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Abstract. A new thermal processing route, Quench and Parititgp(Q&P), has been proposed recently as a way
to produce high-strength martensitic steels witbdyductility or toughness. It consists of quenghinsteel to a
suitable temperature and subsequently reheating ia higher temperature, the so called partitioning
temperature. During the latter heat treatmentbararis rejected from a carbon supersaturated ntien
microstructure into the remaining austenite, sizibijy the latter. The usual formation of carbidestempering

of martensite is suppressed by the presence oh@baAl. In the present contribution, the Q&P gess is
studied by means of dilatometry and differentiahrsung calorimetry (DSC). The effect of Si and &4
tempering is studied and the implications for Q&Bgessing are adressed.

1. INTRODUCTION

Increasing passenger car safety regulations anidoanvental concerns have led to the developmentirerdased
use of several types of advanced high strength gtades (AHSS). A primary goal of the developmehtAHSS
grades has always been the increase of the stremigtbut significant loss in formability. This allvs for the
production and application of thinner gauged, tsglength automotive body parts. The resulting el#se in car body
weight leads to reduced fuel consumption and eonssi Namely Dual-Phase (DP) and Transformatioruded
Plasticity (TRIP) steel are grades developed fooraotive applications.

A fundamentally new steel processing route, cadench and Partitioning (Q&P), has recently beeppsed by
Speeret al [1] in order to produce a new type of advanceghlstrength steel grade. This new concept consfsts
two-step process. After reheating in order to iobta fully austenitic or intercritical microstruety the steel is
guenched to a temperature (QT) which is lower thermartensite start temperaturesMut higher than the martensite
finish temperature (M. Hence, the microstructure at the quench teniperaonsists of martensite and untransformed
austenite. The second step of the process coosistther holding the steel at the QT for a lontiere (1-step Q&P) or
reheating the steel to a higher temperature, thealled partitioning temperature (2-step Q&P). ekfa time, Pt, at that
temperature a final quench to room temperaturevi@l The goal of the second step is to enriclatigtenite present at
the quench temperature with carbon via carbon tieplef the martensite laths, in order to decrétsb|, temperature
so that thermally stable austenite is obtained #fiefinal quenching to room temperature. Allayinith Al, Si and/or
P is believed necessary to suppress carbide faymatithe austenite and martensite. The use ail&t be restricted
for some applications since high-Si steels haver pmd-dip coatability [2]. A (partial) replacemeat Si by Al is
effective in retarding cementite formation witheutletrimental effect on galvanizability [3].

The amount of retained austenite depends on thédigaing time and temperature but is also depehdenthe
guench temperature since this temperature detesntitee potential level of carbon enrichment. A moetilogy has
been developed to determine an “optimum” quenchperature assuming that all the carbon is rejecteth fthe
martensite into the austenite and that no cartdadtion occurs [1,4,5,6,7]. The predicted retdinastenite fraction
is a maximum at the optimum QT [8].

Mechanical properties obtained after Q&P processingrades with a typical TRIP sheet steel compmsishow
potential for use in automotive applications sustpiélars and anti-intrusion barriers [5]. Veryhistrength levels are
combined with sufficient ductility. Notably highductilities are obtained with Q&P processing conegao quench &
tempering (Q&T), indicating the potential for gealeindustry applications. Since it is essentialtfe Q&P process to
suppress carbide formation, it is important to kribe effect of Si and Al on transition carbide aeenentite formation,
and their relative abilities to suppress carbidasng) Q&P. These issues are examined in the pregek.

2. EXPERIMENTAL PROCEDURE

Three steel chemical compositions were used in shisly as shown in Table 1 including Si, Al andASi/
modifications. The CMnSiAl steel was included hessthe CMnAl grade could not be fully austenitiziee to the
limited temperature of the salt bath. Laborataagtings were prepared as 100kg ingots in a Pféf&®%100 vacuum
melting and casting unit, operated under an Arqutdte atmosphere. The ingots were cut into blafka50mm width,
120mm length and 25mm thickness. The blocks weheated for 1 hour at a temperature of 1250°C ahddfied in
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3 passes to a final thickness of 3.5 mm. A coibimgulation was performed at 600°C. After picklithg steels were
cold rolled to a final thickness of 1mm.

