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Consideration of the Significance of Ductility and
Toughness in Terms of Atomic Processes of
Deformation and Fracture

H. Suzuki

University of Tokyo
Department of Physics

Ductility and toughness are not well-defined quantitative concepts but are the synthesis of various kinds
of properties. These properties depend on some basic processes, such as relaxation of local stress concentra-
tions, dissipation and absorption of mechanical energy, strain hardening and crack propagation. This paper
is intended to review our understanding of these processes from an atomistic point of view. Especially
the origin of the brittleness of body-centered cubic metals is discussed and some basic principles to avoid
the brittle fracture of these materials are considered.
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Table 1. Elastic constants of some typical materials.

Young’s modulus | Shear modulus
Material (10*'dyne cm=) | (10*'dyne cm-)
Rubber ~107*
Polyethylene 0.076 0-026
Pyrex glass 6-2 2-5
Copper 12-6 4-6
Iron 21-4 8-14
Diamond 115 46
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Fig, 1. Shear stress-shear strain relations of iron whiskers
with radii between 60 and 120u at the strain rate

€=5x10-5 sec™? (after R. Conte et al'’).
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Fig 2. Critical resolved shear stress of iron whiskers plotted
against testing temperatures (after R. Conte et al')).

BUNBEY RET DAL, BB RERE
BRECIIEMRER, AER L CCBREELIEHICE
THZLTHS. BERREBCBREEILNIRDLS
KLTRDLNS.



SEiE & WD RFHREVETE-S

P4 >

O ® O

e O @

O

. o
= o
@ O @ O

Fig. 3, Cleavage plane in a body-centered crystal.
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Table 2. Fracture stress of perfect crystals.

Crystal Struc-cizzv' E Y x, 0-7/Ey/z,

ture () ne (kg mni?)iferg cni?) (107%cm) | (kg mm™2)
Ag f.c.c. [(110) [ 8220 1140 1-44 1780
Au f.c.c. |(110) 7940 1400 1-44 1940
Cu |f.c.c. [(110) | 12600 1650 1-28 2820
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MgO ;g‘ff (100)| 24500 1362 2-10 2880
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Table 3. Comparison between stresses required for the
fracture of crystals and for the creation of
dislocations in these crystals.

F L8
Crystal mex 2rh
k 2
(kg mm~*) (kg mm= )
Copper 2800 900
Iron 3300 1600
NaCl 250~ 360 590
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Fig. 4. A possible arrangment of atoms at the tip of a pro-
pagating crack in a body-centered cubic crystal.
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Fig. 5. Creation of half dislocations at the tip of a crack in a face-centered cubic crystal.

— 5 —



Y & B T iREZEEC T

_ @b
r= A hEy 2
P P VS = 3
b.c.c. I%E@% , s 73" Y e

x M2 b=%§af%6m6

r2 0-5b

ZOBBETIIEMSHEOS | 2 EBETE Vv, 5INT
HENOEMNN 1 BRFERIBENRDZ LD TEVE
EELIEV. WEER= A AXF-IHEBERB=% 1
¥—D# 1/3 THBH5, Fig.4 OBEEIII T DIEM
DEbHLBHDTH 5.
a ’ a a _.
fecc&BTIL, A V?’b VF’b ngb
D, Cu Tubx10*dyne cm™, ys2280 erg cm™2 & ¢
L roe20b THBH. OB L TEANEDOF ik
BULEROBEENICHRNTERTES. IHRKOMH
BRI fEAUE, Fig. 5d) DX 5 CBHDOREY &
HEMBREREZETS. f.c.c. LB TRIBEBRME=51
F—DE Al DB AL ub27X10® dyne cm ™, s
200erg cm™2 & 3 \» T r226b TH 5. b.c.c. £BICK
NIEIFEBECKRE VR, BANEOS | HExBETHUEE
HBECHIT 5D T, Fig. 5d) DHCNEEZRE X
BEBENENEM TH 5. Fig. 4 OHOBBERDE
BHIEONhD EELXDPOLRETH B, TOWELEY
RERLBETHZ LILTE L.
LL, fidfce. BT r b oL KD
DTH-T, f.cc. RTHEBAEENEZ S & ThiE
Al CATREMS D B2 T, DS B TITTREML s,

5. BROERELEMERY

b.c.c. ZBIBBRIE =2 A¥— MFE L5 HiF
DD HREY R LBADOTH S, LIRS
CERDENMNNEEL, TOBEICEL > TEHUERDOE
DEFZRMTR 370513, BEEEIELEINS. &
MEE EITNE, BEOEBS I HEBNEESERE: 57
T oMY T L NTE B,

EZAThecec £ZBDISTETRV Y BRHBITE
ZTBACIORABMNONEEIARES , BAKE
BT LIEETHD. BNEEYESLTHLE, &
PMOBEBNIEHTH DA, hIFEBCEIEE TE
MOBETARBEHBLTLES. LAHLEBEHDOK
EFREMFEEOS ERTP TIL TREN § BHE23T,
ENHEOERC TN L AR NEHIIRBEHL DT
5.

BN OEBNCHTHEEND S5, Peietls /), BE
FRFicE 5301, TRET CIIEMOREGTCHT
BEMS LTI By,

L2L, G-PH DX 5 7n#k#fll7s coherent 7s#TH#it
BROBEEBRCH L TCHEH LRV B2DTH 5.
COBEEHTIATR OB BUEROE N % BEHX
®HDT, FAZONMWIEHDHHBEFTTIXThEITH
HIRITEHEFEHE SRTEL SRV, M8
BErTEHCI 2AMWEACE > TREILEHRZZIT 5.
AEEHOBREBEOGUOBECIE, BHL2EYED
L5 BIRCE S A NHATIGHOIRMOBEIC LS 71
hidz s, CoBREDKHDOT CRHEMIIARIE

B 2B TREALBEHRCBTAL 5RRBLEELD
ha. bbb, BEERIEE TV, F8as1
RN=H =R e X7 MRS DOEMBENHE > THHERT
PEMBUIBR LR, KELHEDEE CH#. K
#7c coherent 7cHTHWHIEILOER LTV HEE
i, —RICEMRIREA L LT BRI ILERE
21E5.

b.c.c. EBDBEHFITIIHRAEM T AE Peierls
HEd > TWBE., FREMTE BEN % 2 OER
THZENTEHDT, RHPWERHEFYEZ LTE
U RBEIRDHIENTED. L CHEBEROBETIT
Rk - T {100} Eic % BETH L 5 e 2 EHD
BARAEA - THREXRBI TN, Bl A—F—
A7 MAERLOEMBENTD A THAEEREL,
WERENS DN 5T D, WEEFICEL AHER LT
BRI, SREAETCIIEMERCEMNHRELT
BAUPRETLIOTHS. ZhbLThOBECHHER
THDIRBEALAREMEARLRBL5IDDTH 5.

BRUEMBEN BENr-7ch, EAMACR N TN
IRTWB LS, EROMBCIIERD BT i
V. Lasl, B—3b i b ARG R, fi
DRIEREBEMBCHEA2 S BERER HHBED LA
Fiut, i h REVWC LRBEHCEBEINSE. T X
57cBaE, dLERRLI S HIBEUEXRETHIL,
EROBHERMNMIEALBI LV DI BHNRRE
REL, BHEEEYREZT.

fcc. BREFDOLRAEMIIIELTWT, 245DF
MDA —H—R « X7 FARENCETT I\,
S LTHLRBABMN TH>THIRETRNDERILE
Vo Lo TN OEBNIC KT 2 BEHIVIE LD,
BUVEMFEECTAZENTES. 0L 5KMIEIL
Li#kHiox W 352 it H-Th f.coc. B
ThAINLBEEEYFR T EE V. 2B fee #
B Cu-Be €D X 5 KHTH KX - TRREIEHL
BAXEREOBREIIRE LB\, LRERER~D
RN R LD D, BADHREBHNS A\ b, kL
RECIZHAOHED TS BRI Y - THREESEYE
TFTEEEENRHB. Lnl, —BEAKV5>Tlece f
SIIFRLBHYEELYR LBV THDEV2B. &
e LT b.c.c. £BIT HERkTh &5 KEACEEEH
¥R LEBADOTHIND, BHEORE LEHELHEIET
HicdBEAORENELLLNTE bV D TH
5.

. t +

LMY EBMORE, GRRORTHERBCEUS
FTERLIcH, BOTEMALBACELN. b.cc. &
B EERAEORBELRI LB NEVS5 X, &
RO REFEIIN TN ZEE ST ETFERX &AL
BOENOHEE S > TVBHLBTHS. f.c.c. £BTH
BOREFEIINER LBV DI EBRME= : ¥ —,
FLRBIAER =R AF BRI, BREHRDON
BRI H B/ NERIER s TLE L, BRYEHEIR
BLULAOSHEERRSTLESMDLTHS. bbAHA, &
Dt b.c.c. £BHRDEEAIL 4 = AR L Di-BHIC
KERBEBEH® L2, fcc. £BHRTIIEBENNNE
, S35 8B EHBOLEEE,ND.c.c. &R
T fcc BIDVIEFELEBVL I LI HEOESH X

— 6 —



SEM: & PO R TFRETER S

DHEDEFERIKZEH- T35, L L oHERIEREOHE
HBTHoTh.c.c. £2BTHETHBEBRENRIAZ LD
ERTie.

ERAMBHC S CTIIEERETH - Th, HO1ER
EUEARE I D oRFUIERII . EEYER
BICEBRTE AL 5T b It SBOMEC T Ich
b,

X B

1) R. Conte, P. Groh, et B. Escaig : Phys. Stat. Sol., 28
(1968). p. 475

2) D.F. Stein and J.R. Low, Jr. : Acta Met.,, 14 (1966),
p. 1183

3) Z.S. Basinski and A. Sleeswyk : Acta Met.,, 5 (1957),
p. 176; 763; 764

4) R.L. Smith and J.L. Rutherford : Acta Met., 5 (1957),
p- 761

§) A.H. Cottrell : Trans. AIME, 212 (1958), p. 192

6) R. Honda : J. Phys. Soc. Japan, 16 (1961), p. 1309

7) C.J. McMahon, Jr. and M. Cohen : Proceedings of the
First International Conference on Fracture, Japanese
Society for Strength and Fracture of Materials, Sendai
(1966), Vol. 2, p. 779

8) A.A. Griffith : Phil. Trans. Roy. Soc., A 221 (1920),
p. 163

9) E. Orowan : Fatigue and Fracture of Metals, John
Wiley & Sons, New York, (1952), p. 139

10) J. Friedel : Fracture, edited by B.L. Averbach et al,
M.L.T. Press, Cambridge, Massachusetts (1959), p. 498

11) H. Suzuki : Proceedings of the First International
Conference on Fracture, Japanese Society for Strength
and Fracture of Materials, Sendai (1966), Vol. 2, p.
613

12) &ARFR : WOURAF, 77% (19%7) 18E

13) H. Suzuki : Dislocation Dynamics, edited by A.R. Ro-
senfield et al, McGraw-Hill, New York, (1968), p. 679



The Effect of Composition and
Microstructure on Ductility and Toughness

ABSTRACT

Quantitative data are presented relating the
microstructure and composition of a variety of
structures in ferrous metals to ductility and tough-
ness. The effects of second-phase particles and of
nonmetallic inclusions are also quantitatively
described.

1. INTRODUCTION

The properties of low-carbon ferrite-pearlite steels
1-3) Jow-carbon bainitic steels?), and austenitic
stainless steels®) have been correlated quantitatively
with the microstructural parameters and composi-
tion, and these types of steels form the basis of many
structural materials. However, modern materials
require to be formed and manipulated in a variety of
ways, and apart from toughness, as for example
measured by a notched-impact or fracture-toughness
test, adequate performance during cold fabrication
by bending, spinning, stretch forming, deep drawing,
extrusion, wire drawing, etc, is required. It is often
held that suitability for such processing, which
demands high ductility, can only be assessed by
type, or simulated type, testing. Such tests are
difficult to perform and are frequently too time
consuming for use with experimental alloys. There
has therefore been a tendency in recent years to
attempt to correlate performance under specific
forming operations with the behavior of the steel
in a simple test such as a uniaxial tensile test. Such
an approach has obvious advantages, the test being
widely accepted and rapidly carried out, so that it
can readily be used to evaluate a wide range of
steels or heat treatments in a development
program.

It has also been found that there are relationships
between certain parameters obtained from a tensile
test and performance in an actual forming opera-
tion. For example, the uniform true strain prior
to necking in a tensile test (¢*) has been correlated
with the ability of a material to be bent®, and
Butler”) has also shown the value of &* in stretch
forming, stretching and bulging operations. Other
workers®) have related €* to press formability.
Bendability has also been related to the true strain
at fracture’®), (&7), and Kegg!®) has suggested that
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this parameter can be related to the maximum
reduction attainable during spinning. It has also
been shown”) that the ease of stretch forming and
deep drawing depends on the rate of work harden-
ing, and this parameter has been incorporated in
a published formability index'). Cold-extrusion
pressures also seem to be related to the K and n
values of the conventional equation for the stress-
strain curve®, and much practical experience
indicated that drawability increases with increasing
total ductility or &r values.

Consequently there is an accumulation of
evidence to suggest that the formability of materials
is related to criteria or parameters derived from a
tensile test. Therefore a knowledge of the metal-
lurgical factors influencing these parameters is
desirable, and quantitative relationships between
microstructure, composition and true stress-true
strain characteristics would be of value in the
development of steels for cold forming operations.

In the work which will be described, it was found
that the true stress-true strain curve was not
described with sufficient accuracy by the relation-
ship:-

o= Ke¢* (1)

This situation was not improved by using the
Bridgeman correction, but it was possible to fit a
relationship of the form:-
oc=a++blnE+ c(€) 2

Using this relationship, the work-hardening rate

is given by:—
do b
AR @)

This conforms with the observation that de/dé
decreases to a constant as & increases, but it was
found more convenient and accurate to determine
do/d¢ as a function of strain by a numerical
manipulation of the true stress-true strain data,
using a digital computer. As do/dE varies with &,
the values of do/dé were evaluated at arbitrarily
selected strains of €=0-2 and 0-8. The uniform true
strain, €%, is the strain at maximum load before
plastic instability and necking set in. It can be
shown that the value of £* is that strain at which
the flow stress and work-hardening rate are
numerically equal, Fig. 1. Thus the factors
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controlling &* could be resolved into those
controlling the flow stress and those resulting from
changes in do/d¢. Factors raising the flow stress
relative to the work-hardening rate will give low
&* values, whilst high work-hardening rates can give
very high uniform ductilities. The method of
evaluating the total ductility, &7, and the fracture
stress, of,, was simply to use the respective true
strain and true stress at fracture.

It is the purpose of this paper to describe some
of the relationships which have been observed in
studies of the true stress-true strain characteristics
of both ferrite-pearlite and austenitic structures,
and to consider some of the microstructural and
compositional parameters which influence the impact
toughness of ferrite-pearlite steels containing up
to eutectoid carbon content.

" The method used to correlate structure and
properties in both the ductility and toughness
studies was a multiple linear regression technique,

and the linear function of grain size employed was
d-iz,

2. THE DUCTILITY OF FERRITE-PEAR-
LITE STRUCTURES

2.1 The regression analysis
The regression analyses in steels containing up
to ~0-259% C led to the following equations to
describe some of the more important ductility
parameters:—
(i) Flow stress at £é=0-2 (oy) (kg/mm?)
oy=[16+0-27 (Ypearlite) +2.9 (%Mn)+9-0 (%Si)
+60 (%P) +11 (%Sn) +244 (%N +0-97 d-1/2]
% 1.57(909, explained) 4)

where Ny=free nitrogen not combined as a stable
nitride
(ii) Work-hardening rate at £€=0-2 (kg/mm?)
do/de=[25+0-09 (% pearlite)+7-2 (%Si)
+30(%P)+9-9 (%Sn)+89 (%Ny)+1-0d-1/2]
X1-57(559%, explained) (5)
(i) Maximum uniform strain (c*)
£=0-27—0-016(9% pearlite)—0-015(% Mn)—0-040
(% Si)—0-043 (%Sn)—1-1(%N;) (60%
explained) : ]
(iv) Total strain at fracture (¢r)

&r=1-3—0-020(%,pearlite)4-0-30(%Mn) +0-20(%Si)
—3-4(%S)—4-4(%P)+0-29(%Sn)
+0-015d-/2 (659,explained) (7)

(v) Fracture stress (oy,) (kg/mm?)

o sr=[32—0-22(9, pearlite) + 16(%Mn) + 18(%Si)
—170(%3S) —47(%P) + 16 (%Cr)+ 430(%Nj)
+2.9 d-112]x 1.57(739, explained) 8)

An assessment was made, using replicate property
determinations, to show the errors associated with
these equations. From this work it was quite
clear that a large proportion of the residual error
in the regression work arose from lack of reprodu-
cibility in the testing technique or in the behavior
of the material.

6)

22 The effect of microstructure

The two main microstructural variables were the
amount of pearlite and the ferrite grain size.
Although pearlite, over a limited range of low carbon
contents, does not affect the yield strength'-3),
increasing pearlite does increase the flow stress.
This is mainly due to the increased pearlite content
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Fig. 1. Definition of maximum uniform strain (&*)
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a) Carbon content

do
\ de
\ p
\ high C
\
\
\ alow C
N
) \\\
\\\
\\
E‘low C
€high C

b) Grain size

f.g. Fine grain
A c.g. Coarse grain

€

Fig. 2. Schematic effects of microstructure on &*.

decreasing the yield extension. Any effect on the
yield extension will be important in controlling the
flow stress at low strains because of the high work-
hardening rate at such strains. In fact pearlite
can be seen from equation 5 to have a relatively
small, but positive effect on the work-hardening
rate. Pearlite has perhaps the most important
effect of the variables on the uniform extension,
and it is significant that this detrimental effect
cannot be offset by refining the ferrite grain size,
which itself has no effect on &*. The reason why
pearlite decreases ¢* is because of its much larger
effect on the flow stress, by virtue of it shortening
the yield extension, than on the work-hardening
rate, Fig. 2 a). The lack of effect of ferrite grain
size on &* is due to a refinement of the grain size
producing a similar increase in both flow stress and
work-hardening rate-equations 4 and 5-Fig. 2
b). Because pearlite increases the flow stress, there
is a pronounced effect for pearlite to decrease the
total ductility at fracture, and this also results in
a decrease in the fracture stress.

Experiments have also been carried out to assess
the effect of spheroidizing the pearlite in steels
containing up to the eutectoid carbon content.
Spheroidizing resulted in a marked decrease in flow
stress, but has no effect on the work-hardening rate.
These effects became more pronounced as the carbon
content increased, probably due to the fact that at
high carbon or pearlite contents, the pearlite
itself contributes to the yield stress and spheroidiz-
ing decreases the yield stress and the subsequent
flow stress. The result was to cause spheroidization
to produce a marked increase in the uniform
elongation &*, Fig. 3, which became more pro-

nounced with increasing carbon content, as might
be expected. The total ductility at fracture, &,

Spheroidized ferrite-pearlite

o

o

=3
L}

Normalized ferrite-pearlite

(=]
—
(=

Maximum uniform true strain, & *

0-2 0-4 06 0-8
Carbon content (%)

OO

Fig. 3. Effect of carbon content and spheroidization on &*.
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Fig. 4. Effect of carbon content and spheroidization on &;.
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was also increased by the spheroidization treatment,
Fig. 4. It can be seen that whilst &7 decreased
with increasing volume fraction of carbide, the
effect of spheroidization was largely independent
of carbon content. The fracture stress was virtually
unaffected by spheroidizing, and therefore the
greater total ductility at fracture imparted by the
spheroidizing treatment was the result of the lower
flow stress, which necessitated larger strains to
achieve the virtually constant fracture stress at any
given carbon level.

An investigation of the effect of the interlamellar
spacing of the pearlite was confined to a’eutectoid
steel. This showed that as the interlamellar
spacing became finer, so the flow stress and the
work-hardening rate increased. These effects were
self-cancelling, and no effect of interlamellar
spacing was observed on the uniform strain &*.
Despite the higher flow stress with a finer interlamel-
lar spacing, a higher value of &r was observed.
The reason for this is believed to be due to fine
carbide lamellae being able to deform!®, whilst
coarse carbide lamellae crack and initiate cavitation.
Thus a greater total ductility is observed with a
fine interlamellar spacing, due to the delayed
cavitation as ductile fracture is approached.

As shown in equations 4 and 5, refining the grain
size increases both the flow stress and the work-
hardening rate, and due to the shorter slip distance
requires more dislocations to operate at a given
strain, thus producing a higher dislocation density!?).
These effects are self-cancelling so that a refinement
of the ferrite grain size has no effect on the
maximum uniform strain, £€¥*. On the other hand,
refining the ferrite grain size does cause an increase
in the total strain at fracture, &7, equation 7. This
is because the effect of grain size on the fracture
stress is relatively greater than its effect on the
flow stress, equations 4 and 8.

