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ABSTRACT
With the introduction of several silicon-containing materials, the potential for replacing ductile
and malleable cast irons with P/M alloys has never been greater.  These materials exhibit
extremely competitive property combinations when conventionally compacted and sintered at
1260 °C (2300 °F).  However, additional opportunities exist if advanced densification
processes such as double press / double sinter or warm compaction are employed.  This paper
investigates several important manufacturing processes including advanced densification
techniques, vacuum sintering, and machinability.

INTRODUCTION
Several silicon-containing materials were recently introduced to compete with malleable and
ductile cast irons.  These materials are designated as Ancorloy® MDA, Ancorloy MDB, and
Ancorloy MDC.  Additional grades in the same family are currently being investigated.  While
previous work on these materials [1-4] has largely focused on conventional single press /
single sinter (SP / SS) processing, the investigation of advanced densification processes was
warranted.

As an avenue to further improve these superior products, this work investigates double press /
double sinter (DP / DS) processing.  Vacuum sintering is also examined for the same purpose.
Relative machinability comparisons are made between the materials studied and other widely
used P/M compositions.

BACKGROUND
In addition to its relatively low cost and tendency to increase hardenability, silicon can
accelerate sintering in hybrid alloys and substantially impact mechanical properties [5].
However, despite the inherent metallurgical advantages of silicon, its use in P/M has been
largely unsuccessful in the past.  The difficulties associated with conventional methods of
silicon addition are numerous.  For example, the addition of ferrosilicon almost invariably leads
to a high degree of shrinkage and distortion in a sintered P/M compact.  Silicon oxide formation
during sintering frequently results in an undesirable decline in static and dynamic mechanical
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properties.  Furthermore, silicon oxide pickup during atomization and/or annealing can lead to
lower compressibility and diminished mechanical performance.

Through advancements in atomizing, annealing, and binder-treatment technology, new silicon-
bearing materials have been developed to provide exceptional property combinations without
large quantities of admixed additions such as nickel, copper, etc.  Production experience has
indicated that these materials exhibit higher mechanical properties than conventional diffusion-
alloyed materials without the additional production costs associated with diffusion alloying.

EXPERIMENTAL PROCEDURE
The core materials investigated in this work were Ancorloy MDA, Ancorloy MDB, and Ancorloy
MDC, hereafter referred to as MDA, MDB, and MDC.  Two processing routes were studied.
These included (1) DP / DS processing and (2) conventional single pressing coupled with
vacuum sintering.  The process flows are presented in Figure 1.

Figure 1:  Process Flows Utilized in the Study of MDA, MDB, and MDC Materials

Tensile tests were conducted on standard dog-bone tensile specimens. Tensile testing was
performed on a 267 kN Tinius Olsen universal testing machine at a crosshead speed of 0.635
millimeters/minute.  Elongation values were determined by utilizing an extensometer with a
range of 0 to 20%.  The extensometer was left on until failure.  Apparent hardness
measurements were performed on the surface of the specimens using a Rockwell hardness
tester.  All measurements were conducted on the Rockwell B or C scale (HRB or HRC).
Transverse rupture strength and dimensional change from die size were measured according
to ASTM B 528 and B 610.  Impact energies were determined according to ASTM E 23.
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RESULTS AND DISCUSSIONS

Powder Properties and Chemistries
The powder properties of interest were apparent density, flow, and chemical composition.
These properties are presented in Table I.  As can be seen, the flows and apparent densities
of MDA, MDB and MDC do not represent a significant departure from similar “high
performance” materials.

Table I: Chemical Compositions, Apparent Density, and Hall Flow for Material Grades Tested

Grade
AD

(g/cm3)
Flow

(s/50g)
Fe

(w/o)
Si

(w/o)
Cr

(w/o)
Mn

(w/o)
Ni

(w/o)
Mo

(w/o)
Gr

(w/o)

MDA 3.12 30 Bal. 0.7 0.03 0.16 0.05 0.03 0.9
MDB 3.19 28 Bal. 0.7 0.03 0.13 2.0 0.85 0.6
MDC 3.25 28 Bal. 0.7 0.03 0.13 4.0 0.85 0.6

DP / DS Processing
In the pursuit of higher performance applications, DP / DS processing was employed in an
effort to attain sintered densities of 7.30 g/cm3 or greater.  The final sintered densities of the
materials are shown in Figure 2, while the key properties measured during this work are listed
in Table II.

Figure 2: Sintered Density Achieved By DP / DS Processing of MDA, MDB, and MDC
Materials (Compaction Pressures Were Identical for Initial Compaction and Repressing Steps)   
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Table II:  Mechanical Properties of DP/DS Processed MDA, MDB, and MDC Produced by
Conventional High Temperature Sintering

Material

Comp
Press,
MPa
(tsi)

TRS,
MPa

(103 psi)

UTS,
MPa

(103 psi)

YS,
MPa

(103 psi)

Elong
(%)

App.
Hard.

