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A medium-Mn steel, exhibiting manganese macrosegregation, was investigated. In order to study how the mi-
crostructure development influences the fracture mechanisms, the steel was quenching and partitioning pro-
cessed using two different partitioning temperatures. At 400 °C partitioning temperature, the microstructure
exhibits intergranular fracture at low plastic strain, following Mn-rich regions in which fresh martensite pre-
dominates. Elongated thin precipitates at prior austenite grain boundaries facilitate the initiation and progress of
cracks at these locations. After partitioning at 500 °C, the redistribution of carbon triggers the formation of
pearlite, the precipitation of carbides in the carbon-enriched austenite and the formation of spheroidal carbides
at prior austenite grain boundaries. All these microstructural features result in an interlath fracture with more
ductile character than after partitioning at 400 °C. In both cases, manganese macrosegregation triggers brittle
fracture mechanisms by creating large hardness gradients.

1. Introduction

Driven by weight-saving and safety demands from the automotive
industry, the last decades were marked by the introduction of multi-
phase advanced high-strength steels (AHSS) [1]. Quenching and Par-
titioning (Q&P) steels are framed within this category. After full or
intercritical austenitisation, the Q&P processing involves quenching to
a temperature (Tp) within the range of start-finish martensite tem-
perature (Ms-Mp), which ensures the controlled formation of primary
martensite (M1), and isothermal holding at a partitioning temperature
(Tp) equal or higher than Ty, in which the untransformed austenite is
stabilised by carbon enrichment coming from M1. Other parallel pro-
cesses such as primary martensite tempering and decomposition of
austenite into bainite compete for the available carbon at Tp [2,3].
Under these considerations, partitioning at 400 °C has shown to be
adequate for carbon enrichment in austenite for most Q&P steel com-
positions [4,5]. If the austenite is not sufficiently enriched in carbon
during the partitioning stage, it transforms into fresh martensite (M2)
during the final quench of the Q&P process. The presence of fresh
martensite in the microstructure is associated with a reduction of
elongation and worsening of properties in Q&P steels [6,7].

The good properties of the Q&P microstructures result from the
combination of martensite and retained austenite that provides high-
strength, toughness and ductility. The selection of To, Tp and
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partitioning time (tp) influences the Q&P microstructure and, conse-
quently, the mechanical properties of the steel [8,9]. In this sense, the
retained austenite (RA) volume fraction and its mechanical stability are
important microstructural parameters. In principle, a high RA fraction
is desirable to obtain an elevated work-hardening at high strains. This
leads to improved ductility, formability and impact energy absorption
via the mechanical induced transformation of austenite [1,10,11].

Medium manganese steels are interesting systems to carry out Q&P
processes. Other than their low hardenability and retardation of bainite
formation, they have a great potential to utilize both carbon and
manganese in the austenite stabilisation process under adequate parti-
tioning conditions [12,13]. This requires an increase of typical parti-
tioning temperatures to promote sufficient mobilisation of Mn. How-
ever, this temperature increase might trigger other microstructural
processes. On the other hand, medium Mn martensitic steels tend to
undergo strong embrittlement when they are tempered in the tem-
perature range of 300-500 °C and times from few minutes to hours
[14-22]. The main reason for embrittlement points to Mn segregation
to prior austenite grain boundaries, which decreases their cohesion
strength and causes intergranular fracture [18,20,21].

In addition, Mn-rich steels have high probability of Mn macro-
segregation since Mn is rejected into dendritic spaces during solidifi-
cation after casting [2,23,24]. Hot deformation can be applied to break
the dendritic structure of the cast ingot, which results in the segregation
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Fig. 1. (a) Dimensions of the cylindrical and tensile specimens. (b) Heat
treatments applied to the steel.

aligned following the hot deformation direction [25,26]. Permanent
elimination of Mn segregation requires long high-temperature homo-
genisation treatments due to the slow kinetics of Mn diffusion [25],
which may result economically infeasible. Therefore, the impact of Mn
segregation needs to be minimised by an adequate microstructure de-
sign.

This study addresses the effect of Mn segregation on the micro-
structural development of a medium-Mn steel during the Q&P proces-
sing route. The microstructural processes that take place during low
and high partitioning temperatures are investigated based on experi-
mental characterisation and local carbon redistribution simulations.
Finally, fracture mechanisms are related with resulting microstructures.

2. Experimental methodology

A medium manganese steel with chemical composition of
0.3C-4.5Mn-1.5Si (wt. %) in the form of cast and forged billets was
investigated. Cylindrical and tensile dilatometry samples, as shown in
Fig. 1a, were machined from the billet. A Bahr DIL 805 A/D dilatometer
was used to carry out different heat treatments in both cylindrical and
tensile samples and to characterize the events occurring during the heat
treatments. Two different quenching and partitioning treatments were
carried out to develop different microstructures as shown in Fig. 1b. In
all thermal cycles, the specimens were first fully austenitized at 900 °C
for 3min. Then, specimens were cooled down at 20°C/s to a
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Tq = 170 °C. Subsequently, the specimens were held at Tp = 400 °C or
500 °C for 300 s. The specimens are designated as QPTp. Final cooling to
room temperature was done at 20 °C/s.

