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PREFACE
The study of isothermal transformations of austenite, typified by the now familiar nSIIcurves, goes
back to the early '30's, and the pioneer work of Bain
and Davenport.

Since these earliest studies, many pages

of metallurgical publications bave been devoted to detailed work and discussion in this field.

Many methods

of plotting liSII curves have been us ed or described, but
so far as is known to the author, the thesis written by
Mr. V. J. Joshil, of

t he

Montana School of !-1ines,is the

first to present in detail the magnetic permeabili ty
method as a means for rapid, simple, and accurate construction of these important diagrams.
The thesis herein presented is intended merely to
be a continuation of Mr. Joshi's work, to determine further the practicality of the method, and to develop more
accurate equipment to utilize to their fullest extent
the basic ideas presented by him.

The author wishes to

Ideclaim at t.e start, any credit for developing the basic method, or for evolving the basic principles of the
equipment used.

The author has leaned heavily on Mr.

Joshi's work for basic manipulative techniques and mathematical derivations used in the final calculations.
Any improvements which may have been maGe, or suggested
in the following thesis are mainly mechanical, to simplify, expedite, and improve the accuracy of the original method as developed.
1.

It is hoped that Mr. Joshi's work, together with
this, will stimulate research in the magnetic permeability method to the ena that it may, somenay, replace the
laborious and time consuming procedures originally developed to construct isothermal transformation diagrams.

2.

INTHODUCTION
History of the Isothermal Process
I

The pioneer work of Bain and Davenport in the
field of isothermal transformation

of austenite, first

brought to the attention of the steel industry in a paper presented at the September 1930 meeting of the Iron
and Steel Division of the American Institute of Mining
and Metallurgical Engineers, in Chicago2, opened up an
entirely new vista in the field of heat ~reatment
The investigations

of steel.

into the phenomena of isothermal trans-

formations actually began in 1929, in the laboratories
of the U.S.Stee1 Corporation,
since the publication

in Kearny, New Jersey, but

of the original literature en the

subject, many eminent metallurgists

have delved into the

study, and a large quantity of material has been amassed.
The original work of Bain and Davenport on a few plain
carbon and alloy steels has been expanded to include many
high alloy and special steels, and the results to elate
include a compilation of over 100 "5" curves3, and a
whole new science of heat treatment.
Theory
Since the purpose of this thesis is primarily to
present an improved me chan.lcal. me t nod for plotting isothermal transformations

by means of <1i1'!'ere,nti
a'L mag....

neti c permeabll1 ty be-:;weent~ntZ'llnsformeo,
aust en Lte and
its ultimate tl.'ansformationpr oducts, anit i!'l. view of
the very excel ent treatl!l~{lt
given the th~\'H.·etica1
phase by Mr. Joshi1, only a brief summary of the gen3.

eral theoretical considerations involved will be treated
here.
Steel, of course, is no more than an alloy, of iron
and carbon, lJith varying percentages of other elements
t-hr-ownin, for reasons of toughness, we ar-resistance,
hardness, etc.

Actual.Ly, however, the chief value of

steel is its capacity to har-den to different degrees,
according to the heat treatment given it.

All the changes

in microstructure which determine the properties of steel
are seen to be the result of a transformation of austenite, which is a solid solution of carbon (and alloying
elements) in gamma iron at a temperature above what is
known as the critical temperature.

It has been stated

that "The time requirec for transformation of austenite
to an aggregate of alpha iron and carbides on cooling,
and the cheracteristics of the resulting microstructure,
are a function of t e temperature at which t~e transformation occurs. ,,4 These "aggregates of alpha iron and
carbides,

II

whether pearlite, martensite, bainite, or

troostite, then, result only from the transfornation of
austenite as it is cooled below the critical temperature.
It has long been known that austenite,

hen quenched rap-

idly enough, transforms to hard brittle martensite.

Aus-

tenite alLowed to cool slowly, or nor-majrze , transforms
to

8.

lamelar substance known as pearlite, together iNith

either ferrite or cementite (~e3C), depending on the original carbon content.

It was left to Bain and Davenport

to discover that austenite, when quenched to a given tem4.

perature (below t ne critical temperature) and held there
for a given time would transform to still another product, called bainite.

Bainite actually is a very fine

form of pearlite, and the lower the quenching temperature, the finer the laminations become, and consequently, the harder the steel becomes.

At any given temper-

ature, the time~ at ~~'bichthis transformation to bainite starts ana ends are relatively constant fo~ any
given steel.

These points may vary, of course, to some

extent with the austenitic grain size.

By plotting,

then, for each temperature below the point at which austenite remains stable, down to the temperature at v.rhich
martensite begins to form, the times of beginning and
end of transformation, with temperature as an or-oLnate
and log time as the abcissa, .the familiar

"s"

curve is

formed.
Methods of Plotting "S" Curves
This transformation

just descr-Lbed can be followed

at any given temperature by plotting the course of any
one of the following changes which occur in the physical
characteristics of a steel.
I.

Structural changes.

2.

Voluine changes.

3.

Hardness cbanges.

4.

Changes in electrical res istance.

5.

Changes in magnetic permeability.

Each of these physical clanges has been used as a
means of plotting t e degree of transformation.
5.

Bain

a.nd avenport utilizeo structural changes to set up their
first curves.

By quenching samples to any given temper-

ature for varying lengths of time, and theB ex~mining .the
samples under a metallographic

microscope

I

they wer-e able

to d.etermine the times at whi ch.trans format ion began, as
evidenced by the formation of the first grains of pearlite, and the times at tolhichtransformation
serving the disappearance

ended by ob-

of the last traces of marten-

site resulting from the quenching of untransformed
Volume changes

austenite.

rhich occur with transformation

at

a given temperature have also been utilized to produce
US" curves.

In a paper presented in the Transactions of

the American Society for Metals5, R. A. Flinn, Earnshaw
Cook and J. A. Feilows indicate thpt a definite change in
volume occurs as austenite transforms, and this volume
change, when plotted by means of a dilatometer,

can be

utilized to develop an "S" curve.
Hardness changes have been used to plot curves cUrectly, but their main use is in the hardness of the transformation product at each temperature level, since this
gives the metallurgist a measuring stick by which he can
gauge the effects of heat treatment based. on isothermal
t ransror-mations.

Changes in electrical resistance have also been utilized to plot the curves, since, according to F. B. Rote,
W. C. Truckenmiller,

and ~. P. Wood6, there is a definite

change in electrical resistance as the transformation
vances from austenite to the final transformation
6.

ad-

product.

