumeuseninnsfinnisulaiilulanenanendn [61]
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2.2.2.2 UssLANUDIVOULNTY

dmfureuinsugnnuluanissed 19 sondesganssmiuvuuadulanzvane
w&n (Polycrystalline metal) fregsiinunisdauazfnvauinsuisaunsonendiuld vaunsy
Wudimsuinduuinunsasussninaewdnifanuanysal 1nsw) feglndfuuaziieuse
Fatuuaziy uwiarlinnuuananafulunisdniSessivesdn (Crystallographic orientation) sy
Tulwdn3asa (Polycrystalline) 7ilaid Texture %ﬁmﬁmﬁaqéf'gquzjmaﬁmumﬁa fvoulun
YosouInTuTuanssiuiiulsostaay sUnsasadauazinEosnveansuignsmay
13U (Triple points) meﬁqgﬂﬁ 2.12 \{lon159n1383faw08in3u (Grain orientations; g) d1§u
NTU A BUag CUNUAIY g g5 bas g nua10U Juladnsa (Dihedral angles; x) 3188
(Inclination Angles; @) LIAABILNUAUATOULNTU (Boundary tangent vectors; b) wazUsuLnNTU
Un# (Boundary normal; n)

JUN 2.12 JUNSUSUIANALAZINLTEIRIVBUNTY [62]

Tnsunfveuiuagfu Misorientation sosaaunsuiioginfuuaziniiosiives
sruuiifianuduiusiu nsdniFeshvesasnnsuannsailiiAnmuaenadesiulilagns
vsuLanfianishuguivngasluunudedtu MlvidunuesmsnyuaziSesinuudusie
NIUKATTTUIVIDANTY Founsulauanwazliiteendt 2 Audsluszauuilas lawn wnumyu
waznsdniSesinYsesEuIUYeULNTY 34l 2 NguveIYO fie eUINTUTLBE (Tilt boundaries)
uazveuLnsuiidn (Twist boundaries) LLam@ﬁgUﬁ 2l

Rotation axis

©
|;Z | .
il ! Rotation
./ axis
Boundary plane Boundary plane

5UN 2.13 vaunsuiiiaes (1) wavveuinsunda (¥37) [63]
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dm3uveuiiBsannunulzvuufUTT YU TUYME U SUATaLN Y
myuazsIRIn Uy (Boundaries) Ussinmansdsldedursvouinsuldun 1) vauinsuyusi
(LAGB) 7ifl Misorientations Hoand1 15° §aUsznousie Aray Liseiilosuazuans Lattice
dislocation 2) ¥euLNTUYUFe (HAGB) iU Misorientation 11nn31 15° dlAseaing Lattice
dislocation wandlidaiau 3) veuinsuwuuivay (Special boundaries) fiaeg1ay N3 (Twins)
funnstuguesuaniia 4) vauinsuimily (General boundaries) Aeudrsnuldvinlulutanmane
HEN

ogslsAnnilveuinsuitavurssiafieglunguveaveuinsuyugslaeinns
FnFessvesndnluinsuiiindy fessurvveunsuinuienzuisgaszninansuilugnng
Fouriuiuvesiunisezmney (Coincidence point) WinidusgiUasianiiv (Super lattice) tien
vauLnsuUsELaniian Coinidence site lattice boundaries (CSLBS) Aunsaunusdyanual
3 dmSureunIuYin CSL Afmdsudasy (Free energy) ﬁﬂﬂdwmauLﬂiugmngéqwaﬁﬂﬁmau
nsuvdinifidndsuduasiafiosnings Fenvouinsuviia CSL nduidn vouinsufivey
(Special grain boundaries) lauAvouinTustn 3>2<29 [62]

2.2.2.3 M3pUBLY

N158U88U (Annealing treatment) fig mim’sa(ﬂiﬂawammummui ZEYLIRN
nilaudilidufedisdng uniinnseuseuriniieanmnuidunndne tiuanuseuis A
wilgauazaiidunse nIeliinlassasisanis n1seuseurirlavalguuy wusldniunis
LU?{auLLUaaﬁ'Lﬁﬂ%ﬁﬂﬂﬂ%L?;Juiﬂiaa%qa;amﬂLLazﬁmaGiamiLU?{aJuauﬁ’amqﬂa

nszuIunseuseuladu 3 duneu e (1) nislinnuieudsgungiifidoants
(2) flifgumgiiudussoznamis (3) mudusisguugivesinedinanduiuysiiddy
um’mmﬂumwmaumamiwumﬂ um’mLLmﬂmaﬁuaqammmumwLuaIuLLa ¥R UUBN
V993U ALUANANITs AN AT YegfugUTlarIUIATUIIY $18M51NTUBsULUAY
gaunniigenaniiuly ﬁ]ummmmLmnmqqmmmaummmumdwﬂmmﬂwﬂm QRERIIRE)
dodldinaunuiismengliinufidoinmadsundaslassairsganinevanysel oumgiing
pUBBUNNANEALY

PN

1 @ Qy =3 AA o A = [y
aEmliﬂm:ummﬂigﬂmawawmmiawwawmaﬂwammwmLuamwmJ

9
=

gauniivaeudiilminlassadiganiawavandfisieg wWasulusiuds (1) sunsavesnsy (2)

Y
Y

maifiweuudusdlasnnueion (3) mismuutuialandudintuy Sasdumdanuiiietu
1nnsudssUazgainiAulilulavglusuuuuvesndanumiuadsadaierdosuuinudiia
an i 8n uamdeusouy Aalawduiignassduulue BsndduaudRsuduninilii uas
mmﬁmmumiﬁ’mﬂi'aumﬁ]%mﬁammadlﬂﬁLﬂumauwmﬂmmigﬂani audRimdriianunso
nduganieunistuguifuldlneniseudiemnufeussnaminzan 1y n1seugeu n1Induiu
amwﬁuL*ﬁlumamﬂﬂmﬁmﬂizmumsaawﬁmﬁLﬁmﬁuﬁqmmﬁqq g N5AUFT (Recovery) uae
msaneaniug (Recrystallization) Fvanvvzaudienistavesnsu (Grain srowth)
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nsAus (Recovery) Tusswinamsausimdsnunnaeseniiazanlinigluazgn
ﬂamﬂa'asﬂmammﬁﬁaiawﬁum?iauﬁ (uanneilifianuiuneuen) dadunasnmsunsves
Y mawammum muummumamalaLﬂsnuamaﬂl,l,a falalnduusuddieliiingdanu
AranATend wonniauanTRvisneam Wy mathliihuazaradousrilunduganindeu
nstugUkdudndae

nsanudnlul (Recrystallization) wifi1nisusiniintuassauysaiudafini
insudansiindsnuanuaisaiigiog nsansdniniidunisaiiansusudaivend (Equiaxed
grain) vi3eLnsuvUIAYIAUNNAAN1aTiUTIAIINAIALATER (Strain-free) FaflarumuILLY
voshalawndusuasiianmniioufuinsuluanmdeuduguifu wsansefurdonssiuindou
(Driving force) fildasrainsulnald Aoanuusndrsvomdsmunelussniradovestaniilasy
anuedeafuiildlafuaneion wsulvidlunouusnifuinadsavuadnunuaslnty
nszigeinseunaulasadtsTaniamun nssuaunsiieadestunisunssvezdu (Short-
range diffusion) Tumausinsqlunsrulunmstuansdesud 2.14 dlegu () Tnssadansuiitugy
B (33% CW) (b) Suusnuesnismnadnlvamdsniseudl 580 °C w1u 3 s Sunsuwiainiindu
(0) sk sTusUgnunFBIsuRSnTMauIsdIL 580 °C ut 8 s () insulamdsnniinely
580 °C U 15 min wag (0 nsulendsaindislii 700 °C w10 min nnaIndediidses
75 191

3UN 2.14 1a59a37199a01ALaAsTUA DU YBIM IANKAN InsiuazNsinveunTunaunies [61]

Tusewiransanadnivg audAnianavesiagiiianisiuasuwlatiuganienau
nsugUusiety Aelaveasiiy soukasmilennnnlu MnuisnisnuseuuIsennasgn
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thanldussandifielinmafendnlmiistudadunsuvssnadnuasmenalude msnnudn
Tmidunszuiunsituiugamgiuazina Sndnuiessdumannuandiuinntudienains
ULy

Svnavesguugiilinanalilugui 2.15 Fadunisndonseninteninuudause
geanuazaumien a gumgiiviesvedlansneunies Wuilanduvesaumgiuazivun
sezRINITOUANTiUTY 1 hr uansislassasransuiivasuuadluluuasdy

Annealing temperature (°F)

600 400 600 800 1000 1200 60
] | I~ |
[ |
[ I
‘ Tensile strength :
[ I
ol | |
o 500 I | _
< | i z
I
£ | | &
= I
e } | £
@ \ i =
& 400 : |
[
| I
\ i
I
| I
[ I
Y <E> | |
| Recovery | Recrystallization | Graingrowth |
| i I |
Cold-worked ! WA . { i "
and recovered AT 'S ¥ )
grains o el o] I { :
oot/ <4 :
\
[
—~ 0.040 |~ | e : —
E ‘ grains )
= - ! I mt|
g 0.030 ‘ |
] \ I
2 0.020 |- ‘ ! —
. ! |
© 0010~ | | —
! l | ! l
100 200 300 400 500 600 700

Annealing temperature (°C)

JUN 2.15 Bviswavasgaungilouseunom Ukl swazaumietvemounios 1asasna
LNSUTEMINNISTAURD NTANRAN INULBEANSLAVBNTY [61]

ngRnssumannadnivaiveslangnaufivy vsedgnazylusivesgamgfinngan
wanlsl (Recrystallization temperature) Saifugamgiifinismnadniadeduauysaianelu 1 hr
FedugumninisnnuinlysldiniunoundosnngUagiiussunn 450 °C (850 °F) lasunfgumnd
dannsovsznaldiedluiimisduanumienimilvonumgiduyaivoqanasmaives
Tangiiu wazdstuagfuilidonansusznis nuhsUimumstuguibuuazauuigniveslany
uay UTinunstusuiduiinntuiinaiusannisansdnimivasdssalvigumninisanudnln
frasuazidnlndainafiuintu a gadidinsuussganauandiifudegy 2.16 Belundnfudn
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a

[ ! [ i as a =2 1 o Y @ =2 a =4 [
AanaazidudidNgavesgamginisanudntny lusuduandviiudaliuunistuguidu
a v I o Y a = Lo 1 a dl{ [ . .

geanndaldviliiinnsanadntug Fusendn Usuansusuduings (Critical deformation)
wazlpgunfrfazegusunan1stuglidussning 2 % 89 20 % (G1n1suusgiiesniiAingd
(WUszana 5 %CW) mMaiinrdnlniaglidiiniu) nsanudnindnistuldisuassinsminlulans
Uiavsilleieuivlavenay duiunmsiiusianaudiludunisiingaumginisanadnlvallvadu
lulanguiansaungiinisanadnludlagunfiegn 0.3T, lne?l T, Avgungiiduysaivedqn
VABNMAT WAtUlaNEHANNIINITAI1998ETUTT 0.7T,, N1IANNANTNLLAZIANADULNAIVDS
NOWAIUTANT 99.999 % WHYAvaLIMaT 1085 °C Haumiginisiiananimaif 120 °C

900
} 1600
&)
£ : 1400 £
o l o
-
] |
£ I {1200 é
o l g
z 600 — | &
3 | H
o m
X l' {1000 &
F 500 — | z
-y | =
(%) (]
] | @
x | — 800 &
400 |— |
r
|
00| | | | [ | | —| 800
0 \ 10 20 30 40 50 60 70

Critical Percent cold work

deformation

JUN 2.16 anuduiudseninganginnndnlmiduesidudnistuguidululansian [61]

2.2.3 ngufiiineadesiunisuns

UfifSeuaznszuiunssiuaunalumsianiuegiunsuiunsvumeuanisly
yasudinilaq Inomluidunisuudieseiugania vonstuiemiannavesvan fe vie
vosudsduinduavonduamednitanis mavudiomaiifintulddenisuns (Diffusion) &
Huusingmsaiiinmsudiefagiemandouiivesesnon fefunisesuisifentunalnszsiy
oznouivilsAnnisuns adamanivosnisuns Snsnavesgumaiuazviavesansfiunsso
gn31n15unsTedAny Usingnisalvesnisunseauansliniuliditey Taeld griunisuns
(Diffusion couple) Fwhanmsifeuuriaiururadany 2 sinldnfuaziiusesso @aduda)
sewindlangsseiinduognedniau 1wy duomesinwuasinifaluzudl 2.17 Tnefl (2) genunis

wnsvamawasiuiiniia neurunssHIENIAINTouiigamniias (b) JUdLuUlansiumlves

Y Y
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a¥AauNDILAY (1NaNlUsY) Auazmeuiiniia (Jsnauiivev) Melugarunsuns (o) AnuduYy
vosesuaduariniafuilsiduresiumis naonnusnvesgaIunITunsi Tusuiduans
Funisuazanudutureseznensevinsosreisig darunisuniazgnlianuiewdy
syoziamile u guvgiige (wiindigavasumalveslangiisaes) arntugnilifuauda
QaunQiviad

Cu Ni
(a)
o o 0.0 @.0 000 ©
@ /06 090 O 00 000
o b/o o > 0Q 0 0. @ O
e 00060 000 0.0 00
2 0 0.0 © 006 0,00
(b)
=A | Q) e N 07T
© Cu ‘| Ni
z2 i
Y= I
- |
(=
o |
5 ﬂ
= I
[= |
@ ‘I
Q I
C |
(=] I
O e e I ' |
Position

(c)
5UN 2.17 Msunsvesasnaunasunaiulinga [61]

Hevhuninssvidunaunaaiozlvnasauansduguil 2.18 Taefl (a) garunns
unsvemeumaiuinAandaiiunssisnsnnuieuiigumgiige (b) sUdauvUuanadumisves
a¥AauNBILAY (1NaNlUse) Auazmeuiiniia (Jsnausivev) Meglugarun1suns (o) AnuduYy
voaneunwaziniiailuilsiduvediunug maaﬂmmm’;&uaqﬂmumiwéﬁ na1Ife wu
yesuAIUIavEuariniAauTauifiuanetta 2 duresgmunsundiviby Turmsdiuinansnans
winduuinaiiflaveiaessautueg muduturessinisans a dundsineg Wulufuans
Tuguil 2.18 (0) nadwsiduiuandifuinosneomesunuadoufiviounsidluludinia uay
ozmonvasiniAaiunsidnlulumeunsfeuiu nszuiunmsiiezaeuvedlansuiaunsitiluly
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TanednNTRAVRILLIENIT ANTUNTVBIDLABUA19YLA (Interdiffusion) ©IBNISLNIVBIDL MDY
wUandasy (Impurity diffusion)

—_—
Diffusion of Cu atoms

Cu Cu-Ni alloy Ni

Diffusion of Ni atoms
e

(a)

000000 0e00eo0
DPO0O0O0O000O00 0e.0
000000000000
000 0PO® O00O0D0O0CO
000000060600
)

= 100 |

o

z

s Cu Ni

[ =

=]

8

i

@

Q

=

Q

ol -

Position

(c)

5UN 2.18 AmunsunsvamadnnsiuiinifatarnisilasunUadudu [61]

nsunsvetezmondviinoraiiuldlussdunmnia 91nnsasunawesa
dudulumunanddusegisesgaunisunivemedusduazdniia sxlinsideunsonsvuéng
ozmerNUIuasdifugsn i lfuTnadianudududiiniy msunsdaislulansuians
6o uiezneufiadeudadunisziduernouviafeaiu Fond1 nsunsludies (Self-
diffusion) Zeutiueudn msuwslusuesasliannsagndaunsvionsialiannsivdsunames
GEPIGEGIRNIGHY
2.2.3.1 nalnn1suns (Diffusion mechanisms)
Tusgiuezneunsunsifunsindeudiovesenesainduvtuaniionislugs
Sniumimiasindu Mesaudiesnenlutaguesudeinsffinisindeufiognaon uazidsu
Funsognadundundiiteulvde (1) dosfidesinsegingg (2) exneudosiindanugamedas
yhaneiusyifroozmeninufeswesiu uasiliAnmsdademedasmdnsznienisaion

[ '
[y

P NELE AONFINUIINNTAUAINTTINVIAVOIOZAOUNWDY Nioamiindes avleznouiduy
RIEIULRYY dnTIdIunilaaneyneNYInua NazauIsatrdounlaen1sunslasulilesann
WU sAuYeRiudunnnedndulavalunuaungil
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fuvudrassdmiueiuismardeuiivesesnotlunisunsegatonuy usdmsy
nsunstulanzuvudululdunndign 2 wuu dun (1) nsunslagendedosing (Vacancy
diffusion) nalnusnil Uszneudenisudsusumisuesesnauanumisuaniisunfvesiuly
fauaanfivdnag Aifainsey vieidurasin (Vacancy) duies fauanslusuit 2.19 (@) naln
Hi3eni1 msunslagendedosing (Vacancy diffusion) wiuewin nssuiunsisndudodivesing
oeflutande uazmaunslavondedorivaninlfinntoadfisdafitufiuuimeesimising
tfuies il dwiulaneuds u oamgigeazdauvuiuiuresdesinslussdufigameauais
desanesnouiitdunsuastesitsfesuaniudouiumistu fadu n1sunsvesernouludie
nilsFomunefsniaedeufidesirslufianenssiudiudae fensunsluiiosuaznisunivos
ozmouirthuluuisiumis uag (2) MsunsuuuunIn? (Interstitial diffusion) N1SUWIUUUT
d09UsENaufensAdeuiivedasnanatndIwAtIunsnd (nterstitial position) LUSaRuMLs
Tradesiideineeg nalnthewulumaunivesosmeussiiavessauaiiy wu lelasiau anduon
lulnsiou uazeendlaudsdegnouvuindnnefazuninidrluludumsszninsezney
(Interstitial position) ¢ dausgmesndniiu (evnenvedlavzndn) wazozmoNsinuaiiuiiazany
wuuunuitdu flamasglusiuwmissznierneutiosnin fufu muundisliunssenalni
Usngmsaiilizendt msuwsuuumIndt (nterstitial diffusion) (U7 2.19 (o)

Tulanzauann mauwnsuvoinsnidaldiFands nmsunsiiondoresinann sisd
wworRoNTiara LW Tiagdinuadnuineguds vilfedeudildnent vennivosins
Tushumbsssminsesneudsfnniwesihaiidumisosesneundniinde daiu lanafiasin
MapdeunnndumLssinteesluSiumisssninseznen dsganinlenianisunslngende
184779%N

WMation of & hod o
sutetihe G alom

2999 9020
209 -9
2909 2000
200 900

Positian of inderslital Poadion of interts
wtnm hafore ditfuson i

QT 000
200 00
200 w00

U 2.19 UdaUnansiis (a) Maunslage1fetesing uas (b) MIuwsiuuumsni [61]
2.2.3.2 MSUNsluan1IzARa (Steady-state diffusion)
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msunsidunszurumsiiendenan nande Tudwvanaudiviinamessiniias
gnauds (wude) meludnsiquiaduilsdduveanan Tnssnnudaundndudomsiuinnisuns
Aaldainls wardasnisvudismaduniils Sasusingnuansisamdndnisuns
(Diffusion flux) J Fsfisnuinfe ana (Miesiuauesse) M funsiiutanvesudwofiuiiddaly
fimsan Aontnenanie

J =

M (2.13)
At

¥

lagdl A fie Wunndn1sunsiu ¢ Aeanldlunisuns lugluuuiBeuius asdeuaunistisuu
Al

yoLdi

= (2.14)
A dt

F1SUNUIBVRY J AD Alansunioeznad Aan1sIuNnIARIUIN (ke/m’s 130
atoms/mZ-s) Tunsdlindndnisunsliivdeulununar avinanmnzasaty fegrmiaens
winstuan1sasialiun Msunsvelenauvesinenuiulanglnefirududu (MSennudu)
vosfmiimdundtugninuilila a Aeswsiulaveisaoswinunansdsui 2.20 (a) n1zuns
Tuanneasinshuuiuuig (b) JUuumsaBuARes i duLuUdunse

Pa>Pg Thin metal plate
and constant

Gas at
pressure Pg

0
=

Gas at

pressure Py Direction of
diffusion of
gaseous species

Concentration of diffusing species, C
(o]
@

Position, x

Area, A ®)

(a)

5UN 2.20 n1sunsveseaauvesinvruwsulans [61]

diewdonAanududy C isududunus Meszaeniy) neluveuds x azld
wuldanisendt susuumMsisuwdasanutudy vie TUslildvesauduty (Concentration
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profile) AAMUTUTDAFULAIT 1 ANTIE 138NTT TRTINARIIAUTUTY 130 LNTLAYUTIVES
ALILTU (Concentration gradient)

d
Concentration gradient = d_ (2.15)
X

Tunsdiillusividvesmnududududunss asluguin 2.19 (b) et

) _ AC C,-C,
Concentration gradient = = (2.16)
Ax  x,—x,

TuilgiArfunmsund vanssasdoummuduiluguesnave i
uwnsseneUinsvesvasdeiu (ke/m? wie o/cm)l axaznInndt adnransveInITLNS LY
annezasmluTufianiafeadu ) uanuduiudiiee fe Wandnisunsuusdunssiuins
LPHUNTDIAITULTLTY AIHUNT

& 7 (2.17)
dx

AAsTivDeNTUUTHUASS D 13endn dudsgansnsuns (Diffusion coefficient) Faduiaoify
MsILAsHeANT (m%s) 1aTemmneauluannisseyinfisnisuesnsunsde Aafivinlsdns
nasnawosANduantesas na1afte MIuwiazunsaInUTadaududugaludiniig
dudusnandues aunis (2.17) vaadsiiFent ngdevisuesiin (Fick’s first law)

2.2.3.3 msunsluaniizlinsda (Nonsteady-state diffusion)

amwmﬁLLWﬁ'ﬁLﬁmﬁﬁuﬁaﬁmﬂmmﬂﬁmﬁa Tufe Wé’ﬂ%mmwﬂl,azé’mma&m
AN B awum Tuvewdadauusiuluniuna walinmsazauvioanawesasinds
WS o wuummumaamwuLLamiuiﬂw 2.21 Fuansluslndvespududuiiviaisneg 3
nan meldtouluussanmgling auns (2.17) limaneay uwiglfaunmadeyiusdes

G_C:i[Dé_Cj (2.18)
ot ox ox

%ﬁ nfiuluuuves nyveaesvediin (Fick’s second law) unu frAduUse avs
ﬂﬂiLLwilziﬁﬁuaajﬁummmmu (Gespsnsraaeurdunsdly lulumsunsusiazaniunisal) aunis
(2.18) aggniilineulfL O

2
ac_oc

- (2.19)
ot ox?
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& Yy v oo 5o o 1 v
HalRaeveaun1sil (Arududuinduilnduvesiuniwagiiat) asgnmlan
oA A - = o a 1%
AaliladnissryleuluveulanIsNIen NNzl A9 Crank uag Carslaw uay Jaeger Lo
swsmdymnsdlfegiemnge ol
o o A a wua = DA SN a ] <
wawnaglunsalddginulumslfomnsdnis lawn nsdiisendy vewdauwuuwe
f9uAdn (Semi-infinite solid) FaanududunRaveswdgninwlilinsfinaeniian lngdiuuin
WA Lma'qﬁ']Lﬁmﬁuaqavmamﬂﬁ]vLmi'slusuaqLL%qﬁQﬂfmﬁﬂmmﬂL‘V\Iasuaqﬁ”w FedlrAuugaefign
$nwlilsinadt o favesudetiues uaﬂmﬂumuaum%mauaﬂlmLm ) AoUMAANITUNS a159
avunsluzowudedy 4 umiﬂiumamamqamLamamaamﬁnumaummammLsuusuu Co (2) Anva x
(Faudsuandume) W 0 FRavowds ussiumiunuszozdndiluluresds uay (3) ety
vanlugud o aiEuinMsunsinvy

SO U A

Concentration of diffusing species

Distance

sUN 2.21 Wslvdanududuvesnisunsiuanizlinia o 1a1sinee fu bt wae t;[61]

Reulwweuwndinandnedu Beulsdu
t=0, C=Co ol AILNRUY 0 < X < o0
dlot> o, C = C (@MUt uAinaG ) . x = 0
C=C . x=o00

Waknuadeulvvauwawaiiadiuaunis (2.19) azlenanasfa

C

-C, X
—x 0 _q_ (2.20)
C, -C, erf(zﬁ J

T0e? C, MUNERIANULINTUNAINUANTARD X 4 L3817 t NAIDINLIULNT WAL
erf(x/2v/Dt) 138771 1NLTFULDDSIISIATY (Gaussian error function) FeA1URHNATUH w1le
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MNMsWamSIaiiey A1 x/2vDE seq dedumiaiinanslunsnedl 2.7 uazsuil 2.22 uans
Tusliidvesnuduty a nandwilmdsuszyamnninedsineg Musngluauns (2.20) nan
Snaumile aunns (2.20) uansruduiugserinsmnududu dumis wagnan ¢, Wuilsiduves
W510wesLsmine x/vDt e?fqgﬂﬁ']mmié’ﬁuﬁ Imaﬁawswwﬁa;&aLﬁaﬂé’maﬁzmu TouA Co, C.
udz D neu

M990 2.7 AUBRBSL5BSHANTU [61]

z erf(z) z erf (z) z erf (z)

0 0 0.55 0.5633 1.3 0.9340
0.025 0.028 0.60 0.6039 1.4 0.9523
0.05 0.0564 0.65 0.6420 N 0.9661
0.10 0.1125 0.70 0.6778 1.6 0.9763
0.15 0.1680 0.75 0.7112 1.7 0.9838
0.20 0.2227 0.80 0.7421 1.8 0.9891
0.25 0.2763 0.85 0.7707 1.9 0.9928
0.30 0.3286 0.90 0.7970 2.0 0.9953
0.35 0.3794 0.95 0.8209 2.2 0.9981
0.40 0.4284 1.0 0.8427 2.4 0.9993
0.45 0.4755 1%V 0.8802 2.6 0.9998
0.50 0.5205 1.2 0.9103 2.8 0.9999

Concentration, C

5UN 2.22 Wslwdvasanutntudmsunisunsiuaniigliaads [61]

Distance from interface, x
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AUNAN 1517A9AUAAIANUTUTUR NI AP TNGUVINAU C; ulanrenay ANy

Feiiovesauns (2.20) asnanedu

Cl B Co
—— = constant (2.21)
Cs - C’0
FANUBANUI F1uVINTeveIFuNISAFaIlAAUiY nanfAe
= constant (2.22)
2+ Dt
En)
x2
~ = constant (2.23)

Dt

¥

n1sAMIMNEIAUNI NS e8NS RN UFINNNIINANEUTUT U9 UL

2.2.3.4 Ua3uinasonIsung
asuns (Diffusion species) VUIAYBIAELUIEANINTUNS D 1 Tusadiuenia

sEAUANLSezRauTug azunstUls m13197 2.8 wansarduUssansaenavansalinisunslu
HLDIAENITHNTIEUINDEABUA 1Y RALUSTUUIANLUNITEUU TRAVDIANT (BLADU) NWNTLD
wavAdlaviewl 1assasiavan (Host metal) auilnanaduUsyansnswng

A13197 2.8 YayaligIfunisuns [61]

Diffusing Host o\ Activation energy (Qq) Calculated values

species metal kJ/mol eV/atom T(°0) D (m%/s)
Cu Cu 7.8x107 211 2.19 500 4.2x10™"
Zn Cu 2.4x10” 189 1.96 500 4.0x10°®
Al Al 2.3x10% | 144 1.49 500 4.2x10*
Cu Al 6.5x107 136 1.41 500 4.1x10
Mg Al 1.2x10% | 131 1.35 500 1.9x10"
Cu Ni 2.7x10° | 256 2.65 500 1.3x10%

A1 D UBINITWNTUIUBNTIAIMULANFA19UDIoR TN TunIsunsineandedea3ng

WAZAITUNTWUUWNINT N1TUNSLIUATLRIABI01AEYDII1 WBNIINTUURUNNINTNADE19TUKTS
NansiodulszavouazdnIsIveInIsung navesgungineduuszansnisunsindeulugy
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D =D, exp| — O, (2.24)
RT
Tnil Dy Ao launimadenidsdaduainsitliduiugunnll (m%s) Qs Ae
NAIUNTEAUVBINITUNS (J/mol, cal/mol %38 eV/atom) R Ap ANASTIYBIN1Y 8.31 J/mol-K,
1.987 cal/mol-K %38 8.62x10” eV/atom-K uaz T fie aaungilduysal (K)

Y Y

[ v 1 3 [ A o I [ Y a A v
NAWIUNTSAY 9199z UpIndundsnunindulunisyiliiinnisiaaeuiinie

[
= o

mMsunsvaseraonduIY 1 Wanld winAwdaunseuiiganzyihlidudseansnisunsedn a5

7 2.8 lauansA1ved Dy kar Qg Y89nang?) szuulimsuauilsldasn siusssuvfaniuannis
(2.24) aglal

In D= InDO-&[lj (2.25)
R \T

wsemnldaoni3nugiuau agla

log DzlogDo-Q_d(L) (2.26)
23R\T

194910 Do, Qq Uaw R snulumiaed Al aunis (2.26) Fafiguiduaunsids
WAURSI FiB

y=>b+mx (2.27)

dlo y way x ueds log D way /T audsy ety winndenen log D Aty
dunduvesgamgiduysalazlfidunwidunseiifinutulazdudaunudu -Qu/2.3R uas
log Dy ANudY eiiuIBn15W1AIv83 Qq tay D 9ndeyanismaassiules 993w
Anudustusiindesludnumzfinanveslanznaunansyde (3UR 2.23) aziiiudn anudusius
L%qLé’umaﬁﬁm%ﬂunﬂmaﬁﬁaﬂmLLa3&1’3@EJ"Nmswﬁam'3zm"maaﬂﬁﬁmaqa’uﬂizamémiLst'
Audunauvasgaumgliduysaldmiunisunsvemeswndiunesd dmsundenssninsaeni3fiy
YosdUsEAvBnsunsiudunduesonmgiiduysaiuanfiognsiagui 2.24
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5UN 2.23 auduiussendnsrnaeniiuvesduUsyavansunsivamumgi [61]

Diffusion coefficient (m2/s)

JUN 2.24 anuduiusninaeniiiuvesdudsydnsnisunsivdiunduvedaum

mﬂguﬁ 2.24 9¥8ldin 7 1/T, = 0.8x10° (K ¢ log Dy

10»12 ==

10—13 —

10714 —

10

10

10

15

16 -

17

0.7

0.8 0.9 1.0 1.1
Reciprocal temperature (1000/K)

1.2

[y

nliduysal [61]

Y

12.40 d@3U 1/T,

= 1.1x107 (K" A1 log D, = -15.45 9t wi91UnNTEAUTANIAUAIUTUYBIdIUTB UHUATS

aananlugdavindu
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0, =-23R loglzl _l‘i’gD 2 (2.28)
[

2.2.3.5 EUMNINSUNIBY

nsindoutheymouetsaniintunuialaindu veuinsukazianeuensue
Usingnisalimdniiunsndaiendy umenisunsuuu §ma9as (Short-circuit diffusion paths)
\osanndnsniivessiuganiinisunsluiBagiasau (Bulk diffusion) 11n eg1slsiniu lu
aonunisaldrulngnisdnasasianiininadendndvetnisunslaosiudesuin 1wz
Nufintdaiiinnisanasidesuntues

2.2.4 nuiiiientesiuiniasiionsiadauraym iz

2.2.4.1 MTIAVUIANTY

amvannsuiiiiunielfndamansaiiy deswudalilidumeiuiaiaves
insu eildesnniuiiudniFeunardnvuzre unsuiidiuiuiasusazinsuiiviuiy o19lly
ddilvafianueansulavzudazivuinaagiuly wiuinnsusisgiiinawiiuini Tnevgu]
udunsuiidiuazdnunaiiuiguiouiaduiuausnansuedingu uidsiigsenduogassinsulaid
sUsafunsananegsanysel udtgisuisibitiusuuasuinasvesusaginsuiazddnuoy
Aagfudg windidinismisinunafiuiividaaisvieduihugudnanuadeniodfoanis
auandsanadrifazmunansuduudeana

Asddndvsunsinvinainsufe sxfesdveunsuiidniay Fudnannistnge
n3n FBnsiavuiniadevennsuiiazgnifuliaasisiuiumnusedesiiuly duiunsueded
WINzaNMIEY TG 100 §9 200 nsu Mrdnflazvinisiiaseimndoninindiumisdngg
vosindnegasiion 3 g iieldldmiigndes visasioradesiivuiansuuandeiy n1s
WisuiflsurnausansuseisgnaesazdesUssuliiouidasvgefivihiu damneanuiivuna
vounsutugoNTuagiuSTwE B TR BRI

msfnruainsuiiuaansnilduarsTivu Tnsmsfnruinveansuusasingy
melalastiwesinundesveevielasnsldanatsdalivunszanla wazgnldliluaudves

Baaldruunniiaaie n1sdienmlassarsazsmdunmnszans anduia
n3¥adaitisns iavane s fuieluil

2.2.4.1.1 ATNUN
A UANNLEUADANULUIVDULNTURDUTDUUSLIUNILYINNTIAVUIALNTU

[ ]
A =

MnuIWhMsiaiunviinsdadedseulifaluduiunsy n Megluiuntuuaninsinnagud
2.25
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JUN 2.25 n1s¥aduseULLILnTY [64]

YUIANUTNTURASA I UIULARINELNS

6
INAE AlO2
nV

(2.29)

[

AMSurUIANTURAY AUIlAR T

d=+Am (2.30)

¥

1o Am Ao Nufladunsunilensu (um?) A A fuitnTusI (mm?) n
AD PIUIULATUNINUA V Ad 9R919818 LWag d Ap VUANTULREY (um)

dmusnsvens Yagtudenfmunseainaunilinnmlasadiagania
Tagnsa Beanunsaduusngvets v Idananuenanauns (mm) maseaugnafedaden
ffuld (um) FBnadeuanaviimaulilunmilassadgamed Filfaunsafuasnmues
Wedsenaddsuluannnihnmlasaiiiganaludenmvidedeenaisdevievengldiaue

2.2.4.1.2 3539nay

a =4

Winvuevaunsuisnileuuinninisiniuuiiuine I5unaugun 2.26
FINALAENITTHUINANAIVUNINENTY IASTNUN Ak = Td¥/4 (mm?) war39viinisduanie
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wnsueganysalnelunay (2) doanuuITUIIUIUNTUNGNIEUTEUIAAHIU (n) FazQnan
Mg 0.67 (Oertel’s Factor) #evsngANUIiuiliies 67% wirduieglulsnauuazindnsivens
wiiu V aunainsuledy Am amnsadiialainaunis

SUN 2.26 n1siavuInnsumeIsnay [65]

AkLO°

mzm (2.31)

¥

1319 Am A9 NudstnTundansu (um?) Ak fs Nuenau (mm?) z
Ao PuIuNIUaNYIINElLRNAL n AR TIUIUNTUTNLAUTBUIWRHIY Uag V FiB dnsvene

2.2..1.3 To1dums

ano & A ax & o 1% % ~a

Finfuiwagisrnantiannsadluldaulimngalunsdinivuansy
Ligudufiane wadinsuilsusaduldauuussagu 91nnsimdu lunsdilnisldnisindeis
dunss Fadumsiadurinugudnarsvennsu lneazlibunsiafuedevesiuivennsuusz
Jumstavwnaduiaudnansaiovennsulufiamslaieniamis msinisidadunmsinuun
vonsulagAdsisiirnimseataasldduisnisiavunninsulunsdinldddedsianienle Tu
nstlusnilvilvianansanaginvuaduriugudnauaiisveunsulufian1wen1sIanIeiang
Y8IN15TUFU LTI UNBUAUTANIIUYIN PIFRIUYBIVUIAVBUNTUTIARTIANI9LaI 59
rvaniednsnsTusUratlansla

aa % }74 1 4 dl o = ;74

Bsindurugugnanveunsugun 2.27 Mldlagn1s¥aidunsavuiy
i 5 89 10 wdu asuunmlaseaine Naiduazdanug1inny L (mm) 31ntuisiudiuiunsuy
(2) Ngnidunseinsusasliiuinsulsndudazgndnduuisdiunulume wiasiuliduinsu
gnvng Yuaduugudnataivainarwinlaanaunsn (2.32)
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/“/I\r : /

g'ﬂﬁ 2.27 N3iAnsumEIs T IR U IUAUgNa1nTY [65]

3
D= LP10 (2.32)
zV

\ie Dm Ag LU UANINaILaAY (um) L A AINE1E (mm) P Ag
FIIUEU V AD DRTIVEIY LAY 7 AB INUIULATY

N19 351U ASTM (American Society for Testing Materials) ladinas
ssunszuuiany Weldlunslesgivuavennsulaensld z fe Srusmnsuiidedluiiud
1 1151989 (in?) dlevenanmlaseadis 100 wh a2 dazhluldmmuamnsavveansy Tngls
N #o MelavvesNTY Feilmuduiusivu 2§l

z=2M (2.33)
N =108z (2.34)
log 2

GummsuaqLﬂﬁuﬁLﬁuiuﬂwwiﬂiqa§WQ5u Tummﬂm%qLLé"JE"J’ﬁﬁA@&iﬁ’Uﬂ’ﬁ
Fensumisiatunnaeuaintuany smawaumawﬂﬁlmﬁummLﬂiummmqnumq TLREHEER
wmnIueRziiuIAiY Tunsmeaouwiazads milldmsasdudiadodmiviunuiiy
dmiutandifinnuuandisesumiansuaing suduazdesiinismaaeunaisy dunimio
unAsioRransaTURsiiananistugurestueuld Taonsgdnunslassadisluusias iy
szun 1wy TSIduRssTnvmnsuRdIU s Ifisuuasve uduTiTaTn
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2.2.4.1.4 M3InmMelUskNIUIATIERNILLINTFIU ASTM

agnalsfmuluauddeidiavunansulaeldlsunsy Image-analysis f1u
NADIYANTIAULUVLEAL AIUNINTFIUNINAFRUTARLMNIANTTOITNT WUUTBNITAINLFUFARIY
(Intercept method) fudnmsideduiio nismuumnsulagldiduiiairaduiininuenaomn
500 mm udsasuunwaelasiaingana Mntutusuwnsuimuaiiduia dmsy
nMsauInnsuseIandusariuina1sds lumideiidenldiduiiadrsnmuuunesas
(Combined chord) Magnafauanslusui 2.28

-+ I - e +
Note 1—If reproduced to make straight lines marked length:
Straight lines total: 500 mm

Circles are: Cireumierence, mm, Diameter, mm
2500 79.58
186.7 53.05
833 2653
Total 500.0

JUM 2.28 M13a3190dUTOUN 3 1dU LiTavuunnTuluy Circular intercept procedure [66]

