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Abstract

The quenching and partitioning response of intercritically annealed steel with

aluminum contents in the 2-3 wt.% range and a carbon content of 0.2 wt.%

was studied. Two types of morphologies for retained austenite were observed in

electron backscatter diffraction studies: blocky, untransformed austenite grains

and partially transformed austenite located primarily at prior austenite and

packet boundaries. The amount of retained austenite was found to correlate

with the initial quench temperature, as well as with the uniform elongation of

the specimens in subsequent tensile testing. The transformation characteristics

of austenite were rationalized on the basis of prior austenite grain size and

inhomogeneous carbon distribution. The martensite transformed during the

initial quench was found to favor Σ3 twin-type lath combinations, supplemented

by neighboring variants providing self-accommodation.
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1. Introduction1

Quenching and partitioning has been shown to produce excellent mechanical2

properties for silicon-alloyed steels quenched from a fully austenitized condition3

[1]. However, the necessity to quench the steel from a fully austenitized state to4

an intermediate quench temperature (in the 200-350 ◦C range) requires signifi-5

cant adjustments to existing annealing lines to accurately obtain these temper-6

atures. In addition, silicon makes hot dip galvanization a difficult procedure,7

precluding the use of these alloys in applications where corrosion protection is a8

necessity [2]. This is a big hindrance, considering that the major target applica-9

tion for high-strength steels is the automotive industry. Finally, new production10

methods and structural designs are required to fully take advantage of the en-11

hanced properties.12

13

A logical step on the way to adopting quenched and partitioned microstruc-14

tures would be the development of an intermediate-level grade in terms of15

strength, galvanizable with the current level of technology, which would still16

benefit from the increased formability resulting from the Q&P treatment. A17

dual-phase steel with a quenched and partitioned microstructure replacing the18

martensitic phase would fulfill these requirements. Aluminum is an alloying19

element that has frequently been used to achieve the same effect as silicon in20

TRIP steels, and it has been shown to allow for hot dip galvanizing [2].21

22

In this work, we conducted quenching and partitioning experiments, com-23

bined with intercritical annealing, on two high-aluminum TRIP-type steels with24

a nominal carbon content of 0.2 wt-% and aluminum content in the 2-3 wt.%25

range. The focus was on the morphology and transformation characteristics of26

the martensite and intercritical austenite investigated primarily through elec-27
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tron backscatter diffraction (hereafter EBSD). Additionally, the partitioning of28

carbon from martensite to austenite was investigated through x-ray diffraction29

(hereafter XRD) and Mössbauer measurements at a range of partitioning times.30

The mechanical properties of the steels were investigated through tensile testing.31

32

2. Martensite transformation from intercritical austenite33

The model used by Speer et al. [3] to explain the microstructural evolution34

of steel during quenching and partitioning can be used to obtain a prediction35

for the maximum amount of retained austenite (and corresponding quench tem-36

perature Tiq) for a given alloy composition. This estimate is largely based on37

the amount of carbon needed to lower the martensite start temperature Ms of38

retained austenite to just below room temperature, according to the particular39

equation or method selected for calculating Ms for a given steel composition.40

The carbon for stabilizing the retained austenite is assumed to diffuse from41

supersaturated martensite formed during a partial martensitic transformation42

that has been interrupted by quenching to a temperature Tiq, which is necessar-43

ily above the martensite transformation finish temperature Mf . This diffusion44

of carbon from martensite to austenite is referred to as partitioning and is45

performed either at Tiq or at a slightly elevated temperature Tp. The assump-46

tion is that carbide precipitation is suppressed or delayed during partitioning47

by suitable alloying elements. Ideally, the resulting microstructure consists of48

carbon-rich retained austenite in a carbon-free martensitic matrix.49

50

From a Q&P perspective, an intercritical annealing temperature between51

Ac1 and Ac3 opens up some interesting heat treatment design possibilities. By52

selecting the annealing temperature to produce a smaller fraction of intercritical53
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austenite, the austenite alloying composition corresponding to thermodynamic54

equilibrium changes and most notably the carbon content of the austenitic phase55

increases. Thus by carefully selecting the intercritical annealing temperature,56

the Ms temperature of the selected alloy can be modified and the optimal quench57

