
AN ABSTRACT OF THE THESIS OF

John Edgar Kelley for the degree of Metallurgical
(Name

Engineer in Metallurgical Engineering presented on

(Date)

(Major)

Title: STUDIES OF THE RADIANCE OF METAL GRINDING

SPARKS

Abstract approved: Redacted for privacy

A method for measuring the spark-shower radiance of metals

when abraded on an abrasive grinding wheel was developed for

evaluating their sparking tendency, One hundred metals were tested

and rated relative to commercially pure iron. The radiance was

measured in units of energy per solid angle per area of the detector.

The metals tested included elemental metals, iron binary and ternary

alloys, iron-carbon ternary alloys, commercial steels, nonferrous

alloys, and a few hard-metal compounds. Some alloys were synthe-

sized, others were obtained commercially. Alloys which possessed

good strength properties were emphasized for selection. The results

indicate that the spark-shower radiance of plain carbon steels and

carbon alloy steels was greater than for pure iron. Certain elements,

particularly vanadium and chromium, reduced the sparking tendency



of iron. Stainless steels and particularly nickel alloys displayed low

spark-shower radiance. Some metallic elements had much lower

radiance than iron, others much greater. Plain-carbon steels, heat

treated to a variety of hardnesses, gave radiance values which gen

erally increased with increasing carbon content and hardness, but

showed a decreasing radiance trend at high levels of carbon and

hardness.



Studies of the Radiance of Metal Grinding Sparks

by

John Edgar Kelley

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Metallurgical Engineer

June 1974



APPROVED:

Redacted for privacy
Professor of Metallurgical Engineering

in charge of major

Redacted for privacy

Head of epa.rtment of Michanical and Metallurgical
Engi e ring

Redacted for privacy

Dean of Graduate School

Date thesis is presented /973
Typed by Cheryl E. Curb for John Edgar Kelley



ACKNOWLEDGEMENTS

This manuscript describes part of a research project done at

the Albany Metallurgy Research Center of the U. S. Bureau of Mines.

The author greatly appreciates the privilege of publishing this manu-

script and for the vast amount of assistance received from many of

the Bureau's staff. I am especially indebted to Dr. Robert Blickens-

derfer, Donald K. Deardorff, and Robert A. Beall for their guidance

and assistance with theoretical advice and consultation on equipment

design and construction. Peter A. Romans supported the work with

invaluable advice on the optical-electronic equipment for measuring

spark-shower radiance, and Mark I. Copeland gave much assistance

with alloy design and preparation. Gerry Connaway, Eugene Calvert,

and D. C. Robinson are gratefully thanked for their help with alloy

arc-melting. Also gratefully thanked are Denton Howard and Lewis

Gutzman for performing the alloy sample forging for me. I wish also

to thank Raymond Farrell and June Hauger for performing the many

quantitative analyses on steel alloys. The hundreds of test samples

were carefully machined in the Bureau's laboratory machine shop

and Charles Pegg, Clarence Martin, Everett Lamb, and Woodrow

Schoolcraft are acknowledged for performing this service. The

graphic reproductions and drawings were done by James Hendricks

and James Wildermann, and I am very appreciative of their



assistance. I also appreciate the photographic printing work done

by Lloyd Bazant and William McBee.

I also wish to acknowledge my appreciation of the Bureau of

Mines' administrators, especially Rol lien R. Wells, Research

Director, and Haruo Kato, Research Coordinator, for their interest

and encouragement.

It is with grateful appreciation that I acknowledge the careful

review of this manuscript and the helpful advice of Dr. William D.

McMullen, Dr. Roger D. 011eman, and Professor Olaf G. Paasche,

of the Metallurgical Engineering Department, Oregon State University.



TABLE OF CONTENTS

Page

INTRODUCTION 1

EQUIPMENT AND EXPERIMENTAL PROCEDURE 4

RESULTS AND DISCUSSION 10
Relative Radiance of Metals and Alloys Tested 10
Effects of Composition 13

Elemental Metals 13
Iron-base Alloys 16
Plain Carbon Steels 19
Alloy Steels 21
Commercial Alloys and Tool Steels 33
Nonferrous Alloys 35
Hard-metal Compounds 35