Resulting microstructures were resolved by light optical and scan-
ning electron microscopy (LOM and SEM). Specimens of each heat
treatment were metallographically prepared with a final polishing step
of 1 um. The SEM study was made after etching with 2% Nital, using a
JEOL JSM-6500F field emission gun scanning electron microscope
(FEG-SEM) operating at 15kV.

The final fraction of retained austenite was obtained from magne-
tization saturation measurements carried out at room temperature in a
vibrating sample magnetometer (VSM) 7307 manufactured by Lake
Shore and calibrated with a standard NIST nickel specimen. Cubic
specimens with an edge dimension of 2.0 mm were machined from the
centre of the dilatometry specimens. The procedure followed is derived
from the methods described in Refs. [27-29]. The volume fraction of
retained austenite is calculated as fp, =1 — M/ (Xpe-Mo* ),
where M, %" is the magnetization saturation of the Q&P specimen, xp, is
the iron content of the steel and M, *~* is the magnetization saturation
of pure bcc iron, which yields 215 Arnz/kg at room temperature [30].

X-Ray diffraction (XRD) experiments were performed to estimate
the carbon content in austenite. A Bruker D8 Advance Diffractometer
equipped with a Vantec position sensitive detector was employed, using
Co Ka1 radiation with a wavelength of A = 1.78897 A, an acceleration
voltage of 45kV and current of 35 mA, while the sample was spinning
at 30 rpm. The measurements were performed in the Bragg's angle (26)
range of 40°~130°, using a step size of 0.042° 26, with a counting time
per step of 3s. The carbon concentration within the retained austenite,
xc®4, was determined from its lattice parameter a,, (in A) as [31]:

a, = 3.556 + 0.0453x¢c + 0.00095xy, + 0.0056x4; D

where X;, in wt. %, represents the concentration of the alloying element
i. The Nelson-Riley method [32] was used to determine the lattice
parameter of austenite.

Vickers 0.01 Kg micro-hardness was measured with a Struers
Durascan tester to characterize heterogeneities of hardness across the
microstructure. Two tensile tests were performed per condition with an
Instron testing frame and an extensometer with a 7.8 mm gauge length
at an engineering strain rate of 61073 s~ ', The fraction of austenite
remaining after tensile tests was determined with VSM in all the tested
specimens.

Electron probe microanalysis (EPMA) was performed with a JEOL
JXA 8900R microprobe using an electron beam with energy of 10 keV
and beam current of 200nA employing Wavelength Dispersive
Spectrometry (WDS). The composition at each analysis location of the
specimen was determined using the X-ray intensities of the constituent
elements after background correction relative to the corresponding
intensities of reference materials. The obtained intensity ratios were
processed with a matrix correction program CITZAF [33].

3. Results
3.1. Phase mixture

The dilatometry curves of specimens QP400 and QP500 are shown
in Fig. 2a as a function of temperature. The volume fractions of primary
and secondary martensite phases were obtained by applying the lever
rule and using the linear expansion behaviour of the fcc and bcec lattices
in the dilatometry curves, as schematized in Fig. 2b. Table 1 shows the
volume fraction and carbon content of retained austenite present in the
final Q&P microstructures.

As can be seen in Fig. 2a, primary martensite (M1) starts forming at
235 + 5°C (labelled as Mlg). A volume fraction of M1 of 0.60 is
formed during the first quench to 170 °C. Then, the material is heated
up to the partitioning temperature. Fig. 2¢ displays the change in length
with partitioning time at 400 °C and 500 °C partitioning temperatures.
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Fig. 2. (a) Dilatometry curves vs. temperature of the different Q&P heat
treatments. M1g and M2s stand for the primary and fresh martensite start
temperatures, respectively. (b) Comparative of as-quench and Q&P dilatometry
curves with temperature in which thermal expansion lines of bee and fec phases
are fitted to the experimental curves. (c) Dilatometry curves vs. time during
partitioning stage.
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A slight expansion is registered during partitioning at 400 °C, which is
typical of carbon enrichment in austenite due to partitioning and sug-
gests a negligible formation of bainite [34]. Instead, partitioning at
500 °C leads to an initial small expansion (zoomed-in in the inset)
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Table 1

Summary of volume fractions and carbon content of phases.
Tp Mis M2s fw fra fmz foatance xcRA
°C °C °C carbide/pearlite  wt.9
400 235 = 5 112 = 5 0.60 0.29 0.10 0.01 0.80
500 235 = 5 133 = 5 0.60 0.14 0.17 0.09 0.62

followed by a shrinkage. After the partitioning stage, the material is
cooled to room temperature. Deviations from linearity during the final
quench evidence the formation of fresh martensite, whose start tem-
perature is labelled as M2g. Table 1 shows that M2s is about 10°C
higher in QP500 than in QP400 specimen. This fact indicates a lower
austenite stability after partitioning at 500 °C, which is also evidenced
by the considerably higher fractions of M2 in comparison with QP400.
A retained austenite fraction of 0.29 was measured in QP400, which
doubles that of QP500. The carbon concentration in austenite is also
higher in QP400 than in QP500. The volume fraction of carbides or
other phases was balanced from the martensite and austenite fractions.

