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A process has been developed to produce molds or tooling using a steel or chrome-plated steel model. The
investigation examined the effect of coating and medel materials, model temperature and spray angle on
the coating separation from the model surface, coating delamination, and surface quality. A polished
model disk was heated and then plasma sprayed with iron, nickel, Ni-Al, or Ni-Cr-B-Si. It was found that
the minimum temperature to facilitate entire coating removal was lower for steel models and varied be-
tween 200 and 450 °C depending on the material. However, at higher temperatures the higher bond
strength produced by oxidation on the steel resulted in significant ceating pullout. A chrome-plated
model, heated to 600 to 700 °C, is required to produce a defect-free coating. The effect of substrate angle
on open porosity is most critical for the Ni-Cr-B-Si alloy and least important for Ni-Al coatings. The sur-
face roughness of the plasma-sprayed molds is comparable to the corresponding models, permitting good
surface detail reproducibility. Several molds and tools were produced for use in the glass, rubber, and
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Mold Manufacture with Plasma Spraying

plastics industries.
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1. Introduction

THE MANUFACTURE of components typically requires a form-
ing or shaping stage. This is accomplished with molds, tooling,
or dies. Several routes are available for producing molds, in-
cluding pressing, electroforming, electrical discharge machin-
ing, chemical erosion, precision casting, and machining (Ref 1).
Plasma spraying is another technology requiring few manufac-
turing stages to produce molds with complicated surfaces and
precise dimensions (Ref 2). This process reduces tooling costs;
thereby supporting shorter production runs for a larger variety of
products and permits quick manufacture of prototypes. The
method can produce irregularly shaped parts, providing an ex-
cellent copy of surface detail and maintaining precise form and
dimension.

The desired outcome of metal spraying is adhesion of the
coating material onto the model surface during spraying and
separation of the deposited material after spraying to produce a
surface finish identical to the model surface: a smooth, nonpor-
ous deposit without cracks and de-adhered regions. Metal spray-
ing has been used since the early 1970s, when it was discovered
that thin shells of zinc and zinc-tin could be sprayed onto models
of wood, plastic, and other materials (Ref 3). Molds with a larger
surface could be prepared for applications requiring low pres-
sures and temperatures, such as in the plastics industry.

2. Thermal Spraying Approach

The preparation of metal-spray tooling consists of five steps.
In step 1 a model is produced by stereolithography (Ref 4) or
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machining or is crafted by hand to a smooth surface with dimen-
sions of the desired end product. It is then covered with a high-
temperature barrier coat (step 2) to protect the model and a
parting agent, such as polyvinyl alcohol, to promote release of
the model when the tool is finished. The model is covered with a
metallic coating about 1 to 3 mm thick using metal spraying
(step 3). At this stage the coating is very flexible and needs sup-
port. To give the thin shell rigidity and ensure that no change in
dimension occurs during handling, the mold is framed (step 4)
and then a backup material is applied (step 5).

An excellent surface finish can be achieved by spraying low-
melting-point materials such as tin or Kirksite (a zinc-base al-
loy; TAFA, Inc., 146 Pembroke Road, Concord, NH 03301)
onto glass, poly (methyl)methacrylate, polycarbonate,
polypropylene, or polyimide (Ref 5). Accurate surface replica-
tion, however, is dictated by melting or deformation of the pat-
tern material. Use of copper, steel, and aluminum is difficult to
apply onto models because of high melting temperatures and
shrinkage rates. Weiss et al. (Ref 6) overcame this difficulty by
using a tin-alloy-coated model onto which plasma-sprayed
stainless steel superficially melted the tin to create good adhe-
sion, thereby overcoming problems of coating warpage and de-
lamination. Again, accurate surface replication is limited by
melting of the tin alloy. Control of the surface temperature with
air cooling is important to avoid excessive expansion and melt-
ing of the tin alloy.

Use of a steel model offers another alternative for producing
molds or tooling. Loss of model shape from melting is no longer
an issue, allowing high tool or mold performance materials to be
sprayed in addition to producing a support or backing material
using the same process. The model can be heated to high tem-
peratures, which offers several advantages. Deposition of the
molten droplets onto hot substrates produces well-formed la-
mellae with lower coating porosity (Ref 7) and higher deposi-
tion efficiency (Ref 8). The requirement of a smooth
surfacedecreases the number of “stringers” or secondary
splashes and is necessary in order to impart smoothness to the
mold inner surface. After deposition of the first material layer,
another material with a similar coefficient of thermal expansion
can then be sprayed to provide support to the mold after re-
moval. Furthermore, once the mold or object has been produced,
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no further operations are required. This paper will show how the
surface replication depends on the coating material, substrate
material, substrate temperature, and deposition parameters.

