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ABSTRACT

We describe here the impact of tempering temperature and tempering time on the microstructure and
mechanical property in a low carbon Nb-Cu microalloyed steel via a three-step heat treatment. After
tempering process, the microstructure primarily comprised of ferrite, retained austenite and tempered
bainite/martensite. The ferrite matrix with ultrafine grain size was film-like and enriched with
nanometer-sized niobium-containing and copper precipitates. The volume fraction of ferrite increased
with the increase in tempering temperature and tempering time. Retained austenite had average grain
size less than 1 pm and was enriched with copper precipitates that contributes to enhance the stability
of austenite. The retained austenite revealed high thermal stability and remained stable in the range of
20-30% when tempering temperature and time changed. High strength and good ductility were
obtained in the tempering temperature range of 450-550 °C, or by prolonging tempering time at
500 °C, where the yield strength was ~750 MPa and the product of tensile strength and % elongation
was ~32 GPa%, which is attributed to the cooperation of multiphase microstructure, stable retained

austenite and nanometer-sized precipitates.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that retained austenite plays a great role in a
multiphase system to obtain high strength and excellent ductility
in steel. One promising and innovative heat treatments for the
creation of retained austenite is annealing reverted transformation
process (ART) [1-4]. In this process, retained austenite was
obtained by the stabilization of reverted austenite through the
diffusion of Mn or Ni from nearby martensite during the inter-
critical annealing process in high Mn/Ni martensitic steels.

On the basis of ART process, a two-step intercritical heat
treatment was proposed by present authors to produce retained
austenite in a low carbon Cu-bearing and Nb-microalloyed steel
[5,6]. Retained austenite with volume fraction more than 20% was
obtained by successive enrichment of Mn and Ni in the reversed
austenite during each intercritical process. Because of high inter-
critical temperature, the precipitation was inadequate, such that
precipitation strengthening effect was minimal. Thus, it is essential
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to introduce a third tempering step to make full use of precipitation
of niobium and copper.

However, the tempering process generally leads to the decom-
position of retained austenite into ferrite and cementite, which is
detrimental to the ductility. In previous work from Thomas [7], the
decomposition temperature of retained austenite increased with
increase in concentration of Mn and Ni in a medium carbon steel,
which means that the thermal stability of retained austenite can
be enhanced by the enrichment of Mn and Ni. It is possible for the
retained austenite obtained by two-step heat treatment to remain
stable during tempering process. Nevertheless, there is still a lack
of experimental evidence to document the behavior of retained
austenite in tempering process.

From the above discussions, the third tempering process has a
great impact on both the precipitation behavior and retained
austenite content. Since the combination of retained austenite
and precipitates is widely applied to develop advanced high
strength steel (AHSS) [8,9], it is necessary and significative to make
clear the relationship between the tempering process parameters and
the microstructural features and the relative mechanical properties.
In this regarding, present work is to study the effect of tempering
temperature and time on the microstructure-mechanical property
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relationship in a Nb—Cu microalloyed steel to explore the potential of
the studied steel.

2. Experimental procedures

The nominal chemical composition of experimental steel in wt
% was Fe-0.10C-2.01Mn-0.78Si-0.78A1-0.08Nb-1.01Cu-1.0Ni-
0.26Mo. The role of different alloying elements is discussed else-
where [5]. The optimal temperatures for the two-step heat
treatment were confirmed to be 780 °C and 660 °C [6], which
remained same in the three-step process described in the present
study. To study the influence of third-step tempering process on
the microstructure and mechanical properties, the tempering
temperature was varied from 400 to 640 °C with tempering time
of 30 min. Similarly, to study the tempering time, the tempering
temperature was kept constant at 500 °C and the tempering time
was changed from 30 to 120 min (Fig. 1).

Heat treated samples were mounted and mechanically polished
to mirror finish using standard metallographic procedures. The
specimens were etched with 2% nital for optical and scanning
electron microscopy (SEM) observation. SEM was performed using
ZEISS ULTRA-55 field emission scanning electron microscopy in
conjunction with electron back scatter diffraction (EBSD) operated
at 20 kV. The EBSD scans were carried out at a step size of 0.8 pm.
The ferrite, retained austenite and bainite/martensite was clearly
differentiated by mixed etchant of picric and NayS,05 [10]. With
this technique, ferrite appears tan or light yellow, bainite is brown,
and retained austenite and martensite are both white. Retained
austenite was quantified by X-ray diffraction (XRD) using CuKa
radiation and the volume fraction estimated by measuring the
peak intensity of (200)a, (211)a, (200)y, (211)y and (311)y. The
volume fraction of ferrite was estimated by an automatic counting
technique using an image analyzer.

