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"EVALUATION OF THE END QUENCH TEST AS A DESIGN CRITERION
Roy Neal Lott
Inorganic Materials Research Division, Lawrence‘Berkeley Laboratory and

Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California

ABSTRACT

End duench-test results have commonly been used to design quenching
conditions in the hope that the desired microstructure will be obtained
in the quenched piece. Investigation of this practice shows it to be
invalid in principle. The correlation of end quench data to other
quenching conditions is based either on equivalent measured final
hardness wvalues or, more generally, on equivalent cooling rates at
1300°F during quenching. The correlation based on equivalent hardness
values is invalid because hardness is not a sensitive indication of
microstructure or properties of a quenched steel.v Correlations based
on equiQalent cooling rates are not valid because the final properties
are shown not to be dependent on the cooling rate ét 1300°F during
the quench. This is becéuse the final microstruqture of a quenched
plece depends on the path of the cooling curve through the continuous
cooling transformation diagram. The shape of the cooling curve is a
function of the quenching conditions and, therefore, its path is not

determined by the cooling rate at 1300°F.



I. INTRODUCTION

It is common in the literature to find descriptions of the end
quench test which indicate that the microstructure, and therefore the
properties, of a quenched piece of steel can be predicted from cooling
rate data and the hardenability curve for a steel. For example,

U.S. Steel states: "This test [the end quench test] furnishes a method
of applying a continuous series of varying cooling rates to a single
specimen, and, since these rates are known, the results can be converted
to hardenability values in terms of ideal diameter. Thé curve used

for this conversion is shown in Pigure 40-38 (See Fig. 1). To use this
curve, the distance along the end quench bar to the desired micro-
structure, or corresponding hardness value, is noted and the ideal
diameter corresponding to this distance is read from the curve. This
ideél diameter'may then be converted into terms of bar size which can

be hardened under any given quenching conditions ;{."1 With regard to

‘conversion from ideal diameter to bar size, this source also states:

"Since the cooling rate relationships between the ideal quench and
other quenching conditions are known, hardenability values in terms
of ideal diameter can be used to predict the size of round which will

nl The ideal diameter--size of round correla-

harden in any quenﬁh vee
tions are illustrated in Fig. 2. Van Vlack says: '"End quench

hardenability‘curves are of great practical value because (1) if the
cooling rate of a steel in any quench is known; ﬁhe hardness may be

read directly from the hardenability curve for that steel, and (2) if

the hardness at any point can be measured, the'cooling rate at that
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point may‘be obtained from thé hardénability curve (See Fig. 3) for
that steel."2 -

As’ shown in.Fig. 3, the hardenability curve is Baéed on the
cooling rate at 1300°F, which would be in the pearlite region in most
continuous cooling transformation diagrams. It is the contention of
this thesis that,in general, the mi;rostructure of a quenched piece
of steel cannot be accurately predicted from the cooling rate at
1300°F (or any other temperature); For a given steel, it may be
possible tb determine a temperature from an accurate continuous cooling
transformation diagram at which the cooling rate can be directly
related to the final microstructure. However, no single temperature
applies for all steels. The cooling rate at 1300°F relationships,
which are conventionally used to predict quenched microstructure, are
invalid because the path of the cooling curve thréugh the continuous
cooling transformation diagram cannot be predicted from the cooling
rate at 1300°F. That is, two quench pieces of different sizes or
geometries, and quenched in different media, may have identical cooling
rates at 1300°F, but their cooling curves may follow different paths
at lower temperatures, as illustrated in Fig. 4. The types and amounts
of bainite and martensite formed during transformation at the lower

temperatures will greatly affect the final properties of the quench

piece.3 Variations of the cooling curve through'the bainite-martensite.

regions can produce wide variations in mechanical properties.
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Some of the ideal diameter--round size correlations are based
on hardness measﬁrements using the theory that points of equal hardness
had equal cooling rétes and vice versa. However, the hardness--
cooling rate at 1300°F correlation is not an exact one and, also,
hardﬁess is not.a goéd indication of the other éroperties of a piéce
of steel. The hardness may show a good correlétion to strength but
it gives no indication of toughness or ductility.4 The properties of
two pieces with identical cénter hardnesses may be quite different
thus making qﬁenching condition correlations based oﬁ hardness measure-
menté as invalid as those based on cooling rates at 13006F.

