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Table 2.2 Average mechani:~al prop~rt.ies .of hot. rolled 3CR12plate. (Ref 22)

" "

Gauge mm
i.)

liB zo-eImpacts
Jlr::m2

R~maxks

S~ci~ication ""'.
512 28 1~4 10210 uo 12 ,,' 0 .

~s,;...·...:;t;..:;.o;.....;;;9.!.!.;;.5_ _..;,__ -+__ 3_7_5_-+ ........o_5....0....9...._+__2_7_..,.__1 ....€...;;2..._+-.:::;;~~O~8 __ ......B~b •.size 9t;2~e~",~x.)~,.....•_--- .........
6 .. 400 . 526 24 16!:, 108 $1,;0 Seize Cha:rpy 6 x ,iVtrllU

V :;,',

5 319 522 23 162 0114;; Sub size Charpy 5 h 10mm
161 ,'..

3! 5 .' 404 535 22 161



Sm. allmarFbErXr~lanatio+:l.about
b~. stlm~ari~,~d a's fOll'.)~S) 13:

hardening stages lU,ay
" .. 1.1 ,

2.4)

a) Sta9Et I, Ql:' the" e,lsy gl.ide rJ~.ion~ -z: immed.iately
f0116\1$ t~J yield POil"kl: ar:i:" is characterIzed by ~ low

,." ',~

rate ~.~W'();~'k.haidenin~t I,Jp t~!<,;s(weral p~r c.ent 91id~; the
lenqth ..()t this reiJrion depend.s on orientation, purity. and

C;)

"
;}

lib) I St.age It shows a rapid increase in work hardetling
Iir.te.. Tb~ le1\ftlf 'of ttie req,i,pn depepdS .on temperatt,lre,

'.... : '. . ,'. (};, ':'"~ ",.. ;:. .....',,',. . ... ' .. ',_ . e >: . '. . ".. " . . "
'1.9 .. 1,.n1;.a.e1.·q~'K.~.. .'.10"" ~rlnt.nt" In~ this st.aqe short 81ip
-:'; ' ;,.•.. , ':'ii·\1<, ••S"k' !••"! ,!.••.:...•..'.•...'1< ' .....,

t¢'~~ne.'.a$7,~·';~t.··.Ud~.J.Y ®rin~7'B~rainin9.
".''''-' ',' _', "":;_'-ii":"~v" .... ;,~ \/0 r,

• ,0 'i C '. .•••••••••••.. .'. .' < >. •...... ..... II
.:'''1\~~~e'tQ~ "bidt 1.°.";kadly;(~'~"~.~t

'.'."~i.\~(i~·...tat...·.,t .:,~l"~ ~;~".~t~;~ib9'.
'. ,1.:.ft,\>:; _'~f"',:_ ;~; :,~,:':'r,~Y,_ 'j, ",:< }:' ." -" -_ °t _ - , .' ..... '. fl- tJ '? 0 '" n.~e.t1;_~_1U.ditCh i" iner,..s'l' ~1t.h
."·.···..~/~.<i:~ir,.I'o~~atH .w1·~b

;.~:>~_'_?~,,(:_;"/c,'?-'_;,_, ">':_:_'_:;~>"'_-_ ',:'" -. ; :..... . . .... ..... _'"

.~.,.":~_. .~.' • ~<;~n.tqu"J:').C. .0(,

produoe<i 'l.fith ~:c'a~i~s all()w.d (j gooa bend t$$t
, ~;;let,ili,t;yand ha~, a t'~t\,il.! ,trenqtb, ~qual/t9 "t'J\at of the

o I. . _' . ,,' C:~I

'pa~ent mat.erialu•

(\

J:)

2 •4 Co:eroeiOll PT.'Q.,Pftxt1...of 3C!U2

/f' t..[.:?

Table' .2.4 .hows tne corrosion 'It'a:t:i~(~of 3CRl.2 and. other
qs>mmonmaterials after .2 year,~ "(r\e~~O$Hlre ••t diffe.rent
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Q 0 ()

btltwec_n <3.58 and,' 12...95 have be~n obt(ll,ined withQut any
det~r.i9r~tioncofo.m~chan;'eal ~rbperties~ It 'ha~ beet,) sl'H:H.m.
that the ~1.ement~ ~iCh have 0 vet·:! si9nif.1.Catit. effect on

C " 0 ;. , It '. , ' ,," r;.r.:-_"" _ " ", _ "" ,,', _. ,,' ',' :~;, (J

the mechr.mic«l prop~rties al1c~"t):le temperiJl9 OJ; at1l},aling
r-, ' " , ,_, ,', " :, -, , <;,:"-: ,,' .: ,_ ,', ~J 1: ' ,0 i

r:!spon~e'of 3C1Ui are titanium and ni,~ke,L Fi~~(t .2. h
(it) :> 0 ~

shows t}'U~~~1f~ct0'£ t:i~,'anium on thee-mecha.nica!' propG.tties

o~, a ?-:1:CR~2. . , .. ;
~

Tft,anium va:;.' chosen as the stabilisinv- element ino ,
pre~ertn'hc~ to ni()bium ali:ld vanadium si~,ce titanium

f ~2c&rbideg ,nd' nitcid(~S, are stable Z2. 'Xhe titaniUlt\ content
o mu'st" J)e carefully controlled to 'QPtimL~e properties.

n C . I'lt~c.... tit..n:iutlJ ""will olead' to emb%it.tl~metlt kly tn." .,' ". ",)' .....

fonuti.on of'L,lv •• pl;','II9fUI "or ineernt ..llio cOjIfotlndS
proQUCing aUb.tantial .olin solu'tion c.f the fCtrrit ••

::.":' : _ ' ... ,' .. ' . p ',' ,1":. :. . . '. < d. .. ,,' .: _ . ." - _,;l _ - _.; __~tbt ~at'lp ,ot Ti/e+" ,ad' tl'4e .*,attio of Mn/S 4h<au: ~ 1I11ag; ~
. '. :,.... I' <)

QO,A'ttooJ,l.a·· in' o~t: tQ,. ~ld t_ ,b.at 9~.t.~.,~Ctr'
/:.; 'i' .,_-9' _" _ _ ,',' " ': : . - ;; __.: -'; • a." ", '!'" ". ,~f,,: . . . _', ,; ,Q '\ - _ .• __>' '.- ,_ ~,,).-
pl·~rti •• ) CcFi.9ta:-l"2.2'. ,d' c'.:' r " ' O .: 'If: ,_' <~~

" ',n G . >,;' _. , Cl .)h • • • ~" "~~.' ::'. ':';':'L::!
ll'Ck.~ f'•• ~.',~.1: ••~G.~11$~12." l~ i~~~.~
~t&bj.l.1~"~l.\t.t~I.'t.~.~ the '~l' M't .Q'h~",~~~ at. .l._~::t~':.t~t ~I:~,l~~, ".
~}tu~.l~·S 'it ..Can __ ... ···~~·~fl.'6·.bttti,'·~ .. ;J~~i.,.

i~~~""antA~. the ~ ..1p~ tew:f.eIt .~ • t . '.' r .

l~{' .~~" that of no.t"Sall c~~~

(t o

2.2 ... Mob.n! oal QP~rtl.$ ot Jealt
\). . c;

o

s>

Steel. 3CF.12has i hiq'b yiel<i strength to tensile str.nqtb.'
t:atio {C.73) thigh "yiel(1 strenyth, hiqh lJiq)act atl'$nqth,
low wo:~k 'hardening- exponent. and biqh ftlOfHifttiOn .wn
~tter ",.ldinq. Evaluation of the mechanical Pt'o~t.~ .•• of'

c •. ' ., • ' ..•. .'"

JCR12 for dift$rfmt,'plat8 thioknes$s. 'lives t.he .•v.u:a~
values $hown in 'table '2 .2l~. It is qfU\ilU:.lly accepted th.e,

o the' phertbmenon i.i' mCHlt J:.robably. due t.~,thlj presenee of
mobile disl(~c'ationa in the ferrite';f'pmasfI •. The wor'k.

o "h~}'''~jenin9 behavior ;1$ tM .re.ul't ()f at thr .. -.t.\1e
c
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Fi\iure 2.2" E!,tect of ;Yi/C+N"afid·MnlS ratio on im~ct
properties. (Ref 22)
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Table 2..3
~ 0 \i' ,._..(/'

