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Abstract: Phase transformations during non-isothermal tempering of bainitic or martensitic
microstructures obtained after quenching of a medium-carbon low-alloy steel was studied.
The microstructures correspond to different locations of an as-quenched large-sized forged ingot
used as a die material in the automotive industry. High-resolution dilatometry experiments were
conducted to simulate the heat treatment process, as well as to investigate different phenomena
occurring during non-isothermal tempering. The microstructures were characterized using optical
and scanning electron microscopy. Dilatometry analyses demonstrated that tempering behavior
varied significantly from bainitic to martensitic microstructures. Retained austenite, which exists
between bainitic ferrite sheaves, decomposes to lower bainite causing a remarkable volume increase.
It was found that this decomposition finishes below 386 ◦C. By contrast, martensite tempering was
accompanied with a volume decrease due to the decomposition of medium-carbon martensite to low
carbon martensite and carbides.

Keywords: high strength steel; tempering; dilatation behavior; phase transformation; microstructure;
bainite; martensite

1. Introduction

Automotive industries’ high demands for large size plastic components, such as bumpers
and dashboards, have resulted in the production of ever larger-sized die steels. Consistent and
uniform mechanical properties throughout the volume of the die material are required by industry [1].
The die materials are generally made of medium-carbon low-alloy steels and their manufacturing
process consists of ingot casting, open die forging, quenching, tempering, and final machining [1,2].
The heat treatment usually includes austenitizing in the 840–880 ◦C temperature range, quenching and
double-tempering between 550 ◦C and 600 ◦C.

The as-quenched microstructure is comprised of bainite, martensite, plus some retained
austenite [3–5]. The transformation of austenite to bainite and martensite during quenching is
dependent on the cooling rate, chemical composition of the steel and prior austenite grain size and
can be predicted by continuous cooling transformation (CCT) diagrams [3,6,7]. The as-quenched
microstructure will then rely on the mutual influences of the above factors. However, due to
the large size of the forged block, significant temperature variations are generated between the
surface and the center during quenching. Therefore, as it is difficult to improve the quenched
microstructure, the material properties are optimized by modification of tempering parameters [8].
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Hence, systematic study of phase transformations and microstructure evolution of the die steel during
non-isothermal tempering is highly desired.

Phase transformation during non-isothermal tempering with a constant heating rate can be
divided into the following stages:

Stage 1 (occurring below 80 ◦C): The stress fields of dislocations, lattice defects, and cell walls in
the martensite, particularly interstitial lattice sites close to these defects provide lower energy sites for
carbon. Stage 1 of tempering consists of segregation of carbon atoms to these lower energy sites and
pre-precipitation clustering in the iron matrix [4,9–13].

Stage 2 (100–200 ◦C): In steels containing more than 0.2 wt % C, at temperatures between 100 ◦C
and 200 ◦C, ε-carbide is the first carbide precipitating in the matrix. Some authors also reported
η-carbide formation in low carbon steel at this temperature range [11,14,15].

Stage 3 (200–350 ◦C): Retained austenite, if present, decomposes at tempering temperatures of
200 ◦C to 350 ◦C. The behavior of retained austenite during tempering significantly varies as a function
of steel composition. It generally consists of transformation into ferrite and cementite (Fe3C) [4,9,12,16].
However, transformation into lower bainite has been reported by Yan et al. [8]. Additionally, Podder
and Bhadeshia’s investigations on retained austenite in bainitic steels revealed that retained austenite
transformed into martensite in the cooling process after tempering [17].

Stage 4 (250–450 ◦C): This stage commonly referred to as the final stage of tempering consists
in the transformation of the metastable ε-carbide to cementite in the temperature range of 250 ◦C to
450 ◦C. The preliminary morphology of cementite is needle-like which nucleates from martensite lath
boundaries or ferrite grain boundaries. This phase transformation causes a remarkable length decrease
and can be clearly detected during the dilatometry test [4,9,12,18].

