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THE EFFECTS OF CARBON, PHOoPHORUUS, AMD ALLOY CONTENTS
ON THZ NOTCHED BAR IMPACT PROPERTIES
OF QUENCHED AND TEMPERED STEELS

The Venotch Charpy imoact properties of eight alloy gredes of
quenched ani tempered steel have been investigated., In addition to present-
ing additional data on the effects of carbon, phosphorous, and alloy contenis
on the impact properties, the report includes data from past reports on these

ijectso

Three types of brittleness, marifested by high trensition temper-
atures, are observed:

1. MA" brittleness, or 500°F embrittlement. This phenomenon is
universally axhibited by practically all steels at all carbon levels and is
greatest for the highest carbon level, 0.,80% C.

2. "B" brittleness, or the 1200°F reversal, This is exhibited
by the 2300 series and consists of an elevation in transition temperature
for specimens tempered at 1200°F,

3. Temocr brittleness. This is observed principally in the
0.80% C heat of each grade with the exception of the 2300 series. Steels
containing molybdenum exhibit less temper orittleness than those containing
no molybdemm.,

The transition temverature of a quenched and tempered steel is
dependent, among other things, on carbon content, alloy content, and temper-
ing temperature. Jurves are presented relating these variables, which can
be used to choose the optimm carbon level, alloy grade, and tempering tem=-
perature,

Phosphorous raises the transition temperatures of 4100 and 5100

steels at practically all carbon levels and hardnesses. The deleterious
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effect of this element is greater in the 5170 grade, which contains no
molybdenum, than in the 4100 grade, which contains moljbdcaum.



THE EFFeCTS OF CARBON, PHOSPHOROUS, AND ALLOY CONTENTS
ON THE NOTCHED BAR IMPACT PROPERTIES
OF QUENCHED AND T*MPERED STEFLS

I. INTRODUCTION

This work is a continuation of the study of the notched bar im-
pact properties of medium alloy grades of steel in the quenched and tem-

1. 3ealt with the impact properties of eight

pered condition. Report No. 22
0.50% carbon grades. Report No. 28° extended the study to lower and higher
carbon contents of some of these grades. The present report extends the

study still further to include more of the grades with varying carbon cone

tent and in addition, at two different levels of phosphorous contert.

II. MATERJAIS AND PROCEDURES

Report No. 28° presented results of investigations of the provner-
ties of three grades of steel, L4300, 2300, and 8600, each with a range of
carbon contents from 0,20 to 0.80%. The 4300 series was investigated
throughout a tempering range of 40O to 1200°F, and the 2300 and 8600 series
at tempering temperatures of 800, 1000, and 1200°F. Those results will be
presented again in the present repcrt for comparison purposes.

The present report will present data on several additional steel
grades in the as-quenched condition and tempered over the range from 300°F
to 1200°F. These grades are as follows: 1300, 3100, 4100, 4600, and 5100
series, At least three carbon levels, 0,20%, O.4L0%, and 0.80% were in-
vestigated, and for the 2300, 4300, and 8600 series, carbon leveis of 0,30%
and 0,60% were also tested. The 4100 and 5100 series were investigated at
two levels of phosphorous contente In addition, the 4300, 2300, and 8600
series data presented in Report No. 28° were extended to include the come

plete range of tempering temperatures from as=quenched to 1200°F. Chemical

-] -




compositions of the steels investigated are given in Table I,

Fine grein latoratory induction furnace heats were used, Furnace
practice, ingot size, forging, normalizing, specimen preparation; hcat trcate-
ment, and testing procedures were the same as those described in Report No.

22,1

except that the normalizing and austenitizing temperatures were ade-
justed to the caroon contents of the various heats, Normalizing and austen-
itizingwere carried out at the same temperatureg these temperatures are
listed in Table II, together with the austenitic grain sizes,

Those heats which were investigated at two levels of phosphorous
content were prepared by making a phosphorous addition to the metal remaine
ing in the furnace after three ingots had been cast. Three more ingots were
then cast from this metal which was high in phosohorous content. These are

denoted by having a letter "P" after the grade number.

