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Analysis of mold flow and microstructures of die
casting in Al alloy/SiC,) composites

C.B. LIN, C. L. WU, C. H. CHIANG
Department of Mechanical Engineering, Tamkang University, Tamsui, Taipei, Taiwan

The report involves a study of the microstructure of tensile, impact and three-point bending
samples of aluminum alloy/SiC, composites produced by die casting. The results show
that in impact samples, 80 um SiC particulates cluster along the left and right edges of the
section vertical plane with the notch plane, and near the notch. In tensile and three-point
bending samples, they were distributed uniformly in the matrix. Furthermore, porosities
occurred near the notch in the impact samples. The 80 um SiC particulates will undergo
settling in the shot biscuit. There exist arc and irregular shapes in the clustering section of
the particulate. The dendrite arm spacing (DAS) is larger in this section. From the shot
biscuit to the bending section of the sprue; the quantity of SiC particulate is less. The SiC
particulate is clustered in the protrusive region where the injector pins are situated. We can
decrease the porosity of die casting samples effectively by designing the overflow well in a
wave shape. We can prevent the melt from adhering to the surface of the mold cavity,
thermal cracking on the surface of die casting samples and wear on plungers using
electroless nickel plating on the SiC particulate. © 7999 Kluwer Academic Publishers

1. Introduction The phenomenon of non-uniform particulate distri-
In particulate aluminum matrix composites (PAMC), bution in the matrix often occurs in PAMC materials
reinforcement particulates, such as®4, SiC, ZrG,  [12], and can result from: (1) pushing of the particu-
and SgNgy, or lubricative particulates, such as Gr andlates by the aluminum dendrites during solidification
MoS,, are distributed uniformly in an aluminum al- [12]; (2) from the Stokes drag force [13]; (3) the van
loy matrix to form materials with special functions der Waals force of attraction between the particulates
and structures. These composites have better specifirefore incorporation into the melt [14]; (4) the dif-
strength, specific stiffness, hardness and wear resigerence in densities of particulate and melt, the influ-
tance than the parent aluminum alloy, and the typeence of gravity, the cooling rate, etc. [15-17]. Rohatgi
and guantity of the second phase can be suitably cheet al. [14] discussed particle pushing in directionally
sen to adjust the thermal conductivity and coefficientand rapidly solidified 357/SiC/15p composites, and dis-
of thermal expansion [1]. They have been used by theovered that the particulate pushing is related primarily
aerospace, transportation, electronics and recreation ite the growth of dendrites. In rapid solidification, be-
dustries for products such as brake rotor discs, elecsause the size of the dendrite arms was smaller, they
tronic packages, printed-circuit board heat sinks, biwere not so easily pushed; in unidirectional solidifica-
cycle frames and golf club heads. The developmention, the further the distance from the freezing region,
of these composites for industrial use is importantthe larger the dendrite arm spacing, and the greater the
[2-5]. particle pushing. Xie Guohorgt al [15] analyzed the

In particulate aluminum matrix composites, the dis-composites of Al-4% Mg alloy reinforced with SiC and
tribution of the particulate in the matrix microstructure Al,Os particulates and discovered that for the same
will affect their properties [6]. Some studies [7, 8] have kind of particulate, pushing was more difficult with
reported that these composites have low fracture straiiarger particulates; for different kinds of the same size
and that the crack initiation and toughness are stronglgf particulate, SiC particulate was more easily pushed
affected by the distribution and size of the particulatethan ALOs particulate. Stefanescet al. [18] found
In particular, these parameters are especially importarthat the behavior of particulates in the matrix could
for the properties when particulate clustering occurs [9pe divided into three types: (1) pushing, (2) engulf-
10]. Lewandowski and Liu [11] reported that cracks ini- ment, and (3) entrapment. At a specific cooling rate,
tiate in places in the matrix where particulate clusteringthe particulates in densely populated particulate regions
is observed. Therefore, to understand the fracture beare more easily entrapped, while those in less popu-
havior of such composites, itisimportant to observe thdated regions are more easily pushed. Generally, partic-
particulate distribution in the matrix microstructure. ulate pushing will lead to particle clustering in the last
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TABLE | Chemical composition of (&) the matrix alloy and (b) the die casting Al/SiC(p) composites

@

Material All other

system Si Fe Cu Mn Mg Cr Ni Zn Ti elements Al
A380 (99.7%) 9.75 0.83 32 041 0.47 — 132 — 0.18 0.2max rem.
A360 (99.7%) 9.63 0.68 0.1 0.05 057 — — 0.05 — 0.2max rem.
(b)

Composites materials DI DIl DIl

Matrix A360 A360 A380

Strengthen phase 80umSiC 80um SiC* 80umSIC+15um SiC
Weight per cent 10 10 10+ 5

*: With electroless plating nickel in the surface of the SIC particulate.