Effect of Hardness 36

SUMMARY AND CONCLUSIONS

BIBLIOGRAPHY

APPENDIX I

APPENDIX II

APPENDIX III

39

42

44

45

46



LIST OF FIGURES

Figure Page

1 Spark-shower radiance equipment. 5

2 Relative spark-shower radiance of metals. 11

3 Spark-showers from elemental metals. 14

4 Spark-showers from iron-base alloys. 18

5 Effect of carbon on spark-shower radiance of steel. 22

6 Spark-showers from plain carbon steels. 23

7 Spark-showers from iron - 0.40 carbon ternary
alloys. 25

Effect of nickel on spark-shower radiance of steel. 28

Effect of chromium on spark-shower radiance of
steel. 29

10 Effect of molybdenum on spark-shower radiance
of steel. 30

11 Spark-showers from carbon steel containing Mo
and Ni.

12 Spark-showers from commercial steels. 34

13 Effect of hardness on spark-shower radiance of
steel. 37

31



LIST OF TABLES

Table Page

1 Spark-shower radiance of some elemental metals. 15

2 Spark-shower radiance of binary iron alloys. 17

3 Spark-shower radiance of ternary iron alloys. 20

4 Spark-shower radiance of iron-nickel quaternary
alloys. 20

5 Spark-shower radiance of ternary steel alloys
with 0.40 pct carbon.

8

26

Spark-shower radiance of alloy steels with high
nickel-chromium. 32

Spark-shower radiance of some common alloys
and tool steels. 33

Spark-shower radiance of nonferrous alloys. 35

Spark-shower radiance of hard-metal compounds. 36

APPENDIX TABLES

Composition of steel test alloys. 44

Analyzed compositions of alloy steels with
high nickel-chromium. 45

Composition of commercial alloys. 46



STUDIES OF THE RADIANCE OF METAL GRINDING SPARKS

INTRODUCTION

One of the hazards of using many types of metals in explosive

or flammable atmospheres is that frictional sparks from the metals

can cause ignitions with subsequent loss of life and property. A

serious ignition hazard sometimes occurs in coal mines, where fire -

damp--a mixture of methane and air--is ignited by frictional sparks

or hot spots when steel mining machinery abrades hard rock strata

or rock inclusions adjacent to or in coal seams. The Bureau of

Mines, Albany Metallurgy Research Center, Albany, Oregon, is

engaged in research to develop a metal which will have the necessary

strength and wear properties for use as coal-cutter picks for con-

tinuous mining machines, but will have a reduced tendency to ignite

firedamp during mining operations.

Coward and Ramsay (4)1, Hartmann (6), Powell (9), and

Titman (16) reported investigations of ignitions in coal mines by

frictional sparks. Titman concluded that the ignition hazard depended

upon the character of the sparks produced by friction between metals

or metals and rocks. Discrete sparks flying through air-methane

were not too dangerous unless they were arrested by some object,

lUnderlined numbers in parentheses refer to items in the list
of references at the end of this report,



except when the particles burned rapidly enough to generate very high

temperatures.

There have been many types of spark incendivity tests reported

for sparks from steels and other metals abrading against rock.

Powell (9) reports that low-carbon and also high-chromium steels

showed reduced sparking. However, Hartmann (6) and Titman (16)

claimed that experiments in Germany and England showed that the

metal was not the important factor in production of ignitions. In the

case of abrasions or impacts of metal on rock, the type of mineral was

reported to be the important factor in the production of dangerous

sparks (1, 6, 7, 10, 11). The most dangerous types of rocks were

quartzite, sandstone, and "sulfur balls," which are a calcium-

magnesium limestone containing some carbon and iron pyrites.

Studies by Nagy and Kawenski (8) and Rae (12) showed that ignitions

depended upon test conditions such as angle of impact and the velocity,

pressure, and energy dissipated in the impact. Other factors, such

as the temperature reached by frictional sparks, were reported.

Riezler and Hardt (15) reported that grinding sparks from high-carbon

steels reached as high as 1,720 C in air, and Wahl (17) found that

about 1,850°C was reached by 1 percent carbon steel sparks in air.

Rae (14) showed that the minimum ignition temperature of firedamp

depended strongly upon the size of the ignition particle or body and on

the concentration of methane in air; temperatures ranged from 1, 050°



to I, 468°C. Nowhere in the literature was any study found reporting

a quantitative measure of the sparking tendency of abraded metals.

The spark-shower radiance test was developed to provide a

quick screening test for a measure of the sparking tendency of a large

number of metals. Earlier work (3) in this laboratory gave a good

correlation between spark-shower radiance in air and incendivity of

the sparks in an explosive mixture of hydrogen and air. Therefore,

the results of the spark-shower radiance test can be used to indicate

the degree of hazard of sparks from a metal in a sensitive explosive

atmosphere. The present work is an extension of the earlier work.

The objective of this study was to use the radiance test to (a) deter-

mine the effect of composition of some iron alloys and steels on the

sparking tendency; (b) determine the effect of hardness on the spark-

ing tendency of steel; and (c) measure the spark-shower radiance of

additional metals and alloys for aiding the selection of metals for fur-

ther incendivity research.

The data on sparking tendencies of a large number of metals

will be useful in the future as more and more flammable materials

are included in our society as solutions to the energy crisis. An

example is the probable switch to hydrogen as a universal fuel in the

future. Certainly, some materials problems will arise in the produc-

tion of hydrogen and in the transmission of hydrogen to the consumer,

One of these problems will very likely be sparking caused by metal-on-

metal contact.



EQUIPMENT AND EXPERIMENTAL PROCEDURE

The spark shower radiance test equipment is shown in Figure 1,

and consists of a rigid frame that holds a lever device on which is

attached a specimen holder and a sliding weight. The metal specimen

is applied against the rotary abrasive wheel with a constant force

which is adjusted with the sliding weight on the slider, and the radi-

ance of the resulting spark shower is measured with a radiant flux

meter.

The radiant flux meter measures the quantity of electromag-

netic energy which is received by the detector in a solid angle from

radiation from all of the sparks in a spark shower. It is well known

that every object above absolute zero radiates electromagnetic energy,

and theoretically, all objects emit this energy over the entire electro-

magnetic spectrum. The maximum energy emitted by an object

increases as the fourth power of the absolute temperature, according

to the Stefan-Boltzmann Fourth-Power Law. The emitted energy

from an object also increases as the surface area of the object

increases. Therefore, the radiant flux detector measures a quantity

of energy which is a function of spark temperatures, spark particle

size, and the number of sparks in the spark shower.

A Hewlett Packard Model 8330A Radiant Flux Meter with a

Model 8334A Detector was used in the work described in this manu-

script, The detector consists of 64 individual thin-film thermocouples
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Figure 1. Spark-shower radiance equipment.



in series and arranged in a 0.43 cm square array. A T17 Infrasil 1

quartz optical window fits in front of the detector thermopile and

limits the received energy to a bandwidth between 0.3 and 3. 0

microns. The detector has a flat spectral response within +3 percent

from 0.3 to 3.0 microns. Because of the flat spectral response of

the detector, the system response remains accurate regardless of

the wavelength or spectral distribution of the incident radiation.

