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The effects of various sheet forming modes on the post-forming room temperature fracture behavior of a
550-MPa yield strength high-strength low-alloy (HSLA) steel are investigated. In-plane biaxial stretching,
plane strain (cold rolling), uniaxial tension, cylindrical cup drawing, and in-plane compression (IPC) are
examined up to a von Mises effective prestrain eeff = 0.7. Most of the results pertain to sub-size Charpy-type
impact specimens prepared from the prestrained material. After sufficiently large prestrains, the fracture
behavior is highly anisotropic. Low-energy fracture modes, namely cleavage and intergranular fracture,
occur after all modes of prestraining along plane directions that are perpendicular to the principal com-
pressive prestrain. These planes are parallel to the sheet surface after biaxial stretching and cold rolling and
correspond to brittle splits extending into the primary, ductile fracture surface. After cup drawing, the
brittle planes are oriented perpendicular to the circumferential compressive prestrain. This results in very
low energy fractures propagating in the length direction of a fully drawn cup. After in-plane compression,
brittle fracture occurs along planes that are perpendicular to the compression direction. The fracture
toughness for a crack propagating along such a plane after IPC to eeff = 0.38 was very low (12.7 MPa �m),
much lower than in the undeformed condition (247 MPa�m). Changes in grain shape and in crystallo-
graphic texture caused by the various prestraining modes, as well as the microstructural damage at non-
metallic inclusions and carbides, are examined to try to understand the fracture behavior.

Keywords anisotropic embrittlement, compressive prestrain,
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1. Introduction

1.1 Background

Sheet metal parts, which are used in many industries, are
often produced by cold forming. The post-forming mechanical
properties are different from those in the as-received material
since, in general, there is an increase in strength and a decrease
in ductility during cold forming. In addition, some sheet
forming operations produce a marked mechanical anisotropy.

Several investigations have been conducted in the past on
the effect of one or several sheet forming modes (primarily
uniaxial tension and biaxial stretching) on the post-forming
flow behavior in steel sheets (Ref 1-5). The influence of deep
drawing, which, unlike the two previous modes, involves a
compressive prestrain in the plane of the sheet, on flow (Ref 6-
8) and on fracture (Ref 6, 9, 10) of steel sheets has also received
some attention. This mode of prestraining was found to result

in: (1) large post-forming flow anisotropy (Ref 6), due in part to
the Bauschinger effect and in part to crystallographic texture
formation (Ref 7), and (2) room temperature brittle fracture
characterized by a fracture path parallel to the drawing
direction.

This type of brittle fracture exhibits similarities with the
‘‘compression embrittlement’’ extensively studied in the 1950s
and 1960s by Mylonas and his coworkers (Ref 11-13). These
authors showed that compressive prestrains of sufficient
magnitude, obtained by axial compression of cylindrical bars
or notched plates, caused a severe loss of ductility and a sudden
decrease in fracture stress during subsequent tension in the
direction of the prior compressive strain.

The microstructural mechanisms of this embrittlement in
Armco iron were investigated by Brenneman and Rogers (Ref
14, 15). The embrittlement, which only occurred in notched
tension tests (not in smooth specimens), was found to correlate
with the formation of transverse microcracks around oxide
inclusions during longitudinal compression and with the
development of a <100> fiber texture.

Brittle fractures have also been seen in service in more
complex parts involving some drawing deformation, particu-
larly when notches were present, as for example in sheared
edges (Ref 6).

All these investigations have led to the general recognition
of the importance of post-forming properties in predicting the
service performance of formed parts, particularly in the
automotive industry (Ref 16). Issues such as crash worthiness,
dent resistance, and fatigue resistance (Ref 17) depend critically
on such properties.

The desire to avoid post-forming embrittlement has resulted
over the years in many investigations [e.g., (Ref 18-25)] that
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have focused on ways to manipulate the steel microstructure
and mill processing to improve the resistance to what is usually
termed secondary work embrittlement in these investigations.
This metallurgical line of research is quite valuable, of course,
but totally distinct from the one pursued in the present work
which is more mechanically focused. However, it must be
pointed out that the two approaches intersect because one of the
tests typically used to evaluate secondary work embrittlement
consists of loading the periphery of a deep drawn cup in a drop
weight type of test. It was observed (Ref 20) that, for a given
microstructure, the susceptibility to embrittlement, measured by
this test, increases as the drawing ratio increases. This indicates
that there is an effect not only of metallurgical variables but
also of the level of prior strain (circumferential compressive
strain in the cup) on embrittlement. It is this effect of prior
strain that is investigated in the present work, in greater detail
than previously done in the literature. It should be noted that, as
pointed out in Ref 16, the embrittlement due to cold work alone
described in early investigations (Ref 9-15) ‘‘has been largely
forgotten in modern metallurgical analysis.’’ Indeed, there is a
dearth of recent investigations on this topic.

1.2 Goal of Investigation

The primary goal of this investigation was to examine the
post-forming fracture behavior of a HSLA steel sheet, and
particularly its anisotropy aspects, under relatively severe
conditions (notch constraint, high strain rate) and for the
widest possible range of sheet forming modes (prestraining)
achievable in the laboratory. Another goal was to relate the
fracture behavior to the changes in microstructure and crystal-
lographic texture produced by the various types of prestrains.

2. Material and Experimental Procedures

2.1 Material

The material was a commercial, vanadium bearing, rare-
earths treated 550 MPa minimum yield strength HSLA steel
sheet (VAN-80 or V-N steel)) obtained from the plant in the
hot-rolled, cut-to-length, pickled-and-oiled condition. Its nom-
inal thickness was 3.17 mm. The as-received chemical com-
position, in weight percent, was: 0.11 C, 1.3 Mn, 0.5 Si, 0.010
S, 0.010 P, 0.08 Al, 0.015 N, 0.12 V, 0.024 Ce. The as-received
tensile properties are shown in Table 1.

2.2 Prestraining

Prestraining was performed using 5 different modes of
deformation: in-plane balanced biaxial stretching, plane strain
(cold rolling), uniaxial tension, cylindrical cup drawing, and in-
plane compression, a laboratory forming technique, previously
described in detail (Ref 7), designed to produce a strain state

similar to that present in the flange of a partially drawn
cylindrical cup but without the presence of strain gradients to
make it easier to obtain test specimens.

These five deformation modes can be characterized by the
ratio q of the two principal surface strains in the plane of the
sheet, q = e2/e1, where e1 and e2 are the major and the minor
principal surface strains, respectively. In this investigation, q
varied from q = 1 for balanced biaxial stretching, to q = 0 for
plane strain cold rolling and q � �0.46 for uniaxial tension
(value calculated using the r-value of 0.86 in the longitudinal
direction). For cup drawing, the measured values of q on all the
test specimens obtained from the cup flanges ranged from
� 1.25 to � 1.75, with an average value qavg = �1.55. For in-
plane compression, q varied with the amount of compression,
ranging from � 1.8 for the larger effective strains to � 2.6 for
the smaller ones. This variation was a result of the lateral elastic
deformation of the die under various amounts of compression
(see Sect. 2.2.4). The strain paths corresponding to the five
deformation modes are represented in Fig. 1.

