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Invar tooling has been increasingly used for low volume molding of precision
carbon fiber composite parts with complex geometry. To expand its applications
to high volume production, this study examined the feasibility of hardening Invar-
36 alloy with a thin layer of electroless nickel for surface durability improvement.
Two commercial coatings were subjected to thermal cycling tests and evaluated
for their changes in hardness, surface roughness, surface morphology, and
coating-substrate interface. The results indicated that both coatings can withstand
the heating/cooling cycles experienced by production molding cycles, but one was
considerably harder than the other. With a 70 um thick nickel surface layer, Invar
samples plated with the harder coating had an HRC hardness of 50, comparable to
the P20 tool steel commonly used for automotive composite molding. The
surfaces were not exposed to combined molding and thermal cycling in this study.
Nonetheless, the results support the choice of this electroless nickel coating for
the targeted application.
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Introduction

Corvette offered a newly developed lightweight carbon fiber composite hood
on the 2004 Commemorative Edition Z06'?. It is the first time carbon fiber
composites were used as original equipment for a class-A panel in a North
American produced vehicle. The cosmetic outer of the hood was produced by the
autoclave cure of a hand lay-up of carbon fiber-epoxy prepreg in a single-sided
Invar-36 alloy tool as shown below in Fig. 1. Invar tools have been increasingly
used in recent years by aircraft industry for molding precision carbon fiber
composite parts with complex geometry. Their usage in the automotive industry,
however, is rare due to the fact that automotive carbon fiber composite
manufacturing is still at its early stage. It is expected that, as the interest in
carbon fiber composites increases, the need to better understand Invar tooling will
also increase in order to fabricate tools more suitable for automotive
manufacturing.

103/08/2003

Fig. 1 Invar tool for Corvette carbon fiber hood outer production

Invar is a family of nickel-iron alloys known to exhibit extremely low
thermal expansion below their Curie temperatures™. Consisting of 36% nickel
and 64% iron, Invar-36 alloy has a coefficient of linear thermal expansion
(CLTE) of approximately 2 x 10 ~ ¢ per °C in the temperature range of 25-150°C,
comparable to that of the carbon fiber-epoxy prepreg composites. It is this unique
characteristic that has made Invar-36 the preferred tooling material for molding
precision complex composite parts in the aircraft industry. Compared with
traditional steel tooling, Invar tools are generally more expensive due to higher
material and fabrication costs. Invar also has a lower thermal conductivity (10
W/m °C) that could lead to a slower heating rate in the composite molding
process as evidenced previously in the Corvette hood production.

For automotive composite manufacturing, Invar tooling has another potential
performance drawback. The hardness of Invar-36 alloy is significantly lower than
that of the P20 tool steel, 80 HRB (Rockwell B-Scale Hardness) vs. 50 HRC
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(Rockwell C-Scale Hardness), suggesting that Invar tooling will likely not be
sufficiently wear-durable by automotive standards even for low volume
production. The surface durability of Invar tooling has been shown by the aircraft
industry to be capable of producing several thousand parts. To lengthen the
service life of Invar tooling, one possible approach is to harden its surface by
applying a hard electroless nickel coating.  Electroless nickel has been
successfully plated on Invar substrates for X-ray optics applications using a very
carefully monitored cleaning and plating procedure’. The existing commercial
nickel/Invar platers, however, have not had any experience in handling and
plating automotive molding tools to date. A learning period will therefore be
needed for the platers to scale up their facilities and verify the process parameters
before full size tools can be plated.

This study investigated the initial feasibility of plating Invar-36 alloy with a
thin layer of hard electroless nickel for use as automotive production tooling. The
study was focused on examining the thermal cycling stability of the nickel
coatings since composite molding tools are constantly subjected to heating and
cooling cycles durin% their service life and the mismatched CLTE between nickel
coating (~ 13 x 10 " ° per °C) and Invar substrate could cause significant stress in
the coatings. The study was carried out by monitoring the hardness, roughness,
and morphological changes of the coating surface and the coating/substrate
interface at various predetermined heating and cooling cycles.

Experimental

Four Invar-36 plaques (152 mm x 102 mm x 9.5 mm) supplied by Re-Steel
(Eddystone, PA) were used in this study. Before plating, the surfaces of the
plaques were prepared by Complete Surface Technologies (Clinton Township,
MI) to the same conditions as the Corvette hood production tools: two plaques
were polished to 600 grit finish and then textured by blasting with a mixture of
aluminum oxide and glass bead for hood outer surface, and the other two were
polished to 400 grit without texturing for hood inner surface. The polished
plaques were plated by Techmetals (Dayton, OH) with two proprietary
commercial electroless nickel coatings designated as Type I & Type II.
Electroless nickel coating processes generally employ hypophosphite ions as a
reducing agent; consequently, the deposits produced are nickel-phosphorus alloys
rather than pure nickel. This allows the composition to be varied (normally
between 2 and 13 wt.% phosphorus) thereby providing a range of useful
properties, including extreme hardness, good resistance to corrosion, and
attractive appearance. A comparison of the specifications of these two coatings is
shown in Table I. The Type II coating has lower phosphorus content, higher
melting temperatures, and is harder. = However, its salt spray corrosion
performance is not as good as the Type I coating, probably due to the lower
phosphorous content.
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Table I. Properties comparison between Type I and Type II electroless nickel coatings

