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ARMY MATERIALS AND MECHANICS RESEARCH CENTER

INFLUTNCE OF TEMPERING, PRESTRAINING, AND RETEMPERING ON THE STRENGTH
AND TOUGHNESS OF HIGH-STRENGTH 4340 STEEL

ABSTRACT

The influence of tempering, prestraining, and retempering on the strength
and toughness of martensitic and bainitic 4340 steel rods was investigated.
The initial neat treatment consisted of a quench and temper to obtain marten-
site in one group and formation of bainite at 575 F foliowed by tempering in
the second group. Reductions of area of 4 tc percent were effacted by cold
drawing thyough a die with and without backpull, followed by a retempering f
treatment, Ultimate tensile strengths approaching 385,000 psi for the marten-
sitic structure and 283,000 psi for the bainitic structure resulted with
yield-tensile styength ratios approaching unity. Notch tensile strength of
the bainite was superior to that of martensite at comparable strength levels.
The prestraining also caused a yield point drop and/or serrations in the flow
curves. This was influenced by specimen test temperature and strain rate,
tempering temperature, and retempering temperature. !
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+NTRODUCTION

The probiem of improving the strength level of alloy steels while main-
taining an acceptable level of toughness has been of prime concern in recent
years, Several general areas have been investigated including devclopment of
new alloys, heat treatment, processing techniques, and combinations of these.
The new alloys have resulted in develonment of the maraging steels,! while
the heat treatment and processing techniques have received attention through
the development of thermomechanical treatments.? Thermomechanical treatments
resu.t in the greatest strength increases, and for some “ve:tments, such ae
deformation of austenite priecr t. transformation to martensite, also result in
improved toughness, Primary interest has been in martensitic microstructures
althougn the bainitic structure is receiving increasingly more attention.

The mechanism by which steel is strengthensd, in addition to the primary
strain hardernino an nrestraining and retemnering, has been the subject of
several investigations. The most recent studies have resulted in the develop-
ment of tentative theories. While differing somewhat in the mechanics of the
strengthening process, there is general agreement in the theory that carbides
and/or carhon play a major role, the strengthening being due to some type of
interaction with the dislocations caused by heat treatment and/or straining.
It has been suggested that vacancies created by deformation are a more likely
site for the interaction with the carbon atoms.3

Stephenson and Cohen“ attained a maximum tensile strength of approxi-
mately 340,000 psi in 4340 tempered martensite (400 F) by prestraining
tension test specimens approximately 3 percent, and retempering at 400 F,
Stable elongation was zero. They also noted a yield point phenonenon in the
form of necking and a yield point drop immediately following maximum load.

This yield point phenomenon was alsc noted by Breyer and Polakowski® in
4340 martensite prestrained by drawing through a die. It was shown to be
present for reductior . f 3,09 to 8.92 percent, tempers up to 500 F, and re-
tempers wp to 300 F. The maximum tensile and yisld strengths obtained were
396,000 and 387,000 psi, respectively.

Several investigations have been conducted in which the mechanical prop-
erties of the martensitic and hainitic microstructures have been compared.
Kalish, Kulin, and Cohen® investigated the effe:t of applying a prestrain and
retemper treatment to martensitic and bainitic 4350 steel. Deformations of
up to 50 percent by rolling werc conducted on the specimens before and after
transformation, followed by a retempering treatment It was found that the
strengthening obtained by straining both prior to and after transformation to
martcensite was additive, resulting in a maximum yield strength of approxi-
mately 330,000 psi. For the bainite, the amount of strengthening due to
straining prior to transformation was negligible, the only strenpthening being
that due to deformation after transformation. A maximum yield strength of
approximately 300,000 psi resulted. A refrigeration treatment following the
quench, prior to termpering, was found to imnrove the preperties by reducing
the amount of retained austenite.
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Hartbower and Orner’ found that for a 200,00C-psi yield strength, the
toughness of bainite is comparable to that of martensite when tested at room
temperature hut that martensite is tougher at lower temperatures.

Banerice and Hauser® ohscrved that 4340 tempered martensite is tougher
than tempered lower bainite at comparable strength levels.

A study of 4350, 4360, and 4320 low-alloy steels by Simcoe and Shehan”
led to the conclusion that the minimum carbon content required to form high-
strengtn bainite was 0.55 percent. Fracture toughness of bainite formed 25 F
or more ahove the Mg is equal to or slightly better than that of martensite,
while bainite formed at lower temperatures was found to have slightly lower
toughness than martensite, at comparable strength ievels.

Although the prestrain and retemper thermomechanical treatment for ob-
taining ultrahigh-strength levels has been applied by several researchers,
ihé procsec has received minimal attention in several areas:

1. The effect of the tempering temperature, in the low temperature
range of room temperature to approximately 600 F, on the notch tensile
strength and true stress-true strain properties of prestrained and retempered
martensite.

