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Metal injection molding (MIM) is a near net-shape process that offers the unique ability to
manufacture porous components with homogeneous porosity, pore structure and
permeability. MIM is a process that can significantly reduce production cost when large
quantities of components with complex shape need to be delivered. In this study, MIM is
used to produce porous 316L stainless steel structure from both water and gas atomized
powders. The porous components made by MIM were characterized to evaluate their
suitability for small pore structure applications. The porous structures were analyzed for
porosity, pore size, permeability, and thermal conductivity as a function of powder type and
processing conditions. A typical MIM powder (<20 um) processed at 50 vol% loading in a
binder system produced a uniform pore structure with a permeability of less than 1.10~'3
m? and a maximum pore radius of less than 5 um. Water-atomized powder proved to be
better suited for low-solids-loading metal injection molding (<50 vol% loading) since its
irregular shape provided greater strength and fewer defects during the molding and
debinding process steps. Measurements of thermal conductivity show that the
water-atomized powder had less thermal conductivity (~2 W/m-K) than the gas-atomized
powder (~3 W/m-K). This study shows that MIM is a suitable process that can be used to
manufacture functional porous structures that require isotropic pore size and complex
shape. © 2005 Springer Science + Business Media, Inc.

1. Introduction
Porous metal structures are used in many applications
throughout industry. Applications for porous metals
include filtering systems, heat transfer systems, self-
lubricating bearings, orthopedic joint replacements,
catalytic filtering systems, batteries, wicking devices,
etc. All these applications require controlled specimen
characteristics and properties—some examples being
pore size, permeability, density, thermal conductiv-
ity, and surface area. Most applications are currently
manufactured using methods that require secondary
operations such as machining and etching or using
methods that produce gradients in pore size and per-
meability such as the conventional powder metallurgy
(P/M) pressing and sintering process. Many applica-
tions such as orthopedics, wicks, and electronics require
more uniform pore size throughout the structure and a
minimum of secondary operations to preserve the pris-
tine rough surface structure. These uniformity require-
ments cannot be achieved using standard processing
techniques; therefore, non-traditional techniques such
as binder-assisted forming are considered.

Early attempts at binder-assisted molding of net-
shape porous structures [ 1] have been reported, but little
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physical characteristics have been reported. Typically,
manufacturing methods for porous material consist of
compacting a metal powder in a die and subsequently
machining and etching to achieve the final geometry.
Die compaction is limited not only in its shape-making
capabilities due to tooling and compaction constraints,
but also in its chance for producing an isotropic pore
size, permeability, and density. The product of this
technique has high densities in the top and bottom
of the sample (near the top and bottom punches) and
significantly less density in the middle of the com-
pact. This problem increases as the height to width
ratio increases, making long, thin parts hard or im-
possible to manufacture uniformly. Other fabrication
techniques consist of loose powder sintering followed
by machining, and a new technique involving selec-
tive laser sintering has also been demonstrated [2, 3].
Although the selective laser sintering technique can
produce net-shape components, it has limited dimen-
sional precision and its production rate is in the order
of hours rather than seconds. Therefore, an ideal oppor-
tunity exists for the mass manufacturing of net-shape
porous structures of high complexity with relatively
isotropic pore structure by the use of metal injection
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molding; however, there is no engineering data for this
technique.

Metal injection molding (MIM) offers the possibility
of making near net shape components, requiring no or
very little secondary operations. The nature of the MIM
process permits the fabrication of components that have
an isotropic distribution of powder, which will result in
a uniform porous structure after sintering. MIM is also
recognized as a low cost manufacturing process for the
mass manufacturing of complex components. However,
very little literature reports the use of MIM as a process
to make porous material and none of them reports the
characteristics of the porous materials that can be made
by this technique. The purpose of this investigation is
to establish a metal injection molding manufacturing
method for porous 316L stainless steel structures, to
characterize the porous product and to relate the final
characteristic with the raw material selected and pro-
cess conditions.

