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THE MICROMECHANICS OF FRACTURE OF PEARLITIC STRUCTURAL STEELS
Peter J. Guest
Inorganic Materials Research Division, Lawrence Radiation Laboratory,

Department of Mechanical Engineering, College of Engineering,
University of California, Berkeley, California

ABSTRACT

Few quantitative investigationé studyingvfractgre and the relafed
fracture properties of hot rolled ferrite-pearlite strucfﬁral steels have
been made. The intent of this investigation was tolbrovide ffacture
toughnessvdata thaﬁ can be made available in structural specifications
and applied iﬁ structural design-as well as to understand the micro-
characteristics of fracture. A mechanical and metallurgical analysis has
beeh carried out on the péarlitic, marténsitic'and spheroidized carbide
structures of plaih carbon hyﬁoeutectoid steels in the temperature range
-BEOOF to +150°F.t The_quantitative measurement of the microc@aracteristiés
associated with cieavage fracture ﬁere determined by thé use of the stress
wave emission technique, which esseﬁtially monitors the elastic wave

produced by discontinuous crack movements. The measured mechanical

- properties were correlated with information obtained from optical and

scanning electron microscopy techniéues. The analysis shows thaﬁ as the
volume fraction of pearlite is increased from O to 1, the plane strain
fracture toughness dec;eased by 65% at +7déF and by 61% at -320°F. The
data showed thefe to bé a d"'l/2 relationship befween the plane strain =
fracture toughness and ferrite grain size. The micromechanical analysis
showed that by increasing the volume fraction of-pearlite from O to 1, the
micrbcrack density increased by a factor of 8 at -100 F and by a factor

of 9 at =320°F.
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LIST OF SYMBOLS

stress intensity parameter describing the elastic .stress
field in the vicinity of the.cracks The value of K at
instabilify is referred to as the fracture_toughness-and is

1/2'

expressed as psi-in

subScript denoting'first or opening mode of fracture. Referred

to aé plahe-strain condition.

Subséript denoting critical vaiﬁe of any pafameter.

upber yleld stress at 0.20 percent offset where indicated, psi.
lower yiéld>stress , psi.

ulfimafe~ten3ile stress, psi.

true fracture stress, psi.

maximum nominal streés, psi.

specimen\thicknesé,‘in.

specimén width, in.

half specimen length, in.:

1/2 crack length, in.

Poisson's ratio..

Young's modulus.

“applied load, 1lbs.

plastic zone size subscript B used to denote ceritical value.
of plastic zone size.
not¢h radius, in.

notch flank angle, degrees
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Luder's band strain, in/in
true fracture strain, in/in

. -1
strain rate, second

tempgrature,'degrees Kelvin

~ferrite grain size diameter, in

volume ffacﬁion of péarlite
inter-lamellar spacing of pearlite, in
Charpy V-notch impact absorbed energy, ft-lbs.

area of eross section at the ligament of a Charpy V-notch impact
specimen, in°® : ‘ ' ' :
p;astic constraint’factor'

total number of sfress waves emitted

acceleration, ft/5602

microcrack density

éffecfive length of microcrack denéity ione, in

height of step created in the formation of river pattérn§3 ih.
length of river pattern, in | | |

enérgy associated with ¢fack exﬁension, in-lb/in2

length between load points, in
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I. INTRODUCTION

v Of the many types of steels avéilabie for coﬁmercial usage, hot
rolled ferrite;pearlite steels are the most com@only used in structural
épplications. These applications such as structural members, pipe lines
and pressure vessels require a high resisténce to unstable fracture and
high strength to weight factors. The ferrite-pearlite stéels can be heat
treated to meef these réquiremeﬂts. Although these steels are of commer -
cial and research interest and infbrmation is évailable in structural
design regarding strength to weight rétios, few quantitative investigations
studying fracture and the reiated fracture toughness properties have beén

made. Henée, fracture toughness data which can be related to structural

design are not presently available in structural specifications. Charpy
‘impact data on energy absorption are often available but cammot be directly

'related.to structural design. ' The fracture mechanics approach used. in

this iﬁveétigation allows the quantitative determination of fracture toughness
in terms of the mechanical and microstyuctural parsmeters present.

»The-main purpoée of this investigafion was to analyze ferrite-pearlite
steels in terms of their microstructure and determine the relevant fracture
properties." As these steel. systems are so complex; the metallurgical and
mechanical effects, and environmental conditions were varied so that a
quantitative study of the separate variables was possible. The micro-
structure was controlled through heat treating and the structures studied are
of a pea?litic, martensitic and spheroidized carbiae nature. ' The mechanical
effects are those pertaining to the tensile and fracture loading condi-

tions. The testing temperature was varied between 70°F and -320°F

in order;to study the envirommental effects.
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The. fracture toughness for all structurés‘was determinéd by using -
the fracfure mechanics approach. Although frécture mechanics_was developed
and has been used for evaluating fracﬁureItoughnessl-smof'hiéh.strength
steels,fhis technique is used in defining the plane strain fracﬁure tough-

_ness, KIC’ which is a basic materiél property;vappliéablé to the
materialé sfudied. The critical stfessvintensity'was interpreted in
terms of the-specimen thiékness and the plastic Zoﬁe size. Use was made
of a standard fracture speéimenh"ﬂand methods of fracture testing.

A primary object of this investigation was . to d§Velop a fracfure
criteria based on the tensile énd fracture properties determined iﬁ the -
study, which will describe macroscopic crack propagafion behavior inﬂterms-
of thermﬁmechanigal treatments and metallurgical effects. Recently,
attempts have been made in the development of fracture theories pertaining

v5’6 Averbach.,7 and Tetelman et

- to specific areas. Hahn and Rosenfield,
al. . ﬁave attempted to explain gross maéroscqpiC'behavior as observed
in fracfure toughﬁess and Charpy impact tests. Smithsavhas.éutlined,ﬁhe
)géheral prerequisites”forvany model of cléaﬁage fracture. Aé thefe~are v
certain contrédictory'aspects to these propéséd fheoriés, one df thesé,
that of Hahn and Roéenfield, is éxamiﬁed in detail and used to develop
from the observéd data a fracture criferion. . This criterion relates
microstrucfural contributions of structure and grain size to the environ-
mental conditions and mechapical properties as yield stress gnd plahé-
strain.fracture toughnéss. The criterion is applicable tb hypoeutec-
toid plain carbon steels with yield strengths ranging from 25,000 psi

to Y0,000 psi. This means that if the yleld stress at room-temperéture
is known, then values at other temperatures and structural conditions

can be calculated. Similarly this applies for the true fracture stress

~



and fractufe ﬁoughness properties, Included in the criterion is the
plasticfconstraint factor, p.c.f., which describes the effectrof triaxility
at_the tip of a notch.on the elevéfion.of the yield,stfess.6

Sincebthere is a vast amount of Charpy V-notch impaét'data, CVN,

éurrently available, an attempt was made to describe the existence of a

.correlation between CVN and K cr Also the dangeré of converting one set

I

of data,td another without regard to micréstructuial.conditions are
eméhasized;.; Recent correlations of Rblfe et al.lo and Wellsll are
examined ih,ﬁerms of their development and application to the data obtained
in this inveSﬁigation.

‘Thé_Stress wave emission techniquele-lu was used in the stydyvof-the
fracture process. This relétively new technique monitors the elastic
wave produced by discontinuous crack movement%. Further, it was shoﬁn»
how a quantitative measurément of these waves can be related to and used
in determinihg some micro-characteristics associated with cleavage frac-
ture. These microcharacteristics pertain to microcrack formation in the
critical pléstic Zohé at the notch root. Determination of the number of
microcracks was‘accom@liShed with the stre$s wave emission technique.

Tetéiman et al.lb

used the probability of microcracking in the critical
zone as part of a fracture criterion. In this investigation, the miéro-_
crack density concept was. used to describe the microstructural region over
which microcracking occurs prior to fracture. As part of a fracture cri-
terién a relationship relating the number of stress waveé emitted to this
microstructural region is pfesentéd.

Optical microscopy and scanning electron microscopy techniques

were used ‘to provide informstion to correlate with measured mechanical -

| properties. Also, observations of fracture surface fractographs were made
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in conjunction with the measured stress wave emissions to assist in

analyiing the microdynamics.
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Ii. EXPERIMENTAL
»A.- Program
‘ Structural steels in‘the hot rolled condition_of verying carbon
content_from_O.l9%Cftq 0.78%C were obtained commercially, This was done
to ensure thié study was carried out on materials that are being commonly
used in StfuCtural applications. The‘range of carbon content, was
selected-ee that the volume fraetion of peaflite could be varied. The
effeets‘ofviﬂterlamellar spacing were studied over the“availablevrange
of,percentage pearlite,

The preparatlon and testlng program consisted of three prlmary
phases, the materlal preparatlon and heat treatment to obtain the des1red
structure, the mechanical testlng to determine. the mechanical and frac-
ture properties and thirdly, the microscopic evaluation of these properties-
by the use of the scanningeelectren micrpscope:<S.E.M.).

Although'the main purpose of this_study'was the analysis of the
ferrite-pearlite structure in terms of their microgynamic behavior, the
‘ martensitic and Spheroidized struetures were also studied, but in iess
. detail, .These latter structures eﬁable_a comparison between the proper-
.ties ef structural steels to Be made; where the carbon was contained in
 lamellar plateé, dispersed as spheroids’or in the form of lens shaped
needles,.

B. Material Preparation

The_chemical composition of the‘steels obtained are listed in
Table I. Four.different carbon levels were purchased while the
decarburized steel was obtained by decarburizing peft of the 1019
Cerbon steel. The decerburization was performed by melting the 1019 C

steel in a vacuum furnace and allowing wet hydrogen to be bled in as-
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the decarﬁurizing atmosphere at 1750°C for 72 hours. The'furnéce was
purged with helium gas before_ahd after the decarburization. Excepﬁ
for the thO, the Cr-Mo~Ni contents were approximateiy thé'same., In
this report the'steél number iisted is the reference number’td_the carbon
content Qf the particular_steel. | |
1. Fabricafion

All ﬁéteriél obtained was~in the form of hot rolled bar, 1 in.
thick by 2-1/2 in. wide, each steel bar being 10 % long.

Stahdard Charpy V-notch and tensile specimens were machined from

the bars with the tensile axis in the rolling direction and the "V'"-noiches

" cut at right angles to the‘rolling direction. The tensile specimené'
used weréléccording té ASTM designation: Eé-65T and are shown in Fig; 1
Fracture specimens were also machined froﬁ the bars with fhe ténsile
axis in the folling direction or longitﬁdinal diréctidn, The fracture
specimen.deSign used was a modified wedge—opening-load (worL) typé
vto.faCilitaﬁe two pin loéding and is shown in Fig;‘2 . This specimég.
design is-bfteﬁ referfed to as the compact tension gpecimén fdr‘fracfure
.testing which is discusséd by Wésselui and for which the stress.inﬁensity

16

factors were determined by Srawley and Gross.

1
i
{
!
.




2.’ Heat Treatment A A o o

. The machined specimens‘for_all_mechanical_testing“were;first
austenitized at 900°C for 30 minutes beforé gquenching to the desired iso-
thermal-temperatﬁre.' To obtain fine pearlite, specimen; wére quenched
in a bérium:choride salt bath, held at 55050 for 15 minufes, and finally
water quenchéd. Té 6btain coarse pearlite, the salt bath temperature was
varied due to-the variationrin'ailoy content §f the steels. Rine&.oltl7
and timé-tempefature-tr;nsformation curves were referred>to in Qrder to
correctly ascértain thevsalt bath témperétuies. For the decarburized steel
and the Oil9% carbon level the isothermal temperature used was 650°C for 60
minu%es;'for.o.hj% cafbon, 625°C for 30 minutes; for 0. 56% cafbon, 650°C

- for 15 minutes; for 0.78% carbon, 675°C for 30 minutes. |

 Thé isothermal temperature for fhe 0.43 énd 0.56% carbon levels were
loﬁér than normally could be selected as ﬁhe effeét of alloying elements
Cr and Ni in the O.MB%'carbon.steel and perhaps Mn in the 0.56% carbon
steel éered to suppress the transformation curves in éach case. Figures

% and 4 show the microstructure of the carbon steels heat treated to obtain

fine pearlité and coarse-pearlite respectively. .

Martensitic structures were obtained in all cases by quenching
rapidly i@to an iced brineAsolution after austenitizing at 900°C for
5O.minuteée:AFigure 5 shows examples of tﬁe'marteﬁéiticfstiucfurést?
obtained. Tor 0.19% carbon.and 0.78% carbon steels. |

The sphéroidized carbide structure, Fig. 6 ', was obtained by'tembering'
F»the quenched steel by reheating at 700°C for I hours followed by an .

0il quench,
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C. Mechanical Testing

1. Tensile Testing

Tensilé tests were carried out to-detérmine the tensile propertieév
on all the structures'tigated in.thié research. Thesebtests were per-
.formed at a crosshead speed of 0.00Qvin./sec’aﬁ both room temperature-
and the_liquid nitrogen témperature. Additional tests.weré performed,_:
with tﬁg tensiie spécimen immersed completely in an alcohol-dry ice
 mixture at a temperature of -95°F, for the fine and coarse pearlitic
“structures. At the low test temperatures, the tests were only run when
the baths became quiescent and thermal contractioné had ceased; |

A1l tensile tests were performed on a Materials Testing Systems
(M.T.S.) 300 kips capacity ﬁnivérsal testing system;

The tensile properties of steels with all structures were determined.
by testiﬁg specimens having the design shownvin Fig. 1. Wheh.thé
upper énd lower yield points were not'clearly‘defined,.fhe stress corre-

sponding to 0.2% offsét was used.