2.3 The effect of composition

The effects of solutes on the flow stress are shown
in equation 4, and generally increase with increasing
strain due to the fact that the substitutional
elements, in particular, have a significant effect in
increasing the work-hardening rate, equation 3.
This effect is different from that observed for the
interstitially dissolved nitrogen, which whilst having
an appreciable effect on the work-hardening rate
at low strains, has negligible effect at strains much
in excess of £=0.2. This indicated that the
nitrogen may not be entirely in interstitial solution.
The observed effects of the substitutional solutes
on the flow stress, besides being a partial result of
their effects on work-hardening rates, may also be
interpreted in terms of their effects on the friction
stress. The relative effects of such solutes on the
flow stress are directly proportional to their effects
on the friction stress, and the work-hardening rate

itself may well be related to the friction stress.
For example, increasing solute content retards
dislocation movement, increases the number of
dislocations for a given strain and thus increases
the number of dislocation interactions and thereby
the work-hardening rate.

As can be seen from equation 6, free nitrogen
either as precipitates or interstitially dissolved,
markedly decreases the uniform strain, €* and
the substitutional solutes have a similar but much
less marked effect. These effects can readily be
related to the effects already described with respect
to the flow stress and work-hardening rate; any
element which increases the flow stress relative to
the work-hardening rate decreasing the value of &*.

The equations described previously indicate that
manganese, silicon and chromium all increase the
fracture sstress and the total strain at fracture,
whilst phosphorus has the opposite effect. An
element which increases the fracture stress relative
to the flow stress, as is the case for manganese,
silicon and chromium, will automatically increase
the total strain at fracture, &, and the converse is
also the case for phosphorus. These results are
therefore mutually compatible. Free nitrogen in-
creases the fracture stress, but has no effect on the
total strain at fracture, presumably because the
increase in flow and fracture stresses due to nitrogen
are virtually self-cancelling. It can also be seen
from equation 7 that sulfur has a very detrimental
effect on the total ductility, &7, and this will be
discussed later.

24 The effects of second-phase particles

The effect of second-phase particles is most
clearly observed in the reduction in total strain at
fracture which they produce. The effect of sulfur
in equation 7 is a reflection of the effect of
manganese sulfides reducing &r, and this is not
unnaturally associated with cavitation brought
about by stress concentrations around the sulfide
particles. Whilst equation 7 indicates a linear
decrease in total ductility with increasing sulfur
(or MnS) content, this is only over a relatively
narrow range of sulfur contents. Much work!5.16)
has shown that the total ductility, or strain at
fracture, decreases non-linearly with increasing
volume fraction of the second-phase particles, and
Fig. 5 shows that to a first approximation the
adverse effects of oxides, carbides and sulfides on
total ductility are rather similar. As will be
shown later, and in fact as indicated previously in
Fig. 4, the actual shape and distribution of the
second-phase particles have a major effect. The
apparently identical effects of the different types of
second phase are due to the fact that the sulfide and
oxides occurred together with a considerable amount
of carbide, which tended to mask the differences
produced by the different types of particle.
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Fig. 5. Effect of second-phase particles on &7.

2.4.1 General theoretical considerations

The general mechanism of ductile failure is
agreed to be one of void nucleation, void growth
and finally void coalescence. Voids may nucleate
either by cracking of a second-phase particle!” or
by decohesion of the metal-particle interface!®).
Growth of the voids follows and is enhanced by
strain concentrations caused by the presence of
the cracks or voids, which have been described by
various equations. These all involve the strain
concentration being proportional to the frontal
radius of curvature of the crack or particle, and
make varying assumptions regarding the radius to
be ascribed in the different cases of particle cracking
and interface decohesion. It can be shown,
following the work of Gurland'®), that if all the
second-phase particles behave identically, the total
volume fraction of voids, f, can be given by:-

F=1o [(L+ Rjr)er=to— hjp2] 12 ©
for particle decohesion, and:-

3R12
f =f 0T 9y
for particle cracking, where:-
f,=initial volume fraction of particles
g=true strain
&,=constant of integration and arises from the
strain required to nucleate voids.
k=strain concentration factor
r=length : width ratio of the particles
Various criteria have then been employed to
describe the onset of rapid growth of the ductile
crack, which involves the inter-particle (or inter-
void) spacing and the linking or coalescence of the
voids. If the ratio of the void width to the near-
neighbor inter-void spacing is the criteria for the
onset of propagation of a ductile crack, then the
relationship between the total strain at fracture,
&r, and the amount and morphology of the second-
phase particles, is given by:-

[ez(s_eo)_ 1] 1/2 (10)

2
() oot

for decohesion and:-

2\ 3 B2
(TS“) =037
for particle cracking, where
a=half the width of the void
S=critical near-neighbor void spacing
It can be seen from these relationships that, as
was shown in Fig. 5, the value of & decreases
exponentially as the volume fraction of particles
increases. Also the equations show the well-known
effect that increasing the length-width ratio of the
second-phase particles gives a higher tensile ducti-
lity when the long axis of the inclusions is
parallel to the tensile axis, compared with plate-
like inclusions tested parallel to their minor axis.

. [52(31,—!)_ 1]1/2 (12)

2.4.2 The effect of sulfide particle shape

Experiments were carried out to illustrate the
effect of sulfide particle shape on the ductility, and
steels were prepared with either elongated or plate
shaped sulfides, with major and minor axis
respectively parallel to the tensile axis. It was
observed that, as expected, an increase in the
initial volume fraction of sulfides caused an in-
crease in the void volume for any given tensile
strain. The rate of increase in void volume with
increasing tensile strain was in good agreement with
the predictions made from the theoretical calcula-
tions. Also, a decrease in the length-width ratio of
the sulfides, with respect to the tensile axis,
increased the rate of growth of the voids with
increasing strain, as again would be expected from
the theoretical calculations. The experimental work
showed that some void coalescence occurred at much
smaller strains than would theoretically be required
for the onset of a rapidly growing ductile crack, as
shown in Photo. 1a) in which the coalescence of
voids in the region of a local concentration of
inclusions has occurred. This emphasizes that the
theory assumes a uniform particle spacing, which is
not usually observed in practice, and as the criterion
for failure is a critical ratio of inclusion width to
inclusion spacing, the importance of local segrega-
tions of inclusions on the ductility at failure is
clearly apparent. The importance of this factor
with tegard, for example, to lamellar tearing in
welding is obvious. The critical void fraction for
the onset of rapid ductile failure was calculated,
for the steels examined, to give an average ratio
of inclusion width: void diameter of 0.21. Actual
measured ratios were in the range 0-3-0-6, and the
slight disagreement between theory and observation
is probably due to the heterogeneity of the sulfide
distribution. The dependence of the void size on
the inclusion size is clearly shown in Photo. 1 b);
large inclusions are associated with large voids, as
expected.

A comparison of longitudinal and transverse
ductilities as a function of volume fraction of
sulfides is shown in Fig. 6, and again the effect of
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x 580

a) Premature void coalescence in region of local

concentration of inclusions.
Photo. 1.

particle shape is clearly apparent, and is similar in
magnitude to that predicted by equation 11 for
particle decohesion. The effect of volume fraction
of the sulfides could not be compared directly with
the theoretical values due to the complicating
effects of pearlitic cementite in the structures.
2.4.3 The effect of carbides

Although in very general terms sulfides, oxides
and carbides behave similarly with respect to the
total ductility &7, there is obviously an effect of

(a) Comparison longitudinal
and transverse sulfides
2-0

1+5

Tt
10 ongitudinal

Total ductility, ey

0-5

Transverse

Sulfides (vol% )

Fig. 6. Effect of shape and distribution of second phase on &;.

Scanning electron micrographs of ductile fractures.

2:0

1-5

1-0

0-5

b)

Dependence of void size on inclusion size.

particle morphology as already described. In addi-
tion there is a basic difference between sulfides and
carbides in that carbides, unlike sulfides, do not
crack or decohese at low strains. Consequently,
with carbides in the structure, the steel can
undergo significant deformation prior to void
nucleation. In general, the carbides are observed to
crack, and in a quenched-and-tempered steel which
produces a uniform dispersion of fully spheroidized
carbides, it was found that, using equation 12 for

(b) Effect of carbides in quenched-
and-tempered structure

\

Strain to
initiate voids

5i 10
Carbides (vol%)
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x 1100
a) Iracture of spheroidized carbides. Optical micrograph.

x 5250
b) Fracture across lamellae of pearlite. Scanning electron

micrograph.

x 2200
c) Fracture of ferrite-pearlite structure. Scanning electron
micrograph.

Photo. 2. Fracture of carbides.

particle cracking, the strain required to cause
fracture after voids had been initiated was only
a small proportion of the total strain, Fig. 6 b). In
actual practice this strain to cause fracture after
void nucleation may be greater than shown in
Fig. 6 b), because the calculation assumes that

all the carbides crack, and metallographic evidence
indicated that this is not the case, Photo. 2 a).
It can also be seen in Fig. 6 b) that the strain for
the initiation of voids decreases with increasing
volume fraction of spheroidal carbide, which would
be expected because the cracking of cementite is
stress dependent!®19). It would appear from the
true stress-true strain work, that an appreciable pro-
portion of the effect of carbides on &7 is associated
with the reduction of the strain required to attain
the stress to crack carbides as the carbon content
increases, i.e. the increased levels of flow stress. In
the same manner as spheroidal carbides, pearlitic
carbide may remain uncracked to considerable strain
values, and this cracking is also stress dependent.
However, due to the higher flow stress values of
pearlite compared with spheroidite, the strain
required for pearlitic carbide cracking is lower than
that for cracking spheroidal carbides. Because of
its lamellar structure, when a carbide lamella cracks
strain is transmitted to adjacent lamellae, giving
rows of cracks, Photo. 2 b), which coalesce?® and
give rise to sharp cracks across the pearlite. These
cause a high degree of strain concentration and
extend rapidly, which together with the lower strain
(higher flow stress) for cracking, leads to pearlitic
steels having significantly lower total ductilities than
spheroidized steels, see Fig. 4. The voids in the
pearlite nucleate normal ductile cusps, and fractures
show the pearlitic structure in the base of the ductile
dimples®), Photo. 2 c¢). Pearlitic lamellae cracking
is difficult to treat quantitatively, because the crack-
ing is both stress and orientation sensitive, and
because only a selected proportion of the pearlitic
colonies crack at any given strain. In addition,
the nature of the initial structure prior to
spheroidization has an effect, as it controls the
uniformity of dispersion of the carbide spheroids.
Consequently, spheroidite resulting from the temper-
ing of martensite has a higher total ductility than
spheroidized ferrite-pearlite structures for a given
carbon content, see Fig. 7.
2.4.4 The effect of oxides

Oxides were observed to behave qualitatively in
a similar manner to sulfides, see Fig. 4; increasing
the volume fraction gives a marked decrease in total
ductility. Oxides however, probably act by means
of a different mechanism, in that whilst sulfides
decohese immediately at very low strain values,
oxides readily crack, Photo. 3. Ductility is there-
fore probably best described by the particle cracking
criterion, equation 12. However, it must be borne
in mind that decohesion of the oxide-matrix
interface also can occur, and the relative influence of
these two mechanisms of void nucleation may well be
dependent upon the type of oxide present in the
steel. As will be discussed later, there is a marked
interaction between carbides and oxides on the
ductility of steels.
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2.4.5 The effect of fine precipitates

Many high-strength low-alloy steels are designed
so0 as to take advantage of the dispersion strengthen-
ing of a ferrite-pearlite structure by the precipitation
of fine niobium or vanadium carbonitrides. In addi-
tion, niobium and vanadium produce a marked grain
refinement of the ferrite after normalizing. Such
grain refinement would be expected to give improve-
ments in the total ductility, &r. Strengthening by
the relatively small volume fraction of Nb(CN) in
niobium-treated steels has been shown to increase
the flow stress values, but not to have any material
effect on the work-hardening rate. Consequently
niobium dispersion strengthening is detrimental to

Photo. 3. Transverse cracks in

X-ray

Fracture of oxide stringer.
brittle silicate stringer during straining.
microradiograph, cobalt radiation.

the maximum uniform extension, &* Fig. 8. It
seems therefore that the effect of niobium in its
grain-refining capacity would tend to be beneficial
from the point of view of total ductility at fracture,
&r, but niobium dispersion strengthening would
adversely affect the uniform ductility, &*.

Some of the effects of second-phase particles and
their morphology are summarized in Fig. 7. It can
be seen that spheroidite resulting from tempered
martensite gives better ductility for a given volume
fraction of carbide than does a spheroidized ferrite-
pearlite structure, because of the uniform dispersion
of carbides compared with large local carbide con-
tents occurring in patches. In turn, the spheroi-
dized structures give better ductilities than ferrite-
pearlite structures in which the pearlite is lamellar.
Spheroidized carbides also lead to better ductilities
for a given volume fraction of particles than do
sulfides and oxides, and the reason for this has been
suggested to be due to the delayed cracking of
carbides compared with sulfides or oxides, which
decohese or crack almost immediately strain is
applied. In the case of sulfides, these are probably
decohesed even prior to straining®.??). Plate shaped
sulfides cause lower ductility than those elongated
parallel to the tensile axis, and this has been shown
to be due to the effect of the morphology on the
rate of void growth. Finally, it is believed that
much of the variation in ductility of ferrite-carbide
aggregates can be attributed to variations in the flow
stress at a given strain, or more correctly to the
variations in strain necessary to raise the flow stress
to a level capable of cracking the carbide particles.

2.5 Some practical considerations

2.5.1 The cold extrusion of steel

Kashar'® has given an empirical relationship for
the effective true strain (€) in terms of the extrusion
ratio, R,:—

— gt



The Effect of Composition and Microstructure on Ductility and Toughness

Fig. 8.
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E=a+blnR. (13)
and showed that extrusion pressure was directly
related to the area under the stress-strain curve.

Using equation 1 to describe the stress-strain
curve, it is possible to obtain the extrusion pressure
in terms of the extrusion ratio, yield stress, o, the
work-hardening coefficient, k, and exponent, n.
From this it can readily be shown that increasing the
yield stress will increase the extrusion pressure, as
will increasing the work-hardening coefficient. Also,
an increase in the extrusion ratio will increase the
dependence of the extrusion pressure on the work-
hardening coefficient, see Fig. 9. The effect of
increasing the work-hardening exponent is more
complex; at low strains an increase in the exponent
decreases the work-hardening rate and thus the area
under the curve and the extrusion pressure, Fig. 9.
At higher strains the flow stress associated with a
higher work-hardening exponent results in a greater

area under the stress-strain curve, and at some
critical strain, &', the area under the stress-strain
curves of low and high work-hardening exponent will
be constant, providing the work-hardening coefficient
does not alter. Thus at extrusion ratios less than
strains equivalent to &, a high value of work-
hardening exponent will be beneficial, and only
at the higher strains >¢&’ will a low work-hardening
exponent give any advantage. & will always be
greater than unity.
Thus the factors required for low
pressures are:—
(i) A low yield stress
(i) A low work-hardening coefficient
(iii) A high work-hardening exponent if the
extrusion ratio is moderately low; a low
work-hardening  exponent -only being
required at the highest extrusion ratios.
Using previously described data??) and the equa-

extrusion

High ey

High work-hardening
Ky ng coefficient ky
—— High work-hardening
exponent

-

! b/_»_z:lﬁﬂf_— Low work-hardening
ki ny

coefficient and exponent

|
| |
5 g | !
§ v - ki )k |
= |
‘: | : at €' :
= I ] area A=B
s oYy } |
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] ! |
[: | |€
| | 1 | l ] It
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| R of A in extrusion !,(%)
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| Extrllxsion ratio JJI |
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True tensile strain, €

Fig. 9. Schematic relationships between true stress-true strain curve and extrusion,
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tions given earlier in this paper, it is possible to
identify the microstructural and compositional
parameters which will give low yield stress values
and work-hardening rates. In general it can be
concluded that for the lowest extrusion pressures,
a low pearlite (carbon) content, Fig. 10 a), a coarse
ferrite grain size, Fig. 10 b), a slow cooling rate
through the ferrite range to overage any precipitated
iron carbides, and low solute contents are desirable.
Consequently it is possible to begin to arrange the
processing and analytical variables to achieve this,
e.g. a controlled high finishing temperature with a
slow cooling rate in a low-carbon steel would be
beneficial.

However, the extrusion pressure itself is not the
only criterion, and the steel must be able to give
the appropriate properties after extrusion or after

a) Pearlite
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o~ 1201 Hot
E rolled
™)
=
o 110 (@)
S
=
§ ) Annealed
a S N\ ()
= 100+
2
5 °
ks
5]

90~ ()

80 1 I |

0 10 20

Pearlite content (%)

Fig. 10.

30

+13-4kg/mm*
Pearlite

subsequent heat treatment. If it is desirable
therefore to produce a high-strength, but readily
extrudable steel, it is possible to decide which
strengthening mechanism will be capable of
producing the lowest increase in extrusion pressure.
A vector diagram, showing the increase in extrusion
pressure (at £€=1.5) with increasing yield strength
due to various strengthening mechanisms in low-
carbon steels, is shown in Fig. 11, from which it can
be seen that grain refinement and dispersion harden-
ing are much more preferable strengthening agencies
than carbon and manganese content. A mechanism
which will lower the extrusion pressure whilst not
affecting the yield strength of low carbon ferrite-
pearlite steels is to spheroidize the pearlite. The
vectors shown in Fig. 11 will change in magnitude
with varying extrusion ratio, but not in their

b) Ferrite grain size
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Effect of microstructure on extrusion pressure at extrusion ratio of 1.5 in 0.1%C-0-5%Mn steel.
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Fig. 11. Effect of composition and microstructure on yield stress and extrusion pressure in low-carbon steels.
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relative order of effect. If the extrusion has to be
quenched and tempered, hardenability may dictate
the degree to which extrudability is to be sacrificed.
However, it should be possible to optimize the
composition which would give maximum extrud-
ability for a given hardenability.
2.5.2 The use of low carbon comntents

The advantages of low carbon contents both from
the point of view of extrudability, high uniform
ductility and high total ductility have already been
illustrated. There are many other advantages of
using low carbon contents, for example no great
loss of yield stress, good impact toughness and
weldability, etc. Reducing the carbon content to a
very low level to achieve good formability however,
has disadvantages because in air-melted steels the
volume fraction of oxides tends to increase.
Consequently there will be an optimum carbon
content for maximum ductility, and lower carbon
contents will give rise to lower ductilities due to
the increase in oxide content. In a previous
publication®®, it was shown that it is possible to
calculate this optimum carbon content using an
empirical hyperbolic relationship between &y and the
volume fractions of oxides, carbides and sulfides,
and the carbon-oxygen equilibrium?®.  This
optimum carbon content is given by:-

% Copt = (Doo/Skr) M2 (14)
where kr = $,,/[C] [O]

and logyy ($4/[C1[O]) = 1(;?6

P,, is the partial pressure of carbon monoxide, and
[C] and [O] are the dissolved carbon and oxygen
concentrations respectively, with T the absolute
temperature. For a steelmaking temperature of
1600°C and air melting, C,p; is 0-029, with ér=~1-6.
A reduction of carbon down to~0-029%, will there-
fore produce a benefit in formability, and as the
steelmaking temperature can only be varied within
small limits and 1/ky does not vary greatly with
temperature, varying the steelmaking temperature
is unlikely to have a great effect either on C,y or

+2.131 (15)
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Fig. 12. Effect of reduced pressure and carbon content on
total ductility.

ér.
On the other hand, lowering P, by. vacuum
degassing has a marked effect, not only in increasing
the maximum value of & but also in decreasing
Copt to a level lower than the practicably attainable
limits. Also, and most important, the value of
&r for any given carbon content increases, as shown
in Fig. 12, and this is quite marked even for a
modest vacuum. Thus the use of low-carbon
vacuum-degassed steel will undoubtedly give much
improved formability.

2.5.3 Inclusion shape control

An important commercial development with
respect to the effect of inclusion shape on the
formability of steel has been the use of zirconium
or rare-earth additions?326). Normal manganese
sulfides, particularly in hot-rolled strip, form greatly
elongated stringers. Such stringers have a very
deleterious effect on formability, particularly with
respect to bends made parallel to the rolling
direction. Tight bends lead to severe longitudinal
cracking along the tensile edge of the bend, ie.
the transverse ductility is low. The addition of
zirconium, cerium or calcium under controlled
conditions can markedly alter the morphology of
the sulfides, and also of the oxides. The sulfides
particularly are prevented from forming elongated
stringers, and occur as rounded globules, conse-
quent upon the formation of higher melting point
sulfides, which have much reduced plasticity at
rolling temperatures. These globular sulfides, due
to their low stress-concentration factors in the
transverse direction, cause much less rapid void
growth and consequently do not so markedly
impair the transverse ductility, which is very much
improved compared with a steel containing elonga-
ted sulfide stringers. Calcium, also, can effectively
modify the plasticity of oxide inclusions with
beneficial effects. It has been shown?® that com-
plete modification of the sulfide shape occurs at a
cerium/sulphur ratio of about 1.5. In zirconium-
treated steels, due to the nitride-forming capacity
of zirconium, a minimum zirconium content of
(6%N+99) is required. In fact, due to its nitride-
forming ability, zirconium is not suitable for use
with a steel which owes its strength to nitride
precipitation,. i.e. a vanadium dispersion strength-
ened material, for which cerium is best suitable.
Zirconium, however, can be used with a niobium
steel.

These inclusion modifying additions can also
greatly improve the transverse notched-impact
properties, particularly with respect to the shelf
energy, as will be described later.

