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Abstract: Clad composites have emerged as a suitable choice to augment the industrial needs due
to having a combination of different properties. The accurate cutting is challenging due to the
heterogeneous nature of the composite. Conventionally, thermal cutting (plasma/gas) techniques
are commonly employed which provide poor cut quality, deeper heat affected zones and demand
additional finishing operations. Therefore, this research evaluates the potential of abrasive water jet
cutting (AWJC) as a proficient substitute for the cutting of stainless-clad-steel composite in terms of
surface quality. However, it is difficult to produce a similar level of surface finish at both the layers
because the constituent layers have different mechanical properties. The effect and significance of
four important AWJC parameters on cut quality are examined through statistical analyses. Optical
and scanning electron microscopic analyses are further provided as evidence of the reported results.
Optimal settings are also developed using a weighted signal-to-noise ratio technique which can
provide minimal roughness at each layer. Moreover, using the optimal settings, a similar level of
surface finish has been achieved for both the layers with a difference of just 0.03 µm between the
constituent layers.

Keywords: AWJC; clad composite; surface roughness; weighted signal-to-noise ratio

1. Introduction

Layered composites are being widely employed in manufacturing due to having a combination
of different properties. The set of properties generated after the clad development are supposed
to be not achievable by a single material of that clad. Exclusive features like higher strength to
weight ratio, corrosion resistance, remarkable fatigue and endurance limit are offered by their use [1].
When a stainless steel is cladded to a low carbon steel the resultant properties include high strength
and high corrosion resistance [2]. The growing use of clad composites has attracted the focus of
researchers in these days. Noticeable work has been done to develop/improve and characterize the clad
composites [3]. For example, Cui et al. [4] studied the tribological characterization of laser cladding
coatings and Feng et al. [5] developed MoSi2/TiC/γ-Ni composite coating through plasma transferred
arc welding and studied the microstructure and wear properties. Likewise, Yu et al. [6] developed
NiAl intermetallic compound through laser cladding and investigated the tribological behavior
of the clad. But the real challenge that limits the use of clad materials is their accurate cutting.
The heterogeneous nature of the material produces variable cutting forces that seriously affect the
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cutting tool performance [7]. Incidentally, most of the work cited with respect to the cladded materials is
mainly focused on discussing the issues pertaining to the development of the clad composite. However,
the aspect of accurate cutting of cladded materials has not been widely examined so far. Only one
similar study has been found regarding the cutting of stack of carbon fiber reinforced plastic (CFRP)
and aluminum alloy (UNS A97050) through the use of abrasive water jet cutting [8]. The authors have
investigated the influence of process parameters on straight cut quality and drilling characteristics.
Generally, the clad composites are machined via thermal cutting processes like plasma cutting or gas
cutting. The cut quality produced by said processes is not of an appreciable extent. Moreover, the said
thermal cutting techniques induce larger heat affected zones into the work surface [9].

Abrasive water jet cutting (AWJC) could be a valuable substitute for the machining of cladded
materials as it has relatively less drawbacks with respect to the damage of the workpart. Additionally,
AWJC has no thermal effects and holds a high degree of flexibility with respect to cutting profiles.
Above all, it is an environmentally friendly technique [10]. In AWJC, the stream of abrasive particles is
mixed with the water jet in such a way that the jet momentum is partly transferred to the abrasive
particles. The role of water medium is primarily to accelerate the abrasive particles and produces a
highly coherent jet. This jet is targeted to the cutting area for performing machining action [11]. It is
pertinent to mention that no work has been found, in open available literature, discussing the cutting
of clad composite through abrasive water jet cutting. However, a part of the present study discussing
the kerf taper and material removal issues during the AWJC of clad composite can has been recently
published [12]. This in turns justifies the novelty of the work as the cutting performance of AWJC has
not been reported for the machining of clad composite.

Keeping in view the prior benefits associated with the use of AWJC, the present study examines
its potential for machining clad composite specimen in terms of surface finish. The rationale for
selecting the surface finish as a response is its dominant importance in governing the final quality of
the machined specimen [13]. Several properties like corrosion, wear and fatigue resistance are mainly
governed by the level of surface finish [14]. Therefore, surface roughness (Ra) has been selected as the
response characteristic.

