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ABSTRACT

A study has been made of the influence of notch root radius on the ambient
temperature toughness of commercial AISI 4140 steel austenitized at 870 and
1200°C and tested in the as-quenched and quenched and tempered at 200 and 350°C
conditions. Charpy specimens containing V-notches of different root radii

were loaded to failure in three point slow bending. Toughness values were
calculated and the specimens were fractographically examined. The results
obtained are seen to confirm the concept of characteristic distance for failure
as well as its validity to appropriately explain differences encountered

in plane strain fracture toughness. The results also show that low temperature
austenitizing invariably gives rise to superior rounded notch toughness as
compared to high temperature austenitizing treatment. This observation is

found to be associated with shear lip formation along the notch root for
conventionally austenitized specimens. Shear lip width is seen to increase

witn the notch radius and with the tensile ductility of the material.
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INTRODUCTION

High temperature austenitizing treatment at 1200°C has been found to improve
the plane strain fracture toughness, Ki., of as-quenched and of quenched and
low temperature tempered high strength low alloy steels compared to conven—
tional 870°C austenitizing (Datta, 1981; Datta and Wood, 1981; Firrao and
co-workers, 1982; Lai and co-workers, 1974; Ritchie, Francis and Server, 1976;
Ritchie and Horn, 1978; Ritchie and Knott, 1974; Wood, 1975; Youngblood and
Raghavan, 1977; Zackay and co-workers, 1972). On the other hand rounded notch
tests have been shown to yield higher toughness values for conventionally

heat treated specimens (Datta, 1981; Datta and Wood, 1981; Firrao and
co-workers, 1982; Ritchie, Francis and Server, 1976; Ritchie and Horn, 1978),
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thus indicating that high temperature austenitizing is detrimental to frae-
ture resistance in the presence of blunt notches., The increase in Kie with
increasing austenitizing temperature was considered to be associated with an
increase in the characteristic distance for fracture, whereas the decrease
in rounded notch toughness, Kj, was interpreted in terms of a reduction in
critical fracture stress, Of, or critical fracture strain, €¢, depending on
the operating fracture mode (Ritchie, Francis and Server, 1976; Ritchie and
Homrm, 1978).

Experimentally the characteristic distance for failure is represented by the
effective notch root radius, Paffr balow which the apparent toughness, Ku,
remains constant and equal to Ky. (Ritchie, Francis and Server, 1976; Ritchie
and Horn, 1978). However for a variety of testing conditions, the results
obtained by Datta (1981) did not reveal the occurrence of an effective root
radius in as—quenched and quenched aad low temperature tempered AIST 4340
steel specimens. Hence he conecludes that the explanation based on constant
limiting root radius for the improvenent in Kj. accompanying high temperature
austenitizing does not seem to be valid. More recently Firrao and co-workers
(1982) have verified the occurrence of an effective root radius in AIST 4340
specimens quenched from B70°C, For P™0affs the fracture surfaces are seen to
be characterized by a continuous shear flp formation along the notch root,
whereas in specimens with p<peff a stress controlled fracture mechanism is
shown to be active. On the other hand, no shear lip formation has been re-
corded as p poes beyond Pef in specimens step quenched from 1200YC and
fracture morphology remaine5 essentially the same (intergranular and
quasicleavage),

It is the purpose of the present work to investigate the influence of aus-
tenitizing temperature on the relationship between fracture toughness and
notch root radius for commercial AISI 4140 high strength steel in the
as—quenched and quenched and tempered conditions, This relationship is
utilized to determine the effective root radius which is then correlated with
microstructural aspects of the material. The values obtained as well as
overall fractographic features of fractured specimens are combined to explain
the difference in toughness encountered for AIST 4140 steel tested in differ-
ent microstructural conditions.