2.2.1 Balanced Biaxial Stretching (BBS). The method
developed by Marciniak et al. (Ref 26) was used to produce flat
samples exhibiting balanced biaxial stretching. The method,
which uses a cylindrical flat bottom punch and an auxiliary
blank, containing a circular hole, between the punch and the
sheet to be stretched, is based on differential friction and
requires low friction between the punch and the auxiliary blank
but high friction between the auxiliary blank and the work-
piece. The punch and die dimensions were as follows: punch
diameter 127 mm, punch nose radius 25.4 mm, die diameter
158.7 mm, die draw radius 25.4 mm. The hole in the auxiliary
blank was reamed to a diameter of 35 mm and polished smooth
with fine emery paper. A 0.075-mm-thick polyethylene sheet
was used as lubricant between the punch and the auxiliary
blank. There was no lubrication between the two blanks, which
were thoroughly cleaned and degreased before forming. A
2.54-mm circular grid pattern was applied to the workpiece by a
photographic process. Under these conditions, using a 150-ton
double action HPM press, flat, 76-mm-diameter samples,
equibiaxially stretched and essentially free from strain gradi-
ents, were produced with strains up to e1 = e2 = 0.35 (von
Mises effective strain eeff = 0.7).

2.2.2 Cold Rolling and Uniaxial Tension. A two high
laboratory cold rolling mill with 203 mm rolls was used to
produce two sets of plane strain samples up to eeff = 0.7: one by
rolling in the hot rolling direction (HRD) and the other by
rolling perpendicular to HRD. For uniaxial tension, large
specimens parallel to the hot rolling direction were used to
produce deformed material up to eeff = 0.33 (in the neck), i.e.,
well beyond the uniform elongation.

2.2.3 Cup Drawing. Partially drawn cylindrical cups
exhibit a circumferential compressive strain in the flange.
However, the effective strain level achievable in a cup flange

Table 1 As-received tensile properties

Testing
direction

Yield strength,
MPa

Tensile strength,
MPa

Yield point
elongation, %

Elongation at max.
load, %

Total elongation in
50.8 mm, %

Plastic strain
ratio, r

Longitudinal 584 714 1.4 13.1 21.8 0.86
Transverse 595 704 1.25 10.8 18.8 0.93
45� diagonal 588 701 1.55 11.9 20 1.06

7120—Volume 28(11) November 2019 Journal of Materials Engineering and Performance



wide enough to extract a miniature test specimen is quite
limited. For example, when the 3.17-mm-thick steel investi-
gated here was partially drawn into a 101.6-mm-diameter cup,
the largest von Mises effective strain obtainable in a 12.7-mm
gage length tension specimen aligned in the circumferential
direction was approximately eeff = 0.35. This value is well
below the maximum strain present at the edge of a fully drawn
cup (eeff � 0.7, corresponding to the Limiting Drawing Ratio
for this steel, LDR � 2). Since it is desirable to measure the
post-forming properties corresponding to the largest strains that
can occur, a modified cup drawing technique was used, in
addition to the standard full thickness technique, to achieve this
goal.

In this technique, described in detail earlier (Ref 7), circular
blanks of fixed diameter (241 mm, much larger than the critical
blank diameter for the full thickness steel) were reduced in
thickness at their periphery by machining. This thickness
reduction decreased the drawing load required to draw the
flange without changing the load carrying capacity of the cup
wall base where full thickness was maintained. Hence, an
artificially large critical blank diameter was attained. The
prethinned blanks were drawn into cups of various depths, thus
producing various flange widths and therefore various strain
levels in the flanges.

2.2.4 In-Plane Compression (IPC). This technique, also
previously described in detail (Ref 7), was devised to produce
relatively large samples exhibiting a strain state like that in a
cup flange but without the radial strain gradients. In this
technique, a rectangular sheet sample of length L = 125 mm,
height h (variable), and thickness t = 2.79 mm is compressed
on edge with a punch in a narrow channel die. The sample is
surface ground on all sides and a photogrid is applied. The
compression force is parallel to the plane of the sheet, hence the
name in-plane compression (IPC). The sample is coated with a
MoS2 paste and wrapped in a polyethylene sheet to provide
lubrication. A compressed sample is shown in (Ref 17). The
longitudinal strain, el > 0, is equivalent to the radial strain in a
cup flange, and the compressive strain, ec < 0, is equivalent to
the circumferential strain. The thickness strain, eth, is positive,
both in IPC, because of the lateral elastic deformation of the die
during the compression, and in cup drawing, because the hold-

down force is insufficient to prevent thickening of the blank.
All samples are compressed to the same final height, and the
strain level in the deformed sample is controlled by varying the
initial height, h. Strains up to eeff = 0.45 were obtained in the
center sections of some samples. Two sets of samples were
produced: one set parallel to the hot rolling direction and the
other perpendicular to HRD.

2.3 Test Specimens

2.3.1 Charpy-Type Specimens. Sub-size Charpy-type
specimens were machined from the 5 types of deformed material
with various levels of prestrain. The specimens were oriented
parallel to the two principal surface strains and either parallel or
perpendicular to the hot rolling direction. This produced four
testing orientations after cold rolling, cup drawing, and in-plane
compression but only two testing orientations after balanced
biaxial stretching (because of the prestraining symmetry) and
after uniaxial tension (because the only prestraining was parallel
to HRD). The Charpy specimens had standard dimensions
(ASTM standard E23-07a) except for the thickness, which was
the as-prestrained thickness, and for the geometry of the notch
(60� angle and 0.025 mm root radius, i.e., 10 times smaller than
in the standard geometry). This was chosen to enhance the
sensitivity of the test to differences in fracture behavior.

2.3.2 Tensile Specimens. Miniature tensile specimens
with a 12.7 mm gage length, 3.17 mm width, and as-pre-
strained thickness were also obtained for selected prestrains
from the 5 types of deformed material in the same orientations
as the Charpy specimens.

2.3.3 Fracture Toughness Specimen. The fracture
toughness after in-plane compression was measured for a crack
propagating in a plane perpendicular to the compression
direction, using a fatigue precracked Charpy-type specimen
loaded in three point slow bending. The specimen was
machined from material compressed to eeff = 0.39. The fatigue
precrack length was 3.3 mm (average of two measurements on
the specimen surfaces) and the specimen thickness 3.32 mm.

2.4 Mechanical Testing

2.4.1 Charpy Specimens Testing. Charpy impact ener-
gies were measured in the standard fashion (ASTM E23-07a)
using an initial impact velocity of 3.35 m/s and pendulum
potential energies of 34 Nm in most cases and 68 Nm when
necessary. The measured impact energies were converted to
‘‘specific impact energies,’’ i.e., measured impact energy
divided by specimen thickness to take into account the
variation in as-prestrained thickness. The specific impact
energies were plotted as a function of von Mises effective
prestrain for all deformation modes.

2.4.2 Tensile Specimens Testing. Tensile specimens cor-
responding to selected effective prestrains were tested to
fracture for each of the five deformation modes. Their fracture
appearance was compared to that of the Charpy specimens and
used in the interpretation of the overall fracture behavior.

2.4.3 Fracture Toughness Testing. The fatigue pre-
cracked Charpy specimen was loaded in a three point bending
jig in an Instron testing machine at a crosshead speed of
0.02 mm/s. The load versus time curve was recorded up to
fracture.

