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FOREWORD 

This report describes part of the work accomplished by The Boeing 

Company under contract FA-BS-66-5, which supports Phase II-C of the FAA 

Supersonic Transport Program. 

The work was conducted under the direction of John F. Baisch of the 

Materials Technology Unit, Program Manager. Douglas F. Bulloch was the 

Technical Director and James L. Guthrie was the Principal Project Leader. 

Significant contributions to this program were made by the follow mg 

personnel: Wilfred C. Larson, Charles S. Martin and Walter O. Swift cf the 

Structures Laboratory; Dave E. Austin, Donald A. Bolstad, and Rodney 

Boyer of the Materials Technology Laboratory. 

The contract time period covered by this program was November 1, 

1965 through December 31, 1966. 



ABSTRACT V 
Forged billets of three vacuum melt heats of 4330 V-Modified, H-ll 

Modified, 9Ni-4Co-0. 30C, 9Ni-4Co-\). 45, and Maraging (18 percent Ni) 250 

and two heats of 300M were evaluated to provide high strength steel alloy selec¬ 

tion data for heavy section aircraft components. The evaluation included the 

following types of tests: tensile, precracked charpy impact, plane strain 

fracture toughness, stress corrosion, hydrogen embrittlement susceptibility, 

elevated temperature stability, and fatigue. The results of the testing are 

discussed and are related to alloy selection considerations. 
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SUMMARY 

Billets of three vacuum melt heats each of 4330 V-Modified, H-ll 

Modified, SLíi-4Co-0.30C, 9Ni-4Co-0.45C, and Maraging (18 percent Ni) 250 

and billets of two vacuum melt heats of 300M were evaluated to provide alloy 

selection data for the supersonic transport program. The evaluation included 

the following types of testing: tensile, precracked charpy impact, plane strain 

fracture toughness, stress corrosion, hydrogen embrittlement susceptibility, 

metal-lurgical stability, and fatigue. 

Initially, a heat treatment study was conducted with one heat of each alloy 

to establish strength-fracture toughness relationships. From these relation¬ 

ships, optimum heat treatments were selected to determine other material 

properties. Three heats of each alloy were used for the remainder of the pro¬ 

gram to determine the effect of chemistry variations on fracture toughness, 

stress corrosion and strength. 

Within the 220-240 ksi ultimate strength range, 9Ni-4Co-0. 30C had 

higher fracture roughness than 4330 V-Modified or H-ll Modified. At strength 

levels above 250 ksi, the Maraging 250 and bainitically treated 9Ni-4Co-0.45C 

alloys and had higher fracture toughness than 300M. However 300M had the 

highest strength properties. 

Two types of stress corrosion testing were performed. Statically 

stressed smooth bend specimens were tested by alternate immersion in salt 

water and precracked notched bend specimens were sustain-loaded in salt water. 

Both tests indicated that the 9Ni-4Co-0. 30C, 9Ni-4Co-0.45C (Bainitic), and 

Maraging 250 steels were the least susceptible to stress corrosion. 

Specimens of 4330 V-Modified, 300M, 9Ni-4Co-0.45C, and Maraging 

250 steel were exposed to 300°F and specimens of 9Ni-4Co-0. 30C and H-ll 

Modified were exposed at 450°F and 550°F, respectively. With the exception 

of 4330 V-Modified, 5,000 hours of exposuie at a sustained stress level of 40 

ksi had no significant effect on room temperature strength or iracture toughness. 

Stress-rupture tests of notched specimens charged with hydrogen in¬ 

dicated that the 300M and 9Ni-4Co-0.45 steels were severely embrittled at 

strength levels higher than 260 ksi. Limited tests of notched fatigue specimens 

(Kt = 2'5) todicated that there were no major differences in axial fatigue 

properties between the alloys. 
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1.0 INTRODUCTION 

Structural components forged from the high strength steels 4330 V- 

Modified and 300M and heat treated to ultimate strengths of 220-240 and 270- 

300 ksi, respectively, have performed well in service on Boeing aircraft 

(Ref. 1), Because successful service experience has been acquired, 4330 V- 

Modified and 300M are prime alloy candidates for the supersonic transport. 

However, the Maraging and 9Ni-4Cc alloys appear to be more reliable. To pro¬ 
vide alloy selection data, the Federal Aviation Agency authorized a high strength 

steel evaluation program. The objective of the program was to compare and 

evaluate high strength steels in terms of strength, fracture toughness, metal¬ 

lurgical stability, susceptibility to stress corrosion, fatigue, and resistance 
to hydrogen embrittlement. 

Alloys selected for evaluation were 4330 V-Modified, 300M, 9Ni-4Co-0.30C, 

9Ni-4Co-0.45C, Maraging 250, and H-ll Modified. 4330 V-Modified and 300M 

were included to provide a basis for comparison. The H-ll Modified alloy was 

selected because of its potential for elevated temperature applications. All of 

the materials obtained for the program were produced by the consumable elec¬ 

trode vacuum melting process and several vacuum melt heats of each alloy 
were evaluated. 
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2.0 kATERIALS 

This section describes the materials of the program in terms of their 

process history and chemical composition. 

The six high strength steels selected for evaluation were as follows: 

4330 V-Modified 

300M 

H-ll Modified 

9NÍ-4CO-0.45C 

9Ni-4Co-0.30C 

Maraging (18 percent Ni) 250 

4330 V-Modified and 300M are modifications of the standard aircraft 

alloys, AISI 4330 and 4340 steels. The main landing gears of the Boeing Model 

727 are forged from 4330 V-Modified. 300M was developed by the International 

Nickel Corporation under the trade name “Tricent”. The main landing gears 

of both the Models 720 and 737 aircraft are forged from 300M. The H-ll Modi¬ 

fied material evaluated had the trade name “Vascojet 1000” and is a modifica¬ 

tion of H-ll tool steel. The 9Ni-4Co alloys were developed by the Republic 

Steel Corporation. The 9Ni-4Co-0. 30C alloy contains less carbon and a higher 

percentage of chromium and molybdenum than the 9Ni-4Co-0.45C alloy. Marag¬ 

ing (18 percent Ni) 250, which contains less than 0.03 percent carbon, was de¬ 

veloped by the International Nickel Company for rocket motor cases. 

All the materials obtained for the program were produced by the consum¬ 

able electrode vacuum melting process. Current Boeing design practice re¬ 

quires vacuum melting for critically stressed steel components that are heat 

treáted to ultimate strengths greater than 180 ksi. Vacuum melting reduces 

the inclusions content, increases toughness, and reduces material anisotropy 

(Refs. 2, 3, and 4). 

Materials for the program were received from the suppliers in the 

form of 3- by 9- by 24-inch annealed billets. Three billets were obtained per 

alloy. Two of the three 300M billets were from the same heat. The billets of 

the remaining alloys were all from different vacuum melt heats. At least two 

vacuum melt heats of each alloy were from different parent air melt heats. 

Since the materials were from different heats, variations of composition 
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existed between billets of the same alloy. Evaluation of the various heats pro¬ 

vided an indication of the extent of the property changes resulting from com¬ 

positional variations. The billet suppliers, applicable specifications, and heat 
daca are listed in Table I. 

Table II describes the forging histories of the billets. Because the amounts 

of reduction and the forging temperature affect the mechanical properties, the 

forging processes will be considered in the analysis of the test results. The 

annealinp treatments used after forging are described in Table III. 

The chemical compositions of the materials are given in Table IV. This 

table lists the results of the supplier’s heat analysis and the results of a billet 

analysis performed at Boeing. Generally, there were no major discrepancies 

between the two analyses. However, the billet analyses indicated slightly higher 

levels of phosphorous and sulphur and lower (0. 00-0. 03 percent) carbon co¿tents. 

When the materials were received, each billet was ultrasonically in¬ 

spected with 5/64-inch indications as the basis for rejection (Ref. 5). Except 

for one 9Ni-4Co-0. 30C billet (Heai ¿931145), all the billets satisfactorily passed 

ultrasonic inspection. The rejected billet passed inspection after cropping. 

This billet appeared to have been severely forged at too low a temperature. 

Following ultrasonic inspection, cross sections were cut from the ends 

of the billets (Fig. 1) and macroetched. Pictures of the macroetched cross 

sections are shown in Figs. A-l through A-6 in Appendix A. The Maraging 

250 billet displayed the most pronounced flow structures (Fig. A-5). No voids 

or shuts were observed on any of the sections. However, edge cracks were 

observed along the sides of one of the 9Ni-4Co-0.30C billets (Fig. A-3c). These 
cracks were removed by milling the sides of the billet. 

Evaluation of annealed billet microstructures at the positions shown in 

Fig. 1 revealed alloying element segregration in the form of longitudinal grain 

direction banding. These areas of segregation probably developed during 

freezing of the ingot. When the ingots were forged, the segregated areas were 

elongated and compressed into narrow bands. With the exception of 300M, 

banding was observed in the microstructure of at least one heat of each alloy. 

The Maraging 250 displayed the most severe banding. Figures A-7 through A-12 

of the Appendix show the microstructures of the as-received billets. 
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3.0 TESTING METHODS AND SPECIMEN CONFIGURATIONS 

The materials evaluation conducted in this program was based on 

seven types of testing: 

• Tensile 

• Precracked Charpy Impact 

• Plane Strain Fracture Toughness 

• Sustained-Loading of Fatigue Cracked Notched Bend Specimens in Salt 

Water 

• Sustained-Load Alternate Immersion of Unnotched Bend Specimens in 

Salt Water 

• Notched Tension-Tension Fatigue 

• Stress Rupture of Hydrogen Charged Notched Tensile Specimens 

All the testing was performed at either -65°F or at room temperature. Room 

temperature testing was selected to provide data for comparison with a\ ail- 

able data in the literature and -65°F testing was considered to reveal the low¬ 

est fracture toughness encountered in these alloys over the SST service tem¬ 

perature range. 

In this section, the specimen preparation procedures and testing 

methods are discussed. These subjects are related to all phases of the pro¬ 

gram. Deviations from the specimen preparation procedures or test methods 

are discussed in the applicable sections. 

3.1 SPECIMEN PREPARATION PROCEDURES 

Initially, coupons were cut from the billets and machined into heat 

treatment blanks. The shapes of the blanks were similar to the final specimen 

shapes except that 0.025-inch minimum of excess material was left on all 

surfaces. This excess allowed for removal of decarburization and warpage 

after heat treatment. Austenitizing and normalizing was performed in con¬ 

trolled atmosphere furnaces to further insure against decarburization. The 

heat treatments used are described in subsequent sections. Finish machining 

was performed by grinding after heat treatment and was carefully controlled 

(Ref. 6) to prevent the formation of untempered martensite due to excessive 

heating. 
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3.2 SPECIMEN IDENTIFICATION 

Each specimen of the program was stamped with a code letter and 

number. The code letter identified the alloy and type of heat treatment as 
indicated below. 

Code 

A 

B 

C 

D 

E 

F 

G 

Alloy 

4330 V-Modified 

H-ll Modified 

9Ni-4Co-0. 30C 

300M 

Maraging 250 

9Ni-4Co-0.45C 

9Ni-4Co-0.45C 

Type of Heat Treatment 

Quench-Temper 

Quench-Temper 

Quench-Temper 

Quench-Temper 

Solution Treat and Age 

Quench-Temper 

Bainitic 

The billet locations of any given specimens can be identified in terms 

of the specimen’s letter code and number by referring to the billet cutting 

diagrams, Figs. A-13 through A-30 in Appendix A. Specimens with their 

longitudinal axis parallel to the billet length dimension were denoted longi¬ 

tudinal specimens, whereas specimens with their axis parallel to the width 
or thickness dimension were denoted transverse and short-transverse speci¬ 
mens, respectively. 

3.3 TENSILE TESTING 

Tensile testing was performed in room temperature air using the round 

tensile specimen configurations shown in Fig. 2. Testing was conducted at a 

rate of 0. 005 in. /in. /min to yield and then at 0.1 in. /in. / min to failure. The 

results of th a tensile test included ultimate strength, 0.2 percent offset yield 

strength, percent elongation in a 1-inch gage length, reduction of area, and 

modulus of elasticity. Load-deflection curves to failure were obtained for 

the specimens tested during the “Heat Treatment Study” phase of the program. 

All the tensile testing was conducted in accordance with ASTM E21-587 
procedures. 

3.4 PRECRACKED CHARPY IMPACT TESTING 

Charpy specimens of standard dimensions (Fig. 3) were tested at -65°F. 

Prior to testing, the specimens were fatigue cracked at the root of the notch 

to a depth of approximately 0.02 inches. This precracked chaipy test was 
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considered to be a more sensitive toughness test. After precracking, the 

specimens were tested as standard charpy specimens. The toughness values 

were calculated as energy to fracture divided by the fracture face area which 

was determined by multiplying the average fracture face depth by the specimen 

width. The specimens were cc ed to -65°F in a bath of dry ice and alcohol. 