In this paper, MIM is described as an innovative tech-
nique used to make porous materials. 316L stainless
steel porous materials are made by MIM and the porous
structure is characterized. 316L stainless steel powder
was chosen for its previous proven suitability for injec-
tion molding, its corrosion resistance, and its vast use in
the fabrication of porous structures. The important char-
acteristics chosen to be evaluated were the microstruc-
ture and the thermal conductivity. The microstructure
was characterized by its porosity, pore radius, and per-
meability. Thermal conductivity is an important prop-
erty when the porous components is fabricated for ap-
plication such as face seals, where heat dissipation is
important, for heat exchangers that require a high heat
transfer rate or wicking devices that requires specific
thermal properties for efficient moisture removal [4].
Finally, since microstructure and materials properties
of porous materials are strongly related to raw material
and process conditions [5, 6], a relationship between
pore radius, permeability, and thermal conductivity as
afunction of the powder type and processing conditions
are defined.

2. Background

2.1. Metal injection molding

Metal injection molding is a method of manufactur-
ing net-shape components that is experiencing com-
mercial acceptance [7]. In this process, a metal powder
is mixed with an organic binder to produce a mixture,
or feedstock, which has a sufficiently low enough vis-
cosity that can be molded using a high-pressure screw
injection-molding machine [8, 9]. Once molded, the
binder is removed from the components. This step
is called debinding and can be performed by differ-
ent techniques such as solvent debinding, thermal de-
binding, catalytic debinding, etc. [10]. For the current
application, a wax polymer binder system was used
and debinding was performed using both solvent de-
binding and thermal debinding. The solvent removes
the wax in the binder system and opens the poros-
ity to facilitate the following thermal debinding which
consists of heating the component under a controlled
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atmosphere to burn out the polymer. After thermal de-
binding, sintering is performed in a controlled atmo-
sphere, heating rate and temperature. Fig. 1 shows a
schematic of the typical operation encountered during
MIM.

For most MIM application, small powder size, below
20 um, is usually chosen to obtain good flow viscosity
of the feedstock during molding, shape retention dur-
ing debinding, and good sintering densification. This
small powder is desirable to make small pore structured
material [4]. It is also desirable to avoid stressing the
compacts during the shaping of the powder-polymer
mixture because when anisotropic stress is applied,
discrepancy in porosity will appear in the final com-
ponent due to stress enhanced sintering and variation
in density of the as-formed green body. MIM is well
suited for isotropic porous structures, since the mold-
ing does not create significant stress during shaping
and keeps the distribution of the powder quasi isotropic
[11].

The volume of binder used in molded components is
typically 30 to 60 vol%. This amount of binder is much
higher than the quantity used in conventional P/M pro-
cesses. This high binder volume offers the unique op-
portunity to produce net-shape porous materials by sim-
ply removing the binder and sinter-bonding the compact
without densification. This way, full debinding is per-
formed, while only partial sintering is achieved. The fi-
nal components are expected to be porous with a highly
homogeneous and isotropic microstructure that will not
require or require only limited secondary operations. In
addition, the process is more economical and more ge-
ometrically precise than other isotropic forming tech-
niques reported previously such as cold isostatic press-
ing (CIP) [12].

2.2. Characteristics of porous materials
Porous materials are characterized by porosity, pore
size, permeability, and in some special applications by
thermal conductivity. Porosity is measured by volume
and mass determinations, using the measure and the-
oretical densities to deduce the porosity. This section
reviews the significance of these values.

2.2.1. Pores size

A review of requirements for different porous appli-
cations shows that a large range of porous character-
istics are needed [13—-15]. Some applications such as
surgical implants, filters and self-lubricating bearings
require unique pore sizes [4]. Pore sizes in the 0.5-
200 pum range are used in the filter industry, while a
pore sizes in the 100-500 pum range is important for
proper bone ingrowths in joint replacement applica-
tions. In heat transfer systems, porous metals have a
broad range of pore size, starting at less than 2 um
for capillary metal wick systems to over 200 pum for
convection applications. Batteries also benefit from in-
creasing the surface area and subsequently managing
the pore size of the materials, resulting in both longer
life and improved performance.



Figure 1 Schematic of the metal injection molding process from raw materials mixing to sintering.

2.2.2. Permeability

Permeability is the measurement of the flow resistance
through a porous material [6]. It characterizes the con-
nection of the porosity and its value increases with
pore size [16]. Permeability measures the ability of
a porous media to transmit fluids in gaseous or fluid
form. Porous materials that transmit fluids readily tend
to have many large, well-connected pores. Imperme-
able formations tend to be finer grained or of a mixed
grain size, with smaller, fewer, or less interconnected
pores.

