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Microstructural characterisation of nickel rich

areas and their influence on endurance limit

of sintered steel

F. Bernier*1, P. Plamondon2, J.-P. Baı̈lon2 and G. L’Espérance2

Nickel is an often used alloying element in powder metal steel to achieve high hardenability.

However, when nickel is added, the slow diffusion rate between iron and nickel leads to the

formation of nickel rich areas (NRAs). Two steel alloys were studied: a Fe–6?4Ni–0?7Mo–0?7C with

standard sized nickel powder additions and a Fe–2?4Ni–0?7Mo–0?7C with a finer sized nickel

powder. Microstructural characterisation of the parts revealed that sufficient hardenability was

achieved for both materials, but that NRAs were observed when standard sized nickel is used. X-

ray energy dispersive spectrometry and electron diffraction show that the NRAs are composed of

martensite and austenite under rapid cooling conditions. Three-point bending fatigue tests were

carried out on both alloys to evaluate the effect of these soft austenitic areas on the fatigue

properties of powder metal steel parts. The analysis of the endurance limit results shows that

NRAs are not a governing factor.

Keywords: Fine nickel, Steel, Austenite, Hardenability, Endurance limit

Introduction

In order for powder metal (PM) steels to replace wrought

steels in high performance applications, high dynamic

properties, particularly fatigue, must be reached while

maintaining cost competitiveness. One method to achieve

high performance PM steels at low cost is the use of sinter

hardening steel blends.1 These powder blends enable the

formation of martensite during the cooling stage of the

sintering process, thereby avoiding the need for heat

treatment and the problems of distortion and oil retention

associated with quenching.1–3 Nickel additions are widely

used in high performance PM steels applications, as Ni is

known to increase hardenability,4–8 and thus increase the

volume fraction of hard constituents such as martensite

and lower bainite. These harder constituents were shown

to be beneficial to achieve high tensile and fatigue

properties compared with softer phases like upper bainite

and pearlite.7–9 However, the addition of nickel powder

into PM steel leads to inhomogeneous microstructures

and the formation of nickel rich areas (NRAs).7–10 The

presence of NRAs is usually explained by the slow

diffusion of nickel into iron.7–9 However, a recent study

indicates that their presence is due to a slow solid state

diffusion of iron into nickel after a fast grain boundary

diffusion of nickel into iron.10 Phases present in the

NRAs can range from soft austenite and ferrite to hard
bainite and martensite depending mainly on the local

nickel content and cooling rate.8,10–15 Despite recent

interest in the effect of NRAs on mechanical properties,

there is still a lack of information on their exact nature.
The complex combination of martensite, austenite and

other microstructural constituents obtained under sinter

hardening conditions needs further understanding.

In the last decade, many studies investigated the impact

of those NRAs on themechanical properties of PM steels,

particularly fatigue.12–18 The NRAs are present predo-

minantly at the periphery of pores and at the border of
the steel powder particles.13,17,19 Since fatigue crack

initiation usually occurs at/or near pores in PM steels,

the presence of austenite in these regions could affect

fatigue performance.20–24 Indeed, an improvement in the

endurance limit was observed by Unami et al.25 for PM
steels and by Richman and Landgraf26 for high carbon

wrought steels for larger amounts of retained austenite.

They attributed this improvement to the high ductility of

austenite and to its strain induced martensitic transfor-
mation, which both consume energy that cannot be used

for the initiation of cracks. However, strain incompat-

ibility between the soft austenite and the hard martensite

can lead to crack initiation at interphase boundaries.27,28

In addition, Deng et al.29 conducted surface measure-
ments of the crack growth rate through different

microstructural constituents and showed that the crack

growth rate was more than an order of magnitude higher

in austenite than in bainite. The endurance limit of steels
is governed by the initiation of microcracks and

particularly by the propagation of microcracks into a

main crack.30Hence, further understanding of the impact
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of those NRAs on the endurance limit of PM steels is
needed.

The first part of this study was dedicated to examine
the impact of the amount and the size of nickel powder

additions on the microstructure. Optical microscopy in

combination with etching techniques were used to

quantify the different microstructural constituents
obtained under sinter hardening conditions. Two PM

steel mixes were studied. The first mix is Fe–2?4Ni–

0?75Mo–0?7C where fine sized nickel powder was
admixed to avoid the presence of NRAs while main-

taining high hardenability. The second mix is Fe–6?4Ni–

0?75Mo–0?7C, with standard sized nickel to achieve a
large amount of NRAs. The nickel content of the NRAs

was also characterised. Scanning electron microscopy

(SEM) with X-ray energy dispersive spectrometry (EDS)
were used to determine the overall composition of the

NRAs. The influence of the local nickel concentration

on the constituents formed was studied by transmission

electron microscopy (TEM) using high spatial resolution
X-ray EDS microanalysis in combination with electron

diffraction.