2. Evaluatie:, for the bainite microstructure, of the comparative engi-
neering and truc stress-tri~ strain mechanical properties and notch tensile
properties, resulting from the prestrain and retemper cycle.

3. The effect of straining by drawing .hrough a die. The stress system
di ffers from that imposed by the widely used rolling process and would be
expected to affect some mechanical properties.

The objective of this work was to ohtzin experimental data in these
areas to further understand the prestrain and retemper process. Steel rods
of the 4340 ailoy were drawn (with and without a back-pull) through a die to
impart a 4 tc 5 percent reduction of area after formation of either tempered
martensite (room temperature to 600 F) or bainite formed at 575 F and tem-
pered at room temperature, 400 F, and 00 F. This prestraining was followed
by a retempering treatment (room temperature to 700 F for the martensite and
room temperature to 750 F for the bainite}. 1ne smooth, true stress-true
strain, and notch tensile properties o€ the martensitic and bainitic rods
have been cerrelated with the tempering, prestraining, and retenpering tem-
peratures. A limited examination was also conducted to detemmine the effect
of test temperature and strain rate on the vield point phenomenon which was
observed in this and previor .,y roferenced papers.

The importance of the tempering and reicempering treatments and the con-
trast in behavior of the martensitic and bainitic structures were emphasized
by the broad range of properties resulting in the former as conpared tc the
minimal clianges ‘» the mechanical properties of the latter. Thir would be
expected in view of the “igher temperature of bainite formation (575 F). The




t.uy stress-true strain tests, however, emphasize the uvasic timilarvities
between the behavior of the martensitic and bainitic microstructures as the
conditions for which a yield point phenomenon and serrated flow are develouped
and are comparable. This may indicate similar strengthening mechanisms, in
the prestrain and retemper process, for both the martensitic and bainitic

mi crostructures.

While the properties of the martensite which may be compared follow the
same general trends as those reported by others, the magnitudes differ. The
results also show the notch strength of the bainite to be superior to marten-
site at comparable strength levels as contrasted to the marginal toughness
di fferences reported by others. The application of a back-pu'l during the
prestrain was expected to affect the properties by reducing the redundant
work and friction, thus more nearly approaching the stress conditions present
a1 & *2nsion test prior to ti.e onset of necking. Although the results are
inconclusive, generally higher strength levels were observed for rods pre-
strained using a back-pull. The data sre presented; however, the effect of
back-pull is not discussed in view of the minimal trends which were noted.

The report is presented under three headings: Engineering Tensile Prop-
erties, True Stress-True Strain Properties, and Notch Tensile Properties.
Each section is devoted to a compariscn of the effect cf tempering, pre-
strgining, and retempering on these properties for both the martensitic and
the bainitic microstructures.

MATERIAL AND PROCEDURE

wold-drawn annealed 4340 steel rod, 1/2-inch o0.4. wus used. This wss
from & single heat of gircraft-quaiity steel with the following chemical
analysis: 0.395 C, 0.7 My, 0.%1 Si, 1.76 Ni, 0.79 Cr, 0.22 Mo, 0.012 P,
0.008 S, and G.012 N.

The rods were swaged to the diameter required to permit the desired re-
ductions when drawn through a die with a 0,4096-inch-diameter opening. leat
treatment was as follows to obtain either a martensitic or s bainitir
mi crostructure:

Martensite - Normalize 1650 F, 1 hour, air cool
Austenitizs 1550 F, 1 hour, oil quench
Liquid nitrogen, 10 minutes
Temper (RT, 200, 300, 400, 500, 600 F), 1 hour

Bainite ~ Normalize 1680 F, 1 hour, air cool
Austenitize 1550 F, 1 hour
Quench irto salt at 575 F, hold 1 hour
Quench into brine at room temperature
liquid nitrogen, 10 minutes
Temper (T, 200, 400, 700 F), 1 hour

They were then cleaned by shot hlasting, snd lubricated with d.awing oil.
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The rods tempered a+ 300 F and above were phosphatizeu prior to lubri-
cating. The rods were then drawn through a die ¢n the rod and wire drawing
machine.!? The die contour was changed to introduce a 1 percent reduction in
the bearing area following the primary reduction. This was done to imnart a
compressive stress to thce surface and minimize the problem c® cracking due to
the tensile stresses resulting from the standard die contour.

The drawn rods were cut into appropriate lengths for smooth and notch
tensile blanks and retempered at the various temperatures. The tensile
blanks were the.. machined to the dimensions shown in Figure 1. The notch
radii of the notched tension specimens ..erc machined to 0.0008 inch or less,

.
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mostly (.00NS to 00008 inch, A special ASTM Committeell indic~.es that the
notch test ic not scnsitive to tougnness variations when *hc aotch strength
ratio equals or exceeds anproximately 2 - d?/D% ror i1ow-allov heat-treated
stecls where D is the major diamcter and d is the diameter at the notch root,
This ratio (1.5 for thesc spccimens) was not ecualled or exceeded in any of
the tests.

