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Abstract

The present study aims to characterize the microvoid sizes and their statistical distribution
at the instance of fracture from the fracture surface of steel specimens. To this end, uniaxial tensile
tests are conducted on circumferentially notched specimens made of 17-4 PH stainless steel and
ASTM A992 high-strength structural steel. The fracture surfaces of the steel test specimens are
studied using a digital microscope to quantify the statistical microvoid size distribution.
Furthermore, the evaluated microvoid sizes of different fracture locations are mapped with the
stress and strain fields. Finally, based on the experimentally evaluated microvoid sizes, an
uncoupled fracture model was adopted to predict the fracture displacement and location of ductile
fracture initiation in the fractured specimens. The fracture displacements predicted using the
calibrated uncoupled fracture model are within the acceptable limit. The fracture initiation
locations coincided with the peak strain-averaged stress triaxiality in the fracture specimens.

Keywords: 17-4 PH steel, ASTM A992 steel, Microscopic cup and cones, Void growth model,
and Optical digital microscopy

1 Introduction

Ductile fracture is the fracture initiating mechanism in several engineering metals,
including stainless steel [1-3], copper [4,5], titanium [6,7], aluminum [8,9], etc. The ductile
fracture mechanism can be described as a multi-stage process consisting of void nucleation, void
growth, and void coalescence over a critical material volume [10—13]. Microscopic voids originate
from pre-existing heterogeneities or material defects present in the form of non-metallic inclusions
in the metal matrix. The nucleation of the voids is caused by the decohesion of the non-metallic
inclusions from the metal matrix and/or by the cracking of inclusions [14—17]. The nucleated voids
elongate and dilate under the influence of the stress state and evolving plastic strain [11]. The stress
state is represented by stress triaxiality (T, ), which is the ratio of hydrostatic (mean) stress (o)
and Mises (effective) stress (og,,). Under high-stress triaxiality, the ductile fracture is driven by
hydrostatic stress leading to volumetric void growth, whereas ductile fracture under low-stress
triaxiality is governed by the Lode parameter resulting in faster elongation and rotation [18-23].
Finally, the microvoids coalesce to form cracks which initiate ductile fracture. Fracture surface of
the metal specimens is formed by the coalesced microvoids in the case of ductile fracture, and
fractographic studies are of utmost importance to distinguish it from other fracture mechanisms.
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Many researchers investigated the role of inclusions in the ductile fracture in nucleating
microvoids [16,17,24,25]. Argon and Im [16] conducted an experimental investigation to study
the behavior of inclusions with evolving plastic strain in spheroidized 1045 steel, Cu-Cr alloy, and
maraging steel. Scanning Electron Microscopy (SEM) micrographs were used to study the
inclusion size distribution in the target metals. The fracture surface of the specimens was further
observed using SEM to detect the microvoids left on the surface due to debonding of the inclusions.
Further, the interfacial strength of equiaxed inclusion particles in the materials was analyzed.
Beremin [17] proposed a novel hybrid experimental-analytical method to estimate temperature-
independent local critical stress for void nucleation in A508 class 3 steel with elongated MnS
inclusions. Circumferentially notched steel specimens were unloaded after plastic deformation.
The unloaded steel specimens were sectioned and polished to examine the elongated MnS
inclusions for damage using an optical microscope. The experiments were repeated using three
different notch radii for two loading orientations and three testing temperatures. Finally, the local
stress and strain at the inclusion locations were mapped using finite element analysis, and critical
void nucleation stress was determined using Eshelby’s theory for inclusions and inhomogeneities
[26]. Later, Le Roy et al. [25] proposed an experimental method to determine void nucleation
strain. Smooth tension bars of spheroidized plain carbon steel specimens were pre-strained to
various levels and were subsequently heat-treated and reloaded till fracture. The fracture surface
of the failed specimens was observed using SEM, and the variation in nucleated void density with
evolving macroscopic strain was reported. Pardoen and Delannay [27] used a similar experimental
approach to investigate the influence of stress triaxiality on void nucleation strain in
circumferentially notched copper bars.

Plateau et al. [28] presented the first fractographic images of dimpled fracture surfaces
using SEM. Cox and Low [29] experimentally investigated void growth rates in AISI 4340 and 18
Ni, 200-grade maraging steel. SEM images of the fracture surface of the test specimens were used
to quantitatively study the size and spacing of the microvoids. The average spacing between the
large dimples was found to be similar to the center-to-center spacings of the dominating non-
metallic inclusions in the materials. The diameter of the large equiaxed dimples on the fracture
surface of the maraging steel and AISI 4340 steels ranged between 10 um to 20 um and 5 pm to
15 pum, respectively. The void growth rate was found to be larger in notched specimens compared
to that of the smooth specimens, which was attributed to the higher stress triaxiality in notched
specimens. Floreen and Hayden [30] and Psioda [31] studied the fractographs of 18Ni (280)
maraging steel. Floreen and Hayden [30] reported the length and width of the 10 largest microvoids
as a function of true strain. Both studies observed the void growth rate to increase with the matrix
material strength. Marino et al. [32] conducted a hybrid experimental-analytical study to
investigate the void growth rate in powder-processed sintered-forged steel specimens containing
alumina particles of volume fractions 0.5% and 2%. The fracture surface of the failed specimens
was observed using an optical microscope, and the area of the microvoids was computed. The
mean diameter of the alumina particles was found by averaging over 100 particles and was
assumed to be the initial void diameter of the material. The void growth rate was found to increase
exponentially with the stress triaxiality. Pardoen and Delannay [33] conducted density
measurements in copper bars and subsequently derived porosity distribution for the specimens.
The global porosity at failure was observed to range between 0.006 to 0.015 for the test specimens.
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The annealed specimens with higher hardening capacity were observed to have a lower porosity
growth rate compared to that of the as-received specimens.

