











































































































AFPRIDIX C

Austenitizging Trentuents

I. Scope of Mustenitizing Hoat Treatuents

Beforo any heat treatments could be performed uwpon mall sections
to be usod for tho deternination of the optimun base properties of the experi-
oental castings, it was necessary to select the proper austenitising temperos
ture for each composition which would result in the formation of a honogeneous
asustenite of nininun practicable groin sisze..

The importance of securing complete carbide solution prior to quenche
ing cannot be overarphasized, In steels of nediun carbon content such as the
subject castings, the presence of undissolved carbides seriously detracts
fron the hardenablility of the steol, not only bocause of the resultant lower-
ing of the carbon and alloy contents of the nustenite, but aleo because of the
provision of muclel around which transfornation to intornediate or high
tenperature decomposition products nay occur, Digges: ond Williems2 have
showod the ill effects of incomploto carbide solution and austenite hetoro-
genity upon hardenadility,

11, Materinle and Test Procedure

Six specinens varying in sige fron 1/2" x 1/2% x 2% to 3/U" x 3/4" x 3"
were cut fron each of the twenty-one castings of various coupositions, and ,
wore heated to temperatures within the range of 1550°F, to 1750°F, in steps of
either 25° or 50° intervala, After four hours at temperature the specimens
wore elthor oil or water quenchod, depending upon the alloy content, to obtain
as couplete nartensitization as possidle, The specinens were notched in the
niddle and fractured., The fracture grain sizos were estimatod by comparimsn
vith a sot of ths B, F, Shepherd Fracture Graln Sige Stondards., Sections for
nicroscopic exanination were prepared, etched for 2 minutes in a saturated
solution of pieriec acid in ethyl alcohol, and exanined at & nagnification of
X000 for the presance of undissolved carbidos and any other sign of sustenlte
hoterogeneity. Ploral was selooted as the etchant because tho martemsitic
background was but slightly attacked while the carbides were sharply delirnented;
tho high degrec of contraat greatly assisting in rating the specinens with
respect to cardide solution,

The mpecinme fron heats Nos. 1, 2, 4, and 5 were originally oil
quenched, and a bdbright crystalline fracture indicative of incomplete quench
hardening wos obtained when the speoinens wero fracturod for grain sisze doter-
nination, New specimons wers consequantly preparod and were water quenched
fron the sustenitiping tamerature, after which the specinens were found to
be satisfactorily quench hardened,

1. T, G, Diggos; "Transfornation of Austenite on Quenching High Purity
Iron-Oarbon Alloye®., Trans., &AM, 28 (1940), 575-607.

2, G, T, Wllians; "Hardensdility Variations in Alloy Steele=Sonio Investi-
eations with the Md-Qiench Test®, Trams., ABM, 28 (1940), 157-185,

0












TABLE 0I (Contimied)

Heat Specimen Jdustenitiging
Mo, Yo,

16 1645 1600°
1646 1625
1647 1650
1648 1675
1649 1700
16410 1725
17 1745 1550
1746 1600
1747 1625
1748 1650
1749 1675
17400 1700
18 1845 1550
1846 1600
1847 1625
1848 1650
1849 1700
18A10 1750
19 1945 1550
1946 1600
1947 1625
1948 1650
1949 1700
1940 1725
- ) 245 1550
1625
2048 1650
2049 1700
20A10 1750
a 2145 1550
246 1600
247 1625
2148 1650
A9 1700
21A10 1750
2 2245 1550
= =
224
2248 1650
2249 1675
22410 1700
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Miorostrusture
Fow undissolved carbides,
] ) "

Very few undissolved carblde:,
uw o " "
Homogeneous martensite,
" L]

Many undissolved carbides,

FTew undiesolved oarbldes,
" " "

Very fow undissolved carbides,
HEomogeneous martensite.
" "

Few undiesolved carbides.

] " "
Homogeneous marten;'sii;e.
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Few undissolved carbides.
n . i [

Homogeneousg martex:sit.e.
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Many undissolved oarbides,

Few undlssolved ocarbides,

Very few undissolved cerbide’
" "

m ]

Hooogeneous martensite,
" "

Many undissolved cardides.

