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Hardenability, which may be defined as the capacity of
a ferrous material to harden when cooled from the austenitic
range, 18 generally evaluated from the hardness produced by
different ocooling rates in a given plece, In a more Iine
clusive sense the hardenabllity may also be considered as
the relationship between rates of cooling from above the
austenitic range and the hardness and microstructures de-
veloped as a result. Because this property of hardenabllity
has assumed inoreasing importance during the past several
yaaré, a number of so=ocalled hardenabllity tests have been

developed to.measure 1it.

Inasmuch as the hardenabllity testing of steels is well
known, the information obtained from such a test has been an
important guide for the selesction of materials for certaln
purposes, However, very few investigators have done any
work on this sort of test for gray cast iron, which, because
of its high damping capacity, low melting point, cheap-
hess, and s0 forth, has been made and used for centuries as
an important engineering material., Gray cast iron 18 an

alloy of iron and carbon Jjust as a steel 1s, can be alloyed



with alloying elements to improve certaln properties, and
can also be heat-treated to obtain certain structures, to
change the hardness, to reduce the internal stress, and the
like as & eteel can be; but the results obtained from some
of the processes mentioned here may be different to some
extent from those obtained from a steel, because a gray
cast lron usually contains higher percentages of both
gilicon amd carbon, which cause graphitization much more

easily in cast iron than in a steel.

The major purpose of this research was to determine
the hardenability of gray cast iron, and to offer some
information to the user about the hardenability property
of this kind of material, As we know, the hardenability
of a ferrous material can be affected by the composeition,
the austenitic grain size, or the quenching temperature of
the material; and the change in any one of these factors
would have different results. For instance, such elements
as nickel, silicon, manganese, chromium, molybdenum, vana-
dium, and boron, when present in steel would increase the
hardenability; whereas such elements as aluminum, and cobalt,
when present in steel would reduce the hardenability. Howe
ever, although this has to depermined by actual experiments.
As for the effecte of grain size, usually the coaraé-srained
materials have higher hardenability than fine-grained mate-
rials, because the fine-grained materials have more grain

boundaries, and are more reactive and easily changed to



poearlite.
The research was divided into the following parts:

(1) . Heating And Quenching: In order to study the effects
of different soaking time with same quenching temperature, and
same soaking time with different quenching temperatures, two
sets of standard Jominy bars were used, and treated by the
Jominy End-Quench Process.

(2) . Hardness Measurements: Rockwell C hardness read-
inge were measured along the flat surfaces of all these.bara,

after they were treated as mentioned above..

(3). Combined Carbon Analyses: After the hardness read-
ings were measured, samples were taken from some of these
bars, and analyzed for graphitic carbon content. The com=
bined carbon content for each specimen was then obtained
by the difference of total carbon and graphitic carbon cone

tent.

(4) . Examination of Microstructures: Besides the com=
bined carbon anaslyses, the bars were also polished, etched
with 5 percent picral, and examined under microscope after

the treatmente mentioned above.

From these éiperiments. it is interesting to note that
the martensitic structure is present all the way through,
along the whole length on all bars, when they were ground,
polished, etched, and examined under microscope, whereas

the hardness measuremente, as well as the combined carbon



enntents show different results on different bars.



Several methods are avallable for the hardenability test-
ing of ferrous materiale. According to the fields for which
they are used, these methods can be classified as: (1l). for
deep-hardening materials, (2). for shallow-hardening materials,
(3). for medium~hariening materials. The method adopted for
the present experiment, called "Standard Jominy End-Quench
Test", 1s the one usually adopted for medium-hardening or

common alloy steels.

For the Standard Jominy End-Quench Test, a special bar
should be used. The bar is a c¢ylinder 1l inch in diameter,
and 4 inches long, on one end of which is a machined shoulder,
1/8 inch in thickness and 1 1/4 inches in diameter to permit
the bar to be suspended vertically in the quenching fixture.
(as shown in Fig, 1).

