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How hair deforms steel

Gianluca Roscioli*, Seyedeh Mohadeseh Taheri-Mousavi'?, Cemal Cem Tasan'*

Steels for sharp edges or tools typically have martensitic microstructures, high carbide contents, and
various coatings to exhibit high hardness and wear resistance. Yet they become practically unusable
upon cutting much softer materials such as human hair, cheese, or potatoes. Despite this being an
everyday observation, the underlying physical micromechanisms are poorly understood because of the
structural complexity of the interacting materials and the complex boundary conditions of their co-
deformation. To unravel this complexity, we carried out interrupted tests and in situ electron microscopy
cutting experiments with two micromechanical testing setups. We investigated the findings analytically
and numerically, revealing that the spatial variation of lath martensite structure plays the key role
leading to a mixed-mode II-lll cracking phenomenon before appreciable wear.

umankind has optimized materials and
processes to produce sharp edges for
millennia, to be used as utensils (Z), swords

(2), blades (3), and other tools. Cutting
processes today are routinely used in
various industries, including medicine (4), man-
ufacturing (5), food processing (6), and home
appliances (7). Although each application cre-
ates specific engineering requirements, the over-
all material design aim is typically the same:
achieving high sharpness and hardness. A
typical metallic material used for blades in
straight razors, for example, is a carbide-rich
lath martensitic stainless steel, honed to a
wedge geometry (8) with an angle of 17° and
a tip radius of 40 nm to obtain the desired
sharpness (9) (Fig. 1A). This material is coated
with even harder materials (Z0) such as diamond-
like carbon (7) and a final polytetrafluoro-
ethylene layer to reduce friction (71, 72). Even
then, as commonly experienced by razor blade
users, the hard lath martensitic steel progres-
sively loses its functionality upon cutting hair,
a material that is softer by more than one
order of magnitude (hardness scale in Fig. 1A).
Such material performance degradations are
common in other cutting operations as well
(5, 13, 14), creating operational and environ-
mental consequences (15). Kitchen knives, for
example, get dull (16, 17) upon cutting soft
materials such as cheese (I8) or potatoes (19).
As commonly practiced, resharpening resets
the cutting capabilities of dull knives (20, 21),
creating the general conception that wear
mechanisms are responsible for the perform-
ance degradation of sharp metallic edges,
including martensitic steel razor blades (22).
Although wear does occur during hair-
cutting (5, 23, 24), the failure mechanisms
are more complex for two reasons. First, the
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two interacting materials have hierarchical
microstructures with anisotropic and size-
dependent mechanical responses (25, 26) (Fig.
1A). Lath martensitic steels have a hierarchy
(27) of prior-austenite, packet, block, subblock,
and lath boundaries (28-30) (Fig. 1A) and a
high density of heterogeneously distributed
dislocations (31, 32). Interstitial carbon is
trapped in solid solution during quenching,
but tempering or autotempering can lead
carbon to decorate dislocations (25, 33) or
precipitate as carbides (34). All these struc-
tural features provide ferrous martensite with
high hardness but a nonuniform micromechan-
ical response (35-37). Similarly, human hair
is a highly anisotropic composite with a non-
circular cross section and an average diam-
eter ranging between 80 and 200 um. The
outer layer is the ~170-MPa hard cuticle (38)
that forms a shell with cells arranged like
shingles on a roof (Fig. 1A). The middle layer,
the cortex, is three times softer and composed
of a hierarchy of fibrils elongated along the
hair direction. The medulla is the hollow in-
ner layer and has little mechanical contribu-
tion to the cutting response (39). Because hair
is hygroscopic, in the presence of moisture its
cell structure is altered to accommodate water
molecules, lowering both elastic modulus and
yield strength (26, 39). Both the blade and the
hair are anisotropic and exhibit size-dependent
mechanical behavior. This generates a me-
chanical response that depends on the stress
state and on the volume that contributes to
deformation.

Second, the boundary conditions of their
co-deformation can vary dynamically, even
during a single cutting operation (Fig. 1B).
During shaving, each single hair can be rep-
resented as a flexible cantilever, quasi-fixed
at the end toward the skin and completely
free at the other. In this configuration, the
hair is free to bend when the blade approaches
it and penetrates in it during the cut, influenc-
ing the mode of deformation (Fig. 1B). The hair
is predominantly experiencing mode I opening.
Depending on whether the hair is bending or
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not (Fig. 1B), the stress is applied (i) on both
surfaces of the crack (straight indentation, y =
0°) or (ii) only on one of the two surfaces. This
results in a pure mode II stress on the blade in
the former case or a mixed-mode II-III stress
in the latter one. The geometry of the cutting
problem further necessitates that, at different
stages of cutting, different volumes of the two
materials interact and contribute to the de-
formation process.