The smoo*h hars were tested at a strain rate of 0.01 min~! using an
extensometer to obtain the 0.2 percent yieid strength. The extensnometer wvas
then removed, while leading continued, and the true stress-true strain
devicel? started to monitor contiauously the minimum diameter of the tension
bar and the cerresnonding load. These values were recorded c¢a an oscillo-
graph recorder and used to calculate the truc stress and true strain. A
special alignment fixture was used in testing the notched specimens. The
complete processing and mechanical property data are prescented in Tahles |
anu Il in the Appendix.

ENGINEERING TENSILE PROPERTIES

Fffect of Heat Tyeatment
Martensi te

The variation in tensile zpd vield strerzths and reduction of area with
tempering temperature is shown in Ficurs The tensiie strength decreases
continuously wi(" increasing tempering temporature; however, the vield
strength goes through a ma.imum at about 400 F. As a8 resuit, the snread of
130,000 pst between vield and tensile strengths for an untempered structure,
room temperature, decreases to a minimal 10,730 psi spread for tempers above
800 F, The reduction of area is n~t affected on tempering hetween 400 F and
1000 F.  Therc is a uvecrease in reduction of area on tempering below 400 F
and an increase on tempering at 1isC F,

-
-~ .

These trends are nommal (or the aeat-treated (quench and temper)
condition.

Bainite

Bchavior of the bainitic material on temperirg i< quite Jdiffeorent as
shown also in Figure 2. Due teo the high temperature of bainite formation,
57S F, a tempering effect 1s found only for the ™0 F temper, 1.e., a slight
drop 11 tensile stremath and @ sliv * increas2 in vield strength, The reduc-
tion of area 1s not affected.

“ffect of Prastraining and Reteanering
Martang [ to

Figure 3 shows the tensile pronerties and Figure 4 the change 1n tensile
pronerties pesulting from the prestrain and retemmer rrocessing.  The Jata
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for the 800, 1000, and 1150 F tempering -emperatures are taken fro~ previous
work ¥ in which a 10 percent reduction was made, as compared to the present

4 to 5 percent reduction. The magnitude of these data is slightly higher
than would he expected for a 4 to 5 percent reduction. In Figure 4, the base
or zero point rcfers to the as-heat-treated condition.

The tensile strength of the martensite s raised by prestraining, the
maximum increase (approximately 30,000 psi) occurring for the rods initially
tenpered between room temperature and 400 F. The yield strength is also
iicreases on prestraining, the maximum increase being approximately 150,000
psi for rods initially tempered at room temperature. This decreases to ap-
proximat-ly 10,000 psi for the rods initially tempered at 800 F and higher.

Retempering the prestrained rods at 200 F has a negligible effect on the
tensile and ;‘eld strengths. The effect of retempering at 400 F is dependent
ypon the initial tempering temperature. For initial tempering temperatures
beiow 500 F, there 1s an essenticzlly constant decrease in both the yield and
tzrsile strengths compered to the as-prestrain:d values. For higher temper-
ing temperatures, a constant increase instead of a decrcase is found on retem
pering at 400 F,

Similarly, toe effect of retempering at 700 F is depende * upon the
tempering tempovrature, resulting in a decrease in the tensile and yield
strengths, ¢ompar~d to the prestrained values, over the range of tempering




temperatures gvsluated (up to 600 F).
For tempering temperatures above 700 F
an increase would be expected on retem-
pering at 7C0 F. Thiz is indicctzd by
the projected intersection of the 700 F
retempering temperature curve with the
as-prestrained curve at approximately
700 F tempering temperature in Figures
3 and 4.

Generally, by reiempering at a
temperature which is equal to or higher
than the initial tempering temperature,
the tensile and vield strengths of the
prestrained rods are decreased. On
retempering at lower temperitures than
the inivial tempering temperatures,
these values are increased.

Figure 5 shows the ultimate tensile
strengths of the prestrained rods as
a functien of the tempering and retem-
pering temperatures. These are compared
to the data obtained by Stephenson and
Cohen* and Breyer and Polakowski.® The
tensile strengths sgree with the results
of Rreyer and Polakowski, tut are higher
than those of Stephenson and Cohen. The
refrizeration treatment used in this
investigation to minimize the amount of
retained austenite may account for the
difference. Retained austenite was
found to be less than 1 percent by X-ray
analysis in both the martensitic and
bainitic materials. This may also be
due to the difference in stresses
resulting from straining a tensile bar
compared to those ohtained by drawing
through a die.

