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Abstract
Metal injection molding (MIM} is similar to plastic
molding in many respects, but compounds (metal powders
with polymer binders) are more susceptible to thermally
induced flow instability because of their higher thermal dif-
fusivity. Stable and unstable (asymmetric) flow patterns for
a stainless steel MIM compound were observed and accu-
rately simulated for filling through a diaphragm gate over a
range of fill times and meltmold temperatures. Simulation
predicted the observed free annular jet and internal voids in
the molded part. For unstable flow, an exponential increase
in temperature differences at symmetric locations was pre-
dicted during mold filling. Based on observation and simu-
lation, a boundary was established between regions of stable
and unstable flow in terms of the dimensionless Graelz
number Gz (ratio of heal conduction time to fill time) and
B, a dimensionless ratio indicating viscosity sensitivity 1o

temperature differences in the mold.

Introduction

A flowing fluid that is cooled has the potential for a
thermally induced instability. A small local decrease in
temperature will cause an increase in viscosity that will in
turn decrease flow. For a fluid that has cooled sufficiently,
these changes will cascade until the flow virtually ceases in
one region and accelerates in adjacent regions,

This work is a more comprehensive analysis of our prior
publications on the flow geometry in Figs. 1 and 2 (1,2,3).
Previously Shaw and Pearson (4) analyzed the stability of
polymer flow for a power-law fluid in a radial geometry.
Their results generally predict unstable flow above a critical
dimensionless temperature difference B and low Gz with
the stability boundary aleng a line of B proportional to Gz
with increasing Gz.

Molding

The material used here was a commercial molding com-
pound, PowderFlo® 17-4PH U, composed of gas-atomized
17-4 stainless steel powder in an aqueous-gel binder. The
rtheological properties of this material were characterized by
Datapoint in Ithaca, NY and are summarized in Table 2.

The MIM compound was processed on a 55-ton Cincin-
nati Milacron injection molding machine with a 28-mm low
compression screw. The mold was a thick-walled M-shaped
block with a central hole as shown in Fig 2(a) as a finite
element mesh. The mold cavity (volume = 30 cm®) was
filled through a diaphragm gate on the lower surface. The
gale had an inner (sprue) / outer diameter ratio of 0.851/
1.519 cm and thickness of 0.314 cm as shown in Fig. 2(c).

The lower surface of the gate was a stainless steel bushing:
the upper surface and mold walls were aluminum.

The filling of the M-mold cavity was investigated for the
following combinations of inlet melt/mold coolant tempera-
tures: A: 82/12°C,, B: T71/15°C, C: 82/15°C, and D:
82727°C. For each set of temperatures, successive short
shots showing the fill pattern were obtained at nominal fill
times of 2 and 8 sec. Short shots at a fixed fractional fill
were made over a range of f{ill times to identify stable and
unstable filling conditions.

Governing Equations

The governing equations for the simutation are the con-
servation relations for momentum, energy, and mass for an
incompressible fluid with the Modified Cross viscosity
model given in Table 2 (1-3). These equations were cast in
dimensionless form; the characteristic variables (indicated
by ", dimensionless variables {indicated by *) and resulting
dimensionless numbers are given in Table 1. Dimensionless
groups given in Table I that appear in the governing equa-
tions or locations on the boundary conditions are Gz, B, Br,
R/H, r*ie, and rheological parameters. These groups could
influence the location of the stability line and are discussed
here and in the Stability Diagram section.

The dimensionless Graetz number Gz is the ratio of a
characteristic time for heat condition to the time for heat
transport by convention (flow). Small Gz (thin channels,
slow flow, long flow path) means there is time for substan-
tial cooling of the flowing material.

The characteristic temperature for viscosity ATpen i5 the
temperature increase that is needed for a decrease in the
predicted viscosity by a factor of 2.72, the base for natural
Jogarithms. In this paper, ATy, is evaluated at the charac-
teristic shear rate ¥ and T,, the average of the inlet and wall
lemperatures. A low value of AT, indicates high tem-
perature dependence for the viscosity.

