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ORIGIN OF QUENCHING CRACKS

By Howard Scott

ABSTRACT

During the investigation of the dimensional changes which tool steel undergoes

on hardening, it was found that a 1-inch diameter cyUnder was very susceptible to

cracking when quenched in oil but not when quenched in water. Presumably the

stresses produced by the faster quenching (the latter case) are greater than in the

former, so evidence of the cause of failure under low stress and not under high

was sought. Examination of the cracked specimens showed that failure was due

to tensional stress at the surface. The axial stress at the surface after quenching

in water was found by experiment to be compressional and high. It was concluded

therefrom that hardened steel, like glass, is highly resistant to compressional stress

but not to tensional stress.

Conditions producing cracks in a particular oil-hardening steel were determined

experimentally. The observations recorded show cracks are produced by
permanent stress, which reaches a maximum value at ordinary temperatures.

Permanent tensional stress can be produced at the surface by cooling only when
the coefficient of expansion is negative and the steel is plastic. This condition

was demonstrated from an experimental study of the expansion of steel during

hardening.

From an analysis of the temperature distribution during quenching expressions

were derived showing the relations between the major variables of quenching and
the internal stress. These relations are in agreement with the experimental

results and suggest practical expedients for the control of internal stress-
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I. INTRODUCTION

Of the ills to which hardened steel is heir, perhaps, the taost

evasive, if not the most frequent, are quenching cracks. They
appear to bear no definite relation to any of the variables of quench-
ing except quenching temperature. We know that a high-quenching

temperature is favorable to cracking, and a coarse fracture is taken
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as evidence, not to be denied, of improper heat treatment. Hence,

the general rule of quenching from just above the critical range.

This rule probably owes its origin more to the necessity for safety

in quenching than to the physical properties obtained by its appU-

cation. A low-quenching temperature does not necessarily give

full hardness nor furnish maximum resistance to wear. Brayshaw,
in fact, says, "* * * in present-day practice the treatment re-

quired to produce the maximum cutting or wearing condition is

necessarily modified to save the articles from cracking or warping.

"

It is therefore advantageous to find means for safely quenching

from high temperatures, if for no other reason than to determine

the effect of quenching temperature on important physical properties.

This matter took on a more specific aspect when the writer under-

took an investigation of the effect of heat treatment on certain

properties of tool steel of importance in gauges. A large number
of failm"es from cracking were observed when 1-inch diameter

cylinders made from deep-hardening steels were quenched in oil,

even from fairly low temperatxu-es, but not when quenched in water.

As this occurrence was too frequent to be accidental, systematic

experiments were undertaken to determine the limiting conditions

for safety in quenching. The results were fully confirmatory of

previous experience and are given in the following section.

An adequate explanation of this phenomenon was not to be found

in the literature. Brayshaw (1) ^ after exhaustive experiments on the

effect of initial treatment associates cracking with the prior treat-

ment. Benedicks (2), however, points out that the benefit conferred

by Brayshaw's recommended treatment, prolonged heating between

Aci and Ari, is gained by reducing the "hardening carbon at the

final quenching." The benefit is therefore of the same nature as

that conferred by a low-quenching temperature. It is, of course,

obvious that the initial state of stress is immaterial for stresses of

an appreciable magnitude can not exist after the quenching tempera-

ture is reached and maintained for a few minutes. Prior treatment,

therefore, offers no solution to the problem.

Recognizing that cracks are primarily due to the quench, Porte-

vin(3) attributes the type he has so carefully studied to nonuniform

quenching. He notes a general relation between the cracks and

soft spots in the steel revealed by hardness tests and etching. Such

cracks are often associated by American metallurgists with "ab-

normal" steel. Portevin's work offers no explanation of cracks in

tmiformly and symmetrically hardened steel.

Schwinning(4) remarks in discussing Brayshaw's paper that

cracks are always due to tensional stress. This significant obser-

> The figures given in parentheses here and throughout the text relate to the reference numbers in the

bibliography given at the end of this paper.



scotQ Quenching Oracks 401

vation is confirxaed in this report. Jasper(5) attributes such cracks

to the thermal gradients which exist during quenching, but, as

Honda (6) and others have found, cracks do not usually occur until

the steel has reached ordinary temperatures. This observation

eliminates purely thermal stresses, which disappear when the steel

reaches ordinary temperatures, as the immediate cause of such

cracks. In order to account for residual stresses without tempera-

ture gradients, Honda assumes that they are due to nonuniform

distribution of austenite in the hardened steel. McCance(7), how-

ever, shows in his discussion of Honda's paper that this can not be

the sole cause of quenching cracks. Moreover, he makes a very

important observation which is fully confirmed by this work, namely,

that residual stresses are reversed stresses resulting from plastic

deformation. This matter is discussed by Heyn(8), but confined to

casting problems. Masing(9) carries the conception somewhat

farther than Heyn and establishes by mathematical analysis the

possibility of computing such stresses.

Compressional surface stress has been measured in hardened steel

by Jasper(5) and others. The conditions and factors which deter-

mine the sign and magnitude of the stress are, however, by no means
clear from the references cited. To approach this rather complicated

subject with the least danger of confusion it is well to consider first

the stress situation in a relatively simple case, namely, that of cooling

glass.

The extension of the laws of stress generation in cooling glass to the

case of steel during quenching requires a study of the expansion

characteristics of the temperature distribution in steel during quench-

ing. The sections devoted and the above matters are followed by a

discussion of applications of the general relations deduced to practical

hardening problems.

II. EXPERIMENTAL STUDY OF. QUENCHING CRACKS

For the study of quenching cracks solid cylinders 4 inches long and

of several diameters were used. The J composition of Table 1 was
selected for detailed study. This is an appropriate composition, for

it hardens deeply, to the center of 13^2-inch rounds on oil quenching,

and subsidiary work had already been done on it. Depth ofhardening

is important, for cracking in simple shapes is prevalent only when
hardening is complete. The case of incomplete hardening is distinctly

different and will be considered separately.

The specimens were individually suspended by wires in groups of

not more than four in a horizontal electric muffle furnace through

which a stream of illuminating gas was passed. After reaching the

temperature indicated they were held for 15 minutes and then

quenched with vigorous stirring until cold, or as otherwise noted, in
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the quenching baths selected. Four quenching baths of about 18-

gallon capacity each—namely, water, 60 per cent glycerin in water,

neat's-foot oil, and a prepared commercial quenching oil—were

chosen to show the effect of media of different cooling powers. These

baths showed a fairly uniform decrease in cooling power in the order

listed, as may be seen from the quenching curves of Figure 1.
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Fig. 1.

—

Quenching curves of the center of a 1-inch diameter cylinder, of 32 per cent

nickel steel quenched in water, 60 per cent glycerin in water, neats-foot oil, and a

prepared oil

The quenching curves of Figure 1 are for the center of a 1-inch

diameter cylinder of 32 per cent nickel steel on quenching from 750°

C. The method of obtaining these curves has been described (11).

Thirty-two per cent nickel steel has about the same cooling properties

as the steel used here during quenching and may be quenched

repeatedly without cracking.

Table 1.

—

Chemical composition of steels

Symbol Mn Si Cr W Va Mo Ni

D
Per cent

1.1
1.0
.9
1.1

1.2
1.1
.23
.42

Per cent

0.3
.30

1.2
.2

.4

.3

.33

.53

Per cent

0.2
.35
.2
.2

1.2
1.1

.20

.16

Per cent

0.3
1.4
.5

Per cent Per cent Per cent Per cent

M
J 0.5
B

Y 18.0
1.0
1.5
1.4

0.3
.4Z .4 0.8

P 3.8
Q 3.5
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In the initial experiments three groups of four 1-inch diameter

specimens were heated separately to three different temperatures

and one specimen of each group quenched in each of the four media.

They were then examined for cracks and, if none were found within

a few days, they were deep etched in hot concentrated hydrochloric

acid. The results are given in Tahle 2. The columns headed "as

quenched" state whether or not the specimen cracked before deep

etching and those headed "deep etched" state whether or not it

cracked on deep etching. Classification in three groups as regards

tendency to crack is, therefore, possible. In no case did a specimen

crack visibly while in the bath. The nearest approach to this was a

one-half inch specimen quenched in water which cracked audibly

less than a minute after withdrawal. Generally the cracks (as

quenched) were not found until some hours after quenching. Evi-

dently the stress does not reach a maximum until the specimen has

cooled to ordinary temperatures.

It is quite important to know whether the time elapsed between

the completion of cooling and the visual detection of a crack is due

to increase in the intensity of the stress with time or to progressive

development of the crack from the incipient stage. Progressive

growth of a crack has been observed. A short crack was located by
microscopic examination a few minutes after quenching. The crack

was observed as it extended throughout the full length of the speci-

men and widened until quite plain to the unaided eye. It is there-

fore probable that the stress reaches a maximum as soon as the piece

is cold, but that time is required for the development of cracks to

visual size by tearing of the metal.

Of the 1-inch specimens, all of those quenched in either of the

oils cracked either as quenched or after deep etching. Moreover,

they cracked as quenched, except with the lowest quenching tempera-

ture. Two specimens cracked on quenching in the glycerin-water

solution, but none cracked on water quenching even on deep etching.

These results confirmed previous incidental observations but are of

such radical nature as to demand further investigation. •

If specimens of 1-inch diameter crack on quenching in oil, it should

be possible to crack specimens in water also by taking a small enough

diameter to give the same temperature distribution as on oil quench-

ing. To test this proposition and extend the experiments over a

greater range of quenching conditions than those of the initial experi-

ments, specimens of Hi M 13^; 3,nd 2 inches diameter and 4 inches

long were prepared. These were quenched as were the 1-inch di-

ameter specimens. A quenching temperature of 850° C. was used

in order to obtain definite effects. The results are given in Table 2.
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Table 2.

—

Observations on quenching cracks in solid cylinders 4 inches long

EFFECT OF QUENCHING TEMPEEATURE

Quenching Diam-
eter

Prepared oil Neat's-foot oil 60 per cent glycerin Water

temperature,
As

quenched
Deep
etched

As
quenched

Deep
etched

As
quenched

Deep
etched

As
quenched

Deep
etched

780
Iriches

1

1

1

Noi
Yes

Yes No.

Yes

Yes No
No.

No

No
/No
\Yes
Yes

No
}no
No

No.

820 No.

850 Yes Yes No.

EFFECT OF DIAMETER

850

%
1

2

No
Yes

No. No
Yes

No. Yes Yes
No
No
No
No

850 No
No
No

Yes
Yes
Yes

Yes.
850 Yes . Yes No.
850 No

No.
Yes
No 3

Yes 2.... No.
850 No.

