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Abstract: A new technology of functionally graded materials( FGM) mould fabricated by plasma spraying and arc

spraying was developed. According to applied characteristic of plastic mould, the reasonable coatings of FGM were

designed and their microstructures were analyzed. At the same time, some key problems were solved including spray

mould fabricating, FGM forming and demoulding, etc.

The results show that the service performance of the FGM

mould is much more excellent than the one composed of the traditional materials, and the life span can also be great-

ly increased. The technology will have a significant influence on materials development in mould industry.

Key words: spraying forming; functionally graded materials; plastic mould

CLC number: TG 174; TG 241

Document code: A

1 INTRODUCTION

The development of coating technology
provides a great opportunity for rapid tooling. Arc
spraying, which is rapid, efficient and low cost, is
widely applied in the field of pressing and injection
moulding' ™. Moulds by spraying low melting

point metal or alloys, have poor service
performance and low life span. Newbery et al'’
using arc spraying technology to spray steel direct-
ly onto a master pattern offered an approach of re-
ductions in the lead times and cost to make com-
plex tooling for polymer injection moulding, and
the service lifetime is improved to a certain extent.
However, such problems as crack, warp and shed
can not be solved in the fabrication of large moulds
and thick coatings. By contrast, plasma spraying,
with high temperature of jet, flexible control and
large selection of materials including ceramic mate-
rial, provides a quick, accurate, simple and rela-
tively effective route for producing metal parts or
tools. And dense coating with low porosity can
then be prepared. Therefore, it has special superi-
ority in rapid tooling and thin-wall parts forming in
[8-11]

recent years Fang and Xu'"' analyzed the
process of plasma spray forming completely, inves-
tigated the factors influencing the quality of the
spray-formed parts in detail, and finally obtained
the metal with high melting point and ceramic
parts. Shan et al'" used plasma spraying as the
heat source to melt metal powders and then to de-

posit the melt directlv onto the sprav mould made

by rapid prototyping ( RP). The process and key
technologies were also analyzed and described.

At present, whether the moulds are fabricated
by arc spraying or by plasma spraying, work coat-
ing and backing layer are separately fabricated with
single material, which results in abrupt changing
of material component and performance in their in-
terface. When moulds are suffered by asymmetri-
cal force and heat under poor condition, the con-
centration of stress and strain will yield in the in-
terface and induce coating spallation, hence results
in mould invalidation. While the microstructure
and material ingredients of FGM appear a gradual
variation in the direction of thickness, and the ma-
terial performance can be better matched without

", Gu et al'™ used sphe

evident interface effec
roidized ZrO2/ NiCrAlY powders to prepare func
tionally graded coatings which have good chemical
homogeneity and uniform density. The microstruc
ture, density and microhardness changed gradient-
ly in the FGM coatings. The bond strength of gra-
ded layers was about twice as high as that of the
duplex coatings because of the significant reduction
of the residual stress in the coatings. Sampath et
al'' analyzed the physical, thermal and mechanical
characteristics of the NiCrAlY-zirconia FGMs de
posited by plasma spraying in linear and parabolic
grading profiles. Although FGM is always the re-
search subject of great attention in the field of nav-
igation and spaceflight, there is few of study in the
mould industry.

In this paver. according to plastic mould work
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conditions, an available gradient material structure
will be designed, and FGM coating will be sprayed
by strictly controlling the proportion of feeding
At the same
some important process problems during

powders and spraying conditions.
time,
spraying will be solved such as spray mould fabri-
cation, demoulding and so on. And the microstruc
ture of gradient coating will also be analyzed.

2 DESIGN OF COMPONENT AND STRUCTURE

Plastic injection moulds work under thermal
and mechanical loadings, which must endure the
nonuniform molding pressure ( locking force and
inner force) and chemical erosion from plastic and
additive, meanw hile they must keep a good surface
roughness and dimension precision. FGMs are new
composite materials with a gradual variation of
composition, microstructure and mechanics per-
formance, so the stress and strain concentration
can be decreased. At the same time, the plastic
yielding and invalidation can be delayed greatly, so
the life span can be increased significantly.

The hard WC particles in the coating result in
high coating hardness, high resistance to wear,
impact and corrosion, and high ductility and ther-
mal conductivity, while the metal binder ( Co) sup-
plies the necessary coating toughness. T herefore,
WC-12% Co powders ranging from 63 Hm to 90 Pm
are selected as work layer material, NiCrAl pow-
ders with a size distribution of 90 ~ 106 Hm are used
as bonding material, and zinc alloys are selected as
transition layer material by electric arc spraying.
The plasma spraying parameters are shown in
Table 1(Spray distance is 120 mm). The gradient
material structure of plastic mould is shown in
Fig. 1. The volume fraction of WC-12% Co and Ni-
CrAl are defined as % and % respectively, and %
+ ®%= 1. where ®(1)= (/h)", and 0 ¢ Sh. The
distribution function curves are shown in Fig. 2.

The total volume fraction of WG 12% Co is defined as

1 1
P = ¢ =
AT hJT) A(t)de e (1)

Fig. 1 Material structure of plastic injection mould
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Fig. 2 FGM distribution function curve

From Eqn. (1), we can draw a conclusion that
the value of n depends on the volume percentages
of different components and physical parameters of
the gradient layers, such as elastic modulus,
Poisson s ratio and coefficients of thermal expan-
sion. So optimum gradient layers can be obtained

according to the optimization of the exponent n.
3 TECHNICAL PROCESS

Spray forming process of FGM mould is
shown in Fig. 3.

