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ABSTRACT

This report discusses the effects of nonmartensitic
products and mechanical properties on the nil-ductility-
transition (NDT) temperature and transverse Charpy V-notch
absorption level, for a selected FHY-80 steel. Pro-
eutectoid ferrite was found to have the most detrimental
effect on the transverse Charpy maximum energy level.
Large prior austenitic grain size, irrespective of micro-
structure, increases the NDT temperature by approximately
100 F. It is recoumended that the present HY-80 specifi-
cation be amended to require two chemistry ranges, one for
thin and one for thick plates.

ADMINISTRATIVE INFORMATION

This work was initiated under Bureau of Ships sponsorship (BuShips

letters All/NS-0ll.083 (343) serial 343-211 of 26 May 1959 and R-7-0l10

serial 634B-430 of 26 July 1960) and completed under the Model Basin Funda-

mental Research Program as Problem 735-184, Task 0401, Fundamental Research

Project S-ROO1 01 01.

INTRODUCTION

This is the fifth in a series of preliminary reports on a pro-

gram (see Figure 1) established to obtain metallurgical information con-

cerning the effects of nonmartensitic products, chemical composition and

impurities on the notch toughness and wldability of high strength
5

steels.

This report discusses the effects of nonnartansitic products and

mechanical properties on the nil-ductility-transition (NDT) temperature,

and transverse Charpy V-notch (Cv) maxium et. ,rgy absorption level for a

selected IfY-80 steel. These data eil] be used by the Model Basin to

evaluate the mechanical properties of HY-S0 steel used in model construc-

tion and to correlate the response of HY--0 steels used in prototype con-

struction.

References are listed on Page 53.



BACKGROUND

Li aelccting a quenched and tempered structural steel, the general

rule is to choose one that will quench to 100 percent martensite without

retention of austenite that can later transform to nonmartensitic producrs

upon tempering. However, one of the main requisites for development of

the HY-80 steel was tiat the steel composition selected must harden to a

minimum of 80 percent martensite after being quenched in still water. 6

Previoutiy reported i ardenability calculations 4 showed that (1) com-

mercially produced HY-8') steei pl.tes 3 in. or more thick usually contain

less than 80 percent n.%'tensite and (2) the reported longitudinal Charpy

V-notch energies at -120 F decreased with increasing nonmartensitic pro-

ducts. A number of conflicting reports have been published, however, on

the effects of nonmartensitic products on the notch toughness of tempered
7-ii

steels. In general, these investigations concerned steels with carbon

contents above 0.3 percent whereas, at the time of this investigation,

HY-80 steel had a anill "ordered" carbon range from 0.14 to 0.23 percent.

Low carbon martensitic steels have been shown to have an overall

Charpy V-notch zoughness superiority over higher carbon steels with the

same alloy ,•ntent.12 When NDT temperatures were investigated for the same

steel se- es13 (43XX series), however, it was shown that the lowest NDT

temperatures Zor the strength levels investigated (90 to 240 ksi) were

obtained 'or steels with a carbon content varying between 0.35 to 0.38

percent. Steels with a carbon content of 0.2 percent or less exhibited

higher Charpy V-notch maximum shelf energies; however, neither of the

cited investigations12"13 studied the effects of tempered nonmartensitic

products on notch toughness.
14A previously reported work on the effects of heat treatment on

the microstructure and longitudinal Charpy V-notc'i temperature-energy

relationship of rich-chemistry HY-80 steels was performed on 1- to 1l/2-in.

thick HY-80 plate air cooled to simulate the microstructure of a water-

quenched 8-in. thick section. This report14 showed neither the effects

of grain size nor the effects of given percentages of a nonmartensitic

product on the merhanical properties; the effects of directionality and

strength level on Charpy V-notch maximum shelf energies or on transition

2



temperatures were not taken into consideration. The effects of direction-

ality on the Charpy V-notch properties were fully discussed in References

1 and 2 and are commented upon in this report under the section dealing

with materials and procedures.

Test procedures and means of correlating Charpy V-notch energy

absorption values to resistance to shear tearing have been developed bj

the Naval Research Laboratory (NRL).15 This work indicates that a Charpy

V-notch shelf energy value of 40 to 50 ft-lb marks a point of transition

in tearing resistance. It can be concluded from the NRL report that

mater•als of the strength levels presently being used in ship construction

should 1i.ve at operating temperature a Charpy V-notch maximum energy shelf

of at least 40 to 50 ft-lb in the weakest direction in order to resist

low-enery shearing. Therefore, the Charpy V-notch shelf of 40 to 50 ft-

lb will b. used in this report to evaluate the effects of nonmartensitic

products, grain size, and strength level on the notch shear toughness of

HY-80 steel. The brittle behavior or flat break temperature (NDT) will be

determined by the drop weight test.

MATERIALS AND PPOCEDURES

MATERIAL

For the present study, the Model Basin selected a 5/8-in. thick

HY-80 plate (ElO.:), similar in chemical composition to the 1/2-in. plate

(HC) used in the initial studies; see Table 1. Both of these plates were

cross rolled approximately 7 percent but, as shown in Table 1, the inclusion

cotint was higher for the 5/3-in. plate. However, as shown in Figure 2,

the major difference between these two plate. is their transverse maximum

Charpy V-notch values. The upper and lower curves respectively represent

specimens taken from the 1/2-in. HC plate and the 5/8-in. E103 plate. A

similar spread in maximun Charpy values is also found in the longitudinal

direction of commercially produced HY-80 steel. 1 6 ' 17 Therefore, the HC

and E103 plates can be considered as representing, respectively, the upper

and lower shear toughness bounds of conmercially produced HY-80 steel.

3
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TEST SPECDIDIS

AST( drop-weight specimens, Type P3, 5/8 x 2 x 5 in.18 were used

to study the effects of various heat treatments on the NDT temperature.

Crack starter beads were placed on these drop-weight bars prior to heat

treatmeit in accordance with procedures established in Reference 2.

All test specimens representing the 5/8-in. HY-80 plate E103 were

obtained from the broken drop-weight bars after testing.

