232 MM

THE EFFECT OF MARTEMPERING ON THE
ENDURANCE LIMITS OF TWO
ALLOY MACHINE STEELS

Thesis for the Degree of M. S.
MICHIGAM STATE COLLEGE

Samuel Mercer, Jr.

1950



THE EFFECT OF MARTEMPERING
. ON 4 :
THE ENDURANCE LIMITS OF TWO ALLOY MACHINE STEELS

By
SAMUEL MERCER, JR.

A THESIS
Submitted to the School of Graduate Studles of Michigan
State College of Agriculture and Applied Scilence
in partial fulfillment of the requlrements
for the degree of

MASTER OF SCIENCE
Department of Mechanical Engineering

1950



THES)e




ACKNOWLEDGMENT

The author wishes to express nis gratitude to
Professor Howard L. Womochel for hils guidance and assist-
ance and to tne many faculty staff members, employees
and students of Michigan State College whose suggestions

and aid were instrumental 1n the completion of thls work.

ooqngy L

P’ W



TABLE OF CONTENTS

Page

_No,
Introduction 1
Theory of Martempering 3
Purpose and Scope of Investigation T
Preparation of Specimens 10
Heat Treatment 12
Testing Procedure 14
Discussion of Results 15
Conclusions 36
Bibliography and References 38

111



INTRODUCTION

The process called martempering was developed by
B. F. Shepherd and was described in the metdllurgical
literature for the first time early in 1943.1 Fundament=-
ally the treatment 1s an interrupted quenching procedure
applied to the hardening of steels. As described by
Shepherd, the first stage of the treatment 1s identical
with normal steel hardening practice. The material 1is
heated to some suitable temperature above the upper criti-
cal and held at thils temperature long enough to permit a
reasonably complete and uniform austenitic structure to
form. Wnere common practice consists of quenching from
the austenitizing temperature directly into a cooling
medium at avproximately room temperature, martempering re-
quires that the steel be cooled 1n two distinct steps.
The first step in the cooling procedure for martempering
consists of quenching the steel into some medium (usually
molten salt) which is maintained at a temperature slightly
above that at which martensite begins to form (the so-called
Mg temperature.) The steel is held in this quenching medium
untll the temperature is approximately uniform throughout

the entire mass of the plece (usually five minutes per inch

l. Shepherd, B. F., Martempering, Iron Age, Jan. 25, 1943,
ppr 50-52, Feb. 4, 1943, bpp 45"450



of section.)2 The formation of martensite is then per-
mitted to take ﬁlace by removing the plece and allowing
it to cool in any convenlent marner to room temperature.
The usual procedure 1s to cool the plece slowly in ailr.
In the past, the term martempering was used in con-
nectibn with interrupted gquenching procedures for which
the quenching medium is held at about 400°F with no re-
gard for whetner this was below the Mg temperature. This
was followed by holding and cooling as previously des-
cribed. At this time the term martempering 1s generally
accepted to imply cocoling quickly to the Mg temperature,
holding until a uniform temperature is attained, then
cooling to room temperature to form martensite. However,
practical conslderations in cooling tne steel and the
present state of our knowledge of the temperatures at
which the austenite to martensite reaction is initliated
are such that a great many of the practical heat treat-
ment procedures described as martempering processes pro-

bably involve quenching into a meaium being held at a

temperature somewhat below the true Mg temperature.3

2. Three Keys to Satisfactlion, Climax Xolybdenum Co.

3. An examinatlon of isotnermal transformation diagrams
for an SAE 4140 steel avppearing in Republic Steel Corpora-
tion's "Atlas of Isothermal Transformation Diagrams" and
in Climax Molybdenum Company's book "Molybdenum Steels
Iron Alloys" revealed that tne dlagrams are not in agree=-
ment. That.indicates that our xnowledge of Mg temperatures
1s probably not reliazble. And in addition to that fact,
1t 1s known that the austenitizinz temperature chemical
composition, prior austenite graln size and homogeneity,
undlssolved carbildes and nonmetallic inclusions all exert
an Influence on the transformation temperatures.




