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Abstract 

0 Previous Applied Research Laboratory studies have shown that a 
5Ni-Cr-Mo-V steel containing 0.10 C, 0.75 Mn, 0.25 Si, 5.00 Ni, 0.55 Cr 
.55 Mo, 0-07 V, 0.025 A1, and 0.010 max P and S is extremely promising* 

as an HY-iWlSO steel. Therefore, Laboratory studier were initiated to 
establish the composition ranges in carbon, manganese, silicon, nickel, 
chromium, molybdenum, and aluminum within which the desirec properties of 
the 5N:L-Cr-Mo-V steel can be obtained. properties ot 

In the present study, seven Laboratory 5Ni-Cr-Mo-V steels con¬ 
taining 0.05 to 0.27 percent carbon were evaluated to establish the carbon- 
ordering range for the 5Ni-Cr-Mo-V steel as an HY-130/150 steel and to 
etermine the potential of the 5Ni-Cr-Mo-V steel as an HY-180/210 steel. 

The results showed that an average yield strength of about 140 
ksi should be obtained in 1/2-inch-thick water-quenched production plates 
at a carbon content of about 0.045 percent, but that a minimum carbon 
content of about 0.085 percent should be specified to obtain similar 
properties at the midthickness of 4-inch-thick water-quenched plates 

0idef,in9 rfnge of °-08 to 0.13 percent carbon is recommended 

i/í , 5Nl~fr~M°’V fteel t0 lnsure the desired strength, toughness, and 
weldability for an HY-130/150 steel. 

In the tempering range 900 to 1200 F, none of the steels investi¬ 
gated exhibited a yield strength of 180 ksi. The high-carbon steels from 
the present study and other experimental steels are being evaluated at 
lower tempering temperatures to determine their potential as HY-180/210 
steels. 
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Introduction 

A previous study at the Applied Research Laboratory indi¬ 

cated that an 0.10 percent carbon 5Ni-Cr-Mo-V steel is a very promising 

HY-130/150 steel. An evaluation of 1- through 4-inch-thick plates from 

an 80-ton electric-furnace heat of this steel confirmed the Laboratory 

study. However, the 80-ton heat was ordered to a very restricted compo¬ 

sition range because, at the time the heat was ordered, little was known 

of the hardenability and mechanical properties that would result if the 

composition, particularly the carbon content, differed significantly 

from the aim composition. Thus, Laboratory studies were initiated to 

establish the composition ranges for the 5Ni-Cr-Mo-V steel within which 

the desired properties can be obtained. The studies include an investi¬ 

gation of the effects of variations in carbon, manganese, silicon, nickel, 

chromium, molybdenum, and aluminum on the hardenability and mechanical 

properties of the 5Ni-Cr-Mo-V steel. 

In the investigation of the effects of carbon content, carbon 

was varied from 0.05 to 0.15 percent to establish the carbon range for 

the 5Ni-Cr-Mo-V steel as HY-130/150 steel. In addition, carbon contents 

from 0.15 to 0.27 percent were investigated to determine the potential 

of the 5Ni-Cr-Mo-V steel as an HY-180/210 steel. The present report 

describes the results of the studies on the effects of carbon content 

on the properties of the 5Ni-Cr-Mo-V steel. 
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Materials and Experimental Work 

and Rolling Procedures 

Two 300-pound heats were vacuum-melted and vacuum-carbon- 

deoxidized at the Laboratory.* One of tiese heats was melted with a 

carbon content of about 0.05 percent, antí one third of the melt 

was cast into a 100-pound 3- by 8- by 14-inch slab ingot. The carbon 

content of the remaining metal was then increased to about 0.10 percent, 

and a second 100-pound ingot was cast. Finally, the carbon content of 

the heat was increased to about 0.15 percent, and a third 100-pound ingot 

was cast. The second 300-pound heat was melted with a carbon content of 

about 0.15 percent and with no aluminum addition, and a 100-pound 3- by 

8- by 14-mch slab ingot was cast.** The carbon content of the heat was 

then increased to about 0.20 percent and the aluminum content to about 

0.020 percent (the same content as that of the first heat), and a second 

100-pound ingot was cast. The carbon content of the heat was then in¬ 

creased to about 0.25 percent, and a third 100-pound ingot was cast. 

