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The tt.:llIpri 11g LJd 1;1\ iOIl r or ", S I -ll (I 111;\ rll.:lI!=il ic sl:tillkc;s sl L"d on:r I he 11.:11lj)L') illlJrc 
range rrOOl 2(JO 10 lJO(rC hJS bl.'~11 iIIH'slig:lh:tI, \\ itlt parlicul;H :lIh':lltioll bL'ing paid 10 the 
~cco"d:try hanh:llillg :lJId ~olkllin~ dTl'cls plodut:l.:t/ h~ Ihl.' rOrlll:,lllIU or :dlu~ I.:adlidl.'s dmillg 
lempering. 

Snmpks m':f~ PII.'p:Hed ill I hI.' 101111 or cub~, Illcsl.· s:llllpks \\\.'fC sot\l! lUll :111111.:al<.:d <It 

tlOO°C for 2 hours follo\\cd by 011 qlll.'IIchiug, 11I1.'/) l'.'\po~I.'d 10 11.'IlIPCIIlIg ill diH\:fCIIt 

lelllpl:ratmcs (lOO, ,no, -\00, soo. (,00, 7[H), WU, t)()U'"C) for \:!nll1l5 lillle, ~llcluslructlirc 

ill veSI ig:lIioCl :tod Sit rI~CI.· h:lfdlll.'ss I 11I.:<l511 (111 cnl s sho\\cd Ih:1I, -l1 (, 111:1 rtCllsl1 ic SI:\! 11 h..'!\5 sicci 
C:\Il \\ilh st:lIld lclnpl.'ring up to SOIPC. all inCrL':lSlng Ihl' lempl.'ring Icmlll.,,.;I/1I( 10 ()O{)OC, 2 
hours ;lre required for cOll1pktc decomposilion of 1ll:1I11.:11Sllic strucIlIrL', \\ hilc:11 700°C, i hour 

IS qUite 1:11011£11. Also (lIL' sCl:olld;u), h;wkllill£ iHOl:l.'SS \\;15 dl.'ll.:ctl.:d dUring (1.:1l1pl.'rillg 

I(q \\,onI5:- ,\ IS i "I (, stet.:! - f\ Iartl..'l1sih: - Soiuiton :'\un<.:;Jling .. Tl:l\\PCflllg - Secolubry 
h.1rdcliing • r-,·ricrostn,ctun: • Sonclllllg - C:lrbid~s 
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1-111{/rOlldctioll: • • 
• 

. MarlclIsitic stainless stecls ~ue cxtcllsi\'Cly lIsed, in thc chcmical and 
power industries nllCJ as compressor bJllues in modern n;rcrnll engines 
(1.2). (hey arc generally heat tl"c(lleU to provide moderate corrosion 
resistmlce and l\ good combiufl\ion of mechimiclli propertles. This cBen 
involves llll il\lstenizing hellt trelltmesH fOllowed by flir or rail quellching. 

It is wen knowH !hilt IClllperill~ of as-quenched l1lartcllsitic stcel Cilll 

bring about SCCOIlU~IY h,lIdclling when the sollcl1l11g' elfed duc 10 
ilIUlenl ing is onset by rhe prccipi!~tioll of nUoy cnrbidcs in the ll1iltcrial 
(3A). 

Howevcr. !'or sllliuless sleds, tempering ill the range Ii'om 450 to 
540°C also ieilds to p60r impacl properliesT3,f,6). 

The effects of alloyiJlg elel1lenlS 011 the phnse cquilibriHlI, the 
tempering nlld espccinlly lhe sel:olldary h;\r(.lenillg Ch~lr;\(.:(erislics or low 
cnrbel\ \ 20/u chromiulH sleels have been c:-;;tcl1sivcly il\\'estig,ilted (5,6). 

Most or the studies reported so l'ctr (5,7,8) have been cOIH:cmed witl! 
the lemprillg rc~c!iolls illld llliClOstrucfun: of AfSr 4 r 0 1II'lrtclisili<.: slninlcs 

stcel (MSS), which is simillnr (0 AIS( 40] MSS in chemicnl composition, 
Ilowever, there ~ppe;\rs to be few 1.1('\\:-1 in 'he literature on the 
microstructure of bOlh steels ilS seell \lslng the thin luil trnnsmission 
electnJIl11licroscopy (TEM) lecllllique. 

