
Electric disintegration of electrically conductive
ore; secondary breaking of iron ores, taconite

Item Type text; Thesis-Reproduction (electronic)

Authors Pitpitan, Damaso Brian, 1936-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:16:55

Link to Item http://hdl.handle.net/10150/318589

http://hdl.handle.net/10150/318589


ELECTRIC DISINTEGRATION OF ELECTRICALLY 
CONDUCTIVE ORE 

(Secondary Breaking of Iron Ores - Taconite)

• ' by
Damaso Brian Pitpitan

A Thesis Submitted to the Faculty .of the
DEPARTMENT OF MINING AND GEOLOGICAL ENGINEERING

In Partial Fulfillment of the Requirements 
for the Degree of
MASTER OF SCIENCE

In the Graduate College
•THE UNIVERSITY OF ARIZONA

19 6 7



STATEMENT BY AUTHOR

This thesis has been submitted in partial ful
fillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of 
the Library.

Brief quotations from this thesis are allowable 
without special permission, provided that accurate acknow
ledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript 
in whole or in part may be granted by the head of the 
major department or the Dean of the Graduate College when 
in his judgment the proposed use of the material is in 
the interests of scholarship. In all other instances, 
however, permission must be obtained from the author.

APPROVAL BY THESIS DIRECTOR 
This thesis has been approved on the date shown below:

LACY
Professor of 

Mining and Geological Engineering



ACKNOWLEDGMENT

The author wishes to express his appreciation and 
thanks to: Dr. W. C„ Lacy, Department Head, Mining and
Geological Engineering at the University of Arizona, for 
his guidance as thesis director; to Mr. R. T. O'Haire of 
the Arizona Bureau of Mines, for his aid and assistance 
during the course of the experimental work; to Dr. Erich 
Sarapuu, former Associate Professor of Mining Engineering 
at the University of Arizona, for his many suggestions 
and patient guidance during the primary phases of this 
work.

ill



TABLE OF CONTENTS

Page

LIST OF ILLUSTRATIONS. .......    v
LIST OF TABLES.  ..........      vii
ABSTRACT.......        viii
CHAPTER I. INTRODUCTION.......    1

Objective. ...........  1
Background. .....     1
Scope  .........    3

CHAPTER II. WORKING HYPOTHESES OF ELECTRIC ROCK
DISINTEGRATION........  6

Electric Energy Fracturing.   6
High-frequency Electric Energy Fracturing... 7
High-frequency Magnetic Energy Fracturing... 8

CHAPTER III. SOME TECHNIQUES OF ROCK BREAKING
METHOD.....................................10

High-frequency Electric Energy Method....... 10
High-frequency Magnetic Energy Method....... 12
Microwave Heating Method.................... 12

CHAPTER IV. EXPERIMENTAL WORK ON TACONITE. .....  13
Experimental Procedure...................... 13
Experimental Results........................ 20
Discussion of Results....................... 23

CHAPTER V. CONCLUSIONS AND RECOMMENDATIONS......... 33
Conclusions ....  33
Recommendations .....  34

APPENDIX A. ..................................... 38
REFERENCES ..... ........................... 8?

iv



LIST OF ILLUSTRATIONS

Figure Page

1„ Principles of Producing Fracture Strain..... 9
2. Circuit Diagram for Rock Breaking........... 16
3. ,Picture of Assembled Apparatus.............. 17
4. Methods for Measuring Resistance.... 18
5. Effect of Voltage on Taconite Breaking as a

Function of Fracturing Time......... 25
6. Effect of Current on Taconite Breaking as a

Function of Fracturing Time........... 26
7. Effect of Electric Energy on Taconite

Breaking as a Function of Fracturing
Time .............  27

8. Different Types of Electrodes   37
ga-f. Specimen 1-13. ......   39
lOa-f. Specimen 2-3.  .....       42
lla-f. Specimen 3-1 Before Fracturing.............. 45
12a-d. Specimen 3-1 After Fracturing. .....   48
13a-f. Specimen 3-2.....     50
l4a-f. Specimen 3-3 Before Fracturing........   53
15a-e. Specimen 3-3 After Fracturing............... 56
l6a-f„ Specimen 3-4 Before Fracturing.............. 59
IJa-e. Specimen 3-4 After Fracturing.  ..... 62
l8a-b. Specimen 3-5 After Fracturing............... 65

v



Vi
LIST OF ILLUSTRATIONS--Continued

Figure Page

19a-c. Specimen 3-6 Before Fracturing.............. 66
20a-c. Specimen 3-6 After Fracturing. .....   68
21a-d. Specimen 3-7 Before Fracturing.............. 70
22a-d. Specimen 3-7 After Fracturing  .... 72

23. Specimen 4-1 After Fracturing............... 74
24. Sketch of Specimen 4-2...................... 75

25a-d. Specimen 4-2 After Fracturing............... 76
26a-d. Specimen 5-1 Before Fracturing,............. 78
27a-f. Specimen 5-1 After Fracturing............... 80
28a-d. Specimen 5-2 Before Fracturing.............. 83
29a-c. Specimen 5-2 After Fracturing............... 85



LIST OF TABLES

Table Page

1. ' Resistance and Resistivity*................. 14
2. Effect of Electric Energy on Taconite....... 21

vii



ABSTRACT

This investigation relates to the secondary break
ing of hard siliceous rock, so-called taconite ores, by 
electrical energy. .Taconite contains particles of magnetic 
iron oxides distributed either uniformly throughout the 
matrix of quartz grains or concentrated in irregular roughly 
parallel conductive zones. This ore contains 20 to 35 per
cent iron.

Specimens were spalled or fractured along a conduc
tive zone, and mineral fragments were melted upon prolonged 
heating by power output of 2,400 to 13,520 watts. Frac
turing times ranged from 2 to 10 seconds, using 120 and 208 
volts at 100 amperes, 60 cycles per second.

Fracturing time increases as the voltage and the 
current decrease, thus decreasing the power output.

A specimen's resistance decreases after fracturing.
Results and interpretation of results are shown on 

charts showing the effect of voltage, current, and power 
consumption upon fracturing time.

Recommendations for further experimental work in 
similar areas are made.

viii



CHAPTER I

INTRODUCTION

Objective

The object of this preliminary laboratory study 
was to fracture taconite by electrothermal stresses, and 
to develop and test equipment requirements for secondary 
breaking of taconite. The natural electrical conducti
vity of taconite was used to transfer electrical energy 
to the rock. The variables affecting the breaking 
characteristic of taconite were expected to be functions 
of the electric energy' that was applied. The change of 
impedance, power requirement, and electrode design were 
major parameters investigated.