Quenching Fixture

After the bar has been heated to the desired temperature
above the critical range, it 1s.qu§nched in a specilally design-
ed quenching fixture. The fixture is constructed so that

the bar is held 1/2 inch above theé water opening,in order that
a column of water may be directed against the bottom of the
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Pig. 1 --- Standard Jominy Bar.
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Fig. 2 --= Quenching Fixture.



bar. The water opening is 1/2 inch in dlameter, and ad just-
ment 1s made 80 that before the bar ie placed over it, a
column of water 2 1/2 inches high comes from the opening
{Fig. 2). The.wataﬁ temperature 1s kept at 75 F., plus or
minus 5 F., and a condition of still air is maintained around
the bar during cocoling. The time spent in transferring the
bar from the heating furnace 40 the guenching fixture should
not be more than five seconds; otherwise, the temperature of

the bar would drop telow the temperature desired,

After the bar has been ieatad,#and quénahea,atwo parallel
flat surfaces, 180 degrees apart and o.0l5 inch daep,'are
ground along the entire length of the bar. Care must be
taken to avoid tempering when the parallel flat surfaces are
ground. After grinding, 1t is good practice to etch the
ground surfaces with 5 percent picral or other suitable etch-
ant, to determine whether grinding hss causedany tempering.
The hardness is then determined along the ground and polished
surface at intervals of 1/16 inch from the water-cocoled end
for the first inch, 1/8 inch for the second inch, amd 1/4
4nch for the remainder of the bar. The hardness readlngs
are averaged at the identical distances from the quenched

end on the two parallel surfaces.

The hardness messurements from the flat surface are



usually plotted agailnst the distances from the quenched end
of the bar treated. The curves obtained afford a means for
readily distinguishing between the relative hardensbility

of similarly heatetreated materials.

The hardenabllity specification is usually expressed by
J50 = 7T, J55 = 6, and so forth, in which 50 and 55 represent
the Rockwell C hardnesses measured from a distance of 7/16
inch and 6/16 inch from the quenched ende respectively.



The major objleet of the present experiment was to in-
vestigate the hardenabllity of a gray cast iron. a4t the
start, the work was concentrated to the inveatigation of
hardenability data; however, besides hardenabllity data,
another Interesting phenomenon was found; that 1s, the
hardness changes in specimens with the changee in guenching
temperatures and in holding time for heating. In order to
interpret theee results, analyses of combined carbon con=-
tent in some of these bars were made, after the bars had

been treated.

History And Composition: The sample used for the
present experiment was obtained from Meehanite Metal
Corporation, Cleveland, Helghts, Ohlo, and was in the
cast condition and of the following composition:

T. C. 51 Mn P 8 Cu do Cr
2.87 1l.41 0.8 0.13 0,075 1,86 0.72 0.12

Meehanite is a trade name used for the gray cast iron

in which calcium silicide has been used for the refinement

and better distribution of graphite.



The Standard

Jominy bars were machined from the sample mentioned above.

Fifteen bars were used for the subsequent experiments, which
will be described lster.

The bars were heated in a small electrically heated
furnace, and quenched in the specially designed guenching
fikture mentioned before. The temperature was controlled
by an alumel-chromel thermocouple. By changing the resist-
ance on the furnace, the temperature was controlled to with-
4n plus or minus 5 F., the temperature desired., The specimen
covered with cast iron shavings of the same compoeition as
the specimen itself was placed in the center of the furnaoce,
as soon &8 the power was turned on. The shavings covering
the specimen were used for preventing decarburization of
the specimen. The specimen was heated very slowly, about
eight aegreea per minute. As soon as the gpecimen reached

the desired temperature, timing was started,

After the specimen had been quenched, 1t was then ground
to a depth pf.0.0lS inch along the two surfaces 180 degrees
apart. Whén being ground, the specimen was kept sufficient-
1y cool with water to avold tempering of the specimen. The
depth of the ground part waes measured by a miorometer, and

care was taken to get the same depth on all bars. The



1l

ground surface was then polished, etched with 5 percent
picral, and examined under microscope to see if the specimen
had ever been tempered. Iinally the Rockwell C hardness
readings were taken along the flat surfaces in the way
mentioned before, and then aversged at the identical diste-
ances from the quenched end on the two parallel flats.

These aversged figures were then plotted against the diste

ances from the quenched end.

Combined Carbon gnalyseg

The combined carbon content was obtalned by the difference
of total carbon and graphitic carbon. The graphitic carbon
analyses may be divided into two steps:

(1). separation of graphitic carbon from combined carbon
in the sample: This was done by the use of nitric acid
(sp. gr. 1.2), 1in which the graphitic carbon in insoluble
and dan therefore be separated by filtéring.

