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Summary

A series of carbon-manganese steels, containing 0-18 to 0:81% carbon and O to
1'5% manganese were austenitized, quenched, and tempered. These compositions
and heat treatments allowed a variation of maximum carbide size from 0-2 to 5
microns and a variation of free interparticle spacing from 0°13 to 3'0 microns.

Standard Charpy V-notch specimens were fractured in slow threepoint bending
vver a range of temperatures from —196°C to —75°C where fracture occurred by
vleavage. Companion tensile tests were conducted over the same temperature
tange to determine the effect of microstructure on the tensile yield strength,
vy The critical tensile stress required to cause cleavage fracture below the
notch root, 0%, was computed by elastic-plastic analyses, whereinaog*= 1950
«t the point where Pp = 0-8 Pgy . PF is the notched fracture load and Py the
(extrapolated) value of the general yield load.

The values of os* varied from 142 to 335 ksi as the microstructure was refined.
'hese values were quantitatively compared with theoretical values for single
phase and dispersed systems. The data indicate that in fine microstructures
ur%is determined primarily by the free interparticle spacing. In coarse micro-
fructures, particles may act as Griffith-type flaws if the free ferrite path length
15 sufficient to permit pile-ups to crack the particles; af° is then determined by
'he maximum size of the carbide particles. The results also indicate that the
presence of a few large particles may not cause a decrease in cleavage strength
il the microstructure is refined by a homogeneous distribution of smaller particles.

Introduction

I'he effect of low volume fractions (<15%) of hard particles on the low

te mperature cleavage processes in dispersed systems such as spheroid-
ized steel has received little systematic study. From a series of isolated
experiments on a variety of materials tested at temperatures where the
matrix is capable of failing by cleavage, it appears that the particles can
itssist or inhibit the cleavage process in the following ways:

1. At small plastic strains the particles may crack or separate from the
matrix, creating Griffith-type flaws which are more effective stress
concentrators for promoting matrix cleavage than are blocked slip bands
[1]. The cleavage strength, o,*, is then reduced by the introduction of the
large particles

2. A network of thin particles at matrix grain boundaries may effectively
harden the boundaries and inhibit plastic relaxation around blocked slip
bands and incipient microcracks [2]. The cleavage strength is then reduced
by the introduction of the particles [3].
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Cleavage strength of quenched and tempered steels

3. The particles may effectively block microcracks which have formed

the cleavage Strength of the system [5].

5. The particles may have no direct effect on the fracture process, but
may increase the cleavage strength by causing the matrix grain size to
be refined during heat treatment.

6. Finally, on a macroscopic scale, the particles may reduce the triaxial

nil-ductility temperature.

It seems certain that the effect of particles on cleavage fracture is not
the same in al] dispersed systems. In fact, in any one system two or
more of these processes may be occurring simultaneously. This is particu-

The current investigation was performed to quantitatively determine
the effect of particle size, Spacing and volume fraction on the microscopic
cleavage fracture strength of a system containing low volume fractions of
hard, spherical particles which are strongly bonded to the matrix but which
are not coherent with it. It was determined that for the spheroidized
carbon-manganese stee] investigated here, the predominant effects of

particles on cleavage fracture are those described above as effects D
and (4).

Experimental procedure
A series of carbon and carbon-manganese steels were chosen as the sub-

Structural parameters were measured from electron microscopy replicas of
polished and electro-etched surfaces and the structures were characterized
using the following formulas [7].
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Cleavage strength of quenched and tempered steels

vhere Ap = mean free particle spacing .
Ny, = number of particles per unit length of random line on
the microstructure
f = volume fraction of carbide
d = calculated mean planar particle diameter
D, = interparticle spacing (mean planar center-to-center
particle spacing).