More recently, Jablokov et al. [34] conducted an experimental investigation of HY-100
notched steel specimens with MnS inclusions. Metallographically polished fracture sections were
observed using SEM to extract void area fraction and void density which were presented as a
function of the evolving equivalent plastic strain corresponding to different stress triaxiality values.
Voids with cross-sectional areas greater than 10 pm? were found to be predominant on the fracture
surface of the failed specimens. Chae and Koss [35] conducted a similar experimental investigation
on HSLA-100 steel with spherical inclusions. Equiaxed voids with a major dimension greater than
10 um were predominant on the fracture surface. The void area fractions corresponding to the
ductile fracture initiation for different stress triaxialities were found to be ranging from 0.003 to
0.008. Benzerga et al. [36] experimentally investigated void size and porosity in X-52 medium
carbon low alloy steel. Void sizes were measured from the fracture surface of the notched test
specimens using SEM images. Further, local porosities were estimated using Dirichlet cell
analysis, and critical porosity for void coalescence was determined. The critical porosities for
longitudinal and transverse loading were approximately 0.02 and 0.01, respectively. The void
growth rate was found to be the largest at the center of the specimens. Further, the void growth
ratios were observed ranging between 3 and 10 for longitudinal loading, whereas for transverse
loading, void growth ratios lie between 2 and 50. More recently, with the development of X-ray
tomography progressive damage in materials can be observed directly without destructive
evaluation of the test specimens [37—42].

Although there exist a few microscopic studies that investigated the microvoid
characteristics in metals at fracture, the following research questions remain unanswered: (a) how
to characterize the sizes of microvoids from the fracture surface? (b) what is the statistical
distribution of the microvoid sizes present on the fracture surface of steels at failure? and (c) how
to validate the experimentally evaluated microvoid sizes? This paper addresses these research
questions and is organized as follows: Section 2 presents the materials used, geometric details of
the test specimens, and the details of the uniaxial tension tests conducted. Furthermore, the
experimental protocol adopted for optical microscopy of the fracture surfaces and the statistical
analysis of the microvoids present on the ductile fracture surface is also discussed. In Section 3
the details of the finite element model used to extract the stress and strain states of the test
specimens are presented. The stress triaxiality and equivalent plastic strain variation across the
cross-section of the notched specimens are also discussed. The relationship between the
experimentally evaluated microvoid size and the state of stress and strain in the test specimens is
also presented. Furthermore, the relationship is validated using the experimental results. Finally,
Section 4 provides the contributions and important conclusions drawn from the present study.

2 Fracture Tests and Microvoid Analysis

Uniaxial tension tests were performed on circumferentially notched steel specimens
followed by optical microscopy of the fracture surfaces. This section provides details of the
mechanical testing protocol and the geometry of steel test specimens. Furthermore, the procedure



for the optical microscopy analysis of fracture surfaces along with the assumptions made for the
evaluation of microvoid statistics will be discussed.

2.1 Metals Investigated: 17-4 PH steel and ASTM A992

Uniaxial tensile tests were conducted on circumferentially notched cylindrical specimens
made of 17-4 PH stainless steel and ASTM A992 high strength low alloy (HSLA) steel. 17-4 PH
stainless steel and ASTM A992 steel are used in this study for their wide engineering applications.
17-4 PH stainless steel has applications in aerospace, petrochemical, nuclear, and defense
industries due to ease of fabrication, corrosion resistance, high strength, and ductility [43]. ASTM
A992 is a structural steel that is preferred for higher yield strength, yield-to-tensile strength ratio,
weldability, fracture toughness, and quality control [44]. ASTM A992 steel is widely preferred in
the United States for wide-flange structural steel sections used in steel structures [45,46]. The
mechanical properties of both steels can be in part attributed to their chemical composition. The
chemical compositions of both the steels are summarized in Table 1. 17-4 PH stainless steel
contains 15-17.5 wt.% chromium which contributes towards the corrosion resistance in an aqueous
environment due to the formation of a passivating oxide film [47]. Moreover, 17-4 PH stainless
steel derives a significant part of its strength from precipitation reactions. For ASTM A992 steel,
the carbon content is limited to 0.15 wt.% which results in reduced carbon equivalent (CE) and in
turn improves the weldability of steel [44]. The high strength of ASTM A992 steel is obtained by
using alloying elements such as vanadium, manganese, columbium, and molybdenum.
Furthermore, chromium contributes towards the corrosion resistance and nickel enhances the
fracture toughness of ASTM A992 steel.

Microstructure also contributes to the favorable mechanical properties of steel. The
microstructure of both the steel specimens was studied using disc-shaped steel specimens which
were prepared and subsequently ground using silicon carbide (SiC) paper in the following order
of grit size: 60, 120, 400, 800, and 1200. The disc-shaped steel specimens were further polished
using alumina suspension. Finally, the polished ASTM A992 steel and 17-4 PH stainless steel
specimens were etched using 2% Nital solution and Fry’s reagent (CuCl,, HCI, and distilled water),
respectively, to reveal the microstructure of the material and were observed using a light
microscope. The microstructure of the etched 17-4PH stainless steel and ASTM A992 structural
steel specimens are presented in Figure 1. As shown in Figure 1(a), 17-4 PH stainless steel
microstructure is primarily dominated by martensite which is characterized by needle-shaped
microstructural features [48]. The microstructure of ASTM A992 structural steel is composed of
ferrite and pearlite [49]. Ferrite is a body-centered cubic structure phase of iron whereas pearlite
consists of alternating layers of two microstructural phases namely, cementite and ferrite. The
microstructure phases in ASTM A992 structural steel are labeled in Figure 1(b) where the light-
colored grains represent the ferrite phase and the dark-colored grains represent the pearlite phase.

