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ENGINEERING PROPERTIES OF EXPLOSIVELY
WORK-HARDENED STEELS
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ABSTRACT: An experimental study is discussed

in vwhich permanent changes were produced in the
engineering properties of four annealed steels
(1015, 1030, 1050, and 4130) by means of con-
tact explosive charges of different thicknesses.
Quantitative data is presented for explosively
induced changes in proportional limit, yield
strength, ultimate strength, fracture strength,
elongation, and toughness for the four steels as
related to charge thickness and distance from
the metal-explosive interfaces.
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FOREWORD

This report represents part of a continuing program at this Station
in the study of the effects and applications of explosively induced
loads as rzlated to metal bodies. These studies were supported by funds
under Bureau of Naval Weapons Task Assignments RUME-3-E-026/216-1/WF008-
10-00k and RUME-3-E-000/216-1/F008-10-0k.

Portions of this report were included as part of an invited paper
presented at the National High Energy Rate Forming Seminar sponsored
by the American Society of Tool and Manufacturing Engineers, Detroit,
Michigan, 27-28 September 1961.
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INTRODUCTION

When metal bodies are subjected to the type of loads produced by a
contact detonating explosive, they undergo severe changes in their metal-
lurgical and engineering properties. These changes in properties then
determine how the metal will behave during a secondary phase of a time-
extended load, where the time of load extension may be measured in milli-
seconds or longer. Thus, changes produced during an initial loading
period may affect the metal behavior during the latter part of a loading
cycle. Property changes are also important in the materials reaction to
subsequent loads where the delay between loads may be measured in milli-
seconds, hours, days, or even years. Both types of loading concepts
(time-extended loads and subsequent loads) are commonly encountered in
explosive ordnance applications.

In the metallurgical sense, material changes can be macrostructural
or microstructural in nature. Macrostructurally they might appear as
shear and tensile fractures, and as dimensional distortion. Micro-
structurally the metal may undergo severe grain distortion, slip, shock
twinning, work hardening, and in a few cases even a transformation in
the lattice structure.

The explosive loading also affects the strength and ductility charac-
teristics of the metal so that its engineering properties after loading
will be considerably different than before the load was applied. The
new strength characteristics determine the type of loads that the explo-
sively worked metal can then undergo without additional deformation or
without fracture. The combined strength-ductility behavior is related
to the amount of work that can be performed on the metal before fracturing
occurs.

This report discusses a series of experimental tests in which four
different types of steels (1015, 1030, 1050, and 4130) were impulsively
loaded with contact charges of various amounts of high explosive.
Quantitative stress-strain data are presented that indicate the changes
in engineering properties of these steels as a result of such loads.

The effect of steel-buffer thickness on the change in engineering proper-
ties in such systems is also indicated. Future reports will discuss
changes in hardness and microstructure.
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EXPERIMENTAL FROCEDURE

Explosive work-hardening experiments were conducted with four differ-
ent steels: 1015, 1030, 1050, 4130. All metals were initially in the
. form of l/2-1nch x 10-inch x 10-inch hot rolled plates in a fully annealed
condition. The surfaces of each plate were ground to insure a uniform
thickness (0.480-inch) and surface finish. The chemical analysis and
grain size of each steel is shown in Table 1.

TABLE 1. Chemical Analysis and Grain Size of Steels Tested

Composition, % Grain
Steel - g1 ze®
c Mn P S si Cu -Cr ‘Mo
1015 0.17 | 0.52 | 0.01L | 0.04 | 0,11 | 0.09 | weev | sues 7
1030 0.29 | 0,60 | 0,03 | 0.0k | 0.12 | veee | vooe | vous 7
1050 0.49 | 0.66 | 0.0k | 0.03 | 0.7 | veee | eoee | vous 5
4130 0.30 | 0.52 | 0.01 { 0.0L | 0.2% | .... | O.94 | 0.18 7

& Pimkin ASTM number.

. Figure 1 shows schematically the general test arrangement used to
produce permanent changes in steel plates by contact explosive charges.
For each test three or four plates of a given steel (the number of plates
depending upon the amount of explosive used) were carefully stacked to-
gether and mounted on a large steel block which served as an "energy
sink" to prevent spalling of the bottom plate due to the reflection of
stress waves. All plates were oriented such that the rolling direction
of the plate was parallel to the direction of detonation in the explo-
sive. All plates had a ground surface finish and were wrung together
to insure tightness of contact.

A layer of one or more sheets of 0.084-inch-thick PETN-base plastic
sheet explosive (du Pont, Type EL-506A) was placed in intimate contact
with the upper surface of the top plate. A triangular shaped line-wave
generator extending in front of the plates was used in an effort to get
a more uniform loading along the top surface of the plates. The line-
wave generators were initiated with special detonators (du Pont, Type
X-332-13) recommended for this explosive. .

