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Abstract

^As part of the HY-180/210 feasibility study, various special 
processinq techniques are beinq evaluated to establish their potential for 
improving the toughness of high-yield-strength steels. One processing 
technique that appears promising in this respect is rapid heat treatment. 
Therefore, the Applied Research Laboratory initiated a preliminary evalua­

tion of the process by determining the mechanical properties of a 
SljMi-Cr-Ho-V steel that was heat treated by various combinations of rapid 
austenitizing, rapid tempering, conventional austenitizing, and conventional 
tempering.

The results showed that the yield strength of the rapidly austeni­

tized specimens was 10 to 20 ksi higher than that of the conventionally 
austenitj^ed specimens with no loss of notch toughness or ductility, 
iape<nrgd"'pro^rtles of-4^# rapidly .austrnitized apecimena were 

a refinement o-f-~rhy aueteiixte grains. The hc9t 
obtained when the speeiswne «#ore rapidly austonitiiod-^e^ra 1 timeo. The 
«nest grain Wo. 14.S) wa»jj>;j,a i » spcrlrngh was
austenitized Tlve-tyng5_gi a beet intTre^ o€ 2«e l» per sernnfl

Rapid tempering (4 F per second) after rapid austenitizing 
produced a slightly better ccsobination of strength and toughness at low 
tempering temperatures than conventional tempering, but conventional 
tempering produced a slightly better combination of strength and toughness 
at high tempering temperatures for rapidly austenitized specimens.

These preliminary results indicate that rapid heat treatment 
offers considerable promise for increasing the yield strength of alloy 
steels by as much as 30 hsi with no loss in ductility or toughness^Thus 
experimental steels that meet the strength and toughness requirero^:\ for an 
HY-150 steel siay Met sisiilar requireMnts for an HY-180 steel afte^ rapid 
heat treatment.

On the basis of the favorable results of the preliminary evalua­

tion, a statistical program to evaluate further the potential of rapid heat 
treatMnt has been initiated.

/
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Introduction 

As a oart of the HY-180/210 feasibility study, various special 

processing techniques are being evaluated to establish their potential for 

improving the toughness of high-yield-strength steels. Among the promising 

approaches is the rapid heat-treating process. Earlier work at the Applied 

Research Laboratory has indicated that the strength-toughness relation for 

USS "T-l" constructional alloy steel and for HY-80 steel can be improved by 

rapid heat treatment. Th- Laboratory, therefore, initiated a preliminary 

study to determine the effect of rapid heat treatment on the tensile and 

impact properties of an experimental 5>iNi-Cr-Mo-V steel. The present 

reP°rt describes the results of that preliminary investigation. 

Material and Experimental Work 

Material 

The material used for the present study was a 1/2-inch-thick hot- 

rolled plate (No. 229344C) from an experimental 5**Ni-Cr-Mo-V steel 

(heat No. X14332) which was previously evaluated1)* in the t7Y-130/150 

program. The check chemical analysis of the steel is presented in Table I. 

Forty plate samples (3 inches wide by 9 inches long. Figure 1) were cut 

from the plate. 

Processing Procedures 

The experimental procedure was organized as shown in Figure 2. 

The heating rate for the conventional austenitizing treatment varied with 

•See References. 
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temperature because conventional heating utilizes a fixed-temperature 

heating source. Above the lower critical temperature (approximately 1190 F 

for the SJtNi-Cr-Mo-V steel), the average heating rate was about 0.6 F per 

second, with a holding time at peak temperature of about 30 to 40 minutes. 

A Westinghouse 100 kw, 3000-cycle-per-second induction-heating scanner was 

used to obtain the rapid heating rates. The plate samples were induction- 

heated while passing through the center of a solenoid heating coil, as shown 

in Figure 3. Different heating rates were obtained by changing the scanning 

speed of the specimens and/or by changing the power input. 

A series of tests was also made to study the effect of multiple¬ 

hardening treatments on grain size. The number of passes at austenitizing 

heating rates of 200 F per second was varied from one through five. 

Temperatures were measured and recorded by a Leeds and Northrup strip chart 

recorder and chrome1-alumel thermocouples. At peak temperatures, the 

temperature varied only ± 19 f over the specimen-blank area within the plate 

sample. 

Testing Procedures 

Eight test-specimen blanks were cut from each plate sample 

d««crib«l in Figure 2. Six Charpy V-notch in>pact-test specimens and 

duplicate 0.252-inch-diameter tension-test specimens were machined from each 

of the blanks. The tension specimens were tested at room temperature, and 

th« impact specimens were tested at +80 F and -80 F. 
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In addition to the study of the mechanical properties of the 

rapidly heat-treated steels, a metallurgical evaluation of the effect of 

rapid austenitizing on the austenitic grain size was conducted. Social 

emphasis was given to specimens taken from each of the multiple-hardening- 

pass treatments (one through five passes). Because little further refine¬ 

ment of the austenite grains occurred after three hardening passes, 

mechanical properties were not determined on the specimens that were 

hardened with five treatments. 

