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A two-step quenching and partitioning steel exhibits ductile fracture under uniaxial tension and unexpectedly in-
tergranular brittle fracture in the case of pre-cracked configuration. A gradual retained austenite-to-martensite
transformation because of low stress triaxiality under uniaxial tension, leads to ductile fracture with voids forma-
tion between fresh and tempered martensite resulting from the large strain partitioning and localization. When

the retained austenite fast transforms to martensite in the near crack tip region because of high stress triaxiality,
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intergranular fracture is promoted by the high maximum principal stress level and by the formation of brittle
martensite necklace along tempered martensitic packet boundaries.
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Advanced high strength steels (AHSSs) result from the continuous
up-to-date requirements of safety, weight reduction and cost saving ac-
tive in the automotive industry. Following first and second generation
AHSSs, quenching and partitioning (Q & P) steels, as third generation
AHSSs, were first reported by Speer et al. [1]. From then on, the effect
of alloying elements, quenching temperature and holding time at
different partitioning temperatures on microstructure and mechanical
properties has been intensively studied [2-6]. The microstructure com-
ponents of Q & P steels evolving with quenching temperature can be ap-
propriately evaluated based on Koistinen-Marburger relationship [7].
This assumes that full carbon partitioning between martensitic laths
and austenite has been reached prior to quenching to room tempera-
ture. Based on the experiments following this model, the largest amount
of retained austenite (RA) can be found at a well-defined quenching
temperature, normally associated to the best product of ultimate tensile
strength and total elongation [5,6].

Although the product of ultimate tensile strength and total elonga-
tion has been widely used as an indicator for the steel performance,
Casellas et al. [8] and Hisker et al. [9] demonstrated that the cracking
process observed in cut edges of some AHSSs used by the automotive in-
dustry could not be rationalized by this parameter. This effect is related
to the stress state generated at the tip of a sharp defect, involving a rel-
ative high local stress triaxiality. Only fracture mechanics based ap-
proach is thus appropriate to address this issue. The double edge
notched tension (DENT) specimen constitutes a particularly suitable ge-
ometry due to its symmetry and the absence of bending component
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[10]. In this study, the fracture mechanisms occurring in a Q & P steel
have been assessed using uniaxial tension and DENT tests. The transfor-
mation rate of RA-to-martensite plays an important role in the control
of the fracture mechanisms.

The chemical composition of studied steel is 0.3 C-2.5 Mn-1.5 Si-0.8
Cr (wt%). DENT samples (100 x 50 x 3 mm°) and uniaxial tensile sam-
ples (3 mm of thickness, 6 mm of width and 26 mm of gauge length)
were machined along the rolling direction of hot and cold rolled plates.
Samples were heated up to 900 °C and held at this temperature for 160 s
using a fluidized bed furnace, quenched to 220 °C using a salt bath
furnace, heated up to 400 °C and held at this temperature for 500 s in
another salt bath furnace and finally water quenched. The microstruc-
ture consists of 18.2% RA (having a carbon content of 0.91 wt%, mea-
sured by X-ray diffraction), tempered martensite, and probably a
small amount of untempered martensite and bainite (which have
been respectively demonstrated by electron backscatter diffraction [4]
and in-situ high energy X-ray diffraction [11]). After heat treatment,
notches of 20 mm in length were carried out by electrical discharge
machining followed by razor blade sharpening on both sides. Tensile
testing of the DENT and uniaxial specimens were carried out using a
screw driven universal testing machine at a cross-head speed of
1 mm/min. Fresh martensite transformed from RA was revealed by
tempering at 200 °C for 2 h [12]. The microstructure etched by 2 vol%
nital and fracture surface were characterized using scanning electron
microscope (SEM).