I’Y. EXPERDMENTAL DATA

Conventional impact energy-temperature curvas.are presented in
Aovvendix I. In general, the immact ensrgy reaches a maximum which remains
constant as the testing temperature is increased., This permits the use of
the temperature at 8U% of the meximum energy as the measure of transition
temnerature, An exception to this rule is made in the case of the material
tested in the as-quenched condition. In this case, the maximum energy has
not yet been reached at a testing temperature of room temmerature, Testing
at a temperature higher than room temperature results in some tempering
taking place during testing so that the impant energy curve in this region
is not actually for an as-quenched svecimen. Thus, in this case, no single
value is taken as the transition temcerature,

Table IIT contaius the transitlon energies and temperatures taken

from the impact energy curves in the Aopendix; as well as hardness data.

N
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These data are plotted in Figures 1«26, in vhich tempering temwerature is
used as the independent variable. Composite curves of transition temperee
ture vs. tempering temperature with carbon content as the parameter are
oresented in Figures 27-30.

In order to take intc account the different hardnesses obtained
for steels of different carbon contents at a given tempering temperature,
the data are also plotted with hardness as the indeperdent variable. These
plots are presented in Figures 51-41.

Figures 42-44 are three-yariable summary plots which best illus-
trate the inter-relations ameng hardness, carbon content, and trensition
temoerature for three series of steels, 2300, 4300, and 8600.

The effects of phosphorous contents on the transition tempera-

tures of the 11100 and 5100 series are illustrated in Figure 4S5.

Iv. DISCUSSION

In general, the results presented in previous reports of this study

of the behavior of tempered martensite in the V-notch Charpy test are sub-
stantiated and extended by the present data.

It was reported previously that several types of embrittlement
can occur in tempered martensite., These are (1) 500°F embrittlement, or
"A" brittleness, (2) 1200“F reversal, or "B" brittleness, ana (3) conven-
tional temper brittleness, The variation of transition temperature with
tempering temperature is determined by the occurrence of these types of em-
brittlement, either singly or in combination, which is, in turn, determined
principally by composition and heat treatment.

A, S500°F Embrittlement

The curves of tempering temperature vs, hardness and the energy

and temperature at 80% of maximum energy are presented in Figures 1-26,



Examine now the curves of Figures 27=30 which summarize Figures 1-26 and
vhich include data for all the different grades of steel at various carbon
levels studied on this program. Practically all the steels exhibit SO0F
or M"A" brittleness. The tempering temperature at which the maximm in this
type of brittleness occurs is not necessarily 500“F, but may occur somewhere
between 500 and 700°F, Exceptions to this general behavior are 4320 and
4340, which exhibit maxima in their trensition temperatures at tempering
temperatures of 800°F., It should be noted that the amount of "A" brittle-
ness is greatest for the 0.80 C heat in each grede, with the exception of

the 4300 series, in which 4360 exhibits as much "A" brittleness as 4380,
B. 1200"F Reversel

The 1200°F reversal is exhibited only by the 2300 series, (Figure
27), a straight nickel grade. Slight reversals are exhibited also by L4&40
and 5140, but the 2300 series is the only one which shows this behavior as
a grade and to such a large extents It is believed that this type of brit-
tleness is caused by the formation of austenite upon tempering at 1200°F,
vhich then transforms to martensite upon quenching from the temper or at a
later time upon testing. The formation of austenite on tempering 2340 at
1200°F has been observed and its occurrence described in Report No. 220,

C. Temper Brittleness

The particular type of brittleness known as temper brittleness
is also observed in some of the curves of Figures 27-30. Temper brittle-
ness is developed in alloy steels by tempering in the range from 950 to
1150“F for extended times, or by cooling slowly through this range. The
specimens used in the present study were tempered for one hour and quenched.
Ordinarily, this trectment would develop very little, if any, temper brit-
tleness. However, with the exception of the 2300 ani the8600 grades, the
0.80 C heat o1 every grade or steel investigated exhibits a peak in

-l -
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transition temperature at a tempering temperature of 1000“F. Even in the
8600 grade {Figure 30), whereas the transition temperatures for low carbon
contents decrease as the tempering temperature, rises from 700Y, the transi=
tion temperature for 8660 does not decrease until the tempering temperztuvre
exceeds 1000, and for 8680 the transition temperature does not decrease at
all. This peak at a tempering temverature of 1000" is generally not as high
as the peak caused by "A" brittleness at a tempering temmeravure of 500-
700°F. Thus, it is shown that a high carbon contenc aggravaves temper brite
tleness; grades of steel which develop no temper brittleness at low and ine
termediate carbon contents do develop temper brittleness in the 0.80 C heats.
D. Effect of Carbon and Alloy Content

The data are also plotted as a function of hardness rather than
tempering temperature to allow us to determine to what extent hardness is a
common denominator in relating transition temperature to caroon and alloy
contents. These plots are presented in Figures 31-38 with carbon content as
the parameter, and in Figures 39-il with alloy grade as the parameter.. Also
plotted in these figures 1s the value for 80%f of the maximum energy.