To produce various loading conditions, different thicknesses of ex-
plosive layer were used. Tests were conducted with 1, 2, 4, and 8 sheets
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of explosive in contact with the top plate, so that the explosive thick-
nesses vere 0,084, 0,168, 0.336, and 0.672 inches, respectively. A total
of sixteen tests were conducted. The plates were then studied to obtain
data on changes in the engineering properties as a function of charge
thickness and distance from the metal-explosive interface.

After explosive loading, two standard ASTM rectangular tension test
specimens, 8 inches long with 2-inch gage length, were machined from the
central portion of each steel plate, with the rolling direction of the
plate parallel to the axis of the specimens. Care was taken to insure
that any edge effects evident in the plate were avoided in the test
specimen. Each specimen was ground to a thickness of 0.375 inch by re-
moving an equal amount of metal from the top and bottom surfaces. This
insured that any surface defects developed during the loading process
would be eliminated. Additional samples were removed from each plate
for microhardness and microstructural analysis. ;

The tension test specimens were pulled on a 60,000-pbund-Baldu1n
testing machine. The pulling rate was kept constant through the yield
point at 1/16 inch per minute per inch of gage length. An extensometer
was used to measure the strain through the yield point; the elongation
vas then measured with dividers until failure occurred. Thus, it was
possible to plot complete stress-strain curves for each test specimen.
The yield point was determined by using the 0.2% offset method.

EXPERIMENTAL RESULTS

GENERAL BEHAVIOR

The general effect of a contact explosive load on each of the four
steels was to permanently change the engineering properties of the metal
in a characteristic manner depending on the thickness of the explosive
layer and the distance from the metal-explosive interface. The types
of permanent changes produced by an explosive load can be qualitatively
summarized as follows: (1) substantial increase in proportional limit,
(2) substantial increase in yield strength, (3) increase in ultimate
strength, (4) increase in fracture strength, (5) substantial decrease
in elongation to fracture, (6) decrease in elongation to ultimate
strength, and (7) decrease in toughness. All of these effects became
more pronounced as the thickness of the explosive * .yer was increased.
For a given charge thickness, the closer the metal specimen was to the
metal-explosive interface, the greater was the property change. In each
test, as would be expected, the greatest changes occurred in the top
plate, the plate in contact with the explosive. The other plates in the
test, the buffered plates, showed smaller changes in properties depending
on their distance from the charge.
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Tables 2-5 summarize the effects that the thickness of explosive
layer, and thickness of steel buffer material (or distance from metal-
explosive interface) have on the proportional limit, yleld strength,
ultimate strength, fracture strength, percent elongation, and toughness
of 1015, 1030, 1050, and L4130 steels, respectively. These tables pre=
sent the experimentally determined data for each plate as well as the
percent change in each property compared to the respective value for the
metal in the annealed, unworked condition, It should be noted that these
figures represent an average effect across the thickness of each of the
specimens. In these tables the plate number designation corresponds with
that shown in Fig. 1. Since toughness measures the ability of a material
to absorb mechanical energy by permanent deformation in advance of frac-
ture, and is proportional to the area under the stress-strain curve, area
was taken as a relative measure of the toughness of the steels. The pro-
portional limit values are only approximate since they depend on the
sensitivity of the tensile testing machine,

BEHAVIOR OF CONTACT PLATES

Figures 2-5 show the effect of explosive charge size in permanently
changing the properties of the contact plate (top plate) for 1015, 1030,
1050, and 4130 steels, respectively. Each of the curves represents an
integrated effect over the thickness of the respective top plate. 1In
each of these families of curves, the O curve represents the material in
the unworked, annealed condition. The 8, 4, 2, and 1 curves represent
the material after being worked with 8 layers, 4 layers, 2 layers, and
1 layer, respectively, of sheet explosive. The start of each curve re-
presents the yield point value of the metal.

