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A B S T R A C T

Previous research has consistently found that introducing metastable retained austenite (RA) as a second phase
retards the failure of steel under fatigue. However, the reasons for this benefit are not understood. Accordingly,
the properties of RA most advantageous to resist fatigue are not known. Within this context, this paper examines
the interaction between second-phase RA and short fatigue crack growth in a steel processed via quenching and
partitioning, using quasi in situ electron backscatter diffraction experiments. Results show that most RA trans-
forms into martensite under the plastic strain surrounding the crack. They also reveal various mechanisms
whereby RA transformation delays short fatigue crack propagation; transformation-induced crack closure (TICC),
crack deflection and branching, and roughness-induced crack closure (RICC). Crack deflection and branching are
driven by a tendency of cracks to propagate towards transformed RA, which is against the previous assumptions
in the literature. Furthermore, the impact of crack deflection/branching on retardation is more powerful than
that of TICC acting alone. Microstructures including second-phase RA should avoid RA-lean areas and promote
elongated RA grains, with relatively large size, and major axis normal to the preferential crack growth direction.
Untransformed RA within the plastic zone (i.e. overstabilized) does not contribute to crack retardation.

1. Introduction

Introducing retained austenite (RA) as a second phase is a common
strategy to enhance the mechanical properties of novel steel grades. This
approach was first employed in transformation-induced plasticity
(TRIP) steels, which are now extensively used in the automotive in-
dustry. Since then, other steel types comprising significant volume
fractions of RA have been developed. These include carbide-free bainitic
(CFB), quenching-and-partitioning (Q&P) and medium-manganese
(medium-Mn) steels [1,2]. CFB and Q&P steels are already widely
commercially available [2]. Medium-Mn steels exhibit promising re-
sults, but are still in a development stage [2].

Among the different mechanical properties, the role of second-phase
RA in enhancing ductility and formability is well-established [1,3], and
ascribed to the so-called TRIP effect. By this effect, RA grains transform
into martensite under plastic strain, which provides a mechanical

driving force for the transformation [3]. Second-phase strengthening
owing to the newly-formed martensite leads to high work hardening
rates, which retard the onset of failure [1,3,4].

Accordingly, studies have also been carried out on the effect of
second-phase RA on fatigue performance. A beneficial effect has
generally been observed for all relevant steel types: TRIP [5–11], CFB
[12–19], Q&P [20–22] and medium-Mn steels [23–26]. Furthermore,
the improvement has been reported under both high-cycle fatigue (HCF)
[5–9,12,14,19–24] and low-cycle fatigue (LCF)
[7,9–11,13,15–18,23,25,26]. This benefit has been related to the
transformation of RA into martensite during fatigue crack propagation,
for both LCF and HCF [6,12–14,18,19,22–24,28–30]. Occurrence of this
transformation has been suggested by lower RA volume fractions
measured around fatigue fracture surfaces [22,24,28–31], and fresh
martensite observed near fatigue cracks [14,30]. The mechanical
driving force would be contributed by the plastic strain surrounding the
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crack [30,31]. However, unlike the reason for the enhanced formability,
the mechanisms whereby RA transformation ahead of fatigue cracks can
retard their growth are not well-understood.

On the one hand, some authors have referred to transformation-
induced crack closure (TICC) [14,23,28,31,32]. The volume expansion
accompanying the transformation of RA (face-centered cubic) into
martensite (body-centered cubic or tetragonal) gives rise to a compres-
sive stress field around the transformed RA [33]. This would lead to a
relaxation of the stress around the crack, which would retard its further
growth. On the other hand, other authors have suggested that RA
transformation may lead to crack branching and deflection [6,24,29]. A
mechanism for such behavior was proposed by Huo and Gao [29]. In
their view, crack growth after closure via TICC could only be resumed by
a new branch formed elsewhere along the crack path. This branch would
lie at 45◦ to the main crack, following the slip plane of maximum
dislocation accumulation in the plastic zone (and this leading to crack
deflection) [29]. Nevertheless, direct evidence of whether RA trans-
formation effectively leads to TICC and crack branching/deflection has
not been given. Furthermore, the relative contributions to the retarda-
tion of TICC acting alone and crack branching/deflection are unknown.
This is due to former studies relying on post-mortem observations only:
due to its transformation into martensite, the interactions between RA
and fatigue cracks cannot be examined unless RA grains are identified
before crack passage. Although the resultant fresh martensite can be
observed, this phase is also a product of the final cooling in the thermo-
mechanical processing of RA-containing steels [1,14,29,30,34]. Hence,
it cannot be ascertained whether any fresh martensite resulted from RA
transformation upon crack passage, or was already present in the initial
microstructure.

Apart from this, fatigue crack growth is customarily divided into two
stages depending on crack length: short and long crack growth [35].
Short crack growth is further subdivided into microstructurally short
crack (MSC) and physically short crack (PSC) growth. In MSC growth,
propagation is strongly influenced by the microstructure: microstruc-
tural barriers like grain boundaries can have a far-reaching effect in
delaying or arresting the crack. In PSC growth, propagation becomes
decreasingly influenced bymicrostructure. Finally, the crack reaches the
long stage, when growth escapes the microstructural constraints.
Therefore, the improvement of fatigue performance by second-phase RA
is more likely due to a retardation of short fatigue crack growth.

Within this context, the interactions between second-phase RA and
short fatigue crack growth are here examined for a Q&P steel, via
electron backscatter diffraction (EBSD) in quasi in situ experiments. By
these means, EBSD analysis is conducted in the same area before and
after crack passage. Hence, RA grains can be identified before the cor-
responding area is included in the plastic zone ahead of the crack tip,
avoiding the limitations of past studies. This makes it possible to eluci-
date whether short fatigue crack growth is effectively delayed by
second-phase RA and, in that case, by which mechanisms. Such an
approach also enables the identification of the properties of the RA
grains most suitable to fatigue. The outcome of this study can thus serve
as input to the future design of microstructures including RA so that
fatigue performance is considered, in addition to other mechanical
properties. This information becomes more relevant nowadays, with the
advent of laser-based treatments whereby RA patterns with specific size,
morphology and orientation can be easily applied to steels with multi-
phase microstructures [36,37]. Characterization is complemented by
post-mortem transmission electron microscopy (TEM).

2. Material and methods

2.1. Material

The chemical composition of the Q&P steel is presented in Table 1. A
cold rolled 1.5 mm sheet was fully austenitized at 870 ◦C for 100 s and
then quenched to a temperature (QT) of 280 ◦C to achieve a

microstructure consisting of martensite and austenite. Subsequently, the
material was reheated to a partitioning temperature (PT) of 400 ◦C and
held isothermally for a partitioning time (Pt) of 50 s. Finally, it was
quenched to room temperature. These partitioning conditions ensured a
considerable partitioning of carbon from martensite to austenite,
avoiding significant tempering of the martensite. The final microstruc-
ture consisted of a matrix of tempered martensite, with RA as a second
phase, and a small fraction of fresh martensite (Fig. 1).

