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CONT INUOUS COOL PIG TRANSFORMATI ON DIA GR M, 
FROM MODIFID END-QUENCH METHOD 

I INTRODUCTION 

Before World War II when the industrial production 

in the United States reoched its peak, industry demanded 
from the steol manufacturers many different types of steel 

foi' very spocializd uses. As a natural consequence of 

this demand, the riarket ws flooded with many typos of 

steel that required varied amounts of alloys. The SAE 

classification of steels at this time showed the number 
of types to be in the hundreds. However, with our 

entering into the war the source of supply of many of the 

alloys used was completely cut off. As a direct reaction 

to this, the N.E. (National Emergency) steels were devel- 

oped. In the development of the N.E. steels i was found 

that the physical properties of many of the steele could 

he duplicated by one steel with the proper heat treatment. 

Due to this investigation the number of steels produced 
today (according to SAE classification) is less than a 

hundred. Even though the types of steel manufactured 

today are many less, the rigid requirements of industry 

are still met. If this then is the case, just what is 

meant by the important process vie classify as "heat 

treatment", 

"Heat treatment of steel" in its broadest sense 
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refers to an,r process involving heating and cooling of the 

solid metal by which the properties of the steel are altered 

without any intentional alteration ol' its cheLilcal composi- 

tion (2). The object then of heat treatment is to produce 

mechanical or physical properties that make the steel better 

adapted for îndustrtal use. To better understand the pro- 

cess involved in heat treatment, one must first become 

intimately familiar with the theory of heat treatLient. 



3 

II. T1tIORY OF HE!T 'lREATMENT 

There is a voluminous amount ' mteria1 written 

on the heLìt treatment of' steels, but the universal concep- 

tic'n can be classified into four basic concepts. Fii't, 

if a steel is heuted to a temperoture above its critical 

rance, it undergoes definIte intìrnai chances, Second, 

f the tee1 thit '.as been heated to this temperature is 

allowed to cool naturally, it will tend to revert back to 

its normal condition. Third, if the steel is to revert 

back to its original condition, a sufficient amount of 

time must elapsì during the cooling period so that the 
internal changes that took placo during heating will 

have timo to reverse themselves. Fourth, if th2 steel 

is allowed to cool more rapidly than the internal changes 
can reverso themselves, certain modifications of the 

original structure will be brought about (9). Those 

modifications alter the phys1ea]. properties of the raatorial. 

In order to predict the internal changes that 

result ori either heating or cooling the Iron-Carbon Equili-. 

brium Diagrari has been devised. The Iron-Carbon diagram 

is useful in the study Of parts one, two, and three of the 

above theory on heat treatment. What thon, the queation 

is asked, is used ifl the tudy of part four to determine 

the modifications in the original structure due to abnormal 

cooling? Ten years co metallurgists would have answered 
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that it 1 b:i tho utilization of the Bein S-Curve. Many 

metallurgists today would still answer by utilization of 

the Bain S-Curve, However, the one ourpose of this theîs 
is to point out discrepancies and limitations of the 3ain 

S-Curve, and is ari attempt to present a continuous coo1In 

Transforniation Diagram a a supplement to be used w5th the 

e-Curvo in piodicting the modification8 brought about b 

abnormal coo1in. A second, and main, objective is to 

present a laborntory procedure to be followed whereby a 

continuous cooling Transformation Diagrm can be obtained 

by any well-oquipped motallography laboratory. In order 
to present this part a typical steel has been choaen and 
the technique carried out to completion. 
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III, THE BIIN S-CIJRVE AND ITS LIfliTPTIONS 

Austenite, the reu1ting unstable product when 

steel is tretted above the critical temperature, can be 

tr3nsformed into ciLffer'ent constituents depending on the 
tempeiatu.re and time at whIch the trnsforniat.ion takes 
place. The amount of ranorination corresponding to 

different times and temperatures Ims been plotted, and 

the resu1tin curve has oftentmos been referred to as a 

TTT-Curve--"Time, Temperature, and Transfoxîation"--or 
the Bain S-Curve, after one of tho early pioneers in this 
field. To fully appreciate the 1iitations of the curve, 
knowledge of the method of obtainIng the curve should 

first be understood, 

A certain heat of steel is iiade up into test 
specimens which cre thin and small. The object here is 
an attempt to get a piece whoso entire volume will react 
instantaneously to the same variations in temperiture. 
The pieces aro then austgnitized at a specified tempera- 
turo, attempting here to obtain complete homogeneity and 

a specified grain size. The specimens are then quenched 

to some predetermined temperature and allowed to romain 

for varying degrees of tirae; the time varies from a fract1 

of a second to hours. From here they are quenched in 
brine which freezes the structure. Upon metallographic 
exam1nition the tirio that transformation begins and ends 



can be determined. A p1'ng of these points will yield 
the TTT-Curve or Bain S-Curve (7). 