'he volume fraction of the carbide measured on the micro‘graphs was
tlways somewhat greater than calculated from the CO[T)?OSltlorl (genere;lly
by about 20%) but the error was not sufficient to sigmfxcantly affect the
«wlculated microstructural parameters. The value of f determined from
the composition was used in all calculations for consistency. In the steels
vhich contained more than the minimum amount of sulfur, tl'?e sulfur
ippeared as rather elongated MnS inclusions with a major dimension of
up to 10 microns regardless of the heat treatment. . .

One special microstructure was prepared to determine the effect of 1
< arbide particle size distribution. In the normal strl.xcture_s, the Partlc e

size-frequency curve indicated a Gaussian distribl'xtxon with a. slight .
vciphting toward the smaller particle sizes. This is .roughly in accor
with the findings of Hahn and Rosenfield [8]. Preparing the _specxal
tructure involved quenching and tempering steel 81M at a high te.r{lpfera-
ture (700°C), rapidly heating to 85Q°C for two minutes (re.aaustt_erutlzmg)
«nd then requenching and tempering at 450 °C. The re:sgltmg microstructure
vas a uniform dispersion of very fine particles containing a few large .
particles retained from the original quench and temper. This structure is
Jhown in Fig, 2.

hl-)‘(: each structure, sheet tensile specimens and Charpy V-notch

pecimens adapted for slow threepoint bending were tested at temperatures
trom ~196°C to 23°C. The tensile specimens furnished yield data as a

tunction of temperature and the Charpy specimens provided the data neces-
-ary to determine the fracture properties of the materials. Two-stage
~lectron microscopy replicas were used to determine the .type of fracture
occurring in the Charpy specimens and to detect, if possible, the effect

vl the particles on the fracture process.

I.xperimental results . .
I'he microstructural parameters determined for each structure are given in
Iible II. The values for the double-quenched-and-tempered structure are
wxtrapolated from the higher tempering temperatures for steel 81M as the
‘tructure was too fine to accurately measure any values but dp,y, the
maximum particle size. For all other structures, the calculated valnues of
/, the mean particle size, were in good agreement with values estimated
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from the micrographs, leading to confidence in the numerical description
of the microstructures,

The ambient temperature tensile yield Strength of each microstructure

applied load, P, is 0-8 of the load required for general yielding, Pgy,

the maximum tensile stress level, o,,, in the plastic zone ahead of the
V-notch in a perfectly plastic solid is about 1-95 oy. This occurs at a
point located in the plane of the notch, roughly two notch root radii ahead
of the notch tip, and is the site of fracture initiation. The general yield
load curve (Fig. 4) is extrapolated a bit below the temperature T, .
(where fracture occurs upon general yield) to the temperature T * where
Pp = 0-8Pyy . From companion tensile tests, the value of oy is de-
termined at T* so that the maximum stress level in the plastic zone

at fracture (i.e., the fracture strength) is given by

os* = 195 5, (evaluated at T*). (2)

change in the mode of fracture initiation, such as from twinning to slip.
Since all of our fractures were slip-nucleated, the fact that or* for the
various microstructures was determined at different temperatures (see
Table 2) is no hindrance in comparing the relative values.

The major theories of yielding and fracture in dispersed systems pre-
dict that the yield strength should vary as the reciprocal of the particle

the appropriate microstructural parameters. It is seen that the yield
strength varies linearly with the reciprocal square root of the free inter-
22/4
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puarticle spacing while the fracture strength shows a li'neat d'ependence
on both dp(2 and(Ds — d)"V? in different ranges of particle sizes.

Ilectron fractographs of the broken specimens showed that the fr.ac-
fures were almost entirely cleavage with a few very small (§25 p dia.)
patches of fibrous rupture near the notch root in some specimens. These
patches were considered too small to have formed by slow crack growth
«nd probably formed as the fracture propagated.toward th.e free s.urfac?
after initiating some distance below the notch in the region of high tri-
«xial stress. The cleavage fracture surfaces were quite rough and there
appeared to be many individual initiation site§. In most cases, th.ere was
little discernible interaction between the particles anc.i the travglmg i
« leavage crack. At the initiation points, it was somosjtl.m.es possxble‘ t? ”:
- carbide particle but many of the facets seemed to initiate at no distinc
point in the structure.