Properties Type I Type II
Phosphorus content (wt.%) 10.5-13.0 4.0-7.0
Melting point (°C) 880 (eutectic) 960-1205
Hardness (HRC) 45-50 60-64
Corrosion resistance (ASTM-B117) 1000 hrs 300hrs

The plated Invar plaques were then thermal cycled according to the
following procedure of heating and cooling: heat for 1 hour in a 177°C hot air
oven, remove from the oven and allow cooling at room temperature for 2 hour,
repeating the cycle 7 times a day until the desired total number of cycles is
completed. The laboratory thermal cycling procedure is patterned after the
molding cycles of the Corvette hood production. The laboratory test was slightly
accelerated by heating the plaques to 177°C as opposed to the 150°C production
peak temperature observed on the Invar molding tools.

The stability of the nickel coatings was investigated by monitoring the
hardness, roughness, and surface and interface morphologies of the plated plaques
during the thermal cycling test. The micro-hardness was measured using
Matsuzawa MXT70 with a Knoop Indenter. The hardness value was then
converted to Rockwell scale using ASTM E140-05 for comparison with
conventional tooling materials. The surface roughness of the coatings was
measured using a Wyko 3-D Profilometer. The surface morphology of the plated
samples was examined using a Zeiss Evo 50 scanning electron microscope
(SEM). An elemental detector (EDS) attached to the SEM was used to examine
the approximate compositions of the coatings. For monitoring the interface
morphology, cross-sections of each sample were mounted in Lucite and polished
to a mirror finish with a Struers Prepomatic-2 using the procedure given in the
table below. Steps 2 and 3 used diamond pastes of the grit specified and an oil
based lubricant.

Table I1. Polishing steps for cross-sectioned samples

Step Grit Lubricant Time (min)
1 #220 paper water 2
2 9 um DP-brown oil 5
3 3 um DP-brown oil 5
4 OPS* none 1.5

*a colloidal silica suspension with a grain size about 0.05 microns

Following the polishing regimen in the Prepomatic-2, each sample was
etched with a Kallings reagent for 10-15 seconds. There are several Kallings
recipes for micro etchants, and the one used in this study consists of 2g CuCl,,
40ml HCl, and 60ml ethanol. Each sample was initially etched, with the etchant
applied using a cotton swab, for 10 seconds. The etchant was then washed off
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with de-ionized water and the sample was dried and examined under an Olympus
BXS51M optical microscope. If the etching was determined to be insufficient for
that sample, an additional 5 seconds of exposure to the Kallings etchant was
applied. The polished sample was then reexamined under the microscope.

Results and Discussion
Surface Hardness

As mentioned earlier, Invar-36 alloy has an HRB hardness of 80,
significantly softer than the conventional P-20 steel used for automotive molding
tools. The measured hardness values of the electroless nickel plated Invar
samples, both as plated and thermal cycled, are shown in Fig. 2 as a function of
thermal cycles. The samples were identified by the type of the nickel coating and
the initial surface finish of the Invar substrate.
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Fig. 2 Hardness of electroless nickel coated Invar as plated and thermal cycled

The data indicate that both Type I and Type II electroless nickel coatings
successfully hardened the Invar substrates; although the resultant hardness values
are approximately 15% - 25% lower than those given in the coating specifications
shown in Table I. The hardness values of as plated samples with Type II coating
are higher than that of Type I and are comparable to the hardness of P20 tool
steel, 50 HRC. The Type I coating failed to meet the target hardness value.
Consequently, it should not be considered as a feasible material for the tooling
application in the future.

Fig. 2 also shows that the hardness values of both electroless nickel coatings
were not much affected by the heating and cooling cycles. The hardness of Type
IT - 400 samples showed a minor increase at the very beginning of the test and
leveled off after 100 thermal cycles. The results suggest that the hardness of the
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coatings will be stable in the operating temperature range of the molding tools.
Additionally, the initial surface finish of the Invar substrates, 400 grits and 600
grits, did not have any influence on the hardness of the two electroless nickel
coatings before and after the thermal cycling.

Surface Roughness

The arithmetic mean roughness, Ra, of the nickel plated Invar samples is
plotted in Fig. 3 as a function of thermal cycles. The results indicate that the as
plated samples with Type II coating had a smoother surface than the as plated
Type I samples, 0.7 um versus 1.3 pum, respectively. The surface roughness
values of both coatings were not affected by the thermal cycling tests, suggesting
again that the coatings will be stable in the operating temperature range of the
molding tools. Similar to the hardness data, the surface roughness of the coated
samples was not much influenced by the initial surface finish of the Invar
substrates. The difference in roughness of Types I and II samples apparently is a
result of the coating characteristics, at least when the substrates are reasonably
finished as those used in the study. This finding should be further investigated in
order to establish the required minimal surface polishing scheme for Invar tools
prior to electroless nickel plating.
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Fig. 3 Effect of thermal cycling on surface roughness of electroless nickel coatings
Coating-Substrate Interface

To examine the interface between electroless nickel coatings and Invar
substrates, optical micrographs were taken from the cross-sections of plated
samples, both as plated and thermal cycled. The results are shown in Figs. 4-7 for
Type I - 400, Type I - 600, Type II - 400, and Type II - 600, respectively. For all
the samples examined, the micrographs revealed no signs of de-lamination at the
coating-substrate interfaces after 300 cycles of heating and cooling. The result
provides strong evidence that the electroless nickel coatings will be stable for use
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as composite molding tools, consistent with previous suggestions made based on
hardness and roughness data.