To prevent extraneous defects from ma~iking the results of the

variables being studied, the tensile specimens were machined parallel to

the major direction of plate roll and the Charpy V-notch specimens from

the transverse direction so that, if banding or nonmetallic inclusions

S•ere present within the test specimen, they would be distributed as

dispersed particles and not act as crack arresters.
Threaded subsize 0.252-in.-diameter tensile specimens and standard

Charpy V-notch specimens (notched perpendicular to the rolled surface

with Federal standards. 1 9 ' 20

Standard cylindrical compression specimens 0.5 in. in diameter and

2 in. long were machined from the 5/8-in. E103 plate in accordance with

ASTh standards. 21

MECHANICAL TEST PROCEDURES

In determining the drop-weight NDT temperature, the test procedures

as outlined by the ASTH Standards18 were used. The drop-weight specimens

were tested over a range of temperatures with a 123-lb hammer falling from

a height of 2 ft. A 0.075-in. stop arrangement in the bottom center of

the jig limited the deflection of the specimen. A drop-weight specimen

was cort dered broken when a crack emanating from the crack-starter bead

propagated across the surface and down one side of the specimen. To

determine the NDT temperature, a temperature increment of 20 F was used

to bracket ND?.

Mechanical property load-strain curves were recorded using

averaging microformer-type compressometers and extensometers. A 120,000-

lb capacity Baldwin-Southwark hydraulic testing machine was used for all

Crre63sion and tension testing; the machine calibrated within * 0.5 percent.

4



A Baldwin subpress was used to avoid any eccentric loading in compression.

Universal joint-threaded gripping devices were employed in tension ,eating.

A strain magnification of 500 to I and a strain rate of 0.0025 in/in/min

were used throughout this investigation.

Charpy V-notch impact specimens were tested in a Tinius-Olsen

pendulum-type impact tester with 268 ft-lb capacity and a striking velocity

of 16.85 ft/sec. Prior to testing, the machine was calibrated in accord-

ance with AST standards.22 Federal standard procedures19t 20 were used

for testing both the tensile and the Charpy V-notch specimens.

HEAT TREA¶M4T

All drop-weight specimens were heat treated in accordance with the

steps shown in Figure 3. All austenitizing, isothermal treatments, =R

tempering were performed in neutral salt bath furnaces with temperatures

controlled to within ± 5 F. Figure 4 was used to develop the isothermal

holding times necessary to obtain a given percentage of nonuartensitic

product. A check as to the actual percentage of transformation obtained

was made for all treatments involving isothermal studies. Metallographic

analysis of the umtempered, as-quenched mdcrostructures indicated that

quenching was complete and that specimen size had no effect.

?tETALLOGRAMH

Hetallographic procedures for preparation of specimens have beo

discussed in the previously cited reports.l1 3 However, for emlnation of

microstructure and determination of percentages of isothermal products,

three consecutive etching solutions were used. After each etch, the

specimen was washed in alcohol and then dried. These solutions and their

intended purpose are as follows:

1. An etch of saturated picric acid in alcohol Plum two drops of

sephiran chloride per 100 cc of solution was used for revealing ferritio

grain boundaries.

2. An etch of 1 percent nital was used for revealing ferritic

microstructures.

3. An etch of 20 percent sodiUin msta-bisulfit. in water plus two

drops of aerosol per S00 cc of solution was used for distimpaisbt*.g Is

thermal products from sartensits.

5



TEST RESULTS

The test results for each given heat-treating parameter investigated

are summarized in Tables 2 through 5 and depicted in Figures 5 through 20.

In addition, Charpy V-notch temperature transition curves for each of the

nonmartensitic products investigated are available in the Appendix.

Since, as shown in Figure 2, the E103 HY-80 plate has a different

Charpy curve than the HC HY-80 steel used in the previous investigation, a

portion of this previous study had to be repeated in order to obtain a base-

line for determining the relative effects of nonmartensitic products on

the notch toughness of HY-80 steel.

MICROSTRUCT

The resultant microstructure" for each of the heat treatments

studied Are compared in Figures 5, 6, and 7.

EFFECTS OF FIrE AUSTENITIC GRAIN SIZE AND NONMARTNISITIC PRODUCTS
ON THE MECHANICAL PROPERTIES

Effects of Tempering Temperature

Figure 8 is a plot of mechanical tensile properties and NDT temper-

ature versus tempering temperature of HY-80 (E103) heat treated to a fine

grain structure, ASTh 9, and isothe,-mally treated to contain various per-

centages of noMaatensitic products.

Up to the tempering temperature of 1000 F, bainite lowers the

ultimate and yield strengths and increases the NDT temperature. Above

1000 Fs the mechanical and NDT properties of the partially bainitic and the

martensitic structures coincide. The mechanical tensile property results

agree with the previous analysis made on commercial HY-80 steel production

which indicated that the tempering temperature used by the producers were

independvr t of nonmartensitic products.4 Increasing the tempering tem-

perature above 1150 F increases the NDT temperature for the fully mar-

twasitic structure as well as for the structure containing bainite; how-

ever, the NDT temperatures were well within the acceptable range for MY-60

plate.

6
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As shown in Figure 8, various percentages of proeutectoid ferrite

lower the mechanical properties more for a given tempering temperature

than does bainite. Surprisingly, the greater the ferrite content the lower

the NDT temperature; this is probably due to the lower strength, higher

toughness ferrite. It should be understood that commnercially produced HY-

80 steel plates over 1 1/2 in. thick have an average Grossman's D

hardenability factor of 6 in., which is representative of an "S" type of

time-temperature-transformation (TTT) curve; see Figure 4. The initiation

of the 1200 F proeutectoid ferrite nose is at 100 sec; however, as shown

in the lower corner of Figure 4, over 2500-sec holding time is required

to produce a microstructure containing 20 percent ferrite. Increasing or

decreasing the transformation temperature within the ferritic range

markedly increases the required initiation time as shown in Figure 4. It

should be understood that KY-80 steel with a DI-50M of 2.7 in. or less will.

have a "C" type of TTT curve (see Figure 4), which will be conducive to

ferrite formation when heat treating low chemistry plates over 1 in.

thick. "C" type TTT curves can also be produced with HY-80 steels having

DI.501 greater than 2.7 in. if the carbon content is high and chrouaiuw (Cr)

and molybdenum (Mo) content are on the lean side. Increasing percentages

of carbon will extend the initiation of transformation time, but only in-

creasing percentages of Cr and Mo will change the nose of TT? curve for

HY-80 steels.

Effects of Strength Level on Toughness

Figures 9 and 10 show the effects of strength level on the NDT

temperature and Charpy V-notch properties for the HY-60 steel plate K03;

for comparative purposes, the transverse maximm Chrpy energy has been

included.

Figure 9 indicates that various percentages of bainite have a

slight effect on the NDT temperature for a given strength level. The

minima NDT temperature for the HY-80 steel containing bainite is reached

Grossoan's factors for calculating DI-SO are based on a 50 percent

martensitic structure at the center of a round bar after an ideal quench.