3.5 NOTCHED BEND SPECIMEN FRACTURE TOUGHNESS TESTING 

The susceptibilities of the steels to unstable crack growth at stresses 
below the yield strength was evaluated by plane strain fracture toughness 

testing (Refs. 7,8). Both the longitudinal and transverse grain directions 

of all the billets were fracture toughness tested. The four-point-load notched 

bend specimen used for this testing is shown in Fig. 4. Because the billets 

were 3 inches thick and the notched bend specimen was 7-1/2 inches long, it 

was not possible to test the short-transverse grain direction of the billet«. 

Notched bend specimens were precracked in a Sonntag SF-10-U fatigue 

machine with a cantilever bending fixture (Fig. 5). The specimens were 

cycled at 1800 cycles per minute until the combined depth of the fatigue crack 

and notch was approximately 0.30 inches. The final maximum fatigue cyclic 

stress-intensity (K) imposed on the specimen was not allowed to exceed 40 

ksiVüñT This limitation minimized the size of the yield zone at the tip of the 

fatigue crack. 

Testing of the fatigue cracked notched bend specimens was accomplished 

in a Tinius-Olsen tensile machine as shown by Fig. 6. The specimens were 

loaded to failure at a rate of 14,400 pounds per minute. With this loading 
3 

rate, the maximum outer fiber bending stress rate was 10 psi per second. 

As the specimens were loaded, load-deflection curves were recorded. The 

deflection was measured in terms of testing machine crosshead movement 

with a class PD-IM deflectometer. After failure, the average depth of the 

notch plus fatigue crack on the fracture face was measured with a machinists 

scale. A cold box cooled by releasing pressurized nitrogen gas was used for 

the -65°F testing. Thermocouples were attached to the test fixture and speci¬ 

men to verify the test temperature. A. 1 specimens were soaked at -65°F for 

not less than 1/2 hour prior to testing. 

The load levels used to calculate the critical-stress-intensity (KjC) was 

the load at deviation from linearity on the load deflection curve. Figure 7 



. mrm* . rt'«® 

illustrates the four types of load-deflection curves obtained with Pr>T denoting 

the load at deviation from linearity. Curve A shows linearity 1¾) to the maxi¬ 

mum load which indicates negligible slow growth. The majority of the curves 

obtained during the program were of this type and the load used to compute 

Kfc was pmax* Curve B indicates slow growth of the crack starting at Point 

PDL’ 016 frorn linearity, which was then used to compute K.„. 

Curve C illustrates the classical case of plane strain indicated by “pop-in” 

of the crack. Curve D indicates some slow growth, starting at P«. , prior 
uLj 

to the “pop-in” of the crack. Load measured at point P_T was therefore 
ULj 

used to compute the plane strain stress intensity in each case, except curve 

A, where Pm coincided with Pm . In this evaluation, “pop-in” below the 
uxj XXlcwv 

maximiun load was a rarity. When the Kjç values were computed, no correc¬ 

tion was made for the plastic zone at the tip of the crack. 

To obtain valid KjC values, limitations of the stress-intensity factor 

formula (Fig. 4) require that the ratio of nominal bending stress at the tip 

crack (crn) to the 0.2 percent offset tensile yield strength (crys) be one or less 

than one ( crj o-yg 4 1). The notched bend specimen size selected for this 

investigation resulted in predominantly valid test results. 

3.6 SURFACE FLAWED SPECIMEN FRACTURE TOUGHNESS TESTING 

Most of the fracture toughness testing was performed with the four- 

point-load notched bend specimen. However, a limited number of surface 

flawed specimens were tested to verify the results of the notched bend test. 

The surface flawed specimen configuration and stress intensity formula are 

given in Fig. 8. 

The surface flawed specimens were precracked by tension fatigue 

cycling in an 180,000 pound capacity electrohydraulic testing fixture using a 

stress ratio of R = 0.06 and a cyclic rate of 120 cpm. Fatigue-crack growth 

was observed cptir ally with a 50X calibrated telescope similar to that shown 

in Fig. 9. When the crack had fully initiated around the periphery of the 

electrical discharge machined flaw, fatigue cycling was stopped. The speci¬ 

mens were then loaded to failure at a gross-area stress rate of 103 psi per 

second. The maximum load (PwnJ was used to calculate KT„. The surface 
IITclA 

flawed specimen KjC values were considered valid, when the ratio of gross 

4 1). 

area stress ( cr ) to 0.20 percent yield strength ( <r ) was one or less 

( VSs 

i J 

y 
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o 
(] 

0 
0 
n 

n 

D 
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3. 7 SUSTAINED LOADING OF FATIGUE CRACKED NOTCHED BEND 
SPECIMENS IN SALT WATER 

The combined action of salt water and static-tensile-stress causes 

cracks to propagate in high strength steels. To evaluate salt water crack 

growth resistance, fatigue cracked notched bend specimens, identical to 

notched bend specimens used for the fracture toughness testing (Fig. 4), were 

sustained-loaded in salt water at stress-intensity levels (Kj.) below the critical- 

stress-intensity level, KjC. In the presence of salt water, the fatigue cracks 

propagate until they reached the critical crack length necessary for rapid 

fracture. The results of this testing were plotted as curves of ‘‘K /K 
li' 

vs. Time-to-Failure”. 

Figure 10 shows the notched bend specimen sustained-loading appa¬ 

ratus. The specimens were placed in the teflon-coated environmental cylinder 

and loaded at 14,400 pounds per minute to the desired stress-intensity level. 

The cylinder was then filled with salt waver such that the precracked notched 

bend specimen was submerged to a depth of 1 to 1-3/b inches. The initial 

applied sustained-load was maintained to failure, or until a 10,000 minute 

test period had elapsed. Specimens removed from the salt water prior to 

failure were fractured in air and examined for evidence of crack-growth. In 

this investigation a 3.5 percent NaCl-distilled water solution was used as a 
standard environment. 

3.8 SUSTAINED-LOAD ALTERNATE IMMERSION TEST 

Alternate immersion testing was performed with smooth-bend speci¬ 

mens (Fig. 11) to evaluate the stress corrosion resistance of the alloys. The 

specimens were sustained-loaded to 80 percent of their yield strength by 

applying bend moments to the ends of the specimens, as shown by Fig. 12. 

The stress level at the center of the specimen was measured in terms 

of jig leg deflection and was checked with strain gages. With the exception of 

a 1- by 2-inch test area at the specimen center, the specimens were protected 
from corrosion with a coating of “Organo Ceram”. 

After stressing, the specimens were placed on a 4-foot diameter ferris 

wheel as shown in Fig. 13. The rotation speed was such that the specimen 

was immersed in an aqueous 3.5 percent NaCl solution eight minutes of each 

hour. This salt water solution was changed once a week. The time required 
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for the specimens to fail provided a measure of the susceptibility to stress 

corrosion. A specimen was considered to have failed when complete fracture 

had occurred or when the fracture specimens were held together by only a 

small section of metal. The alternate immersion test procedures are dis¬ 
cussed in detail by Dreyer (Ref. 9). 

Because the time-to-failure depends on the specimen surface condition 

(Ref. 9), the machining and finishing procedures used were the same for all 
specimens. Following heat treatment, the specimens were ground to final 

dimensions with a nominal 32 RHR surface finish. The specimens were then 

stress relieved at 50°F below the tempering temperature to transform any 

untempered martensite which might have formed during machining. The oxide 

film produced by the stress relieving was removed by dry abrasive blasting. 

The Maraging 250 specimens were not stress relieved but were abrasive 
blasted. 

3.9 STRESS RUPTURE TEST OF HYDROGEN CHARGED SPECIMENS 

Round notched tensile specimens were charged with hydrogen and then 

sustained-loaded in creep machines at various stress levels. The test speci¬ 

men configuration used is shown in Fig. 14. The 0.003-inch notch radius re¬ 

sulted in a stress concentration factor of approximately 5 (K. = 5). Following 
V 

finish machining the root of the notch was polished with a rotating wire of 

diameter 0.006 inches in a slurry of oil and abrasive. When the finishing 

operations were completed, the specimens were magnetic particle inspected 

(Ref. 10) for cracks. The notch root radius and specimen diameter at the 

root of the notch were measured with a contour projector. With the exception 

of Maraging 250, the specimens were given a postmachining stress relief at 
50°F below the tempering temperature. 

The specimens were charged with hydrogen by electroplating with 

0.0005 inch of bright cadmium using a “Rofco Super XL” brightener and a 

current density of 30 amp/ft2 (Ref. 11). Prior to plating the specimens were 

cleaned by dry-abrasive blasting. Following plating, each specimen was in¬ 

spected at low magnification (2-3QX) to insure complete coverage at the root 

of the notch. The specimens were not given a postplate bake. However, the 

specimens were stored at room temperature for two weeks minimum prior 
to testing. 
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Two unplated specimens were tensile tested in room temperature air at 

a loading rate of 2,500 pounds per minute to determine the notched strength of 
the steels. 

3.10 NOTCHED FATIGUE TESTING 

A limited number of flat fatigue specimens of the configuration shown 

in Fig. 15 were tested in the Sonntag SF-10-U fatigue machine. The 0.250- 

inch hole at the center of the specimen resulted in a stress concentration 

factor of approximately 2.5 (K^ = 2. 5). All the specimens were cycled at 1800 

cycles per minute using a stress ratio of 0. 06 (R = 0.06). 

A = 0.o,'r7 ° 
B = A 

Sym 

Sym 

1/2 - 20 NF - 3 Thd 

45° 

Í 

Figur* 3. Pr*crack*d Charpy Spmcimun 
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A = 45 notch angle 
R = 0.011 max. notch radius 

C = O.225 i 0.001 notch depth 
a = notch depth, plus average fatigue crack depth 
B = 0.480 + 0.001 specimen width 
W = I.5OO + 0.001 specimen depth 
L = 1.50 moment arm 

Ail dimensions in inches 

^n = nominal bending stress at crack tip 

<r n 
4.5 P 

B (W-a)2 

Figur* 4. Notched B*nd Sp*cim*n and Str*st Intensity Formula 

d6a 10093-2 



21 









A 



Timer 

Load 
Cell 

Stationary 
Loading 
Head 

Specimen 

Movable 
Loading 
Head 

Hydraulic 
Loading 
Cylinder 

Figur* 10. Notched Bend Specimen Sustained-Loading Apparatus 
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C.003 Radius 

Figur» 14. Round Notchod Tonsil* Specimen 
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Figuro 15. Fatigue Specimen 
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4.0 HEAT TREATMENT STUDY 

An understanding of how the strength and toughness of a steel vary with 

heat treatment is required for selecting the thermal condition that gives the 

best combination of strength and toughness. The strength, toughness, and 

heat treatment relationships are also necessary in establishing the temperature 

and time controls needed to achieve a specific thermal condition. 

In this section of the report, the strength and fracture toughness are 

reported for several different heat treatments of each alloy. The heat treat¬ 

ments that gave the best combination of strength and toughness were used ior 

subsequent phases of the program such as stress corrosion (Sec. 7.0) and 

fatigue testing (Sec. 10.0). 

4.1 PROCEDURE 

Table V lists the heat treatments that were tested. Two tensile and four 

notched bend fracture toughness specimens were tested per heat treatment. 

Except for 9Ni-4Co-0.45C, each alloy was given a single type of heat treatment. 

For example, the Maraging 250 steel was tested only in the solution treated and 

aged condition, while the 300M, 4330 V-Mod, H-ll Mod and 9Ni-4Co-0. 30C 

alloys were tested only in the quench-temper condition. The 9Ni-4Co-0.45C 

steel, however, was tested in both the quench-temper and bainitic conditions. 

The bainitic treatment included a quench from the austenitizing temperature 

into a salt bath, which was maintained nl a constant temperature above the M s 
(Martensite-Start) temperature. At this constant temperature, referred to as 

the bainitic treatment temperature, the austenite transformed to bainite. To 

insure that there was no temperature rise during quenching, a large (approxi¬ 

mately 48 cu ft) salt bath was used. 

Since the alloys evaluated were primarily intended for high strength appli¬ 

cations, most of the specimens were heat treated to ultimate strengths greater 

than 220 ksi. To keep the size of the program within reasonable limits, all 

specimens were taken from the transverse grain direction of the billets and 

only specimens from one heat of each alloy were tested. The specimen config¬ 

urations, specimen preparation procedures, and testing methods are described 

in Sec. 3.0. All the tensile specimens were tested at room temperature, where¬ 

as half of the notched bend fracture toughness specimens were tested at -65°F 
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and half at room temperature. Because steels often display a ductile-to-brittle 

transition behavior, low temperature toughness testing was considered nec¬ 

essary. The -65°F temperature was selected because it is representative of 

the minimum SST service temperature. 