3. THE TOUGHNESS OF FERRITE-PEAR-
LITE STRUCTURES

The factors that control the impact toughness of
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low carbon steels containing ferrite-pearlite micro-
structures have been the subject of intensive study
over the past decade!l.232), This has enabled a
fairly comprehensive understanding to be reached
of the effects of ferrite grain size, pearlite content,
solid-solution hardening and dispersion strengthening
on the impact properties, and from this work it
has been possible to specify the strengthening
mechanisms which have least deleterious effects on
toughness.

3.1 The effects of strengthening mechanisms
on impact resistance

Regression equations have been derived which can
be used to predict both the yield stress and impact-
transition temperature with reasonable certainty:-
Yield stress (kg/mm?)=[3-5+2-1(%Mn)+5-4 (%Si)

+23(v/ %Ny)+1-13d-112] x 1.57 (16)
Impact-transition temperature (°C)=—19+44 (%Si)
+700(v/ %Ny)—11.5 d-1/24-2.2(9%, pearlite) (17)
This type of equation can then be used to correct
properties to a constant level of composition and
microstructure, from which the individual effects
of the various strengthening mechanisms on the
impact toughness can be assessed. These relation-
ships can be expressed as the change in impact
transition temperature per 1kg/mm? increase in
yield stress, and the resultant vectors for various
microstructural and compositional strengthening me-
chanisms are shown in Fig. 13. It can be seen, that
ferrite grain refinement is the most beneficial
strengthening mechanism as it also improves the
impact toughness, and this well-known effect has
been widely applied. Aluminum and manganese
are also beneficial in this respect, aluminum
particularly so as it removes the detrimental
element nitrogen as aluminum nitride. Solid-
solution strengthening is detrimental as it causes

a) Microstructural factors

Dislocation
strengthening

20 % Pearlite
+44°C

Dispersion
strengthening
Impact-
transition
-10 temperature
Grain (°c)

size

Yield
stress (kg/mm?)

an increase in impact-transition temperature, phos-
phorus and tin being very detrimental in this
respect. Nitrogen either in interstitial solution or
as iron nitride precipitates is also detrimental.
Increasing the pearlite content is particularly
harmful as in low-carbon steels it does not affect the
yield strength but markedly raises the impact-
transition temperature. Carbon reflects the detri-
mental effect of pearlite but also has a beneficial
effect in that it depresses the transformation
temperature and so refines the ferrite grain size;
consequently it is not so detrimental as pearlite
itself. Dispersion strengthening by copper, vana-
dium or niobium carbonitrides is only mildly
detrimental, and by no means so bad as many solid-
solution strengthening effects. The effect of dis-
location strengthening, on very limited evidence,
appears to be similar in overall effect to dispersion
strengthening, possibly slightly worse with respect
to the toughness. The results shown by the vectors
in Fig. 13 clearly indicate why a low-carbon high-
manganese, aluminum grain refined steel is a com-
mon choice for a high-strength low-alloy steel, and
also why dispersion strengthening by Nb (CN) or
V,C; is frequently employed in notch-tough steels. .

3.2 The strength and impact toughness of
high-carbon steels

The effects described in the previous section were
confined to low carbon contents less than 0-.259,.
As the carbon content is increased, and the pearlite
content increases up to 1009, pearlite itself begins
to play an ever increasing role in controlling the
yield strength and toughness. An analysis of the
effects on the yield strength in high-carbon steels
has been carried out using the basic equation:-

oy=fice+(1—fHa, (18)
where:— f, is the volume fraction of pearlite

b) Compositional factors
Phosphorus + 34
Nitrogen+19
Tin+11
Carbon+6-4

Silicon+5-1

Manganese—3-2

Aluminum—17

Fig. 13. Factors affecting yield strength and impact-transition temperature.
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and o4, o and oy are the yield strengths of ferrite,
pearlite and the ferrite-pearlite aggregate respective-
ly.
The index ‘n’ was used to allow the yield strength
to vary non-linearly with pearlite content, and a
value of n=1/3 gave the least residual error. It was
found that the value of o, obeyed the Hall-Petch
equation:—

o =09 + &y (%Mn) + &, (%Si) + k3 (%Ny)

+ k,d-12 (19)

where o,=friction stress

A similar equation was used for the value of oy, but

involving the interlamellar spacing S,. The pearlite

colony size, p, and the cementite plate thickness,

t, were found not to have significant effects on the

yield stress, but did affect the 3.4 kgm/cm? impact

temperature, which was used in place of the 509,

brittle-transition temperature. Functions of S,-1/2,

p~12 and t were used in the equations describing the

impact properties, and in this case the lowest
residual error was when n=I.
The equation describing the yield strength was:—

ay (kg/mm?) ={f,1/3[2.3+3.8(%Mn) +1.13 d-1/2]

+ (1= f,13) [11-6+0-255,-1/2]
+4-1(%Si) +27-6 (%N)) | x 1.57
(20)
The equation illustrates the well-known depen-
dence of the yield strength on the ferrite grain size,
which gives a smaller contribution to the strength
as the pearlite content increases. The pearlite
contributes more to the strength as the composi-
tion approaches the eutectoid, and as is well known
is very dependent on the interlamellar spacing.
Considering the more complex analysis required, the
various regression coefficients are remarkably simi-
lar to those obtained in the more limited analysis
for low-carbon steels. Using this equation allows
the effect of pearlite on the yield strength to be
illustrated in terms of the various factors, but
excluding interlamellar spacing, which was assumed

constant, Fig. 14.

The 3-4 kgm/cm? impact-temperature was describ-
ed by the equation:-

I (°C) = fo—[46—11-5d-112] 4 (1—f,)
[—335+5-6551/2—13-3p-1124 3.48 10%)
+48-7(%S1) +762 (v/'Ny) @1

Again the general similarity in the regression coef-

ficients with those obtained over a restricted and

low carbon content can be observed, and it is clear
that grain refinement, low silicon and low free-
nitrogen contents should be used for the optimum
impact properties. Just as a refined ferrite grain
size has a beneficial effect on the impact properties,
so does a small pearlite colony size, and metallogra-
phic evidence has clearly shown that a pearlite
colony boundary acts to impede the propagation of
a cleavage crack. The morphological aspects of the

50
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20 Ferrite grain size

10 _\Manganese-i-Peierls stress
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Fig. 14. Effect of pearlite on yield strength (0.9%Mn-0.3
%8Si-0-0079,N).
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S

pearlite structure on the impact properties are
complex in that a refinement of the interlamellar
spacing is detrimental, but the usually simultane-
ously observed decrease in the carbide plate thick-
ness, Fig. 15, is beneficial. In general, therefore,

0-7r

0-6

0-4F

0-3F

Cementite lamella thickness. t X 10*(mm)

0-2 L

Interlamellar spacing -3, S, -* (mm -%)

Fig. 15. Relation between interlamellar spacing and cemen-

tite lamella thickness.

there is a balance between a decrease in interlamellar
spacing adversely affecting impact toughness,
possibly through its effect in increasing the strength,
and a simultaneous decrease in carbide plate thick-
ness which improves the impact properties. Often
they offset one another so that there is no net effect,
but either effect can predominate causing an im-
provement or deterioration in impact toughness, and
the effects are further complicated by any ac-
companying changes in pearlite colony size. As the
two factors S, and t behave in opposite ways, there
will obviously be an optimum interlamellar spacing
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for the best impact toughness, Fig. 16. It is also
clear that the dilution of the pearlite will be im-
portant, as increasing the carbon content of the
pearlite will impair the impact properties because it
will result either in an increased carbide plate
thickness for a given interlamellar spacing, or a
finer interlamellar spacing for a given carbide plate
thickness. The pearlite dilution factor is defined
as:-

D =0-8f,/%C : (22)
ie. D=1.0 for eutectoid pearlite and >1-0 for fully
pearlitic hypoeutectoid steels.

Tt can be shown that the optimum interlamellar
spacing for best impact toughness is related to the
dilution factor by:-

Sopt =6-7 X 10-8(D — 0-12)%3 (23)
Thus, as shown in Fig. 17, the optimum interlamellar
spacing increases as D increases, and the impact
toughness gets progressively better, i.e. the 3.4 kgm/
cm? temperature decreases. This of course is for a
fully pearlitic structure, and it is clear that increas-
ing the pearlite content for a given carbon content
can be beneficial to toughness. However, the
precise effect will depend on the balance brought
about by decreasing the ferrite content by this

Pearlite dilution=1-0
\ Total effect
£ _ . an
55 q00p 56S.¢
g
Lo
+5
e~
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[=9
£ 8 200
£
23
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0 1 1 ]
0 2 4 6

Interlamellar spacing S,X10*(mm)

Fig. 16. Effect of pearlite interlamellar spacing on 3-4kgm/
cm? impact temperature.
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Fig. 17. Effect of pearlite dilution factor on optimum inter-
lamellar spacing for impact toughness.
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Fig. 18. Effect of ferrite grain size and pearlite colony size
on impact toughness.

method, and especially if the impact toughness of
the ferrite is very good (i.e. a very fine grain size)
then increasing pearlite dilution could be detrimental
to the impact resistance. Some general interrela-
tionships of ferrite and pearlite morphology are
illustrated in Fig. 18, and it can be seen that pearlite
morphology is the more important in the higher
carbon steels. In this context it is also necessary
to bear in mind the effect of transformation
temperature, brought about by alloy content, cooling
rate or austenite grain size, on the morphologies of
both the ferrite and the pearlite. In general it
can be concluded that decreasing the transforma-
tion temperature will tend to be detrimental to
impact toughness, although some depression of
transformation temperature is essential to give
fine ferrite grain sizes and fine pearlite colony sizes.
An optimum combination of strength and toughness
will be achieved by a minimum carbon content to
comply with the strength requirements, grain
refinement of the steel to give a fine ferrite grain
size and pearlite colony size, and a minimum solid-
solution hardening by nitrogen, silicon etc.

3.3 The effect of large carbide particles

McMahon?®) showed that large carbide particles
can crack under applied stresses and cause the
propagation of a cleavage crack through the ferrite
of a low-carbon steel. Such an effect would
adversely affect the impact toughness and lead to
an increase in the impact-transition temperature?).
The presence of coarse carbide filaments can occur
in low-carbon steels, particularly at low manganese
contents, by a degeneration of the pearlite, and in
ferrite-pearlite steels large carbides can also be
formed by a subcritical stress-relieving treatment.
Such stress relieving has been observed to impair
the impact properties??, and so an investigation has
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been made of the effect of coarse carbide particles on
the impact properties of low-carbon low-manganese
steels. In these steels, the size of the filamental or
larger carbides decreased with increasing carbon
and manganese content, and increased with slower
cooling rates. The impact-transition temperatures
were then calculated on the basis of equation 17,
which accounts for compositional factors and the
effects of pearlite and ferrite grain size. The
differences between the observed and calculated
transition temperatures are shown as a function of
the carbide size (filament thickness) in Fig. 19. It
can be seen that the impact-transition temperature
was significantly higher than the calculated value
when the carbide size exceeds ~2 ym, and increased
with increasing carbide size until it had been raised
by as much as 80°C when the size of the carbides
was 3-4 uym.

It was observed that cleavage in the ferrite was
associated with cracking of the larger carbides, and
the high strain rates and low temperatures used in
impact testing obviously raise the macroscopic
yield stress to a level capable of cracking the
carbides. Thinner carbides may deform, thereby
avoiding forming cracks, but it is also observed
that these carbides can crack but that the cracks
are subcritical in size and therefore do not propagate
under the stress conditions in the impact test.
The fact that the carbide cracking is definitely the
cause of cleavage fracture is shown by the absence
of mechanical twins. This clearly indicates that the
cracked carbides can initiate propagating cleavage
cracks at stresses lower than that necessary for
mechanical twinning.

3.4 The effect of nonmetallic inclusions

It is a well-known phenomenon that the impact
toughness of steels is adversely affected by a large
inclusion content, and in particular there is general
agreement that increasing inclusion contents

1
6

decrease the ductile impact shelf energy value.
However, the effect of inclusions on the impact-
transition temperature is by no means so clearly
defined, some evidence indicating little or no effect
31,32) and other work indicating a clearly defined
effect3®). In view of the ability of cracked carbides
to raise the impact-transition temperature, it might
be expected that brittle types of inclusions could
behave in a similar manner.

In order to investigate the effect of inclusions on
the impact toughness in more detail, controlled
experiments were carried out on low-carbon manga-
nese steels of varying sulfur contents; sulfides
being a relatively readily controlled type of inclu-
sion. The properties were examined in the longitu-
dinal and transverse directions, using 19 mm-thick
plate material. The effects of other compositional
and microstructural variables were eliminated by
use of the regression equation 17 to calculate the
impact-transition temperature, and to compare this
with observed effects. There was a clearly defined
effect for increasing sulfur content, ie. sulfide
volume fraction, to lower the ductile-impact shelf
energy, Fig. 20, and the shelf energy was much
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lower in the transverse direction than in the
longitudinal direction. This was in accord with
general experience, and the qualitative similarity
between the effect of sulfides on total ductility at
fracture, &r. and impact shelf energy was most
marked. In fact, there was a unique relationship
between the impact shelf energy and the total
strain at fracture, &7, measured in a tensile test, Fig.
21. A linear relation was observed between the
value &7 and the logarithm of the shelf energy value.
With regard to the impact-transition temperature,
the effect of sulfide volume fraction was similar in
both the longitudinal and transverse tests, Fig. 22.
Increasing the sulfur content up to ~0.059, in-
creased the impact-transition temperature, due it
is believed to the sulfide inclusions acting as sites
for crack nucleation. A further increase in the
sulfur content produced a progressive decrease in
the impact-transition temperature and in the high-
sulfur steels the transition temperature was in fact
lower than that of the low-sulfur steel. Whilst
increasing sulfur, i.e. sulfide inclusion, content would
increase the number of sites for crack nucleation, it
would also greatly increase the number of obstacles
to crack propagation, the overall effect being to
produce a decrease in impact-transition temperature.

Particularly in the longitudinal tests, the elongated
sulfide inclusions are most effective obstacles to
crack propagation, the cleavage cracks having to
propagate across many inclusion fibers. Hence the
impact-transition temperature was lower in the
longitudinal than in the transverse tests. Similar
effects have been observed in the fracture of mild
steel laminates34), in which “‘crack arrester’”’ and
“crack divider” laminates correspond well with
the longitudinal and transverse tests.

A practical application of current knowledge of
the effect of inclusions on impact properties has
been the use of inclusion shape control by zirconium
or rare-earth additions to improve the transverse
impact shelf energy in steels?6.3%), This work shows
that by altering the shape of the sulfide inclusions
from elongated stringers to a globular morphology,
the transverse impact shelf energy is virtually
doubled®®, and the longitudinal shelf energy is
largely unaffected. The overall effect is that the
ratio, longitudinal shelf energy: transverse shelf
energy, approaches more nearly unity than for
material to which no inclusion shape control has
been applied, and this ratio decreases with increasing
additions of either zirconium or rare earths3%).
Recently published evidence3?) indicates that rare-
earth additions may give ratios of longitudinal:
transverse shelf energies nearer to unity than is the
case for zirconium additions. It has also been
suggested that the optimum zirconium addition is
that required to combine with both the nitrogen and
the sulfur, but that above this optimum zirconium
content the excess zirconium forms ZrC and Zr,C,S,
phases, which lower the impact shelf energy.
Recent evidence®), whilst confirming the beneficial
effects of zirconium on impact shelf energy, has
indicated that in both as-rolled and heat-treated
carbon-manganese steel, in both longitudinal and
transverse tests, the addition of 0-159%, Zr markedly
raises the impact-transition temperature by ~50°C.
It is possible that this effect is due to ZrN particles
which were present, acting as crack initiators, but
it could also be that zirconium eliminates the
elongated stringers of sulfide and so prevents their
crack arresting or crack dividing effects, previously
referred to. These possible deleterious effects of
zirconium should be borne in mind, particularly if
large zirconium additions are used.

4. SOME ASPECTS OF THE DUCTILITY OF
AUSTENITIC STEELS

In view of the fact that austenitic stainless steels
have polygonal grain. structures analogous to
ferrite-pearlite steels, with delta ferrite correspond-
ing to the pearlite, it was believed that quantitative
relationships might be obtained between structure,
composition and properties. This proved possible
for the proof stress, tensile strength and tensile
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ductility®), but because of the complex effects
introduced by variations in the stacking-fault energy,
twinning frequency, strain-induced martensite and
elemental partitioning between the austenite and
delta ferrite, it has not yet been possible to analyse
the results of room-temperature true stress-true
strain tests with sufficient precision to formulate
realistic regression equations.

The ductility is controlled by the interactions
between the flow stress, work-hardening rate and
fracture stress. The flow stress is affected by the
tendency to form martensite during straining, and
this automatically effects the work-hardening rate,
causing discontinuities to appear in the & v do/dé
curve. However, it is possible to obtain fairly
accurate equations to describe the proof stress and
tensile strength values, when the analysis is
confined to stable steels which do not form strain
induced martensite. It is useful therefore to
consider some of the factors affecting the strength of
austenite before proceeding to discuss ductility.

4.1 Factors affecting the strength of austenite

The equations which have been obtained to
describe the strength of stable austenitic steels with
Mgy temperatures well below 0°C were:—

0-29%, proof stress (kg/mm?)
=[44+423%,C)+35(%N) +1-3(%Si)+0-24(%Cr)
+0-94(%Mo)+1-2(%V)+0-29(%W)
+2-6(%Nb)+1-7(%Ti)4-0-82(%Al)+0-16(%3)
+0.46 4-12]x 1.57 24)

where 9, d=delta ferrite content

and d=mean grain diameter

Tensile strength (kg/mma2)

=[29+35(%C) +55(%N) +2.-4(%Si) +1-2(%Mo)
+5-0(%NDb)+3-0(%Ti)+1-2(%A1)+0-11(%Ni)
+0.14(%3)+0-82 #~1/2]x 1.57 (25)
where t is the twin spacing
With regard to the proof stress, the grain size has
the well-known strengthening effect, but delta ferrite
also has a marked strengthening effect over and
above that which it causes by refining the austenite
grain size. A recent analysis of this effect of delta
ferrite indicates that it is due to strain concentra-
tion in the softer austenite phase, which therefore
work hardens to a strain greater than the nominal
0-2%, and consequently gives a higher flow stress.
Solid-solution strengthening is similar to that
reported previously®”), and has been shown to be
greatest for interstitial solutes, not so pronounced
for ferrite-forming substitutional solutes and
negligible for austenite-forming substitutional
solutes. A good correlation exists between the
lattice distortion and solid-solution strengthening
produced by a solute element®). An interesting
feature was the absence of any effect of twinning on
the proof stress, which is because the variations in
stacking-fault energy, as reflected by twin spacing,

do not cause sufficient change in work-hardening
rate to affect the low-strain proof stress value. Also,
in very stable austenitic steels, martensite does not
form at strains of 0.2%, and so the proof stress is
not affected. However, further work on less stable
compositions showed that up to 85%, martensite in
the solution-treated condition” did not have any
effect on the 0.2% proof stress, and indeed up to
209% martensite may lower it. This latter effect is
due to the formation of more martensite in such
unstable steels as soon as any strain is applied, so
that the transformation strain causes the strain to
exceed 0-29, at low stress values, and thus an
abnormally low proof stress value is observed.
This may be augmented by internal stresses
associated with the prior martensite. With marten-
site contents greater than ~35%, the martensite
itself becomes the main load-bearing phase, and
consequently the proof stress value increases with
increasing martensite content. )
The tensile strength was dependent on the twin
spacing rather than the grain size, equation 25. It is
believed that the twin spacing reflects the stacking-
fault energy rather than a major strengthening from
twin boundaries themselves, a low stacking-fault
energy (associated with a small twin spacing)
resulting in a high work-hardening rate and a high
tensile strength. However, whilst stacking-fault
energy, as defined by twin spacing, has a major
effect on tensile strength, in a high stacking-fault
energy alloy in which there are no twins, the tensile
strength will then increase as the grain size becomes
finer. Again delta ferrite is a strengthening agent,
but in this case in view of the dominant effect of
work hardening, it is believed that partitioning of
carbon and nitrogen to the austenite, thereby
increasing the work-hardening rate, plays the
major role. About 809, of the strengthening due to
delta ferrite on the tensile strength can be accounted
for in this way. The effects of solutes on tensile
strength are complex, depending on their effects on
solution strengthening, stacking-fault energy and
work-hardening rate, and on the tendency to form
strain-induced martensite prior to the limit of
uniform extension. Solutes do however seem to
have similar general effects on tensile strength to
their solution-strengthening effects determined on
the proof stress. The effect of martensite on tensile
strength is also complex, and has been established on
steels containing martensite prior to testing. Such
steels, depending on their stability, may or may not
form further strain-induced martensite. The
tensile strength of such steels is found to increase
linearly with the amount of prior martensite, Fig. 23,
but the intercept of 19 kg/mm? at 09, prior
martensite in these relatively unstable steels, is
believed to represent strengthening by the
martensite formed during straining up to the
maximum uniform strain. The tensile strength in
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Fig. 23. Effect of prior martensite on tensile strength.
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the presence of martensite can be described by:-
Tensile strength (kg/mm?)=[T,+12+0-82(%, prior
martensite)] X 1.57 (26)
where T, is the tensile strength calculated from
equation 25.