Fig. 1 Strain paths for the five deformation modes: balanced
biaxial stretching (BBS), cold rolling (CR), uniaxial tension (UT),
cup drawing (CD), and in-plane compression (IPC). Arrowheads
correspond to the maximum prestrain achieved in each mode
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2.5 Fractography, Metallography, and Crystallographic
Texture Measurements

The fracture surfaces of fractured specimens were examined
under low power optical stereomicroscopy and by scanning
electron microscopy (SEM) to determine the microscopic
fracture modes. In some cases, etched metallographic cross
sections perpendicular to the fracture surfaces were also
examined by optical microscopy or SEM to look at the
microstructure immediately below the fracture surfaces.

The effect of cold work under the various modes of
deformation on the changes in grain shape and on the non-
metallic inclusion integrity was examined in metallographic
cross-sections both optically and by SEM.

Finally, crystallographic texture measurements were con-
ducted on prestrained samples after BBS, cold rolling, and IPC.
First, ordinary X-Ray pole figures were obtained to establish
the nature of the textures. These measurements were made at
the quarter thickness depth. Then, diffraction peak intensities
(inverse pole figures) of low index planes were measured for
the three modes of deformation.

3. Charpy Impact Results. Macroscopic Fracture
Appearance in Charpy and Tensile Specimens.
Fracture Toughness Test Results

3.1 Balanced Biaxial Stretching and Cold Rolling Results

3.1.1 Specific Impact Energies After BBS and Cold
Rolling. The specific impact energy decreased gradually with
increasing prestrain. After biaxial stretching, the initial
anisotropy (longitudinal versus transverse energy in the as-
received sheet) remained essentially unchanged with increasing
prestrain (Fig. 2), reflecting the axisymmetric nature of the
deformation. Some specimens, aged for 6 months at room
temperature after BBS, showed no effect of aging on impact
energy. After cold rolling, the anisotropy increased with
prestrain when cold rolling was parallel to HRD. When cold
rolling was perpendicular to HRD (cross rolling), the initial
anisotropy was gradually eliminated and then reversed (Fig. 2).

3.1.2 Macroscopic Fracture Appearance After BBS
and Cold Rolling. Two types of fracture appearance, type I
and type II, were observed after BBS and after cold rolling.
These two types are illustrated in Fig. 3, and their occurrence is
noted in Fig. 2 for the various specimens. Type I was a
predominantly slant fracture that occurred after low prestrains.
Type II was similar to type I in that it contained large portions
of slant fracture, but, in addition, there was an increasing
tendency to form splits parallel to the plane of the sheet as the
prestrain increased (Fig. 3). The splits tended to be concen-
trated in a band centered at the mid-thickness of the sheet.
There were clearly visible chevrons, indicating successive
positions of the crack front. The frequency and severity of the
splits did not appear to be significantly different for BBS or
cold rolling.

3.2 Cup Drawing Results

3.2.1 Specific Impact Energies After Cup Draw-
ing. After cup drawing, a totally different fracture behavior
was observed, in terms of both impact energy and fracture

appearance. The changes in impact energy with prestrain are
shown in Fig. 4 for circumferential and radial specimens
oriented either parallel or perpendicular to HRD. These
specimens, taken from prethinned blank cup flanges, ranged
in thickness from 1.8 to 2.1 mm.

In the circumferential specimens, i.e., specimens with radial
cracks, i.e., cracks perpendicular to the compressive prestrain,
the impact energy decreased gradually at first with increasing
prestrain, but then suffered a severe drop when the prestrain
reached a critical value. This critical value was dependent on
the orientation of the specimens with respect to HRD. It was
lower when the radial crack propagated parallel to HRD
(ecrit � 0.32) rather than perpendicular to HRD (ecrit � 0.44).*
This result reflects the initial fracture anisotropy in the as-
received material. Beyond the critical prestrains, the impact
energies were very low and decreased only gradually with
increasing prestrain.

In the radial specimens, the impact energy initially
decreased with increasing prestrain at approximately the same
rate as in the circumferential specimens, but then increased with
prestrain and showed large scatter. As a result, the impact
energy anisotropy caused by this type of cold work was very
large, i.e., approximately a tenfold difference between circum-
ferential and radial orientations for a given prestrain beyond the
critical prestrain.

3.2.2 Macroscopic Fracture Appearance After Cup
Drawing. Five types of fracture appearance (types I, III,
IV(A), IV(B), V), indicated for each specimen in Fig. 4, were
observed after cup drawing.

In the circumferential specimens, type I, occurring after low
prestrains, was the same as described earlier in Sect. 3.1.2. Type
III fracture, present in all specimens above the critical
prestrains, was a fully square brittle fracture exhibiting a
straight crack path along the radial direction (Fig. 5(a) and (b)).
Type V fracture occurred in the transition zone near the critical
prestrains. This fracture started as a slant fracture in the radial
direction and ended as a square brittle fracture in the same
direction (Fig. 5(c) and (d)).

In the radial specimens, type I fracture was observed at low
prestrains. In Type IV(A) fracture (Fig. 6(a) and (b)), which
occurred after high prestrains, the crack was diverted away
from the intended direction of propagation shortly beyond the
notch and assumed a sideway path reflecting the anisotropy
produced by the directional cold work. This portion of the
fracture was square and brittle in appearance. The crack then
followed an irregular path exhibiting abrupt changes in
direction accompanied by changes from square fracture to
slant fracture and back. In the radial specimens with interme-
diate prestrains, type IV(B) occurred. This started as a slant
fracture in the circumferential direction, then the crack
proceeded as a square fracture in the radial orientation
(Fig. 6(c) and (d)).

3.3 In-Plane Compression (IPC) Results

3.3.1 Specific Impact Energies After IPC. These data
are presented in Fig. 7 in a way that permits direct comparison
with the cup drawing results, i.e., the data points for specimens

*In circumferential specimens obtained from full thickness cups (3.3-
3.4 mm), the critical prestrains were significantly smaller, i.e., ecrit � 0.13
and ecrit � 0.22, for specimens perpendicular and parallel to HRD,
respectively.
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parallel and perpendicular to the IPC direction but having the
same orientation with respect to HRD are grouped together in
the same plot.

For specimens parallel to the IPC direction, i.e., cracks in a
plane perpendicular to the IPC direction (dashed lines in
Fig. 7), the fracture behavior was similar to that for cup drawn
specimens of equivalent orientation (circumferential speci-

mens). Namely, after a gradual energy decrease with increasing
prestrain, an abrupt drop or transition region was observed,
followed by a slow decrease. The critical strains corresponding
to the impact energy drop were ecrit � 0.2 and ecrit � 0.25 for
specimens perpendicular and parallel to HRD, respectively,
much smaller than after cup drawing. The IPC specimens in the

Fig. 2 Specific Charpy V-notch impact energy in J/m and ftlb/in after balanced biaxial stretching and cold rolling (Ref 6). Roman numerals
indicate macroscopic fracture types. HRD hot rolling direction

Fig. 3 Macroscopic fracture appearance and fracture types after balanced biaxial stretching (BBS) and cold rolling. Type I: slant fracture. Type
II: slant fracture plus splits. (a) Fracture path in types I and II. (b) Type I, eeff = 0.14. (c) Type II, eeff = 0.35. (d) Type II, eeff = 0.71. The
specimens shown here were all prestrained by BBS
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Fig. 4 Specific Charpy V-notch impact energy in J/m and ftlb/in after cup drawing (prethinned blanks) (Ref 6). Solid curves and dashed curves
correspond to radial and circumferential specimens, respectively. Ellipses shown inside the specimens indicate the circular grid shape after cup
drawing. Closed and open symbols represent specimens //and ^ HRD, respectively. HRD hot rolling direction. Roman numerals indicate
macroscopic fracture types

Fig. 5 Circumferential Charpy specimens after cup drawing: macroscopic fracture types and appearance. Type III fracture occurs beyond the
impact energy transition, type V within the transition. (a) Type III (eeff = 0.41) showing straight path of square fracture. (b) Type III (eeff = 0.6)
showing square fracture surface. (c) Type V (eeff = 0.3) showing mixed path of slant fracture followed by square fracture. (d) Type V
(eeff = 0.47) showing slant, then square fracture surfaces
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transition region were thicker (3.1-3.2 mm) than the specimens
in the transition region after cup drawing (1.8-2.1 mm).