7



between 90- and 1O0-ku yield strength. The highest NDT is reached around

140-ksu yield strength and then the NDT decreases with increasing strength

levels. Surprisingly, with yield strengths below 80 ksi, there is an in-

crease in NDT temperature.

As shown in Figure 9, the transverse Charpy V-notch energy absorp-

tion and lateral expansion of specimens broken at the NDT temperature

indicate a uniform correlation at the various strength levels. In other

words, at the NIT temperature, the transverse Charpy energies and lateral

expansion of the fY-80 steel containing bainite appear to fall within a

predictable range, i.e., 20 to 30 ft-lb and 15 to 25 mils lateral expansion

for yield strengths 120 ksi and below; for yield strengths above 120 ksi,

the transverse Charpy values at the NDT temperature fall at about 20 ft-lb

and 8 ails lateral expansion. Surprisingly, there is no correlation be-

twen Charpy V-notch fibrous fracture appearance at the NDT temperature

and the yield strength of the material.

The transverse Charpy V-notch maximim energies decrease with in-

creasing strength levels. However, there is no dramatic separation due to

bainite in the maxim= energy to yield strength correlation. The 40 ft-lb

Charpy shelf is reached between 110- to 120-ksi yield strength.

There is a correlation between increasing percentages of ferrite,

the ND? temperature, and strength level as shown in Figure 9; however,

there is no simple correlation between transverse Charpy V-notch properties

at the NDT temperature as was found for the martansitic and bainitic

structures.

Figure 10 is similar to Figure 9 ex:cept that ultimate tensile

strength rather than yield strength is the basis of correlation. The same

correlations are found in Figure 10 as were found in Figure 9 and, there-

fore, they wil not be discussed further.

Effects of Strength Level and Fibrous Fracture Appearance on

Chowpy v-Notch Properties

It has been shown previously that the Charpy V-notch eneru absorbed

cm be predicted from the yield strength for a given Charpy fibrous1
fracture transition appearmce of a fully quenched NT-SO steel.

Mxms energies were obtained at 212 F, beieas the Charpy V-notch

1I0 percent fibrous fracture is defined as that point on a Charpy V-notchS

"4V . . . . ............. . . . .... . . .. 7



fracture transition curve that will Just show an all-fibrous fracture

appearance. The Charpy V-notch energies and temperatures for a specific

fibrous condition were obtained from the Charpy property curves of the

Appendix and are depicted in Figures 11 and 12 as a function of the

strength level.

The maximum energy curves depicted in Figure UI are the same as

the upper curves shown in Figures 9 and 10. The maxirm energy curves for

the material containing various percentages of bainite follow the fully

martensitic curve. However, the curves which represent those Charpy

specimens containing ferrite fall well below the curves for bainite and

martensite specimens.

The 40 ft-lb energy at 32 F is considered the lower bound for shear

tearing resistance in steels exhibiting 100 percent Charpy V-notch fibrous

fracture appearance. It can be seen from Figure 1- that the 40 ft-lb

transverse Charpy level at 100 percent fibrous fracture for specimens con-

taining various percentages of tempered bainite fall between the 110- and

120-ksi yield-strength level, whereas for specimens containing ferrite,

the 40 ft-lb energy is reached at about 90-ksi yield strength. As seen in

Figure 12, the 100 percent Charpy V-notch fibrous fracture energy for these

strength levels falls at or below 32 F. As shown in Figure 11, the energy

level transition is greatly influenced by strength level as well as by

ticrostructure; however, as shown in Figure 12, the 100 percent fibrous

fracture transition temperature is not significantly affected until the

120-kai yield-strength level is approached.

It can be seen from Table 3 that below llS-ksi yield strengths

Charpy specimns with 100 or 80 percent fibrous fracture appearance met

the 40 ft-lb energy level at 32 F or lower. However, the Charpy energy

level at 50 and 30 percent fibrous fracture appearance did not met the

40 ft-lb level for any given yield strength.

EFFETS OF LARE AUSTENITIC GRAIN SIZE AND NONIRSITIC

PROWCTS E THE 74CHKMICAL PROPUTID

The effects of strength level on fully quenched and tempered

steels which were austenitised to produce a variety of grain sim have

bew reported for the HC I-8O steel plate. 1  The results indicated that

9



I
the Charpy V-notch transition temperatures increased with increasing

austenitizing and decreasing tempering temperatures. It was also shown

that increasing grain size did not lower the Charpy V-notch maximum energy

shelf.

Effects of Tempering Temperatures

In order to study the effects of grain size and nonmartensitic

products on the notch toughness, energy absorption, and transition temper-

atures, the drop-weight specimens were austenitized at 2000 F, transferred

to a 1640 F salt bath, and then isothermally held at the temperature of

intterest. The prior austenitic grain size was found to be approximately

ASTH 3.5. Although the holding times at the isothermal temperatures were

the same as used for the fine grain studies, the percentage of transfor-

matiomt products was considerably less. This is attributed to the fact that

large grain size shifts the initiation of transformation to longer times. 2 3

The mechanical and NDT temperatures are plotted in Figure 13 as a

function of tempering temperature. Similar mechanical tensile properties

are found for coarse- and fine-grain structures (compare Figures 13 and 8).

It should be remembered in comparing these two figures that the coarse-

grain structures contained less isothermal products than did the fine-

grain structures.

The ND? temperature shown in Figure 13 is approximately 100 F

higher for the coarse-grain structures than for the fine-grain structures.

This difference holds regardless of the type of nonmartensitic structure

investigated.

Effects of Strength Level on Toughness

Figures 14 and 15 show, respectively, the effects of strength level

on the ND? temperature and on the transverse Charpy properties at the NDT

tmperatures for the coarse-grain structures, ASTh 3.5. For comparative

purposes, the max/ar Charpy V-aotch energy levels for various strengths

are included on these figures.

The MY-80 steel plate E103 with an ASTh grain size of 3.5 has an

OTD temperature ranging from -140 to -30 F for yield strengths between 80

to 100 ksi. The mat detrimental effect on the ND? temperature appears to

10
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be produced by 17 percent bainite; 9 percent proeutectoid ferrite has an

adverse effect on the NDT, but not to the same degree as the 17 percent

bainite. However, it is doubtful that normal connercially produced HY-80

steel will be cooled at such a slow rate as to produce any proeutectoid

ferrite during heat treating or welding.