Tngnisanntdunanas 3 1du vunmaielasaaiiaganiadidesnism
YUIPLNTU 2NANTE 3 29 Tdusiuaudnans 79.58, 53.05 wag 26.53 mm fuERU uazan
unsaifinnnuenaaniy 500 mm ndutusnnunsuiigndudariulasyng insufignidusa
sudianindu 1 Tuneidudasiugaiidusessosendng 3 insuliian 1.5 ainifudaialy
wnuluauns (2.35) levnAduiuveuinsuiignandusen e Ivedunaaey (P)

P

=—1I_ (2.35)
LIM

L

Wie P fig 31UIUVBUNTUNNARIUMEIEUNADU P fiB 31UIUTBY

Y 1 |

\WNSUANFARHIUsaAINYNTBUdUNAZRY L A ANNEIYRLAUNAGDU (mm) M Ag Yu1A
Maaveny



a1
dlensiuen P wdraunsarhluduiniavduinnsy G) lean
G = (6.6438561og,, P,) — 3.288

(2.36)

dmiunislgganyinas 19U Olympus Stream WALAULFIVUIALATU

annsauananavestoyaldfazuil 2.29 wazannsatuiindeyalilusunuulilassensindiva
wEoufunmdudy Fadumadaildlumuiseindeutinisulasitandauiansudueuin
Lﬂiul,a?iammiaﬁﬂéimEnm@iﬁlé}’ﬁ]'}ﬂ@ﬂﬁﬂWWM@iﬁﬂﬁgﬁ]ﬂﬂ%’au”a’[,umiwﬁ 29 uay 2.10 3a.du
wpdeildluerised

AN519% 2.9 ANUAUNUSVB LAV TIVUIANTURALNUTLNTU [66]

gﬂﬁ 2.29 MYINVUIALATUADY Olympus stream

Jo< )
=)

i

GrANi2@NS N Grains/Unit Area A Average Grain Area
©) No./in.? at 100X | No./mm? at 1X mm? um?
00 0.25 3.88 0.2581 258064
0 0.50 7.75 0.1290 129032
0.5 0.71 10.96 0.0912 91239
1.0 1.00 15.50 0.0645 64516
1.5 1.41 21.92 0.0456 45620
2.0 2.00 31.00 0.0323 32258
2.5 2.83 43.84 0.0228 22810
3.0 4.00 62.00 0.0161 16129
3.5 5.66 87.68 0.0114 11405
4.0 8.00 124.00 0.00806 8065
4.5 11.31 175.36 0.00570 5703
5.0 16.00 248.00 0.00403 4032
5.5 22.63 350.73 0.00285 2851




a15197 2.9 (d) [66]

a2

Grain size No. N4 Grains/Unit Area A Average Grain Area
(@) No./in.? at 100X | No./mm? at 1X mm? um?
6.0 32.00 496.00 0.00202 2016
6.5 45.25 701.45 0.00143 1426
7.0 64.00 992.00 0.00101 1008
7.5 90.51 1402.9 0.00071 713
8.0 128.00 1984.0 0.00050 504
8.5 181.02 2805.8 0.00036 356
9.0 256.00 3968.0 0.00025 252
9.5 362.04 5611.6 0.00018 178
10.0 512.00 7936.0 0.00013 126
10.5 724.08 11223.2 0.000089 89.1
11.0 1024.00 15872.0 0.000063 63.0
11.5 1448.15 22446.4 0.000045 44.6
12.0 2048.00 31744.1 0.000032 31.5
12.5 2896.31 44892.9 0.000022 22.3
13.0 4096.00 63488.1 0.000016 15.8
13.5 5792.62 89785.8 0.000011 11.1
14.0 8192.00 126976.3 0.000008 7.9

AN5197 2.10 AT US VR UATTRUIANTURAL NI LVANTY [66]

Grain size No. d Average Diameter £ Mean Intercept Np
(G) mm um mm um No./mm
00 0.5080 508.0 0.4525 452.5 2.21
0 0.3592 359.2 0.3200 320.0 3.12
0.5 0.3021 302.1 0.2691 269.1 3.72
1.0 0.2540 254.0 0.2263 226.3 4.42
1.5 0.2136 213.6 0.1903 190.3 5.26
2.0 0.1796 179.6 0.1600 160.0 6.25
2.5 0.1510 151.0 0.1345 134.5 7.43
3.0 0.1270 127.0 0.1131 113.1 8.84
3.5 0.1068 106.8 0.951 95.1 10.51
4.0 0.0898 89.8 0.0800 80.0 12.50




A1519% 2.10 (A) [66]
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Grain size No. d Average Diameter £ Mean Intercept NL
(G) mm um mm um No./mm
4.5 0.0755 75.5 0.673 67.3 14.87
5.0 0.0635 63.5 0.566 56.6 17.68
55 0.0534 53.4 0.0476 47.6 21.02
6.0 0.0449 44.9 0.0400 40.0 25.00
6.5 0.0378 37.8 0.0336 33.6 29.73
7.0 0.0318 31.8 0.0283 28.3 35.36
7.5 0.0267 26.7 0.0238 23.8 42.04
8.0 0.0225 22.5 0.0200 20.0 50.00
8.5 0.0189 18.9 0.0168 16.8 59.46
9.0 0.0159 15.9 0.0141 14.1 70.71
) 3] 0.0133 13.3 0.0119 11.9 84.09
10.0 0.0112 11.2 0.0100 10.0 100.0
10.5 0.0094 9.4 0.0084 8.4 118.9
11.0 0.0079 7.9 0.0071 ol 141.4
11.5 0.0067 6.7 0.0060 59 168.2
12.0 0.0056 5.6 0.0050 5.0 200.0
12.5 0.0047 4.7 0.0042 4.2 237.8
13.0 0.0040 4.0 0.0035 3.5 282.8
13.5 0.0033 3.3 0.0030 3.0 336.4
14.0 0.0028 2.8 0.0025 2.5 400

woNAINUUNITIATIEILIE (Phase analysis) lulassaineganind

anusanvdeuadirianiatuluidesduldiugenivasdnusaguddddnuanmaiudmiu
n1skantudazinaMinIu A1eg19n15tasenawansnagun 2.30 Auaauananavedy

[
=

a1sUsznoudslansMiiatuluwnindveshiyn (Wudmi) vedlanzians agelsiniunisiasv

[
aa YV o

Haa1ntusunsuluduiivediinfe §iAs189aedoansUkarTEUNENAATUIINNITIATIEN
FufUIAUTENaUMAAL WU EDS 1asanlusunsudsiansdvasiaasinaiisnaiuyintu a1ie
wlainululassasrsganiailnudnliuensdsiueisssiinarilinisuansnaianainlalguiu
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5U# 2.30 N33R esiLila

2.2.4.2 ndpsgansiminuuasliaavieltiamweslunisaunu [67]

ﬂa”awamiﬂﬁl,wuﬂauTWﬂaaﬁnﬁmﬁ’L%LaL%i’l‘umiaLmu (Confocal laser
scannmg mlcroscopy, CLSM) LLamuaﬂmsmmumiﬂw 231 ndessLanildaawodes
UsnaituRatus i mefidenns lneaUIAYeIFNTTBAUNLUIEgNAvuAlaeLeindng
LamLquuLauaLLayImstlﬂLtma]uagw 0.5 um LLaqauwaumaWQaaLiamﬁummﬂﬂuumuwmmi
dosainstugnaausiulag Objective and focused Uu3ULAY (Aperture) TuARLALHNLALSNANS
10 f1¢ 100 pm LLmﬁmug%JuLLawzmulﬂé’aﬁmmma% (Detector) Tagiluiduusziam
Photomultiplier tube (PMT)

Specimen ~ Objective Heam-qplitey E} epuccc Aperture
/ \_& - / 7
<N AN
( [ ! v
¥ o | ). #
| S < Al
‘\\ ’ \ ’ g Detector
\J \J
|
|
Laser
excitation
A]ight A

Ul 2.31 nénnnsves CLSM [67]

o w oY _ax A < a = ° s 1w A
dwfunmsaunuanansaile 2 38 fie (1) Funuadeuilavdiawesegiuiiuay
(2) assiuduiu egnalshaunsaedsiviedofuazdede Bawnuruaulinuautfnisaiann
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o BV S e d' = I | <
Paauemvieiiud WesinAnurainiadeuuaniuIknuLaznmilnazliusing sgielsinig
nsipdouiawnuinumeanuiigudusessiniisgilalasaniz 0g 198 UNUNFBINIS
Auuiuggs lumanduiumsaunumediaesiaduudugidos nsignalnnisaunuineld
AU19Y89 (Microscope objective) ASHUNTENUABAITVIIEATNYDITUIIU WBNIINTUTUIA
waztmidnvestunuidhiilutgniieldgawesawnu drudoidevesaialvosaunu Ao
Auandinisangnnazldmlouduninnd1unielioninaiuaa AR o UL NLUILAULAY
- o - i 1% ¢ = v o = i

YaUNMNIIA CLSM HANENINNFINTINTDI9aNTIAULUULAT AB Lannndai1uazidengenid
anansaadianin 3 TAwasdianinsainanuneuinvetunundinisaeninla

2.2.4.3 ﬂﬁaﬂﬁgamsﬂﬂmudmﬂim (Scanning electron microscope) [68]

Unfsysdannsoneaiiudssisldfeninaunlszaia 0.1 mm iedenis
m’maammm‘ﬁLﬁﬂﬂ’h‘f‘:ﬁqaﬁ’ﬂL‘f]ué’aﬂ%ﬂé’mqamiﬂﬁl,l,wLLm (Optical microscope) #38 Nav4
anssavildaraianaseu (Electron microscope) dmsunsaaaey LiletUSsuiisunisnsivaey
shuaneauazndeaganssatinanslinegud 2.32

DNA Virus Lactobacillus  Hair Water flea Honeybee
o I
® &% 4 g

2nm ~100nm 1~15p¢m 60~100um ~2mm 15mm

....... AN
[paum cmssov rmvswy |\ Y L5

iom  10nm  100nm fgm 104m 100¢m imm ~ 100mm

Qm;he"naked eye |

ith croscope

L T )

3UN 2.32 N1siSuLiisunIngIvaeumIgaIenIwaLnaasganssal [68]

1mm,

NAB3ansIAILUUABINTIA (Scanning electron microscope; SEM) 1ugunsal
nldadianmsou (Electron beam) awnuuuiiuisiegslussuvgyyinie lngnsivaeutoya
(Fryeyrnw) MARTUAIINFIRENUALLAAATUNUNITIDE 1IN IUIDN N FyayrauiiiinTuaindiegi

o

[y

LanadasURl 2,33 arnnnsaneddidnaseunusiedidlugaania wansdynal Secondary
electrons (SE) wa Backscattered electrons (BSE) uananmiudail X-rays LLasﬁm@ﬂmﬁuLﬁmﬁu
d1mu SE wag BE vldiAnnniiuansiaty Tnedyaia SE andildlndiAsafuiiegied
ayvdey Bidnnseudiaziioulflassadresefiazidon wasnmilldann BSE asvieuliiuds
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n33esatesnoufilaniruuazsuaudidnnsoutusgfudiuusznausiaquasiaog e 9y 1
\Feevnauiads (Average atomic number) Lagn159a389MIvaINan (Crystal orientation) 1Uu
fiu nmdil§arn BSE Seazviouniansratsdivesdiulsznouuuiiuiafiesns uonintuda
AT293U X-rays anmnsadaciudiiu SEM dmiumsiiengisiaviessdusznounaed dmsu

drulszneullesulasnannisvinaulagsiuves SEM uansisgui 2.34

Incident electron beam

Characteristic x-
Backscattered electrons el S

(BSE image)
Cathodic fight N
(GLImage) = | Segondary
- electrons
|-ASE image)

Sample current

Ul 2.34 dauuszneuves SEM [68]



ar

drulsznoundnues SEM Usznausie Column, Specimen chamber, @uuansnatiay
AdUAN (Display and operating) n1elu Column LﬂUizuuqmmﬂﬂWﬂ High vacuum iLag
didnasewintulneunasiniadidannsey (Electron gun)

2.2.4.4 EDS

dmumslinngriesdlsznaunaniiniugunsningindu X-rays ARty
SEM runnsaneddidnaseunuiiuiatuey Tngvlugunsainsraduifunuy Solid state
detector (SSD) fildfdwsu Energy-dispersive X-ray spectrometer (EDS) fA® Alnatmas Si(Li) fu
Li* ions 1Uunsunstu p-type single crystal Si ludadhdsudeyaion é’m%’uwé’amuﬁlﬁ%’mﬂu@
Yo38Lannseunarteitelufmalnes SilL) navulessuiussuin 3.9 ev agslsiniug
SLANAsOULALYIIAAMT LIINLS I UNE Y X-ray AAnTuLaznsTUAYEIad (Pulse current)
fimwgsaenadastusiurudioann uanNtu i ( layen lintulumramuvanefiadins
Snuares Xray fndsnunindlugasldides ev GeliAiu kev fianansonsaany dayaiadlui
(Signal current) gauenalasdauveney (Preamplifier) SULUUYDIAAUTAATTUS19RUNTVENE
dndu (Proportional amplifier) LLaza’ﬂﬂﬁdau%meﬁmmqwaqﬁaé (Multi-channel pulse
height analyzer) LaglanInNg N15R191UIBIALNALABS Si(Li) d13u EDS LLamﬁagUﬁ 2.35
wenaniulunisiisudmames SiL) wagduveIedynInaINIsaanamnilalaeld
Tulasiauwan (Liquid nitrogen)

p layer (oxide) :
~ ilayer n layer
(intrinsic layer)

Au electrode
(<20 nm

Incident x-ray Ex
(keV) NS

/

P el el T

Au
electrode

Pulse
current

Si(Li) §
@ 30 ; ih._ Preamplifier
Qﬁ’ SR % % (FET)
LY

= ¢

LProportional amph’ﬁerl

T—Dead region A
Multi-channel pulse
; Bias voltage height analyzer
i (500 to 1000 V) ¢

Display

Ul 2.35 nM3vieuves SiLi) detector dmiu EDS [68]

SNYaEBY X-ray spectrum F898UIUAIegranannaliaiunlaainnis
WATIAUANINIFUN 2.36 A5raaeulag EDS Nfafiud1iU SEM dnuaizuee X-ray Wanafiandn-
N9 wazlagnAudnaInaIuTasazinausaviinsuieUSinasannuluiiedns



a8

Characteristic x-ray

Continuous x-ray
JUN 2.36 X-ray spectrum vesBuIseg1mannalsaily (68]

N3ATIeRUes Xray inediv SEM Wumslasismiudeyaluiunsedululasiuns

Y
'
aqa

JUN 2.37 wapendaau X-ray Yguginintuludiedns egndlsinulagiluiiufives K line
@nnia L line Tnearuduiusiiauisanandldlagnisdiassues Monte Carlo vausfidiogi
NoAIlUNTTIIABIUAAIRIFUN 2.38 UaAINNITUTLUIUNUN X-ray YBISIANANUANIAIN1TINT
2.11

| p i
Electron beam | | @etecm )

UK line

a o = /lgeneration area
Incident electron (" B ine
scattering area generation area

) luoresgence-excﬁed x-ray =
] Feneratmn area w
1

n multi-element specimen)

' v
a a

U 2.37 Was1U Xeray Ugunditingulusetis [68)

Incident electron beam
Energy: 15 keV

Number of incident
electrons: 2000

Cu

—K line L line
500nm

5U# 2.38 f10819M83UAI91NNNTI1804U83 Monte Carlo [68]



M1319% 2.11 Ussanauiiuil X-ray ve35191an [68]
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Approximate x-ray generation area

(radius um but nm in shaded cells)

Element Atomic | Density 25 kV 15 kv 5 kv
number | (g/cm?)
K L M K L M K L M
line | line | line | line | line | line | line | line | line
(Gra;hite) 6 222 5.99 2.52 423
Mg 12 1.74 7.62|7.62 3.29 | 3.29 475 | 533
Al 13 2.70 4.90 | 4.90 2111211 287 | 288
Si 14 2.33 5.63 | 5.63 2311243 352 | 458
S 16 2.07 6.73 | 6.89 257 1293 326 | 453
Ca 20 1.55 8.01 | 8.33 B-53~ 13 15 205 | 545
Ti 22 4.54 2R 1.07 | 1.16 23.0 | 180
Cr 24 7.19 1756/ | el DER, PP 110
Fe 26 7.87 191 bl 532 | 638 98.2
Cu 29 8.96 1.18 | 1.26 406 | 547 77.9
Ge 32 5.36 2.00 | 2.11 575 | 883 133
Mo 42 10.2 548 | 884 | 1.02 413 | 433 56.6 | 70.2
Pb 46 12.0 138 | 748 | 854 182 | 364 45.6 | 56.7
Sn 50 7.30 1.19 | 1.41 540 | 580 46.2 | 93.3
Ta 73 16.6 458 | 529 182 | 236 36.5
W 74 1993 443 | 529 160 | 197 32.7
Pt 78 21.4 352 | 454 122 | 175 27.6

2.2.4.5 EBSD [69, 70]
FBSD Amanas (Detector) \ugunsaifiinegiu SEM w3e Fe-SEM lnufiva
wosUsznaunitaeneaes (Phosphor screen) Waznday CCD fisednfupeufinnesiiiowdns
o Teildudrduauasides 70 © arnunuuwIuen tielild Patterns Aiflaupudmiiisane
U 239 LandeeAUTENOULANITINLYRY EBSD 1nuil A fie Aeduildidnnseu (Electron
column) B e &1818nasou (Electron beam) C Ao Fususiet1euay D Ao EBSD Anewmes
n131An3ULUY (Pattern formation) BLénnseuiigndsunainndesganssaduuunailod
Sidnasouruiufedne sidnnseuruiadnaslundnaznszansuazideauy (Diffracted) Tne
MSEINULANTUALEANNS Bragg’s
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nd = 2dsin 6 (2.37)

d' = o W v . = = o a &

e n Ae dwiumsavviou (Reflection) 4 Ao AugmMARUYBIEBIANATEU d
flo TguEraTEninesEUIUNGn (M3el3endn d-spacing) uay € Ao yuANNTENUTBIBLENATOUUY
FEUNUVBINAN

[
=

dmsu A uegiiuwseiulniy (Acceleration voltage) wssaulnfinianasagyin

Tifimuemaduiioniu duiuddneseuiidenuulnessuvesdnlunnnsenuuuasoaies
fvuthiisudidnasoufignidsuuauilfAnnmuauainanstuniedondt unuAnd (Kikuchi
band) waufinTavUsvenivinualaswas1anan (Crystalline structure) waz#iANINITINFIVD
w30 IngoedusznouseaUIziueg fuautAniunnssiuvesaniia auninwosoufnd
duiusfuszorinaseninaszuundnguinawesunuiinduuanslidulasasnandn (Crystal
lattice) LUANBLazNITUTTIRaRAINIUSLN TUABN Mo S fiaUanTiAVIIN1T N sF e Ldas
seuuNin (Crystal plane) LLaméﬁ’quﬁ 2.40

Ul 2.39 29AUSLNOUBALNNTVINIIUYY EBSD [69]

CaN

5UT 2.40 ULoUANTLAYNNITINFITDIUAREIYUIUNEN [71]
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wauAnTileludisvsinasiemglsunsuneuiameavladeyaiianing
v A v = [ ! - Y @ ! a <
Jaseaivewdnluiag wu EBSD Map iisliiuanuunnse n1siiansuy seyzaunsuy Ju
£ a1 Y & v A v ' [ =] '
fu Iagdr19931nn15 Map Aguandliiun1sdnisesdimuans1anagui 2.41 Lansnduuane1g
YDUNTULALNTINSEe Inefiniwada (Black pixels) Tuguidufinisadilididvil (Non-indexed
pixels) #301389n71 Zero solutions

gﬂﬁ 2.41 EBSD map v03tn3u [69]

NSANYIAEINUVBULNTU LUU YBUINTULUULIAT YDULNTURUULLGILAY VoY
NIUMUU CSL Aaguit 242 annsavilalaglilusunsuuandiduesvouinsuwuusie weldidu
Toyadmitinsgnilasiasiganiasely

g‘th“/'i 2.42 YaUINTULUUANNY [70]

Pole figure (PF) viSoununnlna [Wumsuansiiuiavesudan lneundauwanduns
218 MaINIRveTiANRENIinuvetnsuludan degredmSunisAnyInuly (Texture)
Ya37an i uNITIALALYBINITRIEN AN saUSUT Ak Wk uvasdieg1s Unidiegiadl
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AUENA19YDINITAIYNINUAL AANI9NITUYUY NN AR NIAIUYINTBATUUUVBINTAY
(Projection) mﬂgﬂﬁ 2.43 wansnINEen AN 19Y895EUIUNANUNA Yzl Pole figure (hkl)
WanIN15n5E918@7 (Distribution) 989 {hkl} pole Tudle819 wagd1usudangns Pole figure
yomeandnsfinansliifiufisnsdndowinn Strong vee {110} wafuLAL Z uansdsguil 2.44

Normal
Direction
Reference i—————
Sphere ND =
/1001 [010] ™\,
7 ~
"\ .
/ % RD \
/]
T i L
P =
¥ — ‘T’
Projection :
Plane 5 /
. Rolii Crystal y
Direction \ Yo
\\_ Sample A
T e
\\ //
~A / Py’

e 3 ’
{100} {110} {111} 0.00
UM 2.44 PF Yomaanienaungiy [73]

uana i Inverse pole figure (IPF) gninunldlunisesuisnisdaFesiaves
rAndmsuRegns Tae IPF fntsuudiifiunsdasesiiiunndresiulagldnsaiunndneiuluus
azulaLagsEU L9 {100} {110} wa {111} JUA 2.45 LLaQQIﬁLﬁunﬂLWaﬁLﬁWﬁuﬂuawaamﬁaq
naunzia Tae 2.45 (3) wane 3 Wafiindy Ao Az o Neundoas B Meanaes unuFeaLAT
wiEpwaztFumudiy §wsy 245 (b) wana IPF lukuauny Z vesnnia way 2.5 (0) IPF Tu
WU Z BouNd B eundesdunusiediden
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]
=

5UM 2.45 Tnssasameavdesnauaeia (a) Phase map (b) IPF-Z map wag (C) IPF-Z map ¥8s
wla B [73]

Grain orientation spread (GOS) 1Hwasosenldlunisiasizdaniuiaiend
Aatulutandosiu wanslifiuanuisuninanseeinuuiivm uiazinsulufiuidi
n3I9aey Ing GOS sefnsedvvasnswasunamisinsesfinmannfinalunsuuazas
NIULIIABTBUNTY INTUTLgNUARIANELANAIIEE tnsuiliszfumniaiongsazgninlag
Internal degree 484 Lattice rotation fee 193U 2.46 waudindes uas Auandlusslaunsaly
shegwuandliidiunsulissduaiuiaiongaglndtuiufianeluinuiiiea e (74

Aluminium

Ui 2.46 GOS Tulassasaegiiiilen [74]

dmsunielulassadisaniannueieaiiiinduainnszurunisiludsdfy
dmsunisinunlglunisesuie Gen1siiasizilagly Kemnel average misorientation %38 KAM
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wsuansliiunualiivesanuieioaiieglulassairsganiavesdnegns JUfl 247 uansnnsvii
KAM wasusudinuia (N) Al dutudanlunisudaviodsing naann KAM annsassysuadid
aruidduresanuaisndsansaussduldlutunudnanivuedsnvessstuazusidn
fiAnty

I__Dcal Mizorient ation Mi-zuperalloy [94.5%)

TENSILE

£
=

UM 2.47 KAM 909flAafiumnuAsenveausanauazissdniindu [73]

2.2.4.6 ﬂ’liLgEJ’JLuu%Jﬂ?iLaﬂsﬁ (X-ray Diffraction) [75]

fdenddnwazianzidnuaziirvie Tanvazilusonunanvuidualnasy
wuusialiles SsdtenddnwaizianziinanmsanseAundanuesdidnnsevlusymeniignnsydu
Laztilesanisdenddnuasionzia masnuiuiusuniinuessiginlianunsathisdiond
SnwaanglU P insgviviavessigiiegluasiedwsmaiiansidsauuidiond mada
Ssdianddnunisianzdsuil 2.48 (a) lefinsvufuvosdinaseuiivsvuiudidnaseuduly
Budnmseufinarugnniniesnuudingnuu uagdianaseutulufingnoeninainasdu K uay
(b) \AnnsUBsuszdudundsnuaesdidnasoutsuon rgredulufiinegasiinsdiond
Snunianziu

incident e ‘e X-rays Ko2 %
scattered incident e

(a) (b)

JUN 2.48 M3iinsediendanuazianie [75]
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sriunasuvesdidnasoulusznemduaniugnianiousy lnsunazszau
wdsuazgnimuafeIavAIeudl n, | j Laznsildsuulasssiundsanuresdidnasouy
Hulunangnisdaidon (Selection rule) sl Al =+luay Aj = 0,£1

NNgUT 2.49 FunainagiimaBsunlasseiundanuesdidnmsouunsilyl
anunsaifntuld Wesnliidulumungmadaidenesmoudu sndegnatu andu L (2s; |
- 0) anfatal K (1s; ( = 0) aglay AV=0 %nlaimqﬁumgmiﬁmﬁaﬂﬁa Al =+1

nadloynsane (K-series) Wledidnnsouludy K Idsundsruiiinnimdanude
wilswesdidnaseudsorananadidnaseuniessdiendild  udwihlvdidnnseungasenain
ovmou Budneseulutudaly Wy LMN, . ssasnunuilasuusiinnudeuturedidnaseu
oxneufazldenSidiondeent wazSonSidiondfioeninidiBendn K Xeorays wazituiieniy

dwsunsdloynsuuea (L-series) azidunisunuididnnseuludu L imelusmedidnasauaintu
MN,... wazlussdiondiiSania L X-rays oon1 tJufu

TRAgNAIAINNE AR UTD AT UL UAUNUS TUNARI9UDITLAUTUNAIY AIT

he
A=— (2.38)
AE
Taa AE A8 Man1999958AUTUNg191UT98LaNAToUM A UA s Uty 15U
Sranmsauldasuaindusn n=2 (usovu L) u1n n=1 (n3a3u K azla
AE =E(n-2)-E(n-1)

nil|J
Ny, 4dz
N ;N|u4d.’-’
Mz N, 4s
3 |2 |5/2 g l My 3da;
3 12 |32 x - My ad,.
3L |32 M 'ﬂ‘u gg_.,._
3t iz M 35"
3 o /2
La, La, LA,
1 a2 3 l l L 2pse
2 |1 (U2 = L, 20w
L 2s
2 |0 |1/2 !
KA KA Ky, Ka, Ka,
1 /2 ,l
K. A%
P K

JUN 2.49 msilasusziundsuresdidnasounungnsfaiden [75]
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v oAy Yy 1 oa [ va a v ad A = oo & v

aantananmuwadin danudululanasiiefsdnvatsninueniniu I1dusies
fiuenFadiondnnueInaunfenIsianie neunaiiiiaSadiondasiiiuenuasansed
(Monochromator) Alglunisuenssdlnlassdniiaueninaundesnis dsueneaudiulvegi
A Ka Lilosandanuduasgailoiiguiuadnue1Iniudy uansaagiiniLenlaitonsen
A X & o o 4 9w Nav i 44 v
Wingudndamile Wieldwen Ka, uay Ka, Tunsdinlifinisuwen Ka, uay Ka, i519zidenldaiueny
ARULRAEYBINY Ka; LAY Ka, F9011150019InANTUYES Ka; 11NAT1A00NYRY Ka, B
Uszanal 2 Wi (dauadnauduves Ka, inndiannuiduves KB aguszunn 5 i) fdieg1aanny
§1IAAUVDITIENTVOIRI0LN (InN5197 2.12 FslluarueIrduTiieIsande

(Ka)= %4(1@1 )+%/1(Ka2) (2.39)

* %(21@1 +Ka, )= Ka (2.40)

A15199 2.12 ANANNNENIAANYRISIALNTANWAELRNIE (MUae A) vaatlangsneuile [75]

Element Ka Ka; Ka, KB
Cr 2.29100 2.28970 2.293606 2.08487
Fe 1.937355 1.936042 1.939980 1.75661
Co 1.790260 1.788965 1.792850 1.62079
Cu 1.541838 1.540562 1.544390 1.392218
Mo 0.710730 0.709300 0.713590 0.632288

2.24.6.1 wqwgwummmﬂmamwusﬂmaﬂ%

mwgwumummmmamL‘uu'ﬁﬂaLaﬂ% ﬂ’l'ﬁLaEJ’JLUU‘NEILE]ﬂ‘(iLUuLVIﬂuﬂﬂ’]‘i
nraaeulassadrandniitdnneaesldodsunsvats uaginasnuifunsinsesidiemainai
ﬂam%”’ﬂuwmm%wmi %qﬁi’ﬂLﬂuﬁ%ﬁaqﬁﬁumummgmmLfﬁﬂﬁ]ﬁaﬂﬁmLﬁ'mﬁ’wqwﬁmm
MaduSidiend ﬂanmmwgﬁuammm navesnAduld NI IIUNMSEE UL T
ANUNTIYRIAN IR U Mntuaznamisdulssneutenaieudsuuidiond

ﬂauuauumawwaq 4 Us¥n1s A Nsazviou (Reflection) N1sunIn
aan (Interference) N159%n11 (Refraction) wagn131a8a1uy (Diffraction) Tufitiaznanifs
Usngmssinisunsnasavesnduisdiend nanafe MaduannIznuuarazTiouaantINTEUIU
nAntuiniu Fuvssuaiiout Sedendilunduuimdnluihiinnnsenuuundnuassdnvhuiig
willownsnis aziRanmsunsnasauvuiaiuiilonadiisesdunisnduaesdunavienunaning
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SEMINBAUNIAY (Path difference) HuLTUIIUIUNNVDIAMULMIPAUNANNTLNU LADINAA
YDWAUNIAAUIIADUAUNI WD UASINTIVDIINUIUYINIVDIAIUENARUNANNTENU ALLAANIT
o v a = e X o & . .

WNINADALUUMNE1N Hdeusenusingnsaiildn nsideauussdiend (X-ray diffraction: XRD)
a dy d” o 66) v v v [ [~

ngufnsdevutauisatnluussendldanulanaleaiu ldinsdu
n1siasuudianasaulundesganssmididnnsaurindeaniu (Transmission Electron
Microscope) mammwwam TEM n153A518InANNsEaevuInaunalagldnatinnis
N2 aarNNTAglULYLALALTe S LLaumiLamwuiqaLaﬂ%wwLﬂummawaﬂmmmﬂum
FregamMTlATERaasiemaiansaguuSadiond (X-ray diffraction: XRD) Usgnausieny)
YoIkUINA (Brage’s Law) Anstduflaainsruaunisideaiuu (Diffracted intensity) Lagaay

Y - X .

NIVDINANISLAEILUY (Peak width)

2.2.4.6.2 NUBIKUINA (Bragg’s Law)

nsienuLseond duisiuldlunisinvilaseadmdnvesadans
(Crystal structure) ¥uwIAUDINEN (Crystallite size) WaZAIUATYAVDIEATT (Strain) ToRAVDINTT
Tmedanisiasavuidiondne Wuisiliiatsaasiegne wazldsndudemaasddy
GRIATMGRE Lﬂaqmﬁ’wé’ﬂmslﬁy&nLuu%’a?ﬂ,aﬂéﬁﬁmﬂﬂswwﬁf']wﬁnmaaamﬁaaéwﬁgmmqG] WAy
thnamsieseildluieuisuiuguteyaifiossufeussnnuesaans (ewhesadionds]
mgeauiidulugag 1081070 m FsmuenadusinaniivuisindifiesTussesiaszuing
avneNIIN SvEEviesenInevneNdvgeglutag 2-4 A Jeilissdendgniluldlunisdnm
Tnsea51smdnvadaans 19y Arasiiuanfiy (Lattice constants) ¥e4ian d1nsuAasiiuandis
Tngvhldiienluszivann 210 A Tnevdninasinsmsasfiuasfisduaunsoesuelisong
YOIWUINA (Brage’s law) wile A 1912 Faudeu 1aws wusns (Williar Henry Brage: W.H.
Bragg) Wazdatany aoilsud Lusna (William Lawrence Bragg: W.L. Bragg) dnaneneianseasd
negnamdinguldiausuuifniiddgdmiumaienvuresidiondlasudn nanfe iesnon
Iuwﬁﬂﬁé’ﬂwmzms%’mL?EJ@éf’saEJNLf]uszLﬁEJULLaULﬂu%’jw] Tnefiudazduiesyuivvesernay
(Plane of atoms) wazse u’mmmuamwaaavwauﬂaumms "y Immmnm mummuuu
agiiou nnvesUINA annsaesueldfigUTl 2.50 Wefsdiendifiannuenaduamis annseny
waavTauULIEUNUT 1 way 2 (598 117 way 22°) 23sEnundn asianisunsnaeniuvesndy
MIADIVUIU G1AIULANANITENI N UNMINRY (Path difference) w8a5sdft 117 uay 22’ 3
Wiy AD + DC = 2dsin 0 Siansnsfuvinfusiunufurivesminuenady (nd) auianiswnan
aoauvuiasuiwhlrldmanduvesisdinniign Ssiansanldmuaunis (2.37) wuiu e d fe
ITYLWNTTNINILUIUNAN (MT138n71 d-spacing) O Ao yuﬁ'%’q?{Laﬂeﬁmrmwuﬁwﬁmzmmm
NEn A Ao mnuerduTessidiend waz n fie iy wavaunnsi (2.37) anunsandeuldidy

2isin¢9:2d'sin¢9=l (2.41)

n
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a d . | | = v o °
e d'=— A9 JY8TUIITEUINNTTUIVVBINAN d UITAUAIAVIIUIU
n

W n videBussessineserinassu (nh,0,0) tutes euu 0 WWulunuaunisvesuusnd tude
Bugumnnsznuiivinlianuduresnindsnvunnnfiganiussuiunisidisaiuy (Diffraction
planes) 5148] %L%'amguﬁ?u'j'] HUUUINA (Bs) (Bragg’s angle) izmwaamiL?g{mmummaaﬁagj
nanpszuvisduegfurinvedlasiaiiendn Insanduendnwalianzivondieduiifaes
(hkl) EnwnrTagflanunsansaeuldmemaianisdsnvuidiondasdosiliasadandnnely
Tnefivantuasdesiianuznduvonds amsnegluguosiidunun fiduuns na fou niousu
Fusu uittaznariawgnmsfneilassaiwdnvesaasveaudslnensiinszidoyauuy 0 -
20 6 FeaeandesivanmsveaUsATIna N UL

normal plane

weaq Pajoridip

3UN 2.50 n1sidguusediendlagudn [75]

vpadandarsnaussneunltasnouydafeiiuns ansvilaiuis e ein
Jundindneguuuusneg i gnuiaiusedadn (Cubic) wasilnia (Tetragonal) uaresslssey
Tn (Orthorhombic) 1Husu Tunsvinnnsmeass mnnsuameIRduvesssdiendlduazy
nsiaeLUuiAnty Wownuawmadidiluluaunisrewusnd asaunsaf I uIunIAYe
svgvesewineszuutiule lunsmansiinanfisagldanuduiussewinessurunisiaeaiuy
(hk (Planes of diffraction) S2e23195eW31952UNUREN (d-spacing) uazAAsTiuaniie (Lattice
constant muaiiaveslasiadawdnuansssluniseil 2.13
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e a, b, c uduusassuvesmilas (Unit cell) alluyussning
b U ¢ B 1uyusening a du c uaz ¥ 1Uuyussndng a AU b wannsgud 2.51 Tuiidey
gNAIDENANNFURUTTENINTZUIUNTEYIUY (hk) AIAINWARTIY (3, b, ©) kAT UNTIIEEIUY

Fusvaansnilassasrandnidumitn aunsasulaeannisn (2.42-2.44)

AN5199 2.13 ANUAUNUSTEUINTEUIUNITHALIUY TLULMNTENINNTEUNUNANLALANAIN

wandie [75]

FUAYD ANUFUNUSTEMINT LY LINITENINTLUNUNANAUANIAT
1ASIAS1INEN LANTITUDIARL TTUNUNITHALIUU

Cubic
a=b=c 1 P+ kP +0

2N 2
a = ﬂ = 7/ = 90O d a
Tetragonal
a=b+#c BN CALNR”

P ya 2 2
a = ﬂ = 7/ = 90O d a ¢
Orthorhombic
asbec Y- M \@]

. A1 VOVT B

Rhombohedral (Trigonal)
a=b=c
a=pB=y<120+90

1 (h2 +k* +lz)sin2 o +2(hk+kl+hl)(cos2 a —cosa)

d* 612(1—3COSZC¥+2COS3 a)

Hexagonal

2 > 2
a:bic,a:ﬂzgoo %:%{MJ 1_2
y =120 ¢ ¢
Monoclinic
. SV (h2+kzsin2ﬁ+lz 2hlcosﬁJ

o \Y V7 sa®.2 (NP 4.
a=y=90 %43 d sin” S\ a b c ac
% - %(S”hz b S,k + 8,17+ 28, bk + 28,k + 25,k )

Triclinic S, =b’c’sin*a,S,, =a’c’sin’ B,S,, =a’h’sin’ y,
azb#c S, = abd (cosacosﬂ —cos;/),
a#f#y#90 S,, =a’bc{cos fcosy —cosar),

S|, = ab*c(cosy cosa —cos ff),

v =abc\/1—cosza—c0s2ﬂ—cos2y+2cosac0sﬂcosy
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o

UM 2.51 N1SAVUARIUYDIMIRETARLa TN TETNAULAAL A [75]

2

) 2 2 2
Y/ ﬂ_(uj (2.42)
4 a

P 1% 2 o Y] a v
aﬁqiwuiﬂiﬂai']ﬂLﬂUmeiqiﬂua GHEPIRIN EJ‘UI@ WU

] 2
a C

{ 2T AT
ot = 3| DAadld | (2.43)
4
aasnilassasradiusesissanidn ausaeuladu

2 2 2 2
sin’ @ = %(h— + k + Z—J (2.44)

2 2 2
a b c

Hagtuiigrudeyaiinusuannguisetsavmguiuarufofnarendslag
The International Union of Crystallography (IUCr) ﬁa’lmmﬁ’lmiﬁfjjm%uLﬁﬁmﬁusﬁjaﬂﬂaméf
Mnuaniamaaedldun yuresnisidsnvuuaraududuivsvesaasioadilinsuyia
(Unknown samples) uagdaiilusunsudnsagudmiviinfianisideauu fegraitu CELREF
GSAS ua EXPGUI fitniduansnsnthaiieszvideyansidsauldigudy
2.2.0.6.3 arudunazarunisvesfinainnndsaiun
ANFUNNS (Relative intensity) AFINTEUIUASIEENULVDILAAE
amsandudnuasansvesaasiug Wisuaieuawiailovesnwidadudnunsansves
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YARAL AINNTINTIN (Integrated intensity) Y09MATINNAINTEWIU (hKD) @1unsauszanalaann
qunng

> [ 1+cos”260 2 (0)
[=|F,,]| P(WJA(H)e M (2.45)