Three-sta~e work hard~ning behaviqu!- of 3CR12anc 3Cfi12tU. {Rt'!f 22\ -:
"

o

Total nz "'1'ota1
strain c strain
range, % range, %

Total
strain
licnge,"%

True
unif~·t'rln.~;:;-=

._3~C_R_l_2~_!~.I-r_O~I_3~,. ~-+~_~~~~·.1__-__0~/_l~4__~O~.~_O_6_·~ ~_O~/~4__ -__ 1~t~5_.~i4-0_,.l_'_6~. ~;_,:~-_~~t_O~-(~6/0( 0,171
~~~12_1._' __ ~O..:.I_2 -+_0,,;..I_l__ -_"'()..;,t_2'_'""""i'_O~t_O_8 -f_O~, ...,4__ ....1...,::...?....-.'__'+o0.;,..:'t:-1....7_4.... +2;.;...~15....'_- __ 1;.;..4....:...,_6_,:I-_O ....,_1_6_0 ....
'-,'3t!~l2Ni,II o,i ". 0,2 - 0,35 0:01 0,5 - 1,0" olooa 2,5 ....7,0 01075

-o

3CR12!jl.L 0s 3 0,1 - 0,3 0,(12 0,5 - 1..0 ,<l,074 2,5 - 6,0 0,010

rI :
.J..
111 ··11; ··~ rtl ...... ·

longitudinal
transverse -
stage one
stage "twr,
st~ge three

'C
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s,,~r~$s':;:st :rain" ,~~rve
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d)
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coercsacn rat~s ttri f!licr"~leslyear} after 2 yeats at ~.,a.riou~sitres.
'. ,,'" C ,. I)'; D)

o

CSIR0
(Rural)

o

Stairdess. Steel ..... .u

'J

c. ,.

o c



- Q

sites' u. rt G.~n be' seen fvom this tahlG that the
aot'roSipn :rat.e of .3Ctn2 i:!l very, low potl\p~~t1 'with that ot'
mild st~el/. Cartel'll zinct copper and. alt~min1um. Only in'" . . ~ . .

.~ the case of Walvis Say, (,which is consldet:'ec to he ..
severe marirle envi~onment" was the corr~nif)r'~ .t~te" of

!.I ..', "

j(UU2 higher than t.htlt of {llUlftinium. alloY$., 3CRll has
. b,~e.q, ,rtestecl in 0 South Africa"" (.foldo mines I.:r.der
ab17,asion/corros.lol1 conditions C ?gaiost . 'l.u'i.cus other
m.;'i~:.el(fals" St:ainless ste&ls snOWtH:1 a cett~r
wear/ccr:cosion t-eslst ..ance t'han t.he othe:<" m:t~rialg

[) ,

(Figure 2.5) H. From it can bE' ;&'e~\Jha.~ ,,;or.roaion
--

lS, <ip impottan~ factol." in the wear"of matt!t'i,}5 ir. th~s"
+~~'\!'i,t~Ohme,pts.3':R12 sholiried considel'aple F,ot:tmtiaJ as an

" !)'(' __.. ..... =, :-':::". '.' ,. /_ l (2,.· . _.. C . G
ab~·a$ion"q:C('tr.9~don ma.ter.'l.al for use 10 C{lrtQS&V9, low-

'I ,t) 'I

str~~s. abrasiv@.' wear &nvi-r01"lmerlts ~$$('}'c;.At~d wil:h ..tha
minin~ an~)m;iJ\e:~ls proce~sln<j irlC:h~stri~~.

o

" 9

E'Ct',,"C~tl:'rosion fatiqpe, 3CR12 .h.s been tes<tec:t ii\" roe.!: tor.
c f'" - .' " . \;' ".' '" '. "~'. . "')'-~

,beridif'q 'ih:h 3.5\ NaCl ,~:h:ipping on ~t* ~t'o cor:r.oB.l4n
flltl9UE! ll. ..it thus obt?!ned 8ho .."d"0 no o siln~f.iC~~)
dJfferenee" fr':)m thfJ: fatil'jue limit ob~'ained in ' ir 11.

r) , ; 'I) " l'

d)

'The 6Li.ek)~l 'cont{;lnt, of th~ ~teel tIUlde little differenee to
- tne !ati9tle limit (E'i~ure 2tb)" Thtffati9Uf:. 1;11\1'1:v&1180
(' MPa and the cQr:tosion fati9ue l.tmit ,W48 160 MP••

() o -I;'

Ill)

1;, $el'h~$ot static tmm~i'a~on t~sts ha,~ been undenakfbtl
, . 00) ,. . . ··1

sea ",ater" una, Witwatersrand and tree St.8te .in. vatst
t c~ntpa=e ':~CR,~2'~1caled and d•• cal.d)" w$,tn ?;ottOf~{ 'd~d
~,leel\'\~hnd tlJ\l '\tani~,ed ~t~ttl. The water analYMs .. 7:... ,.a.~ -

fol1O:>W$;
.~ "

o

_____ ~~~ -~ ------~~.-.-.d~,..-..--.-.~-..~~ __
If!
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In this" cale~""..pi9kl.ed or (iescaled 3CRi2 .sb~. 0 t.~
',,,,;c<," ,

cortos:l.~m ra~ •• Figura 2.7,{.::c.ltltp8trea t.h4 ""'!i,W. ....RJ...~'U•·.....lvlll~,AJ'••. ,· '"

diff't:\n~nt materials. in Free State mine 'Water ". leal!
been te$t~d in various a.pplications involvin9
ac.ids, bases and 'sAlt $dlutione. ·the ~or:r.osfon
those applications i.$ low envvqh to ma.ke
~tt'racti ve choice (Figure 2..8) "

Te!'ts apcljrd.i,09 to. specifi~~t.ion
that '\3CR12i,s l(~t prone to int:ergral\ular eOrJ;.r.t8JLOi'l

'.'the steel is ~'.tabiliz.d. It ha. b.en ,.•"IYII!I''''''
certain .environift&r.tal OOftditioxUt t
eecur if the .wald oM1_ {.j ~. t41i_H
npt ,~~"p.aa:siyated ..tter
~b"~d •long .•~'* .
re' ~;Sort"' .
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t,r'ulist:.u:t'K':e to stree.!S eor;osi on. 0

o
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f~tti11.1..t,q"•.acc,e.'.i.· t:•• Ult. \)t~'~'l~. ~::~~~"~'
} ~ad:>!Z'c_1'6ft i$..,t,t: .tras, •.s vt"1,1 0....40•. ' ~M· !(f.'l.d'.t~_~~
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4"

4q~t.n le• .,l 1. ca irouP of bi9h..stranqt~~! "tt, ~lov uisLA,)
Iteels, pp •••• '1hq ex.celJ-!lnt ."w&&tb.rihq, ·r.,i$taftQe ~Wh.n°
exp'baod tc n\6~t atmo_'pluar!>c J:Gnditiotu~. To b~ of"irttetp.$t

il .' . ,',', . ,0 ",', : , c c ,',,' ", ", .".'.',',,',', n

l,\S it co"stp.\et.i~n 1ft&teri.l, K~1A' (:~te.l,*" flUst hav~
i••r~H:~eri.tf9s ,al!p. prl::'~Jlt iea tna-,: r08ult in economit!)$
t~ t~ '~.~~ ~·b.b fhe. steel, 0'( are" p~t;'Pel'~Y appU.l\d. 'l'h~y
$hb~.l.tA.~ cOD$iderably st.,fQnq..r an<l; t, 1" o:N\llJ iP.,Jta.1)ces,
tOfolvtJe" t.tl.m .trlo1oturar carbon .teal. Th~'Yl'Au<Jt a.raC' h~\le
" q ;"4\l~.tltt:YI fOalat)il.tt,y .nd wald.biJ.ity~ In

,-: ::,- ,,- '", ,'. ''. . ",' , ;;.:- "._"",_ ,';: _,.' I) ,';' _ ',', 8_ " ',D

"',."i r.si*t$Q,,_ to< ~~~ro.•~9'JY 1~"
l~~j.,r'i ~al .tJH1.M)"l.lff!i In ~."..t:tl~nntuf~

~'. . '. ~
$1CCt(\.~

o· 0
(,J

o
the m~~hantcal'l:opertiea Gt ditf.r.&t tY'P.~ at Cbrten
rd.:e,l and .tl:'\:e~\2!' ..l e.r~r. It_l .r.1Iubo.M i~ T6bl. 3~\2
l.l, the .inUaum yi.1d point of tY):'iC&i .truc~Qt.l t;'1:bo~

\._\ . . .' 0 (, \~. - J' f) ,'I (' <

stE)~l (ASTMll~ ::Iteell ,1. l~Hf Mit.. and" that. o'f ~t,t.n,
, • (V " .' G • • , 'd , ," "

steel ~~ 405\ '... ,He(r.ce, "oq, the ba:.~••\', ot'"Q tMl"
I{i ',' \1 "r" c.

, prol'<>rt.iotlality of tne.i,I"'yi.'ld ''P()~f)ta, "tbe ~it _i.in;
o ,', c. _' ',' , _,,',', ""'"'' ' ' , , '0,,', h "11,, ,'._ • _ '/~, ()

.$tres8 employed wlt'h tn .. Cotten at .. l "y be .inclt' .... d by
, 1".4 ti",.$\ th;lt \1•• d: ",lth" t,he" stnictut'ai~:::"~atbc>n .t••l. "

" .. "