1.

etching (15min, 60°C)
NH.F 40 g/l
SnClL, 0.1g/l
KCl  40gl
HF 2wt%

sensitizing (8min)
SnCl, 20g/1
HCI  2.5mll

activation (10min)
PdCl,  0.25g/1
HCI 2.5ml/

electroless plating
solution composition -
NiSO, + 6H,O 28.09g/1

NaH,PO, 21.2g/1
(CH2COON3)2 . 6H20
5.01g/l

tranquilizer : Pb(NO;),

Figure 2 (a) SEM micrographs and (b) mapping on SiC particulate after
electroless plating with nickel.

solidification regions [19], and their distribution will
depend upon the interactive force between the partic-

Figure 1 Schematic diagram showing the process of electroless pIatindJIateS and the behavior of the moving solidification
of the SiC particulates with nickel.
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TABLE Il The parameters of die casting

Die casting machine 350 tons Velocity of gate 4215 ms?!
No. of cavities 3 Diameter of plunger 57.15 mm
Velocity of plunger 26 mst
Mold temperature 200+3°C Filler time 0.056 s
Thickness of gate 1.7 mm Al alloy melting temperature 680 +5°C

Three cavities for tensile, impact, and three-point bending test samples.

distribution of particulates, Xie Guohomgal. [15] in-  inthe die casting process, the design of the flow system
dicated that the effects of the particle type and size obbviously plays an important role. As very few stud-
SiC, Al,Ogs, or SiQ, particle reinforced Al-4% Mg com-  ies covering particulate aluminum matrix composites
posites on the pushing behavior during solidification,using die casting processing have been reported [21,
and the intensity of pushing during the solidification 22], the present work was undertaken to investigate the
was determined by the mass ratio of equiaxed cell tgproduction of A360/Si¢,) and A380/Si(,) aluminum
particle. matrix composites, using the die casting process, and a
AMC products have been made using traditionalflow system designed by the authors. As the mechanical
manufacturing methods, such as casting, forging, exproperties of composites are their main point of inter-
trusion, etc. When using gravity casting for near net-est, the die casting produced was designed such that
shape products, porosities are often produced if the floensile, impact and three-point bending samples could
gating system has not been suitably designed. In conbe sectioned from the casting for testing purposes. As
parison, with die casting, castings may be producedhe mechanical properties of the composite are strongly
at a faster rate and lower cost, with less porosity. Ininfluenced by the size and distribution of the particu-
addition, if better die castings are required, a steadyate, the SiC particulate distribution in the flow sys-
metal flow into the die cavity is required. As the air in tem was studied in particular, as well as the effects of
the cavity can produce porosity when surrounded byparticulate size and nickel coating on the former. So we
the melt and reduce the mechanical properties of the
castings, it is important to maintain turbulence when
pouring to a minimum, although a certain amount is in-
evitable. Therefore, to maintain the quality of a casting
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|
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Ill:Three point
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Figure 3 Schematic diagram of the die casting mold showing the flow Figure 4 Tensile, impact and three-point bending test samples made by
system design. die casting.
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injector pin

section examined
microscopically

Figure 5 Optical micrographs showing SiC particulate distribution in
(a) DI, (b) DIl and (c) DIl matrix alloys.

will use the above-mentioned flow system and cast wit/®=gao
A360/SiGp) and A380/Si(,) aluminum matrix com- —
posites using die casting, and discuss the distribution o . . .