2. Charpy Iﬁpact Testiﬁg
B Tﬁe impéctipfopéftiés were determined by tégting a total bf'hd standard

Chﬁrpy V-notch specimens at room temperature and at liquid nitrogen. temp-
erature fﬁr the pearlitic, martensitic and spheroidized structﬁres.. Tests
ét ~100°F were also performed for the finevand coarse pearlitic structures.
4The tests were performed on a pendulum-type impact testing machine adjusted
to 120, ft-1b capacity. The criteria ﬁsed from these tests were e;ergy |
absorbed to fracture.and fracture appearance._

5. Fracture Testing

Fracture tests were performed on single edge notched 1 in. thick specimens

at a specimen extension rate‘of 0,01 in./sec. .The " fracture properties

. 4
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were determined using approximately 100 specimens, ‘A1l these tests

were performed on the 300 kips capacity M.T;S. machine which is

illustfateé in-Fig; T, 1including the fracture:specimen set up and
related iﬂetrumentation for roomntemﬁerature testing, The thickest
specimens poséible, considering.the plate'thicknesé,‘were‘utilized
realizing thet-eveh in'these,kthe thickﬁesS'would hbt’be adeqﬁate for
plane straih conditions at higher temperatures. Plane strain conditions
aﬁd hence an accurate value of stressrintensity was obtained at the
lower temperatures with the speciﬁen thickness utilized.

This specimen design accommodates two pin loading for increased

‘ease of preparation and testing over the WOL (wedge-opening-loaded) type

_ _ o KBwl/2
from which it was developed. . The stress intensity coefficient - s

where B is the specimen thickness and W the $peeimen'width; for this

- design, was determined by Srawley and Gross (16) using the boundary

collation procedure, the results of which are in excellent agreement
with published experimental compliance data (4) for this specimen con-
figuration. The results of this procedure, in terms of
r
1. Crit,Bwl

Porit @ | &)

where P is the critical applied load, a is. the specimen crack length and
f(%) is the correction function due to the finite specimen width, Were
used in.determining the plane strain critical stress intensity factor,

KI'Crit for all fracture tests performed in the course of this study;

H
P , .
the specimen length. ﬁn this study the ﬁg ratios varied between

1.25 and 1.5. This figure was derived from boundary collocation

' In Fig. 8, =—— ratios of 1.25 and 1.5 are shown where Hb is half

procedures referred to in Reference-lé.
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All fraéture specimens wefe pre-fatigue cracked af a_sufficiéntly
low load to éllow a minimum of 10,000 cycles to groﬁ the fatigue crack, -
at.a cycling rate of 6 c/sec., This minimizedvﬁhe'fatigue effect;én the
bluntness of the crack tip which should be as shafp as possible for low-
temperatufe testing; The flaw so.introduced.simulated those-flaws com-
monly fouha iﬁ assembled éngineering structures. | |

The.test'procedure used‘for the high femperature tests consisted of
immersing the specimen in hot water and allowing the température to stabilize
by allowing-it to cooi Slowly from é higher temperature. _The'equipmenﬁ
is shown_in Fig. 9.. The temperature was monitored by thermdmeter and
thermocouple connécted to the épecimen.b Only when thg deéired>temperature_
was attained was the test started. |

The test procedure fof the low temperature fegts made use of an
apparatus built and édapted to this form of testing after that descfibed
by Wessel and Olleman.'® The test set up and apparétus is shown in Fig.
10. The apparatus makes use of nitrdgeh vapor as.both the refrigeraﬁt .

and testing.médium solﬁhat prédetermined low termperatures, such as ~100°F

and -2006F qsed.in this research, ﬁere readily pbtained and accurateiy'sta- .

\vbilized)ﬁith éh automatic contrdl and recording system. The fefrigérant
. in the form of nitrogen vépor is allowed to enter the test chambef, by
way of a'flowvregulating system, through the>coppér‘coil wound around
the grips aﬁd specimen éﬁd escapes into the.chamber through the perfbraf
tions in the coil close to the Speéimen. A string of three céntroi.
thermocoﬁples‘installed on the specimen top, notch and bottom face éreas
are connected to the potentiometer-type temperature controller. This |
controller energizes and opens or de-energizés'and closesvthe magnefic
needle valve éccording to the thermocouplevsignals.

At liquid nitrogen temperature the specimen was immersed and as in




:
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all’cases'ofvlow temperature testing the tést was only run when thermal
contractiéns had ceaséd and the medium became qulescent. |

Instrumentation for the fracfuré tests included a crack opening
displacement (C.O,D.) gauge, discussed by Srawley and Browﬁ,l8 which was
used to monitor the crack opening with increasing load.f The COD gauge
is a double cantilever beam type gauge positively:mounted as illustrated
in'Figs} 8 andJJéwith resisténce'strain gauges epoxy resin bonded to
the arms td form a bridge~arrangement. The output of the gauge was moni-
tored continuously on a high épeed stiip chart recorder as was the
‘corresponding load. Also, the gauge output was monitored tégethervwith
loéd on an X;Y recorder.

L.  Stress Wave Emission Technigue

121k
W

The stress wave emission technique developed by Green et al. as

utilized tovstudy'the dynamic behavior of slow crack propagation in the.

singie edge notched (SEN) specimens. Elastic waves are caused'by the

discohtinuous growth of a crack before catastrophic faildre and by’the
Qse'of a éﬁitable piezoelectrié transducer attached to the specime£ these
emissidns.can be detected.v. For specimens as thick as those used

in this study, this technique provides a sensitive method for‘acquiring
information on the crack growth befdre patastrophic cleavage.

The set up is shown schematically in Fig. 12 and_Fig.15 shows the
éomplete instrumentation used and‘the related circuitry in*anaiyzing the
generated signai of the piezoelectric transducer. In order to realize the
best possible data, care was taken to set up the equipment to obtain
the most'effective characteristic responses of the components. and hence

eliminating extraneous noise signals.

Under increasing load and changes in envirommental conditions an elastic
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wave produced by‘crack movement is initiated. Associated with this
crack advahceiis a small amount of energy release. As these generated
signals aré small, amplification is required and a filter used to filter
out extraneous noise signals. An Endevco accelerometer, model 2234E, was
used as the piezoelectric transducer which had . a sensitivitj of 59.#
picocoulomb/g and major resonant frequency of 32 KHz. Referring to the
schematic, Fig.lE ; the signal from the accelefomefer corresponding to
a stress wave emission'was amplified by é charge amplifier and the gain
increased by a voltage amplifier. The amplified signai was then passed
through the band pass filter set for low pass of Md KHz and high pass
of 25 KHz which effectively filtered hydraulic noise and other low
frequency signals. The fiitered signal was then fed in parallél to the
Ampex recordér which had a maximum frequency response of Lo KHz at 15 in./sec
and the oscilloscope screen for observatién. At the conclusion of each
test, the recorded signal was played into the osciilograph at 1-7/8 in./séc
(one—eighth Qf the recofder épeed'and hence one~eighth of the higﬁesf
reéordéd‘ffeQuency.of Lo- KHz) so as ﬁo be accommodated by the freqqenéy
fesponse of the galVanbﬁeter (5 KHz). The_combined effective gain of the
system used was between 450 and 45,000 comprising the charge amplifier
gain at 1 é of approximately 150; the tape recorder gain of.approximateiy
3 and the voltage amplifier gain of 1 to 100. The procgdgre describédb
was estéblished in this manner so_that~many“testé could be carried out
in. succession.

D. Microscopy

1. Metallography

Microstructures of the materials investigated were determined by

using standard metallographic techniques. These fine and coarse pearlitic

-
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microstructures are shown in Figs. > and 4 ;vwhile those of the marﬁen-

sitic. and-spheroidized carbidé structures are shown in Figs. > and 6 .

These.micrbstruétures, for the pédrlitic.structuies, were used in
determihihglthe'averége ferritic grain size, the volume fraction of peérlité
and the avérage interlaﬁellar pearlife spécing;

The method-émployedvto deterﬁine ﬁhe pearlite cohteﬁtvwas by point
counting andmthe ferritic grain size and interlammelér spécing of pearlite
by lineal;analysisfﬂ)' For_thé former,-é plastic transparency containing
véry Smallvdofs was superimposed oﬁ a photomicrbgraph at hOOx magnificaf
tion andvthe number of dofé.fallihg on th; pearliﬁe coibnies was céuhted.
The perceﬁtage of pearlite calculated is the volume fraction of peariite.
The linéal  intercept méthéd involves ﬁhe detefmination of the‘number of

ferritic graih boundaries intersected along a series of straight lines

superimposed on a photomicrograph at LOOx magnification. The ratio of

the total distance of traversevto the total number of intercepts gives

the mean intefcept gréin diameter. The interlamellér-spacing of pearlite

wasvdétermined by counting the lamellae intersected along a number of
equal straight line traverses of the pearlitic'colonies superimposed on
the photomiéfographs at 1000x maénification. The ratio of the length

of traverse to the number of intersections is the mean interlamellar

. pearlite spacing.

The specimens were cut frém the tensile spécimens unstrained area
andvafter wet grinding in éeveral stages to a'finish.éQuivalent to number
600 paper were micropolished on a rotary wheel in a solutidn of distilled.
waﬁer énd . 051 alumina. The specimens were then etched for 5 to 10 secs

1

2 .
with Nital ™~ (1.5 ccsof nitric acid and 100 ccs of alcohol).
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carbon content. Referring to the tables, the stresses were calculated

-using thejload—displacement tensile charts and in particular the true

fracture'stress was computed‘using'A*. the crOss sectional area at fracture.
The true fracture straln, f’ was computed by u31ng the fbllow1ng relatlon-.:‘

shlp in ( -—J where A is the 1n1t1al cross sectlonal area. The percentagev
.f .

-elongatlon values (and Luders band straln, | )were nmasured from the
"load- dlsplacement charts. Referrlng to the flgures, 1t 1s.seen that
:1n general the yleld strength is hlgher for fine pearllte than for
coarse.’ Thls 1ncrease 1s further accentuated as the volume fractlon of
'pearlite is increased- The grain siZe effect is noticeable ih these
flgures, partlcularly flg. 18 wherelthe true fracture stress for the
"lOOO carbon steel is much less than.those succeedlng values up: to‘a.'
?volume fraction of pearllte of 1.0: It-can also be noted 1n,the tables
that the fine pearllte structure exhlblts greater reductlon of areadthan
the coarse pearllte, partlcularly as the carbon content level is 1n;vg
ICreased. _Thls:was shown by Gensamervet al. 22 when hernoted that the__
 coarse pearlite structures were:lower injductllitv. Butcher anddPetitQSI
: observed “that ‘the maln reason for the . ductlllty of pearllte is the d1s-
'contlnuous nature of. the cementlte lamellae and the small ratlo of the
amount of cementite to the‘amount of ferrlte. It is noted that as therr{
volume fractlon of pearllte is 1ncreased the ten81le strength 1ncreases
more than the yleld-strength. Burns et al. 2k in thelr 1nVest1gatlon

lof the fracture characterlstlcs of ferrlte-pearllte structures showed

- this to be.due to a greater work hardenlng rate in pearllte. |

The ténsile. propertles obtalned are all within the experlmental

ranges common to these materials. The yleld strength values for the O hB% _
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carbon steel was observed to be high in comparlson to the other carbon

steels studied. Tetelman and McEv:.ly25

showed the effect of certaln
alloying edditiohs in the flow stress of ferrlte to effectively 1ncreese
the strength 1evels of carbon steels. Although the 0.U43% steel studied'
had somewhat larger amounts of P Si, Cu, Cr, Ni, Mo and V, the effect of
these additional amounts mlght.only account for an increase in the strength
level of about 6000 psi. This does not fully explaln the hlgh yleld
strength value obtained.! The anomalous behav1or of this partlcular steel
with respect to its yield strength is therefore noted.
| The tensile properties for the martensitic’structures were observed
to be very'low except in 0.19% carbon steel.' This was due tovthe premature.
failure ofvsome of the tensile specimens during.testing'as a resﬁlt of
quehch cracks.in the materials. These'quench oracks were prevalent in
the 0.78%, 0.56% ahd 0.43% carbon steels.

The yield strength of the'spheroidized carbide structure was observed
to increase.with increasing carbon content. This is shown in Fig. 19‘
plotted at -320°F. Throughout, the tensile propertles of the spher01dlzed '
carbides were superior to those of the pearlltlc structures. It 1s_ |
thought that the dispersed carbide-perticles helped prevent long~range dis—.‘
location movement, but unlike the lamellae prevalent in pearlitic struc-
tures, fewer severe -stress concentration sites were available for the
initiation of fracture; Only specimens.devoid of quench cracks-were‘
used in determining these properties. |

2. Charpy V-notch Impact Observations

The measured results of the Charpy impact tests are tabulated in

~ Table VIII for the structures studied at ~320°F, -100°F and +70°F. It can

be seen that there is no significant change in the absorbed energy values as
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the pearlite spacing is varied from coarse to fine. The recorded energy
values for the 0.19% carbon steel_at 70?F are low begause the true
17 .

values eiceedéd the capacity of the machine used. Rinébolt has shown
that for siﬁilar structures these values should varj beﬁwgen'lhb énd

200 ft-lb#,' The 120. f£-1b machine limitation causéd the recorded values
| to be low,- | | |

3. TFracture Observations

Table IX summarizes the results of the fracture toughneés tests
performed as varying temperatures between -320°F and 1506F on the peérlite
strﬁctures studied. TFigure 20 illustrates these results_at'-BEOdF,lf' |
-100°F and.70°F as a function of the volume fraétion of pearlite'while
 Figs. 21-2h summarize the fracture toughness results for all structures
plotted aéia function of temperature. o

Referring to Figs.21 through 24 the fracture toughness parameter .

shown plotted is the critical value. of fracture toughness of the materials..

The temperature dependence of K is clearly illustrated. -Contrary to

IC
the sharp transition normally illustrated in Charpy-V-notch impact data
plottedvas a function of temperature, there is no clear transition temﬁ—
erature illustrated for KIC data. Also shown on thesé plots is the

dependehce of KIC on the size requirement of the test specimen in order

to obtain valid Ki

o data. Brown and Srawley26 established that for -

K ,
Ic C L
strength levels of (6—— ) for similar materials as studied here, the
' LYS KiC‘ o . :
size requirement for B should be B z 2.5( —= where B 1is the
: LYsS

specimen thickness. The effects of using this criterion on the fraéture
toughness data for the pearlite structure are shown in the figures.

