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ABSTRACT The solidification of wax-based Fe 2% Ni feedstocks melt on the wall of a cylindrical cavity

during injection filling was simulated with a finite difference analysis method. The effects of injection molding

paramaters on the solid layer profiles were studied. The results show that the frozen layer grows rapidly at the

beginning but much lower after a critical thickness of solid layer forms. T he thickness of frozen layer decreases

with the increase of volume flow rate(injection speed) and wall temperature( die temperature) . By comparing

the computing results of inlet pressure{ injection pressure) at different volume flow rates with and without

frozen layers, it is predicted that higher injection pressure might be required to fill the cavity when the solidifi-

cation is taken into consideration.
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1 INTRODUCTION

Powder injection molding ( PIM) is a pro-
cessing route for fabricating metal or ceramic
components with complex shape and high perfor-
mance at low cost. In this process, the metal or
ceramic pow ders are mixed with a binder to pro-
duce a feedstock. Then, {feedstock melts are
filled into a closed cavity by injection molding to
form a compact. The binder is extracted by a
thermal or chemical process and the powder com-
pact is sintered to a final density! " 2!

The flow of feedstock melt is a transient,
nomisothermal and non-Newtonian process with
frozen layer building up on the wall as the fluid
flows through the mold cavity. The transient
melt with metal powder, compared with pure
plastic, may result in rather thick frozen solid
layer thus changing the flow cross section area of
the cavity. It is referred to as a moving boundary
problem'*! hecause the location of solid/ liquid in-
terface changes with time. Generally, this prob-
lem is difficult to solve. It is not only because of
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the two thermal boundary conditions at the in-
terface, but also because the interface is not nor
mally straight and it is constantly moving. Fur-
thermore, the existence of temperature depen-
dent material properties makes the mathematical
treatment of such problem even more complex.
Therefore, numerical methods are commonly
adopted  and
used 1,

The problem of solidification of a power-law

simplification — are inevitably

feedstock melt flowing in a cylindrical mold cavr
ty was investigated. To facilitate the finite dif-
ference numerical method coordinate transforma
tion and triakand-error method were employed to
straighten and obtain the moving, curved solid/
liquid interface. The effects of the processing pa-
rameters such as volume flow rate, injection
temperature and the wall temperature on the
profile of frozen layer were also determined. The
computing results for the situation that solidifica
tion is considered were compared with that of no
solidification considered. Two special boundary

conditions regarding the energy balance were
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specified at the solid/ melt interface.
2 THEORY

As shown in Fig. 1, an incompressible fluid
flows with constant property into a cold empty
mold cavity and the flow is laminar. Both the
mold wall temperature ( T,) and freezing tem-
perature( T';) of the melt which is well above
T, keep constant during the mold filling pro-
cess. The temperature at the entrance is uniform
and equals the injection temperature( To). A
frozen layer forms on the die wall after the fluid
enters the cavity and its thickness increases with
time while the flow front goes forward in the

mold.

So;dified layer

2R

Fig. 1 A flow model of feedstock
melt in a cylindrical mold
cavity with solidification

Several assumptions are employed in this
study to simplify the formulation.

1) The feedstock is homogeneous and its
physical properties ( 0, C,, A) are time and
temperature independent. The volume flow rate
( Q) at the entrance keeps constant.

2) Both the solid and melt temperature &
long the solid/ liquid boundary equal the freezing
temperature of the feedstock material. The rate
of heat transfer by conduction in both phases is
equal at the interface since the solidification is at
steady state.

3) Heat conduction along the flow direction
of liquid is neglected. The solid layer thickness is
much smaller than the flow length and the domi-
nant direction of temperature gradient is in the

radial direction.

4) Nomrslip boundary condition is applied to
the solid/ liquid interface.

5) The radial velocity component is very
small and the radial component of the equation of
motion can be neglected.

6) The flow is fully developed and the foun-
tain region in the vicinity of the advancing melt
front is neglected. However, the temperature
distribution along the new flow front is taken to
be uniform and equal to the centerline tempera
ture at the nearest upstream melt to mimic the
“fountain” which allows hot feedstock to flow
from the center of the mold to the cold wall.

A powderlaw rheology model is employed
in this study:

N= moexp( T/ T)¥"! (1)
where T denotes temperature, n is power-law
index, mq and T, are material dependent con-

stants, T is shear viscosity and Y is shear

rate (= | or |, w is velocity) .

The governing equations of the momentum
and energy balance for the feedstock melt are de-
scribed as

o L L0l 2)

EC,,(M+ MQZ) = ‘AM+ }\ﬂ+ My?
ot Ox r Or Or?
(3)
where p is pressure, Pis density, C, is ther
mal capacity, Ais heat conductivity and ¢ denotes
time.

