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Refined Bainite Microstructure and Mechanical
Properties of a High-Strength Low-Carbon Bainitic Steel
Treated by Austempering Below and Above Mg

Junyu Tian, Guang Xu,* Mingxing Zhow, and Haijiang Hu
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Effect of austenitization temperature on microstructure and mechanical

properties of low-carbon-equivalent carbidic austempered ductile iron

Vinaak Dakre, DR Peshwe, SU. Pasak, and Afav Likhire

B v 0 i s B g 1 s i, o g i e i B B b, g 100 Sl

Elmivml 1| Sepmnbea BT, el D Al 0 sccepad . 1V Apall 3 TH

Abntinct: The s fe s o of o empried d 8 e o (A I weie imprevnd hiagh ife-daib nel a v jhow kailidel nk e =
i by il e o e s, Db preerd brvedigaio n, e ot reequinlen durtde s (LCEDI)CE = 184%, and U repreent or-

at b 4k 0l el 750 ) and waked for

e ety vl b it 2 A% ol mbam Wean selesied. LU TN wen

hand e guerhed s ol bath w329 fer & 10 h. Somwples weee nnnlyred wing eptioal micsean py ool ooy diffmc e n Wear vk

urre cxiried oul en 3 piondnltype mekie. The offct of sodenisation Fmpesiton on the wex feohbece, Epetsirngd, and S mi-
{H’\m““ﬁm.ﬁﬂlﬂ—ﬂm Cedrelised e of $i 8 Bty B ke iy e Tk Rl

Krywarde: bw el ofuhalesl dieclk bes (LCEINY calille savmpind dwtk bea (CATE) wesd b ik bl Sl b pesbi,

g ek

1. It roduefon

Arstivepaind cicdle won (ADD) oo kw cost masenal
wll oo B it Bigh terile st ngh and soughoes (110
i e onowen for @ high B e strengdh ond excellent weor
e [2=8]. Addsorndly, ADH Tem o bagh seerpiheDomeigh
extio, wise b raaioes i o comdidate ol w o plaoe Saged
o b i ey applicatio nn

T rusec i oo pe e o ADI me aEribued 10 ik -
b, The motrix of AD] combts of acular ferme e or-
bopanbdoed s ne, Goln ond Moeedesn [3] neponed
that, whike wosking on e v clamewmise of ADL the
anuwdw o b the recroneer oF AN b oo e e b
e uider an applied Jead. The phenome mon is called
the smirvknduced dees-osited phone tmefamation of e
ied mmie e rorersie (S TRAM SATRAM) f&=T]
£ b siesllar e gt observed in Eendb e n fuced
ploatacaty { TREP) stowds. Tham, AIDN bicorads booder wah ap-
phioation of o Jood. This peoperty of ADI makes & an deal
chome for opphotd m kot requises igh e mesisdanoe and
wughies, Zmmbo o af. 5] e soggeaed thor ADI i e

Tamwpe g auder vVeovd el T omall v Bl At Tl

for the oo repo nengs .o f enrhemo ving machanes. Mowever ADI
For s Drmi o it rmodvln b lowr oo mpeeed with e of wwel
T gophite wlhrer (Ecion 0 AD & speocieaml
12%-15% @] Comagumih the Youngs moduhes (E) of
AN i% | T GPa, whenss et o sieel b 208 OGP 107 Ths,
Faeervieey s Larper sectio oo £ AT oo rogui sed © diel bver e
npdiny o 5 e corsporen. This keintion b we of e
eornEais Facd by dil g eng s S BiTspting 1o et
weight of comporenss and make mochines mom efficemt
This probliern of kv modulis of eksticty cn be overcoms
by mdicing e pophe velms focgon n ADL
Lom-carbaaguivale e ductle pon (LCED contsdim © and
51 inonemzass s rach baw ton thisg in semvesoml
ductde pon (DL Ths, Seir ceton-x)ualen (T B mich
lowoer oo mapased waih thotofoomeentioral DL Ther modulis
of elraicity how olso beers s porind o be ligher thon that of
£ [0} Ther sesporsa of Liw-cagboneog unvaben inom o s
g i Tt raend ek beprrs v graabsldnd [11-12], Tharsg
alas hove bren meporied 1 echiba belier wer srsanoe
them ADL, aed his enbowond wear makiice s been ok
buied i preseroe of lediburic cortades| 11)