It 1s a fortunate circumstance that the percentage of
transformatlon that occurs after cooling below the Mg
temperature 1is usually small for the first rather large
increments of temperature drop. 55 Indications are that
comparable advantages are reallzed from the procedure
regardless of whether the quenching medium is slightly
above or below the Mg temperature.

The one attractive advantage claimed by Shepherd
for martempering over the customary steel hardening tech-
nique was an appreclable improvement in the dimensional
stability of the part being hardened. So many investl-
gators have verifiesd Shepherd's claim that 1t is accepted

as fact.

THEORY OF MARTEMPERING

The explanation of the reduction in warpinz and quench
cracking that 1s realized by using the martempering treat-
ment lies in the time relations between the formation of
martensite 1n the center and outside portions of the plece.
Figures 1 and 2 1llustrate these relations for martemper-
ing and normal quenching practice. By quenching steel
directly into some medium at room temperature, & large tem-

Perature gradlent exists across the sectlion of the plece

4, Boyer, Howard E., The Interrupted Quench and Its Practi-
cal Aspects, ASM Transactions, 1947, Vol. 38, p. 209.

5. Archer, R. S., Briggs, J. Z., and Loeb, C. M., Jr.,
Molydbenum Steels Irons Alloys, New York, Climax Molydbenum

Company, 1948, pp 19-34.
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FIGURE 1. Schematic Representation of Transfor-
mation for Normal Hardening Practices.
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FIGURE 2, Schematic Representation of Transfor-
mation for Martempering.
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during the entire cooling period. As a result of this
temperature gradient, martensite does not form simultan-
eously throughout the plece, but forms at different times
depending on its location. Since the outer layers of
materlal have tane more rapid cooling rate, martensite
forms there whlle the core is still austenitic. In most
cases the difference in cooling rates between the lnner
and outer flbers 1s so great that virtually complete
transformation of the outer fibers to martensite has occur-
red before the inner filbers have cooled to the Mg. Thus,
an extremely hard shell of martensite locks in the untrans-
formed austenite at the core.

Accompanying the austenite to martensite reaction
1s a decrease in the density of the transformation pro-
duct. Since austenlte 1s somewhat plastic, it cushions
the shock of transformation and helps to avoild the bulld-
ing up of high internal stresses. However, after the
first stages of transformation in the conventlonal quench-
ing procedure a condition 1s reached such that all of the
remaining austenite is located in the core of the plece.
When this core of austenite cools below the Mg temperature,
it attempts to expand as transformation occurs. But the
nard, confining shell of martensite does not readily yleld
Plastically and extremely high internal stresses are creat-

ed within the material. Unfortunately, the resulting
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stresses on the outer fibers are tensile in sense~ and
are manlifested by warpage and quench cracking.

In the martempering process the cooling proceeds
rapldly at first with great disparity between interior
and surface temperatures. But the coolant 1s at some
temperature above the Mg; consequently, the coolling pro-
cess 1s arrested long enough to permit the temperature to
become equallized throughout the mass before any marten-
site forms. Subsequent cooling 1s such that only a very
small temperature differential exlists between inner and
outer flbers. Therefore, the formation of martensite
occurs throughout the entire plece at virtually the same
rate. By avolding the formation of a non-yielding marten-
sitic shell on the outside of the plece, expansion of the
steel upon trensformation is less restricted. The uncon-
fined matrix of austenite 1s relatively plastic and cush-
lons the transformation resulting in a lower intensity of
internal stress and avoldance of warping and cracking.

There are certaln disadvantages attendant upon the
use of the martempering treatment. All other things be-
ing equal, you cannot obtain through martensitic hard-
ness in as large a bar by martempering as you can by oil

or water quenchins because of the relative slowness of

6. Compressive stresses in the outer fibers could prove
beneficlal to fatigue strength. Shot peening, rolling,
pressing an 4 tumbling are used to obtaln superior fati-
gue properties by inducing such beneficlal surface com-
pressive stresses.



cooling rate in a hot bath. This dlsadvantage may be-
come even more pronounced in the future in view of the
fact that new data on Mg temperatures places them at
higher temperatures than previous data. In addition, a
more closely controlled heat treatling procedure requiring
more expensive equlpment and a more precise knowledge of
the propertles of the steel being treated are reguired
than for the conventional hardening practice, However,
in many applications, these dlsadvantages are outwelghed
by the prospect of lower spollage and less finlsh machin-
Ing. And the literature glves hints of other advantages

not fully explolited at this time.

