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Fracture parameters for sintered steels
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Measurements of the plane strain fracture toughness K. of sintered steels have frequently been
invalid because the requirement that £, /P, < 1.1 (where P,,, = maximum load and P, =
load used to calculate K,.) has not been met. We show that the reason for the criterion not
being met is that sintered steels have a considerable crack growth resistance K. Values
obtained in the past for K, probably have been over-estimates of the initiation value of the
crack growth resistance K; and under-estimates of the maximum crack growth resistance K.
The important point is that the assessment of the toughness of sintered steels by a single
parameter is not appropriate. Test methods to determine the crack growth resistance of sin-
tered steels are discussed. Crack growth, which is difficult to detect by visual observation,

can be determined by compliance techniques. Because of the porous nature of sintered steel,
fatigue cracks are unnecessary at the tip of the notch and indeed are undesirable as they can
easily cause errors in toughness measurements through inadvertent overloading. The thickness
requirement for plane strain measurements can also be relaxed.

1. Introduction

Sintered iron and low-alloy steel components are
primarily used because complex parts can be manu-
factured economically and accurately in large quan-
tities. Typical uses of sintered iron and low-alloy steel
are in automobiles, household machines and pumps.
In these applications the mechanical properties of the
material are important. However, the full potential of
sintered metals has not been exploited for structural
parts because less is known about their mechanical
behaviour than the more usuval wrought or cast
metals.

Sintered metals have a porous structure with a
typical porosity in the range of 5 to 20% so that the
material has a density-of 80 to 95% of that of the solid
metal. Ultimate strengths similar to those of solid
metals can be fairly easily achieved, but the ductility
and toughness of sintered metals are limited. Fractures
in sintered steel specimens with high porosity (> 20%)
propagate with little plastic deformation through
grain boundaries as evinced by the river patterns
shown on the fracture surface {1]. The fracture sur-
faces of low-porosity specimens show transgranualar
fracture by microvoid coalescence. Cleavage fracture
does occur in low-porosity specimens, but complete
cleavage facets are almost absent. Since the yield
strength of sintered metals is low when the porosity is
high, the toughness of sintered steel increases with
yield strength [2-5] in contrast to wrought steel where
the toughness decreases with yield strength [6-8] as is
illustrated in Fig. 1.

The toughness of sintered metals has been assessed
either by an impact test [1] or by a plane strain fracture
toughness test [2-5]. The results from impact tests
cannot be used quantitatively in the design of sintered
components, and the use of tests based on fracture
mechanics is to be preferred. However, past workers
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have found it difficult to perform valid plane strain
fracture toughness tests according to the standard
[9]. Undoubtably the thickness requirement of the

standard
2
B> 25 (&) ()

UY
can be relaxed, because the contraint on plastic flow is
determined by the pore geometry rather than the
thickness of the specimen. More seriously, the require-
ment that the ratio of the maximum load P, to the
load P, used to calculate the plane strain fracture
toughness K|, shall be less than 1.1, i.e.

PolPy < L1 )

can rarely be met. In the standard plane strain fracture
toughness test this requirement makes sure that the
non-linearity in the force-displacement diagram is
due to crack growth rather than plastic flow or to a
considerable increase in crack growth resistance with
crack extension. Linear elastic fracture mechanics can
apply if the ratio P, /P, exceeds 1.1 because of crack
growth resistance rather than plastic flow, but it is not
then appropriate to characterize the toughness of the
material by the initiation plane strain fracture tough-
ness. For such materials it is necessary to determine
the crack growth resistance curve in order to predict
accurately their mechanical behaviour.

It had been observed that in a tension test on an
unnotched sintered iron specimen (porosity ~ 18%)
that cracks are initiated at stresses less than the
nominal yield strength [10]. As the stress increases
these cracks grow stably, and more and more cracks
are initiated until just before fracture there are a
multitude of cracks present. Such behaviour could not
occur unless there was a significant increase in resis-
tance to cracking with crack growth. Similar evidence
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Figure 1 Published values of fracture toughness as a function of
yield strength for sintered and wrought steels. Sintered steels: (@)
[21, (<) 131, (+) [4], (O) [5]; wrought steel: ( ) 6], (@) [7].

of the existence of a crack growth resistance curve was
obtained [11] in tests on the Williams split nut sintered
from a H6gands phosphorus-containing steel powder
PNC45. In this test small cracks were observed at the
root of the threads at a stress of about 650 MPa (based
on the effective area of the bolt) which was far below
the failure stress of about 950 MPa.