It is worth mentioning that the above temperature ranges are approximate values and can
differ depending on steel composition, microstructure and heating rate [4,9–12]. Time temperature
transformation diagrams (TTT) are also used to determine the phase transformation of quenching
and tempering process in non-equilibrium conditions but they are not capable to predict different
stages during non-isothermal tempering either retained austenite decomposition. Despite many
research studies dealing with martensitic phase transformation during tempering [9–17,19,20],
little data is available on the evolution of bainitic microstructure during tempering of medium-carbon
low alloy steels particularly, during non-isothermal heating [21]. The present study seeks to
contribute to this aspect by considering phase transformation in a bainitic microstructure during
non-isothermal tempering with different heating rates and provides a clear understanding of different
phase transformations including retained austenite decomposition during tempering of bainite.
For comparison purposes, a martensitic microstructure of the same steel is taken as reference.
A combination of high-resolution dilatometry and microstructure observations were used to carry
out this investigation. The obtained results are critically analyzed in terms of the evolution of carbon
concentration of primary microstructure and correlated with microstructural features as a result of
phase transformation.

2. Materials and Methods

The chemical composition of the steel used in the investigation was (wt %) C 0.35–V 1.49–Mn
0.99–Si 0.41–Ni 0.5–Cr 1.86–Mo 0.53–Cu 0.16. The material, provided by Finkl Steel Inc. (Sorel, QC,
Canada) was from an as-forged block with initial dimensions of 6000 mm × 1200 mm × 800 mm.
From the as-received steel, samples were cut into 10 mm length and 4 mm diameter cylinders. Figure 1
shows the microstructure of the as-received steel consisting in bainite and 12.1% of retained austenite.
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Figure 1. SEM image illustrating as-received microstructure composed of bainite and retained 
austenite (RA). 

A high-resolution TA DIL 805A/D dilatometer (TA instruments, New Castle, DE, USA) with a 
50-nm resolution was used to perform the heat treatment process and the dilatometry tests. Primarily, 
the specimens were austenitized at 870 °C for 10 min under vacuum, followed by cooling to room 
temperature with cooling rates of 4.8 and 180 °C/min in order to reach bainitic and a fully martensitic 
microstructure, respectively. To determine the optimum cooling rates, several tests using cooling 
rates from 2.5 °C/min to 1800 °C/min were initially carried out. Figure 2 illustrates the as-cooled 
martensite with Ms (Martensite start temperature) of 316 °C and bainite with Bs (Bainite start 
temperature) of 472 °C containing less than 5% and 23.2% of retained austenite, respectively. All the 
retained austenite measurements were carried out according to ASTM E975. 

 
Figure 2. As-cooled microstructures obtained for different cooling rates: (a) Martensitic microstructure, 
180 °C/min and (b) bainitic microstructure, 4.8 °C/min. 

Subsequently, non-isothermal tempering up to 600 °C with heating rates of 5 and 30 °C/min were 
performed immediately after cooling to avoid possible segregation due to room temperature aging. 
To avoid any oxidation and decarburization, the non-isothermal tempering was conducted in the 
vacuum environment. After non-isothermal tempering, the samples were cooled down with a cooling 
rate of 600 °C/min. The relevant etchant was Vilella solution and Hitachi-SU8200 field emission gun 
SEM (scanning electron microscope; Hitachi, Tokyo, Japan) was used for microstructural studies. X-
ray diffraction (XRD) with Co Kα radiation in standard θ–2θ mode was performed for phase 
identification using a Bruker Discover D8-2D diffractometer (Bruker, Madison, WI, USA). All the 
peaks’ positions recorded by XRD were identified with the powder diffraction files (PDF) of the 
International Centre for Diffraction Data (ICDD) using the software Diffrac.Eva (version 4.0, Bruker 

Figure 1. SEM (scanning electron microscope) image illustrating as-received microstructure composed of
bainite and retained austenite (RA).