Bainite

The tensile properties an. the
changes in tensile properties resulting
from the prestrain and retemper cof the
bainitic rods are also presented in
Figures 3 and 4. An increase in the
tensile and yield strengths is noted on
prestraining, the magnitude increasing
with decreasing initial tempering
temperature.
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Retempering a2t 200 and 40C F increased by a constant amount the ten<ile
and yield s.rengihs of the prestrained rods which were initially tempered at
400 snd 700 F. Those tempered at room temperature were not affected by the
retemper. The 730 F retemper resulted in an appreciable decrease in the ten-
sile and yield strengths compared to the prestrained values. This decrease
on retempering at 750 F also resulted in lower tensile strengtis and higher
yield strengths ~ompared to the values for the as-tempered condition.

The decrease in reduction of area does not exceed 10 percent on pre-

straining and retempering. In view of the high initial reduction of area,
this ic a minima. loss.

TRUE STRESS-TRUE STRAIN PROPERTIES

Effect of Heat Treatment
Martansite

True stress-true strazin curves r tensile specimens tempered at room
temperature, prestrained, and retempered are presented in Figure 6 as typical
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flow curves obtained for the martensitic and bainitic microstructures. The
0.2 percent yield strength, cbtained with an extensometer, and the maximum
load are also shown for cach curve.

The curve for tempered martensite is smooth with no indication of a yield
point drop; however, several curves for martensite tempered at higher temper-
atures (not shown) appear to have one or more short flat areas similar to
those <hown for the tempered bainite. These indicste a change in the rate of
necl.ng in the tensile specimen.

Bainite

The true stress-true rain curve for tempered bainite in Figure 6 shows
that the necking beyond maximur load does not proceed at a uniform rate. This
was also noted in other curves for tempered bainite. The true strain to
fracture {s generally greater than for the martensitic specimens.

The tes. temperature was found to have an interesting effect on the flow
curves for tempered bainite as shown in Figure 7. A smooth curve resulted at
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, | » T T T 1 T I room temperature; however, testing at
ot "”‘__,»v’*ﬂ 200 F resulted in & small serration
e o at a true strain of 0.073 foliowed by
i of,ro""” a second smoother serration at a true
" strain of 0,193, which was inmediately

followed by three sharp serrations
g f ™ ~/ increasing in magnitude to failure.

Effect of Prestraining and Retempering

Martensite
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The most apparent effect of pre-
straining and retempering is the
introduction of discontinuous yielding
beyond the 0.2 percent yield, Fig-
ni _ ure 6. The first serration is the
: 7 o vt Loiog result of an instartansous load drop
™ 7] and neck formation. The second and
subsequent seirations aie caused by
, further necking at the same location,
i but these do not cccur as rapidly as

the first nor are they of the same .
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TEMPERED BAINITE decreasing with increasing temperature.
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The shape of the true stress-true
strain curve is also dependent upon
strain rate. Strain rates of 0.1, 0.01 (stand=rd), and 0.005 min~! were exam-
ined, as weil as interrupted loading. The curves are shown in Figure 8 where
for each strain rate only the iritial load drop and neck formation sre instan-
taneous. Further strain in the neck of the specimen and changes in ti. load
continue at a slower rate. By releasing he load to zero after each drop, a
series of serrations was produced, Figure 8d. A similar series of serrations
could be initiated by holding the iv.d4 constant for a limited time after each
load drop, followed by an increase in the load, . gures 8c and 9e. The strain
rate results indicate that a series of serrations may be expected to oceur on
eontinuous loading at a strain rate below 0.005 min~l, Creep tests would be
required to determine this st..in rate.

% Bainlite

The true stress-true strain curves for these specimens are characterized
by an initial yield point drop (Figure 6). The magnitude of the effect de-
creasss with increasing retempering temperature.

The effects of interrupted loading and of test temperature on th= flow
curvus were observed in the bainitic material. The test temperature effects
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seen in Figure 9 indicste that tempera-
ture is  important factor in the
development of seyrationy. At ryoom
temperature and -305 F (Figures 9a and b)
only a yield poir® drop, or one serra-
tion, is noted; however, at 200 F

(Figure 9d} serrations are initiated at
the maximum load and are continucus,
increasing ir magnitude with strain.
Interrupted ioading at 200 F (Figure 9c¢)
increased the magnitude of the serrations
compared to those ohtained on continuous
loading at 200 F.

The slopes of the fiow curves vary
~ith test temperatures, the lowest being
for -105 F and the highest for room tem-
perature testing. Also, the magnitude °
the yield stress may be raised by
decreasing the test temperature or by
interrupted loading. This may be ob-
served by comparing the maximum load on
testing at -105 F. the effect of inter-
rupted leading, prioi to the initial
yield point drop, is apparent when the
curves of Figures Ya and 9¢ are com-
pared. The latter curve, obtained by
discontinuous lo:Jling, exhibits an 11,000
psi increase inm maximum load, Further
discontinuous loading resulted in a
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Figure 8. EFFECT OF STRAIN RATE ON
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serrated stress-strain curve similar to that obtained on testing the marten-
sitic microstructure under comparable conditions.

