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INFLUENCE OF QUENCHING/PARTITIONING TEMPERATURE
ON MORPHOLOGY OF 37MnSi5 STEEL
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In the last two decades an extreme tendency towheddavelopment of the third-genera-
tion of advanced high-strength steels for the aotora industry can be observed. As a
novel heat treatment process quenching and paitiiovas originally proposed by Speer
et al. This process is one of the new strategiggdduce the steel with a combination of
high strength and considerable ductility. The iaflae of quenching/partitioning tempera-
ture on morphology and microstructure of 37MnSi&ekduring quenching and partition-
ing process was studied. To this aim, 210, 238 &l were chosen as quenching tem-
perature, and 300, 400 and 460as partitioning temperature. After the heat treatsithe
microstructural characteristics were evaluated, pamed, and discussed using a scanning
electron microscope and a field emission-scanni@cfr®en microscope.
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The past few decades have witnessed a signifieaetirch effort directed towards
the development of advanced high-strength steel9®Hrades for automotive appli-
cations, as they provide an opportunity for theediggment of cost-effective and light-
weight parts with improved safety and optimized imsnmental performance [1-3].
The quenching and partitioning (Q&P) proposed bge3et al. [4, 5] is receiving in-
creased attention as a novel heat treatment taipeoHSS that contain martensite/re-
tained austenite mixtures in microstructure. ThePRQ&eel shows a good combination
of strength-ductility in which martensite acts asteengthening phase and retained
austenite contributes significantly to the dugtiliThe Q&P process usually consists of
a two-step heat treatment. First, the steel is ae&dtemperature in the full austenigg (
or intercritical {+a) range and then quenched to a temperature betiveenartensite-
start (Ms) temperature and martensite-finidWi;( temperature. Second, the quenched
steel is held either at, or above, the initial qireng temperature in order to enrich the
untransformed austenite by carbon diffusion froessaturated martensite [6, 7]. The
increased carbon in the austenite decreas®4sitsmperature so that thermally stable
austenite is obtained after the final quenchingotam temperature. The Q&P process
is mainly applied to steels with chemical composisi similar to those of conventional
transformation-induced plasticity (TRIP) steels98, Significant additions of elements
such as silicon retard the formation of carbided gine rise to the carbon enrichment
of austenite via partitioning of carbon from sup#usated martensite [8, 10]. Manga-
nese, nickel, and chromium are included in the at&ncomposition to retard ferrite,
pearlite and bainite formation and to decreasé#igite start temperature, as well as to
enhance the austenite stability [11]. It has besygssted that the carbon partitioning
from martensite into austenite is controlled bydbastrained carbon equilibrium (CCE)
criterion [4]. This criterion aims to predict tharbon concentration in austenite under
the condition where: competing reactions, suchemsentite or transition carbide for-
mation or bainite transformation are suppressedtjemtical carbon chemical potential
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exists in both ferrite (or martensite) and ausgertite carbon partitioning proceeds under
the assumption that the interface between ferntk a@ustenite does not migrate [12].
There is still a lack of information on the exadtrostructural characterization of steels
after Q&P treatment [13]. A more accurate desaiptf the microstructure is essential
for better understanding of the microstructure fation and better control of the final
properties of the material [13]. Experimental irtigegions of microstructural processes
during Q&P can enhance our understanding of the P&feess, and may be important
for adjusting and tailoring the required mechanpabperties of Q&P steels [14]. In this
study the effect of quenching/partitioning tempeamaton morphological and microstruc-
tural evolutions of 37MnSi5 steel during the Q&Bgess is investigated.

Experimental procedure. The studied alloy in this work was low-alloy 37MBSi
steel with a composition similar to conventionallPRassisted steels (wt.%): C — 0.362;
Si — 1.38; Mn — 1.24; Cr — 0.0973; Ni — 0.0902;-€0.0711; Al — 0.03; Pb — 0.025;
P —0.0245; S — 0.0202; W — 0.015; Co — 0.0101- A9)101; Sn — 0.0095; Mo — 0.005;
Nb — 0.0025; Ti — 0.0023; B — 0.002; Zr — 0.002;-1.002.

Ms = 338.73°C for this alloy and is determined from EL) [15]:

M (°C) =539~ 423C - 30.4Mn - 7.5Si+ 30A, 1)

whereC, Mn, Si, and Al are the elemental contents (wt.¥he critical temperatures of
Ac; and Ag for base material were estimated using dilatome#st. A cylindrical
specimen with a diameter of 5 mm and a height ofr2@ was used as dilatometric
specimen in a LINSEIS type dilatometer. The = 748.1°C andAc; = 841.5°C, are
measured by this method.

