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ABSTRACT

Six AIST C 1065 steels were heat treated and tensile tested in
order to evaluate their ductility at high strength levels. Heat
treating and tensile testing procedures were developed for use in
working with these steels at tensile strengths of 300,000 psi and
higher. The austenitizing procedure in the hardeming operation was
found to affect the stremgth and ductility of the high strength sam-
ples. Rapidly heating to the austemitizing temperature followed by
an immedlate quench produced better properties than slow heating
followed by a soaking period before the guench. However, it was
conoluded that the carbon conterts of the steels studied (0.64% -
0.72%) was too high to reslize simultaneously very high strength
and appreciable ductility.
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I. INTRODUCTION

A study almed at investigating the ductility of high strength
plain carbon steels was undertaken., Six steels of the AISI C 1065
grade with carbon contents botween 0.64% and 0.72% were studied.

Stronger materials are constantly required to meet the demands
of modern technology., Often where high strength is required, alloy
steels must be used becauss the particular application demands certain
qualities such as high toughness, retention of strength at high temp-
erature, corrosion reslstance, weldability, etec. However, there are
applications where high strength is required and the other require-
ments are less stringent. From the standpoint of economics in mater-
ial usage, it is worthwhile to investigate plain carbon steels in
order to determine their maximum usesble tensile strength.

Plain carbon steels are commonly used in the slow cooled condition.
In this study where very high tensile strength, 300 ksl (thousands of
pounds per square inch) and higher, are of interest, the quenched and
tempered conditlon was studied.

Chien (1)1 and Kisslinger (2) have studied high strength, heat
treated, plain carbon steels and found that tensile strengths of 300
ksi or higher can be obtained, but that some heats of steel lose their
ductility when heat treated to high hardness.

The six steels that were available at the start of this work were
studied in order to develop a heat treating procedure that would pro-
duce their best properties and to determine which, if any, of these
steels was ductile at very bigh strength levels.

1Numbers in parentheses refer to bibliographical entries.



IT. LITERATURE REVIEW

A, TEMPERING OF MARTENSITE

Tempering of martensite has been a subject of importance to steel
users since the discovery of the allotroplc nature of iron. ILight
ﬁicmscope and Xe-ray work Served to remove much of the mystery of the
hardening and subsequent tempering process of martensite. Not until
the early 1950's, however, was much of the true mechamism revealed and
#daqua‘bely explained. In the early 1950's with the initiation of
ﬁdespread use of the electron microgcope, new in-roads were made to
understanding the tempering process. Some discussion of the advances
reported in the literature is considered necessary.

While there exist conflicting opinions concerming the exact
nature of the tempering process, it is still customary to distinguish
three general stages in temperdng steels:

1. Decomposition of martensite and formation of epsilon carbide

2. Transformation of retained austenite

3. Transition of epsilon carbide to cementite.

In much of the literature attention is concentrated on the first and
third stages, but no marked distinction is made.

Kelly and Nutting (3) show that the shear transformation of
super-saturated austenite gives rise to two types of martensite:
low-carbon martensite is in the form of needles or laths contaiming
dense dislocation networks, while high-carbon martensite is in the
form of internally twinned plates. Both of these substructures are
known to exist similtaneously in quenched steels throughout the range
of carbon contents. The extent to which either would exist in a steel



of the carbon content being studied (approximately 0.70%) could con-

ceivably be dependent on the degree of homogenization achiewed in the
austenitizing operation. How these substructures relate to the temp-
ering process and subsequently affect the strength in quenched steals
is discussed in the literature.

Tekin and Kelly (4) in their work with a twinned or high carbon
form of martensite found that tempering occurred at temperatiures as
low as 700F (20°C). Although too undeveloped to be defimitely defined
as carblde, they observed what appeared to be a pfecipitate lying
between the twins after 18 months temparing. For mors practiesl temp-
ering times (25 hours) a precipitate first appeared at the temperature
of 210°F (100°C), but it was not defimitely identified. After temp-
ering at 300°F (150°C) for 2 hours, this precipitate was identified as
epsilon carbide by diffraction methodss: They found that the epsilon
carbide began to disappear when tempering was carried out at 390°F
(200°C) and, simultaneously, cementite began to apfpesr. This change
from epsilon carblde to cementite did not océur as a direct transition,
but the cementite precipitated at locations different from those of the
original epsilon carbide. This last finding was corroborated by Bguchi
ot 2l (5) in transmssion electron microscope work with a steel con-
taining 0.40% carbon; however, Eguchi observed that epsilon carbide
dissolved completely below 570°F (300°C) before cementite Tirst appeared
at 610°F (320°0).

In somd of the earlier work, Lement et al (6) determined that the
temperature ranges over which the carbide phases existed in the early
stages of tempering overlapped. Working with high purity steels they
indicated, in the case of a 0.80% carbon contert; that the first stage



of tempering ended at 350 to 400°F (175 to 200°C). Thereafter, pro-
gressive solution of the epsilon carbide network occurred in the third
stage of tempering at 450 to 500°F (230 to 260°C). This solution of
epsilon carbide occurred simultaneously with formation of cementite
platelets and globules within thebmartenaite subgrains and films at
the subgrain boundaries. At least some overlapping of the existence
of epsilon carbide and cementite, then, wag indicated; whereas, Eguchi
had noted a separation of the temperature ranges over which the two
carbldes existed.

In regard to the obgervation by Lement and his coworkers, it
should be noted that they did not have the advantage of transmission
mieroscopy techmiques for their investigations and that use of replicas
may not have revealed the speclfic nature of the scarbides. Also, com-
position is known to affect carbide formation characteristics amd
could have been responsible for the varylng observations.

Redsdorf (7) and Baker et al (8) have observed & marked retarding
of carblde precipitation in high silicon steels at low tempering temp-
eratures. Other elements have an effect on tempering rates, but mno
other element has been singled out whiech shows the marked retarding
offect that silicon shows at low temperatures. Some evidence exists
that indicates silicon is combined in the epsilon carbide. (7) Such
being the case, silicon content could well be a controlling factor in
the rate of dissolution of epsilon carbide.

The three stages of tempering stated at the beginning are a
general discription of tempering martensite in the low temperaturs
range. A more detailed description seems possible of the low temper-

ature tempering process that can be expected in steels such as those



in the AISI C 1065 grade being studied, because recent studies using
the electron microscope have provided increased understanding of the
nature of carbide formatlon in martensite.

The nature of carbide formation at low tempering temperatires is
generally agreed upon. (3),(%#),(5),(8) Agresment is less obvious with
regard to temperatures at which the various carbides appear or dis-
appear. The variation in compositions studied and in experimental
techniques proba‘bly accounts, to some extent, for the dlsagreement on
temperatures at which carbides appear and disappear.

As previously mentioned, both a fwinned and a dislocation sub-
structure can be present in_a quenched plain carbon steel in thé 0.70%
carbon range, but a greater percentage of the twinned substructure is
expected to be present. Tempering a twimnned substructure in the
vicinity of 400°F (200°C) can be expected to form a network of fine
epsilon carbides lying in a direction across the twinned plates. At
this same temperature the first cementite precipitates can be expected
to appear along the twin boundaries. Tempering at higher temperatures
of 500 to 570°F (260 to 300°C) can be expacted to enlarge the cemen-
tite precipitates formed along the twin boundaries and to completely
dissolve the epsilon carbides lylng across the twins. Tempering at
750°F (400°¢) should reduce the number of cementite precipitates,
slightly enlarge the surviving precipitates, and reduce the mmber of
twins present.

Any dislocation-substructured martensite present in a plain high
carbon steel would be most affected in the temperature range below
500°F ( 25_O°C) where recovery would decrease the intensity of the dis~.

location tangles.



B. STRENGTHENING OF MARTENSITE

The precise mechanisms which influence the strength of martensite
are perhaps no better understood than the tempering mechardsms. Much
of the uncertainty stems from the multiplicity of factors available
to produce strengthening and from the probabdlity that many of fhe_se
factors can be additive or cancelling when combined.

Kelly aﬁd Mutting (9) have studied the conmtribution that various
factors make to hardness in martensite. Working with plain carbon
steels of 0i20 and 0.80% carbon and iron-rickel-carbon alloys of 0.20
and 0.80% carbon, they were able to draw certain conclusions regarding
the role of carbon in strengtherming, as determined by hardness. They
present.ed evidence showing that carbon in solid solution accounts for
only about half of the strength observed in a fully hardened 0.80%
carbon steel. It was assumed, then, that a large portion of {the add-
‘itional' strength observed in martensite was provided by some form of
carblde segregate and matrix substructure.

