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INTRODUCTION

Steel parts, in order to be serviceable, must be possessed of 

adequate hardness and toughness. Steel that has been hardened by rapid 

cooling from above its critical range is generally undesirable for most 

purposes, the reason being that the martensite formed by rapid cooling is 

very hard and likewise very brittle, and its formation leaves high resid

ual stresses. These stresses can be relieved and toughness imparted to 

the steel, without material diminution of hardness, by a tempering treat

ment.

The tempering process consists of reheating quench-hardened or 

normalized steel to a temperature below the transformation range, and 

then cooling it at any rate desired. The stress relief and recovery of 

ductility are brought about through precipitation of carbide (to form 

tempered martensite) from the supersaturated, unstable, alpha-iron solid 

solution (martensite), and through diffusion and coalescence of the car

bide as the tempering operation proceeds. The tempered martensite struc

ture is characterized by relatively high toughness at any strength level, 

and, because of its high ductility at a given hardness, this is the 

structure aimed for in heat treating for toughness by quenching and 

tempering.

Tempering temperature and duration of the tempering treatment 

are the principal factors that determine the final hardness and strength 

of a steel that has been fully hardened by heat treatment. It would be 

very desirable to be able to predict, with a minimum amount of experimenta



tion, the tempering cycle necessary to give a rapidly cooled steel the 

required properties. Therefore, a study of the effects of variations in 

tempering time and temperature upon the properties of hardened steel 

automatically becomes a subject of great practical importance.

Published data indicate the existence of an inverse relation

ship between tempering time and temperature; that is, the higher the 

tempering temperature, the faster the appearance of tempered martensite. 

However, Dr. Narayan (l), investigating SAE 4150 by magnetic analysis

(l) S. N. Anant Narayan, "Kinetics of Austenite to Martensite 
Transformation in Low-alloy Steels," Doctor*s Thesis,
Colorado School of Mines, Golden, Colorado, 1951.

and microscopic examination, obtained results contradictory to this 

generally accepted trend. He concluded that under certain conditions 

the lower tempering temperature resulted in faster appearance of tempered 

martensite.

This discrepancy stressed the necessity for investigating 

further the tempering characteristics of other low-alloy steels.

Since most of the published data were compiled with the aid of 

the microscopic technique, it was decided to adopt the same technique for 

the following investigationo Naturally, Narayan*s results were confirmed 

before proceeding further.
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METALLOGRAPHIC TECHNIQUE

An indirect technique had to be used for studying the tempering 

time and temperature relationship* The metallographic technique was 

first described by Greninger and Troiano (2) in 1939. A concise descrip-

(2) A. B. Greninger and A. R. Troiano, "Kinetics of Austenite to 
Martensite Transformation in Steel,M Transactions, A.S.M., 
Vol. 28, 194-0, pp. 537-574.

tion of the same by Grange and Stewart (3) forma the basis of the follow

ing account of the technique.

(3) R. A. Grange and H. M. Stewart, "The Temperature Range of 
Martensite Formation," Transactions, A.I.M.E., Vol. 167, 
1946, pp. 467-501.

When a small specimen austenitized at a temperature Ta, is 

quenched and held for a few seconds in a bath at a predetermined tempera

ture T^ (below the Mj, temperature for that steel), part of the austenite 

will be converted to martensite, the remainder being unaltered austenite.

If the specimen is removed from the bath and allowed to cool to room tem

perature, the initially formed martensite will not be microscopically 

distinguishable from that formed on subsequent cooling to room temperature. 

To make the initially formed martensite distinguishable, the specimen 

must be further heat treated as follows. After the specimen has been held



in the first bath at Tj for a specific time (the time should be sufficient 

to cool the whole specimen to T^, but, not long enough to permit trans

formation to bainite), it is quickly transfered to a second bath at a 

higher temperature T%, and held there for a short time. It is finally 

quenched in water* As a result of this secondary treatment, the marten

site formed at will be tempered, whereas the remaining austenite will 

be transformed to martensite on final quenching. Now the specimen contains 

both tempered martensite and ordinary martensite, and distinction between 

them is made possible by the darker-etching characteristic of tempered 

martensite.