Background

It was found by experimentation that electric 
current passing through mineralized zones in taconite 
generates electrothermal stresses which causes the rock 
to fracture. The basic requirement for breaking taconite 
by means of electrical energy is a low impedance of the 
electric circuit between electrodes. This condition has
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been obtained by using electrodes of large diameter 
(Sarapuu 1965, p, 97).

In analyzing the electric circuit of taconite 
placed between electrodes, one can demonstrate theoreti
cally that the impedance is essentially a function of 
two factors (Sarapuu, personal communication):

1. Conductivity of Rock, and
2. Diameter of Electrode.
The resistance of the electric circuit at the con

tact point of electrodes is described by the following 
formula:

where, Rx = contact resistance (ohm)
k = electric conductivity (ohm-"*"-cm-*) 
r = radius of electrode (cm)
L = electrodes gap (cm)

The decrease of the rock resistivity and the 
increase in diameter of electrodes are primary factors 
affecting the reduction of impedance in the electric 
circuit. A series of laboratory experiments were carried 
out by Sarapuu based on this theoretical consideration. 
For instance, a taconite boulder weighing about 60 pounds



was fractured with the electric load of 6 kVA and at 60 
volts AC.

Scope

The problems connected with electrical fracturing 
of rocks are due in general to the high electrical resisti
vity of its mineral components. However, some taconite 
iron ores have relatively high electrical conductivity. 
Therefore, taconite was selected for electric disintegra
tion in this laboratory investigation. Samples weighing 
up to 70 pounds have been fractured by electrical energy 
in our laboratory by Dr. Sarapuu using multi-point elec
trodes.

This investigation on secondary breaking was 
performed by using 120 v-ac, 208 v-ac, and 460 v-ac at 
100 amperes, 60 cycles per second, and 250 v-dc, 15 amperes. 
The electrode used was 1 inch diameter copper brass plate. 
The samples selected contained conductive zones with a 
resistance ranging from 100 ohms to less than 20 ohms. 
Specimens with high resistance, from 12 megohms to 100 
megohms, were tested at 460 v-ac with no apparent effect.

Some conductive zones were observed to parallel 
the taconite bedding with thicknesses ranging from less 
than 1/32 inch to greater than 1/4 inch. Some were nearly



normal to the bedding with thicknesses ranging from less 
than 1/32 inch to 1/8 inch. Microscopic examination of 
a taconite reveals minute conductive zones, uniform 
distribution of conductive minerals in the matrix of 
quartz grains, and aggregates of conductive minerals.
Using mercury for surface contact, the resistance of 
taconite was measured in specimens with uniform distribu
tion of conductive minerals; it ranges from 12 megohms to 
100 megohms. Resistance in taconite with conductive zones 
ranges from 100 ohms to less than 20 ohms.

The experimentation revealed that mineralized 
zones within taconite generated electrothermal stresses 
causing the rock to fracture. This method is proposed 
for secondary rock breaking, which normally further 
disintegrates large chunks of rock that have been detached 
from a mine face by explosives. Secondary rock breaking 
is necessary to reduce the rocks to sizes that can be 
easily transported from the mine area.

The advantage of this new system is that it is 
safer and less time consuming than the use of explosives 
(Anonymous 1962, p. 12). Since it cracks and crumbles 
the rocks rather than blasting them the system does not 
require the evacuation of the workers from underground 
operation, or delays in mining operations. Once the
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system has been in operation in a location long enough 
to cover the initial costs of Installation, it will 
operate at one-fifth the cost of conventional explosives.

Test reports (Anonymous, Mining Review 1962, p. 12) 
claim that this technological method can achieve mining 
operations in seconds that now take hours or days and this 
non-explosive method of breaking up rock is estimated to 
make secondary blasting in open-pit mining as much as 25 
times more economical for the mining industry.



CHAPTER II

WORKING HYPOTHESES OF ELECTRIC ROCK DISINTEGRATION 

Electric Energy Fracturing

It is postulated that if a steady flow of electric 
current can be maintained in a rock sample "and heat gene
rated at the contact point of the electrodes, then the 
thermal stresses will break the rock (Sarapuu, personal 
communication)„ If the rock could be considered as pre
stressed material, then the application of a multitude of 
heating zones that penetrate into the rock will cause 
stress release inside the rock, and physical failure 
results, i.e., rock breaking. Application of this theory 
in electrically conductive materials is somewhat simpler 
than dealing with dielectric materials. However, the 
breaking of dielectric materials can be accomplished by 
the same theoretical principle when an induced electric 
conductivity is generated simultaneously with the steady 
flow of electric current. From a practical point of view, 
the induced conductivity can be created by injection of 
conductive fluid through the electrode?, then superimpos
ing steady flow of electric current into the rock.

6



High-frequency Electric Energy Fracturing

Kravchenco and his associates stated that the 
application of high-frequency energy will form a low 
resistance path through which a current can be passed 
(Young 1963# p. 187). The rock will break up by the 
action of heat generated by current along this path.
Heat generation along a path supports the theory that 
a path of low resistance was formed. Kravchenco also 
noted that Increasing the temperature of iron ore decreases 
its resistance. The resistance of the rock rises rapidly 
as the rock cools.

According to Kravchenco (.1961, p. 53) # the appli
cation of high-frequency electric energy.forms a path of 
low resistance in which current can pass.through. A rock, 
either semi-conductor or dielectric, will first heat up ' 
near the electrode contacts, and the zone of thermal rise 
progresses toward the center. Continued heating between 
the electrodes makes the rock into a conductor.

He also noted that zones with elevated temperature 
and high conductivity appear in a rock, not only near the 
contact points with the electrodes, but also in the inner 
portions of the rock. Thb expansion of these zones forms 
paths of low resistance. The rock breaks due to stresses
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generated by temperature differences when heat is released 
along paths followed by the current„

High-frequency Magnetic Energy Fracturing

A second method of fracturing is based on magnetic 
phenomena using high-frequency electromagnetic fields. In 
this instance, the rock is enclosed in a large induction 
coil.