Carbide segregation is exceedingly dependent. on carbon concen-
tration and is manifest as precipitates in relation to either internal
twins which predominate in high~carbon martensite or to dislocations
which predomdnate in the needles or laths of low-carbon martensite.
The internally twinned substructure in a plain carbon steel in the
0.70% carbon range is believed to affect strength properties more than
is the dislocation substructure because of its affect on carbide mor-
‘phology.

Carbide morphology was discussed in the previous section with
‘regard to the ‘early st‘ageé of tempering of high earbon steels. Va_'?:rious
investigators (3),(%),(5),(8) have reported experimental data verifying



the formation of carbides during tempering whiech lie both along twin
boundaries and across the twinned plates. Twin boundary precipitates
restrict the movement of dlslocations and asct as barriers to slip.

For twinned martensite to deform, a slip system must be operative such
that both the slip plane and slip direction are common to a pair of
twinned plates. When carbide preecipitates lie across, in addition to
along the twin direction, they lock the only remaiming deformation
system. This presumably accounts for much of the hardness of high-
carbon martensite after tempering in the region of 400°F (200°C).
Kelly and Natting (3) propose that the softening noted in the 400 to
750°F (200 to 400°C) range does not result from carbide growth, rather
to rémoval of twins.

HBardening of dislocation-substmictured, lowwcarbon martensite
seems to ocour by a mechamism quite different than that for twinned,
high-carbon martensite. Experimental evidence (9) has shown that
autotempering (carbide precipitation during the quench) is prevalent
in plain, low carbon ‘steels. The temperaturs at which a low-carbon
sustenite begins to transform to martensite ls relatively high in
comparison to the low range tempering temperatures. This is believed
to promote the formetion of a high density of fine carbldes, because
the density of the dislocations is high in this newly formed marten-
site and mobility of the dislocetions is relatively high at the Ms
temperature. As the dislocations sweep through the material, oppor-
turity is provided for forming many m‘éleation sites. Thus, a high
density of finely dispersed carbides is possible which would have a
strengthening effect on the martensite. Work reported by Kelly and
Nutting~ (9) showed autotempered martensite to be significantly Harder



than virgin martensite (carbon completely in solid solution) of the
low-carbon type after both have been tempered in the same mamers

The strength of any steel is seen to result from a combination
of various factors. Carbon solid solution strengtherming accounts for
approximately half of the strength of martensite tempered at low temp-
erature. A large portion of the additional strength is due to carbide
precipitates both of ﬁ coherent. and noncoherent nature with dispersions
commensurate with the particular substructure -- dislocations or
internal twinming. Grain size and elements in substitutional solid
solution are considered to play a relatively minor mole. (9)

Carbon is known to have a greater hardemlng effect in the twinned
substructure, both in solid solution and as carbide precipitate.
Therefore, it is important to consider the degree of achievement of a
twinned substructure in a given steel.

Austerdte with 0.50% or higher carbon is considered necessary to
produce a predominantly twinned martensite. The extent to which this
substructure would be achieved in a 0.70% carbon, plain carbon steel
gshould depend largely on the degree of homogemization achieved in the
sustenitizing treatment.

The Bain (10) and Osborn (11) studies on rates of carbon movement
in spherodized and lamellar pearlitic steels indicate that approx-
imately +-second is all the time that is required for carbon to diffuse .
the half lamellar distance in a coarse pearlite during austenitizing.
Using a 0.68% carbon steel Mima and Hori (12) found that the hardness
of martensite, formed from austemite which had been isobhermally trans-
formed from lamellar pearlite, was markedly dependent on austenmitizing

temperature and time. Approximately L0 seconds were required to



develop full hardness at 1380°F (750°C) as compared to 2 seconds at
1470°F (800°C) and 1 second at 1560°F (850°C). Additionsally, they
showed that the time to completely austemitize lamellar pearlite at

1380°F is approximately 300 seconds and at 1470°F the time is 100

seconds.



III. EXPERIMERTAL PROCEDURE

A. STEELS STUDIED

Six coils of 3/U-inch wide by O.'035 inch thick steel strip .were
donated by Interlake Steel Corporé‘cion. Each of the six colils was
taken from a different heat of.steel approximating the AIST C 1065
composition range. The compositlions provided by the supplier are
listed in Table I.

Table I. Compositions Of Steels Studied.

Stesl No. 1 2 3 4 5 6
4 c 0,70 0.71 0465 0.72 0.6k )e76
4 Mn 80 .68 70 67 | 66 75
4 p 009 020 0Ll otk Lotk .016
4 s 016 040 .013 .008 012 012
$ si .05 -0 .05 +05 .05 .05
% Cu .01 .ot 01 .01 .01 .01
% M .01 .01 .01 .01 .01 .01
% Cr .01 .01 .01 .01 .01 .01
% Mo 009 005 009 005 .005 005
% Sn 020 006 008 .008 +007 .008
4 A1 0,005  0.005 0,005 0,005 0,005  0.005

These steels wers described as "sexrﬂ.—killed" and were hot rolled.
MetallOgraphic examination revealed that the microstructures of

the steels as-received were essentially comnletelv pearlitic. SQame
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prosutectoid ferrite was observed 1in Steels No. 3 and 5§ which were
slightly lower in carbon content relative to the other steels. A very
thin, discontimious layer of light etching ferrite was observed at the
exterior surfaces of the strips. This indicated that some decarburi-
zation had occurred during hot rolling.

B, SAMPLE PREPARATION
1. Tensile

Samples were cut with a mechanical shear and identified by stamp-
ing appropriate numbers near one end. Samples were cut to two lengfchs:
8 inches and 10 inches. The 10-inch sample was used for tensile tests
.in all except some of the preliminary work to establish heat treating
guldelines. The greater length permitted more accurate measurement of
elongation. No surface preparation was performed since the material
was recelved with smooth, uniformly oxidized surfaces.

Approximately 20 samples were tested with reduced sections machined
t0. 8 width of $-inch., Only these few samples were tested with reduced
sections because no improvement was apparent in their test results.

Al other specimens reported in this thesls were straight strip samples

with no reduced section.

2. Hardness
Al of ‘Ehe tensile samples were teéted for hardness with a Rockwell
hardness testing machine. “I‘he ends of the samples were ground on a belt
grinder before making. hardness ‘tests. Theée ground areas Were in or
beyond. that portion of the sample gripped by the jaws during testing,
Some preliminary quenching‘ axpeﬂments were done on 5-inch long

samples. These were used for comparing different quench medie and were
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hardness tested along their full length. No tensile tests were made on
these samples.

Samples for microhardness testing were mounted and metallograph-
ically polished. A Xentron hardness f,esting machine with a Knoop

indentor .and 100 gram load was used.

C. HARDENING -

1. Slow Heating

Samples were hardened by austenitizing in a preheated box type
furnace and quenching in warm oil. A protective atmosphere was not
ugsed in the furnace.

The furnace was a Hevi-Duly electrically heated, resistance type
furnace with internal dimensions: 8% inches bigh, 13 inches wide, and
b1 inches deep. Temperature was controlled by means of a variable
temperature-band Wheelco controller which was found to msintain tem-
perature to 43°F at. aﬁy- given point in the work area. The ma:dmum _
temperature variation along the length of & 10-inch sample was approxi-
mately 8°F.

Temperature was contimiously monltored with a sirip~chart recorder
connected to a thermocouple with its hot Junction placed on the hearth
near the center of the sample. The recorder was chedked- against a
portable potentiometer using the same thermocouple and a double-pole,
double-throw switch connected to the thermocouple le#ds.

The 01l quench bath was heated on a hotplate and meintained ét
140 #15°F, |

A wire loop was attached to each sample to facilitate handling.

The specimens were placed individually in the furnace on the clean



13

hearth and removed individually for quenching.

2. Rapid Healting

Rapid heating during austenization was achieved by placing sam-
iales in the furnace when its temperature was higher than the desired
austenitizing temperature. The temperature of the sample was continu-
ously monitored during heating. As soon as the sample reached the
desired austermitlzing temperature, it was quickly removed from the hot
furnace and quenched.

