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ABSTRACT

Significant advances have been made in the past several yearsin developing Low alloy materials for
highly stressed applications. A review of these material and processing developments will be made.
Recent material developments focus on developing high apparent hardness and tensile strength in P/M
parts without the need for a secondary quench-hardening operation. The effect of alloy type, aloy
content, and cooling rate on hardness and other properties will be discussed.

BACKGROUND
Continued growth of the P/M industry is very much dependent upon meeting ever increasing performance

requirements. The key to continually meeting and surpassing increasing performance targetsisto
thoroughly understand the density, composition, and microstructure relationships of a given P/M system.

N

Composition »Microstructure

Density

Therole of density in P/M performance is well understood. The benefit of increased density on
mechanical performance of P/M parts has been thoroughly investigated over the years. The combination
of existing technologies such as double press/double sinter, and new processes like warm compaction
with ANCORDENSE® technology were investigated by Donaldson and Hanejko [1]. Using warm
compaction technology they demonstrated that an increase in density of 3.0% resulted in a 30% increase
in transverse rupture strength (TRS) of a Distaloy AE based material. Further densificetion through high
temperature sintering resulted in an additional increase of 1.2-% density and an additional 14% increase
in TRS. The effect of increased density on ductility measurements, such as tensile elongation and impact
properties, is even more pronounced. Understanding how to maximize the density of P/M componentsis
important in pursuing high performance applications.

Composition and Microstructure



Material composition plays an equally important role in P/M part performance- At agiven density,
alloying elements that aid in improving the hardenability of the alloy system generally improve the
mechanical performance of the system. The role of nickel and molybdenum as alloying elementsis well
understood and applied in P/M. These alloying elements can be introduced into the iron matrix during the
melting step prior to atomization, creating a prealloyed material. Chromium and manganese are limited in
use due to their high affinity for oxygen. However, their positive effect on hardenability warrants further
investigation in the ongoing development of sinter-hardening materials. The primary benefit of prealloyed
P/M materialsis uniformity in alloy chemistry within each powder particle, and therefore the entire P/M
compact following compaction and sintering. This allows for consistent hardenability throughout the part,
providing excellent response to accelerated cooling and/or heat treatment. However, increasing prealloy
content generally decreases the powder compressibility and the ability to reach higher density levels.

Nickel and molybdenum particularly have been used in the development of prealloyed powders such as
FL-4200 (Ancorsteel® 2000) and FL-4600 (Ancorstee14600V). These prealloyed powders have been
employed for many yearsin P/M and P/F applications where high performance is required. Even at high
compacting pressures, single press density levels are typically limited to 6.8 - 6.9 g/lcm® due to the
compressibility constraints of these materials. However, many automotive and lawn and garden
applications requiring wear resistance, i.e. high apparent hardness, have favorably applied these materials
with the assistance of sinter-hardening or secondary heat treatment. To further improve the hardenability
of these aloys, copper is often admixed to the prealloyed base material. The resultant material is often
referred to as a hybrid system. The FLC-4608 composition provides a benchmark material for sinter
hardening alloy developments, targeting larger mass P/IM components of greater cross-sectional area.
Davala, Graham, and Causton investigated the effects of processing conditions on this system [2]. The
investigation studied the relationship between post-sintering cooling rates, mechanical performance, and
microstructure.

The development of materials with lower prealloyed chemistry content and improved compressibility
created additional avenues to improve material performance. The use of molybdenum as the primary
alloying element was introduced with FL-4400 (Ancorsteel 85 HP) and Ancorstee1150 HP. Causton,
James, and Fulmer compared the sinter-hardened performance of the FL C-4408 and the FL C-4608
materials [3]. Despite the lower prealloyed content of FLC-4408, an increase in ultimate tensile strength
of 50% was achieved over the FL C-4608 under accelerated cooling conditions. The more compressible
FL C-4408 material exhibited a 2.5% increase in density when compacted at 45 tsi compared with the
FL C-4608.

These important findings demonstrated the importance of understanding composition and density
constraints when choosing an alloy and processing system. Causton and Fulmer continued the
investigation of the FL-4400 based system by increasing admixed alloy content of copper and nickel to
further improve material performance [4]. Ultimate tensile strength and apparent hardness increased
directly with increasing martensite content. Through this work a strong understanding of materials,
processing, microstructure and mechanical performance was established.