3.2. Microstructural characterisation

Light optical micrographs in Fig. 3a&b evidence a heterogeneous
microstructure in QP400 and QP500 specimens, respectively. Crossing
bands of a light etched constituent are entangled with dark etched

Fig. 3. LOM micrographs of over etched (a) QP400 and (b) QP500 to highlight
the heterogeneous microstructure in bands.
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Fig. 5. SEM micrographs of QP500 (a) low (b), (c), and (d) high magnification. Retained austenite (RA), primary and secondary martensite (M1, M2), pearlite (P) and

cementite precipitates (0) are pointed.

regions. The pattern resembles a former dendritic structure developed
during cast solidification. Fig. 4 and Fig. 5 show SEM micrographs of
the Q&P microstructures obtained at partitioning temperatures of
400 °C and 500 °C, respectively. In Fig. 4, the primary martensite matrix
is characterised by the presence of most likely transitional needle-type
carbides parallel to specific habit planes within martensite blocks
substructures. These kind of carbides were also observed in a condition
directly quenched to room temperature after austenitisation, which
suggests that they precipitate as consequence of the auto-tempering in
martensite. As typical of Q&P microstructures, the RA is present in a
film-like morphology in between laths of primary martensite, and in a
blocky-like morphology next to prior austenite grain boundaries
(PAGBs) or to packet and block boundaries of martensite [35]. Fresh
martensite/retained austenite (M2/RA) islands in the micrometre scale
are observed heterogeneously distributed in the microstructure. These
M2/RA islands are less etched than the primary martensite phase due to
their higher carbon content [36]. Increasing the etching time discloses
the fresh martensite (outlined with a dotted line in Fig. 4b), which is
surrounded by large grains of retained austenite in a ring-like

769

configuration. The fresh martensite is characterised by a very thin lath
structure. The ring-like configuration originates from an incomplete
homogenisation of carbon across the austenite grain during the parti-
tioning step, which is usual in large grains. Prior austenite grain
boundaries are vaguely distinguishable, particularly when the
boundary is shared by two M2/RA islands. Continuous film-like fea-
tures of tens of nanometres in width are usually observed delimiting
two adjacent M1 blocks sharing a PAGB, as pointed by arrows in Fig. 4c.
This feature might be a carbide. It is well known that prior austenite
grain boundaries are preferential nucleation sites of carbides during
tempering of martensite [15,37]. These carbides form as very thin films
during the first stages of tempering and are typically difficult to detect
[38]. When a PAGB is shared by two M1 blocks, the carbon segregates
preferentially to the boundary from both sides promoting the formation
of the carbide. Instead, when the PAGB is shared by martensite and
austenite, part of the carbon diffuses into the austenite. This makes
improbable the formation of the continuous carbide at these locations.

Fig. 5 shows SEM micrographs of the Q&P microstructures parti-
tioned at 500°C. Several differences from conventional Q&P
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Fig. 6. True stress (solid lines) and work hardening rate (dotted lines) as a
function of true strain of QP400 and QP500.

microstructures are observed. On the one hand, the clear definition of
the PAGB: is eye-catching. Higher magnifications reveal that spherical
carbides decorate the PAGBs (Fig. 5b), which allows to estimate the
prior austenite grain size in about 30 pum. The higher partitioning
temperature of 500 °C promotes the formation of coarse and spherical
carbides at PAGBs instead of the continuous film carbide that forms at
400 °C. In addition to the spherical carbides, pearlite colonies are ob-
served next to the PAGBSs, as observed in Fig. 5c. The same figure shows
that carbides in M1 are coarser and more globular than those observed
in QP400. The coarsening and spheroidization of the carbides in mar-
tensite is also commonly observed at advanced stages of tempering in
steels [38]. Additionally, Fig. 5d shows the presence of arrays of
elongated parallel carbides at some locations next to PAGBs, at inter-
faces between primary martensite and RA blocks or in between laths of
M1 replacing what it seems to be austenite films. As Fig. 5¢ shows, M2/
RA blocks in QP500 are mainly composed of M2. The blocky-type of RA
is seldom distinguishable.

3.3. Mechanical properties

Fig. 6a shows the evolution of the true stress (solid lines) and work
hardening rate (dotted lines) with the true strain of QP400 and QP500
conditions. Relevant tensile properties are shown in Table 2. Both
specimens exhibit similar behaviour until 0.01 deformation, after which
the QP500 specimen shows a higher work-hardening rate. It is worth
mentioning that QP400 breaks well before the necking condition,
o = do/de. With a lower 0y, the QP500 condition exhibits much
higher ultimate tensile strength (UTS), total elongation (TE) and work
hardening than the QP400 specimen. The uniform elongation (UE) al-
most coincides with the TE. It is striking that the QP400 specimen
present a higher RA fraction with a higher carbon content than QP500
and yet, its mechanical performance is worse. These results contradict
the general understanding on Q&P steels, where high fractions of RA
are sought to improve the ductility [6].