L
More recently Wessel has shown that for materials of the same yield

-
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strength levels as presented here, consistent results for KIC might be
obtained at levels as low as B 2 ( EEE ) . The effects of this criterion
' LYS

are also shown on thé figureé. Therefore, the fracture toughness daﬁa
observed for all materials fall iﬁto three catagories. In the low temp-
erature régioh, fhe fracture behavior is substantially elaétic, and
fracture occurs by cleavage. Thé ﬁiddle temperature region exhibiﬁs
siénificant plastig flow pfior to cleavage, as evidenced by non-linearity
of the load-displacement curve. In the higher temperaturé region, frac-
ture'was by cleavage, but only after a period of excessive slow crack
growth, Hence,‘for this latter conditioh, the fracture foughness data
arevactually for‘KC, and hence are higher than the true plane strain
fradturé toughness if.one had plane strain conditions. This observed
behavior ié further illustrated in Figs. 25 and 26 which show the frac-
ture surfaces of the fine and coarsé pearlite structures at temperaturesv
representative of the three aforementioned temperature regions, i.e.,

-320°F, 70dF and 100°F. At —3206F, there was no observed slow crack

_growth but only flat fracture typical'of_cleavage ahead of the fatigued

region. The 0.19 and 0.43% carbon steel specimens shown tested at room

temperature indicate a small ductile region evident of slow crack growth

-before cleavage occurred. Cleavage was the observed mode of fracture for

0.56 and 0,78% carbon steel at room temperature. For the higher tempef-

ature fracture tests, the 0.19, 0.43, and 0.56% carbon level steels shown
an increased amount of slow crack growth, particularly in the 0.L43% carbon

steel, before cleavage occurred. The 0,19% carbon steel failed by tearing

after excessive slow crack growth while the 0.78% carbon steel cleaved

after a minimal amount of slow crack growth not evident in these figuréé.

In conjunction with the Qbservations discussed above, Figs., 27-30
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illustrate the behavior of fracture specimensvof the'O;l9 and 0.78% carbon
steels qndér fracture_tests conditibns at +70§F, -lOOéF and -320°F. ‘Here
the load is shown asva function of crackvopehing displacement. At T0°F,
the curves both exhibited a pericd of slow crack growth before cleavage
occurred. At,-lOO°F, only therO.l9% carbon steel revealed a peribd Qf g
.slow crack growth before failure whereas the:O.78% carbon steeljekhibited
a lihear-load-displacement relationship preceding cleavage fracturé. CAL
—BQOGF, both steels exhibited lineér elastic behavior prior to cleavage
failure. In all casés the maximum ioéd and crack iength failure were
used:in éomputing the plane strain fractureAtoughness.. -

Various effeéts were observed as illustrated in Fig. EObpertaining
to pearlite spacing and percentage pearlite.content. The fine pearlité

struéture was generally observed to have higher K_. values than the coarse

IC
pearlite strﬁctures. .The values of KiC at the lower volume fraction of
pearlite vaiues are lower than would be expected in comparison to the K
data for the 0.56 and 0.78% carbon steels. This point is discussed in

detail in a later section, Three illustrative temperatures, 70°F,'-lOO°F

and -320°F are shown plotted in Fig, 20.

 The relative fracture tOughness to yield strength levels as a function -

of volume fracture of pearlite is shown in Fig. 31, the data of which are

tabulated in Table‘Xi. At the temperatures shown, a broad spectrum of

K :
(EEE') levels for the pearlitic structures is illustrated. The -320°F
LY

data are representative of the low toughness, brittle condition and the
70°F data is representative of the low strength, high toughness condition.
Referring to Figs. 21 through 2k, the Ko data for the martensitic

structures are shown plotted together with the data for the péarlitic and -

spheroidizéd carbide structures. Table X also summarizes the measured

Ic ..

-
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fracture properties of the martensitic and spheroidized carbide struc-
tures. The figures show that in all cases except the 0.19% carbon steel,

the marteﬁsite structure exhibits lower fracture toughness than the

.G

pearlitic structures. As expected, only in the case of low percentage
carbon conteﬁt is the marteusite very tough. Figure 32 shows the frac-

ture surfaces of‘thé 0.19, 0,43 and 0.78% carbon steels at 70°F and

-320°F. Tt was not possible to obtain the K., for the 0.56% carbon steel

Ic
as the single edge notch frécture specimens failed during fatiguihg of
fine cracks due to quenchbcracks at the pin holes. The fracfﬁre:surfaces
shbwed‘a cleavage mode of fractﬁre;'eXcept for the'O.lé% carbon sﬁeei
where the éhear lips'illustréfed the extensive amohnﬁ of plastic flow

whiéh accompanied crack growth at 706?.‘

‘The spheroidized carbide structures all were observed to exhibit

higher KIC

values than the pearlitic structures.  This is consistent
with earlier observations by Gensamer et al.22 who found the spheroidal
structures markedly superior in ductility to pearlite of the same yield

strength. At room temperature, the K., data for 0.19 and 0,U43% carbon

IC
levels were unattainable due to the gross plastic deformation of the frac-
ture.specimens. Figure 33 illustrates the behavior of the spheroidized
carbide structures as observed.

Figure 34 shows the KIC data and true fracture stress, o,  data. for

T
spheroidized carbide at ~320°F plotted as a function of carbon content. As
observed,AKIC and Op exhibit similar behavior patterns as the carbon
content 1s increased. Hahn and Rosenfield27 studied the effect of adding

THO2 particles to iron and showed the cleavage strength was increased over

that of the base metal. This enhanced resistance was thought to be a
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consequence of particles limiting the slip distance of dislocations and
thus‘thé ability of pile-ups to act. as stress concentrators. The model

presented, which predicts a maximum o, for the largest volume fractions

£
and the smallest particle diameter, applies well for the data reported

- ¥

here to 0.56% carbon steel where the o,

is é-maximum and a further
increase in the volume fraction of cementite shows a sharp drop in of*.
Obﬁiously fhere are mény factors contributing to this éffect, namely the
size of the_garbide particles, the dispefsion of the particles;ahd the
ferrite grain size. Table IT sﬁows.the ferrite grain size of.the 0.19%
carbon level'£o be four times that of the remaining three cafbon 1evélé:
vwhich have the same.ferrite grainﬂsize. Apparently there is a critiéai
balahce betﬁeen the number of carbide particles present, their size and
dispersion.. The fracture behavior of'spheroidized'carbon steel is Quite.
aifferent where the fracture mode is of & duétile nature, as was shown by
Liu and.Gurland.gg,’29 For low carbon steels (0;665 and'b.f%c), ﬁhey'found
the trué*fraéture stress at room temperafufe decreased as the volume frac-
tion of éarbide was increased. TFor high carbon steel (> 55%C), the criti=
cal parameter was the interparbicle'spacing-with all compositions‘falling
on the same curve which showed that the true fracture stress decreased
with increasing interparticle spacing.

Hodgson éhdATetelmanio
quenched and tempered structure34the'cléavage fracture stress increased
with decreasing interparticle spacing. | Also, the cleavage fractﬁre;
stress increased with decreasing particle diameter. Similar effects were

, .
observed in this research and Fig. 34 shows Op first to increase with

carbon content and then to decrease.

found that in similar fine microstructures of .-‘
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relationship gs follows:

,_25_

%. Stress WaVe Emission Observations

All the fracture tests performed were instrumented to record the

stress wave activity associated with crack growth. The stress wave

~emission records were analyzed for those tests run at -320°F for all

the structufes studied. = These are tabulated in Table XIV. Data are
presented in Table XV f@r coarse pearlite structures for tests performed
at -200 °F, while Table XVI contains data of fine and coarse pearlite
structures for fracture tests perfofmed at -100°F. Tabuiated is informa-
tion pertaining to the time duration, thevnumbéf of wavés observed, fhe
wave amplitude range and the a&erage gtress wave amplitude in acceleration
(g) units for O to peak. The recording sensitivity in acceleration (g)
units is tabulated so as to explain why the average amplitude is computed
when the sensitivity was iow enough (0.5 g) to éccommodate the recorded
Waves. Illﬁstrative records are shoﬁn in Figs. 35.42 . Thesebrecofds
cleérly show the vériation in amplitude and frequgncy of occurrence of
the'monitored_stress waves for the structures studied.: The wave ampli-
tﬁde is direcfiy felated to the siie of the crack.jump s0. the emission
records qualitatively describe:thé naturé of the discontinuous crack
growth in the ﬁaterial. As iilusﬁrated in the figares,lthe stress wéVES
during the period precéding éleavége fracture became more freéuent and the

wave magnitude was increased. Ge_rberich51 has suggested a semi—empirical

ra ~ EEE | (@)

' oK°

where AA 1s the incremental area swept out by the advancing crack, g

is the stress wave O to peak amplitude, E is the material elastic modulus,

€ ié,the length between the specimen load points, and K is the applied



_2L|__ o ‘ v -
stress intensity factor. This indicates that as the wave amplitude is
increased, the stress intensity is also increased for equidistant crack
Jjumps until the'cfitical stress intensity is reached at which point
catastrophic failure occurs. From the data for 1019 carbon steel,

KIC-: Lo ksi-inl/g; g = 0.02 and 0.001 for the observed:upper

and lower bounds, e = 1.25 inches , m the constant of proportionality = 0.02

1 .
and E = 50X106 psig5 %he calculated incremental area swept out by the

advancing,cfack represented by these two SWE amplitudes represent

— - 2 : '
ONDA = L, 7X10 6 and 0.23x10 6 inches. This corresponds to a circular
grain diameter of 21+5><10--5 inches and 55><10_5 inches which is equivalenf_

>

to the average grain size observed of 70x10 ~ inches.
Figure 35 _shows the wave record for 1000 carbon steel at -320°F.

The largevnumber of stress waves (NSWE

crack behavior in the larger ferrite grains of the material. The magni-

tude of these waves indicafe the relatively large crack jumps involved

as the sfress3intensity factor associated with these jumpé is low. Also

/
‘ ' : : 12 . _
the energy of the wave is related to the wave amplitude in the form,

sU~g - (3)
hence thé larger the wavevmagnitude, the @ore energy is associéted with
the crack jump. This.is shown in Fig;59 | where the energy released
with each crack jump for the martenéitic;strucfure, as ihdicated by.-
the large wave amplitudes, is greater than the energy released'ﬁith_(
the .crack propagation for the péarlitic.structures.

The longer time period associated with tests of the spheroidized
carbide structures (e.g. 25 seconds) shown in Fig. 41 , coupled with

/
the stress wave behavior (e.g. 0.024 g, average amplitude) show

= %22) are indicative of. the micro-
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the discontinuous crack jumps to be larger than those of the peaflitic
structures, (e.g. 20 seconds and 0.016 g average amplitude). This sug-
gests the microcrack formation in the pearlite lamellae to be more dense,

and hence.mbre critical, than the microcracks formed at the spheroidal

'particlé-matrix interface,

C. Microscopy Investigation

1. Metallographic Observations

Figures 15 and 16 illustrate coarse pearlite microstructures of

1000, 0.19, 0.43, 0.56, and 0.78% carbon steel tensile specimens tested

"~ at -320°F. These photomicrographsvwere taken of samples‘machiﬁed from

the region and in the plane of the fracture surface. The 1019 carbon

steel micrograph shows evidence of twinning in the ferrite grain while

-the remaining structurés do not reveal any changes in the microstructure.

Twinning is élso evident in the microgfaph of 1019 fine pearlite steel
at -320f shown in Fig. 1k. Figufe 16 illustrates the large ferritic
grain size of the 1000 carbon steel and also the.gross twinning that ec-
curred’ at -320°F. Similar behavior was obsér&ed by Héhn et‘al.52 whgre

mechanical twinning was found to be associated with cleavage fracture at

" low temperatures. Twinning is eliminated as the test temperature is

raised as illustrated by the micrographbof 1000 cérbon steel tested at
100°F.

Figure 3 and 4 reveal the wide range of pearlite spacings for both
fine and coarse structures. In all cases the pearlite spacings, Sp,
listed in Table I, are average values cdmputed from typical_areas of
the sfruétures.A Also to be noted is the discontinuous nature of the

cementite lamellae in the pearlite colonies. This is thought to be the

main reason for the ductility of pearlite.



e
Figure 6 shoWs the sphéroidized'carbide structures for four carbon
'levels}  The alignment of the'partiéles clearly reveals the sites of thei"

33

former maftehsitic needles. The ferrite matiices aré aisoievident,‘  v_ ‘: . &
with fﬁe-fefrite grain_éize for the 6.19% C steel’beingfagpfoximately
four times that of the other three carbon steels. |

_Typical martensitiévétructures are shown in Fig. 5vwhefe~the_
prior austenitic grain size is ﬁisiblé in the O.l9%'¢érbon steel; it is
‘net wvisible in the-0,78%vcarbon;steel; -Thé martensitic sﬁrueture for the
0.78% cérbOn steel is cbmprisedvof individual martensite needleé of

differing sizes and Shapesr

H
1
1
t
i
'
i
1
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2. Fractographic Observations

Scanning electron micrographs of typical features assoclated with
fracture of earbon steels are shown in:Figs. h5-53 . Figure L3
shows’typicel cleavage in pearlite and ferrite and in the case of 6.19%
carbon steel tested at -%20°F, the fine pearlite structure eXhlbltS
cleavage‘"tongues which are unlquely associated with cleavage fracture5u

and are indicative of twinning in the ferrite. Burghard and Stoloff55

show these tongues are formed when a cleavage crack, propagatlng along

_ an {100} plane, is diverted along the {112} twin-matrix inferface of an

1ntersect1ng twin whlle,the main crack propagateSuaround the twin. The
steps bounding the'tongue on three sides were formed by deformation end
fracture Qf the ligament between the 'two local cracks. This final stagev
results in the rejoining ef the.diverted crack segment with fhe main créck
which continues to propagate on the main cleavage plane. Although ﬁwinning
was observed in the 0.19% C Steel, coarse pearlite structure, (Fig. 15 ),
an anonalous behavior Was observed in that no cleavage tongues were present

" characteristic

in the ferrite. (See Fig.L3d). However, "river patterns,
of cleavage fracture were exhibited. Also to be noted is the sharp cleavage

fatigue interface indicating no prior slow crack growth before cleavage.