f SiC particulate in the flow svstem observed with anFlgure 6 (a) Schematic diagram showing the section of impact sample
0 N p . Y . o examined optically, perpendicular to the notch plane; (b), (c) optical
optical microscope (OM). Meanwhile, we will dISCUISS micrographs showing SiC particulate distribution in (b) DI and (c) DII
how the size and the surface electroless plated nickebmposite matrices.
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of particulate effect the distribution of particulate in 3. Results and discussion

matrix. 3.1. Distribution of SiC particulates
The aim of this study is to provide a reference for the in the die casting
die casting of AMC materials. The tensile, impact and three-point bending test sam-

ples made by die casting are shown in Fig. 4. The distri-
bution of SiC particulate in the matrix is uniform, shown

. in Fig. 5a to c except for the sample from the impact test
2. Experimental procedure including 80m SiC particulates that are clustering in
The mater:)als _ used in _the present studyo A he leftand right edges of the section vertical with notch
A.?’GO/lO WL% SiGp) composites [D1], A3600/1Q wi% plane and near notch. The cross-section of the impact
SiCip) composites [DII], and A380/10 wt% Sigy +  sampe was examined optically, vertical with the notch

5 wt% SiC? composites [DIll]. The average com- ; - Ctpibay :
. i plane is shown in Fig. 6a, and the distribution of SiC
positions of the A360 alloy (purity 99.7%) and A380 |, icjjate in DI and DIl composite matrices are shown

alloy (purity 99.7%) used in present study are shown inin Fig. 6b and c, respectively. From the micrographs,

Table |, where the average size of the §SiGy, and 0 can see that the §0m SiC particulates cluster in

: p)
SiC) are 80um, 80um and 15um, f phase, ITégu-  q |eft and right edges of the section vertical with the
lar shape, purity (99.9%), StQuith electroless plating  oich plane and along the notch tig45°), Fig. 6a. In
nickel in the surface of SiC particulate. The purposeihe pjj| composite, the 8m SiC particulates are dis-
of electroless plating nickel is to improve the wetting yipyted in the edges, but the 43n SiC particulates are
ability of the interface between SiC particulates and Algistribyted uniformly throughout the matrix, as shown
alloy matrix, and promote the joining properties of the iy Fig. 6c. During the die casting process, the molten
interface. The process of electroless plating with nickelyeta| flows into the cavity, and the cavity is filled from
is shown in Fig. 1. Fig. 2a shows a scanning electron,stiom to top. A schematic diagram of the flow is shown
micrograph of nickel-plated SiC particulates. From thej, Fig. 7. Filling takes place as follows: the molten
corresponding Ni X-ray image (Fig. 2b), we know that meta| flows into the cavity from the gate, in fountain-
the surface of the SiC particulate has been uniformlyjjxe fashion. with some of the metal in the corner
plated with nickel. We have used this technology [23] t0fjowing along the wall of the cavity affected by gravity,
prepare A360/Sig and A380/SiG;) aluminummatrix 45 shown in Fig. 7a and b. When the filling is near the
composites. . . notch, turbulence will occur, as shown in Fig. 7c. When
Using a melt of composites at 700, in all cases, fijing is continuous, the molten metal in the top left
the melt was stirred continuously, using a specially de'part in Fig. 7c will fall along the notch plane, so there

signed impeller made of graphite. The stirring was suchy;j| pe circulation of the molten metal and, hence,
that no whirlpools formed, and the SiC particulate was

well mixed within the melt, to assure the SiC particulate
was incorporated in the alloy.

As mechanical property testing of die castingsis gen
erally carried out, in the present study, the die castin
mold used was designed to provide tensile, impact an 4\ flow 4\ flow
three-point bending specimens. A schematic diagrar L1
of the die casting mold and the flow system design is
shown in Fig. 3, while the die casting parameters ars 9
given in Table Il. The mold was fabricated from SKD — cavity
61 material then subjected to carbonitriding to enhanc| notch %

%

the mold hardness to HRC 60.

During the entire process of the die casting, it wad I
necessary to prevent the SiC particulate from sinking 4\ /b i
to the bottom of the melt as a result of gravity. Stirring flow o
with a graphite agitator and impeller continuously is @ ®
required in the melt of composites, as well as averting
whirlpools in the course of agitation. Owing to the fact /[\ o

ow
Ll

I/I\I flow

that different mold temperatures will directly affect the
properties of die casting, the temperature of the mol
must be equal to the thermal equivalent after die castin N
several times. We can therefore obtain the die castin turbulance
samples required, and to ensure the properties of d Z
casting reach the steady state.
Several sections were cut from the die cast sample 7
After mounting, the samples were polished using SiQ '
abrasive paper (from #200 to #1200 grade), followeq 4\ flow /I\ flow
by polishing with a liquid suspension of 0.3n Al,Os © @
particulates in water. The polished samples were the
examined for SiC particulate distribution, using a Nikon Figure 7 Schematic diagram showing melt flow during the die casting
optical microscope. process.

