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Abstract : Sinter hardening can produce powder metal parts with high strength and
apparent hardness in a single pass through the sintering furnace. This process
eliminates the need for a post-sintering heat treatment with the inherent related
drawbacks such as part distortion, oil contamination and added processing costs.
Low alloy steel powders have been developed for sinter hardening applications.
These materials, combined with the availability of sintering furnaces equipped with
enhanced cooling capacity, make sinter hardening particularly attractive for parts
that are difficult to quench because of their size or shape. The transfer case
sprocket, recently developed by MascoTech Sintered Components, is a good
example of a successful application of the sinter hardening process using these low
alloy powders. This paper describes the influence of the mix formulation and the
sintering parameters on mechanical properties of selected sinter hardenable
materials and the approach taken to convert a major line of sprockets from a
traditional mold, sinter, size and quench process to a cost effective mold and sinter
harden process.

INTRODUCTION

Sinter hardening is defined as a process where martensitic transformation takes place during the
cooling stage of the sintering cycle. This implies that the hardenability of the material and the
cooling rate from the sintering temperature are high enough for that transformation to occur. Under
appropriate cooling conditions, the face-centered cubic (FCC) structure of austenite suddenly
transforms into a supersaturated solid solution of carbon trapped in the body-centered tetragonal
(BCT) structure of martensite by a combination of shearing actions. This creates a distorted lattice
and the degree of distortion increases with the concentration of carbon. This distorted lattice
accounts for the high hardness and the brittle nature of martensite [1]. A tempering treatment may
be carried out, if necessary, to restore resilience in the material. The part density and its
microstructure govern the material mechanical properties.

The alloy content of the base powdered material, the diffusion state achieved during sintering, the
cooling rate and the tempering conditions are parameters which will dictate the material
microstructure. Obviously, maximum values of mechanical properties such as hardness and yield



strength cannot be achieved simultaneously; some compromises are required when selecting the
material and process parameters for a new application. Numerous studies on materials and
processing conditions are available to help the designer in his selection [2 to 10]. However, it is
important to realize that materials with a high martensite content can hardly be sized and are
difficult to machine. Therefore, the control of the dimensional change through the manufacturing
process becomes a critical requirement for many new applications, hence the importance of
understanding the interaction between material formulation and processing conditions on size
change. Ideally, the dimensional change relating to the material selected should be robust to minor
variations in alloy content and process conditions.

POWDERED MATERIAL SELECTION

Basically there are two types of steel powders available for sinter hardening applications. First, there
are the unalloyed iron powders used in combination with admixed elements. Graphite, copper and
nickel are the most commonly used. Copper and nickel can also be bonded to iron powders by either
partial diffusion or binder treatments. Because of its slow diffusion in iron, admixed nickel alone
does not sufficiently improve hardenability to obtain a large amount of martensite after sintering at
conventional temperature. High temperature sintering and extended time at temperature are
required to enhance the diffusion rate [11, 12, 13]. The use of manganese, chromium and
molybdenum, in either their elemental forms or as ferroalloys, combined with high temperature
sintering to get these elements into solution, makes sinter hardening feasible with unalloyed
powders as base materials [11, 14].

The second and most widely used type of powders available for sinter hardening applications is the
low alloy steel powders. Manganese, molybdenum, nickel and chromium are used in the
preparation of these low alloy powders. Because the alloying elements are in solid solution in the
iron, the hardenability of the material is increased and a homogeneous microstructure can be
achieved after sintering. Particular material selection and powder manufacturing techniques are
necessary to optimize powder compressibility, hardenability and cost. The approach taken by
Quebec Metal Powders Ltd to develop these alloys is discussed elsewhere [7, 8]. Graphite and
copper can be admixed to further increase material hardenability and strength. These elements will
rapidly diffuse in the matrix at conventional sintering temperature i.e. 1120°C.

a ) FD-0408 b) FLC-4608

Figure 1. Microstructure of sinter hardened materials. [9].

