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Abstract

The effect of worm worked microstructures on the development of static recrystallization in a
304-type austenitic stainless steel was studied during annealing at 800 and 1000°C for 7.5 to
120 minutes. The initial microstructures have been developed by single—pass compression to a
strain of ~1.2 and multidirectional forging to a total strain of ~4 at temperatures rangmg from
500 to 800°C. The samples subjected to single-pass compression are characterized by the
development of static recovery during annealing at 800°C irrespective of the compression
temperature. The static recrystallization readily develops in these samples upon annealing at
1000°C. On the other hand, the static recrystallization takes place in the samples processed by
multidirectional forging during subsequent annealing at the both temperatures; and the
recrystallization kinetics increases with decrease in the temperature of precedmg
multidirectional forging,
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Introduction

Nowadays, the recrystallization of ultrafine grained metallic materials is of particular interest.
The ultrafine grained metals and alloys are considered as promising structural materials,
because the mechanical properties of structural metallic materials can be enhanced by grain
refinement (Valiev, 2002; Kimura, 2008; Zherebtsov, 2012; Dobatkin, 2012). Large strain
deformations have been proposed as one of the most effective processing methods for
production of various engineering steels and alloys with ultrafine grained structures
(Humphreys, 1999; Valiev, 2006; Tsuji, 2010; Estrin, 2013). The steels after large strain
deformation have been reported to exhibit enhanced strength properties, but low plasticity
properties. Generally, the ductility can be recovered by an appropriate heat treatment. The
heat treatments of particular interest are those that allow keeping the developed
microstructure against remarkable grain coarsenmg; and, therefore, provide improved
strength-plasticity combinations. Generally, the primary recrystallization takes place during
annealing of cold-to-warm worked metals and alloys. However, the recrystallization behavior
of ultrafine grained metallic materials processed by large strain warm working has not been
studied in sufficient detail. The effects of conditions of previous large strain deformation and
the characteristics of deformation microstructures on the recrystallization behavior during
subsequent annealing are still unclear.

The aim of the present study is to clarify the effects of the deformation temperature
and total strains, and the temperature and duration of subsequent annealing on the
recrystallization behavior and the finally developed microstructures in an austenitic stainless
steel.

Experimental Procedure

An S304H austenitic stainless steel, 0.10%C-18.2%Cr—7.85%Ni—2.24%Cu—0.50%Nb-
0.008%B-0.12%N-0.95%Mn-0.10%Si and the balance Fe (all in weight%), with an average
gram size of about 7 um was used as the starting material. Rectangular samples were
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8ublecleé !lo 81nle-pa88 Norata (8PC) !o a 8!'rat ol 1.2 ané Tnlnélrecltonal forgtrg (MP)lo a
lolal 8!rat ol 4 a!letpera'ure8 ol 500, 600, 700 ané 800°C. Tbe Tuliiélrecltonal foratg a8
carneé om! w tpa 1l8o!'bertal Tl -pa88 coTpre88ton !'e8!8 w!b a cbanpge T !'be coTpre88ion
énecihon T 90° T oréer ol !bree or'bogonal axe8 IroT pa88 !o pa88 (2bereb!8oy, 2012;
Belyakoy, 2001; Tlkbonoya, 2013). Aller FToraTta !'be8e 8atple8 “ere annealeé éunng 7.5 !o
120 7 1 a! letrperalure8 ol 800 ané 1000°C. Tbe 8!ruclnural tye8ipalton8d8 ol !be annealeé
8aTple8 ~ere carneé om! w v an PE1 Owuanla 600P 8cannTtpg eleclron Tlcro8cope egqwppeé
w!b an eleclron back 8caller élrrraclton (EB8B) analyrer Tcorporaiing an onenlalion
iTapTh Tlcro8copy (O1M) 8y8ler. Tbe O1M 1Tapes "ere 8ublecleé 'o clean-np proceéures,
8ellnpg a T1T1lTal conliéence Téex ol 0.1. Tbe paratv s8ires ané !'be pgrat bounéary
gi1slnbulions ~ere eyalualeé by O1M 8oMxare (EBA X T8b, yer. 6). The anneaHnpg 8ollenTpa

Na8 8néleé by tean8 ol Y TkeT baréne88 !e8!8 w !b a loaé ol 3 K.