Fow undissolved carbides,

Very f:w untnssglvod carbides.
) "

Homogegeous martensite,
L]

Mony uﬁd:luc.:lvod carb%das.
!

Yow undissolved carbldes,
Vory fow undisgolved carbides,
Eomogn:oou- wtu:uto.












Whenever the control setting was changed, the first temper bar used at the new
setting had a thornocouple welded 1/4 inch fronm the hot end to check the ,
calibration, The rest of the calibration could be calculated when the tempera
ture at 1/U4 inch was known, since the temperature differences between various
points on the bar vaired but 1ittle with control temperature.

Sone difficulty was at first encountered in obtaining valid hardness
readings, because of surface decarburisation during tempering, (The gradient
furnace 1s not provided with atmosphere control,) T elininate this, it was
decided to grind the flats to a depth of .100%, Sinco there were sone indica-
tions that dry grinding heated the dars sufficiently to affeot the hardness,
all grinding was done wet, '

Occasional slow fluctuations occurred in the temperature within the tube,
The cause of these fluctuations is not known, but thay appear to de associated
with atrogpheric hunidity. To nininige error from this source, the practice
of checking the calibration (at one position) once a day was adopted.

In the case of heats 19, 21, 22, 24, and 25, it was found that no tempera=
ture below the critical would reduce the hardness to the desired Rockwell C 2
within the specified four-hour tempering time. Tempering temperatures for
these heats were therefore taken as a fow degroes below the critical, which was
indicated by the hardness of the temper bar beginning to inorease with tanparo-
ture. These temperatures were axpected to give a hardness of approxinately
Rockwell C 30,

The tempering temperatures selected on the basis of tempor bar results are
€lven in Table DI, as well as in the body of this report,
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Three separate surveys of the nicrostructure along the length
of cach bar were nade at a ragnification of approxinately 500
dianeters. This was done by noving tho sarple holder to pre-
doeternined positions read off on the millineter scale and by
recording the percentage of intermediate transforration product,
if any, vieible in the field at cach position. The fixed posi-
tions, converted to sixteenths of an inch,appear at the heads
of colurms in Table E I. Survey No. 1 was nade along the center
of a bar. Surveys No. 2 and No. 3 wero rade along pareallel,
longitudinal areas 1/2 mm. to the right and left of center.
Data were obtained in this manner on Joriny bars from all the
experinental castings. They are recorded in Table E I and
plottod in Figure £ 1. Sinmilarly, data were obtained on the
six additional Jonminy bars froz heat 6. They are recorded in
Table E II.

III. Results.

A,

As-quenched Jominy Bare from Experimental Heats, Data found by

hardness and microstructural surveys of these specimens are prasented
in Flgure T 1, Rockwell "C" hardness values and percentages® of inter-
medinte transformation product are plotted versus distance from the
quenched end of the bar. The occurrence of intermediate transformation
product, an indication that the specimen did not harden throughout the
three-inch length, is recorded for heats 1, 2, 3, 4, 5, 6, 7, 8, 9 and
20. This product was not observed in bars from heats 10, 12, 13, 1k,
15, 16, 17, 18, 19, 21 agd 22, From the curves of Figure E1, it may
be seen that the hardness valties do not generally reflect the vresence
of the intermediate transformation product until it occurs in relative-
ly large amounts. As much as 30$ of the microconstituent may cause no
significent change in hardness,

The amounts of intermediate transformation product observed micro-
scopically, according to the procedure descrided previously, in bars
from heats 1, 2, 3, 4, 5, 6, 7, 8, 9 and 20 are recorded completely
in Table E I. Determinations were rounded off to the nearest 5$,
Vales smaller than 5% are listed without alteration. Because of segre-
gation in the steels, duplicate results were not obtained for twe sur-
veys made at different locations along the same bar., If more than one
series of surveys was made, however, the resulting averages from each
series were similar. Likewise, when two bars from the same heat were
surveyed, the resulting averages did not d4iffer greatly. The results
from two bare from heat 1 are presented in Table E I and illustrate
the reproducibility of the surveys., As mentioned previously the
averaged estimated percentages of intermediate transformation product
were roughly equivalent whether the structure was reveerled with nital
or with picral etches. Table B I gives date for heat 6 after using
these two reagents.