Special sample holders were prepared to implement the rapid hest-
ing. The holders were prepared by attaching thermocouple insulators
to 3-foot long by 5/32-inch diameter steel rods. Chromel and alumel
thermocouple wires were threaded through the insulators and used to
hold the sample. One "bhe‘mooouple wire wes welded to each end of the
sample, Thus, the sample was suspended by the wires and served as the
hot junction of the thermocouple. ~Compensated lead wire was cortiected
to the the‘mocouple.wires at the handle end of the holder. The other
ends of the lead wire were connected ‘bé a potentiometer. Temperature
could be continuously mordtered with this type holder as the sample
heated.

Tﬁe same box type furnace was usged for both rapid and slow heat-
ing. Hoﬁevér, the rapid heating proced:ure necessitated 1ea.ving the
door up (partially open) appmzimately one inch while the sa.mple wasg
heat:lng. Brick baffles were placed in the furnaoe between the open
door and the area used for heating the samples in order to main’cain a
urd form temperature. 'I‘he temperature wi’chin the heating chamber wasg
found to vary no more than approximately 12°F with this arrangemert.



14

The temperature of the furnace near the middle of the sample was moni-
tored with a thermocouple and the recorder during the rapid heating

experiments.

D. TEMPERING

Prior to tempering, loose scale and oil from the quench bath were
wiped off the sémpleé and some of the gamples were checked on aﬁ area
near their ends with a Rockwell hardness testing machine to insure that
proper hardening had been achleved.

Tempering at the 350 and 400°F temperatures was performed in an
0il bath tempering furnace. Temperature was found to be unmiform
throughout the oil bath and to vary 43°F from the desired temperature
during the contrel cycle.

Tempering at temperatures above BOO°F was performed in a forced-
circulstion air furnace. Temperature variation was +5°F from the |
desired temperature during the control cycle and the variation with
position was negligible. |

A1 samples were tempered on the same day that they were hardened

unless specifically noted otherwise.

E. TENSILE TESTING

Static tensile testing was performed using a Baldwin bydraulie
universal testing machine which was equipped with Templin grips. The
nmachine had a load capacity of 20,000 pounds. The high range on this
machine,‘ full scale equal to 20,000 pounds load, was used for testing
g1l of the tensile specimens since the loads ;équ_ired to break them
were near 9,000 pounds. | |

For the majority of the tésts_, the jaws used to pull the samples
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were of a design with one gripping surface rigid and the opposite
gripping surface .free to rotate approximately 10 degrees about the
sample axis. In this configuration a uniform Mite® was possible on
the sample. The pulling bars were equipped with ball and socket joints
to minimize any tendency to bend the ssmples during loading.

The regular jaws désoribed abiove weuld not hold samples which
were harder than about Roekwell C57 and these.samples slipped during
loading, A set of old jaws was modified to alléw an insert cut from
a file to grip the harder samples. A portion of the solid Jaw was
ground down to accommodate the insert (see Figure 1). In this manner
with a coarse file as one of the gripping surfaces, the harder samples
could be pulled.

For all except the softest samples, an expanding device was fre-
quently necessary to set the jaw teeth into the sample before applying
any load. The expanding device was merely a machine bolt brazed to a
steel s‘bi'ap.'. By placing the head of the bolt on the butts of the jaws,
as shown in Figure 2, and‘ unscrewing the nut, the jaws were forced
albng the tapered slides in the grip assenbly and forced to clamp the
semples

load was applied to the sample at-a rate of -appr’éximat‘elgyﬁ' 1500

pounds per mimute. Testing was performed a."tg room Hemperadtures

F. ELONGATION

Prior to tensile 'bes’bing, each sample wasg soribe marked. Iines
were scribed across the sample at $-inch intervals. A specilal templet
which could be attached to the samples was made to facilitate this

worke



Figure 1. Modified Jaws: Top Shows Serrated Gripping Surfaces
Wthout File Insert In Place On the ModiﬂedSolid Jaw; Bottom
Shows Depth Of Ground-Qut Portion Of Solid Jaw To Accommodate
A File Insert.

16
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Flgure 2. Templin Grip Assembly With Expanding Device In Place Against
Butts Of Jaws.
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After tensile testing, elongation was measured on the broken sam-
ple using a beam trammel and a metal seale with 0,01 inch divislons.
The longest distance between two seribed lines on the larger piece of
the tested éample wag measured and used to calculabe sglongation. The
elongation did not include the fré.cture nor the localized deformation
near the fracture. Thersfore, all elongation data repor‘bed. are

uniform elongation outside the fracture area of the sample.
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IV. RESULTS

4, STRENGTH PROPERTIES WITH SLOW HEATING
1. Hardness
Steel No. 5 was used in a preliminary study which determined the

effect of austenitizing temperature and quenching medium on the hard-

ening operation. Samples were austenitized for 15 mimtes at tempera
tures ranging from 1425 to 1525°F and quenched with three different
media: tap water at 70°F, oil at 70°%, and oil at 140°F,

Table II shows the aﬁerage hardnesses found in these samples.
Hardness was measured at five points along the length of each sample.
Quenching in oil at 140°F produced the most undiform hardness throughe
out the range of temperatures studied. Quenching in watexr at 70%F
produced the least umform hardness. The variation of hardness along
the length of these samples is shown in Figure 3. The more uniform
hardness of the samples quenched in the warm oll 1s apparent in this
figure.

The individual hardness values varied between Rookwell C63 and
C66 for the samples quenched in oil at 140°F while they varied between
C62.5 and C67 for the samples quenched in oil at 70°F. The water
quenched samples had hardnesées between Rockwell C57 and C66. However,
the water quenched samples that had been austenitized at 1425 and
1475°F were relatively umifornm with hardness spreads of orly about
three points on the. Roékwall C~scale.

The reason for the greater variation of hardness in some sampleg
quenched in water ;s not known. This varistion was observed in two

separate runs. Water was ruled out as a suitable quenching medium on



20

§*29 0°29 S 49 w.% 9 : Eo_ob zeqmm
€9 €9 0% %9 069 dehd) TR
0*49 049 G*49 §9 0P C (H0MT) T
= T

SSeupIvy [ T[eMm¥yooy

G *oN TeeqS JO SSeupivy e3sIeaY UQ sednjededme] SuTITITUeISHY PUY BTPO YOUSWD JO 4003IF ‘II ﬁaﬁ“



21

Austenitizing Temperatures, Op
. 1425 o 1500
x 1450 4 1525

o 1475
041 At 140°F
o
“66_.____:.___-? : o —_——— 66
)] QO X0 7’ oA
2 21;:_-.————--—1—.-—-.——04 8 * ____:g_..63
60 1 L n 1
1 13 2% 3% b
Distance Along 5-Inch Sample, Inches
011 At 70°F
| — — - — 6
nf’ 66 | R 8 .« x : 7
a2 é4 ay 8 8a xd
. [«]
ﬁ o — — — — — 62.5
2 . " A 1
50 1 1 2% %* n
Distance Along 5-Inch Sample, Inches
Water At 70°F
66 L
o ' .
- 6“' o [-7.3 X‘O ? e
@ 62 - . ;‘& gn oa xg
g 60 o 4 A
58 b . "
56 L F'l r's )| I
1 13 2% % 4

DM stance Along 5-Inch Snmplo, Inches
‘Mgure 3. Hardnesses Of Samples Of Steel No. 5 Quenched From Various
Austeritizing Temperatures Imto 70°F Oil, 140°F 011 And 70°F

Water.



22

the basis of these results.

011 at both of the temperatures studied was able to produce
maximum hardness, but oil at 140°F_was solected for use in the later
work because it seemed to produce .a more uniform hardness.

During the course of the later work, all six steels were found to
develop meximun haxdness when guenched in oi_l at 140°F, Samples were
spot checked before tempering and were consistently found to have
hardnesses of Rockwell C62 or higher.

