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ABSTRACT

The nechani cal properties of high performance ferrous P/ M
materials are influenced by the material conposition and
processi ng nmethod. This paper investigates the effects of the
ANCCORDENSE™ pr ocess, a new, high density, single conpaction
met hod, on the mechanical properties of D stal oy® 4800A based
materials. The results of this study are discussed with a
conparison to the mechanical properties for the sane materials
devel oped t hrough singl e-pressed and doubl e- pressed, doubl e-
sintered processing nethods. In addition, a case study is
performed on a conponent produced via the ANCORDENSE net hod.

| NTRODUCTI ON

Since many of the new applications for P/Mrequire high strength
and dynam c properties, either an engineered material or

i ncreased density approach is necessary to neet these

requi renents. Mich effort has been devoted within the industry to
devel op and optim ze processes and materials to neet these
demandi ng applications. [1,2,3,4] It is well docunented [5, 6]

that as the density is increased in a P/Mconponent, there is a
general enhancenent in the mechanical properties. Until recently,
t he nethods avail able for attaining high densities were either by
hi gh tenperature sintering, double-press and doubl e-sintering,
and |iquid phase sintering, each of which have inherent
[imtations. A new, single conpaction nethod for attaining high
densities utilizing the patented ANCORDENSE process was recently
i ntroduced. This nmethod has been shown to provide single
conpaction, single sintered densities in the 7.25 to 7.55 g/cn?
range w thout exceedi ng conpaction pressures of 50 tsi (690 MPa)
or sintering tenperatures of 2300°F (1260°C). [7, 8]

The ANCORDENSE process utilizes a powder binder treatnent which
has shown good powder flowability and resistance to segregation
and is integral with the processing nethod. Once the powder is



heated to the proper tenperature, between 290°F (143°C) and 310°F
(155°C), it is fed into a heated die. This requires that the
conponents of the feed and tooling system are heated and/ or
insulated to provide uniformtenperature within +/- 5F (+/-
2.8°C). Conpaction then occurs the sane as in a typical P/M
process.

Thi s paper exam nes the effect processing nmethod has on the
mechani cal properties. Evaluation of the new processing system
coupl ed wi th doubl e-pressed, doubl e-sintered technol ogy was
performed to determi ne the potential density and property

i nprovenents that can be attained. The main focus of the work is
wi th the ANCORDENSE process and represents a continuing
investigation into the optimzation of this material system

EXPERI MENTAL PROCEDURES
Materi al s

For the initial evaluation, small |lab scale test prem xes were
produced using Distal oy 4800A, a 49N -1.5%Cu-0.5%b diffusion

al l oyed iron powder, as the base material to produce two

di fferent conpositions by varying the elenmental N and graphite
additions. These materials were produced by either the ANCORBOND®
or the ANCORDENSE nethod as listed in Table 1. A 500-pound (226
kg.) test prem x was made via the ANCORDENSE net hod for the
second portion of the evaluation. The conpositions were chosen
for their high nechanical properties where one requires a
carburizing heat treatnent to achieve the properties and the
other utilizes a sinter-hardening response. The conventi onal
prem xes had 0. 75% Acrawax added as the pressing |lubricant while
t he ANCORDENSE prem xes had 0.6% | ubricant.

TABLE 1: Conposition of the ANCORBOND processed powders

eval uat ed.
Materi al | Base Materi al El emrental Additions Powder
(W. 9% (W. 9% Pr ocessi ng
Designatio | Ni Cu Mb Ni Graphi t Lubri cant Met hod
n e
A 4 | 1.5 0.5 2.0 0.3 0.6 ANCORDENSE
B 4 1.5 0.5 2.0 0.3 0.75 Conventi ona
C 4 | 1.5 0.5 4.0 0.8 0.6 ANCORDENSE
D 4 1.5 0.5 4.0 0.8 0.75 Conventi ona

Test Speci men Processing

Processing of test specinens and parts was perfornmed on
conventional equipnment with tooling nodified to provide and




mai ntain the tenperature at the +/- 5°F (+/- 2.8°C) required for
effective performance of the ANCORDENSE materials. Before
conpaction of the test pieces, the tooling was allowed to reach
steady state tenperature conditions. The conventional powders
were processed at anbient tenperature while the ANCORDENSE
powders were heated to the operating tenperature with m crowave
equi pnent .

