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Microstructure and Mechanical Reliability of Powder
Metallurgy (P/M) Ferrous Alloys

G. Straffelini and A. Molinari

Because of their macroscopic brittle behavior, porous powder metallurgy (P/M) ferrous alloys are often
not considered for structural applications. A statistical approach based on the evaluation and interpreta-
tion of the Weibull modulus was thus proposed to evaluate correctly and objectively the intrinsic struc-
tural reliability of these materials. In spite of their porosity, P/M ferrous alloys are as reliable as
conventional wrought steels, provided that they are correctly produced and, if necessary, heat treated. In
addition, the influence of density and the application of the method to the process optimization and con-
trol was highlighted. In all cases, the mechanical reliability of the materials was interpreted metallurgi-

cally.
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1. Introduction

DEPENDING on their deformation and fracture behavior, engi-
neering materials are classified as ductile, semiductile, or brit-
tle. This has a noticeable consequence in designing, especially
in the selection of a suitable safety factor. The selected safety
factor is usually lower for ductile materials than for brittle ones
(Ref 1). Material ductility is often judged by elongation at frac-
ture, and empirical relations link the elongation at fracture to a
suitable safety factor (Ref 2).

From a design viewpoint, the safety factor determination
encompasses possible higher stresses than the nominal stresses
and possible lower material strength than the believed strength.
Hence, it has a sound statistical nature and depends on both the
characteristics of the loading system and the material (Ref 3).
The microstructure and production routes are important mate-
rial characteristics. For example, the noticeable strength vari-
ability of brittle ceramics, which often makes them unreliable
for structural applications, is connected to their microstructural
flaws. The characteristics of these flaws strongly depend on the
processing routes (Ref 4).

In general, material strength distribution is well represented
by the Weibull distribution (Ref 5). In its two-parametric form,
itis:

m
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where P(s) is the probability of failure, s is the strength, s, is a
scale constant, V is the material volume, and m is the Weibull
modulus, a material property representative of the distribution
shape. In a simplified approach, consider a uniaxial state of
stress and, with reference to the maximum applied load, the re-
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liability of a mechanical part, R(s), that s, its probability of sur-
vival if submitied to a stress s, is given by (Ref 6):

R(s)= 1 - P(s) Irsm]I
s)=1—-P(s)=exp||—
pL(SOJJ

These bases provide a statistical expression for the safety
factor n (Ref 6, 7):

(1 - 1/m)
n=————
(In 1/R)V/m

where I is the gamma function. This equation shows that, fora
required reliability, R (which essentially depends on the type of
application), the safety factor depends on the Weibull modulus
only. Moreover, if the m-value is increased, the safety factor de-
creases. In particular, the safety factor approaches 1 when m is
greater than 20 (Ref 6, 7). The value of 20 for the Weibull
modulus is often taken as a lower limit for a material in order to
have a sufficient intrinsic mechanical reliability (Ref 4, 8). In
comparison, soda lime glass has a typical Weibull modutus of 6
(Ref 4). Sintered alumina has a modulus of 12 (Ref 4). Grey
cast iron has a modulus of 18. Nodular cast iron has a modulus
of 25 (Ref 9). Ductile metals typically have m-values between
30 and 100 (Ref 10).

Powder metallurgy produces low-cost, high-precision com-
ponents with a wide range of mechanical properties depending
on their density and microstructure. Therefore, P/M is suitable
for producing mechanical components based on carbon or al-
loyed steels. However, because of porosity, these materials
have a macroscopic deformation and a fracture behavior that is
between semiductile and brittle (Ref 11). In particular, they are
characterized by very low values of elongation at fracture (even
lower than 1% in heat treated alloys, Ref 12) and of impact en-
ergy. Consequently, they are often disregarded when structural
applications are chosen.

Nevertheless, the micromechanisms of fracture of P/M porous
steels are typically ductile, and these materials have collaboration
factors higher than unity (Ref 13). Previous investigations (Ref
14-19) proposed evaluating the intrinsic mechanical reliability
of these materials by Weibull statistics; i.e., by evaluating

Volume 5(1) February 1996—27



their Weibull moduli so that the evaluationis directand objec-
tive. Thispaperreviewssomeofthoseinvestigationresultsand
obtains othersinorderto demonstrate the metallurgical mean-
ing of the Weibull modulus and the suitability of the approach
inP/Mprocessoptimizationandcontrol.

2. Evaluation of the Weibull Modulus for P/M
Alloys

The Weibull modulus for each material was determined with
respect to the transverse rupture strength (TRS) distributions
relevant to specimens ruptured by three-point bending tests
(ISO 3995).

