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INTRODUCTION
FURPOSEs

The purpose of this thesis is to set forth the method followed,
the laboratory proocedure practiced, the results obtained, the conclu-~
sions drawn, and the recommendations proposed as a consequence of a
metallographio study of the isothermal transformation of a S.A.E.

6150 steel. .

The results that were obtained from a megnetic permeability method
of isothermal study of the same steel are compared with those that were
obtained in the course of this work.

HISTORY OF PROCESSs

In 1929 two brilliant metallurgists, E.C.Bain and E.S.Duvenport.(l)
presented to the A.I.lM.Ee« a paper that dealt with isothermal trensfor-
mation studies of numerous steels. Prior to this date, the investiga-
tion of the properties that can be obtained from the various heet treat-
ing procedures to which a steel can be subjected dealt primarily with the
composition of the material, or the cooling velooity of the quench, The
early investigetors, by varying the composition of the steels under test,
made sllowance for one variable of the hent treating process, but since
they employed eontinuous quenching techniques, they failed to differ-
entiste between the separate effects that are due to time or to temper-
ature.

Portevain and Gmon(Z)investigated a transformation that takes
place as a consequence of continuous cooling. The theory that governs
this transformation will be disoussed later in the thesis. But the true
process of isothermal transformation remeined hidden until Bain and Dav-
enport made their studies. '

After the 19529 meoting of the A. I. M. E., the work of Bain and

Notes The superscripts in brackets refer to the bibliographic list
given on page 43.



Devenport was substantiated by various investigators, end as a con-
sequence, additional information was added to the process of heat treat-
ing. The investigations are still being conducted and et present the
results of isothermal studies that have been oonducted on the numerous
stesls that are used in the heat-treating processes are fully eppre-
clated by the industry. |
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PLATE No. 1

IRON—CARBIDE DIAGRAM
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THEORY
IRON--IRON CARBIDE EQUILIBRIUM DIAGRANMs _

To fully oomprehend the methods that are employed in the i.o-
thermal transformation studies of stesl, one must first study the Iron--
Iron Carbide equilibrium phese disgrsm. A reproduction from the liters-
mro(s) of this diagram apreers in Plate # 1 of this work.

Fhen one ztudies the diagram he finda that there ere five steble
phases represented, liquid, delta (&), gemma (V7), alpha £4), and the
oompound irom carbide (PegC)s The diagram indicates that the first three
phases are only stable at high temperatures while the latter two phases
are stable at room temperature.

Perhaps the simplest ard yet the most satisfactory method of inter-
preting the diegrem is to discuss the equilibrium ecoling of a mumber of
alloys.

Alloys that oontaim 0.000 €0 0«55 per cent carbom form & homogeneous
liquid phase that is stable in the temperature range 27956 F to 2720 F re-
spestively. The variance in temperature is brought ubout by the csrbom
content of the alloy under study. An inorease in carbon content lowers
the temperature of liquid =tability.

¥hen an alloy of the above composition is sooled below the tempera-
ture of liquid stablility, the delta ( §) phese begins Lo pracipitate from
the liquid. If the alloy contalis a maximum of 0,08 per ceat carbon, the
precipitation of the delta phase will expend the ligquid until a solid so-
lution of delta alone exists. The stabls phase region for this phase is
bounded by lines A-H-N in the diagram.

If the alloy contains 0,08 to 0.556 per cent cerbon, the initial pre-

eipitation of delta ( §) takes place, bat instead of contimuing to grow



at the expense of a melt until a simple solid solution phase exists a
peritectio reaction oococurs at 2710 Fs If the alloy contains 0.08 to
0.18 per cent carbon, the produot of this reaction will be gemma (V)
iron plus the primary delta iron. Alloys in the range 0.18 to 0e55 per
cent iron will reaot to give gamma iron plus liquid, end finally if the
alloy contains exactly 0.18 per cent earbon the product of the resction
will be gemma iron.

Below a temperature of approximately 2535 F any alloy in the 0,000
to 0.55 per cent carbom range will be in the gamma oonditione This phase
is a solid solution of carbon in face centered cubic irom.

