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Abstract. Surface metallization is amongst the recent trends in the polymer and polymer matrix
composites (PMCs) research industries to improve the electrical and thermal properties and exploit
the subsequent utilization in the aerospace sector. Specifically, polymer matrix composites have been
subjected to the limitations in form of high temperature exposure and substrate deterioration. The
present study encompasses a new strategy in the manufacturing and metallization process. The first
stage in the manufacturing of hybrid thermoplastic-thermoset composite was the hot compaction
which comprised of primary preform preparation enabling the partial impregnation of the
thermoplastic resin through the fabric reinforcement layer. The subsequent stage entailed the preform
vacuum bagging and conducting catalyzed thermoset resin impregnation. The vacuum resin infusion
step included a cocuring cycle to generate a fiber reinforced composite comprising of thermoplastic
and impregnated thermoset resin with improved adhesion. Resin flow front movement was analyzed
during the resin infusion process. Composite metallization was achieved through cold spray (CS). CS
process parameters influence on the coating quality and characterization of laminates through
microstructural analysis and results have been reported. The hybrid composite with thermoset resin
through thickness and in-plane impregnation was achieved with the intact adherent thermoplastic
layer after the curing cycle. In the CS metallization, the effective operative window of stand-off
distances (SoD) and temperature has been determined.

Introduction

The key industry sectors are seeking out advanced materials and advanced manufacturing
techniques to build high performances components [1,2,11-16,3—10]. In the recent years, aerospace
sector has been the recipient of several polymer and PMC materials system insertion primarily due to
the advantages of weight reduction and high strength to weight ratio. Different metallization
techniques have been employed to improve the electrical and thermal properties of PMCs. Major
amongst them are electroless plating, physical vapor deposition (PVD), chemical vapor deposition
(CVD) which have been observed to present different drawbacks in the metallization of PMCs [17].
Thermal spray technique consists of disadvantages involving the high temperature flames and
deterioration of the substrate surface under the exposure of high temperature [18]. Cold spray (CS)
process facilitates metallization in solid state avoiding the melting and is feasible for the low
processing temperature materials polymers and PMCs [19-21]. Recent literature indicated the
feasibility of metallization on the thermoplastic matrix substrate [22]. In case of thermoplastic
polymers metallization, issues such as low coating adhesion in low pressure cold spraying (LPCS)
was minimized by the insertion of interlayer strategy [23,24]. Several investigations focused on
employing the CS variants for the deposition of Cu [23], Al [17], Sn [25], and Ti [26]. Effect of
processing parameters on the CS coating was investigated in different investigations involving the
CFRP, GFRP, and carbon fiber (CF)-PEEK composites as a substrate [27-29]. On the other hand, CS
of thermoset PMCs involves issues such as matrix surface erosion and fiber exposure owing to
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presence of the brittle matrix [30,31]. For instance, high pressure cold spraying (HPCS) of Al on
CFRP with Epoxy matrix resulted in the CF fracture and substrate removal. Negative deposition
efficiency (DE) was obtained in case of Cu and Fe HPCS on CFRP in the study undertaken by Che
et al. [25]. Different strategies have been employed to overcome the issues concerning the thermoset
metallization.

The “co-curing” strategy was employed in literature that included a thermoplastic coupling layer
over the thermoset substrate which can be subjected to the cure together in order to realize a hybrid
composite. Some investigations consisted this approach for the welding purpose [32,33]. In line with
the similar concept, manufacturing of hybrid thermoset-thermoplastic composite utilizing the
cocuring approach and further cold spraying was attempted as one of the potential strategy [34]. In
this investigation, the hybrid thermoplastic layer was subjected to the co-curing with the CF
reinforced thermoset infusion process in order to form a hybrid composite. CS as a potential
metallization strategy was employed. A microstructural analysis was conducted in the manufacturing
stage as well as the coating stage. Adhesion between the top layer and the substrate and the coating
formed was considered as an important criterion and was assessed by the adhesion peel-off test. The
findings along with the discussion has been included in the article.

Materials and Method

The material selection for the experimental work was conducted from the advanced aerospace

applications point of view. A high Tg (217°C) temperature amorphous thermoplastic PEI (ULTEM
1000) was utilized to form initial hybrid interlayer. The high-density aerospace application grade
RTM6 epoxy resin was considered to form a thermoset resin infused composites.
Manufacturing of the hybrid composite. Resin infusion as an out of autoclave (OoA) route was
considered in the manufacturing of the hybrid composites. As a primary stage, a hybrid interlayer
was realized by the partial impregnation of the PEI resin through the CF reinforcement. Such partial
flow in the fiber was promoted under the hot-pressing action (Fig. 1 a).
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Fig. 1 (a) Hot compression process to realize the TP hybrid interlayer (b) Resin infusion set-up for hybrid composite
manufacturing consisting of 8 CF layers.