Th..s test also ovides the information in regard 

to the nucleation period, which is important in heat treating. 

This time delay is useful as it defines the "critical cooling 

rate". Critical cooling rate is the maximum rato at which 

the steel can cool and stili be transformed into marten- 

site. 

Some of the limitations in the utilization of 

the TTT-curve should be apparent from the above discussion, 
but for omphasis the major ones should be pointed out. 

The TTT-curve, even though made for one typo of steel, 

cannot justifiably be used for the sme steel as no two 

heats are ever the same. However, it is useful in pre- 

dictirAg trends in a stool. When complete homogenization 

and graici size are specified, it is doubtful if these 
conditions can be duplicated. The curve was based on the 
small specimens whose whole volume reacted to changes in 

temperature, which makes it inconceivable that pieces of 

a larger volume will also react in the same way. 

How then can the structure of this piece actu- 

ally be predicted and controlled by the TTT-cu:'ve? If 

the critical cooling rate was less than the maximum speci- 

fied, the question again rtses as to how to control the 

properties of the material. It should be obvious that the 

metallurgist requires information about transformation 
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during cotinuou coo1in as a profitable supplement to 
aid in the study and perfection of heat treating. Iiany 

methods have been devised whereby the conventional S-curve 

can be modified to take care of iapid continuous cooling, 
but the best method on the horizon appears to be a trans- 
formationa;ram based on continuous cooling itself (6). 
The idea appears to be a natural conclusion, but at the 

present time very few data aro available based on thi3 
type of work. The old adage sppeers to ho rather apt 

in this case: "You can't seo tue trees for the forest." 



IV. LJ\IÖRATOI PROCEDURE FC1 DIVELOPflLNT 
OF TRANEFORMATION DIAGRAM DURING 

C ONTINU0U C COLI NG 

The lcborator test procedure for developnent 

of the transformation diagram during continuous cooling 

logiccllj falls into five basic operations. The method 

employed utilizes a modified. end-quench technique, using 

the standardIzed Jomin:r test specimens and test apparatus 

(1). 

The synopsis of the test procedure Is as follows: 

4. Development of ContInuous Cooling Curves 

Cooling curvos were obtained for wrious positions 

along the test bar. In thIs test the dIstances from the 

end at 1/8 inch, 1/4 inch, and in eighths up to one inch, 

1* inch, l inch, 2 inches, and 2 tnchos wore usod as 

station marks. A chromel-alumel thermocouple was used 

and was secured in position by drilling a 1/16 inch hole 

1/16 inch deep. In order to Insure a sealed joint the 

hole was peened closed. The specimen was heated up to 

1700 F and quenched in the Jominy test sand. Cooling 

curyes of timo vs. temperature were thon obtained. 

13, Size of Specimens 

Standard Joniny teat bars were machined to size 

as specified in the ASTM specifications for the Jominy 
End-Quench Ilardenability Test, For this test twenty 



spccimen of SAE 4142 teo1 were ucea (1). 

C. Heat Tretinc the Specimens 

The twenty prepared specimens were heated in a 

furnace up to temperature of 1700 F making certain the 
bers were protected fror decarburization by surrounding 

them with charcoal. Then vnrious specimens were placed 
in the JOmifly test stand and quenched for various periods 
of time, In the test they were quenched in increments 
of 10 seconds up to and including 200 seconds. After 

beinr, quenched in the Jominy tect apparatus, they were 

requenched in ice water as a fInal quench'. 

D. Rockwell Hardness Traverse 

The specInens were prepared for the Rockwell 
Hardness Tester by grinding diametrically opposite flats 
0.015 inch deep. Rockwell "C" hardness readings were 
taken in the usual manner by using the Equitrom to space 
the various readings. 