PURPOSE AND SCOPE OF INVESTIGATION

The manifold uses of metals for applicaticns where
high opereting speeds and low welght are requisites have
focused attention on their fatigue properties. Kany in-
vestizatlons have been made and volumes have been written
about the nature and causes of fatigue fallures so that
designers can now utilize this hard-won knowledge to pre-
dict and avold fatigue fallures in service.

It has been conclusively shown that the underlying
cause of all fatligue fallures is a highly unfavorable

local stress condition which produces 2 minute rupture.7

7. Battelle Staff, Prevention of The Fallure of Metals
Under Repeated Stress, New York, John Wiley & Sons, Inc.,
1941,
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This first tiny fracture acts as stress raiser to further
propogate the rupture with each arplication of the load.
Ultimately, the rupture will have spread, in the form of
a crack, to such an extent that the portion of the plece
still intact will be unable to support the load and gross
fallure occurs. DNotches, scratches, abrupt changes in
section tend to reduce the nominal stress at which this
type of fallure occurs, because hizh local stresses ac-
company them. Where favorable stresses are induced and
stress ralsers avolded an improved fatigue resistance
results. These facts logically lead to the conclusion
that 1f two materlals are alike in every respect ex-

cept that one 1s martempered and the other quenched and
tempered, the martempered specimen will exhibit superior
fatigue properties by virtue of havinz a less unfavorable
distribution of residual stresses.

The first worx substantiating tne premise that mar-
tempering gave improved fatigue strength over the normal
quenching procedure appeared in 1948.8 Forsythe and
Carreker presented data on an SAE 1095 steel showlng an
improvement 1n endurance limit of over twenty-five per-
cent resulting from martempering. These data demon-
strated conclusively that martempering does enhance fati-
gue properties. But in view of the fact that SAE 1095

1s extremely sensitive to quench crackinz and that

8. Forsythe, A, C. and Carreker, R. A., Fatigue Limit of
S.A.E. 1095 After Various Heat Treatments, Metal Progress,
November, 1948, pp. 683-685.
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Forsythe and Carreker used a low draw temperature 1n
thelr experiments, much doubt remained as to whether
the improvement achleved would be appreclable for steels
drawn to lower hardness values. It was felt that data
on some alloy machine steels drawn at higher tempera-
tures would be more significant.

For this study SAE 4140 and SAE 6140 were selected.
The basls for choosing these was that both were on hand,
and that they enjoyed reasonably wide popularity in
applications where medium high strength anda dquctility
were requlred. Information on these steels revealed
them to have been used in the oill quenched and tempered
condlitlon for a great variety of applications where the
tenslle strengths were in the range 100,000 to 200,000
PSI.9

It was declded that the steels used would be drawn
to a hardness of about Rockwell 35C. This would result
in a tenslile strength well within the fange of strengths
commonly used. It was antliclpated that the improvement
in fatigﬁe strength resulting from martempering in this
study would be smaller than in Forsythe's and Carreker's
study for two reasons:

l. The higher draw temperature would effect a
greater relief of the residual stresses, and

2. The comparison would be made with an oil
gquenched steel instead of a water quenched steel.

9. U.8.S8. Carriloy Steels Alloy Steels for the Special
Jobs of Industry, Carnegie-Illinois Steel Co., Pittsburgh

and Chicago, 1948,
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To determine whether the magnitude of the improvement at
a low hardness level gave promlise of making the more
costly martempering treatment economically attractive

was the objective of this work.

PREPARATION OF SPECIMENS

The SAE 4140 and SAE 6140 steels were obtained in
the form of one-half inch round hot rolled bar stock.
All specimens of like material were machined from the
same bar. The speclimens were machined all over before
the heat treatment, but the tapered ends were left over-
s8ize to permit a post tempering finish grind. After
heat treatment the test sectlons of the speciméns were
polished 1n successive stages usling graded abrasives
through a 00 paper. The final polish was longitudinal
using a soft cloth dipped in oil ard a 600 grade alumi-
num oxide abrasive powder. This serles of polishing
operations removed about three-thousandths of an inch
from the diaﬁeter of the test section. It is neld that
not oniy the scratches due to machining, but that any
cracks and sore spots in cthe surface layers of mater-
lal that might have resulted from the action of the
quenching medium were removed by the polishing. The
taper ends were then ground between centers using a tool
post grinder so that the final form of tne specimens was

that illustrated in Figure 3.

