WO 2005/053883 A2 |0 |00 000 0 000 O O A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Burcau

(43) International Publication Date
16 June 2005 (16.06.2005)

(10) International Publication Number

WO 2005/053883 A2

(51) International Patent Classification’: B22F 3/26
(21) International Application Number:
PCT/US2004/039133

(22) International Filing Date:
22 November 2004 (22.11.2004)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:

10/723,989 26 November 2003 (26.11.2003) US

(71) Applicant (for all designated States except US): MASS-
ACHUSETTS INSTITUTE OF TECHNOLOGY
[US/US]; 77 Massachusetts Avenue, Room NE 25-230,

Cambridge, MA 02139 (US).

(72)
(75)

Inventors; and

Inventors/Applicants (for US only): KERNAN, Brian,
D. [US/US]; 1202 Eagles Nest Lane, Monroeville, PA
15146 (US). SACHS, Emanuel, M. [US/US]; 18 More-
land Avenue, Newton, MA 02459 (US). ALLEN, Samuel,
M. [US/US]; 24 Alveston Street, Jamaica Plain, MA 02130
(US). LORENZ, Adam, M. [US/US]; 7 Buckingham
Street, Somerville, MA 02143 (US).

(74) Agent: WEISSBURG, Steven, J.; 238 Main Street, Suite
303, Cambridge, MA 02142 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KP, KR, KZ, L.C, LK, LR, LS, LT, LU, LV, MA, MD,
MG, MK, MN, MW, MX, MZ, NA, NI, NO, NZ, OM, PG,
PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL, SY, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, YU, ZA, ZM,
ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LU, MC, NL, PL, PT, RO, SE,
SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

[Continued on next page]

(54) Title: INFILTRATING A POWDER METAL SKELETON BY A SIMILAR ALLOY WITH DEPRESSED MELTING POINT
EXPLOITING A PERSISTENT LIQUID PHASE AT EQUILIBRIUM, SUITABLE FOR FABRICATING STEEL PARTS

N

'///////‘\////A

Weight Percent Cr

~_ liquidus

T T T

T
25 30 365 40

T
2.0

Weight Percent C

D2 1306°C 60%s/40%!

4.5

(57) Abstract: A steel powder metal skeleton is infiltrated
with an infiltrant composition similar to the skeleton, with an
additional agent that depresses the melting point of the infil-
trant relative to the skeleton. Infiltration is driven primarily by
capillary pressure. The powder and infiltrant compositions
differ primarily only in a higher concentration of a melting
point depressant agent "MPD" in the infiltrant. Carbon (C)
and silicon (Si) and several other elements can be elements in
an MPD, either alone or in combination. Certain steel target
compositions are such that a complementary infiltrant, and
skeleton can be chosen such that a skeleton will remain solid
at an infiltration temperature at which the infiltrant can be
melted and fully infiltrated, and further where there is a per-
sistent two phase field, with a liquid phase that is large enough
(greater than 7% vol, and typically between 20 and 40 volt)
so that flow can be maintained without choke off from diffu-
sional solidification. The solid and the liquid phases remain-
ing after any diffusional solidification have different compo-
sitions, with a bulk composition of the target. Typically the
difference is slight, and the full part is substantially homo-
geneous. Heat treating, such as austenitizing, quenching, or
slow cooling and tempering, can improve homogeneity and
mechanical properties. The MPD can have a relatively high
diffusivity and solubility in the skeleton. Methods of design-
ing systems of target, skeleton and infiltrant compositions and
infiltration temperature are disclosed.
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INFILTRATING A POWDER METAL SKELETON BY A SIMILAR ALLOY WITH
DEPRESSED MELTING POINT EXPLOITING A PERSISTENT LIQUID PHASE
AT EQUILIBRIUM, SUITABLE FOR FABRICATING STEEL PARTS

by

BRIAN D. KERNAN, EMANUEL M. SACHS, SAMUEL M. ALLEN AND
ADAM M. LORENZ

GOVERNMENT RIGHTS

[0001] The United States Government has certain rights in
this invention pursuant to the Office of Naval Research
contract/grant #N00014-99-1-1090.

[0002] A partial summary is provided below, preceding the
.claims.
[0003] The inventions disclosed herein will be understood

with regard to the following description, appended claims and

accompanying drawings, where:

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Figs. 1A, 1B and 1C are a schematic representation
of a skeleton of particles being infiltrated, showing three
stages of infiltration: Fig. 1A - initial, Fig. 1B - half way
and Fig. 1C - complete;

[0005] Fig. 2 is a Phase Diagram showing a system of Fe-

12%Cr showing temperature °C v. wt% carbon;

[0006] Fig. 3 is a Phase Diagram for D2 steel showing

temperature °C v. wt% carbon;

[0007] Fig. 4 is an isothermal phase diagram for D2 steel
showing equilibrium compositions at 1306°C, 60% vol solid,
showing wt% Cr vs. wt% C, for skeleton and infiltrant
complementary pairs for basic, near tie-line, off tie-line,

and reverse slope modes;
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[0008] Fig. 5 is an isothermal phase diagram similar to
Fig. 4,'except that the skeleton and infiltrant complementary
pairs were determined using Tgee= 50°C, so that the MPD (C)
concentrations differ for each of the modes, also showing
pairs KE and IE, which lie on a line having a slope that
exceeds that of the tie-line S-T-L;

[0009] Fig. 6 is a schematic phase diagram relating
temperature °C to wt% C, showing a case that can achieve
complete solubility of the MPD (C) in an iron skeleton, which

can be fully homogenized.

[0010] Fig. 7 is a schematic phase diagram relating
temperature °C to wt% C, showing a case that can achieve
partial solubility of the MPD (C) in an iron skeleton, which

can be partially homogenized.

[0011] Fig. 8 is a schematic phase diagram relating
temperature °C to wt% B, showing a case that can achieve
virtually no solubility of the MPD (B) in an iron skeleton,
which can be only slightly homogenized.

[0012] Fig. 9 is a schematic flowchart in two parts, A and
B, showing steps to design an infiltration system that is
generally packing fraction driven, and to infiltrate a '

skeleton;

[0013] Fig. 10 is a schematic flow chart in two parts, A
and B, showing steps to design an infiltration system that is
generally skeleton composition driven, and to infiltrate such

a skeleton;

[0014] Fig. 11 is an isothermal phase diagram at 1279°C for
D2 steels showing equilibrium compositions, 70% solid;

[0015] Fig. 12 is an isothermal phase diagram at 1279°C for
© D2 steel, showing equilibrium compositions of 70% vol solid,
for infiltrating a skeleton of 60% vol solid;

[0016] Fig. 13 is an isothermal diagram for A3 steel,
showing equilibrium compositions at 1351°C for 60% vol
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skeleton, showing wt% Cr vs. wt% C, for skeleton and
infiltrant pairs for basic, near tie-line and off tie-line
modes, with concentrations of Mo and V being functions of

concentration of Cr;

[0017] Fig. 14 is a phase diagram for A3 steel, showing
equilibrium compositions at 1351°C for 60% vol solid and
1330°C for 70% vol solid;

[0018] Fig. 15 is an isothermal phase diagram for Cn-7MS
steel at 1261°C, relating wt% Cr to wt% Si, for a 60% vol
solid;

[0019] Fig. 16 is a phase diagram for Cn-7MS steel,

relating temperature °C to wt% Si;

[0020] Fig. 17 is a phase diagram for D2 steel, showing the

effects of using Ty = 75°C as compared to Tgey = 50°C;

[0021] Fig. 18 is an isothermal phase diagram for
Austenitic-Manganese steel grade C at 1295°C, relating wt% Mn
to wt% C;

[0022] Fig. 19 is a phase diagram for Austenitic Manganese

steel grade C relating temperature °'C to wt% C;

[0023] Fig. 20 is a schematic diagram relating temperature
°C to wt% C, showing lines of different vol% solid at

equilibrium for Fe with 12% Cr;

Nomenclature

[0024] The following symbols and abbreviations are used
herein. In many examples and figures, for instance Fig. 9,
and the accompanying discussion, carbon (C) is used as the
major melting point depressant (MPD) element, silicon (Si) is
used as a second MPD element, and chromium (Cr) is used as an

example of a typical non-MPD element.
[0025] For the target composition:

M., . is mass (or weight) % Cr.

-3-
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T is target composition.

Myppmax,r 1S the maximum concentration of MPD in this target

composition, T.
[0026] For the solid:
Me, s 1s mass % Cr.

Vs, is total volume % solid at the infiltration

temperature (60% is typical in most discussions herein).
Ve = 100 - V.
M, is total mass% solid.
M, = 100 - M,

A number in the subscript refers to a Mass % solid

measured at the volume % specified by the subscript.

Te — The temperature where the solid has an equilibrium

volume % of xx.

Mepox — The maximum amount of carbon that may be
dissolved in the single phase base material (normally
austenite) at the eutectic temperature.

8 - The composition of a solid in equilibrium with the

target composition.
[0027] For the liquid:
M, 1s mass % Cr.

V, is total volume % liguid (40% is typical in most
discussions herein).

Vv, = 100 - V.
M, is total mass% liquid.

M, = 100 - M.
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T,y -~ The temperature where the liquid has an equilibrium

volume % of yy. When Tg, = T, then xx + yy = 100.

vy

Mooy — The amount of carbon present at the eutectic

composition.

L - The composition of a ligquid in equilibrium with the

target composition.

[0028] For the skeleton (the k subscript is a mnemonic for
the k in the word skeleton):

{

M., ¢ is mass % Cr.

My is mass % solid of skeleton based on the packing
fraction of the powder and instantaneous infiltration of
Infiltrant.

M, = 100 - M,.

In the instances of no diffusional solidification at the
infiltration temperature, My = Mg . A number (or PF) in the
subscript refers to the mass % solid measured at the volume
fraction specified by the subscript (or the packing fraction
of the skeleton.)

Vi 1s the volume % of the skeleton, also known as the

packing fraction.

Tys ~ The solidus temperature of the skeleton composition.

T, ~ The temperature where the equilibrium solid volume %
XX is equal to the packing fraction of the skeleton. If PF =
70 %, then Ty, = Tgyy-

K - The composition of a skeleton in an unspecified

style.
KA - The skeleton composition in a basic style.

KB - The skeleton composition in a near tie-line style.
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KC - The skeleton composition in an off tie-line style.

KD —‘The skeleton composition in a reverse slope style.
[0029] For the infiltrant:

M., ; is mass % Cr.

M, is mass % infiltrant, based on void fraction of

skeleton, assuming instantaneous infiltration of infiltrant.
M; = 100 - M.

Tn the instances of no diffusional solidification at

infiltration temperature, M; = M.

V; is the volume fraction of the infiltrant, also known

as the void fraction of the skeleton.

T., - The liquidus temperature of the infiltrant.

T - The infiltration temperature.

infil

I - The composition of an infiltrant in an unspecified

style.
IA - The infiltrant composition in a basic style.
IB - The infiltrant éomposition in a near tie line style.
IC - The infiltrant composition in an off tie line style.
ID - The infiltrant composition in a reverse slope style.
[0030] Parameter Py (or Pg): .

This is the fractional amount of silicon (or carbon) in

the skeleton for two MPD elements case,
Mg; x = Pg;* Mg -

Typically, 0<Pg<1/3 or 0<P.<1/3.
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[0031] Parameter R:

Parameter R is a style parameter. In general,
-1<=R<=1.

For R=0, the basic style method is used. For R=1, the off
tie-line style method is used. For O0<R<l, the near tie line
style method is used. For -1<R<0 the reverse slope style
method is used. For off tie line and reverse slope style
methods, a different parameter R may be used for each non-MPD

element.

DETAILED DESCRIPTION

[0032] Traditional manufacturing processes using powder
metallurgy (“PM”) without pressing produce a near net shape
part which is only initially 50-70% dense. These ‘green’
parts then undergo further processing to achieve full density
and the desired mechanical properties either through lightly
sintering and infiltrating with a lower melting temperature
alloy or through a high temperature sintering alone. In the
first method, the part’s dimensional change is typically only
~1% making it suitable for fairly large (~0.5m on a side)
parts, but the resulting material composition will be a
heterogeneous mixture of the powder material and the lower
melting temperature infiltrant. In the second method,
sintering the powder to full density will result in a
homogeneous final material, but a part starting at 60% density
will undergo ~15% linear shrinkage. For this reason, full-
density sintering is typically only used for smaller (< 5 cm
on a side) parts. (Some of this initial discussion and the
immediately following discussion is taken from copending,
coassigned U.S. patent application No. 09/863,073, filed May
21, 2001, in the names of three of the inventors hereof,
Lorenz, Sachs and Allen, claiming the benefit of provisional
application 60/206,066, filed on May 22, 2000. A corresponding
PCT application, No. PCT/US02/15635, was published as WO
02/094484 Al on November 28, 2002. The full text of all three
of which are hereby incorporated by reference completely
herein. The published application is referred to herein as
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the WO 02/09448421 application. It is explicitly denied that
any of these three items constitute prior art, and their
mention herein may not be taken as an admission that any of

them constitute prior art.)

[0033] In some cases, infiltration can be done extremely
rapidly by the application of external pressure. However,
this requires a mold and typically expensive processing

equipment.

[0034] The inventions disclosed herein are directed to
pressureless infiltration, where the primary driving force for
infiltration is capillarity. In some cases, a vacuum pressure
is created around both the porous skeleton and the infiltrant
source. This vacuum is to remove any gases that might be
residing within the skeleton, which could prevent infiltrant
from filling the skeleton at the location of the gas.

However, there is no pressure difference between that of the
infiltrant source and within the skeleton. “Pressureless” or
vcapillary” infiltration as used herein means such
infiltration, without the application of a pressure difference
between the infiltrant source and the pore spaces within the

skeleton, whether or not a vacuum is applied around both.

[0035] Figs. 1A-1C show such pressureless infiltration at
three‘representative stages. On the left, Fig. 1A, an
infiltrant pool 120 is below a porous skeleton 122, which is
composed of interconnected, adhered particles. At the moment
shown in Fig. 1A, infiltration has not yet begun. As shown in
Fig. 1B, the skeleton 122 has been brought into contact with
the infiltrant in a pool 120, and infiltrant 124 has been
drawn up into the skeleton 122 by capillary forces, about
half-way to its top. As shown in Fig. 1C, the infiltrant 124
has been drawn all the way to the top of the skeleton 122,
fully infiltrating it.

[0036] In many critical'applications (structural,
aerospace, military), a material of homogeneous composition
(or with homogeneous properties) is preferable because of

certification issues, corrosion issues, machinability, or
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temperature limitations that might be imposed by the lower
melting point infiltrant. Further, because designers of metal
components are not accustomed to working with composites of
heterogeneous composition, they experience a psychological

barrier to adoption.

[0037] Creation of very large parts with homogeneous
composition or properties via powder metallurgy extends the
benefits of PM processing to very large finished parts. This
can be done using an infiltration step to densify the green
part without significant dimensional change, but in such a way
that the final material has a homogeneous composition or
properties to enable significant advantages over traditional
powder metal processing. Solid freeform fabrication
processes, (such as three-dimensional printing, selective
laser sintering, fused deposition modeling, laminated object
manufacturing, stereo lithography), metal injection molding,
or other PM processes will be enabled to make homogeneous net
shape parts in a wide range of sizes by methods described
herein. Also disclosed is the potential of matching the final
part composition or properties to existing commercial material
systems. Principally, many steel alloy systems are very
important commercial material systems. Several of these
systems can be matched with inventions disclosed herein, where
a powder skeleton is infiltrated with a liguid infiltrant of
nearly the same composition. The compositions differ such that
the melting point of the infiltrant is significantly lower
than that of the skeleton, and such that after infiltration
and solidification, the bulk composition of the part is

approximately the same as a commercial steel.

[0038] By three-dimensional printing, it is meant the
processes described generally in U.S. patents, 5,204,055,
5,387,380, 5,490,882, 5,775,402, which are incorporated herein
by reference.

\

[0039] A general concept, explored more fully below, is to
use an infiltrant composition similar to that of the powder
skeleton, but with the addition of a material such that the
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melting point of the infiltrant is depressed relative to that
of the skeleton. The infiltrant quickly fills the powder

skeleton.

[0040] It is important to design the infiltrant and
skeleton system so that the infiltrant has the chance to fill
the entire open pore space of the skeleton before
solidification and freeze off takes place. 1In some systems,
there are one or more elements in the infiltrant that diffuse
into the skeleton. As they leave the liquid infiltrant, in
some cases, the solidification point of the remaining
infiltrant increases. Thus, it may be that for constant
temperature, the composition of the liguid infiltrant becomes
such that it solidifies, because the material that had
depressed the melting point has diffused out of the
infiltrant. The WO 02/094484A1 publication listed above,
describe how a kinetic competition, or a sort of race takes
place between infiltration on the one hand, and freeze off due
to diffusional solidification on the other hand. If freeze
off occurs before complete infiltration, then the part will
not be fully infiltrated. That document discusses many
aspects of the competition, how to insure that infiltration
completes before solidification, and the properties of
products made according to those techniques with regard to

certain material systems.

[0041] The techniques described above are generally
referred to herein as transient liquid phase infiltration, or
TLI, because the liquid phase, during infiltration, is
transient. It does not persist, but rather is transformed to a
solid phase, as the MPD diffuses from the liquid phase to the
solid phase, and the liquid phase gradually solidifies
isothermally.

[0042] The WO 02/094484A1 publication discusses systems
where infiltration completes, followed by diffusional
solidification at the infiltration temperature, resulting in a
fully solid part at equilibrium. It also discusses some cases

where, even after the part has reached its equilibrium

-10-



WO 2005/053883 PCT/US2004/039133

condition at the infiltration temperature, some of the
infiltrant in the skeleton will remain liquid after
diffusional solidification has ceased. Those cases are
referred to generally therein as low solubility cases, because
the agents that depress the melting point of the infiltrant,
relative to the similar composition of the skeleton, have a
relatively low solubility in the skeleton. In some such
circumstances, the final microstructure that results is not
homogeneous, but rather is similar to that typically obtained

with a cast part, which also may be a useful result.

[0043] For example, an Aluminum (Al) skeleton can be
infused with an infiltrant of an Al and silicon (Si) alloy,
which has a lower melting point than pure Al. Pure aluminum
has a melting point temperature of ~660°C. Silicon Fs used
extensively in die casting alloys to improve fluidity of the
melt. An Al alloy with 12% Si has a melting point of 577°C,
resulting in depression of its melting point by about 83°C
from that of pure Al. An aluminum alloy commonly used in die
casting of automotive pistons (336.0) contains 12% Si, 2.5%
Ni, %1 Mg, and 1% Cu, and has an even lower melting range with
a solidus of 540°C and a liguidus of 565°C. |

\

[0044] There is a window between the temperature at which
the infiltrant is liquid (565°C), and that at which a pure
aluminum skeleton will begin to melt (660°C), since the
melting point depression of the infiltrant may be less than
100°C. But, the relatively low operating temperature permits
manageable manipulation of the part and the melt within this

window.

[0045] The diffusivity of silicon in aluminum is ~107 m’/s
at 600°C. The maximum solubility of silicon in aluminum is
about 1.6% wt, which is relatively low (as compared, for
instance, to that of Carbon (C) in iron (Fe)). The low
solubility of Si, as an MPD, can lead to some infiltrant
remaining liquid, such that the ligquid flow in the aluminum
skeleton never chokes off from solidification. This is
because, if the final (target) bulk composition has an MPD

-11-
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(eg. Si) concentration that is greater than the concentration
of the MPD in the solidus (equilibrium solid) composition, the
part will only undergo partial diffusional solidification at
the infiltration temperature. Solidification is only partial,
because it takes relatively little silicon to saturate the
aluminum into which it might otherwise diffuse. Thus, there is
no excess solubility in the aluminum for more than a small
amount of silicon to diffuse into the aluminum skeleton.
Therefore, there may result an end product that has higher
concentrations of silicon in the regions that had been liquid
than the regions that had been solid which may, in some
circumstances, be undesireable. Furthermore, it will be
impossible to infiltrate a reasonably dense skeleton (e.g. >
50% packing fraction) and to achieve a body having a bulk
composition with Si concentration > 7% for reasons explained
below in a discussion regarding solubility. But, most
commonly used aluminum and silicon alloys have between about 7

and 15% Si concentration in the bulk composition.

[0046] Researchers have understood the usefulness of steel
parts, and have attempted to use Carbon as a melting point
depressant into iron or pure iron with a few typical steel
additives. However, the diffusivity of C in Fe and other
steel alloys at a reasonable infiltration temperature (1277°C)
is relatively very high (~2.4 X 10°° cm?/s) and past
pressureless infiltration attempts have met with failure due
to freeze-off before infiltration can complete. Infiltration
loses the kinetic competition. Some researchers have used
pressurized systems to infiltrate a primarily iron skeleton
with an iron infiltrant with added carbon to depress the

melting point of the infiltrant.

[0047] There is a great need for a system that can take
advantage of a skeleton made using powder metalluégy
techniques, infiltrate that with a suitable infiltrant, and
arrive at a finished fully dense part that has a composition
that is essentially that of a commercial steel. Further,
there is need for such a process that can be driven primarily

by capillary forces alone, meaning approximately pressureless
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conditions. There is great need for such a system with
respect to a wide range of commercial steels, including, but
not limited to, those tool steels known as D2, M2, T8, 06,
H13, A3, and S6, and stainless steels known as 410, 440C, CF-
10SMnN, and CN-7MS, HF, and Austenitic Manganese alloys (ASTM
Al128, grade C), and other steels in the families that include
those listed. These designations are as used by ASTM-
International, of West Conshohocken, PA, USA.

[0048] The following ASTM International standards set forth
the chemical specifications of the alloy types listed: A681
Tool steel alloy - family types H, D A, O and S; A600 High
speed tool steel - family types M and T; A781/A784 steel and
alloy casting alloys - including types CN-7MS and CF-108MnN
and HF; A276 Austenitic and Martensitic stainless steels
including type 410 and 440C; Al128 Austenitic Manganese alloys.
Tn addition, ASTM International standard A597 contains cast
versions of the following tool steels: A2, D2, D5, S5, M2, S7,
H12, H13 and Ol. The cast chemistries are similar to the
wrought ones, with allowances made for minor impurity

elements.

[0049] In general, the families have the following
characteristics. The designations used herein have the

specification as set by the ASTM International.

[0050] The D family are high carbon, high chromium, cold
work tool steels. The M family are molybdenum, high speed
steels. The T family are tungsten, high speed steels. The H
family are chromium hot work, heat resistant steels. The A
family are air hardening, medium alloy, cold work steels. The
O family are oil hardening, cold work steels. The S family
are shock resisting steels. The 4XX family are
martensitic/ferritic stainless steels. The C-type castings
are corrosion resistant steels. H-type steel castings are

heat resistant stainless steels.

[0051] Tt would also be beneficial to have analytical tools
for determining which formulations of commercial, ox custom
steels would be suitable for fabrication using powder
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metallurgy techniques and infiltration of a skeleton with an
infiltrant having a similar composition but with a lower
melting point than the skeleton. It would also be beneficial
if the resultant bulk composition is relatively homogeneous,
when considering together the regions that originally were
skeleton, and those that originally were open pores, filled

with infiltrant.

Summary

[0052] Inventions disclosed herein satisfy these needs. A
general invention disclosed herein is a fully densified
substantially homogeneous steel part made by infiltrating a
skeleton made from steel powder with an infiltrant of a ‘
similar composition. The compositions of the powder and the
infiltrant differ primarily only in that the infiltrant has a
higher concentration of a melting point depressant agent “MPD”
than ‘does the skeleton, and this higher concentration results
in the infiltrant having a melting point that is significantly
lower than that of the skeleton composition. Thus, the
melting point depressant agent acts as a melting point
depressant. For instance, Carbon (C) can act as a melting
point depressant agent for steel compositions. In this
context, it should be noted that it is possible that both the
skeleton and the infiltrant contain some of the melting point
depressant agent, e.g., C, but just that the concentration of
the melting point depressant agent in the infiltrant is
greater than it is in the skeleton. Thus, the melting point

depressant agent need not be totally absent from the skeleton.

