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In situ microcantilever bending tests were performed on martensite islands in a dual-phase (DP) steel

to extract the fracture toughness of martensite at the microscale and to understand damage initiation
during forming of DP steels. All microcantilevers were produced through FIB milling. The martensite
islands do not exhibit linear elastic brittle fracture; instead, significant ductile tearing is observed. The
conditional fracture initiation toughness extracted by definition and by Pippan'’s transfer criterion is
K;=6.5+0.4 MPa m"? and K ,,,= 10.1+0.3 MPa m'’?, respectively. The obtained value is well-represented
by the strength-toughness trend of other ferritic steel grades. Considering the yield stress of the same
martensite island, we found that crack initiation can occur only in very large martensite islands or in a

banded or agglomerated martensite structure.

The class of dual-phase (DP) steels is widely applied in automo-
tive industries. Continuous yielding behavior, easily adjustable
mechanical properties and low alloying contents characterize
their attractive features [1-4]. A main issue still raising large
research interest is their damage initiation and evolution mecha-
nisms, which mainly arise from the two phases and their huge
mechanical heterogeneity. Martensite islands are believed to be
one of the most susceptible damage initiation sites primarily
recognized by post-mortem morphology observation through
microscopes [5-7]. However, a quantitative assessment of their
fracture toughness is still pending.

Micromechanical testing became an important tool to
locally investigate mechanical properties by extracting the tar-
geted microconstituents [8, 9] with focused ion beam (FIB)
milling. This also applies for fracture properties. Most of the
previous small-scale fracture mechanical studies focused on
brittle materials, in particular thin films or layered structure
[10-12]. Due to the small sample size, the assumptions of the
linear elastic fracture models are often not met and small-scale
elastic plastic fracture mechanics (EPFM) needs to be applied
[13-15]. So far, most materials investigated with small-scale
EPFM are model materials (e.g., ultrafine-grained tungsten or
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tungsten single crystals), and the application of microscopic
EPFM to daily used and industrially produced microconstitu-
ent still remains rare.

This work aims at measuring the fracture properties of mar-
tensite islands to quantitatively assess the damage initiation of
an advanced dual-phase DP800 steel.

Microstructure and chemical composition

The DP steel microstructure is comprised of two phases, namely
the matrix ferrite and the dispersed martensite island as shown
in Fig. 1a. The latter has a much smaller grain (colony) size com-
pared to the former and exhibits irregular shapes (Fig. 1b). Fur-
ther, the colored inverse pole figure (IPF) of an EBSD (electron
backscattered diffraction) mapping clearly illustrates that the
martensite islands exhibits a complex substructure with sub-
boundaries called packets, blocks and laths. As expected, they
are following the K-S orientation relationship with the prior
austenite grain [16]. Theoretically, 24 variants with six in each of
four packets should be formed inside one prior austenite grain.
However, in our case the martensite islands consist typically of

one or two packets—which is also common in DP steels [17].
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Figure 1: (a) Representative microstructure of DP steel etched by Nital solution, showing ferrite matrix (F) and martensite islands (M). (b) An IPF of a
martensite island, showing the subboundaries. The island is bordered by a black solid line for clarity.

Besides the microstructure, the chemical composition is
also characterized. Mn, Cr and Si are predominantly homoge-
neously distributed in both phases, as can be seen from APT
(atom probe tomography) measurements (Fig. 2) of an area
containing both martensite and ferrite. The chemical con-
tent of ferrite is 1.90 £ 0.14 at.% Mn, 0.74 +0.09 at.% Cr and
0.41 +0.08 at.% Si. Here, the error bar is defined as the stand-
ard error of the mean. Martensite has a comparable content
of the three elements, with 2.19+0.20 at.% Mn, 0.97 £ 0.04
at.% Cr and 0.54 +0.04 at.% Si. However, a large difference
exists for the carbon content. Carbon locates mainly in mar-
tensite with 3.77 £ 0.20 at.% while very scarcely in ferrite with
only 0.06 +0.03 at.% (see Fig. 2a, b). It tends to segregate at
defects like dislocations, subboundaries, in particular along
the phase boundary. No carbides formation is observed in
the martensite of this particular DP800, while it is clearly
noted that depending on manufacturer and process this can
change considerably.

