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ABSTRACT

The use of P/Mstructural parts is growing in part due to the use
of the sinter-hardening process which utilizes high performance
materials in conbination with an accel erated post sintering
cooling rate. The sinter-hardening process offers inproved
mechani cal properties over conventional sintering without a
separate heat treatnent operation. Thus, where the part design
permts, sinter-hardening offers considerable econom c benefits
to the part producer.

Sinter-hardening typically requires that the P/ M stee
substantially transformto martensite during cooling. A variety
of mcrostructures and properties can be obtained by varying the
post sintering cooling rate. By controlling this rate, the

m crostructure can be mani pul ated to produce the required anount
of martensite to obtain the desired nechanical properties.

Al I oyi ng el enents such as nol ybdenum nickel, and copper pronote
hardenability in P/Mparts. By increasing the hardenability of
the material, the parts can be cooled at slower rates and stil
produce | arge anmobunts of martensite. The ability to increase the
anount of martensite, leading to increased strength and hardness,

t hrough the use of proper alloy selection and accel erated cooling
rate will be discussed.

| NTRODUCTI ON

Sinter-hardening refers to a process where the cooling rate
experienced in the cooling zone of the sintering furnace is fast
enough that a significant portion of the material matrix
transforns to martensite. Interest in sinter-hardening has grown
because it offers good manufacturing econony by providing a one
step process and a uni que conbi nation of strength, toughness, and
har dness [1].

A variety of mcrostructures and properties can be obtai ned by



varying both the alloy type and content as well as the post
sintering cooling rate. By controlling the cooling rate, the

m crostructure can be mani pul ated to produce the required
proportion of martensite which will |lead to desired nmechani cal
properties [1-3]. By understanding how the sintering conditions
affect the mcrostructure, materials can be nodel ed to produce
the final properties that are desired.

A graphical way of exam ning the effects of alloying elenents on
the final mcrostructure of a steel is by using the
characteristic isothermal transformation (I -T) diagram This
indicates the tine necessary for the for the isotherma
transformation to start and finish as well as the cooling tinme
and tenperature conbi nati ons needed to produce the final

m crostructure.

As the conposition of a steel is changed, the effects are seen in
the I -T diagramfor that material. Figures la and 1lb conpare two
materials that are simlar in conposition except for a 0.24 wo
nmol ybdenum addition in Figure 1b [4]. An apparent shift in the
nose of curve to the right is seen in the material with the

nmol ybdenum addition. This indicates that the maxi num al | owabl e
time to reach the nose of the curve is longer. Due to this shift,
martensite can be produced at slower cooling rates, hence the

mat eri al has a higher hardenability. Simlar effects can be
denonstrated for other alloying elenents such as nickel, copper,
manganese and chrom um

Figures 2a and 2b conpare two materials with simlar conpositions
except for carbon content [5]. Figure 2a depicts a material with
0.47 w o carbon while Figure 2b depicts a material with 0.68 w o
carbon. There is a small shift in the curve to the right with the
addition of carbon. This indicates that the addition of carbon
has only a small effect on the hardenability of a material.

I n nost cases, a steel is not isothermally transforned at a
tenperature above the martensite start tenperature but is
continuously cooled fromthe austenite tenperature to room
tenperature. The transformation fromaustenite to pearlite occurs
over a range of tenperatures rather than at a single isotherm
tenperature. The final mcrostructure after continuous-cooling
may be conpl ex.
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Figure 1. Isothermal Transformation D agrans Displ aying the
Ef fect of Mol ybdenum Addi ti ons
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Figure 2: Isothermal Transformation D agrans Displ aying the
Ef fect of Carbon
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M crostructure as a Function of Cooling Rate

Figure 3 shows a continuous-cooling di agram superi nposed over an
| -T diagramfor a steel [6].

In the continuous-cooling diagram the transformation start and
finish are shifted to longer tinmes and slightly | ower
tenperatures as conpared with the I-T diagram Wen this steel is
sl ow cooled (I 0°F/s), the mcrostructure is coarse pearlite. Wen
the cooling rate of the material is increased (60°F/s), the

m crostructure is fine pearlite. Wien the material is cooled so
rapidly that no pearlite is able to form the structure is
entirely martensite. The critical cooling rate in this case is
250°F/s. For the material represented in Figure 3, any rate of
cooling faster than this produces a martensitic structure, while
any rate of cooling slower produces a structure containing sone

pearlite.