' "Yes" and "No" answers question as to whether cylinders cracked or not.
' Si)ecimen dropped in bath before cold.
2 Specimen did not harden in center.

The one-half inch specimens behaved just the reverse of the 1-inch

ones; they cracked as quenched in water, but not as quenched or on

deep etching following oU quenching. Deep etching developed many
shallow grooves on the surface but, lacking depth, they were not

classified as cracks. Deep-etching specimens of different size fur-

nishes comparisons of doubtful value; the results are given for what
they may be worth. The three-fourths-inch specimens appear to be

the most susceptible to cracking of all the sizes used. They cracked

as quenched in oil and on deep etching after quenching in water and

in the glycerin-water solution.

The specimens larger than 1 inch behaved much the same as the

1-inch, with a significant exception. The 2-iach specimen quenched

in oil did not crack before or after deep etching. This observation

would be inconsistent with the rest were the specimen completely

hardened. To determine whether or not hardening was complete,

it was sectioned midway between the ends and the section explored

with the Rockwell hardness tester. A soft area ^45 Rockwell dia-

mond cone) was found near the center. As the soft area was small,

it is probable that the 1 3^-inch specimen hardened completely. On
the basis of this observation, the 2-inch specimen must be classified

with surface-hardened steels, the stress situation in which will be

discussed shortly.

It is now well to make some general observations regarding the

occurrence of cracks before taking up specific aspects. The most

important of these observations is that all cracks noted above were

due to tensional stress at the surface. Cracks due to surface tension

can generally be identified by the fact that they are wider at the sur-
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face than at the center. Brittle materials, such as glass and tool

steel, are much less resistant to tensional then to compressional stress.

This is particularly true when the stress is tensional at the surface

where discontinuities can not be avoided and accoimts in part for

the failures observed. This observation suggests also the reason for

the failure of large specimens quenched in water to crack when the

stress would be expected to be greater than on oil quenching. If the

stress is compressional at the surface, it will be balanced by tensional

stress at the center, where much greater stress can be sustained

without failure.

Of the many cracked specimens examined, only one positive

example of failure due to tension at the center (compression at the

surface) was observed. A three-fourths-inch diameter plug gauge

quenched in water failed during lapping. The fracture near the

surface was fresh, but discolored near the center. Evidently the

crack started from the center holes and was completed by the slight

external stress incident to machining. In this case the stress at the

center was tensional and the crack naturally started there. It may
therefore be concluded that tensional stress is the primary source of

quenching cracks and that its effects are most severe at the surface.

More direct evidence of compressional stress at the surface of

large cylinders quenched in water can be gained only by stress meas-

urements. Stress measurements have been made on a few specimens

by the method of Heyn(8). Tensional surface stress can not be

detected by this method with any certainty, for if it is of sufficient

magnitude to give definite results the specimen will probably crack.

The axial stress is measured by the change in length on grinding

successive peripheral layers off a cylinder. The length change is

related to the unit stress in the Nth. layer by the formula:

Here Pn is the diameter and Zn the length when the nth layer is

removed, lo the initial length, V the length of the layer removed,

and E the modulus of elasticity.

Figure 2 shows the unit axial stress estimated as indicated above,

using £'=30,000,000 lbs./in^ /in., and plotted against (-) where r

is the distance from the center and c the radius. The positive

(tension) areas and the negative (compression) areas must then bal-

ance. AU three specimens are 1-inch diameter, 4 inches long, quenched

in water and ground over a 3-inch length. M30 and M32 are of

different composition from that used in the quenching experiments

(Table 1), but are of a deep-hardening composition which behaves

50351°—25t 2
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very much the same. The stress is compressional near the surface

and tensional farther in, but low near the center.

DIO of Figure 2 is a surface-hardening steel of the composition

given in Table 1, which hardens to a depth of about y^ inch on

water quenching the 1-inch round. The surface of this specimen

was also under compressional stress, but it is very much higher than

in the deep-hardening steel. This is due to the fact that the marten-

site shell has a greater specific volume than the soft core. This

difference in specific volume due to incomplete hardening dominates

the stress effects in such steels and undoubtedly prevented the

*/00)UiL

Fig. 2.

—

TJnit axial stress in cylinders 1 inch diameter and 4 inches long measured

by grinding off peripheral layers 3 inches long and plotted against the square of

the ratio of radius as ground to initial radius. Positive stress is tension and

negative stress compression

generation of tensional stress at the surface of the 2-inch diameter

cylinder quenched in oil.

Jasper (5) has also observed compressional stress at the surface of

steel cylinders, which, from their composition and treatment, must
have been hardened on the surface only. He notes also the effect

of tempering and of alternating stress in reducing the internal stress.

Having thus associated quenching cracks with tensional surface

stress and shown that deep-hardening steels rapidly quenched in

large sizes are under compressional surface stress, the occurrence of

cracks can be studied more intelUgently. Photographic recording
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of the cracks observed is in many cases unsatisfactory, because

cracks of different nature sometimes occur on opposite sides of some
specimens. There is always a longitudinal crack and often circum-

ferential cracks on the opposite side. This is illustrated by Figure 3.

The Unes representing cracks are tracings of the cracks found on

the peripheral surface after deep etching. In practically all cases

of cracking as quenched the cracks were longitudinal. That the

cracks depart in some cases from the longitudinal direction when
develoned by deep etching is, perhaps, significant.

Locof/on of crocAs on/3er//>/>ery of quenched

j/ee/ cy/inders offer e/eejb-efc/i/r>^

]

1 1

/^ /n. e^/am.
eso'c u

^rejbareef o/7

1 1

//n, cfi'am.

eeo'c fo&or„
^/ycer/h in ira/er

1

C^ .

llw J80° ^70' SiCO 90' /eo° £ro' siC

/^ /n. <//a/n.

eSO'Cto 60%
o/yceri'n /n tvafef

90' /S0°
1

u

£70°

•^ I'n. <^/c7m.

8S0°C to iO%
^/ycer/'n /n
heater

\ \ \f I

3i,(ro fo' /eo' ^Ti?" jio'

Fig. 3.

—

Tracings of cracks found on the peripheral sur-

face of quenched cylinders after deep etching

A number of failures due to cracking have been observed in more
comphcated shapes and in other compositions than considered above.

Representative examples are shown in Figures 4 and 5. Figure 4

shows two 1-inch cylinders of the M composition which were slotted

with a hack saw along the axis for half the length. One was then

quenched in oil (a) and the other in water (b) . The former did not

crack, but the latter did at the bottom of the saw cut. The presence

of the crack was not suspected until the failure of the specimen to

ring when hit was noticed. This is a reversal of the findings for

solid cylinders otherwise treated the same. It signifies that pieces
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having interior surfaces not reached by the coolant will not behave

the same as pieces of the same external dimensions but solid.

Figure 5 shows some cracks found in plug gauges; (a) is the only

example of cracking due to surface compression so far found and
already discussed. The photograph was taken after the fresh frac^

ture at the edge had become soiled, but its outline may stiU be

traced
; (Z>) is the same steel and shape quenched in oil which cracked

from tension at the surface; (c) and {d) are gauges having a three-

eighths-inch handle and three-fourths-inch body. One cracked in

the body on oil quenching (c), and the other in the handle on water

quenching {d) ;
(e) is a three-eighths-inch diameter gauge which

cracked on water quenching. These gauges represent several widely

different compositions and departures in form from the standard

cyhnders, yet the results are what would be expected from Table 2.

The discussion so far has been confined to one type of crack—

a

deep-seated crack which follows the general contour of the specimen.

In specimens of complicated shape another type, no less objection-

able, is also prevalent. Figure 6 gives some examples of this type.

The cracks are local and associated with sharp changes in contour;

(a) shows a circumferential crack where the handle joins the body of

a plug gauge. The handle has been broken off flush with the body

to give an unobstructed view. These cracks are inclined at an angle

to the axis of the gauge, indicating an attempt on the part of the

gauge to relieve its sharp outlines.

A similar type of fracture is produced in a distinctly different man-

ner which may be indicative of its cause. One-inch diameter cylinders

having an 0.2-inch diameter hole drilled axially through them were

fitted with disk caps % i^^ch thick and 1 inch diameter on both ends.

On water quenching these specimens cracked circumferentially, but

only under the caps (fig. 6 (6) and (c)). These observations appear

to be quite significant but have not been followed up. They are

introduced chiefly to show that the deep-seated cracks are not the

only type encountered, although the present paper is confined to

them.

The preceding observations on deep-seated quenching cracks may
now be summarized as follows:

1. Cracking is produced by tensional stress and is most prevalent

when the stress is tensional at the surface.

2. The stress-producing cracks in cylinders is tangential.

3. Cracks do not usually develop to visual size until some time

after the steel reaches ordinary temperatures throughout.

4. The time element in cracking is due to the gradual growth of

the crack rather than the stress.

Tensional sm-face stress of a magnitude sufficient to crack is pro-

duced in simple soUd shapes of completely hardened steel only when
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'Fig. 4.

—

Reversal of quenching cracks caused by slotting specimens, com-

position M, quenched from 850° C; (a) to oil, (6) to water

(6) is cracked at the bottom of the slot. \^ size
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Fig. 5.

—

RepresenlaUve cracks in plug gauges

(«J, (/;), (c), and (e), chrome-bearing steel, composition M; ((?) carbon tool steel, composition B.

(«) was quenched in water from 820° C, (b) and (c) in oil from 840° C, (d) in water from
820° C, and (f) from 810° C. All except (o) deep-etched to develop cracks already present,

(a) Cracked from tensional stress at the center, the edges failing last; (6), (c), (d), and (c),

from tensional stress at the surface. /« size

Fig. 6.

—

Local cracks

(fl) Plug gauge p8 inch diameter in body and ^ « inch diameter in handle, composition M quenched in water

from 840° C. Handle broken off to alTord \'ie\v of circumferential cracks where body joins handle, (ft)

and (c), standard specimens with central hole quenched in water with caps on ends, (b) is M composi-

tion quenched from 820° C. and (c) D composition quenched from 800° C. All slightly etched
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the cooling rate is slow and the diameter moaerate (1 inch diameter

quenched in oil) or when the diameter is small and the cooling fast

(one-half inch diameter quenched in water). It is not of danger-

ous magnitude if the diameter is small and the cooling rate

slow. A surface not effectively reached by the quenching medium
may modify these effects.