The semi-preg was combined and stacked with the other CF reinforcing layers and auxiliary materials
for vacuum bagging of the preform under negative pressure generation. The vacuum assisted resin
infusion (VARI) process was followed by the curing stage (Fig. 1 b) The designated curing
temperature 180°C for the Epoxy resin was attained under the two-stage curing cycle as also
evidenced in literature for PEI-Epoxy interphase generation. Followed by the resin and mould
preheating, resin infusion was conducted at 90°C temperature. Two hours of dwell time was
maintained at the 180 °C curing temperature with the intermediate hold at 160°C temperature. Total
of 12 resin infusion trials were realized to ensure repeatability in the assessment.

The manufactured composite panels were metalized by LPCS (courtesy, Sophia Tech. IT) under
the variation in the processing parameters namely, gas temperature and stand-off distance (SoD).
AlSi10Mg powder was utilized for the metallization of the composite surface. Three basic processing
parameters were considered for the campaign, including gas temperature that was varied from
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T2=240°C, T3=360°C, and T4=480°C. The stand of distance (SoD) between the nozzle orifice and
the substrate to be strayed was varied between 10, 15, 25, 35, and 45 mm. The cold spray chamber
pressure was kept constant at 5.5 bar for each variation. The manufactured reference case and
metallized composite panels were subjected to the microstructural analysis by the optical microscopy
(OM) and further scanning electron microscopy (SEM). Prior to the OM observation, the samples
were subjected to the metallographic specimen preparation according to the standard prescribed
procedure. The samples were cut by the abrasive disc cutter and polished with the abrasive rough
paper grades and fine polished subsequently. EDAX spectra were acquired to determine the elemental
composition on specific areas of the coated samples.

Adhesion peel off test was conducted in order to assess the adhesion strength of the coated and
uncoated composite specimens. During the peel off test, the cyanoacrylates adhesive applied over the
sample surface and the test stub (dolly) with 10 mm diameter was attached over it. Required force for
the complete debonding of the specimen and the stub was recorded. The failure surface over the
coated and uncoated specimen were examined to study the failure condition and mode.

Results and Discussion

Analysis of manufactured hybrid composites. In the primary stage of the hybrid interlayer
formation, hot pressing action promoted the transverse flow of the PEI through the fiber layer. In
order to generate a partially infused layer, the close control of the operating parameters such as the
compression pressure, temperature and the hot press hold time is required. Partially impregnated
hybrid PEI and CF interlayer was formed by the hot-pressing action at temperature of 235°C and
pressure of 3.5 ton over the total mould surface area. The PEI polymer transversal flow into the inter-
tow region of the fiber layer can be evidenced into Fig. 2. The hot press temperature higher than the
PEI Tg of 217°C resulted in the initiation of polymer flow. The uniform pressure distribution yielded
close contact between the PEI and CF layer.

Fig. 2 Hot-pressed hybrid interlayer of PEI and CF.

Referring to the concept of the hybrid interlayer method of TS-TP composite manufacturing, it is
necessary to provide non-wetted area for the further resin infusion of thermoset. The opposite side of
the hot-pressed layer surface was kept not impregnated by the PEIL
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Fig.3 Resin flow front progression in experimental campaign.

During the resin infusion (RI) process, the RTM6 resin flow front progression was monitored
during different trials and the relative data has been included in the Fig.3. It was observed to be linear,
and the acquired micrographs (Fig. 4 a) indicated the in-plane and transversal flow of the resin
through the fiber tows. The inter-tow regions of the fiber bundle were found to be filled with the resin
percolated through the neatly placed distribution media. The resin viscosity was maintained by means
of the indirect heating involving the heater to uniform temperature increase up to 80 °C temperature.
The slight variation in can be due to the resin viscosity variation. The viscosity measurement was not
attempted however, the slight variation in the trend corresponding to each of the experiment indicate
the potential variation in the viscosity. The initial rapid movement of the flow front can be due to the
resin flow in the linear direction, subsequent reduction in the velocity can be since the resin
progression also occurred in the transverse direction through the fiber layers. The same was confirmed
in the microscopic analysis (Fig. 4 b) where the RTM6 resin flow was observed through the
reinforcement fiber layer and in the inter-tow regions of the fiber bundle.

(b)

Fig. 4 The cross-sectional optical micrograph after the resin infusion depicting (a) the resin flow though the fiber plies,
magnification 10x. (b) presence of hybrid interlayer, magnification 20x.

Analysis of metallized hybrid composites. Influence of the cold spraying process parameters gas
temperature and the SoD was investigated at the constant chamber pressure of 5.5 bar. The substrate
side which was exposed for the CS pass contained the PEI layer rendering it feasible to produce a
AlSi10Mg coating after experiencing the polymer softening at T3 and T4 temperatures.
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Fig. 5 (a) and (b) Cold sprayed panel with the enlisted process parameters.

