122 Ken-ichi Sawada

Research
paper

Microfractography of fracture surface of a carbon
steel tube caused by contact detonation

Ken—ichi Sawada

National Maritime Research Institute, 6—38—1 Shinkawa, Mitaka, Tokyo, JAPAN

TEL +81-422-41-3141 FAX +81-422-41-3390
Corresponding address : sawa@nmri.go.jp

Received : April 20, 2008 Accepted : June 24, 2009

Abstract

In the case of closer detonation of high explosives to a structure such as attack of terrorism, the target is exposed to the

extremely high pressure and temperature ina very short time. It is important to focus on the damage quantity of the

structure under such environment, and its fracture mechanism. The small—scale explosion experiments are carried out.

The high explosive Composition C—4 is exploded at the axial center of the outer surface of a carbon steel tube, STPG370.

The weight of explosive and the standoff are parameter values. This paper presents the relationship between the stand-

off and the damage quantity of the tube, and the results of microfractography of the fracture plane using the scanning

electron microscope (SEM) to clarify the fracture mechanism of the material.
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1. Introduction
The mechanism of plastic deformation and fracture phe-

nomenon by detonation are one of the important concerns
in damage kinetics. Especially, in the case of closer detona-
tion of high explosives to a structure, it is under the envi-
ronment of extremely high pressure larger than a gigapas-
cal pressure and high temperature at a few thousand de-
grees ina very short time. The material is deformed plasti-
cally or fractured at very high strain rate caused by that
environment. Some experimental researches on the be-
havior of concrete plate which is the brittle material have
been carried out under such condition?™?. In the three—di-
mensional structure, some experimental studies using
metal tubes have been performed?. In these studies, the
detonation occurred inside the tube. Little is known about
the microscopic fracture mechanism in these studies.
Recently, the threat of terrorism has been growing in
the world. The most typical measure in terrorism is an at-
tack by explosives. Then, a structure may be shocked
from the exterior. Therefore, it is also important to focus
on the damage of the material caused by the detonation
which occurred outside of structure. In this study, the
small—scale explosion experiments in which the detona-
tion occurred outside of structures were carried out. The
carbon steel tubes were adopted in the experiments. The

carbon steel is ductile at normal temperature. In this pa-
per, the damage quantity of the material caused by deto-
nation and the fracture mechanism based on microfracto-
graphy of fracture plane are discussed.

2. Experiments
2.1 Experimental methods

In this study, carbon steel tube, STPG 370 (JIS G 3454)
was used as the target for explosion experiments. The di-
mensions of the tube are 300mm in length, 165mm in
outer diameter and 5.5 mm in thickness. As explosive ma-
terial, Composition C—4 whose density is 1.4g cm ™3 was
adopted. It is extremely stable and complete explosion
takes place even if it is small amount, and can be molded
into any desired shape. Therefore, Composition C—4 is
more adapted for this kind of small—scale experiment than
TNT®. A No. 6 electric detonator was used as primary ex-
plosive, and the tip of that was installed at the center of
cube—shaped Composition C—4 wrapped with plastic
sheet.

Figure 1 shows an experimental system. The tube was
placed horizontally by the chain which passes through the
tube. To simulate the situation of the floating tube in the
air, the tube was not fixed to the trestle. The chain was
only hung with the tube and can be moved freely. All ex-
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Trestle

Fig. 1 The example of experimental system.
Table1 Experimental conditions.
Explosi Scaled
Case Xp ostve Standoff, . cae
No weight, W R{mm] distance, A
' [g] [m kg3
1 25 0 0
2 100 0 0
3 100 25 0.054
4 100 50 0.108
5 100 75 0.162

periments were carried out with an explosion chamber of
2m in height and 2m in width. The chain also plays a role
to prevent that the tube clashes to the inner concrete wall
of explosion chamber. The installation location of explosive
was the center of axial direction at outer surface of the
tube which did not overlap with the welding seam. The
structure material of the trestle is a carbon steel, SS400.