2. Tengile Strength And Ductility

a. Exploratory Treatments. Table III shows the results of
oxploratory harderdng and teoupering treatments of the six steels.
This work was 1ntended prinarily to determine which of the six steels
was felatively ductile when heat treated to high tensile strengths.
For this woi'k vsa.mplas were_austerﬂ.tized gt 1500°F for 15 mimt.és and
quenoheé. in warm oil.  This austenitizing treatment was used to insure
that préper.ha.rcilerrlng would. be achieved in e_ill:of.the steels even
though the preﬁous work on hardenming showed that Steel No. 5 could
be fully hardened with lower temperatures. |

Samples were tempered at 600°F for 1, 2 and b hours. Fgure 4
shows that Stesls No. 3, 4, 5 and 6 developed éensi:l.e s’crehg}:hs of
approximately 250 ksi (thousands of pounds per square {nch) after
tempering for 1 hour and for 4 hours. Steel No. 1 was noticably lower
in sﬁrength than were Steels No. 3, 4, .5 and 6 ai‘te_r?jfeanpering'for 1
and 4 hours. The tensile strength of Steel Nos 2 tended to be moch
lowgr than that of the .pthers for each of. the three tempering times..

Some of the sﬁeel’s’, viz. 2, 4, 5 and 6, gave their lowest strength
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after 2 hours tempering while the others gave their highest strength
after 2 hours tempering., The reason for thils was not clear,

Since tempering at 600°F achieved strengths of only about 250 ksi,
the second set of samples was tempered at 500°F in an attempt to
achleve higher strengths. Tempering times were increased to inelude
7 hours because the work at 600°F indicated the strength of some of
the steels might be higher after longer tempering. The data for these
samples are shown in Table IIT.

Figure 5 shows the results of tempering at 500°F. Scatter was
mors pronounced at this temperature than at 600°F. The most signifi-
cant feature of these data was the apparent separation of the material
into two groups. Steels No. 1, 3, 4 and 5 showed higher strength than
dd Stesls No. 2 and 6 for a glven tempering time. Also, the strength
data were relatively linear and inereased with increasing tempering
time. Strengths of a.ppro:dmately 250 ksi were developed in Steels
No. 4 and 5 Vaf‘ter tempering 7 hours, and appeared probable in Steels
No. 1 and 3. The samples of Steels No. 1 and 3 broke in the tensile
tester jaws at lower values.

As indicated in Table IITI, a change occurrsd in the appearance of
the fracture surfaces between the 500 and 600°F tampering treatments.
A1l samples fractured in the cleavage mode at 500°F; whereas, the mode
of fracture was predominantly shear at 600°F. Significantly, only

Steels No. 2 and 6 displayed a cleavage fracture at 600°F, -

b. Austenitizing Treatments., On the basis of the exploratory
work, Steels No. 3, 4 and 5 were selected for use in evaluating the

effect of austernitizing treatments. A treatment was desired which
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Figure 5. Tensile Strength Of Six Steels Austenmitized At 1500°F
For 15 Mimuites And Tempered At 500°F.
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would develop tensile strengths of 300 ksi or more and uniform elong-
ations of at least 3%.

Table IV lists the data generated with samples quenched from six
sustenitizing temperatures ranging from 1375 up to 1500°F using three
austenitizing times: 10-,.20 ard 30 mimtes. ILower austenitizing tem-
peratures were included here than were studied in the above work on
hardening. The pre]inrinary hardeming work had not completely estab-
lished the lowest possible austenitizing temperature, nor did it show
the effect of austenitizing temperature on the ductility of the steel.
M1 samples were tempered at 600°F for 4 hours.

Figures 6, 7 and 8 present tensile strength and elongation data
plotted agaihst augteritizing time at the various temperatures. The
highest tensile strengths were achieved in samples from Steel No. 4
and were obtained by gusteﬁfizing at 1450°F, Steels Nos 3 and 5 also
showed thelr highest strength when austenitized at 1450°F. Slightly
more than 3% elong@tion was achioved by austemitizing at 1425°F for
20 mirmutes in eacH of the thres steels studied, and austerﬂ.tizing at
145001?‘ for 20 mimtes produced more than 3% elongation in Steels Yo. 3
and L,

Table IV shows that for the above series of tests in wihich aus-
tomtizing treatment was studied the mode of fracture was shear for
all three steels.. Mode of fracture correlated to some extent with the
amount of elo“nga‘ci“on observed. Shear was associated with ductile

smples and cleavage with samples showing little or no elongation.

c. Tempering Treatments. The above study of austemitizing treat-

ments indicated that the best hardering treatment might use 20 ni-m@és
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at 1450°F, Therefore, this was adopted as the austenitizing treatment
in a series of experiments intended to show how the ltempering treat-
ment affected strength properties. Steels No. 2, 3, &, 5 and 6 were
used in these experirhents and the results are shown in Table V.

Since the results of the work reported in the exploratory treat-
ments (Table III) indlcated that strength improvement might be expected
with tamﬁerihg times longer than the 7 hours used there, a study was
made of the effect of tempering at 450°F for times up to 128 hours.
Tempering at 450°F was expacted to yleld higher strengths than were
achieved with tempering at 500 and 600°F in the exploratory work.
Figure 9 shows the tensile strength data obtained with samples from
Steels No. 3; 4, 5 and 6. _ |

Higher strength was obtained in Steels Nos 3 and 4 than in Steels
No. 5 and 6 throughout the range of tempering times. All steels showed
a decline in tensile strength with inoreasing tempering time except
Steel No. 3 which showed its highest strength of appro.ﬂmately 275 ksi
after tempering 128 hours. | .

Elongation was nil for all samples except thoge of Steel No. 3
t.empered 16 hours and longer at 450°F, as shown in Table V. The sample
from Steel No. 3 tempered 128 hours was the orly one of the series
which showed_more. than 14 elongation. This partieular sample also
showed the highest strength of the series.

The increase of tensile strength with increased elongation might
have been an;indication that the material was notch sensitive at low
tempering téﬁxpera'bures. Therefore, the effect of tempering in the
range of teméeré;tﬁres from 550 to 700°F for times up to 1 hour was

studied. Steels No. 2 and 3 were selected for thls work since on the
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baslis of the previous work Steel No. 2 tended to show the least elong-
ation and Steel No. 3 tended to show the highest elongation of the six
steels.

The data from Steel No. 2 had a large amount of scatter, as shown
in Table V, and are considered to be of guestionable value.

The data from Steel No. 3 are plotted in Figure 10 and show that
tensile strengths in the vicinity of 275 ksi were obtained by tempering
at 550°F. A relatively small decrease in strenglh was nobed with
increasing tempering time at each tempering temperature. Flongation
varied between 1 and 2.5% except at the 550°F temperature where no
elongation was measured even though tensile strength was high.

The data in Table V indicated that no tempering treatment was
likely to produce very high tensile stremgths together with appreci-
able ductility in samples hardened according to what appeared to be
the best treatment with slow heating. If the desired higher_ﬂp‘mperbies
could be produced in these steels, it appeared that the hardening pro-
cedure would have to be improved. For this reason further work was
done on the austenitizing treatment and some work was dons on pre-

treatments.

B. STRENGTH PROPERTIES WITH RAPID HEATING
i. Austenitizing Treatments

Steels No. 3 and 4 were selected for further study of the effect
of austenitizing treatment on tensile properties of high strength
steel. Steel No. 3 had the lowest carbon content (0.65%) relative to
the other steels. Furthermore, it had been most thoroughly studied in
the above work on hardening and tempering. Steel No. 4 was highest in



36

280
A
\A
270 | ~_
BN 550°F
A
E 260 I 600°F
g » x
xX
f
@
3 250 T 0\ )
o
g \o\ 6501{0
&4
40k
230 b
700°F _
R 2 3 u—-—————-—g\ —”/Eﬁo
@« - o
g a ,;-—;Q
5 1t S 600OF
[~]
a L A L 'Y
10 20 30 60

Tempering Time, Mimuites
Figure 10, Effect Of Tempering Treatments On Strength Properties
Of Steel No. 3¢ All Samples Were Austemitized At 1450°F For
20 Minutes.



37

carbon content (0.724). Both steels showed comparable tensile strength
and elongation in the above work and both had shown somewhat better
properties than the other steels. It was assumed that these two steels
were most likely to respond to any improvement in the heat treating
procedure.

The heating rate was studied to determine its effect on properties.
This was done by heating to the austenitizing temperature in a furnace
at a temperature ebove the austenitizing temperature. Table VI gives
the tensile strength and elongation of samples heated rapidly to tem-
peratures of 1425, 1450 and 1500°F with the furnace at 1550°F. Tables
VII and VIII give the tenslle data for samples austeritized at tempera-
tures of 1450, 1500 and 1550°F with the furnace at 1650 and 1750°F,
respectively.