Tnedl 5 Jadendng Afdvsnadeanudusiuveiia Ao (1) unnmesn
sz TsormeN (f) wazurnmesitelaseasne (F) [Atomic scattering factor %30 Atomic form
factor (Atomic property) and Structure form factor: (Crystal property)] (2) WnALABTINUIY
8 (p) (Multiplicity factor) (3) unnimeosaaisud-lnailsiwdu (LP) (Lorentz-Polarization factor)
(4) unimasaunndl (M) (Temperature factor) kag (5) wninasnIsRANEY (A) (Absorption
factor)

sULuUNsasnUusidionduendniaodaildanniadosinunsnin
fumeslasiluazdunssenisanudurasiiiiondifsauuiugunistonuy (20) lned
mhevesanduduivsvesssdiondasiusuiuiiu (Counts) osnanuduiivaldduoi
nanitldlumstafluunindeauntug vesesilafumnevesaududuivsifu Arbitrary unit
(a.u) 3U7 2.52 (a) uae (b) Wisuiflsuanuniswesfinnmsideuussrinsasiina3uasiiaves
gauAf (Ideal peak) mud1dy Funniadniufingaund Wouunisdenvunssfuyauwusnd
(20m) MuANNITUUINARED FzLRaRakAULAETAIdLgs uiluaduduasuda finvesnis
deuuariinnunisiainduanraistade bidesduandeafeiifodestuiafendsay
sdiondios 1iun mnuenaduvesssdiondlallfdumiuenrduidon uazarneniliauysel
Yosanshegnane fszunundniiFesiuogsbibussdou

3 =
@ S,
= 2
™ w
5
1= E
-
20, 28, 26, 28,
20, (degree) 28, (degree)
(a) (b)

3UN 2.52 n15idgauu (a) MNUNI19YeiiART (b) Auninsvesiingauad [75]
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ANUNIBINAANLNSALTAURILIRYRINaNte  tneldaunisiuesisas

(Scherrer’s equation)

kA N 094
Bcos@® Bcosl

(2.46)

dlo D flo Auadsvesunnndn (Average crystallite size) A fia Ay
gPAuvedsElendily B8 fo Anuniefiedmilwesnugevesiinvesssnunien Tumie
\feu 0 Ao yuannsgnuYesddienddniusutumien

\uinsuiufiannswedises (Scherrer’s equation) 198U @ansn
Tsnnendsremmandnldfdedeasiogaiuasdoslifimmesonnieluian  (Strain-
free material) enffeg1au TusUuuuvesHanss (Powder) usfansfogiseglusuiuudu 1wy
flauunafignugnuussiusessy wiiduEnaduiiviilifian edu wu anuedoaluiidauns el
amuﬂsaﬁiﬁuaamﬁﬂimmLL%QG?&;‘]%’;QLLUUL%W (Point defect) wuuldY (Line defect) WUUmURIMNIN
(Surface defect) waguuuBaULNsY (Grain boundaries) lufitifiedunisdelunsfinnsan iae
Tiiug 3 Jodeiidednsnaluanuniiee eIl Boswned : Bo) TUAD TUIRUOINEN (Baye)
ALASEAUAATY (Bran) WALBVENANIATOMTD Binsiriment)

gnfinsneeflendi Guassian %39 Lorentzians usiagveonvziinis

SAIUAUAIFUNT
(Babs )2 & (Bsize )2 + (Bstmin )2 + (Binstmment )2 (247)
094 Y (.Ad 3
(B,,,) = (m} (27tan 9) + (B iment ) (2.48)
B
dondonidn e Biis;“;”ﬁ”’ €00, [Sm 9) sgldnsmiduLdunsa lned

Ad
YPUNAVBNNTULRAY B UALLNDL — mlnarngudaLnuAILazaLduRUETU 3 35S
nswaerkuLladendu-gead (Williamson-Hall Plot)

2.2.4.6.4 drudsznouveanzoufeiuuiidiond
wiawenldiansidgnuusediendd 2 sUwuunddgy fie ndeunaue-

o
I3

199351595 (Debye-Scherrer camera) wazuusnAUTUNIIU-ANLNININALADS (Bragg Brentano
diffractometer) Jag0uiinislduuundsadninineuinuinnitiuunsn iesainidalaieu
11NN Nafe In1sAruAL uteya wasdnTzimenauiined NawuANgwIntunIg
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NN AULALIATIZIHADINLEULR L IUUBALAINUTUYDIEURLIUUTAAVUUUN LAY Aasiu Tu
T9¥Y9naNID9dINUTLNBUVDUATBIALIUUSIFBNTLRNIEWUULUTAN-LUTUNLU ANwIsNIN

X-ray source X-ray detector

SUN 2.53 1ATedideaiuusedlenduuunusni-usunily Avunsnlniiaes [75]

drulTeNoUIDILATONANALUUSIERNG (5UN 2.53) 8 3 dulugq sl

Y
= ] I

(1) umaariiinsdiond (X-ray source) uvassfindsdianddsnsiiognisluaiandsuuid
wnd yimihiildusadndedediendildlunisdeansevuunianiideanisnsiagey Losann
wisstudassdienddlivdnnaieatunisadieidiond fedenmdululifsfnddivans
mnspedy Jaduludpsdidaugnisdiendfinugnaduiifesnsianizndsaniisediondys
99NAINNUIRLUTA-LEU (Berylium window) Iaeld@ineniasionssd (Monochromator) Lay
guUnsaldnd5ed (Collimator) tiensuenssdlilasedfsiminenaduieiidosnsuasiiasd
uAy MERU Fammenandudiulugfldde Ka Wesnfinnudugaandladiouiuniuen
pALBY uarinansTausnSdiendliinnaemeduany Ka, wSonadontenuudondiy
11 Lﬂ'%"aﬂLi?;{mLuu%’qﬁt,aﬂez?mmazlﬁwqﬂ* (High-resolution X-ray diffractometer: HRXRD)
uanaNiifiiaTeaiseynina (Particle accelerator) #49 voslanuansusis Ly 7 The National
Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL) ﬁ%ﬁﬁ’wa%ﬂ Usgine
awgoiu3n1 The advanced Photon Source (APS), Argonne National Laboratory #1§58aausd
Useineanigewsni Spring-8, Japan Synchrotron Radiation Research Institute ‘lJiszﬂijﬁu
European Synchrotron Radiation Facility (ESRF) UszmeadSuaa WTlandfndauedendsaiun
YidlondmmaziBengalaeinisldszuunisnsesuasdulasnseu (Synchrotron) fiflnatsaany
g1andulifinueneduier lunsawnuyindsouiisniufeddaiuazdoagaasmng
dmsunisneaesluuidluun wiu luua Reciprocal space mapping 1nun Rocking curve lay
Ty Reflectivity agnalsfin fidushethaiildiulmnmaniiazfoaduwuuofiunnd (Epitaxy) 8n
e dmdulnuaiinaludnedy s1ududesiuiunsduny (Stage) anunsaiunsideves
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Funuldvanefianauaznisuyurestunuldasusou dufunewmesuuudy (Stepping motor) i
I%UdﬂUﬂ’]iLﬂaau%%@ﬂLW]‘L!T]Q%‘LN’]‘LA sudundsiniaidiond nsreduisdiondazdiosd
AnuazLduags (2) Tanfidesnisnsiaaey (Sample) Anwarvesianianunsainisiinggs
Tnssafsvesmdndemedailddosiansiidureaudsomogluguuuulivasuuy iwu fiduung

b b

a ey & v Y o Ay [ as = ' 1 o Y A
winiindiew Wudu fianifesnisnsvaeveglusuilauuisiugneguuunusesiu agaedinig
999149 (Alignment) fiauyin1sneass laud lunsaiiflauuranynan (Polycrystalline thin film)
warilauunaefiunnd (Epitaxial thin film) 98dn13091980UAINNYNABIVOIAIUNUINANT

& a5 A a X o = & ! A « & o ¢
LAY UVUYDINAUUNNLAAVUNTIINNUNANITLAEIUY @EJ'NIﬁﬂGﬂllLﬁﬁ@ﬁLaHﬁLUu3ﬁaL@ﬂ‘Uﬂ'ﬂqi~l

a . . . v o OA _ ° o Ada o
aztoungy (High-resolution X-ray diffractometer) 9zaa il SN <107 (@mSunsalniiandy

d 52‘ U L I’ U i 1 U 1 U
gAY ka, Wa¥ ka, - fianUszana 107) vesunusessulunsaliuiusessuliiluedugiu

(Amorphous) kazazdaslianiiduressidiondnsridnileruaniuauiesunsenuiasyy
nszRainiuguidudszinuesmiliwesnuiduresiidiondillessnanunasininlnenssly
§96710 5199V 9E 0% wag (3) WIns199USdend (X-ray detector) lagiinsaadusdiend
anunsniieutuadld shnadufidiendaginisiuamessdiondfiinannadeauudistan
Funu udafinmstufinduanuduvesdyapaddulumunguesuusnithues
AianaaduSsdenduiinle ssdnntuindunsvseninsaudy

[ [y

YosdeyayIad () U 2 Wvedunnnseny (20) duusendnsnasninssdondiussuiudmiogi
iy 0 Favifunussrinsanadusdiendtussunuiedis indenneseitoyauuud
11 mAAnsziveyauuy 6-20 Inefiyn 20 A uuszwinsfianswesisdnnnsenuiuiianianig
Fenvuresidiondluiinedusidiend vienigendi mumaﬁmwuﬁmm

iumwgummwmlmmms’mLLUU 0-20 ma‘dm 2.52 3ggniiun
uJisJUmsmﬂumwuamammmmwammmaqammaquamwaqmaﬂmmamiuu QLU
wmmamwumummmLsuuauwwﬁmﬂmimammqmﬂqﬂwwagiug'méuau”ammgmﬁuaq
sUsenEntu Aauniuldlhansiussilasadendnduwuudingrs Jagtudinsiamud
asdudnaalfanisansradudynalaedssiniiuaziaiug wwu n15ld Super speed
detector 209U39W Bruker Fvagldiiantosnindnsiadudaarawuuiiy dsfiddalunisld
i3nsAnulsnIndimes Ao AxfomITUANUUENNNEANVBIAA1SHIEN WU S1aansiiees
Wundnwe vuiavesdandnnenisaziannin 10 luaseu Lﬁaqmﬂmiammmauﬁmmﬁﬂmm
Faofinsuudiandniiesldenunduresmsienvudmsussunuiiug 1NN uenaNnil e
ﬁuwiwuaamamﬁmamamwuwaaa’mmﬂmammLwauwmmaaiqawﬂmammu namAe nsil
aansinvguszan Mionslinanmsiinen liaziden f\]mﬂmﬂmmi@mﬂauiqmaﬂ%mmwum
mudussiondidenuuiitaldasiidiesninnd nsudlavillneuandnndiazidonuing
wazdnliuiy videlifeundnfidautuudniiliSou
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A5ANHUN5IY

3.1 wavaslsununaswnstulansiansninaia IMC 53131950868

3.1.1 JEAUAZIINITNAADY

Tunmaaesilliflangtnnilfanng i 3 win AduTinumesuamaneguansaiy éun
0.7, 1.0 4ag 3.0 wt.% (Sn-0.7Cu, Sn-1.0Cu @z Sn-3.0Cu) HARlAEUSENRanIIARS 91N Lag
thlavedaniuvasuiiguvall 350 °C feieSeddiaainieu (Hot Plate) ilelavyinns
vassamastuimannanladudieBenlifeaui 3.1 ewdsulansdan3liivumduniiu
AUENA1Y 6.5 mm Uargs 1.24 mm (0.041 cm?®)  #uNINSFIU JIS Z3198-3 [76] é’ﬂgﬂﬁ 3.2
dwsuihluldlunisdanisiely

JUN 3.1 Wamanndlatiy

@ 6.5 mm

5UN 3.2 lavigUanIwuuiviansanseuen

mwmmiudauﬁﬁusjusawmme%qwé 99.99 % AUNINTFIU JIS H 3100 YUIA
25x30 mm w1 0.2 mm Mdunsusenimihauaseaituiadisasazansnsalelnsaassn
(HCL) waufutensiuea (Ethanol) Tusnsidiu 1:1 lnegUsunng nasnisyinanugzenalaivass
Tiwsisluo1n1aest luld dunauses naun1sUanSneandng RC-155H RMA (15%) ULLAUSD4
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wazUanuuusindrvwasedliausoungumgil 350 °C menafiunns1aiu fAe 10, 20, 40,
60, 120, 240 Uag 480 s FIRENUNUAIMNNNTUANTIAAIRIFUT 3.3

Solder

N Substrate
| P/

Hot plate

JUN 3.3 UHUNINNTIRNTULUUSINE,

dmfunauazguuninldlunisdanidrsdeain Measurement of Liquid-Statue
Intermetallic Compound Growth Rate (By The Hot Plate Method) 11 Test Procedures for
Developing Solder Data [32] wé’qmiﬂ’mﬂ%ﬂdaﬂﬁ%umuﬁaa&mLﬁuﬁﬂummﬂﬁqmmﬁﬁaq
wartiinfdnndndimdesnntasldiensiuea mnthuisogaludauasvaslusfunansdgy
i 3.4 ilowTounmaseulasiairsganasiely

JUN 3.4 Junuimegrmaeluisduy

vaanaslulsdudasienszaiuniteiues 150, 320, 600, 800, 1,000 wag 1,200
PUEIFU MuFIERez g (ALOs) TuA 1.0 ke 0.3 pm vuindnvanlaglfiaiosdinduny
npaoudvie Struers 3u DAP-7 wdanasdafafantiiueru (Etching) Fsaisazasnsndi
U5enaunag 93 % Ethanol: 5 % Nitric: 2% Hydrochloric 3anlunsaaasulassainganinuay
IMC stald

3.1.2 N15ATIVEDUUAZIATIZINE

nsasdeulassaraganieidosduvessesdeldndosqanssainuuuas (Optical
microscope; OM) S0 OLYMPUS 31 BX 60 M LLazmzmma@Uﬁﬁﬂé’wmﬂqwﬂ%ﬂé’m
9aN33ANLUUEBINTIA (Scanning electron microscope; SEM) 8vo JEOL U JSM-5800LV Wans
éfqguﬁ 3.5 115ANWI0RUSENo UM BLATvestuatsUsEnoutdelansld Energy dispersive
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spectroscopy (EDS) 8% OXFORD INSTRUMENTS §u X-Max warBufiunalasiadiandnuaysi
wlslasswanlaglenisnsivaeunisidguuvesssdiend (X-Ray Diffraction; XRD) 8@ Bruker
U D8-Discover wanesiaguan 3.6

3UN 3.6 1AS0I9TINHOUNITEYNUNTIDITFDND

ANUNUIYITUAISUSTNRULTIlanEIn lmaniuives IMC MAnduseninslansinnshs
ANTNTNILATHLAUTDINBILAY LLBUININEIPRINAITVIY SEM NA1890818A U7 3,500 i1 VD9
wiazsireg e inlagldlusunsy Image-Pro® Express fauandsinagen1sintugui 3.7
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T, Solder
A

Copper

3UN 3.7 fedunsinanumunvestuasisenauidalans

TAYANUNUNUDITUANSUTLNBULT I aVL AN N THUINUNLAALTUA1SUTENBULTY
TaneMANTUINNANAT

(3.1)

N~

Wo h A9 ANUNLIYeTUENTUTENDUTLaTE (Um) A AB WUTIYeITUENTUTENDULTY
lang (Um?) wag L A ANNEMII1nITIaNuivesuaIsusenaudclane (um)

dmsunisinaunuvestuatsUssneuldans asvnisuon Tausas fuiitisay uay
prumnasiuansssnoudilanyussuinlangnnuazususamouns udansifudoya
SaiwaluinsisianuduiussyninsmnunuvestuansUsenauiddansuasnainsunnan
fnany haglukdradnaasusenauldlaneseninalansinns e wHUSaINeILAdlaeIsn1g
funaaveniawoian (n) naenuAILINEIUSYENE NN

3.2 NSNAVLIAUANINTRBAIUaINTa tluNISIUENaZA1SAA IMC 5291919
Tangians Sn-3.0Cu LhasLHUIDY

3.2.1 JHRUAITN1MAGDY

Tudrutnsgun1sneaaunilaununumtTe 3.1 ki bududasiudneanizlansuans
15ansnznivde Sn-3.0Cu Winthl kagRsI9dauAMNUaILNTatUMSIenLazalsUsEnauLdslansi
WRTUNIAINSUANTHIE 10 — 480 s

3.2.2 NN5ASIVFDUKALIATICIINE

LRUIDINDILAINauTANInsIvd0UA LT UR2laely Confocal laser scanning

microscope (CLMS) 8% OLYMPUS kagn130319a@0utavidaau1ntnsu (Grain size number)
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Yoanaunilagly Test pattern for intercept counting LTLTIVUIALNTUANUNINTFIU ASTM
F112-10 dwrallaeldaunisil (3.2) wdsnsdaniarenmgustanmsnszanesvedangdaniuy
wiusemaaLasuandliiuaIm 20 uay 3D vessessetinndsiguil 3.8 Tngldndesganssmiuuy
uas B9 OLYMPUS $u BX 53

G = (6.643856 log,, P) — 3.288 (3.2)

W G AD LaUTIVUIALNTU Way P A ‘LI’J‘LHJ’EJ‘ULﬂiu%ﬂﬂﬁ]@m’l‘lﬂu%’)ﬂﬂﬁi’l@

sUii 3.8 unuAmMsoEsoTans (a) 2D wag (b) 3D

lounsIvaeulaATIaTIIgan1AvessegsatniIunsEAIENTIBLazinR a1 loaau
919U (Ar ion beam) %8 HITACHI $u IM 4000 Antudansanasudndrumaraslavsinng
nsanaeuTagllusunsa OLYMPUS Stream faiuluinde 3.2 wiiasizidndnaresnantnn
AfroAuamrsalunslenszninslangdnng Sn-3.0Cu UAYLNUTEINDIAT Fan191 TNy
wmimﬂusﬂwaawuamamaﬂawumﬂiwﬂivmsmuuuwusawaﬂLLm Lngiangamdanis
dandrhindnaufefsnatstunusazihusisnminendomanssmiuuunasdimdaoe o3
iludnuududalaglflusunsu OLYMPUS Stream Tasnsagunanisnasesiuduiisenoudae
auduiuduesnisdenlusdvesyududatuiaailunsdand ilanasanunuivesdy
asUsznoudilanginamnnstaniunnsiedy

3.3 NavDILHUTDITIEA
Sn-3.0Cu/Cu

aRuausatuniIsilenwaznisia IMC Tussuu

3.3.1 JAAUAITN1MAGDY

Tunsneassdmsuite 3.3 Iuiusemeunsniiousulufdefiniuuuniinaumnu
diutwdu 1.5 mm edestumaidissuananufeusswinmsouseu esuasfiiunsineg
gni1u1eugeu (Annealing) 7 300, 600 wag 900 °C Hatlun1seudl 1 hr iel¥ilauiansu
uaneefu dwsulaveinndindeumusasgiu JIs 23198-3 Aewhlulddan duneunsdani
neaNang (Ultracore Flux RC-155H RMA (15 %)) UULHUIBINDILALLaz19lansUnNSLUULIS
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vuHusesdsilydanimenseslinuseulauimungamgdvanin 350 °C wagldiiainis
v = ! o O ' [ g a4 o ! < o o °o v
Uanunnaneiumaue 20, 40, 60 uag 120 s ndansuaniiilesiegradudilueinimiinmdn
Wandmaeannisianiean

3.3.2 MINTIVEDULASIATIZVNE

3.3.2.1 MINTIVEDULNUTOINDILAY

NNINAADILKLTBImDILATlunISAnB I sn1seusaunTsuuRf 1 8E
leeausaziildinauidvuinnsu (G) lagldlusunsy Image-analysis 1111195514 ASTM E-
1382 nsuilunsiagaunisinisessalulassasisnwanlag Electron backscatter diffraction
(EBSD) awlmma%ﬁamagjﬁmﬂ%‘m Ernission scanning electron microscope (FESEM) 8% e
HITACHI $u SU8230 lnensaaaeu Pole figures (PF) LilooSuenisiniusfueansy, Grain
orientation spread (GOS) Lﬁ@LLﬂ@QIﬁLﬁUﬂ’M&JLLG]ﬂth‘i‘U’e)x‘iﬂ’]iLLUig‘USU’e)\‘iLﬂiu (Deformed
grains) wazAuvaulunisiasedalunsaziAng, Misorientation angles (MOS) uandsuva9
vouinsulultuses uay Kemel average misorientation (KAM) uansad sia3eanninsiitoglu
weused Tunismsaeaeuldlusunsy Emax Evolution 3.2. ag1elsnaiunautanIueuses
M319d0UANUNYTURRAIB I8 (Arithmetic mean roughness; R,) FelA3esTaLUUAuNE
S0 Mahr $u MarSurf PS1 Tumsnsavaeuldszeglunsnsosainnud (Cut-off length) Lagaas
N3N (Scan length) 111U 0.80 kag 5.60 mm AINa1AY Teyaann1snsIvaaunanlily
AIANUIN T WALAITI9 3.1 WARINANTRARRIINNITINAIAIINRLIVAIVBILHLTBMNBILAT TaE
uHuseMBLAsTnans1etuAe T un1saUsel, ausauTl 300, 600 kA 900 °C Wnude A, B,
C uag D auaIsu

A1319% 3.1 VAUV IURIVDIHUTOINBIUAS

Sum Average  |Standard deviation
Substrate Count
() (M) (pm)
A 3 0.168 0.056 0.003
B 3 0.137 0.046 0.013
C 3 0.186 0.062 0.006
D 3 0.192 0.064 0.004
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3.3.2.2 NMINIEDUNAINITUANS

ANaNnsatunsnszatefvedansianianunsafnuldlaesusisvedany
Uan3Tifusiiuusiuses seninamsdanindsonudassiianaaduamalilansdaniivaouguss
WAENILINYAIVULKUTDY [77] ﬁuﬁé’mﬁaﬁﬁwﬁum%uLﬁauﬁuﬁuﬁﬁuﬁaﬁmé’uuamﬁawqaﬂssm
nsenduilsdfuvemdsnuituia (Surface energy) Y095EMININURIVO UNAILAT VD ILTS
[28] vaulunAIM@INIsatunisidenvedlansUaninuualagaunisees Young (Young’s

equation)
YsF = Ysi. + YLrCOSO (3.3)

WD Ygp, Vir 402 Vs A ATTUAIRIVDITENININURILNUTDI/NE NG
(Substrate/Flux) langdan3tmad/dwand (Liquid solder/Flux) Lazuiuses/laneUnniinad
(Substrate/Liquid solder) a1u@Iny

N13953380UNINT2AYFIVeslangianT ULLEUT 0N awalug UL UUY oY
fustatumouildiedosauny 3 iR Bifa GOM u ATOS Core 300 aunusUs9TLNULAZINToYa
Mnmsannui iayududanagsauusaulagldlusunsy GOM inspect 18azidualusindain
ns aLmu%umué'f';asmmﬂﬂfﬁﬁ’ﬂﬂ%'uamﬁqgﬂﬁ 3.9

(a)

(b)

e e ST ——

D L e e V)

1
=

3UN 3.9 SULUUIINNTARNUYDITUNUMEINTTUANS (a) 2D uag (b) 3D (U8 mm)

NEINITALNUUITUIIUNIFAAIELATRIFARUULTILUNAI9EWD Struers Ju
Minitom Tiilaguauiieg19fsguin 3.10 Tagdin 1 lu 3 diuseniiiabinistalausiiunsiaaeu
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rlndfsnanstusuhfunndunasdisdenisdn wdmisdmifednslundelusdunasdads
ihlunameuduassenauidslonedondosqanssmituvdesnmanag iaaumunvasdu
arsUsznouiddlanefiszainefiuia Tudiuiasunanisnnaes THud navesususmaunILa
namstanfiinadeyuduiandanstan naveususeazansTanI o nintuLas
nswsiulmvesduansUsznouidlans

5U# 3.10 MsdnlUfuu

3.4 BNFWaYRRUNRLAZAN UNTUNAIBANTOUNLADNTRTYLAULAYRY IMC
Tluszuu Sn-3.0Cu/Cu

3.4.1 WAUAZITNIINAADY
lun1snaassldunusomaiasiulansinn3 Sn-3.0Cu vin1sUans Nl 350 °C

Y
[

LaziIa1.10 s ndsnstanIFes1mndudanutuneunsuUsBLlugUT 3.10 Wududiely
fefoMmIwINTUILAmS UATI9AeU

Fupeumaiudisnnuiou ndsnisdaiideslutalusiminduauaugungl e
Memmert U4 ONE ﬁqm‘mqﬁ 50, 75, 100 way 125 °C Taeldiaalunsuadt 1, 10, 100 way
1,000 hr Yuangliinsudalau (Silicone oil) dmiunisarisdeunuilsUsesoumninay
Tufinszoziianaeanisusazldindestufindoya Bve YOKOGAWA u DAQ STATION DX 100
n¥an1svuthusuasnudesliiedaduialuoinmadgunaifosituniiauazeindae
ensueanarUaesliuidluainiea

3.4.2 N13ATIVHDULALILATITIING

foun13nIvdeUNaaied 1l 2 WU (1) dmiunsivaeulasaainagan1Are KU
wag (2) N139152980U IMC a0 19luLTTULALTAMENTTATENTIE NOUATIFABULATIASI
9an1AYedLHUTBINBILAIA A9 B AN TazaenTATinaNu1aInesInAaslsd (Ferric
Chloride; FeCly) 5 g lelasaansn (HCD 50 ml wauifuth 100 ml Fsgusrethsluansazansnsa
MI8LIAUTEIIN 15-20 s LAEA1IILLaNG YDA

dmfun13nI980U IMC Andlgansagatnsniiusznausag 93 % Ethanol: 5 %
Nitric: 2% Hydrochloric FatinluniaaeulassaineganiauaginaumuIves IMC Haildd
ﬁwlﬂﬁﬂu’amﬁmﬂizﬁwéﬂﬂiLL‘Wi'LLazwé“qmumzﬁumsw’%mLaiﬂ,maq IMC ftaniesne



undi 4
NANISNAADY

=

4.1 naveslsununaadlulanzunnsninawa IMC 521731950869

4.1.1 nMsiaaansusenautdelansseninenisunns

9INNATIVABUNISAATUYEITUENTUsENBUE Tanstnannstnnuansn st uYes
TavzUnn3usazvdauansfaguil 4.1-4.3 wudn langdan3 Sn-0.7Cu, Sn-1.0Cu waw Sn-3.0Cu
AM5LAATUTT N-CusSns WaY e-CusSn A wiloufulag n-Cussns wuldluaniiznisdanidi
1381 10 5-120 s 9¢19l5ARY &-CusSn AR UL ILH LT MR INA AL N-CueSns dlethnid
£381 240 s wae 480 s

BEC 20kV  WD10mm  SS50
IET-RMUTR-KKW.

IET-RMUTR-KIW

5UN 4.1 Fuansuszneudislavgluanniznisianiiuanssiuvesanedans Sn-0.7Cu
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BEC 20kV  WD10mm SS!

BEC 20V  WD1Omm SS80
IET-RMUTR-KKW

BEC 20KV WD10mm
|ET-RMUTR-KKW

BEC 20KV W/D10mm
1ET-RMUTR-KKW

5UN 4.2 Fuansusznaudilangluannznisdaninuanssiuvedansdani Sn-1.0Cu

aaﬁﬂizﬂaumqmﬁsum%umiﬂizﬂauL%ﬂamﬁqaawﬁmmeﬁqguﬁ 4.4 Ha3Nn
n13AN¥INUI1 YSunameswnsluia n-CusSns ag/luge 51.11 at.% a4 52.77 at.% laglu e
CusSn TU3uEIMeE 70.78-at9% i 73.38 at.% wazfimdedofiyn 9nnsbusuaiiindy
{1UNNTIATIEIEE XRD UAReT18AZIBEARIFUT 4.5 Wlavomeunsiilasaainauuy Face-
centered cubic (FCC) wazlanzdnnd Ao B-Sn AlAT3a@319ULUU Body centered tetragonal
(BCT) TAs9a3190anU8a n-CusSns wag e-CusSn LJuLUU Hexagonal Tag 1-CugSns AAdaunds
1ATIM@n (Lattice parameters) a Wag ¢ W1fu 4.200 way 5.090 A Fawa N-CueSns HlATIa519
wuu B81 aglunguszunu (Space group) P63/mmc d15usiulslasanan e-CusSn wandAl a
way ¢ WU 2.749 uaz 4.322 A mudisu 0813l5An1u n-Cussns Wifinasiudsuluidu n-
CueSns serinansiufivesnstand esndasnisiBusiiitmdnisdanidednanlifies
wefizriiinnsiuasuwUasa



-]ps

EC 20KV WD10mm
JET-RMUTR-KKW

8 WD10mm  $S50
IET-RIUTR-KKW

5UN 4.3 guansusznaudilangluannznisdaninuansnsiuvedansdani Sn-3.0Cu

C 206V WD1Omm SS50
IET-RMUTR-KKW

75

(a) L)
Element Wit.% At% g Element Wt.% At.%

U
CuK 37.43 52.77 CuK 59.61 73.38
5 Sn L 62.57 47.23 Sn L 40.39 26.62

Totals 100.00 Totals 100.00
CU 55
Cu
Cu
Cu
h, A}: b
0 2 4 § 8 10 12 14 0 2 4 6 8 10 12 14
Ful Scale 7512 cts Cursor: 3878 (703 cts) keV|  Ful Scale 7512 cts Cursor: 3.876 (476 cls) ke

;J‘Uﬁ 4.4 @wWnn3u EDS d1113U Sn-3.0Cu; (a) n-CugSns waz (b) e-CusSn
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] i B c
7 Q‘ l ’ Sn
= & ® -Cugsn,
=
2 A £-Cu;Sn
S
= o ’ .
g |
o _\\"\.4 \ '! b ; e *
: : W ar i A \"‘*MM '\v L\!kﬂw ML‘L i . LJ'WW::.,,/“J
i |rxHH| ‘ (1l J |

il Qe

% 30 40 50

2-Theta-Scale

5Ufl 4.5 5UuUU XRD vedseg1etinnil 480 s ¥as Sn-3.0Cu

wavsaduasusenoudalane CusSns kae CusSn inTulalagufiizesenineeznay
AynanlansUnniuayosnouvaIneIwAIaINkELTes [78-80] FeaiuisnaSudulamieaunisi
(4.1) uaz (4.2)

6Cu +5Sn — CueSns (4.1)

3Cu+Sn - CuzSn (4.2)

NISUNINTEAIB TR AOINDILANAYAYNTI sz Vinsseese TunavilARTY CugSns
?Tuv‘f]uwdauiﬂuawmﬁw CusSn AAAULKNUTDINDILAY (Solder/CusSns/CusSn/Cu) [81] 6?5@
pUILaIRUNITIARLARIE Gibbs free energy mauwiamﬂaiuswwmmeazﬁqﬂl,l,amé’fqgﬂﬁ
4.6 [82] 91NFURANTANAN AG, V84 1-CugSns biloIUTeUITIIUAY e-CusSn ¥ilsH 1.CugSns 1iim
Funnouliiesarnil Giobs free energy WoBn11 e-CusSn [83, 841 lun15Unn3a 320 °C &
qmwgﬁﬁiﬂﬁtﬁaqﬁumimamwudﬂﬁﬁh AGy WNAU -7.42 wag -7.78 kJ/mol d1115U n-CueSns
ez e-CusSn AINANU [85]
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-1.5E+09

-1.6E+09

-1.7E+09

LU N I B B B N B B

-1.8E+09

Gibbs free energy (J/m°)

-1.9E+09

AN R B L

_2E+09.‘.l..~1\.¢l-..|.:.
0.4 0.6 0.8 1

C]]
Composition(Sn)

o
o
o

U1 4.6 10874 Gibbs free energy vaunaluszuUnBILALUazAYN [82]

Tuvaugd CusSn annsaviUasendvermenfiynilimAndu Cuesns 16 auaunisi
(4.3) yonantudaiisneanlidn Cussns WumaRfintuldiouazlsiadosiunesuns dmsunis
2818589 CugSns @1usLAnTuUle 238 A (1) mslésunesuns wie (2) N13ggYLaeAUNIN
CugSns UM aesiiUAEY CugSns u CusSn Landluaun1si (4.)-(4.5) [86, 87]

2CusSn + 3Sn —  CueSns (4.3)
CueSns + 9Cu — 5CusSn (4.49)
CugSns — 5CusSn + 3Sn (4.5)

athslsAnunisiivezaounounslagaunsi (4.9) deualiiAndu Cussn sening
CUESNs LASUAUTBINBILAT LiDDLABUYDINBILANITINNISAZANVDILHUSES [88] Fatiu n-
CUgSns Angudumlausnuay e-CusSn AR U EnEafisEnineiiuin N-CusSns/Cu Tuwir8In"3
wieanion1sgauAsAynan nCusns luaunsi (4.5) Aynduunliiufiaznszareniounsluds
YoUTMBILANTIEaII &-CusSn Tuan ogslsfinuasdesusngueuatedindsiovufAzen
fluAun [86] mmm"i%’ﬂﬁw'mmwﬁwmsﬂﬁﬂgmizﬁtﬁwﬁu%qLﬁﬂﬁ@qf‘T‘u £-CusSn waziieteaiu
JuneIuansUsEne Ul dany ﬁaﬁuﬁaﬁﬂL%";Juéfaaﬁmmﬁmu@jluﬁ’ummmsum%’jumimzﬂau
BelavieiiAntu
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4.1.2 AnunUNvastuasUsTne LB sTans

ANUMUNVDITA IMC Tian11¥n15URNILANANAULEAIRIAS197 4.1 91AN153AAY
mnlagldaunsd (3.1) uaznaiildanmandontoyauandlilusuil 4.7-4.9 dw$u n-CugSns, e-
CUsSN WAYANLNLNYDI9UTIN ANUETU HaaInnsneassnuin Weldinarlunsianis 10 s
AUV T N-CugSns Lifauuansnsfuiosannailunisdaniidu msunsvetezney
nenLazAynludausinusesde (Interface) Usznaumeassdiu anlanzianivseususes
LarannsaaneinvesatuasUsEnoudslane n-CusSns

A15199 4.1 ANURUITBITUaNIUSENaULTe A

Solder Soldering IMC thickness (um)

alloys time (s) n-CugSns &-CusSn Total
10 2.07 B 2.07

20 2.20 5 2.20

40 2.34 - 2.34

Sn-0.7Cu 60 2.79 " 2.79
120 291 : 2.91

240 2.85 0.39 3.23

480 4.31 e ) 5.44

10 1.98 - 1.98

20 2.22 1 2.22

40 2.34 = 2.34

Sn-1.0Cu 60 2.96 - 2.96
120 3.26 = 3.26

240 2.99 0.45 3.44

480 4.97 1.24 6.21

10 1.99 - 1.99

20 2.59 - 2.59

40 2.76 - 2.76

Sn-3.0Cu 60 3.24 - 3.24
120 3.81 - 3.81

240 3.60 0.53 4.13

480 8.58 2.55 11.13
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dmdun1sUnnafiiaen 20 s-40 s mununduasUsEneuLdslanzues Sn-0.7Cu uaz
Sn-1.0Cu Talunnansfu 1lesaniagiiesdusznovvamesuadulanstaniuanssfuiiog
Enties lumemseiuduaunuvesiuansUsznouddansainlanzdnnd sn-3.0Cu flaau
LANFNNAY AIUNRUIVDY n—Cu(,Sn5ﬁi%‘lﬂ’jﬂﬂ‘ﬁ’uﬂ’aLﬁ@‘i}zu%u’mﬂﬂﬂ’j’] Sn-0.7Cu kag Sn-1.0Cu
agadifuddny Wowinnainistnndain 60 s 81 120 s ALMUYestuasUsEnouddany
disuduileiturstainmsinniuuuiinduazUSinamens Tngozneumeunsaunsouns
MnususasludlansdaniiiuduansusznouidlansuasyhufAsenfuezaouiyniioidn n-
CusSns Tumsndaadlanstnn3 agralshinuernaunasnsanuiusasazlanginnsluiieaus
MUgAseiueznaunaun LLm'é’qv‘fﬂﬁlﬁmmim%ag@uima&hwiatﬁmsum%u N-CueSns [89] wazdi
ﬁﬂﬁ@lﬂwumamimﬁ'wmﬂ N-CusSns LU &-CusSn AENNTST (4.4)

finan1sdnng 240 s wla n-Cuesns fuualdfufiazaaned wWowssuifisuainnisan
AUNUIYDI N-CUeSNs AUNEIUNTORNTHIU 1- Cu65n5luﬁmg‘jﬁ%mﬁwamm iliAnLWe e
Cussn Balundniu n-CugSns EJLL‘L!’JIUM‘VIf'UuaaWEJWJL‘L!’e]ﬂ’ﬂ’]ﬂﬂﬁﬁmLﬁEJ@‘Uﬂﬁ]’]ﬂ N-CusSns mu,am
Iuauﬂﬂsw (4.5) FatuINNaNSNAaINU T N-CugSns Aetudumansnuamuag e -CusSn 7
umwwum n-CugSns/Cu wdnsdanIlagldaaunuiy 'i‘d‘l/l 4.8 LARNTILAZLDYAAIIUNUI
Y99 £-CusSn WieTanaiiian 240 way 480 s AVINNUITET & -CusSn fuwaldufindutunis
isTuwosatlunistaniuasUsinameunslulansdans uonantunensddunsaunssiy
Hu &-Cussn 161 adndlsfinnuesneumoasiiunssinuty e-Cussn S9URATEIAY n-CusSns i
agvililAn e-CusSn wiapiulassuanduaunisii (4.0) fofumsidntusasmsaiaiulnes e
CusSn aaandasfiuaunsi (4.5) uag (4.4) mud1su

10

-

£ 9 -

3% —0—Sn0.7Cu_ —e—Sn-1.0Cu~ =e—Sn-3.0Cu

2\

[-P)

£ 61

[®)

£ °]

ln4'

&3

= 2

Q

=
—
0.5 1.0 1.5 2.0 25 3.0

Log t (s)

JUN 4.7 AUnUIY89 1-CusSns 1NaNsUANIkaglaneUnnsnaiu
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=@=Sn-0.7Cu =@=Sn-1.0Cu Sn-3.0Cu

S
(V)]
1

N
1

(S
1

€-Cu,;Sn thickness (um)
n n

=]

Log t (s)

3UN 4.8 A1UMUIVE &-CusSn Anan1sUansuazlanednnisineiuy

YoNaNTAL &CusSn %wuﬁulﬁmmﬂmsgmlﬁmWa N-CusSns IABANNMLNTILVEITY
a15UszneulTelans JunaTINVeIRINLNUITY 1-CUSns WAT £-CusSh é’ummﬂugﬂﬁ 4.9 N5
dWinanunuvesmlandes wieadesiunisananunuiveurasulaseniznoususulin e
CusSn WY TUANLVINYR N-CugSns kag e-CusSn Iedimuduiusiu egnelsiauglaaan
MSUANST 480 s AUMUNesTuENSUSENUBdanydessiaiutuiaunn annnsidnanly
anmziinnni 260 s favind Seilitsassduiulnlundouiulagliitinnisananiumuives

n-CU6S|’15

12

—
=}
1

—0—Sn-0.7Cu ——Sn-1.0Cu -—&—Sn-3.0Cu /

Total thickness (um)
(=

0.5 1.0 1.5 2.0 2.5 3.0
Log t (s)

UM 4.9 AnununvestuansuseneulalanesnainiainsinnsuaglaveUaninneiu
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4.1.3 nalan1sasgysiivlauazduussansnsuns
dusumaansusznaudislansMiAnTuaunsaadurgnalnnisiindunaznisiasgyivln
o9 naunisi (4.6) wae (4.7)

Y = kt® (4.6)
log Y =logk+nlogt a.7)

159 Y A9 ANURUITDITUAITUTENOULTNLaNE k A AIAITNIERTINITIATYLAULA t AD
LANUNISUANS AT N AB LVLNNIAIVDIIAN

A1904 n TR INAMNTUIINNITHADATEWING log Y U log t dwSuAUduRUSTYNINg
log Y uaz log t 989 CugSns ag CusSn LLamﬁquﬁ 4.10-4.15 pudey Faduiinsiuiusinen
199 n AArudunusiusnsinisiasgiivlnronnaaisusenauiialany wlle n = 1/3 113
W3R vlavesaansusznautBelanzsiduluniunisniugun1sunsaaevouLnsu (Grain
boundary. diffusion-controlled) ifle n = 1/2 w38 0.5 N15193aiAvlnveuNaasUsenauld
TanziduldaiunsaauaunIsinsiuuy3nms (Volume diffusion-controlled) n3emuANnIs
uniseidainsu uasde n = 1 nstasgiulavesaansusznouBslanziduluaiunisaaun
wuUU§A581 (Reaction-controlled) nsaAiuAunIsLsaAUlaRI8 UfATEMI0AT (Chemical
reaction-controlled) [90-92]

0.7

y=0.5967x-0.9655 o
0.6 1 R?=1.000 4

0.5 - y=0.1477x + 0.1581
R2=0.914 o .. - ]

0.3 e

log Y (um)
.".