Quantitative characterization of the RA grains in the microstructure
can be seen in Table 2, as performed by EBSD. The average volume
fraction of RA was 5.3 %, with an average RA grain size of 0.32 ± 0.19
μm. The largest RA size detected was 1.45 μm, and aspect ratios of the
RA grains ranged from 1 to 11.5. In this sense, ~50 % of RA grains had
elongated shape, i.e. aspect ratios higher than 2. Elongated and equiaxed
RA grains did not show significant differences in terms of size (Table 2).
For elongated RA grains, all angles between the major grain axis and the
specimen longitudinal axis were present with roughly equal probability.
The average local volume fraction of fresh martensite was 1.3 %. The
average grain size of martensite was 1.1 ± 1.7 μm, with an average
parent austenite grain size (PAGS) of 3.9 ± 0.8 μm. The RA volume
fraction as measured by X-ray diffraction was 10.3 % [38].

Uniaxial tensile testing of the Q&P treated material revealed a yield
strength of 988 MPa, an ultimate tensile strength of 1203 MPa, and a
total elongation of 10.8 % [38].

2.2. Fatigue tests

RA identification by EBSD before passage of the short fatigue cracks
required scanning the area where the cracks would grow before they
formed. Yet, for a specimen with a homogeneous microstructure, the
initiation points of the cracks are in principle unknown. At the same
time, the small RA size enforced a relatively small step size in the EBSD
acquisition (55 nm), making it impossible to scan large areas. Therefore,
crack initiation was localized by introducing a notch in the fatigue
specimens.

The dimensions of the notched tensile specimens used in the fatigue
tests are given in Fig. 2(a). The specimens were manufactured by elec-
trical discharge machining, with the longitudinal direction parallel to
the sheet rolling direction. After machining, the specimens were ground
and polished. The notch was introduced after the last polishing step
using a wire cutting machine. This process produced a protruding burr
parallel to specimen thickness, which hindered EBSD acquisition after

Table 1
Chemical composition of the steel studied (wt. pct).

Fe C Si Mn Al Cr P N

Bal. 0.2 1.25 2.4 0.02 0.025 0.01 0.002

Fig.1. EBSD map corresponding to the initial microstructure.
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the specimen was tilted to 70◦ in the scanning electron microscope
(SEM). Hence, the burr was eliminated at the wire cutting machine by
gradually increasing the load at the end of the notching process. The
notches introduced had a width of approximately 90 µm and lengths
ranging between 150 and 250 µm. Such notches had a stress concen-
tration effect during the fatigue tests. Particularly, the stress concen-
tration due to a notch of similar dimensions was evaluated via finite
element analysis by Christodoulou et al., for a TRIP steel [9]. For a
similar yield strength-stress applied ratio as in our experiments, calcu-
lations suggested a stress around the notch (radius > 250 μm) higher
than yield strength, i.e. consistent with LCF [9].

The fatigue tests were performed in an Instron 8802 testing machine,
with nominal stress amplitude of 450 MPa (relative to the unnotched
cross-section), R-stress ratio of 0 and frequency of 10 Hz.

EBSD was carried out ahead of the notch before fatigue testing (Fig. 2
(b)) to encompass the area of the short crack growth. A distance of at
least 5 μmwas always left between notch tip and the EBSD scans. During
fatigue testing, fatigue crack initiation and length were monitored ex-
situ at defined cycle intervals with an optical microscope. When spe-
cific events upon fatigue crack growth were detected, characterization
was completed by SEM imaging and EBSD in the same area scanned
before the fatigue test (Fig. 2(b)). SEM imaging was used to observe the
crack path. EBSD was performed to assess the underlying microstruc-
ture, including the presence of RA. For one of the specimens, EBSD was
also performed after testing (500 cycles), but before fatigue crack
initiation. No significant transformation of RA (< 5 %) was observed to
have been induced by the notch, compared to the microstructure before
testing. The increase in mean kernel average misorientation, which
correlates with the extent of plastic strain, was consistent with a strain of
1.3 % under monotonic tensile testing (0.9 to 1.0◦ [39]).

2.3. Microstructural characterization

The specimens were prepared for microstructural characterization
with EBSD by grinding and polishing following standard metallographic
techniques. A mirror-like surface was achieved by performing final
polishing with oxide polishing suspension (OP-U) for 10 min. The EBSD
analysis was conducted using a FEI Helios NanoLab 600i microscope.
The microscope was equipped with a NordlysNano detector controlled
by the aZtec Oxford Instruments Nanoanalysis (version 2.4®) software.
The data acquisition was carried out at an accelerating voltage of 18 kV,
a working distance of 8 mm, a tilt angle of 70◦, and a step size of 55 nm.

For SEM imaging, the same microscope was utilized, operating at an
accelerating voltage of 18 kV. SEM images were captured from the areas
of interest. In all the images shown, the direction of loading is aligned
with the horizontal direction of paper.

The orientation data obtained were post-processed using the HKL
post-processing Oxford Instruments Nanotechnology (version 5.1©)
software. RA and martensite grains were detected as having face-
centered and body-centered cubic crystal structures, respectively. In
the maps shown, the white lines account for parent austenite grain
boundaries (PAGBs). These were identified as martensite boundaries
with misorientations between 21◦ and 47◦ [40]. The black lines corre-
spond to phase boundaries, and the grey lines to boundaries between
grains of the same phase, with misorientation larger than 5◦. The EBSD
maps show band contrast, with RA superimposed and colored following
the inverse pole figure of the sheet normal direction. RA and martensite
grains were constructed for a minimum boundary misorientation of 15◦,
excluding those formed by less than four pixels. Grain size is given as
equivalent grain diameter. The PAGS was measured by linear intersec-
tion, for the identified PAGBs. Grain aspect ratios were obtained as the
ratio between the lengths of the major and minor axes of the ellipse
approximating grain shape. Grain inclination to the main direction of
crack growth was derived as the angle between the major axis of the
ellipse above, and the normal direction to the longitudinal specimen
axis. Slip plane identification and Schmid factor analysis from the EBSD
maps were carried out with the OIM Analysis v8.6 software. Crack paths
were associated with {110} slip planes if aligned with a tolerance of 5◦.
In those cases, the corresponding slip plane traces are superimposed in
the EBSD maps in purple, with the slip system with the highest Schmid
factor (SF) also indicated. Short fatigue crack growth along {110} slip
planes has been previously identified for ferrite in steel [41].

In order to prepare cross-sectional transmission electron microscopy
(TEM) lamellae for specimen after fatigue testing, a focused ion beam
(FIB) technique was employed using a FIB-FEGSEM dual-beam micro-
scope (Helios NanoLab 600i, FEI). The TEM sample was extracted from a
region containing the fatigue crack. Subsequently, TEM characterization
was carried out using a FEG S/TEM microscope (Talos F200X, FEI)
operating at 200 kV.