For Q&P heat treatments, samples (15 mmx10 mmx3werg fully austenitized
at 900C for 10 min in a furnace (model K20L1200), querttie an oil bath at 210;
238, and 278C with a cooling rate of —22C/s, then partitioned at these temperatures
for 100 s and water-quenched to room temperatu@n@istep Q&P heat treatment;
held for 10 s, partitioned at temperatures of @M, and 45%C in a bath of molten salt
for 100 s, and water-quenched to room temperatutevo-step Q&P heat treatment.
Schematic diagram of the one and two-step Q&P egjps shown in Fig. 1.
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Fig. 1. Scheme of the one-stgg) &nd two-stepk{) Q&P applied in this study:
1 — austenitizing?2, 4 — initial and final quenching — partitioning.

After the Q&P heat treatments, the treated specmene ground and polished me-
chanically with alumina and then etched with 2%aN(itric acid in ethanol) for 6...8 s.
Microstructural examinations for the treated specismwere conducted using a JEOL
(JXA-840, operating at 15 and 25 kV) scanning edeamicroscope (SEM) and a HITACHI
(S-4160, operating at 30 kV) field emission-scagmlectron microscope (FE-SEM).

In order to determine the volume fraction of re¢giraustenite and its average
carbon content in the treated specimens, X-rayadifion (XRD) measurements were
performed on a Bruker D8 diffractometer using a ¢u#&diation operating at 35 kV
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and 30 mA. Specimens were scanned ové-ige of 10...90° with a dwell time of
1 s and a step size of 0°09he volume fraction of retained austenite was sue=d
based on the direct comparison method [16] fromirttegrated intensity of the (200)
(220)y, (200)4, and (211 peaks, and the average carbon content of retains@nite
was calculated using Eq. (2) [17]. The average arartontent obtained from both
austenite peak positions was calculated [18] is $hidy.

a, = 3.555+ 0044x, @)

whereay — the austenite lattice parameter in angstromsaverage carbon content of
austenite in weight percent.

The experimental results. SEM microscopy observationSEM micrographs of
the specimens heat treated at different quenclangéeratures are shown in Fig. 2.
This figure shows the introduction of carbon-eneidhretained austenite phase into the
martensitic matrix structure. The martensite wéthitype morphology is surrounded
by retained austenite and the general feature eofath-like martensite configuration
does not change at different quenching temperatiites retained austenite with two
types of morphological structures is visible in mgtructure. One has an island-like
shape and is distributed mainly along the grainndauy, and a few are distributed
within the martensite matrix. The other has a filke-shape and is distributed between
martensite laths [19]. The austenitic films withnswvhat higher thickness and
elongation and varied orientations are observdatiermicrostructure of specimen heat
treated at optimum quenching temperature in one-@&P. On the other hand, the
austenitic films with greater thickness along witlany austenitic islands, that were
larger than a micrometer, can be seen in the ntradsre of specimen heat treated at
optimum quenching temperature in two-step Q&P. therspecimen heat treated at a
quenching temperature of 210, more retained austenite was as island-like exsiap
Q&P, and as film-like between martensite lathsnn-step Q&P.

Fig. 2. SEM micrographs of specimen quenched to(2),238 ) and 270C (c), partitioned
at the same temperatures (one-step); quenche®t@R 238 €) and 270C (f), partitioned
at 400C (two-step) (RA: retained austenitd; film-like, andbl/i-l: blocky/island-like).

SEM micrographs of the specimens heat treatedffataiit partitioning tempera-
tures are shown in Fig. 3. Similarly, lath-type ptowology for martensite and film/is-
land-types for retained austenite are observedhese conditions. Cementite-carbide
(FeC) precipitations within the initial martensiteatwere characterized in a sample
partitioned at 45T for 100 s, and the dominant shape was quasigahenrith a
submicron size whereas, no carbide was observeplaftitioning temperatures of 300
and 400C for the same time. The higher partitioning terapse accelerates the kine-
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tics of competitive interactions like tempering initial martensite and as a result, it
provides a considerable potential for precipitating iron-carbide in initial martensite
at a shorter partitioning time. The microstructaféhe cementite-carbide in the speci-
men quenched to 238°C and partitioned at 450°CL&@r s was further examined in
higher magnlflcatlon by a FE-SEM micrograph (Fiy. 3
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Fig. 3. SEM micrographs of specimen quenched
to 238°C, partitioned at 30@)( 400 p) and 450°C¢, d):
RA — retained austenite; IM — initial martensite;
C — carbide.