La Tour (1958, col. 2) observed that in order to 
produce fracture strain in the rock expansion or contraction 
caused by induced tensile or compressive forces must be 
restrained by adjacent material. The tensile stresses 
applied must exceed the fracture strain of the material.
For instance, if legs A and C in Fig. 1 are to expand by 
internal volumetric changes, leg B will restrain the 
expansion. From these conditions, legs A and C will be 
in tension while leg B will be in compression. Now, if we 
are to heat legs A and C to cause them to expand, leg B 
will remain cold, therefore it will be the restraining 
material. If all legs are to be heated, there will be no 
restraining material. This expansion or contraction in 
the material may be due to the change in temperature, to 
the piezo-electric effect, or to the expansion or contraction 
resulting from magnetostriction.
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Figure 1. Principles of Producing Fracture Strain



CHAPTER III

SOME TECHNIQUES OF ROCK BREAKING METHOD

The application of electric energy for the secondary 
breaking of rock has been studied by various research 
groups, and is finding a wide scale study as a new research 
tool. Several methods of converting electric energy into 
rock breaking mechanisms have been tested in the past. The 
following techniques have been mentioned in the literature:

1. High-frequency Electric Energy method
2. High-frequency Magnetic Energy method
3. Microwave Heating method.

High-frequency Electric Energy Method

The high-frequency electric energy method of 
breaking rock secondarily was successfully investigated 
at the Alice Pit, Butte, Montana, using rock specimens 
of granite (quartz monzonite) (Young 1963, p, 185). The 
frequencies used were in the following ranges: 100 Kc,
500 Kc, 4.97 Me, 15.4 Me, 17 Me, 25 Me, and 27 Me. The 
samples were broken at all frequencies except 100 Kc.

Kravchenco (1961, p. 53) stated that the conditions 
required for the formation of a low resistance path vary

10
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for different rocks. They are favorable in iron ores 
with resistance ranging from ten to hundreds of ohms per 
centimeter, and less favorable for dielectric material 
with resistance in the neighborhood of hundreds of 
millions of ohms per centimeter.

There are three methods by which a low resistance 
path could be formed (Kravchenco 1961, p. 53)» These 
are:

1. High-frequency contact method. This method 
uses a high-frequency oscillator to form a low resistance 
path. After the formation of a path, a high-power dis
charge is imposed to raise the temperature of the rock, 
thereby breaking the rock.

2. Combined method. This method uses a high- 
frequency current to form a path of low resistance. After 
the path is made, a high- and low-frequency current source 
(including 50 cps) is used to heat and break the rock.

3. Combined high-frequency pulse method. This 
method uses a high-frequency current source to form a 
path of low resistance. The breaking of the rock is 
done by sending a pulse of electricity discharged from
a capacitor into the path.
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High-frequency Magnetic Energy Method

This method entails use of a 25 Kw high-frequency 
induction unit with frequencies ranging from 4 to 7 Me 
(La Tour 1958, col. 3). It employs a high-frequency 
current transformer for the output. The working coil 
has a diameter of 3/8 inch cooled copper tubing. A 15 
inch cube of cherty taconite was successfully fractured 
using a single turn of working coil.

The application of this method is not considered 
practical for mining operations because the rock must be 
enclosed in large coils (Young 1963, p. 183).

Microwave Heating Method

By this method rock is internally heated by means 
of microwaves (Philips' Gloeilampenfabrieken 1962, p. l), 
which causes local expansion. These stresses crack the 
rock and split it into parts, A series of experiments were 
carried out first with 2 Kw, 2450 Me generator, and later 
with 5 Kw and 10 Kw types at the same frequency. The 
specimens investigated were Carrara marble, stratified 
rock, and sandy schist.



CHAPTER IV

EXPERIMENTAL WORK ON TACONITE

In the experimental work on the secondary break
ing of taconite by electric energy, different types of 
taconite specimens were investigated to study the variables 
affecting the breaking characteristics„ The resistances 
of the specimens before fracturing are listed in Table 1 
according to rock types. Figures 9, 10, 11, 13, 14, 16,
19, 21, 26, and 28, of Appendix "A", show specimens before 
fracturing.

Figure 2 shows the electrical clrquit used in the 
experimental work; the sources of current used being 
120 v-ac, 208 v-ac, 460 v-ac at 100 amperes, 60 cycles 
per second, and 250 v-dc source at 15 amperes. The 
assembled apparatus used for the laboratory work is shown 
in Figure 3. Figure 4 shows the methods used for measuring 
resistance.

Experimental Procedure

Specimens were prepared by cutting different 
taconite fragments into rectangular shapes. These were 
classified into types according to the nature of the

13
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TABLE 1 

RESISTANCE AND RESISTIVITY

Type Specs.
No.

Dimensions
(cm)

W D

Elec
trodes
Gap
L

Cross-
sectionArea,
W x D
(cm2)

1-5 2.9 2.1 4.6 6.09
1-6 3.0 2.6 5.1 7.80
1-7 3.5 2.9 7.7 10.15
1-8 3.7 3.4 5.2 12.58

1 1-9 4.6 3.8 6.6 17.48
1-10 3.4 3.5 4.9 11.90
1-11 3.7 2.4 6.4 8.88
1-12 4.0 2.2 6.0 8.80
' 1-13 3.6 3.0 6.4 10.80
1-14 4.7 3.8 6.4 17.86
2-1 5.6 3.0 5.7 16.80

2 2-2 4.5 3.8 4.6 17.10
2-3 6.6 6.6 7.5 43.56

, 3-1 5.7 2.8 2.5
3-2 3.0 3.0 6.8
3-3 6.5 6.5 6.7

3 3-4 12.0 8.4 10.0
3-5 4.7 2.7 6.0
3-6 8.4 1.7 6.6
3-7 5.5 4.5 8.8

4 4-1
4-2

5.1
4.8

0.4
2.0

5.3
5.5

5
5-1
5-2

3.0 
. 6.5L.E. 
2.0R.E.

2.9
7.0

5.8
6.0
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TABLE 1 

RESISTANCE AND RESISTIVITY

Specs.
Resistance 

(ohms) Calculated
Resistivity
(ohm-cm)
“ R x j;

RemarksNo.
Point

Electrodes
Mercury
Method

13
i-8
1-91-10
1-111-12
1-131-14

5-50xl0§ 
5-50xl0o 5-50x10% 3-50x10n 

0.5-50x10% 
5-10x10% 
5-10x10% 
5-10x10% 
5-10x10° 
2-5x10°

30xlof 
30x10% 
100x10% 

' 12x10% 
30x10% 
40x10% 
100x10% 
100x10% 
50x10% 
30x10°

3.97xlo| 4.58x10% 
131.81x10% 
29.03x10% 
82.10x10% 
97.14x10% 138.75x10% 
146.66xlOz- 
84.37x10% 
83.71x10°

Type 1 contains 
conductive 
minerals uniform
ly distributed in 
a matrix of,quartz 
grains. It has a 
fine-grained tex- : 
ture and is of 
greenish gray 
color.