Q&P of the CMnSi and CMnSiAl grade was done usialj baths. Specimens were austenitized for 3 ragat
900°C, quenched to the optimum quench temperatuepartitioned at 300°C during various partitigntimes in the
range of 10s-900s. The optimum quench temperataeecalculated using the approach proposed by $pesr[1].
A calculated optimum QT of 248°C was obtained fer €MnSi grade and 259°C for the CMnSiAl grade e TMnAl
grade was excluded from this step as it could raustenitized fully.

Austenite volume fractions were determined with ne&ig saturation according to the method proposewisthl
et al [9].

C Mn Si Al Az M

S
CMnSi 0.24 1.61 1.45 0.3 867 378
CMnSiAl 0.25 1.70 0.55 0.69 895 402
CMnAl 0.18 1.56 0.02 1.73 1017 471

Table 1: Chemical compositions of the investigatesteel grades (in wt%) and measured transformationegmperatures (°C).

4x10x1mm specimens for dilatometry were preparethfthe cold rolled sheet by spark erosion. A DBRAMD
Bahr type dilatometer in quenching mode was usedating under vacuum (f@nbar). Quenching was done with He
gas. Hollow push rods were used allowing high gberg rates in order to avoid ferrite/pearlite ddnite formation.
Specimens were fully reaustenitized, quencheddmrtemperature and reheated to 600°C at 10, 28n8A00°C/min
to study the tempering behavior. The measuredfoamation temperatures are given in Table 1. @arbuppression
being of key importance for the Q&P process, tippraach has been used for the detection of transitarbide
formation and assessment of the effect of Si andnAthis process.

Differential scanning calorimetry (DSC) was perfegsnusing a Netzsch 404C apparatus. Calibration was
performed by measuring the well-established melfiomts of high purity indium, tin, zinc, gold amickel. Pt pans
with an ALO; layer were used. To prevent oxidation, g&s was used at a flow rate of 50ml/min. An engaty was
used as a reference. The baseline was determinaechhing the same program with 2 empty crucibldge CMnSi
and CMnAl grade were used to study the effect adri8l Al separately. The mass of the specimensddrétween 20
and 70mg. Prior to DSC, the samples were fulleni8zed and quenched to room temperature in @atileter at
temperatures sufficient for full austenitizationtbé CMnAl grade. The DSC samples were cut froenditatometer
samples with a water cooled grinding disc. Temmemwas studied by heating the samples from roonpéeature to
600°C in the DSC at heating rates of 5, 10, 2030%¢€/min.

To study Q&P microstructure evolution and carbidenfation, Transmission Electron Microscopy (TEM)swa
performed with a Philips EM 420 operating at 120kWhe CMnSi and CMnSiAl grade, both fully austered,
qguenched to their calculated optimum QT and parné@d 120s at 300°C, were studied. Partitioninge tiamd
temperature were chosen so as to give a maximalmtnmad retained austenite. Thin foils were prepaby first
thinning to 70um using 1200 grit SiC grinding paper. Discs of B1miameter were cut from this thinned sheet and
electropolished in a Struers Tenupol jet polist@ng a solution of 95% perchloric acid and 5% acatid operating at
32V and a temperature of 13°C for 50s.

3. RETAINED AUSTENITE OBTAINED VIA Q&P FOR A CMnSi AND CMnSiAl GRADE

Retained austenite volume fractions obtained vidPQu&ocessing for the CMnSi and CMnSiAl grades aergin
Figure 1. For comparison, the amount of austepriésent after reaustenitization and water quencisiredso shown.
Comparable amounts of retained austenite at roonpdeature are predicted to be present at the optimuench
temperature in the two steels: 23vol% for the CMa&l 24vol% for the CMnSiAl.  An optimum partiting time of
120s is observed for both grades. Higher amouetsedained in the CMnSi grade than in the CMnSjrdde for all
partitioning times.

