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FAILURE IN Fe-Ni-Cu-Mo SINTERED
STEEL UNDER STATIC TENSILE LOADING

EVA DUDROVÁ1*, MARGITA KABÁTOVÁ1, MIRIAM KUPKOVÁ1

Microscopic crack initiation and crack propagation processes have been studied in
a sintered Fe-Ni-Cu-Mo alloyed steel during static tensile testing. As-sintered and heat-
treated specimens with density of ∼ 7.15 g ·cm−3 were pressed from Fe-4%Ni-1.5%Cu-
0.5%Mo diffusion alloyed powder (Distaloy AE) with addition of 0.7 % graphite. The
microstructure of both as-sintered and heat-treated materials was characterised. Static
tensile tests were carried out on the specimens with polished and etched surface under
a gradually increased loading. The microcrack initiation and propagation processes in
as-sintered and heat-treated microstructure were analysed by light and scanning electron
microscopy. The observations showed that failure mechanisms are strongly dependent on
matrix microstructure and pores localisation.

K e y w o r d s: failure, Fe-Ni-Cu-Mo sintered steel, microstucture, tensile testing, micro-
crack initiation and propagation

PORUŠOVANIE SPEKANEJ OCELE Fe-Ni-Cu-Mo
PRI STATICKOM ŤAHOVOM NAMÁHANÍ

V práci sme študovali mikroskopické procesy iniciácie a šírenia trhlín v spekanej Fe-
-Ni-Cu-Mo oceli pri statickej ťahovej skúške. Spekané a tepelne spracované vzorky hustoty
∼ 7, 15 g ·cm−3 sme vylisovali z difúzne legovaného prášku Fe-4%Ni-1,5Cu-0,5%Mo (Dis-
taloy AE) s prídavkom 0,7 % grafitu. Charakterizovali sme mikroštruktúru v spekanom a
v tepelne spracovanom stave. Vzorky s vylešteným a leptaným povrchom sme podrobili
statickej ťahovej skúške pri postupnom zvyšovaní zaťaženia. Iniciáciu a šírenie mikrotrhlín
v spekanej a v tepelne spracovanej mikroštruktúre sme analyzovali optickou a rastrova-
cou elektrónovou mikroskopiou. Výsledky pozorovaní ukázali, že mechanizmy porušovania
silne závisia od zloženia mikroštruktúry matrice a od distribúcie pórov.

1. Introduction

The processing technology of sintered steels cannot avoid the presence of spe-
cific microstructural discontinuities, such as pores, original particle surfaces, and
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interface boundaries. All of them influence microcrack evolution in sintered mi-
crostructure when mechanically loaded. Porosity, a specific feature in sintered
steels, appears as an interconnected and/or isolated microstructural component.
When the interconnected porosity is dominant (when the total porosity, PT, ex-
ceeds 10 %), particle connections act as the critical failure sites. Isolated pores (at
PT < 5–6 %) act as microstructural discontinuities with the stress-strain locali-
sation. The original particle surface areas can accelerate the cracking in porous
microstructure due to the presence of small pores and oxides. Depending on alloy-
ing mode and processing conditions, the matrix microstructure of sintered steels
exhibits homogeneous or heterogeneous character.

The effect of pores and matrix microstructure on mechanical properties of sin-
tered iron and steels has been extensively investigated and well-documented, e.g.
[1–16]. Special attention has to be paid to the stress-strain interactions of pores
and matrix microstructure, e.g. [4, 5, 8, 12, 13, 15, 16]. The analysis of the data
suggests, that the mechanical behaviour of porous microstructure under stress can-
not be fully described only by porosity. Depending on pore geometry and matrix
microstructure, the external load results either in the localised plastic flow or in
the early microcrack initiation [8, 13, 16, 17]. The failure mode of individual micro-
volumes is determined by the local stress-strain behaviour [9, 13, 15, 18]. Pompe
et al. [13] described the mechanical behaviour of a porous microstructure by the
local strain-hardening ratio, σy/σc, where σy is the local yield stress, and σc is
the local strength. In microvolumes with a strong strain-hardening capacity (when
σy/σc < 1), the extensive microplastic flow develops, while a low strain-hardening
capacity (σy/σc → 1) results in a strong localisation of microplastic strain. Straf-
felini et al. [18] quantified the failure evolution in sintered steels by calculating the
damage rate expressed as the variation of damage with the macroscopic plastic
strain. They described three stages of failure evolution as follows. The first stage is
characterised by a high damage rate (the plastic strain is highly localised around
the pores), the second stage is related to the plastic strain propagation into the
interior of particles, the third stage corresponds to the unstable final fracture.