2-1
2-2
2-3

ISxlOg20x10%
35x10°

44.21x10%
74.34x10%
203.20x10°

Type 2 contains 
conductive zones 
(pockety zone). 
It has a coarse
grained texture 
and is of dark 
color.

3-1 20* 20*
3-2 70x10°
3-3 100-20* 20*
3-4 20* 20*
3-5 20* 20*
3-6 20* 20*
3-7 20* 20*
4-1 20* 20*4-2 20* 20*

5-15-2
20*
20*

20*
20*

Except for 
specimen 
3-2, the 
following 
resisti
vities 
were not 
determined 
due to the 
difficul
ties of 
measuring 
the size of 
the conduc
tive zones.

Except for speci
men 3-2, the speci
mens of the type 
contain conductive 
zones parallel to 
the bedding.

Contains conductive zones (see 
Pigs. 23 and 
24).
Contains conduc
tive zones (see 
Figs. 26a-d and 
27a-d)0

* Less than
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Left Electrode 
I Specimen

Right Electrode 
 1

Wire Voltmeter 

:  0-

Ammeter 6

Power
Source

Plug

Figure 2. Circuit Diagram for Rock Breaking



Figure 3. Picture of Assembled Apparatus
Picture shows the specimen between 
the electrodes, the wires, and the 
clamp for an ammeter.



FIGURE 3
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Ohmmeter

Specimen

Wire

Electrode

a. Point Electrodes Method

Ohmmeter
— 0

Electrode

Wire

Electrode

^-Mercury

Specimen

■Clay

^Mercury

b. Mercury Method

Figure 4. Methods for Measuring Resistance



conductive zones. The types of rock specimens investi
gated according to the nature of the conductive zones 
were: first, where the conductive minerals were con
centrated in irregular parallel conductive zones; and 
second, where the conductive minerals were in pockets 
forming a conductive zone. The size of specimen was 
measured, and all surfaces were marked and numbered 
according to conductive types. The markings were T (top 
surface), F (front surface), B (bottom surface), R (rear 
surface), L (left surface or left electrode), and r 
(right surface or right electrode). The resistance of 
each specimen was measured by point electrodes and mer
cury as a surface contact using 110 v-ac ohmmeter. Before 
fracturing, the physical characteristics of the specimens, 
especially the texture, color, distribution of conductive 
minerals, and the conductive zones, were noted, and 
pictures were taken of surfaces of each specimen. The 
electrical circuit was then connected with a voltmeter 
across the load and an ammeter in series as shown in 
Fig. 3 with the specimen tightened between the electrodes. 
During fracturing, the minimum and maximum current, the 
fracturing time for initial fractures, and the voltage 
were recorded. Heating was prolonged after the initial 
fracturing to further observe the effect of electric



energy. Immediately after heating the resistance was 
measured„ Pictures were taken of specimen surfaces. The 
fracturing and melting of mineral fragments upon further 
heating were observed and the data taken were graphed 
and interpreted.

Experimental Results

Data recorded for Individual specimens at various 
voltages are listed in Table 2. Calculated resistance 
after fracturing, and power consumption are included in 
Table 2. The resistance after fracturing, and the power 
consumption were calculated as follows:

where R = resistance (ohm)
E = voltage (volt)
I = current (ampere) 

and the power consumption (watt),

P.O. = I.E.

These data are presented graphically in Figures 5, 6, and 
7, showing the average effect of voltage, amperage and 
electric energy as a function of fracturing time. Direct 
observation of the specimens revealed lowering of
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TABLE 2

EFFECT OF ELECTRIC ENERGY ON TACONITE

Specs.
No.

Voltage,
E

(volts)
Current,

I
(amps.)

Time, T 
(secs.)

Resistance 
After 

Fracturing 
(ohms)

Calculated
Resistance,
R = Y
(ohms)

Type 1 
and 2 460 0 1 hr.
3-1 70 5.5 20 10* 1.27
3-2 460 0 1 hr.
3-3 208 50-60

(55)
3 10* 3,79

3-4 208 40-60
(50) 5 10* 4.16

3-5 5030
25

14
14
14

30
100
180 10* 1.78

3-6 120 10-30
(20)

6 10* 5.50

3-7 208 50-80
(65)

2 10* 3.20

4-1 40
20
20

4.6
5.0
5.0

20
50180 10* 4.00

4-2 208 30-50
(40)

4 10* 5.20

5-1 120 30-40
(35)

10 10* . 3.14

5-2 208 30-50
(40)

4 10* 5.20

* Less than
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TABLE 2

EFFECT OF ELECTRIC ENERGY ON TACONITE

Specs,
No.

Power
Load,
P.L.=EI
(watts)

•Remarks

Type 1 
and 2
3-1

3-2
3-3

3-5

3-6

3-7

4-1

4-2

5-1 

5-2

385

11,440

3-4 10,400

350

2,400

13,520

100

8,320

4,200

8,320

Specimens were tested for 1 hr, 
no apparent effect.

There was

Complete fracturing occurred along a con
ductive zone in 20 secs.
No apparent effect.
Spelling developed near left electrodej 
minor cracks, and slight fracturing 
occurred along a conductive zone in 3 
secs. Melting.of mineral fragments 
occurred upon further heating.
Visible cracks formed along conductive 
zones, 17 pieces spalled, and minor 
cracks appeared in 5 secs. Melting 
occurred upon further heating.
No visible change was observed in 3 rains., 
but specimen fractured along a conductive 
zone when dropped.
Complete fracturing occurred along a con
ductive zone in 6 secs.
Complete fracturing occurred along a con
ductive zone in 2 secs. A little melting 
occurred along a conductive zone.
No visible crack developed after 3 mins., 
but specimen broke into 4 pieces when 
dropped.
Specimen broke into 4 pieces in 4 secs. 
Melting of mineral fragments occurred.
Specimen cracked in 10 secs. A little 
melting occurred near left electrode.
Several cracks and spalling occurred in 4 
secs. Fusing developed upon further 
heating.



resistance, spelling, slight to complete fracturing along 
conductive zones, and variable cracking in all directions 
from the main fractures formed along conductive zones. 
Melting of mineral fragments occurred upon prolonged 
heating. This was especially noticeable at 120 and 208 
volts AC.