If is above Mg, the final structure will consist entirely of 

light-etching martensite. If is slightly lower than Mg, the final 

structure will consist of a mixture of tempered and ordinary martensite. 

Finally, if Tj is at or below Mf», the first quench will transform all the 

austenite to martensite so that there is only tempered martensite in the 

final structure. These conditions are better understood by referring to 

Figo 1.

Since Grange and Stewart used this method to investigate the

temperature range of martensite formation, they varied at intervals of

10-20° F. throughout the martensite formation range, the holding time

being 3 seconds* They maintained T2 constant for any one steel, but
*

varied it for different steels in accordance with their isothermal trans

formation behavior0 The holding time for tempering the martensite formed 

at T^ was 3-5 seconds.
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To study the tempering characteristics of steels we have to 

deviate from the above technique in that the tempering temperature and 

the tempering time are the only variables; all other factors are held 

constant. For every temperature tempering time is varied (t^,

t^f t^, t^, etc.) to determine the particular time required to initiate 

uniform tempering of the martensite formed at in the first bath.



EXPERIMENTAL WORK

EQUIPMENT

The equipment consisted of three nichrome-wound pot furnaces
owhose temperatures were controlled to + 1 0  F by means of separate 

rheostats, and were indicated by direct-reading thermocouple pyrometers. 

Chromel-alumel thermocouples were used.

The first furnace contained a 90-10 BaC^-NaCl salt mixture in 

a graphite crucible, for austenitizing the steel specimens. The second 

contained an oil bath for quenching; the third, a lead-antimony bath for 

tempering. A bucket of water was used for final quenching.

An alarm type of timer was used.

Figure 2 shows the general layout of the equipment.

MATERIALS

The steels studied were SAE 4150, SAE 4340, SAE 2340, SAE 3140 

all of which are commonly used in industry. They were obtained from 

laboratory stock. The analyses are given in Table 1. The SAE 4150 and 

SAE 4340 were in the form of bars, inches in diameter. The others 

were in the form of slugs, 5/8 inch in diameter. From each steel, sec

tions l/l6 inch thick were cut. The larger discs were quartered; the



Figure 2 - General Layout of the Equipment
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smaller ones were halved. Each piece served as an individual specimen. 

A hole, 7/64 inch in diameter was drilled through each, by which it was 

hooked to a wire about 8 inches long. This arrangement facilitated the 

agitation of the specimen in the quenching medium, and rapid transfer 

from one furnace to another.

TABLE I

Analyses of Steels Used

SAE
No. C Mn Si P S Ni Cr Mo

4150 0.49 0.89 0.31 0.01 0.028 1.00 0.20
4340 0.38 0.73 0.31 0.02 0.027 1.80 0.82 0.25
>2340 0.3 8 0.70 0.20 0.040 0.040 3.25

-0.43 -0.90 -0.35 max max -3.75
3140 0.38 0.70 0.20 0.040 0.040 1.10 0.55

-0.43 -0.90 -0.35 max max 1.40 -0.75

•nominal analysis.

PROCEDURE

As mentioned previously, the metallographic technique adopted 

for studying the tempering time and temperature relationship involves 

two variables: namely, the tempering temperature and the tempering time.’

Figure 3 illustrates the basis of the experimental work. The 

temperature of the first bath, T^, was kept well below Mg, so that, on 

tempering at Tj, tempered martensite would result. At T2 , the specimens
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FIGURE 3a - Schematic Transformation.Diagram for Tempering SAE 4150;
Austenitized at 1600° F, quenched at 450 °F (7 seconds), 
Immediately tempered at 1200 °F (5, 8, and 10 seconds), 
and finally quenched in water.

All photomicrographs 500X. . Nital etch.
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and finally quenched in water.
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were held for various tines tj, tj, t^, and then quenched in water. As 

is shown in Fig. 3, after tempering for t^ seconds, no tempered marten

site is visible, whereas after tg seconds, tempering has just begun. 

Finally after t^ seconds, tempering has proceeded to a greater extent.