The transverse Charpy V-notch values at the NDT temperature are

25 to 35 ft-lb and 5 to 25 mils lateral expansion. Again, the Charpy V-

notch fibrous fracture appearance does not show any relationship for pre-

dicting the NDT temperature.

Effects of Strength Level and Fibrous Fracture Appearance on
Charpy V-Notch Properties

Figures 16 and 17 show the correlation between transverse Charpy

V-notch energy absorbed and fibrous fracture transition temperatures for

these large-grained structures at given percentages of fibrous fracture

appearance at various strength levels.

Table 6 shows the transverse Charpy V-notch energy absorption and

the temperature at which 100 percent fibrous fracture appearance occurs

for 80- and 100-ksi yield strengths. It should be remembered when reviewing

this table that the isothermal holding time required to obtain the non-

martensitic products is exceptionally long. In nroduction heat treatet,

the 2000 F austenitizing treatment would not be used. When welding, tem-

peratures of 2000 F and above will be obtained; however, the cooling rate

between 2000 F and the start of martensite transformation temperature (Ms)

are such that the temperature lag required to obtain nonmartensitic products

will not occur.
Table 6 shows that HY-80 having a large grain size (ASMm 3.5) and

nonmartensitic products will have transverse Charpy energies in ewess of

40 ft-lb. The specimens containing 17 percent bainite have a 100 percent

Charpy V-notch fibrous fracture transition temperature over 100 F. The

transition temperature for the specimens containing 9 percent ferrite is

sensitive to yield-strength level; i.e., the transition temperatures are

increased ten-fold when going from 80- to lO0-4si yield stringth.

Since the shear transition of HT-80 steel is evaluated at `2 F,

Table 7 was compiled from Figures 16 and 17 to show the relationship

11



between yield strength and transverse Charpy energy values occurring at

32 F for the 100 percent fibrous appearance. This table shows that except
for the structure containing 17 percent bainite, the Charpy values at 32 F
for the yield strength shown (80 to 113 ksi) are well above the 40 ft-lb

minima.

YIELDING CHARACTEISTICS

Since the stress-strain curves of HY-80 steell are of interest for
4

design purposes to predict buckling or instability ranges, Figures 18 and

19 depict the effects of grain size, various isothermal treatments, and

tempering temperature on thie tensile yielding characteristics of HY-80

steel.

These figures show that the stress-strain curves between 80- and

l0O-ksi yield strength have a discontinuous type of yielding character-

istic. That is, the stress-Strain curves have either upper and louer

yield points, a plateau, or a semi-plateau yielding characteristic. It is

interesting to note in Figure 18 that for the fine grain BY-80 steel iso-

thermally treated to contain 25 percent ferrite and tempered at 1250 F,

there are two types of stress-strain curves, the curvilinear and the dis-

continuous.

Effects of Continuous Cooling

Since variations in cooling rates can produce a multiplicity of

microstructures, a liaited study was made to evaluate the effects of non-

martensitic products formed by three different cooling rates.

All specimens were austenitised (lb40 F) at the same time. One

series of specimens was removed from the furnace and water quenched, the

second series was air cooled, and the third series was left in the furnace

and allowed to cool with the door open. All specimens were tempered at

1150 F for 1 hr. The following cooling rates were obtained between 1350

mad 800 F.

Water quenched 5 x 103 F/min

Air cooled 35.A F/miin
Slow cooled 9.5 F/mtin

12



Microstructure

The resultant microstrucrure for each of these cooling rates may

be compared in Figures 5 and 20. Figure 5b shows the tempered martensitic

appearance of the water-quenched steel, and Figures 20a and 20b show the

microstructure for the tempered air-cooled and slow-cooled specimens which

consisted of upper and lower bainites.

Mechanical and Notch Toughness Properties

The mechanical and notch toughness properties obtained from the

IHY-80 specimens which were water quenched, air cooled, and slow cooled are

given in Table 8. The water-quenched specimens have the highest yield

strength but the others also meet the 80-ksi yield strength minimum require-

ments. All have acceptable NDT temperatures and acceptable Charpy maximum

energy shelves.

DISCUSSION

It was shown in a previous report4 that HY-80 steel produced in

accordance with MIL-S-16216E and F was to a lower hardenability than that

made under MIL-S-16216D. If this historical trend continues, the producers

may start to make HY-80 steel under KIL-S-16216G to still lower harden-

abilities. Since the longitudinal Charpy values are only representative

of the NDT temperature and not the maximum shear energy, difficulties could

arise because the nonmartensitic product may become predominately ferrite

with the associated reduction in shear tearing resistance.

Figure 11 indicates the detrimental effect that ferrite can have

on the maxima and 100 percent fibrous fracture shear energy level.

Additional difficulty can occur in the heat-affected zone of a thick plate

made to a low hardenability where a small percentage of ferrite and large

grain size could affect the shear tearing resistance of the sone having an

incremental yield strength over 100 ksi. This is borne out by previous

experimental work24 on the effects of lowering the hardenability of heavy

gage plates.

The 80 percent nartansitic requirement specified in NJ.L-S-16216G

should be adhsred to. In fact, to ensure that HY-8O steel has a pearlitic

13



' hardenability greater than its bainitic hardenability, the two chemistry

ranges, one for thin and one for thick plates, previously specified in

MIL-S-162lbD should be made a requirement of the current specification.

The HY-80 El03 plate heat ;reated to a fine grain structure and

containing isothermal bainites in the ranges studied will meet the minimum

mechanical property and notch toughness requirements of MIL-S-16216G.

If temperatures are used in fabrication which will coarsen the

grain size to ASTM 4 or less and the yield strength is raised above 120

ksi, shear tearing may occur, especially in the presence of nonmartensitic

products. Plates 3 in. or more in thickness will probably contain bainite

in excess of 20 percent.4 It is doubtful that they would contain any

proeutectoid ferrite. However, the present study has shown that bainite

should not significantly affect the notch toughness. The heat-affected

zone produced by welding thick plates made to a rich chemical analysis

with the specified heat inputs of 55,000 j/in. or less 2 5 should not produce
23

any significant amounts of bainite. This does not preclude cracking in

the heat-affected zone due to chemical composition; for example, having

high sulphur content in the presence of high nickel content or having a

high percentage of nonmetallic inclusions.

An analysis of the effect of nonmartensitic products on commer-

cially produced plates has been completed and will be published. The

present report will be used as a baseline for comparing the effects of

normartensitic products on commercially produced heats.

