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SUMMARY

This report presents the progress made in an investigation of
the high temperature properties of low-alloy steels for use in jet engines.
The period covered by the report was from April 1, 1954 to June 30, 1954,

Nearly complete data are presented for survey tests to evaluate
the influence of microstructure as controlled by continuous cooling transforma-
tion on the high temperature properties of SAE 4340, "17-22A"S, and H-40
steels at temperatures ranging from 700° to 1200°F, The structures studied
are those obtained by continuous cooling transformation during the air cool-
ing of l-inch and simulated 3~ and 6-inch diameter bars. Normalizing of
l-inch diameter bars resulted in mixed martensitic-bainitic structures,
whereas the slower cooling cycles resulted in predominately bainitic struc=-
tures for all three steels. It was observed that the microstructures of the
simulated 3- and 6-inch bars of '"17-22A"S and H-40 steel were considerably
coarser than those of the l-inch bar, but that little or no change was noted
for the SAE 4340 steel as a function of heating or cooling rate. In all instances
the hardness levels were adjusted by tempering to approximately 300 Brinell,

The incomplete test data tend to show that little variation in
creep-rupture properties is obtained for the subject steels as a result of
normalizing in section sizes ranging from l-inch to 6-inch diameter bars.
The variations resulting from differences in continuous cooling transforma-
tion conditions indicate that the slower cooling cycles, selected to simulate
the air cooling of 3~ and 6-inch diameter bars, tend to give strength proper-
ties equal to or slightly higher than those of a l-inch diameter normalized
bar. However, detailed consideration of such variations has been withheld

pending the completion of the testing program,



INTRODUCTION

This reporf covers the work done during the period between
April 1, 1954 and June 30, 1954 on an investigation of the metallurgical
factors involved in the use of heat-treatable, low alloy steels at elevated
temperatures in jet engines, Contract Number: AF 33(038)13496 (Expendi-
ture Order Number: 605-227 SR-7) and Supplemental Agreement Number:
S9(54-1203) (Expenditure Order Number: R 619-11 SR-1z) authorize the work,

The investigation first evaluated the high temperature properties
of four low alloy steels in the form of rotor wheels for gas turbines of jet
engines. This work has been published as WADC Technical Report 53-277,
Part 1.

A concurrent investigation was conducted to determine the re-
lationships between types of microstructure, as controlled by heat treat-
ment, and the properties of the alloys. The properties of such steels at
elevated temperatures vary with the types of structure formed by heat
treatment, Therefore, the influence of microstructure on high temperature
properties was evaluated by survey tests for the temperature range of 700°
to 1200°F for structures obtained by isothermal transformations in the
pearlitic and bainitic regions as well as those produced by oil-quenching
and normalizing of 1-inch rounds.

Three pearlitic and three bainitic structures were studied for
the 4340 and '"17-22A"S steels, but because of the narrow temperature
range in which complete transformation could be obtained in reasonable
time periods, only one pearlitic and one bainite structure were studied
for the H-40 steel. A technical report entitled '""A Survey of the Relations
Between Microstructure and Elevated Temperature Properties of Four Low-

Alloyed Steels at 700° to 1200°F'"" covering the results of this portion of the



investigation is in preparation and will be published as WADC Technical
Report 7 53-277, Part 2.

A third phase of the investigation concerned the properties of struc-
tures obtained by continuous cooling transformation at cooling rates approxi-
mating those existing during air cooling of sections sizes similar to rotor
wheels. The present report presents the results of that portion of the work.

The properties of structures produced by cooling rates simulating
those existing in the center of 3- and 6-inch diameter rounds have been survey
tested in the temperature range of 700° to 1200°F for the SAE 4340, "17-22A"S,
and H-40 steels. It was believed that these cooling rates together with
those previously studied, the oil-quenched and normalized l-inch round
bars, cover adequately the range of structures of major interest; that is,
from martensite to bainite formed by relatively slow cooling rate. The
initial surveys are nearly complete for this report., Future work will involve
the completion of the study of the properties of structures obtained by con-
tinuous cooling transformation, and the extension to include the effect of
variations in austenitizing temperature on high temperature properties. The
ultimate objective is to establish the metallurgical principles of heat treat-
ment for producing as nearly optimum properties as possible in such alloys
for use at elevated temperatures.