Discussion . '
.\';;:sbzr of theories have been proposed to explain the y1e1d_ behav}ior 3
of dispersion-strengthened systems. In simple s;llsten?s a basic mechanism
such’as Orowan bowing [13] often controls yielding; in more cfon.lplex
cases where grain boundaries and substructure are present this 151 not

the case. Spheroidized steels are typical of this latter c.ategory. n
apreement with Liu [14]and Mima [15], the results of this study show
that the yield strength is a linear function of the rec iprocal square root

ot some measure of dispersion spacing. The least scatter was found when
plotting the yield strength, Oy , against the reciprwgl square root of thed
free interperticle spacing, (D, — d)™?. This is seen in Fig. 6, as oppose
to Orowan’s prediction in Fig. 5. .

The yield results are in accord with the conclusions ?f Turkalo [16]
«nd Embury, Keh, and Fisher [17]. Turkalo used transmlss.lon electr-on
microscopy to show that dislocation cell walls, or sub-grain boundaries
vxist between the particles in spheroidite. The particles thus .act as |
‘corners’ to pin a sub-grain structure of the same size a§ the 1.nterpart1c e
spacing. Embury et al. showed that continued cold worklng refined the
sub-grain structure, or cell size, in rolled and drawn pearlite. They.
found that the flow stress varied as the reciprocal square root .of t}TlS cell
size. The linear relation obtained by Embury et al. is plotted in Fig. 6
and it is seen that their values for flow stress coincide almost exactly
with the values for yield stress in the spheroidite. This infii-catgs that
the chosen measure of the ‘effective grain size’ in spheroidite 1s'correct
and the particles are influencing yielding only as they serve to pin the
dislocation substructure during the tempering treatment.

The initiation and unstable propagation of microcracks through the .
large carbide particles should obey the same general l.aws a; those which
describe microcrack initiation and initial propagation in a single-phase
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material, According to the Cottrell-Petch model, for example, the tensile

Stress, o, , required to cause cracks to Spread through the carbides would
be

2yc 4G, . —_
% =2 = — 0, - 2 €))

where G, is the shear modulus of the carbides, Ye is the work required
for Propagation through the carbide, n is the number of dislocations that

the dislocations, and k is the Petch parameter that describes the varia-
tion of yield stress with (D,-d) V2 in Fig. 6. In plane tensile Specimens,
Uc is greater than 9y So that large amounts of strain hardening and hence
large plastic straing would be required to develop cracks that can propa-
gate through the large carbides. In the notched Specimens employed in
the present investigation, however, the local tensile Stresses in the
plastic zone reach 1-95 oy, which probably accounts for the development
of carbide cracks at small plastic strains. An example of such a crack js
shown in Fig. 3.

If carbide cracks are, in turn, able to propagate into the ferrite and
Cause the observed matrix cleavage, then the cleavage Strength, g%
will be given ejther by o, or by the Stress required for carbide crack
Propagation into the matrix, o,, whichever is the greater. The stress
9p is given by

4 +1/2
oy = [ E)/fz ] a1
7(l —1?)

where £ is the elastic modulus, Y is the effective ferrite surface energy,
v is Poisson’s ratio and d is the carbide particle size. The presence of
flon-propagating carbide cracks (Fig. 3) Suggests that o, >0, for struc-
tures containing large carbides. Furthermore, the fact that 0;* increases
with decreasing dmax €ven when(D, — @)is maintained constant (compare
Steels 81M and 44, 73 and 44MS in Table 2) Suggests that equation “4)
rather than Q) is controlling and that 07* = 0, should vary linearly with
ax As seen in Fig. 7, this is roughly true for those Structures contain-
ing carbides larger than one micron in diameter, The value of Vs, the work
done in Propagating a microcrack through the ferrite, is 1-25 . 10¢ ergs/
cm?, which is Similar to that reported by Low [18] for crack propagation