For the 1550°F furnace temperature, the highest austemitizing
temperature studied was 1500°F since higher temperatures began to give
too slow heating. Austemitizing at 1425°F was included in the series
with the furnace at 1550°F to provide heating times comparable to those
obtained at the higher furnasce temperatures. The time required for a
sample to heat to the austenmitizing temperature was a function of both
furnace temperature and difference between furnace temperature and the

desired austenitizing temperature.

a. TFurnace At 1550°F. Samples of Steel No. 3, when rapidly

heated to temperatures of 1425, 1450 and 1500°F in & furnace at 1550°F
and tempered at 550°F after warm oil quenching, developed tensile
strengths in the range from 270 to 290 ksl, as shown in Figure 11.
A maximum strength of 292 ksi was obtained by austenitizing at 1450°F
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and tempering 10 minutes at 550°F, This strength can be compared
directly with the strength shown in Figure 10 for the same austeniti~
zing temperature with slow heating. Such a comparison indicates that
Steel No. 3 improved by approximately 5% in tensile strength when
hardened by rapid heating.

An improvement in the elongation of Steel No. 3 also was obtained
by rapid heating. Between 1 and 2% elongation was obtained, compared
to no elongation with slow heating, for the shorter tempering times.
Elongation tended to decrease from the values obtained at 10 and 20
minutes when tempering was contimed for an hour in samples susteni-
tized at 1425°F and 1500°F; ‘whereas, elongation increased contimuously
with tempering time in samples austerdtized at 1450°F,

A difference in frs.éf.ure é.ppearance between the rapidly healed
and slowly heated samples of Sﬂael Nos 3 was observed at the 10-mimnmte
tampering time at 550°F. Rapld heating produced a predominently shear
fracture while with slow heating the fracture was predominantly cleavage

Repidly heating samples of Steel No. 4 to the austenitizing tem-
perature in a furnace at 1550°F produced a greater increase in the ten-
sile strength than that observed in Stesl No. 3. Figure 11 shows that
tensile strengths over 300 ksi were obtained with Steel No. 4 after 10
mimtes tempering. Direct comparison of slowly and rapidly heated
sanples of Steel No. 4 was not possible since no samples of Steel No. 4
were tempered at 550°F in the work on slow heating. However, comparing
the strengths shown in Figure 11 with those in Figure 4, where temper;
ing was done st 600°F instead of 550°F, indicates that tensile streng‘th
improvement might have been of the order of 20%. The tansile strength

of the sample rapidly heated to 1500°F and tempered 1 hour at 550°F was
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29% ksi, compared to 245 ksi for the sample slowly heated to 1500°F
and tempered 1 hour at 600°F.

Elongation in samples of Steel No. 4 was between 1 and 2% except
on the samples austenitized at 1425°F and tempered for 20 and 60 min-

utes which showed no elongation.

b. Furnace At 1650 And 1750°F. Figures 12 and 13 show the mech-
anical properties obt;ained with samples of Steels No. 3 and 4 when
rapidly heated to the austenitizing temperature in a furnace at 1650
and 1750°F, respectively. At these higher furnace temperatures, which
gave faster heating rates, the austermitizing temperatures investigated
were 1450, 1500 and 1550°F,

Steel No. 3 responded much the same in these treatments as it did
at the lower furnace temperature of 1550°F. The highest tensile
strengths were observed in samples tempered for 10 mimutes and were in
the vicinity of 290 ksi. Hlongation ranged between 1 and 2% except
for the sample austenitized at 1MS0°F and tempered for 1 hour, which
showed 2.5% elongation.

With Steel No, 4, the increased heating rates brought about by
the higher furnace temperatures tended to increase gtrength, Samples
austenitized at 1450 and 1550°F in & furnace at 1650°F and tempered
10 mimtes at 550°F‘ obtained tensile strengths of 308 ksi. Heating
Steel No. 4 in a furnace at 1750°F to each of the three austenmitizing
temperatures and tempering at 550°F for both 10 and 20 mimites produced
tensile strengths in excess of 300 ksi.

Figures 11, 12 and 13 show an upward trend in the tensile strength
of Steel No. 4 with faster heating rates. Also, as the heating becomes
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more rapids, the values for tensile strength fall into an inereasingly
more narrow band which indicates a decrease in the effect of susteni-
tizing temperature.

flongation was not affected as much by furnace temperature, or
rate of heating, as was tensile strength. The values were mainly
between 1 and 2% for samples heated in a furnace at each of the three
temperatures. Somwe of the samples of both Steel No. 3 and 4 heated in
the furnace at 1750°F, however, had elongations of approximately 2.5%
when tempered for 1 hour.

Elongation did appear to be affected by austenitizing temperature,
Austenitizing samples of both Steel No. 3 and 4 at the lower tempera-
ture for each furnace temperature, tended to produce highest elonga-
tion with the 60-mimite tempering time while austenitizing at the
higher temperature tended teo produce highest elongation with the
20-mimute tempering time.

Steels No. 3 and 4 did not develop their best combination of pro-
perties with the same austenitizing treatment., Steel No. 3 gave its
best tensile strength and elongation when austemitized at 1450°F in
a furnace at 1550°F while Steel No. 4 gave its best properties when
austenitized at 1450°F in a furnace at 1750°F,

A1 of the samples used to study the effect of austermitizing
treatments were tempered at 550°F. In general, tensile strength
decreased and elongation increased with increasing tempering time,
However, for several sustenmitizing temperatures the sample tempered

for 20 minutes was more ductile than the sample tempered for 60 minutes.
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2. Tempering Treatments
Rapidly heating to the austenitizing temperature was shown in the

previous section to produce a significant improvement in the strength
of Steels No. 3 and 4. Tehsile strengths in excess of 300 kgi were
obtained in Steel No. U with tempering at 550°F, but elongation was
relatively low. Therefore, the effect of tempering treatment on due-
tility of the rapldly heated samples was studied. The best hardening
treatments, as given for Steels No. 3 and 4 in the previous section,
were used for these samples.

Table IX gives the tensile strength and elongation of Steels
No. 1y 3 and ¥ hardened by rapidly heating to 1450°F and tempered for
20 minutes at “i'tempemtures in the rangs from Loo }to 800°F, The samples
of Steels No. 1 and 3 Were heated in a furnace at 1550°F, and the
semples of Steel No. 4 weve heated in a furnace at 1750°F,

Figure 14 shows that Steel No. 3 developed a maximum tensile
strength of 300 ksi when tempered 20 mimites at 500°F. Steels No. 1
and 4 also showed their highest strengths when tempered at 500°F.

They developed tensile strengths of approximately 285 ksi.

It was noted that Steel No. 4 did not develop as high a strength
in this serios;i ag it did in the series shown previously in Figure 13
for the same ﬁardemng treatment. Tempering at the 500°F temperature
of this series was expected to give a higher tensile strength than
that developed by tempering at 550°F in the previous series. Although
the tensile ’strength curve in Figure 14 was drawn through’ the tensile
test value of the sample témpe”red at 500°F, it is considered possible
that the tensile ;tes’c result on that sample was J:.;ow and that the curve
should have béen“extrapolated to show a strength above 300 ksi. The
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1450°F To Austeritize And A11l Were Tempered 20 Mimtes.
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reason for this low strength could have been improper hardening,
because the samples of Steel No. 4 in this series appeared to reach
temperature sooner than in the previous series, also the low duc-
tility in the sample tempered at 500°F may bave been responsible for

a bad tensile test: Not enough data was generated on Steel No. 1 in
the other studies on hardening and tempering to indicate whether the
strength at the 500°F tempering temperature was low. It may be noted
that the 300 ksi tensile strength obtained in the sample of Steel No. 3
tempered at 500°F was the highest this particular steel gave in any of
the hardeming and tempering treatments studied.

Elongation was zero for the three steels at both the 400 and 500°F
tempering temperatures. As temperature inereased from 500 to 800°F,
Steels No. 1 and 3 showed & fairly constant increase in elongation and
reached a maximum of 2.5% at 800°F, while Steel No. 4 increased to a
naximum of 2.5% at 700°F and then dropped off slightly at 800°F.

Table IX shows that the fracture surfaces were predominantly
cleavage for the three steels at the 400°F tempering temperature.
Tempering at 500°F produced fracture surfaces which were predominantly
cleavage in Steel No. 1. At higher temperatures, the fracture surfaces
were completely shear for each of the three steels. In each of the
three steels, maximum tensile strength occurred in the temperature
range where the mode of fracture was changing from cleavage to shear
and apparently below the temperature range where any measurable elonga-
tion occurred.