A high-resolution TA DIL 805A/D dilatometer (TA instruments, New Castle, DE, USA) with a
50-nm resolution was used to perform the heat treatment process and the dilatometry tests. Primarily,
the specimens were austenitized at 870 ◦C for 10 min under vacuum, followed by cooling to room
temperature with cooling rates of 4.8 and 180 ◦C/min in order to reach bainitic and a fully martensitic
microstructure, respectively. To determine the optimum cooling rates, several tests using cooling rates
from 2.5 ◦C/min to 1800 ◦C/min were initially carried out. Figure 2 illustrates the as-cooled martensite
with Ms (Martensite start temperature) of 316 ◦C and bainite with Bs (Bainite start temperature) of
472 ◦C containing less than 5% and 23.2% of retained austenite, respectively. All the retained austenite
measurements were carried out according to ASTM E975.
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Figure 2. As-cooled microstructures obtained for different cooling rates: (a) Martensitic microstructure,
180 ◦C/min and (b) bainitic microstructure, 4.8 ◦C/min.

Subsequently, non-isothermal tempering up to 600 ◦C with heating rates of 5 and 30 ◦C/min
were performed immediately after cooling to avoid possible segregation due to room temperature
aging. To avoid any oxidation and decarburization, the non-isothermal tempering was conducted
in the vacuum environment. After non-isothermal tempering, the samples were cooled down with
a cooling rate of 600 ◦C/min. The relevant etchant was Vilella solution and Hitachi-SU8200 field
emission gun SEM (scanning electron microscope; Hitachi, Tokyo, Japan) was used for microstructural
studies. X-ray diffraction (XRD) with Co Kα radiation in standard θ–2θmode was performed for phase
identification using a Bruker Discover D8-2D diffractometer (Bruker, Madison, WI, USA). All the peaks’
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positions recorded by XRD were identified with the powder diffraction files (PDF) of the International
Centre for Diffraction Data (ICDD) using the software Diffrac.Eva (version 4.0, Bruker AXS, Karlsruhe,
Germany). Further analysis of the dilatometry results, using the first derivative of the dilatometry data,
allowed for a more precise determination of the different stages of tempering. MIP image analysis
software (MIP4, Nahamin Pardazan Asia, Mashhad, Iran) was used for calculating the orientation
angle of the carbides within bainitic ferrite subunits.

3. Results and Discussion

Figures 3a and 4a illustrate the dilatation curves versus temperature during non-isothermal
tempering related to the bainitic and martensitic specimens and Figures 3b and 4b their corresponding
first derivatives. Where ∆L and L0 are the length change and initial length of the specimen, respectively.
In the following sections, dilatometry results are analyzed for each of the four stages of tempering
according to the temperature range suggested for each stage.
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Figure 4. (a) Relative length change diagram during non-isothermal tempering of the martensitic
specimen at the heating rates of 5 ◦C/min and 30 ◦C/min, and (b) the first derivative curve of relative
length change corresponding to these heating rates.

3.1. Segregation and Clustering of Carbon Atoms

The first stage of tempering causes carbon atom redistribution through the BCC (Body Centered
Cubic) iron with carbon segregation to the lattice defects and clustering in the matrix [22]. Examination
of the derivative curve in Figure 3b did not reveal any clear indication of length changes for the
two heating rates at temperatures below 80 ◦C. Therefore, carbon segregation and clustering within
the solid solution in bainite, which should be accompanied with contractions, were not detected by
dilatometry in this investigation. This could probably be related to the small carbon content of bainitic
ferrite as discussed below.
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In medium-carbon steels, the carbon content of martensite and bainitic ferrite (before
non-isothermal tempering) can be calculated by determining the lattice parameters c and a from
(110) and (200) peaks using the following equations [23]:

c =
λ√

2sin θ[110]
; a =

λ

sin θ[200]
, (1)

where λ is the wavelength of the electron beam. Therefore, the carbon content could be defined
according to Equations (2) and (3) [23], where a0 is the lattice parameter of BCC iron and a0.30 is the
lattice parameter at exactly 0.30 wt % C:

c = a0 + (0.020 ± 0.002)[C] ([C] < 0.56 wt %, when [C] < 0.30 wt %, c = a), (2)

a = a0.30 − (0.014 ± 0.002)[C] (0.30 wt % < [C] < 0.56 wt %). (3)

Figure 5 illustrates XRD patterns obtained from bainitic and martensitic specimens for (110) and
(200) peaks. From these peaks, lattice parameters were calculated. The lattice parameters and their
related carbon contents are listed in Table 1, where [C]c and [C]a are the carbon contents based on
Equations (2) and (3), respectively. According to these equations the accuracy of carbon content is
±0.02 wt %.
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Table 1. Lattice parameters and carbon contents of the as-received microstructure, bainitic ferrite,
and martensite, before and after non-isothermal tempering with a heating rate of 5 ◦C/min,
determined using X-ray diffraction.