temperature can be controlled, which may be desirable from a production point58

of view.59

60

For binary alloys, the chemical composition of the phases at an intercritical61

equilibrium can be readily obtained from phase diagrams by using the lever62

rule. In the case of multicomponent alloys, it is a common practice to use a63

suitable thermodynamic database, such as JMATPRO R© [4]. A phase fraction-64

temperature diagram can be constructed to predict the phase fractions and65

compositions for a desired range of intercritical annealing temperatures. The66

basic Q&P methodology can be used in combination with this information to67

gain an idea of the potentially available microstructures and properties.68

69

An example calculation for a hypothetical intercritically annealed steel with70

the composition Fe-0.2C-2Mn-2Al (wt.%) is shown in Figure 1. The phase frac-71

tions and compositions were calculated for the steel alloy using JMATPRO R©
72

[4], at a temperature range of 750-900 ◦C with 10 ◦C intervals. For each an-73

nealing temperature interval, the composition of the austenite phase was used74

to calculate the quench temperature resulting in maximum retained austenite75

according to the methodology by Speer et al. [3]. The Ms temperatures were76

calculated based on the semi-empirical method proposed by Bhadeshia [5, 6]77

that balances the calculated available driving force for martensitic transforma-78

tion against the chemical free energy change accompanying the transformation79

from austenite to martensite, taken as an empirically determined linear rela-80
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tionship depending only on carbon content. Substitutional alloying elements81

are taken into account by allowing for their effects on the magnetic and non-82

magnetic components of the transformation free energy change, as well as the83

effect on carbon-carbon interaction energy. The Koistinen-Marburger equation,84

modified by Van Bohemen-Sietsma’s kinetic equations [7, 8], was used to cal-85

culate the extent of the martensitic transformation with respect to temperature:86

87

Vm = 1− e(−k(Ms−T )) (1)

In Equation 1, T is the temperature in K, Ms is the temperature of the onset88

of martensitic transformation in K and k is an empirically determined variable.89

The effect of chemical composition on k was determined by van Bohemen and90

Sietsma to follow Equation 2:91

k−1 = 0.0224−0.0107C−0.0007Mn−0.00005Ni−0.00012Cr−0.0001Mo (2)

The amount of each alloying element in Equation 2 is in wt-%. The Equa-92

tion indicates that increasing carbon content strongly decreases the rate of the93

martensitic transformation with respect to temperature.94

95

Figure 1a) shows that the choice of intercritical annealing temperature has96

a significant effect on the balance of phases after final quenching, primarily97

affecting the balance of ferrite and martensite. A lower intercritical anneal-98

ing temperature results in a lower optimal Tiq, as well as a reduced amount99

of martensite in the final microstructure. The equilibrium composition for the100

intercritical austenite phase is shown in Figure 1b). In effect, full partitioning101
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Figure 1: Calculations with Speer’s method for modeling the optimal Q&P quench temper-
ature for various intercritical austenite fractions and chemical compositions (modeled with
JMATPRO R© [4]). Figure 1a) shows the calculated Tiq resulting in a maximum amount
of retained austenite, as well as the maximum retained austenite content and corresponding
martensite fraction with respect to annealing temperature. Figure 1b) shows the equilibrium
composition of the intercritical austenite phase.

of all elements dictated by thermodynamic equilibrium is assumed to have oc-102

curred between the phases. This state is assumed to be maintained until the103

conclusion of the initial cooling step to Tiq. It should be noted that the austen-104

ite fraction corresponding to the composition at each temperature in Figure 1b)105

can be extracted from Figure 1a) by the addition α′ + γ.106

107

In Figure 1a), the quench temperature resulting in maximum retained austen-108

ite is calculated on the assumption that the steel alloy has reached thermody-109

namic phase and compositional equilibrium. Achieving this state will take time,110

however, determined by the kinetics of austenite nucleation and growth. It was111

shown by Garcia et al. [9] that for a 0.22C-1.5Mn steel with a cold rolled start-112

ing microstructure, it took approximately ten hours to achieve thermodynamic113

equilibrium of 42 vol.% austenite when annealing at 725 ◦C. This type of slow114

growth has been attributed to the slow rate of substitutional diffusion of heavier115

alloying elements (such as Mn or Cr) [9, 10, 11], which becomes the controlling116
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factor at temperatures close to Ac1.117

118

Aluminum is an alloying element that raises Ac1 and Ac3 temperatures sig-119

nificantly [12]. This is shown by Figure 1, in which thermodynamic equilibrium120

at 850 ◦C corresponds to nearly 44 vol.% of austenite. A prior study by some of121

the present authors [13] showed that for this approximate composition (Steel A122

in Table 1), the observed austenite volume fraction after 3 minutes of annealing123

at 850 ◦C was approximately 29 vol.%, rising to 35 vol.% when annealing time124

was increased to 1 hour. These results suggest that aluminum additions at a125

range of 2-3 wt.% have a significant slowing effect on austenite growth kinetics.126

