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Abstract: 
In this paper, a Fe-based Mn-Ni–Cr–Mo high strength low alloy (HSLA) steel was prepared by using Vacuum melting, following by 
hot rolling with 78% deformation and various heat treatment processes. Microstructure were characterized by optical microscope 
(OM), scanning electron microscope (SEM) equipped with energy dispersive spectrometer. Tensile tests were performed. After direct 
quenching (Q) from 860℃, the samples were subjected to secondary quenching (L) at different intercritical temperatures within the 
two-phase region and various tempering temperatures (T). Results show that QLT treatment increases elongation and decreases yield 
ratio compared with conventional quenching and tempering process (QT). The optimum QLT heat treatment parameter in terms of 
temperature are determined as Q: 860℃, L: 700℃, and T: 600℃, resulting in the better combined properties with yield strength of 
756MPa, tensile strength of 820MPa, tensile elongation of 16.76% and yield ratio of 0.923.

Keywords: high strength low alloy (HSLA) steel; QLT heat treatment; tempering; microstructures; mechanical properties

1. Introduction
In order to meet the development of large-scale, high-speed 
and multi-sea operations of high strength low alloy (HSLA) 
steel, a steel system with high strength, high toughness 
and good weldability to allow reliable operation must be 
assured for extreme severe environments and service 
conditions [1]. This indicate an increasing requirement for 
HSLA steel. In the decades, researchers have done a lot of 
works in the field of HSLA steel, for example, widely-used 
high yield (HY) series high-strength steel in the United 
States, Japanese NS series steel, and Russian Ab-series 
steel [2-8]. Above mentioned traditional HSLA steels are 
based on low-carbon and low-alloys [9,10], and their high 
strength and high toughness is attained based on the low-
carbon tempered martensite structure obtained through 
the “quenching and tempering” heat treatment process. 
The high strength of steel required higher alloy element 
content, which simultaneously results enhanced in carbon 
equivalent and thus the deteriorating welding performance. 
Therefore, how to balance strength, toughness and welding 
performance of steel has become a key factor in the 
development of high strength steel.

New ideas have been provided to achieve strength-
toughness-welding performance balance. The United States 
first proposed a new generation of copper-containing easy-
welded high strength submarine steel plan to develop 
the same strength and toughness index as HY 80 steel 
[11,12], with better weldability in comparison with HSLA 
80 structural steel. HSLA 80[13] is a low-carbon, copper-
precipitated reinforced steel. The ε-Cu precipitation and 
ultra-fine bainite structure with high density dislocation 
in the steel yield excellent comprehensive mechanical 
properties. Through dispersion strengthening of ε-Cu 
phase formed in the aging process, the strength loss caused 
by C is compensated, and the welding crack sensitivity is 
reduced [14].

At present, high strength steel systems of 390MPa, 
440MPa, 590MPa and 785MPa have been formed [15], 
which all use the Mn-Ni-Cr-Mo component system 
mostly treated with quenching and tempering. The Mn-
Ni-Cr-Mo component system treated with quenching 
and tempering can meet the requirements of technical 
indicators, but also has some shortcomings. First of all, 
after heat treatment of quenching and tempering process 



32 Vol. 1 | No.2 | 2019 | Research and Application of Materials Science

[16-18], yield ratio is relatively high, generally up to 0.93 or 
more, sometimes even as high as about 0.97, which greatly 
reduces the safe using performance. Secondly, tempering 
temperature range is narrower during the quenching 
and tempering process, which increases the difficulty of 
industrial production. In this paper, we employed a special 
heat treatment procedure, named QLT treatment [19] which 
consists of direct quenching (Q), relatively low temperature 
(intercritical) quenching (L) and tempering (T) to improve 
the mechanical properties and modify the microstructure 
of HSLA steel, respectively [20]. The microstructure is 
refined and ferrite is introduced on the basis of the 
strengthened phase (tempered martensite) during this heat 
treatment process. Recently, it has been recognized that the 
multi-phase microstructure which consists of “soft” ferrite/
pearlite and “hard” bainite/martensite would improve the 
impact property of the steel [21,22]. The combination of soft 
ferrite and relatively hard secondary tempering martensite 
reduces the yield ratio and improves elongation. In this 
paper, a low carbon alloy steel containing alloying elements 
Ni, Cr, Mo, etc. in hot-rolled state was experienced QT and 
QLT treatments in sequence. The effects of conventional 
quenching and tempering heat treatment process (QT) 
and two-phase zone secondary quenching heat treatment 
process (QLT) on the microstructure and mechanical 
properties of the steel were investigated and compared. The 
results show that QLT heat treatment process improves the 
elongation and reduces yield ratio obviously.