The second part of this study focused on the fatigue

properties of the two PM steel mixes. Special attention

was paid to the influence of the NRAs on the endurance
limit. Crack initiation was also investigated using SEM
on interrupted fatigue specimens.

Experimental

The PM alloys studied were prepared using a prealloyed
base powder (Domfer), containing nickel and molybde-
num; the composition of the steel powder is Fe–0?005C–
0?32O–0?028S–0?41Mn–0?74Mo–0?44Ni (wt-%). Two PM
blends were prepared by adding 6 wt-% of standard sized
nickel (d5057?5–8?5 mm; Vale Inco type 123) in one case
and 2 wt-% of fine nickel (d5051–2 mm; Vale Inco type
T110D) in the other case. Both blends were also admixed

a etched with nital; b etched with nital-picral

1 Optical micrograph of Fe–6?4Ni–0?7Mo–0?7C alloy

Table 1 Volume fraction of microstructural constituents

Alloy Martensite Austenite Bainite

Fe–2.4Ni–0.7Mo–0.7C 91 (0.5 8.5¡1.2

Fe–6.4Ni–0.7Mo–0.7C 89.2 5.9¡1.3 4.9¡1.0

a as polished (backscattered electron imaging in SEM); b etched with nital–picral (secondary electron imaging in SEM)

2 Nickel rich areas in Fe–6?4Ni–0?7Mo–0?7C alloy

3 Secondary electron SEM of NRA in Fe–6?4Ni–0?7Mo–

0?7C alloy and position of EDS analysis (as polished)

Bernier et al. Nickel rich areas and their influence on sintered steel
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with 0?85 wt-% graphite and 0?75 wt-% lubricant (zinc

stearate). Specimens were then prepared by double press

double sinter. Rectangular specimens (31?8612?76

6?4 mm) were initially pressed at 800 MPa and presin-

tered at 800uC for 30 min in nitrogen. They were then

pressed a second time to achieve a sintered density of

7?2 g cm23. The specimens were finally sintered at 1120uC

for 30 min in nitrogen and rapidly cooled using a nitrogen

gas stream to achieve a cooling rate between 1?5 and

2?5uC s21 in the temperature range from 550 to 350uC. All

specimens were tempered at 390uC for 1 h. This upper

range of tempering temperatures was used to regain a high

amount of ductility.8 Sintering and heat treatment were

carried out in a lab scale tubular type furnace.

Metallographic specimens were examined by optical

microscopy and SEM (JEOL-JSM 7600F) in the etched

condition to characterise the different phases present.

Microhardness (Buehler Micromet II) values were also

obtained to confirm the phase identification from the

metallographic observations. The volume fraction of the

microstructural constituents was quantified by optical

microscopy in the etched conditions with an automated

image analysis system (Clemex Vision PE). Quantitative

X-ray EDS analysis was performed in the SEM using

pure Fe, Ni and Mo as calibration standards at a beam

energy of 15 keV. Standard quantification techniques

were used.31 The ratios of the sample intensity and the

standard intensity, after continuum background was

substracted, were first obtained. Then a matrix correc-

tion for atomic number, absorption and fluorescence

(ZAF factor) was applied to quantify each element.

Electron diffraction in TEM (JEOL 2100F operated at

200 kV) was also used to determine the phases present in

the NRAs and their composition was quantified by

standardless EDS. The SEM was also used on inter-

rupted fatigue specimens for crack initiation analysis.

4 Energy dispersive spectrometry line profile in SEM of

NRA shown in Fig. 3

5 Image (TEM) of interface between austenite and mar-

tensite in Fe–6?4Ni–0?7Mo–0?7C alloy with correspond-

ing diffraction patterns and EDS spectra

Table 2 Quantitative X-ray EDS analysis in SEM for Fe–6?4Ni–0?7Mo–0?7C alloy*

Site Position/mm

Nickel Iron Molybdenum

Intensity ratio wt-% Intensity ratio wt-% Intensity ratio wt-%

S1 0 1.8 1.9 94.6 94.4 0.7 0.9

S2 14.0 8.6 9.1 87.1 86.3 0.7 0.9

S3 23.4 27.6 28.6 69.9 67.8 0.4 0.6

S4 30.6 38.5 39.7 60.1 57.4 0.3 0.4

S5 38.3 32.1 33.2 66.7 64.4 0.3 0.4
S6 45.3 18.9 19.6 78.6 77.0 0.5 0.7

S7 51.0 9.7 10.1 97.6 86.8 0.7 0.8

S8 58.4 4.6 4.8 91.7 91.3 0.7 0.9

S9 66.8 2.7 2.9 94.4 94.0 0.7 0.9

*See Fig. 3 for the detailed position of the EDS analysis.

