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INTRODUCTION

Hardened high-carbon high chromium steels contain retained

austenite. The transformation of this retained austenite by

tempering has a marked effect on the proverties of these steels.

Since these steels are mostly used for dies, a very important con-

sideration in their temmering is dimensional change. This phenomenon

is very markedly affected by the austenite transformation.

The investigation will be divided into two parts. One part will

be the study of the austenite transformation as a function of time

at tempering temperature by means of the accompanying megnetic changes.

The second part will be a study of the kinetics of the transformation

using magnetic, dilatometric, microscopic, and X-ray measurements.
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SUMMARY

The tempering of two hardened high-carbon high-chromium die

steels was studied by means of magnetic, dilatometric, X-ray and

microscopic messurements.

One steel, to be called henceforth 1% C - 5% Cr, contained 1.00

per cent carbon, $.31 per cent chromium and 1.13 per cent molybdenum.

The other steel, to be called henceforth the 1.5% C - 11.5% Cr

steel, contained 1.60 per cent carbon, 11.95 per cent chromium and

0.79 per cent molybdenum.

These steels have many uses: The 1.5% C - 11.5% Cr steel is

used mostly for cold-forming dies. The 1% C - 5% Cr steel is also

used for dies, but its applications cover a wider field; gauges, master

tools, machine ways, broaches, mandrels, shear blades, slitting cutters,

end burnishing tools are typical applications.

A magnetic apparatus based upon the ballistic principle was con-

structed to sallow measurement of the amount of non-magnetics at any

temperature up to 1300° F. A dilatometer was introduced into the ap-

paratus to allow simultaneous measurements of length and magnetic changes.

The seemingly different msgnetization versus tempering temperature

curves of previous investigators have been correlated and shown to be

dependent upon the field used. The course of a magnetization versus



tempering temperature curve has been determined in relation to the

structural changes appearing in the steel.

Retained-austenite transformation curves have been drawn for the

two steels for three cooling rates from three hardening temperatures.

These have disclosed a highly reactive range in the vicinity of S00 -

600° F, for retained-austenite transformation in the 1% C - §% Cr steel.

In this temperature range the transformetion occurred mainly at tempera-

ture. In the higher temperatures the transformation took place mainly

during cooling from temperature.

Depending upon the time at temperature, the retained austenite

may be made to transform during cooling in one or two stages. The

first stage appeared below 600° F. end the other below 250° F. When

the retained austenite transformed at 250° F. tetragonal martensite was

produced.

The retained sustenite content was progressively greater in the

oil, air-, and lime-cooled specimens for the usual hardening tempera-

tures. The austenite in the more slowly-cooled specimens transformed

more rapidly in the beginning but did not reach complete transformation

as quickly as did the austenite in the more-rapidly-cooled specimens.

The retained austenite increased both in amount and in stability

with hardening temperature for the two steels. Above 2000° F. the re-

tained austenite decreased in the 1% C - §% Cr steel. Above 2000° F. the

1.54 C - 11.5% Cr steel became non-magnetic, and was composed of austenite

and carbides.

The processes that the hardened steels were found to undergo during

a heat to the tempering temperature at the reste of 5° F. per minute are:



. Tempering of the tetragonal martensite. This started at

12° F., but was most rapid at 350° F. It was not completed until a

temperature of 500° F. was attained.

€

2+ Micro-stress relief. This started at 350° F. and was com-

pleted at 500° F.

5. Precipitation of complex carbides from martensite. This

started at 450° F. and was completed at 550° F.

The above processes were common to both steels for all quenches

except that which produced a martensite-free condition.

If only the 1% C - 5% Cr steel was considered in the states as-

hardened from 1700 to 1800° F., one more phenomenon ensued during

tempering. That was:

4. Transformation of retained austenite - this started at 550° F.

and was complete at 650° F.

The stability of the austenite primarily influenced its behavior

upon tempering. The 1700° F, and the 1800° F. hardening treatments for

the 1% C 5% Cr steel resulted in austenite that was highly reactive at

500 - 600° F. The 2000° F. treatment for the same steel resulted in

austenite that could only transform to a low extent in this range. The

1700° F. hardening treatment for the 1.5%C- 11.5% Cr steel produced

some reactive austenite. The 1800° F, and 2000° F. treatments for this

steel resulted in very stable austenite, which required temperatures

sbove 900° PF. for transformation.
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JISCUSSION OF PREVIOUS WORK

A. ChromiumSteels

Desnite the fact that two books 69) (89) 4 been written about

chromium steels, the information on high-carbon high-chromium steels

is relatively slight in extent. Bain (8) determined the relations ex-

isting between the hardness values and the quenching and tempering

temperatures of four steels, ranging from 1.70 to 2.03 per cent carbon

and 1.37 to 15.65 per cent chromium. He found marked secondary

hardening in the higher-chronium steels. 6111* carriea out a similar

investigation for a greater variety of steels. Further data was pre-

sented by wi11s¢57) (71) He found that long time (3 hours) heating at

the quenching temperature resulted in lower impact values.

The phase diagrams of the iron-chromium-carbon system have been

worked out by Tofaute, Sponheuer and Bennek°% and by Westgren, Phragmen

and Negresco\18), The former were also able, by their combination of

data on magnetic saturation and hardness, to distinguish in these

steels between precipitation hardening and hardening due to austenite

transformation.

The transformations occuring during air-cooling from the hardening

temperature were followed magnetically by Murakami and Hatta(5%) for

steel containing from 1.91 to 2.71 per cent carbon and from 1.56 to



14.35 per cent chromium. The lower-chromium steels displayed both

Ar! and Ar" transformations, while only the Ar" transformation was

found in the high-chromium steels. Similar results were obtained

by Murskami and Kishimoto %),

Groz8% claimed that the hardening produced by tempering a

cast steel containing 1.47 per cent carbon and 11.81 per cent chromium

was due mainly to precipitation hardening. A 24-hour temper at 870° C.

(1598° F.) resulted in a two-stage transformation of the austenite upon

cooling, while shorter times resulted only in an Ar" transformation.

The parameter relationships in quenched steels of medium-chromium

contents have been determined by Nishiyama (61), The magnetic properties

have been summarized by Von suwerst 78)

Austenite transformation occurring during the hot-quenching of

chromium steels have been elucidated by the work of Steinberg and his

coworkers 70) (67) (49) The tempering of these steels received only

slight attention.

The steels used as the subject of this thesis investigation have

been comparatively recently developed. The dimensional changes on

hardening end tempering have ‘been investigated by Scott and Gray! 0)

tite (®nas also investigated the dimensional changes in hardening

snd tempering a steel of the 1.5% C - 11.5% Cr (with 1% Mo) type.



B. The Transformation of Retained Austenite by Tempering

The phenomenon of secondary hardness being developed upon tem-

pering quenched high-alloy steels is one that has been the object of

considerable study. The explanations proposed by Houdremont, Bennek,

and Schroder 2?) suggested that although the increase in hardness on

the first draw of quenched high-carbon vanadium-bearing steels was

due to austenite decomposition, the retention of hardness on repeated

draws could only be attributable to the extreme difficulty of carbide

precipitation in these steels. They measured the magnetic saturation,

at room temperature, of low-carbon steels containing vanadium and

found no increase in magnetization with tempering although an increase

in hardness was observed.

Eilender, Klinar and Carnelius(®Y studied a series of high-speed

steels by means of magnetic and hardness measurements with the purpose

of determining the cause of secondary hardness in these steels. All

of the steels showed an increase in hardness upon reheating to the

range of 500 - 600° C. (932 - 1112° F.) after quenching--only the high-

carbon ones, however, (1 per cent compared to 0.3 per cent C) showed

corresponding increases in the magnetic saturation upon tempering in

the range 500 - 600° C. (932 - 1112° F.) after quenching. These steels

were then studied in a magnetic apparatus designed by Esser and Ober-

noffer (1%) which allowed measurements of the magnetization as the samples

were heated-to, held-at, and cooled-from the tempering temperature.

Two of their curves are reproduced in Figures 1 and 2.
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These curves show that one steel (Figure 1) had retained

austenite which was transformed by the tempering treatment and that

the hardness increase upon tempering wes due to this transformation.

The low-carbon high-speed steel (Figure 2) experienced no change in

magnetization due to the tempering process. The investigators con-

cluded that hardness in the low-carbon steel must have been produced

by a dispersion-hardening process.

It is to be noted in Figure 1 that some of the austenite trans-

formed isothermally (not quite, since there was a 30° C. (86° F.)

variation in the holding temperature) and a considerable amount trans-

formed during cooling, in the range from 300 - 450° C. (572 - 842° F.).

The explanation given was that precipitation of carbides at the elevated

tempering temperature so reduced the stability of the retained austenite

that the suppressed Ar" transformation reasserted itself during the

subsequent cooling. ‘Similar results were reported by Enmcke (29) He

studied the tempering of a high-speed steel, containing 3 per cent

nickel, with the aid of a dilatometer. His results showed that in this

steel the transformation of the retained austenite occurred during

cooling.

No evidence was given in the paper by Eilender, Klinar, and Corne-

lius concerning the completeness of the transformation, that is, whether

a retempering would have caused additional austenite transformation.

It is likely, thet if the steel hed been continuously cooled end had

not been held for the 20-minute period at 425° C. (897° F.), the trans-

formation on cooling would not have been as marked as the curve of

Figure 1 indicated.



They also included a dilatometer curve of a quenched high-

speed steel that had been held at 600° C. (1112° F.) for two hours

and then cooled. No transformation was indicated until the cooling

ensued, aad it occurred in the range 300 - 350° C. (572 - 662° F.).

It is interesting to compare the results of similar magnetiza-

tion versus temperature measurements made on plain-carbon steels

with the above. Such information is available in a paper by Esser

and Momn (5%)x. The apparatus used was a modification of the apparatus

used by Eilender, Xlinar and Cornelius 3) for their measurements of

the intensity of magnetization at room temperature and was originally

designed by Stablein and Schroeter i’). The modification allowed

measurements to be made at temperature. Saturation-magnetization

measurements were made since the magnet applied a field of 8000 gauss.

A curve from their paper is reproduced in Figure 3.

The evidence presented indicated that all the retained austenite

transformed on the first heating, in the range from 230 - 280° C.

(445 - 536° F.).

It is also to be noted that a pronounced carbide curie point was

not evident on the first cooling, but became apparent on the second

cooling from 600° C. (1112° F.). This was attributed to the coagulation

of the carbides, produced by the second heating, to the size where upon

their magnetization intensity became large enough to be measured by the

instruement used for the investigation.

Additional data are available in papers by Mikami and by Ellinger,
which will be discussed in the next section.
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That transformation of retained austenite upon reheating is not

restricted to plain-carbon steels is evident from the curves shown

in Figure 4 from the same paper. The heating and cooling (magnetization)

curves of a steel containing 2 per cent carbon and 2 per cent manganese

water-quenched from 1120° C. (2048° F.) are given. The transformation

existed over a much smaller range of temperatures in this steel than

in the plain-carbon steel.

A point to be observed here is that the magnetization values of

the specimens were higher immediately after the transformation had been

completed on heating than they were at the same temperature during sub-

sequent cooling.

From the data presented above the conclusion may be drawn that

high-alloy contents, such as present in high-speed steel, are necessar;

to stabilize the retained austenite during the heating period to the

tempering temperature.

The fact that during tempering the austenite in high-aslloy steel

transformed only upon cooling, provided that the steel was not held a

long time at the tempering temperature and that the latter was not too

high, has also been shown by other investigators. Sasagawa’) found

that a 15-minute temper of hardened high-speed steel at 600° C. (1112° F.)

produced no transformation at temperature and that it ensued only after

cooling. He found that the presence of cobalt made this transformation

mich more marked.

A detailed dilatometric study of the tempering phenomena in high-

speed steel was made by Michel and Benazet (38) . The results of
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Sasagawa were substantiated. They found that multiple tempering pro-

duced more transformation than a single temper for the cumulative time

of the multiple tempers. This has been refuted by Cohen and kon(8L)

Chevenard and portevin 3?) quenched high-carbon steels to retain

upwards of 50 per cent austenite and then studied their tempering by

means of the dilatometer. They found that transformation could be

made to occur during heating, at temperature, upon cooling, and in all

possible combinations of these ways depending upon the time and tempera-

ture used for the tempering.

A very interesting region of austenite instability was found by

the same authors in a study of steels containing 1.5 per cent carbon

and 2 per cent cromtut®3, They quenched the steel in water from

1180° C. (21568° F.) so as to render it austenitic and then tempered it

at varying temperatures for periods of 7 hours each. The subsequent

coolings of the specimen were followed in a dilatometer and in a

magnetometer. It was found that in the range of temperature between

330° C. (626° F.) and 500° C. (932° F.) the austenite transformed only

during cooling, either at Ar" or at both Ar! and Ar".

The entire subject of the transformation of retained austenite

by tempering has been given much attention by Russian investigators 4%)

(48) (70) (19) (84) (79) (67) (82) . gutyaevt® ies formulated the following

laws governing the structural transformations in high-speed steel.

l. The greater the carbon content of the retained austenite the

lower the transformation temperature (M point) on cooling subsequent to

tempering.



2. The transformation points are independent of the rate of

cooling.

5. The austenite-to-martensite sransformation occurs only

during cooling.

It has been shown that the austenite may be made to transform

isothermally upon interruption of the cooling. Cohen and Koh (81)

found that these isothermal products were not the same as martensite.

These investigators proved conclusively that in commercial high-speed

steels the secondary hardness produced by tempering the quenched steel

was attributable to retained-sustenite transformation.
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C. [The Interpretation of Magnetic Data

The literature on this subject may be divided along nationalistic

lines, Japanese, German, French, Russian, and American.

The magnetometer method of magnetic analysis is the one used

virtually exclusively by the Japanese(15), Their school proposes the

existence of two forms of martensite-—alpha and beta. In both, the

carbon is in solution, but the distinction lies in the different dis-

tribution of iron atoms in the lattice. The alpha phase has the

tetragonal lattice and the beta phase has the body-centered-cubic lattice.

Honda first proposed this after a magnetic study of the tempering of

quenched steels(??), the magnetization versus tempering temperature

curve showed discontinuities at 130° C. (266° F.) and at 280° C. (536° F.).

Nishiyema corroborated the existence of cubic martensite by X-ray investi-

gations(43) (60) He aged quenched steels at 59° C. (138° F.) and at

room temperature. An age-hardening occurred but there were no changes

in the (111) and (200) austenite lines. He ascribed the changes in other

interference lines to the transformation of tetragonal to cubic martensite.

Honda and Nishiyama? have shown that alpha martensite tempers in a

narrow range, but that beta martensite tempers gradually over the range

120 to 400° C. (248 - 752° F.). |

The problem of carbides and their magnetic behavior has received

mich attention by these workers. Honda was the first to relate the drop

in magnetization of plain-carbon steel at the temperature of 215° C.

(419° F.) to the loss in magnetism of the carbide?) . Through numerous

experiments, he and his coworkers haveestablished the facts that the

carbide may be decomposed by heating to a sufficiently-high temperature
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and that in alloy steels containing carbide-forming elements redis-

tribution of the elements composing the carbides took place as a

result of high-temperature treatments®) (1), Honda has investigated

the magnetic behaviors at all of the phase-change temperatures in

steel (4) (6)

The problem of the internretation of magnetization versus tempera-

ture curves has several factors: these are:

l. Transformation of austenite.

2+ Tempering of martensite.

5. Relief of stress.

4. Curie points.

8&amp;8. Particle size.

b. Decomposition and redistribution of constituents.

In a study of the tempering of quenched-plain-caerbon steels,

wikami 5%) found that the magnetization, measured under the low field

of 265 gauss, had the following trends with temperature (Figure 5):

tl. Small increase in magnetization up to 200° C. (392° F.)

attributed to the tempering of martensite.

2. Large increase in magnetization from 235° C. (435° F.) to

400° C, (752° F.) attributed to austenite transformation.

The possibility of stress relief entering into the scene was not

considered. The large increase in magnetization was unquestionably due

to austenite transformation, but it is doubtful whether the first small

increase should rightfully be attributed to martensite tempering.
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The Japanese have also contributed considerably to the solution

of the problem of the carbide curie point. saitol”) found a rise in

magnetization upon holding quenched steels at a temperature of 280° C.

(536° F.), which rise increased with the carbon content of the steel.

Inasmuch as the carbide curie point noticed upon cooling was very slight

and increased upon subsequent reheating to higher temperatures he con-

cluded that the very fine particle size of the cementite precipitated

at 280° C. (536° F.) was responsible for the slight curie point first

noticed. Mikami (°%) transformed the austenite in a 0.85 per cent carbon

steel quenched from 900° C. (1652° F.) by heating to 235° C. (455° F.);

he then observed the drop in magnetization with time as the specimen

was held at temperatures from 315° C. (599° F.) to 350° C. (662° F.).

He credited the drop to the formation of a crystal lattice by the

cementite molecules. Upon cooling the steel from these temperatures

the curie points became successively more intense.

It would at first seem that the dzta of these two investigators

are contradictory. The explanation of the differences is that Saito

observed a combination of retained-austenite transformation and of

carbide formation while Mikami observed carbide formation only.

This work demonstrated that the carbide must be of a certain

particle size before it will exhibit a curie point, and that up to a

certain limit the intensity of the curie point increases with the size.

This was substantiated by the work of Esser and Momm®® on 1.75 per

cent carbon steel quenched from 1150° C. (2102° F.). They obtained

sn A only when the cementite had been coalesced to a certain point,
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that is, two tempers at 600° C. (1112° F.) were necessary before

the steel exhibited a distinct Al inflection.

Beyond a limiting particle size the cementite will exhibit a

curie point of diminished intensity. This has been conclusively shown

by Sanford and Ellinger 3%), They established a certain particle size

of the carbide by tempering the quenched steel at 1065° F. Variations

in this size were then produced by heating for different periods of

time at 1255° F. (15 minutes to 64 hours). As the particle size in-

creased, both the intensity and the temperature of the carbide curie

point were lowered. Rao(45) has shown that the magnetization of nickel

in the colloidal state is less than that for large-particle-size states.

He used Bitter's °®)interpretation of the block-structure theory to

explain his results.

The quantitative determination of the carbide particle size nec-

essary to allow the carbide to exhibit a curie point would open a

whole field of investigation on the relation of magnetic properties to

particle size.

The literature of the German school on the general matter of

magnetic behavior in relation to tempering phenomena is copious. Esser

and his coworkers have conducted investigations at or close to magnetic

saturation. They used the ballistic method. Esser and Mom 5%) £01

lowed the changes in magnetization with temperature under a field of

8000 gauss for quenched steels containing 0.74 per cent carbon and 1.75

per cent carbon. In both steels the magnetization gradually decreased

with temperature up to the point where the austenite began to transform,



starting at 200° C. (392° F.), end reaching a maximum st 250-260° C.

(482 —- 500° F.). This clearly demonstrated the fact that the tempering

of mertensite will have no effect on the mesgnetizstion-temperature

curve when the measurements are made under high field (10,000 gauss).

The study of Mikami (5%) should be reviewed here as it demonstrates the

different masgnetic behavior exhibited under low field (265 gauss) by a

steel undergoing the tempering process.

The use of the magnetic method for the study of isothermal trans-

formation has been extensive in Germany. Esser and Morn 5?) £0110wed the

isothermsl tempering of a 1.75 per cent carbon steel, water quenched, by

measuring the magnetization, under a field of 8000 gsuss, of specimens

heated-to and cooled-from tempering temperature. Dopfer and Wiester &gt;)

studied the isothermal transformation at temperature of various steels

using a megnetic method. Although the field used in this investigation

was below that needed to saturate the specimens, results were similar

to those obtained by using a saturation field, according to a communica-

tion from H. Lange. venue 2 nonnured the magnetization at room tem-

perature of specimens tempered at varying temperatures and found the

same relations at 300 gauss as he did at saturation fields. Schottky (5S)

also used the ballistic method to follow the austenite transformation

produced by hot-quenching.

Wide use has been made at the Kaiser Wilhelm Institute at

1"Pusseldors 86) (78) (28) (84) ¢ the magnetic balance developed by H. Lange’)

for the study of isothermal transformation during hot-quenchinge.

One of the foundation studies of this entire field was made by

Maurer and Schroeter (£4) . In this paper they evolved the widely-used
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formula for evaluation of the austenite content of a steel by the

magnetic method.

This formula is based on the fact that a steel in the entirely-

austenitic state has zero saturation and on the proposition that in

the austenite-free state it has maximum seturation. They calculated

what the saturation value of a hypothetical completely-martensitic

steel would be, based on the assumption that all the carbide was dis-

solved and this ineffective on the magnetization; the result was greater

than that measured for the annealed state (11 per cent deviation).

That the annealed state does not possess the greatest magnetization is

more than a result of calculation, 2s it has been also observed by

Steinberg and zyuzin(®?)and by Minkevitch, Ivanov, snd Dovzalevski 9)

Because of the lack of knowledge as to which state of e&amp; steel possesses

the greatest msgnetization, snd considering the accuracy of the work as

a whole, Maurer and Schroeter adjudged the formula to be suitable for

comparative purposes. It is:

7 austenite = 22 3¢ 100

vhere

a = saturation value of the annealed specimen

b = saturation value of the specimen under study

Eilender, Klinar and Cornelius (&gt;?) used the ballistic epparatus of

Esser and Oberhoffer 1?)to study the tempering of high-speed steel. They

found no discontinuities in the heating curve which demonstrated again

the insensibility of magnetization at high field (8000 gauss) to marten-

site tempering. The changes in magnetization, measured at room temperature,
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of a 0.78 per cent carbon steel water-quenched from 770° C. (1418° F.)

were measured by Messkin'%8) . He proposed that the drop in the curve

of magnetization versus temperature which occurred up to a temperature

of 150° C. (302° F.) was due to precipitation of iron carbide from the

martensite, a view which coincided with Maurer and Schroeterts (#4) cal-

culation. The rise which was observed in the range from 150° C. (302° F.)

to 250° C. (482° F.) was attributed to austenite transformation. 4

similar interpretation was given by Tofaute, Sponheuer and Bennek' &gt;%)

to their results of the tempering study on a 1 per cent carbon and 5 per

cent chromium steel, water quenched from 950° C. (174R%° F.).