. The 0.43% C steel, fine pearlite, tested at -320°F, shows in Fig.

that in cleaVage in pearlite, there were approximately 13 cleaved pearlitic

lamellae involved with a single cracked region. Since this compared

{approximately to the size of a quarter of a grain in the 1019 steel, perhaps
this is why the stress wave emission amplitudes do not vary a great'deal?

when considering ferritic versus pearlitic microstructures. Figure 45

illustrates in the 0.56% C steel secondary cracking and also the
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large number_of pearlitic lamellae involved iﬁ cleavage of pearlite,

The breaking up of pearlite indicates the high toughness of the structurés.
Figure L6 illustrates the linking of the.pearlite colonies in the 0.78% C.
steel. Also there were approximately twelve cemeﬁtite lamellae involved-
in a single region of cleavage fracture.

Figures 47— 51 illustrate the fracture surfaces of 0.19, 0.43,

0.56 and 0;78%.0 steels tested at -100°F and TO°F. Evidence of plas-
‘tically indﬁced cleavage in the slow crack growth region is observed in  R
the 0.19% C steel shown in Fig. L7 . Priedel et al.56have shown there

to be a relationship between the step height and the Jength of‘the rivers
contained.in_cleavage rivervpatterns. This.relationship is of the fofm

W o« g : o (u)

where h is the height of the step created and £ is the length of the
river, Friede156 further explains the fiver‘pattern formation fo be _
created by a random distribution'of screw dislocatiopsiof oppésite signs
piercing the cleavage surface. Applyiﬁg this relatiohship ﬁq the river
,patterns.observed in Fig.h7r,"i£ is observed that the stép height is
increased as the squafe root.of.the.pfopagation'distance measured from
the source (see Fig. 54 ). While Friedél shoved that the relationship
for mild steel at -320°F.was approximately n? - 10Z, the present inves-

tigation showed that af 70°F, h°

~ 1204. This-indicates that at room
temperature the mechanism of fracture is quite different as theré,is.
twelve timBS'£hé~surface area involved during the step formation prOCess:
Friedel did not report room temperature tests, but suggested that highér
energy absorption is associated with pléStié‘defbrmation. The Charpy-

impact results in this investigation, where the energy absorbed to fracture

was 1.5 ft-lbs at --320°F and > 120 ft-lbs at 70°F, are consistent with the
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observations of fracture suffaces ahd sﬁggestions by Friedél. The
coalescence of the river patterns iﬁdicates the direction along which
the.rivérs éoélesée. Figure 48 illustrates the changes occurring in the
crack péfh{“The coaiescence of ﬁhé river patterns observed in the fer-
rite strip lOcated between the pearlite areas indicates the crack path
steps up, and it is also evident fhat less energy is expended in the
fracturé of the pearlite.. Figure‘h9 shows the micrécracks evident in
the 0,19% C steel at -lOOéF. At this temperature no tqngues are evideht
because no mechanical twinning‘bccurred. Dimple rﬁpturé of bbth ferrite
andlpearlite is shown in the slow érack growth regionlbf‘the‘b.hB% C
steel. Figure‘50 of 0.56% C sfeel indicates there were eighteen cementite
laméllae‘involved ih the cleavage of pearlite. The Sizé of the cleavage
Steps wére determinéd by countihg the number of lamellse involved.  The.
cleavage.fatigué interface region also indicates‘the.absence of slow
crack growfh brior to fracture at this tem@erature (~200°F) for 0.56% C
steel. Comparing Figs. 51 to 46 for 0.78% C stéél tested at 70°F and
~320°F, respectively, reveals the fraéture - step within the pearlite
colonies to be different. Théy weie approkimately 8u and lhp respecfive—
ly. This shows that cleavage nuciei aré small in areé at room tempera-
ture. Cleavage in a tensile specimen at room temperature is more ordered
than cleavage in the fracture specimen. }

Figures 52 and 53 show fracture surfaces of 0.56 and 0.78% C steels
tested at 100°F, Patterns of continualiy changing cleavage in peaylite
wererabsérved-aszshqwn in Fig. 52 for 0.56% C'.steel. gThis corresponds,iq
a large changé in fracture toughness for this material (65 ksi-in.l/2 at
+100°F %o 4o ksi-in}/2 ét -320°F). The pearlite coionies are broken up
considefably compared with those at room temperature and ~320°F. This

indicates more energy had been absorbed in the fracture process.
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Tigure 53 shows cleavage steps and the many orientationé of the

pearlite colonies cleaved by the crack-propagatioh;,
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IV. DISCUSSION

A. General

In orde? to sfudy the micromechanics of fracture of structural steels,
care must.be'taken in the consideration of the many pafameters involvea;
" In this>réspéct one.of them, the grain Sizeveffect, plays an important
role in tﬁe:sgrengthening of ferrite-pealite steels by increasing their

. s . _ : o
resistance to cleavage fracture (Cottrell,37 Petch,58’39 Hahn et_al._,3

Tetelman and McEvily25 ). This results beéause the brittle fracture stress
and yield sfress are both raised by decreasing the grain'size. The yield

stress, o is also greatly affected by the'temperature conditions, the

LYs’
material structure, the strain rate and the state of stress in the art.

The true cleavage fracture stress, o. , although perhaps also temperature

f
and-straih rate ihdepéndent;iis very dependent 6n . .grain size. ‘This dig-
cussion beginé with the normalization of the vafiation in érain size of
the matérials studied so that in the following sections it méy be shown
how other variables affect the observed macroscopié crack propagation
behavior, | '

Also discussed ‘is the correlationvof Charpy V-notch impact data (CVN)

with plane strain fracture toughness data (KIC) to illuminate the possi-

bilities of converting existing CVN data to K

IC.values for different

materiai structures.

_Also, the stress wave emission technique will be discussed in terms
of its_uéaée'to help-determine the microcharacteristics of fracture,
whether thesé.be grain by grain crack movements or the development of

non-propagating microcracks.
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B. Correction for Grain Size Effect'

1. Development of a Corrected Value for Lower Yield Stress, o

» LYS.
is described by the Hall-Petch

LYS

4o, k41

The grain size dependence of ¢

equation by

| -1/2
Oy =03 * Ky d (5)

where o and Ky are constants and d is.theraverage ferrite grain diameter.

During inhomogeneous yielding of pearlite-ferrite steels, both éonstituents )

undergo plasﬁic deformation., Therefore any description of the lower yield
stress should include as well the effect, of the presence bf pearlite.

42 - -
Kouwerthoven describes the o of such steels in terms of a modified

LY
Hall-Petch ralationship

N = qj-(c.

LY( o) = + Kyd'l/2)+ fo (6)
~(comp v

where ﬁxland fp are the volume fractions of ferrite and pearlite, respécQ

tively, o, is the lower yield étress for the ferrite—pearlite

(comp) .
composite, Oy is the wvalue of o - for a completely ferritic steel
: _ : (comp) - o ;
and o_ 1is the value of ¢ for a steel with a completely pearlitic
P (comp )

structure. Here f = 1-f . The term o, + K d'l/2 represents, here,
p T« ic v

the Hall-Petch equation for o of a completely ferritic material.

LYS
Therefore an expression can be obtained which will correct the
‘measured values of lower yield stress in terms of ferrite grain Size and

pearlite content for the structures studied. This can be expressed as

follows:

o -tk @Rl ) ()

=0
LY(corrected) LY(measured) average

where d;iée is the average ferrite grain size of 0.19, 0.43, 0.56 -

carbon steels. The grain size of the 1000 steel was excluded from this
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average. The - result would have reflected a false average too close to

ﬁhat of the 1000 steel, since its grain size was nearly an order of

magnitude larger than the rest. The values of Ky for a completely ferritic

steel and fof-any'combination of ferrite—pearlite were detérmined from
slopes drawn_fhrough Kouvenhoven'é data for steels ranging from 0.0l to
0.9 Vplume fraction of pearlite. These values were Ky = 820‘psi—inl/2.and
1000 psi-inl/2 respectively.

*

2. Development of a Corrected Value for the True Fracture Stress, df

The grain size dependence of the true fracture stress is associated

. - 6~ * ' -1/2
with the Cottrell-Petch theory3 5%here Op is proportional to d 1/2 SO
that
* —1/2
cf = Kf d _ (8)
is a constanﬁ and d is the grain diameter. Since the theory does

Where Kfv

not account for observed values of Ky and that other factors apart from
: B x S B
grain size also influence cf , a criteria for cleavage was developed from

actual experiments. Hahn and Rosenfield5 related Op

* .
to grain size d

through a study of hypoeutectoid steels and determined two equations.

, : ' * » : *

On¢ was for the case where Op ;> GLYS and the other was for op = GLYS
giving

* 130,000 + K. a 7201 + ¢¥]; 0 F > (9)

R £ € 15 % 7 9yg
where K. is 2980 psi—inl/2 and
. = 50,000 + K ‘d_l/g‘ o, =0 . (iO)
£ ) £ 5 Op LYS

In Eq. (9),_e* is the engineering strain preceding fracture. The other
symbols are as before,

Therefore, an expression can be determined which will correct the
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measured true fracture stress values in ferms of the grain size. This
can be exﬁréssed as follows,
* | *

Op = O, | - Kf[l+e*][d'l/2-dl/é]
(corrected) (measured) : ave

(11)

3. . Application of Corrections

* : .
and O, are tabulated for the pearlitic

The corrected wvalues of OLYS £

structures in Tables. III through VII. These corréctionsiare also illustra;
ted in Figs; 55 and 56 for OLYS.énd of* as a function of the vblﬁme'frac-
tion of.pearlite, respectively.

Considering Fig. 55 first, it cahvbe seen that-the lower yield
stress is‘dépendent on the pearlite content and préﬁably on the inter-
iameilar“sbacing as well as on bemperature. As the strain
rate in all tensile specimens was the same, no dependency oﬁ rate was
determined. The dependency on the pearlite spacing, although secondary
to érain size, is greater as the pearlite content is‘increased. This
effect is accentuated at lowér temperatures. Put’ci»cku5 has shown thaf.
plastic fléw can be nucleated at the endé of cementite plates and that
deformation is acc_omodate_d by fine slip in ferrite parallel +o the .
‘lamellae where the resolved shear strgss is sufficiently high. This
indicates that the length of pearlite colonies should also determiﬁe the
mechanical properties of pearlite as well as the pearlite spacing. Also,
the coérser the inter-lamellar spacing the more iikely.ﬁlip.ié“to occur -
parallel to the cementite plates. . |

| Figure 56 shows a slight dependency on thé volume fraction of -
pearlite of the true fracture stress and a better defined’dependency on
the pearlite spacing at ~320°F, The true fracture stress should bev

>

independent of temperature” except for modulus changes. The effect of “y
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the increasiﬁg pearlite cohtent is to provide an iﬁgreasing number.of
strain-poncentration sités‘and hence more favoragble fracture initiation
sites forvcleavage.uu‘ Thé finer pearlite spacing serves to increaSe'the

fracture resistance. - However, both of these effects must not be greatly

“reflected in the cleavage fracture stress since it is neafly independent

~of all parameters.

-C. -Devélopment of Semi-Empirical Equations

1. Derivation of Theoretical Yield Stress

Hahn and Rosenfield5 determined a semi-émpirical relationship that

accurately described data for a fine grained mild steel (12 p .diameter)

in which o© is given as a function of strain rate and temperature.

YS

This relationship is as follows,

O, =0 + 195,000 psi - 11,000 psi 91/2 + 8,000 psi log & (12)
LYs ~ LY, _

where OIY‘ = 52,600 psi is the static yield stress at room temperature
o v
b)

for a strain rate,¢ of 107” per second; O is the temperatufe in degrees

Kelvin and € is the strain rate in sec™t units.

An advahtage of a relatiénship of this form is that fhe contriﬁutions
of strain rate and temperature are separatedkfrom metallurgical factors.
As the majority of Hahn and Rosenfield's data were for a 0.39 volume
fraction of pearlite, the grain size dependence was not iﬁcluded. How~ -
ever, Kouvenhoven's study provides the necessary information and enables‘
the gréiﬂ éizevdependence to be included. A slopevd-l\/2 versus yield
streﬁgthkdrawn througﬁ Kouvenhoven's data for voluﬁe fracti@nvof‘pearlité
.ranging from 0.1 to 0.59 can be represented by

1/2

S— 6200 + Ky d (15)
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1s_synonym§us with OLYSO as
given in Eq. (12). Combining these equations (12) and (13) the following

' ..o 12 :
where Ky = 1,000 psi-in. . Here O1vs

relationsﬁip‘is obtained,
' ' 1/2

Orys

= 201,200 + K_d~
0,6 y

- 11,000 psi 61/2 4 8000 psi log €
| | | (14)
In this research, the strain rate was kept constant. 'However,
other factors pertaining to the material structureican be introduced

into such a relationship as Eg. (14) based on the data accumulated. The

relationship derived from the plot of the corrected values of Ory as. -

a function of volume fraction of pearlite in Fig. 55 is as'folibws,

1/2
OLys /2

- 7,060 6-/27

» = £ [125,000 + K d~
b v ':d:S “ Y
 1p p

-1/2° 11,000 9172]_(15)

+ £ [200,000 + 300.8
p (200, 5 D

where‘Ky-% 820-psi-in.l/2 for a complétely ferritic microstrﬁcture'and
Ky‘= lOOOIpsi--in.l/2 for a ferrite-pearlite steel; Sp is the‘pearlite_:
spacing and the other symbols are as previously described. Thiéidefiva; 
tioh dgséribes the effect on.yield stress of thebgrain'size, thévtempera_
'turejéhange, the inter-lameilar»spacing and the bearlitg conﬁenf.-

2, Derivation of the Theoretical True Fractdre Stress

‘Since the true fracture stress is independent of femperature énd
strain raﬁe the only parameters described by.the data to be included as
dependencies are the grain size, fhe inter-lamellar spacing and peéflite
céntent. Equation (9) includes the grain size effect. bTherefore-using:

this equation, the following derived relatiopship describes the accumulated
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data relating the true fracture stress to the volume fraction of pearlite

as shown in Fig. 56

T ' :

* ‘ - ¥
= £, [30,000 + K, a 1/2][1 +¢)
Afp,d,Sp -

+ fp[65,ooo + 500 sp'l/2] | (16)

where the symbols used aré as previously described and Kf = 2980 psi-inl/g.