2.2  Fracture Specimens and Testing

In the present study, two different notch shapes were tested to achieve high stress
triaxilities. Specimens that produce stress triaxialities greater than 0.45-0.67 are usually referred
to as high triaxility specimens based on the literature [20]. Microvoid dilation leading to
coalescence is the dominant damage mechanism at high stress triaxilities [50,51]. Hence, it will be
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possible to use the microvoid information from the fracture surface to predict the fracture of steel.
The fracture specimens in this study are designated as circular notch (CN) and U-shaped notch
(UN). The geometric details of these notched specimens along with the reference unnotched
specimen (RU) are provided in Figure 2. The dimensions of the test specimens and notches used
to achieve initial triaxilities between 0.33 and 0.94 (see Section 3 for FE analysis) are provided in
Table 2. All the test specimens were machined using a computer numeric control (CNC) lathe
machine with a tolerance of £ 0.025 mm. The test specimens were subjected to a uniaxial tensile
load using a servo-hydraulic MTS 809 system with a displacement rate of 0.02 mm/sec and the
strains were recorded using a contact extensometer with a 1-inch gauge length (Epsilon Model
3542).

2.3 Optical Microscopy

Optical microscopes are widely used to study surface topography with applications in
manufacturing, healthcare, biology, and geology among others [52—58]. An optical microscope is
equipped with white light which is projected on the test specimen. For translucent or opaque
objects, the light is reflected off the surface of the specimen whereas the projected light beam
passes through the specimen for transparent or semi-transparent objects. Upon projection of the
white light, the reflected/ refracted light is received using a series of optical lenses (optics) which
help in the 3D reconstruction of the surface of the test specimen. Depending on the focal length,
optical lenses of different magnifications are available which help in magnifying the small features
present on the surface of the test specimen. In the present study, the purpose of an optical
microscope is two-fold: (a) to capture the macroscopic image of the fracture surface of the failed
steel test specimens, and (b) to obtain the magnified images of different locations on the fracture
surface to quantify microvoid characteristics. The white light provided in an optical microscope
has a wavelength ranging from 390 to 760 nm which theoretically provides the capability of
capturing features at a length scale of ~ 0.2 um depending on other factors such as wavelength and
refractive index of the specimen and the medium [59].

Although theoretically possible, conventional optical microscopes are not capable of
resolving features at the micro-scale, thus, making them suitable for only capturing macro-scale
images of the fracture surface. Therefore, traditionally the magnified images of different regions
on the fracture surface of the failed test specimens are captured using SEM. However, SEM study
of the test specimens involves certain shortcomings. Although SEM provides high-resolution
micrographs, most scanning electron microscopes can provide only grey-scale 2D micrographs,
which constrains microscopic analysis of the surface of test specimens. Moreover, many of the
stop-cut-see studies involving SEM analysis involve sectioning and polishing of test specimens
which may cause void smearing leading to errors in the analysis [13]. The present study involves
the characterization of microvoids in the form of dimples present on the fracture surface of steel
specimens that have undergone ductile fracture. The fracture surface of the failed steel specimens
consists of an uneven topography due to the presence of dimples on the surface. Therefore, color
3D reconstructed micrographs would aid in deciphering the dimple boundaries and minimizing
errors in quantifying microvoid dimensions on the fracture surface. With the recent development
of image sensors and optical systems, advanced digital microscopes are now capable of capturing
high-resolution micrographic features at a length scale of ~1 pm.
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In the present study, a Keyence VHX 7000N digital microscope was used to capture
micrographs of the fracture surface of the steel test specimens. The digital microscope is equipped
with a 4K complementary metal oxide semiconductor (CMOS) image sensor and a newly
developed NEO REMAX imaging engine which help in providing high-resolution images coupled
with a large depth of field (~20 times greater than conventional optical microscopes). Furthermore,
the microscope is also provided with high-resolution (HR) objective lenses capable of providing
magnifications ranging from 20X (length scale of ~1 mm) to 2500X (length scale of ~1 um). The
macroscopic images of the fracture surface of the steel test specimens were observed using
magnification ranging between 20X-80X. Figure 3 and Figure 4 present the macroscopic fracture
images of 17-4PH stainless steel and ASTM A992 steel specimens, respectively. The reference
unnotched specimen RU for both the steels experienced significant necking resulting in a typical
macroscopic cup-and-cone fracture. This can be attributed to the low stress triaxiality during the
initial straining phase in the unnotched specimens allowing necking before fracture. However, the
notched steel specimens have higher initial stress triaxiality compared to that of the unnotched
reference specimens. This aids in earlier microvoid initiation in the notched specimens leading to
fracture prior to necking compared to that of the unnotched specimens. Furthermore, high-
resolution magnified images of various locations on the fracture surface of the test specimens were
also captured using the digital microscope which will be discussed in the following section.

2.4 Microvoid Characterization and Statistics

Ductile fracture is characterized by the presence of dimples and these visual features are of
interest in this study. The sizes of the dimples depend on the magnitude of the stress concentration
and the extent of plastic flow in the material at the instance of fracture. Usually, the size of these
dimples ranges between a few microns to tens of microns. One of the motives of this paper is to
quantify the microvoid size statistics from the micrography studies on the fracture surfaces. To
this end, firstly, the fracture surface of each of the test specimens was divided into three distinct
zones between the center and periphery of the cross-section. The cross-section is divided into
different zones to account for the lack of uniformity in the stress and strain state across the cross-
section during the deformation process (see Figure 5 and Figure 6) [45,50]. The number of zones
is limited to three so that enough fracture surface area would be available to conduct the statistical
sampling of microvoids. Zone-1 (regions 1 & 5) and Zone-2 (regions 2 & 4) have two regions
each, unlike Zone-3 (region 3), owing to the symmetry of the fracture surfaces (see Figure 7 and
Figure 8).