3. Experimental Procedures

3.1 Materials

Steel (Fe-0.45C) was chosen as the model material. Coating
materials with a coefficient of expansion similar to the substrate
were selected to avoid coating delamination during the cooling
process. Iron, nickel, Ni-20A1 and Ni-Cr-B-Si (with a composi-
tion of 8 to 14 wt% Cr, 2 to 3 wt% B, 1 to 3 wt% Si, and a balance
of nickel) were the spray materials. The latter three materials
were chosen for their applicability in high-temperature (>700
°C) operating conditions. Nickel has good corrosion resistance
and has been used previously for compression and injection
molding of plastics (Ref 9). The Ni-Cr-B-Si superalloy has good
abrasion, corrosion, and oxidation resistance (Ref 10) and isem-
ployed for protection against corrosion and wear of machine
parts (Ref 11). Boron and silicon in the alloy provide better flow
characteristics of the molten particles, producing denser coat-
ings.

The iron and nickel powders, obtained from metallurgical
factories in Ukraine and Russia, were irregular in shape. The Al-
Ni and Ni-Cr-B-Si, plasma spraying powders with a spherical
morphology, were from Russia and Ukraine, respectively. The
Ni-Al powder consisted of nickel encapsulated in aluminum. A
mechanical mixture of iron and copper was sprayed as the back-
ing material for the mold support. Powders were classified by
sieving to a particle size range of 30 to 80 um for nickel, but 40
to 100 wm for the other materials.

Steel was chosen as a model material due to its availability
and good machinability. Models were manufactured in the form
of disks (see section 3.3) and polished to a surface finish of 0.05
um. A chrome plating (~10 pum thick) was electrochemically ap-
plied to the models by electroplating.
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Fig. 1 Fixuwre for determining the minimum mode] temperature for
adhesion of the coating to the model disk
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3.2 Spraying Conditions

A custom-built plasma torch with a 6 mm internal anode di-
ameter was used for plasma spraying. The power level was set to
28 to 31 kW with 350 A and 80 to 90 V. Technical-grade argon
(Ar-15N5) was used as the primary plasma gas, and hydrogen
(10 to 15%) was added to increase the plasma enthalpy. The
powder was delivered to the torch at 2 to 5 kg/h, and spraying
was conducted at a standoff distance of 10 cm.

3.3 Evaluation Methods

The first stage of the investigation involved obtaining good
attachment of the coating during the spraying process followed
by entire coating removal from the model surface. It is known
that coating adhesion depends on the roughness of the surface to
be coated. Spraying onto a rougher surface generally produces a
strong attachment (Ref 12). Adhesion on polished surfaces is
minimal and the coating can undergo fragmentation and warp-
age during the spraying process. Heating the substrate surface
enhances the coating adhesion. Disks (30 by 80 mm diam) pol-
ished to a surface roughness of 0.05 pm were heated in a muffle
furnace for about an hour and placed onto a thermally insulating
layer in the fixture (Fig. 1). A2 to 3 mm thick coating was imme-
diately sprayed onto the model to determine the minimum tem-
perature for uniform coating adhesion. This was repeated at
higher temperatures in 50 °C increments until the coating did not
deform during the spraying process. Coatings were produced on
steel and chrome-plated surfaces. In this fashion, the tempera-
ture at which a uniformly adhered coating is formed could be de-
termined. The temperature of the metal surface was measured by
a thermocouple positioned 1 mm behind the front face of the
metal plate.

The second stage of the investigation determined the proc-
essing parameters that ensure a good coating finish after separa-
tion from the model. A disk, smaller in size than previously used
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Fig. 2 Experimental arrangement for preparing coatings for surface
examination
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(5 by 30 mm diam), was placed onto a cylindrical base and fixed
with a screw through a cylindrical sleeve (Fig. 2). The tempera-
ture of the disk was measured with a thermocouple. The top sur-
face of the sleeve was sandblasted to ensure adhesion of the
coating at lower substrate temperatures. After depositinga2to 3
mm thick coating, the cylindrical base was removed by releas-
ing the grub screws through the sleeve. The coated disk was then
separated from the sleeve, and finally the coating was removed
from the disk for further inspection of the underlying surface.
The underlying coating surface could then be assessed as a func-
tion of substrate temperature. Surface examination for porosity
and pullout from the coating was conducted with an optical
stereomicroscope and a profilometer.