This property makes the instrument ideal for measuring the radiance

from a spark shower, since it is probable that all of the sparks ob-

served at a given time are not at the same temperature. A fixed

distance between the detector and the spark shower was used for all

tests, so a relative comparison of radiance of different spark

showers is possible.

The actual radiometric quantity measured with the radiant flux

meter, radiance, is the power density of the energy emitted by the

spark shower, and is in units of power per solid angle per unit area

of the detector; microwatts per steradian per square centimeter.

The test conditions chosen to optimize reproducibility were as

follows: 10 pound radial force between the specimen and the wheel,

1,750 rpm wheel speed, a 6-inch diameter alundum wheel of 60 grit

and medium bond, and a 150° conical point on the test specimen.

Duplicate runs were made on each material investigated and the

radiance values were averaged. The values indicate the total



radiance integrated over the entire spark-shower and are not indica-

tive of the radiance of an individual spark. Reproducibility of the

radiance value was within +11 percent of the mean.

A photographic record of each test was made by taking color

pictures of the spark-shower at the time the maximum radiance

occurred. This maximum radiance was determined by observing the

strip chart display which was recording the radiant flux meter output

and is the spark-shower radiance value used in the tables. The color

photographs were reproduced in black and white for this report.

Reproducibility of the spark-shower radiance measurements

was checked by making repeated tests on commercially pure iron

specimens along with each group of metals tested. For all radiance

measurements on commercially pure iron, the radiance was 787 +

50 p.W/sr-cm2.

The test procedure was as follows: A specimen was mounted

in the holder on the lever arm and positioned to assure that the load

force was radial. The specimen was rested on the grinding wheel,

the wheel started, and a photograph taken at the maximum radiance.

To prevent chatter of the specimen and subsequent erroneous data,

the wheel was dressed and trued with a diamond nib before each test.

When the wheel became worn to 5-5/8 inches diameter, it was

replaced with a new wheel.



All of the test results in this report were established with a

certain given set of test conditions. These conditions were estab-

lished experimentally to give the most consistent reproducibility of

radiance data. Spark-shower radiance tests were attempted on dup-

licate specimens at 5, 10, 15, 20, and 25 pound sample loads, and

the 10 pound load was found to give the most consistent results. With

a 5 pound load, the radiance was not high enough to measure with

consistent results, and with 15, 20, and 25 pound loads the grinding

wheels filled with metal which caused erratic radiance results.

The 60-grit alundum grinding wheel of moderate bond was

chosen because it best fulfilled with overall requirements. It did not

fill with metal as quickly as did a finer 120 grit wheel, and it gave

more uniform spark showers than a coarser 16 or 46 grit wheel.

Hard bond wheels also tended to fill with metal rapidly and soft bond

wheels wore down too rapidly. The wheel used was a Norton 32A60-

I8VBE.

A special specimen shape was developed by experimentation.

First tests were made on 3/8-inch-square specimens with flat ends

but the spark-shower radiance results were not consistent. The

tests were repeated with the same specimens after grinding the ends

lightly on the 6-inch-diameter wheel to dress them into the wheel

shape, but the results were only slightly more consistent. The con-

cept of using a pointed specimen was tried; and after testing several



point angles, the most consistent results were obtained with the 1500

point. Also, less chatter of the specimen on the grinding wheel

occurred with the pointed specimens.

The specimens which were synthesized in this laboratory were

made by vacuum arc melting. Buttons of approximately 100 g were

melted by a tungsten electrode. The specimens were given a homo-

genization heat-treatment prior to hot forging into approximately 3/8

inch square cross section. Specimens were then annealed or heat

treated for hardening and then machined to size.
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RESULTS AND DISCUSSION

Relative Radiance of Metals and Alloys Tested

The relative spark-shower radiance values for 100 metals and

metal alloys are depicted in the bar graph on Figure 2. The radiance

values have been normalized so that commercially pure iron has a

value of 1.000. The alloy steels, tool steels, and plain carbon steels

all produced greater spark-shower radiance than did commercially

pure iron; some were two to three times greater.

Many of the metals produced less spark-shower radiance than

the commercially pure iron. Especially promising as low-sparking

high-strength metals are tungsten, 304 and 316 stainless steels, 17-4

PH stainless steel, chromium, molybdenum, nickel, and nickel-base

alloys such as Inconel, Monel, and Rene 41. Softer, lower-strength

metals such as copper, brass, aluminum, zinc, magnesium, and

beryllium-bronze produced no sparks under the test conditions

described. However, one must not be misled into a false sense of

security about the use of truly nonsparking metals. Garner (5)

reports that under some conditions, nonsparking metals do give

incendive impacts with stone or concrete in the presence of petro-

leum vapors, and with steel in the presence of hydrogen. Anfen.ger

and Johnson (2) warn that the term "nonsparking tool" is really
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Fe- 1.87AI 2I.4Ni 3.2Mo
Fe- 0.49Si -0.57Mn- 16.0Cr -0.49C
Fe -0.32AI- 20.0Ni- 3.I5Mo
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Fe 5.6AI -4.8Ni
Fe -1.83S1-1.84A1- 20.1Ni -5.0Mo
Fe- 2I.5Ni -0.44C
Fe-5.74 Al -1.42Si

ll Fe -3.4AI- 6.43Ni
Fe-0.17Mo- 0.339C
Fe -5.3AI-5.03Ni-1.87Si

Fe -IA 3W-0.4C
Fe- 0.05S1-20.3Ni-3.18Mo
Fe -1.84AI-4.9Ni
Fe 1.6AI -5.2 N i 3.27Mo
Fe -21.2Ni -0.254C
Fe 5.62AI I9.5Ni

