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Investigation of Microstructure and Hardness of Tempered Fe-1C-2Si (wt.%)  
and Fe-1C-2Si-2Cu-1Ni (wt.%) Nanostructured Bainitic Steels

In this study, the tempering behavior of two nanostructured bainitic steels of composition Fe-1C-2Si (Alloy1) and Fe-1C-
2Si-2Cu-1Ni (Alloy2) is examined and compared. The alloys were homogenized, austenitized, and isothermally held at 300°C for 
12 h and 24 h, respectively. Then they were tempered at 350-500°C for 30-240 min. and investigated in terms of microstructure 
and hardness. It was observed that Alloy2 exhibited superior thermal stability in comparison to Alloy1. Moreover, the hardness of 
Alloy2 increased steadily up to a peak value under the conditions where the hardness of Alloy1 decreased gradually. The secondary 
hardening peaks were attributed to copper precipitation, which was evidenced by TEM investigation.
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1. Introduction

Nanostructured bainitic (NB) steels containing high 
amounts of C(~1 wt.%) and Si(1.5-2 wt.%) can offer ultra-
high strength (1.8-2.1GPa) [1] without compromising ductility 
(19-29%) [1]. The high content of Si helps to suppress carbide 
precipitation, while the high C content ensures a low (125-350°C) 
[2] transformation temperature, which is essential for a nanoscale 
microstructure. The microstructure of these steels is composed 
of consecutive layers of very thin (<100 nm [3,4]) bainitic ferrite 
(BF) and retained austenite (RA) films, and RA blocks which 
are a few microns [2,4] in size. If transformation time is insuf-
ficient, M-A(martensite-austenite) constituents may be formed 
from the regions of untransformed austenite upon cooling to 
room temperature. In this composite-like microstructure, high 
strength is predominantly a consequence of the high volume 
fraction of the nanoscale BF films, while ductility is primarily 
governed by the amount, morphology and degree of mechanical 
stability of RA, which is the softer phase [5-7]. 

During tempering of carbide-free bainite, the following 
microstructural changes take place depending on temperature and 
time [3]: Recovery of dislocations, decomposition of RA [3,8] 
films and blocks [9] into ferrite and cementite, decomposition of 
bainitic ferrite[10], which has a body centered tetragonal (bct) [8] 
structure, into body centered cubic (bcc) ferrite and cementite, 
coarsening of ferrite films, growth of cementite precipitates and 

finally recrystallization of ferrite. The extent of these changes 
determines the change in strength and toughness. 

In the last two decades, numerous studies [8-15] have been 
conducted on the tempering response of NB steels. These stud-
ies have indicated that the thermal stability of NB steels needs 
to be enhanced in order to broaden their industrial applications. 
Among the strategies [16] developed for this purpose, the key one 
is to improve the thermal stability of RA [11,16], which can be 
achieved by decreasing the driving force for cementite precipita-
tion. For hindering cementite precipitation, the following methods 
have been found to be effective: addition of cementite suppressors 
such as Si [3,4,17] and Al [11,14], minimization of Mn content 
[11], and lowering of RA carbon content [11]. RA carbon con-
tent can be decreased by addition of Ni [16], which shifts the T0 
curve left, and/or V [16,18] , which leads to carbide formation. 

Other strategies in the literature have focused on increasing 
the hardness of NB steels during tempering via secondary hard-
ening carbides [9,16] or precipitation hardening intermetallics 
[19,20] and Cu [20]. Ruiz-Jimenez et.al.[9] investigated the effect 
of secondary hardening in two NB steels (0.6C-1.7Si-1.3Mn-
1.7Cr-xMo-0.5V) containing 0.2 wt.%Mo and 1 wt.% Mo. The 
highest hardness increase was observed as 5% (0.2Mo) and 
15% (1Mo) after tempering for 1 h at ~550°C. Hulme-Smith 
et al. [19] pioneered the investigation of intermetallic precipi-
tates in NB steels. They achieved a 25% increase in hardness 
after tempering a silicon-free NB steel with a composition of 
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0.45C-13.2Ni-2.63Al-3.99Co(wt.%) at 500°C for 1h. They ob-
served by TEM that the tempered microstructure consisted of 
austenite and ferrite films, fine β(Ni,Al) precipitates embedded 
in ferrite and large cementite precipitates at the boundaries of 
ferrite [19]. Krolicka et al. [20] observed that the hardness of 
an ultra-fine bainitic steel of composition 0.4C-0.47Mn-7.9Ni-
0.77Cu-2.80Al(wt.%) increased by ~30% after tempering at 
550°C for 1 h. They explained this result by the precipitation 
of β(Ni,Al) and Cu. 