The contoured surfaces of molds may alter the quality of the
deposit. A third experiment determined the dependence of spray
angle on the surface porosity of the coating for all the materials.
A 1otal of 12 regions, in groups of three each, were placed to-
gether to form the test piece. Each region consisted of an area
machined to different angles (Fig. 3). The model assembly thus
presented panels inclined at angles ranging from 10 to 90° to the
oncoming molten particles from the plasma. All four stages were
held together by a single fastener. The temperature was meas-
ured by a thermocouple inserted into the end stage. Coating po-
rosity was measured using an optical microscope set to a
magnification of 100x.

4. Results and Discussion

4.1 Replication of Surface Geometry

Coating conformity and ease of removal are important with
respect to replicating the surface of the pattern. Spraying onto a
cold surface results in peeling of the coating, which begins at the
side of the disk and progresses toward the center. During this
process of separation, the coating cracks due to the thermally in-
duced stresses and separates from the pattern.

Uniform adhesion of the coating to the disk substrate is ob-
served only at elevated temperatures. Heating the steel model to
150 to 200 °C produces better adhesion to the disk. The mini-
mum temperature for uniform adhesion depends on the model
and coating material. The Ni-Al coating on steel requires the
lowest model temperature of 200 °C (Fig. 4). This could be at-
tributed to the exothermic behavior during solidification, which
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Fig. 3 Test block made up of 12 regions, with four groups of three
planes. Angles shown decrease from 90° in increments of 8°. The side
view (extended horizontally for clarity) shows the positioning of the
thermocouple within the block.
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assists in relieving process-induced stresses. Iron, nickel, and
Ni-Cr-B-8Si coatings require a preheat of 300 to 450 °C to form
an adhering coating. The Ni-Cr-B-Si alloy has a high sensitivity
to cracking and exfoliation caused by residual stresses and thus
requires a high model temperature (Ref 13). All coatings pro-
duced at the given temperatures display a grayish appearance,
which suggests a porous surface. Significant pullout was ob-
served for nickel and Ni-Al coatings.

Chrome-plated surfaces require a slightly higher substrate
temperature (~50 °C) to facilitate coating removal (Fig. 4).
Coatings contain less porosity, observed as a lighter gray ap-
pearance, and can be separated with ease from the substrate,
with the exception of Ni-Al
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Fig.4 Minimum model temperature at which a 2 to 3 mm thick coat-
ing does not separate from a steel and chrome-plated steel model
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Fig. 5 Coating porosity as a function of spray angle for iron, nickel,
Ni-Al, and Ni-Cr-B-Si coatings. The porosity is expressed in terms of
a percentage of the total surface area.
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4.2 Coating Porosity and Pullout

The surface finish of the coating is equally important for the
manufacture of a smooth mold. One means of analyzing the sur-
face finish is by measuring pore content and degree of pullout
from the coating surface. The pore content, measured by optical
microscopy, appears to decrease with hotter substrate tempera-
tures. Above 300 °C, the splat morphology changes from a star-
shaped to a regular disklike morphology. This has been reported
for both metals and ceramics in other studies (Ref 7, 14). A
further increase in temperature to about 700 °C could then
promote further spreading, which decreases the porosity con-
tent. A comparison between the steel and chrome-plated steel
model shows that the porosity levels are always lower on
chrome-plated surfaces. This can be explained by the higher
thermal resistance (Ref 15) of the steel model created by the
oxidized surface.

The amount of pullout depends on the model temperature,
coating, and model material. This is observed on the coating sur-
face as darker gray areas and/or on the model surface as dead-
hered coating fragments. For alloyed coatings, pullout
decreases to very low levels at elevated temperatures (Table 1).
Metals such as iron and nickel generally exhibit more adhesion
with the model surface. Matting and Steffens (Ref 16) reported
partial welding of plasma-sprayed iron and nickel deposits with
the grit-blasted steel base. This partial welding to the roughened
surface promotes adhesion. Spraying iron and nickel onto a
smooth steel base also showed bonding (Table 1). The amount of
pulloutincreased at higher temperatures. Analysis of the coating
with x-ray diffraction after removal from the model showed the
presence of iron oxide or metallic compounds formed by diffu-
sion of metallic species across the coating/model interface (Ref
17). The pullout is thought to arise from a reaction between the
metal particles and the oxidized substrate.