The curves of transition temperature vs. hardness have the sanme
general shape as those of transition temperature vs. tempering temperature:
however, they are disploced relative to one another because of the use of
the different abscissa, Consider first the curves of Figures 31-38. With
the exception of the temper brittloness xhibited at a hardness around Re 40
in the 0,80 C heats, the curves of transition temperature vs. hardness are
samewhat homologous within any one grade, the curves being displaced toward
higher hardness as carbon content increases. This includes the 500°F em-
brittlement peak which moves toward higher hardness as the carbon content
increases, The height of this peak is the greatest for the 0.80 C heat in

each grade, and is the lowest for the 0,40 C heat in the 1300, 3100, 4600,
- S -




5100, and 8600 series. The height of the peak in the 0.?0 C heat is the
lowest for the remaining grades with the exception of the 4100 series in
vwhich the 0,20 C and the 0.40 C heats have peaks of equal height.

The carbon content with the lowest transition temperature for any
given hardness depends upon the particular hardness chosen. It is difficult
to state general truths in regard to this point because of the absence of
valid generalizations that aoply to all grades. The best overall conpronise
seems to be carbon contents of 0,40% and 0.30% which generally have the low-
ost transition temperatures at hardnesses under about LO and above about L49.
Exceptions are the low carbon heats of the 2300, 4100, and 4300 grades which
have lower transition temperatures as-quenched or tempered only slizhtly
than steels of higher carbon contents at the same hardness.

Examine now Figure 35, in which are presented the transition ten-
perature data for the L300 series. It can be seen that the transition tem-
perature is a function of the hardness and the carbon content, but that the
maximm energy (or 80% of the maximm energy) is dependent only on harcness,
within a narrow band. Within this band, at a given hardness, the energy
generally increases as the carbon content decreases. It will be notfied that
the width of the band ie much greater for most of the other grades, es=
pecially for the 1300 and 5100 series. It ic pgenerally true, however, that
for any grade the enecrgies increase 23 the carbon contents decrease for any
given hardness. The same sort of an analysis applied to Figures 3941 in-
dicates that steels of various allcy gredes, but of the same carbon content,
likewise do not exhibit a unique relationship between 80% of maximm energy
ard hardness, but that a band is obtained for this function. This is pare
tiocularly true of the 0,20 C and 0,40 C heats. The 0.30 C heats exhibit
consideratly less scatter in their 80% of maximum energy vs. hardness curve.
The disposition within the band is different for these figures than for

-b -
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Figures 31=38 in that the relative positions of the various alloy grades
differ at the different ocarbon levels, whereas in Figures 31-38 it is gen-
erally true that the lower the carbon the higher the emergy for 2 given
hardness.

The question of which alloy or combination of alloys best promote
low transition temperatures is one of vital iaterest to all engineers who
design structures for low temperature service. Stated in other words, the
question is this: "For a given hardness and a given carbon content, which
grads of steel possesses the lowest trensition temperature?" Examination
of Figures 39«1 indicates that the answer depends upon the particular car-
bon content and hardness under consideration. Some general remarks, howe
ever, can be made. (It should be emphasized at this time that the curves
apply to the particular heat treatment used in this investigation and that
for a different heat treatment the c¢cr~es would have a different relation-
ship to one another. In particular, a tempering treatment more conducive
to temper brittleness would change the order of the curves at low hard-
nesses).

The three Mi-Cr-Mo grades investigated, 4300, L4600, and 8600
series, among them have the lowest transition temveratures at most of the
carbon contents and over most of the hardness range. The 4300 series and
the L600 excel at the highest hardness le vels for all carbon comtents. In
addition, L3LO has superior properties at the lowest hardnesses, and L6l0
at intermediate hardnesses, and both these series at the 0,80 C level have
superior properties at the lowest hardnesses, The 8600 series, which is a
leaner alloy than the 4300 or L600O series is superior at the lowest hard-
nesscs at the 0,20 C level, but varies from intermediate to poorest at other

hardnesses and carbon levels,
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The M -Cr grade, 31C0, is intermediate at the 0.,2C C and 0,40 C
levels and varies from poor to good at the 0,80 C level,

The Cr-Mo grade, 4100, varies from intermediate to good at all
carbon levels.