The gamma phase in the case of alloys that contain e maximum of 0.56
per cent carbon is statle in the temperaturs range 1670 F to 1400 F re-
gpectively, Agein we find that the higher the oarbon content of the al-
loy the lower the temperature of stability in the gams phase region.

Below the oritiocal temperature a new structure, alpha (d ) irom, will
precipitate from the solid gemme solutiom, Alpha iron is a solid solu-
tiom of csrbon in irom that has a body centered cubic structure.

The precipitation of elpha (& ) from gamma (Y') continues until
the temperature 1333 F is attsined. At this temperature a eutectoid re-
soction takes place, and the remaining gemme iron, that consists of an al-
loy of 0,80 carbon, simultsneously precipitates elpha iron snd the inter-
metallioc compound, iron carbide (Fe3C)e The sutectoid structure is steble
to room temperature,

A slight total golubility of earbon ir alpha iron is shown by the
phase region bounded by lines Q-P-G. The maximum solubility of this phase

occurs at the eutectoid temperature and it gradually deoreases until = sol-



ubility of 0.008 per cemt is found at room temperature,

The next alloy division is those alloys that contain 0.55 to
0+83 per cent carbon. These slloys form a steble liquid phsse in the
temperature range 2710 to 2680 F. Below this temperature, gemme irom
will precipitate from the liquide These alloys do not experience the
peritectioc resction; instead, they form the solid solution of gomma
iron on the solidification of the liquid. The resctions that the game
80lid solution experiences on cooling %o room temperature ere idont;cal
to those deseribed for the previous alloys.

Alloys in the range 0.33 to 1.7 per cent carbon heve the seme in-
itial solidification reactions as those of 0.55 to 0.83 per cent ocarbonm,
but when they experience the eutectoid reaction at 1333 F, primery iron
carbide ( FezC ) is precipitated from the gemme (V) solid solution in-
stéad of primery alpha irom. The eutectoid resotion is identical to the
previously mentioned alloys. The struoture is agein stebls down to room
temperature,

Alloys in the range 1.7 to 6.67 per cent carbon (the 6.67 per cent
alloy is the extent of the usefully commercial alloys; therefore, it
terminates the diagram.)follow a simple eutectic type disgram on primery
solidification. The sutectic point ocours at 4.3 per cent sarbon and at
2075 P.. The primary phase that preecipitates from the melt will either
be gamma irom or irom warbide. fThe compositiom of the primary phase
will be determined by the composition of the alloy~=le7 to 4.3 per car-
bon alloys give primary gamma; 4.3 to 6.67 yield iron carbide (PesC); the
4.3 alloy would be 100 per cent euteotio.

The gamma that results either from a primary precipitation or from
the eutectio remction is stable down to 1333 F where the previously dis-

oussed euteotoid reactiom oocurs. After this reaotion is oompleted, the
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alloy is stable to room temperature if the decrease in solubility of
carbon in (5 ) irom is disregarded.

In the course of the many years that have been devoted to the study
of the equilibrium diagram, n more common method of naming the phases
present in the given phase regions has been adopted. Gamma irom is
oalled saustenite, Ferrite is the common nomenclature applied to al-
pha iron., The intermatallioc ocompound (FegC) iz nsmed oementite, and the .
euteotoid of iron oarbide and alpha irom iz termed pearlite,

In extending nomenolaturs %o the disgram, alloys eontaining up to
147 per cent oarbon are termed stecl, and those containing 1.7 %o 6.67
per eent carbon are oalled cast irome. There has been a growing ten-
deney to olassify the alloys of 1.7 to 4.3 per cent oarhon as semi-steels,
but this olassification is not common.

The trus stesls are subdivided into two divisions. Those below
euteotoid composition are termed hypo-eutectoid steel; hyper-euteotoid
is thes designation applied to the steels of composition 0,83 to 1.7.
per cent earbon.

In the preceding disoussion equilibrium cooling yielded a final
product of either primary alpha iron or iron oarbide surrounded by a
entectoid of slpha irom plus iron carbide., But if non-equilibrium tech-
nigues 2re ussd to cool the alloys from the gemma region to room temper=-
ature, the final product that will exist et room temperature may exhibit
a very different miorostructure.