Results and Discussion 

Mechanical Properties 

The tension- and impact-test results are summarized in Tables II 

and III. Table II includes all the specimens that were conventionally 

tempered (1 hour at temperature, water-quenched) and Table III includes all 

the specimens that were induction tempered (4 F per second and water- 

quenched) . 

The relation between yield strength and notch toughness after 

various heat treatments is illustrated in Figures 4 through 7. Figures 4 

and 5, respectively, show the relation between yield strength and energy 

absorption at +80 F for conventionally and rapidly tempered specimens. 

Figures 6 and 7, respectively, show the relation between yield strength and 

energy absorption at -80 F for conventionally and rapidly tempered specimens 

4- 



At a toughness level of 85 ft-lb at 80 F after conventional 

tempering. Figure 4, the yield strength of the conventionally austenitized 

material was approximately 152 ksi. The 4 F per second and 10 F per second 

austenitizing rates increased the yield strength 12 ksi to about 164 ksi. 

The three-pass hardening treatments further increased the yield strength to 

172 ksi. The 200 F per second heating rate showed the smallest increase in 

yield strength (5 ksi) of any of the rapid austenitizing cycles employed. 

Similar increases in the yield strength of rapidly austenitized compared 

with conventionally austenitized specimens were also observed for the condi¬ 

tions illustrated in Figures 5, 6, and 7. Thus, rapid austenitizing, as 

compared with conventional austenitizing, increased the yield strength for 

all conditions examined. 

Stress-Strain Curves 

The specimens that were hardened by multiple-a’istenitizing 

treatments exhibited stress-strain curves in which the stress decreased 

continuously from that of the yield stress. A schematic example of this 

behavior is shown in J'igure 8 (Curve A). This behavior did not appear to 

affect the ductility (elongation and reduction of area) adversely, in that 

the rapidly austenitized specimens had slightly better ductility than the 

conventionally treated specimens. For example, specimens machined from 

Plate Sample A (conventionally treated) having a tensile strength of 159 

ksi had an average elongation and reduction of area of 17.0 percent and 
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66.3 percent, respectively, see Table II, whereas rapidly austenitized 

specimens having similar strengths (Specimens 3, 15, 12, and 26 in Table 

II and Specimens 9, 20, and 31 in Table III) had a minimum elongation of 

18.0 percent and a minimum reduction of area of 67.5 percent. 

Several of the specimens that were hardened in one pass exhibited 

stress-strain characteristics similar to those shown in Curve B, Figure 8. 

Specimens 20, 9, 27, 13, 16, and 5 in Tables II and III had stress-strain 

curves in which the maximum load did not exceed the yield strength. 

Although rapidly austenitized alloy steels normally exhibit very high 

yield-tensile ratios, they do not necessarily exhibit stress-strain curves 

of the type shown in Figure 8. Some early work on "T-l" steel showed 

tendencies toward this stress-strain behavior, but only when peak austeni¬ 

tizing temperatures lower than normal were used. 

Rapid Versus Conventional Tempering 

Higher tempering temperatures than those possible in conventional 

heat treatment are feasible when a rapid tempering treatment is used. The 

lower critical temperature of the 5l,Ni-Cr-Mo-V steel used in the present 

study was not exceeded by a 1220 F peak temperature and a 4 F per second 

heating rate, whereas with conventional heat treatment, the lower critical 

temperature is approximately 1190 F. (see Specimens 6, 17, 28, and 39 in 

kable II.) The 1220 F rapid temper did, however, produce somewhat poorer 

combinations of mechanical properties than the 1170 F conventional tempering 



treatment. The strengths were similar, but the ductility and toughness 

were superior for the 1170 F conventional temper. Tables II and III.

A comparison of the data plotted in Figures 4 and 5 shows that at 

the lower tempering temperatures (830 F), rapid tempering produced slightly 

better ccwnbinations of strength and toughness than conventional tempering. 

For example, after rapid austenitizing at 4 F per second or 10 F per second, 

the specimens that were rapidly tempered exhibited a yield strength 4 ksi 

higher at the 70 ft-lb toughness level (+80 F) than that of the convention­

ally tempered material.

Metalloqraphic Examination

The results of the metallographic examination are presented in 

Figures 9 through 11.

Figure 9A shows the material in the as-rolled condition prior to 

heat treatment. A photomicrograph of a portion of Plate Sample C, which 

was conventionally hardened and tempered (see Figure 9B), shows a duplexed 

structure with an average ASTM grain size of S.5.

A comparison of specimens austenitized at 4 F E>er second, 10 F 

per second, and 200 F per second (single pass) shews that the finest and 

most uniform prior austenitic grain size (ASTM No. 11.5) was obtained with 

the slowest rate of 4 F per second. Figures lOA, lOB, and llA. These 

photomicrographs confirm the results of mechanical tests on the same plate 

san^les.
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Although the preceding discussion indicates that the 4 F per 

second single-pass hardening treatments were better than the 10 F per 

second or 200 F per second treatments, this observation is not conclusive 

because of the limited number of variables investigated. A study of other 

variables such as the p>eak austenitizing temperature and holding times may 

show ano^-her heating rate to be optimum. Other investigators^^ have, in 

fact, reported that fast heating rates elevate the transformation 

temperatures of the steel.