The straight chromiur grade, 5100, is poor at the 0,20 C level,
and varies from poor to good at the 0,40 C and 0.80 C levels.

The streaight manganese grade, 1300, and the atraight nickel gredse,
2300, are, in general, the poorest of the grades investigated. Exceptions
to this general statement are 1380 which has a relatively low transition
temperature around a hardness of Rc 46 and 2320 which has a relatively low
transition temperature over most of the hardness range.

The important conclusion to be reached from this disucssion is
that no one alloy grade is the universal panacea, even within the limits of
the present investigation. From curves such as Figures 39<i1, an order of
merit can be established for steels of various grades at a given carbon
content and hardness and a choice made accordingly. There are particular
values of carbon content and hardness where there is very little spread in
transition temperature for all grades of steel, i.e., Rc 34 at the 0.20 C
level, while at other carbon contents and hardnesses the spread may amount
to hundreds of derrees.

An examination of the temper embrittlement maxima obtained by
tempering the 0,80  heats at 1000“F (Figure L1) indicates the beneficial
effect of molybdenum in minimizing temper brittleness. Grades 2380, 4380,
and 8680 exhibit no maxima at all, Of these, 2380 is a straight nickel
grade, and the other two contain molyodemum. The remaining grades fall into
the tollowing order as regards amount of temper brittleness exhibited with
4100 showing the smallest nedk and 5100 the largest: U100, L4600, 1300,
3100, and 5100, The L4100 and L60OO srades contain molybdenum, and the 1300,
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The Ni-Cr grade, 3100, is intermediate at the 0,20 C and O.L40 C
levels and varies from poor to good at the 0,30 C level.

The Cr-iio grade, L4100, varies from intermediate to good at all
carbon levels.

The straight chromium grede, 5100, is poor at the 0,20 C level,
and varies from poor to good at the 0,40 C and 0,80 C levels.

The straight manganese grade, 1300, and the straight nickel gredse,
2300, are, in generali, the poorest of the grades investigated. Exceptions
to this general statement are 1380 which has a relatively low transition
temperature around a hardness of Rc L6 and 2320 which has a relatively low
transition temperature over most of the hardness range.

The important conclusion to be reached from this disucssion is
that no one alloy grade is the universal panacea, even within the limits of
the present investigation. From curves such as Figures 39-41, an order of
merit can be established for steels of various grades at a given carbon
content and hardness and a choice made accordingly. There are particular
values of carbon content and hardness where there is very little spread in
transition temperagure for all grades of steel, i.e., Rc 34 at the 0,20 C
level, while at other carbon contents and hardnesses the spread may amoumnt
to hundreds of derrees.

An examination of the temper embrittlement maxima obtained by
tempering the 0.80 © heats at 1000“F (Figure L1) indicates the beneficial
effect of molybdenum in minimizing temper brittleness. Grades 2380, 4380,
and 8680 exhibit no maxima at all, Of these, 2330 is a straight nickel
grade, and the other two contain molybdenum. The remaining grades fall into
the following order as regards amount of tempcr brittleness exhibited with
4100 showing the smallest pedk and 5100 the largest: L100, L4600, 1300,
3100, and 5100, The 4100 and L60O erades contain molybdenum, and the 1300,
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3190, and 5100 do not. Thus, the three worst grades, insofar us temper
brittleness is concerned, contain no molybdenum, while those graaes which
exhibit less or no temper trittlensss do contain molybdenumj the straight
nickel grade also exhibits no temver brittleness.

Three~variable plots sumarizing ;.he inter-relations among harde
ness, carbon content and transition temperature for the 2300, 4300, and
8600 series are presented in Figures L2-l)i. These curves have already been
adequately discussed previously. The three-variable representation is a
convenient, clear method of presenting these data and for studying the re=-
lationships obtained.

E. Effect of Phosphorous Content '

The effect of phosphorous content on the impact properties of two
grades of steel are presented in Figure L5. The two grades investigated were
14100, containing about 1% chromium and 0.20% molybdemm, and 5100, which is
the same as 100 except that it contains no molybdenum. The low phosnhorous
heats contain from 0.004% to 0.023% phosphorous, while the high phosphorous
heats (signified by the letter "P") contain from 0.031% to 0.037% phosphor-
ous. it