TEM thin foils were prepared from the samples parted for 120s. Representative mircographs aosvshin
Figure 2. Figure 2a shows the microstructure obthifor the CMnSiAl grade consisting of martendgiths and thin,
film-like retained austenite as shown in the daekdfimage in Figure 2b. A high dislocation deps# observed. The
fine martensitic laths show few transition carbid€$gure 2a). However, in the coarser laths titéorsicarbide
precipitation is more prevalent as shown in FigRceand Figure 2d. More precipitates seem to bseprtein the
CMnSiAl than in the CMnSi grade (Figure 2d). Ineffort to better quantify this observation, theeicarbide spacing
was determined from the two microstructures by tiognthe intersections with a reference line pedieuwar to the
carbide habit. The results indicated an approxénsaacing of 190m in the CMnSiAl grade and 3fuén for the CMnSi
grade. Better counting statistics and incorporatibstereological effects would be helpful to qtifgrthe intercarbide
spacing more accurately, however.

The absence of transition carbides in the finertemsitic laths may suggest that the martensiteasdly
decarburized. It also shows that the effectiverméss-enrichment of the austenite via Q&P may betailed by the
lath dimensions and thus diffusion distance. Qjetive transition carbide precipitation behaviortie martensite is
important in these steels; thus follow-up tempesnhglies were used to examine further the effecg and Al.
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Figure 1: Volume fractions of retained austenite otained via Q&P processing for the CMnSi and CMnSiAl
grades. The samples were fully reaustenitized, gnehed to the optimum quench temperature and partitboned at
300°C for 10-900s. For comparison, the austenitesictions, retained after reheating and subsequent ater
qguenching (WQ) are also indicated.

4. INFLUENCE OF Si AND Al ON CARBIDE FORMATION

Tempering reactions have been the subject of interisvestigation for more than 50 years [e.g.1Bpwever, the
influence that cementite-suppressing alloying adidit have on transition carbide formation has rexkiess attention
[11,12]. This may be related to the fact that ¢ison carbides usually do not have the same detriad effect on
mechanical properties that are found with cemerjfie14]. Although the influence of Si on retamglicementite
precipitation has been studied extensively [15,184], only a few studies have considered the anfte of Al [19,20].

Dilatometry and differential scanning calorimetrSC) are complementary techniques for the studythef
martensite tempering [21,22,23]. A DSC run anddésvative of the change in length obtained fa& @MnAl grade
at a heating rate of 20°C/min are shown in Figuré&Bnilar results were obtained for all grades hedting rates.

As shown in Figure 3, the DSC results suggest3tatents occur during heating. The activation giesrfor those
events were determined with the modified Kissiniger-method [24,25], based on the equation:

T2
n—=—E +inE)-ina [
Q RTf. R
WhereE is the activation energy in J/mé\is the pre-exponential factoT,f, is the temperature at which the maximum

reaction rate occurs [24] corresponding to a ceffraiction ') of phase transformed amgs the heating rate in K/min.
The results are shown in Table 2. The five evemts characterized as likely involving carbon seatieg and

clustering, &/n precipitation, y,e¢ decomposition and cementite formation. An expli@nmafor this interpretation is
provided in the following paragraphs.

An activation energy of about 56-58kJ/mol was otedi for the first event. There was no significaffect of
alloying on the activation energy and no significlemgth change in the dilatometric signal was olee for this stage.
This event might be related thislocation pinning and clustering However, slightly higher activation energies for
Cottrell atmosphere formation and clustering angallg reported for this process, namely 79-85kJ/[26], similar to
the activation energy for carbon diffusion in a bon lattice (84kJ/mol [27]).

The activation energies for the second event aikIthol for the CMnSi grade and 116kJ/mol for thlral
grade based on the observed DSC peak positiong rdflacement of Si by Al results in a decreasaditivation
energy. A decrease of specific length was obsefwedll compositions in this temperature rangectivation energies
of 111-142kJ/mol along with length decreases wepented by Morrat al for Fe-1%C grades [23] and were related to
the precipitation of and/or 7 transition carbides The activation energies are intermediate betwieese for diffusion
of carbon in bcc iron (80kJ/mol) and for diffusiofiiron along dislocations (pipe-diffusion, 152kaln Dislocations
are expected to be present to accommodate the besfveen the transition carbide and the matrix.