Sintered materials based on Fe-Ni-Cu-Mo diffusion alloyed powders usually ex-
hibit an inhomogeneous matrix microstructure. It consists of ferrite, pearlite, bai-
nite, Ni-rich martensite, and austenite structures, all of them having their typical
localisation. The existence of free internal surfaces in sintered microstructure, such
as pores and/or particle connections, results in several specific failure mechanisms.
For static tensile loading, the following characteristic failure modes can be consid-
ered. In a highly porous and sufficiently plastic matrix, the basic failure mechanism
is the interparticle ductile fracture. Depending on the geometry of particle connec-
tions, the point, line or dimple ductile fracture facets are formed [11]. A distinct
case of interparticle failure is the separation along the original particle surfaces
without or with only minimal local plastic flow [7]. The presence of oxides along
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the grain boundaries in particle connections results in an interparticle intergran-
ular failure. Transparticle transgranular ductile failure of sintered microstructure
occurs only in the case of a low-porous and high-plastic matrix. When transgranu-
lar cleavage fracture develops in sintered steels it has a transparticle character. In
a highly porous microstructure it may transform into interparticle ductile failure
[8]. Pores can accelerate crack propagation by reducing the effective cross-section
and by their micronotch effect. However, pores blunting the crack tip can stop the
crack propagation [13].

In the present investigations, the microscopic crack initiation sites and crack
propagation behaviour were studied in Distaloy AE sintered and heat-treated spec-
imens subjected to gradually increased static tensile stresses.

2. Experimental material and procedure

Standard “dog-bone” specimens for tensile tests (ISO 2740 Standard) with the
density of ∼ 7.15 g ·cm−3 were produced from Fe-4wt.%Ni-1.5wt.%Cu-0.5wt.%Mo
diffusion alloyed powder (Distaloy AE, produced by Höganäs, Sweden [19]) with
addition of 0.7 wt. % of natural graphite and 0.8 wt. % HW wax as a lubricant.
Sintering was carried out at the temperature of 1120◦C for 60 minutes in cracked
ammonia with a dew point of −30◦C in industrial furnace (EBNER). Both heating
and cooling rates were∼ 10◦C/min. The mean carbon content in sintered specimens
was 0.64 %. Some of the sintered specimens were heat-treated as follows: austen-
itization at 860◦C (cracked ammonia) → oil quenching (60◦C) stress relieving at
160◦C/15 minutes.

The tensile tests were performed at room temperature on TIRATEST 2300
testing machine in accordance with the ISO 2740 standard at a cross-head speed of
0.2 mm/min and an extensometer with a gauge length of 25 mm. The preferential
crack initiation sites and crack propagation processes were observed using light
and scanning electron microscopy (Tesla BS 340 with EDS microanalyser Link
ISIS 300).

3. Results and discussion

The final microstructure of sintered Distaloy AE steel specimens depends on
the distribution of carbon and alloying elements and their diffusion transport in-
volved in the sintering process. The microstructure resulting from sintering at
1120◦C (Fig. 1) includes fine and coarse pearlite, bainite, martensite, and nickel-
-rich austenite structures. The microstructural regions originating from the interior
of the iron particles contain pearlite and, sometimes, a small amount of ferrite was
detected (∼5 % of the observed area). Pearlite and bainite areas are frequently sur-
rounded by Ni- and Cu-rich ferrite layers with dispersed cementite. The fraction
of pearlite and bainite is ∼ 60 % of the observed area. Martensite exists in the
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Fig. 1. Microstructure of the as-sintered
Distaloy AE+0.7C steel.

