The Effect of Microstructural Banding on Failure Initiation of

HY-100 Steel
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Microstructural banding of a hot-rolled HY-100 stedl plate was accentuated by cooling slowly from
the austenite region, which resulted in alternating layers of soft, equiaxed ferrite, and hard “granular
ferrite.” The segregation of substitutional alloying elements such as Ni and Cr was identified as the
main cause for the microstructural banding. Such banding induces anisotropic flow behavior at large
strains, with deformation constrained by “pancake-shaped” bands of the hard granular ferrite. Tensile
tests of circumferentially notched HY-100 specimens were performed in order to explore the stress
dependence of failure in the slow-cooled as well as the quenched and tempered conditions. The failure
behavior of the slow-cooled, microstructurally banded material exhibited a pronounced susceptibility
to a void-sheet mode of failure. However, the absence of carbides within the equiaxed ferrite delays
void coalescence and material failureto higher strainsthan in aquenched and tempered microstructure,
despite the increased susceptibility to shear localization.

[. INTRODUCTION

MICROSTRUCTURAL banding of hot-rolled, low-
aloy steelsis a common occurrence and is associated with
the chemical banding of substitutional alloying elements.[*-3
The phenomenon can be understood in terms of the decom-
position modes of the chemically inhomogeneous austenite
under certain combinations of grain size and cooling rate.[*5
For example, when these steels are lowly cooled from the
austenite region, proeutectoid ferrite first formswithin those
regions, where the content of austenite-stabilizing elements
is relatively small. The subsequent growth of proeutectoid
ferrite creates essentially carbide-free regions within the
microstructure. Finally, pearlite forms in the region of high
solute (austenite stabilizer) content, thus creating a banded
microstructure consisting of pearlite and ferrite bands.

The HY-100 steel may be characterized as a hardenable
steel which depends on Ni, Cr, Mn, and Mo contents for
hardenability. Considering that the chemical banding gives
rise to the microstructural banding, and given the relatively
high content of the substitutional alloying elements, HY-100
is expected to show a high susceptibility to microstructural
banding. Microstructural banding has not been previously
studied in HY-100 steel. Furthermore, while the phase trans-
formations associated with microstructural banding have
been studied in some detail in low-aloy steels, the few
reports of the mechanical properties of microstructurally
banded stee! 957 are limited to the effects on tensile ductility
and impact resistance.l®! None of the previous research has
addressed the issue of the effect of microstructural banding
on the micromechanism of failure at a high-stresstriaxiality.

The tensile-failure behavior of a quenched and tempered
HY-100 steel plate has recently been examined as afunction
of the stress state.#%1° The results of these studies show
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that, for loading parallel to the long transverse direction of
the plate, failure at high-stress triaxialities occurs as a result
of localized shear deformation, as voids link due to a void-
sheeting mechanism.!®%1% Sych failure has been shown to
depend on the presence of elongated MnSinclusions, which
are oriented normal to the tensile axis and which nucleate
large, elongated, cylindrically shaped voids. Material separa-
tion subsequently occurs as shear localization develops
between the elongated, primary voids, resulting in the forma-
tion of carbide-nucleated secondary voids. In such a failure
process, the carbides serve as secondary void sites but are
active in initiating voids only after large local strains are
induced, due to deformation localization in the ligament
between the primary voids. Therefore, void-sheet failure
may be delayed, but not avoided, if the nucleation of voids
at carbides is suppressed. An extreme method for sup-
pressing the void initiation at carbidesisto produce carbide-
free ligaments between the elongated MnS inclusions. For
this purpose, we have used a slow-cool heat treatment to
induce a banded microstructure containing bands of essen-
tialy carbide-free ferrite within the HY-100 steel.

The present study examines the effect of microstructural
banding on the failure initiation of HY-100 steel. We focus
on the formation of a banded microstructure and how such
a microstructure affects failure of HY-100 steel at a high-
stresstriaxiality, such asin anotched or cracked plate. Previ-
ous research has suggested that, in the quenched and tem-
pered condition, the failure of HY-100 can be limited by the
intervention of avoid-sheet mode of void linking, as opposed
to one in which equiaxed voids grow in amore-or-less stable
manner to coalescence. In the present study, we introduce
a banded microstructure, consisting of aternating bands of
soft, equiaxed ferrite and hard, granular ferrite, obtained by
slow cooling (furnace cooling) of the as-received HY-100
plate. We also present results that indicate a strain-induced
“anisotropic” flow behavior of the microstructurally banded
material and contrast the failure strains over a range of
stress triaxialities to those from an “unbanded” quenched
and tempered HY-100 steel.
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Tablel. Chemical Compositions of the HY-100 Stedl Plate

WtPct C Mn P S S N Cr Mo Cu
HY-100 0.16 0.26 0.008 0.009 0.22 2.62 1.32 0.25 0.14

Il. EXPERIMENTAL PROCEDURE

The material used in this study, 25.4-mm-thick hot-rolled
HY-100 steel provided by the Caderock Division, Naval
Surface Warfare Center, was examined in two heat-treatment
conditions. In the quenched and tempered condition, the as-
received plate had been austenized at 900 °C, quenched, and
tempered at 593 °C. In the slow-cooled condition, the as-
received plate was subsequently austenized at 905 °C for 75
minutes and slowly cooled to room temperature in afurnace,
at an average cooling rate of approximately 0.02 °C/s, from
905 °C to 200 °C. This latter heat-treatment condition pro-
duced the microstructural banding described subsequently.
The chemical composition of the plate is shown in Table I.
It should be noted that alloying elements such as Ni, Cr,
Mn, and Mo increase hardenability.