{2). Ignition of the carton: The residue from the
tilter was then dried, anmd placed in a porcelain boat in
which a small amount of alumina was mlxed. The boat was
placed in the hot zone of a tube furnace in which a tempe
erature of 950°C. was maintained., During igniting, 8 rapid
current of oxygen was passed into the tube for gwelve min-

ntes, 4t the end of twelve minutes, the bulb containing
soda asbestos was remowed and waeighed , The gain in welght
of this bulb was due to the carbon dioxide absorbed, the



amount of which ean be calculatel ag. the percentage of

¢arvon in the saxple.

to0 determine the influence of quenching temperatures on
hardenabllity of the materlal used, nine staniard Jominy
bars of the compositlon mentionod above were heated %o
1400°, 1450 150075 15507, 16007, 1700, 1750, 1800° amd 1950°F.
ragpeatively for one hour, noxt quenched in the gquenahing
fixture. The hardnose resdinge woere then taken slong the
flat surfaces, averazed, and plotted against the dlstances
from the guenched end, The resulis oblainel are summarized
in Table 1.

study of Influenne of Cogking Time: Three temperatures,
24007, 1700° and 1950° F, were chosen for this experiment,
£ix standaed Jominy bars of the compoelition mentioﬁ»ﬁ above
were used; three of them were heated to these temperatures

for two hours, and another three were heated to the same

| temperature but for three hours, and all were quenched in
the same way mentioned avove. The hardness readings were
taken along the flat surfaces, averagei, arl then plotted
against the dietances from the quenched end., The results

obhained nye summarized in Table 2.

pd_Carbop Contopk: Graphitio carbon

content determinstions were run on specimens which wore



heated to 1400, 17005 and 1950°F, for one, two, and three.
hours,; ani the total carbon content was also checked by

the combustion method., The combined carbon content was
ebtainad'by the difference of total carbon and the graphitie
carbon content. The results obtained ere summarized inm
Table 3,

After the different

treatments mentioned above, the bars were ground, polished,
etched with 5 percent pleral, and then examined under micro-

scope. The results obtained may be described ss follows:

1. For low heating temperatures with one hour soaking
time: The microstructure. shown in Fig. S represents the
miorostructures of the bars, which wers heated to 1400,
1450 ¥, and 80 on, for one hour., The constlituents present

are marténsita, cementite, graphite, and some steadlte.

2. For high heating temperature with one hour soaking
time: The microstructure shown in Fig. 1O represents the
microstructures of the bars, which vwere heated to 1950
1800’ F. and 8o on, for one hour. The constituents present

are martensite, cementlite, graphite, and some steadite.

3. For low heating temperature with two or three hours
goaking time: The microstructure shown in Fig. 1l re-
presents the microstructures of the bars, which were heated
to 1400, 1450° F, amd so on, for two or three hours., The

constituents present are martensite, cementite, graphlite,

13



and some steadite.

4, For high heating temperature wiﬁh two or three hours
seukins time: The mierostructure ehavkltn Fig. l2 represents
the microstructures of the bars, whioch.were heated to 1950,
1800° F, and 80 on, for two or three hours. The constituents
present are martnesite, cementite, graphite, ani some steadlite.

14
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The hardness measurements, from which the hardenability
curves were plotted, and the carbon analyses of the specimens
glve some interesting rasulfa: not only the high harden-
ability, but also the changes in hardness due to different
quenching temperatures and soaking time.

Hardenability

For steel, hardenabllity is affected by several factors:
1f either the composition or the austenitic grain size is
changed, the hardenabllity of the material will be changed
to some extent. However, the austenitic grain size is de=~
termined by the quenching temperature, and soaking time,
because higher quenching temperature and longer soaking
time would cause the grain growth of the material.

From the analyses of the specimen given on page 9, it
can be seen that such elements as 81 (1.41%), Mn (0.85%),
and Cr (0,12%), which commonly diseolve in austenite prior
to quenching, and increase the hardenablility to a gresater
extent are very high in pereentage. In steel, they inorease
the hardenability by shifting the 8 curve to the right so
that the decomposition of austenite 1s delayed. However,

in gray cast iron these elements might have the same effects



on the & curve, although the actual data havalto be worked
out by experiments., Copper when present in steel favors
deep hardening; 1te relative effect is much greater in the
high=-carbon than in low-garbon steels, Therefore, when
copper 1s present in cast 1iron, the deep~hardening effect
must be much mere pronounced, because cast iron containa
much more carbon than steel, and carbon incresses the deep-

hardening effect of copper.