Fig. 2. Microstructure of the heat-treated
Distaloy AE+0.7C steel.

Ta b l e 1. Composition range and microhardness of microstructural constituents of as-
sintered Distaloy AE steel specimens

Microconstituents Composition range Microhardness

[wt. %] HV 0.01

Ferrite 100–140

Pearlite < 2.5 Ni; < 1.5 Cu 200–300

Bainite ∼ 3 Ni; < 2.5 Cu;< 1 Mo 300–360

Martensite 4–11 Ni; ∼ 3 Cu; ∼ 1 Mo 450–600

Austenite 13–30 Ni; 5–8 Cu; ∼ 1 Mo 150–200

regions through the nickel-rich austenite that is situated near the original particle
surfaces. The area fraction of martensite and austenite structures is ∼ 35 %. The
microstructural constituents characterised by the chemical composition range and
the microhardness HV 0.01 are listed in the Table 1. A step EDX microanalysis
indicated that the nickel content in austenite is from 15 to 30 %, in martensite it
drops to 4–11 %. Copper and molybdenum show similar quantitative distribution
as nickel does.

The microstructure of heat-treated Distaloy AE sintered specimens (Fig. 2)
consists of coarse martensite with the microhardness in the range of 550 to 880 HV
0.01 and by Ni-rich martensite and austenite regions (localised near pores) with the
microhardness ranging from 200 to 400 HV 0.01. The area fraction of the Ni-rich
martensite and austenite regions is about 30 %.
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Ta b l e 2. Mechanical properties of as-sintered and heat-treated Distaloy AE steel

State E Rp0.2 Rm A Hardness

[GPa] [MPa] [MPa] [%] HV 30

As-sintered 143 366 603 1.2 246

Heat-treated 148 578 760 0.4 346

The static tensile properties and hardness of as-sintered and heat treated spec-
imens are summarised in the Table 2. The true stress – true plastic strain curves for
both the as-sintered and the heat-treated materials in Fig. 3a and Fig. 7a show con-
tinuous yielding of tested materials under tensile loading. Such behaviour of tested
materials is connected with the heterogeneous microstress-strain distribution due
to the interaction effect of pores and microstructural constituents.

In order to identify the preferential microcrack initiation sites and cracks prop-
agation, the specimens with polished and etched surface were tested at gradually
increased tensile stress. The observations were concentrated on the area where the
specimen fracture was supposed to occur.

The chronology of the microcrack evolution under tensile loading of as-sintered
specimens can be described as follows. The first microscopically identified micro-
cracks appeared at a stress level of about 23 % of the material tensile strength.
Their initiation is mostly connected with existing pores situated in the martensite
regions (Fig. 3b). With increasing tensile stress a number of initiated microcracks
increases. The micrographs in Figs. 3c–e show some examples of microcrack evo-
lution at stress levels corresponding to ∼ 60 % (c), ∼ 80 % (d), ∼ 90 % (e) of the
specimen tensile strength. Microcrack propagation in martensite regions occurs
by mixed mechanisms involving intergranular failure, transgranular cleavage and
separation in structural discontinuities. However, the existence of a-priori trans-
formation microcracks cannot be excluded. The branching of propagating cracks
occurs frequently, while the original particle surfaces exhibit a linking effect in the
cracks propagation path. The propagating cracks mostly follow the pore distribu-
tion, but in some cases the pores may stop the crack. At a tensile stress higher than
∼ 80 % of the material strength, the majority of propagating cracks reaches the
martensite-bainite or pearlite interface boundaries. At this moment the crack either
stops (Fig. 4), or continues to propagate along the interface boundary (Fig. 5). The
increase of the tensile stress close to the material tensile strength results in mutual
microcracks joining, and several large cracks are formed. Some of them result in
the formation of a main crack (Fig. 6).

The microcracks initiation sites in the heat-treated specimens are linked to the
pores situated near the previous particle surfaces in the martensite regions. The
first microcracks were identified at tensile stresses of about 30 % of the heat-treated
material tensile strength. With increasing loading the microcracks are growing
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Fig. 3. True stress vs. true plastic strain
curve of the as-sintered Distaloy AE+0.7C
steel (a), the detail of the microcrack at the
stress of about 23 % of the material tensile
strength (b), microcrack evolution at stress
levels about ∼ 60 % (c), ∼ 80 % (d) and
∼ 90 % of the material tensile strength (e).



