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FOREWORD

This report was prepared by the Engineering Research Institute of the
University of Michigan under USAF Contract Number AF 33 (616)-3239, The
contract was initiated under Task Number 73512, with Mr, C, B, Hartley
acting as project engineer for the Materials Laboratory, Wright Air Develop-

ment Center, This report covers work done from September 15 -1955 to
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. The low-alloy steel used in this research was supplled gratis by the

' Timken Roller Bearing Company, the Universal-Cyclops Steel Corporation,
| and the Allegheny Steel Corporation,
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SUMMARY

An investigation was carried out to survey the relationships between
microstructure and properties at 700° to 1100°F for low-alloy, hardenable
steels, A Ni-Cr-Mo (SAE 4340) and two Cr-Mo-V (""17-22-A"S and "17-22-A"V)
steels were studied, The results, together with those presented in References
1 and 2 for previous work on 4340 and "17-22-A"S steels, correlate properties
with microstructure for three temperatures of isothermal transformation in
the pearlite region and three in the bainite region, Oil-quenched and normalized,
structures were included for comparison, The properties were evaluated for
these structures when tempered to both the 300 and 350 Brinell hardness levels,
Data for the '"17-22-A'"V steel in the form of a TTT diagram obtained to establish
heat-treating condition is included,

These data are supplemented by similar studies for continuous cooling
down to rates simulating the air cooling of a 6-inch round, The influence of
increasing the heat-treating temperature was also studied, Controlled mixed
structures were developed by transforming about 50 percent in the upper bainitic
range and about 50 percent in the lower bainitic range, The results of a very
limited start for a study of hot-working condition effects is included,

The results are correlated and analyzed in the report, Optimum struc-
tures (or treatments) vary with both the alloy and test conditions, In general,
banitic structures of one type or another gave best properties, However, for
the Cr-Mo-V steels; pearlites formed at relatively low temperatures were
often as strong or stronger than the bainites, Tempered martensite was never
the strongest structure and most often was the weakest,
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INTRODUCTION

An investigation was conducted to determine additional information
regarding the basic relationships between type of microstructure and
properties at elevated temperatures for low-alloyed, hardenable ferritic
steels, Previous research in the same field had been carried out under sponsor-
ship of the Materials Laboratory, Wright Air Development Center, This had
shown the relative properties of the possible ""pure' types of structures obtain-
able by heat treatment through studies of isothermally transformed specimens,
Further work had related the structures of continuously cooled material to the
properties, A study of the effect of austenitizing temperature had also been
made,

The investigation covered by this report investigated several additional
structural variables which are commonly encountered in heat treating such
steels, A number of the same structures previously investigated were studied
at a higher hardness level resulting from less tempering, The previous
continuous cooling studies were difficult to interpret in terms of the structures
developed, Accordingly experiments were carried out in which controlled mixed
bainitic structures were developed by isothermal transformation at more than
one temperature, Structures of interest were produced in material previously
homogenized by a normalize in order to establish how much this factor in-
fluenced the properties, There had been some evidence to indicate that prior
hot-working conditions could influence properties after a subsequent heat
treatment, Furthermore, there were theoretical reasons pointing to the
probability that superior properties could be developed by direct transformation
from hot-working operations, Accordingly, an investigation of hot-working
effects was started,

The studies were conducted using the same 1,75 Ni - 0,80 Cr - ,25 Mo
(SAE 4340) and 1,25 Cr - 0,50 Mo - ,25 V ("17-22-A"S) steels previously
used, In addition, a new higher strength, high vanadium 1,25 Cr - 0,50 Mo -
0,80 V steel (""17-22-A"V) was introduced into the program, Most of the
structural studies covered in previous investigations of the other steels were
included for the "17-22-A"V material, The three steels were included in order
to obtain an indication of the general applicability of the conclusions,

There is extensive literature on the relationships between types of
microstructures and properties at ordinary temperatures for the types of steels
considered, There is, however, very little information available in relation
to high-temperature properties,

The practical incentive for the investigation stemmed from several
facts, Medium-carbon, low-alloyed steels can be treated to develop rather
high strengths for temperatures up to 1000° to 1200°F, depending on the alloy
content, Such steels are less expensive, contain only small amounts of
strategic metals, and are very much easier to produce and fabricate than heat-
resistant alloys, Increasing use of such alloys can be expected in the rotor
disks and other lower temperature parts of jet engines, Alloys of this type
will also be used increasingly in air frames as aerodynamic heating becomes



a greater problem. Successful use of the alloys in such applications will be
greatly facilitated by a proper understanding of the optimum types of
structures and the heat treatments necessary to provide them,

TEST MATERIALS

The bar stock of the "17-22-A"S and '""17-22-A"V steels was supplied
gratis by the Timken Roller Bearing Company, The SAE 4340 steel was
donated by the Universal-Cyclops Steel Corporation, The chemical analyses
were reported by the manufacturers to be as follows:

Steel Heat No. C Mn Si Cr Ni Mo A\
SAE4340 19053 0,40 0,70 0.30 0,78 1.75 0,26 --
SAE4340 D-14064 0.40 0,80 0,27 0,82 1,67 0,32 -
1nM17-22-A"S 24797 0.30 0,63 0.60 1.25 0.25 0.52 0,25
"17-22-A"S 10420 0.29 0,61 0.67 1,30 0,18 0,47 0.26
"]7-22-A"V 11833 0.29 0,70 0,71 1,43 0,31 0.5l 0,81

EVALUATION OF HIGH-TEMP ERATURE PROPERTIES

All evaluations of properties at high temperatures were based on a very
limited number of tests to survey the general effects, The test conditions
were the same for all of the studies, To avoid repeating it for each section
a general description applicable to all the studies is given,

Selection of Testing Conditions

All of the studies concerning the SAE 4340 and '"17-22-A"S steels in-
volved comparisons with work done in previous years, (References 1 and 2)
Therefore, the same temperaturesand stresses as in the previous work were
used so that direct comparisons of the data could be made, The testing
conditions selected for the "17-22-A"V studies were nearly identical with
those for '"17-22-A"S,

The testing temperatures were selected to cover the range of 700° to
1100°F, the temperature range in which the alloys are mainly used for high-
temperature applications, The stresses were selected so that the strength
comparisons could be made on the basis of total-deformation-time and creep-
rate data at the lower and intermediate temperatures where the rupture strengths
are much higher than permissible operating stresses, Rupture data were
included with the creep- and total-deformation data at the higher temperatures,



The specific test conditions used and the type of data obtained for the
three subject steels in all but the Hot-Working Study were as follows:

Test Stress No, of .
Steel Temp (°F) (psi) Tests Type of Data Obtained
SAE 4340 700 90,000 1 Creep Rate and Total Deformation
Time
900 55,000 1 Creep Rate and Total Deformation
Time
1000 31,000 1 Rupture Time, Rupture Ductility,
Creep Rate, and Total De-
formation Time
1000 13,000 1 Creep Rate and Total Deformation
or Time
20,000
"17-22-A"S 700 115,000 1 Creep Rate and Total Deformation
Time
900 70,000 1 Creep Rate and Total Deformation
Time
1100 41,000 1 Rupture Time, Rupture Ductility,
Creep Rate, and Total De-
formation Time
1100 - 19,000 1 Creep Rate and Total Deformation
v Time
"17-22-A"V 700 115,000 1 Creep Rate and Total Deformation
Time
900 70,000 1 Creep Rate and Total Deformation
Time
1100 40,000 1 Rupture Time, Rupture Ductility,
Creep Rate, and Total De-
formation Time
1100 19,000 1 Creep Rate and Total Deformation

Time

Creep-Rupture Testing Procedure

All creep and rupture tests were of the constant-load type, with the load
being applied by a dead-weight, cantilever-beam system, The A.S.T.M.,
Recommended Practices E 22-41 and E 85-50T were followed for all tests,

In general, the specimens were brought to within 100°F of the test
temperature 15 to 20 hours prior to loading, and the final temperature adjust-
ments just prior to loading covered a 3 to 5 hour period, In the few instances
where the test temperature was equal to or greater than the tempering tempera-
ture the sample was placed in the hot furnace only 4 to 6 hours before the load
was applied, Extension measurements were recorded at least once every 24
hours using a modified Martens optical extensometer system capable of detecting

3



" an extension of 0, 000010 inch,

All specimens were of the standard 0, 505-inch or 0,250-inch diameter
design with a length to diameter ratio of 4, The 0,505-inch diameter specimens
were machined from the center of the bar stock, while the 0,250-inch diameter
specimens were machined from the mid-radius of the bar stock, The machining
was done after the heat treating,

PART I - EFFECT OF HARDNESS LEVEL ON THE

PROPERTIES OF SAE 4340 AND "17-22-A"S STEELS

Previous work on SAE 4340 and "17-22-A"S included an evaluation of
their elevated-temperature properties as a function of the type of microstructure,
The structures in that study were all tempered to a hardness level of 300 BHN
(+ 20 BHN), To obtain information on the influence of hardness level, structures
were studied which were exactly similar to those in the previous work, except
that they were tempered to a hardness of 350 BHN (+ 20 BHN),

Procedure

It was found that for 4340, the 350 BHN hardness level could be attained
only with three structures; whereas, six "17-22-A"S structures could be
successfully prepared at the higher hardness level. They were as follows:

SAE 4340 n17-22-A"S
1, Oil Quenched 1, Oil Quenched 4, Upper Bainite
2, Normalized 2., Normalized 5. Middle Bainite
3. Lower Bainite 3. Lower Pearlite 6. Lower Bainite

The details of the heat treatments used to produce these structures are
presented in Table I,

Survey-type creep and rupture tests were carried out on the higher
hardness material under conditions identical with those previously used for
the 300 BHN material (see pages 3 and 4), In this way, direct comparisons
of the individual test data could be made in order to show the effect of hardness
level on the creep-rupture properties, The upper testing temperature was
limited to 1000°F due to the very low strength of 4340 steel at higher tempera-
tures,



Results

SAE 4340 Steel

The test data for 4340 steel at both hardness levels are listed in Table
II, and the same data are presented graphically in Figure 1,

The martensitic structure obtained by oil quenching was considerably
stronger at 700° and 900°F when tested at a hardness level of 350 BHN than
at 300 BHN, The softer material, however, was slightly stronger at 1000°F.
Part of the superiority at 700°F appeared to be due to the yield strength of the
350 BHN material being above the testing stress of 90,000 psi, whereas the
300 BHN material yielded under this stress,

The trend of the results for the lower bainite structure was less consistent,

At 700°F, the 350 BHN condition was subject to extensive primary creep and,
therefore, attained 1, O-percent total deformation in much less time than the

300 BHN condition, although the small difference in final minimum creep rate
favored the 350 BHN condition, At 900°F, the rapid primary creep again re-
sulted in a lower deformation strength for the 350 BHN condition even though
rupture time and minimum creep rate were superior for the higher hardness
condition, At 1000°F all measures of strength favored the lower hardness
condition, Again the more extensive primary creep resulted in a wide margin

of inferiority for the higher hardness condition on a total-deformation basis,

When normalized, the relative properties were similar to those for the
quenched martensitic condition, except that the differences were generally less,
The only exception was the total deformation strength at 900°F where the test
gave an abnormally high deformation on loading, This result was inconsistent
and should not be accepted without further proof, The structure of the
normalized material was about 35 percent martensite and 65 percent non-
isothermal bainite, It seems reasonable that its properties as influenced by
hardness level should be an average of the two effects as the data generally
indicate,

