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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 July 1, 1954 to September 30, 1954,

Data are presented for two phases of work now in progress.
Nearly complete data have been obtained for survey tests to evaluate the
influence of microstructure as controlled by continuous cooling transformation
on the high-temperature properties of SAE 4340, '"17-22A"S, and H-40 Steels
at temperatures ranging from 700° to 1200°F, Partially complete data are
shown for a similar survey to determine the effect of austenitizing tempera-
ture on the elevated-temperature properties of the same steels for the same
testing temperature range.

For the first phase of study, the structures studied were those
obtained by continuous cooling transformation during air cooling of 1-inch
and simulated 3- and 6~inch diameter bars. The second phase covered the
influence of normalizing temperatures of 1750°, 1950°, and 2100°F for l-inch
diameter rounds., Normalizing of 1-inch diameter bars of 4340 and "'17-22A"S
Steels at 1750°F resulted in mixed martensitic-bainitic structures, whereas
both the slower cooling cycles and the higher austenitizing temperatures tended
to produce predominately bainitic structures.

The test data obtained for material transformed under various
continuous cooling transformation conditions indicate only small differences
in properties as a result of normalizing in section sizes ranging from l=-inch
to 6«inch diameter bars. In fact, the most significant observation is that
relatively uniform properties may be expected for section sizes from l-inch

to 6-inch in diameter for the normalized condition.



The variations in properties as influenced by austenitizing
temperature are not well defined by the partially complete data, Therefore,
detailed discussion of the effect of that variable has been withheld pending

the completion of the testing program.



INTRODUCTION

This report covers the work done during the period between
July 1, 1954, and September 30, 1954, on an investigation of the metal-
lurgical factors involved in the use of heat-treatable low-alloy steels at
elevated temperatures in jet engines. The work is authorized by Contract
Number AF 33(038)-13496 and Supplemental Agreement Number $9(54-1203),
Expenditure Order Number R-619-11SR-12,

The entire investigation has consisted of several phases of
work. Initially, the high temperature properties of four low~alloy steels
in the form of rotor wheels for gas turbines of jet engines were evaluated
after various heat-treatments. The results of this work have been published
as WADC Technical Report 53-277 Part I. A concurrent investigation was
conducted to determine the relationships between types of microstructure,
as controlled by heat-treatment and the properties of the alloys. Micro=
structures obtained by isothermal transformation in the pearlitic and
bainitic regions were studied as well as those obtained by oil quenching
and tempering and normalizing and tempering. A final report covering
the results of this study and correlating the results with the evaluation of
the rotor wheel properties has been submitted and will be published as
WADC Technical Report 53-277 Part II.

Two additional phases of the study were the investigation of
(1) the effect of variations in continuous cooling transformation as con-
trolled by section size, and (2) the effect of variations in austenitizing
temperature on the elevated-temperature properties of the subject steels.
Progress Report Number 12, date June 30, 1954, presented the results

of the initial studies on the effect of continuous cooling transformation.



The present report covers the additional data obtained on that subject as
well as the information available at this time on the effect of variations
in austenitizing temperature on high temperature properties,

The properties of structures produced by cooling rates simu-
lating 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 norma-
lized l-inch round bars, cover adequately the range of structures of major
interest; that is, from martensite formed on quenching to bainite formed
by relatively slow cooling rates. Except for a few tests still in progress,
testing has been completed for this phase of the study.

In addition, work has been in progress to evaluate the effect
of austenitizing temperature on the properties of normalized l-inch
diameter bars. This work is nearly complete for normalizing tempera-
tures of 1950° and 2100°F for the SAE 4340 and ""17-22A"S materials,
Future work will involve the completion of the study of the effect of austeni-
tizing temperature on the high-temperature properties of 4340 and "17-22A"S
Steels, and the extension of this phase is to include the H-40 Steel. 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 were



reported by the manufacturers to be as follows:

Steel Heat C "Mn Si Cr Ni Mo \% w
4340 19053 0.40 0.70 0.30 0.78 1,75 0.26 -- --

"17-22A"S 10420 0.29 0.61 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.

