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Abstract 

The current research of the Q-P and Q-P-T process has been focused on controlling the heating temperature and 
holding time, or adding alloy elements into the steel to induce precipitation strengthening and improve the strength 
and plasticity of the steel. In this article, based on a quenching-partitioning-tempering (Q-P-T) process combined 
with a hot deformation technology, a deforming-quenching-partitioning-tempering (D-Q-P-T) process was applied to 
medium carbon steel. The effect of the heat treatment parameters on the microstructure and mechanical properties 
of experimental steel under deformation was studied. Through use of a scanning electron microscope (SEM), trans-
mission electron microscopy (TEM) and tensile tests, the optimal heat treatment conditions for realizing high strength 
and plasticity that meet the safety requirements were obtained. The mechanism for the D-Q-P-T process to improve 
the strength and plasticity of experimental steel was discussed. A multiphase composite structure of lath martensite 
and retained austenite was obtained. Compared with the Q-P-T process, use of the D-Q-P-T process can increase the 
strength of steel by 57.77 MPa and the elongation by 5%. This study proposes a method to improve the strength and 
plasticity of steel.

Keywords: Deforming-quenching-partitioning-tempering, Microstructure, Mechanical properties, Product of 
strength and ductility (Rm × A)
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1 Introduction
High-strength steel plays an important role in real-
izing lightweight automobiles with improved safety 
performance. Dual-phase (DP) steel and transforma-
tion-induced plasticity (TRIP) steel present a good 
combination of strength (500–1000  MPa) and elonga-
tion (15%–40%) in comparison with conventional high 
strength low alloy (HSLA) steels [1–5]. Research data 
show that the application of high-strength steel can 
reduce the thickness of 1.0–1.2 mm body panels to 0.7–
0.8  mm. In addition, the body mass can be reduced by 
15%–20%, which can lead to fuel savings of 8%–15% [6–
9]. Based on the above strong points, high-strength steel 

is widely used in automobile manufacturing and other 
fields. At present, the development of high-strength steel 
is directed towards improving strength and plasticity. 
Advanced high-strength steel heat treatment technology 
has become a research hotspot [10–15].

To achieve a higher strength, a heat treatment process 
designated quenching and partitioning (Q-P) process has 
recently been proposed by Speer et  al. [16–18]. The Q-P 
process includes heating medium carbon steel to the aus-
tenitic zone for heat preservation, then quenching to a cer-
tain temperature between the martensite-start (Ms) and 
martensite-finish (Mf) temperatures. The steel is then held 
at a temperature either at (I step process) or above (II step 
process) the initial quenching temperature (Figure  1(a)), 
or cooled non-isothermally at a slow rate to below the 
initial quenching temperature for hot-rolled sheet steel 
processing (Figure 1(b)). Carbon is permitted to partition 
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from supersaturated partially transformed martensite into 
retained austenite. The microstructure is martensite and 
retained austenite, which can improve the strength and 
toughness of the steel. Recently, many studies show that 
the precipitation of second-phase particles has a positive 
impact on the mechanical properties of the material [19, 
20]. Consider the influence of the precipitation behaviour 
of alloy elements after this process on the structure and 
properties. Hsu et al. [21, 22] proposed a novel heat treat-
ment method, namely, a quenching-partitioning-tempering 
(Q-P-T) process. Compared with the Q-P process, carbide 

former elements (such as Nb, Mo and V) are added into 
Q-P-T steels to form fine stable carbides during the parti-
tioning process so as to strengthen steels. A lot of research 
has been executed since the Q-P-T process was developed 
[23–25]. At present, most of the research on the Q-P and 
Q-P-T process has been focused on controlling the heat-
ing temperature and holding time, or adding alloy elements 
into the steel to induce precipitation strengthening and 
improve the strength and plasticity of the steel. In addition 
to precipitation strengthening, fine grain strengthening is 
also an important factor to improve the strength and plas-
ticity of steel [26–30]. Therefore, a mechanism for defor-
mation fine grain strengthening is proposed in this paper. 
By introducing a deformation process before the Q-P-T 
process, the D-Q-P-T process was proposed to improve the 
comprehensive mechanical properties of steel.