0.5 1.0 1.5 2.0 2.5 3.0 3.5 40
RELATIVE SPARK-SHOWER RADIANCE

Figure Z. Relative spark.-shower radiance of metals.
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Fe -3.95A1- 9.87Ni
Fe -5.1Ni-3.5Mo
Fe -2.04Si 4.0AI 4.5 Ni -23.1 Mn
Fe -2.14Ni-0.296C
Fe-1.88Si

Fe -0.52Cr- 0.3C
Titanium
Fe-1.01Ni 0.316C
Commercially pure iron
Fe-1.01Ni-0.51C

C-1018, Rc 32
Fe -0.52Ni -0.303C
Fe I.150, Rc 32 (file)
C-I095, Rc 32
Fe 0.27Cu
C-I030, Rc 44
Fe -0.95Co- 0.38C
Fe -1.06Cr- 0.278C

Fe- 0.98A1 -0.39C
Fe -0.35Mo-0.304C

I Fe- I.12Ti- 0.37C
Fe -4.25Mo- 0.3I3C
Fe -0.2Mo-0.41C

Fe 0.44Ni- 0.54C
Columbium

I 300 M-
Manganese
Fe 1.13Cr-0.52C
C- 8620,
T- I A, U.
C -1080,

International

Rs 99
S. Steel # 730389,
Rc 42

Nickel Co., Rc 25

Rc27

Fe 0.92Mn -0.38C
Fe -2.02Ni 0.56C
T-1, U. S. Steel #730321, Rc 30
C -1040, Rc 37
B. T. R.
C-1060, Rc42
Vanadium
Fe 0.5 ICr -0.53C
Fe 0.28Cu 0.37C
C-4140, Rc 48
C 4340, Rs 97
Wear Pact-American Steel Foundry, Rc 51
Zirconium
Fe- 0.38Mo- 0.50C
C -H 44, Rc 29
Fe 4.I2Mo- 0.48C
Fe -0.96Si-0.39C
4M, ESCO, Rc 31
Fe 1.05V -0.40C

1 I I I I I 1

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4 0
RELATIVE SPARK-SHOWER RADIANCE

Figure 2 (cont.). Relative spark-shower radiance of metals.



a misnomer, because such tools can produce sparks under certain

conditions, even if the metal itself cannot be sparked.

Effect of Composition

Elemental Metals

13

A group of elemental metals was tested and the spark-shower

radiance values are shown in Table 1. Copper, aluminum, zinc, and

magnesium showed no sparking at all under the test conditions

described above. Molybdenum, chromium, nickel, and tungsten

showed very low sparking tendency, and titanium, vanadium, colum-

bium, and manganese had a medium range of sparking radiance much

similar to that of commercially pure iron. Only zirconium showed a

very high sparking tendency, about the same as some of the tool

steels. It was obvious by naked eye and color photographs that the

temperature of sparks from the reactive metals such as titanium,

columbium, and zirconium was much higher than the temperature of

the steel sparks. Four photographs of the spark showers of ele-

mental metals are reproduced in Figure 3.
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A. Titanium.

C. Zirconium.

B. Chromium.

Aoo- 41. .w0M.
doigt.

D. Vanadium.
Figure 3. Spark-showers from elemental metals.
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Table 1. Spark-shower radiance of some elemental metals.

Element
Spark-Shower Radiance,

p.W/sr-cm2
Hardness,

Knoop

Aluminum 0

Chromium < 10 143

Columbium 1,333 226

Copper 0

Iron 787 81

Magnesium 0

Manganese 1,367 _

Molybdenum <10 196

Nickel <10 201

Titanium 743 192

Tung sten 60 466

Vanadium 1,758 108

Zinc 0

Zirconium 2,133 188

As mentioned earlier, the radiance of a spark shower is influ-

enced by the spark particle temperature, the size or radiating

surface area of the particles, and the number of sparks. It is

probable that the spark temperature is affected mostly by the oxida-

tion kinetics of the particular metal being tested. A metal with good

oxidation resistance would be expected to have a low spark radiance,
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and conversely, a highly reactive metal would be expected to show

a high spark radiance. The exothermic release of heat during oxida-

tion of metal particles drives the temperature and oxidation rate

higher following an initial heat-up by friction in the grinding process.

This would explain why chromium and nickel had low spark shower

radiance, because they have fairly good oxidation resistance. Also,

the spark shower radiance of zirconium, titanium, vanadium, colum-

bium, and manganese was high because they have poor oxidation

resistance. But this does not explain why the soft metals, copper,

aluminum, zinc, and magnesium produced no sparks. Since they

have poor oxidation resistance, one would expect them to spark

fairly well. However, it was noted that the soft metals produced

much larger grinding particles than did harder metals, and there-

fore, the resulting smaller surface to volume ratio may have been

unfavorable for the start of the catastrophic oxidation process. The

high thermal conductivity of these metals would also tend to cause

a cooling of the particle surface from conduction of heat to the

interior, and the temperatures necessary for the onset of catastro-

phic oxidation may have not been reached.

Iron-Base Alloys

Three series of alloys were synthesized and tested to deter-

mine the effect of some alloying elements on the sparking tendency
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of iron. One series of binary alloys consisted of iron with Al, Si,

Ni, Mo, V, Cu, Mn, Cr, Ti, Co, and W in amounts near their

respective solubility limits in iron. The radiance results for these

binary iron alloys are shown in Table 2 and range over a factor of 30.

Photographs of typical spark showers of these and the following alloys

are illustrated in Figure 4.

