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A new type of 0.2%C–1.5%Si–1.5%Mn ultra high-strength low alloy TRIP-aided steel consisting of lath
martensite structure matrix and metastable retained austenite films, “TRIP-aided martensitic steel; TM
steel”, was developed by means of quenching and partitioning process. In addition, effects of partitioning
temperature and time on the microstructure and retained austenite characteristics were investigated. The
matrix structure was composed of two kinds of lath martensite structures, or wide and narrow lath mar-
tensite structures. Most of the retained austenite of about 3 vol% was located along the narrow marten-
site lath boundary. On the other hand, a small amount of fine and needle-like carbides precipitated only in
wider lath martensite structure. Partitioning at temperatures lower than 250°C for 1 000 s after quenching
in oil or ice brine considerably increased carbon concentration of the retained austenite phase to about
1.0 mass%, maintaining volume fractions of retained austenite and carbide. Also, the carbon-enrichment
mechanism in the retained austenite was proposed through TEM observation, as well as the carbide pre-
cipitation and coarsening mechanisms.

KEY WORDS: ultra high-strength steel; TRIP-aided steel; retained austenite; microstructure; martensite;
partitioning.

1. Introduction

In the past two or three decades, many advanced high-
strength sheet steels for automobile parts have been devel-
oped to reduce the body weight of automobiles. According
to De Cooman,1) first-generation advanced high-strength
steels (AHSSs), such as dual-phase steel, Transformation-
Induced Plasticity-aided steel (TRIP-aided steel) with a
polygonal ferrite matrix, and so on, have contributed con-
siderably to the weight reduction and crash safety of recent
automobiles because of their good combination of formabil-
ity and tensile strength. Although second-generation AHSSs
such as Twinning-Induced Plasticity steel (TWIP steel)2)

have not been applied so widely to automotive parts, third-
generation advanced AHSSs such as TRIP-aided bainitic
ferrite steel (TBF steel)3–9) and quenching and partitioning
steel (Q&P steel),10) with good formability (stretch-flange-
ability and bendability) and ultra-high strength (980–1 470
MPa) are expected for future automotive applications. For
the achievement of a tensile strength of more than 2.0 GPa,
quenching-partitioning-tempering (Q–P–T) steel with a
martensite matrix was developed by Wang et al.11) They
reported that ultra-high-strength TRIP-aided steel can be
developed through the utilization of the martensite structure.

Further ultra-high strength may be achieved by changing
the matrix structure into martensite with carbon-enriched
metastable retained austenite. However, such a “TRIP-aided
martensitic steel (TM steel)” has not yet been developed.

Moreover, there have been no reports on the microstructural
formation mechanism and carbon-enrichment mechanism of
retained austenite in martensitic steels such as TM steel. In
this study, TM steel with a chemical composition of 0.2%
C, 1.5% Si, and 1.5% Mn (in mass%) is developed by means
of quenching (to temperatures lower than Mf) and partition-
ing processes. In addition, the microstructural formation
mechanisms and retained austenite characteristics are inves-
tigated.

2. Experimental Procedure

In this study, a 100-kg steel ingot was prepared by vacu-
um melting followed by hot forging to produce a bar of 32
mm in diameter. Then, the bars were heated to 1 200°C and
hot-rolled to 13 mm in diameter with a finishing rolling tem-
perature of 850°C, and cooled in air to room temperature.
The chemical composition is detailed in Table 1. The mea-
sured CCT diagram is shown in Fig. 1, indicating a marten-
site start temperature MS of about 420°C. In addition, the
martensite finish temperature Mf is estimated to be 277°C.9)

The heat-treatment diagram of TM steel is shown in Fig.

Table 1. Chemical composition (mass%) of a steel used.

C Si Mn P S Al N O

0.20 1.50 1.50 0.015 0.0008 0.041 0.0005 0.0008
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2. TM steel was partitioned at 200–500°C after quenching
to room temperature in oil or ice-brine.

The retained austenite characteristics of the steel were
investigated by X-ray diffractometry. Specimens were elec-
tropolished after grinding with Emery paper (#1 200). The
volume fraction of retained austenite (fγ, vol%) was quanti-
fied from the integrated intensity of the (200)α, (211)α,
(200)γ, (220)γ, and (311)γ peaks obtained by X-ray diffrac-
tometry using Mo-Kα radiation.12) The carbon concentration
(Cγ , mass%) was estimated from the equation below. In this
case, the lattice constant (aγ , × 0.1 nm) was measured from
the (200)γ, (220)γ, and (311)γ peaks of Cu-Kα radiation.13)

aγ  = 3.5780 + 0.0330Cγ + 0.00095Mnγ + 0.0056Alγ + 0.0220Nγ
.......................................... (1)

where Mnγ , Alγ , and Nγ represent the concentrations of the
respective individual elements (mass%) in the retained aus-
tenite. For convenience, the contents of added alloying ele-
ments were substituted for these concentrations in this study.