Tt can be seen that the factors controlling tensile
strength are more complex than those controlling
the proof stress, and this is shown by the less
reliable nature of equation 25, which only explains
789, of the variation in tensile strength, compared
with the 919 of the variation in proof stress
explained by equation 24.

42 The work hardening of austenitic steels

In material which undergoes no phase change
during straining, the work-hardening rate continual-
ly decreases with increasing strain, ie. in a stable
austenitic steel with Mg well below room tempera-
ture. In a steel in which strain-induced martensite
is formed immediately strain is applied, the
transformation strain augments the applied strain
so that low apparent work-hardening rates are
observed, which are lower than if no martensite had
been formed. With the progressive formation of
martensite however, the alloy is strengthened and
the flow stress increases. This more than counter-
balances the transformation-induced strain and so
the work-hardening rate increases to reach a maxi-
mum value before finally decreasing at higher strains
as the formation of strain-induced martensite ceases.
These effects are shown in Fig. 24, and in these
circumstances the effect of an alloying element on
the work-hardening rate is not unique, but depends
on the stability and My temperature of the base
into which it is introduced. For this reason, it has
not yet been possible to obtain simple or adequate
predictive equations. The effects of the major
alloying elements, nickel and chromium, on the
work-hardening rate are shown in Fig. 25. The
factor (Ni+2/3 Cr) was used on the basis that the
amount of strain-induced martensite would be
related to the My temperature, which in turn is

2
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Fig. 24. Effect of nickel content on work-hardening rate
of 189, Cr steels.
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Fig. 25. Effect of nickel equivalent on work-hardening rate
at €=0-25,

related to M. Eichelman and Hull®® showed that
chromium was about two thirds as effective as
nickel in depressing Ms, and hence Fig. 25 attempts
to show work-hardening rate as a function of nickel
equivalent. It can be seen that the work-harden-
ing rate, at a strain where the effect of strain-in-
duced martensite is very marked, decreases rapidly
with increasing stability of the austenite. This
effect could either be due to the maximum work-
hardening rate decreasing with austenite stability,
or more strain being required to induce martensite
as the My decreases. Recent work®®, and evidence
from experiments on unstable steels, suggest the
former cause to be predominant.

The effect of stacking-fault energy on the work-
hardening rate is important, elements which lower
the stacking-fault energy causing an increase in the
work-hardening rate. This effect may however be
very marginal indeed in a high stacking-fault energy
base composition, i.e. there is no unique effect.
Thus, elements which increase the stacking-fault
energy, i.e. nickel and copper*") tend to decrease the-
work-hardening rate, as shown in Fig. 26. To a
small extent aluminum and titanium also decrease
the work-hardening rate, but no effect was observed
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Fig. 26. Effect of various elements on work-hardening rate.

for niobium. Part of this effect may be due to the
removal of nitrogen by aluminum and titanium.
On the other hand, carbon and nitrogen lower the
stacking-fault energy4.4?), and increase the work-
hardening rate. Nitrogen has its main effect at
small strains, but is almost ineffective at higher
strains, whilst carbon on the other hand is effective
at all strain values, albeit more so at the lower
strains. The substitutional solutes silicon, tungsten
and molybdenum all tended to increase the work-
hardening rate, and the observed effects are in
accord with the decreased stacking-fault energy
reported to be produced by silicon®!) and molybde-
num?). Vanadium has not been observed to
materially affect the work-hardening rate. As has
already been stated, the effects of any given element
will vary depending on the base composition into
which it is introduced, and this is clearly shown in
Fig. 27 for silicon in a high stacking-fault energy
base (169, Cr-259%, Ni). Up to 29, Si there is no
effect on work-hardening rate, but at 49, Si there is
a marked increase in work-hardening rate as the sili-
con begins effectively to decrease the stacking-fault
energy.

200}
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RN 16%Cr-25%Ni Steel
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£
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=0
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=
80r*
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0 10 20 30 4-0

Silicon content (%)

Fig. 27. Effect of silicon content on work-hardening rate.

It should be pointed out that this was not due
to silicon forming delta ferrite in this high-nickel
base, although delta ferrite does increase the work-
hardening rate at low strains but tends to decrease
it at higher strains. This is because delta ferrite is

a high-strength low work-hardening phase, in con-
trast to austenite. Thus at low strains, strain is
concentrated in the austenite which work hardens
rapidly, until at higher strains the deformation
becomes concentrated in the ferrite which only work
hardens slowly.

The effect of martensite on work hardening is
not simple, and whilst it would seem that martensite
increases the work-hardening rate by a strain
concentration effect, this is complicated by the
fact that the presence of martensite prior to test-
ing invariably leads to less strain-induced marten-
site.

Finally, it should be clearly appreciated that,
in view of there being no unique effect of an alloy-
ing element which can be used to correct for
variations in composition, care should be taken in
interpreting results, particularly when an alloying
element can depress My, combine with carbon or
nitrogen, and introduce delta ferrite into the
structure.

4.3 The ductility of austenitic steels

At present it has not been possible to analyse
the results of an extensive series of experiments in
order to produce a regression equation describing
the maximum uniform strain, ¢*, and the total
strain at fracture, &. However, the reduction of
area measured in the conventional tensile test has
been described® :—

R of A (%)=77+0-81(%$Si) +0-94(%Mo) +1-3(%Cu)
+1-6(%Al)—0-20(%Ni) —6-6(%Nb)
+0.99¢4-12—-1.0 g-12 27)

This equation has limited predictive capabilities,
only 639, of the observed variation being explained.

Considerable uncertainty attaches to the coeffici-

ents, because even in relatively stable steels some

strain-induced martensite may readily be formed
at the high strains associated with fracture.
Microstructural and compositional parameters
again have complex effects involving interactions
between flow stress, work-hardening rate and frac-
ture stress. Increasing the work-hardening rate
relative to the flow stress will tend to increase the
maximum uniform strain prior to plastic instability,
&*. However, both these parameters depend on com-
position in terms of solid-solution hardening,
stacking-fault energy and the formation of strain-
induced martensite, and as has already been shown
the strain-induced martensite can in turn have
complex effects on the work-hardening rate. The
total ductility, &7, occurs when the flow and
fracture stresses are equal, i.e. at fracture. Thus
increasing the flow stress relative to the fracture
stress will decrease the value of &7, and the flow
stress will depend on stacking-fault energy and
strain-induced martensite. Non-linear effects of
compositional and microstructural parameters are
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a) Effect of nickel at 17%Cr

b) Effect of chromium at 8%Ni
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Fig. 28. Effect of nickel and chromium contents on ductility.
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Fig. 29. Effect of nickel and chromium contents on fracture stress.

therefore observed on the various measures of
ductility. A typical effect is shown for the major
elements nickel and chromium, both of which give
maxima in both &* and &7 at specific alloy contents,
Fig. 28. The maximum value of &* is due to the
occurrence of strain-induced martensite at low
nickel contents, which gives high work-hardening
rates at strains approximating to &%, and thus
increases the value of ¢*. With increasing nickel,
less martensite is formed during straining, the work-
hardening rate decreases, and whilst the flow stress
is also decreased by the lower stacking-fault energy,
the latter does not offset the former effect. Hence
&* decreases with increasing nickel content. With
regard to &r, this is dependent on the work-harden-
ing rate, which controls the flow stress, and the
fracture stress; the latter decreases both with

increasing nickel or chromium, Fig. 29. At low
nickel contents for example, much strain-induced
martensite gives a high work-hardening rate and
flow stress; thus &7 is small. As the nickel content
increases the flow stress decreases and &y increases,
but with still higher nickel contents the decrease
in the fracture stress predominates and so &7 then
decreases. Equation 27 describes this latter effect
in the more stable higher nickel austenites, in terms
of the reduction of area in a tensile test.

The general concept of the equivalence of flow and
fracture stress in controlling ductile fracture may
however be invalid, and rather the role of second-
phase particles, i.e. inclusions, in controlling void
nucleation and growth may be more important,
as will be discussed later. Consequently it is
possible that transformation-induced plasticity con-
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Fig. 30. Effect of alloying elements on total ductility.

tributes most vitally to the total ductility by not con-
tributing directly to void growth.
case, the maximum value of €7 might be expected at
a nickel (or chromjum) content at which there was
maximum transformation, i.e. transformation-induc-
ed plasticity. This in fact appears to be the
case. Other elements also produce maximum duc-
tilities at certain compositions, as shown in Fig.
30, and others such as cobalt seem to decrease &r
in the less stable steels due to the suppression of
strain-induced martensite, c.f. higher nickel con-
tents. It can again be seen that there is no unique
effect of an alloying element, which depends very
much upon the base composition into which it is
introduced.

In addition to the effects described previously,
the alloying addition may introduce or suppress
delta ferrite formation. The evidence so far
available indicates that delta ferrite has only a
a minor effect on & or reduction of area. Approx-
imately 109, delta ferrite seems to decrease the
reduction of area by ~19%, or the value of & by
~0.04 in an overall & of about 1-6. The presence
of martensite prior to straining decreases the maxi-
mum uniform strain &%, by increasing the flow
stress relative to the work-hardening rate. The
evidence so far available also suggests that prior
martensite decreases &r, by decreasing the amount of
subsequent strain-induced martensite formed during
the test, and also due to its inherent brittleness.
This is reflected in the reduction of area value,
109, martensite in the structure reducing the
reduction of area by ~89%. On the other hand,
as has already been shown, strain induced marten-
site formed during testing is very beneficial to
ductility, the transformation strain augmenting the
ductility but at the same time not apparently
contributing to void growth during ductile failure.

If this is the’

b) 16%Cr-25%Ni

Alloy content (%)

This effect has been exploited in the development of
high-strength, ductile, stainless steels44.4%),

44 The effect of second-phase particles on
ductility

The failure of an austenitic steel during any
forming operation will almost invariably be due to
ductile fracture, involving void nucleation and
growth. The role of nonmetallic inclusions and
other second-phase particles in this process is of
the utmost importance, and investigations have been
made into their effects. The effect of nonmetallic
inclusions was investigated by controlling the sul-
fide content, using sulfur additions to a stable 169,
Cr259, Ni steel. The effect of the total volume
fraction of both sulfides and oxides on the total
ductility, &r, is shown in Fig. 31. The maximum
uniform strain £*, was also decreased, but to a much
less marked extent than &. The relation between
inclusion volume fraction and & was qualitatively
very similar to that observed in ferrite-pearlite
steels, but the austenitic steels gave much lower
ductilities than did ferritic steels. There are two
possible reasons for this, the first being the angular
shape of the oxides in the austenitic steels, which

4 \
’ 1-4 N
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S 1.2+ \\\\
73 1.0 Ferrite-pearlite steels -
S L
=}
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= 16%Cr-25%Ni steels
0-6 I | 1
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Volume fraction of inclusions

Fig. 31. Effect of inclusions on total ductility.
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would give increased strain concentration and more
rapid void growth. The second effect may have
been due to segregation of the sulfides, causing local
high volume fractions of particles so that void
coalescence occurred at smaller strains than would
be the case for randomly distributed particles.

Other forms of second-phase particles which occur
even in solution-treated steels of the AISI 321 and
347 types, are the carbonitrides Ti(CN) or Nb(CN).
The effect of volume fraction of Ti(CN) or Nb(CN)
on &7 is shown in Fig. 32, but excludes the effect of
sulfides and oxides. Again the relationship was
parallel to that observed for inclusions in ferrite-
pearlite structure, but displaced to lower values
of &r. This difference may also be associated with
the similar effect discussed for the sulfides, but could
also be due to some extent to the fact that the
sulfides and oxides were not taken into account in
assessing the volume fraction of second-phase parti-
cles. However it is clearly apparent that inclusions
and Ti(CN) or Nb(CN) have equally as detrimental
effects on the total ductility in austenitic steels as
inclusions have in ferrite-pearlite steels.

1-61 Ny \’\
N < _Spheroidized .
N carbide Ferrite-
& 14 SN pearlite
. ~«_ Lamellar steels
2 1.9k carbide
> * Nb(CN)
f 1-0k ° Ti (CN)
s o
£ -l 18%Cr 10-11%Ni steels
0-6 1 1
0 0-01 0-02

Volume fraction Nb (CN) or Ti (CN)
Fig. 32. Effect of Nb(CN) and Ti(CN) on total ductility.

5. GONCLUSIONS

A description has been given of some of the
factors which control the ductility and toughness
of ferrite-pearlite steels of the high-strength low-
alloy type. Quantitative effects of both microstruc-
tural and compositional variations on the work-
hardening, ductility and impact-toughness values
have been described, and it has been shown that it
should be possible to design steels for optimum
formability using the criteria which have been
established. In the past, advantage has been taken
of such relationships to design high strength into
structural steels, and at the same time preserve
optimum impact toughness, and the present work
has opened up the possibility also of designing for
maximum strength and cold formability. How-
ever, even the most formable steel composition and
structure can be rendered useless by excessive
amounts of nonmetallic inclusions, and a considerable
effort has been devoted to an attempt to quantify
the effects not only of inclusions but also of carbide

particles. It is clear that many advantages would
accrue from a conjoint reduction in both carbon and
inclusion content, and a suggestion for how this
could be done has been made. The control of in-
clusion shape has also given rise to considerable
improvements in both formability and toughness.

In the case of austenitic steels, the effects of
microstructure and composition on ductility have
been shown to be very complex. Consequently
there is no unique effect of any given alloying
element, rather its effect depending upon the base
composition into which it is introduced. It is not
possible therefore, at the present time, to derive
reliable and realistic equations that could be used
to predict flow stress, work-hardening rate and
ductility for austenitic steels. Nevertheless a dis-
cussion of the possible interactions has been given
and results which may help to a fuller understand-
ing of the ductility of these steels have been present-
ed. Again the major importance of inclusions on
the ductility of austenitic steels has been emphasized
and extended to include the deleterious effects
of Ti(CN) and NDbL(CN) particles. Using the
information presented, it should be possible to
appreciate better the metallurgical factors which
may limit the formability of austenitic stainless
steels, and to design alloys with improved ductility.
However, much more systematic work is required
before a complete and quantitative understanding of
the structure-property relationships is achieved.
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Criteria of Ductility and

Toughness for Fracture-Safe Design

ABSTRACT

Fracture-safe design procedures are the key to
more effective utilization of high-strength structural
metals. Significant advancements have been made
in design models which provide interrelationships
between the metallurgical, mechanical, and structural
aspects. Recent developments in the theory of
linear-elastic fracture mechanics (LEFM) have
provided test methods and a basic analysis for the
case of fractures occurring under elastic stress
conditions for brittle materials. Other test methods
and analytical procedures have been developed
which can be applied to materials which have higher
levels of fracture resistance and require stresses
above the yield strength to propagate fractures.

Starting in 1961, a test method and an analytical
procedure have been under development that could
be applied to the full range, elastic and plastic, of
structural steels. The test method for measuring
fracture toughness is called the “Dynamic Tear”
(DT) test, and the model used for analysis is called a
“Ratio Analysis Diagram.” All of the practical
aspects of LEFM are incorporated in the DT-RAD
system and current research is aimed at improving
the quantitativeness of the plastic or plane stress
fractures. Recent studies concerning the fracture
extension resistance or “R-curves’ for steels provide
for separate characterization of metallurgical and
mechanical parameters. This separation is a
further significant advancement toward the ultimate
goal of a generalized model for fracture-safe
design. In particular, it permits computer analysis
of the trade-offs in material, design, fabrication and
inspection factors.

1. INTRODUCTION

An important requirement for effective utilization
of high-strength structural metals is an effective
program to provide fracture safety. Most con-
ventional procedures for fracture safety involve rules
and criteria that aim to preclude the initiation of
cracks, and unfortunately, these approaches lead to
designs with low nominal stress levels. A more
realistic philosophy is to recognize that all large
welded structures have built-in fabrication flaws and

E.A. Lange
U. S. Naval Research Laboratory
Metallurgy Division

that fracture safety is a result of maintaining a
positive relationship between the fracture toughness
of the material and the driving force that the
structure imposes upon the flaws. Fracture-safe
design is then an optimization procedure involving
material, design, fabrication and surveillance factors.

The first model for fracture-safe design was
proposed in 1963 by Pellini. This model was speci-
fically developed for the conventional pressure-
vessel and structural steels, and it is called the
Fracture Analysis Diagram, (FAD)D. Since this
initial model was proposed, significant advancements
have been made in fracture technology, and con-
tinued research has led to the development of more
quantitative  interrelationships between  the
multitude of metallurgical, mechanical and structural
factors that influence the initiation and propagation
of fracture?-9).

One big step forward was the theoretical develop-
ment of linear-elastic fracture mechanics (LEFM)
and the publication of an ASTM tentative standard
method, E399-70T, for determinining the plane
strain (Kjc) fracture toughness of a material?.
Since LEFM is based upon the theory of elasticity,
its usefulness is limited, unfortunately, to fractures
which can occur at elastic stress levels. Therefore,
additional test methods and design models of
broader scope are required to provide criteria for
fracture-safe analyses when fracture occurs in the
mixed mode or the fully plastic regimes.

The development of a test method for characteriz-
ing fracture resistance over the full range, elastic
and plastic, was started in 1961 at the Naval Research
Laboratory. This test method was called the

[ 178

Fig. 1. Example of a fracture surface and outline dimensions
of the 16mm DT specimen.
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Dynamic Tear (DT) test, and it was designed to
include all of the features of a LEFM test plus
the features of significance to fully plastic fracture.
The DT test has passed its initial development
period, and standardization of a DT test method
utilizing a specimen 16 mm in thickness (Fig. 1) is
currently under development in ASTM Committee
E-24.8-10) The pertinent features of this specimen
are use of saw-cut surfaces, a machined, deep notch
with a sharp tip, and a net width approximately
equal to twice the thickness.

The DT test provides for the measurement of
resistance to fracture under a specific constraint
condition. This feature permits DT test results to
be correlated with test results from LEFM tests,
and these correlations form the base of a model for
fracture control analyses, which is called the Ratio
Analysis Diagram (RAD). The RAD serves many
practical needs in its current stage of development,
and continuing research is providing a more quanti-
tative analysis for the post-yield (plane stress or
plastic) fracture region. The ultimate goal, of
course, is a comprehensive model for fracture-safe
‘design which will ultimately permit the development
of a computerized fracture control plan involving the
optimization of all pertinent factors related to the
material, design, fabrication and inspection aspects.

This paper concerns primarily the characterization
of steels which includes criteria of ductility and
toughness for all types of products. Brief reviews
of current models that are used in fracture-safe
analyses are included to illustrate how couplings are
developed between material properties and the
mechanical requirements of various structures. It
is shown how to select effective criteria for fracture
resistance and thereby preclude catastrophic frac-
ture from occurring within the framework of
fabrication and operational controls that prevail for
specific structures.

2. CHARACTERIZATION OF MATERIALS

Characterization of the performance of steels with
respect to fracture resistance requires considera-
tion of yield strength, temperature, strain rate and
stress state. Yield strength is important because
it is a measure of the driving force (elastic strain
energy) for unstable, self-propagating, brittle frac-
tures. Temperature and strain rate are important
parameters because they affect the yield strength
and the microfracture mode, which cause a transi-
tion in fracture resistance from a high level to a very
low level in a relatively narrow range of tem-
perature. Stress state is important because
structures normally contain complex details that
tend to produce a triaxial stress system which sup-
presses ductility. Mechanical constraint is, there-
fore, an important factor to be considered in the
characterization of the fracture resistance of

materials.

Because fracture resistance is a variable in any
specific material, there is no one criterion that can
serve as a singularity for this mechanical property.
It is imperative, therefore, that engineers concerned
about fracture safety consider the effects of design
features and operational conditions on the fracture
resistance characteristics of the various materials
under the conditions encountered in service.
Selection of adequate criteria of ductility and
toughness is therefore a complex analysis, and
several generalized characterization procedures have
been developed to make fracture safety a practical
element in day to day engineering design procedures.

2.1 Dynamic plane strain limits

The first step in a fracture-safe analysis is to deter-
mine whether there is a potential for a plane strain
type of fracture. Plane strain fracture may be
defined as unstable fracture that occurs at nominal
elastic stresses with the maximum effective con-
straint in the thickness direction. The elastic
strain energy that is released when a plane strain
fracture initiates is sufficient to keep the fracture
propagating without additional energy input from
the loading system. That is why plane strain
fractures are generally catastrophic. A definition of
the constraint or thickness required to provide the
level of constraint necessary for plane strain fracture
has been proposed in accordance with LEFM theory
as follows?):

Bgc (ch/a'ys) 2

where B is thickness, K¢ is the critical plane strain
stress-intensity factor, oy is yield strength, and C is
a constant equal to 2.5. It has been found
experimentally for steels that when fracture occurs
under these conditions the fracture is indeed
frangible, and the criterion based upon a thickness
requirement can be considered the lower bound
limit for plane strain conditions.