The presence of carbides is of importabeeause it implies that the cementite
may not havdully dissolved and the available carbon conterdgsdootfully contribute
to the stabilization of the austenite in the indastprocessing conditions employed
[20]. Bainitic transformation was not observed partitioning temperatures of 400 and
450°C in this study and this may be due to the reltigbort partitioning time applied
in this study (100 s).

XRD results The average carbon content of the retained atestehtained for
different quenching temperatures is shown in FigA4 shown in this Figure, the
highest values of carbon content in one and two-@&P were 1.4022% and 1.3068%,
respectively which were obtained in optimum quenghemperature (238°C).

1.5 40
o 14 0 © _
-~ 13 - Fig. 4. Average carbon content
% 12 -40 § of retained austenite ad
S 11 80 = temperature of untransformed
’ austenite for specimen
1 210 238 270 -120 quenched to 210, 238 and 270°C,
[MCRA)1[ 1.1739 1.4022 1.1023 partitioned at the same
ECRA)-2|  1.0841 1.3068 1.1523 temperatures (-1);
- M-1| -471 -101.28 25.58 partitioned at 400°C (-2).
- M-2 33.28 -60.93 4.44

7,°C

A guenching temperature determines the fractiomaftensite that is supposed to
provide carbon for partitioning to the adjacenttange during the isothermal holding
following quenching [21]. An optimum quench tempgara is where just the right
amount of martensite is formed during the initisegch to carbon-enrich the untrans-
formed austenite after full partitioning to reduteMs temperature to room tempera-
ture [22], and yields a maximum amount of retaiaadtenite at the end of the process.
At quench temperatures above this optimum quencipgeature, substantial untrans-
formed austenite remains after the initial quenah the carbon escaping from the
lower volume of martensite is insufficient to stedg austenite such that fresh marten-
site is formed during quenching to room temperat@®elow the optimum quench
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temperature too much austenite is transformed éyrtial quench (although suffici-
ent carbon is available for its complete stabilaat [22]. The negligible fractions of
untransformed austenite cannot be receptive ta afloarbon atoms, thus the carbon
content of austenite is not considerable in thigt@n. Overall, an optimum quenching
temperature in Q&P process ensure a maximum cadooent for austenite that
minimizes itsMg temperature, and so maximizes its thermal stgbilihe optimum
quenching temperature of 238°C in this study caelduce theMs temperature of
austenite to —101.28°C and —60.93AMne-step and two-step Q&P, respectively. The
average carbon content of retained austenite fenciung temperatures of 210°C and
238°C was greater in one-step Q&P compared to te-@&P (0.0898%, 0.0954%),
whereas two-step Q&P could provide the more carxment (0.05%) for retained
austenite at a quenching temperature of 270°C.

The average carbon content of the retained austémit different partitioning
temperatures is shown in Fig. 5. With an increasgartitioning temperature from 300
to 450°C, activation energy for diffusion of the'lwan atoms from supersaturated mar-
tensite to adjacent austenite increases (see ¥itn 6ther words, the higher partition-
ing temperature accelerates kinetics of carborntijoming, increases the carbon content
of retained austenite from 1.3545 to 1.4023%, addices itdvls temperature ta20°C.
Carbide precipitation decreases an average cadiuent of retained austenite because
carbide formation consumes certain amount of caihomartensite, therefore there
may not be enough carbon for the stabilization ofransformed austenite during
cooling from partitioning temperature to room temgtere [23]. Despite all these,
apparently the kinetics of carbon partitioning bagn a dominant factor especially at
450°C, and this has led to increase in the avetageon content of retained austenite
to 1.4023%.

1.45 -50.00
1.4 6000
Fig. 5. Average carbon content = 135 r-70.00 o&
of retained austenite (columns) 5 L _80.00 =
andM; temperature of untrans- (% 1.3 i -90.00 =
formed austenite (curve) )
for specimen quenched 125 --100.00
to 238°C, partitioned 12 L -110.00
. . o 300 400 450
at 300; 400; 450°C. ECRA)| 1.3545 1.3068 1.4023
- M -81.10 -60.93 -101.32
L,.°C

The volume fractions of retained austenite foregdgght quenching and partitioning
temperatures are shown in Fig. 6. The optimum chiagctemperature could yield a
maximum amount of retained austenite (10.85% an88%8) in end of one and two-
steep Q&P.

For all guenching temperatures in this study tHeme fraction of retained auste-
nite was larger in two-step Q&P compared to onp-&P, and the differences for
quenching temperature of 210, 238, and 270°C w@&& 2.73, and 0.3%, respectively.
The difference in volume fractions of retained ange decreased in higher quenching
temperatures. With increase in quench temperatara 210 to 270°C, the volume
fraction of retained austenite first increased amived at a maximum at optimum
quenching temperature (238°C), and then decreased.

