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Abstract
Powder metallurgy is a continually evolving technology utilizing advanced compaction techniques and
new alloy systems to optimize mechanical performance of the resulting powder metallurgy (PM) part.
Many of the currently used low-alloy systems are essentially modifications of the FC-02XX and
FN-02XX material systems. However, for many applications, the use of either diffusion-alloyed
FD-0205 or FLN2-4400 pre-alloyed powder is required to meet the heat-treated part performance.
Developing a ‘lean’ heat-treatable powder alloy will enhance PM’s competitiveness by delivering a
cost-effective PM component with reduced material cost. To develop this new system, a range of alloys
utilizing an 0.30 wt.% prealloyed molybdenum steel were evaluated to determine the effects of prealloyed molybdenum and reduced amounts of premixed nickel and copper additions on the as sintered and
heat-treated mechanical properties. All mechanical property testing was done as function of part density
utilizing compaction pressures ranging from 415 MPa to 830 MPa. In addition to the mechanical
property evaluation, selected systems were evaluated for Jominy hardenability and dimensional change
characteristics, in the green, as sintered and heat-treated states. The ultimate aim of this study was to
develop a lean-alloy system capable of meeting the mechanical property requirements of a wide variety of
PM components while optimizing the premix alloy content.
Introduction
Powder Metallurgy (PM) continues to prosper because it is constantly evolving as a parts making process
developing new processes and novel alloy systems uniquely designed to meet the demands of the end
user. A recent example of this evolution is the development and growth of warm-die compaction; a
process enabling the attainment of double press double sinter (2P2S) densities via single compaction. [1]
Although warm-die compaction satisfies one facet of PM part production, the vast majority of PM parts
are compacted to densities less than 7.1 g/cm³; thus, not ideal candidates for high density processing. [2]
Nonetheless, there is still a need to enhance the cost effectiveness of PM in these traditional applications;
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particularly, for those alloys that are used in heat-treated conditions. Previous work has shown that
mechanical properties of a heat-treated PM part are independent of the alloying system utilized; provided
that the heat-treat process produces similar microstructures in the critical section of the PM part. [3,4]
Thus, understanding the hardenability of an alloy system and how that affects the final part is essential to
developing a lean-alloy system for heat-treated applications.
The dominant premix ‘families’ used in the majority of heat-treated PM components; are: FN-020X, FD020X, FD-040X and FLN2-440X. [5] The FN designation is a pure iron powder premixed with elemental
nickel powder, the FD- designates that the alloying elements are diffusion alloyed to the base iron
powder. The ‘FL’ designation indicates a prealloyed powder; the most commonly used alloys contain
molybdenum as the primary alloying element. These material families have been successfully used for
many years but the question is: are they the most cost effective for the intended application? Can the
alloy content of an FLN2-4405 be reduced and still give satisfactory component performance? It is noted
that the alloying cost at the present time for copper, nickel, and molybdenum are nearing historical lows;
however, this trend will not persist with the increasing demand for PM in developing economies and the
paramount requisite for PM to remain cost effective for continued growth. [6]
This paper will detail the experimental work performed and the results achieved evaluating a series of
reduced alloy content (lean) PM premixes to replace a current FLN2-4405 type premix. The emphasis
was to replace both the base iron and reduce the admixed elemental additions without compromising heattreated mechanical properties. Emphasis focused on utilizing a 0.30 wt.% molybdenum prealloyed steel
with at most ~1wt.% nickel plus copper additions. It is recognized that this reduced alloy content will
have lower hardenability; however, hardenability requirements are part specific and the PM premix can
be customized for the particular application. Complementing the development of mechanical properties
of various premixes relative to the standard FLN2-4405; larger samples were prepared to produce
crankshaft sprockets at Cloyes Gear and Products. This segment of the test program was designed to
evaluate the reduced alloy premixes in a production environment in which the part was subsequently
either conventionally batch heat treated or induction hardened. As noted earlier, the ultimate aim of this
program was to determine the feasibility of substituting a ‘lean’ alloy for the standard FLN2-4405. If
successful, this could lead to improving the competitiveness of PM further for an even greater diversity of
automotive and non-automotive applications.
Experimental Procedure
A series of laboratory-sized premixes (~3 kg) was prepared using either 0.30 wt.% or 0.50 wt.%
prealloyed molybdenum base powder to which elemental additions of nickel and or copper were made. In
all cases, the combined amount of nickel and copper was kept as low as practical to keep alloy cost at a
minimum. Initially, 22 premixes were prepared and evaluated for key PM characteristics of
compressibility, dimensional change upon sintering, transverse rupture strength, tensile properties,
apparent hardness and impact properties. All testing was done according to the appropriate MPIF
standard test methods. [7]. Testing was done in both the as-sintered and heat-treated condition. Table 1
presents the range of alloys evaluated.
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Table 1
Range of compositions evaluated in preliminary Study