2  Materials and Methods
The chemical composition of the experimental steel is 
listed in Table  1, together with Ac3, Ms, Mf temperatures 
and the critical cooling rate, which were determined by 
a Gleeble-3800 thermal simulator, as shown in Figure  2 
and Figure 3. It can be seen from the figures that the Ac3 
temperature is 800 °C, Ms is 385 °C, and Mf is 195 °C. The 
experimental temperature control was formulated accord-
ing to the tested critical transition temperatures.  

Round bar specimens with a length of 75  mm and 
diameter 15 mm were cut from the steel plate for com-
pressive deformation. Three groups of experiments 
were designed. The first group of experiments aimed to 
compare D-Q-P-T with the Q-P-T process and analyze 
the effect of deformation on the microstructure and 
mechanical properties of the heat-treatment process. In 
the D-Q-P-T experiment, a Gleeble-3800 thermal simu-
lator was used to heat the samples to 950 °C for 5 min, 
followed by air cooling to 870  °C for 10 s; the samples 
were then subject to a compression of 60% and quench-
ing to 300 °C for 10 s, followed by tempering at 400 °C 
for 10 s, and, finally, water quenching to room tempera-
ture. The Q-P-T process does not undergo deformation 
treatment. Other heat treatment process parameters 
were the same as those used for the D-Q-P-T process. 
The experimental scheme is shown in Figure 4. The sec-
ond group of experiments aimed to analyze the effect 
of different quenching temperatures for the D-Q-P-T 
process on the microstructure and mechanical prop-
erties. The quenching temperature was 250  °C, 300  °C 

Figure 1 Schematics for conventional heat treatment

Table 1 Chemical composition of the steel (wt%)

C Si Mn Cr Ni S P Cr

0.41 0.24 0.58 0.88 0.014 0.006 0.023 0.88
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and 350  °C for 10  s. Other heat treatment process 
parameters were the same as those used for the first 
group of experiments, as shown in Figure 5. The third 
group of experiments aimed to study the effect of dif-
ferent tempering times for the D-Q-P-T process on the 
microstructure and mechanical properties. Samples 
were tempered at 400 °C for 10 s, 30 s, 90 s and 150 s, 
respectively. Other heat treatment process parameters 
were the same as those used in the first group of experi-
ments, as shown in Figure 6.

To observe the microstructure changes for the three 
groups, the samples were cut, ground and polished, and 
then corroded with a detergent solution of saturated 
picric acid and 3% nital solution before using Optical 
Microscopy (OM) to observe the microstructure. To 
clearly observe the morphology of the precipitate, a 
0.5 mm thickness sheet was cut by a molybdenum wire 

Figure 2 Austenitic thermal expansion curve

Figure 3 Martensite thermal expansion curve

Figure 4 The first group of experiments

Figure 5 The second group of experiments

Figure 6 The third group of experiments
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cutting machine, which was then ground and polished 
to a thickness of approximately 50 μm. The morphology 
of the precipitate was observed by a scanning electron 
microscope (SEM) and transmission electron micros-
copy (TEM). To test the mechanical properties, the 
sample was processed into a tensile sample, as shown 
in Figure  7. The sample was stretched at a speed of 
0.02 mm ·  min−1 to obtain the tensile strength and elon-
gation under different experimental schemes.

3  Results and Discussion
3.1  Microstructure
Optical micrographs of the specimens prepared under 
the deforming-quenching and quenching processes are 
shown in Figure  8 [31]. It can be seen from the figure 
that the grain size for the deforming-quenching process 
is large; for the deforming-quenching process, due to 
the deformation before the quenching process, with the 
influence of high temperature and large deformation, the 
sample shows dynamic recrystallization, which makes 
the grain refined and increases the dislocation density. 
Therefore, compared with the quenching process, the 

grain size for the deforming-quenching process is signifi-
cantly smaller.

To further observe the D-Q-P-T and Q-P-T processes 
microstructure, the experimental steel was analyzed by 
SEM, as shown in Figure 9 [31]. The D-Q-P-T process is 
shown in Figure 9(a). It is clear that the microstructural 
feature of these D-Q-P-T samples is typical lath mar-
tensite, and the lath martensite is fractured. Compared 
with the Q-P-T process, the D-Q-P-T process can refine 
grains and increase the dislocation density, as shown in 
Figure 9(b). The dynamic recrystallization absorption for 
the D-Q-P-T process takes place in the process of defor-
mation to eliminate some dislocations. However, most of 
the dislocations are inherited by the generated martensite 
structure, and, finally, the lath martensite and retained 
austenite structures with high dislocation density are 
obtained, which indicates that the deformation takes 
place before the Q-P-T process can affect the refining of 
grains.