For the first portion of the study, conpaction was perforned
between 30 and 50 tsi (415 and 690 MPa). After conpaction, test
speci mens were full sintered at either 2050°F (1120°C) or at
2300°F (1260°C) for 30 mnutes at tenperature in a 25 v/oN, - 75
v/io H, atnosphere.

In the second segnent of the study, all test shapes were
conpacted at 45 tsi (620 MPa), unless otherw se specified. For

t he doubl e- press, doubl e-sinter specinens, the presintering was
done in a production 18" (46 cm nesh belt type furnace in a N\
based at nosphere with di ssoci ated ammoni a additions at 1500°F
(815°C) for 20 mnutes at tenperature. The second conpaction step
was performed at 45 tsi (620 MPa) under anbi ent tenperature
condi ti ons.

The test specinens were separated into two sinterings where one
group was full sintered at 2050°F (1120°C) for 25 m nutes at
tenperature in a 24” (61 cm nesh belt furnace with a N, based

at nosphere and di ssoci ated ammoni a addition. The other group was
sintered at 2300°F (1260°C) for 30 mnutes at tenperature in a 25
vioN, - 75 v/oH, atnosphere. For this portion of the experinent,

t he conventi onal doubl e-pressed, double-sintered test specinens
were sintered at only 2050°F (1120°C).

The carburizing heat treatnent was perforned in an integral
quench furnace utilizing two separate cycles. The first cycle was
performed at 1500°F (815°C) with an endot herm c at nosphere
providing a 0.7% carbon potential. The parts were oil quenched
and tenpered at 375°F (190°C). The second cycle was perforned at
1600°F (870°C) with an endot herm c atnosphere at a 0.8% carbon
potential. The parts were oil quenched and tenpered at 300°F
(150°C) .

Testing

In all test cases, between 5 and 10 test speci nens were eval uated
for each test condition. The test speci mens were processed and
eval uated according to industry standard test procedures. [10]
for green strength, green density, sintered and heat treated TRS,
heat treated Charpy inpact and sintered and heat treated tensile



properties. Tensile properties were devel oped from ASTM E8 fl at,
unmachi ned “dogbone” tensile bars with a 1” gage | ength.

TRS and tensile testing was perfornmed at a crosshead speed of 0.1
in./mn (2.5 mm). A Rockwell Hardness Tester was used for
apparent hardness neasurenents in either the Rockwell C scale or
Rockwel | B scale. Ejection force was determ ned on standard TRS
speci nens. Figure 1 shows the experinental procedure flow chart.

Premix
v
30 o 50 tsi Cnmpal;[ion 45 151
(415 1o 690 MPa) 1P (620 MPa)
Green Properties
Presinter 1 500°F (815°C) for 20 minutes
15 Continvous mesh bell furnace
v
Repress 45 1si
Ip (620 MPa)

2050°F (1120°C) Sinter Sinter 2300°F (1260°C)
Mechanical Properties Mechanical Properties
[ , |
|
k. 4
v ki
1500°F (815°C) Carburize Carburize Heat | 1600°F (870°C)
Oil quench tment il quench
3759F (190°C) Temper Tr:a.l::llml TEe;fFle 2 3D0°F {150°C) Temper
Cycle |

Mechanical Properties

FI GURE 1: Experinental programflow chart.

Met al | ogr aphy

Sections for netall ographic exam nation were cut from TRS t est
pi eces unl ess otherw se noted. Optical netall ography was
performed on a N kon Epiphot. Al scanning el ectron m croscopy
(SEM was perforned on a JEOL JSM 840 with Kevex system for
energy di spersive x-ray anal ysis.