Hardness measurement was conducted in a Vicker's hardness
tester under 1kg applied load and the average hardness of a
particular sample was reported from measurement over 10 loca-
tions. Tensile properties were measured at room temperature
using standard tensile samples machined to 5 mm diameter and
25 mm gauge length according to ASTM E8 specification. To
characterize the fine-scale microstructure, transmission electron
microscopy (TEM) was carried out using 3 mm disks that were
twin-jet electro-polished in an electrolyte of 10% perchloric acid
and 90% ethanol. TEM was carried out using a Hitachi H7600
and JEOL JEM-2100 FS microscope equipped with an energy

dispersive X-ray spectrometer (EDS) operated at 120 kV and
200 kV, respectively.

3. Experimental results
3.1. Mechanical properties

Yield strength (YS), tensile strength (TS), uniform (UEL) and
total (TEL) % elongation as a function of tempering temperature
are presented in Fig. 2. In the three-step heat treatment, when the
tempering temperature was increased from 400 °C to 640 °C, the
yield strength was in the range of 681-756 MPa, tensile strength
was 839-952 MPa, uniform elongation was 18-23%, and total
elongation was 28-38% (Fig. 2a). The best combination of strength
and ductility was obtained at 500 °C and 550 °C, when the yield
strength was greater than 720 MPa and the total elongation was
~30%. With increase in tempering temperature, the tensile
strength was decreased, whereas the yield strength was similar
(Fig. 2b). Even though the tempering temperature varied over a
large range, the uniform and total elongation were high. This
means that the tempering temperature had little impact on the
ductility of the studied steel. In comparison to the two-step
process, the three-step treatment significantly enhanced the
strength, especially the tensile strength without losing ductility.

On tempering at 500 °C, when the tempering time was
increased from 30 min to 120 min, the yield strength increased
from 724 MPa to 756 MPa, total elongation increased from ~30%
to ~37%, and uniform elongation remained stable at ~22% with a
small loss in tensile strength (Table 1). This suggests that the
mechanical properties can be further enhanced by prolonging the
tempering time.

3.2. Microstructure characterization

Fig. 3a is optical micrograph of three-step heat-treated steel
sample at tempering temperature of 500 °C after Lepera etching.
The areas with light yellow color refer to ferrite, the brown color
reveals the lath of bainite, and the white color is martensite and
retained austenite. Given the sample underwent a successive
tempering process, the martensite content was low. In the light
of the distribution, size and morphology of retained austenite that
were characterized by EBSD in Fig. 3b, it can be concluded that the
white area with small size in Fig. 3a is retained austenite. This also
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Fig. 1. Schematic diagram of three-step heat treatment. (i) The tempering temperature T varies in the range of 400-640 °C at a constant tempering time (t) of 30 min. (ii) The
tempering time ¢ changes from 30 min to 120 min at a constant tempering temperature of 500 °C.
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Fig. 2. (a) Yield and tensile strength and (b) uniform and total elongation as a
function of tempering temperature in the experimental steel processed by three-
step heat treatment.

Table 1
The mechanical properties of investigated steel tempered at 500 °C for different
time in three-step heat treatment.

Time, min YS, MPa TS, MPa UEL, % TEL, %
30 724 +3 923 +5 20.8+04 298 +1
60 752+3 851+2 226+1 37.8+2

120 756 +£5 895+4 223+1 36.6 +2

provides evidence for the recognition of retained austenite and
bainite/martensite in the following SEM micrographs.

Representative scanning electron micrographs (SEM) of experi-
mental steel tempered at different tempering temperatures are
presented in Fig. 4. The microstructure comprised of ferrite,
retained austenite, and tempered bainite/martensite. There was
no obvious change in the microstructure of the steel tempered at
500 °C for different times (Fig. 5). The ferrite matrix had ultrafine
grain size and was surrounded by bainite/martensite and retained
austenite. Similar nature of ferrite was observed in Q-P steel and
medium manganese-containing steel [11].