Hardness level did not change the relative strengths of the three
structures considered in most cases, Exceptions included the following:

1. At 700°F the harder tempered martensitic structure became superior
to the other two,

2, At 900°F, the loss in superiority of the normalized structure at
300 BHN level seems questionable as previously discussed,

3. The tendency for the lower bainite to be superior at 300 BHN was
offset by the rapid primary creep of the 350 BHN condition,

The properties of the three structures were compared with the data in
References 1 and 2 to determine if the treatments giving maximum properties
were different at the higher hardness, The conclusions derived were:

1, The highest strength properties at 700°F were exhibited by the
martensitic structure tempered to 350 BHN, The next best structure was lower



bainite tempered to 300 BHN, The normalized material at 350 BHN was
third, It should be emphasized that there was little difference on the basis
of minimum creep rate, The advantages of the stronger structures were
derived from the yield point being above the test stress of 90,000 psi and
the smaller amounts of primary creep,

2, At 900°F optimum properties were obtained with the middle or
upper bainite structures tempered to 300 BHN or with the lower bainite or
normalized structures tempered to 350 BHN,

3, At 1000°F either the upper bainite or the normalized structures
were best at the 300 BHN hardness level; whereas, only the normalized
structure would be recommended for use at 350 BHN,

4, Ductility at rupture at 1000°F was generally higher at the higher
hardness level, with the possible exception of the lower bainite structure,

"]17-22-A"S Steel

A comparison of the test data at both hardness levels is given in Table
III and Figure 2,

The tests all showed a large increase in strength for all structures
at 700° and 900°F from reducing the tempering to raise the BHN from 300 to
350, The relative strengths of the various structures were in general un-
changed, Lower and upper bainite, however, compared more favorably at
the higher hardness level, -

At 1100°F, there was very little difference between the two hardness
levels for the various structures, Lower pearlite compared more favorably
at the higher hardness level so that there was surprisingly little difference
between the various structures,

Elongation and reduction of area values for the rupture tests were
invariably reduced by increasing the hardness,

The large increase in strength at 700°F for the higher hardness
condition was apparently due to the higher yield strength, All of the 300 BHN
structures yielded on loading under the 115,000 psi stress, At 350 BHN there
was no or very little yielding,

There is some question regarding the results arising from many of the
comparisons being made with specimens from different heats, Only a few
comparisons at 1100°F involved specimens from the same heat, Because
there was very little difference in properties at 1100°F in any case, the general
agreement in properties for the two heats at this temperature does not
necessarily prove that this was not a factor in the larger effects at 700° and
900°F,



Discussion

One of the objectives was to determine if the various types of trans-
formation products causing differences in microstructure responded
differently when tempering was reduced and hardness increased from 300
to 350 BHN, The effects are somewhat complicated due to differences in
the effects depending on the temperature and type of test as well as the
initial structure, The following statements are indicated by the data:

1, In general the strengths were higher for the higher hardness
condition at 700° and 900°F, Lower bainite in 4340 seemed to be an exception
mainly due to increased primary creep, There was some indication that
martensite in 4340 steel had better properties at these temperatures as a
result of less tempering than would bainitic type structures,

2, The Cr - Mo - V ("17-22-A"S) steel showed far more strengthening
at 700° and 900°F than did the Ni - Cr - Mo (4340) steel from increasing the
hardness from 300 to 350 BHN, This suggests that some other factor than
the type of microstructure was involved, Vanadium-bearing steels are
known to undergo secondary hardening, presumably due to precipitation of
vanadium carbides, Possibly the main reason for the higher strength of the
vanadium steel at the higher hardness level is the avoidance of overaging
during tempering,

3. There was far less difference in strength between types of structure
in the vanadium-bearing steel at the higher hardness level than at the lower,
The greater amount of tempering would normally be expected to equalize the
structures and increase stability, thus reducing differences, If factors in-
volving secondary hardening are involved, as suggested, it may be that there
are substantial differences in the rates or forms in which it occurs during
tempering in the various types of microstructures, Thus, more drastic
tempering may cause '"overaging' in some structures and not in others,

4, There was very little difference between the hardness levels for
either steel at the higher testing temperatures, There was some evidence
that the higher ~hardness 4340 steel structures were becoming weaker as
a result of more tempering during the tests at 1000°F, Structural instability
of this type during testing generally lowers strength, There seemed to be
little difference between the two hardness levels for "17-22-A"S at 1100°F,
There was also little variation in strength between the different types of
structures, This again suggests that some other factor than type of structure
was controlling strength,

5. The role of degree of tempering and instability effects during testing
are not clear from the results, There is no case where reduced tempering
indicated substantial weakening for a given structure, It is, therefore,
difficult to rationalize higher strength for one structure over another on the
basis of more tempering, The results tend, therefore, to suggest some
additional factor related to types of structure but not to structural stability
as the controlling factor,



6. It was necessary to use rather high stresses in tests at 700° and
900°F to obtain appreciable creep., These stresses were in many cases
above the yield strength, Thus the variation in deformation on loading as
controlled by yield strength influenced comparative total deformation values
far more than did the creep resistance, This points to the importance of
yield strength as a limiting factor for service at these temperatures,

7. The lowered ductility in rupture tests for the Cr - Mo - V steel at
350 BHN again points to some precipitation reaction as a controlling factor,
The 4340 steel which is presumably relatively free from secondary hardening
did not show the loss in ductility from increased hardness and may in fact
have had higher ductility,

PART II - GENERAL SURVEY OF THE RESPONSE OF "17-22-A"V STEEL TO

HEAT TREATMENT

A higher vanadium modification of the '"17-22-A"S type of low-alloy
steel with reportedly considerably improved high-temperature properties was
included in the present investigation for two reasons: (1) to increase the
general pool of data on the high-temperature properties of low-alloy, ferritic
materials; and (2) to check the generality of proposed principles derived
from data on other ferritic materials, The steel was a medium carbon 1,25
Cr - 0.5 Mo - 0,8 V steel designated as ""17-22-A"V,

The purpose of the general survey of '""17-22-A"V steel was to
determine its creep and/or rupture resistance at 700°, 900¢ and 1100°F as
a function of : (1) type of microstructure, (2) tempered hardness level, (3)
rate of continuous cooling, and (4) austenitizing temperature,

Procedure

The initial step was the determination of an approximate isothermal
transformation (TTT)diagram, Approximately 100 samples were used in the
determination, The samples were one sixteenth-inch thick wafers, and they
were examined microscopically after transformation at various temperatures
and times,

Conditions of temperature and time were selected from the TTT diagram
for six isothermal heat treatments: three covering the austenite +ferrite +
pearlite transformation and three covering the austenite—-bainite
transformation, As in the previous work of this type on SAE 4340 and "17-22-A"S,
the structures obtained by these six treatments were called upper pearlite,
middle pearlite, lower pearlite, upper bainite, middle bainite, and lower
bainite, in the order of descending temperature of transformation, These six
isothermal produced structures together with the oil-quenched (martensitic)
and the normalized (non-isothermal bainite) structures were all tempered to



300 BHN (+ 20 BHN) and constituted the eight basic types of structures planned
for the study of the effect of type of microstructure, Actually, only seven
structures were tested because the upper pearlite structure was so soft (less
than 200 BEN) and weak that it was dropped from the program, The middle
pearlite was also soft; hence, it was tested only at the untempered hardness
of 250 BHN,

The effect of hardness level was studied by repeating the testing on the
lower pearlite, upper bainite, middle bainite, lower bainite, oil-quenched, and
normalized structures which had been tempered to a hardness of 350 BHN
(+ 20 BHN) instead of 300 BHN (+ 20 BHN),

The effect of rate of continuous cooling was studied by producing and test-
ing structures corresponding to the structures at the centers of normalized 3~
inch and 6-inch diameter rounds, The structures were produced by air cool-
ing l-inch rounds in firebrick jackets to simulate the cooling at the centers of
3- and 6-inch rounds, The appropriate thicknesses of the firebrick jackets
were determined by trial and error, using an actual cooling curve as a
standard for the 3-inch round and a calculated cooling curve for the 6-inch
round,

The effect of austenitizing temperature was studied by testing material
oil-quenched from 1850°F and 200°PF, and material normalized from 1850°,
2000°, and 2200°F,

The details of all the heat treatments are presented in Table IV, The
creep-rupture testing conditions and procedures were described on pages 3
and 4, '

Results

The approximate isothermal transformation diagram is presented in
Figure 3,

Figures 4 through 15 are photomicrographs of the structures of the "17-
22-A"V steel before tempering and before and after creep testing, The
individual creep- and rupture-test data are given in Tables V and VI, The
same data are presented graphically in Figures 16 through 19,

The basic informativn used to evaluate the structural variations and
their relations to properties was the time-temperature-transformation
diagram (Figure 3), The lower temperature part of the diagram was
difficult to establish with certainty due to the difficulty of distinguishing
between low-temperature bainite and martensite, For this reason a
definite Mg temperature was not established, There was no question, how-
ever, but that transformation occurred at 600°F within the time limits shown
that definitely was not martensite, The extensive work required to establish
an exact value did not seem warranted,

The "17-22-A"V analysis showed an extensive temperature range
between the pearlite and bainite reactions where no transformation could be



observed even after prolonged holding, This temperature range was from
about 960° to about 1150°F, The lower vanadium "17-22-A"S steel showed
some transformation at all temperatures, and the intermediate temperature
range of long transformation times was very much narrower (Reference 1)
than for "17-22-A"V steel,

Effect of Type of Structure and Hardness Level on Properties at High
Temperatures

Based on Figure 3, transformation temperatures of 1350°, 1275°, and
1200°F were selected to produce structures in the upper, middle, and lower
part of the pearlite reaction temperature range, Complete transformation was
obtained at the two lower temperatures (Figures 11 and 12), Although there
was not a large difference in microstructure, the lower pearlite was con-
siderably harder than the middle pearlite (Table IV), The material produced
by transformation at 1350°F was so soft, 170 BHN, that it was dropped from
the program,

Samples similarly transformed at three temperatures in the bainite
region, Table IV and Figures 13, 14, and 15, were produced for testing, The
material held at 850°F for 2 hours only partially transformed due to the
extremely slow rate at which the bainite reaction proceeds at this temperature
and contained 40 percent martensite + 60 percent upper bainite and was, there-
fore, initially harder than the other samples, The lower pearlite structure
was as hard as middle bainite,

The grain structure of all samples was very fine, Thus the austenitizing
temperature of 1850°F was definitely below the coarsening temperature,

For comparative purposes, samples were also treated by air cooling
and oil quenching, Air cooling produced a non-isothermal bainitic structure
(Table IV and Figure 4), Oil quenching produced martensite (Table IV and
Figure 9,)

Insofar as was determined, there were only two conditions of treatment
which did not produce '"pure structures" on transformation, The "upper
bainite' was 40 percent martensite, The normalized sample was made up
of 100 percent non-isothermal bainite which was quite similar in appearance
to middle bainite,