PROCEDURE

Continuous Cooling Transformation Study

The procedure for evaluating the effects of variation in con-
tinuous cooling transformation as a function of section size was outlined
in a previous progress report, dated June 30, 1954. Consequently, it
will be reviewed only briefly at this time. The general procedure was to
heat and cool 1-inch diameter bars in cylinders made from a low heat duty
fireclay insulating brick. The thickness of the firebrick cylinder was ad-
justed so that the cooling cycles of the enclosed bars were similar to those

existing at the center of 3- and 6-inch diameter steel bars during air cooling.

Evaluation of the Effect of Austenitizing Temperature

Experience with alloys of the same type as those being studied
has indicated that, at least in some instances, better than usual combina=~
tions of high-temperature strength and ductility may be obtained if the
austenitizing temperature is just below the grain coarsening temperature
of the material, However, this generalization seems to be most applicable
to those steels exhibiting a rather sudden transition from fine to coarse
grain size and for those steels containing carbides which are difficult to

dissolve. Heat treatment above the coarsening temperature may or may
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not improve the strength properties of such steels, but it almost always
results in considerable loss in ductility at rupture. Consideration of these
facts lead to the belief that the relationships between properties and austeni-
tizing temperature should be established for the subject steels.

The initial step in this investigation was to determine the
variation in the bainitic grain size of the subject steels as a function of
normalizing temperature over the temperature range of 1800° to 2200°F,
The results of this survey are shown in Figure 1 for the SAE 4340, "17-22A"S,
and H-40 Steels, Examination of this graph reveals that none of the steels,
with the possible exception of H-40, revealed an abrupt coarsening tempera-
ture. Even for H-40, the heat-treating temperature had to be considerably
above the temperature where coarsening started to obtain an appreciable
increase in the bainitic grain size,

Because of the absence of a definite coarsening temperature,
as determined by the procedure outlined above, it was decided to evaluate
the effect of austenitizing temperature on SAE 4340 and "17-22A"S at
1950° and 2100°F in addition to the 1750°F temperature previously studied.
For H-40 Steel an additional temperature of 2100°F was selected since the
temperature used for prior work had been 1950°F, A third austenitizing
temperature will be selected for further work on the H~40 Steel if the ini-
tial results at 2100°F indicate that apother heat-treating temperature is
desirable. These additional temperatures were selected because it was
believed that the range of 1750° to 2100°F was sufficiently wide to provide
adequate data for an initial survey of the effect of austenitizing temperature
on high-temperature properties.

It should be noted that it is quite difficult to evaluate the grain

size of the 4340 and "17-22A"S Steels in the normalized or normalized and



tempered condition, However, it is believed that the range in grain size
shown in Figure 1 is reasonably representative of the observed bainitic
grain size of these steels.

Throughout the previous work, all test bars have been tempered
to a hardness range of 280 to 320 Brinell when the as-normalized hardness
was at a sufficiently high level, The same hardness levels were employed
for the present phase of the investigation. Insofar as possible, the tempefing
times and temperatures were the same as or similar to those previously em-
ployed for the lower austenitizing temperature. However, since the hardness
of the 4340 Steel as~-normalized from 1950° and 2100°F was only slightly
above the 320 Brinell maximum and even slight tempering resulted in hard-
ness below the 280 minimum, this steel was tested in the as-normalized
condition, Table I shows the as-normalized and normalized and tempered
hardnesses of 4340 and ''17-22A"S Steels as well as indicating the micro-

structure obtained and the tempering procedure employed.