4.2 RESULTS 

Tables VI and VH, respectively, list the tensile and fracture toughness 

test results for the different heat treatments. The amounts of austenite in 

several of the tensile specimens after testing are given in Table Vm. This 

table also gives some austenite data for heats which were tested during sub¬ 

sequent phases of the program. Figure 16 through 23 are plots of the property 

data as a function of a heat treatment variable such as tempering temperature 
or aging temperature. 

4. 3 4330 V-MODIFIED 

The ultimate and yield strengths increased as the tempering temperature 

was decreased from 700°F to 400°F (Fig. 16). The toughness, however, was a 

minimum at tempering temperatures of 500 and 600°F. The sharp decrease of 

-65 F toughness at tempers of 600 and 500°F was a result of the so-called 

“500°F embrittlement,” sometimes called “irreversible temper embrittlement.” 

Studies have shown (Ref. 12) that this type of embrittlement results 

from the transition of the carbide precipitate from epsilon carbide to cementite 

and the appearance of platelet cementite early in the third stage of tempering. 

Because the embrittlement is precipitation related, it depends on the tempering 

time, tempering temperature, and composition. Electron micrographs (Figs. 

24 through 26) show the change in carbide precipitation from e-carbide to 
FegG. 

The 500 F temper produced slightly higher -65ÛF toughness and higher 

strength than a 600°F temper, therefore a 500°F temper was selected as the 

optimum heat treatment. Although a 400°F temper yields higher strength and 

toughness, 400°F was considered too low and restricted for the application of 

the material at moderately elevated temperatures. Furthermore, 400oF may 

be too low to relieve residual thermal stress and transform or stabilize aus¬ 

tenite retained from quenching. 
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4.4 H-ll MODIFIED 

Figure 17 shows how the strength and toughness of H-ll Modified varied 

with tempering temperature. Compared with the other alloys tested, the change 

of strength with respect to tempering was quite rapid. For example, within the 

tempering range of 1025O-1175°F (150°F range) the strength varisd from 270 

to 250 ksi. Therefore, to achieve a specific strength level, requires closer 

tempering temperature control than with steels such as 4330 V-Modified or 

300M. 

No toughness data was obtained for the 1025 F temper because the notched 

bend specimens failed during precracking. However, by extrapolation (Fig. 17) 

the KjC value was estimated to be less than 30 ksiVInT Of all the steels tested, 

the H-ll Modified steel had the lowest toughness. Therefore, a relatively low 

strength (220 ksi ultimate) 1100°F temper was selected for further evaluation. 

Microstructures for this H-ll type tool steel are included in Figs. 28 

through 30. A secondary hardening reaction is reported for this steel at about 

950°F (Ref. 13). The lowest tempering temperature applied to this alloy on 

this program was 1025°F which is well into the range for precipitation of alloy 

carbides referred to as secondary hardening. The presence of cementite has 

been reported at 1020°F (Ref. 14) based on electron diffraction analysis. It is 

probable that the plate-like carbides of Figs. 28 and 29 are Fe3C. The in¬ 

creasing occurrence of the rounded carbides from Figs. 28 through 30 indicates 

the further growth of the lower energy alloy carbides at the expense of the less 

stable Fe„C. The carbides are probably predominantly M00C_. No signs of 
O ¿O O 

recovery or recrystallization are observed until the steel has been tempered 

well past the aging peak. However, once recovery begins softening is very 

rapid as shown on Fig. 17. 

4.5 9Ni-4Co-0.30C 

The j ield and ultimate strength of the 9Ni-4Co-0.30C (Cr, Mo) steel 

increased (Fig. 18) to a maximum when the tempering temperature was in¬ 

creased from 800°F to 950°F. This strength increase may have been a so- 

called secondary hardening effect or possibly the result of the precipitation of 

intermetallics. The change in microstructure corresponding to this peak in 

the strength properties is shown in Figs. 31 through 33. The alloy carbide or 

intermetallic precipitates responsible for the secondary hardening are evident 
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in the electron micrograph showing the overaged microstructure tempered at 

1050°F (Fig. 33). Because the strength was a maximum and the -65°F deviated 

only slightly from the room temperature toughness, a 950°F temper was selected 

as optimum. However, it should be recognized that a significant increase of 

fracture toughness can be gained with only a slight decrease of strength by 
tempering at 1000°F. 

Before tempering, the 9Ni-4Co-0. 30C steel was subcooled a -100°F for 

two hours to transform austenite retained from quenching. Withou. th'.s sub¬ 

cool, the yield strength was decreased approximately 10 ksi while the ultimate 

strength and fracture toughness were slightly increased (Tables VI and VII). 

Study of the retained austenite data (Table VIH) shows that the specimens from 

Heat 3930852 contained a higher percentage of retained austenite (3.5-5 percent) 

than the specimens from Heats 3931144 and 3931145. The reasons for the 

larger amounts of retained austenite in Heat 3930852 were not evident, since 

no significant differences of chemistries existed between the heats. However, 

the billet from Heat 3930852 was forged at a higher temperature (2100° vs. 

2000 F, Table II) and received slightly less forging reduction. 

Components faoricated from 9Ni-4Co-0. 30C should be subcooled prior 

to tempering to provide higher yield strengths and to reduce the in-service 

possibility of retained austenite transforming to untempered martensite. Trans¬ 

formation during service of the retained austenite to untempered martensite 

results in severe microstructural strains which increase the susceptibility to 

stress corrosion, reduce fatigue life, and decrease the resistance to hydrogen 
embrittlement. 

4.6 300M 

The 750°F temper produced lower values of ultimate strength and tough¬ 

ness than a 600 or 400°F temper (Fig. 19). Although 400°F resulted in higher 

-65°F toughness and higher strength, a 600°F temper was selected as optimum 

because of the higher yield strength which would result in better compression 

properties. The 600°F tempering temperature also results in superior metal¬ 

lurgical stability which is required for elevated temperature applications. The 

loss of yield strength at the 400°F temper suggested that 400°F was too low to 

relieve residual stress or to transform austenite retained from quenching. 

Further investigation is needed before the loss of yield strength at 400°F can be 
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fully understood. 

The composition of 300M is similar to that of 4340 steel, except that 

300M contains approximately 1.5 percent additional silicon. When tempered 

at 600°F, 4340 has a minimum toughness due to“500°F embrittlement”. The 

addition of silicon in the 300IV1 retards the precipitation of cementite to higher 

tempering temperatures which results in the “500°F embrittlement” occurring 

above 600°F as seen by the sudden drop in fracture toughness of the 750°F 

tempered specimens. It appears from this study that 600°F is about the highest 

tempering temperature that should be attempted in this alloy. The micro¬ 

structures revealing onset of the 500°F embrittlement are seen in Figs. 34 

through 36. Cementite has been identified in a 300M structure tempered at 

750°F (Ref. 14). therefore it is probable that the large carbides appearing in 

Fig. 38 are cementite. Silicon additions have been reported to increase the 

severity of this embrittlement when it finally occurs (Ref. 15). The additional 

silicon also gives 300M a higher strength than 4340 at an equivalent tempering 

temperature. 

4.7 MARAGING (18 PERCENT Ni) 250 

The alloying elements in Maraging steel suppress the formation of ferrite 

causing austenite to transform to a so-called body centered cubic martensite 

during slow cooling. This martensite is soft (Rc = 28-34) and machinable. 

Maraging steels derive their strengthening properties from a precipitation 

hardening mechanism. The major precipitate identified in this steel at peak 

hardness obtained at 900°F for 9 hours has been reported (Ref. 16) as Ni Mo. 
O 

A second precipitate has been tentatively identified as Ni Ti. Micrographs of 

precipitates obtained during aging of this alloy are shown in Figs. 37 through 

40. 

Figs. 20 and 21 show that the fracture toughness decreased with in¬ 

creasing strength. The rate of decrease of -65°F toughness, however, appeared 

to be less than the rate of decrease of room temperature toughness. There is 

the possibility that this may not have been a real effect since there was a high 

degree of KjC scatter. 

Other Investigations have shown that 900°F is the most satisfactory aging 

temperature. However, aging for periods longer than about 8 to 9 hours gen¬ 

erally results in overaging. For subsequent testing, a 900°F/3 hour age was 
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selected as the optimum aging treatment. In practice, the degree of aging 

should be limited to the extent needed to achieve the required strength. This 

restriction provides for the maximum toughness. 

4. 8 9NÍ-4CO-0.45C (QUENCH AND TEMPER) 

The strength of the quench and tempered 9Ni-4Co-0.45C increased and 

t^ug'mess decreased when the tempering temperature was lowered from 600°F 

to 400°F (Fig. 22). At a 500°F temper there was no evidence of irreversible 

temper embrittlement. It is probable that the high alloy content of this steel 

would retard the precipitation of cementite to above the 600°F maximum tem¬ 

pering temperature investigated in this program. At the low temperatures 

investigated, the precipitates shown in Figs. 41 through 43 are probably epsilon 

carbide or intermetallics. Even though the steel was subcooled prior to tem¬ 

pering, the austenite content after tempering was approximately 3 to 5 percent 

(Table VIH). Because the alloy is generally considered for applications in the 

260-280 ksi ultimate strength range, a 500°F temper was selected for further 

evaluation. Furthermore, a 400°F tempering temperature was considered too 

low for stability. 

4.9 9NÍ-4CO-0.45C (BAINITIC) 

Reducing the bainitic treatment temperature from 550°F to 475°F re¬ 

sulted in the ultimate strength being decreased from 234 ksi to 270 ksi and the 

Kjç values being decreased from approximately 116 ksi V^Ln*. to about 88 ksi 

Vln. (Fig. 23). Because of these rapid property changes, stringent control 

of the salt bath temperature was required to obtain a specific strength level. 

The typical acicular bainitic structures are shown in Figs. 44 and 45. 

Lowering the bainitic treatment temperature from 475°F to 455°F had no 

significant effect on the strength or toughness properties. The 455°F treatment 

was apparently too close to the M temperature resulting in formation of mixed s 
structure. Since the highest possible strength was desired, a 47'50F bainitic 

treatment was selected for further evaluation. If a 455°F treatment liad been 

selected, no gain of strength would have been realized. 

After bainitic treatment, 3 to 5 percent austenite was detected in the 

bainitic structure (Table VHI). Consideration should be given to reheating the 

material to ^he bainitic .reatment temperature following the air cool when the 

material is removed from the salt bath. Such a treatment would temper any 

36 d6a 10093-2 



G 
G 
G 

untempered martensite that formed during the air cool, relieve residual thermal 

stresses, and probably reduce the amount of retained austenite. Representa¬ 

tives of the Republic Steel Company have indicated that this post salt bath 

temper provides slight increases in the yield strength. 

At a strength level of about 270 ksi, the bainitic treatment gave higher 

toughness than the quench-temper treatment. The toughness of the quench- 

tempered material was approximately 24 percent lower at -65°F and 36 percent 

lower at room temperature. 



Figur» 16. Effect of Ttmporing T »mp »r a tur» on Strongth and Toughnoss of 4330 
V-Modifiod, Hoot No. C57046 

38 d6a 10093-2 



C
r
i
t
i
c
a
l
 
S
t
r
e
s
s
 
I
n
t
e
n
s
i
t
y
 
F
a
c
t
o
r
 
(
K
j
C
)
 
k
s
i
^
i
n
.
 

