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Determining transformation temperatures of novel steels is an important step towards finding parameters for their 

heat treatment. In advanced high-strength steels for Q&P processing (Quenching and Partitioning), the crucial 

processing characteristics are the temperatures of the start and end of austenitization and the Ms temperature. 

Q&P processing is characterized by quenching from a full-austenitization temperature to below the Ms, and sub-

sequent holding at the partitioning temperature. This leads to martensitic microstructures with retained austenite 

between martensite needles and to ultimate strengths above 2000 MPa and elongation levels up to 10%. Several 

AHS steels containing 0.4% C were manufactured and cast for this experiment. Their main alloying additions 

were manganese, silicon, chromium, molybdenum and nickel. Their transformation temperatures were first calcu-

lated using the JMatPro software. The values were validated by dilatometry measurements. Based on these results, 

a Q&P process route was designed and put to test. The resulting microstructures were documented using optical 

and scanning electron microscopy. Strengths of more than 2300 MPa and up to 11% elongation levels were obta-

ined.  
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 Introduction 

If desired mechanical properties are to be achieved in 
modern AHS steels, not only must these steels have the 
right chemistry but their heat treatment must be chosen 
correctly. Modern treatment methods which lead to the 
required properties include the Q&P process. It allows 
strengths of more than 2000 MPa to be achieved, together 
with elongation levels of about 10% [1, 2]. It is characte-
rized by rapid cooling from the austenite region to a tem-
perature between Ms and Mf. The initial microstructure 
(Fig. 1) thus transforms to a martensitic microstructure 
with some retained austenite (Fig. 2). During the sub-
sequent holding at a partitioning temperature, carbon mi-
grates from super-saturated martensite to austenite and 
stabilises the latter [3, 4]. Retained austenite greatly im-
proves ductility. However, its volume fraction in the final 
microstructure must be 10–15% in order to provide suffi-
cient impact on mechanical properties.  

As Q&P processing is a complicated technology for 
which a vast number of parameters must be optimised, its 
development cannot be undertaken under production con-
ditions. Material-technological modelling in a thermome-
chanical simulator is therefore very useful (Fig. 3) [5-7]. 
The simulator offers high-frequency resistive heating of 
samples and rapid heating and cooling. Temperature is 
measured with a thermocouple which is welded onto the 
sample.  

Important information for designing a Q&P process 
route includes transformation temperatures of the work-
piece material. They can be determined using various 
calculations based on phenomenological models, with the 
aid of software tools, such as JMatPro, or with the use of 
a dilatometer. Using the JMatPro software, the phase 
transformation temperatures Ac1, Ac3, Ms and Mf can be 

calculated from chemical composition. The optional pa-
rameters in this procedure are austenitizing temperature, 
which the software sets at 50°C above the Ac3, and grain 
size [8]. Based on CCT and TTT diagrams calculated 
using JMatPro, one can determine the cooling rate for 
producing the desired microstructure. 

 
Fig. 1 Initial ferritic-pearlitic structure before Q&P 

processing 
 
Using dilatometry, length changes caused by physical 

or chemical processes in the material of interest can be 
studied. The length of the specimen during a defined ther-
mal process is monitored with a sensor [9]. From the re-
sulting dilatometric curves one can derive the desired 
phase transformation temperatures. These include, for in-
stance, the Ac1 and Ac3, temperatures of the start and end 
of austenitization during heating. During cooling, the 
temperature of austenite decomposition to ferrite, Ar3, the 
pearlite transformation start and finish temperatures Ps 
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and Pf, the bainite transformation start and finish tempe-
ratures Bs, Bf, and the martensite start and finish tempe-
ratures Ms and Mf can be identified, depending on the 
cooling rate and chemical composition of the material. A 
phase transformation region begins where the dilatomet-
ric curve deviates from a straight line. Another phase 
starts to form at a point of inflection on the curve [10].  

 
Fig. 2 Martensitic-bainitic structure with retained auste-

nite after Q&P processing 

 
Fig. 3 Thermomechanical simulator 

 Experiment 

Q&P processing requires that quenching is halted 
between the Ms and Mf. Considering this requirement, 
four experimental steels were created whose chemistries 
depressed their Ms temperatures (Tab.1). The main alloy-
ing additions in the steels whose carbon content was 
around 0.4% were manganese and silicon. Manganese 
lowers the Ms and Mf temperatures significantly and 
shifts the ferritic and pearlitic transformations towards 
lower cooling rates in transformation diagrams. Silicon 
was added to prevent carbide formation to ensure marten-
site becomes super-saturated with carbon. The purpose of 
chromium was to increase hardenability and provide solid 
solution strengthening. Nickel was employed to improve 
the stability of austenite and provide better hardenability. 
The initial material contained martensite and a small pro-
portion of pearlite and showed a strength of approx. 
1030 MPa and an elongation of 17%. 

