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Abstract
Diffusion-alloyed PM steels are used throughout the world for the production of high performance
components. One of the leading drivers for the continued development and use of diffusion alloys is
synchronizer hubs, which require tight dimensional tolerances and excellent mechanical properties.
Traditionally, diffusion alloys are used in the as-sintered or conventionally heat-treated conditions. Where
many modern sintering furnaces are now capable of offering accelerated cooling to enhance properties,
the diffusion alloys can be utilized with cooling systems without having to use traditional oil quenching.
This paper explores the properties achieved with FD-0205, FD-0405, FLDN4C2-4905, as well as a nickel
(Ni)-free variant. With the application of accelerated cooling rates, ~1.6 °C/sec, significant improvements
in hardness and strength are achieved with the FLD- series materials, having 1.5wt% molybdenum
prealloyed in the iron, that are superior to FD-0205 and FD-0405.
Introduction
Diffusion alloys were developed and have been in use throughout the automotive industry since the
1960’s [1] and continue to be an ideal choice for applications requiring high performance and precision.
Generally, they can contain high alloy content and are often targeted for replacement or “leaning” for cost
reduction initiatives. Nevertheless, diffusion alloys offer an attractive combination of strength and
dimensional stability for manufacturing components for use in demanding applications where leaner alloy
options struggle to meet target performance. This paper revisits some of the properties that can be
achieved with diffusion alloys FD-0205 (Ancorsteel FD-4600A) and FD-0405 (Ancorsteel FD-4800A)
under conventional sintering and sinter-hardening conditions. In addition, a more heavily alloyed hybridmaterial system FLDN4C2-4905 (Ancorsteel FLD-49HP), based on an iron which has been first
prealloyed with 1.5wt% Molybdenum (Mo), and a Ni-free variant (Ancorsteel FLD-49DH) are reviewed in
comparison to the more common grades discussed. The benefit of these hybrid versions of diffusion
alloys is increased hardenability for parts with larger cross-sections and superior strength. Due to the
nature of the processing route to manufacture diffusion alloys, a couple key characteristics are attributed
to the usefulness of such alloy systems in producing parts. These alloys are known to retain high
compressibility despite the amount of alloying present and since the fine additives are partially alloyed to
the base iron, there is reduced segregation of these elements in comparison with regular premixes. The
reduced dusting and segregation of fine additives during handling enables an improved process through
maintaining consistent chemistry from one part to the next. In turn this effect contributes to more robust
manufacturing in meeting stringent tolerance requirements.
Experimental Procedure
Commercially available alloys used in this study are listed in Table 1. All mixes were prepared with
0.7 wt% EBS-type lubricant and a range of natural flake graphite (0.4, 0.6, and 0.8 wt%). Transverse
rupture strength bars (TRS), dogbone tensile bars, and toroids (36mm OD, 22mm ID, 6.5mm height) were
compacted to 6.8, 7.0, and 7.1 g/cm 3 green density to determine mechanical properties of each material.
Table 1: Nominal composition of diffusion alloys evaluated in this study (wt%). (* prealloyed)
Base Iron
Ancorsteel FD-4600A
Ancorsteel FD-4800A
Ancorsteel FLD-49DH
Ancorsteel FLD-49HP

MPIF Designation

Mo

Ni

Cu

Fe

FD-0200
FD-0400
FLDN4C2-4900

0.50
0.50
1.50*
1.50*

1.75
4.00
4.00

1.50
1.50
2.00
2.00

Bal.
Bal.
Bal.
Bal.