— porosity

N
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Figure 8 (a) Schematic diagram showing the section of impact sample examined optically, parallel to the notch plane; (b), (c) optical micrographs
showing the SiC particulate distribution and porosities in (b) DI and (c) DIl composites.

turbulence occurring near the notch plane. The:80 is short, these SiC particulates will be entrapped im-
SiC particulatesq = 3.12 gcnt3) being heavier than mediately by the solidifying matrix near the wall of the
the liquid metal p = 2.78 gcnt?), are easily scat- cavity, and we can see the 8n SiC particulates clus-
tered to the edges of the cavity. Because the filling timeaering more in both left and right edges of the vertical
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sections shown in Fig. 6b and c, than in other regiong
In comparison, the 12m SiC particulates are lighter gate
than the 80um SiC particulates, so the phenomenon
of clustering is not that obvious. Also, because of the L
circulation and turbulence, the 8an SiC particulates | Shot biscuit
will be distributed near the notch, and we can find her¢
have easily air is involved in forming porosities at the
tip of the notch plane as shown in Fig. 7d, and is not sc
easy to exclude, as seen in the optical micrographs ¢

Fig. 8. Section examined vertical runner
Thus, in the case of composite die castings, when wimicroscopically
design the flow system of the die casting, if the casting (@)

has non-continuous shapes (such as a notch) or if a
larger size of particulate is used, particulate clusterind
in the matrix and the formation of porosities will also

have to be considered.

3.2. Distribution of SiC particulates in the

shot biscuit
Fig. 9a shows the region of the shot biscuit that was
optically examined. The micrograph in Fig. 9b shows
the SiC particulate distribution, where segregation ol
the 80 um SiC patrticulate is observed, whereas the
13 um SiC particulate distribution over the shot biscuit
is uniform. The clustering of the §dm SiC particulate
is explained on the basis of the fact that (i) the shot
biscuit region is the last to solidify, and (ii) the density
of the SiC patrticulates is greater than the aluminun
alloy melt, so they tend to settle to the bottom. Although
the SiC particulates are uniformly distributed in the die
casting, such settling in the shot biscuit will lower the
quantity of SiC in other sections.

Thus, one needs to pay attention to the problem o
settling; especially if the particulate size is larger or the
density is much higher compared to the aluminum al-
loy melt. Owing to the phenomenon of turbulence in
the whole shot biscuit die casting flow, the SiC par- . |
ticulates clusters randomly in a region, making the - “ v
SiC patrticulate cluster in the irregular shape of an arc| 4ty Ihﬁ : (b)
as shown in Fig. 10a and b, respectively. In addition,
we can find the dendrite arm spacing (DAS) of SicFigpre 9 (a)' Schematic diagrgm shqwing the sectio_n ofs_hot bist_:uit ex-
particulate clustering regions is greater, whereas, th in;tl:;sdtig?\t:(r:]aihlotagidsébi)t optical micrograph showing SiC particulate
DAS regions without particulate is smaller, as shown ! u'
in Fig. 10c. In addition, an obvious demarcation line

exists between the region of DAS sizes. This IS béyeneq microscopically is shown in Fig. 11a, the melt
cause in the region with more particulate CIUSterIng'flow from shot biscuit to vertical runner is shown in

the specific heat will increase r_elatively. So the partic—Fig_ 11b and the distribution of the SiC particulate in
ulate clusters, makes the cooling rate here lower thap, 5y hetween shot biscuit and vertical runner is shown
in the region that has no particulates. This shows the, Fig. 11c. From the photograph we can see the den-
(rjate do_f solidification and thelzrehls iﬂokugh tlmfe ;or tEedrite arm spacing (DAS) in the matrix of the shot biscuit
b_en rite to gr(n/v. IS general, the thic hness ot the Sd°¥s larger, but the DAS in the vertical runner is smaller.
iscuit is usually about 3—15 mm. In the present studysryg rea50n is that the melt in shot biscuit solidified more
the thickness of the shot biscuit was varied from 11 mny iy than in the vertical runner, so the dendrite arm
to 47 mm, to determine its effect on segregation of the, 5 gnough time to grow. The amount of particulate in