The above definition of plane strain limit condi-
tions in terms of fracture resistance and constraint
can be a useful relationship for an experimental
determination of a dynamic fracture toughness
ratio where the individual factors, Kyp and oys are
difficult to determine separately. For example, by
simple mathematics the plane strain limits cor-
responding to the constraint capacity of 16 mm,
25mm, and 62-5mm thick sections are Kip/oys
ratios equal to 2.5, 3.2 and 5¢/mm, respectively.
These limit conditions for plane strain fracture
provide a coupling between the performance of a
material in a dynamic impact test to fracture
mechanics parameters and critical flaw size-stress |
relationships. The “dynamic’ plane strain limit is
particularly important for characterizing the frac-
ture toughness of most steels because of their
sensitivity to strain rate. Even though loading may
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be static, a local, brittle pop-in crack can trigger a
catastrophic fracture. The dynamic properties are
thus the critical properties for fracture-safe design.

The complex interaction between the striker and
the specimen under impact loading involves dynamic
bending waves as shown from a mechanical analysis
of the DT test™). The first conclusion drawn from
this basic analysis is that the striking force cannot
be used directly in an equation for static bending
loads to calculate the nominal stress at the notch tip.
The appearance of the force-time curve can be used,
however, to indicate whether the fracture was truly
frangible or whether the initial pop-in crack was
arrested. If an initially unstable crack is
arrested, the fracture is not completely frangible,
and additional energy from the loading system is
required to propagate the fracture through the net
section. Using this simple criterion for defining
fracture under frangible dynamic plane strain
conditions, the limit conditions for dynamic plane
strain fracture can be determined from a comparison
of the appearance of force-time curves.

The procedure for establishing the dynamic plane
strain limit using an instrumented DT test is
illustrated by the two force-time traces shown in
Fig. 2. The upper force-time trace illustrates the
appearance of the trace for a truly dynamic
plane strain fracture, ie., only one impulse is
obtained indicating that the elastic strain energy was
sufficient to cause a completely unstable fracture.
The lower trace illustrates the case where a
small amount of additional energy was needed to
supplement the elastic strain energy, and the limited
amount of ductility associated with the purely
dynamic plane strain condition has been exceeded.

The plane strain fracture condition in the DWT-
NDT test has been analyzed in terms of LEFM
parameters, and it has been shown that at the NDT
temperature the fracture resistance level can be
expressed as Kiployq=2-5¢/mm.®) This level of
resistance to dynamic plane strain fracture cor-
responds to the constraint capacity of a 16 mm-thick
section. The NDT temperature is then the highest
temperature at which a single impulse is observed in
the force-time trace for a 16 mm DT specimen, upper

trace in Fig. 2. When a 16 mm DT specimen is l . '-
tested 6°C above the NDT temperature, a multiple 'l.-.'..
trace, lower in Fig. 2, is obtained indicating that the |

dynamic plane strain limit and the NDT temperature 'u l“n"u!' .
have been exceeded. This method for establishing
the NDT temperature is particularly useful when the
appearance of the DT energy-temperature curve is

difficult to interpret, and the DWT-NDT test
method does not apply; for example, the DWT- Fig. 2

Illustrating the use of the force-time trace from an

NDT test is not recommended for quenched-and- instrumented DT test machine to determine the

tempered steels. limit conditions for dynamic plane strain fracture.

) . Upper single impulse trace is indicative of a plane

2.2 Effect of size on nonplane strain fracture strain type fracture; lower, multiple impulse trace
After the potential for plane strain fracture has is indicative of a nonplane strain type fracture.
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been eliminated in the first step of a fracture-safe
analysis, the next consideration is to determine the
level of fracture resistance that can be developed
under nonfrangible, nonplane strain fracture. The
introduction of new, higher strength materials of
limited fracture resistance has increased the need
for improved analysis for size effects on nonplane
strain fracture.
have been termed ‘‘plane stress” or ‘‘plastic”
fractures. An analysis for size effects is important
also for comparing DT energy values from various
specimens, and for this reason the effects of geometry
on the plastic fracture resistance of steels have
been investigated.

Included in the size effect investigations were
samples of three steels as currently produced to the
following ASTM specifications: AS537 Grades A
and B, and A517 Grade F.* The results obtained
from these steels are shown to illustrate that the
effects of size can be separated from the metal-
lurgical aspects for the nonplane strain case in a
manner similar to that for the plane strain case.
For ductile type fractures that occur at stresses
above the nominal yield strength, a relationship
was developed for DT energy as follows:

DTE=P; (d)2(B) /2
where DTE is the dynamic tear energy, P, is the
plastic instability resistance factor (PIRF), d is the
distance the fracture propagates (the net width),
and B is the section thickness.

An excellent agreement for the PIRF value
calculated from DT specimens of various geometries
in the three steels is demonstrated by the narrow
scatterbands for the test results shown in Fig. 3.
The DT specimens ranged from 6 to 76 mm in
thickness with crack runs from one to three times
the thickness. It can be seen that the PIRF value
was consistent for all sections greater than 9 mm in
thickness, but increased scatter was obtained for the
PIRF values calculated from the equation when the
section thickness was less than 9 mm. This scatter
indicates that the simplified expression for DTE

* ASTM A537-70 ladle analysis: 0-249%, C max, 0.70-

1.35% Mn for 38.1mm and under, 1.00-1.60% Mn
for over 38-1 to 63.5mm, 0:035% P max, 0-040%
S max, 0.15-0-509%, Si. Grade A tensile properties:
49.2-63.3 kg/mm? tensile strength, 35-2 kg/mm? min
yield point, 22.0% min elongation in 50-8 mm, Con-
dition: normalized, Grade B tensile properties: 56-2
-70.3 kg/mm? tensile strength, 42.2kg/mm? min yield
point, 22-0% min elongation in 50-8mm, Condition:
quenched and tempered,
ASTM A517-70A Grade F ladle analysis: 0-10-0-209%,
C, 0-60-1.00% Mn, 0-035% P max, 0-040% S max,
0.15-0-359%, Si, 0-40-0-659%, Cr, 0-40-0-60%, Mo,
0.70-1-009% Ni, 0.002-0.-006% B, 0-03-0.08% V,
0-15-0.509 Cu, Tensile properties: 80-9-94.9 kg/
mm? tensile strength, 70-3kg/mm? min 0-29% yield
strength, 169, min elongation in 50.-8 mm, Condition:
quenched and tempered.

These nonplane strain fractures
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Fig. 3. Calculated plastic instability resistance factor (Py)
for DT specimens of various geometries in three
steels, A537-A, A537-B, and A517-F. The dashed
lines indicate &+ 109 deviation from the average
P, value for each steel.

in the above equation may require modification for
steels in thin sections (less than 9 mm).

The general equation for DT energy indicates that
for plastic fracture the crack-run distance is a more
important geometric feature than the thickness.
This is in direct contrast to the effects of geometry
on plane strain fracture. According to LEFM
theory, an instability condition is reached when the
stress-intensity at the crack tip reaches a critical
value, and the distance that the crack propagates
after initiation is not involved, but total instability is
implied. Thus, the effects of size on plastic fracture
resistance should not be considered to be a simple
extension of the same LEFM parameters that relate
to the elastic instability case. Another implication
from the DTE equation for plastic fracture resistance
is that the conventional technique for scaling
structural models for experimental stress analysis
does not apply directly to the scaling of models for
fracture resistance. The conventional geometric
analysis would indicate an exponent of unity for the
“B” term rather than the 1/2 which is observed
experimentally. These observations and other
details concerning the significance of fracture exten-
sion resistance which includes the analysis of “R
curves”’ are presented in Refs. (12 and 17).

2.3 Temperature and constraint

From earliest times the ‘“‘temperature transition”
feature of steels has been of concern, and notched-
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bar tests have been devised to characterize the
drastic change in fracture resistance that occurs in a
narrow, critical range of temperature. The notched-
bar test using specimens of 10 mm in cross section
as developed by Charpy in 1905 has remained the
dominant test method for this important character-
istic of steels for over 60 years. With the advent
of welding and the development of steels with higher
yield strengths, the limitations of Charpy-type
specimens to adequately characterize the fracture
properties of the higher strength steels and the
limitations of Charpy energy values to serve as
effective criteria for toughness became more evident.
Unfortunately, the evidence was a more frequent
occurrence of catastrophic failures in structures of
significant economic importance.

The limitation of the Charpy test to provide a
sufficient description of the fracture characteristics of
steels for fracture-safe design primarily stems from

the low level of constraint conditions in the speci-
mens. In the Charpy V (Cy) notch specimen the
notch is both shallow and dull. Also, the 10 mm
thickness does not adequately model the constraint
conditions that frequently triggers catastrophic,
brittle fractures. Brittle fracture in the transition
temperature region has been the subject of many
investigations, and one recent study of a pressure
vessel steel has included specimens with thickness
ranging from 16 mm to over 300 mm?!3®. This study
was undertaken to establish a limit transition-tem-
perature range (LTTR) and to develop a relation-
ship between the LTTR and that for subthickness
specimens. For practical day-to-day use, a sub-
thickness specimen of practical size is needed that
can effectively serve to characterize the fracture
resistance of steels in thick sections. To illustrate
the capability of the 16 mm DT test to provide an
accurate characterization of the fracture properties
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of various steels, several characterization studies
including the LTTR experiments are described in the
following sections.

In certain steels the temperature-transition region
is very narrow, and the effect of constraint on
fracture toughness can be very sensitive. For
example, a 2-25 % Cr-1%Mo quenched-tempered
steel was used to fabricate some seamless, pneumatic
pressure vessels, and when the behavior of the
vessels during burst tests was found to be erratic,
an investigation of the fracture characteristics of the
steel was conducted!®. It was found that the
transition in Cy energy with temperature was trans-
posed entirely to a temperature region lower than
that which corresponded to the temperature
transition of the steel in the pressure vessel. Mixed-
mode fractures occurred in the vessels at tem-
peratures where a fully plastic, upper shelf level of
performance was indicated by Cy test results.

In Fig. 4, the DWT-NDT tests and the crack
arrest temperature (CAT) from the Robertson Crack
Arrest test on this steel are compared. The
displacement of the Cy energy-temperature relation
to a nonrelevantly low-temperature range can be
seen from a comparison of the results of the DT,
NDT, and CAT tests. The start, or toe, of the
transition-temperature range of DT energy for the
steel in the pressure vessel is accurately indexed by
the NDT temperature. The index for CAT condi-
tions in the Robertson test occurs at approximately
12°C above the NDT temperature for this steel
where the fracture resistance is substantially above
the plane strain limit. The intent of this illustra-
tion is to emphasize the importance of the constraint
aspects in the design of a fracture test specimen, and
it illustrates why it is frequently difficult to
establish an effective Cy energy criterion for a
material. Because of this frequent temperature
displacement of the Cy energy transition, a Cy
energy criterion can only be certified if more
definitive information is available concerning the
fracture resistance characteristics of a specific steel.

The effect of constraint has been extensively
investigated on the temperature transition of
extremely thick sections of ASTM A533 Grade B*
steel'®), This steel is extensively used for nuclear
pressure vessels because of its econmomical com-
position, good weldability, and high level of
bainitic hardenability. When A533 steel is
quenched in sections thicker than 100 mm, the
material near the surface (approximately 16 mm)
is transformed to lower temperature transformation

* ASTM A533-70 Grade B ladle analysis: 0-25 C max,
1.15-1.50% Mn, 0.035% P max, 0:040%S max,
0.15-0.30% Si, 0.45-0.-60% Mo, 0.40-0-709% Ni,
Class 1 tensile properties: 56-2-70-3 kg/mm? tensile
strength, 85-2kg/mm? min 0-29% yield strength,
18-09 min elongation in 50-8mm. Condition: quen-
ched and tempered.

products. However, most all of the section is
metallurgically uniform resulting in a consistent
level of yield strength and fracture resistance.
The results from studies concerning the mechanical
characteristics of this steel have been extensively
reported, and only the results of Dynamic
Tear tests using specimens ranging in thickness
from 16 to 305mm are shown to illustrate
that the shift in the temperature transition with
increasing constraint is limited.

The transition in DT energy with temperature for
various specimens in A533 steel is shown in Fig. 5
where the data have been normalized at a constant
upper shelf level to assist in the analysis of the
constraint effect. Note that the DT energy values
obtained from 16 and 25 mm specimens fall in a
relatively narrow scatterband. As constraint is
increased, the midpoint in the DT energy-tem-
perature relationship is shifted by 22°C and then to
39°C for the 76 and 305 mm specimens, respectively.
The lower plane strain region is extended also to
higher temperatures with increased constraint, but
as ductility overcomes the plane strain stress
state, fracture resistance for all sections, regardless
of size, increases very rapidly. The fracture
resistance for this steel increased to very high levels
under fully plastic fracture conditions. The results
of other tests with extremely thick sections of A533
steel indicate that the effect of constraint on the
midpoint of the temperature transition for steels
saturates at 39°C for sections greater than 76 mm4).
Therefore there appears to be a limit transition tem-
perature range for steels in thick sections, and this
maximum shift of 39°C appears to be the limit value
for the shift in the midtransition temperature due
to mechanical constraint.

2.4 Metallurgical gradients

The relationship between hardenability and alloy
content is a well established principle of metallurgical
design. When the hardenability does not correspond
to the slower cooling rates of thick sections, a
consistent microstructure and uniform mechanical
properties are not developed from surface-to-center
locations. For economical reasons, some current
commercial quenched-and-tempered steels do not
have sufficient hardenability to provide a consistent
microstructure from surface-to-center in the thicker
plate sections allowed in ASTM  specifications.
Although these products may have a significant
gradient in mechanical properties from surface-to-
center, the tensile strength properties are generally
affected to a lesser degree than the fracture tough-
ness characteristics. Characterization of materials
with a gradient in properties from surface-to-center
primarily concerns the temperature-transition
aspects although the upper shelf may also be
affected.
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Fig. 5.
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the A517-F steel. - -

The first observation from the position of the two & B N E
curves in Fig. 6 for the 16 mm DT specimens is that - 102 ©
there is a substantial gradient in fracture toughness 105 3
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tion region. However, at temperatures correspond- - —
ing to the upper shelf values, the DT energy values = m
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NDT temperature of surface material was —84°C,
and the NDT temperature for center material was
—34°C. The limit of dynamic plane strain fracture
for the full section was —62°C indicating that the
integrated, full-thickness dynamic plane strain limit
was affected more by the characteristics of the
surface material than by the characteristics of the
center material. Comparing the fracture resistance
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Fig. 6. Semi-log graph of DT energy as a function of tem-
perature for subthickness and full-thickness DT
specimens of A517-F steel in a 64 mm-thick plate.
The plane strain limits for the 16 mm DT specimen
for surface-and-center locations are noted at a

Kiployq level of 2-5,/mm.
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of surface material to that for the full section, the
temperature shift in the plane strain fracture limit of
22°C due to the increased constraint capacity of a
64 mm-thick section over that for a 16 mm-thick
section is considered nominal since it has been
observed for other steels'4).

The lines on the semi-log plot in Fig. 6 through the
DT energy data for the surface-and-center locations
and the full-thickness points are parallel. This is
not a consistent observation when DT energy-tem-
perature relations are analyzed for other steels, and
this observation should not be considered to be the
general case. It can be also be noted that the tem-
perature transition region for the A517-F steel in
this plate extended over a long temperature range,
140°C. This indicates that in some steels fracture
resistance does not build up rapidly in the low
regions of the transition temperature range im-
mediately above the plane strain limits. Addition-
ally, there is a temperature region where flaws in
the central portions of the plate can extend in a
brittle fashion while ductility is maintained in the
surface regions. Although ductile surface regions
can provide significant fracture protection from
surface flaws, this condition contributed to an
unexpected, fast fracture in a pressure vessel that
was undergoing a fatigue test1%).

The above example illustrates how the DT test
can be used to characterize the fracture toughness of
materials with a surface-to-center metallurgical
gradient. It should be recognized that metallurgi-
cal gradients tend to complicate a fracture-safe

analysis especially when the material operates in the
transition temperature region. Therefore, the
application of materials with metallurgical gradients
to high-performance structures should be given a
critical review and avoided if possible.

2.5 Statistical aspects

One very important factor that must be con-
sidered by design engineers is the variation in
mechanical properties from lot to lot of material
produced to a given specification. It is generally
recognized that variations in mechanical properties
exist, and for this reason, tensile properties are
usually set at a minimum level. This same philoso-
phy can be used for fracture-safe design when
selecting criteria for fracture resistance, but in some
cases the variation in quality of the economical
materials is so great that it is practical to specify
selection of material on a plate-to-plate basis. The
system for selection of material that is optimum for
any particular case is, of course, dependent upon
specific circumstances.

The variations in fracture resistance that can be
expected in normal production of steel products are
illustrated in Fig. 7. The frequency distribution
curves shown in Fig. 7 are for NDT temperatures
that were obtained from plate products in various
commercial steels, and a significant displacement
of the frequency distribution curves for the NDT
temperatures can be seen for various alloys and heat
treatments. For some applications, the optimum
approach for selecting materials would be to choose

>C/Mn+N =>C /Mn § Thick sections _
Conventional o N
1 C-Mn mild steels \\
DT Frequency A-R \\
N curve YS=22-28 \
RANGE data kg/mm? \
A-R=Asrolled
N=Normalized |
40 (°C)
Optimum all oy Increased
for thickness Plus alloys Small additions
plus Q&T Q&T plus A-C of alloys plus N
YS=56-91 YS =35-42
kg/mmz ,//—\\ ,/“\\ //"\\ ,/"\\ kg/mmz
&T Y -
/I Q& /)'\ Q&T \\ ,, Q&T/)\A ¢ \\ A-R=As rolled
/ / /] 7\
/ / \ \\ ,’ / \ A-C =Air cooled
/ / \\ \ / / \\ Q& T=Quenched
4 / \N 7/ // \ and tempered
1 | | | | | |
—120 —100 —80 —60 —40 —-20 0 20
Temperature (°C)
Fig. 7. Illustrating the statistical aspects of criteria for ductility and toughness. Frequency distribution curves for the

NDT temperature for various steels indicate that the quality of specific steels varies over a wide range.
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a steel whose entire NDT temperature distribution
curve fell below the minimum service temperature.
For other applications, the economical answer would
be to select certain plates whose NDT temperatures
were certified to be below the minimum service
temperatures. The problem of assigning a specific
NDT index, or any other fracture toughness criter-
ion, to a specific type of steel is readily apparent
from the width of the distribution curves for NDT
temperatures in Fig. 7. Since catastrophic fracture
starts from the interaction between a flaw and
stresses on a localized scale, a minimum require-
ment should be that all critical regions should be
fabricated from material of a known, minimum
quality level. Hopefully, the general quality level
of the more economical, high-strength steels will
improve and become more consistent as fracture
toughness criteria become more generally used in
design procedures. Meanwhile, the statistical as-
pects with respect to quality level is an important
consideration for fracture-safe design.

3. MODELS FOR STRUCTURAL ANALYSES
3.1 Linear-elastic fracture mechanics

When the fracture resistance of a material is
sufficiently low to permit fracture to occur under
plane strain conditions, the relationships between
stress, flaw size, and critical stress-intensity factors
can be calculated from LEFM theory. The
analytical power of LEFM can be made more readily
available for design considerations in graphical form
as shown in Fig. 8 where a graphical representation
of the following equation is shown:

Kic=1-10vmalyQ

The critical plane strain stress-intensity factor is
Kic, o is stress, a is flaw size and Q is a geometry
factor. The graph shown is for the case of a flaw
with a length-to-depth ratio of three to one, and
similar charts can be drawn for other stress and flaw
conditions?”. The relationships will change with
various loading systems, but a surface flaw under
tensile loading can be considered as a “‘worst” case
condition.

The critical flaw sizes shown in Fig. 8 illustrate
several important generalities concerning plane
strain fracture. For example, it is readily apparent
that extremely small flaws are critical in material at
yield level stresses with fracture toughness levels less

than a Kigfoy, ratio of 2.5¢/mm. Such flaws would
be difficult to detect by conventional inspection
methods in large structures. In fact, critical flaw
sizes indicated for elastic stress levels over the
full range of LEFM analysis indicate that fracture-
safe design predicated upon maintaining flaws
below a certain critical size requires a rigorous
inspection program including either periodic proof
testing or a highly reliable system for flaw detec-
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Fig. 8. Relationship of flaw size and stress requirements for
the initiation of plane strain fracture as a function
of Kjg/oys ratios. The relationships shown are for a
surface crack with a length to depth ratio of 3:1
under tensile loading.

tion. It is therefore apparent that fracture-safe
design based exclusively upon a LEFM model is
practical only for those cases where the use of high-
sttength, brittle material is required to provide an
ultrahigh strength-to-weight ratio. The majority of
structures and pressure vessels can be constructed
with materials of higher fracture resistance, which
precludes the potential for a strain type of fracture.

3.2 Fracture analysis diagram

The FAD was the first model developed for
translating criteria of fracture resistance into
structural parameters. The FAD shown in Fig. 9
is for the general case involving sections 6 to 50 mm
in thickness. The effects of added constraint for
heavier sections can be factored in by an appropriate
shift in the CAT curve®). Conditions for initiation
and propagation are illustrated on the FAD, and the
effects of the very rapid increase in fracture
resistance in the temperature-transition region is
readily apparent.