Two types of retained austenite were observed by TEM obser-
vation: film-like that was present between bainitic/martensitic
laths (Fig. 6), and the blocky that was present at ferrite/ferrite or

Fig. 3. Light (a) and EBSD (b) characterization showing the distribution of retained
austenite in the microstructure of experimental steel after three-step heat treat-
ment at tempering temperature of 500 °C. (b) The red areas represent retained
austenite and the black lines in (b) denote grain boundaries with misorientation
> 5°. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

ferrite/bainite or martensite boundaries (Fig. 7). The selected area
diffraction (SAD) pattern confirmed the orientation relationship
between retained austenite and ferrite was [100]«//[110]y, imply-
ing a N-W relationship [12]. The difference in morphology is
related to the initial microstructure, where retained austenite
nucleates and grows. The ferrite was film-like, and only a small
amount of ferrite was quasi-polygonal at low tempering tempera-
ture. On tempering at high temperatures, the quasi-polygonal
ferrite was the dominant microstructure. These ferrite grains were
in size range of 1-2 um and their boundaries were visible. This
transition in the morphology of ferrite from film-like to quasi-
polygonal indicates that new ferrite was formed when the tem-
perature was greater than 600 °C.

The TTT plot of nominal chemical composition predicts that the
microstructure at 600 °C primarily consists of ferrite and pearlite
(Fig. 8). The pearlite can only be obtained at cooling rate of
~0.1 °C/s. Moreover, pearlite was not observed in the first two
steps [6], where the temperature was high. For this reason, the
pearlite transformation can be neglected here. On the other hand,
the enrichment of alloying elements in the reversed austenite
during two-step process significantly decreases A; temperature,
which means that the ferrite transformation starts at a lower
temperature in the alloy-enriched austenite. Therefore, ferrite
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Fig. 4. Low and high magnification SEM micrographs of samples tempered at different tempering temperatures (a, b) 400 °C; (c, d) 550 °C; (e, f) 660 °C after two-step
intercritical annealing and intercritical tempering treatment. RA: retained asutenite, B/M: bainite or martensite, and Q-F: quasi-polygonal ferrite.

transformation probably occurs in austenite at high tempering
temperature, resulting in increase of volume fraction of ferrite at
high temperature (Fig. 9a).

The dominant microstructure of experimental steel tempered
at 500 °C for different times was film-like ferrite lath and retained
austenite. The quantitative analysis revealed that the volume
fraction of ferrite increased with increase in tempering time
(Fig. 9b). This might be caused by the recovery of bainite/
martensite that can be referred as ferrite since most of manganese
and carbon atoms in bainite/martensite has escaped into austenite
or formed precipitates after the tempering process.

3.3. The behavior of retained austenite during the tempering process

The volume fraction of retained austenite as a function of
tempering temperature and tempering time are presented in

Fig. 9. With increase in tempering temperature from 400 °C to
600 °C, the volume fraction of retained austenite remained stable
over the range of 20-30% (Fig. 9a). When the tempering time was
increased from 30 min to 120 °min at a constant tempering
temperature of 500 °C, the volume fraction of retained austenite
was decreased from ~30% to ~20% (Fig. 9b). Despite the temper-
ing temperature and time vary over a large range, high volume
fraction of retained austenite greater than 20% can be obtained.
The volume fraction of retained austenite obtained through inter-
critical heat treatment is determined by the competition between
reversed austenite content and the enrichment of alloying ele-
ments. However, the reversion transformation was not responsible
for the change in retained austenite content in the tempering
process. First, the diffusion of alloying elements can be neglected
during the tempering process because of low temperature, such
that the enrichment of alloying elements hardly occurs. Second,



