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Abstract To study the process of brittle fracture,
initiated by a microsecond range pulse action, we applied the
magnetic pulse technique of controllable pressure pulse
generation with pulse amplitude up to 2 GPa. The threshold
energy level has been found, and related to a parameter
specific of each material - energy accumulation time. With
application of the thermodynamic approach, we develop and
demonstrate the destruction criterion that allows us to define
this material parameter. Following the results of
experimental data and numerical simulation, we show how
to describe the destruction process both for samples with
crack-type macro defects, and defect-free samples. The study
reveals the dependency of the surface energy from the load
build-up and material properties when exposed to magnetic
pulse action.

Keywords Crack, Magnetic Pulse Method, Surface
Fracture Energy, Pulse Strength, Shock Action

1. Introduction

The loss of strength properties and bearing capacity of
samples is caused by de-homogenization of material
structure and occurrence of structural integrity rupture zones.
Multiple papers examine the issues of fracturing and fracture
propagation under various loading conditions. However, an
adequate analysis of brittle fracture under conditions of pulse
loading has not been definitely shaped yet. The destruction
process analysis is a challenge due to the influence of
multiple factors and singularities, related to material
properties, exposure parameters, variety and structural
difference of force fields during the experiments.

The aim of the present study is to demonstrate the
possibility of the magnetic-pulse technique for
investigation of the process of pulse material fracture and
clarify some general details of the generation of new surfaces
at material fracture under the high-rate loading.

Tests, carried out with various materials, exhibit the
threshold nature of fracture and increase of failure amplitude
in response to loading pulse contraction during destruction of
both defect-free samples, and those having crack-type

macro-defects [1-3]. Seen below are the results of
experimental research and analysis of material destruction
when exposed to magnetic pulse action.

2. Distinctive Features of Magnetic
Pulse Action

The multitude of sample stress states and loading
conditions can be significantly limited by defining pulse
loading modes with parameters, listed below.
Variants of loading schemes for pulse action exposure:
® Stress field is formed, its spatial localization is
substantially smaller than sample sizes (magnetic pulse
shock action);

® [oading is conducted under known and controllable in
process of loading formation parameters;

® The sample can be considered as an energy-closed
system, for when load pulse action expires, there is no
energy interchange between the sample and the loading
device.

Such loading modes are performed at laboratory level
when studying material destruction upon spallation loading
schemes [3-6]. In addition to spallation loading schemes, the
magnetic pulse technique also enables to conduct pulse
loading with the listed above parameters while studying the
destruction of samples with crack-type macro-defects [7, §].
This is valid for a number of applied technologies in the
sphere of finely ground material production and ore mineral
concentration, as well as in the sphere of natural and
man-induced earthquakes [9].

3. Magnetic Pulse Technique Used to
Create Controllable Pressure Pulse

It has been known, that when the current flows on closely
spaced conductive parts, the latter are subjected to the
action of mechanical force, caused by interaction of the
flowing current and magnetic field created by this current.
In general case, the direction and distribution of acting
forces is specified by current distribution on cross-section
of conductive parts, depending on their geometric sizes and
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relative alignment. In case of perfect conductivity, a normal
force (magnetic pressure) acts on conductor's surface unit:
S
B, :E-[J,B] (1)
where J,B - surface current density and magnetic field
density at a point on surface.

As it is described in [10], for flat parallel buses, divided
by gap h, that is substantially less than their width b, one
can neglect the fringe effect and consider the current 7(¢)
and magnetic field distribution as edgewise uniform. Under
this estimation the instantaneous value of magnetic pressure

P, (t), acting on buses from the side of gap, can be
determined as:

2
B0 = @)t () =2

L10)

B =35 2)

where B(tf) m H(t) - inductance and strengths of

magnetic field accordingly, u =y = 4-71077 H/m.

2

P
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expressed by equation (2). In such a case a complicated
problem of pressure pulse measurement is reduced to a
simple procedure of current pulse measurement [8].

Pulse current generator (PCG) circuit with flat buses for
pulse testing of spalling can be seen in Fig.1.

A generator PCG-125, equipped with two pulse
low-inductance KMK-50-6 type capacitors of 6 uF each,
charging voltage up to 50 kV and acting as storage batteries,
has been used to carry out the experiments. This generator
allows getting a unidirectional pulse under pulse loading up
to 20 nH, its amplitude is up to 600 kA of 4 microseconds,
that corresponds to the pressure pulse of up to 2000 MPa.