The specimens were 12 mm wide and 6 mm high, whereas
the distance between the support points was 25 mm. The TRS
was determined with the standard Navier equation. This type of
testing was chosen because its simplicity minimizes experi-
mental variations and, in addition, because it allows direct
comparison with the literature data.

To ensure a significant statistical analysis, 40 specimens
were used for each material type (Ref 20). Tabulated exact me-
dian ranks were used to compute the probability of failure, P
(Ref 21). The Weibull modulus, m, was then determined by

Table1l Alloy compeositions and sintering parameters

plotting In{In[1/1 ~ P)]} against InNTRS: the slope of the curve
m was determined by the least square method.

Typical of industrial mass production, many materials
were included in the experiment. Materials had different
chemical compositions and microstructures: ferrite (Ref
19), austenite (Ref 14), ferrite-pearlite (Ref 16), virgin as
well as stress-relieved martensite (Ref 17, 18), and the hetero-
geneous microstructure of the high-strength steel Fe-1.75%Ni-
1.5%Cu-0.5%Mo0-0.5%C made from partially prealloyed
powders (DistaloyAE powders, made by HoeganaesAB, Swe-
den) (Ref 15). Density was varied within a narrow range (6.6 to
7.0 g/cm3) to limit the study to those process conditions which
combine reduced production costs (single press; single sinter-
ing; medium-high sintering temperature) and good mechanical
properties. As a review of the results, only the materials listed
in Table 1 (where chemical compositions and production
schedules are reported) are considered here. Table 2 shows the
main tensile properties, TRS values, and Weibull modulus of
the same materials. Tensile tests for this investigation used a
material testing system (MTS) testing machine with a
crosshead speed of 0.5 mm/min and an extensometer with a
gauge length of 25 mm, in accordance with ISO 2740. The
total area under the load-deflection curves (the tensile frac-
ture energy, TFE) was also calculated and included in Table
2, in order to evaluate the material toughness.

Material Material Density, Sintering parameters(b)
No. description(a) glem? Ty °C Lgine Min Ref
1 Fe 6.6 1100 14 19
2 Fe 7.0 1100 14 19
3 Fe-0.3%C 6.6 1100 14 Present work
4 Fe-0.3%C 7.0 1100 14 Present work
5 Fe-0.25C-0.6P 6.8 1150 15 16
6 AISI316L + 4%Cu 6.8 1180 30 14
7 DAE + 0.4%C 6.8 1150 20 17
8 DAE + 0.4%CAQ 6.8 1150 20 17
9 DAE + 0.4%CAQ + SR 6.8 1150 20 18
10 DAE + 0.4%C 7.0 1150 20 19

(a) The chemical composition of DAE is: Fe-4%Ni-1.5%Cu-0.5%Mo. AQ, as-quenched: austenitizing at 860 °C for 20 min and oil quenching at 65 °C; SR,
stress relieved at 180 °C. (b) The atmosphere of sintering was endogas for the carbon-containing materials and 25%N,-75%H, for material No. 6.

Table2 Results of tensile and three-point bending tests

Cy0.15 OUTS, TFE, TRS,

Material MPa MPa A% J MPa m
1 110 150 4 42 378 36
2 150 220 6.3 6.7 506 41
3 148 210 42 5.6 417 39
4 180 290 6.4 9.7 497 45
5 330 423 5 12.8 800 55
6 256 320 32 4 820 40
7 340 540 2 8.2 1260 49
8 ND 860 <l ND 1200 19
9 ND 980 <1 36 1400 31

10 430 700 2.5 13.2 1394 40

Gy0.1 Oyts, and A% are the 0.1% offset tensile yield strength, the ultimate tensile strength, and the tensile elongation at fracture, respectively. TFE indicates

the tensile fracture energy (ND, not determined).
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The m-values in Table 2 show the good reliability of sintered
ferrous alloys. The Weibull modulus ranges between 19 and 55;
the lower value was determined for an as-quenched (not stress
relieved) Fe-C alloy. In all other microstructural situations ex-
perimented, Weibull moduli higher than the above-mentioned
threshold were determined. Consequently, porous sintered al-
loys, in general, have a mechanical reliability comparable to
that of wrought steels. Porosity, while reducing mechanical
properties, does not reduce the suitability of these materials for
structural applications.

3. Interpretation of the Weibull Modulus on a
Metallurgical Basis

The m-values can be interpreted on a metallurgical basis by
considering the specificity of the mechanical behavior of these
materials, which is derived from two main factors: (a) the pres-
ence of pores, with different morphological features; and (b)
the use of particular types of powders and alloying elements,
which often causes the formation, after sintering, of a complex
and heterogeneous microstructure without any reference in the
ingot metallurgy.