2. Experimental Procedures

2.1. Preparation of samples
The steel sample with chemical compositions (see Table 1) 
similar to Mn-Ni-Cr-Mo HLSA steel was prepared. Steel 
ingot of 150 mm length, 70 mm width and 80 mm thickness 
was obtained by melting the mixture of all base metals 
in a corundum crucible in a vacuum furnace [23]. Before 
melting, degreasing, rust removal and drying treatment 

were applied to reduce the introduced inclusions and gas. 
Vacuum deaeration was adopted and the system vacuum 
degree is 6×10−4Pa. Oxygen level was controlled in a 
reasonable range of 40–60 ppm in the melt and nitrogen 
level in a range of 10–20 ppm. Finally, the melt was poured 
and cooled down inside the crucible in air. Fabrication 
process has been presented in detail in our former paper [24].

Then, as-cast ingots were heated at 1200℃ for 2 h 
and subjected to hot-rolling into 18 mm thick plates with 
a total cumulative reduction of 78% given in five passes, 
followed by air cooling to room temperature. By using far-
infrared instrument, initial and final rolling temperatures 
were measured to be 1150 ± 10℃ and 850 ± 10℃, 
respectively. Hot-rolled sample of 510 mm length, 105 
mm width and 18 mm thickness was then cut into blocks 
by wire cut electrical discharge machining (WEDM). The 
sample after hot rolling is divided into two groups named 
Ⅰ and Ⅱ. Group Ⅰ blocks of rolled-steel with size of 
110 mm length, 30 mm width and 10 mm thickness were 
kept at 880℃, 860℃ and 840℃ for 1 h quenched in water 
and subsequently tempered at temperatures of 600℃ for 
1h. Group Ⅱ are after direct quenching from 860℃, the 
samples were subjected to secondary quenching (L) at 
different intercritical temperatures within the two-phase 
region and various tempering temperatures (T). The QLT 
treatment includes two step quenching and tempering. 
Table 2 illustrates the treatment processes used in this 
paper. The QLT process adds a two-phase zone quenching 
process between the QT processes. The measured AC1 
temperature is 706°C, and the AC3 temperature is 
767°C. For the QLT processing here, the selected heated 
temperature is set between 680℃-760℃, which is actually 
high tempering temperature. But the water quenching is 
chosen as the cooling method, instead of air cooling or 
furnace cooling. So we called this special processing as a 
kind of secondary quenching. Therefore, the secondary 
quenching temperature range is 680-760 °C.

Table 1. Actual chemical compositions of steels (wt.%).

Composition C Si Mn P S Cr Ni Cu Mo V Nb Al

Content 0.06 0.04 1.03 0.02 0.02 0.97 4.66 0.02 0.54 0.003 0.05 0.002

Table 2. The treatment processes of steel.

Name 1 2 3 4 5 6 7 8

Primary
quenching temperature 860℃ ×1h 860℃ ×1h 860℃ ×1h 860℃ ×1h 860℃ ×1h 860℃ ×1h 860℃ ×1h 860℃ ×1h

Secondary quenching 
temperature 760℃ ×1h 730℃ ×1h 700℃ ×1h 680℃ ×1h 700℃ ×1h 700℃ ×1h 700℃ ×1h 700℃ ×1h

Tempering tempera-
ture 600℃ ×1h 600℃ ×1h 600℃ ×1h 600℃ ×1h 640℃ ×1h 620℃ ×1h 600℃ ×1h 580℃ ×1h

2.2. Material characterization and mechanical property 
test
Optical microscopy (OM), scanning electron microscopy 
(SEM), equipped with energy dispersive spectrometer 

were performed to characterize the microstructures. The 
spot resolution for the energy dispersive spectrometer 
(EDS) analysis is 0.205 nm. Metallographic specimens 
were ground with silicon carbide paper and subsequently 
polished followed by etching with 4% alcohol nitric acid 
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solution. Tensile test specimens were cut from hot-rolled 
samples and tempered samples with WEDM, respectively. 
Tensile tests were conducted on dog-bone shaped 
specimens with a gage size of 30mm length, 12.5mm width 
and 2mm thickness at room temperature with a strain rate 
of 10−3s−1 using an FPZ 100 machine. The hardness test 
is conducted on the WHR-80D total Rockwell Hardness 
tester. The hardness of the experimental steel in rolled and 
heat-treated state is measured according to the GB/T 2850-
1992. 6 points were measured at different positions on the 
metallographic samples with 10mm×10mm×10mm, and 
then the average value was obtained as the hardness for the 
tested samples.