3.4. Fracture surfaces

Fig. 7a-b shows SEM images of the fracture surface of the QP400
microstructure after tensile testing. It can be observed that the fracture

Table 2
Mechanical properties and fraction of retained austenite after fracture.
Oyo.2 UTS TE UTS*TE faa®
MPa MPa MPa
QP400 800 1100 0.02 22 0.19 = 0.01
QP500 610 1530 0.10 153 0.02 = 0.01
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Fig. 7. Fractography of tensile tested QP400 specimen.(a) General overview.
(b) Detail of intergranular fracture: i) Elongated/plate-like precipitates.

mainly progresses along the prior austenite grain boundaries. This
mechanism is known as intergranular fracture [39] and is usually
caused by impurities segregation to the grain boundaries or by a pro-
cessing problem like quench cracking [40]. The occurrence of inter-
granular fracture indicates that grain boundaries are so weakened that
prior austenite grain detachment occurs before any plastic deformation
can take place. The intergranular fracture leaves smooth facets re-
vealing the morphology and size of the prior austenite grains. In ad-
dition, secondary cracks perpendicular to the fracture surface also in-
dicate brittleness of the grain boundaries. As can be observed from
Fig. 7a, regions of intergranular fracture appear connected to one an-
other by regions of ductile fracture, where micro-dimples are present.
Dimples are the result of plastic deformation due to the transgranular
progress of the crack during failure and evidence localized ductility.
These observations indicate competition between intergranular and
transgranular fracture in the microstructure partitioned at 400 °C.
Features resembling plate-like and elongated precipitates are com-
monly observed standing out the fracture surfaces or in the intersection
between adjacent prior austenite grains. This features are indicated by
arrows in Fig. 7b.

Fig. 8 shows the fractography of the specimen partitioned at 500 °C.
Mixed characteristics of brittle and ductile fracture are observed. In
both cases the crack propagates transgranularly. During dominant
brittle fracture (cleavage), the crack propagates through crystal-
lographic planes, which produces flat and smooth surfaces (cleavage
planes) decorated with river-like features. A fine-faceted crack structure
(labelled in Fig. 8b-c) is observed in regions where cleavage occurs,
which reveals a cleavage detaching mechanisms at predominantly
martensite block boundaries. Several deep cracks are also visible. On
the other hand, fracture features that are revealed lighter under the
SEM indicate significant ductile failure, where micro-dimples are ob-
served. Large dimples are also sporadically observed.

4. Discussion
4.1. Microstructure evolution during partitioning

Figs. 4 and 5 have shown that different microstructural evolution
processes take place at the partitioning temperatures of 400 and 500 °C.
It is well-known that partitioning at 400 °C promotes the diffusion of
carbon from M1 to the adjacent austenite [41]. However, carbon par-
titioning temperatures as high as 500 °C promote a different develop-
ment of the microstructure that, in the steel under investigation, leads
to pearlite formation and precipitation within austenite films. To un-
derstand the microstructural mechanisms that activate at 500 °C, si-
mulations of the carbon redistribution between martensite and auste-
nite were carried out using DICTRA software [42]. The simulation
system is defined as a martensite lath of 0.2 pym in width and a film of
austenite of 100 nm in thickness [43-45], which are in contact through
a planar martensite/austenite interface. Simulations were performed at
400 and 500 °C and for partitioning times up to 300s). The results are
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shown in Fig. 9 and discussed based on dilatometry (Fig. 2c) and on the
carbon profiles for each partitioning temperature:

Partitioning at 400 °C: Dilatometry (Fig. 2c) shows a progressive
expansion during the first 50s that progresses to a saturation value
before 300s. Bainite or isothermal martensite are not likely to form
upon the studied partitioning conditions due to the austenite stabilizing
effect of manganese. Hence, an expansion of such magnitude is
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Fig. 9. Carbon profiles at different tp for both Tp calculated by DICTRA. The y/
o’ interface is located at distance zero. Thus, negative and positive values of
distance represent half lath width of austenite and martensite, respectively.
x4y and x7* stand for the carbon content before partitioning and the critical
carbon content required for the austenite to decompose into cementite and
carbon-depleted austenite, respectively.

attributed to carbon partitioning and y/a’ interfaces migration [34].
DICTRA simulations predict full carbon partitioning and homogenisa-
tion in the austenite after 50 s (Fig. 9a). The carbon content in austenite
is predicted to be around 0.80 wt %, which matches the experimental
XRD results. However, the continuous expansion detected by dilato-
metry between 50s and 300s of partitioning time indicates that the
redistribution of carbon is not complete after 50s. This was experi-
mentally verified by creating a specimen in which the partitioning
treatment was interrupted after 50s. Under these conditions, a lower
carbon content was measured in the retained austenite
(0.72 = 0.02wt %) and a higher M2 fraction (0.10 * 0.01) was de-
tected in the microstructure compared to that obtained after 300s.
These results indicate that, although the carbon partitioning process
might be completed after 50s in austenite films up to 100nm in
thickness, the presence of larger austenite grains in the microstructure
(of the order of micrometres, Fig. 4c) makes the process longer. Besides,
transitional carbides and cementite in M1 are known to act as reservoirs
of carbon, which may be released again to the system with increasing
partitioning times [3]. At 400 °C, this results in the increase of RA
fraction and its carbon content with increasing partitioning times.
Partitioning at 500 °C: A small dilatation is observed within the first
2's of partitioning, which is followed by a continuous contraction. A
total shrink of 0.03% is detected after tp, = 300 s. This behaviour results
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Table 3