For Q&P processing, the workpiece is heated to a full-
austenite region and then quenched between the marten-
site start and finish temperatures. Therefore, the heat tre-
ater needs to know the Ac1 and Ac3 temperatures, as well 
as the temperatures which characterise the austenite-to-
martensite decomposition and the critical cooling rate.  

First, the transformation temperatures of all the expe-
rimental steels were calculated from chemical composi-
tion using JMatPro 9.0 [8]. The Ac1 and Ac3 transforma-
tion temperatures as well as the appropriate cooling rate 
for obtaining the desired hardening microstructure with 
the right mechanical properties were derived from conti-
nuous-cooling transformation diagrams (CCT diagrams) 
(Fig. 4 – Fig. 7).  

These calculated temperatures were compared with 
phase transformations obtained from dilatometric plots of 
heating (Fig. 8 – Fig. 14). The dilatometer was a Netzsch 
DIL 402C instrument. The dimensions of the square 
cross-section specimens were 2×2×20 mm. The speci-
mens were heated to 1100°C at 30°C/minute. 

Tab. 1 Chemical compositions of experimental AHS steels [wt. %] 
 C Mn Si P S Cu Cr Ni Al Mo Nb Ms Mf 

AHSS1 0.430 2.5 2.03 0.006 0.003 0.07 1.33 0.07 0.008 0.03 0.03 218 88 
AHSS2 0.428 2.48 2.03 0.005 0.003 0.07 1.46 0.08 0.004 0.16 0.03 214 83 
AHSS3 0.419 2.45 2.09 0.005 0.002 0.06 1.34 0.56 0.005 0.04 0.03 209 78 
AHSS4 0.426 2.46 1.99 0.005 0.002 0.06 1.33 0.56 0.005 0.16 0.03 204 73 

 
Fig. 4 AHSS1 – CCT diagram – Ni 0.07%, Mo 0.03% 

 
Fig. 5 AHSS2 – CCT diagram – Ni 0.08%, Mo 0.16% 
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Fig. 6 AHSS3 – CCT diagram – Ni 0.56%, Mo 0.03% 

 
Fig. 7 AHSS4 – CCT diagram Ni 0.56%, Mo 0.16% 

 
Fig. 8 AHSS1 – dilatometric plot of heating at 30°C/min 

 
Fig. 9 AHSS2 – dilatometric plot of heating at 30°C/min 

 
Fig. 10 AHSS3 – dilatometric plot of heating at 

30°C/min 

 
Fig. 11 AHSS4 – dilatometric plot of heating at 

30°C/min 

Q&P process 

After comparing the transformation temperatures 
calculated using JMatPro and dilatometric data, a Q&P 
process sequence was designed (Tab. 2). The austeniti-
zing temperature (TA) was set at 850°C and the quen-
ching temperature (QT) was chosen as 150°C, which is 
between the Ms and Mf. An important parameter is the 
partitioning temperature (PT). During partitioning, car-
bon migrates from super-saturated martensite to austenite 
to stabilise it. Cooling rates were chosen on the basis of 
CCT diagrams (Fig. 4 – Fig. 7). The goal was to get clear 
of the pearlite nose. Specimens treated in this way were 
then used for metallographic examination and mechanical 
testing: measurement of HV10 hardness and miniature 
tensile testing. The specimen cross-section was 
2×1.2 mm and the gauge length was 5 mm. The amount 
of retained austenite was measured using X-ray di-
ffraction (Tab. 2).

Tab. 2 Heat treatment routes and results of mechanical testing 

Route num-

ber/steel type 
TA [°C]/tA [s] Cooling rate [°C/s] QT [°C] 

PT [°C/s] 

/tPT [s] 
HV10 [-] 

Rm 

(UTS) 

[MPa] 

A5mm 

[%] 
RA 

[%] 

AHSS1 850/100 1 150 200/600 671 2289 9 10 
AHSS2 850/100 1 150 200/600 636 2302 10 10 
AHSS3 850/100 1 150 200/600 679 2308  10 12 
AHSS4 850/100 1 150 200/600 690 2346 8 12 
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 Discussion of results 

According to the calculation using JMatPro, the tem-
peratures of the start and end of austenite formation, Ac1 