Grange and Kiofer(4)have studied the microstructures that result
from non-equilibrium cooling. They found that cooling rates of less
then 40 F per hour will produce microstruetures that duplicate equilib-
rium cooling microstructures; ccoling rates of 40 to 150 F per hour will

produce new constituents in the microstructure, The new struotures ere



acicular in appearance, end share the mierostructure with products that
are formed by equilibrium cooling.

Cooling rates of 180 to 2100 F rer. hour will produce a mierostruo-
ture that contains three phases; two of the pheses ere aciouler and are
difficult to resolve., One oen distinguish between them by the differ-
ent characteristics they exhibit when polished and etched. The third
constituent is proeutectoid ferrite.

When the cooling rate is increased in the range of 150 to 2100 F .
per hour, the proeutectoid ferrite does not separate from the austen-
ite but, the two acicular struotures are the only constituents of the
microstructure. One of the scicular structures is very fine, highly
irresolvable pearlite. The other constituent is an entirely new phase
commonly termed martensite. It is a body oentered tetragonal structure
of & solid solution of osrbon in iron. The mechanism of martensite for-
mation from the sustenite is fully desoribed on page 263 of the Ameriean
Soociety for Metals Handbook for 1948(§.. and the reader is referred to .
the publication.

Martensite is the structure that contributes the property of high
herdness to a steel when it is quenched wery repidly from the gemma re-
gion. To form a homogeneous martensite structure one must employ
Quenches of at least 52,000 F per hour.

THEOKY OF ISCOTHERMAL TRANSFORMATIONS

As was previocusly mentioned, the early investigators were con-
oerned primerily with the effects of quenching velocity. They kmew that
definite miorostructures ocould be produced by quenching at certain pre-
determined rates, but as explained in the previcus discussion, many

quenching velocities did not yield homogenecus miocrostructures,
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Bain and Davenport reasoned that the heterogenecus miorostructures
were the result of transformations taking place at varying temperatures
during the quenching operation, and that if a given steel could be al-
lowed to trensform isothermally a homogeneovs mierostrveoture would re-
sult. i

To prove this reasoning, they conducted isothermel studies for var-
ious steels. In these tests they employed the following teohniquess

le A large number of small samples were prepared.

2. The samples were heated in a furnace whose temperature
was meintained above the upper critical point as shown
in the equilibrium diagram.

3. The samples were guenched into a bath whose temperature
was below the critical temperature. This bath provided
an isothermel system for the transformation.

4. At varying time intervals a sample was removed from the
bath and rapidly quenched into a water bath.

8. Hardness measurements were made on the various semples,
and the microstructure was inveatigated by metellographie
methods.

Since rapid quenching, sueh es a water bath would provide, trans-
forms sustenite to martensite, a measure of the austenite that did not
trensform isothermally could be measured in terms of martensite observed
in the sample.

An isothermel graph of per cent martensite versus time of trens-
formation is shown in the figure in plate §# 2.

When Bein end Davenport evaluated the results of an isothermal
study they found that their reasoning had been substantiated. Trans-
formation did take place isothermelly, and when complete, a homogeneous
miorostructure resulted.

The method that one uses to combike a large nmumber of isothermal

graphs into one chart is perhaps best understood when one studies plate #2;
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therefore, no detailed explanation will be given.

The shape of the combined graph resembles the letter “S", and
this letter has lent its neme for a common nomenclature of the graph.
A more exact nomenclature is "Isothermal Transformation Diagrem.”

¥hen first presented, the isothermal studies inoluded the temper-
ature region of approximetely 1400 to 200 F. An English metallurgist,
Je G Roben-onu) » questioned the validity of applying isothermal studies
below 550 F. He believed, and later proved, that this was the approxe
imate formation temperature for martensite. He stated that mertensite
did not form isothermally, but required sontimuous cooling, and when
continuous cooling was practiced, the formation of mertensite oould be
oonsidered spontaneous. These views were later substentiated. The be-
fore mentioned article in the Ameriocan Society for ketals Handbook for
1948 fully explains the martensite formation theory.