The volume fraction of retained austenite incredsst 10.14 to 11.43% with in-
crease in partitioning temperature from 300 to 458Ad it was because of the increase
in carbon content of untransformed austenite fro8545 to 1.4023%. This result is
similar to previous research [18] on 0.17C-1.65M888i—1.11AI-0.08P (wt.%) steel.
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Fig. 6. Volume fraction of retained austenite foec@men quenched to 210, 238 and 270°C,
partitioned at the same temperatures (-1); paréticat 400°C (—2)]
guenched to 238°C, partitioned at 300; 400 and @5bY.

CONCLUSION

An overview of the phase morphology during the egaion of one and two-step
Q&P process for 37MnSi5 steel is presented. Thet nmgortant observations are
summarized as follows: a combination of carbonedrad retained austenite with two
types of morphological structures including filrkdi and island-like, and martensite
with lath-type morphology as matrix were observedall conditions in this study.
Cementite-carbide precipitations within the maritenkaths were also characterized in
a sample quenched at 238°C and partitioned at 45%0°*@00 s, and the dominant
shape was quasispherical; an optimum quenchingdempe in Q&P process ensures
maximum carbon content for austenite that minimize®ls temperature, and so maxi-
mizes its thermal stability. The optimum quenchiegnperature of 238°C in this study
could reduce thés temperature of austenite to —101.28°C and —60.93@e-step
and two-step Q&P, respectively. With increase igugnch temperature from 210 to
270°C, the volume fraction of retained austenitst fincreased and arrived at a maxi-
mum at optimum quenching temperature (238°C), dmah tdecreased. The volume
fraction of retained austenite increased from 1@0121.43% with increase in partitio-
ning temperature from 300 to 450°C.

PE3IOME. 3a ocTtaHHi /iBa JECATUIITTS CIIOCTEPIral0Th 3HAYHY TEHJCHIIO JI0 PO3BHUTKY
HOBUX CTajedl TPETbOro IOKOJIHHS, SKi BUKOPHCTOBYIOTb B aBTOMOOLIBbHIN IPOMHCIOBOCTI.
[Ireep 3amporoHyBaB HOBY TepMOOOPOOKY — rapTyBaHHs/PpparMeHTyBaHHs (TOIiICHHS), KA €
HOBOIO CTpaTeTi€l0 BUPOOHUITBA CTaNeH, SKi MOETHYIOTh BUCOKY MILIHICTh Ta 3HAYHY JJOBI'OBiY-
HicTh. J[OCHI/PKEHO BIUIMB TEMIIEPATYPH rapTyBaHHs/(hparMeHTyBaHHs HAa MOP(]OJIOTito Ta MiK-
poctpykrypy cram 37MnSiS5. st uporo obpanu Taki Temneparypu crapinns: 210; 238ta
270%C. Iicns TepMooOpoOKH BH3HAYAIHM Ta MOPIBHIOBAIN MIKPOCTPYKTYPHI XapaKTEPUCTHKHU 3
BUKOPUCTAHHSAM CKaHIBHOT'O €JIEKTPOHHOIO T4 €MICIHHOr0 MiKpOCKOIIIB.

PE3IOME. 3a nocnenHue JBa JeCATUIICTHs HAOI0AaeTCs 3HAYUTENIbHAS TEHACHIHUS K pa3-
BHUTHIO HOBBIX CTaJIed TPETHEro MOKOJEHHS, KOTOPhIE HCIONIB3YIOT B aBTOMOOMIIBHOMN TIPOMBIIII-
nenrocty. [Imeep mpeamoxun HOBYIO TepMooOpaboTKy — 3akanka/pparmMentupoBanue (paszie-
JIeHUE), KOTOpast SIBJISETCS HOBOM CTparerneil NpOM3BOJACTBA CTaJeH, COYETAIONIMX BBICOKYIO
OPOYHOCTh M 3HAYUTENIBHYIO JOJITOBEYHOCTH. VICCIIeOBaHO BIMSIHHE TEMIEpaTyphl 3aKajiku/
(bparmMeHTHpOBaHHUs Ha MOP(OJIOTHIO U MHUKPOCTPYKTYpY cTaiu 37MnSiS5./lis atoro BeiGpanu
takue Temrepatypsl crapenus 210; 238u 270C. Tlocne TepMooOpabOTKU ONPEACISIN U CPaB-
HHUBAJI MUKPOCTPYKTYPHBIC XapaKTEPUCTHKU C HCIOIB30BAaHUEM CKaHUPYIOMIETO SIICKTPOHHO-
IO ¥ YMUCCHOHHOTO MHKPOCKOIIOB.
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