The transformation of retained austenite may be greatly accelersted

by cold-working before tempering. Bollenrath(®®) found that by cold-re-

ducing an sustenitic silico-menganese steel 20 per cent only 3 per cent

of the sustenite transformed, but that upon subsequent tempering to

560° C. (1040° F.) the transformation was completed.

The work of the French is characterized by considerable ingenuity.

Portevin and Chevenard® were the first to observe the dilation that

accompanies the carbide curie point. They ®®) corroborated the views of

fonda ®) (1) 4g to the changes produced by various tempering trectments

in the curie points of steels containing cerbide-forming elements. In

another paper ®8) they developed a method of determining the amount of

carbide produced by any treatment from the shape of the magnetization

versus temperature curve.

The work in this country on the relation between megnetization and

tempering phenomena has been done mainly by Sanford, snd by Ellinger.

In their work they used an astatic magnetometer developed by Sanf tl)
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Their work on the relation of particle size to the intensity of the

carbide curie point 3) nas been mentioned before. The Japenese (5) (22)

attributed the rise in the magnetization versus temperature curves at

low temperatures of quenched-plain-carbon steels to the tempering of

martensite. Ellinger ®1)ana Ellinger and Sanfora®®), using an applied

field of 277 gauss, observed the same phenomena but attributed it to

stress relief. Figure 6 shows the observations they made on the tem-

pering of electrolytic iron, 0.75 per cent carbon steel guenched from

825° C. (1517° F.) and 0.75 per cent carbon steel annealed at 825° C.

(1517° F.). The ekctrolytic iron displayed no changes. The quenched

steel displayed a small rise up to 120° C. (248° F.), a sharper rise

to 240° C. (464° F.) and a very sharp rise to 280° C. (536° F.). Upon

cooling this steel displayed the carbide curie point at 200° C.(392° F.)

as did ‘the annealed steel. pue11% a1s0 observed this increase of

magnetization in steels quenched to martensite. He found a drop in

steels quenched to troostite or softer structures.

Cohen and koh (81) £o110wed the tempering of cuenched, high-speed

steel magnetically by means of the torsion balance of Buehl and Fuel 7)

end found no effect of the tempering of martensite upon the course of

the curves.

The Russian investigators have made wide use of the ballistic

netnoa 7) (49) (48) (70) (19) (82) (64) (72) (87) | The absence of variation

in the megnetization versus temperature curves at high fields for

martensite tempering is illustrated in a paper by Zyuzin, Sadovski and

puranent S0
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Chevenard end Portevin(®®) published a chart in which they listed

the reactions that were possible in a tempering process and the sc-

companying changes in dilation and megnetization. This chart has been

revised and is presented as Table I.
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TABLE I

MAGNETIZATION AND DILATION PHENOMENA ACCOMPANYING POSSIBLE

TEMPERING REACTIONS

Possible Reactions
During Course of

Tempering

Austenite to cementite
and sustenite less rich
in carbon.

Lustenite to ferrite
and carbide and austenite
less rich in carbon.

Austenité to ferrite and
carbide.

Austenite to martensite.

Tetragonal martensite to
cubic martensite.

Martensite to ferrite
end carbide.

Stress relief.

Magnetic transformation in
the carbide — evident during

cooling from the tempering
temperature

Accompanying Phenomena

Dilation Magnetization

Contraction Magnetization of
cementite if reaction
occurred below curie
point.

Expansion Strong magnetization
of ferrite.

Expansion Strong magnetization
of ferrite.

Expansion Strong magnetization
of martensite.

Contraction Decrease in magnetiza-
tion at low field. No
changes at high fields.

Contraction No change &amp;at high fields.

No change Increase at low fields.
No change at high fields.

Slight
Expansion

Increase at high and
low fields - more marked

at low fields.
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RELATION OF PREVIOUS WORK TO THE PRESENT INVESTIGATION

The work that has been done on high-carbon high-chromium steels

has been concentrated on hardness and dimensional changes produced by

tempering. Retsined-sustenite transformation was assigned as the

cause of these changes. The first of the three objects of this in-

vestigation is to determine the characteristics of theaustenite

transformation in order that the phenomena resulting from the trans-

formation may be controlled.

The work of previous investigators relative to the interpretation

of magnetic-tempering data has been shown to be apparently inconsistent.

The second object of this investigation is to coordinate this work and

to present the explanation for the differences.

Prior work on the transformation of retained austenite in high-

speed steels has shown that the austenite transforms during cooling

into martensite. An incontestable proof that the transformation pro-

duct was martensite has not been made. The final object of this thesis

is to determine the laws governing austenite transformation and to com-

pare them with those already developed for high-speed steel.
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OUTLINE OF PROCEDURE

Review of Literature

IT. Preparation of Steels for Tempering Study

A. Removal of decarburized surfsce

B. Heat treatment

III. Construction of Magneto-Dilatometer

A. Construction of furnace circuit

B. Construction of mesgnet circuit
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VI. Determination of Amount of Retained Austenite

A. Magnetic Method

B. X-ray method

VII. Microscopic Studies

VIII. X-ray Studies to Give Fundamental Proofs

IX. Correlation and Interpretation of Results

ra conclusions
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EXPERIMENTAL PROCEDURE

A. Preparation of the Specimens

The steels used as the subjects of this investigation were

supplied by Mr. Norman I. Stotz of the Universal-Cyclops Steel

Corporation.

At first, the investigation was to be carried out on pure iron-

carbon-chromium alloys, but it wes impressed upon the writer that

the data obtained might have no relation to the steels of this type

used in practice. It was decided to use two commercisgl steels of

the high-carbon high-chromium type. Mr. Stotz suggested the study

of a high-carbon medium-chromium steel and the study of a high-carbon

high-chromium steel. The steels supplied are known in commerce as

Sparta and Ultradie Number 2.

The steels were furnished in two shapes - 5/8 in. square stock

and 1/4 in. round stock. They were in the annealed states. Although

these steels are complex, as is evident from their analyses that

follow, they will be designated through the thesis as 1% C - 5% Cr and

1.54 C - 11.5% Cr, respectively.

The analyses and designations of the steels are given in Table II.
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TABLE II

DESIGNATION AND ANALYSES OF THE STEELS USED IN THE THESIS

Commercial Designation

Heat Number

Thesis Designation

Carbon

Manganese

Silicon

Sulphur

Phosphorus

Chromium

Vanadium

Molybdenum

Nickel

Copper

Ultradie 2

C 16254

1.5% C - 11.54 Cr

1.60

0.33

0.32

0.010

0.018

11.25

0.25

3:79

0.13

0.04

Sparta

C 16530

14 C¢ - 5% Cr

1.00

0.61

0.17

0.013

0.014

5.31

0.27

1.13

0.09

0.06
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The microstructures of the annealed specimens are shown ia

Figure 91. The carbides could not be completely dissolved in either

steel by the heat treatments used. The micro examination also dis-

closed the presence of decarburized surfaces on both the round and the

square stock. These decarburized surfaces were milled off the square

stock and were ground off the round stock on a centerless grinder.

This operation was carried out on equipment of the United Shoe Machinery

Corporation through the courtesy of Mr. John Paine. It was sufficient

to grind the round stock from 1/4 in. to 0.24 in. in diameter in order

to remove the decarburized surface. The square stock was milled from

5/8 in. to 7/16 in.

The hardening of the steels was carried out in the Sentry labora-

tory furnace (globar type). The specimens were protected from decar-

burization during hardening by the use of a carbonacecus muffle. The

celibration of the furnace was made with a standard platinum thermo-

couple. The temperatures were held to + 3° F,

Three cooling media were used, oil, air and lime. The specimens

were removed from the furnace by tongs and cooled either in Gulf

Number 2 Heat=treating 0il, in still air on a refractory support, or

in lime



B. The Magnet as an Instrument for Measuring Austenite Decomposition

1. Introduction

Since austenite is paramagnetic and martensite is ferromagnetic,

a measurement of magnetic properties suggests itself as being a means

of studying the austenite-to-martensite transformation. The magnetic

properties that can be considered are induction, permeability, intensity

of magnetization, coercivity, remanence, and the curie point.

There are two methods of measurement used (1) the ballistic

method and (2) the magnetometer method. Both methods are capable of

high ——— but the magnetometer has been perhaps more frequently

used for vrecision determinations of the magnetization-intensityts

dependency upon tempersture. Unless a special type of suspension is

used?) heavy masses of iron in the immediate vicinity cause difficulty.

A method usually used for paramagnetic and diamagnetic substances is

Faraday's method 1%) end has been useful in determining magnetization-

temperature dependency 88) for ferromsgnetics.
The ballistic method has been most used for the study of magnetic

properties at room temperature. The closed-magnetic-circuit methods 57)

the air-gap method 17), and the permeameter gre examples of the

general ballistic type of measurement.

Nicolau! nas described a variation of the A. C. method wherein

the rectifier is dispensed with in the secondary circuit by the use of

a double coil in the secondary arranged in opposition. Esser and

oberhoffer nave devised a modification of the ballistic method using

alternating current with a cathode tube rectifier in the secondary
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circuit. Although a quantitative determination of the magnetization

intensity could not be obtained the curie points were accurately

determinable. Furthermore, by using a Saladin apparatus, he was able

to eliminate the factor of personal attention.

A similar sort of apparatus, with a millivoltmeter substituted

for the Saladin double-reflecting galvanometer, was used by Dopfer and

Miester oo) + A similar apparatus has been described by Pfaffenberger. +d)

Kinsley' Shas described a dynamometer method wherein a Fourier anslysis

is made of the E. M. F. in the secondary of a transformer whose core is

the specimen to be examined. The use of an electrodynamometer has been

decried by Bricout‘6)as lisble to serious error.

McCarthy °%) adapted the yoke method to a study of the temperature

dependency of the permeability of high-speed steel.

The simple ballistic method can be used with accuracy if a cali-

bration has been carried out. By using a specimen of hydrogen-annesled

Wemco iron of exactly similar size and shape to the specimens under

study, the effects of demagnetization and of the air gap between the

secondary and the specimen can be grouped together into a constant.

2 Theory cf the Ballistic Method 2

Consider a secondary circuit, the coil of which is linked with a

changing field. The relation between

{, the current in the circuit,

a the voltage drop across the circuit, and
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JU , the total resistance of the circuit, is given by Ohm's

law as

Now. L -

[=

—

A=

L - rm

and

id

where &amp; = quantity of electricity in the secondary circuit,

N = total change in linkings of flux and wire turns.

Substituting and integrating:

a= xR)
| dq = / an

Q = aN

Jes Ne &amp;S

 J

= BHS

where ¢ = total flux

S = number of turns linking with lines of force

B = induction density

A=cross-sectional area of the coil.

Thereupon

_ A(BAS)
= ——— ”

 V1



Consider two coils

A i 1B
J

The current flowing in A is ( and the resultant field inter-

locks coil B « The number of linkings is provortional to the current

flowing in A s OT

N=M,
(3)

whereMis a geometric constant, independent of the current.

Now, for a change in current, dc.

_ AN
M-= Adc

For a given time interval for the change, At 3

AN4.M-=Zzy&amp;J

 EF7
er

a

r
a

A#

This equation affords a definition of M: The mutual inductance

is the voltege induced in B when the current in A is changing at unit

rate.
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The unit of mutual inductance is the henry and is defined as

follows: An electro-motive force of one volt is induced in a circuit

of one henry when the current is changing at the rate of one ampere per

second. The practical unit is the millihenry.

Since (equation 1)

AN
= —

Ny-
[fC

Introduction of M (equation 2) gives

_ Mi Mi
Q = iy

For a change in current from 17 = 0 to L,

_ Mez

Q-= fv
Likewise for opening a circuit, from ¢, to ¢.

Q-- Me
Io

ly
a 0

(42

(£ TN
 |

For a reversal of the current

_ 2M
C= U (4 Pa

or

Now, the throw of a ballistic galvanometer is proportional to the

;uantity of current discharged in the secondary circuit.

d= galvanometer deflection

&amp; = galvanometer constant

R= Gd 5
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In standardizing the galvanometer with a mutual inductance,

the throw was observad for only one closing of the circuit. From

acuations 4a and 5

_ McGd=FL
G -L4%) | C

In meking a run on a specimen, the method of current reversal

was used. For an observed deflection IP , ecuation 5 becomes

Q- GD
From ecuation 2

4 - A(84s)

2845) :
£5= 6D

G.ABAS)
Dru

From equation 6

6- 4%)
rw)
ABM (4) D
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If M is in henrys, ¢ in amperes, and current reversal is used

with the specimens, that is, A8 =28and current break is used in

standardizing, the following working equation is obtained

B =H (L) xs
[f air is the only core material,f= H , and

H = Fas (3) P71 £

Consider, now, the modification of these equations (7 and 8) for

ise in the present study.

Returning to the fundamental equation

AN
—=- 6D

for a coil alone, of cross sectional area A

and for a reversal .

A
 0D ¢
 -—

Nn 5

a a TN 3 -

'current

AN= 2 HAS

For a coil with en inserted specimen, demagnetization not con-

sidered, and with equal cross-sectional areas of coil and specimen

e a ~ ~

{
-



AN, = 2( H+ 47)AS
- 2 BAS

For the above, but with the more practical condition of different

areas of coil and svecimen,

pu

™N
h

v -- wy

(0D

“mu

i

|
- So H 3

AN, = hA 4497772)

Since BA = Ha + ymrda

AN = 2{Ba + wl -a)] S$
2848+2H(A-2))

Now
AN,
—=6D, ONs

Ys _ 6D,

AN=6nD,
AVs - a or

s-aN=Gr (Ds -2,)
— : /2,2, - 5 [2828 + 2 H[A-a) 5-2 HAS]

= [2825-2 HaS]
== alamd) aS]

The dimensions of the specimens used in the study 4-1/4 in. long,

1/4 in. diameter rods, make demagnetization a factor that can not be



neglected. The field actually effective is less than the field pro-

duced by the primary by an amount which is a function of the shape

of the specimen 00)

If v1 = field produced by primary

#7 = demagnetization factor

the effective field is (Hy — nd.)
The nrevious equations can then be modified as follows:

y= 2[CHy-0T)A + 417 aS
0f course, without the specimen, demagnetization is not encountered,

Or H—=Ho

AN, = 2 He AS

AN; an=[411]&amp;- nJals

AN;-04 = Gr (2; -2,)
2-2, - 2L(4ma -gh)S

= 411d(22)a- br

T_ Gr ( D; - )77 = ——!4 J I \ Q - 42

6- (4)

T-M/[c Jn#11) S (4 Ila- 4° )
A 417

The expression z[a- 72) could be evaluated from the constituent

terms, but the valuefor 0 taken from a table had an element of error
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in it. A safer way was to determine this constant by using a material

of known saturation magnetic intensity.

A 5/8 in. rod of Wemco iron was supplied by Professor Kaufmann.

This was swaged down to a 1/4 in. diameter and was hydrogen annealed at

800° C. (1472° F.). The value used for A477]vas 21.580(83) |

The mutual inductance used for standardizing was 50 millihenrys.

The other values are tabulated

Aq = LJ! X /c

Dy -0) = 2/7

N= ne

Jsing these values

2la-42) 0. LCL

Thien

m/c [25-2 snT - (BG)
For, b,-» )r#o £ = [JR AL

A

Using as before

M = JD X/0
or

§ = 4

wT=(25 2) 16%



In remanence measurements, the circuit is opened from a fixed

value of the current. The relationships given below may be derived

from Figure 7. The changes in the deflection produced by changes in

the field are shown for the coil alone (bottom), the coil and the

specimen (top), and the specimen alone (middle).

then the field is broken, a throw, 2, is observed, it consists of:

- 2 7
py

= throw produced by specimen only

2 = throw produced by coil only

/)Reversal of the field determines £, which consists of

2 Ls,2
2 ~~ 2 2

The remanence, 0, , is given by

™
Lo0, = ~  4

from the previous equations:

2)_ (42 } 24

- 2,
i

x.

The throw corresponding

ould ve 25

Then AN; = 2 Z, ad
2622

CI) = Br aS

aS

to a Yreversal measurement" of remanence
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Field (H)

FIGURE 7-

[1lustration of method for obtaining remanence.
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When demagnetizing fields must be considered, the equation can

pe revised as follows:

AN, = 2 JIH aT) +e 27 Ta [S

Now

Ba . (H-nJ)a+x Ta

Then,
aN, - alBa + (Hq A-A)[S

 2 Gal
26a." =2 5, aS po (Hg THA -)S
28as 2645 —2 (Hon TAA -a) 3

5) _ Ga / 7
h - SAL ong IEE)

Since (o- = 22 (5)
 (Z)0 (02)

The property of coercivity is one of the properties possessed by

a ferromagnetic substance that are used as criteria for the apnlica-

bility of the substence as a permanent magnet. The coercive force is

given by the length, C , in the accompanying Figure 8; it is the field

in gauss which has to be applied in the negative direction to the sub-

stance under consideration in order that its intensity of magnetization

may be reduced to zero.

With a ballistic apparatus the coercivity may be determined as

follows:
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FIGURE 8.

Hypothetical hysteresis loop.
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FIGURE 9.
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. Using some established field, in this study 1000 gauss,

determine the deflection, J, , for a reversal of the field (Figure 9).

2. By breaking the field and immediately making the negative

jirection to some lower value, ~,&amp;/ , determine 4 D .

3. Repeat (2) with increasing values of AJ in the negative

direction until 4) ~ 2 :
 =&gt; al

The fact that no compensation is provided for the secondary coil

complicates the situation somewhat. The state is described by the

diegram of Figure 10.

The lower curve is that for the specimen alone, the upper curve

is for the specimen and the coil together.

Fundamentally, it is desired to equate:

D
40-FF

The quantities measured are:

AD and Lo

The relationships between these quantities are evident from the

Figure 9.

Ds Ds 2
3 2

Ds _
ry

o. 7 Ed
-

—

 -_ D,
»_-

pe

Then, equating Ds

2 2
Phe; x47)

— CA

Do. 4)-2 ra
- Z

o, 4) - 2 + A-
2A

 Ds _g) ra



 4

AD D.
—.

coil alone
 -—

rl

&gt;

Field
LH

FIGURE 10.

Illustration of method for obtaining coercivity.



ED)

The coercivities to be expected range from 40 to 100 gauss. Thus

the negative fields to be applied are selected in this range. By first

determining 2, the proper values to use for the negative fields may

be estimated.

To the values of 4) obtained must be added the values of a cor-

responding to the fields used in the negative direction. The resultant

values are plotted against their respective values of the field, ex-

pressed in amperes. From these curves, they should be straight lines

if the negative fields have been chosen properly, thecurrents correspond-

ing to the values of 2 can be selected. These values may then be

avaluated in terms of gauss from the field-current curve of the magnet.

5. Quantitative Treatment of Magnetization-Temverature Curves

ffhen a ferromegnetic two-phase alloy is subjected to a magnetiza-

tion versus temperature study a curve similar to that in Figure 11 is

nbtained.

The dotted line represents an extrapolation of the magnetization

of one phase to room temperature. The other phase is not ferromagnetic

until the temperature of the inflection is reached. Its magnetization

is then added to that of the other phase and produces the solid-line

Curve.

If saturation-mugnetization values are measured, a calculation can

be made from this curve of the amounts of the constituent phases. Since

the magnetization values obtained are volume measurements, they must be

converted to a weight basis. This is done by dividing by the densities.
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FIGURE 11. Magnetization versus temperature for an
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As an example, consider a steel containing a carbide phase. Let

the specific saturation magnetization (magnetic saturation divided by

the density) velue for ferrite is _/,, and that for carbide is-L

For the alloy studied Tm will be the svnecific magnetization of

the ferrite present and Zo will be the svecific magnetization of the

cerbide.
zm Tn

The amount of ferrite is, then 7, and of carbide, 77,

An example of the application of this work mey be found in a paper

by Wever and Lange 8) , For a steel containing 1.0 per cent vanadium

end 0.80 per cent carbon they found z = 12.2 and Zmy = 195.6. Then the

amount of ferrite (Lm = 218) was given by the ratio

197.5
273

&lt; 100 = 88.7 per Ca.du

The amount of iron carbide (Ln = 139.3) was given by the ratio

12.2 X 100 = 8.76 per cent.

139.3

From this they reasoned that the remainder of the carbon was combined

with vanadium and manganese.

This assumption was verified by chemical analysis.

It is necessary to apply this method in the determination of the

amount of retained austenite by Maurer and Schroeter!s method when

carbide is present. This was not done in the present investigation be-

cause the saturation values of the carbides were not known.
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4. Description of the Apparatus

The instrument used for this study consisted of four parts--

the furnace, the magnet, the dilatometer, and the measuring and control

accessories. The description that follows has been made detailed to

facilitate use of the apparatus. It has been made part of the permanent

equipment of the laboratory.

The furnace was made with a bifilar winding so as to eliminate the

effect of the magnetic field of the furnace winding; constituting the

chamber of the furnace was an alundum tube 18 in. long, 1/2 in. bore, and

1/8 in. wall. The winding was composed of 20 gauge Chromel A wire and

it was placed on the tube for 17 in. with an average of 4 wound turns per

inch distributed along the length.

It was not without some difficulty, however, before the final fur-

nece was evolved. Realizing the considerable temperature drop that

would exist in the apperatus, the designer decided upon a dense winding

spacing. Eighteen gauge wire was first chosen, would 12 and 13 turns

per inch. An attempt was made to wind the wire in the as-received con-

dition--this resulted in a broken tube. Hereafter, the wires were

always annealed by connecting them across the 220 volt line and passing

current through then until they glowed red. This was done after any

kind of cold work was experienced by the wire.

After the furnace had been wound with 12 to 13 turns per inch of

18 gauge wire, it was coated with a mixture of alundum cement (low

temperature grade), water glass, and water. At the temperature of the

winding necessary to bring the contents of the furnace to 1000° F.,
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the alundum and the sodium silicate reacted, producing a fusible slag.

This became conducting and permitted the windings to arc across, which

resulted in the destruction of the furnace.

Even after the silicate bond was sbandoned, trouble was experienced

from the srcing-ascross of adjacent windings. Of course in an ordinary

furnace winding no harm is experienced from the contact of adjacent

windings as they are at practically the same potential. In a bifilar

winding, however, it is very necessary to insulate completely each turn

from its neighbors. Asbestos twine was utilized for this purpose, but

it was virtually impossible to keep the heavy 18 gauge wire, wound at

the considerable density of 12 to 13 turns per inch, separate.