To get a clear and close glance at the dimples, magnification ranging between 500X-1000X
was employed. The magnified high-resolution images of different regions on the fracture surface
of reference unnotched specimen (RU) made of 17-4 PH stainless steel and ASTM A992 structural
steel are presented in Figure 7 and Figure 8, respectively. The high-resolution micrographs of each
of the fracture zones were used to compute microvoid areas using the image analysis software
Imagel] [60]. The microvoid analysis is based on two assumptions: 1) the microvoids at
coalescence are approximately spherical, and 2) each fracture surface contains approximately one-
half of the spherical void. However, in reality, the pits on the fracture surface are not perfectly
circular. Hence, their projected area is evaluated first and then the equivalent radii are calculated
assuming the extracted cross-section geometry to be circular. An experimental protocol was
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established for extracting the microvoid areas which is discussed further. Two separate
75umX75um areas were randomly drawn on the micrograph of each of the five regions in the
three zones (see Figure 9). The choice of the 75umX75um area for microvoid analysis is based on
the typical sizes of dimples which ranged between 0.5-4 um. In other words, if a line is drawn
parallel to one of the sides of this area, about 10-75 dimples are encountered. To minimize the
analysis time and to avoid redundant data, 25 microvoids were sampled that are representative of
all the different sizes of microvoids present in the area drawn on the fracture surface of the test
specimen.

The histograms of void size (equivalent radii) distributions of the three distinct fracture
zones extracted from the micrographs of 17-4 PH stainless steel and ASTM A992 structural steel
test specimens are presented in Figure 10 to Figure 12. To determine the nature of the void size
distribution present on the fracture surface of the test specimens, statistical analysis was performed
on the experimentally extracted void size (equivalent radii) data. Based on the statistical analysis,
the void size (equivalent radii) distributions were observed to follow an approximately normal
distribution. In addition to histogram plots, normal probability plots are also used as a graphical
technique to identify departures from normality. The normal probability plots showing the
variation in theoretical Z-score with the experimentally extracted equivalent microvoid radii are
presented in Figure 13 to Figure 15. The extracted equivalent void radii corresponding to the
different fracture zones of all the specimens were found to approximately follow a linear pattern
in the normal probability plots with slight deviations at the ends. Furthermore, Skewness and
Kurtosis of the equivalent void radii distributions for all the test specimens were also evaluated.
Skewness measures the degree of symmetry in the data distribution whereas Kurtosis captures the
presence of outliers in the data. The Skewness and Kurtosis measures of the distributions are
reported in Table 3 and Table 4, where the values range between -1 and +1. The histogram and
normal probability plots indicate that the void size distributions of all the test specimens
approximately follow the gaussian distribution like many other natural phenomena which provides
more confidence about the sample size of equivalent microvoid radii extracted from the
micrographs of the fracture surface of the steel test specimens.

The deviations in the normal probability plots can be attributed to the slightly heavy tail
observed in the histogram plots. As a result of these deviations, the mean equivalent microvoid
radius corresponding to the majority of the void size (equivalent radii) distributions was observed
to be greater than that of the median equivalent microvoid radius, thereby indicating that the
distributions are slightly right-skewed. The positive skewness in the void size distributions might
have resulted from the coalescence of microvoids on the fracture surface of the steel test
specimens. Furthermore, the right-skewed void size distribution implies that the larger coalesced
voids formed in the fracture zones during the straining of the test specimens significantly influence
the mean equivalent microvoid radius of the void size distributions. Presently, the authors do not
have evidence to identify the range of microvoid sizes that are responsible for ductile fracture
initiation and propagation in the steel test specimens and further analysis needs to be conducted in
the future.



The mean (p) and standard deviation (o) of the microvoid sizes corresponding to each of
the fracture zones of the test specimens are reported in Figure 10 to Figure 12. In addition, the
median (4 ;) of the extracted experimental microvoid size data is also reported. For the 17-4 PH
steel specimens CN2, CN3, and RU the mean equivalent microvoid radius was observed to be the
least at the periphery (Zone-1) and largest at the center of the fracture surface (Zone-3), implying
that fracture might have initiated at the center [36,50]. Furthermore, the standard deviation of the
equivalent microvoid radii was found to be the least for voids in the fracture Zone-1 (periphery)
of these test specimens. This could imply one or two of these scenarios: 1) the microvoid growth
was more uniform near the periphery compared to the center of the fracture surface and/ or 2) there
are no new smaller secondary voids near the periphery. It should be noted that the secondary voids
originate at a later stage in the deformation process and are usually smaller than the voids that
originated from larger defects or voids that nucleated earlier. At this stage, the authors do not have
experimental evidence to conclude either of the above scenarios. For 17-4 PH specimen CN1, the
mean equivalent microvoid radius corresponding to Zone-2 was found to be the largest implying
that fracture might have initiated from the fracture region located in between the center and
periphery of the fracture surface. Furthermore, the standard deviation for void size was lowest at
the periphery (Zone-1) and highest at the fracture Zone-2, leading to greater non-uniformity in
void sizes at the zone of fracture initiation.