S
t
r
e
n
g
t
h
,
 
k
s
i
 

Figur» 17. Efhct of Tomporing Temperatur« on Strength and Toughness of H-11 
Modified, Heat No, 09110 
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Figur» 19. Effect of T»mp»ring T»mp»ratur* on Strongth and Toughnost of 300M, 
Hoot No. 09775 
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Figurm 20. Efhet of 3-Hour Age on Strength and Toughness of Maraginq 250, 
Heat No. 24676 
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Figvr» 21. Effect of 900° F Aging Tnatmnnt on Strength and Toughnass of 
Mara gin g 250, Hoot No. 24676 
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Figur» 22. Efhct of Tampering T»mp»rature on Strength and Toughness of 
9Ni-4Co-0.45C, Heat No. 3931141 
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Mag: 500X 
Nital Etch 

Mag: 15,400X 
Dioden Replica 

Figure 24. Micrographs of 4330 V-ModMad double-tempered at 500°F (see Table V) 
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Figur. 25. Micrograph, of 4330 V-Modifi.d doubl.-t.mp.r.d «,♦ 600 * (s.. Tot/. V) 
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Mag: 15,400X Biöden Replica 

Figure 26. Micrographs of 4330 V-Modified double-tempered at 700 r (see Table V) 
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Mag: 5OOX Vilella's Etch 

Mag: 15j400X Dioden Replica 

Figure 27. Micrographs of H-ll Modified triple-tempered at 1,025 F (see Table V) 
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Figure 28. Micrographs of H-ll Modified triple-tempered at 1,075 F (see Table V) 
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Mag: 500X Vilella's Etch 

Mag: 15,H00X Bioden Replica 

Figure 29. Micrographs of H-ll Modified triple-tempered at 1,100 F (see Table V) 
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Mag: 5OOX Vilella's Etch 

Ma«: 15,400X Biodon Replica 

Figur» 30. Micrographs of H-11 Modified triple-temperad at 1,175 F (see Table V) 
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Figur* 31. Micrographs of 9Ni-4Co-0.30C (Cr-Mo) doubl«-temper*d at 800“F (see Table V) 
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Mag: 500X Nital Etch 

Mag: 15,400X Bioden Replica 

Figur» 32. Micrographs of 9Ni-4Co-0.30C doubl»-t»mp»r»d of 950 F ($•» Tabla V) 



Mag: 15,400X Bioden RePlica 

Figur» 33. Micrographs of 9Ni-4Co-0.030C doubla-tamparad at 1,050 F (see Table Vf 

Mag: 5OOX Nital Etch 
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Mag: 15,400X Bioden Replica 

Figur» 34. Micrographs of 300M doublo-tomporod of 400°F (soo Tokio V) 
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Mag: 5OOX Nital Etch 

Mag: 15,400X Biöden Replica 

Figura 35. Micrographs oi 300M doubla-tampored ai 600 F (sao Tabla Vf 
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Mag: 15,400X Bioden Replica 

Figur* 36. Micrographs of 300M double-tempered at 750° F (see Table V) 
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Figur* 37. Micrographs of Maraging 250 ag*d 3 hours at 850° F (s** Table V) 
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Mag: 15,400X Bioden Replica 

Figur« 38. Micrographs of Maraging 250 aged 3 hours at 900 F (see Table V) 
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Mag: 500X HNO^-HF Etch 

Figuré 39. Micrographs of Maroging 250 aged 3 hours at 950 F (see Table V) 
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Mag: 15,Í400X ßiodon Replica 

Figure 40. Micrographs of Maraging 250 aged 9 hours at 900 F (see Table V) 
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Mag: 500X Nital Etch 

Blöden Replica 

Figure 41. Micrographs of 9Ni-4Co-0.45C double-tempered at 400 F (see Table V) 
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Mag: 15,400X Bioden Replica 

Figur» 42. Micrographs of 9Ni-4Co-0.45C doublo-tomporod at 500 F (too Tabla V) 
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Mag: 500X 
Nital Etch 

Mag: 15,400X Bioden Replica 

Figure 43. Micrographs of 9Ni-4Co 0.45C double-tempered at 600 F (see Table V) 

D6A 10093-2 65 



Mag: 5OOX Nital Etch 

Mag: 15j400X Bioden Replica 

Figur« 44. Micrographs of 9Ni-4Co-0.45C bainitically quenched at 475 F (see Tahlo V) 
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Mag: 500X Nital Etch 

Mag: 15,400X Dioden Replica 

Figur» 45. Micrographs of 9Ni-4Co-0.45C bainitically quenched at 550 F (see Table V) 
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5. 0 PROPERTY VARIATIONS BETWEEN HEATS 

Differences of composition, melting practice, and forging history affect 

the tensile and toughness properties, and directionality of billet material. 

Therefore, to obtain representative tensile and toughness data requires the 

testing of billets with varying process histories. This section of the report 

compares the tensile and . Highness properties of billets from different heats 

with different forging histories. 

5.1 PROCEDURE 

Tensile, notch bend fracture toughness, and precracked charpy impact 

specimens from three billets of each alloy were tested according to the sched¬ 

ule of Table IX. Each of the billets were from a different heat, except that 

two billets of 300M were from the same vacuum melt heat. Since the billets 

were from different heats, slight differences of composition existed between 

the billets. The melting and forging history differences between the billets of 

the 9Ni-4Co and H-ll Modified alloys were limited because the billets of these 

alloys were supplied by a single vendor. 

TabU IX Schidul* of Heat-to-Heat Testing 

Tests 
Test 

Temperature 
Grain 

Direction 

Number of 
Specimens Tested 

Per Billet 

Tensile RT L 
T 
ST 

2 
2 
2 

Fracture 

Toughness 
RT 

-65* F 

T 

L 
T 

2 

2 
2 

Precracked 
Charpy Impact 

-650 F L 
T 
ST 

3 
3 
3 
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The billets of Maraging 250, 4330 V-Modified and 300M were received 

from more than one source. The complete histories of the materials, including 

chemistries, heat data, forging history, and annealing treatments, are described 
in Sec. 2.0. 

Specimens were sawed from the billets, machined into heat treatment 

blanks, and identified as described in Sec. 3.0. The specimens were then 

given the optimum heat treatments selected for further evaluation during the 

“Heat Treatment Study” phase of the program (Sec. 4). Table V gives a de¬ 

tailed description of the heat treatments. All the specimens of an alloy were 

not heat treated in a jingle batch. This may have produced some slight dif¬ 

ference of properties between specimens. However, the thermal processing 

was conducted in a heat treatment laboratory which allowed for much closer 

control than would normally be obtained with production processing. 

The specimen configurations after final machining and the testing 

methods used to test the tensile, notched bend fracture toughness, and pre¬ 

cracked charpy specimens are described in Sec. 3, “Testing Methods and 
Specimen Configurations.” 

5.2 RESULTS 

Table X lists the detailed results of the tensile testing and Tables XI 

through XVH list the detailed results of the plane strain fracture toughness 

testing. The precracked charpy impact data is tabulated in Table XVm. 

In a few instances, data was not obtained as was scheduled per Table IX. 

For example, incorrect short-transverse tensile data was obtained for Marag¬ 

ing Heat 24676 because the specimens were inadvertently tested in the solution 

treated condition rather than in the aged condition. Further, no charpy im¬ 

pact data was obtained from 9Ni-4Co-0.45C heat 3931141 because the available 
material was needed for other types of testing. 

5.3 STRENGTH PROPERTIES 

The ultimate and yield strengths of the billets of each alloy were generally 

within a range of 10 ksi (Fig. 46). Exceptions were the 9Ni-4Co-0.30C and 

Maraging 250 steels. One of the three Maraging 250 heats contained approxi¬ 

mately 0.14 percent more titanium (Table IV) than the other two heats. Since 

titanium is one of the major strengthening elements of Maraging steels (Ref. 17), 
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this heat had higher strength properties. If the heat with excessive titanium 

is neglected, the ranges of yield strength and ultimate strength were 241-247 

ksi and 251-256 ksi, respectively. 

The wide variation of 9Ni-4Co-0. 30C yield strength was confined to the 

billet from heat 3930852. The average yield strengths of this billet in the longi¬ 

tudinal, transverse, and short-transverse grain directions were 205, 201, and 

190 ksi, respectively. The 10 ksi decrease in the short-transverse direction 

was the primary cause of the wide range of yield strength. If this low short- 

transverse data is neglected, the range of yield strengths was 198-208 ksi. 

In Sec. 4, “Heat Treatment Study,” it was noted that the 9Ni-4Co-0. 30C 

alloy is subcooled prior to tempering to transform austenite and to increase 

the yield strength. Austenite measurements (Table VIII) indicated that speci¬ 

mens from heat 3930852 contained 3-5 percent austenite, while specimens 

from the other two heats contained 0-1. 5 percent austenite. This suggested 

that the higher austenite content contributed to the scatter of yield strength. 

5.4 REDUCTION OF AREA PROPERTIES 

The reduction of area (RA) is the most structure-sensitive parameter 

that is measured in the tension test. Therefore, its most important aspect is 

that it is used as an indication of material quality and directionality. Exper¬ 

ience at Boeing has shown that a decrease of RA from a level of 10-15 percent 

in billet stock provides a warning that the material quality is substandard for 

good service performance. 

The average and range of RA values in three grain directions are shown 

in Fig. 47. As was expected, the RA was lowest in the short-transverse grain 

directions. With the exception of Maraging 250, the average RA values in the 

short-transverse direction were greater than 30 percent. The low short- 

transverse RA of the Maraging 250 material was predictable, since micro¬ 

graphs of this steel displayed a higher degree of alloying element segregation 

than any of the other alloys (Figs. A-7 through A-12, Appendix A). 

The average values of Maraging 250 short-transverse RA were about 

15 percent. Improvement of the Maraging 250 RA properties can be gained 

by forging at lower temperatures. The billets tested in this investigation 

were heater to 2150 to 2100°F for the final forging step (Table II). RA values 

of 20-30 percent have been reported for Maraging die forgings forged at 
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temperatures less than 1950°F (Ref. 18). However, improved RA properties 

can probably be realized in most steel billet stock by die forging at lower 
temperatures. 

Study of RA data (Fig. 47) reveals an interesting trend. The steel with 

lesser amounts of alloying elements such as 3COM, 4330 V-Modified, and H-ll 

Modified displayed a lower degree of RA anisotropy, while the steels with 

larger amounts of alloying element displayed a higher degree of RA anisotropy. 

The degree of RA anisotropy tended to increase as the percentage of alloying 

elements increased. This was reasonable, since the higher alloy content in¬ 

creased the chances for segregation during ingot solidification. This greater 

tendency for segregation illustrates that a higher degree of process control 

is required when melting and forging steels with high alloying element contents. 

Tighter control is necessary to reduce the directionality and to obtain good 

short-transverse RA properties. 

5.5 FRACTURE TOUGHNESS PROPERTIES 

The ranges of fracture toughness data for a given alloy (Fig. 48) were 

produced by both toughness variations within the billets and by toughness 

variations between heats. Following is a discussion of these toughness var¬ 

iations. To simplify the discussion, each alloy is discussed separately. 

5.5.1 4330 V-Modified 

The ranges of 4330 V-Modified fracture toughness were primarily 

caused by toughness variations between heats. For example, the average 

room temperature fracture toughness of the three heats were 85, 100, and 

124 ksi VÜT., respectively, while the range of scatter between duplicate tests 

from a given billet were less than 10 ksi Vim Study of the forging history 

(Table II) shows that the higher toughness heat received nearly twice as much 

forging reduction as the lower toughness heats. This greater forging reduction 

apparently improved the grain refinement, thereby increasing the toughness. 

To verify this improvement of refinement, attempts were made to determine 

the austenitic grain sizes of specimens from the three heats. These attempts, 

however, were unsuccessful. None of the etches tried resolved the prior 
austenitic grain size. 

The intermediate toughness heat received less forging reduction 
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(20-inch diameter ingot) than the lower toughness heat (24-inch diameter ingot). 

However, the intermediate toughness heat contained slightly less carbon 

(Table IV) and had an approximately 10 ksi lower ultimate strength. 

Extraction replica fractographs from the fracture faces of broken 

notched bend specimens are shown in Fig. 51. The fracture faces of the high 

toughness heat were almost completely free of extracted particles, while 

numerous symmetrically shaped particles were visible on the surface of the 

low toughness heat. These particles became larger as the toughness decreased. 

The presence of these particles, which have not yet been identified, was ap¬ 

parently related to the differences of fracture toughness between the heats. 

The RA data (Fig. 47) gave no indication that there were significant 

differences of toughness between the heats of 4330 V-Modified. This points 

out the desirability of including a toughness requirement in a material 
specification. 

5.5.2 H-11 Modified 

The ranges of fracture toughness of H-ll Modified (Fig. 48) were 

primarily caused by specimen location variations within the billets. The range 

of -65 F transverse fracture toughness for all three heats was less than 10 

ksi in. If one of the six tests is neglected, the room temperature transverse 

gram direction fracture toughness of the three heats was within a range of 8 ksi 

The most significant difference of fracture toughness between the heats 

was in the longitudinal grain direction. The fracture toughness properties 

of the H-ll Modified were expected to be similar since there were few pro¬ 

cess differences between the billets. All the billets were supplied by the 

same vendor and received the same amount of forging reduction. 

5.5.3 9Ni-4Co-0.30C 

The difference between duplicate fracture toughness tests from the 

billets of 9Ni-4Co-0. 30C were less than 6 ksi VüT., except for a duplicate 

test in the longitudinal direction of heat 3930852 where the KIC values were 

99.0 and 113.1 ksi VbT. This good repeatability indicated that the ranges of 

KIC values (Fig. 48) were primarily caused by toughness variations between 
the heats. 
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Heat 

Transverse Grain Direction Longitudinal Grain Direction 
KIC @ RT 

(ksiX/Su) 
KIC @ -65 

(ksiVüu) 
KjC § -65 

(ksiVüT) 
3930852 

3931144 

3931145 

112 

116 

121 

115 

101 

104 

106 

107 

119 

Heat 3930852, which received slightly less forging reduction at a higher 

temperature, generally had lower toughness. 

f] 

f] 

5.5.4 300M 

Only two heats of 30UM were tested. The average room temperature 

KIC values of heats were about 68 and 79 ksi\/In7 Differences between 

dui- Jcate tests were less than 6 ksi VüT The heat with the higher toughness 

received nearly twice as much forging reduction (Table H). The high tough¬ 

ness heat was forged from a 32-inch diameter ingot and the low toughness 

heat was forged from a 20-inch diameter ingot. The additional forging re¬ 

duction improved ^he grain refinement (Fig. 50). For both 300M and 4330 

V-Modified, increased amounts of forging reduction produced significant in¬ 

creases of fracture toughness. This observation illustrates that forging 

history has an important effect on toughness. 

