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Tensile properties of sinter hardened powder
metallurgy components machined in their
green state

E. Robert-Perron*1, C. Blais1 and S. Pelletier2

With the increasing demand for sinter hardened powder metallurgy components, there is a

growing need to solve the poor machining behaviour that characterises them. Approaches based

on green machining appear promising to extend tool life and reduce machining costs. The

present study deals with the sintered properties of cylindrical tensile specimens green machined.

Results show that tensile properties of components machined in their green state are identical to

those of components machined after sintering.

Keywords: Powder metallurgy, Green machining, Sinter hardening, Tensile properties

Introduction

Powder technologies are provocative to engineers, not
only because of the replication capabilities, but because
of the design options which allow for the selective
placement of phases and pores to tailor the product to

the application.1 The powder metallurgy (PM) process
differs from other shaping routes such as precision
casting, precision forging, etc., because it necessitates
little secondary machining operations.2 Thus, a discus-
sion about the machining behaviour of PM components
may appear as a paradox since the PM process is said to
be ‘near net shape’. Nevertheless, due in part to the
limitations of the process (e.g. the impossibility to
generate undercuts in axial pressing) as well as strict

dimensional conformance, machining operations are
necessary for approximately one-third of the ferrous
PM parts produced in North America.3 Moreover, it is
estimated that about 40–50% of all ferrous and steel PM
parts made in Europe undergo some machining.2

Unfortunately, machining of PM steels is more com-

plicated than that of wrought materials. Compaction,
sintering and sintering atmosphere determine the
volume fraction of porosity as well as the final
microstructure.2 Therefore, cutting conditions optimised
for machining wrought steel cannot be directly applied
to PM components even if both series of parts present
the same chemistry and microstructure. The mediocre
machining performances of PM components are usually
attributed to the interrupted cutting and lower thermal

conductivity that are inherent to porous materials.4,5

Moreover, the usage of sinter hardenable powders
allows manufacturers to harden parts during the last
stage of the sintering cycle by adequately controlling the

cooling rate obtained by forced convection. By using the
latter approach, no secondary heat treating operation is
necessary to obtain the harder and/or tougher micro-
structures required. This proves as a tremendous
advantage since it significantly reduces production costs
while eliminating the usage of quenching media that are
detrimental to the environment. On the other hand, such
microstructures make the components harder to
machine leading to accelerated cutting tool wear and
increased production costs, which tend to counter-
balance the gains obtained with sinter hardenability.

A new approach to solve the low machining
performances associated with sinter hardened PM steels
is green machining, i.e. machining before sintering.
Indeed, the strong atomic bonds that exist between
particles of sintered parts, as well as hard and/or though
phases (martensite and/or bainite), have not yet been
formed at this stage of the manufacturing process.
Therefore, the mechanical properties of green compacts
come only from the mechanical interlocking and the
cold welding between neighbouring particles. Green
machining is not a straightforward procedure since steel
parts pressed to a green density of 6?8 g cm23 have
typical green strength values of 12–17 MPa (about
1750–2500 lb in22). These values are insufficient to
allow proper holding of the parts in the chuck of a
lathe or a machining centre and would lead to
catastrophic failure during machining.2,6 Recent devel-
opments in binder/lubricant technologies have led to
high green strength systems that enable green machin-
ing. These polymeric systems are even more effective
after a curing treatment in air at low temperature (ex.
190uC) during which a strong polymeric network is
formed and strengthens the green parts.7 Final green
strength .35 MPa (5000 lb in22) are obtained with
these systems, which secure clamping during machining.
Such components have been successfully machined in
their green state, in terms of surface finish and average
width of breakouts, either for drilling or turning
operations.6,8,9 However, even if PM components with
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satisfactory geometrical quality have been produced by
green machining, to our knowledge, no study concerning
the sintered properties of such components has been
published. Thus, in order to make green machining a
viable manufacturing process, there is a need for the PM
industry to characterise the mechanical properties of
sintered components produced using a green machining
operation. The objective of the present paper is to
compare the sintered tensile properties of cylindrical
specimens machined in their green state with other
machined after sintering. Tests were performed for a
sinter hardened powder mix with improved mechanical
properties.

Experimental

Material investigated
A powder system was produced based on Quebec
Metal Powders Ltd 4601 sinter hardenable powder
(Fe–1?8 wt-%Ni–0?5 wt-%Mo–0?2 wt-%Mn), to which
2?0 wt-%Cu and 0?6 wt-%C were added. The latter
premix follows the denomination FLC-4608 based on
MPIF Standard 35.10 Lubrication was conducted using
0?65 wt-% of a proprietary binder/lubricant (FLOMET
HGS) specifically adapted for applications where high
green strength is required.11 This mix was pressed into
rectangular plates (10?8610?862?5 cm) to a green
density of 7?00 g cm23. The plates were then submitted
to a curing treatment in air at 190uC for 1 h to increase
their green strength from 21 (3050) to 52 MPa
(7575 lb in22), as measured following MPIF Standard
15.12 The cured plates were sliced in four rectangular
bars (2?562?5610?8 cm).