Therefore, the modern conception of a complete presentation of a
number of isothermal studies is shown on the lower diagram of plate #2,
An alternate method of graphing the transformation is shown on plate #3.
In the lower diagram of plate #2 the fields of stability of the differ-
ent phases is indicated; hardness measurements for the miocrostructures
that were produced by the various isothermal transformations are also
shown, and the region of martensite formation is descoribed.

The exanot shape that an isothermal ourve assumes does depend to a
great extent on the ocomposition of the steel. As alloying elements are
added to the steel, the usual oconsequence is that the entire ourve is
shifted to the right. One can readily see thet this faotor will allow
slower quenching velocities to be employed without danger of transfor-
mation taking place at high temperatures.
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Another factor that will slightly change the shepe of the curve
is the grain size cf the gamma grains. The larger the gzrains, the

slower the trensformation for any given temperature.

To conduct an isothermal stndy, ore can apply any of the conven-
tional methods thet would differentiste a change in orystal structure,
A few would Ybes

1. Eleotrieal Conductivity
2. Metallographic Investigation
3. Dilatometric Inveatigation

4, Magnetio Permeability (Applies to ferrous alloys)
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SIGHIFICANCE OF ISOTHFRMAL DIAGRANS
One should fully realize that although isothermal dlagrams of-
fer a key with whioh one omn opsn the door to the answers to many of
the perplexing problems of heat treating, they also have vefy definite
limitations. A very complete discussion of the uses and limitations

oan be found ta ; handbook that 1s published by the Republic Alloy
5

Steel Company. The rnlio:win; summary is taken from this works
USESs

le By correclating isothermal diagrams and continuous

2« Annealing oycles can be oaloulated from isothermal
diagrams.

3e The temperature reglon cf martensite formation can
be established.

4. If the size of the sections undergoing heat treatment
is such that isothermal cooling will apply to all parts
of the seoction, specialiszad methods of annsaling, and
tempering can be established, These methods are fully

enumerated in Repubdblie Alloy booklet on pages 167 to
169,

5. They yield valueble information on the theory of
micleation and diffusion.

LIMITATIONS OF DIAGRAMs

1. Most diagrams that are found in the literature represent

the average values. They can not be applied directly to
any given stesl.

2. Small variations in grain size or austenitizing tempera- .
ture will vary the diagram.

3« The usual shapes and sections that are subjected to com-
meroial heat treating praotices ars larger than the spe-
cimens that were used in the preparation of the isother-
mal diagram; therefore, they do not respond to isother-
mal cooling throughout the section. Consequently, isother-
mal techniques can not be applied to them.
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LABORATORY PROCEDURE
PRELIMINARY INVESTIGATION:

The material for this investigation was an S.A.Es 6150 steel
that was obtained from the Great Lakes Steel Company of Detroit, Mich-
igan, The results that were obtained from a metallographic investiga-
tion of the materiel indicated that its miorostructure was that of a
normalized structure. Plate #7 is a reproduction of the structure.

Sinoce steel is usually in the amnnealed condition before it is
heat treated, the samples were box annealeds A reproduction of the
ennealed structure appears in plate #8.

CHEMICAL ANALYSISs

The chemical composition of the stesl as furnished by the Great

Lakes Steel COmbsny wass
Carbon....-......--....90.48%
cmm‘m...-ocooo.noo-000093%
uangﬂn’scooo000-000000000.77%
Vanadium................0.14%

The limitations in varience of composition as given by the So-
ciety of Automotive Engineers and American Iron and Steel Institute
on page 308 of the Ameriocan Society for lietal Hendbook for 1948 ares

Carbon... t8ceessssvecs .00045%----0058%
Chrmi\m.ooo-oo -000000000080%----1010% "
Manganese. essssecvecnes 00070%-"—-009_0% 1
Vanadium................0.15% Minimum
sulf\lroo--ooo-o-aoo.oo.o0.0*O% xlnm

Phoﬂphorous.-000000000.000040% ulm‘m -
Siliooncoooo ocno-o--o-OOOZO%"--OQSB%ﬁ

GRAIN SIZEs
The grain size determination was made by the McQueid-Ehn method as
(6) _
desoribed in Kehl's "Metallographic Laboratory Handbook"™, The count-

ing of the grains was conducted with the aid of a grain size counting
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eyepiece. The results of this determination established the grain
size of this steel as between grain size #7 and #8 as given by the
A.SeT.Me E 18 chart. This would be approximately $6 grains per square
inch.