The technique used to control the current pulse form as
well as the requirements to parameters of the loading device
are given in [8].

4. Destruction of Samples with
Crack-type Macro-defects

Fracture of samples, made of various materials, was
studied, following the magnetic pulse loading technique,
described in [8]. Samples with typical sizes, given in Fig.1,
were used for these experiments. By exposing such samples
to loading at micro-second loading duration, the magnetic
pulse shock conditions are formed, as opposed to
experimental conditions, described in [11, 12]. Due to the
symmetric nature of loading and sample symmetry,
propagation of the main crack (MC) is nearly unidirectional

[1].

L3

Figure 1. Schematic circuit of pulse current generator (PCG) device and
sample schemes of loading for pulse testing of spalling C, L — capacitor
and self-inductance of PCG; Up-voltage: S — high-voltage commutation
switch; R — nonlinear resistor; O — sample under test. 1 — loading device, 2
— spall areas. Sizes are in mm.

In the event of uniform current distribution on buses as
wide as b, the values of pressure pulse, acting on them, are
uniquely related to the values of current pulse and
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Shown in Fig. 3 - typical dependences of the propagated
crack length in samples with crack-type macro-defects,
loaded along the macro fracture zones in accordance with
mode [ by uniformly applied pulse pressure, on pulse
amplitude and loading duration. As illustrated by PMMA
fracture (curves 7, 8, 9 in Fig.3), one can see the growth of
threshold fracture loads, concurrently with the exposure time
decrease. Threshold fracture loads £, can be specified by

projecting the propagated crack length L. into the area
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Lo — 0, as illustrated by curve 4.

The dynamics of crack propagation has been studied with
the use of PMMA (poly methyl methacrylate)
optically-transparent samples, according to the method,
presented in [14]. A super-speed camera (SFR-2), working in
photochronograph mode, was used for image registration
and recording. A movie fragment with the start of crack
progression is shown in Fig. 4.
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Figure 3. Dependences of the propagated crack length on the single

loading pulse amplitude at loading duration: 1 — limestone, 4.4 ps; 2 —
marble, 3.6 us; 3 — gabbro-diabase, 3.6 ps; 4 — sandstone, 3.6 us; 5 —
granite, 3.6 us; 6 — polymer compound - 1.5 pus [13]; PMMA: 7 - 2 ps; 8 —
4 us; 9 — 8.6 us [7]. I - pulse waveform.

Optical emission of electric discharge plasma, coupled out
of the high-voltage triggered commutation switch into the
registration zone (zone R), using optical fiber, makes it
possible to synchronize the current pulse (pressure pulse)
with the destruction (fracture) process. Like in case of the
experiments, described above, there is a certain delay of
main crack propagation MC r; relative to the pressure

pulse P(¢).

Figure 4. Movie fragment. 1 — crack apex path.

Starting crack propagation rate was determined from
angle of inclination of tangential curve to the crack
propagation path « . The increase of the pulse amplitude
by constancy of pulse duration increases the crack
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propagation rate at the initial phase. Further crack
propagation behaviour is conditioned by loading waves,
reflected from sample edges.

5. Destruction Criterion

The analysis of experimental data, related to crippling
tests under mechanic action, can be reduced to detection of
the stress-strain state of a sample and choosing a relevant
fracture criterion.

In [15] are describing various types of criteria (force,
energy, thermodynamic), used to estimate and define
destruction processes under pulse loading. It should be
expressly noted, that experimental and analytical research of
pulse destruction was conducted by Russian Federal Nuclear
Centre — All-Russian Scientific Research Institute of
Experimental Physics. This research allows us to establish a
time master dependency between the strength of different
materials and thermodynamic invariant [16]

J1:Pcr/(GP(H+Lm)) 3)

where P - critical density of absorbed energy, G -
Gruneisen factor, p - material density, H and
L,, - enthalpy and melting heat and structural and
time-dependent approach, proposed in [17].