For comparison, it has been shown that full austenitization takes 3 minutes for127

a 0.22C-1.5Mn steel [9] at 850 ◦C.128

129

Additionally, it was observed in the prior study [13] that austenite grain size130

remains very small in the intercritical condition for high-aluminum steels. Rep-131

resentative micrographs are shown in Figure 2. After three minutes of annealing,132

austenite grain size (reported as area weighted point-sampled intercept length)133

was on the order of 1 µm with a standard deviation of approximately 0.5 µm,134

with a slight increase to approximately 1.5 µm with 1 µm standard deviation135

after annealing for one hour. Figure 3 shows a prediction for the distribution136

of undercooling to Ms using the model proposed by Yang and Bhadeshia [14]137

for an Ms grain size correction. The Figure shows the results as a normalized138

histogram, along with a fit for a gaussian standard deviation function.139

140

It was shown [13] that by correcting the Ms calculation to account for the141

observed phase fractions and grain sizes the calculated Ms value becomes close142

to the experimentally observed value. Thus, the deviation between the observed143
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Figure 2: The effects of intercritical annealing for Steel A (refer to Table 1) at 850 ◦C for
a) 1 hr and b) 3 minutes, shown on EBSD band contrast images overlaid with reconstructed
austenite grain map colored with IPF TD coloring (see a) for color key). The maps represent
15 × 15 µm areas measured at a step size of 0.05 µm. Regarding references to color, see the
online version of the article.

low Ms values and the high predicted values is clearly related to the slow austen-144

ite growth kinetics and the small austenite grain sizes in the initial prediction.145

The evidence suggests that high aluminum contents slow down austenite for-146

mation kinetics at temperatures where leaner steel alloy compositions (such as147

those studied by Garcia et al. [9]) would have quickly reached equilibrium. The148

kinetics of austenite formation and growth must therefore be taken into account149

to determine Q&P processing parameters.150

151

Based on Figure 3, quenching to a temperature Tiq will in practice likely152

not result in a uniform martensitic transformation in the material, even if the153

grains are chemically homogenous. More likely, the resulting microstructure154

will consist of prior austenite grains that have each undergone a martensitic155

transformation to a degree specified in part by their grain size, as well as chem-156

ical composition. It was observed by Jimenez-Melero et al. [15] in synchrotron157

studies for high-aluminum TRIP steels that significant variation exists in the158

carbon concentration and grain size from grain to grain. In their studies, the159
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Figure 3: Histogram describing the calculated additional undercooling ∆T to Ms caused
by prior austenite grain size for a steel with a measured Ms of 170 ◦C and a grain size
distribution of approximately 1.5 µm ± 1 µm . Calculated with the equation proposed by
Yang and Bhadeshia [14] using the measured grain size and Ms data from prior work [13].

carbon contents in individual austenite grains ranged from 0.8 to 1.4 wt.% in a160

TRIP steel with composition Fe-0.2C-1.5Mn-1.8Al-0.37Si (wt.%). It is therefore161

probable that when quenching an intercritically annealed high-aluminum steel162

to a specific Tiq, some austenite grains are transformed to a very limited degree163

while others may have undergone a full or nearly full martensitic transformation.164

165

An example calculation for a hypothetical 0.2C-2Mn-2Al (wt.%) composi-166

tion is shown in Figure 4. It is assumed that the intercritical annealing has167

resulted in a 25 vol.% austenite fraction. All of the carbon is assumed to have168

fully partitioned into the austenite during annealing, giving an average austen-169

ite carbon content of 0.8 wt.%. The average austenite grain size is assumed to170

be Lavg = 1.5 µm, resulting in Ms = 130 ◦C using Bhadeshia’s method and the171

grain size correction by Yang et al. [14] The austenite grains are assumed to172

have a size distribution that allows the existence of two grains of size L1 = 2 µm173

and L2 = 1.5 µm. The carbon contents are assumed to be Cγ1 = 0.7 wt.% for174

the large grain and Cγ2 = 0.8 wt.% for the small. Both grain sizes and carbon175
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L = 2 mµ
= 0.7 wt.%Cγ

fm = 60 vol.%

L = 1.5 mµ
= 0.8 wt.%Cγ

T =iq

90 °C

Cγ = 1.8 wt.%

Cγ = 1.2 wt.%

Cγavg = 0.8 wt.%Ms = 130 °Cavg Lavg = 1.5 mµ

Tiq

Tiq Tp

Tp

f = 35 vol.%m

Figure 4: A schematic describing the degree of martensitic transformation at a specific Tiq ,
as well as the final carbon content after partitioning for two austenite grains with a varying
size and carbon content.

contents are well within the distributions observed in previous studies [15, 16].176

The intercritically annealed steel is subjected to a quenching and partitioning177

treatment with Tiq = 90◦C, followed by full partitioning. Ms is then recalcu-178

lated for grains 1 and 2 and the extent of the martensitic transformation at179

Tiq = 90◦C is determined separately using the Koistinen-Marburger equation.180

Figure 4 shows that for the large, low-carbon grain, the martensite fraction fm181

reaches 60 vol.% during the initial quench, while the smaller grain transforms182

only to the extent of 35 vol.%. Assuming full partitioning, this results in a183

1.8 wt.% carbon content for the larger grain and 1.2 wt.% for the small grain.184