2.2 Experimental conditions

The weight of explosive W, and the standoff R which is
the distance between the lowest part of outer surface of
the tube and the upper surface of the explosive are the pa-
rameters. Table 1 shows experimental conditions in this
study. The weight of explosive was 25g or 100 g. The ex-
periments of the standoff which was not equal to zero
were carried out only in the explosive of 100 g in weight.
The range of the scaled distance, A is from 0 to 0.162m
kg3,

The distance of standoff was set by a paper spacer so as
to avoid the disturbance on the effect of detonation. Re-
gardless of experimental conditions, the distance between
the plane of the trestle and the lower surface of the explo-
sive was kept constant with 30 mm. All the tubes used in
the experiments were the products of the same lot.

3. Results of experiments
3.1 Effect of the scaled distance

The experimental results organized to measure the
plastic deformation and fracture of the tube, are shown in
Table 2. The through—hole caused by the fracture of the
tube was generated only in the cases of contact detonation
in which standoff was equal to zero. When the weight of
explosive was 25 g in the case No. 1, a circular through—

Table2 Experimental results.

Averaged Diameter of dent
. Depth . .
Case diameter of of dent a :major axis
No. through—hole b : minor axis
[mm]
[mm] [mm]
1 23 — —
100 — —
a 230
3 & b:160
a:190
4 — 50
b :150
a 160
° 3 b :100

hole of 23 mm in diameter with dent was generated in the
center of explosion. However, the damage was only limited
around that location. The cross section of the tube main-
tained circular form.

Meanwhile, in the case No. 2 with the explosive of 100 g
in weight, the tube was wholly plastically—deformed and
the large through—hole was generated. The through—hole
turned up toward the inside of the tube in four directions
due to progress of the cracks generated on the tube. The
averaged diameter of the through—hole in this case is
about 100mm. Moreover, the fracture which is about 30
mm of axial crack was generated at the symmetrical loca-
tion of the center of explosion on the tube (See Fig. 2).

In the cases not of contact detonation, the tubes de-
formed plastically without fracturing (See Fig.3). It is
found that even a narrow standoff is effective to prevent

(b) Case No. 2 (W=100 g, R=0,A=0)

Fig.2 The view of the tube from the side of hypocenter after
the experiment.
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(c) Case No.5 (W=100 g, R=75 mm, A=0.162 m kg ~1/3)

Fig.3 The view of the tube from the side of hypocenter after
the experiment.

the fracture of the structure. The axially long elliptical
dent was generated on the center of explosion. Assuming
that the shape of dent is elliptical cone, then the volume of
the elliptical cone V is calculated by the following equa-
tion?.

_T
V=T5abD (1)

Where a is the major axis, b is the minor axis and D is
the depth of the dent. The relationship between the scaled
distance and the volume of elliptical cone is shown in Fig.
4. The volume of elliptical cone decreases inversely with
the standoff. Figure 5 shows the dent part of the tube in
the case No. 3, where the standoff is 25 mm (the scaled dis-
tance is 0.054m kg~1%). At the dent part, the necking
which causes local elongation was observed. It was gener-
ated on the circumference of ellipse which has about 6 cm
in major axis and 3cm in minor axis. From this result, it
might be inferred that the material reaches fracture
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Fig.5 The necking at the dent part in the case
No. 5 (the scaled distance is 0.054 m kg ~1/3).

toughness when the standoff is shorter than 25mm be-
cause of increase of impact pressure as well as reduction
of elongation caused by the increase of strain rate®.

3.2 Fractography of the fracture planes

In the experiments, it was found that only the conditions
of contact detonation resulted in fracture of the tubes. In
order to ascertain the fracture mechanism, the fractogra-
phy was carried out in the case No. 1 with the explosive of
25g in weight. Figure 6 shows the fracture region ob-
served from the inside of the tube, and the fragment
which was separated from the tube. In this figure, the posi-
tional relationship of the fracture region of the tube and
the fragment conform each other. It is found that the
through—hole is nearly circular form. Macroscopic fea-
tures of the fracture plane of the tube and the fragment
are clearly different between the middle part and the edge
part of the fracture plane. The middle part of the fracture
plane is the glittery granular fracture. On the other hand,
the edge part of the fracture plane is gray smooth surface.
The feature in the middle part occupies large part of the
fracture plane. On the fracture plane, the clear feature of a
source of fracture such as radial marks generated in
Charpy test is not observed.