The magnetic permeability me t hort, purposely left
until last, has been, to date, utilized little if at
all in the actual construction of

liS"

curves.

I

The only

known efforts are contained in some unpublished ~ata from
the Universities of Michigan and Minnesota, and mentioned
by Rote, Truck.enmi11er and \'loodin their paper on isothermal transformations by the electrical resistance method. 6
The magnetic method is based on the fact that austenite
is practically non-magnetic, ~"hi1e the final transformation product is highly so.

As the transformation progresses,

and the percentage of austenite gets smaller, the degree
of magnetism, and hence the ability to transfer or focus
lines of magnetic flux should increase.

By placing the

austenized sample between two magnetic poles, one 1NTapped
with a primary coil carrying a fixed current, and the
other wound with a secondary coil, the operator can record the increase in current induced in the secondary
coil as the increasing magnetic permeability of the sample permits more and more current to be induced in this
coil.

The entire operation, of course, must be carried

out at the particular temperature under investigation.
In practice, the sample is heated in an austenizing furnace until complete transformation is assured, quenched.
in a salt bath to the desired temperature,

and then quickly

placed between the poles of the magnetic device.

By

plotting current against log time, a curve is obtained
from which the times of beginning and end of transformation
may be obtained.
7.

Summary of Previous Work
In September, 1948, lJr. V. J. Joshi, a stu ent in
the graouate school at the Montana School of

ines, began

to study the possibilities of determining an "6" curve,
using the well known change in magnetic permeability as
a yarostick for plotting the course of the transformation
of a steel at a given temperature.
After a certain amount of preliminary study, Mr.
Joshi set up the necessary equipment to carry out his
tests on X-9l65 steel.

For simplicity, this equipment

will be broken down into three groups for discussion.
These groups include the furnaces, the magnetic device,
and, for lack of a better term, auxiliary equipment.
Furnaces
Three furnaces were utilized.

One, with a temper-

ature range up to about l7500F for austenizing, and two
with working ranges up to l4000F for quenching ana for observation of the magnetic transformation.

This latter

furnace will be referred to hereafter as the transformation furnace.

Because close temperature control was nec-

essary, electric furnaces were used for all three.

For

the austenizing furnace, a heavy duty type, supplied by
the Heavy Duty Electric Company, Milwaukee, Wisconsin, already installed in the laboratory, was utilized.
furnace had a safe

This

orking temperature of l7500F' and was

equipped with a built-in thermocouple and a temperature
reading millivoltmeter.

The inside dimensions of the muf-

fle were 4-1/2 In. by 3 In. by 9 in.
8.

This furnace is

sho -m in the photograpb on plate A, Appendix A.
For the quenching bath, there was also a furnace
available, a small pot furnace, manufactured by the Electric Heating Apparatus Company.

This furnace had.a safe

working maximum of 18500F, much higher than that which
would be required.

The inside of this furnace was 3-1/4

in. in diameter and 6-1/2 in. deep.
Another furnace, similar to this, was required as a.
transformation furnace.

Since there were no more avail-

able, Mr. Joshi built his own, utilizing two semi-cylindrical heating elements of 400 watts each.

The shell of

the furnace was made from a sheet of 20 gauge galvanized
iron sheet, and had t

0

rectangular holes cut at opposite

ends of a diameter, a feiN inches above the base, to permi t insertion of the magnetic pole pieces.
ing elements were similarly cut.

The t wo heat-

The inside of this fur-

nace was 3-1/2 in. in diameter and 7-3/4 in. deep.

This

furnace was mounted directly on top of the quenc~ing furnace so that no time would be lost in transferring the
sample from tbe quenching bath to t~e magnetic device.
Both furnaces operated satisfactorily on 110 volts.
Jl.1agnetic
Device
This was the most important part of the whole apparatus.

Two cores

by 1/2 in. by 6 in.

ere cut from armco ingot iro~, 5/8 in.
A primary winding of 1600 turns of

no. 20 A. ~'J. G. enameled copper magnet wire was !Ilound
on
the outer 2 inches of one, and a secondary winding of
200 turns of t e same wire was wound on t e other. Dur9.

ing later operations, the author founa it necessary to
revvind the primary with 1600 turns of no. 20 A. '\Il. G. wire
covered Nith a special heat resistant insulatfon, because
the original primary coil burned out.
2.5 amperes in the primary,

With 110 volts and

a current of 0.3 amperes was

induced in the secondary with a 1/4 in. air gap, outside
the furnace.

With the poles touching, a current of 0.75

amperes was induced.

Inside the furnace, these readings

were reduced by 25 to 30 percent.

This was probably due,

as ~I::r.
Joshi says, "to some flux leakage through the furnace shell and the heating elements. 117
Auxiliary Equipment
The first item under this category is the temperature
measuring device.

Mr. Joshi constructed for himself, a

chrome-alumel thermocouple,

and standardized its milli-

voltmeter readings with a standard Bristol pyrometer.
Since the transformation

furnace was located directly a-

bove the quenching furnace, and since both ",ould operate
at the same temperature, one thermocouple sufficed for
both furnaces.
mocouple.

This

The austenizing furnace had its own therms checked with the Bristol pyrometer,

and 1J1!aS
found to have an accuracy of ± 30}",

ilThich
was suf-

ficiently close for austenizing.
Since the temperature range for transformation

would be

from about 6500F to 13000F, t-1r.Joshi used a salt bath,
utilizing two salts supplied by E.F. Houghton, Ph.iLad eI>phia, Pennsylvania.
3500F to 11000

The first had. a working range of

and the other from 9500F to 14000F.

To

hold the salt, a pot was made from seamless pipe, and des10.

igned to fit insi~e the quenching furnace.

It was held

in place by a flange around the top.
Specimen Holder
In order to provide some means for handling the specimen at elevated temperatures, and still prevent excess
loss of heat, a length of 1/4 in. fused quartz tubing was
used as a sample holder.

A piece of 1/8 in. stainless

steel rod was threaded on one end, and on the other, was
flattened and ground down until it would fit inside the
quartz tube.

This short piece was held in place by a

length of fine wire secured to the top of the piece and run
up through the tube and fastened at the top.
was drilled and

t apped ,.and

Each sample

screwed onto the end o-fthis

sample ho.Io.er-,
Preliminary Work
As soon as this equipment had been constructed, and
the transformation furnace mounted on top of the quenching
furnace, the two furnaces wer-e placed on a small table imme iately ad.jacerrt to the a.ustenizing furnace, so that no
time would be lost in transferring the sample from this
furnace to the quenching bath.