5.5.5 Maraging 250 

Considering that the ultimate strength of the Maraging steel varied 

from 251-272 ksi, the scatter of fracture toughness (Fig. 48) was relatively 

low. The range of duplicate fracture toughness test of a given billet was gen¬ 
erally less than 10 ksi VinT 

Í 

n i 

n 
Ü 

4 

( 



kC h 
m 

The average values for the heats were as follows: 

Heat 
Number 

Ultimate 
Strength 

Transverse Longitudinal 
K1C § RT 

(ksiVuu) 

KIC @ -65 

(ksiVmT) 

KIC § -65 

(ksiVinT) 
24676 

09148 

3930879 

271 

251 

251 

88 

91 

99 

80 

87 

90 

83 

105 

121 

As was expected, the toughness of the high strength heat was lower than the 

toughness of the other two heats. 

The differences of -65CF toughness between the transverse and longi¬ 

tudinal grain direction related to the amount of forging reduction. The heat 

that exhibited the least directionality received a lesser amount of forging re¬ 

duction. The most pronounced directionality occurred in the heat with highest 

forging reduction. 

5.5.6 9Ni-4Co-0.45C 

The differences between duplicate fracture toughness tests of quench- 

temper 9Ni-4Co-0.45C were less than 10 ksiVüñT Therefore, the ranges of 

fracture toughness (Fig. 48) were primarily due to toughness variations between 

heats. The average room temperature KjC values of the three heats were 58, 

66, and 76 ksiVin. These differences of fracture toughness between the heats 

were less distinguishable at -65°F. 

The scatter between duplicate fracture toughness test of bainitically 

treated 9Ni-4Co-0.45C was considerably greater than that obtained with quench- 

temper specimens. While the scatter of duplicate tests of the quench-temper 

material was less than 10 ksiVmT, the scatter of duplicate room temperature 

test of bainitically treated 9Ni-4Co-0.45C ranged from 10 to 23 ksiVmT This 

indicated that the fracture toughness properties of the bainitic structure were 

more sensitive to chemistry and structural variations within the billets. Further 

evidence of this was given by the observation that the differences of toughness 

between the transverse and longitudinal grain was greater with the bainitic 

structure than with the quench-temper structure. Review of the room tempera¬ 

ture data (Table XVII) revealed that the toughness of bainitically treated material 

was higher at positions closer to the center of the billets. 
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The average transverse grain direction fracture toughness properties 

for both the bainitic and quench-temper structures are compared below: 

Heat 
KjC @ RT (ksiVüT) KjC @ -65 °F (ksiVtiT) 

yuench-Temper Bainitic Quench-Temper Bainitic 
3931141 

3931120 

3882720 

76 

66 

58 

90 

94 

83.3 

58 

52 

52 

68 

80 

83 

Study of these data show that there was no significant correlation between the 

bainitic and quench-temper toughness properties. Factors, such as chemistry 

and forging history, that influence the toughness of the quench-temper structure 

did not necessarily have the same effect on the toughness of the bainitic 
structure. 

5.6 FRACTURE TOUGHNESS AND STRENGTH RELATIONSHIPS 

Figures 51 and 52 show the ranges of room temperature and -65°F 

fracture toughness as a function of ultimate strength in the transverse grain 

direction. Essentially, these figures combine the ranges of transverse grain 

direction fracture toughness data (Fig. 48) with the average ultimate strength 

data (Fig. 46). The dotted lines on the figure represent the strength and tough¬ 

ness relationships that were developed for one heat of each alloy in Sec. 4, 

“Heat Treatment Study.” In some cases, 300M and 4330 V-Modified for ex¬ 

ample, the dotted lines indicated that improved toughness can be obtained at 

higher strength levels. However, this would require a decrease of the temper¬ 

ing temperature. Decreasing the tempering temperature would impair the 

elevated temperature stability. Lower tempering temperatures would also 

reduce the effectiveness of the temper as a stress relief (see Sec. 4, Heat 
Treatment Study). 

Both Figs. 51 and 52 show that the H-ll Modified steel had inferior 

fracture toughness at all strength levels. Within the 220-240 ksi ultimate 

strength range, the fracture toughness of 9Ni-4Co-0.30C steel was superior 

to the fracture toughness of 4330 V-Modified. At -65°F, the toughness of the 

9Ni-4Co-0.30C alloy was approximately 35 ksiVbT higher than the fracture 

toughness of the 4330 V-Modified. 
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The room temperature fracture tougt^ess properties of the 9Ni-4Co-0.45C 

(Bainitic) and Maraging 250 (Fig. 53) appear to be about equal within a strength 

range of about 250 to 270 ksi. However, at -65°F, the toughness of the Marag¬ 

ing 250 appears to be slightly higher than toughness of 9Ni-4Co-0.45C (Bainitic). 

Both the Maraging and 9Ni-4Co-0.45C alloys have a capability of providing 

higher strengths. For example, strengths of 270-300 ksi can be obtained with 

the Maraging 300 steel. Heats of 9Ni-4Co-0.45C with M temperatures of 
o ® 

about 440 F can be bainitically treated to strengths of approximately 280 ksi 

(see Sec. 4). Extrapolation of the Maraging 250 and 9Ni-4Co-0.45C (Bainitic) 

-65°F fracture toughness to strength levels of 270-300 ksi (Fig. 52) shows that 

these types of steels have a potential for providing higher -65°F fracture tough¬ 

ness than the 300M alloy. 

5.7 PRECRACKED CHARPY IMPACT PROPERTIES 

Study of Fig. 53 shows that the scatter of impact properties increased 

at higher toughness levels. This behavior was a consequence of the increasing 

importance of the ductile mode of fracture at higher toughness levels. With 

the higher impact strength alloys such as 9Ni-4Co-0.30C and Maraging 250, 

the difference of grain direction became increasingly important. Comparison 

between the RA data (Fig. 47) and Charpy data (Fig. 53) shows that the room 

temperature RA was a more sensitive indicator of grain direction. For in¬ 

stance, with Maraging 250, the short-transverse RA was about 24 percent lower 

than the transverse RA. However, the charpy impact strengths were only 

slightly lower in the short-transverse grain direction. 

The relationships between the KIC values and the impact strengths at 

-65°F in the transverse and longitudinal grain directions are shown in Figs. 54 

and 55. Examination of the plots showed that the impact strength increased 

rapidly with small increases of KIC. This was understandable, since two 

different types of quantities were being compared. The impact strength is an 

energy term, whereas the K!C term represents the state of stress at the tip 

of the crack for the plane strain condition. Conversion of the KTr, value to an 

energy value would have provided a comparison of similar qualities. 

During the fracture toughness testing, it was found that some of the 

heats of a given alloy had higher toughness. Generally these differences of 

toughness between heats were also detected with the charpy data (Table XIX). 

For example, the average -65°F KjC values of two heats of 300M were 54 and 45 
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ksi Vin., respectively, and the average impact strengths were 123 and 107 
2 

lb-in/in , respectively. 

Although the 4330 V-Modified steel generally had higher KTr, values 
lVs 

than the quench-temper 9Ni-4Co-0.45C steel, the impact properties of the two 

steels were about the same (Fig. 54). Also, at equivalent values, the 

quench-temper 9Ni-4Co-0.45 had higher charpy strengths than the 300M alloy. 

These characteristics may be a consequence of the higher strain rate 

associated with the Charpy tests. Generally, increasing strain rates lower 

the ductile-brittle transition temperature of steels (Ref. 19). 

Comparison of the fracture toughness and Charpy impact properties 

(Figs. 48 and 53) illustrates how the two tests can lead to different conclusions 

about the toughness of a material. Figure 48 shows that the 4330 V-Modified 

had higher -65°F fracture toughness than the 9Ni-4Co-0.45C (Quench-Temper) 

steel. However, the -65°F Charpy data (Fig. 53) indicated that there were no 

significant toughness differences. 
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b) Specimen ASO, Kic = 104 ksiVTñ., Heat 10157. 

c) Specimen A87, Kic = 88.2 ksi Vin., Heat 396o63J. 

Figur» 49. Extraction Replica Fractographs from the Fracture Faces of 4330 
V-fAodified Notched Bend Specimen 
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6. 0 TOUGHNESS TESTS VERIFICATION 

This section compares the plane strain fracture toughness test results 

obtained with surface flawed specimens and with notched bend specimens. A 

majority of the fracture toughness tests of this program were conducted with 

notched bend specimens; however, a limited number of surface flaw specimens 

were tested to obtain a comparison between the two test methods. 

This comparison was needed because the surface flawed specimen tests 

more closely approximates the types of failures that occur in service with 

heavy section components. Most service failures originate at surface flaws. 

The through-the-thickness crack of the notched bend specimen is, therefore, 

less realistic of actual service conditions. However, the notched bend speci¬ 

men is less expensive to fabricate and te;,t. 

6.1 PROCEDURE 

Two transverse grain direction surface flawed and notched bend speci¬ 

mens from one billet of each alloy were fabricated and tested as described in 

Sec. 3. The specimen billet positions were as shown in Fig. 56. The speci¬ 

mens of each alloy were given identical heat treatments. 

6.2 RESULTS AND DISCUSSION 

Figure 57 compares the notched bend and surface flawed specimen test 

data and Table XX lists the detailed test results. Surface flawed specimen 

fracture faces are shown in Fig. 58. 

The Kj£ values obtained from the two tests were within a range of 18 

ksiVuü for each alloy. The largest scatter of KjC values was obtained with 

the billet of 300M and with the billet of H-ll Modified. If the results obtained 

with the latter two steels are neglected, the range of KIC values was less than 

10 ksi n/üT. With the exception of Maraging 250, the KjC values obtained with 

the surface flawed specimens tended to be lower than the values obtained 

with notched bend specimens. 

The lower KjC values can be partially explained by the fact that che 

surface flaw specimen more closely approximates the plane strain condition. 

The surface flaw periphery is longer than the notched bend specimen crack 

front and less constrained by the specimen surfaces. Moreover, the cross- 

d6a 10093-2 



[ 

sectional area of the surface flawed specimen was approximately 40 percent 

greater than the cross-section area of the notched bend specimen. 

Some of the scatter between the two tests was a consequence of billet 

anisotropy. The amount of forging reduction and grain refinement increases 

outwardly from the center of the billet. Therefore, the toughness is usually 

lower at the billet center. Since the surface flaw was located at the billet 

center (Fig. 56) and the notch of the notched bend specimen was displaced from 

the billet center, lower toughness values were obtained with the surface flawed 
specimen. 

The billets of 300M and H-ll Modified, which displayed the largest 

amount of KIC scatter (Fig. 57), received less forging work. These billets 

were forged from 20-inch diameter ingots, while the remaining billets were 

forged from 24-inch diameter ingots. This lesser amount of forging reduction 

caused a greater variation of toughness between the billet center and sides thus 
increasing the degree of test scatter. 

The features on the fracture faces revealed the direction of rapid crack 

propagation (Fig, 58). The crack propagation of the notched specimens was 

primarily in the longitudinal grain direction. Crack propagation of the surface 

flaw was radial and varied from the longitudinal to the short-transverse grain 

direction. These differences of propagation direction undoubtedly have some 
effect on the degree of test scatter. 

Ail the surface flawed fracture faces were similar except Maraging 

250. The directional features on the fracture faces tend to indicate that the 

longitudinal grain direction was a preferred direction of crack growth. 
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7,0 STRESS CORROSION SUSCEPTIBILITY 

The combined action of salt water and tensile stresses has resulted in 

delayed failures of high strength steels (Ref, 9). Failures of this type are 

commonly called “ stress corrosion" failures and are ordinarily thought 

to occur by a two-step process; crack initiation and crack-growth. To evaluate 

the susceptibility of six high strength steel alloys to the combined processes 

of crack-initiation and crack-growth, alternate immersion testing was per¬ 

formed with smooth, statically stressed specimens. The susceptibility of the 

steels to crack-growth was evaluated with precracked notched bend specimens 

which were sustained-loaded in salt water at stress-intensity levels (K^) below 

the critical-stress-intensity level (Kir,). 

This section of the report describes the results of both the alternate 

immersion and crack-growth susceptibility tests. To simplify the discussion, 

the results of the two tests are discussed separately. 