Bernier et al. Nickel rich areas and their influence on sintered steel
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These specimens were carefully polished with a 0?05 mm

diamond suspension and then lightly etched.

Fatigue tests on the rectangular specimens were carried

out using a load control fatigue machine (Instron) with a

three-point bending apparatus operated at a frequency of

20 Hz and aR ratio (smin/smax) of 0?1. Fatigue specimens

were hand polished with a diamond paste to a 1 mm

finish. The staircase method was used to determine the

endurance limit, using a 2 million cycles runout limit. This

method, described by Weibull,32 consists in submitting

specimens for fatigue tests at different stress levels near

the estimated endurance limit. If failure of a specimen

occurs at a stress level x, the next test will be conducted at

a stress level x2d, and on the contrary if there is no

rupture (runout), the test will be done at xzd, where d is a

fixed interval that should be lower than 10% of the

endurance limit.33 In our case, d was chosen to be under

5% to increase test resolution. The different stress levels

are given a coded score i, where i50 for the lowest stress

level; also ni refers to the number of failures (or runouts)

at a given stress level. Two test parameters can then be
calculated

A~
X

ini (1)

B~
X

in2i (2)

The endurance limit in terms of 50% survival s50 and
standard deviation s are calculated using only the total
number of failures or the total number of runouts,
depending on which of the two is the smallest

s50~s0zd
A
P

n
+

1

2

� �

(3)

s~1:62d
B
P

n{A2

P

nð Þ
z0:29

� �

(4)

where s0 is the lower stress level, Sn is the sum of all
failures or runouts and in equation (3), ‘zK’ is used if
the number of runouts is more frequent and ‘2K’ if the
number of failures is more frequent. Finally, the
estimation of standard deviation is valid if and only if
the following expression is satisfied

B
P

n{A2

P

nð Þ2
§0:3 (5)

Hence, to achieve statistically reliable results, approxi-
mately 15 specimens of each alloy were tested.

Results

Microstructural characterisation
The volume fraction of the microstructural constituents
obtained under sinter hardening conditions for both
alloys was quantified by a two step image analysis on
optical micrographs. First, the volume fraction of bainite
was determined with a nital specimen etched (Fig. 1a).
The bainite regions appear darker than the martensite/

a size distribution; b morphology distribution

6 Pores characteristics

7 S–N curves of both alloys tested at R50?1 in sinter

hardened and tempered condition

Table 3 Apparent hardness and microhardness

Alloy Apparent hardness/HRC

Microhardness/HV

Martensite (100 gf) Austenite (25 gf) Bainite (100 gf)

Fe–2.4Ni–0.7Mo–0.7C 33¡2 508¡42 … 299¡31

Fe–6.4Ni–0.7Mo–0.7C 35¡2 542¡35 238¡24 308¡27

Bernier et al. Nickel rich areas and their influence on sintered steel
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austenite regions. Then a nital–picral etch enables the
quantification of the austenite which is revealed in bright
white while the martensite and bainite are darkened
(Fig. 1b). Finally, the volume fraction of martensite can
then be calculated. The results of the microstructural
quantification are presented in Table 1. These results
show that nearly 90% of the volume fraction is
martensitic for both alloys. Moreover, the alloy contain-
ing 6 wt-%Ni contains less bainite than the 2 wt-%Ni
alloy. Bainite is replaced by the softer austenitic phase for
the high nickel content alloy. Finally when fine sized
nickel powder is used, NRAs are not observed.

A goal of this study was also to clearly identify and
characterise the NRAs. First using backscattered
electron imaging in the SEM, the NRAs appear brighter
than the steel matrix due to the higher atomic number of
nickel compared with that of iron (Fig. 2a). When the
NRAs are etched with nital–picral, and observed using
secondary electron images, the austenite remains light
and smooth and the martensitic steel matrix is revealed
(Fig. 2b). The size of the unetched austenite area is
similar to that of the NRA observed with backscattered
electron images.