Fracture properties

Figure 3 shows a representative microcantilever exhibiting
fracture of the martensite island and negligible deformation of
the softer ferrite. The force initially shows a linear (and elas-
tic) increase, pronounced plasticity and subsequently the force
decreases with displacement (Fig. 3a). The snapshots in Fig. 3¢
obtained from in situ SEM imaging are labeled in the load dis-
placement curve in Fig. 3a. The FIB-notch gradually grows to a
natural crack exhibiting extensive crack blunting (see Fig. 3¢.5).
Hence, the observed fracture behavior is stable with pronounced
ductility near the crack tip. This is consistent with macroscopic
observations of lath martensite fracture, which exhibits brittle
transgranular cleavage behavior only at low temperature, while it
shows a typical dimple ductile fractography at room temperature
[18-20]. Massive plastic deformation is evident, for instance by
slip trace aligned approximately 45° to the horizontal direction

near the crack tip.
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Figure 2: Chemical distribution of Mn, Si, Cr and Cin an APT tip containing a ferrite-martensite boundary. (a) Spatial distribution of four main elements
Mn, Cr, Siand C. (b) 1D concentration profile along the green cylinder in (a). Left side is ferrite and right side martensite.
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Figure3: (a) The representative force-displacement curve of a tested sample exhibiting crack growth. (b) The corresponding as-milled microcantilever.
(c) Snapshots showing the crack evolution corresponding to unloading states 1 to 5.
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Figure 4: (a) Representative force-displacement curve of a sample exhibiting negligible crack growth in martensite but pronounced ferrite plasticity.
(b) The as-milled microcantilever. (c) The snapshots showing the crack evolution corresponding to unloading states 1 to 5. The arrow in (4) and (5)
indicates massive plasticity far from the notch.
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Figure 5: (a) The measured crack evolution versus displacement; (b) a representative J-R curve corresponding to the sample in Fig. 3. It labels out two

approaches of determining the crack initiation toughness.

Figure6: Compare the influence
of polynomial fit degree on the
determined fracture toughness
value.

In some cases, the plastic deformation of the softer ferrite
cannot be neglected anymore. Then, the force-displacement
curve (Fig. 4) does not show a drop and the unloading stift-
ness generally remains constant. The notch-tip is blunting but
no crack extension is visible in the SEM. Also, a significant
amount of plasticity is observed in ferrite close to the clamping
end (Fig. 4c, arrow).

After carefully screening for ferrite plasticity we discard
25 out of 30 samples because of negligible crack growth but
extensive ferrite plasticity, i.e., only in 5 out of 30 cantilevers are
further analyzed to assess the fracture toughness of martensite.

The crack extension is measured from in situ snapshots and
plotted versus displacement (see Fig. 5a). The red points are the
measured crack length at the end of the unloading sequence.
The crack extension is fitted by a polynomial fit (black solid
line). The crack length remains almost constant to a displace-
ment of ~ 1 um, as indicated by the arrow in Fig. 5a. Based on
the load-displacement data and the crack extension curve, the
J-integral was obtained following Eqgs. (4)-(6) in “Experimental
procedure” section (see crack resistance curve in Fig. 5b).

The R-curve is used to extract the crack initiation tough-
ness J; (Fig. 5b)—which is, by definition, the transition point
from crack blunting to crack growth stage and known to be
less geometry dependent than the subsequent R-curve [21].

However, an unambiguous identification of the initiation

©The Author(s) 2021

800
__600
£
£
©
5400
L
£
—I: Degree 2
200 Degree 3
0
0.00 0.05 0.10 0.15

Crack Extension SEM [um]

toughness is in most cases not possible. Therefore, we addi-
tionally use Pippan’s transfer criterion of the 0.02 W blunt-
ing line offset to determine the crack initiation toughness as
Ji2o [22, 23]. This transfer criterion can further minimize
the influence of polynomial fit degree applied for the crack
length versus displacement (see Fig. 6). For instance, the J; 29
determined by 0.02 W transfer criterion equals 359 N/m for
a polynomial fit of degree 2 (used in analysis) and 361 N/m
for degree 3, respectively. By contrast, the J; through intersec-
tion of fitting line with initial crack length is affected much
more, comparing 147 N/m for polynomial fit of degree 2 and
114 N/m for degree 3.