Chemical analyses within the banded microstructure were
performed on alocal scale using electron probe microanaly-
sis (EPMA) with wavelength-dispersive spectrometry
(WDS) to identify the chemical segregation pattern across
atrace of approximately 550 um in length. The trace, which
spans several microstructural bands, was marked with two
initial hardness indentations prior to WDS analysis. After
the WDS analysis, the specimen was repolished and etched
to correlate the chemical segregation pattern to the micro-
structural banding, using the microhardness indentations as
locators. Microhardness measurements were made within
the alternating layers on the microstructurally banded micro-
structure. Microstructural observations were performed
using light microscopy and scanning electron microscopy
on specimens polished and etched with 2 pct nital solution.
Transmission electron microscopy was also performed on
foils thinned to perforation using 10 pct perchloric acid and
90 pct acetic acid solutionin a PHILIPS* EM420T operating

*PHILIPS is atrademark of Philips Electronic Instruments Corp., Mah-
wah, NJ.

at 120 kV.

The uniaxial stress-strain response of the microstructur-
ally banded HY-100 was determined at room temperature
from the compression testing of the cylindrical compression
specimens, posessing a one-to-one height-to-diameter
ratio™ (¢$6.35 X 6.35 mm), at a strain rate of 10~%/s. Com-
pression specimens were machined from the microstructur-
ally banded plate; the stress axes are defined in Figure 1(a)
aslongitudinal (L), long transverse (T), and short transverse
(S). In order to obtain the deformation response at true
compressive strains of =<0.75, friction between the specimen
and the polished alumina platens was minimized using a
Mo,Si lubricant and by interrupting testing at plastic-strain
increments of 0.25. After interruption, the end faces of the
specimen, as well as the platens, were relubricated with
Mo,Si lubricant and then reloaded. The dlip behavior of the
banded microstructure was examined after the compression
testing in the T direction. Before the compression testing,
aflat-surface segment was ground and polished on the cylin-
drical face of the compression specimen; this flat face was
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Fig. 1—(a) Schematic diagram of the steel plateand (b) “three-dimensional
light micrograph” showing the microstructural banding in a slow-cooled
HY-100 steel.

parallel to the TS plane depicted in Figure 1(b). After defor-
mation, the slip-line characteristics on the flat surface (TS
plane) were subsequently examined using a scanning elec-
tron microscope (SEM).

Tensiletesting of circumferentially notched round-bar ten-
sile specimens was conducted to examine the dependence
of the failure strain on the degree of stress triaxiality, using
a procedure described in detail elsewhere.® Testing was
conducted at a constant crosshead speed which corresponds
to aninitial equivalent strain rate of 10~3/s at room tempera-
ture. The severity of stress triaxiality was controlled by the
geometry of the notch-root radius; the notch geometries used
were the so-called B notch (R/p = 0.5) and the D notch
(Rlp = 2), where R and p are the radius of the minimum
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Fig. 2—Microstructures of a hot-rolled HY-100 in the quenched and tem-
pered condition: (a) light micrograph showing the faint chemical banding
along the rolling direction and (b) TEM thin foil micrograph showing
tempered martensite microstructure.

cross-sectional area (2R = 7.62 mm) and the notch-root
radius, respectively. The failure initiation was experimen-
tally defined asa point where theload (P)—diametric contrac-
tion (6) curve showed an abrupt drop during the tensile
testing. Having measured the specimen-diameter contraction
a failure initiation, we subsequently used finite-element
analysisto determine the local stress-strain conditions at the
center of the minimum cross-sectional area of the notch
where failure initiated. Axisymmetric finite-element analy-
ses were performed for each bar geometry to determine the
stress and strain states at failure initiation at the center of
the minimum cross-sectional area of the notch. The finite-
element-analysis code ABAQUS was used to determine the
mean stress (o), equivalent stress (o), and equivalent
plastic strain (g4), to identify the failure-initiation condition
intermsof the stress-triaxiality ratio (om,/ oey) and theequiva-
lent plastic failure strain (st ¢q) at the failure-initiation site.
Fractography was performed after tensile testing using an

I11. RESULTS AND DISCUSSIONS

A. Microstructure

The microstructure of the as-received quenched and tem-
pered plate of the LS plane is shown in Figure 2(a). The
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etching contrast is not uniform, with diffuse dark bands
running parallel to the rolling direction of the plate. The
microstructure consists of tempered martensite (Figure 2(b))
inwhich fine martensite laths are present, containing a popu-
lation of closely spaced submicron carbides. The variation
in size and shape of both the martensite laths and carbides
is demonstrated in Figure 2(b). The boundaries between the
laths are not clearly delineated due to the tempering. Despite
the difference in the etching contrast in the light micrograph
in Figure 2(a), no significant microstructural differences
could be detected between several regions when viewed in
the SEM or the transmission electron microscope (TEM).