The auxiliary equipment

was set up, and a 0 to 1 ampere ammeter was connected to
the leads of the secondary coil in the magnetic device.
Samples ~"Terecut from a bar of x-9165 steel to a final size of 1/4 in. by 1/4 in. by 1 in.

These were dril-

Led and tapped so that they could be threadet9 on the end
of the sample holder.
efore experimentation began, it was desired to det-'
11.

ermine t e austenite grain size of tr..esteel being
investlgated.

This

"(,ITaS

done nsing the McQuaid-Ehn testS

and a grain size measuring microscope.
It was also necessary to determine the time and temperature which would be required in the austenizing furnace
to ensure complete transformation of the sample to austenite.

This was accomplished by heating several samples for

different time intervals at 16500F, and quenching them
rapidly in water.

It was found that a maximum hardness

could be attained, indicating complete transformation to
martensite, by

eating for 15 minutes at this temperature.

,Following this preliminary work, the actual isothermal runs were made.

The sample was fitted onto t e end,

of the sample holder, and placed in the austenizing furnace, held at 16500F.

The quenching and transformation

furnaces were brought up to the temperature being investigated, and a current of 2.5 amperes was allowed to
pass through the primary coil.

'i.lJ'hen
the austenizing was

completed, the sample was quic ely inserted in the quenc nng
bath for a few seconds and then placed between the poles of
the magnetic device.

The time 'lJITaS
r-ecor-ded for each 0.02

ampere rise in current, the stop watch having been started
whe n the sample was pulled from the quenching bath and inserted into the magnetic a.evice. This was repeated for each
(Note - Author's procedure i
at variance

it

t is.

See page 22).

Since t e actual resu t of each temperature run was
a curve of current plotted against log time, it
12.

as necessary

to determine from this curve t e actual time of beginning and end of transformation.

Mr. Joshi's

method of determining these times is discussed at considerable length in a later portion of this paper, and
will not be further described here.
Previous wor-k by Mr. D.K. Das, in the graduate
school of the ~1ontana School of Mines in 19469 had
a.lready established an tiSII curve for this particular
steel, and Mr. Joshi's diagram matched this quite
closely, seemingly indicating that, on the basis of
one test at least, there were strong possibilities
that.this method wou d be a satisfactory one.
Summary
The original intent of this extension of Mr. Jos its
work was to determine whether the method

ras actually

feasible for other steels, or whether his results were
merely coincidental.

v11th this end in mind, another

st eel was taken, S.A.E. 6150, and an effort was made to
plot an liSII curve for it by the same me t hod.. At the
same time, two other stuoents, Mr. Charles Arentzen and
Mr. T.P. Liss, construct~d a curve for this steel, using
the standard metallographic

method.

A comparison be-

t we en the two curves may be seen on Plate D, Appe ndtx A.

Before any actual ,-vorkwas clone, Nr. Joshi's
equipment was overhauled, and in many cases modified.,
as will be described in a later section.

The furnace

control boarCl was made more permanent, the arrangement for steadying the sample hold.er was modified, a
Bristol pyrometer 'r1i
th a direct r-eading mi11i vol tmeter
13.

Tas substituted for his homemade thermocouple, and the
furnaces wer-e rearranged to provide a more convenient
layout for rapid work.
The actual results, from the standpoint of obtaining an accurate "s 11 curve, were clisappointing.

A

Curve was obtained: but it does not match too well,
either the one obtained. by Arentzen and Liss, or the
standaro curve given in the "Atlas of Isothermal
Diagrams."3

This

do es

method is at fault.

not mean, however, that the

Valuable experience was gained

by learning what was wrong with t e equipment as it
now stanos, and how the manipulative techniques can
be improved.

Also, the work pointed out several

places where the magnetic permeability method either
ItVillnot work, or must be in part supplemented by
other methods.

These details will be pointed out in

later sections, and it is hoped that future investigators will find them useful.

14.

INVESTIGATION

OF S. A. E. 6150 STEEL

Preliminary Work
It was felt that, before any actual measurements
could be taken, the equipment as used by Mr. Joshi
should be rearranged and modified to provide easier,
faster and more accurate operation.

Since the austen-

izing furnace was permanently installea on a bench in
the laboratory, it WaS necessary to orient the remainder
of the equipment around it.

To accomplish this, Hr.

Joshi mounted the transformation f.urnace on top of the
quenching pot furnace, and placed the entire assembly
on a.table immediately adjacent to the austenizing furnace.

The electrical controls for these two furnaces

and the primary circuit controls for the magnetic device
ere mounted on a piece of plywood lying flat on the
table next to the two furnaces.

This placed. the top of

the transformation furnace above the level of the austenizing furnace, and required that the sample, when removed from the austenizing furnace, be lifted up and
then lowered.through the transformation furnace to the
quenching pot.

It was felt that time could be saved in

this operation if the furnaces were lowered.

They were,

consequently, installed on a low bench directly in front
of the austenizing furnace.

This shortened consider-

ably the time re uired to remove the aus t en i zed sample
and to quench it in the salt pot, and decreased the
possibility of transformation starting before the
sample could be placed between the pole pieces.

This

modified. layout may be seen in the photograph on Plate A,
15.

Appeno i

A.

tlth the shifting of the furnaces, it was felt
that the control panel

'VtTas

too far aTtJayfrom the ac-

tual operating area, so it was mounted vertically just
to the left of the austenizing furnace on the laboratory
bench.

Since this panel contained all the rheostats

and meters for the operation of the

tr/TO

pot furnaces

and for the control of the primary circuit of the
magneti c 0evi ce, this new arrangement al.Lowed the
operator to stand directly in front of the three furnaces and control the entire operation without moving.
At the same time, t e various pieces of equipment
were secured more firmly to the panel, and the wiring
was made semi-permanent.
On the original transformation furnace, the pole
pieces for the magnetic oevice rested in the rectangular
holes cut for them, and were supported on the outside
by a rather precarious arrangement of laboratory ring
stands.

To make this more solid, and to permit better

alignment of the poles, t~NOwooden yokes were des igned
to hold them.

The primary pole was fi:x.ecl
in place

permanently by a
nace stand.

llyn

shaped frame secur-edto the fur-

Since it was necessary to remove tem-

porarily one of the poles TN'hilethe sample was being
quenched in the ealt pot, the secondary pole mounting
was prepared in such a fashion that the pole piece
could slide in and out of the furnace without losing
its alignment vit_ the primary pole.
the end of the po e was drillecl an
16.