14



CONCLUSIONS

The following conclusions can be derived from this study: I
1. Up to 50 percent bainite (with the remainder martensite) in HY-

80 steel has very little effect on the NDT temperature and the Charpy V-

notch maximum energy properties. I
2. Proeutectoid ferrite has a detrimental effect on the Charpy

V-notch maximum energy level of HY-80 steel, especially with increasing

strength level. At yield-strength levels of approximately 90 ksi, the

maximu; Charpy energy level met the 40 ft-lb requirement established herein

as a criterion.

3. large prior austernitic grain size has no effect on the maximum

Charpy V-notch level for a given yield strength; however, the transverse

Charpy V-notch fibrous fracture transition temperature is quite sensitive

to yield-strength level and microstructure. j
4. The NDT temperature for structures having large prior auatenitic

grain size are approximately 100 F higher than the NDT temperatures of fine-

grained structures regardless of microstructure. I
i

REWMOEDATIONS

1. The 80 percent martensitic microstructure requirement of MIL-S-

]6216G should be kept in the specification.

2. The two chertistry ranges, one for thin and one for thick plates,

previously specified in MIL-S-16216D should be made a part of the current

HY-S0 specification.
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TABLE 1

Comparison of Chemical Composition and Inclusion Content of Two HY-80 Steel
Plates Used in the Present and in a Previous DTMD Study

TABLE 1A TABLE 1B

Chemical Composition, Percent Inclusion Content 1

P DTMB Plot
DThB Plate I Des igr~ation
Designation )irec tion

.AllayingDietoKlyng E103 HC E103 ,
Element______________
C 0.16 0.15 Transverse 0.5 -0-A o.G -0-B

vd vd

.0.009 0.011 Longitudinal 1.1d-0-C 2.0v-1.25-B

S 0.017 0.014 1. ASTh, E45-51, Method B

Si 0.25 0.14

Ni 2.78 2.85

Cr 1.52 1.44

Ho 0.36 0.45

Cu 0.058 0.03

Total Al 0.042 0.037

aid Sol. Al 0.038 0.034

Ti 0.001 0.001

V 0.001 0.001

Pb 0.001 0.002

_R 0.004 0.005

Mg 0.001 0.001

02 0.008 0.009

N2  0.009 0.008

H2  <.0001 <.0001

16



15 1, w ,

V par r4 l l l ~l r

0 mI I ccI I IrI aD n l l
•) *•I

K -D 
t- O

0 O

I I S I I I 6 I I I S I I I I

LeL

Kv * ~ ~ O .0 S O U q 0 0
-abO C4'

0-

• . ...-
, 

C O 
•

"rfIl •'i 4 I

N -A 1A. m m e m

Cd

0 -8 -8 'b

wI - I

a No acI A ~17



74 z-

r4P

IxI

I~3 I z

0 .0 a o a 0

"- * * - " - N If -

N N "•-, - N
* £ I S I B

*In

IN

I I I

S. 0

* - iN N N N .- - I- I -~

Ia

* ~ -- IN I.0 I .0 .0 0 U 0

Iz 0 0 l I II .0 . : .. 0 . 0 .

N NI-NINII

00- - .0I0.I.0I0 I



TABLE 3

Effects of Microatructure and Tempering Temperature on the
Charpy V-Notch Impact Properties of HY-80 Steel (UMB Plate

E103) Austenitized at 1640 F

Jasethme Taue: T t Hcrosawts" Telsle Properatio Naxmm lber.

? ToerMara Tim Tempertsw Yield Tosile Lateral Temper
66d0sM V 8e8ed0 de6se V Percent Ditrecation Strth Sreegfh t1 x 100 ft. lb. Awspeioa, ature

-ai ksi T-S Mdl degrees

_ _ 100 lON Tins 140 200 74 23 aS400 100 M 'lh's ISO 193 83 25 10 - 97

0 lOON L.a 152 165 92 -

______Ties 155 169 92 25 9

110 lIN Lg 140 154 91 86 54 65
__ __ ___ __ __ _ __ __ _ Tie __ _ __ _ _ _ _ 32 20 -2?

3100 oooN Tien .3 124 91 42 33 -62

1130 100 N ,0 103 116 69 133 65 -130
TIe. 104 116 99 36 34 -120

12T3 lON LMS 91 l0S 6? 139 -9 -166
-_______ Irme ________ ___ 36 44 -100

,O100 N lafT as 103 63 1ll 91 -121

130 lON LM 62 104
______ _______ Trans ____ 62 M -120

IM M 0N L eg6 1 l0! 7?
-, - S- S3 -60

ITS 1i3 400 23*5K Tamim er 152 193 79 22 6
615 1 an as0 9 & is Tie. IS IN 62 22 9 +40

-, -,,, . - - -, -

6M 1 ow 2,3*15K Te I 13 . 1O5 6 2? 1? +

on 133 1u3 3S IGo6 *1N Ties 62 102 so 56
6TS 16" 400 -Aa1DM Tiem 14 Is? %6 l2 a,
an 140, 6" a3,*.W Tree 140 174 so I11 1
ft 1o 1o00a &......Tre 133 1" 3 16 474?

615 1606 1190 sog3 a of-2 100 111414 92 13

______l__ I__�__" *__ Tie. 101 ! 1 of 33 43 -100
615 16M Ina 360 a so0LA s 103 173 54 4?
9"6 __ =1 903 be 1"M IN 49____

123 330 GO3 $ IV 5*15 TN e it,1 141 6a U1 11
jn 3WJ~ IM as OF N Ift U3 US 63 39 is
130 3w3 33.3 U5*5 Tre 73 N6 IN" 40 -140

___w_ s As40 40 4

1ISM We0 313 IlA 1P6N Twow is 00 so 0 54 -134
no sm 41 36 *64v be.s 2IN 15 64 21 6 -

noI ON0 is F_ 5164 M was In 146 14 2 12 -30
1Mm an.. 36IFG N .a MIg1L .hQft.. SIL40 is.L. -- A. - -ML

no $0 t 3 1 103 $a 135 91 -144
___ __ _____be 6 23 3 U5 54 -3

11 123 361*W Tree 73 9? 3 0 49



Caiw V-patcb Imact P"rdpris_______

100 Percent W____f0 Percent _____ 0 Percent 30___ ____ Perciut I_____

or- lborg Lateral Rinera Lateral Aberity Lateral Mm*M Lateral Ar

toaF ft. lb. imil$ degreesF ft. lb. oil$ degree* F ft. lb. ail1a degree F ft. lb. BUS1 degrees F ft. P. so

24 7 -122 24 b -162 22 5 -204 20 4 -165 22 -0
44 22 - 26 43 21 -7 b? 39 lb 96 32 11__ 33
24 6 - 97 24 8 -122 24 9 -150 23 10 -130 24