It has been known, that the system enthalpy can be
specified as:

H=U+pV-Y Xy 4)

where U - system internal energy, X;and y; - integrated
force and coordinate of non-mechanical force action. In the
absence of non-mechanical forces, the system enthalpy is
specified only by internal U and potential energy pV .
Assuming, that in the event of exposure to pulse action the
process of potential energy accumulation is of adiabatic
nature, that is to say, that it occurs at constant entropy
S ~const , the enthalpy change will take the form
dH =V -dp , while internal energy change will depend only

on the action of exterior forces and will be specified as
dU = p-dV . This explains the time dependence-strength
correlation, described by Zhurkov model [18] with the use as
internal energy parameter of materials and results of [16],
obtained on basis of the thermodynamic approach. To
evaluate the state of the system, let us introduce the ultimate
(threshold) value of potential energy p i Vfr , which, when

exceeded, brings the system into a destroyed (fractured)
state.

Under dynamic (pulse) loading the potential energy is
defined by time-dependent parameters p(¢) and V(¢) .
Given that the system transition from one state into another
state takes time, we shall reckon, that the system transition
into the destroyed state has been completed, once the
potential energy achieves the ultimate value p,,}V;,, within
a certain time interval z; . This statement can take the form
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t
1
— [ POV () ds < pViy ()
Ty 0
which, when violated, corresponds to system destruction.
The described situation is illustrated in Fig. 5. It is evident,
that under such a scenario the destruction occurs when the

volumes of a parallelepiped Vy-pg-77, and of a
hexahedron with vertices AaAV,t"Ap,tsfwa and faces,
conditioned by the type of loading and strain dependency
04p,p (example of linear dependency is seen in Fig. 5), are

equal. In plane p ,f the curve TDS , setting apart the

non-fractured [/ and fractured II system states, is
specified by parameters of a minimal failure loading with
amplitude 4, ; and duration . .
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Figure 5.

To describe the system behavior in conditions of
one-dimensional elongation, implemented during material
testing in accordance with spallation destruction pattern, the
expression (5) can take the form:

t
1
—maxj.g(s,x)a(s,x) ds < &,,0() 6)
L x 0
where &(s,x),o(s,x) - actual values of strain and stress at a
point with coordinate X, &, - strain value, that corresponds
to material breaking strength o( under static conditions.

Thus, assuming that the function &(s,x) is continuous from

the start of the exposure until the moment, when the system
transfers into the destroyed state, the expression (6) can take
the form:

Fracture Energy of Materials Exposed to Pulse Action

t

1
ng({a(s,x) ds < &,,0 (7

here &g € {min £(t), max g(t)} depending on function type
0,7) (0,0)
&(t), determined in the event of linear strain dependency
exclusively by the parameters of loading pulse p() .
In this scenario the line 04, 7 in Fig. 5 represents the

strain dependence o (&) in the event of uniaxial material

extension, and in general case is non-linear. For brittle
materials this dependence is close to a linear one up until the
destruction [19, 20], and the areas, conditioning the change
of internal energy S]and enthalpy Sp, are equal.

In [21] we illustrate that the use of time-structural criterion
[7, 17] for destruction process analysis is limited, as the
criterion parameter depends on type of loading. The same
principle of equal areas, used to describe the voltage-time
characteristics of the gap electric strength [22, 23], proves
that the form of incoming voltage significantly conditions
the gap breakdown properties.

In [24] to describe fracture processes in metals, exposed
to pulse loading, the chosen criterion, conceptually close to
(6), is based on specification of the material threshold
energy, released in critical area within a certain time
interval, or energy transfer time. The author uses this
approach to describe spallation destruction of some metals.

6. Experimental Data Analysis

In the event of spallation loading, the compression pulse is
created on one end of a sample as a result of interaction of the
latter with a striker, accelerated by some means or other. The
compression pulse, once passed on a sample, is reflected
from a free end and returns into the sample in the form of
tension wave under the influence of which the destruction
occurs. Acting pressure pulse parameters are restored in
terms of running speed of free surface of a sample and
depend on the properties of striker materials, its speed and
sizes.

The magnetic pulse technique makes possible to extend
the potential of this pattern by means of formation of
transient pressures under control within a wide range of
parametric variation directly at the edge of the sample [8].
The technique is highly adjustable to different loading
patterns, permitting to test samples with crack-type
macro-defects in accordance with the loading scheme,
illustrated in Fig. 2.