Since the | -T and the continuous-cooling curves are related, the
effects of alloying additions on the final mcrostructure found
fromthe |-T diagrans will also be seen in the continuous-cooling

di agr ans.



Alloying elenments are used in PPMnmaterials to pronote
hardenability and increase the nechanical strength of the parts.
Al l oyi ng el enents such as nol ybdenum nickel, and copper nove the
conti nuous cooling transformation curves to the right, allow ng
phase transformations to occur at slower cooling rates. By
alloying the materials, the hardenability increases and nore
martensite can be produced at simlar cooling rates.

In addition to cooling rate, the hardenability of a material is a
critical factor in defining the type of structure that wll be
produced on cooling. Hardenability is the property that

determ nes the depth and distribution of hardness induced by
quenching fromthe austenitic condition. A material w th high
hardenability is one in which austenite is able to transformto
martensite without formng pearlite, even when the rate of
cooling is rather slow Optimal sinter-hardening materials would
have a high hardenability, so that the cooling rates needed to
produce | arge proportions of martensite will be attainable.

It is inportant to remenber that in addition to conposition and
m crostructure, density plays an inportant role in the

determ nation of properties. [7] It has been shown el sewhere that
increases in density can significantly inprove materi al
properties. As density levels are increased, not only do hardness
and strength val ues increase, but ductility values such as
tensil e elongation and i npact properties are increased
dramatically. For the tests described bel ow, a noderate density

| evel of 7.0 g/cnf was chosen to conpare the properties of the
various materials and process conditions. It is inportant to note
that the conpaction pressure required to reach a given density
level wll vary considerably with base material selected. Two of
the base materials selected for this trial utilize a preall oy
conposition containing only nol ybdenum These materials have been
shown to provide an excellent conbination of conpressibility and
hardenability. Base irons containing other alloy elenents such as
nickel, can limt the conpressibility of the material and thus
limt the density that can be achieved.

EXPERI MENTAL PROCEDURE
Materi al s

In order to evaluate the effect of conposition and cooling rate
on the performance of several materials, seven 500-pound test
prem xes were nmade using the ANCORBOND® process. The prem xes
were chosen to study the effects of nol ybdenum and ni ckel as
preal | oyed additions, and nickel, copper, and graphite as prem X
additions. The prem x conpositions are shown in Table |I. In al
cases 0.75 w o Lonza Acrawax was added to the m xes. The ni ckel



utilized in the prem xes was Inco 123, the copper was ACuMet -200
mesh atom zed copper powder, and the graphite was Asbury 3203 SCR
HS.

Test Speci nen Preparation

Al'l sanples were prepared and tested according to the appropriate
MPI F standard [8]. Specinens nomnally 0.45 inches x 0.45 inches
x 3.5 inches (11.4 mmx 11.4 nmx 88.9 mm) were conpacted to a
green density of 7.0 g/cnf. Once sintered, the specimens were
tenpered at 380°F (193°C) in air for 1.5 hours and machined into
t hreaded tensile test pieces.

Table I: Prem x Conpositions
Pr eal oyed Prem x Additions
Addi ti ons
M x Base Ni Mo Cu Ni Graphite
(w o) (w o) (w o) (w o) (w o)
1 Ancor st eel - - 0. 85 - - 2. 00 0.50
® 85 HP
2 Ancor st eel - - 1.50 - - 2. 00 0.50
150 HP
3 Ancor st eel -- 0. 85 1.00 2.00 0.50
85 HP
4 Ancor st eel -- 1.50 1.00 2.00 0.50
150 HP
5 Ancor st eel - - 0. 85 2.00 - - 0.90
85 HP
6 Ancor st eel - - 1.50 2.00 - - 0.90
150 HP
7 Ancor st eel 1.85 0.55 2.00 -- 0.90
4600 V
Sintering

Al test pieces were sintered under production conditions at
Clarion Sintered Metals. The Abbott furnace used in the study was
equi pped with a VARI COOL post sintering cooling system which
conbi nes radi ant and convection cooling to accelerate the cooling
capabilities of the continuous belt furnace. The VARI COOL system
is easily adjustable which facilitates controlling the atnosphere
re-circulation to optimze the cooling profile.