-1100

- 68 22 9 - 90 21 9 -110 21u

69 40 - 95 61 34 -130 43 22 -154 33 11 -120 46

__ 32 1s . 6 32 1s -114 23 12 -144 22 11 -110 26 J

43 29 -110 39 25 -152 28 is -186 24 13 -170 25
116 71 -195 104 67 -30b 55 11 -222 4532 -220 4

48 33 -145 43 30 -176 38 24 -222 2? 15 -210 29
106 79 .209 79 so -22b 66 43 -240 55 32 -255 45

__ 54 42 -126 51 .39 -17? 34 26 -225 25 15 -255 24
231 04 -174 120 74 -l1e 82 30 -us 49 .30 -240 54
__ 1 _____ -140 51 40 -306 36 22 -2.3 31 16 -240 29

36 44-187 41 43 -212 32 34 -224 29 26 -190 is

56 45 -154 55 41 -186 39 .30 .________ 190 37 A5

______________ _______-130 19 Jo

20 9 + 3 1s 9 -f -65 16 is -0 is Q_
3 7 16 - 6 27 16 -3 9j3 -96 20 10 -90 2D io

3 3 -134 40 27 -160 2B Is -216 26 13 -2IV A6 i
___ __ ___ __ __ ___ __ __-190 30

- -- -- -- 110 19

__ 0 1 20 6 + 6 19 I -14 19 1 .-70 14 3

_ 6 16 a2 26 At -4 6 15 .-79 23 13 - 70 24

123___ 76 133 10033 10 60 37 .226 46 23 -2us 49
- 45 51 -126 40 26 -166 31 19 -300 2? i5 -300 IT71

- -- -- 130 3

_______ ______ ______-190 30 4

21 11 . 21 a1 10 -60 is a -92 16 6 -s0 17 0
- 9 a s .8 9 1 -14 aa -14 2 I as

41 16 -610 41 3 164 .. L....Ji.. n 22U .... 2.. ..... w...... 9
-S - . -

43 9 -174 3? as 36 is 1W u2 16 v4-~ _

22 11 .74 23 10 -106 n1 10 -4" 16 6 -170 14
- a .- -s -0 -s a n -i a -s

49 40 -1in 43 34 -167 a3 -to 496 16 -230 it

-3 a4 -13 a7 M 1 -5
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TABLE 3
Effects of Microstructure and Tempering Temperature on the
Charp V-Notch Impact Properties of HY-80 Steel (DM3 Plate

1103) Austeniti zed at 1640 F

Gj itMA tc ww* epseRto Namum AWrg 100 Percet wuPto,

twee =2i is: Mu 40' ~ F ftt. 7 MI eo ft. b. dI
IN031 Itim 148 300 74 23 a ___

JO U1003 tim 155 2 193 63 23 10 -97 24 7 1-122 Z"

-~LOS 140 lbt 96 46 34 + 6 44 33 1 0 43 2

-3 ____ 4 10 -683 24 6 - 9? 24

-dO10031 Lag 152 165 92 -- -

155 14694 25 9 _________ _____1o 0 14 91 64 4 - 5 G9 40 : 95 ___ 3

1"M _ _ _ 32 _0 _ _ _ _32i _ -66

JO IN031 tin" 113 1I4 91 42 33 -562 43 29 -110 .39 25

iO IN03 N 4 103~ 115 ft 133 as -130 116 71 -i9s 1704. 6?

_________ ume 0 U6 GO 56 34 -120 46 33 -143, 45 30

i0 IGO la 91 105 67 lit of -166 lag 7 -300 79 so
time - 36__4 -100 34 43 -13. 51 39

.010031 Laos as 103 63 131 91 -121 131 64 -174 13D 74
_________ ti e-4 5 ____ 41 ____ -140 5Q 40

%4_____ tim u____ 43 53-1 44 -16? 41 43

-4 -0 - -La - 53 1 3 -6 - 5-5 S4

35 *51 tii N rMe 138 193 TO u2 I __ __

jo as53G,753 tim IN 1n* 1 124 63 2 S +40 30 9 + 3 1s 9
'IV as5I &5" tIrmo 13 1551. 31 1? +.,? 16 -, 2? 14

40 a ,i -r - n - S - - - - - s -I40 a

o 353*1&75 N time a2 10n so $6 _____

30 3*0 1O s tin" 143 16? 76 21 I __

a 0 - -F - - -ft -0 -7 -o -03

-jO so33 a O to Me 133 146 90 0 1t, +4? 26 16 -2 36 16

. 3*40 Log 11 4 a 143 ft -IM Vu) 16 -153 100 55

was_____ inm 201 8? 53 43 -3045 a1 -18 462

SO so33 ~ 1 10 73 4 47

- as - - -s - -e -in- -

30 r sN T IS*73 IQm a? 31 _____1 _ 3 2 1
0- as arI M II3 0i s3

w 351*73& is m 73 ?~ ft n U 44 4w it -4 41 --

a0 -3 -r -,i jw a a

go MY 640N tin" 13 is -11 AS 6 4)446 __ 31 Is

'30 N9*3 %ame 104 M5 Jul 6 ____

400 is*43 p OF1 14 *go M1si -3 uwi u . $4 23 1

so A pop " N &MJS a - as -S -1 -6 - -O-A
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han' Y-Uotch lout Proe~rai6_________________

Fnbr.t Frntwe APPOriNc

SO Percent -- 3D Porcent_____

En~ergy Latc ra) 3kerg Lateral Inerg Lateral Fvrcmt
Sion~ TOWi bpauian Tow awamsiam TowOaso A a

m 4mar F ft. I b. mails dogmau F ft. lb. stiim delp Fe ft. lb. ail$
_______ _____ _____ -110 U1 6 ___