Still desirous of maintaining the 18 gauge wire and the winding

density it afforded, the designer built a furnace with two layers of

windings. It was not possible by this method to completely nullify

the field of one winding by the field of the other.

Finally, the tube was wound with a wire of smaller diameter

whose resistance would vermit a one layer winding and a low winding

density (20 gauge wire, wound at 4 turns per inch).

Several kinds of insulating material were tried during the

assembly of the apparatus. The use of asbestos string for electrical

insulation of the wires has already been mentioned. The coating

finally used to secure the wound wires in place was high-temperature

alundum cement. A mixture of the cement and water of cream-like con-

sistency was applied with a paint brush. Just enough was used to

nresent a smooth surface, that is, so the wires did not show. To sepa-

rate the insulation of the furnace from the copper pipe into which the
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unit was inserted a thin sheet of asbestos paper was used. Sil-o-

Cel was tried but it was not possible to distribute it properly.

Asbestos yarn was used as the insulation for the furnace. It was

wound over the cement coating after being dampened to allow it to be

made into a unit.

The furnace served to contain the core of the magnet. Serving

as the shell of the furnace chamber and as the support for the magnet

wire was a copper pipe of standard size, two inches in diameter and

17-3/4 in. long. Two large brass plates, 1/4 in. thick, served as

supports for the entire unit. A hole was cut and threaded for a two-

inch pipe in each plate. It was found that the threaded units when

assembled were not square. Consequently, the threads were reamed out

and lugs were attached which enabled the use of set screws as the means

of fixing the pipe and plate positions.

The cooling of the magnet was provided for by a copper coil placed

over the copper pipe which contained the furnace. Cooling was also ex-

pected from the brass support plates. The copper coil was flattened by

passing it through rolls. It was thought that the flattened tubing

(originally 5/8 in. round) would coil more neatly on the copper pipe.

Considerable trouble was experienced In coiling the flattened tubing

and it is believed that the flattening was not necessary. Over this

tubing were placed several sheets of copper to act as a base for winding

the primary. Sixty-five pounds of number 14 magnet wire were wound into

the primary, close to a mile of wire, The brass plates between which the

primary was wound had to be stayed by three tie rods. Water was run
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continuously through these coils. In summer the base temperature of

the magnet was 70° F., in winter it was 45° F.

It was thought that cooling of the megnet would be facilitated

by having the heavy brass plates in immediate contact with the wire

of the primery, except for the thickness of the single cotton strand

insulation. This practice hes placed the msgnet above ground potential

when connected to the 220 volt D. C. line.

After continuous use the magnet became quite warm. At this stage,

small arcs would form from the winding to the brass plates. This was

rectified by inserting gasket material as insulation between the wind-

ing end the plates. (Not shown in the drawing of Figure 13.) The magnet

as a unit is still above ground potential when connected to the 220 volt

direct current line because the first layer of winding is wound over a

copper sheet which in turn is wound over the copper cooling coil. The

single cotton strand used as insulation is not sufficient to vrevent

electrical contact between the first layer of winding and the copper

sheet.

The magnet unit is shown in the accompanying photograph, Figure 12.

It was felt that more information could be obtained about the specimen

under study in the time available during a msgnetic run. Dilation data

was to be required for interpretation purposes and it was decided to

obtain this date simultaneously with the magnetic data.

Accordingly, a dilatometer was designed to serve the dual purpose

of allowing the recording of length changes and the magnetic changes

in the specimen. The body of the dilatometer was made of fused-quartz
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FIGURE 12. Photograph of the magnet unit.
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tubing. The outer diameter was 3/8 in. and the inner diameter was

5/6 in. To enable allocation of the specimen in a consistent manner

in the numerous runs to be made, and also to fix the position of the

secondary, a constriction was made in the quartz tube. The inner dia-

meter of the constricted portion was just sufficient to admit a

specimen 0.25 in. in diameter. The length of the constricted vortion

was two inches. To the end of the tube that was to be inside the fur-

nace chamber was affixed a fused-quartz centering nib. This was sealed

to the tube over a third of the periphery. The other two-thirds were

left open to admit a thermocouples.

The specimen was supported by this nib. The communication of

the length changes in the specimen to the Aimes dial gauge was made

by a quartz rod. One end was made spherical and abutted against the

specimen. The other end was meade conical and fitted into the gauge.

To avoid relative slipping of the rod and the specimen a thin brass

tube was machined to fit both ends.

To isolate the movement of the rod to only the length changes

in the specimen the quartz tube and the dial gauge were fastened to

the same support.

The detail of the magneto-dilatometer is shown in the drawing

of Figure 13. The dimensions have been purposely distorted to empha-

size the important parts of the apparatus.

The detail of the supporting system for the dilatometer was not

shown in the diagram of Figure 13, in its actual form because of its

complexity. The detail of this stend can be readily grasped from the

photograph shown in Figure 14.
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FIGURE 14. Photograph of dilatometer support.
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In Figure 15 is shown a schematic detail of the front and side

control panels of the apparatus. The capital letters used to designate

the various ports may be identified as to their significance from an

examination of the circuit diagrams of Figures 18, 19, 22, and 23. A

photograph of the front control panel is shown in Figure 16. The side

control panel may be seen in the photograph of Figure 17.

In Figure 18 is shown the diagram of the furnace circuit. The

winding of the furnace was designed to allow a full-tempering range

with 110 volt alternating current as power. The supply was fed into

a variac from which the proper voltabe could be chosen to obtain the

desired furnace current. The reading of the variac is given in per

cent of line voltage and it has been found that any chosen percentsge

is approximately equal to the furnace current in amperes (It is

actually slightly greater.).
The control unit used was a Brown potentiometer controller equip-

ped with an Fagle Signal Corporation synchronous interrupter and a

Microflex timer. The synchronous interrupter was substantially a

synchronous-motor powered, variable-time drive on the controller set-

ting. The travel of the drive was controlled in two ways: first, the

gear ratio which controlled the time of revolution of &amp; cam, and

second, the cam setting which controlled the time during which the con-

troller setting was being driven during any revolution of the cam. The

minimum revolution time of the cam was one minute and the maximum was

six minutes. The on-time could be varied at will below 100 per cent.

It is important to note that the speed of the drive while in

notion is constant, since the drive is propelled by a synchronous motor.
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FIGURE 16. Photograph of the front control panel.
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FIGURE 17. General view of the apparatus showing side
control panel.
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Thus, if the on-time of the cam system is 100 per cent, that is, if

the motor is in operation 100 per cent of the time of the cam'!s revolu-

tion, the drive will be a constant, regardless of the gear ratio or

cycle setting, and will occur at a rate of 11.8° F. per minute. The

gear ratio will only permit adjustment of time between on and off

positions of the cam. These on and off positions can be adjusted

relative to each other. By using the minimum on-time of 1 per cent

and setting the gear ratio to the maximum cam revolution cycle of six

minutes the minimum speed of the drive is obtained--a value of .114° F,

ner minute,

The speed used for the experiments recorded in this thesis, unless

otherwise stated, was 5° F. per minute. This was true for both heating

and cooling. This is actually an sverage speed as the drive-temperature

relationship is based on a chromel-alumel thermocouple. Since &amp; cop-

per-constantan thermocouple was used the actual speed was somewhat greater

than 5° F. per minute at temperatures below 500° F. and somewhat less

at temperatures above 500° F. In order to have a continuous and not a

step-wise rise in the temperature with time, two things were necessary.

First, the variac had to be gradually increased with the temperature in

order that the furnace should not pass beyond the driven controller

setting, and second, &amp; shunt resistance had to be used to carry some

current when the controlier was off. This had been installed in the

apparatus. In this way, close control of temperature was possible in

spite of the high temperature gradient between the furnace and the water-

cooled jacket. The microflex timer was not properly connected to enable
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utilization of its full usefulness. However, it was used to start

the control er setting on the cooling cycle.

A copper-constantan thermocouple was used for the control circuit

because it was non-magnetic and absolute accuracy of temperature measure-

ment was not necessary.

The necessity of insuring that all magnetic changes picked up by the

secondary were due to the changes in the specimen only required that no

other megnetic material be close to the coil of the secondary. The

thermocouple used for temperature measurement thus had to be either of

ropper—-constantan or of platinum-platinum-rhodium.

The latter was chosen because it could be relied upon after having

been celibrated once. The temperature-measuring circuit diagram is

shown in Figure 19. The copper-constantan thermocouple changed its

thermoelectric—power as its time of use increased. It was renewed every

100 hours. The bond of this thermocouple was made with silver solder.

The bead on the platinum thermocouple was mede in the carbon arc. The

low thermoelectric-power of this thermocouple required the use of a

potentiometer that would read to a tenth of a microvolt. This potentio-

meter may be seen in the photograph of Figure 20.

Calibration of the platinum thermocouple was made by the use of

standard melting-point samples supplied by the Bureau of Standards.

They are listed below:

Aluminum - National Bureau of Standards, Standard Sample

Number 44, Melting Point 658.7° C. (1217.7° F.).

Zinc —- National Bureau of Standards, Standard Sample Number

13d, Melting Point 419.5.° C. (787.1° F.)
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FOR MEASUREMENT OF SPECIMEN TEMPERATURE

CONTROLLER

FIGURE 19.

CIRCUIT DIAGRAM

~THFRMOCOUPLE CIRCUITS-
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FIGURE 20. Photograph of ballistic galvanometer and of
apparatus for temperature measurement.



Tin - National Bureau of Standards, Standsrd Sample Number

42a, Melting Point 231.9° C. (449.4° F.).

To insure reducing conditions during the melting of the standard

samples, crucibles, drilled out of carbon-electrodes, were used to hold

the metals, and graphite flakes were used to cover the surfaces. The

platinium thermocouple was protected by a silica tube.

The size of the samples used for melting-point determinations was

approximately 500 grams. The crucible and its contents were introduced

into an electric furnace provided with external resistance. After the

sample had melted it was allowed to cool. The cooling rates were made

slow through the critical zone by gradually increasing the resistance

in the furnace circuit. The electro-motive force of the thermocouple

was determined by a type K potentiometer.

In this way, millivolt versus temperature curves were obtained for

the three standard samples. From them, the values in millivolts cor-

responding to the horizontal portions of the three curves were obtained.

A deviation chart permits easy and accurate determination of the tempera-

ture equivalent of a millivolt reading. One was made for the thermo-

couple used from the data given by Roeser and Wenze1 (#8), This is shown

in Figure 21. From this curve and from the standard curve Table III was

prepared giving the millivolts corresponding to temperatures from 500° F.

to 1200° F. in 12.5° F. intervals.

It should be mentioned here that the cold junction is a very important

source of error in this work. The mercury used for contacting the platinum

thermocouple wires and the copper leads should have a dry surface or else
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TEMPERATURE

Degrees Fahrenheit.

62.5
75 =.

87.5
100 |

ws

150
 162.5

75
 187.5

200

250°
©262,5

 287.5
300
 312.5

35
337.5

3%

375

400
" Al2.5

425 |
© 437.5

450°
; 462.5

ATS
T487.5.

TT512.5
bag
 5375
550
 56245
 587.5
600
© 612.5
625 .

637.5

50

TABLE J

VOLTAGE TEMPERATURE VOLTAGE.
Micro-Voltis
J

Degrees Fahrenheit Hicro-Volts
£6

136
 478

R20:
: 262

306
 LY

397

492 . .

 539
586
 636
687
79) ii)

96
22 950

10605
T1061

 1169
1229

1343

1463
1875

9
650 2687
 66.8 R751

70 R945
UT MRS 3010
725 3076
 1375 314

762.5 3273
5 3339
 187.5 3404

BOQ 3470
 812.5 ~ 3536

g25~~ 3602 ©

 862.5 3802
875. 3868
 887.5 . 3935

900 4002
Cn91245 4070

925. 4138

950 R213

O75" 4408
 2

1000 A546
 1012.5 A614
105 4684
 1037.5 kR

1050 4823
1075 4964

.1087.5 5034
1100. 5104

1112.5 S174
1125 g Jes
 1137.5 5313

1150 |

1162.5 5453
17 |
’ 1187.5 5506

1635
1753
1875
1996

 2115
2182
 2246

2306 LL : ,
 2368
2631

 2495
2560

2623

5524
56671200

Table of temperatures and corresponding voltages developed
by the platinum, platimm ~ 10 per cent rhodium thermocouple
used in the apparatus.
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the insulation on the wires should project below the surface of the

mercury. The amount of mercury should be smell, a one-half inch depth

was used in 7-millimeter glass tubes, and should be well in the ice-

water bath. Small thermos containers (pint size) are worthless as cold

junctions for the temperature gradient between the mercury and the top

of the ice both may be as much as 7.2° F. A tall size, one-quart

narrow-mouth thermos bottle was used for this purpose.

There are several precautions that should be taken in working with

a high precision potentiometer. Three galvanometer Joys were provided.

They allowed insertion of different resistances into the galvanometer

circuit. The high resistance key was always depressed first, adjustment

of the battery resistance or of the slide wire made and then the lower

resistance keys were derressed to secure the final adjustment.

These keys were independent of the electrical circuit of the

potentiometer, itself. The rocking switch determined whether the circuit

was open or the standard cell was in the circuit or if the thermocouple

was in the circuit. A very sensitive standard cell was placed in the

apparatus. The rocking switch should be depressed on the standard cell

side only when a resetting of the battery resistanceistobe made.

The battery used was a two-volt storage cell of 40 ampere-hours

capacity. When the battery was charged resistance external to that

present in the potentiometer had to be used.

A battery of this capacity enabled continuous measurement of the

specimen temperature during &amp; run without frequent standardization against

the standard cell.
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The slide wire after a period of idleness was noticed to have

spots of faulty contact. A good practice is to turn the drum back

and forth a few times at each setting. Since an accuracy of one

degree was entirely sufficient for this work, the slide wire setting

was only made to a microvolt.

In Figure 22 is shown a diagram of the megnetic circuit. A

double-pole, double-throw switch on the side panel allowed quick charge

of the voltage supply to the magnet. This was very convenient when

runs were conducted in which measurements were made at alternste fields,

265 and 1000 gauss, every 12.5° F. The station ammeter served for

ZOETSse estimation of the megnet current. Accurate measurement of the

field was made by the use of an ordinary external ammeter shunt. For

a current of 15 amperes through this shunt a drop of 50 millivolts ex-

isted between the potential terminals. A Brown semi-precision portable

potentiometer was used to read the drop across the shunt. This instru-

ment allowed reading to .0l millivolt. Expressed in amperes this is

0.003, which at the currents normally used, 7 — 8 amperes, meant a

precision better than 0.01 per cent.

In order to obtain a wide variation in the field for magnetization-

field-relationship work, a wide variety of resistances had to be used.

For currents below 0.8 amperes a single setting of the resistances would

suffice during the time of a reading. The Institute power varied but

this was a variation of minutes rather than of seconds, which was the

time of reading. For higher currents, where the heating of the resis-

tances became considerable, the control panel was used to secure the
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exact value of current desired. The field was thus held constant to

one vart in ten thousand at the normally-used field of 1000 gauss.

When the magnet was cold its resistance was low enough to allow

a field of 1600 gauss to be produced. The maximum field that could be

obtained after the magnet had been in use several hours was 1500 gauss.

At no time should the magnet draw current for a continuous period

beyond two minutes. It is very unlikely that the condition requiring

longer use of the magnet without interrupting the current will arise.

The warning has been stated to prevent carelessness in this regard. A

green—-colored pilot light was inserted in the front control panel as an

additional precaution.

The resistances in the magnet circuit were separated by appropriate

switches, as shown in the circuit disgram of Figure 22, to allow short

circuiting of the low-current-capacity resistances when desired. The

short-circuiting jack switch on the side panel was introduced for the

special purpose of coercivity measurements. By its) quick change from

high to very low field was afforded. Ordinarily it should be open.

This switch is supplementary to another resistence-short-circuiting

switch on the resistance bank. The latter is capable of carrying much

hesvier currents for long periods of time than the jack switch is.

Current reversal of the currents normally used could not be made

for any period of time with the reversing switch shown. The arcing would

soon burn out the contacts. A circuit-breaking switch was installed.

This switch was opened before the reversing switch was thrown to the

other side. Having heavy graphite contacts, the switch was able to break

the current of 13 amperes continually.



In Figure 23 is shown the circuit diegram of the secondary circuit.

The first construction of this circuit employed a much more complicated

arrangement. It included a variable damping resistance, a compensating

resistance for the mutual inductance and extensive carry-back leads to

the control panel. Probably due to a poor contact in this extensive

circuit, erratic behavior was sometimes exhibited by the galvanometer.

The simplified circuit shown in Figure 23 was finally evolved.

The secondary leads were brought clear of the magnet. Banana-plug

connectors were used to enable insertion of mutual inductance for

standardization purposes. Since the total resistence of the circuit

was over 7000 ohms, the few ohms difference in the resistances of the

secondary coil and of the damping resistance, composed of fixed one-

half watt resistors, was chosen at 3500 ohms. The total resistance was

slightly greater than the critical-damping resistance given as one of

the gelvanometer characteristics. The extent of under-damping existant,

however, enabled successive readings to be made more rapidly. A short-

circuiting switch was included to protect the galvanometer during the

times when the circuit was opened and closed.

Several considerations entered into the construction of the secondary

coil. The most important consideration was the number of turns to be

used as this determined the scale deflection of the galvanometer.

It was found that 114 turns gave a full-scale deflection for the

most magnetic state of the steels studied. To insert the number of

turns in the two-inch speace orovided on the quartz tube required the use

of 30 gauge wire. The coil was wound with insulted wire. The insulation

was then impregnated with a suspension of alundum cement. This was nec-

essary in order that the turns would not be short circuited at elevated

tempersetures.
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The need for good contacts in the secondary circuit cannot be

overemphasized. This is evident from the magnitude of the current

that is discharged through the circuit. The ballistic galvanometer

used had a sensitivity of 1700 megohms. This means thet the galvano-

meter would give a deflection of one millimeter on &amp; scale one meter

distant from the mirror if current of 0.6 X 107° amperes existed in

its circuit. For the average deflection obtained this circuit current

would be 0.6 X 107" amveres.

The primary was standardized by observing the deflections produced

by the secondary coil alone under the application of various fields.

From the equations derived in the first part of this thesis the curve

shown in Figure 24 was obtained. This gives the field in gauss pro-

duced by any given current in the primary. The curve which shows the

relation between the deflection produced by the coil alone and the

field is shown in Figure 25. The field versus current curve is shown

magnified in the lower-field portion in Figure R86, and the coil-deflec-

tion versus field curve is shown magnified in the lower-field vortion

in Figure 27. These latter two curves were used for coercivity measure-

ments.

The oneration of the apparatus may be summarized by the following

jirections. (See Figure 28 for a general view of the apparatus.)

L. Prepare the specimen in form of a rod, 4-1/4 in. long and not

over 0.25 in. in diameter. Scale and decarburization should be removed.

2. Insert the specimen into the quartz tube and push the specimen

cently to the back of the tube with the glass rod. This is importent,
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FIGURE 28. General view of the apparatus.
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for if the specimen were not seated, it would fly into and beyond its

proper position, carrying the end of the quartz tube with it, when the

current was switched on.

3. Adjust the current to the value required to produce the

desired field with the galvanometer short circuited. Multiply current

by three to obtain the proper millivolt value.

4, Close the circuit-breaking switch, open, throw the reversing

switch to the opposite side, close the circuit-breaking switch, open,

throw the reversing switch, close—-repeat this cycle as many times as

is necessary to put the specimen in the cyclic condition. At fields of

the order of a few gauss this should be done at least fifteen times;

at fields of several hundred gauss once is sufficient. The fundamental

test is to increase the number of reversals until no change is pro-

duced by further reversals. During these operations the short-circuit

switch on the galvanometer should be closed.

5. Open the galvanometer short-circuit switch, check the value

of the field.

6. Read the position of the hair line on the scale.

7. Quickly open the circuit, throw the reversing switch and

close the circuit.

8. Watch the scale for the maximum deflection.

9. Close short-circuiting switch and oven circuit.

10. Obtain deflections as difference between (8) and (6).

If a temperature run is to be made the following directions should

be added to the above,
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11. Insert the dilatometer rod and secure the Aimes dial gauge

in position. Have enough starting on the spring compression to enable

the dilatometer to follow the contractions with sensitivity. Four to

six revolutions of the dial have been found to be sufficient.

12. Set the synchronous interrupter to a minute cycle (mesh the

two large gears) and use a 65 per cent on-time. This will give a

heating or cooling rate of 5° F. ver minute.

13. Start the furnace with the variac set at 18. Increase every

5° F. by an additional setting of 2. Do not go beyond a setting of 60.

14. After the desired temperature has been reached, set the variac

back to 2 to 5 divisions depending upon the temperature. Set off-

resistance to one-eighth of the total length.

15. The potentiometer key may be kept depressed to enable a

continuous representation of the temperature to be made.

For coercivity measurements:

16. Establish the temperature at which the coercivity is desired

to be obtained.

17. Obtain the deflection, as described above, for a field of

1000 gauss.

18. Oven the side panel short-circuiting switch and increase

the resistance of the magnet circuit until the current is approximately

0.1 ampere.

19. Close the short-circuiting switch and procede as if a deflec-

tion at 1000 gauss were to be made.
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20. Open the circuit-breaking switch, throw the reversing switch,

but before closing tae circuit, open the short-circuiting switch. This

must be done in rapid succession.

21. Obtain the throw and the actual deflection.

22. Compare with half the deflection found in (17).

23. Repeat the procedure using a greater of smaller lower field.

Obtain three points.

24, Follow directions given in first part of the thesis under

“henry.

oh Sensitivity of the Magnet

The sensitivity of the apparatus can best be gauged by the carbon

content of the steel in which the carbide curie point, A» can just be

detected. Ellinger (31) stated that the unpublished records of the

Magnetic Section of the National Bureau of Standards showed that a

definite Aj (of the order of 3 per cent) was found in an annealed steel

zontaining 0.14 per cent carbon. The magnometer method was used here,

and has been described by sanford?) Buehl and wu1££(7®) claimed that

with their torsion balance they could determine iron carbide in stainless

steels to as low as 0.01 per cent. Buehl, Hollomon, and ure (89)

using the same apparatus, claimed to have found a curie point in Armco

iron containing 0.04 per cent carbon.

Sanford and Ellinger &gt;%) have shown that the A point in an 0.75

per cent carbon-steel wire is completely masked by cold-drawing the wire.