Theoretical calculations of the relative change in length (AL/L;) [46] that can
be expected from the different reactions occurring during partitioning at 500 °C.
xc refers to the concentration of carbon and i and f to the initial and final
phases, respectively.

x& xt! xf? 2L (500 °0)
wt.% wt.% wt.% %X
Do’ - a+6 0.3 0 6.67 -0.169
2y > a+0 0.8 0 6.67 0.378
3ty 40 1.76 0.6 6.67 -0.834

from simultaneous processes taking place as pointed out in the micro-
structural characterisation (Fig. 5): 1) martensite tempering, 2) auste-
nite decomposition into pearlite and 3) precipitation of carbides in
austenite. In order to gain insight into the microstructural development,
theoretical calculations of the relative change in length produced by the
different reactions were carried out as explained in Ref. [46]. The re-
sults are shown in Table 3. The effect of martensite tempering and
cementite precipitation within carbon supersaturated austenite
(y* - y~ + 6) counteract the expansion due to the formation of pear-
lite, being the precipitation in austenite the main responsible process
for the observed contraction. DICTRA simulations show that the carbon
enrichment in the austenite next to the y/o’interfaces or in thin-films
can reach values above 1.50 wt % in less than 1 s (Fig. 9b). Calculations
at 500 °C with ThermoCalc software (TCFE 9) show that the carbon
concentration of austenite in equilibrium with cementite and ferrite is
0.22 and 2.75wt %, respectively. Additionally, ThermoCalc predicts
that the carbon content at which the molar Gibb's free energy for aus-
tenite and ferrite are equal at 500 °C is 0.48 wt %. This means that after
1s of partitioning at 500 °C, the austenite is sufficiently supersaturated
in carbon with respect to cementite so that cementite can form. This
causes a carbon depletion in the surrounding austenite and thus a
contraction in the change in length. Only if the carbon content in the
austenite is depleted below 0.48 wt %, the formation of ferrite will be
thermodynamically possible. Since no expansion is observed in the
present case, it is reasonable to assume that ferrite does not form as-
sociated to cementite precipitation within the supersaturated austenite.
The fraction of supersaturated austenite is estimated in 0.21 as
f+ =1, = 0) = fy, — fra- Considering this fraction of supersaturated
austenite and assuming that after precipitation the remaining austenite
has the carbon content detected by XRD (0.60 wt %), the precipitation
of a fo ~0.20 is required to match the experimental contraction. In the
same manner, the decomposition of austenite into pearlite is possible as
the carbon-enriched austenite is simultaneously supersaturated in
carbon with respect to both ferrite and cementite [47]. Simulations
predict that blocks of austenite of 0.3-0.5pum in thickness can reach
homogeneous carbon concentrations close to the eutectoid composition
(0.80 wt % C) within 50s of partitioning when surrounded by suffi-
ciently large volumes of martensite (block widths of around 1 pm).
Thus, these regions would be likely to form pearlite as observed in
Fig. 5c.

4.2. Effect of the manganese macrosegregation

4.2.1. Effect on microstructure evolution during the Q&P route

The macrosegregation of Mn plays an important role in the devel-
opment of the Q&P microstructure. On the one hand, Mn stabilises the
austenite phase, reducing the martensite start temperature of the steel.
On the other hand, the chemical potential of carbon depends on the
local concentration of Mn. During the austenitisation stage at 900 °C,
variations in the Mn content due to the macrosegregation in the steel
induce a net flux of carbon in order to equalize its chemical potential
across austenite regions with different Mn concentrations. This creates
an inhomogeneous distribution of carbon.
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Fig. 10. (a) LOM micrograph perpendicular to the fracture plane in direction of
crack propagation of the QP400 condition; (b) EPMA Mn profile along the line
in (a); (c) Local Q&P phase fractions along the line in (a).

In order to investigate the effect of manganese segregation on the
microstructure evolution, microscopy examination and compositional
analysis by electron probe microanalysis (EPMA) were performed on
the plane perpendicular to the fracture surface and along the crack
propagation direction. The results of QP400 specimen are shown in
Fig. 10a. Compositional analysis by EPMA in Fig. 10b shows variations
of almost a 2wt % in Mn, being the presence of RA/M2 islands more
evident in the regions where the Mn content is the highest.