MClrlcllsitic s(ainless sleds nrc also subjecl<.:(1 10 Il'mpcr briltIcncss 
(2,3) whell they arc tempeled ill tlH~ range from ·150 to 54{)OC aHcr 
quenching. Tempel ing in this 'cmpcl awn: ral\gt! is !:!l'l1l'l'illly llvoldcd since 

it IC(lds to poor llllpact propcrl ics 

In the cnsc of fv1nrlellsilie siaililess srcels. carbides pre<.:ipililtes nt as 
low ilS ]OO°C during tClllpcrill~. The SIJccd of SCI\sitizalilH\ ill slaillkss 
sleels COttln(tl1tng. mnrtt:nsilc is gCllcially much 111~IC rapId, because the 
carbidcs form rilpidl .... within Ihe 1lI;)lIensilic !nlhs Hnd along (he lillhs 
boundaries, nllt! the resuilillg corrosion CClII be trill1sgnlllulilr, iBler-granular, 
or mi,"\ed(9 ,10). 

Hcaling or the chromiulIl depiction zone in these slecls I\lso occurs 
morc rapidly autl is attributcd to tllc {'aster duumilllll dilfllsioll in rkc 
l1mrtensite tlla" ,1\ Fcc au~\enite (10), Since secondary h(lnlcllillg ill1d 
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senSItization of -stainless steels both involve !he ,J'orm(\tioll of wIloy 
carbidcs, which lor I\ISI ~OJ and t..\ 10 t'-.1artellsitil: stailllcss steels ilre 
largely the chromiulI\ c~rbioes. il is or \1\{erSl 10 kilo\\, whetilcr l\lese two 
processes occur simultalleously or ill sequence dming teU\perin~ or {he 
steels. 

III the present study the variolls phenomena oeeming durin ~ 
tempering of AIS I 416 fllartensitic s1nill1ess steel will be investigated. 

2- Expel'1llilltal details: 
2.1 • Jlfa(cria/ (llId Ileal TrelllJlIl!lIl: 

Tile starling material was AISI 416 lIlartensitic siainiess steel ;11 the 
1:orlll of forged blades. the COlllpositiol1 i.lIl(llysis or the slcL:I \I~cd is, Cr 12- • 
14, C 0.\ 5, Mn 1.25, P 0.06, S 0.15, Si l, Mo 0.6 wl%1. Spel:imCI1S for 
l~let(lllogrClphic ilJvestigation and smf'ace hardness llleaSUrl11ellts were 

prepareo, the dimensions of which are' Jx 1.Jx I J em. 

All SpeCil11CIlS were 1I1istenizcd a{ I I OODC for 2 hours lollowed by 
oil qt1ellchill~. The (15 qllClIl'ilCd specilllell~ which registered a 
microhardlless value (HY) of 520 were !hCll subjected (0 various 
tempering conditions. The tempering te\llp~ra(llres wcre (l$ follows., 200, 

320, 400. 500, 600, 700,800, alld 900°C. The teml)rillg lilllC was varied 
rrol1l 10 mill to 390 rnill. 

2.2 If ardlless (est: 
I-I(lrJncss test were conducted 011 the SPCCilllCllS lIsing 

microhardness tester with \'ickers indentor (Loati=200 grallls) . This WtlS 

dOlle (0 dctcrllline till' OptillllllH. limc fur peak hardlless at ngivcll 
temperntlll·e. Belore the test the top and lhe bottom I'Cl<.:es of the specimens 
were grollnd to remo\'e tile scales fonnce! during the hellt In.!llllllcnts (mel 
also to CIISOUI'C fbt surl~!ces for )11CaSIll'lllcnIS. 

3- Results: 
J.I- /I(fre/l1ess I/ItlaSrJrelllelll.\".' 