INTRODUCTION

Controlling microstructure with proper material selection and processing conditions offers opportunities
to improve mechanical performance [2,3,4]. Specifically, accelerated cooling after sintering will allow for
martensitic transformation and an increase in sintered strength and hardness. As discussed above, the
benefits of sinter hardening have greatly expanded due to material developments. In addition,
developments in accelerated cooling systems have increased cooling capacity making it possible to
achieve cooling rates around 2°F/s and a minimum of 85% martensite within large sectioned parts [2].



The current investigation targets alloy development with the following application objectivesin mind:

Apparent hardness greater than 35 HRC with ultimate tensile strength greater than 100,000
psi, when compacted at 40 ts

Ultimate tensile strength greater than 120,000 psi with apparent hardness greater than 25
HRC, when compacted at 40 tsi

Hardness Vs Hardenahility

Hardness is the resistance of a metal to permanent (plastic) deformation. The hardness of ameta is
measured by forcing an indenter into its surface. For most standard tests, a known load is applied slowly
by pressing the indenter into the metal surface being tested. A hardness number is then obtained, whichis
based on the cross-sectional area or the depth of the impression.

Hardenability provides an indication of the ability of the steel to transform to martensite on cooling. It is
the property that determines the depth and distribution of hardness induced by quenching from the
austenitic condition [5]. Knowing the chemical analysis and the grain size of a material, the hardenability
can be calculated. The calculation is based on the concept of the ideal diameter (D.1.), which isthe
diameter of a bar that will harden through to the center during an ideal quench. Such a bar, as quenched,
will contain approximately 50% martensite in its center. The larger the ideal diameter, the higher the
hardenability of the material [6].

A material with high hardenability is one in which austenite is able to transform to martensite without
forming pearlite, even when the rate of cooling is rather low. Optimal sinter-hardening materials would
have high hardenability, so that the cooling rates needed to produce large proportions of martensite
throughout the section size will be consistently attainable t relatively Low cooling rates.

Alloying elements such as molybdenum, nickel, manganese, and chromium promote hardenability in P/IM
parts. By increasing the hardenability of the material, the parts can be cooled at slower rates and still
produce large amounts of martensite. The hardenability characteristics for common alloying elements,
taken from ASTM A 255, are shown in Tablel.

Table|: Hardenability Characteristics of Alloysat 0.5% Concentration

Elements  Hardenability Characteristics.

Chromium 0.318
Manganese 0.426
Molybdenum 0.398
Nickel 0.073

These characteristics show that the hardenability of steels can be controlled through adjustments to the
alloy composition [7]. Hardness of a materia can be controlled somewhat through adjustments of the
carbon content. These predictors are valid for a known carbon content and grain size. Although carbon
does not have a big impact on the hardenability of materials, it determines the hardness of the martensite
produced. Thus, wear resistant alloys will require high hardenability to promote martensite formation and
high carbon content for high hardness. High carbon martensite is brittle, so sinter-hardened parts will
require tempering to reduce the risk of premature failure under tensile loads.

DEVELOPMENT PROGRAM

Design of asinter-hardening alloy system poses challenges to the powder producer, principally to balance



the need for improved compressibility favored by Low-alloy content with high hardenability favored by
higher alloy content. The parts producer aso requires a robust material which will provide consistent
performance in awide range of part geometry’s and furnace loading that could cause practical cooling
rates within partsto vary significantly.

The current investigation studies the effect of alloying content on the hardenability and mechanical
performance of new compositions with respect to existing sinter-hardening material systems. Thisisthe
first portion of a continuing investigation into new alloy development targeting increased hardenability
and density in prealloyed hybrid material systems. The initial part of the program was divided into three
phases.

Phase | of thisinvestigation explores many combinations of prealloyed chemistriesin search of optimum
combinations of hardenability and compressibility under laboratory conditions. In order to properly
evaluate potential new prealloyed materials, Phase |1 was designed to compare new compositions with
existing sinter-hardening materials under laboratory conditions. Finally, Phase I11 was conducted to
evaluate the effect of hardenability in alimited number of the materials tested in Phase I1. Thiswas
accomplished under production sintering conditions, using section size and part mass as a means for
hardenability comparison.

