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ABSTRACT

This report describes the influence of the mierostructural
features on the brittle behaviqr of two ship plates, one a semi-
killed steel (ABS Class B) and the other a rimming steel (project
steel E). The ferrite-pearlite aggregates were varied systemat-
ically by means of annealing and normalizing treatments, and cor-
relations were obtained between the brittle behavior and several
accurately measured microstructural parameters. Part I is con-
cerned with observations on polished specimens after deformation
in tension and slow-bend tests at -195¢ C, as well as at room
temperature, to assess the role of twinning and to study the
morphology of slip and brittle fracture. Part II describes the
quantitative influence of microstructural variables on the Charpy
V-notch transition temperature. Part III reports on measurements
of deformation prior to brittle fracture in tension specimens at
-195° C and considers the effect of the microstructure on the
tensile properties in the brittle range.

The metallographic observations on polished specimens (Part I)
show that slip in the ferrite always precedes brittle fracture in
these tests. PFurthermore, the slip at ~195° C appears to be as
complex as that at room temperature; deformation of the peariite
was not found. Although prefracture twins were noted in coarse-

grained specimens, it is concluded that twinning is not a
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prerequisite for fractufe; nor do'grain boundary effects or non-
metallic inelusions influence the morphology of fracture.

In Part II the Charpy V-notch transition temperature (chosen
at the 10 ft-1b level) is shown to increase with the ferrite
grain.size in the annealed condition, and the ABS Class B steel
is consistently better in this respect than the rimming steel.
The transition temperature can be correlated with microstructual
variables only when the nature of the steel and cooling rate
from the austenitizing temperatures are defined. In the normalized
condition, the variations in transition temperature could not be
explained in terms of any metallographic parameter. It is evident
that some submicrostructural feature is of overriding importance.

The extent of the prefracture deformation in tension at
-195° C was studied as a function of heat treatment (Part III).
Fracture always occurred after some gross yielding. There ap-
pears to be no significant correlation between the brittle frac-
ture stress at -195° C and the Charpy transition temperature.
There is a similarity, however, between the general trends of
the prefracture ductility and the Charpy transition temperatures
with heat treatment.

Both the Charpy and tensile tests provide clear evidence
that the conventional metallographic parameters (as measured by
the optical microscope) are inadequate to account for the brit-

tle behavior of ship steels. This leads to the conclusion that
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submicroscopic variables are very important in the brittle frac-

ture phenomenon.
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GENERAL INTRODUCTICN

The major objectivgn&n this program is 40- obtain an un-
derstanding of the relationship betw?én the structure of ship
plate steel ;nd the teﬁdéncy toward brittle behavior. By
"structure" is meant both the gross mierostructural features
and those on a finer scale. Before attempting to study the
more subtle effécts, however, it was considered necessary to
review and supplement the existing information concerning the
role of structure which can be measured by the optical miecro-
scope. Almost all of the earlier work of this nature has been
concerned with laboratory melts or steels specially selected
to accentuate some structural feature. The present investiga-
tion has been confined to ship steels. To provide data which
can be analyzed in terms of various structural parameters,
the necessary range of microstructure has been obtained by heat
treatment rather than by changes in composition. Work on steels
containing essentially no free carbide (0.02% carbon) has shown
that, for a given grain size, very different mechanical behavior
cen result depending upon whether the grain size has been pro-
duced by a supercritical heat treatment or recrystallization
below the A3 temperature(l’Z). In the ship steels investigated
here, suberitical recrystallization of the ferrite could not be
achieved without a drastic change in the distribution and mor-
phology of the cementite. Consequently, all the selected heat
treatments involved cooling through the critical range.

Two steels were used; both were supplied in the form of hot-

rolled plates, approximately 72 in. by 108 in. by 3/% in., of
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commercial open-hearth heats manufactured under carefully ob-
served conditions. One was a "project steel" of the rimming
type, made between 1944 and 19%6(3)0 This steel, project steel
E, was selected because of its marked brittle behavior. The
other was an American Bureau of Shipping (ABS) Class B semikilled
hull steel manufactured to conform to the 1948 revised ABS speci-
fication for ship plate over 1/2 in. thick. The chemical compo-
sition and room temperature mechanical properties of both steels,
referred to as B and E, are given in Table I.1 at the end of
Part I.

Work of this kind would be facilitated greatly if an accept-
able theory of the micromechanism of fracture existed. It would
then be possible to deduce which of the structural features are
important in the initiation and propagation of fracture. However,
such a theory is not available. Consequently, observations on
both prepolished and sectioned specimens were made to assess the
relation of gross structural features to brittle fracture. This
aspect of the problem is discussed in Part I.

The most widely accepted measure of the susceptibility to
brittle fracture is the V-noteh Charpy transition temperature.
This was examined quantitatively in terms of the microstructural
parameters which were judged to be of greatest importance. The
findings are reported in Part II1.

In Part III the results of experiments designed to show the

effect of microstructure on the tensile properties at =195°¢ C

are described.
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PART I
THE MORPHOLOGY OF FRACTURE

INTRODUCTICN

In the past a variety of microscopic phenomena have been
suggested as being the determining factors in brittle fracture.
S1ip, twinning and cleavage in ferrite grains; grain boundaries;
grain boundary carbides; pearlite; pearlite-ferrite interfaces;
and nonmetallie inclusions have all been involved in one or other
of the proposed micromechanisms. The object of this part of the
work was to decide which, if any, of the many proposed micromechan-
isms is likely to be relevant to ship steel and consequently to
decide which microstructural features should be included in the

quantitative work.

EXPERIMENTAL METHCODS

The observations were confined to B and E steel in the "as-
received™ condition, annealed (1250° C) to a large grain slize, or
air cooléd (950° C) to give a small grain size. Surfaces prepared
by electropolishing were examined after various amounts of defor-
mation culminating in fracture. The tests were carried out at
-195° C. The specimens were either flat tensile specimens or
slowly bent unnotched and V-notch Charpy bars. After examination
of the surfaces, the specimens were sectioned and metallographically
prepared for further study.

For purposes of comparison with ductile behavior, a number of

room temperature tests were also carried out.
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RESULTS AND DISCUSSION

S8lip in ferrite. At room temperature slip in ferrite occurs
on {110} , {112} and {123} planes in <111> directions. The fact that
ferrite can slip on several different planes presumably accounts
for the appearance of so-called wavy slip and pencil glide.
Barret%, Ansel and Mehl , examining silicon-ferrite, found that
as the temperature is lowered, slip is restricted to fewer systems,
eventually occurring only on{ll@%{lll?%o It has been suggested |
that this limitation creates a situation in which, in some sultably
oriented grains, cleavage occurs in preference to slip. This con-
cept has been extended to silicon-free ferrites, but its validity
in such cases has not been verified experimentally.

In the ship steels the slip markings observed at =-195° C were
of the same type as those found in the room temperature tests.
In addition to the usual wavy slip (Fig. I.1l), microslip similar
to that found by Paxton(5) in pure iron (Fig. 1.2}, cross slip
(Fig. I.3) and forked slip (Fig. I.4) were observed before frac-~
ture at =195° C. The characteristics of the slip markings were
not affected by the presence of a notch. The slip process did
not appear to be impeded by subboundaries (veining), but a small
angular deviation of a slip line was detected when it crossed one
of these boundaries.

These observations suggest that there is no restriction of

slip systems in hypo-eutectoidal ferrite on decreasing the
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temperature to a level where the steel becomes brittle. How-
ever, they do demonstrate the heterogenecus nature of the defor=-

mation which leads to brittle fracture, thus supporting the sug-

gestion of Norton, Treon, and Baldwincé) who, by analogy with

the behavior of single crystals of zine, proposed an accommodation
'theory of cleavage.

