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Abstract. A steel of composition Fe-0.2C-3Mn-2Si-0.5Al was fully austenized followed by a quench and 

partitioning heat treatment process (Q&P). The quench temperature was varied, which resulted in different volume 

fractions of retained austenite (RA) and martensite. Analysis of the phase evolution and the resulting 

microstructures during the Q&P process were carried out using different techniques namely, - dilatometry, FEG 

SEM, EBSD, and neutron diffraction. Mechanical properties were evaluated by standard tensile tests on samples 

quenched to different temperatures. The partitioning process was evaluated by dilatometry. The volume fraction 

of the RA was determined by neutron diffraction. It was found that the volume fraction of RA increased with an 

increase in the quench temperature contrary to the Speer model. It was also observed that the presence of bainite, 

which formed during the quench and partitioning temperature significantly stabilized the RA by carbon 

partitioning. The tensile test results indicated the optimum quench temperature for the best combination of strength 

and ductility and contrary to expectation, this did not occur in the specimen with the maximum amount of RA. In 

other words, the mechanical properties of the steel undergoing a Q&P process is influenced by the quench 

temperatures and is also affected the phase evolution which occurs during both the quench and partitioning process. 

1. Introduction 

The average use of advanced high strength steel (AHSS) has increased significantly over the past decade 

in the automobile sector [1]. This was mainly due to the change in material concepts to meet the 

requirements of OEMs in terms of performance and safety consideration. Third generation AHSS is 

based on multiphase microstructure targeting strength higher than 1000 MPa [2]. Speer et al. [3] 

proposed a quench and partitioning (Q&P) process as one of the methods to manufacture third 

generation AHSS. This process consists of heating steel above Ac3 to obtain a fully austenitic structure, 

or between Ac1 and Ac3 to obtain partial austenitic structure. It is then quenched to a predetermined 

temperature between the Ms and Mf to obtain a certain fraction of martensite and retained austenite (RA). 

It is then reheated to a temperature well below Ac1 for a certain time interval which enables the transfer 

of carbon from martensite to austenite, this being referred to as the partitioning stage. Finally, the sample 

is quenched back to room temperature. In this manner, a multiphase microstructure consisting of 

tempered martensite, austenite, fresh martensite and ferrite, in the case of partial austenitisation, is 

obtained. Some authors [4,5] have reported competing reactions, such as carbide precipitation and 

austenite decomposition to bainite during the partitioning stage. 
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In the present work, the evolution of microstructures at various quench temperatures during the Q& P 

process was studied. Using Speer’s CCE (constraint carbon equilibrium) model [3] the optimum quench 

temperature at which maximum RA was obtained. The different quench temperatures were selected 

above and below the optimum quench temperature and the RA was measured using neutron diffraction. 

Dilatometry was used to identify the austenite decomposition at the partitioning temperature. Tensile 

testing was performed to evaluate to see the effect of microstructure on mechanical properties. The 

present study showed that the formation of bainite did influence the amount of retained austenite present 

in the microstructure. At quench temperatures greater than the optimum quench temperature the amount 

of RA was more than predicted by the Speer model [3]. The optimum quench temperature sample, 

however, exhibited better ductility than the sample with a larger amount of retained austenite. 

2. Experimental Procedure 

2.1 Material 

A high Si content steel was produced in the lab with a composition of Fe-0.27%C -2.8%Mn -2.2% Si- 

0.75% Cr and 0.5% Al using induction melting. The cast ingot was hot rolled and forged to a round bar 

of diameter 13mm and length 30cm. Silicon was specifically added to prevent cementite formation [6]. 

Even though Si is a ferrite stabilizer, it also stabilizes the RA by retardation of cementite formation. 