For ASTM A992 structural steel specimens CN4, CN5, and RU, the mean equivalent
microvoid radius was largest for the fracture Zone-3, implying that ductile fracture might have
initiated at the center of the test specimens. The standard deviation of the void size distributions
of specimens CN4, CN5, and RU were observed to be highest at Zones-2, 3, and 1, respectively,
implying greater non-uniformity of void size possibly due to the presence of secondary voids. In
the case of ASTM A992 specimen CN2, the highest mean equivalent microvoid radius was
observed at fracture Zone-1, thereby indicating that ductile fracture might have initiated near the
periphery of the fracture surface. For specimen CN2, the standard deviation of the equivalent
microvoid radius was observed to be the largest at Zone-2 of the fracture surface. In the case of
specimen UN, the highest mean equivalent microvoid radius was observed at Zone-2, implying
that ductile fracture initiated between the center and periphery of the fracture surface. The highest
standard deviation of the void size distribution was observed at Zone-3, implying the largest
variation in microvoid size at the center of the fracture surface.

3 Relationship between Void Sizes and Stress and Strain States

3.1 [Evaluating Stress and Strain Fields

Non-linear finite element analysis was conducted on cylindrical tensile test specimens
using a commercially available finite element program ABAQUS® [61]. The test specimens were
discretized using four-node bilinear axisymmetric CAX elements with hourglass control available
in the ABAQUS element library. A typical finite element model along with the employed boundary
conditions is presented in Figure 16. The material non-linearity was captured by using the J,
plasticity model available in the finite element program. Furthermore, the geometric non-linearity
of the test specimens was also considered in the finite element solutions. The strain hardening



curves used for the finite element model were extracted from the uniaxial tension test on reference
unnotched specimens and are presented in Figure 17. A finite element mesh size of 0.025 mm was
used to capture the stress and strain fields in the critical regions. It is important to note that the
dimension of the area (75umX75um) drawn on the micrographs for extracting the microvoid areas
was chosen such that it is sufficiently larger than the size of the finite element mesh.

The load-displacement response obtained from the finite element models was in good
agreement with that of the experimental results until the peak load-carrying capacity of the test
specimens. A comparison between the predicted and experimental load-displacement response of
17-4 PH stainless steel and ASTM A992 high-strength structural steel specimens is presented in
Figure 18 and Figure 19, respectively. The experimental load-displacement curves of the test
specimens descend rapidly after attaining the peak load-carrying capacity, whereas the post-peak
branch of the finite element predicted curve is more gradual compared to that of the experimental
observation. The post-peak mismatch between the experimental observation and the predicted
curve can be attributed in part to the inability of the J, plasticity model in capturing the damage
caused by the microvoid growth and coalescence.

The stress-strain fields were extracted from the non-linear finite element analysis
performed on the cylindrical tension test specimens. The stress triaxiality variation with respect to
the normalized radius at the initial loading stage and corresponding to fracture for 17-4 PH
stainless steel and ASTM A992 steel are presented in Figure 5 and Figure 6, respectively. Owing
to the stress flow discontinuity caused by the notches, the stress triaxiality corresponding to the
initial stage of loading attains a maximum near the notch root, whereas the stress triaxiality for the
unnotched specimens remains largely constant. In the case of ASTM A992 structural steel
specimens, the maximum initial stress triaxiality ranges between 0.33 and 0.94, whereas the
maximum stress triaxiality at fracture ranges between 0.54 and 1.17. For 17-4 PH stainless steel
specimens, the maximum initial stress triaxiality varies from 0.33 to 0.82, whereas the maximum
final stress triaxiality ranges between 0.83 and 1.54. Furthermore, the variation of equivalent
plastic strain at fracture with respect to the normalized radius for 17-4 PH stainless steel and ASTM
A992 structural steel specimens are presented in Figure 20.

The stress-strain field variations extracted from the finite element models indicate that the
stress triaxiality evolves over time during the deformation process. Therefore, to capture the
variation in stress triaxiality over the entire loading history, strain-averaged stress triaxiality (T,)
was computed which will be used for validating the experimental microvoid sizes. The strain-
averaged stress triaxiality is defined as:

T = Zn (To)ihe, (1)

i=1 €
where, (T,); is the stress triaxiality corresponding to thi: i-th loading step; A, is the plastic strain
increment corresponding to the i-th step; &, is the equivalent plastic strain at fracture; 7 is the total
number of steps. The strain-averaged stress triaxiality variation with respect to the normalized
radius for 17-4PH stainless steel and ASTM A992 high-strength steel test specimens are presented
in Figure 21.



3.2 Validation of the Experimentally Evaluated Microvoid Sizes

If the experimentally evaluated microvoid sizes are accurate, existing fracture models can be
calibrated from this information to accurately predict fracture initiation in models that rely on the
critical void size at fracture. Although the Gurson model [62] and its extensions [63—67] are
popularly used for predicting fracture, they have parameters such as initial void volume, critical
void volume, etc., which cannot be evaluated in the current study. For this reason, the void growth
equation proposed by Rice and Tracey [68] is considered in this study. Rice and Tracey [68]
analytically derived an expression for the growth of a single spherical void in a plastic material
under high stress triaxiality which is given as

dR

7= aexp (i—?) dep (2)

where R is the radius of the spherical void, gy, is the hydrostatic stress, oy is the yield stress; and
& = \/2/_3 ||£p|| where ¢, is the equivalent plastic strain and &, is the plastic strain tensor. The
parameters « and S are 0.283 and 1.5, respectively. This model is widely used as the Rice and
Tracey void growth model (VGM). D’Escata and Devaux [69] incorporated hardening in the
original void growth equation by replacing yield stress (gy) with Von-Mises stress (0;,). Thus,
the modified VGM growth equation is given as

dR &p
| T =] Taexnsns, 6

Hancock and Mackenzie [70] assumed that the stress triaxiality (T,) is largely unchanged
throughout the straining process and proposed the stress modified critical strain model (SMCS) .
The SMCS model considers the instantaneous stress triaxiality at fracture and hence may not
predict ductile fracture initiation accurately [50,71,72]. Therefore, to incorporate the stress history
effect in the SMCS model, the stress triaxiality (T,) is replaced with strain-averaged stress
triaxiality (T,) in the present study. Thus, the modified SMCS model is expressed as

In(R) = In(Ry) + aexp(BT,)e, 4)
where, R is the radius of the initial void present in the material.