0.2 1

0.1 1

O T T T T
0.5 1.0 1.5 2.0 2.5 3.0

log t (s)

3UN 4.10 Audniussening log Y U log t v8d n-CugSns dmsulavedans Sn-0.7Cu
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wla n-Cussns anlanzdandisausiaiinalnnisiasayiulaudesnidu 2 nalnvesnis
WinAule Tugausndivaan 10-120 s A1 n Sentesuazifiodinnaitnnisl 240-480 s a1 n iy
induifiosnnainstanififistu udegrslsinuainamuifediunalanisauguns
WigAulaves IMC Ivangguiuy wu nmsUanIAuniag Sn-37Pb funasias LIaIN5UANTIN
T n idulaglifinmsdsunalndmuindnisemuaunsunsTasveuinsu [93-94] vedinng
Uan3sening Sn-3.5A¢ uareglioufinsiudsunalnanufizemaniifunsmuaunisuns
yesvauInTUIileLinnaInsinng [95] feyarnaiuansfansiei 4.2 WewSsuidisuiunis
neaesuandlinaiiuanistuisiidomnilifeesdussnoumaniivedansinniuazdauusly
M3UAN3 Wy nauargungiinIsinns - eg1elsnauNanIsNAaeedInsy Sn-0.7Cu HIUINA N
wihfu 0.1477 Gafinalanismuaunisasyivlawuunisinsyssueuinsusaziuasuluidunns
mUALMILNILULURINAslgian n Wity 05967 dwiinalnmsiasaiulnves IMC vilouii
dmsulangdnnd Sn-0.7Cu waw Sn-1.0Cu tnglangdnns sn-1.0Cu dd1 n unnnindndeslned
A1 n WU 0.2070 wag 0.7331 d1usurianainisdandi 10-120 s wagil 240-480 s asdndy
dmunatuAsunalnaineuaumungaIne UIATLLIUNITAIUALNTLILUUUSINAT TN
NnmsasAulazes IMC Igndrialaenisln (Coarsening) s IMC ¥iliAnmsanidunisnis
unddevhlsinsunssnuionsuves IMC 14 [96]

0.8

0.7 A y=0.7331x - 1.2693

R2=1000 -
0.6 A

¥ =0.2070x + 0.0780
0.5 - R2=0.925 . .

log Y (um)

0.1 A

0 T T T T
0.7 1.2 1.7 2.2 2.7 3.2

log t (s)

JUN 4.11 Audniussening log Y U log t v8d n-CugSns dmsulanedans Sn-1.0Cu
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[ ]
y=1.2530x - 2.4261 .
0.8 - 2=1.000
0.7 1

0.6 - y=0.2501x + 0.0607
' R>=0.971

os4 .

04 - ..

0.3 1 o
0.2 1

log Y (um)

0 T T T T
0.5 1.0 1.5 2.0 2.5 3.0

log t (s)

JUN 4.12 Auduiussening log Y U log t ¥8d n-CugSns dmsulavedans Sn-3.0Cu

o89lsAmudmsy Sn-3.0Cu SnalniumneneiuTanstnndeaoswdn Sswudn n-CugSns
fnalnnisiasaiulaves IMC lWaguanNnIsAUANNSLNTvasaUNT LU IAUANNTT
WiydulnsmeuAsemaaiidletnnidiaan 240-480 s Tnpeh n ifinduain 0.2501 1Hu 1.2530
fudunszdsinumesesiifegunnlulavgianivinlsin n @ugudandt Sn-1.0Cu uay Sn-
3.0Cu dwidunmsmugunissapiulaset§Asemaaianauddefiummuii nadmiy
AnufiBemmaeifauduiusiasnsturdiaimiininudsuulainummnvesiy IMC uas
Franmdviunisunsveseyneal [13, 92 dmumainunisasuulasnnumuninisana
Tudra3uiin IMC slalndieiilinsuudisozneunasunives IMC anad [97] uaziinis
WiyAuTnees IMC sesnaiiBnadmdaiunainistanfidosmntiinunisunsiiuiuiei
TAamswasunalnniswiaiulnluanied

Tnesaunalnmsiiatuusznisiasauivlaes e-Cussn navinvedansdaniingfnssu
NIMIVANNITENSHUUUTHINS LagllA1 n Windu 0.4620, 04402 wag 0.6823 dwsu Sn-0.7Cy,
Sn-1.0Cu Wag Sn-3.0Cu Audfy wanldilauaenndesiuauideinuuilagavgnisin
msmuasludnuaziinannisunseeniuresiynluma n-Cussns afuauuliian e-Cussn uas
waddnsnisasauiulnegrssiniavilien nilnd 172 [83] Fedanuduiudiunisuns
Hulunmuaunisit @.5) Tase n IndlAssiunaainauidefiiiuniainnistinn Sn-base solder
vangviinfigamgil 250 °C wuin n fid1eglutae 0.4-0.5 arndeyaauvasnainistiania
uanssiu (98] daduuandliifiuiifeyaannismesssannsadedelddudiurassdisiian
dusumsldnian n o9 e-CusSn Anw
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R ] y = 0.4620x - 0.8709
g ] 2=1.000
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< -0.20 A
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-0.30 1
-0.40 1 o
-0.50 -
log t(s)

JUN 4.13 Aalduiussening log Y U log t 989 e-CusSn dmsulanzians Sn-0.7Cu

0.15 ;
0.1 ] .
0.05 ; .
I T e I
00030 035 040 045 050 055 060 065 0J0

A

0,154 y = 0.4402x - 0.7870
\ d 2= 1.000

log y (um)

0.25 7
0.3 _
035 1 ¢

0.4 1

log t(s)

JUN 4.14 Audniussening log Y U log t ¥84 e-CusSn @ msulanetans Sn-1.0Cu

84



85

0.5 1

0.4 7 -2

0.3 1 y =0.6823x - 0.958
R = 1.000

e
—_
1

(=]

log y (um)

0B0O 035 040 045 050 055 060 065 0.0
0.1

-0.2 1

0.3 ]

log t(s)

JUM 4.15 Aduiussendng log ¥ U log t 989 e-CusSn dmsulanzdans Sn-3.0Cu

A19199 4.2 A1 n vadasusEneudetansy

Solder/Substrate | Soldering | Soldering IMC Reaction n Ref.
method time (s) type type
/Temp.

10-120 N-CueSns Grain 0.1477 This
boundary work
diffusion

Sn-0.7Cu/Cu Dipping/ 240-480 N-CusSns | Volume 0.5967
350 °C diffusion

240-480 e-CusSn Volume 0.4620
diffusion

10-120 1N-CugSns Grain 0.2070
boundary
diffusion

Sn-1.0Cu/Cu Dipping/ 240-480 | n-CueSns | Volume 0.7331
350 °C diffusion

240-480 e-CusSn Volume 0.4402
diffusion




AN519% 4.2 (di9)
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Solder/Substrate | Soldering | Soldering IMC Reaction n Ref.
method time (s) type type
/Temp.

10-120 N-CugSns Grain 0.2501 This
boundary work
diffusion

Sn-3.0Cu/Cu Dipping/ 240-480 | n-CueSns | Chemical | 1.2530
350 °C reaction

240-480 e-CusSn Volume 0.6823
diffusion

1-190 N-CugSns Grain 0.1500 [93]
boundary

Sn/Cu Dipping/ diffusion
260 °C 40-190 N-CugSns Grain 0.3000
boundary
diffusion
Reflow/ 1-100 N-CueSns Grain 0.1500 [94]
230, 250 boundary
Sn-3.7Pb/Cu i & diffusion
Reflow/ 100-300 N-CueSns Grain 0.3200
230, 250 boundary
°d diffusion
Reflow/ <5 min Ag,Al Chemical | 1.0000 [92]
250, 265, reaction
Sn-3.5A¢/Al 275, 285 >5min AgAl Grain 0.3000
‘o boundary
diffusion

FUUTZANTNITUNTINAITLT LA ULATOITUANTUTENOULTIlaNnE T NINNEN1IZ NS
Unnaunsananslalneaunisi (4.8)

Y =Y+ Dt'?

(4.8)
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Lo Yy AD AINUNUIYRITUAISUSENBULTLaned t = 0, D An duUSEANTNITWNS
(Effective diffusion coefficient) A1v03 D2 @1uisanilaainaaiudu (Slope) 91nn15naen
SEMINAMUNUIVDITUENSUSE N UTbane (V) wagsindidaswadnanlunisunns (tV2)

AUFITUS SEM IR IR TuasUSEne uLBalane AunaInsUAN A MU n-
CugSns WanssagURl 4.16-0.18 WA e-CusSn wanafaguil 4.19-4.21 mudrdu wuin Tnevaausn
fianuduannnswaenauduRussE e stuansUsynouddans funainisoans
Yoonirthefiassunanddiifiudeiduussaninsunsiinduiiofiunainistand egaslsh
M3 €-CusSn Lﬁmsﬁuhsjmiﬁmﬁﬁ%mﬁuamammﬁ’u N-CueSns Asyminediufia fatumsunsued
oA IMC Fedunismununuudns (Rate controlling) M157971 4.3 uananisiSeudiou
AnduUsyavEn1suns et uansUseneudslanydniunisse Sn-0.7Cu/Cu, Sn-1.0Cu/Cu uae
Sn-3.0Cu/Cu YlavgTan3lugaansn n-CusSns fATduuseansnisunstiesnitvasiiaesuas
Asyavnsunsimnudiusiuviiiname uasifeglulanzdan3

A
o

| y=0.2275x - 0.6748
2=1.000 -
y =0.1163x + 1.7023 -

m35' /’

R>=0.909 >
rd
v

um)
Bon
S D

w
o
[

(X
ose’
.

N-Cu,Sn; thickness (um
S = =N
whnh © Wh O© W

)

I
o

0 5 10 15 20 25
Soldering time (s"1/2)

JUN 4.16 ANUENRUSTENINAUNUIVEY n-CueSns ukIaInN1sUnAN3vae Sn-0.7Cu



6.0
_
g 50 4 y =0.3086x - 1.7901
2 R2=1.000 7%
- y=0.1713x + 1.4331 _
$ 4.0 R>=0.936 v
=
S o <
£ 30 LR v
o e
(% 2.0 1 * ®
o
=
< 10 -
=
0.0 +— ;
0 5 10 15 20 25
Soldering time (s"1/2)

JUN 4.17 AuduiusseninennnumuIues n-CusSns Aukiain1sUnn3zes Sn-1.0Cu

10.0

9.0 - y=0.7761x - 8.4228
80 4 R?=1.000 ’

7.0 - s
6.0 - ’
504 y=02228x+14226 z

404 R = 0.966 2 ’

3.0 4 Gy
2.0 A o’

1.0 A

OuO T L T ~ T g R T T T T | T T T " T T L T T T T T
0 5 10 15 20 25

Soldering time (s"1/2)

N-Cu,Sn; thickness (um)

JUT 4.18 ANudNiusIEndNnuvuITee n-CusSns AUAINTUANTY8Y Sn-3.0Cu
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Soldering time (s"1/2)

23

JUN 4.19 ANudNiussenINANunILes e-CusSn Aulaain1sUnan3uas Sn-0.7Cu

1.4

€-Cu;Sn thickness (nm)
S P oWt g
N (@)} o] = [\S)

e
[\
1

y=0.1231x - 1.4572

.
.
.o
.
.o
.
X
o
.o
o
.o
.
.o
.o
oo
.t
.o
o
o

oo
o
.
.
.o

e

(e
AW
W

17

19

Soldering time (s"1/2)

21

23

3UN 4.20 AudNiusseninenuvuiued e-CusSn ULIa1n15UANTved Sn-1.0Cu
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»
o

N

W
1
o

o
o
.

y =0.3148x - 4.3467

2=

o
.

.I\J
(e
1

—
o
1

€-Cu,;Sn thickness (um)
.C> —_
q

e
o

—
(O]

23
Soldering time (s"1/2)

JUN 4.21 Audniusseningenuvunued e-CusSn AuIa1n15uan3ves Sn-3.0Cu

A15197 4.3 AFUUSEANTNITWNTVBITURITUIENBULTILanY

Slope Diffusion coefficient; D (um?/s)
Solders alloys | n-CugSns | N-CugSns N-CugSns | N-CugSns
e-CuzSn e-CuzSn
(10-120 s) | (240-480 s) (10-120 s) | (240-480 s)
Sn-0.7Cu 0.1163 0.2275 0.1153 0.341 0.476 0.339
Sn-1.0Cu 0.1713 0.3086 0.1231 0.414 0.556 0.350
Sn-3.0Cu 0.2228 0.7761 0.3148 0.472 0.881 0.561

Feunaannisnnaesludiuduanddiiuin aansusvneudslansiiniunas
WiyiuleldEfunsiiuturesdSunamnewnddulanzdnnsuaziaainisans Tnedsuna
nosuasifieguanlulanstianidaaialiAnndndnisuns (Diffusion flux) vesmosundlulany
Uanslufissninsifuiintazfidsesunisneinianduavesaisusynouiddans issninsituin
Tnglulanetinnd Sn-Cu fingu (Cluster) 199 n-CugSns 8 [99] fetiumuianguatssznoutes
Sn-Cu wagn13n3¥A851983 n-Cussns lulaneinnidadueg fuuiuameaunslulansinng
VYUY Lﬁaw%auLﬁsmﬁimummw%ﬂm,ﬁ@ N-CugSns mnmammﬁ’uﬁuﬂu%aw%‘é’qwﬁ' 4.22
oy ma;maqLmqmmmuiamwﬂﬂaqmmmamﬂmﬂmmaaamauLﬂummaaeﬂ,umaa n-CugSns
fisywineituiia LmemU‘Iamumm Sn-Cu L Sn-0.7Cu muwawmasﬂuiammﬂi MsLinTy
989 N-CUgSNs 5L UAIT @503 (1) nssumiulvndvemesnuasiyniadu
1LARAY09 N-CusSns kag (2) 31NNFY N-CueSns ﬁﬁagjLLéJaTuIauzﬁ’mﬂ%‘ﬁqLﬁﬂ%’jumiﬂizﬂau
Balavediszninsfiuiauagilidtuiivundofuimaneuasulangdans 99 Inoasy
nsAneludruinansdiiiudmwansenureinuLani199oIUSu N8 sLATinadon1s
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wigivlnvestuaisuseneulddansdsausainluladunuwinslunisidenldlanenaulany
UanslunqulaneUan3nianududuvasfiynaauiunosunala

@) Nucleation of Cu,;Sns

CugSns

(b) 070 @ g 0‘/ c'”smr\w

of CugSng

gﬂ‘ﬁ 4.22 M3AnTILAREEYRS N-CueSns (@) Cu/Sn ey (b) Cu/Sn0.7Cu [99]

adada

4.2 3NSwavadraluanIndaanluaiuisatunisidannaznisiia IMC 524714
TanzUnns Sn-3.0Cu LaZLHUTDY

4.2.1 anuanansalunsitenuazyaduiauaslaveians

1A59a319900 1AVDUHNTBIAUUY (Top-view) wagmudas (Cross-section) wanasagy
7l 4.23 wiusesmosuasnaunsTnn3liavBsvunansuiniy 836 dnsulassaiiganiaves
wiusemensuidulassaififinsuagidon

E V)
I TR TRMENE 5

JUM 4.23 1A59a3199001AUAUTOMBINAS (a) Uy ka (b) AUt

ANUNYIUR LD TIAGIRINAUBLITAVDI AN NUNDILASTAIAINUNYTURIRRELTIF L8
(Arithmetic mean roughness) 71 0.165 um vaan1sUANSNaUMAE 350 °C lavisUnnImaddula
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uunusemewatluanzveuduazyuduia (Contact angle) votlanydnn3niainisuans
WANANAULANIUBYAMIANT 1NN 4.4

ag13lsfnudnvuziulouazlasiad199an1Avr0 U UTBIVBIWAIT UNUIMEAI Aty
a Y} a = v a & a da | v = a X vyvag i
WeafungAnssunsdenveslangdnniivad Wuiinianunenugelinisdenifiatulamiinid
& a A = d' Y} ! . . )
NurNazBen WWesainnsswduvesnalnnisuwsiag Capillarity [100, 101] usnaNUUIUIA
LNIU VBUNTY Tnaranginssun1slunuadlans Unnsnrasuaza g ULLNUTDINDILAY §In13
unsvesornouinduladiefiveuinsu tesainveuinsunioudunfalaiaduiolaindu
aunnTedlundn (Crystal) setugaunnsesndegIainlviiandeauiiiay (Extra interface
energy) N5E131145086 811 IANA I UBATTVRIsEUUIRNT T sdmalin s idunaeslanyinng
a dy va 1
\AnTUlARULLNYTDS [102]

A15199 4.4 yudulavedavedaniniiain1suaninieg

Soldering time (s) Contact angle (°)
10 48.83
20 30.35
40 27.01
60 25.26
120 19.57
240 18.31
480 8.26

UM 4.24 uansnnuduitudszuineududavedanednnifinansiandunnsiaiy
Msdan3finan 10 s Seflyuduifawiniy 48.83° finanislioniineld lag Zang uavamy [39] i
M358y Mwaanslumideniid (Good wettability) suduiiasiosiosnin 40° uazyuduia
Seing 40° uay 50° fanuansalunsdeniineld (Fair wettability) n15UaN3a114981 20 s
fl4 240 s Tngladouyduiaannnsnnasoglutig 8.262-30.35° Fsuanmginssunisidoniia
dmduyndudaiiiuniiuarsaiedfunanisinng emandinudassfidindusunainis
tan3iailmlangdaninszedled [102] wasundudadsiiuualiuanegwdeidedag i
nstanestugansnnaes
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h [*))
(=] (=]
Ll 11

=y
<
1

Contact angle (°)
N w
(=] (=]

—
(=]}
1

<
I

10 20 40 60 120 240 480

Soldering times (s)
sUN 4.24 yuduifave davedaninnainisdansuanmneiu

4.2.2 waansusznaudslans

vdnstanitnaisisiulassairsganirveikusomonasiuisieuazndanis
Tan3uansdfosudl 4.25 Tnevdimstaniudusesivumnsulndudndesian G ogludig 4.97-
7.49 dmsulassadiganiafinainsinadunnsnsiunansisgud 4.26 waansuseneuidslansd
wulunsmaass de n-CusSns has e-CusSn neldaniaznsdan3dl 240 s uaz 480 s nuLa e
CusSN TENINWNUIDINDIAILALING N-CueSns (Cu/e-CusSn/n-CueSns) uaﬂmﬂuumﬂiﬂﬂglﬁ/\la
n-CueSns iintuluassndvadansinng TneamduiussenininnumunvestuasUsenaud
TamﬂuL’Jmmiumﬂmammgﬂw 4.27

TnelUudrmmLIved N-CueSns udusananlun1suand uimnLvianasiian

240 s 1ARINANTWABULYANEYD N-CusSns bLTY e-CusSn Tngn1sgryldenIenigly
(Depletion) vasfyndaunsludsveuvoanasunssinlfiAninaves e-CusSn Aflvuialén
uanantuMseIyRulnvoid n-CusSns 39nA1nAI8LNE e-CusSn YU TIOLROUNBILAILNT
nurusa9lUT n-Cussns Idtosas [103] wdin1sdnn3fitian 480 s Maaeanawed n-CugSns
uay e-Cussn fnsmninasaivlafigdaiusamnnnslésvoznomneaunafisunianis
gy defAunaN N-CusSns luvaiztRea T unSLiuT 0 9Ma9AlAg 0L ADNNDIUAIINNLALTDT 86,
87] sfatfu e-CusSn 3nasaivlnldedresamss waznauanddiifiunalnnisiinduves e-Cussn
Fufuranlunisinndiduiy



Original substrate

5UN 4.25 1WSguifigulasainganianeunasnaenisians
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BEC' 5kV WD10mm SS50 BEC 5kV WD10mm  SS50 x500 50um
IET-RMUTR-KKW = IET-RMUTR-KKW.

BEC  5kV WD10mm  SS50 x500 50um BEC 5kV WD10mm x500 50um
IET-RMUTR-KKW IET-RMUTR-KKW

BEC 5kV WD10mm  SS50 X500 50|Im "/ AS—SBEC_ 25KV WD10mm SS50 x500 50pum
IET-RMUTR-KKW

BEC 5kV WD10mm  SS50 x500 NS S e
IET-RMUTR-KKW

3UN 4.26 1a59a37193807A SEM fulaann1suan3

95



96

AnSUBIRUTENOUMBATVEY N-CueSns ag e-CusSn iensivaeulagld EDS naves
Line scan uansdoyaliluniauuin v uazesduszneumaaiivensla IMC wansfannsnad 4.5
NaldTAnuanndaeUIAToves Yin uazany [104] Tnamaduansussnauiddansiinuly
nsAnwiiaEenndesuILAseitnsseenuliteunthil 1105, 106]

10 |
E g 1 On-Cu6SnS  MWe-Cu3Sn ]
=z ]
= ]
= 4 ]
= ]
@] ]
2 4
g il 1
U ] T T T T T - T
o__ o ¥, Z40r S ol - P2

0 240 480
Soldering times (5)

SUN 4.27 puvuvestuansusgnaudslanenunainisinni

A19199 4.5 23AUsENRUMALAITaLNdaNSUSENaULTIlany

Phase Cu (at.%) Sn (at.%) Ref.
N-CugSns 51.11-52.77 Balanced This work
e-CusSn 70.74-73.38 Balanced This work
N-CueSns 53.30 44.70 [104]
g-CusSn 74.90 25.1 [104]

ToyauTiadadurounaudnadisn1aed 4.6 wazsunl 4.28 uansdndruvouna n-
CusSns AULIAINITUANS bULuaSngueslanzianinaalune Advanced phase analysis Tu
TUsunsa OLYMPUS Stream lpgnauandlustiuudndiuveanta egnslsfinuneuiiasgiileli
nsnsIvdeualinugnaetazaadld SEM uay EDS Wgauia n-CusSns waziumindvaslans
Unn3dsuansesduszneumaaiianndiegiailotanid 480 s 15luguil 4.29 dmsugud 4.30
wansUasifusdvaana n-CussSns llanednns USunawaaa (Volume fraction) n-CugSns hu
wiindedavginnifiutufunaimsdaniidominyiinunisundvesesaeunaaunduaziyn
defunainistang lneaguluduiuanddifuieuduiussenimududa nanstnng
uagnainturesaarsUsznouiddlavgfissnindlangdaniuazuriuseanosuad naaInns
dinduresnalumstandilfAameaasusznouiddlavgnununniuazylvuududaanas
dlesann IMC ﬁLﬁ@%ﬂi%‘lﬁ’jNﬁIuﬁ’JﬁgﬂLLUU‘ﬁIVLiJ'ﬁij’]Lall’e) Fefunmsifnduuasnaasyiiulnves
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a

IMC vinlslansinnsdudaduiiuiilundfdaune i audulaanduniadnunuiwas

asaveyihlviyududaanas

M990 4.6 dadrunaansusenauldalany
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lad

L Phase fraction (%)
Soldering time (s)
Solder matrix N-CugSng
10 69.59 30.41
20 68.13 31.87
40 67.37 32.63
60 63.12 36.88
120 62.43 37.57
240 60.95 39.05
480 58.39 41.61

m

5UN 4.28 dadiua n-CusSns fuiainisiang
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5UT 4.29 peAUsENoUMAATived n-CusSns Laviunindvedlazdnns

80

ol Scabe 5148 ety Curser; 0000

Spsctum3|
Element | Wt. % At. %
CuK 33.28 48.24
Cu Sn Sn L 66.72 51.76
J Sﬂjk R Cu
2 3 s M 10 2
Spectrum 2|
Element | Wt. % At. %
& CuK 3.68 6.66
SnLL 96.32 93.34
_5"' ;..5" M Cu Cu
o 2 4 6’ é 10 II2
Spectrum 1
Element | Wi, % At. %
Co K 36.98 52.30
|
. e Sn L 63.02 47.70
J‘L\L = ‘{ Cu
2 2 4 L3 8 1m 12

[

#1-Cu6Sn5 phase M Sn matrix

70

% Phase fraction
N W A
S o

10
0

10 20 40 60 120 240 480

Soldering tims (s)

UM 4.30 Wosidudveuna n-CusSns lumsndvedlansdnng
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4.3 NAYDILHUTBINLURBA21ua u15alun1s T enwaznisiia IMC Tuszuu Sn-
3.0Cu/Cu

4.3.1 1n3985199801ALAZN1TIAFBIVD AN TUTULAUTDINBIUAY

AUTWLINNTY WIB G vesuTavaaniienTinaaudeulngld Automatic image
#7833 Intercept 91nlU5UATH OLYMPUS Stream disuanslugud 4.31 Tagdn G fidia1an
wnede insufivadnuaze G annsarusaldanaunisi (3.2)

gﬂ‘ﬁ 4.31 msfnuaassuansulagly ASTM E112-10 Intercept technique

A1 UA U UIAINTUAINNIT IR AN IN19NaT 4.7 TnefiuanisTavesudas
LHUTBINBIUAINAIGIVE1Y 200 i1 uanslilunianuan A aamdislaseadisganiauas
ANudTUSTBIA G YodlHuTeRanIRagUT 432 Tassasneganinvesudusasnosuaain (sl
N1UN1TBUBEL) WansagUR 4.32 (a) wuidlusinsuiiian ndsmseuseulasaiisganiadign
Usuiasunansfaguil 4.33 (bH(d) mudisy A G ledsveauiusesitliiuniseusou suseud
300 °C uay 600 °C HALYINAU 8.63, 7.28 KAz 5.56 AUE1AU HANTOUBDUNARILTLANIINIS
dingampdviiliinsulivuindiudu eg1dlsfinuvuinnsuteaniseusouususesd 900 °C i
YRR AU ITUIAINTURNNASEU ASTM fvuadansuflvunalugjuin (Extra-large grain;
ELG)

A15199 4.7 ALRAYVBILAUTIVUIALNTY

Annealing substrate (°C) G1 G2 G3 | Mean
Original 8.39 | 8.68 | 8.83 8.63
300 731 | 731 | 7.23 7.28
600 558 | 5.66 | 543 5.56
900 Extra-large grain; ELG
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n139at5e9Alundn (Crystallographic texture) 19U N159ALIBIA2999LATU (Grain
orientation) YaauNuTBsALANFsTURgatlasunuamng (Pole figures; PF) Yalugunuunns
nsga18@alay Multiples of uniform distribution (MUD) luisuWUQﬂUWﬁﬁUisﬂaUﬁ"Ja {100},
{110} uae {111} Fauandluzuil 4.33 nudrAngeanves MUD vesuwsiusasitliinunisoudeu au
goufl 300, 600 way 900 °C fiayAu 11.03, 5.99, 8.92 uay 42.48 AuaIRU wanslfdiuin
puvgfinisoudeudigaiuiidiudrsliifnanurevlunisdadosialuuisiianis (Preferred
orientation) &4igaiflddae1 MUD figedu dmiudn MUD anasdi 300 °C 1ileaniniu
nszuumsiasuuAnUnflutiasunssyivinveansuilinuveulunsdnseadluu
fanadientos [107] egnslsfinnuniniandnimiensaziatuluiunouveanssuiunisnanuiu
yasuns [108] AnuveulumsdniFesialuuisfianisluuiusesfiiiunsudssy (Deform) Juag
furunnsuLazguniiniseuseu nasnisevseulinunisiAnndnlududnuinsuillug
(Coarsening) kagn1siasaysiulnuannsu (Grain growth) dunaléinfinisnszanediildasiniaue
(Non-uniform distribution) wagdifiuiiduasintuldlunnszunudmiuguil 4.33 (b) uay ()
YauzdidlAn MUD g4 dedsuendanisiiawdsanunsedudimsunisunsifnlsgadudu (109, 110]
FamueauiteymeuaI soknsTuiusesiisinsule Coarsening-grained Iadelunnszuiy
dmsunsdil

gﬂ‘ﬁ 4.32 A manelaseainaganie; (a) wiusedliniunisaugau (b) augaul 300 °C
() audau?l 600 °C wag (d) ausauil 900 °C
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11.03

{11}

Y Y
(d)
. .
X X
{100} {110} {111}

3Uil 4.33 Pole figures; (a) wkusadliirunisaugou (b) suseaudl 300 °C (c) pusaud 600 °C
wag (d) ausaui 900 °C
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ns¥aiFesfiazinianszaremisuuuudussdeu (Uniform distribution) s1ndufy
mafivgamniiniseudeu vinniiidunsulnAstuiuuusemesunsiiiiunsufigumgd
900 °C wuluszurusdn {100} Avunulufuunu X-y lunsneasauny X-Y gaiivualaedie
711911537 (Rolling directions; RD) Lax2219n1530 (Transverse direction; TD) ua6iu

sunsdniseefedsseuinusargaiislunsusaznsdniEesivesnsy wansalag
Grain orientation spread 38 GOS waglduansliiiuninuunnd1aseninanisiiandnlnivas
n5uUs3UvRaNTU (Deformed grains) JUT 4.34 (a)-(d) uansswazdenasurunTuRduUSHU
GOS esuHuTBITlsiNTUNTBUTOU BUSBUT 300 °C BUTBUT 600 °C UavaUToUA 900 °C Jail
A1 GOS LadBwinfy 0.89°, 1.15° 1.09° kay 0.29° ansiddiu A GOS Fisneldifeulvaninzns
pudauiigumgiiguilenaisrnuiaioauaniinlassadrendnuaalug) (111, 112] uenainien
GOS AidndunasinasanaswesruruLtudalaiaduvaansy (Grain dislocation density)
wazmsuUsgy (Deformation) [113] Ingiany GOS Aifidsinartsdhilinsuiifinnuiedonduiu
tios TuvneiligevanedeinisiAvanmedoalinieluingy [114] Aedsuss GOS dmduusiu
soefliiunseuseuasaaninnsuiilvg (300 °C uag 600 °C) wanslidundenuivivliuas
msfioresialaiaduilinannssuiunsnaniiunesing faiunsifardnlndifoutomnuay
msvhanendsoualaeduriiialawnduiivdostazindsnusi [115] dmsunmsintuves
Imaa%‘mLﬂiuﬁqﬂwﬂaué”mmauLﬂiumqmé'] (Low-anele grain boundaries) flatfudn GOS aneld
mseuseuiigamyiigadauandiiiiumsinBeshveansuiiiniinseuseuiinumgiinidesan
flvouinsusui MslAraunsuTIefinvLANTUeds anvouInsuLaTanLTaYIATY [116]
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asjwliﬁmmgmauLﬂsu"luimqai"wqagammi‘waﬂizwuﬁawé’amuﬁuﬁwawmLﬂiu
wé’mumawauLﬂiu%%uagjﬁ’wmwdwwauLﬂiu LAENEINUYDIVBULN TR U UNS LY
YUVDIVBULNTUY Tnastluveuinsuaiuisawuldiduaesusznm 19U Low-angle grain
boundaries (LAGB) Wwa¥ High-angle grain boundaries (HAGB) ©1%1n Misorientation angle
(MOS) 111 10-15° azfu HAGB usiiile MOS fiesndn 10° axi3undn LAGB [117] JUfl 4.35
LARIEULNSUVDILALSEY TnsufazAvasvauinsuisatosiu MOS dunaléin LAGB (Funq)
dndluaifien MOS sindn 100 dau HAGB fAdeauarfthiu vouinsusugadidendl MOS Tutas
10-50° WagoUINTUNLgALIRLT MOS 1IN 500

=

n1seudauil 300 °C uaY 600 °C Ylrinsutasaivlandeuiuiinveuinsuyugsdl
Frurunnegluuiuses lnsveuinsuyugafideguin (1Wu 1dudin) uansitudunosunad
ArLATEAANA19Es Sadenndesiu Glushko wagamg [116] nuiaaeieadiutuiunisie
HAGB pgslsfnmidanatiiunisviiats HAGB fumsifisgamniinisouseu (900 °C) nsAanesi

YDIVOUINTUNATUNUNTOUSBUND NG Iz aAYRUINTY

o

= pm; Map3; Step=+ um; Grid158x109

Ul 4.35 vauULnsuT8sUHLTeT (a) wiusadhiinuniseuseu (b) sugeudl 300 °C
(c) augaui 600 °C uay (d) augaui 900 °C
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nsnsELiUnIAUAsEalunsulseiiunalagly Kernel average misorientation
(KAM) Tae KAM veausiusasiiuansrafunansisguil 4.36 annmisiliouiiiou Arwes KAM figs
(@iT97) veusiuseafiauseufigaumndll 300 °C waz 600 °C uandlilfiuindanuvuiuiuyesia
Tanduunazanuedongs iWeIsuifieuivanmeiliniunisouseuasnadesiui GOS uaz
HAGB aneldn1seudaudl 900 °C A1 KAM fatesdavendetfosrvesnisiifalainduuas
AuLaseEadisn agndlsAnuuniusesiilidiuniseuseuiildlunismaaeldtiiunisinwagsinu
N3£UIUNTT Half-hard tempering iniduify fsiufalaiaduuazarunaioniidedituluutusos
asnanuaseanndig (Residual strain hardening) $¥%319n38UUN"T Half-hard tempering
@9AAADINUIUITLUDIIDY Ho Lagaay [111] @31 Takayama wagamy [118] s1891ulian
n&auANIATenanats eI sUAuLatvedlasaiafifiinsuasden Wesnniludessan
dmiulassadrdudnuue it fundsnuaueioalilussninnisulssuiigumgiis wa
wanfuandlfifuimdsuaeisagnarvaulasanumuiuineesialaiadunaznig
WasuwUaswonnsu Judiuldegrednauind GOS uagauAseanndanasiunsiniseed
vounsulwsuiulnannseusey

Map Data 11

(a)

3‘1]17; 4.36 Kernel average misorientation (KAM) (a) Wiusasliitun1sauou
(b) aUBBUTN 300 °C (c) UBBUN 600 °C tag (d) ausaun 900 °C
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4.3.2 ANEU130TUNIINITZAEA AT YNAURE

AnuanansalunisilisnvedlanednnIvuiusemaasiualagyuduiavesians
Uan3unususes Teyauudurda (6) MnusiuseLaziasUanIALANAuLanIFan1197 4.8
gth'?i a.37 LLamanuﬁmﬁa ©) neldnaimsianiiunnaieiu (20, 40, 60, 120 s) LAULTIVUIALNTU
8.63, 7.28, 5.56 Lar ELG d1MSULAUTouLANA19iY ﬁm%“uszasnmmiﬁ@ﬂ?ﬁgm (20-40 s)
Tuthasuduanuansalunslenuuwiusounsuuwmdn (G = 8.63) Yeaninnsuvuiaig
Wunasnaninsurnadniivouinsusnnanansafvaaanyasusine 1wy sendiauuazluiana
fimnéndly dlugnisgeduuasiianisusiiuinssiausiuseduannzresudsiulangdanilu
anmeveavmlazHavesRanBuiwdsetaranndsnuiuiilfmanszanedvedanginng
Andutios [24] tunansliifiuinnainistanifiunnau (Wy 40, 60 way 120 s) denalviyududa
frnausnssiudntesiiosninnisnsgaemiveslangdanitegaiiasina

M13197 4.8 YayayuduiavnuausaarIaIn1sUANIuANe9iY

Substrate | Soldering time (s) | 01(°) | 02(°) | 63(°) | Mean (°) SFar@ard
deviation (°)
20 52.516 | 53.755 | 43.395 49.888 5.658
40 42.391 | 48.775 | 30.838 40.668 9.092
PSS 60 37.147 | 26.407 | 27.032 30.195 6.028
120 27.826 | 35.782 | 31.118 31.575 3.997
20 39.890 | 33.769 | 27.698 33.786 6.096
40 24.694 | 30.383 | 46.444 33.840 11.279
o\ 60 36.892 | 37.046 | 33.178 35.705 2.190
120 32.260 | 34.102 | 27.952 31.438 3.156
20 49.854 | 36.079 | 53.917 46.617 9.349
40 38.320 | 37.717 | 28.996 35.011 5.217
6 =26 60 30.852 | 28.122 | 35.001 31.325 3.464
120 32.820 | 33.912 | 34.534 33.756 0.868
20 39.482 | 50.094 | 40.669 43.415 5.815
40 25.079 | 32.754 | 50.248 36.027 12.899
wLe 60 33,552 | 33.422 | 28.239 31.738 3.030
120 37.734 | 26.914 | 40.247 34.965 7.085

ANFUTUSTE VI NFUNE (0) wazauaunsalunisilenvadlans Unnsaunsowus
1o Ao dadruairuisalunisilenfifuin (Excellent wettability) d1%45U 0° < 0 < 30°
AMNaInsalun1sana (Satisfactory wettability) @193U 30° < 6 < 40° HAINAIITALUNT
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Jeanfinald (Fair wettability) 415U 40° < 0 < 50° farnuanuisalunisileniing (Poor
wettability) §1915U 50° < 0 < 70° wazfiaruanuisalunisdenfiuguin (Extremely poor
wettability) #13U 0 > 70° [39, 119] a1nnsAnwiarlunistanifiunuiuiidiurilianys
FUNFEMTUNNVUIALNTUVRILNUTDY (G = 8.63, 7.28, 5.56 Uag ELG) wenanddanuin Tave
Uansiimuanunsalunisilendia (300 < 0 < 40°) Aeldaasiainisuans 40, 60 way 120 s
Tnefsududaoglutng 30.19° - 40.67° adlsfmuanuannsalumadeniimfniuneldnig
tan3lasldinanuiu Tudaduduysdudasenindans Uanmaiwasiiufukusoslniisng
UfiSenfisevieiiufings navesiiufnlmiilugmaanasesuduiiaegnenng sndudolons
FanivaeuaranglianysaidmaliAnimavesudeiu @nmsnauturouravesuduazvounad)
famafinturesatlunstanivaslilangdanivasuazaisegvauysol

60

n
[=]

< 40

&

=11

= BG=1863

=30

- mG=728

= [ =

2 2 G=5.56
RELG

ot
(=]

40
Soldering time (5)

JUN 4.37 yududanelddiwlsiaaimstnnituauidauunningu 8.63, 7.28, 5.56 way @1y

)

wHUSaIlUNIUNTEUBRY, BUBBUN 300 °C, 8UsauT 600 °C warausauf 900 °C

serinansianinisunsve wme s ludlansUnn3avivfsususiasvatiniidunus

[ > . [ a 1 dy a U a YY)
waveads veavaazle (Triple line) uaswadanunsgniaiuiazgnusuUaey yududa
ANAILAZADE LLANANASAIENITANINTINTARUYATE1WBITEUY fatuialun1sviuisen
dl U a aaa dl ll7 o 1 a U U dl o U U al L
MnukazdnsnsiindJisernddnlugnsiiayuduianauna [120, 121] mTunsdnseeia
YaansuHusadliinasanuaiusalunmsen WuledaIilanssa18fIuUNAN NN AAN1INT
IALSLIFINLANFNAULNAIINNTLUILNTUINTNAA8AUNIN @OARAADINIUITEUBY Webb Il way
AMg [122] @15Un19 8Nt uUUNaILA9sEUIU (100) wae (111) Alvkanisilenaatanu
LW999NTENINNSWINS (Dissolution rate) NANIAULBYNINDLLILELTDILNITINLSBIFIVDINTUT
#1994 UaNANTUNUNISIWenvaalanskay Bi-Sn ULLEUTa9 Bi In1silanumanaeiuiantias
LUAUDILILEUTBINTVUNINLATUANTY LTB991NNNTNTEANUMITENYSUAINISUANIAILTZELLIAN
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fuy [123] d1mSUN158nBNINAIINNITIASBIRITeRATUTITIRENIINTZIEFITeUBNAIVY
wruseweudaty :ﬁ‘mngmmﬂsuaqma’;ﬁﬂizmﬂﬁ’;ﬁﬂ’mﬂ'gd@?ﬁLLiJamJaanLLazaaﬂ%wuﬁ
and1avhlnAneendnduriilinaiilaAnAuLAnm e uYDININ T8 FITE VDA IULLHL
seafntuiiondntios [124]

191971 4.9 uanspuduTussErinuanTulerydudadlensvaeulunsAng
Wisuiisufuauidefiniuun [24, 125] arunsaagulddmaannnis@nuiiiauasnandaady
mATeRRnTeasuiisulutsnauazuansuilndifseiu uiegnalsinuududaly
nsAnuninainnisnszaeivedans Uansuuuiuseduanzveuds wilunuiidnul3nou
mihiianndensguinmsliamudou smemednaneiswilduududatenuuandiaiy
@ntley

A15199 4.9 yudulavedansUanSNULIANTULNUTBLANANTY
Initial Stable Soldering time/

contact | contact temperature Ref.