The microstructure of afurnace-cooled specimen is char-
acterized by a distinct microstructurally banded array con-
sisting of alternating layers of two quite different
microconstituents, as shown in Figure 1(b). The regions of
light contrast in Figure 1(b) appear as dark regions in the
SEM image and correspond to equiaxed ferritic grains (Fig-
ure 3(a)). Carbides are not observed within theferritic grains
a either the SEM or TEM resolution, and only a small
population of small (<1 um) equiaxed MnS inclusions are
found within the equiaxed ferrite. The dark-etching layers
in Figure 1(b) are imaged as bright regions in the SEM and
consist of regions denoted as “ granular ferrite” (Figures 3(b)
and (c)). The granular ferrite is characterized mainly by the
presence of islands of secondary microconstituents within
equiaxed ferrite grains (Figure 3(c)).*¥ The idlands of sec-
ondary microconstituents found in the slow-cooled HY-100
consist of martensite or/fand austenite, lower bainite, and
degenerate pearlite, as indicted by the arrows in Figure 3.

Microstructural banding of steelsoriginatesfrom theinter-
dendritic segregation of substitutional alloying elements in
an as-solidified microstructure.® In commercia steels, this
chemical inhomogeneity persists in the wrought product
despite“homogenization,” because the diffusion coefficients
of substitutional alloying elementsin austenite arelow. Most
studies of microstructural banding have been concentrated
on hot-rolled, low-alloy steels,*~"1 and the banding in these
steels typically takes the form of alternating layers of ferrite
and pearlite. In the present study and in a related study,*4
the banding results in equiaxed ferrite-granular ferrite layers
during slow cooling, as is evident in Figure 3.

The cooling rate has been recognized as a main factor in
inducing microstructural banding, because the driving force
for microstructural banding increases as the cooling rate
decreases. For example, Kirkaldy et al. showed that the
driving force for the microstructural banding is related to
the temperature differences between the A,z temperatures
(the y/y + a solvus temperature during cooling) of the
solute-lean and the solute-rich regions. Their analysis pre-
dicts that if the solute lowers the A3 temperature, then pro-
eutectoid ferrite forms first within the solute-lean regions.
Based onthisreasoning, thelayersof equiaxed ferrite present
in our banded microstructure should form within a solute-
lean region. The subsequent growth of proeutectoid ferrite
toward the solute-rich region isaccompanied by thediffusion
of carbon (an austenite stabilizer) toward the solute-rich
(austenite stabilized) region. Finaly, the decomposition of
the remaining austenite results in the formation of granular
ferrite within the solute-rich region.*¥ The “island micro-
constituents’ found in the granular ferrite are likely to be
retained austenite or/fand martensite, as a result of the
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Granular ferrite

Equiaxed ferrite

Fig. 3—SEM micrographs showing (a) a microstructurally banded microstructure, (b) and (c) microconstituents in the granular ferrite, and (d) elongated
MnS inclusions preferentially located within granular ferrite. Arrows indicate “A”—martensite (or retained austenite), “B”—lower bainite, and “ C"—

degenerate pearlite, while “S’ denotes MnS inclusions.

increased carbon and solute (austenite stabilizers) within the
granular ferrite regions. However, as will be discussed later,
the high hardness of the granular ferrite strongly suggeststhe
presence of martensite asamain secondary microconstituent.

The nature of the chemical segregation rationalized pre-
viously is confirmed in Figure 4, which shows the chemical
segregation patterns of the substitutional alloying elements,
Ni, Cr, Mn, and Mo along a trace ~550 um long, which
spans many microstructural bands (LS plane). The concen-
tration profiles confirm that the equiaxed ferrite forms at
the solute-lean region and that Ni, Cr, and Mo concentrate
within the layers of granular ferrite. Asaresult, the segrega-
tion patterns are al “in phase.”

