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Abstract Ductile rupture of 13% Cr-4% Ni marten-
sitic stainless steels was examined during tension test-
ing in order to better understand the role of second
phase particles in thesematerials. SEM fracture surface
examinations revealed that micro-voids were initiated
from inclusions, and these inclusions were character-
ized from metallographic polished sections. Effect of
stress triaxiality on the growth and impingement of the
micro-voids were examined using a modified model of
Rice and Tracey. In the case of the cast and wrought
versions, the true fracture strains predicted for the mea-
sured stress triaxiality values were in a good agreement
with the measured ones. For the weld metals, only the
contribution of the micro-void growth cannot explain
the experimental results, and it shows that the matrix
properties such as austenite content and hardness of
martensite play a significant contribution. The magni-
tude of the final stress triaxiality ratio measured after
rupture was also related to the inclusion characteristics.
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1 Introduction

13%Cr-4%Nimartensitic stainless steels possess high
mechanical properties in terms of strength and tough-
ness used to manufacture of hydraulic turbine run-
ners (Amrei et al. 2016; Bilmes et al. 2000; Das et al.
2008; Thibault et al. 2009, 2010, 2011; Trudel et al.
2014). These hydroelectric runner components are usu-
ally assembled using flux-cored arc welding (FCAW)
process. This is a high-quality welding process; how-
ever, the existence of defects such as inclusions or small
cracks in a welded structure is inevitable, which can
result in crack propagation during service. The unstable
crack propagation of these alloys have been reported to
always take place in a ductile manner, except the ones
occurring at very low temperatures (− 75 ◦C or lower)
(Foroozmehr et al. 2017). A way to better understand
and predict the deformation behavior before rupture of
this category of stainless steels is to correlate metallo-
graphic examination with their mechanical behavior.

Ductile rupture happens by nucleation and growth,
and finally coalescence of micro-voids (Gurland and
Plateau 1963; Pineau 2008). The mechanism involved
is entitled “micro-void coalescence (MVC)”. Second
phase particles and inclusions are the principal source
ofmicro-void nucleation (Anderson 2005). The growth
of micro-voids is known to absorb the major part of the
energy in ductile rupture (Campbell 2012). However,
if only a small number of nucleation sites are available,
important micro-voids growth will take place. If, on
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the other hand, it occurs in large numbers, a premature
coalescence will take place and the growth stage could
be neglected (Broek 1971). Accordingly, the growth
stage depends on themicro-void initiation sites density,
and it can be said that ductile rupture is controlled by
the nucleation ofmicro-voids (Broek 1971). In addition
to the surface density of inclusions, the size, spacing,
and volume fraction of these non-metallic particles is of
great importance in ductile rupture (Foroozmehr et al.
2017).

Effects of the microstructural features, and espe-
cially the inclusion characteristics, on fracture of
some steel alloys during ductile rupture were exten-
sively examined in (Choudhary and Garrison 2010;
Foroozmehr et al. 2017; Garrison 2007; Maloney and
Garrison 2005; Maropoulos et al. 2004). It was shown
that the non-metallic inclusions play the major role at
the onset of rupture, and both the elongation at fracture
or true fracture strain (εr) and the fracture toughness
increase by increasing the spacing of inclusions. The
size of inclusions is also of great importance as the
larger is the inclusion size, the lower is the required
nucleation stress and strain. In addition, the nature of
the inclusions plays a role, as inclusions more resis-
tant against rupture, and against micro-void forma-
tion result in higher fracture toughness. In addition,
the austenite in 13% Cr-4% Ni martensitic stainless
steels ismechanically unstable, improving themechan-
ical properties. This mechanically unstable austenite
transforms into martensite under loading, increasing
significantly the ductility (Bilmes et al. 2001; Folkhard
andRabensteiner 1988; Lippold andKotecki 2005; Qiu
et al. 2013). Zhang et al. (2015) showed that in 13%Cr-
4% Ni martensitic stainless steels this transformation-
induced plasticity (TRIP) effect continues until final
rupture. Due to the volumetric expansion occurring
during martensite formation, some compressive strains
are produced, and may decelerate the nucleation and
growth of micro-voids.

The growth of an isolated void with a cylindrical
shape in a perfectly plastic matrix was modeled by
McClintock (1968). Considering the growth of a spher-
ical single void Rice and Tracey (1969) proposed a
more realistic model still based on a perfectly plastic
matrix:
dR

R
= 0.283 exp

(
3

2

σm

σy

)
dεp (1)

where R is the void radius, σm is the mean stress, σy is
the yield stress of the material, and dεp is the increment

of equivalent plastic strain. Escatha and Devaux (1979)
modified themodel by replacing the yield stress (σy) by
the vonMises equivalent stress (σeq). The ratio σm/σeq
in the equation being equal to the stress triaxiality factor
ST,Huang (1991)modified the growth rate of the single
voidwith respect to the stress triaxiality (ST) as follows:
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and
dR

R
= 0.427 exp

(
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)
dεp for ST � 1 (3)

This model proposes an exponential relationship
between the growth rate of the void and the stress triax-
iality. In fact, thematerial in the necked region is highly
stressed and should contract, while being surrounded
by lower stressed material (Anderson 2005; Dieter
1986; Hertzberg 1996). This resistance of the mate-
rial against contraction is called “constraint” (Brocks
and Schmitt 1995), resulting to a triaxial stress state
by producing radial and transversal stresses (Anderson
2005; Dieter 1986; Hertzberg 1996).

Using such an approach, the main purpose of this
study is to examine the fracture behavior of 13%
Cr-4% Ni martensitic stainless steels, focusing on
the microstructural features and the stress triaxiality.
Accordingly, the modified Rice and Tracey model by
Huang is used. After a brief presentation of the mate-
rials (chemical composition and heat treatment), the
experimental procedures used in this study is pre-
sented. Metallographic examinations including inclu-
sion characterization analyses, tension tests, fracto-
graphic examinations, and XRD analyses are used to
document the inclusion characteristics, the actual frac-
ture surfaces of broken tension samples, and the austen-
ite contents of the materials. The stress triaxialities
calculated from the geometry of the necking region,
are used to calculate the equivalent fracture strains (ε)
based on the inclusion characteristics measured on the
metallographic polished sections and the radius mea-
surements made on the fracture surfaces. The results
are then compared with the experimental data.