Soldering Substrate grain

systems size
angle angle

Sn3.0Cu/Cu 18.14 £ 1.15 um| 49.88° 30.19- (20-120s)/350°C | This

(G=8.63) 31.57° work

2891 £ 0.39 um | 33.78° 31.43-

(G=7.28) 33.78°

53.31 £ 1.10 pm 46.61° 31.32-

(G=5.56) 23.%5°
ELG 43.15° 31.73-
36.02°
Sn3.5A¢0.7Cu/Cu 30 £ 10 ym 55° 27-30° 0-25s5/228-284°C | [23]

Sn3.5Ag0.7Cu/Ni 30 £ 10 pm 70-75° 33-42° | 0-1000s/228-248 °C| [121]
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fausiimsdoniuldFunansenuanaInAMURe1URY [126] WARIAIIUNENUAL VDS
uHusemeILATAlluNSANYE llunnanety Fsnamsinranueuiieasdiaaviidnedy
oglutas 0.046-0.064 um (wanslunsed 3.1) dmfudoyannnsiauanslilunianuan @ uas
NANISNAABUAINULUIUIIU (Analysis of variance; ANOVA) ﬁizé’uﬁsﬁﬁm 0.05 LAAIAY
ANANUIN

4.3.3 Tassadrsganiauatiassadnandnvastumsusenouiidlans

FuasUszneuddavsiiintussrindlansUnnTuavuruses fe n-Cussns WoTnse
psAUszneUMaAiilagld EDS uansswaziBendeguil 4.38 Tnedid1 51.43-59.30 at.% dmiu
Cu uay 40.70-48.57 at.% d1w5U Sn Ingasrusznaunaiiifinvaonadesiuina 7-Cusns
AIUULNUNANEURALNEYDS Sn-Cu [60]

ouhts)
Counts Couls

7 a | N N L P
(a) 1 (b)
& Element At. % ' | Element At. %
8P CuK 5853 el D> CuK 5143
.y SnlL 4147 L\ SnL  48.57
l Total 100.00 ] Total 100.00
4000 ]
2000
Bn C‘u 8n q”
2000 i s + rell 10001 it
Bn Ern ®
| N L - o Su
0 - '"':_‘:_‘ci_—__—_ F NG Y [ /o T bt N
0 5 10 15 20 0 g 10 15 20
Energy (keV) Energy (keV)
Counts Counts
{{ % ‘
‘ (c) (d)
] n /
y Element  At. % 4000 Element At. %
- | CuK 5868 iy CuK 5930
|
Sn L 41.32 | SnL 40.70
3000 | 8n
Total 100.00 ‘ Total 100.00
2000 ] |
T 2000 ‘
ﬁu
8n
Cu
1000
1000
5
' .
A Cu | v Cu

0 6 10 15 20
Energy (keV)

5Uil 4.38 5ULUU EDS weaduufiinunistnniiinan 20 s (a) usiuseslinunseugen
(b) aUgaUN 300 °C (c) DUBBUN 600 °C Way (d) BUsaUN 900 °C
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NMFIATIEY XRD wandliidiuinfatuasuseneudslans N-CueSns Ll aLiaLien
AlAS9a519HENUUU Hexagonal dA1dauUslASInGgn a wag c 11Au 0.4200 wag 0.5090 nm
PILEIFU UBNANTULWA n-CugSns Tlassad1auuy B8, aglunduszunu P63/mme aonndasii
UASeTHuEN [127, 128] Amduu (Top-view) veulaansUsznouidlansaeausuusu
sosfuMsTAN3T 20 s anmsidalanzUanieenuandusuil 4.39 wazgunuuainnig
7729880 XRD T89TUIIULHUTOIAN9THIUNTTANTT 20 s uansseaztBoadagud 4.40
wenantilunsnaaeslinuansssneuves 1’-CusSns TATE319NENLUU Monoclinic wae
T3y e-CusSn wury aghalsfmuiisneauinlunsdiseningiuinves Sn-Cu U319 7-CugSns
ulausniindudisznineiiufinves Solder/Cu wardalugnisnedivesia e-CusSn [129]
HulUle? e-Cussn Antuitseninafiuinmadssvos 7-CugSns /Cu thag CusSn ARTLE1NN
gosldinalunstansiuududiieadng e-Cussn [106, 130-131] Beluniniiu e-Cussn Anulu
nsAnwdeunihdlunsdifidrsmamgiasdrunauniiontufunisldinailunistanig
(f79819 19U 240 s uay 480 s) [132] Fawansliufiuin g-Cuesns lfinsiudeuluidy e-Cussn
melditeulunstanss way 17-CUgSns ﬁwuﬁswdwﬁuﬁaﬁé’mgmﬁwm (Morphology) tHuwuu
wideusesendn Scallop

JUT 4.39 amengsuuuvedma CugSns
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o ; ; P ; - ! | - 1 3 il T T T T
[ (a) E 91560 - (b)

sm: B Sn-Tetragonals 004 [ ] §1|-1‘etragona]:j
2003 L T]-Cuf,Sni 3 w:' L] ?’,‘-CusSns :

Ul

2]

- ® Sn-Teiragonal 500 5 m  So-Tetragonal

® 7)CugSns ® 7)Cugdns

0 f 400
E I
EL .l . 500 |
. g 1
o 200 3 kel

0

Uil 4.40 ULUU XRD weaBusufiinunstinn3ina 20 s (@) uiusesliniumssuseu
(b) ausaudl 300 °C (c) BUBBUT 600 °C Uag (d) BUBaUTH 900 °C

4.3.4 maasiuTauazanuuivestuasusznauiialangndsnsiang

SuasUszneudddans (MO fiaansdaniuazen G vawrusesfiunnsetuLanes
U 4.01 Tnswudmaiadyiviaves IMC Tintuldfusgfusuainsutasukusos wiaed
AnuduiusiunisdnisenveansutazanuAsEannisiiteglunduses 1losnaamu
849 IMC finuiivunnfinduiunisiiiy Misorientation angle wazaana3onands uansliidiu
FnsTade e unsuLHusasifinueIsasiinarlinsunsiindudosazdudenis
wiadulnvesduansUsznaudlane ognalsinuruninsuvesurusesiiisninanonnumun
vosduansUszneuddansannsnfigaililase G Aunnenefiu (WU G = 8.36 and ELG) uald
muvnYestuasUsTneudslanyiimuuansaiud o s lusasifluunansusnei

mMsvasuiiuTaves IMC (aunun) neldideulrnatnistaniuasuumnsuiiuansis
funansauduiuglinsgud 6.42 Tnsmnumnves IMC Smnuduiusludnuaziauiniunm
Tunstnng egnelsfnmuanunuives IMC veswrusasiliniuniseuseufivuinsniuEuses
BUY INTIENTUNTVEIBLABUNDLATTIARANIIDAIILIATEAAAAT HITUTUIALNTUVDIUAUTOS
nowwnsliliinansznusdennumnuestuamssznouiidany uusediian MOS wavanuaIen
Anfnage (@ndsenugs) exneumesunsiogluaniugndsnugeiliiafiosannsadousumisld
fetlugmaifiunisunsvesessen viliaunuvestuansussneudslanefiatu (133 Tu
nsdiiFauandlfiiuinumnuives g-Cusns iduagfuruinnsureiuiuseauras Ty
MOS warmanaseatuuuses dmsudn MOS fiunnduiusiunisidfiuusianisuns eswn
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A1 MOS Fitfintuaziitundsnuvouinsuiwhlidnsunsiiuty [134] fauaanumuives IMC
alsifimnusndudisstufuauinnsuvesunus o3 oLie 9N EUNIINISUNTVBIVBULNTY LA
AranAIBanndsdimanszmudentsunslasnsfisduveseuessnandainlugmaliiuUia
ATUNSLAZAIIUNUIBY IMC

arge grain

=

500 Spm =——— BEC

CugSns

-large grain

' Extra-large grain
15kV 33,500 5 um

gﬂ‘ﬁ 4.41 A WENY SEM Yestuansusznauidalane (CusSns) dmsuriainisuanid 10, 20, 40,
60 Waz 120 s AU G winfu 8.63, 7.28, 5.56 way ELG

o w

A152@PUNAINAITITENUIT VUIALNTUVDILNUTDI LTI BNSnaren1AnTuULasnIs

o
(%

WIgAulnvestuaITUsTNoUITdlans e MOS LagAINLATEARNANYDILKNULTOIIANEUNUS
fumnumuwestuansUsyneurdslae fatiy MOS AnumuuluresAalald uavAuLAIen
mﬂﬁwuaqLwiuiaﬁqLﬂuﬂswﬂgﬂwsaiﬁwﬁ’miuﬂwsmu@mmmwuwaq%umiﬂizﬂaUL%ﬂiam
izm’mﬂizmumsﬁ’mﬂ%e‘%mmmmuquléﬂmamﬁauéamwiuiaq
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5 ]
£ 4]
= ] 5G=28.63
S 3 -
= ] BG=7.28
[ -
O ] G=556
E 2 - mELG

1 4

40 60 120
Soldering time (s)

5UN 4.42 msiiulaves IMC (Auvw) angldannigmudsnaidaniuazauinnsy

dmSunsiasaiulnees 4-CusSns buiaite 4.1.3 313usnU0INsUAN3azgnNAIuANAIEY
nsunsiiveusnsuluganatnstnnidy (10-120 s) waginAsudunsmuaunsunsids
Usuasiffesnnldiiainistnniuiutu (260480 ) alugasnaniin e-Cussn duunll
wuiu vaizil e-Cussn Pruarnsunslasitoinsu aanmsasanlaeldaunts Power law (y =
k) Tumsiuauasitisudiou n weemvenidwema Wewssudleufunaluideidain
w1y -CusSns svminiuialnglifimadasunalanisasaiulnlugasainisdanai 20-
120 s I1NNATDILAUTDITUANAIAUNUTT WHLTBY G WWinfu 8.63, 7.28, 5.56 way ELG @A n
WU 0.52, 0.26, 0.43 kaz 0.51 mué’wﬁ’mamé’agﬂﬁ 4.43-4.46 ﬁqﬁuLLamﬂiﬁLﬁumwquwﬁLﬁa
f91500191NLaEN A WA WA UTRIIT G WU 8.63, 5.56 wag ELG A1 n Indiesiu 1/2
(0.5) n13La3aAUlATes IMC xgnaruaulaanisunsfiioinsy vued G wihiu 7.28 a1 n 1nd
1nd 1/3 (0.33) msia3ayivlnues IMC azgaeauepilagnisunsiiveuinsu usegrslsmlunsdl
5mfmLﬂ%ammﬂﬁwwa«,tﬂuiaqLfluﬂi']ﬂgmiaiﬁﬁwa&iamiLﬂ%ﬁgl,auiwum IMC 3103 1N5Ungii
densuuaznisunsiiveuinsy WessniderSeudisuuiusosssning G wihiu 7.28 uay 8.63
el G Wity 7.28 Tinsudilandn G Wi 8.63 winamuiasinnsunsfiveuinsy dekiduly
purumnsuiiasuluvielatu sasiunlduanueioanndeidegluuiusomeuainis
Wuduuazanaddinalnonsafunsiasaiivlnues IMC eehaditoddy
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1.3 1.5 1.7 1.9 2.1 2.3
log t (s)
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JUN 4.43 Aunuduiiussendng log Y iU log t dmuurusasliiiuniseusey

0.8

y=0.2621x +0.1208
2L 00840\ \ I =/ M1528381°%
0 ) R2=0.9847 o/t

e
oo
.se
oee®

G=17.28

0 T T T T T
1.1 1.3 1.5 1.7 1.9 2.1 23

log t (s)

SUN 4.44 audsiussewdng log Y fiu log t dwmsunusataudauil 300 °C



115

Vet
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0.6 1 y=0.427x - 0.2174 °
_ R2=09621 .

G =5.56

1.1 1.3 1.5 1.7 1.9 2.1 2.3
log t (s)

JUN 4.45 Auuduiiussendng log Y (U log t dmsuukusaseugaui 600 °C

0.7

o
o)
1
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e
(9]
1

R?*=0.8399

y=0.5134x - 04127 | e

e
~
1

o
PO

Log Y (um)
<

S5
[\8)
1

<
—_
1

ELG

1.3 1.5 1.7 1.9 2.1 2.3
log t (s)

S
—_
—_

JUN 4.46 Audiussewdng log Y iU log t dmsunKusasaugaui 900 °C

4.4 INFNAVRUNYAUAZLIAN lUNTTUNAEANUTOUNABN5IRTYLAULAYBY IMC
lusyuu Sn-3.0Cu/Cu

4.4.1 nswigiulavas IMC lasannnsundeainuou
Tun1s9rassnistasgaulaves IMC 21nn15ULAIEAIUSOU (Thermal aging) TUsaens
NMITANIT 10 s AundusomamasTifivuansuwnaAsTudwAsasUlufte 4.3 gﬂﬁ 4.47
LanIuEL MDA liiTun1sausou augaudt 300, 600 waz 900 °C 1A 1 hr Fawnuae A,
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B, C uay D Auaddu usasduanimsdntessiiunnseturannsulaeduns d15u wagiiden
LEAINITIALSBIFbUTEUNU (001), (111) wag (101) suaisu LLasﬁmﬁmﬁﬁas@NEhulm'wumi
FaiFeemogluszunudanan ndanistaniuaziifegunuumemudeufigungi 50, 75,
100 waz 125 °C MigszazaIband13iuae 1, 10, 100 4az 1,000 hr AIUNINIFIUNITNAGOU
nandasidmTuiaudeyalangdanives NIST [32]

U 4.47 1n5UTDNIUTBI1N EBSD

otalsfnulunsdlaniaznnseudeuieaulviinasAudaiAugy (Full recovery) Tu
TassaganianinnistugiidsuliiulassafansusuuiuasiAansinndnadundsan
pugou dwiuideulsflaratuayunisanadnlvidnady Ao gamgiifias visnanfieniuazdng
nsBusaiith minnszuaunnseuseusenlrudIuvedlassai1anduluganzidu aziiondy
Recovery anneal n15Audvilimlansdrulugfidaruudinifiesninainunden (Strain
hardening) mnmﬁugﬂ@uamm [56] 91NUATBTRILLNYDS YU wazAE [135] thnoauag
U3gNs 99.999 % ritun1s3aNteUBeUTiguMgR 50, 75, 100 war 125 °C tngldiaandiea 1 hr
wuin Tassaiganedinsivdsuudasivandilugnggumgiiniseuseuiosannisifandn
Tniwagnisasaiularennsy wazduandlidiuinnsuilaunaunsanduanilasaiansy
aziBunldBnatianniniandnlmidosnnmsiuguginiseusou uenandunsifiandnlvsl
waznslaveunsulutunouniseuseudwareyuvesaun ULz AR s wIALE N Y
lassadaganiauiu wasglsinnuaissnimnismnudeu (Thermal stability) v8an93uAa
anasfunIsiind uronnsusuiadniifidesinseguinuasinnuaioanndiegs dmiuns
Wasuwasmveunsuangusluiduveuinsunuuggadunaniuedsaveansudiinndn
TudnagnisAusdunuindiAgsonisdniossiveansudnuiliiinniuiaIenanng
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WABLLUAIINALNTY LLazmaé’QﬂdnmmiawuvlﬁﬁwaqLLMU%qwémﬂmiﬁ‘yﬂ’ﬁﬁqmmﬁﬁaq
freszeznafiniui [136] ﬁﬂﬁ?mmﬂszLﬁuﬁmdnﬁﬂLﬂuﬁqﬁﬁﬁmﬁm%’umiﬂuLLw'usaa
noaunsfausiligumgidudiiszozinaniiuiu 5UT 4.48 uanswesisvuiadnluniuseamesung
Fanui Fevirsvuadniuwiltuanacieinsuresusesdatunderiunsruiunisnienny
fou ilernnislaveansuiliveuinsuanas dwaliingerindduvouinsuanas [137] feiu
dmsuunuses B, C waz D lassadnganiaflinsulanisiioguesosinuuindniazaiuasen
ANANS LT ULNTULNUTOIaAASAA1NNITANBITOITOULNTY

JUN 4.48 9991190 AENLULHUTBINO IR

fefulunsvasosisiameseulniainnaniandsaauegiu esnnisinEeeh
vesinsularmsasulladtaseaiisganialusiote 4.3 denasdenisiudsuudasninuiaien
pnénsluikusemoALardsHasensasyiulaTes IMC lesulasadnsmaniaresususes
YBUAITNNTUILARSAISUT 4.09-4.52 Tnssaunsuiiuelndudeniugumgiva egrlsfinm
seninanslimnufouindiaes (Texture) wiaauveulunisinisesdiivennsulussuiunie
firmdlafianmisesnmsiiananliamsnanasliserinanauasugamaivilnaandnlml
Flasnlnenisdudsnsiesyivinvennsuiiadydivinuuulng [138, 139] Samulddmsuuns
nawazguniingUy dnsuikusemanfliiunseuseuldn (A) Worunsuniigumgdl
50 °C lassasrsganiafinisidsuuvasmuansuisduisadndosunniefuuiusosdus
\esangumgiinisuuidilewSeuiiisuiugamaiiiananival (269.4 °C) [52] wazvuIAINTY
wiusnANAidnIaufnnaisunlamuansudfisadndesdmivanned dmiuuiusosriu
nseUgoUil 300 waz 600 °C 1l (WHuses B waz O) Weldsumnuouanmsvuinngamad
(50, 75, 100 wag 125 °C) insudwwaliilpdudiomunainsuudiuladaauiiemnususe i
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= PN [ 35 A Yo 14 = o Y @ a Ao 1 1 aa
finsuilaastudiolasuanuseudswinlrnunisvasunlasidaiauninninluliusesidouin
NIWANTLEN UNUTBITINILNITOUBEUT 900 °C 1d7 (D) Wuduunansula nuInsgIu ASTM
My WauNA 50 °C 9331981 1-10 hr insudiasdivualannn weanansananantuliazinsula
Inendsldiiaiuui 1,000 hr vausiiugaumgiuui 75 °C Usingmisiiendnivduazinsulndn
ATIRGA 100 Uag 1,000 hr lumenduiunisiiagaumiinisuniigedis 100 uag 125 °C NAal
N1sUNUTINgnTUNTiauInlanImInsgIu ASTM wuds lifinsusinguesnsuilamiloudu
gaunnd 50 uag 75 °C dvsuUKUTed D

A a = I 13 = 1 1 =3 al PP K 1

Wiefarsaniienuduldldvesnisuanininnurusedulssinuanunionaidegluwiy
FOazNgANTIUNTlavaLNIUNUI msiaranludlunesnsnelateuluaiueien gednis
s189uld 2 sUnuualeiy Ao (1) nsdlainunseaguinduninindlaudaungiidi lay
ANULASEAINAITARDUNVDIUDULATU (Strain induced boundary migration; SIBM) Aalwiin
Tndvatunibnddmsuifananugugll (Primary recrystallization) wSadiunsiinduveing
WwesnseauveulunsInEesfveunsulussuunsefanslafianimils faflundvanedndu
nanlvsilaegefiusransnnuazlaaunsadounauluifuinsundn (Parent grains) laon (2)
annganuasgan lagunfnisiinndnludagiAnduniu SIBM deliloniaiiniuiatilesann
ANULASEATINIAINNITATBUNURI989A208191A A9UU SIBM Anadunsluaznsynuiunis

a a 1 Y] 1 1 < Al M Y a d‘{ a d’l’ a

WwiAvlnenTuiuny aogelsnaiu SIBM Alulaiintuuiainnisiessuiiuia nalnnns
AnTuYes SIBM 1131NN33AS 89390 8N suiinduinanauaseanilegioulunsuviliin
N15a39M5IRL TR mainseuivasrdlasassiuuniy (Twin) Fuun feduaiiueieniile
neulunsuluaneidynliiAasdantudlaiduiu [1640] delud1msuunused D nsdinandnind
= o a X v A o o ) B =
Jsiilomaindulaniunsdld (2) wudu wadmsunisiavsunsuansanusle 2 Uszian fs
Normal grain growth tag Abnormal grain growth #38L58021 Secondary recrystallization
(SR) @1 Normal grain growth lasdas1aganinrasiinsuitaldaiianeuasfisusuuiiuiuduwuy
atunsyUIASMSasRulnfewies unne1aiy Abnormal grain growth tunszuliunisia
vaansululasiainsganianianwaelisielios dinsuudiululasiasiganiaiilauasinsud
@ a = [ I~ v A v o [
@nannsianantmimuulassasisiuu Abnormal grain lulassasiegania [141] dwmsy
1Aseas19uuy Abnormal grain wulaann egdidey nasuas wazlinifianiaiuusansas
Tnglanznszuiunseussunvliiandninddutazinenissadulaveansulaseninen sl
AueulunsyuIunIs Mieududnsidlinaungiivieamesseziiarnuiudavilviia Normal

Y Yy
Y

grain growth Tulassadragameldisiauegiuaniiznisliauounas Tan [142] Fafudmiy
WHUS09 D ﬂizﬁlﬁmwﬁﬂimﬁwﬂuiﬂlﬁﬁamﬁaLﬁmﬁulé’mugmwwm Abnormal grain growth
ufuuasddnuuenislaveansuintuluguuuuimiiousurusiuses
UaNANHUHANTNAABITHIULITUIAINTUTSUHUTO U BB AIuAs TnT o san
ArudouiinasionsuBsundanumiuiaion fiudvinategun)iasiia1anInaAINase
madsulasiadsganiavesusiusesuazanuienldiduiulunsdinsusenuieu
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a

3UN 4.52 1A5983579900 1AL UTBMNBIUAMAINTUN TR 125 °C
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dmudeyavuininsuudazan1iznsuunandbilulassadieganialugui 4.49-4.52 uag

JUN 4.53-4.54 LAnIAUFURUSTENINVUIANTURALLIAINITULNRUNY T A9 Yo sz LHY

o . o " = o . g o4
seanldlunisuy §UN 4.53 :nnsuniigaumgil 50 °C AUIANTUVDIHUTOATUTBLNAIAINTT
1 PN 1 a PN a = (= dy PN 1 o ' [y
Unvuziitaan 1,000 hr WHWse9 D unsuilauniandnlmiuiuiiuiusosilildasnsain
guaLnsuls egnslsfinudmsunesunsuiansiganasuinaii 1,083 °C 3o 1,356 K faiu
a a = ] ldl d‘ A £ g.ll a a
gauniin1sianantntazegiusyuu 0.4 T, e Tm A Ianasuazaie [52] Asiugumgiiin
wanlvslagag 269.4 °C (1,356x0.4 = 542.4 K) fauiimaunsuIgvoazigumiinsinananivaii
gandeamgiinisunildlunisvaassinn uilieannszezain1suufeuuiailinsuils
1nAeNANTUL I LATNATY ITBIINNAVDIAINTOUTEWINNITUN WEWIUANULATEALULNTY
mAavliannisdnisesdavesnsuiilidnisiiandnina wiegislsfiniunisfudinasnis
WigAulaveansuatiilugnisanndanuanupseaiiulilauiu [143]

JU 4.54 n1syud 75 °C nunginsunisudssydrennsulndiAgsdunisuun 50 °C
dmSULHEIEY A, B way C WawSeuilsuinsuiivuelandineamnil 50 °C iiesdniios ognels
ANUWALTRY B Tinaunisunfeudifinnua3ennnANNeggauagaInauITe N IuNNSI8aUTNNTY
au1snsivlalafainauaseaniioggnu [144] uin1sasgiivlainudulyaugy
WUULANYBIVUIALATUNDUUN Ao B<C 1199971nN0UUNLHLTOI C UNTUNLANTILNUTOI B 110
A nTULHuEses D nsilasuudasveansunlauinaiuisaiiandnlnalagataagn 100 hr way
wnsussyiulaTuliadivgamaiiu 1,000 hr dsdunsiiandntadviliuiuses D fnnunsen
geladnAsawasndInsasaularaunsudni e nivgnindewseuiisuiuususes A, B
uay C

35 -
RA EB 2 C mD

30 -

253 f
5 S
s, ] b 0
3 ol
£ 15
< i
el 4
© 10 :

5 ]

0 1

1 10 100 1,000
Aging time (hr)

JUN 4.53 JUANTUVBIUNUTIMEINITUNT 50 °C
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)
NN W W B
whnh O wn O

Grain size (um
— N
wn O

[a—
S

S D

1 10 100 1,000
Aging time (hr)

3UN 4.54 YUIANTUVBIUNUTINEINITUNNA 75 °C
N15ULT 100 Wag 125 °C wanInaguil 4.55 wag 4.56 auadu nafilaunnsnsiuisaes
QAU ANITUNINILLN IWAIUYBMNLTEY D LHBIINUAINISUNVIANSUEnS U lvuale

UINNTININTFIUNNUA LHB9IINUVQANITUNTNFIMAETEEEIIa NN LA TUAIU190
nauslaunnlagnAsa

(5

Grain size (um)
—_ —_ N (\] (98]
e W S (9] ()
T N T T T T T T T T T T T I |

W

o

1 10 100 1,000
Aging time (hr)

3UN 4.55 JUANTUVBIAUTOMAINITUNT 100 °C
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Grain size (um)

1 10 100 1,000
Aging time (hr)

5UN 4.56 YUIANTUVBIAUTIMAINITUNN 125 °C

ANLEUUSTEMINITUIRINTY AINSUN WHuTeIuazaaMaTinTUNLaRsRagUT 4.57-
4.60 dmTuurused A, B, C waz D nud1siu sUluunsiasaauledl 2 dnwae Ag Tuyie 1-100
hr fngAnssunsaidulaludnuasdulds uidefiunanisuuannndd 100 hr woAnssunis
WigdulaveansuuAsuduuuuidunse

25

®50°C ®75°C ©100°C * 125°C

(S8
(5}

[§]
[

Grain size (um)
©

b
~]

0 100 200 300 400 500 600 700 800 900 1000 1100
Aging time (hr)

JUN 4.57 AudiusuesvunnnTy LAINITULYBILHLTEY A
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e50°C e 75°C e 100 °C » 125 °C

®

0 100 200 300 400 500 600 700 800 900 1000 1100
Aging time (hr)

U 4.58 AUANTLEVDIVUIANTY LIAINITULYRLAUTOY B

0 100 200 300 400 500 600 700 800 900 1000 1100
Aging time (hr)

JUN 4.59 ANUFNTUSURIUIANTUY LIAINITUNVDIHUTDY C
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=
=]

LS
h

W)
o

e 75°C e 50°C

Grain size (um)
o

3]
(=

0 100 1000 1100

[
N

400 500 600 700 800 900

Aging time (hr)

200 300

UM 4.60 AUANTLEUDIVUIANTY LIAINITULVBIAUTEY D

dwsunsiaiidulaueansulavguiavslunsiuanuduiuduesuiainsuiadouas
NaIn1sULLanlaRaaunIsi (4.9) dmTusn N w38 Exponent of erain srowth fifisnesuly
namhagtuagfuenuuiavdvadlany gamaiiniuy wavdnuailnesiuvonnsunelaseaing
FanAluN1TINGEI (Texture) [145] YruzAlANNNTA (4.10) 3densiina In (d-do) ua In t
a3 IALTU (Slope) w3 N If fegrsntsviAiiauttdsunansdazusl 4.61 9nnususes A
uazdmsuen N Migaumaiiinanvesusazususoslunmaaosuansldifaniaed 4.10

d—d, = ktVN (4.9)
In(d—-d,) =Ink+ NInt (4.10)

d‘ = d‘ 2 ] & L 1 = 1 d' = 1
WD d AD YUINATURASAIUL dy AD YUIRLNTUABUATITUL Kk AD ATAIY t A LIAUN
uaz N A9 1av%n1a3 ¥se Exponent of grain growth

idlefiansand N insuiiraaiosuaziivlnegsinqileriivgamaiian N azdilng 05
wazegluannziilsiiafosidiguiuilon N anaadilng 0.1 [146] vauzen N 1#nlnd 2.0 fedudu
quaﬁ’umzmumiLﬁfgl,auimﬁuaal,ﬂiuﬁﬁgﬂquaﬁ%aua (Classical uniform grain growth
process) Uauanfsnszuaunislauvuasiianefiaatulasveuinsudaulds (Grain boundary
curvature) [147, 148]



126

3

(o)

y = 0.5028x + 5.5202
R>=0.9755

W

(O8]

In (d-d,) (um)
N

8.2 10.5 12.8 15.1

In t (s)

5U7 4.61 $798191139M1A N Y9euiuses A 1 50 °C

nn1avaaesAt N duualiifisduainnisund 50 °C lasuduses € > B > A (insuil
amiadssuasiivingadu) egaslsfinuuduses 0 luawnsadnnlfidesaniinnis
Wasuuawmayiavuainsuldiengil 1,000 iy dmsud 75 °C insulinnuafesuniuusiu
599 B uazA1 N anas dmduunusesdudlndanzilieies msuuiigamnligs 100 uas
125 °C insulEtuudusng ldfenuafissriesuutinsuadnasodofiarsanand N

oglsAmusEinmafingumgiian N iiamseanasldivuiu Sanuiguiufuanuided
UL LU N1S0UBDUNDILAYT 00-600 °C A1 N HuunTiniindy (2,63, 2.69 way 2.75) Wle
Wingaumgil 700 °C A N amasilan 2.00 Saunifleutunsaiadivlnvetnsulugauai [149, 150]
uinsanaswasan N iilegangigaduiitoeyiienienisanasmosmainndnlydainnisiuia
waznslavennsulunsdil [149] ewFeufieufusmdteiiuulutsgugdilndidesty
Msvaaes 1wy nsladufouiigamgll 100 - 200 °C urian 0-3,000 min AU (Ag) Watw
waziuuIavisien N ogluzag 0.19-0.28 mesdn (Au) i N = 0.30 uazluaaamausaadoudng]
A1 N Uszanm 0.38 [145] wandliifunaiiléfinnuaonadasiutunmsmaaesi

ogslsAnudmiulasianaganiemdsnisdaniuioneunsunnansdaguil 4.62 wuin
ALY n-Cu65n5ﬁiaﬁdﬁﬂﬁuﬂaLwimawaﬂLLmLLazT,amﬁ’mﬂ%e?iﬂﬁmmmwhﬁu 0.83, 1.94,
1.91 uag 1.24 pm d1USULKNUTeS A, B, C 1lag D aNa1au UeNNTUNUTB 319 (Void) 7
S¥191950870aNAINLNTULHUTBIRLATUT AUl ATRLIUR ULHUS DS B, C uay D finun1sau
goun warlasiainsqaninvessossondsnsUNLARIRaFUT 4.63-4.66
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Aging temperature Substrates N Linear equation and R?
(°0)
50 A 0.50 y = 0.5028x + 5.5202
R? = 0.9755
B 0.76 y = 0.7639x + 4.8838
R? = 0.9882
C 1.03 y = 1.0304x + 4.5949
R? = 0.8503
D _ _
75 0.35 y = 0.354x + 6.5365
Rz = 0.9197
B 0.50 y = 0.5047x + 6.2176
R? = 0.8694
C 0.39 y = 0.392x + 7.3505
R? =0.9853
D 0.20 y = 0.2059x + 10.103
R? = 1.0000
100 A 0.22 y = 0.2286x + 7.361
R? =0.9949
B 0.37 y = 0.1375x + 8.1961
Rz = 0.9798
C 0.38 y =0.3862x + 7.5663
R? = 0.957
D - -
125 0.14 y = 0.1441x + 7.7042
Rz = 0.9387
B 0.21 y = 0.2125x + 8.3376
R? = 0.8247
C 0.27 y = 0.2773x + 8.0755
R? = 0.8960
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UM 4.62 nmieng SEM Y8978 19naun1sul

nsUuf 50 °C gﬂﬁ 4.64 1Aaan1y n-CugSns ﬁiwdwﬁuﬁﬂamﬁ@ﬂ%‘LLasziusaw!ﬂ
na1nsUa varlumstuiigsduild IMC Suurldumunty wodrslsAmaudound 75 °C
@NETaINITUL 1,000 hr oie IMC gialvaity Ao e-CusSn SEMinauHUToLAT Y N-CusSns
(gﬂﬁ 4.64) uAMTUNTULT 100 °C WU e-CusSn anunsaintuldverinan 100 way 1,000 hr
WuReafudumsUNTigmgil 125 °C

A1 UAIDEINANITIATIZHBIAUTENBUNIUALVBS N-CusSns Lag e-CusSn BaINITUL
LanadagURl 4.67 a1 sunTigunall 125 °C fiaan 1,000 hr 91An1slusiuses D Tngwy n-
CusSns HosAaUsznaunILATivas Cu Wiy 50.20 At.% (Cu = 35.05 wt.%) uaz Sn i 49.80
At.% (Sn = 64.95 wt.%) d MUt e-CusSn WUBIRUIENBUMALATIUBY Cu WINAU 72.20 At.%
(Cu = 58.16 Wt.%) wag Sn WU 27.80 At.% (Sn = 41.84 wt.%)
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0 x 3,500 S i
% et

$S40 % 3500 S um

340 TA500 T nm

0KV WD 10 mm_ S ] : S am V WD 10mm S 3 Sim B ShEm
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S Al
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5 pm 5 40 BEC 20KV WD 10mm SS40 x3500

BEC 20KV WD 10mm S pm BEC 20KV WD 10 mn S pm BEC 20KV WD 10mm SS40 x S pm BEC 20kV WD 10mm SS40 x 35

a

UM 4.64 Fuansuszneuiidlangdmiumsuunemumail 75 °C

Y



BEC Z0KY WD 10 mm 5S40

BEC 20KV WD10mm SS40 x3,500 Sam BEC 20KV WD10mm SS40 x3,500 B BEC 20KV WD 10mm SS40 13500 S pm BEC 20KV WD10mm SS40 x3500 S pm

BEC 20UV WD 10mm SS40 x 350 Spm | BEC

@
FL ﬂctl._m

AN “n‘.,uw.\’;_

BEC 20KV WD10mm SS#0 x3500  Spm BEC 20KV WD10 2 Spm | BEC 0kV WD1ldmm S840 x3500 = BEC 20KV WD 10mm 5S40 x 3500

v
Y

3UN 4.65 Fuansusyneudalanedmiunisuy
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£
2
~
)
)
N
P
(@)
o
M

BEC 20KV WD l0mm 5540 23500 Spm | BEC 20KV WD L0 SS40 x3500 ! s b Epm  BEC 20V WD1omm

L7 £S5 . AL ; T
p AN “&Ohf" “,fé D00
J Y - % B

_‘_,c \(I 'Cﬁg’Sn5 // ‘A /

. TS

‘I

BEC 20KV WD10mm SS40 53}

hr AT I

KV WD 10mm SS40 x 3500

M s-.é.%. g'as-g
S Vo WYV SV VO

BEC 20KV WD10mm SS40 x3,500 Spm BEC 20KV WD 10mm SS40 x3,500 S pm BEC 20kV WD 10mm SS40 x3500 S pm

3UN 4.66 Fuansuszneuldislanegdmiunisuniigamail 125 °C
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Element | At. %
CuK 50.20
SnL 49.80

Element | At. %

CuK 72.20
SnL 27.80
BEC 20kV  WD10mm SS50 KT,000 2um  S— T : T T {L/‘ - i

IET-RMUTR ul Scale 1450 oy Cursor 0000

a

Ul 4.67 siamsmsaaaey EDS Y89 IMC Tlgaimail 125 °C 1981.1,000 hr
AID819N15R 598U XRD Guméf’;asmLﬁamumsﬂmﬁqmmﬁ 125 °C §112a1 1,000 hr
91007151 usuTe D uanafagui 4.68 Tn3aaF1emAnU09 n-CusSns WAz e-CusSn LTULUY
Hexagonal tuilouri 1ag n-CusSns dAsuuslaseandn (Lattice parameters) a, b Way ¢ Wiy
4.200, 4.200 uaz 5.090 A 9u3la n-CusSns ilAssasswuu B81 aglunguseuIu (Space group)
P63/mmc @M TUAILUIIATING N &-CusSn WAAIAT a WA ¢ LYY 2.749 Wag 4.322 A°
AU