3. Results and Discussion

3.1. Effect of QT process on microstructure and mechan-
ical properties
Figure 1 and Figure 2 show the optical microscope images 
and scanning electron micrographs of the microstructure 
at different quenching temperatures. The steel in QT state 
exhibited a tempered troostite structure in temper state, with 
quenching at 840°C, 860°C, 880°C and tempering at 600°C.
Most of the martensite structure in the troostite structure 
remained in slat-like shape as shown in SEM images of 
these QT steels. Numerous carbides were precipitated 
between martensite slats and at grain boundaries of original 
austenite. The tempering stability is improved due to the 
presence of strong carbide forming elements such as Mo, 
V, Nb, etc. Therefore, most of tempering microstructure 

maintains the form of slat, accompanied with high strength. 
Quenching temperature influences directly the grain 

size of austenite structure and correspondingly affects 
the distribution of quenching structure, leading to the 
variation of tempering structure (see Fig. 2). Specifically, 
the higher quenching temperature, the coarser structure 
in austenitizing (austenite grain), quenching (lath 
martensite) and tempering (tempering troostite) states. 
The final tempering structure causes the difference in 
mechanical properties (see Table 3). On the other hand, 
the experimental steel contains alloying elements including 
Ni, V, Cr, and Mo. As the quenching temperature increases, 
the solid solution contents of the alloying elements increase 
in the quenching state, which facilitate the precipitation of 
carbides and nitrides during tempering process. This makes 
a great contribution on the improvement of strength. The 
mechanical testing results in Table 3 demonstrate that 
increase of quenching temperature has the greatest impact 
on the decline of the yield and tensile strengths of steel. 
With quenching temperature increasing, specifically, 
tensile strength decreased from 1055MPa to 908MPa, and 
yield strength decreased from 882MPa to 878MPa. Tensile 
elongation and yield ratio at different QT states exhibit 
similar values around 13% and 0.96, respectively. Therefore, 
considering several mechanical properties parameters, we 
conclude that the steel quenched at 860°C and tempered 
at 600°C obtain the optimized comprehensive mechanical 
properties, with the yield strength of 881MPa, tensile 
strength of 909MPa, elongation after fracture of 13.92 %, 
and yield ratio of 0.969.

Figure 1. Low magnification optical micrographs of tempered samples at different quenching temperature. Quench-
ing temperature: (a) 840℃; (b) 840℃; (c) 860℃; (d) 860℃; (e) 880℃; (f) 880℃. Tempering temperature: 600°C.
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Figure 2. SEM images of at different quenching for 1h and tempering at 600°C, (a) 840℃; (b) 860℃; (c) 880℃

Table 3. Mechanical performance of QT state steel

number
quenching

 (℃)
temper 

(℃)
Yield Strength
（MPa）

tensile strength
（MPa）

Elongation
 (%)

hardness（HR） Yield ratio

A Rolled state 600 0 1055.514 12.16 29.7 0

B 880 600 878.813 908.8632 13.6 28.7 0.967

C 860 600 881.063 909.2028 13.92 26.9 0.969

D 840 600 882.121 910.853 13.84 27.3 0.968

Figure 3. Evolution of mechanical properties with different quenching temperatures: (a) Yield strength; (b) Tensile 
strength; (c) Elongation; (d) Yield ratio

3.2. Effect of QLT process on microstructure and me-
chanical properties
In the previous stage, the effects of different quenching 
temperatures on the microstructure and properties of 

steel were investigated. The optimum QT heat treatment 
parameter in terms of temperature are determined as 
Q: 860℃ and L: 600℃, resulting in the better combined 
properties with yield strength of 881MPa, tensile strength 
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of 909MPa, tensile elongation of 13.92% and yield ratio of 
0.969. The secondary quenching process was conducted to 
further verify the relevant properties of the experimental steel.

The secondary quenching produces the continuous 
distribution of the mixed structure of the secondary 
tempered martensite and ferrite, similar as the dual-phase 
steel structure. The combination of the soft ferrite and 
the hard secondary tempered martensite has the greatest 
impact on the decline of the yield ratio and the increase 
of the elongation. Table 4 gives detailed parameters 
of mechanical properties under different secondary 
quenching processes (i.e. QLT states). With the secondary 
quenching temperature increasing, specifically, tensile 
strength increased from 802 MPa to 912MPa, and yield 
strength increased from 740MPa to 887MPa. At different 
QLT states, tensile elongation exhibit similar values around 
16%, and yield ratio is higher than 0.89.

Considering the mechanical properties in Table 
4, processed in sequence by the quenching at 860°C, 
secondary quenching at 680-760°C and tempering at 
600°C, the steel under 700°C secondary quenching obtain 

the optimized comprehensive mechanical properties, with 
the yield strength of 756MPa, tensile strength of 820MPa, 
elongation after fracture of 16.96 %, and yield ratio of 0.923.