- 10 -
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HEAT TREATMENT

A quenchinvs fixture like that shown in Figure 4
‘was used for mounting all specimens. Its use made it
posslble to quenca all specimens simultaneously and to
minimize distortion by holdinz them vertical durinz thelr
entry into the quenchingzg bath.

A Leeds and Northrup, 15 KW, Vapo-Carb furhace was
used for austenitlzinz all speclimens. The furnace weas
permitted to come up to 1100°F at which time the speci-
mens were inserted. Upon placinz the specimens in the
furnace the flow of cracked hydro-carbon fluid throuzh
the furnace was adjusted to produce an atmosphere pre-
viously established as being inert with respect to the
steel belng used. One hour was required for the furnace
to come to the austenitizing temperature of 1575°F.
Followling a one hour soaking period, half of the speci-
mens were quenched in oll. At the same time the re-
maining half of the specimens were cooled in a Hoskins
electric salt pot being malintalned at a temperature of
500°F. During cooling, the specimens were vigorously
agitated in the coolinz medium. The o0ill quenched speci-
mens were permitted to cool to room temperature in the
0oll. The other specimens were held in the 500°F salt
for one minute and then removed and cocoled in air,

All specimens were draw? for one hour at approxi-

mately 1100°F in an electric Lindberg draw furnace to

2 hardness of about Rockwell 35C.

- 12 =
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FIGURE 4. Quenching Fixtyre for Holding 18
Fatigue Specimens
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After finishing the speclimens as previously described,
S-N curves were determined for each of the four groups of

specimens.,

TESTING PROCEDURE

A Baldwin-Southwark, R. R. Moore high speed rotat-
ing beam fatigue testing machine was used to test each
specimen. Thils machline produced a uniform bending moment
on the specimen while it rotated tne specimen at a nor-
mal speed of 10,000 RPM. Because of variations in the
supply lilne voltage, the speed of the machine was ob-
served to vary between 9,000 RPM and 11,000 RPM during
the progress of the tests. It 1s held that these speed
variations were not sufficiently great to have material-
ly affected the significance of the results obtailned.
Investigations by Oberg and Johnson,10 Krouse,11 and
Roos, Lemmon, and Ransom12 on the effect of speed in
fatigue testing substantiate this point of view.

After each test the hardness and microstructure of

each specimen were ooserved to insure uniformity. The

10. Cberg, T. T. and Johnson, J. B., Fatlgue Propertles
of Metals Used in Aircraft Construction at 3450 and 10600
Cycles, Proc. Am.Soc.Test.Mat., 1937, Vol. 37, part II,
pp 195=-205.

11. Krouse, G. H., A High Speed Fatigue Testing Machine
and Some Tests of Speed Effect on Zndurance Limit, Proc.
Am, Soc.Test.Mat., 1934, Vol. 34, part II, pp 156-164.

l12. Roos, P. K., Lermon, D. C., and Ransom, J. T., Influ
ence of Type of lMachine, Range of Speed, and Specimen
Shape on Fatlgue Test Data, Am. Soc. Test. Mat., Bulletin
No. 158, May, 1949, pp 63-65.

- 14 -



average hardness values for each speclmen are given in
Table I. These represent tne average of five hardness
dhecks at selected polnts across the section of the
plece. It was found that all pieces were hardened uni-
formly throughout and that all specimens within any one
group exnlblited an averaze hardness of within 1.5
Rockwell C of the averaze of the entire group. The maxi-
mum hardness varlation observed for any one specimen was
2 Rockwell C., Examination of the microstructures revealed
a uniform, tempered martensitic structure probably con-
talning some tempered bainite. There was no evidence of
carburization or decarburization during heat treatment.
Figures 5 to 8 are typlcal of the final structures that

were obtalned.