Base Alloy
Ancorsteel 1000B
Ancorsteel 30 HP
Ancorsteel 50 HP
Ancorsteel 85 HP
Distaloy 4600A

C,
wt.
%
0.8
0.50.8
0.5–
0.8
0.50.8
0.60.8

Cu,
wt. %
0-2

Ni,
wt.%
0-2

0-2

0-2

0

2

0-2

0-2

N/A

N/A

Test samples were compacted at 415, 550, 690, and 830 MPa (30, 40, 50 and 60 tsi). Sintering was done
in a continuous belt furnace at 2050 °F (1120 °C) in a 90/10 (nitrogen/hydrogen) atmosphere for
approximately 20 minutes at temperature. Laboratory scale heat treating was done at 870 °C (1600 °F)
for 90 minutes in a 75 vol.% hydrogen / 25 vol. % nitrogen atmosphere followed by quenching in well
agitated, heated oil (65 °C (150 °F)) and tempering at 205 °C (400 °F) for 1 hour.
From the data developed on the 22 laboratory samples evaluated, four compositions were chosen for
further testing. These four compositions (Table 2) plus the standard FLN2-4405 were prepared in larger
quantities for actual PM part evaluation. These samples were compacted into a production crankshaft
sprocket at Cloyes Gear and Products, Figure 1. The production sprocket part weighs ~345 grams and is
compacted to a hub sintered density of 6.7 g/cm³ to 6.8 g/cm³ with a sprocket sintered density of
7.15 g/cm³ to 7.20 g/cm³. All pilot test samples were prepared using ANCORBOND® processing. The
sintering conditions employed at Cloyes Gear were as follows: a temperature of 1120 °C (2050 °F) in an
Abbott 36 inch mesh belt sintering furnace with a belt speed of 5 inches per minute with a time at
temperature of approximately 25 minutes. The atmosphere was 90 vol.% nitrogen and 10 vol.%
hydrogen with a dew point of -58 °C (-74 °F). After sintering the parts were cooled without accelerated
cooling.

Table 2
Premix compositions chosen for evaluation at Cloyes Gear
Designation

Base Iron

A
B
C
D
S

0.30 wt. % Mo
0.30 wt.% Mo
0.30 wt.% Mo
0.30 wt. % Mo
0.85 wt. % Mo

Nickel
wt. %
0.50
0.75
0.75
0.75
2.0
.
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Copper
wt.% / size
0
0.30 / -150 µm
0.15 / -15 µm
0.30/-15 µm
0

Graphite
wt. %
0.7
0.7
0.7
0.7
0.7

Figure 1:

Photograph of crank sprockets evaluated in this study.

Heat treating of the crankshaft sprockets was done either by batch heat treatment or induction hardening.
Details of both are as follows:

1. Batch heat treatment was done in a Holcroft Furnace (UBQ#1) at 842 °C (1550 °F) for one hour at
temperature in an endothermic atmosphere. The carbon potential was set at 0.9%. The quench oil
used was Daphne bright quench oil set at 93 °C (200 °F). Parts were batch tempered at 176 °C
(350 °F) for one hour in air.
2. Induction Hardening was done on a High Frequency Three Phase unit; using both left and right
spindles. Power is applied alternately to the left and right coils by a common power supply and
transfer switch. Parts were quenched in oil and tempered at 176 °C (350 °F) for one hour in air.
The tooth hardness requirement is 65/75 HRA. The visual case depth requirement is 0.5 mm,
minimum in the middle and 2.5 mm (max) on the ends.
Production parts were evaluated for radial crush strength and tooth strength in the as-sintered, batch heat
treated and induction hardened heat-treat conditions.
Results
a. Laboratory Testing of Premixes
Figure 2 plots the compressibility of the 4 selected premixes plus the standard premix evaluated over a
range of compaction pressures from 415 MPa to 830 MPa. As expected, reducing the alloy content of the
base iron from 0.85 wt.% molybdenum to 0.30 wt.% molybdenum plus reducing the elemental additions
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had minimal effect on the compressibility of the prototype ANCORBOND premixes. The maximum
variation observed was 0.02 g/cm³ at any given compaction pressure.