Considerable research has been conducted in the past to understand the mechanism and
to investigate the parametric effects in AWJM with respect to surface roughness. For instance,
Babu et al. [15] have found that water pressure (WP) is the most contributing factor for Ra during
AWJM of brass-360. Uthayakumar et al. [16] also reported that WP was the prominent factor affecting
the surface morphology of Ni-based super alloy cut by abrasive water jet. In another piece of research,
it was concluded that the surface roughness decreased as the WP and abrasive mass flow (AMF)
increased. Contrarily, a reverse trend is observed for the stand-off distance (SOD), traverse speed (FR)
and abrasive grain size during the AWJM of ceramics tiles [17]. The cutting capability of AWJM for the
cutting of gemstones can be seen in [18]. It was reported that the feed rate (FR) and depth distance of jet
were the two influential factors for the Ra of cut specimens of gemstones. Karakurt et al. [19] evaluated
the impact of five input parameters, namely: feed rate; FR, standoff distance; SOD, abrasive grain size,
water pressure; WP and abrasive mass flow; AMF on kerf width during the machining of granitic rocks.
It was found that traverse speed and standoff distance were the two contributing factors for kerf width.
A multivariable regression model was also developed and validated. Selvan et al. [20] investigated the
effect of WP, SOD, FR and AMF for the cutting of cast iron. Jagadish et al. [21] developed the optimal
parametric settings of three abrasive water jet input factors, namely: water pressure, standoff distance
and nozzle speed, for the machining of green composite using response surface methodology. Results
revealed that the surface roughness was found to be minimum at a water pressure of 150 Mpa, standoff

distance of 3.5 mm and 125 mm/min nozzle speed. Yuvaraj et al. [22] carried out multi-objective
optimization using Technique for Order Preference by Similarity Ideal Solution (TOPSIS) approach
during abrasive water jet machining of aluminum alloy (AA5083-H32). Five responses namely:
penetration depth, cutting speed, kerf taper, top kerf width and Ra were simultaneously optimized
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using TOPSIS technique. A water pressure of 300 MPa, traverse rate of 120 mm/min, standoff distance
of 1 mm and AMF of 360 g/min were the optimal settings.

The potential of the AWJC had been tested for a variety of materials, but its cutting capability
for the machining of clad composites, specifically for stainless-clad steel, had not been thoroughly
examined so far. The real challenge regarding the use of this cutting technique is to control the surface
finish at both of the layers of composite. An adequate level of surface finish in both the layers is not
the only requirement; it is also essential that both the layers hold a similar surface finish level, as this
material must be used in composite form in its end application. This aspect, with regard to the AWJC
of layered composite, has not been explicitly studied yet. Therefore, in the present research cutting
performance is comprehensively investigated for the cutting of layered materials with an emphasis on
minimizing the surface roughness of the individual layer. Moreover, the difference between the surface
roughness values of both the layers is also minimized. The optimization of the process parameters is
commonly recommended to eliminate the wastage of resources, especially materials and energy [23].
Signal to noise ratio is one of the commonly used approaches to optimize the process parameters [24].
Therefore, weighted signal-to-noise ratio method, a multi-objective optimization approach, is applied
to develop an optimal parametric setting that can provide minimum surface roughness of each layer
having a minimal difference from the neighboring layer.

2. Materials and Methods

This research is oriented in evaluating the cutting capability of AWJM for stainless-clad steel.
This material has been used in a variety of different applications, such as boiler tubing, heat exchangers,
etc. The selected workpiece is made up of two layers. One layer is of stainless steel (SSL) while the
other is of Mild steel (MSL). Both of these layers are joined together by the process of weld overlay to
produce the cladded specimen. The chemical composition of selected workpiece material has been
validated via optical emission spectrometry using a standard method ASTM E 1676-4. The chemical
composition of the selected material is provided in Table 1. Salient properties of stainless-clad steel like
density, yield strength, percentage elongation etc. are extracted from literature and are tabulated in
Table 2. The thickness of the specimen used for experimentation was 10 mm, out of which 4 mm is of
SSL whereas the rest of the thickness is of mild steel. The workpiece is clamped into a clamping device
and the flatness of the work surface is ensured with the aid of sprit level. The abrasive nozzle is set at
an angle of 90◦ to ensure the orthogonal cutting. A garnet abrasive of 80 mesh size was employed
for the cutting of clad composite in a single pass. The schematic of cutting and actual setup used for
experimentation is described in Figure 1.