R is the equivalent radius of the microvoids present on the fracture surface of the failed test
specimens. The mean microvoid equivalent radius corresponding to the distinct fracture zones of
all the test specimens was extracted from the high-resolution micrographic images using Imagel.
Each fracture zone is assumed to span over approximately one-tenth of the radius of the test
specimens based on the scale of the extracted microscopic images of the fracture zones. Therefore,
the strain-averaged triaxiality and the equivalent plastic strain values were averaged over one-tenth
of the radius present in each of the distinct fracture zones. The span of each of the fracture zones
was ~10 times the size of the finite element mesh and ~250 times the minimum microvoid size
(equivalent radius) observed on the fracture surface of the steel test specimens. As shown in Figure
22, the T, and &p values for Zone 1 are averaged between normalized radii 0 and 0.1, Zone 2
between normalized radii 0.45 and 0.55, and Zone 3 between normalized radii 0.9 and 1. The
average equivalent void radius, strain-averaged triaxiality, and effective plastic strain
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corresponding to each fracture zone for all the test specimens were computed. Subsequently, these
values were substituted in Eq. 4, and using the Gauss-Newton method for non-linear regression
[73] the parameters R, a, and B were computed. Following this, the critical plastic strain (e{jr)
was obtained by substituting the experimentally obtained average equivalent void radius and the
computed parameter values and can be expressed as

.. [In(R) = In(Ry)] exp(—BT,) )
g = ~

In the present study, an uncoupled damage criterion was presented for 17-4 PH stainless
steel and ASTM A992 high strength steel. The flowchart of the proposed methodology for
calibrating the failure criterion for steels is presented in Figure 23. Eq. 5 forms the basis of the
failure criterion used in the present study. The parameter values for computing the critical plastic
strain (e;r) were calibrated using the experimental and numerical data from all the tested 17-4 PH

stainless steel and ASTM A992 steel specimens and are presented in Table 5. Based on the
parameter R, predicted by the fracture criterion, the mean equivalent radii of the primary
microvoids present in the untested 17-4 PH stainless steel and ASTM A992 high-strength steel
specimens were observed to be 27% and 15% smaller compared to that of the tested specimens,
respectively. The (sp — s,ﬁr) profiles for the 17-4 PH stainless steel and ASTM A992 structural
steel specimens are presented in Figure 24 and Figure 25, respectively. Ductile fracture is assumed
to have initiated in the steel specimens when the equivalent plastic strain extracted from the finite
element models exceeds the critical plastic strain over a critical length defined as the characteristic
length (1) of the material [50,71]. The characteristic length (I*) was obtained by assessing the
(ep — ef,’") profiles of all the test specimens corresponding to the fracture strain and the lowest
length over which the equivalent plastic strain exceeds the critical plastic strain was adopted as the
characteristic length for the steel in consideration. The characteristic lengths of 17-4 PH stainless
steel and ASTM A992 structural steel are 50 pum and 75 um, respectively.

The proposed methodology was validated by comparing the predicted fracture
displacement (Ap,.) with the experimentally observed fracture displacement (AExp). Table 6
presents the comparison between the predicted and experimentally observed fracture
displacements for the steel test specimens. The model yielded conservative predictions of the
fracture displacements which are within the acceptable range. It is important to note that the
parameters for computing the critical plastic strain were obtained based on the mean equivalent
radius of the microvoids present in the individual fracture zones of the test specimens. However,
the larger coalesced microvoids dictate the ductile fracture initiation in steel and were observed to
significantly influence the mean equivalent void radius of the different fracture zones of the test
specimens resulting in right-skewed void size distributions. Therefore, the conservative fracture
displacements predicted by the failure criterion can be attributed to the use of average equivalent
microvoid radii in computing the critical plastic strain for the steel test specimens. Furthermore,
the fracture criterion was also used to predict the location of ductile fracture initiation in the steel
test specimens. As discussed earlier, ductile fracture is assumed to initiate when the equivalent
plastic strain in the specimen exceeds the critical plastic strain over the characteristic length of the
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material which can be tracked using the (ep — egr) profiles presented in Figure 24 and Figure 25.
For 17-4 PH stainless steel, the equivalent plastic strain exceeded the critical plastic strain over the
characteristic length of 50 um at the center of the cross-section for specimens CN2, CN3, and RU
(see Figure 24), implying that ductile fracture initiated at the center (Zone-3) which coincided with
the locations of the peak strain-averaged stress triaxiality (see Figure 21) and the highest mean
equivalent microvoid radius (see Figure 10). In the case of 17-4 PH specimen CNI1, the critical
plastic strain was exceeded over the characteristic length of 50 um (see Figure 24) at Zone-1
implying that ductile fracture initiated near the periphery which coincided with the location of
peak strain-averaged stress triaxiality (see Figure 21). The highest mean equivalent microvoid
radius was found at fracture Zone-2 (see Figure 10) for specimen CN1. For ASTM A992 high
strength steel, ductile fracture was predicted to initiate at the center of the cross-section (Zone-3)
for specimens CN4, CN5, and RU (see Figure 25) which coincided with the locations for peak
strain-averaged stress triaxiality (see Figure 21) and highest mean equivalent microvoid radius (see
Figure 11 and Figure 12). For ASTM A992 specimen CN2, the ductile fracture initiation was
predicted near the periphery (see Figure 25) which is consistent with the locations of the peak
strain-averaged stress triaxiality (see Figure 21) and highest mean equivalent microvoid radius (see
Figure 11). The critical plastic strain was exceeded near fracture Zone-2 over the characteristic
length of 75 um for ASTM A992 specimen UN (see Figure 25). The peak strain-averaged stress
triaxiality (see Figure 21) and mean equivalent microvoid radius (see Figure 11) coincided with
the predicted location of ductile fracture initiation for specimen UN. Therefore, the observations
made from the (sp — 85’”) profiles, strain-averaged stress triaxiality profiles, and the void size
distributions indicate that the highest strain-averaged stress triaxiality and the mean equivalent
microvoid radius can act as indicators of ductile fracture initiation location in steels. Furthermore,
the locations of the highest mean equivalent microvoid radius and predicted ductile fracture
initiation coincide for most of the test specimens implying that larger microvoids significantly
influence ductile fracture initiation in steel.