Iwinning in ferrite. It was early observed that mechaniecal
twinning and brittle fracture are frequently associated(7)a The
view that twinning is a prerequisite to fracture has been argued

in numerous Russian papers(s_—lo) and by Bruckner(ll’l2)a

(13)

How=
ever, the present majority opinion appears to be that there
1s no essential cause-and-effect relationship. This conclusion,
related to low-carbon iron, has been emphasized and substantiated

by Low and Feustel(lu)n

(15)

In the present work on ship steel y it was found that ex~

ternal impact loading was not essential for the formation of fer-
rite twins, in agreement with the results of Geil and Carwile(16)
on ingot iron. Before fracture, under static loading conditions,
twin formation was strongly grain-size dependent. In the small
grain size air-cooled specimens, no twins were observed after
loading in simple tension to within a few pounds of the fracture
stress, With the large grain size material, extensive twinning

was noted under eomparable conditions., Similar results were

found in the slow bend experiments. However, after fracture of
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all specimens, a band of material extending at least a few mil-
limeters on both sides of the fracture contained numerous ferrite
twins. It has been suggested by Allen(l7) that these are produced
by the change in distribution and direction of stress as the crack
passes through. By their location relative to the fracture, the
latter twins can be distinguished easily from those formed before
fracture. ‘

It is clear that fracture in ship steel may or may not be
preceded by twinning, depending upon the grain size, temperature
and rate of loading of the specimen. There appeared to be no
essential connection between such twinning and fracture. In
general, the fracture path was not affected by the presence of
twins. However, a number of cases where the cracks coincided
with twin interfaces were found (Fig. I.5), indicating that the
fracture plane, twin interface and plane of polish included a
common direction. This suggests, but does not prove, that in
such cases the fracture plane 15{112}a A similar observation

has been made by Klier(ls) (19)

(20)

s Tipper and Sullivan » and Danko

and Stout
Microgracking in ferrite. The Griffith-Orowan

concept of critical crack size has stimulated a search for sub-

(23)

critical cracks in metals. Low has observed suberitiecal

(21,22)

cracks, of a size defined by the ferrite grain diameter, in a

low-carbon steel. The evidence found in the current work to
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support the application of this concept to ship steel was very
limited. Many hundreds of plastically-strained ferrite crystals
in unfractured specimens were examined. In only one instance
was a subcritical crack found. Thus, it seems that, if micro-
crack formation precedes fracture, in almost all cases it is im-
mediately followed by catastrophic failure. It is interesting
to note that the one microcrack detected was confined by ferrite
grain boundaries and was not Stopped by an Intersecting pearlite

colony.

(2k) (25)

Baeyertz, Craig and Bumps and Felbeck and Orowan
have postulated that microcracks are formed in the volume immedi-
ately ahead of a running crack, the main fracture being generated
by some of these joining up, while others are by-passed. Some
direct evidence of this mechanism has been found by Felix(26),
who examined partially fractured notched impact bars. In all

the fractured ship steel specimens examined here, numerous
secondary cracks, many apparently unconnected with the main frac-

ture, were detected. Danko and Stout(go)

have made a study of
this type of crack in 1025 steel. They observed that often a
crack was blunt at one end and pointed at the other. Making the
assumption that the starting point was at the blunt end, they
concluded that cleavage fallure was initiated at a ferrite grain
boundary or a ferrite-pearlite interface. No evidence to support

this contention was found in the steels examined in this investi-

gation. Only in very few instances was there any discernible
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difference in the appearance of the two ends of secondary cracks.
However, in most cases at least one end was in tontact with a
ferrite grain boundary or a ferrite-pearlite interface (Fig. I.6).
Ferrite grain boundaries. Allen, Rees, Hopkins and Tipler(27),
working with high purity iron-carbon alloys, and Matton-Sj8berg
and Lindblom 2 with low carbon steels, have shown that partly
intergranular fracture can occur when carbide films are located at
the grain boundaries, However, such fractures were observed only
when the steel exhibited some dquetility. They were not formed
when the specimens were tested in the brittle range. Increasing
the manganese content reduced the prevalence of carbide films,
but the effect of manganese on the transition temperature could

not be attributed to this effect‘20’. Danko and Stout 20

have
produced evidence of partly intergranular fracture in 1025 steel.
Their specimens were slowly cooled from above 1300¢ C, which could
have produced extensive grain boundary carbide separation. On

(29)

the other hand, Rees and Hopkins earlier had drawn attention

to the occurrence of partly intergranular fracture in ship plate

(30) ihat the

which had not been heat treated, but it was implied
latter result was not directly connected with carbide separation.
In the "as-received" condition, the ship steels in this
investigation contained little indication of grain boundary
carbide films. No intergranular failure was found in specimens

tested at room temperature. When tested in the brittle condi-

tion at ~195° C, very rare examples of cracks partly following
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the grain boundaries were observed (Fig. 1.7). These were not
asspciated with detectable carbide films. The tendency to this
type of cracking was not increased by heat treatments representing
the extremes of the range used subsequently in this investigation.
Thus, it was clear that intergranular failure was not a significant
feature of fracture under the conditions at hand.

Qther microstructural featuregs. Nonmetallic inclusions and
carbide 1a£ellae(31) have been suggested as possible sources of
cleavage, In the two shilp steels investigated, there was no evidence
of inclusions being associated with the inltiation of brittle frac-
ture, nor, judging by their position relative to the secondary
cracks, did they influence the course of the crack.

Compared with the ferrite, the pearlite did not appear to have
suffered any appreclable deformation in the specimens which broke
in a brittle manner. It was frequently observed that one end of
a secondary crack was situated in a pearlite area (Fig. I.6).
Generally, in these cases the pearlite lamellae made a large angle
with the direction of the crack. Following Danko and Stout(QO),
it seems more reasonable to suppose that this situation demon-
strates the ability of suitably oriented pearlite to impede rather
than to initiate a brittle crack.

GCONCLUSIONS
1. At -195° C, in tenslon or slow-bend (notched or unnotched) test,

brittle fracture of the two ship steels studied is preceded by
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some deformation. Predominantly, this takes the form of slip
in the ferrite crystals. Pearlite deformation is not apparent.
The metallographic appearance of the slip at -195° C is the
same as that observed at room temperature. The extent of the
slip varies appreciably from grain to grain and frequently is
heterogeneocus within a single grain.

Concerning the existence and nature of subecritical Griffith
cracks, the present experiments are inconclusive.

In ship steel tested at -195° C, twinning, grain boundary ef-
fects, and nonmetallie inclusions appear to be of negligible

importance in the brittle fracture process.



TABIE I.1

CHEMICAL COMPOSITION AND ENGINEERING PROPERTIES OF STEELS

Weight Percentage

Designation C Mh - P 3 Si Cu Ni Cr v Mo Al Sn As 0 H N
ABS Class B 0.16 0.4 0.0Lh 0.028 0,022 0,028 0,015 0.0L 0,005 0.01L 0.027 0,010 0.00L 0.0Ll7 0.0001L 0.0023
Steel
Project 0,22 0,36 0,016 0,031 0.002 0,17 0.13 0,08 0,005 0.25 0,009 0,012 0,001 0,006 0,000l 0.0021
Steel B
Room Temperature Mechanical Properties
B Fracture Reduction
Yield Point Elastic Limit Stress Elongation in Area
Upper Lower

ABS Glass B 33,000 psi 31,000 psi 22,000 psi 39,800 psi 30.9% 58.2%

Steel .

Project 34,000 psi 33,000 psi 20,000 psi 55,h00 psi 27.1% 55.0%

Steel B

méI_
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PART II

THE RELATICN OF MICROSTRUCTURE TQ THE V-NOTCH
CHARFY TRANSITION TEMPERATURE

INTRODUGCTICN

The observations reported in Part I indicate that the ferrite
phase 1s the important consideration in the low-temperature yield
and brittle fracture phenomena. In the two ship steels examined,
the fracture process does not appear to be related to intergranular
failure or to the size and distribution of the nommetallic inclusions.
Thus, it was unnecessary to consider them in the attempt to correlate
microstructure with fracture behavior. Measurements of ferrite
interfacial area and inclusion distribution were omitted in the sub-
sequent analysis.