3.1 Spray mould fabrication

Table 1 FGM spraying layer structure and process parameters

Volume fraction

Spraying parameters

Average
Layer Ar flow H, flow N> flow  Carrier gas Powder thickness/
:P;/ ?/ Volt\?ge/ Curzent/ rate/ rate/ rate/ flow rate/ feed rate/ mm
? ? (Lemin®y(m? e h™ "y (Temin®®) (m*eh™"y (gemin~!)
1 100 0 102 320 35 0.20 10 0.45 40 0.30
2 75 25 98 320 35 0.18 10 0.45 40 0.55
3 50 50 80 300 35 0.15 8 0.45 40 0.55
4 25 75 77 300 35 0.11 8 0.45 40 0.55
5 0 100 72 280 35 0.08 8 0.45 40 0.65
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The shape and dimension precision of mould
cavity by rapid spray forming depends on the quali-
ty and the precision of spray mould. Hence fabri-
cation of spray mould is the key technique. Tradi
tional and nontraditional machining and reproduc
tion methods can be used. Such materials as metal,
alloys, nonmetal and composite materials can be a-
dopted. Because of good thermal resistance and
shock resistance, and stability of dimension preci-
sion, ceramic moulds are usually selected as spray
mould for spraying metals, alloys with high melt-
ing point and ceramic materials.

3.2 Spray forming of FGM

Plasma spraying and arc spraying are adopted
to form FGM mould in the paper. The former is
realized by adjusting pow ders proportion and feed-
ing rate to control the ingredient and structure of
the coating. The latter is carried out by means of
double arc spraying gun through changing wire ma-
terials and feeding velocity. The technical methods
are shown in Fig. 4.

When one plasma gun with a single-hopper
path powder feeder is used to form FGM, powders
are mixed with a certain proportion in advance and
then are put into the hopper to realize the gradient
coating whose ingredient transits step by step.
This method is so complicated that some processes
have to be done such as stopping spraying to mix
powders in a new proportion and cleaning the hop-
per. There are two methods to feed powders by a
double-hopper and singlepath instrument. One is
to control the relative feeding rate according to the
pow ders proportion mixed in advance, and then to
deliver to the plume. The other is to deposit each
material in turn and alternately to obtain gradient
structure. Double or more paths powder feeder is

to inject various component pow ders with different
proportions purposely in a suitable place of special-
ly designed guns. Inner and outer feeding powder
methods are used simultaneously to obtain FGMs.
Consequently, powders feeding rate can be con-
trolled separately by this method. Double-gun
spraying method is currently employed by two
guns to spray different materials and to realize gra-
dient materials.

Single-gurnrpath feeding method has to face the
problem of different specific gravity of different
powders, which causes the rate change in the
torch. For singlegun and doublepath feeding
method, there are some disadvantages such as two
kinds of powders insufficiently mixed and coating
segregation. Thereby, it is the key technique to
design the instrument of continuous proportion
feeding and mixing automatically. Compared with
a single plasma gun spraying method, double gun
spraying can optimize parameters of two kinds of
powders because spraying conditions can be con-
trolled separately. However, the distribution unt
formity of different components in the coating can
not be surely guaranteed because of the disturbance
in the plasma jet. Meanw hile the manufacture cost
increases. Accordingly, functionally gradient com-
posite coating can be realized by selecting alloys of
powders, wire and fake alloys by the double-gun
spraying method.

3.3 Demoulding

The main reason of demoulding after backing
treatment and reinforcement is that the mould cavr
ty may be damaged by the external force. Accord-
ing to spray mould materials and process condr
tions, destructive, non-destructive and composite
demoulding methods can be adopted.
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Fig. 3 Technic process of forming FGM mould
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Fig. 4 Forming method of FGM mould
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4 RESULTS AND DISCUSSION

The microstructure of FGM mould cross
section is shown in Fig. 5. The thickness of WC-
12% Co/ NiCrAl system of FGM is 2. 6 mm. Dur-
ing spray forming, the composite powders are fed
with a gradual variety, which can eliminate the ab-
rupt interface transition. The microstructure of
FGM layers shows continuous gradient transfor-
mation, which can get a better compact bond.
Meanw hile, it provides an effective method for
producing thicker spraying layers.

Zn

Fig. 5 FGM coating

Backing by bismuth-tin alloys can reinforce
FGM spraying layers. In order to improve the
bonding strength of the interface between FGM
layer ( pure NiCrAl) and backing materials ( bis-
muth-tin alloys), zinc alloys were sprayed on the
surface layer of pure NiCrAl as a transition layer.
The microstructure of the interface cross-section is
shown in Fig. 6. As the zinc alloys are sprayed by
the high-speed electric arc gun, the molten wire is
fully atomized and the metal drops with a high
speed are embedded into the uneven substrate of
pure NiCrAl. Due to the high velocity and small
size of in-flight particles, the particles are suffi
ciently flattened, hence a compact zinc coating with
a low porosity forms.

The surface of the mould cavity is made of
WC-12% Co in which Co can alleviate the oxidation
and decarbonization of carbonization tungsten.
From Fig. 6, it is clear that there is a large amount
of semrmolten and unmolten WC particles in the
layers, which can improve the hardness and wear
resistance of the mould cavity. Hardness gradient

Fig. 6 Microstructures of coating
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Fig.7 FGM coating hardness

transformation is shown in Fig. 7. Experimental
results show that the life span can increase about
40% compared with traditional machining.

S CONCLUSIONS

1) Spray forming is a simple and high efficient
technique for fabricating FGMs, which provides an
effective way to obtain large area and thickness
coatings with a high quality. The problem of spall-
ation of the coating, which results from stress con-
centration produced in the interface of composite
materials, is solved.

2) A novel concept of FGM mould made of a
WC-12% Co/ NiCrAl system by spray forming is
advanced, which is effective to improve the wear
resistance with low cost and long life span. And it
will become the most important research trend in
the mould materials.
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