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Abstract:
Machining of any Fiber Reinforced Plastic which is basically a Polymer Matrix Composite without causing any
damage is quite challenging when machined with conventional processes viz. drilling, milling, grinding, sawing etc.
due to its inherent anisotropy, heterogeneity and thermal sensitivity, even if proper care may have been taken.
Abrasive waterjet machining technology have proven its capability to cut almost any material and being
successfully applied to machine numerous materials including composites owing to its certain advantageous
characteristics like ‘cool’ cutting, self cleaning, no special or additional tooling, extremely fast set-up, minimal
fixturing, etc.. Because of said underlying characteristics of Abrasive Waterjet cutting process, it has attracted
attention of the manufacturing industry to be considered as a better alternative machining process for widely used
polymer matrix composites for industrial and domestic application. This paper evaluates for application of Abrasive
Waterjet for cutting Fiber Reinforced Plastics based on the published literature and indentifies the scope of
exploring research potential
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Introduction:
Any Fiber Reinforced Plastic (FRP) is primarily a sub-type of Polymer Matrix Composite (PMC) that has found
numerous industrial and domestic applications. The varieties and applications of such man-made materials will keep
growing due to their beneficial properties over the naturally available materials. Though it is possible to make near
net shape parts out of FRPs, many are machined from the sheet or bar stocks. Machining of FRP is relatively
complex task due to its constitutional heterogeneity, anisotropy and heat sensitivity. FRP when machined with
conventional techniques like drilling, milling, sawing, grinding, etc., often result in thermal damage of matrix,
debonding of fibers from matrix, delamination or interlaminate failure, poor kerf quality, dusting and high tool wear
rate particularly in case of harder fibers. On other hand the unconventional machining processes that may be
employed to machine FRP would only be Laser Beam Machining (LBM), Ultra-Sonic Machining (USM), Abrasive
Jet Machining (AJM) and Abrasive Waterjet Machining (AWJM) because they mostly exhibit chemical inertness,
heat sensitivity and poor electrical conductivity.
The Abrasive Waterjet (AWJ) machining technology is an unconventional yet quite a versatile machining process.
It uses erosive effect of high velocity water jet mixed with abrasive to remove workpiece material for cutting twodimensional profiles. This process possess advantages over most other machining processes for performing similar
operation are; (i) it can cut quite intricate profiles out of almost any material having thicknesses from thin foils up to
thick slabs quite accurately, independent of the material properties like hardness, electrical conductivity, chemical
inertness and reflectivity (ii) it leaves quite narrow kerf width, of nearly equal to the jet diameter hence makes it
possible to use tight nesting for optimal material usage, (iii) it does not require additional or special tooling, so
saves on tool changing time and inventory, (iv) it can ensues almost burr free cutting and with appropriate setting of
parameters, gives good surface finish of the kerf walls that might not require secondary operation, (v) it has very
low cutting forces in jet direction and lesser in other directions hence requires minimum clamping, (vi) it is
inherently cool cutting, therefore no Heat Affected Zone (HAZ) induced, which is very important for heat sensitive
material, (vii) it is self cleaning and tend to be ‘Environment friendly’ since water carry away the debris (and fumes
in case of Polymer) of cutting, (viii) it is superior process in terms of productivity due to faster rate of cutting
minimal change over time. [1-4]
Because of described underlying characteristics of AWJ cutting process, it may be considered as more beneficial
alternative for machining of FRP. Researchers have shown that use of AWJ with optimal parameters for Carbon
Fiber Reinforced Plastic (CFRP), Glass Fiber Reinforced Plastic (GFRP) and Aramid Fiber Reinforced Plastic
(AFRP) could be a viable and effective alternative for cutting quite complex 2D profiles from the sheets stocks with
excellent kerf quality in terms of width, taper and roughness predictably with minimal damages mentioned earlier.
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The experiences of some of such research work is reviewed here and analysed for the research potential on
application of AWJ technology on similar material.
The Material removal Mechanism, the Machine and Cutting performance of AWJ
The idea of machining with Waterjet (WJ) is adopted from nature that has been showing phenomena of erosion of
hardest of the rock by a stream of water. The rate of erosion is observed to be faster when the water stream is mixed
with sand particles and that has lead to the development of AWJ technology. High velocity waterjet is created by
passing high pressure water through a very small orifice while the abrasive is added to it in a so called mixing
chamber to generate AWJ. These added cutting edges provided by abrasive particles increase the rate of erosion,
enhancing the cutting capability of AWJ many folds than pure WJ. The removal of material from the workpiece
involves one or more of the following mechanisms: microcutting, ploughing deformation, and micro-fracture. The
dominant mechanism of material removal is determined by the properties of impacting abrasive particles in terms of
shape, size and hardness, the jet impact angle, abrasive feed rate, and the properties of the work piece material.
Microcutting and ploughing deformation are associated with ductile materials and shallow impact angles; where
microcutting occurs for sharp particles while ploughing deformation is associated with spherical particles.
Microcracking occurs when the particles impact about normal to the workpiece. Microcutting is believed to be the
dominant material removal mechanism in AWJ machining of FRPs. [5, 6]
A generic AWJ machine tool is shown schematically with major components in Fig. 1. The high pressure pump
may comprise of an intensifier, prime mover, controller, and an accumulator. Pure water is pressurised to about
200-400 MPa (2000-4000 bar) and fed to the module called cutting head through high pressure tube. As depicted in
Fig. 2 schematically, the high pressure water is then passed through a small orifice (of 0.2 - 0.3 mm diameter), to
form a very high velocity (200 - 300 m/s) WJ. This WJ then enters in to the mixing chamber to get mixed with
abrasives supplied though abrasive supplying system making it which comes out of outlet nozzle of relatively large
diameter ( 0.7 - 0.8 mm). The position and motion of the cutting head is controlled by computer numerical control
(CNC) system. [7]