DISCUSSION OF RESULTS

As was anticlipated, the endurance limits of the
SAE 4140 and SAE 6140 steels in the martempered and drawn
condition were greater than the endurance limits of the
same steels in the 01l quenched condition when drawn to
the same hardness. The increase in endurance 1limit,
shown in Figures 9 and 10, was approximately 3% and 13%
for the SAE 4140 and SAE 6140 steels respectively.

It may be argued that the difference in endurance

l1imits found could be attributed to variations in hard-

ness of the specimens, since all specimens in the groups

- 15 =



SAE 4140

011 Quenchned & Drawn Martempered & Drawn
Specimen Rockwell C Specimen Rockwell C
Number Hardness Number Hardness

421 35.0 4-11 35.0
4-2 35.0 4-12 34,5
4-3 34.5 4-13 36,0
4-4 34.5 4-14 36.0
4-5 34,5 4-15 36,0
4-6 35.5 4-16 35.5
4-7 35.0 4-17 35.0
4-8 34,5 4-18 35.5
Average 35.0 Average 3545

SAE 6140

011 Quenched & Drawn Martempered & Drawn
Specimen Rockwell C Specimen Rockwell C
Number Hardness Number Hardness
6-1 34.0 6-11 35.0
6-2 34.0 6-12 35.0
6-3 34,0 6-13 35.0
6-4 35.0 6-14 35.0
6-5 34.0 6-15 34.5
6-6 34,0 6-16 35.0
6-7 35.0 6-17 35.5
6-8 36.0 6-18 3545

Average 34.5 Average 35.0

TABLE I: Final Hardness Values for Fatigue Specimens

- 16 -



FIGURE 5. Microstructure of SAE 4140
Treatment: O©O11l quench and tempered
Hardness: Rockwell 35 C

Magnification: 500 X
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FIGURE 6.

Microstructure of SAE 4140

Treatment: Quenched in salt at 500°F,
held for one minute, alr cooled, and
tempered.

Hardness: Rockwell 35.5C

Magnification: 500 X

YR 1



FIGURE 7. Microstructure of SAE 6140

Treatment: 0il quenched and tempered

Hardness: Rockwell 35 C

Magnification: 500 X

-



FIGURE 8. Microstructure of SAE 6140

Treatment: Quenched in salt at 500°F,
held for one minute, air cooled,
and tempered.

Hardnessgs: Rockwell 35 C

Magnification: 500 X
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that were compared did not exhibit exactly the same hard-
nesses, Lowever, in plotting the results the individual
hardnesses were consldered and the curves that seemed
most representative in the lizht of this hardness data
were drawvn. Date found in Hoyt13 and in a recent lssue
of the SAE Journal}titest to the probable correctness of
these curves. In the former, the tensile strengths of
SAE 4140 and SAE 6140, which have been 01l quenched and
drawn to a hardness of 35 Rockwell C are given as 176,000
P3I and 160,000 PSI respectively. Based on this data

the endurance ratios of the 0ll quenched specimens were
both approximately 0.52, which 1ls consistent with gener-
ally accepted values af endurance ratio. In the latter
reference, an S-N curve 1s shown for an SAE 4140 steel
which hed been 0ill quenched and drawn to a hardness of

35 Rockwell C. The endurance limit of 90,500 PSI com-
pares very favorably with the endurance 1limit reported

in this paper. 1In view of these facts anda the fact that
the results were conslistent and reasonable, the improve-
ments 1n fatigue strengths found can undoubtedly be attri-
buted to the lower thermal and transformational stresses
that resulted from the martempering treatment. However,

1t would seem that the improvements 1n fatigue strengths

13. Hoyt, Semuel L., Metals and Alloys Data Book,
Reinhold Publishing Corp., New York, 1943, p 77 and 87.
14. Boegehold, A. L., Selection of Steel for Automobile
Parts, Part IV, SAE Journal, Nov. 1949, pp39-438.
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would be more nearly alike percentagewise, since both
types of steel were similarly treated to approximately
the same final hardness. Some insight as to a possible
explanation can be gained from the results of prelim-
inary tests made on the steels.