3. Results

In all the specimens analyzed, fatigue cracks were first detected after
a few hundreds of cycles. This behavior is consistent with failure under

Table 2
Quantitative characterization of the retained austenite grains in the initial microstructure.

Type of Grains Volume Fraction Number Fraction Diameter (μm) Aspect Ratio

All RA Grains 5.3 % 100 % 0.32 ± 0.19 2.07 ± 1.15
Equiaxed RA Grains
(Aspect Ratio < 2)

2.3 % 47 % 0.28 ± 0.16 1.53 ± 0.26

Elongated RA Grains
(Aspect Ratio ≥ 2)

3.2 % 53 % 0.34 ± 0.19 3.08 ± 1.15

Fig.2. (a) Geometry of the fatigue specimens (dimensions in mm). (b) Example of notch geometry and area scanned with EBSD for Crack 3.
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LCF. Cracks always originated at the edge of the notch and close to the
notch tip (within a distance of 15 µm, as measured perpendicularly to
the longitudinal axis of the notch). In most cases, multiple cracks
appeared in one specimen, but only one of them persisted to ultimately
cause failure. When multiple cracks were present, the first crack always
appeared at the notch tip. As shown in Sections 3.1 and 3.2, growth of
the short cracks often occurred transgranularly, normal to the stress
applied. Crack growth perpendicular to the principal tensile stress is
energetically favored [42].

About RA, only negligible transformation into martensite ahead of
the notch was observed by EBSD before crack initiation (< 5 % after 500
cycles, with no crack). This means that the cyclic loading preceding
crack formation did not induce RA transformation. Hence, the trans-
formation effects discussed below can be directly ascribed to the plastic
strain zone at the crack tip. The radius inside which RA transformation
was observed was significantly larger than the PAGS (e.g., ~25 µm for a
crack length of ~20 µm). Most RA inside the plastic zone did transform
into martensite, with exceptions highlighted when presenting the results
below. In this sense, the stability of RA grains is controlled by the
interplay of numerous factors (content of austenite-stabilizing elements,
grain size and morphology, crystallographic orientation, neighborhood,
etc. [3]). For this Q&P grade, some RA grains still existed in the
microstructure after formability testing, reaching a plastic strain of 65.8
% [38].

The results are divided into three subsections. The first two show
results corresponding to the quasi in situ EBSD analysis: in the first of
them, a propagating and a non-propagating crack corresponding to the
same specimen are compared; the second one follows a propagating
crack for a larger number of cycles in another specimen. Finally, the
third subsection displays using TEM the behavior of the RA grains that
could not be captured with EBSD.

3.1. Propagating vs non-propagating cracks

One of the specimens analyzed showed two cracks after 900 cycles
(Fig. 3(a)). Crack 2 was first observed after 400 cycles, while Crack 1
was already present after 300 cycles (Fig. 3(b)). From 400 to 700 cycles,
Crack 2 grew steadily from 4 to 12 µm, while Crack 1 experienced
marginal growth only. After 700 cycles, Crack 2 did not grow any further
before specimen fracture (non-propagating crack). On the other hand,
Crack 1 continued growing until eventually leading to ultimate spec-
imen failure. The microstructures corresponding to the growth of Crack
1 and 2 in the area encompassed by blue dashed lines in Fig. 3(b) are
shown in Fig. 4 and Fig. 5, respectively.

Propagation of Crack 1 beyond the final length reached by Crack 2
occurred between 700 and 900 cycles. In that stage, growth of Crack 1
mainly occurred inside a single parent austenite grain (PAG) (Fig. 4(b)).
The initial local RA volume fraction in this PAG was 3.0 %. All RA inside
the PAG transformed due to the crack, except for a RA grain fragment at
the furthest corner from the crack path (red arrow in Fig. 4(c)). Crack

growth in this region was always roughly perpendicular to the load
applied, albeit following a zigzag path. The changes of direction were
subtle, and appeared when the crack crossed the PAGB (A in Fig. 4(b)),
and other martensite boundaries (e.g., B-D in Fig. 4(b)). Similar zigzag
paths have been reported in other steels with martensite matrix, and
related to the different crystallographic orientations of martensite
blocks [28]. No interaction between the crack and the transformed RA
grains in this PAG occurred, with the exception of grain E (Fig. 4(b)).
The crack slightly deviated in front of that grain, which represented its
end point after 900 cycles. Yet, E was approximately aligned with the
crack normal to the load applied, so the change of direction was not
significant.

Similarly, the path of Crack 2 between 500 and 700 cycles (i.e. just
before its arrest) included two branches, comprising three PAGs (Fig. 5
(b)). The combined initial RA local volume fraction in these PAGs was
4.6 %. Only some RA grain fragments remained untransformed, lying at
the furthest positions from the crack path (Fig. 5(c)). When entering this
region, crack growth was normal to the tensile load, traversing a PAG
where RA grains were elongated and had major axis parallel to crack
path (A in Fig. 5(b)). Afterwards, the crack strongly deviated towards
transformed RA grain B. B was also elongated, but its major axis was
roughly normal to crack path. After B, the crack propagated at an angle
of ~35◦ to the load applied, towards another transformed RA grain (C in
Fig. 5(b)). Both B and C lied along the same martensite boundary
(presumably, a PAGB). However, crack path between B and C did not
follow the boundary. C was the arrest point of this branch. Starting at B,
an additional branch developed, ending at another transformed RA
grain (D in Fig. 5(b)). This grain belonged to a different PAG, as shown
by its different crystallographic orientation (blue in the IPF coloring of
Fig. 5(b), against red for the RA grains around B-C).

3.2. Evolution of a propagating crack

The complex branching behavior of a propagating crack observed in
another specimen (Crack 3, which would lead to ultimate specimen
failure) was also analyzed. After 1650 cycles, Crack 3 exhibited two
main branches, together with a Secondary Branch formed in its early
growth stages (Fig. 6(a)). Crack 3 was first detected after 650 cycles
(Fig. 6(b)). In the following 350 cycles, crack growth alternatively un-
derwent stages of quick, slow, then quick growth again: ~0.1 µm/cycle
at 650–750 and 900–1000 cycles, and ~0.03 µm/cycle between 750 and
900 cycles. The Secondary Branch developed between 750 and 900
cycles. Afterwards, Crack 3 did not further grow between 1000 and 1150
cycles (partial crack arrest). Crack growth was resumed by the devel-
opment of Branch 1 between 1150 and 1450 cycles (~0.07 µm/cycle).
Branch 1 arrested at an overall crack length of ~42 µm. Subsequently,
Branch 2 developed (~0.06 µm/cycle), stopping after 1550 cycles and
overall crack length of ~40 µm. Arrest of Branch 2 was followed by the
formation of Branch 3, starting from an intermediate point of Branch 2.

Just before formation of the Secondary Branch, the crack propagated

Fig.3. Cracks 1 and 2: (a) SEM image after 900 cycles, and (b) crack length against number of cycles.