Fig. 1. Schematic of the a AWJ Machine

Fig. 2. Inside the AWJ generator

Performance of any machining process for specific application in terms of quality with productivity would
determine its suitability. The geometry of the cut and the material integrity after cutting are the important criterion
to determine the performance of AWJ cutting. The slit generated due to through cutting for profile cutting operation
is the Kerf and its typical features associated with AWJ cutting are depicted in Fig. 3, (a) kerf widths at top and
bottom, indicating taper. The kerf also has jet affected zone at kerf top (nozzle side) while kerf bottom may have
burr in case of ductile or ‘soft’ material or chipped-off edges when material is brittle or ‘hard’. Fig. 3 (b) depicts the
kerf wall that has two quite clear zones; smooth towards top and rough with striation marks at bottom. Evidently it
is desirable to have kerf with minimum width, taper, and roughness along with minimum of jet affected zone and
burr or chipping without damaging the parent material.[6]
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(a)

(b)

Fig. 3. Typical AWJ cut kerf geometry: (a) end view of kerf, and (b) kerf wall roughness
Factors affecting the AWJ cutting performance
AWJ cutting involves quite a few number of process variables that can affect the cutting performance. Their
general relationship is shown in Fig. 4.[7] However, major and easy-to-adjust variables are generally considered for
achieving the best cut quality possible. They are; (i) Water Pressure, (ii) Nozzle Traversing Speed, (iii) Abrasive
Flow rate, (iv) Standoff Distance, and some times (v) Angle of Attack.

Fig. 4, AWJ parameters and cutting performance relationships [8]
Kerf width at top or towards nozzle would dominantly depend upon the jet diameter while kerf width at bottom or
away from nozzle might depend on the rate of cutting which in turn is a combination of the AWJ parameters, hence
might create the difference in the top and bottom width making the kerf tapered. The kerf wall roughness is found to
depend mainly on traverse speed and also on remaining parameters. However, the speed of the nozzle traverse is
found to be the most useful and convenient to control parameter among all that affects the kerf quality. For
example, the water pressure (in turn, jet velocity) and stand-off distance (effective jet velocity at work surface) do
affect the kerf geometry but range of possible and useful variation for this parameters is quite limited. Because it is
easy to vary speed of traverse for a considerable range in finer steps, it is possible to get desired effect on kerf
widths and wall roughness. Pictures in Fig. 5 and 6 shows these effects qualitatively when rest of the AWJ
parameters kept fixed. Similar behaviors of kerf quality are exhibited when FRP is cut with AWJ.