2 Materials and experimental procedures

Three different 13% Cr-4% Ni alloys were studied:
one cast (CA6NM), one wrought (415), and one weld
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metal (410NiMo), as provided in (Table 1). The expres-
sion “base metals” will be used to refer both CA6NM
and 415 steels in order to differentiate these materials
from the deposited weld metal. The base metals were
tested in the tempered condition. The cast steel was
austenitized at 1050 ◦C and tempered at 610 ◦C; the
wrought one was austenitized at 1000 ◦C and tempered
at 600 ◦C. Both steels were quenched in air. The weld
metal block was deposited by flux-cored arc welding
process (FCAW), and was tested in both, as-welded
and heat-treated conditions (600 ◦C for 2 h). As seen
in Table 1, the studied materials had similar chemical
compositions, and were in the category of 13% Cr-4%
Ni martensitic stainless steels.

Metallographic sections of the base and weld met-
als were polished to a mirror appearance using sand
papers and diamond suspensions. The mirror polished
surfaces were then examined by optical microscopy
to study the defects such as porosity and inclusions
existed in the microstructure of the tested materials.
Five optical micrographs were taken randomly from
all over the polished surfaces of each of the materials.
In comparison to the base metals for which a low-level
50× magnification was used, a much larger magnifi-
cation of 500× was needed for the characterization of
the weld metal due to the small size of the inclusions.
As a result, the examined surface was much smaller in
the case of the weld metal; a total surface of 14mm2

versus 0.15mm2 was examined, respectively. Themea-
sured area fraction of inclusionswere converted into the
volume fraction of inclusions since the area fraction of
the phase of interest measured on a section is equal
to its volume fraction (ASM-Handbook 2004). In this
study, the inclusion volume fractions were measured
using an automatic image analyzer software (ImageJ)
(ASM-Handbook 2004).

The surface densities of defects (NA)weremeasured
for each image, and then reported for a square centime-
ter. The equivalent circle radii of the measured defects
were calculated and an average value was reported as
the initial defect radius (R0) for each of the materi-
als. The defect spacing was calculated by the equation
S = 1.78R0(Vv)

−1/3, where Vv is the defect volume
fraction, R0 = (π/4)H(R), and H(R) is the harmonic
mean of the measured defects radii (Garrison 2007).

To reveal the microstructures, the mirror polished
surfaceswere then etched usingmodifiedFry’s solution
(150 mL distilled water, 1 g CuCl2, 50mL HNO3, and

50 mL HCL) in a similar way reported in (Foroozmehr
et al. 2017; Thibault et al. 2011).

Three tension tests per material/condition were car-
ried out in accordance with ASTM E8/E8M (ASTM-
International 2009) using a strain rate of 2.5×10−4s−1

at room temperature. The area section of the samples
was about 20mm2 as smooth round bar specimenswith
a diameter of 5 mm were used. Up to necking, the
stress triaxiality (ST) is equal to 1/3 at the center of
a round bar tension specimen. At the onset of necking,
the stress triaxiality (ST) increases continuously due to
the increasing of the constraint (François et al. 2012).
The stress triaxiality was calculated at the center of the
necked region from the broken tension samples using
Bridgman’s relation (Bridgman 1952):

ST = 1

3
+ ln

(
1 + r0

2R

)
(4)

where r0 is the radius of the necked region and R is the
radius of curvature of necking at the moment of final
rupture. These parameters were measured precisely on
the images taken from the necked regions of the broken
samples, using an image analyzer software “Image J”.

The metallographic polished sections as well as the
fracture surfaces were examined by scanning electron
microscopy (SEM). At least 155 SEM micrographs
were examined for each of the base and theweldmetals.
Inclusion radii were measured on the fracture surfaces
of the tested materials. As automatic measurements
were not possible in this case, inclusions were mea-
sured one by one manually using high magnifications
to perform precise measurements. Note that the size
of broken inclusions was ignored and only the intact
ones were only considered for fracture surface mea-
surements, introducing eventually an artifact. There-
fore, in the condition in which a considerable number
of large inclusions had been already fractured upon rup-
ture, it is expected that the inclusion radius measured
on the fracture surface is smaller than the actual ones.

As these materials can have austenite after tem-
pering, the contents of this phase were measured by
X-ray diffraction (XRD) using the Rietveld method
(Young 1993). A Bruker D8 Advance diffractometer
equipped with a copper tube and a nickel filter was
used. Diffraction patterns were obtained in the range
40◦ < 2θ < 140◦ with a step size of 0.05◦ (Thibault
et al. 2011). The samples were cut by an automatic cut-
off machine using 0.5 mm thick saw blades with a cut
speed of 0.05 mm/s to minimize austenite transforma-
tion to martensite during the cutting process. Cut sur-
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Table 1 Chemical compositions of the tested materials (wt%)

Designation Cr Ni Mo C Mn P S Si

CA6NM steel 12.79 3.49 0.55 0.016 0.50 0.019 0.007 0.26

415 steel 13.021 3.91 0.56 0.028 0.73 0.022 0.002 0.34

410NiMo weld metal 12.1 4.67 0.61 0.027 0.04 0.01 0.0093 0.48

Measurementswere performed using inductively coupled plasma-emission atomic spectrometry (C and Sweremeasured by combustion)

faces were ground by 1200 grit sand papers and etched
in a 30% HCl + 30%HNO3 + 40%H2O solution for
10 min, then etched in HCl for 30 s. Three samples
were prepared from each material to measure the ini-
tial austenite content.