King and Glover [11] found that the activation emeffor the first stage of tempering is influenceg darbon
content and increases by 35.56kJ/mol per wt% Cis phredicts a difference of 2kJ/mol due to theed#ht carbon
levels in the present steels. Si reportedly ireeedhe activation energy by 10kJ/mol per wt% Si h1%C steel [11].
This was assumed to be related to an increaseedhédrmodynamic activity coefficiegt of the dissolved carbon and
the effect on the lattice spacing [11]. Si decesdbe lattice spacing ofiron causing an increase in the lattice strains
associated with the precipitation®tarbide [11].
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Figure 2: Representative micrographs of the CMnSiad CMnSiAl grades after Q&P processing. The steels
were fully austenitized, quenched to the calculatedptimum QT and partitioned at 300°C for 120s. aBF image
of the CMnSiAl Q&P microstructure showing fine martensitic laths with high dislocation density b) DFrnage
revealing fine thin-film retained austenite c) trarsition carbides observed in the coarser laths in thCMnSiAl
grade d) transition carbides in the coarser lathsri the CMnSi grade; a larger intercarbide spacing iobserved as
compared to the CMnSiAl grade.

As indicated by Leslieet al [19], Si increases the activity coefficient ofrlwan in ferrite, while Al decreases the
coefficient. The effect of Al on the lattice spag$ is not reported in the literature. Al is nosalid solution
strengthening element, unlike Si.

It is important to notice that nucleation sites fansition carbides might already be present aftenching and
thus be present before the DSC run. This makesxperimental determination of the activation egefgyr the
formation of the precipitates more difficult. Theeasured activation energy might be the activatioergy for the
growth of the precipitates more than an activatmergy for nucleation+growth. This issue might dspecially
relevant in the present case. Since the CMnAlagtaas a significantly high Memperature (Table 1§/n nuclei are
likely to form during cooling. Thus, the activaticenergy measured subsequently might not fully actdor
nucleation. Since there is an important differeircé/ls temperatures between the CMnSi and CMnAl grades, t
effect might also contribute to the lower activateEnergy found for the CMnAl grade.

The third event is associated with a significafease of heat and an increase in length sugged¢iogmposition of
retained austenite into a ferrite+carbide mixtur&he values for the activation energies are 1/2dalfor the CMnAl
grade and 202kJ/mol for the CMnSi grade. Owen faBhd activation energies for the second stagemfpering in
the range of 113-174kJ/mol. He concluded thatgsbeond stage of tempering is carbon diffusion alleti and
attributed the retardation of decomposition by @liaon to the influence of Si on the carbon diftusprocess. Morra
also suggested interface controlled growth, refgrto the kinetic analysis (140kJ/mol) for the a transformation in
Fe-Mn alloys [23].

The fourth event exhibits a pronounced length desgeand heat release and is related toptkeipitation of
cementite The values for the activation energies obtaiaex233kJ/mol for the CMnSi grade and 245kJ/moltlier
CMnAIl grade. Owen found an activation energy of R2/mol at this stage for a Si-containing steefjdod agreement
with the present result. A clear retardation oheatite precipitation by Si was found and was ladited to the build-up
of Si in front of the advancing cementite/matrixeiriace [15]. Since Si has little solubility inroentite, it is rejected
by a growing cementite particle causing an enriattnoé Si at the interface. For the precipitationcontinue, Si must
diffuse away from the interface and carbon neediiffase in the opposite direction (from the matrixthe interface).
At low Si concentrations the process is controligdthe diffusion of carbon, but at higher Si leydle process is Si
diffusion controlled. The activation energy fordsifusion in bcc iron is reported to be 229 kJ/riz8]. This supports
the theory proposed by Owen since the activati@rggnfor cementite precipitation was found to b& &Xa/mol [15]
and 233 kJ/mol in the present study. The builedu$i at a ferrite/cementite interface has beeifigerexperimentally
by means of Field lon Microscopy [18].
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Figure 3: Derivative of the dilatometric change inlength (left axis) and DSC heat flow (right axis) btained for
the CMnAl grade. The specimen was fully reausteriied, quenched to room temperature and reheated 800°C
at 20°C/min. The DSC curve shows 5 events corregmting to the pre-precipitation and 4 tempering stags. The

direction of heat flow for exothermic reactions isndicated.