Table X gives the stremgth properties of samples of Steels No. 3
and 4 heated to 1500°F in a furnsce at 1750°F. These samples were
tempered at 350 and 40O°F for times of 1 and 4 hours.
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Direct compardson with the properties of the previous series was
not possible since those samples were austenmitized at 1450°F and, in
the case of Steel No. 3, in a furnace at a lower temperature. However,
longer tempering times in this last series gave some improvement in
tensile strength at the 400°F temperature. This was most apparent
with Steel No. 3 which obtained 291 ksi when tempered 4 hours at 400°F.
The 350°F treatments did not produce emough ductility to permit a wvalid
test of the samples of Steel No. 4, anl they produced relatively low
tensile strengths in Steel MNo. 3.

None of the samplies of this series showed any elongation.

3. Pretreatments

Steels -No. 3, 4 and 5 were given treatments prior to the harden-
ing treatment, Theé purposeé of these treatments was two-fold: (1) to
show what effect condition of the steel before hardenming had on its
strength after harderming, and (2) to determine whether decarburization
had occurred in slowly heated samples.

The pretreatment consisted of austemitizing the samples at 1450°F
for times of 10, 20 and 30 mimites and air cooling. These treatments
were intended to be the same as the austenitizing treatments used on
samples hardened by slow heating. The samples were subsequently hard-
ened with rapid heating to 1500°F in a furnace at 1550°F and tempered
at 550°F for 20 mimtes.

Table XI gives tensile strength and elongation data. Data from
samples of Steels No. 3 and 4 can be compared directly to data from
samples hardened by rapid heating to 1500°F and not pretreated

(Table VI). A comparison of samples tempered for 20 mimtes at 550°F
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showed that this pretreatment reduced both tensile strength and elonga-
tion and that the properties of Steel No. 4 were affected more than
were those of Steel No. 3. Samples of Steel No. 5 could not be com-
pared with samples which were not pretreated, but it is reasonable to
expect a similar reduction in its properties as a result of pretreating.

Increasing the pretreatment time at 1450°F tended to decrease ten~
sile strength and elongation in each of the three steels. Steel No. 3,
for example, showed very little difference in tensile strength hetween
the 10-minute pretreatment and no pretreatment, but as pretreatment
time was inereased to 20 and 30 mimtes, the tensile strength decreased
from 285 ksi to 276 and 265 ksi, respectively. Elongation decreased
from 2% with no pretreatment to 1.74 with 10 mimutes, and was 0.8% at
both 20 and 30 mirutes pretreatment.

To determine if decarburization was produced by the pretreatment,
sections from samples of Steel No. 3 were mounted in bakelite and micro-
hardness traverses were taken using the Knoop indenter and 100 gram
load. The results on the pretreated samples were compared with results
on a sample with no pretreatment hardened with the same rapid heating
procedure and with results on a sample hardened by slowly heating and
sustemitizing for 20 minutes in a furmace at 1450°F, All of the samples
had been tempered 20 minutes at 550°F.

No definmite correlation between time at temperature (for pretreat-
ing or for hardening) and reduction of hardness at the surface of the
sample was apparent. All of the samples showed an average hardness
equivalent to Rockwell C57 - 58 on the center region about 0.005 inch
from the surface. At a depth of 0.001 inch where the first reading of

the traverse was made, the average hardness on the pretreated and slowly
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heated samples was approximately 3-point Rockwell C lower than on the
center reglon. The hardness at the same depth on the rapidly heated
sample with no pretrestment was approximately 1% points Rockwell C

lower than on the center region.

C. COMPARISON OF SIX STEELS

Since rapld heating in the hardening operation appeared to improve
strength and ductility appreciably, it was decided to compare the six
steels with each other uging this heating procedurs. However, as the
data in Tables VI and VIIT show, Steels Nos 3 and 4 did not develop
their best properties with exactly the same hardening treatment even
though both gave their best properties when they were rapidly heated.
Therefore, since the hest hardening process was not known for each of
the steels it was decided to adopt a single process for all. The
hardening treatment selected for this work consisted of rapid heating
to 1500°F in a furnace at 1550°F, quenching in warm oil and tempering
at 550°F for 10 and for 20 minutes. Duplicate samples were treated
with the results shown in the upper half of Table XII.

The first eolumn in Table XII gives the approximate time elapsed
between the end of the tempering and the tensile testing. It happened
that the heat itreating on these samples was completed late one day
and half of them were tested approximately 15 hours later, early the
next day. The other half were tested late the following day, about
50 hours after the heat treating. An examination of the results indi-
cated that the properties of the samples tested 15 hours after heat
treating were appreciably better than those tested 50 hours after heat
treating. It did not seem reasonable to believe that the properties

of this material would change so rapidly at room temperature.
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Therefore, the samples whose properties are shown in the lower half of
Table XTI were treated. These samples showed that the properties were
stable and that for some unknown reason a large percentage of the
samples tested at 50 hours after heat treating gave wmsually low ten-
sile test data.

Since some of the tensile strengths in Table XII were considered
to be low it was decided to disregard the obviously low data in come
paring the various steels. The hardnesses of the samples were known
and were used to determine the "obviously low" data. A correlation
between hardness and tensile strength for steel is available. (13)
This correlation is claimed Lo be accurate to within 10%. TFor this
reason, thoge samples whose tensile strengths were appreciably lower
than 10% of the value given in the above hardness-tensile strength
correlation were discaxded. On this basis the seven samples indicated
in Table XIT by an asterisk after thelr elongation were not used in
determining the average tensile properties of the six steels shown in
Figure 15.

Pigure 15 shows the averages of the tensile properties of the six
steols. Steel No. 1 showed the highest tensile strength of 305 ksi
for the 10 mimte tempering time. Its strength dropped somewhat to
slightly below 300 ksi after tempering for 20 mimutes. Steel No. &
gave the second highest tensile strength of almost 300 ksi for both
tempering times. The other steels had strengths in the range of 280
to 290 ksi. Since the data for Steels No. 2 and 6 for the 10 mimute
tempering time was discarded according to the selection process des-
eribed above, no tensile strength is shown for these steels at the

shorter tempering time.
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Steel No. 1 showed the highest ductility with 1.74 elongation
after tempering for 10 mimtes. Its elongation fell to about 1% after
20 minutes tempering. The other five steels showed an inecrease in
elongstion with increased tempering time. Steels No. 2 s:md 6 had 1%
or less elongation while Steels No. 3, 4 and 5 had between 1% and 1.5%.
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V. DISCUSSION OF RESULTS

A. GENERAL

Tensile testing of hardened high carbon steels, which have been
tempered at temperatures below about 700°F to obtain high strength,
presents a somewhat different problem from the testing of steels at
lower strength levels., High carbon steels at high strength levels
exhibit relatively low ductility and, probably for this reason, tend
to be sensitive to both surface condition and internal discontimities,
Surface notches and decarburization or internal microcracks and inelu-
sions can affect the tensile test data obtained on high strength
stesls. The exbeht to which it is affected, however, is difficult to
know without employing sophisticated flaw detection equipment and
closely controlling surface conditions. Such sample preparation and
inspection was not attempted in this project.

During the experimental work, most instances of a tensile sample
failing at low strength relative to others of .a glven series occurred
when the particular sample broke in or adjacent to the grips of the
tonsile testing machine. This is not to say, however, that all samples
which broke in or next to the grips exhibited low tensile values.
Tenslle strength achieved in the test, rather, seemed related to the
mode of failure as indicated by the fracture surfaces -- cleavage or
shear -=- which in turn was related to the ductility. Highest tensile
strength most often occurred in samples showing some degree of elonga-
tion, though not necessarily the highest relative to othai- samples,
and usually in samples showing more shear than cleavage on the fracture
surface., The data of Table XIT obtained with the six steels show this

trend. In Figure 16, the tensile strengths of the samples from
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Table XII are plotted ageinst their elongations. The samples with low-
est tensile strengths falled predominantly by a cleavage mode and
showed no elongation. The samples with highest tensile strengths
failed predominantly by shear and showed a measurable elongation.