Figure 1 compares the microstructure of a diffusion-bonded alloy powder FD-0408 (ATOMET DB
48" containing 4% Ni and 1.5% Cu) at 0.8% carbon to that of a fully alloyed powder FLC-4608
(ATOMET 4601"' admixed with 2% Cu) at the same carbon level. The heterogeneous structure of



the diffusion-bonded alloy is evident with the presence of martensite, bainite, pearlite and both
nickel rich and retained austenite phases. For the FLC-4608 material, the microstructure is
essentially martensitic with few areas of bainite.

Low alloy powders such as ATOMET 4601 (0.20% Mn, 0.55%Mo, 1.8%Ni) and ATOMET 4701
(0.45%Mn, 1.00%Mo, 0.9%Ni, 0.45%Cr) are materials that are well suited for these applications.

MIX FORMULATION AND PROCESSING CONDITIONS

The main goal of using sinter hardenable materials is to favor the formation of martensite and
therefore maximize apparent hardness after sintering. With the development of sintering furnaces
equipped with fast cooling units, graphite and copper contents can be lowered while maintaining a
martensitic microstructure. Therefore, the cooling rate can be adjusted to tailor the microstructure
and hence the mechanical properties to a given powder mix formulation. This leads to the
opportunity of adjusting the mix formulation to stabilize the dimensional change occurring during
the sinter hardening process.

A study was carried out at the QMP R&D facilities [10] to evaluate the effect of graphite and copper
concentrations as well as post-sintering cooling rates on apparent hardness, strength, and
dimensional change. In this study, transverse rupture strength bars and dogbone specimens were
pressed at 6.9 g/cm® from mixes of ATOMET 4701 with 0, 1 or 2 % copper and the amount of
graphite required to reach 0.3, 0.5, 0.7 and 0.9% combined carbon. The test pieces were sintered for
20 to 25 minutes at 1120°C in a nitrogen based atmosphere and cooled at rates of 0.4 and 1.5°C/s
respectively in the temperature range of 650 to 400°C. The fast cooled test specimens were sintered
at MascoTech Sintered Components in Ridgway, PA. Tempering was carried out at 200°C for 60
minutes. Material properties were evaluated on specimens in both as-sintered and tempered
conditions. The mechanical properties measured for these specimens were found to be consistent
with the relative amount of martensite, retained austenite and pearlite/bainite present in the
microstructure. The detailed analysis of these microstructures is presented elsewhere [10].
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Figure 2. Effect of Combined Carbon and Copper Contents on Apparent Hardness [10].

The effect of combined carbon and copper concentrations on apparent hardness is illustrated in
Figure 2. As expected, apparent hardness increases with combined carbon but the rate of increase
and the maximum apparent hardness vary with the cooling rate. For a cooling rate of 0.4°C/s, the
addition of copper and a minimum combined carbon of 0.7% are required to achieve apparent
hardness values above 30 HRC. For a combined carbon of 0.9%, raising the copper content from

! Manufactured by Quebec Metal Powders Ltd



1% to 2% does not contribute to further increase the apparent hardness, which reaches a maximum
of about 41 HRC in the as-sintered condition.
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Figure 3. Evolution of Ultimate Tensile Strength with Carbon and Copper Contents [10].
ksi T T T T T T T MPa ksi T T T T T T MPa
1 1000
120 ol
{800
_ 1 900
— —
e BNy ~ 1700 R
100 | 120 =
T -~ AN z 7 R a0
o AN o / ~ N
Z b4 o
w g 7 600 w ~N =N
x | x | / 1700
E e E/ 7 £ 100 N
n o AN
a 1 500 o N
) = ~ - 600
u w 4
> 6o} {400 > 8 /
AS. Temp. AS Temp. | 1 500
e 0%Cu o e %Cu o
ol v 1%Cu v 1300 ol v 1%Cu v
m 2%Cu DO m 2%Cu O 1 400
02 03 04 05 06 07 08 09 10 03 04 05 06 07 08 09 10
COMBINED CARBON, % COMBINED CARBON, %
a) 0.4°C/s b) 1.5°C/s

Figure 4. Evolution of Yield Strength with Carbon and Copper Contents [10].