Basis of Evaluation of High-Temperature Properties

The general basis of evaluation of the effect of austenitizing
temperature on the elevated temperature properties was the same as pre-
viously employed for the isothermally and continuously transformed struc-
tures. Briefly, the basis was as follows:

a. The properties were evaluated for the temperature range
over which creep and rupture properties would be a controlling factor. For
SAE 4340 this range was set at 700° to 1100°F, while 700° to 1200°F was
employed for the '""17-22A"S Steel.

b. The structures were evaluated on the basis of the property
which was the controlling factor at the temperature of interest. Thus, at

700° and 900°F the criteria of comparison were mainly creep rate and



total deformation, although approximately 1000-hour rupture tests were
conducted for the 4340 material at 900°F. These results were obtained
because the relatively low strength of 4340 at 900°F made a knowledge
of its stress-rupture properties desirable at that temperature.

c. At 1000°F for 4340 and at 1100°F for '""17-22A"S, the
temperatures of major interest for these steels, both stress~-rupture data
and creep and total deformation data from relatively long time rupture
tests were obtained.

d. The property considered to be of most interest at 1100°F
for the 4340 Steel and at 1200°F for "17-22A"S was the 100=-hour rupture
strength, However, 1000-hour creep-rupture tests were conducted to per-
mit better correlation between structural variations and temperature of

testing,

RESULTS

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

The additional test data obtained since the last progress report
for the 4340, "17-22A"S, and H-40 Steels for variations in cooling cycle
as controlled by section size are presented in Table II, Although the test
data are not quite complete, a few tests being in progress, the results are
summarized in Figures 2, 3, and 4 to illustrate the relations existing
between section size, testing temperature, and strength properties for
4340, "17-22A"S, and H~40 respectively. The following observations may
be made:

1. Properties of SAE 4340 Steel: The graphs of Figure 2 show

excellent agreement in properties between the normalized l-inch diameter



bar and the test bars normalized to simulate the cooling rates existing at

the center of 3- and 6-inch diameter rounds. Apparently little or no dif-
ference in strength properties exists for the structures obtained by normaliz-
ing section sizes varying from one to six inches in diameter. Also, the
ductility at fracture is similar for all three sizes. In all instances, the
properties of the normalized bar stock were superior to those of the mar-
tensitic structure obtained by oil quenching.

2. Properties of "17-22A"S Steel: The curves of Figure 3

show that at 1100° and 1200°F the effect of variations in section size was
similar to that observed for the 4340 Steel in that little or no differences
in properties were noted for the bars normalized to simulate 1- to 6-inch
diameter rounds. On the other hand, at 900°F there appeared to be con-
siderable difference in that the simulated 3- and 6-inch diameter bars
revealed lower creep rates and longer times for one-percent total deforma-
tion than did the l-inch bar. It should be emphasized, however, that the
stress-creep rate and stress-time for total deformétion curves are proba-~
bly quite flat at 900°F, and that therefore the differences in creep strength
and total deformation strength are much smaller than indicated by the
curves of Figure 3, At 700°F the data appear to be somewhat erratic
since the simulated 3-inch bar appears to be considerably weaker than
either the l-inch or simulated 6~inch bar. However, the statement made
above concerning the 900°F test data also applies to the 700°F tests.
Furthermore, since the test stresses must be considerably above the
proportional limit of the material to obtain appreciable creep at 700°F,

the relative creep rates and times for a specified deformation may vary
widely with only a small change in stress, Thus, it is hazardous to com-
pare the different heat-treatments at 700° and 900°F on the basis of a

single test.
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3. Properties of H-40 Steel: Examination of the data plotted

in Figure 4 indicates a trend for slightly higher strength properties with
increasing section size, However, the differences are quite small, and
probably the most significant observation is that little or no difference in
properties occurs as the result of normalizing section sizes varying from

1 to 6 inches in diameter. As for "17-22A"S Steel, rather large differences
were noted at 700° and 900°F when the various section sizes were compared
on the basis of minimum creep rate and time for a specified total deforma-
tion for a single testing stress. However, as was noted for the '"17-22A"S
Steel, wide variations in minimum creep rate or time for a limited deforma-
tion for single stress survey tests may be observed with only slight differ=
ences in creep or total deformation strength at low testing temperatures,

Survey of Relationships Between Austenitizing Temperature
and Strength for 4340 and "I7-22A"S Steel

The structures obtained by normalizing l-inch diameter bars
at 1750°, 1950°, and 2100°F are outlined in Table I together with the as~
normalized and normalized and tempered hardnesses. These structures
are illustrated in the as-normalized condition in Figures 5 and 6 for the
4340 and "17=22A"S Steels respectively.

