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In this paper, the TRIP590 steel was used for C-Mn partitioning. The influence of C-Mn partitioning on the microstructure and
mechanical properties of the steel was studied. SEM, EPMA, XRD and tensile tests were used to characterize the microstructure
of the tested steel, calculate the content of retained austenite, and analyze the enrichment of C atoms and Mn atoms and me-
chanical properties. The results show that there was a lot of lath martensite and scattered ferrite in the microstructures of the
Q&P steel and C-Mn partitioning steel. After C-Mn partitioning, the content of ferrite was increased. The enrichment of C and
Mn in the C-Mn partitioning steel was relatively apparent, and the concentration of the atoms in the center of martensite was
significantly higher than at the boundary between martensite and ferrite. Mn-rich areas were also C-rich areas. Compared with
the Q&P steel, the C-Mn partitioning steel had a larger amount of retained austenite, higher elongation and PSE.
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V Clanku avtorji opisujejo proces prerazporeditve C in Mn v TRIP590 jeklu. Avtorji so Studirali vpliv prerazporeditve na
mikrostrukturo in mehanske lastnosti izbranega jekla. Za karakterizacijo njegove mikrostrukture, izraun vsebnosti zaostalega
austenita, analize obogatitve z C in Mn atomi so uporabili SEM, EPMA, XRD in natezne preizkuse. Rezultati analiz so
pokazali, da je v mikrostrukturi Q&P jekla precej letvastega martenzita in razprienega ferita. Po prerazporeditvi Mn in C pa je
narasla vsebnost ferita. Obogatitev s C in Mn je relativno navidezna v C-Mn jeklu s prerazporeditvijo obeh in koncentracija
atomov v sredif¢u martenzita je bistveno vija kot na mejah med martenzitom in feritom. Z Mn bogata obmocja so bogata tudi s
C. Primerjava z Q&P jeklom ima jeklo s C-Mn preporazdelitvijo ve¢jo vsebnost zaostalega austenita, vedji raztezek in PSE.

Kljucne besede: produkt trdnosti in raztezka, obogatitev elementa, Q&P proces, C-Mn proces prerazporeditve, zaostali austenit
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1 INTRODUCTION

The World Steel Association divides high-strength
steels for automobiles into two major categories, based
on differences in strengthening mechanisms, namely tra-
ditional high-strength steels and advanced high-strength
steels (AHSSs).! At present, AHSSs include three gener-
ations: transformation-induced plasticity steel (TRIP
steel),” twinning-induced plasticity steel (TWIP steel),?
and quenching and partitioning steel (Q&P steel).* In
2003, J. Speer et al.’ proposed the Q&P process and es-
tablished a constrained para-equilibrium model to study
the problem of the C-element partitioning of the test
steel between the temperature of the martensite starting
point (M) and the martensite ending point (My). In recent
years, the third-generation AHSS, represented by me-
dium-manganese steel and Q&P steel has developed rap-
idly.® The typical production of the Q&P steel can be a
"one-step” Q&P process and a "two-step” Q&P process.’
The "one-step” Q&P process includes quick heating of
the steel to the austenite zone, its transition to the tem-
perature between M, and M;for C partitioning and finally

