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Bone-like crack resistance in
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Fatigue failures create enormous risks for all engineered structures, as well as for human
lives, motivating large safety factors in design and, thus, inefficient use of resources.
Inspired by the excellent fracture toughness of bone, we explored the fatigue resistance in
metastability-assisted multiphase steels. We show here that when steel microstructures
are hierarchical and laminated, similar to the substructure of bone, superior crack
resistance can be realized. Our results reveal that tuning the interface structure,
distribution, and phase stability to simultaneously activate multiple micromechanisms that
resist crack propagation is key for the observed leap in mechanical response. The
exceptional properties enabled by this strategy provide guidance for all fatigue-resistant
alloy design efforts.

W
hen components of engineered systems
such as trains, planes, spacecraft, or
power plants fail, human life is at risk.
Because cyclic loads often cause these
failures, fatigue resistance is the main

failure prevention goal in component design.
Fatigue is a materials phenomenon (1–3), but
it is mostly dealt with by using large safety fac-
tors in design (4, 5), rather than by applying

materials solutions. This is due to the fact that
the latter often cannot compensate for the in-
trinsically large statistical variations observed
in fatigue life (6, 7). To this end, in pursuit of
exceptional improvements in fatigue resist-
ance, we were inspired by the excellent frac-
ture toughness of bone (despite its intrinsic
difference from fatigue resistance) (8). The
substructure of bone is hierarchical and lam-

inated, which leads to superior crack resist-
ance by simultaneous activation of multiple
micromechanisms that resist crack propaga-
tion (9, 10). We hypothesized that (i) a simi-
lar response can be transferred to metals by
designing a hierarchical and nanolaminated
multiphase microstructure to benefit from
interface structure (11, 12) and distribution
(13, 14) effects, and (ii) this resistance can be
further enhanced by rendering the microstruc-
ture metastable to benefit from well-tuned
and local phase transformation mechanisms
(15, 16). The overall goal is the simultaneous
activation of roughness-induced crack termi-
nation (RICT) and transformation-induced
crack termination (TICT) mechanisms. The
steels that we explored to investigate the va-
lidity of this hypothesis (e.g., Fe9Mn3Ni1.4Al,
in weight percent) have an intrinsic hierar-
chical structure that is comparable to that of
bone (Fig. 1A) and composed of laminated
martensite and metastable austenite phases
(17, 18) (Fig. 1, B and F). Thus, they possess
the key combination of three characteristics—
namely, multiple phases, metastability, and
nanolamination.
Figure 2 reveals the exceptional fatigue limit

and fatigue life of these multiphase metasta-
ble nanolaminate steels under cyclic mechanical
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Fig. 1. Microstructure of our steel compared with those of bone and other steels.
Hierarchical structures of (A) bone (9, 10) and (B) the steel that we designed. Metastability,
multiple phases, and nanolaminated morphology are not simultaneously present in con-
ventional engineering alloys such as (C) dual-phase steel, (D) pearlitic steel, or (E) transformation-
induced plasticity (TRIP) steel, but (F) our steel combines all of these characteristics. a,
ferrite (body-centered cubic lattice variant in steels); a′, martensite (body-centered cubic
or tetragonal lattice variant formed by athermal transformation in steels); g, austenite
(face-centered cubic lattice variant in steels). EBSD, electron backscatter diffraction.
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loading with respect to conventional steels of
different compositions and subjected to ther-
momechanical processing [details are given
in (19)] that do not simultaneously exhibit these
three characteristics (Fig. 1, C to E). To verify
that the crucial factor in the observed fatigue

behavior is the targeted presence of multiple
micromechanisms of crack termination, we
(i) systematically discuss the fatigue perform-
ance of this new alloy generation relative to
that of conventional high-strength steels (Figs.
1 and 2) and (ii) provide microstructural and

mechanical proof of crack termination mech-
anisms (Figs. 3 and 4).
We start with a typical automotive high-

strength steel: Ferrite-martensite dual-phase
(DP) steel (Fig. 1C) shows relatively low fatigue
limits (Fig. 2) (20, 21). We attribute this per-
formance to the absence of effective crack ter-
mination mechanisms that could hamper crack
growth and the high mechanical contrast be-
tween the soft ferrite phase and the hard mar-
tensite phase (22). In fact, efforts for developing
better design strategies against crack propaga-
tion (23) were originally motivated by the need
to render such high-strength and -formability
multiphase steels more fatigue-resistant. Ferrite-
cementite pearlitic steel (cementite, Fe3C; Fig.
1D), on the other hand, shows improved fa-
tigue resistance in comparison with the DP
steel (Fig. 2). In this steel, the multiphase nano-
laminate microstructure morphology, which
is different from the globular structure of DP
steel, deflects fatigue cracks constantly during
growth, thereby introducing a friction stress
acting on the crack surface and decelerating
the fatigue crack opening and growth process
(24, 25). Thus, this improvement is due to the
RICT mechanism. It has been demonstrated
elsewhere to be affected by the morphological
characteristics of the cementite network, such
as the interlamellar spacing (24) and lamellar
alignment (26). The fatigue limit of pearlitic
steel is low, because the RICT mechanism does
not work efficiently for the deceleration of small
cracks (27). Metastable multiphase martensite-
austenite transformation-induced plasticity (TRIP)
steel (Fig. 1E) also shows an improved fatigue
resistance compared with DP steel (Fig. 2).
The formation of compressive residual stress
fields, arising from the volume-expanding trans-
formation from face-centered cubic g-austenite
to body-centered cubic (or body-centered tetrag-
onal) a′-martensite at the crack tip (25, 28, 29),
suppresses crack initiation and growth (30).
Thus, we attribute the enhancement, as well
as the higher strength-ductility balance for the
multiphase TRIP steel, to the TICT mechanism.
However, similar to the RICT effect on fatigue
life discussed above, the effects of TRIP and
TICT are stress amplitude–dependent (Fig. 2).
Their contributions are less effective when the
stress amplitude is high, because an increasing
stress amplitude leads to larger plastic strain,
which in turn results in a decrease in the frac-
tion of metastable g-austenite via transforma-
tion (18) during the early loading cycles. The
improvements in the fatigue performance of
our metastable multiphase nanolaminate steel
with respect to that of these conventional steels
provide an indirect confirmation of the simul-
taneous introduction of the RICT and TICT
(and TRIP) effects. Another indirect corrobo-
ration was given when we modified our steel
to have a different, less ideal microstructure,
which indeed led to inferior fatigue properties
(fig. S4).
The alloy presented here is not yet specifi-