Fast quenching of large sections or surface hardening produces

compressional stress at the surface. If deep-seated cracks then occur,

they start at the center where the stress is tensional. However, the

greatest danger with high compressional surface stress is from local

cracks associated with abrupt changes in the surface contour.

These facts reveal a reversal in sign of the surface stress with

increasing size or quenching power of the bath. Before the reversal

there is a dangerous range of sizes or cooling powers in which range

the tensional stress at the surface is sufficiently high to cause crack-

ing under the experimental conditions. The problem, however, is

not how to crack steel but how to avoid cracking it when the sizes

come within the dangerous zone with an otherwise appropriate

quenching medium. This is a matter which demands study of the

basic causes of stress generation. The explanation developed must
account for or be compatible with the above conclusions. Such an

explanation can be developed from the laws of stress generation in

cooUng glass, and the following pages are devoted to them.

III. STRESS GENERATION IN COOLING GLASS

Internal stress in a solid is due to relative elastic deformation of

its component elements. Differential deformations may be pro-

duced by constitutional differences, as in surface hardened steels, or

by temperature differences in a body having a finite coefficient of

expansion. The latter case is of particular interest here. If a body
having a positive coefficient of expansion (increase in volume with

increasing temperature) be heated at a uniform rate, the surface will

have a greater specific volume than the center, and consequently

wiU be under compression while the temperature difference is main-

tained. During cooHng the temperature difference will be in the

opposite direction, so the stress at the surface will be tensional. In

either case the stress wifi disappear as soon as heating or cooling is

stopped, for the temperature differences will then vanish. Because

of its transient nature such stress is called temporary stress. As the

temporary stress is rdl at ordinary temperatures, it can not be the

cause of the quenching cracks described in the preceding section.

Hence, it remains to be determined how stresses can be developed

which are at maximxim values when no temperature differences exist.

Suppose a temperature difference established by cooling an elastic

body without the development of stress. Removal of this tempera-
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ture difference will then cause the center to shrink relative to the

surface, so the surface "will be under compression when coohng stops.

This stress is the reverse of the temporary stress produced by cooling.

It is called permanent stress, because it does not depend on a tran-

sient temperature difference for its existence. Such a stress can be

produced in a body hke glass which is plastic at high temperatures

and elastic at low temperatures.

The above facts are illustrated graphically for the case of coohng

glass by Figxxre 7. In this figure the ordinates represent tempera-

ture and stress and the abscissas thickness of a plate. It is assumed

Sfre'Ss //? Coo//'r?c> G/crjs

- - - - 7e/?7jberafure

Ter7J/or}

Co/>?/}rejj/o/7

V/////////. '///////////.

^

W////////.

Fig. 7.-

/>
j

c

-Relation between stress and temperature distribution

in slabs of glass cooling linearly

The glass is assumed to be plastic above the annealing range and elastic

below it

that the glass is plastic; that is, flows under any appreciable stress,

when above the annealing range and is elastic to the extent deformed

below it. Also the cooling is assumed to be linear and the coefficient

of expansion positive and constant.

The first case (a), of Figure 7, represents the condition for the

generation of temporary stress and requires no further comment.

The second case (&) represents the effect of temperature differences

above the annealing range. Obviously, no stress can exist there either

during coohng or when cooling is stopped. The third and most

important case is that of permanent stress (c) . Here a temperature

difference is imposed above the anneahng range and maintained

below it. No stress is developed so long as the difference is main-

tained, even below the anneahng range, but when coohng is stooped
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at some temperature below the annealing range a stress is developed

as the temperature difference disappears. The final stress is equal

to but opposite in sign from the temporary stress which would be

induced by the same temperature distribution. The permanent

stress so developed reaches a maximum only when the temperature

difference is completely dissipated.

Figure 7 appUes only to linear cooling. When rapid cooling is

involved, as on quenching steel, the temperature differences decrease

about as the temperature. This will modify the situation depicted

by Figure 7. The stress as before will be zero when the anneahng

range is entered, but now permanent stress will be developed as the

temperature diflPerences drop below those existing when the anneahng

range was entered. Evidently the final permanent stress wUl be just

the same as that produced by a hnear cooHng rate which gives the

same temperature difl'erence as variable cooling does at the time of

entering the anneahng range.

This condition introduces a new difficulty. As the temperature

difference decreases during cooling, the difference will be less when
the center becomes elastic than when the surface became elastic.

However, when the surface becomes elastic, the permanent stress is

fixed for further plastic deformation and is then inhibited. It there-

fore follows that the permanent stress in a solid body is determined

by the temperature distribution when the surface becomes elastic.

This conclusion is the basis for the estimation of permanent stress.

Having found that the sign of the surface stress is the chief criterion

of whether steel wUl crack or not, it is well to tabulate the sign of the

stress, tension for positive stress, and compression for negative stress

for important cooling conditions as in Table 3. A new condition is

added, namely, that of a negative coefficient of expansion. Reversing

the sign of the coefficient reverses the stress, other things the same.

This case is added, for the coefficient of expansion of steel during

quenching is negative over a certain temperature range. In fact,

from Table 3, the permanent tensional surface stress observed

experimentally could not be developed by quenching were not the

coefficient negative at some time during quenching. With due regard

to previous developments, the important conclusion can now be
drawn that the negative coefficient of expansion during quenching is

the major cause of quenching cracks.

Table 3.

—

Conditions required to produce tension or compression, either temporary
or permanent, at the surface of solid bodies during heating or cooling

CoefBcient of expansion Direction of heat flow Temporary stress Permanent stress

Positive .
fln__ Compression - Tension
lOut Tension.

Negative - - do Compression Tension
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The conception of stress generation in cooling glass outlined above
is taken from Adams and Williamson's (10) paper on the annealing of

glass. These authors give an explanation of stress generation essen-

tially as stated here. The principles have been successfully appHed to

the commercial annealing of optical glass and should be applicable as

amphfied to the hardening of steel also. But before considering

further the case of steel it will be profitable to follow these authors

further in the analysis of stress distribution under relatively simple

conditions.

The cylinder is the most convenient form for experimental study.

Adams and WiUiamson give the equations for the stress in this shape.

It is only necessary to consider one case of Table 3, for it is imme-
diately convertible by suitable change of sign to any other case of this

table. They give for the axial, radial, and tangential stresses at

points remote from the ends of a long cyhnder the following expres-

sions :

Fa=ljcpc\ 2[l-5-']

F,=^lcpc^. [l-|?]

where r is the distance from the center, c the radius, p the rate of

temperature change taken positive for heating and negative for cool-

ing, and Tc a constant defined by:

a
Tc-

'o?{e-j)

Here a is the coefficient of expansion, a^ the diffusivity, and ifi—j)

elastic constants of the material determined by the modulus of

elasticity and Poisson's ratio. As r-—^ depends only on the ratio »

r
we can plot this measure of the stress against — and see immediately

the relations between the component stresses without bothering with

the evaluation of the constants. This has been done in Figure 8.

Positive stress is tensional and negative compressional.

Figure 8 shows that the axial and tangential stresses are equal at

the surface of cylinders but that the axial stress decreases inward

more rapidly than the tangential. The tangential stress is therefore

greater than the axial over a finite area near the surface. This

explains the marked tendency of cylinders to crack longitudinally;

that is, from tangential stress. Also when circumferential cracks
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are observed as quenched, they are not so deep as the longitudinal

ones.

F . r
As T

—

I is a function of - alone, the stress at any point is directly
fcpc c

proportional to the cooling rate and to a constant minus the square of

its distance from the center divided by the radius.

i-/.0

O

-/.O

-£.0

7a/7^enf/a/ Ft --/r/3c^-rdq'_ /7

/r=.
/6a^Ce^fl

/.O o
r/c

/.a

Fig. 8.

—

Axial (Fa), radial (F^), and tangential (F,),

stresses in a long cylinder during linear cooling

It is of some interest to examine the expressions given by these

authors for other simple shapes. In the flat slab cooled on both
surfaces:

and in the sphere

:

Evidently the stress situation is more comphcated in the cyHnder
than in either the slab or the snhere.

50351°—25t 3
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A comparison of the surface stresses in these shapes reveals the
relative magnitude of the stresses at the surface with the same cooling

rate. At the surface the radial stress is zero, so only the axial and
tangential stresses need be considered and they are the same at the
surface of these shapes. From the above equations:

= 0.167 for the slab,

= 0.125 for the cylinder,

= 0.067 for the sphere.
Icpc"^

The magnitude of the surface stress in these shapes of the same
diameter or thickness and cooling rate is then in the order listed.

This relation wUl not be obtained with the same quenching media.
As the quenching media is a more useful and practical variable than
cooling rate, expressions for the stress in terms of the cooling media
will be developed later.

If it be desired to estimate actual stresses from the above relations,

the constants appearing therein must be evaluated, {e-f) may be
found from the following:

-=modulus of elasticity,

f . .— =Poisson's ratio.
e

The diflusivity, a^, is the thermal conductivity divided by the den-

sity times the specific heat. Its value for hardened steel is between
0.05 and 0.10 in cgs imits. It will be high in low-alloy steels and
low in high-aUoy steels.

In these considerations the end effects present in cylinders and

slabs have been neglected. Adams and Williamson (10) show that

the end effects do not modify seriously the stress at points remote

from the edges. This analysis is therefore confined to the stress at

such points. The stress distribution is, of course, greatly modified

as the ends are approached; for example, the axial stress goes to

zero at the end surface of a cylinder. No attempt is made to analyze

the very complicated stress distribution around the ends. The
cracks identified with end effects are styled local cracks. It is

assTomed that the stresses causing them will be less severe, the lower

the maximum stress at points remote from the ends.

To pursue this subject to more useful ends, we must now consider

the expansion characteristics of steel and the temperatm-e distri-

bution in steel as a function of the quenching media, size of speci-

men, and other factors. This accomplished, a more specific picture

of the factors governing quenching stresses can be drawn.
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—

Expansion apparatus
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IV. EXPANSION PHENOMENA DURING QUENCHING

It is well known from the work of Chevenard(12) and others

that when steel hardens it undergoes a low-temperature transfor-

mation, designated Ar" , with a marked increase in volume. During

cooling down to this change the steel is austenitic and shrinks ac-

cording to the coefficient of expansion of this constituent. Soudei

and Hidnert(13) have determined the coefficient of expansion of a

number of steels above the critical range—that is in the austenitic

condition—and give the average value of 0.000023 for it. This

value also represents approximately the contraction down to Ar".
The coefficient for annealed steels is much smaller, about 0.000014,

so for the steel to return to its original volume on hardening it must
expand by an amount greater than that given by the difference

between these coefficients times the temperature range from Ar' to

Ar". Thus, the expansion at Ar" is greater the lower the tempera-

-ture of this transformation. More specffic information on the tem-

perature and other characteristics of this change in the oil-hardening

tool steels is not available in the literature. For this reason the

length changes during Ar" were determined experimentally.