Despite the extensive literature [21-34] on the effect of cop-
per in many types of alloys, no research has yet been conducted 
by alloying high carbon NB steels with copper at a high content 
(>1 wt.%). In this study, the tempering response of a high carbon 
NB steel both with (Alloy2) and without (Alloy1) the addition of 
2 wt.% Cu and 1 wt.% Ni is investigated in terms of changes in 
microstructure and hardness. In addition, the alloys are compared 
based on their thermal stability levels. Furthermore, the aging 
characteristics of Alloy2 are determined. 

2. Materials and methods

The heats were prepared by melting in a laboratory-scale 
induction furnace and cast in a steel mold by open die casting. 
Chemical compositions of the alloys and the Ms temperatures 
calculated by JMatPro® are given in TABLE 1. The ingot 
(260×55×20 mm) was homogenized at 1100°C for 1h in a muffle 
furnace. The samples in 20×20×20 mm dimensions were used 
for heat treatment experiments. The samples were austenitized at 
950°C for 30 min. Then some of the samples were oil quenched, 
while the others were transferred to a salt bath at 300°C, which is 
the preferred temperature for the completion of bainitic transfor-
mation within a reasonable time period. In the salt bath, Alloy1 
and Alloy2 were treated for 12 h and 24 h, respectively, and then 
air cooled. Isothermal holding periods were determined so as to 
guarantee the completion of transformation according to TTT 
diagrams (Fig. 1) calculated with JmatPro®. The as-quenched 
(SQ) samples of Alloy2 and all the austempered (AT) samples 
were subjected to a series of tempering experiments at a tem-
perature interval of 350°C-500°C. The tempering time varied 

between 30 min and 240 min, in order to analyze the tempering 
response of the alloys. 

In Alloy2, Cu and Ni were added for the purposes of 
precipitation hardening and prevention of hot shortness [35], 
respectively. In both alloys, Cr was included to provide sufficient 
hardenability, and Mn content was minimized to accelerate the 
bainitic reaction [36]. 

Table 1

Chemical composition (wt.%) and Ms temperature of the alloys

Name C Si Cr Mn P S Cu Ni Ms (°C)
Alloy1 0.92 1.98 0.51 0.44 <0.01 0.02 0.04 0.04 145.1
Alloy2 0.99 2.05 0.51 0.43 0.01 0.016 2.07 1.00 82.8

Samples for optical microscopy (Huvitz HDS-5800) and 
scanning electron microscopy (FEI 430 Nova NanoSEM and 
HITACHI SU5000 FE-SEM) were prepared by standard met-
allographic procedure and 2% nital etching. For transmission 
electron microscopy (JEOL JEM 2100 HRTEM), ~100 μm 
thick samples were electropolished (Struers-Tenupol-5 Double 
Jet Electropolisher) using a solution of 20% perchloric acid and 
80% ethanol at –30℃ . Then they were ion milled (Gatan 691 
Precision Ion Polishing System) at 4 kV for 1 h and 2 kV for 2 h, 
respectively. X-ray diffraction (Bruker D8 Advance) experiments 
were carried out on samples prepared in accordance with ASTM 
E975-13 under CuKα radiation in the 2θ° range of 30°-120° at a 
scanning speed of 1 °/min. Rietveld analysis was performed us-
ing Profex5.3 software. Five hardness measurements (Shimadzu 
HSV-20) per sample were made with a load of 10 kgf. 

3. Results and discussion

3.1. As-quenched (SQ) and Austempered (AT) Samples

Optical micrographs of the SQ and AT samples and SEM 
images of AT samples are given in Figs. 2 and 3, respectively. 
Figs. 2-3 show that the microstructure of the SQ samples con-
sists of martensite plates and RA blocks, while that of the AT 

Fig. 1. TTT diagram of (a) Alloy1 (b) Alloy2
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samples consists of bainite packages and RA blocks. Inside the 
bainite packages, there exist bainitic ferrite sheaves, which are 
formed by consecutive layers of very thin bainitic ferrite and RA 
films. In both SQ and AT samples, the amount of RA in Alloy2 
is higher than that in Alloy1. 