Table 2. Spark-shower radiance of binary iron alloys.
Nominal

composition,
wt pct

Analyzed
composition,

wt pct

Spark-shower
radiance,

p.W/sr-cm2
Hardness,

Knoop

Fe-20V Fe-19.6V 100 226

Fe-2Si Fe-1.88Si 563 164

Fe -0.3Cu Fe -0.27Cu 913 94

Fe-6Si Fe-5.77Si 701 318

Fe-10A1 Fe-10.0A1 593 246

Fe-3Ti Fe -3. 23Ti 2,911 231

Fe-20Cr Fe -17. 3Cr 162 184

Fe -2 OMn Fe-18. OMn 3,180 334

Fe-20Co Fe -15. 1Co 970 206

Fe-20Ni Fe -22. 5Ni 377 278

Fe-5W Fe-3.78W 1,100 161

Fe-5Mo Fe-2.34Mo 1,703 206



A. Fe - 20.0 V.

C. Fe - 6. 0 Al - 2. 0 Si.

B. Fe - 2. 0 Si.

D. Fe - 2.0 Si - 1 . 5 Al - 11.0 Ni - 3.0 Mn -
8.0 Cr.

Figure 4. Spark-showers from iron-base alloys. 00
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The second and third series of iron alloys were synthesized

with combinations of Al, Ni, Si, and Mo. The radiance values of the

ternary alloys, as shown in Table 3, were all less than that of pure

iron. The radiance values of the quaternary alloys are given in

Table 4 and are generally less than the radiance of the ternary alloys.

Most of the additions to iron shown in Table 2 decreased the

spark shower radiance from that of pure iron, probably because an

increase in oxidation resistance resulted. However, the additions of

copper, titanium, manganese, tungsten, and molybdenum caused an

increase in the spark shower radiance. The reasons for this

increase are not clearly understood. All of the alloys shown in

Tables 3 and 4 had a decrease in spark shower radiance, and it is

thought to be from an increase in oxidation resistance caused pri-

marily by the additions of nickel and aluminum.

Plain Carbon Steels

Both carbon content and hardness were found to affect the

spark-shower radiance of plain carbon steels. Specimens were

machined from commercially available plain carbon steels containing

0. 18, 0. 30, 0. 40, 0. 60, 0. 80, 0. 95, and 1. 15 weight percent carbon.

These alloys have the following designations: C1018, C1030, C1040,

C1060, C1080, C1095, and Fe -1. 15C. Prior to testing, the speci-

mens were austenitized and either water quenched or annealed to
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Table 3. Spark-shower radiance of ternary iron alloys.
Nominal

composition,
wt pct

Analyzed
composition,

wt pct

Spark-shower
radiance,

}LW/ sr-cm2
Hardness,

Knoop

Fe -6A1-5Ni Fe-5. 6A1-4. 8Ni 230 334

Fe -6A1-2Si Fe-5. 74A1-1. 925i 270 261

Fe - 4A1-7Ni Fe-3. 4A1-6. 43Ni 280 414

Fe -2A1- 5Ni Fe-1. 84A1-4. 9Ni 415 334

Fe -6A1-20Ni Fe-5. 62A1-19. 5Ni 440 558

Fe -4A1-10Ni Fe-3. 95A1-9. 87Ni 445 466

Fe -5Ni- 5Mo Fe-5. 1Ni-3. 2Mo 595 334

Table 4. Spark-shower radiance of iron-nickel quaternary alloys.

Nominal
composition,

wt pct

Analyzed
composition,

wt pct

Spark -
shower
radiance

p.W/sr-cm2

Hard-
ness,
Knoop

Fe-20Ni-2A1-10Mo Fe-21. 2Ni-2. 02A1-4. 9Mo 70 192

Fe -20Ni-2A1-5Mo Fe-21. 4Ni-1. 87A1-3. 2Mo 170 576

Fe -20Ni- O. 5A1-5Mo Fe-20. ONi-0. 32A1-3. 15Mo 185 426

Fe -5Ni-6A1-2Si Fe-5. 03Ni-5. 43A1-1. 875i 295 402

Fe -20Ni -2Si -5Mo Fe-20. 3Ni-0. 055i-3. 18Mo 380 542

Fe - 5Ni-2A1-5Mo Fe-5. 2Ni-1. 6A1-3. 27Mo 415 380
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produce a desired hardness. The results of the spark-shower

radiance tests on plain carbon steels are shown in Figure 5.

Generally, the steels in the hardened condition had a higher spark-

shower radiance than those in the annealed condition. However, this

effect was less at higher carbon contents. Also, the spark-shower

radiance increased with an increase in carbon content except at

higher carbon contents. Then a decreasing trend was noted. This

relationship can also be seen in the photographs of spark-showers in

Figure 6.

Alloy Steels

The effect of certain alloying elements on the radiance of steels

synthesized to contain about 0.40 wt pct carbon can be seen in

Table 5. Photographs of several spark showers are reproduced in

Figure 7. The sample containing tungsten produced the lowest

radiance value. Several of the elemental additions caused radiance

much greater than that of plain carbon steel. The effects of vanadium

are especially interesting. As mentioned earlier, vanadium in pure

iron resulted in the lowest radiance of the binary alloys tested.

Vanadium in mild carbon steel, however, caused the greatest

radiance among these ternary alloys. This shows that the effects of

alloying ingredients on spark-shower radiance is not additive.

Vanadium and carbon together in iron produce a synergistic effect
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Commercially pure iron (0 pct carbon).

C. C-1030 (0.30 pct carbon).

B. C-1018 (0.18 pct carbon).

D. C-1040 (0.40 pct carbon).

Figure 6. Spark-showers from plain carbon steels, Rockwell hardness about C40.
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A. Fe - 0.40 C- 1.0 Si.