A series of preliminary experiments was performed
in an effort to determine the salt temperature and hold-
ing time that was to be used in martempering the materials
employed. Cylindrical specimens one-half inch in diameter
by one-half inch in height were used. ©Some were quenched
in water, some in oll and some in molten salt. The salt
quenched specimens were held for various times, ranging
from a few seconds to five minutes, in molten salt at
various temperatures, ranging from 700°F to 400°F, fol-
lowed by cooling in alr. Typlcal as quenched hardness
values are shown in Table II.

It was evident from a scrutiny of these data of the
microétructures, and of the isothermal transformation
dilagrams avallable for these materials that the selectlion
of a salt temperature to be used for martempering was a
compromise. The use of higher temperatures ylelded low
hardness values, indicating that a partial isothermal
transformation of austenite to balnlte had occurred 1n
the salt bath. The use of lower salt temperatures to
avold the formation of bainite made 1t very likely that
considerable transformation of austenite to martensite

had occurred before a uniform temperature in the sample

- 24 -




SALT QUENCHED & AIR COOLED

600°F SALT 500°F SALT 400°F SALT
?iﬁe SAE SAE SAE SAE SAE SAE
Salt 4140 6140 4140 6140 4140 6140
2 Sec. 31C 320 320 34C 40C 40C
5 Sec. 37C 36C 46C 47C 48C 50C
15 Sec. 44C 45C 520 54C 53C 56C
30 Sec. 51C 51C 53C 57C 53C 57C
1 Min. 46C 48C 52C 57C 53C 57¢C
2 Min. 47C 48C 520 57C 53C 57C
3 Min. 47C 48C 52C 56C 53C 57C
5 Min. 48C 48¢C 51C 54C 53C 57¢C
WATER QUENCHED
SAE 4140 - 59C SAE 6140 - 61C
OIL QUENCHED
SAE 4140 - 55C SAE 6140 - 59C
TABLE II: As-quenched Rockwell Hardness of Preliminary

Test Specimens For Various Treatments.
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had been obtained. Thls was undesirable since it was
the purpose of martempering to avold such a condition.
The other alternative was to use only a very short hold-
ing time in the salt bath. Unfortunately, it was found
that even with the small speclmens used, the cooling
rate was not sufficlently great to avold the knee of the
S-curve unless a holding time of more than fifteen
seconds was used. It was declilded that the best compro-
mise was a salt temperature of 500°F and a holding time
of one minute. Typilcal as-hardened microstructures for
the group of preiiminary specimens quenched into 500°F
salt are shown in Figures 11 through 18.

Evidence presented by Hollomen, Jatfe, McCarthy

16 4na1cated

and Morton15 and by Forsyth and Carreker
that tempered bainitlic structures and mixed structures

of tempered martensite and bainite exhibit lower endur-
anée 1limits than does a tempered martensitic structure.

.It is evident from the microstructures and hardness values
in Figures 11 through 18 that neilther the 01l gquenching
or martempering treatment employed produced a structure
that was free of bainite. This suggests that a smaller
proportion of bainite in the SAE 6140 than in the SAE

4140 might account for tne disparity between relative

15. Hollomen, J. H., Jaffe, L. D., McCarthy, D. E., and
Morton, M. R., The Effects of Microstructure on The
Mechanical Properties of Steel, ASH Preprint 25, 1947.

16. Forsyth, A. C. and Carreker, R. P., Fatigue Limit

of SAE 1095 After Various Heat Treatments, Metal Progress,
Nov., 1948, pp 683-6u5.
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FIGURE 11.

Microstructure of SAE 4140

Treatment: Water quenched from 1575°F
Hardness: Rockwell 59 C

Magnification: 500 X



Microstructure of SAE 4140

FIGURE 12

01l quenched from 1575°F

Treatment:

Rockwell 55 C

Hardness

500 X

ification
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FIGURE 13.

Microstructure of SAE 4140

Treatment: Quenched from 1575°F into
salt at 500°F, held for two seconds,
and cooled in still air.

Hardness: Rockwell 32 C

Magnification: 500 X
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FIGURE 14. Microstructure of SAE 4140
Treatment: Quenched from 1575°F into
salt at 500°F, held for five seconds
and cooled in still air.

Hardness: Rockwell 46 C

Magnification: 500 X
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FIGURE 15,

Microstructure of SAE 4140

Treatment: Quenched from 1575°F into
salt at 500°F, held for thirty
seconds, and cooled in still air.