The volume percentages of RA calculated from the XRD 
data (section 3.2.3), and the hardness values are given in 
TABLE 2. For both alloys, the SQ sample yields a higher hard-
ness value than the AT sample. This is because the martensite 
in the SQ sample has a higher carbon content than the BF in the 
AT sample, and the amount of RA in the SQ sample is less than 
that in the AT sample. On the other hand, in both the SQ and AT 
conditions, Alloy2 yields a lower hardness value than Alloy1. 
This is due to its higher RA content, (Figs. 2-3, TABLE 2) which 

results from the presence of two powerful austenite stabilizers 
(Cu and Ni). The Cu and Ni in Alloy2, leads to a lower Ms 
temperature (TABLE 1), and a T0 curve (Fig. 4) located at lower 
carbon values compared to Alloy1. T0 curve depicts, for a given 

Fig. 2. Optical micrographs of as-quenched (a,b) and austempered (c,d) Alloy1 and Alloy2, respectively. White regions between martensite plates 
in (a,b) and bainite packages in (c,d) are RA blocks. M: Martensite, γb: Blocky RA, BS: Bainite sheaves

Fig. 3. SEM images of the austempered (a) Alloy1 and (b) Alloy2

Table 2
RA content and hardness values of the alloys in as-quenched  

and austempered conditions

State Alloy name Hardness  
(HV)

Retained Austenite 
(vol.%)

SQ
Alloy1 830 ± 20 13 ± 1
Alloy2 720 ± 20 19 ± 1

AT
Alloy1 530 ± 14 21 ± 1
Alloy2 445 ± 5 40 ± 2
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carbon content, the temperature at which free energies of austen-
ite and ferrite are the same. From the T0 curve, the RA content 
can be estimated using Eq. (1) [37]: 

 0
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x x
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where x– is the average carbon content of the steel, xα is the final 
carbon content of ferrite, which can be as high as 0.2 wt.% [9] 
due to the tetragonality of bainitic ferrite, and xT0 is the final 
carbon content of austenite.

Fig. 4. T0 curves of the alloys, which are calculated using mucg83 [38] 
software accounting for 400 J/mol of stored energy in ferrite due to 
bainitic transformation

3.2. Characterization of tempered samples

3.2.1. Retained austenite 

The change in the RA content of the AT alloys after temper-
ing at 350°C-500°C for 30-240 min is given in Fig. 5. As seen 
in Fig. 5, the RA content of both alloys is almost constant 

during tempering at 350°C for 240 min and 400°C for 60 min. 
However, after 120 min and 240 min at 400°C, the RA content 
of Alloy1 decreases by ~46% and ~93%, while that of Alloy2 
decreases by only ~10% and ~56%, respectively. At 450-500°C, 
there is no RA left in Alloy1 after 30 min. However, even after 
120 min at 450°C and 60 min at 500°C, ~45% and ~15% of 
the RA, respectively, is still present in Alloy2. These results will 
be evaluated in section 3.3, taking into account the possibility of 
martensite formation on cooling to room temperature.

3.2.2. Hardness

The change in hardness of the AT samples of Alloy1 and 
Alloy2 after tempering at 350°C-500°C for 30-240 min is given 
in Fig. 6 and Fig. 7, respectively.

Fig. 6 shows that during tempering at 350°C for 240 min 
and 400°C for 60 min, the hardness of Alloy1 remains almost 
constant. At 450°C, tempering causes a steady reduction in hard-
ness in the time range of 0-240 min. This trend can be attributed 
to the progressive disintegration of the nanobainitic microstruc-

Fig. 5. Evolution of RA content of the austempered alloys after temper-
ing at 350-500°C

Fig. 6. Hardness evolution of the austempered Alloy1 after tempering 
at 350-500°C

Fig. 7. Hardness evolution of the austempered Alloy2 after tempering 
at 350-500°C
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ture, which is mainly evidenced by the gradual decomposition 
of RA. (Fig. 5) At 500°C in the range of 30-240 min, the decrease 
in hardness is slower than at 450°C. This might be due to one 
or more of the following: enrichment of cementite with Cr 
[39], formation of alloy carbides, and formation of martensite 
(sec. 3.2.4) on cooling to room temperature. 