[0053] The present inventors have discovered, an unexpected
combination of conditions that can provide a relatively
homogeneous, fully metal, fully dense steel part. In general,
certain formulations of steel can be used as a target
composition. At least one of the elements that makes up the
normal, target formulation, typically carbon or silicon is an
element that can act as a melting point depressant for the
composition of the remaining elements, or, in some cases, a

composition of most, but not all of the remaining elements.
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[0054] A gkeleton is made that has all of the elemental
components of the target steel formulaﬁion, in concentration
that are near to those of the target, but with two
differences. First, there is a lower concentration of the
melting point depressant. Second, the presence of some or all
of the other elements are in slightly different concentration,
because there is less MPD. For instance, the concentration of
Fe is higher in the skeleton than it is in the infiltrant. In
some cases, concentrations of other elements, such as carbide
formers, such as chromium (Cr), also differ between the

skeleton and target.

[0055] An infiltrant is provided that has all of thé
elemental components of the target steel formulation, in
concentrations that are near to those of the target, but with
two similar differences. First, there is a higher
concentration of the melting point depressant. Second, the
presence of at least one of the other elements are in slightly
different concentrations because there is more MPD. For
instance, the concentration of Fe is lower in the infiltrant
than it is in the skeleton. Similar to skeleton formulationms,
elements other than iron can also vary in concentration

between target and infiltrant.

[0056] There are cases for certain target compositions
where the compositions of the infiltrant, and the skeleton can
be chosen such that a skeleton will remain solid at a
temperature at which the infiltrant can be melted and fully
infiltrated into the skeleton primarily by capillarity. The
liquid phase has a higher concentration of the melting point
depressant than does the skeleton. Some, but not all of the
melting point depressant will diffuse from the liquid phase to
the solid phase. Freeze off does not occur because the liquid
phase persists, keeping the flow channels open. The system is
designed so that the persistent liquid phase is large enough
(greater than at least 7% vol, and more typically between 20
and 40 vol % of the infiltrated body) so that flow can be
maintained. The solid and the liquid phases remaining after

any diffusional solidification have different compositions.
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But, typically the degree of difference is slight, and the
full part is substantially homogeneous. Conventional heat
treating techniques, such as austenitizing, quenching, or slow
cooling and tempering can be applied to infiltrated bodies to
affect homogeneity and mechanical properties as explained

below.

[0057] Important disclosures herein are methods of
infiltrating a steel skeleton with an infiltrant of similar
composition, but where a melting point depressant is provided.
The melting point depressant can be carbon alone, despite the
high diffusivity of carbon in iron. It can also be silicon
alone, again despite the relatively high diffusivity of Si in
iron. And, it can be carbon and silicon together. Additional
elements are not required, for instance to achieve greater
melting point depression without risking choking off of
infiltration by freezing. 1In fact, certain additional melting
point depressing elements may be detrimental, if their
diffusivity is so low that they prevent a reasonable degree of
homogenization during a reasonable time, or, if their
solubility is so low that they prevent a reasonable degree of

homogenization at all.

[0058] Thus, inventions disclosed herein include: parts
made according to such methods; the methods of making such
parts; actual formulations themselves for use as skeletons,
infiltrant, and skeleton and infiltrant pairs relative to a
. specified target; and methods of determining the compositions

of such formulations.

Detailed Discussion

[0059] There are various ways to determine the relative

proportions of MPD and other elements in the formulations.

[0060] The foregoing is illustrated with the following very
simplified example and Figs. 1A-1C. Assume a commercial steel
with the target formulation as set forth in Table A below in
the row entitled target, namely 70% wt Fe, 2% wt C and 10% wt
for each of Cr and Mn. Assume also the idealized situation,
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where the initial skeleton 122 is 50% volume solid, and 50%
volume void pore space. (This is not likely a practical
arrangement, but it is not too far from a typical, for three '
dimensional printing, solid volume of 60%, and greatly
simplifies calculations for this initial example.) The carbon
concentration in the target composition is 2% wt. Assume that
there must be a concentration lower than 1% wt of carbon to
have a skeleton that is solid at a desired infiltration
temperature, and that an infiltrant 124, with at least 3% wt C
will be liquid at the same temperature. Then, the proportions
of the other components is as set forth in the table, at the
rows: marked skeleton, and infiltrant, respectively. This
example assumes that the skeleton can be fully infiltrated as

before any freeze off.

C Cr Mn Fe
Target| 2 10 10 78
Infiltrant 50% vol} 3 10 10 77
Skeleton 50% vol| 1 10 10 79
Table A
[0061] The target, infiltrant and skeleton all have the

gsame concentrations of the non-MPD elements, Cr and Mn, other
than Fe. The difference in concentration due to the variation
in MPD (C) amount is offset by corresponding differences in

iron Fe concentration.

[0062] The foregoing example is idealized in certain ways,
and examples below are more realistic. First the 50/50
solid/void volume packing fraction values for the skeleton
would more typically be between about 20% and about 40% vol
void, and correspondingly, between about 80% and about 60% vol
solid. Second, the target Mn and Cr are both 10% wt. 1In a
multi-component system, such as the steels under discussion
here, it is very typical for all of the non-Fe components to
be present in significantly unequal concentrations. Third,
the concentration of each of the non-Fe components other than
the carbon is the same in the target, the infiltrant, and in
the skeleton. Such a method is identified herein as a basic

-17-



WO 2005/053883 PCT/US2004/039133

method, and it is very useful. There are also more complex
ways to compose the infiltrant and skeleton relative to the
target, where the relative proportions of the elements in the
infiltrant differ from the relative proportions of the
elements in the target and in the skeleton. The appropriate
proportions are found using phase diagrams and related
constructs and analytic tools, as discussed below. Another
idealization is that this example makes no mention of the fact
that at equilibrium, the infiltrated body will constitute a
two-phase entity, with a liquid phase of some volume fraction,
whose composition may differ from that of the infiltrant, and
a solid phase of some volume fraction whose composition may
differ from that of the skeleton. Further, the volume fraction
of the skeleton may differ from the packing fraction, and
thus, the volume fraction of the ligquid may differ from the

void fraction. This is discussed in more detail below.

[0063] One must also keep in mind that the elemental
composition concentrations are weight percentages (indicated
herein as x% wt), and the packing fractions are volume
percentages (indicated herein as y% vol). Another important
point is that one step in a method disclosed herein requires
analyzing a two phase system, that is part liquid and parﬁ
solid at equilibrium. Those parts are also quantified by
volume percentages. Further, the mass fraction of a phase,
for instance the solid, is not the same as the volume fraction
of the same phase, because the density of a solid may differ

from density of liquid of the same composition.

[0064] Turning now to a more detailed discussion of
designing a more realistic system of target, skeleton and

infiltrant, the following example is helpful.

[0065] Fig. 2 shows a phase diagram applicable to a simple
martensitic stainless steel with 12% Cr, relating temperature
to weight percent carbon. The point K is a composition of
stainless steel with .57% wt C, which is a composition used as
a skeleton. The point T is the target bulk composition of an
infiltrated product, which is in a two-phase field (liquid +
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austenite) having 1.5% wt C. The point I is the composition
of an infiltrant, which has 3.07% wt C. The points K, T and I
are all with 12% wt Cr, and are at 1353°C (1626 K). If a
skeleton having 60% vol solid and 40% vol void of composition
K (0.57% wt C) is infiltrated with an infiltrant having a
composition I, the final bulk composition of the infiltrated
target will be T.

i

[0066] The equilibrium composition will be composed of 60%
vol solid, having about .97% wt C, and 40% vol liquid, having
about 2.37% wt C. These are the concentrations at the
infiltration temperature of 1353°C for the intersections of
the solidus and liquidus respectively. The skeleton and
infiltrant compositions, skeleton packing fraction and
infiltration temperature were chosen so that the final bulk
composition would be equilibrium at T, with a 60% vol. solid
phase and a 40% vol. liquid phase. It is somewhat artificial
that the solid phase of 60% vol. is the same as the packing
fraction of 60%. There are some restrictions on the
relationship of these two parameters, but, they need not be
equal. What is required, is that the equilibrium liquid phase
percent be large enough to ensure flow of infiltrant at
equilibrium. The minimum theoretical volume is between about
7% vol and 20% vol, depending on whether a hipping model or a
percolation model is used. The designer must choose the most
appropriate value given the system. There must be
interconnection in three orthogonal dimensions. A typical
preferred range is between about 20% and about 40% vol.,
putting the solid phase at between about 60% and about 80%.
What is further required, is that the volume % of the
equilibrium solid phase should not be less than that of the
skeleton packing fraction. If it were, then some part of the
skeleton would need to have been dissolved during
equilibration. That is not desireable.

[0067] For example, if a skeleton starts with 40% of the
volume open porosity, there will initially be 40% by volume
interconnected liquid. However, some solidification of the

infiltrant onto the skeleton may be desirable to make sure

-19-



WO 2005/053883 PCT/US2004/039133

that the skeleton is not accidentally dissolved and to

strengthen the skeleton.

[0068] This equilibrium condition can be shown using
standard techniques, and analytical tools, such as phase
diagrams, the lever rule, etc, as set forth generally in
Physical Metallurgy, Robert W. Cahn, Peter Haasen, New York,
NY (1996). TIdeally, because of the level of detail needed in
most cases, a software program can be used, such as Thermo-

Calc software, available from Thermo-Calc Software, of
Stockholm, Sweden; or Pandat, available from Computherm, of
Madison, WI; or MTDATA, avalilable from National Physical
Laboratory, of the U.K.; or Factsage, available from Ecole

Polytechnique de Montreal, Canada.

[0069] The following table shows the compositions of the
target, skeleton (K 60%) and infiltrant (I 40%) in a similar
manner as the example above is shown. It also shows the
equilibrium liquid and solid compositions. The packing
fraction is 60% solid, and, at equilibrium, the infiltrated
body is 60% vol solid. The Cr is the same in the target,
skeleton and infiltrant. The amounts of carbon vary between
the target, skeleton and infiltrant, and the amounts of iron
also differ between the target, skeleton and infiltrant,
because the amount of iron is simply the balance of the

remaining material in each.

C Cr Fe
Target| 1.5 12 86.5
K60%| .3 12 877
140%f 3.5 12 845

Vs=60%| .8 12 87.2

V.=40%| 26 12 854

Table B

[0070] By designing a system having a target composition in
a field of two or more phases that has some liquid (at least
7% vol, and preferably 20-40% vol) persistently present at
equilibrium at the infiltration temperature, freeze off is

prevented and full infiltration is achieved.
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[0071] The volume percent of skeleton at the infiltration
temperature is determined by the packing fraction of the
starting powder, plus any shrinkage e.g., that comes from
sintering, that occurs during heat-up. The composition of the
infiltrant is then determined, for instance, (in a manner
described below) from phase diagrams and other analytical
tools, to make the infiltrated bulk composition as close to
the target bulk composition as possible. Analysis of phase
diagrams using software as identified above, has been
particularly useful in obtaining the compositions in multi-

component systems.

[0072] The foregoing method uses the same concentration of
the non-MPD element, in this case, Cr, in the infiltrant and
the skeleton as is in the target composition, in this case,
12% wt. Such a method, in general, is referred to herein as a
basic style method. Other styles of méthods (referred to as
near tie-line, off tie-line and reverse slope styles) are also
explored below. In each of the other methods, some or all of
the non-MPD elements are also varied between skeleton and
infiitrant to achieve a target composition. In all of the
styles, the amount of the base material, iron, is also varied,
although not explicitly mentioned, by the fact that iron makes

up the balance of each composition.

Infiltration of a Skeleton to Achieve a D2 Type Bulk

Composition Target

[0073] D2 is a conventional, hardenable tool steel, often
used in dies for use below 300°C (for instance in plastic
molding). It has a composition specified as follows. 1In the
above simplified examples the target C, Cr and Fe

concentrations fall within the specification for D2.

Alloy C Cr Mn Mo Ni Si \' Fe

D2 1.4-1.6 11-13 0.6 max 0.7-1.2 03max O06max 1.1max Bal

Table C. D2 specification (weight%)
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[0074] D2 Compositions have been studied, for two reasons,
among others. The first is to study an alloy that is
chemically identical to a conventional tool material. The
second is to understand and minimize erosion during
infiltration, which can occur and has been observed using the

basic style method. ~

[0075] A primary reason that erosion occurs, is that even
if the phase fractions of skeleton and infiltrant are the same
as the equilibrium solid and liquid phase fractions at the
infiltration temperature, if their compositions are not at
equilibrium with each other, then dissolution and

reprecipitation reactions can occur.

[0076] With flow of material, the skeleton near the in-gate
is dissolved and carried into the remaining skeleton,

resulting in erosion.

[0077] For instance, Fig. 3 is a phase diagram for a D2
system, having bulk composition of 12% wt Cr, 1% wt Mo and 1%
wt V, as set forth in the Table D, below, at the row
designated target. A composite having the bulk composition of
D2 will be 60% solid and 40% liquid at 1306°C. The
equilibrium composition of the solid will be at point S, at
1306°C, as in the row Vg = 60% and will have about .82% wt C
and 9.76% wt Cr. The liquid will be at point L at 1306°C,
composed as in the row V, = 40% and will have about 2.63% wt C
and 15.73% Cr. This can be determined using phase diagrams or
software such as Thermo Calc. The Cr values are not shown in

Fig. 3, but are shown on Fig. 4, discussed below.
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AIon T40qu Tks wi% C @ Tks Mol% “Cl Mol% sol wt% qu wit% sol

D2 1579 K 1630 0.3 3894 61.06 37.49 62.51
C Cr Mn Mo Ni Si \ Fe actual

Target Range |1.4-1.6 11-13 0.6 max 0.7-1.0 0.3 max0.6 max 1.1 max balance

Target 150 12.00 040 100 020 040 1.00 83.50

V. =40% 263 1573 05 172 019 0.328 1.88 77.02

Vs = 60% 0.823 9.76 0.34 0.567 0.259 0.443 0475 87.33

IA infiltrant 3.5 12 0.4 1 0.2 0.4 1 81.50

KA skeleton 0.3 12 0.4 1 0.2 0.4 1 84.70

1B Infiltrant 35 1573 04 1.72 0.2 0.4 1.88 76.17

KB Skeleton 3 9.76 04 0.57 0.2 0.4 0.45 87.90

IC Infiltrant 3.5 14.11 0.4 1.36 0.2 0.4 1.43 78.84

KC Skeleton 3 10.73 04 0.78 0.2 0.4 0.74 86.3

ID infiltrant 3.79 1045 04 0.7 0.2 0.4 0.63 83.43

KD Skeleton 0.13 1293 04 1.18 0.2 0.4 1.22 83.54

Table D - 12% wt Cr D2
BASIC

[0078] To illustrate the basic style method in the D2
system, if a skeleton having a packing fraction of 60%, with a
composition as shown in the row named KA Skeleton, having
about .3% wt C, and with Cr, Mo and V in the target listed as
above, with the balance Fe, is infiltrated by an infiltrant
having a composition as shown in the row named IA infiltrant,
having about 3.5% wt C, and with Cr, Mo and V as in the target
listed above, and the balance Fe, the result at equilibrium at
1306°C (1579 K) would be 60% vol solid and 40% vol liquid,
with equilibrium compositions set forth above. This
equilibrium temperature is referred to as T, because the
equilibrium solid amount is equal to the packing fraction.

For the reason just mentioned, this can result in erosion
because the equilibrium liquid is richer in chromium than is
the infiltrant. The required Cr must come from erosion of the
skeleton. This is directly analogous to the above simplified
basic style example, where the composition of the infiltrant

and skeleton are the same as that of the target, except for
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the wt% C (with more C in the infiltrant) and compensating wt%

Fe (with less Fe in the infiltrant).

[0079] Erosion can be minimized mechanically by noting that
most erosion occurs near to the in-gate. Thus, providing a
sacrificial region, such as stilts, as discussed in U.S.
Patent No. 5,775,402, issued on July 7, 1998, adjacent the in-
gate, can reduce erosion damage to the principal part being
made. It is also possible to reduce erosion by adjusting the
composition of the skeleton and the infiltrant so that they
are closer to being at equilibrium at the infiltration

temperature with each other.

NEAR TIE-LINE

[0080] To eliminate erosion by adjusting compositions, it
is necessary to adjust both the MPD (e.g. C) and non-MPD (e.g.
Cr, Mo, V), concentrations of both the skeleton and the
infiltrant, so that the solid and liquid are at chemical
equilibrium with each other upon infiltration. Fig. 4 is an
isothermal phase diagram for the Fe-Cr-C-Mo-V system
(generated using éoftware such as described above), applicable
to D2 tool steel, and helps illustrate the procedure. It is a
two-dimensional slice of a many-dimensional construct. The
relevant temperature is again 1306°C (1579 K). Molybdenum
(Mo) and Vanadium (V) are both present at 1% wt. Carbon
concentrations vary, and are shown on the horizontal axis. Cr
concentrations also vary, and are shown on the vertical axis.
The balance is Fe. In the phase diagram, the concentrations
of Mo and V, or the other elements, are not varied, because
their target concentrations are rather léw in comparison to
Cr. The discrepancies between the phase diagram with all the
elements varied and that of Fig. 4 is noticeable, but small

and not crucial to the description herein.

[0081] Fig. 4 illustrates four different, but related ways
to choose the compositions of a skeleton and an infiltrant to
achieve a given target. These four ways delineate rough

boundaries around a spectrum of workable compositions.
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[0082] The point T represents a target composition of D2 in
the two-phase (liquid + austenite) field with 12% wt Cr, and
1.5% wt C.

[0083] The points KA and IA are skeleton and infiltrant
compositions, respectively, as would be chosen as discussed
above according to the basic method. The Table D sets forth
all the compositions and others to be mentioned below.

[0084] The compositions KA and IA represent the basic
method and may experience erosion at the in-gate, as discussed
above.

[0085] The points S and L are the respective equilibrium

solid and liquid compositions at this temperature (1579 K;
1306°C), for a bulk composition T (D2), with Vg = 60% volume
solid and V, = 40% volume liquid. They have the compositions
set in the rows Vg = 60% and V, = 40%, respectively. The
points S and L are on a line called a tie-line, which is a
line (shown as dotted) that joins the eguilibrium solid and
equilibrium liquid compositions. Any composition on the line
between the two points S and L will be composed of a solid
having composition S and a liquid having composition L in
amounts that may be found by the lever rule. The S and L
points do not appear to be precisely on the nearby ligquidus
and solidus curves (so labeled), as shown, because of the
presence of Mo and V in the system. The diagram is drawn at
constant Mo and V (1% wt each), but the equilibrium
concentrations of Mo and V are lower in the solid and higher
in the liquid. (The apparent discrepancy is due to viewing a
two dimensional slice of a multi-dimensional system. The
liquidus and solidus lines are actually surfaces, of which the
locations S and L are intersections of the surfaces and the
plane at 1% wt Mo and V. The true tie-line is out of plane of
the diagram by a small amount. A similar comment could be made
regarding most of the other multi-component phase diagrams

included herein.)

[0086] The liquidus and solidus compositions would be at
chemical equilibrium with each other at the infiltration
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temperatures and thus, no erosion would occur if they were
used for the infiltrant and skeleton compositions,

respectively.

[0087] However, having the composition of the skeleton
exactly at S on the solidus raises problems, in practice and
thus, the carbon concentration at that composition is the
maximum carbon concentration in the skeleton. Any temperature
overshoot during heating above the designated infiltration
temperature will cause the skeleton to partially melt.
Similarly, with an infiltrant composition exactly on the
liquidus at L, if the infiltration temperature is slightly
below the designated infiltration temperature there could be
some solid material in the infiltrant alloy that could clog
the gate and retard infiltration and thus, the carbon
concentration at that composition is the minimum carbon

concentration in the infiltrant.

[0088] Therefore it is better to provide a skeletal carbon
concentration slightly less than the S concentration, to
insure that it does not melt, and to provide higher carbon
concentration than L in the infiltrant to ensure that the gate

does note clog.

[0089] This difference in carbon concentration between the
skeleton and the equilibrium solid results in the solidus
temperature of the skeleton being higher by some amount than
the temperature T,,. The temperature difference amount is
referred to herein as Tgp. In general, Tgy can be any
amount, depending on the accuracy of process controls, or even

zero. However, typically 50 < Tg and 100.

[0090] The pair of compositions KB and IB in Fig. 4 are
similar in Cr content to the compositions S and L
respectively, but differ in C content, to give these greater
difference in melting points. Thus, the C concentration for
KB is 0.3%, which is less than that for S, which is 0.82%. The
C concentration for IB is 3.5%, which is more than that for L,
which is 2.6%. The Cr concentration in the infiltrant is
15.73% wt, and in the skeleton is 9.76% wt.
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[0091] The concentrations of other major alloying elements,
Mo and V are also adjusted along the tie line between the
points S and L, similar to the adjustment of the Cr
composition. Thus the skeleton contains 0.57 wt% Mo and 0.48
wt% V and the infiltrant contains 1.72 wt% Mo and 1.88 wt% V.

[0092] The concentrations of minor alloying elements (such
as Mn, Ni, and Si), and those elements that may be present as
known impurities, are not normally varied between the skeleton

and infiltrant.

i

[0093] This then is a second style method to select the
composition of the infiltrant and skeleton, the basic style
method being the first. This second style is referred to
herein as a near tie-line method, because it uses compositions
that lie on a line KB-T-IB (from KB to IB), near to the line
that ties the equilibrium compositions L and S to the target
composition T, in this case for D2. They are not on the tie-
line STL, because the carbon amounts are adjusted, as

discussed above, to prevent slumping and clogging.

[0094] Thus, the general properties of the near tie-line
style pair of compositions are that: they lie on a line that
passes through the target composition T; they have non-MPD (in
this case, Cr, Mo, V) concentration equal to that of the
equilibrium solid and liquid compositions, they have MPD (in
this case, C) concentrations equal to that of a basic case,
and using the lever rule, they would result in a bulk
composition of T, present in a ligquid and a solid phase in the
ratio specified, in this case 60% vol sol. Most of these are
general guidelines, only, and can be refined more

specifically, as discussed below.

[0095] A potential draw back to this near tie-line style
method is that it may result in fairly large differences in
non-MPD element concentration, e.g. Cr, in the infiltrated
body, comparing the regions that had been skeleton with those
that had been infiltrated voids. Heat treatment may not
homogenize the material, since the skeletal region and

solidified infiltrant region are already nearly at chemical
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equilibrium with each other at the homogenization or
austenitization temperature. (The chemical potentials of Cr
in the skeleton and in the infiltrant are nearly the same even
though the concentrations are not.) Because Cr readily forms
carbides, this will result in a microstructure that has
regions of relatively higher carbide particle density (regions
of solidified infiltrant, which originally had a higher Cr
concentration), and regions of relatively lower carbide
particle density (regions of original skeleton which
originally had a lower Cr concentration). The mechanical
properties may suffer because of this inhomogeneity. For
instance, regions with relatively lower carbide density may be
softer than desired, while regions with high carbide density

may be extremely hard and brittle.

OFF TIE-LINE

[0096] A third method style is toluse a pailr of
compositions with Cr concentration part way between the two
extremes of the basic (IA and KA) and the near tie-line (IB
and KB) concentrations. This is an off-tie-line style method,
given by IC and KC in the Fig. 4. Here the Cr concentration
in the skeleton and infiltrant is about halfway (the average)
between that of the other two cases. The skeleton material
will be less susceptible to erosion than with the basic style
method, and there will typically not be as noticeable
differences in microstructure between the originally skeletal
and solidified infiltrant regions that a typical near tie-line

style method would produce.

[0097] In practice, any alloy combinations that lie in
between those discussed in connection with a basic style
method and a near tie-line style method - for instance along
lines in the shaded regions OTLg and OTL; shown in Fig. 4,
between the line from KB to IB and the line from KA to IA,
will provide an off tie-line style of infiltration. They will
present gradually varying erosion and inhomogeneity risks.

The off tie-line style can be thought of as a mixture of the

basic and near tie-line styles, and can be described
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mathematically using a parameter R,, where 0 <R, < 1. The
skeleton composition for each non-MPD element, n, can be found

using the relationship:

Myx = Myp + Ry * (M5 — Mn'r) (BEqg. 1)

[0098] Thus, in the skeleton, concentration of each non-MPD
element in the off tie-line style can vary continuously and
independent of the other non-MPD elements within the range
between M_,S (when R, = 0) and M,,T (when R,=1). When for each
non-MPD element R,=0, then the skeleton composition is
identical to the basic method, and the infiltrant composition
will also be the same as the basic method infiltrant. When for
each non MPD element, R=1, then the skeleton composition is
identical to the near tie-line method, and the infiltrant
composition will also be the same as the near tie-line

infiltrant.