RESULTS AND DI SCUSSI ON



Conpaction (G een Properties)

Conpressibility of the prem xes was neasured between 30 and 50
tsi (415 to 690 Moa). For the ANCORDENSE processed materials, a
0.17 to 0.25 g/cn? increase in green density was seen over the
conventionally processed prem x for the conpl ete range of
pressures. The conpressibility curves for these four materials
are shown in Figure 2.
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FI GURE 2: Conpressibility of the four prem x powders.
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FIGURE 4: Green strength as a function of processing nethod.

Measur ement of the peak ejection forces reveal ed significant

di fferences between the two processing nethods.

The war m



conpaction nmethod exhibited a 20% to 45% reduction in ejection
forces over conventional conpaction for both materials. Figure 3
shows these results. Geen strength was found to be significantly
di fferent between the processing nmethods with the ANCORDENSE
process providing strengths nore than double that of the binder
treated nmaterials. Figure 4 shows the results.

Sintered Properties

TRS and tensile bars processed fromthe four materials were
tested to devel op nmechani cal and physical properties in the as-
sintered state. Table 2 gives the sintered TRS, density and

har dness on each material and processing nethod for three
conpaction pressures at the two sintering tenperatures. As shown
graphically in Figure 5, for the 2050°F (1120°C) sintering
tenperature, the sintered TRSis 20%to 30% hi gher for the

i ncreased graphite and adm xed nickel material and 5%to 10%

hi gher for the other conposition. This highlights the effect
sintered density has on nmechani cal properties since the density
of the ANCORDENSE processed nmaterials were 0.10 to 0.20 g/cni

hi gher at both sintering tenperatures over the conpaction
pressure range for both materials.

Table 3 gives the as-sintered tensile properties for both
conpositions at the 2050°F sintering tenperature. The hi gher

all oy content material conposition exhibited the greatest

di fference in nechanical properties and sintered density between
the two processing nethods. Both materials experienced greater

el ongation wth the ANCORDENSE processing which indicates the
strong dependence el ongation has on density for a given materi al
conposition. Additionally, it was noted that the el ongation was
hi gher at the sane density for the ANCORDENSE process than the
conventi onal .

TABLE 2: Conparison of TRS properties for the two processing

met hods.
Mat eri al Pr ocessi ng Si ntering Conpacti on Si ntered TRS Har dness

Techni que Tenper ature Pressure Density (10® (HRB)

(tsi) (g/ cnt) psi)
A ANCORDENSE 2050° F 30 7.10 196. 5 86
40 7.31 227.8 95
50 7.39 234. 3 96
B Conventional | (1120° O 30 6. 99 186. 6 86
40 7.17 205. 6 90
50 7.27 224. 3 92
C ANCORDENSE 30 7.16 211.1 91
40 7.32 | 230.4 95
50 7.38 252.6 95




D Convent i onal 30 6. 95 162. 0 89
40 7.13 190. 2 91
50 7.21 196. 8 94
A ANCORDENSE 2300° F 30 7.15 224. 1 92
40 7. 35 246.1 | 18 HRC
50 7.43 268.1 | 21 HRC
B Convent i onal (1260°C) 30 7.07 210. 2 91
40 7. 24 247. 2 95
50 7.33 263.4 | 21 HRC
C ANCORDENSE 30 7.25 240.9 | 27 HRC
40 7.39 279.7 | 29 HRC
50 7. 46 297.2 | 30 HRC
D Convent i onal 30 7.10 215.9 | 23 HRC
40 7.27 247.9 | 29 HRC
50 7.35 269.1 | 30 HRC
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FI GURE 5: Transverse rupture strength as a function processing

met hod (sintered at 2050°

F for 30 mnutes in 75% H,/ 25% N,)

TABLE 3: Sintered tensile properties for the two nmethods at
2050°F (1120°F).