The effects of electric energy on the specimens 
at various" voltages are shown in photographs in Appendix 
"A", as tabulated below:

Voltage Figures
208 v-ac - -  ----------- '15, ‘17, 22, 25 and 29
120 v-ac - - -  -------  20 and 27
70 v, 250 v-dc source- - 12
25 v, 250 v-dc source- - 18
20 v, 250 v-dc source- - 23

Discussion of Results „

Specimens of type 1 and 2, with resistances 
ranging from 12 to 100 megohms, were tested at 460 v-ac 
for one hour. The electric energy had no apparent 
effect on the specimens. It is assumed that the voltage 
was too low for these types of specimens. Use of 460 v-ac 
with specimens containing a conductive zone was avoided
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due to danger of.splashing of burning melted mineral 
fragments, and electrical short circuiting as observed in 
using 208 v-ac„

Specimens 3-3, 3-4, 3-7, 4-2, and 5-2 were tested 
at 208 v-aco Specimen 3-3, which contained thin conduc
tive zones parallel to the bedding, showed good spelling 
(about 8 pieces spalled) near the left electrode, minor 
cracking, and slight fracturing along conductive zones 
after 3 seconds at fluctuating current of 50-60 amperes„ 
Further heating melted mineral fragments along conductive 
zones near the left electrode, and melting progressed 
toward the right electrode. The melt was approximately 
1 inch by.1/2 inch in size.

Specimen 3-4 had the same characteristic as 
specimen 3-3. As a result, visible cracks developed 
along the conductive zones, 17 pieces near the left 
electrode spalled off, and several minor cracks were 
observed after 5 seconds at 40-60 amperes. Splashing 
of melted mineral fragments was observed upon further 
heating. The melting was greater near the left electrode, 
and progressed toward the right electrode. The melted 
zone was approximately 2 inch by 1/2 inch in size.

Specimen 3-7 contained two thick conductive 
zones parallel to the bedding. The specimen was completely
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fractured along one conductive zone after 2 seconds at 
50 to 80 ampereso Little melting was observed along 
this conductive zone.

Specimen 4-2 contained conductive zones (see 
Fig. 24). The specimen broke into 4 pieces after 4 
seconds at 30-50 amperes. Little melting was observed.

Specimen '5-2 contained conductive minerals in 
pockets that form a conductive zone. It showed cracking 
and spelling after 4 seconds at 30-50 amperes. Fusing 
of mineral fragments was observed, upon further heating.

Specimens 3-6 and 5-1 were tested at 120 v-ac. 
Specimen 3-6, which contained conductive zones parallel 
to the bedding was completely fractured along one con
ductive zone after 6 seconds at 10-30 amperes. No fusing 
of mineral fragments was observed. Specimen 5-1 contain
ing a conductive zone, showed good cracking after 10 
seconds at 30-40 amperes. Melting was observed near the 
left electrode.

Based on the observations above, intense melting 
of conductive minerals along a conductive zone occurred 
near the left electrode at 208 v-ac with the current 
ranging from 30-80 amperes, and little melting was 
observed at 120 v-ac. The specimens with a thin con
ductive zone (zone parallel to the bedding) were partially
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fractured, although they would fracture completely when 
dropped, as compared to the complete fracturing of speci
mens with a thick conductive zone. The current ranged 
from 30 to 80 amperes for five specimens tested at 
208 v-ac, and 10-40 amperes for two specimens tested at 
120 v-ac. This variation in current may be related 
directly to the change in resistance with temperature 
of the specimen. As the temperature increases, the 
resistance decreases, thus increasing the current.

There was no effort made to detect further change 
or to photograph the specimens after the initial fracturing 
was observed, but it is reasonable to assume that addi
tional spalling, cracking, and further fracturing along 
a conductive zone may be due to the intense heating of 
melted mineral fragments upon prolonged heating.

Using a 250 v, 15 amperes direct current source, 
specimens 3-1, 3-5, and 4-1 were tested. Specimen 3-1 
contained two parallel conductive zones (zones parallel 
to the bedding) about 2.5 cm apart, and were exposed on 
the left and right surfaces. Perpendicular to and con
necting these was another conductive zone. The electrodes 
were positioned at opposite ends of the perpendicular 
conductive zone. When the specimen was heated the voltage 
dropped to 70 volts at 5*5 amperes, and an effort was made
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to maintain the specimen at these conditions„ The speci
men broke apart after 20 seconds. Calculated power 
consumption was 385 watts.

Specimen 3-5 contained thin conductive zones 
parallel to the bedding. The voltage and current varied. 
Data taken after 30, 120, and l8o seconds are 50 volts 
at 14 amperes, 30 volts at 14 amperes, and 25 volts at 
14 amperes, respectively. After 180 seconds of heating, 
the specimen did not show any visible change, but split 
along.a conductive zone when dropped. Calculated power 
consumption was 350 watts.

The conductive zones in specimen 4-1 are shown in 
Pig. 23. Data taken after 20, 50, and 180 seconds are 
40 volts at 4.6 amperes, 20 volts at 5 amperes, and 20 
volts at 5 amperes, respectively. The specimen did not 
show any visible change, but broke into 4 pieces when 
dropped. Power consumption was 100 watts.

For specimens 3-1, 3-5, and 4-1, it was observed 
that the voltage decreased faster than the amperage. It 
is evident that as the temperature increased, the resis
tance decreased, thus decreasing the voltage. The early 
fracturing of specimen 3-1 after 20 seconds, as compared 
to specimen 3-5 and 4-1 which had almost the same power 
consumption, might be attributed to the pressure exerted
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by the electrodes when they were tightened, or that cohe
sive forces (as was also observed in some specimens using 
120 and 208 volts) holding the thick conductive zone 
were less than the electrothermal stresses along the 
conductive zones.