For example, this approach was accomplished with some
Fe-C-P alloys, exploiting the possibility of obtaining different
amounts of ferrite and pearlite with different contents of alloy-
ing elements by varying both the phosphorus and carbon in the
chemical composition.

In Tables 1 and 2, only one alloy is reported (material No. 5).
In the specific investigations (Ref 16, 22, 23), nine different al-
loys were produced with between 0.25 and 0.7 wt% C and be-
tween 0.45 and 0.8 wt% P. Both tensile and three-point bend
tests were performed, and the fracture surfaces of the tested
specimens were observed in a scanning electron microscope
(SEM) to investigate the fracture mechanisms. The material
microstructure was analyzed by the usual metallographic tech-
niques, and the element distribution was highlighted by secon-
dary ion mass spectroscopy. As a result of this investigation, a
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sequential correlation was determined among the chemical
composition, microstructure, mechanical characteristics of the
different microstructural constituents, the prevailing fracture
mechanism, and the Weibull modulus. This correlation pro-
vides an interpretation of reliability on a metallurgical basis.

For example, at constant P content, m decreases as the car-
bon content increases (Fig. 1a). This results from the increase
in pearlite content in the microstructure, which induces a pre-
vailing cleavage fracture. Since cleavage fracture is promoted
by the presence of pores (Ref 24), the different pore morpholo-
gies induce a scatter in the loads required to have fracture; as
a consequence, the scatter of the mechanical test results is
higher in the high carbon materials. On the other hand, for
the low carbon alloys, plastic deformation in the ferrite re-
duces the effect of the great variability of the geometrical
pore characteristics; thus, the statistical nature of the frac-
ture process is reduced.

The variation of m with an increasing P content at constant
C (Fig. 1b) presents a maximum for the intermediate value. In-
deed, increasing the P content induced a monothonic increase
in ferrite fraction and an increase in the activation of the sinter-
ing process with a corresponding increase in the pore round-
ness. The latter effect homogenizes the morphological pore
characteristics and reduces the strain localization at the pore
edges thus improving ductility. On the other hand, the influence
of the increased ferrite content must be evaluated on the basis
of the ferrite chemical characteristics. In fact, ferrite is present
in two different forms: low-alloyed ferrite and P-enriched fer-
rite. Whereas low-alloyed ferrite gives rise to ductile fracture,
P-enriched ferrite, which is strongly solution-hardened, fails
by cleavage. By increasing the P content in the material, P fer-
rite prevails on the other, and fracture surfaces present an in-
creasing fraction of cleavage areas. Consequently, the positive
effect of sintering activation increases reliability up to a certain
amount of phosphorus, above which microstructural embrittle-
ment prevails.

In a previous investigation (Ref 16), a good correlation was
found between the Weibull modulus for the Fe-C-P alloys and
their elongation at fracture. This correlation is connected to the
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Fig.1 Dependence of the Weibull modulus on (a) the C content for given P contents and (b) on the P content for a given C content (from

Ref 16)
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fact that the Weibull modulus usually increases when the mate-
rial toughness is increased (Ref 25). (In the case of truly brittle
materials, this is not always true according to Ref 26.) Within
the same class of materials, the elongation at fracture can be
roughly proportional to the material toughness. However, the
correlation between the Weibull modulus and the elongation at
fracture is different for the materials based on pure iron pow-
ders and for the Distaloy-type materials (Ref 17).

Figure 2 shows the experimental correlation between the
Weibull modulus and the elongation at fracture for iron and the
Fe-C alloys (materials No. 1 to 4) and for the Distaloy-type ma-
terials (materials No. 7 to 10). The figures further confirm that
the Weibull modulus and elongation at fracture relationship ex-
ists only within a particular material class. The difference lies
in the different stress-strain behavior of the two material
classes, clearly highlighted by the tensile stress-strain curves in
Fig. 3 relevant to material No. 2 (iron-based) and No. 10 (Dis-
taloy-type). In particular, material No. 2 presents a stress-strain
behavior characterized by the presence of a distinct yield point
(and the same yields for materials No. 1 to 4). Material No. 10
shows a continuous yielding behavior (Ref 27) (like materials

Fig.2 Weibull modulus and elongation at fracture relationship
for selected materials

modulus

Weibull

. B S S . 1
0 1 2 3 4 5 6 7 8
tensile elongation at fracture, %

Fig.3 Tensile engineering stress and strain curves for materi-
als No. 2 and 10
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No. 7 to 10), which is due to the heterogeneous microstructure,
characterized by the coexistence of hard (pearlite, bainite,
martensite) and soft (ferrite) phases (Ref 28). See Fig. 4. Each
material class is then characterized by a different deformation
behavior: high flow stresses and low deformations for the Dis-
taloy-type materials, low flow stresses and high deformations
for the iron-based materials. This explains the existence of dif-
ferent correlations between the Weibull modulus and the elon-
gation at fracture.