Two sintering cycles were examned in order to evaluate the
effect of cooling rate on the properties of the sel ected
materials as foll ows:

Cycle One
Sintering Tenperature: 2050°F (1120°Q)
At nospher e: 7 vio H, 93 vio N




Belt Speed: 4.8 in/mm

VARI COOL Setting: 100%

Cycle Two

Sintering Tenperature: 2050°F (1120°C)

At nospher e: 7 vio H, 93 vio N
Belt Speed: 4.8 in/mm

VARI COOL Setting: 50%

At these settings the parts were at sintering tenperature for
about 30 mnutes. The sintered parts were stress relieved at
380°F (193°C) in air for 1.5 hours prior to machining.

Testing

Fol | owi ng tenpering, apparent hardness measurenents were
performed on the surface of the specinens using a Rockwel |
hardness tester. Al of the testing was performed on the Rockwel |
C scal e for conparison purposes. Al though sone val ues were bel ow
the mninmumfor this scale, as suggested by ASTM standard E 18 -
94 [9], this single scale was utilized to provide a conparison
between a relatively |large range of hardness val ues generated
during the tests.

Tensil e testing was perforned on round threaded tensile test

pi eces with a gauge length of 1 inch (25.4 nm and a nom nal

di aneter of 0.20 inches (5.08 mm). Testing was perforned on a
60, 000 pound Tinius A sen universal testing machine at a
crosshead speed of 0.025 inches/m nute. Elongation val ues were
determ ned utilizing an extensoneter with a range of 0 to 20%
The extensoneter was left on to failure.

Met al | ogr aphy

The tensile bars were sectioned and prepared for netall ographic
anal ysi s. Phot om crographs were taken of the structures foll ow ng
a 2%nital/4%picral etch. The martensite content was determ ned
utilizing point count analysis. This analysis technique included
the porosity as a portion of the total mcrostructure. The
reported percentages were corrected by elimnating the 11%
porosity present in these materials (the approxi mate porosity
amount at a density of 7.0 g/cn?) so that only the nmetallic
portion of the mcrostructure is considered.

RESULTS

The apparent hardness, ultimate tensile strength, yield strength,
total elongation, and martensite content of the test pieces are
represented in Table I1. Photom crographs, taken at original



magni fi cation of 500X, of the different materials are shown in
Fi gures 4-10.

Table I'l: Properties of the Material Mtrix
M x | VAR COCL Appar ent 0.2% urs El g. Martensite
Setting Har dness Ofset YS (psi x (% Cont ent
(% (HRO) (psi x 10°% MPa) (%
10°/ MPa)
1 50 6 66. 5/ 459 90. 5/ 624 2.4 7.3
1 100 9 70. 2/ 484 97.1/ 669 2.3 20. 8
2 50 12 80.5/555 | 103.5/714 1.6 10.1
2 100 16 87.0/600 | 110.3/760 1.5 11.8
3 50 7 71.6/ 494 98.1/ 676 2.0 23.0
3 100 11 78.5/541 | 107.9/ 744 1.9 38. 8
4 50 14 89.7/618 | 114. 3/ 788 1.9 38. 8
4 100 19 98.1/ 676 | 122. 4/ 844 1.4 20. 2
5 50 21 95.2/656 | 109.5/ 755 1.1 22.5
5 100 30 112.6/ 776 | 135. 9/ 937 1.2 66. 3
6 50 25 102. 7/ 708 | 132. 0/ 910 1.5 29.8
6 100 35 114.7/791 | 127.1/ 876 1.0 60. 1
7 50 35 102. 4/ 706 | 118. 9/ 820 1.1 71.9
7 100 37 106. 3/ 732 | 117.9/813 0.9 95.5

Slow Cool Fast Cool
Figure 4: Photom crographs of Mx 1 (Original Magnification 500X)




Fast Cool
(Original Magnification 500X)

Slow Cool Fast Cool
Figure 6: Photom crographs of Mx 3 (Original Magnification 500X)






Slow Cool Fast Cool

Figure 9: Photom crographs of Mx 6 (Oiginal Magnification 500X)

.

Slow Cool Fast Cool

Fi gure 10: Phot om crographs of Mx 7 (Oiginal Magnification
500X)



DI SCUSSI ON
The Effect of Cooling Rate

As expected, increasing the cooling rate resulted in increased
apparent hardness and strength values. On the whol e, hardness
val ues were increased between 2 to 10 HRC for a given naterial.
The m xes with 0.5 w o graphite added increased 3 to 5 HRC, with
t he amount of change increasing for materials w th higher
hardness val ues. The m xes with 0.9 w o graphite added indicated
the largest difference in hardness values wth the increases
ranging from2 to 10 HRC. M x 7 which exhibited the hi ghest

har dness val ues at the higher cooling rate, showed the small est
increase in hardness with faster cooling.

