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 In this study, grinding of glass fibre reinforced plastic composites (GFRP) was carried 
out with CBN wheel in dry condition, and with synthetic and emulsion coolants to 
determine the effects of coolants on cutting force ratio effects and the grinding 
mechanism. An attempt is made to maximize the grinding force ratio and to understand 
the grinding mechanisms at different cutting speeds, feed rates and depth of cuts. 
Scanning electron microscopy was used to evaluate the grinding mechanism of GFRP 
laminate material. Test results showed that grinding in dry condition was very efficient, 
and grinding with synthetic coolant performed better than grinding with emulsion 
coolant. 
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INTRODUCTION 

  
 The advantage of GFRP material includes low weight, high strength and low fabrication cost. The 
reinforcement of strong fibre in a hard matrix yields a very high strength composite (Agarwal, and Lawrence, 
2000). Machining glass fibre composite is still a major problem, due to high hardness, and refractoriness (Jain et 
al., 2002). Because of its different applications, the need for machining GFRP material has not been fully 
eliminated. Proper selection of tools and parameters is very important for a precise machining process of GFRP 
(Paulo et al., 2009). The machining mechanism of GFRP composite is to a certain extent, different from that of 
metals (Geier,  1984). The surface of a GFRP composite is hard to control by machining due to various factors 
like surface roughness, residual stresses and subsurface damages due to varying properties of the fibre and 
matrix (Zhang, 2009). (Santhanakrishnan et al., 1989) reported that the mechanisms associated with machining 
of GFRP composite are plastic deformation, shearing and rupture of fibres.  
  Aslan made an attempt to machine hard materials using cubic boron nitride (CBN), Al2O3 cutting tools, 
coated cermet cutting tools and carbide cutting tool. It is found that CBN exhibited better performance and 
higher tool life than other cutting tools (Aslan, 2007). In general, GFRP materials are inhomogeneous, as the 
reinforcement has anisotropic characteristics. They consist of load-carrying bundles of fibres leading to 
difficulties in the machining process. In this regard, the cutting force is an important dependent variable of the 
machining system and it has been investigated by many researchers in various cutting processes. It can be 
observed from the literature that polycrystalline diamond (PCD), cubic boron nitride (CBN), and polycrystalline 
cubic boron nitrides (PcBN) tools are widely used to machine GFRP materials.  Hence, machining studies have 
been conducted on GFRP materials using a CBN grinding wheel. The ground surface roughness and work 
hardening are mainly controlled by the grinding conditions, i.e. depth of cut, feed, and speed (Holesovsky and 
Hrala, 2004). An overview of the literature shows that, process parameters used to optimize the ground surface 
quality are types of workpiece materials, the grinding conditions and the grinding wheel specifications 
(Jacksonet al., 200). The purpose of a grinding fluid is categorized to lubrication, cooling, transportation of 
chips, cleaning of wheel and the corrosion reduction (Ge et al., 2003). The surface roughness characteristics are 
increased sharply with increase of depth of cut using alumina grinding wheels (Brahim et al., 2009). Reduction 
of tangential cutting force could be achieved with the use of neat oil (Monici et al., 2006). Grinding, if not done 
correctly, can lead to surface damage to the work material and unsatisfactory process economics due to 
inadequate removal rates and/or excessive wheel wear. Therefore, a study on the effects of coolants on grinding 
forces at varying process parameters in grinding CSM GFRP is necessary and is the main objective of this 
research work. 
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MATERIALS AND METHODS 
 
 The composite laminate material used for this study is a chopped strand mat and R-glass fibre reinforced 
within the orthophalic unsaturated polyester. Specimens of 50 x 15 x 10 mm in length, width and thickness were 
cut from a plate and grinding was performed on 50 x 10 mm face. Grinding was carried out in a precision CNC 
machining with CBN profile mounted wheel, B46QV, 25 mm diameter x 32 mm length x 6 mm mandrel. The 
experimental design matrix and corresponding response are given in Table 1. The grinding process was 
performed at different speeds, feed rates and depth of cuts, without coolant and with synthetic coolant 
(Yushiroken, SC95) and emulsion coolant (Koocut, C-300). Grinding force was measured using the Kistler 
9257BA type dynamometer with a Kistler control unit type 5233A1 and recorded with the help of DWETRON 
software. 
 