It is well known that ferrite grain size exerts a marked in-
fluence on the ductile~brittle transition as established by notched-
bar tests(32-_39). Recent work at Battelle has demonstrated that
a linear relationship exists between ferrite grain size and Charpy
keyhole~noteh transition temperature (at the 12 or 20 ft-1b level)
for a low carbon steel and several semikilled mild steels. A
similar result has been obtained by Vanderbeckwo)°

Although the general influence of ferrite grain size has been
observed many times, there is a paucity of quantitative data re-
iating to this effect. The matter is complicated by the fact that
a number of different methods of measuring grain size have been

employed. There are serious differences between the rmeasurements

by different laboratories on the same specimen. In some cases
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there is not even agreement about the type of grain being measured.
This unsatisfactory situation was pointed out~by Barrett and

Mahin(ul)

in a recent review of ship steel research. In Table II.1
the results are given of grain size measurements by a number of dif-
ferent methods on the same set of Samples supplied by the National
Bureau of Standards. The agreement between the U. 5. Steel Corpora-
tion method and that used in the present investigation is satis-
factory, but the other methods give scattered data.

However, it is clear that quantitative differences among the
investigators are not solely a result of differences in experimental

(36--39)

technique. It has been demonstrated by the Battelle work
that the quantitative effect of grain size on transition tempera~
ture is strongly dependent on the composition of the steel, the
deoxidation practice, and the finishing temperature. It is recog-
nized also that, if the steel is reheated, the rate of cooling from

(32)

the austenitizing temperature is important Hence, at least
part of the effects of these variables must be looked for in struc-
tural features other than ferrite grain size.

One other aspect of the microstructure has received detailed
conaideration--the carbide morphology. Some recent investiga=-

(

tions '+2--1k) have been directed at the relationship between pear-
lite spacing and transition temperature, Although there is some
disagreement about the sign of the change iIn Charpy transition
with increasing pearlite spacing, it is evident that within the

range of composition covered by ship steel the effect i1s negligible,
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TAELE II.1
COMPARISON OF GRAIN SIZE DETERMINATIONS BY
DIFFERENT METHODS

Specimen

Method* No. LA 18 HA 12 BVl €V 19 HC 34 BV 37

N W

* 9 B

L

& L

A,B. T, M, Numbers

1 4,5 5,0 4.9 57 6.2 7ok
2 6.6 6.5 6.5 7.0 7.0 7.8
3 7.6 703 6.6 7.2 7.3 8.3
L 6.5 6.5 6.0 7.0 7.0 8.0
5 7.0 7.5 6¢5 - - 8.k
6 7.8 7,65  6.45 7.65  7.35  8.45
7 - 7% 6.84% 6,98  7.67  8.36

Ground glass screen image compared with ASIM Charts.
Average of ratings of 4 toc 6 observers. NBS
Intercept count, (X100) - Average of 3 observers. NBS
Grain count, (X500) - Average of 3 observers. NBS
Photomicrographs (X100) compared with ASIM Charts
(U. 5. Steel Corp.)
Grain size comparator - Average 3 observers. U. S. Steel Laboratory
Grain size comparator - Average 2 observers. NBS
Lineal analysis - MIT
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The influence of carbide precipitation produced by suberitical
(2,)'"5"—)-‘-73 in

high purity iron-carbon alloys and by Joseffson(l) in commercial

heat treatments has been investigated by Brick

grades of low-carbon steel. 'While in the very low-carbon alloys
they showed spectacular changes in transition temperature with
changes in extent and distribution of precipitated carbide, these
effects were not detectable when the carbon content was greater
than about 0.05%. The role of precipitated carbides and nitrides
in ship steel requires investigation and will be considered in

the future program dealing with submicroscopic phenomena.

EXPERIMENTAL METHODS

Charpy blanks of both B and E steel were austenitized at
temperatures in the range 850°--1300° C. 1In one series of experi-
ments the austenitizing was followed by air cooling (150° C per min)
and in another by cooling in the furnace (1.6° ¢ per min). &A1l
heat treatments were performed on rough machined specimens in a
purified nitrogen atmosphere.

The finished test specimen was a longitudinal Charpy bar with
a standard Izod V-notch cut perpendicularly to the rolling surface
of the plate. The bars were dimensionally checked before testing,
and all the precautions recognized to be necessary in Charpy test-
ing at various temperatures were observed meticulously.

Transition curves were determined using 20 to 24 specimens,

generally at eight or ten fixed temperatures in the range ~50°¢ G
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to 200° C, A typical curve is shown in Fig. IT.1. If a 10 ft-1b
energy level is chosen as the criterion, the scatter in the data

is such that this average curve gives only an approximate value for
the transition temperature. To obtain a more precise value, it

was necessary to resort to a statistical procedure.

The most direct and informative of the statistical methods
that have been used for determining transition temperatures in the
Charpy test is the Frobit method(hgw-ED)q Applied to the present
work this would require about 20 specimens at each of six testing
temperatures, spaced in, say, 5° C intervals near the transition
Temperature., Since this number of specimens was prohibitively
large, it was decided to use the "staircase"™ method. This tech-
nigque was developed in research on explosives. No previous refer-
ence has been found to its use in impact testing, alithough it has
been applied to the determination of endurance limits(gl’gg)a

The approximate transition temperature was determined from
the usual transition curve and was adopted as the initial testing
temperature, T.. The possible testing temperatures (Ty, Tp, T3 .o
above Ty, and T_q, T 9 T_3ee- below T,) were also fixed in advance
(see page 2%). If the first specimen (tested at T,) absorbed more
than 10 ft-1bs it was considered to be ductile, and the second

specimen was tested at T_ - However, if the energy absorbed was

1
less than or equal to 10 ft-lbs, the specimen was classified as

brittle; and the second specimen was tested at Tl° Succeeding
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specimens were tested at the temperature just below or above that
of the previous test depending upon whether or not the energy
absorbed in that test was above or below 10 ft-1b. Suppose the

results of such an experiment were as follows:

Testing Number of
Temperature ' xls. Qis
T
2
Tl
T 1
o
T \ R R f 5
V/ a | /N
T X £ Q x A 4 6
» . LR AR
\\// 7 \ / \\fwa /
T, ¥ v 4 ¥ ¥ ¥ ¥ 6 1
Y
T, 1
Totals 11 13

The x's represent brittle and the o's non-brittie specimens.
The first épecimen was non-brittle, and éo the second test was
performed at the next lower temperature level, T_1° Since this
was also non-brittle, the third test was made at a temperature
level immediately below that of the second. The third specimen
was brittle, and hence the fourth test was carried out at the

next higher temperature level, and so on.
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The primary advantage of this procedure is that it automati-
cally concentrates testing near the mean transition temperature.
Consequently, for a given accuracy the staircase method requires
fewer tests than the Probit method. The saving in specimens is
usually greater than 40 per cent. PFurthermore, the method allows
approximate confidence intervals for the mean and standard devia-
tion to be calculated.

The technique can be applied only when certain conditions
are satisfied: (1) the variate under analysis (10 ft-1b transi-
tion temperature) should be normally distributed; (2) the sample
size must be sufficiently large (at least 24 Charpy tests);

(3) the standard deviation of the variate must be estimated in
advance and be approximately equal to the selected interval be-
tween testing temperatures. The last condition is well satis-
fied if the interval chosen is between one-half and twice the
standard deviation of the transition temperature. FPrevious
work(50’53) on the statistical analysis of Charpy test data
indicates that the standard deviation of the transition tempera-
ture is about 3--5° C, and hence a testing temperature interval
of 5° C was adopted here. The analysis of the data is discussed
in detail elsewhere(gm°

A11 of the quantitative metallography was performed on a

(55)

Hurlbut counter by two observers who were chosen from among
six on the basis of a Latin square test which showed that their

results agreed closely and were near the average. The analysis
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of the data(sn) was performed in most cases by the M.I.T.
Statistical Services using I.B.M. computing machines. The
following measurements were obtained:
LF——total ferrite intercept in millimeters
LP--total pearlite intercept in millimeters
Np--number of ferrite graings traversed
Np=-mumber of pearlite "patches" traversed
From these the appropriate microstructural parameters
were computed.