An important difference between the serrations obtaired with the tempered
bainite and thosc obtained with the prestrained and retempered bainite at a
test temperature of 200 F is the strain zt which the serrations were initi-

ated.

In the former the serrations started at a true strain of approximately

0.20C, well beyond the strain of 0.0523 at which maximum load was observed.
In the latter, the serrations were initiated at maximum load and continued to

failure,

NOTCH TENSILE PROPERTIES

Effect of Heat Treatment

Martensi te

-

ures 2 and 10 to be dependent upon the tempering tem >rature.

The notch tersile strength of the tempered martensite is shown in Fig-

From a low
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notc: tensils strength for the martensite tempered at room temperature, there
is a linear increase to a maximum at 600 F, followed by a decrease at higher
tempering temp-ratures. The N.T.S5./Y.S. ratio equals 1 at approximately

350 F, The role of sharper notches (fatigue crack) would be to effect a

more severe test, resulting in a sharper transition, and raising the tempera-
ture at which the ratio of N.T.S5. to Y.S. equals 1. This is shown by the
curve of notch tensile strength in Figure 2 as taken from Reference 13,

With reference to strength levels, Figure 2 and the data of Table I show
that the notch tensile strengti, increases with increasing yield strength
(lower tempering temperatures) to a maximum at a yield strength of approxi-
mately 225,000 psi. Tempering at lower temperinc temperatures results in a
minima! increase in yield strength but a rapid drop in the magnitude of the
notch tensile strength.

Baini+*e
In contrast to the martensite, Figure 2 shows that the notc" strength of

the bainite decreases only a small amount with increcsing tempering tempera-
ture. The N.T.5./Y.S. ratic is greater than 1 for al' tempering temperatures.
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The variation in either notch tensile or yield strength is smail for the

range of tempering temperatures employed due to the high bainite formation
temperature of 575 F,

Effect of Prestraining and Retempering

Martensi te

Prestraining che rods resulted in generally lower notch strengths (Fig-
ure 10) compared to the values for the tempered condition. Only the rods
tempered at 1000 and 1150 F show any improvement in notch strength

The effect of retempering on the notch strength is primarily dependent
uypon the tempering temperature. Retempering at 400 to 700 F is most benefi-
cial to the rods initialiy tempered at the low temperatures. The notch
strength was appreciably improved as compared to the tempered and the pre-
strained condition, particularly for the 700 F retempering treatment. The
range of notch tensile strength is comparable to that observed for the tem-
pered martensite; however, the yield strength is appreciably higher for the
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prestrained and retempered specimens, 250,000 psi versus 210,000 psi for the
tempered martensite.

Another interesting feature of the curves in Figure 10 is the peak in
notch strength for the n~restrained and retempered martensite which was ini-
tially tempered at 400 F. This is followec. by lower notch tensile strengths
for the martensite which was initially temrcred at SA0 F, and may be indica-
tive of the 500 F embrittlement.

The relationship between notch tensile strength and yield strength is
shown in Figure 11. The exact magnitudes are a function of the temperin-~ and
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Frgure 11 EFPLECT OF PRESTRAINING AND RETFMPERING ON THE
TENSH F PROPEFRITES (F MARTENSITE

T 006 TARY AN -08

retempering temperatures. tilere it is apparent that the N.T.5/Y.5 ratio in-
creases with tempering and retempering temperatures which also result in
lower vield strenpth.

Bairite

The effect of prestraining and retempering on the notch tensile strengt..
of the bainite is snown in Figure 10. Although some loss in notch tensile
strength is indicated for the hainite which was prestrained and retempered,
particularly »t room temperature and 200 F, the N.T.S./Y.S. ratio remained
greater than 1. This indicates that good toughness was retained at the high-
est yield strenpth levels of 275,000 to 280,000 psi, as shown in Figure 17

-
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rurther cold working of the bainite should permit higher vield strength with
good toughness.

DISCUSSION

Strength charges from the as-quenched martensite and bainite were derived
in increments from three sources as follows: (1) temnering, {2) prestraining,
and (3) retempering. The first, tempering, results in quite different ulti-
mate tensile strength behaviors of the martensite and the bainite. The
tensile strength of the martensite undergoes a ranid increase with decreasing
tempering temperature while the effece of tempering on the tensile streagth of
the bainite is negpligitile. The vield strength for both microstructures
remai~ed comparatively constant. Also the maximum tensile streagti of tem-
pered artensite was sppreciably higher than thar of *cmpered bainite.

The effeact of the secund increment, prestraining, was besically the same
for hoth microstructures. The tensile strength was increased together with
the yield strength, due primari'y to strain hardening; however, the rate of
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increase was greater for the yield strength than for the tensile strength,
resulting in a yicld-tensile strength ratio approaching unity. A greater in-
crease in both the yield and tensile strengths was apparent for the martensite
and bainite initially tempercd at the lower temperaturcs.