The crack growth resistance curve for a sintered
steel is shown schematically in Fig. 2. The resistance to
crack propagation rises from an initiation crack
growth resistance K, to a plateau value K, provided
the specimen is large enough. For smaller specimens,
the crack growth resistance curves for materials other
than sintered steels are in general dependent on size
and geometry and may not even reach a flat plateau
[12, 13]. The crack growth resistance curve concept
was first applied to a high-strength aluminium alloy

sheet where the increase in resistance was primarily -

due to a transition from plane strain to planc stress
and the development of shear lips [14]. However, the
resistance to crack growth can increase even when
there is no transition and the fracture surface remains
transverse and fiat as it does in sintered metals [15].

This paper gives the preliminary results of an inves-
tigation into the crack growth resistance curve for a
sintered steel and the appropriate methods for its
measurement.

2. Measurement of the crack growth
resistance curve for a sintered steel
The ASTM has issued a standard that gives the method
of determination of crack growth resistance curves
for metallic materials [16] which we have basically
followed. Because dies existed for disc-shaped speci-

2966

AQ e

Figure 2 Schematic crack growth resistance curves: (a) small notch
bend specimen, (b) large specimen.

mens we have chosen the standard disc-shaped com-
pact tension specimens, DC(T), for our tests [9]. The
general dimensions of the DC(T) specimen are shown
in Fig. 3.

In these preliminary tests we have tried to measure
the crack growth resistance in as standard a way as
possible . The crack growth resistance curve standard
[16] does not have a thickness requirement because it
is designed for determining the crack growth resistance
of thin, high-strength metals where the increase in
crack growth resistance is due to a plane strain-plane
stress transition. However, because the increase in
crack growth resistance in sintered steel is not the
result of such a transition, we desired to obtain a
reference resistance curve that is essentially indepen-
dent of geometry and size effects and is therefore a
material property. Although for wrought or cast
metallic materials the thickness requirement given by
Equation 1 would need to be satisfied, we believe
in common with many investigators [3, 5] that this
requirement can be relaxed for sintered steels because
the constraint on plastic fiow is governed by the shape
of the necks between the sintered particles rather than
the thickness of the specimen. However, to obtain
a reference crack growth resistance curve that is
independent of geometry it is important that the
plastic zone size is small compared with the dimen-
sions of the specimen. The requirement of the plane
strain fracture toughness test ensures that the crack
and remaining ligament lengths are about fifty times the
radius of the plastic zone r,. With sintered steel the
plane stress relationship for the radius of the plastic

zone [17],

1 /KY KY
is more appropriate than the plane strain relationship
because the flow stress determined from a simple
tesion test is the flow stress that applies at the tip
of a crack. Hence, the crack length (@) and the liga-
ment length (W — a) should preferably both satisfy
the inequalities

a, (W — a) > 50r, 4.

However, we shall see that in practice it is difficult to
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Figure 3 General dimesions of the disc-
shaped compact tension specimen DC(T).
A is the machine notch tip.

satisfy the above inequality. The size requirement of
the crack growth resistance standard [16] is less restric-
tive than Equation 4 and only requires that

K

o

4 2
a, (W — a) > —(——) (%)
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With high-strength wrought or cast metallic materials
it is necessary to have a very sharp crack tip or
the indicated value of K will be larger than the
true values. It has been argued by Fleck and Smith [3]
that crack initiation is determined by the radius of
curvature of the necks between sintered particles and
therefore sharp fatigue cracks are unnecessary. This
argument is supported by the experiments of Barnby
et al. [2] who showed that no difference could be
detected between the fracture toughness measured
using fatigue cracks and machined notches with a root
radius of 0.Imm. Fatigue cracks are difficult to grow
at the low stress intensity ranges required by the
standards [2] and greatly increase the cost of the
specimens; it is desirable to use machined notches if
these give valid results. Hence we believe that the
maximum permissible machined root radius should be
determined.

It is difficult to detect crack growth on the surface
of a sintered steel specimen and we believe that the
compliance method of measuring crack growth as
outlined in the standard [16] is to be preferred. In this
method the compliance of the specimen is measured
by partially unloading the specimen after every crack
growth increment (Fig. 4). The compliances given by
Newman [18] for the DC(T) specimen can then be
used to measure the crack growth. In addition the
effective crack length, that is the physical crack length
plus the radius of the plastic zone, is obtained from the
total compliance of the specimen V/P where V is the
total crack mouth opening and P the load.

