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ABSTRACT

Sinter hardening enables the production of P/M parts with high strength and apparent hardness after
sintering,  eliminating the need for a post sintering heat treatment. The availability of sintering furnaces
with improved cooling capacity combined with the development of low alloy steel powders specifically
designed for sinter hardening make this process particularly attractive for parts that are difficult to
quench because of their size and shape.  Moreover,  the powder mix formulation can be tailored to
achieve a particular microstructure.  However,  because either a partially or fully martensitic structure is
obtained after sintering,  tempering is usually required to restore the mechanical properties.

A study was carried out to evaluate the effect of tempering temperature on strength,  apparent hardness,
impact energy and microstructure of specimens made from sinter hardening materials.  Test specimens
were pressed to 7.0 g/cm3 from mixes containing 2% copper and the amount of graphite required to reach
0.65 and 0.80% combined carbon.  Test pieces were sintered 25 minutes at 1120°C in a nitrogen based
atmosphere and cooled at a rate of 0.4°C/s from 650 to 300°C. These were subsequently tempered for 60
minutes at temperatures ranging from 150 to 600°C.  The highest tensile strength was reached after
tempering at 200°C with values of 1075 and 990 MPa for carbon concentrations of 0.65 and 0.80%
respectively.  The highest yield strength was achieved at a tempering temperature of 300°C and was
related to the transformation of retained austenite into bainite.  A second hardening peak due to the
precipitation of molybdenum carbides was observed at 500°C for both carbon concentrations.

INTRODUCTION

P/M technology offers a significant advantage over conventional steels to produce near net shape
complex parts.  Steel powders can be produced over a wide range of compositions by varying the
concentrations of alloying elements such as manganese,  nickel,  molybdenum and chromium.  Also,  the
use of admixed elements makes the production of parts feasible with specific microstructures and
mechanical properties.  In addition to these factors,  the sintering conditions  (time,  temperature and
cooling rate) can be varied to modify the microstructure and the final properties of P/M parts.  Sintered
parts can be heat treated to further increase strength and apparent hardness.  If these are oil quenched,
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additional cleaning operations before and after quenching are required due to the presence of open
porosity which entraps oil and grease [1, 2].  However,  by increasing the hardenability of P/M steels,
martensitic transformation becomes possible during the cooling phase of the sintering cycle.  Although
carbon is required to increase the hardenability of steels [3], this element alone cannot enable the
transformation of austenite to martensite in existing sintering furnaces.   Alloying additions are therefore
necessary to further improve the hardenability of the materials and make the hardening of large parts
possible [3].  It is generally recognized that for similar alloying additions,  a homogeneous microstructure
results in improved mechanical properties [4, 5].  This can be achieved via the use of low alloy steel
powders or of unalloyed steel powders admixed with elemental additions and processed at a sintering
temperature high enough to homogeneously diffuse these elements in the steel matrix [5, 6].  With proper
selection of base powders,  mix formulations and sintering conditions,  sinter hardening enables the
production of P/M parts with high strength and apparent hardness in the as-sintered condition [7, 8, 9].

The martensitic transformation is a diffusionless reaction [10],  i.e. there is no change in chemical
composition but a sudden change in crystal structure as austenite transforms into martensite.  Austenite is
a face-centered cubic (f.c.c.) structure which changes into a supersaturated  solid solution of carbon
trapped in a body-centered tetragonal structure by a combination of shearing actions.  The degree of
distortion increases with the concentration of carbon [10].  Since most sinter hardened materials
generally contain a high carbon concentration to ensure high apparent hardness,  a tempering treatment is
generally required to restore their mechanical properties.  The tempering temperature depends on
whether the strength or apparent hardness is to be optimized [9].  Since a wide range of microstructures
and related mechanical properties can be achieved via sinter hardening,  the mechanisms involved during
tempering and their effects on the mechanical properties need to be understood.  The objective of this
study is to characterize the effect of tempering temperature on the mechanical properties and the
microstructure of sinter hardened materials.

EXPERIMENTAL PROCEDURE

ATOMET 4701,  an Fe-0.45Mn-0.45Cr-1.0Mo-0.9Ni low alloy powder,  was used as base material for
this study.  Two mixes were prepared containing 2% copper and graphite to obtain either 0.65 or 0.80%
combined carbon.  Specimens of 7.6 cm in length,  1.27 cm in width and 1.11 cm in height were pressed
from each mix to a green density of 7.0 g/cm³ and sintered at 1120°C for 25 minutes in a 90% nitrogen
based atmosphere.  The cooling rate from 650 to 300°C was 0.4°C/s.  Tempering treatments were then
carried out at 150,  200,  300,  400,  500,  550 and 600°C for 60 minutes.  For temperatures exceeding
200°C,  tempering was performed in a nitrogen atmosphere.  Specimens were then machined into round
tensile and unnotched Charpy test bars according to MPIF Standard 10 and 40 respectively.