Metallization attempt at the lowest temperature T2 with SoD variation did not result in significant
coating (not included in the image). It can be attributed to the insufficient heat generation at lower
gas temperature. Increasing the gas temperature (T3) it was possible to attain double passes as visible
from the Fig. 5 (b) SoD 10 mm case. Opportune setting of the gas temperature and the SoD ensured
the sufficient velocity of the impinging coating particles and the substrate heating to facilitate the
entrapment sites. Increase in SoD to 15 and 25 mm led to higher polymer softening in the inter-tow
regions and powder dispersion. Further increase in the gas temperature (T4) yielded a continuous
coating formation except in the cases where the SoD was highest i.e., 35, 45 mm SoD. Non uniform
width coating was formed over the substrate specifically evident for the SoD 45 mm and gas
temperature T4 (Fig. 5 (a)). In such cases, it can be assumed that though the gas temperature was high
enough to ensure the substrate heating, the increased SoD resulted in the heat losses as well as
reduction in the coating powder velocity.

The resultant CS panels were subjected to the SEM microstructural analysis to assess the spraying
features. As shown in Fig. 6 (a) the coating layer exhibited the inconsistent thickness and detachment
from several sites. Primary reason behind such irregularities can be in relation to the extensive
metallographic preparation. Metallic coating layer was removed in several places in preparation. To
understand if the derived layer was indeed part of the cold spraying pass, EDAX analysis was
followed by the SEM. Three different electron spectra (numbered 6,7, and 8 in Fig. 6) were obtained
in the random positions over the coated layer.
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Fig. 6 (a) SEM micrograph acquired for the coating conditions of SoD 15 mm, T3 300°C temperature in the cross-
sectional direction and highlighting the coating areas and (b) EDAX spectra for the elemental composition
determination and corelating with the SEM micrographs.

The EDAX spectrums (numbered 7 and 8 in Fig. 6 (b, c¢) exhibited the presence of the Al, and Si
elements, originally the coating constituents. Higher amount of these elements indicates the present
of intact coating on certain areas of the specimen.

Adhesion test. The adhesion pull-off tests were conducted on the specimen coated under varying
process parameters condition and the similar manufacturing condition. Referring to the circular
impression formed over the coated adherend in the Fig. 7, adhesion strength values were derived upon
the detachment of the stub positioned over the adherend covered with adhesive. The detachment upon
failure left the visible circular impression on the substrate (Fig. 5) and stub surface in some cases
displayed substrate residue (Fig. 8 b, c¢). The adhesion tests were not feasible in the insufficient
coating layer thickness condition i.e., the SoD 35 and 45 mm with T4 gas temperature. The obtained
adhesion strength for each spot differed according to the sprayed processing parameters as reported
in the Fig. 7.

Adhesion test with cold spray process
parameters variation
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Fig. 7 Adhesion trend corresponding to the various cold spray conditions.
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Inferior adhesion strength for all the T4 temperature cases can be ascribed to the higher PEI
substrate layer softening and damage as well as influence of the SoD which led to the coating particles
scattered over the surface without the stronger interlocking. As indicated in the Fig. 7, the adhesion
strength improvement was noted in the case of the opportune set of cold spraying processing
parameter condition, i.e., T3 temperature and the intermediate SoD. Higher SoD can reduce the
particle velocity producing a loosely bound coating which yielded poor adhesion.

-
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—

Fig. 8 The pull stub surface pbst the pull-off test on (a) uncoated speci‘men (b) cold spraying condition of T3, 10 mm
SoD (¢) cold spraying condition of T4, 10 mm SoD.

In the conditions involving the T3 and T4 temperatures, the failure after the pull off test was
observed from the adherend side suggesting the cohesive mode of failure. Different amount of the
fiber residue content from substrates (Fig. 8 b, ¢) remained on the dolly surface, which indicated the
contact between the adhesive and the substrate on certain spots as opposed to the ideal condition of
adhesive contact with solely coating. Hence, the representative adhesion strength values indicated in
the Fig. 7 are not solely corresponding to the adhesion strength of the coating. It can be considered
as the cumulative adhesion strength of the substrate as well as coating.

Moreover, manufacturing condition exhibits important role in the obtained adhesion between the
hybrid composite adherend and the coating surface. The higher adhesion between the PEI layer and
the remaining part of the substrate was evident from the detached stub as shown in the Fig. 8 (a).
Adhesive mode of failure was observed in the case of the uncoated specimen. The dolly surface
depicted no sign of PEI layer, fiber residue from the substrate or any adhesive attachment. This
indicated presence of stronger adhesion between the PEI layer and the substrate. Comparative to the
metallized substrates, adhesion strength of 3.5 MPa for the uncoated substrate was obtained (not
mentioned in the graph).

Summary

Following conclusions have been drawn from the investigation encompassing the hybrid interlayer
method for the thermoset-thermoplastic composite formation and metallization;

(1) Partially impregnated hybrid PEI and CF interlayer was formed by the hot-pressing action. Novel
hybrid interlayer method was found suitable for manufacturing of hybrid composite panels in the
VARI process route.

(2) The AISi10Mg powder coating by LPCS was found to be feasible on the hybrid thermoplastic
thermoset fiber reinforced composites. Gas temperature as a process parameter was found to influence
the coating formation since the intermediate temperature (T3) and SoD process parameter
combination resulted in the improved coating formation and adhesion strength. In case of non-coated
hybrid composite, adhesive mode of failure with no sign of PEI layer, fiber residue from the substrate
indicated presence of stronger adhesion between the PEI layer and the substrate.
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