Tile hardlless vnllles or the sleel alier various Ircatlllen\S Ilrc g.ivell in 
table I. Ead, vtlluc is the average of three nlcasun':I1IClIls lllc.uie Ull sill~1e 
sample. 
Fig. (I): Shows the cllnllge ill hardness as a function 0(" tillle 1(1f" dinercIII 
Icmperi Il~ tClllpcrat urcs. 
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Fig. (2): Shov .. /s the cillmge ill microilan.lness (IS a fUllction of tempering 
tCll1pcralUres alld COIlSt;l.llt he(lting time (I hOllrs). 
Fig. (3): Shows the dwnge ill Mil uf 416 lIIilrlcllsilic staillless steel as a 
rllllctioll oftcmper~lllre~Time p~r(ll11cter cr [20+logt] :'\ 10-2). 
where the temperature in °C and t Ihe lime in hours (I I) 

3.2- Microstructures illvestigCltions : 
Fig. (4): Shows the microstnlclures of' tile samples sulutioll C\lll\ealcu at 
IIOOae for 2 Ilollrs followed by oil quenching, samples telllpereu at 320°C 
for 2 hOllrs, 500°C for 6.5 I1mll's, ooooe for 1 hour, 700°C ror 10 min. 
700°C for 2 huurs ami OOO°C ror I huur. 

Lamellt1r martensite together wilh some Iwinned martellsite WClS 
formed through qUt:J1CiJillg C1llcJ carbiues were [armed Oil tempering 

(Fig. 4). 
Fig. (4.A): Shows lallllllellar ll\artensite ~ogetl\er wilh some Iwinned 
martellsite which fur III durillg quellchillg /I'UIII I 100°C ;lfler 2 hours. 
Fig. (4.8): Sl\Ows the microstructure of Ihe steel telllpered at J20 c C far 2 
hours which is l11;)rtenslte Inlhs. 

fig. (4.C): Shuws the IlliclOSlrllcllllc or Illc steel ~Cll1percd ,II 500 c
(' ("ur 6.5 

hours, which is !lllH·te!ISile laths. wilh some blocky of C,l! bide.') ill tlle 
IllCltrix . For sled lerllpcrcd at Ilighcr tCllqlcratllres (700-<)00°C) Imgc 

blokys of carbides Me present. (rig <-1. EJ.G) . 

4~ Disc(/;:,!:J'ioll : 
The prooucts of temper cd A I S I t.J I () M SS C01Isist 0 r't \\'0 types of 

c<1rbicles Cr2]C6 and Cq C], ,\"hich lorlll at diJTerclI1 lelllperalurcs nuu 
lillIes ()). rur luwcr IClllpcrillg ICII\pl,!"l~l(l\n:s or 200-S00°C, hoth Cr2JC6 
and CqC3 carbides are prcsenl. 1\150 lillt: CqCl ((JI"IIIS ill speeilllcil 
tempered at J20°C lor 2 Iloms. For s\ee!lclllpered al higll(~r tellq)craltll"cs 

i.e 600, 700 ami 900°C, large blocky of Cr23C 6 is tile predominant 
carbiue. 

4.1- Serum{lIry {/lJrdeJlillg : 
AI a given lClllperi!1g lillie \hc h~nllless or ihe steel illclcaseu 

slightly and attained n peak value ill the rall~e [i'om J l()"C \n 500°C, 
'bcyond w!licl\ tIle hardness dropped sig1lificlll1tly willI illcre;lsillg 
tempering tel1lpcrature. This increase ill hardness is due (0 tlrc IUrtll(1lion of 
nile t.!ispcrsioll or Cr2]C() pI L'~il'illltcs Joc,lled ill rhe IlIjlrlClIsite 1;lIlIs, 
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a cbai~ of cal bides at the grain oOl.lm.l:lries, ,15 well as line Cq C3 particles 
nt the grain boundJI iL:s. This strm.:lmc has led to the ill1pur\,III~II{ ill the 

\\ardness. 