2.2 Dilatometer Experiments 

A series of dilatometer experiments were conducted to obtain critical transformation temperatures 

before the start of the Q&P heat treatment process. Cylindrical samples 10mm x 5mm diameter were 

used to carry out the heat treatment in the B𝑎̈hr 805 DTM dilatometer. The specimen was placed between 

two quartz rods, heated by an induction coil and cooled using He gas. Both the temperature and change 

in length as a function of time were recorded. Using the Speer model [3], the optimum quench 

temperature was calculated, which gives the temperature at which the maximum RA fraction can be 

obtained. The optimum quench temperature was calculated as 225oC. Specimens were quenched at 

different temperatures above and below the predicted optimum quench temperature. The partitioning 

process was carried out at 400 oC before quenching to room temperature. The quench temperatures were 

180, 200, 220, 225, 240 and 260 oC. The heat treatment cycle followed is show in Figure 1. Using the 

lever rule, the fraction of RA and martensite at each quench temperature was deduced from the change 

in length vs temperature plot obtained from the dilatometry. 

 

 
Figure 1. Schematic diagram of quench and partitioning heat treatment with 

different quench temperatures. 

2.3 Neutron Diffraction 

The volume fraction of phases after the Q&P heat treatment was determined by neutron diffraction 

performed at Necsa (Nuclear Energy Council of South Africa). The advantage of neutron diffraction in 
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comparison to XRD is that the neutron beam penetrate deeper into the sample. The intensity and 

positions of each peak were analysed using “TOPAZ 4.2” peak fitting software. Rietveld analysis [7] 

was used for quantification of the volume fraction of phases. The lattice parameters of austenite and 

martensite were obtained from the diffraction data. In the present study, the C content of the RA was 

determined using the empirical relationship between lattice parameter and composition [8] as shown in 

equation (1): 

 a (γ) =0.3556 + 0.00453wc + 0.00095wmn + 0.00056wal  +0.0006wc r- 0.0002wni         eq (1) 

where a (γ) is the lattice parameter of austenite in nm   w (%) = weight % of elements. 

2.4 Microstructural analysis 

The standard sample preparation for metallographic analysis was followed. The microstructures were 

examined after each Q&P heat treatment cycle by a JEOL FEG-SEM at an accelerating voltage of 5kV. 

From heat treated samples 3mm diameter disc were cut out and metallographically ground to a thickness 

of less than 50 m. These samples were subjected to twin-jet polishing in a “Tenopol 5” jet polishing 

machine. The jet polishing was carried out using 5% perchloric acid and 95% glacial acetic acid at 

approximately -15oC. Transmission Kikuchi Diffraction (TKD) was carried out on jet polished 

specimens The TDK analysis was performed at an accelerating voltage of 30 kV, tilt angle of 20o and a 

step size of 50 nm. The data was analysed using Aztech from Oxford Instruments. 

2.5 Tensile testing: 

K-Type thermocouples were spot welded to the test specimens to ensure correct temperature was 

attained during the heat treatment carried out in a salt bath. Sub size specimens with round cross-section 

of 6mm diameter and 30 mm gauge length were machined according to ASTME8/E8M-09 [9]. The 

tensile testing was carried out using MTS Criterion® series 45 tensile machine, on selected specimens 

quenched to 180, 225 and 260oC. 

3. Results 

3.1 Thermodynamic analysis 

Thermo-Calc and JMatpro thermodynamic softwares were used to calculate the phase fractions and 

continuous cooling transformation (CCT) diagram of the experimental steel, see figure 2 

 

 

Figure 2. (a) Calculated phase fractions for a range of temperatures using Thermo-Calc 

(b) CCT diagram of experimental steel using JMatpro 

(a) (b) 
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Figure 2(a) shows the phase fraction at various temperatures. It also shows the presence of carbides at 

low temperature and cementite being stable above 550oC. The presence of Si in the steel shifts the 

formation of cementite to a higher temperature. Transition carbide stability is not affected by the 

presence of silicon, and its presence is shown in the temperature range of 200-250oC. Partitioning 

process in the Q&P heat treatment was carried out at 400oC, and from Figure 2(b), the CCT diagram 

predicts the formation of bainite at this temperature. 