In addition to the two 300-pound split heats, two other 300- 

pound vacuum-melted, vacuum-carbon-deoxidized heats were melted at the 

Laboratory. One heat contained about 0.05 percent carbon (low extreme 

♦Silicon and aluminum (when added) were added as alloying elements 
vacuum-carbon deoxidation. elements after 

**The aluminum-free steel ingot was produced for another 
discussed further in the present report. 

study and is not 
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of carbon content studied), and the second heat contained about 0.25 

percent carbon (high extreme of carbon content studied).* Each of these 

heats was cast into a 300-pound 5- by 12- by 17-inch slab mold. The 
# 

compositions of the steels are shown in Table I. 

Each of the 100-pound slab ingots was straightaway-rolled from 

3 inches thick to 1-1/4 inches thick and air-cooled. Each 1-1/4-inch- 

thick slab was then cut transversely into three 10-1/2-inch-long pieces 

(A - top, B - middle, and C - bottom of ingot) and each piece was cross- 

rolled to a 1/2-inch-thick plate approximately 10-1/2 inches wide by 

20 inches long and air-cooled. The longitudinal** to transverse rolling 

ratio for the 1/2-inch-thick plates was about 1 to 1. 

The two 300-pound slab ingots were straightaway-rolled from 5 

inches thick to 1-3/4 inches thick and air-cooled. Each 1-3/4-inch-thick 

slab was then cut transversely into four 11-inch-long pieces (A - top, 

B - top middle, C - bottom middle, and D - bottom of ingot), and each piece 

was cross-rolled to a 1/2-inch-thick plate approximately 11 inches wide 

by 40 inches long and air-cooled. The longitudinal** to transverse 

rolling ratio for these 1/2-inch-thick plates was about 1.2 to 1. 

♦These duplicate heats were produced to determine whether ingot size 
and/or pouring practice had any effect on the properties of these 
steels. 

**Parallel tc the final rolling direction. 
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Heat Treatment 

To determine the mechanical properties of the seven steels 

(comprising five 100-pound ingots and two 300-pound ingots), Plates B 

and C from each of the 100-pound ingots were cut to provide ten 5- by 

6-1/2-inch plate samples, and Plate B from each of the 300-pound ingots 

was cut to provide ten 5- by 8-inch plate samples. 

Five plate samples of each steel were austenitized for 30 minutes 

at 1500 F and water-quenched. One of the plate samples was not tempered, 

whereas the other four plate samples were individually tempered for 30 

minutes at 900, 1000, 1100, or 1200 F, and water-quenched. 

The remaining five plate samples of each steal were austenitized 

for 2 hours at 1500 F and blower-cooled within a wind channel to simulate 

the cooling rate at the midthickness of a water-quenched 4-inch-thick 

plateOne of the blower-cooled plate samples was not tempered, where¬ 

as the other four plate samples were individually tempered for 2 hours 

at 900, 1000, 1100, or 1200 F# and then blower-cooled. 

Mechanical Tests 

Two longitudinal 0.252-inch-diameter tension-test specimens and 

eight longitudinal Charpy V-notch impact-test specimens were machined from 

each heat-treated plate sample. The tension-test specimens were tested at 

room temperature, and duplicate or triplicate impact-test specimens were 

tested at +80, 0, and -80 F. 
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The Rockwell C hardness was determined on representative 

impact-test specimens for each steel ana condition of heat treatment. 

Metallographie Studies 

Heat-treated specimens of each of the steels were metallo- 

graphically prepared and examined by means of light microscopy. The 

microstructure of each of the blower-cooled (untempered) steels was photo¬ 

graphed. 

Results and Discussion 

Chemical Composition 

Each of the seven 5Ni-Cr-Mo-V steels evaluated contained about 

0.75 percent manganese, 0.005 percent phosphorus, 0.003 percent sulfur, 

0.25 percent silicon, 4.95 percent nickel, 0.55 percent chromium, 0.55 

percent molybdenum, 0.07 percent vanadium, 0.020 percent aluminum (acid 

soluble), and 0.005 percent nitrogen, Table I. The steels ranged in 

carbon content from 0.05 percent (Steel A) to 0.27 percent (Steel G). 

Although the steels wei.e melted as 300-pound heats, Steels A, 

B, C, D, and E were poured as 100-pound ingots, and Steels F and G (which 

were similar in composition to Steels A and E, respectively) were poured 

as 300-pound ingots. Steels F and G were produced to determine whether 

ingot size, pouring practice within the vacuum chamber, and/or cross¬ 

rolling piactice to obtain 1/2-inch-thick plates had any effect on the 

mechanical properties. A comparison of the mechanical properties, 
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Tables II and III, shows that no significant differences in mechanical 

properties were observed between heat-treated 1/2-inch-thick plates 

produced from the 100-pound ingots (Steels A and E) and those produced 

from the 300-pound ingots (Steels F and G). 