Figure  10 shows SEM micrographs for samples 
quenched at a temperature of 250 °C, 300 °C and 350 °C. 
Figure  10(a) shows the SEM micrograph for a sample 
quenching temperature of 250  °C. The microstructure 
is lath martensite, and the laths are intertwined; a large 
number of lath structures are combined into martensite 

Figure 7 Dimension of the tension sample (mm)

Figure 8 Optical micrographs of the D-Q-P-T and Q-P-T samples [31]

Figure 9 SEM micrographs of the D-Q-P-T and Q-P-T samples [31]
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bundles. The lath bundles of martensite are zigzag and 
curved, which is due to the deformation; in addition, 
a small amount of feathery bainite structure is found 
between the martensite bundles. At a quenching tem-
perature of 300 °C, it can be seen from Figure 10(b) that 
the martensite bundle is more obvious. For a quenching 
temperature of 350 °C, as shown in Figure 10(c), the mar-
tensite is relatively coarse. With increasing quenching 
temperature, the lath martensite becomes coarser, with 
many dislocations and twist breaks between the laths. 
This is because the experimental steel is first deformed 
in the austenitized zone before the Q-P-T process, and 
the austenite grains are elongated during the deforma-
tion process. As the amount of deformation accumulates, 
the grain boundary becomes tortuous or even fractured. 
High dislocation density results in a larger grain bound-
ary area, smaller grain size and higher dislocation den-
sity, which are inherited by the later martensite.

Figure  11 shows TEM micrographs for D-Q-P-T 
samples prepared with different quenching tempera-
tures. It can be seen from the figure that the lath mar-
tensite fractures and bends, which further confirms 
that the deformation increases the dislocation density. 
When the quenching temperature is 250  °C, as shown 
in Figure  11(a), the lath martensite is narrow, and the 

average width of the lath martensite is 150 nm, and the 
average width of the retained austenite is 25 nm. When 
the quenching temperature is 300  °C, as shown in Fig-
ure 11(b), it can be seen that the martensite lath becomes 
thicker, and the average width of the lath martensitic is 
250  nm. With increasing quenching temperature, the 
average width of the retained austenite is 80 nm. It can be 
seen that the dislocation density is high at the quenching 
temperature of 350 °C, as shown in Figure 11(c). The aver-
age width of the retained austenite is larger; the channels 
for carbon atom diffusion increase due to the high dis-
location density. With increasing quenching temperature, 
the diffusion of carbon atoms accelerates, resulting in the 
diffusion of more carbon atoms to the retained austenite. 
However, due to the short tempering time, which is only 
10 s, the retained austenite cannot fully accumulate and 
grow, leading to the retained austenite to exhibit different 
lengths and distributions.

From the above analysis, it is known that the tempering 
time also affects the microstructure. Therefore, the selec-
tion of an appropriate tempering time is also a key factor 
in the D-Q-P-T process. Figure  12 shows SEM micro-
graphs for samples prepared using different tempering 
times of 10 s, 30 s, 90 s and 150 s at 400 °C. It can be seen 
from Figure  12 that the microstructure is martensitic 

Figure 10 SEM micrographs of the D-Q-P-T samples prepared at different quenching temperatures

Figure 11 TEM micrographs of D-Q-P-T samples prepared using different quenching temperatures
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under different tempering times. When the tempering 
time is 10  s and 30  s, as shown in Figure 12(a), (b), the 
size of martensite laths is smaller. With increasing tem-
pering time, as shown in Figure 12(c), (d), the size of mar-
tensite laths increases.

Figure 13 shows TEM micrographs for D-Q-P-T sam-
ples prepared with different tempering times. When 
the tempering time is 10 s, as shown in Figure 13(a), the 
lath martensite structure can be seen clearly in the fig-
ure, and there is a high dislocation density. The retained 
austenite is distributed between the lath martensite. 
Due to the short tempering time of only 10 s, the carbon 
atoms in the martensite cannot be fully diffused into the 
retained austenite, resulting in less content and a shorter 
width of 20–23  nm for the retained austenite. When 
the tempering time is 30  s, as shown in Figure  13(b), 
one observes that the retained austenite becomes wider 
and longer. When the tempering time is 90  s, as shown 
in Figure  13(c), (d), the amount of retained austenite is 
observed to decrease, which is due to the transforma-
tion of retained austenite into martensite or bainite 
with increasing tempering time. As a result, the retained 
austenite content is reduced. In Figure  13(e), the SAED 

pattern analysis indicates the presence of retained aus-
tenite together with martensite.