P. Garcia-Chao et al.
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perpendicularly to the load applied (Fig. 7(a)). The crack then deflected
towards the transformed RA grain labelled as A, forming ~20◦ to the
load applied (Fig. 7(a)). The area around grain A is shown with greater
detail in Fig. 8. Growth resumed from another point around the interface
of A, and the resultant crack propagated up to a further transformed RA
grain (B in Fig. 8). Only the portion of B in direct contact with the crack
transformed into martensite (Fig. 7(b)). After B, the crack grew parallel
to the load applied towards transformed RA grain C (Fig. 8). Later, the
crack became normal to the load, but changed direction once again to-
wards the RA grain labelled as D (Fig. 8). D was part of a RA grain cluster
(Fig. 7(a)), which fully transformed into martensite. Two branches then
started at D, each growing up to a transformed RA grain: the first one

following a martensite boundary (DE in Fig. 7(a)), and the second one
the (110) slip plane of the corresponding martensite grain (DF in Fig. 7
(a)). The Secondary Branch did not propagate any further. The slip
system (110)[-11–1] in DF had a Schmid factor (SF) of ~0.41. Studies
on short fatigue crack growth have repeatedly reported propagation
along slip planes with high Schmid factors [41,42].

After the arrest of the Secondary Branch, the crack resumed growth
transgranularly, across a martensite grain (G in Fig. 7(a)). Growth in G
followed the (1–10) slip plane in that grain, for which (1–10)[11–1] was
the slip system with the highest Schmid factor (SF ≈ 0.49). The crack
changed direction once again (H in Fig. 7(a)) to follow a martensite
boundary decorated with three transformed RA grains (H-M in Fig. 7

Fig.4. Crack 1: (a) SEM image, and EBSD maps of the same area (b) before testing and (c) after 900 cycles. The dotted yellow line indicates crack path. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig.5. Crack 2: (a) SEM image, and EBSD maps of the same area (b) before testing and (c) after 900 cycles. The dotted yellow line indicates crack path. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

P. Garcia-Chao et al.
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(a)). This section is more clearly seen in the enlarged detail in Fig. 9: the
crack followed all three RA grains (I, J and K), but following a path
different from the boundary. After the latter was exhausted, crack path
recovered a direction roughly normal to the tensile load at M (Fig. 9). A
secondary micro-crack formed between one of the RA grains at the
martensite boundary (K), and another transformed RA grain lying at a
short distance (~2 μm, L in Fig. 9).

Before entering the PAG where the partial arrest took place, Crack 3
bifurcated. One branch travelled towards the interface of an adjacent
transformed RA grain (A in Fig. 10(a)), then continued up to another
one (B in Fig. 10(a)). This branch developed a further sub-branch, again

ending at a partially transformed RA grain (C in Fig. 10(a)). Only the
closest portion of C to the crack tip transformed. The other branch
entered the PAG of the partial arrest, and became the main crack. This
branch exhibited a minor deflection in front of a transformed RA grain
(D in Fig. 10(a)), then followed the preferential direction up to the
partial arrest. All RA grains around this crack path segment transformed,
except for one especially close to the crack (red arrow in Fig. 10(b)). The
partial arrest occurred at the interface of a transformed RA grain (E in
Fig. 10(a)). This grain was elongated, with major axis normal to crack
path. The crack underwent a minor deflection in front of E. After the
partial arrest, growth of Crack 3 resumed at the interface of E, via Branch
1. Later, Branch 2 would also start at the interface of E.

Before reaching its arrest point, Branch 1 traversed the interface of a
transformed RA grain (A in Fig. 11(a)). Then, the crack propagated at an
angle of ~75◦ to the load applied to arrest at another transformed RA
grain (B in Fig. 11(a)). B was elongated and its major axis was roughly
normal to the preferential growth direction. Crack path in AB followed
the (110) slip plane of the martensite grain (Fig. 11(b)), for which the
(110) [1–1–1] slip system had SF ≈ 0.45. Crack growth resumed by
another branch, starting at C and again forming ~75◦ to the tensile load
(Fig. 11(a)). This inclination was also consistent with a (110) slip plane,
as the martensite grain was the same as in AB. Afterwards, the crack
followed a zigzag, sequentially deflecting at the interfaces of trans-
formed RA grains D and E (Fig. 12). In front of D, the zigzag occurred
through a micro-crack formed between the crack path in AB, and D
(Fig. 12). E fully transformed into martensite, but only the portions of D
furthest and closest from the crack did (Fig. 11(b)). After E, Branch 1
continued at ~50◦ to the load applied. Branch 1 finally arrested at a
relatively small, transformed RA grain (F in Fig. 11(a)), in front of which
a minor deflection occurred (Fig. 12).

Regarding Branch 2, its final arrest point was a cluster of transformed
RA grains (B in Fig. 13(a)). Multiple sub-branches ended at different
parts of the interface of B. About Branch 3, its path started normal to the
load applied (A in Fig. 13(a)), then formed a secondary micro-crack
towards a transformed RA grain (C in Fig. 13(a)). Branch 3 continued
along the preferential direction, then formed a strong zigzag, succes-
sively passing by two further transformed RA grains (D and E in Fig. 13
(a)). Later, Branch 3 resumed the preferential growth direction up to its

Fig.6. Crack 3: (a) SEM image after 1650 cycles, and (b) crack length against number of cycles.

Fig.7. Area I of Crack 3: EBSD maps of the same area (a) before testing and (b)
after 1050 cycles. The dotted yellow line indicates crack path. The purple lines
account for slip plane traces, for which the slip system of highest Schmid factor
(SF) is given. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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final point after 1650 cycles. A transformed RA grain (F in Fig. 13(a))
lied in front of crack tip, but had not been reached yet.

3.3. Film-like retained austenite (RA) and crack growth

The size of the grains that could be resolved by EBSD was limited to a
thickness of ~110 nm. However, grains with thickness smaller than 100
nm (commonly referred to as film-like RA) have been reported in Q&P
steels [43,44]. Therefore, TEM analysis was performed to obtain infor-
mation on the behavior of film-like RA. For this aim, a TEM sample was
obtained around Crack 3 in the position indicated in Fig. 6(a). This
corresponded to a section of relatively quick growth along the prefer-
ential direction, within Subset II.

An overview of the sample is given in Fig. 14(a), including the
selected-area diffraction pattern of the region inside the red circle. The
dark-field micrograph in Fig. 14(c) corresponds to the diffraction spot
highlighted with a red arrow in Fig. 14(a) ((022) reflection in
austenite). The figure demonstrates that relatively small RA grains were
effectively observed in such region around the crack. These were un-
transformed, even if one of them (thickness ≈ 60 nm) was traversed by
the crack (yellow arrow in Fig. 14(b)). The other one (thickness ≈ 100
nm) lied very close to the crack (distance ≈ 50 nm), but not on its path.
There was no sign of deflection around neither of the two grains, or a
branch growing towards that outside crack path. Moreover, no notice-
able crack arrest occurred in this region (Fig. 6(b)).