3.2 Optimum temperature calculation by constraint carbon equilibrium (CCE) model 

Speer model [3] was used to estimate the optimum quench temperature which produced the maximum 

RA. The amount of martensite present at each temperature was determined by the K-M equation (2) 

  𝑉𝑝𝑟𝑖𝑚𝑎𝑟𝑦
𝛼 = 1 − exp⁡(−𝛼(𝑀𝑠 − 𝑇))                                  eq (2) 

 where 𝑉𝑝𝑟𝑖𝑚𝑎𝑟𝑦⁡
𝛼 is the fraction of primary martensite formed at the first quench                           

            ά = rate parameter assumed 0.011 

           Ms= Martensite start temperature. 

Ms temperature is based on the empirical equation(3) [11] 

Ms = 545-330*%C+2*%Al+7*%Co-14*%Cr-13%Cu-23%Mn-5%Mo 

         -4%Nb-13%Ni-7%Si+3%Ti+4%V                            eq (3) 

Using Equation 3, the Ms calculated was 366oC and this was close to the value determined by the 

dilatometer. During the partitioning stage, carbon is assumed to fully partition to austenite and the 

carbide precipitation is avoided. As a result, the carbon- enriched austenite has a lower Ms which then 

leads to stabilization of austenite at room temperature. If the carbon partitioning is not sufficient during 

the partitioning stage, the austenite after the second quench would transform to secondary martensite 

.The carbon content of the carbon enriched austenite was determined by CCE condition.[3] which is 

then substituted back in the Ms Equation 3 to obtain the new Ms for the carbon-enriched austenite. K-M 

equation 2 is then reapplied with new Ms to get the fraction of secondary martensite (𝑉𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦
𝛼 ). The 

optimum quench temperature was obtained when the Ms was equal to room temperature i.e 25oC. Figure. 

3 shows the optimum quench temperature was 225oC with maximum retained austenite of 21.5%.  

The final austenite content⁡(𝑉𝛾
𝑓𝑖𝑛𝑎𝑙

) was obtained using equation 4. 

𝑉𝛾
𝑓𝑖𝑛𝑎𝑙

= 1 − 𝑉𝑝𝑟𝑖𝑚𝑎𝑟𝑦
𝛼 − 𝑉𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦

𝛼                                                                             eq (4) 

       where 𝑉𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦
𝛼  = secondary martensite formed after second quench 

 
Figure 3. Volume fraction of phases (austenite and secondary martensite) at different quench 

temperature obtained by the CCE method and fraction of austenite determined experimentally by 

neutron diffraction 
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3.3 Dilatometry 

The critical temperatures Ac1, Ac3, and Ms were determined from dilatometer experiments and were 

found to be 750, 860 and 370oC respectively. Figure 4 shows Q&P process carried out at different 

quench temperatures in dilatometer. During cooling, the first expansion took place due to martensitic 

transformation and then at the partitioning stage there were various degrees of expansion as indicated 

by a red circle in the 240 and 260oC quench case. During the second quench, there was further expansion 

indicating the formation of secondary martensite as seen in Figure. 4 (deviation indicated by a blue line 

in the case 260oC quench). The portion of the isothermal dilation during partitioning was enlarged and 

plotted separately in Figure 5. The 220oC quench, exhibited an initial expansion which was followed by 

a contraction, while the 260oC quench exhibited the highest expansion as seen in Figure 5. From Figure 

5 for 200oC and 220oC quench, there was initial expansion which was related to bainite formation and 

followed by a contraction which was attributed to the tempering of martensite.  