Steel cannot be used as a model material at 600 to 700 °C un-
less it is heated in an oxygen-free furnace and sprayed with a
shroud (Ref 18) also used in welding technology (Ref 19). This,
however, is a costly and time-consuming procedure. By using a
chrome-plated surface, pullout can be avoided. Deposition of
iron, nickel, Ni-Cr-B-Si, and Ni-Al materials onto chrome-

Table1 Characterization of model and coating surfaces

plated steel surfaces heated to 600 to 700 °C results in smooth,
reflective, nonporous surfaces that replicate the model surface.

4.3 Substrate Angle and Porosity

Mold production requires molten particles to impinge onto
surface features at different orientations to build up the func-
tional coating. Figure 5 shows the effect of substrate angle on the
coating open porosity for the various materials. Spraying angle
is most critical for Ni-Cr-B-Si feedstock. Increased porosity lev-
els are observed for substrates inclined at 40°. Comparison with
results from other studies is difficult since bulk porosity is con-
ventionally measured. Smith et al. (Ref 20) plasma sprayed cop-
per, alumina, molybdenum, Ni-5Al, and aluminum onto
grit-blasted substrates and showed increased coating roughness,
lower deposition efficiency, and increased levels of porosity be-
ginning at a similar angle. Montavon et al. (Ref 21) examined
Astroloy (Ludlow-Saylor, Warrenton, MO) splats sprayed
onto polished copper substrates heated to 850 °C and re-
ported splashing at 60°. These observations suggest that po-
rosity arises both from the shadowing effect at larger angles
and from splashing.

The optimal spraying angle on chrome-plated steel models is
40 to 90° for iron at 600 °C, 45 to 90° for nickel at 700 °C, 50 to
90° for Ni-Cr-B-Si at 700 °C, and 35 to 90° for Ni-Al coatings at
700 °C. Spraying angles less than those specified will produce
increased porosity, leading to a poor surface finish and hence a
lower mold performance.

4.4 Surface Quality

The nickel coating separated from a chrome-plated steel
model was chosen for surface roughness assessment. Rough-
ness, measured as the peak-to-valley value R,, was determined
both on the coating and model surfaces. Evaluation of both sur-
faces indicated that the change in roughness was more easily de-
tected on the coating. At 550 °C, the surface roughness of the
coating and the model was 2.7 and 1.0 pum, respectively. These
values suggest that small segments, probably loosely bonded la-
mellae, were transferred from the coating to the model surface.

Model surface Coating surface
Coating Chrome Temperature, Adhered Pore Pullout,
material plated °C coating, % content, % %
Iron No 300 23-33 3-7 23-33
No 570 42-54 ... 42-54
Yes 350 <1 . <1
Yes 550 . ..
Nickel No 350 8-15 35 8-15
No 600 70-80 <1 70-80
Yes 450 <1 1 <1
Yes 700 - - ..
Ni-Cr-B-Si No 450 <1 <1
No 700 . . e
Yes 450 2 2
Yes 700 . .o ..
Ni-Al No 350 15-20 3-5 15-20
No 650 <1 1-2 <1
Yes 450 8-18 .. 8-18
Yes 650 3-7 37
Yes 700 <1 - <1
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An increase in temperature by 50 °C produces a slightly
smoother surface. The surface roughness continued to decrease
for higher model temperatures (Fig. 6). Heating the model to
700 °C is required to obtain a mold surface thatis comparable to
the model surface.

4.5 Manufacture of Molds

Tooling requires a backing or support material for rigidity. A
support layer is added while the coating is still hot after the
model has been entirely covered with the functional coating.

—

The second layer can be as thick as 1 to 2 cm in cases where me-
chanical strength is required. Typically, a mixture of iron and
copper is plasma sprayed onto the first coating layer. This mate-
rial combination is chosen for ease of machinability. The entire
coating operation can take as little as 40 min to produce a mold,
depending on the complexity and size of the pattern. For exam-
ple, to produce a simple cylinder with an internal diameter of 15
mm, a wall thickness of 5 mm, and a length of 200 mm requires
a total spraying time of 1 h. The mold is then separated from the
model while hot and later machined to the final dimensions. A
cross section of a coating assembly, where the coating was not

MODEL SURFACE COATING SURFACE
uncoated R,=0.22 —
T =600 °C R,=0.56 T =600 °C R,=1.288
J

T =700 °C =0.40
\f"—’\’\\/\ &

T =650 tﬂ/ R, =045
.