Furthermore, global conservation of mass
states that

R— g(x)
Q= Zﬂfo rudr (4)

where  g(x) is the thickness of solid layer
which is space and time dependent.

In the solid phase, the energy equation is
given by

o 2L _ AL, (BT s

POt r Or Or?

The corresponding initial and boundary con-
ditions of temperature, velocity, pressure and
interface location are described as follows:

T = Ty at the entrance (x=0); T= Ty
at the wall (r = R);
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T= T. u= 0. M - or | at the curved interface is straightened and immobilized
= 1T, u= X > . :
) ar or in the new transformed coordinate system.

solid/ liquid interface ( r =

O x )); (6)
%’rﬂ = 0, %Z:“ = 0O at the centerline( r= 0);

= 0 at the melt front.
T
| | ¢ and | | ; denote the temperature
or or

gradient at the moving boundary for solid and
liquid phases, respectively.

By integrating the momentum equation,
making use of the aforementioned boundary con-
ditions for velocity as well as the mass conserva
tion equation and the powerlaw rheology equa
tion, the pressure gradient, velocity and shear

rate profiles for the liquid can be obtained as

ap _

Ox
nd Q '
&x)
2 r 1/ n (7)
JTI() r [Zmoexp( T./ T)] dr
1/ n
&) | allL| r
u = I Ox dr fr (8)
' 2moexp( T/ T)
W ou
Y= | 3y |
1/ n
| a‘ZL| r
2moexp( T/ T)
where &(x)= R- g(x)

3 NUMERICAL SOLUTION

Because no analytical solutions are available,

a fully implicit finite difference numerical

method' *
equations.

' was applied to the energy governing
To make the implementation of the
finite difference method conveniently, coordinate

. 8
transformations °

are employed to straighten and
immobilize the boundary. New coordinate vari-
ables y(x) and z(x) are introduced into the

model and the definitions are given by

y(x) = S_(xL) (1in the liquid region) ( 10)

(in the solid region)
(11)

where the value of y(x ) and z(x ) is within the
limits of one. It can be found that the moving,

r— 8(x)
)= )

Then equation (3) and (5) can be written
in other forms as

m{)(%'tﬂ_}_ U%Z) _A_M

F(x)y O
—A—Sz( )%—yﬁ e (12)
o 2L _ .ar
P ot [6(x)ﬁ(x)z]g(x) Oz
A
gz(x) azz (13)

The alternating direction implicit form' ® ! for e

quation ( 2) may be written as
K+ 172 K
T T

L)

(At/2)
f:C,, K+ V2 _ TK+ 172
K Ly | =
i, @t Ax I
A . T = T
&(x) Ayj 2 Ay
_A_
= | Fx)
T{\,+1 2T11+ TLI 1
o (Ay)?
(T )i 1
(14(a))
TIL\f+i1_ 7K+ 172
(at/2) F
pCl) uK l} 5 TK+ 1/2_ TK+ 1/[2
0§ Ax I
A . r b - il
&(x) Ayj 2 Ay
A

= | Fx)
[ = 2757 + TH7L
(Ay)?
(ny)[\+ 1/2 y )

(14(b))

where subscript [ represents liquid. Thus two e

quations were derived, one for heat flow in the x
direction which was solved for the time step K to
K + 1/2, another one for heat flow in the y dir
rection for the time step K + 1/2to K + 1. The
implicit finite difference formulation'”’
tion (3) is

of equa
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(8(x)+ g(x)Azj)g(x)
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- 20 Tl | (P
- 2T T
(Az)?

where subscript s represents solid.

The TDM A method 7" was used to solve the
above equations because tridiagonal matrices in-
volved. As the moving solid/ liquid boundary is
not known beforehand, a triakanderror
method ® was applied to guess and correct the
location of the interface at any given time:
Mx)+ g(x)&=>0(x)
when | %’rﬂh_ §x) 1> | %’rﬂ
Mx)— g(x)&=>0(x)
when | %’rﬂh_ Sv), 1 < | %Z|r_ &x), s

(16)

€ and & are predetermined constants

|r: &x), s

where
whose values are usually taken to bhe 0. 01 ~
0.001. The correcting procedure would be re
peated untill the guessing boundary location con-
verge to be within a predetermined small toler
ance.

A C*" computer simulation program was
developed which is capable of modeling the mold
filling process of the feedstock melt with solidifr
cation in powder injection molding. Generally,
thirty minutes to three hours are needed to finish
the whole computing procedure on a pentium
133 personal computer, depending on the physi-
cal characteristics of the feedstock and the ma
chine parameters setting.