Table 1. Workpiece chemical composition.

Stainless Steel Layer Mild Steel Layer

Element (%) Element (%)

C 0.08 C 0.17

Si 0.83 Si 0.46

Mn 0.92 Mn 1.13

P 0.05 P 0.04

S 0.013 S 0.01

Cr 17.6 - -

Mo 2.36 - -

Ni 10.0 - -

Fe Balance Fe Balance
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Table 2. Workpiece material properties [9].

Physical/Thermal
Properties Stainless Steel Mild Steel Mechanical Properties

Density 8.07 g/cc 7.8 g/cc Ultimate tensile
strength 595 MPa

Specific Heat 0.5 J/g·◦C 0.47/g·◦C Percentage
Elongation 14.8%

Thermal
Conductivity 17 W/m·K 52.0W/m·K Hardness of

stainless-steel layer 50 (HRA)

Coefficient of
thermal expansion 16 µm/m·◦C 12.0 µm/m·◦C Hardness of mild

steel layer 39 (HRA)

Figure 1. Experimental setup for AWJM of clad composite; (a) Schematic, and (b) Actual setup.

The cutting performance of AWJC for machining clad composite is assessed in terms of surface
roughness. During each experimental run, a 40 mm cut-length was machined on an abrasive water jet
machine (model: WC3WB1212H). Upon the completion of each experiment, the surface roughness was
measured for both of the layers of clad composite using surface texture meter (model: Surtronic S128).
An evaluation length of 4 mm and a cut-off length of 0.8 mm was used for roughness measurement.
For each layer, three readings of roughness were taken, and then the average value was reported.
The measurement procedure adopted for taking the measurements of surface roughness at both the
layers has been elaborated in Figure 2. The value of roughness has been taken for both the layers,
i.e., stainless steel (Ra(SS)) and mild steel (Ra(MS)). Four key parameters were considered as the input
variables namely; stand-off distance (SOD), abrasive mass flow (AMF), feed rate (FR) and water pressure
(WP). The selection of these parameters was based on the rationale that their impact has been noted
as significant on surface roughness in the reported literature [15–18,20]. Preliminary trials were also
performed for selecting the appropriate levels of the selected control variables. Striation formation and
jet deflection, the two problematic issues associated with the AWJC, have been given due consideration
during preliminary trials. The selection of the levels is done in such a way that the chances of striation
formation and jet deflection would be minimal. It has also been ensured that abrasive laden jet can
produce a through cut in a single pass. All the parameters have three levels, except the stand-off

distance that has two levels. It was noted during the preliminary experimentation that if the value
of SOD was reduced below 1 mm, the retraction of the abrasive grains damages the abrasive nozzle.
On the other end, if the value of SOD is raised beyond 2.5 mm, the value of the effective width of the jet
is enlarged before the interaction with the target surface. As a result, the kinetic energy of the abrasive
laden jet has been reduced and it cannot produce a through cut. It is important to mention that the
workpiece placement is also a critical consideration in this study as material comprises of two layers
and both have different mechanical properties. The workpiece was placed in such a manner that SSL
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lies at the top, whereas MSL faces the bottom. The rationale for selecting this work orientation is to
take advantage of abrasive particles’ kinetic energy because SSL (55 HRA) is harder compared to MSL

(48 HRA). In fact, at the start of the cut, the abrasive laden jet has more penetration power owing to its
higher kinetic energy. The magnitude of this energy reduces as the jet moves downward because this
energy is consistently consumed in cutting the material. Therefore, it is advantageous to place SSL at
the top so that the harder layer can be machined due to the higher kinetic energy of the abrasive jet.
Though the abrasive jet consumes its energy to cut the upper layer, the lower layer of the material is
softer, hence it can also be machined. Parameters and their levels are tabulated in Table 3. The rest of
the control variables were treated as constant factors.