The 0.2% offset yield strength and the ultimate tensile strength
values for the mxes with 0.5 w o graphite all showed increased
levels with increasing cooling rate. The yield strength increased
from3,700 to 8,400 psi (26 to 58 MPa) for this group while the
UTS increased from 6,600 to 9,800 psi (46 to 68 MPa). In this
group of materials, the elongation dropped only slightly as the
result of the faster cooling rate. The effects in the mxes with
0.9 wo graphite additions were quite different. Increases in
cooling rates resulted in inprovenents in yield strength from
3,900 to 17,400 psi (27 to 120 MPa) with the highest effect
occurring in the mx with the |owest prealloy content (0.85 w o
nmol ybdenun) and the lowest in the mx with the highest alloy
content (1.55 w o nickel +0.55 w/ o nolybdenun). This basic trend
is continued in the UTS where the UTS in inproved dramatically in
the 0.85 w o nol ybdenum preall oy but actually decreases in the
other two, nore highly alloyed materials. Again, with the
exception perhaps of the 1.5 w o nol ybdenum preal | oy, no
significant decrease in elongation was not ed.

As expected, in all materials, the percent of martensite present
increased significantly with the increase in cooling rate. The
effect of the increased nmartensite levels is apparent in the

har dness val ues for each of the materials. The effect of the

hi gher |l evels of martensite on tensile properties is |ess
obvious. In several cases, materials with significantly | ower
percent ages of martensite and | ower hardness val ues denonstrated
hi gher tensile strengths. This will be discussed in sone detai
bel ow.

The Effect of All oy Content

The selection of the m x conpositions was designed to allow the
study of the effect of several different additions. Mxes 1
through 4 allow the eval uation of both nol ybdenum preall oy | evels
and copper prem x additions at a fixed admx level of 2 wo



ni ckel and a noderate level of 0.5 w o graphite. Mxes 5 through
7 allow the study of the effect of several prealloy chem stries
on a fixed adm xed chem stry of 2 w o copper and a hi gher | evel
of 0.9 w o graphite.

Figures 11 through 20 conpare the hardness, yield strength, UTS
and el ongation values for Mxes 1 through 4. As noted above,

i ncreased cooling rates resulted in inproved hardness and
strength values for all four materials. The effect of increasing
cooling rate on individual materials appears to be relatively
consi stent across the four m xes. The m xes wth the | owest and
hi ghest |evel of alloy content (Mxes 1 and 4) exhibit the | owest
and hi ghest val ues of hardness and strength. The results indicate
that the increase in prealloy content from0.85 wo to 1.5 wo
nmol ybdenum has a nore potent effect on hardness and strength than
the adm x addition of 1 w o copper. For exanple, the additional

0. 65 w o nol ybdenumresults, on average, in an increase of 7 HRC
and about 14,000 psi (97 MPa) in UTS. The addition of 1 wo
copper results, on average, in an increase of 2 HRC and

approxi mately 10,000 psi (69 MPa) in UTS. The results are
surprisingly consistent across each material pair. The el ongation
values follow a reverse trend, with the |eaner alloyed materials
exhi biting higher ductility.

In terns of mcrostructure (Figures 4 through 7), in all four
cases, the faster cooling rate increases the anount of nartensite
present. Wth this group of nmaterials, it appears that the

i ncreased transformation to martensite wth the accel erated
cooling occurs predomnantly in the nickel rich areas which
remain as retained austenite in the slow cooled materials. In al
cases the faster cooling rate also appears to result in a finer
pearlite structure.