High porosity metal filter is an application that re-
quires specific permeability [17]. For example, porous
stainless steel (17 to 54 vol% porosity) with permeabil-
ity ranging from 5 x 107! to 2500 x 10~'* m? are
manufacture by CIP to be used as corrosion resistant
metal filter [12, 17]. However, CIP does not offer the
possibility of making complexes shapes that maintain
high dimensional tolerance. Selective laser sintering
was used to produce complex stainless steel compo-
nents with porosity from 25 to 55 vol% and permeabil-
ity ranging from 390 x 10~'* to 5000 x 10~ m? [3,
18]. However, this process has limited manufacturing
rate.

2.2.3. Thermal conductivity
A large number of experimental characterizations and
models are presented in the literature for porous ma-

terials [19-24]. In this paper, experimental results of
thermal conductivities are compared with four models
from the literature that calculate effective thermal con-
ductivity as a function of porosity [19-24]. This effort
aims to relate thermal conductivity values to the condi-
tion of product produced by MIM. A simple and classi-
cal equation to evaluate effective thermal conductivity
(ker) of porous material was based on the assumption
that the pores were cylindrical [19, 20]:

k —k 1 (1)
off = = — &
ff kB

where k is the thermal conductivity of the porous ma-
terial and kg is the thermal conductivity of the bulk
material. This equation was reported to overestimate
the thermal conductivity for porous material made by
powder metallurgy. Grootenhuis et al. [21] reported that
thermal conductivity of porous bronze is represented by
the following equation:

k
ker= - =1-21¢ )

B

Agapiou and DeVries [22] proposed a linear empiri-
cal model based on thermal conductivity measurements
of an austenitic 304 stainless steel porous material.
Their model is reported here even if it is claimed to
be valid only for porosity less than 40 vol% because it
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was derived for a similar porous alloy. The empirical
equation suggested by Agapiou and DeVries [22] for
effective thermal conductivity as a function of porosity
is:

k
— =0.95-1.57¢ 3)
B

ket =

Finally, a semi-empirical model was derived by
Aivazov and Domashnev [23] to express thermal con-
ductivity of porous materials:

k B 1—c¢
kg 1+ ne?

“4)

kegt =

with “n” being a constant determined experimentally.
Koh and Fortini [24] determined the value of n for this
model with several measurements of thermal conduc-
tivity on three different porous material made by com-
paction of 304L stainless steel powder and woven wire,
and copper spherical-powder. They found that a value
of n = 11 is statistically representative for their exper-
imental results and others from the literature [24].

3. Experimental

To evaluate the capability of the MIM process to make
porous materials, a design of experiments (DOE) was
constructed. The use of a DOE permits suitable raw
materials and process parameters to be successfully
defined for making porous material. The DOE pre-
sented in this paper was constructed using two powder-
polymer ratios, two powder types, and two sintering
temperatures (Table I). In Table I, atomization refers
to the method of powder manufacturing, and powder
loading refers to the percentage of powder, on a vol-
ume basis, contained in the feedstock. Once the condi-
tions to be used for the DOE were decided, appropriate
raw material was characterized and mixed. Feedstocks
were subsequently prepared and 10 samples of each
condition were molded. The as-molded MIM samples
were solvent and thermal debound prior to sintering.
The samples were then sintered to the temperature cho-
sen in the DOE. These low sintering temperatures were
chosen to bring the components to temperatures that
could promote an initial stage of sintering where neck
formation between particles is started without densifi-
cation. Finally, the 10 samples of each condition were
characterized by measuring their porosity, pore size,

TABLE I Design of experiments

Sintering
Powder loading temperature
Condition Atomization (vol%) °C)
1 Water 40 850
2 Water 50 850
3 Water 40 950
4 Water 50 950
5 Gas 40 850
6 Gas 50 850
7 Gas 40 950
8 Gas 50 950

permeability, and thermal conductivity. All values had
approximately a £5% range in measurement, except
for the thermal conductivity, which had approximately
£8% range in measurement.