04-

C. Fe - 0.40 C - 1.0 V.

B. Fe - 0.40 C - 1.0 Al.

D. Fe - 0.40 C - 1.0 W.

Figure 7. Spark-showers from iron-0.40 carbon-ternary alloys. Lil
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on radiance.

Table 5. Spark-shower radiance of ternary steel alloys with 0. 40
pct carbon.

Nominal
composition,

wt pct

Analyzed
composition,

wt pct

Spark-shower
radiance,

p..W/ sr - cm2
Hardness,

Knoop

Fe-0. 40C-1. OW Fe-0. 40C-1.13W 332 184

Fe-0. 40C-1. 0Co Fe-0. 38C-0. 95Co 942 105

Fe-0. 40C-1. OM Fe-0. 39C-0. 98A1 996 170

Fe-0. 40C-1. OTi Fe-0. 37C-1. 12Ti 1, 050 98

Fe-0. 40C-1. OMn Fe-0. 38C-0. 92Mn 1, 467 211

Fe-0. 40C-0. 3Cu Fe-0. 37C-0. 28Cu 1, 880 109

Fe-0. 40C-1. OSi Fe-0. 39C-0.96Si 2, 575 211

Fe-0. 40C-1. OV Fe-0. 40C-1. 05V 3, 050 311

Fe-0. 40C1 758 201

1 Plain carbon steel is given for comparison.

The effects of nickel, chromium, and molybdenum on the spark-

shower radiance of carbon steels were studied in greater detail.

These elements were chosen because they are common ingredients

in many of the alloy steels presently used in coal-mining machinery.

Twenty ternary alloys of iron with either 0.3 or 0. 6 percent carbon

were prepared by vacuum arc-melting. The analyzed compositions

are given in the Appendix. The spark testing was done with the

specimens in the annealed condition.
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The results of the spark-shower radiance tests are shown in

Figures 8, 9, and 10. Data are shown for nominal compositions of

O. 5, 1. 0, 2. 0, and 20. 0 percent nickel; 0. 5, 1. 0, and 20. 0 percent

chromium; and 0.15, 0.3, and 5. 0 percent molybdenum. In steels

containing 0.3 percent carbon, both chromium and nickel additions

reduced sparking; chromium had a greater effect than nickel. At the

0.6 percent carbon level, chromium had an even greater effect on

reducing sparking. The effect of molybdenum additions was quite

different. Molybdenum additions in the 0.3 percent carbon steel

made little significant change in the sparking behavior, but in the

0. 6 percent carbon steel, the radiance was nearly tripled with addi-

tions of more than 0.3 percent molybdenum. These effects are illus-

trated by the photographs of the spark-showers in Figure 11.

The implications of these findings are clear. High chromium

and nickel content in carbon steels will reduce the sparking behavior,

but molybdenum will not. Stainless steels are therefore prime can-

didates for low-sparking high-strength materials. These recommen-

dations were substantiated by some of the results shown in Figure 2.

Seven steels containing high nickel or chromium as well as

other elements commonly found in stainless steels were made and

tested. The compositions and spark-shower radiance are given in

Table 6. The precipitation hardening type of stainless steels gave

relatively low radiance values and these steels have the additional
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A. Fe - 0.54 C - 0.44 Ni.

1/4

C. Fe - 0.41 C- 0.2 Mo.

B. Fe - 0.44 C - 21.5 Ni.

****401Lin:

D. Fe - 0.48 C- 4.12 Mo.

Figure 11. Spark-showers from carbon steel containing Mo and Ni.



Table 6. Spark-shower radiance of alloy steels with high nickel-chromium.

Nominal composition,
wt pct

Spark-shower
radiance

1.1,W/sr -cm 2 Hardness, Knoop

Fe-0. 5Si-0. 5Mn-18Cr-0. 6C 175 351

Fe -2Si-2A1-20Ni- 5Mo 235 558

Fe-2Si-4A1-4Ni-24Mn 495 290

Fe-0. 5Si-0. 5A1-4Ni-16. 5Cr-4Cu 150 402

Fe-0. 5Si-1. 25A1-7Ni-0. 5Mn-17Cr 145 391

Fe-2Si-1. 5A1-11Ni-3Mn-8Cr 155 576

Fe-0. 5Si-0. 5A1-4. 5Ni-0. 5Mn-2. 5Mo-17Cr 155 278

1 See Appendix II for analyzed compositions.
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advantage of considerable strength and toughness.

Commercial Alloys and Tool Steels

Eighteen commercial alloys including stainless steels, tool

steels, and alloy steels were spark tested and the results are shown

in Table 7. The stainless steels had very low sparking tendencies,

but the tool steels and alloy steels had a very high sparking behavior.

This is as expected from the results of the tests for compositional

effects on sparking. Photographs of the spark-showers from several

of these alloys are shown in Figure 12.

Table 7. Spark-shower radiance of some common alloys and tool
steels.

Alloy or Tool Steell

Spark-
shower

radiance,
iW /sr -cm2

Hardness,
Knoop

304 Stainless steel 30 150
316 Stainless steel 55 158
Almar 362, Stainless steel, Allegheny Ludlum 85 466
AM-350 Stainless steel, Allegheny Ludlum 118 360
431 Stainless steel, Allegheny Ludlum 128 594
410 Stainless steel, Allegheny Ludlum 160 466
AM-355 Stainless steel, Allegheny Ludlum 164 414
17-4 PH Stainless steel, Armco 218 334
300-M, International Nickel Company 1,365 278
C8620 1,433 246
T-1A, U. S. Steel No. 73C 389 1,443 290
T-1, U. S. Steel No. 73C 321 1,550 311
BTR 1,567 284
C4140 1,867 510
C4340 1,933 236
Wear Pact, American Steel Foundary 1,938 558
C1144 2,430 304
4M, Esco 2 , 748 318
1 See Appendix III for compositions of alloy or tool steels.