Energy dispersive spectrometry quantitative analysis
was performed to obtain the chemical composition of
the NRA. Figure 3 shows the NRA where EDS analysis
was made and the positions of different analysed spots.
The results of the quantitative analysis are presented in
Table 2. These results show a heterogeneous distribution
of nickel in the NRA regions. The centre of the austenite
phase has a lower molybdenum content, which indicates
that this area was elemental nickel before it dissolved
iron during sintering. From the centre of the austenite
phase to the edge, the nickel content varies from 40 to
10 wt-% (Fig. 4). However, the exact composition at the

interface of austenite and the martensite matrix cannot
be obtained using EDS in the SEM because of contri-
butions from the neighbouring region. Indeed, a Monte
Carlo simulation based on the EDS parameters and on the
composition of the alloys shows that the radius of the X-
ray generation volume isy0?8 mm. Therefore, to quantify
with accuracy the nickel concentration at the interface
between martensite and austenite, TEMwas used. Indeed,
TEM allows higher spatial resolution EDS analysis than
SEM, since the radius of the X-ray generation volume is
calculated to be about 11 nm in TEM compared to 0?8
mm in the SEM. Diffraction patterns were also obtained
to clearly identify the microstructural constituents.
Figure 5 is a TEM image of an interface, with the
corresponding diffraction patterns and EDS spectra. The
phase above the interface is austenite with a nickel
composition of 25 wt-% while under the interface the
phase is martensite with a composition of 24 wt-%. The
copper peaks in the EDS spectrum are due to the copper
grid. These results clearly indicate that for this mix cooled
rapidly two types of nickel rich microstructural constitu-
ents are present: martensite with a nickel concentration
under 25 wt-% and austenite when a nickel composition
above 25 wt-%. This is in agreement with the constitu-
tional diagrams for Ni steels.11

Finally, the fatigue properties of PM steels are strongly
influenced by porosity. The size and shape of the pores
and the stress concentration associated with them will
affect the endurance limit. Indeed, microcracks usually
originate from pores with the highest concentration
factor.14,19,20,24 Figure 6 compares the size and the shape
factor distributions of the pores for the two alloys. Those
results show that the pores are more irregular than
spherical and that their major axis is mostly under 20 mm.
In addition, since the results are similar for both alloys,
the effect of the porosity can be neglected when
comparing the endurance limit of the two alloys. It also
appears that the size and amount of the nickel powder do
not significantly affect the pore characteristics.

Mechanical properties
Apparent hardness and microhardness for the two alloys
are described in Table 3. First, the apparent hardness is
similar for both alloys even if their microstructural
constituents differ. The microhardnesses of martensite
and bainite are slightly larger for the high nickel content
alloy. This difference is due to the higher nickel content
in solution in the martensite and bainite constituents.
The hardness of the martensite is comparable with that
obtained for a quench and tempered (400uC for 1 h)
eutectic wrought steel.34 The results in Table 3 also show
a large difference in hardness between the hard
martensite and the soft austenite. The load used for
the austenite regions was lower than that for martensite
or bainite to ensure that the indentation does not
impinge on other constituents.

The fatigue behaviour of the two alloys is illustrated
in the stress versus cycle curves in Fig. 7 and Table 4
summarises the endurance limit in terms of 90, 50 and
10% survival. These results are similar for both alloys;
hence their microstructural difference has no impact on
the endurance limit. The presence of 6 vol.-% of
austenite is not beneficial nor detrimental to the
endurance limit of a PM steel containing 90% marten-
site. However, the observations of runout samples of the
Fe–6?4Ni–0?7Mo–0?7C alloy show the presence of

Table 4 Endurance limit for both alloys, obtained by
staircase method with runout limit of 2 million
cycles

Alloy

Endurance limit/MPa

Standard

deviations90 s50 s10

Fe–2.4Ni–0.7Mo–

0.7C

211 223 234 8

Fe–6.4Ni–0.7Mo–
0.7C

213 224 234 8

8 Interfacial cracking observed on runout sample of Fe–

6?4Ni–0?7Mo–0?7C alloy at stress amplitude of 220 MPa

Bernier et al. Nickel rich areas and their influence on sintered steel
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microcracks (Fig. 8). These microcracks were present at

the austenite/martensite interface and not inside the

austenite area.

Discussion

The mechanism of fatigue fracture in steels has

been extensively studied and consists of four events:

nucleation of microcracks, propagation of microcracks,

propagation of main crack(s) and final rupture. Figure 9

presents SEM images of a fatigue sample tested under a

stress amplitude of 220 MPa interrupted after different

cycles. Figure 9a shows austenite/martensite interfacial

cracking early in the test life, after 50 thousands cycles.