E. Metallographic ExamtnLtion of Specinens 

The speciriens were prepared for metallographic 
r examination, so the point at which transformation begins 

could be determined. 

/ 

9 
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V. LM3ORJTORY MFTITOD FOR DVTLOPINc COTINTJOUS 
COOLING CURVES 

The laborutorr test setup ror the development 

of tho continuous cooln curves can be seen in Figure 1. 

rftÄj 
w. 

- 

s. 

__1 t 

1I-7 

' -..- 

I 

Fi-ure 1. Overall picture of the test 
setup used in developing the continuous 
cooling curves and for the heat treating 
of the specimens. 

In Figure 1 the furnace that was used can be seen on the 

fr right. It has an automatic control which was set for 
l'700 F. The thermocouple can be seen attached to the 
specimen which constitutes the hot junction. From the hot 
juncl.ion the couple goes to thc thermos bottle which was 
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kept at $2 F as c cold juietion refeì'enoe tc-iperature. 

Leads from here go to the deflection galvanometer, which 
has a riirror that casta a beam Of 1iht on a photographic 

plate at the far end Of the box. The light source for the 

mirror on the galvanoucter was derived from a bulb (not 

visible but opposite the galvanometer). Two dry cells 

supplied the current. The motor on the top of the box 

actuated through the reduction gears thu vertical mement 
of the photogilaphic plate. 

After being held in the furnace for 120 minutes, 
the specimen vías placed in the Joniiny test appiratus for 
quenchLng. This apparatus can he seen at the far left 

in the picture. The water supply for the quench was 

obtained from a water reservoir that was maintained at 

room temperature. rf1i water was run through a pump to 

the Jomiriy apparatus and then drained back to the tank. 
The weter reservoir aid pump are not visible in the picture. 

Also not visible is the tank containing the ice water that 

was used to quench the specimens after the alloted time 
in the Jominy test apparatus. 

Atua1 running test procedure consisted of: 

Turning on the light source to the galvanometer and turning 

on the motor. Next, remove the specimen and put it in the 

Jominy test apparatus, and then turn on the water. This 

was followed by an iced quench after proper time in the 

apparatus. 
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Before the tot coi1d he started, the component 

parts had to be calibrated. The only elemente nffected 
wore the thermocouple and tite t:tnio-temporature relat ionship 
for the galvanometer and the motor. The thermocouple was 

calibrated in the usuel manner of using the freezIng temp- 

erntures of pure notais for calibrton points. Results 

of thIs calibration appear in Table I. It can be seen the 

couple is within the allowable limit of error of 5%. 

Table I. 
Calibration of Thermocouple (Chromel AluLlel) 

Freezing - Freezing 
°C (Act.) MV Pt.Couple Error 

13 P Water 212.0 8.6 212 0 

Tth 231.9 9.4 232 0.04 

Lead 327.4 13S5 332 1,42 

Zinc 419.4 17.4 424 .11 

PntLmoriy 630.0 25.5 614 .54 

Plumthum 630,0 27.5 662 0.34 

In order to determIne the timo-tomperature 

relationship for the apparatus the following method was 

used. The furn:-co ws brought up to 100 F with the 

thermocouple In place. When equIlibrium conditions were 

established, the light on the galvanometer was lurned on. 
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This cave n point cn the photographLc film. This was done 

for a sorie5 of temperture with the net reu1t the film 

was calibrated with the furnace and galvanometer for 

various temperature increments. The time coordinates on 

the ordinate were done In much the same manner for 10- 

second intorval3. Once the film was developed all that 

was necessary to determine pointe on the continuous 

cooling curves was to placo the calibration film over 

the curve and road the data. 

A typical cooling curve as obtained from the 

apparatua can be seen in Figure 2. The data for all he 

curvos can be found on Page 16. 