ISOTEERMAL TESTING:

The equipment that was used in the isothermal studies is shown in
plate #4. It consists of two furnaces with their suxiliary resistence
controls. A water bath was used for the quenching medium.

The sigze of the samples used for the isothermal studies was approz-
imately 1/2 in. by 1/2 in. by 1/8 in. A small hole was drilled in the
samples and a wire inserted into the hole. The complete device for hand-
ling the samples is shown in plate #5.

Prior to isothermal testing, the time and temperature that wss
needed to produce a homogeneous geama phsse was established by the fol-
lowing methodss

1. Five of the smell somples were placed in the
austenitising furnsce. The tomperature of the
furnace was 1650 F. .

2. At interwals of 3, 5, 10, 15, and 20 minutes
one sample wes removed from the furnuce and
quenched in cold water.

3. Hardness mesasurements, snd metallographic in-
vestigations were utilized to determine the time
necessary to produce a completely martensitio
structure.

The results dr the test showed that ouppletely nartensitio struo-
tures ocould be produced by allowing the sample to remain in the furnace
for three minutes. Because a soaking period is desirable, the deecision
wes reached that the time of austenitization should be five minutes.

The isothermal tests were run in a manner similar to the previous-

1y described sustenitizing time tests. Several small samples were placed



PLATE No. 4

Leaboratory Equirment
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PLATE No. 4

Laboratory Equipment

1. Austenitizing Furnsce

2. Isothermel Prensformation Furnace
3. Thermocouple

4, Bristol Pyrometer

5. Armeter for Isothermal Furnece

6. Water Quernching Bath



PLATE No. S.
Sanple Holder.
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PLA1E No., 5

Sample Holder
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in the esustenitizing furnace whose temperature wss 1650 F and sllowed ﬁo
remein in the furnace for five minutes. After this period, they were re-
moved from the furnece and quenched into a bath whose temperature was in
the range 1300 F to 600 F. The temperature of the bath was held constant
in a pot type electric furnace as shown in plate $4. The exsot tempera-
ture of the bath, whiech was molten lead, was recorded by the Bristol
pyrometer shown in plate #4.

At various predetermined time intervals, a specimen was removed
from the lead bath end quenched in the water bath, ' No striet schedule
was employed for the time of removal from the lead bath, but rather the
approximate time of start and of transformafion was obtained from a gener-
al ourveithat was obtained from the literature(a)for a S.A.Es 6150 steel, .
Temperature intervals of 100 F from 1300 F to 700 F were investigated iso-
thermally,. .

- Hardness determinations on all the aamples of the isothermal studies
were made with the aid of a Rockwell Hardness instrument. An oxide scale
was present on the samples, and because it gave erroneous results in the
hardness determinations, it was removed by grinding on an 80-grit belt
grinder. The results of the hardness determination will be reported in
the next section of this work, |

The metallographic inspection of the samples was conducted in the
manner described by Viella : in the book, "The Metallogrephie Inspection
of Steel."™ Very briefly this method consists of sectioning the samples
on an automatic cut-off machine, mounting them in lucite molds; grind-

ing them on an 80-grit belt grinder, and successive fine grinding om

1, ©, 00, 000, 0000, paperx; wet grinding on a wax lap with a suspension

o g phia ».n.u-.saﬁ



of 600-mesh alundum; polishing on a ocloth lap with rouge; final pol-
ishing on a oloth lap with levigated aluminum oxide. The samples were
etched with pioral etching solution.