(HRB/C)

Impact
Energy,
Joules
(ft.lbf)

415 / 415
(30 / 30)

1100
(160)

630
(91)

400
(58)

3.6 77 HRB --

MDA
550 / 550
(40 / 40)

1340
(194)

680
(99)

400
(58)

4.3 87 HRB --

690 / 690
(50 / 50)

1490
(216)

770
(111)

435
(63)

5.4 93 HRB --

415 / 415
(30 / 30)

1530
(222)

740
(107)

515
(75)

2.0 89 HRB --

MDB
550 / 550
(40 / 40)

1695
(243)

850
(123)

535
(78)

2.8 89 HRB --

690 / 690
(50 / 50)

1945
(282)

895
(130)

580
(84)

3.5 97 HRB --

415 / 415
(30 / 30)

1990
(289)

1090
(158)

765
(111)

2.2 32 HRC
23

(17)

MDC*
550 / 550
(40 / 40)

2365
(343)

1280
(186)

855
(124)

2.6 38 HRC
39

(29)
690 / 690
(50 / 50)

2655
(385)

1350
(196)

855
(124)

3.0 38 HRC
46

(34)
  *Tempered @ 190 °C for 1 Hour in Air

As seen in iron castings, the materials in this study exhibited a range of strength, ductility, and
hardness values.  However, unlike iron casting, the studied materials retained a great deal of
ductility, despite “high” strengths and hardness.  For example, material MDC exhibited tensile
strengths greater than or equal to a heat-treated FLN4-4405, while it achieved ductility values
comparable to or better than an as-sintered FLN4-4405.  Despite the standard furnace cooling
employed, apparent hardness values achieved by MDC were found to rival many sinter-
hardening compositions employed in the P/M industry.

Vacuum Sintering
In an effort to further explore the production processes utilized in the P/M industry, two vacuum
sintering trials were conducted at FMS corporation.  The first trial focused on tensile and TRS
specimens, while the second explored impact properties.  Although as-sintered and tempered
data was collected for each material, only data from the optimum processing condition was
compiled for presentation.  While MDA did not benefit from tempering, the mechanical
properties of both MDB and MDC properties vastly improved upon tempering.  The measured
properties of all materials are shown in Table III, while the sintered / tempered densities at
which the properties were achieved are shown in Figure 3.

When compared to materials produced by conventional high temperature sintering, a
significant increase in yield strength was noted in the vacuum sintered materials [1,2].  For
example, while conventional high temperature sintering of these materials was able to produce
specimens with yields as high as 830 MPa (120,000 psi), specimens in this study were capable
of achieving yield strengths over 1150 MPa (165,000 psi).  Not surprisingly, this increase in
yield strength was coupled with a moderate reduction in ductility.
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Table III: Mechanical Properties of Vacuum Sintered MDA, MDB, and MDC

Material

Comp
Press,
MPa

(103 psi)

TRS,
MPa

(103 psi)

UTS,
MPa

(103 psi)

YS,
MPa

(103 psi)

Elong
(%)

App
Hard

(HRB/C)

Impact
Energy,
Joules
(ft.lbf)

415
 (30)

1000
(145)

580
(84)

460
(67)

1.7 81 HRB
14

(10)

MDA
550
 (40)

1225
(178)

675
(98)

525
(76)

2.2 87 HRB
18

(14)
690
(50)

1310
(190)

740
(107)

570
(83)

2.2 91 HRB
24

(18)
415
(30)

N/A N/A N/A N/A 34 HRC
14

(10)

MDB*
550
(40)

1450
(294)

1160
(168)

1075
(156)

1.2 38 HRC
18

(14)
690
(50)

1525
(305)

1205
(175)

1160
(168)

1.1 40 HRC
20

(15)
415
(30)

1660
(252)

1000
(145)

885
(128)

1.3 30 HRC
15

(11)

MDC*
550
(40)

2050
(296)

1115
(162)

965
(140)

1.4 38 HRC
16

(12)
690
(50)

2275
(329)

1240
(180)

1020
(148)

1.6 40 HRC
20

(15)
  *Tempered @ 190 °C for 1 Hour in Air

Figure 3:  Sintered Densities Achieved By Vacuum Sintering MDA, MDB, and MDC Materials.
(Both MDB and MDC Were Tempered @ 190 °C for 1 hour in Air)
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Interestingly enough, MDB exhibited equivalent apparent hardness values to MDC, despite
2 w/o less nickel content.  This suggested that 4 w/o nickel may not be necessary when the
vacuum sintering process is employed.

Machinability
Preliminary drilling results for sintered MDA, MDB, and MDC provided a frame of reference for
the comparison of these materials to traditional P/M compositions.  In drilling, the machining
behavior of MDA was found to be analogous to a FC-0208 composition.  MDB and MDC
drilling test results were similar to those exhibited by FLN2-4405 and FLN4-4405, respectively.
Production machining experience has confirmed these results.  As seen in all high hardness
materials, MDB and especially MDC have required some work to optimize machining
parameters.  The work on machining parameters for green and sintered materials continues.

CONCLUSIONS
Superior properties were achieved through the implementation of enhanced processing
techniques such as DP / DS or vacuum sintering.  DP / DS was capable of yielding (1) sintered
densities as high as 7.41 g/cm3, (2) elongation values as high as 5.4%, and (3) ultimate tensile
strengths approaching 1380 MPa (200,000 psi).  Vacuum sintering offered (1) yield strengths
in excess of 30% greater than seen with conventional high temperature sintering, (2) apparent
hardnesses as high as 40 HRC, and (3) opportunities to decrease nickel content by 2 w/o
without substantially impacting mechanical properties.

FUTURE WORK
In anticipation of requests from parts’ manufacturers, further study will focus on properties
such as rolling contact fatigue (RCF) and rotating bending fatigue (RBF).  In addition,
mechanical properties will be collected using machined tensile bars instead of dogbone
specimens.  It is anticipated that the mechanical properties of machined specimens will be
superior to those measured on dogbones.  Production trials using MDA, MDB, and MDC will
also be conducted.
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