Indeed, the strain incompatibility between austenite

and martensite leads to crack initiation, as observed

elsewhere.27,28 However, when the fatigue test is re-

sumed and interrupted again after 250 thousands cycles,

Fig. 9b shows that the microcrack did not propagate.

This phenomenon was observed in many areas in the

specimen and can be explained using fracture mechanics.

Indeed, the stress intensity factor associated with a crack

is given by the following equation

K~as pað Þ1=2 (6)

where a is a parameter that depends on the specimen and

crack geometry and a is the length of the crack. Under

fatigue loading, the range of the stress intensity factor

DK governs crack growth and is defined as

DK~Kmax{Kmin (7)

Hence by combining equations (6) and (7)

DK~a pað Þ1=2 smax{sminð Þ (8)

In our case, for a surface crack in an unotched three-

point bending fatigue specimen, the value of a is between

1?0 and 1?1.35 In addition, the value of the crack length

due to interfacial cracking can be regarded as equivalent

to the major axis of the austenitic area. Figure 10 shows

the distribution of the major axis of the austenitic

regions. Hence, the crack length should be under 40 mm

at a cumulative frequency of 90%. For a stress amplitude

of 220 MPa and a crack length of 40 mm, DK is equal to

5?4 MPa m1/2. This value can be compared with the

threshold value DKth, below which cracks behave as

non-propagating cracks. Carabajar et al. obtained a

value for DKth of 13?5 MPa m1/2 at R50?1 for a Fe–

4Ni–1?5Cu–0?5Mo alloy with a similar microstructure

but for a higher density of 7?4 g cm23.13 The influence

of density on DKth is, however, small for a density range

between 7?2 and 7?4 g cm23.29 Hence, the DK associated

with the microcracks originating from austenite/marten-

site interfacial cracking in our samples is considered

to be well below the threshold value. Therefore, the

austenite areas, even if their interface with martensite

leads to crack initiation, are not a governing factor for

the endurance limit of a Fe–6?4Ni–0?7Mo–0?7C PM

steel. Indeed, the length of these interfacial cracks and

the stress amplitude at the endurance limit lead to a

range of the stress intensity factor below the threshold

value of this material; hence these cracks does not

propagate.

Conclusions

The microstructure and fatigue properties of two nickel

containing PM steels pressed to a density of 7?2 g cm23

were studied. The complete microstructural character-

isation of a Fe–2?4Ni–0?75Mo–0?7C alloy where 2 wt-%

fine sized nickel powder was admixed and a Fe–6?4Ni–

0?75Mo–0?7C alloy where 6 wt-% standard nickel

powder was admixed, shows that:

1. Both alloys are sinter hardenable; a cooling rate

between 1?5 and 2?5uC s21 leads to a martensite content

of 90 vol.-%.

9 Microcrack at autenite/martensite interface observed in Fe–6?4Ni–0?7Mo–0?7C alloy fatigue sample interrupted after a

50 000 cycles and b 250 000 cycles

10 Distribution of major axis of austenite areas in Fe–

6?4Ni–0?7Mo–0?7C alloy

Bernier et al. Nickel rich areas and their influence on sintered steel

564 Powder Metallurgy 2011 VOL 54 NO 5



P
u
b
lis

h
e
d
 b

y
 M

a
n
e
y
 P

u
b
lis

h
in

g
 (

c
) 

IO
M

 C
o
m

m
u
n
ic

a
ti
o
n
s
 L

td

2. When 6 wt-% of standard sized nickel powder was
added, the amount of austenite observed was 6 vol.-% of
austenite, while NRAs were not observed when 2 wt-%
fine sized nickel was added.
3. Nickel rich areas are a combination of austenite

containing 25–40 wt-%Ni and martensite with a nickel
content under 25 wt-%.
4. The higher amount of nickel in the mix contain-

ing 6 wt-% nickel increases the hardness of the
martensite.
Three-point bending fatigue tests carried out on both
PM alloys show that:
1. The endurance limit is similar for both alloys and

the presence of 6 vol.-% of nickel rich austenite has no
significant effect on the fatigue property.
2. Even if interfacial cracks between austenite and

martensite were observed on interrupted and runout test
specimens, the length of these cracks is too small to
promote their propagation. The size of these cracks is
related to the size of the austenitic areas.
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ponents) and École Polytechnique de Montréal.
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