Increasing the cooling rate to 1.5°C/s significantly increases the apparent hardness of the sinter
hardened steel, particularly for copper free materials. The addition of copper improves the apparent
hardness of the 0.35% carbon material. Above 0.7% carbon, apparent hardness values tend to level
off at about 46 HRC. It is worth noting that, for applications requiring a minimum hardness of 30
HRC, the carbon and copper contents and the cooling rate can be varied to possibly adjust the
dimensional change during sinter hardening while maintaining comparable hardness.

The effect of combined carbon and copper concentrations on the tensile strength is presented in
Figures 3 and 4. Tempered specimens with 0.5 or 0.7% carbon and with 2% copper have maximum
ultimate and yield strength values of around 950 MPa and 850 MPa respectively. For applications
requiring lower strength values a wide spectrum of mix formulations and cooling rates can be used.

SINTER HARDENING AND DIMENSIONAL CHANGE CONTROL

Of particular interest for the transfer case sprocket conversion program was the effect of combined
carbon and copper concentrations and cooling rates on dimensional change. This information,
obviously required for tool and die design, could also be used to identify formulation ranges that are



robust to variation in additive contents or processing conditions. Selecting such a formulation may
become critical since sinter hardened parts cannot be sized after sintering to meet tighter
dimensional tolerances.
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Figure 5. Evolution of Dimensional Change from Die Size with the Combined Carbon and
Copper Contents for Cooling Rates of 0.4°C/s and 1.5°C/s . [10].

Figure 5 illustrates the effect of combined carbon and copper contents on dimensional change from
die size of the TRS bars. The same trends are observed for both cooling rates. At a combined carbon
of 0.3%, the copper content has a significant effect on the specimen growth. A similar behavior, but
to a lesser extent, is observed when the carbon content reaches 0.9%. At 0.7% C, the dimensional
change of the specimens from die size is similar for the three copper levels and therefore robust to
the variation of copper content. Similarly, it can be concluded that dimensional
R — change of specimens containing around 1%
copper will be robust to carbon content
variations. At low martensite content, the
v oo dimensional change of the specimens is not
affected by tempering at 200°C. However,
as the carbon and copper contents in the
specimen increase, the formation of
martensite is promoted. When the
tempering treatment is carried out at 200°C,
martensite loses its BCT (body-centered
tetragonal) structure due to the precipitation
of transition carbides. This is accompanied
by a modification of the BCT to a BCC
Figure 6. Dimensional Change from As-Sintered to structure, which accounts for the size
Tempered Conditions as a Function of the change [16].As illustrated in Figure 6, the
Martensite and Combined Carbon Content. [10]. relaxation is enhanced with increased
martensite content, particularly for carbon
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concentrations above 0.5%, with differences as high as 0.09% between the as-sintered and tempered
conditions.

Based on the information above, it becomes evident that several material formulations and cooling
rate conditions are available to the designer to meet various mechanical property requirements while
maintaining robustness with regards to dimensional control.



APPLICATION

An example of the benefits of the sinter hardening process is illustrated by the conversion of a
major product line of transfer case sprockets at MascoTech Sintered Components in Ridgway,
PA[17]. One of these sprockets is shown in Figure 7. The actual production steps for the sprockets
include molding, sintering, sizing, and heat treating. The conversion aimed at reducing the number
of steps from four to two: only molding and sintering, resulting in a significant cost reduction.
Sprockets were manufactured using two sinterhardening powder grades : ATOMET 4601 mixed
with 2% copper and 1% graphite and ATOMET 4701 mixed with 1% copper and 1% graphite. The
properties of the sinter hardened parts were compared to those obtained with the existing process
consisting of quenching and tempering a FN0408 material (iron mixed with 4% Ni and 0.9%
graphite). Hardness measurements, dimensional change evaluation, mechanical testing and
microstructural characterization were performed on both series of sprockets in the as sintered and
tempered conditions. The results were
compared to those obtained with the
sprockets manufactured with the existing
process. Hardness and strength test results are
summarized in Figure 8. A simple single
tooth loading device was designed to
evaluate the strength. The load applied at
tooth failure is reported in figure 8 as the
crush strength.