(a). 0 cycles (b). 100 cycles

(c). 200 cycles (d). 300 cycles

Fig. 4 Optical micrographs of cross-sectioned Type I - 400 samples before and after
thermal cycling

Coating

(b). 100 cycles

(c). 200 cycles (d). 300 cycles

Fig. 5 Optical micrographs of cross-sectioned Type I - 600 samples before and after
thermal cycling
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Coating

(a). 0 cycles (b). 100 cycles

(c). 200 cycles

Fig. 6 Optical micrographs of cross-sectioned Type II - 400 samples before and after
thermal cycling

(b). 100 cycles

M TRl S ‘ "
(c). 200 cycles (d). 300 cycles

Fig. 7 Optical micrographs of cross-sectioned Type II - 600 samples before and after
thermal cycling

Furthermore, the cross-sectional optical micrographs show that the average
coating thickness is about 70 pum (3 mils) for all the electroless nickel plated
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samples before and after thermal cycling. This coating thickness is apparently
effective to damp out any substrate influence to the coating properties as seen by
the insensitivity of the hardness and surface roughness data with respect to the
initial surface condition of the substrates. The constant coating thickness during
thermal cycling is also consistent with the finding that the coatings on Invar
substrates are stable.

SEM Analysis of Type Il Coating

The above hardness and stability studies have clearly identified that Invar-36
alloy plated with Type II coating is a feasible tooling material for automotive
composite molding applications. Samples with the Type II coating, both as plated
and thermal cycled, were therefore further characterized using SEM analysis to
determine their elemental compositions and surface morphologies as described in
the following.

The results of the SEM-EDS analysis of the elemental compositions of the
Type 11 - 600 samples before and after the heating and cooling cycles are shown
in Table III. The phosphorus contents of the coating samples are in the range of
6-7 wt.% and remain practically constant throughout the thermal cycling test. The
elemental composition of the as plated Type II - 600 sample, 7.6 wt.% phosphorus
and 92.4 wt.% nickel, is consistent with the coating specification given in Table I.

Table I1I. Elemental compositions of Type II - 600 coatings as plated and thermal cycled

Composition 0 cycles 100 cycles 200 cycles 300 cycles
Phosphorus (wt.%) 7.6 6.6 6.5 6.3
Nickel (wt.%) 92.4 93.4 93.5 93.7

The results of the SEM surface microscopy are shown in Fig. 8. As
expected, no noticeable surface morphological changes for the nickel plated
samples before and after thermal cycling were observed in the SEM micrographs.
The nodular surface structure seen in the micrographs is due to the low
phosphorus content of the coatings (6-7 wt.%). The alloys containing lower
phosphorus content are characterized by the presence of crystalline and
microcrystalline nickel, which indicates that the number of phosphorus atoms is
not sufficient to distort the nickel lattice to an extent where amorphous nickel can
be obtained. The nodular structure of nickel-phosphorus deposits decreases with
increasing phosphorus content®. The structure of the Type II coating remained the
same during the cycling test.
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(a). 0 cycles (b). 100 cycles

(c). 200 cycles (d). 300 cycles

Fig. 8 SEM surface micrographs of Type II - 600 samples before and after thermal cycling

Summary and Conclusion

The feasibility of hardening Invar-36 alloy with an electroless nickel coating

was examined in this study for potential application in fabricating carbon fiber
composite molding tools. The results indicate that:

1.

SUR/FIN 2008 Proceedings

Invar-36 alloy can be hardened with two types of 70 um thick electroless
nickel coatings. Samples plated with the Type II coating, however, are
considerably harder than those with Type I. The hardness of the Type II
coating is 50 HRC, comparable to that of the P20 tool steel commonly used
for automotive composite molding.

Both coatings can withstand the heating/cooling cycles experienced by
carbon fiber composite molding tools. The stability of the coatings is
evidenced by no signs of de-lamination at the coating-substrate interface
during the thermal cycling tests. There are also no noticeable changes in
coating hardness, roughness, thickness, and surface morphology.

The surface smoothness of the electroless nickel coatings is not strongly
influenced by the initial surface finish of the Invar substrates. Further study
is needed to establish the minimal polishing requirement for Invar molds
prior to the nickel plating process.
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4. The Type II electroless nickel plated Invar-36 is potentially a durable
production tooling material for molding precision and complex automotive
carbon fiber composite parts.
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