In the D-Q-P-T process, the retained austenite can 
be stable in existence. On the one hand, due to the first 
quenching temperature between Ms and Mf in the Q-P-T 
process, part of the austenite will remain after the first 
quenching, and carbon atoms will diffuse from the mar-
tensite to the remained austenite after tempering, thus 
forming a part of the carbon-rich austenite, which will 
exist stably. On the other hand, due to the deforma-
tion, the microstructure is refined, and the interaction 
between martensite and retained austenite leads to the 
microstructure to restrict each phase, so that the austen-
ite remains stable.

3.2  Mechanical Properties
The comparison of mechanical properties for samples 
prepared using the D-Q-P-T and Q-P-T process is shown 
in Table  2 [31].  Compared with the Q-P-T process, the 
tensile strength of a sample prepared using the D-Q-P-
T process is increased by 57.77 MPa and the elongation 
is also improved. There is deformation before Q-P-T 
heat treatment process, which can refine the grains and 

Figure 12 SEM micrographs of D-Q-P-T samples prepared using different tempering time
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increase the strength and plasticity of the experimen-
tal steel. On the one hand, the grain size obtained in the 
D-Q-P-T process is relatively small due to the effect of 
deformation, which plays an important role in improv-
ing the strength and plasticity of the experimental steel. 
On the other hand, a large number of dislocations will 
be produced during deformation, which will increase the 
number of channels for carbon atom diffusion, result-
ing in more retained austenite content in the D-Q-P-T 
process than in the Q-P-T process. This will improve the 
comprehensive mechanical properties of the material.

Figure  14 shows the tensile strength and elongation 
of the experimental steel at different quenching tem-
peratures. It can be seen from the figure that the ten-
sile strength decreases first and then increases with 
increasing quenching temperature, while the elongation 
increases throughout. When the quenching temperature 

is 350 °C, the tensile strength is 1435 MPa and the elon-
gation is 18.9%. The tensile strength of the experimental 
steel obtained by the D-Q-P-T process reaches above 
1350 MPa, and the elongation exceeds 16%. The change 
trend for the elongation also reflects the fact that the 
content of retained austenite in the soft phase increases 
with increasing quenching temperature.

Figure 13 TEM micrographs of D-Q-P-T samples prepared with different tempering times

Table 2 Mechanical properties for D-Q-P-T and Q-P-T [31]

Process Properties

Tensile strength 
(MPa)

Elongation (%) Rm × A (GPa%)

D-Q-P-T 1388.22 17.72 24.6

Q-P-T 1330.45 13.64 18.15

Figure 14 Tensile strength and elongation with different quenching 
temperatures
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Figure  15 shows the change in the strength and duc-
tility (Rm × A) of the experimental steel. Under different 
quenching temperatures, the change in the strength and 
ductility increases with increasing quenching tempera-
ture. The strength and ductility of the experimental steel 
obtained through the D-Q-P-T process reaches above 
23 GPa%. The highest value of 27.1 GPa% is obtained for 
a quenching temperature of 350  °C. This is because the 
strength and toughness of the experimental steel after 
the D-Q-P-T process will have a blending process. The 
final microstructure obtained under different quenching 
temperatures involves a process of mutual distribution of 
hard and soft phases.

Figure 16 shows the tensile strength and elongation of 
the experimental steel at different tempering times. It can 
be seen from Figure  16 that the tempering time has an 
influence on the mechanical properties of the steel. With 

the extension of the tempering time, the tensile strength 
first increases and then decreases. When the tempering 
time is 30 s, the maximum tensile strength of the experi-
mental steel is 1487.5  MPa. With increasing tempering 
time, the martensite morphology of the experimental 
steel becomes uniform and coarse. The martensite micro-
structure will decompose into ferrite and carbide, which 
will affect the mechanical properties of the material. The 
elongation of the experimental steel reaches above 16.5% 
at different tempering times. Under this heat treatment, 
the microstructure of the experimental steel contains 
more retained austenite. During the stretching process, 
the retained austenite belongs to the soft phase, and the 
martensite is the hard phase. The coordination between 
the hard phase and the soft phase plays an important role 
in improving the toughness of the experimental steel.