To permit thiR,
tapped 'to take the

threadee

end of a section

of 1/2 in. aluminum

The aluminum

was chosen because

to eliminate

the possibility

any other non-magnetic
as ~atisfact ory.

it was available,

of flux loss.

material

A 'VTidewooden

to the furnace

the pole piece to be partly
"t"hilethe sample 1!ITaS
being
time,
v.li

insuring

just

rod to slide through

stand.

This permitted

withdrawn

from the furnace,

quenched,

an

at the same
alignment

t,.rhen
the sample was placed. be twe en

them. after quenching.
the photograph

or

yoke was made \'1i
th a

that it wou Ld be in correct

th the primary

and

Brass

would have been

hole in each arm for the aluminum
and was secured

rod.

This arrangement

on Plate

The sample holder

A, Appendix
developed

is sh01ATDin

A.

by Nr. .Jcahd , while

cons idered. to be sat isf ac t or y , seemed capable of being
improved.

To this end, S0me experimentation

",ith the possibility

in rnLnd of fusing

metal rod into the end of the quartz
accomplish
silicate

t is, a mixture
ras rammed

metal piece

of alundum

an

several

To

and sodium

r,vhilethis did serve to

into the end of the tube , it also made

too brittle

attempts

for successive

to make this method

ab and.cned , and the original
described

tubing.

the whole end fused in the

flame. of an oxygen b l.owpi.pe.

the quartz

the threaded

into the end of the tube, the

inserted

fuse the metal

was done

heating.
work,

sample holder

After

it was
as previously

was used.

The device

used. by Lr. Joshi to support
17.

the sample

holder in the furnace, however, dld not provide a
rigid enough alignment.

To attain this end, an

entirely new support was fabricated and mounted directly on top of the transformation furnace.

This

necessitated a new and larger top for this furnace.
The hoLder , made by bending strap iron, wor-ked very
well.

The details of this device may be seen in the

photograph on Plate A, Append.ix A.

Once the sample

had been quenched, the holder'was lifted up and inserted in the slots in the two horizontal sections of
the support.

The two modified cupboard latches gripped

the quartz tube securely, and a marking on the tube
gave the exact distance to insert it to ensure that
the sample was betveen the pole pieces.

Screw slots

on the 10101erhorizont al piece' allowed. adjustment of
the support to position the holder properly.

Holes

were drilled in the two horizontal pieces to allow
insertion of the hot end of the thermocouple into the
furnace.
In his work, ~Jr.Joshi constructed and calibrated
his own chrome-alumel thermocouple, using a Bristol
pyrometer for the calibration.

Since time did not

permit the making and calibration of another thermocouple, it was decided to use the BriRtol pyrometer itself, since it was thought to be accurate, and since
it was furnished with a direct temperature reading
millivoltmeter.

On completion of the actual isothermal

runs, this instrument was calibrated against the
melting point of pure lead.
18.

This test showed the

readings

to be 150P

plotting

the

"s"

It is realized
completely
been

101'1,

anc" all temperatures

curve were corrected

by this amount.

tbat this cannot be con sLder ed a

accurate

calibration,

and there may have

some .error induced by the application

blanket

correction.

However,

furnace

temperatures

controls,

millivoltmeter
perature

of this

due to the crudity of
and the fact that the

could not be rea

accurately

to a tem-

closer than looF , it is felt that any aCidition-

13.1error introduced
These measures
to the existing
paragraphs.
ments

used. in

was negligible.
completed

equipment

ths actual modifications

as described

in preceding

It was realizeCi that many more refine-

could have been,

and should have been made, but

time was too short to al.Low any further preliminary
work, and it was felt that at least a good indication
could be obtained

as to the feasibility

of the method

itself.
Preparation
Before the actual
there was further
accomplished.

of Samples

isothermal

additional

runs could be made,

work whf ch had to be

The first item under this category

the preparation

of samples.

The stock of S.A.E.

steel available

was in the form of small plates,

6 in. by 2-1/4 in. by 1/4 in.

The thickness

was
6150
about

of individ-

ual plates varied by as much as 1/16 in., so only tv.TO
plates

of as neax the same thickness

utilized..

Strips approximately
19.

as possible

were

1/2 in. wide were cut

from these plates with a power hacksaw, and t¥o I-ln.
pieces were cut from each strip.

These samples were

then milled down to a final size of 5/16 in. by 1/4 in.
by 1 in. on a shaper in the school machine shop, and
the end of each was drilled and tapped, with a 6-32
thread to fit the rod on the end of the sample holder.
The next two preliminary

steps to be accomplished

were the grain size determination,
time

temperature.

and

ana ths austenizing

Since Liss and Arentzen were

using the same steel, it was felt that their results
here could,be utilized, rather than running separate
tests.

Grain size

HcQuaid-Ehn test.8

was

cletermined by using the standard

The grain size determined by this

test was found to be between size 7 and size 8.

Al-

though grain'size is not necessary in the determination
of an

"s"

curve, it is always given because the grain

size does have an effect on the location of the curve
~ith respect to the time and temperature axes.
Austenizing time

and

temperature were found by

heating several samples at l6500F for varying times
and tlen quenching rapidly in cold water.

It was found

that an austenizing time of five minutes at this temperature gave a sample a Rockwell ha.rdness of 60-65
on the C scale indicating that the sample was completely
martensitic and had hence been completely austenized
before quenching.
periment

wer-e

Since the samples used in this ex-

larger than those useel by Liss and Arentzen,

this time was extended to seven minutes at l6500F to
20.

insure complete aust enization.
this temperature an

A sample heat ed to

quenched gave a hardness on the

Rockwell C scale of 60-63.
Isothermal test Runs
In order to insure the collection of sufficient
data for the "s II curve, it was decided to make isothermal runs at 100°F intervals from l3000F to 700°F.
Because of the difficulty in maintaining exact tempera.tures in the furnaces, ana because of the error already mentioned in the pyrometer, the runs were actually
made at 1300°, 1215°, 1110°, 9050, 8100, and 7150.

All

furnaces were brought up to the desired temperatures
before any actual runs were made, and the magnetic
device was inserted into the transformation furnace
so that it too couLd attain the temperature being investigated.