These authors have also investigated the effect of carbide particle size



3

upon the Aj point. Honda} concluded that the Aj was constant if the

carbide was lamellar. Sanford and Ellinger showed that for the

spheroidized state the temperature of the beginning and end of the

carbide magnetic change depended upon the particle size. The larger

were the particles, the narrower was the range. Of more importance is

their finding concerning the effect of particle size upon the intensity

of the magnetic change occurring at the Aj range. For carbide so finely

dispersed as to be barely resolvable under the microscope at 2000 diameters

magnification, the intensity of the change was about half that for the

lamellar state. As the particle sige increased the intensity of the change

decreased.

As indicated above for the case of cold drawing, the curie point of

the carbide is reelly a very sensitive phenomenon. The mere existence of

carbides is not enough; they must also be in the right state for a curie

noint to become evident.

Thus, in order to obtain the proper estimate of the sensitivity of

the magnet the specimens to be studied were treated so as to have the

carbides in the same state. Annesled plain-carbon steel specimens con-

taining 1.85, 0.45, and 0.15 per cent carbon were placed in the apparatus

and the magnetization versus temperature curves were determined up to

600° F. The curves are shown in Figure 29. The carbide curie point can

be barely noticed in the 0.15 per cent carbon steel. The temperature of

the magnetic transformation can be readily selected to be 410° F. for

the 1.25 per cent carbon steel; but, as the carbon content was lowered

the point became indefinite.
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An interesting observation relative to the effect of field on

sensitivity can be made from a study discussed in Chapter VII - B - 5

(Figure 83). The inflection of the cooling (magnetization curve upon

passing through the curie point was more marked in the 265-gauss curve

than in the 1000-gauss curve.

It is evident from the above that the ballistic method is not as

sensitive as the magnetometer or the torsion-balance methods.
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GC. Isothermal Study

The purpose of this study was to determine the tempering charscter-

istics in regard to austenite transformation of the two steels used in

the research. ©Since the effects of the particular temperatures were to

be obtained uniquely the specimens had to be heated-to and cooled-from

the tempering temperatures quickly. This was accomplished by the use of

molten-metal baths, molten-salt baths, and boiling-liquid baths followed

by either water- or oil—quenching to room temperature.

A preliminary series of runs was first made upon specimens of

Sparta steel air-hardened from 1700° F. Using duplicate samples and

different specimens for the hardness and for the mesgnetic runs, the fol-

lowing measurements were obtained:

l. Magnetigation under a field of 1000 gauss.

2. Magnetization under a field of 265 gauss.

The result of this series showed that the most sensitive indication

of austenite transformation was given by the changes in magnetization

as measured under a field of 1000 gauss. Duplicate specimens were run

and showed such good agreement with the "originals" that the duplicate

specimens were not used for the systematic study.

Accordingly, a program waslaid out which would yield a comprehen-

sive picture of the transformation of the retained austenite in both the

1% C - 5% Cr and 1.5% C - 11.5% Cr. The outline of the program follows:
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STEELS - 1% C - 5% Cr

SIZE - 4-1/4 in. long, 0.24 in. diameter

HARDENING TEMPERATURES AND TIMES - 1700° F. - 50 minutes

1800° F. - 45 minutes

2000° FF. - 30 minutes

RATES OF COOLING FROM HARDENING TEMPERATURES

90° F. per second - oil cool

1° F. per second - air cool

-

J.5° F. per second - lime cool

TEMPERING TEMPERATURES ~ Room temperature £12, 300, 400, 500

600, 700, 800, 900

1000, 1100, 1200, °F.

MEASUREMENTS - Galvanometer deflections under an applied

field of 1000 gauss.

Since some transformation occurred at room temperature, it was

necessary to standardize upon the time between the hardening treatments

and the beginnings of the runs. Furthermore, since the rate of cooling

was critical, it had to be also standardized for each method of cooling.

The method used in this series was to harden at one time the

specimens needed for a run at a particular tempering temperature. This

meant six specimens were hardened in one treatment. There were three
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specimens of each steel; those to be oil-hardened were quenched separately,

those to be air-hardened were wired together and withdrawn from the fur-

nace at the same time and cooled together upon the hot piece of asbestos

which supported them while in the Diamond Block. The specimens to be lime-

cooled were also wired together and were withdrawn from the furnace and

inserted into the lime bed as a unit.

Measurements were made on the oil-quenched specimens as soon as pos-

sible. The air-hardened specimens were allowed to cool 1-1/2 hours and

the lime-hardened specimens were allowed to cool 3 hours before measure-

ments were taken. In all instances the samples were cleaned of the black,

tightly-adhering film produced by the hardening treatment. Number one

emery cloth, slightly worn, was sufficient. Even in the instances of the

air-cooled specimens in which the film was heaviest, the film's removal

with the resultant restoring of the original bright surface to the steel

did not have any measurable magnetic effect.

The specimens of each type of steel came from the same heat, and

were in the shape of forged rods from which the decarburized surfaces had

been removed by centerless grinding. The lengths of all the specimens

were maintained at 4-1/4 in. They were prepared by cutting with a hack-

saw to the approximate size and then grinding to the desired length on

an ordinary laboratory belt grinder with the aid of a jig. The sharp

corners were rounded off.

The steels in the form of rods were immune to cracking during harden-

ing. This was true even when deep number impressions were made. In the

form of cubes or the like, however, the steels would be cracked during

hardening of only e&amp; very slight impression of a number stamp was left.
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An interesting observation relates to the cutting of these steels

in the annealed condition. If they were cut with continuous strokes, the

saw blade soon dulled, regardless of whether it was high-speed or plain

carbon. Using this practice, three or four cuts was the maximum, despite

the fact that the steels had a Brinell hardness of 200. However, if only

a few continuous strokes were made and oil was applied between times, the

plain-carbon blades would cut over twenty pieces and remain sharp. It

is evident from this that the heat developed by the frictional resistance

of the steel to the blade quickly tempered the teeth to the point where

they were too soft to hold their edges.

Tempering temperatures above 700° F. were produced by a molten-lead

bath. Molten-salt baths were used for temperatures above 300° F. A

boiling, refluxed carbitol-water mixture was used for the 300° F. tem-

pering, and boiling water was used for the 212° F. tempering. In some

instances, the temperings beyond 50 hours were continued in wire-wound

muffle furnaces.

All the baths were controlled by the usual controlling pyrometers

end maintained their temperatures with an individual variation of not

more then plus or minus 3° F.

At the proper time, depending upon the method of hardening, the

cleaned specimen was inserted into the magnet and the "as-~hardened"

magnetization value was determined. The specimen was then immersed

in the bath working at the temperature under study. The times at tem-

perature varied logarithmically from 7 seconds to several hundreds of

hours. In most instances the seme time intervals were used for the dif-

ferent specimens.
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It had been determined prior to the systematic run that the time

of reaction was independent of the number of individual tempering times

composing the cumulative time provided the heating-to and cooling-from

the tempering temperature were rapid.

After their megnetic values had been determined, the specimens were

put back into the tempering baths until the time when they were to be

again measured. The specimens tempered in the salt baths were cooled in

water upon removal from the bath, and those tempered in the lead bath

were cooled in oil.

The combination of two steels, three hardening temperatures, and

three cooling rates resulted in eighteen specimens for each tempering

temperature. The twelve tempering temperatures recuired a total of

216 specimens.
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D. Kinetic Study

The specimens used for the kinetic study were centerless ground

rods, 0.24 in. diameter and 4-1/4 in. long. To obviate the room tem-

perature transformstion the specimens were healt treated immediately

before the time of the study. The oil-quenched specimens were intro-

duced into the magneto-dilatometer as soon as they were removed from

the oil, and were then washed and dried. The air-cooled specimens

were allowed to cool for 1-1/2 hours and the lime-cooled specimens

were allowed to cool for 3 hours before they were introduced into the

apparatus.

A detailed list of instructions for conducting a kinetic study

nay be found in the chapter on the description of the appratus, pages

79 to 87.



E. X-ray Study

An X-ray study was conducted with a two-fold objective. The first

was the clarification of the kinetics of the process. The second was

the determination of the smount of retained austenite in quenched speci-

mens of the steels studied.

The method used was that described by Gerdner(®1), A gas tube of

the Hage type was used with a chromium anticathode. The Phragmen camera

used allowed measurement of medium angles--a range of sin” © from 0.23 to

0.7. The exposure time was 20 minutes under the tube conditions of 45

kilovolts and 10 milliemperes. Traces of the film were made on a Moll

recording micro photometer. Reproductions of these traces are shown in

Figures 87 and 88 of the chapter on the results of the X-ray study.

Aluminum lines occurred on all of these ass the method of Gardner is

based upon a comparison of austenite-line, aluminum-line density ratios

in an unknown and in a standard specimen of known austenite content.

The specimens had to be ground to the curvature of the camera

before hardening in order that sharp lines could be produced snd line-

shift aveided. After hardening, the surface was etched for 15 - 20

minutes. This etching was done electrolytically at a current of 1.5

amperes and in an aqueous solution of § per cent mixed acids, hydro-

chloric and sulphuric.

[n order to study the amount of retained austenite in quenched

specimens by the X-ray method, photogrems were made so as to have

densities in the range 0.6 to 1.2 so that the intensities and densities
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should be directly proportionsl to each other. A microphotometer trace

was made of each film.

The aluminum- and the austenite- (200) alpha lines were used for

the measurements because they were not affected by the lines of the

other phases. In order to obtain more accurate measurements modified

traces were made. That is, the intensity of the microphotometer light

was adjusted to give the maximum-scale deflection of the galvanometer

when the beam was focused on the background adjacent to the aluminum-

(200) alpha line. This background was always denser than the unexposed

portion of the film because of scattered radiation. Thus, the lines in

the modified traces were magnified over what they would be in traces

made by using the clear portion as the background.

The most probable straight line was drawn through the background

immediately adjacent to the austenite-and the aluminum- (200) alphe pesks

on coch trace. Lines were dropped from the tops of the peaks, perpendicu-

lar to the ruled abscissae. The intersections of these lines with the

background line determined the lengths to be used in the calculation of

the peak densities: The calculation was carried out by the use of the

following formulas

Density = logarithm Galvanometer deflection of background
y &amp; Galvenometer deflection of top of peak

This was done for the aluminum- (200) alpha line and for the

austenite- (200) alpha lines. The ratio of these two densities gave the

number that was used in calculating the retained-austenite content.

At the present state of the theory of this method, the austenite content

is assumed to be in a linear relation, from O to 100 per cent austenite
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with the density ratio. That is, the density ratio is established

for the 100 per cent austenite state of the steel and is assumed to

go linearly to zero in the completely transformed state.

Parameter determinations were simplified by the use of the

Gardner charts. These charts enabled the ferrite parameters, the

sustenite parameters, and the tetragonal-martensite axial ratios to

be obtained from measurements on the films without any calculations.

The Gardner charts were based on the distances of lines from the

aluminum line (the tetragonal-doublet displacement was used directly)

on a standard trace. The distance between the aluminum-alpha (200)

and (111) lines were measured for each film and then divided into the

standard chart distance of 114.7 millimeters to obtain the multiplying

factor for the other distances in the film.

The precision thus obtained (0.2 per cent) was not great but was

all that was necessary for the large changes that were considered.
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fF. Magnetic Determination of the Amount of Retained Austenite

“gurer and Schroeterts f ormula ?4) for the calculation of the amount

of retained austenite in a steel is strictly true if two conditions

exist. The first condition is that either austenite be the only non-

magnetic constituent »nresent or that if non-magnetic carbides are also

nresent their amount should be known. The second condition is that the

saturation-magnetization values should be used for the constituents.

Under the fields available, saturation of the steels used could

not be sttained. This suggested that an extrapolation should be carried

out to infinite field. The austenite contents determined at infinite

field by this method were apparently not correct; for, in some cases

negative values were obtained.

The magnetization of a steel specimen may be affected by stress and

carbide content as well as by austenite content. Ve desire to know the

sustenite content. The stress content affects the magnetization only at

fields below 350 gauss. The non-magnetic carbide content must be estimated

from the micro-structure.

1+ wes hoped that the exact nature of the field-dependency of the

retained austenite content could be determined by means of the X-ray

method. This was not possible, however, because of the segregation in the

steels investigated.

A stendard field of 1000 gauss was arbitr-rily adopted for retained-

sustenite-content measurements.

The choices of the standard states for the steels were not immediately

apparent. Maurer snd sehroeter #4)used the annealed state as the standard



state in their formula. They calculated that the completely marten-

sitic state should be more magnetic than the annealed state, but they

were not sble to attain it.

It has been found in this investigation that the annealed states

of the steels used did not have the maximum magnetization values. Magneti-

zation values ebout one ver cent greater were obtained from specimens

quenched and tempered to transform all the martensite. This has been

noticed for other alloy steels by other investigators 9) (85)

The reason for a higher magnetization value for the quenched-and

tempered state than for the annesled state is that the carbides were dif-

ferent in kind and in amount.

The quenched-and-completely-transformed states were chosen as the

standard states. The values assigned to these states were obtained by

averaging the values obtained from many different specimens quenched and

temnered until the austenite was transformed in each.

Figure 30 gives magnetization versus field curves for an air-

hardened and completely transformed specimen, and 1iced-brine hardened

and licuid air transformed specimen, and an annealed specimen. It can

be seen that if the annealed specimen was used zs the basis for calcula-

tion of the retained-sustenite content the completely transformed state

would have e negative value. The stress differences between the temnered

snd the licuid-air-treated specimens is shown by the spread of the curves

relow 350 gauss.
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EXPERIMENTAL RESULTS

A. Isothermal Transformation

Data consisting of values for the galvanometer deflection

(megnetization) at various times of tempering were obtained at twelve

different temperatures. They were plotted on semi-logarithmic paper

using the galvanometer deflections as the ordinates and times, expressed

in hours as the logarithmic abscissae. Typical plots are shown in

Figures 31 to 36 inclusive. The six figures give the eighteen aging

curves at 900° F.—-a total of 216 of these curves were obtained.

In Figures 31, 32, and 33 are shown the aging curves at 900° F.

for the 1% C ~ 5% Cr steel cooled in oil, in air, and in lime from 1700,

1800, and 2000° F., respectively. In Figures 34, 35, and 36 are shown the

aging curves at 900° F. for the 1.54 C - 11.5% Cr steel cooled in oil,

in air, and in lime from 1700, 1800, and R000° F. respectively.

The first measurements in all cases were taken after an immersion

time in the beth of 7.2 seconds. The as-hardened values are given on

the 0.001 hour ordinate y and are connected by broken lines to the rest of

the curves. The maximum values of the galvanometer deflection attained

averaged 185 for the 14 C - 5% Cr steel and 164 for the 1.5% C - 11.5%

Cr steel.
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In all of these curves the following trends were evident:

| The reaction was composed of two stages. The first stege

was one of little or no reaction, and the second stage was one of

considerable reaction.

2. The first stage was one of slow reaction for the specimens

hardened from 1700° F. end 1800° F., the rate of this slow reaction

being greater in the specimens hardened from 1700° F. The first stage

was one of no reaction for the specimens hardened from 2000° F.

3. The second stage resulted in a greater chenge the greater the

smount of austenite that was present in the specimen when in the as-

hardened state.

4. For the steels hardened from 1700° F. and 1800° F. the slower

cools resulted in specimens of higher-sustenite content, the order

being oil, eir, end lime. Hardening from R000° F. produced specimens

in which the austenite contents were highest in the oil cools and least

in the air cools.

5. For a given quench, the more austenite the steel retained, the

sooner the transformation started, but the later the transformation ended.

6. The retained sustenite in the 1% C —- 5% Cr steel was slightly

more reactive in all states than the retained austenite in the 1.5% C -

11.5% Cr steel. This was true for all tempering temperatures from 900 -

1200° F., inclusive. Below 900° F. the difference in austenite reactivity

became more outstanding.
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In the following set of illustrations, Figures 37 to 42 inclusive,

ere shown aging curves at 212, 400, 500, 600, 800, and 900° F. for

specimens of the two steels air-cooled from 1700, 1800, and 2000° F.

In Figures 37, 38, and 39, are shown the aging curves of 1% C - 5% Cr

steel specimens air-cooled from 1700, 1800, and 000° F., respectively.

In Figures 40, 41, and 42 are shown the aging curves of 1.5% C - 11.5% Cr

steel specimens air-cooled from 1700, 1800, and 000° F., respectively.

The following facts may be obtained from these curves:

Ll. The retained austenite in specimens of the 1% C - 5% Cr steel

hardened from 1700° F. was very reactive in the range 500 - 600° F. In

the specimens hardened from 1800° F. the austenite was reactive up to

a limited extent at 600° F. and was very reactive at 500° F. In the

specimens hardened from 2000° F, the austenite was not reactive at 600° F.

but was still reactive at 500° F.

©. The retained austenite in specimens of the 1.5% C - 11.5% Cr

steel hardened from either 1700, 1800, or 2000° F. was very unreactive

at temperatures below 900° F.

From these dats, of which specimen-curves have been shown, a

picture may be obtained of the transformation characteristics of retained

austenite in the two steels, 1% C - 5% Cr and 1.5% C - 11.5% Cr, hardened

from 1700, 1800, and 2000° F. in air, in oil, and in lime.

Since there was some variation between the as-hardened values of

the specimens for any given treatment a comparison of the absolute amounts

of retained austenite calculated from a fixed basis would not give a
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visually clear comparison. It was decided to use each curve as its

own basis and to derive from each the time required for definite

changes in the as-hardened austenite content. The original values of

retained-austenite content were, of course, calculated from the same

base values.

From each curve was obtained the times necessary to transform 10,

30, 50, 75, 90, and 100 per cent of the retained austenite. The way

in which this was done is described below.

lethod of Obtaining Points for Trensformation Curves

Plot - Time for given percentage transformation versus tempering

temperature.

Obtain percentage transformation as follows:

Basis - completely transformed state. Let S represent the

deflection for the coil and the specimen and S-28 = R is

the deflection for the specimen alone.

The amount of austenite in the as-quenched state - Let the

galvanometer deflection = Q for the coil and the specimen

and (G-28) is the deflection for the specimen alone.

Then, per cent austenite = 48:28) (0-28) X 100

= 29x100

Fe desire to find the throw corresponding to any percentage change,

100)a, in the retained-austenite content. The austenite left after



TT - ~

- -0)

(100)a per cent change = £8 x 100 - a(Z= 100.

from the general formulas

per cent austenite = (2100

_ R

X= 8 - 355(%h)

substituting,
— R S-0 S-0

X=8- 10 ®. X 100 -a (&gt; X 100)

= S - (8-Q) + a(8-Q)

= Q + a(S-Q)

the

Using U for the maximum magnetization of the Ultradie specimen and

coil,

X=0 + a(u-Q)

This data was then plotted for each steel, for each hardening rate.

The plots are shown in Figures 43 to 60, inclusive.

The ordinates in all cases are the tempering temperatures given

in degrees Fahrenheit and the abscissae (6 cycle logarithmic) in all

cases are the times at temperature given in hours.

The plots are designated as follows:

Points marked indicate 10 per cent transformation

indicate 30 per cent transformation

indicate 50 per cent transformation

indicate 75 per cent transformation

indicate 90 per cent transformation

indicate 100 per cent transformation
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In Figures 43, 44, and 45 are shown the transformation curves

for specimens of 1% C —- 5% Cr steel, hardened from 1700° F. in oil,

air, and lime, respectively. It is to be noted that although trans-

formations to the extent of 75 - 100 per cent occurred rapidly in the

500 - 600° F. range, transformations of less extent, 30 and 50 per

cent occurred more rapidly at 700 and 800° F., respectively. Although

the times for 1C per cent transformations varied considerebly, they

illustrated an interesting point, which is that the oil-quenched specimen

was not at all transformed by boiling water, while the air- and lime-

cooled specimens were transformed to the extent of 10 per cent by this

treatment.

In Figures 46, 47, and 48 are shown similar curves for the 1800° F.

heat treatments. Here again, the transformations of lesser extent oc-

curred most rapidly at temperatures above the range critical for trans-

formations of greater extent. In both heat treatments, the austenite

was singularly unreactive at 900° F. for transformation over 10 per cent

until a considerable time had elapsed. Thus a nose was introduced into

each of the 30 per cent transformation curves.

In Figures 49, 50, and 51 are shown in like manner the transformation

curves for the 2000° F. heat treatments. The only reactive low temperature

for an austenite transformation was at 500° F.; the extent of transforma-

tion, however, was small. Complete transformation could only be obtained

by using a tempering temperature sbove 900° F.

The transformation data for the 11.5% Cr steel are shown in Figures

52 to 60, inclusive.
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In Figures 52, 53, and 54 are shown the transformation curves for

specimens cooled from 1700° F. in oil, air and lime, respectively. The

times for 10 per cent transformation were quite low, but there was a

considerable spread to the 50 per cent transformation curve. The austen-

ite was more reactive the slower the specimen was cooled from the hsrden-

ing temperature. Austenite in the oil-hardened specimen transformed in

the low temperature range only up to 30 per cent. The austenite in the

eir-hardened specimen transformed up to 50 per cent at 400° F. at a

minimum time of 60 hours. The comparable value for the austenite in the

lime-hardened specimen was 18 hours at a temperature of 500° F.

In Figures 55, 56, and 57 are shown the transformation curves for

specimens cooled, from 1800° F. in oil, air, and lime, respectively. The

times for 10 per cent transformation were considerably longer than for

the 1700° F. heat-treated specimens. The 10 per cent transformation

curves were the only ones which exhibited high reactivity at the lower

temperature ranges. The minimum transformation times of the retained

austenite at 5000 F. were 0.4, 0.3, and 0.2 hours for the oil-, and air-

snd lime-hardened specimens, respectively. The room Sonperatuge trans-

formation was greater than that at either 212 or 200° F.

In Figures 58, 59, and 60 are shown the transformation curves for

specimens cooled from 2000° F. in oil, air, and lime, respectively. No

highly reactive range at lower temperatures was noted and the 10 per

cent transformation curves closely followed the curves for greater trans-

formations.

The curves in the aforementioned figures do not give any indication

as to the absolute amounts of retained austenite, but show only the times

to transform given fractions of the amount present, whatever it be.
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This missing information may be found in the accompanying graphs,

shown in Figures 61 and 62. They show the relations between the

retained-austenite content in the as-hardened state and the hardening

temperature. Three rates of cooling are shown——oil, air, and lime.