We summarized all J-R curves of the five successfully
tested beams in Fig. 7. To a large extent, they coincide with
each other. In particular, the crack initiation seems to appear
at a similar value for all five cantilevers, and the curve deviates
during subsequent crack growth (see Fig. 7a, b). Finally, for
comparison, we converted the J-integral to the stress intensity
K using Eq. (1).
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Figure 7:

Table 1 summarizes all five beams including both geometri-
cal dimensions and fracture properties. Note that the a/W ratio
for our samples is mainly between 0.2and 0.3, smaller than
0.4-0.5 proposed in ASTM 1820. There are two reasons choos-
ing a smaller a/W ratio. First, due to the FIB milling technique,
a certain limited aspect ratio of milling depth to milling width
can be achieved. Already well before this maximum aspect ratio
one deviates from a sharp notch. We decided to sacrifice the a/ W
ratio in order to get sharp notches [15]. Second, the small mar-
tensite islands do not allow extensive crack. We try to keep the
initial notch small in order to see crack blunting and stable crack
growth. It is evident that the crack initiation toughness neither
by K; nor by Pippan’s transfer criterion varies significantly
among the five beams. During the remainder of this paper, if
not specifically pointed, we discuss and compare only K; ,,;, as
the discussion would be identically for K;. On average, the crack
initiation toughness of martensite island is J; ,,, =423 +22 J/m*
and K; ,5,=10.1+0.3 MPam'2.

Did we obtain a geometry-independent plane-strain
fracture toughness?

Within this work, we aimed for the fracture toughness of mar-
tensite as material property, i.e., as geometry-independent
plane-strain critical stress intensity factor K;.. Macroscopi-

cally, stringent requirements are listed both in E399 and in

Crack Extension SEM

(a) A comparison of J-R curves of five successfully tested samples and (b) a better visualization of (a) with shifted J-R curves.

E1820 [21, 24, 25] to ensure a plane-strain state. For instance,
a high-triaxiality region should be considerably larger than
the plastic zone size and the ductile tearing section at the two
beam edges. The former is mainly guaranteed by the beam
thickness, while the latter by beam width according to the
definition of our work. To assure plane-strain conditions, a
critical sample dimension Dgppy (EqQ. 2) needs to be present,
also for the micron scale [15, 26].

Dgprm = 10...50&, (2)

Oy

where ] is the critical J-integral for Mode I fracture and o, is the
yield strength of the tested material. If we consider the obtained
J-integral (423.0 +22.1 J/m?) and the yield strength of martensite
islands in our DP800 steel (2880 +49 MPa) [27], the critical
sample dimension Dyppy, ranges from 1.4t0 6.8 pum that sets the
lower limit of the sample thickness W and width B. As shown in
Table 1, this condition is not fulfilled. What is obtained here can
be rather considered as conditional fracture toughness for this
dimension. Unfortunately, due to the limited martensite island
size and the considerable large fracture toughness of martensite,
one cannot obtain a geometry-independent fracture toughness
under plane-strain conditions in this DP800 steel grade. Still,
the results obtained here could be used as an input parameter
for modeling damage initiation [28].

TABLE1: Summary of five

successfully tested beams, o w aw B L ww J K; Ji2% Kizs

Z‘ii‘ﬁggn&’s‘::ﬂzgzjorem;:g;ae'ﬁy‘ B 049 1.84 026 169 9 5 2335 75 4858 108
B2 0.51 2.30 0.22 1.59 9 4 2050 7.0 456.8 10.5
B3 0.43 1.86 0.23 1.00 12 6 122.6 5.4 405.9 9.9
B4 0.38 1.73 0.22 1.46 1 6 193.9 6.8 407.7 9.9
B5 0.50 1.47 0.33 1.64 10 6.8 147.4 6.0 358.6 9.3
Average 180 6.5 423 10.1
Standard error +20 +04 £22 +0.3

Unit of the geometry parameters a,, W, B, L is all um and of J is J/m? while of K is MPa m'/2,
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Comments on deviation of the crack resistance curve
during crack growth

Although the conditional fracture initiation toughness of five
beams is consistent with one another, the crack resistance curves
deviate with further crack extension. One possible explanation
could be the slightly different a/W ratio of the investigated can-
tilevers. The top most curve in Fig. 7a was measured on the
cantilever with a high a/W ratio, in other words, shorter left
ligament. While the crack initiation is less influenced by the
ligament length, the crack resistance curve depends strongly
on initial crack depth at macroscopic investigations [29, 30].
However, this trend was recently not observed at the micrometer
length scale [15], where shorter ligaments lead to higher crack
resistance.