When the furnaces had reached the desired

points, a sample was fitted on the end.of the quartz
rod, and inserted into the austenizing furnace through
a peep hole in the furnace door.

The current in the

primary circuit was turned on and all circuits were
tested.

It is interesting to note here, that as the

temperature of the pole pieces increased, the amount of
current induced in the secondary coil increased correspondingly.

This had no effect on the determination,

howev er-,because the readings were taken at.a constant
temperature.

It was found that at elevated temperatures,

a current of 2.0 amperes was all that could be maintained in the primary coil, and this was used for all
21.

determinations.
1!Jhenthe sample had been in the austenizing
nace for seven minutes,
inserted

fur-

'Nit hdr-awn and

it was rapidly

into the salt pot for three or four seconds.

A stop watch was starteCl as the sample was inserted.
into the salt.
at a variance

It should be noted. here, that this is
with Mr. Joshi's

procedure.IO

tests, he did not start his watch until
withdrawn
period

from the quenching

before

ba.th.

tranRformation

the sample is withdrawn

In his

the sample was

Since the incubation

actually

starts as soon as

from the austenizing

it would seem that this might introduce

furnace,

an error in the

time factor.
After the sample was quenched
temperature,

it was quickly

of the magnetic

pushed

on the secondary

the sample,

circuit was watched

it remained

as the transformation

constant,

used.

increase

reading

1f!henthe meter reading

the transformation

and the ammeter
closely.

For a

at a low value,

was recorded,

and

reached

a steady value,
and

and quenched.

on a belt sander,

values were taken with a Rockwell
22.

since

on the meter

from the furnace

The surface scale was removed

The

possible

was assumed to be completed,

the sample was removed

hardness

pole was

started, began to increase.

time for each 0.02 ampere
this was the smallest

the poles

the sa.mple holder

The secondary

in firmly against

few seconds

inserted between

device by clamping

into the support bracket.

to the operating

and.

hardness

tester.
ture
level

This procedure
level,

and at least

in order

was repeated
two samples

to ascertain

be obtained.

23.

if

similar

at each temperawer-e run at each
results

could

.j

.Date anc' Calculations
The actual data obtained

from each isothermal

run was in the form of tine and current read ings, as
indicated

in Table I below.
Table I
Isothermal

Transformation

at 11000F
time
secs

Current
amps

----------------------------------0.28

12

0.30

32

0.39

38

0.34

41

0.36

44

0.38

56

0.39

170

As may be seen from the table, the current
steadily

to a value of 0.38 amperes,

low of 0.28 amperes,
constant
figures

from an initial

ana then rose very slov-flyuntil

value of 0.39 amperes was attainecL
are plotted

time as an abcissa,

climbed

These

\,li
th current as an or-danate ann log
on Plate Q, Appendix

A.

Since,

may be seen, this is a smooth

curve with no definite

breaks,

to determine

it would be difficult

times of beginning
was necessary
calculate

a

the actual

and end of transformation,

to resort

as

and it

to other means to actually

these times from the curve.
Calculation

of Data

From the studies of Bain on rates of reaction
24.

in solid

steelll, it was determined that the decomposition

of

austenite waS a reaction wherein the rate of decomposition was directly proportional

to the concentrat ion.

This may be expres~ed in the form:
-dc = Kc
dt
where K is a proportionality constant,
c is the concentration of the material,
and dc is the rate of decrease of concentration.
dt
Integration of the above equation between the limits
of cl at time t , and c2 at time t2 give the following
l
12
expression:
Kt ::Ln Ao
Ae
where Ao equals the initial concentration of austenite, and Ae equals tbe concentration at any time, t.
From this equation, it may be seen that if In Ao

x-

is plotted against time, a straight line curve will ~e
obtained, and the times corresponding to the beginning
and end of transformation

may be c~lcu1ated.

As Mr.

Joshi states, "difficulty was experienced in plotting
In Ao against time, and therefore, the equation of the
~

line was determined by the method of least squares.

13
fI

According to this method, if the equation of a line
is in the form y = a + bx , then a and b must satisfy
the f 0110 ring equat ions:

= L y, and
br x2 ::z xy

an ...
bI x
aIx

T

where n equals the number of values of x and y,
25.

!'x equals the sum of the values of x,
L.y equals the sum of values of y,
L x2 equals the sum of the values of x2 ,
LXY equals the sum of the values of the product

of each x and y.
For this experiment, y equaled time, and x equaled
1nAo. These values were correlated for each temperature
Ae
in a manner s hown in Table II.

0

Table II. (1100 F)
In

*0
Ae

LX=

x2

y
time
sec.

xy

0.104

28.0

0.0108

2.912

0.223

32.7

0.0497

7.512

0.358

36.3

0.1282

12.995

0.511

38.8

0.2611

19.827

0.693

40.5

0.4802

28.066

0.916

41. 5

0.8390

38.014

1. 2,03.

43.5

1. 4472

52.451

1.609

47.3

2.5889

76.106

,.302
7.919

Zy

-

55.0
363.7

LX2

5.2992
126. 610
=11.1043zxy - 364.493

-

As may be seen on the time-current curve (Plate
C, Appendix A) the time values corresponding to each
10 percent change in Ae could be read directly.
gave values for y, an

values for x were

from a table of natural logarithms.
was 9.

This

etermined

In each case, n

With these figures, the two equations given

on the preceding page wer-e solved simu1taneous1y for
x and y. For 1100oF, the equation was found to be:
26.

y

=

31-tlO.7x

Since by custom, transformation
start when the austenite

is assumed to

content is 99 percent,

and

is assumed to be completed. when this content is reduced to 1 percent,
were determined

the actual times or values of y

for beginning

and end of transformation

by substituting

values of x equal to In 100 and In
99
100
-y- respectively. This was repeated for each temperature
ginning
III,

level, and the values for the time of bean . en

of transformation

are given in Table

below.
Table III

Temp.
level
of

Start of
Tra.ns. time
in se c.
magnetic
method

Start of
Trans. time
in sec.
micro.
method

end of
trans. time
in sec.
magnetic
method

end. of
trans. time
in sec.
micro.
method

--~-----------------------------------------------------1300

61. 5

1215

31.1

5.6

72.4

77

1110

31.1

4.S

SO.3

85

1015

34.5

27.0

122.4

850

905

10.7

11. 0

127.1

21S

810

33.9

9.4

204.8

105

715

20.5

14.0

106.1

lSO

289

The data for the microscopic
tained from the experiment

of Liss and Arentzen.

may be seen, the correlation
data is not very good.

method were ob-

b et we en

As

the tv.TO s et s of

This discrepency

will be dis-

cussed in detail in a later section of this thesis.
These two "S" cur ve s are s hot n on Plate D Appendix
27.