Valid use of the FAD for structural analysis of a
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Fig. 9. Generalized Fracture Analysis Diagram (FAD) for steels.

specific steel requires the fracture resistance at the
upper shelf level to be at an adequately high level
with respect to yield strength, and the transition
temperature range to be within that indicated on the
temperature scale (67°C). These qualifications be-
come critical for products which are given quench-
and-temper heat treatments, especially when
hardenability is insufficient for the sections involved.
Illustrations of valid uses of the FAD for fracture-
safe design of steel structures are extensive, and the
reader is referred to the references for detail
description of various applications!-4).

3.3 Ratio analysis diagram

The model with wide range capability for translat-
ing fracture toughness criteria into structural
parameters is the Ratio Analysis Diagram (RAD).
The criteria of fracture toughness on the RAD are
in terms of either DT energy or K;¢ values, and these
criteria apply to the upper shelf level regions above
the temperature transition range. The general RAD
for steels is shown in Fig. 10 with zones outlining
the characteristics of specific classes of materials.

The slope of the ratio lines on the RAD illustrates
the general requirement for an increase in fracture
resistance as yield strength is increased in order to
maintain a fixed level of structural performance.
The upper bound of LEFM theory and the Kic/oys
line analysis for providing the critical structural
parameters are dependent upon the constraint
capacity of the materials being considered. It is
apparent from the zones outlined on the RAD that
the most widely used commercial steels should never
have a fracture problem at temperatures above the
transition-temperature range. Operation within
the temperature-transition range can lead to
problems, and the FAD is the appropriate diagram

for a fracture-safe analysis with these materials.
However, as yield strength approaches the 70 to 105
kg/mm? range, criteria for fracture resistance be-
come more critical at all temperatures, and a more
precise analysis of fracture toughness in the tem-
perature-transition region is required because the
high margin of fracture resistance normally expected
in steels at the critical temperature indexes may not
be available.

From this brief discussion, it is apparent that the
RAD contains a great amount of information
concerning the performance of the whole system of
steel alloys. In addition, for the high-strength steels
the RAD provides a model that can readily be used
for trade-off analyses involving yield strength, metal
quality, design refinement, and flaw size control
considerations. Detailed discussion of these an-
alyses is provided in Refs. 4 and 16.

3.4 Plastic instability resistance diagram

A more recently developed model for translating
criteria of plastic fracture resistance into structural
parameters uses the R-curve approach!®). For
engineering purposes, the R-curve analysis classifies
performance into one of a series of levels in a manner
similar to that conventionally used for safety factors,
i.e., whole number indices. This is considered
adequate for most fracture control plans since the
critical parameters pertaining to the material,
structural and environmental aspects cannot be
precisely defined or controlled in service. Therefore,
an extremely precise criterion for plastic fracture
resistance is not warranted, and final decisions must
be on the conservative side.

The model for an R-curve analysis is shown
in Fig. 11 where six levels of structural performance
are indicated. The first three separations pertain
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to fracture occurring under plane strain conditions,
which are shown as horizontal lines. The horizontal
lines indicate that resistance to crack propagation
under plane strain conditions does not increase as the
crack extends. In contrast, when fracture resistance
is high and fracture occurs after net section yielding,
resistance increases as the crack front extends.

A three-level classification in the two types of
fracture behavior is indicated on the diagram. The
appropriate level of fracture resistance depends upon
design refinement and service conditions. For
example, a structure with highly refined details and
planned inspection periods may be fabricated in
materials having a low R-curve slope. Structures
with poorly designed details and regions which are
essentially noninspectable require the wuse of
materials with higher R-curve slopes to provide
fracture safety. Any structure whose failure would
be extremely catastrophic should be designed with
materials of high R-curve slope. Further develop-
ment of the R-curve model is currently planned to
include structural parameters such as compliance,
critical strains and critical loads. Detailed discuss-
ion concerning the current development of the R-
curve model is provided in Refs. 12 and 17.

4. SUMMARY AND CONCLUSIONS

The development, standardization and the use of
practical tests for assessing fracture toughness are
the key to more effective utilization of high-strength
steels. The Dynamic Tear test has been shown to
incorporate the mechanical features necessary for
accurately measuring fracture resistance over the
broad range of performance encountered in com-
mercial materials. Recently a coupling between DT
energy and linear-elastic  fracture mechanics
parameters has been developed which will encourage
more extensive use of the analytical capabilities of
LEFM, although it is applicable only to brittle
materials. More importantly, the DT test permits
quantitative criteria to be established for the
regime of mixed-mode fracture and for the regime
of fully plastic fracture. Until a practical, quanti-
tative analysis for calculating stress and strain condi-
tions at structural details is developed, fracture-safe
design in " general engineering practice will rely
heavily upon the fracture resistance of the material
to compensate for the uncertainty of stresses and
strains at complex details.

Plans for controlling fracture safety require
procedures for selecting materials with an adequate
level of fracture resistance. The Ratio Analysis
Diagram (RAD) provides a graphical relationship
between pertinent material and structural parame-
ters. For many designs, the service temperatures
are critical and the Fracture Analysis Diagram
(FAD) is the relevant model. The more recently
developed R-curve model provides an analysis for

incorporating such structural features as compliance
and redundancy. This latter model is not com-
pletely evolved at the present time, but many of its
current features can be useful in decisions concern-
ing trade-offs in material and design parameters.
A good incentive to include fracture safety in design
procedures should be the economic benefits from more
effective utilization of the mnew, high-strength
materials.
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Toughness and Effective Grain Size in
Heat-Treated Low-Alloy High-Strength Steels

S. Matsuda T. Inoue H. Mimura Y. Okamura
Nippon Steel Corporation

Fundamental Research Laboratories

One of the most important factors controlling the toughness of steels is the ferrite grain size. This is
true for ferritic steels, in which the cleavage facet is controlled by the ferrite grain size obviously revealed
by metallographic methods. In heat-treated steels with a structure such as tempered martensite and
bainite, however, the ferrite grain size can not be well defined because of the difficulty in characterizing
adequately the crystallographic features due to the complicated microstructure. The aim of this paper is
to show that toughness of heat-treated steels is closely related to the “effective grain size” which is defined
as a region in which cleavage cracks go through in a nearly straight fashion.

From observations on the fracture surfaces of tempered martensite, it has been found that the fracture
unit is much larger than the ferrite lath size, that the brittle fracture mode of low-carbon tempered
martensite is cleavage and that the cleavage plane is equivalent to that of the ferritic steel. Photo. 1 shows
a large fracture facet of low-carbon tempered martensite with etch pits showing that the fracture facet is
cracked along the (001)¢ plane.

In tempered lower bainite, from observations on surfaces fractured just above the impact transition
temperature (vTrs), it is confirmed that microcrack is mainly formed by cleavage. It is to be noted that
intercrystalline fracture along bainitic ferrite lath boundaries is frequently observed on the brittle fracture
surface in addition to the transcrystalline cleavage.

In tempered upper bainite, the observations on the fracture surfaces are similar to those on tempered
martensite.

Since the fracture mode of heat-treated steels is similar to that of the ferritic steel whose cleavage fracture
unit is related to the ferrite grain size, it is expected that the natural choice of microstructural unit relevant
to fracture may be a region bounded by high-angle grain boundaries in which cleavage cracks go through in
a nearly straight fashion. If such a region in heat-treated steels is defined by a concept of “effective grain
size”’, it must correspond to the microstructure having specific crystallographic orientation such as a ferrite
grain.

Photo. 7 shows a nickel-plated fracture surface of low-carbon tempered martensite, etched with
a new etching technique utilizing a modified Kalling reagent. A striped pattern with dark and bright
contrasts is observed within each bundle (the group of parallel martensite laths is designated as a “‘bundle”).
This striped pattern has been confirmed to reveal the crystallographic orientation difference. Namely, the
dark and bright area corresponds to a set of two particular crystallographic orientations derived from 24
variants of the Kurdjumov-Sachs relationship. The packet of martensite laths formed by transforma-
tion following the same variant of the K-S relationship is hereafter designated as a “co-variant packet’.
It is noticed in Photo. 7 that the fracture path tends to alter direction at the co-variant packet boundaries.
This implies that the effective ferrite grain relevant to fracture exactly corresponds to the co-variant
packet, which is well defined when suitably etched. Photo. 8 shows the effect of the prior austenite
grain size on the fracture characteristics of low-carbon tempered martensite. As the austenite grain size
decreases, the size of the co-variant packet decreases and in all cases the cleavage fracture facets (effective
grain size) are exactly related to the co-variant packets.

In tempered lower bainite the co-variant packet is always smaller than that of tempered martensite
with the same austenite grain size. This offers a good explanation of the difference in size of cleavage
facets between tempered martensite and tempered lower bainite having the same austenite grain size.
Fig. 8 shows the effect of the bainite transformation temperature on the effective ferrite grain size. It
is clearly seen that the effective ferrite grain size decreases as the transformation temperature is lowered.

Fig. 7 shows the effect of the effective ferrite grain size on the impact-transition temperature (vIrs)
of tempered martensite and tempered lower bainite. A linear relationship is obtained between vTrs and
{d)-12 ((d) is the mean effective ferrite grain size). Thus, it can be said that the toughness in the heat-
treated steels we studied correlates well with the “effective grain size.”” The results are summarized as
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follows:

1) The concept of the effective grain size is very useful as a criterion for the toughness of heat-
treated steels.

2) The brittle fracture mode of low-carbon tempered martensite and upper bainite is the (100)a
cleavage.

3) The brittle fracture mode of tempered lower bainite exhibits two types of fracture: (100)a cleavage
and intercrystalline fracture along the boundary between bainitic ferrite laths. But microcracks are
mainly formed by cleavage.
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DB —RERNRIILDOZ LALLM INT VS, —
F5, Fig.1 ODFERI VB L L=AT VYA PEBET5H
FEHTICHRES T ARD 7 = 54 vRIERIED EDEE
*THrChnnbb T, A—AFF1 bREL vIs
L DOMICIZIE—RBEFBORIL > TV A, Z OB B MNTH

B e Bl R A BT A7y, BUIREOBRANnD A
— AT FA VRENBED &L= AT VA b OREMERK
R IIETAREN RPN THZ LAEETDH
B. FDHIE, FTHELELAT VYA PO
WIEOREXEY 7274 MO TR ESR L CEUMEL R
HLTHRL2ONEDHRATHAS.

Photo. 1
shown in the upper left corner.

Transmission electron micrograph of low-carbon tempered martensite in steel 1.
Mi: first-formed martensite lath.

An optical micrograph is
1300°C x 30 min WQ+600°C x 1hr.
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32 BDELIAT VYA bOMHEREO S

Bed & L=AT VYA bET T4 MRDORGHEBIED
HLWEA A T By, BEEBIED 542 b EHEA
DEFBBATEHTHZ LB LETH D, L
L, IR TR ha T/ 5 RN FERM e L, WL
TR OB M52 L - THREBFRAHE
ELELMEYHRTHDO0ME—D/ETH 5.

Photo.2 T4 — AT+ 1 PRIENKRSVEED L=
FVYA FOEMERETH S, BEIZAREI S 2EELT
BB THDHNFD LI\ 00D HENB#EIBE IR
b, RENI$ % OME 2 5 » 7 (submerged crack) 23
AT HRCHEGTIABEAICOELELNDLZ LIC L
STHULAT 7Y v ¥ (tear ridge) "L TE D, V13
— %% — v (river pattern) & 755 TIRIE 2 T v 7 DIGEE
FRWEKESTWA. 77V v P -5 THERAERIC
FIEFICHBMC ) =2 — VRE &R, TOHRAEL
TT7Y o SEBELLTELsTV 5, BEDY N—3%
~ V7 2 T4 MMOBEBAEICIRE SN A T & A U
BEESVWTEDRALDTHA S, WHEXEIBAL
THHEERE T 7Y v L DOWIERAREFHANTARS L,
Photo.3 IR L7X S5 IET 7V v POMNEIILT RIRD 7

2 I PVRRICHIEL T WA T Eplbnnb, T, H 5
AL Photo. 2 I3 ) —E B RE LY =2z
— VRRICIR 5 TR ek @ e ke B Z b H 5.
DX S e EICIIMAEBCHIE LT 7Y v o2b
FOEEINLVCDOIEHTH D, b OBERERD
B X VBN E 5ic, —DDINED fe M i e
BR7CWV LIREEBAIC X o TIB S N T\ B 2 L vk b.

F5e

e - X

Photo. 4(3#EBERA L 7= 7 & 2Bk TIC Table 2 1R L7
REXAVCCEHE=vFy bEBH L, BEOKE&ET
fx T DTH B, T OBAWIL (110} o 3 EIR
NI &35 D2 $# T, Photo.4 123\ ~T {110} E
IO EhIc =y F ¥y VORIZ@EIT 35 & 3T
(001) ¢ FEICIB - TEBEBAL T BT & Mo B, HREEEY
THHITS b ST HREDLE S INIE—ETH S
ZEik, BT AT ARD 7 = T4 FRINSITEBL T
FRICHMAY S ool THAHZ EXTRELT LA,

BEL X L=AT vy 4 FOEMEREICS 22 (ton-
gue) NWHZEINS., D&V 7 =54 MROEER
HICL SBEINDLDT, =Y v 7 RALEENEE
DORETEERTAZ LI L s THERENE EVbRLT W

i zg;gz s -

S s

f—‘5 7

Photo. 3. Fracture surface of tempered martensite in steel

1, etched with saturated picral. 1300°C x 30 min

WQ+600°C x 1hr.

e

i

An example of etch pits showing (001)a formed on

Photo. 2. Fracture surface of tempered martensite in steel Photo. 4
1, Arrows show tear ridges. 1300°Cx30min a large brittle fracture facet of tempered martensite
WQ+600°C x 1 hr. in steel 1. 1300°C x30 min WQ+600°C x 1hr.
Table 2. Etchants and etching time,
Etchant A Etchant B Etchant C
Reagent Time Reagent Time Reagent Time
Saturated aqueous solution of
HCI lcc FeCly- 6H,0 HCOOH 25cc
+ +
H:0. 20cc <5sec 20cc <50sec H:0s 25¢cc <5sec
+ -
H,0  20cc HCl  10cc C.HsOH 25cc
+ +
H.O 100cc H,0 25cc

Etchants A, B and C are used successively.
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a) 1300°Cx30 min WQ+600°Cx1hr.

(

c) 835°Cx10 min WQ (4 times)+600°Cx 1hr.
Photo. 5. Fracture surfaces of low-carbon tempered mar-
tensite with various austenite grain sizes in steel
1. Arrows show tear lines.

B8, 7 =54 D EEBRRE T DAL ALY e EE (100}
BT B &, BECY S~ —v, &V I2E
EmEhAC birThy,; =7, b EL=AT YT

FOEBAKEICS D ORBEA TN THEEIN TV S,
TDZEIFBEL X L= AT VA DREEBREORR
7274 MRDFREERPTHEULTVHZ & 2EK
LTi®,

Photo. 5a),b),c)iZBEd &L= T V44 DT
MA—RFTF 4 PRECL > TEDL S BT A%
FBLEDDTHADH. A— AT FH 4 PRENKIWERIC
1% (Photo. 5a) ) 4EIC Hib~<7- & 5 ICEEEERA T H B 2%
L LTELAREVEHE THD. LZHM, A—ATF
4 FPRIEAVINEZ e B Licds o TEL Itk A (4
%, BEBRINE B AL LIRS ) AVINE T b, BEEET B BEBAR
EOBEFIITRE TR LICL 51T 7 7 4 7 (tear line)
PEIZE XN B (Photo. 5b), ). T, T 7 54 v &2ILIA
722 ODEERBEIC T RE IcaADENRSH D, LY
59 7DEFTHRANT 7 T4 VOMBEXECLTAREL
ThoTWABI EXBRLTVE (7774 VETTY
v COMRBEIFE L TH 5. AR TIL 1 >DEERML
WL THREINIBUYENELEIE T T Y v P LEEL,
2 ODEERIFH OB R CTHREIh 2B bER T T
T4 LEHRTH). 7 =T4 RO RBIEBIEOEHKE
b, 7774 VICk o THE R BEBRIRmE R A BE D
YL=AT VYA L OEMERTERTHERC IS LR
THUE, BEb LA T vy A b OEERA - AT A
MRS DB T AR Y EHNCIERTLZ L
MNTES., ChcETAELVERIKRE CTRIAT 5.
3.3 HHITISA MRIICOWTY
ERGEEBEERR F IR NO R b Rk
L3728 25y 7BERDORBT—ERRCE - TE
X, HRZY v 7 4 ADREAEDH SRRk
Raepk L CEEY BB L, SR RERRCEDL L

vFig. 2. Histogram obtained by lineal analysis of spacing d

between two neighboring tear lines. The fraction
of spacing is defined by fjxd;| £ f, xd; where d; is
1

the spacing and f;, the frequency of spacing d;+1-
25 w.

a) 1300°C x30 min WQ+600°C x 1hr.

b) 1000°C x 30 min WQ+-600°C x 1hr.

c) 835°Cx 10 min WQ (4 times) +600°C x 1 hr.
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DHMETHD LR T D0 HRTHAH. 2D
F5CERTAHE, 7025y s HEELELIRAT
e b A I 7o Bt B A R B RLR & ik nf e B4
BDhDTHAENNHE LD, L2AT, 7711
SRIT I\ TIE, BEBRRE I HAAL O K & JIVEHEBBEIC R
WL - E D EEBHTEDH7 271 MRFRQBIE—FHL
TWb, 2D LT CK LTk B mdii
BB E U TAREARRC Y - Tl E A FEKY RS
DD BRTHBZ EHRFLTWA. —J, BEbEL
AT VA PRV TR ERARIFHICEMET D
HRENEESATHICEBE IR TV oW e, 7274

bhIx B EL EBRTHIEN TRV Lk, 7= 7
A MMOBEBAR MM N 7 = T A MRS T A LB L
O Ak O TR CEUME R B A & X D EHEL T,
BEd &L= AT VA MU T b RN I B A A R A
B 7254 VRLEZE X, Fhar “BE7=51 bR
EERTS.

Fig.3 (T —AFF 1 PRIEORI S/ &L= v
FVHA DRI L VAR 7T A VRER T T A
v BRD, 77 54 v ORI L Bl 0B
BAREENC U CHIVG e A M T ATHD., HADEA b
FIALDER7 T4 MRROFHIME (d) &R,
vItsh (d) 12t LT 7 =y b5 L Fig. 3@mLz
rrrEhwi—KkBEGIEDNRS. LicdisT, B
WHEBEMOKREZE VS BRTCERLICEDN 7 =71 b
KIEN, D & L= T VA b OMMEA S ET AR
KhosTwbtE 2 TL LY THA.

~100} .

Trs (°C)

\

—150F

—200 : : : : : :
107 7 15 05200 = ;25 30, 35+ 1. 407" 45
(dy#-10° (H7*)

Fig. 3. Dependence of impact-transition temperature yTrs
on mean effective ferrite grain size (d). Tempered
martensite, steel 1.

B 7 =74 VRFEET ARZ7 =74 rOHE Dk
EMEREL A —AT F 4 VREX DIt/ E . —T,
ERLOVEYDT =7 4 MRUTKREARRICY s THE N
FEIRC KIS L7e i bic\v. ZZTHEM 7 =54
FRIAEED L= AT VYA b DBREHRO S bk
57 d DICHINT B0 E VD T &I 5.

3.4 FTISAVEEDEL AT YA b OB ERE
& DORIE
Photo. 6 138Ed & L= F v D REiEpkm A 1% <
BALTHELEMRE LML IR DTHD. 777
A v OEBIFET BRI B B A TR 5 & D Ui
v, Lonl, BEERX GEBSABREINTVW5ECAT
WIEBEBREFANTHRD ERDT LoD, 7774V

Photo. 6.

An example of the fracture surface of tempered
martensite in steel 1, etched with 29, nital4sa-
turated picral. 1000°C x 30 min WQ+600°Cx 1hr.

a) Type 1.

b) Type 2.
Photo. 7. Section of nickel-plated fracture surface of temper-
ed martensite in steel 1, etched with modified
Kalling reagent. Note change in direction of
fracture at co-variant packet boundaries. 1300°C
%30 min WQ+-600°C x 1hr.

12X 5 THE e —oDEERARE T _E DRI T A
27 AR=AT VA DO (5, FTREAIE< L
F w4 POHEAR 3V FA” (bundle) EFRTAH I L@
TB. FR,BES L LIZX 5 T=AT VA P OREGER
M2 bW ERENDT VS, LT, #
RSB AL D EmmE T AEA, B LT VY
A FER=AT VA N EBE LTS RFER L)
THERENTEKY, 77794 VEIBEBCLT=IAT VHA
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Table 3. Modified Kalling reagent and etching time.

Reagent Time
HCI1 . 100ce
i 1
CaEls 5g 30sec
+
CH;CH 100cc

FDGARRDI AR E 5TV A, 2D Lk AV F
NRNRTT75AVBHELBIERFRLTE D, —HZ
DRFEPKREARRTHHZ Liz=ATF VA M ERED
FEREMEEC Y 5 TABCHN TE 3. —ciBA4 —
ATFA VRRICST 754 VI UDA, HHEBAK
BRRA L EAL 2 0DWHENFES R &b 5.