Figure 17 shows the change in the strength and ductil-
ity (Rm × A) of the experimental steel. It can be seen from 
the figure that the strength and ductility is different at dif-
ferent tempering times. When the tempering time is 30 s, 
the maximum strength and ductility of the experimental 
steel is 27.1 GPa%. Due to the deformation in the austen-
ite zone, grain refinement occurs. After the subsequent 
heat treatment, the martensite, bainite and retained aus-
tenite are finally obtained. Such composite microstruc-
tures can not only increase the strength of the steel, but 
also enhance the toughness of the steel. The experimen-
tal steel has a high product for the strength and ductility 
(Rm × A).

3.3  D‑Q‑P‑T Strengthening Mechanism
For the strengthening mechanism of the material, fine 
grain strengthening can improve the strength and tough-
ness of the material at the same time. The grain refine-
ment process for the D-Q-P-T process can be divided 

Figure 15 Strength and ductility with different quenching 
temperatures

Figure 16 Tensile strength and elongation with different tempering 
times Figure 17 Strength and ductility with different tempering times
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into the following stages: deformation of the austenite 
zone leads to a large angle change in the grain boundary. 
At the initial stage of deformation, the austenite grain 
boundary bends, and there is a stress effect between the 
grain boundaries, which increases the dislocation density. 
The sub-grain boundary appears under the stress. If the 
deformation continues to increase, it will lead to a non-
uniform distribution of grain boundary strain. This non-
uniform strain distribution causes the grain boundary 
to have tangential strain, which causes the grain bound-
ary to move abnormally. With increasing deformation, 
the strain further accumulates, and the grain boundary 
produces large bending and recrystallization behaviour 
occurs. In the D-Q-P-T process, the martensite nucleates 
at the refined grain boundary. Due to the effect of defor-
mation, high dislocation density will hinder the growth of 
martensite, thereby refining the martensite microstruc-
ture and increasing the strength of the experimental steel.

4  Conclusions

(1) In this paper, deformation is introduced into the 
heat-treatment process for an experimental steel. 
Dynamic recrystallization behavior is observed for 
the material due to the deformation in the high 
temperature austenite zone. Because the material 
thermomechanical process integrates deforma-
tion–quenching–partitioning-tempering, the grain 
can be refined, and finally, a high dislocation den-
sity lath martensite and retained austenite can be 
obtained, which plays an important role in improv-
ing the tensile strength and elongation of the exper-
imental steel.

(2) In this paper, Fe-0.41C-0.24Si-0.58Mn-0.88Cr-
0.014Ni (wt%) steel was treated by a D-Q-P-T pro-
cess, and optimized heat treatment parameters 
were obtained. The maximum strength and ductil-
ity of the experimental steel was determined to be 
27.1 GPa%.

(3) The D-Q-P-T process was used to obtain an experi-
mental steel with a tensile strength of 1388.22 MPa, 
elongation of 17.72%, and a strength and ductility of 
24.6 GPa%. For the Q-P-T process, the experimen-
tal steel shows a tensile strength of 1330.45  MPa, 
elongation of 13.64%, and a strength and ductility 
of 18.15 GPa%. Compared with the Q-P-T process, 
the D-Q-P-T process improves the tensile strength 
of the experimental steel by 57.77  MPa, and the 
elongation is also significantly improved. The D-Q-
P-T process proposed in this paper can be used to 
simultaneously improve the strength and ductility.

(4) When the quenching temperature for the D-Q-
P-T process is 250 °C, 300 °C or 350 °C, the maxi-
mum tensile strength of the experimental steel is 
1435 MPa, the elongation is 18.9%, and the strength 
and ductility is 27.1 GPa%.

(5) For a tempering time of 10 s, 30 s, 90  s or 150 s for 
the D-Q-P-T process, the tensile strength ranges 
from 1310.66–1487.48  MPa, the elongation ranges 
from 16.91%–19.88%.

(6) In this paper, a design idea for preparing a mul-
tiphase microstructure for steel is realized. The 
experimental steel microstructure is composed of 
lath martensite and retained austenite. The exist-
ence of a multiphase microstructure not only 
enhances the strength of the experimental steel 
but also increases the plasticity of the experimental 
steel, which improves the strength and ductility.
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