The ferrite grain size, nv—-the number of ferrite grains

per unit volume of ferrite. Assuming the ferrite grains are

Kelvin equi-edged tetrakeidahedrons which completely fill
(56,57)9

space

i 04263,
= T (1)

Values of n, (grains per mm3) are readily converted to ASTM
grain size numbers through the tabulation given by Rutherford
et a1.%7), It should be noted that n_ is the number of
ferrite grains per unit volume of ferrite. If required, this
can be converted to the number of grains per unit volume of
steel by multiplying by the volume fraction of ferrite in the

steel.
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The volume fraction of ferrite, V?, and Pearlite, VP.

Ty = T ' (2)
Vp = e 2 (3)
g+ Tp
The mean ferrite path, <4 and Ky e The mean ferrite path
was expressed in two ways. Ml was defined as the mean dis-
tance between boundaries in the ferrite as intercepted along

a straight line by both ferrite~ferrite and ferrite-pearlite

boundaries:

g = - (4

o 1s directly related to the mean grain diameter (d)(73).

d = 1.65u1. (4a) -
o4, Was defined as the mean distance in the ferrite as in-~
tercepted along a straight line by ferrite-pearlite boundaries

(leaving out the ferrite-ferrite boundaries):

xy = ;%. 5)

The pearlite patch size, & The patches assumed various
irregular shapes. Consequently, the average pearlite linear
intercept, &, was considered to be the most appropriate parame-

ter:

L
= £ .
R = Nl;. (6)
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RESULTS

Effect of heat treatment on microgtructure and impact behavior.
It was necessary to change the scale of the microstructural features
while maintaining the morphology comparable with that commonly found
in ship steel. This was done by austenitizing at temperatures be-~
tween AB and the "burning temperature" followed by furnace or air
cooling.

Table II.2 summarizes all of the microstructural parameter data
and Charpy transition temperatures for the two steels after various
treatments as well as in the "as-received" condition.

Variation of microstructure with heat freatment. Photomicro-
graphs of representative specimens are shown in Figs. 1I.2, 11.3,
IT.% and II.5. The microstructural parameters, obtained on trans-
verse sections, are plotted as a function of austenitizing tempera-
ture in Figs. 11.6, I1I.7, I1.8, 1I.9 and I1.10. The values are
the average of traverses made both parallel and perpendicular to
the rolling surface.

In the furnace-cooled series, the austenite grain size and
ferrite grain size increased with austenitizing temperature
(Figs, 11.6 and II.7). A ferrite grain size curve of similar
shape has been observed at Battelle(39)o The mean ferrite paths
¢ andoo)(Fig. II.8) showed a corresponding increase. After
furnace cooling from any selected temperature below 1050° C, the
steel with the greater tendency to notch brittleness (the E steel)

haé the finer structure (Figs. 1I.7 ané 1I1.8). Above this temperature



Yoo 1T g

Cogge

Y : n‘(H !
i‘)\ R S

ks b
iy :

)‘)gyxﬁww\
X

\

{Thi b ‘H\ ‘\Mh“‘u‘ i
| " \H‘ H‘U“‘ |
dmwmwwﬁk‘hkﬁl¥

“ et

kin
R

., " )n
R

wo,
h

vie aly
vedergt ]

(¢) 1150ecC

Fig. TI,2 Microstructures of B S
Austenitizing Temperat

Section,

uHH

‘w q

“'»m

RS
bl

X 100

=20

teel Furnace-Cooled from Indicated

uUres.

[y
i,
LU

b
. H‘,
NN

A,
Huw ik
! 4)‘1\‘
Y (m‘o‘( ‘»“\‘ \(.;,
d mw L
; >\‘ s
T

| o A uh‘“ e ‘]m»)
“‘; uw‘wu“:

gy
v

mm‘
NTNA
i

Hm‘ ih
oyl
Ry

wwwWW
Al
ol ‘Jf;‘f‘f“: T, \“M‘

RIS
STy

§
B
i WW‘

kR

Ty |

T m‘ wwwwuw um‘f‘h’“

1‘ it ‘ '
AWPWM
I "““} h ‘\ hu“ \ i

=
bl
HM‘"W"\} ]
b
M‘mw‘
i M
‘u\‘ﬂw”\
v“h“\
“‘\ !

M ry

L
v

W (s,

(d) 1250eC

Nital Eteh--Transverse



-30-

(¢) 1150eC (@) 1250¢C

Figs II.3 Microstructures of B Steel Furnace-Cooled from Indicated
Austenitizing Temperatures. Nital ®Btch--Transverse
Sections. X 100
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TABLE 1I-2 (cont'd)
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almost identical ferrite graln size was produced in the two steels
by the same annealing treatment.

The results for the E steel specimens annealed at 850° C do
not follow the smooth curves through the dgta from the other speci-
mens in the series. It may be that the teﬁperature was too low to
insure complete austenitization in one hour.

In the air-cooled series, Widmanstatten structures were found
in the B specimens austenitized at 950° C and above, and in the E

specimens at 1050° C and above. Due to the change in ferrite mor-
‘phology, comparisons of the N,y Ay Ko and & parameters of equiaxed
structures with those of the Widmanstatten structures are not
quantitatively exact. However, in a general way the data plotted
in Figs. I1.7 to 1I1.10 demonstrate that air cooling refined the
structure. Normalizing at any temperature in the range 850°--1300° C
produced a finer structure in the E steel than in the B. All the
parameters were remarkably insensitive to the normalizing temperature.

The measured volume fraction of pearlite (listed in Table 1I1.2)
indicated a difference in the transformational behavior of the two
steels. The volume percentage of pearlite in the B steel was con-
stant, within the limits of statistiecal variability, for furnace
and air cooling. In contrast, the amount of pearlite in the E steel
was increased by as much as a factor of two by altering the cooling
rate from furnace to air coocling. The behavior of the E steel 1is

(58)

in line with the general observation that the amount of pear-

lite increases with increasing cooling rate. Thus, the B steel
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appears to be unusual. At least a partial explanation may be that
the higher manganese content of the, B. steel renders it relatively
insensitive to cooling rate. This contention is supported by the
observation that raising the manganese content decreases the slopes
of the proeutectoid ferrite and pearlite C -curves in the isothermal
transformation diagrams(59).

The pearlite patch size 4 (Fig. II.10) exhibited practically
the same increase with austenitizing temperature in both annealed
steels, but a divergence appeared in the normalized series. In
the latter, the & parameter increased in the E steel (as did the
amount of pearlite) but was insensitive to the normalizing tempera-
ture in the B steel.

Furnace cooling from an austenitizing temperature in the range
850°--1150° C resulted in a banded structure which was more prevalent
in the B steel. This appears to be a further manifestation of the
higher manganese content of this steel., The extent of banding in
the two steels is shown in Fig. II.11, in which the ratio of the
average pearlite intercept (8) measured parallel and perpendicular
to the rolling surface (on a transverse section) and the correspond-
ing ratio of mean ferrite path 032) are plotted against austenitiz-
ing temperature.

Variation of Charpv transition temperature with heat treatment.
The 10 £t-1b V-notch Charpy transition temperatures are plotted
as a function of the austenitizing temperature in Fig. II.12. The

B steel data generally lay about 34° C below that for the E steel.
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The transition temperatures of-both steels were lowered by air
cooling compared to furnace cooling and increased with the
austenitizing temperature.

The behavior of the E steel was remarkable, in that after air
cooling from 8500.-950° Cs; which gave equiaxed ferrite, the transi-
tion temperatures were only slightly higher than for the correspond-
ing B steel specimens. From higher austenitizing temperatures the
transition temperature of the E steel rose sharply, accompanied by

Widmanstatten structures and a marked increase in the amount of

pearlite,
Gorrelation of microstructure with Charpv transition behavior.