[0099] For illustrative purposes, R,= 0.5 is ofﬁen used
herein, however, all values 0 £ R, £ 1 are contemplated as
within inventions disclosed and described herein. The region
OTLg, in which skeleton compositions reside, is further
roughly bound by the solidus, with consideration for Tgyps, as
discussed below. The low wt% C boundary for OTL; is either 0%
C or that amount of C which requires a high amount of carbon
that produces carbide stability in a complementary infiltrant.
A low carbon boundary is shown in Fig. 11, at curve 1102.

Note that infiltrant compositioﬁ IB is in a liquid + M7C3
(carbide) field. The skeleton composition point KB is
complementary to the composition IB. Thus, it is outside of
the boundary 1102, above which carbon concentrations are high
enough to avoid this problem. For systems with 2 or more non-
MPD elements, this region OTL; is a multidimensional truncated
cone-like space, whose base and top are described by the lower
and upper bounds of the carbon contents respectively, and
whose perimeter is bound by R, = 0 and R, = 1, for each value

of n (for each non-MPD element) .

[00100] The region OTL;, in which infiltrant compositions

reside, is similar in description to the region OTLy. A

-29-



WO 2005/053883 PCT/US2004/039133

similar expression can be used to find the region of liquid

compositions:

M =M+ R, * (My, - M) (Eq. 2)

[00101] Where R, is the same R, as used to find the skeleton
composition. The region OTL, is further roughly bound on the
low MPD side, by the liquidus. The boundary for OTL; on the

“high MPD side is deflned by keeping the infiltrant composition
in a one phase 11qu1d field.

[00102] A fourth method style is a reverse slope method, for
example pair KD, ID in Fig. 4. In the reverse slope style,
the concentration of the non MPD elements in the skeleton is
between that of the target value and the equilbrium liquid
value at L. Likewise, the concentration of the non-MPD
element in the infiltrant is between the target value and the
equilbrium solid value at S. This reverse slope approach has
at least one potential advantage. The homogeneity of the body
will be no better than the basic case, however the morphology,
or distribution, of the carbides may be different than any
other case. Because there is more Cr in the skeleton than in
the infiltrant, there is a large driving force to move carbon
from the infiltrant to the skeleton. This will have a
tendency to dissolve some of the large carbides that form
during solidification of the infiltrant and move the carbon
into the interior of the skeleton powdgr. This might provide
a tougher material because carbon is removed from the cast
grain boundaries and new carbides will uniformly form interior

to the austenite grains.

[00103] A consequence of this reverse slope style of method
is that the amount of carbon in the skeleton must be severely
reduced (0.13 w%), and correspondingly increased in the liquid
(3.79%) in order to maintain a temperature margin (Tgg)
between the infiltration temperature and the temperature at
which the skeleton begins to soften. The biggest draw back to
this style is that erosion may be difficult to control, since
the skeleton and liquid are far from their equilibrium values.

However, if large particle sizes are used, satisfactory
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results might be possible. In general there is little added
concern that carbides will form in the infiltrant at the
infiltration temperature because strong carbide forming

elements have been removed from the liguid.

[00104] In practice, the reverse slope style is the easiest
to perform. Given a low wt$% C‘starting powder (also used for
the skeleton), one may simply add an appropriate amount of
carbon to obtain an infiltrant of just slight reverse slope
style. This occurs because the amounts of all other elements

are diluted with the carbon addition.

[00105] Such a system is illustrated with references to
Table E below, which is modified from table A above, for a
system having a packing fraction of 50%. Note that the
concentration of Cr in the skeleton is slightly higher than in

the infiltrant, resulting in a reverse slope.

Target|1.95 9.9 9.9 7825

Infilirant 50% vol|2.90 9.8 9.8 77.5
Skeleton 50% vol| 1 10 10 79

Table E

[00106] Similar to the off tie-line style, one may describe
the non-MPD elements of the skeleton composition in the
reverse slope style mathematically using the expression 1,

repeated here:

Mg =My + Ry * (Mg - M) (Eg. 1)

However, for the reverse slope case, -1 < R, £ 0. The MPD
element in the skeleton is bound on the high side by the
solidus, with regards to Tgm, and on the low side either by 0
or that amount of MPD which moves the complementary infiltrant

liquid into a two-phase field.

[00107] The non MPD elements in the infiltrant composition
of the reverse slope style can then be found by the expression

2, repeated here:
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My,; = My + R, * (My — M, z) (Eq. 2)

with -1 < R, < 0. The amount of MPD in the infiltrant is bound
on the low side by the liguidus, and on the high side by the
limits of the single liquid phase field. A liquid + M7C3
carbide phase boundary is above and to the right as shown in
Fig. 4.

[00108] @ By combining the limits of the off tie-line and
reverse slope styles, the limits of the parameter R, are then
-1 <R, 1.

[00109] Finally, although it will be far from optimal,
skeleton and infiltrant pairs may also be considered in an
extreme slope style, as shown by pair IE, KE in Fig. 5 which
would result from using a factor like R, having an absolute
value >1. This pair has far from equal amounts of non-MPD
elements in the skeleton and liquid. There are at least three
reasons to consider this method as not favorable. First,
there will be strong erosion and dissolution-reprecipitation
reactions that will destabilize the skeleton network. Second,
the slow diffusing, non MPD elements might have large
gradients within the part after infiltration: leading to very
long homogenization times. Third, the likelihood of having
carbide stability in the liquid increases as more strong
carbide forming elements (Cr, Mo, V, W) are added to the

liguid.

COMPLEMENTARY

[00110] The foregoing four general technique styles (basic,
near tie line, off tie line and reverse slope) each identify a
skeleton and an infiltrant pair of compositions, relative to a
target composition that has been labeled T. These four
methods describe pairs that are likely to result, to varying
degrees, in successful and useful combinations. Using the
basic style technique, the infiltrant composition has been
labeled IA, the skeleton composition has been labeled KA. As
used herein, the skeleton and infiltrant compositions KA and

IA are designated as complementary with respect to a target
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composition T. In specific, they are complementary in a basic
mode. Regarding the near tie-line style technique, the
skeleton and infiltrant compositions labeled KB and IB are
complementary with respect to the target composition T, and,
in specific, they are complementary in a near tie-line mode.
Further, and similarly, regarding the off tie line style
technique, the skeleton and infiltrant compositions labeled KC
and IC are compiementary with respect to the target
composition T, and, in specific, they are complementary in an
off tie-line mode. Also similarly, regarding a reverse slope
style technique, the skeleton and infiltrant compositions
labeled KD and ID are complementary with respect to the target
composition T, and, in specific, they are complementary in a

reverse slope mode.

[00111] Finally, other pairs of skeleton and infiltrant
combinations may be mathematically complimentary about a
target composition T. These extreme pairs lie outside the
range defined by the near tie-line, off tie-line, basic and
reverse slope methods, and are not believed to be likely to
give rise to successful processing conditions, and therefore
these extreme pairs are not useful, as are pairs of the other

four methods.‘

[00112] In general, as complementary is used herein,
complementary pairs of skeleton and infiltrant compositions KX
and IX include any pair that lie an a line in the shaded
region of a phase diagram, such as Fig. 4, that passes through
the target composition T, and which are set at compositions
such that, given a packing fraction V,, of the skeleton, a bulk
composition made up of a liquid phase and a solid phase having
compositions of IX and KX, respectively, of appropriate
masses, would result in a bulk composition of T, according to
known application of metallurgical analytical techniques,
including the lever rule (rule of mixtures). See Physical
Metallurgy, Cahn, et al. above, for a general discussion of
analyzing bulk compositions and the compositions of liquid and
solid phases that make up such a bulk composition, which

references are incorporated fully herein by reference.
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[00113] Any complementary pair as defined herein will result
in the bulk composition of the target. What will vary, is the
degree to which a final infiltrated body is homogeneous with
respect to non-MPD elements, and, the degree to which the
skeleton is susceptible to erosion. Generally, complementary
pairs that result in a more homogeneous end product are more

susceptible to skeleton erosion.

[00114] If a complementary pair can be described by an
expression such as Egs. 1 and 2, with -1<R<1l, then such a pair
is complementary in a mode that is between a near tie-line
mode and a reverse slope mode. If the pair can be defined by
such expressions with 0<R<1l, then the mode is complementary in

a mode that is between a basic mode and a near tie-line mode.

[00115] As shown in the Table C, for D2 above, and example
tables E1-E16 below for other steels, the specifications for
steels have ranges of concentrations of elements. Thus, for
instance in the two-dimensional space of Cr v. C, shown in
Fig. 4, it is also reasonable and accurate to represent the
target composition as a rectangle, Tz, which includes the
point T, and a region surrounding it. Thus, complementary
skeleton and infiltrant pairs of all modes, actually include
all those pairs that lie on a line that passes through the
region T, which given a packing fraction V., would result in
a composition lying within the region T;, based on the
application of the lever rule and other applicable techniques.
The region is multi-dimensional, depending on how many

elements are part of the target composition.

Examples Similar to D2

[00116] Three alloy pairs were custom fabricated to test the
expectation of decreasing erosion, and to measure mechanical
properties (hardness) of the infiltrated materials based on:
(A) the basic; (B) near tie-line and (C) off-tie-line style
alloy pairs. These alloys were based on a system very similar
to the 12% wt Cr D2 system discussed above, but with 12.6% wt
Cr in the target. The actual value differs from 12% due to

normal variation in powder manufacturing process. The other
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concentrations and parameters are set forth in Table F, below,
where the concentrations of Mn(a), Si(f) and Ni(y) are small,

and do not vary from composition to composition.

] Cr Mo \' Mn Si Ni Fe
TargetRange | 14-1.6 11-13 0.6max 0.7-1.0 0.3max 0.6max 1.1max balance
Target 1.50 12.00 0.40 1.00 0.20 0.40 1.00 83.50
Eq. Lig. 40% 2.6 16.2 1 1 o B Y Bal
Eq. Sol. 60% .9 10 1 1 o 8 v Bal
IA Infiltrant 3.25 12.6 1 1 o B ¥ Bal
KA Skeleton .35 12.6 1 1 o B Y Bal
1B Infiltrant 3.25 17.2 1 1 o B Y Bal
KB Skeleton .35 9.7 1 1 o B Y Bal
IC Infiltrant 3.25 14.8 1 1 o B ' Bal
KC Skeleton .35 11.2 1 1 o B ¥ Bal
Table F - D2 12.6% wt Cr systems
[00117] A first alloy pair has only carbon varied between

skeleton KA and infiltrant IA, which is the basic style
infiltration method (0.35% wt C in skeleton and 3.25% wt C in
infiltrant, 12.6% wt Cr in both skeleton and infiltrant)
similar to what is represented by KA and IA in Fig. 4. (There
is no figure that shows the values set forth in Tablé F, but
Fig. 4 is very close.) A second alloy pair is near the tie-
line, with maximum chromium variation between skeletoh (KB =
9.7% wt Cr) and infiltrant (IB = 17.2% wt Cr). A third alloy
pair is off the tie-line and has an intermediate variation (KC
= 11.2% wt Cr and IC = 14.8% wt Cr). The carbon level of all
three skeleton alloys is about 0.35% wt C, and the three
infiltrants are at 3.25% wt C. Comparison of the three alloys

to each other and to conventional wrought D2 were made.

[00118] Ingots of the three alloys described in Table F were
fabricated. To study the infiltration, controlled porous
geometries were created using wire-EDM. Basically, a
rectangular block, 27 x 13.5 x 12.5 mm was EDM machined to
leave parallel, upstanding square cross-section columns. The
spacing of the columns and wire kerf is such that 60% of the
material remains while 40% is removed, similar to the packing

fraction of powder in powder beds. The column spacings are
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about 1.2 mm on centers. Each is a square with a side of 0.92

mm.

\

[00119] These samples have enabled study of microstructural
features (homogeneity, carbide distribution and size) and
microhardness of skeletal and infiltrant regions after

infiltrant, austenitizing and tempering.

[00120] The samples fully infiltrated and achieved full
density (nearly 100% of D2). Some porosity, probably caused
by solidification shrinkage, was seen in the sections. Little
erosion was evident, a very small amount of rounding of the
exposed columns was seen. Large carbide grains were present
in the infiltrated regions, but growth of some carbide
clusters was seen in cross sections of the interior of the
skeleton regions after austenitizing at 1090 °C for 1 hr,
indicating partial homogenization of carbon. In addition,
portions in the originally infiltrant regions surrounding the
skeleton columns were found that were relatively poor in Cr,
~8 wt% by electron microprobe, which is in agreement with
solidification theory. This region could also be observed by
differential etching of the polished section. The Vickers
microhardness of the martensite after the austenitizing treat
and water quench was measured in three locations, the
skeleton, the Cr-poor region immediately around the skeleton,
and the area of eutectic martensite + carbide in the
infiltrated regions. The hardness values converted to
Rockwell C hardness of the samples after infiltrating were 57,
50 and 54 respectively and after austenitizing and guenching
treatment 66, 63, and 62 respectively. So the skeleton region
has the hardest martensite, while the eutectic martensite is
softest, but still quite hard.

[00121] In the near tie-line style method example,
significant differences in Cr content existed between the
originally skeletgl and infiltrant regions, which started at
about 10% wt Cr and 17% wt Cr respectively. The samples were
fully infiltrated, and had a density approaching 100% of

wrought D2. No evidence of erosion was present, and in fact
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the edges of the part were quite sharp, with little evidence
of any rounding of the column tops or the corner columns,
which was different from the basic samples. Some porosity due
to solidification shrinkage was present in sections. Large
carbide grains were again evident in the infiltrated body, and
in some cases there appeared to be some cracks in the
infiltrated regions close to the skeleton boundaries. No
evidence of carbide growth in the skeleton was seen, and there
was no evidence of Cr diffusion into the skeleton, as shown by
electron microprobe. A Cr-poor region of solidified
infiltrant, similar to that in the basic samples, was
observed. The hardness values converted to Rockwell C of the
skeleton, Cr-poor and eutectic regions after infiltrating,
were 47, 39 and 33 respectively and after austenitizing and
quenching, were 60, 56.5 and 58.5. 1In all cases, the hardness
is lower than in the basic style of infiltration. For other
alloys, the near tie-line style may be more acceptable for
alloys that are in a single phase field during heat
treatments. For instance, as shown in Fig. 19, cooling
austenitic Manganese steel grade C of composition T to point H
at about 1075°C results in a single pﬁase material. This and
other aspects of heat treating are discussed in more detail

below.

[00122] The intermediate, or off tie line sample exhibited
very little erosion and was less homogeneous than the basic
method sample. Again, samples were fully infiltrated with a
density approaching 100% of wrought D2. The erosion evidence
was intermediate between the basic and near tie line cases, no
visible rounding of columns, but they lacked a sharp edge. No
cracks were seen in the sections, nor was carbide growth in
the skeleton observed. Again, a Cr poor region of solidified
infiltrant surrounding the skeleton was observed. The
hardness values, converted to Rockwell C, of the skeleton, Cr-
poor and eutectic regions after infiltrating were 56, 54 and
38 respectively and after austenitizing and quenching were 68,
63.5 and 67.5 respectively. The infiltrated samples were

quite non-uniform in hardness between different regions, but
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the austenitized and quenched samples were guite uniform, and

were, in fact, harder than the basic case in all instances.

[00123] From the exterior, it was possible in all cases to
discern the original columns, however in all cases, the
surface was quite flat, with only slight dimpling between
columns, as would be expected by the capillary tension. For a
powder sample, the surface would also be expected to be smooth
with capillary films of liquid between the skeletal powders.

TRENDS

[00124] The designer can make use of the trends discussed
above in choosing the mode of complementarity to use. If
erosion can easily be handled by using sacrificial elements
near the in-gate or multiple in-gates, then the basic mode can
be used with little problem. Further, although the D2 type
examples used demonstrate noticeable inhomogeneity in
composition and properties for the near tie-line case, the
importance of homogeneity will not be as significant for other
steel families and non-steel compositions. Further, for some

abplications, less homogeneity can be tolerated.

[00125] For instance, a major reason for inhomogeneity in
the D2 type example is the difference in the concentration of
Cr between the infiltrant and the skeleton. Cr is a strong
carbide former. D2 has about 12% wt Cr in the target
composition, with about 9.76% in the skeleton, and 15.73% in
the infiltrant, for the above described near tie-line example.
There are other steels, discussed below, such as A3, which do
not have as high a concentration of carbide formers (5.15% wt
Cr in the target) such that the difference between the
skeleton (4.45%) and infiltrant (6.29%) regions would not be

as significant for the near tie line case.

[00126] Another important concept to be drawn from these
trends is that in some cases, a selected process can tolerate
fairly significant deviation from skeleton and infiltrant
specifications, and the consequences of specific deviations
will be understood by the skilled person in the art.
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Solubility and Diffusivity

[00127] The foregoing discussion has focussed on how to
select a skeleton and infiltrant combination that will
infiltrate to achieve an infiltrated body that has a bulk
composition that is approximately equal to a target
composition. One important requirement is that the bulk
composition lie in a field having a liquid phase and at least
one solid phase. It is also generally, although not always,
important that the system be one that can achieve a relatively
high degree of homogeneity in a final product. Thus, the
solubility and diffusivity of the melting point depressant
agent in the skeleton is important.

[00128] A certain solubility of the MPD element into the
main skeletal metal (e.g. Fe) is required for at least some
homogenization of the material after infiltration. Shown in -
Fig. 6 is a hypothetical phase diagram showing temperature vs
% wt Carbon for a generic iron based alloy. The target
composition of the material after infiltration is 1.5% wt C,
as shown by point M. .. Mc.. is the méximum solubility of
carbon in the metal at the eutectic temperature, as shown
about 1.75%. The infiltration temperature is chosen as 1335°C
(1608 K), which is, in this case, the temperature where 60%
vol of the material is solid. At the infiltration
temperature, the solidus and liquidus compositions are Mg
(1.075% wt C) and M., (2.15% wt C) respectively. The primary
solﬁbility requirement for complete homogenization is that the
MPD (carbon) concentration of point M., be less than Mg .. If
this is true, then the material can be completely homogenized
in the single phase field y. 1In this case M,,= 1.5 wt % and

= 1.75 wt %, so the alloy is completely homogenizable.

Mc—max

[00129] If the target alloy contains a slight excess of
‘carbon, so that the concentration of the carbon in the target
is greater than the maximum solubility, but still less than a

somewhat arbitrary multiple 7z of the maximum solubility,

MC—max < MC,T < Z*MC—maxl (Eq' 3)

-39-



WO 2005/053883 PCT/US2004/039133

then the alloy is still partially homogenizable, so long as
the carbon concentration in the skeleton is also less than the

maximum carbon solubility,
MC,K < MC—max' (Eq- 4)

The degree of partial homogenizability is continuously
varying, with there being less homogeneity for larger
multiples Z. in general, for Z=2, a typically useful degree
of homogeneity can be obtained. Such a case is shown in Fig.
7 for a 60% vol equilbrium solid at 1250°C (1523 K) with 1.5%
wt C in the target material and a solidus and liquidus
composition of 0.9 and 2.4% wt C respectively, and M., =
1.05% wt C. <

[00130] The foregoing considerations have been expressed
using examples with C as the MPD. However, they are fully
generalizable to systems using an MPD other than carbon such

as silicon.

i

[00131] To illustrate an example that is not homogenizable,
Fig. 8 shows using boron instead of carbon as the MPD. Then
Mppax << M; .. A schematic phase diagram is shown, with a 60%
vol equilibrium solid, Mx= 0; My, = 0.88% wt; My, = 0.05%
wt; My = 0.03% wt; Mg, 2.15% wt; and M, = 2.19% wt. To have
an alloy with B as a MPD at 60% solid, even be partially

homogenizable, it must be that M, < 2% M,. To achieve this
condition, the temperature must be increased to 1525°C (1798
K), which is only 25°C less than the melting point with no B.
This would be an unacceptably high infiltration temperature.

[00132] The maximum MPD concentration in a target alloy for
a given system can be found by using the lever rule, the
eutectic temperature and concentration of MPD at the eutectic
(Mypp.cy) » the maximum solubility of the MPD in the base metal
(Myppmax) » @nd the minimum mass% of solid (Mg,,) that can be
allowed in the solid-liquid two-phase product that affords
sufficient strength, typically 50%. The maximum target MPD
concentration Mgp .. Will be at the eutectic temperature and

is then:
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MMPD—max,T = MMPD—eu - (MS—min /100) * (MMPD-eu - MMPD—max)‘ M (Eq' 5)

[00133] Targets having MPD concentrations less than Mgp ey, r
can be made at higher temperatures, while targets having
greater MPD concentrations than My, . . can not be made at that
amount of equilibrium solid. At higher temperatures, replace
Mypp-ey With Mg, (the mass$ of MPD in the liquidus composition)
and replace Mgppmex With Mg, s (the mass % of MPD in the solidus
composition) in the Eg. 5 above, to obtain the target
composition (Myppmex,r) Raving the maximum MPD concentration at

that higher tempeﬁature:
MMPD—max,T = MMPD.L - (MS—min /100) * (MMPD,L - MMPD,S) . (Eq' 6)

[00134] This may be represented graphically on a phase
diagram. Fig. 20 shows a phase diagram with lines of equal
mole % solid in the Fe-12wt% Cr-C system for 90, 80, 70, 60
and 50 mole % solid over the entire two phase (liquid + FCC)
region. (For this discussion, it can be assumed that vol % is
nearly equal to mole %.) This says nothing about the starting
composition of the skeleton and infiltrant, only what finished
compositions are possible. For infiltration in the two-phase
Liquid + FCC field, then the lowest temperature for
infiltration is defined by the carbide-liquid solvus line,
noted in the figure. The intersection of this line and any of
the constant mole% lines, defines the maximum carbon content
present in the target composition. Thus, for the ternary Fe-
12Cr-C system shown, if a 50% solid is the minimum at
equilibrium, then the maximum carbon content is about 2.6 wt%.
Tf 60% solid is the minimum at equilibrium, the maximum carbon

is 2.3 wt%.

[00135] A similar examination of the Al-Si system mentioned
above will show that 7.1 wt% Si is the maximum amount of Si at
the eutectic temperature with a minimum packing fraction of
50% (by mass). The eutectic composition is 12.6 wt% Si and
the maximum solid solubility at the eutectic temperature is
1.6 wt%. Most commercial Al-Si or Al-Si-Mg alloys, have more
than this amount of Si. Only alloys 443 (4.5-6 wt% Si), 356
and 357 (both with 6.5 to 7.5 wt% Si, and therefore borderline
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cases) have less than or about equal this amount, and thus are
candidates for infiltration. Likewise, there are only a few,

if any, candidates in the Al-Si-Cu system.

Diffusivity

[00136] Prior work infiltrating iron based skeletons with
iron based infiltrants using carbon as a melting point
depressant have generally found that carbon diffuses in iron
so rapidly, that the infiltrant solidifies, and infiltration
is choked off. One might therefore attempt to use a melting
point depressant with a relatively low diffusivity, to avoid
this choking off phenomena. However, the diffusivity cannot
be so low that the time required to homogenize the material
after the infiltration is complete is prohibitively long.
There are a limited number of elements from which to choose
possible MPDs for steel. Candidates must be present in
sufficient amounts in the desired alloy. The amount that is
sufficient depends on the effectiveness of a candidate as an
MPD. For example, Chromium is present in many steels in
moderate amounts (up to 25%), however, it has very little
effect as an MPD and so is not a viable candidate. Molybdenum
has more MPD effect than Chromium, but is typically only
present in much smaller amounts in steel and so again is not a

viable candidate. Four viable candidates are carbon, silicon,

manganese (Mn) and nickel (Ni). The respective diffusivities
of these 4 elements in iron at 1100°C are 5.6 X 107, 2.4 x 107
3 1.8 x 107, 3.4 x 10 (all m?/s). Thus, carbon and silicon

are distinctly higher in diffusivity than the other two
candidates, Ni and Mn. Examining Mn (which is faster |
diffusing than Ni), a numerical diffusion model has been run
with a particle diameter of 50 microns and a packing fraction
of 60%. After homogenization for 15 hours at 1100°C this
system would still have a concentration varilation between
particle center and infiltrant that was 25% of the starting
variation. The use of Ni would lead to even more variation
for the same homogenization treatment. These times will often

make these candidates impractical choices.
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[00137] A useful metric for choosing candidate MPDs must
consider not only the diffusivity of the MPD, but also the
diameter of the particles in the skeleton. A useful ratio,
where L is the diameter of the particle and D is the

diffusivity of the diffusing element is
Metric = L?/D. (Eq. 7)

[00138] For example for the above descrbed case of Mn and 50
micron particles homogenized at 1100°C, this metric calculates
to 1.4 x 10° seconds. In order to accomplish the
homegenization in less than 15 hours, for any system, the
Metric for that system must be lower than this benchmark value
of 1.4 x 10° sec.