Hardenabilitv and Microstructure 

Large differences in tensile strength between water-quenched 

and blower-cooled plates are observed if a steel has inadequate hardena- 

bility for 4-inch-thick plates. The effect of carbon content on the 

difference in tensile strength between the untempered water-quenched and 

the untempered blower-cooled 1/2-inch-thick plates of the seven steels 

is shown in Figure 1. The plot shows that there was a large difference 

in tensile strength (24 to 30 ksi) between the water-quenched and blower- 

cooled low-carbon (0.05 and 0.06% C) steels, but that this difference in 

tensile strength decreased sharply as carbon content increased, so that 

the difference was less than 15 ksi at 0.10 percent, carbon and less than 

10 ksi above about 0.13 percent carbon. 

Figure 1 also shows that the amount of bainite observed in the 

blower-cooled (untempered) 1/2-inch-thick plates of the seven steels 

ranged from 60 to 65 percent in the low-carbon (0.05 and 0.06% C) steels 

to 30 to 35 percent in the 0.10 percent carbon steel to 0 to 1 percent 
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in the 0.16 percent carbon steel. The 0.22, 0.26, and 0.27 percent carbon 

steels were completely martensitic. 

The plot of carbon content versus percent bainite in the blower- 

cooled plates and the plot of difference in tensile strength between water- 

quenched and blower-cooled plates break at about the same carbon content 

(0.14%); thus either criterion reliably indicates the carbon content re¬ 

quired to fully harden 4-inch-thick plates. 

The microstructures of the blower-cooled 1/2-inch-thick plates 

of Steels A, B, C, and D (0.05, 0.10, 0.16, and 0.22% C, respectively) 

are shown in Figure 2. Figures 2A, B, and C depict the decreasing amount 

of bainite and increasing amount of martensite that formed in the 5Ni-Cr- 

Mo-V steel as the carbon content increased from 0.05 to 0.16 percent; 

Figure 2D depicts the appearance of the martensite that is formed when 

the steel contains 0.22 percent carbon. Figure 3 compares the micro¬ 

structures of the water-quenched 1/2-inch-thick plates of Steels A and G, 

the lowest and highest carbon steels investigated (0.05 and 0.27% C, 

respectively). The microstructure of Steel A is a mixture of low-carbon 

martensite and bainite, whereas the microstructure of Steel G is 100 per¬ 

cent martensite. 

Tensile and Impact Properties 

The longitudinal tensile properties of the water-quenched and 

of the blower-cooled 1/2-inch-thick plates of the seven steels investi- 
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gated are listed in Table II, ?nd the corresponding Charpy V-notch impact 

properties are listed in Table III. The data show that, in general, the 

strength decreased and the ductility and toughness increased as the 

tempering temperature was raised from 900 to 1200 F. 

The strength data confirm the low hardenability of the low-carbon 

(0.05 and 0.06% C) steels, and show that the highest yield strength (0.2% 

offset) for the blower-cooled plates (Steels A and F) was 102 ksi in the 

untempered condition and 113 ksi in the tempered condition. Although the 

yield strength increased continuously as the carbon content increased, the 

high-carbon (0.26 and 0.27% C) steels did not attain a yield strength as 

high as 180 ksi in either the water-quenched or blower-cooled condition 

when tempered in the range 900 to 1200 F. Studies are in progress to 

determine whether a yield strength of 180 ksi or higher can be obtained 

in the 0.22 and 0.27 percent carbon steels (Steels D and G) by tempering 

at 400, 600, or 800 F. 

The ductility and toughness decreased as the carbon content 

increased, and the decrease was genexally inversely proportional to the 

aforementioned increase in strength with increasing carbon content. 

The effect of carbon content on the yield strength and energy 

absorption at 0 F of untempered water-quenched and blower-cooled 1/2-inch- 

thick plates of the 5Ni-Cr-Mo-V steel is plotted in Figure 4. The plot 

shows the increase in yield strength and the decrease in notch toughness 

that occurred when the carbon content increased. The figure also shows 
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a larger difference in yield strength and a larger difference in energy 

absorption between the water-quenched and the blower-cooled plates of 

the lower carbon steels than between those of the higher carbon steels, 

and thus substantiates the necessity for a minimum amount of carbon for 

adequate hardenability in 4-inch-thick plates of the 5Ni-Cr-Mo-V steel. 