The extent of martensitic transformation during the initial quench and the con-185

sequent potential austenite stability is completely different for the grains. The186

situation is further complicated by the fact that (following a similar calculation)187

grains below the size of 1 µm and with carbon contents above 0.85 wt.% will188

not transform at all during the initial quench.189

190

Based on the calculations, it is probably not practical to seek a homoge-191
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nous partial transformation of the austenitic phase after intercritical annealing192

within industrially relevant timeframes. It is more likely that in practice, after193

quenching to a specific Tiq, some austenite grains are transformed to a very lim-194

ited degree while others undergo a nearly full martensitic transformation. The195

large grains with low carbon contents will transform to a greater degree than196

small grains with high carbon contents. It follows that the austenite grains that197

have undergone a larger degree of transformation will have a greater individual198

volume fraction of carbon-supersaturated martensite from which to partition199

carbon into the remaining austenite.200

201

The resulting microstructure of a quenched and partitioned intercritically202

annealed steel could then be considered to share certain microstructural as-203

pects with TRIP (untransformed, small-sized blocky austenite) and DP (islands204

of martensite with a small amount of high-stability retained austenite) steels.205

The aim of the experimental section in this study was to determine the heat206

treatment parameters to produce this kind of microstructure for high-aluminum207

steels, as well as characterize the resulting microstructure, crystallography and208

mechanical properties to a relevant degree.209

3. Materials and Methods210

Two high-aluminum steels with a nominal carbon content of 0.2 wt.% were211

prepared for the studies (hereafter referred to as steels A and B). The steel com-212

positions are shown in Table 1. Approximately 1 wt.% of Cu and 0.5 wt.% of Ni213

were added to the composition of Steel B to offset the increase in Ac3 caused by214

the high aluminum content. The alloys were vacuum-cast as 40× 40× 180 mm215

billets into a water-cooled copper die. The specimens were annealed at 1200216

◦C for 30 minutes prior to hot rolling in a laboratory rolling mill. The samples217
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were hot rolled into 3 mm sheets with the finishing rolling temperature at 900218

◦C, quenched to 600 ◦C and insulated to cool slowly overnight, thus simulating219

the cooldown after coiling. The samples were then cold rolled into 60 mm wide,220

1.3 mm thick strips, from which 10×60 mm heat treatment specimens were cut.221

222

The specimens were then subjected to quenching and partitioning treat-223

ments. A thermocouple was attached to each specimen and the temperature224

was monitored to ensure the validity of the heat treatment cycle and to deter-225

mine the cooling and heating rates. The specimens were held in a laboratory226

tube furnace and heated at an average heating rate of approximately 4 ◦C/s to227

850 ◦C, followed by a 4 minute soak. They were then immersed into a heated228

oil bath, allowed to cool at an average cooling rate of 25 ◦C/s and held at Tiq229

for 10 seconds. This was followed by partitioning by immersing the specimen230

into a molten salt bath at 450 ◦C, corresponding to an average heating rate of231

approximately 25 ◦C/s followed by holding for the given partitioning time. The232

heat treatment parameters for the steels are listed in Table 2. Three specimens233

were prepared for each heat treatment condition: one for microstructural char-234

acterization via x-ray diffraction (hereafter XRD) and EBSD, two for tensile235

testing.236

237

Tensile testing was carried out using an Instron 8800 servohydraulic materi-238

als testing machine. Non-standard tensile specimens were prepared by precision239

milling a 6 mm long, 3.5 mm wide gage area into the centre of each specimen.240

Table 1: Chemical compositions of the investigated steels.

Element [wt.%] C Mn Si Al P Ni Cu Nb Cr
Steel A 0.19 1.99 0.38 1.96 0.05 0.02 0.02 0.03 0.11
Steel B 0.22 2.03 0.04 2.93 0.01 0.48 0.96 0.03 0.12
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Table 2: The heat treatment parameters of the tested specimens.

Steel Tq, Tp, tp,
[◦C] [◦C] [s]

A

10
100 450 100

1000
10

125 450 100
1000

B

10
50 450 100

1000
10

75 450 100
1000
10

100 450 100
1000

Each specimen was tested in tension to fracture at a strain rate of 0.001 s-1.241

242

The specimens were prepared for x-ray diffraction by grinding with P800243

silicon carbide paper to remove 0.2 mm of material from the specimen surface,244

followed by grinding with progressively finer grit size up to P2000. Finally, the245

specimens were electrolytically polished with a Struers Lectropol-5 polishing246

unit for 12 seconds at 40 V using the Struers A2 electrolyte. The XRD analyses247

were conducted with the Panalytical Empyrean X-Ray diffractometer using Co248

Kα-radiation and a Fe filter (48◦ < 2θ < 130◦, 40 kV, 45 mA). The peaks used in249

the analysis were (110), (200), (211) and (220) for martensite and (111), (200),250