In general, the engineering properties of the contact plates of all
four steels changed in a regular and predictable manner when subjected
to various thicknesses of explosive. That is, the magnitude of the change
in properties was related to the thickness of the explosive layer. As
the thickness of the explosive charge was increased, the proportional
limit, yleld strength, ultimate strength, and fracture strength all in-
creased for each of the four steels. The yield strength and the propor-
tional limit showed the greatest susceptibility to change, the fracture
strength the least. All four steels demonstrated a drastic reduction in
elongation and toughness with increasing charge thickness. For example,
for the 1015 steel the proportional limit values of the contact plates
increased by 44, 110, 125, and 136%; the yield strengths increased by
34, 69, 82, and 125%, the ultimate strengths increased by 4, 11, 15, and
36%, and the fracture strengths increased by 2, 3, 16, and 29% for charge
thicknesses of 1, 2, 4, and 8 layers, respectively. For the same plates
the elongation decreased by 34, 42, 46, and 68%; and the toughness de-
creased by 30, 34, 35, and 58% for the different charge thicknesses in
the same order. The contact plates of the other three steels showed the
same general behavior patterns.
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Such data indicate how marked differences can occur in the properties’
of various metals when subjected to contact charges of different sizes.
Of the four steels studied, the contact plates of the 1015 steel showed
the greatest over-all changes in the strength and ductility character-
istics.

On a comparison basis, with a given charge thickness, the four steels
demonstrated somewhat different susceptibilities to change in their
various properties. For example, with 8-layer charges the proportional
limits of the contact plates increased by 136, 100, 84, and 150%; the
yield strengths increased by 125, 116, 69, and 116%; the ultimate
strengths increased by 29, 17, 16, and 8% for 1015, 1030, 1050, and L4130
steels, respectively. Similarly, for the same charge thickness the
elongation decreased by 68, 51, 27, and 51%; and the toughness decreased
by 58, 41, 17, and 46% for the four steels in the same respective order
as above. .

It was found that while the yield strengths of the contact plates
were greatly increased, the plates underwent only a relatively small de-
crease in thickness. If conventional loading techniques had been em-
ployed to obtain the same change in yield strength that was produced by
the explosive load, a much greater percent reduction in thickness would
have resulted. This is shown in Table 6 that compares the percent reduc-
tion of thickness of steels explosively and conventionally worked for the
same increase in yield strength. The increase in yield strength by ex--
plosive working values used in Table 6 are those obtained by work harden-
ing with 8 layers of explosive. .

TABLE 6. Reduction in Thickness of Steel Plates .
Under Explosive and Conventional Loads

Change in i Reduction in

Type yield stress thickness, %

of |

steel Explosive | Conventional
psi | % load load?

1015 41,300 | 125 5 70

1030 39,500 | 116 b >50

1050 | 34,500 | 69 3 >4

4130 | &5,400 | 116 3 cees

g Resulting from eight layers of explosive.
References 3 and L.
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‘ BEHAVIOR OF PLATE SYSTEMS

The curves of Fig. 6-21 show the manner in which the properties of
explosively loaded materials can vary as a function of distance from the
metal-explosive interface for contact charges of different thickness.

In addition to indicating how the properties of an explosively worked
body can vary from point to point within that body, the curves also show
the effect of buffering the load. That is, in these tests each plate
served as a buffer to reduce the amount of working that the adjacent
plate beneath it received.

The behavior of each steel is represented by four sets of curves,
each set showing the behavior of a plate system for a given charge thick-
ness. For example, Fig. 6-9 show the stress-strain data for each plate

% for four separate tests conducted on 1015 steel in which the explosive
; charges consisted of 1, 2, 4, and 8 layers of sheet explosive, respective-
{i ly. 1In each figure the O curve represents the 1015 steel in the annealed

condition., The designations lst, 2nd, 3rd, and Uth represent the loca-
ticns of the plates and are the same as given in Fig. 1. Figures 10-13,
14-17, and 18-21 give corresponding data for 1030, 1050, and 4130 steels,
respectively.

For a given charge size, an increase in distance from the metal-ex-
plosive interface reduces the effect that the load has on changing the
properties of the metal. For example, for a 2-layer charge on a family
of four 1050 steel plates the proportional limit increased 58, 50, 3k,

- and 0%; the yleld strength increased 50, 25, 11, and 0%; the ultimate
strength increased 4.7, 3.9, 1.4, and 0%; and the fracture strength in-
creased 14, 9, 4, and 0% for the first, second, third, and fourth plates,

. respectively. For the same plate sequence the elongation decreased 2k,
21, 9, and O%; and the toughness decreased 16, 15, 4, and 0%. These data
are particularly interesting since they show that a wide range of property
values extending from no change to an extremely large change can occur in
different areas of a metal specimén separated by a distance of only 1
or 2 inches.

An increase in the thickness of the explosive layer not only in-
creased the magnitude of the property changes in the steels, but also
increased the depth to which property changes occurred. With a l-layer
charge of explosive only the first two plates showed any change in engi-
neering properties. This was the case for all four of the steels. With
a 2-layer charge the 1015, 1050, and 4130 steels showed property changes
in the first three plates, but not in the fourth, while the 1030 steel
also showed some changes in the fourth plate. With 3- and L-layer
charges, property changes occurred in all four plates for all the steels
tested.
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