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Q 3.1

NO ~at.i:t.l·i,. Q.qu;,t.lly r•• i",Utftt (to all '(.If ths"cOt'ro$ive"
'.! ", " . n . :,

:M~.i.t·S.ona'to wl'rich cit mJ.'Jht con(1~iv4ib1i' be oxpO$eq. Its
pet"(~~.;. ,~_ only 6," doep.tred to 'th~jt "of (~tt.E'rAv
Nt.rial. wlar ~tSf\i1&r con(He.torts~ The s~peri.('r
~~$PhAtii<=.~p~rrO.iQtl, resistance of different. type, ~!f"

, 't'fi~l in ~aclt' t.ats has been' confirmed it¥" its[) ;., 0' .-) .- . ,
n41:>'Ill1n.ar,,·c .~. .1.1} IJl\ny diffttre!1t It:t..nda ot" ~er\Tlce / -':-i.'qure

..... It. obtained w1th plain carbon and
',-. -', ..... r;. ,; -"_;:~"~ 'G· . __

IKPD5.lQ cliff.rent Qn\':i.::o~i:ts JZ'~ The
"_"(4 ora tut "~nUtsQchieved

" ~ ,.- ~~~~~bS\'" part_ins to
t ~,:.",1.,'"a)ft$ j1$ ol)ly,

i:, :;,;,.>'P'.,\ t"" ':">:; ,>"" ..... . . . ',_ c _ i· ... c'"reb. t._~+ts w., c~
~O

'»IIA.1Rtmo., 'of I.:»rt.oo .tnl i8
<I

U \11" -0

0°

"0
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Pl~in carbon steels un(joubtedly represent the .. meat
imporcant group of materials known. They r~x:e$ent bY,,!ar
t.pe tr+a.jo~perceiltage, of steel production with thn widest
dlver-sit.y of application (j of any, of the en9i,n~erin9

~mnterials.

(f4.1 II
't'h. ch_ical
mild .t4utl

1'h~ chemical composit.ion~ of carbon steel 41.". shown in
'1'ab16.4.1. Carbon steel with carbon content below 0.30'
is normally cIllled mild steel. The lfllcrostructure of
carbon steel n01;mally eOflsists of ferrit$ and pe~u:lit ••
1h.8° amount of pearlite varies" f;om pr~ctically ,aero
per:~ent .at 'Ver, lOlf carbon contents (1••06\ 'to 100"' fo~ ';41
carbon O<>Iltent Qf 0 •at ~ Stfuet,u:eal c.rbo~j .t.. l Wi41
n"t:1I'\.lly contain. up to about (J. 3' C Ana ~t.l..
Il.icro$tructur$ w111 cot\ltiat of· &bout 'O~ t.;:~J..t,ant! ,fe.,
peaeU.t.. ''t'M stront;th '-and hardness Qf carbin It,. t

(', -0.'

4.2
o

l'ha i$v(;r,aqe" mechanical propertJ.e$ ot a5-roll~'~~;or:&";'inCh
,. ,,' • ti " . ~

hars of carbon steel.1" att a function of earbor.1 t~ont.nt,
:_, "\~..,

4te ~no"U1 in Figure 4.1 n. This figureo ia""~:\l\ustr4tiv'/lI"
of the q.ner~lc effect of (!$:rbon .l~Vf.lts.· wba.rt the

) . ~ ,,~;;

mi~:I;'Qst.ructure amd 9rain 8~ze Are held at a" r ••• onal:>+8'
"

o leve~. "It can be •• ~tn that the hafdn$.:1S, t.n.~leo.t1!'.nt;;eh
iJnd oy1e10. sttenqtn increase ,dth o :ineroil.llnq carbon

o
conten't t while t.he:' ~lon9&tionf" rllduet:l.on of" area • .no

o G

ct'lsrpy intpact valu •• deer •••• sharply. Q

o
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o·c.r.bon. ~

rigur.e 4 ..1 Variations in the t\V&l:a99 mechanical
properties of plain carbon steels
with carbon ~ontent. (Ref 33)
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The corrosion prop~r;1:i~,3' of carbon ',cel have. been deal!;'
wi th in previ nus t~ect:iens from 0. ornpar isons mllde bet ween
carbon steel and 3CR12 er cotten sta~l$. ",o . . ,

the corr as Lon fatd.glJe crack 9'ro.~th "Cafe of AlS10 1018
ste~l has been' t'1et.cl:'mined at room teiripe.ratur.e and in
'va,riou5 s~lected aqueous envlrpnments. Figure 4,,·2,.34 shows
t,be rate of fati9ue crack growth versus stress int"2'nsi.ty

\i "

fActor. The results show t9~t PQllute~ seawater ~nd low
oalka.linity tap 'Water prolhe)t~ the growth of corrosion
fatique cracks. Nat:i,lt'a). seawater appear 5 to be" a
relatively mild.e~ ,medium (".c, crs'r.roslon fatigue crack
qt'owth ~hert cort'pared t"'l' tha'~ ~,f pollut~.l seawater or'cta..
water.
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5.

The experintent~J work was elivided ifltc, two parts !!'he
first ~a.rt was .il. br~ef invest'igat;i.{'n fnto the mode o{<,

r;. ..,' " . , /\,,,.M

faU ute <':If coal wllg.ons while th~ t"ci)~ndpart. d<t.lt wit!- ..'
.". . I> •.

the testtAng of 3CR12, Corter' a.hd mi :~.d;o'teel for fa~i9uq,(
dQt.-t/,~i.:;n !inq c')rrt1si<?ri fati9ue ';j,'lS. u \. (ll

. 1 i' a

'., ~'" ,'. .... .. . ') . .' _ i9

Tl~~~jerit) Qf, th~e ~ii'$~ Pth;i!t of ~;he.ex~el':~i\~:~~al~);t~1!Wt~..S
1:qg ';~'&n'v;) ttJ \'. l~tO r : m, .. aanl.sm;, :tn~\~.L~(;~ In !;e
JrU.l'l'l:.'t';l f)£' cC'lal wagons an<;t to d to $.!.mul.-;t!.'i& ;in t;h~

it .-/_?'. ,,/1 o ,j

lac!natcr.:.y th~~ \onrlitions ~x.pf~r:lenced bi(?t~ coal wagon
rnatlSr~ial$. 'l'l'terlJO;"" t:estirtg the ,;elect~eci tlu:~e .~teel~
under ·these $ilf::Ula.t~d 'C~ndlit5" n~ C{'Im.parat lve "t'~\s, s

:OUld be' 9b.t.aineti Wh~:::"1~te1~~ the, best mate':ial t'o
1;)e chosen for: \..£h~(J;m "t.~ ~g> c1 su® W89CllS. 0

r, } ....~g ~)"0,. ", !,',
", .\ ,." ;£,-(~ G' .

""'" , ..c t:J ,'" ,~/,
,.", '-- "~""~'fl":{' ,'."'"';: "

~ 0 " ,,'I "o~:~o;~~.<:J-~~·;J0
5 ;;.1 teate;t'ia'i. ed '"" '~.;i.'.tl.t.i~D0 Q

\~""t\ \' 1,., .; _ G,' "

~. 'I' Cr>" ............• j'!~\oatwa90~S °were :e~aminetr\~~;~. r~lnt;:lii.~C. ~b,r~1S~pp~.;'
the SA'tS in"e_pe Town'&lrl ~he··~'t.~111,P9 ra~.~~~~~ •.'J
~.e~ious.:,rust problems w.r~=>:!!•. ~ ~~i.ea/WA~i.~·· ~~"~~, i

~ "'" :'" ,~--'. '" ;.:,, '",'" - " 0- , "": ~, - , ~<' _ '" , '-, • > ,,',

lay s of ,~'als ?wete !Ountj t.o. f(r_"~·~'~ ..
tb~ w~q~~ .bb~t ..3;" in OP f~to'_,.tlO'!,r ~:.•.
~~s t.~~n ,from t.b6\, .i~ .:t~~;·¢f ,tJ .; "i' , ..
baetl' JaR •• ' a ooal" cut1ir t~~.. ~".

~,:' "'. ",,_,.... " .. ', -'.. .. .: " ";,' :.. .. _', '"

. .

the, 3.t!R12t Cort$n and'1fttl.cl "'ut"l u~«i Ul t_ .~.~~.'
, .: '..' , '\\' __,' " ;' 0) ._, -" • " _' ".',' , ,', :'-',':' _ T-,' _,,' :', ,",~ _. ~j;.,.' :;;';_,"

of .'.this st.udy w~re QPt.1!.~ ..trOPJ M'd4.).~t"S~'"
Ju1:QYIJ, !SCOl\ and ,,!rJ.~'· l"~ctl.'~lf. ~.!:"/'"
composition ot~nec."'''Pl''·c.$t_l.S_*.'4It·..,......

, , '_'., ex. ',-. I"" ,? "';',,_ ,};"',:._l'~'",.,",' ..'" ,_._"_', _",._'_ .", .." :.'~;';: ,,',',')Y"_,'.,:).".:

shown in lf~~,5.l,.. '1\•. ~l."";' c:f ~~ ,C.'t~'·.~
also uh~wn 'fn ~WI~ !$ .i~ , c "... " 0.