EXPERIMENTALPROCEDURE
Phase | - Alloy Development

Based upon the theoretical hardenability calculations, thirteen prealloyed material compositions were
chosen for investigation. Five hundred-pound heats of these experimental alloys were atomized and
annealed in the Hoeganaes Research and Devel opment process laboratory. The material matrix is shown
in Tablell.

Chemical analysis was performed on each sample of annealed powder. A premix of each prealloyed
sample was prepared with 2 w/o (weight percent) Cu, 0.9 w/o graphite, and 0.75 w/o Acrawax to
determine mechanical properties. All samples were prepared and tested according to the appropriate
MPIF or ASTM standards [8,9]. Transverse Rupture Strength specimens, nominally 0.25 inches x 0.5
inches x 1.25 inches (6.35 mm x 12.7 mm x 31.75 mm), were compacted at 40 ts (550 MPa). All samples
were sintered under laboratory conditions at 2050°F (1120°C) in hydrogen for 30 minutes at temperature
and slow cooled at arate of 0.50°F/s.

Apparent hardness measurements were performed on the surface of the specimens using a Rockwell
hardness tester. Transverse rupture strength was measured according to
ASTM B 528.

The materials were then evaluated by comparing their oxygen content, green density, apparent hardness,
and transverse rupture strength (TRS). Based on this selection criteria, two prealloyed samples were
chosen for further evaluation.

Phase Il - Alloy Evaluation and Comparison

To further determine mechanical properties, the two chosen prealloys were premixed with 2 w/o Cu, 0.9
w/o graphite, and 0.75 w/o Acrawax. Four well-known sinter-hardening compositions were a so prepared
to provide compare five testing references. The prealloyed base powders and premix additions are listed
inTablelV.



Green density, green strength, and green expansion were determined from the average of five compacted
green strength bars with anominal size of 0.5 inches x 0.5 inches x 1.25 inches (12.7 mm x 12.7 mm X
31:75 mm). Green strength was determined via a three-point bend test on a Tinius Olsen testing machine
with a5,000-1b. load call. TRS specimens, 0.25 inches x 0.5 inches x 1.25 inches (6.35 mm x 12.7 mm X
31.75 mm), and dog-bone tensile test pieces were compacted at 30 tsi (415 MPa), 40 tsi (560 MPa), and
50 tsi (690 MPa). All samples were sintered under |aboratory conditions at 2050°F (11200C) in hydrogen
for 30 minutes at temperature and slow cooled at an approximate rate of 0.54°F/sec.

Apparent hardness measurements were performed on the surface of the specimens using a Rockwell
hardness tester. Transverse rupture strength and dimensional change from die size were measured
according to ASTM B 528 and B 610. Tensile testing was performed on the dog-bone tensile test pieces.
Testing was performed on a 60,000 pound Tinius Olsen universal testing machine at a crosshead speed of
0.1 inchesyminute. Elongation values were determined utilizing an extensometer with a range of 0 to 20%.
The extensometer was |eft on to failure.

TablelV: Existing Sinter-Hardening Materials

Mix Base Ni | Mo | Cu | Ni | Graphite
(w/o) | (w/o) | (w/0) [(w/o)] (w/0)
SH1 Ancorsteel 85 HP - ] 0.85) 100|200 0,90
SH2 | Ancorsteel 150 HP - | 150 | 1.00 {200 0.90
SH3 Ancorsteel 85 HP 085]200] - 0.70
SH4 | Ancorsteel 4600V | 1.85] 055 ] 2.00 | - 0.90

Phase Il - Production Sntering

The two experimental prealloys and four additional sinter-hardening materials were evaluated for
hardness response under production processing. To study the effect of production sample size, 1.75-inch

diameter test pucks were compacted to a green density of 7,0 g/cm3’ on a 150-ton Dorst press. Five fixed
puck heights were compacted, ranging from 0,25 inches to 1.50 inches, by 0,25 inch increments. The
pucks were sintered under production conditions comparing a conventional cooling rate to an accelerated
cooling cycle. Test pieces were arranged on 0.250 inch thick ceramic plates typically used to minimize
part distortion. The Abbott furnace used in the study was equipped with a VARICOOL® accelerated
cooling system, which combines radiant and convection cooling.