Samples preparation
A first series of specimens were produced by machining
cured rectangular bars into cylindrical tensile specimens.
Figure 1 presents the geometry of the tensile specimens
used in the present study. The samples were not
symmetrical to ensure proper holding in the jaws of
the lathe during machining. The green machining
operation was performed using a Mazak Nexus 100
CNC lathe at a surface speed of 122 m min21 and a
feedrate of 0?0254 mm rev21. Tool holder SCLCR102
and cutting tool CPMT060204FW (produced by
Kennametal) were used. These cutting parameters were
selected based on the results of a previous research that
showed that, for the type of powder mix characterised in
the present study, they optimise green machining, i.e.
they minimise particle pull out while maximising the
surface finish.9 A second series of tensile specimens was
obtained by machining sintered rectangular bars. The
latter series of rectangular bars was sintered along with
the cylindrical tensile specimens machined in their green
state in a belt furnace in an atmosphere of 90%N2–
10%H2 at 1120uC for 25 min and rapidly cooled (global
cooling rate: 1?5uC s21 from 650 to 400uC) to transform

the austenite into a mixture of martensite and bainite.
The sintered bars were then machined into cylindrical
tensile specimens having the same dimensions as those
machined in their green state. The machining of the
sintered specimens was performed using parameters
optimised for the material studied as found in the
literature.2,13 The cylindrical tensile specimens machined
in their green state had a cross-section of 0?82 cm2 while
that of the rectangular bars was 6?25 cm2. Therefore,
even if both series of specimens were sintered and fast
cooled simultaneously, heat transfer is accelerated in
components machined in green state since they present a
smaller cross-section. Therefore, the local cooling rate
into the heart of the components differed for the two
series of specimens and so did the microstructures as
well as the mechanical properties.

Therefore, a third series of specimens was necessary
to compare only the influence of the surface finish on
the sintered tensile properties of components green
machined with others machined after sintering. This
series was green machined from cured rectangular bars
to a diameter of 1?07 cm, i.e. 0?05 cm larger than that of
the final size of the tensile specimens (Fig. 1). These
samples were sintered under the conditions described
above. A second machining operation was then per-
formed after sintering to bring the specimens to the same
dimensions as those from the other two series.
Therefore, using identical sintering parameters as for
other series, this third series of samples was cooled using
the same local cooling rate into the heart of the
components as the parts machined in their green state,
thus yielding the same microstructure. Finally, the three
series of sintered tensile specimens were tempered at
200uC for 1 h. The tensile tests were performed using a
universal testing machine (Instron, model T20000) using
a crossbar velocity of 1 mm min21.

Results and discussion

Table 1 presents the tensile properties measured on the
three series of specimens. It can be seen that the
mechanical properties of samples machined in their
green state are significantly higher than those of
components machined after sintering (columns 3 and 4

1 Cylindrical tensile specimen used for characterising

sintered properties of green machined PM steel

Table 1 Tensile properties

Properties Machined in green state Machined after sintering

Machined after sintering

(premachined in green state)

Hardness, HRC 33¡1 28¡1 33¡1

Yield strength, MPa 940¡12 794¡24 950¡20

Ultimate strength, MPa 980¡36 900¡4 1028¡22

Ductility, % 1.08¡0.04 1.25¡0.14 1.14¡0.04
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in Table 1). Yield and ultimate strengths of specimens

machined in their green state are respectively 18 and 9%

higher than those of specimens machined after sintering.

These results are explained by the harder microstructure

(tempered martensite: 33 HRC) characterised on sam-

ples green machined while a mix of tempered martensite

and bainite (28 HRC) is found on samples machined

after sintering, as shown in Fig. 2a and b. Differences in

microstructure stem from the different local cooling

rates in the heart of the specimens during the last stage

of the sintering cycle. Thus, the green machining process

has the advantage of producing components with the

desired microstructure and hardness, which is not

always the case when components are machined after

sinter hardening since it may happens that areas with

harder microstructures are removed during machining.

A third series of samples was used to compare the

influence of the surface finish on the tensile properties

between specimens machined in their green state and

others machined after sintering. The latter series of

samples yielded the same microstructure (tempered

martensite) as components machined in their green state

due to the identical cooling rate in the components, as

seen in Fig. 2a and c. As expected, the apparent hard-

ness of these two series was also identical, as shown in

Table 1. Tensile properties (yield strength, ultimate

strength and ductility) of components green machined

are within 5% lower than those of components machined

after sintering (premachined in green state) (see columns

3 and 5 in Table 1). However, considering standard

deviations, these differences are not significant. Thus,

for the same microstructure, the mechanical properties

of sintered components machined in their green state are

identical to those of components machined after

sintering. Moreover, based on the sintered properties,

no crack or microcrack formation was initiated during

green machining or handling of the green PM tensile

specimens. Indeed, if this would have happened, the

sintered properties would have been lower than those of

components machined after sintering.