It is clear that the amount of retained austenite increased

sharply with the hardening temperature. In the usual range of harden-

ing temperatures, the amount of reteined austenite increased with the

slowness of the cooling medium. This relation was changed at the

higher temperatures.

The two steels were entirely similar in regards to the above-

mentioned facts. The lower chromium steel, however, had more retained

austenite at all the hardening temperatures used in this particular

study. At higher hardening temperatures, however, from 2050° F. up,

the 1% C - 5% Cr steel contained less austenite while the 1.5% C —~ 11.5%

Cr steel became, except for the carbides, austenitic.

In order to allow a comparison of the minimum end maximum reaction

rates for the two steels and the various heat treatments, these data

have been assembled from Figures 43 to 60 inclusive and presented in

Table IV and V. The minimum reaction rates will be expressed by the

times and temperatures corresponding to the tips of the "bays" of the

curves. The maximum reaction rates will be expressed by the times and

temperatures corresponding to the tips of the "noses" of the curves.

The following facts relative to the transformation characteristics

of the retained austenite in the 1% C - 5% Cr steel were obtained from

Tables IV and V.



1 J

« a

Lor Don vpop getop ms fg sips pa Ap hed wis fb th, Lo .
pee SiR RL i i {noah n cid wae reife idl gt ay wy vyph Be pf 3 9
: php be bebbe tenia fbb i pa eee ep cad bose ee
don bonittin amiable : ei hinitherien  t hnin v
14 r= rete felis, ~pyn fretted feral ogra meno = 2 pres gop «wand .
bo cps ed ET TE LI Ey TECesta IT RI TI a a a a he
Lela. rTP gL credit tea dorado bono $701 Lat
Jn trip ‘ ‘ —t——— - al J ft :

‘ Lo Lg posh yb seb ye vi 7 yt
. WR cpr raa. rea ddl idd 3 Mgr rd to big ka Eg ww

Licaodop mbo igre bee ben Dr bon Tab Chia ch Tao Ty
peti SETTI [I dig dof 5 gp dmb hi vy Tue
bomenbe dea fe bd bebeanLec pp hd te Ld emt md Vet

gb} Poet Baap ek Pade pod tag 4 #[res ITER “bya bd Puloge BEATIN :
3 HT 2 SUE a gird tale, odi fui opto le [EEEE3 3 ¥ yo 3 rl Lr) .

i. Y ai - - =
 1 io

: SA pet pete pied fal =o 5 oe . is

# AEE a cdg gae tad Cae grid 1 da
FER wet ie lls “pee Lrg Shed tarpo det pts ddd yay ceed b dC Ss

wiped dona dee ei eyales iia peste tag Lp
tps rr pad he ee pen fry bd peg bp
dtm nn rT tpt vb

—— ————— — |etFeedpts pant hehrede BSE ET pot Saeed§ = op va ag dd oer dup bp . £9 Ca eg ge pe pie ead NE

11:11, TL A Sk NEREE BE ENE RSET try nit
AE fea Hig bebe Vad
pd Stud ir apech msg | obo foo ig sims on og bs I os iidPy Tid SA begedos yn TH Ta ben CTT

prepbd LAT hn To hued1dUy vo wiped cba ple[I Rs ir AE IEE Siig 101F 0; ia
poh ey cobb Top rE TL

’ ” prirete ihn } id [I TTT
‘ id babe tl dademawmngn Yud.b JE

4 Ha a wimblgavf bop fmolLtsrboredsit . casedstdin ppl etme sg a obec bf ts
wer ey Bhp Deb dT le Cpr pre ce nA
doy chet Pl pdb hebprd gp bl ds 3a pd Ft
frre dna eset pda bial il EF,

Deed dng Lrg od Fata d a cee he ed

hdd ceed rp en Tad dg = ’

ed bag cprid gems blr Bg pe os

ve Rah] Golsede ai bo prt bp et ies abt}.
rob rm te pepe ed ee — “rere nik

Poly safe se i : Che ’

rd nopdaiidin ETpod dedtlbipedSE ay
ro deh fet bat ee oa BAL pl } 1 ra “us

. pms — jo

 ee op Y  pherom
 gp dt bd opi so pegsonoBeE27 oy §wen dlat, URINE SO ivi] i a
tii! Templates mind ii
rede t odd eed [USERS

ore . -t a “ al Le ed oe

CEE TL rr
Cg ea bed pa. by

wed pein wid 3 Loaded Sms wad
rtp het £4 i -

4 2 Sobre beedios .

Cree ve eg ob had gage Lidia gd
oa i ved shape deen BET

: FREE ce alias be
VETTEiH ort ZH.

contre suitsoes bbe cg ce peenl
0 STE ye? ri .

Crt ae ta
rg‘ov ) ode bmg. gouge op

bor og et fa gd ve 4 ad vi [a ig | »
poeple bebopen faefyFa or gopihilemes gifn @ will Jug: hie”Waited, bdrote fe wrfanebet
Fare p kde gla beef ey fa PedClana
Sol. bent a fbi fom d oh 4
al. teat bp tn 9

. ge] gs pie |IR
pom pedo dg Sd fei Srbptny|

4 fp a i § &amp;oinpod pedi 13nd
fdopeids pi Le bel

top de pets d ova tog EE bgt
bm bd op bee Td eedET IR al CE J 3 papa

dn reon thn bin? #4
£ 14t= fpf or rp be gefed42
be : a 13 21g 0 Down * od apd
j= ead era polyp Tanda

PERE broad pnb tae balpn Lp ailen bpd nd ened
I SE I) NE Le beg ay

Hii Fidibe ae cdg td AiPde bop biasbdbadTa hateesti ait Ta doeereiob
Sas : t ? rbd fe poo id heger
Srp Dap toe eho see bed ooh Vode bd
HENNE SHERS EE “rel ee CE ae — jtep{-d

bred fbrfsgfepdb deepmt ofywii STI Ati bod 333
ified Fed bo ng seercaribbean i cap de ad de
odd actly he
 PR IVI ES BE cpbide di eyegn Lio bel gata

” : 5 id i aah Lodger Lot

 TTR TT
whe p Le Epbidepvrbedbee
5 dit ate {rip ry

wevFarJobed Ju [SE EE
peer pet pd eet fe dpe ee dt

Cle ptember ep pep ba
wher pes oy es de Ling .

bY aged bot a TIiY
, seed a

me 1
Spr ied Ly
i 5% kg pk vg dat

san 2 1 Pj 3
- ret oo
Pr. bie ¥ oly

5 Ci 4 a

ssp ig +

vr BRE)vyob
i ¥ Cpeas | coh ops
retin ige tle——— sor rena Ube

7 ion Tita
vb BREE cel

ih :
I oC o edi
’ "wl ; 1 in og ! «. Cae .nt ob eh

esebehedeebbh bl bedded en

: “aa pa " 3
. co , Le RR :

oC Tid
eh © 14

gh td

A

BER.

 a de

Sa

~ dia i Amp

;

, 4

L ol

- ma - wpb iopte* + } tamale pt
1 igi ER EEE
ERNE es EE
: ae = TT
i ¥ 4a 3 [ coder. Aoi

Eh:Bgpen vy+ hes .
teal : vy , ho? ely

EE eh EEEE SeaPage mt be fea % a. }

Cod Ly ty - Co a aed4
- a «te &lt; . ia i. Peover

CT oy y " i
wd Vode Tiel, Rs ; go fe

pride el] hn : ty fie
 bts ib ol — sft koh
i TEE NRT a ae WE  : + Eads

ChRenyyeaby dE bur
i 1.400 fpbid- De . : ce ' .° . gtk yg

[EE CR y p? Tea . + Cee ' 3 . gRpe an

ered epee li die ES Pp
 iti Alliant cs Tb ald
rebpp me af, Soplet 3 os met A me ee fond
gating oe A: ST art
PUREE re yg ied Cai Coit.adiord proto : Lo Lig

1 i " on yo ® : +o. i‘

 aly at ' so La 2 fF igi ona Ca Joo bied ali} 2 : fitegleiiagtipndeslinge ins
LireLrii SpE TEchr donaiiiidns ob weve oon wel veywo}Taf LS WES LSA SELL,
Line rl ce ce bee rs obeion 7

: iL rT voile nd np wy b Cee p is Cy [RE }
pc bel i rt Thc rnb a eR Te Cy
be pf emoned er T tit
PiTibriritaensLibis SA . mr . wray wl rbawid

Coded d coy by Dit Pawo fd vd 4 23 4g pws 1: Spell Jia 3 he

Jl iriberprggfivt ge Pica he Te Ee an peCr SR i Ll bps Lied Ph ide rms  egeyenerepn eben bo GLE CD pn “he db 3a rt jetbe lr iy
Te Tox TN eT ry ATO

AE RL RLHEbn RE AE SESE Hd,1000barifysialipidl
ef 1 «gut Pde cdor fs Bd dbeg 8 poppe full go SaiL RT 1) i: + 4 bflrl]: : IE 5 4 twig . vo Cede og ced ;

CHAE DRLEL = FEAL LEAS LeRit BERRI ELMER HN eede LEALAENLL
 EL HT he ppgrtedl yu dpi tit pinginiiten
43m Pili % dem rrr el pit, on “0.1. sf ela feed

FI Laan 1 poe Fld, Sod wd Fenris lettef bebo grim cold eopen

wp § regulonfp“LhLL ted Lloyd tugel Bd wdfnlfeofrteCLper hernia bre psy
anti wire dy dept Hut Pepa ee iT ir 4 : Pie df Gap. thr cb ky «dud ¥st Fliriifi cg] irre ipsa{0 | } L H :
L — . . man . bret tsb . —— p—

ST phy ni)imipled nd Lute on ith ttt andy
ripping ereiset Ebcbr STL Lor beak ini

eta A La ry i anh idrnin wn eddCero este ry I TTT TRTITTTI ITT TT bir rnb ee dpadE Pr a eel 0 TW
Cop oo § # ow) Peer bbeebldpb eto EE Jame Aird me
Pei pippienf nks Mile Srpibiicit oii hid j-:1.M0
core eb En TE aT ; elt] fy 1

rs % J — wt gs RN wb cy I pend pied miy a

SothoRTTE yt ie
I pepper te ce bibe talaga Lioupacal riod hvala 20k bina tation Jp 58 hn, E ihegon] Lhe fpeoprisftratopoe dtorvongpb ime bode 14
ude] TTT —ebo dit rt rove TTT oh RE
cepa lta i ender bei bee pn ire ynLig ye bd HE poy Sirti Cv 3 sre LT : Lilt bed dhe

Ce ha Ll : cL a? rtren febfretaprioryob orp Lid 7 “emmy iss eds en! ee bit i
sTahRuadvpoadAsd Td eb bebe pea gt gpm rb myv wadebiasds wa opr pe TE ee : T Cen Ted : Ii ;

cp DEH ep Ee TE ET eTIdd dt ddPada le pitt pri Saal eid Litadiitlieeg)gleliet
gre tie Id Lp bp DE eg TELireeeaanyebeHeCot

phil SRE ini bg pron 1, jaf br dere a, GB craig noc bean ay sel. PEE EE = :
: be wabang g - : ade pb = weal : 3 ‘oe

TIE 7 ; . 3 es, IIE TE sep } cer fr io
arr een bie sb fee beg rec Ed Pdetn SO Sihlg two Ty , ronby oad Te irk 1 fy Poni pn ey SE oh

debi gd LDL she dita Det ood re : a Cn Sa

iri i dof HRN mm Th ree “t= groin sede wpe] emp oeet rnc ror ptThs refed 1 {ph IL ATT IR TIRES be ddmmany glide LT PEI X
clipenehtenjnb nh Lt eT RE NIEIEEeE

» aol To Boo ibn ie . gq : Compe b fe . Ll
tue yo rt te eet mpd 3 pI ——rerT

: ] 2a gItr en ry mp PLE rian) Ce sw nplia f +rp ee yee fT TT Sort pl ee py en
obit Hedi: po ili SERRA EE Eo So EINE LIL CE ata ty KL es Pp lili: ; ; er edi er STIR LETT Ly Lp : THEI EER EIR EY wan FLITIE

cdma per erty pert pen tf kopdfn soy gif radon, 1 dogpo Lid fmttidovedrtof aide mit fmm - 2
TTT Pied bp veer nh Bes fed tia4 prin fdappduenntdooflmplCortt FON ti 3
 ETE pa ra hn re pl PIR a aR rn :og od" Sagefed Jebop fot 4 deffoldBoden of Sd) 11.1 rAIribn pri nat pL ib ag idaigd” —- rite: Rae a a : — ' Drra ad Tey an ;

Coes epee AIT TE TE er ERIN PE BETTS EN | SPOR ft IE EkBw EF Eat E50 2 E04¥CIN
whatds {fyi Ld ri dedHioe 2 2 EE ud ir diiti egg Pe TT TRE i ytiil 3 aw | SAE ra ba re ey Ss mpg} so eppa dt ‘ drop ] thio Pe ky 330d ‘1, ty

i brs pi" EEE EEREEESE I wb oon shah eg re he ppd ih fe oAfdratl tale dit Lp, I
voli,8WeEred Shirin LL ft ih ame demir rome end rh beng ried bbbcepteeenfeeduet ’ o eh fo = - 7
 ETT ET Hardening bemperature + OF if EEL ERTE a RE Ree TT Re oo

Clare dey eaten dp SERLyLyphe I : g Aen : 4 4 bo. i ;

pT 3 Sy TTT TTT TTT TT TT To .
CeIn ty dE Ry Eppaaie Th pdt thadedEe met Le .

rE Tr oo Protos ry! ; i i ot hed 1d. : po. ' . . — i

fon pee RE EOOL LT TL 1BO0 90h HT ER A a i Ly ee pty
ie y 3x - clit pW sm A mre r I: : . : 4 Nes omemetniin ray, a rm PremminAe205 J iapy : :Findil } ; — FAN i ry sige = gk pacn = repre rm mda bed wo ce be i =] + = 3 : CTI IN ve ! :

 YT TT rT TT TT TT Tr TT rrTy fete » Cob Ral uli aatad fe pa. ce
fori Looper ip ht o.} 1 ot la win 0 SE apg BE J x wh + . we td a . 3 a i A : ;

le #ia tment on’ i te oth} lege che wa] co 1 ween t : Ie t of 3 &amp; : RENN 2Tr JIG &amp;/: Helation between:theamount of reta austenite and the ke
I preset eng at — - t = T pm . To! . y edn : [IEE , .

dns “1. hardening tempereture fo a: 1%C5%Crsteelgooed EN
cof lalnd tani ay A pA Lp er elif oaky eo gome Jeined mn Krnlmbents

Selim sa ne pn al -8HOWRe broth - RRS i" CT .
a] cipal Pletal 110s on vy ie Se wat - coool

RT gritloa ag. sais fiat SE LE ] YEP i Sl i} a.olor ew 1 . coals l dd {; idni embers

cei isambin4i

eerie

yw, , JUL orioyie
1 2 IE Poe ifr fai”
 TR

diortaAt,
AT ae TonAri ads.

y Pod . byt :

seed fel fd
| SA wip
bro
So ed



~~ ry 7 T A S—— Wr, |————— Seto reerpro ; TT ee Ce .

cosh EIN id Ll sd jt RE Chern gage, Pe bee i ERE apg Loin fpndsoon ddl Lf poled 2 fk Bd peaciepie bid ped dy bg {hee ive Bde pend Cope $1 b J se i Ferberw Yad 2 Ita dtita Lib Pts been at cata r beg be a seth daha bs @ away v ligne goad att bie M
 tribe Rn i a yrfbfel Fp td aid botge AES Cpr ET TT et
 CHILO Lr aE etane li hit sh It LRT ites yusrbgrt eb hip bal pei gd nb PR rr tft £uf 1 3 od of = £-y veg ey beh . oo 11] Selita inion oe
HT RITY a STE ee Biggin Io, rpiebiepptisiade fy

Ce peed Bees boas dg TLR pitas che pda seg bl yw . : ny } ti

 Torte eh TL rr ret LT TET a. a TT MEER- 5 rel fi 3 Pees og Rg ee Torr i bod i bop bgad FI pd eye . Licdon valde ai pmnkhed pad ges etcaErLhrEipaShenlpTELRSEELLLL Lg TEE botiir a tf peat pk Arle
Eb ET RS TT rrr aE ET ge HB TTR py
sorb edd bed adpa ad be baed Be id pd TE SLATE ere an ria of mpemie bn ddan bed a el nail LD

Code Lc ee a Ho terri es hed, Fe Pp deta hne bd def dite fone fe] va od sit 1no Cothepiper eebhrp eb eb pp er pep thet bs ; . ; ] ed Lo Flag B23 gis RAI AN pada :
3 pie ITI Ji-14] bed ig REE = Torr LTH gly, i PE Siabo pity EE , Ce ' La
 mee pd ye RL ERT TL SEEIEPT RR Sane ai serpy te iret Then

i j- As bd foe dehy roe Vode Cp es Pei es sgt a dat 3 had Bak Lo By Loop § = ry ; te - : x ' i Lo . , inro rin = Fi Ld TT 1 Ti + Ee TTT Shree re ra I
—- dw § octiter 4 dekh 2s itt Lrg. 10 gepedophaiaby Lg pd ps 4 ceed | J 1 AEE pa gh 8d pag y pinah 4 te}, ope EAT 141

Sober pa syd iil bad pdt Lp pda t+ chi draping bbe tg veebo 1 ron Miata en apbarifte bebe ei erp eS Te TE pe TS bites Joonaltngiol) tailparp eeHe ei tH bp te [nr Ine rere
 pe rH pr RR aE re Sr To nb pn hg any Blyto TC TS TT I Ta a Hind Leber TELL rp ey CL i
sob bea bl ciespege bide ei be dt Jee hb bde chord et r ably : = idly : i i. : : 1 g

Th he 1 = . TTT hal TT 4 re lye 4 : be gf £ad FE PEeipe &amp; i | yok 2, sid ; Cy Bs B
5 in I" dd Jorenpoper: weir wi 8 foe wow : cee sg bio Les - t 1 ~ a ‘ ! Lo . eb bec, . -CTL hatin Hla) beled 1400S EH RL ee yee howd yg psi ei li trly yi

2121 J3E Byte Lae oh Ti + Ted geri erie defied $e i aE Fly ol Joo lal «yd Seirr plain fe gg ef ee] Hl bo nssint ont Sth «nh Jor oebeitid inch 5 dts pink oh ren mm=ch
iespsogeron hy ; do a rete ddd aa CP : 4 ne) : Aor is pd pes :

: Poche do benLhe aT =r Seb dg Ly Sigd epee [ll Co SE Co ne | Cl t
LULL earop Pood AT hol "a3 aT i By od 2a Co , 1,Spb EA es Lh pn Shp pbs oon ie a } RE:
rig rT Jibrin tiny STL i or co . zt

$e br dda i Res wo Fir chins 4k ted — oC Cy
SoomiperbedrgbpimpedndblDypegeeLy eed bbe ey pili mm nde Bled , ih}

TET pt I rrr oT JRL, | ou Ligh orn Jaden, yl,
Fie bb LB bay og Von Lda PLEYELTEL YT 3 [+117 very. th t be : * 1 }

RT ah i witb SU4 3 : % medio pseg.So aida i, div, — | Sry evi i: oss, So ma tr ret ee rte re Anan CTT
Choo AE ee : . Ty spusdads dado ooc FEEAITTRSS Lu case i 3 ge rhe b
Pheogd Blodget regi don pLiphbnag bby ay ina : E ‘121 BEE i +1 : Foleo wr Litt Ei rt it be [A CT NN —
sted bes bed rei db Ly ER sei ihe ty rtd za de 2 3 CL vit

a data eed wl dk Doge ae - Ted Coe : Pk a i | Cape= FR
Behe dpe ple epee eg fae DedBL NE .. ce bed ope Td fy

: S ‘a Vik ok Ned Aer smog4hot ba Pp bi oll fepd Ty pn” gr: | Tata ind EN en a SayEd PEE Red td say To) Taponihpinbiy ire aa ; eb rb es
se ii Bribe fens Vila poet dy sep memebILLTILT em
rT orhTrt Tre a re LT I Prt nyo Ctoatnaib

Chee baad, LabirT ApeiBBJ Paap en Fir ilai tis, » f= 1: :
“tp preerieerh rere titi Adee. 1] Li :

oped Pas bose To ood * pred oti. dR li pda 2 irre “ ts -

’ —— = d rn bbe te hie etErte — re Ai TTpried * Fy TL § : ) hs ; pb Borden «3 Geko§ vv bow 3 § or 3 oy
A TI TE ke pa en a Iles pry Cor SO ETT eT

Ci ab maha TET Cpe Gp tiahn ban apni
cod iid Cai She dtesidea tha bo rel dentedetecoToth:ovr$i et ebm nga bE 2ALo.

ep eer ber ee ddaene (npr ai LT es Poche hep iiiad ii
\ coda eb Re bey ati oial, A 13.4070 Sh Sealab ee iy
: Cok feeds fade p hb bE cide ao btin gle, ; oti a} : Cheygu Lit pga ss idea decaLlLg tad EERE : tt i Ci : : :

ceo cede LTE vl LTT ead LL |
ThTT Ill or rm tee TIE vedi ee ch i ee i eg ba LY

Tondedd owatonna bec hui by ch Dredor ekes ca Fyre * 3 Ae Pa pede dg
Phresh Lb dat rht oa Si Baro} ey cht pe Ey
Banh Ee | Crd dcdiag sided tegen er fee riots Trbe ted Cae eng $s : : ab fp de is TTR iii TINT os -1- [7

I Ter bo Spr £4 ow CETTE tren h Loh ! LOE lad, Lefts Seon
% I bi is 3 deh 840d 3 +o doa + w Cad a 1 ilyJ rh boo . iE Cen de IT ahaa 4c]! WittE nod Joy

vo eri© med Be Pio Ey fg nordog | ‘| i ] — !
I ee ¥ 3 Commi tt f , Coe 5 = " rc y

$e wom vu w= vag gar wed ow “4 Ck ee ! i og Ys Ema . iE . LC , bE fo
v5 aT Le wd detetebe] df Red erp wap Ppl, Color iy TTChonan on CLTTATgh SL init niitay boo Ly
cea sb ey ad ia HALE Dees at ve an Ll 3nd prcicge) duessng wn 19)

Cmteedd gdb febed debab . r— - wed dob BLOC
Cred Ch Ter hb pra g cee bps boe Sh alee yack pon edba