Mat eri al Processi ng Conpact i on Si ntered urs 0.2% YS | El ong.
Techni que Pressure Density (10° (10° (%
(tsi) (g/ cn?) psi) psi)
A ANCORDENSE 30 7.22 91.2 54.6 3.3
40 74.0 103.7 60. 3 4.2
50 7.47 110.7 65. 9 4.8
B Conventi ona 30 7.11 93.4 61.1 2.7




| 40 7.23 102.1 65.0 3.0

50 7.38 111.7 72.3 3.3

C ANCORDENSE 30 7.21 104.3| 52.8 3.1
40 7.37 122.5| 55.0 3.4

50 7.42 125.5| 58.2 3.4

D Conventi ona 30 7.02 85.1 46. 2 2.1
| 40 7.18 100.7| 50.3 2.6

50 7.27 108.8 | 55.0 2.8

The as-sintered carbon contents for each of the materials and
sintering conditions were found to vary no nore than +/- 0.01%
bet ween each of the processing nethods for the sane nateri al
conposition. The as-sintered carbon was neasured at 0.28% for
materials A and B. Materials C and D neasured at 0.72%

Doubl e- Press, Double Sinter (DPDS) Properties

An inportant aspect of the study was to determ ne the response of
this material system processed via the ANCORDENSE net hod coupl ed
w th doubl e-press, double-sinter techniques. It was expected that
densities, and therefore nechanical properties, could be

i ncreased beyond what could be attained by conventional DPDS

met hods. Materials A and B were used as the basis for devel opi ng
the relationship for nmechanical properties because it had been
devel oped to provide a very good conbi nation of wear, strength
and i npact properties when processed through conventional DPDS
techniques to a 7.35 g/cnt density and then carburi zed.

Eval uati on was performed for two different carburizing heat
treatnents for both single and doubl e- pressed processing at two
different sintering tenperatures with a conparison to the
conventional nethod properties. The different carburizing cycles
were used to assess the effect of austenitizing tenperature.

Processing was perforned according to the flow chart shown in
Figure 1. An increase of approximately 0.1 g/cnf in sintered
density was realized through a secondary pressing after
conpaction via the ANCORDENSE processi ng nethod. Increasing the
sintering tenperature from 2050°F (1120°F) to 2300°F (1260°C)
provided an increase in density of approximately 0.05 g/cni. The

i nproved density for the double pressed sanples provided a rise
in TRS and inpact energy val ues over the single pressed results.
For carburizing cycle 1, an increase of 12.5%in TRS and 49.4%in
i npact energy was seen at 2050°F (1120°C) between the SP and DP
processes. At 2300°F (1260°C), the TRS and i npact energy

i ncreased 13. 3% and 81.3% respectively. For cycle 2, an increase
of 13.2% in TRS and 31.2% in inpact energy was seen at 2050°F
(1120°C) and at 2300°F (1260°C) an increase of 8 7%in TRS and
106. 7% i n i npact energy was found. The inpact energy of the DP




2300°F (1260°C) sintered sanples averaged 41.7 ft-1bf(56.5 J) for
cycle 1 and 39.5 ft-1bf(53.6 J) for cycle 2. Sone inprovenents in
TRS were seen with an increase in austenitizing tenperature,
whil e i npact energy was inproved slightly with the | ower
austenitizing tenperature. Figures 6 through 9 show the results.
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FI GURE 6: Transverse rupture strength of material A for
carburizing cycle 1 (1500°F) as a function of sintered density.
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FI GURE 9: I npact energy of material A for carburizing cycle 2
(1600°F) as a function of sintered density.

For cycle 1, the apparent hardness was found to average 31 to
32.5 HRC on the 2050°F (1120°C) sanples and 35.5 to 33.5 HRC on
the 2300°F (1260°C) sanples for the SP and DP processes,
respectively. This conpared to an average of 36 HRC on the
conventional DPDS. For the cycle 2 test pieces, the apparent
hardness was found to be higher at 39.5 to 40.5 HRC on the 2050°F
(1120°C) sanmples and 41.5 to 37 HRC on the 2300°F (1260°C)
sanples for the SP and DP processes, respectively, due to the

i ncreased carburization with the higher austenitizing
tenperature. The particle hardness in the case regions reflected
the basic trend found with the apparent hardness.