The value of K is calculated from the applied
load and the effective crack length obtained from the
compliance measurements from the expression for the
stress intensity factor given by Newman [18].
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3. Experimental results

3.1. The material

The composition of the sintered steel used in these
tests is 0.82% carbon and 1.9% copper and is typical
of composition of sintered steel used for automobile
parts. The iron powder used was Mannesmann Demag
(Sweden) WPL200. Discs 114.5mm in diameter and
approximately 22 mm thick were compacted with a
pressure of 415 MPa. The specimens were sintered in
an endothermic gas with a dewpoint of 0° C for 40 min
in the temperature range 1079 to 1123°C. After sin-
tering the average density of the specimens was

6700kgm .
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Figure 4 Schematic load~displacement curve for DC(T) specimen:
(a) total compliance, effective crack length; (b) unloading com-
pliance, physical crack length.
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TABLE 1 Mechanical properties of sintered steel

Density Porosity E 0.2% proof stress Ultimate strength Elongation
(kgm?) (%) (GPa) (MPa) (MPa) (%)
6700 15.2 55.8 300 371 1.17

Tensile specimens were machined from the broken
halves of the DC(T) specimens and the average results
of the tension tests are given in Table 1. The stress—
strain curves were not linear in the elastic range
and it was difficult to estimate Young’s modulus.
Consequently Young’s modulus was inferred from the
compliance measurements of the DC(T) specimens,
and these inferred values are included in Table I.

3.2. Compliance measurements

The compliance of a DC(T) specimen of diameter
114.5mm was compared with the theoretical values
given by Newman [18] for a range of notch lengths
(a/W = 0.2 to 0.8) machined with a 0.15mm blade.
Absolute comparison of the compliances was impos-
sible because the Young’s modulus of the sintered
steel could not be measured accurately from the
tension tests. Therefore the procedure adopted was to
determine the effective Young’s modulus by assuming
that the compliance was accurately predicted by the
theoretical solution for the shortest notch (a/W =
0.2) and then using this value to calculate the par-
ameter EBV/P for the other notch lengths. The results
of this comparison are shown in Fig. 5.

Further confirmation of the accuracy of the com-
pliance method was obtained from measurement
of the compliance of the crack growth resistance
curve specimens after fatigue cracks had been intro-
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Figure 5 Theoretical and (O, ®) experimental compliance curves for
DC(T) specimen.
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duced. The extent of the fatigue crack growth could be
measured directly after the specimens were fractured.
The discrepancy between the estimates of fatigue
crack growth from compliance measurements and
physical measurement was not more than 0.05mm.

3.3. Crack growth resistance curves

So far only one size of DC(T) specimen (114.5mm in
diameter) and approximately 22 mm thick has been
tested. The starting notch was of three types; (a) a
machined notch of 60° included angle cut with a
milling cutter, producing a tip radius of approximately
0.2mm; (b) a 0.3mm wide slot cut by electric dis-
charge machining; and (¢) a machined notch with a
fatigue crack extension. To promote early fatigue
crack initiation the specimens were preloaded in
compression to the maximum stress intensity factor
Kiax used to produce the fatigue crack. The stress
intensity factor range AK; was set at 90% of Kj.,.
The specimens were fatigued in an electromagnetic
resonance machine where the mean stress was applied
mechanically through a screw. Since this screw was
not adjusted during fatigue, the mean load decreased
as the fatigue crack grew and the specimen became
more compliant. This drop in mean load was used to
determine the number of cycles for crack initiation.
The maximum stress intensity factors at the beginning
and end of the fatigue cycling are given in Table II.
The first fatigue crack was formed with a maximum
fatigue stress intensity factor of 14.4 MPam'”?, which
is less than 60% of K,. However, subsequently we
discovered that the actual value of the fracture initia-
tion toughness K, was actually less than 14.4 MPam'”?
and that the crack growth resistance curve from this
specimen was significantly higher than that obtained
for the other two specimens with notches sharpened
by fatigue at a K, of 6.1 MPam'” or less.