The results from this p't of the Investigation 

can be seen in graphical form in Figure 3 on Page 15. Along 

with the continuous coolin curves, the cooling rate can be 

obtained at any desired reference tmperature by merely 

taking the slope at that point. The cooling ratos yield 

dosirable information in designing of heat treatments0 

The cooling curves shown here are for the surface area; 

however, they can be determined for various other positions 

within the specimen by several coron methods. 
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Figure 2. TypIcal cooling curve t 

obtained from the test apparatus for 
the 7/8 inch station 
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COMPILED DATA FOR CONTINUOUS COOLING CURVES 

rreperitures at Various Positions from End of Test Bar 

TILlE 1/8 1/4 3/8 1/2 5/8 3/4 7/8 1" 1 1 2" 2 

lo 600 625 1050 1400 1450 1500 1550 1575 1600 1600 1600 1600 

20 520 700 910 1150 1300 1350 1400 1410 1420 1410 1420 1415 

30 430 550 675 350 1000 1100 1250 1285 1330 1400 1375 1500 

40 380 500 570 675 880 960 1125 1150 1180 1240 1200 1440 

50 515 400 470 500 660 E330 950 1000 1060 1120 1150 1290 

60 260 360 420 460 600 740 840 900 970 1000 1085 1140 

70 250 320 370 400 510 630 720 300 350 900 970 1040 

BO 240 295 330 380 470 580 670 720 790 820 900 980 

90 220 270 310 340 420 500 560 640 690 740 840 930 

100 210 260 295 335 400 485 530 590 660 700 790 880 

110 200 250 280 325 360 410 475 520 570 660 740 830 

120 195 245 275 320 345 380 430 480 540 620 690 790 

130 190 240 270 320 330 350 365 440 510 590 650 750 

140 185 235 265 320 330 345 360 430 485 560 635 725 

150 180 230 260 315 325 345 360 410 470 540 615 690 

160 180 225 255 315 325 335 355 405 460 530 590 670 

170 180 225 255 310 320 330 355 430 450 520 570 640 

180 175 220 250 310 320 330 350 395 445 410 560 620 

190 175 215 250 305 315 325 350 390 440 495 550 600 

200 170 210 250 300 313 320 330 380 440 490 550 600 
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VI. ROCXWELL "C" RDNES TRAVERSE 

In Part D of the test procedure the herdness 
numbers were obtained in the ucual manner. The öquiprient 

used can be seen in Figure 4. 

Figure 4. Test setup used in determIning 
the Rockwell "C" hardness numbers. 

The actual Rockwell tester used can be seen in the center 
of the picture. A 150-kg bed was used in the determina- 

tian of the hardness numbers. The Equitron shown just 
to the right of the tester is a ig that facilitates the 
catting of the specimen for 1/16-inch increments. The 

chsrt on the extreme left is used in the conversIon of 
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Rockwell nuiriber r I3rinell hrc1neo numbei' brend 

of the }irdness numbers rives a good indIcation ni to 

when transfoitton takes pLtce. Ifl $orne instncos It has 

boon used as the only method of determining the beginning 

and end of tranforr;ation for S-curvez. For this partI- 
cular test both the hardne.s number5 and the uicrographic 
ezanIria.Lon served as a check on each other for the deter- 
minition of the beginning of these trunsforrriation poluts. 

The data sheet foi the Rockwell C! Hardness 

Numbers appears on Page 21. In Figure 5, Page 19, the 

hardness numbers are placed on tIle continuous cooling 
curves and hardness contour lines drawn in. Figure 6, 

Page 20, shows tue hardness surveys at different times 
of quench in the Joininy test apparatus. It can be seen 
that the t1re scale on the right hand side n all cases 

is 3 seconds grcatoi than the tine on the left hand side, 
This 3 ceconds represents the tiLle to remove the specimen 

from the furnace und put it in the test apiaratus. 



I 
K 

ri.is 

120C 

Fig uri5. 

ulupu ______________________________ 

NIi! _ _ 

'p 

_ 
Interval Coo/ed in Jom/ny End-Quench Mac/i/ne, Seconds 

2-1/2 

/2 

¿l-1/2 

7/8 f 
-3/4 
- 5/8 

-1 /2 
3/8 
1/4 

1/8 

q) 

I.) 

q) 

q3 

q) 

q) 

q) 

I 

q) 

(3 



ç.) 

q) 5 

q) 

I 

. 

Flgurø 6. 

Hardness Surveys on Representative End-Quench Sors of SAE 4/42 Steel 

Io 

30 

50 

70 

90 

Ho 

130 

150 

170 

190 

200 

13 

33 

50 

.73 

93 

113 

33 

153 

'73 

193 

203 

O 1/8 1/4 3/8 1/2 5/8 3/4 7/8 l-1/4 l-1/2 l-3/4 2 2-1/4 2-1/2 

Distance From Quenched End, Inches 

t:: 

ç.) 

q) 
(1) 

's 

ç.) 