The device used for measuring the expansion is very simple. A
rigid stand was constructed on which a standard cylindrical speci-

men 1 inch diameter and 4 inches long with a central hole 3^-inch

diameter and 2 inches deep can be placed quickly, with the hole

end in contact with a solid block of low-thermal conductivity and
the other end in contact with a mechanical length indicator reading

to thousandths of an inch (fig. 9) . Specimens of oU-hardening steel

were quenched in oil but removed from the oil before Ar" was reached,

then placed on the stand, a thermocouple inserted in the hole, and
cooled before an electric fan. The temperature and length change

were measxu"ed simultaneously and periodically until cold. The
results are given in the form of curves (figs. 10, 11, and 12) and the

compositions of the steels used in Table 1. Measurements of the

length were made before and after test, so the change from the initial

length could be plotted as in Figures 10 and 11. Figure 12 gives

the change from the final length. The length changes are given in

thousandths of an inch per inch.

Figure 10 shows the effect of quenching temperature on the

hardening transformation Ar" of the steel J used for the study of

quenching cracks. Increasing the quenching temperature lowers

Ar" and increases the magnitude of the expansion; raising the

quenching temperature from 780 to 850° C. lowers Ar" by 50° C.

at the start. The coefficient of expansion preceding Ar" , ai, and
that during the initial stages of Ar" , at, is quite important. Linear

expansion curves for ai= +0.000020 and for a2=— 0.000040 are
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drawn and represent approximately the expansion in the regions

indicated.

In Figure 1 1 the effect of quenching temperature on a composition

Z having a high carbon and hence high free carbide content is shown.

Here Ar" is markedly lowered, 130° C. at the start, by increasing
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^° C. to 1,000°

417

C. and scarcelythe quencliing temperature from 850

complete at ordinary temperature.

Figure 12 gives the expansion curves for three compositions; two

are structural alloy steels, curve (a) and ciirve (c), differing essen-

tially only in carbon content, and the other is a high carbon-chromium

alloy steel, cxirve (&). Note the effect of about 0.10 per cent carbon

in lowering Ar" about 130° C, (a) and (c). The transformation of
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—

Unit length changes of standard cylinders on
cooling in air stream after quenching in oil from 900° C.

for 10 seconds (a) and {c),and from 1,000° C. for 20
seconds (6)

(o) is of composition P, (6) of composition Y, and (c) of composition Q

the high alloy steel Y comes between these two low-alloy steels and
is quite similar in appearance. This is evidently due to the well-

known effect of chromium in reducing the solubility of carbon in iron.

It might be objected that these curves do not give the same
expansion characteristics as would be found on continuous quench-
ing. This is unquestionably true, but the difference is relatively

small. The essential difference between continuous and inter-

rupted quenching is in the time available for tempering of martens-
ite as it forms. This transient tempering reduces somewhat the
net length change on hardening, but the reduction is small in com-
parison with the total expansion and can safely be neglected for

present purposes. On the other hand, if we should attempt to
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measure the expansion during fast cooling of convenient sizes the

temperature differences between center and surface would distort

the curve. The expedient adopted is therefore the lesser evil.

It is now evident that, through a considerable portion of the

quenching range, the coefficient of expansion is negative; that is,

the steel expands while cooling.

According to Table 3, permanent tensional stress can be developed

at the surface during cooling only if the coefficient is negative and

decisive evidence of such stress under certain quenching conditions

is given. But the development of permanent tensional surface stress

requires plastic deformation while the coefficient is negative; that is,

while the steel is hardening. There can be no question of the ability

of steel to deform plastically when austenitic, but its ability to

deform plastically after Ar" starts might be questioned.

The transformation from austenite to martensite Ar" starts from

isolated nuclei with the growth of martensite globules. In the

initial stages the globules are small and independent, but as they grow
contacts are made and a continuous network formed. So long as

these globules are discontinuous they offer no effective barrier to

plastic deformation of the remaining austenite, but once they join,

the steel will be decidedly more elastic. There is a close analogy

to this in the relation between hardness and carbon content of annealed

carbon steels. With a carbon content of about 0.6 per cent, the

pearlite network becomes continuous and causes an appreciable

increase in the rate of hardness increase with carbon content. For

an example of this see Figure 5 of a paper by Neville and Cain(14).

It is therefore reasonable to assume that the proportional limit of

steel remains low until Ar" is well advanced.

While the proportional limit is probably low during the initial

stages of Ar", it is still not zero as assumed in the analysis of stress

generation. The conception advanced will still hold, however,

with the modification that the permanent stress will be determined

by the deformation beyond that required to reach the proportional

limit and hence v/ill be lower than in the limiting case. Corrections

for this departure from ideal conditions might be applied if we knew
the elastic properties during Ar". The direct determination of these

properties is evidently beyond the reach of the usual experimental

methods, for the steel is not in a stable condition durmg Ar".
The elastic properties of the steel after the martensite network

forms are also of importance in regard to the development of perma-
nent stress. It has already been shown that the permanent stress

develops as the temperature differences are reduced during this stage

of quenching. Plastic deformation, which will modify the final

permanent stress, can occur if the permanent stress developed at any
stage is in excess of the proportional limit at that time. This situa-
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tion is, however, hardly probable, for the steel is continuously harden-

ing as the permanent stress grows. Actually, it will be of consequence

only if the cooling be completely stopped during the latter part of

Ar" and then would have the effect of lowering the final permanent
stress.

The temperature at which the steel becomes effectively elastic has

been shown to be critically important in stress development. The
above reasoning carried a little further leads to a method for its

estimation. After the martensite forms a continuous network
further transformation of the remaining austenite will produce

pressure within these micro units. By the familiar theorem of Le
Chateher this pressure will lower the transformation temperature of

the austenite. It follows therefrom that the transformation Ar"
will progress approximately linearly until the martensite network is

complete and continue thereafter at a rapidly decreasing rate. This is

precisely the form that the expansion curves take.

The phenomenon of gradual linear expansion during Ar" is, of

course, one of concentration change characteristic of the solidification

of solid solution alloys and described by K-awdon and Epstein(15),

page 385. They show, moreover, that some austenite is retained at

ordinary temperatures in high-carbon steels. Such steel is therefore

stressed within micro units as well as on the macro scale studied here.

The existence of such stress is clearly revealed by the short cracks

found in many specimens examined by Rawdon and Epstein.

By the above considerations alone the critical temperature at which
steel becomes "effectively" elastic during quenching can be estimated

from the expansion curves. It is evidently the temperature at which
departure from linear expansion starts with falling temperature

during Ar"; that is, the analogue of the proportional limit of stress-

strain curves. The chief characteristics of Ar" for the steels run,

namely, the temperature of the start of Ar" (Tm), and of the end of

linear expansion {Ts), and the expansion from Tm to Te, a^ (Tm-^s)
are tabulated in Table 4. As the maximum tensional surface stress

is determined by the expansion from the minimum length to that at

which the steel becomes elastic, a^ ( Tm-TL) may be taken as a measure

of it, or, in other words, of the susceptibility of the steel to cracking.

The data given in the last column of this table are the temperature

differences which will produce the total linear expansion, a2{Tjo-Ts)}

when a2 = 0.4xl0~* (see column 5) and also indicate the magnitude

of the temperature drop that will produce maximum tensional

stress.
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Table 4.

—

Expansion characteristics associated with the hardening transformation
of some representative steels

Composition symbol
Quench-
ing tem-
perature

Temperature Expansion
inches X 103

when

Tm T, Linear Total
02=0.4X10-*

J

"C.

j 780

\ 850
900

/ 850

\ 1,000
1,000
900
900

"C.
245
195
235
250
120
320
275
395

"C.
210
155
150
206
50

275
226
340

1.1

1.6
2.0
1.2
2.2
1.4
2.4
2.2

2.9
4.1
3.1
2.9
2.8
2.4
3.8
2.8

°C.
30

M
40
50

Z 30

Y - —
55
35

Q 60
P. 55

There are then two essential characteristics of the hardening trans-

formation which determine the success of a particular quench that

gives full hardening, namely, the linear expansion cx2(Tn3-TB) and the

end of the range T^. Both may be controlled by the composition

and quenchhig temperature. They are, however, closely related for

lowering Tg increases the magnitude of azC^k-^l) in a particular

steel so long as Ar" is completed above ordinary temperatures.

Raising the quenching temperature of hypereutectoid steels lowers

Tg but increases 0:2(^m- 21), which is favorable to cracking. There

is, however, a thermal factor introduced by changing Tg which op-

poses the above effect, namely, a decrease in the temperature differ-

ence with decreasing Tg. This factor wiU be investigated in the

next section.

V. TEMPERATURE DISTRIBUTION DURING QUENCHING

It now remains to determine the temperature distribution in steel

cylinders during quenching, in order that the induced stresses may
be estimated for particular expansion characteristics of the steel.

There are no less than five thermal variables which control the gen-

eration of stress lq steel during quenchiag, namely, the initial tem-

perature, the final temperature, the temperature at which the surface

becomes elastic, the size of the cyliader, and the cooling power of

the bath. To investigate the effect of aU these variables experi-

mentally is impracticable. Mathematical investigation of them is,

however, feasible and yields simple general relations directly apphcable

to our problem. All that is required of experiment is the evaluation

of two constants, one for the steel and one for the cooling medium.

The apphcabUity of mathematical analysis to problems of tempera-

ture distribution has already been indicated (11) and (16), so only

the sahent features will be developed here.
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Assume that the radial temperature gradient at surface points re-

mote from the ends of a long cylinder is proportional to the surface

temperature:

du -, 1

J—= —hu when r = c
dr

Here u is the temperature on a ratio scale, r the distance from the

center, c the radius, and h a constant depending on the cooling

medium and the steel; that is,

where S^ is a property of the medium and K the thermal conduc-

tivity of the steel. K does not vary greatly under quenching con-

ditions among the tool steels, so li will be taken as a property of the

bath alone, though its dependence on K should not be ignored in

other circumstances.

With this boundary condition and Fourier's conduction equation,

the expression for the temperature at any point on a radius as a

function of time can be derived by classical methods. This equation

represents the cooling of steel in the common quenching media satis-

factorily for present pm-poses. We need not introduce this cumber-

some equation here; deductions from it are our chief concern.