A more general correlation is expected between the Weibull
modulus and the tensile fracture energy, which is an integral
value representative of the toughness of the materials. Figure 5
shows that all considered materials fall into an acceptable nar-
row scatter band with the sole exception of material No. 10. The
anomalous behavior of material No. 10 is discussed here in the
context of the analysis of the density influence on the mechani-
cal reliability of P/M steels.

Another example concerning the need to consider the speci-
ficity of P/M materials in the study of their mechanical reliabil-
ity is given by correlating m to density. In this case, both the
pore morphology and matrix microstructure have to be prop-
erly considered.

Density is the most important parameter in P/M materials
because of its positive effect on mechanical properties. For this
reason, its influence on mechanical reliability was studied with
reference to pure iron, Fe-0.3%C, and a Distaloy-based alloy
with 0.5% C; that is, materials No. 1, 2, 3, 4, 7, and 10 in Tables
1 and 2. Figure 6 shows the Weibull moduli as a function of
density. An opposite trend is apparent. Whereas m increases
with density for pure iron and the iron carbon alloy, it decreases
for the Distaloy-based material. In any case, high Weibull
moduli were obtained.

The results here were also interpreted on a metallurgical ba-
sis by studying the fracture mechanisms. Pure iron presents
ductile fracture at both density levels with an increase in the to-
tal fracture surface area with density (Ref 19). The same type of
fracture is observed in the iron carbon alloy; see Fig. 7. In con-
trast, the Distaloy-based material presents a mixed type of frac-
ture (dimpled areas and cleavages), and the fraction of
cleavages increases as density is increased (Ref 19). See Fig. 8.
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Fig.4 Microstructure of material No. 7 showing the ferrite,
pearlite, martensite, and upper bainite areas (3% nital etching)
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This increased fraction of brittle areas is clearly responsible for
the decrease in m, as schematized in Fig. 6.

These experimental findings are discussed in terms of the
increased propagation of plastic deformation away from the
neck area as density is increased. At low density, fracture is
mainly localized at the necks; at high density, plastic defor-
mation and fracture occur also in the bulk of the original
powder grains. This evolution has different effects on the
two types of materials because of their different micro-
structures. Iron is homogeneously ferritic, and Fe-0.3%C is
constituted by ferrite and pearlite. The fracture is, in any
case, ductile, and the increase in density increases the vol-

ume of material that undergoes plastic deformation before -

fracture. This has positive effects on toughness and reliability.
In contrast, the deformation and fracture processes mainly oc-
cur in different microstructural constituents in the Distaloy-
based material, depending on density. They are the ductile
Fe-Ni phase (close to the neck zone) at low density and the less
ductile pearlite or bainite (which constitute the bulk of the
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Fig.5 Weibull modulus and tensile fracture energy relation-
ship for the materials under study
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Fig.7 SEM micrograph of the three-point bend fracture sur-
face of material No. 3
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grains) at high density. Consequently, the increase in density
increases mechanical strength but, at the same time, reduces re-
liability (Ref 19).

This method also explains the anomalous behavior of mate-
rial No. 10 in Fig. 5, which has a lower Weibull modulus than
that predicted by the tensile fracture energy (TFE). In the case
of the Distaloy-type material, an increase in density increases
TFE and reduces reliability. This is due to the different phe-
nomena on which TFE and reliability are based. TFE is based
on the plastic deformation preceding the onset of fracture. Re-
liability is based on the final fracture mechanism. The increase
in density increases the amount of plastic deformation before
fracture but, at the same time, induces the fracture process to in-
volve less ductile constituents and then promotes cleavage
fracture. Therefore, the results of mechanical tests are charac-
terized by higher strength and elongation values and higher
scatter.

The other materials fall into the same scatter band of Fig. 5
because, irrespective of density, they are all characterized es-
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Fig.6 Weibull modulus and density relationship for materials
No.1,2,3,4,7,and 10

Fig. 8 SEM micrograph of the three-point bend fracture sur-
face of material No. 7
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sentially by the same deformation and fracture mechanism,
which is ductile in nature although the flow behavior some-

times differs.