In this paper, the microfractographic features in the five
regions specified in the Fig. 7 are shown below. Regionl A
and RegionlB are the edge part of the fracture plane of
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(b) Fragment (Inside of (c) Fragment (Onside of

the tube) the tube)
Fig.6 The fracture region of the tube and the fragment.

the tube and the fragment, respectively. Region 2A and
Region 2B are the middle part of the fracture plane of the
tube and the fragment. The relationship between Region 1
A and Region 1B is mutual corresponding fracture regions
between the tube and the fragment as well as the relation-
ship between Region 2A and Region 2B. As shown in Fig.
6, a part of material which was not fractured in the shape
of a circle remained in the tube. Region 3 is the edge in the
forefront of this part.

The low vacuum scanning electron microscope, LV—
SEM (JSM-5600LV made by JEOL) was used for mi-
crofractography. The fracture region of the tube was ex-
tracted from the tube as the specimen for microfractogra-
phy. Before microfractography, ultrasonic cleaning in ace-
tone was practiced for the fracture plane of the tube and
the fragment.

The typical microfractographic features in Region 1A
and Region 1B are shown in Fig. 8. The image of Region 1
B is the mirror image for easy understandable comparison
with Region 1A. In these regions, elongated dimples are
observed in the both fracture planes. The directions of the
dimples in each fracture plane are opposite mutually. This
clearly shows that the failure in these regions is ductile
fracture caused by not tear stress but shear stress.

Figure 9 shows the typical microfractographic features
in Region 2A and Region 2B. In these regions, the mixed
mechanism of the fracture which is the cleavage planes
and river patterns with dimples are observed. This feature
shows the quasi—cleavage fracture plane. Therefore, the
failure in these regions is brittle fracture.

In other regions of the middle part and the edge part of

(b) Observation regions of the fracture plane on the fragment

(c) Observation region of the fracture plane on the tube
Fig.7 The observation regions of the fracture plane.

the fracture plane, the same features were observed. Al-
though detonation gas has high temperature at a few thou-
sand degrees, the feature of creep fracture is not observed
on this fracture plane.

The results of macrofractography and microfractogra-
phy show that the fracture is caused by the following proc-
ess. Firstly, the dent as plastic deformation was formed by
uniform elongation caused by detonation pressure when
the detonation occurred. Secondly, the ductile fracture
caused by the slip which was shown as the elongated dim-
ples occurred on outer surface of the dent when the stress
exceeded ultimate strength of the material. Finally, the
stress reached actual breaking stress immediately after
the ductile fracture. Then the brittle fracture occurred on
the circumference of circle simultaneously.
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(a) The typical feature of Region 1A

(b) The typical feature of Region 1B

Fig.8 Microfractography in Region 1A and Region 1B.
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(a) The typical feature of Region 2A

(b) The typical feature of Region 2B

Fig.9 Microfractography in Region 2A and Region 2B.
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Fig.10 Microfractography in Region 3.

In Region 3, the equiaxed dimples which are generated
by the tensile stress are observed (See Fig. 10). It indicates
that the fragment was separated from this location of the
tube finally by the tensile stress in the same direction as
detonation pressure.

4. Conclusions

In this study, the small-scaleexplosion experiments
were carried out. In the contact detonation, the through—
hole was generated when the weight of explosive was not
only 100g, but also 25g. On the other hand, when the
standoff was 25mm (the scaled distance was 0.054m
kg~17), the through—hole was not generated even in the
case of 100 g explosive weight. It shows that even a nar-
row standoff is effective to prevent the fracture of the
structure.

Macro— and microfractography of the fracture plane in
the contact detonation by 25g explosive weight was car-
ried out. From the analysis of this observation, it is found
that the circular through—hole is generated in a very short
time under almost brittle fracture, after the dent is formed
by uniform elongation.
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