From the above discussions, it may be concluded that
the hardenablility of this material should be high. Actually,
from the hardness measured, curvee plotted, and the micro-
structures obtained (Figs. 9, 10, 11, 12), it can be seen
that the hardenability of this material is high., All
the specimens were ground, polished, etched with 5 percent
ploral, and then exsmined under microscope; the sgructures
show martensite all the way through along the whole length
on all bars, after the bare were heated and quenched.
Fig. 9 shows the mlcrostructure of the epecimén which was
heated to 1400° F, for one hour and was taken from a place
about one~hslf inch from the ailr~cooled end. Fig. 10
shows the miocrostructure of the specimen which was heated
to 1950 F. for one hour and was taken from a place about
one=~half inch from the airecoolei end. Fig. 1l shows the
mierostructure of the specimen which was heated to 1400°F,
for three hours anmd was taken from a place about one~half in-

¢h from the a1r~edcled erd. Fig. 17 ghows the microstructure
of the specimen which was heated to 1950° F. for three hours



and was taken from a place about one-~half inch from the
alr-cooled end.

Before discussing the changes in hardness, the follow-
ing assumptions should be made:

1. Fine graphite particles are more easily dissolved in
austenite than large grains of cementite. From Filg. 14, we
can see the graphite flakes are rather fine and widely dis~

tributed. Moreover, from the heating process mentioned above,

the heating rate of the specimens was very slow, about eight
degrees per minute; therefors,‘the cementite has spheroidized
to a great extent. This #pheroidization made the cementite

in the specimen to globularize anl not to be changed with

8ase.

2, High temperatures should cause the decomposition of
cementite, but the change in soaking time from ons to two OF
three hours did not oause further &econposition of cementite.
for example, when the specimen was heated from 1400".F. to
1950°F., the decomposition of cementite had oocurrel to. some
extent, while nnt any apprediable amount af decomposition
of cementite had occurred when the soaking time was inoreased

from one to three hours.

Changes Due to guench ing X pmperatures: From Fig. 3 ard
Table 3, it can be seen that with soaking time of one hour,
the higher the quenohing temperature, the lower the hardiness,

i7
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as well as the lower the combined carbon content, According
to the accepted iron-carbon diagram, when a specimen is heated
to just above the Aqy» about 0.8% ecarbon will be digsolved

in the austnelite, and when the temperature 1s increased,

more ¢arbon will be dissolved. ioreover, according to some
investlgators' experiments, when both cementite and graphite
are present in the same specimen, cementite will be dissolved
prior to graphite. Vhen these specimens are guenched, the
one which is heated to a higher temperature with more ¢arbon
dissolved in the asustenite should have higher carbon retained
in the resulting martensite than the one which :1s heated to

a lower temperature with less carbon dissolved in the austenite.
Therefore, the former has higher hardness readings than the
latter. However, for the present experiment, because of

the presence of fine graphite particles in the specimen and
the formation of spheroidized cementite during the slow
heating process' used, most of the carbon dissolved might be
from graphite, when the specimen was heated to a lower temp-
erature, say, 1400°F,, thus large amount of spheroildized
cementite was left in the specimen and made the hardness read-
ings higher. While in the specimen, which was heated to a
higher temperature, say, 1950°F, for one hour, some of this
spheroidized cementite formed at the earlier stage would de-
compose to some extent, thus making the hardness readings

lower (Fig. 10;.

Changes Due to Soakin g: From Figs. 5 and 6 and
Table 3, it can be seen that with high constant temperature,
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the longer the soaking time, the higher the hardness, as well
as the higher the combined carbon content. However, when
the soaking time was long enough, say, two houre or longer,
the hardness, as well as the combined carbon ¢ontent reachei
to constant (Fig. 8), but this is not true for the specimen
which was heated to a lower temperature, say, 1400°F. For
this specimen different soaking time gave the same results
(Figs 4), because the temperature waz not high, and the
goaking time was not long enough to cause the decomposition

of cementite in the original specimen.

then the temperature wae increased to, say, 1800 or
1950° 1, for two or three houfa, the time still was nol long,
but the temperature was high enough to cause the desomposition
of cementite, and the amount decomposed may be nearly the
same &8 that decomposed in the specimen which was heated to
the same tmeperature but held for only one hour. However,
when the soaking time was longer, more carbon should have
been dissolved in the austenite, and retained in the martens-
ite, when quenched, thus making the resulting hariness high-
er, though this is not true for the specimen which was heated
to 1400° ¥, for one, two and three hours; because the tem-
perature was t0o close to A,3, even longer soaking time,
say, two or three hours, could not cause more carbon to

dissolve in the austenlite.