3 Results

3.1 Inclusion characteristics

Examples of the analyzed optical micrographs taken
from the metallographic polished sections of the stud-
ied materials are shown in Fig. 1a–c. The observed
surfaces are perpendicular to the tension axis for the
wrought steel (415) and the weld metal (410NiMo).
The metallographic and tension samples were taken
randomly in the case of the cast steel (CA6NM),
whereas for the weld metal the tension direction was
perpendicular to the welding direction. The measured
particles were inclusions in all the three micrographs
as verified by SEM. The lowest possible magnification
was used for the base and weld metals in order to char-
acterize the largest inclusions in each of the materials
since the largest inclusions play the major role in duc-
tile rupture.

The inclusion characteristics (surface density NA,
volume fraction Vv, radius R0, and half of spacing
S/2 of inclusions) of the base and weld metals mea-
sured from the optical micrographs are compiled in
Table 2. Inclusionswere not of similar size ranges in the
microstructure of the base metals, and both very small
and very large inclusions were found in the microstruc-
tures of CA6NM and 415 steels. In other words, no
single normal distributions were found for these mate-
rials. On the contrary, the standard deviations of the
half of inclusion spacing S/2 values are low for each of
the tested materials, showing that the inclusion spac-
ing is normally distributed in each case. The effect
of inclusions of different size ranges were considered

to shed light on the ductile fracture of the base met-
als. To this purpose, the average size of the small and
large inclusions was reported and the median radius
(R0median) was used as a discriminating parameter. In
the case of CA6NM steel, the median radius was equal
to 3.73μm, and for 415 steel it was of 2.73μm. Note
that the average value of the inclusions smaller or equal
to the R0median will be referred as R0S, and that of the
ones larger than R0median as R0L, in this study. On the
other hand, the distribution of inclusions in the weld
metal could be fit with a normal distribution and the
mean inclusion radius is a good representative for all
inclusions in this case.

Even of the significant error intervals, the character-
istics of the cast material show systematically higher
values than 415, except for inclusion spacing, forwhich
equal values were obtained. Inclusions are at least five
times smaller in the weld metal than those in the base
metals. Similarly, the spacing of inclusions is at least
19 times smaller in the weldmetal resulting in a surface
density of all inclusions (NA) about 800 times higher
than in the base metals. The inclusion volume fraction
(Vv) was also more than 5 times higher.

Inclusion size distributions of the metallographic
polished sections are shown Fig. 2. In the case of the
weld metal (410NiMo), almost all inclusions (more
than 98%) measured on the metallographic polished
sections are smaller than one micrometer in radius and
the inclusion sizes cannot be ranked in a meaningful
way. However, for the base metals (CA6NM and 415)
it can be said that the median radius R0median classifies
the results in two major size ranges i.e., R0S and R0L

(as described in Table 2).
The microstructures of the tested materials are

shown in Fig. 3a–e. The microstructures are mostly
composed of lath martensite, but the stringers of delta
ferrite can also be found in the microstructure of
CA6NM and the weld metals for both as-welded and
heat-treated conditions. The presence of delta ferrite
is due to the concentration of some ferrite-promoting
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Fig. 1 Examples of processed images analyzed by automatic quantitative metallography: a CA6NM steel, b 415 steel, and c 410NiMo
weld metal. The numbered circles are detected inclusions whose surfaces were measured on mirror polished surfaces

Table 2 Inclusion characteristics measured on the metallographic polished sections

Material Measured inclusions NA (No./cm2) Vv (%) Mean R0 (μm) Mean S/2 (μm)

CA6NM steel R0 (all) 1627 ± 368 0.22 ± 0.12 4.99 ± 4.31 18.53 ± 2.86

Ra
0S 873 ± 232 0.02 ± 0.01 2.63 ± 0.79 28.27 ± 2.50

Ra
0L 754 ± 176 0.20 ± 0.11 7.73 ± 5.05 35.88 ± 3.35

415 steel R0 (all) 1211 ± 242 0.09 ± 0.02 3.59 ± 3.21 18.02 ± 1.84

Rb
0S 695 ± 208 0.01 ± 0 1.91 ± 0.52 28.78 ± 3.06

Rb
0L 516 ± 180 0.08 ± 0.02 5.69 ± 3.96 35.02 ± 2.22

410NiMo weld metal R0 (all) (1.29 ± 0.25) × 106 1.10 ± 0.14 0.38 ± 0.24 0.94 ± 0.05

R0S represents R0 ≤ R0median; R0L represents R0 > R0median
a R0median is equal to 3.73μm for CA6NM steel
b R0median is equal to 2.73μm for 415 steel
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Fig. 2 Inclusion size distributions measured on metallographic
polished sections

elements (especially Cr) as reported in (Folkhard and
Rabensteiner 1988; Lippold and Kotecki 2005). The
stringers of delta ferrite are shown by the black arrows
in the microstructure of CA6NM (Fig. 3a) and in that
of as-welded material (Fig. 3d). In the case of the
weld metal, the stringers of delta ferrite are narrow and
trapped in the former Widmanstätten austenite bound-
aries. This type of the delta ferrite is typical of such
welded microstructures as reported in (Carrouge 2002)
and (Amrei et al. 2016). Very fine inclusions in black
closely dispersed in the microstructure are also seen.
The microstructure of the tempered martensite shown
in Fig. 3e displays a stronger contrast than that of
freshmartensite (Fig. 3c). The austenite islets cannot be
observed in these micrographs, requiring much higher
magnifications. It is the concentration of austenite-
promoting elements (especially Ni) in austenite during
intercritical heat treatment that stabilizes this phase at
room temperature (Folkhard and Rabensteiner 1988;
Lippold and Kotecki 2005).