Ultimate tensile and yield strengths,  elongation,  impact energy and apparent hardness were determined
by averaging the tests results obtained from six specimens in the as-sintered or  tempered conditions.
Microstructural characterization was performed by optical and scanning electron microscopy.  Retained
austenite was determined using x-ray diffraction analysis carried out on polished cross sections of
rectangular bars,  1.27 X 1.11 cm², mounted in Bakelite.  The x-ray scan was carried out using the Cu Kα

radiation,  λ of 1.540562Å, at a speed of 3 degrees per minute.  The x-ray diffraction pattern of Bakelite
was identified in order to eliminate its impact on the calculation of the retained austenite.

RESULTS

Results of the mechanical tests are presented in Table 1.  It is worth noting that,  for both carbon
concentrations and all tempering conditions,  the specimens exhibited elongation values inferior to 1%.
Figure 1 illustrates the effect of tempering temperature on apparent hardness of specimens containing
either 0.65 or 0.80% combined carbon.  In the as-sintered condition,  the highest apparent hardness,  i.e.
41HRC is achieved with the high carbon material.  This compares to 37 HRC at 0.65% C.  Apparent
hardness decreases with the tempering temperature to reach,  at 400°C,  a minimum of 30 and 28 HRC
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for the 0.80 and 0.65% C contents respectively.  It is worth noting that secondary hardening peaks of 36
and 34 HRC were observed when tempering at 500°C for the high and medium carbon levels.

TABLE 1
Apparent hardness,  tensile properties and impact energy of specimens containing 0.65 and 0.80%

combined carbon tempered at various temperatures (7.0 g/cm³).

C As- Tempering Temperature, °C

% sintered 150 200 300 400 500 550 600

Apparent Hardness, HRC 37 35 32 29 28 34 30 21

UTS, MPa 920 1045 1075 1010 925 915 905 895

0.65 YS, MPa 740 750 770 930 875 860 835 820

Elongation, % <1 <1 <1 <1 <1 <1 <1 <1

Impact Energy, J 12 16 19 15 13 12 12 14

Apparent Hardness, HRC 41 39 37 32 30 36 32 25

UTS, MPa 815 910 985 945 825 870 910 905

0.80 YS, MPa 690 690 685 880 n.y. 875 850 845

Elongation, % <1 <1 <1 <1 <1 <1 <1 <1

Impact Energy, J 12 17 20 13 12 13 13 13

Figure 2 illustrates the effect of tempering temperature on the ultimate tensile strength (UTS) of
specimens containing 0.65 and 0.80% C.  Contrary to apparent hardness,  the highest UTS values are
generally achieved with the 0.65% C material.  The tempering treatment significantly increases UTS to
reach a maximum at about 200°C for both carbon concentrations,  i.e. 1075 and 985 MPa for the 0.65 and
0.80% carbon materials respectively.  The UTS then sharply decreases as the tempering temperature
increases to 400°C.  It is followed by a slower rate of decline for the 0.65%C material and a second UTS
peak at 600°C for the 0.80% C one.  After tempering at 600°C,  both materials exhibit similar UTS
values of about 900 MPa.

The effect of tempering temperature on yield strength (YS)  is illustrated in Figure 3.  Tempering below
200°C does not significantly affect YS for both carbon concentrations.  The maximum YS value is
however reached at 300°C for both materials.  Similar to UTS,  the 0.65% C material exhibits the highest
YS value.  Above 300°C,  YS continuously decreases for the 0.65%C material.  It is worth noting that for
the 0.80% C alloy,  no yield was observed when tempering at 400°C.  Also,  from 500 to 600°C,  the high
carbon material shows slightly higher YS than the medium carbon material.