~~~ , o \!

o

(/ • /~";;' ':.' ,:" "",~:; '; ,: '0 " -, ,"

A ,.aIlJ11t of '1(:P.J.2 J.tI..e.· •• \,t....,. !et:O$~
,waqoti \lhieh \~y '~.n in \l~~,:l~t ... ~ th~•• _

." 0 .' .; :L ;,J\,'" '_,'> "-" ".' >' ",,~

\)

o



o



o

c

Speeim..ns: were pre~nr.d utal \,ogr,;,.pbically and (lJl{ai\;'Ilw,Q

"by optical .microscopy. ,!'he 0 speci:ne'ls were. 0 I\cijpted
;~~par.tely in p).a$t'i<; and p&pared by 4J.~1~d1nq to 1200

\) 0 . ,

.n:it finish on siJ:~c'on c¢rbide ~.p9r and i>Oli.hin;~ to a
e " .' '. :_ - "" _ " _ _ G - (J

'3 J1P.". ftnistl }Jlith,)dltlmorj~ ~""....cil,'lle!ls '\fer. "e.xr.min.cl in tho
,_,' . c-"

polir:hed and "in the f't(!heQ conditions. ~i'i;a1: etching .(2m).
o " _ - __ ._ " - " ·;1 '" - ," " _ ''''' _ .', ,',', 0 .. --- '0 _. _',,', .:.', .,",_ -- : r~

HNO~I()$8ml methanol) was '4jS~ri f·()1f Corten And mJ,Hi steels. c
<,,_'_ ".. -c,··..., _'(,';:;.

til tal r~v(t>'l<-ld the grain b()'Jnd~rie$ and".cons't:l t.u~nt:s in 0

-0. "_ _"' __ "_ _ '. '_ '_ - _ 0" _, '. _8 I) .~

",tn'ef"') *te.,l$. Vilel.la' S rea~ent\l (100 ml. ethanoll Sml Melt'
19 Picr!e acid) ti.. u•• d for", cteel 3Cl\12.,.:Vilellt"
reag.nt is 9ocx!"for ferrltll-carblde structure. and
enabled ··tii. raartens'ite to. be idenfl+i.eti by ~t~'\ dht'~er. ~
colour. E,tc~dn9 tim$ W~.About 10-25 s ,

,~,j /JI ,=:9' 0

(.\ 0

5.1.2

tfoU.Ozf~ tenail. i,.~l4al"r;.;
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5.1.4
o

Sub-:>iz. Charpy-V:;-Notch lCW) J~es..". _~
()

6 evaluftte til. impact Pt'OflClX't.!$. o,t: U12, C!)t"t_ ~'."''''''..,''''_'''~
~..,.jels in 1;) as ree@.ivad cocd¥tlon'

,,"machined in tbe lonaitudinal ..ad
'{) . " . ' __ ' -. - .-i,,'_ ":'

for ..~1. at •• l,.. :rh_ di_nai<ms ",of th4tr
uhqWfl i.o,~'F1gu}.~e5~2.

o

'.)t\ each stee,}.















,/,p

\\: <> ..... . _ . _ _ _ .' :' ,':.: ",::- _ ~. -c. _ _ __ \1,

Rardnes$.; t.ests were carrisd out to, in~~.esti9at.hllr~lu ,;;
. '_',_, _ i, _ ,: __ ,_'''' _ - _., _' 0 '; ,',', _ ',. ~"~ : _ __ ,,-'~ :: "" > _ o

v61,!i&.t!ol'\$ ,from t:h~ pl\r~tlt meta:L; th:rCH.19P. tht! 'HU iln~ illtO
the. weld 'm.ilial. A Vickers har<t.'1~ss t.$ii~:r t<ra$. t.l$$d withft'l .. . . ? ' -, (, '

oI. load of "]:Okq.

(I G

() - - /) -~)