3.1. Powder and binder characterization
Two 316L stainless steel powder types (water and gas
atomized) were used to make porous material and the
characteristics of each were evaluated. Particle size dis-
tribution, tap density, and theoretical density were char-
acterized. Theoretical density was measured using a
helium pycnometer, which measures the density of a
powder by calculating the ratio between its measured
mass and the difference between the known volume of a
container filled with helium and the volume of the same
container filled with powder and helium. Tap density
was measured via Metal Powder Industry Federation
(MPIF) Standard 46 test method [25]. This measure-
ment evaluates the highest density that can be achieved
by vibrating a powder. It gives an indication of the
amount of powder that can be loaded into a polymer
and of how well the powders pack together. Three mea-
surements of tap and theoretical densities were taken for
each powder.

Particle size distribution was measured three times
for each powder using a laser light scattering technique
on a Horiba LA 920. Typically, three points of powder
size values, designated as Djg, Dso and Dy, are used
to characterize the powders; the subscript indicates the
percentage of particles that are smaller than the mea-
sured value.

Average values of the densities and particle size dis-
tribution are reported in Table II, along with oxygen
level. The oxygen content was taken from the vendor
certification. Oxygen content in powder influences the
sintering potential. Higher oxygen content signifies a
thicker oxide layer on the surface thus reducing the
rate of powder sintering for higher oxide content pow-
ders. Scanning Electron Microscopy (SEM) was used
to characterize the shape of powder samples (Figs 2 and
3). The gas-atomized powder is mostly spherical, while
the water-atomized powder is irregular.

3.2. Feedstock preparation and molding

Once the particle characteristics were determined, the
feedstocks were prepared by dry mixing a wax/polymer
binder system (Paraffin Wax 7355 from Dussek Camp-
bell and Pro-Flow 3000 from PolyVisions) with each
of the powders at the designed powder loading. The
feedstocks were then mixed at 160°C using a sigma
blade mixer. Cylindrical specimens with a diameter

TABLE II Powder characteristics

Avg.
Avg. tap theoretical
density  density Do Dso Doy Oxygen
Atomization (g/cc) (g/ce) (um) (um) (um) (wt%)
Water 3.99 791 8.2 159 290 0.38
Gas 4.92 7.93 4.2 10.3 193  0.038
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Figure 3 Water-atomized 316L stainless steel powder.

and length of 1.27 cm were molded using a 30-ton
injection-molding machine. Molding parameters con-
sisted of a melt temperature of 160°C, a mold tempera-
ture of 30°C, an injection speed of 30 cm?®/s, and a hold
pressure of 50 MPa for 6 s.

3.3. Debinding and sintering

After molding, the specimens were solvent debound in
heptane to remove the wax portion of the binder sys-
tem. A solvent debinding temperature of 40°C was used
to eliminate distortion problems that were observed
at 60°C, particularly for the samples made with the
gas-atomized powders. The low solids loading of these
formulations caused this distortion since higher solids
loading of the same material shows no distortion in
60°C heptanes. After solvent debinding, thermal de-
binding was performed at temperatures of 200-500°C
in flowing hydrogen gas. Due to the uncharacteristically
low powder loading (<50 vol%) inherent in these for-
mulations, the specimens were packed in fine 10 pm,
A1l alumina powder from Alcoa to provide structural
support and binder wicking during the burnout process.
Once the binder was burnt out, the samples were sin-

tered at either 850°C or 950°C for one hour in flowing
hydrogen gas.

3.4. Porosity, permeability and maximum
pore radius
After sintering, the defect-free components were mea-
sured to ascertain the porosity, permeability, pore ra-
dius, and thermal conductivity. The porosity (¢) of the
samples was calculated as follows:
e=1— Pgeometric (5)

Ptheoretical

The pgeomenic i simply the mass divided by volume
for the processed sample. The theoretical density, as
is shown for each powder in Table II, was determined
using a pycnometer. The permeability was measured
using Darcy’s Law. Cylindrical samples were placed in
the flow path of acetone. The pressure drop across the
sample was measured and used to calculate permeabil-
ity K (m?) as follows [4]:

K = @ (6)

APA
where Q is the solvent flow rate (m’/sec), L is
the sample length (m), 1 is the viscosity of acetone
(0.306 mPa-s [26]), A P is the pressure drop across the
sample (Pa), and A is the cross-sectional area of the
sample (m°?).