MATERIAL AND EXPERIMENTAL METHODS

The material used in this investigation was AISI 4140 hot rolled one inch
thick plate, having the following composition (wt pect):

C Mn P 5 51 Cr Mo Ni
0.38 0.78 0.014 0.024 0.29 0.90 0.17 025

Standard sized Charpy bars were machined out of the as-received plate
parallel to the rolling direction. Deep V-notches were milled to depth-to-
specimen width ratio, a/W, of 0.5, employing a series of constant profile
cutters with different point radii and the resulting root radii were projec-
ted on a screen and measured at 20X,

The test specimens were heat treated by austenitizing for 30 minutes at
temperatures of 870 and 1200C in a neutral salt bath followed by guenching

in agitated oil. The tempering treatment was carried out in a chamber furnace
for 1 hour at temperatures of 200 and 350°C, Six distinct microstructures

were thus obtained and are termed 870+Q, 870+200, 870-+350, 1200+Q, 1200-+200
and 1200+350, where Q indicates the material in the as-quenched condition. The
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resulting tensile properties are given in Table 1. After heat treatment, the

TABLE 1 Tensile Properties for the Different Heat Treatments

Heat Treatment Yield Stress*(MPa) Ultimate Stress(MPa) Elongation(%)
B70+Q 14333 1,902 4.2
870+200 1,351 1,794 10,1
870-+350 1,327 1,559 9.6
1200+q 1,127 1,819 3.8
1200+200 1,224 1,451 3.4
1200-+350 1,140 1,255 2.4

*represented by the 0.27 proof stress.

notch root radii were rechecked by projecting them on a viewing screen at 20X.
Fatigue precracking was carried out after heat treatment on standard Charpy
specimens (a/W = 0.2) to final a/W of about 0.5,

The test specimens were fractured at room temperature in three point bending,
using an Instron universal testing machine at a displacement rate ranging
from 0.25 mm/min for fatigue precracked specimens to 7 mm/min for specimens
with 1 mm notch root radius,

Only the specimens that failed before general yielding were considered and
the J-integral values for fracture initiation, J,, were thus calculated from
the maximum load, modulus of elasticity E and the specimen compliance, using
Rice estimation formula (Rice, Paris and Merkle, 1973;fServer, 1978). The
obtained Jp values, termed Jy. for fatigue precracked specimens, were found
to satisfy the validity criterion related to specimen dimensions (Server,
1978) and were used to estimate Ky from the relation

K, = (— , (1)

where v is Poisson's ratio. Toughness calculation from linear elastic fracture
mechanics equations resulted in slightly lower values (compared to those ob-
tained from equation (1)) which, except for a few precracked specimens, did
not satisfy the ASTM E399 size criterion,

RESULTS

Critical fracture stress and critical fracture strain models (Ritchie, Francis
and Server, 1976; Ritchie and Horn, 1978) predict a linear relationship be-
tween the apparent toughness and p'!/?. Accordingly the Ka values obtained from
slow bend tests are given in Fig, 1 as a function of p!/2, One can notice that,
for specimens tested in the as-quenched (untempered) and quenched and tempered
at 200 and 350YC conditions, the 1200°C austenitizing treatment invariably
results in larger effective root radius, in higher Ky. and in lower Kp as
compared to conventional 870°C austenitizing. As p increases, fracture tough-
ness data from specimens tested in the 870+Q and 870+350 conditions are seen
to follow a second sloped line (Fig. 1). This might indicate a continuous
decrease in notch tip strain with the increase in notch root radius (Firrao
and co-workers, 1982).

Fractographic studies have indicated that failure occurs primarily by inter—
granular cracking in specimens obtained by tempering at 350°C and that in the
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Fig. 1. Relationship between toughness and notch root radius
(each data point represents an average of three tests).

1200+Q condition the specimens fail bty intergranular and quasicleavage. How-
ever it is observed that specimens corresponding to the 870+350 heat treatment
condition are characterized by a continuous shear lip formation along the
notch root for p250 um and that the shear lip width,s, increases with p. On
the other hand, no continuous shear lip formation was observed for specimens
tested in the 1200+Q and 12004200 corditions.

Fractographic examination of the specimens tested in the 870+200 condition

has revealed that fracture initiates predominantly by ductile rupture. In

the as—quenched condition, the convertionally austenitized specimens’ failed

mainly in a ductile manner, but the fracture surfaces were also seen to dis-

play areas of quasicleavage. Again the fracture surfaces for these two cases

are seen to be characterized by the formation of shear lips at the notch root

for p=50 ym. In regard to specimens in the 1200+200 condition, their fracture
surfaces have been found to display a mixture of ductile rupture, intergranu-—