The measure of the temperature gradient at the surface is alone

insufficient to specify the temperature distribution, for it tells nothing

about the effect of the radius c. The temperature gradient at the

surface is independent of the radius. However, the temperature

distribution from center to surface is a function of Ac and the time,

or to use a more appropriate variable than time, the temperature at

the surface. This complex relation can be expressed simply by
curves for some particular temperature range and several values of

Ac as in Figure 13. The temperatures are plotted agaiust the square

T . . .

of the ratio — • This ratio is used because applicable to any size

and it is squared for convenience in stress computations.

The ordinates on the left side of Figure 13 are the temperatures on
the Centigrade scale. The relation of temperature to position is,

however, somewhat more general than this manner of plotting would
imply. To indicate this, the right-hand ordinates u are used. Here
the temperature is given on a ratio scale defined by

:

where Tr is the temperature of a point r distance from the center,

Ti the initial temperature, and To the final temperature, the tern-
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peratures being taken on any scale. The tenaperatnre distributions

given on the ratio scale, therefore, apply to any temperature range or

scale so long as the surface has cooled 0.125 of the temperature range

( Ti — To) • For some other surface temperature ratio another set of

curves would have to be computed. The curves will approach

closer to a straight line, the smaller this ratio and depart farther

therefrom the greater it is.
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—

Temperature distribution from center.

to surface, (~ ) =1, of a cylinder for several values of

he when the initial temperature, T\ is 820°C; the surface

temperature, Ts, is 120°C.; and the final temperature.

To, is 20° C.

We have now in he a variable which specifies the actual temperature

distribution for particular initial, surface, and final temperatures.

This permits the investigation of the relation between stress and he

while the properties of the steel, the quenching temperature, and
bath temperature remain constant. A more general variable which

includes the latter thermal constants as well as he is, however,

desirable. The temperature difference between center and surface,
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called for short the "temperature drop," supplies this need under

certain restrictions.

If consideration be limited to low values of lie or to times when
the center has cooled through 0.3 or more of the temperature range,

the temperature drop can be very simply expressed in terms of lie.

Tensional surface stress is produced in tool steel only under just these

conditions and is the chief cause of cracking, consequently this

relation is well worth study in spite of its limitations.

The ratio of the surface temperature minus the final temperature

(Ts— To) to the centertemperatureminus the final temperature {T^— To)

is a function of lie as given in Figure 14 under the stated limitations.
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—

Relation between the ratio of the surface to the center temperature

range, m°_ q^° ' and he, curve (a) . The cooling rate, -n-.imes -j— is -plotted
-* o -^ o etc t 0/ IM

against he in curve (6). These relations hold only when the center has

cooled more than 0.3 of the temperature range or when he is small

From this figure (To— To) can be found for a given surface and final

temperature, and by subtraction (Tc—Ts). Note that the initial

temperature does not enter, or, in other words, that the quench-
ing temperature has no effect on the temperature drop under con-

ditions which produce tensional surface stress. It is of some interest

to note also the relation between the temperature drop and lie for a

specific temperature range as giv^en in Figure 15.

The chief thermal effects from the stress viewpoint are those due
to changes in the surface temperature Tg and in the final or bath
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temperature To. The effect of these variables is immediately

evident on expressing the temperature drop ia terms of (Tg— To)

and a function of he :

(To- 2;)=^^^- (z-To)

(T — T)
where A is the value of the ratio / m _ mi plotted in Figure 14 for

a particular value of he. For a given bath, then, (^c— Tg) is propor-

tional toCjTs— ^o). Hence, the higher T^ or the lower To the greater

Tem/berature drop
from cenfer to
surface of a
cy//nc/er ivher?

:

Ts = /eo .,

/S zo

Fig. 15.

—

Relation between the temperature drop

{To—Tg) from center to surface of a cylinder and

is the temperature gradient at the surface divided

by the surface temperature and c the radius in

centimeters

the' temperature drop. Thus (Tc— Ts) as limited includes all the

thermal factors determining the stress, so the relation between

(To—Tg) and the stress will be determined alone by the properties

of the steel or, more specifically, by the characteristics of Ar."
To apply these relations to practical conditions it is only necessary

to evaluate the constant h for the several quenching media used.
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This can be accomplished if the quenching curves for the center of a

cyhnder of known diflfusivity are available-. Figure 1 gives the

required curves for a steel cylinder whose diffusivity has been esti-

mated under quenching conditions by several devices. The relation

QAL
between the cooling rate ~^. » the diffusivity a^, the radius c, the center

temperature u on the ratio scale, and he is given in Figure 14, but
is Hmited to center temperatures less than 0.7 of the quenchiag

range. From this relation values of h were found for surface temper-

atures around 120° C. as given in Table 5 and represent quenching

with vertical stirring, about one cycle per second.

Table 5.

—

Estimated temperature drop CC.) from center to surface of solid cylinders
during quenching in a prepared oil, neat's-foot oil, 60 per cent glycerin in water,

and water when Ti= 820°C., T,-=120°C., T„= 20°C.

Diameter in inches

H-
'A-
Vi-
H-
1...

2...

3...

5...

C radius

Cm.
0.32
.48
.63
.95
1.27

1.90
2.54
3.81
6.35

Quenching medium

Prepared
oil

A=0.6

10
15
19

30
41

64
88

140
247

Neat's-
foot oil

A=0.8

13

20

26
41

57

121

192
342

60 per
cent

glycerin
A=3

53
83
110
177
248

385
515
647
700

Water
A= 5

93
147
198
317
435

598
667
700
700

The values of h tabulated apply only to tool or high-alloy steels;

that is, steels of the same diffusivity as the 32 per cent nickel steel.

Such steels will cool at the same rate in the same media; h varies

considerably with the surface temperatures. In the case of oil, it

may be twice as great for surface temperatures weU above 120° C.

The rate of stirring has a pronounced effect on h also. If oil is

heated, h remains fairly constant, but if water is heated, h is greatly

lowered at high-surface temperatures. These factors have important

effects and must be carefuUy controlled to reproduce results.

The temperature relations will, of course, not be the same in a steel

undergoing the^lr"" transformation as in the transformationless nickel

steel under otherwise identical conditions. However, the tempera-

ture distribution in the latter case can be taken as a reliable measure

of the former, for the heat evolution of Ar" is a fairly constant

quantity, depending as it does on the matrix, iron, and not on the

variable sohd solubihty of carbide. In speaking of the temperature

distribution in steel during hardening, it will be in this sense and will

not imply that the true temperature distribution is known in any case.
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While h has been evaluated for the cylinder alone, the values

obtained apply to other simple shapes as well. The temperature

drop is sUghtly higher in the sphere and lower in the slab than in

the cyHnder for the same value of he, although the cooling rates will

differ considerably among these shapes. Consequently, the stress

relations to be developed are somewhat more general than might be

imphed from their development from the case of the cyUnder alone.

VI. ESTIMATION OF PERMANENT STRESS

The temporary axial stress, from which the permanent stress can

be deduced by previous propositions, is given by:

^'"
(e-f)

for points remote from the ends of a long cylinder; e and/ are elastic

constants and a the coefficient of expansion of the material, Tg the

temperature at the surface and Tr at some point on a radius at the

instant in question, and C a constant to be evaluated from the

relation

:

X^
F^rdr =

To evaluate (Tt-Ts) must be expressed as a function of r, but

from a preceding section a is a function of the temperature and must
also be given in terms of the radius. The relation between aCTr-Tg)

and r can be put in the form of a curve by combining a cnjve for

Tr.r (fig. 13) with a curve for a T r. T; that is, an expansion curve,

but it can not be put into the form of an easily integrable equation.

However, O can be evaluated without integration by a simple

graphical method.

If a{Tr-Ts) be plotted against (-) for a particular temperature

distribution, the deformation origin must be so chosen that the

positive and negative areas between it and the curve are equal in

order to satisfy the second equation. This gives (e —f) Fg, directly,

but leads to no very general relations. If, however, we make the

simphfying assumption that the temperature varies linearly with

the square of the radius, as it does on linear cooling and approxi-

mates on exponential cooling when the temperature drop is smaU,

then a general equation for the temporary stress can be easily derived.

This assumption introduces no great error when confined to the

case of tensional surface stress which is the most important and

general one.

Assume, further, that the contraction before Ar" is linear and

given by a^ to the temperature of minimum length Tm', that the
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expansion from Tm to the temperature at which the steel becomes

effectively elastic Tg is also linear and given by a^. These assump-

tions represent actual expansion with complete hardening suificiently

close for practical purposes (see fig. 10). The variables a^, aj? ^m,

and Tg are properties of the steel. One other variable is needed to

completely define the stress situation, namely, the center temperature,

when the surface is at Ts, To, or (Tc-Ts). This latter variable is

a thermal property as already defined. What is desired now is to

find a general relation between the temperature drop (Tc-Te) and

the stress as determined by a^, a^, Tm and T^. By simple analytical

considerations the constant G can be found as indicated above:

^
2{t,-t:)

from which the axial surface stress can be written:

{e-f)F,==^^^f^ [«.+ (« -«.)(^|^- ij]

From this expression the stress can easily be computed for values of

{Tj^—Te), (To— Ts) variable, as in Figure 16. The values of «! =
0.000020 and 0:2= —0.000040 correspond closely with the conditions of

Figure 10 (6), and hence with the conditions of the experiments on
quenching cracks. Only positive values, tensional stress, are com-
puted, for the expression does not hold for large temperature drops, a

case which is considered later, although it is quite evident that the

surface stress goes over to compression for high temperature drops.

This fundamental equation states precisely what the quencliing

experiments showed qualitatively. It shows that as the temperature

drop is increased from zero the stress rapidly increases in tension to a

maximum, then decreases, passing through zero into compression.

From the viewpoint of quenching cracks, the magnitude of the maxi-

mum and the range of drops over which tensional stress is obtained

are highly important characteristics of the steel. The condition for

maximmn tensional stress is easily found by differentiating the ex-

pression and equating to zero, whence:

For the particular values of a^ and a2 chosen, the stress is a maximum
when:

Substituting this ratio in the original equation, it is evident that the

magnitude of the maximum stress is directly proportional to ( T^— Tg),

oil and a^ constant.
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The range of drops producing tensional stress is found by putting

the original equation for stress equal to zero

:

(Tm-T,)
1

\ «1 - «2

and for the above values of a^ and ag

:

(Tc- 1:0 =5.45 (T^-Ts)

Thus, the range of temperature drops over which tne stress at the

surface is tensional is directly proportional to (Tm— ^s). These last

two conclusions are, of course, evident from the plotted curves of

Figure 16. From them it follows that the magnitude of the tensional

^

^.z

/

oc,=i-0.00002
O(iz=-0.0000if

/- -^
^ "~^\

\ ^/OO'C

f7m-7s=^ .yZO
^

\.^0

80 ^
N

/oo £00
Tc

300
•75

^00 SOO'C

Fig. 16.