The microstructure was observed by field-emission scan-
ning electron microscopy (FE-SEM) with electron backscat-
ter diffraction pattern (EBSP) equipment and transmission
electron microscopy (TEM). Specimens for FE-SEM-EBSP
analysis were ground with colloidal silica after grinding
with alumina. The volume fraction of the carbide precipita-
tion was measured through carbon extraction replicas.

Vickers hardness tests were carried out using a Vickers
microhardness machine at 25°C, with a load of 0.98 N. The
surface of the specimen was polished with Emery paper
(#600).

3. Results

3.1. Vickers Hardness
Figure 3 shows the Vickers hardnesses of the TM steels.

The TM steels subjected to quenching in oil and ice-brine
have Vickers hardnesses of about HV450 at partitioning
temperatures in the range 25–350°C. When the TM steels
are partitioned at temperatures above 400°C, the Vickers
hardness decreases with decreasing partitioning tempera-
ture.

3.2. Retained Austenite Characteristics
Figure 4 shows the typical change in the X-ray diffrac-

tion pattern of the retained austenite with partitioning tem-
perature in the TM steel quenched in oil. Figures 5 and 6
show the variations in the initial volume fraction and carbon
concentration of the retained austenite of TM steels
quenched in oil or ice-brine as a function of partitioning
time and temperature, respectively. The TM steel quenched
in oil contains retained austenite of a maximum of about 3
vol%. This amount decreases with increasing partitioning
time in the range 100–10 000 s (Fig. 5) and with increasing
partitioning temperature in the range 250–450°C (Fig. 6).
On the other hand, the carbon concentration of the retained
austenite increases considerably with increasing partitioning
temperature and time. If the TM steel is quenched in ice-
brine, the amount of retained austenite and its carbon con-
centration are reduced to about 1.6 vol% and 0.3 mass%,
respectively.

Fig. 1. Measured CCT diagram of steel used, in which A, F, P, B
and M represent austenite, ferrite, pearlite, bainite and mar-
tensite, respectively.

Fig. 2. Heat treatment diagram for TM steel, in which OQ and IB
represent quenching in oil and ice-brine, respectively.

Fig. 3. Variations in Vickers hardness of TM steel as a function of
partitioning temperature (TP). Partitioning time (tP) = 1 000
s.

Fig. 4. Typical changes in X-ray diffraction patterns in TM steels
as-quenched (As-Q) and partitioned at 200–500°C for 1 000
s after oil quenching.
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3.3. Microstructure and Carbide
Figure 7 shows typical SEM images of the TM steel

quenched in oil. Figure 8 shows typical FE-SEM-EBSP
analysis results for TM steel, and Fig. 9 shows typical TEM
images. From Figs. 7 and 8, the matrix structure of the
present TM steel is found to consist of wide and narrow lath
martensite structures, and hardly seems to change with par-

titioning temperature. It is also found that the wider lath
martensite structure in TM steel gives a higher image qual-
ity than the narrower lath martensite structure, which means
that the narrow lath martensite structure possesses a higher
dislocation density.14) It is noteworthy that there is no twin
in the narrow lath martensite, or the narrow martensite is α '-
martensite and not ε-martensite. As shown in Figs. 8(d),

Fig. 5. Variations in initial volume fraction (fγ 0) and initial carbon
concentration (Cγ 0) of retained austenite as a function of parti-
tioning time (tP) in TM steel (quenching in oil). TP = 250°C.

Fig. 6. Variations in initial volume fraction (fγ 0) and initial carbon
concentration (Cγ 0) of retained austenite as a function of
partitioning temperature (TP) in TM steel. tP = 1 000 s.

Fig. 7. Typical SEM images of TM steel subjected to partitioning process at (a) 200°C, (b) 300°C, (c) 400°C or (d) 500°C
for 1 000 s.

Fig. 8. (a) Image quality map, (b) inverse pole figure map, (c) phase map, (d) image quality distribution map of bcc phase,
(e) image quality distribution map of fcc phase and (f) number fraction of image quality (IQ) of bcc and fcc phases
in TM steel partitioned at 250°C for 1 000 s. In (c), green and red phases denote matrix structure (bcc) and retained
austenite (fcc), respectively. In (d), darker yellow and yellowish green regions represent martensite lath structures
with higher and lower image quality index, respectively. Black phases are other ones such as retained austenite
phases. Dotted lines in (a), (d) and (e) represent prior austenitic grain boundary.
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8(e), and 9(c), most of the retained austenite phases are fine,
and are located on the interlath boundary of the narrow mar-
tensite lath structure, which is yellowish green in Fig. 8(d).