The favorable results obtained with the 4 F per second heating 

rate are important because of the practical considerations involved. Very 

high heating rates are not commercially feasible on thick sections. A 

computer study at the Applied Research Laboratory has indicated that on 

2-inch-thick steel plate, the highest feasible induction-heating rate would 

be approximately 10 F per second.

The study of the effect of multiple hardening treatments on grain 

size showed a continuing grain refinement from one through five passes (see 

Figure 11). The one-pass, 200 F per second treatment (Figure llA) resulted 

in a strongly duplexed grain structure. This type of structure might be 

responsible for the small strength increase shown in Figures 4 through 7 

for the single 200 F per second treatment compared with that of the 4 F 

per second and 10 F per second treatments.

-8-
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By the end of the third hardening pass (Figure 11 C) the 

duplexing appears to have been eliminated, and an ASTM grain size of 13.5 

was obtained. Mechanical test results with this treatment are plotted in 

Figures 4 through 7 and show very good combinations of strength and tough¬ 

ness. 

After four and five hardening passes, further grain refinement 

occurred. The smallest ASTM grain size that was observed was 14.5 after a 

five-hardening-pass treatment with a 200 F per second heating rate. Al¬ 

though the mechanical properties of the specimens that wene austenitized 

four or five times were not determined, further improvements in the strength 

and toughness based on the grain sizes would probably have been obtained. 

Summary 

# 

This preliminary investigation of the effect of rapid heat- 

treating cycles on the mechanical properties of an experimental 5^Ni-Cr-Mo-V 

steel may be summarized as follows: 

1. Specimens that were rapidly austenitized exhibited signifi¬ 

cantly better combinations of strength and toughness than those that were 

conventionally austenitized. For example, at a toughness level of 85 ft-lb 

(+80 F) the yield strength of the conventionally austenitized specimens was 

approximately 152 ksi, whereas at the 4 F per second and 10 F per second 

heating rates, the yield strength was increased by 12 ksi to about 164 ksi. 

The three-pass hardening treatments at 200 F per second raised the yield 

strength still further to 172 ksi. 
-9- 
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2. The specimens that were hardened by multiple austenitizing 

treatments exhibited stress-strain curves in which the stress decreased 

continuously from that of the yield stress. This behavior did not dele- 

teriously affect the tensile ductility. 

3. After rapid austenitizing, rapid tempering (4 F per second) 

produced a slightly better combination of strength and toughness at low 

tempering temperatures, whereas conventional tempering produced a slightly 

better combirat.ion at high tempering temperatures. 

4. Improvements in the strength and toughness produced by rapid 

austenitizing were associated with a refinement of the austenite grains. 

A five-pass austenitizing treatment produced an austenite grain size of 14.5 

These preliminary results indicate that rapid heat treatment 

offers considerable promise for increasing the yield strength of alloy 

steels by as much as 30 ksi with no loss in ductility or toughness. Thus 

experimental steels that meet the strength and toughness requirements for 

an HY-150 steel may meet similar requirements for an HY-180 steel after 

rapid heat treat .ent. 

Future Work 

Because of the favorable outcome of this preliminary work, a 

more detailed study is under way with the new experimental 5Ni-Cr-Mo-V 

HY-130/150 steel. A statistical program has been planned to more compre¬ 

hensively evaluate the rapid heat-treating process. The following 

variables are being studied: 



Prior microstructure. 

Heating rate. 

Peak austenitizing temperature. 

Holding time between the end of heating and start of quenching 

Number of hardening passes. 

-11- 
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Table I 

ÇqgPQiition of the 5½Ni-C^-Mo-V Steel Investigated, Percent 
(Check Analysis) 

Mn P 

0.26 0.006 0.003 0.22 5.02 0.46 0.40 

#Acid soluble. 
**Kjeldahl determination. 

V_ Al* N** 

0.06 0.048 0.01 

(40.018-002)(15) 
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A. Ho -rolled condition.

I m
B. Conventionally heat-tre 11ed.

Plate sample C. ASTM Grain 
Size 9.5.

Figure 9. Photomicrographs of 5*jNi-Cr-Mo-V steel.
in aqueous picric acid at ?00 F. X500.

Etched

2-9330B-2
2-9331B-2 (40.018-002)(15) Figure 9A, B

UNITED STATES STEEL
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A. Ajstenit 1 ;^ed a' -i F pe; 
second. Rapid temper
1170 F. Plate Sample 9. 
AST.M ,',rain Si^e li.5.

Figure 10.

2-9337B-2
2-9338B-2

m
j

b. Auiter.it 1 •■ ; it 1 F per 
second. 9ipid temper
1170 F. Plate Sample 20.
ASTO Gram Size 11.

Photomicrographs of rapidly heat-treated 
5^Ni-Cr-.Mo-V steel specimens. Etched in 
aqueous picric acid at 200 F. X500.

(40.018-002)(15) Fiqure lOA, B

UNITED STATES STEEL
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