It can be seen that the added phosphorous has a deleterious ef=
fect on the transition temperature in every case except for }180. It can
further be seen that the transition temperature is elevated more for the
steel containing no molybdenum, 5100, than for the steel containing molyb-
denum, 4100. This is in accordance with the results oresonted previously
in Report Nos 30,> in which it was shown that the addition of molybdenum
offsets the deleterious effect of phosphorouse A Mo/P ratio of 5§ was found
to be necessary to offset the harmful effect of phosphorous in raisinz the
transition temperature in the absence of temper brittleness. The low phos=

phorous L4140 used in the present investigation had a Mo/P ratio of about

=0 &



11, and the high-ghosphorous 410 a ratio of about 6. Such a high Mo/P
ratio notwithstanding, phosphorous was still shown to be deleterious. It
is questionable vhether the harmful effects of phosphorous could ever be
completely offset by molybdenum, no matter how high the Mo/P ratdo.

Examination of Figures 12«1l and Figures 18-21 reveals that the
phosphorous has practically no effect on the temperability of the steels;
hardness after tempering is the same regardless of whether the material
contains low or high phosphorous.

The data for one heat of 5135 with high phosphorous are included
(Figure 20) as a matter of interest. This was iptended to be a heat of
5140 P, but the carbon came out too low, ro another heat was made for com-
parison with tie low phosphorous 510. A ocomparison of the two heats cf
high phosphorour material (Figures 19 and 20) indicates very little differ-
ence in properties.

v. SUMMARY

The Charpy impact properties of eighi alloy grades of quenchkad
and tempered steel have been investigated.

A. The following three different types of brittleness, manifested
by high transition temperatures, have been observed:

le "A" brittleness; or 500° embrittlement. This phencmenon is
universally exhibited by practically all steels at all carbon levels, The
0.30 C heat in each grade exhibits the greatest amount of "A" brittleness.

e "B" brittleness, or the 1200° reversal. This type of embrit-
tlement is exhibited by the 2300 series, a straight nickel grade, and con-
gists of an elevatiun in transition temperature in specimens tempered at
1200°F. The cause of this type of embrittlement is probably the formation

of angtenite upon tempering, which decomposes o martensite upon quenching
‘or later updn testing.

=10 =
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3, Te=per britileness. This is observed principally in the 0,80
C heat of each grade with the exception of the 2300 series. The steels con-
taining molybdermum exhibit less temper brittleness than those containing no
molybderum,.

B. The transition temperature of a quenched and tempered steel is
dependent, among other things, on carbon contsnt, alloy content, and Lemper-
ing temperature. Curves are presented relating these variables and can be
used to choose the carbon level, alloy grade, and tempering temperature for
the lowest transition temperature. Same of the genmeral conclusions that can
be drawn are as follows?

1. A carbon level of 0,30% or 0,L0% offers the best overall com-

promise as regards minimum traasition temuperatures. These generally have the

lowest transition temperatures at haranesses under about 4O and above about
L9,

2+ The three Cr-Ni-Mo grades among them have the lowest transi-
tion tempveratures at most of the carbon contents and over most of the hard-
ness range. Generalizing broadly, it can be said that the straight manga-
nese grade, 1300, and the straight nickel grade, 2300, are the poorest of
the grades investigated.

Ce High phosphorous contents raise the transition temperatures
of 4100 and 5100 steels at practically all carbon levels and hurdnesses.
The deleterious effect of this element is greater in the 5100 grade, which

contains no molybdenum, than in the 4100 grade, which contains molybdenum.
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Data in this report are recorded in ARF Logbook Nos. C-1280,
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Heat,
3740
I
3779
27
2722
0
2725
27217
3745
J
3781

3308-3
3808<6

3729
38143
381L<6

2921
2716
2718
2720
371
L
3792

37983
3798=6

3816
3117
3813=3
3813-6

2730
2820

2928
2817

TABLE IT
NORMALIZING AND AUSTENITIZING TEMPERATURES,
NOM. and
ml Aust. Twp.’
Grade *F
1320 1650
1340 1550
1380 11450
2320 165G
2330 1575
2340 1550
2360 .75
2380 150
3120 1650
3140 1550
3180 1450
h120 1650
L120P 1650
L0 1550
L1L0P 1550
4180 1450
L180P 1450
4320 1650
4330 1575
L340 1550
L4360 W75
L4380 150
L1620 1650
L6lo 1550
1,680 150
5120 1650
120P 1650
S0 1550
S1,0P 1550
5135P 1550
5180 1450
S180P 150
8620 1650
8630 1575
86110 1550
8660 175
8680 1450