The purpose of this experimentation was to demonstrate that
quenching cdrreiations based on the endvquench test or the ideal
diameter concept are not nécessarily accurate. Diagrams such as

Figs. 1, 2, and 3 are, of course, useful in many instances, but users

should be aware of their limitations.

”




II. EXPERIMENT DESCRIPTIONS

A. The End Quench Experiment

| v .
In order to show that properties of a quenched piece cannot be

accﬁrately predicted from end quench data, a modified end quench
spegimen was designed so that the Charpy V—notch'impact.toughness
property coﬁld be measured along its length. The end quench specimen,
which is shown in Fig. 5, was redesigned to have a rectangular crbss—
section so that it could be éut into Charpy V—notéh bars after heat
treatment; The modified end qqench specimen waé roughly comparable
to the standard Jominy bar5 in that it had a siﬁilar quench end face
area (0.854 in.2 vs 0.785 in.z standard) and length (4.125 in. vs
4.00 in. standard).

The'éﬁd quenching rig was also modified with»a rectangular nozzle
and—ofifice to accommodate the rectangular end quénch specimen as
shqwn in Fig. 6. All other aspécts of the end Quench treatment were

done in accord with the ASTM Standard Method of End Quench Test for
5

Hardenability of Steels, A255-67. The ratio of orifice area/quench

end face area was 1/4. A free height of 2% iﬁ. above the orifice was
maintained by the vgrtical stream of wa;ér which was gravity fed from
a constant surface level reservior to the nozzle. The nozzle was:
designed such that a fairly uniform velocity was maintained over the
cross-section of the vertical stream of water. The bottom end face
of the end quench specimen supported l-in. above_the nozzle orifice.

2
The modified end .quench specimen compared closely with the standard
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on the basis of coolihg fates at 1300°F and hardnéss curves. (These
details will be discussed iﬁ the "Experimental Procédure and Results"
section:) After the end quench heat‘treatment and maéhining of the
end quench specimens into Charpy bars, brittle tfanéition temperature
curves and témpering curves were obtained for each Charpy bar position
on the end quench spécimen in order to describe the toughness behavior

along the end quench specimen.

B. The Bundle Quench Experiment

Charpy bars of the same steel as the end quench specimens were
-individually bound in the center of a bundle of steel blocks (as shown
in Fig. 7) and heat treated. The cooling curves of the bundled Charpy
bars were récorded during quenching of the bundles in both agitated oil
and agitated water. On the basis of the cooling rate at 1300°F, the
toughness properties of the bdndlé quenched bars were compared to those
predicted by the end quench data. The toughness behavior of the bundle
quenched bars differed significantly from that predicted from the end
quench data. Also, the hardness values measuréd at the.center of the
bundle quenched Charpy bars after fracture were éompared to fhose from
the end quench hardenability curves for the samé copling rates. The
hardness values of the bundle quench bars did not correspond accurately
" to the hardenability curves for the same cooling rates, contrary to
the previéuslf'quoted statement from Van Vlack.2 These results show
that the end quench test doe; not necessarily provide an accurate

means for predicting the properties of a quenched piece of steel.

A
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C. The Bar Section Quénch Experiment

In ofder to illustrate the effect of speciméh size and geometry,
and of the éuenching medium, oﬁ thé shapé of thé.cooling curve, the
cooling curves of. round bar sections of various sizes were recorded
during quenching in agitated oil and agitated wafer} Therﬁocouples :
were placed at bér centers and bar half radii in cylinders 1, l% s 2,

'21- and 3f1nches in diameter. For each bar centerland half rédius

2
the cooling rate at 1300°F was plotted against thé cooling rate at
700°F for ;gitated oil and aéitated water quenches{_ This plot.(Fig. 14)
clearly sﬁows that two quenched pieces with thevsgme céoling rate at
1300°F can differ greatly in cooling rate at a lowef temperature

(700°F in this case). The shapes of cooling curves vary significantly

with variations in quenching.conditions.

€.
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III. EXPERIMENTAL PROCEDURE AND RESULTS

A. The End Quench

The end quench and bundle quench impact toﬁghness experiments were

performed using the following steels:

S.A.E. ' E.H.N.
No. C Mn P S Si Cr Ni Mo Cu Gr. Size Condition
4130 .29 .51 .015 .015 .26 .96 d2 .20 .15 5/8 Normalized
4340 .41 .85 .015 .016I .32 .82 1.78 .25 .16 5/8 Annealed

Both alloys were ladle vacuum degassed, aircraft gfade steels. The
modified end quench}speciméns were machined to 0.394 in., (10 mm) X
2.164 in. (55 mm) X 4.125 in. (105 mm) dimensions with the rolling’
direction of the steel parallel to the length of the specimen. Support
tabs'were‘welded on the end of each specimen.