For specimens perpendicular to the IPC direction, the impact
energy behavior was similar, i.e., it also exhibited an abrupt
drop for critical prestrains only slightly larger than those above.
Thus, this behavior was different from that observed after cup
drawing for equivalently oriented specimens.

3.3.2 Macroscopic Fracture Appearance After IPC. In
specimens parallel to the IPC direction, the fracture appearance
was similar to that after cup drawing in circumferential
specimens, i.e., fractures of types I, III, and V, described in
Sect. 3.2.2, were observed, depending on prestrain level.
Above the critical prestrains, all specimens exhibited type III,
brittle, square fractures with straight cracks propagating in a
plane perpendicular to the compressive prestrain.

In specimens perpendicular to the IPC direction, the fracture
path and appearance were different from those after cup
drawing in radial specimens at high prestrains. A striking new
fracture type, IV(C), exhibiting an unusual fracture path,
occurred beyond the critical prestrains. Near the notch, this
fracture followed the usual, expected path over a very short
distance (about 1 mm) and was fibrous. Then, an abrupt,
sideway change in direction occurred which increased in
magnitude with increasing prestrain, from 46� for eeff = 0.25 to
72� for eeff = 0.72. Additional changes in direction took place
across the specimen width. All along the fracture path (except
very near the notch), the fracture was essentially square and
macroscopically brittle in appearance, although small shear lips
were sometimes present along the specimen surfaces (Fig. 8).

3.4 Uniaxial Tension Results (Impact Energies and Fracture
Types)

In uniaxial tension, a compressive prestrain, oriented at 90�
to the applied tensile stress, is produced in the plane of the
sheet, as in cup drawing and IPC. This prestrain, however,
occurs under tensile stresses rather than compressive stresses as
in cup drawing and IPC.

The impact energy results, however, were similar in that
type III brittle fracture was observed beyond a critical prestrain
(ecrit � 0.3) in Charpy specimens parallel to the compressive
prestrain (crack path perpendicular to the compressive pre-
strain). For lower prestrains, the fracture appearance was either
of type I or of type V, as noted in Fig. 9.

3.5 Fracture Toughness Results

The load versus time curve was almost linear. Brittle fracture
occurred very quickly after the beginning of load application,
i.e., after a crosshead motion of only 0.38 mm and at a load
Pmax of only 407 N. The fracture was fully square and
macroscopically brittle in appearance.

An estimate of the ‘‘degree of brittleness’’ can be obtained
by comparing the fracture load (407 N) with the load required
to cause general yielding in the specimen net section. This load
is given by Ref 27, 28:

PGY ¼ ryield � B� W � að Þ2
.
2:85�W

where ryield is the yield strength of the material, B and W the
specimen thickness and width, respectively, and (W � a) the

Fig. 6 Radial Charpy specimens after cup drawing: macroscopic fracture types and appearance. (a, b) High prestrain, type IV(A), eeff = 0.6,
specimen ^ HRD. (c, d) Low prestrain, type IV(B), eeff = 0.4, specimen ^ HRD
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ligament width under the precrack. Using the value of yield
strength in the direction of the largest principal stress at the
crack tip, obtained from separate tensile testing for this
prestrained material (614 MPa), and the values of B, a, and
W given in previous sections, we obtain:

PGY ¼ 1; 575 N

Thus, the fracture load is about 3.9 times smaller than the
general yielding load, which indicates a high degree of
brittleness.

As a first step in the calculation of fracture toughness, the
load at fracture was used to calculate an upper bound value of
the fracture toughness, KIX (Ref 29)

KIX ¼ 1:5PmaxSYa
1=2=BW 2

where S is the support span of the specimen and Y is a
polynomial function of a/W defined in Ref 29. We obtain:

KIX ¼ 14:5MPa
p
m:

The validity criteria adopted in ASTM standard E399-17 to
ensure that Linear Elastic Fracture Mechanics (LEFM) is
applicable to this test include conditions on crack geometry
(length, straightness, and orientation) and specimen thickness.

The crack length must satisfy the condition: 0.45 < a/
W < 0.55, where the precrack length is now determined as the
average of 5 measurements across the crack front rather than 2
measurements on the specimen surfaces. This new precrack

length, obtained from measurements after fracture, is 3.4 mm,
which gives a/W = 0.54.

The crack straightness criterion requires that the deviation of
the crack front from the calculated average (3.4 mm) be less
than 5% in the central portion (3 positions) and less than 10% at
the edges. In the present case, the deviation was less than
+ 0.8% in the central portion, and less than � 7.1% at the
edges.

The last crack requirement, i.e., that the plane of the crack
be within 10� from the plane of symmetry of the notch, was
also satisfied.

The specimen thickness requirement is that:

B � 2:5 ðKIX=ryieldÞ2

With the previous values of KIX and of yield strength, we
find B ‡ 1.39 mm, which is easily satisfied (specimen
thickness 3.32 mm).

The load time curve, which approximates the load versus
crosshead displacement and the load versus specimen deflec-
tion, was used to calculate an approximate plane strain fracture
toughness value, KQ, using the load obtained with a secant of
5% lower slope than the elastic line, according to ASTM E 399.

This load was found to be 364.5 N, and the corresponding
calculated value of KQ was:

KQ ¼ 12:7MPa
p
m:

For comparison, the fracture toughness of nominally the
same steel in the as-received, hot-rolled condition, approxi-

Fig. 7 Specific Charpy V-notch impact energy in J/m and ftlb/in after in-plane compression. Solid curves and dashed curves correspond to
specimens ^ and // to the compressive prestrain, respectively. Closed and open symbols represent specimens //and ^ HRD, respectively. HRD
hot rolling direction. Roman numerals indicate fracture types and numbers in parentheses (70/30) represent the percentages of slant and square
fracture (70% slant, 30% square) in specimens exhibiting type V fracture
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mately 7.6 mm thick, ranged from KC = 247 to 324 MPa�m
(Ref 30). For that material and that thickness, plane stress
conditions prevailed and the fracture toughness was obtained
from an R-curve analysis.

3.6 Macroscopic Fracture Appearance in Post-forming
Tensile Specimens

The fracture appearance of tensile specimens taken from
material deformed to relatively large prestrains by BBS, cold
rolling, cup drawing, and IPC is presented here, because, as will
be seen later, these results will help in interpreting the overall
fracture behavior.