For 4340 Steel the major differences observed as the normalizing
temperature was increased were a decrease in the amount of martensite
present and an increase in the grain size. Increasing the normalizing
temperature from 1750° to 1950°F decreased the amount of martensite
from about 35 percent to approximately 15 percent, whereas the further
increase to 2100°F apparently did not reduce the amount of martensite
present. As the normalizing temperature was increased from 1750° to
1950°F, the average as-normalized hardness decreased from 373 BHN

to 328 BHN and remained practically constant upon further increase of
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normalizing temperature to 2100°F, As mentioned previously, the grain
size in the bainitic condition was difficult to ascertain, However, the grain
size appeared to 6 to 7, 5, and 3 for the 1750°, 1950°, and 2100°F norma-
lizing temperatures respectively,

The changes in microstructure for the '""17-22A"S Steel with in-
creasing temperature of normalizing were similar to those for 4340 Steel.
However, for '"17«22A"S Steel, the higher normalizing temperatures com-
pletely eliminated the martensite observed after a 1750°F normalize. In-
creasing the normalizing temperature resulted in a decrease in the as-
normalized hardness. The average as-normalized hardness was 353 BHN,
335 BHN, and 313 BHN for normalizing temperatures of 1750°, 1950°, and
2100°F respectively. The increase in grain size appeared to be about the
same as observed for 4340 Steel,

Although the testing program is still in progress, the following
observations may be tentatively made concerning the effect of austenitizing
temperature on the high-temperature properties.

1. SAE 4340 Steel: At the present time the data of Table III

indicate only small changes in the strength properties as a result of varia-
tions in austenitizing temperature, The short-time rupture tests completed
to date also indicate little or no change in ductility at fracture with austeni-
tizing temperature. These conclusions may have to be altered as more
tests are completed.

2, "17-22A"S Steel: The limited data available for '""17-22A"S

Steel, Table IV, indicate slightly higher strengths and lower ductility for
rupture tests of 1000-hours duration at 1100°F for the higher austenitizing
temperatures. However, more complete data are required to thoroughly
establish the relationships between strength, testing temperature, and

austenitizing temperature for this steel,
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DISCUSSION

The nearly complete data obtained from the survey tests to
evaluate the high-temperature properties of structures formed during
continuous cooling at various rates indicate the following:

1. The most significant observation that can be made is that
little or no differences in creep~-rupture properties exist for the normalizing
of section sizes varying from l=- to 6-inch rounds for the three steels studied,

2. Normalizing of l-inch and simulated 3~ and 6-inch diameter
bars gave strength values.consistently higher than those of oil=-quenched
l-inch bars for all three steels.

3. With the exception of the 4340, the slower heating and cool-
ing cycles resulted in coarser microstructures than previously observed in
the bar stock material.

4, In general, the elongation at fracture in the rupture test
did not appear to be affected by the variations in section size,

5. More detailed analysis of the results of the complete data
together with microexamination of the completed creep-rupture specimens
may indicate trends not yet apparent.

The test data to evaluate the effect of variations in austenitizing
temperature on the high-temperature properties of the subject steels is to
incomplete to establish definite effects at this time., There is some tendency
toward higher strengths and lower ductility in the rupture test and toward
lower minimum creep rates as the normalizing temperatures are increased,
However, detailed discussion of the effects of variations in austenitizing

temperature is being withheld pending the completion of the testing program,
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FUTURE WORK

Future work shall consist of the completion of survey tests

to evaluate the effect of normalizing temperature on the high-temperature

properties of the three steels--4340, "17-22A"S, and H-40.
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Figure 5. Photomicrographs of SAE 4340 Steel Normalized as 1-Inch
Diameter Bar Stock from Various Austenitizing Temperatures.
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(¢) Normalized at 2100°F,

Figure 6, Photomicrographs of 117-22A"S Steel Normalized as l-Inch
Diameter Bar Stock from Various Austenitizing Temperatures.
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