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INFLUENCE OF MICROSTRUCTURE ON THE FRACTURE TOUGHNESS OF TEMPERED
MARTENSITIC ALLOY STEELS

S. Slatcher! and J.F. Knott?2

Air-melted and electroslag-refined versions of a NiCrMoV
steel and air-melted and vacuum-arc-remelted versions of

a NiCrMo steel have been studied. Different tempering
temperatures in the range 150-680°C were used to produce a
range of microstructures. It appears that the initiation
of voids at carbides is the important event which
determines the fracture toughness of these steels. The
fracture toughness is related to a critical strain, and
the variation of this critical strain with tempering
temperature is discussed in terms of work hardening rate.

INTRODUCTION

Although much progress has been made in the understanding of the influence of
microstructure on fracture toughness, the microstructure of engineering alloys
is usually complex and it is not always possible to use simplistic models to
describe such systems. For the case of quenched and tempered steels, it would
usually be assumed that, when the fracture mode is fibrous, higher fracture
toughnesses would be achieved by selecting materialswhich were "clean" in
terms of inclusion content, and which possessed a high work hardening rate.
Evidence from the study reported in this paper shows that these assumptions
are not necessarily correct.

MATERIALS
The materialsstudied were: :
(i) An air-melted version of a NiCrMoV steel (DAO or DAI)
(1d) An electroslag-refined version of a NiCrMoV steel (DEO or DEI)

(iii) An air-melted version of a NiCrMo steel (En25A) )
(iv) A vacuum-arc-remelted version of a NiCrMo steel (En25V)

The NiCrMoV steelwas supplied as 305mm diameter cylindrical forgings,
and samples of this steel have the designation DAO or DEO if they were taken
from the outer region of these forgings (at a radius of approximately 125mm),
and the designation DAI or DEI of they were taken from the inner region (at a
radius of approximately 65mm). The NiCrMo steel was supplied as 29mm diameter
bar,. which was forged down to give a 25mm square bar prior to any examination
or testing of the material.
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TABLE 1 - Chemical Analysis

Weight %

Cc Mn S P Si (o} Ni Cr Mo v
AO 0.33 0.56 0.006 0.012 0.20 0.0040 3.2 ‘1.15 0.69 0.22
DAL 0.30 0.55 0.006 0.010 0.19 0.0055 3.1 1.13 0.68 0.20
DEO 0.36 0.44 0.004 0.010 0.18 0.0045 3.1 0.79 0.69 0.22
EI 0.36 0.45 0.003 0.011 0.15 - 3.2 0.78 0.70 0.22
En25A [0.34 0.72 0.012 0.012 0.19 0.0040 25712 0.62 0.55 -
En25v [0.34 0.60 0.009 0.008 032 0.0025 2.76 0.75 0.59 =

From an EDS analysis of the non-metallic inclusions, it was inferred
that the two predominant inclusion types in each steel werei manganese
sulphides, of chemical composition MnS, and oxides with a chemical composition
close to 3MnO. Al203. 3Si0p. Knowing the chemical composition and the density
of each inclusion type present, inclusion volume fractions, Vy, werecalculated
from the bulk oxygen and sulphur analyses of the steels (ref. 1).

TABLE 2 - Non-Metallic Inclusion Parameters

DAO DAI DEO DEI En25A En25Vv
v,/10-6 | 400 | 490 | 330 | "150 790 500
X o/m 19 18 18 20 14 17

The value of V,, for DEI is an estimate based on image analysing computer
measurements,.as the oxygen analysis is not available for this steel. It may
be seen that the electroslag-refined and the vacuum-ar c-remelted versions of
the steels both contained substantially lower volume fractions of inclusions
than their corresponding air-melted versions,and that the NiCrMo steel was
generally“dirtier“than the NiCrMoV steel. Also tabulated above are the
estimated mean nearest neighbour distances of inclusions having a maximum
feret diamter on a random 2D section ofgreater than 1.44um. It is difficult
however to interpret the inclusion spacing results because, due to the sizing
criterion, an inclusion refining effect could either increase or decrease the
measured inclusion spacing.

The NiCrMoV steels were given an austenitising treatment of 3 hours at
910°C, oil quenched, and tempered for 2 hours at a temperature in the range
300-680°C followed by a water quench. The NiCrMo steel was given an
austenitising treatment of 4 hours at 950°C, oil quenched, and tempered for
2 hours at a temperature. in the range 150-600°C.