Table 1 ~-« Influence of Quenching Temperature on
Hardneability

Spec¢ imen Queno?}gi)Temp. Soaking Time Himdnnu# Curves

(Hre,) . Resdings

3

1l 1400 1 Table 4 Fig. 3

1450 1 "5 "3

3 1500 1 “ 6 "3
3 1550 1 D "3

5 1600 1 "8 "3
6 1700 1 "9 "3

7 1750 1 " 10 "3

8 1800 1 "1l "3
9 1950 1 A V- "3




Zpecimen quméh & Temp Soaking Time Hardiness
iR f»f"’fﬁf,' mﬁw Beadineg

Table 2 === Influence of Soaking Time on

Famineability

10
il
12
13
14
b ¥

1400
1400
1700

1700°

1950
1950

e
3
2
3
e
3

Curves

Table 13 Fig. 4
" M o Q
" }5 - 8

[ ] 17 " 6

" 18 * 6

"3 §




Table 3 ~=« Carbon Analyses

22

Bpecimen Quenching Temp. Soaking Time T. C. C, C. G. C.

. (°F,) (Hra,) (%) (%) (%)

1 1400 1 2.88 0,91 1.96
10 1400 2 2.87 0.92 1.95
11 1400 3 2.87 0.93 1.94
5 - 1700, 1 2.88 0.80 2.08
12 1700 2 2,87 0,92 1.97
13 1700 3 2.87 0,92 1.95
9 1950 1 2.87 0.73 2.14
14 1950 2 2,88 0,90 1.98
15 1950 2.87 0.92 1.95
Sample ae cast 2,87 0,62 2.25




Table 4 =e= Specimen heated to 1400°F. for one hour,

23

D

60/16 500 50,0 50.0

cpecimen as castt Rookwell C 35.



Table 5 --- Specimen heated to 1450°F. for one hour,

24

istances from

/
2/16 48.0
3/16 50,0
4/16 52,0
5/16 53.0
6/16 54 .0
7/16 54 .5
8/16 55.0
9/16 54,6
10/16 54 .8
1116 54,6
12/16 54,8
13/16 54,7
14/16 54.5
15/16 54,2
16/16 54 .0
18416 54,0
20/16 53.5
22/16 53.0
24/16 53.0
26/16 52,
28/16 52.5
30/16 52 .0
32/16 51.8
36/16 51.0
40/16 50.8
44 /16 50,0
48/16 49.5
A 3
56/1 .
60/16 49,0




Table 6 --~ Spe¢imen heated to 1500 F., for one hour.

Distances from

uenc end, in
1/16
2/16
2/16
/16
5/16
6/16
., T/16
8/16
9/16
10/16
11716
12/16
13/16
14/16 ;
15/16 53,0 53.0 53.0
16/16 52,8 52,8 52,8
18/16 53.0 53,0 53.0
20/16 54,0 52,0 53,0
22/16 55.0 51.0 53.0
24/16 54,0 52,0 53,0
26/16 54,0 50.0 52,0
28/16 51.0 51.6 51.3
30/16 50,8 50.8 50,8
50,0 50.0 50.0
26/16 49 .0 31 .0 20.0
0/16 49,0 9.0 9.0
44 /16 48.0 49,6 48,8
48/10 48,6 48,6 48.6
52/16 58.0 39.0 48,5
56/16 48,2 48,2 48.2
60/16 48,2 48 .4 48,3




Table 7 -~= Specimen heated to 1550° F. for one hour.