*Corresponding author’s e-mail:
jen@sdjzu.edu.cn (Cainian Jing)
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its quenching to room temperature. The "two-step" Q&P
process also includes its transition to the fully austen-
itized steel, to the temperature between M, and M, and
then the performance of C-partitioning treatment at a
temperature higher than this temperature and finally its
quenching to room temperature. The microstructure of
the material is composed of a martensitic matrix and car-
bon-enriched austenite retained after the Q&P process.®
The PSE is the product of tensile strength and elon-
gation.” In addition to excellent tensile-stress resistance,
high-strength steel must also exhibit a good plasticity. So
the PSE is usually used to evaluate the performance of
high-strength steel. TRIP steel is designed based on the
traditional high-strength steels by introducing retained
austenite, which greatly improves the workability and
cold-forming performance.'” TRIP steel is often used for
automobile safety and structural parts due to its high
PSE and good fatigue resistance. When a car is crashing,
the high-strength martensite in the steel can resist its de-
formation,'' undergoing a TRIP effect.'> The retained
austenite is transformed into harder martensite, signifi-
cantly improving the safety performance of cars. Most
researches on the TRIP steel have been focused on
hot-rolling and cold-rolling properties'® and isothermal
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transformation rules.'" The influence of the diffusion of
C-atoms and Mn-atoms on the TRIP steel structure and
mechanical properties is also important. As the main
strengthening element of martensite, carbon can reduce
the M, and stabilize the retained austenite. As the vital
element for stabilizing austenite, manganese can expand
the austenite zone.”> C. H. Song et al.'® proposed that
carbon atoms at the austenite interface can attract man-
ganese atoms. Y. Q. Tian et al.'” studied the effects of C
and Mn on the stability of the retained austenite in
bainitic steel. It was confirmed that the diffusion of C
and Mn atoms could increase the retained-austenite sta-
bility, thereby improving the performance of steel.'® To
further study the atom-diffusion behavior in TRIP steel,
in the two-phase region, and the interaction between
C-atoms and Mn-atoms, in this work, the optimized
Q&P process was used to heat treat TRIP590 steel. This
process combines the C-Mn partitioning process with the
traditional Q&P process, making the C partitioning and
Mn partitioning have a far-reaching effect. Moreover, the
theoretical basis was provided for the development of
AHSS by analyzing the influence of the C-Mn partition-
ing process on the atom-partitioning behavior, micro-
structure and mechanical properties.

2 EXPERIMENTAL PART

The TRIP590 steel with a thickness of 1.5 mm was
used in this work. Table 1 shows the main composition
of the tested steel.

Table 1: Main chemical composition of the tested steel (w/%)

Component C |[Mn| Si | Al | Cr [ Ti| S P B
Content |0.11/1.50/1.16/0.043]0.024/0.010.001]0.008|0.003

The M. of the tested steel is 390 °C. The austenite
start point (A¢) is at 720 °C and the austenite end point
(Acs) is at 880 °C."

Figure 1 shows the heat-treatment process. Fig-
ure la shows the Q&P process: the tested steel was
heated and austenitized in a resistance furnace at a tem-
perature of 940 °C and held for 5 min, then quickly
transferred to a salt bath with a temperature of 240 °C,
held there for 10-50 s for C partitioning and finally
quenched to room temperature. Figure 1b shows the
C-Mn partitioning process: during the first step, the
tested steel was quickly heated in the resistance furnace
to a two-phase (austenite + ferrite) zone temperature of
820 °C and held for 20 min. In the second step, the tested
steel was heated in the resistance furnace at a tempera-
ture of 940 °C and held for 5 min, then quickly trans-
ferred to a salt bath with a temperature of 240 °C, held
there for 10-50 s for C partitioning and finally quenched
to room temperature. The cooling medium for both pro-
cesses was water.

In this experiment, an MXQ1700-30 type high-tem-
perature box-type atmosphere furnace and an SG2-5-10
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Figure 1: Heal-treatment curves for the experiment: a) Q&P process,
b) C-Mn partitioning process

type salt-bath furnace were used to process the test steel
in different ways. The tested steel was cut, mosaiced,
coarsely ground, finely ground and polished.

A scanning observation of the microstructure and
tensile-fracture morphology of the tested steel was car-
ried out on a Japanese JSM-7610F high-resolution scan-
ning electron microscope (SEM). The SEM scanning-
test object was the cross-section of the tested steel. SEM
specimens were etched with 4-pct Nital solution. This
experiment used a Japanese EPMA-1600 electron-probe
X-ray micro-analyzer (EPMA) to characterize the C-Mn
partitioning effect. The working voltage used in the test
was 15 kV, the scanning area was (20x15) um and the
scanning-area magnification was 4000x.

In this experiment, the German Bruker D8 Advance
CuK, target X-ray diffraction analyzer (XRD) was used
to identify the phase of the tested steel; combined with
Equation (1),% X-ray diffraction helped us calculate the
retained austenite content. During the test, the scanning
range was 40-100°, the scanning speed was 3°/min, the
working voltage was 40 kV and the current was 40 mA.

141,

=2 1
141, +1, W

In the formula, fis the content of retained austenite,
L, is the integrated intensity of the characteristic peaks of
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Figure 2: Tensile specimen dimensions for the experiment (mm)

austenite (200), (220), (311) and I, is the integrated in-
tensity of the characteristic peaks of ferrite (200), (211).