Microstructure c(Å) a(Å) [C]c (wt %) [C]a (wt %) [C] (wt %)

As-received (Bainite) 2.8712 2.8668 0.24 0.30 0.26
Bainite 2.8718 2.8650 0.26 0.11 0.19
Tempered Bainite (5 ◦C/min) 2.8713 2.8634 0.24 0.22 0.23
Martensite 2.8724 2.8702 0.30 0.27 0.29
Tempered Martensite (5 ◦C/min) 2.8708 2.8689 0.21 0.17 0.19

The calculated carbon content for bainitic ferrite is 0.19 wt % before tempering and 0.23 wt % after
tempering while, in martensite, this amount before and after non-isothermal tempering is 0.29 wt %
and 0.19 wt %, respectively. These results are in agreement with those reported by Bhadeshia et al. [24]
restating that during cooling, most of the available carbon in bainite participated in the formation of
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cementite particles and a small amount remained in solid solution. The low amount of carbon probably
is not enough to show detectable contraction when segregation and clustering take place.

In contrast with the bainitic case, a significant contraction of martensite occurred immediately after
starting the tempering (Figure 4). This behavior clearly indicates the occurrence of carbon segregation
and clustering below the 80 ◦C temperature range in a martensitic microstructure. The higher
concentration of carbon in martensite, compared to bainite, is probably the main cause for such
observation and detection of the contraction by the high-resolution dilatometer during this stage
of tempering.

3.2. Precipitation of the ε/η Transition Carbides

The high-resolution dilatometry results presented above (Figure 3), do not demonstrate any
length decrement corresponding to ε-carbide precipitation during tempering of bainite. The amount
of carbides in bainite and, therefore, carbon content of supersaturated bainitic ferrite, depends on steel
composition, for instance, high silicon content delays carbide precipitation and leads to supersaturated
bainitic ferrite [25]. The ε-carbide precipitation during tempering of bainite has been reported by
Caballero et al. for a steel containing 1.46 wt % Si using atom probe field ion microscopy [26].
However, in the present case, the bainitic ferrite of the investigated steel is not supersaturated in
carbon (0.19 wt % C) and, therefore, the precipitation of transition carbides is not expected. Speich and
Leslie [11] reported that during the bainitic reaction there is a brief period for carbon redistribution
and carbide precipitation called auto-tempering. Thus, the precipitation of transition carbides could
presumably occur in the present steel during the formation of bainite and auto-tempering.

Contrary to tempered bainite, this stage is observed during tempering of martensite (Figure 4)
because of the higher carbon amount (0.29 wt % C) in martensite. As reported in Figure 4, the start
of phase transformation (length reduction) corresponding to the transition carbides overlap with
the preceding phase transformation. It can also be seen that, when the higher heating rate of
30 ◦C/min is applied, the finish temperature is increased by 47 ◦C, reaching 217 ◦C. Jack [27] and
Nakamura et al.’s [28] characterizations of the transition carbides demonstrated that tempering of
martensite leads to the precipitation of ε and η transition carbides in the primarily martensitic phase.

3.3. Retained Austenite Decomposition

The decomposition of retained austenite occurs with an increase in length. Based on XRD
measurements, the bainitic specimen contains 23.2% of retained austenite. Dilatometry results revealed
a broad peak related to the decomposition of retained austenite that spans from 255 ◦C to approximately
355 ◦C for the heating rate of 5 ◦C/min. For the martensitic structure, this peak falls completely within
the cementite precipitation zone and occurs in the range of 269 ◦C to 401 ◦C. It is worth noting that
the XRD patterns did not show any austenite peaks in the martensitic sample, indicating the absence
or a presence of less than 5% (detection limit of XRD) of retained austenite. Comparison between
Figures 3 and 4 shows a clear shift of the decomposition peaks to higher temperatures, respectively
21 ◦C and 31 ◦C for bainite and martensite.

