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Abstract—The phenomenon of spall fracture of high-strength steel specimens with the formation of two frac-
ture surfaces during standard tensile tests is discussed. The fracture along two planes is shown to occur not
simultaneously: first, fracture induced by a tensile load is observed, and then a second fracture plane forms,
presumably, according to the spallation mechanism. The sequence proposed for the two fractures is con-
firmed by the results of fractographic analysis. The spallation during tension of standard specimens is found
to differ from the classical spallation under an intense external action in the scheme of deformation wave for-
mation and the source of spallation energy.
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1. INTRODUCTION

Spall fracture is observed during an external high-
energy action, e.g., a ballistic test [1]. In this case, a
compression wave appears in the action zone: it prop-
agates across the specimen thickness and can lead to
compacting and increasing the strength of the mate-
rial, but it cannot cause its fracture. Shock wave hard-
ening was even proposed as a method for increasing
the strength of steel plates and was also used for weld-
ing plates made of dissimilar metallic materials.
Reflecting from the free surface, the compression
wave transforms into a tensile wave. At a certain time,
the tensile stress reaches a critical value, namely, the
tear strength, which causes the separation of the mate-
rial and cracking in the plane parallel to the back sur-
face of the plate. The development of a circular crack
along a circumference ultimately leads to the forma-
tion of a “spall coin.” The practice of ballistic tests of
armor steels demonstrates the presence of brittle spalls
from the back of the plate at a certain combination of
acting conditions and the mechanical properties of the
material.

Some time ago, spall fracture of a material was pro-
posed to determine the tear strength. This characteris-
tic was considered as determining for evaluating the
brittle strength [2, 3]. Despite the simplicity of the
theoretical solution to the problem of forming a plane
shock wave, the method of determining the tear
strength in ballistic tests has not received wide recog-
nition due to their experimental complexity.

The problem of spall fracture is studied in detail
due to its practical importance and is widely reflected
in the scientific literature [4–9]. However, to the best

of our knowledge, there are no works that would dis-
cuss the spall fracture of high-strength metallic mate-
rials during standard tensile tests. This type of fracture
was achieved by us when testing cylindrical specimens
made of bearing steel [10]. As the object of research,
the authors of [10] studied the VIAM steel designed
for the manufacture of elements of rolling bearings
operating at elevated temperatures. The purpose of
this work is to continue the study of the fracture of the
high-strength steel.

2. EXPERIMENTAL
2.1. Characterization of Material

Bearings work under extremely hard conditions
characterized by high contact compression stresses
under alternating load and possible slip. The bearing
material must elastically deform with shape recovery
after unloading. These requirements are fulfilled in
classic ShKh15 steel with a high (0.95–1.10%) carbon
content [11].

The requirements of the engineering industry to
increase the heat resistance of bearing steel to 300°C
and then to 500°C led to the transition to steels with
carbide precipitation hardening, such as domestic
EI347 (8Kh4V9F2-Sh) and US M50 steel (Table 1).
The EI347 domestic steel is characterized by high car-
bide inhomogeneity due to a high tungsten content,
and it leads to a decrease in the fatigue life due to spall-
ing in the surface of bearing elements under significant
alternating contact stresses. The investigations of
VIAM researchers were aimed at developing bearing
steel with high performance characteristics up to
extreme (500°C) operating temperatures. The devel-
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Table 1. Element contents in EI347 and M50 steels, wt %

Steel С Si Mn Cr Mo W V Ni Cu

EI347 0.70–0.80 ≤0.25 ≤0.25 4.0–4.6 ≤0.80 8.5–9.5 1.4–1.7 <0.35 <0.25
M50 0.77–0.85 ≤0.25 ≤0.35 3.75–4.25 4.0–4.5 – 0.9–1.1 <0.1 –

Table 2. Thickness and geometric shape of the spalled plates

Specimen Plate thickness, mm Plate shape

1 1.70 Cylindrical spall with almost parallel base
2 1.40 Wedge spall
3 0.87 Wedge spall
4 1.92 Skew cylinder
5 1.30 Wedge spall
opment of the chemical composition of the new ball-
bearing steel, the melting methods, and the scheme of
deformation of ingots are described in [12]. High
fatigue contact durability was achieved due to a homo-
geneous steel structure, ensuring a uniform state of
stress and eliminating the concentration of internal
stresses.

2.2. Fracture of High-Strength Steel 
during Tensile Tests

The tests of the new high-strength bearing steel
were accompanied by an ambiguous and unusual
character of fracture. In particular, when performing
tensile tests of standard cylindrical specimens, the
authors of [10] detected their fracture in fillets, with
the specimens being divided into three parts, despite
the fact that a step fillet was used to reduce the stress
concentration. This character of failure was explained
by the high brittleness of the material, at which even an
insignificant stress concentrator leads to a local
increase in the stress. Subsequently, the specimens
were replaced by corset ones, and their gage portion
was thinned from 5 to 4 mm, which made it possible
to localize fracture in the corset zone. However, the
cases of unusual fracture were also take place in test-
ing specimens of the new geometry: fracture
occurred along two planes in the central part of the
gage portion, with the specimen being divided into
three parts.