3. Develo?ment of the Plastic Consfraint Factor
An‘important featurevof the crack extension mechanism is the Stress
intensificétion and triaxiality existing aheadbof'a sharp crack loaded
under planévstrain conditions. First considef the plastic constraint
: 45 .

developed by plastic yielding at a notch., Hill 6riginally showed that

the stress is elevated at the tip of the notch due to plastic constraint,

~as given by

Q

max : W
PCE ax = I =1+ 2 2_] (17)

whele Umax is the maximum nominal stress and o is the yield stress and

YS

o is the flank angle of the notch., For a straight cut as in a crack,

o = 0 and the maximum plastic constraint factor is 2.57 for the Tresca -

yield criterion and 2.82 for a Von-Mises yield criterion. Under the set

' of circumstances where crack nucleation just below the crack tip leads "

' 6
to unstable cleavage fracture, Hahn and Rosenfield have defined the

value of_the constraint factor which can be calculated from Op !

*
max = Of o
og* - (18)
pcf =S ' o
S @

where K = KIC-
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where K‘=_KIC signifies the equations to be valid just prior to-crack

~extension and Oyg | is that assoc1ated with the temperature and strain
. 9 s B
rate conditions at the craok tip. To be noted is that pef can only range

between one and pcfmax. This equation represents a failure criterion

and by describing the plastic constraint factor and the cleavage fracture

stress in terms of the loading conditions and microstructural parameters,

this then represents a criterion for.cleavage fracture. Hahn.and Rosen-
field analyzed Krafft's ‘data on the oriticalbstressrintensity to :
propagateva orack in mild steel at low temperature and high strainvrates
anaffound‘that the plastic constraint factor.varied.uithvthe‘stress -

.intensity to yield stress ratio by

pef =1+ B —=— S ()
. . fe
where B 1is a constant of about 2 inches ° .
* .
ThlS relationship 1nd1cated that at at pef of unity or Op é.aYS,‘

the fracture toughness would be zero whereas at low temperatures and -

‘of = GYS'there exists a flnite ralue for KIC,Aasbborne out bvaou and
as shown.in this investigation. To determine a relationshiplthatvwould_
more correotly relate the plastic constraint factor to the stress
yintens1ty yield stress ratio, the data gathered in this: 1nvest1gat10n ﬂf

were plotted as shown in Fig. 57. " The following modified equation. was

obtained : ' | ' e R

1/2
Ko | -
pef =B Y — - 0.4 : (20)
LYS ' : : . o
o ' ; . -1/4
where & is a constant of about 2.8 inches .

This equation together with Eq. (18) gives the failure criterion.
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As seen in Fig, 57 a finite value of stress intensity is obtained when
* . : . :
g, =0 and the pcf values at high AL values are still within

f LY | 1.YS
the theoretical criterion,

Further; for fhe‘type and structufe of the cérﬁon steels studied
in this investigation, Egs. (15, 16, 18, and 20) provide a fracture
criterioh._ Although it is recognized that the analysis is of a semi=-
empirical hature the experimental resultsﬂobtaiﬁed and their interpretation
supporﬁvthe approach taken, Othervgritérion of cleavage fracfure (7-9)
attempt to explain gross macroscopic fracture behavior as observed iﬁ
fracturevtoughﬁéss and Charpy iﬁpact tests and sbme>of'these are considered
in a 1atérisection. N -

- D, Discussion of Fracture Criteria

1. Application to Fracture Toughness

Table XIT contains data pertaining to the calculgted values of plane-

strain'fracture_toughness;vK o> using Eq. (20). .In conjunction, Egs. (15)

I
and (16) were used to calculate the lower yield stress,voLYS, and true

* - - i
¢+ Tigure 58 shows the data plotted at -320°F, -100°F,
and TO°F as a function of the volume fraction of pearlite,.pr.

this figure with Fig. 20 of the ﬁeasured values, 1t can be seen that the

fracture stress, O

Comparing

celculated K . values rise sharply at. low values of V ‘Use of Eq. (20)

I fp’

o correctly and the differences between the measured KIC values

and the caiculated ones for 1000 and 1019 carbon steels are accentuated.

predicts KI

That is, the average grain size used in calculating'K was asbout equal

Ic
vto that for the 1043 and 1056 carbon steels, but was much smaller than that
for the 1000 and 1019 carbon steels, If fine grained 1000 and 1019 carbon

steels had been tested, the observed fracture toughness values would have been
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much greater. The values of X are,approximately those of the measured

Ic
values Of'KiC for 1056 and 1078 carbon steels for all temperatures shown.
In all cases there is a secondary effect shown due to the pearlite spacing. “

The fine pearlite structure'consistently has calculated KIC values higher
than those of the coarse pearlite structure. This is further shown in -
Fig. 59 where the calculated K

Ic
interlamellar spacing, Sp-l/é. The effect is apparently secondary'as,the

values are plotted as a function of the |

_actual Sp 1/2 values obtained from the data are 165 in."l/2 for the ecoarse

pearlite and 190 in. l/ for the fine pearllte, correspondlng to KIC values

2
of 35 ksi-ln.l/ and 39 ks1-1n.1/2,'respectively. This difference in KiC

values is hardly of 1mportance, the effect of the pearllte content is
of much greater 31gn1f1cance a8 is the temperature effect

The importance of the ferrite grain size effect for 1ow;carboh»
steels istillustrated_in Fig, 60, the data for which are tabulated in
Table XIIi; Thé two curves shown in Fig. 60.are those féfio% and 23%

pearlite structures at =-320°F., - Also shown plotted are actual K 1IC values

for lOOO and 1019 fine and coarse pearlite structures as a funetlon of

412

. The data were dbtalned by‘calculatlng K from-Eq, (20) and OLY

IC
and 0, from Eags. (15) and (16), respectively. The ferrite grain

. -1/2 mn s =L/2 ' ,
diameter values, d '~ of 16, 36.7 and 50 in. are those averaged from
the fine and coarse pearlite structures of 1000, 1019, and 1043 carbon
steels, respectively. To be noted is that an average pearlitevspaeing

~ of Sp_l/?

= 213 for the 1019 fine and coarse pearlite structures was
used in Eq. (15) and (16). The slope of the calculated curve for O%
pearlite is steeper than that of 23% pearlite indicating the effect of

the increase in pearlite content, Increasing pearlite content serves

to suppress the slope of the KIC grain size relationship due to its effect
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* N ) . »
on the o /o ratios at the various grain sizes,

Lys

2. Correlation of Charpy Impact and Fracture Toughness Properties

Although the plane strain fracture ﬁoughness of structural materials

can be related to structural design, X_, values are not preséntly included

IC

in structﬁral.specifications. waever, Charpy impact test results are found
in various toughness specifications but CVN data cannot be.quantitatively
_lUsed as & structﬁfaludesign.parameter. Therefore, some correlation to convert

existing CVN data into meaningful K

Ic.data, mindful of the many mechanical -

and-microstructural parameters-involved, is‘'of .importance. Some recent attempts

have been made to establish the existence of a correlation between K

ic
10 11

‘and CVN data, Barson and Rolfe and Wells ™ have establiéhed relation-

ships which are shown in Fig.61, illustrating the data obtained in this
‘ K. 2

B

investigation Shown plotted is in psi-inch as a function of CVN

in inch-1bs and includes data of fine and coarse pearlite structures,
martensitic and spheroidized carbide structures for all carbon steels tested
at 70°F, -100°F and -320°F. The expression developed by Rolfe et al, is

as follows /__, e \
A / 2 |
' K
IC = 0. 048 (CVN)3/2 on
» .
Ic is in psieinl/Q units and CVN is in

inqh-lb\unitsg This correlation was established for low carbon steels

where E is the elastic modulus, X

of pearlitic and quenched and tempered structures and for a quenched and
“tempered nickel steel. As shown in the figure this correlation does not
apply to the data obtained in this reseafch. This accentuates the care
that must be taken with respect to prior history and mechaniéal testiné

in converting existing CVN data to K., values. A better correlation is

Ic

" the one shown developed by Wells and described by the following.
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2
K : .
e CVN : ‘
= = 0.5 = - (22) 1

where KC is,the plane stress intensity factor in psi-inl/g, A is the area

of the cross-section at the ligament in inches2 and the other symbols and 3_

. . ) ‘ . . )’r) . -
their units are as before. This expression was developed by ‘considering

the crack extension fofce, Gc, determined by measuring the crack opening

YS

2
and K, = EG, the relationship shown in Eq.' (22) was formed. It can be

seen . that the stress-intensity factor can be related to the impact.value

displacement (C.0.D.) of a Charpy impact specimen. As G, = (C.0.D.) o

if, experimentally, the C.0.D. is related to the energy/unit area 6btained-

S Y ‘ » .
from impact tests. The importance of this relationship is that the KC
value is correctly related to the incremental work done.to fracture and -

. related also to the proportion of crack travel. The differences between

the Wells and Rolfe correlations are apparently due to some over ridiﬁg>’

microstructural effects on any_relationship between K., and CVN. Until

IC

these factors are known, it is dubious as to how valid such correlations

~might be.

3.: Microchéracteristics ofrFracture
So far semi-empirical equations fdunded.on measured.data have been
-consideréd and developed as a fracture criterion. . It will be discussed
he?e how an exténsion of this criterion based oﬁ.theoretical'éonsiderations
can be.de;eloped and interpreted in terms of‘micromechanicai behavior.
Hiliﬁs b5 slip line'theory for blunt notches describé the plaétic
constraint factor by -

pef = [1 + fn( 1 + % )]' ' (23)

- where p is the notch radius and R is the plastic zone size. It is seen
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that as the ﬁlastic zone increases, the plastic constraint increases.
Further, there is a limiting value of R, shown by Tetelman and McEvily 0
beyond which the plastic constraint factor reaches a'maXimum. This can

be expressed as follows
R, = ple max -1} T (2k)

‘where RB is'thé critical plastic zone radius at ﬁhich pcf becbmes a maximﬁm.
This equation has been found to apply for blunt noﬁches and, apparently,
for very éharp not ches 1ike dracké..,Tetelman found that as p was decreased
for’finer.maéhinedrmtches,.R/p incréased‘from 1 to‘3 Qr b, where'B.S is
the;value‘bf R/p where pef is a maximum. The maximuﬁ‘falﬁe for R/p
was'obtaihed at a value of p = 0.00Q'inches; waever;_the Omiséionlof |
the_f&@t thét P inéreases as the plasfic,zonevincreaées during testing
affects.theuébove analysis fdr sharp cracksvsinéé bluﬁting results in
a continually éhanging crack tip radius.

| Gefberich etvalPB' has carried this analyéis fﬁrther and suggested
that this increase in the pef with very sharp notches may be appafent.

It was shéwn that pcfmax could'not be obtained in very sharp cracks

until éome finite plastic flow had occurred over a critical region. This
‘led to a fracture analysis in fezms of this critiéalzregion in which

ﬂmidrocrackihg occurred before uhstable fracture. Sincé_R and p are .
fﬁnctiqns Qf K2 it was shown that the value describing this micro-
structﬁral region was taken as some mﬁltiple n, of the grain‘ size d;,

~and gave a fracture criterion given-by,
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'ch = T pef [{epc -J'} {%@.} ], e > ——L?YE - (25a)

< [7Tnd]-l/2; e, < —L-gﬁ , (25b) .

where eg is the critical total strain. This equation in cOnjunctionv
with‘Eq. (18) represehts a dual cleavage fracture criterian with that‘given
earlier by Eqs. (l5),v(16),7(18) and (20). This criterion is concerned |
with the miérostructural region where nonpropagating-microcracks are formed,
whereas, the.bther‘is concerned with tﬁe mechanical and structural effeét'
attributed to cleavage. Equation (25) éhbws that if the numbér of grains
in the length nd of the.cfitical region described can be determined; tﬁén

4

KIC could be determined.

-Tetelmah, et al.l5 using the microcrack density observed ffom tensile
samplesu7' atfempted to determine the probability of microcracking in
~ the critical zonerat the notch root and relate this to the fracture -
‘criterion. Aé an alternative, the microcrack density can be used in "
detérmining n in Eq. (25). This Would-necessitate the determinétion of
the number of microcracks formed in the critical zone prior to fracture.
The streéé‘wave emission technique can be used in détermining the micro-
crack density, (m;d.). Gerbérich,et'al4u8 in considering the microcrack
density Zone-as a cylinder of diameter, nd, across the speciment thick-.
ness, t,,derived'the following expression,

b N /2.

nd = m | 7 (26)

where NSWE is the number of stress waves emitted and md is the microcracki

density.

. ro
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This.criterion was examined ih thisIinvestigatibn.to‘détérmine
whether this £heoretical_approach providéd as good-a fracture criteria
as that déri&ed ffom sémieempirical cqnsiderations;” Tables XVII-XIX
summarizg_the calculated values of the micrbcrackkdensities,'ﬁ.a,; and
effective length of the microcrack density zones, nd, determined from
measured values of K

e’ %rys & Ngup

multiplebn,vaésociated with the grain size, d which determines the size

from the data. Also included 'is the

"of the critical zone. These tables summarize the calculated data for
| -320°F, -200°F and -100°F. TFigure 62 shows the calculated values of

nd, plotted as a function of the volume fraction of pearlite, pr. This

plot shows the critical microcrack density zone to decrease in length

rapidly as pr is increased. The effect of increased V on nd is of

_ fp
little sighificanée for'O.Mf to 0.78% éarbonvsteels, Figure 63 ‘shows the
.plot.of m.d., calculated from stress wave emission data as a functioﬁ

of fhe volume fraction of pearlite.' This plot shows the increase in m.d.,
as Vf§ is increased and illustrates aiso-the temperature gffect; Thg
effect of decreasing the temperatqfe serves fo reétricﬁ the formation

of large numbers of microcracks. However,‘the micrpcracks‘formed may
cover a larger region as indicated in the fractographs of Figs.h6' and 51-
Theée illuétfate that cleavage‘occurs over larger areas at‘-320°F than

at 70°F. This indicates thaﬁ the microcrack density is smaller at iow
temperatures as those microcracks which form quickly pfopagate and induce

15

cleavage fracture. XKaechele and Tetelman using tensile tests estimated

m.d. to be_’ll.><105/inches.5 In comparison the calculated values for m.d.