Test Materials
The chemical compositions of the alloys being studied was re-

ported by the manufacturers to be as follows:

Steel Heat C Mn Si Cr Ni Mo A" w
4340 19053 0.40 0.70 0, 30 0.78 1,75 0.26 - -

"17-22A"S 10420 0.29 0.6l 0.67 1.30 0.18 0.47 0.26 ~--

H-40 K-2509 0.29 0.48 0.26 3,05 0.49 0.49 0.85 0.55



Procedure

The transformation products obtained by continuous cooling are
a function of the cooling rate through the transformation temperature range.
Inasmuch as the cooling rates involved in the heat-treatment of parts of
large section size are considerably faster than can be obtained easily by
controlled furnace cooling, the desired cooling rates may best be obtained
by varying the section size being cooled. Since only 3/4- and l-inch diameter
bars were available, the desired cooling cycles were obtained by the retarded
cooling of the 3/4- and l-inch round bars in a cylinder made from a low heat
duty fireclay insulating brick. The general procedure was as follows:

1. To establish the cooling cycles for 3- and 6-inch diameter
bars, the cooling cycles for l-inch bars of '""17-22A"S steel and 1- and
3-inch diameter bars of plain carbon steel were obtained during air cooling
by means of a thermocouple inserted axially to the center of the bar,
Cooling curves were not obtained for 6-inch rounds because of the handling
difficulties and the capacity of the laboratory furnaces,

2. From the cooling curves obtained for the 1- and 3-inch
rounds, the heat transfer coefficient (h) to the surrounding medium, air
in this case, was calculated for the conditions existing in the laboratory. (1)
From the h value obtained, the cooling curve for a 6-inch round was calculated.

3. Cooling curves were obtained at the center and surface of
l-inch rounds of 4340 and "17-22A"S materials and at the same locations
for 3/4-inch rounds of H-40 during cooling in insulating firebrick cylinders

estimated to produce cooling cycles similar to the 3- and 6-inch round bars.

(1) T. F, Russell, "Some Mathematical Considerations on the Heating and
Cooling of Steel,'" First Report of the Alloy Steels Research Committee
by a Joint Committee of the Iron and Steel Institute, 1936, page 149,
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Through trial and error, the thickness of the firebrick cylinder was adjusted
to produce cooling cycles equivalent to the experimentally determined cycle
for the 3-inch round and the calculated cycle for the 6-inch round. The
actual cooling curves obtained for ""17-22A"S during cooling from 1750°F
are illustrated in Figure 1, and Figure 2 shows similar curves for H-40
steel cooled from 1950°F, The cooling curves obtained for the 4340 steel,
air cooled from 1750°F, were nearly the same as those shown for '""17-22A"S,
and, therefore, are not illustrated. Figure 3 compares the cooling cycles
from 1750°F with those from 1950°F on a semilogarithmic graph.

It was found that since the principal factor controlling the cool-
ing cycle appeared to be the rate of heat transfer across the metal to fire-
brick interface, the cooling rate at the surface of the enclosed bar was
essentially the same as that at the center. This conclusion was confirmed
by the uniform microstructure observed throughout the cross-section of the
heat-treated bars,

4, After the necessary thickness of firebrick to produce the
desired cooling cycle had been determined, a number of specimens were
heat-treated by the following procedure:

a. Barstock of 3/4- or l-inch diameter was enclosed in the
firebrick cylinder with a thermocouple attached to the surface
of the bar at the midpoint.