€) Springer

D Uy el L imman ared T bew'l g Bagieg il Gow g o g i rolbf Gt v iy o] ] St pmm DER

smprowing the comprehenaive property of
Bicnir ibirls, #0Er eeckichErTa e the
seaifwermnal iransiommateen  iemperaniee
Eetow M, They based on the mechanism
that kywer Eranadmmmnation Yresperatum £an
pevvide the Lirper ditvang loror, which mray
b usefal 1o obdxin 3 finer mkcrostyushise
Bohemen et al’'"  vestigaied the
mthermal decompoiinom  of  austenite
bbb Bl = & Fe-0Ebl-3EIM=n {w1%)
saeel by dilsiometry and meOTOSTRUCTIPE
exarmination and foand that the austenite
depoenposes isothermaly below M, ai a
ceilain fate. Both delidoimetsy geed snicne
At Tude |iteued srarteraee-bainile micie
aefEre] strotigly sleniiifed thir [oi it
of isotteerinad bainite below Mo Similarky
Kolmskey sl 1'% direcily oberromd the
growth of bainite below M, in Fe-00 5300
LIRS~ 05Nn (Wil ateel By laneracan-
ming confoda] micrstopy (L20M) and in
istu abrmultinreus syncheotren Xaay dif-
fraction and wuggeabed thas the C curve of
baenitr [otmabion may be matended below
b, in 3 Hme—trmpersture—translormatson
(TTT) disgram, Ad&eionaly, the kisstics of the isothermal
product  [rmed  belom By temperstupr m Fe-0 BRC-0UiH
S-1.788n-1. 754 1.00Co  (wrs) stewl were snalvred by
Samanks ot ol '7" Thary demaonstrated thal the Zerer-1ulbr
meaded o o slow B enalch B oberroed kincEse at vach 3 kea
temperahae fbrlew My, On the contrare the kinetics of baanite
fermation with 3 displacne mechamiem s in sccord with the
observed secthermal semsfommaton hinetics Belew Mg There-
fore, they sseried that the motheral product below My thai
insermaphs the formation of athermal martensite i@ bamse,

EBevides medium- snd highcarban sieele. Bainite tramafor-
mahon Briow M, in kw-tishan sbels was similardy thveali-

gated. Silva et al'™ snadied the devompodition of austendie

sustempered bedow My in a lowcarbom vieel and observed the
fesmation ol baanite Bclow My, Simulaneously, they aeed 2

ek leation-baied  Iranelormation mexde]l b desifabe £he
hlmu:-q.-fmlwg_uul baaniiie foemation bebow M, . Addition-
alty. Thao et 3" elucidased that the haimite microstnactiire

could be formed below My in 2 015 (%) low caabon sseel
They emphsiieed e result B compansd with the conven-

rsoeua ] ieotheerenl Transfonmaton proces dhove-b, the el
&, process refines eflectively bainine plases. They alse claimed