Figure 10 shows longitudinal splits in two fractured tensile
specimens: one from IPC material (eeff = 0.47) and the other
from cold-rolled material (eeff = 0.6). In Fig. 10(a) (IPC
specimen), we are looking at the sheet surface. The compres-
sive prestrain is horizontal. The tensile specimen is oriented
perpendicular to the compression direction, and the split is in a
plane perpendicular to the sheet surface and to the compressive
prestrain. In Fig. 10(b) (cold rolling specimen), we are looking
at the sheet thickness. The plane of the split is parallel to the
sheet surface, i.e., perpendicular to the compressive prestrain
(thickness strain).

Figure 11 shows the splitting behavior after cup drawing,
IPC, BBS, and cold rolling, looking directly at the fracture
surface.

After cup drawing to eeff = 0.57, a circumferential specimen
shows only minor splitting (Fig. 11(a)). A radial specimen, on

Fig. 8 Two Charpy specimens perpendicular to the compressive prestrain after in-plane compression (equivalent to radial specimens after cup
drawing). Both specimens exhibit type IV(C) fracture, are // HRD, and represent prestrains beyond the impact energy transition. (a, b)
eeff = 0.28. With this low prestrain, moderate deviation of the fracture path occurs. (c, d) eeff = 0.47. With this high prestrain, greater deviation
of the fracture path is observed. Arrows indicate small region of fibrous fracture near the notch

Fig. 9 Specific Charpy V-notch impact energy in J/m and ftlb/in
after uniaxial tension. Roman numerals indicate fracture types. HRD
hot rolling direction
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the other hand, shows a major split in a radial plane of the cup
flange, i.e., a plane perpendicular to the circumferential
compressive prestrain (Fig. 11(b)).

After IPC to eeff = 0.44, a specimen parallel to the IPC
direction (equivalent to circumferential direction in cup draw-
ing) shows no major splitting (Fig. 11(c)). In contrast, a
specimen perpendicular to the IPC direction (equivalent to
radial direction in cup drawing) shows at least one major split
in a plane perpendicular to the compressive prestrain
(Fig. 11(d)). Finally, Fig. 11(e) and (f) shows specimens from
cold rolling to eeff = 0.68 and BBS to eeff = 0.72, respectively,
that both exhibit splits along planes parallel to the sheet surface,
i.e., once again, perpendicular to the compressive prestrain.

4. Fracture Modes: SEM Examination of Fracture
Surfaces and of Metallographic Cross-Sec-
tions of Charpy Specimens

4.1 Balanced Biaxial Stretching and Cold Rolling

4.1.1 Balanced Biaxial Stretching (BBS) Fracture
Modes. A Charpy specimen containing two large splits
(BBS to eeff = 0.55) is shown in Fig. 12(a). The two splits
are shown in cross-sections in Fig. 12(b). Numerous smaller
splits, approximately parallel to the sheet surface, can be seen
in Fig. 12(c), which shows area R of the fracture surface. The
large split in cross-section m–n, examined in detail by SEM
using stereo-pairs, showed cleavage facets with clear river

markings and also broken up rare-earths inclusions, identified
by EDX (Fig. 12(d)). Some of the splits in Fig. 12(c),
examined by SEM, also showed evidence of cleavage fracture.
In the slant portions of the fracture surface, dimpled rupture
was the predominant fracture mode, but several larger,
relatively smooth features were observed both directly on the
fracture surface and in metallographic cross-sections. These
features were identified as grain boundaries.

Similar features were observed in the slant regions
(Fig. 13(a) and (b)), in another specimen after BBS (eeff =
0.71, specimen shown in Fig. 3d). In addition, small splits
approximately parallel to the sheet surface, which appeared to
exhibit grain boundary and cleavage fracture in stereo-exam-
ination, can be seen in Fig. 13(a) and (b). The grain boundary
nature of the tip of one of these small splits is clearly evident in
Fig. 13(d), which is an SEM picture of an etched metallo-
graphic cross-section perpendicular to the ‘‘plane’’ of the split.

4.1.2 Cold Rolling Fracture Modes. Figure 14 shows
four pictures of a metallographic cross-section of a Charpy
specimen from cold-rolled material (eeff = 0.68). The cross-
section is perpendicular to the general direction of propagation
of the fracture, which is predominantly slant but contains large
splits, No. 1 and No. 2, approximately parallel to the sheet
surface (Fig. 14(a)). The tips of these splits are seen at higher
magnification in Fig. 14(b) and (c), respectively. A smaller split
(No. 3), barely visible at the low magnification of Fig. 14(a), is
shown in Fig. 14(d).

Higher-magnification SEM pictures (3KX to 6KX) of the
extreme tips of the three splits are shown in Fig. 15. The tip of

Fig. 10 Splits in tensile specimens after IPC to eeff = 0.47 (a) and cold rolling to eeff = 0.6 (b). The compressive prestrain is horizontal
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split No. 1 (Fig. 15(a)) exhibits two non-connected branches.
The branch that includes the very crack tip appears to be
intergranular, judging from the different etching responses on
the two sides of the branch. The other branch seems to be
transgranular, judging from its straightness and from the same
etching response on both sides. Figure 15(b) and (c) shows the
middle and the tip of split No. 2, which is clearly intergranular.
The fracture path along the tip of split No. 3 is also
intergranular (Fig. 15(d)).

4.2 Type III Fracture Modes After Cup Drawing, IPC,
and Uniaxial Tension

This low impact energy fracture, observed in all these three
deformation modes above the critical prestrains in specimens
parallel to the compressive prestrain, was predominantly
macroscopically square, brittle in appearance, and the fracture
plane was perpendicular to the compressive prestrain.

At higher magnification, however, a small zone of dimpled
rupture was visible near the notch. The rest of the fracture
(square region) exhibited a mixture of cleavage and intergran-
ular fracture.

The size and morphology of the dimpled rupture zone varied
with the impact energy level beyond the critical prestrain. For
the lowest energy levels, a slant, very narrow fibrous zone was
present all across the notch and there was no lateral contraction
near the notch, indicating that the fibrous zone formed under
plane strain. The brittle cleavage appeared to originate from
regions slightly ahead of the fibrous zone (approximately
300 lm), based on the directions of the chevrons and of the
river markings on the cleavage facets. For the highest energy
levels, there was a larger zone of slant fibrous fracture near the
notch and a significant amount of lateral contraction
(Fig. 16(a)). In addition, a triangular zone of square fibrous
fracture, exhibiting clear tension dimples, was adjacent to the
slant fracture (Fig. 16(a) and (b)). Brittle cleavage started at the
tip of the triangular zone (Fig. 16(b)).

Throughout the brittle zone, both cleavage and intergranular
fracture occurred. This was established by extensive examina-
tion of SEM stereo-pairs and by metallographic examination of
nickel-plated cross-sections of the fracture surface. Figure 16(c)
and (d) shows typical brittle zone regions containing several
cleavage facets with river markings and instances of intergran-
ular fracture.