b. The assembly was inserted in a furnace at the desired tem-
perature and held until the thermocouple indicated that the speci-
men had been at temperature for 1 hour,

c. The assembly was removed from the furnace and the test
bars allowed to cool to room temperature in the insulating fire-
brick,

d. Throughout the previous work, all test bars have been

tempered to a hardness range of 280 to 320 Brinell when the
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as-transformed hardness was at a sufficiently high level. In the
present phase of the investigation, the same hardness range was
employed., Insofar as possible the tempering times and tempera-
tures were the same as or similar to those previously used for
the normalized l-inch bars. However, since the as-normalized
hardness of the 4340 steel was only slightly above 300 Brinell
and even slight tempering resulted in hardnesses below 300 Brinell,
this steel was tested in the as-normalized condition, Table I
shows the as-normalized and normalized and tempered hardnesses
for all three steels as well as indicating the microstructure ob-
tained and the tempering procedure employed.

5. The general basis for the evaluation of the properties of the
structures was the same as previously established for the isothermally
transformed structures, which was as follows:

a. Evaluate the properties of the structures for the range of
temperatures over which creep and stress-rupture performance
would be of most interest., The temperature range was set at
700° to 1100°F for 4340 and at 700° to 1200°F for "17-22A"S
and H-40 steels.

b. Evaluate the structure on the basis of the property which
is the controlling factor at the temperature of interest., Thus at
700° and 900°F, the criteria of comparison were creep rates and
total deformation data. At these temperatures, the stresses
causing rupture in reasonable times would be well above the
yield strength, and thus service stresses would be limited to
those below which rupture would occur. Attempts were made
to find a single stress which would evaluate the structures on the
basis of time required to obtain one percent total deformation,
However, because of the low strength of the 4340 steel at 900°F,

approximate 1000-hour rupture data were also obtained.
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c. At 1000°F, testing was limited to the 4340 steel, but at
1100°F, all three steels--4340, ""17-22A"S, and H-40--were
tested. Both creep and rupture properties were considered of
interest at these temperatures, Consequently, one test was em-
ployed to evaluate the short-time rupture strength, and another
to obtain the time for one-percent total deformation.

d. At 1200°F, testing was limited the H-40 and "17-22A"S
steels., At this temperature, the property of most interest was
considered to be the 100-hour rupture strength, although some
1000-hour data were obtained to permit better correlation between

structural variations and testing temperature.

Results

The structures obtained by the various cooling cycles are out-
lined in Table I together with the as-normalized and normalized and tempered
hardnesses. These structures are illustrated in the as-normalized condition
in Figures 4, 5, and 6. It should be noted that although, in most cases, the
slower cooling cycles resulted in large percentages of bainite no attempt
has been made in Table I to identify the bainites as "upper,' ''middle," or
""lower'" bainite as was previously done for the isothermally transformed
structures, Inasmuch as the transformation occurred over a range of
temperatures during cooling, the resulting structure is an intimate mixture
of bainites which does not permit analysis. However, because of the slower
cooling cycles and consequent longer time in the bainite transformation
region, it might be expected that the structures of the 3- and 6-inch diameter
bars would be composed of a larger percentage of the "upper' and '""middle"
bainites than the l-inch bar, On the other hand, the cooling curves of

Figures 1 and 2 indicate little change in temperature of transformation with
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rate of cooling. The temperature of major transformation as evidenced by
the retardation of the cooling cycle appears to be essentially independent of
the cooling cycle within the range investigated. In the case of the simulated
6-inch round of '"17-22A'"S the cooling cycle was sufficiently slow to permit
some ferrite precipitation, However, the same cooling cycle for 4340 was
fast enough to retain considerable martensite.

It was observed that the cooling cycles equivalent to 3- and 6-inch
bars resulted in considerably larger grain sizes than the faster cooling rates
for the ""17-22A"S and H-40 steels, In particular, the H-40 steel showed a
progressive increase in grain size with decreasing heating and cooling rates.
The 3- and 6-inch bars of the '"17-22A"S steel were quite similar but re-
vealed a considerably coarser structure than the l-inch bar. On the other
hand, the 4340 steel showed little change in grain size although the bainitic
structure appeared slightly coarser in slower cooled bars,

Although the ""17-22A"S and 4340 steels exhibited approximately
the same as-normalized hardnesses of about 315 to 330 Brinell as shown in
Table I, it was possible to temper the former at 1200°F for 6 hours with
little or no change in hardness whereas the latter could not be tempered
without excessive loss in hardness, The tempering treatment of 1-hour
at 1100°F previously employed for the normalized l-inch rounds resulted
in a Brinell hardness of about 250 for the 3- and 6-inch rounds. Consequently,

the 4340 steel was not tempered.