Per haps nost interesting is the relationship between the two

mat eri als based on the 0.85 wo and the 1.5 w o nol ybdenum
materials. Surprisingly, the | ower nolybdenum materials generally
contain higher levels of martensite than the conparably processed
materials made fromthe 1.5 w o nol ybdenum base iron. The
pearlite in the 1.5 w o nol ybdenum materi als appears to be very
different than the 0.85 w o nol ybdenum materials. The hi gher

nmol ybdenum content appears to result in nuch finer pearlite
spaci ng and perhaps a hi gher percentage of carbide present within
the pearlite structure. M crohardness eval uations of these
structures were carried out with faster cool ed versions of M xes
1 and 2. The pearlite structure in Mx 1 (0.85 w o nol ybdenun)

i ndi cates an average hardness of 219 HVsowhile the martensite
exhi bits an average hardness of 314 HV,s. The results for Mx 2
(1.5 wo nolybdenum indicate nearly identical results for the
martensite areas at 327 HV,s but the finer pearlite exhibits a

har dness of 306 HVs,. The exact nechanismfor this result is



uncl ear but m ght be supported by the presence of |less nartensite
inthe 1.5 wo nolybdenum materials. If there is nore carbon tied
up in the pearlite structure of the higher nol ybdenum contai ni ng
material, the nickel rich area may then be carbon poor and not
transform Further studies are warranted to investigate the exact
nature of the mcrostructures. However, despite the | ower |evel

of martensite found in the 1.5 w o nol ybdenum naterials, the
hardness and strength is significantly higher than that found in
conparably processed 0.85 w o nol ybdenum materi al s.

It is inportant to note that while these materials indicate
excellent results from accel erated cooling, they would not be
traditionally thought of as “sinter-hardening” materials.

Normal Iy, increases in graphite contents in the 0.7 to 0.9 wo
range woul d be recommended to maxi m ze hardness val ues. The
results do show how nechani cal properties can be nodified for a
w de variety of materials not only by the presence of additional
martensite, but by control of the mcrostructure as a whol e.
Further work is required to understand the role of various adm X
additions in the devel opnment of properties through the use of
accel erated cool i ng.
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Figure 11: Ef fect of Accel erated Cooling, Ml ybdenum Content,
and All oy Additions on Apparent Hardness
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Fi gure 14: Ef fect of Accel erated Cooling, Ml ybdenum Content,
and All oy Additions on Elongation

Fi gures 15 through 18 conpare the apparent hardness, yield
strength, UTS and el ongation values for Mxes 5 through 7. The
effect of increased cooling rate and alloy content appear to be
nore conplex with this series of materials than noted above for
those with the |ower graphite content. In all three cases, the
hardness increases wth faster cooling rates but the anmount of
increase is significantly less for Mx 7 (2 HRC) than for M xes 5
and 6 (9 and 10 HRC). M x 5 shows large increases in tensile
strength values with increasing cooling rate. Mxes 6 and 7 show
| ess of an increase in yield strength and both actually indicate
decreases in UTS with increased cooling rate. Thus, the highest
tensile properties are not found in those materials exhibiting

t he hi ghest hardness values but in the fast cooled version of M x
5 and the slow cool ed version of Mx 6.
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The mcrostructures of these materials support the results noted
above (Figures 8-10). The anmount of martensite present in Mxes 5
and 6 is increased significantly with the higher cooling rate
thus resulting in large increases in apparent hardness val ues.

M x 5 shows the | argest change in mcrostructure, going from
predom nantly unresol ved pearlite with a slow cool to nostly
martensite foll ow ng accel erated cooling. The m crostructures
correspond well with the large increase in strength determ ned
for this material. Mx 7, on the other hand, contains a
significant portion of martensite in the slow cool ed state, so
the smal|l additional increase in martensite content resulting
fromfaster cooling rates has only a mnor effect on hardness. It
shoul d al so be noted that the fast cool ed versions of Mxes 6 and



7 as well as the slow cooled version of Mx 7 appear to contain a
significant anmount of retained austenite. The exact anmount of
this phase is difficult to determne optically on these sanpl es.

Figure 19 shows the rel ati onship between apparent hardness val ues
and ultimate tensile strength. There appears to be good

correl ation between the hardness and strength but the graph

hi ghli ghts several additional points. At the | ow val ues of
hardness, the strength increases rapidly for a given increase in
hardness. The rate of increase in strength appears to peak at
hardness | evel s of between 25 and 30 HRC. For hardness | evels
above 30 HRC, the strength appears to be decreasing with

i ncreasi ng hardness values for the materials tested. An
addi ti onal conparison can be made with M xes 1 through 4. Mxes 1
and 2, containing both high and |ow | evel s of nol ybdenum but only
ni ckel as the adm xed ingredi ent, showed very good correlation
bet ween hardness and UTS. M xes 3 and 4, with the added copper,

al so show a good correlation but, the addition of copper appears
to raise the UTS value for a given | evel of hardness.