- 8 igs pi Sof aetod dedi Trend iod -ia ; re anh ed } Lo
Di re it iy ire perder end oboe db ba ges 25 1 39 bend tet wf emang vou oa retoyEfi: tiee Pel LE Fr Feiss Lire : #1 4

Spd dad piel Ld da ep inn .—id "i
: 3 reek : iis I vi Be Test, NENT

Jeans ToT php sd Tiberi ad drain rig,
J 11k. pt! git Fprrpmt Rb 130 dairy mages el Doogieod 1 fel due, om lind N Hn PE - 1 $e y un do fa 1: Ll i ipod HRT AESeni torr ph ecbaees bet Aa Loa 8 cm hod rrr hr Aig d dt br ip

Fg forospis wpinfor be pio - TT : ; ; . 1 : = byl
Paid bee gibi did ge popgefe lodudfd 45. x Bw Flop ae Bown BLA byes hed i . Phyl {
dirty WR {Fag ds Vob 5os Fre aL he Pte 4 pr igg dangle gdfds gga fang ged hot
PLT cfd berg aepeb an dE ded hee PTT TET TERY Dp ae

iN IIH TIT Ri wg ji i: pope : jo
dr -~ ; a oy Try eee t. cies 3 HS geil Eras

Te pode fofop sol J Abi Eg hg 2 lpia binay,vretoedad livid
; LI Ld IT LE Sy, oad dE eeerE TIT DTT
" Seah nly Shs pda Yioigyen oh Tre dii apd! {1r. does be Adri by

TEL pera the be Le TL ad bef Hd deeLrI
ert hr et Bld bina booris be hg no nnputiRR hn ir dE Prey piri bee ti, Mian nd
4h] FIRE ln Ty, Wei rk rir fhe eb Fd Fed A
Tet pbe de rth rte toed bid bd pa td Lilo wool
tps Crh tas LC ope ToT pd ri bre PrlaeTore Ee Flint,mies - Foied JA iL) tags lL Dns ten oer, cd “

CAT La ony Ln Ld TUTE pL Ln, courrierLnbpas AT +E] ol friar pa EE LE LH LE MR Heds
I wey ap 0 geded Be ged fedoded4 hae pete! degen . eitbegdneldLe od cepphpbb ee Lia TT
frend dred by TE Prien Ti at ili) ha idTha is Lopate

- Peeipebr sl free pb EhakihtuibiBiaikiteHieids hia ai dd woke ta ggtd oe Poms Yl de La bio gp ba bhi lad); Slipfrhre Cede ep dd big or Pol od
 EEE LE SER PIE hotelier ero dgado babe na bon sha eb ee es bo] } + *

«nN de Buf fe wands Dads adn Cd ? | : . y . ‘ . - §

- o. hi So choir tn et
~ : : i + | Jib chapel ede pa

CA sr ; . py Ea 5 ! Cirbelolinio mip ae hy

chotdetry Tribe iity ge rial dere dha ed ebro gn ade jwyigiofiils
byessedeaoop d ¥ pndibig £4 04 Solr bye) tes lyn vob Ded bd + : z rea tu islam tren: : viild 4 r¥ daa dt ib. crimeipaki A. ae. Atebr det tony Ter 4EE Law HL] FE Ty £21 ETT Lee ae
CT T tH : ER Ape by Spiga gd crib ta 14: bd .
Tair? SHE Writ iii etna tg et fr ee ag b,
Bigs Bn ud pit pene eben ets 4 i — TT TT
ietpe dd Creag haa be ay cdr beet cer {ip
 gr 4 gq ifedegl phd ido dtl ida btn fled php Spanof dae ater
 iL Lp 3 fon Phebe bigi ra Ed ey PELLpe ETE ne he Rd * ry ,
Leh i PE gee pe i] dnp hee Le Tri i preps Vea

od irhher pig cop EEA pie fA di ea ribbed fret 1
TAST TT TE Vi Calarge Listy

TIL ni pidge EL Priest prs pit Ci pl Tite La lp
LAE Rp Pra hhh LE d odes pb pmb) dad alin bonFin rh re Sippd aan pin

: Ey z 3 lz ; I. 4 et . T T TT

 bebe a tiicn or tg ch pl bas bE Reg aly Cry LD y ig ols 8 sion
SUEDatnpiytd bd bff Mi pebYadegtopalgfeSoneselld
Pi Jr ep Bl Fa rrr Tolge ley dpbrrr LT ovr PA Tht Vl Tedd dwg ae Bh Si coh ge Arg 5 of Bow goed

FidgetysPlog old gey bey d J T it i; om fig mad et fone fpf de
yi ) i ; : i : va ported pdb pe dnp geet ey need § Bisomed z + md RhHERE Trt TI ITT ETT OY rT ee, LCI
ete wd lillelinwy Hed $e aibs pad peg bord pple del ty bet 2 irispos ape bd cfd Id bia Yd doe bp Ld EL dd * lL Soph obemg oie cede TTLTTa
BEER Tat BLES AL ANE ak BEd EIRT AE; i LL i amd fi ype

wy TT 4 i” 0 SO Hl prt pid res iit Pro, SE RE
$-bidon diogupSfpol mon fry ig : fier beim LTA pad Bn TD Eacpt spihd  § Joa Proggiin CLT TG Gn Crs dE ep

Ci mdi [REE REE ih i Ter fii ibaa na i nis vo loix 4 iid :Lobe ian A rE ate rm Cope tet tpobthdddp ie fin dee bes =
= 1g trol epbeppleLi be fed TE Ey COTES ETTT Te EE

: , id ims bbdedbbbebbap bpp Frail ops i DE pert feet d Lipide wd ‘= od; ox pd fat CP rt trite Prone Tali! Dror Topi ann Tn Tn : Corif pri bel ppp rp pe ph Ee pd be fy pple
Lodide - diptd ion pg glplin tipi d lag: Lind di iit, Poly Ll fried! pie dep mas
— te T+ + * ¢ old rs od ohTdee did 3 oor § AE et dds gen oh aig

- Shh chrpraa pre rae ebrp ire pie GIES caidy Blane gd fe pts eyelets ads 8T i 5 Tes doef biog beg pg Heide “oeed pe gs Lo ee pita tsp no bes beTEE Lop | 4 4
Conf Rl I ibid sd pad SIL] 409, | pide]oidge jroo ELT I A TE TTL TTT Glia
Lo i fib nner EERE Shee | dl ; Let Lo rT aiid pda mf ibd fb ffi rg orf mp 4 bk

loa he doger idm es 3 ed fos rpm at nbs sl braidbe poi] : : Pho aida gece Dd ne pd ae . HE EE
ile Pps EA LRT EG TE 3.24 casi wii ff AAT PEEL eg nly0fle fre
TLL. ww gpd ran Loopbie Pilati crepes twigitids SoTL i ad 1dr uaa,Prone iii el sedi he Tn la Sh iol cdg as Loni Poo pdt daddy eg be gd Pd
crispy; eTrlOT bob yd pnb pron bag nba gap } Sy bt : : AE, sites mes eke

, m1” ede ety ed if ted pteey iE . tela : t MELE EU tr* Th to ERE NEPa| pe' | sf en Pripp err bobtd beep hpbb bf edTd eS To Yo ac angdea il wiB bid dogodak 2 5 1

PYeP Yd vg bd vq ban CS RT pa Tr i =f i] SSRETEE LLNS T =i 13s] i 1H] Jui fes “ou 12 Arai bE Pear died bbl 1 Sg Hi cheddar be es bi beg aS eyfy ti bape all
Cb LE LT LT reac birt pri bi bdgsbeige br iid lI ork tend ieigiititgg fl Jip sidedi «popes aed eto LT
Corfe pn LUE ET PEE pf de eR TT TIRE ET ITTTIT TT ded a 2H amarat Te IQEC Lott poritkiiantre ig REIPOUIETR SOO I
PAR Ld peed bg 4 aniline Lwem LH A : : i 1 FAR Le Tad. Boks dul J fbf Be i 1 * PedPoa hpi 3 pra RRA Do Al BAT ToT Arta por ra ei eri te gg EE he sd

: ile Si ep TLE Tyran AEST Dyed 42 fofon fuiogms2fodgud?Co ? ; rh ein— t= crete| mbes3 Piedad ees nbd 21 : 3d 4 ; ais * an rwaborrt . oe Co

 = ; . Seduction Ty : 1 3 1d nh fa Vee HE Ce ee Nl: boa . 30 bg + | .
Tdpaqgod cdi bona dd yibrJED1tdtqopty : if (rr i 3 TE wig Seah robe, 4rdPTE 0 Port i Leora dn he Lg io io : asl Th : raph : :i be br ey aad AE § ooh sorb fied , : CLT Placob le tii Sir AA wad -18900: Cieattoh 2800: crib tad had Tae : iE Lgl

CEVARUN LC A rn ih dia) a Hh ei Tp Thre_ tor Lili nT Senet +3 a CTTrTTIObi ror Tr eT ee eh i re} eer LE COT
rrr rime eroY voyeind ied wer B® - nis reife coed are $ i» 5 sl. ; So o peli d cir ge pm 3 gw ed 3 ] aa Il : #1ein oF } ul : Po Ig dC eee dntcbedad dl adas os Bue | ‘s - Tf : :
i Sc obod chet tl idn'b : { : 8g 1 of" He of CE Tl eo! Le peer

! i . 42H - + G 7g XY, D8 all. | Po :FIGURE 62° Relation between the: amount of ire: BC BURleTA I ANA ee
pr * 4 TY : : HE RE z EE sa bn en cog Tmt j il ns 4 Codd ch diag

ChorHerdeming'temperature:forniaili8 oo dlegp Gr-Btegl cooled i |.
Coloritrovily TR IAT Pio pedaiab amy ob sop er pd cry mm ees pgmerpbeon

cm deb we i pe eee wim goofdodptmodugugwyTTemmETTETE TTYL v o vege § sw 4 Ci
a Ce TEI i a8 shown. grede buy ALLE, 14laiis CL Lota Cava. Lo J], fy ; y 74

Joie tio rd Cota tom If 0a} Shit teedfiarad dag saad cwif.oews rrr ad Tha gli. }2 | Sn vt
wesw hol a goneBeybod gt fdopr fry egret wi wd . ! :

pp——

p——

1

—

settee

RE CLITSrp hi

“yy

ep)
:

1
4

Lo.Poe
A

—-- ptm

tsar



TABLE IV

NOSE TIMES AND TEMPERATURES FOR LISTED EXTENTS OF TRANSFORMATIONS

Hardening
Temperature

ow

Steel Cool
Medium

Hours = Hours om Hours

50

of, Hours re Hours 07

n—

770

LN)

2.7)

L'700)

L200
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TABLE V

BAY TIMES AND TEMPERATURES FOR LISTED EXTENTS OF TRANSFORMATION

Hardening
Temperature

oF.

Steel Cool
Medium

Hours oF, Hours oF.
-

L700 1% C- 0il
54 Cr

od 2 650
&gt;» 1000 200

(015 1100
900

Air
y

017 650
309

Wall
1
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Lime .015 650
5) 400
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1.5 900

1800 il Go
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Jil 610 21000 650

Air &gt;1000 600

&gt;1000 60C

Lime
51000

910
200

2000

1700 1.5% C-
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320

Lime 90
DA0

700
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YYOM Jil
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Hours °F. Hours oF. Hour:

EEaaa
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~The most outstanding difference in behavior of the retained

austenite in the two steels was the region of high reactivity at low

temperatures in the 1% C - 5% Cr steel. The following facts are

relative to this steel:

a. The higher were the retained-austenite contents in the

specimens hardened from a given temperature due to more-slow cooling

from this temperature, the greater were the reaction rates for trans-

formations from 50 to 90 per cent for the 1700° F. hardening, from

30 to 90 per cent for the 1800° F. hardening; but, the lower were the

reaction rates for 100 per cent transformation.

b. The greater the extents of retained-austenite transforma-

tion considered the lower were the temperatures and the greater were

the time values at which the maximum reaction rates existed.

c. The greater the extents of retained-austenite transforma-

tion considered the lower were the temperstures and the greater were

the time values at which the minimum reaction rates existed.

A. The lower the hardening temperature the less the time

reguired to effect any given percentace transformation.

The curves for the low percentage transformations as obtained from

the 1700 and 1800° F. heat treatments for both steels are unusual in

appearance. The abnormality is most apparent in the 1700° F. treated

specimens. This is very likely due to the considerable instability of

the retained austenite resulting from this treatment. The curves were

nade to follow the points because of the definite trends thus indicated.
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2. The retained austenite in the 1.5% C - 11.5% Cr steel could

not be completely transformed at temperatures below 900° F. The

range highly reactive for the retained austenite in the 1% C - 5% Cr

steel was also slightly effective here for the specimens hardened from

1700° F.

The leck of stebility in the austenite retained in either steel

after a 1700° F. heat treatment was further confirmed by the fact that

limited room-temperature transformation would take place. The 2000° F.

treatment did not produce an austenite which exmerienced any transforma-

tion at room temperature. It would prevail to some extent in the speci-

mens heat treated from 1800° F.
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B. Kinetics of the Transformation

1. Heating-to, Holding-at,andCooling-fromtheTempering Temperature

The kinetics of the phenomena attending the tempering of the steels

used were determined in the following way. The hardened specimen was

introduced into the magneto-dilatometer and the furnace power was turned

on. The deflections of the galvanometer and the changes in length of

the specimen were recorded at intervals of 25° F. during heating-to and

cooling—-from the tempering temperature.

The controls were set to give a heating and a cooling rate of 5° F,

per minute for all the runs discussed in this chapter. All of the harden-

ing was done in oil. The magnetic studies were all carried out under a

field of 770 gauss. The time at the temnering temperature of 1000° F.

was &amp; hours.

Figures 63, 64, and 65 are typical of the plots made during a run.

The changes in length and the galvanometer deflections were measured

during the heating-to and the cooling-from the tempering temperature

of 1000° F. A second tempering treatment was likewise studied for each

specimen of the series. The length changes are plotted in inches X 107%

Figures 68 to 69, inclusive, were made by superimovosing the first

temmering curves of the abovementioned runs.

Since the absolute values of magnetization were not important here

and the relative values only were of major interest, the values plotted

were the observed galvanometer deflections, to which the magnetization

values are directly proportional. Furthermore, the constant value of the

coil-deflection was included with the various specimen deflections in

the values titled galvanometer deflections.
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1%C 5%Cr STEEL—OILQUENCHEDFROM1800°F

AND TEMPERED 2 HOURS AT I1000°F
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I%C 5%Cr STEEL— OIL QUENCHED FROM 2000°F

AND TEMPERED FOR 2 HOURS AT I000°F
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In Figure 63 are shown the first and second tempering curves of

a 1% C - 5% Cr steel specimen oil-quenched from 1800° F. The solid

lines designate the course of the first tempering curves and the broken

lines designate the course of the second tempering curves. An applied

field of 770 gauss was used and the total deflections for the coil and

the specimen were recorded. The changes in length were read to+1 » 10

in. but were recorded only to+3X107°in. The dimensions of the

specimens were 4-1/4 in. in length and 1/4 in. in diameter.

The magnetization curves are shown in the upper portion and the

dilatometer curves are shown in the lower portion of the figure.

In Figure 64 are shown the first and second tempering curves of

a 1% C - 5% Cr specimen oil-quenched from 2000° F. The curves of Figures

63 and 64 show that the retained austenite in the specimen hardened from

1800° F. was completely transformed by the first temper and that retained

austenite in the specimen hardened from 2000° F. was not completely trans-

formed by even two tempers at 1000° F. The completion of the transforma-

tion is demonstrated by the coincidence of the heating and cooling curves

(both magnetization and dilation) for the second tempering of the 1800° F.-

hardened snecimen.

=
.

The expansion due to the retained-austenite transformation in the

1800° F.-hardened specimen was considerably less than the two contractions

experienced during the heating period. When the much greater amount of

retained austenite in the 2000° F. hardened specimen transformed, however,

the coincident expansion resulted in an over-all increase in the room-

temnerature-lenzth of the specimen.



51

During the two-hour-hold of the specimens at 1000° F. an increase

in magnetization was always produced. However, in the 1800° F.-hardened

specimen the change in length was one of expansion while in the 2000°F.-

hardened specimen it was one of contraction. This can be explained by

the fact that the amount of retained-austenite transformed at 1000° F.

was greater for the 1800° F.-hardened specimen.

It should be noted that the courses of the second-tempering heating

(magnetization) curves bear no relation to the first-tempering cooling

(magnetization) — This is proof that the sharp rises in the cooling

curves were results of austenite transformation and not results of curie

transformations.

The second-tempering heating (dilation) curve of the 2000° F.-

hardened specimen showed the same contractions as the first-tempering

heating (dilation) curve but to a lesser degree. This indicated that

the transformation of retained austenite during the cooling from 1000° F.

produced a state similar to the transformation pf primary-austenite

during the cooling from the hardening temperature.

Only one of these double~tempering runs is given for the 1.5% C

11.5% Cr steel. Figure 65 shows the first and second tempering curves

of a 1.54 C - 11.5% Cr steel specimen oil-quenched from 2000° F. The

close similarity of these curves to the corresponding ones for the 1% C

5% Cr specimen should be noted.

Another interesting fact comes from the vertical portions at room

temperature of the cooling curves, both magnetization and dilation.

These lines revresent the increases in macnetization and in dilation

that occurred over a period of 12 hours (the time interval between the
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completion of the first, and the start of the second tempering run)

They can only be explained as being attendant to room temperature

transformation of the retained sustenite.

Fourteen of these runs were made, seven for each steel. The

heating-magnetization, cooling magnetization, heating-dilation, and

cooling-dilation curves for the first tempering operations of the

seven runs for each steel were each assembled on separate plots by

super-imposing them. Thus, the displacements of the curves are not

relatively significant.

In Figure 66 are shown the heating (magnetization) curves of

14 C —- 5% Cr specimens oil-quenched from 1700, 1800, 1850, 1900, 2000,

and 2200° F. The cooling (magnetization) curves are shown in Figure 67

The heating (dilation) curves are shown in Figure 68, and the cooling

(dilation) curves are shown in Figure 69.

From these curves the following facts may be obtained:

a, Transformation of the retained austenite occurred during heat-

ing in the specimens quenched from 1700, 1800, 1850, and 1900° F.

h. This transformation upon heating was less in extent the higher

the quenching temperature.

tc. Tn the range 450 — 550° F. each of the seven heating (magnetiza-

tion) curves displayed a drop of greater slope than in the preceding por-

tion of esch —

~ The phenomenon whose msgnetic effect was mentioned in (c) caused

2 contraction over the same range in the heating (dilation) curves.
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The contraction observed in the range 275 - 350° F. of the

heating (dilation) curves was not attended by a magnetic effect.

I+ The transformation of the retained austenite that took place

upon cooling from the tempering temperature was greater in extent (1)

the lower the extent of the austenite transformetion that took place

during heating, and (2) the greater amount of austenite retained by

the quench.

vy
-
wh.

g. The retained austenite in the 1700° F.-guenched specimen was

all transformed during the heating-to and holding-at the tempering

temperature (1000° F.).

he. Progressively smaller amounts of the retained austenite in the

1800° F.-, 1850° F.- and 1900° F.-quenched specimens were transformed

during the heating-to and holding-at periods and progressively greater

amounts of their retained austenite transformed during cooling from

1000° F.

.. The austenite transformation that existed during the cooling-

from 1000° F. of the 1800° F.-, 1850° F.-, and 1900° F.-quenched speci-

mens started close to 800° F. and finished close to 500° F. ( An ex-

ception was the 1900° Poncho specimen, in which a small second

stage of the transformation started below 150° F.).

jo. The transformations of the retained austenite in the 1950° F.-

2000° F.- and 2200° F.-quenched specimens were definitely two-stage,

with the second stage the more marked one.

k. In two-stage transformation, the first stage started close

to 800° F. snd the second close to 230° F.
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In Figure 70 are shown the heating (magnetization) curves of

1.5% C — 11.5% Cr specimens oil-quenched from 1700, 1800, 1900, 2000,

2050, R100, and 2200° F. The cooling (magnetization) curves are shown

in Figure 71. The heating (dilation) curves are shown in Figure 72,

and the cooling (dilation) curves are shown in Figure 73.

From these curves the following facts may be obtained:

2. No transformation of the retained austenite occurred during

neating .

0. The slopes of the heating (magnetization) curves for the

steels quenched from 1700, 1800, 1300, and 2000° F. were of two kinds:

(1) practically level before 500° F. and (2) fairly steep beyond 500° F.

c. The heating (magnetization) curves of the specimens quenched

from 2050, 2100, and 2200° F. were straight lines parallel to the abscissa.

d. The heating (dilation) curves for the specimens quenched from

1700, 1800, 1900, and 2000° F. showed two contractions--one over the

range R75 - 350° F. and the other over the range 450 - 550° F.

e. The heating (dilation) curves for the specimens quenched from

2050, 2100, and 200° F. were straight lines of much greater slopes

than the over-all slopes of the curves mentioned in (4d).

®. No retained austenite transformed during cooling of the 1700° F.-

guenched specimen. Some transformed to a slight extent in the 1800° F.-~

quenched specimen. The transformation proceeded to a considerable extent

in the 1900° F.- and the 2000° F.-gquenched specimens. No transformation

was noticed in the 2050° F.-, 2100° F.-, and 2200° F.-cuenched specimens.
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t
ny The transformations during cooling started at 600° F. for

the 1800° F.-and the 1900° F.-quenched specimens and at 325° F. for

the 2000° F.-quenched specimen.

2. The Effect of Temperature and Time at Temperature

The curves in Figure 74 show the effects of tempering temperature

and time at temperature upon the transformation of retained austenite

in specimens of 1% C - 5% Cr steel oil-quenched from 2000° F. In all,

the rates of heating and of cooling were identical (5° F. per minute).

Curve 7 shows the transformation that occurred as a result of a 48-hour

temper at 1200° F.; curve 6, 48 hours at 1100° F.; curve 5, no holding

time at 1200° F.; curve 4, 48 hours at 1000° F.; curve 3, no holding

time at 1100° F.; and curve 2, no holding time at 1000° F. Curve 1 shows

the magnetization changes, common to all of the specimens, exverienced

during heating to the tempering temperatures.