These complexities call for systematic ex-
periments to investigate the interaction of the
two materials. To this end, we investigated
martensitic stainless steel blades (Fig. 1A)
typical of commercial safety razors (fig. S1).
Scanning electron microscope (SEM) and
electron backscatter diffraction (EBSD) analy-
ses revealed their lath martensitic matrix
(Fig. 1A) with heterogeneously distributed
carbides (Fig. 1A, inset). The honing process
causes deformation of the microstructure with-
in ~5 um of the tip (8), as highlighted in the
EBSD image quality (fig. S2F), kernel average
misorientation (fig. S2D), and grain bound-
ary maps (fig. S2E). We measured hardness
values within 70 um from the tip using an in
situ SEM picoindenter and conducted nano-
indentation experiments in the bulk mate-
rial, revealing an average hardness value of
8.7 + 0.7 (SD) GPa. This statistical variation
can arise because of the presence of carbides,
retained austenite, and martensite substruc-
ture heterogeneity (25, 27-32, 40). Edge ef-
fects prevented confirmation of a hardness
increase near the tip implied by the deformed
zone.

To measure blade wear evolution in real
shaving conditions, we performed interrupted
tests on disposable razor cartridges (sample 1
in fig. S1) by tracking different regions using
SEM analyses after different stages of use
(fig. S3 and movie S1). We quantified the av-
erage blade wear rate along the sharp edge
using image analysis, although contamination-
induced charging limits the accuracy of this
method (fig. S3E). The level of wear was low:
12 nm®/nm after 5 shaves and 13 nm®/nm
after 10 shaves. However, these interrupted
tests revealed the occurrence of chips along
the sharp edge (Fig. 1C). Although sharp at
the macroscale, the edges of razor blades are
asperous at the microscale, even in the un-
used condition (Fig. 1C-1). We observed that
microcrack nucleation takes place from these
asperities during haircutting (Fig. 1C-2). Only
a small fraction of the asperities proceed to
form microcracks, and these are not neces-
sarily the largest asperities present along the
edge. These microcracks initially propagate
orthogonally to the edge (Fig. 1C-2) before
deviating their direction to form the final
chip geometry (Fig. 1C-3). The deformation
marks (Fig. 1C-2) show that the portion of the
sharp edge that belongs to the chip being
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Fig. 1. Materials and mechanics of the shaving process. (A) Human hair and
martensitic steel blades both have complex hierarchical structures. The former
is a layered anisotropic material; meanwhile, the latter has a fine lath martensitic
matrix structure (EBSD-Inverse Pole Figure map) with heterogeneously
distributed carbides (highlighted in blue in the inset). As shown by the scale, the

created rigidly bends out of plane as the micro-
crack changes direction. The presence of dim-
ples on the resulting fracture surface reveals
that the martensitic structure exhibits ductile
deformation before fracture (Fig. 1C-3). The
hard coatings, by contrast, exhibited brittle
fracture features resulting from the bending
of the substrate (fig. S4).

