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ABSTRACT

The fracture resistance of three steels produced by the powder forging process was
evaluated by the Crack Opening Displacement, COD, testing method. The dimple sizes
and second-phase particle spacings on the fracture surfaces of the rupturedCOD test
pieces were assessed using the Scanning Electron Microscope (SEM). The results show
that there is a correlation between the oxygen content of the steels and the dimple
sizes and particle spacings, insofar as that higher oxygen content are associated
to smaller spacings and dimple sizes. The values of COD at initiation, (COD);, are
also correlated to those spacings and dimple sizes. A comparison of the obtained
results with some published data and with the values of (COD) ;i predicted from the
Rice and Johnson model is also made.
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INTRODUCTION

In the course of a study of the effect of differing deoxidation conditions on the
fracture properties of three powder forged steels, a definite correlation was found
between their values of Crack Opening Displacement at initiation, (COD)ji,and oxygen
content (Bastian and Charles, 1978). It was also found that the initiation of
growth of the fatigue pre-cracks occurred always by the fibrous mechanism, the
cracks moving along the prior powder particle boundaries.

The qualitative fractographic analysis performed in that work revealed that there
was some sort of relationship between those oxygen content, the dimple sizes and in
clusion spacings on the fracture surfaces since higher oxygen content could be asso
ciated to smaller spacings and dimple sizes.

These results can be best understood from an analysis of the process of powder forg
ing, where deoxidation during sintering takes place preferentially along the pre-—
vious powder particle boundaries, due to facility of diffusion along those regioms.
(Brown, 1976, Ladanyi and others, 1975). As a consequence,the fraction of those pre
vious boundaries occupied by oxide inclusions and their resulting spacings depend
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largely on the final oxygen content of the forged material. On the other hand, as
the internal oxide inclusions cannot be much affected by the deoxidation treatments,
a situation of non-random distribution of inclusions is found in these materials:
normally, the spacing of inclusions on prior boundaries is different and smaller
than of the internal ones.

It is the purpose of the present work to investigate the relationship between oxi-
gen content, dimple sizes and inclusion spacings on fracture surfaces of powder
forged steels. The relationship between these parameters and the (COD); values
obtained, is subsequently investigated and the results are compared to the predic—
tions of the model of Rice and Johmson, 1970.

MATERIALS

Three steels produced by the powder forging process were studied: a plain carbon
steel (M32, commercially known as WP150), a manganese steel (Enl6) and a Cr, Mn, Ni
steel (W32). Three or four different oxygen contents in the steels resulted from
differing deoxidation conditions during sintering. The chemical composition of the
steels is shown in Table 1 and their final oxygen content in Table 2.

TABLE 1 Chemical Analyses of the Steels Used, wt-%

Steel C Mn Si S P Ni Cr Mo Cu

M32  0.400 0.050 0.050 0.090 0.006 0.070 0.040 0.020 0.100
Enlé 0.230 0.870 < 0.020 0.018 0.008 0.060 0.050 0.250 0.000
W32 0.245 0.540 < 0.020 0.020 0.013 0.320 0.380 0.340 0.000

TABLE 2 Oxygen Content of Steels Used, wt-7

M32 0.025 0.080 0.100 =
Enlé 0.029 0.066 0.145 o
w32 0.027 0.075 0.120 0.180

The steels were supplied as discs 69.6 mm in diameter and 15.6 mm in thickness. COD
testpiece blanks were cut from the supplied discs as slices 7.0 mm thick which were
then heat treated. Heat treatments consisted of oil-quench hardening followed by
tempering at 550 C. The resulting Vickers hardness and tensile properties are
shown in Table 3.

TABLE 3 Vickers Hardness and Tensile Properties of the Steels Used

True Stress at

Hardness  Yield Stress Work-hardening

R VH MNm™ 2 maxummigoad Coefficient
MNm

M32 202 445 670 0,17

Enl6 246 614 729 0,13

w32 267 723 833 0,08

EXPERIMENTAL METHODS

COD Evaluation

?he COD testpieces were machined from the fully heat treated blanks and were tested
in slow, pure (4 - point) bend. The (COD)i values were obtained by the extrapola-
tion method. In this method, extrapolation of the curve COD vs. crack length to
zero crack length gives the value of (COD); (Smith and Knott, 1971). Further de-
tails of testpiece geometry and test conditions can be found in another work
(Bastian and Charles, 1978).