Figure 4 presents the effect of tempering temperature on impact energy for the materials containing 0.65
and 0.80% combined carbon.  In the as-sintered condition,  both materials exhibit impact energy of about
11.5 joules.  Tempering significantly increases impact resistance to a maximum of 19 to 20 joules,  the
0.80%C materials showing the highest value.  Impact energy subsequently declines to a minimum of 12
to 13 joules at 400 to 500°C and is followed by a slight increase in the 500-600°C range.
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Figure 1.  Effect of tempering temperature and carbon content on apparent hardness
(ATOMET 4701+C+2% Cu;  7.0 g/cm³).
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Figure 2.  Effect of tempering temperature and carbon content on ultimate tensile strength
(ATOMET 4701+C+2% Cu;  7.0 g/cm³).
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Figure 3.  Effect of tempering temperature and carbon content on yield strength
(ATOMET 4701+C+2% Cu;  7.0 g/cm³).
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Figure 4.  Effect of tempering temperature and carbon content on impact energy
(ATOMET 4701+C+2% Cu;  7.0 g/cm³).
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DISCUSSION

MICROSTRUCTURE

For both carbon concentrations,  sinter hardened materials typically exhibit higher apparent hardness but
lower strength and impact energy in the as-sintered condition as compared to after tempering.  As
illustrated in Figure 5,  the microstructure of both materials is mainly composed of martensite with
bainite areas which are more abundant in the 0.65% C material. The transformation of austenite into
martensite is a diffusionless reaction  that takes place only during cooling [10].  The reaction starts at a
critical temperature,  Ms,  which is affected by the carbon content and the concentration of other alloying
elements.  Increasing the carbon content significantly lowers the critical temperature [10] as well as
alloying with elements such as manganese,  chromium,  molybdenum and nickel.  The end temperature of
the martensitic transformation,  Mf,  is not clearly defined since a certain amount of austenite is retained
in the structure even at very low temperature,  but this temperature drops rapidly as the concentration of
carbon and the other alloying elements increases.  Austenite is a face-centered cubic (f.c.c.) structure.
Because the transformation of austenite to martensite is athermal,  there is insufficient time for carbon to
diffuse out of solution and the resultant structure is a supersaturated solid solution of carbon entrapped in
a body-centered tetragonal structure.  This distorted lattice accounts for the high hardness of the
martensite but the volume expansion resulting from the martensite transformation induces localized
stresses.  It is also worth noting from the microstructural observations that the 0.80% C material seems to
contain a larger concentration of retained austenite than the 0.65%C material.  This was confirmed by the
x-ray diffraction analysis carried out on both materials as shown in Figure 6.  The 0.85% C material
shows a concentration of retained austenite of 28% after sinter hardening.  This value is significantly
higher than the concentration of 15% measured in the material containing 0.65% C.  Tempering at
temperatures up to 200°C marginally influences the amount of retained austenite.  However,  a rapid
decrease in the amount of retained austenite is seen as the tempering temperature reaches about 300°C at
which its concentration drops to 8% for the high carbon material and to less than 1% for the medium
carbon material.  At 400°C,  there is no retained austenite in either materials.  This is well illustrated in
Figure 7 for the 0.80% C material.  Retained austenite is often located in the vicinity of the pores because
of the higher copper concentration found in these areas [12]. There is no significant difference in the
microstructure of specimens tempered at 150°C as compared to that of the as-sintered specimens.  Below
200°C,  the martensite begins to lose its tetragonal structure by forming a hexagonal close-pack transition
carbide,  ε carbide (Fe2-3C),  and low carbon martensite [13].  Above 200°C,  two phase transformation
phenomena occur;  first  retained austenite transforms into ferrite and carbides.  These are small
precipitates in the white zones in Figures 7c and 7d.  This is more evident at higher magnification,
Figure 8.  This fine structure is believed to be bainite  as decomposition of retained austenite into bainite
generally occurs in the 200 to 300°C range for medium to high carbon steels [14].  The transformation of
retained austenite during tempering occurs only after the formation of the transition carbide is well
established;  the transformation rate of austenite for given temperature and time is then controlled by the
diffusion of carbon in austenite [15].    Secondly,  the martensite decomposes into ferrite and carbides.  In
the temperature range of 200 to 300°C,  the constituents in high carbon steels are metastable carbides
with a composition between those of ε carbides (Fe2-3C) and cementite (Fe3C) [14].  Above 300°C,
cementite (Fe3C) is the predominant phase.  Finally,  in the 400 to 600°C range,  carbides coalesce to
form spheroidite.