26

Disgtances tréa
‘:t# B gi 1n

1/16
2/16 46.5 46 .5 46.5
3/16 50,0 50,0. 50,0
4/16 54,0 53,0 53.5
5/16 54,0 52,0, 53,0
6/16 52.8 52,8 52,8
7/16 BZ.Q y 52,0 52,5
8/16 54,0 50,0. 52,0
9/16 51.0 53,0 52,0
10/16 .0 52,0 52,0
11/16 gﬁ.o 50.0 52,0
12/16 52,0 52,0 52,0
13/16 51.8 51.8. 51.8.
14/16 51.5 51.5 51,5
15/16 51,3 51.3 51.3.
16/16 51.3 51,3 51,3
18/16 51.2 . 51. 51,2
20/16 50.5 51,0 50.8
22/16 50,6 | 50,0 50,3
24/16 50,0 50.4 50.2
26/16 51,0 49,0 50.0
28/16 49,6 49,6 49.6
30/16 49,6 49,0 49,3
16 49,0 49,0 49,0
36/16 49,0 48,0 48,5
40/16 48,0 48,0 48,0
44 /14 48, 49,0 48.5
48/16 47,0 48,0 47.5
52/16 48.0 47,0 47,5
6/16 47.5 47.5 47.5




Table 8 -~=- 8pecimen heated to 1609°F. for one hour.

Distances frou 1888 re ! Rogkw
guenched end, in, On one H1J e other aide Ave,
1/16 48,0 48,0 48,0
2/16 56,0 52,0 54,0
3/16 54 .4 54,0 54,2
4/16 54,6 54,0 54,3
5/16 54,0 54,0 54,0
6/16 58,0 50,0 54.0
7/16 53.8 53.8 53.8
8/16 54,0 53.0 53.5
9/16 56.0 50.0 53.0
10416 52.8 52,8 52 .8
11/16 52,5 52,5 52,5
12/16 52,2 52,0 52,1
13/16 52,0 51,0 51.5
14/16 52,0 50,0 51.0
15/16 50,8 50.8 50.8
16/16 50,6 50,0 50.3
18/16 50,0 50.0 50,0
20/16 50.0 49,0 49.5
22/16 49 .4 49,0 49,2
52/16 49,0 49,0 49.0
/16 48.8 48.8 48.8
28/16 48,5 48,5 48.5
30/16 48 .4 48,0 48.2
32/16 48,7 48,7 48.7
6/16 47.0 47.0 47.0
0/16 48,0 46,0 47.0
44 /16 47,0 47,0 47.0
48/16 48,0 46,0 47,0
52/16 45.0 49,0 47,0
56/16 48,0 46,0 47.0
60/16 45,0 49,0 47,0
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Table 9 --- Specimen heated to 1700° F, for one hour,

Dis s from [axdn
1@ 0N 6 KL 1Y} R 81
1/16 39.5 39.5 39.5
2/16 44,5 . 45,0
3/16 49,0 47,0 48,
4/16 51.0 49,0 50,0
5/16 50,0 52,0 51.0
6/16 51,0 51,0 51.0
7/16 50,0 50,0 50.0
8/16 51,0 51,0 51,0
9/16 51,0 50,0 50.5
10/16 51 .0 50,0 5005
11/16 52,0 50,0 51.0
13/16 51.0 51,0 51.0
14/16 21'0 50,0 50.5
15/16 9.0 51.0 50,0
16/16 49,0 49,0 49,0
18/16 50,0 48,0 49,0
20/16 49,0 47,0 48,0
22/16 49,0 48,0 48,5
24/16 48,0 49,0 48.5
28/16 49.0 49,0 49,0
30/16 46,0 48.0 47.0
32/16 47.0 47,0 47.0
36/16 47.,0 47.0 47,0
40/16 45,0 47.0 46,0
44 /16 47,0 45,0 46,0
48/16 46,0 48,0 47.0
52/16 46,5 46,5 46,5
56/16 47.0 46,0 46.5
60/16 45,0 49,0 47.0




Table 10 =~-e Specimen heated to 1750° F, for one hour,

40,0

47.0
48,
48.3




Table 1l «~=~ Speciemn heated to 1800° F, for one hour,

9/10 47.5 47.5 47.5
10/16 48,0 47,0 47.5
11/16 47,0 48,0 47.5
12/16 47,4 47,0 47.2
13/16 49,0 45,0 47,0
14/16 48.0 46,0 47.0
15/16 45,0 49,0 47,0
16/16 46,0 47.0 46.5
18/16 48,0 45,0 46.5
20/10 45,0 48,0 46,5
22/10 46,0 47,0 46.5
24/10 43,0 50,0 46.5
26/16 48,0 44,0 46,0
28/16 47,0 46,0 46,5
30/16 45,8 45,8 45,8
32/16 46,0 45,0 45,5

6/16 46,0 - 44,0 45,0

0/16 44 .5 44,5 44 .5
44 /16 44,0 44,0 44,
48/16 46,0 40,0 43,0
52/16 46,0 40,0 43,0
56/16 44,0 42,0 43,0




Table 12 --- Specimen heated to 1950°F, for one hour.