Metallography

The mean dimple sizes, D, and the inclusion distributions, characterized by their
mean centre to centre spacings, |s|T, mean free path, |A|p, and average radii, |Z],
were estimated from measurements made at very high magnifications (~ 15 Kx) on the
fracture surfaces of the ruptured COD testpieces.

A 100 x 100 mm transparent graticule with 100 points, 10 mm spaced, and 10 horizon-—
tal lines, each 100 mm long and 10 mm spaced, was superimposed on the CRT screen of
a»Stereoscan MK IT Scanning Electron Microscope. The number of points of the gra-
ticule overlapping inclusions were recorded, as well as the number of interceptions
of the test lines by inclusions and dimples and the total number of fields measured
under the graticule on each specimen. From these data, the values of mean centre
to centre spacing, mean free path and average radius of the particles on the fractu
re surfaces and also the mean dimple sizes were calculated using expressions which
can be found elsewhere (Bastian, 1978).

The specimen tilt angle was always 0° and approximately 120 different fields were
normally analysed for each composition.

RESULTS

The obtained values of mean dimple sizes and mean centre to centre spacing of parti
cles'were plotted as function of the oxygen content of the three steels. The re—
sulting curves, Fig. 1 (a) and (b), clearly show an inverse relationship between
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Fig. 1 Oxygen content vs. (a) mean dimple sizes, (b) mean centre to
centre spacing of particles

those parameters and the steel oxygen levels, as illustrated by Fig. 2 (a) and (b),
which are SEM pictures from the fracture surfaces of the least and most oxidized
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compositions of steel M32.

Fig. 2. SEM of fracture surfaces of steel M32, (a) 0.025 wt - %7 O,,
(b) 0.100 wt - % O, 'y

The values of (COD); obtained were plotted as function of mean free path of parti-
cles, Fig. 3 (a), mean centre to centre spacing of particles, Fig. 3 (b), and mean
dimple sizes, Fig. 4.
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Fig. 3. (COD)j vs. (a) mean free path, (b) mean centre to
centre spacing of particles

Plots were also made of the ratios of (COD)i/i)\}T vs. |A|lp/|E|, (CoD)i/|s|T vs.
|s|p/|%|, Fig. 5, where the curves resulting from the model of Rice and Johnson
(1970) are also presented. The values of (COD)i/D are shown in Table 4.
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Fig. 5 Ratios of (COD) i /spacings vs. spacings/radii

TABLE 4 Ratios (COD);i/D of the Steels Studied

Oxygen wt-7 0.025 0.08 0
Steel  M32 YEEHE WL <0
(cop); /D 10.75 5.40 4.04

Steel Enlg OXygen wt-7 0.027 0.066 0.145
(copb) ; /D 5.56 4.29 21563

Steel W32 Oxygen wt-7 0.029 0.075 0.120 0.180
(cop); /D 5.24 352 1.86 2.62
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DISCUSSION

Oxygen Content, Particle Spacings and Dimple Sizes

The results clearly show that both particle spacings and dimple sizes depend marke-
dly on the oxygen content of the steels which dictate the amount of oxide inclu-
sions on the prior powder particle boundaries. These are the preferential paths
for the ductile crack growth shown by these materials at relatively high oxygen
levels (Bastian & Charles, 1978), although crack growth could change to a transpar-
ticle path, according to Pillar and others (1977), at some critical low oxygen le-
vel. Sources of dimple generation besides the detected particles,like very small
oxide, sulphide and carbide particles and,even,possibly,micropores can explain the
difference of values of the spacings and dimple sizes, where the dimples are much
smaller than the spacings, at any given oxygen level.

A one to one relationship between the inclusion spacings and the dimple sizes was
found by Broek (1973) in hot worked aluminium alloys. In that study, thin foils of
the materials and replicas of the fracture surfaces of tensile tespieces were ana-
lysed using the Transmission Electron Microscope (TEM) which is known to detect the
very small particles much better than the SEM. It would be very interesting to use
TEM to check whether the one to one relationship mentioned above also holds for
powder forged materials where the amount of hot deformation is smaller than in the
traditional hot worked materials and where porosity, if incompletely eliminated,may
also generate dimples. Inoue and Kinoshita (1973) in a study of a spheroidized car
bon steel, using optical microscopy and the SEM, also found a one to one relation-
ship between the above parameters. Careful observation of the figure representing
that correlation in their work shows, however, that in the range of larger dimple

sizes and carbide spacings, the spacings are larger than the corresponding dimple
sizes.

