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Abstract
The focus of this study is: i) understanding the effect of the fiber type and content on the mechanical properties of sheet molding compounds (SMC) composites and ii) investigating possible light-weight alternatives to traditional glass fibers (GF)/epoxy SMC composites. We use GF and Basalt fibers (BF) to make SMC composites. The tensile, flexural and impact properties of the SMC composites are determined as a function of the fiber type and fiber content. Furthermore, we replaced a portion of the fibers, i.e., 12-16 wt%, with a small amount of cellulose nanocrystals (CNC), i.e. ~1 wt% mixed in the SMC resin system, to explore the possibility of lightweighting. We conclude that there is no significant difference between the BF/epoxy and GF/epoxy SMC composites with similar fiber content in terms of the tensile, flexural and impact properties. When CNC are added to the composites, the two fiber systems behave drastically different; lightweight GF/epoxy SMC composites maintain their original properties upon removing portion of GF and addition of CNC, whereas the properties of the lightweight BF/epoxy SMC composites deteriorate.
1.
Introduction
Lightweight vehicles are a promising approach to increase the fuel economy. Fiber reinforced polymer composites instead of metallic components in vehicles can provide lightweight structures. Concurrently, use of natural fibers as reinforcement in polymer composites is gaining attention in recent years to reduce the environmental impacts. Basalt fibers (BF) have advantages to other natural fibers (e.g. sisal, kenaf, hemp, flax) because of their superior hygrothermal stability, high strength, modulus and elongation at break, chemical and thermal stability (in the range of -200 to 600-800 ˚C), good thermal insulation, resistance to most weather conditions, easy processability, ecofriendly, and low cost [1-3]. There is a demand to make the lightweight polymer composites even lighter. One approach is to replace the heavier materials in a composite with lighter and stronger ones [4-6].  We have shown that addition of 1-1.5 wt% cellulose nanocrystals (CNC) in 25 wt% GF/epoxy sheet molding compound (SMC) composites can result in 8% weight reduction with similar tensile and flexural properties equal to those of 35 wt% GF/epoxy [7]. CNC are cellulose based, whisker-shaped nanoparticles (3 ̶ 20 nm in width and 50 ̶ 500 nm in length), that can be extracted from trees and plants by acid hydrolyses [8-10]. Their low density (1.6 g/cm3), high aspect ratio (10-100) and surface area, tensile strength of ~3GPa, elastic modulus of 110-220 GPa, surfaces with accessible hydroxyl side groups and their low toxicity make CNC an ideal reinforcement either as a coating on GF [11, 12] or as a dispersion in the polymer matrix [22] for polymer composites.
In this study, we compare the BF to GF in SMC composites and explore lightweighting for both fiber systesm by adding CNC and removing a portion of fibers in terms of the their mechanical performance. 1.4-2 wt% CNC were introduced in the SMC manufacturing line as a dispersion within the epoxy resin (abbreviated as CNC-epoxy). Tensile, flexural and impact results for both GF/epoxy and BF/epoxy SMC composites with and without CNC are presented.
2.
Materials and Characterization
2.1. 
Materias and Fabrication

Multi end roving basalt fibers (TEX 4800, single filament diameter of 10±1 µm) were provided by Mafic Ireland (Kells, County Meath, Ireland) and multi end roving glass fibers ME1510 (TEX 4800, single filament diameter of 10±1 µm) were received from Owens Corning (Oak Brook, IL, US). Both BF and GF were used in the manufacturing of the SMC as received. The resin used in the SMC line was a bicomponent epoxy resin consisting diglycidyl ether of Bisphenol-A epoxy and 556 slow polyamide hardener, by US Composites (Wes Palm Beach, FL). The average length of the BF and GF rovings cut in the SMC line was of 25±0.5 mm. Fumed silica (Aerosil-Cabosil supplied by US composites) was also used as the thickening agent in the SMC resin. CNC in the form of freeze-dried powder with average width and length of 6.4 ± 0.6 nm and 138 ± 22 nm, respectively [13] was supplied by the USDA Forest Service-Forest Products Laboratory (FPL), Madison, WI, USA.