% - IE Cu
] E Sn
[®] n-CugSn;
mﬂ—: E S-Cu;;Sn
8 ]
€

e N il

£ Y l'[r‘ryf[flfj“ s s 2 l | -II .y'.!'1..|

N O e A B S S B S A B S PR A e |
25 30 40 50 60 70

2-Theta - Scale

Ul 4.68 nan13ms1a@eU XRD figamail 125 °C 1an 1,000 hr
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4.4.2. ANUKUIVBY IMC aINIsUNA8ANTaU
ANURUIRAEYDY IMC (N-CugSns way £-CusSn) NILNINTDLADANNAT LULNUTDILAAY
WUULAEQUUANNTUNNUANANAULAAINARINNTI1N 4.11-4.14

a

M1319% 4.11 Anuviuedeves IMC finaungil 50 °C

Y

Substrate Aging time IMC Thickness (um)

() &-Cusdn N-CusSns Total

A 0 - 0.83 0.83
1 - 1.47 1.47

10 K 1.73 1.73

100 s 2.17 2.17

1,000 . 2.47 2.47

B 0 - 1.94 1.94
1 - 2.01 2.01

10 \ 2.32 2.32

100 ; 2.37 2.37

1,000 7 2.49 2.49

C 0 - 1.91 1.91
1 > 1.97 1.97

10 - 2.22 2.22

100 - 2.38 2.38

1,000 . 2.56 2.56

D 0 - 1.24 1.24
1 - 1.57 1.47

10 - 2.19 2.19

100 - 2.43 2.43

1,000 - 2.64 2.64




M13199 4.12 AU LREEYY IMC N9

a

AU 75 °C

Y

133

IMC Thickness (um)

Substrate Aging time
(h) e-CusSn N-CusSns Total
A 0 - 0.83 0.83
1 - 2.11 2.11
10 - 2.25 2.25
100 s 2.43 2.43
1,000 0.89 1.84 2.73
B 0 - 1.94 1.94
1 - 2.20 2.20
10 - 283 2.38
100 - 2.48 2.48
1,000 0.58 2.52 3.10
€ 0 - 1.91 1.91
1 - 2.06 2.06
10 z 2.37 2.37
100 s 242 2.42
1,000 0.54 2.39 293
D 0 2 1.24 1.24
1 - 2.04 2.04
10 - 2.24 2.24
100 - 2.44 2.44
1,000 0.52 2.07 2.59




M13199 4.13 AUULREEYY IMC N9

a

A 100 °C

Y
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IMC Thickness (um)

Substrate Aging time
(h) e-CusSn N-CugSns Total
A 0 - 0.83 0.83
1 - 2.12 212
10 - 2.24 2.44
100 0.81 1.73 2.54
1,000 1.33 1.66 2.99
B 0 - 1.94 1.94
1 = 2.24 2.24
10 F 2.35 2.35
100 0.85 1.88 2.73
1,000 1.39 1.42 2.81
C 0 - 1.91 1.91
1 - 2.10 2.10
10 - 2.27 2.27
100 0.42 1.92 2.34
1,000 1.02 1.70 2.72
D 0 - 1.24 1.24
1 - 2.10 2.10
10 - 2.35 2.35
100 0.34 2.03 2.37
1,000 0.95 2.3 3.25




a

135

ﬂﬂi'lﬂﬁ 4.14 ﬂ’)’]@J%U’]LQSEﬂJﬁN IMC ﬁqm‘mqu 125 °C
Substrate Aging time IMC Thickness (um)

(h) e-CusSn N-CugSns Total

A 0 - 0.83 0.83
1 - 2.44 2.44

10 - 2.52 2.52

100 1.27 1.61 2.88

1,000 2.35 1.45 3.80

B 0 - 1.94 1.94
1 - 2.24 2.24

10 - 247 2.47

100 18& 1.65 2.80

1,000 2.13 1.63 3.76

o 0 . 1.91 1.91
1 > 2.22 2.22

10 % 2.22 2.22

100 0.92 1.67 2.59

1,000 1.98 1.53 3.51

D 0 - 1.24 1.24
1 2 2.18 2.18

10 - 2.56 2.56

100 0.96 1.73 2.69

1,000 2.12 1.73 3.85

WelUIguiieusuuuunsiaseiulnwes IMC 53U INNSUNNRMNMAL 13871 WAZLRUTDS
wane19iy N15UNTgUn il 50 °C LanNanaguil 4.69 NMInTIAdeUlATIAINRaN1ATITENINg
508MDVDILHUTDIALIANTUANINULANIE N-CUsSNs IIULAEINUNNSUANSHIBNDUNITULN KAINTS
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Tnn3uiused A finsasaiulares IMC Teeniiuiusesduy Measyiulnreunused B > C
> D \flasnndviswavesarmidunndadislogluunusosinlivuiansulifinasensiasayivla
faudiunaleiian 10 hr dnvaeni1siaseiulaves IMC Falisuuuunisiasayiulaiuuify i
wandiifiuininauasgunilunisudsliannsaasundasguuuunsiesyiulnges IMC 910
Sw%waeummmLﬂ%mmﬂﬁwﬁﬁagﬂuucjuiaﬂﬁ dloundt 100-1,000 hr nsLaseiulaves IMC 1
Ifogresamdrdmsuniuses A undafinsasydvindidesnituiusesdunudy uazinny
wutouniukuIes B iflsdntes uenaintulugianandengla (100-1,000 hr) LAANAS
WasuuUasgluvunsiasyiivla Ae D>C>B>A uanslifiuainisuniigedudaaranis
Wasuudasguiuunisisyivinaansavinaednsnaveseanasoannisiogluususosls
dlesan IMC finsisaiiviamuinsuesusiusesilaty

agnslsfimunaninnsvuiunisnaudeuluiaded 4.3 dwaliaudunndiduusu
sesanasuIlimuiunnAlukiusesiiogdes lavamiunssuiunImausey lngiany
LKUTDS D FITUNITAIUANNITLNIFI BT UL TR MEUNAIBA LS e Tl BnSnaFunas
winiulawes IMC snnnimavesmiduandsluususesiislegladsionsantsiann (1) uuali
IMC nintudlerfiaainistauay (2) anamuives IMC fintudensulatusinnisvaiiioan
100-1,000 hr feudfuniusas D 9nmsuail 1,000 hr Snnsdsuwtaiininsuilaginnduunia
Junsuvundndnasmannisiaadnlnlseninensvadenisuiiautukiuses C fan
Rerfunafdsdivmnnsuilanituduses C

3.56] 2.64
4.0 1 : ‘ 2.19

N
L5
3.0 4 . i T2

2.5 -

2.0 -

15 1

1.0 A D

0.5 - C

0.0 ; . . ; ; B s«"‘e
1000 100 10 ! A\

&

Total IMC thickness (um)

Aging time (hr)

35U 4.69 AUVUITINAINATTULNN 50 °C
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INMAANRUNYINITUNN 75 °C FUN 4.70 NNLHUTDINY n-CugSns 31ANTULA 1-100
hr Wwdgaduiinisuy 50 °C Wiasiuaainisusdy 1,000 hr nususesUsIng e-CusSn Tuin
TnsisENINWHUTDINDILAILAE N-CueSns (Cu/e-CusSn/n- Cu65n5/Solder) AVILUITRS IMC T3
a,JLLu’ﬂuwmmﬂﬂmmiuwammu 50 °C gALiuLRLSes D 7 1,000 hr 1199970 &-CusSn i
muuﬂwmmﬂmﬂasJuLuJawmmLﬂiumaqLquiawLﬂmwaﬂiﬂﬂmumaﬂmqmwﬂm IMC #untiag

| d' o) d! < 1 a a = o v
A9 50 °C Faduaiasuin e-CusSn F9nbiAUruITINanad
1 =3 1 dl 1 1 v a % a a a A

9e19lsAnIuNITUNT 1-10 hr uiazuiusesdaluualdunisasyivlalususuuiiufe B
>C>D UALKUIOY D 9g8 IMC Inunilaeniniauged A (D<A) ansduluaniizn1snisuuin 50 °C
NaveIgun)INgeuwininsiedgAulaes IMC 91nwruses A Tnldegresansiuasuansneiu

1 = @ v 1 a a P U a [
LHUSDY B Lgalaniag Yagliusad D dn1sidsundasanninsuiaunnnaudiaduinsuauin
@ 5 oA = a é{ I 1 & = = [ oAl o
NBNASIAINANSUNA 100 hr FeLindusinatdletlSeuiiguiunisudd 50 °C

4.5 4
4.0 29

—244
¢ 2.07 2.24 3

3 ' ' 2.0

: 124
25 - :

20 - b

1.5 - -
1.0 A > , C

0.5 B

0.0 T T T T 1 &(
1,000 100 10 1 0 %so

Total IMC thickness (um)

Aging time (hr)

JUT 4.70 AUVUITINIINATUNT 75 °C

fausifinsasuuladlasaiienaninveauiused D 99nNsULA 100 hr wsuses D g
IMC Fiunannnituiuses A (D > A wileutuluaninznsuud 50 °C nsdifnsufilaunnnduun
Aendunsuruadnguiuiiosniaene n-Cussns wilousy wisgalsiniunisifiunan
MsULT 1,000 hr yenannsuilaunnnduanindunsusunndnudiianneddain e-Cussn
Funrlmiwazyinliusiuses D 31 IMC Ainuntosnitusiuses A (D < A) uansrsfumsiasuulas
wnsuiilagnnndunniadunsurwinidnlunsdnisnisuudl 50 °C 1aan 1,000 hr wazd 75 °C
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1387 100 hr 1f8991nN1SARTUN I RUYDT e-CusSn SEWINILHUTBINDILAILAE N-CusSns LAY
Uni £-CusSn LTNTUVUIAENNTT N-CUeSNs TEMINASLARTUVDY £-CusSN NSHNTDLABUVD
VOAIILNTENUFBNSARURAS o TUYIINVRINITAA £-CusSn VusnInsuaziasyiulaved -
CusSn 2eiAAn19n15s e AU lUNI9OUYDS N-CusSns HINNIERLAUTDINBILAS [150] F9%in
9 n-CusSns inuvunanaslugisusnuaziinanunsiasgiulaes IMC WeallTauieuiuns
a X a S o a & ! a £ Vi Y] Ao v Y
WIRTUVDY N-CUeSns LNEITULAEY BATIINUIN e-CusSn 1NATULAEAUNDILAINTN1TINLS 896
289n5ulUSTUIU (001) 11NATT (111) WNSIERANLEUTBILAY N-CuSns HANaUlUN1TINLS
F1 [151] N19La3eLAULRT9 e-CusSn J9ABITBIAUNITUNITUDIDZADUAINNANUDINDILAILAUAT
d‘ d‘ 1 % o v o dy a A d' 1 o 1 a o
D99 INTUIUNANNUYN TANAIUNURIR AR WLAENUINTEUIU (001) wag (111) Andeau
dgj a 1 % dld L2 d’l a OI 1 dl 1 a
NURWNIAU 0.57 1kay 0.45 eV IagseunUNINAIUNURIAINITHNS VDI ADULNDFLASUNIT
Wulndaindulaenn [150] AlaNasuINISAATUYDY -CusSN WALLINSUVDILNUTBIANNHE
EBSD U7 4.48 Tuvde 4.4.1 wudh insuiilauniiuiiinsudwlngiduduas@anuin dnsdases
AaluszuIu (001) WUl JUN 4.71 LaA9TeUIURaENITINLTLIFIVINEN AItUNITUNAY
53U3IaMMENIA IMC lSeRulalafdonAaaenUuIulIdeves Shang wazany [151]

001 101

JUM 4.71 wa IPF Lan9szuuLagnIIdniiesiivesan

N15UNA 100 °C §U7 4.72 4293810019 AIa1 1-10 hr NUHUTEINY n-CusSns A
MY IMC INUINUAUTEIRD B>C>D wel D < A 1 (gUuuumilauiui 75 °C) ilesainveu
insuniloglunsusosdaaiun1sinsangauniinisuy Nan1eliusing e-CusSn seninawsiuses
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LLazIamﬁ’mﬂ%‘L%’m’hﬁqmmﬁ 75 °C Tog e-CusSn LAATUTIAT 100 wag 1,000 hr L9991
Lﬁuqqu:ﬁ AINUUNBY IMC ﬁmﬁ’mﬁaﬂﬁﬂg £-CusSn 91981 100 hr 1An IMC fiflaumunsay
(A > D) Fdudr9301An e-CusSn 11119 N-CugSns fiAaunuIanas waitaan 1,000 hr 79 e-
CusSh Wae n-CugSns Wulpogesamdviliuduses D 1An IMC fiflmununsiu (D>A) wandli
Wiudansunsesernenanuauses D intulduinnin A vaiuduses D fuuansuiilaunn
LﬁaqmﬂmiLﬁméﬁuLLazLa'%fgLaUImﬁmmaa e-CusSN UULHUSBIalasluszuu (001) way
ALERUNTUNDEADUNBUASIUTE N-CugSns 399ttt IMC Tlpegssamiuuiluaniiyi
donAaDIRUADIIENISUNT 50 °C 1981 1,000 hr 99AN15VINa18 BNENAY8IAIIASEARNAISLY
WHUTDY

Total IMC thickness (um)

Aging time (hr)

JUN 4.72 AUnUISINAINAITUNT 100 °C

a =

ANMUNTININNFUNTIgUMYR 125 °C 3UT 4.73 Jadugumnligeaeildlunsaass 7
qmmﬁﬁlﬂimg £-CusSn SEWarusasuazlansUan3ingn 100 uag 1,000 hr wufieafunis
Usidl 100 °C JULUUANLMLIYES IMC Aa1nNsUs 1 hr wudn A>B>C>D maiasaiulnves n-
CueSns TsUnuunsiasguivinauaudisreuinsuluianardugueanisvu esain MC §
LLu’ﬂﬁuLﬁiy,lﬁuimmmﬂsuﬁimﬁu wauzifiuaandu 10-1,000 hr nSRTAulaENIE A, B uag
C fgUnuunsiasgiulamuaNAIEvauNTWYUAY Wad iy D finsiesgyAulneg1agimsd

wansliiudnnsunlainiiin e-CusSn vuuusoIRMATTnTulaTINAUNSUNTIDMnNg
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IMC Faa3euiivlalan faudifzuuuunmsasgiulaliduluauniseruaunisunsieveuinsy
dAmSun13AIUANNITIATYAULAYEY £-CusSn MINNITAUINLAZUSE U UFUUTEANTNITUNS

Ul luide 4.4.3

'Lh
(e
1

3.5

)
wohs
wn O W

1 1

oW
w O
1 1

Total IMC thickness (um
=

3.85

2.69

2 56

2.5

2.18

2.22

2.20
1.24

S
S W

1,000

100

10

1 0 S

Aging time (hr)

JUN 4.73 AununsINaIANIsuLa 125 °C

lngasusduuunisiasaiiulnues IMC NsendnaiuiavgeainnisUansuandsiagun 4.74
WATIINNTUNKAAIRIFY 4.75 MAIN1TULAINTRUITURUUATITIAS iAULAYe IMC TLAnTu
seninTeroa1nn1sunla 10 sUuuy (@) wavdeyaasunielinisuuianiegdiagues IMC

FIUULANIAIN519N 4.14

Total IMC thickness

Soldering

Grain size

IMC thickness:
B=C>D>A
IMC formation:
CugSns

u Substrate A

® Substrate B

® Substrate C
Substrate D

Residual strain B>C>D>A

5UN 4.74 sUwuumMsasyiulaves IMC waanisinng
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(a) (b) (c) (d) (e)
A
1)
1)
g
Q
- —
=
&)
Z
p—
<
—
o
=
Grain si Grain si Grain si Grain si Grain si
rain 5123 rain sxzs in !5 rain size rain 5125-|
IMC thickness: IMC thickness: IMC thickness: IMC thickness: IMC thickness:
B>C>D<A D>C>B>A B>A>C>D B>C>A>D B>D>A>C
IMC formation: IMC formation: IMC formation: IMC formation: IMC formation:
CU@SDS CugsSns CUGSBS CueSns CU@SDs
CueSns/CusSn
® (2) (h) () 1))
m *
@
(]
_5 (
i
=
E i
-—
= o
(=]
X |
! %
Grain smﬁ Grain sms Grain 5125 Grain size ; Grain sxzsa|
IMC thickness: IMC thickness: IMC thickness: IMC thickness: IMC thickness:
A>B>C>D B>A>D>C D>A>B>C A>B>C>D D>C>A>B
IMC formation: IMC formation: IMC formation: IMC formation: IMC formation:
CusSns CugSnsCusSn CugSns CusSns CugSns
CugSns/CusSn CusSnsCusSn

5UT 4.75 sUuuumsiasaiulnves IMC ndan1sn1suy

91307 4.75 mstaFaiulnves IMC 53191nn3UNTigamgiia 50 °C § 2 UuU fo
(a) uaz (b) Taefiguuuy (a) maaigiivlnazgnaluaulasanuaisanneidegluusiuses
wileutuanmignstand Anduiiiaimst 1 uag 10 hr efimnanisudu 100 uag 1,000
hr WasugUuumsasyAuladusuuuy (b) Lﬁm%uim8§m%wasuaamsm‘uqmmmwémumiu
flosan IMC Tanuinsuresusiusosiilaty
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a

ﬁqmmu 75 °C n13493ebAulaves IMC k) 13 i‘ULL‘U‘U g (o), (d) uaz (e) &y

Y
=

SULUY () AzilAuAdeiuuIniuluy (a) wazifnduiinandun esnnissyiulnves
IMC muaslagmaTennnAsnuEusesdaunaldainususes B, C uag D fidaduualiunng
WiAulalugUuuusiy dunaiiuanssiuie wiuses A finssyiviniidTusaziinnumun
1nnd D (A>D) WeflgamgiifumnsydutuorailiiAnnueioanndduuiuses A iy
Tuanmgfiuieafuikuses B iinfiiunisevdeulaiuavgliininadydulaves IMC 7
397 &1 fU3ULUY (d) nulmgiin1sta 10 uag 1,000 hr A1999ALUY () NZUHUTES A
\osanseninensuuwsuses D fnmsdsuudamninsuilaunnndusidaduinsueuiaidn
snadaradurildnnsesyivlnres IMC wWasuluuaslnnin IMC iinuuuduses C ogalsh
Au7 1,000 hr WU &-CusSn f5Usuumsativlanuy (f) g FUNALNFULHUTOITALAT U
AIUTUIYBY &-CusSh anadlugadisunie FaUASAATUYR 4 £-CusSN SafiendosiunIsunsves
vouinsuINMsUaTigamadish dmfuuiuses D nsuilannnduniAndunsuradndnads
wutuwagiivuansuiilanianisua 100 hr Tag IMC Minuuukuses D lalandiuniuses C lu
anmziiiosanuaves e-Cussn MSuAnT Ul

MyuNigamail 100 °C MatasayAulaves IMC 5238 4 sUuuUIsaz A TUNTsULUY
N5LAEYLAUTRBY IMC saufiLansaiy Ao wuv (d), ), () wag (h) dwSumsuniiven 1, 10,
100 1@z 1,000 hr AINEIRU HAIINAULATYANNANAINUAUTOINANUNI LT YLRULAVOS IMC
Izt 1 hr ilesaniinisiaieyAulanusuuuy (d) wdleufufinisuuiigauvnfl 75 °C
dlenanmstaiindu 10 hr mssiulaves IMC Wasuluwu () n1seaiulnveses IMC
ULUHUTBY A>B>CoD Sauriminsulitseilatwiliammniues n-Cugsns anaadunaan
PNMsaREUNIIMsINIveauInTuinlin1sundanas egaslsAnuiiiound 100 hr ans
wigsiuladulunuguuu (9) Feddnwazaarotutunuy (h) 9 1,000 hr tilosarniin n-
CusSns ey e-CusSN 5¥WIWNITUN @150 1,000 hr A15La3etAUlaved IMC 593 U0uRUTY A
uaw D Induagesaniiudloiwisuifisudu 100 hr agaslsfay sunuunsiaiaifulaes e-
CusSn heapseaiAntudsUuuudenu fe wuu (©

Sounfigamad 125 °C maadaAulnves IMC 5338 3 U o (0, (h) wag () i 3
sULUU Mstesaiulaved IMC 3ULUALSed A, B Uag C Sistuuuiiviloudu fio A>B>C wans
THfunisanaunuives IMC deinsuresurusoslnty gﬂLLumﬁ’mdnLﬁmlﬁﬁaﬁuLﬁaLﬁm
gaumaiinsUniloiiouiisufunmsund 100 °C Tnssauguuuunisiaiyiulaunnsiaiugin
WHUSOY D fi8 N5UL 1 hr 4ia N-CusSns Aiflannumundesninuiusesduy Wefiunainsuudu
10 hr $u n-Cussns imaiasaiiulnegasanidanmsunsinudoinsuuasinlidaumves
N-CusSns INALABIAUNSUNSENUTOUINTUTDILAUTES A iowfiutiaivudi 100 hr 1in e-CusSn
Tl IMC sauuuusiuses D Wulplddacdndesvariuiusodunnsieigyivlnves
fusrmdinaiinunty sudumsiznisunsdsidensureuduses D Afuwilduanauie
WU UAULRUTDT A LAz B ITA1SUNINIuveULnTY d1usuditaan 1,000 hr Seusiiin e
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CusSn wariinssyiulabidulumunisauaureweuinsuveiuses D uainsiasyiuln
pgemIniwesnsuiiguvndguaznanuuiailinisesyivln IMC Retuldffousius
seafveuinsusgosuaziammmuiuandsiutiosnileUTouifisufuuiuses A dmiunis
W3iulnve e-CusSn finTuisasaianfisuuuy (h) wilouty asuguuuunasiyidulnves
IMC 52u7idn1IeAe e uanafiansedt 4.15

M13199 4.15 JULUUNMSRSEAulaves IMC 374

Model Aging temperature (°C) Aging time (hr) IMC formation
(a) 50 1, 10 N-CugSns
(b) 50 100, 1,000 N-CugSns
©) X5 1 N-CusSns
75 10 N-CueSns
(D) 75 1,000 N-CugSns+e-CusSn
100 1 N-CueSns
(e) 75 100 N-CusSns
100 10 N-CugSns
G 125 1 n-CusSns
() 100 100 N-CugSns+&-CusSn
100 1,000 N-CugSns+e-CusSn
(h) 125 10 N-CusSns
125 1,000 N-CugSns+e-CusSn
(i) 125 100 N-CusSns+e-CusSn
() - : -

AUVIUITE N-CUsSNs T1AN1IEA14ARTIA151971 4.16 N15UL 50 °C 1387 1 uag 10
hr MstaSaivTnarnususes B>CoD Tngurusos A fanunundesniiuiusesau dafused
woAnssun1seTAuTaLLY (@) wagivian 100 uag 1,000 hr n1sasaiulaiingAnssuuuy (b)
ANNUIBY N-CUeSNs IMNUNUTEY D>CSBSA

A5UL# 75 °C 1an 1 hr fingAnssun1siasaulauuy (€) 91nukuses A Sanunu
489 N-CusSns W3aiulaliGuasiituiinuiniiuduses D wiewauananuuy (a)

#iia 10 hr mswSaiulanuu (d) 3nnsTaveaukuses C fiwanndi A fivia 100 hr i
NORANTTUUUY () 1189910 n-CugSns La3auulaléisa91nN151UABULUA IR TUTBIUHUS B
wsiagnalsfimudmiunisuad 1,000 hr wgdnssunisiaiaiulaes n-Cusns wWasuluduuuu
(a) BnadaddesanmsasuulamuinnsuresuHuses D uarmsiin e-Cussn TuulvalF iy
N-CusSns SianumundianassiolSeudiousud 100 hr
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Ngaungll 100 °C 1381 1 wag 10 hr ngAnssun15a3asiulnges IMC Wuluu () was

o w

(e) mua1dU TnesuLAnaINN1SUABUAIIUNUITOT N-CUsSNs INNURUTOY A MLRLTUBENY
FINFIMEIUNN 10 hr veuzUnil 100 hr 1¥uluy (b) n-CugSns IANINTUUNETDITLATY BE1als
=3 N a a a I . = =
in1uil 1,000 hr weAnssunIstaseysAuladuwuy () Wodn n-CusSns IAIUNUIAAAIINNAT
a o Y d‘ Y a (Y 1@ Y ! 1 1 =3
WA e-CusSn VIRl n-CusSns AlnaLABIAU A WiAtoanITueYse9 B taz D og19bsAniunis
L93gLAULS £-CusSn YW N-CugSns Auunltuanas@einnsf 100 wag 1,000 hr

Mgaumgil 125 °C n13aseyiulnues n-CusSns A3UnuUlmilauiun1siasaLaulnvas
IMC 521 N15UNAIAT 1, 10 waz 100 hr dng@Anssunisiasaiaulaves IMC wuu (), (h) wae )
YuEiIan 1,000 hr fsUuuunginssunisasaaulawuy (h) Inesiuni1siinduves e-CusSn 1l

daraliAIamu n-CugSns aAaIIINNTUNTIRM HA@ANE1IRUNTUNTIRM I 100 °C

M1319% 4.16 JULUUMSIRTEAUIAYEY n-CusSns

Model Aging temperature (°C) Aging time (hr) IMC formation
50 1, 10 N-CueSns
4 75 1,000 N-CugSns
50 100, 1,000 N-CugSns
2 100 100 N-CugSns
() 75 1 N-CueSns
@ 75 10 N-CueSns
100 1 N-CusSns
(e) 75 100 N-CugSns
100 10 N-CusSns
\ 125 1 N-CueSns
(9) - - -
125 10 N-CueSns
") 125 1,000 N-CugSns
() 125 100 N-CugSns
) 100 1,000 N-CugSns

SULUUNSLAS R AULAYee e-CusSn WANIFIAIT197 4.17 MsUnTigamndl 75 °C WU &-
CusSn WAnTuam gl 1,000 hr mawasayivladsuuuy () Tae e-CusSn iRntunaziaiapdulald
Sefuniuses A uasduuilduanunuianaadensuuiusesdadu n1suud 100 °C 13
WEAulmAnTunusULUY (0 wagdl 125 °C nawsydulaladulunusuuuy o)
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M13197 4.17 JULUUNMTRSYHAUIAYEY e-CusSn

Model Aging temperature (°C) Aging time (hr) IMC formation

(a) - - i

(b) - - -

(©) 100 100, 1,000 &-CusSn
(d) - - -

(e)

() 75 1,000 €-CusSn
(e) - - -

(h) - - -

(i) 125 100, 1,000 €-CusSn
() X . -

4.4.3 SuUsgANBNISUNI BT IMC 91N TUsRaEAESou

Tnehlunmsiineusunues IMC serinansudennedouiiniuldednasiniids
nsifindannsAuladiauveuiain (1) USRI B U S UL oMY (2) N1SUNST]
Anduldiivesernounatuaailosinnininduresenuduuagaueonlulassadiagania
mnﬂszmumimqmm%fauﬁga [152] IuLﬁ"jaqgfugUqumm%fyﬁﬂmaa IMC neligaumad
NMFULANNNTOLANIAINANTUSTOINISLA3YLAULE (AINRLITOS IMC) wagtaa1n1sunlaain
U3l (4.11) fadunssuunisimsuan s vewdnntununvestu IMC ﬁgﬂmmmimwjmu
nsunsdaduiasfuresnan adudszansnsunsvie D anunsamuraldainaunisi (4.12)
NNsNEonANLELTLSTZNIIAIELIYes IMC fusinfidesesiatlunisuuves IMC 5au
(e-CusSn+ N-CusSns) fegnad miuuKLIes A Uansfeguil 4.76 uazdoyanisvnassduuansly
TunAuuan o @1¥un1s19il 4.18-9.20 aguan D w89 IMC 594, n-CugSns Uag & CusSn AUdIRU

h=hy + kt" (4.11)
h=h, + VDt (4.12)

W9 h A9 AIUNUITBY IMC AAINITUL t VU he A AIURLLINAY (EIN15UANT)
k Aig ANARTERIINITRSEAUIAURY IMC LAz n AD LaYeNAIaI98d1Ia0



g 3.0
X
2 2.5 1 y=0398x+0.54 . )
é R2=10.9786 W T
s 204 e
£ | o
O L5 - &
= | e
E 1.0 A ;"
(<]
& 05 -
0.0 ; : . . .
0 60 190 600 1,897

Aging time *1/2 (S*1/2)
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JUN 4.76 AdiusszniNAunuIYe IMC F3ufUIaINSUNTRMNLTeT A 71 50 °C

A1519% 4.18 AFUUTEEANTNITWINS VDY IMC 57U

Temperature (°C)/(K) Substrate Slope D (mm?%/s) D (m?/s)
50/323 A 0.398 0.158404 1.584E-07
B 0.146 0.021316 2.132E-08

C 0.171 0.029241 2.924E-08

D 0.366 0.133956 1.339E-07

75/348 A 0.412 0.169744 1 700E-07
B 0.260 0.067600 6.760E-08

C 0.240 0.057600 5.760E-08

D 0.310 0.096100 9.610E-08

100/373 A 0.474 0.224676 2.247E-07
B 0.233 0.054289 5.429E-08

C 0.182 0.033124 3.312E-08

D 0.429 0.184041 1.840E-07

125/398 A 0.638 0.407044 4.070E-07
B 0.418 0.174724 1.747E-07

C 0.359 0.128881 1.289E-07

D 0.573 0.328329 3.283E-07




A15199 4.19 AFUUTTANTNITUNTVDI N-CUsSNs
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Temperature (°C)/(K) Substrate Slope D (mm?%/s) D (m?/s)
50/323 A 0.398 0.158404 1.584E-07
B 0.146 0.021316 2.132E-08
C 0.171 0.029241 2.924E-08
D 0.366 0.133956 1.340 E-Q7
75/348 A 0.234 0.054756 5.476E-08
B 0.144 0.020736 2.074 E-08
C 0.132 0.017424 1.742E-08
D 0.206 0.042436 4.244E-08
100/373 A 0.127 0.016129 1.613E-08
B 0.140 0.019600 1.960 E-08
C 0.064 0.003600 3.600E-09
D 0.205 0.042025 4.203E-08
125/398 A 0.041 0.001681 1.681E-09
B 0.123 0.015129 1.513E-08
C 0.129 0.016641 1.664E-08
D 0.053 0.002809 2.809E-09
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A15719% 4.20 AANUTEENTNTUNTVDY e-CusSn

Temperature (°C)/(K) Substrate Slope D (mm?%/s) D (m?/s)
50/323 A - - -
B - - -
C _ _ -
D _ _ -
75/348 A - - -
B s - -
C il 2 -
D _ _ -
100/373 A 0.520 0.27040 2.704E-07
B 0.540 0.29160 2.916E-07
C 0.600 0.36000 3.600E-07
D 0.610 0.37210 3.721E-07
125/398 A 1.080 1.16640 11.664E-07
B 0.980 0.96040 9.604E-07
C 1.060 1.12360 11.236E-07
D 1.160 1.34560 13.456E-07

MnnsUTBuLis UAduUsEAVE NsuNITiguvniiane uanafaguil 4.77-0.79 91ngUT
4.77 AEuUsEANENITUNIVDI IMC 593 (£-CUsSN+ N-CuUsSNs) WNUTES A ANdNUsEENS ATUNTS
wludutudofiugumninisuy dwsuuiuses B uay C SsUuuuiunna1sainuduses A
TagnULT 50 uaz 75 °C AINAUIYEY N-CugSNs Lﬁmmmqquﬁﬂﬁﬁﬂmﬁqﬁé’wizﬁw%‘mmwi
Aintuludaed uidmunisuad 100 °C Wauruses B way C fiAndudszavinisunsiianas
1{0991nn151inT U89 £ CusSn TuLTMFWilA n-CueSns SAumunanas LﬁaLﬁmqmmﬁmi
Uil 125 °C Adusrandnisunsvesisaosurusesiimgstuiesandvinavesgamgiviili n-
CueSns wag e-CusSn ﬁLﬁmﬁﬁuLﬁmLﬁuhlﬁaéNimL%’J AMTULNUTDS D AdLUSEANSSUNSD
LLu’ﬂﬁumﬂﬂ'j’muiaq B uag C Lwiﬁaaﬂ'j'] A uazmduUssansnsunguosuauses D Suwiliiy
LW&J‘UULN@LWN@QJMﬂNﬂ’]iU&JSﬂLTLJ‘VIﬂ’]iU:LI 75 °C LuaqmﬂmiuJasJuLuJaaImﬂaﬂwammm
TIELN LLauﬂWiLﬂﬂ e-CusSn WIEARAINTUY 1,000 hr Seilidudseavianisunsesdusiud
muaaﬂ’;’mqmmmmiwauq
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JUM 4.78 W3 uLieuaduUsEaNENISUNT e n-CugSns LLﬂusaqﬁﬁIﬂsqa%’Nﬁ;amﬂ
wani1aiudBnsnaden19aTYAUlne9 N-CusSns UINNTHAVBIRUNNTNITUY ArduUseans
nsunstuagifuuiusesdenndoafunissenures Zou uag Zhang nadiiuifiouiuususes
inardnsznitmesunauaziiu [153] vaugguil 4.79 1Wisuifisuardulseaninisunives e
CusSn s?iqﬁéﬁmﬂmawwﬁ 100 waz 125 °C fignursatundiuimalaiiiosnindt 50 °C laidinas
LARTUYDY £CusSn wazdl 75 °C tAndutanied 1,000 hr 3<ldanusaduialdiguiu
SuUsEAVBMSUNIVDS £-CusSn 71 100 °C ﬁﬁﬁﬁmﬂizﬁwéﬂﬂsLLwﬁﬁaEJﬂ’jﬂmiﬂu‘ﬁqm‘wqﬁ 125 °C
wandliifiugamaivniigeviily e CusSn Wigaulaldisy

4.070

i
<
(=]
Ao
*
£
2
o
<
g
N’
a
Substrate
SUN 4.77 AduUsEENSNITUNTVY IMC 538 (e-CusSn+ n-CugSns)
2.0 -
) 0.166
S 2odidd, 11 &8 VoL
e N\
*
2 1.0 A 0.1
(g\]
<
g
S~
B 00 . . :
D C B A
Substrate

5UN 4.78 ArduUseAnNSn15uNsves n-CusSns
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11.236
. 140
<& 120
S 10.0
£ 8.0
& 6.0 i
<E 4.0 125 N
£ 20 100 QC
Q 0.0 T T r Q(Q

C B A S
?1%‘&
Substrate
UM 4.79 ArduUseanaNIsLNI Ve eCusSn

10N15NAABIATTNUTEANTNITUNT VL IMC 523 (e-CusSn+ N-CusSns) agluyaq
0.292x107 &4 4.070x107 m%/s AduUSLANBNSUNI VDS N-CugSns HeAag/lugag 0.036x107 &g
1.584x10" m?/s wagAdusyAnsnisunsues e Cussn dreglutag 0.372x107 s 13.456x107
m%/s TuaTuASeu0e Bader uazAny [154] 91An UL 157 °C WUq1 €.CusSn AduUsEanan1S
uns 0.32x107 m¥/s Fadlenlndidesfunsnaans eeslsinudu e-Cussn Siidulsyansnisuns
figanin n-CusSns @enndesriuaLAdeves Mei uagamy [155] W31 n-CusSns Wag & CusSn &
AdUUSEANENISUNIIWINTU 0.00184x107 m%s uay 0.0548x107 m%s mugadiu aedlsfniy
PUIANTUAUANA VO ILH T mﬂmiu’uﬁL’.;am'mu,azqmmﬁﬁqqﬁﬂﬁuﬂuimﬁﬁLmu
axBeadsulassaiiaganiauaziininsuiuy Columnar Failiinnsiaiquiulaves e Cussn
Asfutiosas Tnenuaidudssansnasunsly Thin film Gnsuidn) uaz Sincle crystal (1nsuln)
WU 5.3x107 m/s uaz 8.08x107 m¥/s aud iy [156] denadasfiunisuud 125 °C Tunns
neaesiivilf e CusSn sinrauandiudosadlulsiazuiusosiigunniias Gailrnduuszaninng
wnsagluYae 9.604-13.456x107 m’/s

drufunisudluaniizaawds n-Cusns Wasuluiin eCusSn fun1sundieanie
ouMQITige wagin1snUdn & CusSn muaumsunslagveunTuuiuillefiansudeiaven

9 Y
o

fdaveanan (n) wiegnslsinialusmAdeves sun wazanzliildssymduussaninisunsly
[157] Unfimaifindues IMC elimsmuauvesizeminaiives e-CusSn iaaziinumnun
fopndn 1 um Insarmundlndidssiuvesnnnin 1 pm awdumsmugunsieiadulalag
ANSWINS [13] ﬁﬂﬁulﬁaﬁqaﬁmﬂﬁmﬁuuazmiw“ﬁy@ﬂmm £.CusSN Mtin155189ul3Anery
dmdumsmuauiinisundfeveunsuuarU§Asemiaadues e Cussn lunismeaassanunsn
finrsanldarnaruduiusain in h uag (n t ieuansAl n 91nauNTLdUATI SUA 4.80 uay
4.81 wansr LTSNS AT UYes e-CusSn mﬂqmmﬁmiﬂuﬁ 100 wag 125 °C suaNeu
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0.4
,..--;1133
02 1 oA eB oCeD Rt
0.0 . ...... .
13 .ot A5
0.2 - e
£ -~ yA =0.4959x - 0.7066
=, .
0.4 -
= yB = 0.4918x - 0.6543
~ 0.6 -
yC = 0.8873x - 1.7548
-0.8 -
yD = 1.0275x - 2.1063
-1.0 - ;
-
1.2
Int(S)
5UT 4.80 Auduiusues (n h uae In t Mgaumgiinisuy 100 °C
1.0
X
084 @A eB @C 6D 5
._~'.
0.6 - el
~ o
= YA =0.6154x - 0.3764
=
~ 0.4 -
= yB = 0.6164x - 0.4766
0.2 - N €2 yC = 0.7665x - 0.8499
08" yD = 0.7922x - 0.8331
0.0 :
3 15
-0.2

Int(S)
Ul 4.81 Arwdistusues n h uag (n t figumniinnsuy 125 °C

A3EAISULT 100 °C ususes A fidn n d1lnd 1/2 Fatiuina eCussn AIUANNS
wiudiuladedonsy @aduussananisunsivintu 2.708x107 m¥/s) wWuideafuusiuses B
a1 n dlnd 172 Fadudmngnisaimsauauninaipdulafedeinsuduiu (@dudsyand
ANTUNSIVINAU 2.916x107 m2/s) dmSuuriuses C was D i n wWlnd 1 Ardudszansmsuns
WiNAU 3.600x107 m%/s way 3.721x107" m?/s aud1au
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gnalsfinunisuai 125 °C nalamsiasquaulaveana e CusSn UULKLTD A Lo B
fifn n 1nndn 1/2 Wdntdes (lrduuszansnisunsoglugis 11.664x107 uaz 9.604x107 m%/s
dm3u A uag B) hlmAnnsmuaunsasyiuladedeidensy vusfiuiuses C uay D a1
n1dnlng 1 ArduUsEANSNTUNEIINAY 11.236x107 m/s wag 13.456x107 m%/s ATNdIRY
Fefudinmasyidulnnuauieujizemaed