Hence, the more likely explanation of the strong variation in
crack resistance curve is the strong variation of microstructure
in the 5 tested beams: Neither the number of probed variants
nor the orientation of the martensite island is identical for all the
samples. While the influence of the local microstructure seems
to be negligible for crack initiation, crack growth is obviously
significantly influenced by the hierarchical microstructure of
the martensite.

Another factor that might lead to the deviation of crack
growth resistance curve is the roughness of the crack front due
to the heterogenous microstructure in the martensite island, as
shown in Fig. 8. The data were obtained by FIB serial section-
ing of the tested cantilever. In Fig. 8, the crack length exhibits a
minimum length of 717 nm and a maximum length of 974 nm.
In the in situ SEM micrographs, the crack length was measured
at the front face of the cantilevers and is 840 nm. It is expected
and well-known from the literature [15] that the variation of the
crack length at crack initiation is smaller compared to the region

showing pronounced crack growth (Fig. 8). Hence, the crack
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front roughness has a larger influence on the R-curve behavior

than on the crack initiation toughness value.

Comparison with other Fe-based materials

The obtained fracture toughness of DP800 martensite islands
is substantially lower than that of tested bulk martensite (can
reach dozens of MPa m'/?) which has a similar carbon content
but much larger substructure size [20, 31].

Recently, the toughness of different steels at the micron scale
including white etching layers—which might be similar to mar-
tensite in terms of carbon supersaturation, but not in terms of
microstructure—was correlated with the hardness via an empiri-
cal equation K = %, where HV is the Vickers hardness [23].
The Vickers hardness of martensite was statistically reported
following Hy = 0.4(oy — 100) [32]. In this empirical way, the
estimated fracture toughness K, is 8.8-9.2 MPa m'”?, which is
close to our experimental results of 10.1 +0.3 MPa m'2. Hence,
the martensite in DP800 follows the expected trend for steels.

Unraveling the reason for the observed toughness is more
complicated and only a brief speculation is presented here. The
carbon content of martensite and its distribution plays a criti-
cal role in the fracture toughness of Fe-based alloys [33, 34].
Supersaturated carbon has an adverse effect on fracture tough-
ness, such as in severely deformed pearlite. The lamellar shape
cementite in pearlitic steels is dissolved into the ferrite matrix
upon severe plastic deformation (e.g., wire drawing), reducing
strain hardening ability of soft ferrite. This partly results in an
inferior fracture toughness [33, 34]. The nominal carbon con-
tent in our material (0.13 wt%) is much lower than that in the
pearlitic rail steel (0.72 wt%) where WELs are formed [23, 35].
However, in our case almost the entire carbon is present in the
martensite (see Fig. 2) with an average amount similar to carbon
content of 3 at.% present in WELs [35]. Besides, both show a

(a)

(b)
Tum |
W

Tum

Figure 8: Crack propagation across the cantilever measured via serial sectioning (left). Corresponding SEM images as marked in the graph (a-d). The
error bar is given based on ten times’ measurement of one crack in depth direction and in width’s direction. They have a standard error of the mean in

the order 10 nm and 20 nm, respectively.
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heterogeneous distribution of carbon segregating at defects like
dislocations and boundaries. No obvious carbides are formed in
both cases, which are believed to play a critical role in microc-
rack or microvoid initiation and deteriorate fracture toughness
[18]. Hence, carbon should not be the key reason inducing more
brittleness of martensite islands compared with WELs.