In the case of the furnace-cooled series, statistical methods
were applied to the problem of relating mierostructure to Charpy
transition behavior. The microstructural parameters used were those
measured perpendicular to the plate surface, that is, in the same
direction as the V-notch of the Charpy bar. This selection was sug-
gested by the results of Harris and co-workers( 0 who, by using
low energy repeated blow tests, showed that the crack initiated
near the root of the notch and spread laterally before propagating
catastrophically across the specimen. It was found that this method
of treating the data gave better correlations than when the micro-
structural parameters were averaged between the perpendicular and
parallel directions to the plate surface; however, the overall

trends were not materially affected.
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The application of statistical methods was greatly simplified
by assuming linear relationships between the microstructural
parameters and the 10 ft~1b Charpy transition temperature, The
experimental data (Figs. II.13 to II.16) showed that this assump-
(5%)

tion was Justified. Regression analyslis was used 3 that is,
the frequency distribution of the Charpy transition temperature
was considered when the independent varlable, one of the micro-
structural parameters, was held fixed at its mean value. The re-
sults of regression analysis are shown in Figs. II.13 to II.16.
Included are the 95% confidence intervals for the empirical re-
gression line and the 95% confidencg limits for the mean values
of the transition temperature and microstructural parameters.

The empirlcal regression lines for the ferrite grain size
plot (Fig. II.13) indicate that in the case of the E steel an
increase of one ASTM grain size number corresponded to a decrease
in transition temperature of 8¢ C (14.4° F). The figure for the
B steel was 10° C (18° F). A decrease of 11° C (20° F) in keyhole
Charpy transition temperature per grain size number has been re-

(39) (%0)

ported by Battelle investigators and Vanderbeck for
annealed semikilled steels.

The Charpy transition temperature of both steels was raised
by increasing the mean ferrite path,gal OT and the pearlite
linear intercept A&. A comparison of the individual slopes of
the regression lines in Figs. II.13 to I1.16 revealed these

microstructural parameters had essentially the same influence
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on the transition temperatures of the two steels, except for the
mean ferrite path, “b' In this case the slope for the E steel is
more than twice that for the B steel, but the reason is unclear.
The ferrite parameters n_ andcxl are expicitly related
(Egs. 1 and 4). In the furnace-cooled- series both these parameters
and the pearlite intercept are simple functions of the austenitiz-
ing temperature. Consequently, all three parameters, nvj dl and &,
are interdependent. Thus, to assess the strength of the correla-
tions between these microstructural variables and the transition
temperature, it was necessary to consider the "partial" correlation
coefficients. For two variables (the transition temperature and
one microstructural parameter), these coefficients are obtained by
fixing all other related variables. Such a study(gh) showed that,

13
(i.e., the ferrite grain size), were better parameters for estimat-

for the two steels examined, the ferrite parameters, nv oT A

ing the V-notch Charpy transition temperature than the pearlite
patech size.

The presence of pearlite banding proved not to be a major
factor in influencing the transition temperature. As shown in
Fig. II.17, both high and low transition temperatures corresponded
to a given degree of banding. From this it can be inferred that
the banding, as well as the a% and 8 parameters used to measure it,
were of secondary importance here, being masked by other more power-
ful effects. Undoubtedly, the functional relationship between the
transition temperature and ferrite path CHy (Fig., II.15) or pearlite



O Ratio of average pearlite linear intercept
230— (8} measured parallel to rolling surface of _]
plate to that measured perpendicular to
O this surface.
A Ratio of mean ferrite poth (ap) measured
&) paralle! to rolling surface to that measured
°. 320~ perpendicular to this surface. —
Y
>
L
—
0
—
L 310 —
L
o
< i
> = Project Steel E —
= 300 I ~
o A ~
a i
E
R
- 290 —
2
7
c
a
= 280 —
= ABS Ciass B Steel
> .
2
o
£
&)
270 —
k
260 L— | | | | | | | | | | |
0.9 1.0 .2 .4 .6 .8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4

Degree of Banding

FIG.I.I7— RELATIONSHIP OF CHARPY TRANSITION TEMPERATURE TO THE DEGREE OF BANDING
FOR THE FURNACE-COOLED SERIES.



L8-

patch size A (Fig. 11.16) resulted from the unavoidable circumstance
that the ferrite grain size (and perhaps other factors) underwent
simultaneous changes as thecxg and & parameters were being varied

by heat treatment.

Another secondary factor was the amount of pearlite., However,
as pointed out in the following discussion, it was possible to sort
out the influence of this variable on the transition temperature,
at least in an approximate way. Except for the air-cooled E speci-
mens, the percentage of pearlite was insensitive to the heat treat-
ments-employedo

Inasmuch as the mean ferrite pathcxl (or ferrite grain size)
appeared to be the most powerful parameter in determining the
transition temperature, it provided a useful basis for comparing
the transition behavior of air- and furnace-cooled specimens. The
results are collected in Fig. II.18., The furnace-cooled series
are represented by the regression lines previously introduced.

The low-temperature air-ccoled specimen data are the mean transi-
tlon temperatures (Tm) shown in Table II.2. For specimens with
Widmanstatten structures, the values were taken directly from the

Charpy transition curves.

DISCUSSION OF RESULTS
For each steel furnace cooled from a range of austenitizing
temperatures, the Charpy V-notch transition temperature varied

systematically with changes in microstructure., The dominant



49 -

60 | T /
50— —
1300°C
O 40— _
°. (w)O 1300°¢
©
> (w)jO1250°¢ Project Steel E
|
o 20— Furnace Cooled _
} (Regression line from)
b FigIL. 14
=)
: . 1300°C
; 20— P 850°C
° e
5 (W)O/||5oo 0 E STEE|
. .
a p” As Received
£ (w)Or050°C
~ 10— —
6 Project Steel E
s Air Cooled
)
5 ol ABS Class B Steel B
= Furnace Cooled
- (Rggression line from)
a Fig II. 14
2 (w) ®1300°C
© -1 O— (w)@1250°C |
7 _B Steel
W).“/Sc}ocl ® As Received
850°C 1 -
=20 i ®1050°C (W) o
95°°CO_ @950°C (W) W-Indicates Widmanstatten
ABS Class B Steel Structure
Air Cooled
=30~ @ 850°C T
-35 I I | | I |
@) [0 20 30 40 50 60 70

Mean Ferrite Path (@) MM X 10°

FIG.II.18 - RELATIONSHIP BETWEEN THE MEAN FERRITE PATH,a,, AND
CHARPY TRANSITION TEMPERATURE



-50-

microstructural feature was the parameter dl (or the ferrite grain
size). The correlation between the transition temperature and
this parameter was linear to a remarkable degree of confidence,

All the data relating the %4y parameter to transition tempera-
ture are assembled in Fig. II.18. By a short extrapolation, air-
cooled and furnace-cooled steels of the same dl parameter can be
compared. A small correction is required because of differences
in the amount of pearlite. It is possible to estimate the effect
of a change in the percentage of pearlite on the transition tem-
perature by considering the data for the air-cooled series be-
tween 1050¢ C and 130C°® C (Table II.,2). Over this range the struc-
ture was Widmanstatten, and the o 9 ohys Dy and & parameters d1d not
change appreciably with austenitizing temperature. For the B steel
the amount of pearlite was constant at about 15%, but the transi-
tion temperature increased 14° C., However, for the E steel the
pearlite increased by 18% (from 36 to 54%) while the transition
temperature increased 25° C over the same range of austenitizing
temperatures. If it 1s assumed that, when the percentage of pear-

lite in the two steels remains constant, the effect of raising the

austenitizing temperature as such is the same for both steels*,

*This assumption seems reasonable because the change in
transition temperature with austenitizing temperature was the
same for both steels in the furnace-cooled state, where the
amount of pearlite was relatively insensitive to the austenitiz~
ing temperature.
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the further increment in transition temperature for the E steel

can be attributed to the increase in pearlite.. On this basis,

an increase of 11° C in ftransition temperature is produced by

an increase of 18% in the émount of pearlite, that is, about 0.6° C
ver 1%.

For the furnace-cooled series, the difference in transition
temperature of the two steels was about 3%° C. The average per-
centage of pearlite was greater by about 7% in the E steel. Sirnce
reducing the amount of pearlite lowers the transition temperature,
the 34° C difference 1is an overestimate. However, as discussed
above, correction for the additional pearlite in the E steel will
probably reduce this figure by only 4° C.