:3 

Q) 

0:3 

q) 
ç) 



COMPILED DA TA FROfl ROCK1NELL "C" HARDNESS TES' 

Distance from End of Bar 

TILE 1/6 

58.2 

1/4 

58.7 

3/3 

59.8 

1/2 

63.0 

5/6 

53.5 

3/4 

62.1 

7/8 

61.2 

i" 

59.8 

1 

60.3 

i 

61.8 

2" 

61.0 

2- 

60.2 lo 
20 57.3 57.2 58.2 59.6 60.4 62.0 61.3 60.3 61.1 62.]. 60.0 62.2 
30 56.8 56.5 56.8 58.0 55.6 59.2 60.4 61.0 61.1 61.0 60.5 60.2 
40 5b.5 55.8 5b.6 56.0 57.1 58.1 58.7 59.0 59.6 58.1 60.5 60.8 
50 56.0 55.2 55.1 55.1 54.0 56.3 57.1 57.3 5708 56.7 58.1 60.0 
60 55.6 54.8 54.6 54.5 54,7 55.4 56.0 56,5 56.7 56,4 56.8 57.0 
70 55.2 54.6 54.3 54.1 53.3 54.6 55.5 55.5 56.1 55.8 56.4 56.8 
80 55.3 54.6 54.5 54.1 53.5 53.6 54.0 54.6 55.0 55.1 55.3 55.8 
00 55.4 54.8 54.5 54.1 53.3 53.3 53.6 54.0 54.2 54.5 55.1 55.6 

loo 55.:5 55.0 54.6 54.1 53,2 52.2 52.6 52.8 53.2 54.1 3.8 54,8 
110 55.2 55.0 54.3 54.2 53.2 52.13 52.6 52,5 52.8 53,0 54.]. b4.5 
120 55.4 54.7 54.5 54.1 53.8 52.6 51.9 51.8 52.0 52.6 53.0 54.0 
130 5.6 55.0 54.2 54.1 53.1 52.3 52.2 51.5 51.4 52.0 52.6 53.2 
140 55.5 54.4 54.6 54.1 52.9 52.2 52.9 D2.O 51.7 5l. 51.4 52.6 
150 55.0 b4,3 54.7 54.0 53.4 52.1 52.0 50.8 50.2 50.0 51,3 52.1 
160 55.0 54.1 54.6 54.5 54.1 53.6 52.1 50.6 50.1 50.0 50.6 51.5 
170 55.1 55.1 54.4 54.1 53.1 52.o 52,1 50.1 50.1 50.0 50.0 51.0 
180 55.4 54.6 54.1 54.1 53.2 52.4 52.0 50.0 51.1 49.6 49.6 50.0 
190 55.6 54.6 54.6 54.2 53.6 52.2 52.0 50.2 51.0 49.0 49.0 50.1 
200 55.7 54.9 54.1 54.3 53.0 52.1 52.1 50.0 49.9 49.9 50.1 50.0 

-I 



VII. METALLOGRJPHIC EXAMINATION OF TEST SPECIMENS 

In Part E the specimens were polished and 

prepared for metallographic examintion in the usual way. 

Fiure 7 shows a picture of the Bausch & Lomb metallo- 
scope that was used. 

Figuro 7. Bausch & Lomb metalloscope 
used to determine the points of trans- 
formation in the steel. 

In the final preparation of the specimens the 

test bars were etched and ropolished three times in order 
to remove any effects of cold working that might have 
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entered into the polishing, procedure. This precaution was 

particularly necessary as cold worked metal can oftentimes 

be misconstrued for bainite, The etching reagent used in 

all cases was lO nital. although this etching reagent 

will etch in relief in lieu of picral, which stains the 

surface, it was used as the photomicrographs were all 

taken at a compLiratively low magnification 1000X. 