~o®~tield' t~rx~il. $,p~Cil\\ens wete Ui'.~,to evalu.te··.,.l~ .,.
.. tal ~ep{11e t=!*opertle$. th.·ori.rit"tion ot" ~et~. ~ia
~~~ ih'?i':1~~i1~66.• ~& to A,ll ...t..ilta. war. ~f.\tP:i~:~,~i.:"~i "
, . 'nt;,~r..';i&t..~r$.The t.nsile t.t1sts were ,.ito~~.d·,~~r.:

":i",'i.'_:,'c'-' .',,'p-'.' 0,,,,_, .'. -.,' ',', " __ ". c - ~,' ,., .. , ... ~::_,-<>::.,::- ~)O()~

o 6) ,~., i. nl1'!f:on. ,$.~,¥(J-b.ytfrau11e t&$t .1.,.9' lIaqllUtfJ o.f' :,p.....~~.........;,
,.,~,~. .~ a 0 ~n.tal'\t ,di.~l~~.~:i.tftf.ta •. ' ,.~ '. ~~'o' •

I;; ': iIc :.J (II ' ~ 0
. *t~1a~ ~~'''~t* ,tel,,!! •• trtDn#br p~j~($ptll;~ !;In.~: ;:
\~·NO. i~O~iUio{\ ~;f \.ll·t!la ~l;l~. "

,;;,~'i;',' : .........•...+'7_\-\"~j;"<'T'<:""';" __.'i"\_, ',"{"6 ;,:~.,:.'-,': "',','_':"\';;'" " " .: ,:Jr., .,.~" ". ',"'" ",' _.,', r~,',: ,'_,,';,',' , :: ,,;,.:.,,~\- ,_:.:;.,.,(.: . ";"

, ".~?t~ll: •.~",.r6>~.-~. tl~ ..'~fl.'."\f.~~
. '¥/ ,),rl,

\! '< ',r,.
, . ~.'.. U \, ~~, i: ,

~ji" . ,,) n Ii \ "::.,

"~~" •••. W . il< '.. l( , . ' 'iI'): )!9~~j~~
J I~;ia~,.,~,,,JS_d' ~.t.eq ~ .:-l'".~•.•.~0. J.il! ,; ./;,o ',.'.i't·:~~':..·f'~~~\~i(.;f~,~:,,:\~ ',]:, ~

hl'~t~ V,. h if. ". _ \¥, 9\1!'~ f) .c I":::i(' ' , ()I:{" ,

S:~b~ld,'. ~&P1"'V-~Qt¢l'I '.(~l. o~'-i~$~~.'~;:
fJVJJil$t. j .. w_~a, _tal, ·~a~tu,%~~~; •• $1 ,~;,+;"

,\ .. .. . . . . _', -:_ 6) _ _, - - - - _ -, _ - .' -0 __ o. '" ":;. ,_ U _'.,. ,i _ ,,':', <

t~lf .. tQ".. .'th. notch D. or:i~nt ..ti.ti' ;,IW_ l;JttO i.' ..

tt).it:kne.s of· the w.ltl ori9Ur~,;~.t-br/o.o,t"~fr.et~l'.
rt'\ _ " _ _ () " - (' ,'\ -" p , F;"''-~ ~;" ,G . ' ,\' - - _ - __ ', _ _, -- - s .

occ.Q¥:red along the, ltti,\gth ~!o!rthe. ljfeld. ~t 3. ••• t t.l'u:'.·
"'. 0 - - ,\J ,~,

o 0

(i
3. 3 .st.~t'U8t.•• i£'.





".'. . . '\ .... .••. ••. if
f~¥t!)rr i.n (~mys~t,uctur~l alloy when oyclic ioadln9' }.s.

~p;ii~dc.In ~,~~e·•.•·orrih5/ ..•it i$U tha ~<:cumul.tiop" of d~~la~e'
frC\f\i 't:he cyclic p.~a$tie deformat;:i:on 1;0 a small 2:on. ,at a

o

crack t.i.p which scceunsa for fatigue <.:rac)<growth at I,{
le'ltel much below KXt!.'; the concerttratian of dam~ge 'is

() ..~.., ~J .. .." .. .. _~

~1)creast1d further when strain hardening 6ccu~~. and cau.ss
;the zQne of. reversed plastic deformatio(1 t.o be..._1I11.r

'V,:',;'_'S .. 'J),__ '''. _ ,'_ :,_ ,::; _,." _-_,.',. ,_,' _,'" _-, .. ,"','. tf, __,:,',',' .:

than tfte zone formed du:':,ing one appl:i2c.atiol,} of lo.ti".
,0, -;, ., .." ',',r" .. .. .. .. .' ':"'

.;! 0 0

o
The .'9~neralc nl1.t.u:t"r;!' Qf tatigu.· 'crack g:CO~tl

o ,', .... ' .. '," :. ."..', _ "..'.",,/.), '
d7~c.ript:io;n "l.tsJ..ng f'ract.ure lnee~*CIi o.n .•.be _'Ci! •• ';:l']

the Plr~wn J.n FifJUA, 5.S.~I':rh~.\f~~f ••...•
\~t sF II s:n.e-W's a loq.r.~it~l;c ~1.~;~;of" to:
1\ . ."'.. ' •....•. '..•.... ' '. 1;" •••••• ,,'

"per cye~-? :dal~, -v.;l:rna.• th1l •.'. .
,~ . .,," "'>. ,'_ - _,~;'" -if" >,<_,

4t.tlCa:'~.~tnr.t:J~·~;:···•.t~ t.b; ,

~10i\:69~~,,·
.. 1<. "In thi.
or not It. all tho \r&lue. ct·

'" l' " , "", ,', 0, _~}

li~it. Tbi. l~r lUutt.o~f .\l(\~ • ..,..~...~""__

val<ils aru:l"ia Hpr •• ~etKrb2i ~,,,,,; ,
D 0 ~ c

o ,', !

b) R.gi()~)it ~tUah 11)\~ :h1t~[~l ..t• ."risi~on~tt¥ tial("~
d.es(!ribed "by \,tb'e, !'.ri." Pb_!k' .<l',U~,t~oru ." ;,~?

\) a

0,

o 0°

o,',
Q, ",::, o ;;; G '.

~ . wheel"'. C I.nd· n i)~r. materiai constanty 0 c
() \\
l) "~" "

C) Ragid\n III C in which cra~i 9t;,owth i. l.ll·u,tt.}'.}l.••. "rfh.
0, ", ,.',_ (> , ;,', _' 0" , ";.,0 '_",,' _,'. ',. ' () ':: 0

val.ue of :C-~Db.yon'd a celt.in sl.imit (;orresp¢.."1da _ithea: to
"o 0' D

o
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i5'Jg;Jl'e '~.S Oschen{~tie repre"Ser.t~tion of' the gene:-.l
natur~ of fati9ue CY'6ck growth. (Ret :!~)
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The,,~7r,a'cik g:r.owthrate~ and :t:atigue life"of c{,)p1PCtneni's"&~d

'~'$tX'uct:u;re$ may be E'H:':timat,ed
Q

by pSing Regl",9'4l II of t.he",
, M ' • ~

curve tn Fi9'~re' 5.5. ThelLgeneral limitati.vn of· this
~pp~1cation is that Qt.he p<r"er-law reprasel1tat:~on ap~l.ies o

on.ly in ~he J.ntEH::medi~t'&.. .r~:t.t(..,.'l. of. da/d.,N ~nd 4K. !t, is
partJ.cula,ry .ilnportant that:'';, ~,.,,!. t(\w~H,;,"'law relation .not-b~
extend~d ··t.o 'higher 'vahms ~\ tiai!:' "i a?d AK tba~;;, those.,
support-ed l:>!~, l.aboratQry· te,s.t" data, be.:ause an
unoere$t.,ma, te .~~f: da,I,(!N, ".=',1, d thus an oVere$ti~ate of
fatiguEs life, w ~d result. .

~; ~~ Q '('5' ,.,

•'t 0>0 0
(]

(I
01

D

go
5 •3.1 ':f:e.~a\:'.t:.iQn O~&Gt..tiqu. to.at •.P4l~lll\.lt•

•, " ;;" """ ",-? 8° ';,~

Tpe 'f,lElclmens ,:foP the fatigu'<!" g'3:owth te:jts were of 'b,)le
,,~'. . .'f .. ,;.", .' .' ..• ' ' .•• '.. " .' .' . o 0 . . __.'. ~1.... .' ",:_, .' ,_,~
compact ,tehsi'on type ()(ASTMUE641}n as ihQwn in ~i9ur$

" 5.6. Specimens \'Jwere ni~c.hinedt)\~rOm(\th('fc materials ''in the
a"s-rec$!ved condit~on. o :;

o.

o

\\

o
" 0

'rhe 'J)~cimeru~,.were precrac}tf!d.' itl ,a'iF I, in t\¢cord~nce wi th
'.. '.. :. ;,;' ,'. ..' ...., _ ;.0 ... ':-_'. ...... .'. '. ".

e ASTl-tD stlndard "~64i f prlc.r, to cJ:aek growth" testing *

F~tique testi~~ was p~rfa~~ed~on a 50 ~Np Ansler
(\ .: ,b .'. ~)

mechan:;,i.cal type ltu!Ichine/ Figute 5.7 aDa 5.a. The
/ ' " _" .'. . •. '. , _ l) . "..'. . _, '. 0 (,

operation" was conj;t'olled at u I£reql.,ency of 150 Hz. A sine
t)" • _" " '" \l

~aveforn:h Wtl$ emplcrYEtU ~ A )_, r"~i~O' (minill'rUln 'loadhnaxil'fl'Un't
(I ':.' . , .. ' ,'. ..' --.' ".. 0 I) . 0 . " .:-,;'. (/ \).(:; 0 . " " . )' _:<. .'. ..... .'. . . . , ;.

l.¢ad) of: O. 32 wa~"employed, in ~i.pt cotUiiti,Qns < Fatigue
(:I ,

crack ~xt~nsion wasme'a,ut'e~ "usin~fa l?w...p~~.r t:raV'el.lin~
m~eroscv:iti1. The c.l'tsck len9'~~hwas nfitasuredo ~o an aCCl.lr4cy

(l o .". .,., '\ ': \)~)., (.~

'" of O.01 rnm~6bliq\ll\,.,illum.i~at!q,n ,~s <used'to acc,entuate
'the contrast at the" i;raek t.ip. ',-"he end of ,J;he test." was. o

'I (J . ..... o• , c:~,.j - l) '., :.'1. '" . . n

,'. taken to bQ the opO:lllt at which t.~e "craclo\:o he'!,J prJ;>poyated
15 mm from the n:QtCh. At' ;>trfat 'point th~ specimen wet.sQ

'\) (I: ":" .1

" 0

o

t\

o

o
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~ GO" .. 0 0: "jto" ,
Tnll 6"$19n of eompaet-Type o(C'l') '.peeJ.lII.&ri$
fot f.tiqu~,oerltCk 'growth rat$ teS1:f:tl§I{' o "

(l~.t31)
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oo/erl;'O\_~degJi{g ..fal1ure tor. e~amimn:iort of :the' frat!tui&