On the other hand, the hardness of Alloy2 is nearly constant 
during tempering at 350°C for 240 min and at 400°C for 120 min. 
Peaks are observed at hardness values of 551HV, 540HV and 
578 HV when Alloy2 is tempered at 400°C for 240 min, 450°C 
for 120 min and 500°C for 30 min respectively. These peaks 
indicate that secondary hardening becomes effective and over-
rides the softening caused by microstructural degradation. This 
secondary hardening can be ascribed to Cu precipitation since 
the composition of Alloy1 and Alloy2 is identical except for 
Cu and Ni. The effect on hardness of the possible formation of 
martensite on cooling to room temperature will be discussed 
in section 3.4. 

Fig. 8. Comparison of hardness evolution in as-quenched and austem-
pered samples of Alloy2 tempered at 450°C and 500°C

Fig. 8 gives a comparison of the change in hardness of 
the SQ and AT samples of Alloy2 after tempering at 450°C and 
500°C for 30-240 min. In the SQ samples, a sudden decrease in 
hardness is observed after tempering at either 450°C or 500°C for 
only 30 min. In the range of 60-240 min, the hardness of the SQ 
samples is not significantly changed by tempering. The tempered 
hardness values of both SQ and AT samples scatter within the 
same ~60 HV band in the range of 120-240 min. It can be seen 
that after tempering at 500°C for 30-120 min, the AT samples 
yield higher hardness values than the SQ samples. The most pos-
sible reason is the formation of fresh martensite in the AT samples 
upon cooling to room temperature, which will be investigated 
in more detail in section 3.2.4. 

3.2.3. XRD Patterns

XRD patterns of tempered and untempered samples of 
AT alloys are given in Figs. 9-12. In these figures, 2θ° interval 

is chosen such that the most intense peaks of austenite and ce-
mentite can be clearly observed. The most intense peak of ferrite 
is included in the figure in a separate box. 

Alloy1

In Fig. 9, it is shown that the ferrite peaks shift to higher 
2θ° positions as tempering proceeds. This shift can be explained 
by the increase in the amount of bcc ferrite relative to bct ferrite 
due to the decomposition of bainitic ferrite (bct [8]) and RA into 
ferrite (bcc) and cementite. The bcc ferrite peaks (110, 200 and 
211) are at higher 2θ° positions (Eq. (2)) (Fig. 10) than the most 
intense (101, 002 and 112) peaks of bct ferrite, respectively, 
due to the lower carbon content of bcc ferrite, which results in 
smaller interplanar spacings of the given diffraction planes of 
bcc ferrite with respect to those of bct ferrite. 

 nλ = 2dhkl sinθ	 (2)

where n, λ, dhkl and θ denote order of diffraction, x-ray wave-
length, interplanar spacing of (hkl) planes and incident angle, 
respectively. 

Fig. 9. XRD patterns of Alloy1 before and after tempering at 450°C for 
30-60 min. α: bcc ferrite, α' : bct ferrite, γ-Fe: austenite

Fig. 10. Deconvolution of 002 and 200 bct ferrite (■) and 200 bcc fer-
rite (▲) peaks by Rietveld refinement of the XRD pattern of Alloy1 
tempered at 450°C for 30 min. (●): Calculated intensity
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Alloy2

In Figs. 11-12, it is shown that each RA peak, which is 
a convolution of thin film and blocky RA peaks, shifts signifi-
cantly to a higher 2θ° angle (Eq. (2)) due to the loss of carbon 
[14], which reduces the interplanar spacing of the diffraction 
planes. At 450°C up to 60 min, the loss of carbon from RA pos-
sibly occurs via precipitation of cementite in RA [9], considering 
that all RA have survived as given in Fig. 5. At longer periods, 
the average carbon content of RA decreases mainly due to the 
gradual decomposition of RA starting from the films, which have 
a higher carbon content [3] than the RA blocks.