Mat eri al Characterization

Initially, the powders were exam ned using the SEM The particles
were irregular in shape and exhibited the typical |ow level of
fine particles of the ANCORBOND treatnent as conpared to
conventional prem xes. Uniformy distributed diffusion bonded
particles were present across the base iron particle surfaces.
The effects of the powder binder treatnment were evident as smnal
particles (< 10um) uniformy dispersed and adhered to the base
particles. Backscattered electron imging (BEI) was coupled with
secondary electron imaging (SEl) to distinguish between the
different elenments. Energy x-ray dispersive anal ysis
(qualitative) was performed to verify the elenents present.

After conpaction, the green strength sanples were anal yzed on the
fracture surface and polished cross section. Exam nation of the
fracture surface reveal ed nechanical interlocking as the

predom nant strengthening nmethod. The increased densification
achieved with the ANCORDENSE process provided a significant
increase in interlocking between particles than the conventi onal
conpaction nethod. No intergranular fracture was evident wth the
fracture path exhibiting non-linear behavior (irregular fracture
pat h) .

The polished cross section revealed that particle deformation
occurred during the conpaction process with close contact between
the particle surface apparent throughout. This indicates that
significant particle novenent, plastic defornmation and
rearrangenent transpired. This was unlike typical contact between
surfaces seen with conventional conpaction which generally occur
at points of asperity. It should be noted that the powder nass
approaches maxi mum theoretical pore free density (> 97%



characterizing the particle packing as being very efficient
during the ANCORDENSE conpacti on process.

Anal ysis of the as-sintered sanples revealed a mcro structure
consisting of pearl ite, ferrite, martensite, bainite and nickel -
rich regions. The high nickel regions were preval ent around
porosity indicating that the nickel diffusion was predom nantly
surface diffusion as shown in Figure 12 for the 2050°F (1120°C)
sintered sanples. N ckel diffusion along grain boundaries and
snoot hi ng or roundi ng of the pores was al so apparent. For the
2300°F (1260°C) sintered sanples, pore rounding and degree 6f

di ffusi on was nore pronounced.

A substantial volunme of ferrite was present throughout the mcro
structure. Pearlite was found in regions of very |ow alloy
content and sone higher alloy areas as evidenced by the

nmor phol ogy and spacing of the lanellar Fe;C platelets. The | ow
all oy regions fornmed colonies of pearlite in alternating and
relatively parallel strips (plates) of Fe;C and proeutectoid
ferrite. The higher alloy regions exhibited divorced, randomy
oriented Fe,C platelets in a ferrite matrix. This pearlite was in
the vicinity of the nickel rich areas with sone |located in the

ni ckel diffusion region of the iron particles with |anellar
pearlite in the core of the particles. This showed the influence
of local concentration of alloy elenments in solid solution in the
austenite on the nucleation and gromh of the pearlite.

Cross sections of the carburized sanples reveal ed m crostructures
consi sting of tenpered, high carbon martensite and nickel -rich
regions in the case with a gradual transformation to m xed
martensite, bainite, pearlite, ferrite and nickel-rich regions in
the core. The conposition gradients were verified by EDS, show ng
little change fromthe sintered state. Fracture analysis of the
tensile and TRS bars was perfornmed, with the core and case

regi ons conpared. Figure 13 shows a case region in the SP 2050°F
(1120°C) sintered bar.



FIGURE 12: (SEI) Sinter mcrostructure of material A single
pressed and sintered at 2050°F (1120°C). (N nickel-rich, P:
pearlite, F: ferrite, M nmartensite).
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FIGURE 13: (SElI) Carburized mcrostructure of material A single
pressed and sintered at 2050°F (1120° C) in the case region. (N
ni ckel -rich, M martensite).

SEM anal ysis of the TRS fracture surfaces reveal ed m xed node
(both transgranul ar and ductile rupture) fracture in the case
region and only ductile rupture in the core for all sanples. The
DP sanpl es exhibited a greater anmount of transgranular fracture
in the case with the 2300°F (1260°C) sintered parts having the

hi ghest level. In addition, both DP sanples had | arger ruptured
bond area fractions than the SP sanples. The ductile rupture
regions in the case areas, which were at prior particle bonds,
indicate that the surface diffusion of nickel provided toughening
and ductility to the interparticle bonds. The significant
increase in bond area fraction for the double pressed parts

provi ded the inprovenent seen in mechanical properties. Figure 14
shows the shear fracture surfaces fromthe TRS bars for the
1600°F (870°C) carburizing heat treatnent.
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FI GURE 14: SEM fractographs of TRS bars carburized via cycle 2 in
the case region. SP on the top, DP on the bottomw th the 2050°F
sinter on the left and the 2300°F on the right. Shows
transgranul ar cl eavage (C) and ductile rupture (D).