[00139] As has been discussed above, despite the problems
with diffusional solidification resulting from high
diffusivity of MPD, the present inventors have realized that
full infiltration can be achieved even with a high diffusivity
MPD, such as carbon or silicon in iron, if the parameters are
selected as discussed above, to result in a significant liquid
phase at equilibrium. And, further, with such relatively high
diffusivity MPD, acceptable homogenization can be achieved.
Further, and at least as important, the present inventors have
realized that adequate results can be obtained using either
carbon or silicon alone, or in combination, as the melting
point agent, without any additional melting point depressing

elements.

[00140] Of course, despite the foregoing, there may be other
elements present in both the infiltrant and the skeleton that
might have a depressing effect on he melting point of the
infiltrant if they are present in the infiltrant and the
skeleton in approximately their equilibrium concentrations for
the target composition for a liquid and a solid portion
respectively. If they are present in those amounts, they do
not act significantly as a melting pot depressant. Further,
such a potentially depressing element may be present in the
infiltrant in an amount that is insignificantly greater than
the equilibrium concentration, because for many compositions,
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manufacturing tolerances and material purities do not permit

or require absolute ideal concentrations.

[00141] Other elements have a high diffusivity in Fe. For
instance, the diffusivity of Al is fairly high - between that
of C and Si in Fe. However Al has very little effect on the
melting point of Fe below aluminum concentrations of ~ 20 wt%
Al, so it is not an attractive MPD element. While there are
some steels that contain small amounts of Al, none contain so

much, so Al as a melting point depressant is impractical.

|
Selecting MPD and non-MPD concentrations

[00142] Turning now to a more specific discussion of how to
select compositions of skeleton and infiltrant, reference may
be had to Fig. 9 (in two parts, A and B), an overview flow
chart which shows the steps used for a basic style method with
one MPD element, as discussed above. Further, the steps used
for the near tie-line, off tie-line, and reverse slope style
methods, both with one and two MPD elements, are also shown in

Fig. 9, and will be discussed below.

[00143] First, 900, a general metal system, such as D2, A3,
Fe-C, etc. is chosen. This choice also necessitates choosing
a final target bulk composition, including the mass% of the
constituent elements. The mass% is equal to the weight%, both
of which terms may be used interchangeable herein.

(Typically, as used herein, all variables of an M with
subscripts are mass % of items.) Next, 902 the packing
fraction V, (a volume %) is selected. This selection is
principally based on the type of particulate material and the
requirements of the manufacturing process being used, such as
three-dimensional printing, metal injection molding, selective

laser sintering, or die pressing.

[00144] Then the operator determines 904 a temperature Ty
where the target composition will have the same vol% solid as
the packing fraction of the skeleton, and a liquid volume
equal to the void fraction of the skeleton. (This is not the

same as another temperature discussed below, Ty, the skeleton
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solidus, the temperature above which the original skeleton
composition would soften.) Next, the tie-line composition of
the solid of each element (Me,s; Mg etc) and liquid (Mg .;
My, etc) are determined 906 at T, as well as the mass % of
the entire solid and liquid phases, Mg and M.

[00145] Next the operator selects 908, the style of
infiltration, either: basic; near tie-line; off tie-line; or
reverse-slope. It would be equally accurate to describe each
different style of method as an independent method, rather
than as a branch of an all—éncbmpassing method, however since
so many steps would be identical, it is more efficient and
more instructive to describe them together. A flow chart for
any of the styles as independent would be identical to Fig. 9,
but without the selection step 908, and with only one of the
four variation for assigning a style parameter R. In step
910 (A-D) the operator assigns parameter R, which will control
the amounts of non-MPD elements that are present in the
skeleton. For the off-tie line 910C and reverse slope 910D
cases, the operator may chose a different R for each non-MPD
element (as discussed below). The effect of assigning

different values for parameter R is discussed below.

[00146] The operator calculates 912 the mass% of each non-
MPD element, e.g. Cr, in the skeleton using a specific

instance of Eg. 1 above, the relation:
Mep,x = Mep,p + Rer ¥ (Meyp,s - Mcr,’l‘) . (Eg. 8)

[00147] The operator also calculates 912 the mass% of each
non-MPD element, e.g. Cr, in the infiltrant using a specific

instance of Eq. 2 above, the relation:
Mer, 1 = Mepx + (Mep,r — Mey,x) /M. (Eg. 9)

[00148] In the basic case of infiltration, when R=0, then
step 912 simplifies to Mg ¢= Mg, and My 1= Mg x = Men.  The
mass® of the non-MPD elements in the skeleton and in the
infiltrant are the same as the mass% in the target. Note that

it would also be reasonable to develop similar relations for
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the infiltrant compositions using the R factor. However, it
is not necessary to do so, because the R factor is implicitly
used in the infiltrant relation Eg. 9, because it is based on
the skeleton composition M x, which was developed with

relation Eg. 8, which does include the R factor.

[00149] Next the operator decides 914 if one or two MPD
elements are to be used. (Again, either branch could be
considered an independent-style method, rather than alternate
branches in an gverall method.) Turning first to the case of
one MPD element, the method proceeds directly to step 920,
where a temperature Tgge 1S chosen. Typically, 50< Tgm <100
for steels. This is how much temperature difference there will
be between T,, and the solidus temperature of the skeleton Ty,
which is found in step 922 below. Next, the mass% of the MPD
(carbon) in the skeleton 924 is calculated at Ty given the
amounts of the non-MPD elements found in step 912 above. At
this step, the skeleton is completely defined in terms of it's
composition and mass% and vol%. The amount of iron in the
skeleton may be found by adding up the mass% of all the

elements and subtracting from 100%.

[00150] The amount of MPD to be in the liquid M.;, is
determined 926 by applying the relation:

Mep = Mo + (Moo — Mex) /Mg (Egq. 10)

This relation is based on comparing the amount of MPD in the
target and the skeleton, and making up the deficit by an

excess in the infiltrant.

[00151] The operator decides 928 how much AV (if any)

isothermal solidification will take place during infiltration.

[00152] The maximum possible amount of isothermal
solidification is the void fraction Vi of the skeleton.
However in practice, to ensure fluid flow through the skeleton
will dictate that the maximum amount of isothermal
solidification is the V,;, - approximately 15%. The operator
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then finds 930 V,, the equilibrium solid volume fraction after

infiltration by applying the relation
Ve = Vi + AV. (Eq. 11)

[00153] The operator calculates 932 the infiltration
temperature Tnmn based on V; for the target composition,
namely, T.,ym 1S the temperature at which the target

composition has a solid volume fraction of Vi.

[00154] Next the operator 934 determines the liquidus
temperature T, of the infiltrant and checks 936 to be sure
that T <T;.,- This ensures that the infiltrant is truly all
liquid. If this is true, then the process of determining
parameters is complete 938. Otherwise, the process returns
and the operator may elect 940 to change one or more
conditions or parameters to try to obtain better infiltration

conditions without carbide stability in the liquid.

[00155] If two MPD elements are used, such as Si and C,
after step 914 the operator proceeds to 916, and assigns, for
the second MPD element, a parameter, such as, for Silicon, Pg,
where 0<Pg<1/3. The operator determines the mass% of the

second MPD, e.g. Si, in the skeleton, using the relation:
Msi,k = Psi* Msi,spr. (Eg. 12)

Then the operator calculates 918 the amount of the second MPD

element in the liquid, using the relation:

'

Mg; ; = Mg x + (Mg, o — Mgy ) /M. (Eg. 13)

The operator then proceeds to step 920 regarding T and

. continues as above.

[00156] If T >Ti.s., then, to lower T, the operator might
try to lower Tgz, lower V., or may lower the R parameter to
chose a different complementary pair, decrease AV to decrease
the tendency of carbides to form, or increase the P parameter
to change the relative amounts of the two MPD elements or as a
last resort, lower the target value of the MPD element.
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[00157] Fig. 17 is a phase diagrém for D2, showing the
effect of varying Tgs On the composition of skeleton and
infiltrant pairs. The infiltration temperature is 1552 K,
which results in 70% vol solid and 30% vol liquid. The inner
pair of points Ky, I, result from setting Tg e = 50 K. The
outer pair of points K,;, I,; result from setting Tge = 75 K.
The skeleton can tolerate more carbon, with a smaller Tgg.
FOor T = 50 K, Mcx = 0.52, and M;; = 4.08. For Tgyg = 75 K,
Mcg = 0.337 and M. ; = 4.74. For example, as shown in Fig. 4,
relatively larger Tg.; results in the point KA moving toward
lower C concentration, while relatively smaller Ty, results
in the point KA moving toward relatively higher C
concentration, limited by the C concentration on the solidus

line at the Cr concentration of the target composition.

[00158] Fig. 9 shows the steps that are used to determine
basic mode complementary infiltrant and skeleton pairs
relative to a target bulk composition, for the basic style of
a method of the invention. Fig. 9 also shows the steps that
are used to determine near ﬁie—line mode complementary pairs
if the near tie-line style method is used. The method steps
are similar to the basic style method, except that the
operator chooses a different value for R in step 910B. For the
near tie-line case, R=1. It is important to note that more
often in the near tie line case than in other cases, Tu<Tiuein

i

in step 936.

[00159] In the step 912, of a near tie-line style method,
the concentration of the non-MPD elements, such as Cr, Mo,
etc., are set to different values than in the basic style
method, because the R parameter equals 1, and not 0. For
instance the concentration of Cr in the skeleton, M.,y is set
to equal the concentration of Cr in the equilibrium solid
M. s- And, the concentration of Cr in the infiltrant M, ; is
set to equal the concentration of Cr in the equilibrium liquid
composition M, .. So, the concentration of Cr in the skeleton
and in the infiltrant differ from each other, and also, differ
from the concentration of Cr in the target, M. .. With the

basic style methpd, all these Cr concentrations are equal. The
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remaining steps for the tie-line style method are the same as

the corresponding steps for the basic style method.

[00160] Regarding the off tie-line style method, Fig. 9
shows the steps that are used. Again, the only difference is
step 910C as discussed here. In general, the steps of both the
basic and the near tie line techniques are conducted to
determine the amount of non-MPD that the skeleton should have
as above for both techniques. Then, the amount of non-MPD in
the skeleton for the off-tie-line style is taken to be
somewhere in between these two concentrations. Once the
skeleton concentration is determined, the infiltrant
concentration of MPD and non-MPD elements is determined as
complementary in the same manner as was done for the near tie

line technique.

[00161] There are an infinite number of off tie-line pairs
that might be used, as discussed above, depending on how near
to the basic style or near tie-line style, the operator
chooses to be. As shown in Fig. 9, one way to choose the off
tie-line parameters is for each non-MPD element n, such as Cr,
Mo, V etc., (in the D2 case) to assign 912C a parameter R,

such as Rq., Ry, etc.

[00162] The parameter for the off tie-line case typically
meets the condition 0 € R, £ 1. Recall that R = 0 is the basic
case, and R = 1 is the near tie-line case. It is also
possible that for one, but not all of the elements, R,=1. For
instanée, it could be that R,=1, R,=1, and R,=1/2. This is an
off tie-line case, even though some R parameters equal 1.

[00163] Then the R, parameter is used to calculate 912 the
concentration of the non-MPD element in the skeleton and the
infiltrant. Using Cr as an example, the concentrations of Cr
in the skeleton, My, (using the same relation (Eg. 8) as

discussed above for the other styles) is again given as:

Mepx = Mep,r + Rer * (Mep,s - MCr,T) . (Eg. 8)
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And the concentration of Cr in the infiltrant, M., ; (using the
same relation (Eqg. 9) as discussed above for the other styles)

is again given as:

Moy, = Mepx t (Mep,r — MCrK) /M. (Egq. 9)

[00164] For the off tie-line style, R, does not equal O.
However letting R, approach 0 and R, approach 1 is
illustrative. As R, approaches 0, the concentration of non-
MPD elements in the skeleton and the infitrant that results
from step 912 approach the concentration in the target, which
is what happens in the basic style method. As R, approaches
1, the concentration of non-MPD elements in the skeleton that
result from step 912 apprbaches the concentration in the
equilibrium solid and the concentration of non-MPD element in
the infiltrant approaches the concentration in the equilibrium
liquid, which is what happens in the near tie-line style
method. With R, closer to 0, the outcome will be more similar
to the basic style method, and with it closer to 1, the
outcome will be more similar to the near tie-line style
method.

[00165] Regarding the reverse slope style methods, Fig. 9
also shows the steps that are used. Again, the only

difference is step 910D as discussed here.

[00166] There are an infinite number of reverse slope pairs
that might be used, as discussed above, depending on how near
to the basic style, the operator chooses to be. As shown in
Fig. 9, one way to choose the negative slope parameters is for
each non-MPD element n, such as Cr, Mo, V etc., (in the D2

case) assign 912D a parameter R,, such as Rq., Ry, etc.

[00167] The parameter for the reverse slope case meets the
condition -1 £ R, £ 0, where if R, were to egual 0 for all non-
MPD elements it would be the basic style method. If R, = -1
the slope of the line joining the complementary pairs is
equally far from the basic case as is the near tie-line case,

only in the opposite direction.
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[00168] Then the R, parameter is used to calculate 912 the

concentration of the non-MPD element in the skeleton and the

infiltrant. Using Cr as an example, the concentrations of Cr
in the skeleton, M.y is given as (again, using the same

relation as above Eg. 8):
Mepx = Mer,r + Rex * (Mep,s = Mey,o) - (Eq. 8)

And the concentration of Cr in the infiltrant, M. ; is given

(again using Eg. 9) as:
Mep,r = Mepx + (Mey,r — MCr,K) /M. (Eg. 9)

[00169] Note that if R, were to approach 0, the
concentration of non-MPD elements in the skeleton and the
infiltrant that results from step 912 would be the same as the
concentration in the target, which is what happens in the
basic style method. For R, = -1, the difference in
concentration of non-MPD elements in the skeleton from the
target value that result from step 912 is the same magnitude
as in the near tie-line case where R=1, but of the opposite

sign.

[00170] Actually, there is no theoretical lower bound for
the R parameter -for a reverse slope style method. Minus 1 was
chosen only because it simplifies explanation, and also
because it is not likely that an operator would use an R
factor with a significantly larger absolute value. However,

setting -1 as the lower bound is arbitrary.

[00171] The foregoing description of a system design process
first chose a packing fraction, from which a skeleton
composition was determined based on the target composition.
Then an infiltration temperature is chosen so that the ’
infiltrate body would be in a two-phase field with an
acceptably large liquid volume portion. Then, an infiltrant
composition was determined so that the final bulk composition
would be in the target range. Thus, it may be characterized

as a packing fraction driven method.
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[00172] Tt would be conceptually equivalent to design such a
system by first picking a skeleton composition and then
determining a manufacturable packing fraction, such as by
three-D printing or other solid free form fabrication
processes listed above, or, any other suitable process that
results in a porous metal body suitable for infiltration.
Next, a complementary infiltration composition can be chosen,
and then an infiltration temperature is chosen so that the
infiltrate body is in a two-phase field. Such a design system

could be considered to be skeleton composition driven.

[00173] It would also be possible to first choose an
infiltrant composition, and then either a skeleton
composition, or a packing fraction. Such a design process
would be considered to be infiltrant composition driven.
However, because it is much more expensive to make a custom
composition powder than it is to make a custom composition
infiltrant, it would be impractical to follow an infiltrant

composition driven method.

[00174] It would also be theoretically possible to pick a
liquid composition second in either a packing fraction or
skeleton composition driven method. However, for similar

reasons, it would be highly impractical to do so.

[00175] Changing the order of selection of parameters will

change checks that the designer makes.

[00176] Returning to a more detailed discussion of a
skeleton composition driven process, generally, it may be
convenient to pick a skeleton composition first because the
availability of custom powders is more limited than that of
custom infiltrants, and, setting infiltration temperatures

over wide ranges is generally routine.

[00177] Fig. 10 outlines steps a designer and operator would
follow for a skeleton driven process. The nomenclature used
in the skeleton driven flowchart, Fig. 10, is the same as that

used for the packing fraction driven flowchart, Fig. 9.
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[00178] To design a skeleton-infiltrant pair and appropriate
infiltration temperature using a skeleton driven methodology,
the operator first chooses a target composition in step 1000
by selecting the target weight percentages of the elements in
the target alloy, Mg q.; Me,ni Mg etc. Next in step 1002, the
operator chooses the skeleton composition, Mgy Me ki M,xi

etc. With the exception of the MPD element, these values may
be chosen to be equal to the respective target values, which
results in a basic style of infiltration. Or, they may be
chosen as some other value (for example a pre-made powder that
is close to the target composition, but varies slightly in one
or more non-MPD elements, and has a lower concentration of the
MPD element than the target), which would result, probably, in
an off-tie line or reverse slope style method. In step 1004,
the operator determines, through calculation or
experimentation (for example differential scanning
calorimetry) the solidus temperature of the skeleton powder.
Next, in step 1006, the operator determines Tgs for the
skeleton, where typically 50 °C < Tgu <100 °C.

[00179] In step 1008, the operator determines the packing
fraction of the skeleton powder that results from whichever
manufacturing method is chosen to form the skeleton (for
instance, 3D-printing, Selective Laser Sintering, Fused
Deposition Modeling, Laminated Object Manufacturing, Metal
Injection Molding, or die-pressing). In step 1010, the
operator finds T, the temperature where the target
composition has the same volume fraction solid (Vy) as the
packing fraction of the skeleton (V), with the remaining

target composition being liquid.

[00180] The operator tests if Tye> Tepr + T in step 1012. If
yes, the process continues to step 1014, otherwise, the
process goes to step 1028, where the operator may choose
different values of V,, T, or the skeleton composition. If
using a pre-existing powder, the operator will likely have
1imited control over the skeleton composition, perhaps only
being able to adjust the carbon concentration by decarburizing

it. A person skilled in the art of the manufacturing process
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(of the skeleton object) may be able to slightly adjust Vy by
changing processing parameters of that process. Or Vy, may be
altered slightly by sieving the powder appropriately before
making the skeleton. The process returns to step 1002 if

changes are made.

[00181] In step 1014, the operator finds the infiltrant
composition of each element (MPD and non MPD) by using the
expression Eg. 10 as above, which is repeated here:

- M, ) /M. (Eq. 10)

In step 1016, the operator determines the liguidus temperature
of the infiltrant, Ty.

[00182] Next in step 1018, the operator decides on how much
material will solidify during infiltration, AV. Then the
volume solid (V) present after infiltration and partial
solidification is determined in step 1020. Then the operator
determines the infiltration temperature (T.;,) where the amount

of solid at equilibrium is equal to Vg, step 1022.

[00183] In step 1024, the operator compares Ty to Typm. IE

T,< T then the process is complete, 1026. Otherwise, the

infil’
process goes to step 1030, where the operator may elect to

change AV, v, T or the skeleton composition.

SAFE’/

[00184] In the packing fraction driven method, shown in Fig.
9, the operator has more opportunity to affect the solidus
temperature of the skeleton than in the skeleton composition
driven method, shown in Fig. 10. In the skeleton composition
driven method, the act of successfully selecting the skeleton
composition, particularly the MPD elements, may initially
require iteration until the operator acquires experience with
the particular process. The resulting style of infiltration
(basic, near tie line, etc.) is not necessarily immediately
evident in the skeleton composition driven method, although a
designer will develop a feel for how different elements behave
in regard to their solid/liquid/target compositions, and how

close the skeleton and infiltrant compositions chosen are to
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any one of the four method styles. That is an operator may
develop an intuitive feel for trends in the thermodynamics of
the alloy system without resorting to phase diagrams or
software programs. If phase diagrams of the types shown in
Figs. 3 and 4 are available that cover the approximate range
of target, skeieton and infiltrant, then these will aid in
choosing a skeleton without having a selected packing

fraction.

[00185] Any designer may opt to use both flow charts. If
designing a system from the start, and knowing an approximate
V., that is likely to be obtained by the skeleton manufacturing
process, the designer can use the volume fraction driven
method, illustrated in Fig. 9, to find a suitable skeleton
composition and develop a specification (with it’s own range
of allowable compositions) to provide to a powder
manufacturer. Once the powder is made, the designer can use
the skeleton composition driven method, shown in Fig. 10, to
account for wvariations both in the skeleton composition, and
in the packing fraction of the powder, to obtain the desired
target value by designing an appropriate infiltrant, since the

infiltrant is the easiest component to adjust.
T-Safe

[00186] The initial discussion above regarding the four
modes of complementarity is in some ways simplified, because
for each mode, the MPD (e.g. C) concentration in the skeletons
are equal to each other, and the MPD concentration in the
infiltrants are equal to each other (while being different
from the concentration in the skeleton). That method of
choosing MPD concentration is useful, and straightforward.
However, it is not the same method as is illustrated in the
flow chart Fig. 9, for the near tie-line and off tie-line
modes, respectively. Using that illustrated method, the MPD
concentrations will all differ slightly, as shown in Fig. 5,
where the MPD concentrations for the basic, off-lie line and
near tie-line cases are KA=.25, KC=.5 and KB=.7 wt%,

respectively. The reason is that the MPD concentration for
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the skeletons shown in Fig. 5 were calculated 924 using an
equal T@ for each mode, where as the MPD concentrations shown
in Fig. 4, which are equal for each of the modes, were simply
determined by using the method shown in the flowchart Fig. 9
for the basic style, and then using the same MPD concentration

in the skeleton for each mode of complimentarity.

[00187] However, if the method illustrated in flowcharts
Fig. 9 step 910B (near tie-line) and step 910D (off tie-line)
are used, the MPD concentrations in the skeleton differ, with
the lowest concentration being for the basic mode, and the
highest concentration being for the near tie-line mode. Using
the method illustrated in the flow chart Fig. 9, steps 922 and
924, allows the designer to choose a skeleton having a higher
concentration of MPD, while still being sure that the actual
solidus of the skeleton composition is at least Tg degrees
greater than the infiltration temperature. If the designer
can tolerate a larger concentration of MPD in the skeleton,
then the system requires a lower concentration of MPD in the
infiltrant. (This is a consequence of standard application of
the lever rule, etc.) This is potentially beneficial in that
the liquid and solid phases immediately after infiltration has
completed will be more equal in MPD concentration, and thus,
the end product will be more homogeneous in MPD. However, due
to the high diffusivity of C as an MPD, this is only a minor
consideration for carbon. But, for another MPD, such as Si
(Silicon) (discussed below), which has a diffusivity that is
lower than that of carbon, it may be useful. Further, and
perhaps more importantly, it means that if erosion is a

problem, then it may be useful to have less C in the skeleton.

[00188] Thus, for the near tie line case, variations in Tgu,
result in variations in the MPD (C) concentration. Thus, as

shown in Fig. 4, the near tie-line MPD skeleton concentration
KA could be anywhere along the line KBg; to a lower limit as

discussed above. Consequently, a complementary near tie-line
MPD infiltrant concentration can be along the line IBg, at a

location that is complementary to the skeleton MPD

concentration. Thus, the endpoints KB and IB can lie along the
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lines KBgy and IB.,, respectively, with the lower extreme of
the skeleton concentration and the higher extreme of the
infiltrant concentration being governed by conditions already

discussed.