In Figs. 9(a), 9(b), and 9(e)–9(h), a large amount of fine
and needle-shaped carbide seems to precipitate only in the
wider martensite lath structure. This means that the needle-
shaped carbides are already precipitated through auto-tem-
pering upon quenching. According to De Cooman and
Speer,1) the martensite structure in Q&P steel includes tran-
sition ε- or η-carbide. In this study, some carbides were
observed in the TM steel (Fig. 9), but the precipitates were
not detected as ε- or η-carbide, so the carbides are consid-
ered as cementites.

The volume fraction of carbide in the present TM steel
was too low to be measured by X-Ray diffractometry (Fig.
4). Therefore, in order to measure the carbide volume frac-
tion accurately, we observed it through carbon extraction
replicas for TM steels partitioned at 25–500°C. As an exam-
ple, a typical TEM image of the extraction replicas is shown
in Fig. 9(h). The measured volume fraction of carbide is
shown in Fig. 10. The amount of carbide in the TM steel
hardly changes when it is partitioned at temperatures below
250°C (fθ = 1.7–2.0 vol%). The carbide fraction appears to
increase with increasing partitioning temperature at temper-
atures above 250°C, accompanied by coarsening of the car-
bide. In the partitioning range above 450°C, the amount of
carbide increases further (fθ = 5.2 vol%). The carbide frac-
tion of the TM steel quenched in ice-brine and then parti-
tioned at 200°C (fθ = 1.2 vol%) is lower than that of TM
steel quenched in oil. Note that the amount of carbide in TM
steel partitioned at 300°C for 1 000 s is considerably lower
than that (fθ = 5.7 vol%) of SCM420 steel (0.21%C–
0.21%Si–0.77%Mn–1.02%Cr–0.18%Mo–0.06%Ni, in
mass%) quenched in oil and then tempered at 300°C for
3 600 s.

4. Discussion

Figures 7–9 showed that TM steel subjected to the
quenching and partitioning process consists of a wide and
narrow lath martensite structure matrix and retained austen-
ite located along the narrow martensite lath boundary, with
precipitation of a small amount of carbide in the wide lath
martensite structure. In general, Si suppresses carbide for-
mation in steel,5,15) similarly to Al.9) Thus, it is considered
that Si addition of 1.5 mass% results in such microstructural
characteristics. In this case, a high shearing stress or free
energy is required in the retained austenite for martensite
transformation, because most of the retained austenite films
are fine and surrounded by a hard martensite lath structure.

In the following, the transformation and carbide precipi-
tation behavior of such a microstructure during the quench-
ing and partitioning processes is discussed.

4.1. Microstructural Change on Quenching
The microstructural change and the retained austenite

Fig. 9. TEM images of lath martensite structure in TM steel subjected to partitioning at (a) 25°C (as quenched), (b-d, h)
200°C, (e) 300°C, (f) 400°C or (g) 500°C for 1 000 s. (a), (b), (e), (f) and (g): wide lath martensite structure (αm)
with carbides (θ). (c): narrow lath martensite structure (αm*) and interlath retained austenite (γR), (d): selected area
diffraction pattern of circle in (c). (h): carbides observed by extraction replicas, in which A and B represent wide
lath martensite structure with carbides (fθ = 1.7 vol%) and narrow lath martensite structure without carbides,
respectively.

Fig. 10. Variations in volume fraction of carbide (fθ : ■) and vol-
ume fraction (fγ 0: ○) and carbon concentration (Cγ 0 : ●)
of retained austenite as a function of partitioning tempera-
ture (TP) of TM steel quenched in oil.
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characteristics during the quenching process are illustrated
in Fig. 11. On quenching, the austenite is transformed into
two kinds of lath martensite structure matrices. The trans-
formation behavior can be summarized as follows.

Stages 1–3: When the steel is cooled to temperatures
below MS after heating in the γ region, the wide martensite
structure is first formed preferentially (stages 1–2 in Fig.
11(c)). Carbides are not yet precipitated in the wide marten-
site structure.

Stages 3–4: On continuous cooling to room temperature
below Mf, the untransformed austenite is transformed to the
narrow martensite structure and retained as retained austen-
ite (stages 3–4 in Fig. 11(c)). At the same time, the wide
martensite structure is tempered through auto-tempering,
and therefore, carbide is precipitated only in the wider mar-
tensite lath structure because of carbon diffusion.