A.

In acaition

to t~e trans~or~atlon

reI event data. are usually

given to ald in the use and

of the liSII cur-ve;

interpretation

tenite grain size, austenizing
analysis

of steel, hardness

aus -

These include

time and temperature,

of transformed

samples

at

level, the Ae3 and Ael temperatures,

each temperature

and the Ms temperature.

Normally,

are given by the manufacturer,
the steel.

times. a~~ltlonal

the Ae temperatures

as is the composition

In this case, only the composition

of

was

The s t and.ar-dAe3, Ael and Ms temperatures
for S.A.E. 6150 steel are l3650F, l440oF, and 620oF,
available.

respectively.14

The composition

fOllow.s: 0 0.48%,

of the steel was as

Or 0.92%, Mn 0.77%, P 0.013%,

Si 0.21%, V 0.14%, Ni 0.042%

(residual),

S 0.024%,

and Mo 0.012%

(residual) •
As noted previously,
seven minutes
formation

was necessary

size 7 an

The hardness
was determined

of l6500F for

to insure complete

of the steel to austenite.

grain size as determined
between

a temperature

trans-

The austenite

by the }IIcuaid-Ehn

test was

size 8.
of each sample after transformation

on a Rockwell

hardness

tester.

After

the transformation

was completed,

quenched

and the surface scale removed by

lightly

in water,
smoothing

on a belt, sander.

that accurat e values

ar-d ne ss

In order to insure

"V>Tere
obta.ined, tlliel
ve readings

were taken on each sample,
final

the sample was

three on each side.

is an aver ge of these values.
28

The
In no

case was tbere a deviation
Rocln'lell C hardness
temperature

of more tl an four to five

points.

The h ar-dnesse s at each

are given in Table IV.
Table IV
Hardnesses
Temperature

Level

at each
after Trans-

formation
Temperature

Hardness

of

Rc

1300

12

1215

12

1110

15

1015

32

905

31

810

30

715

29

29.

Results,

Observ

tions ant Conclusion8

The actual data obtained
sample of S.A.E.
at variance
graphic

the standard

between

6150 steel tested

were disappointingly

with the data obtained

method

previous

by this method on the

employed

by Liss and Arentzen,

curve as published.

section,

both by the' metallo-

As

W8,S

there is very little

the times of beginning

for the two methods,

except

Also, in observing

and from

noted in the

correlation

and end of transformation

in a few isolated

the hardness

readings,

points.
as

given in Table IV, it is noted that ttey do not progress from low to high readings
creases,

as should be the case.

at temperatures

above 100001<\

case, as the photomicrographs

They are too low

In almost every

show, (see Plate B,

A) the final structures

of the steel, after

transformation,

instead of becoming

finer pearlite,

to the point of becoming

as the temperature
easily resolvable
dicate

decreases,
pearlite.

that while an actual

de-

and remain more or

less constant below this point.

Appendix

as temperature

remain

progressively
unresolvable,

as a fairly

All of these points
transformation

coarse,
in-

was in-

dicated by the al.ter-att ol of the magnetic

properties

of each sample

that took

the actual transformation

place was more like a norm&li~1ng
isothermal

c ange.

treatment

It is unfortunate

time was not ?vailable

than an

that sufficient

to st ay with this pl'ublem and,

make an effort to discover

the cause for the difficulty.
30.

The author feels that there
the magnetic
8 everal

permeability

limitations

is a definite

system,

merit to

albeit there are

1'11'hich
\~Tillbe dis cus sed lat er.

There are several

limitati'ons in the equipment

which may help to account
in the final analysis,

for the poor results,

ano

the errors ~Tere probably

caused

not only by some or all of these, but also by what
may have been incorrect
first and most important
t we en removal

manipulative

time of beginning

fiel<L

in the. order of 3 to 5 seconds,

it was necessary

and then place

it between

This is difficult

increase

a quenching
suitable,

culty,

poles,

transformation

it requires

lfi.olten
lead wou l.d probably

to long
be more

the heat from the

than the salt.

i.e., the length

tem-

salt for a quenching

since it will remove

sample more rapidly

in-

the magnetic

before

this aelay because

time.

furnace,

enough to do, and. it is

felt that the use of molten
medium

to

cooling to the desireo

all in the 3 to 5 se cond interval
starts.

the

bath for a time sufficient-

ly long to insure thorough
perature,

where

should have heen

from the austenizing

sert it in the quenching

and insert-

At temperatures

of transformation

the sample

The

of these is the time lag be-

from the aus t em.z t.ng furnace

ion in the magnetic

remove

techniques.

This same diffi-

of time required

to re-

move the sample from the austenizing

furnace,

it and place it between

poles, may well

have accounted,

in part,

the magnetic

quench

for the coarse structure
31.

21994

and

softness

of the final pro~uct

allowing

transformation

ments

to begin before

could be started.

appeared

of transformation

actual measure-

In other wor-ds , some of what

to be final transformation

have been actually

~y

product

may well

formed while the sample was being

moved and quenched.
Another
sidered

effect,and

one which was not con-

at the time of experimentation,

is the fact

that steel samples held at any temperature

for some

time after transformation

is completed

at that temp-

erature,

in structure,

with result-

tend to coarsen

ing decrease
stage

t .

in hardness.

no particular

ples immediately
partly
formed,

During the experimental

effort was made to remove

upon completion

sam-

of transformation,

to insure that the sample was completely

trans-

ana partly to make sure that the secondary

current actually

had reached

a constant

maximum

value.

This was necessitatecl by the fact that the ammeter
this circuit could only be read to the nearest
am~res.

Since the total current range

formation

was only about 0.08 to 0.10 amperes,

did not allow for fine differentiations
change.

Al though the above phenomenon

not account
tained,
result

0.02

in transthis

in current
probably

did.

for the coarse soft structures

it is felt that they were in some measure

ob-

the

of it.

Despite
results

entirely

on

the difficulties

obtained,

encountered,

and the poor

it is felt by the author that there is
32.

aefinite

merit in tb1s system.

periments

So far, only two ex-

have been run, one of ""hich was successful,

and one of which was not.