The structures included in the evaluation of properties at high tempera-
tures were tempered to Brinell hardness levels of 300 and 350, In most cases
the tempering conditions were established by trial and error. The tempering
treatments finally selected are detailed in Table IV, The microstructures
after tempering to 350 BHN are shown in Figures 4, 9, 11, 12, 13, 14, and
15, There was no visible difference between structures tempered to 350 BHN
and those tempered to 300 BHN, Therefore, photomicrographs for only
one hardness level are shown for each type of initial structure, The hardness
levels of 300 and 350 BHN were selected to provide data on the alloy at the
hardness levels at which the alloy is commonly used, The same hardness
levels were used in previous studies on the other alloys, The middle pearlite
initially had a hardness of 255 BHN and consequently was tested without
tempering, '
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The results of the tests at high temperatures are given in TableV and
the properties are plotted as a function of transformation temperature and
type of structure in Figure 16, The properties of the normalized material
were plotted at a pseudo transformation temperature of 775°F mainly be-
cause they correlated best with the other structures at this temperature,
This temperature agreed quite well with the appraisal of the initial micro-
structure being closest to middle bainite,

Study of the data indicates the following relationships between type
of structure and properties at high temperatures:

I, At 700°F and a hardness of 350 BHN, the tempered bainites were
considerably stronger than the tempered martensite or pearlitic structures,
The normalized condition, however, was strongest,

When tested at 300 BHN, there was considerably more variation be-
tween structures, so that the weakest was lower pearlite and lower bainite,
except for the middle pearlite which was always very weak, Upper bainite
was little better than martensite,

It appeared that a major factor in differences in strength between
structures at 700°F was the yield characteristics, particularly at the 300
BHN hardness level, The testing stress was both above and below the yield
strength at this hardness level, depending on the structure, This seems likely
to be the major reason for the relatively low strength of the middle pearlite
with its 250 BHN, At 300 BHN, the middle bainite and normalized structures
yielded least, At 350 BHN, there was little yielding by any of the structures
on loading for testing, Consequently, the differences in strength were less
and presumably due to differences in creep resistance, There is no obvious
explanation for the superiority of the normalized structure at 350 BHN,

2, At 900°F, the bainitic structures again had the highest strength with
lower pearlite having equivalent strengths, The middle pearlite was distinctly
the weakest, Martensite was somewhat inferior to the bainites, Middle
bainite was somewhat the strongest and upper bainite the weakest of the
bainites, The non-isothermal bainitic structure produced by normalizing had
strengths which would be anticipated from the predominantly middle bainite
structure,

Altering the tempering to produce 300 and 350 BHN simply changed the
strength level at 900°F but not the order of strength of the structures, The
higher hardness material was the strongest in every case,

3. When tested at 1100°F, the differences in strength level between
structures was reduced, Again the bainites and lower pearlite were the
strongest, with the maximum strengths shifted to lower bainite, There
was very little difference between the 300 and 350 BHN level conditions, In
fact, the middle pearlite at 250 BHN compared quite favorably with the bainites,

4, The elongation and reduction of area in the rupture tests at 1100°F
were comparatively high for all structures, The normalized material had the
lowest values and the highest values were exhibited by the pearlites and upper
bainite, In most cases the ductility values were lower for 350 BHN than for
the 300 BHN level material, Upper bainite was an exception,
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5. The results from this study indicate that bainitic type structures are
generally superior in strength to all others, However, pearlitic structures
tend to become equal at 900° to 1100°F, The data suggest that pearlitic type
structures probably would be nearly equal to the bainites at all temperatures
provided the stress was below the yield strength, Initially martensitic type
structures tend to be inferior to the bainites, The mixed bainitic-martensitic
structure of upper bainite definitely was inferior to the completely bainitic
structures at temperatures of 900° to 1100°F,

When there are variations in the degree of yielding on stressing, re-
latively minor variations in yield strength can lead to wide variations in
total deformation strength, This tends to exaggerate differences between
initial structures which seems mainly dependent on yield characteristics,
The variations in yield characteristics appear to be dependent on initial
structure as well as hardness level,

6. The data on the influence of hardness level show the following
important trends:

(a) There is no all-inclusive correlation between hardness and
properties at high temperatures, even when there is no yielding on loading,

(b) Where there are relationships between properties and
hardness they would only hold for one type of structure,

(c) The increases in strengths associated with increased
hardness for a given structure decrease at the higher temperatures, It
is probable that it also decreases with time at temperature at the higher
temperatures,

The structures all underwent considerable spheroidization of carbides
during testing at 1100°F, as is shown by Figures 4, 9, 11, 12, 13, 14, and
15, When tested at 700° and 900°F there was no appricable change in
microstructure, All specimens except middle pearlite underwent a signifi-
cant decrease in hardness during testing at 1100°F, The degree of soften-
ing increased from lower pearlite through uppey middle,and lower bainite to
martensite, The change in hardness for the normalized structure was about
the amount expected for the bainite present, The amount of softening was
influenced to some extent by the testing time, It seemed, however, that
the type of structure was the predominant factor,

It should be noted that the change in hardness during testing at 1100°F
did not correlate with the relative strengths, The lower bainite which was
the strongest underwent the most change, except for martensite, Upper
bainite which was no stronger than the martensitic structure did not fall
off nearly as much in hardness,
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Hardness (BHN) Decrease in Testing Time at

Structure Initial  Final Hardness (BHN) 1100°F (Hours)
Middle pearlite 255 253 2 743
Lower pearlite 347 393 54 839
Middle bainite 338 281 57 743
Upper bainite 348 276 72 763
Normalized 359 274 85 1103
Lower bainite 348 259 89 861

Martensite 345 160 185 1492

Effect of Rate of Continuous Cooling

Decreasing the rate of continuous cooling by oil quenching a 0, 8-inch
round, air cooling a 0, 8-inch round, and simulating the air cooling of 3- and
6-inch rounds resulted in a wide range of microstructures (Table IV and
Figures 4, 5, 6, and 9), Oil quenching produced a martensitic structure and
normalizing a 0, 8-inch round produced a structure near middle bainite, The
transformation products for the simulated 3- and 6-inch rounds did not closely
resemble any of the isothermally produced structures, A largely bainitic
type structure with a little ferrite resulted from the simulated air cooling of
a 3-inch round which probably underwent considerable alteration by tempering
due to the slow cooling rate, The structure of the simulated 6-inch round
resembled that of the isothermally produced "lower pearlite'" (compare
Figures 6 and 12) except that small areas of bainite were present instead of
pearlite,

The properties of these structures at high temperatures (Table VI and
Figure 19) generally showed superiority for the normalized 0, 8- and 6-inch
rounds, The 3-inch round was inferior to the oil-quenched material at
700° and 900°F, although there was little difference between the three
normalized structures at 1100°F, :

The ductility at rupture at 1100°F tended to increase as the cooling rate
decreased,

Correlation of the properties of the continuously cooled structures with
the properties of the isothermal structures shows the following trends:

1, The normalized simulated 6-inch round correlated quite well with
the lower pearlite structure with respect to both appearance and properties,
The only sizable discrepancy between the properties of the two structures
occurred at 700°F where the creep rate of the simulated 6-inch round was
significantly lower, At 1100°F, the lower pearlite structure resisted softening
during testing better than did the 6-inch round,

2. The normalized simulated 3-inch round at 700°F was much weaker
than any of the other structures, probably because of the severe tempering
conditions used to bring the specimen down to the 300 BHN level, At 900°F
a good correlation was found with the properties of the upper bainite structure;
whereas, at 1100°F an excellent correlation was found with the properties of the
middle bainite structure, The bainite in the simulated 3-inch round seemed to
fall between the middle and upper bainites in appearance,
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3. The 0, 8-inch normalized structure, as mentioned previously,
exhibited properties which fell on or near the line connecting the properties
of the middle and upper bainite structures.

Effect of Austenitizing Temperature

Photomicrographs are presented in Figures 4, 7, 8, 9, and 10 showing
the effect of austenitizing temperature on the normalized and the oil-quenched
structures, The general effect of 1ncrea51ng the austenitizing temperature
was to coarsen both the austenite grain size and the structures which formed
during cooling or quenching, The creep- and rupture-test data for these
structures are given in Table VI, The data for the normalized structure are
also shown graphically in Figure 19,

At 700° and 900°F there were only minor changes in creep properties
due to the higher austenitizing temperature, At 1100°F, however, both the
normalized and the oil-quenched structures experlenced s1gn1f1cant increases
in creep and rupture strengths, but the decrease in ductility more than offset
the advantage of the gain in strength for most applications,

The ductility at rupture at 1100°F was very drastically reduced as the
austenitizing temperature was raised from 1850°F to 2000° and 2200°F, The
brittleness of the material normalized from 2200°F was so great that fracture
occurred prematurely and without warning during the low-stress creep tests
at 900° and 1100°F,

Discussion

The most general relationship derived from this study is the usual
superiority in strength of bainitic-type structures, The pearlites, however,
compared very favorably at the higher temperatures provided that the stress
did not greatly exceed the yield point, In some cases they were better than
the bainites, Within these generalizations there were numerous exceptions
in detail because the structures varled in comparative strength depending on
the test temperature,

The '"17-22-A"V material studied had an extremely fine grain size when
heat treated at 1850°F, the usual temperature for the alloy, Increasing the
heat-treating temperature was very deleterious to ductility in the rupture
tests at 1100°F, It also considerably increased the resistance to tempering,
perhaps by increasing the amount of secondary hardening,

Structures produced by continuous cooling generally had properties in
accordance with their type of microstructure as estimated from isothermally
produced structures, There were, however, exceptions to this generality,
particularly at a test temperature of 700°F,

Some of the data suggested that the amount of yielding on loading was a
major factor in the evaluation of relative strengths of structures at 700°F, This
was not true in all cases, Primary creep especially varied which considerably
altered relative strengths based on total deformation,
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Increasing the Brinell hardness to 350 by reducing the amount of tempering
increased strength at 700° to 900°F for all structures, The amount of increase
was usually quite uniform for all structures at 900°F, At 700°F the increases
were more erratic due to the reasons discussed in the preceding paragraph,
There was relatively little difference in strength between the two hardness
levels at 1100°F, Usually ductility in rupture tests was reduced by the higher
hardness,

The particular lot of material tested had relatively low strength for the
alloy, The reason for this was not clear, Certainly increasing the austenitiz-
ing temperature above 1850°F did not develop the strength considered
characteristic of the alloy,

When it is considered that the structures could be varied from lower
bainite to lower pearlite and even middle pearlite without necessarily
sacrificing strength, it becomes difficult to ascribe strength to the type of
microstructure, In some cases tempered martensite compared quite well
with the other structures, Some of the data suggested that prolonged
tempering was harmful to strength, The data strongly suggest that some other
factor than the type of microstructure actually controls strength, with the
possible exception of the general inferiority of initially martensitic structures,
Possibly the reactions which exhibit themselves as secondary hardening during
tempering are the important factor, If so, the conditions which form bainite
are usually favorable for high strength, although there are exceptions,

One important feature was revealed by the study of the influence of
hardness, The relationship between strength and hardness level is dependent
on the type of structure, Thus, the effect of hardness on the strength of one
type of structure cannot be used to predict what effect hardness changes would
have on another type of structure,