M.
Grain Size

ASTM No.
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TABIE III
TRANSITION ENERGIES AND TEMPERATURES

T A LSOy AT
. Tranegtion Energy and Temp,
Nominal emper Rockwell of Maximm Ene
Aeat Orade °F c Tt-1b. ’I"'1 -

3740 1320  As-Quenched 43 20"
(0e24%C) 300 hi 21.5 ™
Loo b 21.5 10
500 13 21.5 260
600 L2 il 255
700 39 32 155
800 33 48 - 45
1000 23 68 - 25
1200 15 96 - 75

I 1340 A.0Q. 55 8.5*

(0.L0%C) 300 S35 13 - 10
37719 1380 500 56 3 345
(0.73%C) 600 sh 55 350
700 51 10 315
800 L6 1n - 50
1000 38 20 150
1200 26 37 40

27 2320 A3 L3 32*
(0.18%C) 300 L35 2l =200
Loo L2.5 22 200
500 L2 21,5 10
600 39.5 23 - 10
700 36 32 33

2722 2330 A.Q. 52 18*
(0433%C) 300 505 19 - 75
Loo L8 16 - 95
500 L6 17 60
500 43 18,5 100
700 39 2l 50
2725 2360 400 SheS 9.5 55
(0.57%C) 500 51.5 11 225
600 L9 n 160
700 N 15 90
2727 2380 500 SlheS 5.5 350
(0.75% C) 600 51 9 450
700 L7 11 240

-16-.




TABIE III (Contd)
TRANSITION ENERGIES AND TEMPERATURES.,
T FINE ORIV TABORATORY MEATS

Traensition Energy and Tompe

T SR . PP D S Y @ g

Nominal Temper Roclavell 808 of Maximum Ene
Heat Grade i c FE=1b,
3745 3120 2.Q. b 29*
(0,23%C) 300 L3 23 - 85
400 Li 2545 - 45
500 43 21.5 25
600 43 25 100
700 Lo 28 Ls
800 35 39 - 15
1000 26 6245 - 40
1200 19 76 «135
J 3140 AQ. 53 18™
(0.38%C) 300 5245 16 =125
3781 3180 500 56 l 275
(0.72%C) 600 Sh 7 285
700 51 9 165
800 L7 10.5 «120
1000 40 22 120
1200 31 375 -5
3808-3 4120 A.Q. Ll 33
(0.24%C) 300 Lk 26.5 - 50
L00 15 26.5 - 20
500 Ll 24 65
600 L3 23 90
700 1 25 105
800 39 33.5 25
1000 31 53 - 65
1200 23 81.5 =150
38086 mzop* A.Q. Lk 3n*
(0.24%C) 300 L5 2645 10
400 LS 23 - 40
500 L5 2l 150
600 21 110
700 u2 23 160
800 L0 35 65
1000 31 SS - 25
1200 22 86.5 «125
K 12L0 A.Q. 5345 15*
(0.1 0%C) 300 53 15 -100

¥ The letter "P" after a grade mmber indicates a high phosphorous heat.



TABIE III (Contd)

TRANSITION ENERGIES AND TEMPERATURES,
'I‘ransation Energy and Tempe
Nominal Temper Rockwell of Maximum Ener
Heat Grade °F c To=1b, ‘?‘L
3729 L1LOP A.Q. 56 "
(0.L41%C) 300 Sl 13.5 7
L 0o 52 15 95
500 50 11 U5
600 48 12 110
700 L6 1.5 130
800 Lsiy 19 90
1000 37 2945 - 20
1200 29 57 - 35
381l=3 4130 500 S8 5.5 210
(0. Thi%C) 600 56 6.5 240
700 sk 8.5, 130
800 51 10.5 - 50
1000 42 20 T
1200 3 L1 25
3816 1,180P 500 5S 5e5 260
(0.7u%C) 600 5S 6.5 330
700 52 8 30
800 LS 9.5 - 20
1000 Il 18. 60
1200 38 L3 Lo
2921 4320 A.Q. 13,5 30°
(0421%C) 300 L3.5 2k =175
1000 33 37 )
M 4340 A.Q. 55 15"
(0.38%C) 300 Sh 14.5 =225
3751 4620 A.Q. L2 3g*
(0420%C) 300 12 28 =170
Loo L1 27.5 - 90
500 L2 25.5 0
600 L2 28 20
700 38 35 15
800 3k Ll - 55
1000 29 63 - 80
1200 19 92 =115