Ac3, in the heats denoted as AHSS1 and AHSS2, i.e. the 
steels with higher Mo levels, were near identical: appro-
ximately 710°C and 810°C, respectively (Fig. 4, Fig. 5). 
For both heats, the Ac1 temperature determined with the 
use of dilatometer was almost exactly the same as the va-
lue calculated using JMatPro: about 710°C. For both ste-
els, the Ac3 determined with dilatometry was higher than 
that calculated with JMatPro: around 860 °C (Fig. 8, Fig. 
9). In AHSS3 and AHSS4 steels, in which the nickel con-
tent was 0.56%, i.e. higher than in AHSS1 and AHSS 2, 
the Ac1 and Ac3 calculated using JMatPro were about 
690°C and 790°C, respectively (Fig. 6, Fig. 7). The mea-
sured Ac1 values were higher than the calculated ones: 
751°C in AHSS3 and 740°C in AHSS4 (Fig. 10, Fig. 11). 
The same holds for the Ac3: 836°C in AHSS3 and 840°C 
in AHSS4. Based on these results, the same soaking tem-
peratures and times were chosen for all the experimental 
steels: 850°C and 100 s, respectively.  

Dilatometric curves also indicate the temperature of 
the start and end of decomposition of martensite to an 
equilibrium mixture of ferrite and cementite. This tempe-
rature was almost identical for all heats: in the range of 
440–490°C (Fig. 6 – Fig. 11). The Ms and Mf temperatu-
res were determined by no other means than the JMatPro 
program because dilatometric measurements were only 
conducted during heating. The lowest temperatures of the 
start and end of martensite transformation, 204°C and 
73°C, were found for the AHSS4 steel, which had higher 
levels of nickel and molybdenum (Tab. 1).  

 

Fig. 12 AHSS1 – Martensitic microstructure with bai-
nite and 10% of retained austenite – scanning electron 

micrograph 
 

The Q&P process sequence which comprised soaking 
at 850°C and quenching to 150°C (QT) and which invol-
ved a partitioning temperature (PT) of 200°C produced a 
martensitic structure with bainite and 10-12% retained 
austenite in all steels (Fig. 12 – Fig. 15). Ultimate strength 
levels were in the range of 2302–2346 MPa and the elon-
gation interval was 8–10% (Tab. 2). The highest ultimate 
strength, 2344 MPa, was found in AHSS4, the steel which 

contained higher nickel and molybdenum levels. Both 
elements affect the strength of the solid solution. In this 
case, elongation was the lowest: 8%. The largest amounts 
of retained austenite (12 vol. %) were found by X-ray di-
ffraction measurement in AHSS3 and AHSS4. This was 
probably owing to the higher nickel content which affects 
the stabilisation of retained austenite in martensitic 
matrix. It was obvious from the X-ray diffraction analysis 
that the microstructures were fine-grained.  

 
Fig. 13 AHSS2 – Martensitic microstructure with bai-
nite and 10% of retained austenite – scanning electron 

micrograph 

 
Fig. 14 AHSS3 – Fine martensitic microstructure with 

bainite and 12% of retained austenite – scanning 
electron micrograph 

 
Fig. 15 AHSS4 – Fine martensitic microstructure with 

bainite and 12% of retained austenite – scanning 
electron micrograph 
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 Conclusion  

An innovative heat treatment method, the Q&P pro-
cess, was tested on newly-designed experimental AHS 
steels. This method combines quenching and partitioning 
operations. As a result, it leads to high strengths com-
bined with good elongation. In the first step, the phase 
transformation temperatures for the experimental steels 
were determined for designing the actual sequence. Two 
methods were used: a calculation using the JMatPro soft-
ware and dilatometric measurement. As a result, it was 
also possible to determine the appropriate soaking tempe-
rature of 850°C and the right quenching and partitioning 
temperatures of 150°C and 200°C, respectively. 

Martensitic structures with bainite and approx. 10% 
retained austenite were obtained in all the experimental 
heats. Ultimate strength levels were in the range of 2302–
2346 MPa and the elongation interval was 8-10%. The 
highest ultimate strength was found in the AHSS4 steel, 
which had higher molybdenum and nickel levels: 
2346 MPa. Elongation reached 8%. The largest amounts 
of retained austenite (12 vol. %) were found by X-ray di-
ffraction measurement in the AHSS3 and AHSS4 steels. 
The reason was the higher level of nickel, an element 
which affects stabilisation of retained austenite in marten-
sitic matrix.  
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