Fig.8. Segment of Crack 3 in an area rich in retained austenite: (a) SEM image and (b) EBSD map in the same area before testing. The dotted yellow line indicates the
path followed by the crack. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig.9. Segment of Crack 3 following a martensite boundary decorated with retained austenite: (a) SEM image and (b) EBSD map in the same area before testing. The
dotted yellow line indicates the path followed by the crack. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig.10. Area II of Crack 3: EBSD maps of the same area (a) before testing and (b) after 1050 cycles. The dotted yellow and orange lines indicate crack path before and
after 1050 cycles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig.11. Area III of Crack 3: EBSD maps of the same area after (a) 1050 cycles and (b) 1650 cycles. The dotted yellow line indicates crack path. The purple lines
account for slip plane traces, for which the slip system of highest Schmid factor (SF) is given. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig.12. Segment of Crack 3 (Branch 1) describing a zigzag to follow retained austenite: (a) SEM image and (b) EBSD map in the same area before testing. The dotted
yellow line indicates the path followed by the crack. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig.13. Area IV of Crack 3: EBSD maps of the same area after (a) 1050 cycles and (b) 1650 cycles. The dotted yellow line indicates crack path. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

The results above indicate that the majority of RA in the micro-
structure transforms into martensite ahead of short fatigue crack tip.
They also show far-reaching interactions between this transformation
and the paths and rates of the short crack growth. These are discussed
below, together with recommendations for the design of second-phase
RA microstructures resisting early fatigue crack growth.

4.1. Crack retardation by transformation-induced crack closure (TICC)

The most obvious retardation effect observed for the transformation
of RA was the partial arrest of Crack 3 in subset II. This arrest can be
explained by transformation-induced crack closure (TICC). Crack
growth along the preferential direction was interrupted when the crack
tip impinged the interface of transformed RA grain E (Fig. 10(a)). This
grain had transformed ahead of the crack tip, as it was approached by

the crack. When the tip reached its interface, the area would have thus
been under the effect of the volume expansion due to the transformation.
The resultant stress relaxation seems to have been strong enough to
practically eliminate the driving force for any further propagation, at
least for certain number of cycles. Therefore, the present study provides,
for the first time, direct evidence of fatigue crack arrest by TICC due to
second-phase RA transformation.

4.2. Crack retardation by roughness-induced crack closure (RICC)

Small-amplitude deflections consistently appeared in front of trans-
formed RA grains. One example is the zigzag of Branch 1 just before its
final arrest (DE in Fig. 12), produced by the crack following the in-
terfaces of two closely spaced, transformed RA grains. Other examples
can be seen at grains E in Fig. 4(a), and D and E in Fig. 10(a). Boundaries
between martensite grains (e.g., A-D in Fig. 4(a)) also produced changes
of direction. All these deflections gave rise to tortuous paths, which

Fig.14. TEM image of Crack 3: (a) overview and (b,c) enlarged detail of the area in the red circle in (a). The diffraction pattern in (a) corresponds to the area in the
red circle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

P. Garcia-Chao et al.



Materials & Design 245 (2024) 113228

10

assist crack retardation by roughness-induced crack closure (RICC). In
RICC, misfit between the fracture surfaces of rough cracks leads to
friction upon cyclic loading, reducing the local stress around the tip
[23]. RICC by martensite hierarchical boundaries had been reported
before [22,28]. Yet, the present study shows that second-phase RA
transformation ahead of the crack also produces RICC. In fact, in the
cracks studied, RA transformation led to stronger deflections (e.g., DE in
Fig. 12). Moreover, the relatively strong zigzag of Branch 1 close to its
final point suggests an important role of RICC in its arrest.

4.3. Crack retardation by crack deflection and branching

Crack growth often changed direction to follow transformed RA
grains. Sometimes, cracks deviated so much as to become nearly parallel
to the load applied, which is energetically unfavorable [42,45,46]. This
occurred for Crack 2 (BC in Fig. 5(b)) and the Secondary Branch of Crack
3 (CE in Fig. 7(a)), and can partly explain their arrest. TICC at the
transformed RA grains where the cracks stopped (C for Crack 2 and E/F
for the Secondary Branch) should also have contributed. Yet, Crack 1
crossed a transformed RA grain while growing along the preferential
direction (E in Fig. 4(a)), and TICC did not result in noticeable arrest.
This suggests that TICC alone is often insufficient to interrupt crack
growth. By contrast, concomitant deflection towards an unfavorable
direction increases the chance of arrest. In addition, the tendency of
cracks to follow transformed RA grains often resulted in strong zigzag
paths. This happened e.g. for the Secondary Crack (BD in Fig. 8) and
Branch 3 (DF in Fig. 13(a)). Such paths also collaborate in crack retar-
dation by means of RICC, as explained in Section 4.2.

Apart from this, cracks developed abundant branches. Moreover,
relatively long branches recurrently sub-divided into shorter sub-
branches. This includes the various sub-branches at the end of Branch
2 (B in Fig. 13(a)), and sub-branches developed during propagation of
the main branches (e.g., BD in Fig. 5(a), KL in Fig. 9, AB and AC in
Fig. 10(a), and C in Fig. 13(a)). All branches/sub-branches analyzed
here directed towards transformed RA. This suggests that also the
branching was driven by a tendency of cracks to follow RA. TICC once a
transformed RA grain was reached should have also contributed by
making any further propagation more favorable through an alternative
branch. Branch development during crack growth reduces the rate of
propagation by consuming additional energy and reducing stress local-
ization, compared to a single crack path [24,29,45,47]. Hence,
branching adds to TICC, RICC and crack deflection as the mechanisms
whereby second-phase RA transformation retards short fatigue crack
growth. The occurrence of independent secondary cracks following
transformed RA (e.g., Crack 2) can be seen as analogous to branching.

The relative importance of crack deflection/branching and TICC
without deflection/branching can be compared examining the growth
rates of the cracks analyzed. For example, formation of Branch 2 meant
no overall growth of Crack 3 for ~500 cycles: Branch 2 appeared at a less
advanced position than Branch 1 had reached (Fig. 6(b)). Similarly,
formation of Crack 2, and its arrest via deflection, interrupted the
growth of Crack 1 (which led to specimen failure) for ~300 cycles
(Fig. 13(b)). On the other hand, TICC without deflection or branching
led at most to a partial arrest for ~150 cycles (subset II of Crack 3, Fig. 6
(b)). This means that deflection and branching had a stronger retarda-
tion effect than TICC alone. The stronger retardation effect of deflection/
branching also explains the slower growth of Crack 3 for 750–900 and
1150–1450 cycles (when branching/deflections occurred due to RA),
compared to 900–1000 cycles (when crack path was essentially
straight).

4.4. The interaction between retained austenite (RA) and short fatigue
crack growth

The underlying reason for the crack deflection/branching observed is
a tendency for short fatigue cracks to grow towards transformed RA.