It is to be noted that the retained austenite could be made to trans-

form on heating if the temperature were high enough. The 2000° F.-guench

eliminated the transformation on heating that would begin at 525° F. for

a lower temperature quench; however, transformation resulted on heating

to a temperature of 1140° F. The other treatments, with the exception of

the temper with no hold at 1000° F. and 48-hour hold at 1200° F., resulted

in a two-stage transformation of the austenite during cooling. One stage

started below and near 700° F. and the other below and near 300° ¥. The

austenite could be transformed in one stage during cooling either by
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using ean elevated-temperature temper for a long time, or by

using a lower-temperature temper for a very short time. In the

former case, the transformation started at a temperature near 700° F.,

wnile in the latter, it started at a temperature near 300° F.

3. Effect of Rates of Heating-to end Cooling-from the Temperine
Temperature

It is to be expected that the time of heating to any particular

tempering temperature is of important concern to tempering reactions.

It is, however, not usually expected that the time of cooling from the

tempering temperature is of significance to these reactions.

The following curves point out the need of adopting a standard

practice of heating and cooling for any series of experiments. In

Figure 75 is shown the effect of varying the heating time upon the

tempering reactions of specimens of 1% C - 5% Cr steel air-cooled from

1800° F. All measurements were made under a field of 1000 gauss.

Curves 1' and 1 represent the changes in megnetization which resulted

from a 5° F. ver minute heating period, a two-hour hold at 1000° F.

and a subsequent 5° F. per minute cooling period. Curve 2 shows the

effect of a rapid heat (67° F. per minute) to the tempering temperature

with the following treatments identical to those for the first specimen.

The austenite transformation during heating was suppressed and transforma-

tion did not occur until the specimen was cooled below 700° F. Curve 3

shows the effect of a rapid heat (67° F. per minute), no holding time at

the tempering temperature, and a rapid cool (17° F. ver minute). This

treatment suppressed the transformation so that it took place to a

limited extent only upon cooling below 250° B
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Figure 76 gives similsr information for another treatment on

specimens of the same steel--0il quenched from 2000° F. These measure-

ments were made under a field of 770 gauss. Curve 1 shows the cooling

of a specimen heated to 1000° F. at the rate of 5° F. per mihute and

held there for 48 hours. Curve 2 shows the same for aspecimen treated

similarly with the exception that the heating rate was 67° F. per

minute. Although the 48 hours had equalized the reactivities of the

two steels so that they underwent the transformations upon cooling at

the same temperatures the total transformation was less in that specimen

heated rapidly to the tempering temperature.

Curves 3, 4, and 5 show the effect of rate of cooling from the

tempering temperature upon the transformation temperature. All three of

the specimens (curves 3, 4, and 5) were heated rapidly (67° F. ver

minute) to the tempering temperature (1000° F.) and then cooled immediately

to 400° F. at rates of 5, 15, and 30° F. per minute. The transformation

temperatures were continuously lowered.

Tt is evident that for a series of tempering experiments from which

relative values are desired the heating and cooling rates must be main-

tained at a constant value.

4, Effect of the Rate of Cooling from the Hardening Temperature

It is now a generally accepted principle that cooling rates exceeding

the critical result in less retained austenite because of the effect of

stresses. This is well born out by the Table VI showing the relation
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TABLE VI

EFFECT OF THE RATE OF COOLING FROM THE HARDENING TEMPERATURE ON THE

AMOUNT OF RETAINED AUSTENITE

Steel - 1% C - 5% Cr

Quenching Temperature - 1800° F,

Time at Temperature - 1/2 hour

Applied Field - 1000 gauss

Cooling
Medium

Per Cent Retained Austenite

Furnace cool

1800° -~ 1300°

Furnace - 950°

furnace - Lime

Water

0il

Air Blast

S+il1l Air

Lime

1800° - 950°

Furnace - Lime

14

18

2

24

26.9

&gt;
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between the amount of retained austenite and rate of cooling from

1800° F. The amount of retained austenite increased with decrease in

the cooling velocity, up to a limit slightly less than the rate of lime

cooling.

The curves in Figures 77, 78, and 79 also illustrate this principle.

Figure 77 shows the changes in magnetization (field of 265 gauss) with

temperature, up to 775° F., for specimens heat treated from 1800° F.

Curves 1 and 2 are heating (magnetization) curves for specimens of 1% C -

54 Cr steel cooled in lime and in brine. Curves 3 and 4 (shown as broken

lines) are cooling curves corresponding to curves 1 and 2. The specimens

were cooled immediately after they had reached 775° F.

Figure 78 also shows the changes in magnetization (fields of 265

and 1000 gauss) with temperature, up to 1000° F., for specimens heat

treated from 1800° F. Curves 1 and 1', 2 and 2', and 3 and 3' are heat-

ing (magnetization) curves of specimens cooled in lime, in air, and in

water, respectively (the primes designate curves measured under a field

of 1000 gauss). Curves 4 and 4', 5 and 5', and 6 and 6' are cooling

(magnetization) curves corresponding to curves 1 and 1', 2 end 2', and

2 and 3!.

Figure 79 shows the changes in magnetization (fields of 265 and 1000

gauss) with temperature up to 1000° F. for specimens heat treated from

1700° F., Curves 1 and 1', 2 and 21, snd3and 3' represent air-, water-,

and lime-cooled specimens. respectively. Curves 3 and 3!', 4 and 4' and

5 and 5! are cooling curves corresoonding to curves 1 and 1', 2 and 2' and

Z and 3!
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In Figure 80 are shown the heating (dilation) curves of specimens

of 1% C - 5% Cr steel cooled from 1800° F. in water, in air, and in lime.

from the figures given in this section the following facts may be

obtained:

9. The amount of austenite retained in specimens hardened from

1700° F. and from 1800° F. was increased with a decrease in the rate of

cooling from the hardening temperature.

b. The more slowly cooled the specimen the greater the amount of

austenite that transformed during heating-to and cooling-from the temper-

ing temperature.

c. The retained austenite in the specimens tempered to 775° F.

without any hold at temperature transformed only slightly during cooling

below 250° F. The heating period of 2 hours at 1000° F. resulted in trans-

formation of considerably greater extent during cooling below 700° F.

d. The heating (dilation) curves of the specimens cooled in water,

in air, and in lime showed two contractions and one expansion.

e. The contractions in the first range, R75 - 350° F. were more

pronounced the more vigorous was the method of cooling.

F. The contractions in the second range 450 - 550° F., were

practically equal in extent.

o¢. The expansions, in the range 550 - 850° F., were more pronounced

the slower the method of cooling.
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5. The Effect of Stress on Magnetism

Virtually all hardening treatments of metals will produce residual

stresses. The quench-hardening of steels produces residual stresses

of two kinds: macro and micro. The macro stresses come under the

category of stresses produced by inequality in cooling rate across the

cross section or length of a specimen. The micro stresses are produced

by the formation of martensite from austenite; thus the interfaces of

the austenite and martensite regions are localities of high-stress con-

tent. The integrated stress in a quenched steel has been resolved into

components in the longitudinal, tangential and radisl directions by

Buhler, Buchlotz, and Schu1z (34)

Accordingly, any study of tempering must necessarily be concerned

with the phenomenon of stress relief, especially so when that study

relates to the kinetics of tempering.

It is well known that the magnetic properties of a metal are

affected by the state of stress existant in that metal. This effect

is most noticeable at the lower field strengths.

At saturation the effect of stress is lost. This has been shown

to be true for stresses produced by cold working by Messkin 8) amo

measured the saturation induction of cold-worked 0.78 per cent carbon

steel, and by Buehl, Hollomon, and Wulre(88) whose measurements will

be discussed below. From the literature surveyed, it cen be said that

no proof of the stress independency of magnetization at high-field strengths

for steels hardened by quenching has been given.

According to Buehl, Hollomon and wales (88) tne presence of strain can
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be ascertained by a plot of magnetization against Zp The extrapols-

tion to infinite field should give the same magnetization for specimens

which differ only in their strain content. They applied this method in

their investigation of cold-worked stainless steel. The increase in

magnetization produced by a holding period near 600° F. was found to be

Jue to relief of internal strain.

An investigation was made of the relief of stress in hardened

specimens of the 1% C — 5% Cr steel (Figure 81). The specimens were oil-

quenched from 1800° F. The magnetic study of the preceding section,

Figures 78 and 79, revealed two distinct trends of interest to this

particular discussion. At both high end low fields (1000 and £65 gauss,

respectively) there was a general drop in magnetization with temperature

up to 300° F. From 300° F. the magnetization remained constant at high

field and increased at low field. This behavior suggested that stress

relief occurred in the range, 300 - 480° F.

One specimen was then tempered to 300° F. and one was tempered to

450° F.; both were not held at the draw, and were heated and cooled at a

rate of 50 F. per minute. The field-magnetization relation was determined

for each specimen, and then from this date, plots were mace of megnetiza-

tion sgainst 20 (Figure 82). Although the divergence of the two curves

at low fields was rectified at the higher fields, the curvature made

extrapolation to infinite field difficult. A repetition of the plot

against £ (Figure 82) gave better results. The main point, however,

je that the difference in megnetization of the two specimens which was

marked at low fields disappeared at high fields, thus proving that the

jifference in the specimens was their stress content. In other words,
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the increase in magnetization noticed at low fields upon tempering a

hardened specimen of 1% C - 5% Cr in the range, 300 - 450° F., was due

to stress relief. This was later shown to be true for the 1.5% C -

11.5% Cr steel.

The coercivity changes in these two specimens were also of bearing

to this question. In the as-quenched state the coercivity was 60.5 gauss.

The temper at 300° F. elevated this to 64; but, the specimen tempered at

450° F. only had a coercivity of 48.5. These data coincided with the

proposition that stress relief occurred between 300 and 450° F. The

property of coercivity is, among other things, a measure of the strain

in a metal. It should be expected then that the stress-relieved specimen

would have the lower coercive force; the above data verifyed this completely.

The question of the interpretation of coercivity is, indeed, a moot

"me. Many attempts have been made to relate it to mechanical hardness,

but the discrepancies are numerous. ¢1&amp;) (58) (41) Dean and clayton(74

have claimed that there is a complete lack of parallelism between the

two; they proposed that coercive force was a function of the internal

surface. The incresse of coercivity with grain size has been reported

for electrolytic iron sheet by Dahl, Pawlek and Pfaffenberger(o2) .

roster 2 wponosed a relation between the coercivity of tempered steels

snd the carbide particle size. Regardless of the relation between

mechanical hardness and coercivity, the introduction of strain which pro-

duces increacges in mechanical hardness also precduces increases in

* $ &gt; * (42) * * - &gt;

coercivity. Liwshitz found an increase in the coercivity of steel

wire with an increase in the extent of cold-drawing. This relation was
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also found by Messkin (2°) when the strain was introduced by cold rolling.

One point that is above contention, however, is that for any given steel,

its coercivity is a direct function of the stress content, other factors

being eliminated.

Two objections mey be raised, however, to the conclusion that the

rise in magnetization intensity of a quenched specimen with temperature

in the range from 300° F. to 450° F. was a result of stress relief. One

possible objection that could be raised is that this rise is similar to

the phenomenon of the rise in magnetization immediately preceding a curie

point observed at low field strengths by Honda, Masumoto, and Kaya 16),

and pussler t4) This objection may be considered untenable when the

fact is recognized that these changes were irreversible; that is, the

steel has undergone a permanent change upon the experience of passing

through the range 300 - 400° F. subsequent to a quenching treatment

(See Figure 80).

The other possible objection is that this rise in magnetization in

the range 300° F., to 450° F. is due to agglomeration of carbides pre-

viously precipitated from the martensite. This process should, however,

recult in a softening of the steel. This was not observed. The hardness

was found to be constant at 58 to 59 Rockwell C on tempering in this range.

The above evidence seems quite convincing that the phenomenon of a

rise in magnetization intensity with temperature at low field strength

in the range 300 - 400° F. is due to stress relief.

An experiment was conducted on a hardened plain-carbon steel. The

results are shown in Figure 83. The steel contained 1.25 per cent carbon
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and was water-quenched from 1900° F. Measurements were made of maegneti-

zation versus temperature during the heating-to and cooling-from 1000° F.

at the rate of 5° F. per minute). One series of measurements were made

under an applied field of 265 gauss. The lower field curves should be

compared with those of Mikami given in Figure 5, Chapter III - C.

The portion of these curves that is believed produced by stress

relief is the second rise in the low-field curve. This view has also

been adopted by Ellinger SL),

In order to find out if the relief of stress produced by cold-

working occurred in the same temperature range as did the relief of stress

produced by martensite-hardening, the following experiment was run.

specimen of Wemco iron was cold-swaged to a reduction of 56 per cent

in area. Magnetization versus temperature curves were made at fields

of 265 and of 1000 gauss. The low-field curve was a straight line and

the high-field curve showed a gradually increasing drop. These results

showed that the relief of stress produced by cold-working does not

occur in the same temperature range as does the relief of stress nroduced

by martensite-hardening.

6. Effect of Cerbide Precipitation

In all the heating (magnetization) curves, except those that

represented specimens containing no martensite, a change in slope

started at 450° F. and was completed at 550° F. In this same range the

hesting (dilation) curves showed a contraction. Henceforth, both the
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change in slope of the magnetization curve and the contraction of the

dilatometer curve shall be referred to as breaks.

The question has arisen as to whether or not these phenomena are

attendant to a curie point. The factors in favor of a curie point are:

a, The (magnetic) break occurred in both steels and for all guenches

which did not give 100 per cent austenite, in the same temperature range.

b. The phenomenon in question was followed by austenite transforma-

tion in the specimens of 1% C - 5% Cr steel hardened from 1700 and 1800° F.,

but was not followed by austenite transformaticn in specimens of the same

steel quenched from higher temperatures nor in any specimen of the 1.5% C -

11.5% Cr steel.

The factors which are not in favor of a curie point are:

a, Coincident with breeks in the magnetization curves were breaks in

the dilatometer curves which represented considerable contractions.

b. The breaks in the dilatometer curves of plain carbon steels at

the curie point of the carbide showed slight expansions.

2. No breaks occurred in the two annealed steels of this investigation.

An experiment was conducted to settle this question by find out if

the process was reversible. The results are shown in Figure 84.

A specimen was quenched in oil from 2000° F. and was then tempered at

BOO° F. Starting at 500° F., the magnetization curve showed a drop, the

intensitv of which increased to 550° F. and then attained a constant value.

The dilatometer curve showed that &amp; contraction existed simultaneously.
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Holding at 600° F. for 20 minutes resulted in continued contrac-

tion and a slight increase in the magnetization. Upon cooling, no

sharp increase was noticed in the magnetization in the temperature

range wherein a sharp drop had been noticed during the first heating.

The second heating and cooling curves showed no change in this range.

This means that the break noticed during the first heating was

either due to a curie transformation or that if it was a curie point

the carbide exhibiting it was decomposed by the heating period at 600° F

Honda and Murakami (have shown that carbide decomposition may occur.

However, the temperatures necessary to effect this decomposition were of

the order of 1300° F., much higher than the temperatures considered here.

The large contraction that attended the process, however, was the most

forceful proof that a curie point was not present.

The process that will explain all these facts is carbide precipite-

tion. The only disturbing fact is that the first cooling (magnetization)

curve of Figure 84 comes back above, and not below the first heating

curve, This may be explained, however, as being the result of a change

in the temperature-coefficient of the steel. The curves in Figure 85

show that a change in the temperature-coefficient can be produced by

merely heating to 425° F., which was below the carbide-precipitation

rence.

It is believed, then, that the process may be described as follows:

Carbide containing some iron, as well as molybdenum and chromium, rre-

cipitated from the martensite. The drop in the magnetization was caused

by the loss of iron. The temperature coefficient of the new state of the

specimen was greater than that of the unprecipitated state. Thus, the

~urve on cooling comes back above the heating curve
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7. Multiple Tempering

The heating (magnetization) curves of Figure 66 (Chapter VII)

show the retained austenite in specimens of 1% C - 5% Cr steel oil-

quenched from 2000° F. did not transform at 600° F. during heating at

the rate of 5° F. per minute. Figure 74 (Chapter VII) shows that the

retained austenite in these specimens will transform after being heated

to 1C000° F. snd immediately cooled. The sustenite will transform during

the cooling into tetragonal martensite. The austenite left in the steel

has been to some extent reactivated; for it will not start to transform

at room tempersture. Room temperature transformation could not be found

in the untempered specimens.

It was thought that the active austenite that remained after the

first temper would now transform, during heating, at 600° F., as did the

sustenite in specimens hardened from 1700° F. and 1800° F. The results

of three temperings to 1000° F. with no hold at temperature on a specimen

of 1% C - 5% Cr steel oil-quenched from 2000° F. sre shown in Figure 86.

It can be seen that the activity of room-temperature-transformable

austenite increased with the number of temperings. The expected trans-

formation during heating, however, did not take place.

Several other important observations may be made from these curves.

First, the three successive heating (dilation) curves all showed two

contractions during heating, but were of diminished intensity in each heat-

ing. It has been proved by the X-ray study that the austenite transformed

below 250° F. into tetragonal martensite. It can be further said that
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martensite will form from the austenite that transforms on each tem-

pering-cooling providing that the trensformation temperature is below

250° F. This is proved by the existence of the two contractions men-

tioned above, the first for tetragonal-martensite tempering and the

second for precipitation of carbide from the cubic martensite.

Second, the temperature of the austenite transformation decreased

2s the number of temperings increased.

An experiment conducted (notshown in thesis) on a specimen of the

1.52 C - 11.5% Cr steel quenched so as to be composed of only austenite

and carbide gave results which substantiated the above conclusions.

After some of the austenite was transformed, no increase in reactivity

during heating was noted. The second nealing (magnetization) curve

showed the drop at 450° — 550° F. and the second heating (dilation) curve

showed the contractions at 250° - 375° F. and at 450° - 550° F., whereas

the first heating curves were straight lines. This all seems to prove

that martensite was responsible for the phenomena of the heating curves.

While a certain extent of transformation could be produced by

either a long hold or by numerous short holds at temperature, the resultant

effects were different. That is, the time of holding at a temperature

sbove 900° F. could be chosen so that almost all the austenite transformed

during cooling into martensite. By numerous heatings and coolings the

sustenite could be transformed to the same extent as before, but all the

mertensite, except the last to form, would be tempered and stress relieved.
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X-ray Results

le. Determination of the Amount of Retained Austenite

The Gardner method was applied to the steels of this investigation

with the hope that through the data obtained, the field dependency of

the magnetic method for the determination of the retained-austenite

content could be evaluated.

Specimens of both steels were used. The X-ray specimens and the

magnetometer specimens were hardened together at each tempersture.

All heat treating was done under vacuum.

The results obtainedfrom the X-ray and the magnetometer study

agreed in general but not in detail. Most important of all, the ratio

for the 100 per cent sustenite state could not be obtained. The X-ray

method gave different amounts of retained austenite for different por-

tions of the specimen. The magnetic method is an integrating one and

is affected by the austenite in all parts of the specimen. Typical

results are shown in Figures 87 and 88.

Although exact values could not be obtained, the results of the

X-ray study substantiated the results of the magnetic study. The

amount of austenite was found to increase in both steels with increase

in hardening temperature. Beyond 2000° F., however, the 1% C - 5% Cr

steels were found to contain decreasing amounts of austenite; the 1.5% C

~- 11.5% Cr steels to increase in austenite content. Below 2000° F. the

slower the cool the more austenite retained; above 2000° F. the relation

did not hold.



VACUUM COOLED FROM
TT 2R200°F

I3°%
S 8 3
¢ &amp;¢
» w ¥

ro

$03
¢
“ u

VACUUM COOLED FROM

2000 °F

yo»
&lt;{
-

Le

Lt

§ VACUUM COOLED FROM

1700 °F 3

i

\

v
4

ANNEALED"
 -

\
}

LY
\

. &amp; JW L
!

o T x 9 3 .
® S TT 8 S =
§ ¢ TT 3 3 o[%o4 5 © UO &lt; EL ~ Lg

x
OU

FIGURE 87 MIECROPHOTOMETER TRACES OF
19% C 5%Cr STEEL HEAT TREATED AS SHOWN.



VACUUMCOOLED FROM
2rQ0 °F

TTF
L XK» u's tan

VACUUM CQOLED FROM
2000 °F

No
NJ¥ IS

S “_ a)

¢ WL
uw ¥

 =»

VACUUM COOLED FROM
1700 *F

 MN
.

i $s3
i
ad3

»
-
3
Q

od,
&gt;a

ANNEALED

i

5 S
x vo 3
S 5% 3

1

&gt; ”

8 &gt;
- td
-T » A

FIGURESS. MICROPHOT OMETER TRACES OF
15 %C /1ELCr STEEL HEAT TREATED AS SHOWN.



' 55

An interesting observation from these figures was that the

tetragonal martensite doublet was only apparent in the hardened steels

that contained considerable quantities of austenite.

The X-ray method requires a specimen of the steel in the completely

austenite state for calibration purposes. Neither of the two steels

studied could be made completely austenitic. The 1.5% C ~ 11.5% Cr steel

could be made non-magnetic, but an examination of the micro-structure

(Figure 95) showed the presence of carbides. The carbides present in

the 1% C - 5% Cr steel could be dissolved but martensite was always

present along with the austenite. In order to obtain the density ratios

for the 100 per cent austenite states of the two steels, estimates had

to be made of the amounts of the extra constituents.

Two other factors made the X-ray method unsuitable for determining

the retained austenite contents in these steels. The first factor was

the "skin effect." That is, the hardened specimens had more austenite

in the core portions than in the surface portions (probably due to com-

pression stresses exhibited by the surface portions on the core). The

secohd factor was the segregations in the steels. The first factor

could be eliminated by careful grinding followed by deep etching of the

cround surface. The second factor, however, could not be eliminated.

2. Kinetics of Tempering

Although the X-ray study for the purposes of determining the re-

tained—austenite content was not fruitful, some very fundamental in-

formation was obtained from the X-ray study for the purpose of clarifying

the kinetics of tempering.
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lt was found in the microscopic study that no heat treatment used

resulted in complete dissolution of the carbides in either of the two

steels. These carbide lines may be seen in the traces of the annealed

specimens (Figures 87 and 88). They were not, however, visible in the

photograms of the heat-treated 1% C — 5% Cr steels. One carbide line

only was visible in most of the photograms of the heat-treated 1.5% C

11.5% Cr steels. The position of this carbide coincided with the car-

bide shown in the extreme right-hand side of the trace of the annealed-

speciments rvhotogram, Figure 88. In both steels the carbide lines oc-

curred in the same places as &amp;n sustenite line and a martensite line.