(220) and (311) for austenite. The retained austenite fraction was calculated251

from the integrated peak intensities using the methodology defined in ASTM E252

975-95 [17]. The average lattice parameter aγ was calculated from the austenite253

peaks and used to calculate the carbon content of austenite with the following254

equation [15]:255
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256

aγ = 3.556 + 0.0453xC + 0.00095xMn + 0.0056xAl (3)

where aγ is in Å and xC , xMn xAl are in wt.%.257

258

The EBSD specimens were sectioned from the XRD specimens at the loca-259

tion of the thermocouple, ground and polished with 0.1 µm colloidal silica used260

in the final polishing step. EBSD studies were conducted with a Zeiss Ultra261

Plus UHR FEG-SEM system fitted with a Nordlys F400 EBSD detector, using262

a 20 kV acceleration voltage, 120 µm aperture, and 14 mm working distance.263

264

Mössbauer spectroscopy was conducted to obtain information on the effect265

of partitioning time on austenite carbon content and carbide volume fractions.266

Salt bath heat treatments were performed to obtain specimens for testing. 18x60267

mm specimens were cut from the cold rolled sheets and annealed by immersion268

in a 850 ◦C salt bath for a holding time of four minutes. The specimens were269

then immersed in a heated oil bath of temperature Tiq = 75◦C, after which270

they were immediately transferred to a 450 ◦C salt bath for partitioning times271

of 10 s and 1000 s. The Mössbauer specimens were ground by hand to 0.1272

mm thickness and then immersed in a chemical polishing solution of 10:10:1 de-273

ionized water:hydrogen peroxide (70% water:30% H2O2):hydrofluoric acid (52%274

water: 48% hydrofluoric acid) until they had thinned to approximately 30 µm275

thickness. The measurements were carried out in the manner described in [18],276

using the same spectrometer.277
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4. Results278

Figure 5 shows the combined results for yield strength, ultimate tensile279

strength (UTS), uniform elongation (Ag), total elongation and retained austen-280

ite contents for Steels A and B with respect to the initial quench temperature281

Tiq. There was no significant variation in the austenite carbon content of the282

steels determined with XRD. Both steels had a carbon content of approximately283

1.15-1.2 wt.% regardless of Tiq. It should be noted that the carbon contents were284

calculated with Equation 4 using the average chemical composition of the steels.285

286

In Figure 5, the total elongation εtot has been calculated to correspond287

to standard test geometry of 120 mm x 20 mm gage section using the Oliver288

equation as implemented by ISO 2566/1 [19]:289

A2 = A1 × (
k1
k2

)n (4)

where A2 is the calculated elongation value, A1 is the known elongation290

value, k1 and k2 are the proportionality ratios of the two test pieces, and n is a291

material dependent constant. The standard adopts n = 0.4.292

293

Tiq is found to correlate with the fraction of retained austenite, as well as294

uniform elongation Ag and total elongation εtot. Tiq appears to have an inverse295

correlation with the yield point Rp05 and ultimate tensile strength.296

297

Examples of the stress-strain curves are shown in Figure 6 for both Steels at298

all quench temperatures and with the partitioning time of 100 s. There was no299

appreciable change in the shape of the curves with increased or decreased parti-300

tioning time. Figure 6b) shows that increasing Tiq clearly increases the amount301

of work hardening in Steel B, as well as the ductility. The effect of Tiq on work302
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Figure 5: Yield point Rp05 and ultimate tensile strength UTS (a and b), uniform elongation
Ag and total elongation (c and d) and retained austenite contents (e and f) for Steel A (a, c,
e) and Steel B (b, d, f), with respect to Tiq .
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Figure 6: Engineering stress-strain curves for a) Steel A and b) Steel B. Tiq is indicated in
the legend. The elongation after necking is uncorrected (compare to Figure 5).

hardening is much smaller in the case of Steel A, for which work hardening is303

significant for both quenching temperatures. At Tiq = 100 ◦C, steel B exhibits304

a similar degree of hardening to steel A. A knee in the yield point can also be305

observed in the stress-strain curve of steel A, as indicated in the enlarged view306

in Figure 6a).307

308

Figure 7 shows EBSD band contrast images for the steels. For both steels,309

the microstructure consists of intercritical ferrite and austenite that has par-310

tially transformed to martensite. The prior austenite grains in Figure 7a) and311

c) can be divided into untransformed, partially transformed and completely312

transformed categories. Figures 7b) and 7d) show examples of sub-micron re-313

tained austenite grains intermixed with martensite that clearly originate from314