lar and quasicleavage. Continuous shear lip formation along the notch root

was not observed, |

Examples of fracture surfaces as observed by the scanning electron microscope
(SEM) are shown in Fig. 2. The relationship between the shear lip width,s,
and the notch root radius, p, is depicted in Fig. 3 for the cases where con-
tinuous shear lip formation was observed along the notch root.
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Fig. 2. SEM of fracture surfaces for, (a) 1200+350, (b) 870+350,
(e) 1200+Q and (d) 870+200 conditions (note shear lip
formation along notch root for (b) and (d)).
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Fig. 3. Variation of shear lip width with notch root radius.
DISCUSSION

slope of the straight lines passing through the origin in Fig. 1 is

TE-
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lated to the critical fracture stress, of, and to the critical fracture strain,
€¢, in stress controlled and strain controlled failure, respectively. Using
the yield limit values given in Table 1, o; and e; were thus calculated from
(Ritchie, Francis and Server, 1976; Ritchie and Horn, 1978)

2 2.9 0 lexp(o/o - e 12 b

=
t

eff i

and KA 142

tt

3 1/2
(5 b, E Ef) (3)

©
'

Paff

where g, is the yield limit. The resulting values are depicted in Table 2,
together with Pags and prior austenite grain size, da.

TABLE 2 p , O., €. and d_ for the Difrerent Heat Treatments
eff f£* °f a
Heat Treatment peff(um) cf(MPa} cf{z) da(um)
870+Q 5 - 15.8 32
870+200 43 - 273 32
870+350 a9 3,677 - 32
1200+q 188 2,565 - 157
1200+200 91 = = 157
1200+350 196 2,183 = 157

The room temperature fracture toughness results reported in Fig. 1 indicate
that tempered martensite embrittlement (TME) has occurred in the steel after
tempering at 350"C. However, based on the percentage loss in toughness, TME
is seen to be more pronounced for the high temperature austenitizing. Now if
one considers the fractographic features of the specimens tempered at 350YC,
particularly the intergranular cleavage facet size (Fig. 2), one may conclude
that the prior austenite grain boundaries were actually embrittled as a re-
sult of this treatment. This embrittling effect is believed to be related to
a combination of impurity element segregation, notably P, and carbide forma-
tion at prior austenite grain boundaries (Banerji, McMahon and Feng, 1978;
Briant and Banerji, 1979; Materkowski and Krauss, 1979; Ustinovshchikov,
1983). These grain boundary carbides can act as slip barriers and help ini-
tiate intergranular cracks at the already weakened boundaries. While P seg—
regation to prior austenite grain boundaries occurs during austenitization
(Banerji, McMahon and Feng, 1978; Briant and Banerji, 1979), cementite forms
by precipitation from the tempered martensite and by thermal decomposition of
retained austenite films at prior austenite grain boundaries during tempering
(Banerji, McMahon and Feng, 1978; Briant and Banerji, 1979; Horn and Ritchie,
1978; Materkowski and Krauss, 197Y9). Subsequent deformation-induced transfor-
mation on loading of remaining intergranular austenite (Horn and Ritchie,
1978) further contributes embrittling carbides (cementite) on prior austenite
grain boundaries. At this point it should be mentioned that no attempt was
made in this work to determine retained austenite distribution as a function
of austenitization temperature. However transmission electron microscopy
studies by Sastry and Wood (1980) have revealed the presence of retained aus-
tenite grain boundaries (in addition to interlath films of retained austenite)
in coarse-grained AISI 4340 steel austenitized at 1200°C. On the other hand
very little retained austenite was fcund to be present along the prior aus=
tenite grain boundaries in fine-grained structures (austenitized at 870°C).
It is thus concluded that, despite increased P segregation to prior austenite

grain boundaries for low temperature austenltlzlng, apparently higher carbide
concentration at those boundaries for the 1200°C austenitizing seems respon-
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sible for the lower oy associated with the latter treatment.

The arguments presented above are considered to be consistent with the frac-—
ture behavior, in particular the og level, of the specimens tested in the
1200} condition. Here failure occurs by a mixture of intergranular and
quasicleavage apparently as a result of P segregation to prior austenite grain
boundaries during austenitizing combined with cementite formation due to de-
formation-induced transformation on loading of interlath and intergranular
retained austenite.