A. 316 Stainless steel.

C. C-4140, RC 48.

B. 17-4 PH Stainless steel.

D. 4M (Esco).

Figure 12. Spark-showers from commercial steels.
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Nonferrous Alloys

A group of five nonferrous alloys were tested and all had little

or no sparking tendencies. The nickel-base alloys, Monel, Inconel,

and Rene 41 had a very low spark-shower radiance, and specimens

of brass and beryllium-bronze did not spark at all. Results of these

tests are shown in Table 8.

Table 8. Spark-shower radiance of nonferrous alloys.

Alloyl

Spark-shower
radiance
W/sr-cm2 Hardness, Knoop

Brass 0
Beryllium-bronze 0
Monel < 10 246
Inconel <10 176
Rene 41 <10 241
I See Appendix III for compositions of alloy or tool steels.

Hard Metal Compounds

Specimens of cobalt-bonded tungsten carbide from coal-cutter

bits, cast tungsten-titanium carbide, and titanium-diboride were

spark tested and found to be extremely low in spark-shower radiance.

These data are shown in Table 9.
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Table 9. Spark-shower radiance of hard-metal compounds.
Spark-shower

radiance,
Metal compound p.W/sr-cm2

Titanium-tungsten carbide, cast 25

Tungsten carbide, cobalt bonded 30

Titanium-diboride, sintered 40

Effect of Hardness

The effect of hardness of a common alloy steel, C4140, on

spark-shower radiance, was studied. Specimens of C4140 alloy were

austenitized, quenched, and tempered to selected hardnesses, then

tested in the usual manner. An initial increase in spark-shower

radiance with an increase in hardness was noted. As shown in Figure

13, the spark-shower radiance decreased at higher hardnesses. The

cause of the reversal in spark-shower radiance trend could be from

many complex interacting factors such as spark temperatures, steel

grain size, spark particle size, and ease of metal removal effects.

Perhaps the reduced ability for metal removal at the higher hardnesses

is the strongest influence on the decrease in spark shower radiance.

It seems reasonable to assume that very hard metals would resist the

tearing away of particles (sparks) more so than in less hard metals.

The spark particles would be smaller and fewer in number. For a

given material, smaller particles would oxidize more rapidly and
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probably reach a higher temperature because of the higher surface

area to volume ratio, but the smaller spark would be short-lived and

thus emit less total energy. Since the energy per particle would be

less and the number of particles would be less, the spark shower

radiance would be lower.
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SUMMARY AND CONCLUSIONS

A method for evaluating the sparking tendency of abraded metals

was developed and used to study the effect of composition and hard-

ness on some common alloy steels. Many other metals were examined

for sparking tendency and the results were displayed in a bar graph

which gives the spark-shower radiance relative to commercially pure

iron.

The spark-shower radiance test results showed the following:

1. Soft metals such as brass, copper, aluminum, zinc, magnesium,

and beryllium-bronze do not spark when abraded on an alundum

grinding wheel.

2. Nickel and nickel-base alloys, stainless steels, molybdenum,

chromium, and tungsten produce relatively little sparking.

These metals are therefore high on the list of low-sparking

high-strength materials for use in hazardous atmospheres.

3. Carbon steels, alloy steels, tool steels, and reactive metals

such as zirconium, vanadium, columbium, and manganese have

dangerously high sparking tendency for use around explosive

atmospheres.

4. Additions of carbon up to 0.6 percent increases the spark-

shower radiance of plain carbon steels. However, nickel and

chromium contents of about 16 to 20 percent were found to
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decrease the sparking tendency. Therefore, alloys high in

chromium and nickel and low in molybdenum should be con-

sidered where low-sparking requirements are needed. These

would include some of the stainless steels, which were also

shown to have very low sparking tendencies.

5. The effect of more than one elemental addition on the spark-

shower radiance is not necessarily additive. The effect on

radiance may be synergistic, as for example, vanadium and

carbon on molybdenum and carbon additions to iron. Conse-

quently, the sparking tendency of a proposed alloy should be

experimentally determined rather than predicted.

6. The sparking tendency in C4140 steel was found to first increase

with an increase in hardness, then decrease as the hardness

was further increased.

The results of the spark-shower radiance measurements on a

large number of metals of several types were used to select alloys

for further testing at the Albany Metallurgy Research Center. On the

basis of the spark-shower radiance results and other properties such

as strength and wear resistance, several promising alloys have been

selected for testing in explosive atmospheres. Those alloys which

show the most promise for an improvement in cutter-pick material

are a copper-beryllium alloy, the nickel alloy Rene 41, and a

precipitation-hardening stainless steel, 17-4PH. Hopefully, the
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results of this research will aid the pursuit of safer mining

conditions in the nation's coal mines and help in materials selection

for metals to be used in other hazardous situations.
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APPENDIX I