To quantify the influence of Mn macrosegregation on the Q&P mi-
crostructural development during the thermal cycle, the local phase
fractions in the final Q&P microstructure were calculated according to
the experimental Mn profiles measured by EPMA. First, DICTRA soft-
ware (TCFE9 and MOBFE3 data bases) was employed to estimate the
concentration of carbon in austenite in dependency with the Mn con-
centration after austenitisation at 900 °C for 180 s. Since the chemical
potential of carbon decreases with increasing the Mn content, Mn-rich
regions are slightly enriched in carbon during the austenitisation.
Instead, the carbon content in Mn-poor regions decreases. Using
ThermoCalc’, variations from 0.32wt % to 0.30 wt % in carbon are
found when moving from a Mn-rich region exhibiting a 6 wt % to a Mn-
poor region presenting a 4.30 wt % Mn. Based on these concentration
profiles, the martensite start temperature (M) was calculated following
Andrew's equation [48]:

M; = 539 — 423C — 30.4Mn — 12.1Cr — 17.7Ni — 7.5Mo + 10Co — 7.5 Si
@

The fraction of primary martensite (f,,,) that forms at the quench
temperature used in this investigation (I, =170 °C) is estimated based
on the undercooling below the local My according to the Koistinen-
Marburger model [49]:
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fin =1 — exp[—an(Txn — To)] 3

where Txy is the theoretical martensite start temperature, 15-20 °C
lower than the My for the investigated prior austenite grain size [50,
51], and a,, is the rate parameter, which is calculated based on the local
composition using the empirically equation proposed by Van Bohemen
et al. [52]:

o = 0.0224 — 0.0107x¢ — 0.0007xp7, — 0.00005xy; — 0.00012xc,

— 0.0001x, ()]

For the specimen partitioned at 400 °C, the fractions of RA and M2
were predicted based on the local carbon content and under the as-
sumption of full carbon partitioning, fixed martensite/austenite inter-
face and suppression of competitive reactions as originally proposed by
Speer [41]. Fig. 10c shows that the fraction of M1 at the quench tem-
perature decreases significantly in Mn-rich regions. Lower fractions of
M1 imply lower fractions of carbon available for the stabilisation of
austenite. Therefore, less austenite is retained within the Mn-rich than
within Mn-poor regions. Consequently, the fraction of M2 within Mn-
rich rises pronouncedly, even exceeding the fraction of M1 in some
locations.

For the specimen partitioned at 500 °C, the microstructure evolution
cannot be predicted assuming full carbon partitioning since other pro-
cesses occur during partitioning and consume part of the carbon. The
rapid carbon enrichment of austenite and the higher partitioning tem-
perature promote pearlite formation at prior austenite grain boundaries
and cementite precipitation within austenite films. However, the Mn
macrosegregation is not altered during the partitioning at 500 °C and
thus its effect on the microstructural development away from PAGBs
can be qualitatively explained in the same manner as at 400 °C. This can
be appreciated in the optical micrograph of Fig. 11, where pearlite
colonies decorate the PAGBs and a Mn-rich band is disclosed by the
presence of large RA/M2 islands.

4.2.2. Effect on the micro-hardness

The fresh martensite phase of Q&P microstructures is a very fine
martensite with relatively high carbon content, since it forms from
small grains of carbon enriched austenite. The carbon content present
in M2 was calculated as 0.55 and 0.50 wt % for the microstructures
partitioned at 400 °C and 500 °C, respectively, based on the Mg, and
applying equation (1). Therefore, M2 is a hard phase compared to the
surrounding retained austenite and/or carbon-depleted primary mar-
tensite phases. During loading, this difference of strength leads to an
inhomogeneous distribution of stresses that decrease the mechanically
stability of the austenite and triggers the formation of voids in between
M1 and M2 [53,54].

Fig. 11. LOM micrograph of specimen QP500.
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Fig. 12 shows LOM micrographs in combination with micro-hard-
ness Vickers maps performed with a load of 0.01 Kg of QP400 and
QP500 specimens. A remarkable difference in hardness (more than 200
HV01kg) is measured between regions with large fraction of RA/M2
islands and regions in which the predominant phases are tempered M1
and film-type RA. Values as high as 725 HV o1k were locally measured
in regions with higher fractions of RA/M2 islands. As expected, this
maxima are higher than the average hardness measured in an as-quench
specimen (635 + 5 HVy), i.e. microstructure consisting of fully fresh
martensite with the nominal carbon content. The low HV g1k, mea-
sured in M1 regions is attributed to the effect of tempering, which is
evidenced by the presence of carbides in M1 blocks. These large
hardness gradients are observed even within one prior austenite grain,
as evidenced for the QP500 specimen in Fig. 12b. Despite the prior
austenite grains are not revealed in the QP400 microstructure, large
hardness gradients are also expected within the prior austenite grains.
Therefore, it is concluded that positive Mn segregation increases the
local hardness of the Q&P microstructure through the formation of
large volume fractions of fresh martensite and, thereby, an influence on
the fracture mechanism is expected.