7.1 ALTERNATE IMMERSION TESTS 

7.1.1 Procedure 

Specimens from two heats of 9Ni-4Co-0.45C and specimens from three 

heats of 4330 V-Modified, 300M, and 9Ni-4Co-0.30C were alternate immersion 

tested in a 3.5 percent NaCl solution as described in Sec. 3.0. All the speci¬ 

mens were taken from the transverse grain direction of the billets. Neither 

the Maraging-250 or the H-ll Modified alloys were tested because vacuum 

melted heats of these a.loys had previously been tested at Boeing (Ref. 20). 

The heat treatments for the specimens are listed in Table V. Preparation of 

the specimens was carefully controlled to minimize differences of surface con¬ 

dition between the specimens, since the susceptibility of a material is affected 

by the surface condition (Ref. 9). 

With the exception of the alloy 9Ni-4Co-0.45C (Bainitic), the specimens 

were loaded to 80 percent of the yield strength. The PNi-4Co-0.45C (Bainitic) 

specimens were loaded to 86 percent of their yield strength. 
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7.1.2 Results and Discussion 

Table XXI lists the test results and Fig. 59 graphically illustrates the 

results by showing the scatter bands of time-to-tailure. Because the times- 

to-failure were about the same (Fig. 59), it was not possible to differentiate 

between the susceptibilities of 9Ni-4Co-0.30C and 9Ni-4Co-0.45C (Bainitic) 

alloys. However, study of the data shows that these alloys were less suscep¬ 
tible than the 9Ni-4Co-0.45C (Quench and Temper), 300M or 4330 V-Modified 

alloys. Data from previous work (Ref. 20) indicates that the resistance of 

the Maraging 250 steel to stress corrosion is as good or better than that of 

9Ni-4Co-0. 30C and 9Ni-4Co-0.45C (Bainitic). Past work (Table XXI) has 

also shown that the H-ll Modified (190 ksi yield strength) has slightly better 

resistance to stress corrosion than 4330 V-Modified (195 ksi yield strength). 

7.2 CRACK-GROWTH SUSCEPTIBILITY TESTS 

7.2.1 Procedure 

The procedure used for the sustained-load tests of fracture toughness 

specimens in salt water is described in Sec. 3. A minimum of three speci¬ 

mens were tested per heat of each alloy. All of the specimens were taken from 

the transverse grain direction of the billets. Most of the testing was conducted 

in a 3.5 percent NaCl distilled water solution. However, a few specimens of 

300M and 4330 V-Modified were sustained loaded in room temperature air 

(25-35 percent relative humidity). 

The NaCl concentration of the solution that was poured into the tank 

surrounding the spec, ^«n (Fig. 10) ranged from 3 to 4 percent, and the pH of 

the solution ranged from 5 to 7. These variations of solution condition were 

not detected until a majority of the testing had been completed. The dif¬ 

ferences of pH originated from the distilled water that was used to make up 

the salt solutions. Distilled water which was allowed to age for several weeks 

in atmospheric air had a pH of 5-6, whereas unaged distilled water generally 

had a pH of about 7. These changes of pH may have affected the susceptibility 

of the steels. If so, the differences of pH undoubtedly had some effect on the 

degree of test scatter. The condition of the solution was also influenced by 

residual salt and corrosion products left in the tank from previous tests. The 

tanks were not equipped with drain plugs, consequently it was not possible 

to thoroughly rinse and clean the tanks prior to each test. 
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During testing, evaporation caused the level of solution in the tank to 

drop. Consequently it was necessary to pour additional solution into the tank 

after about 4,000 minutes of test time. Initially 3.5 percent NaCl solution was 

added to the tank. However, during latter stages of the program, the tanks 

were replenished with distilled water. Although the NaCl concentrations of 

-he fresh solutions were generally within a range of 3-4 percent, variation of 

the refill procedure and salt in the tank from previous tests caused the NaCl 

concentration to vary from about 2-7 percent (Table XXEX). 

7.2.2 Results 

The detailed results of the testing are given in Tables XXII through 

XXVm. NaCl concentration and pH measurement taken are recoided in 

Table XXIX. 

Several heats with different Kjç values were evaluated per alloy. At 

equivalent levels, a specimen from a heat with a low KIC value would be 

expected to fail in a shorter time than a specimen from a heat with a higher 

^IC va^ue’ kecause the specimens from the higher toughness heat can tolerate 

a longer crack. To normalize for the differences of fracture toughness be¬ 

tween the heats, the initially applied stress intensity level, K^, was divided 

by the average transverse grain direction KjC value of the heat being tested. 

However, the KIC values of a heat varied because of billet anisotropy (see 

Sec. 5. 0). If the KjC value of a specimen was higher or lower than the average 

Kjc value, the value of Kjj/Kjç was in error. The magnitude of this error was 

estimated to range from 0-10¾. 

Plots of “Kjj/Kjç vs. time-to-failure” are presented in Figs. 60 through 

66. These plots show scatter bands of data points for each alloy. Smooth 

curves we»*e drawn through the approximate centers of this scatter bands. These 

smooth curves were then combined into a single plot (Fig. 67) so that the en¬ 

vironmental sustained-loading characteristics of the alloy could be easily com¬ 

pared. To illustrate how the times-to-failure depend on the level, the 

curves of vs. time-to-failure” (Fig. 67) were converted to curves of 

“Kn vs. time-to-failure” (Fig. 68). This conversion was performed by multi¬ 

plying Kjj/Kjç by the average KIC value of each alloy. 
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7. ¡i. 3 Threshold Levels 

Threshold levels below which no crack growth occurred were established 

hi 25-35 percent relative humidity air for the 300M and 4330 V-Modified steels. 

At levels less than about 0. 85 (Figs. 60 and 63), there was no observ¬ 

able crack growth in air after 10,000 minutes of sustained loading. However, 

definite threshold values were not established in salt water for Maraging 250 

and 9Ni-4Co-0. 30C, since all specimens for these alloys displayed some crack 

growth. Specimens of 4330 V-Modificd, II-11 Modified, 300M, and 9Ni-4Co-0.45C 

were loaded at low enough Kj. levels to prevent crack growth. Therefore, it 

was possible to make an estimate of the threshold level. These approximations 
are summarized below: 

Alloy 

Ultimate 
Strength 

(ksi) 

Estimated 
Threriold Level 

(ksi VÏÏT ) 

4330 V-Modified 

H-ll Modified 

9Ni-4Co-0.30C 

300M 

Maraging 250 

9Ni-4Co-0.45C (Q&T) 

9Ni-4Co-0.45C (B) 

239 

219 

231 

283 

259 

276 

266 

25 

30 

45 

13 

45 

15 

20 

These data show that almost all the alloys were susceptible to crack 

growth at relatively low values. However, examination of Fig. 68 shows 

that at equivalent K^/Kjç levels there were marked differences of the times- 

to-failure. For example, at a KU/KIC = 0.6, the 9Ni-4Co-0.45C (Quench- 

Temper) specimens failed in about 250 minutes, while the 9Ni-4Co-0.45C 

(Bainitic) specimens failed in about 3,000 minutes. These variations of time- 

to-failure were apparently caused by differences in the fracture characteristics. 

I 

7.2.4 Crack Growth Characteristics 

The combined action of the salt water and sustained-load caused slow 

crack growth to originate from the tip of the notched bend specimen fatigue 

crack. This slow growth continued until the crack grew to the critical length 

necessary for fast crack-growth and failure. The areas of fatigue, slow, and 
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fast crack growth were visible on the fracture faces that were immediately re¬ 

moved from the salt water after failure and dried. Figures 68 through 80 show 

the different types of crack growth that were observed. Because all of the 

specimens were not directly removed from the salt water after failure, general 

corrosion sometimes obscured the slow crack growth. Also the shapes of the 

slow-growth crack fronts were often irregular. Therefore, the final crack 

depth measurements listed in Tables XXII through XXVm can only be considered 

as estimates. 
Study of the fractured specimens revealed that some of the cracks tended 

to grow by a branching process rather than at right angles to the axis of the 

specimens. Figures 81 and 82 show typical examples of crack branching. This 

crack branching behavior was apparently related to the size of the plastic zone 

at the tip of the crack. 
The size of the plastic zone increases with increasing Kj. levels and 

decreases with increasing yield strength (Ref. 7). The 300M and 9Ni-4Co-0.45C 

specimens, which had yield strengths greater than 215 ksi did not display any 

branching at low levels. However, as the crack grew and the stress in¬ 

tensity at the tip of the crack increased, the tendency for the crack to grow by 

branching increased. 

The Maraging 250 specimens, which had the highest yield strengths of 

any of the alloys tested, seldom displayed any evidence of crack branching. 

The H-ll Modified specimens also showed no evidence of crack branching. 

This was understandable, since the H-ll Modified specimen had low values 

and were thus subject to low values of stress intensity. The 4330 V-Modified 

and 9Ni-4Co-0. 30C steels, which had relatively low yield strength and high 

Kj£ values exhibited the most pronounced crack branching. When crack branch¬ 

ing occurred, the cracks tended to grow more rapidly at the sides of the 

specimens (Fig. 69a & 73a). 

Crack branching appeared to influence the times-to-failure. The 

initially flat portions of some of the curves (Fig. 68) illustrate this. At high 

Kjj levels the initial degree of plastic yielding at the crack tip was higher and 

the curves were nearly flat. At lower levels, where the initial degree of 

plastic yielding was lower, the curves rapidly dropped off. 

The initially flat portions of the curves also suggested that there may 

have been an incubation period required for crack growth initiation (Ref. 21). 
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Further, work should include a study of the effect of plastic yielding at the 

crack tip. Also the time required for crack growth initiation should be studied. 

When the final crack lengths and times in solution of 9Ni-4Co-0. 30C and 

4330 V-Modifi3d specimens were compared at equivalent Kn levels, ,♦ appeared 

that the 9Ni-4Co-0.30C specimens had experiencec’ a slower rate of crack 

growth. Fracture faces of the H-ll Modified showed only a slight amount of 

crack growth (Fig. 71). However, the low fracture toughness of H-ll Modified 

steel allowed for only a slight increase of crack length before failure. 

Study of the time to failure data for the alloys with ultimate strength 

greater than 250 ksi showed that the 9Ni-4Co-0.45C(Bainitic) and Maraging 250 

steels were more resistant to failure in the salt water environment than the 
9Ni-4Co-0.45C (Quench and Temper) or 300M alloys. 

7.2.5 Mode of Crack Growth 

Fractographs of different crack growth regions are shown in Figs. 69 

through 80. Corrosion products on some of the fracture surfaces obscured 

the topography of the fracture faces. However, it was observed that, with the 

exception of Maraging 250, the slow crack propagation was intergranular. The 

slow crack growth on the fracture faces of Maraging 250 was transgranular. 

The rapid crack growth that occurred during failure was observed to be 
transgranular. 

Some of the fracture faces displayed a ductile band between the region 

of fatigue crack growth and slow crack growth (Fig. 74). it is not known if 

this ductile growth occurred before or after the salt water was added to the 

tank surrounding the specimen. Often areas of mixed intergranular and ductile 

growth were observed in the region of slow to fast growth. 
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*Data From Report No. ML-TDR-6I1-3, "Investigation of the Effect of 
Stress Corrosion on High Strength Steel Alloys," G. A. Dreyer 
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Figur» 60. Suntoinud-Looding Charocfrittier of 4330 V-Modifiod 
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Time to Failure in NaCl Solution, Minutée 

Figun 61. Suttaintd-Looding Choroctwiitic* of H-l 1 Mod Mod 
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Figur* 62. Suitaln*d-Loading Charaefrlttiet of 9Ni-4Co-0.30C 
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Figur» 63. Suitainud-Loading Character!sties of 300M 
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Figur* 64- Sustain*d-Looding Characteristics ai Maroging 250 

j 
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Figur* 65. Sustainud-Loading Characteristic* of Qusnch-Tamparad 9Hi-4Cod).45C 
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Figur» $6. Svstuin»d-Looding Characteristics oi Boinitie 9Nl-4Co-0.45C 
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Alloy 
Average ¿toom Temperature Properties 

UTS, ksi YS, ksi Kjc (kal^/-In. ) 

H-ll Modified 

9Ni-UCo-0.BOG 

4330 V-Modified 

Meragin* 250 

9Ni-UCo-O.U5C(B) 

9Ni-4Co-0.45C(Q+T) 

300 M 

Time to Failure in 3^^aCl Solution (minutes) 

Figur* 67. Summary of Sustaimd-Loading Characteristic* 



Figur* 66. Su*tain*d-Loading Characteristic* as Function of K¡¡ 
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a) Fracture Face 
Mag: 3X 

c) Replica A, Intergranular 
Slow Growth Region 

Mag: 386OX 

d} Replica B, Slow to Rapid 
Growth Region 

Mag: 386OX 

b) Replica A, Fatigue to 
Slow Growth Region 
Mag: 386OX 

Figur* 69. F rae tur* Foc* and Elación Fractographs of 4330 V-Modifiad Specimen A83, 
Kjj = 58.6 kai \/Jñ., 869 minutas in 3¼% NaCI Solution 