3.2 Ductile rupture

3.2.1 Measured deformations during tension testing

The engineering stress–strain curves of the testedmate-
rials were converted to the true ones until the onset of
necking, as shown in Fig. 4. The yield (σy) and ulti-
mate tension strengths (σUTS), true strain before neck-
ing (εbn), the true fracture strain (εr), the fracture strain

after necking (εn) (which is the difference of εr minus
εbn), and the austenite contents (γ0) of the tested mate-
rials are provided in Table 3. The εbn, εr, and εn values
were calculated using the following equations (Dieter
1986):

εbn = ln (1 + e) (5)

where “e” is the engineering strain, and:

εr = 2 ln

(
D0

D

)
(6)

where D is the final radius, and D0 is the initial radius
of the tension specimen, and:

εn = εr − εbn (7)

As provided in Table 3, the weld metals undergo
higher yield and ultimate tension strengths than the
basemetals, but experience lower ductility.On the other
hand, theCA6NMsteel is the least resistant, but reaches
high rupture strain. The heat-treatment at 600 ◦C for 2 h
has improved the εn deformation, maintaining approxi-
mately the same yield strength (the difference between
the yield strength of these two metallurgical states is
only about 2%). For both base metals similar amounts
of deformation took place before necking (εbn). The
heat-treated weld metal underwent 75% higher defor-
mation before necking than the as-welded one. In the
case of the true fracture strains (εr), 415 steel underwent
the largest one. Its εr deformation was 23% higher than
the CA6NM steel, and 38% higher than the weld met-
als.

As the base metals underwent equal εbn deforma-
tions (Table 3), it can be said that differences in the εr
and εn deformations between CA6NM and 415 steels
aremainly due to their damaging process after necking,
i.e., their different inclusion characteristics (Tables 2
and 4). On the other hand, the differences between the
as-welded and heat-treated weld metals can be related
to their differences in termofmartensite and the austen-
ite contents since they have similar inclusion character-
istics. Therefore, the softer tempered martensite of the
heat-treated material together with four times higher
austenite content introducing TRIP effect resulted in
higher εbn and εr values.

3.2.2 Fracture surfaces

Fracture surface examinations using SEM showed that
fracture occurred by themechanism ofmicro-void coa-
lescence (MVC) for all metals, but the contribution of
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Fig. 3 Optical
Microstructures of the
tested materials: a CA6NM,
b 415, c 410NiMo-AW, d
enlargement of the outlined
area by the black rectangle
in c, and e 410NiMo-HT.
The black notched arrows in
a and d show the stringers
of delta ferrite. In b, RD and
TD represent the Rolling
Direction and Transverse
Direction, respectively

inclusions to rupture was significantly different from
one metal to the next. Large inclusions were found
in large number on the fracture surfaces of CA6NM
steel, while small ones were reported for 415 steel. On
the other hand, almost all inclusions observed on the
fracture surfaces of the weld material, both as-welded
and heat-treated conditions, were of the same size and
the occurrence of larger inclusions was negligible. The
nature of inclusions were also examined using Energy
Dispersive X-ray (EDX) spectroscopy as reported in
the previous work (Foroozmehr et al. 2017). In addi-
tion, it should be noted that no evidence of the presence

of delta ferrite or large chromium carbides that may be
formed in this phase (Schäfer 1998) were found on the
fracture surfaces. Therefore, it can be concluded that
the trace of delta ferrite does not affect the fracture of
these alloys.

Typical examples of fracture surfaces are shown in
Fig. 5. Large inclusions of more than 5μm in radius
are indicated by black arrows in the CA6NM fracture
surface in Fig. 5a. In addition, numerous inclusions
were found broken in the fracture surface of CA6NM
steel. These large/broken inclusions are the basis of pre-
mature micro-void formations since lower strains are
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Fig. 4 Typical σ-ε curves of the testedmaterials. Only one curve
per material is shown; however, three tests were performed on
each material

needed than those required from smaller/intact inclu-
sions to initiate micro-voids (Anderson 2005; Cox and
Low 1974; Gurland and Plateau 1963). As shown by
the outline filled black ellipse in Fig. 5a, premature
micro-voids led to the formation of very large dim-
ples (a final radius up to 55μm at the moment of rup-
ture). An example of a large dimple formed by a large
fractured inclusion on CA6NM fracture surface is dis-
played in Fig. 5b.

In the case of 415 steel, the fracture appearance looks
more complicated than that of CA6NM steel. As seen
in Fig. 5c, the fracture surface is rougher and many
small voids are found. Fig. 5d is a higher magnification
micrograph of the black rectangle shown in Fig. 5c,
showing some of the initially nucleated micro-voids by
the black arrows. The very small voids found in this fig-
ure are making angles of about 40◦ with loading axis
(shown by the black arrows) and correspond to what
was called “void sheets” (Benzerga and Leblond 2010;
Cox and Low 1974; Rogers 1960). The formation of
these void sheets results in a considerable number of
secondary cracks. If at the early stage of neckingmicro-
voids are initiated on larger inclusions as lower defor-
mations are required, the final rupture is controlled by
void sheeting between these large micro-voids. They
form when the constraint reaches a critical value in
shear bands. These initial micro-voids are similar to
the ones formed in CA6NM; however, the growth of
the micro-voids is interrupted by the formation of the
void sheets in this case as there are only few available
micro-void nucleation sites of this type in the mate-

rial. In addition, the nucleation sites of the micro-voids
are also different in CA6NM and 415 steels as micro-
voids were formed on small/intact inclusions in 415.
Therefore, since there are not enough inclusions to ini-
tiate micro-voids homogeneously in the material, void
sheets are formed at high stress/strain levels as the con-
straint get increased by necking. Themean radius of the
initially nucleated micro-voids at the moment of void
sheeting Rvs is equal to 6.36μm ± 2.03μm for 35
micro-voids on 415 steel fracture surfaces. As the den-
sity of micro-voids varies from one location to another,
secondary cracks are generated to connect the region
with higher density of formedmicro-voids, completing
the final coalescence.

On the other hand, in the as-welded material
(410NiMo-AW) the inclusions and the corresponded
dimples are approximately of similar sizes as can be
seen in Fig. 5e. Some inclusions are shown by the black
arrows in this micrograph. The fracture appearance of
the heat-treated material was very similar as that of the
as-welded one.