No significant difference in hardness was
found between the sinter hardenable grades
in both as-sintered and tempered conditions,
despite their different copper contents.
However, the difference with the quenched
sprockets manufactured using the current
process is significant.

The crush test results clearly showed that a
significant improvement in strength is
obtained by tempering the sprockets manufactured with the sinter hardenable powders. The
ATOMET 4701 mix with 1% copper exhibits a higher strength than the ATOMET 4601 mix with
2% copper. The crush resistance of the sprockets manufactured using sinter hardenable powders in
the as-sintered condition is comparable to that of the quenched and tempered sprockets. As shown
in Figure 9, the microstructure of the sprockets produced from the ATOMET 4701 mix was uniform
and essentially martensitic with some islands of bainite.

Figure 7. Transfer case sprocket [17].

Dimensional change measurements were carried out on three groups of parts (50 parts per group)
manufactured as follows: 1) mold, sinter, size, and quench; 2) mold, sinter, and quench; and 3)
mold and sinter harden. The results of part size measurements are shown in Figure 10. The nominal
dimension required for the application is 141.186 mm (5.5585 inch) with a tolerance of 0.145 mm
(0.0057 inch). Table 1 compares the statistical data and process capability indexes of the three
processing conditions. The quenched parts with a 6 S range at 0.159 mm (0.0063 inch) do not meet
the tolerance, so sizing is required in the current process.
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Figure 9. Mlcrostructure of the sprocket
(4% picral, 2% nitral) [17].

On the other hand, the sinter hardened parts in the as-sintered condition satisfy the requirement with
a capability index of 1.37. Therefore, the sizing operation is no longer necessary when using the
sinter hardening process. The difference in the 6s value is 40% lower in the case of the sinter
hardened sprockets when compared to that of the quenched parts. The sinter hardened parts are

equivalent or even superior in size control than the sized and quenched parts.

Quenched Sized & Sinter
30 Quenched hardened
% X-Bar 141.069 141.150 141.196
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Figure 10. Distribution part diameter
measurements, mm. [17].

Table 1. Effect of processing route on
dimensional control, mm. [17].

Several experiments were performed to determine the effect of sinter hardening process parameters
on dimensional change control [17]. The sintering temperature and belt speed were retained as the
most important parameters. Parts were produced from the same material lot, compacted on the same
press and sintered in the same furnace. All size measurements were taken at the ID mark on the part
to minimize the effects of size variation within the part. A multiple regression analysis was used to
generate an equation to predict pitch diameter change for a given belt speed and sintering
temperature. The equation was then used to generate the graph shown in Figure 11. It shows that
the pitch diameter can be reduced by 0.018 mm (0.0007 ) for each increment in sintering
temperature of 2.75 °C (5 °F). Similarly, an increment in belt speed of 12.7 mm/min (0.5 in/min)
will increase the pitch diameter by 0.020 mm (0.0008 ). It was later demonstrated, in mass
production, that the above control parameters were useful for process adjustment. These additional
tools to the material formulation further confirm the feasibility of eliminating the sizing operation.



The sprockets manufactured at MascoTech Sintered Components, using the sinter hardening
process, successfully passed all application tests and generated the expected cost savings. Millions
of these sprockets have since been produced.

Pitch

141.275
141.250
141.225
141.200
141.175
141.150
141.125
141.100
141.075
141.050

1126 BELT SPEED (in/min)

1129
1132 1135

TEMPERATURE (°C) 1138 49

1141

Figure 11. Combined belt speed and sintering temperature effect
on the dimensional change of sinter hardened sprockets. [17].

CONCLUSIONS

Using low alloy powder products, the production of parts with high apparent hardness can be
reduced to a simple mold and sinter process, eliminating post sintering sizing and heat treatment

operations.

*

The cooling rate during sintering can be adjusted to tailor the microstructure and hence the
mechanical properties to a given powder mix formulation.

Proper selection of carbon and copper content can be made to improve the dimensional change

* The sintering temperature and belt speed are useful process parameters to adjust the dimensional

change during sintering.

The sinter hardening process can be beneficially used for the manufacture of automotive transfer
case sprockets.
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