5 >

in this investigation range from O.6XlO5/inéhes' to A8.7x105/inches
indicating this theoretical approach to be significant. As shown by5both

these plots, the peérlite colonies are very conducive to the formation of
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microcracks due to the many potential sites avaiiable. vIt is interesting
to note tha? while m.d. is inCreaéed with increasing pr, the critical |
ﬁicrocrack density zone length decreases as was.indicated in Fig. 62;
This means-ﬁhat the pearlite colonieé provide‘a ﬁredominant éfféfﬁ in.the
nucleation of,cfiﬁical microcracks. Thesé may then le;d to cleévage
fracture at a stréss intensity 1evel.somewhat iowér than if no pearlite
were pfesent. "It is of intefest also that n is a function of gréin size
d, and the volume ffacfioné of ferrite and pearlite. This is désgribed'
in the followiﬁg relatioﬁship derived from the‘data'shown plotted in

Fig. 62 for varying temperatures,

_ RV :
nd = fd [Cl d 1+ fb 02 (27)

1

which utilizies actual grain size data for the calculationﬁénd_illuStTatES'

~ where C, = 0,182 inchesB/LL and C, = 0.01k4 inches. Figure 64 shows the curve

that n " is a function of tﬁe_ferrite grain size, d.

“Tables XVII - XIX indicate that 0.0L and 0.0k are the approximate
upper and léwef values for the microcrack density zone length, nd. Using
these Qalues as bounds, the stfesé intensity.to lower yield strength can
be gélcuiated for plasfic constraint factors ranging from 1 to the
theorétical maximum of 2.57. Thesé upper and lowerbouhds are shown
plotted'on Fig.-65 . As the mgasufed data are almost entirely included
within these bounds, then this shoﬁs the theoretical_interbretation gives

abQut'the same fit to the data asvthe‘semi—empirical approach.

A schematic drawing reélating the important microcharacteristics discussed

is shown in Fig.66 .« This model portrays the calculated values of
md, nd, .and d for 1000, 1019, 1043, 1056 and 1078 carbon steels fracture

tested at -3%20 ¥, ©Shown are the microstructural regions for these steels.
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in which the‘parameters associated with cleavage fracture afe indicated.
This séhematic also één be uééd in describing the physical signifiéahce

of nd.’ Microérﬁéking was found'to occur in the ferrite grains for the
1000 and‘lOi9 carbon steels. However, for the lOMB; 1056.and 1078vcarﬁon
stééls, as the peariite content Qas increased, the.pfobability of miéro-
cracks occurring in the pearlite was increased. This shows that the
nmultiple n,:of the length nd, réflects the number of grain size only

in the 1000 and lQl9 carbon steels. Fufther;vthis indicates that fbr
ihcreasiﬁg pearlite content, the multiple.n mﬁs£>be described in terms

of some other microstfucturél unit such as the pfiér austenific grain siie or
_the‘péarlific colony size. As bbéérvéa in the fractograph of Fig. Wl

for o.h;%‘c steel ét’-520 F, it was found that cleavage occurred over
approximately 13 laméllae.b As observed in tﬁe photomicrograph of Fig. 15
for 0.56% C steel at -320°F, again cleavage bccurred'oﬁer.approxiﬂately :
" the sameAnumber bf cementite lamellae. Thié indicates that cleaVage |
does occur in small steps over a groupiéf ferrite-cementite lamellae.

In Figs. 44 and 15 it is observed that thé microstrucfural unit apprdpriate
to . the high_voluﬁe fractién pearlite steels might be some multiple of
the.pearlité colony size.‘ | _

Finally,'fhe data obtained and the resulting analyses show thét the

plastic constraint approach td a cleavage fracture criterion.is reas%nable
in that the role,of‘ferrite grain size and microcrack'density_on clsévage

fracture has been demonstrated.
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V. CONCLUSIONS

‘This investigation has resulted in thevfollowing primary conclusions:

1. Fraéture criteria have beeh.developed that emﬁirically describe »
the lower-yiéld_sfress and true fraéfure stress of plain carbbn‘hypoeutec-
téid'sﬁeels in the rénge -320°F to +150°F,fprovided the rooﬁ'tsmperature |
values gre kﬁown. )

2, The lower yield stress and true ffaéture stress were utilized in
a criterion which.numerically deScribes fhe plastic constrainf factor, as
deduced from crack extension experiments;" | |

o 5. USeri‘ the fracture criterion enablés thé prediction of plane‘:

straih fracture toughness values for this class of'hypoeutectoid steels

investigaﬁed.
| 4, A theoretical_derivétion of the plastic constraint factér-was
develéped and interpreted in térms of the micromechanical.behaﬁior of
carbon steels. |
5. The microcrack density determined from fracture tests by usiﬁg .
thé stress'wave emiésion téchnique fof'fﬁése steels ranged'betwéenv'

0.6 x 10°/in.” and 48.7 X 10°/in.”, which. is in agreement with Kaechele

and Tetelman's result of 11 X 10°/in.” obtained from tensile tests..
6. The agreement cited in five indicates that the stress wave
emission technique is a sensitive and accurate method for determining crack

growth characteristics.

7. - The fracture toughness data obtained over the range of mechanical
‘and metallurgical variables for these steels éan be applied to strucfural -

design problems and made use of in structural specifications.

8. Charpy V-notch impact and plane strain fracture toughness ébrrela- - |

tions are not generally valid.



;h9-

9. The.formation.of microcracks and the‘critical microcrack region
preceding Cie;Vage are related to tﬁe ferrite grain size wheh.the carbpn
content ié'less tﬁan 0.2%C, and above this_value'they are reiated,to the
pearliﬁe‘coloﬁy sizéf | | ”

10. Tﬁe'Corfelation betwéen observed mechanical prqperties and
information obtained from surfacé fractography and stress wave“emissions

 enabled atcomplete study of the fracture procésses to be made.
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Table T. Chemidal.compositiOn of steels

Steel

No, 40 oY %siy : %s “ %P %cr__ %Mo :.§%Ni gV "%cqi
0 0.0025  0.02 < oioe 0.010 0,01k - - - - -

2 0.19 0.86 0.05 0.023  0.006 0.07 <0.01 0.0l . 0.05
4 0.43 0.75 0.30. 0.021 0.016 ~ 0.20 0.03  0.20 o,oé5 0.15
6 0.56 0.62- © 0.20 ‘0.057 0.008  0.05 <o.01'._'o.015 - 0.02.
8 0.78  0.76 0.22 0.021 0.0k 0.12 0.015 - 0.07

0.015

, =96"
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 Table II. Lineal analysis data for pearlitic
) and spheroidized carbide structures

carbide

_Average ‘ Volume Average.
» - ferrite grain fraction pearlite
Steel Structure ~diameter d, of pearlite- spacing s_,
: TR ins X 102 v ins x105 *
fp
1000 Treated for 410. o -
‘fine pearlite o
Treated for 337, - | 0 -
_ ‘coarse pearlite : .
1019 Fine pearlite 67. 27 1.8
Coarse pearlite 83. 19 2.5
‘Spheroidized - 20.2
v -carbide _
1043 Fine pearlite 23, 67 2.2
. Coarse pearlite 31, R 50 3.3
 -Spheroidized LR
-carbide _
1056 Fine pearlite 25. S 87 2.8
Coarse pearlite 33. 82 3.6
' Spheroidized 5. 45
carbide
1078 Fine pearlite - 100 2.8
' Coarse pearlite - . 100 3.7
Spheroidized. 4,95




Table III. Tensile properties of 1078 carbon steel for varying structures and temperatures

Measured tensile

: : ‘ _ % . €1 €r Cerrected tfensile
Stéel . Structure = 50 pro?ertles.f - € Bt ?GduCt' Ludefé . True 2OPs Afor g:?ip
: F OSivs . O17s Sorp Cf elong. of area oand frmotu: ize sffe (i51)
ksi ¥si ksi si Cstrain  strain .., o,
, LJ.S. T
1078 Fine RT 65.8 131 162 - 17 2L 0.25 0.27h 65.8 162
pearlite 70.0" 133 1675 12 25 0.5 0.3l 70 167.5
-100  90.4% 857 = 153.1 187.5 = 15.8 22.5 4,25 0.254 85.7  187.5
-320 ' 167.5H 167.5 0.08 0.01 167.5 - 167.5
Coarse RT 55-.61 121 143 18 19 0.187 0.2085 53.6 143
=320 15177 151 - - - o 151 153
Martensite RT ooyttt
-320 ! T - ]
Spheroid- - RT  83.6 . 77 98 152 25 45 . 2,075  0.595
ized t+- ‘ '
carbide -520 157.2 160 - 2,02 - 0.0198

-f. ”
0.2% offset used for yield stress

yield synonomous with cleavage

+ :
failed prematurely




Table IV, Tensile properties for 1056 carbon steel for varying structures and temperdtures

Test Mezsured tensile’

v uE = x- _ €L< Efv ’.'Corrected tensile
Steel  Structure  emr —— . PZopertles — € % %reduct. o e Props. for grain
, GUYS S1ve GULT" of elqngf. : Qf_area band | fracture size effect (551)
ksi rsi ksi ksi iy strai n i
| | si i si ksi | . strain uﬁ ain OLYS. cf
1056 . Fine RT 50 50 1103 1hg . 23 37.5 0.45 0. k7 51.56 193
" pearlite 53 51 - 106.8 143 19 29 0.25 - 0.b32 52,56 185.5
-100°  77.5 73.5 130 172" 23.9 " 30 0.6 0.365 -75.06  215.8
-320 | 136,27 1362 - - - 0 137.76  171.8
Coarse =~ RT . 50 k9 102,514 25 33 0.55 - 0.395  50.76  177.5
pearlite 46,5 L6 99.5 121.8 19 - 20.k 0.5 0.2k7  47.76 156.7
-100- 78.3 69.4 121 160 26 28,6 . . 1.0 0.336  71.16  196.8
=320 1221 122 - - . - 0 12576  15L2
ot 143 - - 0 W76 172.2
Martensite RT 26,61 L. |
-320 o s kegtt - - 0
Spheroid-  RT  6h.4 6Ll 83.6 145.5 28.5 55 2,15 0.8
ized : y ,
carbide  -320 173 159 166 187 11.9 11.8 3 - 0.53

Yield synonomous with cleavage -

T Failed prematurely

..69..



Table V. Tensile properties for 1043 carbon

steel for varying structures and temperatures

" failed prematurely

N \ Test - Measured ténsile N €L £ Corrected tens?le
 Steel Structure_ ?igp( c. pzépert;ez : oL iloig szrZizzt.‘ Luders True 5§2£Séf§zztg?i:§)
' ' UYys  TLYS UL °f ' T band fracture —— =
- ksi. ksi ksi = ksi strain‘ strain OLYS Uf
1043 Fine A RT 69.2 68,1 103.2 166 23 b7, - 1.25 0.6366 63.15  112.3
pearlite 70.4  78.8  107.0 166 21 L 1.375  0.578 73.95  113.2
73.5 65.8 10k 159 23 1.3 1.15  0.53%  60.95 105.3
2100 96 8.6 122.5 194  30.5 ey 1.625 0.673 7775 138.5
=320 1624 T 16,4 - - - 0 157.55 118.7
167.5 ' 167.5 - - - 0 162,65 123.8
Coarse RT 72.5 65.4 101 159 23.4 bo,g 1.1 0.56 59.45 115.4
pearlite 70.4  69.6. 108 155 22 37 0.75  0.456 63.95 J111.7
100 89.2  79.5 119.5 178.5 26.3 42,8 1,625 0.56 - T3.55 1133.9
-320  157.2 150 165 196 17 16.3 -~ 2,25 0.178  1kko5  15L5
Martensite RT A67.ltf
-320 126 17
Spheroidized -RT = 75 Th.3 90.4 204 30.2 71,5 1.7 1.25
-~ carbide 2320 1%2.7 147 153.1 225  2h,5 36.8 6.85  0.k57
yield synonomous with cleavage
+1




Table VI. Tensile-properties for 1019

carbon steel for varying structures and

temperatures
Test Measured tensile . % . eL ef _Corrected tensile
Steel. Structure tﬁ?p. ‘propertiesv N e % 'A%-reduct;’- Luders Trﬁe p?ops. for graig
. . O§YS Orys oLt Or elong. of area - . o0 Fracture SEZE ?ffECt‘(E31)
Ksi ksi ksi ksi strain strgin OLYS 0£
- : . : -f ’ B
1019 Fine RT 3 _ 38.15 69.5 152 39 70.5 <1 1.153 47.35 20k, 3
pearlite - 38.3 38.3 68 135 Lo 68 1.7 1.12 47.5 187.6
| =100 56.5 56.5  T19.6 178 5.6 67. b 3,56 1.12 65. 7 232.9
-320 125, 122,4 128.7 146.5 13 12,3 5.5 0.131 '1md6' 188.5
Coarse - {46. 41,3 6k, 127 L2 60,1 2.75 0.92 . k9.8 171k
pearlite 43,6 39.8 62,5 126 U3 61.6 5. 0.96 48.3 170,k
-100 = T2 58.2 78 123.4  35.2 k2.8 3.1 0.56 66.7 165.7
133.5 120.5 125.6° 1hko  13.k 10.2 7.5  0.109  129. 175.5
=520 {155 128 129 136 7 5 k2 0,05 136.5 169.5
Martensite RT  ,  167.47 203 316 11 s - o3 |
-320 202t 216 221 0.k 2,08 - 0.0198
Spheroidized RT L7 47 65.4 200 k2,2 81.6 1.9 1.695
Carbide .. , _ .
=320 - 140 163.3 20 22.5 6.9 0.278

127.7

128.6

T-0.2% offset was used for yield stress

-'[9-



Table VIT.