—

Computed tensional stress at the surface of long

cylinders as a function of the temperature drop for

several values of {Tj^—T^, the temperature range of

linear expansion during Ar"

surface stress, and hence the danger of cracking, wiU be greater the

larger (Tm— ^s) and that dangerous stress will be encountered over a

greater range of sizes and cooling powers, the larger (Tm— Tg).

Before proceeding further with the interpretation of our stress

equation it will be well to inquire whether or not it represents faith-

fully the results of experiment. It certainly corresponds with the

observation of Section II that quenching cracks due to tensional

surface stress occur only when the temperature drop is fairly small

and not when the drop is very small or very large. Compressional

surface stress was observed experimentally when the drop was large

(Fig. 2), as required by the equation. A quantitative comparison is,

however, quite difficult, for, in the region covered by the equation,

the steel usually cracks, thereby preventing stress measurements by
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the Heyn method. But if the crack is single and deep, its width at

the surface may be taken as a crude measure of the stress there. The
width of such cracks is given in Table 6. There is a consistent in-

crease in the width, independent of the diameter or quenching

mediima, with increasing temperature drop from 30 to 200° C. Cracks

abruptly disappear at higher drops. The width of the crack, however,

does not afford a reliable criterion of the maximum surface tensional

stress, for the stress distribution becomes more complicated as the

maximum is approached and passed. It is quite possible that with a

surface stress lower than the maximimi the crack will open wider than

at the maximum if the drop is higher than at the maximum.
The location of the maximum, tensional surface stress in terms of

the temperature drop is an important problem. It, of course, de-

pends on the value of a^ (Tm— Tg). From analytical considerations

(I'm- Ts) is 40°C. and aj = - 0.00004, Table 4, for thesteel and quench-

ing temperature used. (Tm— 2\) = 60°C. has been arbitrarily

selected for further computations. This value gives compressional

surface stress for water quenching a 1-inch cylinder as observed so is

probably of the right magnitude, although it probably exaggerates the

tensional stress range.

Table 6.

—

Width of crack at surface of specimens which cracked as quenched in the

media noted. All specimens of J composition quenched from 850° C.

Diameter in inches Quenching medium Ac
Estimated
temperature

drop
Width of crack

H-
Vs-

Vi-

Vi-

Prepared oil

Neat's-foot oil

60 per cent glycerin
Neat's-foot oil

Water —
60 per cent glycerin.
Water

do.

0.67
.76
1.4
1.5

1.6
1.9
2.4
3.2

30
41

93
110
147

.028

.028

.031

.042

.035

.045

.052

Unfortunately, the writer has not been able to determine the value

of this characteristic of the steel by any other method. It is beheved,

however, that a qualitative correspondence has been estabUshed

between the results of experiment and the analytical resTilts, This

indicates that the fimdamental conceptions are correct. It is there-

fore well to see what further information can be gained from the

stress equation. Any new conclusion drawn from it which can be
directly tested by experiment is, of course, a further test of its validity,

and certain ones will be noted.

The expansion from the temperature at which the expansion

curve is a minimum (start of ^.r") and the temperature at which the

steel becomes effectively elastic, symbolically a2(Tia—Ts), is found
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to be directly responsible for the deep-seated cracks produced by
surface tension. If this expansion is zero, the permanent stress at

the surface can only be compressional, which is the case with an
austenitic steel. Evidently the magnitude of the permanent ten-

sional stress at the surface can be altered by means of Q:2(T'm— ^e).

The expansion curves and Table 4 show that the magnitude of this

property of the steel can be controlled by the composition and
quenching temperature. Much may be accomphshed by adjust-

ment of the composition, but the present problem is how to control

the stresses in the available compositions. Analysis and experiment

show that a low quenching temperature reduces the liability to

crack, but it may be questioned that this is due entirely to the lower

tensional stress attained thereby. Steel is probably inherently

y^e

t'/

'A

heater t^t/ench/n^

/A

0/7 auencfy/ng
/?=o.r

y^ / Z S /n. c/Zam.

.Ill I

Fig. 17.

—

Effect of the hath temperature, To, on the

surface stress. The diameters of cylinders which

will give the stresses indicated are estimated on the

assumption that the cooling power of the hath, h,

does not change with the hath temperature

more brittle as quenched from a high temperature than from a low

one because of the coarser microstructure. Although lowering the

quenching temperature is an effective means of avoiding cracks, the

problem stated at the outset is how to quench safely from a high

temperature. We must, therefore, turn to the thermal variables

for practical expedients to control stress generation.

The curves of Figmre 16 show that the major cause of quenching

cracks, high tensional surface stress, may be avoided by cooling in

such a manner that the temperature drop (Tc— 71) is either very

small or very large when the surface becomes elastic. For reasons to

be considered later, low sxirface stress obtained by a small drop is

generally preferable to the same obtained with a large drop. A
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small drop can, of course, be obtained in a particular size by using a

very slow quenching medium but introduces the difficulty of produc-

ing fuU hardness. The expression for the temperature drop in terms

of ( To— To) given in Section V shows how a low drop can be obtained

at low temperatures with a fast quenching medium. It states that for

a given value of he the drop is directly proportional to (Ts—To).

Thus, the drop can be lowered by raising To or reducing T^; that is,

by raising the bath temperature or by lowering Ar". This is illus-

trated by Figure 17. Here the surface stress is plotted against he

*8x^

Fig. 18.

—

The computed axial stress at the center and sur-

face and the maximum compressional stress as a func-

tion of the temperature drop (To—Tb), within a steel

cylinder quenched from 820 to 20° C. when the surface

is at 120° C.

It is assumed that the coefficient of expansion of the steel as

austenite is +0.00002 and during the first 60°C. of Ar' is —0.00004.

Values of he and the diameters of cylinders for oil and water

quenched which will give certain temperature drops are indicated

for surface temperatures of 20° and 100° C, other things the same.

Though generality is lost by so plotting, the results are given in

terms of quenching media and sizes, the variables of practice. This

figure implies that h is constant with changing bath temperature,

which is far from true in the case of water.
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So far only the axial stress at the surface produced by small tem-

perature drops has been considered. The stresses within the

cylinder and those produced by large temperature di'ops are also of

some importance. The axial stress at the center produced by low
temperature drops is found in the same manner as that at the surface

and is given by

(e -f) F, = 2
L"'" ' (To - Ts)

+ ^"^~ "^^ (To-Tjd '

For comparison with the surface stress it has been computed and
plotted with the surface stress in Figm-e 18.

*S

~s

/?c-£0

T/-To=800°C
Ts-To- /OO „

Tm-Ts- ^O

„

ocz=0.0000¥

Fig. 19.

—

Computed axial stress distribution within

cylinders for high values o/ he

Only the portions of the curves of Figure 18 corresponding to low

values of (Tc— Ts) were obtained from the above equations. With

large values of (Tc— T^ the temperature versus (0 curves are no

longer even approximately linear (fig. 13), as assmned in the derivation

of these equations, so the method evaluating C first mentioned was

used. Figiu*e 19 illustrates the method. The values of ai, a-i, and
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(Tnx— Ts) given in Figure 18 are used but with the temperatiire dis-

tributions given by Figure 13. The deformation versus f — j curves of

Figure 19 were first plotted from an arbitrary deformation origin and

the origin then shifted so that the positive and negative shaded areas

were equal. In this way the curves of Figure 18 were extended to

high values of (T^-T,).

Figure 19 shows that the compressional stress is not a maximum at

the center for large drops and that the maximum approaches closer

to the surface the greater the drop, or he, but never reaches it. It

was observed experimentally that the maximum compressional

stress is below the surface when the surface is under compression

(fig. 2). In fact, the difference between the surface and maximum
stress under these conditions gives a measure of a2(TiQ,— Ts). The
value of the maximum compressional stress is that of C, and it is also

plotted in Figure 18. The maximum and the surface stresses for

large drops increase continuously with the drop, but the center stress

has a maximum in tension for a drop of about 600° C.

This figure gives only the axial stresses. Cracks are usually due
to tangential stress, but the axial stress is more easily computed and

is directly comparable with stress measurements by the Heyn method.

At the surface the tangential stress is equal to the axial, but at the

center it is half the axial stress. Interior transverse cracks might
then be anticipated when the surface is under high compression.

The writer has heard of such cracks but has never seen any.

Figure 18 shows further that the tensional surface stress, the chief

cause of cracks, is relatively low in comparison with the other stresses.

In fact, a very high tensional stress can not be produced at the sur-

face because it is restricted by a2{Tia— Tg). This means that the

^teel must crack under relatively low and apparently uniform surface

stress. The reasons for the failure of a material of such high elastic

properties as tool steel under low loads are, however, quite obvious.

While the stress may appear to be uniformly distributed, there are

actually stress concentrations due to mechanical discontinuities in

the surface and even within the steel. It is well known that local

stress is greatly magnified by such effects. Often the cracks start

in the slight depressions produced by stamping identifying nmnbers
on the specimens. The stress concentration follows the bottom of

the crack and thereby extends it. Another factor contributing to

the development of cracks is the microstress produced by the

austenite retained under pressure as explained (p. 419).

It may be doubted that cracks as found by Rawdon and Epstein

form with a normal quenching temperature, but high microstresses

are nevertheless present and require little additional stress to develop

microcracks which are then extended by the resulting stress con-

centrations.
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Having developed the relations between stress and the quenching

treatment of steel, we may now profitably consider methods for the

control of stress and the elimination of quenching cracks.

VII. CONTROL OF QUENCHING CRACKS

In the experimental study of quenching cracks two types were
recognized, namely, local cracks associated with sharp changes in

contour and deep-seated cracks which follow the major axes of the

piece. Only the latter type was investigated. It was found to be
caused chiefly by tensional stress at the surface. Incidental observa-

tions showed that shapes having local cracks may or may not con-

tain deep-seated cracks. Local cracks may occur when the surface

is under high compression or tension. Hence there is more latitude

for the control of stress in shapes not subject to local cracking than

otherwise. It is therefore useful to classify shapes submitted for

hardening according to whether or not they are susceptible to local

cracking, or briefly as complicated or simple shapes.