Steel G (0.27% C) developed yield strengths of over 180 ksi (183 to 193 

ksi) in the as water-quenched and the as blower-cooled conditions but 

exhibited correspondingly low energy-absorption values at 0 F (23 to 25 

ft-lb). 

Temperabilitv 

The effect of tempering temperature on the longitudinal yield 

strength (0.2% offset) and Charpy V-notch energy absorption at 0 F for 

the water-quenched and blower-cooled 1/2-inch-thick plates of each of the 

seven steels is plotted in Appendix Figures A through G. The large 

differences in yield strength between the water-quenched and blower- 

cooled plates of the low-carbon steels (Steels A and F) again emphasize 

that these steels have insufficient hardenability to fully harden 1/2- 

inch-thick blower-cooled plates. The Appendix figures also show that 

the low-carbon steels (Steels A, B, and F) exhibited greater response 

to secondary hardening (increase in yield strength at a tempering tempera¬ 

ture of about HOOF) than the higher carbon steels. 
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From the Appendix figures, the energy absorption corresponding 

to a yield strength of 135 ksi was obtained for the water-quenched and for 

the blower-cooled plate samples, and the data were then plotted in Figure 

5 to show the impairment to notch toughness that results from an increase 

in carbon content in the 5Ni-Cr-Mo-V steel. At the 135 ksi yield-strength 

level, each increase of 0.01 percent carbon lowered the energy absorption 

an average of 2.7 ft-lb. (A yield strength of 135 ksi could not be ob¬ 

tained in the blower-cooled plates of the 0.05 and 0.06 percent carbon 

steels, Steels A and F, because of their low hardenability.) 

From the Appendix figures, the maximum yield strength was se¬ 

lected for each wat er-quenched and tempered and each blower-cooled and 

tempered steel. These data were then plotted against carbon content in 

Figure 6. The figure shows that a yield strength of 135 ksi* can be ob¬ 

tained in water-quenched 1/2-inch-thick plates of the 5Ni-Cr-Mo-V steel 

containing as little as about 0.045 percent carbon, but that a minimum 

carbon content of about 0.085 percent is required for a yield strength 

of 135 ksi in blower-cooled 1/2-inch-thick plates—which correspond to 

wate’'-quenched plates about 4 to 4-1/2 inches thick. The maximum yield 

strength versus carbon content curves for the water-quenched and blower- 

cooled plates converge at about 0.13 to 0.15 percent carbon, and about 

*A yield strength of about 135 ksi is needed to insure a minimum yield 
strength of 130 ksi. 
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0.13 percent carbon is required for the blower-cooled 1/2-inch-thick 

plates to exhibit a minimum yield strength of 150 ksi. 

Although Figure 6 indicates that the maximum yield strength of 

an 0.10 percent carbon 5Ni-Cr-Mo-V steel is 148 ksi, yield strengths up 

to 152 ksi have been obtained in production quenched and tempered 1/2-inch- 

thick plates of 5Ni-Cr-Mo-V steel containing 0.095 percent carbon2) (note 

the filled data point in Figure 6). The higher attainable yield strength 

m Production plates is believed to be due to the higher nitrogen content 

(0.010%) of the air-melted electric-furnace production heats compared 

with that (0.005%) of the vacuum-melted induction-furnace Laboratory heats. 

General Discussion 

The results of the present study have shown that a minimum carbon 

content of about 0.085 percent is required for the 5Ni-Cr-Mo-V steel to 

exhibit a minimum yield strength of 135 ksi in blower-cooled 1/2-inch- 

thick plates (a conservative simulation of 4-inch-thick plates), and that 

a carbon content of about 0.13 percent is required to provide sufficient 

hardenability for blower-cooled 1/2-inch-thick plates of average alloy 

content to exhibit a microstructure of greater than 90 percent martensite 

and a minimum yield strength of 150 ksi. 