4.3. Fracture mechanisms

The poor elongation exhibited by the medium manganese Q&P
steels in this study differs from that of conventional Q&P steels, in
which elongations in the order of 20% or higher are obtained [55]. Cho
et al. [13] observed a brittle behaviour in a 0.3C-1.6Si—4Mn—1Cr steel
subjected to certain Q&P conditions similar to those of the present
work; e.g. with To =170°C, Tp = 450°C and tp = 300s, a UTS of
1400 MPa and TE of 4% was obtained. They attributed the brittle be-
haviour to the presence of M2 in the microstructure. However, QP500
specimen, which comprises half of the RA fraction and almost twice the
M2 fraction of QP400 specimen, showed improved elongation and
toughness. In QP400, the stabilisation of the austenite is more effective
than in QP500 and a higher RA fraction, highly enriched in carbon, is
obtained. Moreover, in QP400, a RA fraction of 0.10 transforms during
deformation (Table 2); however, the low plastic strain observed during
tensile testing indicates that this transformation does not contribute
effectively to work-hardening. Instead, it might transform during the
elastic strain due to low stability of austenite regions with low local
carbon concentrations. Moreover, low cohesion strength of prior aus-
tenite grain boundaries compared to the strength of the matrix led to
intergranular fracture at low strains. This premature failure left an
untransformed fraction of RA of 0.19 that does not contribute to work-
hardening.

The different fracture mechanisms are also remarkable and are ex-
plained based on the different microstructural phenomena taking place
during partitioning at 400 °C and 500 °C. The phenomenological ana-
lysis of events occurring during partitioning at different temperatures
evidences differences in carbon redistribution that strongly influence
the microstructure and the mechanical performance:

4.3.1. QP400 fracture mechanism

A magnified view of regions A (rich Mn region) and B (poor Mn
region) in Fig. 10a is shown in SEM micrographs of Fig. 13a and
Fig. 13b, respectively. The overall crack path is somewhat straight and
dominantly intergranular. Crack propagates following prior austenite
grains, which is also patent in the progress of secondary cracks (per-
pendicular to the fracture plane) especially in Mn rich regions. Thus, it
is revealed that Mn-rich regions are preferred regions for intergranular
fracture. Transgranular fracture was sporadically observed in Mn poor
regions, as it is exemplified in Fig. 13b. A plastic deformation is evi-
denced in M1 laths and RA films adjacent to the crack propagation line.
The fracture surface showed micro-dimples at these locations also em-
phasising the ductile character [54].

Intergranular fracture observed in this steel can be only explained
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Fig. 12. LOM micrographs showing the region where a the mesh of micro hardness indentations is applied and the corresponding hardness contour maps. (a) QP400
specimen, (b) QP500 specimen high magnification (PAGB are emphasised with a continuous dark line) (¢) QP500 low magnification. The following picture is shown

in color in the online document.

by a combination of several factors. Elongated precipitates, presumably
cementite, were observed at PAGB when this grain boundary is shared
by adjacent M1 blocks (Fig. 4). These precipitates have been discussed
in relation to intergranular fracture in quenched and tempered mar-
tensitic steels [15,37,38,56] as they provide the sites for intergranular
grain crack nuclei. Fig. 13b shows a secondary crack connecting with an
elongated precipitate at PAGB. Stiff carbide particle is not plastically
deformable and will either crack or the martensite/carbide interface
will part. The latter separation is more plausible if the interfacial energy
has been reduced by segregation of alloying or impurity atoms on it
[57]. Intergranular fracture assisted by Mn segregation to austenite

grain boundaries has been extensively reported in tempered martensitic
steels with additions of silicon and manganese in the range of that of
present steels [14,16,17,20,21]. Enrichment of Mn at grain boundaries
worsens the grain boundary cohesion, either due to vacancy-Mn pair
formation [20], or by grain boundary relaxation [19]. This phenomena
can occur even at very low levels of sulphur and phosphorous [14],
which in the present material are below 0.003 wt%.

The observed manganese macrosegregation observed plays a double
role assisting the intergranular fracture: 1) enhancing the manganese
segregation to prior austenite grain boundaries [18,20] and 2) fa-
vouring the formation of hard regions as consequence of high fractions

Fig. 13. SEM micrographs of the longitudinal section of the QP400 tensile specimen at break at different locations close to the main crack propagation path.
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of M2, as previously discussed. A strong matrix effectively concentrates
deformation on the boundaries, which become the weak links. These
factors would explain why secondary cracks were mainly observed in
Mn-rich regions.

As consequence of previously mentioned factors, cracks can nu-
cleate at low strains and extensively influence other secondary events.
A large stress triaxiality may be developed near the crack tip region and
thus promote the transformation of RA to martensite. In the present
case, micrometre size rings of RA were observed surrounding M2 at
large RA/M2 islands characteristic of Mn-rich regions. Due to large size
and low carbon content, this austenite has low stability. In turn it may
transform into M2 at small deformation assisted by the increasing stress
triaxiality. This is evidenced by the high fraction of RA that transforms
before premature fracture in QP400 specimen. Xiong et al. [55] re-
cently proposed a similar mechanism occurring in notched Q&P steel
specimens which results in the formation of a brittle necklace around a
PAGB. Additionally, because of high maximum principle stress, cracks
initiate and propagate along this brittle necklace, enhancing the brittle
fracture.