Shear lip formation at notch root occurs in specimens tested in the B70-+350
condition for p250 ym > p £ and higher Ky values observed for these specimens
as compared to the 1200+ and 1200+350 conditions can be attributed in part
to the occurrence of shear lips. The absence of these shear lips for fatigue
precracked specimens was not associated with a change in fracture morphology,
which remained essentially identical to that of areas adjacent to shear lips
in specimens with p>pugs. The plastic zone size at fracture can be estimated
from critical fracture stress model and a value of about 3p is obtained for
the specimens tested in the 870+350 condition. Fracture thus initiates at
such a distance from the notch tip and the resulting crack propagates in the
notch plane., As the crack gets closer to the notch surface it starts to prop-
agate by shear rupture giving rise to shear lip formation or it could end up
joining a shear lip already emanating from the notch surface. Consistent with
the findings by Firrao and co-workers (1982), the shear lip width increases
with the increase in p (Fig. 3), probably as a result of less plastic con-—
straint imposed by the notch as it gets blunter.

Observation of Table 2 points to the fact that for stress controlled fracture
AISI 4140 steel exhibits an effective root radius of the order of the prior
austenite grain size. This indicates that high temperature austenitization
results in an increase in the characteristic distance ahead of the crack tip
over which the critical stress oy must be exceeded for fracture to occur
through a coarsening of the microstructure (associated with increased prior
austenite grain size) (Ritchie, Francis and Server, 1976; Ritchie and Horn,
1978). The reported Po values, together with those of o can thus be used
to rationalize the KTL gata for the case of stress controfled failure.

Table 2 indicates that eg is higher for the 870200 condition as compared to
the 870+Q treatment, consistent with an observed increase in uniaxial tensile
ductility due to low temperature tempering. This improvement in ¢ is believed
to be associated with the transfer of carbon from the dislocations, during

low temperature tempering, to form fine carbide precipitate (essentially e-
carbide)., It is interesting to note that the formation of this fine precipi-
tate also hardens the steel, though the net effect of the transfer process

is seen to be small (Table 1).

For ductile rupture (Fig. 4), the effective root radius is likely to be associ-
ated with second phase particle spacing and distribution (Ritchie and Horn,
1978). Hence the observation that Paff is smaller for the B870+200 than for the
870+Q condition (Table 2) is probably related to carbide precipitation during
low temperature tempering. Poff obtained for the 1200+200 condition probably
reflects an average between the limiting root radius for a stress controlled
and that for a strain controlled failure since fracture initiation occurs by

a mixture of ductile rupture, intergranular and quasicleavage.

Shear lip formation along the notch root was observed for specimens tested
in the 870+Q and 870-200 conditions with p250 uym. However, for a given root
radius a larger shear lip width,s, is encountered for the low temperature
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Fig. 4. Rupture dimples on the fracture surfaces for, (a)
870+Q and (b) 870+200 heat treatment conditions.

tempered material. This finding together with the difference in tensile duc-
tility can explain why the blunt notch toughness should be higher for the
870+200 heat treated specimens as compared to the as—quenched (from 870°C)
material., It is interesting to note that shear lip width is a reflecrion of
the material's ductility., This is clearly demonstrated in Fig. 3 where one
can notice that s is larger the higher the tensile ductility of the steel,

For fatigue precracked specimens no shear lip formation was observed and the
fracture toughness (Ky. in this case) continued to be superior for the low
temperature tempered conventionally austenitized specimens as compared to the
ones in the as-quenched state. The observed difference in Ky. can be explained
in terms of the reported values of e and Paps®

In regard to the details of the initiation process in strain controlled frac-
ture in blunt notch testing, it is mot clear yet whether the critical event
involves initiation at the notch tip in virtue of high local strain there or
at some point removed from the tip cue to increased triaxiality.

CONCLUSIONS

The characteristic distance concept seems to be appropriate for explaining
differences in plane strain fracture toughness encountered in the course of
testing low and high temperature austenitized AISI 4140 steel in the as-
quenched and quenched and tempered conditions.

The superior apparent toughness values observed for conventional 870°C aus-
tenitizing as compared to high temperature austenitizing seem to be associated
with the formation of shear lips along the notch root, Shear lip width is seen
to increase with the increase in temsile ductility of the conventionally aus-
tenitized material.

No significant change in fracture features is detected as p is decreased below
the effective root radius. However for the conventionally austenitized mate-
rial the shear lips are seen to diszppear as verified for the fatigue pre-
cracked specimens.

For stress controlled failure the critical fracture stress of seems to be the
main factor in defining the apparent toughness K,, whereas in strain control-
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led failure €, assumes this role.
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