The resin mixture was prepared in a two-step process: 1) The CNC were dispersed in the hardener using sonication and 2) the CNC-hardener suspension was mixed with the epoxy, as described in [14]. The desired CNC amount of 1.4 and 2 wt% with respect to the resin was slowly added into 500 g of hardener, mechanically stirred using a small impeller and finally sonicated (UIP500hd heilscher ultrasonic processor, 34 mm probe diameter, amplitude of 90) for 5 min. Next, 60 g fumed silica thickening agent were mixed with 1000 g epoxy by mechanical stirring at ambient temperature. Finally, the CNC-hardener suspension was added to fumed silica-epoxy mixture and mechanically stirred for 5 min until a homogenous mixture was achieved. We fabricated SMC composites using a Finn and Fram line at Georgia Tech with 50, 60, 65 and 70 wt% GF or BF. Only 60 wt% fibers were used for lightweighting study. After the SMC were manufactured, we stacked them upon another based on the desired thickness and placed them in a hot press for curing. After curing, the samples were cut from the plates using a waterjet (MAXIEM 1515). 

2.2.  Characterization 
Water displacement method was used to measure the specific density according to ASTM D-792. Each density value is an average of at least 11 measurements. The void content of the composites was measured using acid digestion test according to ASTM D3171. Each data point for the void content of a composite with a specific composition is an average of at least six measurements. The tensile and flexural properties of the SMC composites were determined according to ASTM D638 and ASTM D790-02 standards respectively using an Instron 5982 equipped with 100 kN load cell for dogbone specimens. Each tensile and flexural data point is an average of at least 10 measurements. The impact energy was measured using Charpy according to ISO179 standars using an Instron SI series pendulum impact tester with a maximum impact head of 406.7 J (300 ft-lbf). Each impact data point is an average of at least 10 measurements. The quality of fiber wetting by the epoxy resin with or without CNC was assessed based on contact angle measurements using a Ramé–Hart Goniometer (model 500-U1) at ambient conditions..
3.
Results and Discussion

Fig. 1 shows the tensile, flexural and impact properties of SMC composites as a function of fiber type i.e., GF vs BF and fiber content varied from 50-70 wt%. Considering the statistical error, both fiber types have similar properties.  In addition, no enhancement of the mechanical properties is observed by increasing the fiber content from 60% to 70 wt%. Therefoe, we chose 60 wt% fiber content for lightweighting study. 
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Figure 1. (a) Tensile, (b) flexural and (c) impact properties of GF/epoxy and BF/epoxy SMC composite with respect to the fiber content

The tensile and flexural properties including modulus, strength, elongation at break and fracture toughness, as well as the impact strength of both the GF/epoxy and BF/epoxy composites with or without CNC are shown in Fig. 2. In GF/epoxy composites, when the fiber amount is reduced from 60 wt% to 48 or 44 wt% and 0.9 or 1.1 wt% of CNC (with respect to the composite weight) is added, the tensile modulus reduces with no significant decrease in the tensile strength, elongation at break and work of fracture. On the contrary, in BF/epoxy composites, all tensile properties significantly deteriorate. It appears that non-favorable interfacial interactions between the BF and the CNC-epoxy resin exist, as strength is dictated by the stress transfer ability across the fiber/matrix interface. For flexural properties, a similar decrease in flexural modulus is observed for both the GF/epoxy and BF/epoxy composites upon partial replacement of the fibers by the CNC; whereas the other flexural properties slightly decrease. The impact energy of BF/epoxy composites with CNC also drops larger compared to that GF/epoxy with CNC. The decrease of the flexural properties and impact strength upon addition of CNC is higher in the case of the BF composites.
[image: image4.png]Modulus (GPa)

Strength (MPa)

Work of fracture Strain at Break (%)

25 ¢
20
15
10

100 |

(MJ/m°)

o -~ N W d O

Tenisle properties

GF/epoxy e BF/epoxy

¢

(a)

t 3

200 |

*
;

60

60-0.6CNC 48-0.9CNC
Fiber-CNC content (wt %)

44-1.1CNC




               [image: image5.png]Flexural properties
m  GF/epoxy e BF/epoxy

N
o

—_—
&)
lllll

Pt (b)i

Modulus (GPa)
o
|
HH
e
HH
o+

&)
llllll LI

W1 T g,

200 - ¢

Strength (MPa)

100 E

(MJ/m°)
o N AN o OO -~ NN W ~ O

Work of fracture Strain at Break (%)

60 60-0.6CNC 48-0.9CNC 44-1.1CNC
Fiber-CNC content (wt %)




[image: image6.png]Impact Energy (x10°J/m?)