particulates. the shot biscuit is larger than in the vertical runner. If
we observe all the distributions of SiC particulate in the
shot biscuit and vertical runner, we find less particulate
3.3. Distribution of SiC particulates in the in the curved region of the vertical runner as shown in
vertical runner Fig. 11c, and in the other regions, the particulate is dis-

The runner is the passage that connects the shot bisributed uniformly. So, distribution of SiC particulates
cuit and gate, to allow the liquid melt to flow into the in Fig. 11c is in two obvious regions, caused by melt

cavity efficiently. The region of the vertical runner ob-
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Figure 10 Optical photomicrograph of SiC particulate cluster distributed in the matrix and the cluster region formed the shape of (a) arc and (b)
irregular; (c) the dendrite arm of SiC particulate clustering region and without particulate region.
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vertical runner

(a)

vertical runner

free SiC zone
% shot biscuit

(b)

SiC particulate near the corner. To prevent the forma-
tion of porosities, low pressure regions or whirlpools,
the shape of the gate should not change sharply in
design.

3.4. Effect on the design of injector pins

The purpose of setting up injector pins is to push die
castings out of molds. In general design, the mold ex-
tends several millimeters above the free surface where
the injector pins were situated Fig. 12a shows the pro-
trusive region of injector pins observed by optical mi-
croscopy. From Fig. 12b and ¢ we can find that SiC
particulate cluster on the protrusive region in DI and
DIl, but less particulate is seen around the injectors.
80 um SiC particulate clusters more on the protrusive
region in DIII, but 13um SiC particulate is distributed
uniformly in the matrix. When polishing the protrusive
region down to the free surface of the sample, SiC par-
ticulate clusters in the region disappears, as shown in
Fig. 12e. If polishing continues to remove the last ves-
tige of injectors, all the SiC particulate is distributed
well on the matrix as shown in Fig. 5. The above re-
sult is because the melt of composites in the process of
filling diverges, 80um SiC particulates tend to cluster
on two sides and the injector pins create a protrusive
region, so SiC particulates tend to cluster here easily
allowing this region to collect more particulate. Also,
in the free surface of the die casting sample a thin layer
exists without SiC particulate. When this surface is pol-
ished more particulate appears here, and lessinthe other
regions. If we keep polishing out the thin layer of free
surface in the die castings, SiC particulate appears in
the internal parts.

3.5. Effect on the design of overflow wells

The purpose of an overflow well is, when filling, the
air and some impurities in the cavity can be taken into
this overflow well, preventing the formation of porosi-
ties, improving the flow of melt and adjusting the local
temperature of the cavity. There are two designs of over-
flow wells in the present study shown in Fig. 13a and b.
One is a wave-shaped overflow well (type I) and the
other is a fan-shaped overflow well (type Il) and their
microstructures seen under an optical microscope are
as shown in Fig. 13c and d. From this photograph we
know there is less porosity in type | than in type I,
resulting from the air in the cavity having been pushed
into the wave-shaped overflow well in the initial period

Figure 11 (a) Observational region of optical microscope of vertical of fiIIing and the flow field of the die casting is further;
runner, (b) schematic diagram of the melt flow from shot biscuit to ver- for type II. the flow field of the die casting is shorter and

tical runner and (c) optical micrograph of SiC particulate distributed in

the matrix between shot biscuit and vertical runner.

flowing through the vertical runner of a 76urve run-

easily produces back pressure, so the air in the cavity
is not easily excluded. If type | and type Il die castings
are placed into an air furnace at 5@, and after 2 h
put into water to quench, the type Il die casting has
blisters in its surface. This shows that type Il design die

ner. The melt involves the air easily when it is flowing casting is not ideal and wastes materials. The recycling
around the corner, and that place will generate a lovwof particulate metal matrix composites is difficult and
pressure region for the initial period, and in the laterthe cost is high. So, to reduce the cost of die casting
period, the melt will flow into the low pressure region using these materials, the wave-shape overflow well is
through permeation. We can thus see that there is lessiggested.
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Section examined
microscopically

Nl=

a

|400|

Figure 12 (a) Observed region of injector pins by optical microscope; optical micrograph of SiC particulate distributed in injector pin in (b) DI, (c)
DIl (d) DIl and (e) after polishing the surface on the protrusive region to the free surface of DIl sample.