Plp, 1. Typtoa! Tioro5!ruclures eyolyeC In 'le 3304H aunSlenllc 5'aT!e55 3lee! 3ublecleC o 3PC al
500, 600, 700 ancl 800°C.

Ke8ul18 ani 6518cn88ton
1. BelorwaHon Mlcro8lruclure8

Typlcal Ttlcro8!ruclnre8 !'ba! éeyelopeé 7 !be 8leel 8arple8 8ublecleé 'o 8PC are 8bo”™n T
Pla. 1. Tbe éelorTtanon Tlcro8!ruc!'nre8 w!b pgrat8 Mlalleneé cro88LWI8e !o coTpre88tn axis
Nere ob'aTteé a al'er 8PC 1irregpeciiye ol éelorTtation !etperalnre. Any eyléence ol éynartTrT
recry8lall rallon ~ere no! ob8eryeé 17 I!be 8PC 8atple8. Kepresgen'aliye Ttlcrograpb8 ol
Tlcro8!ruclnre8 eyolyeé by MP l!o lolal 8!rat8 ol approxlTalely 4 a! élrreren! letperalure8
are 8bo”~n 1T Pla. 2. Tbe 'en ToragTta pa88e8 re8ulleé 17 I!be Fortaion ol mllranne-pgrateé
Tlcro8!ruclnre8. Tbe Tean éynatTtT grat 8ire T !be blgbly 8!rateé 8leel 8aTple8 Tcrea8eé
Fror 0.22 'o 0.69 p17 w!b Tcrea8Tta !be MP leTtperalure 'rotr 500 !o 800°C (Tlkbonoya,
2013).
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Pla 2: Typwal T wro3”rmcllres eyo”ein 7 We 3304H amslenllc 5lalnlebs 3lee! 3ublecleidr 1o MP al 500,
600, 700 anii 800°C

2. NInnealei Micro8!ruclure8

Tbe TTrosii'ncll res eVolVeé 7 !be 8304H aw'!ewliic B TkeB Bleel Bn”~ecleé 'lo 8PC a! 800
ané 600°C ané !ben annealeé a! 800°C Tor 120 17 T are Bbo”n T Pla. 3. Tbe BaTples
processeé by 8PC a!!bese !leTperalures are gw'e Blable agats! any Blalic “ec”y8lall”2al”on ané
orat coargenTph éunnpg 'be Bubsepgnen! anneaing a! 800°C. In !be Bleel BaTpleB Bu”~ecleé lo
8PC a! 500-800°C ané !ben annealeé a! !letperalure of 800°C only Blaic “ecoVe”y conlé be
only a Tecbaw BT ol Blainc reslorallon émnnpg anneannpg. Tbe éelorTation aArate kKep! !beli

Bbape pancakeé T !be éiieciion ol Telal MoA.

Pla 3: Typwal T oro3”rmcllres eyolyeii T 1/e 3304H auslenllc 51at!e55 3lee! 3nbjeclein 10 3PC al
800°C ani 600°C anii 1Ven annealei !or 30 T T al 800°C

Planre 4 BboT !be TTroe”cll res !ba! éeVelopeé 7 !be Bleel BaTples Bublecleé 'lo 8PC al!
800 ané 600°C ané !'ben annealeé a! 1000°C éwumnnpg 30 ané 120 Tt 7. In con'!ras! !'o !be
BaTples annealeé a! 800°C, 'be Blalic ~ec”y8lall”2al”on ~aB reaéily éeVelopeé éunnnpg anneaing
a! 1000°C. Tbe lwially ~arTt ~orkeé TTrosiimcll res ~ere coTplelely ~ec”y8lall”n2eé eVen
aller Bbor! anneating For 7.5 TTmnleB. Annealing For a lonpger " Te ~aB accoTpaweé by a
Araémal prat coarBenTth. Pwurlber anneaving €1é no! baVe a Bxanllcan! Tiimence on !be
annealeé TTtros”cll res becaumBe all ~“ec”y8lall”™2al”on procesBeB are coTpleleé ané Ibe

éeVelopeé B!lruclnure conexs”™é ol an egwaxeé grate (Plg. 4).
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Plg 4: Typtoa! Troros51lruclures eyolyein T ble 3304U amslenllc 51at!e55 3lee! sublecleii 10 3PC al
800°C anii 600°C ani1 blen annealei lor 30 anin 120 T T al 1000°C