RELATIONSHIP BETWEEN MECHANICAL PROPERTIES AND MICROSTRUCTURE

In the as-sintered condition,  the material containing 0.80% C shows an apparent hardness four HRC
points higher than the material with 0.65% C,  despite its higher concentration of retained austenite.  The
greater lattice distortion resulting from the increase in carbon content overcomes the softening effect of
retained austenite.  For conventional carbon steels,  Figure 9,  the hardness of martensite rapidly
increases with the carbon content to reach 60 HRC at about 0.4%C.  Beyond this concentration of
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carbon,  the rate of increase is significantly reduced up to about 0.80%C to reach 65 HRC and then levels
off due to the greater tendency to retain austenite in high carbon steels [16].  A decrease of hardness may
appear in steels containing more than 1% C caused by the higher concentration of retained austenite.

Tempering at 150°C results in a slight reduction of apparent hardness by about 2 HRC for both carbon
concentrations because the softening effect due to the depletion of carbon from the martensite matrix is
compensated by the precipitation of well dispersed small transition carbides.  From 150 to 300°C,  the
rate of reduction of apparent hardness markedly increases because of the softening of the matrix as the
martensite looses its tetragonal crystal structure with the precipitation of carbides.  However, alloying
elements such as molybdenum and chromium,  which are strong carbide formers,  retard the rate of
softening caused by the rapid coarsening of cementite as the tempering temperature is raised.  It is worth
noting that the transformation of retained austenite into bainite did not affect the rate of reduction in
hardness because the difference in apparent hardness between the 0.65 and 0.80% materials is similar to
that observed in the as-sintered condition.

  

a)  0.65%C b)  0.80%C
Figure 5.  Typical microstructure of sinter hardened materials containing 2% copper and 0.65 or 0.80%

combined carbon at 7.0 g/cm³.
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a) As-sintered b) 150°C

 

c) 300°C d) 600°C

Figure 7.  Evolution of microstructure in sinter hardened specimens containing 2% Cu and 0.80%
combined carbon at 7.0 g/cm³ after sintering and tempering at 150,  300 and 600°C.

 

a) 200°C b) 300°C

Figure 8.  Effect of tempering temperature on transformation of retained austenite to bainite for
specimens containing  0.80%C (tempering time of 60 minutes).
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Figure 9.  Hardness as a function of carbon content and microstructure in steels [16].

Another important point in Figure 1 is that contrary to plain carbon steels,  which show a continuous
reduction of hardness with increasing tempering temperature [15],  a secondary hardening peak is
observed at 500°C.  An increase in apparent hardness of 6 HRC is observed for both carbon
concentrations as the tempering temperature reaches 500°C.  This secondary hardening phenomena is
caused by the formation of very fine molybdenum carbides throughout the ferrite matrix [15].  These
carbides are known to be especially resistant to coarsening and prevent the softening of the matrix.

Martensite is a hard but very brittle structure.  Its brittleness is due to many factors which include lattice
distortion,  impurity segregation at austenite grain boundaries,  carbide formation during cooling and
residual stresses induced during quenching [15].  A tempering treatment is thus carried out to reduce
brittleness and increase toughness of quenched steels.  For sinter hardened materials,  residual stresses
due to quenching are significantly reduced due to a slower cooling rate but the highly distorted lattice
caused by the martensite formation has a negative impact on UTS as seen in Figure 2.  The decrease in
brittleness due to the relaxation of residual stresses and the precipitation of fine transition carbides
allows the sinter hardened materials to reach their optimal strength after tempering at 200°C for both
carbon concentrations.  The lower UTS values observed with the 0.80%C material for tempering
temperatures below 500°C could be related to the effect of alloying elements on the stability and the
transformation of the phases on cooling from the sintering temperature.  Elements like Ni,  Mn,  Cr and
more particularly Mo shift the eutectoid transformation of steels to lower carbon concentrations as
illustrated in Figure 10 [17].  For the base powder used in this study,  the carbon content of the eutectoid
point is estimated at about 0.40%.  The 0.80%C material is therefore largely hypereutectoid.  Since the
solubility of carbon in austenite is reduced,  it is believed that cementite grains nucleate and grow along
the austenite grain boundaries because the post-sintering cooling is not fast enough to prevent such
nucleation.  This affects the cohesion of the former austenite grain boundaries and locally reduces the
strength of the materials due to carbon depletion in surrounding regions.  This is supported by the temper
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embrittlement phenomenon observed in the 0.80%C material at 400°C which was not observed with the
0.65%C material because the lower carbon content is closer to the eutectoid point of this alloy.  Also,
the formation of fine molybdenum carbides in the 500-600°C range strengthens the ferrite matrix.  This
explains why the rate of reduction of UTS is significantly reduced or almost eliminated for the 0.65%C
material.  For the 0.80%C material,  it is believed that the larger number of fine molybdenum carbides
which have precipitated causes the secondary UTS peak observed at 550-600°C range.  At that
temperature range,  both materials exhibit similar UTS.
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Figure 10.  Effect of Cr,  Ni,  Mn and Mo concentrations on the carbon content of the eutectoid point
[17].