Table 2 summarizes the temperature range and relative length changes corresponding to the high
and low heating rates. The degree of relative length increase is associated with the cooling rate and
retained austenite percentage. These relative length changes during non-isothermal tempering are
determined near the inflection points of dilatometry curves using Equation (4) [20]:

Relative length change =
(∆l(T)/l)end − (∆l(T)/l)0

(∆l(T)/l)0
, (4)

where (∆l(T)/l)end and (∆l(T)/l)0 are the increase for relative length of the end and start points at
temperature T, as it is represented schematically in Figure 6.
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It can be seen from the data that the extent of decomposed retained austenite is associated with
the heating rate. The relative volume increase corresponding to the bainitic specimen is 3.74% and
2.21% after non-isothermal tempering at the heating rate of 5 ◦C/min and 30 ◦C/min, respectively.
On the other hand, the relative volume change is approximately constant in the martensitic specimen
for both heating rates. These results point out that since the bainitic specimen contains a large amount
of retained austenite, the portion of decomposed retained austenite has been influenced by the heating
rate; therefore, after tempering at the heating rate of 30 ◦C/min still some non-decomposed retained
austenite remains in the microstructure. In contrast, because the amount of retained austenite is very
low in the martensitic structure, decomposition is almost finished even at the heating rate of 30 ◦C/min
and no impact is observed on the relative length change value.

Table 2. Temperature interval of retained austenite decomposition and percentage of relative length
change for maximum and minimum heating rates in both investigated microstructure.

Specimen Heating Rate (◦C/min) Temperature Range (◦C) Relative Length Change (%)

Bainite
5 255–359 +3.74

30 276–386 +2.21

Martensite
5 269–370 +0.67

30 300–401 +0.63

3.4. Cementite Precipitation

The shape of the peak at temperature range related to the cementite precipitation varies with
the microstructure. In Figure 3, there is no contraction between about 250 ◦C and 450 ◦C. Therefore,
cementite precipitation was not observed for bainite. On the other hand, at the same temperature
range, an intense contraction was observed in martensite associated with cementite precipitation
(Figure 4). This phenomenon overlapped with retained austenite decomposition peak.

Good agreement was found with XRD results presented in Figures 7 and 8. In Figure 7,
the presence of chromium carbide (Cr7C3) and some retained austenite are demonstrated in the
bainite. Upon non-isothermal tempering at a heating rate of 5 ◦C/min, Fe3C and Cr7C3 carbides
precipitate as a consequence of retained austenite decomposition.

In the case of martensite (Figure 8), no carbides can be seen in martensite, whereas the presence
of carbides in tempered martensite is evidence of a large dilatation decrease during non-isothermal
tempering depicted in Figure 4b. The peak related to cementite is seen after tempering for both
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specimens, since cementite phase is detectable by XRD, 5% or more cementite exists in tempered steels.
These Fe3C carbides, dissolve upon tempering to form Cr7C3 carbides at the same location [29].Metals 2017, 7, 346  9 of 13 
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As discussed earlier, in bainite, the bainitic ferrite contains 0.19 wt % of carbon. Since there is a
small amount of carbon in solid solution, the cementite precipitation during non-isothermal tempering
is negligible [24]. By contrast, in supersaturated martensite with 0.29 wt % of carbon, this phase
transformation takes place upon tempering between about 210 ◦C and 480 ◦C with a considerable
length decrease. Similar observation for cementite precipitation in martensite was reported by Morra
et al. [4]. The gradual shift of the transformation temperature to the higher values with increasing the
heating rates is due to the time and temperature dependency of carbon diffusion into lattice defects.

It is also worth noting that after completing this non-isothermal tempering and cooling to the
ambient temperature, final relative length, calculated by Equation (4), dropped by 0.65% in the
martensitic sample after tempering, whereas by contrast, it rises by 0.44% in the bainitic specimen.