A1l samples thet falled by a cleavage or predominantly cleavage
mode are designated by an asterisk to the left of the point plotted
in Figure 16. A1l the samples with no measurable elongation had
cleavage or predominantly cleavage type fractures. A1l the others
failed by shear except the sample of Steel No. 2 with 302 ksi tensile
strength and 0.7% elongation. All samples showing more than 1% elonga-
tion had fracturs surfaces which showed a completely shear type failure.

It seems reasonable to assume that failure at the jaws of the
tensile testing machine was not responsible, in itself, for lowered
tensile test results. In those steels which were notch sensitive, the
jaws might have provided surface indentations which imitiated failure.
However, failure probably could have been initiated almost as easily
at a surface defect or intermal flaw in any other area of the sample.
For this reason tensile tests were not judged “good" or "had" only
on the basis of the location of fracture in the sample. The tensile
strength - elongation relationship of Figure 16 shows, for example,
three samples of Steel No. 4 that broke at 300 ksi with elongations
ranging from 0.5% to 1.3%. All three failed by a shear or predomi-
nantly shear mode, yet two failed in the gripped region and one, with
1.3% elongation, failed at a position outside of the grips.

Uniform elqngation was measured on the section of the tensile
sample outside of the fracture zone in this study. This procedure
should give lower elongation than a standard procedure that would
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include local deformation adjacent to the fracture. However, this
non-standard method was conslidered to give a better indication of the
relative duetility of the steels with rather low ductility. Two
reasons can be given for thinking this. Local deformation at the
fracture in some samples prevented fitting the two pieces together
well and would have made it impossible to measure their final length,
Secondly, the type tensile test sample uged in this work would have
presented a serious problem with fallures outside the gauge length
because no reduced section was used.

In addition to the relationship between tensile strength and
elongation shown in Figure 16, the observations on the nature of the
fracture surfaces also indicated a need for ductility in order to
obtain high tensile test results with the testing procedure being
used. Data on the steels hardened by slow heating and tempered. at
various temperatures from 450 to 700°F (Table V) show that at the
lower tempering temperatures the steels displayed cleavage type
fractures and low tensile test resulis. At the higher tempering
temperatures the samples had shear type fracture surfaces, gave
higher elongation and showed more reproducible or consistent tensile
strength data (see data on Steel No. 3 in Table V). The highest
tensile strengths were measured with samples tempered at intermediate
temperatures where the steels were acquiring sufficient ductility to
permit good tensile testing., At the intermediate tempering temper-
ature where highest tensile strength was measured, the fracture sur-
faces indicated a mixed failure mechanism with shear tending to be
more prominert. These samples with highest tensile strength did not

give consistent elongation data. It appeared that the appearance of



the fracture surfaces could be correlated better with high tensile
strength values than could the elongation data.

The data for samples hardened by rapid heating showed the same
tendencjr to associate highest tensile strength with a mixed mode of
failure (Table IX)., Furthermore, the data tend to indicate that a
tempering temperature in the viecinity of 500°F was necessary to give
these steels sufficient ductility to permit meaningful tensile testing.
At lower tempering temperatures the actual strength of these steels
may have been very high, but it was not possible to load the samples
to their full capacity with the testing procedure used in this study.

It is believed that the steels studied in this investigation
contained too much carbon to show very high strengths and appreciable
duetility. The high-carbon martensite tends to be the internally
twinned type in which carbide precipitation is very effective in pre-
venting defoxrmation. Perhaps a hardened, lower carbon steel would con-
tain less twimned martensite and could be tempered at lower tempera-
tures without losing so much of its ductility, because carbide pre-
cipitation is not thought to be so effective in preventing deforma-
tion in the lower carbon martensites with dislocation substructures.(3)

It is possible that the lmprovement in properties of these steels
with rapid heating in the hardening operation was associated with their
high earbon content and ﬁhat the improvement can be viewed as further
evidence that their carbon content was too high to allow them to achieve
the ductility necessary to permit measurement of a wvery high tensile
strength. Austenite of more than 0.5% carbon tends to give martensite
with a substructure predominantly of the twinned type. (3) In the

slow heating procedure, the steels were held at the austenitizing
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temperature for at least a short time which could have been long
enough to allow the carbon to diffuse throughout and produce, if not
homogeneous, at least mostly high-carbon austenmite. The high-carbon
austenite would then give a predominantly twinned type martensite in
which carbide precipitation is very effective in preventing deformation
when the tempering temperature is low. High strength is normally
obtained at lower tempering temperatures and this was probably the

case with these steels. However, at those tempering temperatures
where the actual strength was very high the duetility was apparently
too low to allow accurate determination of the tensile strength. At
higher tempering temperatures (500°F or higher) where ductility improved
sufficiently to allow a more nearly accurate test of tensile strength,
the tensile strength had apparently dropped to 300 ksi or lower.

The hardening operation employing rapid heating allowed the steel
to spend only a few seconds in the austenite range, and it is possible
that the austenite at the start of the quench was nonhomogeneocus with
a large portion of the carbon concentrated near the former cementite
sites and with a large percentage of the matetrial being lower than
0.5% carbon content. If this were the case, this austenite could have
transformed into a martensite that was predoﬂmntly dislocation sub-
structured. Tempering this martensite at low temperatures would have
produced a more ductile material and may have been responsible for the
rapldly heated samples showing a better combination of strength and
ductility. |

Tt would appear possible that a careful examination of the samples
using transmission electron microscopy might be capable of verifying or
disproving the above ideas. WNo such étudy was attempted in this work.
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Another obsgervation that might support the idea that the carbon
content was too high to achieve both very high strength and good duc-
tility in these steels was the detection of a slightly softer surface
on the samples hardened by rapid heating. Since a small amount of
decarburization was found on the steels in the as-received condition,
‘the low surface hardness could be due to this lower carbon content.

As mentioned above, lower carbon martensite tends to be more ductile
after low temperature tempering and the softer surface on the rapidly
heated samples may have made them less sensitive to surface defects
allowing stress to approach the actual strength of the sample more
closely during tensile testing. Thus, the higher measured tensile
strengths of the rapidly heated samples might be at least partially
due to a slightly decarburized surface.

The surface on the slowly heated samples may have picked up carbon
by diffusion from the interior which gave the surface slightly higher
hardness than that on the rapidly heated samples. The higher carbon
surface could have caused these samples to be more notch sensitive and
could have been a contributing factor in the obtaining of lower tensile
test data on the slowly heated samples.

If the carbon content of these steels was indeed too high to glvg
the best combination of high strength and ductility, a better combing.
tion of these properties should be realized in lower carbon steels.

It is difficult to know how much the carbon should be réduced, but
plain carbon steels in the 0.4 to 0.6% carbon range should be studied,
if this work is contimied.

A comparison of the compositions of the six steels given in

Table I shows that Steels No. 3 and 5 were lowest in carbon content.
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This lower carbon content did not appear to make them more ductile,
Steel No. 4 was highest in carbon content and displayed the most duc-
tility. Steel No. 2 was highest in sulfur (0.40%) and phosphorus
(0.20%) which might bave been responsible for its low elongation; yet,
Steel No. 6 also showed low elongation and a strong tendency toward
fracture by cleavage and it had sulfur and phosphorus contents approxi-
mately equal to those of the obher steels. Except for the high tin
content (0.20%) in Steel No. 1 and the possibly high molybdemum in
Steels No. 1 and 3, the concentrations of the other elements were about
the same in each of the six steels. These limited data do not indicate

any effect of composition on properties.

B. HARDENING TREATMENTS

The steels showed different stremgth properties relative to each
other with different hardening treatments. Rapid heating in the hard-
ening operation gave higher tensile strengths than did slow heating
and a goaking time at the austenitizing temperature. With slow heating
to the austenitizing temperature, the treatment which appeared to give
highest tenéile strength on the basis of data developed on Steels
No. 3, 4 and 5 was to austenitize at 1450°F for 20 minutes and to
quench in warm oil. This treatment produced tensile stremngths in the
vieinity of 260 ksi and elongations slightly over 3% gi‘ber tempering
4 hours at 600°F (Table IV). The sarﬁe hardening treatment produced a
tensile strength of approximately 270 ksi in Steel No. 3 with temper-
ing both at 450°F for long times and at 550°F for a short tine
(Table V). HElongation tended to be less than 1. 5% at those lower

tempering temperatures.
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Although rapid heating produced higher tensile strengths than did
slow heating, the various steels gave different tensile strengths when
hardened by exaetly the same rapid heating treatment. Steel No. 4
achieved highest tensile strength with heating to 1450°F in a furnace
at 1750°F. Steel No. 3, on the other hand, achieved highest tensile
strength with heating to 1450°F in a furnace at 1550°F. Hardening
Steels No. 3 and 4 by their best treatment and tempering at 550°F for
10 mimites developed 288 ksi tensile strength and 2% elongation in .
No. 3 and 321 ksi tensile strength and 1% elongation in No. 4 (Tables
VI and VIII). Tempering Steel No. 4 for 60 mimutes lowered tensile
strength to 291 ksi and increased elongation to 2%.