3

Distances from

16/16
18/16
20/16

3%/18
26/16
28,16
30/16
32/16

40/16
44/16
48716
52/16
56/16
60/16

> & & w

»

SGIEEREERERLY

B e
G
¥ ® & ® & w 8 & @
QC

L

46,0

QOO0 OUMIUIOUNO0O000

323

45,3
25;9

Jed
Ak 3
44,0
44,5
43,0
42,0
41,0
41,5
42 .0
41,0
41,0
41.5
42,0

42 .0




Table 13 =~ Specimen heated-to 1400° k. for two hours.

/ S4

/ . ;
15/16 54,0 54,0 54,0
16/16 52,0 56,0 54,0
18/16 53.5 52.5 53,0
20/16 55,0 51,0 53.0
22/16 54,0 5% ,0 54,0
24/16 53,0 3.0 gg..o
26/16 51.0 53.0 82.0
28/16 52,0 52.0 2,0
0/16 53.0 53.0 3.0
32/16 55.0 1.0 53.0
36/16 52,0 52.0 52,0
40/16 51.0 53.0 52,0
44/16 51 .8 . 51.8 5.8
48/16 50,0 52,0 5.0
52/16 503 52,0 51.0
56/16 54,0 49,0 5.5
60/16 50,0 52,0 51,0




Table 14 =-- Specimen heated to 1400°r, for three hours,

Pistances fronm Haranese readinge, Rockwelil
quenched end, in. On one #ide On the other side I

1/,16 54 .0 56 0 55.0
2/16 52.0 .0 53.0
3/16 53.0 55.0 54,0
/16 52.0 55.0 55,0

5/16 56.5 585.5 .
6/16 55.5 54.5 55.0
7/16 58.0 56,0 57.0
8/16 53.5 57.5 55.0
9/16 55.5 58.5 57.0
10/16 55.0 55.0 55,0
11/16 56,0 56,0 56,0
i%/%g gg.g 56.3 gs.g
14/16 54,0 54,0 52.0
15/16 55,0 51,0 53.0.
16/16 55.5 54,5 55.0
18/16 53.5 56 .5 55,0
20/16 55,0 55.0 55.0
22/16 52,0 54,0 5%.0
2“/16 - 54.0 5‘&"0 5 .0
26/16 55.5 52.5 54,0
28/16 .0 52,0 52,0
30/16 51,0 51.0 51,0
365%2 52.0 52,0 51.3
30/16 0:8 ?ﬁ:g ?5.5
44 /16 50,0 50.0 50,0
48/16 52,0 52 .0 52.0
séfig 50,0 54.2 5@.3

' 100 510 5 - &
60/16 240 5000 52 -o
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Table 15 ~-- Specimen heated to 1700°F, for two hours,

Distances from Hard DEE A

enched end, e 81 & ‘ AyS .,
1/16 48,0 47.0 47.5
2/16 55.0 54,0 51.5
3/16 56,0 56,0 56,0
4/16 55,0 55,0 55,0
5/16 54,0 56,0 55.0
6/16 55.0 57.0 56.0
7/16 55.0 53.0 54,0
8/16 52.5 5545 54.0
9/16 52;5 55.5 55.5
10/16 54,0 54,0 54,0
11/16 56,0 54,0 55,0

12/16 52,0 56,0 54,
14 /16 54.5 54,5 54,5
15716 54,0 4,0 54,0
16/16 53,5 54 .5 54,0
18/16 54,0 54,0 54,0
20/16 53.8 53.8 53.8
22/16 53.3 53,3 53.3
24/16 53.0 55,0 54,0
26/16 53,0 53.0 53.0
28/16 52,0 54,0 53.0
30/16 51.0 55.0 53.0
36/16 51,3 51.3 51.3
40/16 50,0 52,0 51,0
44/16 51,4 51,0 51.2
48/16 51,0 52,0 51.5
52/16 52,0 52,0 52,0
56/16 50,0 54,0 52,0
60/16 51,0 53,0 52,0




Table 16 =~~~ Specimen heated to 1700°F, for three hours.