Typlcal Tlcros!ruc!'ures eyolyeii T !'be 8304H awnslew!to 3laTles3 3leel subleclenn 'lo MBB a!
800 ann 600°C anti 'ben annealen a! 800 anii 1000°C iunng 30 an 120 T T are 3sbo”~n 17 blg.
5, 6. Tbe 3leel 3aTple3 3un”ecleii 'lo MBb a! relaiiyely blgb !eTperalure ol 800°C are guw'e
3lable apgaTt3! agraTt coarsenTtn Wunng anneaHnpg a! 800°C. To !be conlrary, !'be 3aTples
proces3en by MB a! relaHyely 1o~ l!etperalnres (600°C) ~ere cbaraclenren by 3oTte”bal!
acceleraleii grat aro”!b vinnng 'be anneaHng a! 800°C. Ne Tely, ralber large annealeii grarts
appearein a3 13laniis surromniitg by Tucb Te arats3. 1ncreasze T !be anneaHng Hte 'o 120

T T leii'!o Murlbergrat gro”'b.

Plg 5: Typlca! Tlcro5lruclures eyolyeii T ble 3304H amsblnllc 5lalnle55 3lee! smublecleid 10 MP al
800°C anii 600°C ani1 blen annealeii lor 30 anin 120 T T al 800°C.
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Plg 6: Typtoa! Tioro5!ruclures eyolyein T He 3304U ansMnllc 5!at!e55 3lee! Sublecleii o MP al
800°C anii 600°C ani Wen annealeid Tor 30 anii 120 T T a! 1000°C

Tbe cbanpge3 T Thbe TTro3TrucTures bunng anneabng aT 1000°C are gunalbabyely The 3aTe a3
Tbose ob3eryeb aT 800°C. Tbe mnlTralt e arar eb T 1 ro3TrucTures beyelopeb by MT aT relabyely
lo” TeTperaTure ol 600°C (UNpa. 6) beton3TraTe 1 boTogeneomns coar3ent g al early anneabng
al 1000°C, “ben TbeTean paratr 31lre T creaseb, 3ltbar Toanneabng aT 800°C. Tbe 1 crease r
anneabng bte To 120 T v re3mlT3 T Tbe beyeloptenT ol alto3T ut ForT 7 1 ro3TrucTure.

3. lraconal 8oMenT§

Mnonre3 7 anb 8 presenT Tbe elTecT ol Tbe anneabng burabon anb TeTperaTure on The Nracbonal
30l Ter ng (X) ol Tbe 8304 am3Ter b ¢ 3Tar 1le33 3Teel 3ublecTeb To~arT “orkt g by 8PC anb
MT aT 500-800°C. Tbe lNracb onal 3ol Ter ng ~a3 calculaTeb a3: X = (HY MOT - HYAnneal,ng) /

(HY Mop - HY InTal), *"bere HY MoT 13 Tbe barbne33 ol Tbe 3Teel )usT alTer*arT "orktj,
HYppnnetH” 13 Tbe barbne33 ol Tbe 3aTples alTer sub3eguenT anneabnpg aT bl TerenT TeTperaTures
foryanou3bTe, HY ~abl 13 Tbe barbne33 ol on ot al 3Teel 3aTtples3, » blcb baye been nlly
annealeb aT 1100°C.