the same prior austenite grain.315

316

The Mössbauer specimens exhibited similar behavior with regards to re-317

tained austenite content. The low amount of carbides present in the microstruc-318

ture of the specimens precluded the resolution of η-carbide and cementite, so319
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Figure 7: EBSD band contrast images overlaid with retained austenite grain map colored
with IPF TD coloring (refer to Figure 2a for color key). Phase boundaries corresponding
to K-S orientation relationship with 5 degree tolerance indicated with white. Intercritical
ferrite grains have been emphasized with blue overlay. The maps represent 15 × 15 µm areas
measured at a step size of 0.05 µm (a,c) and 5 × 5 µm areas measured at a step size of 0.02
µm (b,d) for Steel A, Tiq = 125◦, tP = 100s (a,b) and Steel B (c,d), Tiq = 100◦, tP = 100s.
Regarding references to color, see the online version of the article.

they are referred to here only as ”carbide”. After ten seconds of partitioning,320

Steel A had 10.0 at.% Fe as retained austenite and 0.09 at.% Fe as carbide.321

After 1000 s of partitioning, the austenite Fe fraction had decreased to 8.0 at.%322

and the carbide Fe fraction increased to 0.46 at.%. After ten seconds Steel B323

had a retained austenite Fe fraction of 11.4 at.% and a carbide Fe fraction of324

0.25 at.%. After 1000 s, the austenite Fe fraction was measured at 12.5 at.% and325

the carbide Fe fraction as 0.19 at.%. Also, after 1000 s, Steel B was measured326
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Figure 8: EBSD band contrast images overlaid with retained austenite grain map colored
with IPF TD coloring (refer to Figure 2a for color key). Phase boundaries corresponding to
K-S orientation relationship with 5 degree tolerance indicated with white. Intercritical ferrite
grains have been emphasized with blue overlay. The maps represent 10 × 10 µm areas for
a) Steel A and b) Steel B quenched to Tiq = 75 ◦C and partitioned at 450 ◦C for 1000 s.
Regarding references to color, see the online version of the article.

to have an austenite carbon content of 5.2 at.% = 1.12 wt.%, in reasonable327

agreement with the XRD measurements.328

329

The heat treatment cycle of the Mössbauer samples differed significantly330

from the other samples studied here. Consequently, EBSD measurements were331

made to ascertain whether the results are comparable from a microstructural332

point of view. Figure 8 shows the EBSD results. The amount of completely un-333

transformed austenite grains is higher in the samples annealed for this study. It334

also appears that the intercritical ferrite has not been completely recrystallized335

during the shorter annealing cycle.336

5. Discussion337

The observed correlation between Tiq and retained austenite content as well338

as the microstructures shown by Figure 7 indicate that steels A and B have339

undergone a partial martensitic transformation followed by the stabilization of340
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the retained austenite during the partitioning step. The correlation of the frac-341

tion of retained austenite with Ag and εtot indicates that the retained austenite342

contributes to the ductility of the steels. It should be stressed that the sheer343

amount of retained austenite does not directly improve ductility; rather it is344

the work hardening caused by the martensitic transformation of this retained345

austenite during plastic deformation.346

347

It is possible to do some accounting for carbon using the Mössbauer results348

for Steel B partitioned for 1000 s. The fraction of total carbon in the carbide349

phase is estimated as 0.1 at.% = 0.02 wt.%, assuming carbide stoichiometry of350

M2C. Thus, the carbide amounts to about 10 % of the total carbon in the steel351

and the austenite accounts for about 70 % of the total carbon, leaving about352

20 % of the carbon in solution in the martensite or ferrite phases. These values353

are comparable to those obtained in a recent study on the quenching and par-354

titioning behavior of steel alloys with the compositions of approximately 0.2C-355

1.5Mn-1.3Si-1.5Cr-0.07Ni wt.% and 0.2C-1.5Mn-1.3Si-0.01Cr-1.5Ni wt.% [20].356

The calculations for the specimens studied in this work indicate that carbide357

precipitation has been suppressed to a degree for the duration of the partition-358

ing. However, it should be noted that the morphology of the retained austenite359

in the Mössbauer experiment differed slighty from that of the other specimens.360

It is possible that some of the carbon remains in the intercritical ferrite phase361

to form Cottrell atmospheres around dislocations, which would explain the dis-362

continuous yielding observed in Steel A (see Figure 6a). This type of behavior363

has been observed in dual-phase steels in previous studies [21].364

365

The previously discussed assumption of the heterogeneity of the martensitic366

transformation appears to hold for the tube furnace-annealed specimens, based367
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on Figure 7a) and c). Several untransformed austenite grains are apparent in368

the grain map. Then again, several larger prior austenite grains have undergone369

a partial martensitic transformation, as evidenced by Figures 7b) and d), where370

several austenitic orientation pixel clusters are divided by martensitic regions,371

yet share the same crystallographic orientation. In addition, this type of retained372

austenite and the surrounding martensite share an orientation relationship close373

to the Kurdjumov-Sachs [22] OR, which is described by the parallelism of the374

(111)γ and (011)α′ planes and the [101]γ and [111]α′ directions.375

376

A critical analysis of the degree of transformation in each austenite grain377

from the orientation maps is not possible, since the fraction of orientation pix-378

els indexed as austenite is approximately one fifth of the fraction determined via379