Table 4 provides the mean value of the inclusion
radius measured from the fracture surfaces of each
of the tested materials. In the case of the base met-
als, relatively large standard deviations show that the
inclusion sizes measured on fracture surfaces cannot
be properly described by normal distributions. How-
ever, comparing these average values with inclusion
sizesmeasured on themetallographic polished sections
(Table 2) can adequately demonstrate the microme-
chanical processes involved in each case: the inclusions
larger than the median radius R0median initiate micro-
voids in CA6NM, while this is the case of smaller ones
in 415 steel. Inclusions found on the fracture surfaces
are at least four times larger for the base metals com-
pared to the weld metals. In addition, the mean inclu-
sion radius of CA6NM steel was about 3.5 times larger
than that of 415 steel. Inclusions had a similar size for
both as-welded and heat-treated materials. The stress
triaxialities at the center of the necked regionmeasured
from broken tension samples (using Eq. (4)) was also
added to this table. The stress triaxialities were higher
for the base metals.

In order to shed light on the inclusion contribution
to rupture, the inclusion radius measured after rup-
ture R′

0 (Table 4) is compared with the ones measured
on the metallographic polished section of the material
(Table 2). In the case of CA6NM steel, the R′

0 is close
to the R0L (Table 2) indicating that large inclusions
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Table 3 Tension properties as well as austenite contents of the tested materials

Designation σy (MPa) σUTS (MPa) εabn εr εn γ0 (%)b

CA6NM steel 575 ± 13.2 769 ± 7.4 0.09 0.99 ± 0.11 0.90 19.1 ± 6.4

415 steel 725 ± 0 843 ± 3.7 0.09 1.22 ± 0.06 1.13 19.5 ± 2.2

410NiMo-AW 783 ± 5.8 1007 ± 10.3 0.04 0.64 ± 0.04 0.60 2.4 ± 1.0

410NiMo-HT 765 ± 5 895 ± 4 0.07 0.75 ± 0.08 0.68 10.0 ± 0.6

aEqual εbn deformations were obtained for each of the tests performed on each material.
bAustenite percentages

Fig. 5 Examples of SEM
micrograph of the tested
materials: CA6NM at a
×100, and b ×2000
magnifications, c 415 steel
at ×100 magnification, d
the region shown by the
black rectangle in c, and e
410NiMo-AW at ×5000
magnification. In a some
inclusions larger than 5μm
in radius are shown by the
black arrows, and a very
large dimple of 55μm in
radius formed before total
breakdown of specimen is
shown by the outline filled
black ellipse. In c the filled
arrows show some
secondary cracks, and some
facets formed by void
sheeting are shown by the
outline filled arrows. In d
some initially nucleated
micro-voids are shown by
the black arrows. In e some
inclusions are also shown
by the black arrows. Note
that loading axis is
perpendicular to all the
fracture surfaces shown in
this figure
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Table 4 Mean inclusions radii measured on tension fracture surfaces and stress triaxialities at the center of the necked region obtained
from broken tension specimens

Material R′
0 (μm) ST

CA6NM steel 6.23 ± 4.15 0.71 ± 0.02

415 steel 1.8 ± 1.12 0.77 ± 0.04

410NiMo-AW 0.43 ± 0.24 0.64 ± 0.04

410NiMo-HT 0.43 ± 0.14 0.66 ± 0.05

played the major role in the rupture of this alloy. On
the other hand, in 415 steel the R′

0 is very close to the
average radius of small inclusions suggesting that it is
the local inclusion density that controlled the fracture
mechanism, and the contribution of large inclusions is
negligible.

In the welded materials, the difference between the
mean radius of inclusions measured on the metallo-
graphic polished section and that measured on the frac-
ture surfaces is negligible. This is true for both as-
welded and heat-treated conditions. Accordingly, it can
be said that all inclusions observed on the metallo-
graphic polished section of theweldmetal had the same
chance to initiatemicro-voids if neckinghappens in that
region.

3.2.3 Fracture strain estimation

After necking, the smooth tension sample can be con-
sidered as a notched bar with a small radius equivalent
to the necked region r0 and the radius of curvature of
necking R. In fact, the variation in the stress triaxial-
ity from the onset of necking until final rupture was
not considered in the model of Rice and Tracey, and it
was considered constant during necking (Shi 1989). As
necking is due to mechanical instability, and that void
nucleation and growth take place at the last stage of
fracture (way after necking, when the stress triaxiality
ST reaches high values), it was assumed that the growth
and coalescence of the initially nucleated micro-voids
occur rapidly just before rupture. The necked region
radius r0 and the curvature radius of neckingR are thus
assumed constant during crack nucleation and propa-
gation. With that hypothesis, rupture takes place under
constant stress triaxilaity ratio ST. Both final rupture
and interaction between voids were not considered in
the model of Rice and Tracey (Eq. (1)). To remedy
these problems, the final void radius at the moment of
rupture was considered as fracture criterion in the inte-

grated form of the modified Rice and Tracey model
(Eq. (8)). That is to say, the interaction between voids
is also considered. Accordingly, the fracture strain after
necking (εn) can be estimated by integrating Eq. (2) as
a function of the void radius (R) for a constant ST. The
value of the calculated fracture strain after necking ε′n
is then equal to:

ε′n = 2.342 S(−1/4)
T ln

(
Rf

Ri

)
exp

(
−3

2
ST

)
(8)

where ε′n is the equivalent fracture strain, ST is the stress
triaxiality during necking, Ri and Rf are the initial and
final void radius, respectively (the Eq. (3) was ignored
as the measured and calculated stress triaxiality values
are lower than one in this study). As final rupture takes
place by the impingement of the micro-voids, only the
behavior of an isolated void (ln(Rf/Ri)) can be con-
sidered to estimate the equivalent fracture strain, and
the plastic deformation that is required for the nucle-
ation of micro-voids once necking has taken place is
neglected. The obtained values can then be compared
with the experimental results given by εn values pro-
vided in Table 3.