4.3.2. QP500 fracture mechanism

The cracks progress mainly transgranularly in QP500 specimens as
can be seen in Fig. 14. Secondary cracks are seldom observed and they
progress along PAGB or traversing prior austenite grains, as shown
respectively in Fig. 14c and d. Instead, several voids are formed at
different locations near to the main crack path as exemplified in
Fig. 14b. These voids nucleate mainly in locations where M1 and M2/
RA are in contact. At these locations, high stresses develop locally
during deformation causing the transformation of the low-carbon
blocky RA features [54]. Due to martensite formation M2/RA islands
strengthen further and thus strain will be preferentially transferred to
soft M1 regions.

This change in fracture mechanism is caused by the microstructure
changes during partitioning at 500 °C, i.e. mainly by the redistribution
of carbon and carbides. The disclosure of prior austenite grain bound-
aries in QP500 decorated with spherical precipitates, evidences a more
severe tempering of the microstructure. Thin precipitates, presumably
cementite films, undergo a coarsening process and essentially lose their
crystallographic morphology and become more spherical [38]. This
process may mitigate the pernicious effect of continuous film-type of
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carbide at PAGBs and thus explain the appearance of ductile dimples. In
QP500 specimen, due to the formation of a high fraction of carbides
that are more homogeneously dispersed in the microstructure, the
cracks have more paths to initiate and propagate than along the solely
prior austenite grain boundaries. The stress necessary for the crack
propagation spreads at numerous locations and the cracks progress at
higher applied stress, which results in an improved ductility and a more
progressive transformation of the RA. The interlath fracture mechanism
observed in QP500 can be explained by several microstructural effects
that provide additional paths for crack initiation and propagation: 1)
Coarse carbides decorating martensite block boundaries, as well as
longitudinal arrangements of parallel carbides precipitated from carbon
supersaturated thin-films of austenite [58,59], 2) the combination of
soft pearlite and adjacent fresh martensite, which results in high local
stress levels [6,60]. Additionally, the stress partitioning between RA
and M2 at M2/RA islands contributes to a progressive and almost
complete transformation of the austenite, as found in other Q&P mi-
crostructures [61]. This explains the extended uniform elongation ob-
served in this specimen.

5. Conclusions

The fracture mechanisms that take place in medium-Mn Q&P mi-
crostructures created at low (400 °C) and high (500 °C) partitioning
temperatures are investigated based on the microstructural develop-
ment during the Q&P cycle and the influence of Mn macrosegregation
present in the initial microstructure.

o The initial microstructure of the steel under investigation exhibits a
manganese macrosegregation pattern that consists of Mn-rich in-
tersecting bands, which is typical of forged steels. The macro-
segregation is not eliminated during the Q&P cycle. Mn-rich regions
exhibit a lower martensite start temperature and thus form lower
fractions of primary martensite at the quenching temperature than
Mn-poor regions. Therefore, the total fraction of carbon available for
partitioning in Mn-rich regions is not sufficient to completely sta-
bilise the austenite during the partitioning step and high fractions of
fresh martensite form during the final cooling. Due to a high carbon
content in solid solution and a high dislocations density, the fresh
martensite and thus the Mn-rich regions exhibit a relatively high

Fig. 14. SEM micrographs of the longitudinal section of the QP500 tensile specimen at break at different locations close to the main crack propagation path.
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hardness. In contrast, Mn-poor regions are softer since the tempered
primary martensite is the main constituent. Due to this large dif-
ferences in the local hardness, high local stains gradients develop
during testing, which act as voids initiators and reduce the ductility
of the Q&P microstructure.

e In microstructures partitioned at 400°C, an early intergranular
failure mechanism is found to disqualify the good mechanical per-
formance of Q&P steels. The cracks progress primarily following the
prior austenite grain boundaries (PAGBs), especially around Mn-rich
regions. This is associated to the presence of continuous films of
carbide at PAGBs, especially when the grain boundary is shared
between grains of primary martensite. These films of carbide
weaken the PAGBs and facilitate the initiation and progress of the
cracks.

e In microstructures partitioned at 500 °C, the fast carbon diffusion
kinetics causes a more severe degree of tempering in primary mar-
tensite and a rapid carbon enrichment of austenite. The carbon su-
persaturation of austenite, especially in thin-films and next to the
austenite/martensite interface of blocks, triggers the precipitation of
parallel particles of cementite and the formation of pearlite. These
processes eventually result in a decrease of the retained austenite
fraction in the final Q&P microstructure. Yet, microstructures par-
titioned at 500 °C exhibit improved mechanical and fracture prop-
erties than microstructures partitioned at 400 °C. This is associated
to the non-connected and dispersed distribution of spherical car-
bides observed at PAGBs and also at martensite laths/blocks
boundaries. This activates the martensite laths/blocks boundaries as
additional paths to PAGBs for the nucleation and propagation of
cracks. Additionally, the presence of pearlite at PAGBs provides
stress partitioning between pearlite/fresh martensite. Eventually,
these mechanisms result into a mixed ductile/fragile interlath frac-
ture.
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