Steels No. 2 and 6 seemed to show lower ductility than the other
steels at high strength levels and they were not studied thoroughly
enough to know what heat treatment would develop their highest strength

properties.

C. COMPARISON OF STEELS

The experimental work covered a rather broad area since it was
intended to investigate the properties of the six steels and to deter-
mine if any were capable of developing appreciable ductility at tensile
strengths of 300 ksl or higher., In order to do this it was necessary
to limit the number of samples studied but still explore a wide variety
of treatments. Hach of the six steels was not given every treatment
studied and the number of duplicate samples used to determine proper-
ties was very limited. A large mumber of duplicate samples would
probably be necessary Lo evaluate properly the properties of this high
strength, low ductility material. In spite of this deficiency in the
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data, some discussion of the properties of these steels is possible,
While actual values of tensile strength and elongation are mentioned,
it should be :remembei-ed that these are ususlly values obtained on
single samples and the reproducibility of tensile test results was
probably not high on these samples, especially at the higher strengths
and lower ductilities.

The data generated on the six steels indicated that they could be
divided into two groups on the basis of their tensile properties.
Steels No. 1, 3, 4 and 5 showed a tendency toward ductile behavior
while Steels No. 2 and 6 showed a tendency toward brittle behavior
when heat treated to high strength levels. This separation into two
groups is apparent when the tensile data for the steels after harden-
ing by slow heating are compared (Table III). With this hardening
procedure and low tempering temperatures, none of the steels gave
sufficient elongation to make it stand out, but after tempering at
600°F the ductile group (Steels No. 1, 3, 4 and 5) displayed shear
type failures while the other group had cleavage fracture surfaces.
The measured tensile strength was somewhat higher for the ductile
group after tempering at 600°F and more noticeably higher when the
tempering temperature was lowered to 500°F (Figure 5).

The steels developed more ductility with the better hardening
treatment which used rapid heating. In this condition the two groups
of steels separated themselves on the basis of the elongation data
(Table XIT and Figure 15). The elongation of Steels No. 2 and 6 was
appreciably lower than that of Steels No. 1, 3, 4 and 5.

Steels No. 1, 2, 3 and 4 developed tensile strengths of 300 ksi
or higher when hardened by the rapid heating procedure and tempered at
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550°F (Tables VI, VIT, VIIT and XII). Steel No. 4 developed a tensile
strength of 321 ksi, the highest tensile strength measured during the
course of this work. At the 300 ksi strength level, Steel No. 4
appeared more ductile than the others, showing as much as 2.3% elonga-
tion. Steel No. 2 gave low elongation data and tended to give & cleav-
age type failure. Steel No. 6 behaved very much like Steel No. 2 and
it is reasonable to believe that these two steels did not give higher
tensile test results because they lacked sufficient ductility to permit
good tensile testing (Table XIT). While Steel No. 5 did not reach 300
ksi, it gave measureable elongation and appeared to belong in the duec-
tile group rather than with Steels No. 2 and 6.
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VI. CONCLUSIONS

1. A1l of the steels studied were too high in carbon content to
show high tensile strength with appreciable ductility.

2. Tempering below a temperature of about 500°F does not suffi-
ciently soften the steels to allow a valid test of their temsile
strengths.,

3¢ A shear or predominantly shear type failure, as indicated by
the fracture surfaces of a tensile test sample, was a better indica-
tion of a good tensile test than was the selongation measured on a
sample tempered in the low temperature range.

L., The austenitizing procedure in the hardening operation
appeared to affect the as-guenched condition of the steel and to
determine the maximum tensile properties that could he obtained by
subsequent tempering.

5. TWhen these steels were tempered to get a fracture during
tensile testing that was partially cleavage, but predominantly shear,
the steel had the highest tensile properties that could be obtained
by tempering the particular as-quenched condition under study.



1.

20

3.

5e

6o

7e

8.

Ge

72

BIELIOGRAPHY

Chien, Ing Shing (1966) A Study of High Strength, Heat Treated
Plain Carbon Steels. Thesis, Missourl School of Mines And
Metallurgy. 72 p. (With 26 figr., 7 tables.)

Kisslinger, F. (1966) Private Commnication.

Kelly, P.M. and J., Nutting (1961) The Morphology of Martensite.
JIST 197, pe 199 - 211.

Tekin, B. and P.M. Kelly (1965) A Study of the Tempering of
Steel Using Transmission Electron Mieroscopy, Precipitation
From Iron-Base Alloys. AIME Met. Soc. Conf. 28, p. 173 - 221,

Eguchi, I. ot al (1961) The Precipitation of Iron Carbides
During Tempering of Carbon-Steel. Trans. of the Japan Inst. of
Metals 2, p. 218 - 222,

Lement, BeS.s BsLs Averback and Morris Cohen (1954) Mierostructural
Changes on Tempering Iron-Carbon Alloys. Trans. ASM k6,

p. 851 ~ 877.
Reisdorf, B.G., (1963) Tempering Characteristics of Some 0.4%

Carbon Ultrahigh-Strength Steels. Trans. AIME 227, p. 1334 - 1341,

Baker, A.J., F.J. Lauta and R.P, Wel (1965) Relationship Between
Micerostructure and Toughness in Quenched and Tempered Ultrahigh-
Strength Steels, Structure and Properties of Ultrahigh-Strength
Steels. ASTM Special Tech. Pub. Noe. 370, ps 3 ~ 22.

Kelly, P.M. and J. Nutting (1965) Strengthening Mechanmisms in
Martensite, Physical Properties of Martensite and Bainite.

The Tron and Steel Institute (London) Special Report 93,
pe 166 « 170,



10.

11.

12,

13,

Bain, E.C, and H.W., Paxton (1961) Alloying Elements in Steel.
2nd ed., American Society for Metals, Metals Park, Ohio,
p. 88 -~ 96,

Osborn, HeB. Jre (1946) Induction Heating, Heat Treatment of
Metals. ASM Lecture Series, p. 113 - 118.

Mima, G. and S. Hori (1962) Structure Dependence upon the
Austenitizing Process of 0.68 Percent Carbon Steel. Trans.
of the Japan Inst, of Metals 3, p. 190 - 196.

Metals Handbook (1964) Heat Treating, Cleaning and Finishing.
8th ed., Metals Park, Ohio. vol. 2, p. 760.



Viad

VITA

Robert Lowell Hollembeck was born on November H, 1938, at
Mobridge, South Dakota. After graduation from Mobridge High School,
he entered the South Dakota School of Mines and Technology in 1955
and graduated in 1959 with the degree of Bachelor of Science in
Metallurgical Engineering.

He worked as a metallurgist for the United States Naval Bureau
of Ships in Washington, D.C. from 1959 until his induction into the
United States Army in 1963, After his discharge in 1965 he entered
the University of Missouri at Rolla as a graduate student.



	A comparison of strength properties of heat treated AISI 1065 steels at high strength levels
	Recommended Citation

	000001
	000002
	000003
	000004
	000005
	000006
	000007
	000008
	000009
	000010
	000011
	000012
	000013
	000014
	000015
	000016
	000017
	000018
	000019
	000020
	000021
	000022
	000023
	000024
	000025
	000026
	000027
	000028
	000029
	000030
	000031
	000032
	000033
	000034
	000035
	000036
	000037
	000038
	000039
	000040
	000041
	000042
	000043
	000044
	000045
	000046
	000047
	000048
	000049
	000050
	000051
	000052
	000053
	000054
	000055
	000056
	000057
	000058
	000059
	000060
	000061
	000062
	000063
	000064
	000065
	000066
	000067
	000068
	000069
	000070
	000071
	000072
	000073
	000074
	000075
	000076
	000077
	000078
	000079
	000080
	000081