Another important factor is the grain size of the two micro-
structures. For lath martensite, containing abundant substruc-
tures as in our case, block boundaries act as the most efficient
obstacles for dislocation motion [36, 37]. The block size is in
the order of 100 nm in our sample, substantially finer than the
one in the literature [20, 35], which strongly impedes disloca-
tion motion in martensite islands and deteriorates ductility. In
addition, grains of martensite in WELSs exhibit almost equiaxed
morphology, while martensite islands in dual-phase steels have
a hierarchical structure with lath, blocks and packets arranging
themselves complying with orientation of the prior austenite
grain. This kind of structural ordering might be very detrimental
for toughness. A significantly lower fracture toughness (5 MPa
m"2) of nanostructured pearlitic steels was reported when the
loading direction is in parallel with lamellar microstructures. By
contrast, under a perpendicular loading, fracture toughness up
to 40 MPa m"/? was found [38].

Damage initiation at martensite islands in DP steels

The low toughness of martensite islands, as quantitatively proven
by the micro cantilever bending test, is responsible for the crack
initiation in martensite. This was also shown by in situ mac-
roscopic tensile testing on the same DP steel combined with
machine learning to statistically identify the main damage initia-
tion sites [5]. Martensite cracking at lower strain was also found
by Calcagnotto et al. [3], where a coarse-grained DP steel grade
showed cleavage fractography.

Based on the measured initiation fracture toughness value,
we can estimate the critical defect size for crack initiation
according to Eq. (3) [21].

Ki = Y/ agitcal0y- 3)

Here, Y is dimensionless geometrical factor, varying with
different geometries and o, is the yield strength 2880 MPa.
Assuming that we have a penny shape crack with Y as 2/71’ the
estimated critical defect size is approximate 4 pm. Note that
for a more conservative value, we take the smaller K; instead
of K2y to calculate. As the critical defect size is larger than the
mean martensite island size, it is suggested that most isolated
martensite islands would rather deform plastically than initiate
a crack. However, large martensite islands or a banded mar-
tensite structure are sufficiently large to show crack initiation.
This observation is in agreement with [39, 40], showing that
crack initiation is preferably found at martensite bands or closely

©The Author(s) 2021

agglomerating martensite regions. Having said that, it is clear
that a damage tolerance of DP steels can only be obtained by

avoiding a banded microstructure.

We investigated the fracture behavior of martensite islands in
DP800 steel and can conclude the following:

e  Our martensite islands have a hierarchical substructure.
Most of the carbon is located at substructure boundaries.

® Due to the small martensite, we often provoke plastic
deformation of surrounding ferrite, which renders the
measurement of crack initiation and growth challenging.
Only 5 out of 30 samples showed negligible plasticity in
ferrite.

® The martensite islands in our DP800 steel are semi-brittle,
possessing a conditional fracture initiation toughness
J2s=423+22 J/m” and K; ,,,=10.1 £0.3 MPa m"2.

e The estimated critical defect size shows that damage initia-
tion can happen either in very large martensite islands or

in agglomerated or even banded martensite.

Metallography preparation

The material used in this work is a dual-phase steel DP800 with
an ultimate tensile strength 800 MPa, which is a low-carbon
steel with a few alloying elements. The chemical composition is
Fe-0.13C-1.69Mn-0.19Si-0.72Cr (in wt%). The initial sheet was
first cut into 8 x 5 x 1.5 mm?® sized pieces. The 5 x 1.5 mm? sized
cross section was grinded and polished by oxide polishing sus-
pension (OPS), to prepare for the consequent microcantilever
production by FIB milling, APT and EBSD. In order to reduce
the FIB milling time, we targeted martensite islands which were
located at the very edge of a polished surface. This required the
preparation of another surface until 4000#, aiming at minimiz-
ing the roughness at the sample edge. Besides, for microstruc-
tural investigations one additional sample was polished and

subsequently etched by 1% Nital solution for 5 s.

APT analysis

APT measurements were conducted to assess the elemental
distribution in the martensite islands—particularly the C con-
centration and location—and further assist in understanding
the fracture behavior. The targeted feature was lifted out onto a
silicon coupon and sharpened through FIB milling (FEI Helios
NanoLab 600TM) until a needle-like sharp tip was obtained.
Besides, the tip was cleaned with 5 kV and a current of 15 pA

to minimize the contamination of Ga* ions. Consecutively,
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the sharpened tip was excited atom by atom on a CAMECA
instrument LEAP™ 5000XR using the voltage mode. The opera-
tion parameters were set as follows: the base temperature was
60 K, the detection rate 0.5%, pulse fraction 20% and pulse rate
250 kHz. Finally, a reconstruction of a three-dimensional sample

tip was performed with the software package IVAS®.