cally optimized for the best possible fatigue
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Fig. 2. Number of
cycles to failure,
plotted against stress
amplitude.The stress
amplitude is normalized
by the ultimate tensile
strength (UTS) of
the steels shown in
Fig. 1 (33–36).The open
and solid red circles
indicate the results
for the steels aged at
873 K for 1 and 8 hours,
respectively; the
inset shows the non-
normalized data.
R, stress ratio.

Fig. 3. Optical images of a replicated specimen surface at the fatigue limit of the metastable
multiphase nanolaminate steel aged for 1 hour. (A) Crack initiation, (B) crack propagation, and (C)
crack nonpropagation. (D) Corresponding crack propagation and nonpropagation behavior of the four
cracks observed; the crack behavior indicated by diamonds is for the crack shown in (A) to (C). l, crack
length. (E) EBSD phase map showing transformation in the vicinity of the fatigue crack.
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performance in the case of high cycle num-
bers. With improved inclusion control (fig. S2)
(31) and especially with thermodynamic and
kinetic optimization for achieving a wider range
of austenite stability (32), we expect further
enhancement of the fatigue properties, par-
ticularly in the high-cycle fatigue regime. In
fact, a difference in the fatigue limit is evident
if the mechanical properties and thickness of
the austenite films are changed by aging for a
different duration (solid versus open circles in
Fig. 2).
Next we focus on the mechanisms: A rep-

lica study for fatigue cracks developing at the
fatigue limit confirms that crack initiation
(Fig. 3A) is delayed until 107 cycles and that
the small cracks grow slowly at the highest
cycling (Fig. 3, B to D). The delayed fatigue
crack initiation and the hampering of its pro-
pagation are key factors for improving the
fatigue limit. We find that the arrest of crack
propagation takes place in both directions (par-
allel and perpendicular to lath alignment) when
the cracks reach prior austenite boundaries
(Fig. 3C), which are the interfaces decorated by
austenite films in this steel (Fig. 1F) (18). These
boundaries undergo substantial local hard-
ening and residual compressive stress induced
by the transformation of the austenite films (i.e.,
the TICT effect) in the vicinity of the fatigue crack
(Fig. 3E).
In contrast, at high stress amplitudes, fa-

tigue cracks form at the early stages of the test
and then continuously propagate until mac-
roscopic failure. However, the fatigue crack

propagation path is deflected when propagat-
ing across or along different grain bounda-
ries or the lamellae (Fig. 4A). The crack surface
morphology exhibits many small branches,
indicated by the yellow arrows in Fig. 4B. The
microroughness on the crack surface, enabled
by the laminate’s hierarchical microstructure
morphology (Fig. 1B), enhances the RICT ef-
fect. This mechanism decelerates fatigue crack
growth even at a late fatigue stage (Fig. 4E),
providing superior fatigue life at high stress
amplitudes. The marked similarity of the ob-
served fracture process to the fracture of bone
(8), despite the obvious difference in the consti-
tution of these two materials, provides another
demonstration of the success of the proposed
approach (Fig. 4, C and D).
We conceived and demonstrated the effec-

tiveness of a metastable multiphase nanolaminate
microstructure concept for creating materials with
exceptional fatigue resistance. This is achieved
by simultaneously enabling transformation-
induced and roughness-induced crack termi-
nation mechanisms. The demonstrated superior
low-cycle fatigue life and high fatigue limit con-
stitute essential progress for steels, and we ex-
pect similar improvements in material properties
for any alloys that can be designed with sim-
ilar microstructures. Thus, this strategy has
potential to improve the safety of advanced
structures and components that experience
cyclic loads.
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Fig. 4. Hierarchical
roughness on the
760-MPa fatigue
crack in the meta-
stable multiphase
nanolaminate steel
aged for 1 hour.
(A) EBSD imaging.
(B) Electron channeling
contrast imaging.
(C) Magnified image of
the microroughness on
the fracture. (D) Sim-
ilarity of a fracture in
human bone (8).
(E) Propagation rate of
the fatigue crack shown
in (A) and (B). a, crack
length.
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