& MU Y Y0 ey Dt | o 050, ek,



(d)
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Gregorio del Amo, 8, 28040 Madrid, Spain Authors to whom correspondence should be addressed. Metals 2020, 10(5), 635; Received: 13 April 2020 / Revised: 10 May 2020 / Accepted: 12 May 2020 / Published: 14 May 2020 Carburizing implies the existence of a carbon gradient from the surface to the core of the steel, which in turn will affect both
the critical temperature for austenite formation and the kinetics of the bainitic transformation during the austempering treatment. Therefore, for future development of carbo-austempered steels with nanobainitic microstructures in the case, it is key to understand the effect of such carbon gradient has on the final microstructure and the mechanical
properties reached by the heat treatments used. This work was divided into two parts, firstly two alloys with similar carbon content to those at the surface and center of the carburized steel were used to establish the optimal heat treatment parameters and to study bainite transformation kinetics by high resolution dilatometry. In a second step, a
carburized alloy is produced and subjected to the designed heat treatments, in order to evaluate the microstructure and mechanical properties developed. Results thus obtained are compared with those obtained in the same carburized alloy after following the most common quench and temper treatment. Conceptualization, O.R.-D. and R.A.-S_;
investigation, O.R.-D.; project administration, C.S.-G.; Supervision, R.A.-S., J.A.]. and C.G.-M.; writing¢AAAoriginal draft, O.R.-D., R.A.-S., J.A.J. and C.G.-M.; writing¢AAAreview & editing, O.R.-D., R.A.-S., J.A.]J. and C.G.-M. All authors have read and agreed to the published version of the manuscript.This research was funded by the CODI-Universidad
de Antioquia.The authors want to thank Phase Transformation and XRD Laboratories at the National Center for Metallurgical Research-CENIM-for the support provided for the experimental development of this work.The authors declare no conflict of interest. Figure 1. Relative change in length (RCL) as a function of T during 0.18 A°AC/s heating up
to 1000 A°AC and subsequent cooling down to room temperature, 100 A°AC/s, for both alloys. Figure 2. Light optical micrographs of austenitized and quenched samples: (a) 0.76 wt.% C alloy after austenitized at 900 A°AC/30 min and for the 0.29 wt.% C (b) austenitized at 900 A°AC/30 min, (c) austenitized at 830 A°AC/15 min. Etched with Picral.
Figure 3. Theoretical Nehrenberg [19] and experimental Ms temperature as a function of carbon content in austenite, CA3A. Figure 4. For the case steel (0.76 C wt.%), relative change in length (RCL) curves as a function of temperature and time for the different Tiso-tiso (a) and (b) for TA3A = 900 A°AC and (c) and (d) TA3A = 830 A°AC. Figure 5. For
the core steel (0.29 Cwt.%), relative change in length (RCL) curves as a function of Temperature and time for the different Tiso-tiso (a) and (b) for TA3A = 900 A°AC and (c) and (d) TA3A = 830 A°AC. Figure 6. Secondary electron SEM images of the microstructure of the alloy with 0.76% of C, after austenitization at 830 A°AC/15 min., and treated
isothermally at (a) 250 A°AC/480 min., and (b) 300 A°AC/240 min. Where A3Aret is austenite and A+Ab bainitic ferrite. Figure 7. Secondary electron SEM images of the microstructure of the alloy with 0.29% of C, after austenitization at 830 A°AC, and treated isothermally at (a) 250 A°AC/480 min., and (b) 300 A°AC/240 min. and austenitization at 900
A°AC, and treated isothermally at (c) 250 A°AC/480 min., and (d) 300 A°AC/240 min. Where A+A is 31T)%.tw(C .tnemtaert lamrehtosi eht fo erutarepmet eht ot erutarepmet gnizitinetsua eht morf etar gnilooc eht si 0siRC .semit evitcepser eht rof dnats osit dna 3t saerehw,ylevitcepser,erutarepmet gnirepmetsua dna noitazitinetsua eht rof sdnats osiT
dna 31T erehW .tset lamrehtosi rof snoitidnoc tnemtaert taeH ) dna sM detamitsE .ecafrus tenirubrac eht morf htped htiw noitubirtsid tnetnoc nobra C .9 erugiF .leets esac )b( dna eroc rof )a( :noitidnoc T&Q eht fo erutcurtsorcim eht fo segami MES nortcele yradnoceS .8 erugiF .etirref citiniab si b+ dna etinetsua + etisnetram si+ 3 (min)CRiso
(A°AC/s)Tiso (A°AC)tiso (min)0.2990015352504803002408302504803002400.76900250480300240830250480300240 Table 5. Microstructural characterization data from the samples isothermally transformed. Where, VA3A and CA3A stand for the volume fraction and carbon content of austenite measured by XRD. VA+A is the fraction of proeutectoid
ferrite measured by point counting. From dilatometric curves the martensite start temperature, Ms and fraction of martensite VA+=A¢AAA are derived. Fraction of bainitic ferrite VA+Ab = 100 ¢AAA (VA3A + VA+A + VA+A¢AA2A). Finally, tA+Ab and tA3At stands for the bainitic ferrite and retained austenite thin film thicknesses, respectively. Alloy C
(Wt.%)0.290.76 Isothermally treated samplesTA3A(A°AC)/tA3A(min)900/15830/15900/15830/15Tiso(A°AC)/tiso(min)250/480300/240250/480300/240250/480300/240250/480300/240tA+Ab (nm)168 A+A 13250 A+A 13135 A+A 15170 A+A 1658 A+A 696 A+A 1854 A+A 6102 A+A 18tA3At (nm)146 A+A 14195 A+A 1590 A+A 14140 A+A 1044 A+A 670
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A+A 0.121.33 A+A 0.12HV10490 A+A 9440 A+A 7380 A+A 6340 A+A 8579 A=A 4513 A+A 5576 A+A 6510 A+A 10Ms (A°AC)356374291----- Table 6. Mechanical properties in carburized steel under different processes. Q&T: quenching and tempering; YS: yield strength; UTS: ultimate tensile strength; TE: total elongation; V-notch: impact energy.
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24/06/2022 - The service performance of single crystal blades depends on the crystal orientation. A grain selection method assisted by directional columnar grains is studied to control the crystal orientation of Ni-based single crystal superalloys. The samples were produced by the Bridgman technique at withdrawal rates of 100 pm/s. During
directional solidification, the directional ... Heat treating (or heat treatment) is a group of industrial, thermal and metalworking processes used to alter the physical, and sometimes chemical, properties of a material. The most common application is metallurgical.Heat treatments are also used in the manufacture of many other materials, such as
glass.Heat treatment involves the use of heating or chilling, normally to ... Wrought iron is an iron alloy with a very low carbon content (less than 0.08%) in contrast to that of cast iron (2.1% to 4%). It is a semi-fused mass of iron with fibrous slag inclusions (up to 2% by weight), which gives it a "grain" resembling wood that is visible when it is etched,
rusted, or bent to the point of failure. Wrought iron is tough, malleable, ductile, corrosion resistant, and ...
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