XRD. This may be due to some of the austenite having a film-type morphology380

too fine to detect with EBSD. It is also possible that some of the austenite has381

transformed into martensite during EBSD specimen preparation.382

383

Some general features, however, can be determined for both martensite and384

austenite. Three orientation maps of dimensions 35× 25 µm at a resolution of385

0.05 µm were measured for both steel A quenched to 125 ◦C and partitioned for386

100 s and for steel B quenched to 100 ◦C and partitioned for 100 s. For these387

maps, the lath boundaries were resolved and indexed by using the iterative ori-388

entation relationship determination algorithm described in [16]. Instead of grain389

pair misorientations, all of the individual misorientations between neighboring390

orientation pixels in the map were used for the orientation relationship determi-391

nation. This was done to increase the amount of data available to the algorithm.392

Each misorientation was indexed according to the notation used by Morito et393

al. [23], in which the first six misorientations correspond to the misorientations394
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between variants in the same packet. The 24 possible misorientations between395

martensitic laths were generated with the iteratively determined orientation re-396

lationship for Steel A and are shown in Table 3, following the notation by Morito397

et al. [23]398

399

Table 3: 24 variants in martensite as defined by Morito et al. [23]. Misorientation axes and
angles are shown for the OR measured for steel A.

Variant Plane par-
allel

Direction
parallel

Rotation from Variant
1

No. [γ]‖[α′] Axis (indexed by
martensite)

Angle
[deg.])

V1 [101]‖[111] - -

V2 [101]‖[111] [-0.5301 0.5426 0.6516] 60.23

V3 (111)γ [011]‖[111] [-0.7003 0.0151 0.7137] 60.01

V4 ‖(011)α′ [011]‖[111] [-0.6092 0.0000 0.7931] 5.16

V5 [110]‖[111] [-0.0151 0.7003 0.7137] 60.01

V6 [110]‖[111] [-0.7069 0.0223 0.7069] 54.89

V7 [101]‖[111] [-0.6050 0.5177 0.6050] 50.73

V8 [101]‖[111] [-0.6926 0.2016 0.6926] 10.38

V9 (111)γ [110]‖[111] [-0.6560 0.2092 0.7252] 52.30

V10 ‖(011)α′ [110]‖[111] [-0.4583 0.5683 0.6834] 50.75

V11 [011]‖[111] [-0.5156 0.0586 0.8548] 13.41

V12 [011]‖[111] [-0.6602 0.1887 0.7270] 57.34

V13 [011]‖[111] [-0.0586 0.5156 0.8548] 13.41

V14 [011]‖[111] [-0.5683 0.4583 0.6834] 50.75

V15 (111)γ [101]‖[111] [-0.2407 0.6666 0.7055] 56.03

V16 ‖(011)α′ [101]‖[111] [-0.6907 0.2142 0.6907] 16.37

V17 [110]‖[111] [-0.6480 0.4001 0.6480] 50.91

V18 [110]‖[111] [-0.2694 0.6593 0.7019] 51.11

V19 [110]‖[111] [-0.2092 0.6560 0.7252] 52.30

V20 [110]‖[111] [-0.1887 0.6602 0.7270] 57.34

V21 (111)γ [011]‖[111] [-0.1313 0.0000 0.9913] 18.69

V22 ‖(011)α′ [011]‖[111] [-0.6593 0.2694 0.7019] 51.11

V23 [101]‖[111] [-0.6666 0.2407 0.7055] 56.03

V24 [101]‖[111] [-0.2403 0.0000 0.9707] 18.98
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Figure 9: Intervariant boundary histograms for a) Steel A, Tiq = 125◦C, tP = 100s and b)
Steel B, Tiq = 100◦C, tP = 100s.