su.rfa~ 19.},(,;'$C~\1n.il'Hl.·electron °micl:'¢$~opy (SSM), "'Q

tl ,

The" (~tress .int.ensity factor 0 AK wa~ ca.1.culated frO$" the.
fo~1'owin9 e'qt:lat~ion31: -

,1.\)"

oAK*' [ At? ( 2+ tt ) l1?Whf'l _, (X )'V2G~ (O~886 + 4.642a
13.32et2 + 14.4211.3 ... ,S.~~Ui4 )

where a.'~, a/w
~ : f~ti9Ue load range -

(I _,'_':" -,." . ,.,',' -:B specimen thickn~$S
.\If : specimen wldt;u'"

• \1 Q - _ .

d~~ck,langth
o 0

l?max "'~ .l?n'lin
r;,r-,_,!j-;'

o
i';)

o '0

,<,Y
0, __,,;"',:it , '4' _f)' -,,-

The fi;ri~l ~~e~~ulto~$ ~h.refor;e a t;U:V~»Of icc; aa/dN "~r$u,$
·AKfor· the 'test.

o

q)

oCQ1:W~OQ~e.t~~~,.~,.U
no

G

D

o

9

Th~re'are ~Ot;"tl".s 'eolllb~~4 ()t,pby't~St~ acr':<)M_t
t.es~i~'9 ~virol1.m.nt.$ c whi~h"can .,~:e.qto~,~~
stru.ctural al.l:bya:. ror It f.'f¢¢n~itlOft.If$, ;U'1l.:l'itl1HUlIMtl0l:t1

;,1;ha"k value ie ,:aq~i".d tt>r cl't.e.k tj'lrlMrt'tib"ttti •. ;,;•• lAdiftl_,,,,,
I:) .,

x'at~t but IJEtnl!!~i~ly the It vaIn •.
$pE!cinv!ns' are (exposed 'io' $~rvte.' ~n"itQn~\?

:' .0. .••• ,Oil '". _', . .....

..'.~ normal labo:r;at.ory ,air.. ,_. i••~')
testing .rivi'iI;cNMlnt Clan. 111bl.,

() <!..J .,-' • • i:;.)

tempe'ratu:t:'G/ ':t'st, of ;ttl.ding,.
,,,As~19ht·Pa .xM:9~.i/~'~tu::ai;,ura 9.~t\_·.
kine.tic. ,"~f ~hv*)'''Q~,f!\~tAl ,att. ••
"e(t\b:dttli~9 .',;.~Pl..$t 'st\,,lV:tuwt.~ tat.~ iDiB't'td.~.~1',
Il" ", . Q\)tamperatuJ~.s. " Q ' ,<,', c

o
o

8
. [)

.O~l

"0 o .:;"\



o 0 .,
The ~"o:rdiffic!.;ll.t:y' and limitation .pf m~a:;mrin51 ..c~Da¢k
gl'o~l1 a~C) a'ffaeted o 'b,y '''t'est:ing onvirQnrnel1ts, i:s ~n "
,.ar;r.!UrateJly .••pr9cba~in~ ~.nd.maipt~ini1'l\t t4'l~' SP~Cf:fl~d .t~s~
condi~ion$ (ltl:ring- the lai10t"alcory ~e:$t:. 'fh~. t>.~ope·ryse of
,!119h.'and lo'¥( 'load,'1n~l rates, hi9b. and low temperatu.ce
'chamb;;cSt" and e,fl1t;i.ronmentai cnambet·# can greatly j,l'lcrease 0

the. time 'arld cQst ,requiJ;ed' to obtain laboratory heso.t
{o\ ,'': '_, ' , ;: (l ,) - ,

J:~shl~s •..

c <::r'¥. _."," ,::, "',, ,', " .,,'-._. ,,_',_.,_. ,,"~, "', " ," c,'~
itat"fgue testing in 1 l~·thionic r= SOl~tion was e~u:.1de,f
Oll.to rtn a 25.0 kN :a.S.H. s'e~vo-J~dro:;JliC te,~t:i.~~q.m'~chine

(I , :- ;C

coupl_d t,~ an electronic controller, Figure 5.9.· An
(J " '( .. . Q

~nvit$m"ntal cell tla, .uaed' tor the ,tests, ..ti~re. s. ~oO
A h,yd.ro9~t.l 1tu1.f!de oi~cliet9r w:as us,)d ddur~nq t1?-et;e~t~ for a

.. . of •• fetr" Th.N~l~ al.i.lctwiU>lecdndeht.f~tion of
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6.3

o
(I

Sect,hml'! .of the three "steels st.udied and of their welded
j!'.lionts Qw~re prepar~d a~d exall'lined 1',;',cros~o~ical

, t~

(I ¢ ,; '~"". '1 o

"~ ~,
Ste~J. SCR12 ;;;r.oweda ben ~~ual,,,,phase m.i.:a·"$truet,;re of

" fer;it~ ,,'and :n.u·,t;.ensite afier ,"',ching fi-~igur.·e €.9).
Tntermf;ltallic carbonitride" part.t.ch~s 'WerEi' observc'J °J.n

Q

this material. In SOt~ areas the~3 p~j:t~cle,s occurred in
t";)

,,,, che form of clusters (tj.qut'e (1.9) •o

(J

Both the Cor.::ten and roil! i3teel" u~'ed were of adequate
cleanness with l:~rd to tl~m metallic l.nclusions. 'the

, , " , , , (:,i'" , ',' ' "
Cort)1l'l steel ",howed stringers of MnS F,~u:y,ticleg. in the
po'l.ish4,td condit ion (Figure 6 .l~,). '1'.ramJ~tGrse 8ect;&.oi~ of
,t.his material showeci~,'that ,the inelni~lotl~ we1~ of l~mitecl
size ~n.;i fairl_y evenly dispersed (Figure 5.11). $.int~lar

'J

8i~;ctions taken thrl.)ug'fl t,he 'mi:l.d ~teel showed very small
, (\0 0

"11I0Ul1ts of,MaS inc!"}!-l$. .'

Etehini of Cort.en a .htv'!~led a ,r&lati vely ;'!oarstl!
m,ipr.ostT.'Uctu.re of f.g:rrit.tlfandpearl!te (?ig\u:e 6.12) . The
V , ,', ,,,' 0 Q ~

tnicJ;'ost:t4ct1lre of the mild stefit+ also cOl'llli!'teci m '~,nlyof
'{ , '~" '"

l~ter)::tte with S1\\&ll 41ttounts ot sJea.r;t;'ite ,[Figurp' 6.13).,
C't . I'

o

ExaminatJon ot the WE'ldjoInt,s in the three steels sh~wed
"

that these were t,lEmerally sourld. wi.t,h regard t.o I.~he
I") . ,'J

prE-sanef! (If }h:Jt'03ity an(}~nclusions.
Clo

~
" Str,all amounts of porosity and nen me,tall!r" ilU:lusion$'

() -. . ,'.

were also present in thf! 3091. weld deposit used with
steel 3CR12 (Tig-ure 6.14) •

"

"Small amount ~ pf pCil,'oslty' were ,bserved in pol.1$i."ed
se-ct Lens of the we] d 11'1CortlC'n steel. 'l'h~ maximum ,s1 ze ofr:
the pores was t:he order (}J;; 0.5 mm fffi9ut'e 6.15)'. $1\\.11
a1llounts of slag t~~l:e al~o .obs~l'ved in th~ weld in Corten

o

o
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(0

Fi9ure~ i).B' co Steel 3CR12sho~in9 a band~d dl,i'Z)' ·phl\Se
. (II

microstruct'Y.r-e of ff';rrite (l:udgh;;) arrd
1l\al't~n$it.e (dark~'.
Etched, Vilell,i'J.sJ' ~OOX.
,)

C)

o

o I
I'

c t
'.0

i

c.\

\~'i~.anium e.arbonitt\i(,ro>"PlJrticht$ in
t:!teel 3CFU2.
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I

steel (Figur~ {5. Hi} •
o

? u

The wel.ding procedure 'U$e~ with plates of the" thte'e
Steels was similar. 3C:R12'pJ"at~ "was welded by depos.it:img
a run on one sideoof the p:t'epared junction then tur!lin9

Il

t.he plate over and depositing arll;)the¥' three beads on the
other side. torten was welde4 in"extlctly the same manner.. . a

The mild 3t;eel pIa!:e was welded in a' ,similar fashion but
Conly thrlf:le welQ_ ru.'1S we:.e used i~Qthis case.

I

'l'he"midtosKtuetur(~ (.,pse!ved in the weld metals and tt~e
he~1:.atPfected cones w~:re thos~~,expeC;,tedi.)f the :materia,i's "

j.~ . '. )..:; I')

used ,a(hd the welding condH''"'~tls employed.

The microstructure of th~ weld deposit and the HAZ
3CR1:' st.fJ$l are shown in 1:'i<]Ure Ii•.17. 'r,n. lest weld. rUn t,

" . . i)

r,e na ';e h.en depOSit.ed )~,pt)TR~d a dertdr~ftl.c strut:ture of
au~tf:nite with a .mt;;:a:e or less cont.ilJtuous netwoik of
int~ldend;r.Qitie delta ferrite (Fi9ur~}j 6.17 ~. ~). Th~
r.theating- of wt!ll:imetal by subsequ$nt,. bead deposition

" .' ',1) , (>

cau$ed the network of·· delta f·errite to break 161'>to a
~f)nsid,;~:\i:'lithl'eextent G and f,o,. m qlobul~. 0, (Fi,\iur. ti .17 .., - b

''r!''~il)end C) • ,J
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6.27 and 6.28. The specimens \:akeri from, the weld :li~int ilJ
"the "3C!U.~~felled in 'the cup-and 'eone" ,!'aahicn" (Figure
6 • 29,) sn~ showed.' mostly "a' di.apled tr,~ul:~" .urface
OF'19Ure, ..lCn .. In SaM areas of the welctEtd..~~ftl .om.

,',' _,) _:.' . . ' . . 1 ,,' D·". "