A conventional metallographio microscope was employed in the in-
vestigation on the microstructures. The reproductions of the mioro-
sfructures that accompany this thesis were mede with the aid of a
Bausch and Lomb Metallograph.
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RESULTS OF DETRRMINATION

The results that were obtained by both Mr. Dougles and by the
authors of this work sre given in the following chsrts. 4 graph of
the results is given in Plate #6. and, reproductions of the various
microstructures appear in Flates 7--21 inclusive,

Metallographic Method
Temperature Time of Start of Time for Completion of Hardness
¥

Iransformation in Transformation in Rockwell €
seconds. seconds

1200 =8 70 32
1100 30 : 80 . 34
1000 .10 1020 A | 38

$00 10 210--240 =7 30.6
800 10 : 90==120 38.0
700 15 130--210 42

Magnetic Permeability Method

1300 6l.86 289 : 12
1200 31.1 72.4 20
1110 31.1 80.3 ' 28
1016 3445 122.4 : 28
908 10.8 127.1 23
810 33.9 204.8 25

7156 20.5 : 106.1 28
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PIATE No.6
6150 S—CURVE

| MIN. 3 MIN.
| |

Rc

32

34

38

30,

38

42

5 1o 100
- TIME-SECONDS

AUSTENITIZING TEMP. 1600°F
GRAIN SIZE NO. 7



FLATE No. 7 ) .
Normalized Structure
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PLATE No, 7

Normalized Structure

Narrow, long inelusion of Mangenese Sulfide
and varying spaced lamellse of Ferrite and

Cementite.

Mag. 785X. Enlarged 2X in reproduction
5% Picral Etch



PLATE No. B

Annesled Structure




Enlerged 2X in reproduction.

-24 .
PLATE No.8
Annesled Structure
Uniform lemellser pearlite
5% Picrel Eteh.

Mago 785x.




PLLTR Ho. 3 :
Partial Transformation at 1200 F.
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PLATE No. 9

Pertial Trensformation at 1200 F

Partially developed peerlite colonies in

matrix of martensite.

Mag, 785X%. Enlarged 2X in reproduction
5% Picral Etoh.



PLATE ¥o. 10

End of Transformation at 1200 F.




FLATE No. 10

End of Transformation at 1200 F

Structure primarily coarse pearlite.

Mag. 785X, Enlarged 2X in reproduction
5% Picral Etch,




PLATE Ho. 11

Near the Stert of Transformation et 1120 P



PLATE No. 11

Near the start of transormation at 1100 F.

Small, nodular rosettes of pearlite in a matrix

of martensite that was slightly tempered during
grinding and polishing,

Mag. 785X. Enlarged 2X in reproductions
5% Picrel Etch,




FLATE Ho. 12

End of Transformation at 1100 P.
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PLATE Ro. 12

i

Transformation almost completed at 1100 F,

The small rosettes of pearlite shown in the previous
plate have almost expended the austenites. The white

area near the center is martensite,

Meg. 785X. Enlarged 2X in reproduction.
5% Picral Etch,




PLATE He. 13.
Start of Transfornmation at 1000 F




PLATE No.®:13

Start of Transformation at 1000 F.

Bainite Strueture start to form at this

temperature ,

Mag. 785X. Enlarged 2X in reproduction.
5% Picral Etch.



FLATE No. 14 f

Partial Transformation at 1000 F.




PLATE No., 14

Pertial Transformation at 1000 F.

Black trensformation product is more acicular

than that formed at higher temperatures,

is martensite,

Mag. 785X. Enlsrged 2X in reproduction,

5% Picral etch.

Matrix



PLATE Ho. 16.

Start of Transformation at 900 F.



o
Start of Transformation at S00 F. i

Black transformation products in

martensitic matrix,

Mag. 785X. Enlarged 2X in reproduction,
5% pieral etch.



FLATE No. 16

Transformation at 900 F,



PLATE No. 16

Trensformation at 900 F.

Semple held for an extended time after transformstion
was completed, Some spheridization is evident from
microstructure,

Mag. 785X. Enlarged 2X in reproductiocn.

5% Picral Etch.
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FLAIE No. 17

Partial Treansformation at 800 F.
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PLATE ‘No, 17

Partial Trensformetion at 800 F,

Black Bainite in a Martensitic Matrix.

Meg. 785X. Enlarged 2X in reproduction.