Composition of Ternary Steel Alloys

Nominal composition, Analyzed composition,
wt pct wt pct

Fe-0. 4Cr-0. 3C

Fe-1. OCr-0. 3C

Fe-20. OCr-0. 3C

Fe-0. 4Ni-0. 3C

Fe-1. ONi- O. 3C

Fe-2. ONi-0. 3C

Fe-20. ONi-0. 3C

Fe-0. 15Mo-0. 3C

Fe-0. 3Mo-0. 3C

Fe-5. 0Mo-0. 3C

Fe-0. 4Cr-0. 6C

Fe-1. OCr-0. 6C

Fe-20. OCr -O. 6C

Fe-0. 4Ni- O. 6C

Fe-1. ONi-0. 6C

Fe-2. ONi-0. 6C

Fe-20. ONi-0. 6C

Fe-0. 15Mo-0. 6C

Fe-0. 3Mo-0. 6C

Fe-5. 0Mo-0. 6C

Fe-0. 52Cr-0. 3C

Fe-1. 06Cr-0. 278C

Fe-17. 7Cr-0. 168C

Fe-0. 52Ni-0. 303C

Fe-1. OlNi-0. 316C

Fe-2. 14Ni-0. 296C

Fe-21. 2Ni-0. 254C

Fe-0. 17Mo-0. 339C

Fe-0. 35Mo-0. 304C

Fe-4. 25Mo-0. 313C

Fe-0. 51Cr-0. 53C

Fe-1. 13Cr-0. 52C

Fe-16. 7Cr-0. 47C

Fe-0. 44Ni-0. 54C

Fe-1. 01Ni-0. 51C

Fe-2. 02Ni-0. 56C

Fe-21. 5N4.-0. 44C

Fe-0. 20Mo-0. 41C

Fe-0. 38Mo-0. 50C

Fe-4. 12Mo-0. 48C
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APPENDIX II

Analyzed compositions of alloy steels
with high nickel-chromium

Fe-0. 49Si- O. 57Mn-16. OCr-0. 49C

Fe-1. 83Si-1. 84A1-20. 1Ni-5. OMo

Fe-2. 04Si-4. 0A1-4. 1Mn

Fe-0. 48Si-0. 47A1-3. 78Ni-15. 5Cr-3. 56Cu

Fe-0. 5Si-1. 31A1-6. 85Ni-0. 5Mn-16. OCr

Fe-1. 94Si-1. 54A1-11. 7Ni-2. 95Mn -6. 8Cr

Fe-0. 5Si-0. 43A1-4. 42Ni-0. 37Mn-16. 2Cr-2. 09Mo
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APPENDIX III

Composition of Commercial Alloys

Alloy Nominal Composition, wt pct

304 Stainless Steel 0. 08C, 2. OMn, 1. OSi, 18. OCr, 8. ONi,
rem Fe

316 Stainless Steel 0. 08C, 2. OMn, 1. OSi, 16. OCr, 10. ONi,
2. 0 Mo, rem Fe

Almar 362 Stainless 0. 03C, 0. 3Mn, 0. 2Si, 14. 5Cr, 6. 5Ni,
Steel 0. 8Ti, O. 015P, O. 015S, rem Fe.

AM-350 Stainless Steel 0. 08C, 0. 8Mn, 0. 25Si, 16. 5Cr, 4. 3Ni,
2. 75Mo, O. 1N, rem. Fe

431 Stainless Steel 0. 2C, 1. OMn, 1. OSi, 15. OCr, 1. 25Ni,
0.04P, 0. 03S, rem. Fe

410 Stainless Steel O. 1C, 0. 44Mn, O. 349Si, 12. 18Cr, O. 405Ni,
0. 017P, 0.016S, rem. Fe

AM-355 Stainless Steel 0. 13C, 0. 95Mn, 0. 255i, 15. 5Cr, 4. 3Ni,
2. 75Mo, O. 1N, rem. Fe

17-4P1-1 Stainless Steel 0. 05C, 0. 4Mn, 0. 5Si, 16. 5Cr, 4. ONi,
0. 25Cb, 4. OCu, rem. .Fe

300-M 0.38C, O. 7Mn, 1. 51Si, O. 82Cr, 1. 78Ni,
0. 39Mo, 0. 083V, 0. 11A1, 0. 015P, 0.003S,
rem. Fe

. C8620 0. 18C, 0. 7Mn, 0. 2Si, 0. 4Cr, 0. 4Ni, 0. 15Mo,
0. 04P, O. 04S, rem. Fe

T-1A 0. 19C, 0. 89Mn, 0. 25Si, 0. 57Cr, 0. 05Ni,
0.05V, 0. 05Cu, 0. 18Mo, 0. 003B, 0. 02Ti,
O. 013P, 0. 0225, rem. Fe
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Alloy Nominal Composition, wt pct

T-1

BTR

C4140

C4340

Wear Pact

C1144

0. 17C, 0. 8Mn, 0. 23Si, 0. 54Cr, 0. 78Ni,
0. 04V, 0. 24Cu, O. 47Mo, 0. 003B, 0. 013P,
0.0185, rem. Fe

O. 90C, 1. 2Mn, O. 2V, O. 5W, O. 5Cr, rem. Fe

0. 40C, 0. 75Mn, 0. 2Si, 0. 8Cr, 0, 15Mo,
0. 04P, 0. 04S, rem. Fe

0. 40C, 0. 6Mn, 0. 2Si, 1. 65Ni, O. 7Cr,
O. 2Mo, 0.04P, 0.04S, rem. Fe

0. 29C, 1. 53Mn, 0. 46Si, 0. 77Cr, 0. 47Mo,
0. 053A1, 0.003B, 0.014P, 0. 007S, rem. Fe

0.40C, 1. 35Mn, 0. 04P, 0. 24S, rem. Fe

4M 0. 27C, 0. 85Mn, 0. 5Si, 0. 5Cr, 0. 3Mo,
0. 015P, 0.012S, rem. Fe

Brass (yellow) 65. OCu, 35. OZn

Be ryllium-Bronze 2. OBe, 0. 25Co or O. 35Ni, rem. Cu

Monel 65. ONi, 30. OCu, 2. OFe, 1. OMn, 0. 5Si

Inconel 0.04C, 0. 35Mn, 0. 2Si, 78. ONi, 15. OCr,
7. OFe

Rene 41 54. ONi, 19. OCr, 10. OMo, 11. OCo, 3. OTi,
1. 5A1.