The two sintering cycles examined to evaluate the effect of cooling rate on the properties of the selected
materials were as follows:

Standard Cycle

Sintering Temperature: 2080°F (1138°C)
Belt Speed: 5.0in/min
VARICOOL Setting: OFF (OHz)
Sinter-Hardening Cycle

Sintering Temperature: 20800F (1138°C)
Belt Speed: 5.0in/min
VARICOOL Setting: ON (60 Hz)



Under these conditions, the parts were at the sintering temperature for approximately
30 minutes. The sintered parts were stress relieved at 400°F (204°C) in air for 1 hour prior to testing.

Following tempering, apparent hardness measurements were performed on the surface of the pucks using
a Rockwell hardness tester. All testing was performed on the Rockwell C scale for comparison purposes.
Although some values were below the minimum for this scale, as suggested by ASTM standard E 18 - 94
[9], this single scale was utilized to provide a comparison between arelatively large range of hardness
values generated during the tests. The pucks were sectioned, and apparent hardness measurements were
taken in the core of each sample.

The pucks were sectioned and prepared for metallographic analysis. Photomicrographs were taken of the
microstructures following a 2% nital / 4% picral etch. The martensite content was determined utilizing
point count analysis. This analysis technique included the porosity as a portion of the total microstructure.
The reported percentages were corrected by eliminating the porosity present in these materials, so that
only the metallic portion of the microstructure is considered.

RESULTS AND DISCUSSION
Phase | - Alloy Development

The test data for the various materials evaluated in Phase | are summarized in Table V. In ferrous powder
production, it is desirable to minimize oxygen content and maximize compressibility (density). Materials
P1 through P8 all contained mid to high levels of chromium. These materials correspondingly have high
levels of oxygen. On average, increasing chromium from Low to mid levels increased the powder oxygen
content by 0.1%. Figure 1 demonstrates the relationship between powder oxygen content and green
density (compressibility). The materials with high oxygen content exhibited lower green densities. This
provided the first criteria for selecting the target-prealloyed materials. Although chromium provides a
significant benefit in hardenability, mid to high level chromium containing systems were omitted from
Phase I 1. It was considered that their lower compressibility and higher oxygen content could lead to
variation in sintered carbon content, making them less suitable for the present devel opment.

The second set of criteria was based on optimum combinations of sintered hardness and strength. Table V
contains surface apparent hardness and TRS values for each material. Theinitial objective was to select
two materials. Thefirst is targeted at maximizing hardness with moderate strength, and the second with
moderate hardness and high strength. In the as-sintered state (no temper), TRS decreases with increasing
alloy content, while hardness increases. Figures 2 and 3 demonstrate these relationships. Three
compositions possess higher properties than the overall trend. Material P11 developed a hardness of 41
HRC, the highest of the materials tested, under laboratory cooling conditions without employing
accelerated cooling. Material P9 developed high compressibility and possessed the highest TRS at a 20
HRC under the cooling conditions employed.

Based on both sets of decision criteria described, materials P9, alean alloy, and P11, a more highly
alloyed material, were selected for further evaluation. Several of the other prealloy compositions appear
interesting and will be studied further outside of the present investigation.

Figure 4 depicts the apparent hardness results for each material plotted against sintered density. Clearly
the new prealloyed material P11 developed the highest apparent hardness. Under fairly slow cooling
conditions, P11 is capable of developing an apparent hardness of 36 - 46 HRC in small test samples. SH4
(FLC-4608) exhibited the second highest hardness, ranging from 22 - 28 HRC. The sintered density range



for these two materials appears to be While 2.0 w/o Cu, 0.90 w/o graphite premix additions are common
for sinter-hardening materials, the higher dimensional change typically associated with copper additions
can present problems. Overal, higher dimensional changes can lead to higher variability. Additionaly,
high dimensional change resultsin lower sintered density relative to the green state. Therefore, careful
review of dimensional change after sintering is important.

Figure 5 shows the dimensional change results associated with each test material. SH1 and SH2 exhibit
the lowest growth due to the 2.0 w/o admixed nickel in these premixes. SH3 and SH4 can be compared
more directly with the two experimental alloys because they all contain 2;0 w/o Cu. P9 and P11 exhibit a
40% decrease in dimensional change relative to SH4 (FLC-4608).

Figures 6 and 7 compare the transverse rupture strengths and the ultimate tensile strengths of al of the

materials. P9 exhibits the highest TRS valuesin the 6.64 - 7.02 g/cm3 sintered density range. At asintered
density of 6.9 g/cm3; all materials appear capable of providing a TRS of 120,000 psi or greater when
sintered and cooled conventionally.