According to the Eq. (8), the initial and final radius
of the voids are very important in dimpled rupture and
different fracture strains can be considered based on
the inclusion characteristics provided from the met-
allographic polished sections (Table 2), or the aver-
age inclusion radius measured on the fracture surfaces
(Table 4).

Based on the fracture surface observations (Sect.
3.2.2), the inclusions contributing the micro-void coa-
lescence (MVC) are different from one material to the
next: Inclusions larger and smaller than the median
radius played the major role in the rupture of CA6NM
and 415 steels, respectively, and all inclusions con-
tributed to rupture for both weld metals conditions. As
a consequence, the R0L and R0S values (Table 2) are
considered as the initial void radius Ri in CA6NM and
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415, respectively. Again, based on the fractographic
considerations, the final void radius in the MVCmech-
anismwas estimated as the average value of the spacing
of larger inclusions (R0L) in CA6NM, and that of the
smaller ones (R0S) in 415.

The estimated εn values are reported in Table 5 for
the ST values obtained from broken tension samples
(Table 4). Higher deformations than the measured ones
are obtained. These values are 50% and 89% higher for
CA6NM and 415 steels, respectively. It is most likely
that the final radius of the micro-voids (Rf ) was over-
estimated by considering that only large or small inclu-
sions play a role in the MVC mechanism in CA6NM
and 415 steels, respectively.

As the coalescence is occurring by impingement of
the micro-voids formed on both small and large inclu-
sions, a more realistic estimation can be obtained by
considering the inclusion radius measured on the frac-
ture surfaces R′

0 as the initialmicro-void radius for both
steels (Table 4). The final void radius Rf in CA6NM
is to consider half of spacing of all inclusions S/2
(Table 2). This hypothesis comes from the observation
that fracture surfaces of CA6NM steel are composed
of both small and large dimples (Fig. 5a). The growth
of the micro-voids initially nucleated on large inclu-
sions is limited by the onset of micro-voids from small
inclusions in the ligaments when stress and constraint
increase. In the case of 415, the actual radius measured
on 415 fracture surfaces (see Sect. 3.2.2) and equiva-
lent to the Rvs at which void sheets take place is con-
sidered as Rf . The ε′n values calculated based on these
assumptions are reported in Table 6. The results show
better prediction of the εn deformations, especially for
CA6NM as with these asssumptions, micro-voids were
nucleated on both large and small inclusions and not
only on the large ones. In the case of 415, replacing
the Rf value by the measured Rvs results in an under-
estimation of the εn deformation. This underestima-
tion suggests that the formation of void sheets stops
the growth of micro-voids, and the deformation result-
ing from void sheeting (εvs) is negligible. Accordingly,
comparing the ε′n deformations predicted in Tables 5
and 6 for 415, it is possible to state that the failure in
this alloy takes place by the impingement of the micro-
voids formed on smaller inclusions. It can be said also
that the formation of void sheets results in a decrease of
εn deformation as it dramatically accelerates the dam-
age.

For the weld metals, all inclusions were in the simi-
lar size range, and additionally all of them contributed
to rupture. Therefore, the measured inclusion radius
from fracture surface R′

0 (Table 4) and half of the mean
spacing of all inclusions S/2 (Table 2) are considered
as R0 and Rf values, respectively. Predicted ε′n defor-
mations of the weld metals are provided in Table 7.
The predicted ε′n deformation can be qualified as over-
estimated but acceptable for the heat-treated material,
whereas the error is quite significant for the as-welded
condition. The heat treatment has a negligible effect on
the yield strength of the weldmetal (Table 3). The char-
acteristics of the inclusions being the same for these
metallurgical conditions and the measured stress triax-
ialities were similar, Eq. (8) predicts that the ε′n defor-
mation of the heat-treated material is about 4% lower
than that of the as-welded one, but the measured εn is
13% higher for this metallurgical condition compared
to that of the as-welded one. It shows that microstruc-
tural features other than the void radius i.e., the austen-
ite transforming into martensite by TRIP and the softer
tempered martensitic matrix play a role in ductile frac-
ture behavior of the weld metal.

It is interesting to look at the effect of the different
void radii defined in this paper on the resultant stress
triaxialities as based on the modified Rice and Tracey
model. Equation (8) was used to calculate the stress
triaxiality values using the Ri and Rf values defined in
Tables 5 and 6 for the base metals, and those defined
in Table 7 for the weld metals using the measured εn
deformations. Table 8 reports the resulted ST values.
For each of the base metals, two series of results are
reported: the first row is attributed to the R0L in the case
of CA6NM and R0S for 415. The second row provides
the information obtained from fracture surface obser-
vations for both these steels. By contrast, the same crit-
ical micro-void growth rate was considered for both
as-welded and heat-treated conditions.

WhenusingR0L andR0S as themicrostructural char-
acteristics, the ST values obtained are highly overesti-
mated suggesting that the final micro-void radii were
overestimated, resulting inmuch higher constraints and
stress triaxiality values at rupture. However, as the
growth of initially nucleated micro-voids were limited
bymicro-void initiation on small inclusions inCA6NM
and void sheeting in 415, Rf valueswas redefined as the
S/2 (half of spacing of all inclusions reported inTable 2)
for CA6NM and Rvs (actual radius of the micro-voids
at the moment of void sheeting) in 415 steel. This led
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Table 5 Predicted ε′n deformations of the base metals based on the inclusions larger and smaller than the R0median value in CA6NM,
and 415, respectively, measured on the metallographic polished sections

Material ST Ri (μm) Rf (μm) ε′n εn Relative difference (%)