458 W.H. Zhou et al. / Materials Science & Engineering A 620 (2015) 454-462

780°C-30min-air cooling-660°C-30min-air cooling-500°C-60min-air cooling

o R T~ | 3 Rl R e B
-::.«:-%,::f«f - *\\:\ — ‘ ; i
IR \

o

G - N PO
*/4/3%;/22’/’/{/)
i

S~ T [" }

=
S
E 7

=
L

780°C-30min-air cooling-660°C

g\ (L v

Fig. 5. Low and high magnification SEM micrographs of samples tempered at different tempering time (a, b) 60 min; (c, d) 120 min at constant tempering temperature of
500 °C in the three-step heat treatment.
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Fig. 6. (a) Bright field, and corresponding (b) dark field micrograph, and (c) selection area diffraction pattern showing lamellar-type retained austenite present between
bainitic laths in the steel tempered at 500 °C for 60 min.
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Fig. 7. (a) Low and high magnification bright field micrographs showing the quasi-polygonal ferrite, coarse bainitic/martensitic lath, and retained austenite in the steel

tempered at 500 °C for 120 min.
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Fig. 8. Time-temperature-transformation diagram of experimental steel as concluded from JMatPro.

the occurrence of reversion transformation at low tempering
temperature is minimal. Compared with the volume fraction of
retained austenite (~29%) obtained by two-step heat treatment,
the results here indicate that the retained austenite has high
thermal stability during the tempering process.

Two factors contribute to the high stability of retained auste-
nite. (i) The chemical composition: the reversed austenite was
enriched with manganese, nickel and copper, which is expected
to significantly increase the stability of retained austenite [13,14].
Because of low carbon concentration [5] in retained austenite and
high Si and Al content that suppress the formation of cementite,
retained austenite hardly decomposes into ferrite and cementite
during the tempering process. In addition, it was suggested that
retained austenite of lower carbon concentration has higher
thermal stability [15]. (ii) Grain size: the retained austenite
obtained in the third tempering step had an average grain size
less than 1 pm (Fig. 3). In a ultrafine grained austenite with the
grain size less than 1 um, a huge chemical driving force is required
for the nucleation of martensite within the grain and very effective
for suppressing martensitic transformation from fcc to bcc struc-
ture [16]. Moreover, such small grain size of retained austenite will
lower the martensite start temperature and is favorable in

rendering austenite stable at room temperature [17,18]. For this
reason, high volume fraction of retained austenite was still
obtained after tempering process.

3.4. Precipitation during the tempering process

The Vickers hardness-tempering temperature plot is presented
in Fig. 10a. The average Vickers hardness value (VHN) of two-step
processed steel was 280 VHN. As the tempering temperature was
increased from 400 °C to 550 °C, the hardness remained stable in
this range, but was decreased at 600 °C (Fig. 10a). This is attributed
to strong recovery and ferrite transformation that significantly
increases the ferrite content in the steel. Fig. 10b shows the
hardness versus tempering time plot of experimental steel at a
constant tempering temperature of 500 °C. With increase in
tempering time, the hardness was gradually increased. A max-
imum value of 305 VHN was attained on tempering for 120 min.
This behavior indicates that long tempering time facilitates
precipitation.

Because precipitates formed in each step are difficult to
differentiate due to the short tempering time that cause marginal
change in the size, morphology and distribution of precipitates, no
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quantitative estimates of precipitation were attempted for the
three-step tempered samples. The different precipitates present in
the steel due to micro-alloying were analyzed in terms of size,
morphology, and precipitation sites using TEM. Two types of
precipitates were observed (Figs. 11 and 12). The first type is the
precipitates that are oblong and irregular in shape, and distributed
in the ferrite matrix. They were identified as NbC precipitates
(black dot dash area in Fig. 12b). The second type with larger size is
spherical and is distributed in both ferrite and retained austenite
(Fig. 11 and white dash area in 12b). EDX analysis of these
precipitates confirmed high concentration of copper. The select
area diffraction (SAD) pattern indicates the orientation relation-
ship between ferrite and copper precipitates as Kurdjumoch-
Sachs (K-S) relationship [111],//[110]c,. The investigation of cop-
per precipitation in austenitic steel suggested that copper pre-
cipitates were formed after the formation of Cu-rich area that was
formed by the diffusion of copper during aging stage, such that a
long aging time was required [19]. In the present case, the prior
two-step intercritical process at high temperature facilitate the
enrichment of copper in reversed austenite [20], leading to the
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Fig. 10. Vickers hardness as a function of (a) tempering temperature and (b) tempering
time in experimental steel processed through three-step heat treatment.

formation of Cu-rich area before the third tempering process.
Thus, the precipitation of copper occurred in retained austenite
during the tempering process.