The relationship of properties of the '"17-22-A"V steel to its micro-
structure follow most of the trends previously found (Reference 1) for 4340
and "17-22-A"S steels, In general, bainitic structures tend to have a high
level of strength, In vanadium-bearing steels, however, there is not a
regular progression of maximum strength from lower to middle to upper
bainite with increasing test temperature as there was for the Ni - Cr - Mo
(4340) steel, The lower and middle pearlite structures tend to compare
better in the vanadium-bearing steels, Martensitic structures tend to have
low to medium strengths,

Comparisons of the data of this report with that of Reference 1 shows that
for '""17-22-A"S and "17-22-A"V steels, middle bainite had the highest strength
at 700°F at a hardness of 300 BHN, Also, lower bainite and the pearlites
had inferior properties in both steels, Normalizing the "17-22-A"V produced
higher relative properties than for '"17-22-A"S,

At 900°F, the structures had about the same relative strengths for the
two vanadium-bearing steels, The same was true at 1100°F, except that
possibly the pearlite structures compared better with the bainites for the
"17-22-A"V steel,

The outstanding difference was the much higher ductility of the extremely
fine grained "17-22-A"V steel,
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The experiments on the effect of continuous cooling rate showed some a
decrease in strength for 4340 at 700°F (Reference 2) with decrease in cooling
rate, On the other hand, '""17-22-A"S (Reference 2) showed rather low
strength for the 3-inch round as did '""17-22-A"V in this report, Otherwise
the relative strengths for the structures were similar for the two vanadium
steels, At 900°F, the trends were also similar for the two vanadium steels,
except that the normalized 0, 8-inch round compared better for the '""17-22-A"V
steel, There was a slight increase in strength for 4340 steel with decreasing
cooling rate, At 1100°F, both vanadium steels varied in the same way with
cooling rate,

It should be noted that the tendency for the weak and strong structures
to be the same for both '""17-22-A"S and ""17-22-A"V steels lends considerable
significance to the effects noted when the variations based on one test seem
questionable,

In general, the data for ""17-22-A"V showed less influence of normalizing
temperature than did the data for "17-22-A"S (Reference 2), It more nearly
resembled the behavior of 4340 steel (Reference 2), Part of the difference
between '""17-22-A"V and "17-22-A"S may have been due to the major compari-
son being based on ""17-22-A"V at 350 BHN and '"17-22-A"S at 300 BHN,

Other data have shown less variation in properties of the "17-22-A"V with
structure at the higher hardness,

PART III - STUDY OF MIXED BAINITIC STRUCTURES

Interest in the development of microstructures containing a mixture of
the upper- and lower-temperature forms of bainite grew from the idea that
bainitic structures formed during continuous cooling (as in normalizing) are
made up of an intimate mixture of bainites formed over a range of temperature,
It was believed that one step toward a better understanding of these structures
could be achieved through a study of structures containing a controlled mixture
of two or more types of bainite, Stepwise, isothermal transformation heat
treatments were used as a means of producing the mixed structures,

Procedure

To avoid the introduction of too many variables into the study it was
decided that only structures containing two types of bainites would be con-
sidered, Structures of approximately 50-50 proportions of upper bainite and
lower bainite were selected as being first approximations to the '"'stepwise
isothermal equivalents' of the non-isothermal type of bainitic structures
formed during continuous cooling,

The procedure used in producing the mixed bainitic structures was as -
follows: The steel was austenitized and quenched into an agitated salt bath
maintained at'a high bainitic temperature where it was held until the trans-
formation to uppér bainite was about 50 percent complete, Then it was
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transferred to a second salt bath maintained at a low bainitic temperature and
held until the remaining austenite was completely transformed to lower bainite,
The upper and lower bainitic temperatures selected were those used in the
previous work on "pure' bainitic structures (Reference 1 for SAE 4340 and
"17-22-A"S and Table IV of this report for ""17-22-A"V, The holding or
transformation time at each temperature was selected for each steel with the
aid of a metallographic examination of a series of samples quenched out at
various times, The specific heat-treating conditions finally selected for each
steel are presented in Table VII,

Results
The structures of mixed bainites produced by the stepwise, isothermal
heat treatments are shown in Figures 20, 21, and 22,
The creep and rupture test results are presented in Table VIII together

with data for the normalized and the upper, middle, and lower bainite structures
of all three steels, Figures 23, 24, and 25 show the same data graphically,

SAE 4340 Steel

The structure produced, Figure 20, was a mixture of upper and lower
bainite, Comparison with the normalized structure (Reference l) indicated that
transformation to approximately 50 percent of upper and lower bainite does not
produce the same structure as normalizing a l-inch round,

The strength at high temperatures of the mixed bainitic structures
(Table VIII and Figure 23) seemed tobeanaverage for the two structures at
700°F, At 900°F and at 1000°F it was generally higher in creep strength than
either one of the '"pure' structures, The rupture strength at 1000°F for the
conditions of testing were about the same as for lower bainite, Ductility
in the rupture tests was low, however,

It appears that controlled mixtures of bainites in 4340 can be significantly
stronger than the '"pure' components under certain conditions, but in general
this may not be true, At 900° and 1000°F the normalized structure was
weaker than the mixed bainite structure probably because the normalized
material was 35 percent martensite,

'""17-22-A"S Steel

The structure produced, Figure 21, was about half upper and half lower
bainite, It was considerably different from the structure produced by normalizing
l-inch round stock (Reference 1),

At 700° and 900°F, the mixed bainite structure was substantially stronger
than either the upper or lower bainites tested (Table VIII and Figure 24), It
was, however, somewhat weaker at 700° and slightly stronger at 900°F than
middle bainite, It was substantially stronger than the normalized condition at
these temperatures,
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At 1100°F, there was not too much difference in strength between any
of the bainitic type structures, The mixed bainite appeared to have creep and
rupture strengths averaging between those for the pure structures, There was
not much difference in ductility in the rupture tests,

As for the 4340 data, the indications are that mixed bainitic structures
have varying strengths dependmg on temperature and stress of testing and the
type of structure, At any one test condition one type of mixed structure may
have superior properties to the pure structures, The strength of the mixed
structures cannot always be estimated by averaging the properties of the
"pure' structures,

"17-22-A"V Steel

The structure of the "17-22-A"V material was approximately half lower
and half upper bainite as may be seen by comparing Figures 22 with Figures
13 and 15, Furthermore, it closely resembled the normalized structure
(Figure 4). It seemed as if the combination of cooling conditions and
transformation rates for this very fine-grained alloy resulted by chance in
a fairly good reproduction of the normalized structure by attempting to
produce the mixed upper and lower bainite structure,

The properties of the mixed bainitic structure (Table VIII and Figure
25) were generally similar to those of the normalized material, It must be
admitted that it was equally close to the lower bainite in properties, It was,
however, considerably better than upper bainite at 900° and 1100°F and
probably inferior at 700°F, Ductility in the rupture tests was not greatly
different from the other structures,

In "17-22-A"V steel, the range in strength for all the bainites was not
very great, The main exception was upper bainite which actually contained a
large amount of martensite as transformed, It almost appears that some
factor in composition or transformation characteristics, possibly the fine
grain size, other than the type of bainite was governing properties,

Discussion

This study of the properties of mixed bainitic structures mainly
demonstrates that the properties cannot be estimated from the percentage of
types of bainite present, Possibly there are different optimum combinations
for each test condition,

It must, however, be admitted that part of the difficulty of estimating
properties from the percentage of type of structure present may be due
to the presence of considerable amounts of martensite in the samples tested as
upper bainite, A pure upper bainite cannot be produced due to the extremely
long time for complete transformation in the upper part of the bainitic region,
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PART IV - STUDY OF THE EFFECT OF A PRIOR HOMOGENIZATION

NORMALIZE

Differences in the prior thermal histories of two samples of a low-alloy
steel could result in appreciable differences in strength even after identical
final heat treatments, To moderate the effect of differences in prior history,
and to improve chemical homogeneity, it is common practice to use a normaliz-
ing treatment at a somewhat higher temperature than the final heat treating
temperature prior to the final heat treatment,

The purpose of this study was to determine for the three subject steels
whether the prior normalizing treatment appreciably affects the relationships
of elevated-temperature creep and rupture strengths to types of microstructures,

Procedure

The procedure followed in this study was simply to repeat the preparation
and testing of three typical structures for each steel, with the only difference
being the use of a normralizing treatment prior to the final heat treatment, The
austenitizing temperature used for the prior normalize was 100°F higher than
that used for the final heat treatment, The details of the heat treatments are
given in Table VII,

The structures selected for testing were the same for all three steels
and included the normalized, oil-quenched, and middle bainite structures,
The creep-rupture testing conditions used were the same as for the original
studies of these structures, (See pages 3 and 4 of this report,)

Results

The microstructures produced by the heat treatments involving the
prior normalize are presented in Figures 26 through 34, The creep- and
rupture-test data for these structures are given in Table IX where they
are compared directly with the data from exactly similar tests on material
which was not given a prior normalizing treatment, The results are also
shown in Figures 35, 36, and 37,

SAE 4340 Steel

The prior normalize at 1850°F followed by the final treatment at
1750°F apparently resulted in an increase in the austenitic grain size, The
normalized structure (Figure 26) was definitely coarser than the structures
shown in Reference 1 for a single normalize, The same was true for the oil-
quenched structure (Figure 27), although there were other alterations in the
detailed structure of the martensite, The middle bainite structures for the
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two cases were similar except for a background indication of a larger
austenitic grain size in Figure 28,

The prior normalize raised strengths in every case considered, Table
IX and Figure 35, except possibly for the martensitic, oil-quenched condition
at 900°F, The largest effect was at 900°F, The rupture tests were influenced
less at 1000°F than the creep tests, In general, there was not very much
difference in the effect between the three structures considered.