Observation of Fig. 1 in the present work points to the fact that steel M32,
although having a higher carbon content, has also larger dimple sizes for any oxy-
gen content, while steel W32 has the smallest ones. This probably results from a
finer dispersion on the oxide and carbide particles in steel W32 where the carbides
do not coalesce so markedly as the cementite particles at 550 C (Speich and Leslie,
1972). The average size of the particles which were detected by the SEM is the
smallest in the case of steel W32 and the largest for steel M32, this probably also
happening in the range of sizes which is not detected by this microscope.

(COD){, Particle Spacings and Dimple Sizes

Figs. 3 and 4 show that (COD)j is correlated to the mean free path and mean centre
to centre spacing to the particles and also to the mean dimple sizes. This is not
surprising since a dependence of the spacings and dimple sizes on oxygen content
was found in the present work and (COD); was already shown to depend on the oxigen
content of the studied steels. An interesting fact emerging from those figures is
that three curves result from the plot as function of |A|p, two from |s|t and one
from D . It is also interesting to note that when the average diameter of the de-
tected particles is added to their mean free path, resulting the mean centre to
centre spacings, a single curve of (COD); vs. |s|r results for the alloyed steels.
This situation is maintained in the plot (COD){ vs. D, suggesting that the disper-
sion of the dimple sources which are not detected by the SEM is similar for both
alloyed steels. The curve (COD); vs. D of steel M32 is also coincident with the
curve of the other steels although different in the plot of (COD); vs. |s|r. This
probably results from the fact that for a given mean centre to centre spacing of
the detected particles, there are more undetected particles in the case of the
alloyed steels, causing therefore a translation of their curve of (COD)i vs. |s|p
to larger values of iS%T-

These findings could suggest that D is the microstructural parameter to be corre-
lated to (COD); since any given value of D is associated to a single value of (COD)i,
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indgpendently of the steel composition. D also encloses all sources of void gene-
ration, not only second-phase particles but also micropores.

Observation of Fig. 5 and Table 4, on the other hand, shows that the values of
(coD)i/|s|t vs. |s|1/|x| are the closest to the values predicted from the Rice and
Johnson's model (1970), where X, is the mean random spacing and Ro the average ra-—
dius of the inclusions. The values of (COD)i/|s|T of the alloyed steels are,
however, slightly lower than the corresponding values of (COD) ; /Xy from the theore-
tical curves, for any value of the ratio spacing/radius. This trend is also found
in the literature, Knott (1977) and McMeeking (1977), where the ratios of (COD)i/
spacing tend to be lower than the theoretical ones.

The above comparison was made because the Rice and Johnson's is, at the moment, a
very convincing model for expressing crack tip ductility as function of microstruc—
ture, as well as good agreement has been observed by several authors between experi

mental results and the values from the model (Chipperfield, 1973 , McMeeking, 1977,
Knott, 1977).

Comparison of Fig. 5 and Table 4 shows that the values of (COD) /D are much larger
than any theoretical values of (COD)j/spacing or the experimentally obtained omes.
D was said to enclose all sources of void generation whereas the mean centre to cen
tre spacings of the present work measure the distances of the relatively large par—
ticles, detected by the SEM. The good approximation between the values of the cur-
ves (COD)j/spacings vs. spacings/radii obtained in this work, the theoretical pre-
dictions and the available data suggests therefore that the spacing of the large
second-phase particles dictates the values of (COD)j. These are the critical va-
lues of (COD) at which propagation of the cracks initiates. The propagation of the
cracks should then take place by the coalescence of voids along those particles,the
very small ones and some casual micropores, this generating the final small dimples.

CONCLUSIONS

The dimple sizes and second-phase particle spacings on the fracture surfaces of the

ruptured COD testpieces are inversely related to the oxygen content of the three
powder forged steels studied.

The Yalues of_(COD)i obtained can be correlated to the dimple size and second-phase
pértlcle spacings on the fracture surfaces, in such a way that larger spacings and
dimples are associated to higher (COD); values.

The results of this work concerning the values of (COD); as function of mean centre
to centre spacing and average radius of inclusions on the fracture surfaces are si-
milar to the theoretical predictions by Rice and Johnson as well as to the experi-
mental published data. It is important to note, however, that the other published

datg involve (COD)j as function of mean random spacing and radius measured on
polished surfaces.
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