Analyses of cooling cycles after each non-isothermal tempering are represented in Figure 9 to
investigate the formation of new phases during cooling. In Figure 9a, it can be seen that the first
derivation of the relative length change is almost constant during cooling. The pattern is similar for
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the other three cooling cycles. Thus, it can be concluded that no new phase transformation occurred
during the fast cooling after non-isothermal tempering.
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Figure 9. Relative length change and its derivation during the cooling cycle (from 600 ◦C to
ambient temperature at a cooling rate of 600 ◦C/min) after tempering of: (a) The bainitic specimen
non-isothermally tempered at a heating rate of 5 ◦C/min; (b) the bainitic specimen non-isothermally
tempered at a heating rate of 30 ◦C/min; (c) the martensitic specimen non-isothermally tempered at a
heating rate of 5 ◦C/min and (d) the martensitic specimen non-isothermally tempered at a heating rate
of 30 ◦C/min.

3.5. Microstructural Evolution during Tempering

In order to study the detailed morphology after tempering, SEM observation was performed
for both martensitic and bainitic specimens, before and after non-isothermal tempering. Figure 10a
shows SEM images of tempered bainite after heating at the rate of 5 ◦C/min. Examination of the
microstructure before tempering revealed the presence of several retained austenite islands with blocky
morphologies at the grain boundaries of the bainitic ferrites and are characterized by a smooth surface
under SEM (Figure 10b). As discussed in Section 3.3, these retained austenite islands decompose in the
range of 255 ◦C to 355 ◦C and as reported in Figure 10c, their smooth surface becomes roughened with
the presence of very fine carbides distributed regularly over the surface. According to Yan et al. [8],
the decomposition of retained austenite may lead to the formation of martensite or lower bainite
depending on the applied temperature and holding time during tempering.

In Figure 10c, the small carbides ordered in parallel bands among bainitic ferrite subunits were
observed at the grain boundaries of bainitic ferrite. The axes of these carbides were inclined between
53◦ and 62◦ to the growth direction of the bainitic ferrite. It has been reported that the angle between
carbides in the lower bainite ferrite inclines at about 60◦ to the growth direction of ferrite, which is
very close to the angles measured in the present investigation [30]. It should also be noted that in
agreement with reported results in the literature, the morphology of decomposed retained austenite
blocks is very similar to that of lower bainite [31]. On the basis of the above analysis, it can, therefore,
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reasonably said that the decomposition of retained austenite results in the formation of lower bainite
in the investigated steel.
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austenite (RA) prior to tempering and (c) blocks of decomposed retained austenite after tempering.

The tempered martensitic and bainitic microstructures at heating rates of 30 ◦C/min are illustrated
in Figure 11. Figure 11a shows that the microstructure of tempered martensite consists in martensite
plates with fine needle-like carbides, composed of cementite and chromium carbide, within the
plates. Analyses of tempered bainite (Figure 11b), shows the presence of coarse rod-shape carbides.
This indicates carbide coarsening rather than precipitation has taken place during non-isothermal
tempering of bainite. Since most of carbides have been formed during bainitic transformation;
they have, therefore, more time to grow during non-isothermal tempering.
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4. Conclusions

The non-isothermal tempering behavior of a bainitic microstructure of a medium-carbon
high-strength steel was investigated for two different heating rates. A martensitic structure was
also used as a reference for comparison purposes. Phase transformations were studied using
high-resolution dilatometry and the microstructural features were examined using optical and scanning
electron microscopes. The results indicated that tempering effects vary significantly from bainitic to
martensitic microstructures helping to draw a clearer picture of the phase transformations in different
microstructures. The following conclusions can be drawn from the present study:

(1) In the bainitic microstructure, retained austenite decomposed to lower bainite associated with
volume expansion during tempering in contrast to martensite tempering where great length
decrease occurred due to decomposition of medium-carbon martensite to low carbon martensite
plus carbides.

(2) Phase transformations during tempering of martensite occurred at slightly higher temperatures
than bainite tempering, owing to the auto-tempering effect through bainite formation.

(3) In tempering of the bainitic specimens which contain 23.2% of retained austenite,
its decomposition at the heating rate of 5 ◦C/min caused 3.74% length increase. This percentage
decreased steeply to 2.21% when the heating rate increased to 30 ◦C/min, demonstrating that
some amount of retained austenite remained untransformed after non-isothermal tempering
at this heating rate, whilst in martensite, the length increase for both heating rates is almost
constant indicating completed transformation.
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