The experiment used a single-axis universal testing
machine to test the mechanical properties and its model
was WDW-100E.

The experiment used a single-axis universal testing
machine to test the mechanical properties and its model
was WDW-100E. The maximum load was 100 kN and
the tensile rate was 2.0 mm/min. The tested steel was
prepared according to the ASTM ES standard for tensile
specimens, as shown in Figure 2.

3 RESULTS AND DISCUSSION

3.1 Influence of the Q&P process and C-Mn partition-
ing on the microstructure

Figure 3 shows SEM images of the tested steel pro-
cessed in different ways (the C partitioning time was
30 s). Figure 3a includes a SEM image of the Q&P
tested steel, while Figure 3b includes a SEM image of
the microstructure of the C-Mn partitioning steel. This
microstructure obtained with the two processes consists
of lath martensite, dispersed ferrite and some bainite.
The formation of ferrite and bainite is due to the transfer
of the tested steel to the salt-bath furnace where the tem-
perature drops to the two-phase zone and the cooling rate
is slow. When calculating the ferrite content with the im-
age-processing software, we find that the content of the
ferrite after the Q&P process is about 14.9 % and the
content of the ferrite after the C-Mn partitioning process
is about 18.8 %. Compared with the Q&P process, the
content of ferrite increased by 3.9 % after the C-Mn par-
titioning. This is mainly due to the diffusion of the Mn
atoms during C-Mn partitioning, leading to an uneven
diffusion of Mn in the two-phase zone. The diffusion of
atoms is not fully homogenized when they are subse-
quently austenitized at temperatures higher than 940 °C
because a short dwell time cannot eliminate the uneven
diffusion of Mn atoms. Hence, the austenite stability in
some Mn-rich regions is significantly higher than that in
Mn-scarce regions. During the subsequent transforma-
tion, due to the temperature dropping into the two-phase
zone, the austenite with some Mn-scarce regions is easier
to transform into ferrite, leading to an increase in the
content of ferrite after the C-Mn partitioning process.
Figure 3 shows that some martensite orientations after
the Q&P process are chaotic and diversified. However,

Materiali in tehnologije / Materials and technology 55 (2021) 2, 269-275

Figure 3: SEM images of two Kinds of tested steel: a) Q&P steel, b)
C-Mn partitioning steel

after the C-Mn partitioning treatment, some martensite
orientations tend to be consistent, inducing microcracks
at the grain boundaries of the tensile test. This is not con-
ducive to the mechanical properties of the tested steel.

3.2 Influence of the C-Mn partitioning on the diffu-
sion of C and Mn atoms

Figures 4 shows the EPMA mappings of the steel
treated with C-Mn partitioning (the C-partitioning time
was 30 s). Figure 4 shows that both C and Mn atoms are
enriched after the C-Mn partitioning process. The enrich-
ment is more obvious in the yellow zones than green and
blue zones. X. Y. Ding et al. performed EPMA character-
ization on the tested steel treated by Q&P process.?!
Compared with the Q&P process, the diffusion of C and
Mn during the C-Mn partitioning was uneven. The atom
enrichment is more evident after the C-Mn partitioning
process, which shows that it affected the diffusion of Mn
atoms. The Mn-rich areas in the tested steel obtained
during the C-Mn partitioning process are consistent with
the C-rich regions, and the Mn-scarce regions are also
the C-scarce regions. This is mainly due to the Mn-atom
diffusion providing a "channel” for the C atoms. Mn at-
oms are gradually enriched in the austenite regions in the
two-phase zone. The Mn atom is a kind of replacement
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Figure 4: EPMA mappings of the tested steel treated with C-Mn partitioning: a) microstructure, b) C-atom distribution, ¢) Mn-atom distribution

atom,? larger than the Fe atom or C atom. Furthermore,
the diffusion of C atoms and Mn atoms causes lattice
distortions. As C atoms are interstitial atoms, they are
easier to diffuse into the lattice gaps around a "channel”
created by the diffusion of the Mn atoms, resulting in an
enrichment of the C atoms around the Mn atoms. Al-
though fully austenitized, the "channels" still exist. In the
subsequent C-partitioning process, the C atoms are en-
riched in the "channels" created again by the Mn atoms,
so that Mn-rich areas are also C-rich areas.