4 RESULTS AND DISCUSSION

In order to examine the effects of process
parameters on the thickness of frozen layer dur
ing the molding stage, a feedstock was prepared
and tested. The mixture was made of Fe2% Ni
and a wax-polymer binder with the solid loading
being 58% . The primary binder was composed
of 79% ( mass fraction) paraffin wax ( PW),

10% high density polyethylene( HDPE), 10%
polyethylene vinyl acetate( EVA) and 1% stearic
acid( SA) . The properties of the feedstock is list-
ed in Table 1. The melting point of PW was
taken as the freezing temperature as PW was the
dominant component of the binder. The length
and radius of the die cavity are 6. 0cm and 0. 35
cm respectively.

1

Table | Material properties of the mixture'’
O (kgem %) C/(J*kg "K' n T.JK
4850 847 0.35 2 886
mo/ (Pass™) N (Wem K™y TJ/K
5.71 2.24 330

Fig. 2 illustrates how the relative thickness
(g(x)/R) of frozen layer at x = 1.2cm
changes with time during the filling stage. It can
be concluded that the frozen layer grows rapidly
at the time it just formed but the growth rate de-
creases with time. For a constant inlet rate and
die wall temperature, the solid layer thickness is
dominated hy viscous heat dissipation ( T¥?),
heat conduction in the radial direction and heat
convection in the axial direction. The heat con-
ducted from the upstream and the heat generated
by viscous dissipation in the fluid region should
be balanced by the heat conducted into the solid
phase. When the flow front approaches any loca
tion in the die, a very thin “skin” would forms
on the wall. The thickness of this “skin”
3C

28
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Fig. 2 Relative thickness of solid
layer at x= 1.2 cm with filling time
(Ty=400K, T,= 300K, Q= 120(:11'13/s)
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increases quickly because the thermal convection
and viscous dissipation are not large enough to
compensate the thermal conduction at this time.
One might expect that the viscous heat dissipa
tion would finally be balanced by the radial heat
conduction in the solid region, so that the solid
layer thickness would reach an asymptotic value
if the mold be adequately long.

Fig. 3 presents the effect of volume flow
rate on the frozen layer profiles when the die
were wholly filled. It is evident that the thick-
ness decreases as volume flow rate increases.
Shorter residence time, larger viscous heat dissi-
pation and poorer conduction resulting from high
volume flow rate would result in a thinner frozen
layer. However, as shown in Fig. 3, it can be
seen that the difference of solid layer thickness a-
long the flow direction become smaller when the
injection flow rate is enough high.
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Fig. 3 Solid layer profiles for
different flow rates
(1—0=20cm%/s; 2—0= 50em’/s;
3—(Q= 100(?11'13/s; Ty= 400K, T,= 300K)

Fig. 4 shows the frozen layer profiles at the
time the mold being wholly filled for different
die wall temperatures ( T, ). Apparently, the
skin thickness is significantly influenced by T ,.
This is because the solid layer thickness is much
smaller than the radius of mold cavity thus a lit-
tle change of wall temperature would dramatical-
ly affect the temperature gradient in the solid
phase, which subsequently influence the volume
of heat conducted into the skin. The higher the

mold temperature is, the poorer the thermal con-

duction might be and so that the thinner the
frozen layer generates in order to satisfy the en-
ergy balance at the solid/ liquid interface.

The effect of injection temperature on the
profiles of the skin is presented in Fig. 5. The
difference in frozen layer thickness caused by in-
let temeprature is not so pronounced as that of
wall temperature. Enhancing of the thermal con-
duction by a higher inlet temperature would be
partly compensated by the decreasing of viscous
heat dissipation because of the temperature de
pendent rheological hehavior( See equation( 1)) .

As shown in Fig. 6, the predicting inlet
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Fig. 4 Solid layer profiles for different
mold wall temperatures
(To= 400K, Q= 80cm’/s)
1 —T,=300K; 2—310K; T,= 320K

60
g 50f
2
g 1
< 40
= 3
i
5 20
[:3]
o
0 0.2 0.4 0.6 0.8 1.0

X/L

Fig. 5 Solid layer profiles when the
mold being wholly filled for
different injection temperatures
(T,= 300K, Q= 40cm?/s)

I —=Ty=390K; 2—T4= 400K, 3 —Ty= 410K
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6.0 T such as wrong gate location might cause serious
5.5 2 solidification of the melt, which subsequently in-
hibits the filling process and even results in
g 50 short-shot or other serious molding defects.
= s er seriou g defec
= 4.5
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