Then under the constant secondary quenching 
temperature of 700°C, tempering processes at 580°C, 
600°C, 620°C, 640°C for 1 h were carried out to determine 
the best tempering temperature for the steel. After the 
secondary quenching and high temperature tempering 
(>500℃), the obtained microstructure displayed a 
ferrite+ secondary tempered martensite. When residual 
austenite is present in the quenched steel, it can even be 
transformed into pearlite or bainite during tempering and 
then martensitic transformation occurs. The austenite does 
not decompose in the tempering heat preservation. In the 
subsequent cooling, due to the catalysis (anti-stabilization) 
effect, it is likely to undergo martensitic transformation. 
This phenomenon is called secondary quenching. Then the 
structure obtained when tempering is secondary tempered 
martensite. As the tempering temperature increases, the 
ferrite content increases and the distribution areas becomes 
wider (see Fig. 4).

Table 4. Mechanical performance of QLT state steel

Secondary
quenching

temperature（℃）

Temper 
temperature（℃）

Yield 
Strength（MPa）

tensile 
strength（MPa）

Elongation（%） Yield ratio

760 600 887.212 912.152 15.20 0.972

730 600 861.354 907.652 16.40 0.949

700 600 756.862 820.498 16.96 0.923

680 600 740.251 802.513 17.20 0.893

Figure 4. SEM images of at Secondary quenching 700°C for 1h and different tempering (a) 580℃; (b) 600℃, (c) 
620℃, (d) 640℃

With the temper temperature increasing, specifically, 
tensile strength decreased from 846MPa to 787MPa, 
and yield strength decreased from 785MPa to 700MPa. 
At different QLT states, tensile elongation decreased 

first and then rose, between 16.96-19.60, and yield ratio 
exhibited similar values around 0.93 (in Table 5 and Fig. 
5). Considering the mechanical properties processed in 
sequence by the quenching at 860°C, secondary quenching 
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at 700℃ and tempering at 580-640°C, the steel tempering at 
600°C obtained the optimized comprehensive mechanical 
properties.

The tensile fracture surfaces of the experimental steel 
after the QT and QLT process are shown in Figs. 6 and 7. The 
number density and depth of dimples in fracture surface 
of steel sample quenching at 840 are less and smaller than 
those at 860°C, respectively. Besides, the number density 

and depth of dimples in fracture surface of steel sample 
tempered at 580℃ are less and smaller than those at 600°C, 
respectively. The toughness of steel sample quenching at 
860°C (during QT process) and tempered at 600°C (during 
QLT process) respectively present higher values compared 
to their counterparts, which is consistent with the previous 
reports that dense and deep dimples during tensile fracture 
induce higher toughness [26,27].

Table 5. Mechanical properties of QLT Process steel

Secondary
quenching

temperature (℃)

Temper
temperature (℃)

Yield 
Strength (MPa)

tensile 
strength (MPa)

Elongation
（%）

hardness（HR） Yield ratio

1 700 640 700.43 787.020 19.60 22.2 0.890

2 700 620 765.16 814.232 19.28 23.4 0.940

3 700 600 756.86 820.498 16.96 23.1 0.923

4 700 580 785.10 846.560 18.16 22.9 0.928

Figure 5. Mechanical properties of different tempering temperatures at 700 °C secondary quenching (a) Yield strength 
(b) Tensile strength (c) Elongation (d) Yield ratio
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Figure 6. Fracture surface of steel sample quenched at 840 and 860 °C

  

  

Figure 7. Fracture surface of steel sample tempered at 580 and 600 °C, following secondary quenching at 700 °C

4 . Conclusion
(1) Metallographic structure under QT state is mainly 
consisted of tempered troostite in slat form. The steel 
under QT state (quenching at 860°C and tempering at 
600°C) obtains the optimized comprehensive mechanical 
properties, with the yield strength of 881 MPa, tensile 
strength of 909MPa, elongation after fracture of 13.92 %, 
and yield ratio of 0.969.

(2) The QLT treatment gives the best elongation 
values compared with QT process, and the optimum QLT 
heat treatment parameters are determined as Q: 860 ℃, L: 
700 ℃ and T: 600 ℃, with the yield strength of 756MPa, 
tensile strength of 820MPa, elongation after fracture of 
16.76 %, and yield ratio of 0.923. After QLT treatment, 
the two-phase structure is formed with soft ferrite and 
hard tempered martensite, which degrades yield ratio and 
improves elongation.

(3) The tensile fracture surfaces of the QT and QLT 

steels show that the number density and depth of dimples 
quenching at 840°C (during QT process) and tempered at 
580°C (during QLT process) are less and smaller than those 
of their counterparts, respectively. The dense and deep 
dimples during tensile fracture induce higher toughness in 
the former steels.
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