Survey of Relationships between Section Size and
Strength for 4340, '""17-22A"S, and H-40 Steels

The test data obtained during the period covered by this report
are summarized in Tables II, III, and IV for SAE 4340, '"17-22A'"S, and
H-40 steels, respectively, For convenience of comparison, the data

previously reported for l-inch diameter normalized bars are included.,
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Although the data are not yet complete, the following trends may be noted:

1., Properties of 4340 Steel: The variation in properties re-

sulting from the range in cooling cycles appears to be relatively small,

The 1-inch and simulated 6-inch rounds appear to have remarkably similar
properties at all testing temperatures., The simulated 3-inch diameter bars
gave very slightly lower values which are hardly significant.

2. Properties of "17-22A"S Steel: In general, the simulated

3- and 6-inch rounds tended to exhibit slightly higher strength properties
than the l-inch normalized round. The exception to this statement occurred
at 700°F when the simulated 3-inch diameter bar exhibited lower creep
strength than the l-inch bar, The test at 700°F for the 6-inch cooling cycle
has not been completed.

3. Properties of H-40 Steel: The tests at 700° and 900°F are

not yet complete but those at 1100° and 1200°F indicate only slight variation
in response with testing temperature. At 1100°F, relatively short time
tests indicate a slight superiority for the 3/4-inch bar and the simulated
3-inch diameter bar, both in rupture strength and minimum creep rate.
However, the simulated 6-inch diameter bars resulted in considerably
better ductility in the rupture test, At 1200°F the simulated 3- and 6-inch
diameter bars gave similar rupture times that were somewhat longer than
that of the 3/4-inch bar. In both cases, however, the differences are so

small that more testing would be required to establish significant validity.

Discussion

The survey tests to evaluate the high temperature properties of
structures formed during continuous cooling at various rates are nearing
completion, While it is hazardous to draw conclusions from incomplete

data, certain observations may be made,

1. In general, the trend of the data to date show that no
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significant differences in creep-rupture properties exist for normalizing of
stock ranging from l=-inch to 6-inch rounds for the three steels studied.

2. With the exception of the 4340 material, the slower heating
and cooling cycles resulted in coarser microstructures than previously
observed in the barstock material,

3. Detailed discussion of any differences in properties as a re-
sult of variations in cooling cycles and resulting structures is being withheld
pending the completion of the testing program for this phase of the investiga-

tion,

Future Work

Future work shall consist of the continuation of the investigation
to determine the effect of austenitizing temperature on the elevated tem-
perature properties of 4340, '"17-22A"S, and H-40 steels. In addition,
the tests required to complete the investigation of properties of structures

obtained by continuous cooling transformation will be conducted.
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(c) Normalized with cooling cycle similar to that at center of 6-inch

diameter bar,
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Figure 4. - Microstructure of 4340 Steel Normalized at 1750°F with Var-
ious Cooling Cycles.



I -inch diameter bar.

(b) Normalized with cooling cycle similar to that at center of 3~inch
diameter bar,
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(c) Normalized with cooling cycle similar to that at center of 6-inch
diameter bar.

Figure 5. - Microstructure of n17-22A"S Steel Normalized at 1750°F with
Various Cooling Cycles.
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(b} Normalized wxi}x cooling cycle similar to that at center of 3»~m<,h
diameter round,
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Normalized with cc)olmgv cycle sumlar to ihai at cvnter of 6minch
diameter round.

(c)

Figure 6, - Microstructure of H~40 Steel Normalized at 1950°F with Var-
ious Cooling Cycles.