A considerable

a.dditional work, stu y, and testing
fore the absolute

merits

ability

method

.advantages
Joshi,

advantages,

before

is thronn

is necessary

into the discard.

permeThese

summed up by Hr.

as follows:16

"The chief advantages
the magnetic

that every

the magnetic

have been very concisely

in his thesis,

be-

of the me t ho d can be evaluated.

There are so many inherent
avenue must be explored

amount of

which can be claimed for

method over the metallographic

method

are the following:
1. It affords a rapid
taining
quire

the isothermal

considerable

method

data which would

means of obotherwise

re-

time and labor if the metallographic

is employed.

2.

Only one specimen

perature
graphic

and accurate

is required

level against 15-20 required

at each temin the metallo-

method.

3.

The method

is independent

of the judgement

of the observer.
4.
available

The method
immediately

since no subsequent

is continuous

and the data is

at the end of the transformation
testing

or metallographic

polishing

is required."
There are also, several known or probable
limi tat ions to the .magnetic me t hod which might be
33.

enumerated
1.

as follows:
Steels which have a beginning

time in the

order of 1 to 4 seconds will be difficult
because

of the inherent

initial time lag required

transfer

ana quenching

readings

can be st ar-t ed ,

2.

of the specimen before

There is a possibility

such as chrome, manganese,
·1rJillaffe ct the magnetic
or of the transformation
3.

to handle,

magnetic

that alloying

elements.

van ad i.um, molybdenum,

properties

by

etc.

of the austenite,

product.

In some cases, it will be difficult

mine the end of transformation

to deter-

for temperatures

this time is very long, since the time-current

where
curve

tends to flatten out toward the end of transformation,
making

it difficult

to calculate

the actual time of

completion.
4.

Mr. Joshi has already pointed

method may not be successful
"This is because,
be ejected'from

out that this

on hypereutectoid

the first decomposition

austenite

steels.

product

at high temperatures

to

is

proeute ctoid cement ite wh i.cn is non-magnet ic above
Ao temperature. ,,17 Further
necessary

investigation

will be

to subat ant i at s, this point.
Recommendations

for Improved

Equipment

It is felt that much can be done to improve both
the equipment
to the method.
ginning

and the manipulative

techniques

These will be discussed

with the furnaces

used.
34.

necessary

in order, be-

One big ~isa~vantage
equipment
separate
naces.

inherent

in the oresent

is the fact that the austenizing
from the transformation

furnace

and quenching

is

fur-

Since these latter two are placed one on top

of the other, there is no reason why the·austenizing
furnace

cannot also be placed on top of the trans-

formation

furnace.

in one vertical

This wou.ld put all three furnaces

line, and expedite tremendously

shift from austenizing
All three furnaces

to quenching

to transformation.

could be of the pot type, similar

to those now being used for quenching
The magnetic

device,

armco.

and transformation.

as now used, is wound on

cores ·of armco ingot iron.
loss if laminated

There would be less flux

cores were used in lieu of the

The primary

coil, consisting

of 1600 turns

of 20 gauge ".Tire,o]i
th a special heat resistant
tion is satisfactory,

but the secondary

the resistance

current to be induced.
siderable

and allow a greater

Since there is also a con-

it is believed

that a heavy copper core

outside all of the three furnaces

a large measure eliminate
secondary

This

flux loss through the steel outer shell of

the furnaces,
running

insula-

coil should

be wound with 16 gauge instead of 20 gauge.
would decrease

the

this.

would be to

The meter on the

coil should be a 0-1000 milliammeter

to per-

mit finer current readings.
The iron pot used for quenching
but the quenching

medium

is satisfactory,

should be lea , rather than
35.

molten

salt.

Alt ough a steel sample tluenched in lead

would tend to float,

the sample

cause the sample holder
preferrecl, because

could be held down be-

is rigid.

The lead is to be

it \.vi11remove the heat from the

sample much more qu Lck'ly than salt, thUR cutting d own
the initial time delay.
The samples themselves
uniform

size.

On the basis

should be all of an exact
of experience,

.felt that the shape of the samples
a circular disc, drilled
rather

This

more accurately

between

the

poles.

Each furnace
connected
meter.

should have a separate

to its own temperature

This would simplify

easier

sample us ed to date.

be easier to make of an exact size,

and could be positioned
magnetic

should be t hat of

and. tapped diametrically,

than the rectangular

shape sample woul

it is now

for the operator

the desired

furnace

manipulation,

to maintain

temDerature

Provisions

reading

thermocouple,
millivoltand make it

each furnace

with a minimum

at

of effort.

shou Ld be made to make the entire

set-up gastight,

and cocks should be provided

to allow for the introduction

of an inert atmosphere,

such as nitrogen.
Automatic
most desireable,

temperature

controls would be the

of course, for all three furnaces,

but since this is impractical
monetary
method

without

a considerable

outlay , it is felt that the present rheostat

of controlling

temperatures,
36.

if refined,

is

satisfactory.
A length of fused. quartz,
side to al.Low the passage

large enough on the inand fixed

of the sample,

rigid.ly inside the center of the austenizing
ano extending
pieces

furnaces

do 'f,oIJ nwar-0. almost to the magnetic

pole
In

should serve 8.clmirablyas a sample guide.

operation,

the sample and sample holder

ould be in-

'IIT

serted into this tube, to a depth ioIrhich
wou Ld place
the sample within
austenizing

the austenizing

was completed,

zone.

the sample

all the way tr~ough

into the quenching

for 2 or 3 seconds,

an

between

the magnetic

the preliminary

poles.

a tremenClous advantage

over

incorporating

all of these

is Lnc'Lud.edas appe nd ix B.

It is sincerely
experimentors

as low as 3

methods.

A furnace design,
recommendations

pot, held there

This cycle should cut

time down to possibly

operational

could be shoved

then drawn up to a position

to 4 seconds, providing
present

When the

hoped by the author that future

ill be aided by the points presenteo

here.

}~any recommendations

better

procedures

future

readers

have been mac e regarding

an _ eqUipment,

and if nothing

should gain some knovdedge

to do in conducting

isothermal

the magnetic

permeability

to be done.