ADDITIONAL EXAMPLES

[00189] The example systems summarized in Example tables El
- E16 below) will also provide an infiltrated skeleton such
that, at equilibrium, a solid and a sufficiently large, liquid
phase persists, thereby allowing full infiltration, and
subsequent partial homogenization by diffusion. The degree of
homogenization is addressed in a section below. In each
primary example, a system having 60% volume solid, 40% volume
liquid at equilibrium is used. The equilibrium and
infiltration temperature in degrees K is T, which is the
same as T, as used above. This is the temperature at which
a target having the bulk composition as desired will be 60%
vol solid and 40% vol. In a selected few examples, (for
steels D2 and A3), an additional case is also shown, with 70%
vol solid and 30% vol liquid at equilibrium. In that case,

the relevant infiltration temperature is Typee -

[00190] All of these examples show all four styles of
methods, basic, near tie-line, off tie-line and reverse slope.
(It is worth pointing out that for all of these, except as
noted above and in the tables below at equilibrium, the
solid/liquid volume ratio is 60/40. Other ratios are also
important for different calculations, and they are not the
same as the volume ratios, nor are they the same as each
other. The mole percent ligquid and solid values are given, as
are the weight percent liquid and solid values. The packing
fraction of the skeleton, except where noted, is 60% vol
solid, with a void fraction of 40% vol void. The temperature
T,s is the skeleton solidus temperature in degrees K, which
should be between 50 and 100 degrees K higher than the
infiltration temperature T,,;,- The wt% C at the skeleton

solidus temperature is also given separately in the row
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designated with the alloy name, under the column wt%C@T.. For

instance, for the alloy D2, it is 0.3.

[00191] The target composition is given in the row entitled
Target. This is the bulk composition of the final,
infiltrated product. If the product could achieve complete

homogenization, this would be its composition throughout.

Basic Style

[00192] The composition of the skeleton according to the
basic style method discussed above, is given in the row
entitled Skeleton A. The composition of the infiltrant is
given in the row entitled Infiltrant A. Note that in all
cases, the concentration of C, the MPD, is higher in the
infiltrant than it is in the target, in which the
concentration is higher than it is in the skeleton. (There are
a few examples (86, H13, CN-7MS and CF-10SMnN) that use
silicon (Si) as an MPD, either alone, or in combination with

C. These are discussed below.)

[00193] The concentration of elements in the solid portion
at equilibrium is given in the row entitled 60% solid. The
concentration of elements in the liquid portion is given in

the row entitled 40% Liquid. These are equilibrium values.

[00194] The concentration of the non-MPD elements other than
Fe (e.g. Cr, Mn, Mo, etc.), for both the skeleton and
infiltrant, are equal to their concentration in the target.

These relationships are clearly seen in Fig. 4.

Near tie-line style

[00195] For the near tie-line style, the composition of the
skeleton is given in the row entitled Skeleton B. The
composition of the infiltrant is given in the row entitled
Infiltrant B. The concentration of C (MPD) in the skeleton B
equals the concentration of MPD in the skeleton in the basic
style skeleton A. Similarly, the carbon concentration in the
infiltant B equals that in the basic style, Infiltrant A. The
concentrations of the major non-MPD element, Cr, follow a
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different pattern. In the Skeleton B, the Cr concentration
equals the Cr concentration in the 60% Solid, equilibrium
composition. Similarly, the Cr concentration in the
Infiltrant B is the same as the concentration of Cr in the 40%
Liquid equilibrium composition. These relationships are also
evident from Fig. 4, where it can be seen that for the basic
style, each of the Skeleton SA, target T, and Infiltrant IA,
and have equal C concentrations. Further, the skeleton for
the basic and near tie line styles have equal C
concentrations, but different Cr concentrations, which is also

the case for the two infiltrant compositions IA and IB.

Off tie-line Style

[00196] For the off tie-line style, the composition of the
skeleton is given in the row Skeleton C, and the infiltrant is
given in the row Infiltrant C. In general, for most off tie-
line cases, R=1/2 was used. Quick review reveals that the C
(MPD) concentrations in the Skeleton is equal to the C
concentration in the skeletons for both the basic and near
tie-line styles, while the Cr (non-MPD) concentration is
between the Cr concentrations for the same two skeletons.
Similarly, the complementary Infiltrant C concentration is
equal to the C concentrations for the other two styles, while

the Cr composition is in between them.

[00197] In all three styles the other non-MPD elements (Mn,
Mo, Ni, Si, V) can have equal concentrations in all
components, because the effects of their presence is very

small, if any, on erosion and homogeneity.

[00198] In general, for the skeletons, specified in the
following example tables, a custom powder is required, and for

the infiltrants, a custom metal is required.

-59-



WO 2005/053883 PCT/US2004/039133

Alloy  Taoiq Tks Wt% C@Tks mol%liq mol%sol  wi% lig wt% sol

D2 1579 1630 0.3 38.94 61.06 37.49 62.51
C Cr Mn Mo Ni Si \' Fe actual

Target Range 14-16 1113 0.6 max 0.7-1.0 03max 0.6max 1.1max balance
Target 1.50  12.00 0.40 1.00 0.20 0.40 1.00 83.50
VL =40% 263 1573 0.50 1.72 0.19 0.33 1.88 77.02
V=60 % 0.82 9.76 0.34 0.57 0.21 0.44 0.48 87.38
basic:
Infiltrant - A 3.50 12.00 0.40 1.00 0.20 0.40 1.00 81.50
Skeleton - A 0.30 12.00 0.40 1.00 0.20 0.40 1.00 84.70
near tie-line:
Infiltrant - B 3.50 1573 0.40 1.72 0.20 0.40 1.88 76.17
Skeleton - B 0.30 9.76 0.40 0.57 0.20 0.40 0.48 87.90
off tie-line:
R=0.5 *
Infiltrant - C 3.50 13.87 0.40 1.36 0.20 0.40 1.43 78.84
Skeleton - C 0.30 10.88 0.40 0.78 0.20 0.40 0.74 86.30
reverse slope:
R=-0.42
Infiltrant - D 3.79 1045 0.40 0.70 0.20 0.40 0.63 83.42
Skeleton - D 0.13 12,93 0.40 1.18 0.20 0.40 1.22 83.54

Example Table E1 D2 Alloy
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" Alloy  Tag Tks  Wi% C @ Tks mol% liq mol%sol  wt%liq  wt% sol

M2 1574 1624 0.09 39.39 60.61 39.29 60.71
C Cr Mn Mo Ni Si Vv w Fe
actual

Target Range| 0.95- 3.75- 0.15- 45- 03 0.2- 1.75- 55- balance
1.05 4.25 0.40 55 max 0.45 22 6.75

Target 1.00 415 0.28 500 020 0.32 2.60 6.13 80.92
VL =40% 1.82 496 0.31 764 017 0.24 3.26 898 7263
Vs=60 % 0.47 3.63 0.26 329 022 037 1.18 4.29 86.28
basic:

Infiltrant - A 2.41 4.15 0.28 500 020 032 200 6.13  79.51
Skeleton - A 0.09 4.15 0.28 500 020 032 200 6.13 8183

near tie-line:
Infiltrant - B 241 4.96 0.28 764 020 0.32 3.26 8.98 71.95
Skeleton - B 0.09 3.63 0.28 329 020 032 1.18 429 86.72

off tie-line:
R=05
Infiltrant - C 2.41 4,55 0.28 632 020 0.32 2.63 755 75.73
Skeleton - C 0.09 3.89 0.28 415 020 0.32 1.59 5.21 84.28

reverse slope
=-05

Infiltrant - D 243 3.75 0.28 368 020 032 1.37 1169 76.28
Skeleton - D 0.08 4.41 0.28 586 0.20 0.32 2.41 254 8391

Example Table E2 M2 Alloy
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Alloy  Taoiq Tks Wi% C @ Tks mol% liq mol% sol wt%lig  wi% sol

440C 1597 1647 0.13 38.94 61.06 37.81 62.19

C Cr Mn Mo Si Fe actual
Target Range 0.95-1.20 16-18 1max 0.75max 1max balance
Target 1.07 17.00 0.80 0.70 0.80 79.63
V. =40% 1.85 21.30 0.97 1.156 0.83 73.90
Vs=60% 0.60 14.40 0.70 0.43 0.78 83.10
basic:
Infiltrant - A 262 17.00 0.80 0.70 0.80 78.08
Skeleton - A 0.13 17.00 0.80 0.70 0.80 80.57
near tie-line:
infiltrant - B 2.62 21.30 0.80 0.70 0.80 73.78
Skeleton - B 0.13 14.40 0.80 0.70 0.80 83.17
off tie-line: R =0.5
infiltrant - C 2.62 19.14 0.80 0.70 0.80 75.95
Skeleton - C 0.13 156.70 0.80 0.70 0.80 81.87
reverse slope R =-0.5
Infiltrant - D 2.62 14.85 0.80 0.70 0.80 80.23
Skeleton - D 0.13 18.30 0.80 0.70 0.80 79.27

Example Table E3 440C Alloy
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Alloy Taoig Tks W% C@Tks mol%lig mol%sol  wi%lig wt% sol
AustMn'C' 1568 1628 0.33 39.59 60.41 38.47 61.53
Cc Cr Mn Si Fe actual

Target Range 1.05-1.35 1.5-25 11.5-14 1max balance

Target 1.20 2.00 12.75 0.80 83.25

V. =40% 2.00 243 16.15 0.87 79.56

Vs=60 % 0.70 1.73 11.25 0.76 85.57

f

basic:

Infiltrant - A 2.59 2.00 12.75 0.80 81.86

Skeleton - A 0.33 2.00 12.75 0.80 84.12

near tie-line:

Infiltrant - B 2.59 2.43 15.15 0.80 79.03

Skeleton - B 0.33 1.73 11.25 0.80 85.89

off tie-line: R = 0.5

Infiltrant - C 2.59 222 13.95 0.80 80.44

Skeleton - C 0.33 1.87 12.00 0.80 85.01

reverse slope R=-0.5

Infiltrant - D 2.64 1.79 17.44 0.80 77.34

Skeleton - D 0.30 2.14 9.82 0.80 86.94

Example Table E4 Austenitic Manganese Grade C Alloy
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Tks W%C@Tks Wi%Si@Tks mol% lig mol%sol  wt%lig wt% sol

Alon T40qu
H13 1694 1744 0.05 0.37 39.29 60.71 38.66 61.34
C Cr Mn Mo Ni Si \ Fe actual

Target Range 0.32-0.45 475-5.5 02-05 1.1-1.75 0.3 max 0.8-1.0 0.8-1.0 balance
Target 0.37 5.15 0.33 1.42 0.20 1.00 1.00 90.53
V. =40% 0.80 5.73 0.42 1.80 0.22 1.16 1.31 88.57
Vs=60 % 0.10 478 0.28 1.18 0.19 0.90 0.81 91.77
basic:
Infiltrant - A 0.88 515 0.33 1.42 0.20 2.00 1.00 89.02
Skeleton - A 0.05 5.15 0.33 1.42 0.20 0.37 1.00 91.48
near tie line:
Infiltrant - B 0.88 573 0.33 1.80 0.20 2.00 1.31 87.75
Skeleton - B 0.05 4.78 0.33 1.18 0.20 0.37 0.81 92.28
off tie-line: R = 0.5
Infiltrant - C 0.88 5.44 0.33 1.61 0.20 2.00 1.15 88.39
Skeleton - C 0.05 4,97 0.33 1.30 0.20 0.37 0.90 91.88
reverse slope
R=-0.5 ‘
Infiltrant - D 0.88 4.86 0.33 1.23 0.20 2.09 0.85 89.56
Skeleton - D 0.05 5.34 0.33 1.54 0.20 0.31 1.10 91.14

Example Table E5 H13 alloy
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Alloy  Taiq  Tks W% C @ Tks WhSI@Tks mol% liq mol%sol wt%lig  wi% sol
S6 1678 1728 0.10 0.96 39.52 60.48 38.87 61.13
C Cr Mn Mo Si "4 Fe actual

Target Range 040-050 1.2-15 12-15 03-05 20-25 02-04 balance

Target 0.45 1.35 1.35 0.40 2.25 0.25 93.95

V. =40% 0.80 1.49 1.67 0.55 2.74 0.35 92.41

Vs=60 % 0.23 1.26 1.15 0.31 1.94 0.19 94.93

basic:

Infiltrant - A 1.00 1.35 1.35 0.40 429 0.25 91.36

Skeleton - A 0.10 1.35 1.35 0.40 0.96 0.25 95.59

near tie-line:

Infiltrant - B 1.00 1.49 1.67 0.40 429 0.25 90.90

Skeleton - B 0.10 1.26 1.15 0.40 0.96 0.25 95.88

off tie-line: R =0.5

Infiltrant - C 1.00 142 1.51 0.40 4.29 0.25 91.14

Skeleton - C 0.10 1.31 1.25 0.40 0.96 0.25 95.74

reverse slope

R=-05

Infiltrant - D 1.00 1.28 1.97 0.40 4.30 0.25 90.80

Skeleton - D 0.10 1.40 0.96 0.40 0.95 0.25 95.95

Example Table E6 S6 Alloy
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Alloy Tsiqg Tks Wi% C @ Tks mol% liq mol% sol  wt% liq  wt% sol
A3 1624 1674 0.37 39.33 60.67 38.24 61.76
C Cr Mn Mo Ni Si \'; Fe actual
Target Range 12-13 475-55 04-0.6 0.9-1.4 0.3max 0.5max 0.8-1.4 balance
Target 1.25 5.15 0.50 1.156 0.20 0.25 1.10 90.40
VL = 40% 2.10 6.29 0.63 1.88 0.20 0.27 1.89 86.75
Vs=60 % 0.72 4.45 0.42 0.70 0.20 0.24 0.61 92.66
basic:
Infiltrant - A 2.67 5.15 0.50 1.15 0.20 0.25 1.10 88.98
Skeleton - A 0.37 5.15 0.50 1.15 0.20 0.25 1.10 91.28
Near tie-line:
[nfiltrant - B 2.67 6.29 0.50 1.88 0.20 0.25 1.89 86.32
Skeleton - B 0.37 4.45 0.50 0.70 0.20 0.25 0.61 92.92
off tie line: R =0.5
Infiltrant - C 2.67 572 0.50 1.51 0.20 0.25 1.49 87.66
Skeleton - C 0.37 4.80 0.50 0.93 0.20 0.25 0.86 92.10
reverse slope
R=-0.5 \
Infiltrant - D 2.70 4.58 0.50 0.79 0.20 0.25 0.71 90.28
Skeleton - D, 0.35 5.50 0.50 1.38 0.20 0.25 1.34 90.48

Example Table E7 A3 Alloy
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Alloy Twis Tks WthC@Tks mol%liq mol%sol wit%lig wt% sol

06 1597 1647 0.56 39.98 60.02 38.10 61.90

C Cr Mn Mo Ni Si Fe actual
Target Range 125-155 03max 03-11 02-0.3 0.3max 0.55-1.5 balance
Target 1.40 0.20 0.70 0.25 0.20 1.03 96.23
V. =40% 2.22 0.23 0.89 0.41 0.20 1.22 94.83
Vs=60 % 0.88 0.18 0.58 0.15 0.20 0.90 97.12
basic:
Infiltrant - A 2,76 0.20 0.70 0.25 0.20 1.03 94.87
Skeleton - A 0.56 0.20 0.70 0.25 0.20 1.03 97.06
near tie-line:
Infiltrant - B 2.76 0.23 0.89 0.41 0.20 1.22 94.29
Skeleton - B 0.56 0.18 0.58 0.15 0.20 0.90 97.43
off tie-line: R = 0.5
Infiltrant - C 2.76 0.22 0.80 0.33 0.20 1.13 94.57
Skeleton - C 0.56 0.19 0.64 0.20 0.20 096 - 9725
reverse slope
R=-05
Infiltrant - D 2.80 0.18 0.61 0.17 0.20 0.93 95.12
Skeleton - D 0.54 0.21 0.76 0.30 0.20 1.09 96.90

Example Table E8 06 Alloy
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Alloy Tame Tks Wt%Si@Tks mol%lig mol%sol  wi%lig  wt% sol
CN-7MS 1534 1584 0.75 37.78 6222 36.93 63.07
C Cr Mn Mo Ni Si Cu Feactual
Target Range 0.07max 18.0- 15max 25-3.0 22.0- 1.5max 1.5-2.0 balance
20.0 25.0
Target 0.05 19.00 1.00 2.75 23.50 3.00 1.75 48.95
V. =40% 0.11 21.51 1.05 3.04 17.52 4,78 1.68 50.31
Vs=60 % 0.02 17.53 0.97 258 - 27.00 1.96 1.79 4815
basic:
Infiltrant - A 0.05 19.00 1.00 2.75 23.50 6.84 1.75 4511
Skeleton - A 0.05 19.00 1.00 2.75 23.50 0.75 1.75 51.20
Near tie-line:
Infiltrant - B 0.11 21.51 1.00 3.04 17.52 6.84 1.68 48.30
Skeleton - B 0.02 17.53 1.00 2.58 27.00 0.75 1.79 49.33
off tie-line: R=0.5
Infiltrant - C 0.08 20.26 1.00 2.90 20.51 6.84 1.72 46.71
Skeleton - C 0.03 18.27 1.00 2.67 25.25 0.75 1.77 50.26
reverse slope
R=-05
Infiltrant - D 0.05 17.75 1.00 2.61 26.49 6.92 1.79 43.41
Skeleton - D 0.05 19.74 1.00 2.84 21.75 0.71 1.73 52.19

Example Table E9 CN-7MS
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Alloy  Tawie Tks W%C@Tks mol%lig mol%sol  wt%lig  wt% sol

410+C 1625 1675 0.11 39.26 60.74 38.28 61.72

C Cr Mn Si Fe actual

Target Range 09-11 115-135 1max 1max balance

Target 1.00 12.00 1.00 1.00 85.00

V. =40% 1.64 14.58 1.24 1.16 81.38

Vs=60% 0.60 10.40 0.81 0.90 87.29

basic:

Infiltrant - A 243 12.00 1.00 1.00 83.57

Skeleton - A 0.11 12.00 1.00 1.00 85.89

near tie-line:

Infiltrant - B 243 14.58 1.00 1.00 80.99

Skeleton - B 0.1 10.40 1.00 1.00 87.49

off tie-line: R=0.5

Infiltrant - C 2.43 13.29 1.00 1.00 82.28

Skeleton - C 0.1 11.20 1.00 1.00 86.69

reverse slope R=-0.5

Infiltrant - D 2.44 10.71 1.00 1.00 84.85

Skeleton - D 0.11 12.80 1.00 1.00 85.09

Example Table E10 410+C alloy
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Alloy Tawig Tks Wi%C@Tks mol%liq mol% sol  wt% lig wit% sol
Fe-1.5C-12Cr 1626 1676 0.51 38.53 61.47 37.22 62.78
C Cr Fe actual
Target Range 14-16 11-13 balance
Target 1.50 12.00 86.50
VL =40% 2.37 15.45 82.18
V=60 % 0.97 9.95 89.08
basic:
Infiltrant - A 3.17 12.00 84.83
Skeleton - A 0.51 12.00 87.49
target (check) 1.50 12.00 86.50
near tie-line:
Infiltrant - B 3.17 15.45 81.38
Skeleton - B 0.51 9.95 89.54
target (check) 1.50 12.00 86.50
off tie-line:
Infiltrant - C 3.17 13.73 83.10
Skeleton - C 0.51 10.98 88.51
target (check) 1.50 12.00 86.50
reverse slope: -0.50
Infiltrant- D 324 10.28 86.49
Skeleton - D 0.47 13.03 86.51
target (check) 1.50 12.00 86.50
Example Table E11 Fe-1.5C-12Cr alloy
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Alloy  Taiq Tks W% C@Tks mol%lig mol%sol wt%liq  wt% sol
T8 1585 1635 0.06 38.80 61.20 39.26 60.74
C Cr Mn Mo Ni Si \% w Co Fe

actual

Target Range | 0.75- 3.75- 02- 04- 03 02- 18- 1325- 4.75- balance

0.85 4.5 04 1.0 max 04 24 14.75 575

Target 080 413 030 070 020 030 210 14.00 525 7748

VL =40% 149 500 033 099 017 024 328 1929 469 69.22

Vs=60 % 035 356 028 051 022 026 134 1058 562 82.90

basic

infiltrant - A 1.95 413 030 0.70 0.20 030 210 14.00 525 76.32

skeleton - A 006 413 030 070 020 030 210 14.00 525 7822

near tie-line: !

Infiltrant - B 1.95 500 030 099 020 030 328 19.29 469 68.69

Skeleton - B 0.06 3.56 0.30 0.51 020 030 134 10.58 562 83.16

off tie-line: :

R=0.5

Infiltrant - C 1.95 456 030 085 0.18 030 269 16.64 497 72.52

Skeleton - C 0.06 3.84 030 061 021 030 172 12.29 543 80.68

reverse slope

R=-05

Infiltrant - D 196 369 030 055 020 030 151 11.36 553 80.13

Skeleton - D 005 441 030 079 020 030 248 1571 5.07 75.76

Example Table E12 T8 alloy
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Alloy Taiqg Tks W% Si@Tks mol%lig mol% sol  wt% lig wt% sol
CF-10SMnN 1541 1591 1.46 39.46 60.54 39.01 60.99

C Cr Mn Ni Si N Fe actual
Target range 0.10 max 16.0-18.0 7.0-9.0 8.0-9.0 3.5-4.5 .08-0.18 balance
Target 0.05 17.00 8.00 8.50 4.00 0.13 62.32
V. =40% 0.10 18.65 8.80 7.99 4.77 0.17 59.53
Vs=60 % 0.02 15.94 7.49 8.82 3.51 0.11 64.11
basic
infiltrant - A 0.05 17.00 8.00 8.50 7.97 0.13 58.35
skeleton - A 0.05 17.00 8.00 8.50 1.46 0.13 64.86
near tie-line:
Infiltrant - B 0.05 18.65 8.80 7.99 7.97 013+ 56.41
Skeleton - B 0.05 15.94 7.49 8.82 1.46 0.13 66.11
off tie-line: R=0.5
Infiltrant - C 0.05 17.83 8.40 8.25 7.97 0.13 57.37
Skeleton - C 0.05 16.47 7.74 8.66 1.46 0.13 65.48
reverse slope
R=-05
Infiltrant - D 0.05 16.18 7.60 8.76 8.10 0.13 59.19
Skeleton - D 0.05 17.53 8.26 8.34 1.38 0.13 64.32

Example Table E13 CF-10SMnN alloy
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Alloy  Taong Tks Wi% Si@ Tks mMoi% lig mol%sol wi%liq wt% sol
ACI-HF 1607 1657 0.16 39.18 60.82 38.54 61.46
C Cr Ni Si Fe actual

Target Range 02-05 19-23 9-12 2max balance

Target 0.30 21.00 1050 1.75 66.45

V. =40% 0.58 24.03 9.65 2.21 63.54

Vs=60 % 0.12 19.10 11.03 146 68.28

basic

infiltrant - A 0.62 21.00 1050 4.28 63.60

skeleton - A 0.10 21.00 1050 0.16 68.24

near tie-line:

Infiltrant - B 0.62 2403 965 428 61.42

Skeleton - B 0.10 1910 11.03 0.16 69.61

off tie-line: R=0.5

Infiltrant - C 0.62 22,562 10.08 428 62.51

Skeleton - C 0.10 20.05 10.77 0.16 68.92

reverse slope R=-0.5

Infiltrant - D 0.66 2692 884 429 59.30

Skeleton - D 0.08 17.29 1154 0.16 70.94

Example Table E14 ACI HF alloy
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Alloy  Taoiq Tks W%C@Tks mol%liq mol%sol wt%lig wt% sol

D2 1652 1602 0.52 29.00 71.00 27.56 72.44
C Cr Mn Mo Ni Si \'/ Fe actual

Target Range 1416 1113 06max 0.7-1.0 03max 0.6max 1.1max balance
Target 1.50 12.00 0.40 1.00 0.20 0.40 1.00 83.50
Vi =30% 3.03 17.20 0.52 2.00 0.18 0.25 2.30 74.52
Vs=70% 0.92 10.00 0.36 0.62 0.21 0.46 0.50 86.95
basic:
Infiltrant - A 4.08 12.00 0.40 1.00 0.20 0.40 1.00 80.92
Skeleton - A 0.52 12.00 0.40 1.00 0.20 0.40 1.00 84.48
near tie-line:
Infiltrant - B 4.08 17.20 0.40 2.00 0.20 0.40 2.30 73.42
Skeleton - B 0.52 10.02 0.40 0.62 0.20 0.40 0.50 87.34
off tie-line:
R=0.5 ‘
Infiltrant - C 4.08 14.60 0.40 1.50 0.20 0.40 1.65 7717
Skeleton - C 0.52 11.01 0.40 0.81 0.20 0.40 0.75 85.91
reverse slope
R=-0.42
Infiltrant - D 4.52 9.84 0.40 0.58 0.20 0.40 0.46 83.59
Skeleton - D 0.35 12.82 0.40 1.16 0.20 0.40 1.21 83.46

Example Table E15 D2 70% solid at equilibrium
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Alloy Tsoiw Tks Wit%C@Tks mol%liq mol%sol  wt%lig  wt% sol

A3 1603 1653 0.47 29.43 70.57 28.38 71.62
C Cr Mn Mo Ni Si \Y) Fe actual
Target Range [1.2-1.3 475-55 04-0.6 0.9-14 0.3max 0.5max 0.8-14 balance
Target 1.25 5.15 0.50 1.15 0.20 0.25 1.10 90.40
V. =30% 2.36 6.68 0.65 2.14 0.20 0.24 2.21 85.52
Vs=70% 0.81 4.54 0.44 0.76 0.20 0.25 0.66 92.34
basic:
Infiltrant - A 3.23 5.15 0.50 1.15 0.20 0.25 1.10 88.42
Skeleton - A 0.47 515 0.50 1.15 0.20 0.25 1.10 91.18
near tie-line:
Infiltrant - B 3.23 6.68 0.50 2.14 0.20 0.25 2.21 84.79
Skeleton - B 0.47 454 0.50 0.76 0.20 0.25 0.66 92.63
off tie-line:
R=05
Infiltrant - C 3.23 5.92 0.50 1.65 0.20 0.25 " 1.66 86.61
Skeleton - C 0.47 4,85 0.50 0.95 0.20 0.25 0.88 91.91
reverse slope
R=-05
Infiltrant - D 3.34 4.39 0.50 0.66 0.20 0.25 0.55 90.12
Skeleton - D 0.42 5.46 0.50 1.35 0.20 0.25 1.32 90.51
Example E16A3 70% Solid at Equilibrium
[00199] In the appended claims, on several occasions, it is
specified that the target composition includes N basic
elements in addition to iron, E,, E,, .. Ey, where N 2 1. It is

noted here that although the individual elements of the set
are noted by their subscripts as being number 1 of the set,
number 2 of the set, etc., up to number N of the set, where
N>1, N may be equal to exactly 1, and need not equal 2, or 3,
even though the elements E,, .. Ey are indicated as elements of
the set. This convention is merely used to indicate a set
with a number N of elements. The only requirement is that N21,
as specified. The same is also intended with respect to the

skeleton and infiltrant compositions.
Variations

[00200] The foregoing examples show an exemplary member of a
broad family, with possible variations along several different

dimensions. First, the foregoing examples are all based on
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40% volume liquid at equilibrium except as noted in Example
E15 D2 and E16 A3. However, as is explained above, systems
with as little as 7% volume liquid remaining at equilibrium
can be made to fully infiltrate. The less liquid remaining,
the more precise process controls must be. However,
theoretically, as little as 7% volume liquid can be tolerated.
So, the volume percentage of ligquid at equilibrium can vary.
This would change the relative amounts of the other elements
in the target composition, and thus, the skeleton and
infiltrant. A typical range is between about 20% volume
liquid and about 40% by volume liquid.