Tensile propertiésifdr”lOOO décafburized steel for'varying'structures and

0.0198

temperatures.
Test Measured tensile , * _ _ . € ‘gf Corrected tensile
Steel Structure ﬁimp; '_pro;erties — ' él'% ' %_reduct._ Luders 'Trﬁe .p$ops. for’grgip‘
_ . F Orvs v e Of elong. of area - - o CFiatpen SiZE elffct-(§51)
=8 vsi ksi ksi rai sbral
] £8i Z5i ;1 si st}%1n 1a;n . ULYS Gf
10002 Heat RT 22.h 22k 458 1k shb 8k. 3 1.3 L8 516 305
treated 8% 100 k0.7 3h.7 3.0 173 90.0 2.5 ho2 - 1.35  63.9 3745
pearlite =320  77.5 75.6 . 80.6 - 8.3 0.25 2.02 - 0.0198 104.8 188.8
Heat RT 30 24 - Lk 316 32 86.6 - 2,02 53 426
treated as ' ‘ _ .
for coarse 100 35.7 3&.7 5.0 138 94,3 L5 3.75 -1.25 58..7 | 300
pearlite =320 T79.6 75.6 90 92 0.75 2.02 - 102.6

176
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| ‘- ' - Kic;
Table VIII, Charpy V-notch impact data and . —]. data
_ o . E Jmeas,
for varying structures and temperatures.
_ ' .CVN (ft-1bs) (K? JEY . psi-in
Steel Structure - o= e~ ICD meas.
: _ -320°F ~100°F - +70°F  -320°F -100°F +70°F
1000 Treated for L v ~ _ 28 _ _
‘fine pearlite '
- Treated for _ _ _ 27. 4 _ 537.6
~coarse pearlite : '
1019  Fine pearlite 1.75 - 2.5 >119 L8 168 202.8
- , . , 6L.5 140.8  252.3
Coarse pearlite 1.7 2.0 > 120 70.5 158.7 208.0
. ’ . ' 555.6
Martensite 2.5 - 2h,5 - - - —
Spheroidized 2.0 : - . >120° 52 - - -
carbide o i .
1043  Fine pearlite 2.0 6.5 23 56.2 . 163.3 580.8
‘ 50. 8 132.3 278.0
* ‘ . . bs.6 .
Coarse pearlite 1.5 5.55 21 26.1 136.5 360.5
- , , ‘ 26,1 108.3
Martensite 0.5 - 2.5 — —_ —
Spheroidized 1.0 - 93 106.5 - -
carbide
1056  Fine pearlite 1.0 2.5 10 53.3 166.3  218.7
. : ) To] 122 154,1
~ Coarse pearlite 1.0 1.75 10.5 45.6 108.3 2241
Martensite 0.5 - 0.75 — — -
Spheroidized 1.5 - 72 . 213.3 - 430
carbide : :
.1078  Fine pearlite 1.5 - 5 - 35.2 - 108.3 143.3
: : 33.3 97.2  148.0
: 33.5 B 5
Coarse pearlite 1.0 8.5 Lo 72.3  151.6
B . , 2.3
Martensite 0.5 C - 0.5 -—_ — —_
Spheroidized 0.75 - 23.5  60.3 — 770

carbide
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Measured plane-strain ffacture toughﬁéss-values of

Table IX.
o pearlitic structures at\varying temperatures
o Ko ksi-(in)l/gr
- Steel Structure - . . - -
-320°F ° -200°F -100°F +70°F 100°F  150°F-
1000 Treated for 29 .__ . X . . i
~ fine pearlite
Treated for - _ —
coarse pearlite 287 - 27 .,
1019  Fine pearlite 38 51 72 ' 78 82.5 100
' Lh 65 87
Coarse pearlite U6 5 69 .79 ‘110
o7 103 '
1043  Fine pearlite by 59 70 132 130 9L
- 39 63 - 9k.6 101.2 -
37 . -
Coarse pearlite 28.0 L8.0 6L 10k 150
28.0 - 57 -
1056  Fine pearlite 4O 58" 70.6 81 65 95.7
| 38.k 60.5 68 1
Coarse pearlite 37 48.5 57" g™ 9k.5.
- Ly .
1078 © Fine pearlite  32.5 b9 - 57 65.6 61 9k
31.6 - 66.6° 3
Coarse pearlite 35 Ls L6.6 67.5 7
' 65.4 -

%¥  Interpolated values

taken from curves.

*%¥  Specimen failed byvgross tearing




MEasured fracture propertles of .spheroidized carbide and martensitic

Plastlc constralnt factOr
(Uf meas/ LYS meas.)

" Table X,
structures at -520 F and +7O F
i N
. :  Kqgs ksi-in (KIC/OLYS) n iy
Steel Structure ' o o : o, T . T ES
~320°F +70°F ~320°F +70°F —555°7
1019 Spheroidized ) ' :
carbide ?9'5 - 0.310 = 1.28
Martensite 50,0 112.0 0.248 = 0.670 -
1043 Spheroidized : _
carbide 56.5 - 0.38k4 - 1,53
- Martensite 28.5 46,5 - - -
105 Spheroldized 80.0 114.0 0.501 - 1.17 3
carbide
o Martensite - - - - -
1078 Spheroidized U
carbide k2.5 152.0 0.270 .1.98 A _ 1.02
21.0 28.5 - . ‘ -

Martensite




K
IC meas

o1ys meas
structures at varying temperatures

Table XI. ahd'plastic_constraint factor (p.c.f.) values of pearlitic

X T Plastic Constraint Factor
i ICc meas) . 1/2 : of = (o /o )
o : : : OTY meas/ ’ Pet = 1% neas’ °LYS meas
Steel Structure — 7
' -320°F -200°F -100°F  +70°F -320°F ~ -200°F  ~100°F +70°F
1000  Treated for o . |
fine pearlite 0.38% B - - ;.09 2.3 - -
Treated for ' . _
coarse pearlite 0'380, - - 5¢3 1.16 - - -
1019 Fine pearlite 0.3l .68 1.275 2,04 1.18 2.0k 2,57 .
0.3%6 1.15 2.0L - N
2.26 1
_ _ 2.27 _ ,
Coarse pearlite 0.386 .74  1.18 1.92 1.16 1.85 2,12
20 5
2.59 ,
1043  Fine pearlite 0.252  .546 0.8L46 1.97 1.0 1.52 2,35 2. bl
- 0.2L45 . : 1.70 1.0 , 2.11
0.24 - 0,76k 2,0k 2.41
00232 1'39
0,228 1.20
0.221 1.4k
' Coarse pearlite 0,817 .48 0.805 1.59 1.31 1.72 2,24 C 2,43
0.187 0.717 1.50 : ' ) 2,22




Teble XI. (Continued)

K. / : ' vPlastic_constraint,factor
: IC meas L 1/2 ' * : o
Steel - Structure (EET————- 5 in BT .pef = (cf meas/cLYS meas>.
LY meas 5 : : » v
-320°F -2oo°1«“'f -100°F  +70°F -320°F 200°F  -100°F ~ +70°F
1056  Fine pearlite 0.294 .62k 0.96 = 1.62 1.0 1.61 2.3k
- ©0.282 0.8  1.59 ‘
1.3%6
, - L3k , _
Coarse . 0.304 .5k 0.82  1.668 . - 1.0 1.91 - 2.30
‘pearlite 0.259 .48 1.775 1.0
1078 © Fine pearlite 0.194 75 6.665 _1.0 | 1.0 ' , 1.653- 2,19 - 2.46
o o . 1.0 ‘ _
0.19 0,63 . . .
0,189 - 0.94 ' o S 2039
- _ 0.95 : o - '
Coarse 0.2%2 .48 0.625 1.26 . 1.0 1.65 . 1.79
pearlite S o l.22 o :

vs temperature curves

LYS

.’. .
‘valges_for o] LYS

Were_interpolated from o

—Lg_



Table-XII. Calculated values of plane strain fracture toughness values using derived semi-.

. . * C 1/2
empirical equations for o ‘and cf ; and pef = 2.8.(KIC/0LY)

-0.4 at varying

140.

1Lo 33

temperatures. LYS
| 6LY.-' T Ksi. ~%el Ksi-in 1/2
: calc . calc : v L
Steel Structure 320 F  -100°F +(0°F ~320°F -100"F +(0°F -320°F _ -100°F . +[O°F
1000  treated for FP 105 . 67 s 27 271 27 121 172 243
treated for CP 100 62 . Lo - 21k 214 21k 82 117 169
1019 - fine pearlite 113 8h.1 58. 3 231.6  231.6 231.6 = 86 103 140
coarse.pearlite 117.h4 75.1  50.5 215.6 215,6  215.6 T4 . 102 136
1043 fine pearlite 1Lo 94k.8 65 185,5 185;5\' 185.5 53 67 88
coarse pearlite 131 82,7 shh 172 172 172 48 6L, 88
1056 fine pearlite 154.5  100.4  67.4 175 173 173 s 58 5.
coarse pearlite 129 79.3 58 152.2 152.2 152.2 41 LS 70
1078  fine pearlite 163.7 1047  69.2 165 165 165 39 5l 68.5
coarse:pearlite’ 154,7 95.2 - 60.5 k0 L3 60

- 89-



Table XTIIT.

Calculated values of plane strain fracture toughness using derived

Note: The average

pearlite spacing Of.(Sp)-l/2

1/2 -
semi- emplrlcal equations for GLYS'and of , and pef = 2.8 (KIC/ LYS 0.4
| - x * . 1)
- Ferrite gra}n Percentage Oy B Oe ~, £ KIC' - "ksi-in
dlayeter al pearlite - “Tcalce (cale) Olv cale Veale
inl structure ksi ksi
16 10712 0 76.0 78.0 1.025 119.8
0.25 96.7 99.0 1.02 25,5
36.7 in"M/2 0 93.0 139.5 1.5 42,8
0.25 - 110.0 - 146.5 1.32 2,0
50 int/2 0 10%.9 179.0 1.725 59,8
0.25 118.2 177.0 - 1.5 55.0
= 213’for 1019 éteel wasvﬁsed

-69-\



Table XIV,

Stress wave emission analysis at -320°F

-OL-

. Time SWE Total Amplitude- - Average
Steel Structure secs resistivity, range, (g) . amplitude, (g)
(g) O to max . 0 to peak 0 to peak
* .

1000 Heat treated as 16 228 0.2 ) 0.0013 to > 0.0065" R
fine péarlite :

1000 Heat treated as 21 302 0.2 0.0013 to > 0.0065 -
coarse pearlite ‘

1019 Fine pearlite 198 191 0.5 0.002 to 0.05 0.016

1019 Coarse pearlite 28 104 0.2 0.0013 to > 0.0065 -

1019 Spheroidized 25 148 0.5 0.008 to 0.056 0.024
carbide ‘

1043 Fine pearlite 12.2. 152 0.5 0.008 to 0.06k4 0. 020

1043 Coarse pearlite- 10.3% 50 0.2 0.003 to > 0.013 -

1043 Spheroidized 25,5 13k 0.5 0.008 to 0.056 0.01k
carbide o _ ’

1043 Martensite 12 147 0.2 0.0013 to 0.010k -

1056 Fine pearlite 22,5 196 0.5 0.008 to 0.048 10.013

1056 Coarse pearlite 20.5 Lo 0.2 0.0013 to > 0.01 -

1078 Fine pearlite 20 188 0.5 0.0081 to 0.064k5 0.017

1078 Coarse pearlite 21 227 0.2 0.0013% to 0.0078 -

1078 Spheroidized - 20 278 0.5 - 0,0081 to 0.0567 0.016
carbide_" . . B : 7

1078 Martensite 15 119 0.5 © 0.0081 to 0.0567 0.020

* average amplitude.is indetermiﬁaﬁe as>the stress wévesvsaturated at the sensitivities

above O.bg., -

v .

recorded



Table XV. Stress wave

emission analysis at -200°F

£l

. ' . ' Total Amplitude Average .
Steel Structure, gggz' Neym sensitivity, range, (g) - amplitude, (g)
: (g), O to max 0 to peak .0 to peak ..
1019 Coarse. oL 272 0.1 0.000%2 to > 0.0016 -
pearlite ; ' .
1043 - Coarse 20 120 0.1 0.00032 to > 0.0016 -
. pearlite ' :
1056 = Coarse 23 117 0.1 0.00032 to > 0,001 -
pearlite _
1078 Coarse 18 101 0.2 0.0013 to > 0.0078 =
o pearlite ’ o

Average amplitudes were indeterminate as the stress waves saturated at the sensitivities
'recorded above 0.L4g. '

. '_TL_



Table XVI. Stress wave emission a

~72-

nalysis at

-100°F
- i Time Totzl Amplitude Averagev
Steel Structure secs S sensitivity, ~range, (g) amplitude,
’ : (g) O tomax O to peak (g) O to pezk
1019 ~ Fine 28 143 o.h .0.0026 to  0.0028
- pearlite - ’ 0.005.
10437 Fine - 22,5 182 0.4 0.005 to 0.007
pecarlite ' 0.03
. * ' '
1043  Coarse 1k i51 0.05 0.00081 to -
. pearlite . > 0.0032
1078  Fine 32 261 0.k - 0.005 to 0.007
" pearlite S -0.031

¥ Average amplitude 1s indeterminate as the stress waves saturated at
the sensitivities recorded above O.hg:

[S SN YRUUUIR S



Table XVII.

Summary of calculated values of microcrack densities, m.d., and the effective lengths

of the microcrack density zones, nd at-320°F.

K . Plastic . Microcréck Effective Ferrite
N 1C inl/2 constraint density length of . grain size
2 . ! .2 -
Steel Structure SE-\ oys )7 . factor (m.d. )x10™2  microcrack d, in
‘ (p.c.f.) density zone . =
(nd) in
1000 Treated for 228 0.384 1.09 - 1.38 0.06 -~ 0.00k10
. fine pearlite : . . : » '
1000 Treated for 720 0.38 1.16 1,94 0.0L46 0.00337
- coarse pearlite : : o o
1019 Fine pearlite 191 0.33 1.18 ‘ 2,02 0.035 0. 00067
Coarse pearlite 10k 0.38 1.16 o 0.63 0.0k 0.00083
1043 Fine pearlite 152 0.24 1.0 6,18 C.018% 0.00023
| . Coarse pearlite 50 0.19 L3 - L,85 0.0115 0.00031
1056 Fine pearlite 168 0.28 1.0 LN 0.0252 0.00025 -
- Coarse pearlite Lo 0;27 C 1.0 — 0.0232 _Q;OOOBB
1078 Fine pearlite 188 0.19 1.0 S 18.2 0.0115 - ‘
Coarse pearlite 227 0.23% 1.0 10.2 0.0169 -

-¢l-



. Table XVIII.