Microcantilever production and bending test

The microcantilevers were produced using a Zeiss Auriga® Dual
beam FIB, for which the targeted feature (the martensite island)
needs to be located. From the top view of the sample edge, it
can be identified through topographical contrast caused by light
etching effect of OPS polishing under secondary electron detec-
tor (SE). Consecutively, a small area was FIB cut carefully using
a fine current (120 pA) at the boundary of a presumably large
martensite island (as imaged at the surface) to determine the
three-dimensional size of the island. Only martensite islands
larger than 1 pm in depth are further milled by FIB. Subsequent
coarse (16 nA), intermediate (2 nA) and fine milling (240 pA)
steps at 30 keV ion energy were used to finish the cantilever
shape as shown in Fig. 9a. Finally, a through thickness notch
was milled using a current of 15 pA.

Two aspects motivate the specific geometry compared to
standard cantilever beam geometry: One is the very limited
martensite island size. The other is to prevent plastic deforma-
tion in the remarkably softer ferrite (compare 2880 £49 MPa
compressive yield strength for martensite and 147 + 6 MPa CRSS

(a)

for ferrite [27]). This is required to link the force-displacement
curve directly to processes during crack initiation and growth
at the harder martensite without being obstructed by ferrite
plasticity.

The neck area ensures, to the largest extent, a full martensite
microstructure in the highly stressed gauge section, while the
ferrite suffers considerable low stresses due to the increased sam-
ple thickness. In Fig. 9a, M denotes martensite while F ferrite. L
is the length of the beam, from the notch to the loading point. W
is the thickness, a, the initial crack length and B the cantilever
width. The aspect ratios are kept constant at W:B:a,:L =1:1:0.2:5
with a nominal cantilever width of B=1 um.

The in situ fracture tests were performed in a Zeiss Gem-
ini 500 field emission scanning electron microscope (SEM)
equipped with a Hysitron indenter system. A wedge-shaped
indenter is used to ensure a line-contact. It is made of tungsten
carbide. We have conducted the bending test in a displacement-
controlled mode with a displacement rate of 5 nm/s. Loading
and unloading segments were applied for the convenience of
measuring crack growth through SEM snapshots, for which
the stage tilt angle was always corrected. The snapshots during
unloading segments were used to measure the crack length a
according to the definition provided schematically in Fig. 9b.

Analysis of fracture toughness

We apply EPFM to analyze the fracture toughness of mar-
tensite islands, because we expect a plastic zone size in the

Indenter

Martensite
island

F+M

(b)

Figure9: (a) Schematic of the cantilever geometry used in the bending testing; (b) definition and measurement of crack length.
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order of 3 um following Irwin’s model and considering a refer-
ence fracture toughness of white etching layer with martensite
structure [21, 23, 26]. Hence, both the elastic and plastic con-

tributions are taken into account (see Eq. (4) [25]):

(Kiow)*(1=v?)  ndpo @
E B(W —ag)’

Jiy =

where J(;) is the J-integral of the cracked specimen upon the ith
loading sequence that comprises the elastic energy and the dis-
sipated plastic energy. Kiq; is the conditional stress intensity
factor calculated based on the linear elastic fracture as expressed
by Eq. (5):

Fowl ./ a
o = E20%7(2) ;
Qv = Zwi’ (5)
Fqiis the ith loading force and L, B, W are the geometri-
cal dimensions of the tested samples as clarified in “Microcan-
tilever production and bending test” section. Besides, f (1)
represents the dimensionless geometrical factor with an

expression in Eq. (6) [11]:

f(i) — 146+ 24.36(1) — 4721 (i>2 + 75.18<i>3.
w w w w
(6)
In the plastic part, 7 is a constant normally taken as 2.
Apl() is the area underneath the load versus displacement
curve until the ith loading, representing the integrated plastic
work. Details can be found in [25].
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