The crack growth resitance curves for the three
notch types shown in Fig. 6 were calculated from
the load-displacement curves by using the total com-
pliance to calculate the effective crack length and the
compliance on unloading to calculate the physical
crack growth. Table II lists the crack growth resis-
tance K; at initiation obtained by extrapolation to zero
crack extension, the plateau value of the crack growth
resistance K, and also K, obtained for a 5% secant
line as described in the plane strain fracture toughness
standard [16].

4. Discussion of results

It is seen from Fig. 5 that the physical crack growth
can be accurately predicted from compliance measure-
ments if an effective elastic modulus is used. The
correction to the physical crack size to account for
plastic deformation r, obtained from compliance
measurements is plotted against (K /a,)* in Fig. 7. As
expected the relationship is approximately linear (the
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Figure 6 Crack growth resistance curve for sintered steel. (O, ®) Wire-cutting specimens, r = 0.15mm; (4, v) fatigue precracking specimens,

(*) overloaded: (x, O) machine-notched specimens, r = 0.2mm.

correlation coefficient is 0.92) with a slope of 0.086.
This value is nearly half (0.54) that predicted by
Equation 3 on the assumption that the plastic flow
constraint in the DC(T) specimen is the same in a plain
tension test, but it is more than one and a half times
the size of the plane strain correction factor

1 (K
- ale)

Hence the notch in a DC(T) specimen does provide
some constraint against plastic flow.

The crack growth resistance curves for the two
fatigue crack sharpened notches that used the lower
Koy (Specimens 12 and 19) and the electric discharge
machined notches of radius 0.15 mm (Specimens 9 and
10) are essentially the same. However, the crack
growth resistance curves for the higher fatigue load
(Specimen 3) and those specimens with conventionally
machined notches of radius 0.2 mm (Cpecimens 14 and
30) are significantly higher. The value of K, obtained
by the method outlined in the plane strain fracture
toughness standard [16] is significantly higher than
K, obtained by extrapolating from the crack growth
resistance curves. The values of Ky would not be valid
K, values according to the standard because the
inequality F,,/P, < 1.1is not satisfied. However, P, /P,
is in the same range as observed in toughness tests by
other workers [2-5] so one must assume that the initia-

TABLE 11 Crack growth resistance data

tion value K; is lower and the plateau value K, of the
crack growth resistance curve is higher than the
values of the plane strain fracture toughness quoted
by these workers.

If we use the experimentally determined relation-
ship for 7, then the minimum crack (a) and ligament
(W/a) lengths according to Equation 4 are about
58 mm, so that the specimen size is marginally too
small to satisfy this inequality. However, the mini-
mum crack (a) and ligament lengths (W — a) accord-
ing to Equation $ are only 17.3 mm. Hence it is likely
that the reference crack growth resistance curve
is reasonably accurate. The effect of varying the
specimen size will be determined in future work.

5. Conclusions

Because sintered metals show a significant increase in
toughness with crack extension it is inappropriate to
attempt to characterize the fracture behaviour with a
single parameter. If K, is measured by the plane strain
facture toughness method, it is larger than K; and less
than K . Only a full crack growth resistance curve wili
enable the full fracture behaviour of a sintered com-
ponent to be predicted.

Sharp machined notches can be used instead of
fatigue cracks. Indeed, from the present tests they are
to be preferred because of the danger of artificially
increasing Ky if the fatigue load is too large. The

Specimen Notch radius Ky (MPam'?) Py /Py K, K K,
- 12 12 112

No. (mm) Initial Final (MPam'”*) (MPam'?) (MPam'“)
3 - 14.2 14.4 1.12 27.9 19.0 39.0
9 0.15 - - 1.26 23.5 11.5 35.6

10 0.15 - 1.27 22.8 8.8 36.3

12 - 5.9 6.1 1.32 21.9 10.3 37.6

14 0.21 - - 1.13 26.5 15.2 37.3

19 - 5.2 5.3 1.23 23.3 10.3 34.7

30 0.20 - - 1.12 28.1 15.2 39.3
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Figure 7 Plasticity correction-factor r, as a

function of (Kg/o,)*: (®) experimental,

. ( )r, = 0.086 (Ky/o,)> — 0.01 (cor-
relation coefficient 0.92).

(Kx/T, ) tom)

maximum notch root radius that will give a valid K
curve has not yet been determined, but the value of
0.1 mm already quoted by Barnby ez al. [2] does not
seem unconservative from the present tests. More
attention will be paid to this important topic in future
work.
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