4. Discussion

The experimental steel processed by two-step heat treatment
exhibited outstanding mechanical properties which are attributed
to the cooperation of multiphase microstructure, high retained
austenite content and nanometer-size precipitates. From the
optical and SEM micrographs of the three-step heat-treated steel,
there was no obvious change in microstructure except volume
fraction of different phases as compared with the two-step
processed steel. It seems that the increased ferrite fraction and
decreased retained austenite content may lead to decrease in yield
strength and ductility. In spite of this, the formation of copper and
niobium precipitates in ferrite and retained austenite would
compensate the loss in strength through precipitation strengthen-
ing effect, such that yield strength remained stable and even
higher at low tempering temperatures and long tempering time.
Additionally, the volume fraction of retained austenite was main-
tained above ~20% even after the tempering process, resulting in
high ductility of three-step processed steel.

On the other hand, previous study demonstrated that retained
austenite absorbs dislocation from the neighboring martensite
during deformation process. This behavior of retained austenite
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Fig. 11. (a, ¢, d) Bright field micrographs, (b) selection area diffraction (SAD), and (e) energy dispersive spectra (EDS) showing copper precipitates in ferrite and retained

austenite in steel tempered at 500 °C for 30 min.

intensifies the deformation ability of martensite, and is favorable
for enhancement of ductility [21]. Copper precipitates in retained
austenite are considered to prevent the movement of dislocations,
which delay the dislocation accumulation in austenite and slower
its transformation to martensite. Second, the precipitates signifi-
cantly enhanced the strength of retained austenite through hard-
ening effect. Alloy-enriched retained austenite has higher hardness
than ferrite [22]. This means that the retained austenite acts as a hard
phase in the steel. Since the tensile strength is governed by the
volume fraction and strength of the hard phase, the increase in the
strength of retained austenite will lead to improvement of tensile
strength. Furthermore, the retained austenite transforms to marten-
site at large strains during the deformation process. The martensite
inherits the dislocations and precipitates from the retained austenite.
The copper precipitation and high density of dislocation in marten-
site contribute to enhancement of tensile strength.

From the above discussion, the good combination of strength
and elongation observed in the studied steel is a cumulative
contribution of retained austenite and co-precipitation of niobium

and copper. Precipitation play a dominant role in stabilizing retained
austenite during the tempering process, and consequently increases
yield and tensile strength.

5. Conclusions

In the present study, a three-step heat treatment was considered to
obtain superior mechanical properties in a low carbon microalloyed
steel. The present study focused on the impact of third-step tempering
process on the structure-mechanical property relationship. In addi-
tion, the impact of nanometer-sized precipitates and retained auste-
nite were discussed. The primary conclusions are as follows:

(1) The microstructure of the three-step processed steel com-
prised of ferrite, retained austenite and tempered bainite/
martensite. Ferrite was enriched with niobium-containing
and copper precipitates, and ferrite content increased with
increase in tempering temperature and time.
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Fig. 12. (a) Low magnification bright field micrographs showing the co-precipita-
tion of copper and niobium in ferrite in steel tempered at 600 °C for 30 min.
(b). The high magnification bright field image and (c) diffraction pattern of black
dash circle area in (a).

(2) Retained austenite has ultrafine size less than 1 pm, and was
enriched with copper precipitates that contribute to enhance
the stability of austenite. The volume fraction of retained
austenite remained stable between 20% and 30%, showing
high thermal stability during the tempering process.

(3) The combination of ultrafine microstructure, retained auste-
nite and nanometer-sized precipitates led to superior mechan-
ical properties: yield strength of 700-750 MPa, and tensile
strength of 850-930 MPa, uniform elongation of 20-23%, and
total elongation of 30-38%. This is attributed to the coopera-
tion of TRIP effect of retained austenite and precipitation
strengthening effect of nanometer-sized precipitates.

(4) The optimal combination of high strength and good ductility
was obtained in tempering temperature range of 450-500 °C
or by prolonging the tempering time at 500 °C, such that the
product of tensile strength and total elongation was greater
than 32 GPa%.
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