The microstructural banding present in the slow-cooled
HY-100 may be further understood by utilizing the empirical
formula for the effect of aloying elements on the critical
temperature (Ag):[**

As = 910 — 203,/C — 15.2Ni + 44.7Si + 104V
+ 315Mo + 13.1W — 30Mn — 11Cr
— 20Cu + 700P + 400Al + 120As + 400Ti

It should be noted that Cr lowers the A; temperature, as
do Ni and Mn. K.W. Andrews pointed out that Cr in the
compositional range of 0 to 5 wt pct acts as an austenite
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stabilizer.™ Therefore, Ni, Cr, and Mn (austenite stabilizers)
lower the Ag temperature, while Mo (ferrite stabilizer) raises
the Az temperature. The combined capability of Ni, Cr, and
Mninlowering the Az temperature far exceeds the capability
of Mo in raising the A; temperature. If the ability of each
element in lowering the A; temperature is considered among
the austenite stabilizing elements, then the high content of
Ni (2.62 wt pct) is likely to play a key role in producing
the microstructural banding in HY-100. Finally, we note that
solute-segregation patterns similar to those shown in Figure
4 arealsofound in the slowly cooled HSL A-100 steel, which
is more highly alloyed than HY-100. In HSLA-100, all the
substitutional elements (Ni, Cu, Mn, Cr, Mo, and Nb) tend

to be concentrated within the layers of granular ferrite.[!

The degree of the microstructural banding may be quanti-
fied on the LT, TS, and LS planes (Figure 1), using the
equations as follows:*®

P
Anisotropy Index = =—
Py

_ 5LL - |3L||_
P, + 0571Py

where P, isthe average number of feature-boundary inter-
sections (in this case, equiaxed ferrite/granular ferrite) with

Degree of Orientation =
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Fig. 4—Correlation between the microstructural banding and the segrega-
tion patterns of the alloying elements: the LS surface is shown, and the
arrow on the light micrograph indicates the range of the chemical analyses.

Tablell. A Quantitative Assessment of the Degree of the
Microstructural Banding
P IELM Anisotropy  Degree of
Plane (number/mm)  (number/mm) Index Orientation
LT 454 1.23 3.69 0.63
TS 40.24 3.85 10.45 0.86
LS 38.48 1.32 29.15 0.95

test lines perpendicular to the banding direction per unit
test line length, and P, is the average number of feature-
boundary intersections with test lines parallel to the banding
direction. For arandomly oriented microstructure, the ani sot-
ropy index and the degree of orientation are 1 and zero,
respectively. As the anisotropy of the microstructure
increases, the anisotropy index increases above 1, and the
degree of orientation approaches 1. Table |1 shows that both
the ani sotropy index and the degree of orientation are highest
on the LS plane and lowest on the LT plane. In addition,
the degree of banding is most pronounced (degree of orienta-
tion = 0.95) on the LS plane.

The volume fraction (V;) of the granular ferrite was aso
measured on the LS and TS planes and was determined to
be V; = 0.42. The mean edge-to-edge spacing of the granular
ferrite layers (mean free path) was used to estimate the
average thickness of the carbide-free ligaments on the LS
and TS planes, using the obtained volume fraction of granu-
lar ferrite (V; = 0.42). Assuming the same volume fraction
on the LT plane, the average thickness of the carbide-free
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Tablelll. A Quantitative Analysis of the
Microstructurally Banded HY-100

Center to Average
Volume Center  Thickness of Average
Fraction of  Band Carbide-Free Thickness of
Granular ~ Spacing Ligament Granular
Plane  Ferrite (um) (pem) Ferrite (um)
LT — 441 256 185
TS 0.42 50 29 21
LS 0.42 52 30 22
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Fig. 5—Hardness profiles of a quenched and tempered HY-100 on the
LS plane. Hardness bands for equiaxed ferrite and granular ferrite are
also shown.

ligaments (proeutectoid ferrite widths) was also estimated
(Table I11).

In summary, based on the previous quantitative analyses,
the simplified three-dimensional picture of the banded
microstructure is asfollows: thelayers of the granular ferrite
themselves assume an elongated “pancake” shape, having
their magjor dimension aligned along the rolling direction
and the minor axis in the through-thickness direction. The
bands consist of alternating layersof granular ferrite, roughly
20 um in thickness, and carbide-free equiaxed ferrite,
approximately 30 um in thickness.

B. Hardness Behavior

Given the large difference in the microstructures between
the banded regions in the slow-cooled HY-100 stedl, it is
not surprising that their hardness values would also be sig-
nificantly different. In fact, the Vickers hardness (VHN) of
the granular ferrite layers (VHN = 374) is more than twice
that of the equiaxed ferrite (VHN = 159). The high hardness
value of the granular ferrite suggests the presence of hard
martensite islands, which have often been found in granular
microstructures.[*? Thus, the microstructural banding has
resulted in alternating layers with quite different hardnesses
and, presumably, flow behaviors. Ramifications of such a
microstructure will be discussed later.

Whilethere arelarge microhardnessvariationswithin HY-
100in the slow-cooled condition, the quenched and tempered
condition also exhibits a nonuniform hardness profile, as
depicted in Figure 5. The average hardness value for the
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quenched and tempered condition is 269 VHN; however,
hardness differences of approximately 90 VHN are present.
Furthermore, the wavelength of the hardness variations cor-
responds approximately to the chemical banding of the sub-
stitutional elements seen in Figure 4. Thus, athough the
chemical banding does not result in distinctly different
microstructures in the quenched and tempered condition, it
nevertheless remains present and results in local variations
of hardness values.