The prior normalize lowered ductility in the rupture test in every case,

"17-22-A"S Steel

The prior normalize had no apparent effect on the properties of
"17-22-A"S in the oil-quenched and the normalized conditions, In the case of
the middle bainite structure there appeared to be some minor strengthening
of the long-time properties due to the prior normalize,

The ductility at fractur e at 1100°F appeared to be essentially unaffected
by the prior normalizing treatment,

"17-22-A"V Steel

The normalize at 1950°prior to final treatment at 1850°F considerably
coarsened all three structures, Compare Figures 32, 33, and 34 with Figures
4, 9, and 14, respectively, In addition, the middle bainite became considerably
more needle like in form,

The strengths at 1100°F were increased for all three structures by the
prior normalize, Ductility in the rupture tests was reduced,

There was little effect of the prior normalize on properties at 900°F,
At 700°F, the martensite structures showed some loss in strength, The middle
bainite showed a decrease in total deformation strength and an increase in
secondary creep resistance, The normalized condition was changed very
little,

Discussion

The use of a prior normalizing treatment at 100°F above the final heat-
treating temperature gave varying effects, In general, the relative strengths
of the structures considered were not changed, The SAE 4340 was strengthened
at all three test temperatures, There was little effect on the strength of
"17-22-A"S steel at any of the test temperatures, The strength of the
"17-22-A"V steel was improved to a minor extent at 1100°F, Ductility in
rupture tests was reduced,
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The main effect of the prior normalize was to coarsen the structure,
It also demonstrated that the appearance of the bainites formed at a given
temperature can be changed, at least in an initially extremely fine-grained
structure like the "17-22-A"V steel tested,

A prior normalize might be expected to achieve more complete solution
of carbides and other possible precipitates, These act as grain growth
restrainers, It appeared that they were more soluble after the prior
normalize in all three steels because a coarser structure resulted during
final treatment, The more complete solution, however, had surprisingly
little effect on strength, The results suggest that some other factor than
degree of solution or coarseness of structure is a controlling factor in
variation in strength,

PART V - EFFECT OF HOT-WORKING CONDITIONS

The purpose of this phase of the investigation was to survey for the
three subject steels (1) the effect of hot-working conditions on the response
to subsequent heat treatment,and (2) the possibility of using controlled hot
rolling as a means of producing new structures with superior strength and
ductility,

Procedure

Effect of Hot Working on Response to Subsequent Heat Treatment

It was suggested that the finishing temperature might be the hot-rolling
variable which has the greatest effect on the response of a low-alloy steel
to subsequent heat treatment, Therefore, a brief study was made of the effect
of finishing temperature on the response to a subsequent normalizing heat
treatment for the SAE 4340, "17-22-A"S, and ""17-22-A"V steels,

Three finishing temperatures, 1800°, 2000°, and 2200°F were chosen
as being below, at or near, and above the grain-coarsening temperature for
the austenite of the subject steels, respectively, At each of the three
temperatures, one bar of each steel was hot rolled 25 percent (+ 3 percent)
in one pass through the rolls and air cooled, The bars were then normalized
and tempered as they were for the original studies of these steels, The
details of the treatments are given for each steel in Table X and are de-
signated there as Conditions A, B, and C, ’

Controlled Hot Working

Past experience has shown that high creep strengths are often associated
with high austenitizing temperatures, Unfortunately, low ductility also results
from the use of high austenitizing temperatures, It was thought that a good
combination of strength and ductility might be obtained if the steel were
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austenitized at a high temperature and then hot rolled at a lower temperature
to refine the austenite grain size just prior to the transformation to bainite
during air cooling, It has also been noted in many isolated cases that remark-
ably high strengths and ductilities are associated with hot-rolled structures,
One of the objectives was to determine if the combination of high temperature
of heat treatment followed by subsequent grain refinement by working was
responsible,

Two variations of this type of treatment were carried out on each steel,
In the first, the bars were withdrawn from the austenitizing furnace and allowed
to air cool until their surface temperature had fallen 300°F, and then they
were hot rolled 25 percent in one pass, The second variation differed from
the first only that the 25 percent reduction was accomplished in three steps
while the temperature was falling 300°F, In all cases the surface temperature
was determined by the use of Tempilstiks (Reference 3), After rolling, the
bars were allowed to air cool, and then they were tempered to 300 BHN or
350 BHN, depending on the steel, The details of these two treatments are
given for each steel in Table X where they are designated as Conditions D
and E, ‘

Creep-rupture testing was carried out on all of the structures of the
hot-rolling study in accordance with the procedure described on page 4 and
under the following testing conditions:

Test Stress
Steel Temperature (°F) (psi) No. of Tests
SAE 4340 1000 31,000 1
1000 20,000 1
1000 12,000 1
"17-22-A"S 1100 41,000 1
1100 30,000 1
1100 19,000 1
"17-22-A"V 1100 40,000 1
1100 30,000 1
1100 19,000 1

The relative strengths of the structures were evaluated on the basis of
three types of graphs: (1) log stress vs, log time to rupture, (Z) log stress
vs, log minimum creep rate, and (3) stress vs, log time to reach 0, 5-percent
total deformation,

Results

The structures produced for the study on hot-rolling conditions are
shown in Figures 38 through 52, The creep- and rupture-test results are
given in Table XI and Figures 53, 54, 55, along with comparable data for
normalized conditions for the original bar stock,
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SAE 4340

Increasing the temperature of a reduction of 25 percent prior to
normalizing at 1750°F generally increased the coarseness of the largely
bainitic structures for the as-rolled, air-cooled structures (see Figures
38, 39, and 40), When subsequently normalized from 1750°F, the variation
in coarseness was greatly reduced with the material rolled at 2000°F possibly
being slightly coarser than the others, The material rolled 25 percent at
2200°F may have had more martensite present,

The material reduced 25 percent at 1800°F was weaker than those
reduced at 2000° and 2200°F (Figure 53), The only exception to this was the
material reduced at 2200°F in the highest stress tests, It was also generally
slightly weaker than the bar stock tested without prior working, The increase
in strength for longer-time service from the reduction of 25 percent at 2000°F
and 2200°F was very substantial, Rupture test ductility was not appreciably
altered by the prior hot work,

It must be recognized that at the present state of estimation of properties
from microstructures, it would not have been possible to anticipate the
observed effects, The study of prior normalizing showed an increase in
strength from treatment at 1850°F, In this case rolling at 1800°F reduced
strength, The increase in coarseness of structure observed from the prior
normalize did not appear in the material rolled prior to final treatment, The
increasing coarseness of the as-rolled structures suggests that no substantial
refinement in austenitic grain size was achieved by the 25 percent reduction,

The structures developed from heating to 2100° and working at 1800°F
and for working down from 2100°F are shown by Figures 41 and 42, The
latter material appeared to be somewhat the finer of the two structures,
Both showed a greater tendency for a Widmanstatten type structure than did
those worked isothermally,

The specimens worked and then tempered generally had strengths at
1000°F on the high side of the range of values of Table XI and Figure 53,
This was more nearly true for creep properties than for rupture tests, The
material simply heated to 2100°F and air cooled was as strong or stronger
by all of the strength criteria except time to reach 0, 5-percent total deforma-
tion, Those samples which were hot worked and tempered had considerably
lower ductility in the rupture tests than those which were subsequently
normalized,

This study indicates that conditions of heating and working have a
substantial effect on the response to subsequent heat treatment, The attempt
to produce superior properties by hot working and tempering without an inter-
mediate normalize was not successful in the limited study made, The degree
of refinement of austenitic grain size necessary was not obtained by the
working conditions studied.

"17-22-A"S
The reduction of 25 percent at 1800°, 2000°, and 2200°F resulted in

some coarsening of the structure in the hot-worked condition, (See Figures
43, 44, and 45,) Working at 1800°F apparently caused predominantly upper

23



bainite to form while the other two were largely middle bainite, When
subsequently normalized at 1750°F, there did not appear to be much variation
in structure, The structures were similar to that of the original bar stock
normalized from 1750°F as shown in Reference 1,

The strength properties, Table XI and Figure 54, were not changed
significantly by the conditions of hot working prior to heat treatment, The
strengths were generally slightly lower than for the material produced by
normalizing the original stock, Ductility in the rupture tests was not
appreciably changed, all being low,

When heated to 2100°F and cooled to 1800°F for 25 percent reduction,
the structure (Figure 46) was similar to that for specimens reduced 25 percent
at 2000° or 2200°F (Figures 44 and 45), There appeared to be little, if any,
refinement of grain structure, Reducing 25 percent during cooling from 2100°F
to 1800°F produced a very similar structure (Figure 47), The net result o
simply tempering these as-rolled structures was the testing of bainitic
structures which were considerably coarser than those which were normalized
from 1750°F after rolling,

These as-rolled and tempered structures had substantially increased
creep resistance as measured by minimum creep rate or total deformation
strength at 1000°F (Figures 54), Simply normalizing from 2100°F, however,
gave the highest values, The same types of treatment possibly increased
the longer time rupture strengths,

Working from 2100° to 1800°F or at 1800°F after heating to 2100°F and
then simply tempering developed ductilities in the rupture test about the same
or slightly higher than a single normalize from 1750°F, It was, however,
better than for a simple normalize from 2100°F,

The absence of any effect on properties from a reduction of 25 percent
at 1800°, 2000°, or 2200°F suggests that the stock initially was prepared
under conditions which represented reasonably complete solution effects,
The subsequent working did not greatly alter the response to heat treatment,
The coarser structure and the change in the bainite resulting from testing
hot-rolled and tempered structures resulted in higher strengths, The working
apparently restored the ductility in the rupture tests lost from simply normaliz-
ing from 2100°F, Thus the latter experiment began to approach the objectives
of obtaining high strength from high temperature treatments and high ductility
in the rupture test by subsequent refinement of the structures by working,

"17-22-A"V Steel

In the samples rolled 25 percent at 1800°, 2000°, and 2200°F, the as-
rolled structures were increasingly coarse (Figures 48, 49, and 50), When
subsequently normalized from 1850°F the material reduced 25 percent at
1800° or 2200°F showed an increase in grain size, Even the material rolled
at 2000°F prior to normalizing was coarser grained than the original stock
normalized from 1850°F, Compare Figures 48, 49, and 50 with Figure 4.
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The type of bainite formed was similar to that of the plain normalize from
1850°F,

The working at 1800°, 2000°, or 2200°F did not increase rupture strength
(Table XI and Figure 55), Creep resistance, particularly at the lower two
stresses, was increased with working at 1800° and 2000°F being most effective,
Hot working, especially at 2200°F, reduced the rupture ductility from that of a
simple normalize from 1850°F, The material reduced 25 percent at 2000°F
had the finest grain size and the highest ductility of the three conditions of hot
working investigated,

When hot worked and tempered without a normalize, coarser structures
were produced (Figures 51 and 52), The bainite changed in appearance from
the normalized structures but was still largely middle bainite,

Rupture strengths (Table XI and Figure 55) were less than for a simple
normalize from 1850°F but considerably higher than for a simple normalize
from 2200°F, Creep resistance was as high or slightly higher than when
reduced 25 percent and subsequently normalized from 1850°F, The simple
normalize from 2200°F, however, gave higher creep strength,

Both hot-rolled and tempered conditions had very low ductility in the
rupture tests, It was, however, higher than for the simple normalize from
2200°F, The low ductility was probably responsible for the comparatively
low rupture strength,

The results suggest that control of hot-working conditions could con-
siderably improve creep resistance with still adequate rupture test ductility
when normalized from 1850°F, The experiments carried out did not, however,
develop a combination of high strength and high ductility, This seemed to be
due to the failure to obtain grain refinement during working, The indication
of coarsening of the structure obtained by normalizing at 1850°F after a 25
percent reduction at 1800°F was unexpected and is not understood.