4.4.4 WAUNTTAUNITLATYLAUIAYBY IMC 31NNITUNAEAUTOU
YUEINTIUAIEIUSEAVENITUNTTRY IMC wasunszAumsasgiulaniluilenduyes
gaunginisunannsanlaanaunis

D = Dye~/RT (4.13)

\la Do fie AAsnldduivaumngil (m?s?) Q A nasuNsAunIsasyulnves IMC
(J/mol, cal/mol %38 eV/atom) R @@ AAINI11% (8.314 J/mol-K 138 1.987 cal/mol-K) uag
T Ao gaumgiduysal (K)

#1137 (4.13) Wishanldaen 37usssuyfneann1sn (4.14) Jeanasaeuluguuuy
AUMILEUATI y = a + bx 191

InD = InD, — %(%) (4.14)

ANduTuSsEUIN1aen 3TusTTuT AT asduUsEansa1sins (In D) Audiunduves
gaumgRduysal (1/T) mnuturesdunssiliamisouanmasnunszdunsasyiulnves IMC
lmmgﬂ‘vi 4.82-4.85 @195V IMC 598 (e CusSn+ n-CugSns) gﬂﬁ 4.86-0.89 WARINEINUNTEHY
M5 AUlAues nN-CugSns WazgUT 4.90-4.93 uanandsaunsedumIsasyAulaves e CusSn
YBIUHUTDY A-D AIdIAU

Y I
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-14.5 rrHrr rrrrr e e TrT
147 o y =-1.558x - 10.969
. Q =12.95 kJ/mol
- 149 1
5 asad T R2=0.83
= [
-’ ..
a -15.3 - o
= | T
1554
o T
-15.7 - ‘ .
-15.9

2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2
U/T (1/K)*1,000

JUN 4.82 Wa191UNTEAUYEY IMC 598 (e-CusSn+ n-CugSns) EmMTULKUTEI A

'14.0 rrrrogrr¢rrrrrtr+rrrrrrrrrr ¢ reer1 &1 °r°rrT1

-14.5 A y=-3.127x - 7.890

-15.0 1 Q= 25.99 kJ/mol

-15.5 - o
-16.0 -

-16.5 A

In D (m”2/s)

A0 1 T NGB\ = S A

-17.5 -

-18.0

2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2
UT (1/K)*1,000

5UN 4.83 Wadaunseauves IMC 533 (e-CusSn+ n-CusSns) dmTuususes B



-14.5 - y=-1.9541x - 11.323

Q =16.25 kJ/mol

.....
ces
e,
.o
ces
.
ces
L

2.4 2.6 2.8 3.0 3.2
/T (1/K)*1,000

5UN 4.84 Wi31uNTEAUYRY IMC 533 (€-CusSn+ n-CugSns) dmTuuruses C

'] “.() rr oo rrrrrrr oo T

-14.5 - =-1.646x - 11.013

Q =13.68 kJ/mol

ceu,
..
v
cea,
ces,
..
.o
cea,
ceay

24 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2
/T (1/K)*1,000

5UN 4.85 Waanunseauved IMC 534 (e-CusSn+ n-CusSns) &mTuLKUTEI D
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In D (m*2/s)

In D (m*2/s)

-14.0

-15.0

-16.0

-17.0

-18.0

-19.0

-20.0

-21.0

-17.0

-17.2

-17.4

-17.6

-17.8

-18.0

-18.2

y = 7.535x - 38.659 .

o
o
o
ot
o
ot

Q =62.65 kJ/mol

ot
ot
ot
ot
o
o
o
o
o
o

1/T (1/K)*1,000

UM 4.87 Waw1UNTEAUVDS N-CugSns dMTULHUTOS B

o
24 25 26 27 28 29 30 31 32
1T (1/K)*1,000
5UN 4.86 Wea9unTEAUY0e N-CusSns AMTULHUTOL A
. y = 0.540x - 19.284
4 Q =4.49 kJ/mol
| R2=0.75
¢ AW Py
ST A
. L]
24 25 26 27 28 29 30 31 32
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In D (m”2/s)

In D (m*2/s)

-16.0
-16.5
-17.0
-17.5
-18.0
-18.5
-19.0
-19.5
-20.0

-13.0
-14.0
-15.0
-16.0
-17.0
-18.0
-19.0
-20.0
-21.0

y = 4.353x - 30.702
] Q = 36.19 kJ/mol L
J R2=0.95 e
......... ®
o
24 25 26 27 28 29 30 31 32
1T (1/K)*1,000
3UN 4.88 WA1UNTZAUYRY N-CusSns IMTULKUTEY C
] v = 5.84dx - 33.679
T Q = 48.587 kd/mol
TS 5. V1 ARARSN0, NN o XTI .
A TN N e 20 o
1 SO ASEOGEE ) .
i [ ]
24/, 25 BN\CRT/ 28 29 QNS L1 32

1T (1/K)*1,000

JUN 4.89 WIUNTEAUVDY N-CugSns HMTULHUTDI D
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135 71—
137 4 &
----- _ y = -8.680x + 8.1481
1394 e
5141 | e Q =72.17 kJ/mol
« | . .
<E 1434 Tl R2=1.00
~—' -14.5 - ....,.".
= T
£ -14.7 | .,
-14.9 - T
A51 ] 0 e T ‘o
-15.3
25 2.6 2.6 2.7 2.7
UT (1/K)*1,000
3UM 4.90 WeaUNTEAUYDY €-CusSn dMFULRUTDY A
T T e S e
-13.7 -
_13'9 A ..,.. y — -7.078X + 3.928
@ AP vvweey Ty Q = 58.85 kJ/mol
Sl LN L)L O I AV 5%
< AATORT , Vi e
BYO8 M2~ L AAAEAA R?=1.00
1137 4\ & ! Brmmrennaeiy-
= T 4] &\ sopasRaeaa
% W\ [N DI Gl
1490 I NN € Wa7 T Te-. (
-15.1 - ),
-15.3
2.5 2.6 2.6 2.7 2.7
1/T (1/K)*1,000

JUT 4.91 WAWUNTEANVEL e-CusSn dmsuusiuses B
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-B3SS 7

‘1374 e y =-6.759x + 3.283

-13.9 Q =56.19 kJ/mol

R?=1.00

41 T
a3 T

-14.5 -

In D (m”2/s)

-14.7 A

..
*e
..,
...
...
..,
...
.

-14.9 -

-15.1

2.5 2.6 2.6 2.7 2.7
UT (1/K)*1,000

5UN 4.92 Wi unseauves eCusSn dmiuLuTes C

SkVYTd -~ HEd e all - dWa "o W b . LY
-13.2 -
-13.4 - y = -7.633x + 5.660
-13.6 -

-13.8 A

............. Q = 63.46 kJ/mol
130 IS 3 21 \BARAS R?=1.00

-14.2
SufG NN YW 7 SN
1469030 XN € War T T-..

As{ CH. N3 g~ & T - »
-15.0

In D (m”2/s)

2.5 2.6 2.6 2.7 2.7
1/T (1/K)*1,000

5UN 4.93 WasunTEAuYes eCusSn dMFULKNULTEI D

p131971 4.21 agundaunszdunisaigiiviaues IMC fAnTuainudusasiiindy
dmsundsunszduidvsdihnmainturenawasadyiviafetuldne Tnensunstiy
AUNNTBIVBILATIATI99aNIA (Structural defects) LU YounTULaEAalalAtY [154, 155] Ha
Mnmsmaaesiauandliifiunsiiatunaziaiiulnues n-Cusns ulumuguuuuaeien
anfnasuduifiogluusiusomouns ndansunnundanunssdunsiasyiulnvesusiuses
B<C<D<A d1%5U &-CusSn APT U NS N-CugSns Laviinduanizudenisuy Wefiansan
WHIIUNTEHUNUT IMC AnduladdefunEuIes C, B, D uag A audidu Sauslasunily
yiosuAma1nENTaARsaves £ CusSn ARTUlFIIIMITEUINTULALYAUNNTDIVDILHUTO TS
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8¢ [151] WAdMTULHUTEY A Uag D HaaInN19LAn n-CusSns lenieinly e-CusSn Antuld
gy fadulaseadaganiavesisaesususesdivesinnamiadnuasreuinufianasious
Sudulilusamzianisainldnisiintuiaznisiesaivlnves eCussn tinduldeniile
WiguifisuAuunusesdy feudfuruses D azfinsiAandnludthdluuisgamgiuaziaaius
Tnesulassairanmefifnnsudunlnifinsuilaniusiuses A wae B fufundinunszdu
naisyAuTnges IMC Sstuegfuuiusondomnenuuanisamuainsuwazanievudider
famaniadsmavnlisnansunsvemesuaslulsusosiiUSINaLAnsNafY [156, 157]
TuyuN0IAUUANA19Y0IUTUIUNEIUN TEAUGIUIUBNAIAIAT TN UNNE
mansiundanunTzAuiin fog1atu fwdsunTEiuYes n-CusSns toenindsnunsesy
999 £-CusSN LARIMALANNITAA N-CusSns TAINULEDNETUINNTT e-CusSn [152, 158] s?immwiusaq
TUNTNABBINUNSINUNTEAUTBS N-CUgSNs ﬁmﬁﬁaaﬂiwwé’amuﬂssﬁmm e-CusSn

M1319% 4.21 WENUNTEAUVRY IMC LaguNUTeN

Q (kJ/mol)
IMC
Substrate A Substrate B Substrate C Substrate D
Total 12.95 25.99 16.25 13.68
N-CusSns 62.65 4.49 36.19 48.59
e-CusSn 72.17 58.85 56.19 63.46

aeslsfnuemAdefinumdwiulavetnng sn-3.0cu fimsitelideudnaosdaiuie
pnisSeuiisuiunaremdanunssiuiiiatuluanzansuy dusulavedanivdadeni
WUIINIUIT8 U89 Noh wazanz [159] Fasreeumdsnisdand Tag n-CugSns Imdanunsedu
dmsufyn (Sn) Wiy 94.53 ki/mol lavgdnn3 Sn-0.7Cu Wiy 68.42 kl/mol wag Sn-3.0Cu
fiAwinfiu 72.66 kJ/mol wandlviiiin Sn-3.0Cu LA n-CusSns bd1anInAynuseInndt Sn-0.7Cu
pgalsfauainanngnsneassiiuansstusirlinaildansulunsnaassiidntosnsd
Wisuiisuiunanusiuses A lesniluusiusesroudiuusslasiaiienania dmiunsed
4.22 uaRINAINUNTEAUNIT RN

deissuiisunmstaniuagnmsunfufiynuignidmiuuiusesiuiieutuiunsmaass
fivoukuses A muiduaninguues Gagliano waganiz [160] 1nN150ANTwarINNITUN LY
Y94 Vianco warAng [161] INFaunseduvaiu 13.4 k/mol wazn1suuindy 35.0 £ 9
k/mol @slndiAssfulunisnaaesfiindanunseduues n-Cugsns Tugag 4.49-62.65 ki/mol
AmSUNSUNTEAUTDY e-CusSn waosnuiTenuliTauanseiutiossniausiian1ienns
naaefidsfudianinfiy 29.2 wag 29.0+ 4 ki/mol usnasisarnnisnaaesineaualslasan
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WANIUNTEAUVEI £-CUsSN IINIINBRUITBT A LU 72.17 kI/mol wansliiuiiu e-CusSn Tuns
NAFBANATULALINNINNUIT NN

d’ U e a v dl !
191940 4.22 NAIUNTEAUITNITUIIYNNIUNN

Solder Copper Soldering Aging Reaction IMC Q Ref
efs.
Alloy type method temp. time type | (kJ/mol)
Total 17.50
oxygen- | Sandwich | 250-325 | 30-4000 | 13.40
SN 5 CueShs [160]
free, Cu type C m
e-
St 29.20
Total | 53.00+9
& 70-205 -
oxysgen- . 5 35.00+16
Sn soldering: 1-400 da - [161]
free, Cu g oR Y. | Cussns
260 °C, 5s - X\t 4
CU3S|’1 A% w
Cu-OSP 75,
Sn- Reflow 24, 240,
surface 125,155 Total 27.29 [163]
0.7Cu - 480 hr
finish R
Total 66.00
Printed 3
S - n 72.00
circui
0.7Cu 70,100, | 20,100, |-=Ue>Ns
board (PCB) Reflow € 59.00
150 200,500 [162]
227 °C oc < CusSn
Sn- Printed '
97n circuit n- 7.40
board (PCB) CugSns

nsallanzinng Sn-0.7Cu Tuswideves Said wazany [163] 31nn19l6UHUTOT Cu-OSP
surface finish (FRG substrate) WAMIUNTEAUTIVIIAY 27.29 ki/mol vaiedilunisnaaosunu
599 A IndsnunszAuiiagu 12.95 ki/mol egdlsinuainnsldunuses Cu-plated printed
circuit board (PCB) Tuau3daves Siewert wagAue [162] 518Ul ITNE191UN T2 AUNEINITUY
WU 66, 72 kag 59 kJ/mol d@115U IMC 5793, N-CusSns ag £CusSn AMUEIAY N a4
AT NN TuliaassiianinglndiAssfuudnnuuandvesuiusosilindununsedu
saussfunInEuiY Tunsmaass IMC 5306a% N-CusSns SATENTT WAIMSU e-CusSn fiAnd
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1NIEAIIAAUI e-CusSn 1umi‘vmaaﬂLﬁmﬁuuazLﬁ]’%zyLaiﬂ,ml@{mﬂﬂ’iwﬁm%’mmuiaa C way
D

asifmiiﬁm'1:fLuﬂﬁiwﬂaaqwé’qmuﬂivé{uﬁ@hﬁwﬁamwuléﬂuﬂsﬁmsw%wLauimﬁuaq n-
CusSns TAnTufuwsiuses B deiAiios 4.49 kJ/mol uazmu n-CugSns 3¥I9T0URD PCB Loy
Sn-9Zn fANVINTU 7.40 kJ/mol [162] uaﬂmﬂuumsmaaqmsumsumwsawaﬁuaq InCu i
77 °C (350 K) Indseunsedusindy 7.48 k/mol lnsndsnunsgduiidiiesainiia IMC il
amyjim“l@famsthaL’Jmmiﬂmg’wm%Lﬁ]’%ﬁg@ﬂi@lﬁﬁ’;@&hqiam%a [164]

aniheidnsunndenliuiusemeuadlunsdinnsanfanaisfusazninaiayiule
989 IMC SeWiasessedamsdonuiusesuy A einiinisesaiulnes n-Cussns iy
w@desuaziidnfty n-CusSns wae e-CusSn wasauiiulaldennilanSeudisufuunusesdun
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5.1 d3Unan1ImAasg

5.1.1 navasUFunamasunslulansianifitidams IMC seninssossia

NNy INansEnuvesUBInameuadlulavgtaninifienduduveiynidnenis
Aatunarmsasaiulnvostuansussnouiddany wandifiuin n-Cussnsiintudumansn
LATAIUUIFIY e-CUsSN ATENINT N-CusSns/Cu YusIaIANTI AN UIIN 260-480 s Ll
asUsznouLlielang n-CusSns kag e-CusSn lAssas1aWwaniuy Hexagonal nalnnistaseyiAvle
2849 N-CugSns i afuanstng Ao 929usninaInsvans 10-120 s Tavziandsa 3 via (Sn-
0.7Cu, Sn-1.0CuU Wag Sn-3.0Cw) Enalnmugumsasyiuladinieudu fa n1smuaunTuws
BNy uaztasTidesiaIMsinn3fl 248-480 s Inalnmuaunisunideidensy dmsy
Sn-0.7Cu Waz Sn-1.0Cu Tuvaeil Sn-3.0Cu AuAufoUFATeM1AT oenslsinu e-Cussn 7
Aedunnlavgvanifinalnauaumaunddeidonsumiioutu dufuuimamesuadulans
Jnnsuarviainstansinasensiasayivinvetuansussnoudslangog ety wavan
duusgansnsunsiimnuduiusiuUBinameundulavetang Tneanduyszansnmsunsiiamin

WelanzUpnIduSunamasuaaindudenalituasusznouifslanziaigivialaa

5.1.2 Bndwavasartanifidnearuaiuisalunisennaznisiia IMC sewdng
TanzUang Sn-3.0Cu LASANUIDY

NNMsnsIRaeUdnENaTesatlumstanifiidenimamsalumsdenluguuuures
yududauavaansuseneudslanssenindlangdand nsdiunainsdanidnaesedidod oy

9
[y

a{' v @ a = v o v ada X oqw
ﬂ‘Uﬂ']ﬁL‘UaEJ‘ULL"LJaﬁl!ﬂJallNﬁLLa%LWﬁaqﬁﬂiﬁﬂ@‘ULGU\ﬂa‘Vig ﬂiml!mallma L'Ja']ﬂ'ﬁ‘U@ﬂiV]LWNGUUW'ﬂW

LY

yududavaslansdnnsanas nn15Uansa 10 s Tyududaindu 48.83° dalinsleniinaldy

9

vgLiuaInITianid 20-080 s fyuduiaegludis 8.26-30.35° wuindnadenAntulsd
dwmdutuansuszneuldslanefisyminsfumanuima N-CusSns Wag e-CusSn et e-CusSn ARty
dieldinarlunstanafiuiy AnurnTmveaaaisUssnouddansiivduiiounainisdnni
wazdunusiunIsanatvesyududs f;fﬂ‘ljjuLﬁaﬁiuﬂﬂiﬁﬂﬂ%Lﬂuﬁjugﬂuﬁ’m%JUﬂ’liﬂ’m@u
awaunsalunisdenuaznisiiniuvesndasuseneutddlanslunsruiunistnng was
Sudusosdinmsmmuslimngauiionmuanssauslaesuvedlavgdaniflddmiugumgias

W Sn-3.0Cu
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5.1.3 navakHusasiiinanduarusalunisilenwaznisiia IMC lussuu Sn-
3.0Cu/Cu

dmdunaveiusesitinadoruawnsalunsden msistutaznsiasaiviaves
FuansusznoudelanvusdlansUan3ldansnzia Sn-3.0Cu Ha9INATSARBILERliLiiu N5
LS BV UNTULAYAINNULASEARNANT BN USRS LT BNS Nadenuasalunsilenaes
Tavgani manszanedvedlavgdaniisuuvunsnszaeiiliuiueu madonfifveslans
Uan3iAntuneldinainisianidl 40, 60 uag 120 s %qﬁgmé’mﬁa@@mﬁm 30.19 - 40.67° %84
nstaninnuautuasuszneuddlany n-Cusns fillassad amdnuuy Hexagonal iftssatig
lﬁmﬁﬁzijﬁuﬁﬂamﬂ’mﬂ‘%LLa:ﬂqmwjmawaqu,m uenantungAnssunsyiulavesdy
ansusvneuddansiiuunldufuduiunisiiiunainisdans tazilauduiusiu MOS uas
aA3Eannde Tag MOS uasanuesunnndeiiiamnlutsusewilifnduaisusenouids
TangAidaumnu %w‘ﬁlu@hLLﬂiﬁﬁﬂﬁzﬂumimU@umwmmﬁum%uaﬁﬂizﬂauL%ﬂam uay
awmml%wamﬂma%i‘famu@ummwumaa%umiﬂﬁzﬂauL%ﬂamﬁm%’uqmammm

a a ¥
Bannsaundle

5.1.4 3vswavesgumgiinasinanlunisundisnnudouiisienisiotyiulavas IMC
lusguy Sn-3.0Cu/Cu

NAN1TUNFIEANToUANNTIIUAEULUATlAT9AT199AN1AYBINLTO TN DIUALAT daNE
HENNTUNT 9INANTULT 50 °C YNANTIZATUNNULETNE n-CugSns tileLingaumaiivud 75 °C
U5701] £-CusSn 3891114 N-CULSNs LazlELsaLaNIZ a7 1,000 hr gauvindnistafiastu 100
uaw 125 °C ila &-CusSn Yanglddaudnnsuuiive 100 hr Tunnususes ndsunszdung
WIgLATlaves IMC 5ax8gluY14 12.95-25.99 ki/mol 195U n-CusSns 8gluYas 4.49-62.65
kJ/mol uay e-CusSn fA1 56.19-72.17 kl/mol Tnensiasauivinves IMC issnindlangdani
wazuiusewAnTUldRfuLALTeILUY A uaganursndudinainduiaeninasyivlnyes e-
CusSn o

5.2 YoLAUBLUHATIUININFANYI lUDUIAA
msfinsfnwdednmudnfeadunsinisesvesniluusiuses anuadeanndisly
LHuseaAntuluanIensUNdeALSeu (Thermal aging) ilefinnsandawaiduiusiunis
AnTunaznsisasivlaves IMC ddluineninusildlidnuliidonindes fadutunuuas
mnuwdenveaniasilelnsiantz EBSD denisnsunadenaridudsddnyiiannsadoulollg
waAnssumsRsyiulanaonsunudeieldvessessiatnng
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Abstract. This research has studied the effects of copper contents in the Sn-based solder (i.e.
Sn-0.7Cu, Sn-1.0Cu, and Sn-3.0Cu) on the intermetallic phase formation and the growth
during soldering. In the experiments, reflow soldering was performed at 350 °C with the Cu
substrate by using three solders for various soldering times of 10, 20, 40, 60, 120, 240 and
480 s. XRD data have shown that the n-CugSns and £-Cu;Sn phases with hexagonal crystal
structure were present between the solder and the substrate. The presence of &-CusSn phase
was found only when the substrate was soldered for at least 240 s. The Cu content in solder had
significant effects on the intermetallic growth with long term soldering time. In addition, the
diffusion coefficient was correlated to the Cu content in the solder.

1. Introduction

Copper (Cu) is widely used as an electrical conductor in circuit boards, due to its high electrical and
thermal conductivity [1]. Solder alloy is used to connect the electronic devices onto the Cu substrate.
Among tin (Sn)-based solder systems, the Sn—Cu solder is considered as the most promising candidate

to replace the Sn-Pb solder compared to other solders because of their low melting temperature and
favorable properties [2]. In soldering processes, where a solder is in contact with a Cu substrate, there
are phenomena involving the development of a nucleus and the subsequent formation and the growth
of intermetallic compound (IMC). Hence, the reaction between the Cu and Sn components in an
equilibrium state induces the IMC beginning to form at the interface of the solder and substrate [3, 4].

It is well known that the Cu-Sn soldering system has two interfacial phases which are CugSns and
Cu;Sn phases [5]. At lower temperatures, the crystal phase of CusSns is monoclinic. However, this n’-
CugSn; phase can transform to hexagonal n-CusSns; phase with higher temperature [6]. The n-CusSns
phase transforms from the hexagonal to monoclinic during the cooling procedure. In terms of &-Cu;Sn
phase, the crystal structure is a hexagonal sphere packing with A3 structure type [7]. Besides, there are
phase transitions from A3 structure to the DO19 structure during quenching process from high
temperature. Furthermore, the e-Cu;Sn phase has an orthorhombic structure which develops during the
solidification process of the Cu—Sn alloy. As the e-CusSn phase is often described as an orthorhombic
crystal system due to orthorhombic unit cell, and thus constitutes to the hexagonal structure [7, 8].

The microstructure and reaction interface changes were influenced by increasing the ratio of Cu to
solder [9]. Higher Cu compositions in the solder assist the formation and increase the growth of
CugSns instantly [10, 11]. Typically, IMCs are less ductile which is related to their low thermal and
low electrical conductivity. The low ductility (i.e. brittleness) of the IMCs contributes to the fatigue
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lifetime reduction of solder joints. In other words, the presence the growth of IMCs has an impact on
the reliability of solder joints [12, 13]. Nonetheless, the formation and growth of IMC at the interface
are influential of various factors, including the solder alloy and reflow conditions [14]. Despite several
studies on the concentration of the Cu in the solder, the effects of a higher concentration of Cu in the
solder have not been shown, especially with 3.0 wt.% of Cu in the Sn-based solder. The aim of this
study is to investigate the effects of Cu contents in the Sn-based solder on the IMC formation and the
growth during reflow soldering.

2. Experiment

2.1. Materials and methods

The experiments were carried out using Sn-based solder with 0.7, 1.0 and 3.0 wt% of Cu, termed Sn-
0.7Cu, Sn-1.0Cu and Sn-3.0Cu respectively. The solder bar was casted to have a diameter of 6.5 mm
and a thickness of 1.24 mm (JIS Z3198-3). The Cu substrates with purity of 99.99% (JIS H3100) were
0.2 mm thick and 25x30 mm. Prior to reflow soldering, the substrate was cleaned using dilute HCI
acid and flux (RC-15SH RMA (15%)) was droplets onto the substrate. For the soldering process, the
substrate was placed onto a hot plate followed by the solder. Next, the temperature was increased to

350 °C for 10, 20, 40, 60, 120, 240 and 480 s respectively. After soldering, samples were mounted and

polished respectively. The polished surface was etched with a solution containing of 93% ethanol, 5%
nitric acid and 2% HCI. Samples were then analysed with the following techniques. Firstly, scanning
electron microscopy (SEM, JEOL; JSM-5800LV) was used to verify the microstructure and
intermetallic phases. Secondly, an energy dispersive spectroscopy (EDS, OXFORD INSTRUMENTS,
X-Max) was used to determine the chemical compositions of the IMCs. Finally, X-ray diffraction
(XRD, Bruker, D8-Discover) was carried out to analyze the crystal and lattice structure parameters of
IMCs.

3. Results and Discussion

3.1. Intermetallic phase formed during soldering
During reflow soldering, the Cu substrate is in contact with solder bringing about the prediction of the
IMCs generated from the Sn-Cu binary phase diagram. As a result, two intermetallic layers which are

CusSns and Cu;Sn phase are clearly visible at the temperature of 350 °C in the soldering process while
other Cu-Sn IMCs, such as Cu,oSn; and Cuq;Snyy, are found at the higher temperature [6]. The IMCs

of CusSns and Cu;Sn were introduced by the reaction between the Sn atoms from the solder and Cu
atoms from the substrate [ 15, 16] which can be explained by Equations (1)-(2):

6Cu + 55n — CueSns (1)
3Cu+ Sn — CusSn 2)

The diffusion of atomic species, Sn and Cu passing through the interface results in the formation of
the first CugSns layer followed by the Cu;Sn layer adjacent to the Cu substrate [17]. Meanwhile, the
Cu;Sn could react with Sn atoms to form CusSns [18]. According to Equation (3), Sn is released in
liquid state. However, it was reported that CugSns, which is a kinetically favorable phase, is unstable
with Cu, but Cu;Sn, as a thermodynamically steady phase, is stable with Cu. Thus, if there is free Cu
in the system, CusSns tends to decompose. This can occur by two ways, either by adding Cu or by
subtracting Sn from CugSns. The chemical reactions converting CugSns to Cus;Sn are shown in
Equations (4)-(5) [18, 19].

2Cu;Sn + 3Sn — CugSns (3)
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CugSns + 9Cu — 5CusSn (4)
CugSns — 5Cu3Sn + 3Sn (5)

Nevertheless, addition of Cu by Equation (4) results in a CusSn layer between the CusSns layer
and the Cu substrate where the Cu atom refers to the dissolved substrate [20]. Thus, n-CueSns forms
first and e-Cu;Sn forms later at the n-CueSns/Cu interface. In the aspect of the depletion of Sn from 1-
CueSn;s in Equation (5). the Sn tends to diffuse to the side of Cu to form e-CusSn. However, there must
be a sink for Sn or the presence of a nearby Cu to attract Sn. From previous research, many
phenomena occurred which were related to the e-Cu;Sn and associated with the size of the IMC. Thus,
we shall discuss and conclude with the thickness of IMC details.

The SEM observation was carried out to study the formation of IMCs at various soldering times
and solder compositions as shown in Figure 1. In the experiment, similar IMC formation was found
between solder and Cu substrate. Two types of IMCs (n-CusSnsand &-Cuz;Sn) were found at the
interface. However, e-Cu;Sn was found only when the Cu substrate has been soldered for longer
soldering times (240 s and 480 s), while n-CusSns was found at other soldering conditions (10 s-120 s).
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Figure 1. IMCs found at various soldering conditions.

The chemical composition of both IMCs was determined via EDS analysis as illustrated in Figure
2. The findings indicated that Cu contents of the #-CusSns phase range from 51.11 at.% to 52.77 at.%,
the region of &-CusSn an elemental content of 70.74 at.% to 73.38 at.% Cu and respective Sn is found.
The confirmation of phase formation was determined via XRD analysis as illustrated in Figure 3. From
the XRD pattern of the specimen, the Cu phase is o-Cu which consists of a face-centered cubic
structure, and the solder is B-Sn which adopts a body centered tetragonal structure. The crystal
structure of both 1-CusSns and &-CusSn is hexagonal. The a, b and ¢ lattice parameters of #-CugSns
were 4.200, 4.200 and 5.090 angstrom. The 1-CugSns phase conforms to a B81 structure and a space
group of P63/mme. The lattice parameters of e-Cu;Sn displays the a and b were 2.749 and 4.322
angstrom respectively. However, n-CusSns did not transform to 1’-CueSns during the cooling period of
the reflow.
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Figure 2. EDS spectrum for Sn-3.0Cu: (a) n-CugSns and (b) e-Cu;Sn.
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Figure 3. XRD pattern of specimen soldered at 480 s for Sn-3.0Cu.

3.2. Thickness of intermetallic compound

The thickness of IMCs at different soldering conditions was also examined, the results are shown in
Figure 4. The findings indicated that with a soldering time of 10 s there is no difference in the
thickness of 1n-CuySns layer, Figure 4 (a). Due to the short soldering time, the supply of Cu and Sn
atoms to their corresponding interfaces was composed of two parts, released from substrate or solder,
and the decomposition of IMC phase. Following soldering at 20-40 s, the thickness of the IMC of both
solders between Sn-0.7Cu and Sn-1.0Cu were not different, since both solders have slightly different
Cu compositions. In contrast, the thickness behavior of Sn-3.0Cu solder was different, the thickness of
N-CueSns at the interface was significantly higher than those in the Sn-0.7Cu/Cu and Sn-1.0Cu/Cu. As
the soldering time extended from 60 s to 120 s, the IMC thickness increased as a function of reflow
time and Cu content. The Cu atoms can also diffuse from the substrate into solder through the
intermetallic layer, and then react with Sn atoms to form huge CugSns precipitates within the solder
matrix. However, Cu atoms from substrate and solder not only reacted with Sn atoms diffused to
promote the continuous growth of 1-CusSns layer [21]. Nevertheless, evidence of the transition from
1N-CueSn;s to &-Cu;Sn according to Equation (4) was not found.

At a soldering time of 240 s, n-CueSns tends to decompose, indicated by a reduced thickness of the
N-CugSns. The Sn could diffuse through the n-CugSns to react with Cu, it formed the e-Cu;Sn phase.
Moreover, 1-CugSns tended to decompose due to subtracting Sn from m-CugSns, as illustrated by
Equation (5). Thus, experiments have found that n-CugSns forms firstly and is followed by &-CusSn at
the N-CusSns/Cu interface after a certain period of soldering. Figure 4 (b) illustrate the thicknesses of
&-Cu;Sn layers when soldered at 240 and 480 s. The &-Cu;Sn thickness tended to increase with the
expansion of the Cu content and soldering time. In addition, Cu is the dominant diffusing species in
the e-CusSn layer. Therefore, Cu atoms diffuse through the e-Cu;Sn layer and react with the existing
1N-CugSns to form the e-CusSn growth, as expressed in Equation (4). Thus, the formation and growth of
e-Cu;Sn agrees with Equations (5) and (4) respectively. In addition, the &-Cu;Sn will grow at the
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expense of the m-CueSns phase. The total thickness of the intermetallic layer is the sum of the
thicknesses of &-Cu;Sn and m-CugSns layers as shown in Figure 4 (c). The enhancement in the
thickness of one phase proportionally reduces the thickness of the other phases in order; consequently,
the growths of 1-CugSns and e-Cu;Sn are interrelated.
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Figure 4. Thickness of IMCs: (a) 1-CusSns, (b) e-CuaSn, and (c) 1-CugSn5 + &-Cu;Sn.

3.3. Calculation of diffusion coefficients
The growth of the intermetallic compounds during soldering condition can be expressed by the
Equation:

Y=Y, +Dt (6)

where Y, is the thickness of the intermetallic compound at t = 0, D is the diffusion coefficient. The
value of D'* could be determined from the slope of plot between the thickness of the intermetallic
layer (Y) and the square root of soldering time (t'").

Table 1 presents the comparison of the effective diffusion coefficients of the IMCs for Sn-
0.7Cu/Cu, Sn-1.0Cu/Cu and Sn-3.0Cu/Cu solder joints. It was observed that the diffusion coefficient
was correlated to the Cu content in the solder. Since the diffusion coefficients for the e-CusSn of this
study were higher than the n-Cu,Sns. Due to the formation and growth of e-Cu;Sn phase is the sum of
the product of Equations (4) and (5), and &-Cu;Sn phase increases in thickness at the expense of n-
CuySns phase.

Table 1. Effective diffusion coefficients of intermetallic compound.

Solders Cu,Sns (um?/s) CusSn (um?/s)
Sn-0.7Cu 0.15340 0.370
Sn-1.0Cu 0.20410 0.395
Sn-3.0Cu 0.40785 1.010

The finding indicates that the intermetallic phase is fast for the formation and growth with
increment of Cu content in solder. The higher Cu content of solder promotes Cu diffusion flux in bulk
solder, and promotes nucleation of the interface. Nucleation of the interface can come from both new
combination and pre-existing clusters to form IMC [22]. Morecover, the 1-CugSns growth at the
solder/m-CueSns interface was promoted due to the larger amount and size of Cu-Sn clusters. In
summary, this study demonstrates the effects of differences in Cu content on the growth of IMC,
which can be used as a guide for the selection of solder alloys in Sn-based solder.

4. Conclusions

This research studied the effects of Cu content in the Sn-base solder on the formation and growth of
IMCs. XRD results showed 1-CugSns phase forms first followed by &-CusSn at the n-CugSns/Cu
interface. As soldering time increased from 240 s to 480 s, the intermetallic phase of the joint
transformed from a single n-CueSns phase to coexisting 1-CugSns and e-Cu;Sn phase. However, the Cu
content in the solder had significant effects on the IMC growth with the long-term soldering time. The
diffusion coefficient was correlated to the Cu content in the solder. The diffusion coefficient of the
solder joints is high when the Cu content in the solder increases.
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Influences of soldering time on wettability and intermetallic phase
between Sn-3.0Cu solder and copper substrate

Niwat Mookam and Kannachai Kanlayasiri®

Industrial Engineering Department, Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang, Bangkok, Thailand

Abstract. In this paper, the influences of soldering time on the wettability and intermetallic phase between
Sn-3.0Cu lead-free solder and copper substrate were investigated. Reflow soldering was performed at 350 ©
C under variable soldering times of 10, 20, 40, 60, 120, 240 and 480 s. The results indicated that the wettability
and intermetallic growth depend on the soldering time. In addition, the CusSns and CusSn intermetallic phases
with a hexagonal crystal stucture were found between the lead-free solder and the copper substrate. The
growth of intermetallic phases increased with soldering time, and the growth of intermetallic phases
remarkably depended on grain boundary diffusion and was volume diffusion-controlled for CusSns and

CusSn, respectively.

1 Introduction

In the electronic packaging field there is a commitment to
quality, and the continuous improvement in developing
electronic products also extends to protecting the
environment. This often involve which prohibits the use
of lead in electronic parts, highlights the requirement of
lead-free solder alloys [1]. With the various lead-free
solders, Sn-Cu alloy is exposed to the best providing
excellent mechanical properties and low cost. Normally,
the high-temperature solders are widely used within
automotive and energy production industries [2-3]. Sn-
3.0Cu alloy is lead-free solder within the high-
temperature family suitable for electronics devices.

In the soldering process, a molten solder was
contacts with a solid substrate resulting in wetting of the
substrate surface. This physical spreading of the solder
has several interrelated phenomena such as surface
energy, surface tension reduction, interfacial, and
chemical reactions [4, 5]. A review of literature also
revealed the relationship between the wettability and
intermetallic phase formation, The intermetallic phase
formation of the interface provides strong wettability [6].
The faster formation rate of intermetallic phase at the
interface zone can explain the shorter wetting time [7]. In
the work of Wang et al. [8], reported that the intermetallic
phase formation can supply driving force for wettability
because of the energy relaxation at the interface zone,
which promotes the werttability of the solder. However,
the phase transformation from CueSns to CusSn is a
process to discharge energy, which may lead to the
increase of the wettability due to the surface tensions of
the liquid solder changes according to the change of
intermetallic compound (IMC) in the soldering process
[9]. Arenas and Acoff [10] reported that the correlation
between the intermetallic formation and wettability was
no explicit interpretation. Thus, limitation of both prior
studies has not been shown relationship of wetting and

* Corresponding author: kkkannac@kmitl.ac.th

formation of intermetallic phase, especially with Sn-
3.0Cu solder.

This current research investigates the influences of
the soldering time on the wettability in term contact angle
and the intermetallic phase between Sn-3.0Cu solder and
copper substrate. Reflow soldering was then carried out at
350°C under variable soldering times of 10, 20, 40, 60,
120 and 480 s.

2 Experiment

High-temperature Sn-3.0Cu lead-free solder was used in
this research. The solidus and liquidus temperatures of
this solder are 227 and 309°C, respectively. The solder bar
was formed into a cylindrical shape with a diameter of 6.5
mm and thickness of 1.24 mm in accordance with JIS
73198-3. The substrate was pure copper (99.99%, grade
C1100), according to the JIS H3100 standard with
thickness 0.2 mm and cut to 25x 30 mm. A confocal laser
scanning microscope (CLMS, OLYMPUS, OLS5000)
was used to examine microstructures and surface
roughness. Substrate grain size was measured following
the line-intercept method using OLYMPUS Stream
software. The copper surface was cleaned in an HCI
solution before fluxing the copper substrate with RC-
15SH RMA (15%). A reflow soldering process was
followed throughout this research. Copper foil and
cylindrical solder rods were soldered using a hot plate at
350°C for times of 10s-480s. After the soldering process,
samples were rinsed with ethanol to remove the flux.
Wettability of the solders on the foil sheet was tested as
the expression of contact angle. Optical microscopy (OM,
OLYMPUS, BX 53) was employed to examine the shape
of liquid solder spreading over the solid substrate and the
contact angle was determined using OLYMPUS Stream
software. Microstructure of each specimen after reflow
soldering was cut and mounted. Specimens were polished
using an argon (Ar) ion beam (IBM, HITACHI, IM 4000

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution

License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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PLUS). Scanning electron microscopy (SEM, JEOL,
JSM-5800LV) was then used to verify the microstructure
and intermetallic phases, followed by energy dispersive
spectroscopy (EDS, OXFORD INSTRUMENTS, X-
Max) to determine chemical compositions of the
intermetallic phases. SEM images obtained were used to
measure the thickness of the intermetallic phases. X-ray
diffraction (XRD, Bruker, D8-Discover) was also carried
out to analyze the intermetallic compound structures.