4. Application to Process Optimization and
Control

The possibility of employing the Weibull approach for proc-
ess optimization and control is investigated here. First, the op-
timization of the stress-relieving treatment for a carbon steel is
considered.

Because of the effect of porosity on the mechanical proper-
ties of porous steels, the positive effect of stress-relieving treat-
ment cannot be highlighted by the usual hardness, tensile, or
impact tests, in particular for medium-high carbon steels. For
example, Table 2 shows that elongation at fracture is negligible
for materials No. 8 and 9, which differ only for the stress-reliev-
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Fig.9 Weibull modulus and stress-relieving temperature rela-
tionship for material No. 8
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Fig. 10 Resuits of three-point bend test (TRS) for material Fe-
1%C (density = 7.0 g/cm3) presented as Weibull plot
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ing treatment. Similarly, the other above-mentioned mechani-
cal parameters do not significantly change after stress reliev-
ing. Indeed, Table 2 shows a great and significant increase in m
after treatment at 180 °C for 2 h. The Weibull analysis is then an
objective demonstration of the necessity to stress relieve the as-
quenched microstructure for sintered steels as well. This result
constituted the basis for an extension of the experimentation
aimed at the definition of the stress-relieving temperature (Ref
18). For this objective, the usual mechanical tests are not suit-
able; no significant variations in tensile strength, elongation,
and impact energy are observed in the temperature range of 150
to 240 °C. As before, the Weibull modulus clearly indicates the
influence of temperature, showing a transition from poor reli-
ability to good reliability (Fig. 9). For the studied material,
stress relieving must then be carried out at about 180 °C. Using
the same approach, the correct treatment temperature was de-
fined for other materials in air and oil.

Finally, another interesting application of the Weibull ap-
proach concerns the study of the mechanical reliability of an
Fe-C steel with high (1 wt%) carbon content and a density of
7.0 g/cm3, characterized by fairly typical tensile values (0,01=
215MPa, A% =2, TFE = 5.5 J). From the data of Fig. 5, a value
of 38 for the Weibull modulus was expected. However, the ex-
perimental Weibuil modulus was dramatically lower, m = 23.
The analysis of the strength distribution shows that this mate-
rial is really characterized by a bimodal distribution. This, in
turn, gives rise to a In(In 1/R) versus InTRS curve (Fig. 10)
characterized by two different slopes. It is thus possible to asso-
ciate two distinct values of the Weibull modulus with the two
distributions: m, = 20 and m, = 45.

The fractographic analysis of the tested specimens clearly
indicates the microstructural reason for the anomalous me-
chanical behavior. Some graphite particles are observed on the
fracture surface, resulting from an incomplete dissolution proc-
ess during sintering. (In the usual technological process, graph-
ite is blended with iron powder as a carbon carrier, and carbon
diffusion into the iron lattice occurs during sintering.) The frac-
tograph of Fig. 11 shows the occurrence of a crack adjacent to a
graphite particle. A careful characterization of all the tested
specimens showed that all the specimens with low strength val-
ues presented such anomalies, whereas the specimens with

Fig. I1  Fracture surface of material Fe-1%C showing a crack
adjacent to a graphite particle
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higher strength values did not show the graphite cracks. Hence,
the production process has to be adjusted in order to avoid such
free graphite particles, which compromise the mechanical be-
havior of the material; that is, reduce its strength and increase
its strength variability.

The Weibull analysis is a powerful method not only for the
optimization of a material, but also for quality control. To sup-
port this suggestion, a Weibull analysis was carried out on real
components too. For example, results obtained from radial
crushing tests on bearings were comparable to those obtained
from three-point bend tests on the same type of material sin-
tered in the same batch. Thus, when geometric complexity does
not introduce excessive density heterogeneities and a new
source of strength scatter, it is not necessary to produce specific
specimens for the evaluation of the Weibull modulus.

5. Conclusions

The main results of a five-year experimentation carried out
on the mechanical reliability of porous P/M ferrous materials
are given. Results include:

e In spite of porosity, sintered alloys, if correctly produced
and heat treated, can have mechanical reliability compara-
ble to that of conventional structural materials. For the se-
lection of a suitable safety factor, they should not be
considered as brittle.

e The Weibull modulus, which is the parameter repre-
sentative of mechanical reliability, is correlated with the
microstructural characteristics of the materials. Therefore,
it can be interpreted on a metallurgical basis.

e  The influence of density on mechanical reliability depends
on the microstructural features of the different materials
and requires a specific investigation for each material class.

e The Weibull approach proved to be a powerful tool for
process optimization and control.
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