The fraction of each intervariant boundary type from total intervariant400

boundary length was calculated and is presented as a histogram in Figure 9.401

The error bars represent the standard deviation between results from the three402

orientation maps. The most prevalent variant pairing in either steel was the403

twin boundary V1-V2, corresponding to an approximately 60◦ misorientation404

around the (111) axis and V1-V6, which describes an approximately 50◦ rota-405

tion around (011).406

407

Part of the resolved structure is presented in Figure 10. In the Figure, re-408

tained austenite is shown with white boundaries, along with packet boundaries409

within the martensite. Further, in order to better visualize variant distribution,410

each martensite orientation visualized in the Figure has been assigned a variant411

number based on the approximate parallelism of close-packed planes and ori-412

entations between the martensite orientation pixel and corresponding retained413

austenite. Again, the notation by Morito et al. [23] is followed in the Figure,414

so that the variant groups V1-V6, V7-V12, V13-V18 and V19-V24 each corre-415

spond to a packet sharing the same set of nearly parallel close-packed {111}γ-416
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Figure 10: Band contrast EBSD map of Steel A quenched to 125 ◦C and partitioned for 100
s. The map is overlaid with the IPF ND colored orientation map of martensite and retained
austenite originating from the same prior austenite grain. Retained austenite and packet
boundaries are colored white. The numbers indicate the variant number of the martensite as
per the indexing scheme proposed by Morito et al. [23]. Regarding references to color, see the
online version of the article.

and {011}α′-type planes (see Table 3). The variant numbering clearly follows417

the packet boundaries determined with the iterative method [16]. The mor-418

phology of the martensitic blocks deviates slightly from a strict V1-V4 block419

configuration typical for low-carbon martensite [23, 24]: instead of blocks, the420

most common substructural martensitic unit appears to be a packet composed421

of single martensitic variants. The observations made for Figure 10 are sup-422

ported by the histogram in Figure 9, which shows a relatively small fraction of423

V1-V4 type sub-block boundaries for both Steels.424

425

The morphology and crystallography of the martensite follows earlier obser-426

vations for high-carbon lath martensite [23, 24]. Morito et al. [23] attributed427

the tendency towards single-variant blocks to a greater need (compared to low-428
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carbon lath martensite) for plastic self-accommodation resulting from high car-429

bon content and (consequent) low transformation temperature. Stormvinter et430

al. [24] made similar observations, also noting an increased tendency towards431

twin type lath pairing between V1-V2 type variants. The formation of this type432

of twinned lath structure has been shown to coincide with low transformation433

temperatures in the case of martensite [24], bainite [25] and isothermal marten-434

site [26].435

436

After intercritical annealing, the carbon content of the intercritical austen-437

ite phase corresponds to high-carbon austenite, as evidenced by the low Ms438

values and low intercritical austenite fractions observed in a previous study439

[13]. This explains the observed variant structure corresponding to high-carbon440

martensite. The notable difference in the structures observed here is the in-441

creased fraction of V1-V6 type boundaries in the martensite. The previous442

studies [24, 25, 26] concern fully austenitized microstructures, in which the prior443

austenite grain size is an order of magnitude [25, 26] or several orders of mag-444

nitude [24] higher than in the intercritically annealed microstructure studied445

in this work. The small size of the austenite will likely increase the need for446

self-accommodation of new martensite. Okamoto et al. [27] reported that the447

V1-V6 variant pairing in thin-plate martensite formed in a Fe-Ni-C alloy pro-448

vided self-accommodation for the new plate, based on the calculated total shape449

strain of this variant combination. Morito et al. [23] have calculated a similar450

result for V1-V6 for low- and high-carbon steels. It is possible that after an451

initial formation of V1-V2 type variants, the further progression of the marten-452

sitic transformation will happen through the formation of a self-accommodating453

variant in the neighborhood of this combination.454

455
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It is probable that some austenite on the analyzed surface has transformed456

during specimen preparation and the resolution limitations of EBSD make457

it difficult to observe film-like nanoscale austenite. As shown by Figure 10,458

the retained austenite observed in the EBSD studies here resided at prior459

austenite and packet boundaries. These sites are likely to increase the sta-460

bility of the retained austenite, owing to the difficulties in providing plastic461

self-accommodation due to the presence of multiple neighboring cross-packet462

variants or an incoherent prior austenite grain boundary.463

464

6. Conclusions465

1. It was shown that it was possible to obtain carbon-stabilized retained466

austenite by quenching and partitioning in an intercritically annealed mi-467

crostructure in a high-aluminum steel, with the amount of retained austen-468

ite correlating with Tiq.469

2. The steels exhibited high degrees of work hardening and good ductility,470

with both Ag and εtot correlating with the amount of retained austenite.471

3. The degree of martensitic transformation was shown to vary from grain472

to grain. This behavior was rationalized on the basis of grain size and473

chemical inhomogenuity.474

4. The formed martensite has a single-variant block structure and a tendency475

towards the formation of V1-V2 and V1-V6 type variant combinations.476

This was justified by the need to form self-accommodating variants (V1-477

V6) after the initial formation of variant pairs with a high degree of shape478

strain (V1-V2).479

27



5. Highly stable retained austenite was found to reside almost exclusively at480

prior austenite and packet boundaries.481
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