4 Conclusions

The following conclusions can be drawn from the present study:

1) The microvoid radii observed on the fracture surfaces range between 0.89 pm and 3.91 pm
for 17-4 PH stainless steel, whereas the microvoid radii range for ASTM A992 structural
steel is between 1.04 um and 3.45 um.

2) The void size distributions for the individual fracture zones were observed to
approximately follow a normal distribution with a positive skew. Furthermore, 95 percent
of the void radii fall between 0.95 um to 3 um for 17-4 PH stainless steel specimens,
whereas 95 percent of the void radii lie between 1.23 pm to 2.92 pm for ASTM A992 steel
specimens.

3) The initial void sizes are estimated after calibrating the uncoupled fracture model. The
initial average microvoid radius for 17-4 PH stainless steel and ASTM A992 high strength
steel was found to be approximately 27% and 15% smaller than the final average microvoid
radius, respectively.
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4)

5)

The extracted microvoid radii were used to calibrate an uncoupled fracture criterion to
validate the experimentally extracted void radii. The calibrated uncoupled fracture criterion
was used to predict the fracture initiation displacement of the test specimens. The calibrated
fracture criterion was able to yield conservative estimates of fracture displacement with a
maximum error of 13.6% and 11.1% for ASTM A992 and 17-4PH stainless steel test
specimens, respectively. The conservative estimates of fracture initiation displacement
using the uncoupled fracture model can be attributed to the use of average microvoid size
(equivalent radius) of the individual fracture zones of the test specimens to compute the
critical plastic strain whereas, in reality, ductile fracture initiation is dictated by the larger
coalesced microvoids and not by the mean void sizes.

The fracture criterion was also used to plot (ep - egr) profiles for all the test specimens
which aid in identifying the location of ductile fracture initiation in the steel specimens. In
this study, the location corresponding to the highest mean void size (equivalent radius) is
considered to be the fracture initiation location as ductile fracture initiates due to the
coalescence of large voids at high triaxiality. The location of ductile fracture initiation was
observed to coincide with the location of peak strain-averaged stress triaxiality which can
act as an indicator of ductile fracture initiation location in steel.
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Table 1: Chemical composition of 17-4 PH stainless steel and ASTM A992 steel

Chemical ASTM
Composition (%) |+ PH A992
Carbon (C) 0.0700 0.1500
Manganese (Mn) 1.0000 0.6900
Phosphorous (P) 0.0400 0.0180
Sulphur (S) 0.0300 0.0040
Silicon (Si) 1.0000 0.1800
Copper (Cu) 5.0000 0.2400
Chromium (Cr) 15-17.5 0.1500
Nickel (Ni) 3-5 0.0880
Molybdenum
(Mo) - 0.0195
Vanadium (V) - 0.0048
Titanium (T1) - 0.0012
Nobium (Nb) 0.1500 0.0024
Iron (Fe) Balance Balance

Table 2: Dimensions of uniaxial tensile test specimens made of 17-4 PH stainless steel and ASTM
A992 steel

Radius Depth Diameter

Notch Material  (R) (D) (d)
(mm) (mm) (mm)
CNl 174PH 05 - 5
CN2 17-4PH 1 - 5
ASTM
CN2 A99) 1 - 10
CN3 17-4PH 1.5 - 5
ASTM
CN4 A99) 2 - 10
ASTM
CNS5 A99) 3 - 10
ASTM
UN A99) 1 1 10
RU 17-4 PH - - 5
ASTM
RU A99) - - 10
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Table 3: Skewness and Kurtosis measures for the 17-4 PH stainless steel void size distributions

Specimen Zone  Skewness  Kurtosis
Name
Zone 1 0.78 0.09
CNI1 Zone 2 0.395 -0.522
Zone 3 0.375 -0.13
Zone 1 0.385 -0.531
CN2 Zone 2 0.55 0.046
Zone 3 0.365 -0.057
Zone 1 0.646 0.835
CN3 Zone 2 0.428 0.006
Zone 3 0.373 -0.486
Zone 1 0.526 0.464
RU Zone 2 0.483 -0.288
Zone 3 0.481 -0.561

Table 4: Skewness and Kurtosis measures for the ASTM A992 steel void size distributions

Specimen Zone  Skewness  Kurtosis

Name

Zone 1 0.179 -0.461

CN2 Zone 2 0.227 -0.417

Zone 3 0.227 -0.796

Zone 1 0.032 -0.152

CN4 Zone 2 0.299 -0.296

Zone 3 0.265 0.145

Zone 1 0.234 -0.352

CN5S Zone 2 0.445 -0.29

Zone 3 0.323 -0.218

Zone 1 0.365 -0.417

RU Zone 2 0.595 0.059

Zone 3 0.293 -0.092

Zone 1 0.276 -0.179

UN Zone 2 -0.361 -0.334

Zone 3 0.373 -0.488
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Table 5: Fracture model parameters and characteristic length of 17-4 PH stainless steel and ASTM
A992 steel