This is at odds with any expectation: short fatigue crack growth has been
reported to occur normal to the stress applied [42], following micro-
structural boundaries [28,41,48], or along slip planes with high resolved
shear stresses [28,41,48,49]. Yet, cracks here often deviated towards RA
along directions not corresponding to any of these. Such deviations
happened both when propagation was normal to the stress applied (e.g.,
AB in Fig. 5(b) and DE in Fig. 13(a)), and along an active slip plane (e.g.,
H in Fig. 7(a)). This suggests a stronger tendency for short fatigue cracks
to grow towards transformed RA than according to either option. Like-
wise, greater tendency compared to growth along microstructural
boundaries is illustrated by the path not being the boundary itself, when
cracks crossed several RA grains sitting along a single martensite
boundary (e.g., BC in Fig. 5(b) and IK in Fig. 9(b)).

An explanation to this unexpected behavior lies in the product of the
RA transformation. In steels with second-phase RA, fresh martensite is
typically much harder than the matrix [50,51]. This includes the
tempered martensite matrix of Q&P steels [52]. First, fresh martensite
has higher carbon content than tempered martensite due to the parti-
tioning of carbon atoms. Second, partitioning results in partial softening
of the martensitic matrix [53]. Such difference in hardness can result in
strain incompatibility between transformed RA and the matrix. In turn,
this can lead to interface decohesion [47], or strain localization and
subsequent void/micro-crack generation around the fresh martensite
[13].

The mechanism whereby the brittle character of fresh martensite can
lead to crack deflection/branching is illustrated in Fig. 15. When
transformed RA grains lie too far from the crack, the crack path simply
follows the preferential growth direction (Fig. 15(a)). RA grains trans-
form into fresh martensite once they become inside the plastic zone
(Fig. 15(b)). This fresh martensite then acts as a brittle point in the
microstructure. Hence, damage is induced around it by strain accumu-
lation in the cycles after the transformation (Fig. 15(c)). Eventually, the
main crack can grow towards the transformed RA grain by coalescence.
If the RA grain was not aligned with crack tip along the preferential
growth direction, the crack will deflect (Fig. 15(d)). TICC (and RICC)
when the crack reaches the transformed RA will tend to arrest the
branch. A new branch may then form, if another transformed RA grain
exists in the plastic zone (Fig. 15(e)). Presence of several RA grains in
the plastic zone at the same time can extend the amplitude of the
deflection, by sequential growth towards them (Fig. 15(f)). In this sense,
a recent in situ SEM study in a nickel superalloy showed a similar
attraction of fatigue cracks to other brittle points in the microstructure,
such as carbides and micro-pores [49]. As in the present case, crack
branching and deflection resulted from the attraction, and led to slower
crack growth [49]. The brittleness of fresh martensite can also explain
the short-range deflections in front of transformed RA: the crack will
grow towards the part of the interface most affected by decohesion or
strain localization.

The mechanism for crack deflection/branching revealed here differs
from that proposed by Huo and Gao [29], also for LCF. These authors
suggested that crack deflection would occur when the crack spontane-
ously encountered a transformed RA grain. Due to the resultant TICC,
crack growth could only resume by a new branch, inclined to the main
crack [29]. By contrast, the present results show that crack deflections
appear because cracks are actively attracted to transformed RA grains
outside their natural path (even if TICC may facilitate the formation of
new branches by hindering the growth of already formed ones). In fact,
when Crack 3 precisely arrested by TICC, no significant deflection (or
new branch) formed (E in Fig. 10(a)). On the contrary, crack growth just
continued across the transformed RA, along the preferential direction.
This was likely also related to the brittle character of fresh martensite: if
voids/micro-cracks formed at the interface and inside the transformed
RA grain in the cycles of the arrest, the crack would have eventually
grown across it by coalescence.

Additionally, the mechanism presented here for crack deflection/
branching can explain former results on fatigue crack propagation in
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steels including second-phase RA. For instance, Zhou et al. reported
more deflections/branching in the CFB steel that exhibited the most RA
transformation during LCF [13,18]. Similarly, Song et al. observed more
deflections/branches in a TRIP grade under HCF than for two other RA-
containing steels, which underwent less RA transformation [47]. In both
studies, the material with more deflections and branching reached
longer fatigue life [13,18,47]. Yet, neither associated the effect with the
greater RA transformation, which our study makes possible. Moreover,
the similar observations of deflection/branching under LCF and HCF
suggest that the mechanism proposed applies regardless of the level of
cyclic stress imparted.

Finally, the profuse existence of fresh martensite ahead of crack tip
(as most RA available transforms) could be thought to be detrimental by
providing a quick path for crack growth [14,24]. However, this seems
counteracted by the considerable number of new branches and de-
flections: the transformation of second-phase RA ahead of short fatigue
cracks creates a constellation of brittle points, which produce a complex
panorama of secondary cracks, branches, and deflections towards them.
Together with TICC and RICC when cracks/branches impinge the
transformed RA grains, this leads to abundant extra energy consumed,
and an overall retardation of short fatigue crack growth. The results
presented correspond to two specimens and three cracks, for a combined
short crack length studied of > 90 µm. Nevertheless, the mechanisms of

the interaction between RA and the short cracks were the same for all
regions and specimens. This means that the sampling size was sufficient
for the mechanisms to be fully clarified.

4.5. Design of retained-austenite (RA) microstructures for crack
retardation

The mechanisms identified in the previous sections allow extracting
recommendations for the design of second-phase RA microstructures to
delay short fatigue crack growth. In this sense, our work focused on one
material and loading condition only (i.e. LCF). Nevertheless, as noted
above, the relationship between RA transformation and crack deflec-
tion/branching (and their beneficial effect on fatigue) has been consis-
tently found in studies on steel types other than Q&P, under both LCF
and HCF [13,18,38,47]. This means that, on the one hand, recommen-
dations below are expected to apply to the various multi-phase steel
types comprising second-phase RA. Yet, it should be noted that the
studies considered do not cover all the range of possible steel micro-
structures with second-phase RA. For example, RA volume fraction (as
measured by XRD) is limited to 10–15 % in all cases. Likewise, average
RA grain sizes are always within 0.2–0.5 µm [13,18,38,47]. For higher
RA fraction or different RA size, the crack deflection and branching
owing to RA transformation may affect fatigue performance differently.

Fig.15. Mechanism of crack branching and deflection induced by the transformation of second-phase retained austenite.
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However, even for such cases, this study provides a framework to assess
the effect of RA transformation, by clarifying the mechanism of its
interaction with short fatigue cracks. On the other hand, for HCF
[13,18,38,47], the recommendations below should also directly apply,
as an even greater effect of the deflection/branching due to RA trans-
formation would be expected. This is due to the lower tendency of cracks
to follow the preferential growth direction, according to lower stress
intensity factor [42].

Firstly, the different behavior of Cracks 1 and 2 highlights the
importance of high RA volume fractions in each PAG: growth of Crack 2
through a RA-rich PAG resulted in its arrest via deflection/branching. By
contrast, Crack 1 grew uninterruptedly across a RA-lean PAG.