For each tempering temperature, the object is to note the exact time at 

which uniformly distributed tempered martensite first appears.

In all of the experiments, the specimens were held for 15 

minutes in the salt bath at a suitable austenitizing temperature. This 

treatment was considered sufficient for all of the ferrite to dissolve 

in the austenite. The specimens were then quenched for 7 seconds in an 

oil bath at 450 °F (T^). The tempering temperature was varied from 700- 

1200 °F. Specimens were finally quenched in water. Agitation of the 

specimen in the quenching media was important, both because of accelerated 

rate of cooling and because of the more uniform cooling obtained. To 

minimize the interferance of the decarburized regions, the specimens were 

cut into two and the transverse sections were observed. The details of 

heat treatment and microscopic examination are presented in Tables II-V.

As the work progressed, it was decided to correlate the temper

ing times with the average superficial hardness of the respective 

specimens. Tables VI and VII indicate that this combination could be 

used to indicate the initial appearance of uniformly distributed tempered 

martensite.



DETAILS OF HEAT TREATMENT AND RESULTS OF MICROSCOPIC EXAMINATION

The details of heat treatment and results of microscopic exami

nation of Steels SAE 4150, SAE 4340, SAE 2340, and SAE 3140, are presented 

in tabular form in Tables II, III, IV, and V.

TABLE II - Steel SAE 4150

Austenitized First Quench Tempering Final
at Ta T^ T2 Quench

Tempera
ture (°F)

Time
(Minutes)

Tempera
ture (°F)

Time
(Seconds)

Tempera
ture (°F)

Time*
(Seconds)

1 6 0 0 15 450 7 700 3 water
1 6 0 0 15 450 7 1 0 4 0 7 water
1 6 0 0 15 450 7 1 2 0 0 1 0 water

TABLE III.- Steel £££ QJ&

Austenitized First Quench Tempering Final
a t T , Ti t 2 Quench

Tempera Time Tempera Time Tempera Time*
ture (°F) (Minutes) ture (°F) (Seconds) ture (°F) (Seconds)

1550 15 450 7 700 1 0 water
1550 15 450 7 8 5 0 17 water
1550 15 450 7 1 0 0 0 24 water
1550 15 450 7 1 1 0 0 29 water
1550 15 450 7 1 2 0 0 32 water

♦Minimum time for appearance of uniformly distributed tempered martensite.



TABLE IV -Steel 5 M  22AO

Austenitized First Quench Tempering Final
at TA Ti T2 Quench

Tempera Time Tempera Time Tempera Time*
ture (°F) (Minutes) ture (°F) (Seconds) ture (°F) (Seconds)

1450 15 450 7 700 6 water
1450 15 450 7 850 1 0 water
1450 15 450 7 1 0 0 0 14 water
1450 15 450 7 1 0 5 0 — water
1450 15 450 7 1 1 0 0 — water
1450 15 450 7 1150 17 water
1450 15 450 7 1 2 0 0 1 8 water

TABLE V - Steel S M

Austenitized First Quench Tempering Final
a t T . 1I T 2 Quench

Tempera Time Tempera Time Tempera Time*
ture (°F) (Minutes) ture (°F) (Seconds) ture (°F) (Seconds)

1550 15 450 7 700 1 / 2 - 1 water
1550 15 450 7 1 0 0 0 v. rapid water
1550 15 450 7 1 2 0 0 v. rapid water
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INTERPRETATION OF RESULTS

The relationships between the tempering temperatures and the 

respective times are illustrated in Fig. 4. We see that, the lower the 

tempering temperature, the faster the precipitation of Fe^C as tempered 

martensite. Further, the susceptibility of the steels to tempering 

decreases in the order SAE 4.150, SAE 2340, and SAE 4340.

Steel SAE 2340, tempered within the range 1000- 1150 °F, 

exhibited a very peculiar behavior— the tempering time within this 

range was very short. Presumably the location of the "nose" of the "S" 

curve in that range has some bearing on this peculiar behavior.