The third increment, rctempering, generally lowered the yicld and tensile
streng-hs of the prestrained martensite and bainite when the retc pering tem-
perature was above the tcmpering tempmeraturc. A constant iacrease was noted
on retempering at tamperatures bel.w the tempering temperature.

To summarize, the effect of prestraining temmered r:ds is to increase
the strength lev~1 of both the martensite and the bainite, the effects on the
martensite being greater in magnitude and more depcndent up~n the tempering
temperatures. The role of r~tempering is dependent upon the tempering
temperature,

Theories have been developed which attribute a portion of the strengthen-
ing on prestraining and retempering to an interaction between c¢-rbon and/or
carbides and dislecations and/or vacancies, as noted in the Introducticn.

This type of mechanism has also been used to explain the appearance of an
initial serration or sharp vield point drop in the true stress-true sirain
and load elongaticn curves,

This yield phenomenon was fr'md in room tcmperature tensile tests of
both the martensitic and the bainitic materials tested after prestraining.
It has also been noted by others for ‘11 steell“ and 4340 steeld processed
under comparable conditions. The initial serration may he expanded into a
series of serraticns continuing to fracture by (1) interrupted 'nading (or a
sufficientiy slow strain rate) and {I) testing at 212 F (and probably a lim-
itad range of elevated temperat:-es). Specimens of the bainitic material in
the tempered condition exhibit no serraticn or vield point in room tempera-
ture tests. This material develioped serrations on testing at 217 F, suggest-
ing a strain aging typc of mechanism.

The serrations observed for both martensite and the bainite differ from
Jhose normally observed on strain agcing as they were initiated at manimum
load in the prestrained material and at an appreciable strain increment fol-
lowing maximum load in the tempercd material. Also, in each material necking
was initiated and continued to failure at one location.

The above suggests a dislecation-locking tvre of mechanisn w'.ich 1w
time-, s riin-, and temperature-denrcendent. The increased dislocation den-
sity Jue to a roorm termperature prestrain annears to have two primary effects:
1) raise the flow stress curve and (1) cause the first serration tc¢ be
initiated at a lower strain compared to the tempnered material,

The notch tensile properties associated with the strengtheniss are note-
worthy (o~ two princinal reasons. First 1s the insignificant loss in the
notch tensile strength of the hainite on prestraining and retempering,  The
resulting notch tensi. strength ratio ercater than | and notch strencths
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over 300,000 psi indicate the bainite is appreciably tougier than the marten-
site at a comparable strength . vel. The toughness of martensite and bainite
nas been reported in several investigations.6-9,13,16 The re ults are contra-
dictory, indicating that for some processing and test conditions martensite

is tougher than bainite and, for other conditions, that bainite is tougher.
The differences are probably due to variations in the microstructures of the
bainite caused by different temperatures of the baini*e formation and the
presence of retained austenite.

The second observation of interest is the significant decrease in notch
strength on prestra:ning t..» martensite initially tempered at 500 F, indica-
tive of a very narriw 500 F (cmper embrittlement range due to prestraining.

CONCLUSTONS

1. The effects of three processing vari~hli«s on the mechanical proper-
tiss of martensite and bainite have been observed: (a) tempering, (b) pre-
straining, and (¢} retempering.

The first, tempering, was mo~t effective in decreasing the ultimate ten-
sile strength. The vield strength was most responsive to prestraining. The
retempering effect was dependent primerily upon the initial tempering temper-
ature. The highest tensile and yield sty _ s were ohtained with the
prestrained and retempered mart~nsite.

2. Flow curves of the tempercd mate.ials were altered by prestraining,
retempering, and tension specimen test temperature and strain razze. This was
shown by changes in the magnitude of the flow stress and by I{sntroduzction of &
vield point drop or an initisl serration. The magnitude ¢ J number of serra-
tions were also dependent upon these variables.

3. The notch strength of bainite was superior to that of martensite at
comparable strength levels.

4. Evidence of temner embrittlement was obscrved in the prestrained and
retempered martensite which was initially tempered at 500 F,