4.3 Type IV(A) Fracture Modes (Cup Drawing, Radial
Specimens)

The macroscopic path of this fracture is described in
Sect. 3.2.2. The fracture started as a fibrous fracture propagat-
ing in the circumferential direction (direction imparted by the
loading of the Charpy specimen), but then the fracture
continued as a square fracture in a roughly perpendicular
direction, i.e., in a ‘‘plane’’ roughly perpendicular to the
compressive prestrain. This change in direction was caused by
the strong anisotropy resulting from this particular mode of
cold work. The fibrous fracture consisted predominantly of
dimples, and the square fracture exhibited radiating chevrons
(consisting of shear dimples) separated by planes of brittle
fracture modes, i.e., cleavage and intergranular fracture. The
transition from the dimpled rupture region to the square brittle
fracture is shown in Fig. 17(a), where a large split can be seen
in the dimpled region. The plane of this split is roughly parallel
to the beginning of the main square brittle fracture. Although
this particular split did not propagate to complete fracture, its
presence reflects the tendency for fracture to occur preferen-
tially in planes perpendicular to the compressive prestrain.
Figure 17(b) and (c) shows the presence of cleavage on the
surface of the split.

4.4 Type IV(C) Fracture Modes (IPC, Specimens
Perpendicular to the IPC Direction)

The macroscopic features of this fracture type are described
in Sect. 3.3.2 and illustrated in Fig. 8. SEM examination of the
fracture beyond the narrow fibrous zone near the notch showed
a mostly square, brittle fracture, consisting of cleavage and
intergranular fracture, propagating on several parallel planes
connected by walls of shear dimples (Fig. 18). The square
fracture followed a curved path that deviated strongly from the
expected path in a typical Charpy specimen. Examination of a
metallographic cross-section parallel to the sheet surface in a
broken Charpy specimen revealed that the fracture path
exhibited a segmented appearance with some portions roughly
perpendicular to the compression direction.

Fig. 11 Splits on the fracture surfaces of tensile specimens after
cup drawing (a and b, eeff = 0.57), IPC (c and d, eeff = 0.44), cold
rolling (e, eeff = 0.68), and BBS (f, eeff = 0.72). (a) Circumferential
specimen. (b) Radial specimen. (c) Specimen parallel to compression
direction. (d) Specimen perpendicular to compression direction.
Sheet thickness direction is from top to bottom in all macrographs.
Arrows indicate direction of compressive prestrain. Scale marker
applies to all six specimens
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5. Effect of Prestraining on Crystallographic
Textures, Inclusions, Carbides, and Grain
Shape

5.1 Textures

As indicated in Sect. 1.1, previous investigators have
pointed out the possible role of crystallographic texture in
producing anisotropic embrittlement after cold work.

In this investigation, crystallographic textures were deter-
mined after in-plane compression, balanced biaxial stretching,
and cold rolling. First, standard X-ray pole figures were
obtained to establish the nature of the textures, and then
diffraction peak intensities of low index planes normal to the
compressive prestrain were measured.

After in-plane compression, the texture was found to be a
double fiber texture, <111> + <100>, with the compres-
sion direction as the fiber axis. After BBS, the texture was the
same double fiber texture, but with the fiber axis normal to the
sheet surface. After cold rolling, the main texture is a partial
fiber texture, (001) ½�110� to (111) ½�110� in which the fiber axis is
parallel to the cold rolling direction.

The integrated intensities of 8 diffraction peaks, (110),
(200), (211), (310), (222), (321), (420), and (332) were
measured for several prestrain levels for the three deformation
modes. These measurements were made in a plane parallel to
the sheet surface at the quarter thickness position after BBS and
cold rolling and in a plane normal to the compression direction
after IPC, using composite samples. The relative peak inten-

sities, Ihkl (textured sample)/Ihkl (non textured), expressed in
(times random) units, are shown in Fig. 19. The (200) and
(222) components, and to a lesser extent the (332) component,
increase during deformation at the expense of all the others.
However, the increase is significantly less after cold rolling than
after BBS or IPC.

5.2 Deformation Damage at Inclusions and Carbides

Metallographic cross-sections of the deformed materials
were examined by SEM. The presence of cracks and voids near
non-metallic inclusions and carbides was investigated.

5.2.1 Inclusions. In the hot-rolled condition, many of the
inclusions (rare-earth oxy-sulfides) were intact, i.e., without
cracks. However, some inclusions exhibited internal cracks
more or less normal to the hot rolling direction. In addition,
interfacial voids were sometimes observed in alignments of
inclusions, suggesting relatively low matrix/inclusion interface
strength.

After cold rolling, inclusions generally exhibited more
extensive internal cracking (Fig. 20(a)). The internal cracks
were roughly normal to the cold rolling direction. In addition,
voids at the inclusion/matrix interfaces were often present in
alignments of inclusions parallel to the cold rolling direction.
Finally, a few microcracks, roughly normal to the sheet
thickness direction (compressive prestrain direction), were
present at the ‘‘corners’’ of some of the angular, blocky
inclusions, sometimes along a grain boundary, sometimes in the
matrix (Fig. 20(b) and (c)).

Fig. 12 Brittle splits parallel to the sheet surface in a Charpy specimen after BBS to eeff = 0.55. (a) Overall fracture surface. (b) Metallographic
cross-sections through m–n and p–q showing two large mid-thickness splits. (c) Splits in area R of the fracture surface. (d) SEM micrograph of
the large split in section m–n showing cleavage facets (CL) with river markings
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After BBS, two types of inclusion damage were observed:
widely open internal cracks perpendicular to the hot rolling
direction and large voids surrounding the inclusions. In cross-
sections parallel to the sheet surface, these voids appeared
circular, as expected from the symmetry of the applied stress.

After cup drawing, the cracks and microcracks had the same
orientation relationship to the compressive prestrain as after
cold rolling. Figure 20(d) shows inclusions in the flange of a
cup where eeff = 0.55. The plane of the pictures is parallel to the
sheet surface, and the circumferential direction is from top to
bottom. Microcracks roughly perpendicular to the circumfer-
ential direction and extending into the matrix or along a grain
boundary can be seen at the ‘‘corners’’ of some inclusions.

After IPC, a few inclusions exhibited internal cracking
perpendicular to HRD. Others showed extensive internal cracks
roughly parallel to the compression direction.

5.2.2 Carbides. Microvoids were seen at carbide particles
in as-deformed BBS material, especially after high prestrains.
Many microvoids were present for eeff = 0.71, but fewer were
seen for eeff = 0.44. The microvoids were almost always
located on grain boundaries (Fig. 21). No microvoids were
observed after cold rolling or IPC after the largest prestrains.
This indicates that a tensile stress state is required to produce
these microvoids. This is further confirmed by the presence of
microvoids at carbide particles (Fig. 21(e)), just below the slant
fracture surface in the Charpy specimen shown in Fig. 14 (cold
rolling, eeff = 0.68) but the absence of microvoids further away

from the fracture surface, i.e., in the as-cold-rolled material not
affected by the fracture process. This observation is consistent
with the fact that a triaxial tensile stress state is known to exist
ahead of the propagating fracture in the Charpy specimen.