30 KOVOVÉ MATERIÁLY, 40, 2002, č. 1

Fig. 4. Microcrack stopping at the interface
boundary (as-sintered Distaloy AE+0.7C

steel).

Fig. 5. Microcrack propagation along the
interface boundary (as-sintered Distaloy

AE+0.7C steel).

Fig. 6. Joining of the microcracks results in
the formation of several large cracks and in

development of a main crack.

dominantly from pore to pore (Fig. 7b,
c). It can be assumed that their prop-
agation is also controlled by the origi-
nal particle surfaces. The microcracks
in the heat-treated specimens seems
to be shorter than those in the as-
-sintered specimens. The joining of in-
dividual microcracks occurs at tensile
stresses about 80–90 % of the ma-
terial tensile strength. The effect of
pores situated at the original parti-
cle surfaces on the crack propagation
is shown in Fig. 7d. Favourable dis-
tribution of high strength structural
constituents in the heat-treated speci-
mens results in the increase in the ten-
sile strength from 603 MPa in the as-
-sintered state to 760 MPa in the heat-

treated material. Failure strain decreased from 1.2 % to 0.4 %.
The deformation behaviour of both as-sintered and heat-treated specimens

is illustrated in Figs. 8a,b. The strain-hardening rate (dσtr/dεpl/tr) plotted as a
function of the true plastic strain, εpl, is characterised by a high initial strain-
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Fig. 7. The true stress vs. true plastic strain curve of the heat-treated Distaloy AE+0.7C
steel (a), microcracks growth in the heat treated microstructure from pore to pore (b)
and along the original particle surface (c), the effect of pores near the original particle
surfaces on the crack propagation in the heat-treated material (d).

-hardening rate. It is connected with the primary plastic deformation of the most
deformable regions (Ni-rich austenite). Note that in the heat-treated material, the
high initial strain hardening rate region corresponds to a lower plastic strain than
in the as-sintered material. During the further stress increase, the effect of the lo-
calised plastic flow is “absorbed” by the limiting effect of the surrounding hard
microstructural constituents. The state of a high local stress concentration leads
to the evolution of microcracks. Additional stress increase results in microcracks
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Fig. 8. The strain-hardening rate (dσtr/dεpl/tr) as a function of the true plastic strain εpl,
for the as-sintered (a), and heat-treated Distaloy AE+0.7C (b).

growth through gradual joining to final fracture of the tested specimen. The pre-
sented results are in agreement with the results for failure evolution in Distaloy
AE+0.5%C sintered specimens reported by Straffelini et al. [18].

4. Conclusions

Microcrack initiation and propagation processes in as-sintered and heat-
-treated Fe-Ni-Cu-Mo-C diffusion alloyed steel (Distaloy AE+0.7C) under tensile
loading have been studied.

The microcrack initiation sites are dominantly connected with the pores situ-
ated in the martensitic regions in both as-sintered and heat-treated specimens. In
the case of as-sintered microstructure, the microcrack propagation in martensitic
areas occurs by mixed mechanisms involving intergranular failure, transgranular
cleavage and separation on structural discontinuities. The branching and linking of
microcrack path are controlled by the distribution of microstructural constituents.
Increasing the tensile stress close to the material tensile strength results in a mu-
tual microcracks joining. Several large cracks are formed and some of them result
in the final fracture. In the heat-treated microstructure, the microcracks initiation
is also connected with the pores situated in the martensitic regions localised near
the original particle surfaces.

The tensile behaviour of both as-sintered and the heat-treated specimens is
characterised by a high initial strain-hardening rate, which is connected with the
plastic deformation development in the deformable microstructural regions during
the first stages of loading.
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The development of a microstructure with a higher resistance to the crack
propagation via heat treatment can improve the strength of the Fe-Ni-Cu-Mo al-
loyed sintered steels.
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