Figure 2:

Compressibility of 5 samples evaluated in this study

The current production premix, FLN2-4405, exhibits shrinkage from die size in the heat-treated condition
up to a heat-treated density of ~7.25 g/cm3, Figure 3. The range of DC for this standard premix varied
from a low of -0.17% at 6.8 g/cm³ to a + 0.02% at a 7.25 g/cm³ density. The experimental alloys
investigated in this study showed a positive dimensional change (DC) from die size in the heat-treated
condition. This implies that existing tooling will not be process capable for the new materials and that
new tooling will be required to meet existing part size specifications. If these new alloys are to be
considered for existing components; the cost of new tooling will have to be offset by the potential raw
material savings. However, for new applications this different DC is not a major hurdle; rather, it is
different and needs to be considered in the die design.
One interest in examining these new premixes was a manipulation of the ratio of admixed copper and
nickel and the morphologies of those powders. For example, premixes B and D are nominally the same
composition, but mix D uses an admixed fine copper powder (-15 µm) instead of a standard -100 mesh
copper powder. As shown in Figure 3, this change of copper morphology makes a significant difference
in terms of reducing variability of dimensional change of the part, as it shows a flatter dimensional change
curve with increasing density.
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Dimensional change characteristics of selected premixes in heat-treated condition

Ultimate Tensile Strength (MPa)
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Heat-treated ultimate tensile strengths of the 5 premixes evaluated

Figure 4 presents the heat-treated ultimate tensile strength of the 5 premixes evaluated. The data was
derived by heat treating compacted and sintered MPIF dog-bone samples. All of the mixes performed
similarly to the current standard when heat treated. It is recognized that heat-treated tensile properties
should be developed using machined-round samples. Thus, the strength values presented in Figure 4 are
lower than those values listed in MPIF Standard 35 for the FLN2-4405 material. It is anticipated that
tensile testing of machined-round samples will give comparable strengths to the published standards.

b. Crankshaft Sprocket Evaluation
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The compacted and sintered crankshaft sprockets were evaluated for radial crush strength and gear-tooth
strength in both the as sintered and heat-treated conditions. The testing arrangement for both test
procedures is shown in Figures 5 and 6. Presented in Table 3 are the measured chemical analysis of the 5
premixes evaluated plus the green and sintered densities of the crankshaft sprocket teeth and hub sections.
The standard FLN2-4405 material was inadvertently compacted to lower tooth and hub density relative to
the 4 experimental premixes evaluated. These lower densities will show a minor reduction on the
as-sintered and heat-treated strengths. Also noted in Table 3 is the relative cost of the five premixes
evaluated. This relative cost was based on assigning the cost for the standard FLN2-4405 material as 1.
The four experimental materials have relative costs ranging from 82% to 85% of the standard
FLN2-4405. This suggests that if the experimental materials are suitable for the intended application, a
minimum raw material cost savings of 15% can be realized. Pricing shown in Table 3 were effective
March 1, 2015 with appropriate surcharges applied at that time.

Figure 5:
hub

Methodology to test radial crush of

Figure 6:
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Fixture used to test tooth strength

Table 3
Characteristics of Crankshaft Sprockets Compacted at Cloyes Gear
Property
Evaluated
Green tooth
density, g/cm³
Green hub
overall
density, g/cm³
Sintered tooth
density, g/cm³
Sintered
overall
density, g/cm³
Sintered tooth
hardness,
HRB
Sintered hub
hardness,
HRB
Sintered
carbon, wt. %
Sintered
Nickel, wt. %
Sintered
Copper, wt.%
Sintered
Mo, wt. %
Relative Cost