[00201] For the D2 steel, an additional Example table E15
has been provided that shows the parameters involved in
infiltrating a skeleton that is 70% vol solid initially, to
achieve an equilibrium solid that is 70% vol solid and 30% vol
liquid. The temperature T,,;, at which a D2 composition is 30%
vol liquid at equilibrium is 1552°K (1279°C) (as compared to
higher 1579°K for 40% vol liquid. The composition of the
target is identical for all components as for D2 with a 40%
vol liquid at equilibrium. The compositions for the Skeleton,
Target, Infiltrant, and Equilibrium Liquid and Solid entities
for both the 40% liquid at equilibrium and the 30% liquid at
equilibrium are shown in Fig. 3, with those for the 40% liquid
being shown as points at 1306°C and those for the 30% liquid

case being shown as points at 1279°C.

[00202] The 70% solid composition point S at 1279°C has a
higher concentration of C (.915% wt) than does the 60% solid
composition point S at 1306°C (.823% wt) and the corresponding
30% liquid composition point L at 1279°C has a higher
concentration of C (3.03% wt) than does the 40% liquid
composition point L at 1306°C (2.63% wt). This is because
both the solidus and the liquidus lines are sloped such that
their intersections with a line of lower temperature are

shifted toward higher concentrations of C.

[00203] Applying the basic style method discussed above, for

choosing a skeleton composition yields a skeleton Carbon
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concentration of .52% wt and an infiltrant C concentration of
4.08% wt, as listed in rows skeleton A and Infiltrant A
respectively, and as shown on Fig. 3 at the points K and I at
1279°C, respectively. The concentration of the non-MPD element
Cr is the same in the basic style infiltrant and skeleton as

it is in the target.

[00204] The Example E15 Table D2 also shows the MPD (carbon)
and Chromium concentrations for a complementary skeleton and
infiltrant pair for a near tie-line style method, and for an
off tie line style method, as computed by assuming that the C
content would be the same for each, as it is in the basic
style method, and the Cr concentration would vary. In other
words, the methods shown in Fig. 9, steps 920 and 922 strictly
applying an equal Tg,; for each style, method was not used to
generate the values in Example E15 Table D2.

[00205] Complementary pairs of infiltrant and skeleton
compositions are shown for the three modes of basic, near tie
line and off tie line in Fig. 11, which relates wt % Cr to wt
% C, at 15529K (1279°C). Inspection shows that using the near
tie line method, the infiltrant composition IB at about 4.08%
wt C lies within a two phase field of liguid and M7C3 carbide.
This would probably not successfully infiltrate, due to the
high potential for clogging at the in gate, It illustrates
the need to conduct the step 9 36, shown in Fig. 9, to check
the infiltrant liquidus temperature, and make sure that it is

less than the infiltration temperature.

Steel Family Member

[00206] A second mode of variation is within the family
itself. For instance, D2 steel is in the so called “D” family
(as established by ASTM International). The D family is a
high Carbon, high Chromium, cold work, tool steel. There are
other members of the D family that are similar, but with
variations in the amount of Mn, Mo, Ni, Si and V. So, a
designer might use another member of the D family as a target
in a similar fashion. Further, even for a specified member of

the family, such as D2, the specification specifies ranges for
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elemental concentrations. As set forth in Table C above, the
C concentration in D2 may range from 1.4% wt to 1.6% wt, and

Cr may range from 11% wt to 13% wt.

Packing/Void Fractions

[00207] An additional dimension along which variation around
the basic model described above can be had, is in the skeleton
packing fraction. A packing fraction of 60% volume has been
used (which is coincidentally the same as the typical
equilibrium solid fraction used in the examples, but, need not
be). The packing fraction can also be different, depending on
the particle shape, particle size, distribution, and method of
forming the powder compact. In general, spherical particles
will randomly pack to about 60% vol density. Angular or
irregularly shaped particles will pack to lower densities. A
lower limit of about 50% vol is practical for this
application. Packing fractions higher than 60% can be
obtained, if the powder is very smooth or well lubricated, if
the powder has a bi-modal size distribution, or, if the
compact is pressed and some deformation of the original
particles occurs. Packing fractions of up to about 75% with
bi-modal powders may be obtainable, even without pressing, and

up to about 85% may be obtainable with pressing.

[00208] For the steel D2, Example ELl5 shows what the
concentrations would be for an infiltrated skeleton that has a
packing fraction of 70%, and an equilibrium product that is
70% vol solid and 30% vol liquid. To achieve this, it must be
infiltrated at 1552 K (1279°C), which is less than the
infiltration temperature of 1579 K (1306°C), shown in Example
El, for infiltrating a 60% packing fraction skeleton to

achieve an end product of 60% vol solid.

[00209] Fig. 12 shows, for D2 steel, skeleton and infiltrant
compositions for starting with a 60% vol packing fraction
skeleton, and infiltrating at a temperature that results in a
70% vol solid at equilibrium. The basic pair is KA-IA, near
tie-line pair is KB-IB and an off tie-line pair is KC-IC. The
equilibrium solid is at S and liquid is at L. Infiltrating

-78-



WO 2005/053883 PCT/US2004/039133

these pairs at 1579 K (1306°C) would result in 60% vol solid,
40% vol liquid at equilibrium. Infiltration of these pairs
slightly lower at 1552 K (1279°C) results in 10%
solidification, to a product at 1552 K of 70% sol as in steps
928-32. The phase boundaries shown are at 1552 K, the
temperature that results in a 70% vol solid product. Compare
this with Fig. 4, showing pairs for infiltrating a 60% packing
fraction skeleton at 1579 K (1306°C) to arrive at a 60% vol
solid, and to Fig. 11, showing infiltrating a 70% vol skeleton
at 1552 K (1279°C) to arrive at a 70% vol solid product. The
skeleton compositions shown in Fig. 12 involving
solidification, are further from the solidus curve than in
either of the other diagrams, which indicates that the
skeleton is very resistant to erosion. In fact, because of
the 10% material solidifying, the skeleton strength increases
during infiltration. Also, as shown in Fig. 12, infiltrant IB
is in a single phase region, whereas the 70/30 equilibrium
infiltrant IB shown in Fig. 11 is in a two phase (L + carbide)
field. This illustrates a second utility in addition to
erosion control of allowing some solidification. That is,
because there is more infiltrant present initially, there
needs to be a lower concentration of C present in the

infiltrant, so the two phase field is avoided.

Product General Properties

[00210] Among the different example steels above, there will
be different general properties of an end product. The D2,
M2, T8 and 440C steels, other things being equal, would likely
produce end products that are less homogeneous throughout
their volume than the other steels. This is because they all
have the potential for forming a relatively large amount of
carbides, which are not easily removed in heat treatment after
infiltration. D2 and 440C have relatively high chromium
contents. Chromium readily forms carbides. M2 has less
chromium, but more Mo, V and W. V and W form the most heat
resistant carbides in tool steels. T8 contains approximately
the same Cr as M2, but has much more W and slightly less Mo

and V. T8 steel contains enough W such that carbides are
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stable even at the infiltration temperature. The Austenitic
Manganese Grade C, 06 and S6 steels have the potential to
become highly homogeneous, because both have very little
chromium (< 2%) and small amounts or none of the other carbide
forming elements. The steels H13 and A3, have modest amounts
of chromium, but not enough to significantly prevent
homogenization, and thus, would fall between the other two
sets of families discussed, in terms of homogenization
potential. The cast stainless steels, CF-10SMnN, CN-7MS and
HF are also fully homogenizable because of the presence of
large amounts of Ni that stabilize the austenite phase (FCC)
and because of the low amounts of C, so that there is little

or no tendency to form carbides.

Additional Phase Diagrams Austenite-Manganese

[00211] Fig. 18 is a phase diagram at 1568 K (1295°C) for
the Austenitic Manganese Grade C system relating weight
percent manganese (Mn) to weight percent C. Fig. 19 is a
phase diagram showing Austenitic-Mn relating temperature (°C)
to weight percent C. A target composition T is shown, along
with complementary skeleton composition K (.33% wt C) and the

infiltration composition I (2.65% wt C).

[00212] Fig. 18 shows these same compositions (showing also
the concentration of Mn at about 13% wt) for the basic style
method skeleton KA and infiltrant IA. It also shows an
equilibrium solid composition S of about .69% wt C and 11.2%
wt Mn and an equilibrium liquid composition L of about 2% wt C
and 15.13% wt C. For this figure and all other similar ones
that follow, the near tie-line compositions for skeleton and
infiltrant would be at KB and IB respectively. Skeleton and
infiltrant pairs along these lines are complementary with
respect to T in the basic and near tie-line modes, as
discussed above, and all complementary pairs lying on lines in
the shaded region that pass through the target composition T
would be complementary in an off tie-line mode, to differing
degrees of difference from the basic and tie-line modes.
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[00213] This cage illustrates complete solubility of the MPD
of C in an austenite phase. This is because, as discussed
above, the concentration of the MPD in the target composition,
is 1.2% wt, which is less than the maximum MPD concentration
Meax ©f about 1.7% wt at the eutectic temperature, as shown on
Fig. 19. It can be cooled to a homogeneous FCC phase at the

eutectic temperature.

A3

)
[00214] Fig. 13 is phase diagram at 1624°K (1351°C) for the
A3 steel system, relating weight percent chromium (Cr) to
weight percent carbon (C). Fig. 14 is a phase diagram showing
the A3 system relqting temperature (°C) to weight percent C.
Showing a case of infiltration at 1351°C to achieve a 60%
solid infiltrated body, and at 1330°C to achieve a 70% solid
infiltrated body. A target composition T is shown, having C
concentrations of 1.25% wt and with concentrations of Cr
(5.15%, Mo (1.15%) V (1.1%) (all wt%) and for both the 60%.
solid and 70% solid cases.

[00215] Turning first to the 60% solid case, Fig. 14 shows
at 1351°C a skeleton composition K (.371% wt C) and
complementary infiltrant composition I (2.67% wt C). Fig. 13
shows these same compositions labeled KA, IA for the basic
style method, showing also the concentration of Cr for both at
5.15% wt. It also shows an equilibrium solid composition S of
about .72% wt C and 4.45% wt Cr, and an equilibrium

composition L of about 2.1% wt C and 6.3% wt Cr.

[00216] Fig. 13 was generated by assigning wt% values for
the Mo and V contribution as a function of Cr. This is useful,
because otherwise, the points to(be shown would be far from
the plane in which the tie-line along the points S-T-L lies,
and thus, the S and L points would appear far from the solidus

and liquidus, respectively. The functions used are:
Cr - 1.559 * Mo = 3.359 (Egq. 14)

and
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Cr - 1.439 * v = 3.570. (Eg. 15)

[00217] This A3 case illustrates complete dissolution of
chromium carbides (M,C, and M,;Cs) for reasons discussed above,
because the target T Carbon wt % 1.25 < M,C; solvus line at the
austenitizing temperature. The chromium carbides (combined M,C,
and M,,C;) represent 87% by mass of the carbides at 727 °C. The
vanadium carbide (VC) is not completely soluble, but the
amounts are low, that usually its solubility is not considered
as important as the chromium carbides. Further, the
diffusivity of V in Fe is ~ 100 times less than that of Cr in
Fe, so the vandium carbides are much more resistant to

coarsening at the austenitizing temperature.

[00218] For the A3 steel, an additional Example table E16 A3
has also been provided that shows the parameters involved in
infiltrating a skeleton that is 70% vol solid initially, to
achieve an equilibrium solid that is 70% vol solid and 30% vol
ligquid, showing these parameters in a manner analogous to that
discussed above for the D2 steel and a 70% vol solid at
equilibrium case. The temperature T,;, is 1603°K (1330°C) (as
compared to 1624°K (1352°C) for 40% vol liquid. The
composition of the target is identical for all components as
for A3 with a 40% vol liquid at equilibrium. The compositions
for the Skeleton, Target, Infiltrant, and Equilibrium Liguid
and Solid entities for both the 40% liquid at equilibrium and
the 30% liquid at equilibrium are shown in Fig. 14, with those
for the 40% liquid being shown as points at 1351°C and those
for the 30% ligquid case being shown as points at 1330°C.

[00219] The 70% solid composition points all have a higher
concentration of C than do the corresponding points for the
60% solid composition for the same reasons as with the D2
case, namely, because both the solidus and the liquidus lines
are sloped such that their intersections with a line of lower

temperature are shifted toward higher concentrations of C.

[00220] Applying the basic style method discussed above, for
choosing a skeleton composition yields a skeleton Carbon

concentration K of .372% wt and an infiltrant C concentration
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I of 2.67% wt as shown on Fig. 14 at the points K and I at
1330°C, respectively. The concentration of the non-MPD element
Cr is the same in the basic style infiltrant and skeleton as

it is in the target.

[00221] The Example E16 Table A3 also shows the MPD (carbon)
and Chromium concentrations for a complementary skeleton and
infiltrant pair for a near tie-line style method, and for an
off tie line style method, as computed by assuming that the C
content would be the same for each, as it is in the basic
style method and the Cr concentration would vary. In other
words, the methods shown in Fig. 9 steps 920 and 922, strictly
applying an equal T for each style method was not used to
generate the values in Example E16 Table A3 70/30.

MPD Other than C alone

[00222] The foregoing discussion has focused on carbon as
the melting point depressant and, in some cases, silicon. It
has been demonstrated that it is possible to achieve a system
as described, by adjusting only, the amount of carbon in the
infiltrant and the skeleton, leaving the relative amounts of
the other elements identical (except for iron) as in the basic
style method, or similar, as in the near and off tie-line
styles. But, it is true that some other high solubility, high
diffusivity elements may also contribute to depressing the
melting point. Thus, an infiltrant that is richer in not only
carbon, but also in another element A, will have an even lower
melting point than would a similar composition, but with less
amounts of the other element A. Thus, a system could be
designed where the infiltrant and the skeleton compositions
differ not only in the carbon content, but also in the content
of the other element A. Carbon diffuses very quickly
throughout the skeleton, and thus, significantly homogeneous
end results can be obtained, despite the fact that the
concentrations differ in the infiltrant portion and the
skeleton portion. Other elements do depress the melting
point, but, for various reasons, they do not diffuse
throughout the skeleton as quickly as C. Thus, the
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differences in their contributions to the infiltrant and the
skeleton will more significantly reduce the homogeneity of the
end product. Thus, the foregoing has focused on carbon being a
single element MPD. However, the generality of the inventions
disclosed herein is not limited to single element MPDs, or to

MPD that is only carbon.
Si _as MPD

[00223] With the foregoing in mind, it will be understood
that silicon (Si) can also be an, important MPD in steel \
systems. The diffusivity of Si in Fe at 1300°C is about 3 x
107® cm?/sec, which is about .01 times the diffusivity of C in
Fe (3 X 107° cm?®/sec), but about 100 times the diffusivity of

Ni in Fe (3 X 10 cm®’/sec).

1

[00224] Fig. 15 is phase diagram at 1261°C (1534 K) for a
stainless steel, type CN-7MS, using Si alone as a melting
point depressant, rather than carbon. Because stainless
steels usually have low carbon concentration, it is reasonable
and possible to use gilicon (Si) as thé MPD. Fig. 15,
relates weight percent chromium (Cr) to weight percent silicon
(si). 1In Fig. 15, The amount of Ni is related to the amount
of Cr by the equation: Cr + 0.4198 * Ni = 28.86. This is done
to show the plane of the diagram closer to the actual tie-
line. Fig. 16 is a phase diagram showing the CN-7MS silicon
system relating temperature (°C) to weight percent Si, with
concentrations of: Cr 19%; Mn 1%; Ni 23.5%; Mo 2.75%; Cu
1.75%; C 0.05%; Si 0 to 8% and a balance of Fe (all wt%). A
target composition T in Fig. 16 at 3 wt% Si is shown, along
with complementary skeleton composition K of Si (0.754% wt)
and infiltrant composition I (6.836% wt) at 1261°C.

[00225] Fig. 15 shows an equilibrium solid composition S of
about 1.96% wt Si and 17.53% wt Cr, and an equilibrium liquid
composition L of about 4.78% wt Si and 21.51% wt Cr. It also
shows the same compositions for the basic style method at KA
and IA for the skeleton and infiltrant, respectively, showing
also the concentration of Cr at about 19%. (These are also
analogous to the skeleton K and Infiltrant I above).
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[00226] The near tie-line style composition for skeleton and
infiltrant would be at KB (0.754 w% Si; 17.53 w% Cr) and IB
(6.836 w% Si; 21.51 w% Cr) respectively.

[00227] There is quite a bit of solubility of Si in the
system, nearly 3% (Fig. 16), so that the infiltrated material
will be nearly single phase when homogenized. The second
phase that will form near 3% Si upon cooling is ferrite (BCC),

which is a phase found normally in many steels.

Heat Treating

[00228] The foregoing discussion has primarily addressed
infiltrating a body, and holding it at the infiltration
temperature, until infiltration is complete. It has not
addressed heat treating after infiltration. The following

discussion addresses heat treating.

[00229] In general, conventional heat treating techniques
(analytical and operational) are applicable to infiltrated
bodies. Three broad categories of infiltrated bodies have
been described: those with complete solubility of the MPD in
the austenite, for instance austenitic-manganese steel; those
with large but not complete solubility of the MPD, such as A3;
and those that show limited solubility of the MPD, such as D2.

[00230] Turning first to the completely soluble e.g.,
austenitic manganese, Fig. 19 and Fig. 6 are instructive.

Here it can be seen that, by reducing the temperature from the
equilibrium infiltration temperature, to, for instance about
1100°C, the infiltrated body will transform from the two-phase
body discussed, to a one phase, wholly solid FCC body, in
which all of the Carbon is fully dissolved. Once cooled to
this single phase, the body can be quenched to form an alloy
that will retain a predominantly austenite structure, with few
carbides present. The material should not be tempered.
Surface hardening may be done by grit blasting or shot

peening.
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Homogenization

[00231] Turning to a partially soluble example, such as A3,
helpful reference is made to Figs. 7 and 14. The material
will be austenitized in the two phase FCC and VC region.

[00232] The table below shows, for a 60% solid basic method
A3 alloy heat treated at 1150°C, the amounts of the phase
present and carbon content. The initial difference in carbon
content between skeleton and infiltrant is 2.67-0.37 = 2.30%
wt carbon. During homogenization, the skeleton has increased
its carbon content from 0.37% wt to 1.12% wt. The carbon
concentration in the infiltrant has decreased from 2.67% wt to
1.45% wt. After homogenization there is a carbon content
difference of 1.45-1.12 = 0.33% wt C between the formerly
skeleton region and formerly infiltrant region. Thus after
heat treatment, there is only a small difference in the amount
of carbon present between the originally skeleton and
infiltrant regions. This assumes that all the VC carbide
formed at equilibrium at 1150°C is present in the infiltrated
region and none in the skeleton, resulting in a difference of
2.5% wt carbide between the skeleton and infiltrant. This
shows that substantial homogenization has occurred in this

alloy.

[00233] The VC 1s stable in the field, which is very
helpful, because it helps to pin the austenite grain
boundaries, and not to suffer from grain growth during heat

treatment, as compared, for instance to austenitic-manganese

steel. ,

just after infiltration Austenitize at 1150°C

wi% C wt% FCC wi% VC wi% C
skeleton region 0.37 100 0 1.12
infiltrant region 2.67 97.5 2.5 1.45
target ideal 1.25 99.1 0.9 1.25
Table HT-1 Heat Treating A3 Steel Basic Style Infiltration

[00234] Turning next to an example of a system where there

is only limited solubility of carbon in the skeleton, D2 is a
suitable example, and reference should be made to Fig. 3 and
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Fig. 8. The table below shows, for a 60% solid basic method
D2 alloy heat treated at 1150°C, the amounts of the phase
present and carbon content. There is an initial difference in
carbon content of 3.5 - 0.3 = 3.2% wt C between the skeleton
and infiltrant. After homogenization, there is a carbon
content difference of 2.61 - 0.76 =1.85% wt C between the heat
treated skeleton region and infiltrant region. The skeleton
region has increased its carbon content from 0.3% wt to 0.76%
wt. The infiltrant region has decreased its carbon content
from 3.5% wt to 2.61% wt. Despite some carbon rearrangement,
there is still a large difference in carbon content between
the skeleton and infiltrant. This assumes that all the M,C,
carbide formed at equilibrium at 1150°C is present in the
infiltrated region and none in the skeleton region, resulting
in a carbide difference of 25.1 wt% between skeleton and
infiltrant. The carbides that do not dissolve in the FCC
.solid are typically the largest carbides. Further, the
carbide phase tends to coarsen, if heated for long times, by a
dissolution reprecipitation mechanism, also known as Oswald
ripening. This shows that some homogenization has been
achieved in this alloy, but not as much as in the A3 alloy.
Further, it can be seen from comparison of the two alloys that
at the heat treating temperatﬁre, the D2 contains 9.28 wt %
chromium carbides, while the A3 contains only 0.9 wt %

vanadium carbides.

just after infiltration Austenitize at 1150°C
wt % C wt % FCC wt % M;Cs wt% C
skeleton region 0.3 100 0 0.76
infiltrant region 3.5 74.9 25.1 2.61
target ideal 1.5 90.7 9.3 1.5

Table HT-2 Heat Treating D2 Steel, Basic Style

[00235] Custom D2 powder with low carbon content and a
particle size <150 um was fabricated to perform infiltration
testing. Successful infiltrations using the basic style method
were possible with powder size ranging from 25 pum to 150 um.
With a starting packing fraction of ~60% vol, the optimal
infiltration temperature is between 1270°C and 1280°C. Lower

temperatures resulted in incomplete infiltrations and higher
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temperatures increased the risk of erosion. This results in an
equilibrium solid fraction of about 70% wt, which corresponds
to ~ 10% solidification during infiltration. The infiltrated
samples reached around 99% of the theoretical density of D2
tool steel. The cause for the slight lower density was

microporosity found in cross sections.