The time-temperature relationship for SAE 3140 could not be 

studied successfully by the metallographic technique, because tempering 

occurred almost instantaneously. This difficulty was overcome in part 

by correlating the average superficial hardness (Rockwell 45nN"-scale) 

of the specimens tempered at 700 °F and 1200 °F with the duration of 

tempering (shown in Table VII). Figure 5, whi ch illustrates the rela

tionship between the average superficial hardness and the tempering 

time, indicates that for any desired hardness the duration of tempering 

is shorter for specimens tempered at 1200 °F. Stated otherwise, it 

means that the tempering time decreases as the tempering temperature 

increases. Further, the curve at 1200 °F appears to indicate the occur

rence of secondary hardening. This behavior differed drastically from 

that of the other steels studied, and will require further study before 

it can be explained satisfactorily.
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Comparing the tempering characteristics of SAE 2340 (3.25-3.75 

Hi, 0 Cr) with those of SAE 3140 (1.10-1.40 Hi, 0.55-0.75 Cr), it is 

evident that SAE 3140 tempers more rapidly than does SAE 2340. This 

could mean that chromium assists carbide formation and precipitation, or 

that nickel resists it. Either possibility is contradictory to the 

generally accepted behavior of these alloying elements with respect to 

the tempering characteristics induced in these steels— nickel is said to 

have little influence on tempering, whereas chromium resists carbide 

formation.
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DISCUSSION

From the preceding section we know that, of the steels studied, 

only SAE 4150 and SAE 4340 temper faster at the lower tempering tempera

tures. The same may be said for SAE 2340 outside the range 1000-1150° F. 

SAE 3140 differed drastically from all of the others.

To account for the faster tempering rates at the lower temper

ing temperatures, we must resort to the concept of "Nuclei of Disorder" 

as introduced by Narayan (I). In the following description, we have 

borrowed liberally from his work.

NUCLEI OF DISORDER

Experimental results with regard to rates of tempering indicate 

that the incubation period that precedes the appearance of the precipitat

ing phase is controlled by the availability of nuclei of that phase rather 

than by their rate of growth. If diffusion were the controlling factor, 

then the growth of stable nuclei would be faster at higher temperatures. 

This is not the case under the conditions studied here. The results 

obtained lead one to believe that there are more stable nuclei at the 

lower tempering temperatures• This may be explained only fcy the concept 

of stabilization in the initial quench of what may be called "nuclei of 

disorder. 11



There is no means of determining the size of the smallest 

nucleus of any given phase that is stable at any given temperature.

However, it is reasonable to assume that the trend of the curve repre

senting minimum size for stability over a range of temperatures is 

probably something like the curve OA in Fig. 6 . There is an upper limit 

of the temperature region over which the precipitating phase is stable.

In steels, this upper limit is either the upper or lower critical tempera

ture, depending on whether ferrite or cementite nuclei are being considered, 

and whether the steel is hypoeutectoid or hypereutectoid.
a

In precipitation reactions, such as tempering or the transforma

tion of austenite to bainite, it is usually assumed that nucleation occurs 

isothermally. Isothermal nucleation plays an important part in most of 

the phase changes occurring in steels. However, it is not the only 

mechanism by which nuclei can form.

Any nucleus originating from thermal disordering of the stable 

parent phase represents a region of disorder in that phase, and can be 

called a "nucleus of disorder." Apparently, the "nuclei of disorder" 

are quite small, as is evidenced by the fact that an austenitized steel 

(containing numerous unstable ferrite and cementite nuclei) cooled to 

just below the critical range, requires a very long incubation period 

for the isothermal formation of stable nuclei.

Because these "nuclei of disorder" originate from thermal 

disordering, their number in austenite should diminish continuously with



Te
mp

er
at

ur
e

23

Upper Limit for Stability 
_ pf _pje 9 iPj-̂ £ t i US J5*ase

Dimensions of Smallest 
Stable Nucleus

FIGURE 6 - Relation Between Temperature 
and Stable Nucleus Size



24

temperature. However, it may be possible to "undercool" the disorder 

to a temperature at which the "nuclei of disorder" actually become 

stable.

Let us assume that of the many unstable cementite nuclei of 

varying sizes present in austenite at Tj, the size of the largest ones 

present in significant numbers can be represented by S3 in Fig. 6 .