Thermocouple tips were implanted at the spécimén mid-thickness
at vérious distances from the quenched end; the cooling curves were
recorded during end quenchihg. The cooling rates at 1300°F'wefe
determinéd from the recorded cooling’curvés and>§ere compared with the
published cooling rate curves for standard Jominy‘end quenéh épecimens.
It was found that the cooling.rate curve from the modified end quench
‘specimen compared closely to the standard (as shown in Fig. ‘8). vAftér
heat treatment the specimens were hand sanded and Rockwell C hardness
tests were made along the lengths'of the specimens in order to deter-

mine how closely the modified specimen hardenability curves reproduced
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published hardenability curve limits for 4130 and 4340'steels. The

average hardness values measured along the length of the end quench

specimens are given in Table 1. The modified specimen end quench was

found to be closely comparable to the standard end quénCh test by the
criteria of.cooliﬁg rates at 1300°F and hardenability curves.

Two different heat treatments were used in this experiment; the
standard end quench test and a two step heat treatment. William E. Wood
found thgt by heating to 2200°F and then cooling felatively slowly to
the standard austenitizing temperature (1550°F>for 4340, 1600°F for
4130 éteel) before quenching in oil or water caﬁsed the fracture
toughness of these alloys to be greatly improved.3 In order to
suppl ement fhe investigation of the austenitizing temperature effect,
some of the specimens were given this two stage step quench heat
treatment prior to end quenching. .The standard end quench heat
treatment consisted of placing the specimen in a furnace at the standard
austenitizing temperature for 30 min. then quickly transferring the
specimen to the quenching rig where the bottom ehd of the specimen was
spray quenched for 10 min. with water 68 to 70°F in temperature. The
specimeﬁ was immersed in water immediately after'fhe 10 min.,end
quench. The step quench heat treatment was exéctly like the standard
treatment except the specimen was placed in a furnace at 2200°F for
1 hr. before being transferred to the furnace at standard austenitizing

temperature, where it was held until it reached temperature uniformity

at the lower temperature. All furnaces used for these heat treatments



Table 1. The Average Hardenability Curves for End Quench Specimens

Given the
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‘Standard Heat Treatment.

Average R, Hardness Values Along the Seven Specimens of Each Alloy

Given the Standard End Quench
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containea inert argon atmospheres. The avéragé'hardenability curves

for each of these heat.treatﬁents are shown in Figs. 9 and 10. There
were no significant differenceé betﬁeen'the hardenabiiity curves for

the standard and step qﬁenched specimens.

Next the end quench specimens were notched, cut, and ground to
standard Charpy V-notch impact toughness bars6 as shown in Fig. 5;
During machining, the bars were sprayed with coolant to prevent heating.

For each alloy, the first test performed with the Charpy bars
from the end qﬁench speciﬁens was the determination of a brittle
transition curve for each Charpy bar position on the end quench
specimen. 1In this series of tests, the Charpy béfs were placed in an
0il bath at the indicated temperature for 10 min.,‘and then immediately
broken at temperature.6 The results of these tests are given in

Table 2. The step quench heat treatment is shown to improve slightly

the impact toughneés properties of the 4340 steel and to degrade the

impact toughness of the 4130 steel. These results did not correspoﬂd

to the dramatic results obtained with K_. fracture toughness specimens

IC
in Wood's3 work., However, Wood also madé some Charpy tests ahd found
results similar to those reported here. Charpy impaci toughness and

K

C fracture toughness tests do not always correlate well.