Secondly, Crack 2 speaks also of the role of RA grain inclination with
respect to crack path: Crack 2 deflected by interaction with an elongated
RA grain, with major axis normal to the preferential growth direction.
By contrast, it had grown uninterruptedly through the previous PAG,
whose RA grains were also elongated, but parallel to that direction.
Obviously, the chance that a RA grain lies in the path of the crack (and
thus interacts with it) increases with larger area normal to growth. For
the same size, a RA grain is thus more beneficial the higher its aspect
ratio, and the greater the inclination of its major axis to the growth di-
rection. This is confirmed by Table 3: the RA grains behind the main
retardation events observed had all aspect ratios higher than ~2.3
(while such RA grains accounted for only ~40 % of those in the initial
microstructure). Moreover, the inclination of their major axes to the
preferential growth direction was always at least ~60◦, except for the
RA grain where Branch 2 arrested. For the RA grains behind the partial
arrest of Crack 3 and the deflection of Crack 2, inclination even excee-
ded ~80◦. Only ~30 % and ~12 % of the initial RA grains were inclined
more than 60◦ and 80◦, respectively.

Similarly, with the exception of the deflection of Crack 2, all main
retardation events involved a RA grain larger than ~0.80 μm (Table 3).
Less than 2 % of initial RA grains were in such size range. Larger RA size
could be thought to increase the size incompatibility between fresh
martensite and matrix. This would increase the extent of the damage via
voids/microcracks, enhancing the “attractive” effect of RA and the
deflection/branching/RICC. The stress relaxation around the fresh
martensite would also be enhanced, increasing the chances of crack
arrest by TICC. Larger RA grain size would thus explain why crack arrest
via TICC occurred for Crack 3 in Subset II (Table 3), but not for grain E of
Crack 1, both encountered without retardation mechanisms other than
TICC (Table 4). Crack 2 and Branch 1 ended at relatively small RA
grains, but mechanisms additional to TICC were active (Table 4). Our
results indicate thus that larger RA grain sizes and aspect ratios are more
effective to retard short fatigue cracks. However, due to the limited
number of retardation events in Table 3 and Table 4, attention should be
paid to the qualitative trend, rather than the specific sizes/aspect ratios
(e.g., 0.8 μm and 2.3).

About RA stability, RA grains untransformed upon crack passage do
not contribute to crack retardation. Some examples are the film-like RA
shown by TEM, and the RA grain highlighted in Fig. 10(a). None of these
caused noticeable arrest, deflection, or branching. In particular, the lack
of transformation of film-like RA can be explained by its small grain size,
widely known to preclude RA transformation [3,18,54,55]. Neverthe-
less, this is in contrast with Gao et al., who did find film-like fresh
martensite at the tip of a non-propagating crack [14]. Furthermore, the
study focused on HCF [14], so that lower driving force for trans-
formation than in the present experiments would be expected. In this
sense, occurrence of transformation for Gao et al. as opposed to this case
can be attributed to softer matrix in their material, a CFB steel [14].
Harder surrounding phases can hinder RA transformation by exerting
hydrostatic stresses against the volume expansion associated
[3,37,56,57]. This explanation is supported by other studies: Huo and
Gao observed film-like fresh martensite around a LCF crack in a steel
with ferrite matrix (relatively soft) [29], but Qi et al. found untrans-
formed film-like RA near a HCF crack in a steel with martensite matrix
(relatively hard) [24]. Additionally, the lack of contribution of un-
transformed RA to crack retardation can explain the effect of RA stability
on fatigue as reported in the literature. For similar initial RA fraction,
Song et al. found longer HCF life for the material with most unstable RA
[47]. This was the only material studied exhibiting significant RA
transformation [47]. Similarly, fatigue life reductions in chemical
compositions and heat treatments leading to higher RA stability have
also been reported by other authors [19,58]. In this sense, if RA is too
stable to transform within the plastic zone, the retarding mechanisms
due to RA will not be activated.

In conclusion, this study suggests that retardation of short fatigue
crack growth benefits from higher RA volume fractions. RA should be
evenly distributed across all PAGs, to avoid weaker areas prone to fa-
tigue. RA grains should also have the degree of stability to transform in
the plastic zone around crack tip. Finally, RA grains with relatively large
size, high aspect ratio and major axis parallel to the principal tensile
stress (i.e. normal to the preferential growth direction) should be pro-
moted. This can be done by adjusting the conventional thermo-
mechanical processing of multi-phase steels, but also with recently-
developed localized laser treatments [36,37]. In fact, recent work with
those treatments has proved that RA grains with high aspect ratio and
parallel to the tensile stress also improve ductility and uniform elon-
gation in monotonic testing [37]. This would extend the benefit of such
RA grains beyond fatigue.

5. Conclusions

The effect of RA as a second phase on short fatigue crack growth has
been examined for a Q&P steel, via quasi in situ EBSD characterization
and TEM analysis. These are the main conclusions of the study:

Table 3
Quantitative description of the retained austenite grains behind the main crack retardation events.

RA Grain Diameter (μm) Aspect Ratio Inclination to Crack Growth Direction (◦) Retarding Mechanism

B (Crack 2) 0.33 2.41 80.5 Deflection
E (Crack 3 – Subset II) 0.82 3.15 88.9 TICC
D (Branch 1 – Subset III) 0.93 2.27 62.4 RICC
E (Branch 1 – Subset III) 0.43 2.60 69.8 RICC
B (Branch 2 – Subset IV) 0.97 2.31 36.9 TICC

Table 4
Quantitative description of the retained austenite grains where different cracks terminated by TICC.

RA Grain Diameter (μm) Aspect Ratio Inclination to Crack Growth Direction (◦) Mechanism Added to TICC

E (Crack 1) 0.30 1.58 77.9 None
C (Crack 2) 0.26 2.52 38.0 Deflection
F (Branch 1 – Subset III) 0.19 1.39 20.3 RICC
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1. The strain induced by the plastic zone ahead of short fatigue crack tip
transforms most of the RA inside the plastic zone into martensite. The
smallest RA grains represent an exception, on account of their higher
mechanical stability.

2. Short fatigue crack growth frequently occurs towards transformed
RA. This unexpected effect has been related to the brittle character of
the resultant fresh martensite. Attraction of cracks to transformed RA
is stronger than their tendency to grow perpendicularly to the prin-
cipal tensile stress, along crystallographic planes with high Schmid
factors, or microstructural boundaries.

3. Transformation of RA into martensite ahead of crack tip delays short
crack growth, and can result in the definitive arrest of short cracks.
The retardation/arrest occurs by a combination of mechanisms due
to the RA transformation: crack deflection towards unfavorable di-
rections, branching, RICC and TICC. Crack deflection, branching and
RICC are driven by the tendency of cracks to grow towards trans-
formed RA, not reported in former literature. Crack deflection and
branching are more powerful than TICC acting alone in delaying
short crack growth.