As mentioned in the procedure, dog-bone tensile specimens were used for this evaluation. Machined
round tensile specimens typically produce higher tensile properties relative to dog-bone specimens. This
should be considered when reviewing the results. Overall, $H2 provided the highest UTS. This 1.50 w/o
molybdenum prealloy admixed with copper and nickel provided the highest sintered density and UTS
values in comparison with ail materials tested. Following SH2, P9 exhibits the next highest UTS in the

6.64 - 7.02 g/cm3 sintered density range. Specifically, P9 provides a 19% increase in UTS relative to SH3
and SH4. The UTS of P11 was dightly lower than the observed UTS values for SH3 and SH4. The
materials with higher total alloy content are capable of forming higher percentages of martensite. When
the amount of martensite exceeds 50%, it is recommended that components should be stress relieved.
Tempered martensite will provide higher strength relative to the as-sintered state.

Overall, P9 and P11 both appear to have interesting performance characteristics relative to the existing
sinter-hardening materials tested. The lower prealloy content of P9 resultsin slightly lower hardness than
the common sinter-hardening material SH4 (FLC-4608), by approximately 4 HRC at similar sintered
densities. However, P9 provides lower dimensional change and higher strength than SH4 in the as-
sintered state.

The other developmental prealloy material, P11, provides a significant increase in as sintered hardness
over existing sinter-hardening systems at Low cooling rates. Its apparent hardness is higher relative to
SH4, by as much as 18 HRC at a given density. The higher prealloyed chemistry was designed to achieve
maximum hardness. Its hardness suggested that it transformed almost completely to high carbon
martensite on cooling from the sintering temperature. If so, tempering should stress relieve the brittle "as
guenched" martensite and increase tensile strength at fracture. This material also appears to offer lower
dimensional change relative to SH4.

The two development alloys P9 and P11 along with SH4 were also tested after tempering at 400 °F for 1
hour, in air. Table VII contains these results.

Figure 8 shows the effect of tempering on apparent hardness for all three-alloy systems. The apparent
hardness of P9, PI1, and SH4 is reduced 2 HRC, 9 HRC, and 6 HRC on average, respectively after
tempering Figure 9 shows a dramatic improvement in UTS for al three materials after tempering. P9
increases approximately 16 X 10 ps at 6.88 glem® sintered

density after tempering, P11 increases approximately 50 x 103 psi at 6.83 g/cm3 sintered density after
tempering, and SH4 increases approximately 27 x 10 psi at 6.87 g/ cm’statered density after tempering.



These represent an 18%, 70%, and 35% increase in UTS for P9, P11, and SH4, respectively.

A dlight increase in sintered density after tempering can be observed in P9 and P11, while a dight decease
in dengity is seen in SH4. The dramatic improvement in UTS is mainly a function of microstructure
enhancement, not density. P11 and SH4 have higher Mn and Ni to Mo ratios and thus most likely have a
higher percent of retained austenite. Tempering these structures will decrease hardness while increasing
UTS substantially. P9, on the other hand, has a much higher ratio of ferrite stabilizers (Mo) and thusis
not significantly changed at thisrelatively Low tempering temperature.

Table IX contains the results from the standard sintering cycle, representing a dower cooling rate. Under
these conditionsit is interesting to see that apparent hardness values in excess of 20 HRC can be
achieved. Specifically, P11, SH1, and SH4 (FL-4608) exhibit hardness of 19 HRC and greater in the 0.25
inch high pucks. However, only P11 maintains hardness at the 20 HRC level for al section sizes. Figure
10 shows the effect of sample size on apparent hardness for al materials under conventional cooling.

The results from the accelerated cooling cycle appear in Table X. All materials produced higher hardness
values under the accelerated cooling conditions. P9, P11, SH2, and $H4 all exhibited 30 HRC or greater
in the 0.25 inch high pucks. Figure 11 shows the effect of sample size on apparent hardness for the six
materials under accelerated cooling conditions. As the puck height increased, only P11 and SH4
maintained hardness values greater than 30 HRC. P9, SH1, and SH2 maintained hardness in excess of 20
HRC for al sample sizes.