4 
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Mag: 3X 

c ) Replica A, Ductile Band 
TV»-K;pf»n Fatigue and 
Interangular Growth Regions 
Mag: 386OX 

b) Replica A, Fatigue to 
IXictile Growth Region 
Mag: 386OX 

d) Replica A, Intergranular 
Slow Growth Region 
Mag: 386OX 

Figur* 70. Fractur* Fac* and Electron Fraetoaraphs 0/ 4330 V-Modifi*d Sp*cim*n A74 , 
K/j = 43.9 ksi v'Tn. , 638 minutas in 3¼% NaCI Solution 
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a ) Fracture Face 
Mag: 3X 

Fatigue Grovth 

Slov Grovth 

• Replica A 

Fast Grovth 

b) Replica A, Fatigue to 
Slov Grovth Region 
Mag : 386OX 

c) Replica A, Slov 

Grovth Region 

Mag: 386OX 

d) Replica A, Slov to Fast 

Grovth Region 
Mag: 386OX 

Figur» 71. Fractur* Foe« and EUetron Fractographs of H-ll Modifiad Spaeiman 890, 
K/C = 40 J , 9868 Minutas in 3½¾ NaC I Solution 
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b) Replica A, Fatigue to Slov 
Growth Region 
Mag: 386OX 

Replica A 

Fatigue Growth 
Replica B 
Slow Growth 

Fast Growth 

a) Fracture Face 
Mag: 3X 

c) Replica A, Ductile 
Growth Region 

d) Replica B, Intergranular 
Slow Growth Region 
Mag: 386OX 

Figur* 72. Fractur* Fact and Electron Fractographs of 9Ni-4Co-030C Specimen C90 , 
K,c- 1193 ksi V in. ,4821 Minuta* in 3¼% NaC I Solution 
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Fatigue Growth 

Replica A 

Slow Growth 

Replica B 

Fast Growth 

a) Fracture Face 
Mag: 3X 

b) Replica A, Fatigue to Inter¬ 
granular Slow Growth Region 

Mag: 386OX 

c) Replica A, Intergranular 
Slow Growth Region 

Mag: 386OX 

d) Replica B, Slow to Fast 

Growth Region 
Mag: 386OX 

Figur» 73. F rae tur» Foc* and Electron Fractographi of 9Ni-4Co-030C Spaeiman C-75 , 
F¡¡ = 66.2 kni ,8325 Minutas in 3¼% NaCl Solution 
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Replica A 

Fatigue Growth 

Slow Growth 

Fast Growth 

a ) Fracture Face 
Mag: 3X 

b) Replica A, Fatigue to 
Ductile Growth Region 
Mag: 386OX 

Replica A, Ductile Growth 
to Intergranular Slow Growth 

Mag: 386OX 

d) Replica A, Intergranular 
Slow Growth Region 

Mag: 386OX 

Fiçur* 74. Fractura Faca and Elactron Fractographs of 300M Specimen 089, 
Kfi =47.3,48 Minutos in 3¼ NaC I Solution 
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c) Replica A, Intergranular 

Slow Growth Region 

Mag : 386OX 

d) Replica R, Slow Growth 

Region 
Mag 386OX 

Figur» 75. Fracture and Electron Fractographs of 300M Specimen D87A , 
K/,- = 20.2 ksi VTiü, 201 Minutes in 3¼ NaC I Solution 
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Replica A 

Fatigue Growth 

Slow Growth 

a) Fracture Face 

Mag 3X 

Replica B 

Fast Growth 

b ) Replica A, Fatigue to Inter - 

granular Slow Growth Region 

Mag: 386OX 



b) Replica A, Fatigue to 
Slov Growth Region 
Mag: 386OX 

Fatigue 

Replica A 

Slow Growth 

Replica B 

Fast Growth 

a ) Fracture Face 

tog : 3X 

c) Replica A, Slow Growth 

Region 
Mag: 386OX 

d) Replica B, Fast Growth 
Region 
Mag: 386OX 

Figur* 76. Fraetur* Face and Electron Fractographs of Maraging 250 Spocimtn £74 , 
K/i =69.1 ksi firT. ,2336 Minutas in 3¼% NaCI Solution 
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D 
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0 
D 
C 
c 

Fatigue Growth 

Replica A 

Slow Growth 

Fast Growth 

a ) Fracture Face 

Mag: 3X 
b) Replica A, Fatigue to 

Ductile Growth 

c) Replica A, Ductile Growth 

to Intergranular 
Slow Growth Region 

Mag: 386OX 

d) Replica A, Intergranular 
Slow Growth Region 
Mag: 336OX 

Figur* 77. Fractur« Foc« and Electron Fractographs of Quonch-T*mp*r 9Hi-4Co-0J5C 

specimen F82, K// = 55.7 ksi firT. ,83 Minuf«i in 3½% HaCI Solution 
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b) Replica A, Fatigue to Slow 

Growth Region 
Mag: 386OX 

Fatigue Growth 

Replica A 

Slow Growth 

Replica B 

Fast Growth 

a ) Fracture Face 

Mag: 3* 

c) Replica A, Intergranular 
Slow Growth Region 
Mag: 386OX 

dj Replica B, Intergranular 
Slow Growth Region 

Mag: 386OX 

Figur* 78. F roc tur* Foco and Electron Fractographa of Quonch-Tompir 9Hi-4Co-0.45 C 

Spocimon F8S , K/i = 19£,5023 Minuto» in 3¼% MaC I Solution 
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Fatigue Growth 

Replica A 

Slow Growth 

Replica B 

Fast Growth 

a ) Fracture Face 
Mag 3X 

b) Replica A, Intergranular 
Slow Growth Region 
Mag: 386OX 

—c ) Replica B, Near Region 
of Slow to Fast Growth 

d) Replica B, Fast Growth 
Region 

Figur* 79. Fraciur* Foe* and Electron Fractographs of Bainitir. 9Ni-4Co-0A5C Spocimon G-74 , 
Kjj = 78 A k*i Sin?,2293 Minuto* in 3¼% NaC I Solution 
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Fatigue Growth 

Replica A 

Slow Growth 

Replica B 

Fast Growth 

a) Fracture Face b) Replica A, Fatigue to Slow 
Growth Region 
Mag: 386OX 

c) Replica A, Slow Growth 
Region 

d) Replica B, Fast Growth 
Region 

Figur* 60. Fracturu Foe* and Electron Fractographt of Baintiic 9Ni-4Co-0.45C Spocimon G79 , 
K/j ~4IJ kti \/in. ,5131 M/nu#o* in 3¼% NaC I Solution 
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b) Marap;ing 250, Specimen E9I, loaded for 10,000 minutes at KZi = 59-3 

Crack Growth of Notched Bend Specimen 

1 
I 

Figure 81 
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Figure 82. Crack Breaking of 9Ni-4Co-0.30C Notched Bend Specimens 
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Steel alloys used at elevated temperatures are required to be metallur- 

gicaily stable so that deleterious property changes will not occur during the 

service life of the airplane. Landing gear components on the supersonic trans¬ 

port will be exposed to a maximum temp ‘rature of about 300°F. Since the low 

alloy steels are prime candidates for the landing gear, it was desirable to 

evaluate the alloys under coniideration for metallurgical stability at 300°F. 

8.1 PROCEDURE 

Two tensile and five notched bend fracture toughness specimens from 

one heat of each alloy were exposed at a temperature 300°F or higher for 5,000 

hours under a sustained stress of 40 ksi. Following exposure, the tensile 

specimens and two fracture toughness specimens were tested in room tempera¬ 

ture air to determine if the exposure had an adverse effect on properties. The 

three remaining notched bend specimens were sustained-loaded in 3.5 percent 

NaCl solution to assess the effect of exposure on stress corrosion susceptibility. 

Tensile and fracture toughness specimens were finish-machined prior 

to exposure, and the notched-bend specimens were notched and precracked 

after exposure. Exposure of the specimens was accomplished in standard 

creep machines. All the specimens were taken from the long-transverse 

grain direction of the billets. The exposed and unexposed materials were not 

heat treated together and a slight amount of scatter was therefore anticipated 

from heat treatment variation. 

8.2 RESULTS AND DISC USSION 

The detailed results of the testing are tabulated in Tables XXX through 

XXXII. Figures 83 and 84, respectively, show how the exposures affect the 

tensile and reduction of area properties of the steels, while Fig. 85 shows the 

effect on fracture toughness. The susceptibilities the exposed steels to stress 

corrosion are compared to the susceptibilities of unexposed material in Figs. 
86 through 92. 

Study of Fig. 83 shows that exposures did not significantly change the 

ultimate or yield strength properties of the alloys. The largest change, due 

to exposure, was the approximate 7 ksi increase of the H-ll Mod yield strength 
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(Fig. 83). Because an increase of yield strength cannot be considered an ad¬ 

verse effect and since the ultimate strength was not affected, the small increase 

of the 11-11 Mod yield strength was considered to be insij^iificant. 

Examination of the reduction of area (RA) data (Fig. 84) shows that the 

exposure produced no significant changes of RA. One RA data point for the 

exposed 300M steel was about 10 percent lower than the unexposed RA values. 

This change was probably a result of property variations within the billets and 

not an effect of the exposure. 

The changes of fracture toughness produced by the exposures were 

generally within the range of test scatter as shown by Figure 85. The toughness 

of the exposed material was expected to be slightly lower because of differences 

of billet locations between the exposed and unexposed fracture toughness speci¬ 

mens. The notch of the exposed notched bend specimens was approximately 

1-1/4 inch closer to the billet center. 

Usually the . nount of forging reduction and grain refinement increases 

outward from the center of the billet. Therefore, the toughness is generally 

less at the center of the billet. The difference of properties between the center 

and outer portions of the billet generally decreases with increasing amounts 

of working. 

The billets of 4330 V-Mod, H-ll Mod, and Maraging-250 received the 

least amount of work. The exposed Maraging-250 fracture toughness data 

(Fig. 85) showed that there was no decrease of fracture toughness resulting 

from either the exposure or the differences of billet positions. However, the 

fracture toughness of the 4330 V-Mod and H-ll Mod steels were decreased 

by the exposure. This decrease was partially attributed to lower toughness 

properties at the billet center. The extremely low fracture toughness data 

point of H-ll Mod (Fig. 85) was not considered representative and was shown 

by a dotted line to so indicate. 

Work by L. J. Klingler, et al. (Ref. 22), has shown that the toughness 

of a steel, which is tempered at temperatures below the tempering temperatures 

of maximum *‘500°F Embrittlement” will decrease when exposed at 300-400°F. 

Data from the heat treatment study indicated that both 300M and 4330 V-Modified 

were tempered at temperatures less than the temperature of maximum ‘ ‘ 500°F 

Embrittlement”. Exposure of 300M at 300°F had no significant effect on tough¬ 

ness (Fig. 85), thus indicating that the exposure did not result in <<500°F 
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Embrittlement”. However, the decrease of 4330 V-Modlfled toughness after 

exposure suggests that the extent of the <‘500°F Embrittlement” may have been 

increased. Additional stability testing of 300M and 4330 V-Modified in different 

temper conditions is needed to fully assess the influence of irreversible temper 

embrittlement on stability. 
Comparison of the stress corrosion susceptibilities of the exposed and 

unexposed materials (Figs. 87 through 92), at higher Kj/Kjc levels, showed 

that the times-to-failure were only slightly decreased by the exposure. How¬ 

ever, the times-to-failure of 9Ni-4Co- and Maraging-250, at lower K^/K^ 

levels, tended to deviate more noticeably from the unexposed material time- 

to-failures. Because of the high degree of scatter associated with this type 

of testing, difficulty was encountered in evaluating the effect of the exposure. 

Generally, there was no gross degradation of the stress corrosion properties 

due to exposure. 
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Fiffur» 87. Sutfa/ntd-Loading Characteristic of Exposed H-ll Modified Specimens 
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Figuro 90. Suttalnod-Loading Charactoristic» of Expo rod Maroging 250 Specimens 
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9.0 HYDROGEN EMBRITTLEMENT SUSCEPTIBILITY 

Severe embrittlement can be produced In steels by extremely small 

amounts of hydrogen. This hydrogen can be introduced in steels during melt¬ 

ing, acid pickling, heat treatment, electroplating, or welding. Reactions of 

protective cadmium plating with the service environment can also introduce 

hydrogen into high strength steels. The processing of high strength steel air¬ 

craft components is carefully controlled to minimize hydrogen contamination. 

Despite this careful control failures sometimes occur in service by the mech¬ 

anism of hydrogen embrittlement. This embrittlement, therefore, is a mater¬ 

ial reliability consideration that influences alloy selection. 