S. The efrect of prestraining with a back-pull on the mechanical prop-
erties is minimal.

ST TR W ke ALTLRARY W




APPENDI X

Table I. TENS!LE PROPERTIES OF MARTENSITE

TYield Strength | Tensile | Reduction . . o
Temper [Frestrain |Retemrer {ksil Strenqth { of Area Yield Strength Nntsct}';a'l;lentshlle
{deg F) i) (deg F) [ 0.1% | 0.2% (hs (%) Tensile Strength (ksi
R.T. 0 R.T. 214.0 | 234.0 . - - - .
200.4 | 220.¢ 246.7 17.2 0.636 177.7
184.0 342.0 20.5 0.595 -
I 5.96 T, 356.7 | 378.8 | 384.8 11.8 0.984 -
b 200 360.2 1383.4 | 264.4 28.6 0.998 171.5
400 345.0 | 248.0 | 346.0 2.8 1.0 203.0
790 252.5 1253.0 | 256.5 37.2 0.985 280.5
R.T. 0 K.T. 241.01250.0 | 320.0 30.8 0.78] 170.7
op . 180.9 | 2i4.4 . 348.7 14.7 0.902 -
14,500 ib | 4.6 R.T. 344.0 {362.5 | 374.0 21.8 0.7 144.3
200 364.0 [ 375.0 | 379.% 22.8 0.963 173.8
_ 400 | 350.71782.7 | 362.7 24.1 1.0 192.8
! 700 255.5 1 258.5 | 260.% 35.4 0.492 265.5
200 0 R.T. 212.5 | 234.0 | 236.0 - 0.992 201.3
184.4 1 211.9 | 345.7 21.8 0.613
e.75 R.T. 355.5[3%.0 | 356.6 | 30.8 1.0 144.1
; 290 368.7 { 368.7 | 3790.7 31.4 0.985 177.0
i 400 348.7 1350.7 | aso.7 30.8 1.0 212.5
! 700 248.51250.5 | 255.5 41.0 0.982 270.8
i R.T. 328.0 | 383.0 | 373.0 .54
i
: 200 0 n.T. 226.5 | 2.8.5 | 330.7 30.8 0.721 173.1
B.P. =
14,500 1b | 4.4 R.T. 372.71376.8 | 377.8 24.7 0.998 165.6
200 367.71374.7 | 376 % 18.4 0.9395 155.8
463 352.7 | 354.7 | 354.7 28.1 1.0 190.2
700 251.5 | 253.5 | 256.3 36.8 0.987 257.1
R.T. 169.3
20 | - 152, 4
300 0 R.T. 213.4 | L33.0 | 333.7 28.1 0.699 216.4
3.96 R.T. 342.7 1353.7 ! 358.2 | 30.2 0.927 )
;200 339.7 | 351.7 158.7 1 25.0 0.98 190.9
400 334.71338.7 | 338.7 28.8 1.0 210.4
L 700 251,0252.0 | 236.5 3.5 0.982 264.2 |
360 0 8.T. 203,41 226.5 | 2326.7 28,1 9.633 203.4
B.P, =
14,500 o' 4.40 R.T. | 2328.7]348.7 ‘ 338.7 2.4 0.572 175.9
i 200 | 35:i.7(356.7 | 362.2 6.0 .95 169.0
40¢ 345.7 1348.7 | 348.7 27.4 1.00 202.4
. 700 315.,5-_1?_;' 248.5 [ 254.5 37.8 0.976 280.6
00 0 R.T. 230.4 [ 235.5 | Ji2.6 33.2 0.752 253 .5
3.97 R.T. | 334.7133%.7 | 246.7 35.0 0.980 251.8
200 334.7 13407 | 344.7 3.4 0.9 2278
400 325.7 1330.7 | 331.7 35.4 0.998 247.5
700 248.5 ] 250.5 | 254.5 39.4 0.985 | 289.9
400 0 R.T. 229,51 242.0 ] 304.7 38.6 0.734 257.8
B.p. =
14.200 b | 4.47 R.T. . 345.0|348.0 | 348.0 35.4 i.0 231.4
200 | 344.0348.0 | 350.0 29.4 0.995 ‘ 241.3
400 305.01337.0 | 344.0 34.0 0.98 207.7
' 700 J 254.0{25.0 | 26..0 39.8 0.98; 279.4
1
500 0 LR | 2224123405 | 28446 41.0 0.624 261.9
.40 1 PLT. 293,61 306.6 | 314.6 39.7 0.974 216.2
: 206.7
| 400 297.6 | 30¢.6 | 306.s 37 0.993 2181
L 700 246.5 | 249.0 | 250.% 39,3 0.993 214.7
L 200 o 1 2003 .
500 0 BT 224.9 1 238.5 287 6 37.8 0.845 199.8
Rp. =
14,300 1b |  4.75 R.T 271.51292.6 | 300.6 42.4 0.973 189.9
200 274.5] 282.¢ 303.¢ 36.0 0.965 176.6
400 304.1399.1 300 | 37.8 :.00 184.3
700 250.C | 251.5 254.% 38.6 0.987 219.3
18
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Table I. TENSILE : ROPERTIES OF MARTENSITE {continued)