Fig. 5. Traverse speed vs. kerf width and taper

Fig. 6. Traverse speed vs. kerf wall surface roughness

Performance evaluation for AWJ cutting of Fiber Reinforced Plastics
From the published literature on AWJ cutting, it appears that the majority have considered ‘harder’ or ‘difficult-tomachine’ material for the research work, while quite a little attention has been paid on AWJ cutting of ‘softer’
materials such as FRP. Nevertheless, some studies on cutting FRP with AWJ have shown that the kerf generated
exhibit similar characteristics to those on ductile and brittle materials in relation with AWJ parameters used. Also it
is generally concluded that AWJ can produce good quality cuts with very high cutting rate with minimum damage.
Commonly encountered damages while cutting FRP with AWJ could be; delamination or interlaminate bond
failure, fiber pull out, abrasive embedment, and water absorption. Generally the higher pressure, slower traverse
speed and smaller abrasive flow rate tend to result in delamination whereas embedment of abrasive and absorption
of water would depend upon the characteristics of the constituents of the FRP. Hence compatibility among the FRP
to be cut and AWJ parameters has to be decided by preliminary experimentation. [9-13]
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A study on the effects of variation in stand-off distance, traverse speed and water pressure, with keeping
abrasive mass flow rate and the angle of attack constant (90º) on kerf quality generated for Teflon fabric reinforced
phenolic polymer laminate is qualitatively summarized in the Table 1 to indicate the general trend. The results are
also presented by graphs in the Fig. 7, 8, and 9. The selection of values of the varied parameters was generally
based on common ranges of application and equipment limits. [14]
Table 1 The effect of cutting parameters on the kerf geometry and quality
Standoff distance Traverse speed Water pressure
Top kerf width
Bottom kerf width
Kerf taper
Roughness/ Striation

Not significant
Not significant

Fig. 7. Traverse speed vs. Kerf geometry (water pressure-35 kpsi, stand-off distance-4 mm)

Fig. 8. Standoff distance vs. Kerf geometry (water pressure-40 kpsi, traverse speed-1500 mm/min)

Fig. 9. Water pressure vs. Kerf geometry (traverse speed-1000 mm/min, stand-off distance-4 mm) [14]
A multi-variable regression analysis was also carried out with a confidence level and following empirical models
for the kerf geometry in terms of process variables.
(1)
(2)
Where, Wt is the top width of the kerf and θ is the kerf taper angles in degrees, P is the water pressure in kpsi, Sd is
the stand-off distance in mm and V is the traverse speed in mm/min. The study concluded that AWJ cutting is a
viable and effective alternative for polymer matrix composite processing with good kerf quality and productivity.
The analysis and empirical models of the kerf characteristics in terms of the process parameters have provided a
means of estimating the kerf geometry and compensating for the inclination and width of the kerf in the design and
processing stages. The combination of process parameters recommended for the material under consideration may
be used for maximizing the productivity whilst maintaining good kerf quality in practice.
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Results of experimental study for the effect of AWJ parameters on surface roughness Ra and kerf taper ratio TR for
machining of Aramid (Cavelar129) fiber reinforced phenolic polymer matrix laminateby AWJ indicated that the
Hydraulic pressure and Traverse rate were found as the most significant control factors affecting kerf quality.
Increasing the hydraulic pressure and abrasive mass flow rate may result in a better machining performance for both
criteria. Whereas decreasing the standoff distance and traverse rate may improve Ra and TR. Same are presented
graphically in Fig. 10, for surface roughness Ra and Fig. 11 for kerf taper ratio TR.

Fig. 10. Surface roughness vs. (a) hydraulic pressure (b) abrasive flow rate (c) standoff distance (d) traverse rate.