Surface finish Ra, which is the arithmetic mean of the

absolute values of the profile deviation from the mean

line, was measured using a profilometer (Mitutoyo,

model SJ-201P).14 Surface finish Ra of 1?43 and 0?17 mm

was respectively measured on components machined in

their green state and components machined after

sintering. Figure 3a shows a typical surface finish of

components machined in their green state while Fig. 3b

shows the surface finish of specimens machined after

sintering. It can be seen in Fig. 3a that the particles were

cut during green machining. However, very low particle

deformation occurred leaving the porosity opened,

which explains the rougher surface finish measured on

specimens machined in their green state. This latter

result also indicates that, contrary to specimens

machined after the sintering cycle, green machined PM

components can be steam treated after machining.

Indeed, conventional steam treatment of PM compo-

nents requires that the surface pores be opened for the

adequate formation of an adherent oxide layer.1

Therefore, if machining is required, it has to be

performed after the steam treatment otherwise the

surface porosity is closed as highlighted in Fig. 3b.

This latter situation implies that the cutting tool has to

A – green machined; B – machined after sintering; C – machined after sintering

2 Typical microstructures: premachined in green state; etching nital 2 vol.-%

A – component machined in green state; B – compo-

nent machined after sintering

3 Surface finish characterised using scanning electron

microscope
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cut through the oxide layer, which decreases drastically
the cutting tool life. In the case of samples green
machined, the surface porosity is left opened making it
possible to perform the steam treatment after the final
geometrical features have been incorporated through
machining operations.

Conclusions

The present study compares the sintered tensile proper-
ties of cylindrical specimens either machined in their
green state or machined after sintering. The main
findings of the present research can be summarised as
follows.

1. It has been shown that specimens machined in their
green state present higher mechanical sintered properties
than components machined after sintering. This is due
to the higher local cooling rate into the heart of the
components during the last stage of the sintering cycle
than that of components machined after sintering, which
results in harder microstructure. Therefore, green
machining has an advantage on the machining of sinter
hardened PM components after sintering. Green
machining not only reduces tool wear but also produces,
for identical cooling rate in the furnace, components
with harder microstructure and higher mechanical
properties. Moreover, based on the sintered properties
of components machined in their green state, green
machining did not initiate cracks or microcracks
formation and neither did the handling of the specimens
from the lathe to the sintering furnace.

2. For the same microstructure, mechanical sintered
properties of PM components machined in their green
state are identical to those of parts machined after
sintering. Therefore, the rougher surface finish observed
in green machining does not significantly affect the
tensile properties of such specimens.

3. Because green machining leaves the surface
porosity opened, it permits steam treatment of the

components after the machining operations are per-
formed. This prevents having to machine through the
oxide layer formed on the surface of the components as
it is the case for components that are not green
machined.

Acknowledgements

The authors wish to thank Dr Sylvain St-Laurent from
Quebec Metal Powders for the fruitful discussions as
well as Dr Leander F. Pease III for compaction and
sintering.

References
1. R. M. German: ‘Powder metallurgy and particulate processing’,

528; 2005, Princeton, Metals Powders Industries Federation.

2. A. Salak, M. Selecka and H. Danninger: ‘Machinability of powder

metallurgy steels’, 536; 2005, Cambridge, Cambridge International

Science Publishing.

3. D. S. Madan: Adv. Powder Metall. Part. Mater., 1995, 8, 55–67.

4. J. S. Agapiou and M. F. De Veries: Int. J. Powder Metall., 1988, 24,

(1), 47–57.

5. R. J. Causton: Adv. Powder Metall. Part. Mater., 1995, 8, 149–170.

6. A. Benner and P. Beiss: Proc. Euro PM2000 Conf. on ‘Material

and processing trends for PM components in transportation’,

Munich, Germany, October 2000, EPMA, 101–109.

7. Y. Thomas, K. C. Cole and L. Tremblay: Adv. Powder Metall.

Part. Mater., 2001, 3, 20–30.

8. E. Robert-Perron, C. Blais, Y. Thomas, S. Pelletier and M. Dionne:

Mater. Sci. Eng. A, 2005, A402, 325–334.

9. E. Robert-Perron, C. Blais, S. Pelletier and Y. Thomas: Proc.

APMI/MPIF Powder Metall. Machinability Semin., Cleveland,

OH, USA, December 2005, APMI/MPIF, Paper 2.

10. Metal Powder Industries Federation: Standards 35, 1998,

Princeton, NJ, USA.

11. L. Tremblay, J. E. Danaher, F. Chagnon and Y. Thomas: Adv.

Powder Metall. Part. Mater., 2002, 12, 123–137.

12. Metal Powder Industries Federation: Standards 15, 1998,

Princeton, NJ, USA.

13. J. Campbell-Tremblay, C. Blais, G. L’Espérance and P. Boilard:

Adv. Powder Metall. Part. Mater., 2005, 10, 153–159.

14. Mitutoyo: Surface Finish Tester SJ-201P User’s Manual, no.

99MBB079A series no. 178.

Robert-Perron et al. Tensile properties of sinter hardened powder metallurgy components

Powder Metallurgy 2009 VOL 52 NO 1 83

http://www.ingentaconnect.com/content/external-references?article=0921-5093(2005)402L.325[aid=8785926]