In Figs. 11-12, it is also shown that at 450°C and 500°C 
for tempering durations up to 60 min and 30 min, respectively, 
the ferrite peaks shift towards right due to the carbon loss from 
ferrite as explained above. However, the direction of the shift 
is reversed for the peaks of tempering at 450°C and 500°C for 
120 min and 60 min, respectively. This might be explained by 
the partitioning of Cr and Mn between ferrite and cementite 
[14,39] and/or the formation of martensite (sec. 3.2.4) from 
the RA blocks of sufficiently low carbon content on cooling to 
room temperature. 

For both alloys, ferrite peaks of the tempered states are nar-
rower than those of the untempered state (Figs. 9, 11-12), which 
is a consequence of decreasing dislocation density, increasing 
crystallite size and the loss of tetragonality upon tempering  
[40,41].

3.2.4. Microstructure 

Scanning Electron Microscopy (SEM)

SEM images of the tempered states of the AT alloys are 
given in Fig. 13 (Alloy1) and Figs. 15-16 (Alloy2). In Fig. 13a 
it is shown that the decomposition of RA films and blocks in 
Alloy1 is almost completed in 30 min at 450°C. When the tem-
pering duration is increased to 60 min, further degradation of 
the microstructure is observed (Fig. 13b). Tempering at 500°C 
results in a coarser microstructure composed of ferrite and car-

bides (Fig. 14). It is notable that no direct evidence of martensite 
is observed in both Fig. 13 and Fig. 14. 

In contrast to Alloy 1, Alloy2 exhibits no microstructural 
changes even after 60 min of tempering at 450°C (Fig. 15a,b). 

Fig. 11. XRD patterns of the austempered Alloy2 before and after 
tempering at 450°C for 30 min-240 min

Fig. 12. XRD patterns of the austempered Alloy2 before and after 
tempering at 500°C for 30 min-240 min

Fig. 13. SEM images of the austempered Alloy1 after tempering at 450°C for (a) 30 min and (b) 60 min. α: ferrite, Dγb: decomposed blocky RA
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However, tempering for 120 min results in the decomposition 
of RA films (Fig. 15c). When the duration is increased to 240 
min, RA blocks are also decomposed (Fig. 15d). At 500°C after 
30 min, most of the RA films decompose and RA blocks trans-
form into a mixture of martensite and austenite upon cooling to 
room temperature (Figs. 16,17). As the tempering time increases, 
the microstructural degradation progresses, and the amount of 
M-A constituents decreases (Fig. 16b,c). Finally, all RA films 
and blocks decompose after tempering for 240 min (Fig. 16d). 

Transmission Electron Microscopy (TEM)

Two samples of Alloy2 were investigated by TEM analy-
sis: The peak hardness sample (Fig. 18), which was tempered 
at 450°C for 2 h, and the overaged sample (Fig. 19) which was 
tempered at 500°C for 4h. 

Fig. 14. SEM images of the austempered Alloy1 after tempering at 500°C for (a) 60 min and (b) 120 min

Fig. 15. SEM images of the austempered Alloy2 after tempering at 450°C for (a) 30 min, (b) 60 min, (c) 120 min, (d) 240 min. γb: blocky RA, 
Dγb: Decomposed blocky RA, BS: Bainite sheaves
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The Peak Hardness Sample (450°C-2 h): 

In the TEM images of the peak hardness sample, cement-
ite precipitates are observed inside (Figs. 18a,b) and at the 
boundaries of the BF films (Fig. 18a). Indexing of the SAED 
(Selected Area Diffraction) pattern in Fig. 18b was performed by 
determining the radii (rhkl) of the diffraction rings using ImageJ, 
calculating the interplanar spacing (dhkl) values from the rela-
tion rhkl = 1/dhkl, and comparing the calculated dhkl values with 
those of the related ICSD (Inorganic Crystal Structure Database) 
cards. In addition, zone axes of the spot diffraction patterns were 

determined using Crystbox® software. As a result, bcc ferrite 
(Z = [0 -1 2]), retained austenite (Z = [1 -2 0]) and cementite 
were detected in the microstructure. 