' Yiald Strength | Tensils | Reduction | Tiels Strength | Notch Teasile
Temper | Preatrain | Retempsr i) Strength|{ of Arsa Stron%&h i
{deg F) (%) ideg F) 0.1% | 0.2% {(ksi % Tensile Strength (kal) i
. 500 ¢ R.T. 225.5 | 226.0 | 238,5 42.4 0.874 299,2
4.4 R.T. 252.5 ] 265.5 277.6 42.4 0.357 232.3 s
400 278.5 | 284.6 287.8 41.0 9.99 221.9
600 261.5 1 265.0 270.0 41.0 0.u8l 252.6 3
700 243.0 | 248.0 249.0 42.8 ¢.988 276.7 ?
200 217.4 4
g@g 0 R.T. 224.01226.0 280.0 42.4 0.87 247.1 !
15.500 b 5.11 A.T, 2549.01 269.0 272.0 38.8 0.399 255.68
400 280.01 293.0 294.0 37.2 0.496 245.9
600 268.0 | 270.0 272.0 38.2 0.893 253.1
700 246.0 | 248.0C 248.0 41.0 0.93%5 290.4
200 242.
800 0 R.T. - 195.4 206.4 41.6 0,945 279.5
i0 R.T. - 183.4 218.4 41.0 0.908 249.5
10 400 - 217.4 228.5 37.2 0.950 -
gﬂg 10 R.T. - 212.4 215.4 39.2 v, 3870 ‘ 259.6
1&,&00 b | 1€ 400 - 227.5 234.5 35.4 0.368 227.1
1900 0 R.T. - 176.4 187.9 42.8 0.940 271.0
10 R.T. - 186.4 196.4 44.0 §.943 274.0
In 40 186.4 187.9 38.6 0,942 274.0
lUgO 10 R.T. - 195.4 199.4 42.8 0.980 284.0
B' L=
16,650 lb{ 10 400 - <07.4 212.9 39.8 0.273 280.0
1,150 0 R.T. . 143.8 153%.8 83.6 0.923 430.2.
10 R.T. “ 162.3 166,3 50.8 0.973 248.0
10 400 - 170.8 177.4 45,8 0,962 262.0
ééso 10 R.T. . 185.8 188.3 43.¢ 0.98% 282.0
{14.850 1k | 10 400 - i e b oou 0,983 270.0
*Back Pull
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Table II,

TENSILE PROPERTIES OF BAINITE

20

tLoaded o 15.850 1b: fixture broke.

Specimen broke at 16,100 lb.

on re-test.

Yield Strength | Teneile | Reduction : Notch Tenaile

Tenper | Prestrain | Ratempe e Strength! of Areq Yield Strength Strength

(deg F) ) {deg ¥ 0.1 1 0.2% {ksi %) Tensile Strength {ksi

R.T. ) R.T. 163.4 198.4 | 240.5 56.8 0. 825 332.8

£.48 R.T. 279.61 282.6 | 283.1 45.2 0.993 3i5.5

200 264.5| 273.4 | 275.8 51.5 0.932 311.3

400 263.5| 278.€ | 280.6 S0.4 0.9%6 331.0

756 229.0/ 230.5 | 230.5 52.8 1.0 327.7

R 'r 0 R.T. 151.0} 200.0 | 245.0 54.3 0.815 337.2

- 4.8 R,T. 280.5| 282.6 | 282.0 43.2 1.0 330.3

Tiron 1 206 261.0| 282.5 | 282.5 7.4 1.0 3332.9

400 279.5| 280.0 | 280.0 48.6 1.0 317.6

750 226.0] 228.0 | 228.0 52.0 1.0 325.5

400 0 R.T. 186.0] 195.0 | 242.0 54.8 0.806 326.8

§.33 R.T. 248.0 259.0 | 265.0 53.6 0.978 308.2

200 275.5] 277.0 | 278.0 51,5 0.993 295.3

400 272.0) 277.0 | 278.0 49.8 0. 9 321.7

759 228.0| 228.0 | 229.0 52.0 1.0 323.9

;og 0 R.T. 187.0( 1968.0 | 244.0 6.2 0.811 331.6

y 16.300 15| 4.8 RT. | 258.0| :86.5 | 268.0 53.6 0.935 324.3
'] 208 260.0/ 28..0 | 282.0 50.4 1.0 326.5
' 400 279.0| 262.5 | 282.5 45.2 1.0 333,8
| 750 223.0] 224.5 | 224.5 50.4 1.0 326.8
700 6 R.T. 206.5| 212.5 | 237.5 53.6 0.896 317.4

4.47 R.T. 226.0( 237.0 | 243.0 54.1 0.975 315.90

400 250.5] 254.0 | 255.C 52.0 0.996 307.9

760 232.5] 224.0 | 234.0 498 1.0 326.51

750 226.0] 227.0 | 227.0 53.0 1.0 318.0

gng () R.T. 198.0) 204.0 | 229.5 54.8 0.89 322.2

i 14,200 1]  5.04 R.T. 238,0f 1.5.0 | 249.0 53.6 0.988 326.0
400 261.0] 264.0 | 264.0 48.0 1.0 302.6

: 700 242.00 243.0 243.0 48.8 1.0 326.7
3 750 232.0} 232.0 | 232.0 52.0 1.0 322.0

*Back Pull
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