Figure 5 shows the effect of voltage as a function 
of fracturing time. The curve drops rapidly from 208 
to about 100 volts, and tends to decrease slowly thereon.
It can be seen that decreasing the voltage, increases the 
fracturing time, The specimens at 180 seconds did not 
show any visible cracks, but were brittle, and fractured 
when dropped. The variation in the fracturing time at 
120 and 208 volts may depend upon the type of conductive 
zone. The thinner the conductive zone, the longer will 
be the initial fracturing time, and less current will 
pass through the specimen as shown in Fig. 6. The current 
output to specimens tested at 208 volts was well above 
the current of the specimens tested at 120 volts. Pro
vided the resistance of the specimen is assumed to vary 
slightly or is held constant, the voltage is directly 
proportional to the product of the current* and the resis
tance. The measured resistance for all specimens with a 
conductive zone before fracturing was less than 20 ohms and 
less than 10 ohms immediately efter fracturing.



Figure 7 displays the effect of electric energy 
as a function of fracturing time. The curve is seen to 
drop rapidly from 13,000 to about 4,000 watts, and slowly 
thereafter to about 350 watts, and then levels off. All 
specimens tested at 208 volts showed intense melting of 
mineral fragments; however, little melting was noted for 
specimens tested at 120 volts. It can be seen from 
Fig. 7 that as the power input decreases, the fracturing 
time increases. The chances of fracturlpg the specimens 
below 400 watts are poor; however the specimen may frac
ture at some time beyond five minutes.



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions

The important conclusions of the experimental 
work described herein are summarized as follows:

1. The fluctuation in current during heating, at 
208 volts and 120 volts may be related directly to the 
change in resistance with temperature. As the temperature 
increases, the resistance decreases, thus increasing the 
current.

2. Variations in current and fracturing time of 
different specimens may depend upon the type of conductive 
zone. The thinner the conductive zone, the less current 
will pass through this zone, and the longer will be the 
fracturing time.

3. There was no complete fracturing of specimens 
with thin conductive zones, but they break apart when 
dropped. It is believed that the cohesive forces holding 
along thin conductive zones are greater than the electro
thermal stresses developed along this zone.

4. Additional spelling, cracking, and further 
fracturing along a conductive zone after the initial

33
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fracturing, may be due to the Intense heating and.melting 
of mineral fragments upon prolonged heating^ especially 
at 208 volts.

5. Fracturing time increases, as the voltage and 
current decrease, thus decreasing the power consumption.

6. Resistance in specimens decreases after 
fracturing.

As to the general conclusion of the experimental 
work, weakening, spelling, cracking, and fracturing along 
a conductive zone of taconite, can be accomplished by using 
either AC or DC electric energy. Minimum power output 
seems to be the primary factor for fracturing taconite.

Recommendations

When further experimental work is done on the 
breaking of taconite containing conductive zones by 
electric energy source, either AC or DC, the author 
believes that the following recommendations may be help
ful:

1. More detailed studies should be made of the 
effects of electric energy on the size of the specimen, 
th& size of conductive zone, and the number of conductive 
zones.



35
2. Development and design of a practical working 

unit, and time and cost studies should be made.
3. Further study is needed before the parameters 

(current, voltage, power consumption, and fracturing time) 
of a working model can be determined.

4. Studies should be made of the use of a 60 
cycle AC or DC source or portable motor-generator with an 
auto-transformer, in order to determine the effects of 
electric energy at low current. The use of 20 kVA capacity 
auto-transformer should be investigated. The voltage 
output of this unit ranges from 0 to 20,000 volts at
0 to 1 ampere.

5. Tests using various types of electrodes 
(see Fig. 8) to generate electrothermal fracturing might 
be investigated.

6. The prototype unit for the experimental 
work should be equipped with a recording voltmeter, an 
ammeter, a wattmeter, and a watthourmeter.,

Other areas worth investigation are:
1. The secondary breaking of taconite with a 

high resistance containing no conductive zone.
2. The use of high-frequency electric energy 

for this type of taconite (see Chapter II for theoretical 
considerations, and Chapter III for applications of



high-frequency electric energy)„ The use of this method 
is suggested since the calculated resistivities (3.97 to 
208.20 x 10^ ohm-cm) of taconite are approximately in 
the same range as those (1.2 to 35 x 10^ ohm-cm) obtained 
by Young (1963, p. 188) using granite (quartz monzonite).
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Figure 9a. Specimen .1-13 T
Picture shows the conductive minerals 
(black spots), and the direction (arrows) 
of measured resistance at the top surface 
of the specimen. Cracks were present when 
the specimen was prepared. Specimen 1-13 
is representative of type 1 with a high 
resistance. It has a fine-grained texture 
and is of light greenish gray color with 
black minerals.

Figure 9b. Specimen 1-13 F
Picture shows the cracks and the conduc
tive minerals (black spots) at the front 
surface of the specimen.



Figure 9a

Figure 9b



Figure 9c. Specimen 1-13 L
Picture shows the left surface of the 
specimen.

Figure 9d. Specimen 1-13 r
The short dash lines show the boundaries 
of a conductive zone (pockety zone) at 
the right surface of the specimen.

i
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Figure 9d



Figure 9e« Specimen 1-13 R
Picture shows a conductive zone (pockety 
zone) enclosed by short- dash lines at 
the rear surface of the specimen.

Figure gf. Specimen 1-13 B
Picture shows the bottom surface of the 
specimen.
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Figure 9f



Figure 10a„ Specimen 2-3 T
Short dash lines in the picture mark the 
boundaries of a conductive zone (pockety 
zone), and the arrows mark the direction 
of measured resistance at the top sur
face of the. specimen. Cracks were pre
sent when the specimen was prepared. 
Specimen 2-3 is a representative specimen 
of type 2.. It has a coarse-grained tex
ture and is of dark color.

Figure 10b. Specimen 2-3 F
Picture shows the front surface of the 
specimen.
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Figure 10b



Figure 10c. Specimen 2-3 L
Picture shows two conductive zones 
(pockety zones) marked by short dash 
lines, and shows cracks at the left 
surface of the specimen.

Figure lOd. Specimen 2-3 r
Picture shows a conductive zone (pockety 
zone) marked by short dash lines at the 
right surface of the specimen.
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Figure lOd



Figure lOe. Specimen 2-3 R
Picture shows a conductive zone (pockety 
zone) marked by short dash lines, and 
shows cracks at the rear surface of the 
specimen.

Figure lOf. Specimen 2-3 B
Picture shows a conductive zone (pockety 
zone) exposed at the bottom surface of 
the specimen and marked by short dash 
lines.



44

Figure lOe

Figure lOf



Figure 11a. Specimen 3-1 T
Picture shows the two conductive zones 
covering the left and the right surfaces, 
a thin conductive zone connecting these 
vertical zones, and the positioning 
(arrows) of electrodes at the top sur
face of the specimen.