Figs. 1 and 2 show transmission electron micrographs of DAO temperéd at
600 and 680°C respectively. The coarse elongated carbides in the microstruc-
ture of the 600°C temper were also present in the 350°C temper. There is also
some carbide spheroidisation at 600°C, and in the 680°C temper the spheroidis-
ation process is much more advanced. The martensitic plate structure, which
remained intact at tempering temperatures upto 600°C, degenerated during the
680°C temper, resulting in a more polygonal grain structure, the grain
boundaries often being pinned by large carbides. 1In addition to the coarse
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carbides readily visible in fig.
1., a fine distribution of alloy carbides would be expected to be present in

the steel tempered at 600°C (ref. 2). These fine alloy carbides would
redissolve at 680°C.

Cylindrical tensile testpieces (Hounsfield No.I3)were machined such that
the loading axes were parallel to the maximum stresses in the fracture tough-
ness testpieces. 1In fig. 3, the 0.2% proof stress, Uy, is plotted against
tempering temperature for each steel.

FRACTURE TOUGHNESS

The design and loading modes of the fracture toughness testpieces were as
follows:

NiCrMoV steel: breadth = width = 25mm,

crack length ™12imm, 4 point bend, span = 100mm, bending arm = 25mm.
NiCrMo steel: breadth = width = 20mm,

crack length ~10mm, 3 point bend, span = 80mm.

The NiCrMoV steel testpieces were taken in the Y-Z orientation and the

NiCrMo steel testpieces in the X-Y orientation, as defined in ref. 3 . Aall
NiCrMoV steels tempered at temeratures under 500°C gave "valid" Kpc values
which were converted to initiation crack opening displacement, Gi , values
using the relation : ’
2 2
8i = Kic(1- v?)
OyE

and these values are shown plotted in fig. 4. The 150°c temper of the

NiCrMo steel also gave "valid" K1c values, but the Gi values plotted in fig.
4 were obtained from stretch zone measurements (ref. 4). Other §; values
were obtained by extrapolating R-curves to zero fibrous crack extension.
Measurements made on silicone rubber crack tip replicas revealed that crack
opening displacement values calculated according to BS 5762 (ref. 5) under-
estimate the true values for these steels by approximately 40%. Therefore
curves similar to those in (ref. 6) were used to convert calculated values of
di to the "replica" values of Gi which are plotted in fig. 4.

It is apparent that the inclusion content of these steels does not have
a marked effect on their toughnesses, and also that, by varying the tempering
temperature, order of magnitude changes in §; may be obtained. Therefore it
may be deduced that it is the tempered martensitic microstructure which plays
the most important role in determining the fracture toughness of such steels.
Also, it may be noted that varying the tempering temperature has a much larger
effect on the toughness than it does on the 0.2% proof stress. This suggests
that the large toughness variations are not merely the result of varying the
strengthof the steels, but that they have a more direct link with the micro-
structural changes accompanying them.

CRITICAL FRACTURE STRAIN

The cracks in these steels were all ductile and generally had a zig-zag
profile (see fig. 5). The fact that the fracture surface profiles of each
side of the crack seem to fit together reasonably well indicates that the
fracture process zone is confined to a relatively narrow region along the
surfaces of the resultant crack. This was confirmed by more detailed
metallography in a region just ahead of the crack-tip; fig. 6 shows a fine
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non-crystallographic crack which may have been formed by the coalescence of
voids initiated at carbides. Also, in support of this hypothesis, the
fracture surfaces show evidence of ductile dimples (fig. 7), the spaving of
which seems to correspond approximately to that of the larger carbides.

1f,then, it is assumed that it is the coalescence of voids formed around
carbides which is the important micromechanism of fracture, then it is likely
that fracture would occur at a critical strain, €c, and that the initiation
of fracture from an originally sharp crack would occur at the crack opening
displacement which corresponds to €c being attained over a critical distance.
It seems likely that the ductile crack extends in a step-wise fashion, each
step corresponding to a straight region in its zig-zag path. It is therefore
reasonable to take the step length to be the distance over which the critical
strain must be attained. In fig. 5 it may be seen that the average step
length is approximately 70 um, whic&corresponds to about 4Xv- Taking, there-
fore, the critical distance to be 4}y for each steel and using Willoughby's
experimentally determined strain distribution (ref. 7), critical strains may
be calculated. The critical strains for the NiCrMov steel are shown plotted
in fig. 10. Fracture strains were also measured for a few NiCrMoV steels
using plane strain tensile testpieces of a design similar to that of
Clausing's (ref. 8) with the loading axes parallel to the maximum stresses in
the fracture toughness testpieces, and these results are also plotted on fig.
8. It is an interesting finding that all the measured fracture strains fall
within the scatter band of critical strains. It should be noted that fracture
strains measured on cylindrical tensile testpieces are approximately 0.6 for
the NiCrMoV steel and to not show nearly so much percentage variation with
tempering temperature as do the plane strain fracture strains.