In previous studies [22,30-31], at the peak hardness con-
dition, copper precipitates were found to exist as clusters with 
a bcc structure. These clusters were coherent and spherical 
with an average diameter of 1-5 nm [22-23,29,35]. It was also 
found that coherent copper precipitates could not be detected 
by conventional TEM method due to poor diffraction contrast, 
which was attributed to the similarity of scattering factors and 
atomic radii of copper and iron [24-26,42-43]. In this study, co-
herent copper precipitates at the peak aged condition could not 
be detected by TEM imaging and SAED due to similar reasons. 

The Overaged Sample (500°C-4 h):

In Fig. 19a, cementite precipitates are seen at the ferrite 
boundaries and inside the ferrite films. The cementite precipi-
tates assume spherical, ellipsoidal, and rod-like morphologies. 
A comparison of the microstructures of the overaged (Fig. 19a) 
and peak aged (Fig. 18) samples indicates that the cementite 
precipitates at the ferrite film boundaries have grown signifi-
cantly faster than those inside the ferrite films, most likely due 
to faster diffusion kinetics at the boundaries.

As a result of indexing of the SAED pattern in Fig. 19c, 
cementite (Z = [-4 1 3]), bcc ferrite (Z = [-1 4 6]) and fcc cop-
per were detected in the microstructure. In TEM images, copper 

Fig. 16. SEM images of the austempered Alloy2 after tempering at 500°C for (a) 30 min, (b) 60 min, (c) 120 min, (d) 240 min. M: Martensite, 
M-A: Martensite-austenite constituents

Fig. 17. SEM image of a M-A constituent of the austempered Alloy2 
after tempering at 500°C for 30 min
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precipitates are observed inside (Figs. 19a-c) the ferrite films 
and at the boundaries (Figs. 19a,b) of the coarse cementite 
precipitates. The copper precipitates in the ferrite matrix are 
spherical and ellipsoidal in shape, while those at the boundaries 
of the coarse cementite precipitates are ellipsoidal. The size of 
the copper precipitates in the ferrite matrix (Fig. 19c) was ana-
lyzed using ImageJ. It was found that the feret diameter of 72% 
of the precipitates was in the range of 8-11 nm. EDX analysis 
of the precipitates was not possible due to the highly magnetic 
structure of the steel.

In Fig. 18, fine cementite precipitates resulting from the 
decomposition of RA films have been observed at ferrite film 
boundaries. During the growth of these precipitates, copper 
is partitioned away [44-46] since it is almost insoluble in cemen
tite [4,45,47]. Precipitation of the ejected copper possibly occurs 
via interphase precipitation [44,46,47] mechanism, since copper 

precipitates at the cementite/ferrite boundaries exhibit a common 
orientation relationship with ferrite as shown in Figs. 19a,b. 

3.3. Thermal Stability of the Alloys

The thermal stability of the alloys can be compared on the 
basis of the amount of austenite that remains undecomposed 
at the tempering temperature. On cooling from the tempering 
temperature to room temperature, the amount of RA amount does 
not remain constant if martensite is formed. Therefore, the RA 
amount data in Fig. 5 should be evaluated in conjunction with 
the information on the presence of martensite. In this study, it has 
been found that no direct evidence of martensite exists in the 
SEM images of Alloy1 (Figs. 13-14) tempered at 450-500°C for 
30-240 min. However, in the microstructure of Alloy2 tempered 

Fig. 18. Bright field TEM images (a,b) of the peak hardness sample at 450°C. Arrows: Cementite precipitates. Right top corner in (b): The SAED 
pattern

Fig. 19. Bright field TEM images (a-c) of the overaged sample (500°C-4 h). Image (b): The enlarged view of the enclosed region in (a). Solid 
arrows: copper precipitates on cementite/ferrite boundaries. Right top corner in (b): The SAED pattern
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at 500°C for 30-120 min (Figs. 16-17), M-A constituents were 
determined in decreasing amounts with time. The hardness re-
sults (Fig. 8) also confirmed the presence of martensite under the 
same conditions. In the light of this information, evaluation of 
the XRD results (Fig. 5) indicate that Alloy2 is thermally more 
stable than Alloy1. This can be mainly explained by its lower 
driving force for cementite precipitation provided by (i) the 
presence of 2 wt.% copper, which is insoluble in cementite 
[4], and (ii) the presence of 1 wt.% Ni, which -as a powerful 
austenite stabilizer [11]- shifts the T0 curve (Fig. 4) to the left, 
thereby reducing the carbon content of austenite during bainitic  
transformation.