6.1. Threshold Destruction Loading

In [25,26] one can find data for some rocks from testing,
performed under spallation loading conditions, with the use
of the magnetic pulse loading technique.
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Simple stress condition, occurring at spallation area under
known parameters of the load pulse, allows us to calculate
the parameter 7 , while taking into account (6).

In the event of testing samples with crack-type
macro-defects, their results given in Fig. 3, the stress
condition at the crack apex is largely predetermined by its
design. The experiments, described above, were set with the
use of standard samples, their general view given in Fig. 2.
Numerical analysis of wave loading of samples, conducted
in ANSYS [27] environment, consistently with actual sizes
of pre-crack and loading pulse time parameters, shows that
actual sizes of the fracture apex have immense influence on
potential energy variation, traced at a maximum stress point.
Concurrently, there can be observed a significant difference
between calculation data for defects with actual sizes and
those to be calculated while taking into account an approach
described in [28] for a crack tip. In Fig. 6 are given the values
of the parameter

t
PE(t) = j &(s,x)0 (s, x) ds (8)
0

at a point M (see Fig. 2), which corresponds to maximum
stresses.
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Figure 6. Dependence in PMMA sample at pre-crack length of: 1 and 4
—0mm; 2 and 5 — 1.5 mm, 3 and 6 — 3 mm, loaded by 320 MPa pulse of
5.6 microsecond duration —curves 1-3 and of 11.6 microsecond duration.
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Figure 7. Generalized dependence for various materials of threshold

destruction loading for testing samples with macro-defects -1 and along the
spallation destruction pattern -2.

Based on the analysis of numerical simulation of stressed

state at the apex of the crack with actual sizes, it is possible
both to describe the observed in [14] delay of fracture
process 747 of PMMA samples (Fig. 4), and to find the

parameter 7 , its value coinciding with the one, based on

the results of the spallation loading pattern sample testing,
with an accuracy of +5% . As one can conclude from the
simulation results, represented in Fig. 6, the fulfillment of the
condition (6) would occur at different moments of time,
depending on the nature of the macro defect and loading
duration.

Generalized material strength dependence on relative
pulse duration, based on the data analysis, made with the use
of the condition, described at (6), is given in Fig.7, curve 2.
Basic mechanical properties of the materials, tested with
application of the magnetic pulse technique, are given in
Table 1.

Table 1. Properties of the materials, tested with application of the
magnetic pulse technique.
o] v | T o | | o | o
1 Limestone 12,4 3780 2570 48 1,75
2 Marble 6,2 3790 2550 67 2,75
3 PMMA 72 2450 1140 3,97 42
4 dGizzzzz 17,5 | 5600 | 3286 | 76 11
5 Granite 5,2 4250 2670 35 12,4
6 Sandstone 4,12 5100 2520 39 14,7

Here o - static tensile strength, ¢, - longitudinal wave velocity, p — density,
E - Young's modulus, 1, - energy accumulation time.

6.2. Fracture energy at the pulse action

Let us consider the behavior of the dependencies L, (P),
obtained for different materials in similar loading time
modes, represented in Fig.3. In each case these dependencies
are characterized by threshold behavior. When P > Fj,. the

dependence of the propagated crack length on the amplitude
of a pressure pulse with certain duration is expressed by:

d Ly, (P)

Lep(P) = AP

(P =By )=kpp-(P -B) 9

By
Functional parameters, represented in Fig. 8§ A= PC/TL

u B:kLF/TL , can be explained as constant values

A=consty(ry)and B =constg(ry) at a given value of
exposure time.

The distinctive features were observed in loading mode
with characteristic pulse duration of the order of 4
microseconds. Extra tests with other values of loading pulse
duration were set for material Ne3 (see Fig. 8). The shorter
the fracture pulse is, the steeper is the parameter A(zr; ) and
the parameter B(ry ), while the longer fracture pulse
duration causes an opposite effect. Test points,
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corresponding to the fast loading mode, are marked as 31,
while those, corresponding to the slow mode, as - 3s .
The dependence

C(zr) =(dLi-Pcrj (10)

dpP

illustrates the lack of response to exposure time (Fig. 8).
Functional parameter C(rj) can be explained as spatial
scale of accumulation area of the energy, needed to initiate
the destruction process (crack propagation start), or the
critical zone.
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Figure 8. Fracture process parameters. Descriptors 1-6 correspond to
materials, represented in the Table in respective rows.