Discussion

Only a very limited number of conditions of hot working were studied,
It is therefore, difficult to generalize, The evidence presented shows some
conditions which should be avoided, particularly from the viewpoint of
ductility in the rupture tests, Also there are indications that improvement
in strengths can be obtained with adequate ductility, One of the disappointing
features was the absence of significant grain refinement in the hot-worked
condition, Further experiments should be undertaken where working is
started at a high temperature for good solution and continued with decreasing
temperatures below the coarsening temperatures of the austenite, By proper
working below the coarsening temperature of the austenite, it should be
possible to develop a ductile, fine-grained structure with the high strength
from the original high temperature treatment,
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LIMITATIONS OF RESULTS

There are certain limitations to the generality of the results, A very
limited number of tests were used to evaluate properties in most cases, The
data were, however, surprisingly consistent in most instances, It was
evident in attempting to correlate results, that considerably more experience
in interpreting the structures would be desirable, This was particularly true
when heat-treating temperature and prior history werevaried, The structures
then were often considerably different in appearance from those developed
for the base stock, The ability to better interpret structures resulting
from continuous cooling would also be helpful,

It was necessary to change heats of 4340 and "17-22-A"S steels for
experimental stock, Although no definite difference in response between heats
was identified, it could be a factor in the results, The '"17-22-A"V stock tested
had considerably lower strength than is considered typical for the alloy, It was
extremely fine grained when treated at the usual heat-treating temperature
of 1850°F, Surprisingly, increasing solution-treating temperature did not
appreciably increase strength, and no treatments were found which brought
the strength up to expected levels, When the relatively low strength was
initially found it was thought that prior history was probably responsible for
the low strength, However, the absence of a drastic improvement in strength
suggests that some unidentified factor characteristic of the heat was responsible,

Attempts were made to correlate results in terms of structural stability
during testing, However, no consistent trends could be developed, A high-
strength structure in one case might show little change while in another
pronounced changes would occur, The same was true for low-strength
structures, Consequently, little was done beyond showing microstructures
and hardness after testing, Likewise, little could be gleaned from the degree
of tempering before testing, The only trend noted was abnormally low
strengths for a structure when longer than or higher tempering temperatures
than usual were required to obtain the desired hardness, It should also be
noted that no systematic data were obtained on the influence of tempering
conditions for a given hardness level,
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CONCLUSIONS

The studies carried out on the various aspects of the relationships
between microstructure and high temperature properties at 700° to 1100°F
ofaNi - Cr - Mo (SAE 4340) steel and two Cr - Mo - V ("17-22-A"S and
"17-22-A"V) steels for this report and as previously reported in References
1 and 2 lead to certain generalities and conclusions:

1, In most cases bainitic structures provide the best properties, At
the higher temperature end of the range, the pearlitic structures tend to have
equal and sometimes better properties, especially for Cr - Mo - V steels,

2, In 4340 steel, the trend for maximum strength varied from lower
bainite to upper bainite as the test temperature was increased from 700° to
1100°F, In the Cr - Mo - V steels, however, this regular trend did not
exist, Furthermore, under most testing conditions one bainitic structure
would prove to be abnormally weak, The agreement obtained between the
two vanadium-bearing steels in those cases indicates that the effects were
real and not due to experimental errors,

3. In most cases, increasing the hardness level by reducing the
tempering improved strength but was detrimental to ductility in the rupture
tests, The effect, however, became quite small at 1000°F for 4340 steel
and at 1100°F for the Cr - Mo - V steels, There were exceptions to this,
particularly at the lower test temperatures where apparently, the increase
in yield strength reduced the effect of yielding during loading for tests at the
lower hardness level, Differences in properties between structures tended
to be reduced at the higher hardness level, particularly for the "17-22-A"V
steel,

4, The data indicate that different initial transformation structures
can have very different strength properties at the same hardness level, At
best, hardness can be used to predict strength only when it is applied to a
specific structure,

5. A considerable amount of the data indicated that yielding during
application of the stress was harmful to properties, This was most evident
in testing at 700° and 900°F, There were a sufficient number of exceptions,
however, to indicate that this was not the only factor, It was evident,; how-
ever, that variations in yield characteristics as influenced by the type of
microstructure at a given hardness level was important to properties in
most cases,

6. A very limited study of controlled, mixed bainite structures
showed that generally the properties cannot reliably be estimated from the
proportions of the isothermally formed structures present, This may have
been due, however, to the use of upper bainite as one of the structures, The
so called "pure'" upper bainite structures produced isothermally contained
large proportions of martensite due to the impossibility of obtaining complete
transformation to upper bainite in reasonable time periods,
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7, Certain mixed structures have superior or inferior properties,
These vary with the test conditions, The investigation was too limited to de-
fine the exact relationship, Apparently it might, however, be possible to attain
superior properties for each steel through a particular mixed structure,

8. Continuous cooling produces mixed structures except when the rate
is fast enough to form martensite, The studies of the effect of continuous
cooling rate did not, therefore, give very uniform results between steels, The
structure formed by continuous cooling of the Cr-Mo-V steels as simulated 3-
inch rounds was suprisingly weak for both steels, particularly at 700° and 900°F,

A largely ferritic structure containing lower pearlite developed in the
"17-22-A"V analysis on cooling as a 6-inch round with remarkably high proper-
ties in spite of the apparent large amount of ferrite in the structure,

9. The use of a prior normalize 100°F above the final heat-treating
temperature increased strengths for 4340 and ""17-22-A"V steels but had rela-
tively little effect on '"17-22-A"S, The ductility of 4340 and "17-22-A"V in
rupture tests was reduced, Such treatments coarsened the microstructure,

10, Increasing the normalizing temperature above the usual heat-treating
temperature increased creep resistance in most cases, It was not effective in
increasing rupture strengths, probably because the ductility became so low,

11, A very limited survey of the influence of conditions of hot working on
properties was carried out, Data were obtained indicating considerable influence
on response to subsequent heat treatment for 4340 and '"17-22-A"V steels, At-
tempts to take advantage of the strengthing from a high-temperature treatment
followed by refining the grain size by hot working and then testing with only a
temper were not too successful, Partial success was attained for '"17-22-A"S,
So little work was done, however, that no conclusions should be drawn from
the data,

12, The results seem to raise serious question as to the real significance
of the type of microstructure formed, This is particularly true for the vanadium-
bearing steels where maximum strength can vary between lower bainite and mid-
dle pearlite, Also certain treatments developing mixed structures gave even
better properties, It may be that other precipitation-type reactions such as the
secondary hardening reactions in the vanadium-bearing steels are the real con-
trolling factor, The usual superiority of the bainite-type structures may largely
be due to accompanying unidentified reactions,
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TABLE VII

Structures and Heat Treatments Used in the Study of Mixed Bainites and the Study of the Effect of a Prior Homogemzatlon

Structure

Normalize for the "17-22-A"V,

Mixed Bainite
(60% Upper Bainite +
40% Lower Bainite)

Double Normalize
(100% Bainite)

Normalizei + Oil
Quench
(100% Martensite)

Normalize + Isothermal
Transformation
(100% Middle Bainite)

Mixed Bainite
(50% Upper Bainite
50% Lower Bainite)

Double Normalize
(90% Bainite +
10% Martensite)

Normalize + Oil
Quench
(100% Martensite)

Normalize + Isothermal
Transformation

(95% Middle Bainite +
5% Martensite)

Mixed Bainite
(60% Upper Bainite
40% Lower Bainite)

Normalize + Oil
Quench
(100% Martensite)

Double Normalize
(90% Bainite +
10% Martensite)

Normalize + Isothermal
Transformation

(95% Middle Bainite +
5% Martensite)

Initial Heat Treatment

"17-22-A"S, and SAE 4340 Steels

Average Hardness
Before Tempering (BHN)

Tempering
Treatment

Average Final
Hardness (BHN)

"17-22-A"V (Heat No,

11833)

1 Hour at 1850°F, Isothermally
Transformed Stepwise at 850°F
for 5 Min, and at 650°F for 45
Min,, Water Quenched

1 Hour at 1950°F, Air Cooled
+ 1 Hour at 1850°F, Air Cooled

1 Hour at 1950°F, Air Cooled
+ 1 Hour at 1850°F, Oil
Quenched

1 Hour at 1950°F, Air Cooled

+ 1 Hour at 1850°F, Isothermally
Transformed at 750°F for 0,3
Hour, Water Quenched

397

360

355

"17-22-A"S (Heat No, 10420)

1 Hour at 1750°F, Isothermally
Transformed Stepwise at 900°F
for 0.5 Hour and at 700°F for
1.5 Hours, Water Quenched

1 Hour at 1850°F, Air Cooled
+ 1 Hour at 1750°F, Air Cooled

1 Hour at 1850°F, Air Cooled
+ 1 Hour at 1750°F, Oil
Quenched

1 Hour at 1850°F, Air Cooled

+ 1 Hour at 1750°F, Isothermally
Transformed at 800°F for

0.5 Hour, Water Quenched

353

335

471

382

SAE 4340 (Heat No, D-14064)

1 Hour at 1750°F, Isothermally
Transformed Stepwise at 850°F
for 1 Hour and at 650°F for

1 Hour, Water Quenched

1 Hour at 1850°F, Air Cooled
+ 1 Hour at 1750°F, Oil
Quenched

1 Hour at 1850°F, Air Cooled
+ 1 Hour at 1750°F, Air Cooled

1 Hour at 1850°F, Air Cooled

+ 1 Hour at 1750°F, Isothermally
Transformed at 750°F for

24 Hours

316

506

408

321

4,5 hrs at
1200°F

2 hrs at
1250°F

2 hrs at
1250°F

6 hrs at
1200°F

8 hrs at
1200°F

2,25 hrs at
1200°F

2,25 hrs at
1200°F

4 hrs at
1200°F

None

1,75 hrs at

1200°F

1,5 hrs at
1200°F

None

360

348

348

360

298

351

356

316

307

307

320

Note! All bars which were normalized or oil quenched were 0, 8-inch rounds; all bars which were isothermally
transformed were 0, 4-inch rounds,
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TABLE X

Conditions of Hot Rolling and Heat Treatment Used in the
Study of the Effect of Hot-Rolling Conditions for SAE 4340,
"17-22-A"S, and "17-22-A"V

Avg, BHN before Tempering Avg.BHN after
Condition Initial Treatment Tempering Conditions Tempering
SAE 4340
A 0.5 Hour at 1800°F, l-Inch Round Hot Rolled 428 2,75 Hours 285
25%%* in One Pass, Air Cooled + 1 Hour at at 1200°F
1750°F, Air Cooled
B 0.5 Hour at 2000°F, l-Inch Round Hot Rolled 387 2,0 Hours 293
25% in One Pass, Air Cooled + 1 Hour at at 1200°F
1750°F, Air Cooled
C 0,5 Hour at 2200°F, l-Inch Round Hot Rolled 408 2,5 Hours 293
25% in One Pass, Air Cooled + 1 Hour at at 1200°F
1750°F, Air Cooled
D 0,5 Hour at 2100°F, l-Inch Round Air Cooled 366 2,25 Hours 297
to 1800°F and then Hot Rolled 25% in One at 1200°F
Pass, Air Cooled
E 0.5 Hour at 2100°F, l-Inch Round Hot Rolled 386 2,25 Hours 297
25% in Three Passes During Cooling to at 1200°F
1800°F, Air Cooled
"17-22-A"S
A 0,5 Hour at 1800°F, 0, 8-Inch Round Hot Rolled 331 2 Hours 342
25%% in One Pass, Air Cooled + 1 Hour at at 1200°F
1750°F, Air Cooled
B 0.5 Hour at 2000°F, 0, 8-Inch Round Hot Rolled 329 2 Hours 350
25% in One Pass, Air Cooled + | Hour at at 1200°F
1750°F, Air Cooled
C 0.5 Hour at 2200°F, 0, 8-Inch Round Hot Rolled 332 2 Hours 344
25% in One Pass, Air Cooled + | Hour at at 1200°F
1750°F, Air Cooled
D 0.5 Hour at 2100°F, 0, 8-Inch Round Air Cooled 334 2 Hours 347
to 1800°F and then Hot Rolled 25% in One Pass, at 1200°F
Air Cooled
E 0,5 Hour at 2100°F, 1l-Inch Round Hot Rolled 330 2 Hours 352
25% in Three Passes During Cooling to 1800°F, at 1200°F
Air Cooled
"17-22-A"V
A 0,5 Hour at 1800°F, l-Inch Round Hot Rolled 360 1,75 Hours 350
25%%* in One Pass, Air Cooled + 1 Hour at at 1250°F
1850°F, Air Cooled
B 0,5 Hour at 2000°F, 1-Inch Round Hot Rolled 376 1,5 Hours 355
25% in One Pass, Air Cooled + 1 Hour at at 1250°F
1850°F, Air Cooled
C 0.5 Hour at 2200°F, l-Inch Round Hot Rolled 365 1,25 Hours 350
25% in One Pass, Air Cooled + 1 Hour at at 1250°F
1850°F, Air Cooled
D 0.5 Hour at 2200°F, l-Inch Round Air Cooled 381 2,5 Hours 358
to 1900°F and then Hot Rolled 25% in One Pass, at 1250°F
Air Cooled '
E 0.5 Hour at 2200°F, 1l-Inch Round Hot Rolled 386 2,75 Hours 342
25% in Three Passes During Cooling to 1900°F, at 1250°F