CA6NM steel 0.71 7.73 35.85 1.35 0.9 + 50

415 steel 0.77 1.91 28.78 2.14 1.13 + 89

Table 6 Predicted ε′n deformations of the base metals based on the inclusion size measurements on the fracture surfaces R′
0 as the

initial void radius R, as well as half of spacing of all inclusions in CA6NM and the Rvs value in 415 as the final void radius Rf

Material ST R′
0 (μm) Rf (μm) ε′n εn Relative difference (%)

CA6NM steel 0.71 6.23 18.53 0.96 0.9 + 7

415 steel 0.77 1.8 6.36 0.99 1.13 − 12

Table 7 Predicted ε′n deformations of the weld metals based on the R′
0 and the mean value of half of spacing of all inclusions measured

on the metallographic polished sections

Material ST R′
0 (μm) Rf (μm) ε′n εn Relative difference (%)

410NiMo-AW 0.64 0.43 0.94 0.79 0.60 32

410NiMo-HT 0.66 0.43 0.94 0.76 0.68 12

to better ST predictions. In other words, these fracture
micromechanical processes were activated when the
constraint and stress triaxiality reach their critical val-
ues, promoting final rupture.

For the as-welded material, the difference between
the calculated andmeasured stress triaxialities is signif-
icant (22%), but this difference decreased significantly
in the heat-treated material with only 9% higher than
the measured one. As the critical micro-void growth
is the same between both as-welded and heat-treated
conditions (Table 7), it can be concluded that some
microstructural features other than the initial and final
radius of the micro-voids influence the material behav-
ior during necking.

4 Discussion

The available data set gives the opportunity to study
the effect of the matrix microstructural features i.e.,
the austenite and martensite on fracture behavior of the
alloys. The microstructures of the tested materials have
different amounts of austenite, resulting in the possi-
bility for some TRIP to take place until final rupture
for the alloys containing the larger amounts. During
TRIP, austenite transforms into martensite under load-

ing, enhancing strain hardening even at late stage of
deformation. This effect is known to delay void growth
and increase the ductility of the alloy (Antolovich 1996;
Zhang et al. 2015). In addition, the volume change asso-
ciated with the transformation of austenite to marten-
site also retard the nucleation of micro-voids by pro-
ducing compressive stresses, and thus requiring higher
εbn deformations for final rupture (Antolovich 1996;
Zhang et al. 2015). Therefore, the higher austenite con-
tents of the CA6NMand 415 alloys (Table 3) enable the
base metals to undergo higher εbn and εn deformations.
The austenite content of the heat-treated weld material
does not play a significant role in the MVCmechanism
because the number of void nucleation site is very high
compared to the number of austenite islets.

For the base metals, one can assume that both steels
have similar TRIP properties as they have undergone
similar heat treatments, and the austenite content is
approximately the same (19% as provided in Table 3).
The martensitic matrix in the 415 steel has a higher
strength than the CA6NM due to high carbon con-
tent, but it can be assumed that the TRIP effect would
result in equal increase in their deformation behaviors
as both steels undergo the same deformation before
necking (εbn = 0.09). After necking, they underwent
different deformation paths (Table 3) and their critical
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void growths (Rf/Ri) are of different natures (Table 4).
The difference between their fracture strains is related
to their different inclusion characteristics, which lead
to different fracture micromechanical processes. In the
case of the weld metal, the metastable austenite con-
tents are different between the as-welded and heat-
treated conditions (Table 3) and efficient TRIP can
occur only in the heat-treated condition. This behav-
ior explains the larger εn deformation after necking
as TRIP in this condition is active until final rupture
(Zhang et al. 2015).

Comparing the true strains after necking εn provided
in Table 3 shows that 415 steel is the most ductile mate-
rial, having an εn deformation of about 1.13, at least
26%and66% larger than those ofCA6NMand theweld
metals, respectively. These different εn deformations
can be explained by their various inclusion characteris-
tics and metastable austenite contents, resulting in dif-
ferent abilities for void growth once mechanical insta-
bility has initiated necking. The void growth amounts
taking place during necking, provided by ln(Rf/Ri), are
equal to 1.26, 1.09, and 0.78 for 415, CA6NM, and the
weld metals, respectively. These values show a correla-
tion between the void growth and the true strains after
necking: the larger void growth, the larger εn. Similarly,
larger stress triaxiality values are found for larger εn
(Table 4), i.e., larger stress triaxiality ratios are required
for rupture to be occurred.

The presence of metastable austenite can also play
a role in the damage mechanism, but in the case of 415
and CA6NM steels they have similar austenite content
(Table 3) and it can be concluded that the 26% higher
εn deformation of 415 steel compared to CA6NM is
mostly due to 16% higher ability to growth void before
failure.

Inversely, both 410NiMo-AW and 410NiMo-HT
materials underwent the same amount of void growth
(Table 2), but the metastable austenite content found in
the heat-treated material together with the softer tem-
pered martensite has the ability to increase by 13% the
deformation after necking εn.

The differences in necking strains of the various
steels are explained based on the experimental results
and physical arguments. Even if the integrated form
of the modified model of Rice and Tracey (Eq. (8))
presents some limitations as one needs to assume that
void nucleation and coalescence take place at the end
of the necking process and that the triaxiality state does
not change, this model allows determining the total

amount of the void growth taking place at the final rup-
ture using the natural logarithm of the Rf/Ri ratio. This
simplified approach may not represent adequately the
complexity of the mechanisms happening after neck-
ing, but it has the advantage to differentiate the amounts
of void growth in the tested materials and discriminate
the related fracture micromechanics during necking as
discussed below.