Table 1: Experimental design matrix and responses. 

No Speed, 
(rpm) 

Feed, 
(mm/ 
min) 

Depth 
of cut, 
(mm) 

Fx (N) Fy (N) Grinding force ratio, µ=Fy/Fx 
Dry Synthetic Emulsion Dry Synthetic Emulsion Dry Synthetic Emulsion

1 4000 1000 0.20 151.96 71.32 91.85 40.79 25.41 31.51 0.27 0.36 0.34 
2 7000 1000 0.20 79.143 67.90 78.40 27.36 17.58 21.99 0.35 0.26 0.28 
3 4000 1500 0.20 103.77 104.10 66.68 42.01 32.98 33.95 0.40 0.32 0.51 
4 7000 1500 0.20 89.40 74.98 58.38 25.41 19.79 25.89 0.28 0.26 0.44 
5 4000 1000 0.30 161.20 82.31 84.27 58.87 25.64 27.11 0.37 0.31 0.32 
6 7000 1000 0.30 80.36 91.60 102.58 26.38 20.03 22.47 0.33 0.22 0.22 
7 4000 1500 0.30 209.34 143.42 156.36 55.69 36.88 38.59 0.27 0.26 0.25 
8 7000 1500 0.30 108.73 114.76 129.19 24.92 26.62 27.35 0.23 0.23 0.21 
9 2980 1250 0.25 211.30 98.43 141.21 58.38 27.35 34.69 0.28 0.28 0.25 
10 8025 1250 0.25 71.57 73.28 93.06 21.98 19.05 25.15 0.31 0.26 0.27 
11 5500 830 0.25 74.98 91.59 206.93 23.69 21.98 43.47 0.32 0.24 0.21 
12 5500 1670 0.25 136.10 110.17 120.69 35.90 30.29 31.26 0.26 0.27 0.26 
13 5500 1250 0.17 100.63 89.40 108.21 32.00 23.20 27.11 0.32 0.26 0.25 
14 5500 1250 0.33 148.26 89.30 124.37 39.82 23.45 28.82 0.27 0.26 0.23 
15 5500 1250 0.25 51.79 72.054 71.57 18.56 21.01 24.18 0.36 0.29 0.34 

 
RESULTS AND DISCUSSION 

 
Cutting forces and ratio: 
 The forces produced during grinding are due to cutting, and rubbing contacts of the wheel against the 
workpiece. Two main mechanisms represent the cutting force in grinding GFRP composite, namely shearing 
and rupture in the perpendicular direction and abrasion in the parallel direction. The grinding force was 
measured using a three channel dynamometer, while grinding GFRP composite laminate was performed at 
different combinations of speed, feed and depth of cuts. The grinding force does not seem to exhibit any 
particular trend, primarily due to the strong locality of fibre and matrix contents, and hence is very difficult to 
predict. Material removal is efficient in grinding in dry condition when compared to grinding with coolants. 
CBN grinding wheel with emulsion coolant was the least efficient while grinding GFRP composite laminates. 
 
Effects of speed, feed and depth of cut: 
 In order to understand the relationship between the grinding force ratio and the grinding parameters, 
regression analysis performed and the results were given as surface plots as shown in Fig. 1. Grinding in dry 
condition produces the highest grinding force ratios in most cases. This may not be entirely surprising since the 
role of coolants in cooling the workpiece interface of traditional metal is not particularly significant in the 
grinding of GFRP.  
 Grinding at low speed/high feed (run 3) was particularly efficient for grinding in dry condition and grinding 
with emulsion coolant.  However, for grinding with synthetic coolant, low speed/low feed (run 1) was preferred. 
High speed/high feed (run 8) without coolants was inefficient, as this combination induced more ploughing than 
cutting. In addition, grinding with coolants at high speed/low feed (run 6) was less, if not least efficient due to 
the lubricity of the coolants.    
 In general, low speed led to higher grinding force ratio for both dry and wet grinding. The key difference 
between dry and wet grinding is that in dry grinding, increasing either the feed or the depth of cut (but not both) 
will further enhance the grinding force ratio. On the contrary, increasing either the feed or the depth of cut will 
only impede material removal in wet grinding. Furthermore, high speed/ high depth of conditions (runs 8 and 6) 
were the least efficient for both dry and wet grinding because under these conditions, abrasive grains tend to 
plough rather than cut.  
 For grinding in dry condition and grinding with emulsion coolant, the combinations that favour material 
removal seem to point towards an inverse relationship between feed and depth of cut (run 3 and 5). In other 
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words, for better grinding efficiency in dry grinding and grinding with emulsion coolant, when feed increases, 
depth of cut should be reduced, and vice versa. In grinding with synthetic coolant, lowering all three parameters 
produces the highest grinding efficiency. The difference in viscosity and wetting properties of the two coolants 
may have caused the differences in the grinding force ratios under similar grinding conditions, although it is 
difficult to attribute the differences to each individual property 
 