According to Koistinen and Marburger,16) the amount of
martensite structure ( fαm) increases with decreasing isother-
mal transformation temperature (TIT) in conventional struc-
tural steel as follows:

fαm = 1 – exp{–A(MS – TIT)B} ................. (2)

where A and B are material constants. If the present steel is
subjected to the isothermal transformation process at tem-
peratures between Mf and room temperature, the volume
fractions of narrow martensite and retained austenite may
increase. In fact, the above forecast was verified by
Kobayashi et al.17) with an investigation of the mechanical
properties of TM steel.

In Fig. 6, it is seen that the volume fraction and carbon
concentration of the retained austenite decrease more with
decreasing carbide content when the TM steel is quenched
in ice-brine than when it is quenched in oil. This is because
of the increasing volume fraction of martensite due to the
lower quenching temperature in ice-brine. It may also be
associated with the shorter diffusion time that results from
rapid quenching.

4.2. Carbon-enrichment Mechanism during Partition-
ing

The microstructural changes in the behavior of this TM
steel during the partitioning process (stages 5–6 in Fig.
11(c)) at temperatures between 200 and 500°C are illustrat-
ed in Fig. 12, and are classified into three partitioning rang-

Fig. 11. Illustrations of (a) heat treatment diagram, (b) changes in carbon concentrations (Cγ , Cαm and Cαm*) and volume
fractions (fγ , fαm and fαm*) and (c) microstructural change at stages 1 through 6 of TM steel during partitioning
process at 200°C.

Fig. 12. Illustrations of microstructural change in wide and narrow lath martensite structure and retained austenite of TM
steel partitioned at temperatures between Range I and Range III after quenching, in which αm, αm*, α f, γ R and θ
represent wide lath martensite structure, narrow lath martensite structure, ferrite, retained austenite and carbide,
respectively.
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es: Range I, Range II, and Range III, as follows:
Range I (200–250°C): When the quenched TM steel is

partitioned at temperatures lower than 250°C, the carbon
concentration of the retained austenite increases consider-
ably with increasing partitioning temperature (Fig. 10).
Because the volume fractions of retained austenite and car-
bide are both constant (Fig. 10), supersaturated carbon in the
martensite may move into the retained austenite (Fig. 12(a)).

Range II (250–450°C): When the steel is partitioned at
temperatures higher than 300°C, the carbon concentration of
the retained austenite increased to 1.0–1.1 mass%. The vol-
ume fraction of retained austenite decreases and the carbide
content increases with increasing partitioning temperature
(Fig. 10). Thus, it is thought that the retained austenite
shrinks and the excess solute carbon causes the further pre-
cipitation or coarsening of the carbide (Fig. 12(b)).

Range III (above 450°C): When the steel is partitioned at
temperatures above 450°C, most of the retained austenite
phase decomposes into ferrite and carbide (Fig. 12(c)). In
the wide martensite lath structure, spheroidal carbides coex-
ist with coarsened needle-shaped carbides (Fig. 9(g)).

According to Nishiyama,18) the decomposition of retained
austenite into ferrite and cementite begins upon tempering
at over 140°C in plain carbon steel. In this study, no retained
austenite was decomposed into ferrite and carbide even in
Range II. Therefore, we confirm that the retained austenite
was shrunk in Range II.

Figure 13 shows a plot of the carbon concentration of the
retained austenite of TM steel in an equilibrium diagram
calculated for the C–1.5%Si–1.5%Mn system. The carbon
concentrations at TP = 350 and 400°C agree well with the
T0 line where austenite and ferrite with the same chemical
composition have identical free energies.19) However, the
carbon concentration at 250°C is significantly lower than
the T0 line because of the low diffusion rate of carbon. From
these results, it is expected that the upper limit of the carbon
concentration of the retained austenite is the T0 line, in the
same way as for TBF steel.

5. Summary

The effects of partitioning after quenching in oil or ice-
brine on the microstructure and retained austenite character-
istics of 0.2%C–1.5%Si–1.5%Mn TM steel were investigat-
ed.

(1) The TM steel consisting of wide and narrow lath
martensite structures contained retained austenite of about 3
vol% after quenching in oil, with carbides of 1.7–2.0 vol%
only in the wider martensite lath structure. When the steel
was quenched in ice-brine, the volume fraction of retained
austenite decreased to 1.8 vol% with a decrease in the car-
bide volume fraction.

(2) With partitioning at temperatures lower than 250°C
for times shorter than 1 000 s, the volume fractions of the
retained austenite and carbide were maintained, although the
carbon concentration of the retained austenite increased.

(3) On the other hand, partitioning at 300–400°C for
1 000 s after quenching caused a considerable increase in the
carbon concentration of the retained austenite, although the
volume fraction of retained austenite decreased and the vol-
ume fraction of carbide increased with increasing partitioning
temperature.
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