Air Cooled

* Nominal percent reduction in cross-sectional area; actual reductions varied from 22 to 29 percent,
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Time to Rupture or Time to Reach 1 Percent Total Deformation (Hours)

700°F
10000 0, 0!

Time to Reach | Percent Total Deforma-
/tion at 90,000 psi (350 BHN)

Time to Reach | Percent Total Deforma-
1000 0,001 — tion at 90,000 psi (300 BHN)

I l Minimum Creep Rate at 90, 000 psi (300
MBHN)
100 0,0001 . Minimum Creep Rate at 90, 000 psi (350

BHN)

10 0,.00001

900°F ] ! Time to Rupture at 55,000 psi (350 BHN)
h W Time to Rupture at 55,000 psi (300 BHN)
Time to Reach 1 Percent Total Deforma-

') tion at 55,000 psi (300 BHN)
Minimum Creep Rate at 55,000 psi (300
BHN)

Minimum Creep Rate at 55, 000 psi (350
BHN)

1000

100

10

0.001

Time to Reach 1 Percent Total Deforma-
tion at 55,000 psi (350 BHN)

0,0001

Minimum Creep Rate (Percent per Hour)

1000°F
1000 1.0 Time to Rupture at 31,000 psi (300 BHN)

Time to Reach | Percent Total Deforma-
“®tion at 20,000 psi (300 BHN)

100 0.1 " \ I~~~ Time to Rupture at 31,000 psi (350 BHN)

Time to Reach 1 Percent Total Deforma-
tion at 20,000 psi (350 BHN)

10 0,01

/Minimum Creep Rate at 20,000 psi (350 BHN

| A Minimum Creep Rate at 20,000 psi (300 BHN)
0,001

Lower Bainite
Normalized

0il Quenched
(Martensite)

Structure

Figure 1, - Influence of Hardness Level on the Properties of Three SAE 4340 Structures at 700°, 900°, and
1000°F,



Time to Rupture or Time to Reach 1 Percent Total Deformation (Hours)
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100
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1000

100
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100

Figure 2, -

Minimum Creep Rate (Percent per Hour)

0.001

0,0001

0, 00001

0,001

0,0001

0.00001

0,001

0,0001

Minimum Creep Rate at 115,000 psi (300 BHN)

Minimum Creep Rate at 115,000 psi (350 BHN)

Time to Reach 1 Percent Total Deformation
at 115,000 psi (350 BHN)

Time to Reach | Percent Total Deformation
at 115,000 psi (300 BHN)

Minimum Creep Rate at 70, 000 psi (300 BHN)

Time to Reach | Percent Total Deformation
at 70,000 psi (350 BHN)

Minimum Creep Rate at 70,000 psi (350 BHN)

Time to Reach | Percent Total Deformation
at 70,000 psi (300 BHN)

Time to Reach | Percent Total Deformation

at 19,000 psi (350 BHN)

Time to Reach | Percent Total Deformation
"at 19,000 psi (300 BHN)

/Time to Rupture at 41,000 psi (350 BHN)
. Time to Rupture at 41,000 psi (300 BHN)

NMinimum Creep Rate at 19,000 psi (300 BHN)

Minimum Creep Rate at 19,000 psi (350 BHN)

0Oil Quenched
(Martensite)

600 800 1000

Transformation Temperature (°F)

Lower Bainite
Upper Bainite

Middle Bainite

Transformed Structure

Lower Pearlite

1200

Influence of Hardness Level on the Properties of Six "17-22-A"S Structures at 700°, 900°, and

1100°F,

(The encircled points are for the normalized structure, )
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X100 X1000

() Same As in (b) + Creep Tested 1103 Hours at 1100°F and 19,000 psi
L e soe e e e

Figure 4, - "17-22-A"V Bar Stock (a) As Normalized from 1850°F, (b)
As Tempered to 350 BHN, and (c) After Creep Tested at 1100°F,



X100

S

MR QURRE LS ~ r An N erg
(a) Air Cooled from 1850°F in Firebrick Jacket to Simulate Cooling
Cycle at Center of a 3-Inch Round, Avg, BHN - 365

(c) Same As in (b) + Creep Tested 1039 Hours at 1100°F and 19, 000 psi,
BHN - 243 ;

117-22-A"V Bar Stock (a) As Normalized in Simulated 3-
Inch Round, (b) As Tempered to 300 BHN, and (c) After

Creep Tested at 1100°F,

Figure 5, -



X100 X1000

(a) Air Cooled from 1850°F in Firebrick Jacket to Simulate Cooling
Cycle at Center of a 6-Inch Round, Avg, BHN - 303

(b) Same As in (a) + Creep Tested 1054 Hours at 1100°F and 19, 000 psi,
BHN - 222

Figure 6, - "17-22-A"V Bar Stock (a) As Normalized in Simulated 6-Inch
Round and (b) After Creep Tested at 1100°F,



Figure 7, -  "17-22-A"V Bar Stock (a) As Normalized from 2000°F, (b)
As Tempered to 350 BHN, and (c) After Creep Tested at 1100° F,



X100 X1000

(a) Air Cooled from 2200°F (l-Inch Round), Avg. BHN - 377

«

(c) Same As in (b) + Creep—Rupture Tested 351 Houra at 1100°F and
19,000 psi, BHN - 296

Figure 8, - "17-22-A"V Bar Stock (a) As Normalized from 2200°F, (b)
As Tempered to 350 BHN, and (c) After Creep Tested at 1100°F,



X100 X1000

(c) Same As in (b) + Creep-Rupture
19,000 psi, BHN - 160
Figure 9, - "17-22-A"V Bar Stock (a) As Oil Quenched from 1850°F,

(b) As Tempered to 350 BHN, and (c) After Creep-Rupture
Tested at 1100°F,



(b) Oil Quenched from 2000°F + Tempered 4 Hours at 1250°F, Avg, BHN -
848 , . e

arlgfen G
00°F and 19,000 psi,

e ad s

(c) Same As in (b)
BHN - 286

e

+ Creep Tested 1002 Hours at 11

Figure 10, - "17-22-A"V Bar Stock (a) As Oil Quenched from 2000°F,
(b) As Tempered to 350 BHN, and (c) After Creep Tested
at 1100°F,



X100 X1000

Figure 11, - "17-22-A"V Bar Stock (a) As Transformed to Middle
Pearlite and (b) After Creep Tested at 1100°F,
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(a) Austenitized at 1850°F and Isothermally Transformed ;
- 1200°F to Lower Pearlit,e;((}; 4-Inch Round), Avg, BHN - 360

Figure 12, - "17-22-A"V Bar Stock (a) As Transformed to Lower
Pearlite, (b) As Tempered to 350 BHN, and (c) After
Creep Tested at 1100°F,
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(c) Same As in (b) + Creep Tested 763 Hours at 1100°F and 19,000 psi,
BHN - 276

Figure 13, - '"17-22-A"V Bar Stock (a) As Transformed to Upper
Bainite, (b) As Tempered to 350 BHN, and (c) After Creep
Tested at 1100°F,
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(c) Same As in (b) + Creep Tested 743 Hours at 1100°F and 19,000 psi.
BHN - 281 ’ |

Figure 14, - '17-22-A"V Bar Stock (a) As Transformed to Middle
Bainite, (b) As Tempered to 350 BHN, and (c) After Creep
Tested at 1100°F,



(a) Austenit zed at 1850‘F‘andf11$otharnially'Transfofmed 0.2 Hour at
. b50°F to Lower Bainite (0,4-Inch Round), Avg. BHN - 405
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(c) Same As in (b) + Creep Tested 861 Hours at 1100°F and 19,000 psi.

BHN - 259

Figure 15, - '"17-22-A"V Bar Stock (a) As Transformed to Lower Bainite,
(b) As Tempered to 350 BHN, and (c) After Creep Tested at
1100°F,
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Transformation Temperature (°F)
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Transformed Structure

1300

Middle Pearlite

Relationship between Properties at 700°, 900°, and 1100°F of Typical Transformatioa
Structures of ''17-22-A"V and Temperature of Transformation,

(NOTE: Properties of Normalized Bar Stock have been encircled and inserted at transformation
temperature yielding the nearest correspondence to an isothermal structure,)
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Rupture Time or Time to Reach Specified Total Deformation (Hours)
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Figure 18, = Influence of Cooling Rate as Controlled by Section Size and Quenching Medium on the
High-Temperature Properties of '"17-22-A"V Steel at 700°, 900°, and 1100°F,
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rmally Transformed StépWiée at 850° and 650°F to 60 Percent
cent Lower Bainite, Avg, BHN - 316

(1‘:) SameAa in (a) + Creep Te: ted 1532 Hours at 1000°F and 13, 000 psi,

Figure 20, - SAE 4340 Bar Stock (a) As Transformed to a Mixed Bainitic
Structure and (b) After Creep Tested at 1000°F,
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(c) Same As in (b) + Creep-Rupture Tested 763 Hours at 1100°F and
19,000 psi, BHN - 247 :

Figure 21, - '"17-22-A"S Bar Stock (a) As Transformed to a Mixed

Bainitic Structure, (b) As Tempered to 300 BHN, and
(c) After Creep-Rupture Tested at 1100°F,
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5 Hours at 1200°F, Avg, BHN - 360

(c) Same As in (b) + Creep Tested 1032 Hours at 1100°F and 19, 000 psi,
' BHN - 267 . . ' o
Figure 22, - '"17-22-A"V Bar Stock (a) As Transformed to a Mixed

Bainitic Structure, (b) As Tempered to 350 BHN, and (c)
After Creep Tested at 1100°F,
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Figure 23, - Comparison of Properties of Mixed Bainite with Properties of Other Bainitic Structures for

SAE 4340 Steel at 700°, 900°,

and 1000°F,
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Figure 24, - Comparison of Properties of Mixed Bainite with Properties of Other Bainitic Structures for
1]17-22-A"S Steel at 700°, 900°, and 1100°F,
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Figure 25, -

0,01

0.00!