-1 bZ 22 5 -20 20 4 -165 22 3 46

- b7 39 Ab - 9b 32 11 33 1 11 .14

- *122 24 9 -1 w 2.3 10 -130 24 9 44
-110

- 66 22 9 -90 U1 9 -110 U1 9 2.3

-130 43 22 -154 33 11 -129 46 2? 99

-114 25 12 -144 22 11 -110 26 12 $3

-152 26 1s -886 24 13 -170 25 14 36

-206 53 61 -222 4S 24 -220 46 23 31

--178 38 24 -222 2 15 -210 29 1? 35
-226 65 43 -240 SS 32 -253 45 23 it

______ 34 26 -22S 2S 15 -255 34 12 22

-Us8 62 30 -245 49 30 -340 34 34 34

-306 36 22 -231 31 i6 -360 29 1? a

-212 32 34 -234 29 A6 -1i0 39 29 ?4

-1in 39 3 ___ 190 3? 26 46
____ -190 it 5 64

Is ~65 16 a .50 1* 6 30

so -D Is 98 20 10 39 0 10 33

-190 39 is -216 26 13 -26 12a 36

_____-19) 30 22 39

""- - 110 it 7 31

__ 3 14 19 7 . 70 14 S 11

-14 a6 i5 -79 2.3 13 . 70 34 24 is

- -166 40 37 -M 46 33 -its 49 21 is

-166 31 19 -MJ I? is -M 2? Is so

310 4 IT 42

.200 2 is1 40

-~~-9 - 30 3 0

IS16-9 16 it50 1 6 31
3C..i.....R.... 14 -144 22 12 -139 23 12 it

-s -36 -O - --- :jjw - - -3

- -10 a -s -14 -6 - -11 -4

16a 4 i 14 is 1 9 is.

-167 21 1 .4 1 -to a 146 it ISi
- -1-0- -: 3- a - -s -'

21 is 14 45AW31 40 16 It 1
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TABLE 5

Effects of Hicrostracture and Tempering Temperature on the
Charpy V-Notch Inmact Properties of HY-80 Steel (DTKB Plate

E103) Austenitized at 2000 F

AL~onit~udinsl
Isothermal TreatlmtA Microa•tructure Tensile Properties Maxiimm eeru

TaperingC Percent Yield Tensile Ratio Lateral
Temerature Tim*e Tverature Strength Strength- ". x 100 ft lb zpaision, TMP
degrees F Secmds degrees r ksi kni TS &USile degrees F

4_ 10 l K 152 187 81 41 12 i 128
600 100 l 154 183 84 28 13 +144

1000 100 N 138 153 90 36 23 + 04

S1150 100 M 9S 113 88 60 46 + 32

1250 100 N 75 96 78 85 71 - 12
1270 100 l 74 98 76 77 65 - 16
1300 100 N 82 102 s0 68 61 +212

___ _ _ _ 1330 100ON 81 103 79 69 59 +22
875 152 400 3 B& 97MN 159 190 84 23 11 +__44_

675 152 600 3R& 97 N 158 185 85 23 11 + 72
875 152 1000 3 B & 97 N 139 351 92 39 26 + 88
875 152 1150 3 . & 97 M 109 122 89 54 44 _ _+ .32

675 1532 1250 3 P & 97 N 90 109 83 64 56 0

8?S 1600 400 17 D & 83 N 128 173 74 30 12 +212

675 1600 600 .178& 83 M 129 166 78 30 16 +244
875 1600 1000 17 C & 83 N 112 1,0 86 51 36 +152
875 1600 1150 17 B & 83 K 100 123 88 55 47 +140
675 1600 120 171 &,83 88 106 83 6? 60 +1(%0

1200 3350 400 9 F& 91N Mus 16S 72 13 6 +112
1200 3330 600 9 F &91N 118i 159 74 16 7 +136
1200 3350 1000 9 F &91 U9 141 84 29 16 + 52
1300 3350 1150 9 F & 91 N 98 115 85 48 40 + 86
1200 3350 1230 9 Fr& 91 N 79 102 78 60 56 -20

Notes:

A. Amstemitised at 2000 F for I hour, transferred to 1625 F for 5 minutesthen isothermally treated an shown.
3. T=m in Bath tbau water quenched.

C. Tepered at talPeratures so shown for 1 hour and then water quenched.

_ 
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LI

Charp V-Hotch Imput Preperties (Truanverb.)
Percent Fibrous Fracture Apparance

I fl

LOO Percent 80 Percent 60) Percent 30 Percemt

Lateral Lateral Lateral lateral
fe'u bpwansion, TOM EnehW Thpansion TOWrg -Berg uapmsien W FArW xansion

ft lb mils degrees ? ftlb b olls degrees F ft lb rols deo ees F ft lb roils

37 12 - 32 32 12 -16 28 Ul - 36 2 10 -

28 13 +102 26 11 +64 25 9 +42 24 8 -

37 23 +74 37 22 +44 33 19 +16 27 15

fO 44 -16 54 40 --78 43 29 -132 31 24

75 71 -44 68 55 -96 52 41 -132 41 30

72 58 - 36 70 54 - 66 60 45 -100 44 33

68 61 -"4 60 49 -835 32 -130 27 21

64 56 -18 63 43 -100 so 21L -158 30 19 -

22 9 - 20 22 - 52 22 7 - 64 21 6

22 10 - 12 21 6 - 5 16 5 - 64 17 5 -s

34 23 + 46 32 20 - 14 28 16 -40 25 13 -

50 37 -114 41 24 -146 29 19 -150 26 19 -.

64 52 -106 47 38 -138 33 27 -172 30 21 -

30 12 +108 27 12 - 6 24 9 -40 22 7 -

30 19 4,159 26 12 +114 23 11 +68 22 10

47 35 +107 44 34 - 53 34 28 +20 27 18

53 43 +94 51 40 + 23 40 28 - 21 30 20

61 52 +44 58 48 - 25 48 39 -78 38 25

15 6 -17 15 5 -40 15 S -60 15 5 -

16 6 + 83 13 6 + 64 12 6 + 44 12 6 --

23 16 + 2 22 15 - 26 21 12 -54 19 1U

46 313 - -4 43 34 - 74 27 -_-

60 48 - 55 50 38 - 80 36 30 -154 29 29

el



ng Temperature on the
fY-80 Steel (Dm3 Plate
2000 F

Charpy V-Noteh Imact Properties (Transverse)

Percent Fibrous Fracture Appe,

LoMJUWnJal
rsile Properties Maxia Energy 100 Percent 80 Percent

'ol~d Tensle It:io Lat•eral "Lateral Lat~eral

ý!ngh Strengt~h" 73 x 100 ft lb Ropansono, Temp Energy Zxansion, TeWp Energy Expansion Tomp
ksi ksi T'S ails degrees F ft lb SUBs degrees F ft lb mile degrees?