To better understand the development of
this failure process before the activation of
other failure modes (fatigue, corrosion, and
wear), we carried out 25 in situ SEM tests using
a microdeformation stage with customized
clamps that can hold a blade on one side and
single or multiple hair(s) on the other [Fig. 2,
fig. S5, and movies S2 to S4, (38)]. Running in
situ SEM tests enables expedited investiga-
tion of the underlying damage mechanisms,
because the dry cutting conditions in the SEM
should increase the haircutting force. Even
then, we did not observe blade deformation or
chipping for straight orthogonal cuts, in which
there is no out-of-plane force component. By
contrast, creating a more realistic condition by
tilting the blade 21° to the cutting direction
(Fig. 2B) led to an out-of-plane force compo-
nent and, in turn, to plastic deformation and
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chipping in several cases (Fig. 2C and movie
S2). Tests using hairs of different diameters
allowed us to conclude that the size of the
chips is not dominated by the diameter of the
hair or the number of hairs sequentially cut,
nor by the cutting angle alone. The same por-
tion of a sharp edge can cut several hairs with
different cutting angles y (Fig. 1B), leading to
no visible deformation, until the blade sud-
denly fails (fig. S6 and movie S3). We also
discovered that the chips most commonly ap-
pear in correspondence to the edges of the
hair. For example, one single hair can produce
two chips in the blade, each of them starting
from one edge of the hair (Fig. 2C). In addi-
tion, we observed that the chips generally ex-
tended beyond the ~5-um highly deformed
region near the tip of the blade (Fig. 1C), sug-
gesting that the observed phenomenon is not
dominated by honing-induced effects. Last,
the comparison of the SEM images from the
dry in situ experiments (Fig. 2C) and from the
wet interrupted tests (Fig. 1C) reveals identi-
cal failure mechanism in both cases (except
the increased failure rate in the former), con-
firming the validity of the expedited in situ
approach.
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difference in the hardness of these two materials is substantial (~50 times). (B) Stress
state on the blade during haircutting depends on the force angle vy, so that any
configuration between pure in-plane and out-of-plane shear is possible. (C)
Deformation sequence of a blade from unused conditions (C-1) to initial crack
nucleation at the sharp edge and localized bending (C-2) to final ductile failure (C-3).

We used three-dimensional parametric fi-
nite element simulations to identify the role
of asperities and the direction of the applied
load on deformation and chipping (Fig. 3,
A to C). We modeled the martensitic steel as a
homogeneous isotropic elasto-plastic material
with a yield strength of ~1690 MPa and flow
behavior as determined by our tensile tests
(fig. S7). We added notches with a size deter-
mined by our SEM analyses (e.g., Fig. 1C-1) to
replicate an extreme condition of the asper-
ities along the sharp edge and simulated the
cutting stress on the blade as an evenly dis-
tributed surface traction acting only on one
side [Fig. 3A, (38)], with a magnitude of 50 MPa.
To determine this value, we measured the force
to cut a single hair by carrying out dedicated
in situ SEM single-hair cutting-force measure-
ments using a picoindenter, with tip and sam-
ple holder modified to host the blade on one
side and a single hair on the other (Fig. 2, D to
F). Representative results are shown in Fig. 2F
and in movie S4, revealing a maximum value
of ~0.2 N independent of hair diameter or
cross-sectional shape (fig. S8).

Our first simulations focused on identifying
the location of the highest stress intensity
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notch, as a function of the direction of the ap-
plied stress. As seen in Fig. 3B, a straight in-
dentation of the hair (surface traction of 0°)
produces stress intensification at the notches
in contact with the hair, but the values are not
high enough to promote plastic deformation.

Cutting the hair at an angle, instead, produces
higher stress values in the region of the blade
contacted by the hair, with a maximum stress
at the notch in contact with the edge of the
hair. Our analysis of the von Mises stresses as a
function of the surface traction angle (Fig. 3C)

Experimental

point of view
i\
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0 50 100
Displacement (um)

g |

75 um Time
Fig. 2. Two sets of in situ SEM haircutting experiments. (A to C) Multihair cutting experiments to identify
the underlying damage mechanisms. (A) and (B) show optical and SEM images of the experimental setup
used to cut multiple hairs in situ; meanwhile, (C) provides a representative example of the results through a
sequence of images (colored from movie S2) in which a single hair produces two chips in the blade. The
waviness of the honing marks on the blade is an imaging artifact due to the blade advancing in a vertical
direction during imaging. (D to F) Single-hair in situ SEM cutting-force measurements. (D) and (E) show
optical and SEM images of the experimental setup; meanwhile, (E) provides a representative result through a
sequence of experimental images corresponding to points highlighted in the load-displacement plot.
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showed that (i) the stress at the tip of the
notches does not change substantially if the sur-
face traction direction is contained in the blade
cross section (for cutting angles below 8.5°);
(ii) the stress at the tip of the notches in contact
with the hair increases with the cutting angle for
angles above this value; (iii) meanwhile, it de-
creases for notches not in contact with the hair;
and (iv) the highest stress intensification occurs
at the notch in contact with the edge of the hair.
Our simulation results are consistent with the in
sitt SEM haircutting experiments (Fig. 2C), in
which the chips preferentially nucleated at posi-
tions in contact with the edge of the hair.