Tests were also made in which bars from each position on fhe end
quench specimen were tempéred before testing at room temperaturé. The
Charpy bars in this series were placed in a temperature bath for 1 hr.,
removed to air cool, and impact tested. The tempering tests were

performed only on the Charpy bars from end quench specimens given the



Table 2. Brittle Transition Curve Data Charpy V-notch Impact Toughness Values (Ft-:lbs)

4130 4340
Testing Temperature . Testing Temperature
(RT) (65.5°C) (100°C) (200°C) - (RT) .
Position 70°F 150°F 212°F 392°F 70°F 150°F 212°F 392°F
1 10.6 23,7 17.5 ' 20.5 4,2 5.2 5.0 16.0
2 16.9 55.1 71.5 93.2 6.3 6.2 7.5 .10.6
Standard 3 17.9 - 78.5 95.0 6.2 5.7 7.0 9.4
Heat 4 17.7 - 67.0 77.0 5.9 5.4 7.0 9.0
Treatment 5 14.5. 42,0 57.5 65.0 5.4 6.2 6.4 12.5
6 17.3 42.0 55.5 59.2 5.5 6.5 6.4 21.5
7 - 19.3 39.2 57.1 61.5 5.6 6.4 8.0 21.0
8 20.0 36.5 61.4 64.0 5.5 6.6 8.0 23.0
1 10.0 15.0 12.0 14.0 5.0 6.8 8.0 13.5
2 5.1 11.0 17.5 32.5 6.9 7.8 9.5 11.5
Step 3 6.6 17.0 21.0 50.0 6.0 7.2 8.5 10.5
Quench 4 8.0 12.5 24.5 52.5 5.5 12.7 7.5 . 9.0
Heat 5 8.0 11.2 31.5 55.5 6.9 8.8 10.0 12.5
Treatment 6 6.9 19.5 29.0 54.5 6.6 10.3 13.0 21.0
: 7 7.7 13.2 30.0 . 54.5 9.1 7.4 11.0 27.5
8 6.2 16.0 31.5 . ~. 55.0 5.8 7.4 11.0 - 30.0

-0¢-

Charpy V-notch bars were held in temperature bath 10 minutes and then broken immediately at that
temperature.
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standard heét treatment; the results are given in'Table 3. Auxiliary
tests were‘performed to get a better idea of the toughness behavior.
One of these was thebheat tre;;ing of individual Charpy bars which
were austenitized at the standard témperature for 30 min. and o0il
quenched.' Two of these Charpy bars were tested as-quenched and the
other two were tempered, air cooled, and then impact tested. These
data are included in Table 3. In another seriesvofvtests, sets.of
Charpy-bars'from both alloys with the two austenitizing treatments

were tempered at 392°F for 1 hr. and quickly testédvat that temperature.

The results are shown in Table 4. The longer tempering time had no

significant affect on the Charpy values.

B. The Bundle Quench

In ordgr to compare the toughness beha§ior'of a quenched piece
to that pre&icted by the end quench data, Chérpy bars of each alloy
were individually bound in the centers of bundies of steel blocks as
shown in‘Fig. 7. To determine the cooling curves éf the bundled
Charpy bar quenched in agitated o0il and agitated wafer, al1l/8 in.
diameter hole was drilled through the bottom eﬁd fb the center of the
Charpyubar.’ A therﬁobouple, enclosed in a short length.of 1/8 in.
ceramic double hole tubing, was fitted'inté this hole and staked in
by defofming metal at fhe hole opeﬁing over the end of the ceramic
tubing. This held the thérmocouple tip in fifm éontact with the
metéi at the center of the Charpy bar. Th? bundle was placed in a

furnace at the standard austenitizing temperatufe and held there 1 hr.
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Table 3. Charpy V-notch bars were tempered for 60 minutes in temperature

bath, air cooled to room temperature and impact tested.

Tempering Data (ft-1bs)

4130 B 4340
Tempering Temp. ~ Tempering Temp.
(302°F) (392°F)

Position A.Q 150°C 200°C | A.Q 150°C 200°C
1 10.6 20.3 17.0 4.2 6.5 11.0
2 16.9 19.8 28.0 6.3 9.6 8.0
3 17.9 25.3 34.3 6.2 7.8 1.5
4 17.7 22.6 35.7 5.9 7.1 6.0
5 14.5 21.5 20.1 5.4 6.8 6.0
6 17.3 19.5 22.9 5.5 6.2 6.0
7 19.3 20.7 25.0. 5.6 7.5 7.5
8 20.0 20.3 24.0 5.5 7.5 7.5

Single bar, - o _
01l quenched 16.5 22.0 7.0 10.6

[
I
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Table 4. Toughness Data for End Quench Charpys-Tempered 60 Minutes and