The maximum pore radius was calculated by im-
mersing the porous material in acetone and applying
air pressure until the first bubbles of air appeared. The
maximum pore radius (r.) was calculated from the
surface tension of the acetone on the stainless steel
(0 = 23.46 mN/m [26]) and the pressure difference
(Ap) as follows:

20

= Ap (7

re

3.5. Thermal conductivity

Thermal conductivity was determined using a version
of the apparatus described by Francl and Kingery [27].
In this method, the sample to be tested is sandwiched
between two materials of known thermal conductivity
and thermocouples located on both ends of the sample,
and the references are used to measure temperature dif-
ferences as heat flows from a heat source to a heat sink.
This is a comparative method, which permits us to ex-
tract thermal conductivity with the following equations
[27]:

. kiAiA G krAs Aty . k3A3At3

- ~ ®)
Al Al Als
A At AL As Az Al
ky =hy - L. 2L Ly 2220 20
Ay At Al Ay At Al
©)
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where ¢ is the heat flow, & is the thermal conductivity,
A is the mean area, At is the temperature difference be-
tween thermocouples, and A/ is the distance between
the thermocouples. The subscripts indicate the two ref-
erences with known thermal conductivity (1 and 3) and
the sample (6).

4. Results
Table III presents pictures of the samples after sinter-
ing and summarizes the observations noted for each of
the conditions of Table I. Four of the DOE conditions
showed major defects. Conditions 1 and 2, which were
both water-atomized powder sintered at 850°C, showed
no handling strength after sintering. Conditions 5 and
7, which were both gas-atomized powder with 40 vol%
powder loading, showed defects such as cracks and blis-
tering. These four conditions were not used for further
characterization and measurements since they would be
useless for any application. The samples from the four
remaining conditions kept their shape but experienced
some shrinkage compared to the mold dimension (di-
ameter = 1.27 cm). The samples made with the water-
atomized powder with 50 vol% powder-loading showed
an average 3.5% of linear shrinkage, while the sam-
ples made with the same powder but loaded with only
40 vol% powder loading shrank on average 7.6%. The
samples made with the gas-atomized powder showed
average shrinkage of 10%.

SEM of the microstructure of the samples was per-
formed after sintering for Conditions 4 and 8. The sam-
ples were mounted with an epoxy infiltration technique

TABLE III DOE “fallout” as a result of processing defects

Condition  Linear shrinkage  Process observations
1 Not measured No strength
w
2 Not measured No strength z
i 5]
3 7.6% Good
a
4 3.5% Good
]
5 Not measured Defects
E |
6 10% Good
a
7 Not measured Defects
L ]
8 10% Good
L |
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Figure 4 Porous microstucture of a sample made with 316L stain-
less steel water-atomized powder, 50 vol% powder loading sintered at
950°C.

Figure 5 Porous microstucture of a sample made with 316L stain-
less steel gas-atomized powder, 50 vol% powder loading sintered at
950°C.

that permits one to view the porosity without damaging
the lightly bounded powder during polishing. Fig. 4
shows the microstructure of a sample made with the
water-atomized powder and Fig. 5 shows one made with
the gas-atomized powder. Both pictures were taken for
samples with 50 vol% powder loading and sintered at
950°C.

Porosity, pore radius, permeability and thermal con-
ductivity were measured on the samples of conditions
3,4, 6, and 8. Table IV summarizes the average of mea-
surements taken on three samples of each condition. As
should be expected, an increase in sintering temperature
(Condition 6 vs. 8), with other variables held constant,
resulted in a smaller pore radius and lower permeability.
This was observed only for the samples made from gas-
atomized powder since the samples made from water-
atomized powder were eliminated from the experiment
at this lower sintering temperature due to poor sin-
tering. Lowering the powder loading, with other vari-
ables constant, resulted in a larger pore radius and a
higher permeability, which was also to be expected.
This was performed only on the samples made from



TABLE IV Summary of results

Porosity Maximum Permeability, Thermal
(%) pore radius, K (m?) conductivity,
Condition +5% rp (um) £5% 5% k (W/m-K) +8%

3 54.8 7.3 1.4.10713 1.8
4 492 5.2 9.0-10~14 2.0
6 46.1 44 6.7-10714 2.4
8 41.0 4.1 4.1-10714 29

water-atomized powder, since the samples made from
gas-atomized powder could be processed only at the
higher powder loading. A head-to-head comparison be-
tween the two powders showed that the thermal conduc-
tivity is lower for the water-atomized powder and that
the pore size, permeability, and porosity are all smaller
for the gas-atomized powder.