Figure 11b. Specimen 3-1 F
Picture shows two conductive zones,
covering the left and the right surfaces
of the specimen.



Figure 11a

Figure 11b



Figure 11c. Specimen 3-1 L
Picture shows a conductive zone covering 
the left surface of the specimen.

Figure lid. Specimen 3-1 r
Picture shows a thin conductive zone
covering the right surface of the speci
men.



Figure 11c

Figure lid



Figure lie.. Specimen 3-1 R
Picture shows conductive zones covering 
the left and the right surfaces of the 
specimen.

Figure Ilf. Specimen 3-1 B
Picture shows conductive zones covering
the left and the right surfaces of the
specimen.
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Figure Ilf



Figure 12a. Specimen 3-1 T
Picture shows the top surface of the 
specimen. The specimen was completely 
fractured along the path of the 
electric energy.
Fracturing Data: JO volts, 5.5 amps.,

385 watts, 20 secs.

Figure 12b. Specimen 3-1 B
Picture shows the complete fracture and
the spalled pieces at the bottom sur
face of the specimen.
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Figure 12b



Figure 12c. Specimen 3-1 L
Picture -shows the complete fracture and 
the spalled pieces viewed at the left 
surface of the specimen.

Figure 12d„ Specimen 3-1 r
Picture shows the complete fracture, 
and the spalled pieces viewed at the 
right surface of the specimen.





Figure 13a„ Specimen 3-2 T
Picture shows the positioning (arrows) 
of the electrodes, and the conductive 
minerals (black spots) at the top sur
face of the specimen. Fracture was 
opened during the cutting of the 
specimen.

Figure 13b„ Specimen 3-2 F
Picture shows the front surface of 
the specimen.
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Figure 13c„ Specimen 3-2 L
Picture shows the complete fracture 
exposed on the left surface of the 
specimen.

Figure 13d. Specimen 3-2 r -
Picture shows a thin conductive zone
(arrows) exposed on the right surface
of the specimen.
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Figure 13e. Specimen 3-2 R
Picture shows the complete fracture, and 
a thin conductive zone (arrow) exposed 
on the rear surface of the specimen.

Figure 13f. Specimen 3^2 B
Picture shows the complete fracture and
a thin conductive zone (arrow) exposed
on the bottom surface of the specimen.
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Figure 14a. Specimen 3-3 T
Picture shows the positioning (arrows) 
of the electrodes, and the horizontal 
conductive zone at the top surface of 
the specimen. Thin conductive zones . 
are branching out from the horizontal 
zone.

Figure 14b. Specimen 3-3 F
Picture shows the conductive minerals
(dark spots) at the front surface of the
specimen.
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Figure 14b



Figure 14c. Specimen 3-3 L
Picture shows the conductive zones (arrows) 
exposed on the left surface of the speci
men.

Figure l4d. Specimen 3-3 r
Picture shows the conductive zones
(arrows) exposed On the right surface
of the specimen.
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Figure l4d



Figure l4e. Specimen 3-3 R
Picture shows a conductive zone covering 
part of the rear of the specimen.

Figure l4f. Specimen 3-3 B
Picture shows the conductive zones
(arrows) exposed on the bottom surface
of the specimen.
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Figure 14©

Figure I4f



Figure 15a„ Specimen 3-3 T
Picture shows a fracture and the melt 
(arrow) along a conductive zone, 
spalled pieces, and the cracks at the 
top surface of the specimen.
Fracturing Data: 208 volts, 55 amps.,

11,440-watts, 3 secs.
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Figure 15a



Figure 15b„ Specimen 3-3 L
Picture shows two holes caused by the 
melted mineral fragments and minor 
fractures along a conductive zone 
exposed on the left surface of the 
specimen.

Figure 15c. Specimen 3-3 r
Picture shows a fracture developed 
along a conductive zone exposed on 
the right surface of the specimen.



Figure 15b

Figure 15c



Figure 15d, Specimen 3-3 R
Picture shows the cracks (arrows) of 
spalled pieces, and a crack exposed 
on the rear surface of the specimen.

Figure 15e. Specimen 3-3 B
Picture shows the melt (arrow) and a 
fracture along a conductive zone, and 
the spalled pieces at the bottom sur
face of the specimen.
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Figure 15d

Figure 15©



Figure 16a. Specimen 3-4 T
Picture shows the conductive zones 
(vertical and horizontal arrows), and 
the positioning (X-Y arrows) of the 
electrodes at the top surface of the 
specimen.

Figure 16b. Specimen 3-4 F
Picture shows a conductive zone covering
the front surface of the specimen.
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Figure 16b



Figure l6c. Specimen 3—4 L
Picture shows the conductive zones
(arrows) exposed on the left surface
of the specimen.

Figure l6d. Specimen 3-4 r
Picture shows the conductive zones
(arrows) exposed on the right surface
of the specimen.
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Figure l6d



Figure l6e. Specimen 3-4 R
Picture shows a conductive zone exposed
on the rear surface of the specimen.

Figure l6f„ Specimen 3-4 B
Picture shows the conductive zones
(arrows) exposed on the bottom surface
of the specimen,'
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Figure 17 a. Specimen 3-4 T
Picture shows the fractures (arrows) 
along the conductive zones, the cracks 
and the spalled pieces at the top sur
face of the specimen.
Fracturing Data: 208 volts, 50 amps.,

10,400 watts, 5 secs
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Figure 17a



Figure 17b. Specimen 3-4 L
Picture shows the melt (arrows) along
a conductive zone, and the <?racks exposed
on the left surface of the specimen.

Figure 17c. Specimen 3-4 r
Picture shows a slight fracture along a
conductive zone, and the cracks exposed

. on the right surface of the specimen.



Figure 17b

Figure 17o



Figure 17d„ Specimen 3-4 R
Picture shows the spalled pieces, and 
the cracks exposed on the rear surface 
of the specimen.

Figure 17e. Specimen 3-4 R
Picture shows the melt (arrow) when 
the spalled pieces (above) were removed.
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Figure l8a. Specimen 3-5 T
Picture shows the conductive zones 
(arrows), and the positioning of the 
electrodes (X-Y arrows) at the top 
surface of the specimen. The speci
men did not show any visible change, 
but fractured along a conductive zone 
(X-Y arrows) when dropped.
Fracturing Data: 25 volts, 14 amps.,

350 watts, 180 secs.