cl,eave;e .fleet-lil _l."fe apparent. r~9Ur:es 1),31 to '(~34 .how
the fr.o~;.t~.'~,t',tac~.(,)f t.he,tensil.· test s~tsen$ ,of

both in the PJr~ft~ _u,1t' , ,the
• ,: ..' ' __ ~: 'J '.' (' ,".. • ,-r,',. . _," ,: _'0:,'-: ::_1: - ~-

,'tt',*.~"&\.'f~.¢;.es',••·.' .1'H't ••' 1. '·ttn4,.; - .. . . '",':_::'.-.:t -.~.: .' "'_-'?""i. : ~" . '!:~," _' : _ - - ,,' ~,, .~a~8 fll.ileU •.$1t", ,fr'·ft,j' i', 1:"!~ .. iltltrl

d~J.·tI,

3C~12
o

C<::n;t~nsteel
\,0)

mild nt:.eel da/dN :l', 1. 'Her. 10-10 <Al<} ,~.u...'--,\\'.......(3)
\\ 3CR12 w*::ld da/dN ",.4 .51 ". lO~l.l{.o.JQ 5.~""..----- (41

\~orten w.eld . d~/dN'. 3.42 x l():l~{AK),·n ~,..-- ...";(5)
r~:ild ;$bael weld da/dN" 1 . 73 X 1~;J-10 <A:K) 4;,02 11.-- (6)

'0

(.)



()

l!"i.~re 'IS:('2,1 F1'ac:tu~f)SU1:face of a tensile t.est
s,peOi}nan ?f 3CR12"steel showing
delamination.

11· . ,

()

,p'iJJur~ 6.20, F.ractog.raph 02 3CR12 tensile specimen
showing ty;pir.:al ductiJ.e fra(...~tute.

(1
,1 o

85

()

0,



Figl.ll:'e 6.29 F:raetu:r:e surface of th.e weld depo,sit
/J :between 3CR1,2 pi!ai;:es.

[)

Ii

ii

o

[)

I)

o

C)

Figure 6.30 Ducti.le frci.cture surface of the w(.~ldmetal
hetween 3CR12 plat.es.

.S6 (



b
(\

Figu.t:e (i.31 Fl!'actured tensile specimens in (a) COtteil
steel and (0) weld depQsit in Cortell
ste€l. s:

\\

o 0

Figure 6.32
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:ri9t'l:e 6. 33
(j

E'l'actured t.ensiJ:.'e $pec;t~(le'nsin .fa) mild
s'I::.eeland (b) weld cieposit in mild steel.

;_: "

Figure 6.34 Ductile fracture surface of mild. cste_l
tensile spet,:inlen~
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'rheweld ?I\frpbsits in cox:t~n and. mild steel had·« higheX'Cl
<"c;

60r:r~~J6n 'pate thanotlhe pfu:ent me~a~;~. 'l.'h-iswas pr"bably
{~P'e} . ",' ". _ , , D. .... .. , -" - . "..,0'.-, . =. .~'

du&' t~""":l>h$as c:ast type oof m,.tcro.$tX'~latur& oZ thG' w~ld
o . '. . ."

d~P,?~its ToIthibhi~ Jnhomogeneouscantl is ther~f~r!,~tt~cked
mope 8~Y.r~l,~ by the' a~9r.sl:ti;t;e 801t!:i';i:.n.d u

o

o

r.cld sol\lt ion in bot.h "UnW91ded. anil ~.lc;l.d
II '

pt'.a~ntad'~in ~i9t.irtia 6.5,"1 to ,,'.62." 'itur~ ~.6' .how. a
G,S1\\p~r:t:!lbrtof the fati':ituf) t:;,'aek pr3pa9a\,~On ,1r.t~$of'
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,X-;eay dtff'l."ac:'tion "is" a, powerful teohnique' for"
': " " ' s'! ,., ,.' ' , ,., ,."

inV'~sti9a:tlon $urfae~ pherjometia such as. thit}, "films on
met~r)1~i•• ~he m~~r.J..alS Msed iT; this $tudy ~&r,e analyzed by
this (I bte~hOdl'~~fJt<t'ter testing 'gnder c'orro$J~?n fa.tigue
;onditi~m~: to, test' fqr' the pt-esence of ~lphlJr ,~n t'his
,.~Hlrf~C'e 'Of sper;imen§. All of the' alloys showed..a':~Lron ando
-,.? .... ,-, ,: ,',", if, ,','. , '_._, ' , ,'t) "'" ' _"', :.', '.: ,", ',' '" ',._ ,,": __ ,' -', -';'

sulphur as 'the J\",uior"Pb,ase~. :the dif:f$l'actogram ,pf :3,CR1'2
i~ shown in h"i9ur~ 6.80 whi ~,e, Ftgux-e 6. B 1 sboW-G a

o ' ~';:.' , ' "". "-," " " ,,_ ,-' :;.. " ' " " . \

'd:~llailed' view of' tlit; .peaRs due £0, reflectioll~ frota
<.) .. ,'_" ,'", _,' ....- .. -- .: '(:;

sulp13~n;,·on the ~utf~ce.. Figu::;-etl
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pa.r.ent,,(lnet.al tE.~sted in air. o
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1.2 C,?r~(lSlC)~,p~%'t:t ••
C:!::::=- 1,0

Ar;;te;J.a~~J'.',edeleetrochemical corro!lion t~sts' were condu:teJ"i, on "

·~:~:~el:~?~:;:a:~~nf~~2;ri.:i:~,::::nif~t:~:.~::~t'i:~~~:
, Q

results o:ptaineti from thi~ t~Cl''ll1ique'wer.everx high when cc.mp~:t'ed
to ti1e e}\pos~.u:ete~t re5tdt~ obta1npc1 t~r two 'years at various.,

,",;t was fQilnd thttt 3CR12 has a lower r("":.!t'Qslon ra.t~ than the othe.;
'. 9, _ _ _ _ __ _ Cl _ _ ,'- _', ',' _ _ 1\ _" ''.' _ l) _ _ _. _ __ q _ _ - _ "

t.iO ~tee~!:f" in' both the weX+.ied:&00 urll(elded condition. ~rhe
'_ ,',,' ,"'._ - .6" '\ _ - ,_ _ 0;-, ,'_ ,'_ Ilj:'",- - t;)

~::orrQ,~ico=(~,~.sQt tbe dld depo,si~"-d~1Jl'~dlrl~8,~e.,~,j).rtdCortel' were
t(JUJlct ~~ b!}U.!~t.1\411 ,~!le .' '" ~; )~\~•. ~~r.n~pl't.a
{r·'~tJl'IJl';••," t.~o".. ,~. diff,ren~ , ' ~~~u•• C!A _

jl



(!Q:t:~.i.()U 'At.igu* t?~P'lrti.~~,) .' ,> .' - ,', ,'- - \\

h
;;"
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Crac,k p:r:Opag5tiQtl rate~, itnd~t; cO~Cu.tions of c(u:rosi~n t~tiqtUI
,tor 3CR~2, coi:~eT,t. and mi 1(1 ste~l ~ere inve$'tigated Jt,t. a"..
P?lyt~~ionic acid solution. 'rna re·\~l.;,lts of th~'. fat~9u. crack,
qro~h o,J;ests :t.nPOlYthi'~ni~ acId do ";ot follow tha same trend as
,was pbsetved ,;i.n the mechanical proFert1es or, from ,t.he fatigue

~)_ " \\.. . " ' " .. "" .',.'," ,'-:'

tests c~rried out in air. A possible, ..reason for tn.is i's that' i~
appears that the failure crac~ growtl':t I.'ate is deper.oent on the~ ,

corros ..tvity of the test $olutir;.;n. Ti~is phenomenon esn be seen
when ¢om!~yihg results' ribtained ""for :.c~)rten ¥ilrld fit.ilo steel in
both tte welded .and' t.he unwel.ded cond.~t:tion$·, 'See Ftgures 6~S~

,), . . '. C" " . . . .~

6.63 .nd 6.6'4. Thin .ShOWIl that aitors which .dxhibit. a high
c"rrt!'1~Ll)A" ratEi will ,-have « high fatigue,\ crack, groWttt rate.

q ;

AA:i int.r~G~~U$' ~Qftlen()n \4,$ o$~ltr~ that th. '•.alloy. t.,rt,ed
,.&<I?~$,;"l'~~"1..\11'~''''~ ~~~id'~~tl)lted ~ ~~~ A.I'J::ltfill'i'r·' "'n;{ti~~" {it..lie 'I..}

. 1;:) "'" "_ () ':_\

,"'Ilt_, t~n" '''"~~'''"¥ ·"owt~;~:,i::;"
··~~~tl~'f~l':.t,r.~~.4 .~'';'.•~,(;\'~t.l'~~<

\' : . _.. fJ_ ,...', - ~;_
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"r.om :_t-uJ.~$ '.~. UMo (!oncl ~ .thai: 3eftll'"_It '~*u._ey d'~,
Q choice 'let ti1. _t.rl.1 of: ,con.tJzl.1Jr:etl;inCf·i,1:~. ('Joal.·ftg-'Otl:t. ~ro.
.' f.t.ttt~, W\d;. ~1_i"!p~~ti.a. ,po~..t :t"I.t "~i.w~,,'how~~:th.
ptlrson .b~ Ml.oted 't;h~«mat.rial, V$:' e1th.l" .not a'ltl~re of I ex'" . . D

mlcrobJ.al ,cotl'!~HJion A.t a Nsult" o~ tbe "
io*~p~!_. ttl. ~•• of. """',1'.,,,,. ....

-. .." .... '. ,.. -', .. - ...." .., .. " .... ~,... ,,, "./ - ..... ,
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All tlle 3Cl:tl.2.l::oal wagons ~rl this inl/es.~l.gation were used to
transport coal. ,from the Eastern Transvactl area to a cpal PF·~(Jt (;1t 0

Q . ~

.Richards· EaYt 'l.\q.e.,$~.,7wa9"11~we're all stationed at~ a~ma:cshallinq
a . . ." ~ ...

yard at. Brmelo in the E;.;\stertl 'l'ra~'}svaal. Th~S'e wagons are
SUPolied~:wftt1 CO~l···from var'lou; mines in the, area and a d ,iay,,:'of