0.0001

0,0000!

0.001

0,0001

0,001

0,0001

I 700°F |

Time to Reach 1 Percent Total Deformation
at 115,000 psi

Minimum Creep Rate at 115,000 psi

900°F
Time to Reach 1 Percent Total Deforma-
tion at 70,000 psi
'\ Minimum Creep Rate at 70,000 psi
1100°¥

Time to Reach | Percent Total Deformation
at 19,000 psi

Minimum Creep Rate at 19,000 psi

Time to Rupture at 40,000 psi

Bainite

Lower

Mixed Bainite

Normalized

Bainitic Structure

Middle Bainite

Upper Bainite

Comparison of Properties of Mixed Bainite with Properties of Other Bainitic Structures for

"17-22-A"V Steel at 700°, 900°, and 1100°F,




(c) Same As in (b)
BHN 384 -

Figure 26, - SAE 4340 Bar Stock (a) As Normalized after Prior Normalize,
(b) As Tempered to 300 BHN, and (c) After Creep Tested at
1000°F,
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Same As in
BHN - 289

(c)

Figure 27, - SAE 4340 Bar Stock (a) As Oil Quenched after Prior Normalize,
(b) As Tempered to 300 BHN, and (c) After Creep Tested at
1000°F,
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Figure 28, - SAE 4340 Bar Stock (a) As Transformed to Middle Bainite
after Prior Normalize and (b) After Creep Tested at 1000°F,



(c) Same As in (b) + Creep Tested 1004 Hours at 1100°F and 19, 000 psi,
BHN - 251

Figure 29, - "17-22-A"S Bar Stock (a) As Normalized after Prior Normalize
(b) As Tempered to 350 BHN, and (c) After Creep Tested at
1100°F,
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Figure 30, - "17-22-A"S Bar Stock (a) As Oil Quenched after Prior
Normalize, (b) As Tempered to 350 BHN, and (c) After

Creep-Rupture Tested at 1100°F,
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n17-22-A"S Bar Stock (a) As Transformed to Middle Bainite
after Prior Normalize, (b) As Tempered to 300 BHN, and
(c) After Creep Tested at 1100°F,

Figure 31, -



(a) Air Cooled from 1950°F + Air Cooled from 1850°F (0, 8-Inch Round).
Avg. BHN - 360 | -

Same As in (b) + Creep Tested 1054 Hours at 1100°F and 19, 000 psi,
BHN - 282

Figure 32, - '17-22-A"V Bar Stock (a) As Normalized after Prior Normalize,

(b) As Tempered to 350 BHN, and (c) After Creep Tested at
1100°F,
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(c} Same As in (b) + Creep* Tested 1054 Hours at 1100 F and 19 000 psi,
BHN - 262

Figure 33, - "17-22-A"V Bar Stock (a) As Oil Quenched after Prior
Normalize, (b) As Tempered to 350 BHN, and (c) After Creep
Tested at 1100°F,
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(a) Air Cooled from 1950°F (0, 8-Inch Round) + Isothermally Transformed
at 750°F to Middle Bainite (0, 4-Inch Round)., Avg, BHN - 355
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(c) Same As in (b) + Creep Tested 995 Hours at 1100°F and 19, 000 psi,
BHN - 259

Figure 34, - '"17-22-A"V Bar Stock (a) As Transformed to Mjddle Bainite
after Prior Normalize, (b) As Tempered to 350 BHN, and
(c) After Creep Tested at 1100°F,
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Figure 35, - Influence of a Prior Homogenization Normalize on the Properties of Three SAE 4340 Structures

at 700°, 900°, and 1000°F, (The prior normalize was from 1850°F; whereas, the austenitizing
temperature for the final heat treatment was 1750°F,)
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Figure 36, - Influence of a Prior Homogenization Normalize on the Properties of Three '17-22-A"S
Structures at 700°, 900°, and 1100°F, (The prior normalize was from 1850°F; whereas,
the austenitizing temperature for the final heat treatment was 1750°F,)
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Figure 37, - Influence of a Prior Homogenization Normalize on the Properties of Three "17-22-A"V Structures

at 700°, 900°,

and 1100°F, (The prior normalize was from 1950°F; whereas, the austenitizing

temperature for the final heat treatment was 1850°F,)




X100 X1000

(b) Same As in (a) + Air Cooled from 1750°F, Avg, BHN - 428

Figure 38, - SAE 4340 Bar Stock (a) As Hot Rolled at 1800°F, (b)
As Normalized from 1750°F, (c) As Tempered to 300 BHN,
and (d) After Creep Tested at 1000°F,
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(d) Same As in (c) + Creep Tested 931 Hours at 1000°F and 12,000 psi,
BHN - 263
/

Figure 38, - Concluded,
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(b) Same As in (a) + Air Cooled from 1750°F, Avg, BHN - 387

Figure 39, - SAE 4340 Bar Stock (a) As Hot Rolled at 2000°F, (b) As
Normalized from 1750°F, (c) As Tempered to 300 BHN,
and (c) After Creep Tested at 1000°F,
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(c) Same As in (b) + Tempered 2 Hours at 1200°F, Avg, BHN - 293

(d) Same As in (c) + Creep Tested 932 Hours at 1000°F and 12,000 psi,
BHN - 269

Figure 39, - Concluded,
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(b) Same As in (a) + Air Cooled from 1750°F, Avg. BHN - 408

Figure 40, - SAE 4340 Bar Stock (a) As Hot Rolled at 2200°F, (b) As
Normalized from 1750°F, (c) As Tempered to 300 BHN,
and (d) After Creep Tested at 1000°F,
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(d) Same As in (c) + Creep Tested 1004 Hours at 1000°F and 12,000 psi,
BHN - 270 e ,

Figure 40, - Concluded,
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Figure 41, - SAE 4340 Bar Stock (a) As Air Cooled from 2100°F to
1800°F and then Hot Rolled, (b) As Tempered to 300 BHN,
and (c) After Creep Tested at 1000°F,



(a) Hot Rolled 25 Percent in Three Passes during Air Coolmg from
2100°F ta 180()°F Avg‘ BHN 386

(c) Same As in (b) + Creep Tested 932 Hours at 1000°F and 12,000 ps
BHN - 265

Figure 42, - SAE 4340 Bar Stock (a) As Hot Rolled during Air Cooling
from 2100°F to 1800°F, (b) As Tempered to 300 BEN, and
(c) After Creep Tested at 1000°F,
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(b) Same As in (a) + Air Cooled from 1750°F, Avg,
Figure 43, - "17-22-A"S Bar Stock (a) As Hot Rolled at 1800°F, (b)

As Normalized from 1750°F, (c) As Tempered to 350 BHN,
and (d) After Creep Tested at 1100°F,
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Concluded,

Figure 43
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Figure 44, - "17-22-A"S Bar Stock (a) As Hot Rolled at 2000°F, (b)
As Normalized from 1750°F, (c) As Tempered to 350 BHN,
and (c) After Creep Tested at 1100°F,
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s in (a) + Air Cooled from 1750°F,

Figure 45, - "17-22-A"S Bar Stock (a) As Hot Rolled at 2200°F, (b)
As Normalized from 1750°F, (c) As Tempered to 350 BHN,
and (d) After Creep Tested at 1100°F,
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Figure 45, - Concluded,
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(c) Same As in
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Figure 46, - ''17-22-A"S Bar Stock (a) As Air Cooled from 2100°F to
1800°F and then Hot Rolled, (b) As Tempered to 350 BHN
and (c) After Creep Tested at 1100°F,



(a) Hot Rolled 25 Percent in Three Passes durmg Azr Cooimg from
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(c) Same As in (b) + Creep Tested 931 Hours at 1100°F a,nd 19, 000 pm
BHN - 265

Figure 47, - "17-22-A"S Bar Stock (a) As Hot Rolled during Air Cooling
from 2100°F to 1800°F, (b) As Tempered to 350 BHN, and
(c) After Creep Tested at 1100°F,
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* (b) Same As in (a) + Air Cooled from 1850°F, Avg, BHN - 360

Figure 48, - ''17-22-A"V Bar Stock (a) As Hot Rolled at 1800°F, (b)
As Normalized from 1850°F, (c) As Tempered to 350 BHN,
and (d) After Creep Tested at 1100°F,
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(c) Same As in (b) + Tempered 1. 75 Hours at 1250°F, Avg, BHN - 350
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(d) Same As in (c} + Creep Tested 934 Hours at 1100°F and 19,000 psi.
BHN - 270

Figure 48, - Concluded.
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(b) Same As in (a) + Air Cooled from 1850°F, Avg,

Figure 49, - "17-22-A"V Bar Stock (a) As Hot Rolled at 2000°F, (b) As
Normalized from 1850°F, (c) As Tempered to 350 BHN,
and (d) After Creep Tested at 1100°F,
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(c) Same As in (b) + Tempered 1,5 Hours at 1250°F, Avg. BHN - 355

(d) Same As in (c) + Creep Tested 962 Hours at 1100°F and 19,000 psi,
BHN - 254

Figure 49, - Concluded,
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Figure 50, - '"17-22-A"V Bar Stock (a) As Hot Rolled at 2200°F, (b)
As Normalized from 1850°F, (c) As Tempered to 350 BHN,
and (d) After Creep Tested at 1100°F,
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(d) Same As in (c) + Creep Tested 964 H’burs'at‘ 1100°F and 19,000 psi,
BHN - 259 ’ ; ; * ,

Figure 50, - Concluded.



R

£ e . i 5

(a) Air Cooled from 2200°F to 1900°F and then Hot Rolled 25 Percent

e
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Hours at 1250°F, Avg, BHN - 358

»

(c) Same As in (b) + Creep Tested I
BHN-462 .

Figure 51, - "17-22-A"V Bar Stock (a) As Air Cooled from 2200°F to
1900°F and then Hot Rolled, (b) As Tempered to 350 BHN,
and (c) After Creep Tested at 1100°F,
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(c) Sam@ As in ‘h),’ ee Tes ed 184464 Houra at 110(’}"}?‘ and 19 000 psi,

Figure 52, - "17-22-A"V Bar Stock (a) As Hot Rolled during Air Cooling
from 2200°F to 1900°F, (b) As Tempered to 350 BHN, and
(c) After Creep Tested at 1100°F,
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Figure 53, - Influence of Hot-Rolling Conditions on the Stress-Time to Rupture, Stress-Minimum Creep Rate,
and Stress-0,5-Percent Total Deformation Time Relationships for SAE 4340 Steel at 1000°F,

Time to Reach 0,5 Percent Total Deformation (Hours)
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Figure 54, - Influence of Hot-Rolling Conditions on the Stress-Time to Rupture, Siress-Minimum Creep Rate,
and Stress-0, 5-Percent Total Deformation Time Relationships for '"17-22-A"S Steel at 1100°F,
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Figure 55, - Influence of Hot-Rolling Conditions on the Stress-Time to Rupture, Stress-Minimum Creep Rate,
and Stress-0, 5-Percent Total Deformation Time Relationships for ''17-22-A"V Steel at 1100°F,