 

 
 

Figure 4. Change in length with the temperature at various quench temperatures during the Q&P heat 

treatment 
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Figure 5. Change in length with time during the isothermal partitioning stage at 400oC 

3.4 Neutron diffraction 

The neutron diffraction results for the various quench temperatures are presented in Figure 6a. The (111) 

peak intensity of RA increased with increase in the quench temperatures. The volume fraction of RA 

obtained from the Rietveld analysis is shown in Figure 3. The results in Figure 3 indicate that the volume 

fraction of RA was lower than the value predicted by the Speer model up to 225oC and beyond 225oC it 

was higher than the predicted values. The reason for this difference can be attributed to the formation of 

bainite during the partitioning stage. 

 
 

Figure 6. ( a) Neutron diffraction of samples quenched at different temperatures during the Q&P heat 

treatment and (b) weight % C in RA at various quench temperatures 

Figure 6(b) shows the weight %C in the RA after the Q&P treatment at various quench temperatures. 

This was determined by equation 1 using the lattice parameter obtained from the neutron diffraction 

results. As expected, the amount of C in the RA decreased with an increase in the quench temperature 

due to an increase in the amount of RA. The maximum carbon content was found to be 0.66 wt. % at 

180oC quench temperature.  
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3.5 Microstructure analysis 

The microstructures of the samples quenched at various temperatures are presented in Figure 7. In the 

sample quenched to room temperature, Figure 7a, the microstructure consisted of needles of martensite 

of different orientations with no carbides present. In Figure 7 b, c, and d, the microstructure was 

multiphase and complex. It consisted of following features (a) Martensite (M),elongated lath-shaped 

without carbides,(b) Bainite which was present in two different forms (B1)thick irregular with wavy 

edges also without carbides and (B2)small acicular units aligned parallel to each other.(c) Tempered 

martensite (TM), laths with sharp tip with carbide [12]. The RA was present in the form of thin films 

which was difficult to detect by SEM. However the TKD analysis of the sample quenched at 260 oC, 

shows the presence of RA and epsilon carbide as seen in Figure 8. 

  

 
 

 

 

Figure 7. SEM micrographs taken in SE mode (a) direct quench to room temperature (b) 180oC 

quench (c) 240oC quench and (d) 260oC quench 

Figures 8(a) and (b) show the band contrast image and phase colour map from TKD analysis of 260oC 

quench sample. Figure 8b,showed the distribution of thin films of RA occurred between the martensite 

laths and bainitic ferrite acicular structure in agreement with Navarro et al [12]. It also revealed the 

presence of epsilon carbide in the martensite lath structure. There were regions not identified by TKD 

analysis as shown by the dark contrast. These regions corresponded to either secondary martensite or 

untempered martensite formed during the second quench [13]. Marito et al. [14] reported that the high 

dislocation density is known to lower the quality of Kikuchi bands in EBSD patterns and deteriorates 

the phase identification. The presence of Si prevented the formation of Fe3C phase but did not prevent 

the epsilon carbide formation [15]. 
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Figure 8. TKD micrograps showung (a) Band contrast and (b) Phase colour map of sample quenched 

at 260oC 

3.6 Mechanical properties:  
The tensile test results for samples subjected to Q&P heat treatment at three different quench 

temperature are summarised in table 1 

Table 1. Tensile test results 

Quench 

Temperature(0C) 

Tensile strength (MPa) Yield Strength (MPa) % Elongation 

180 (low) 1360± 15 1070±10 13.5±0.6 

225 (optimal) 1320± 10 975±10 15.3±0.6 

260 (high) 1440±20 670±10 13.3±0.8 

 
Figure 9. Stress vs strain plot for a samples subject to Q&P process at three 

different quench temperature 

The sample quenched at low temperature (180oC quench) exhibited the highest yield strength of 

1070±10. At 225oC quench, both the yield and tensile strength decreased slightly but the average total 

elongation slightly improved to 15.3%. At high quench temperature of 260oC, the sample had low yield 

to tensile ratio .This property is attractive for crash worthiness applications requiring high levels of 

energy absorption and work hardening. 