Under standard Jominy end-quench testing, the hardenability of a material is defined by measuring the
depth of transformation from a quenched end. This study offers an indication of the hardenability of each
metedal system as a function of section size or part mass under conventional and accelerated cooling
conditions. For applications requiring wear resistance, the end user is interested in choosing a material
and processing system that will develop the required surface hardness, for specific part geometry. By
measuring the core hardness and martensite content of file largest pucks, a relative comparison and
ranking of hardenability can be made.

The results from Table X are plotted in Figures 18 and 19. Figure 18 demonstrates the relationship
between apparent hardness and martensite content, while Figure 19 demonstrates the relationship between
martensite content and alloy content. Clearly apparent hardness increases as the martensite content
increases. The material systems with higher alloy content produce higher amounts of martensite in the
core section, indicating a more hardenable materia system.

P11 and SH4 exhibited through hardening for all puck sizes under accelerated cooling conditions. Thisis
evident from the high martensite contents and apparent hardness in the core sections. P9 and SH2 develop
high hardness values in small section sizes; however the lower hardness in larger section sizes indicates a
reduction in hardenahility.

CONCLUSIONS

Improved mechanical performance in P/M parts can be achieved through modifications of the density,
composition, and microstructure. This continuing research aims to optimize material composition,
compressibility, and microstructure through alloy development. systematic evaluation of various
prealloyed chemistries has identified two materials that exhibit enhanced sinter-hardening capability.
Benchmark comparisons indicate both developmental materials provide unique combinations of
hardenability and strength along with good compactibility. Specificaly, two application objectives have
been targeted:



Apparent hardness greater than 35 HRC with ultimate tensile strength greater than 100,000
psi, when compacted at 40 ts

Ultimate tensile strength greater than 120,000 psi with apparent hardness greater

than 25 HRC, when compacted at 40 ts

Conclusions from Phase |:

Green density can be maximized by minimizing powder oxygen content and chromium content.
In the as-sintered state, apparent hardness is maximized with increasing alloy content.
Optimization of green density, apparent hardness, and TRS assisted in choosing two new prealloy
compositions.

The investigation also confirmed the importance of proper aloy selection to achieve optimum
performance characteristics for various process conditions. The methodology of using a slow cooling rate
under laboratory conditions ensures the material's responsiveness under the full spectrum of production
conditions.

Conclusions from Phase I:

Developmental prealloyed materials P9 and P11 both appear to have interesting performance
characteritics relative to the existing sinter-hardening materials.

P9 exhibits slightly lower hardness than the common sinter-hardening material SH4 (FL C-4608), by
approximately 4 HRC at similar sintered densities. However, P9 provides lower dimensiona change
and higher strength than SH4 in the as-sintered state.

P11 provides superior apparent hardness values relative to SH4, by as much as 18 HRC at agiven
density, along with lower dimensional change.

Tempering increased strength and decreased apparent hardness in the materials tested. P11 exhibited
a 85% larger gain in strength and a 50% lower reduction in apparent hardness compared with SH4
after tempering at 400°F for 1 hour.

The laboratory results from Phase 11 correlate with Phase 111 results indicating accelerated cooling
capability provides reasonable hardenability response for leaner alloy compositions and increased
response for higher aloy compositions.

Conclusions from Phase lIl:

The apparent hardness that materials can obtain in a sinter-hardening furnace depends on the
hardenability of the material, which is determined by alloy content.

This production study offered an indication of the hardenability of each material system as afunction
of section size or part mass under conventional and accelerated cooling conditions.

P11 and Sd4 exhibited the highest apparent hardness and through hardening capabilities.

P9 and SH2 reach 30 HRC in small section sizes.

P11 developed the highest percentage of martensite as measured in the core of the 1.25-inch puck.

This paper presents the initial portions of on-going development of new prealloyed materials for sinter-
hardening applications. The research program clearly shows the role of material composition in
determining P/M steel performance. By control of alloy composition two new P/M steels were developed



that offer superior combinations of properties to those currently available.

Alloy P11 is a highly hardenable P/M steel that when mixed with 2 w/o copper and 0.9 w/o graphite
develops a microstructure of 90% martensite content at the core of 1.25 inch diameter parts. When
tempered it possesses excellent strength while maintaining high macrohardness. It should be suitable for
producing P/M parts requiring high hardness and wear resistance without a secondary quench-hardening
operation.