FEEHIAREZ LIE—2D Y FACHRTHEEHERE D
HIGBEAMATE T VT 7 54 v A LIE LITEE IR 5
ZETHDH., TOMDT T 7 A v EHEERE oG
R A5 4% Photo. 742 7% 3. Photo. 7a), b) i3 = v
v Ay Fh UICTRE DRI A Table 3 127R L7cIBIE
A=YV VIREE s THAL THBRZBEH LD TH
A, WEOMFIE 7Y YEETIE 1D Y FARIRIE—
BEBAEINGN, BE I~V v IKAliHTLE v
FADHRIZHEBDOERNBEIND. COREOGEMRY
om0 - i R LT3 (&
DFERIZR DI TIT72 5). $isbhb, ABRBIEHIGT 5
HHI3 24 5 0> KURDJUMOV-SACHS .3V 7 v }12)
(variant) D 5 b D HIBARECH B 2 DY 7 v
FDEBLELN—FTERLI AT VHAL FOERY, B
BT DRY 7 v F CERB LA AT VYL POK
ERbLTWA. &%, ML K-S-XY) 7+ TEREL
= AT VA PDOERE 207V Ry b
(co-variant packet) &EFRL, B¢ L T 37 v b EIERZ
LT B, RNV FADFRD-r y s DS TR FOEEIC
LoThETZE,

1) 1203V FANRIER Cia o7z 2 FED
oy M s THEINTV 584 (Photo.7a), %4
bz )

2) —ODAY FANURIF—DD- Y v P NBHERR X
hTu 534 (Photo. 7b), &£ 1 7 2)
LICRBIEND., ey y MCER UTHMEHEMR LW
MeErAEIEDE, 247 1T Z v 7 DFAENLS

o PORRTELYFIICIIT 7 74 VEEINRS.

BEIT A T3ty MREREIZ EA THEAOBEEF
Tz ebHsr, ZOHBBRCIEREACT 7514V
NEEINS., &4 7 2DHEITLELE LTERNTSH
h, iAaC7 7V vy OPRBREINDS. 77V v PDEL
TUABABIIILTERIMDORE S e ifliic 7 v v

NHREZINhSD.
DT EIY, 100BEEERLELCHEINDTTY v

2 (Photo. 2, 32MR) 1%, 3IFEBCOenscRAL
WRAMD Ay v » EECIPicviThed Fhbo
iz 5 DTV BHAMDEL Sy v P EDERTEDL
b DTHHZ EHRLTVA., UEDEREELD,
RY FALDRTHREINDET 7514 VIik-r v FORR
CHIGTHZ L, LicnoT, BEHhLXL=AT VA b
DIEHERTECAE DT 774 VLR &AL TNTKRIEA
BTG T 5 Z E LM 5 7.

< 2

a) 1300°Cx30 min WQ+4600°C x 1hr.

c) 835°C
Photo. 8. Relationship between the size of cleavage fracture
facet and microstructure of tempered martensite
with various austenite grain sizes in steel 1.

Ak, FELTH—ATF1 PRBEXKEFVIEASDE
BRFEFCHESTER LA, 4 — R 74 PRENN
7t ->THF S LLELTHAS. Photo. 8a), b), )ik
A—ATF4 VREDOR 7L L=AT VoA b
DOREMHEEY X L7-bDTHB. +—2FF+1 FRIEE
PN BEBECONTAY FARBION Ay gy POKEF X
HIAELTEh, WThOBECSER 7 = 7 4 PRI
Ry POREZIEILSFIETA.

3.5 BRZ|EILT VYA P OBESFHISH
3, BHiCoNBEY—V VKL DBRICL

S THH SN CBRDENERITELDOEICKHIET S Z
L& mR%Z 5. Photo. 9a)iXBIEN — V) v/ RIZ X IR

B
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a) Microstructure of tempered martensite, etched

c¢) Framed area in b enlarged.

Photo. 9. Analysis of crystallographic orientation of white and dark etched areas in low-carbon tempered martensite.

BCHOH,b) 1TFDEIC Table2 DRIICL HHBAKE
BlTCxzyFty prHiLa) tA—HEYEELLD
DTHDH. 1o, )itz vF vy MEREYBESCT S

DETHEFCL s THRELLHRZRLLLDTH 5.

a) DREHNTOHEEBD GRCHET 5c) DETD = v
Fy MRIFEHTTHE LICL 5T, BRDENERITN
DELZFEHLLTVAZ Epbomd. Tithb, HAKL
VEBEAEIIE 4 {111}a, {100}a HEFEH LTV 5.

19DV FADHRTD = AT V44 O
oA BB TE B TR,

1) 12D Y FArDfD=<AL T V4914 bIX2#D

K-S~V 7Y DOLRTEREL,

(2) 2DV 7V MITATVHA P TR L
T DD TR 2~3MMABH 10K E AL E LTED
BT ERENHELMC s, L LERTHETE 51

BIFIIRVE L 10uX10u TH Y, K& r v r 2k
& LT DFE S B TEME IR 3 5 7o DI EHERY
CEBEY L &2 OB coEFGEL BT L TAHITh
{755 72\~ Photo. 10a),b),11a),b) (2 Z D 1B % R L7 b
DTH 5. Photo. 11a) T FT LA L =ALT VA b
100~1504 DFEFIC 7 » TEBEHICHE LI DTH
h,b) XFOHBEFEITE TH D, BERFESIIRED
IR 7 5T (100) a & (111) o & TR IR TV 54,
WTHORFFCRVTd (100) o 2MEBATH B, D
Bz 28D K-S NV 7V DELLM—NEERNT
HBHMN (ZOETIE (100) a0 CHYTZ) 7V h), 4
FTHHD) 7 v b (ZOFTIE 11D a CHY) TE
BLIiz=AT vy A 2 MBALTVAIZ EHZRLT A,
Fiuzxt LT Photo.10a), b) TiX, 10u BEOHE
Lic (100)a & (111) a N EEHPNDH. LovL, 2D

= 53, ==
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(111) o

Thin-foil electron micrograph and selected area electron diffraction pattern of successive martensite laths

(100) a
Photo. 10.
in steel 1. (Type 1 of Photo. 7)

1300°C x 30 min WQ+600°C x 1 hr.

alternatively.

Martensite lath Prior austenite grain

Bundle

Co-variant packet

Fig. 4. Schematic drawing of four bundles of low-carbon
martensite within a prior austenite grain. Section
A represents a bundle, sections B and C show co-
variant packets within a bundle and section D illus-

trates the substructure within a co-variant packet.

Bawd (100) g MESHLE T (11D a 23, (111)a
MEBA T BRI (100) a 238 DBREEILIET T IF T
nEbTdLN5.

(111) « (100) «

Areas showing strong (100)a pattern and (111)a pattern are observed

FABEFEBEC L B=ATF VA b O SES
BOMBHE, HEFBECI 52T ET L SHET5.
Fig. 413= 7 V41 b O LY B TITIR
LICHERZHANCR L b DTH A, ORI 1
DA—ATF A4 PRRICAEDARY FANFEINTED,
AFFTECHALET ARD=AT VI A4 vdablc bV
FA&EHLTL 5.
BIfERTDR 57 2FED 7 v T
A E%, CIETD5 b b bh—aIEmcESRS
BETRL TS, ¥, DIZ1ED7 v bDFRTOD
TERENEEEEL L DT, BET A< 7 vy
MIERINCIIR A A D IEF MR R R X
STHE IR TS, L, ERCESviThed
FLD T 5 7B 7 v P HALTEEL, <MY
v 7 ARCHY T v b B KEARFIC L 5 THE
INTW5, BiIffiTiE 7 v V2 A—RERITE2 o7
<RNANT VAL MDOREBERLAD, L OB IvE-L
BICDIIRER —RFERAMLDO=ALFT V1 FOREF
EETHIENDLETHS.

HA— A7 74 PRRE D —BITITKRIEFBR TH 5.
LosLieaib, RIAZBEIC L CHEAMOA— 251 MR
RICD = AT VA4 bD T RARFDFRNF TR
WIBENALIELIEBZE IR S.

Photo. 12a), b), ¢), d) 1Z2D & 5 iefl IR D BT FHK
BICL ABEBRDO 1BITH 5. a) 134 —RAFF 4 ML
R LTIRELABEEERTH D, b), c) HIE
HREA, BOEIFKBETH 5. b),c)D i (111)a T
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(100)

1. (Type 2 of Photo. 7) Pattern of (100)a is very strong in every area.

Hb, EFEYERAETARLE (111)o T b hDE
BINIERCHTNTH 5.

F7c, d) 1Zc) D (110) o BEEC L HEEREHR TH %9
BIFEEEIRF LTS, ZDZ EiEA—%FF+1 b+
KRN =AT v A PERICE 5 TREAKREOMEEY
L5 EEBHVBHEEETLTVS., A—AFF 4
FRLFICD LT DT D L 5 fefE R, BRL
MRUHEECTHEHECIIA— AT+ 4 PRACH-TT
754 VIBEINE VAR RAT A oD IR
& 5.

PlERARZ= A5 v 4 b D5 L 0 BB s
ek 5@, BAMEKOF TREMCI D IEBDRIRIL Y

(100) ¢

(100) o

Photo. 11. Thin-foil electron micrograph and selected area electron diffraction pattern of successive martensite laths in steel

1300°C x 30 min WQ+600°C x 1hr.

g MERR, AV FARRBIOAA— 274 VRFRDOKX
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FAMMORREFMUSDTH B E LRI TT ENTE 5.

¥, O TERLRARELFENERE Marder’s ),
Chilton™ (Z X b Fe-C =47 V44 +, Fe-Ni v
VTRATVHEAL PO WTEL IR EERICIT
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36 BRI TA4 bMRIEIOO05Y o OB
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a) Bright-field image.

b,c) Selected area diffraction pattern.

d) Dark-field image &sing the (110) ¢ diffracted
beam in c.

Photo. 12. Thin-foil electron micrograph and selected area

electron diffraction pattern of low-carbon tem-
pered martensite, with special reference to a
austenite grain boundary.

LIRAEE 7 v b ORERERBBCES VTV, T
bbb, 7 =74 MEDUEDKIISEL I A & RicT o
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77 v 7DREIERGLETRIEL SRV NBTHS.

Photo. 13 12 EBIREE _E OMEMIR CHER LcBEmo1
BIThH 5. AR TIZ100% EBFEE LA X 5 CHEIR
L0, FTAICEBEBH 272 75 v 7 BNEREINS (IR A,
B). 17m77y7DKREULAKE 10~100p BET,

T DT HVEM I L e BeBE IS5
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57774 VORBEFEFBCIL LTS, gk
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37877y 70KEIIEST, FORCIT= MY v 2
AR LML v PDERTE LT 7Y » SR0TH
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T&HLEZLNRS.
HOBACL, 77V v SIHEMCEFT L TE%E 5
JIELEZ &b H B (Photo. 13, I B). 57V v &
HEHETDY) RN=% —vOFELBHE LT, ZofED
77V PR 10Dy b DR T TS S LT AT
TRHEPDOINEEIDRI 73 /vs5y 238
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TT7YV P EMBRCT 75 A vz HEk S R L
Wb DNRBHD. TDX 5T 751 via L EEEgE
D161 ZDPMER % Photo. 14a), b) 273, BEHED

TS OB EIIEBIREYE L TR D, FOREBIRI
HIGTAMNELT 754 VNBEIRD., ZOFEDF 7

747@X4/97)7ﬁﬁ~T%EETﬁﬁ@gck
A 57 IRy 2 D T D BERA M AN S B R (2 £, 53
BT D DEN DI N BRHC TE b DTH o T
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771 VRMHRERLTHS.
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FRLFUED D Trg SR S HTH 5. Ms AT £ (350°
C) TRIETETEOMHEmAML< LD, HAKL KRR
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TR DOX B AT TA L { 7%, Photo.15b) 1 a)
DFEL & LA THA. EREEY ELT, bl
LBA 1 rOHEEITS LA LBE IR,

Fig. 5 I2ERBEFTDORAF 1 P BLOEEL L L1+
1 POBHEEBRELFICK I ETERBEDOL S
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BIRENTAAIC LIcH s THE XX EAT512h 23
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f ¢ for i L LA
Photo. 14. An example of ineffective tear line.
ARIREN Ms SLUTIEDEEED EFICE LT
vIts § ERTA. BEb XL A EDE L =1 T
VAL INERLELL, DFLTHIFA4 +THDY,
A 4 P TIRIB LA LB IOET A (B
A F4 b, FHSAFA eV BEETERRERCES
WCHERAT A, LieaioT, BREN RIS EE R
B AN DB L THEVSITLICS © Tl i
V). BEL LA 74 D vITs R XIETHEREBED
MBITETEOHEAOERE L BTV B,
EETNREZLIBES ELTHNA 74 L L
<= AT VIS POEIDENTEA L TVIC Db
3+, #iEZo vITrs 2\%EC R T T 100°C HE V2 &
T#H 5. Fig. 613M 11T THED X LTFHAA 1 b
LBEL L L=AT VYA POBHEEREREICK L IFET4
~ 27+ 4 VREOHEL IR LSO THS. Fig. 6
LTS L 5, BED L LTENA 714 BT
13 vIrs DA — 25+ 1 FREREENIFEC/IELL

Photo. 13. An example of cleavage mi-
crocracks observed in the duc-
tile temperature range just
above the transition tempera-
ture of tempered martensite

in steel 1. Arrows show tear
ridges.

Testing temperature —40°C
(yTrs=—45°C)

Absorbed energy 27.7 kgm.
1300°C x 30 min
WQ+600°C x 1hr.
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a) 1300°Cx 30 min WQ e) 1300°Cx 30 min 380°C Q

b) 1300°Cx 30 min 250°C Q f)  1300°Cx 30 min 410°C Q

: . i

c¢) 1300°Cx 30 min 300°C Q

—5u—]

T

d) 1300°Cx 30 min 350°C Q h) 1300°Cx 30 min 470°C Q

Photo. 15. (a) Microstructures of isothermally transformed bainite in steel 2.
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c) 1300°Cx 30 min 300°C Q+600°C X 1hr g) 1300°C x 30 min 440°C Q--600°C X l1hr

d) 1300°Cx 30 min

350°C Q+-600°x 1hr h) 1300°Cx 30 min 470°C Q-600°C X lhr

Photo. 15. (b) Microstructures of isothermally transformed and tempered bainite in steel 2
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Bainite transformation temperature (°C) Austenite grain size (ASTM No.)

Fig. 5. Effect of bainite transformation temperature on the o e e = . ) Fhat .
impact-transition temperature yTrs. Tempered iR ec. _0 prior-austenite grain size on the fmpact-
o transition temperature Trs. Tempered marten-
bainite, steel 2. 3 B
site and tempered lower bainite, steel 1.
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a) Tempered lower bainite 1300°C X 30 min 420°C Q b) Tempered martensite 1300°C X 30 min W 600 oC x 1hr,
+600°C X 1hr,

Photo. 16. TFracture surfaces of tempered lower bainite and tempered martensite in steel 1.

o

Photo. 17.

Fracture surface of
tempered lower ba-
inite in steel 1. En-
larged micrograph is
shown in the upper
right corner. Note
intercrystalline frac-
ture along bainitic
ferrite lath boundary
is observed. 1300°C
X 30 min 420°C Q-+
600°C X 1hr.
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Photo. 18. Scanning electron micrograph of fracture surface and section of fracture surface of tempered lower bainite in

steel 1. 1300°Cx 30 min 420°C Q+600°C X lhr,

T S i
Photo. 19. Fracture surface of tempered upper bainite in
steel 2. 1300°C X 30 min 470°C Q+600°C X 1hr.

A\ v
Photo. 20. An example of etch pits showing (001)a formed
on a large brittle fracture facet of tempered
upper bainite in steel 2. 1300°C X 30 min 470°C
Q+600°C x 1hr,
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d) 1300°C x 30min 350°C Q+600°C x l1hr h) 1300°Cx 30m1n 470°C Q+600°C X4 lhr

Photo. 21. Characteristics of fracture surfaces of tempered bainite in steel 2, with special reference to bainite transfor-
mation temperature.
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Photo. 22. An example of cleavage microcracks observed
in the ductile temperature region of tempered
lower bainite in steel 1. Arrows show cleavage
microcracks. Scanning electron micrograph.
Testing temperature —95°C
Absorbed energy 24-4 kgm
1300°C x 30 min 420°C Q+600°C X 1hr
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Fig. 7. Dependence of the impact-transition temperature
vIrs on mean effective ferrite grain size (d). Tem-
pered martensite and tempered lower bainite, steel
1.
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Fig. 8. Relationship between bainite transformation tem-
perature and mean effective ferrite grain size (d),
steel 2.
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a) Microstructure of tempered lower bainite, etched b)

Etch pits formed on the same area.
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Photo. 23. Analysis of crystallographic orientation of white and dark etched areas in low-carbon tempered lower bainite.
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Temper Embrittlement of Low-Carbon Alloy Steels

C. Ouchi J. Tanaka T. Osuka*

Nippon Kokan Kaisha Technical Research Center
*Now at Fukuyama Works

Most of the past investigations on temper embrittlement of quenched-and-tempered steels have dealt
with medium-carbon high-hardenability alloy steels containing both nickel and chromium. The present
work was undertaken with 0-159, C-1.20% Mn steels heat treated to a tempered lower bainitic structure.
The factors investigated included the effect of impurity elements, the effect of quenched structure and prior
austenitic grain size, saturation and reversibility of embrittlement, mode of brittle fracture and effect of
alloying elements such as nickel, chromium and molybdenum as well as auger electron-spectroscopic study.
1. Experimental procedure

The steels investigated were prepared from 50 kg induction-melted heats with the compositions given in
Table 1. The ingots were heated to 1300°C and then rolled from 90 mm by 130 mm section to 60 mm thick-
ness by 110 mm width. The 60 mm-thick slabs were reheated to 1250°C, except where otherwise stated, and
rolled to 12 mm-thick plates followed by water quenching from 900°C directly after rolling (Fig. 1).
Quenched plates were tempered at 630°C for one hour except where otherwise stated, and subsequently
water cooled.

The reasons for utilizing this direct-quenching technique for the temper-brittleness study were the
following: (1) to eliminate the segregation of alloying elements and impurities in the austenite; (2) to control
the austenitic grain size by heating above 1250°C -and selecting the rolling temperature; and (3} to get a
homogeneous quenched microstructure with intentionally varied austenitic grain size since it is very diffi-
cult to obtain a homogeneous quenched microstructure in fine-grained 0-15% C-1-20% Mn steels with
conventional quenching techniques.

Specimens were embrittled by isothermal reheating at 500°C for up to 500 hr or by extremely slow
cooling (20°C/hr) from 600°C. V-notch Charpy impact tests were carried out for each heat-treated condition
and evaluated on the basis of the 50%, fibrous transition temperature (yvIrs) criterion. Microfractographs
with a single-stage replica were taken to study the fracture mode as well as optical photomicrographs on
a plane perpendicular to the fracture surface.

Mechanical properties are summarized in Table 2 to 4. The tensile-strength level was held between
60 and 75 kg/mm.2 The presence of impurity elements and variation in quenched structure, austenitic
grain size and embrittling treatment had no significant effect on the strength level.

2. Results

The results obtained are summarized below:

(1) Embrittlement occured only when specific impurities were present in the steels (Fig. 2). Phosphorus
had the largest effect with antimony, tin and arsenic following in that order (Fig. 3, Table 5).

(2) The degree of embrittlement was affected by the as-quenched structure. Lower bainite was much more
sensitive to embrittlement than a mixed structure of lower bainite and ferrite (Fig. 4, Photo. 1).

(3) An effect of prior austenitic grain size on the transition temperature (vTrs) was observed after the
embrittling treatment but was scarcely noticeable in the unembrittled condition (Fig. 5).

(4) Saturation of embrittlement is observed after 50 hr holding at 500°C for manganese-phosphorus steels,
while saturation of embrittlement is markedly retarded in manganese-molybdenum-phosphorus steels (Fig.
6,7)

(5) Molybdenum decreased the susceptibility to embrittlement. An optimum effect was found with 0-2%
Mo and no additional benefit was observed with a higher molybdenum addition (Fig. 6 and 8).

(6) A much greater degree of embrittlement was found in a manganese-chromium-phosphorus steel than in
the manganese-phosphorus steels (Fig. 2). Large platelets of chromium carbide along the grain boundaries
were observed in electron micrographs (Photo. 8).

(7) Severe embrittlement was observed in a manganese-nickel-phosphorus steel at an early stage of
isothermal holding at 500°C. This embrittling tendency continued monotonically up to 500 hr without
any saturation (Fig. 7).

(8) Heating specimens above 600°C led to a recovery of toughness. This reversibility was also observed
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in respect to brittle-fracture mode, i.e., the change from intergranular to cleavage (Fig. 9, Photo. 3).

(9) From electron-microscopic studies of manganese-phosphorus steels, it was quite clear that no change in
shape, size or distribution of carbides resulted from embrittling treatments (Photo. 6 and 7).