3 Results and discussion

3.1 Wettability and contact angle of solder

Surface characteristics and microstructure of the copper
substrate play a major role regarding wetting behavior of
molten solder. A rough substrate surface improves the
wettability in terms of contact angle [11-12]. In addition,
grain size (i.e. grain boundary) affects the wetting
behavior of molten solder on the substrate. Atomic
migrations occur more easily at grain boundaries and
increase the free energy of the system which may lead to
an increase in wetting kinetics [13]. Fig. 1. demonstrates
surface microstructure of the copper substrate before
soldering. To examine the grain size number of copper,
intercept counting via the test pattern was conducted.

Fig. 1. Surface microstructure of copper substrate.

The grain size number based on the ASTM E112-10
standard was calculated using Equation (1). The original
copper substrate exhibited a grain size number of 8.36 for
the surface microstructure and was classified as fine grain
structure.

G = (6.643556 log N )-3.288 (1)

Where G is the grain size number and N, is the number
of grain intersections per unit length.

Surface roughness was measured at the center of the
copper substrate. Surface area was 258.571 pmx 257 pm.
Regarding orientation (or direction) analysis, a single-
direction was present in the copper substrate due to the
rolling process. Examination length was 258.571 pm with

arithmetic mean roughness obtained for the copper
substrate at 0.165 pm. After soldering, liquid solder in
contact with copper in a solid state is depicted in 2D and
3D as a solder joint in Fig. 2. Contact angle of the solder
at different soldering times is shown in Fig. 3. Results
indicated that the contact angle decreased with reflow
time. Zang et al. [14] defined “good wettability™ as a
contact angle less than 40° and a contact angle between
40 and 50° as “fair wettability”. Average contact angles
were in the range 8.26°-30.35° and exhibited good wetting
behavior of the solder with soldering times ranging from
20s to 240s. In addition, fair wettability was achieved at
less than 10s soldering time with contact angle of 48.83°.

(a)

Fig. 2. Schematic of a solder joint; (a) 2D and (b) 3D.
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Fig. 3. Contact angle of solder at different soldering times.

3.2 Intermetallic phases

The microstructure and thickness plot of intermetallic
phases at different soldering conditions was also
examined, as demonstrated in Figures 4 and 5,
respectively. To observe the grains of the copper substrate
effectively, microstructures were viewed with low
magnification and thickness of the intermetallic phases
was measured using high magnification. For a given
copper substrate, no significant change in grain size of
copper substrate was found as soldering time increased.
The metal phases found in this experiment were CusSns
and CusSn. Under soldering conditions of 240s and 480s,
a CusSn phase formed between the copper substrate and
the CueSns phase (Cuw/CuisSn/CueSns). Generally,
increasing thickness of CusSns was observed with time.
This thickness reduced at 240s, with transformation of
CusSns to the CusSn phase by depletion of Sn which
diffused to the Cu side to form a thin phase of CusSn. In
addition, CusSns phase growth was restricted by the
Cu;Sn phase as fewer Cu atoms diffused from the
substrate to the CusSns phase [15]. After soldering time of
480s, both CueSnsand Cu;Sn phases showed high growth
rates. This occurred as a result of either adding Cu or
subtracting Sn from CueSns. Meanwhile, addition of Cu
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by Cu atom refers to the dissolved substrate [16-17]. matrix increased with soldering time due to increased
Therefore, CusSn phase grows rapidly. Elemental nucleation during solder solidification.
compositions of CugSns and CusSn were determined by
EDS analysis as illustrated in Table 1, and results were Table 1. Composition of intermetallic phases.
consistent with Zuozhu et al. [18]. Crystal structure of the
intermetallic phases was hexagonal. The intermetallic Phase | Cu(at.%) | Sn(at.%) Ref.
phases found in this study were in good agreement with CueSns | 51.11-52.77 | Balanced | This study
those reported in previous literature [19-20]. Cussn | 70.74-7338 | Balanced | This study
CueSns 53.30 44.70 [18]
CusSn 74.90 25.1 [18]

Fig. 4. SEM microstructure with soldering time.
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Fig. 6. Phase fraction of CusSns with soldering time.
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Fig. 6 shows the phase fraction of CusSns in the Sn I
matrix determined by advanced phase analysis, with . ) . . ‘ ) ,
results expressed as phase fraction area. Fig. 7 illustrates v ” Y * =
K

the percentage of CusSns phase in the solder for all time
points. Volume fraction of CusSns phase in the solder Fig. 7. Percentage of CusSnsphase in Sn matrix.
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Thickness of the intermetallic phase was elucidated by
equations (2) and (3).
=" (2)

LogY=logk +nlogt 3)

where Y is the thickness of the intermetallic phase, k is
the intermetallic growth rate constant, t is the reflow
soldering time, and n is the time exponent.

The value of n was determined from the slope of plot
between log Y with log t. It is well known that volume of
n has a significant effect on the growth rate of the
intermetallic phase. When n=1/3, the intermetallic phase
growth follows the grain boundary diffusion-controlled;
when n=1/2, the intermetallic phase growth follows the
volume diffusion-controlled; when n=1, the intermetallic
phase growth follows the reaction-controlled [21-237. The
time exponent values for CusSns and CuszSn phases were
0.083 and 0.682, respectively. This phenomenon can be
explained in terms of the growth rate controlled by grain
boundary diffusion and volume diffusion-controlled for
CueSns and CusSn phases, respectively. In summary,
relationship between the contact angle and intermetallic
phase formation resulted from increase of the
intermetallic phase during soldering in response to
decreasing contact angle.

4. Conclusion

Influence of soldering time on contact angle and
intermetallic phase formation during soldering were
investigated. Insignificant change in grain size of copper
substrate was recorded as soldering time increased.
However, increasing soldering time significantly altered
contact angle of the solder and intermetallic phases.
CueSns and CuzSn phases were found at the interface
zone. The CusSn phase only formed when the reflow time
became very long. Total thickness of the intermetallic
phase increased with post-soldering time, implying that
the mechanisms were controlled via grain boundary and
volume diffusion. Thus, soldering time was fundamental
for controlling wettability and intermetallic phase
formation within the soldering process, and necessary to
determine a comprehensive approach to develop overall
performance of high-temperature solders.
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Abstract

This paper investigates the effects of Cu substrate annealing on the wettability of Sn—3.0Cu lead-free solder and the sub-
sequent growth of the intermetallic compounds that are formed at the interface between the solder and the substrate. The
annealing processes yielded various grain sizes, grain orientations, and residual strains within the substrates. Then, effects
of the Cu substrates on the wetting and intermetallic formation were studied via reflow soldering using Sn—3.0Cu lead-free
solder. The annealed substrates were compared to an unannealed Cu reference at soldering times of 20, 40, 60 and 120 s.
The experimental results demonstrated that the substrate grain orientation, residual strain and grain size exert no influence
on the solder wettability. After soldering, only a #-CugSn; intermetallic compound was observed in the interfacial layer for
both the reference and annealed copper substrates. The thickness of the #-Cu,Sns layer was found to be independent of the

substrate grain size but increased as the misorientation angle and the residual strain in the substrate increased.

1 Introduction

In the electronics industry, soldering, especially reflow
soldering, is a key process in the assembly of electronics
devices [1-3]. Due to its functionality and low cost, Sn—Cu
alloys are commonly used as lead-free solder in the elec-
tronic packaging field [4, 5]. Copper is the most widely used
substrate in underbump metallization (UBM) and ball grid
arrays (BGAs) [5, 6]. This is because it possesses satisfac-
tory electrical conductivity, easily dissolves into a molten
solder during soldering, and the solder-substrate reactions
induce an intermetallic compound (IMC) layer to form. The
formation of a thin, continuous and uniform IMC layer is
desirable for a satisfactory metallurgical bond. However,
excessive IMC growth undermines the reliability of solder
joints [6-9] due to increased brittleness and higher electri-
cal resistivity [1-3]. In addition, the erystal orientation also
affects the formation and growth of the IMC. CugSns and
Cu;Sn form on a substrate with a preferred orientation. The
lower misfit directions between the IMC and substrate pro-
mote intermetallic formation and growth [10-12].
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The extents of the interfacial reactions and the IMC
growth depend on a variety of factors, e.g., chemical
reactions, volume diffusion and grain boundary diffusion
[13-15]. Thus, it is operationally feasible to manipulate the
IMC’s growth behavior through substrate-solder alloy diffu-
sion since it is a function of the substrate grain size [16, 17].
A review of the literature also revealed various phenomena
in the IMC’s growth behavior that depend on the substrate
grain size. Cao et al. and Lee et al. [16, 18] observed that
the thickness of the IMC increased with the fine grain size
due to the increased diffusion path of the grain boundary,
which enhanced the atomic diffusion and the growth rate
of the intermetallic phase. Since atomic diffusion through
a grain boundary is much faster than through a lattice, it
has also been reported that the IMC’s growth was reduced
by using larger copper grain sizes. This was because of the
lower diffusion path of copper atoms along the shortened
grain boundary [19, 20]. In contrast, Wang et al. reported
that the thickness of the IMC increased as the grain size
increased. This was due to the presence of larger substrate
grains, which promoted the combination of the chemical
reaction and diffusion mechanisms. As the grain boundary of
the substrate decreased, the atomic diffusion along the grain
boundary also decreased. Thus, the diffusion became slower,
thereby resulting in a transition from a diffusion mechanism
to a chemical reaction mechanism [20]. The larger substrate
grains accelerate the chemical reaction due to the dissolution

a Springer
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of copper atoms from the substrate into the solder. Hence, an
increasing grain size would accelerate a chemical reaction at
the interface, thereby resulting in a thicker IMC layer [21].

It has also been reported that the wetting of molten sol-
der on micrometer-grain copper substrate outperformed
that on nanocrystalline-grain substrate because due to the
grain boundary, more adsorption of impurities takes place,
thereby resulting in the reduction of the surface free energy
[22]. Moreover, the grain boundary angle plays a crucial
role in the stability of the liquid because a higher angle grain
boundary (HAGB) with higher energy is more conducive to
liquid wetting. A HAGB remains wetted by the liquid at a
lower temperature compared to low-angle grain boundaries
(LAGBs) [23-27].

This research aims at explaining the effects of the
annealed copper substrate on the wettability of Sn—3.0Cu
lead-free solder and on the growth of the intermetallic com-
pound. The copper substrate was annealed at 300 °C, 600 °C
and 900 °C for 1 h. Then, the electron backscatter diffraction
(EBSD) technique was used to ascertain the grain orienta-
tion and the residual strain of the copper substrates.

2 Materials and procedure
2.1 Materials and sample preparation

The substrate that was used in this research was pure copper
(99.99%) according to the JIS H3100 standard. The origi-
nal copper substrate was manufactured via the rolled and
half-hard tempering process. The substrate had a thickness
of 1.5 mm and was cutinto 20 X 10 mm rectangles, which
were annealed at 300 °C, 600 °C and 900 °C for 1 h to
vary the grain size. After annealing, the copper was polished
with #1000 abrasive paper to remove the oxidized surface
layer. The copper surface was cleaned in an HCI solution,
cleaned in ethanol and air-dried. The surface roughness was
evaluated by a surface roughness tester (Mahr, MarSurf PS1)
with a cut-off length and scan length of 0.80 and 5.60 mm,
respectively. The arithmetic mean roughness (R,) of the
original substrate and the substrate annealed at 300 °C,
600 °C, and 900 °C was approximately 0.058 +4.5x 1076
pum, 0.053 +2.0% 107¢ um, 0.065 +8.0 X 107 pm and
0.064 +32 x 107 um, respectively. No significant difference
between the surface roughness values was observed.
Sn-3.0Cu (in wt%) commercial lead-free solder from
Ultracore Co., Ltd., which is a high-temperature lead-free
solder within the alloy family, was used in this work. The
weight percentage of the solder was confirmed using an opti-
cal emission spectrometer (ALR 3460 Thermo). The soli-
dus and liquidus temperatures of the solder are 227 °C and
309 °C, respectively. Prior to soldering, the solder bar was
cast into cylindrical solder rods of 6.5 X 1.24 mm in diameter

@ Springer

and thickness, which were 0.041 ¢cm? in volume, according
to the JIS Z3198-3: 2003 standard.

Reflow soldering was subsequently conducted at 350 °C
using a hot plate. The flux droplets that were applied to the
copper substrate were Ultracore flux, RC-15SH RMA (15%).
The soldering time varied among 20, 40, 60 and 120 s.

2.2 Spreading and contact angle measurements

Afier soldering, the shape of the liquid solder spreading over
the solid substrate was determined by a 3D scanner (GOM,
ATOS Core 300). The scanned images were analyzed using
the GOM Inspect software to determine the contact angles
according to the JIS Z3198-3: 2003 standard.

23 Microstructure and crystallographic
investigation

The substrate samples were ion milled using a HITACHI, IM
4000 PLUS. The grain microstructure was analyzed using
an Olympus BX60M optical microscope and the grain size
numbers (G) were determined using image-analysis software
according to the ASTM E 1382 standard. The grain orien-
tation was determined via electron backscatter diffraction
(EBSD) using a HITACHI SU8230 field emission scanning
electron microscope (FESEM) that was equipped with an
OXFORD EBSD detector. The crystallographic texture of
the substrate grains (the grain distribution) was determined
based on pole figures (PFs), the grain orientation spread
(GOS), misorientation angles (MOS) and the kernel aver-
age misorientation (KAM) using Emax Evolution 3.2.

The microstructure of the intermetallic compound (IMC)
was determined using an OLYMPUS BX60M optical micro-
scope and a JEOL JSM-5800LYV scanning electron micro-
scope (SEM). The IMC chemical composition was analyzed
using an OXFORD INSTRUMENTS X-Max energy disper-
sive spectroscope (EDS). The IMC thickness (growth behav-
ior) was examined based on 3500x SEM images using Image-
Pro® Express and the IMC lattice structure was analyzed
using a Bruker D8-Discover X-ray diffractometer (XRD).

3 Results and discussion
3.1 Microstructure of the copper substrates

The grain size numbers (G) of the copper substrates were
determined via automatic image analysis with the intercept
method, as illustrated in Fig. 1. A larger G value corresponds
to a smaller grain size. The G value can be calculated via
Eq. (1) [28]:

G = (6.643856l0g,,P) — 3.288. (1
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Fig.1 Determination of G using the ASTM EI112-10 intercept tech-
nique

where P, is the number of grain boundary intersections per
unit length.

The microstructure images and corresponding G values
of substrates are shown in Fig. 2. The microstructure of
the reference Cu substrate (non-annealed) is presented in
Fig. 2a, which exhibits a small grain size. Following the
annealing treatment, the microstructure was modified as
shown in Fig. 2b—d. The G values of the non-annealed and
300 °C- and 600 °C-annealed substrates were 8.63, 7.28
and 5.56, respectively. Hence, the increase of the anneal-
ing temperature led to an increased grain size. However,

Fig.2 Microstructure images
of a the non-annealed and

b 300 °C-, ¢ 600 °C-, and d
900 °C-annealed substrates

the grain size of the 900 °C-annealed substrate exceeded
the largest grain size under the ASTM standard [extralarge
grain (ELG)].

The crystallographic textures (namely, the grain orienta-
tions) of the substrates in terms of multiples of the uniform
distribution (MUDs) of PF for the {100}, {110} and {111}
cubicle planes are shown in Fig. 3. The maximum MUDs of
the non-annealed and 300 °C-, 600 °C- and 900 °C-annealed
substrates were 11.03, 5.99, 8.92 and 42.48, respectively.
The experimental results demonstrate that the higher anneal-
ing temperatures contributed to a larger angle preferred ori-
entation, as evidenced by the higher MUD values. However,
recrystallized grain may form in the subsequent stages of
copper plate manufacturing processes [29]. The preferred
orientation in the deformed substrate depends on the grain
size and the annealing temperature. After thermal annealing,
fine recrystallized grain was not detected; however, coarsen-
ing and growth of the grain were observed. Red regions in
the spread of the nonuniform distribution were identified for
all planes, thereby leading to the subsequent enhancement of
the surface diffusion. Hence, the atoms could readily diffuse
across the coarsening-grained substrate.

Interestingly, the orientation distribution became more
uniform as the annealing temperature increased. The most
red regions were observed with the copper substrate that
was annealed at 900 °C, which was found to prefer the ori-
entation of the {100} crystal planes, which are parallel to
the X- and Y-axes. In these experiments, the X- and Y-axes
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Fig.3 Pole figures of a the non-annealed and b 300 °C-, ¢ 600 °C-, and d 900 °C-annealed substrates
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are defined by the rolling direction (RD) and the transverse
direction (TD), respectively.

The grain orientation spread, or GOS, shows the aver-
age misorientation angle between each measured point (in
a grain) and the average grain orientation. The GOS is used
to distinguish between recrystallized and deformed grains.
Figure 4a—d illustrate the GOSs of the non-annealed and
300 °C-, 600 °C- and 900 °C-annealed substrates, which
have mean GOSs of 2.35°, 3.15°, 3.05° and 0.90°, respec-
tively. A low GOS was realized under higher temperature
annealing conditions, where stress relaxation occurred and
large crystallized grains formed [30, 31]. In addition, a low
GOS was attributable to a decrease in the grain dislocation
density and deformation [32]. A lower GOS corresponds
to a strain-free grain, while a higher value corresponds
to retained deformation (strain) inside the grain [33]. The
mean GOS value of the non-annealed substrate was lower
than those of substrates with grain coarsening (300 °C and

600 °C). Intragranular misorientations reveal the presence
of geometrically necessary dislocations and are indicative of
stored energy. This can be interpreted as being almost fully
recrystallized [34]. The higher energy dislocations are anni-
hilated first; hence, the remaining dislocations correspond to
low-energy configurations. Thus, the subsequent formation
of grain structures is composed of low-angle grain bounda-
ries. Therefore, high-temperature annealing outperformed
low-temperature annealing in terms of the GOS value due to
the lower average misorientation angle. Strong grain coars-
ening contributes to an increase in the average grain size
and decreases in the grain boundary and grain misorienta-
tion [35].

However, the grain boundary angle in the microstruc-
ture affects the surface energy of the grain boundaries.
The energy of a grain boundary increases with the grain
boundary angle. Grain boundaries are divided into two main
types: low-angle grain boundaries (LAGBs) and high-angle
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Fig.4 Grain orientation spreads of the substrates: a the non-annealed and b 300 °C-, ¢ 600 °C-, and d 900 °C-annecaled substrates
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grain boundaries (HAGBs). If the misorientation angle
(MOS) between the grains exceeds 10°-15°, the resultant
grain boundaries are called HAGBs. If the misorientation
angle is less than 10°, they are called LAGBs [36]. Figure 5
illustrates the grain boundaries of the substrates. The color
of each boundary is related to the MOS. Most LAGBs for
which the MOS is below 10° are colored red. HAGB is indi-
cated by green and blue colors. Green HAGB corresponds
to an MOS range of 10°-50°, while blue HAGB corresponds
to an MOS that exceeds 50°.

Grain growth occurs in both annealed substrates (300 °C
and 600 °C) with large HAGB. The highly misoriented grain
(shown in blue) contributed to the high residual strain of
the copper substrate, which is consistent with the results of
Glushko et al. [35] in that the strain increased with the grain
refinement of HAGB. However, annihilation of the HAGB
was observed at a high annealing temperature (900 °C).
Grain boundary relaxation occurs with high annealing tem-
perature and a decrease in the grain boundary.

The local strain distribution in each grain was evaluated
in terms of the kernel average misorientation (KAM). The
KAMs for the substrates are plotted in Fig. 6. Higher KAM
volumes (shown in green) were observed under the 300 °C

and 600 °C conditions, which correspond to higher disloca-
tion density and higher strain compared to the non-annealing
condition. At 300 °C and 600 °C, the larger GOS values
and HAGBs were associated with higher strain. Under the
900 °C annealing condition, the KAM volume was low,
which suggests low dislocation density and strain with the
increase in temperature. However, within the non-annealed
substrate, strains and dislocation densities were observed
that are attributable to residual strain hardening. This hard-
ening occurred during the half-hard tempering process,
which is consistent with Ho et al. [30]. Takayama et al. [37]
report that the strain energy was lower during the deforma-
tion of fine-grained structures, as it is difficult for structures
of this type to store energy during the high-temperature
deformation. Hence, the strain energy is controlled by the
grain dislocation density and deformation. The influence of
the GOS and the residual strain also decreased under the
preferred orientation.

3.2 Spreading and contact angle

The extent of solder spreading was determined by the wet-
ting behavior of the solidified solder on the substrate. During

Fig.5 Grain boundaries of the substrates: a the non-annealed and b 300 °C-, ¢ 600 °C-, and d 900 °C-annealed substrates
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Fig.6 Kernel average misorientation (KAM) of a the non-annealed and b 300 °C-, ¢ 600 °C-, and d 900 °C-annealed substrates

soldering, the reduced surface energy caused the shape of
the solder to change [38]. The increased contact area relative
to the initial contact area corresponds to the wetting behav-
ior of the solder, namely, the weitability is a function of the
surface energy of the solid/liquid interface [39]. The solder
weltability is determined by Young’s equation:

Ysp = Vst + ¥1peos6, @
where v,y p. and yg . are the surface tensions of the sub-
strate/flux, liquid solder/flux, and substrate/liquid solder
interfaces, respectively.

The 2D and 3D scan profiles of the postsoldering speci-
mens (600 °C annealing) with a 120-s soldering time are
illustrated in Fig. 7.

The wettability of the solder on the copper substrate is
determined by the contact angle of the solder on the sub-
strate. Figure 8 illustrates the contact angles (0) for four
soldering times (20, 40, 60, and 120 s) for G values of 8.63,
7.28, 5.56 and ELG for various substrates. For short sol-
dering times (2040 s), the initial wettability of the solder
on small grains (G=8.63) was less than on the large-grain
substrate (annealing substrate) since the small grains have
grain boundaries that can easily absorb impurities, namely,
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Fig. 7 Scan profiles of the postsoldering specimens (600 °C anneal-
ing) with a 120-s soldering time: a 2D and b 3D
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Fig.8 Contact angles under four soldering times for G values of 8.63,
7.28, and 5.56 and ELG for the non-annealed and 300 °C-, 600 °C-
and 900 °C-annealed substrates, respectively

residual oxygen and molecules. This leads to absorption and
segregation on their surfaces/interfaces and residual oxygen
results in decreased surface free energy [22]. Consequently,
a short soldering time and the LAGB of the substrate pro-
vided a narrower spreading of non-annealed substrate than
of annealed substrate. Hence, long soldering times (40,
60 and 120 s) resulted in negligible differences in contact
angles, as the solder spreading had reached the equilibrium
stage.

The relationship between the contact angle (8) and the
solder wettability is as follows: excellent wettability for
0° <0< 30°% satisfactory wettability for 30° <0 <40°% fair
wettability for 40° < 0<50° poor wettability for 50° <0 <70°%;
and extremely poor wettability for 0>70° [40, 41]. In this
research, long soldering time contributed to decreased con-
tact angles for all the substrate grain sizes. In addition, satis-
factory solder wettability (30° < 0<40°) was realized under
soldering times of 40, 60 and 120 s, with contact angles in
the range of 30.19°40.67°. However, satisfactory solder

Table 1 Contact angles of solder for various substrate grain sizes

wettability was realized under long soldering times. Dur-
ing the first stage of contact between the liquid solder and a
fresh substrate surface, the interface reaction rate is maximal,
thereby leading to a rapid decrease in the contact angle. An
exception to this is when incomplete melting of the solder
affects the solid-phase content (mixture of the solid and lig-
uid phases). An increase in the soldering time enables the
solder to melt completely. Dissolution of the copper into the
solder modifies the geometry at the triple line and, hence,
the interfacial energies are modified. In addition, the contact
angle decreases and gradually approaches equilibrium with
the decrease in the reaction rate of the system. Thus, a long
reaction time and a lower reaction rate lead to the assumption
of the equilibrium contact angle. The substrate grain orienta-
tion has no effect on the solder wettability. When liquid metal
droplets were present on various crystal orientations, they
generated very similar wetting process results.

Table 1 presents the relationship between the grain size
and the contact angle that was obtained in this study and
comparable results from the literature [22, 42]. It is con-
cluded that the findings of this study accord with the related
literature, in which comparable time and grain size are
reported. However, in this study, the contact angle of the
wetting of the solder on the substrate was measured after
soldering in the solid-state, while in previous work, the wet-
ting was measured during heating. Hence, the contact angles
of the solder may differ slightly between the two studies.
Although the wetting was affected by surface roughness of
the substrate [43], the surface roughness of copper substrate
used in this study was not different. Therefore, the surface
roughness did not significantly affect the wetting results.

4 Microstructure of the intermetallic
compound

The intermetallic compound that formed between the solder
and the substrate was CugSns, as determined via EDS, with
51.43-59.30 at.% for Cu and 40.70-48.57 at.% for Sn; the

Soldering system Substrate grain size

Initial contact

Stable contact angle Soldering time/tem- Ref.

angle perature
Sn-3.0Cu/Cu 18.14 +1.15 pm (G=18.63) 49.88° 30.19-31.57° 20-120s This work
350°C
28.91 +£0.39 um (G=17.28) 33.78° 3143-33.78°
53.31 +1.10 um (G=15.56) 46.61° 31.32-33.75°
ELG 43.15° 31.73-36.02°
Sn3.5Ag0.7Cu/Cu 304 10 pm 55° 27-30° 0-25s
228-284 °C
Sn3.5Ag0.7Cu/Ni 30+ 10 pm 70-75° 33-42° 0-1000s [42]
228-248 °C
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Fig.9 EDS patterns of the soldered specimens: a the non-annealed and b 300 °C-, ¢ 600 °C-, and d 900 °C-annealed substrates

EDS patterns are presented in Fig. 9. This chemical compo-
sition is consistent with the CugSns phase according to the
Sn-Cu phase diagram [44].

According to the XRD analysis, a single-phase hexago-
nal CugSns intermetallic compound (7-CugSns) is present.
Lattice parameters a, b and ¢ of #-CugSns were 0.4200,
0.4200 and 0.5090 nm. In addition, the n-CugSns phase
conforms to a B8, structure and a space group of P63/
mmc, which is consistent with Refs. [45, 46]. A top view
of the intermetallic phase after solder removal is shown
in Fig. 10. The XRD patterns of the substrate specimens

under a 20-s soldering time are presented in Fig. 11. Nev-
ertheless, neither i/-CugSns, which differs from 7-CugSns
in terms of structure and is often detected at low tempera-
tures, nor e-Cu;Sn was detected. However, it was reported
that in the case of the Sn—Cu interface, the first phase
(n-CugSns) was found at the solder/Cu interfaces and led to
the formation of the £-Cu;Sn phase [23]. Itis possible for £
-Cu,Sn to form between the stable interfaces of n-CugSny/
Cu. The formation of Cu;Sn is more difficult: a longer sol-
dering time is necessary for forming £-Cu,Sn [10, 47-49].
Furthermore, £-Cu,Sn was detected in a prior study at
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Fig. 10 Top-view SEM images of the 5-Cu,Sns phase for determina-
tion via XRD

similar compositions and temperature ranges with longer
reaction times (240 and 480 s) [49]. Hence, the #-CugSns
phase was not transformed into £-Cu;Sn under all solder-
ing conditions. The 7-CugSns phase that was detected at
the interface was of the scallop type.

SEM observation was conducted to study the interme-
tallic compounds (IMCs) at various soldering times and G

values, as shown in Fig. 12. Each IMC appears to be inde-
pendent of the substrate grain size, since it depends on the
orientation and the residual strain in the grain. The thickness
of the IMC phase was found to increase as the misorienta-
tion angle and the residual strain in the substrate increase.
Furthermore, the substrate grain size had no influence on
the kinetics of IMC thickening. As a result of the difference
between the G values (namely, between G =8.36 and ELG),
the thickness of the IMC differed slightly. The #-CugzSng
phase forms on the (100) and (111) planes [10]. In this
research, a stronger preferred orientation was detected at
the (100) plane with a reduction in the formation of regions
of nonuniform distribution on the (110) and (111) planes
for the original and ELG substrates. Hence, the lower strain
and diffusion with the preferred orientation of the substrate
reduces the growth of the IMC.

The IMC growth (thickness) under various soldering
times and grain sizes is plotted in Fig. 13. The IMC thick-
ness was positively correlated with the soldering time and
for the annealed substrate specimens, it was inversely cor-
related to the grain size. By comparison, the IMC growth
of the annealed substrates was higher than that of the non-
annealed substrate. This was due to deformed grains causing
differences in the residual strain.

Regarding the trends that were observed in the IMC thick-
ness in this work, it was found that the thickness of the IMC

I RS P . 4 . : A . | |
- (@) «! (b)
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Fig.11 XRD patterns of the soldered specimens under a 20-s soldering time: a the non-annealed and b 300 °C-, ¢ 600 °C-, and d

900 °C-annealed substrates
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Fig.13 IMC growth (thickness) under variable soldering time and
grain size conditions

was independent of the substrate grain size. However, the
thickness of the IMC of the original substrate was lower
than those of the other substrates. This was because the dif-
fusion of the copper atoms decreased as the residual strain
decreased. Thus, the substrate grain size did not affect the
kinetics of the IMC thickness. Substrates with high MOS
and high residual strain have high energy. As the copper
atoms are in an unstable high-energy state, they can easily
change positions, thereby leading to improved diffusivity.
The thicknesses of the intermetallic compounds increased
as the diffusivity of the atom increased [50]. This suggested
that the thickness of CugSns was independent of the substrate
grain size, whereas the IMC depended on the MOS and
the strain within the substrate. According to the literature
[19-21], various phenomena of the IMC’s growth behavior
as a function of the substrate grain size have been observed.
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However, it was demonstrated in this study that the thickness
of the IMC does not necessarily increase with the fine grain
size due to the diffusion path of the grain boundary. Due to
effect of the residual strain on the grain boundary diffusion,
the increase in the residual strain led to increased diffusion.

Larger MOS values are associated with higher diffusivity.
In addition, the IMC thickness increased with the MOS and
the residual strain. This is consistent with the results of Kim
etal. [51], who demonstrated that a larger MOS is associated
with larger diffusivity and that atomic diffusion is independ-
ent of the grain size. The intermetallic thickness is a function
of the misorientation angle and the residual strain of the
annealed substrate grain. However, an insignificant change
in the substrate grain size was recorded as the soldering time
increased [49].

In summary, the research results that are presented here
demonstrate that the substrate grain size has no direct influ-
ence on the formation and growth of the intermetallic com-
pound (IMC), while the MOS and the residual strain are
correlated to the IMC thickness. Thus, the MOS, dislocation
density and strain of the substrate are important for control-
ling the thickness of IMC during the soldering process.

5 Conclusions

This research has examined the effects of various cop-
per substrate grain sizes on the contact angle and the
spreading of Sn-3.0Cu lead-free solder and on interme-
tallic compound (IMC) formation and growth, The sub-
strate grain sizes were varied by annealing at 300 °C,
600 °C and 900 °C for 1 h. Four copper substrates were
used: a non-annealed reference and 300 °C-, 600 °C-
and 900 °C-annealed specimens. Reflow soldering using
Sn-3.0Cu lead-free solder was subsequently conducted
with the non-annealed and annealed copper substrates at
350 °C under soldering times of 20, 40, 60 and 120 s. The
experimental results demonstrated that the substrate grain
orientation and strain had no effect on the solder wettabil-
ity. In addition, the solder spreading exhibited a nonuni-
form pattern due to a decrease in the interfacial total free
energy. Satisfactory solder wettability (30° <0 < 40°) was
realized under soldering times of 40, 60 and 120 s for
which contact angles in the range of 30.19°-40.67° were
observed. The single-phase hexagonal CugSn; intermetal-
lic compound was present in the interfacial layer between
the lead-free solder and the non-annealed and annealed
copper substrates. Furthermore, the IMC growth behavior
was positively correlated to the soldering time, while the

@ Springer

IMC growth was directly correlated to the MOS and the
residual strain.
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Source of Variation SS df MS F P-value F-critical
Between Groups 0.00061 | 3 | 0.00020 3.72673 0.06072 4.06618
Within Groups 0.00044 8 0.00005
Total 0.00060 | 11
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Pattern : 00-002-1225 Radiation = 1.540598

Cu 2th i
43.473 100
50.375 80
73.997 80
Copper 89.934 80
95.577 50
117.716 20
136.272 40
143.974 40
20
Lattice : Face-centered cubic Mol. weight= 63.55

S5.G.: Fm-3m (225) Volume [CD] = 46.93
a= 3.60700 Dx = 8.994

Dm = 8.950

Deleted and rejected by: Deleted by NBS card.
Melting point: 1083

Color: Red

Data collection flag: Ambient.

Waldo, G., Am. Mineral., volume 20, page 590 (1935)

Radiation : MoKa1 Filter : Not specified
Lambda : 0.70800 d-sp : Not given

SS/FOM : Fg= 9(0.1310,8)

=

bR N S

=

NMNRON-SNO

NO2ON=2O0

Quality : Deleted

5UN @.1 Yoyaves Cu
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Pattern : 00-001-0926 Radiation = 1540508

sn 2th i
30.699 100
32.054 80
44.142 32
Tin 45,068 80
55.660 24
62.728 24
64.179 20
72675 16
79870 20
89.934 11
95577 8
98.085 [
103.630 3
111.845 [
Lattice : Body-centered tetragonal Mol. weight = 118.69 119.881 2
129.980 3
S.G.: l41/amd (141) Volume [CD] = 107.52 143.974 2
a= 5.81900 Dx = 7.332
Dm = 7.310
c= 3.17530
Z= 4

Deleted and rejected by: Deleted by NBS card
Color: Tin-white

Melting point: 231.8

Data collection flag: Ambient.

Hanawalt et al., Anal. Chem., volume 10, page 475 (1938)

Radiation : MoKa Filter : Beta
Lambda : 0.70900 d-sp : Not given

SS/FOM : F17= 7(0.0840,31)

=

DPEVONO=2NWRER W2

x

B ONO2NOOSNO=SO0O2NOO

OWWWWAWaANOONS 2O 2O

Quality : Deleted

UM @.2 Yoyaved Sn
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Pattern : 00-002-0713

n-CuESng

Copper Tin
Bronze-n), syn
Also called: N-bronze

Lattice : Hexagonal Mol. weight = 974.73

S.G.: P63/mmc (194) Volume [CD] = 77.76

a= 4.20000 Dx= 7494

c= 5.09000

Analysis: Contains (wt.%): Sn~60.

General comments: 230-250 Sn atoms and 300-280 Cu atoms; Z~50, Cu6
Sn5, D=8.27.

General comments: Homogeneity at 46 atomic % Sn, Bernal, Nature, 122 54
(1928).

General comments: Ordered hexagonal, superlattice of B8,: a=20.95, ¢=
26.43.

General comments: "Cu-rich side of equiatomic composition."

General comments: Mineral occurs at Panasqueria, Beira Beixa, Portugal,
Clark, A., Neues Jahrb. Mineral. Monatsh., 108 (1972).

Reason 'O’ quality was assigned: O assigned because average A26 is
0.148.

Deleted and rejected by: Deleted by 47-1575, better pattern; Mayo 1/96.
Data collection flag: Ambient.

Westgren, Phragmen, Z. Anorg. Allg. Chem_, volume 175, page 80 (1928)

Radiation : FeKa Filter : Not specified

Lambda : 1.93730 d-sp : Debye-Scherrer

SS/FOM : F17= 4(0.1550,27)

Radiation = 1540508

2th i h
30.168 100 1
35165 50 0
43.254 100 1
43.473 100 1
53547 70 2
56.783 50 1
60.026 100 1
62.728 100 2
71.403 100
74679 50 o]
76.809 50 2
79.079 100 2
79870 20 1
89829 20
89.934 100 1
92093 70 2
94 381 70 2

102170 70 3
103630 70 1

O-00 00200200 X

OaN -

BRNWE NWONSNON =

oo we

Quality : Deleted

¥

3UN @.3 Toyaves n-CusSns
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Pattern : 00-003-1010

Cussn

Copper Tin

Lattice : Hexagonal Mol. weight = 309.33

S.G.: (0) Volume [CD] = 28.29
a= 274900 Dx= 18.159
c= 432200

Deleted and rejected by: Delete: similar to 1-1240, Rinn August 17, 1953.
Data collection flag: Ambient.

Jones, Evans_, Philos. Mag., volume 4, page 1305 (1927)

Radiation : CuKa1 Filter : Not specified

Lambda : 1.54050 d-sp : Not given

SS/FOM : F15= 4(0.1780,19)

Radiation = 1.540598

2th i
37.768 60
41786 80
43.473 100
57.559 60
67.861 80
77.549 80
80678 20
83219 60
84107 60
90.998 40
85577 40

103.482 40
114.479 60
117.927 40
122407 60
130.857 &0
136618 40

=

MNMNNSNON=SN=S=a a0

ES

LA 00000 000000

SCOWANECNOWON=2NO

Quality : Deleted

¥

JUN @.4 Toyaves e-CusSn
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UseIReUeu

weddad gy

5 nsngIAY 2527 fiaga

1148/17 viafil 2 suadaner SneUsa Ussarudidus 77120

2551 IMNTTUANARTUNA @1U1IVIAINTTURAAINNNS
antuwmaluladnszasunainnunisatansyds

2553 AANTIUANAATUMNUUNN @1U1IVIAINTTUYAAINNNT
anfumelulagnszaoundnangumysainnseds

2559 - Y990 AUnUS §918A1a03197158 @1913AINTTUQAFINATT
uMngaswalulagnessrasaulnduns mgnenislnanea

2553 - 2559 Gt 81915881913 N ALULagIAINTIURAAINNNT
unIvgaewalulagnsnasaulnduns neeeislnanie

2559 - 2561 $99AMUANIEIELAYUSAITITINT unangasmalulad
suspasnulnduns Inganislnaniie

2556 - 2558 Awnis Aant1a1v1 3 unaluladiIfingsugnaiunis
uimMveasmalulagssnspasaulnduns eesislnanaa

N. Mookam, P. Tunthawiroon, K. Kanlayasiri, Effects of copper
content in Sn-based solder on the intermetallic phase formation
and growth during soldering, in: The 9th International Conference
on Mechatronics and Manufacturing, Jan 27-29, Phuket, Thailand,
2018.

N. Mookam, K. Kanlayasiri, Influences of soldering time on
wettability and intermetallic phase between Sn-3.0Cu solder and
copper substrate, in: The 4th International Conference on
Engineering, Applied Sciences and Technology, July 4-7, Phuket,
Thailand, 2018.

N. Mookam, K. Kanlayasiri, 2019. Effects of substrate annealing on
wettability and intermetallic compound formation in Sn-3.0Cu/Cu
Systems, Journal of Materials Science: Materials in Electronics, 30:
12087-12099.