Hardness: Rockwell 53 C

Magnification: 500 X

1




FIGURE 16: Microstructure of SAE 4140
Treatment: Quenched from 1575°F into
salt at 500°F, held for one minute
and cooled in still air.
Herdness: Rockwell 52 C

Magnification: 500 X
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FIGURE 17. Microstructure of SAE 4140
Treatment: Quenched from 1575°F into
salt at 500°F, held for three minutes,
and cooled in still air.

Hardness: Rockwell 52 C

Magnification: 500 X
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FIGURE 18. Microstructure of SAE 4140
Treatment: Quegched from 1575°F into

salt at 500°F, held for five minutes,
and cooled in still air.

Hardness: Rockwell 51 C

Magnification: 500 X
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improvements of fatligue strength effected by the mar-
temper and draw treatment. Further credence is lent

to thls explanatlon by an examination of the as-quenched
nardness values for the two serlies of steels shown in
Table II. Observe that for those specimens quenched in
salt at 500°F there is a wider variation in hardness
between the water quenched and oll quenched, and between
the 01l quenched and salt quenched specimens for the

SAE 4140 group than for the SAE 6140 group. This implies
that a greater proportion of tempered bainite was present
in SAE 4140 specimens than was present in SAE 6140 fati-
gue specimens. Unfortunately, it 1is difficult to dis-
tinguish tempered lower bainite from tempered martensite.
Because of that, no éupporting evidence could be gleaned
from a microstructural examination of the fatigue speci-
mens.,

Tne presence of bainite, as evidernced by tne darker
appearance of tne etched structures, in the as-hardened
microstructures of all except the water quenched speci-
mens was very exasperating., It was desirea tnat tne for-
mation of bainite be avolded in view of tne inferior
mechanical properties attending 1ts presence. To avoid
bainite, the use of a steel of higner hardenability
suggests itself as a logical solutlion. It happened that
the series of preliminary tests included an SAE 3340
group of steel. But even witn this steel of relatively

nign nardenability the oil quenched and salt quenched
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specimens exanlbited a lower nardness and a darker etch-
Ing mierostructure than did the water quencned specimens.
The implication of these data 1s tnat only in pleces of
very small cross sectlon 1s it possible to avold the

formation of balnite by martempering or by oil quenching.

CONCLUSIONS

The primary objective of this work was to determine
whether the lmprovement in fatigue strength realized by
martemperinz a medlum alloy machine steel over that re-
sulting from the customary oil quenching treatment was
sufficiently great to give promise of proving economi-
cally advantageous when the steel was tempered to a
medium hardness. These experiments show that for the
steels used a2nd the conditions stated there was an im-
provenent realized, and for the SAE 6140 the improvement
was appreclable. Since these results were obtalned with
speclmens that were speclally prepared to avold stress
concentrations and since stress concentratlons are in-
variably present 1in practical designs, it can be inferred
that the use of martempering to avoid high residual
stresses arising during transformation would prove even
more beneficlal in practical heat treatments. From this
1t would seem that further research in this vein will
demonstrate that for certain machine steels drawn to a

medium hardness the martempering process wlll prove
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economlically adavantageous. In addition, this work sug-
gests the probable nature of future researchnes bearing
on this problem.

As the presence of balnitlc structures seems to be
detrimental to the fatligue propertles of a steel, more
promise of improvement 1s held for steels of high harden-
ability than for those of lower hardenability. However,
wlth steels of high hardenabllity a considerable amount
of austenite might be retalned. Upon tempering, this
retained austenite would transform to bainite and it's
posslible that the beneflclal effects of mgrtempering
could be completely offset.

Since stress concentrations exist in most practi-
cal designs, more significance would be attached to
tests on notched specimens than would be attached to
tests on unnotched specimens.

Because the 1mprovement 1n fatigue resistance has
been shown quite conclusively to be the result of lower
residual stresses arising during heat treatment, the
determination of resldual stresses in the specimens used
probably would yield some lnteresting and significant
data. Posslbly the X-ray diffraction tecnnique could be
used, since at thls time 1t is the only non-destructive
method of making such determinations. Unfortunately, it
i1s a very time consuming and expensive test ylelding

results of doubtful accuracy.
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