Using Equations 1 to 4, thermal conductivities were
calculated as a function of porosity and reported in
Fig. 6. The values measured experimentally, divided
by the thermal conductivity of 316L stainless steel
(16.2 W/m-K [28]), are also reported.

A considerable difference is observed with the model
of Equation 1. As reported before, this model overes-
timates the effective thermal conductivity. The linear
model of Equation 2 predicts thermal conductivity that
diverges from the experimental value. It was reported
by Koh and Fortini [24] that this correlation better pre-
dicts the thermal conductivity for porous material with
porosity smaller than 30 vol% and tends to underesti-
mate the conductivity when the porosity is larger. Ex-
perimental conductivity values measured reinforce this
statement. The empirical model of Equation 3 is closer
to the experimental values than the one of Equation 2.
However, this linear model does not follow the curve
observed experimentally. Considering that thermal con-
ductivity cannot be less than zero, the linear model pro-
posed by Agapiou and DeVries [22] is not valid at high
porosities. The model derived by Aivazov and Domash-
nev [23] represents well the measurements performed
in this paper. Again, the experimental thermal con-
ductivity values confirm that the model of Equation 4

correlates well with the porous stainless steel material
made by powder metallurgy.

5. Discussion

5.1. DOE conditions

Of all the samples tested in the DOE, the low sinter-
ing temperature (850°C), water-atomized conditions (1
and 2) were eliminated since they offered no handling
strength for testing and would prove useless for any ap-
plication. The insufficient sintering of these two con-
ditions could be the result of the larger particle size of
the water-atomized powder or its higher oxygen con-
tent compared to the gas-atomized powder. Conditions
5 and 7, which are the gas-atomized conditions at low
solids loading, were also eliminated since they were
more susceptible to defects such as cracking and blis-
tering during the process. The defects observed in these
two cases can be attributed to the spherical shape of
the powder, its low interparticle friction, and its subse-
quent low strength during binder removal. The irregu-
lar shape that is characteristic of water-atomized pow-
ders provided interparticle friction and interlocking,
which proved useful in limiting distortion and defect
generation during the solvent and thermal debinding
processes.

The conditions that gave the best results for shape
retention and handling strength are Conditions 4 and 8.
Condition 4 has a higher powder loading and the high-
est sintering temperature used with the water-atomized
powder. This condition shows better results for shape
retention than the one with a lowest powder loading
(Condition 3), although this one was acceptable. The
highest powder loading made the sintering easier and
helped to keep the shape, since the contact between
particles is higher than with a lower powder loading.
Condition 8 had the highest powder loading and sinter-
ing temperature of the samples made with gas-atomized
powder.

In general, the water-atomized powder is better suited
for the low solid loading condition. Again, its irregu-
lar shaped particles promote interparticle friction that
causes them to interlock, offering strengthening.

1.0
09 EN
N *  Experimental
0.8
— — Agapiou & DeVries [22]

£ 07 N .
= \\ Koh & Fortini [24]
S 06 S S S —
3 N quation
sE N
EH 0.5 N ~———— Equation 2
g o4 S,
5 N
S 03 N

02 \

0.1

1 1 \
0.0 *
0 0.1 0.2 03 0.4 05 06 0.7 0.8 0.9 1

porosity (vol %)

Figure 6 Thermal conductivity versus porosity as predicted by different models and as measured experimentally.
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5.2. Porosity

The porosity measured for the gas-atomized powder
is lower than the porosity measured for the water-
atomized powder, while the thermal conductivity is
higher for the gas-atomized powder. This should be ex-
pected since the sintering activity of the gas-atomized
powders is higher due to their reduced level of oxidation
and smaller particle size.