All studied samples are characterized by efficient
exposure to shock-wave loading and generic stress state,
when values of critical threshold loading at the crack edge
P, and the stress value at the crack apex are related by

parameter kpq (T), which depends on loading duration.
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Figure 9. Dependence of pressure at the crack edge P and stress value
S] at the crack apex on time. At loading pulse duration 4 microseconds —
solid line, 6 microseconds — dashed line, 8 microseconds — dot and dash
line.

In Fig. 9 are given the results of numerical simulation in
ANSYS environment [27] of the stressed state at the crack
apex, with account of various values of loading pulse
duration at the pulse 1 MPa amplitude.
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Generic PMMA samples (see Fig. 2) show, that for a pulse
with duration 7 ~4 microseconds, the parameter kpg
=1.38, and increases nearly linearly with the growth of
loading pulse duration within the analyzed range (at 7 =6
microseconds: kpg =1.92; at T =8 microseconds: kpg
=2.42).

According to A.A. Griffith [29], for crack propagation the
stored energy should suffice to produce new surfaces. The
surface energy y , released in process of elastic medium
fracturing together with the occurrence of new surfaces, is
related to the energy, stored in the medium, by expression

pp——5 (11)

where E - Young's modulus, / — crack length.
This expression, with the account of simulation results,
can be written as

y(P)=n|E-k}_P?I (12)

Assuming the continuity of functions and

¥ (Fer)
B, (z1), the derivative of surface energy can be expressed
as
L
dy dp o op Py p2der AP g3
dPdr; E 1O dry, dP drp,

The first summand represents the surface energy change in
process of crack propagation, the second - represents the
energy, needed for this process, and accumulated in the area
of crack propagation. At a point, corresponding to F;. the

crack length is L., (P) =0, therefore, the first summand of
expression (13) becomes zero. Thus, when critical value is
achieved at the area, corresponding to maximum value of the
criterion (6), the accumulated energy becomes sufficient for
a crack to start. Dividing both sides of the expression (13) by
7] Wwe get

2dLy dP 1

dP drj 7,

1 dy dP 7w 2
— =7 =—-kp
t; dPdr;, E 1O

(14)

With respect to experimentally revealed dependencies

B k
i:constA(rL)zA u izconstB(rL):B we get
7], T
expression:
dy _ 7,2 2 3
==k _-A°-B-T 15
4P _E Po L (15)

Upon integrating (15), the relation between the surface
fracture energy, actualized at the crack starting moment, and
the parameter of material 7 is revealed:

lz 2 3 4
=——'kp A" -B-t; " +C 16
e, =3% *po L +G a9
The obtained dependence, accurate to the constant of
integration C, , can be seen in Fig. 10, and represents the

increase of energy, needed for a crack to start, as related to
the increase of 7y . Such behavior of the dependence
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7l B, (71) canalso be related to the growth of critical zone,

the scale of which C(rj) also grows together with the
increase of energy accumulation time 7y .

Analysis of the relation (16), exemplified by material 3
(Fig. 8), shows, that the starting surface energy increases
together with the increase of the loading rate.
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Figure 10. Dependence of the starting surface energyon 77 .

Results, obtained from analysis of experimental data for
destruction of PMMA samples with crack-type macro
defects under the action of pressure pulse with duration
T ~5.2 us , demonstrate, that the starting rate of crack
propagation v is linearly related to the condition, when the
pressure pulse amplitude F.;, exceeds the threshold value

By

VOsz'(Pcr_Ffr) (17)
where K¢ =2,67- 10_6 , dimensions of parameters given in
SI system. Concurrently, the threshold amplitude of fracture
loading F};- is determined with accuracy not less than 10%
and equals 95 MPa. The fracture process was investigated by
exposure to pulse action, formed by current pulse as the first
half sinusoidal wave. In this mode it is possible to
demonstrate, that the starting crack rate is related to
maximum rate of change of pressure, applied to crack edges,

by relation:
max j

While the stresses are growing, the crack propagation

dBy

4 (18)

vorKg-—- i

T | dE,
2

max

%
starts at a certain moment ¢ , that corresponds to violation
of the condition (5). Differentiating (11) with respect to time,
we get:

2 2
dy _ 44l o” |, o |4 (19)
dt dt| E E |dt

At moment t* the crack length /=0 and the relation
(19) takes the form:

2
ar _ o= |4 _
dt E |dt

where () - starting crack rate.