WORK HARDENING RATE

On examination of metallographic sections of propagating cracks, very little
evidence was found of voids,around carbides or non-metallic inclusions,which
had not coalesced. It may therefore be concluded that immediately following
void initiation, the voids rapidly grow and coalesce under the influence of
the high hydrostatic stresses found ahead of the crack tip. The eritical
strain e€c could therefore be regarded as an initiation strain for voids
formed at carbides. As Brown and Stobbs (ref, 9) pointed out, the carbide/
matrix interface probably decoheres at a critical interfacial stress, Oc, but
the stress is the result of dislocation pile-ups at the carbides, therefore
decohesion may be said to occur at a critical strain. This critical strain
may be expected to vary with tempering temperature for several reasons:

(i) Some of the variation of gc is probably explicable in terms of
changes in the carbide/matrix interfacial strength. The composition of the
carbides may be expected to vary with tempering temperature in the range
550-650°C, and these compositional changes may lead to significant variations
in oc. Also, the diffusion of impurities to the carbide/matrix interfaces
during tempering may have a large effect on oc (ref. 10).

(ii) Brown and Stobbs (ref9) predict that the initiation strain should
be proportional to the particle radius. This suggests larger values of ec
for higher tempering temperatures,

(iii) The effects of changing carbide shape with tempering temperature
may also be large, not only because decohesion may be facilitated, but also,
perhaps, because platelike carbides may crack to produce noid nuclei at low
plastic strains.
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(iv) In the case of martensitic steels, it is important also to con-
sider the effect of tempering temperature on the dislocation density. Steels
tempered at lower temperatures contain carbides with considerable dislocation
tangles around them prior to any deformation, so it might be expected that
these would have lower fracture strains than steels with an identical particle
distribution but few dislocation.

Bearing in mind that the frature micromechanisms in these steels are
likely to depend very much on the interaction of dislocations and carbides,
ie. local work hardening behaviour, one might expect that the fracture
strains,” and hence fracture toughness values, would be related to the
macroscopic work hardening characteristics of the steels. Fig. 11 shows how
the work hardéning rate R varies with tempering temperature. R is the
average work hardening rate between a plastic strain of 0.2% and the
instability strain. Notice that generally (in the tempering temperature range
150-600°C) there is a trend for lower work hardening rates to be associated
with higher toughnesses. This is contrary to what might be expected
considering the experimental evidence of other alloy systems (the aluminium
alloys, for example of ref. 11), and most theoretical predictions ( ref. 12
for example). However, it must be remembered that the high initial work
hardening rates in steels are generally achieved by the interaction of
dislocations and large carbides which leads to high carbide/matrix interfacial
stresses and void initiation. The pPresence of largestrengthening particle in
aluminium alloys also leads to low toughnesses, but low work hardening rates
result because the particles are readily cut. It is therfore clearly
necessary to consider both work hardening and fracture micromechanisms before
realistic links between work hardeningrates and fracture toughnesses may
be obtained.

CONCLUSIONS

(1) The inclusion volume fraction has little effect on the fracture tough-
ness of these tempered martensitic alloy steels.

(ii) For a range of tempering temperatures, the strain at a critical distance
ahead of the crack tip at fracture initiation corresponds to the plane strain
fracture strain, as measured using tensile testpieces.

(iii) Generally, the fracture toughness of these steels is inversely correlated
with the work hardening rate. This is probably because the same micro-
mechanism which leads to high work hardening rates in these steels also leads
to the initiation of voids at carbides and therefore lower fracture strains.
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SYMBOLS USED

Vy - inclusion volume fraction

Av & mean nearest neighbour inclusion spacing

Oy - 0.2% proof stress
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initiation crack opening displacement
fracture toughness
Poisson's ratio
Young 's modulus
critical strain
fracture strain measured on plane strain tensile testpieces
work hardening rate
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Fig. 1 The microstructure of DAO Fig. 2 The microstructure of DAO
tempered at 600°C (courtesy tempered at 680°C (courtesy
Dr. H.K.D.H. Bhadesia). Dr. H.K.D.H. Bhadesia).

-

Fig. 5 The zig-zag fracture path of
the ductile crack in the
En25V tempered at 600°C.
The position of the fatigue
precrack tip is arrowed.

;
- EHEE.

Fig. 6 A fine crack,just ahead of the
main crack in the En25A
tempered at 600°C.

: %l
Fig. 7 Ductile dimples on the
fracture surface of steel DEO
tempered at 350°cC.
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Fig. 3 The variation of 0.2% proof
stress with tempering temperature.
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Fig. 8 The variation with tempering
temperature of the critical strain, €c.,
ahead of the cracktip and the fracture

strain, €f, measured on plane strain
tensile testpieces.
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Fig. 4 The variation of initiation
crack opening displacement with
tempering temperature.
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Fig. 9 The variation of work harden-
ing rate with tempering temperature.