Besides, Figure 4 shows that after the C-Mn parti-
tioning process, the atom concentration of the tested
steel in the center of the martensite is significantly
higher than along the boundary. The schematic diagram
in Figure 5°' can intuitively describe the cause of this
phenomenon. When the tested steel is heated above the
Aci, austenite gradually begins to nucleate. Mn atoms
gradually accumulate in the boundary regions between
ferrite and austenite. Mn atoms diffuse faster in ferrite
and slower in austenite.” The Mn atoms in the edge area
(Figure 5b) increase, causing the formation of a high
Mn-atom content in the edge region and a low Mn-atom
content in the center area of ferrite. The enrichment of
Mn atoms at the boundaries also hinders the growth of
the grain boundaries.™> Although austenite grains are
small, they are rich in manganese. With the progress of
Mn partitioning, grain boundaries of austenite gradually

migrate into ferrite and Mn atoms gradually diffuse into
austenite grains. The subsequent complete austenit-
ization of the tested steel does not fully homogenize the
uneven diffusion of Mn atoms because of the short dwell
time. In the subsequent quenching of the tested steel,
martensite still retains an obvious C and Mn enrichment
in the central region and a weak C and Mn enrichment at
the boundaries.

3.3 XRD analysis of the Q&P process and C-Mn parti-
tioning

Figure 6 shows the XRD patterns of the Q&P steel
and C-Mn partitioning steel (the C-partitioning time was
30 s). The retained-austenite volume fraction of the
tested steel obtained with the Q&P process was 0.71 %.
The volume fraction of retained austenite of the tested
steel obtained with C-Mn partitioning was 1.24 %.?° The
volume fraction of retained austenite in the C-Mn parti-
tioning steel and Q&P steel was low. However, the vol-
ume fraction of retained austenite obtained with C-Mn
partitioning increased significantly compared with the
Q&P process. The main reason for this was the fact that
the contents of C and Mn in the composition of the
tested steel were not high, just 0.11 % and 1.50 %, re-
spectively. The two elements were the key elements de-
termining the stability of retained austenite at room tem-

O Mn © Fe

e C

Austenite

M Ferrite W Grain boundary

Figure 521: Schematic diagram of manganese partition in the two-phase region

272

Materiali in tehnologije / Materials and technology 55 (2021) 2, 269-275



C. JING et al.: EFFECT OF C-Mn PARTITIONING ON THE MICROSTRUCTURE AND MECHANICAL PROPERTIES ...

— Q&P steel
(200)a ——— C-Mn partitioning steel
) (110)c
=
2
“‘3“‘
z
&
=
- ‘ (21D (220
(200Y)y 220y | G311y
| ‘ S— A
MPL L ]\ ) J”l\ . N

40 50 60 70 80 90 100
Diffraction angle 20/(°)

Figure 6: XRD patterns of the Q&P steel and C-Mn partitioning steel

perature. This resulted in the low volume fraction of
retained austenite in the two tested steels at room tem-
perature.

Moreover, because both methods produced some fer-
rite, the content of retained austenite at room tempera-
ture was low. Very little retained austenite can be ob-
served in the SEM images. As mentioned above, the
C-Mn partitioning process promotes the Mn-atom diffu-
sion and Mn-rich areas are also C-rich areas. The stabil-
ity of austenite in the atom-rich regions is better and eas-
ier to retain atroom temperature. As a result, the volume
fraction of retained austenite must be increased by the
C-Mn partitioning process.

3.4 Analysis of the mechanical properties and fracture
morphology after the Q&P process and C-Mn par-
titioning

Figure 7 shows the mechanical properties of the
Q&P steel and C-Mn partitioning steel. Figure 7b com-
pares the PSEs of the two processes. The PSEs of the
tested steel exposed to the two processes first increased
and then decreased with the increase in the carbon-parti-
tioning time. Generally speaking, the tensile strength of
the tested steel obtained with C-Mn partitioning is low.
But this steel exhibits a better performance than the steel
obtained with the Q&P process in terms of the PSE and
elongation. When the carbon-partitioning time is 20 s,
the tensile strength of C-Mn partitioning can reach
995.7 MPa; the elongation after fracture can be 14.8 %;
the PSE can reach 14.7 GPa-%.