.. ;-:" . . _.. . 0 ..... IS

one tQ'''t~d' dayrS from the time ·of cOl'l\l{lentZirlg loadi.ng of t~e~a90ns
tj) the .tir.te of dep'~rture cd! t.lle. wagons l..scPnormal. Aey.er" off
loading- tIle cChl1 at'PRichards Bay the wagons ~ait anothe~ one to

,~-o_- _-.. .: _.. .._ .. _. _- . ,;;. c

t\iO days b~f(.B:E'l l:etul·ll:i.ng ;mlpty t~ Ef)11~l'o wher.e theq" would be ()
left em a Siding until J,'u'H~de1j aga~.n~ ~"r~m can ';be seen
that" f9r the majority of. tim~ tlle coal wa~rons a.re. 'ffptS• D

? ~,
(I i) __I)

C>

FrOl~the p.cE'vioq,s inve$tig,~tion it is' evider~ ,cthat.
ptoces$ is t'esponsib:te for the damage db'sar.ved.
examinati.:>n several t'a¢t:()r,~ 'Were found that. cotda

, . . ,'" l) l\

1:-hil.i(.? cq'crosaon" p-zoblemf.·· lri:cstly tlle residucr:l c'"orrosivfl, mine ()(
".,' watal:' which 1$. carried e\Te~~.to trhe ~S90n~' with thEt COIl !:luring

'the' process of 10adi1'1g,.the. '~a.90rl:fj• In rec~nt t.es~ ..~ l,l:onduc1;.ed ,by
u ..". .• \2)< " ,

SA1S" it' has be.en .shown.that these min. wat'ers "~onta!n ,a llu·t;e
Ij . . . "

niimoet' ~; ~)rcterial sp~&(#~~C~Undex c~rt~in conditions soma of
these b@t~ria, better ~pOwJ,'l as ~ulphat.e r~duc.t!'g· ba~te,.1!ia· {.SRa}

~l can cause adGeleratedl~1ittitlq corr~siotl to Occur. l,)_,.;tinw is Ii
forr!! of loaal:i.sed corrosive att.acko resulting from ,damagfl t(t the 0

;,'j

a "corrosion
On gloa~l::,

have CAUS'.c1

~ ~~
::!,,~1 ~ '\

" I)Another PO~~:tbl.e source of ,~ corr;~si'\T~ medium. Q.~~~ldbe f.rom :i1.1n
,;1

r\i~~~tett but the contrH~utJ,on ''Of this tOo.the co~rrosion ptobl~m is
Vl'i·~~:cons.idc:r.t\kAto be tm>\~gn;ificant.

o 0

() i'

in thed)past CorteL was" t).${!d to mal.1,ufacture the' wagons;; 0 Thi$
o \) .' '. . . .\) ,,' o,~(,)0-'

steel ,~uff~:r:'ed e~t Isj;vc gene::al "and Uni1f~)l;m corrol$,;!.on atta.dk
,<) ~~"J, ",' !; , "- " " " _ • " ' " _' ,,' I ,r,$sultl.n~· :l.n tf:i.l.ck 'yers 9:E rustD beiI\\~ rem('1lJedf'tQlit the .,wagons

clu·ritlg lo~din9 and unload.in'd of the ,<?Oal. Pitting corrosion ~as
observed Ln /, the, corten coal ')w'~Jt:ms.
in atft'eement, w.t.~ 1I;bat.~was said ear.~,ier

d~ ~ 0

I .: 129,

C'fhia"
because

o
(/



o

corten d9i~'o1i9~,hav~ ,'el., prot~pt.jve oxid~ l'ayet that" p:t,:otects it
fJfron\ oorh}$ion° like 3Cft.12. 0 "'l

r; tV

, (),O
The ,3CR:l.2 coal wagons cid not show 'any "'etPPrE~'ci.able, amo~nts of c

'. . ,·1

\general o(!:lJrrO'$':tqn indicatin.g that tpe choice\ of this ,(l1l'tiy Ct,.,
prevent ~~ner3.1 corros:Lofl was COl~tes:t: H6wEr<ie±: ttte ~¢ssib:ilityo
of pitt.1 ng CfllrrOston l1as l:'>een ove,r:.to,Qk~~~ando it il':\ ryt-l

to detB;tm.~ne W~lat J.~ causi'11~tthe pj.ttiil9 ':~~~roSiO~ ."
Ort clo,ser eK.iltrd.na.t,d.on l~,Jd cracking ,pf the c'O:rrosion prqductQwas

"
abS(i:r.·v-e,dunder tne SEM, butc u!'ifol~tunatelY this does not<ltell us
a11ything cabout the corrosion Pl'()de'$ses :tbat °1!U;Q taking placce.
!~stet\d it £s brathe~ r~lat(>d (to th]! fact that, ,the ,,~olurneof' ~"
~,_ .; _,;' -,' _"l),"<t), __ ,'_ :<. ,c' _,"_ , ',,' ",_., n,D, "', _-,',jo
¢o1~t'osio:n product is i.ireat{~r tluUi that" of the bas~aterial cLn:j

\\ ()

t'tt,j,s 1eaos t1:~~mu.~lcraOkin,g. c

o ,7

Art EDSanalysi's of the cqrr6siol'l pr,oduct.>on ,the .corroded :lCR12
wagons ~tndlcat,d tbac $ulphur ,~as present <:'in ,the ')qO;:'l:'osj.on

product (Wig-ure 6.4). 'rbia. ona~aa9~3.rt tends ,.to £pdicate that.,
arofcrobi"ill cor:r;os :i.on"was the P~()b~ble cau$e of th~ corl:o$,ion
da~lll~e. '~Jhe ,s~urce 01: t.h~, sul~hur ~Qnt~m'ination i.A ,the coal
wa.qO~$ ,,;o..ras1;raceftbs.ck, td the co!!.l which ~is relatively' high :In

o , " "'",, ',-',"'1 - , " , r.) "C' 'D, "

$~lPhU~" This, high $1.11~bur ~;ont'{lt woul<i 'p~¢vid~Q~h,e °1tfoo4"
A)Ou~e~t for th~}~,Ra wh,iehwould prOd~~e orqani¢ stllpht.1tll cOID?ounds
res,~tltitlg in the, corret~ipn problem, ob$e.t"ve'dl. ,", us

."~_)o

? {l-J

.A o Sch~rnat.tc reprtsentation of' the sU,lphur °eyels,. is shown in'
~ 0 6' \t

Fi~1Jr. 7i~1~•• , This schematic indic~~$ bow, tn6 SRB cari', short
,ci~~u!t o:tne pt'0eess byp gOin9~\lirectli' f~om S:" to ,$Ol'" ~~d. ovi(;e .o

,ve.rs'b", t.e ultimat~ly tll)rm ot9anic sulphut' (;:ompounds,', such' 4S'"
o I, (! - \')sulphuric .,cid. "

c

Mic:tobial cOt.'rosion is normally associated w,ith the pras1;mcf,f f,l!
;) _ _ _ _ '_ _ _ _ " _ _ _ _ _ _' _ - .__ _ _,' _ '. _ _ _ . _ " 1\ '''-'' ,', _ - ",,',' _ _ ,') _ _ _ r, " ,_ 0

tUbercles.oon'r the cQr.r.oded surface a~" is shl~wnschematically In
h"i~ure ,01.2ff~ Howeve:e' no ,tubercles wet'Q qbserv.ed in thts ~Ise..
A possible,' reason for this 1s probal;>ly that they w~r' scraped

, " - " ,,' '.:'~ ,', ", ,"",," , _,,' , ' " " ·1

Qff the r.netal sra:t'ace ,~rinCJ the"';: lo~ding and otf" 'lQading
• c ,:/" ~,l'f \) :) , "',,' .',,1 ,J

.op~atlons f! 'b
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Th. a.vire ectt'r08i)f~ \lnat\4re ·ot th. PGlyth:lonic" acid miqbt, }:,.~?~.'
·to the hilgh' ll\,ll.phur contt;lnt .ot thi.s· acid which WQuld tend. to'
accelerate t.h,~" eor;"Ctsion prot'Zess ..

Ii (l

\:tattgue test'8 ~"'t1r.carri&d out,-:on 3CIU2, c;o~t.n and mild ,ate~l
plates. The f.ti~ue Properties of these ~llC'Ys conta~nin9 wela8
{,ere' also examl~ed. The fatigue, :f'.ropel.'tiS:es ~t !t.els ~re
~enel:'ally r.t~te~ to their st-r:enqth as· is seen when~.i9ure$ 6,~G
and tt, .'3 .• ~S! < ~.r.ed. The fatl9Uft ptoperties of ~~r.11'0)'

stre:fitt..h of' ;:'b, aJloy •incr.a .....



:",\

J:arge~ .~~!.~f.(Jn$ in. the' ~rac~ ti~n~ti9 at ttl!,i! ,.tete "W01i~~
however not" $~i.ld, tile q);ack tip <fro':' tnS" 'eOrrQS,iVtll .nVirt)~n~
and a ayn"u:,~stltl' .~!$'twottl.e., 1:>$" $et (~"iP''blew •• il 't.he 'dfat.!9~'

" " '"", " " ,',',~~', - , ; - " -__ , ,', " ': " ,', ;,' " ' I) ", _, ,,' " :: " , " , __' > ' ",c,'

crack and, th~ envIronment. Th.tB' ,9y:rrerg:i$tle e~f',ct.' wou~,dre"ult
"in thft hi9h~r fat:l.gu$ cra(tk frQwth rates o~$.rved, in "to;:t?,n tr,

~J1 'thtt, Co:q:'oded ),&mpl.es i"re ~H;aiain';d un(1&r the elf.u:tt:on
G,', ", " ",;,_ D

mict'oscope in the trans~tu:se d.irectiOll,' it$:, ¢ould be"saen th.t" the
thiekltl.Sll of ..thEs laye:r;, ot car.ro.lion pr()du6~ on the m,tal SUi'i~c.
did ·not. folio'! the order of }~orrosion r.a.te·~~,(Fig\ll'es 6.50,'~
'~~3G", ~;.5'L

fte :mld·....:cH'~~:'.:Jt6~_,~,','''.11,...
pt.,rt$.:
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