All test bars were sintered in an Abbott continuous-belt furnace at 1120 C (2050 F) for 15 minutes in a
mixed atmosphere of 90 vol% nitrogen and 10 vol% hydrogen (90/10). Conventional sintering properties
were evaluated using a cooling rate of 0.7 °C/s from 650 °C to 315 °C, as measured with an embedded
thermocouple in 12.7x12.7x31.75mm bar. Sinter-hardened properties were achieved with an accelerated
cooling system producing a cooling rate of 1.6 C/s. All sinter-hardened samples were tempered at
205 °C (400 F) for 1 hour prior to testing. Mechanical testing was carried out following MPIF standard
test methods 10, 41, 44, and 55 [2]. Sintered carbon values were measured using a Leco CS-200 with
nominal carbon contents of 0.35, 0.55, and 0.75wt% (+/-0.02wt%) for the respective 0.4, 0.6, and 0.8wt%
graphite additions.
Results
The dimensional change of a fully sintered component is highly dependent on the chemical makeup of the
material as well as all steps during the manufacturing process. Diffusion-alloyed steels are typically
expected to demonstrate dimensional stability [3] despite any fluctuations in sintering conditions making
for a robust manufacturing process. To demonstrate this effect, Figure 1 displays the dimensional
behavior over a range of carbon content and two different sintering conditions. FD-020x has a range in
DC from 0.33 to 0.40% and FD-040x is 0.18 to 0.25% over a graphite addition range of 0.4 to 0.8 wt%,
depending on cooling rate. This illustrates that small changes (+/- 0.1wt %) in carbon content will have a
limited effect in changing the dimensional response of the respective alloy. Therefore, any small loss of
graphite due to dusting during handling will have minimal impact on dimensional response of the material.
Moreover, this suggests that there is more freedom to tailor the carbon content to meet hardness or
strength requirements without having to make a new die set and still be able to stay within a tight
dimensional tolerance.