3.4. The Effect of Microstructural Changes  
on Hardness

During tempering of NB steels, the fine microstructure con-
sisting of very thin BF and RA films is progressively degraded. 
The degradation occurs mainly by the gradual decomposition of 
BF and RA into ferrite and cementite, and coarsening [20] of the 
ferrite films. Decomposition of RA results in the formation of fine 
cementite precipitates at bainitic ferrite/RA boundaries (Fig. 17). 
These precipitates have been shown to slow down the coarsening 
of BF films [15]. When the increase in the ferrite film thickness 
becomes significant, hardness decreases considerably [15].

In NB steels which do not contain sufficient amounts of 
secondary/precipitation hardening [9,20,48] elements, hardness 
decreases [48] with time during tempering at temperatures that 
cause microstructural degradation, provided that martensite 
does not form on cooling to room temperature. This behavior 
was observed also in Alloy1. On the other hand, Alloy 2, which 
contains 2 wt.%Cu, yielded secondary hardening peaks in the 
range of 400-500°C. The secondary hardening peaks were at-
tributed to the precipitation of copper, since these peaks were 
observed even under the tempering conditions (400-450°C) 
which did not result in the formation of martensite on cooling. 
The formation of martensite , which occurred on cooling from 
500°C after tempering for 30 min, resulted in an ~5% higher peak 
hardness value as compared to those observed after tempering 
at 400-450°C (Fig. 7).

In the case of tempering of AT Alloy2, effects of copper on 
hardness can be summarized as follows:
•	 Copper precipitates increase hardness via pinning of 

dislocations [49]. Peak hardness is achieved when Cu pre-
cipitates (1-5 nm) [22-23,29,35] exist as coherent clusters 
with a bcc structure [22,30-31]. As tempering proceeds, 
coherency is reduced and finally lost, while crystal structure 
changes accordingly to 9R, 3R/detwinned 9R [50]/twinned 
fcc [32,51] and finally to fcc [22-23,27-29,35], respectively. 
With the reduction in coherency, a decrease in hardness is 
observed.

•	 Copper and cementite [15] precipitates at ferrite/RA 
boundaries (Fig. 18) slow down the coarsening of ferrite 
films via pinning effect.

•	 Copper, as a cementite inhibitor [4], in solid solution delays 
RA decomposition (Fig. 5).

4. Conclusion

In this study, the tempering response of two nanostructured 
bainitic steels of composition Fe-1C-2Si (wt.%) (Alloy1) and 
Fe-1C-2Si-2Cu-2Ni (wt.%) (Alloy2) was investigated. Main 
findings of the study are summarized as follows:
•	A lloy 2 is thermally more stable than Alloy1, which can be 

related to the lower driving force for cementite precipitation 
due to the presence of Cu and Ni.

•	T he bainitic samples of Alloy2 exhibit secondary hardening 
peaks when tempered at 400-500°C. However, the hardness 
of Alloy1 shows a decreasing trend under the same condi-
tions. 

•	 During tempering, the change in the hardness of Alloy1 is 
governed only by the degree of microstructural degradation, 
whereas that of Alloy2 is a result of the opposing effects 
of softening due to progressive microstructural degradation 
and hardening due to copper precipitation. 

•	T empering of the SQ samples of Alloy2 results in the retar-
dation of softening, which can be attributed to the copper 
precipitates. AT samples of Alloy2 exhibit higher hardness 
values than the SQ samples after tempering at 500°C for 
30 in-120 min due to the formation of martensite on cooling 
to room temperature. 

•	TE M investigations of Alloy2 tempered at 500°C for 
240 min showed that fcc copper precipitates exist inside the 
ferrite films and at the boundaries of the coarse cementite 
precipitates. Copper precipitates inside the ferrite matrix 
have a feret diameter in the range of 8-11 nm. Copper pre-
cipitates at the boundaries of coarse cementite precipitates 
are formed possibly during the growth of cementite by 
interphase precipitation mechanism, since a common ori-
entation relationship with the ferrite matrix was observed.
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