Characteristic
Material Model Parameters Length
In(Ry) a B (um)
17-4 PH 0.508 0.0684 2.15 50
ASTM A992 0.69 0.0175 2.3 75

Table 6: Comparison of experimental and predicted fracture displacement for 17-4 PH stainless
steel and ASTM A992 steel test specimens

) . Aexp Dpre Diff
Material Specimen (mm) (mm) %)
RU 2.69 2.3 11.1

CNI1 1.28 1.28 0.0

17-4PH CN2 0.8 0.72 10.0
CN3 0.47 0.45 4.4

RU 11.88 11.5 3.2

CN2 4.54 4.54 0.0

ASTM A992 CN4 2.7 2.5 7.4
CNS5 2.2 1.9 13.6

UN 2.72 2.54 0.6
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Figure 1: (a) Martensitic microstructure of 17-4 PH stainless steel and (b) ferrite-pearlite
microstructure of ASTM A992 structural steel
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Figure 2: Geometry of (a) axisymmetric tensile steel specimen; (b) C-notch; and (c) U-notch
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Figure 3: Macroscopic fracture surfaces of 17-4 PH stainless steel test specimens (RU- reference
unnotched; CN1, CN2, and CN3: C-notch with notch radii of 0.5 mm, 1.0 mm, and 1.5 mm,
respectively). Shear lip is observed in the unnotched specimen only.
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Figure 4: Macroscopic fracture surfaces of ASTM A992 structural steel test specimens (RU:
reference unnotched; CN2, CN4, and CN5: C-notch with notch radii of 1.0 mm, 2.0 mm, and 3.0
mm, respectively; UN: U-notch with notch radius 1.0 mm and depth 1.0 mm)
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Figure 5: (a) Initial and (b) final stress triaxiality profiles of 17-4PH stainless steel specimens
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Figure 6: (a) Initial and (b) final stress triaxiality profiles of ASTM A992 steel specimens
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Figure 7: (a) Macroscopic fracture surface image and (b)-(f) micro-scale fracture images of 17-4
PH stainless steel reference unnotched specimen (RU) in regions 1, 2, 3, 4, and 5
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Figure 8: (a) Macroscopic fracture surface image and (b)-(f) micro-scale fracture images of ASTM
A992 structural steel reference unnotched specimen (RU) in regions 1, 2, 3, 4, and 5
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Figure 9: Sample regions for extracting microvoid cross-section areas on the surface of a fractured
test specimen
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Figure 10: Histograms of void size distributions (equivalent void radius) for 17-4 PH stainless steel
fracture specimens in all three zones
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Figure 11: Histograms of void size distributions (equivalent void radius) for ASTM A992 steel C-

notch fracture specimens in all three zones
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Figure 12: Histograms of void size distributions (equivalent void radius) for ASTM A992 steel U-

notch (UN) and reference unnotched (RU) fracture specimens in all three zones
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Figure 13: Normal probability plots of void size (equivalent void radius) for 17-4 PH steel fracture
specimens
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Figure 14: Normal probability plots of void size (equivalent void radius) for ASTM A992 steel C-
notch fracture specimens

32



UN Zone 1 UN Zone 2 UN Zone 3

4 4 4
7 3 R 7 3
e E o 1 o
S 24 ° S 2 S 24
w w w1
NI N NI
S0 £ o R
- - -
2 4 2 2
= =1 =1
£ = =
= -2 =-2 4 = -2 o
o o o
3 T T T -3 T T T -3 T T T
0 | 2 3 4 0 | 2 3 4 0 | 2 3 4
Void Radius (pm) Void Radius (nm) Void Radius (um)
RU Zone 1 RU Zone 2 RU Zone 3
4 4 4
7 3 > 3 7 31
£ 2 o £
S 24 S 2 S 2
N N | N
g 04 £ ERR
= =} =]
@ @ e
= £ =y
= = =
-2 A 5 B -2 A =24
o] e} o
-3 T T T -3 T T T -3 T T T
0 1 2 3 4 0 1 2 3 4 0 | 2 3 4
Void Radius (nm) Void Radius (pm) Void Radius (pm)

Figure 15: Normal probability plots of void size (equivalent void radius) for ASTM A992 steel U-
notch (UN) and reference unnotched (RU) fracture specimens
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Figure 16: (a) Boundary conditions of FE model; typical FE mesh for (b) C-notch, and (c) U-notch

(a) (b)
1800 1800
1600 4 1600
E 1400 E 1400 -
1200 E
é E 1200
2 1000 2 1000 -
%] @
= 800 - £ 800 -
w0 wn
§ 600 - E 600 -
= 400 A = 400 4
200 A 200 -
0 T T 0 T T T T
0 0.5 1 1.5 0 0.5 | 1.5 2 2.5
Plastic Strain Plastic Strain

Figure 17: Strain hardening curves for (a) 17-4 PH stainless steel and (b) ASTM A992 structural
steel
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Figure 18: Comparison of experimental and FEA load-displacement curves for 17-4 PH stainless
steel fracture specimens
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Figure 19: Comparison of experimental and FEA load-displacement curves for ASTM A992 steel
fracture specimens
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Figure 20: Equivalent plastic strain profiles at failure for (a) 17-4 PH steel and (b) ASTM A992

steel

P~
)
N

Strain-averaged Stress Triaxiality

Figure 21: Strain-averaged stress triaxiality profiles for (a) 17-4 PH steel and (b) ASTM A992

steel
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Figure 22: Span of distinct fracture zones on the surface of a fractured steel specimen
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Figure 23: Flowchart for calibration of the parameters in the uncoupled fracture criterion
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Figure 25: (&, — &5") profiles of ASTM A992 steel fracture specimens
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