We observed microcracking and chipping at
lower angles than those suggested in the sim-
ulations (fig. S6 and movie S3). To explain this,
we hypothesized a process that links the het-
erogeneity of the lath martensitic structure to
an increase in microcracking sensitivity (Fig.
3, D to H). We adapted an analytical model to
calculate the energy release rate of an inter-
facial lateral crack in a thin, bimaterial, semi-
infinite plate with constant thickness to our
mixed-mode II-III problem, with the crack
potentially propagating along the interface
between the two materials [Fig. 3D, (38)].
We applied a 50-MPa stress while varying the
direction of the load between pure mode II
and pure mode III and considered materials
with identical Poisson’s ratio (0.3) but differ-
ent Young’s moduli. The small modulus varia-
tions we introduced follow the values we obtained
from the continuous-stiffness-measurement
mode nanoindentation experiments on the lath
martensitic steel (fig. S9). The energy release
rate increases when moving from pure mode II
to pure mode III (Fig. 3D). Changing the Young’s
moduli of the two materials while keeping their
average constant produces an upward shift of
the energy release rate curve: A larger difference
between the two moduli creates a greater shift
(Fig. 3D). This corresponds to a higher proba-
bility of crack propagation for two dissimilar
materials than for a homogeneous one with a
similar average property.

We conducted another set of three-dimensional
parametric simulations to analyze the energy
release rate at the tip of a single notch in a
blade, considering its wedge geometry with
increasing thickness ahead of the notch and
different crack propagation directions [Fig. 3,
E to H; (38)]. We used a single or two dif-
ferent materials on the opposite sides of the
notch. The energy release rate for a crack
propagating along the original crack direc-
tion (6 = 0°) increases as the mode III com-
ponent of the stress increases (Fig. 3F). The
energy release rate also varies with the crack
propagation direction (Fig. 3G). The critical
direction, corresponding to the maximum en-
ergy release rate, depends on both loading
direction and material combination (Fig.
3H). When the load is applied on a compliant
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Fig. 3. Notch with
critical stress intensi-
fication during
haircutting, and
energy release rate
dependence on
material heterogeneity
and force angle.

(A) Simulation model to
identify the position of
the notch with critical
stress intensification as
a function of the angle
of the force imparted by
the hair. The first four
notches from the left
are in contact with the
hair, the fifth notch is in
contact with the hair
edge [brown dashed line
in (B)], and the other
notches are not in con-
tact with the hair.

(B) Von Mises stress
distribution along the
midplane of the blade
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stress intensification (near the edge of the hair) along different possible crack propagation angles 6. In (D) and (F to H), gray and red curves represent homogeneous and
heterogeneous materials, respectively. C, compliant (modulus of 170 GPa); F, force; S, stiff (modulus of 200 GPa).

material next to a stiff one (C and S in the
schematic, respectively) with an interfacial
notch, the crack is more likely to propagate
than in the reversed configuration. The crit-
ical crack propagation angle in this situation

Roscioli et al., Science 369, 689-694 (2020)

is also smaller (Fig. 3G). Furthermore, the mi-
crocracks nucleated at the sharp edge prop-
agate at an angle with respect to the blade
axis (z axis in Fig. 3E), deviating toward the
region of application of the load. This pro-
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pagation path is determined both by the
asymmetric mode II component of the force,
which promotes crack kinking out of its orig-
inal plane (41, 42), and by the geometry of
the blade, with a thickness increasing along
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Fig. 4. Critical factors for lath martensite failure upon cutting hair. The three factors affecting razor
blade chipping are shown from left to right: (i) hair incidence angle, (ii) heterogeneity present in the
microstructure and at the asperities along the sharp edge, and (iii) relative position between an asperity and
the edge of the hair when it is halfway through the cut. Failure probability depends on whether these

conditions are simultaneously met.

the blade axis. Assuming that the surface en-
ergy of the material is constant, the energy
penalty for the crack to stay along this axis
is higher than it would be to propagate in a
direction of constant (or less increasing) thick-
ness, as staying along this axis would produce
a larger surface per unit length of propaga-
tion. For the same reason, the crack will ulti-
mately turn backward toward the sharp edge,
forming a chip.

To confirm the mechanistic effects of micro-
structural heterogeneity predicted by our ana-
lytical and numerical results, we conducted
in situ SEM haircutting experiments with
focused ion beam half-milled blades, which
enable visualization of the microstructure
during deformation (fig. S10). The milling
creates contrast between the martensitic matrix
and the carbides, allowing us to unravel dam-
age mechanisms. In this experiment, we ob-
served that the microcracks typically nucleated
(i) at martensite-carbide boundaries that neigh-
bor an asperity (fig. S10B, left) and (ii) when the
hair was in contact with the more compliant
constituent. The microcracks then propagated
at an angle, causing decohesion at multiple
carbide-matrix boundaries or carbide crack-
ing (fig. S10B, right), as well as microplasticity
in martensitic regions in between.