Among the complicated shapes are also included simple shapes

having interior cavities not effectively cooled by the quenching

medium, as, for example, (a) and (b) of Figure 4. This distinction is

important, for a treatment which will successfidly harden the same
shape when solid may crack it when an interior cavity is present.

The reason for this is that the interior can deform plastically after

the surface hardens. The stress will then be determined by the

temperature distribution when the interior section becomes elastic.

Another important classification from the viewpoint of stress is

compositions which harden completely as treated and those which

harden only to a moderate depth, here styled surface-hardening

steels. The preceding analysis of stress generation has been con-

fined to steels which harden completely with but casual mention

of the surface-hardening steels. The latter class were shown to be

under high compressional stress at the surface as quenched, due

chiefly to the constitutional difference between the center and surface

regions. Carbon tool steel is the most common representative of

this class. However, for sizes under about one-half inch diameter

with water quenching it must be considered as a deep-hardening

steel also, for it then hardens completely. Water quenching simple

shapes which harden on the surface only introduce no difficidty with

cracking. In complicated shapes, however, difficulty is likely to be

experienced with distortion and local cracking when water quenching

is required, as is almost always the case with surface-hardening

steels. Also more desirable physical properties for some purposes

are obtained with full hardening.

The mechanical properties attendant on full hardening can be

obtained in simple shapes with economy of alloy content by water
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quenching. Faniiliar examples of this are simple structural alloy

steel shapes and ball bearings, the compositions of which are adjusted

to the size so as to give full hardening on water quenching. The

high compressional stress at the surface of large sizes so treated is no

handicap, for it is fully relieved by tempering in the case of structural

steels, and residual surface compression may even be an advantage

in the case of ball bearings. With complicated shapes, however,

recourse must be taken to slower quenching media in order to avoid

distortion and local cracking.

In this connection it might appear desirable to use intermediate

quenching rates between water and oil. In general, this is not

desirable. The stress curves of Figure 18 and the experimental

results show that either a fast or a very slow quench will give low

surface stress. However, to obtain the low surface stress with a

fast cooling rate would require a quenching bath for every size.

Moreover, the stress is not zero below the surface and, in compli-

cated shapes, would probably cause cracks. Consequently, it is

preferable to aim for high compression; that is, use water quenching

if the shape permits, or return to the problem of oil quenching.

Oil quenching many common sizes and types of deep-hardening

steel introduces considerable difficulty with deep-seated cracks.

Quenching experiments with a particular oil-hardening composition

showed that cylinders 3^ inch diameter and under are not seriously

stressed by oil quenching nor are sizes over 1 J^ inches which do not

harden completely. The difficulty with deep-seated cracks is there-

fore restricted, in this particular case, to sizes from about % inch to

IH inches diameter. This is, of course, an important range of sizes.

The freedom from deep-seated cracks obtained when the center

^f large sizes does not harden on oil quenching suggests that this

factor might be introduced in smaller sizes by appropriate modifica-

tion of the composition. If, however, the alloy content be so reduced

that cylinders under about 2 inches diameter do not harden to the

center in oil, it will then be difficult to obtain full and uniform surface

hardening on oil quenching. This situation is well illustrated by
chromiiun-bearing steel, composition M, which will seldom harden
completely on oil quenching 1-inch diameter cylinders. When it

does not harden completely, the soft constituent, troostite, is nearly

as prevalent at the surface as at the center. The reason for this is,

of course, that, with the small size and slow cooling, there is no great

difference in cooling rate between the center and surface at the tem-
perature of Ar'. It therefore follows that for moderate sizes of

complicated shapes a steel which hardens completely on oil quenching
is required.

This reduces the problem to that of avoiding quenching cracks on
oil quenching deep-hardening steels in moderate sizes. In practice,
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deep-seated cracks of visual size are probably not so common as

might be inferred from the results given here. This is due to the

normal practice of using a lower quenching temperature and of

tempering immediately after quenching. Prompt tempering prob-

ably reduces the chances of a crack developing to a visual size but

may not inhibit the formation of microscopic cracks. The fact that

cracks generally develop slowly, as noted in Section II, makes it

highly probable that they are preceded by microscopic cracks which

form as soon as ordinary temperatures are reached, or even before.

Prompt tempering may inhibit the growth of such cracks but still

leave a nucleus from which failure may start in service. Hence,

this expedient can not be considered a satisfactory solution of the

problem.

The subcommittee on tool steel of the A. S. S. T. (18) reoommends
a more bold treatment for steel of the type used in the quenching

experiments, namely, that it be quenched in oil but be removed just

before it reaches the boiling point of water and immediately tem-

pered. This is a useful expedient provided that the surface has not

become effectively elastic at the temperature of withdrawal. If it

has, permanent stress will develop just as if cooled to ordinary tem-

peratures in oil but will, of course, be relieved somewhat by the

tempering action on cooling from 100° C. If the piece be withdrawn

before the surface becomes effectively elastic, as it should be for

maximum safety, it can be cooled safely to ordinary temperatures

and need not be tempered promptly. This procedure has the advant-

age that high stress is not developed at any time. Evidently with-

drawal at 100° C. does not accomplish this unless Ar" is low.

The same result can be attained, perhaps more conveniently, in

another way, namely, by quenching in hot oil. The effect of this

expedient was indicated in the last section and illustrated by Figure

17. The figure shows that tensional stress below a minimum which

causes cracks will be obtained over a longer range of sizes the hotter

the oil, or that in some moderate size, say 1 inch, the stress is lowered

by heating the oil. To test this deduction, 1-inch diameter cylinders

of the J steel were quenched in oil at 25, 60, and 100° C, Table 7.

The specimens quenched in oil at 25 and 60° C. cracked as quenched,

but the crack was smaller for oil at 60 than at 25° C. The specimen

quenched in oil at 100° C. did not crack as quenched but did so on

deep etching. Evidently a somewhat higher temperature is desirable

in this case, but it need not be as high as the temperature at which

the steel becomes effectively elastic, estimated to be 150° C. in this

case.

Hot oil is not required nor even desirable for sections which will be

tuider surface compression as quenched in cold oil, for heating the

oil might then throw the surface stress into tension. A similar situa-
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tion is apt to be encountered in the case of hot water. In moderate

and large sizes cold water produces compressional surface stress, so

that heating the water may reverse the stress to tension and thus

crack the steel. As there is besides a considerable loss in cooling

power at high surface temperatures on heating water, hot water has

httle to recommend it as a quenching medium. Oil, however, main-

tains its cooHng power both for high and low surface temperatures on
heating. These observations on the effect of bath temperature on
the coohng power of oU and water are plainly revealed by the quench-

ing curves of Pilling and Lynch (17).

Table 7.

—

Observations on quenching cracks in 1-inch diameter cylinders 4 inches
long produced by miscellaneous treatments of several compositions

Composition
symbol

Quench-
ing tem-
perature

Quenching medium

Did it crack

As
quenched

Deep
etched

Bemnrks

f
850
850
850
850

1,000
850
900
925
950
975

1,000
1,000
1,000
1,000
820
820
820

OUat25°C - Yes
J . . Oil at 60° C Yes

Oil at 100° C No
/Yes

Yes

loil INo
No

YesJ

Water
Z No

No
Yes ...

No
No

do —
Oil...

No
No
No..

Yes
Yes

Y No
Air No
Water No

/Yes
No Cooled in water.

J
joil for 20 seconds

Cooled in water.
\No No. Cooled in air.

It would evidently be desirable to have a quenching medium which
will cool as fast as oil, or faster, at high temperatures and much slower

at low temperatures in order to avoid the undesirable, but necessary

expedients mentioned above. This is, in fact, a description of the

ideal quenching medium for the conditions in question. Such a

medimn does not appear to be available at present, but is, perhaps,

worth looking for.

An appropriate objection to the treatments involving retarded

cooling through Ar" is that hardness is sacrificed. The hardness

is indeed less than when the steel is cooled continuously to ordinary

temperatures as shown by Table 4 of reference (11), but the loss of

hardness is compensated, at least in part, by less reduction in hardness

on tempering. Here a low Ar" is a decided advantage for the fast

cooling can be maintained to a lower temperature with less transient

tempering and loss of hardness during the retarded cooling.

Having thus foimd that certain undesirable thermal expedients are

required to harden without cracking or warpage a certain range of
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sizes of a steel having the transformation characteristics defined by
Figure 10 (&), it remains to be determined whether or not these effects

can be avoided by modification of the composition or other factors.

Two possibihties are still open. First, the tensional surface stress

can be reduced in magnitude and extent by reducing the linear

expansion aaC^m-^s), as illustrated by Figure 16. Lowering the

amount of dissolved carbon by means of the quenching temperature

or composition will accomplish this, as shown by the expansion curves.

These expedients, however, involve a considerable loss in hardness

which it is our purpose to avoid.

The second possibility is to lower the temperature at which the

steel becomes effectively elastic, Tg. This reduces the tensional

surface stress in a moderate size in the same way as raising the bath

temperature but carries the additional advantage that transient

tempering with its resultant hardness loss is correspondingly reduced.

Tg, can be lowered either by increased alloy content or by increased

quenching temperature when the carbide content is well above the

eutectoid ratio. The lowering of Ar" by increasing the quenching

temperature of a high carbon steel Z from 850 to 1,000° C. is shown in

Figure 11.

Standard specimens of this composition were quenched in water

and in oil from both these temperatures with the results recorded in

Table 7. Quenched from 850° C, the specimens cracked as quenched

in oil, but not in water, just as did the J composition. However, on

raising the quenching temperature to 1,000° C, neither cracked as

quenched, though both did on deep etching. With the higher quench-

ing temperature, conditions are more favorable to cracking in that

diiT^-Ts) is greater, but this unfavorable condition is more than

overbalanced by the greatly reduced temperature drop coincident

with lower T^. Because of the low drop, the surface is in tension

after both oil and water quenching, but the tension is evidently

fairly low.

Thus, in two ways, the conclusions from analysis alone that reduc-

ing (Ts-To) will reduce tensional surface stress has been qualitatively

confirmed. First, it was shown experimentally that raising To with

Tg constant reduces the cracking stress, and, second, that lowering

Ts with To constant reduces the cracking stress. The continuous

variation of the surface stress from tensional to compressional with

increasing drop can also be established by varying {Ts-To) through

the quenching temperature. This is shown by increasing the tem-

perature of quenching the Z composition in water (Table 7). With a

low quenching temperature, the temperature drop is large and the

surface stress compression. No cracks are then observed as quenched

or on deep etching. As the quenching temperature is raised, the

drop is lowered to the region of maximum tensional surface stress
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and the piece cracks as quenched from 950° C. For higher quenching

temperatures, 975 and 1,000° C, the piece cracked only on deep etch-

ing showing a reduction in the tensional stress at the surface.