4. Relatively large RA grains, with high aspect ratio and major axis
parallel to the principal tensile stress are most effective in delaying
short fatigue crack growth. Microstructures comprising second-
phase RA should avoid RA-lean PAGs, and RA not transforming
ahead of the crack.
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[20] I. Černy, D. Mikulova, J. Sis, B. Mašek, H. Jirkova, J. Malina, Fatigue properties of
a low alloy 42SiCr steel heat treated by quenching and partitioning process,
Procedia Eng. 10 (2011) 3310–3315.

[21] I. de Diego-Calderón, P. Rodriguez-Calvillo, A. Lara, J.M. Molina-Aldareguia, R.
H. Petrov, D. De Knijf, I. Sabirov, Effect of microstructure on fatigue behavior of
advanced high strength steels produced by quenching and partitioning and the role
of retained austenite, Mater. Sci. Eng. A 641 (2015) 215–224.

[22] A. Sierra-Soraluce, G. Li, M.J. Santofimia, J.M. Molina-Aldareguia, A. Smith,
M. Muratori, I. Sabirov, Exploring the effect of complex hierarchic microstructure
of quenched and partitioned martensitic stainless steels on their high cycle fatigue
behaviour, Mater. Des. 233 (2023) 112286.

[23] M. Koyama, Z. Zhang, M. Wang, D. Ponge, D. Raabe, K. Tsuzaki, H. Noguchi, C.
C. Tasan, Bone-like crack resistance in hierarchical metastable nanolaminate steels,
Science 355 (6329) (2017) 1055–1057.

[24] X.Y. Qi, L.X. Du, J. Hu, R.D.K. Misra, High-cycle fatigue behavior of low-C medium-
Mn high strength steel with austenite-martensite submicron-sized lath-like
structure, Mater. Sci. Eng. A 718 (2018) 477–482.

[25] Y.-B. Ju, M. Koyama, T. Sawaguchi, K. Tsuzaki, H. Noguchi, In situ microscopic
observations of low-cycle fatigue-crack propagation in high-Mn austenitic alloys
with deformation-induced ε-martensitic transformation, Acta Mater. 112 (2016)
326–336.

[26] M. Zhang, W. Wang, B. Zhang, Q. Cen, J. Liu, Influence of pre-straining on the low-
cycle fatigue performance of Fe–0.1 C–5Mn medium manganese steel, Int. J.
Fatigue 165 (2022) 107186.

[28] Z. Zhang, M. Koyama, M.M. Wang, K. Tsuzaki, C.C. Tasan, H. Noguchi,
Microstructural mechanisms of fatigue crack non-propagation in TRIP-maraging
steels, Int. J. Fatigue 113 (2018) 126–136.

[29] C.Y. Huo, H.L. Gao, Strain-induced martensitic transformation in fatigue crack tip
zone for a high strength steel, Mater Charact. 55 (1) (2005) 12–18.

[30] X. Cheng, R. Petrov, L. Zhao, M. Janssen, Fatigue crack growth in TRIP steel under
positive R-ratios, Eng. Fract. Mech. 75 (3–4) (2008) 739–749.

[31] G. Gao, B. Zhang, C. Cheng, P. Zhao, H. Zhang, B. Bai, Very high cycle fatigue
behaviors of bainite/martensite multiphase steel treated by quenching-
partitioning-tempering process, Int. J. Fatigue 92 (2016) 203–210.

[32] U. Krupp, C. West, H.-J. Christ, Deformation-induced martensite formation during
cyclic deformation of metastable austenitic steel: Influence of temperature and
carbon content, Mater. Sci. Eng. A 481 (2008) 713–717.

[33] M. Kumagai, M. Kuroda, T. Matsuno, S. Harjo, K. Akita, In situ neutron diffraction
analysis of microstructural evolution-dependent stress response in austenitic
stainless steel under cyclic plastic deformation, Mater. Des. 221 (2022) 110965.

[34] D. De Knijf, R. Petrov, C. Föjer, L.A.I. Kestens, Effect of fresh martensite on the
stability of retained austenite in quenching and partitioning steel, Mater. Sci. Eng.
A 615 (2014) 107–115.

[35] K.J. Miller, The behaviour of short fatigue cracks and their initiation part ii-a
general summary, Fatigue Fract. Eng. Mater. Struct. 10 (2) (1987) 93–113.

P. Garcia-Chao et al.

http://refhub.elsevier.com/S0264-1275(24)00603-8/h0005
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0005
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0005
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0005
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0015
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0015
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0015
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0020
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0020
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0020
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0025
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0025
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0030
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0030
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0030
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0035
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0035
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0035
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0040
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0040
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0040
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0045
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0045
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0045
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0050
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0050
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0055
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0055
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0060
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0060
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0060
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0060
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0065
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0065
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0065
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0070
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0070
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0070
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0075
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0075
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0075
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0080
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0080
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0080
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0085
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0085
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0090
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0090
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0090
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0095
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0095
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0095
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0100
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0100
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0100
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0105
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0105
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0105
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0105
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0110
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0110
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0110
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0110
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0115
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0115
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0115
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0120
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0120
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0120
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0125
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0125
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0125
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0125
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0130
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0130
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0130
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0140
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0140
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0140
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0145
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0145
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0150
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0150
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0155
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0155
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0155
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0160
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0160
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0160
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0165
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0165
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0165
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0170
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0170
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0170
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0175
http://refhub.elsevier.com/S0264-1275(24)00603-8/h0175


Materials & Design 245 (2024) 113228

14

[36] H.J. Breukelman, M.J.M. Hermans, M.J. Santofimia, J. Hidalgo, Engineering
austenite/martensite mesostructured materials by controlled localised laser
treatments in a Fe–Ni–C alloy, Mater. Des. 227 (2023) 111772.

[37] H. Breukelman, M.J. Santofimia, J. Hidalgo, Hierarchically patterned multiphase
steels created by localised laser treatments, Mater. Des. 221 (2022) 110984.

[38] P. Xia, F. Vercruysse, C. Celada-Casero, P. Verleysen, R.H. Petrov, I. Sabirov, J.
M. Molina-Aldareguia, A. Smith, B. Linke, R. Thiessen, D. Frometa, S. Parareda,
A. Lara, Effect of alloying and microstructure on formability of advanced high-
strength steels processed via quenching and partitioning, Mater. Sci. Eng. A 831
(2022) 142217.

[39] W.-S. Li, H.-Y. Gao, H. Nakashima, S. Hata, W.-H. Tian, In-situ EBSD study of
deformation behavior of retained austenite in a low-carbon quenching and
partitioning steel via uniaxial tensile tests, Mater Charact 118 (2016) 431–437.

[40] N. Bernier, L. Bracke, L. Malet, S. Godet, An alternative to the crystallographic
reconstruction of austenite in steels, Mater Charact 89 (2014) 23–32.

[41] I. Alvarez-Armas, U. Krupp, M. Balbi, S. Hereñú, M.C. Marinelli, H. Knobbe,
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