Finally, based on the respective hardnesses of the equiaxed
and granulate ferrites and the volume fraction of each
(Vigranuar ferie = 0.42), we may estimate the macroscopic
hardness of the banded, slow-cooled steel using astraightfor-
ward law-of-mixtures relationship based on the respective
volume fractions of equiaxed and granular ferrite. Recalling
that the equiaxed and granular ferrite hardnesses were 159
and 374 VHN, respectively, a law-of-mixtures relationship
predicts the average hardness of the microstructurally
banded material to be 250 VHN, or somewhat less than
that of the tempered martensitic material (269 VHN). Using
Rockwell B measurements (HRB) as macrohardness data,
we find a similar correspondence of hardnesses for these
two microstructures; i.e., HRB = 95.4 (=216 VHN) for the
banded structure compared to HRB = 99.9 (=240 VHN)
for the tempered martensite.

C. Compression Response and Sip-Line Behavior

Figure 6 shows the compressive stress-strain responses
determined on the microstructurally banded HY-100 in the
three orthogonal loading directions. The microstructural
change from the tempered martensite to the equiaxed ferrite—
granular ferrite banded structure results in a decrease in the
yield stress of about 20 pct, from ~650 MPa to the 500
to 530 MPa range. With increasing strain, the flow-stress
differences between these two microstructures decrease. As
is evident in Figure 6, the banded structure displays higher
strain hardening, such that the flow stresses approach that
of the tempered martensite at large strains. If the stress-
strain response is fitted to a power-law relationship, the
strain-hardening exponent (n = d In o/d In &) increases from
0.09 in the quenched and tempered condition to 0.12 to 0.14
in the slow-cooled condition (Table 1V). Finaly, we note
that small differences in strain hardening among the three
orientations of the slow-cooled, banded structure result in
significant differences in their flow stresses at large strains;
we will return to this issue later.

The deformation of coarse two-phase microstructures
depends on whether the material obeysan equal-stress condi-
tion (in which strain can concentrate in one of the microcon-
stituents) or if an equal strain condition applies to the
congtituents. Given the layered morphology of the micro-
structure (Figure 1), we would expect the equal-strain condi-
tion to be obeyed for deformation with the compression
axes along the L and T directions, but that perhaps this
requirement might berelaxed inthe Sdirection. Interestingly,
the stress-strain responses in the three loading directions of
the microstructurally banded material (Figure 6) are very
similar up to strains of ~0.1, suggesting that the compatibil-
ity constraints are such that both the equiaxed and granular
ferrites are forced to deform in an equal strain manner.

The higher degree of work-hardening observed for the
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Fig. 6—Compressive stress-strain responses for (a) the T loading of the
microstructurally banded and the quenched and tempered materials and (b)
the microstructurally banded material in the three orthogonal loading
directions.

TablelV. A Summary of the Compressive Stress-Strain
Responses (We Assume u = Ke")

Equiaxed Ferrite and

Tempered Granular Ferrite
Microstructure Martensite Banding
Loading direction T T L S
n 0.09 012 013 014
K (MPa) 1134 1104 1140 1173

0.2 pct yield stress (MPa) 648 53 526 501

slow-cooled material suggests an increased rate of disloca-
tion accumulation with strain. One possibility is an elevated
rate of dislocation accumulation within the softer equiaxed
ferrite, due to strain compatibility requirements arising from
the presence of the harder, but still ductile, granular ferrite.
Such a suggestion is similar to reasoning used in describing
the very high strengths developed in the heavily deformed
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Fig. 7—Slip line behavior in the microstructurally banded steel: (a) both
microconstituents, (b) the equiaxed ferrite only, and (c) the granular ferrite
only. The macroscopic strain is 0.5. The stress axis is vertical and corres-
ponds to the T direction (Fig. 1).

two-phase Cu-based alloys, examined by Courtney and
coworkers a decade ago.[**'"] Figure 7 provides indirect
support for such speculation in the characteristics of the dip
traces at a 0.5 strain. In particular, an examination of the
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slip behavior, such as that depicted in Figure 7(a), suggests
that slip accommodation is occurring within the softer equi-
axed ferrite to accommodate the deformation behavior of
the harder granular ferrite. Furthermore, whilethe slip bands
tend to be oriented at roughly 45 deg to the stress axis, the
slip lines are finely spaced and wavy in the equiaxed ferrite
(Figure 7(b)), but are widely spaced, coarse, and planar in
the hard granular ferrite (Figure 7(c)). We may speculate
that such dlip compatibility behavior results in an increased
dislocation density within the equiaxed ferrite, which con-
tributes to the increased strain hardening of the slow-cooled
banded microstructure steedl.