The decrease in the tensile strength may be due to the
increase in the ferrite content during C-Mn partitioning.
Moreover, it is shown by the SEM image in Figure 3
that the martensite orientation from the C-Mn partition-
ing steel may be different from the tensile direction, re-
sulting in a partial decrease in the tensile strength. The
tensile strength of the tested steel obtained with C-Mn
partitioning is increased to a certain extent after 30 s.
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This may be due to the precipitation of some carbides
with the increasing C-partitioning time.”” The elongation
after fracture of the two tested steels first increased and
then decreased. Still. the fracture elongation of the Q&P
treated steel is the best after 30-s C partitioning and the
fracture elongation of the C-Mn partitioning steel is the
best after 20 s C partitioning. This may be so because the
enrichment of C by the C-Mn partitioning process is
better due to the enrichment of Mn. XRD patterns of the
two methods in Figure 6 show that the volume fraction
of retained austenite of the tested steel exposed to the
two processes is relatively low. However, the C-Mn par-
titioning process makes the retained austenite more sta-
ble, and the steel treated in this way exhibits better me-
chanical properties.

Figure 8 shows the tensile fracture morphology of
the Q&P steel and C-Mn partitioning steel. The dimple
morphology of the steel tested with the Q&P process and
C-Mn partitioning is elliptical, showing ductile fracture
characteristics. It shows that a ductile fracture has a sub-
stantial effect on load absorption in crack propagation.?®
However, the difference is that the diameter of the dim-
ple at the fracture obtained with the Q&P process is rela-
tively small and different. On the other hand, the dimple
of the steel tested with C-Mn partitioning is relatively
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Figure 7: Comparison of the mechanical properties between the Q&P
steel and C-Mn partitioning steel: comparison of the tensile strengths
and elongations, b) comparison of the PSEs
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Figure 8: Tensile-fracture morphology of the tested steel: a) Q&P
steel, b) C-Mn partitioning steel

large, its distribution is relatively uniform and second-
phase particles can be observed.

The formation of dimples is mainly due to the nucle-
ation, growth, aggregation, and fracture of tiny cavities.
The diameter and depth of dimples have some influence
on the mechanical properties of the material. Plasticity is
directly proportional to the depth and diameter of the
dimples. If a material has poor plasticity, second-phase
particles are randomly distributed, and dimples have
small diameters and lower depths.” Therefore, the plas-
ticity of the C-Mn partitioning steel is more obvious than
that of the Q&P steel. The carbides in Figure 8b (inside
the ellipse) are FesC.* Fe;C appeared after 30 s of C par-
titioning, also reflecting the C-enrichment apparent ef-
fect caused by Mn partitioning. Due to the pinning effect
of the second phase on the dislocations, the deformation
was more difficult, increasing the tensile strength of the
steel after 30 s of C partitioning.

4 CONCLUSIONS

1. The microstructures of the Q&P steel and C-Mn
partitioning steel comprise a lot of lath martensite and
scattered ferrite; the ferrite content of the C-Mn parti-
tioning steel is slightly increased. The enrichment of C
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and Mn in the C-Mn partitioning steel is relatively obvi-
ous, Mn-rich areas are also C-rich areas. The volume
fractions of retained austenite are relatively small after
the two processes. Still, the volume fraction of the re-
tained austenite in the C-Mn partitioning steel is signifi-
cantly higher than that of the Q&P steel.

2. In terms of mechanical properties, the C-Mn parti-
tioning steel has the best mechanical properties when the
C-partitioning time is 20 s; then the tensile strength can
reach 995.7 MPa, the elongation after fracture can reach
14.8 % and the product of strength and elongation can be
14.7 GPa-%. The C-Mn partitioning steel has advantages
over the Q&P steel in terms of the elongation after frac-
ture and PSE.

3. According to the fracture-morphology analysis, the
dimples at the fractures of both the Q&P steel and C-Mn
partitioning steel are round or elliptical, showing duc-
tile-fracture characteristics. Compared with the Q&P
steel, the C-Mn partitioning steel has relatively larger
dimple depth and diameter, and here carbides appear as
well.
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