Table 3. Cutting parameters and their levels.

Control Factors Symbol Units
Levels

1 2 3

Abrasive mass flow AMF g/min 40 70 100

Feed rate FR mm/min 30 50 70

Stand-off distance SOD mm 1.5 2.5 -

Water pressure WP MPa 250 285 320

Experimentation has been planned according to the robust Taguchi experimental design technique.
This experimental methodology provides an opportunity to have accurate experimental results with a
fewer number of experiments. In a similar practice, several studies can be found using Taguchi L18 for
having a low number of experimental runs to control the time and cost of experimentation [25–27].
The optimized setting proposed via Taguchi design makes the process so robust that it can minimize
the impact of noise factors on the process output. In this experimental technique the number of
experiments is governed by the number of control variables and their level values. In the present
work there are four control variables, each having three levels, except stand-off distance which has two
levels. Therefore, a mixed level design array is selected. According to the number of control variables
and their levels taken in this work, the L18 orthogonal array was found suitable for performing the
experimentation. The experimental results have been thoroughly analyzed using various statistical
techniques. Optical and scanning electron microscopic (SEM) images of the machined surface have
also been taken for an in-depth evaluation of the parametric effects. Finally, the optimal parametric
combination has been developed using a weighted signal-to-noise ratio method that ensures minimal
surface roughness of each layer with a minute difference. This technique consists of five steps which
are described below:

1. Calculation of S/N ratio for each response variable;
2. Calculation of scaled signal-to-noise (SSN ratio) for each response;
3. Assign weights to scaled signal-to-noise ratio of each response and find weighted signal-to-noise

ratio of output variables;
4. Find the level averages for the weighted S/N ratios;
5. Identify the optimal parametric level combination that can simultaneously optimize all the

response attributes.

As a first step, the value of S/N ratio has been calculated for the selected response using the
relation described in Equation (1). S/N ratio was calculated for surface roughness of both layers (SSL &
MSL) using the same relationship.

ηi j = −10 log(
1
n

∑n

k=1
Y2

i j) (1)
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where, η accounts for S/N ratio and Yij is representing experimental value of jth response in ith trial.
After that, the SSN ratio has been found using the Equation (2).

SSN = [η− η(min)]/[η(max) − η(min)] (2)

Here, SSN = scaled signal-to-noise ratio, η(max) = maximum value of η from entire data,
η(min) = minimum value of η from entire data

In the third step, weighted S/N ratio has been found for Ra of both layers using the relation
mentioned in Equation (3).

WSN =
∑

(P× SSN) (3)

where, P = weightage given to each output response
In this work, equal weights are assigned to all the objectives. There is an involvement of three

responses in this study; surface roughness of stainless steel layer (Ra(SS)), roughness of mild steel layer
(Ra(MS)) and the difference of roughness value between the two constituent layers (δ). The roughness
difference between the two layers is designated as delta (δ). Keeping in view that three responses are
involved in the present work and all are equally important, a weightage of 0.33 has been assigned to
all the responses. In the last step, level averages have been calculated based on the WSN ratios of all
the experimental runs, and finally the optimal combination has been established.

Figure 2. Measurement of roughness; (a) Actual measurement and (b) Schematic of measurement.

3. Results

Experimentation on layered composite has been successfully performed under DOE (L18). In each
experimental run a cut length of 40 mm was produced. Afterwards, the surface roughness of all the
samples was measured in terms of arithmetic average which is a commonly used parameter in the
industry for assessing the surface finish of the machined part. As the machined sample is composed of
two layers of material, the surface roughness of both the layers has been measured. The results of
experimentation have been tabulated in Table 4. Experimental results obtained after experimentation
and measurement are thoroughly analyzed using statistical and SEM analyses.