Alloy P9 is a high compressibility P/M Low-alloy steel. Although it does not develop the extreme
apparent hardness of the more highly alloyed P11, it possesses higher as sintered properties and develops
excellent strength and apparent hardness when sinter-hardened and tempered.

While this work has focused on aloy development and preliminary qualifications, additional testing is
continuing to complement the full commercialization of the products. Specificaly, the following topics
will be investigated:

Complete mechanical testing of P9 and P11 compared with SH1, SH2, SH3, and SH4 under the
production sinter-hardening conditions employed in Phase I11.

investigation of increased density through double pressing/double sintering and warm compaction of
select sinter-hardening systems.

Investigation of tempering conditions for optimum strength and hardness.

The exploration of P9 as a base for high performance alloy systems and quench - hardened and
tempered systems.
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Table Il: Experimental Prealloy Matrix

" Prealloy. | Cr. ]

i Mo

P1

Mid

P2

Mid

High

P3

Mid

P4

Mid

Ps High Mid Low Low
Pe Mid Mid Low High
P7 Mid High Low Low
P8 Mid Low Low Low
P Low Low Mid Low

P10 Low Mid High Low
P11 Low Mid High High
P12 Low Mid Mid Low
P13 Low Mid Mid High

The ranges of the alloy addition are shown in Table |Ii,

Table lii: Alloy Addition Ranges

> 0.65

=065

>0.75

0.65-0.85

> 1.05

Table IV: Existing Sinter-Hardening Materials

. Premix

ons
8 ] R ale B b

Ancorsteel® 85 HP

Ancorsteal 150 HP

SH3 |Ancorsteal 85 HP

= 0.70

SH4 [Ancorsteel 4800V

-- 0.90
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Table V: Alloy Evaluation

131
126

142
149
134
139
130
147
. 158
P10 0.18 6.92 29 110
P11 0.21 6.88 41 111
P12 0.19 6.95 22 139
P13 0.18 6.93 28 128 |

7.00
Eeos |
Eglgn F
% gas5 |

680 |-
[ =1
2675 |
(L]

6.70

015 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
Oxygen Cortent (wia)

Figure 1: Compressibility at 40 tsi as a Function of Powder Oxygen Content
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Figure 2: Relationship Between Hardness and Alloy Content, As- Sintered
without Temper
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Figure 3: Relationship Between Transverse Rupture Strength and Alloy Content,
As- Sintered without Temper

Phase Il - Alloy Evaluation and Comparison

The resuits of the green, sintered, and tensile property testing for P9, P11, SH1, SH2, SH3,
and SH4 appear in Table V.

Tabie VI: Alloy Comparison to Existing Sintar-Hardening Materials

"M | Comp | Green | Green | Green | Gitered | TS | Oim | Had | 75 | UTS. | Elong
| Prags | Density | 8 | Exp | Density | (psii0) | Change | (HRC) | (psiiD) | fosbiD) | (%)
e & 3 Ty 1 o_;_ﬁ:” : m:i- sl S tﬁéi i G L ‘i S
30 B.72 0.15 B.64 128 +0.19 18 69 71 0.7
Pe | 40 E.98 0.20 | 6.87 158 | +0.26 | 20 79 BT 0.8
50 | 7.11 021 | 702 | 178 | +029 | 26 | 86 87 | 08
30 6.64 0.18 6.56 88 +0.18 36 55 80 0.5
P11 40 6.92 Q.18 B.23 111 +0.25 41 62 ik 0.5
50 7.08 0.24 5.80 126 + .28 46 61 g7 0.5
30 6.95 0.20 &.87 143 + 0.20 22 58 &8 0.8
SH1 40 742 2216 0.25 7.03 187 + 0.27 23 G4 79 0.9
50 7.18 2251 0.28 7.12 164 +0.33 26 B3 B0 1.0
ao 8.97 1401 0.20 A.86 152 + 0.08 20 73 83 11
SH2 40 713 1658 0.24 7.08 173 +0.15 25 84 106 1.2
50 720 1847 I:I_ZE 7.15 192 +0.19 27 82 112 1.1
3o 8.77 1068 [ 017 6,82 141 +0.39 4 70 7 0.8
SH3 | 40 T.15 1610 0.22 7.01 188 +0.42 i T8 &7 08
50 | 723 | 1874 | 027 | 7.11 181 | +048 | 12 82 94 1.1
30 &.70 1300 0.15 6.61 111 +0.30 22 61 a7 0.6
SH4 40 8.95 1493 0.20 687 137 + 0.43 25 Q T8 0.6
50 7.03 1636 0.24 1.02 158 + (045 28 i) BS a.v