Porosity of 40 to 55%, pore radius of 4-10 pm, per-
meability in the 10~!* m? range, and thermal conduc-
tivity of 1.5 to 3 W/(m-K) are typical for structures
prepared using <20 pum 316L stainless steel powders.
However, these values are not suitable for all appli-
cations. For example, pore sizes for wicking need to
be approximately 2 um and those for bone ingrowths
need to be on the order of 100-500 pwm. Therefore, a
theoretical model to predict pore sizes was reviewed
to validate our findings and predict future efforts. Con-
sider Kozeny’s equation for the relationship between
average pore size (D), particle size (a), and porosity (&)

[29. 30].
D—g< ¢ ) 10)
312 )¢ (

According to this equation, the pore size will in-
crease with an increase in porosity and powder size.
The porosity and powder size are both smaller for
the gas-atomized powders than for the water-atomized
powder, thus the former have smaller maximum pore
size.

This equation was used to predict theoretical pore
sizes using the values of Dy, Dsg, and Dgy from the
powder size distribution of the two powders as the “a”
value in Equation 10. These predicted maximum pore
sizes were compared to the measured maximum pore
sizes, and their respective values are shown in Table V
and illustrated in a chart in Fig. 7. The measured max-
imum pore radius values are best predicted using pow-
der sizes between the Dsg and Dgg of the powder size
distribution. Using this method, the values are more
closely approximated by the Ds for the water-atomized
powder and by the Dy for the gas-atomized powder.

The Dsq is more favorable for predicting the maxi-
mum pore size for the water-atomized powders and the
Dy is more favorable for predicting the maximum pore

TABLE V Calculated pore radii for different powder sizes compared
to measured maximum pore radii

Powder type Water Gas

Measured porosity (%) 54.8 49.2 46.1 41.0

Dy powder size (um) 8.2 4.2

Predicted pore radius for 33 2.6 1.2 1.0
Do (um)

Dsp powder size (um) 159 10.3

Predicted pore radius for 6.4 5.1 2.9 24
Dso (pm)

Dgg powder size (um) 29.0 19.3

Predicted pore radius for 11.7 9.4 5.5 4.5
Dygg (pm)

Measured maximum pore 7.3 5.2 4.4 4.1
radius, rj, (m)
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Figure 7 Comparison between the calculated pore size radii using Do,
Dsp. and Dy with the measured value for the DOE conditions 3, 4, 6,
and 8.

size for the gas-atomized powders due to the difference
in the powder geometry. Belov et al. [29] suggest that
as the particle shape passes from spherical to random-
shaped, the relative pore size should decrease. Thus,
the observations here validate this suggestion. Consider
that the Doy powder size of the spherical powder pre-
dicts the maximum pore size while the smaller D5 size
of the irregular powder predicts its maximum pore size.
As the powder becomes more irregular, smaller sizes of
the particle distribution best predict the maximum pore
size.

Using this model and the observations made in this
paper, to obtain a maximum pore size of 2 um with a
powder loading of 50% and a sintering temperature of
950°C with the water atomized powder, a powder with
a Dsp of 3 um should be used. For the same powder and
condition but a pore size in the range of 100-500 pm,
a D5y powder size would need to be between 150 and
750 pm.

6. Conclusions

In general, both powders are useful in the manufacture
of porous net-shape products by injection molding.
The experiments conducted show that metal injection
molding is a viable method of creating porous metal
structures. Porosity of 40 to 55%, pore radius of
4-10 pum, permeability in the 10~'* m? range, and
thermal conductivity of 1.5 to 3 W/(m-K) are typical.
The water-atomized powder was better suited to the
low powder loading process due to its irregular shape
and subsequent robustness during processing. The
thermal conductivity is lower for the water-atomized
powder and the pore size, permeability, and porosity
are all smaller for the gas-atomized powder. Predictive
calculations show that values between the D5 and Dy
of the particle size distribution are best for estimating
maximum pore sizes. As powder shape moves from
spherical to irregular for the same size distribution, the
relative pore size decreases. Thermal conductivity of
porous material made by an injection molding is quite
complex. Microstructure resulting from this process is
unique and directly influences the thermal properties.
The particle size distribution and the size of the neck
that forms during the sintering step will greatly influ-
ence the thermal conductivity values [31]. However,
the semi-empirical model derived by Aivazov and



Domashnev [22] with n = 11 as calculated by Koh and
Fortini [24] can be used to predict thermal conductivity
of porous 316 L stainless steel made by metal injection
molding.
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