The conclusion was also drawn from the stress equations that a

high Ar" reduces the possibility of cracking. It has already been

found that when Ar" is raised by lowering the quenching tempera-

ture cracking is reduced. Quenching specimens of the Y composi-

tion which has a high Ar" also confirms this (Table 7). That these

experiments gave results in the direction indicated by analysis is

good evidence of the soundness of the fundamental conceptions

advanced.

A simple experiment is strikingly confirmatory of the most im-

portant single conception, namely, that deep-seated cracking stress

(surface tension) is produced only by a relatively small temperature

drop. Three standard specimens of the J composition were heated

to 820° C; the first was quenched in water until cold, the second in

oil for 20 seconds and then in water, the third in oil for 20 seconds

and then in air (Table 7). The first and third did not crack either

before or after deep etching, but the second cracked as quenched. The
temperature drop in the first case must have been very large, in the

second considerably^ess, and in the third very small.

The close relation between the hardening transformation and the

cracking stress established" both analytically and experimentally

indicates the importance of controHiBg^this transformation. Cracks

can not be consistently reproduced nor consistently avoided if this

transformation varies among specimens from a particular steel.

To control cracks successfully requires that they appear only under

one known set of conditions which can be avoided. The expansion

curves during the hardening transformation offer a means for check-

ing the uniformity of a steel in this respect.

While only the permanent stresses in hardened steel have been
considered and are certainly the major cause of quenching cracks,

temporary stresses should not be ignored. Temporary stress exists

only during the heating and cooling of elastic bodies. It is of im-

portance in hardened steel because the steel is then quite brittle.

Like glass, it can be heated fairly rapidly if heated uniformly, for this

produces temporary compression at the surface, but it should not be

cooled rapidly, for that produces temporary tension at the surface

which is particularly undesirable when the surface is under per-

manent tension. Temporary surface tension may also produced
diiring quenching in water after Ar" is completed if Ar" is high. A
crack so produced would appear before the steel is cold and would be

hard to distinguish from one produced by high permanent tension at

the surface which may cause a crack to form before the steel is quite

cold.
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Grinding may also produce temporary surface stress, but stress so

produced will be compressional and hence not dangerous, provided

that tempering does not occur. If, however, the steel is actually

tempered under the grinding wheel, as has invariably been the case

with grinding cracks observed by the writer, the metal will be re-

duced in volume, and thereby put under permanent tension which is

the major source of cracks. Guillet and his associates (19) have
recognized that tempering as revealed by loss in hardness is associated

with grinding cracks, but attributes the cracks to plastic deformation

during heating under the grinding wheel of areas which develop

cracks. This explanation is, however, incompatible with the high

elasticity of hardened tool steel under compression. Cracks might
be produced by differential tempering on fast heating for tempering

in the same manner. As hardened tool steel of low-alloy content is

tempered, it first shrinks with increasing tempering temperature to

between 150 and 180° C, then expands slightly, and finally con-

tracts rapidly. In order to minimize grinding cracks, the steel

should evidently be tempered in the neighborhood of the first mini-

mum before grinding. It will then take severe local heating to

produce sufficient shrinkage to cause cracking. Grinding cracks are

of little depth, so there should be no difficulty in distinguishing them
from cracks primarily due to the quenching treatment.

While considerable space has been given to the discussion of means
for preventing quenching cracks, the essential requirements can be

put in a few words. First, find the dangerous range of sizes for the

available quenching media and the steel and quenching temperature

in question, then avoid it either by retarded cooling through Ar" or

by a very fast quench. The first condition can be conveniently

obtained by quenching in hot oil and the second by quenching in

water. If the piece is of complicated shape, the latter treatment is

precluded; if of carbon tool steel or a steel of very low-alloy content,

the second is precluded. From this brief statement it is not to be

inferred, however, that the problem is as simple as stated, for there

are many variables which must be controlled by both the steel maker
and the hardener if consistent results are to be attained.

Vm. SUMMARY

Cracks foimd in unground pieces of hardened tool steel were classi-

fied as local or deep-seated, depending on whether they were associated

with sharp changes in contour or with the principal axes of the piece.

The latter type was investigated experimentally, using solid cylinders

of a particiilar oil-hardening steel. The following results were ob-

tained on continuous quenching with agitation until the specimens

reached the bath temperature

:
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1. Cracks occurred on oil quenching cylinders between |^ and 13^
inches diameter.

2. Cracks occurred with water quenching for diameters between

M and ]4 inch.

3. All the cracks were caused by tangential stress which was ten-

sional at the surface.

4. The cracks did not develop to visual size until after the speci-

mens reached ordinary temperattires throughout.

5. Cracks rarely occur when the surface is under compression, but

when they do, they start at the center where the stress is tensional.

Measurements of the axial stresses in quenched cylinders by the

method of Heyn showed that the stress at the surface is compressional

when a deep-hardening steel of moderate or large size, 1 inch di-

ameter or over, is quenched in water, or when only the surface

hardened as on water quenching cylinders of carbon tool steel over

1/2 inch in diameter. The surface stress in the latter case is higher

than in the former.

From previous studies of stress generation in cooling glass and
steel it is shown that the permanent stresses described above are

produced by plastic deformation during quenching. Permanent
tensional stress at the surface can be generated by cooling only when
the steel is plastically deformed while the coefficient of expansion is

negative. As this expansion during coohng is the chief cause of

quenching cracks, its characteristics were studied experimentally.

Expansion measurements were made during cooling in an air stream

after quenching deep-hardening steels in oil and removing the speci-

men before the Ar" transformation began. From the curves so

obtained the following conclusions were drawn

:

1. The transformation Ar" occurs in tool steels at a relatively low

temperature accompanied by an expansion from a minimum volume
to a volume greater than the original as annealed.

2. The contraction preceding Ar" is given approximately by the

coefficient of expansion of austenite above the critical range.

3. The expansion during the initial stages of Ar" is approximately

linear and the coefficient greater than that of austenite.

4. After the linear expansion the steel continues to expand, but at

a decreasing rate.

5. The nonlinear expansion is attributed to the lowering of Ar" by
pressure developed in the microscopic units after the formation of a

continuous martensite network.

6. The steel is effectively plastic until the end of linear expansion.

7. The magnitude of the total expansion, as a rule, increases as

Ar" is lowered.

8. Raising the quenching temperature lowers Ar" when there is an
excess of carbide present.



442 Scientific Papers of the Bureau of Standards ivoi.so

This information is adequate for the estimation of permanent
stresses provided the temperature distribution is known in a simple

shape when its surface has just become effectively elastic; that is,

has reached the temperature Tg of the end of linear expression.

From the mathematical theory of heat conduction relations between

the five chief variables determining the temperature distribution in a

cylinder during cooling were derived and expressed in the form of

curves. The temperature difference between the center and surface,

called the temperature drop, was taken as a convenient measure of

the temperature distribution. When small, the temperature drop is

directly proportional to the surface temperature minus the bath

temperature for a given bath and diameter of specimen. The
temperature then varies approximately as the inverse of the square

of the distance from the center.

Assuming certain ideal conditions, equations were derived for the

stress within solid cylinders of full-hardening steel in terms of the

temperature drop ( Tg- T^) ; the temperature at which the surface

becomes effectively elastic, TL; the temperature of minimum expan-

sion, Tjn', and the coefScients of expansion before and during the early

stages of At", ai, and a2, respectively. From these equations the

following conclusions were drawn

:

1. The surface stress increases with the temperature drop from zero

to a maximum in tension, then decreases, passing through zero into

compression and increases to a very high value in compression.

2. The maximum tensional surface stress that can be developed

and the range of temperature drops which produce tension at the

surface are directly proportional to the linear expansion during

At".

3. When the temperature drop is less than the temperature range

of linear expansion—that is, when (Tc-Tg) is less than (Tm-J's)

—

the tensional surface stress is directly proportional to the tempera-

ture drop, the coefficient of expansion a2 remaining unchanged.

4. The minimum tensional stress which will crack tool steel is

very low in comparison with the compressional stress that the steel

will withstand at the surface.

If it be recognized that the cracks obtained experimentally were

all due to permanent tensional stress at the surface and that uni-

formly distributed compressional stress at the surface does not pro-

duce cracks, it will be seen that these conclusions are compatible in

all essential respects with the results of the quenching experiments.

These conclusions suggested expedients for the avoidance of quench-

ing cracks in compositions which harden completely with the quench-

ing given or proposed. In pieces of simple shape a condition which

produces cracks can be avoided by using either a much more rapid

quenching medium or by retarded cooling through the hardening
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transfonnation. This can be conveniently accomplished by quench-

ing in water or hot oil, respectively. If the piece is of complicated

shape, the treatment adopted must be of the latter type. Ob-

viously, the choice is restricted by the composition of the steel.

For example, if a complicated section of carbon tool steel cracks on

water quenching, oil quenching can not be substituted without

change of composition.

The tendency of a steel to crack can also be reduced by modifi-

cations of the quenching temperature, composition or both which

either raise Ar" so that the linear expansion a2{Tin-Ts) is small, or

lower Ar" so that it is barely completed at ordinary temperatures.

The first expedient can not be apphed without sacrifice of hardness,

so the second appears to be the most practicable.

Certain incidental causes of cracks should be recognized in order

to avoid confusing them with the type investigated here. One is

temporary tensional surface stress which is present during the cooling

of pieces from the tempering bath and during quenching after Ar"
is passed when Ar" is much above the bath temperature. Another

is permanent tensional stress produced at the surface of hardened

tool steel when the surface is tempered beyond the interior as may
occur on surface grinding. The first-mentioned causes of cracks are

probably rare, but the latter are not. Grinding cracks can, however,

be definitely distinguished from deep-seated cracks by their lack of

depth.

In conclusion, the writer wishes to acknowledge material aid in

this work from several steel makers who supplied the steels used,

from the Brown & Sharpe Manufacturing Co., who contributed

machine work, and from the gauge section of the Bureau of Standards

which made the length measurements before and after taking ex-

pansion curves, and for the stress measurements by the Heyn
method.

This paper developed from an investigation of gauge steels under
the auspices of the Gauge Steel Committee for which work these

accommodations were offered.

S. S. Eangsbury assisted in much of the experimental work pre-

sented.
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