The strain-hardening behavior of the banded microstruc-
turein Figure 6(b) indicates small but significantly different
flow stresses at large strains among the three specimen orien-
tations. This result implies a strain-induced anisotropy of
deformation, a result of which is that the cross sections of
the compression specimens do not remain circular at large
strains. This effect is demonstrated in Figure 8, which shows
the cross-sectional geometry and the corresponding micro-
structures of three compression specimens, each having a
different loading direction. While the cross section of the
specimen deformed in the S direction remains circular (Fig-
ure 8(a)), the cross sections of the specimens oriented in
the two other plate directions become distinctly elliptical
(Figures 8(b) and (c)). As expected, these observations indi-
cate that material flow is constrained by the harder granular
ferrite bands in the banding direction (i.e., the long dimen-
sion of the band layer).

In order to quantify the anisotropy of the flow behavior
in Figures 8(b) and 8(c), we define a strain ratio (R) such
that R = &,/e3, where &, and &3 are the minor and major
principal strains transverse to the compression axis, respec-
tively. (Such a strain ratio relates directly to that often used
to describe the plastic anisotropy of sheet metal, in which
R = eyidn/Emickness IN @Uniaxia tension test.) As also shown
in Figure 8, the strain ratios measured from the compression
specimens tested in the S, L, and T loading directions are
0.98, 0.89, and 0.77, respectively, at a true compressive
strain of 0.75. These ratios may be qualitatively understood
in terms of the geometry of the banding present in the slow-
cooled microstructure. The smallest R value (0.77), or the
greatest degree of plastic anisotropy, is observed when the
material is deformed in the T direction of the plate, which
can be readily reconciled in terms of constraint imposed by
thelayersof hard granular ferrite, given the structures shown
in Figure 1. In contrast, when the loading direction isin the
Sdirection, the strain ratio is R =~ 1, which implies that the
plastic deformation of the banded material is orthotropically
isotropic, transverse to the compressive axis.

D. Tensile Behavior under Multiaxial Tension

In a previous study, we have examined the failure of a
quenched and tempered HY-100 steel plate as a function of
stress state using notched axisymmetric tensile speci-
mens.[%19 These results show that, if the specimen is tested
in the T direction, increasing stress triaxiality results in a
rapid decrease in failure strains. Furthermore, at high-stress
triaxialities, failure is controlled by a void-sheet process
which links large elongated, inclusion-initiated voids by a
shear instability process. In contrast, when tested in the L
direction, failure of the HY-100 steel plate is controlled by
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Fig. 8—Light micrographs of the polished and etched surfaces of the end
faces of the compression specimens. The white dotted circles serve to
illustrate the flow anisotropy in the three loading directions: (a) S, (b) L,
and (c) T.

the growth and coalescence of eguiaxed voids. In this sec-
tion, we compare the behavior of the banded slow-cooled
material to that examined earlier (the quenched and tem-
pered material).

As before,®1% we define material “failure” as that condi-
tion in which material damage is sufficiently severe such
that a measurable loss of stress-carrying capacity of the
material occurs as deformation continues. Experimentally,
wedetermined failureinitiation from |oad-displacement data
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Fig. 9—Comparison of the failure limit data for the tempered martensite
and the microstructurally banded HY-100 steels.

as the point where the load-diametric contraction curve
changes abruptly during the deformation. We used finite-
element analysis in order to determine the condition at fail-
ure, as represented by the stress-triaxiality ratio and equiva
lent plastic strain at the center of a notched bar; note that
Om isthe mean stress and o is the equivalent stress. During
a notched-bar test, there is a (small) change in the stress-
triaxiality level as the specimen deforms, due to a changing
notch geometry. We, thus, define an average stresstriaxiality
over the strain interval to failure initiation as follows:[%%

(O-mla-eq) average, failure —

In order to address the possible effect of microstructural
banding on initiating void-sheet failure, we have chosen two
round-notched tensile-specimen geometries: a high-stress-
triaxiality D-notch (oy,/ 0o ~ 1.4) and alow-stress-triaxiality
B-notch configuration (om,/ g =~ 0.8). These specimenswere
tested in both the T and the L directions of the plate. It
should be recognized that the void-sheet mechanismis prev-
alent only when the quenched and tempered HY-100 istested
inthe T direction and at high-stress-triaxiality ratios (1.0 <
Ol 0q < 1.4).18910

1. Loading in the T orientation of the plate

The dependence of the failure strains on the stress state,
as depicted in the failure-limit diagram (FLD) in Figure
9, is shown for both the microstructuraly banded and the
quenched and tempered HY-100 steels. In the latter case,
for specimens tested in the T direction, the FLD data in
Figure 9 are separated into two regions. Previous
research®®1% has shown that these two regions relate to
two faillure mechanisms. a damage accumulation process
involving coalescence of relatively equiaxed voids (region
| in Figure 9) and a void-sheet process, which links the
large, elongated inclusion-initiated voids by localization of
deformation (region Il in Figure 9).