300

250

200

150

100

Impact properties

- (c)

GF/epoxy
BF/epoxy

60

60-0.6CNC 48-0.9CNC 44-1.1CNC

Fiber-CNC content (wt %)





Figure 2. (a) Tensile, (b) flexural and (c) impact properties of lightweight GF/epoxy and BF/epoxy SMC composite containing CNC

Fig. 3 shows the specific properties of GF/epoxy and BF/epoxy with CNC.  For 48GF/0.9CNC-epoxy and 44GF/1.1CNC-epoxy SMC composites, the tensile, flexural and impact specific properties are comparable to each other. It implies that up to 16% removal of GF and adding ~1 wt% CNC can maintain the properties achieving ~12% lighter composites. For 48BF/0.9CNC-epoxy and 44BF/1.1CNC-epoxy SMC composites several of the specific properties were lower than the corresponding properties of the 60BF/epoxy. In this case, the property enhancement of the matrix due to the addition of CNC did not offset the deterioration of properties due to the decrease of the fiber content. A possible reason can be that the interactions between the BF and the CNC are not as favorable due to lower wetting of the BF by the CNC modified epoxy resin compaed to that of the GF. To conform this, we compared the void content of the various composites as shown in Table 1 and found that the void content of 48BF/0.9CNC-epoxy and 44BF/1.1CNC-epoxy is higher (14-19%) compared to that of corresponding GF/CNC-epoxy composites (9%). In adition, as presented in Table 2, the wettability results show that the contact angle is higher for the case of BF confirming that stress transfer efficiency is lower between BF and CNC-epoxy resin compared to that of GF.
Table 1. Theoretical density, measured density and void content.
	Specimen Type
	Void Content
(%)

	
	

	60GF/epoxy
	10±0.2

	60GF/0.6CNC/epoxy
	3.4±1

	48GF/0.9CNC/epoxy
	9.5±1.5

	44GF/1.1CNC/epoxy
	8.5±0.5

	60BF/epoxy
	12.5±0.5

	60BF/0.6CNC/epoxy
	14±1

	48BF/0.9CNC/epoxy
	14±1

	44BF/1.1CNC/epoxy
	17±4


Table 2. Contact angle (˚) results between fiber rovings and either epoxy or CNC-epoxy.
	Fiber Type
	Neat epoxy
	1.4CNC-epoxy

	
	
	

	GF
	30.71 ( 2.81
	35.03 ( 2.23

	BF
	34.16 ( 1.43
	40.87 ( 0.66


Overall, the lightweight benefit for GF/epoxy SMC composites becomes clear with comparing the experimental specific modulus, strength and impact strength of 60GF/epoxy composite to those of the 48GF/0.9CNC/epoxy and 44GF/1.1CNC/epoxy composites. 
3.
Conclusions

The major conclusions of this study is that (1) the tensile, flexural and impact properties of GF/epoxy SMC composites are similar to those of BF/epoxy SMC composites for the same fiber content; (2) 10-12% lighter composites can be made by replacing portion of GF in GF/epoxy SMC composites with a small amount of CNC, i.e. ~1wt%, without compromising tensile, flexural and impact properties. Applyig the same approach for the given BF, i.e. adding CNC and removing a portion of the BF, was not possible without significantly compromising the mechanical properties due to higher void content and lower adhesion between BF and CNC-epoxy compared to those of GF. 
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Figure 3. (a) Specific tensile, (b) specific flexural and (c) specific impact properties of lightweight GF/epoxy and BF/epoxy SMC composite containing CNC 
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