$ Tigures used are the average values listed in Table ¥ I,






Pigures E 4 (X1000) B 5 (X1000) and B 7 (X1000) illustrate the
microstructures observed at the two ends and center of Jominy bars
from heats 17, 19 and 22-=typical heats in which the intermediate
transfornation product did not occur, The presence of 100% martemsite
was reported for all of these areas, In Figuree £ 5 C and ¥ 7 C, there
is an unexplained non-etching background material which possibly may
be retained austenite, In Figure I 4 B and C, there is a suggestion
of carbide precipitation in the martensitic structure similay to that
shown in Figures £ 3 and E 6,

Jominy Bare from Heat 22 Tempered 4 Hour at G00¢F, Fgure £ 8 shows
the microstrusture of this sample after the indicated termpering treat-
wsnt, The locations are comparabdble to those of the areas on the as-
quenched bar from the same heat, displayed in Figure B 7. Study of
the photonicragraphs in Figure I 8 discloses that

1. The carbide partiqles precipitated by this nild
tempering are, in gensral, too fine to be resolved
distinctly at the magnification employed.

2. The structure is the same at both ends and at the
center of the dar intimating that the non-etching
background material of Figure E 7 C responded to
the treatment Jjust as djd the martensitic areas.

3. The marteneite needled Which, on the as-quenched dbar
from this heat, were clear cut and free of visible
carbides (see Mgure I 7) have persisted to some extent
have become less distinct and now contain finely pre-
cipitated carbides. They seem to be analagous to that
microconstituent which Was observed on some of the as-
quenched bars and which, up to this point, has been
dedcribed as martensite with a suggestion of carbide

recipitation, (See Figures 23, T 4, T 6 and Figure 1
fbody of report).) It would now appear reasonadble to
call this structure slightly tempered martensite.

Turther discussion of the foregoing observation is pertinent.
The occurrence of tempered martensite in some of the quenched Jominy
Dars is feasidle when it is considered that: (1) the cooling rate of a
Jominy sample is fairly slow below about 700°F, and (2) the beginning
of the martensite transformation for most of these stesls, as deter-
nined by the study descrided in Appendix ¥, is sufficiently abdove
50022, that the initially formed martensite can conceivably deconme
mildly tempered before cooling is completed, It should be noted,
finally, that the microstructures in Figurea 2 5 and B 7, typifying
heats 19 and 22, do not resemble slightly tempered martensite and that
the beginning of the martensite transformation for these steels is
reported to occur at 550°F, and U70°F, respectively, temperatures
lower than those for the other heats,
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TABLE EIX

TURAL SURVEY OF JOMINY BARS CONTAINING INTERMEDIATE TRANSFORMATION PRODUC]
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FIRRE B-3
Microstructure of As=Quenched Joniny Bar fron Heat #6
Btchant: 1% Nital

Magnifications X1000

location® Renmarks
A 1 100% nartensite,
3 9 100% nartensito, Sug-

gostion of tapering aof=-
fect in some necdles.

0 L2 Areas of internediate
tronefornmation product.
(White arrows indicate
sone of tho areas,)
Background is martensite
with suggestion of teo
pering effect,

*Distance from quenched end in sixteenths of an inch,






FIGURE -4
Microstructure of As-Qianched Joniny Bar from Heat #17
Etchant:s 1% Nital |
Mognifications X1000