When both large particles and a fine microstructure are present, as in
the double-quenched-and-tempered Structure, then o, can be greater than
9p, and o,* is not given by the value of Op. As shown in Fig. 7, or* for
the DQT structure is 50% greater than predicted by a fracture criterion
based simply on the propagation of cracks out of the large carbide par-
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i i i it im-
ticles. This is very important from a practical v1eWpoint. beca;xisnee ol
e i i i structure containing a
'hies that isolated large particles in a e per
‘ i i strength; slip ba
ble decrease in cleavage
on may not cause apprecia ! ! e
: , utticient size are also required to crack the particles in the fir
ace, - - o
| Comparison of Figs. 6 and 7 reveals that those points Wth}; d(zi '1?1
aris . . _ 1
'bey equation (2) in Fig. 7 fail within a fairiy narrow, luilearf anrll o
I+ | 6. In these finer structures, as well as in some overlap rlo e
vl..r.\‘(-r structures, the fracture stress varies as the reciproca tsq e
g | ; i zero.
root of the free interparticle spacing, but does not extrapolztt; opemh -
I'he basis for this type of fracture dependence was propose y et
1953 [19] and has since been studied and revised by.nuxnerol_lls/zm oSt
itors |[20]. The slope of the fracture stress vs. (grain sfxzet) B e
. : ' infinite grain
i late to zero stress at infi :
vhether or not it should extrapo : -
j dies and much speculation.
have been the object of many stu , : iy e e
i hat the band in Fig. 6 includes
«re still unresolved. The fact t s e A
; i high nitrogen steel studied by
ot the fracture stress of a mild, . o
ot al. [21] leads to the conclusion, though, that the behavior of sp
fite i i ith that of coarser steels.
mdite is not at variance wit \ : ’ - o
Recently, Hahn and Rosenfield [5] revised Cottrell SIHT-ChE;;lfS;:e "
i initiati 22] and showed that a relative
double-pile-up crack initiation [ Kively o
”r\‘n)n can block the slip processes necessary for crack mitiatior;i:d
1 B & § : ’
:!nh' raise the fracture stress. Their expression, when -Stl}’;}(-:tlyﬁa%?his
loes not predict the form of the fracture stress shown in ig. 1(; i
does ‘ ) s .
isi i i based on a different yield criter
s not surprising, as their relation is i .
!lh nl:)foundpin spheroidite. The major phenomenological cconclushlonhd.rawtnd
! V. Hahn and Rosenfield is confirmed, however, by the rest:ilte mdtislsefs:dy,
his i i nd size are decreased in a
Fhis is that as the particle spacing a o
vstem, the fracture strength changes from a dependence on (f:racl;elcii p
r.uiloe as Griffiths flaws to a dependence on the eize of the re;he pOint
listance available to concentrate stress and initiate fraciure. ~IS)e1
nt.which this change in dependence occurs cannot vbe definei:l premarti};le
\ i to be at about one micron maximum p
from Figs. 6 and 7, but seems ; ' 8 ek
“x(’/e or ginterparticle spacing. This is in agreement with the predictio

made by Hahn and Rosenfield [8].

Conclusions o . cizes
\ series of plain carbon spheroidized steels containing various
¢ i~

(e} OC t
ind amounts of carbide particles were tested from —196 C to1 23ions o
determine their yield and fracture properties. The major conclus
ich can be drawn are: .
WhIIC}'II'he yield strength at 32°C varies as the inverse square root of the
planar interparticle spacing.
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2. The cleavage fracture strength obeys a Griffith criterion for failure
if the following conditions hold.

(a) Carbide particles approximately one micron in diameter or larger
are present.