Figure 20 indicates the relationship between the martensite | evel
and the ultimate tensile strength. Mxes 1 through 4 again show a
uni que correlation. The materials with 0.85 w o nol ybdenum (M xes
1 and 3) indicated good correlation with each other but fairly
low ultimate strength for the given |l evel of martensite. The
materials with the higher |evel of nolybdenum (M xes 2 and 4)
show a good correlation wth each other but much higher strength
for a given level of martensite. Overall, the trend follows in a
simlar fashion to that noted with hardness val ues. The strength
increases with increased levels of martensite until peaking at
around 60% nmartensite, after which further increases in
martensite | evel actually result in |lower strength val ues.

Further investigations will be needed to determne if the
presence of retained austenite or other factors cause this
decrease in strength.



145

135

105

Ultimate Tensile Strength (psi x 10%)

85

145

135

125

115

105

UltimateTensile Strength (psix107)

a5

85

125 |

115 |

{ & Slow Cool 936 o
Mix 6 =
886 T
: g
. Mix 7 | 836
V Mix 5 “~o | 5
786 o
- z
Mix 3 /ﬂ 736 %
Mix 2 a2
686 Er
=
S 63 >
586
0 5 10 15 20 25 30 35 40
Apparent Hardness (HRC)
Figure 19: The Rel ati onshi p between Apparent Hardness and
Utimate Tensile Strength for the Tested Materials
o Fasl 986
o Slow Mix & Mix 5 936 =
oo B
Mix 4 / Y 5 | % 2
§
f Mix 2 =6 =
Mix 3 686 £
=
-1
Mix 1 | 698
586
0 20 40 60 80 100
% Martensite

Figure 20: The Rel ationship between Martensite and Tensile
Strength for the Tested Materials



CONCLUSI ONS

A study was conducted on two famlies of materials in order to
eval uate the effect of post-sintering cooling rate on

m crostructure and the resulting nmechani cal properties. The
results may be summarized as foll ows:

1. For the materials with 2 w o nickel and 0.5 w o graphite
adm xed:

Accel erated cooling resulted in increased strength and
apparent hardness whil e decreasing el ongati on values only
slightly. This result was the consequence of increased nmartensite
content and finer pearlitic structures. In these materials, the
martensite was the result of transformation of nickel rich areas
in the mcrostructure.

The increase in prealloyed alloy content fromO0.85 wo to
1.5 w o nolybdenumresulted in a |arger increase in strength than
the addition of 1.0 w o adm xed copper.

Al t hough the 0.85 w/ o nol ybdenum mat eri al s exhi bited hi gher
percentages of martensite than identical chem stries based on the
1.5 w o nol ybdenum preal |l oyed naterial, the higher nolybdenum
mat eri al s had hi gher apparent hardness and strength values. This
surprising result was explained by the presence in the 1.5 wo
nmol ybdenum based material of significantly finer pearlite. The
m crohardness of this finer pearlite structure approached that of
the martensite and thus had a significant influence on the
per f or mance.

It was also noted that these four materials are clearly not
optim zed to provide high apparent hardness values. It was
suggested that additional work is called for with higher graphite
contents to obtain high martensite contents and apparent hardness
val ues above 30 HRC. The study did indicate that accel erated
cooling has benefit to the P/ Mparts fabricator beyond sinply
creating very hard materials. The use of this system may all ow
| eaner alloy materials to attain higher properties while reducing
mat eri al cost.

2. For the material with 2 w o copper and 0.9 w o graphite
adm xed:

As the cooling rate was increased for these materials, the
apparent hardness increased. This was associated wi th higher
martensite contents in the faster cooled materials. Martensite
contents of greater than 50% were found in all three base



mat eri al s when accel erated cooling was utilized.

The anpbunt of change in apparent hardness and martensite
content with accel erated cooling was highest for the two
nmol ybdenum preal | oyed materials and | east for the
ni ckel / nol ybdenum preal | oyed materi al

: The materials with the highest apparent hardness values (0.5
w o nickel, 1.5 w o nol ybdenum preal l oy) did not exhibit the

hi ghest tensile strength val ues. The hi ghest UTS val ues were
determ ned for the fast cool ed version of the 0.85 w o nol ybdenum
preal l oyed material. It was suggested that retai ned austenite my
be one potential cause for the fall off in strength for the

nmol ybdenunt ni ckel materi al
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