D
1/16 48,0 47.0 47.5
I %2 &3 &
A/16 54.0 54.0 54.0
5/16 53.8 53,8 53,8
6/16 53,9 53,3 53.6
7/16 56.0 52,0 54,0
8/16 54,4 54,0 54,2
9/16 55.5 55.5 55.5
10/16 53.6 54,0 53.8
11/16 56,0 54,0 55,0
12/16 54,5 54 .5 54,5
13/16 56,0 56,0 56.0
14/16 58.0 54 .0 56,0
15/16 58.0 52,0 55.0
16/16 55.0 57.0 56.0
18/16 54,0 55,0 54,5
20/16 54,0 54,0 54,0
22/16 55,0 55,0 55,0
24/16 57.0 53,0 55.0
26/16 54.0 54,0 54,0
28/16 53,0 55,0 54,0
L S 58 B
36/.16 52.0 52.0 52.0
0/16 56,0 50,0 53.0
44/16 52,4 52,0 52,2
48/16 51,0 53,0 52.0
5651‘?» 230 210 2 5
60/16 21:0 51.0 51,




Table 17 =-- Specimen heated to 1950°F, for two hours,

Distances from
auenched end, in,

1/m6
2 1&
2/
5/16
6;16
7/16
8/16
9/16
10/16
11/16
12/16
13/16
14 /16
15/16
16/16
18/16
20/16
22/16
24/16
26/16
28/16
30/16
32/16
36/16
40/16

48/16
)2416
56/16
60/16
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Table 18 =~~~ Specimen heated to 1950°F, for three hours.

Distances from

guenched end, in, ; , LAY

1/16 44,0 46,0 45,0
2/16 .0 50,0 51.0

3/16 4,0 53,0 53.5

4/16 53,5 54.5 54,0

5/16 52,0 54,0 53.0

6/10 53.5 53,5 53.5

7/16 51.5 54,5 53,0

8/16 51,5 53.5 52.5

9/16 54,0 53.0 53.5
s %3 22 33
12/16 55.0 55.0 55.0
13/16 53,0 53,0 53.0
14/16 51,5 55.0 53.0
15/16 52,5 52.5 52.5
16/16 52,0 54,0 53,0
18/16 54,0 52,0 53,0
20/16 51,0 55.0 53.0
22/16 51,0 53.0 52,0
24/16 52,0 55.0 53.5
26/16 53,0 54,0 sg.s
28/16 52,0 54,0 53%.0
30/16 52,0 53,0 52.5
32/16 51,5 53.5 52.5
40/16 51,0 51.0 51.0
44716 50,0 52,0 51,0
48/16 50.5 51.5 51,0
52 /16 50,0 51,0 50.5
56/16 50,0 53,0 51.5
60/16 51,0 53,0 52.0
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Big* 9 —- Microstructure of specimen heated to 1400°F.
for one hour* 250 X
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Fig* 10 —

Mierestructure of specimen heated to 1950°F

for one hour* 250 X*
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Fig.

11

Microstructure of specimen heated to 1400° F

for three hours. 250 X
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Fig.

12 —- Microstructure of specimen heated to 1950°F.

for three hours. 250 X

47



Fig. 13 M icrostructure of specimen in the cast

condition, etched with 5 percent plcral. 250 X.
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Fig. 14 — Microstructure of specimen In the cast

condition, unetched.. 100 X.



The resulte obtained so far ¢an be summarized, as

follows:

1, The hardenability of the material tested 1s high
because it contains many alloy elements, which incresse
the hardenability by shifting the 5 curve (not determined
yet) to the right and retarding the decomposition of

austenite.

2, With soaking time of one hour, the lower the
quenching temperature, the higher the hardness, as well
as the higher the combined carbon content, because of
the formation of spheroidized cementite during slow hest~
ing process, and these spheroldes remained unchanged at

low temperatures,

3, With high constant temperature, the longer the
eoaking time, the higher the hardness, as well as the
higher the combined carbon content, But when the soak-
ing time was long enough, say, two hours or longer, the
hardness as well as the combined carbon content reasched
a constant, JMoreover, when the temperature was not high
enough, aay,‘1h00°F., longer soaking time did not affect
the hardnese and the combined carbon content, This is -

because the soaking time of three hours or less did not

50



cause the decomposition of cementite, but did cause more
graphitiec carbon to dissolve in austenite at high tems
peratures, thus making the resulting martensite harder
when quénc:he&.-._.
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