B is the ratio of the operating temperature difference
Timet — Tuan t0 AT peor. A large value for B means the com-
bination of the temperature sensitivity of viscosity and op-
erating temperature differences will result in a large change
in viscosity if the RAowing material has sufficient time to
cool (small Gz). In cases where B has two values (e.g. two
mold wall temperatures), the higher value was used since
instability a1 one wall will tend to propagate.

Simulation

Filling of the M-shaped tool and the two gate geometries,
all shown in Fig. 2, was simulated using a 3D finite element



code developed by the National Research Council of Can-
ada. This code is described in previous publications (1-3).

The mesh for the mold. shown in Fig. 2, contains 92,569
nodes and 516,240 ietrahedral elements. Computations,
typically requiring 48 hours, were carried out on an SGI
Origin 2000 parallel computer using six processors.

Nonslip boundary conditions were applied 1o the cavity
walls in filled regions and a zero shear stress condition was
specified on the free surface. Heat transfer between the
melt-mold interface and the mold interior was modeled by
the expression

4 = he(Toan-Te) (n

Qm is the heat flux at the mold wall, h, is the surface heat
transfer coefficient, T, is the temperature at the melt-wall
interface and T, is the temperature of the coolant.

For computations for the M-cavity, the viscosity model
included a yield stress (1-3). The yield stress was observed
to have little influence on the flow pattern and did not
change the stable/unstable nature of the flow,

Computations showing stable and unstable filling of the
M-shaped mold are given in previous publications (1-3).
Generally these simulations predict the shape of an annular
jet formed by the material exiting from the gate. Both
steady flow and severely asymmetric unsteady flow are pre-
dicted depending on thermal and flow conditions, Both
experiment and simulation show that a thicker gate reduces
the tendency 1o form an annular jet and the resulting interior
and surface defects due to trapped air (3). The gate geome-
try for these simulations is correct {1-3) but the mold vol-
ume was erronecusly only 60% of the actual mold volume.

For the diaphragm gate (Fig. 2(c)) with the same dimen-
sions as the mold gate, the build up of differences between
the maximum and minimum temperatures at the + and - exit
locations (Fig. 1) is shown in Fig. 3. For the fast fill times
(2-4 sec), the temperature difference builds up to a plateau
value of less than 10°°C. For the 8-sec fill, the temperature
difference increases exponentially but at a sufficiently slow
rate so that an observable instability would not occur during
mold filling. For the 16 and 32-sec fill times, the build up
of the temperature instability results in a temperature differ-
ence exceeding 30°C and unstable, asymmetric flow.

Stability Diagram

More than 60 simulations and 34 experimental observa-
tions of stable, transition, and unstable flow were used to
prepare diagrams with dimensionless nuimbers as coordi-
nates to identify regions of stable and unstable flow.

For both simulations and experiment, the wall tempera-
ture T,.y was estimated by equating an expression for the
heat flux through the pan (given by an assumed linear tem-
perature gradient) io the heat flux at the mold wall in terms
of the heat transfer coefficient (HTC).

Twan =T + (Tiger - T )1+ H kK pgiy ) @

where kypm is the thermal conductivity of the MIM com-
pound. T typically ranged from 2 to 6°C above the cool-
ant temperature for high values of the heat transfer coeffi-
cient (100,000 W/m’-K) up to 36°C for the standard value
of 4000 W/m*-K. A HTC of 4000 W/m*-K was used 10
estimate T,y for the experimental data. This value corre-
sponds to steady heat transfer over a distance in an alumi-
num mold of 5.2 cm. For the M mold geometry, this is a
reasonable distance, but the transient nature of heat transfer
for material first entering the mold is not considered.

Stability for the molded samples was judged by the sym-
metry of the short shot; asymmetry was generally consid-
ered unstable; unless it was slight, in which case, it was la-
beled transitional. Simulated flow was considered stable if
the temperature differences approached low plateau values,
generally < 107! °C (maximum allowed is 0.3°C), during
meld filling prior to contacting the outside wall. High pla-
teau values for the temperature difference, > 10 °C, indicate
unstable flow.