3.6. Influence of SiC particulate electroless quantity of ALCs will have also increased with time.
plating with nickel In industry, the process time of die casting is long,
SiC particulate has unstable thermodynamics at higlso the viscosity of the melt will be increased with
temperatures, so it easily produces the reactiop#Al  time and will affect the flow of die casting and re-
3SiGs)— Al4Cy(s) + 3Si1) with melted aluminum al- duce the mechanical properties of the products. To
loy at the interface, and forms brittle intermetalic com-avoid the viscosity increasing with time, electroless
pounds such as AC3 [24]. Simultaneously, the vis- nickel plating can be used on the surface of SiC par-
cosity of the composites will have increased and thdiculate uniformly to reduce the interface product and
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promote the joining property of the interface. From ex-cast sample, and wearing of the plunger are minimized.
periment it is clear that SiC particulate with electro- In addition, the nickel plating is not found to influence
less nickel plating is necessary for the long-time pro-the particulate distribution.

cess of die casting. So, SiC particulate plates without

nickel, will give rise to certain negative effects after

long time die casting. These are: (1) The die casting

adheres easily to the surface of the mold cavity; (2) BeAcknowledgements , _
cause of the increment of viscosity, the pressure mustNis work has been supported by the National Science
be high, although this could result in the wearing of €ouncil, Taiwan. We also would like to thank Mr M.
the head of the plunger; (3) Thermal cracking result<3- Shau for preparing the die-cast samples.

easily on the surface of die castings. If the SiC par-

ticulates are nickel plated, these defects will not occur

and we can also see the distribution of SiC particulat
plating nickel in the matrix is similar to that in the DI
system.

4. Conclusions

Tensile, impact and three-point bending die cast sam
ples of A360/10 wt% Sig), A360/10 wt% SiG,
and A380/10 wt % Si)+ 5 wt% SiGg) aluminum
matrix composites were successfully manufactured ir
the present work, and the effects of the flow sys{ \« J
tem design, size of particulate, and electroless platin \ /

of the SiC particulates with nickel was also studied.
With reference to the die casting of SiC particulate
aluminum matrix composites, the following may be
concluded:

(1) Except for the sample of impact 80n SiC par-
ticulate that clustered in the left and right edges of the
section vertical with the notch plane and the site of the
notch tip, 13um SiC particulate and 82m SiC par-
ticulate distributed uniformly in the matrix in all die Type | | (@)
casting samples.

(2) There are porosities near the notch tip in the im
pact sample.

(3) 80 um SIiC particulate segregates in shot biscuit;
yet the distribution of 13:m SiC particulate is very
uniform in the matrix.

(4) Increasing the thickness of the shot biscuit resulty
in SiC particulate clustering in the arc and irregular
regions. The size of DAS in the shot biscuit is larger
where there is SiC particulate cluster, and there is a
obvious demarcation line between the larger DAS an(
smaller DAS.

(5) From shot biscuit to the 70arc of the vertical
runner turbulence in the region reduces the quantity g

flow

SiC particulate.
(6) On the surface of the protrusive region, SiC par
ticulate clustering occurs; on the sub-surface, we dis
covered this area has a lower quantity of SiC particu; flow

late but in the vicinity of the region, the SiC particu-
late is distributed uniformly. Further into the internal
parts, SIiC particulate is distributed uniformly in the
matrix.
(7) An overflow well designed in the shape of waves Type II
can help reduce the porosity in the die casting. (b)
(8) Electroless nickel plating of the SiC particulate
surface can assistin maintaining the die casting ProCes3yure 13 schematic diagrams of overflow well (a) type I: wave shape
parameters, as factors such as adherence to the malgy b) type ii: bulk shape; optical micrographs of (c) type | and (d) type
cavity surface, thermal cracking on the surface of the dia! of overflow.

2239



B

&poro‘s[‘y..‘.h

Figure 13 (Continued).
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