With our experimental, analytical, and nu-
merical results, we have shown that haircutting
can induce damage nucleation, growth, and
coalescence (in the form of chipping) in lath
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martensitic steel and that these occur before
other proposed failure modes due to wear
effects (5, 14, 16, 17, 43, 44) or brittleness of
the hard coatings (5, 24, 43, 45). This failure
process requires the concurrence of (i) suf-
ficient levels of hair bending to create stresses
with a considerable mode III component;
(ii) processing-induced asperities on the blade
edge with microstructural constituents of suf-
ficiently different properties on either side;
and (iii) positioning of the hair such that the
outermost circumferential point is aligned with
such an asperity (to produce the highest stress
intensification) and in contact with the side
containing the more compliant constituent
(Fig. 4). Because these conditions are simulta-
neously met only in rare cases, hair-induced
chipping is not common, and typical commer-
cial blades fail only after multiple uses. The
presence of multiple criteria also demonstrates
why stand-alone postmortem or in situ analy-
ses cannot reveal the full nature of this com-
plex fracture process.

Current design philosophy for cutting tool
materials follows the Archard law, which lin-
early correlates the average hardness of an
annealed metal to its wear resistance. The
failure recipe identified above suggests [along
with wedge angle increase, which would be
at the expense of the sharpness (9, 46)] re-
consideration of the microstructure design
guidelines toward the reduction of asperities
and microcracking tendencies, both of which
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arise as a result of structural heterogeneity.
In case of fine lath martensite, several micro-
structural constituents of contrasting mechan-
ical behavior can be larger than the blade tip
radius (~40 nm) (Fig. 1A) (25, 27-32, 35). This
creates spatial variation of mechanical prop-
erties along the sharp edge, with different
constituents at different positions. This hetero-
geneity can be beneficial because a microcrack
is less likely to propagate in a heterogeneous
structure than in a homogeneous one as long
as the hair being cut gets in contact with a
stiff constituent neighboring a compliant con-
stituent (Fig. 3F). However, this ideal scenario
is impossible to guarantee during the hair-
cutting process, and the opposite scenario
favoring microcrack propagation is equally
likely. Consequently, additional microcracks
will form from carbide cracking or carbide-
matrix decohesion, further opening as micro-
voids (47, 48), coalescing, and eventually resulting
in ductile failure (Fig. 1C-3). The heterogeneity
in the blade also lowers the minimum force
angle for a crack to propagate in the material.
Given a critical value for the energy release
rate, independent of the loading direction
(41), a heterogeneous configuration at an as-
perity reaches this critical value for smaller
force angles than a homogeneous one (Fig.
3F). The chip shape and size variations we
observed are also linked to the heterogeneity
of the material being cut (Fig. 3H). Both de-
pend on the initial critical crack propagation
angle for which the energy release rate is
maximum. A large critical angle will lead to
short, shallow chips, whereas a small critical
angle will lead to longer and deeper chips.
Asperity formation during processing is also
linked to microstructure heterogeneity. For
example, for the lath martensitic steel we tested,
honing causes strain localization and carbide
knockoff, resulting in a rough edge at the
microscale. All of these insights suggest the
design of hard but more homogeneous mi-
crostructures for cutting tools. This can be
realized by creating even finer structures at
sharp edges, for instance, by further refin-
ing martensitic structure, by creating other
nanostructured alloys to benefit from size
effects, or even by avoiding crystallinity alto-
gether (49-5I). The ability to produce more
efficient and longer-lasting sharp edges would
also have a favorable environmental impact
by lengthening material lifetime, motivating
further investigations.
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A hair-splitting way to get dull

Razors eventually become dull after shaving even though the blade is about 50 times harder than the hair.
Whereas edge rounding and brittle cracking of a blade's hard coating were thought to be responsible, a detailed
microstructural investigation by Roscioli et al. shows a different mechanism. A combination of out-of-plane bending,
microstructural heterogeneity, and asperities——microscopic chips along the smooth edge-—sometimes caused fracture to
occur if the conditions lined up. This fracture originated at the hair-edge asperity interface and created chipping that
dulled a blade faster than other processes.
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