Fig. 11. Kerf taper ratio vs. (a) hydraulic pressure (b) abrasive flow rate (c) standoff distance (d) traverse rate.
Related predictive model for developed as follows;
(3)
(4)
Where, Ra= Kerf wall surface roughness, TR= Kerf taper ratio p = hydraulic pressure in MPa, m = abrasive flow rate
in g/s, s = stand-off distance in mm, and v = traverse rate in mm/min. [15]
An investigation on the effect of jet impact angle on kerf characteristics for a laminate of layered cotton fabric
reinforced phenolic polymer matrix composite with Traverse Speed = 1600 mm/min, Abrasive Flow rate=0.6
kg/min, and Standoff Distance = 4 mm are shown in Fig. 12. [16]
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Fig. 12. Jet impact angle vs. kerf characteristics [16]
There are other publications and articles presenting more or less similar effects on AWJ cutting performance and
conclusions for other varieties FRPs. The verified predictive models as outcome of the researches are of prime
importance since it could help in better planning and control over the process so that the best possible results are
achieved. For AWJ of FRPs very few have developed regression model in relevance with the matter being
reviewed. Therefore quite an amount of research potential is indicated worth exploring [ ]. Nevertheless,
development of the techniques for improving the quality of the kerf has been attempted by oscillation of nozzle in
direction of cutting and by tilting the nozzle for the compensation. [17, 20]
Experiments were conducted using pure water jet and AWJ under two conditions, that is (a) starting jet on the
workpiece, and (b) starting jet outside of the workpiece and bring on to the specimen to study delamination on
Graphite/Epoxy Laminate when cut with AWJ. The pictures of the cross sections of the resulted kerfs are shown in
Fig. 13. When AWJ is used the kerf is narrow, through and clear without delamination. Whereas for the case of
using pure waterjet the cut is not through, unclear and presence of several cracks adjacent to the kerf indicate
delamination due to its lesser cutting capacity. The case of delayed abrasive supply to the jet shows blend of both
characteristics described since the jet constitutes pure water for a while. Some abrasive particles found embedded
within delaminated portion. Author explains these behaviors by stating that the shearing action of the abrasive
particles plays quite a dominant role in the erosion mechanism while pure waterjet cuts the material by initiating
cracking it with shock wave impact. After generation of the crack tips, penetration of the water flow into it develops
wedging action, causing the propagation of the cracks as shown in Fig. 14 (a) & (b) to result in delamination. Later,
the abrasive particles may get embedded. Fig. 15 (c) & (d) depict its schematic and actual particle embedded inside
a crack. [21, 22]

(a)

(b)

(c)

 = 3 g/s, and (c) same AWJ, with abrasive feed delay time of 3 s
Fig. 13 Kerfs with (a) pure WJ, (b) AWJ with m
and pressure = 210 MPa
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Fig. 14. Mechanism of delamination: (a) fracture initiation, (b) water-wedging expands and propagate the cracks

Fig. 15. (c) Embedment of abrasive, and (d) actual embedded abrasive particle
Cutting with pure WJ tend to delaminate FRPs hence should not be used. A predictive model to estimate the
maximum crack length generated on the material when machined using AWJ was developed and verified using
experimental data. Similar models can be developed for other layered composite material and can be used for
process control to minimize the delamination defects on the components that can occur.
Conclusion:
The versatility of AWJ technology for cutting almost any material has been well established in terms of narrow kerf
width and faster rate of cutting when compared to other conventional and unconventional machining processes used
for similar operation. In addition this machining process does not call for extra tooling and fixturing yet has surplus
advantages of intrinsically cool cutting and self cleaning. Based on these inherent strengths, this can be probably the
best alternative process for machining FRP. But as with every machining process AWJ technology also has
underlying limitations of producing undesirable tapered and rough kerf walls. Though said short comings can be
minimized to best possible level with selection of optimal AWJ parameters for machining. However, secondary
operation may be necessitated where higher accuracy and precision are called for.
Delamination may be caused during AWJ cutting of FRP. It is the degradation of material properties adjacent to the
kerf and very much of concern because it will seriously affect the capacity of the component to bear designed loads
for expected life. Contaminations in form of moisture absorption or embedment of abrasive particles in to the parent
material are also considered as undesirable machining effect. Therefore compatibility among the FRP to be cut and
AWJ parameters has to be decided by preliminary experimentation to check against the described damages. This
indicates the research potential of establishing optimal machining parameters to minimize or eliminate the
undesirable effects and defects for every FRP, existing one and being developed worth researching.
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