According to Fig., II.18, air-cooled specimens with a pre-
dominantly equiaxed ferrite structure (austenitized below 950¢ C)
had a lower transition temperature than a hypothetical furnace-
cooled specimen of the same steel with the samecil value. The
differences are listed in Table II.3. The extent of the improve-
ment was considerably greater in the E steel. The change in cool=-
ing rate produced little variation in the amount of pearlite in
the B steel, but in the E steel air cooling increased the pearlite
by as much as 9.8% compared to furnace cooling. However, since
this acts in the direction of increasing the transition temperature,
it is evident that, if it were possible to compare specimens with

the same di and percentage pearlite, the improvement in transition
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TABLE II.3

COMPARISON OF THE TRANSITION TEMPERATURE IN
AIR-AND FURNACE-~COOLED SPECIMENS

Difference between 10 ft-1b

Transition Temperature of Volume Percentage
Air-and Furnace-Cooled of Pearlite
Austenitizing Specimens with the sawe Furnace-
Temperature Value of dl Cooled Air
°C ‘ oG {Estimated} GCooled
B 850 10.3 15 14,k
950 50 15 15.k%
B 850 30.4 18 23.3
950 30.9 18 27.8

temperature for the E steel would be even greater than shown in
Table IX.3,

On air cooling from temperatures above 950° C, the transition
temperature increased with increasing austenitizing temperature and
was raised into a range comparable with that of the annealed speci-
mens. This effect coincided with the appearance of Widmanstatten
structures, and in the E steel, with a marked increase in the per-
centage of pearlite. The microstructural parameters of the
Widmanstatten structures in both steels showed very little depend-
ence on austenitizing temperature. Nevertheless, the Charpy transi-
tion temperature inereased with increasing austenitizing temperature
(Fig., I1.18). This suggests that the effects of austenitizing tem-

perature, like those of chemistry (nature of the steel) and cooling
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rate, are at least partly submicroscopic. For the E steel the
foregoing argument is not so clear because the amount of pearlite
on air cooling changed_with the austenitizing temperature. However,
even here it seems improbable the pearlite variations eould account
completely for the increase in transition temperature with the
austenltizing temperature.

To account for the changes produced by altering the composition
or the ccoling rate, structural characteristics other than those
assessed in this investigation must be examined. One of the remain-
ing features which can be observed under the optical microscope is
the interlamellar spacing of the pearlite. Eowever, there is gcod
reason to believe that within the range of structures being con-
sidered, this effect is negligible(hg--qh). Thus, it is necessary
to determine the effect on the transition temperature of such factors
as carbides of ultrafine dispersion, grain boundary condition, fer-
rite substructure and spacial distribution of carbon and manganese

atoms. These submicroscopic phenomena will be the subject of future

investigations.

CONCLUSIONS
1. Correlations between microstructure and V-notch Charpy transition
temperature exist only when the composition and cooling rate are
defined. A change in either of these affects the transition tem-
perature to a much greater extent than would be anticipated from

a consideration of the microscopic variables alone. Thus, there
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must be other powerful structural variables acting which'to date
have not been identified. Moreover, these submicroscopic phenom-
ena appear to be affected by austenitizing temperature.

In annealed structures the transition temperature increases with
the mean ferrite path and pearlite patch size. The V-notch
Charpy transition temperature increases linearly with the ferrite
grain size as expressed in ASTM numbers.

The ferrite-dependent microstructural parameters in annealed struc-
tures correlate better with the Charpy transition temperature than
those which are pearlite-dependent as judged by statistical tests
of significance.

The ferrite grain size, pearlite patch size, and austenite grain
size in annealed structures are interrelated, the ferrite grain
size and pearlite patch slze increasing with the austenite grain
size.

Banding, as varied by annealing treatments, is not a dominant
microstructural factor in influencing the transition temperature
of the ship steels studied.

Air cooling from above about 950° C results in Widmanstatten
ferrite structures but with the following exception--the micro-
structural parameters are relatively insensitive to variation

in the austenitizing temperature. In the more brittle steel the
volume fraction of pearlite increases markedly with increasing
austenitizing temperature, and there is an associated increase

in the transition temperature. The appearance of a Widmanstatten
structure also coincides with an increase in the transition tem-

perature.
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PART III
IEE TENSILE PROPERTIES AT =19%° C

INTRODUCTION

Although low temperature uniaxial tension experiments have not
received the attention that has been devoted to the Charpy testy a
number of investigators have recognized that it is potentially
capable of providing more fundamental information concerning
metallurgical aspects of brittle fracture. The general background
and earlier references are given by Klier and Gensamer(63)o Several
aspects of the test have been examined over limited ranges of tem-
perature, composition and grain size; but the plcture is far from
complete.

The existence in iron and mild steel of a tensile ductile-brit-
tle transition at a temperature in the general vicinity of Iiquid
nitrogen temperature has been demonstrated%”"'éé)° However, no
detailed investigation of this as a function of metallurgical vari-
ables In mild steel has been reported. Gensamer(63’6”), Brickgg),
and others have measured the strain-hardening exponent in ship steel
and high purity low-carbon alloys as a function of temperature and
attempted to relate it to the fracture behavior . However, the con-
nection appears to be elusive.

All the investigations considering heat-treatment variables
have been confined to one testing temperature, usually ~195° C.

The only microscoplc parameter examined in detail has been ferrite
grain size. Experimental data relating grain size to fracture and
vield stress at 1iquid nitrogen temperature have been published by

Low(23) (61--67)

for a very low carbon steel and by Petch who used
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specimens within the range 0.036--C.155% C, 0.005--0.59% Mn. Both
changed the grain size by supercritical heat treatments and found

thaf straight line plots were obtained when the fracture stress

was plotted against the reciprocal square root of the average grain
diameter (d”%). A straight line of different slope was obtained

when the yield stress was plotted against the same functlon, (Ha11(68)
had previously shown a d°% dependénce-for the lower yield point of
iron tested at room temperature.)

An important difference may be noted in the interpretation of the
data in the above two investigations. Low consldered that his results
were best represented by two lines which intersected at a value of
about d'% = 2.5’umf%. -This might be taken to be a brittle-ductile
grain size transition point at a given temperature. When the re=-
duction of area at fracture was plotted against the same function,

a corresponding transition curve was obtained. On the other hand,

nec discontinuous transition in the fracture stress as a function of
grain size was implied by Petch. By making a somewhat afbitrary cor-
rection to the fracture stress to allow for deformation pricr to
fracture, and giving greater weight to the large grain size results
which had the smaller correction, his fracture stress and yield point
curves were shown as intersecting at d”% = 0, 1.€., at the yield
stress of a single crystal. However, the plots of reduction in area
at fracture against d”% showed a transition similar to that reported
by Low.

Brick(g)

et al. have demonstrated that at liquid air temperature
the yield point of a high purity iron-carbon alloy containing 0.C2%

carbon is greatly affected by the heat treatment employed to
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develop a given grain size. Elevation of the yield point was
produced by increasing the austenitizing temperature and the cool-
ing rate, these being treatments which enhanced the extent of fer-
rite veining. When suberitical treatments were used, a regular
grain-size yield stress relationship was observed. This result ap-
pears to be 1In conflict with that reported by Allen(69) for high
purity alloys prepared at National Physical Laboratory where it

was found that the grain-size dependence of the low-~temperature
properties was not affected by the heat treatment used to establish
the grain size.

(70)

Rees has produced convineing evidence to show that, when
steels with a range of carbon and manganese contents and heat treat-
ments are considered, ferrite grain size 1s not the overwhelming
factor determining fracture stress at -195° C. Petch(7l) has agreed
that composition and precipitation phenomena play a role through
their effect on the yleld point.