Production Parts Processing

A conponent was produced via the single pressed ANCORDENSE
processing nethod using material Ato a density of 7.4 g/cnf. The
part was single level with conplex O D and |I.D. (core rod)
shapes. Production equi pnment was utilized after nodification to
provi de the necessary tenperature control. Conpacts were pressed
at about 50 tsi (690 MPa) to two different thicknesses, 0.278 in
(7.06 M and 0.678 in (17.22 nm). The surface area of the part
was 1.789 in? (11.54cnf ). After sintering at 2050°F (1120°C),



the parts were then carburized and tenpered as described for
cycle 2.
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FI GURE 16: Green wei ght process capability analysis for the t
t hi cknesses of the production part (0.278 in thickness part
wei ght at top).




The press tooling was stabilized at the operating tenperature,
then run to bring the weight and thickness into target. Once the
controls were net, the press was run on automatic to devel op
capability of the process for the two thicknesses. The hi stograns
shown in figures 15 and 16 represent the thickness and wei ght
capability for the two press thicknesses. Both showed acceptabl e
deviation and distribution in the neasured characteristics with
the weight varying 1.45 granms for the thicker parts and 0.57

grans for the thinner parts.

The parts were then sintered and carburized. TRS and tensile bars
were processed to the sane density and processed with the

production parts. The nechani cal

in Tabl e 4.

properties devel oped are |isted

TABLE 4: Mechani cal properties devel oped via the ANCORDENSE
process with material A sintered at 2050°F (1120°C), carburized
and t enpered.

Property ANCCRDENSE Results (SP)
Sintered Density (g/cnf) 7.41
TRS (psi) 276, 000
Appar ent Hardness (HRC 36. 2
Case Particle Hardness (HRC) 62
Case Depth (i n.>50HRC) 0.010 - 0.015
UTS (psi) 153, 600
0.2% Yield Strength (psi) 128, 000
El ongation (% 1.3

Concl usi ons

The nmechani cal properties of the high performance ANCORDENSE
Di stal oy 4800A based materials exhibit a dependence on the
processi ng techni que. This paper conpared the single pressed

ANCORDENSE process to conventiona

single pressed material s.

Al so, the effects of sintering tenperature and conventi onal
doubl e pressing techni ques coupled with the ANCORDENSE net hod
wer e exam ned. Sone of the findings include

1. The ANCORDENSE process provides single conpaction densities
simlar to those found with conventional doubl e-pressed, doubl e-

sintered densities.

2. In the material system exam ned, ANCORBOND doubl e- pressed,
doubl e-si ntered nechani cal properties exceed the single pressed




ANCCRDENSE properties for the same material processed at 45 tsi
and sintered at 2050°F

3. An i nprovenment in nmechanical properties was realized with
the use of doubl e-press techni ques coupled with the ANCORDENSE
process, with a greater inprovenent seen wth the 2300°F (1260°C)
sinter for either process.

4. Green strength was inproved significantly (over 100% over
conventional processing.

5. For a conventional carburizing cycle, the inpact energy was
i nproved by 31%for 2050°F (1 120°C) sintering and 106% f or
2300°F (1260°C) sintering with doubl e-pressing the ANCORDENSE
material A as conpared to the single pressed ANCORDENSE materi al .

6. Densities in excess of 7.5 g/cnfare attainable with
conventional sintering tenperatures when doubl e-press techni ques
are coupled with the warm conpacti on process.

7. Commerci al parts production is viable with acceptabl e wei ght
and thi ckness tol erances achi evable wth adequate tenperature
control
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