Sample A

Sample B

Sample C

Sample D

Standard
FLN2-4405

7.19

7.19

7.19

7.17

7.15

6.75

6.74

6.66

6.76

6.67

7.15

7.16

7.14

7.12

7.08

6.69

6.66

6.69

6.74

6.71

72

76

76

73

87

65

67

67

69

83

0.62

0.61

0.62

0.61

0.64

0.54

0.77

0.78

0.78

2.03

0.10

0.40

0.24

0.38

0.08

0.34

0.34

0.34

0.34

0.81

0.82

0.85

.85

0.85

1.0

The crush strength of the hub in the as-sintered and batch heat-treated conditions is shown in Figure 7.
The standard material exhibits higher crush strength in the as-sintered condition relative to the four lean
alloy materials, even though the FLN2-4405 hubs have a lower sintered density. The rationale for this is
the sintered hardness of the FLN2-4405 material shown in Table 3. The FLN2-4405 has a sintered hub
hardness of 83 HRB vs. the other materials having hardness values ranging from 65 HRB to 69 HRB.
This higher hardness supports higher strength. This result is a consequence of the higher molybdenum
content in the base iron of the FLN2-4405. However, in the heat-treated condition the standard and
experimental systems are nearly identical. Thus, the lower alloy content of the lean alloys selected has
minimal effect on the crush strength in the batch heat-treated condition. This implies that the
microstructures of the heat-treated samples are identical.
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Figure 7:

Sample B

Sample C

Sample D

Sample S

Heat-treated and as-sintered crush strength comparison.

Figure 8 shows the tooth strength in the three conditions. As expected, the ‘S’ or standard material gives
the highest as-sintered tooth strength because of the higher alloy content and subsequent higher
as-sintered hardness. Once heat treated via batch or induction hardening, the tooth strengths are
equivalent. The slight reduction in the standard ‘S’ condition can be attributed to the 0.05 g/cm3
reduction in sintered density.
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Figure 8:

Tooth strength in as-sintered, induction hardened and quenched parts.

Figure 9 presents a comparison of the heat-treated tooth hardness between the lean premixes and the
current standard. All samples evaluated showed essentially the same tooth hardness in heat-treated
condition. The relatively minor differences observed are within testing error and all meet the product
specification.

52

Tooth Hardness (HRC)

50

Batch HT
Induction
HT

48
46
44
42
40
Sample A Sample B Sample C Sample D Sample S

Figure 9:

Apparent hardness of the heat-treated gear tooth of the five materials
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Metallography
Figures 10 through 14 are photomicrographs of the five materials in the heat-treated state. These images
show that all alloy systems tested have comparable microsructures. The predominant phase is tempered
martensite with evidence of nickel-rich regions associated with undiffused nickel. The microstructures
shown were developed using a austenitization temperature of 870 °C (1600 °F) for 90 minutes.

Figure 10:

Mix A - 0.5% Ni

Figure 12:

Mix C - 0.7% Ni, 0.15%

Figure 14:

Figure 11:

Figure 13:

Mix S- 2% Ni
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Mix B - 0.7% Ni, 0.3%

Mix D - 0.7% Ni, 0.3% -

Figures 15 and 16 are photomicrographs of the induction hardened FLN2-4405 and the 0.30 wt.%
molybdenum prealloyed material with 0.5 wt.% admixed nickel (only the leanest alloy was chosen to
present here). The cycle times for hardening of all materials was the same. The depth of hardening was
lower for the lean alloy; however, it met the specification for tooth hardness profile. As such, these
metallographic results confirm the results of the tooth strength measurements presented in Figure 8.

Figure 15a: Depth of tempered martensite in the
induciton hardened FLN2-4405

Figure 16a: Depth of tempered martensite in the
induction hardened 0.30 wt% Mo + 0.50 wt. Ni

Figure 15b: Microstructure of induction
hardened FLN2-4405

Figure 16b: Microstructure of induction
hardened 0.30% Mo with 0.50 wt.% Ni

Jominy Hardenability Results
Jominy hardenability testing was performed on the five materials, and the results are presented in
Figure 17. All Jominy samples had a density of 7.0 g/cm³ +/- 0.05 g/cm³ in the as-sintered condition. As
expected, the standard FLN2-4405 material (S) has the highest hardenability of the materials evaluated.
Material A, the leanest alloy with only 0.50 wt.% elemental nickel added shows the lowest hardenability.
However, minor additions of copper improve the hardenability response of these lean-alloy systems.
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With these copper-containing alloys, they can achieve the same hardness as the standard material to a
depth of ~0.4 inches (~10 mm). This is significant in that the half-section thickness of the component is
less than this value; thus full transformation is expected and was observed on the batch heat-treated
samples. Components having thicker section sizes will not completely transform to martensite upon
quenching. Referring to Figures 15a and 16a, the leanest alloy does not show the same depth of
hardening after induction hardening as the standard FLN2-4405. Despite the reduced hardenability of
these lean alloys, the depth of hardening specfication was met for this crank sprocket. Also, the tooth
strength as shown in Figure 8 was equal to the standard FLN2-4405 for all lean alloys investigated.