4. Discussion 

The Speer model [3] predicted the optimum quench temperature of 225oC where 21% RA would be 

obtained. However the neutron diffraction results showed maximum RA at 260oC. This difference was 
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associated with the formation of bainite during isothermal partitioning process at 400oC. Figure 5 shows 

the expansion taking place during the partitioning process at various quench temperatures. The length 

change due to C partitioning has been found to be around 0.03% [16] which is quite small in comparison 

to what is seen in Figure 5. This larger length change was due to the isothermal decomposition of 

austenite to bainite along with carbon partitioning [17] . For the low-temperature quench at 200oC and 

220oC, the initial expansion was due to bainite formation and was then followed by contraction due to 

the tempering of martensite. In the case of the low quench temperatures, the C content in the austenite 

was high i.e. it exceeds the T0 value (T0 is the temperature where free energy of parent and product phase 

is equal) [15]. The C enrichment in austenite during partitioning was due to bainite formation which 

ejects carbon to the surrounding austenite. Therefore, RA was stabilized and no further bainite 

transformation took place as the C in austenite exceeded the C limit at T0 . This incomplete austenite to 

bainite transformation can be related to the initial expansion which is seen in the case of 200oC and 

220oC quenches. In the 260oC quench, the C concentration in the austenite was low as calculated from 

lattice parameter values due to high volume fraction of RA. Since carbon content was below the T0 value 

this lead to transformation of austenite to bainite and the rejection of carbon from bainite lead to 

stabilization of austenite. This led to higher RA stabilized at 260oC quench than what was calculated 
based on CCE [3] . 

The behaviour of the stress-strain curve is a function of dislocation density evolution and this is governed 

by the microstructure [13]. After the Q& P process, the microstructure consisted of tempered martensite, 

RA and also secondary martensite for the high-temperature quench. In addition, the RA underwent 

strain-induced martensitic transformation (SIMT). In the 180oC quench, the stability of the RA was 

higher due to the higher C content (Figure 6 b), so, the extent of the RA to SIMT was expected to be 

low. This resulted in the higher yield strength. On the contrary, the 260oC quench had higher fraction of 

RA but due to its low C content in RA, its stability was low. Therefore the extent of RA to SIMT was 
greater leading to low yield strength to tensile strength ratio (Rp./Rm ) and high work hardening observed. 

The presence of secondary martensite (Figure. 4) for the 260oC quench sample led to relatively low 

ductility. It has been reported elsewhere that untempered martensite exhibits a low yield strength and 

smooth elastic-plastic transition [13] . There are several possibilities for the 260oC quench flow 

behaviour as proposed by different authors viz. 1) Takaki et al [18]  suggested that high density of fresh 

dislocation are created during the phase transformation and these dislocations have high mobility 

eliminating yield point effects and causing a rounded stress-strain curve at lower loads; 2) Allain et al 

[19] suggested that inhomogeneous C distribution in as-quenched martensite can result in a austenite 

martensite phase mixture containing different hardness. These regions may yield at different stress on 

loading. In the case of the optimum quench (225oC), there is no secondary martensite formation.and 

lower fraction of RA compared to high temperature quench (260oC) The high C in RA lead to higher 

yield strength and no secondary martensite formation gave higher ductility in the optimum quench 

sample  

5. Conclusions 
The Q&P process of the medium C Mn high Si steel was studied using different techniques and the 

following observations were made: 

 The sample quenched at 2600C yielded the highest amount RA after the Q&P process. This was 

attributed to the bainite formation which enriched the austenite to stabilize it.  

 The discrepancy between predicted and actual amount of RA was attributed the bainite 

formation during Q&P process which was not considered in the prediction of the optimum 

quench temperature which yields maximum RA based on Speer model.  

 The optimum  quench (225oC) exhibited the best combination of strength and ductility, in spite 

of lower RA. This was due to the absence of secondary martensite and a higher stability of 

retained austenite. 
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