TABLE III (Contd)
TRANSITION ENERGILS AND TEMPERATURES,
T FINE CRAIN LABORATORY REATS

Transition knergy and Tempe

Nominal Temper Rockwell 80% of Maximun Energy
Heat Grade °F c Tt-1b. M3
L L6lo AQ. 5545 15°
(0eli3%C) 300 SleS )1 - 150
3792 4680 500 56 645 90
(0. TU%C) 600 52 9 155
700 50 9.5 L5
800 L6 12 - 85
1000 hl 21 90
1200 31 35.5 - 10
37983 5120 A.Q. LSS 26"
(0.23%C) 300 ks 23 - 20
Loo LS 23 - 35
500 L6 22 120
600 Ll 2l 175
700 L1 25 135
800G 38.5 37 10
1000 28 68 - 20
1200 22 26 - S0
(0.23%C) 300 Ll 22,5 65
1100 LS 22.5 25
500 Lk 21,5 135
600 L3 22,5 260
700 L1 25 250
800 38 Lo 85
1000 26 69 50
1200 18 89.5 - 65
3816 5140P A.Q. 55 6"
(0.40%C) 300 55 12 160
Loo 52 13 175
500 50 11 330
600 L8 11 2Lo
700 L6 15 220
800 L2 22.5 Lo
1000 33 L Lo
1200 26 68 0
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TABIE ITITI (Contd)
TRANSITION ENERGIES AND TEMFPERATURES
T FINE GRAIN LAEORATORY HEA

0 Y o

Transition Energy and Temp.

Nominal Temper Rockwell 80% of Maximm Energy
Heat Grade °F c Ft=10, ¥
37 5135P A.Q. 55 5"
(Ce35%C) 300 SheS 10.5 15
Loo 52 12 70
500 L9 12 290
600 L9 11.5 320
700 L7 4.5 285
800 L3 22,5 100
1000 3 L1.5 35
1200 2745 575 - 35
3813=3 5180 500 56 koS 305
(0. 72%C) 600 55 6 280
700 510; 605 - 55
800 L7 10.5 =105
1000 39 2L 135
1200 2845 L7 4]
3813=6 5180P 500 57 3.5 385
600 55 L Loo
700 S1 7 295
800 L8 9 100
1000 38 26 2Ls
1200 29 37.5 60
2730 8620 A.Q. k245 35%
(0.20%C) 300 L3 28 - 60
100 L3 25.5 - 35
500 L2.5 24 - 20
600 L1.5 25.5 65
700 39.5 29 55
2820 8630 A.Q. 53 17"
(0.3L%C) 300 52 16.5 =100
Loo 50 17.5 «100
500 L8 16 15
600 4645 16 - 10
700 LheS 19 70
N 8640 A.Q. 59 6"
(0eL5%C) 300 56 13 - 25



TABIE ITI (Contd)
TRANSITION ENERGIES AND TEMPERATURES

m-‘
Tmrgsoétion Energy and Tempe.

Nominal Temper Roclavell of Maximua Energy
2928 8660 Loo 57 10 125
(0.56%C) 500 5SS 9 200
600 5245 10.5 175
700 S0 12 Lo
2817 8680 500 56 8 385
(0.76%C) 600 54 645 70
700 52 9 125

These valines are the energies absorbed at room temperature and not
80% of the maximm energy, as is the case for the specimens tempered
at 300°F and above. Although thc energy-testing temperature curves
for as-quenched specimens were determined above room temverature,
they are invalid in this region, because same tempering was obtained
during testing. The curm ° generally did not become horizontal until
a testing temperature abo. room temperature was used,
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ROCKWELL C
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TRANSITION TEMPERATURE, °F
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Figwe 31
Transition temperature and 80% of maximm ensrgy a= a function of hardness
and carbon content for the 1300 series,
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Transition temperature and 80% of maxirum energy as a function of hardness
and carbon content for the 2300 series.