75.0

Hardness (Rockwell A)

70.0

Mix A
Mix B
Mix C
Mix D
Mix S

65.0
60.0
55.0
50.0
45.0
40.0
0

Figure 17:

1

2
3
4
Distance from quenched end (inches)

5

Jominy hardenability results of 5 alloys investigated

Shown as Figure 18 are the microindentation hardness readings after induction hardening of the
crankshaft sprocket. Induction hardening of the sprocket is primarily targeted at hardening the sprocket
teeth; however, there is a part requrement to mainitain a metallographic depth of hardening in the tooth
root at 0.50 mm of >700 HV. The hardness resulting below the root is a measure of the hardenability of
the material. As was observed in the Jominy data, the leanest alloy does harden to the requried depth as
required by the part specification. The addition of copper even as relatively minor levels increases the
depth of hardness > 700 HV0.1 from 0.65 mm to 0.8 mm. The standard FLN2-4405 hardens to >700
HV0.1 to about 1.05 mm. Thus, these lean alloys are suitable for the current application. Other potential
applications will depend upon the hardening depth requirements.
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Figure 18:

0.2

0.4

0.6

0.8

Depth (mm)

1

1.2

1.4

Microindentation hardness results from induction hardening of sprockets

Discussion
The objective of this study was to develop a lean-alloy material to replace an MPIF FLN2-4405 material
in a production crankshaft sprocket. Chosen as the primary base iron was a 0.30 wt.% molybdenum
prealloyed steel to which relatively minor amounts of copper and nickel were added, up to a maximum of
approximately 1 wt.% total elemental additions. A reduction of alloy content of nearly 70% was shown
to be possible without any major change in heat-treated part performance. The results achieved
demonstrated that a lean-alloy system will not have the as-sintered strength of the FLN2-4405 material;
however, because this part is either batch heat-treated or induction hardened, the as sintered properties are
relatively insignificant. In this case, the key to obtaining good results is achieving the desired heat-treated
microstructure. A martensitic microstructure was shown to be formed readily in all mixes investigated,
showing that the desired mechanical properties can be achieved. Jominy hardenability testing showed
that the lean alloys have reduced hardenability. However, for the particular part chosen, the hardenablity
was adequate to produce a 100% martensitic transformation in the critical sections of the crankshaft
sprocket.
The significance of this experimental work is that a conventional PM steel containing reduced amoutns of
nickel, copper and molybdenum can be customized to produce the desired mechanical properties for a
majority of heat- treated PM applications. In particular for the crackshaft application investigated, there
is a potential raw material cost savings of approximately 15% compared with the standard FLN2-4405.
This cost savings is realized employing conventional PM alloying additions and conventional PM
sintering and heat treating. Althougth cost savings can be realized using chromium- or manganesealloyed steels, the processing of these systems require significant atmosphere control in the sintering
furnace and precludes the ability for conventional heat treating in endothermic atmospheres. This
conventional use of standard PM alloying techniques coupled with standardized PM processing greatly
14

simplifies part production and minimizes the risk of oxidation of the part throughout the manufacturing
process. Oxidation of the PM part will have detrimental effects on the mechanical properties of the
finsihed PM component. Thus, these proposed alloys are production friendly.
Conclusions:
From this study, the following conclusions can be made:
1. A prealloyed 0.30 wt.% molybdenum steel powder with reduced amounts of nickel and copper
can be substituted for a FLN2-4405 material for use in a heat-treated automotive cranksprocket
application.
2. The strength of the reduced-alloy content material is identical to the FLN2-4405 in the heattreated condition provided the microstructures of the materials are identical.
3. The lean alloys have reduced hardenability. However, the specification for hardness depths of the
crankshaft sprocket is such that the critical section size that can be hardened either by induction
hardening or conventional quenching and tempering.
4. The lean alloys offer a potential cost savings relative to the FLN2-4405 of approximately 15%.
5. The lean alloys induction hardened in a similar manner to the FLN2-4405.
6. These lean alloys are production friendly; implying, that standard sintering practices can be
employed with minimal risk for oxidation. Additionally, heat treatment can be performed in an
endothermic atmosphere without oxidizing the traditional PM alloying elements.
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