 

 
 
Fig. 1: Grinding force ratios of different experimental runs. 
 
Electron microscopy: 
 In order to understand the details of the grinding mechanisms of composite material, scanning electron 
microscope (SEM) was used to probe the morphology of the ground surface. It is visible from electron 
microscope images that glass fibre undergoes sharp brittle fracture and abrasion with deformation of matrix 
materials in the form of cutting distortion, and crushing. Hence, the measurement of surface roughness of GFRP 
composites is not easy when compared to that of metals. In addition, surface flaws due to powdery deposit and 
cracks are also observed. 
 Grinding occurs mainly by three mechanisms: micro-ploughing, micro-cutting, and micro-rubbing. Fig. 2 
exhibits SEM images of the composite at relatively low magnifications (300x) clearly show the presence of 
grinding marks on the surface along the feed direction.  In Figure 3(a), protruding cut fibres can be seen on a dry 
ground surface. Fig. 3(b) depicts, at higher magnification (1000x) cracks along the grinding direction during the 
grinding with synthetic coolant. Furthermore, the matrix surfaces ground with coolants have smoother 
appearance (Fig. 3(b) and Fig. 3(c)). Dry ground surface is rougher, with crushed matrix particles sticking all 
over the surface. 
 The surface damage of the composite consists of matrix removal and exposure of fibres and fibre cracking.  
The chipped matrix material spread over the entire surface in the powdery form. Abrasive particles of grinding 
wheel cut and abraded the matrix, resulting in fine cracking, deformation and removal. The deep longitudinal 
cracks observed, in the case of grinding with synthetic coolant, are due to repeated ploughing the mechanism 
causing surface weakness. However, it is not visible in the case of dry grinding and grinding with emulsion 
coolant. Fig. 4 shows fibres damaged by abrasion, shearing and rupture. The matrix material displays plastic 
deformation, ploughing and tearing. The grinding mark shows the plastic flow of matrix material. At higher 
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magnifications, distinct evidence of fibre cutting and fatigue damage of the resin matrix can be seen on the 
surfaces. Some fibre damage was the result of surface fatigue due to repeated abrasion by abrasive particles. 
These images reveal that the fibre is removed primarily through fracture and abrasion. At higher magnifications, 
the presence of fibre breakage and fine granule of debris are observed. The geometry and distribution pattern of 
these debris conclude that they are produced through micro-cutting process.  
 

 
 

Fig. 2: Low magnification (300x) electron microscopy of ground surface; 
a) grinding in dry condition, b) grinding synthetic coolant, c) grinding with emulsion coolant. 
 

 
  
Fig. 3: High magnification (1000x) electron microscopy of ground surface; 
a) grinding in dry condition, b) grinding with synthetic coolant, c) grinding with emulsion coolant. 
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Fig. 4: Electron micrograph of fibres damage; a) Shearing, b) Rupture, c) Abrasion. 
 

 
 
Fig. 5: Electron micrograph of fibre damage; a) Shearing, b) Rupture, c) Abrasion. 
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Conclusion: 
Based on this research work, the following are concluded: 

1. Grinding in dry condition was the most efficient in material removal in most of the conditions tested, while 
grinding with emulsion coolant was less, if not the least efficient in many cases, except under high speed 
and low feed conditions.  

2. In grinding in dry condition, protruding fibres are evident, and the ground surface was coated with crushed 
matrix. The distribution pattern of the debris concludes that they were produced through micro-cutting. 

3. Grinding with synthetic coolant shows clean, hard and smooth matrix surfaces. 
4. The electron microscopy of the ground surface reveals that, matrix materials removed by chipping and the 

fibres by shearing, rupture and abrasion. 
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