Location® Renarks
A 1 100% nartensite,
B 22 100% nartensite,

with suggestion of
tampering effect in
sone needlos,

c i} Like B,

*Distance fron quenched end in sixteenths of an inch,


















FIGIRE B-7
Microstructure of As-Quenched Joniny Bar from Heat $22

Etchants 1% Nital
Magnifiossion: X1000

Logation® Renarks
A 6 100% nartensite,
3 19 Like A
0 42 Like .l but with

graater anowmt of
light otching bacik~
ground,

*Distance from quenched end in sixteenths of an inch,



FIGURE B-8
w2

Microstructure of Joniny Bar from Heat ¥
Tenpered 4 Hour at 500°F,

Itohant: 1% Nital
Magnifiocations X1000

location® Renarks
A ‘ 5 Precipitated carbides
too fine to be resolved.
3 19 clearly at this nagni=-

fication, Note presence
' of guch particles in
0 40 nartoneitowlike needles,

*Distance fron quenched end in sixteenths of an inch,
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TABLE FII

. Summary of Martensite Temperatures

M, Determined by Thermal Arrest

Mg Determined Dilatometrically

Heat Mg Mg

No. (°r.) (°F.)
1 690 430
2 670 Lko
3 640 190
L 630 Loo
5 690 440
6 620 360
7 610 410
8 61¢ 340
9 550 270
10 550 310
12 600 370
13 620 330
14 580 320
15 520 290
16 510 280
17 590 330
18 570 220
19 550 220
20 650 430
21 L6o Lo

22 470 90



























TABLE GII
IMPACT RESULTS OF SPEGIMENS AR COOLED FROM TEMPER IN I" ROUNDS

OIL QUENCHED AND OOOLED TO INDICATED TEMPER-

R COOLED FROM "
TESTEQ_AT AOOM TEMPERATURS r ~40°F
T e e
R 1B) _ [cdt 255 255 250 |_3zo-|=
Ll les2 ot lees 235 258 ) ]
VE. ALUES 2.8 dt 25.2 ~
3 [ 268 |Fc |25 235 235 | —320°F |
L 222 |Fc [26.0 245 235 , |
. VALUES 245 |Fc 239 :
5 1 1 208 |Fc (08 3.0 300 —320°F |
| R L 215 .Fc 305 315 310 . ]
VALUES 21.2 N 308 '
6 1 I | 273 Fc (305 295 295  —320°F
I | 265 |[Fc (315 30 295 ]
AVE. VALUES 270 Fc 30.3
19ac | 437 __ Fc ,28.5 280 290| 38 |Fc 275 275 275 —R0F |
| 404 __ 'Fc 1275 28.5 275 | 394 ,.Fc4zes 2715 280 ,
woes[42) (e 280 375 Fe, 280 ]
20a | 4. i o r_,6]_._9._«_FJ‘_ZB_.S 245 245 —lOO'F%
e e F 235 240 245 |
MEWKS | ' 6.4 | F | 24.1
21 | 256 | 305 315 3:5#153 Fc 320 315 305 —320°F |
248 | 1308 315 3|5} 189 _’%c 295315 308 |
vewives | 25 8 3Ll 14 ¢
22 | 222 [¥§ 295 05 285 220  Fc 295 295 300 —320°F |
_264 Fc 300 295 295, 185 Fc 290 295 230 i
AES | 243 P'P&: 296 . 203 Fco. 29.6
23 | 202 cbt 265 275 265 8BS Cb 265 275 280 —320°F |
(194 Wtlees zws 85, 77 ob 270 283 280 |
. VALUES A ’
23p | 205 ’P‘a 260 265 285 IO} 5 235 20 -—320°F
7.4 .245 255 260. 89 1‘?& zao 245 225 _ B
Ewus! 90 ; gf 243 ; 95 "B 24.3 ‘
24 | 264 Gbf 260 260 260 IS5 b 275 280 285 —320°F
[ 253 be 270 265 270 4~n74 _ 230 280 270 °
wevaues | 258  [obt | 271 |s4 271
o5 | 292 ch 275 275 ao 174 *zss 295 285 —320°F |
268 |Fc |275 285 zgs 168 zao 295 295 ]
vevaLEs] 28.0 |Fc | 286 |7| 28.6 .
X — VIR
XX -=DENORITE
XXX ~—QONCHOIDAL