Tempering below 200°C does not significantly affect YS,  Figure 3.  Even if transition carbides
precipitate and increase UTS,  these do not affect YS.  In a composite structure,  initial yielding occurs
within the weakest phase,  which is retained austenite in both materials.  It is believed that YS remains
unchanged until a significant amount of retained austenite is transformed.  This happens as the tempering
temperature reaches 300°C where the retained austenite drops to less than 4% for both materials.  The
highest YS is obtained at this tempering temperature for both materials.  Above 300°C,  YS slowly
decreases due to the transformation of transition carbides into cementite particles which continuously
grow in the ferritic matrix.  The absence of yield in the 0.80% C material observed at 400°C is probably
caused by temper embrittlement as previously discussed.  The slightly higher YS observed for the 0.80%
C material for tempering temperatures above 500°C is believed to be related to the precipitation of
molybdenum carbides,  which are presumably  more prevalent at this carbon concentration.

In the as-sintered condition,  both materials show comparable low impact resistance,  Figure 4.
Tempering at 150 and 200°C significantly improved impact energy values of both materials but this
effect was stronger in the 0.8% C material.  This is believed to be related to the stress relief that occurs as
the crystal lattice looses its tetragonality and to the presence of a higher amount of retained austenite in
this material.  After tempering at 300°C,  i.e. after the retained austenite is almost completely
transformed,  the higher carbon material exhibits a lower impact resistance relative to the 0.65% C
material.  Again,  temper embrittlement explains the low values observed for both materials.  Finally,  as
opposed to conventional steels,  tempering above 500°C only slightly improves impact resistance of
sinter hardened materials.



11

CONCLUSIONS

Within the range of tempering temperatures,  up to 600°C,  and carbon concentrations,  0.65 and 0.80%,
of this study,  it was observed that:

1. The 0.80% combined carbon material showed the highest apparent hardness in both the as-sintered
and tempered conditions.  Tempering in the 200-400°C range significantly reduced apparent hardness
due to the formation of cementite.  A secondary hardening peak related to the precipitation of
molybdenum carbide was observed at 500°C.  Further increase of the tempering temperature
significantly reduced apparent hardness due to the growth of the cementite particles.

2. At 0.65% C ,  the material exhibited higher strength than at 0.80% C for both the as-sintered
condition and after tempering up to 500°C.  As-sintered,  both materials showed low UTS because of
the brittleness of un-tempered martensite.  Maximum UTS was observed after tempering at 200°C
with values of 1075 and 985 MPa for the 0.65 and 0.80% C materials respectively.  Temper
embrittlement caused a sharp drop of UTS after tempering at 400°C.  The precipitation of fine
molybdenum carbides in the 500-600°C range was responsible for the plateau of UTS for  the 0.65%
C material and for the second peak seen on the UTS curve of the 0.80% C material.

3. Higher YS was observed with the 0.65% C material in the as-sintered condition and after tempering
up to 300°C.  YS was not significantly affected by tempering at 150 and 200°C due to the high
concentration of retained austenite.  The highest YS for both materials was measured after tempering
at 300°C because of complete transformation of retained austenite into bainite.  No yield was
observed with the 0.80% C material at 400°C due to temper embrittlement.  Greater YS values were
observed  with the higher carbon concentration when tempering above 500°C.

4. Both materials presented similar low impact resistance in the as-sintered condition.  The highest
impact energy values were obtained after tempering at 200°C for both carbon contents,  with the
0.80%C material showing the highest impact energy.  This is believed to be related to the larger
amount of retained austenite in this material.  Temper embrittlement was also observed at about
400°C for both carbon contents.  Contrary to fully dense steels,  tempering above 500°C only slightly
improved the impact resistance of sinter hardened materials.

5. The properties of sinter hardened materials can be tailored to application requirements:

• A high combined carbon,  such as 0.80%,  without tempering is recommended to maximize
apparent hardness.  This is achieved to the detriment of the strength and impact resistance.

• Tempering at 150°C using a high combined carbon material is a good compromise to maintain
high apparent hardness with better strength and impact resistance.

• The highest tensile strength and impact resistance are reached with a medium carbon material,
0.65% C,  tempered 200°C.
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