- Broken at Temperature

Toughness Values

- (ft+1bs)
- Position on _ '
Heat Treatment End Quench 4130 4340
, Specimen
1 20.0 27.5
2 - 86.5 - 14.0
, 3 94.5 13.0
4 83.0 11.5
Standard 5 67.0 13.5
6 62.0 13.5
7 62.5 19.5
8 65.0 20.0
1 14.5 13.5
2 37.0 12.5
3 50.5 10.5
‘Step 4 57.5 9.0
Quenched .5 57.5 13.5
6 '54.0 23.0
7 55.5 29.5
8 55.0 34.5
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The bundle was quenched vertically so that the thermocouple hole
through the bottom of the Charpy bar contained a small gas pocket
which prevented the quenching medium from reaching the thermocouple

tip and affecting the recorded cooling curve. The cooling rates at

Fid

1300°F were determined from the cooling curves to be 59°F/sec for
agitated watef and 30°F/sec for agitated oil.

| Three bundled bars of each alloy were water quénched and three
more were oll quenched. The quenched bars were ground and notched
to standard Charpy V-notch dimensions. Care was taken to notch the
bars parallel to the r@llihg diréction, as was done with the end
quench specimen Charpy baré. One bar from each set was broken in the
as-quenched condition, and the other two were tempéred at the two
temperatures used for tempering the end quench Charpy bars. In this
way thé toughness of the tempefed bundle quenched bars could be
compared with the toughness vélues of tempered end quench specimens.

If 1t is true that the microstructures and properties can be predicted

from the cooling rate at 1300°F in the end quench test, then the o
toughnesses of the bundle quenched Charpy bars should have been

predictable, as illustrated in Fig. 11. The impact toughness values

<7

of the bundle quenched bars are compared with the yalues'predicted by.

end quench toughness curves in Table 5 and Fig; 12. These results ' )
shoﬁ the bﬁndle quench values differ significantly from those predicted 

by the end quench curves. In fact,inverse_correiation is indicated |

for the two steels. The Charpy values for the Bﬁndle quenched 4130

were lower than the values obtained from end quench test specimens,
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Table 5. ' Comparison of Interpolated End Quench Toughness Values,

Based on the Cooling Rate at 1300°F, and the Measured Bundle

Quench Charpy Bar Toughness Values. (ft-1bs)

4130

© 4340
Alloy " Alloy
Tempering Water Predicted Water  Predicted
Temperature Bundle End - Bundle End
‘ Quenched Quench Quenched Quench
Value Value Value Value
As Quenched 9.0 12.8 6.2 _5.2
302°F ' 14.2 20.1 16.4 8.0
392°F 15.1 22.3 23.4 9.4
0il Predicted . Water Predicted
Bundle End Bundle End
Quenched Quench Quenched Quench
Value Value - Value Value
As Quenched 8.5 14.6 13.9 5.9
302°F 17.1 - 20.0 13.9 9.0
392°F 18.4 25.8

12.5

8.5




Charpy Impact Toughness (ft-ibs)
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Fig. 12. Imapct toughness vs tempering temperature curves of the bundle
quenched bars as compared .to those predicted from interpolation of

the end quench specimen toughnéss curves.
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but the reverse was true for the 4340 steel.

After impact tohghness.testiﬁg,.one of the fraétﬁre'surfaces of
the bundle quenched bars w;s sanded smooth-and.Rc hardness\measurements
were made at the center of each as-quenched speciﬁen. These hardness
values were compared with those predicted from the cooling rates and
the hardenability curves (See Table 1 and Fig. 3 or.8). The bundle
quench bar center hardness values and measured cooiing raEes are
listed in Table 6 along with the hardness values predicted from the
measured cooling rates at 1300°F along the end quench specimens.. Also
in Table 6, the measured cooling rates are compared to the cooling
rates predicted from the measured hardness values. These results
show that even though cooling rates at- 1300°F may be identical in two
pleces of the same steel quenched in different ways, the hardness
values may not be the same. Conversely, ident}cal hardness values
.in quench steel parts does not necessarily mean thgt the 1300°F

cooling rates were the same.

C. The Bar Section Quench -

Thé shape of the cooling curve of a quench piece is grgatly
afféctéd'by the geometry of the piece and the quenching.condifions.
It is nof possible to p:edict the shape of the cooling curve on a
continuous cooling transformation diagram from the cooling rate at
1300°F alone. To illustrate the extent to which the cooling curve
is affected by the size, geometry and the quenching medium factors
an experiment was performed in which round bar sections of varfous

sizes were quenched in agitated water and in agitated oil.