Results of the photomicrographic study appear in 

Figures 8 through 17. The photomicrographs show various 

types of structures for different stations on the Jominy 

test bar for different periods of quench. The study is 

very interesting as the basic structures are of three 

types: martensite alone; combination of martensite and 

ferrite; or various combinations of martensite, ferrite, 

and bainite. It is interesting to note that none of the 

cooling rates were slow enough to bring about any pearlite 

structures. However, unresolved pearlite appears in the 

form of priury troostite. 
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Figure 8. Mixture of martensite, ferrite and 
bainite. Taken 2 inches from end of specimen 
quenched for 200 seconds. 
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Figure 9. Almost all martensite area. Shows 
small amounts of ferrite. Taken 3/8 inch 
from end of specimen quenched for 10 seconds. 
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'igure 10. Mixture of martensite, ferrite 
'oainite. Taken 1/2 inch from end of spec.Ln 
quenched for 140 seconds. 
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Figufe il. Same basic microstructure as Fig. 
10 but. iht1y more martensite. Taken 1/4 
nch end of specimen quenched for 20 sec& 



Figure 12. Mixture cf marten1. te, ferrite and 
bainite. Taken 1/4 inch 1rom end of specimen 
quenched for 80 seconds. 

Figure 13. Mixture of martensite, ferrite and 
bainite. Taken 3/8 inch from end of specimen 
quenched for 20 seconds. 
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Figure 14. Shnv.' '-r' martensite 
Rockwell "C" 3.t3. faken i iri'h from end of 

ìnen quenct 

Figure 15. Mixture of martensite, ferrite, 
and bainite Rockwell 'C" 49.5. Taken ii inch 
from end of specimen quenched for 160 seconds. 



Figure 16. Mixture of martetisite, ferrite 
and small amounts of bainite. Taken 3/4 inch 
from end of specimen quenched for 40 seconds. 

.c'iure 17. Mixture of martensite, ferrite 
nd balnite. Taken 1 inch from end of 

specimen quenched for 180 seconds. 



VIII. DISCUSSION OF RESULTS 

The rcsults of the five combinations of labor- 

story procedures can be combined into one overall curve 

which will yield the desired Transformation Diagram during 

contthuous cooling. The results of this combination can 

be found in Figure 18, Page 35. 

To analyze the results of the study, it is felt 

that esch part of the investigation should be analyzed 

individually, and then the project should be surveyed in 

general. 

In analyzing the results of the cooling curves 

several things should be noted. The cooling curve, as 

shown in Figure 2, has a very peculiar reaction at the 

lower part of its temperature range. It Is noted that 

there is a sudden drop in temperature of approximately 

100 degrees with a very small lapse of time. This same 

thing appeared in all curves up to the one-inch station 

mark at which point the curve left the plate while still 

descending, so it was not known whether this continued 

through the entire range or not. Right after these 

suriesd points there appears to be a fairly isothermal 

reaction as can be seen from the curve. The reason as 

to why this type of reaction should occur always at the 

same temperature but not the same time is not clearly 
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understood. It could be due to the heat retained in the 

body during quenchin,, and at the observed point the built 

up residual heat in the bar overcomes the effect of the 

quench. As a result a rapid change in the temperature 

gradient results. After this, equilibrium conditions 

again exist and smooth curve results. 

In observing the overall plot of the cooling 

curves in Figure 3, it can be seen that this eudden drop 

in temperature does not effect the overall results as 

it appears at a temperature below the useful rango of 

the curves. The curves themselves do not appear to be 

too consistent. One would expect an oven temperature 

increment between curves; for instance, on the right 

hand side of the curve at he respective stations there 

appears to be a fairly even division up to 5/8 of ari 

inch, then n bunching up of curves to the 7/8 inch sta- 
tion and thenfairly good distribution after that. 

plot of distance vs. time at this point does plot up 

into a smooth curve, The data appear correct, but 

should be rechecked to determine if this is the actual 

trend, In general the results on the cooling curves 

appear to be very reliable. The test setup was respon- 

sive and accurate to the rapid changes in temperature. 

In the quenching of the specimens for the 

Rockwell UCU Hardness Test all the specimens suffered 
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quenching cracks. This 1 rather corimon In the higher 

carbon tee1s epoeia11y when euch a drtic quench. as 

a water spray is used. If one wished 10 avoid cracks in 

quenching, martempering or a less drastic quench would 

probably e1irnincte the situation, These quenching cracks 

could be an aid in explaining sorne very erratic readings 
in the hardness tests, It was thought at first that 
errctic readings in the hardness traverse were due to 

tempering in the grinding process, but thIs was checked 

as recommended by ASTM for the Jorniny test. Ps a general 
statement, hovover, none of the hardness testers is too 

reliable with the situation being further aggravated by 
not having a good definition of hardness itself. 