0 —END HEAT TREATMENT
aa — 3RD HEAT TREATMENT

b —ADDITIONAL BARS MADE AND NEAT TREATED
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TABLE GII
IMPACT RESULTS OF STEPPED QUENCHED SPEGIMENS

STEPPED QUENCHED AND COOLED TO INDICATED

b -4 rc wwoness (00T, RG HamOMESS | Toor O
60 433 [F | e15 215 402 |F [265 260 270 TEMP)
488 |F | 280 215 | 404 |F (260 265 278 | @ |
AVE. 486 | F 70 403 | 270 ]
100 ars_|F | 215 215 44l _J._,:(Z_G_é_-ls_-i___é-'u:!@tﬁ_ ]
WE \ALUES
12 a7 T2 75260 260 | M5 el [260 265 255 [30°F |
528 | F | 260 265 265 | 366 (Gdf 260 265 260
wues| 538 | € 26.2 386 Gdf | 262
7 0882 |F | 230 230 230 535 |F /225 250 255 |-00°F |
384 | F | 235 240 235 | €602 |F |255 285 260 | =
hewues| 583 [ F 24.3 529 | F 243
X X - DENDRITIC

Q — END WEAT TREATMENT






APPRIDIX B _

Large Section Results




APPENDIX K

large Section Results

I. Preparation of Plates for Heat Treatment

Three 1.9 inch diameter cylindrical sections were welded imte 2.0 inch
diameter holes drilled in the 3 inch and 6 inch thick plates and one 0.95 inch
diameter round was welded into a 1.0 inch diameter hole drilled in the 6 inch
plates. The purpose of the 1.9 inch dlameter inserts was to reduce the number
of heat treatments to one third that would otherwise be required. After the
quenching of the plate anc the removal of the inserts, each insert was tempored
differently: one was cooled to a predetermined subatmospheric temperature far
the purposo of transforming any retained austonite which might be present to
martensite, one was step-tempered at 600° F. for the purpose of transforming
retained aus tenite to low-temperature bainite, and the third was tempered
directly to obtain a hardness of Rockwell C 26. The other two ingert bars
were also tempered to approximately this hardness after the preliminary treat-
ment .

The 0.95 inch diameter insert was usod to determine the nature of the
austenite decomposition products and the hardnesses produced by the cooling
rates prevalont in 6 inch thick sections. This insert was not given any
tempering or cold treatment.

The probler arose of dosigning a mothod of sealing the ingerts in the
3-and-6~inch plates, so that no leakage of water could occur upon quenching,
it being necessary to confine the heat extraction to the ends of the inserts.
Shallow penetration welds using both ferritic and 1€ Cr-3-Ni wolding clec-
trodes wore found inadequate for the purpose. The mothod finally sclected
is illustrated in Figure H I, which shows the details of the welding sequonce,
dimensions, and the gap between the inserts and the plates. Tho air gap or
discontinuity in motal betweon the ingert and the plate effoctively reduges
the heat transfor from the insert parallel to. the platc so that the cooling
rates of the inserts approximato those of infinite plates. A U5° countersink
was made to a depth of 1/2 inch at each end of the holes into which the inserts
are welded. All plates were preheated to some temperaturc in the range of
500-700° F., by means of a propanc torch and the inserts woldeé into position
by multiple-bead deposits of 25 Cr-20 Ni wold rod. Leakage did occur, however,
in nany instances upon quenching of the 6~inch thick plates. The conseguences
of such leakage will be discussed later. Inserts around which no leakage
occurrod wore used for the subatmospheric cooling treatment in order tg estab-
lish the optimum hardenability characteristics of the various heats.

II. Schedule of Heat Troatments

The 23 plates, representing the 21 heats numbercd 1 through 22 with
the omission of heat 11, were directly quenched into water from the austen-
itizing tomperaturcs. The plates were removed from the water whon the ambient
temperature was reached, and then subjected to the treatments listed in Table XII,
Part A, which 1s a part of Section III of tho body of the report.

After the cormpletion of tho above treatments, some of the plates wore
hecat treated by delayed and intorrupted quenches after new inserts had been
welded into them. These troatments are outlined in Table XII,Part B. Other
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