132 187 81 41 12 +128 37 12 - 32 32 12 - 16

154 183 84 28 13 +144 28 13 +102 26 iA +b4

138 153 90 36 23 + 96 37 23 +74 37 22 +44

99 113 88 60 46 + 32 60 44 - 16 54 40 - 78

75 9 78 85 71 - 12 75 71 - 44 68 55 -96

74 96 76 77 65 - 16 72 58 - 36 70 54 - 66

82 102 s0 68 61 +212 68 61 - " 60 49 - 98

81 103 79 69 59 + 22 64 56 - 18 63 43 -100

159 190 84 23 n + 44 22 _ - 20 22 9 - 52

ISO 185 85 23 U + 72 22 10 - 12 21 6 - 54

139 151 92 39 26 + 88 34 23 + 46 32 20 - 14

109 122 89 54 44 + 32 so 37 -114 41 24 -146

90 109 83 64 56 0 64 52 -106 47 38 -138

128 173 74 30 12 +212 30 12 +106 27 12 - 6

129 166 78 30 16 +244 30 19 +159 26 12 +114

112 1 86 51 36 +152 47 35 +107 44 34 - 53

too 123 8 55 47 +140 53 43 +94 51 40 + 23

88 106 83 67 60 +100 61 52 + 44 58 48 - 25

li1 165 72 13 6 +112 1s 6 - 17 15 5 - 40

lie 159 74 16 7 +136 16 6 + 83 13 6 + 64

119 141 84 29 16 + 52 23 16 + 2 22 15 - 26

98 115 85 48 40 + 86 46 38 - 4 43 34 - 74

79 102 78 60 5 -20 60 48 - 5 so 38 -80

25 F for 5 minutes.then isothermally treated as shown.

en water quenched.



mearance
At M

50 Percet 30 Percent

Lateral Lateral La~teal
bTera I~pnnioa Tom Okerl BWMsiam Toe ]bow rTcmt mulmII

7 ft lb mile degroee F ft lb mine dewree F ft lb Yber MILo
28 u - 36 26 10 - so 24 19 a
25 9 +42 24 a +15 24 11 7
33 19 +16 27 15 +10 26 26 14
43 29 -132 31 24 -I5 3S 36 26

52 41 -132 41 30 -145 37 24 27
60 45 -100 44 33 -155 31 14 22

35 32 -130 2? 21 -170 I 16 14
50 21 -158 30 19 -160 30 29 it

22 7 -64 21 6 -80 22 13 6
8s 5 -64 17 5 -30 20 72 6

28 16 -40 2S 13 -10 28 a16
29 19 -150 26 19 -no 42 62 25
3' 27 -172 30 21 -150 31 41 24

24 9 -40 22 7 - 0 22 23
23 U +68 22 10 +90 n 31 1

34 28 420 27 16 +10 26 25 16
40 as -n 30 30 -10 31 41 23

- 8•-• S:S-S - - -
- 48 39 -76 36 25 w-60 36 26 22

is 5 -60 is S -70 15 13 S

12 6 + 44 12 6 +40 12 18 6

21 12 - 54 19 u - so 1i 30 11- ,us -. - -
27 _2Z ____ ___ ___ -0 x0 63 24
36 30 -I14 29 2 -130 30 39 b"

I



TABLE 6

Effects of Microstructure and Yield Strength on the Transverse
Charpy V-Notch Energy and Temperature Corresponding to 100 Percent

Fibrous Fracture Appearance of HY-80 Steel (DTMB Plate E103)
Austenitized at 2000 F

100 Percent Fibrous
Isothermal Treatment Fracture Appearance

Transverse Charpy

Yield2  V-Notch Properties1
Temperature TLic Microstructure Strength Energy Temperature

degrees F Seconds ksi ft-lb degrees F

100 80 70 +20

100 57 + 30
S80 70 ~ 10

875 152 3 B-97 M
_100 57 + 20

.'.80 -10 ~100
875 1600 17 B-83 M

_100 60 +115
so0 60 - 51200 3350 9 F-91 M

100 45 +100

1. Microstructure:

M - Martensite

B - Bainite

F = Ferrite

2. Room temperature yield strength

L
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TABLE 7

Effects of Microstructure on Yield Strength and Transverse
Charpy Energy Corresponding to 100 Percent Fibrous Feacture

Appearance at 32 F of HY-80 Steel (DTMB Plate E103)
Austenitized at 2000 F

Properties at 100 Percent
Fibrous Appearance at 32 F

Yield 2  Transverse
Microstructure Strength Cy (32 F)

kai ft-lb

100 M 92 60

3, -97 N 113 48

17 0-833 <80 -70

9 F-91 T 85 62

1. Microstructure

N - Martensite

3 = ainite

F Ferrite

2. Room teoerature yield strength

TABLE 8

Lffects of Cooling Rate an the Mechanical and Notch Toughness
Properties of HY-80 Steel (D1TB Plate E103)

Austenitised at 1640 F

Cooling Treatment 4

1 WaterProperty Quenched Air-Cooled Slow-Cooled

U.T.S., kii 116 i04 104

0.2 Percent Y.S., kai 103 84 83

Percent !1. in one in. 24 25 24

Percent Red. in area 76 73 72

NDT, deg.ree -210 -130 -90

CY at N1?ft-Jb 29 25 30

C mx, ft-lb 56 s5 51

1. Room temperature tensile properties.

2. Transverse Charpy V-Notch at NDT temperature.

3. Transverse Chaapy V-Notch at 212 F.

4. Austanitised 1640 F for 1/2 hour, cooled as
indicated to room temperature, held at-410 F
for 1 hour, ad tempered at 1150 F for 1 hour
then vater quenched.

22
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25% TNalnite 75% ?Iartemaite 25% Ferrite 7319 Nartessit.
075 F - 152 Sec 120D F - 333D Sec

90 almte - 50% Nartasmite 369 Ferrite - 64% )Gartasaits
875 F - 160 Sec 1200?F- 6300 See

Figure 6 -Microstructure (10001) of Specimmw hAstemitized at 1640 IP md
then Isathenally Treated rit 875 7 mad 1200?r
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3% Bainite 97% Martensite 9%~ Ferrite - 91% Martens ite
b75 F - 152 Sec 1200 V- 3350 Sec

17% B~inite -83% Martenaite 38% Ferrite -62% Martensite
875 F - 1600 Sec ]200 F - 8500 Sec

Figure 7 - Microstructure (iOOOX) of Specimens Austenitized at 2000 F and
then Isothermally Treated at 875 and 1200 F( 28
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6

Figure ZOa - Slow Cooled 9.5 F/mm

Figure ZOb - Air Cooled 35.1 F/mm

Figure 20 - Photomicrographs (iooOX) of Slow-Cooled md

Air-Cooled Specimens
'I
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APPENIIDIX
CHARPY V--NOTCH PROPERITY CURVES
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