9.1 PROCEDURE 

Round notched tensile specimens taken from the transverse grain 

direction of one heat of each alloy were charged with hydrogen by bright cad¬ 

mium plating. The specimens were then sustained-loaded at various stress 

levels. The loads were maintained until failure or until 300 hours had elapsed. 

If no failures occurred in 300 hours, the test was discontinued. The objective 

of the testing was to establish the “lower critical stress” below which no 

failure occurred within 300 hours by this severe plating process. The speci¬ 

men configuration and plating procedures are described in Sec. 3.0. 

Parts heat treated at Boeing to ultimate strengths greater than 220 ksi 

are normally protected with a porous cadmium-titanium plating. The parts are 

then baked at about 375°F to remove hydrogen. The specimens of this investi¬ 

gation were given a relatively non-porous plating of bright cadmium and were 

not subsequently baked. Consequently, the embrittlement resulting from the 

plating procedures of this investigation was considerably more severe than 

embrittlement of normally processed parts in order to cause failure in sus¬ 

ceptible material within reasonable testing times. 

Prior to testing, the specimens were stored in room temperature air 

to allow for the diffusion of hydrogen. This diffusion increased the uniformity 

of distribution and reduced the high concentration at the specimen surfaces. 

Initially, two imp la < ed specimens of each alloy were tested to determine 

the notch strength. Ona plated specimen of each alloy was then loaded at 



30 percent of the notch strength and the loads were then increased in incre¬ 

mental steps of 25 ksi until failure occurred. At each load increment the load 

was maintained for six hours minimum. Subsequent specimens were sustained- 
loaded at constant load level. 

9.2 RESULTS AND DISCUSSION 

Table XXXm lists the detailed test results and Figs. 93 through 99 are 

plots of the test data. The numbers adjacent to each data point on these plots 

represent the stress concentration factor. The overall results are summarized 
by Fig. 100. 

Difficulty was encountered during machining in maintaining a 0.003- 

inch root radius. The root radius varied from 0.002 to 0.005 inches, thereby 

resulting in a stress concentration factor variation of 4.4 to 6.6 (Ref. 23). 

Generally, the lower critical stress decreases as the stress concentration 

factor increases (Ref. 24). However, the rate of decrease depends on the 

material, heat treatment condition, and hydrogen content of the steel. Since 

the majority of the specimens had a stress concentration factor of 4.9, the 

data was analyzed to establish the lower critical stress for K =4.9. 

Accurate determination of the lower critical stress was difficult be¬ 

cause of the variation of the stress concentration factor and because of test 

scatter. Consider, for example, the scatter obtained with 9Ni-4Co-0.45C 

(Bainitic) and 300M (Figs. 96 and 99). Two specimens (Kt = 4.9) from these 

alloys were sustain-loaded at approximately 100 ksi. One specimen of each 

alloy failed in less than 10 hours, while neither of the remaining two speci¬ 

mens failed after 300 hours. Since no specimens were tested at stress levels 

less than 100 ksi, accurate determination of the lower critical stress was not 

possible. However, it was established that the lower critical stress of 
9Ni-4Co-0.45 (Bainitic) and 300M was less than ioo ksi. 

Specimens of 9Ni-4Co-0.45C (Quench and Tempered) loaded in the 

range of 119-125 ksi, failed in times of 1 to 285 hours (Fig. 98), thus indicating 

that the lower critical stress was less than 119 ksi. A specimen with K = 5.5 

did not fail in less than 300 hours at stress of 95 ksi. Since this was the highest 

loaded specimen that did not fail, a lower critical stress of 95 ksi was selected 
for a stress concentration factor of 4.9 
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Comparison of the data for the 9Ni-4Co-0.45C alloys (Figs. 98 and 99) 

Indicates that the quench-and-tempered material was slightly more resistant 

to embrittlement than bainitically treated material. However, because only 

a limited number of specimens were tested and because of the test scatter, it 

was not possible to positively conclude that the 9Ni-4Co-0.45 (Bainitic) was 

more susceptible to embrittlement than the 9Ni-4Co-0.45C (quench-and- 

tempered). 
The lower critical stress selected for the remaining alloys are shown 

in Figs. 93, 94, 95, and 97. The overall results (Fig. 100) indicated that the 

9Ni-4Co-0.45C and 300M alloy were severely embrittled by the plating process 

relative to the other alloys tested. Generally it is thought that the suscepti¬ 

bility to hydrogen embrittlement increases as the ultimate strength increases. 

The Maraging 250, which had the fourth highest strength levels, appeared to 

be one of the least susceptible alloys. 
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10.0 NOTCHED FATIGUE TESTING 

B 
0 
c 

r 
c 
c 

Much of the previous testing in this program has been designed to deter¬ 

mine the reliability of high strength steel alloys to insure a fail-safe structure. 

However, fatigue S-N curves for each alloy are desirable for determination of 

the cycles to originate cracks. Once cracks have originated they may propagate 

by stress corrosion cracking without a cycling load. 

10.1 PROCEDURE 

Notched fatigue specimens with a stress concentration factor of 2.5 were 

selected for this study as being representative of aircraft structure. The 

specimen and description of test equipment are included in Sec. 3.0. All speci¬ 

mens were cycled at 1800 cycles/min. using a stress ratio of 0. 06. 

10.2 RESULTS AND DISCUSSION 

it was intended to test three specimens at each of three stress levels to 

develop a stress-level versus cycles-to-failure curve. However, since there 

is generally better reproducibility at higher stress levels, in some cases more 

specimens were tested at lower stress levels to better define the endurance 

limit.. The fatigue data for the six alloys are included in Table XXXIV and the 

individual S-N curve for each alloy are shown in Figs. 101 through 107. 

The curves were drawn through the log average of the higher data points 

and were somewhat conservative at the endurance limit because of the limited 

number of data points to define the endurance limit. A comparison of the seven 

curves (Figs. 108 and 109) indicates very little difference in endurance limit. 

All steels tested in this program had endurance limits which fell between 50 and 

60 ksi gross area fatigue stress even though the ultimate strengths varied from 

219 to 284 ksi. Because the number of specimens were limited it is difficult to 

determine those alloys with the highest endurance limit, however, the 9Ni-4Co 

alloys in the quenched and tempered condition appear to be highest. The gen¬ 

eral conclusion from this somewhat limited data is that the endurance limits 

of these high strength steels are similar and other variations such as specimen 

geometry, environment, grain direction, and stress ratio would have consider¬ 

ably greater effects on results. 
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Figur» 109. Fatigo» Properties of Alloys H»at-Tr»at»d to Ultimate Strengths Greater than 250 KSI 
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The purpose of this program was to provide data for a comparison of 

[j high strength steels for applications on the supersonic transport. To make a 

meaningful comparison, measurement of a number of material properties was 

considered necessary. In addition, the alloys fell in two general strength 

ranges; 220 to 240 ksi and 250 to 290 ksi. Because of the large number of 

materials, heat treatments & types of tests, it is clearer and more relevant 

^ to summarize the conclusions in the form of a table for each strength level. 

D 



PROPERTY 

RATING 

FIRST SECOND THIRD 

RT Fracture Toughness 9Ni-4Co-0.30C 4330 V-Mod H-ll Mod 

-65°F Fracture Toughness 9Ni-4Co-0.30C 4330 V-Mod H-ll Mod 

-65°F Impact Strength 9Ni-4Co-0.30C 4330 V-Mod H-ll Mod 

Stress Corrosion Resistance 9Ni-4Co-0.30C 4330 V-Mod 

H-ll Mod 

Ductility (RA) 4330 V-Mod 

9Ni-4Co-0.30C 

H-ll Mod 

Fatigue (Limited Data) 9Ni-4Co-0.30C 4330 V-Mod H-ll Mod 

H2 Embrittlement 9Ni-4Co-O.3OC 

H-ll Mod 

4330 V-Mod 

Potential for Elevated 

Temperature Applications 
H-ll Mod 9Ni-4Co-0.30C 4330 V-Mod 

i. 

n 

n 

-.—■ 
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Q TabU XXXVI Summary al Evaluation ,250-290 KSI Ultimata Strançth Ranga 
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Property 

Rating 

First Second Third 

Ultimate Strength BOOM 9Ni-4Co-0.45C (QfT) 9Ni-4Co-0.45C (B) 
Maraging 250 

RT Fracture 
Toughness 

Mar aging 250 
9Ni-4Co-0.45C (B) 

BOOM 9Ni-4Co-0.45C (^4-T) 

-65°F Fracture 
Toughness 

Maraging 250 
9Ni-4Co-0.45C (B) 

BOOM 
9N.i-4Co-0.45C (Q*T) 

-65°F Inpact 
Strength 

Maraging 250 
9Ni-4Co-0.45C (B) 

9Ni-4Co-0.45c (QfT) BOOM 

Stress Corrosion 
Resistances 

Maraging 250 
9Ni-4Co-0.45C (E) 

9Ni-4Co-0.45C ((^T) 
BOOM 

Ductility (RA) BOOM 
9Ni-4Co-0.45C (B) 
9Ni-4Co-0.45C (Q+T) 

Maraging 25O 

Fatigue 
(Limited Data) 

9Ni-4Co-0.45 (Q+T) 9Ni-4Co-0.45C (B) 
Maxaging 250 
BOOM 

Embrittlement Maraging 250 9Ni-4Co-0.45C (Q+T) 
9NÍ-4CO-0.45C (B) 
BOOM 

Potential for 
Elevated 
Temperat\ire 
Applications 

Maraging 250 
BOOM 

9Ni-4Co-0.45C (C^-T) 
9NÍ-4CO-0.45C (B) 



12.0 FUTURE WORK 

The original proposal for this work included the forging and testing of 

six Boeing Model 720 landing gear torsion links from the 9Ni-4Co-0.45C alloy. 

Three forgings were sectioned for microscopic examination and for tensile 

strength and fracture toughness testing. The remaining three forgings were 

fabricated into finished parts, one of which is presently being fatigue tested 

under simulated 720 aircraft service conditions. Further, microstructural 

investigations are also planned to study the controlling mechanism of some of 

the more interesting effects on the fracture toughness versus tempering tem¬ 

perature curves. These microstructures will be studied with carbide extraction 

replica and transmission electron microscopy. 

The supplemental report covering the above work will be submitted at 

the end of June 1967. 
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b) Heat Number C10151 

c) Heat Number C570*+6 

II 
Figure A-1. Macroetched Section from Ends of 4330 V-Mod Billets 
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a) Heat Number 09110 

c) Heat Number 08990 

Figur» A-2. Macroetched Sections horn Ends of H-11 Mod Billots 
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b) Heat Number 39311^ 

c) Heat Number 39311^5 

Figure A-3. Macroetehed Section from Ends of 9Ni-4Co-0.30C Billets 
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a) Heat Number 09715 

b) Heat Number 3951531 (Billet P) 
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b) Heat Number 091^8 

lí 
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c 
D 

c) Heat Number 3930879 

Figur« A-5. Mocroetched Sections from Ends of Maraging-250 Billets 
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c) 

.I... 

Heat Number 39311^1 

0 
Figure A-6. Macroetched Section from Ends of 9Ni-4Co-0.45C Billets 

i; 
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b ) Heat C10157 

c) Heat C57046 

Figure A-7, As Received Microstructure of 4330 V-Mod, Mag: 100X, Etchant: 2% Mitai 
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longitudinal Grain Direction Transverse Grain Direction 

a) Heat 3960633 
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Longitudinal Grain Direction Transverse Grain Direction 

a ) Heat 09IIO 

b ) Heat 09099 

c) Heat O899O 

Figur» A-fl. As R»c»ivd Microstructur» of tbo H-ll Mo«/, Mo9.- 100X . Etchant: 2% Mitai, Villola'i 
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Longitudinal Grain Direction Transverse Grain Direction 

a) Heat 39313M 

b ) Heat 3930852 

c) Heat 3931145 

Figur» A-9. As R»c»iv»d Microstructuns of 9Ni-4Co-0.30C, Mag: 100X, Etchant: 2% Nital 
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longitudinal Grain Direction Transverse Grain Direction 0 

a) Heat 3951531 

b ) Heat 3951531 

c) Heat 09715 

Figur* A-10. As Receivd Microsiructurt 300 M , Mag: 100X, Etchant: 2% Nital 
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Longitudinal Grain Direction Transverse Grain Direction 

a ) Heat 24676 

b) Heat 09148 

c) Heat 3930879 

Figur» A-11. As Received Microstructure of Maragin»-250, Mag: 100X, Etchant: Nitric-Hydroflouric 
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Longitudinal Grain Direction Transverse Grain Direction 

a ) Heat 388270 

b ) Heat 39311^1 

c) Heat 3931120 

Figure A-12. As Received Microstructure of 9Ni-4Co-.45C, Mag: 100X, Etchant: 2% Mitai 
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