Tablé 6. Comparison of Measured Bundle Quench Hardness Values and Cooling

Rates at 1300°F to those Predicted from End Quench Hardenability o
Curves S o : | v _ , .;’
_ , R, Hardness Cooling Rates .

: _ Measured Values Predicted at 1300°F Predicted ’
Alloy Quench , Cooling Rate Measured From Measured From Measured LN
at 1300°F (°F/sec) R Hardness " Cooling Rates Hardnesses (°F/Sec) 1
: T 5
4130 011 - 30 38.0 33.5 44 .
4130  Water T | 46.0 38.6 125 R
4340 011 30 54,4 54.3 46 -
| - q L.

(3%

¥

- ez

4340 Water 59 56.0 54.6 - 330
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Thermécouples were placed at tﬁe bar centers and at ﬁhe bar half‘radii
(by thé same method previously described inbrecérding'the cooling
curves of‘the bundle quench specimens). From heat transfer considera-
tions, any cylinder whose length is more than 5 times its radius 1s
for all p;actical purpgses.an infinite cylinder.7 Therefore, the

bar éections 1, ll, 2, 2%, and 3 inches in diameter had a length/radius
ratios‘of 6 in order to negate the effect of heat flow through the
ends during quenching. Some cooling rates.at 1300°F fqr quenched

bar sections are giveq in Fig. 13 (taken from Van'Vlackz). The
agitation of the quenching media was adjusted sé thét the results
given in Fig. 13 were matched as closely as poésible in this experi-
ment. To represent the differences in the cooliqg curves, coo;ing
rates were measured at 1306°F and 700°F. These cooling rates are
given in Table 7 and are plotted in Fig. 14. The cooling rates at
1300°F and 700°F were also determined from the recorded cooling curves
from the end quench épecimens. These results are given in Table 8,
and are also plotted in Fig..lé which shows that it's poséible with
differghtASizes, geometries and quenching media, for two queﬁchéd
pleces to have the sahe cooling rate at 1300°F but have vastly |
different cooling rates at 700°F (i.e. differently shaped cooling
curves). Since the path of the cooling curve in the Baini?e and.
martensite regions of the continuous cooling transformation diagraﬁ

(~ 700°F for 4130 and 4340 steels) would affect the final properties,
differences in the toughness behavior of the bundle quenched bars

and end quench specimens are to be expected. It is interesting to

R SR
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F1a. 11-31. Cooling rates in round steel bars quenched in (a) water, and (b) oil. Bottom
abscissa, cooling rates at 1300°F; top abscissa, equivalent positions on an end-quenched
test bar. (C center; M-R, mld-radxus S, surface, )
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Fig. 13. Bar section cooling rate curves (From Van Vlack )
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Table 7. Bar Section Cooling Rate Data

Cooling Rates in Agitated Water

Bar . {[°F/Sec @ 1300°F |°F/Sec @ 700°F |[°F/Sec @ 1300°F {°F/Sec @ 700°F
Diameter Bar Center Bar Center Half Radius Half Radius
(inches)

1 109 89 220 - 148
11/2 58 71 86 57
2 _ 36 : 46 54 - 35
2 1/2 21 29 39 22
3 19 21 23 19

. Cooling Rates 1in Agitated 011

1 | 56 . 36 80 28
11/2 30 20 41 15

2 19 15 ' 27 11.3
2 1/2 13 1.5 20 | 9.4
3 ' 9 | 8.8 13 8.0




Table 8.

Y
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Approximate Cooling Rates on the End Quench Specimen

Distance From
Quenched End
(inches)

1/16
1/8
1/4
5/16
.45
95
1.45

'1.95

°F/Sec @ 1300°F

°F/Sec @ 700°F

649
326
103
66
37
12
4.4

3.9.

155
63
20
14;5

9.5
3.9
2.7

1.0




Cooling Rate at 1300 °F (¥/sec)
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note that a nearly ligear'relationship exists between the two cooling

rates for a given geometry and quenching medium. (For further

‘discussion of this relationship please see the appendix).
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IV. DISCUSSION

The expérimeﬁtal results from this investigation show that
accurate prédiétions-of ﬁicroétruCture and properties of a quenched
piece pf steel cannot be made from end quench te#t'results or ideal
diameter correlations based on the cooling rate'af 1300°F. Such
predictiohsvare not valid because they do not take into acébunt the
variability of the cooliﬁg curvevshape at lower temperatures, caused
by differences in specimen size, gedmetry and quenching medium.