W\\V/VM\\M

T =700 °C =0.38

Fig. 6 Surface profiles of the model and coating surfaces after spraying at 600, 650, and 700 °C. The surface of the model before spraying is shown for

comparison. Errorin R, is +0.02.

(a)
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Fig.7 Micrographs of the coating assembly showing the model, coating, and support material. (a) Chrome-plated model. (b) Steei model
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removed from the model, is shown in Fig. 7. The dark interface
between the model and the nickel coating in Fig. 7(b) represents
the oxide layer, but the bright layer in Fig. 7(a) is the chrome
plating.

Circular patterns can be placed in a lathe. This produces a
thicker functional layer in areas with a smaller diameter. A larger
coefficient of thermal expansion of the model material will al-
low the model to separate from the mold if a one-piece mold is
to be produced. Separation of the model may need to be carried
out while the coating is still hot. To aid the separation of the
model from the coating, some models may need to be assembled
in different parts so that they can be removed separately. Indi-
vidual components can be removed with little effort, which is
necessary when more complicated molds are manufactured. The
adhesion of the coating on the model depends on the coating ma-
terial but typically varies between 2 and 5 MPa. This low adhe-
sion strength will lead to a clean model surface and good surface
reproducibility in those situations where the cohesive strength
of individual flattened particles is not reduced by porosity. The
bond strength for the different materials together with other op-
timal spraying conditions are shown in Table 2. Considering is-
sues such as good coating conformity, surface quality, and ease
of coating removal, the best coating material for mold manufac-
ture has been found to be nickel on a chrome-plated model sur-
face. Other materials such as iron and Ni-Al are more flexible in
obtaining good coating density on complicated surface features.

Matched die or mold halves are important to avoid excessive
flash during molding operations. The separation of the mold

from the model enables it to be used for the production of the
second half. The production of matching molds ensures proper
alignment of both halves.

The molds prepared by plasma spraying have been used in
industry (Ref 22) for producing wax, plastic, rubber, and glass
objects. Models, together with the plasma-sprayed molds, are
shown in Fig. 8. The left pair in Fig. 8(a) is used to manufacture
the stem of a glass, and the right pair is used to make a plastic
screwdriver handle. Figure 8(b) shows applications where the
surface replication is more critical. In the upper left is one-half
of the mold used to make rubber wheels for toys, and the lower
mold is used to make candles.

5. Conclusions

This study has developed coating parameters—such a model
material, surface temperature, and spraying angle—which are
required for building up a coating that does not deform during
the coating process and can be removed with a surface rough-
ness comparable to the original model surface roughness.

Metallic molds from iron, nickel, Ni-Al, and Ni-Cr-B-Si can
be produced by air plasma spraying onto steel and chrome-
plated steel models. The main processing criterion is the model
temperature. Model surfaces must be heated above 400 °C to
avoid coating warpage and fragmentation, but heating to 600 to
700 °C is required to remove coating porosity and reduce coat-
ing pullout. Small spray angles can also introduce surface poros-
ity. Spray angular ranges are the most flexible for Ni-Al and iron

Table2 Process parameters for producing molds or dies using a chrome-plated model

Powder Particle Model Spray angle, Bond strength,
composition size, um temperature, °C degrees MPa

Iron 40-100 600 35-90 5

Nickel 30-80 700 45-90 2
Ni-Cr-B-Si 40-100 700 50-90 2

Ni-Al 40-100 700 35-90 1-2

(@)

Fig.8 Molds for producing commercial items, (a) Molds with their respective models used for producing drinking glass stems and plastic screwdriver
handles. (b) Molds for making rubber wheels for toys and wax candles. The coin shown is 2.2 cm in diameter.

474—Volume 5(4) December 1996

Journal of Thermal Spray Technology



coatings, allowing more complex molds to be sprayed. Oxida-
tion of steel promotes bonding of the sprayed material and is
therefore not recommended. Steel models require chrome plat-
ing to prevent coating pullout.
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