Fig. 1(a, b) shows the engineering and true stress-true strain curves,
as well as the variation of the incremental strain hardening exponent of
the investigated steel. Due to continuous transformation of RA into mar-
tensite during uniaxial tension (which was demonstrated for other steel
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Fig. 1. (a) Engineering and true stress-strain curves and (b) incremental strain hardening exponent; (c) SEM micrograph of the fracture surface and (d) microstructure adjacent to the

tensile fracture surface on cross section.

grades using interrupted tensile tests correlated with EBSD [2] and X-ray
diffraction [3]), a high and sustainable strain hardening exponent is
obtained, leading to a large uniform elongation of 14.1 4+ 0.65% and a
total elongation of 20.7 £+ 0.30%. The high yield strength (1138 +
21 MPa) and ultimate tensile strength (1452 4+ 6 MPa) originate from
the martensitic matrix embedded with fresh martensite formed during
straining. The product of tensile strength and total elongation is equal
to ~30,000 MPa-%, which is large in comparison with typical values
15,000-20,000 MPa-% in the case of ferrite-martensite dual phase steels
[13] and transformation-induced plasticity steels [14] of first generation
AHSSs. Generally, it is believed that this large product indicates a high
fracture toughness [15]. Fig. 1(c) corresponds to a representative micro-
graph of the fracture surface. It consists of many small dimples and sev-
eral deep cracks, indicating a ductile fracture mechanism. These dimples
dominantly originate from the interfaces between RA (namely fresh
martensite after transformation) and tempered martensite as indicated
by arrows in Fig. 1(d). It is mainly due to the large difference in strength
between them, which is reminiscent of the void nucleation at the inter-
face between ferrite and martensite observed in a ferrite-martensite
dual phase steel [16].

DENT specimens with initial cracks produced by fresh razor blade
have been deformed in tension. The load-displacement curve is given
in Fig. 2(a). The curve exhibits a sharp load drop. From the crack initia-
tion starting at the load indicated by the arrow in Fig. 2(a), intergranular
brittle fracture occurs, as shown in Fig. 2(b). Typical intergranular facets
are dominant with very few dimples (indicated by white arrows).
In addition, some transverse cracks are also observed. In order to
elucidate the fracture mechanism, the loading of a DENT specimen
was interrupted just before the maximum load. A part of the specimen
was cut, mounted, polished to mid-thickness and etched. As shown in

Fig. 2(c), the overall crack path is somewhat straight. Fig. 2(d) shows
the microstructure near the tip of the crack. The solid and dashed lines
illustrate the boundaries of martensitic packets. The dashed lines also
indicate the crack path. This shows that the crack mainly propagates
along the martensitic packet boundaries. The region of black lines is en-
larged in Fig. 2(e), where crack propagates along the interfaces between
film RA and tempered martensitic laths. The white arrows point out
blocky RA islands along the crack path. In a word, the crack dominantly
propagates along the boundaries of the martensitic packets (where
blocky RA distributes) and occasionally along the film RA oriented par-
allel to the direction of crack propagation.

This study thus shows that ductile fracture occurs in uniaxial tension
while intergranular brittle fracture occurs with DENT specimen of the
same Q & P steel. This change of fracture mode could be ascribed to
the different transformation rates of RA to martensite influenced by
the stress triaxiality levels. In uniaxial tension, due to the small stress
triaxiality, the true stress slowly increases with increasing true strain
(Fig. 1(a)). It leads to a gradual RA-to-martensite transformation
[2,3,17] and the volume fraction of RA decreases from 18.2% to 4.9% at
uniform elongation (the start of necking). This brings a large work hard-
ening ability (Fig. 1(b)) and in turn a large uniform elongation of 14.1 +
0.65% (corresponding to a true strain of 0.13 4 0.01), indicating a good
resistance to necking for such high level of strength. By tempering at
200 °C for 2 h, the microstructure at uniform elongation (Fig. 3(a)) re-
veals that large blocky and large film RA grains have transformed to
martensite and small RA grains still keep untransformed. Dislocation
density in the tempered martensite increases during deformation,
which can reduce the strength difference between tempered and fresh
martensite, resulting in more homogenous stress partitioning between
them after necking. This can help to prevent the brittle intergranular
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Fig. 2. (a) Load-displacement curve of a DENT specimen and (b) SEM micrograph of the fracture surface where white arrows point out the dimples. (c) Stable crack propagation observed
by stopping a DENT test just before the maximum load and (d) the corresponding microstructure at the tip of this crack (solid and dashed lines illustrate martensitic packet boundaries
while dashed lines also indicate the crack path); (e) enlargement of black line area in (d) where white arrows indicate the blocky retained austenite.