In the present work, similar corset specimens were
tested [10]. Tensile tests to failure were carried out in
accordance with GOST 1497–84 on an electrome-
chanical Zwick/Roell 50 DS testing machine. The
ultimate tensile strength of the new bearing steel was
σu = 2300–2800 MPa, the relative elongation was δ =
0, and the relative reduction of area was ψ = 0. As in
[10], the cases of fracture of specimens at the center of
the gage portion along two planes were noted (Fig. 1).
In some cases, fracture occurred along two almost
parallel planes and the spalled plates had a cylindrical
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No.
shape (specimen 1); in other cases, the fracture planes
were located at a low angle to each other. Therefore,
the plates had a wedge shape (specimens 2, 3, 5) or the
shape of a skew cylinder (specimen 4). The thickness
of the plates in their highest part was 0.87–1.92 mm
(Table 2).

3. SUBSTANTIATION OF THE SPALL 
FRACTURE PHENOMENON

The multiplicity of fracture does not contradict the
basic postulate of fracture of a homogeneous solid
body, which states that fracture occurs when the ulti-
mate state of stress is reached at some point. Conse-
quently, a homogeneous material in a homogeneous
state of stress can be destroyed into many parts when
the limit level of stresses is reached. Such a uniform
state of stress is provided in the gage portion of stan-
dard cylindrical specimens of a homogeneous material
during static tension; therefore, their multiple fracture
is possible. The fracture of specimens made of struc-
tural materials with the formation of one fracture sur-
face is due to the heterogeneity of the material structure
and the state of stress, leading to fracture localization.

If the fracture of the specimens made of the new
high-strength bearing steel is assumed to be caused by
its structural homogeneity, the fracture along two sur-
faces should occur simultaneously according to the
same mechanism at the uniform state of stress ensured
by the specimen geometry and the external force
application conditions.

It is difficult to experimentally determine the simul-
taneity or separation in time of the fracture of two sur-
faces; therefore, fractographic analysis of these surfaces
was carried out using an Olympus Lext OLS 4100 con-
focal laser scanning microscope. As an example, in
Figs. 2–4 show micrographs of both surfaces of the
spalled plates (conventionally, face and back surfaces)
of various geometries, in the form of a circular cylin-
der, a skew cylinder, and a wedge, respectively. A brit-
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Fig. 1. Appearance and fracture of specimens with a corset gage portion.

Specimen 1

Specimen 2

Specimen 3

Specimen 4

Specimen 5
tle fracture nucleus with the subsequent development
of a “brittle” crack and the formation of a relatively
homogeneous fracture surface are observed on the
front surfaces of the plates formed during the fracture
of specimens 1 and 4 (Figs. 2a, 3a). The back surfaces
are characterized by greater planeness and the absence
of a fracture nucleus (see Figs. 2b, 3b). The micro-
graphs of the surfaces of the ending part of the wedge-
shaped plate (see Fig. 4) indicate an almost identical
character of the fracture of specimen 2.

The results of a fractographic analysis of two frac-
ture surfaces indicate different mechanisms of their
formation, which refutes the assumption of the identi-
cal state of stress in these fracture regions and, as a
consequence, the version of simultaneous formation
of two fracture surfaces. The authors of [10] assumed
RUS
that the first fracture is caused by the tension of the
specimen and the second (back) surface forms via
spallation.

The spall fractures during an impact or explosion
and during tension of a specimen have different wave
perturbation formation conditions. In the classical
version (plate under an external action), spallation is
caused by supplied energy, and the spall fracture
during tension of a specimen occurs due to internal
accumulated energy. The material before tension-
induced fracture can be considered as a stretched
spring. The fracture of the specimen in a certain plane
generates an unloading wave, i.e., a deformation com-
pression wave. The compression wave reflects from
the end of the specimen and becomes a tensile wave,
which leads to spallation.
SIAN METALLURGY (METALLY)  Vol. 2020  No. 10
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Fig. 2. (a) Face and (b) back fracture surfaces of the spalled plated in specimen 1.
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Fig. 3. (a) Face and (b) back fracture surfaces of the spalled plated in specimen 4.
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Fig. 4. (a) Face and (b) back fracture surfaces of the spalled plated in specimen 2.
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The fracture of specimens during tension with the
formation of a spall plate is also due to the formation
and propagation of deformation waves and, corre-
spondingly, tensile and compressive stresses. The plate
thickness is determined by the tensile wave growth
time, which, in turn, characterizes the load decrease
time. Based on kinetic concepts of fracture, we can
consider the time of load reduction as the time of
development of a critical crack having appeared in cer-
tain volume in a specimen. A crack can appear in any
section of a specimen, most likely, on its surface. If the
crack velocity is assumed to be 1600 m/s [12–15], the
load decrease time with allowance for the gage portion
thickness of the specimen (4 mm) is τ = 4 × 10–3 (m) :
1600 (m/s) = 25 × 10–7 s. Let the mass velocity be equal
to a strain rate of 400 m/s. The distance at which there the
increase in the strain and, hence, the tensile stresses is
maximal can be estimated at L = 4 × 105 (mm/s) × 25 ×
10–7 (s) = 1 mm. The calculated spallation thickness
agrees quite well with the experimental results (0.87–
1.92 mm) despite the extremely rough estimate of the
initial parameters.

4. CONCLUSIONS

The fractographic study of the two fracture surfaces
of the plates spalled during tensile tests of corset spec-
imens made of high-strength bearing steel revealed
different mechanisms for their formation. After the
fracture typical of tension conditions, fracture with the
formation of a second fracture surface occurs. The
second fracture surface forms according to spallation
due to the appearance of a deformation unloading
wave induced by the initial fracture. The fundamental
difference between the fracture during tension of spec-
imens and the classical spall fracture under an intense
external action consists in the formation of spallation
due to the internal energy accumulated in a specimen
during tension and in the formation of a deformation
unloading wave.
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