800
400 |-
300 |-
y
y 200
&
=
-
«
[ 4
a
5 100 -
(1)
-
- 4
o
= ofF
0N
-4 .
<«
@
-
-100 |-
-200 |-
-300
o
@
'
[
. 80
X i
» 60 5
[ 4 o
w
ﬁ 40} X Ao
¢ X
X
2 eor o g o a o o g &
g 0 A o i 1 1 1 1 1
- 60 14 50 45 40 35 30 25 20

ROCKWELL C HARDNESS
(INCGREASE IN TEMPERING TEMPERATURE —»)

Figare 53

Transition temperature and 30% of maximm ensrgy as a function of hardness
and carbon oontent for the 3100 series,
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Figure 34

Trensition temmerature and 80% of maxim:m energy as a function of hardness
and carbon content for the 4100 series.
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Figure 36

Transition temverature and 80% of maximm enmergy as & function of hardness
and carbon content for the L4600 series,
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Transition temnerature and 307 of maximun energy as a function of hardness
and carbon content for the 5).0C series,
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Transition temperature and 80% of maximm energy as a function of hardness
and carbon content for the 8600 series.
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Variation of transition temperature a~d 80% of maximm energy with hardness

for 7arious grades of steel at the 0.27% caroon level,




TRANSITION TEMPERATURE, °F

80% MAX. ENERGY, FT.-LBS.

500

X -+ 1340
R 2340
400} L s e 3140
. 4140
y AT T 4340
0 wosmemen 4640
300 - A —— — 5140
¢ —— 8640
200}
100
o..
-100}
200
=300
80 X
60}
X e © A )
40} 2" a
a 0!0 Y &
20 X% xgo°
e cxfBuipapd 12°0
1 L 1 i i i 1
60 35 30 25 20

ROCKWEZLL C HARDNESS
(INCREASE IN TEMPERING TEMPERATURE—»)

Variation of transition temperature and 80% of maxiim energy with hardness

for variocus gx

steel at the 0.L0% carbon level,




TRANSITION TEMPERATURE, °F

80% MAX. ENERGY, FT.—LBS.

500

400

100

o

-100

-200

300

80

60

40

20

T

T

-

O
olx o & fchkx B Ex s

@8 " x o

1 1
60 55 50 45 40 35 30 es5 20

ROCKWELL C HARDNESS
(INCREASE IN TEMPERINGh TEMPERATURE —)
1

Variation of transition temperature ard 80% or maxirmum energy with hardness
for various grades of steel at the 0.80% carbon level.



e . e ——— —— - 7 WO T

e e A 0 ety e

*SQTI0S Q0fZ Oyl 20J eumjsledmoq UOTRTSUBLY puw ssauplwy €quUequod UOQIED Auowe SUOTESI-JejUl

2N exndtg

LN31NOD NOBYVO
060 o%-0

(A9¥3INI WNWIXYW
30 %08 LV 3IuNIVY3I4W3L)
de ‘F¥NLVHIIWIL NOILISNVYL

S31¥3S 00€2




4300 SERIES

30 %08 LV J¥NLVYHIIN3L)
de ‘UNLVYHIINIL NOILISNVYL

(AO¥INI WNWIXVIN

B
o
o

0-40 0-50 0-60 070 0-80
CARBON CONTENT

0-30

0-20

Figure i3
Inter-relations among oarbon oontent, hardnoss and transition temperature for the 4300 series.



*80706 0098 943 JOJ SJIGBIeCTT} UOTR TEUBIY PUB SSeUpIey ‘3uequod uUOqIeo Suowe SUOTY ETSI~ISUT

i em3wg
IN31INGD NOSYVO
080 0.0 09-0 060 0v-0 o€-0 02-0 o
N N N W N N AN ,
. . SO I o
< N N N N

N

N D
7 N OA.
Sv
/ N jﬂ / Oovz 0S
e m o ! 500 » A =
g o N R,
N Y| N oo\ i _
00\; |7 °o
x /V\
N 0
o Kmuv\

N\

SN SN S RSN Ko
%

e
(AOH3IN3 WANIXYN
40 %08 1% I¥NivEIaw3:)
de ‘UNLYHIINIL NOILISNVYHL

S31¥3S 0098



TRANSITION TEMPERATURE,*F

400

— 4180 7\ —5180
A e \ ---
300} 5 4180P ,‘ 5180P

200

-100}

400} —— 4140 — 5140
~---4140°P ---5140P
300}

200}

300} — 4120 :g:ggp
-=- 4120P -~

-2 oo i 1 1 1 1 Il 1 1 1 1

200 400 600 800 1000 1200 200 400 600 800 1000 1200
TEMPERING TEMPERATURE, °F

Figure L5
Effect. of phosphorous on transition temperatures for
the L4100 series which contains molybdenmxm and the 5100
serfes which has the same analysis as the L100 series
except that it contains no molybdemm.




- ——p e aee i —

APFENDIX
EXPERIMENTAL IMPACT DATA

The energy data obtained from the impact tests have been
assembled in the figures in this Appendix. All experimental points

represent individual observations, not averages.
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