Comparing the response of the slow-cooled, banded steel
to the tempered martensitic case, we observe severa signifi-
cant trends. First, the microstructurally banded material
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Fig. 10—Profile of the fracture path in a microstructurally banded steel
tested in the long transverse direction of the plate. Stress triaxiality is
approximately 0.75.

shows a “region I1” sensitivity of failure strains to stress
state, for the entire range of stress triaxialities (0.8 <
Oml0eq < 1.4) examined. This behavior isin contrast to the
failure of the quenched and tempered specimens, where
region |l failure is confined to high-stress triaxialities (1.0
< Omloe < 1.4). Second, the failure strains of the banded
material are larger at the high-stress triaxialities (1.0 =< o,/
0 = 1.4), but, as a result of the persistence of region Il
behavior, they are lower than the tempered material at the
Omloeq = 0.8 level. Thus, there is a “crossover” of failure
strains, such that the quenched and tempered martensitic
material has greater resistance to falure at intermediate-
stress-triaxiality levels.

An obviousinterpretation to the aforementioned FLD data
(Figure 9) is that the banded microstructure extends the
void-sheet mode of failure to the lower-stress triaxialities.
Recalling that void sheeting occurs due to a shear localiza-
tion at the ligament between elongated MnS inclusions, the
fracture path shown in Figure 10 for the banded sted is not
surprising; this figure clearly indicates a susceptibility of
failure to planes inclined at ~45 deg to the tensile axis. In
view of Figure 9 and our previous interpretation of regions
| and 11,1899 we now anticipate that the fractography of the
guenched and tempered and slow-cool ed steels should show
distinctly different fracture surfaces at the intermediate-
stress-triaxiality conditions. Figure 11 confirmsthis expecta-
tion. In Figure 11(a), we see that the failure surface of
the banded steel is dominated by an aligned “ridge-trough”
fracture surface in which elongated primary voids arelinked
by planes of microvoids; all of these features are characteris-
tic of void-sheet failure. In contrast, the quenched and tem-
pered steel in Figure 11(b) shows equiaxed dimples which
haveformed asaresult of equiaxed voids, which have grown
and coalesced by impingement in what we have previously
termed region | failure. In summary, both the fracture-surface
profiles and fractography confirm that the banded material
is more susceptible to void-sheet failure than the tempered
martensitic stedl at the intermediate stress-triaxiality levels
in Figure 9.

A straightforward interpretation of the void-sheet mode
of failure in HY-100 steel is that the MnS inclusions, which
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Fig. 11—Fracture surface appearances after failure at intermediate stress
triaxiality (om/oeq ~ 0.75): (a) microstructurally banded and (b) tem-
pered martensite.

are preferentially located within the granular ferrite layers,
initiate large elongated voids that, in turn, trigger deforma-
tion localization between them, on a 45-deg inclined plane,
between the layers of granular ferrite. The final stage of the
void-sheet failure process of the quenched and tempered
martensitic HY-100 is believed to involve the nucleation
and coalescence of voids at the submicron carbides present
within the bands of deformation localization between the
primary voids. Asshownin Figure 12(a), the fracture surface
of the dlow-cooled, banded steel consists of three types of
voids: (1) the large primary voids associated with the elon-
gated MnS inclusions within the granular ferrite, (2) alarge
number of small, equiaxed voids nucleated from the equi-
axed MnSinclusions (approximately 1 to 2 um in diameter)
concentrated near the large, elongated MnS inclusions, and
(3) large, equiaxed voids nucleated within the equiaxed fer-
rite and at the boundary between the equiaxed and granular
ferrites (Figure 12(b)). The first two types of voids are also
observed in the quenched and tempered material, which is
understandable, given that the heat treatment performed in
this study should not produce any significant change in the
inclusion shape, size, or location.

The third type of void described previoudly (i.e., thelarge
equiaxed voidsin the soft ferrite) is uniqueto the microstruc-
turally banded steel. Since the layer of the equiaxed ferrite
contains few carbides, void nucleation isinhibited and must
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Fig. 12—(a) and (b) Fractographs showing void-sheet failure in the slow-
cooled banded steel when the tensile axisisin the T direction of the plate.
Stress triaxiality is approximately 1.3.

rely on dlip intersection and/or the small popul ation of small,
equiaxed MnS inclusions. Although void nucleation from
small, equiaxed MnS inclusions within the layer of the equi-
axed ferrite was detected (Figure 12(b)), the population of
such inclusionsis small, and the result is that relatively few
voids nucleate within the equiaxed ferrite, but these voids
grow to a large size prior to impingement.

Taken as a whole, the fractographic observations
described previously for tensile loading in the T orientation
of the plate are consistent with the implied extension of the
void-sheeting suggested by the FLD data in Figure 9. The
aligned nature of the hard granular ferrite regions within
which the elongated MnS inclusions are embedded (and
oriented normal to the stress axis) favors nucleation of elon-
gated primary voids and the retention of alocal plane-strain
condition in their vicinity. The result is an extension of the
void-sheet mode of failureto intermediate-stresstriaxialities.
The absence of carbides within the equiaxed ferrite between
the primary voids delaysthe failure of theligaments between
the primary voidsto larger failure strains, asis a so observed
in Figure 9.