fracture. On the other hand, previous study on the same Q & P steel has
shown that strain partitioning during plastic deformation results in
strain localization between tempered and fresh martensite (transformed
from RA), leading to void nucleation and growth at their interfaces
during necking [4]. Therefore, the voids predominantly nucleate at the
interfaces between fresh and tempered martensite, which is also ob-
served in Fig. 1(d). This process is sketched in Fig. 3(c). Some cracks
also form as shown in Fig. 1(c). However, their propagation is inhibited
predominantly because of large deformation around them in terms of
dislocation motion resistance [18]. Landron et al. has demonstrated
that increasing strain after a critical value can dramatically increase the
number of void nucleation in ferrite-martensite dual phase steel [19].
In present study, with an increase in the strain after necking, the void
nucleation can be also accelerated and the continuous transformation
of 4.9% RA to martensite further provides new sites for void nucleation,
finally leading to the ductile fracture.

In contrast, higher stress triaxiality in the DENT specimen results in a
faster transformation rate of RA-to-martensite in the near crack tip re-
gion [20]. This allows that RA grains adjacent to the crack tip quickly
and almost fully transform to martensite as shown in Fig. 3(b) within
a small true strain of ~6%. Similar phenomenon has been reported in
TRIP-assisted multi-phase steel [10]. It is important to indicate here
that tiny film RA might not have been detected. This almost full

transformation region is about ~60 um from the crack tip, which con-
tains about six martensitic packets. As a result, fresh martensite, trans-
formed from blocky RA islands dispersed along the boundaries of
martensitic packets, forms a brittle necklace. This is sketched in Fig. 3
(d). In addition, the stress triaxiality is further enhanced by the forma-
tion of hard fresh martensite. Because of this high stress triaxiality
and, in turn, high maximum principle stress in front of the crack tip
[21], microcracks nucleate at the interfaces between fresh and tem-
pered martensite, and predominantly propagate along this brittle neck-
lace, and occasionally propagate along the film RA (such as observed in
Fig. 2(d, e)). When the crack progressively propagates, the RA grains
next to the crack tip continuously transform to martensite. This leads
to a stable, though quite brittle, crack propagation. The equivalent cir-
cled diameter of the facets is equal to 10.9 4 3.8 um (Fig. 2(b)), which
is similar to 10.8 + 3.9 pm of martensitic packets (Fig. 2(d)). Again,
this supports that the brittle fracture mainly occurs along the martens-
itic packet boundaries.

In conclusion, ductile and brittle fractures are observed using uniax-
ial tension and DENT tests in a two-step Q & P steel, respectively. In uni-
axial tension, a large volume fraction of RA ensures a continuous
transformation of RA-to-martensite because of small stress triaxiality,
resulting in a large ductility, with voids nucleating at the interfaces
between fresh and tempered martensite, leading finally to a ductile
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Fig. 3. (a, b) Microstructures of (a) uniaxial tension specimen at uniform elongation and (b) DENT specimen in the front of the crack tip after tempering at 200 °C for 2 h in order to show
the fresh martensite transformed from retained austenite. (¢, d) Schematic illustration of fracture mechanisms in (¢) uniaxial tension specimen and (d) DENT specimen. M stands for fresh

martensite, TM for tempered martensite and RA for retained austenite.

fracture mechanism. Whereas during DENT test, large stress triaxiality
near the crack tip region quickly promotes the transformation of RA to
martensite and in turn the formation of fresh martensite brittle necklace
along the boundaries of martensitic packets at small deformation. Addi-
tionally because of high maximum principle stress, crack initiates and
propagates along this brittle necklace, leading to brittle fracture. Thus,
the balance between resistance to plastic localization and resistance to
cracking requires a control of the RA-to-martensite transformation
rate through the adjustment of the amount and morphology of RA in
this studied Q & P steel.
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