2
7{%}\/0 =z(o-¢)vy (20)

By integrating (20), it is possible to find how the surface
fracture energy, released at the start of destruction, is related
to the starting crack rate:

*
t

;/|t* :vojg~6 ds =

; @

%
=vo-PE(t )=vp-(£0-00-7L)

With respect to (17), the PMMA surface fracture energy
increases together with the increase of the amplitude of
pressure pulse, applied against the crack edges. For the
starting rate of crack propagation vy =570 m/s, that

corresponds to the condition, when the pressure pulse
amplitude exceeds the threshold value (P — P )~ 210

MPa, the surface fracture energy increases, compared to
static value, by more than 30 times ( /yg =33).

This observation is valid for results of loading pulse
testing at a given duration. Therefore, the dependency of the
surface energy on the growth of loading rate would have
similar character. The increase of the surface fracture energy
at the growth of loading rate is observed in [30] and in
experiments for metal destruction by spallation [31].

7. Distinctive Features of Destruction
during Shock-wave Loading

The research for destruction of PMMA samples with
crack-type macro defects and with uniform pressure pulse
loading applied along the crack edges has revealed the
existing dependency of the fracture energy on the starting
rate of the crack.

If we relate this result to atomic and molecular bonds
breaking, occurring as new surfaces emerge in the main
crack area, then it seems rather surprising, since we can't
expect the surge of atomic-binding energy at exposure time
substantially higher than time of atomic-molecular system
self-oscillations. Still, experiments, for instance [32-34],
demonstrate, that the fracture process, independently on the
material exposure technique, is conditioned not only by
spatially localized propagation of the main crack (MC), but
also by occurrence of multiple micro-discontinuities at the
crack apex area (zone of maximum stresses), which
influences the main crack propagation character.
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This assumption is also based on results of crack surface
state analysis at different crack propagation rate values when
exposed to loading pulse action. Thus, in [ 1] we demonstrate,
that fracturing during main crack propagation is not
one-dimensional, but is attended by occurrence of
mesocracks, propagating angle-wise towards the main path
(trajectory) to the depth of up to 100 wm , their inclination
angle is loosely correlated with the crack propagation rate.

Formation of observed micro-discontinuities [32, 35] and
mesocracks [1], propagating within the monitored velocity
range (100-600 m/s), requires more energy. Therefore, one
can concede, that higher energy intensity, while new surfaces
emerge, can be explained by a multi-level character of the
destruction process, its localization not being determined
solely by the main crack, occurring at macro-level.

Spatial scale of this process determines the dimensions of
the area, where energy, necessary for the main crack to start,
is being accumulated. When critical energy, introduced into
this area, exceeds the threshold, defined by properties of this
material within the time interval, or energy accumulation
time, specific for this material, it leads to occurrence of
dissipative processes and their development ends with the
main crack formation.

As in order to elaborate the criterion we considered
material properties, corresponding to complete failure of
functionality, while these very properties (threshold strength,
critical strain) can be established upon destruction of
standard samples, this criteria approach is justified when
describing destruction processes occurring at macro-level.
However, as one can see in [16, 24, 36], in order to analyze
the scale hierarchy of the destruction, the thermodynamic
approach can also prove to be efficient.

We demonstrate, that the use of the criterial approach to
describe material fracture test data, obtained by application
of different loading patterns, and based on estimation of the
threshold potential energy, released in critical area during a
specific time interval, allows us to reveal the relation
between the principle fracture parameters and the energy
accumulation time. This parameter can be regarded as a
material property, being part of its basic characteristics,
responsible for behavior of the mechanical system when
exposed to pulse action.

Based on analysis of the development and application of
pulse magnetic systems [37] and a loading device,
represented by quasi-coaxial flat buses [21], significant
increase of the amplitude (up to 5-7 GPa) of pressure, formed
by magnetic pulse loading, seems technically justified.
Concurrently, we foresee the perspective for testing metal
samples with crack-type macro-defects, loaded in
compliance with mode 1.
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