(10) Based on examination of the fracture surfaces in embrittled materials, it was fairly evident that the
fracture had taken place along prior austenitic grain boundaries as well as in the carbide-ferrite interface
rather than through the carbides themselves. In addition, decohesion of grain-boundary carbides was
found on the intergranular fracture surface but no cracked carbide particles were detected. These observa-
tions suggest that the existence of grain-boundary carbides made the material more sensitive to temper
embrittlement by splitting the interface between the ferrite matrix and the carbides (Photo. 4 and 5).
(11) In the early stages of embrittlement, increases in the transition temperature were accompanied by

increased proportions of grain-boundary fracture; this relation, however, was no longer valid in the fully
embrittled stage (Fig. 8, Photo. 2).
3. Discussion

The evidence of the present work leads to the conclusion that the mechanism of temper-embrittlement
phenomenon can be treated essentially as the problem of equilibrium segregation of impurity elements to the
prior austenitic grain boundaries as was originally proposed by McLean and Northcott and subsequently
elaborated upon by McLean. Since the segregated boundaries with phosphorus, antimony, tin and arsenic
have weaker cohesive forces than sound boundaries, intergranular fracture can easily take place.

Impurities segregate to the surface, i.e., high-angle grain boundary, external surface, interphase
boundary or low-angle boundary by the Gibbs adsorption theorem for dilute solutions:

c /8y
r~—2(5s). @

where I' is the surface concentration in excess of the bulk solute concentration C, (3y/8¢) 7 is the variation of
surface free energy with concentration at T and R is the gas constant. This equation means that any
impurity lowering y tends to segregate to the surface if equilibrium is achieved. This tendency increases as
T decreases and increases with dy[dc. The driving force for equilibrium segregation is a reduction of free
energy due to the diffusion of impurity atoms to a surface where misfit is more easily accomodated by the
process. For a given boundary segregation, it is possible to show by a statistical thermodynamics argument
that segregation is related to temperature by an expression of the form:

ACeQ/RT
T+ ACeo/RT @

where Cb is the grain-boundary concentration, C is the bulk concentration, T is the temperature in degrees
absolute, A is a constant and Q is the excess lattice energy due to the presence of the impurity atoms. A
is generally assumed to be unity. Q is estimated by Hondros as 16 000 cal g-atom-! for the lattice strain
energy of phosphorus in bce iron.

The calculated grain-boundary concentration using 16 000 cal g-atom~1 for Q in the temperature range
from 400 to 700°C is given by the solid lines in Fig. 11. As indicated by this figure, both steels containing
less than 0-0059, P heated at 500°C and more than 0-02% P heated at 600°C show fairly high equilibrium
concentration at the grain boundaries. This is not consistent with the degree of embrittlement in these
steels but the impurity segregation at sub-boundaries also has to be considered. Calculations carried out
taking this factor into account are shown by the dotted lines in Fig. 11.

This kind of behavior for impurities was confirmed by an Auger spectroscopic study directly on the
polished surface of the manganese-phosphorus steel. It was found that the phosphorus concentration at the
very surface was extremely enriched when the specimen was held at 500°C while this enrichment disappeared
after the specimen had been heated to 600 and 650°C for 0.5 hr. Furthermore, the phosphorus peak was
again visible when the specimen was held at 500°C for 0-5 hr after heating at 650°C for 0.5 hr. This
result confirmed the segregation of phosphorus to the surface at temperatures around 500°C (Fig. 10).

The effects of alloying elements can be categorized into three groups as follows: (1) effect on diffusivity
of impurities: (2) effect on the shape of grain-boundary carbides; and (8) effect on the difference in toughness
between the grain boundaries and the ferrite matrix.

Manganese and molybdenum apparently have markedly different effects on the diffusivity of phosphorus
as shown in Table 6. Manganese accelerates the diffusion of phosphorus while molybdenum greatly retards
it. These data clearly explain the difference between manganese-phosphorus and manganese-molybdenum-
Phosphorus steels. Chromium retards the diffusion of phosphorus to some extent but it seems that the shape
of the grain-boundary carbides is more important in this case. It is believed that the large platelets of
chromium carbide in the grain boundaries facilitate intergranular fracture more than small spherical carbides
even at lower grain-boundary concentration of impurities. Although the effect of nickel on the diffusivity
of impurities is unknown, its effect on the difference in toughness between grain boundaries and ferrite

Cb =
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matrix offers an explanation for the marked embrittlement of nickel-containing steels during the early
stages of isothermal heating at 500°C. It seems reasonable to suppose that nickel improves the toughness

of the ferrite matrix but has no effect on the cohesive strength of the grain boundaries. As a result, inter-
granular fracture can easily take place.
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Table 1. Chemical analyses of steels investigated (wt 9%).
Steel C Si Mn P S Sn As Sb Mo Cr Ni Al

A 1 0-16 0-16 1-23 | 0-001 | 0-009 | 0-001 | <0-001 | <0-001 <0-01 <0-01 <0-01 | 0-043

2 0-16 0-17 1-24 | 0-003 | 0-007 | 0-002 | <0-001 | <0-001 <001 <0-01 <0-01 0-059

3 0-16 0-18 1-22 | 0-015 | 0-008 | 0-001 | <0-001 | <0-001 <0-01 <0-01 <0-01 0-050

4 0-13 0-24 1-24 | 0-032 | 0-006 | 0-002 | <0-001 | <0-001 <001 <0-01 <0-01 0-040

5 0-16 0-19 1-24 | 0-003 | 0-006 | 0-001 0-040 | <0-001 <0-01 <0-01 <0:01 | 0-049

6 0-15 0-20 1-21 | 0-002 | 0-008 | 0-062 | <0-001 | <0-001 <0-01 <0-01 <0-01 | 0-042

7 0-14 0-24 1-29 | 0-002 | 0-006 | 0-001 | <0-001 0-046 <0-01 <0-01 <0-01 | 0-052

B 1 0-17 0-52 1-39 | 0-003 | 0-007 | 0-007 0-001 0-001 <0-01 <0-01 <0-01 | 0-038

2 0-15 0°43 1-31 | 0-029 | 0-007 | 0-007 0-001 0-001 <0-01 <0-01 <0-01 | 0-031

1 0-15 0-33 1-23 | 0-022 | 0-012 | 0-007 0-019 0-007 <0-01 <0-01 <0-01 | 0-044

1 0-16 0-21 1-28 | 0-024 | 0-008 | 0-006 | <0-001 | <0-001 <0-01 <001 <0-01 | 0-047

2 0-15 0-16 1-21 | 0-024 | 0-007 | 0-006 | <0-001 | <0-001 0-08 <0-01 <0-01 | 0-036

3 0-16 0-17 1-21 | 0-024 | 0-008 | 0-006 | <0-001 | <0-001 0-28 <001 <0+01 | 0-041

4 0-16 0-16 1-25 | 0-024 | 0-004 | 0-006 | <0-001 [ <0-001 0-47 <0-01 <0-01 | 0-049

5 0-14 0-18 0-48 | 0-018 | 0-011 | 0-001 | <0-001 | <0-001 <0-01 1:60 <0-01 | 0-026

6 0-10 0-16 2+06 | 0-030 { 0-009 | 0-002 | <0-001 | <0-001 <0-01 <0-01 2-09 0-041

E 1 0-17 0-25 1-30 | 0-034 | 0-004 | 0-002 | <0-001 | <0-001 <0-01 <0-01 <0-01 | 0-040
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Table 2. Mechanical properties of A steels.

Tensile test Impact test
. Austenitic
Steel Impurity AN Treatment Yield Tensile . Reduction
gral(r;l)sue strength strength Elongation of area Eshelf vTrs
(kg/mm?) | (kg/mm?) (%) (%) (kgm) (*C)
) YO QT. 1 54-8 63+7 29-1 78 24-0 —74
A-1 | 0-001% P 115 Embrittled 53-0 61-1 30-0 76 20-9 —30
_ N30 QT. 1 56-8 65-3 29-1 78 212 —88
A-2 | 0-003% P 123 Embrittled 53:2 61:6 26+9 75 20+0 —38
_ 0159 QT. 1 53-8 66+6 29-3 76 21-0 —78
A-3 | 0-015% P 120 Embrittled 564 61-4 265 74 20-3 32
_ 0299 QT. 1 55-1 63-8 28-9 78 28:3 —82
A-4 1 0-032%P 130 Embrittled 54-4 61-5 29:5 75 20-3 112
_ 0409 QT. 1 54-8 63-7 29-1 78 24-0 —74
A-5 | 0-040%As | 120 Embrittled 53-0 61-1 30-0 76 209 -30
6 089 QT. 1) 55-0 63+9 28-9 78 29-8 —93
A 0:062%Sn | 116 Embrittled 54-4 61-9 30-0 76 23-3 -17
_ 04T QT. 1) 56-9 64-7 23+4 76 23+6 —91
A-7 | 0-046% Sb 119 Embrittled 54-2 62+4 280 75 20+0 —-10
1) Embrittled : 500°C x500 hr
Table 3. Mechanical properties of B and C steels.
Tensile test Impact test
Micro- Austenitic
Steel structure |&rain size Treatment Yield Tensile Elongation Reduction Eshelf JTrs
u strength strength of area .
(kg/mm?) | (kg/mm?) (%) (%) (kgm) (c)
. T.U 643 748 26+6 70 16+6 —68
Bainite 43 Embrittled 621 72+6 27+1 70 14-0 —47
B-1
Ferrite 0 QT.Y 3 58+9 72-2 27-3 69 14-8 —51
+Bainite Embrittled 57-2 71-0 26-8 69 13+6 —51
1)
- QT.” 3 67-3 76+5 24+5 68 10-4 —30
Bainite 47 Embrittled 65-0 74-1 23-9 67 12-1 90
B-2
Ferrite m QT.Y 3 62-9 74+6 26-4 68 15-2 —36
+Bainite Embrittled 60-8 730 26-0 67 13-2 12
)
. QT2 o 59.1 69-0 29-1 73 22-0 —80
Hafnits 121 Embrittled 57-1 67-5 28+3 72 19-8 18
. QT.2 4 59-8 696 285 74 200 —82
Bainite 102 Embrittled 577 68+2 29-2 72 16-2 16
. - Q.T.2 4 56-2 67+4 27-9 74 21-6 —80
C-1 | Bainite 68 Embrittled 559 66-8 28-3 72 200 6
)
. QT.? o 56+6 69-7 28+6 75 19-8 —83
Bainite 43 Embrittled 56-9 68-9 28-5 72 17-0 —-11
- QT.2 o 63-8 71-6 28-3 74 19-0 —90
Bainite 37 Embrittled 55-8 66-3 30-6 73 186 —22

1) Q.T.: 600°Cx1hr Temper
2) Q.T.: 630°Cx1hr Temper
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4) Embrittled : slow cooling (20°C/hr)

IIFERRLR D misfit ¥IBOLHCRITHEELD LR
Foim eV THETIORFENERLREN, &0
BAWIE Table5 CRT L 51 Mn 8§ T% Shb 235 bIE
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Table 4. Mechanical properties of D steels.

Tensile test Impact test
Alloying . . .
Steel element Treatment Yield Tensile Elongation Refductmn Eshelf| Trs
(%) strengtr strengtzn . of area .
(kg/mm?) | (kg/mm?) (%) (%) (kgm) | (°C)
D-1 Mo QT. 1) 52-8 62:6 31-0 77 200 —72
- <0-01 Embrittled 18-6 28
D-2 Mo QT. 1 59-3 65:0 29+4 76 20-0| —73
- 0-08 Embrittled 565 65-4 28-4 73 17-2 | —18
D-3 Mo QT. 1 65-8 73-3 26-4 74 19:-5 | —94
- 0-28 Embrittlied 64-4 72-2 256 71 18-1 | —32
D-4 Mo QT. 1 69-2 76-8 256 73 19-0 | —76
- 0-47 | Embrittled 68-2 76-6 22:8 68 17-6 | —14
D-5 Cr QT 1 64-7 70-8 249 77 22-8| —58
160 | Embrittled 62-6 675 24-7 76 19-5 106 1) Embrittled :
D-6 Ni QT. 1 58-1 65-2 326 77 27-2 | =72 500°C x 500 hr
2-09 Embrittled 563 63-4 32-2 77 =220-0 182
N K
. |
000 |- SI'MI‘I LA
10 (500°C X 500hr) ]
200 v -
Ni-Cr ”
450°C X 1000h ]
160} -+ (450 r) s
» -
5 % g
\; 120+ . ; - >
£ o ) Z
J 8o0F » 5000 .
& -
Q L1
] -
40+ -
v 1
[ [
0 1 1 1 1 1 1 B ;
o Quenched+ tempered -~
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5§ 100F y 500°Cx500hr ¥ I—E
© " 0
5 oo low Mn-Cr P As Sb Sn
E 60
L~ Fig. 3. Relative embrittling intensity of impurity elements
sl v - in low-carbon manganese steels and nickel-chromium
S 20 steels.
2
?; —ok Table 5, Relative intensity of embrittlement by impurity
> ] elements in low-carbon manganese steel.
..g '/v/
—60}- -
O T60f, a . Content | ATr,| ATrs/ | ATrs/
° Steel [Impurity c) 9% %
—e " \. wt % at % wt % | at %
—100 ! L ] ] ! N
0 0-01 0-02 0-03 At P 0-032 | 0-058 | 197 | 6-160 | 3-410
Phosphorus content (%) A5 As 0-040 | 0-030 | 44 | 1-100 | 1-470
A6 Sn 0-062 | 0-029 76 | 1-230 | 2-610
Fig. 2. Effect of phosphorus content on the embrittlement A7 Sb 0-046 | 0-021 82 | 1-780 | 3-830
of low-carbon manganese steels (steels A1~4, and D5)
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a) Manganese steel.
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b) Manganese-molybdenum steel.

Austenitic grain size : 40~504u
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Fig. 8. The relation between transition temperature and grain-boundary fracture.
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Fig. 9. Reversion of temper embrittlement by heating above
the embrittling range (steel E-1).
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A

b) Embrittled by heating 500 hr at 500°C.
Photo. 6. Carbon extraction replica of the manganese steel (A-3).

a) Quenched and tempered. b) Embrittled by heating 500 hr at 500°C.
Photo. 7. Transmission electron micrographs of manganese steel (A-3).
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Fig. 11. Relation between grain-boundary concentration and

bulk concentration as a function of temperature.
Calculated with Q=16 000 cal/mole.
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Table 6. Time for equilibrium segregation.

—FESTEROERCOVTE, BEATMAITRD
BREMCERTSZ EXRiRE LR, ROERKEE
STHRLLEELTVWAZ EAEZ DD, Tiebd
(1) RMYTEROBHEE~DOLE, (2) RFERMEHD
R OBE, (3) WAL 7 =74 FHIOHENEEED
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(1) DAL TikBER LIEHES kinetics DFEL L
TROkL HEXERTHLENDS. TitbDd Mn-P
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#150 BRI cRFT 5 —7, Mo ¥RIND Mn-P ST EM
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The Effect of Transformation Structures on the
Toughness of Quenched-and-Tempered
Low-Carbon Low-Alloy Steels

T. Kunitake F. Terasaki Y. Ohmori H. Ohtani
Sumitomo Metal Industries, Ltd

Central Research Laboratories

The effect of microstructural factors on the toughness of weldable low-carbon low-alloy high-strength
steels was investigated. The toughness of various microstructures produced by continuous-cooling
transformation was interpreted in terms of the fracture unit path and microstructural mode. Experimental
data suggesting the role of carbide and dislocation density are presented and discussed.

The impact properties of three low-carbon low-alloy steels were determined in relation to both the
cooling rate on continuous cooling after austenitization and the austenitic grain size. The steels investigated
were a 0-15%C-1-3%Mn-0-2%Ni-0-139,Mo-0.03%V steel with a tensile-strength level of 60 kg/mm? (steel
N) and two 80 kg/mm? tensile-strength steels with a chemical composition of 0-13%C-0.85%Mn~0-3%Cu—
1-0% Ni-0-5% Cr-0-5% Mo-0-03%V-(B) (steel 7 without boron and steel 8 with). They were austenitized
at temperatures up to 1200°C and then continuously cooled at rates from 1 to 4X10-% sec (expressed as
the cooling time from 800°C to 500°C). Tensile tests were made at room temperature and Charpy V
impact tests were conducted at various lower temperatures.

The results showed the existence of an optimum cooling rate to produce the lowest impact transition
temperature. For instance, the copper-nickel-chromium-molybdenum-vanadium steel exhibited a minimum
transition temperature of ~120°C after austenitizing at 900°C and continuous cooling at a rate corresponding
to four seconds between 800°C and 500°C. Faster and slower cooling rates raised the transition temperature
(Fig. 2). The optimum cooling rate varied with the hardenability of the steel and became slower as the
hardenability of the steel increased. Raising the austenitizing temperature shifted the optimum rate to
longer cooling times (Fig. 4).

Continuous-cooling transformation diagrams were determined for each steel with various austenitizing
conditions. The optimum cooling rate was slower than the upper critical cooling rate (for the beginning of
bainite formation) but faster than that corresponding to the formation of bainitic ferrite (Fig. 6 and 7).

Electron-microscopic observation revealed that the structure with superior impact properties was
a duplex martensite-bainite structure with 10 to 20%, bainite having a characteristic morphology. The
carbide morphology in this bainite was similar to that in the lower bainite of a higher carbon steel, but trace
analysis revealed that it had the same lath-like morphology with a (111)a{110}¢, habit as that in upper
bainite or lath martensite. This type of bainite in a low-carbon low-alloy steel has been designated as bainite
III type®*” (Fig. 5).

The aspects of the brittle fracture surfaces were typical of quasi-cleavage surfaces with fine patterns like
river-marks. The crystallographic orientation of the cleavage planes was determined by means of a facet pit
technique using a goniomicroscope. The facet pit composed mainly of {110}¢ was produced on a section
parallel to the direction of the crack propagation and nearly orthogonal to the fracture surface. From
determination with the goniomicroscope of the orientation of the cleavage plane corresponding to the facet
pit, it was concluded that the cleavage plane was {100} .

The unit crack path was determined by direct observation of the fracture surface with a scanning
electron microscope. The cleavage fracture initiated inside the fracture unit near the boundary and it
propagated radially to the boundary of the adjacent fracture unit where it was arrested. Each unit
contained a fracture origin. The unit fracture path is defined as the mean diameter of the fracture facet
in which the orientation differences of the ferrite laths in respect to a {100} plane are small.

In the ductile-brittle transition range, a ductile network enclosing the brittle fracture unit was observed
but the fracture unit itself was found to be the same at all test temperatures.

There was a good correlation between the unit crack path and the transition temperature with the finer
crack paths corresponding to lower transition temperatures. The duplex martensite-bainite (type III)
structure with the best toughness had the finest fracture unit of all the continuous-cooling transformation
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structures. In the linear plot of the transition temperature against the log (unit fracture path)-/2, two
separate lines were obtained for the transformation structures produced on continuous cooling (Fig. 9).
One of these covered both the martensite and the martensite-bainite (type III) structures, and the other
represented the structures produced by slower cooling rates (bainitic ferrite (high-temperature bainite) and
ferritebainite).

On studying the fracture path with a scanning electron microscope, it was observed that the fracture
path changed direction at the interface of the martensitic matrix with the bainite (type III) lath.
Accordingly, the orientation was different on both sides of the bainite (type III) lath. It was also noticed
that, in the early stage of its formation, the bainite lath formed as if it had divided the austenite grain into
several parts.

These observations suggested that the role of bainite (type III) in the duplex structure was the
partitioning of the austenite grain prior to the martensitic transformation so the unit fracture path was
reduced.

Tempering did not alter the general trend of the relation between toughness and cooling rate on
continuous cooling although the absolute values of the transition temperature were different. After temper-
ing at 650°C, a good linear relation was observed between the transition temperature and the logarithm of the
(fracture unit)-/2 as was the case in the as-quenched steels (Fig. 11). The absolute value of the
transition temperature shifted to a temperature about 40°C lower as compared with the as-quenched
martensite and martensite-bainite structures.

Before recrystallization of the ferritic matrix on tempering, the lath orientation was essentially the
same as in continuously cooled specimens so there should be no change in the unit fracture path. The
results of the tempering experiments suggest the magnitude of the contributions of carbides (size, amount
and distribution) and dislocation density to the toughness. With a fixed unit crack path, uniform distribu-
tion of fine carbides and decreased dislocation density yield superior toughness.
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Martensite formed in manganese-nickel-molybdenum-vanadium steel
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a) Bright field image.

b) Dark field image using a cementite reflection.
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Photo. 3. Bainite formed in manganese-nickel-molybdenum-vanadium steel (steel N) during continuous cooling from 1200°C

at 75°C/sec.
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Photo. 4. Bainitic ferrite formed in manganese-nickel-molybdenum-vanadium steel (steel N) cooled from 1200°C at 14°C/sec.
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Fig, 5. Schematic representation of bainite formation
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Fig. 8. Relation between austenitic grain size and 509, shear transition temperature for copper-nickel-chromium-
molybdenum-vanadium steel (steel 7).,
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Photo. §. Fractographs of martensite in manganese-nickel-
molybdenum-vanadium steel (steel N) broken at
—60°C
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Photo. 7. Fractographs of bainite in manganese-nickel-molybdenum-vanadium steel (steel N) broken at —60°C.  x800
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Fig. 11. Relation between unit crack path and 509, shear
transition temperature, for copper-nickel-chro-
mium-molybdenum-vanadium steel (steel 7), con-
tinuously cooled and tempered.
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Photo. 9. Correspondence of duplex martensite-bainite structure to fracture surface.
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