5% Picral Btch,



PLATE No. 18

End of Transformation at 800

Fo
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PLATE No. 18

End of Transformation at 800 F,

Bleack, aciciular Bainite transformation

product that is difficult to resolve,
Mag., 785X. Enlarged 2X in reproductions.
5% Picral Btech,



PLATE Fe. 19
Partiel Traneformstion et 7¢C F.



-5

PLATE No. 19

Partial Transformstion at 700 F.

Black etching Bainite in white martensitie

Matrix.
Meg. 785X. Enlarged 2X in reproduction,

5% Picral Etch.



PLATE Ne. 20

End of Transformation at 700 F,
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PLATE No. 20

End of Transformation at 700 F,

Fine carbides that are difficult to resolve,

Mag. 785X+ Enlarged 2X in Reproduction.,
5% Picral Etch.,
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DISCUSSION OF RESULTS

From the previous section and the graphiocal representation of
the work, ome oan readily discern that there is very little agreement
between the results that were obtained by the metallographical method
with those that were obtained by the magnetioc permesbility method.

¥With the exception of two "Start of Transformation™ points at .

900 F and 1000 F, where one finds agresment, the magnetic permeability
results lag the metallographic method. Down to 800 F, the general shape
of the starting curve determined by each method is the seme, The lag-
ging effect noted in the magnetic permeability method ocould be due to
flux losses in the magnetioc cirouit.

An sustenite plus ferrite field is indicated by dotted lines for
the metallographic determination. Dotted lines were chosen to represent
the start of ferrite ejection. A structure that resembles ferrite in a
martensite matrix was observed at 1300 F, 1200 F, 1100 F, and 1000 g
but the authers could not definitely distinguish it as p.roeuteoteid fer-
rite, or retained austenite. In the sample that was chosen for the end
of trensformation at 1000 F, similer structures were not observed; ocon-
sequently, this evidenoce would indicate that the structure that was ob-
served as ferrite in the starting ssmples was in reality retained austen-
ite. In the completed samples for 1100 F end 1200 P ferrite is present, .
but again the distribution of the ferrite in the miorostruoture is dif-
ferent then that noted in the starting samples.

A general curve for a S.A.Ee 6150 steel, as given in the literature,(s)
shows a similar ferrite field as is indicated in the graph of this work.
In the curve from the literature, one notes that the tine between ferrite

ejeotion and pearlite ejection is very short--threc seconds maximum; there-
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fore, the exact deterrination of = ferrite fleld would be diffieult %o
achieve with the squipnment that was employed in this determination.

At 1100 F and 1200 F the rosults of the end of transzformation are
in good agremment, and at 1300 F the results may be in agréememt for at
This temperature thoe curve flsttens out and a slight variance in temper-
ature would give a wide varisnce in tin;. The resultes of the nmetallo-
grephic determination indicated that nn infinite time period would be
needed at this temperature; whereas, the magnetio perneability method
gave approximately four minutes. No definite oriticizm of sither re-
sult should be made because of the afore mentioned trend of the ocurves.

Below 1100 P the curves will fail to agree. The results that were
obtained for the magnetioc permeability method frem 1100 ¥ to 700 P do
not vary; moveover, the hardness messurements do not inorsase. In oome
parison to this, the results that were obtained by the metallographio
method show a lengthy period of transformation e% 1000 F. The ourve
then turns baek to the shorter tinme period down to 800 P. At 700 F the
ourve is direoted again to the longer time periods. The hardness val-
ues that were obtained in the metallographic determination are more in
agreenent with expected values for the type of steel under investigation.

The curve from the literature . regsembleos the curve that was ob-
tained from the metallographic determination. The only difference is
that it 1; displaced approximately 100 F downwsrd; 6.g.; the long per-
iocd for time of transformation comes at $00 F instead of 1000 F as is
shown in this work.

The results of a microscopis investigation of the samples that
¥r. Douglas used for his determination showed that the struotures that
were obtained for the pointn in question did not correspond to those ob-



tained by the metallo raphic determinstion. They resembled the struo-
ture thet was formed at 1200 F. (This is shown in plate #10). A struc-
ture ruch as this would agree with the hardness results thst Mr. Doug-
las obtained, but it would not be in sgreement with the structures that
should form at the lower temperature levels.