2. Loading parallel to the rolling direction, i.e., L
loading

When the slow-cooled, microstructurally banded steel is
tested in the L direction of the plate, the dependence of the
failure strains on stress triaxiality is similar to that inthe T
direction, and, in turn, similar to region Il behavior of the
guenched and tempered specimens tested in the T direc-
tion.[8%19 As shown in Figure 9, these data imply that even
in the longitudinal loading orientation, the void sheet-type
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T direction

Fig. 13—(a) and (b) Fractographs showing void-sheet failure in a slow-
cooled steel specimen when the tensile axis is in the L direction of the
plate. Stress triaxiality is approximately 1.3.

failure mechanism may prevail at intermediate-to-high—
stress triaxialities in the slow-cooled material. Such a result
is somewhat unexpected, because the void-sheet mode of
failure has been considered likely only when the loading is
in the T direction of the hot-rolled plate, in which case the
elongated voids (nucleated from the elongated MnS inclu-
sion) are oriented perpendicular to the loading axis.[8219
The presence of a void-sheet mode of failure, even in the
L specimens, is supported by observations such asFigure 13,
which shows that, even though the elongated MnS nucleated
voidsarenot present, theridge-trough fracture path, acharac-
teristic of the void-sheet mode of failure, is still observed.
Furthermore, specimen-tilting experiments in the SEM con-
firmed that planar sections of the fracture surface were,
indeed, inclined at angles roughly 45 deg to the tensile axis.
The observations described previously imply that, despite
the absence of elongated MnS-initiated voids oriented nor-
mal to the tensile axis, the void-sheet mode of failure still
controls the failure of the longitudinally loaded HY-100 in
the slow-cooled, banded condition. This somewhat surpris-
ing result may be understood, at least qualitatively, as fol-
lows. One of the criteria suggested previously for void-
sheet failureisalocal plane-strain condition for deformation
created along the long direction of the MnS inclusions.®
Such a stress state is normally established on a microscale
between elongated, “ cigar-shaped” voids created by failure
of MnS inclusions oriented normal to the tensile axis.® For
the case of alongitudinally oriented steel, the voidsinitiated
a MnS inclusions have an eguiaxed shape, as shown within
the granular ferrite in Figure 13(b). Nevertheless, it seems
plausiblethat void-sheet failure may still occur inthefollow-
ing manner. At small strain levels, the high density of MnS
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particles concentrated in the hard granular ferrite nucleate
equiaxed voids. Thevoided granular ferrite deformsby local -
ized planar dip (such asin Figure 7(c)), but in such amanner
that the aligned nature of the granular ferrite bands (Figure
1) restricts deformation along their length (as shown in
Figure 8(b)) and promotes a local plane-strain condition.
Thus, the voided granular ferrite appearsto create the condi-
tionsfor shear localization and eventual failure on zigzagged
planes of high shear stress connecting the bands. A form
of void-sheet failure results, although the absence of the
elongated voids delaysthe onset of deformation localization.
Failure in the L orientation, thus, exhibits more ductility
than that in the T loading orientation (Figure 9).

V. SUMMARY

Local chemistry variationswhich persist in hot-rolled HY-
100 stedl plate induce pronounced microstructural banding
upon slow cooling from the austenite region. The resulting
microduplex banded structure consists of alternating layers
of soft equiaxed ferrite and hard granular ferrite, the latter
assuming an elongated, pancake-shaped morphology with
the major dimension aligned in the rolling direction and the
minor axis oriented in the through-thickness direction of the
plate. Given a microstructure containing martensite and/or
austenite, bainite, and degenerate pearlite, thegranular ferrite
is much harder than the equiaxed ferrite, which forms car-
bide-free ligaments. One consequence of the microstructural
morphology is anisotropic deformation during uniaxial com-
pression, as the layers of hard granular ferrite constrain
plastic flow along their length.

Circumferentially notched tensile specimens have been
used to explore the failure behavior as a function of stress
triaxiality. For specimens oriented in both the T and the L
directions of the plate, the slow-cooled, microstructurally
banded steel shows a pronounced susceptibility to the void-
sheet mode of failure. The failure strains are limited and
exhibit aweak sensitivity on stress triaxiality as MnS-initi-
ated voids (located in the granular ferrite) link due to shear
localization (primarily within the equiaxed ferrite) along
planes inclined at roughly 45 deg to the tensile axis. How-
ever, the absence of finely spaced carbides within the equi-
axed ferrite inhibits void nucleation and delays void
coalescence, and specimen failure of the slow-cooled steel
usually occurs at higher strains than in the quenched and
tempered counterpart. The presence of the void-sheet mode
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of failure, when the slow-cooled stedl is loaded in the L
direction of the plate, is somewhat surprising, sinceit occurs
despite the absence of elongated MnS-initiated voids ori-
ented normal to thetensile axis. Such an observation suggests
that the aligned morphology of the harder granular ferrite,
and the resulting plastic constraint along its length, promote
the local plane-strain condition believed to be necessary for
void linking by the void-sheet mechanism.
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