[00236] As test specimens for the heat treatment and
mechanical testing, samples with powder size ranging from 90
um to 125 um were infiltrated at 1270°C. Table HT3 lists the
chemical compositions of the skeleton, the infiltrant and the
infiltrated sample. The Cr concentration slightly exceeds the

specification due to manufacturing variations from

specification.

C Cr Mn Mo Ni Si "4
Skeleton 0.36 13.28 0.26 1.02 0.06 0.22 1.05
Infiltrant 3.71 13.28 0.26 1.02 0.06 0.22 1.05
Infiltrated
sample 1.5 13.28 0.26 1.02 0.06 0.22 1.05
D2 140-1.50 11.00-13.00 0.6 max 0.70-1.20 0.30max 0.6 max 1.10 max

Table HT3 — D2 Chemical Composition of Skeleton, Infiltrant and Infiltrated sample

[00237] The infiltrated test specimens and commercial D2
tool steel were austenitized for 30 min in a temperature range
between 850°C and 1150°C and quenched in air to examine the
hardening behavior. Both reached as-quenched hardness of
around 60 HRC. The difference was an optimal austenitizing
temperature of 1030°C for the commercial D2 tool steel and
1080°C for the infiltrated samples. The reason for this is the
different microstructure. The commercial D2 tool steel had a
fine dispersion of carbide, whereas the infiltrated samples
had a more or less closed carbide network on the grain
boundaries. This results in a larger diffusion distance for
the homogenization of carbon of the austenite during

austenitizing.

Mechanical properties of Infiltrated Skeleton

[00238] To examine toughness, impact tests were carried out
using undersized (9 X 9 mm) unnotched Charpy test bars. The
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samples were tested in the as-quenched state, and following
single tempers of 1 hour at 200, 300 and 400 °C. For
comparison, bars were also made from commercial wrought D2
tool steel and subject to the same processing. A summary of
the impact toughness measured in Joules is in the Table MP-IS
below. There is very little difference between the impact

strength of the two types of material.

Impact strength (Joules)
Tempering Infiltrated D2 | Wrought D2
Temperature
As quenched 4.2 4.9
200 °C 5.5 5.4
300 °C 3.9 4.2
400 °C 4.0 4.8

Table MP-IS

[00239] The hardness of the same samples, infiltrated and
commercial wrought in the as-quenched and tempered at 200, 300
and 400 °C was also measured. These values are shown in the
following Table MP-H. There is no significant difference
between the hardening response of the two types of samples.

Hardness, Rockwell C scale
Tempering Infiltrated D2 | Wrought D2
Temperature
As quenched 55.7 55.4
200 °C 55.3 55.7
300 °C 55.7 54.8
400 °C 56.6 55.2

Table MP-H

Partial Summary

[00240] Inventions disclosed and described herein include
methods of infiltrating metal skeletons with an infiltrant of
a similar composition, but with a melting point depressant to
produce a steel product. Inventions disclosed herein include
methods of infiltrating, methods of designing an infiltration
process, methods of establishing appropriate complementary
pairs of skeleton and infiltrant compositions, to arrive at a

bulk composition that can be infiltrated, and that is

-89-



WO 2005/053883 . PCT/US2004/039133

sufficiently near to a desired targeﬁ. Additional inventions
disclosed also include metal products made according to the
methods of infiltration and design, and formulations for metal
powders to constitute skeletons and infiltrants, either alone,
or as complementary pairs. The inventors also consider to be
their invention the foregoing inventions, further in
combination with steps to homogenize infiltrated bodies,
either at or near the infiltration temperature, or at lower

temperatures, such as at an austenitizing temperature.

[00241] The methods of designing a process can be used to
develop systems having one, two or more elements as part of
the melting point depressant agent, to be used for any of the
modes of complementarity discussed. The methods of design,
including packing fraction driven and skeleton composition
driven, include a large number of steps to arrive most
precisely at a desired outcome. The invention also includes
methods with fewer steps, some of which may become unnecessary
or superfluous for an experienced operator. For instance, it
may not be necessary to explicitly decide upon a temperature
margin T.. as the operator may be able to just estimate what
amount of carbon to remove from the equilibrium solid amount
to achieve a skeleton that will surely not sag during
infiltration at a given temperature. Further, the order that
the steps are taken is not necessarily as set forth on the
flow charts. Thus, it is considered an invention hereof to
perform the methods of designing systems by conducting the
steps in different orders, or with some of the steps removed,

and, in some cases, with additional steps added.

[00242] Thus, this document discloses many related

inventions.

[00243] One invention disclosed herein is a method for
fabricating a steel part having a target bulk composition T of
iron (Fe) and N additional basic elements E;, E;, .. By, where N
> 1, each present in a respective mass percentage M, ., M,
My,., and a melting point depressant agent Ey,, present in a
mass percentage My, .. The method comprises the steps of:
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providing a skeleton of interconnected adhered metal particles
having a network of interconnected porosities throughout, the
particles packed at a packing fraction V., the particles
having a composition consisting essentially of: iron and the N
basic elements E,, E,, .. E;, each present in a respective mass
percentage M; , M, ., .. My,; and the Melting Point Depressant
agent Ey,, present in a mass percentage Mg, x. The method
further comprises providing an infiltrant having a composition
consisting essentially of: iron and the same N elements E,, E,,
. Ey, each present in a respective mass percentage M, ;, M, ;,
My .; and the Melting Point Depressant agent Ey,, present in a
mass percentage My, ;, where Mg, > Mgy > Mgy . The
infiltrant composition is complementary to the skeleton
composition, relative to the bulk target composition T. The
method also comprises infiltrating the skeleton with the
infiltrant, at an infiltration temperature T,;,, the
infiltration being driven primarily by capillary pressure.

The infiltration temperature, the infiltrant composition and
the skeleton composition are such that: T,,,; is below a
solidus temperature for the skeleton; Tinei1 1S above a liquidus
temperature for the infiltrant; and at the infiltration
temperature, T,.;,, at chemical equilibrium, a body having the
target composition T, has at least about 7 vol% ligquid, and

is less than about 50 vol% liquid.

[00244] According to preferred embodiments, the melting
point depressant agent can be a single element agent of either
Carbon or Silicon, without any other elements that have a
significant melting point depressing activity, as composed in
the infiltrant as compared to the skeleton. Or, the melting
point depressant agent can be Carbon and Silicon together,
again, without any other elements that have a significant
melting point depressing activity. Or, either carbon or
silicon or both can be used with other melting point
depressants, which have a relatively high solubility and a
relatively high diffusivity in the skeleton. By relatively
high, it is meant generally high enough so that an infiltrated
part can be homogenized to near homogeneity in a time period

that is reasonable, generally less than 24 hours, and
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preferably less than 15 hours, 'and most preferably less than

three hours, given an operator’s cost structure.

[00245] According to a preferred embodiment, the melting
point depressant agent has a maximum solubility Mg ... in iron
(Fe), and the melting point depressant mass percentage in the
target composition Mg, . is less than about 2*Myp .., and more

preferably, less than Mup gax-

[00246] According to yet another preferred embodiment, the
method further comprises subjecting the infiltrated skeleton
to conditions such that a portion of the melting point
depressant diffuses from the infiltrated porosities into the
metal powder, and at least partial diffusional solidification
occurs. For instance, diffusional solidification of at least
10% or more of the volume of the infiltrated infiltrant can

occur.

[00247] Still another preferred embodiment further comprises
providing an infiltrant having a composition that is
complementary to the composition of the skeleton with respect
to the target bulk composition, in a mode that is between a
near tie-line mode and a reverse slope mode, or, between a
near tie-line mode and a basic mode. Other preferred
embodiments are characterized by providing infiltrant and

skeleton pairs that are complementary in an off tie-line mode.

[00248] Various preferred embodiments include using a target
bulk composition of a steel selected from the group consisting
ofs D2, M2, 440C, Austenitic Manganese Grade C, A3, 06, 410
and T8. In those cases, it is a preferred embodiment to
employ carbon as the principal, or only significant melting
point depressant. Other preferred embodiments include using a
target bulk composition of a steel selected from the group
consisting of: CN-7MS CF-10SMnN, in which cases it is
convenient that silicon be the principal or only melting point
depressant. With a target bulk composition comprising a steel
selected from the group consisting of: H13, S6 And ACI-HF,
both silicon and carbon can be used as components of a melting

point depressant agent.
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[00249] In yet another preferred embodiment, the melting
point depressant agent is present in the skeleton in a mass
percentage between zero and the mass percentage of the melting
point depressant agent in an equilibrium solid phase of the
target composition at a temperature where the target
composition is 93 vol% solid. The N basic additional elements
are present in the skeleton in respective mass percentages, as
follows, for n =1 to N: My = My, + R, * (M, o - M, ), with -1
<R, <1 for each basic additional element. The melting point
depressant agent is present in the infiltrant in a mass
percentage as follows: Mgy = Mgppx + (Mygppr — Mgpx) /M; ; and the
N basic additional elements are present in the infiltrant in
respective mass percentages, as follows, for n = 1 to N: M,; =
M, .+ R, * (M, - M,,), with -1 <R, <1 for each basic

additional element.

[00250] For most applications, it is advantageous that the
slowest diffusing elements of the melting point depressant
agent have a diffusivity in the skeleton at 1100°C of greater
than 4 x 107 cm?/sec or, more preferably, of greater than 2 x

107" cm?/sec.

[00251] According to another preferred embodiment, an
invention includes maintaining the skeleton after infiltration
at the infiltration temperature for a period of time less than
fifteen hours, and, more preferably, less than 3 hours, with
the melting point depressant having a diffusivity such that
substantial homogeneity is achieved. A related invention
includes the step of maintaining the skeleton after
infiltration at an austenitizing temperature for a period of
time less than 3'hours, the melting point depressant having a

diffusivity such that substantial homogeneity is achieved.

[00252] Another embodiment that is preferred is a method for
fabricating a steel part having a target bulk composition T as
set forth in the row entitled Target range in the immediately

following table:
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C Cr Mn Mo Ni Si Vv Fe
TargetRange | 14-16 11-13 06max 07-1.0 03max O06max 1.1max bal

Infiltrant - B 3.50 17.20 0.6 max 2.0 0.3max 0.6 max 2.30 bal
Skeleton - B 0.30 9.76 0.6 max 0.57 0.3max 0.6 max 0.48 bal
Infiltrant - D 3.79 9.84 0.6 max 0.58 0.3max 0.6 max 0.46 bal

Skeleton - D 0.13 12.93 0.6 max 1.18 0.3max 0.6 max 1.22 bal

of iron (Fe) and carbon, present in a mass percentage within a
range as specified in the column headed by symbol C, and
additional basic elements listed, each present in a respective
mass percentage within a range set forth in a column headed by
the respective element symbol. The method of fabricating
comprises the steps of: providing a skeleton of interconnected
adhered metal particles having a network of interconnected
porosities throughout, the particles packed at a packing
fraction V,,. The particles have a composition consisting
essentially of: iron and the additional basic elements each
present in a respective mass percentage between those as
specified in a column headed by the respective element symbol
in: the row entitled Skeleton-B; and the row entitled
Skeleton-D; and Carbon, present in a mass percentage between
zero and the mass percentage of carbon in an equilibrium solid
phase of the target composition at a temperature where the
target composition T is 93 vol% solid. The method further
comprises providing an infiltrant having a composition
consisting essentially of: iron and the same additional basic
elements each present in a respective mass percentage between
approximately what is specified in a columh headed by the
respective element symbol in: a row entitled Infiltrant-B; and
a row entitled Infiltrant-D; and Carbon, present in a mass
percentage of at least the mass percentage of carbon in the
equilibrium liquid phase of the target composition, at a
temperature where the target composition is 50 vol% liquid.
The infiltrant composition and the skeleton composition
further are complementary relative to the target composition
T. The method also includes infiltrating the skeleton with
the infiltrant, at the infiltration temperature T, the
infiltration being driven primarily by capillary pressure, the

infiltration temperature, the infiltrant composition and the
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skeleton composition further being such that: Ti,;, is below a
solidus temperature for the skeleton; Ty is above a liquidus
temperature for the infiltrant; and at the infiltration
temperature, Ti..,, at chemical equilibrium, a body having the
‘target composition T, has at least about 7% vol liquid, and is
less than about 50% vol liquid. Such a method would include
essentially any combination of infiltrant and skeleton
discussed above for the D2 steel system, for packing fractions
between 50 vol% and 70 vol%, for all modes between reverse

slope and near tie line.

[00253] A further preferred embodiment is a method similar
to that just mentioned, but where the infiltrant and.skeleton
compositions are in a complementary mode between that of a
near tie-line and a basic mode. The step of providing a
skeleton further comprises providing a skeleton of particles
having a composition consisting essentially of: iron and the
additional basic elements, each present in a respective mass
percentage between approximately as specified in the column
headed by the respective element symbol in: a row entitled
Skeleton-A of the immediately following table:

C Cr Mn Mo Ni Si \' Fe
infilirant - A 350 1200 O06max 1.00 04max 0.6max 1.00 bal
Skeleton-A | 030 1200 06max 1.00 04max 0.6max 1.00 bal

and in the row entitled Skeleton-B. Also present in the
skeleton is Carbon, present in the same mass percentage just
specified. The step of providing an infiltrant further
comprises providing an infiltrant having a composition
consisting essentially of: iron and the same additional basic
elements each present in a respective mass percentage between
approximately as specified in the column headed by the
respective element symbol in: the row entitled Infiltrant-A;
and the row entitled Infiltrant-B; and Carbon, present in the

same infiltrant mass percentage just specified.

[00254] Still another preferred embodiment is similar to the
last two, but is for CN-7MS Steel, but with silicon being the

principal MPD, rather than carbon, where the corresponding
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table for the Infiltrant-D and Skeleton-D values, and the
Infiltrant-B and Skeleton-B valuesg is:

C Cr Mn Mo Ni Si Cu Fe
Target Range | 0.07 max 18.0-20.0 1.5max 2.5-3.0 22.0-25.0 1.5max 1.5-2.0 bal
Infiltrant - B 0.11 21.51 1.5 max 3.04 17.52 6.84 1.68 bal
Skeleton - B 0.02 17.53 1.5 max 2.58 27.00 0.75 1.79 bal

1.5 max

Infiltrant - D 0.05 17.75 1.5 max 2.61 26.49 6.92 1.79 bal
Skeleton - D 0.05 19.74 1.5 max 2.84 21.75 0.71 1.73 bal
[00255] Further, for the modes between the near tie line and

the basic modes, the corresponding table for the Infiltrant-A

and Skeleton-A values is:

C Cr Mn Mo Ni Si Cu Fe
Infiltrant - A 0.05 19.00 1.5max 2.75 2350 6.84 1.75 bal
Skeleton-A | 0.05 19.00 1.5max 275 2350 075 175 bal
[00256] Yet another preferred embodiment is similar to the
preceding four, but is for H13 Steel, with silicon and carbon
being the principal elements of the MPD agent, rather than

carbon or silicon alone. The corresponding table for the
Infiltrant-D and Skeleton-D values, and the Infiltrant-B and

Skeleton-B values is:

C Cr Mn Mo Ni Si V Fe
Target Range 0.32-045 47555 02-05 11175 03max 0.8-1.0 0.8-1.0 bal
Infiltrant - B 0.88 573 0.33 1.80 0.3max 2.00 1.31 bal
Skeleton - B 0.05 478 0.33 1.18 0.3max 0.37 0.81 bal
Infiltrant - D 0.88 4.86 0.33 1.23 0.3max 2.09 0.85 bal
Skeleton - D 0.05 5.34 0.33 1.54 0.3 max 0.31 1.10 bal
[00257] Moreover, for the modes between the near tie line

and the basic modes, the corresponding table for the

Infiltrant-A and Skeleton-A values is:

C Cr Mn Mo Ni Si \' Fe
Infiltrant - A 0.88 515 033 142 03max 200 1.00 bal
Skeleton-A | 0.05 515 033 142 03max 037 1.00 bal
[00258] Yet another preferred embodiment is a method for

designing a process for fabricating a steel part by
infiltrating a skeleton of metal particles. The design method
comprises the steps of: selecting a target bulk composition T
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of iron (Fe) and N additional basic elements E,, E,, .. E,
where N =2 1, each element present in a respective mass

percentage M, ., M . My, and a melting point depressant

2,T7
(MPD) agent E,;,, present in a mass percentage My, .; and
selecting a particle type, having a representative size, and
packing to a packing fraction V,=Vy, with a corresponding void
fraction V,=100%- Vy. The process further entails determining a
temperature, T, at which the composition T has a solid
portion Vg equal in volume to Vy and a liquid portion V, equal
in volume to V,. A tie line composition at T, is determined
for the solid and liquid portions, comprising mass percentages
of each of the elements of the target composition T, the mass
percentages designated: for the solid M, o, M, g, . My
respectively, and the MPD agent Mg, ; and for the liquid M .,
M, ., .. My, respectively, and the MPD agent Mg,,. A mass
percentage My, of the solid portion and a mass percentage M,
of the liquid portion, is determined, where Mg+M;=100%. A
skeleton and an infiltrant composition for the basic elements
is determined, each comprising mass percentages of iron and
each of the basic elements of the target composition T, the
mass percentages designated, for the skeleton M, x, M, x, . Myx
respectively and for the infiltrant designated M, ;, M, ;, .. My
respectively. A temperature range Tg, is selected, and a
skeleton solidus temperature, Ty, equal to Ty +Tg; is also
determined. A mass percent of the MPD agent in the skeleton,
designated Mgy x, at Ty is established and a mass percent of
the MPD agent in the infiltrant, designated Mgy, aﬁ Ty, such
that My 1=Mypp, x+ (Myep, 2~ Mep,x) /M;, whereby the mass percentage of
the MPD element in a product formed by infiltrating the
skeleton with the infiltrant is equal to the target mass
percentage of the MPD element My, .; An amount of
solidification of infiltrant during infiltration, is selected,
the amount designated AV. The volume of solid upon any such
solidification Vg=Vi+AV is calculated. An infiltration
temperature T,,;; at which the target composition T has a solid
volume fraction Vg is proposed. The skeleton may be

infiltrated at this temperature.
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[00259] A related preferred embodiment further entails the
steps of: determining a liquidus temperature T;, for the
infiltrant composition of the basic elements in mass
percentages M, ;, M, ;, .. My, and the MPD element in mass
percentage My, ;; and comparing the infiltrant liquidus
temperature T,, to the proposed infiltration temperature T;.s;-
If T,< Tiei, then the skeleton can be infiltrated with the
infiltrant composition at the proposed infiltration
temperature T, .. If T;2T, .., then it is useful to reevaluate
at least one of the parameters PF, Tgum, Or AV and return to

the step of selecting a particle type.

[00260] Specific preferred instances of the foregoing relate
to different modes of complementarity. According to one, the
step of determining a skeleton composition for the basic
elements comprises assigning the mass percentages designated
M, x» My, . Myx equal to the corresponding mass percentages of
the basic elements in the target composition, M; ., M; g, . My,
respectively. Further, the step of determining an infiltrant
composition for the basic elements, comprises assigning the
mass percentages designated M, ;, M, :, .. My; as follows:

My, =My g, My =M, g, and My =My .

[00261] According to another mode of complementarity, the
step of determining a skeleton composition for the basic
elements comprises assigning the mass percentages equal to the
corresponding mass percentages of the basic elements in the
tie line solid portion composition, M; s, Mg, . Mys
respectively; and the step of determining an infiltrant
composition for the basic elements, comprises assigning the
mass percentages as follows: M; ;=M x+ (M o~M; ) /M7 M, =M, o+ (M, -
My, x) /My; and My ;=My, gt (My,p=My x) /IV)IL-

[00262] With still another mode of complementarity, a
preferred method includes the step of determining a skeleton
composition, comprising, for the basic elements, designating a
respective factor R,, R,,.. Ry, where each R, factor 0<R <1, and
where at least one R, factor O0<R,<l. The mass are assigned

percentages as follows; M =M, +Ry (M; =My 1) 7 My =M, ++R, (M, o-M, o) ;
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and My =My +Ry (M, -M, ,) . The step of determining an infiltrant
composition for the basic elements, comprises assigning the
mass percentages as follows: My =M, + (M =M ) /My; M, =M, o+ (M, o~
M, k) /My; and My, r=My, g+ (My,¢=My,x) /M.

[00263] In even yet another mode of complementarity, a
preferred method includes steps that are identical to that
immediately mentioned, except that each R, factor -1<R<0, and

where at least one R, factor R,<O0.

[00264] Many techniques and aspects of the inventions have
been described herein. The person skilled in the art will
understand that many of these techniques can be used with
other disclosed technigues, even if they have not been
specifically described in use together. For instance, the
techniques described with an MPD of C or Si, can be used with
the other, or both. Conventional heat treating can be applied
to such infiltrated parts.

[00265] This disclosure describes and discloses more than
one invention. The inventions are set forth in the claims of
this and related documents, not only as filed, but also as
developed during prosecution of any patent application based
on this disclosure. The inventors intend to claim all of the
various inventions to the limits permitted by the prior art,
as it is subsequently determined to be. No feature described
herein is essential to each invention disclosed herein. Thus,
the inventors intend that no features described herein, but
not claimed in any particular claim of any patent based on

this disclosure, should be incorporated into any such claim.

[00266] Some assemblies of hardware, or groups of steps, are
referred to herein as an invention. However, this is not an
admission that any such assemblies or groups are necessarily
patentably distinct inventions, particularly as contemplated
by laws and regulations regarding the number of inventions
that will be examined in one patent application, or unity of
invention. It is intended to be a short way of saying an

embodiment of an invention.
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[00267] An abstract is submitted herewith. It is emphasized
that this abstract is being provided to comply with the rule
requiring an abstract that will allow examiners and other
searchers to quickly ascertain the subject matter of the
technical disclosure. It is submitted with the understanding
that it will not be used to interpret or limit the scope or
meaning of the claims, as promised by the Patent Office’s
rule.

[00268] The foregoing discussion should be understood as
illustrative and should not be considered to be limiting in
any sense. While the inventions have been particularly shown
and described with references to preferred embodiments
thereof, it will be understood by those skilled in the art
that various changes in form and details may be made therein
without departing from the spirit and scope of the inventions

as defined by the claims.

[00269] The corresponding structures, materials, acts and
equivalents of all means or step plus function elements in the
claims below are intended to include any structure, material,
or acts for performing the functions in combination with other

claimed elements as specifically claimed.

[00270] What is claimed is:
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Claims

1. A method for fabricating a steel part having a target
bulk composition T of iron (Fe) and N additional basic
elements E;, E,, .. E;, where N 2 1, each present in a
respective mass percentage M; ., M, ., . My,., and a melting point
depressant agent E,,, present in a mass percentage My .,

comprising the steps of:

a. providing a skeleton of interconnected adhered
metal particles having a network of interconnected
porosities throughout, said particles packed at a
packing fraction V., said particles having a composition
consisting essentially of:

i. iron and said N basic elements E,, E,, .. B,
each present in a respective mass percentage My x»

M, xr = Myg; and

ii. said Melting Point Depressant agent E,,,

present in a mass percentage Mgy x;

b. providing an infiltrant having a composition
consisting essentially of:

i. iron and said same N elements E,, E,, .. E,
each present in a respective mass percentage M, ,

M, 1, w My:; and

ii. said Melting Point Depressant agent E,,,

present in a mass percentage My, ., where Mypp, 1 >

Mypp, 7 > Mypp,x7

said infiltrant composition being complementary to
said skeleton composition, relative to said bulk target

composition T; and

d. infiltrating said skeleton with said infiltrant,
at an infiltration temperature T,,.,, said infiltration

being driven primarily by capillary pressure, said
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infiltration temperature, said infiltrant composition

and said skeleton composition being such that:

i. Ty 1s below a solidus temperature for said

skeleton;

ii. Ty is above a liquidus temperature for

said infiltrant; and

iii. at said infiltration temperature, T,
at chemical equilibrium, a body having said target
composition T, has at least about 7 vol% liquid,
and is less than apout 50 vol% liguid.