it has been shown that mechanical properties or ll1arleJlsilic stainless 

steel stich (IS h:adness (7,8) may have contribution li'om martensilic laths 
with a tetragonal distm1iol1 amI high cJislocalioll density formed by 
qllellching altd thell suitnble temper. These c.lislocaliuns ill the martel1site 
malrix provide sItes for cmboll atoms which are lower ill energy than those 
provided by the 1l0l"flwi iJlterstillllial lattice positions. Thercror, when 
martensite is tcmpercd at lower telllpera!urcs, Ihe first step ill file 

tempering; pr?cess is (Ile redistriblilioll of c(lrbon nlolllS to those lower 
energy sites, 

in )}\(\IlY 1.1110), steels cspeci~lIy low enrbol\ alloy. sleels, carbon 
atoms rccJistriblllioll takes place <.Iu. iug qucllciling tlm.Hlgh the IIwrlcnsitc 
telllper(lturc rnllgc. SOIliC carbon ;\tonlS prccipil,lle out or lhe IllHrlel\$ite 
matnx during tempering at lowe temperatures alld /"onll CQ]Cc, nnd 
CqC3 carbides, "lli<..:ll obstract the lJIu\·cmellt. of disltH.:i.ltiol\$ amI lead to 
tlll1iler harder Ii lIg. 

4.2- Srrenf::tlt losses ill the range ji'om 600 ''C to 900 uc .-
Solutio!1 allllealing or AISI ~ 16 MSS (11 I 100°C lor 2 hours 

followed by oil qucn<.:hillg gave hnrdlles$ of :1hout 528 (II V). Oil tempering 
at lelllperalures up 10 500°C {or dinerelll liIHCS. it \\'a~ roullu Ihal, h;u·dlless 
increased due to secondnry hardening. Oil illcreasillg the temperature 10 
GOOQC, it \vas ruund thill 2 hours are quite ellough fl)\· complete SOliCllillg 

or the struclure. 011 illc.:rcasillg tile tClllperalllrc to 700°(, il \\,,15 tOlllld that, 
I hour is quile enough for complete sonening while 10 minules are enough 
ror tile bcginlllg or SOilCIli1lg . Also it \ViiS fOlllld ,Il,H 10 llli!IUIl:!l were quile 

enough for cOll1plete so/lenillg (II &00 nlld 900°(. 
Conclllsion : . 
1- ivlicrostl'uclmal Chllrtll;tcriz;.\tioll ur AISI ~ 16 MSS Cltlstcllil.<.!d ;11 11 OOO( 

for 2 hours, uil quenched nlld t/Jell tempered at I20-S00°C 11llS shown 
lhat t!l<,; SL'lUlid<\I)' /l,II'denillg n:su!(s !i'UlIl Cr2:'CC) prl.'<.:ipilill<.:s ill the 

m;)rtellsile I(lth~ together w;lll :l chnill of ci.lrbides iH Ihe boundaries. 
2- Steel tellipered in the range lI·om 600 to 700°C lose cOlllpetely its 

slrengtlie due to the formation or Inrge blocky or Cr2:.CG prcL'ipilntcs 
(4.) distributed <lIthe boundaries ur nl:1rlensile laills. 
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Fig. (1): Shows the challge ill micro hardness (1-1 V) as n rUI~cliol1 of lime for 
differellt telllpering temperntllres. (200, 320,400,500,600,700,800,900) . 
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Fig. (2): Shows [he clmnge ill microhnrdllcss (HV) :IS :l rUlIc!ioll or 

tempering temperatures :1l conslat healing lime (I hOllr). 
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Fig. (3): Shows Ihe challge in l1licrohan.llless (I IV) of 4 16 Illtlrlcnsitic 
stainlcss steel as ;'\ function ofTempemtl1re -Time paramcter (T [20 t· 

lagt] x 10.3) where T is the tempemlmc ill °C alld t time in hours, 
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Fig. (4)~ Shows the microstnlctures of rhe sClIl'!ples solution aunealed at 
1 100°C for 2 hours followed by oil quenching then 
tempered ar different temperlltllres (A,B,C ,O,E,F,G). 

A- Solution annealed sample. 

'c- Sample tempered at 500°C for 6.5 hOllrs. 
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D- SampJe tempered at 600°C for I hOUL EM Sample tempered at 700°C for J 0 minutes. 

-~. ~ 

',~:;:~::,;:"e'f:~/' so.!'-

F- S~mple tempered at 700°C for 2 hours. 
G- Sample tet1lp~red at 900°C for I hour, 