To obtain the peerlitio structure as shown in Mr. Douglas' sam-
ples, one would have to provide normelizing or anneeling conditions.
~ Therefore, the results that were obtasined in the magnetic work are er-
roneous, not beosuse of the failure of the magnetic cirouit, but rather
beceuse of transformation taking place at s higher temperature than that
desired.

One oan conjure two general conditions that may hsve influenced the
type of a structure that wes produced. If the temperature of the fur-
nsce that was employed to bring ebout the gaumes condition in the semples
wes below the temperature required, but sufficiently high emough for an-
nealing, the structure would be formed. However, if this happened the
time of start of transformetion would be instantaneous, and since the re-
sults that were presented sctually lag those that were obtained metallo-
grephiodlly, one is led to discerd this reasoning.

Another, end perhape the more logical explanation, would comocern
the quenching furnaces that were used im the determinstion. A full des-
eription of the construction of the furnace is given in & thesis thet
was prepsred by Nr. Jonhi.(u)rho reader is referred to it for a ocom-
plete discussion of the construction of the furnace and of the magnetie
ciroult used in the tests. If this furnace was at a higher temperature
than that indicated in the results, the normelized structure would re-
sult. The suthor of this work is inclined to believe tnat this may well



be the reeson for the disorepancies in the curves for the end of trans-
formation. As was previously mentioned, flux losses ere probebly the

ceuse of the laggzing of the curve that indicates start of transfor-

mation.



CONCLUSIORS

Because of the wice disorcpencies betwoern the results cbteined
by the twe methods, and in 1ight of the ressoning se to the csuse of
the disorepcncies that vere presented in the previous section, uo at-
tewpt will be made to present any conclueions to the reletive merits
of the two methods. The author believes thet the curve thet is pre-
sented for the meteallogrephic results is socursnte within the limite
of the equipment thet wes employed. (ntil a wore extensive test of
the magnetic permeability nethod is made, one shouvld reserve judge-
nent as %o 1ts applicebility. Undoubtedly, if successful it would of-
fer a very stiractive method of study. The work of preparing S-ourves
could be greatly reduced.

Considering the curve as determined by the metellographie method
as reprecentative of the steel under test, a discussion of a few me-
thods of heat tfo:ting prectices ea regards to time and temperature
can be given, and some gensral conclusions ocan be drewn. They ere
as follows:

l. If cyclioc smnealing is to be used on this steel,
the temperature should be approximstely 1200 F.
This would give the most ecomomioal point of op-
eration, because temperatures near 1300 F would
require infinjite time; a like ocondition is found
near 1000 F.

2. To produce a 100 per cent mortensitic struoture by
quenching from the gamma range, a drastioc gquench-
ing medium will be necessary. If slow quenching
methods are used, transformation will occur at the
higher temperatures and in the range of 900 F, be-
cause of the rapidity for the start of transforma-
tion et those temperatures.

3. In comparison to a plein canbon steel this steel is
slugzish to finish tranaformatiom onee transformation

has ata{&,d. This is cheracteristic of all chromium
steels.
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ERCOMMENDATIONRS

The desirability of repasting the magnetio method as a check
for this determination has alresdy been stated. If this is dome,
the beginaing and end points of the curve that were obtained by the
metallographic method should bs checked by & metallographic deter-
mination,

Determinations at temperatures above 1200 F should be repeated
if the curve is to be considered complete. Very little work was done
in this region, and therefore, the results may be slightly in error.
¥oreover, the Mg end My temperatures of the stesl should be deter-
mined by experiment. The values that are zivem on the greph are taken
from the uternbure(a)tor & general €15G stesl; theresfore, they nay
be in ervor, ‘

Finally, if similar metallographic determinstions are to be con-
ducted et this institution, one would find it attrective if an electro~-
lytic polishing unit was aveilable. Also the metallograph that was
used for the reproduction of the microstructure is not the most oon-
venient instrument one could employ. If a newer unit was available the
work would be expediated.
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