Sumary of calculated values of microcrack densities, m.d.,

and the effective lengths of the microcrack density zones, nd,..

 at -200°E. -
K L Plastic Microcrack - - Effective _-”Ferrite
: N c. ) .1/ constraint  density length of © grain size
Steel Structure T SWE o ’ ' factor (m.d. )x10 microcrack 4, in
LYS -
(pecofy) density zone
. (nd) in
1019  Treated for 272 0.76 1.85 5.35 0.0255 0.0008%
coarse pearlite - '
1043  Treated for 120 048 1.72 6.8 - 0.0148 0.000%1
' coarse pearlite '
1056 Treated for 228 O;50» 1.91 - {lT.Q : 0.0095 0.00033
: .coarse pearlite S 30.0
Treated for 101 1.65 -

1Q78

coarse pearlite

0,48

LT



Table XIX.

Summary of calculated values of midrocrack densities, m.d., and
the effective lengths of the microcrack density zones, nd,.at

-100°F.
: K ‘ VPlastic 'Micréérack N Effective ‘Ferrite
Steel Structire N IC ) in1/2 ionstralnt density 5 length of‘gﬂ grain
O vg factor (m.d. )x10 microcrack size: .
) (pocefa) ~density zone = 4, in.
(nd) in.
1019 Treated for 143 R~ o 2.s7 12.2 0.0121  0.00067
fine pearlite _ ' E
Treated for - - 2,12 - 0.0305 - 0. 00083
v coarse pearlite ' :
1043 = Pine pearlite 182 0.80 2.35 3L - 0.0083 0.00023
Coarse pearlite 151 0.75 2,24 - 22,6 - 0.0089 ‘ 0.00031
1078 Fine pearlite 261 - 2.19 - 0.007h , -
Coarse pearlite - - 179 o 48.7 - 0.0205 -

=GL-
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FIGURE CAPTIONS

Tehsile specimen used in the deﬁermination of tensile
properties.

Fracture specimen design_of the two pin-wedge'opening
load. type. |

Fine pearlite structure of (a) 0.19% C, (b) 0.43% C,

" (c) 0.56% C and (d) 0.78% C steels as revealed by the

optical microscope at room temperature.

Coarse pearlite structure of (a) 0.19% ¢, (b) 0.43% C,

~(c) 0.56% C, and (d) 0.78% C steels at room temperature.

Martensite structure of (a) 0.19% C and (b) 0.78% C steels
at room temperature. ‘ ‘
Spheroidized carbide structure of (a) 0.19% C, (b) o.ua%_c,'

(c) 0.56% C, and (da) 0.78% C steels at -520°F;

. Experimental arrangement illustrating the poSitioning_bf

the crack opening displacement gauge and aécelerometer,
Calibration curve derived from boundary collocation proce-

dures used in the determination of KIC'--

VHigh'temperature experimental arrangement.

Iow temperature experimental arrangement.

Fracture specimen showing the correct method of mounting
the crack opening displacement gauge.
Schematic of stress wave emission circuitry.

Equipment arrangement of stress wave emission circuitry.

and universal testing machine including complete ipstrumen-.

. tation.
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Fine pearlite structﬁre of (a) 0.19% C and (b) 0.78% ¢

steel as revealed by the optlcal mlcroscope at -320°F.-

' Coarse pearlite.structure of (a) o. 19% ¢, (b) 0.43% ¢,

(c) 0.56% C and (d) 0..78%.C at -320 °F.

Deéérburized carbon steel, 1000, treated for (a) coarse
pearlite structure at 70°F, (b) fine pearlitevstructure

at 70°F, (c) cbarse pearlite éfructure.at -5éO°F and (a)
fine peariite stfuéture at -lOOgF.

Measured lower yield strenéth shown as a fﬁnctioﬁ of volume
fraction‘of peérlite for fine and coarse:peaflité structures

at varying temperatures.

Measured true fracture stress shown as a function of volume

fraction of pearlite for fine.and coarse pearlite structures
at -320°F.

Measured lower yield stress shown as a function of tﬂe carbon
content. for the sphefoidiied carbide structures at -320°F.
Measured plane-strain fracture toughness shown plotted as

a function of the volume fraction of pearlite for fine and

~coarse pearlite structures at varying temperatures.

Méasﬁred plane-straiﬁ fracture toughneés shown plotted.as a
function of temperature for fine and coarse pedrlite and
martensitic strﬁctures of 1019 éarbon steél. |
Measured plane-strain fracture toughness shown plotted és

a function of temperature for fine and coarse pearlite and

martensitic structures of 1043 carbon steel.



Fig. 23

Fig. 2k

Fig. 25

Fig. 26

Fig. 27

Fig.

Fig.

Fig.

28 -

29

30
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- .. Measured plane-strain fracture'toughhess shown plotted as

-a function of temperature for fine and coarse pearlite and

spheroidized carbide structures of 1056 carbon'steel;

- MEasured plane—straih fractﬁre toughness shown plotted as

a function of temperature for fineband coarse pearlite,

- martensite and épheroidized carbide structures of 1078

carbon steel.

. Fracture surfaces of fine pearlite structures for (a) shown

~ from the left: 0.19% C; 0.43% C, 0.56% C and 0.78% C steels

fractured at 100°F; (b) 0.19% C, 0.U43% C, 0.56% C and 0.78% C

steels fractured at 70°F; and (c) 0.19% C, 0.43% C, 0.56% C and

0.78% C steels fractured at -320°F.

Fracture surfaces of coarse pearlite structure for (a) shown

from the left: 0.19% C, 0.43% C, 0.56% C, and 0.78% C steels

fractured at 150°F; (b) 0.19% C, 0.43% ¢, 0.56% C, and 0.78% C-
steels fractured at 70°F; (c) 0.19% C, 0.43% C, 0.56% C and

- 0.78% ¢ steels fractured at -320°F.

Load-displacement curves for the coarse pedrlite structures

. of (a) 0.19% C and (b) 0.78% C steels at TO°F.
. .Load-displacement curves for the coarse pearlite structures

of (a) 0.19% C and (b) 0.78% C steels at —lOQAFQ

Load;displacement curves for the'coarse-pearlite'structurés
of (a) 0.19% é and-(b) 0.78% C steels a£ -520°F,
Load-displacemenf curves (a) fofvthe martenéitic structure
of 0.78% C steel fractured at 70°F and (b) the spheroidized

carbide structure fractured at TO°F.




Fig. 31

Fig. 32

Fig. 33

Fig. 34

Fig. 35

Fig. 36

Fig. 37
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Ratio ofvmeésured plane strain fracture.toughness to lower

" yield strength shown as a function of volume fraction of’
‘pearlite at varying temperatures.

Fracture surfaces of martensite structures for (&) shown

from the left: 0.19% C, 0.4%% C, and 0.78% C steels frac-

" tured at 70°F; (o) 0. 19% c;_o.u5% C and 0.78% C steelé

- fractured at -320°F,

Fracture surfaces of spheroidized carbide structures for

“(a) shown from the left: 0.19% C, 0.43% ¢, 0.56% C and

0.78% C steels fractured at 70°F; (b) 0.19% C, 0.43% C, ..

0.56% C and 0.78% C steels fractured at -320°F.

‘Measured plane strain fracture toughneés andvtrue fracture -

stress for the spheroidized carbide structure shQWn plotted
as a function of carbon content at -320°F,

Oscillogfam of stress waves recordéd for the 1000 C steel

“heat treated for coarse pearlite structure and fracture

tested at -320°F. The time lines are 1 sec apart. Measured

" data for this emission record are given in Table XIV.

Oscillogram of stress waves recorded for the 1019 C steel heat
treated for coarse pearlite structure and fracture tested at
-320°F. The time lines are 1 sec apart. Méasured data for.
this emission record are given in Table XIV. This corresponds
to the load-displacemént curve of Fig. 29.

Oscillogram of stress waves.recorded for the 1043 C steel heat

treated for coarse pearlite structure and fracture tested at

-320°F, The time lines are 1 sec apart. Measured data for

this emission record are given in Table XIV.



Fig. 38

Pig. 39

Fig. 4o

Fig. 43

Fig. kL2

Fig. 43

-80~

Oscillogram. of stress waves recordéd foflthe.lo78 C steel
heat treated for coérse peafiite structuré'and fracture
tested at--320°F.- The time lines are 1 sec apart.' Measuréd
data for this emission record are given in Table XIV. This

corresponds to the load-displacement curve of Fig. 29.

. Oscillogram of stress waves recorded for the'lOMB C steel,

heat treated for martensitic structure and fracture tested
at -320°F. The time lines are 1 sec apart. Measured data

for this emission record is givén'in Table XIV.

~ Oscillogram of stress waves recorded for the 1078 C steel,

heat treated for martensitic:structure and fracture tested

at -320°F. The time lines érell sec apart. Measured data

for this emission record is given in Table XIV.

Oscillogram of stress waves recorded for the 1019 ¢ steéi, heat

treated for spheroidized carbide .structure and‘fractureﬂtested

at -320°F. The time lines éré 1 sec apart. Measured data

for_this emiésion record is_given in'Table XIv.

Oscillogram of stres; ﬁaves.recorded for the 1078 c steél,
heat treated for‘spheroidized carbide structure and fracture
tested at -32Q°F. The time lines are 1 sec apart.. Measured
data for this emission record are given in Table XIV;
Séanning electron micrographs showing typicél cleavage
in the ferrite éna pearlite at ~320°F for 1019 C finé -
pearlite (a) and (b), and for 1019 C coarse pearlite (c)

and (d). Cleavage tongues are evident in (b) and the cleavage

fatigue interface region is shown in (c).
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Fractographs of 1043 C steel, fine pearlite structure tested

at -320°F showing typical cleavage in the pearlite colonies.

_ Fradfographs of 1056C steel, fine pearlite structure tested

at -520°F showing secondary cracking and cléavage in
pearlite.b |

Fractographs of 1078 C steel tested at -320°F, showing for
the fine peariite,structure, the 1inking of tﬁe pearlite
colonies (a), (b) and (d). The cleavage fatigue interface
region for the coarse pearlite structure is shown in (c).

Fractographs of 1019 C steel, fine pearlite structure,

 vtested at TO°F. Cleavage river patterns are shown in (a)

"~ and (b) while cleavage in ferrite is shown in (c). The

slow crack region is shown in (d).

Fractographs of 1043 C steel, fine péariite structure,
fracture tested at -100°F. Coalescence of river patferns

in ferrite is shown in (a) and (b); Cleavage in bearlite

is shown in (c).

Fractographs of 1019 C steel, fine pearlite structure

tested af -100°F showing microcfacking in (a) and (b),

and 1043 C steel, fine pearlite structure tested at 766F,
showing dimple rupture Qf.bothvferrite and pearlite (¢) and (d).
Fractographs of 1056 C steel, fine pearlite structure,
tesﬁed at 70°F showing in (a), (b) and (c) cleavage in

the pearlite colonies. vPért (d) shows the same steel tésted

at -200°F and the cleavage fatigue interface region.
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Fractograph of 1078 C steel, fine pearlite structures in
fracture toughness specimen tested at 7O°F shown in (a)

and (b) and coarse pearlite structure tested at 70°F shown

~in (e). Cleavage in pearlite is shown. Part (d) shows

cleavage in pearlite in tensile specimen.

Fractographé of 1056 C steel, fine pearlite structuré;
tested at 100°F, showing pafterns of continually changing
cleavage in pearlité.; D

Fractogfaphs of 1078 C steel, finé pearlite_structure,.tested
at 100°F showing cleavage steps in (a) and (b) and the many -
orientations of cleaved.pearlite cdlbnies in (c). |
Variation of the square of the step height, h, as a function
of the distance, £, along the river.

Corrected lower yield strength shown plotted as a function

of the volume fraction of pearlite for fine and coarse

~pearlite structures at varying témperatures.

Corrected true fiacture stress shown plotted as a functién
of volume fractionlbf pearlife fér fine éhd coarse pearliﬁe :
structures at -520%F.»

Pléstic constraint factor, p.c.f, shown plotted.és a function
of the stress intensity tQ lower yield stress ratio.
Caléulated plane-strain fracture toughness derived from the
plastic constraint factor shown plotted as a functioﬁ'of the
volume fraction of pearlite for fine and coarse pearlite

structures at varying temperatures.

~Calculated plane stfain fracture toughness shown plotted

as a function of the interlémellar pearlite spacing.




Fig. 60

Fig. 61

 Fig. 62

Fig. 63

Fig. 64

Fig. 65

Fig. 66

-8%-

. Calculated plane strain fracture toughness shown plotted

as a function of the ferrite grain size for 0% and 23%

pearlite structures at -320°F, Solid lines from Eg. 20.

Points are actual experimental data.
TR ,
IC

- Variation in —¢ : is shown as a function of energy

absorbed in Charpy V-notch impact tests.

~Variation in the effective length of the microcrack density

zone, nd, shown as a function of the volume fraction of

pearlite for fine and coarse pearlite structures at varying

temperatures.

" Variation in the microcrack density, m.d., shown as a func-

tion of the volume fraction of pearlite at'vafying tempera-
tures, o
Variation in the number of microstfﬁctﬂ?al units in the
effective zoné length, n, shownlas a function of the fefrite
grain Size, d. The letter n denotes a microstrﬁctural unit
which is a multiple of the ferrite grain size, d, in the
effective’zone length, nd.

Plastic COnstraiﬁt factor, p.c.f.; shown plottéd as a
function .of the stress intensity to lower yield stresé
ratio indicating the upper and lower bounds. for nd = 0.0l
and 0.0k respectively.

A schematic ﬁodelling the relative caiculated values of
microcrack density,.npd.a ahd effective length of the |
microcrack density zone, for all carbon steels of fine

pearlite structures tested at‘-3206F,
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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