Points indicating stable (filled symbols) and unstable
flow (open symbels) for simulation are plotied in Fig. 4 on
B vs. Gz axes. The simulated runs were generally for fixed
values of the mold and inlet melt temperatures with a range
of fill times. In the legend of Fig. 4 for simulation, the first
number is the case number and the second number corre-
sponds to a particular inlet and mold temperature combina-
tion. Cases 1-24 are for filling the M-mold; the remaining
cases up to 66 are for the gate only. Tables summarizing
cases are available from the authors. The experimental data
obtained from four sets of temperature conditions are also
plotted in Fig. 4 as shadowed squares having internal char-
acters denoting stable flow and shadowed characters alone
(x,+*) indicaling unstable flow. Series A had only one
point which was stable. Transition is indicated by squares
with internal yellow characters.

The data points in Fig. 4 generally separate into

(a) a region of stable flow which corresponds 1o a combi-
nation of relatively high flow rates in thick gates (large Gz)
and small change in viscosity due lo temperature change
during flow (low B), and

(b}a region of unstable flow caused by viscosity increases
due 10 large temperature drops associated with relatively
slow filling in thin parts with a large temperature difference
between the entering melt and a mold wall.

As Gz becomes very small (long fill times), the line sepa-
rating siable and unstable regions appears to approach a
limiting value for B below which the flow is stable regard-
less of fill time. The existence of this asymptote was pre-
dicted by Shah and Pearson (4).

Other dimensionless groups given in Table 1. Br, R/H,
and r* could also influence the location of the stability
line. These groups are either not significant because of
magnitude (Br<<|) or shown by inspection not to influence
the stability results in Fig. 4 (3). Material rheology was not
a vaniable in this work since all moldings and simulations



were done with the same material. Previous work (4) has
shown the power-law index n to be a significant variable.

The common experience of unexpectedly molding defec-
tive parts following a long run of good parts may be ex-
plained by operating too close to the stability boundary. In
this case, the solution is to move toward the more stable
region by increasing injection speed or coolant tempera-
tures, or decreasing the barrel temperature set points,
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Table 1. Summary of Characteristic Variables and Dimensionless Variables and Numbers.

Charac-
teristic
Variable, Symbol Variable Definition Dimensionless Variable
Coordinates, axial z, radial r H Half height z¥ =z/H, r¥=r/H
Time, t e Fill time t*=ttgy
Temperature, T Ta Average temperature Ty, = (Tiget ToanV2 | T* = (T = Toat (Tinkes = Twar)
Pressure, p P =ny p*=pMm’y
Viscosity, n N = /[ 1+ MY/}, M= Ng(T) n*=nf’
Velocity, v u = R/t v¥ =vy/lJ
Shear Rate, ¥ Y = UH Y=Y/(R/(1z H)
Operating Temperature Change ATy = linger ~ Lo
Rheology Temperature Change | AT =[RIn(m¥aT] ™' a1 T,, and ¥
Inlet radius, rigy H Inner radius of gate Tie® = Time/H
Flow Length, R H Radial flow distance R/H
Graetz Number = Lo teom = (PCHYK)(R/U) Gz
Temperature Ratio = (Tinet — Tt ¥AT e B
Brinkman Number = N'U/[K(Tigser — Tt )] Br

Table 2: Material Properties for 17-4 U Metal Powder.
Modified Cross-WLF Model: i = no/[1+ (ngyt*)' ™ ]
where Mo = Ner eXpl-Ci(T- T (Cy + T = Teer)] @and Tyeg= D2 + Dip and C; = Az + D;p

Material Properties Cross / WLF and Yield Stress Model Constants
Density (kg/m") 4887 | n 0.206 | D;(K) 273 | A, (K) | 51.60
Specific Heat (J/kg-K) 1001 | 1* (Pa) 2.487x10° | D; (K/Pa) 0 | 1,(Pa) 10°
Thermal Conductivity (W/m-K) 7.3 | Npr (Pa-s) 2.572x10° | C, (1) 57.27 | a(sec) 10°
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Fig. 1. Schematic of radial flow geometry.
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Fig. 2. Finite element mesh for M-body part and two diaphragm gates.
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Fig. 3. Temperature differences predicted for flow through the thick diaphragm gate mold, cases 55-59. (3.14-mm gate, 30°C
coolant temperature, 82°C inlet melt temperature)



Flow Stability Diagram: B vs. Gz
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Fig. 4. Flow stability diagram of B vs. Gz based on experimental measurement and simulation.
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