While conventional impingement of the initiated
micro-voidswas observed in bothmaterials, void sheets
were also observed in 415 steel. The consequence of
void sheet formation is a lower constraint at rupture.
The void sheets formed as an alternative way to adapt
to the constraint asmicro-void formation on the smaller
inclusions would require much higher constraints. In
fact, some regions of the microstructure present a low
density of small inclusions (Fig. 5c). In other words,
void sheeting resulted in a lower stress triaxiality than
the expected one (by about 40%) if the final radius of
the initially nucleated micro-voids is decreased by at
least 75% compared to the expected value. The case of
CA6NMsteel is less straightforward if only large inclu-
sions (R0L) are considered to play a role in rupture. A
31%higher stress triaxiality valuewas obtained accord-
ing to themodifiedmodel of Rice andTracey.However,
while the ST value increases after necking, the nucle-
ation process activates small inclusions, reducing by
about 50% the final radius of the cavities (Rf ). An Rf

value equal to half of the mean spacing of all inclusions
resulted in a precise ST (Table 8) prediction, showing
that small inclusions do contribute to rupture.

The weld metals ruptured at nearly the same low tri-
axiality values (Table 8). The predicted ST values are
overestimated for both cases, but the prediction error is
lower for the heat-treated material (9% vs. 22%). The
lower ST prediction error for the heat-treated material
may be due to efficient TRIP and the softer matrix as
discussed earlier, but it could also bedue to some limita-
tions in the Rice and Traceymodel, even in its modified
form. Helbert and coworkers (Helbert et al. 1996) have
showed that ductile rupture can hardly be expressed
by the Rice and Tracey model when the nucleation of
micro-voids occurs in very large numbers under a low
stress triaxiality and low plastic deformation. This is
because nucleation of micro-voids plays a major role
than growth: only the growth stage of one void can-
not capture the actual failure process. This limitation
would be even more dramatic for the as-welded mate-
rial due to its low ductility. Therefore, it is possible
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Table 8 Calculated stress triaxialities for different initial radius Ri and final radius Rf of micro-voids defined in Tables 5, 6, and 7, and
measured εn deformations

Material Ri (μm) Rf (μm) εn Calculated ST Measured ST Relative difference (%)

CA6NM steel 7.73 35.83 0.90 0.93 0.71 + 31

6.23 18.53 0.74 + 4

415 steel 1.91 28.78 1.13 1.13 0.77 + 47

1.8 6.36 0.70 − 9

410NiMo-AW 0.43 0.94 0.60 0.78 0.64 + 22

410NiMo-HT 0.43 0.94 0.68 0.72 0.66 + 9

that the fracture behavior of the weld metal cannot
be expressed by the ST-void growth rate relationship
defined in the modified model of Rice and Tracey. In
the case of the base metals, the nucleation sites (inclu-
sions) were much less numerous (the inclusion spac-
ing is about 20 times higher than in the weld materials)
resulting in a significant micro-void growth for each
void, justifying the ability for the modified Rice and
Tracey model to describe their fracture behavior.

Finally, it is interesting to shed light on the stress tri-
axiality ratios ST measured on broken tension samples.
Among the three heat-treated materials, the highest ST
value was produced in 415 steel for which the criti-
cal micro-void growth rate is the highest one (despite
void sheets formation at a later stage of the fracture
process). The impingement of the nucleated micro-
voids occurred at a lower ST ratio in the CA6NM
steel because the critical micro-void growth is 16%
lower, resulting in a lower εn. Finally, the weld met-
als have similar low ST values, not affected by the
different matrix properties. Accordingly, the lower ST
value of the heat-treated weld metal compared to the
base metals was not due to its lower austenite content
(being half that in the base metals) or higher martensite
strength, but rather by its high, small size inclusion den-
sity. Therefore, the magnitude of the stress triaxiality
ratio due to necking is related to the inclusion features
rather than the matrix properties. It shows that in order
to develop amodel describing precisely ductile fracture
behavior of the material, the inclusion characteristics
and especially the size and spacing of inclusions should
be also considered. In addition, the inclusion spacing in
the weld metal is so small that the growth of the micro-
voids is negligible and rupture is most likely controlled
by their nucleation rates rather than growth, resulting

in low final stress triaxiality values and small εn defor-
mations.

Conclusions

The quantitative metallography done in this work mea-
suring the volume fraction, size, and spacing of inclu-
sions, gave the possibility to discriminate the frac-
ture micromechanical processes of various 13% Cr-
4% Ni martensitic stainless steels. Some correlations
between material’s microstructure, austenite content,
failure features, andmeasured true fracture strainswere
explored using the modified Rice and Tracey model.

The conventional MVC mechanism was found
as the main fracture mechanism after necking. The
microstructural feature affecting the micromechanical
processes during ductile rupture is the inclusion charac-
teristics, and to some extent thematrix ductile behavior.
The size and spacing of inclusions control the amount
of void growth during necking. The measured stress
triaxiality ratios using broken tension samples also
showed that a higher void growth requires a higher
stress triaxiality ratio.

In addition, variousmicromechanical scenarioswere
found in the studied metals. In the case of a rolled 415
steel, the MVC mechanism was interrupted by the for-
mation of void sheets. Considering the radius of the
initially nucleated micro-voids at the moment of void
sheeting resulted in a better estimation of the deforma-
tion after necking. It was demonstrated that the forma-
tion of the void sheets in this steel inhibits the predicted
true fracture strain to be attained by stopping the void
growth and decreasing the constraint. The large inclu-
sions found in the cast version (CA6NM) of this steel
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were found to be the ones to initiate damage, but final
rupture occurs thanks to the activation of much smaller
inclusions. The very large number of potential micro-
void nucleation sites found in weld metals limited the
possibility for void growth and resulted in lower stress
triaxiality ratio at rupture. This drastically reduced the
strains after necking.

In the situation of the welded metals, the relation-
ship between void growth and stress triaxiality ratio
defined in the Rice and Tracey model is not efficient at
describing the fracture behavior. Another element that
is not taken in the Rice and Tracey model was consid-
eredwhen comparing the behavior of the as-welded and
heat-treated metals: the effect of the matrix mechani-
cal property. It was found that when applying an inter-
critical tempering heat treatment, the same amount of
void growth took place, while larger true fracture strain
was found in the softer matrix material. Even if the
improvement is not significant (of the order to 13%)
it shows that this parameter should be considered in
further improvement of the Rice and Tracey model.
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