(b) The matrix structure is sufficientl]
to crack the particles.
. If 2 above is not obeyed, then the fracture strength varies as the
inverse square root of the planar interparticle spacing.
4. Neither the yield nor the fracture strength varies directly with the

volume fraction of carbide, but this parameter is important insofar as
it affects the interparticle Spacing.

y coarse to allow slip bands
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I able 1
Steel * Carbon Mn S All Calc.b‘t'ZIe.
design (Wt%) (Wt%) (wt %) others % carbi
18MS 0-18 115 0-016 trace g;g
1R 0-44 0-01 0-005 Vs e
LM 0-44 1-44 0-005 i oo
LIMS 0-44 1-50 0-065 - oo
60 0-60 0-01 0-005 P I
73 0-73 0-01 0-005 vy 11'5
S1m 0-81 0-98 0-005 y 12-73

indi ther
* Note that the steel designation indicates the'a.mount of carbon and whe
‘he steel contains manganese or sulfur in significant amounts.

I'able 2

dianxs *
Ap Dy —d) Mr:::"mum i L oo
Mean free Free inter- observed Lower yield Cleavage - (du)cti“'y
Tempering particle particle particle streess fracture 'etm oyt
temperature  spacing spacing size, (23_ C); str-ess o jol
teves] e, microns microns microns Ksi Ksi :
I8MS 625 2+12 0-324 0-385 58:5 ggig - i_ﬁ]g
I #MS 500 0-975 0-149 0-20 79:0 59 ioe
(R} 712 4:62 1-02 1-48 410 2 ‘7 bpes
[N} 550 2:0 0-44 0-98 655 283‘7 - 14-5
M 700 362 0-80 1433 60’.5 377‘0 Zleo
M 590 1-32 0-29 0-43 77°5 e -
M 500 075 0-17 0-38 98:75 330-0 T
1IMS 700 3:86 0-84 1-10 57°5 % s Cis
HIMS 500 - - 0-40 975 29 3 o
W a0 50 oae ro1 67-0 2360 -8
0Ho 540 3-70 0-89 7 . 3 .
7 6 8-04 2-07 317 40-0 162. -
7 ‘& ;3; 3:27 0-84 1-45 605 2100 _Zgo
‘1M 690 345 0-92 1-38 595 22;13 o
$1IM 600 1°65 0-44 0-89 775 215.7 T35
H1IM 505 0-50 0-13 055 112:0 235‘3 -1
H$1M*  700-Q-450 0-23 0-07 178 -145-0




Cleavage

Fig. 1. Typical microstruc
at (a) 700 C, (b) 590 C, an
acid solution.

Fig. 2. Steel 81M double-
tempered, last temper at 450C.

quen

strength of quenched and tempered steels

(c)

tures of quenched and tempered steels. Steel 44M tempered
d (c) 500 C, respectively. Electro-etch in perchloric-acetic

ched-and Fig.

3. Microcrack in carbide occurring

at low strain (<1%) in region of highest

stress below a notch. Steel 60, 712C
temper.
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T* = Temperature at which
Fracture load, Pf, is
0.8 of the (.xtrapolated)
General Yield load, Pgy.

ak
a
‘ Fracture Load, Pp
O
g e |
@ |
0 ®
| © ‘ General ‘x’iclM\
{ / i Load, Pgy
= |
Voo
i
I | L L L L N . n
‘ - 50
= -150 -100 5@ .
200 Test Temperature, C
Fig. 4. Typical curves of slow-bend Charpy general yield load and
fracture vs. test temperature (Steel 44M, 700C temper).
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Fig. 5. Room temperature stress plotted against the reciprocal of
the mean free particle spacing.
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.+ |Fracture stress, Mild Steel Q
D | (Wilshaw et.al. (21) )
:R‘ ® % cf, cleavage fracture stress
454
h
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©
Drawn pearlite flow stress =
(Embury et al. (1)) _—===
g e
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/E] @ 9y, Yield scress at 23 C
-
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Fig. 6. Room temperature vield stress and cleavage fracture stress
vs. the reciprocal square root of the free interparticle spacing.
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Effective surface energy, Y, = 1.25 x 10° ergs/cn’

i ®
®
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P
dmax -~ in:
Fig. 7. Cleavage fracture stress vs. the reciprocal square root
of the diameter of the largest carbide particles in a structure.
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