The replacement of Si by Al apparently increasedeéimperature at which the process occurs andhleuectivation
energy for cementite precipitation. As is the daseSi, Al has no significant solubility in cemést[19]. Hence, for a
cementite precipitate to grow, it has to reject Athe A similar mechanism as proposed by Owen mawtting. This
hypothesis is supported by the activation energg4%kJ/mol, obtained for the CMnAl grade which Isse to the
activation energy for the diffusion of Al in bcoir (241kJ/mol). It should be noted that this atton energy is higher
than the activation energy for Si diffusion in bamn. The increased activation energy might exptae more effective
retardation of cementite formation by Al comparedSi. One might question the greater retardatiboesnentite
formation when alloying with Al, which contradictise observed reduced activation energyyfadecomposition. It
should be noted that the exact mechanism by whiehdecomposition of the retained austenite occunsot well
known, and alloying effects may be different depegdon the rate controlling process of interesurtfier work is
clearly needed in this area, but one hypothesihas the strong ferrite stabilizing aspect of Abging may drive
austenite decomposition [28], while the diffusiyéglubility (in ©) controls cementite precipitation within the
martensite.

The last event is associated with a heat releasd@ dength decrease. This event might be relateecbveryof the
martensite. The activation energy could only béemigined for the CMnSi grade and amounts 259kJ/m®dhe
diffusion of iron in bcc iron is reported to have activation energy of 241 kJ/mol. This suggelsé tron diffusion is
the rate controlling process as expected for regove

C clustering e Yiet dECOMP 0 Recrystallization
CMnSi 56 127 202 233 259
CMnAl 58 116 124 245 -

Table 2: Activation energies calculated from the DS data for the 5 events observed (in kJ/mol).

diffusion in bcc iron (kJ/mol) diffusion in fccan (kJ/mol)
Fe 241 [29,30] 268 [30], 291 [29]
C 123 [30] 142 [30]
Si 229 [29] 243 [29]
Al 241 [29] 257 [29]

Table 3: Activation energies for element diffusiorin bcc and fcc iron (in kd/mol) [29,30].

5. IMPLICATIONS FOR THE QUENCHING AND PARTITIONING PROCESS

The low activation energy obtained for the preaif)iin of transition carbides during tempering ia @MnAl grade
is consistent with the TEM observations of the Q&€els, where a smaller intercarbide spacing irCii@SiAl grade
(compared to the CMnSi grade) may reflect easeuofetion. Better inhibition of transition carbifmation by Si
may explain the higher retained austenite fractibtained after Q&P processing for partitioning timep to 120s and
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at 300°C since a tradeoff exists between carboretiep of the martensite by carbide formation anddarbon
rejection into the austenite. After the optimunmtipaning time of 120s, austenite decompositionyneacur. Al has
been shown to decrease the stability of the reda@nestenite, which may explain the lower retainestenite fractions
for the CMnSiAl grade at longer partitioning times.

6. CONCLUSIONS

The main conclusions of the present study are:

- lower retained austenite volume fractions are olethifor a CMnSiAl steel compared to a CMnSi steigh w
similar carbon content after Q&P processing.

- transition carbide formation was not prominent lwe fine martensite laths for both steels indicating the
effectiveness of carbon depletion of the martenattes by Q&P

- in the bigger laths, transition carbides were present. Trasitiarbide nuclei may form during quenching in
steels with high Mtemperatures.

- Al may be less effective in retarding transitiomtide formation based on the DSC and carbide spaeisults
here.

- Al seems to retard cementite formation by a simit@chanism as proposed for Si.

- A higher activation energy is found for cementitenfiation in the Al-added grade, in contrast to ltheer
activation energy associated with transition caelgcecipitation.
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