2. The method of claim 1, said Melting Point Depressant
agent Ey,, further having relatively high diffusivity in said

skeleton.

3. The method of claim 1, said Melting Point Depressant
agent Ey,, further having relatively high solubility in said

skeleton.

4. The method of claim 2, said Melting/Point Depressant
agent Ey,, further having relatively high solubility in said
skeleton.

5. The method of claim 1, said melting point depressant
agent having a maximum solubility My, .. in iron (Fe), said
melting point depressant mass percentage in said target

composition Mg, . being less than about 2*Mgp .-

6. The method of claim 2, said melting point depressant
agent having a maximum solubility My, ... in iron (Fe), said
melting point depressant mass percentage in said target

composition My, being less than about 2*Mg, ...

7. The method of claim 1, said melting point depressant
element having a maximum solubility My ... in iron (Fe), said
melting point depressant mass percentage in said target

composition My, . being less than about My -
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8. The method of claim 1, said melting point depressant

agent comprising carbon (C) .

9. The method of claim 1, said melting point depressant

agent comprising silicon (Si).

10. The method of claim 1, said melting point depressant

agent consisting essentially of C and Si.

11. The method of claim 1, said melting point depressant
agent consisting essentially of elements selected from the

group consisting of C and Si.

12. The method of claim 1, further comprising the step
of subjecting said infiltrated skeleton to conditions such
that a portion of said melting point depressant diffuses from
said infiltrated porosities into said metal powder, and at
least partial diffusional solidification occurs.

13. the method of claim 12, further where at least 10%
of said infiltrated infiltrant volume solidifies at said

infiltration temperature T, -

14. The method of claim 1, said step of providing
infiltrant comprising providing an infiltrant having a
composition that is complementary to said composition’of said
skeleton with respect to said target bulk composition, in a
mode that is between a near tie-line mode and a reverse slope

mode.

15. The method of claim 1, said step of providing
infiltrant comprising providing an infiltrant having a
composition that is complementary to said composition of said
skeleton with respect to said target bulk compogition, in a

mode that is between a near tie-line mode and a basic mode.

16. The method of claim 15, said step of providing
infiltrant comprising providing an infiltrant having a
composition that is complementary to said composition of said
skeleton with respect to said target bulk composition, in an

off tie-line mode.
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17. The method of claim 1, said melting point depressant

agent consisting essentially of carbon.

18. The method of claim 17, said target bulk composition
comprising a steel selected from the group consisting of: D2,
M2, 440C, Austenitic Manganese Grade C, A3, 06, 410 and T8.

19. The method of claim 1, said melting point depressant

agent consisting essentially of silicon.

20. The method of claim 19, said target bulk composition
comprising CN-7MS.

21. The method of claim 19, said target bulk composition
comprising CF-10SMnN.

22. The method of claim 16, séid target bulk composition
comprising a steel selected from the group consisting of:
H13, S6 And ACI-HF.

23. The method of claim 1, said steel target composition

comprising D2.

24. The method of claim 1, said steel target composition

comprising M2.

25. The method of claim 1, said steel target composition

comprising 440C.

26. The method of claim 1, said steel target composition

comprising Austenitic Manganese Grade C.

27. The method of claim 1, said steel target composition

comprising A3.

28. The method of claim 1, said steel target composition

comprising 06.

29. The method of claim 1, said steel target composition

comprising T8.

30. The method of claim 1, further wherein:
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a. said melting point depressant agent is present
in said skeleton in a mass percentage My, , between zero
and the mass percentage of said melting point depressant
agent in an equilibrium solid phase at a temperature

where the target composition is 93 vol% solid;

b. said N basic additional elements are present in
said skeleton in respective mass percentages, as
follows, for n =1 to N: M, x = M, + R, * (M, s - M, ),
with -1 <R, < 1 for each basic additional element;

c. said melting point depressant agent is present in
said infiltrant in a mass percentage as follows: Mgy ; =

Mypp,x + (MMPD,T_ MMPD,K)/MI ; and

d. said N basic additional elements are present in
said infiltrant in respective mass percentages, as
follows, for n =1 to N: M,; = M, + R, * (M, - M, ,),
with -1 <R, £ 1 for each basic additional element;

wherein said variables are used as defined in the

t

specification hereof.

31; The method of claim 30, further wherein, for both
said basic additional elements present in said skeleton and
said infiltrant, 0 <R, £ 1 for each basic additional element.

32. The method of claim 1, said melting point depressant
agent having a diffusivity in said skeleton at 1100°C of

greater than 2 x 10™° cm?/sec.

33. The method of claim 1, said melting point depressant
agent having a diffusivity in said skeleton at 1100°C of

greater than 4 x 107! cm?/sec.

34. The method of claim 1, said skeleton comprising
particles of a nominal diameter L said diffusivity D of said
melting point depressant agent being such that a Metric = L*/D
is less than or equal to approximately 1.4 x 10° seconds.
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35. The method of claim 1, further comprising the step
of maintaining said skeleton after infiltration at said
infiltration temperature for a period of time less than
fifteen hours, said melting point depressant having a

diffusivity such that substantial homogeneity is achieved.

36. The method of claim 1, further comprising the step
of maintaining said skeleton after infiltration at said
infiltration temperature for a period of time less than 3
hours, said melting point depressant having a diffusivity such

that substantial homogeneity is achieved.

37. The method of claim 1, further comprising the step
of maintaining said skeleton after infiltration at an
austenitizing temperature for a period of time less than 3
hours, said melting point depressant having a diffusivity such

that substantial homogeneity is achieved.
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38. A method for fabricating a steel part having a
target bulk composition T as set forth in the row entitled

Target range in the immediately following table:

Cc Cr Mn Mo Ni Si Y, Fe
Target Range 14-16 11-13 06 max 0.7-1.0 03max 06max 1.1max balance
Infiltrant - B 3.50 17.20 0.6 max 2.0 0.3max 0.6 max 2.30 balance
Skeleton- B 0.30 976 06max 057 0.3max 0.6 max 0.48 balance
Infiltrant - D 3.79 984 O06max 058 0.3max 0.6max 0.46 balance
Skeleton - D 0.13 1293 06max 1.18 0.3 max 0.6 max 1.22 balance

of iron (Fe) and carbon, present in a mass percentage
within a range as specified in a column headed by symbol C,
and additional basic elements listed, each present in a
respective mass percentage within a range set forth in a
column headed by said respective element symbol, said method

of fabricating comprising the steps of:

a. providing a skeleton of interconnected adhered
metal particles having a network of interconnected
porosities throughout, said particles packed at a
packing fraction Vg, sald particles having a composition

consisting essentially of:

i. iron and said additional basic elements each
present in a respective mass percentage between
those as specified in a column headed by said
respective element symbol in: a row‘entitled

Skeleton-B; and a row entitled Skeleton-D; and

ii. Carbon, present in a mass percentage
between zero and the mass percentage of carbon in
an equilibrium solid phase at a temperature where

N
i

said target composition T is 93 vol% solid;

b. providing an infiltrant having a composition
consisting essentially of:

i. iron and said same additional basic elements

each present in a respective mass percentage
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between approximately as specified in a column
headed by said respective element symbol in: a row
entitled Infiltrant-B; and a row entitled
Infiltrant-D; and

ii. carbon, present in a mass percentage of at
least the mass percentage of carbon in an
equilibrium liquid phase, at a temperature where
the target composition is 50 vol% liquid;

said infiltrant composition and said skeleton
composition further being complementary relative to

sald target composition T; and

¢. infiltrating said skeleton with said
infiltrant, at said infiltration temperature T,.;,, said
infiltration being driven primarily by capillary
pressure, said infiltration temperature, said infiltrant
composition and said skeleton composition further being
such that:

i. Ty, 1s below a solidus temperature for said

skeleton;

f

ii. T, 1s above a liquidus temperature for
said infiltrant; and

iii. at said infiltration temperature, T,
at chemical equilibrium, a body having said target
composition T, has at least about 7% vol liquid,

and is less than about 50% vol liquid.
39. The method of claim 38, further wherein:

a. said step of providing a skeleton further
comprising providing a skeleton of particles having a

composition consisting essentially of:

i. iron and said additional basic elements,
each present in a respective mass percentage

between approximately as specified in said column
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headed by said respective element symbol in: a row
entitled Skeleton-A of the immediately following
table:

C Cr Mn Mo Ni Si V Fe
Infiltrant - A 350 1200 06max 100 04max O06max 1.00 balance
Skeleton - A 030 1200 O06max 1.00 04max 06 max 1.00 balance

and in said row entitled Skeleton-B; and

ii. Carbon, present in said mass percentage
between zero and the mass percentage of carbon in
an equilibrium solid phase at a temperature where

said target composition T is 93 vol$% solid;

b. said step of providing an infiltrant further
comprising providing an infiltrant having a composition

consisting essentially of:

i. iron and said same additional basic elements
each present in a respective mass percentage
between approximately as specified in said column
headed by said respective element symbol in: said
row entitled Infiltrant-A; and said row entitled
Infiltrant-B; and

ii. Carbon, present in said mass percentage of
at least the mass percentage of carbon in an
equilibrium liquid phase, at a temperature where

the target composition is 50 vol% liguid.
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40. A method for fabricating a steel part having a
target bulk composition T as set forth in the row entitled

Target range in the immediately following table:

C Cr Mn Mo Ni Si \Y Fe
Target Range 0.32-045 4.75-55 02-05 11175 03max 0.8-1.0 08-1.0 bal
infiltrant - B 0.88 5.73 0.33 1.80 0.3 max 2.00 1.31 bal
Skeleton - B 0.05 478 0.33 1.18 0.3 max 0.37 0.81 bal
Infiltrant - D 0.88 4.86 0.33 1.23 0.3 max 2.09 0.85 bal

Skeleton - D 0.05 5.34 0.33 1.54 0.3 max 0.31 1.10 bal

of iron (Fe) and Silicon, present in a mass percentage within
a range as specified in a column headed by symbol Si, and
Carbén, present in a mass percentage within a range as
specified in a column headed by symbol C, and additional basic
elements listed, each present in a respective mass percentage
within a range set forth in a column headed by said respective
element symbol, said method of fabricating comprising the
steps of:

a. providingla skeleton of interconnected adﬁered
metal particles having a network of interconnected
porosities throughout, said partiéles packed at a
packing fraction V.;, said particles having a composition

consisting essentially of:

i. iron and said additional basic elements each
present in a respective mass percentage between
those as specified in a column headed by said
respective element symbol in: a row entitled
Skeleton-B; and a row entitled Skeleton-D; and

ii.) Silicon and Carbon, each present in a mass
percentage between zero and the mass percentage of
silicon and carbon, respectively, in an equilibrium
solid phase at a temperature where said target

composition T is 93 vol% solid;

b. providing an infiltrant having a composition

consisting essentially of:
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i. iron and said same additional basic elements
each present in a respective mass percentage
between approximately as specified in a column
headed by said respective element symbol in: a row
entitled Infiltrant-B; and a row entitled
Infiltrant-D; and

ii. silicon and Carbon, each present in a mass
percentage of at least the mass percentage of
silicon and carbon, respectively, in an equilibrium
liquid phase, at a temperature where the target

composition is 50 vol% liquid;

said infiltrant composition and said skeleton
composition further being complementary relative to

said target composition T; and

c. infiltrating said skeleton with said
infiltrént, at said infiltration temperature T,.,, said
infiltration being driven primarily by capillary
pressure, said infiltration temperature, said infiltrant
composition and said skeleton composition further being
such that:

i. Tyney is below a solidus temperature for said

skeleton;

ii. Ty is above a liquidus temperature for
said infiltrant; and

iii. at said infiltration temperature, T,
at chemical equilibrium, a body having said target
composition T, has at least about 7% vol liquid,

and is less than about 50% vol liqgquid.
41. The method of claim 40, further wherein:

a. said step of providing a skeleton further
comprising providing a skeleton of particles having a

composition consisting essentially of:
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i. iron and said additional basic elements,
each present in a respective mass percentage
between approximately as specified in said column
headed by said respective element symbol in: a row
entitled Skeleton-A of the immediately following
table:

C Cr Mn Mo Ni Si \' Fe
Infiltrant- A] 0.88 5.15 033 142 03 max 2.00 1.00 balance
Skeleton-A] 0.05 515 033 142 03max 037 1.00 balance

and in said row entitled Skeleton-B; and

ii. Silicon and Carbon, each present in a mass
percentage between zero and the mass percentage of
silicon and carbon, respectively, in an equilibrium
solid phase at a temperature where said target
composition T is 93 vol% solid;

b. said step of providing an infiltrant further

comprising providing an infiltrant having a composition

cons

42

isting essentially of:

i. iron and said same additional basic elements
each present in a respective mass percentage
between approximately as specified in said column
headed by said respective element symbol in: said
row entitled Infiltrant-A; and said row entitled
Infiltrant-B; and

ii. silicon and Carbon, each present in a mass
percentage of at least the mass percentage of
silicon and carbon, respectively, in an equilibrium
liquid phase, at a temperature where the target

composition is 50 vol% liquid.

A method for fabricating a steel part having a

target bulk composition T as set forth in the row entitled

Target range in the immediately following table:
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C Cr Mn Mo Ni Si Cu Fe
Target Range | 0.07 max 18.0-20.0 1.5max 2.5-3.0 22.0-250 1.5max 1.5-2.0 bal
Infiltrant - B 0.11 2151 1.5 max 3.04 17.52 6.84 1.68  bal
Skeleton - B 0.02 17.53 1.5 max 2.58 27.00 0.75 1.79  bal
Infiltrant - D 0.05 17.75 1.5 max 2.61 26.49 6.92 1.79  bal
Skeleton - D 0.05 19.74 1.5 max 2.84 21.75 0.71 1.73  bal

of iron (Fe) and silicon, present in a mass percentage
within a range as specified in a column headed by symbol Si,
and additional basic elements listed, each present in a
respective mass percentage within a range set forth in a
column headed by said respective element symbol said method of

fabricating comprising the steps of:

a. providing a skeleton of interconnected adhered
metal particles having a network of interconnected
porosities throughout, said particles packed at a
packing fraction V,,, said particles having a composition

consisting essentially of:

i. iron and said additional basic elements each
present in a respective mass percentage between
those as sgpecified in a column headed by said
respective element symbol in: a row entitled
Skeleton-B; and a row entitled Skeleton-D; and

ii. silicon, present in a mass percentage
between zero and the mass percentage of silicon in
an equilibrium solid phase at a temperature where
said target composition T is 93 vol% solid;

b. providing an infiltrant having a composition

consisting essentially of:

i. iron and said same additional Basic elements
each present in a respective mass percentage
between approximately as specified in a column
headed by said respective element symbol in: a row
entitled Infiltrant-B; and a row entitled
Infiltrant-D; and
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ii. silicon, present in a mass percentage of at

least the mass percentage of silicon in an
equilibrium liquid phase, at a temperature where
the target composition is 50 vol% liquid;

'

said infiltrant composition and said skeleton
composition further being complementary relative to

said target composition T; and

c. infiltrating said skeleton with said
ltrant, at said infiltration temperature T,,;,, said
ltration being driven primarily by capillary

sure, said infiltration temperature, said infiltrant

composition and said skeleton composition further being

such

43.

that:

i. Ty, is below a solidus temperature for said
skeleton;

il. Ty, 1s above a liquidus temperature for
said infiltrant; and

iii. at said infiltration temperature, T,.;,,
at chemical equilibrium, a body having said target
composition T, has at least about 7% vol liquid,
and is less than about 50% vol liquid.

The method of claim 42, further wherein:

a. said step of providing a skeleton further

comprising providing a skeleton of particles having a

composition consisting essentially of:

i. iron and said additional basic elements,
each present in a respective mass percentage
between approximately as specified in said column
headed by said respective element symbol in: a row
entitled Skeleton-A of the immediately following
table: |
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Cc Cr Mn Mo Ni Si Cu Fe
Infiltrant - A 0.05 19.00 1.5max 275 2350 6.84 175 bal
Skeleton-A | 0.05 19.00 1.5max 275 2350 075 1.75 bal

and in said row entitled Skeleton-B; and

ii. silicon, present in said mass percentage
between zero and the mass percentage of silicon in
an equilibrium solid phase at a temperature where

said target composition T is 93 vol% solid;

b. said step of providing an infiltrant further
comprising providing an infiltrant having a composition

consisting essentially of:

i. iron and said same additional basic elements
each present in a respective mass percentage
between approximately as specified in said column
headed by said respective element symbol in: said
row entitled Infiltrant-A; and said row entitled
Iﬁfiltrant—B; and

ii. silicon, present in said mass percentage of
at least the mass percentage of gilicon in an
equilibrium ligquid phase, at a temperature where
the target composition is 50 vol% liquid.
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44. A method for designing a process for fabricating a
steel part by infiltrating a skeleton of metal particles, said
method comprising the steps of:

a. selecting a target bulk composition T of iron
(Fe) and N additional basic elements E,, E,, .. E;, where
N 2 1, each element present in a respective mass
percentage M, p, M, 4, - My, and a melting point
depressant (MPD) agent E,,, present in a mass percentage
Mypp, 77 [900]

b. selecting a particle type, having a
representative size, and packing to a packing fraction
Ver=Vx, with a corresponding void fraction V,=100%- V;
[902]

c. determining a temperature, T,,, at which a
composition T has a solid portion Vg equal in volume to

Vy and a liquid portion V, equal in volume to V,; [904]

d. determining a tie line composition at T,. for
said solid portion, comprising mass percentages of each
of said elements of said target composition T, said mass
percentages designated M, s, M, g, .. My respectively, and
said MPD agent Mg, ;i [906]

e. determining a tie line composition at T, for
said liquid portion, comprising mass percentages of each
of said elements of said target composition T, said mass
percentages designated M, ,, M,,, .. My, respectively, and
salid MPD agent My, ,.; [906]

f. determining a mass percentage M,, of said solid
portion and a mass percentage M,, of said liquid portion,
where Mg+M;=100%; [906]

g. determining a skeleton composition for said
basic elements, comprising mass percentages of iron and

each of said basic elements of said target composition
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T, said mass percentages designated M; x, M, g, . Myx
respectively; [912]

h. determining an infiltrant composition for said
basic elements, comprising mass percentages of iron and
each of said basic elements of said target composition
T; saild mass percentages designated M; ;, M, ;, .. My
respectively; [912]

i. selecting a temperature range Tgz ; [920]

j. determining a skeleton solidus temperature, Ty,
equal to Tpp+Temmi [922]

k. determining a mass percent of said MPD agent in
said skeleton, designated My, x, at Ty [924]

1. determining a mass percent of said MPD agent in
said infiltrant, designated Mg, ;, at Ty, such that
Myep, :=Myep, x+ (Myep, e=Myep,x) /M; , whereby said mass percentage
of said MPD element in a product formed by infiltrating
said skeleton with said infiltrant is equal to said

target mass percentage of said MPD element My, .; [926]

m. deciding on an amount of solidification of
infiltrant during infiltration, said amount designated
AV;

n. determining a volume of solid upon any such
solidification V=V +AV; and

o. determining a proposed infiltration temperature
Tingn @t which saild target composition T has a solid

volume fraction Vg; [932]

45. The method of claim 44, further comprising the steps
-of:

a. determining a liquidus temperature Ty, for said
"infiltrant composition of said basic elements in mass
percentages M; ;, M, ;, . My, and said MPD element in mass

percentage Mypp,;; [934] (
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b. Comparing said infiltrant liquidus temperature

Ty, to said proposed infiltration temperature T,.,; and

i. if Ty< Ty, then infiltrate said skeleton,
with said infiltrant composition at said proposed

infiltration temperature T, ;,;; and

ii. if T,2T,.;,, then reevaluate at least one of
the parameters PF, Tgupg, or AV and return to said

step b of claim 3501, selecting a particle type.
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46. The method of infiltrating of claim 3044, where said
MPD agent is carbon and a second MPD agent, MPD2, and said
mass percentage of MPD in said target composition T Mgy x
equals a mass percentage of carbon in said target composition
M., and a mass percéntage of MPD2 in said target composition

Mygppp, ¢ further comprising the steps of:

a. assigning mass percentage of said second MPD
element in said skeleton, designated My, x which
=Pyop2 *Myppz g0 With O0<Pypp,<1/3; [916]

b. determining a mass percentage of said second MPD
element in said infiltrant composition so that Mgp, =

Myea, x+ (Myppz,ps = Mippz,x) /M;, whereby a mass percentage of

said second MPD element in said skeleton infiltrated
with said infiltrant equals said mass percentage of said

second MPD in said target. [918]

47. The method of claim 46, said MPD element comprising

silicon.

48. The method of claim 44, said MPD element comprising

carbon.
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49. The method of claim 44, further wherein,

1

a. said step of determining a skeleton composition
for said basic elements, comprises assigning said mass
percentages designated M; i, M, g, .. Myx equal to the
corresponding mass percentages of said basic elements in
said target composition, M; ;, M, ., .. My, respectively;

and

b. said step of determining an infiltrant
composition for said basic elements, comprises assigning
said mass percentages designated M; ;, M;;, .. My as

follows:
i. My =M xi
ii. M, =M, ; and

11, My ,=My .
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50. The method of claim 44, further wherein,

a. said step of determining a skeleton composition
for said basic elements, comprises assigning said mass
percentages designated My, M,;, .. My equal to the
corresponding mass percentages of said basic elements in
said tie line solid portion composition, M; s, M, ¢, « My

respectively; and

b. said step of determining an infiltrant
composition for said basic elements, comprises assigning
said mass percentages designated M, ;, M, ;, .. My, as

follows:
1. My, =Myt (M oM g) /My
ii. My =My o (M, =M, i) /M,; and

iii. My, 1=My, g+ (My, 0=My, ) /My .
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51. The method of claim 44, further wherein,

a. said step of determining a skeleton composition,
comprises, for each of said basic elements designating a
respective factor R,, R,,.. Ry, where each R, factor
0<R, L1, and where at least one R, factor O0<Ry<1,

assigning said mass percentages designated M, ., M, g, .

My x @as follows;
1. My =M, +R; (M) =M, o) ;
ii. My =M, o+R, (M =M, o) ;
iiidi. My =My +tRy(My My o) ; and

b. said step of determining an infiltrant

composition for said basic elements, comprises assigning
said mass percentages designated M; ;, M;;, .. My as

follows:
i - M1,1=M1,K+ (Ml,T_Ml,K) /ML;
ii. My =M, o+ (M, —M, ) /M; and

1id. My =My ot (My, =My ) /M.
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52. The method of claim 44, further wherein,

a. said step of determining a skeleton composition,
comprises, for each of said basic elements designating a
regspective factor R,, R,,.. Ry, where each R, factor
-1<R 20, and where at least one R, factor R, <0, assigning
said mass percentages designated M; x, M, g, .. My as
follows;

i. My =My, +Ry (M, My 1) ;
ii. My =M, o+Ry (My My 1) §
iidii. My =My, +Ry (My,s~My,¢) ; and

b. said step of determining an infiltrant
composition for said basic elements, comprises assigning
said mass percentages designated M; ;, M, ;, .. My as
follows:

i. My, =My it (Ml,T_Ml,K) /My;
ii. M =M, ot (M, =M, i) /My; and

iii. My, r=My, ¢+ (MN,T_MN,'K) /ML
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53. The method of claim 44, further wherein,

a. said step of determining a skeleton composition,
comprises, for each of said basic elements designating a

respective factor R;, R,,.. Ry, where each R, factor

-1<R <1, assigning said mass percentages designated M, y,

M, s . Myy as follows;
1. My =M o+Ry (My, g~ My 0) ;
ii. M2,K=M2,T+R2(M2,S_M2,T);
1iidi. My =My Ry (My s~My ) ; and

b. said step of determining an infiltrant
composition for said basic elements, comprises assigning
said mass percentages designated M, ;, M,;, .. My, as "

follows:
1. My =My e+ (M oM ) /My;
1i. My =M, o+ (M, p—M, ) /My; and

1id. My =My et (My,p=My ) /M.
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