Pln, 7: ETTec! oT anneaHng bte a! 800°C on He Tracbona! 3obenTta (X) oTHe 304H amsHnLUc 51alnle55
3lee! 5mbleclein lo 3PC (a) anin MP (b) a! 500-800°C
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Tbe lracltonal 8ol'!entg ol !lbe 8atple8 8ublecleH 'o 8PC anH MT anH !ben annealeH a! 800°C
18 8bo”n T W88. 7a anH 7b, re8pecHyely. Tbe 8aTple 8ublecleH !'o 8PC a! 800°C H!H no!
8oMen Hullng !'be anneaHnpg a! 800°C. A 8Hpab! 8ol'!enTts a8 ob8eryeH Tlor !be 8aTtple8
8nblecleH 'o 8PC al! 1o”er leTperalnre8. Tbe lNracltonal 8ol!'entn araHually tcrea8eH !o abown!
0.2 w!'!b tcrea8e T !be anneaHng Hte 'o 120 11n; anH !be 8aTple8 ~arTt ~orkeH a! lo”er
leTperalure8 are cbarac'ellreH by 8ote”bal! la8ler 8ollenlng Hullng anneaHnpg. 1n !'be 8aTtple8
8nblecleH !'o MT a! 500, 600, 700 anH 800°C anH !ben annealeH a! 800°C a proce88 ol
conHnuow 8'aHc recry8lalH?2alton "a8 HeyelopeH (Mpa. 7b). Tbe bebaylor ol 8ollenTth curyes8
For MT 8lpwbcan!ly HilTereH 'roT !'be 8ollenlng curye8 lNor 8PC, al'lbougb !be 8ollenTtn curye8
For 8PC anH MT Hullng anneaHnpg a! 800°C are 8itHar. Tbe [lrac!lonal 8oll!enlng ol !be
8atple8 8ublecleH o MT a! 500-700°C Tcrea8e8 !'o abownu! 0.6 Hullng anneaHnpg For abou! 120
TT; anH !be 8atple8 8ublecleH 'o MT a! 1o”er leTperalnre exblbl! blgber yalne8 ol 8!ruclnral
8ollentpn aller 8ub8eaunen! anneaHnp.

Maoure 8 8boT !be lraclional 8ollenlng ol !be 8atple8 8ublecleH o 8PC anH MT anH !ben
annealeH a! 1000°C. 1n 'be 8aTple8 aller 8PC a! 500-800°C anH !'ben annealeH a! 1000°C !be
pMrary recry8lalHra!lon HeyelopeH (T1a. 8a). Tbe lrac!lonal 8ol!enT g raplH1ly T crea8eH aboye
0.8 arter 8bor! anneathy Hre. Thbe anneabhg Hre or 7.5 71n ~a8 enongb For cotplelion ol
lbe pMrtary recry8laltHtallon. An T crea8e ol !'be anneathg Hre HIH no! leaH 'o 8ipllibcan:
cbanpne8 1 !be lrac!lonal 8ollenlna, “blcb !enH8 !o 8alurale a! abowu! 0.9 blre8pecllye ol !be
letperalnre ol preceHlng 8PC. Tbe MT 8atple8 are al8o cbaraclerlreH by !be 8barp 8ollenlng
Hullng anneaHng For 7.5 T T a! 1000°C (MNpa. 8b). Ho”eyer, !be rac!lonal 8ol'enT g ol 'lbe MT
8atple8 gablraleH a! Hirreren! leyel8 ranglng Frot 0.7 !'o approx. 1.0 HepenHT g on !be
letperalure ol preceHT g MT. Tbl8 bebaytr 18 con8lHereH a8 a re8ul! ol contHhves 8lanc
recry8lalHrallon (8akal, 1995).

P1n 8: EHec! o! anneaHng Hte a! 1000°C on ble bacKona! soHenTa (X) o! ble 304H awnblenllic
51aln!e55 3lee! Sublecleb o 3PC (a) anb MP (b) a! 500-800°C.

8nwuwary

Tbe recoyery/recry8lalHrallon bebaytr ol an 8304H 8!atl1e88 8leel 8ub]lecleH !o 8Tple-pa88
cotpre88ton anH tulllH1rec!lonal lorglng a! !'etperalure8 ol 500-800°C ~a8 8wHleH Hullng
anneaHnpg a! 800 anmH 1000°C. Tbe 8atple8 8ublecleH !'o 8Tple-pa88 coTpre88ton ”“ere
cbarac!ellreH by !be Heyelopten! ol 8lalc recoyery Hullng anneaHnp a! 800°C 1irre8peclye ol
lbe coTpre88lon l!eTperalure, “berea8 Ttcrea8e 1 !be anneaHnpg !eTperalure 'o 1000°C
re8ulleH Tt raplH HeyelopTten! ol prlTary 8!allc recry8lalHra!lon. On !be o!ber banH,
conHnuow 8laHc recry8lalHrallon !look place T !be 8aTtple8 proce88eH by TtulllH1rec!lonal

309



forging during subsequent annealing at the both temperatures. The kinetics of continuous
static recrystallization are faster in the samples subjected to multidirectional forgmg at lower
temperatures.
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