Considering that blower-cooled 1/2-inch-thick plates provide a 

conservative estimate of the properties in the center of 4-inch-thick 

water-quenched plates and that the yield strength attained in 1/2-inch- 
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thick plates from production heat No. X53185 was about 4 ksi higher than 

predicted from the current study, a carbon content of 0.085 percent should 

result in average yield strengths of 150 to 140 ksi for 1/2- and 4-inch- 

thick plates, respectively, of the 5Ni-Cr-Mo-V steel. For maximum notch 

toughness and weldability, the carbon content should be kept as low as 

possible; however, practical steelmaking considerations dictate that a 

melting range of five points of carbon is desirable. Therefore, an 

ordering range of 0.08 to 0.13 percent carbon is recommended for the 

5Ni-Cr-Mo-V steel. 

Summary 

The present study of the effect of carbon content (0.05 to 

0.27%) on the hardenability and mechanical properties of the 5Ni-Cr~Mo-V 

steel was conducted to establish a carbon-ordering range for production 

heats of this steel, and to determine the suitability ot this steel, 

modified with higher carbon content, as a quenched and tempered HY-180/210 

steel. The results of this study, which was conducted on water-quenched 

and blower-cooled 1/2-inch-thick plates of seven steels, may be summarized 

as follows: 

1. A yield strength of 135 ksi was obtained in water-quenched 

1/2-inch-thick plates of 5Ni-Cr-Mo-V steel containing as little as about 

0.045 percent carbon, but when less than 0.085 percent carbon was present 

in the 5Ni-Cr-Mo-V steel, large differences in tensile strength (20 ksi 
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or greater) were observed between the water-quenched and blower-cooled 

1/2-inch-thick plates, and the blower-cooled plates exhib:ted micro- 

structure& containing 40 percent or mere bainite. At a carbon content of 

about 0.085 percent, the 5Ni-Cr-Mo-V steel exhibited a maximum yield 

strength of 135 ksi in blower-cooled 1/2-inch-thick plates (which con¬ 

servatively simulate the midthickness of water-quenched 4-mch-thick 

plates). However, quenched and tempered production plates of the 5Ni- 

Cr-Mo-V steel have exhibited yield strengths about 4 ksi higher than 

the Laboratory 5Ni-Cr-Mo-V steels. 

2. At a carbon content of about 0.13 percent, the 5Ni-Cr- 

Mo-V steel exhibited a microstructure of greater than 90 percent 

martensite and a minimum yield strength of 150 ksi in 4-inch-thick plates. 

A microstructure of 100 percent martensite can be obtained in 4-inch- 

thick plates when the carbon content is 0.15 percent or higher. 

3. At the 135 ksi yield-strength level, each increase of 0.01 

percent carbon in the 5Ni-Cr-Mo-V steel lowered the energy absorption 

at 0 F an average of 2.7 ft-lb. 

4. In the untempered condition, the water-quenched and the 

blower-cooled plates of the 0.27 percent carbon steel (the highest 

carbon level studied) exhibited yield strengths of 183 to 193 ksi, but 

also exhibited low Charpy V-notch energy absorptions at 0 F of 23 to 25 

ft-lb. When tempered in the range 900 to 1200 F, none of the steels 

exhibited a yield strength as high as 180 ksi. 
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The results of the present study indicate that an ordering 

range of 0.08 to 0.13 percent carbon is optimum for the 5Ni-Cr-Mo-V 

steel to meet the requirements of an HY-130/150 steel. 

Recommendations and Future Work 

It may be possible to develop a quenched and tempered HY-180/210 

steel by employing low-temperature tempering (in the range 400 to 800 F) 

following quenching. A study is under way at the Applied Research 

Laboratory to investigate this approach with five promising steels for 

this application. Included in the study are Steels D (0.22% C) and G 

(0.27% C) of the present investigation. 
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A. Steel A (0.05% C). 60 to 

65 percent bainite. 

Hardness. 29.5 Rc. 

C. Steel C (0.16% C). 0 to 1 

percent bainite. Hardness. 
43.5 Rc. 

B. Steel B (0.10% C). 30 to 

35 percent bainite. 

Hardness. 38.5 Rc. 

D. Steel D (0.22% C). 100 

percent martensite. 
Hardness, 46.0 Rc. 

8-138A-1 
8-139A-1 

8-140A-1 

8-141A-1 

Figure 2. Microstructures of longitudinal specimens of 

blower-cooled and untempered 1/2-inch-thick 
plates. Super picral etch. X500. 

(40.018-001) (25)_£Í5ure 2A' B' c' D 
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B. Steel G (0.27% C). Hardness, 
51.5 Rc. 

Figure 3. Microstructures of longitudinal specimens of 
water-quenched and untempered 1/2-inch-thick 
plates. Super picral etch. X500. 
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