Examination of the data given in Table 5 or_Fig..12 shows the
toughness (as measured‘by Ehe V;notch Charpy teétjnfor a quenched
piece predicted from end qﬁgnéh data is significaﬁtly inaccurate.
The bundle quench toughness values for the 4130 alioy are consistantly
‘below (as much as 42%) those predicted from the end quench data and
the toughness values for the 4340 alloy are consistantly above (as
much as 149%) those predicted from the end queﬁch toughness curves.
This means.that microstructural differences, which may be difficult
to detecf_opticaliy, exist between the end‘quench sﬁecimen and ;he
bundleléﬁeﬁched bar at points of equal cooling fate. The hardness-
| cooling réte comparisons of Table 6 show that the'hardne§s valués of
the bundle quenched bars are not exéctlyvthe samé as those of the énd
quench specimens for the same cooling rate at 1360°F, howevef, they
correséond_more closely than the comparisons of toughness behévior;
This iﬁdicates that thé property of hérdness is not as sensitive to

subtle microstructural changes as is the property of toughness. Then




b r
N
o~

$

A
i
5
-
B
b

=37~

different quenching conditions that éorrelate on.the basis of equal
hardness vélues»at the quench piece centers can éroduce different
microstructures and toughnessdéropertieé. |

These microétructural differences in pieces having the same
cooling‘rate at 1300°F are understandable when one.considers the
variability in the paths a cooling curve can take froﬁ any given
cooling rate at 1300°F. This idea is fllustrated in Fig. 4 and the
experimental results shown in Fig. 14 illustrate the extent to which
the cooling curves vary wiﬁh specimen size, geometfy and quenching '
medium.

In coﬁélusion, when using end quedch data or ideal diameter--

quench round plots such as those shown in Figs. 1, 2, and 3 it should

be kept in mind that these correlations can not be relied upon to give

an accurate prediction of the microstructure of the quenched pilece

in any given quenching situation. The end quench test is not useful

as an accurate indicator of microstructure or mechanical properties.
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APPENDIX

The Linear Relationship of the Cooling Rates

A nearly linear relationship exists between the two cooling rates,
R1300 and R700, for a given geometry and quenching medium as shown in

Fig. 14. This relationship can be expressed in the form

Ri300 = Rygp (11O

-] (-]
where R13OO and R700 are the cooling rates at 1300°F and 700°F
respectively and C is a constant that varies with specimen geometry,

quenching medium, and location of the thermocouple. Values of C for

the various conditions are:

Specimen Quenching Medium C
End Quench Water Spray 3.55
Cylinder:

Center Watef -0.16
Center 011 0.35
Half Radius | Water 0.50
Half Radius 011 1.63

This is reseasonably valia for cooling rates above about 10°F/sec
at 700°F, but at lower rates it yields calculated cooling rates at
700°F that are too low. This relationship suggests that it may be
possible to determine, from known cooling rates at 1300°F, the cooling

rates at some lower temperature for a series of geometrically similar
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specimens of variable size once the C value has been determined.

The cooling curves, especially those taken at the cylinder centers,

are affected by transformations moving from the surface of the specimen

to the center during the quench. These transformations are of the
form:
1
—-> =
FeY Fea AHt 215 cal/mole

Fe + Fe AH, = 326 cal/mole
o a t
paramagnetic ferromagnetic

These transformations occur nearly simultaneously in the 1040 steel
used‘for the bar section quench experiment. (Using a value of 9.0
ca1/°C/mole heat cap#city, the heat liberated by these transformations
would increase the temperature of the steel 60°C (140°F) if it were
not lost to the quenching medium). These heats of transformatians
have the effect of hindering heat flow from the center of the quench
plece until the whole piece has been transforméd. The cooling rate
at 1300°F at the center of the quench piece is decreased due to the
heat.of the transformations which causes a decreaée in the thermal
gradient near the center. (By the time the center of the piece has
cooled to 1300°F the transformation fronts are very near arrival.)

On the other hand the cooling rate at 700°F may be accelerated due

to the steep thermal gradient left in the specimen after total trans-
formation has been completed. For these reasons it is possible to

have R700 greater than R (i.e. a negative C value) as is the case

1300

for the centers of the water quenched cylinders. These explanations
become evident when the cooling curves are examined.
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