This superimposition distorted the tetragonal-martensite doublet in the

1.52 C - 11.5% Cr steels, as can be seen in the microphotometer traces

of Figure 88, and prevented accurate measurements of parameter changes.

Both steels had the same ferrite parameter in the annealed state—

2.854 Angstrom units. The visible carbide lines indicated that the

carbides in the two steels were different in composition.

The axial ratio of the tetragonal martensite in the quenched steels

could be determined accurately in the specimen of 1% C - 5% Cr steel

hardened from 2000° F. This ratio was 1.035 in the quenched specimen;

end was graduslly reduced to unity by tempering as shown in Figure 89.

The dilatometer studies showed that the contraction which accompanied

the change from tetragonal to cubic martensite occurred in all the

quenched steels (except those quenches which produced no martensite).

Tt was expected that the cause of a second contraction noted upon

temnrering through the range 450 — 525° F. was carbide precipitation.

As can be seen from Figure 90 no carbide lines were visible in the
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photograms of the tempered specimens. This can be taken to mean that

either none were present, or, more probably, that they were too finely

divided to give a line on the photogram. A study of the change in the

ferrite parameter, however, disclosed that precipitation did occur. Al-

location of this precipitation could also be made. The austenite parameters

remained, with the precision of the measurement, at 3.596 Angstrom units

while the ferrite paremeter changed as shown in Figure 89. This meant

that the precipitation occurred from the martensite.

A 1% C - 5% Cr steel specimen oil-quenched from 2000° F. was used

for the study. (Because of interferring carbide lines, measurements on

the 1.5% C - 11.5% Cr steel could not be made.) This specimen was

tempered successively for one-half hour periods at temperatures of 212,

300, 400, 500, and 600° F. After each temper a photogram was made.

The parameters of the ferrite and austenite lines were measured. The

ferrite parameter changes are shown in Figure 89. Also plotted in

the same figure are the results of a dilatometer run made on a similarly

treated specimen. It is to be noted that the first contraction is ac-

companied by a closing of the tetragonal-martensite doublet and that

the second contraction is accompanied by a decrease in the ferrite

nerameter.

A most important result of this investigation was obtained by

increasing the tempering temperature further. It was found that during

the cooling from a tempering treatment of 100 hours at 980° F. the

sustenite in a 1% C - 5% Cr steel vacuum-hardened from 2000° F. was

transformed to tetragonal martensite. Microphotometer traces were made

of the pvhotograms of this study and are shown in Figure 90.
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The heating was all done in a vacuum, but the quenching was done

by breaking the vacuum and quenching in oil. The top trace shows the

lines of the as-hardened state. After tempering at 400° F. for 1/2

hour, the tetragonal doublet was closed. The reason for the lower in-

tensity of the austenite line was not that some austenite transformed,

but rether that the re-etching of the surface after the tempering treat-

ment exposed a different portion of the steel to the X-radiation.

The third trace is the illuminating one, for it proves that the

austenite transformed into tetregonal mertensite. The axial ratio,

1.027, shows that the trensformation occurred during cooling close to

200° F.

It should be noted that the traces given in Figure 90 were made

from the vhotograms of one srecimen. This specimen received successively

the treatments indicated. Then, the last trace is highly significant.

Tt shows that the two neaks were closed by the temper and thus were

actually due to tetraconal martensite.
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De Microscopic Results

A systematic study of the microstructures was not undertaken

because of the interference of the carbide structures.

All photomicrographs were made at 2000 msgnifications unless

otherwise noted. The specimens that contained mecrtensite needles were

tempered one-half hour at 400° F. (in some instances at 800° F. and

500° F.) to darken the martensite.

Figure 91 shows the microstructures of the annealed states.

Carbides of various sizes may be seen. The heavier carbides were

generally located in bands parallel to the rolling direction.

Figures 92 and 93 show the microstructures of 1700° F.- and the

1800° F.~vacuum-huardened states, respectively. The amounts of carbides

are only slightly less than in the annealed states. A grain-boundary

delineation may be seen in the 1800° F. structures.

The grain-boundarv effect is more clearly shown in the microstruc-

tures of Figure 97. The specimens were of 1% C — 5% Cr steel hardened

from 2000° F, in air and in lime.

It can be seen that the grain-boundary delineation was more marked

the more slowly-cooled was the specimen. This was found to be true for

all hardening temperatures above 1700° F. It appears that this grain-

boundary effect is due to transformation at the grain boundaries.

The 2000° F.- and the 2200° F.-hardened states are shown in Figures

94 snd 95. Above 2000° F. the martensite in the 1% C - 5¢ Cr steel

increased, and in the 1.5% C - 11.5% Cr steel it decreased.
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1% C  ~- 5%Cr

L.5% O&amp; - 11.5% Sx

FIGURE 91. Microstructures of annealed states.
Mag. = 2000X Etch = 3% Nital
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170

1% C - 5% Cr

FIGURE 22.

sy « 17.

Microstructures of vacuum-hardened (1700° F.)
states. Mag. = 2000X Etch = 3% Nital.
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1800

1% ¢ - 54CTr

LQ

1.54 C - 11.5% Cr

FIGURE 93. Microstructures of vacuum-hardened (1800° F.)
states. Mag. = 2000X. Etch = 3% Nital.
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Microstructures of vacuum-hardened states
(2000° F.). Martensite darkened by 600° F.
temper. Mag. = 2200 X. Etch = 6% Nital.
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2200° »

1% C - 5% Cr

(Martensite darkened by 400° F. — temper)

oc 0°

1.5% O = Lec ol

FTGURE 95. Microstructures of vacuum-hardened states
(2200° F.). Mag. = 2200X. Ftch = 6% Nital.
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Water-hardened from 2000° F.

Oil-~-hardened from 2000° F.

FIGURE 96. Microstructures of water-and oil-hardened
1% C — 5% Cr steels (2000° F.). Martensite
darkened by 500° F. temper
Mag. = 2000X Fteh = 3% Nital
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Air-hardened from 2000° F.

FIGURE 97.

Lime-hardened from 2000°
—

£

Microstructures illustrating grain-boundary effect
in 1% C - 5% Cr steel. All specimens tempered at
500° F, to darken the martensite.
Mag. = 2000X.



209 —

Figure 98 gives representative microstructures of the transformed

states. The lower-temperature-hardened steels gave complex structures

similar to the 1% C - 5% Cr steel air-hardened from 1700° F. and

transformed at 6000° F.

The partially-transformed state for the 1% C —- 5% Cr steel oil

hardened from 2000° F. is included to show that the transformation

at upper temperatures was a product of nucleation and growth.

Figure 99 shows the case-effect in a 1% C - 5% Cr steel oil-

hardened from 2000° F. This photomicrograph was made at a magnifica-

tion of 15 diameters. This case amounted to 25 per cent of the diameter

of the specimen.
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I» C - 5% Cr steel oil-quenched from 2000° F.,
tempered 48 hours at 1100° F.

1% C - 5% Cr steel air-cooled from 1700° F., and
completely transformed at 800° F.

EFTGURE 98. Microstructures illustrating transformed states.
Mag. = 2000X Etch = 3% Nital.
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1% C - 5% Cr Steel

Oil-hardened from 2000° F. and tempered at
400° FF. to darken the martensite.

FIGURE 99. Microstructure illustrating case effect in 1% ¢ -

5% Cr steel. Mag. = 15% Etch = 6% Nital
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VIII

CORRELATION AND INTERPRETATION OF RESULTS

2 Transformation Characteristics

The heating magnetization and dilation curves showed that the

austenite retained in the 12 C - 5% Cr steels by either oil-, air-,

or lime-cooling from 1700° F. to 1900° F. transformed during heating

at temperatures below 700° F. With the rate of cooling used, 5° F. per

minute, these transformations started at 550° F. znd ended at 850° F.

The extent of the transformation derended on the stability of the

retained austenite. The stability of the retained austenite was lower

the lower the hardening temperature and the lower the rate of cooling.

The amount of the retained austenite was greater the higher the

quenching temperature and the lower the hardening rate. The reason

for the greater quantity of austenite in the »nrogressively slower cools

from the lower hardening temperatures must be the presence of stress.

The nore removed a given rate of cooling is from the critical cooling

velocity the less austenite is produced. These results indicate that

the critical cooling velocity at higher hardening temveratures is dif-

ferent from that zt the lower temmeratures.

The isothermal transformation results verified the facts on the

stability of the sustenite. The temperature of the heating transforma-
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tion, however, was shown to depend upon the rate of heating. This

temperature could be depressed to as low as 460° F. for complete

transformation by heating slowly enough and it could be suporessed

by heating rapidly.

The austenite retained in specimens of the 1.54 C - 11.5% Cr

steel withstood transformation during heating. Only the austenite

in the 1700° F.-hardened specimens transformed during very slow heat-

ing at temperatures below 700° F. The extent of the transformation

was only 30 per cent.

The high rate of reaction of the retained austenite in 1700° F.-

and 1800° F.-hardened snecimens of the 1% C - 5% Cr steel in the range

580 - 600° F. would indicete that this range should be chosen for all

tempering.

In the specimens hardened from the higher temperature, however,

800° Ff. temvering will result in a lower hardness value than tempering

at 900° F. This is explained by the austenitel's high reactivity at

600° F.; it all transforms at temperature into &amp; bainite product. At

900° F. the austenite is less reactive znd is only conditioned to trans-

form during cooling, whereupon, the transformation temperature is

lowered to 250° F. and below. Tetrazonal martensite is formed.

The advantage of a multiple tempering vnrocess is seen to be great.

A sincle temper st a temperature and time that will cause the sustenite

to be completely transformed during cooling into martensite will also

produce a highly-stressed state. If a hardened specimen were tempered

several times, a smaller amount of martensite would be nroduced each

time. The herdness of a multiple-tempered svecimen would be lower than
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the hardness of a single-tempered specimen.

Transformation of the retained austenite in the 1.5% C - 11.5% Cr

steels, to over 50 per cent could not be had at temveratures below 900° F.

The retained austenite in both steels could be transformed to a considerable

extent by continuing the cooling from hardening down to the temperature

of licuid air. The more stable austenite (in 2000° F.-quenched specimens)

were only slightly transformed by the treatment. Furthermore, the extent

of the transformation was lowered the longer the stay al room temperature

before immersion in the liquid air.

Although a high temmerature quench produced an austenite of high

stability, once the austenite transformed, to any extent, some very unstable

sustenite was produced. The evidence of this unstable austenite was the

extent of room-temperature transformation that occurred during subsequent

tempering runse.

Room-temnerature transformation of austenite was definite, but it

did not occur to any extent of more than 20 ver cent in the least-stsble

condition.
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2 General Tempering Characteristics

The first phenomenon that occurred was the tempering of the

tetragonal martensite. This was not accompanied by any distinct magnetic

change other than a decrease. The slone of this initial part of the

curve wes greater the less austenite that was present. The nature of the

change in the steel, however, was disclosed by the dilstion curve, which

showed a contraction. This process was complete at 300° F. A slight

change in the slope of the magnetization curve at 1000 gauss then ensued

and a flatter portion of the curve resulted. Most conclusive of the

evidence sumnorting this concept was the X-ray data. A contraction of

the axial ratio was displayed by temnering to the same temperature that

rroduced &amp; contraction.

The magnetization curve at low field strength displayed an entirely

different appearsnce from the curve at high field. In the range from 300

to 450° I, the magnetization increased. The dilatometer curve showed an

increasing slope after the contraction due to the tempering of the

martensite, but no unusual change was noted. The coercivity was merkedly

lowered and the hardness was unchanged. This all indicated that the

process which took place in this temperature range was that of stress

relief.

A most imvortant feature common to all specimens heat-treated from

the varying temperatures was the contraction and the irreversible de-

crease in magnetization under high and low fields which existed in a

temperature range from 450 - 525° F. Subsequent to this did or did

not occur transformation during heating--denending upon the cuenching

temmerature. This served to allocate the phenomena. for, if it
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represented a precipitation from the austenite it should have resulted

in subsequent transformation at all temperatures.

Furthermore, if this were true, the process should have become

increasingly manifest as the austenite content increased. Actually,

there was little change in its intensity. The fundamental demonstra-

tion was secured from the X-ray data. These showed that the ferrite

parameter decreased in this range. The conclusion derived from this

is that the precipitate must form from the martensite. We are further

led to the belief that martensite must exist in the cubic form between

the temperatures of the restoration of the axial ratio to unity and

the precipitation process.

The subsequent phenomena for usual heating rates denended upon the

prior heat treatment of the steel and upon the analysis of the steel.

If specimens of the 1% C - 5% Cr steel were quenched from the range

1700 —- 1900° F., they gave magnetization curves which showed a rise at

both fields, the rises reaching maxima at 600° F. The megnitude of the

rise was greater the lower the hardening temperature. Confirmation that

this rise in magnetization was due to austenite transformation came from

the dilatometer curve which displayed an expansion. Further confirmation

came from the X-ray data. The treatments that should transform the

austenite as judged from magnetic measurements also caused the austenite

lines to disaonpear from the X-ray photograms.

If the hardening temperature was above 1950? F, this rise in

magnetization was not present. The magnetization curve at each field

disvlaved a continuous drop the slope of which was fairly steep.
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If the heating was continued to 1135° F., another highly reactive

range of austenite trensformation was entered. If not, the phenomena

recurring during subsequent cooling from the tempering temnerature would

occur during cooling from the tempering temperature.

The transformation could be made to occur in one or in two stages.

depending uvon the hardening temverature and the tempsring temperature

as well as the time of tempering. The temperature of the first stage

was generally 800° F. and the temperature of the second stage was usually

below 250° F. Both stares when they occurred were manifest by sharp

megnetization increases at both high and low fields and by expansions.



218

 X

CONCLUSIONS

It is believed that the present investigation on the tempering

of high-carbon high-chromium steel justifies the following conclusions:

 . The transformation of the austenite retained in hardened

specimens of these steels has an important effect on their dimensional-

change properties.

2. The amount of retained austenite is greater the higher the

hardening temperature (in the usual range of hardening temperatures)

and the lower the cooling rate (15 to 25 per cent, oil to lime cool

from 1700° F. and 30 to 40 per cent, oil to lime cool from 1800° F.).

5. For a given hardening treatment (in the usual range of harden-

ing temperatures) more austenite is retained in the 1% C - 5% Cr steel

than the 1.5% C — 11.5% Cr steel (10 to 20 per cent, lime to oil cool)

A. The stability of the retained austenite in the 1% C - 5% Cr

steel is less than the stability of the austenite in the 1.5% C - 11.5%

Cr steels.

5. A highly-reactive range at 500 - 600° F. for retained-austenite

transformation exists in the specimens of 1% C - 5% Cr steel hardened

from 1700 and from 1800° F.
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3, The retained austenite in specimens of 1.5% C - 11.5% Cr

steel hardened from all temperatures above and including 1700° F.

could not be transformed to any extent above 30 per cent by a tempering

temnerature less than 900° F.

7. The first change to occur during the tempering of a usually-

hardened specimen of either steel is the tempering of tetragonal marten-

site. The decrease in the axial ratio sterts at 200° and is practically

complete (to unity) at 400° F.

B. The second tempering process is micro stress relief. This

starts at 300° F. and appears complete at 450° F.

The third tempering vrocess is the vrecipitation of complex

carbides out of the martensite.

J.

10. These three processes will exist during the tempering of all

specimens of these steels hardened so as to contain some martensite.

11. In specimens of the 1% C - 5% Cr steels hardened from 1700

and from 1800° FF, retained austenite is present thet will transform

on heating in the range 500 to 600° F.

12. The transformation of this austenite can be suppressed by rapid

1eatine through the rance 500 to 600° F.

13. Tempering at temperatures above 800° F. of both steels, hardened

from any temperature will produce austenite transformation. The major

portion of this transformation will occur on cooling from the temnering

temperature.
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l4. Depending upon the temperature and the time at temperature,

austenite transformation may be made to proceed in one or two stages.

15. The temperature of single stage transformations is devendent

yn the tempering conditions.

16. If the transformation temperature of the austenite is below

250° F., tetragonal martensite will be formed.
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SUGGESTIONS FOR FUTURE WORK

Retained austenite formed in the steels of this investigation by

certain hardening treatments was eble to transform at room temmerature.

This transformation was not extensive but has been shown to be attended

by property changes in the steel. Retained austenite that was too stable

to transform at room temperature did so when partially transformed by an

elevated-temperature temper. This all suggests that a very illuminating

research could be conducted on the geheral problem of room-temperature

transformation.

Retained austenite in specimens of 1.5% C - 11.5% Cr steel could

not be transformed to any amount greater than 30 per cent by tempering

temperatures below 200° F. Immersion in liguid air, however, could

produce 90 ver cent transformetion in the lower-stability austenites.

This suggests that an adaption of the magnet to allow sub-room-tempera-

ture studies of austenite transformation would be very interesting and

profitable to industry.

The ability of these steels to harden by slow cooling suggests

further investigation of the limits to which this can be carried out.

The field dependency of the retained-asutenite content as determined

by the magnetic method needs clarification. This can only be done with

a steel whose retained-sustenite content can be determined by the Gardner

X-ray method.
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ABSTRACT

The high-carbon high-chromium steels containing molybdenum have

become increasingly important in the last five years. The application

of these steels is largely in die work and the reason for their popularity

is their ability to be hardened with &amp; minimum smount of distortion.

The 1% © ~ 5% Cr steel has attracted more attention than the 1.5% C -

11.5% Cr steel because of its lower cost.

Present in both these steels in their hardened states are certain

amounts of retained austenite. The 1% C - 5% Cr steel, which exhibits

the minimum distortion, retains more austenite when hardened from the

temperatures used in practice than does the 1.5% C - 11.5% Cr steel.

The tempering of these steels has a great effect upon their wear

life and, again, upon their distortion. The transformation of the

retained austenite during this tempering is intimately associated with

these vprorerties. :

Thus, a study of the tempering characteristics of these steels with

particular emphasis on the retained-sustenite transformation should bring

forth information of interest and importance to both the users of these

steels and the theoretical student of metallurgy. Such a study was con-

ducted in this present investigation.

There are seversl methods of studving sustenite transformation:

microsconic. dilatometric., mechanical-proverty, density, the newly-developed
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X-ray, end magnetic methods. The nature of the steels, that is, their

tendency to be non-homogeneous in austenite content, made it necessary

to use a method that would allow an integrated or all-over measurement.

The magnetic method is the only one which will do this quantitatively.

There have been recorded numerous devices, working on the magnetic

principle, for the determination of the amount of retained austenite

in a steel specimen. The apparatus built for this investigation has the

advantage of being easily used and of allowing rapid measurement. An

innovation was introduced that made the apparatus unique. This was the

adaptation of a dilatometer to the apvaratus, resulting in what has been

christened the "magneto-dilatometer." From this apparatus simultaneous

measurements of both msgnetization and dilation changes could be obtained

during the tempering of a specimen.

To aid in the interpretation of the results, X-ray and microscopic

neasurements were also conducted.

The study was carried out in two general divisions: (1) isothermal

transformation of the retained aust~nite and (2) kinetics of the tempering

TOCess.

The isothermal investigations disclosed an uniquely-active range at

500 — 600° F. for retained-austenite traasformation in the 1% C - 5% Cr

steel. Transformation in this range took place at temperature. When the

hardened specimens were tempered at 900° F. and above, transformation

occurred mainly during cooling. The product of the 600° F.-temper was

rainly a time-dependent structure, but the product of the 900° F.- and

above temper was meinly martensite.
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In specimens hardened from 2000° F., where the major constituent of

the hardened structure was austenite, the martensite was definitely

tetragonal. Furthermore, it was ascertained that the retcined austenite

as a result of the tempering operation also formed tetragonal martensite.

The retained austenite in specimens of 1.5% C - 11.5% Cr =teel were

adamant in their resistance to transformation of any extent over 30 per

cent by tempering temperatures lower than 900° F. An immedizte immersion

of freshly-hardened (1700 - 1800° F.) specimens in liquid air, however,

transformed 90 per cent of the austenite.

The following rates of hardening were used in this investigation:

water, oil, eir, and lime. Specimens of both steels hardened in this

order from 1700° F. and 1800° F. contained increasing amounts of austenite.

At 2000° F. the relation did not hold. The austenite present in increased

amount in a specimen due a certain cool over that due to a faster cool is

always more reactive. This austenite will start to transform before the

austenite in the faster-cooled specimen hes started to transform. The

austenite in the more slowly-cooled specimen, however, requires a longer

time to be completely transformed.

The investigation on the kinetics of the tempering process divulged

some very illuminating facts. It was found that during the tempering of

a hardened specimen of either steel (usual hardening temperatures) the

following processes always occur. The first is the tempering of tetragonal

martensite, the second is the process of stress relief and the third is the

orecipitation of complex carbides out of the cubic martensite.

Althoueh these processes exist at successively hicher temperatures,



238

they do overlap somewhat. This is evident from the ranges listed below:

Tetrzgonal martensite to cubic martensite 275 ~ 400

350 - 450

Carbide precivitation from cubic martensite 450 - 550

These processes cannot be suppressed by rapid heating through the

listed ranges, for they will be affected at higher temperatures.

A process sensitive to rate of heating, however, is that one which

occurs in srecimens of the 1% C - 5% Cr steel hardened from 1700° F. and

1800° F. This process is austenite transformation. At 550° F., a certain

amount of austenite starts to transform. This transformation stops,

whatever its extent, at 650° F. If the specimens are heated rapidly

through this range the austenite will not be transformed. As mentioned

before, austenite of such a degree of instability is not oresent in

specimens of the 1% C - 5% Cr steel hardened from 2000° F. and in specimens

of the 1.54 C - 11.5% Cr steel hardened from all temperatures above 1700° F.

The combined msgnetic and dilatometric study wl found to be very

suitable for the above investigation. The changes of one kind could be im-

mediately interpreted in terms of the changes of the other kind. The

magnet 1a very sensitive to the tempering of martensite, but the dilatometer

is verv sensitive. The magnet is very sensitive to the transformation

of zustenite (more so than the dilatometer). A unicue application of the

magnet is the determinetion of micro-stress-relief processes.

In conclusion the suthor wishes to state his wish that this investiga-

tion will lead to a wider application of these steels.