These nuclei will be unstable at any temperature above T^. When the 

steel is quenched from Tj to Tj, the "nuclei of disorder" may be re

tained at Tj,, but being unstable they will diminish in number on holding 

at that temperature. The remaining nuclei can become stable by attain

ing a larger size, represented by S^; this, however, is equivalent to a 

process of isothermal nucleation. Similar behavior can be expected of 

the steel when it is quenched from to any temperature above T^. But 

if the steel is quenched to or any lower temperature, the "nuclei of 

disorder" will, instead of disappearing, immediately become stable and 

thereafter grow with time. By varying the holding time at T^, the "nuclei 

of disorder" may be made to attain sizes represented by or Sj, so that 

upon reheating to or T3 respectively, they will continue to grow. If, 

however, the steel is quenched to and immediately reheated to T3 or 

T^, the nuclei will not have grown to sizes necessary to continue growth 

at the reheat temperatures.

The trend of the temperature-time curves in Fig. 4 can be ration

alized in terms of retention of "nuclei of disorder" by initial quench to 

450° F, a limited amount of growth during the holding time (7 seconds),
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and re-solution of an increasing number of them as a result of rapid 

reheating to higher temperatures. During tempering, precipitation of 

cementite takes place to produce tempered martensite. It is pertinent 

to note that this particular behavior cannot be accounted for by a process 

of isothermal nucleation and growth. Further, it is interesting to note 

that the ^  temperature as determined by the metallographic technique is 

evidently not the temperature indicating the formation of martensite, 

but actually the temperature below which cementite nuclei become stable 

on quenching from the austenite range.

As has previously been stated, the behavior of SAE 3140 differs 

drastically from the other steels examined, and further study is required 

before it can be explained satisfactorily. However, an attempt is made 

to indicate the possible cause of this anomaly.

The "S® curve for SAE 3140 is shown in Fig. 7, and the heat 

treatment cycle up to the beginning of the tempering process is super

imposed on it. Figure £ illustrates the same for SAE 4340. Comparing 

these two figures, we observe that the conditions existing at the start 

of the tempering process are different for the two steels. Holding 

SAE 4340 at the tempering temperature results in the tempering of the 

martensite formed in the oil bath. On the other hand, when SAE 3140 is 

held at the tempering temperature, two processes occur— tempering of 

the martensite, and transformation of the austenite to either pearlite 

or bainlte (depending on the tempering temperature). The austenite
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transformation in SAE 3140 may account for the faster tempering at 

higher tempering temperatures.

If the above line of reasoning is logical, then SAE 2340 

should not behave as it does in the range 1000- 1150 °F, unless the 

"nose" of the "S" curve as represented by Troiano (4) is situated 

further to the left. However, it must be noted that a curve for the

(4) The International Nickel Company, "Nickel Alloy Steels," 
Section 5, Data Sheet A, 2nd Edition, The Interna
tional Nickel Co., Inc., New York, N. Y., page 26.

same steel by Davenport differs considerably from that of Troiano. In 

view of such wide variations, it is possible that the "nose" of the "S" 

curve is actually more to the left, as is suggested by the modified 

metallographic technique adopted in this work©
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CONCLUSION

The relationships between the tempering temperature and the 

tempering time of four low-alloy steels were studied by means of a 

modified roetallographic technique.

For two steels, SAE 4150 and SAE 4340, tempering occurred 

faster at the lower tempering temperatures. The same was true for SAE 

2340 tempered within the ranges 700- 1000° F and 1150— 1200° F. The 

concept of "nuclei of disorder" seems adequate to explain the phenomenon 

of faster precipitation of Fe-^C as tempered martensite at the lower 

tempering temperatures.

Steel SAE 3140 was studied by correlating the superficial hard

ness with the tempering time at a constant tempering temperature.

Tempering occurred faster at the higher tempering temperatures. It is

suggested that this discrepancy and the anomolous behavior observed in
o oSAE 2340 tempered between 1000 and 1150 F are due to austenite trans

formation that accompanies the precipitation of tempered martensite.
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