Although most attention has been pald to factors which determine
the low temperature yield and fracture stress, it 1s probable that
these quantities define the tendency to embrittlement in only a very
general sense. [For example, within one class of steel, such as ship
steel, there is no evidence to suggest that these stresses at -195° C
are the predominant factors defining the tendency toward low-tempera-
ture embrittlement., It has been implied that the important parameter
is the total plastic strain (quetility) before fracture(69 e DYysS=

tematic measurements of low-temperature ductility of brittle speci-

mens appear to have been made only in work concerned with the effects
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of added elements in high purity iron. Smith, Spangler, and Brickcz)

found ferrite grain size to be the main factor determining the duc-
tility of a 0.02% carbon iron at liquid air temperature, but the
situation was altered greatly by the presence of carbides or pear-
lite in higher carbon alloys.

It appears that only isolated observations have been made of
The connection between microstructure and fracture stress, yield
stress, and ductility in mild steel at a temperature which insured
brittle fracture. The purpose of this part of the investigation
was to examine these questions., The experiments were performed at
~195° C where the fractures were predominantly cleavage. However,
although in the majority of specimens the ductility was very small,
it should be noted that in a few instances the cleavage was preceded
by appreciable plastic strain (more than 0.19). Thus there were
cases in which, although from a crystallographic viewpoint the speci-
mens could be deseribed as brittle, on the basis of energy absorption
they were not steels with a pronounced tendency toward low-energy
catastrophic fallure.

For ship steel it has been shown that the Charpy V;ﬁotch transi-
tion temperature is a good measure of the tendency to brittle be-
havior under service conditions(72), Hence, the same steels with
the same heat treatments were used for the tensile work as for the
Charpy experiments reported in Part II. A comparison of the data
permits an assessment of the relative importance of fracture stress,

vield stress, and ductility in the tensile brittle range.
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Experirental procedure. Tensile blanks were cut from the B
and E steel plates with the major axis parallel to the rolling
direction. Series of specimens were prepared with the same heat
treatments as in the Charpy work.

The tests were carried out on a 60,000 1b. capacity hydraulic
machine, axiality being insured by loading through lcng high-carbon
steel chains(g)a The load was applied continuously with a cross-
head speed of about 0.005 in. per minute. The strain over a two-in.
gage length (on a 0.252 in. diameter specimen) was measured and
automatically recorded by an instrument capable of detecting a
change of 0.0001 in. The reduction in area of each specimen was
calculated from measurements of the diameter of the specimen before
and after testing. In order to attach securely the arms of the dif-
ferential transformer gage, it was necessary to make two small
indentations in the specimen surface. In a few instances when the
specimens were extremely brittle, fracture occurred close to these
marks. These results were rejected, and duplicate specimens with
polished surfaces and no gage marks were tested to obtain reliable
reduction-in-area data. Liquid nitrogen was used as the refrigerant.

A microspecimen was cut from each tensile blank, and the micro-

structural parameters were measured by the method described in Part Il.

RESULTS
The only miecrostructural parameter for which there appeared to
be any correlation with tensile properties was the mean ferrite

graln gize (nV or c3‘41), To permit comparison with earliier work, this
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was converted to the average diameter 4 (Eq. 4a).

All tests were carried out in triplicate. When the results
showed appreciable scatter, further tests were run. All points
plotted are averages.

For all specimens the upper yield point was clearly defined.
Most specimens broke at, or close to, the lower yield stress. No
correlations could be found with any microstructural parameter
applicable to those sgpecimens containing appreciable amounts of
Widmanstatten ferrite (specimens air cooled from above 9%0°¢ C).
Consequently, these were excluded from the plots of yield stress
and fracture stress against d'% (Fig. IIT.1 & and B). The majority
of E steel specimens broke before the lower yield stress was clearly
attained, and therefore only the upper yileld stress points are
included in Fig. II1.1 B.

No microstructural parameters were found to correlate with the
ductility. In Fig. III.2 the total plastic extension to fraecture
is shown as a function of the austenitizing temperature. The re-
duction of area is plotted in the same manner in Fig. III.3.

All the specimens broke with a "crystalline" cleavage fracture,
with the exception of a few E steel specimens air cooled from 875 C
or 950° C that necked before fracture. Five other specimens heat
treated and tested in exactly the same way displayed marked duc-
tility but did not neck. The scatter of the results was larger,

the greater the average ductility.
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DISCUSSION OF RESULTS

Provided the ferrite grains were approximately equiaxed, the
upper and lower yield stresses were linear functions of d"%o The
relationshlp was not appreciably affected by changing the cooling
rate from furnace to air cooling. As might be expected from the
avallable room temperature data(és), the agreement was better in
the case of the lower yield point.

All the specimens with very little ductility had a fracture
stress lying between the ﬁpper and lower yield stresses. The only
logical interpretation of these data appears to be that given by

Low(23); that is, in the completely britt{le range the fracture

(67)

stress lies very close to the yield point. Petch separated
the curves by making a correction to the fracture stress. The
magnitude of the correction depends upon the amount of ductility
preceding fracture and, according tc Petch, this decreases as the
grain size increases. Within the range being considered, no
variation in ductility with grain size was found here. In view
of this fact, it is reasonable to conclude that the Petch cor-
relation is unjustified.

Within the brittle range the E steel specimens always broke
at a higher stress than those of the B steel of the same grain
size. Clearly, the chemistry of the steel is important.

The grain size of the air-cooled specimens of either steel

changed by é negligible amount on increasing the austenitizing

temperature from 850¢ C to 950° C. The normalized steels were
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more ductile and stronger than the annealed steels. The changes
produced by normalizing were more extensive in the cage of the

E steel. The average fracture stress of E specimens air cooled
from 850°, 900°, and 950° C, all with almost identical grain size,
was 129, 144, and 186 x 103 psl, respectively. These results
demonstrate that in ship steel grain size and composition together
are insufficient to define the brittle fracture stress. This ap-
pears to contradict the work of both Peteh and Low, who in the
semi-ductile range, found a linear correlation with d"%. It may
be that the discrepancy can be accounted for by the fact that in
the earlier work a wide range of grain size was obtained by cold
working and heat treatments in which changes in the cooling rate
and austenitizing temperature were held to a minimum. Thus, their
data showed only a general trend within which considerable varia-
tion can be induced by changing the heat treatment used to achieve
a particular grain size.

Apart from the present observation that the small-grained
(alr-cooled) specimens were partly ductile while the larger-grained
(furnace~cooled) specimens showed very little ductility, no detailed
correlation between ductility and ferrite grain size or any other
mlcrostructural parameter was found. This i1s in line with Brick's
observation that when free carbide is present the ductility is né
longer a function of grain size. No significant difference was
detected in the ductility of annealed specimens of different grain

gize, but of the same chemistry. Although both series showed
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cleavage fractures and small prefracture plastic strain, the B
steel had consistently greater ductility than the E in the
annealed condition. Over the whole range of heat treatments for
steels of the same chemistry the air~-cooled spedéimens had greater
ductility than those which were slowly cooled. Those air cooled
from between 850° and 950°C showed a particularly marked improve-
ment, the E specimens having even greater ductility than the B
specimens. Since all the specimens of one steel had about the
same ferrite grain size after air cooling from this range, the
sharp increase in ductility with increasing austenitizing tempera-~
ture cannot be a grain size phenomenon. After air cooling from
higher temperatures, the precipitous drop in ductility coincided
with the appearance of Widmanstatten structures.

The ductility was measured in two ways: by elongation and
by reduction in area. In both cases the scatter in the results
from comparable specimens was greater than could be accounted
for by experimental errors. This suggests that during the
prefracture deformation the initiation of fracture is a chance
event. When the probability of the event occurring is large,
the duetility and the scatter in the results are small. When
the probablility is reduced, the ductlility and scatter are in-
creased. The reproducibility of experimental ductility data
supported this hypothesis.

There is no obvious reason why there should be any direct

correlation between the tendency to brittleness as revealed
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by the Charpy transition temperature and the quantities measured
by the tensile test at =-195° C. The Charpy test is concerned
with the transition from ductile to brittle behavior, while al-
most all of the measurements made in the tensile test refer to
brittle specimens. Further, the Charpy test measures the be-
havior of the steel under more complex conditions; the stress is
triaxial, the rate of application of the load is rapid, and the
terperature is usually greater than -100° C. However, by compar-
ing the results from the two tests and assuming that the Charpy
test accurately reflects the resistance of a steel to brittle
failure, it is possible to decide which of the simple tensile
properties of the material plays the dominant role in determin-
ing the brittleness of the steel under practical conditions.