*Mote - Machanical propertes, as-sintered without tamper
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Figure 4: Apparent Hardness as a Function of Sintered Density Sintered under
Laboratory Conditions
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Figure 5: Dimensional Change as Function of Sintered Density Sintered under

Laboratory Conditions
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Figure 6: Transverse Rupture Strength as Function of Sintered Density Sintered
under Laboratory Conditions
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Figure T: Uitimate Tensile Strength as Function of Sintered Density Sintered under
Laboratory Conditions
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Table Vil Sintered Properties of P9, P11, and SH4 Premixes after Tempering at

17

400°F for 1 Hour
5 . 80 3

P9 40 .98 6.90 196 | +021 | 21 | 86 103 | 09
Tempered | 50 .11 7.04 200 | +026 ] 24 | 98 | 117 | 10 )

30 6.64 6,58 184 | +015 | 27 | &0 97 | 09

P11 40 6.92 6.84 244 | +020 | 32 | 90 121 | 11

Tempered | 50 7.08 7.00 240 | +024 | 36 110 142 1.1

[

30 6.84 6.57 149 | +016 | 15 | 89 83 | 09

SH4 40 6.91 6.83 189 | +024 | 19 | & 102 | 11

Tempered | 50 7.05 7.00 213 | +026 | 24 | 85 | 116 [ 13
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Figure 8: Effect of Tempering on Apparent Hardness of P9, P11, and SH4
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Figure 9: Effect of Tempering on Ultimate Tensile Strength of P9, P11, and SH4
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Table I1X: Apparent Hardness Characteristics of Pucks Sintered Under Production
Conditions - Standard Cycle (HRC (B)) - As Tempered at 400°F for 1 Hour

2]
P11
SHA1
SH2
SH3 3 (84) 2 (83) 283 2 (83) 2(83)
SH4 27 20 15 13 13
40 | I I
§35 T 1T | T |——P8 —a—P11 —n—S::I;]""
- ]
- ~#—SH2 — BH3 ——5
2 i e e — N
§20 |t * .
£ 15 | = I S | i
S S P e e, ou ——
0 E e + ,

02 0.4 06 0.8 1.0 1.2
Puck Height (inches)

Figure 10: Apparent Hardness as a Function of Puck Height - Standard Cooling
Cycle - Tempered at 400°F for 1 Hour
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Table X: Apparent Hardness Characteristics of Pucks Sintered Under Production
Conditions - Sinter-Hardening Cycle (HRC) - Tempered at 400°F for 1 Hour

P11 34 32 35 34 35
SH1 22 20 23 21 20
SH2 30 26 25 22 23
SH3 20 18 14 13 13
SH4 35 35 34 36 33

40 [ .
Q 30 R— ' ' : -
Eos | —
25| 4
% 15 E—a= e
£10 Ho-pg —4P11 o—SH1|—
5 H—w—SH2 —SH3 —o—SH4 —
e , : : .
0.2 0.4 0.6 08 1.0 1.2

" Puck Height (inches)

Figure 11:  Apparent Hardness as a Function of Puck Height - Sinter-Hardening
Cycle - Tempered at 400°F for 1 Hour

20




Table XI: Martensite Content and Apparent Hardness in the Core of the 1.25 inch Pucks -
Sinter-Hardening Cycle - As Tempered at 400°F for 1 Hour

P11 35 35 90%
SH1 20 20 49%
SH2 23 21 4%
SH3 13 11 10%

SH4 33 33 81%
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Figure 12:  Photomicrograph of P9 Figure 13:  Photomicrograph of P11
[Original Magnification 500x) (Original Magnification 500x)

3 i
P 20 pm

e A,

Figure 14:  Photomicrograph of SH1 Figure 15:  Photomicrograph of SH2
{Original Magnification 500x) {Original Magnification 500x)

oy o

Figure 18:  Photomicrograph of SH3 Figure 17:  Photomicrograph of SH4
[Origina! Magnification 500x) {Original Magnification 500x)
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Figure 18:
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Apparent Hardness as a Function of Martensite Content in the Core of the
Pucks
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Figure 19:
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Martensite Content as a Function of Alloy Content
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