5.3 Grain Shape

During plastic deformation, the grains undergo the same
shape change, on average, as the macroscopic shape change of
the workpiece. For example, grains become flattened (reduced
in thickness) and enlarged equibiaxially during BBS and
flattened plus elongated with no width change during cold
rolling (plane strain deformation). During cup drawing, there is
a compressive strain in the circumferential direction of the
flange and a tensile strain in the radial direction. Therefore, the
grains become elongated in the radial direction and reduced in
width in the circumferential direction. The grain thickness
usually increases because, typically, the hold-down pressure is
insufficient to prevent thickening of the flange. The changes in
grain shape during IPC are similar to those during cup drawing.
The grain shape changes after IPC to eeff = 0.46 and after cup
drawing to eeff = 0.62 are illustrated in Fig. 22. After IPC to
eeff = 0.46, the longitudinal strain, compressive strain, and
thickness strain were, respectively, el = 0.25, ec = � 0.46, and
eth = 0.21. Therefore, one would expect to observe, on average,
a 28.4% grain elongation [exp(0.25) = 1.284] and a 37% width
contraction [exp(� 0.46) = 0.63]. These numbers are compat-

Fig. 13 (a, b) SEM micrographs of the slant region in the Charpy specimen in Fig. 3d (BBS, eeff = 0.71) showing dimples, grain boundary
fracture (GB) and small splits (SP) parallel to the sheet surface. (c) Schematic describing the orientation and location of the SEM micrograph in
(d) showing the intergranular tip of brittle split
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ible with the micrographs in Fig. 22(a) and (b). After cup
drawing to eeff = 0.62, the three principal strains were el =
0.395, ec = � 0.61, and eth = 0.215. These logarithmic strains
correspond to average grain elongation and width contraction
values of 48% [exp(0.395) = 1.48] and 46% [exp(� 0.61) =
0.54], respectively. These results are also in qualitative
agreement with the microstructures observed in Fig. 22(a)
and (c).

6. Discussion

6.1 General

All the above results clearly indicate that a compressive
prestrain of sufficient magnitude, produced by cold forming,
can lead to post-forming anisotropic embrittlement along planes
that are roughly perpendicular to the compressive prestrain. The
stress state under which the compressive prestrain is produced
does not appear to influence this result. For example, brittle
splits parallel to the sheet surface can occur after deformation in
biaxial stretching, a purely tensile stress deformation mode, as
well as after cold rolling, a purely compressive stress mode.
The details of the fracture behavior are determined by the

response of the anisotropic microstructure to the prevailing
stress system during testing.

6.2 Requirements for Completely Brittle Behavior

Level of prestrain, orientation of the tensile stress system
during testing (or in service) relative to the compressive
prestrain, and presence or absence of stress triaxiality all
influence the overall energy absorption during fracture and the
macroscopic fracture appearance.

Low-energy fracture associated with a square brittle fracture
occurs when the following three conditions exist:

1. the compressive prestrain is larger than a critical value
2. the primary tensile testing stress is in the direction of the

compressive prestrain
3. the operating stress system is triaxial

Such a situation occurs after both cup drawing and in-plane
compression in Charpy specimens that are parallel to the
compressive prestrain. As a result, the plot of specific impact
energy versus prestrain exhibits an abrupt drop at a critical
prestrain and the fracture is square and brittle. The critical
prestrain depends on the specimen thickness. It decreases with
increasing thickness as indicated in Sects. 3.2.1 and 3.3.

Fig. 14 Metallographic cross-section perpendicular to the general direction of fracture propagation in Charpy specimen after cold rolling ^
HRD to eeff = 0.68. (a) Full thickness cross-section. (b, c, d) Higher-magnification views (original 600 X) of splits 1,2, and 3, respectively
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6.3 Testing Stress Perpendicular to Compressive Prestrain

In contrast, when the primary tensile testing stress is
perpendicular to the compressive prestrain (Charpy specimens
perpendicular to the prestrain direction), even when triaxiality
is present and the prestrain is above the critical value, the
results are more complicated, in terms of both fracture energy
and macroscopic fracture appearance. In particular, in this
orientation, the fracture behavior is different after cup drawing
and after in-plane compression. After cup drawing, the fracture
energy remains high beyond the critical prestrain (Fig. 4), but
after IPC the fracture energy drops to low levels (Fig. 7). This
difference in energy behavior is consistent with the difference
in fracture appearance. After cup drawing, the fractures exhibit
first a slant fracture region (high energy) then a square fracture
region, or vice versa (Fig. 6). The regions of square fracture
follow approximately planes that are perpendicular to the prior
compressive strain (direction of easy crack propagation) and are
initiated under the action of the ‘‘forward’’ component of the
triaxial stress state ahead of the propagating crack. After IPC,
the fractures appear to be predominantly square but follow a
more or less curved path (Fig. 8). The fracture, examined at
higher magnification, consists of segments of square fracture
perpendicular to the compressive prestrain joined by shorter
segments of shear fracture, both of which combine to produce
the observed curved path.

6.4 Role of Stress Triaxiality and Specimen Thickness

6.4.1 Stress Triaxiality, Specimen Thickness, and Criti-
cal Prestrain. As indicated in Sect. 3.2.1(footnote), the
critical prestrains for brittle fracture after cup drawing were
significantly lower in full thickness circumferential Charpy
specimens than in prethinned specimens. Also, as described in

Sect. 3.3.1 the critical prestrains after IPC (thick specimens)
were lower than after cup drawing of prethinned blanks (thin
specimens). Thus, thick Charpy specimens can be said to be
more prone to embrittlement than thin specimens. This result is
attributed to the difference in triaxial stress state ahead of the
notch, i.e., the transverse stress is relatively larger in thick
specimens than in thin specimens, thus producing a stress state
closer to plane strain, which favors brittle fracture. Therefore, a
higher degree of triaxiality results in lower critical prestrains.

6.4.2 Comparison Between Charpy and Tensile Speci-
mens Behaviors. The important role of the triaxial stress
state during post-forming testing in promoting brittle fracture is
made clear by comparing the behavior of Charpy and tensile
specimens both parallel to the compressive prestrain after cup
drawing and IPC. For similar levels of prestrain (above the
critical prestrains), brittle fracture occurs in the Charpy
specimens (Fig. 4 and 7), but not in the tensile specimens
(Fig. 11(a) and (c)).

In both cases, the primary applied stress has the same
orientation with respect to the compressive prestrain, i.e., it is
parallel to that prestrain. However, a triaxial stress state is
present ahead of the notch and of the fracture front in the
Charpy specimens, whereas this is not the case in the tensile
specimens, at least until the neck develops.

Furthermore, when the neck finally develops, the triaxial
stress state that appears at that point is no longer acting on the
as-prestrained microstructure because the microstructural
changes produced by the compressive prestrain (grain shape
changes and crystallographic texture) have been ‘‘undone’’ or
‘‘reversed’’ by the tensile strain during the beginning of the
tensile test, thus eliminating the possibility of brittle fracture.

In the ‘‘radial’’ tensile specimens after cup drawing and IPC,
the situation is different. The deformation during tensile testing
produces an additional compressive strain, in the same direction

Fig. 15 SEM micrographs of etched metallographic cross-sections of splits shown in Fig. 14. (a) Tip of split No. 1 showing cleavage and
intergranular (IG) fracture. (b) Middle of split No. 2 showing IG fracture. (c) Tip of split No. 2 showing IG fracture). (d) Tip of split No. 3 (IG
fracture). The general direction of crack propagation is from right to left

Journal of Materials Engineering and Performance Volume 28(11) November 2019—7133



as the compressive prestrain, due to the lateral contraction of
the specimen both before and after necking. In the end, splitting
occurs along planes perpendicular to the total compressive
prestrain under the primary action of the transverse neck stress
that is parallel to that prestrain. The large brittle splits in the
tensile specimens illustrated in Fig. 11(b) and (d) can thus be
qualitatively understood by the presence of the triaxial stress
state that develops in the neck of the specimens. In the tensile
specimens from BBS and cold rolling (Fig. 11(e) and (f)), the
deformation during testing also produces an additional com-
pressive strain (in the sheet thickness direction) and, again,
splitting occurs on planes that are perpendicular to the
compressive prestrain, i.e., parallel to the sheet surface.