In observing Figure 5, which shows the hardness 

contourS, it can be seen that the end of the bar for the 

10-second quenching time is softer than the other parts 

of the bar. This Is a rather common type of occurrence 

in the high-alloy steels under a drastic quench. The to 

their sluggishness sorne austenite Is oftentimes retained. 
As the retained austenite is softer than mtrtensite, a 

lower readin-r will result where one would expect the 

hardest readinrr at the end of the bar. 

The hardness surveys in Figure 6 give a better 

graphical view of the trend in the transformation of the 

steel. Ilthough the curves are not complete, the curves 
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as drawn show the steel will stand about a 50-second delay 

before it sags. The curves from 50 to 70 seconds at a 

distance from 1/4 inch to 1 inch from the quenched end 

show that this area has been cooled down into the nose of 

the S-curve by drainage of heat to the quenched end. 

however, it shows the aIr-cooled end was E till austenite 

and responded fully to the ice viater quench. 

It was first thought that the Rockwell 'C" 

hardness survejs would give the desired information as 

to when transformation of the steel occurred, but due to 

the unreliability of the data it was not used exclusively 

to determine the transformation points. The data were 

used in conjunction with the micrographìc examination 

to determine the transformatIon poInts. The rnicrographlc 

oxaminttIon, which yielded the necessary information to 

determino the points of transformation,proved to be a 

rather exacting study. The specimens were examined 

under the metalloscope by panning from the quenched end. 

By this method it was possIble to determine the approxi- 

mate point at which transformation started. Then, knowing 

the pöint of transformation or distance from the quenched 

end and the time of quench to produce this transformation, 

the temperature at which transformation started could be 

determined. These points were plotted in Figure 18 along 

with the coolin curves. The curve Is the final result 
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of the investigation and finds its greatest use in pro- 

dieting the transforrntion of the steel during continuous 

cooling. The curve itself is not coeiplete as all of the 

possible cooling rates that arise in heat treating are not 

represented. This curve should be expanded to cover the 

slower cooling rates that are representative of the norma- 

lizing and annealing cycles. 

In the examinatIon of Figure 19, WhIch is a 

continuous cooling curve superimposed on an S-curve, it 

can be seen t ht when the material is continuously cooled, 

the transformation curve tends to displace itself down and 

to the right. ThIs curve shows the basic difference 

between the TTT-curvo and the curve for transformation 

during continuous cooling. In this set of curves for 

the SAE 4142 steel the dIfference in the time element is 
about three seconds. For other steels some investigators 

have found the difference to be as great as 75 seconds (7). 
This time delay is very itportant in that larger pieces 

can be more completely transformed to inartensite than 

the TTT-curve would indicate. If the cooling rate is 

known, the Transformation curve during continuous cooling 

would indicate just exactly the hardness that could be 

expected at any point in the piece. 

The TTT-curve will not yield this information 



dircctlj. The end of transforrntion for the continuous 

coo1in curve hs not been determined in thIs particular 

test. Although the informatIon would, be useful, the 

design of the apparatus used would not be conducive to 

yield these results. The question of time is also Impor- 

tant as conpiete transformtior in many cases would require 
a period of many hours and, in sorne cases, clays. 
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IX. CONCLUIS 

s provious1q stated, the objectives of this 

study were to deviso a 1ìoratory technique for the 

development of a transformation diagrsm during continu- 

eus cooling, and to develop a diagram using this technique 

and then point out the functions of this diagram as an 

aid in heat treating of materials. It was also felt 

nocessry to justify the uses of the continuous cooling 

diagram in lieu of the limitations of the TTT-curve as 

an aid in heat treating. 

The author feels that the objectives ss set 

forth were successfully completed. At the present tirio 

the work that has been done in the field of transforma- 

tion during continuous cooling is very liiited. Ps a 

consequence the d ata obtained cannot be verified through 

the current literature. However, the trends indicate the 

data to be in accord with other investi.tions. 

Thu author feels that the transformation diagram 

during continuous cooling will in time find it way into 

the field, and will penetrate the literature to the extent 

the TTT-curve does now. t the present time the idea is 

still new, but the standardization of the Jominy end- 

quench hardonability test,which forms the bests for this 

test, the continuous cooling type of curvo should come 

into its own. 
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