It is clear that neither the low-temperature yield stress nor
the brittle fracture stress (which shows very little variation

(65,66)

with testing temperature ) is a good measure of the general
tendency to brittleness. The fracture and yield stresses of the
E steel were consistently higher than the corresponding B speci-
mens of the same grain size or heat treatment. The B steel
specimens always had the lower transition temperature.

However, if the specimens are grouped on the basis of
chemistry and type of heat treatment, the tensile ductility at
-195° C and Charpy 10 ft-1b transition temperature provide ap~

proximately the same classification of brittle fracture resist-

ance {compare Figs. II1.12 with III.2 or III.3). Both tests
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indicated the following ascending order of merit: E steel
annealed, E steel normalized 1050--1250° C, B steel annealed,

B steel normalized, E steel normalized 850~-950°¢ C. The cor-
respondence was not exact, for while the Charpy test showed that
normalizing the E steel in the range 850--950°¢ C greatly improved
the properties relative to the B steel so that the transition
temperatures roughly coincided, the tensile ductility improvement
was relatively larger and the E steel displayed a greater duc-
tility than B. Unlike the Charpy transition temperature, the
tensile ductility did not have a grain-size dependence within
each category. Moreover, the ags-received results did not fit un-
ambiguocusly into this pattern. For the E steel both the transi-
tion temperature and the ductility values lay clcose to those of |
the furnace-cooled series. However, for the B steel the transi-
tion temperature was close to the furnace-cooled and the ductility
to the air-cocled gseries. Thus, although the same general trends
are revealed by the two tests, the Charpy test 1s sensitive to
some factors which are not important in determining the low-tem-

perature ductilityo.

CONCLUSIONS
The following conclusions apply only to ship steel tested at
one temperature (~195° C). There is good reason to believe that
(1,2)

they cannot be generalized to carbide-free ferrite » With

this exception, it seems probable that similar results would be
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obtained at any temperzture in the brittle fracture range. Fowever,

it

is not known whether or not the characteristics of brittle frac-

ture would remain unaltered at temperatures approaching liquid helium

temperature.

Le

The upper and lower yield stresses at -195° ¢ are functions of the
ferrite grain size provided the grains are approximately equiaxed.
The relationship is affected by a change in chemistry but is not
influenced appreciably by variations in the cooling rate from the
austenitizing temperature.

Ihe fracture stress is close to the lower yield stress over the
range of treatments which result in brittle behavior. When the
ductility is increased, the fracture stress is increased. In a
general way the fracture stress increases as the grain size de-
creases, but this variable is not predominant. In air-cooled
specimens compared at the same grain size, the fracture stress
increases markedly with the austenitizing temperature in the
range of B50°=-950° C,

The fracture stress (at a given grain size, austenitizing tem-
perature, and cooling rate) is dependent upon the composition

of the steel.

The ductility appears to be little influenced by ferrite grain
size. However, chemistry, cooling rate, and when air cooled,

the austenitizing temperature are all influential variables.

Air cooling from about 950° C is particularly effective in

improving ductility.
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5., As judged by comparison with the Charpy test, the ductility
before brittle fracture is a more important factor than the

fracture stress in determining the susceptibility by brittle

behavior.
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GENERAL SUMMARY

The major object of this progress report has been to define
the quantitative correlations between the microstructure and the
tendency toward brittle behavior of twe ship steels: a semikilled
steel (ABS Class B) and a rimming steel (project steel E). In
each series of experiments, a range (850° C to 1300° ¢) of anneal-
ing and normalizing treatments was employed to achieve systematic
variations in ferrite-pearlite structures. 4 study of submicroscopic
effects was not included in this part of the program.

Experiments aimed at assessing the role of the conventional
microconstituents in the low-temperature deformation and fracture
brocesses are described in Part I. Microexaminations were made
on prepclished or sectioned specimens which had been plastically
strained (and sometimes fractured) in tension or slow bend (notched
or unnotched) tests at room temperature and -195¢ C. It was found
that at -195° C brittle fracture is always preceded by some de-
formation which is almost entirely the result of slip in ferrite.
The slip is heterogeneous on a mieroscale and appears to be the
same as found in room temperature tests. If subcritical Griffith
cracks are produced, either they are followed immediately by frac-
ture or, in the specimens used, the number formed is indetectably
small.

Twinning, grain boundary effects, or nonmetallic inclusions
do not appear to be very significant in the fracture of these

ship steels. It was decided that the volume fraction, distribution
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and grain size of the ferrite are likely to be the most important
microstructural variables, although the influence of pearlite can=~
not be entirely discounted. The relevant metallographic parameters
were measured by lineal analysis with a Hurlbut counter.

In Part II a "staircase" statistical method is described for
obtaining an accurate estimate of the 10 ft-1b Charpy V-notch
transition temperature using only a moderate number of specimenss.
In annealed structures, the transition temperature decreases when
the ferrite-dependent parameters or pearlite patch size are de-
creased. For the two ship steels examined, these relationships
are strongly linear. However, the mean ferrite path or ferrite
grain size is the dominant variable. In a secondary way, the
transition temperature increases with the amount of pearlite.

The specimens were longitudinal, with the notch perpendicular to
the plate surface. With this orientation the effect of pearlite
banding is negligible. The transition temperature is lowered by
normalizing from 850¢ C and 950°¢ C, but air cooling from above
the latter temperature results in Widmanstatten structures (with
microstructural parameters which are insensitive to austenitizing
temperature) and higher transition temperature.

Correlations between microstructure (varied by altering the
austenitizing temperature) and Charpy transition temperature hold
only within a series of tests performed on the same steel with
the same cooling rate. The most important conclusion relating to

this part of the investigation is that fracture behavior cannot be
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bredicted in terms of the microstructure alone. Submicroscopic
effects produced by alterations in chemistry, cooling rate and,
probably austenitizing temperature can be dominant. _ _
In Part III, tensile tests were performed at -195° C on speci-
mens with the same heat treatments as used for the Charpy experi-
ments. The upper and lower yield stresses, fracture stress,
elongation and reduction in area at fracture were measured. The
upper and lower yield stresses at -195° C are linear functions of
the reciprocal square root of the mean ferrite grain diameter (d“%)
provided the graing are approximately equiaxed (i.e.,not
Widmanstatten)s, Within the range encountered in the two steels
studied, the influence of pearlite on the low temperature tensile
properties is negligible. Further, fhé relationships are not af-
fected by the difference between furnace and air cooling. However,
the correlations hold only when the chemistry of the steél” is fixed.
The fracture stress as a function of d'% is discussed in the
light of the mutually incompatible theories of Low and Petch. The
results on annealed specimens support Low's view that in the com-
pletely brittle range the fracture stress and yield stress are
viftually identical. In air-cooled specimens with equiaxed ferrite
structure, the fracture stress increases with increase in austenitize
ing temperature although there is no appreciable change in grain
size, a finding which conflicts with the predictions of Petch.
Further, it is shown that even in annealed specimens, where the

fracture stress does depend on grain size in the expected manner,
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the chemistry of the steel enters as a separate variable.

The ductility at -1959° C is not markedly influenced by the
ferrite grain size. However, the effects of chemistry, cooling
rate and, when normalized, the austenitizing temperature are
pronounced. A remarkable improvement in ductility is produced
by air cooling the steels from within the range 850¢=-=950¢ G,

The project E steel, which in all other conditions has a marked
tendency toward brittleness, is particularly respénsive to this
treatment.

A comparison of the Charpy and low-temperature tensile data
reveals no connection between the transition temperature and the
brittle fracture stress, However, there is a noteworthy similarity.
in the general trends of the Charpy transition temperature and the
ductility at -195° C with heat treatment. This strongly suggests
that both these properties are influenced by many of the same
structural conditions. However, the correlation is by no means
complete because the low-temperature ductility is not sengitive to

the ferrite grain size.
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