Figure 1: Dimensional change from die size for FD-020x and FD-040x in the as-sintered and sinter
hardened conditions versus graphite addition. All samples pressed to 7.1 g.cm 3 green density.
While there is little change in dimensional behavior as a result of carbon content variation, the density of
the material can play an even more important role. Figure 2 (A) and (B) demonstrate the effect of density
on the dimensional change of the diffusion alloys in this study at a graphite addition of 0.6wt%.
Furthermore, this illustrates that in a Ni-free material system, FLD-49DH, there is significantly more
growth from die size as a result of the Cu dominating this behavior. Conveniently, there is little difference
in dimensional behavior when comparing the FD-0405 and FLD-49HP (FLDN4C2-4905) materials over
the range in density, suggesting that FLD-49HP could be a close replacement for FD-0405 where greater
through hardness or strength may be desired.
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Figure 2: Effect of density on dimensional change from die size for (A) FD-0205 and FD-0405, and (B)
FLD-49DH and FLD-49HP at 0.6wt% graphite in the as-sintered and sinter hardened conditions.
Carbon contents are usually selected to meet mechanical requirements in strength and hardness for wear
resistance. For these diffusion alloys, an optimal graphite addition of 0.6wt% (approximately 0.55wt%
sintered carbon) is recommended to maximize properties as shown in Figure 3 (A). Although increasing
graphite content upwards of 0.8wt%, Figure 3 (B), can result in a marginal increase in apparent hardness,
there will be a corresponding loss in TRS strength or no improvement at all when graphite contents
exceed 0.6wt%.
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Figure 3: Effect of graphite addition on (A) transverse rupture strength, and (B) apparent hardness for FD020x and FD-040x in the as-sintered and sinter hardened conditions. All samples pressed to 7.1 g.cm 3
green density.
Since there is either a drop or a plateauing of strength at graphite additions above 0.6wt%, the focus of
the remainder of mechanical performance is reported at 0.6wt% graphite additions versus density. Figure
4 (A) shows the TRS properties of FD-0205 and FD-0405 over a range of density from 6.75 up to 7.10
g/cm3 (depending on the alloy). The typical values in TRS for these alloys ranged from 1000 MPa up to
1600 MPa, depending on the cooling rate. On average, an increase of ~200 MPa in TRS can be achieved
with sinter-hardening conditions. The higher performance diffusion alloys FLD-49DH and FLD-49HP in
Figure 4 (B) are capable of reaching 1800 MPa at a 7.0g/cm 3 sintered density in TRS when using
accelerated cooling. The biggest increase in TRS with accelerated cooling was found with the Ni-free
FLD-49DH alloy, increasing 400 MPa on average over the density range evaluated.
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Figure 4: Effect of density on transverse rupture strength for (A) FD-0205 and FD-0405, and (B) FLD49DH and FLD-49HP at 0.6wt% graphite in the as-sintered and sinter hardened conditions.
For applications where high hardness is a requirement, the combination of a prealloyed Mo base with the
diffusion alloyed Ni and Cu will provide superior results over FD-0205 and FD-0405, Figure 5(A) vs (B).
There is only a marginal increase in apparent hardness for the FD-0205 and FD-0405 alloys when sinter
hardened; suggesting the application of accelerated cooling has minimal impact on these alloy systems.
Interestingly, there is a dramatic increase in apparent hardness when sinter hardened for the Ni free
variant, FLD-49DH, whereas the FLD-49HP comparatively exhibits reasonably high (>60 HRA) apparent
hardness levels in the as-sintered condition with only a small increase in hardness with accelerated
cooling.
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Figure 5: Effect of density on apparent hardness for (A) FD-0205 and FD-0405, and (B) FLD-49DH and
FLD-49HP at 0.6wt% graphite in the as-sintered and sinter-hardened conditions.
Figure 6 (A) and (B) demonstrate the radial crush strength of the diffusion alloys at the 0.6wt% graphite
addition over a range in density. The 4wt%Ni content alloy exhibits greater crush strength compared to
the 2wt% Ni alloy version. However, the Ni-free variant in (B) shows to have similar crush strength to the
most heavily alloyed system when sinter hardened. Here the Ni content seems to have a lesser role in
providing resistance to the crushing force and instead is more dependent on the increased formation of
martensite throughout the structure (shown later in the discussion).
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Figure 6: Effect of density on radial crush strength for (A) FD-0205 and FD-0405, and (B) FLD-49DH and
FLD-49HP at 0.6wt% graphite in the as-sintered and sinter hardened conditions.
Lastly, the tensile strengths (UTS) of the diffusion alloys are reported in Figure 7 (A, B). The strength
follows a similar pattern to the crush strength behavior of these materials, where the 1.5wt% prealloyed
Mo alloys exhibit superior tensile properties. Increasing the cooling rate for all will provide a boost in
strength, though the biggest influence is found in combination with the FLD-49DH material.
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Figure 7: Effect of density on ultimate tensile strength for (A) FD-0205 and FD-0405, and (B) FLD-49DH
and FLD-49HP at 0.6wt% graphite in the as-sintered and sinter hardened conditions.
Metallography
A metallographic analysis was performed on each material at the 7.1 g/cm 3 density and 0.6wt% graphite
level condition. Samples of each material were prepared using standard metallographic techniques and
etched using 2vol% Nital + 4wt% Picral. Examples of the as-sintered microstructure for FD-0405, FLD49DH, and FLD-49HP are presented in Figure 8, A1-3. Figure 8, B1-3, shows the sinter-hardened
structure that develops for each respective alloy. FD-0205 was omitted as the only difference compared
with FD-0405 was fewer Ni-rich regions. Diffusion alloys exhibit a heterogeneous microstructure in the assintered state, where it is common to find heavily alloyed Ni-rich (NR) regions adjacent to martensitic (M),
bainitic (B), and pearlitic (P) regions. Under accelerated cooling conditions (B1-3), there will be a
corresponding increase in martensite content in the alloy-rich regions and a refinement of the pearlite in
low alloy areas. The prealloyed 1.5wt% Mo diffusion alloys present a greater amount of martensite
transformation compared with the FD-0405, which can be directly related back to the superior
performance of these alloys.
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Figure 8: The (A) as-sintered and (B) sinter hardened and tempered microstructure of (1) FD-0405, (2)
FLD-49DH, and (3) FLD-49HP; etched using 2% Nital + 4% Picral.
Conclusions
Where high mechanical performance and ease of processing is desired, diffusion alloys can offer a range
in properties based on which alloy system is designated combined with the opportunity for accelerated
cooling. The maximum transverse rupture strength, radial crush, and tensile strength for FD-0205 and
FD-0405 can be achieved with a careful balance of carbon content, targeting the 0.5-0.6wt% sintered
carbon content. Under the modern cooling system, diffusion alloys based on a prealloyed 1.5wt% Mo
offer a greater proportion of martensitic structure through increasing the cooling rate. Where Ni additions
are a concern or not needed for cost-reduction measures, the FLD-49DH system offers excellent
apparent hardness, wear resistance, and can reach transverse strengths of up to1800 MPa.
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