6.4.3 Comparison Between Charpy Specimens After
Cup Drawing and IPC. As described earlier, the fracture
behavior is similar after cup drawing and IPC for Charpy
specimens parallel to the compressive prestrain (type III
fracture beyond the critical prestrain). However, the difference
in fracture behavior between cup drawing and IPC for Charpy
specimens perpendicular to the compressive prestrain needs to
be discussed. Although the difference in impact energy
behavior for this orientation beyond the critical prestrains is
consistent with the fact that type IV(A) fractures after cup
drawing exhibit some regions of slant fracture (high energy

absorption), whereas type IV(C) fractures after IPC are all
largely square and brittle (low energy absorption), the question
remains: ‘‘why do we observe these two types of fracture’’?
One obvious difference between the two groups of specimens is
their thickness (typically 3.3 mm after IPC versus 2 mm after
cup drawing). To explore whether the difference in thickness
may be responsible for the difference in fracture type and
energy, Charpy specimens from IPC material of the same
prestrain level as the cup drawn specimens were reduced in
thickness by surface grinding to match the thickness after cup
drawing. It was observed that the fracture changed from type
IV(C) to type IV(A) as a result and the specific impact energy
increased. Thus, in this specimen orientation thickness also
affects the fracture behavior. The change in fracture appearance
and the increase in specific impact energy with decreasing
thickness is understandable because the constraint and the
degree of triaxiality at the notch tip and fracture front is
lessened by the decrease in thickness.

6.4.4 Conclusion on Thickness Effect. Overall, there-
fore, the thickness effect is important to keep in mind,
particularly for performance in service, since it indicates that,
all other things being equal, greater thicknesses will lead to
easier embrittlement.

Fig. 16 Typical SEM micrographs in type III brittle fracture in Charpy specimens parallel to the compressive prestrain after cup drawing, IPC,
or uniaxial tension. (a) Full thickness macroview showing both the slant and the square fibrous zones near the notch after IPC to eeff = 0.34. (b)
Beginning of cleavage fracture near a large dimple (containing a rare-earth inclusion) located on the edge of the slant fibrous fracture after cup
drawing to eeff = 0.62. (c) Numerous cleavage facets with river markings and a few examples of intergranular fracture (cup drawing to
eeff = 0.62). (d) Higher-magnification view of intergranular regions in (c). General direction of fracture propagation in all micrographs is from
left to right
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6.5 Microstructural Mechanisms

Whereas the effect of the compressive prestrain on
anisotropic post-forming embrittlement is well supported by
the data, the exact nature of the microstructural mechanisms
responsible for the embrittlement is not so clear.

Three main factors appear to play a role: the crystallographic
texture produced by the prestrain, the microstructural damage at
non-metallic inclusions and carbides, and the elongated grain
shape. These three factors interact in a complicated manner in
the initiation and propagation of the brittle fracture, which
consists of both cleavage and intergranular modes.

It is conceivable that the inclusion/matrix interfacial voids
along lines of inclusions together with the associated matrix
microcracks could be locations where brittle fracture initiates
either by cleavage or intergranularly. In contrast, whether the
small voids present near grain boundary carbides after BBS
could initiate fracture is unclear. However, Fig. 13(d) suggests
that the carbides play a role in the propagation of the
intergranular fracture. It is also likely that intergranular fracture
is made easier by the grain elongation resulting from the
prestrain. As for the crystallographic texture, it probably
contributes to embrittlement by the cleavage mechanism. The

enhancement of the cleavage plane component (200) after BBS
and IPC is consistent with the presence of cleavage fracture on
planes perpendicular to the compressive prestrain. The increase
in that component is much less after cold rolling, and this may
account for the many instances of intergranular fracture, rather
than cleavage, observed in Fig. 15. However, whether the
amount of cleavage fracture is overall quantitatively less,
relative to intergranular fracture, on all the brittle splits after
cold rolling than after BBS is uncertain since no attempt was
made to answer this question.

7. Summary and Conclusions

1. The post-forming fracture behavior of the Van-80 HSLA
steel sheet investigated depends in complex ways on the
mode and amount of prior deformation and on the orien-
tation of the stress system during testing (or in service)
with respect to the principal axes of the prior deforma-
tion.

2. The post-forming fracture behavior is anisotropic. Specif-
ically, brittle fracture can occur preferentially along

Fig. 17 SEM micrographs showing type IV(A) fracture appearance in radial Charpy specimen after cup drawing to eeff = 0.6. (a) Fracture
appearance near the notch showing large brittle split in zone of fibrous fracture. (b, c) Cleavage fracture on surface of large split
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planes that are perpendicular to the prior compressive
strain, regardless of the mode of deformation and stress
state producing this compressive prestrain. Both cleavage
and intergranular fracture are present along those planes.

3. This anisotropy can lead to different macroscopic forms
of fracture, such as square brittle fractures after drawing
and splitting fractures after biaxial stretching, depending
on the orientation of the primary testing stress relative to
the prior compressive strain.

4. A sufficient level of prestrain is needed for brittle fracture
to occur.

5. This level of prestrain depends on stress triaxiality. This
explains why thick sheets are more prone to embrittle-
ment than thin sheets.

6. Grain shape and crystallographic texture changes pro-
duced by the various types of prestrains as well as cracks
and voids at non-metallic inclusions and carbides were
examined. Although these changes are consistent with
the observed embrittlement, the detailed microstructural
mechanisms causing the fracture need to be further inves-
tigated.

7. To avoid brittle fractures or splitting fractures in service,
it is desirable, if possible, to minimize the level of com-
pressive prestrain, minimize sheet thickness, avoid
notches at sheared edges, and avoid impact loading.

Fig. 18 Type IV (C) fracture after deformation by IPC to large prestrain (eeff = 0.47). Charpy specimen perpendicular to the compressive
prestrain. (a) Sketch showing orientation of specimen in the SEM. (b) Overall appearance showing small fibrous region near notch and radiating
chevrons. (c) Wall of shear dimples between plateaus of brittle fracture. (d) Typical cleavage and intergranular fracture in square brittle zone
between walls of shear dimples
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Fig. 19 Crystallographic texture components, for the vanadium-nitrogen steel (V-N) investigated, after deformation by BBS, cold rolling, and
IPC

Fig. 20 Examples of cracks and microcracks produced inside and near inclusions by cold rolling and cup drawing. (a) Large internal cracks
after cold rolling ^ HRD to eeff = 0.68. Cold rolling direction is horizontal. Sheet thickness direction is top to bottom. (b, c) Cracks and
microcracks in matrix and on grain boundary after cold rolling^ HRD to eeff = 0.68. HRD is horizontal and cold rolling direction in into sheet
of paper. (d) Microcracks in matrix and on grain boundary after cup drawing to eeff = 0.55. Plane of the micrograph is parallel to the cup flange
surface. Circumferential direction is from top to bottom
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Fig. 21 Microvoids at carbides on grain boundaries. (a–d) After BBS to eeff = 0.71. Thickness direction is from top to bottom. (e) Cross-
section near slant fracture of Charpy specimen after cold rolling to eeff = 0.68. Sheet thickness direction is horizontal. Small portion of fracture
surface is seen in lower left corner
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