New equipment

manipulative

techniques

of what not

transformation

method.

else,

runs by

Much remains yet

must be built,

new

must be tried, and many,

many samples of d.ifferent steels must be tested before
37.

the final merits of the system can be evaluated.
It is hoped, that if the system is determined
to be useful to thB steel industry,
School of Mines receives

rightful

ultimately

that the Montana

credit.
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FIGURE 1

FIGURE 2

Figure 1 - General View
(1) Transformation Furnace
(2 ) Quenching Furnace
Thermocouple Temp. Indicator
(3)
Secondary Coil ammeter
(4)
Austenizing Furnace
( 5)
Aust. Furnace Control Panel
(6)
Mat n control panel
(7)
Figure 2 -- Sample Holder Support
Figure 3 -- Furnace Layout
(1) Semple Holder Support
Transformation Furnace
( 2)
Quenching Furnace
(3)
Secondary Coil Yoke
(4)
Secondary Coil
( 5)
(6 ) Prima.ry Coil
Figure 4 -- Austenizing

FIGURE 3

'FIGURE 4
APPENDIX A, PLATE A
\

Furnace

FIGURE 1

FIGURE 2

FIGURE 3

FIGURE 4

Figure 1 - Quenched at 12000F.
Magnification 350x.· Etched '15 sec.
2.5% picral, 1.5% HOL
Figure 2 - Quenched at'10000F.
Magnification 350x. Etched 15 sec.
2.5% picral, 1.5% HOI.
Figure 3 - Quenched at 900°F.
Magnification 350x. Etched 15 sec.
2.5% picra1, 1.5% H01
Figure 4 - Quenched at 800 o F.
Magnification 350x. Etched 15 sec.
2.5~ picra1, 1.5% Hel.

APPENDIX A, Plate B
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APPENDI

B

Improved Furnace Arrangement for Hagnetic Permeability
Hethod
The drawing of the furnace arrangement attached
as Plate A of this appendix represents the author's
suggestions for an improved eet-up which should eliminate
many of the difficulties encountered with the present
equipment.
In this arrangement, all three necessary furnaces are arranged, one above the other, in a vertical
line.

The sample, after heating in the austenizing,

or upper zone, is lowered through the transformation
zone to the quenching pot

I

quenched to the desired

temperature, an~ then raised to a position between
the magnetic poles.

The sample holder is maintained

in a constant vertica

alignment by the sample holder

support on top, and the se~ple itself is shifted,
merely by moving t e sample hold.er up or down with-·
in this support.

The magnetic poles are held rigidly

in place, but are cap ble of some movement in or out
for final adjustment.
The outer shell of t _is furnace consists of a
section of copper pipe, 6in. inside ciameter, 1/4 in.
tick,

and 24 in. long.

each unit comprise

Three separate heating units,

of t'TO semi-cylindrical sections

3-1/8 in. inside diameter, 4 in. outside diameter
and 6 in. long, are mounted within this shell, and
the space between t e

eating units and the shell is
1.

fille

witb insu ating materia,

held in place by

a cylindrical sheet of mica running the length of the
furnace.
The copper shell, used to limit flux losses in
the magnetic device, is cut at a 450 angle into three
cylinders of equal length, so that the furnace may
be taken apart for repair.

The upper or austenlzing

section has a thermocouple inserted through the outer
Ahe1l and through a hole in the heating unit, approximately in the middle of the section.
couple should be chrome-alumel.

This thermo-

The hot end should

ex te nd as far into the furnace as possible without
interfering with the sample; in order to record as
closely as possible, the actual temperature of the
sample.

On the opposite slde, a refractory port is

fitted to permit the introduction of an inert atmosphere,

uch as nitrogen.

The austenizing portion is separated from the
next lower or transformation zone by a circular disc
of liS-in. transite, sec red to the outer shell by
brackets.

A hole 1 in. in diameter should,be drilled

in the center of this piece to permit passage of the
sample.

The transformation zone has two rectangular

holes, 3/4 in. by 3/4 in. cut at opposite en s of a
diameter, 2 in. above t e bottom of this furnace
section.

These holes should be macte ac cura't eLy to

measure, since t e

-

wi1

to a

arge degree, determine

tle alignment of the po e pieces inserted through
i1.

them.

A thermocouple is inserted into this section

in the same manner as in the austenizing section.
The magnetic poles are made from laminated
iron magnetic core material, and should be 3/4 in.'
by 3/4 in. by 7 in.

Each coil is supported by a

bracket mounted on the shell, beneath the pole slot.
The pole should be slotted to permit movement in the
furnace.

The pr imary and

se concar-y coils

should be

wound with no's 20 and 16 A. ~.G. wire respectively.
The 20 gauge v,rire,with a special heat resistant insut at ron is already available in the Metallurgy Department.

The exact number of turns for each coil may

be calculated from formulas developed by Mr. Joshi and
presented in his thesis.

This will require some exper-

imentation to determine the optimum current to be induced in the secondary coil, with the sample md pole
ends of the size recommended.

The meter on the sec-

ondary coil should be capable of reading a minimum of
0.001 amperes within the experimental range.
The bottom, or quenching pot furnace, cont~ns
the quenching bath, and a thermocouple which must be
inserted in the bath.

To accomplish this, the fur-

nace should have a removable bottom.

This would

allow the quenching pot to be placed over t he thermocouple from below.

This section of the furnace also

canted.ns a gas port to allow circulation of the inert
atmosphere.

ii1.

..

The s~mple is mounted on a .ength of 1/4 in.
fused quartz rod as previously described.

The rod

must be at least 24 in. in length to permit insertion
of the sample in the quenching pot.

The samples shoul.d

be in the form of circular discs, 'It'li
th a maximum
diameter of 5/8 in.

These samples must be drilled

and tapped diametrically to fermit attacnment to
the holder rod.
There are several additional changes which could
be made, and they probably would increase the efficiency
of the equipment.
1.

These are listed below.

Wind the primary and secondary coils on

the arms of a "U" shaped yoke of laminated core
material, so designed that it would fit around the
outside of the furnace.

The poles entering the

furnace could t en be mounted so that each was in
contact with one end of the yoke.
crease t e strengt

This should in-

of the field developed, and also

auld help to prevent deterioration of the coils by
eat.
2.

Mount a length of fused quartz tube vertically

along the center line of the furnace, extending from
the top of the austenizing zone, to a point just,.
above the poles. This should serve as an additional
~u de, and might lrovide more even heating for the
sample in the austeni7,ing zone.
3.

Instead of drilling and tapping each sample,

two notches caul

be cut on opposite sides.
iv•

The

samp e
held

0

together

wouLd grip
This
an

der

the

sholl ~ tten

by screw or spring
sample in the

woul.d simplify
would prevent

inside

the

consist

of a pair
tension.

notches

sample preparation
the

problem

furnace.

v.

of the

of tongs,
These tongs

on each side.
and. handling
sarnple turning
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