Figure l8b. Specimen 3-5 r
Picture shows the complete fracture
exposed on the right surface of the
specimen.
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Figure 18b



Figure l$a. Specimen 3-6 T
Picture shows the conductive zones 
(arrows), and the positioning of the 
electrodes (X-Y arrows) at the top 
surface of the specimen.

Figure 19b. Specimen 3-6 L
Picture shows the conductive zones •
(arrows) exposed on the left surface
of the specimen.
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Figure 19b



Figure 19c„ Specimen 3-6 B
Picture shows the conductive zones. 
(arrows) exposed on the bottom 
surface of the specimen.



Figure 19c



Figure 20a. Specimen 3-6 T
Picture shows the top surface of the 
specimen. The specimen was completely 
fractured along a conductive zone.
Fracturing Data: 120 volts, 20 amps.,

2,400 watts, 6 secs.

Figure 20b. Specimen 3-6 L
Picture shows the complete fracture
exposed on the left surface of the
specimen.
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Figure 20a

Figure 20b



Figure 20c„ Specimen 3-6 B
Picture shows the complete fracture 
exposed on the bottom surface of the 
specimen.
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Figure 21a. Specimen 3-7 T
Picture shows the conductive zones 
(arrows), and the positioning of the 
electrodes (X-Y arrows) at the top 
surface.of the specimen.

Figure 21b. Specimen 3-7 B
Picture shows the conductive zones
(arrows) exposed on the bottom surface
of the specimen.



Figure 21a



Figure 21c„ Specimen 3-7 L
Picture shows the conductive zones 
(arrows) exposed on the left surface 
of the specimen.

Figure 21d. Specimen 3-7 r
Picture shows the conductive zones
(arrows) exposed on the right surface
of the specimen.



Figure 21c



Figure 22a. Specimen 3-7 T
Picture shows the complete fracture and 
the melt (arrows) along a conductive zone, 
and the cracks exposed on the top sur
face of the specimen.
Fracturing Data: 208 volts, 65 amps.,

13,520 watts, 2 secs.

Figure 22b. Specimen 3-7 B
Picture shows the complete fracture
exposed on the bottom surface of the
specimen.
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Figure 22a

Figure 22b



Figure 22c. Specimen 3-7 L
Picture shows the complete fracture 
exposed on the left surface of the 
specimen.

Figure 22d. Specimen 3-7 r
Picture shows the complete fracture
exposed on the right surface of the
specimen.



Figure 22c

Figure 22d



Figure 23. Specimen 4-1 T
Picture shows the top surface of the 
specimen. The specimen did not show 
any visible crack, but broke into 
pieces when dropped. Note the darker 
color areas are the conductive zones, 
and the positioning of the electrodes 
is shown by the X-Y arrows.
Fracturing Data: 20 volts, 5 amps.,

100 watts, 180 secs.
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Figure 23
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Left Surface

Figure 24.

Top Surface Right Surface

Sketch of Specimen 4-2
The shaded portions are con 
ductlve zones.



Figure 25a„ Specimen 4-2 T
Picture shows the complete fracture along
the path of the current and the spalled
pieces at the top surface of the specimen.
Fracturing Data: 208 volts, 40 amps.,

8,320 watts, 4 secs.

Figure 25b. Specimen 4-2 B
Picture shows the complete fracture
exposed on the bottom surface of the
specimen.



Figure 25b



Figure 25c„ Specimen 4-2 L
Picture shows the complete fracture, and
the spalled pieces at the left surface
of the specimen.

Figure 25d. Specimen 4-2 r
Picture shows the complete fracture
exposed on the right surface of the
specimen.
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Figure 26a* Specimen 5-jL T
Picture shows a conductive zone 
covering the top surface of the 
specimen and the positioning 
(arrows) of the electrodes.

Figure 26b. Specimen 5-1 F
Picture shows the front surface of 
the specimen. The areas enclosed by- 
short dash lines are conductive 
minerals in bunches forming a con
ductive zone.
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Figure 26b



Figure 26c. Specimen 5-1 L
Picture shows a conductive zone (dark
portion) exposed on the left surface

■ of the specimen.

Figure 26d. Specimen 5-1 R
Picture shows a conductive zone covering
the top surface exposed on the rear
surface of the specimen.



Figure 26c



Figure 27a„ Specimen 5-1 T
Picture shows the cracks exposed on
the top surface of the specimen.
Fracturing Data: 120 volts, 35 amps.,

4,200 watts, 10 secs.

Figure 27b. Specimen 5-1 F
Picture shows the cracks and the melt 
(arrows) exposed at the front surface 
of the specimen.

!
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Figure 27a

Figure 27b



Figure 27c. Specimen 5-1 &
Picture shows the melt (arrow) and the
cracks at the left surface of the
specimen.

Figure 27d. Specimen 5-1 r
Picture shows the melt (arrow) at the
right surface of the specimen.
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Figure 27d



Figure 27e„ Specimen R
Picture shows the melt (arrow) and the
cracks exposed on the rear surface of
the specimen..

Figure 27f. Specimen 5-1 B
Picture shows the melt (arrow) and the
cracks exposed on the bottom surface
of the specimen.
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Figure 28a. Specimen 5<-2 T
Picture shows a conductive zone covering 
the top surface of the specimen and the 
positioning (arrows) of the electrodes.

Figure 28b. Specimen 5-2 R
Picture shows the rear surface of the 
specimen. The area enclosed by short 
dash lines are conductive minerals 
(bunch) which form a conductive zone.



Figure 28a

Figure 23b



Figure 28c. Specimen 5-2 L
Picture shows the conductive minerals 
.^enclosed by short dash lines) in 
bunches, which form a conductive zone 
exposed on the left surface of the 
specimen.

Figure 28d. Specimen 5-2 r
Picture shows the right surface of the 
specimen. The short dash lines 
designate the boundaries of con
ductive zones.
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Figure 29a. Specimen 5-2 T
Picture shows the melt (arrow) and the spalled pieces at the top surface of the specimen.
Fracturing Data: 208 volts, 40 amps.,

.8,320 watts, 4 secs.



Figure 29a



Figure 29b. Specimen 5-2 L
Picture shows the melt (arrows) and the
spalled pieces at the left surface of
the specimen.

Figure 29c. Specimen 5-2 t?
Picture shows the melt (arrow), and the
spalled pieces at the right,surface of
the specimen.
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F i g u r e  29b

Figure 29c
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