Table 4. Experimental results.

Sr. No. SOD
(mm)

AMF
(g/min)

FR
(mm/min)

WP
(MPa)

Ra(SS)
(µm)

Ra(SS) S/N
Ratio (dB)

Ra(MS)
(µm)

Ra(MS) S/N
Ratio (dB)

1 1.5 40 30 250 3.28 −10.3175 3.45 −10.7564
2 1.5 70 50 285 3.26 −10.2644 3.53 −10.9555
3 1.5 100 70 320 3.27 −10.2910 3.13 −9.9662
4 1.5 40 30 285 3.36 −10.5268 3.49 −10.8565
5 1.5 70 50 320 3.33 −10.4489 3.64 −11.2220
6 1.5 100 70 250 2.54 −8.1977 2.57 −8.1987
7 1.5 40 50 250 2.99 −9.5134 4.19 −12.4443
8 1.5 70 70 285 3.41 −10.6551 3.52 −10.9309
9 1.5 100 30 320 2.69 −8.2660 2.56 −8.1648
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Table 4. Cont.

Sr. No. SOD
(mm)

AMF
(g/min)

FR
(mm/min)

WP
(MPa)

Ra(SS)
(µm)

Ra(SS) S/N
Ratio (dB)

Ra(MS)
(µm)

Ra(MS) S/N
Ratio (dB)

10 2.5 40 70 320 4.05 −12.1491 4.24 −12.4856
11 2.5 70 30 250 3.18 −10.0485 2.89 −9.2180
12 2.5 100 50 285 3.47 −10.8066 2.76 −8.8182
13 2.5 40 50 320 3.69 −11.3405 4.03 −12.1061
14 2.5 70 70 250 3.25 −10.2377 3.41 −10.6551
15 2.5 100 30 285 3.42 −10.6805 2.84 −9.0664
16 2.5 40 70 285 4.22 −12.5062 4.71 −13.4604
17 2.5 70 30 320 3.29 −10.3439 2.85 −9.0969
18 2.5 100 50 250 3.17 −9.7428 3.01 −9.5713

3.1. Parametric Significance Analysis

Analysis of variance has been carried out for examining the parametric significance with respect
to the selected responses. A confidence interval of 95% has been defined as a criterion for rating a
parametric effect as significant. According to this criterion, any control variable having a p-value less
than 0.05 would be considered as significant for the selected output variable. It is evident from the
results of ANOVA presented in Table 5, that SOD, AMF, and WP are the significant control factors for
the surface roughness of the stainless-steel layer (SSL). Whereas, the roughness of the mild steel layer
(MSL) is primarily influenced by AMF and FR as described in Table 6. The percentage contribution of
control variables for both the surfaces has also been calculated as shown in Figure 3. It has been found
that the percentage contribution of input parameters namely; SOD, AMF, FR and WP for controlling
the surface roughness of SSL is 25%, 31%, 8%, and 24%, respectively. Whereas, in case of MSL surface
roughness, AMF holds the leadingly high percentage contribution of 68.3% followed by FR which has a
percentage contribution of 19%.

Table 5. ANOVA for Ra(SS).

Source DF Seq SS Adj SS Adj MS F P Contribution (%)

SOD (mm) 1 0.71202 0.71202 0.71202 20.91 0.001 25

AMF (g/min) 2 0.86143 0.86143 0.43072 12.65 0.002 31

FR (mm/min) 2 0.22890 0.22890 0.11445 3.36 0.076 8

WP (MPa) 2 0.67893 0.67893 0.33947 9.97 0.004 24

Error 10 0.34051 0.34051 0.03405 - - 12

Total 17 2.82180 - - - - -

Table 6. ANOVA for Ra(MS).

Source DF Seq SS Adj SS Adj MS F P Contribution (%)

SOD (mm) 1 0.02067 0.02067 0.02067 0.32 0.581 0.3

AMF (g/min) 2 4.35423 4.35423 2.17712 34.19 0.000 68.3

FR (mm/min) 2 1.21303 1.21303 0.60652 9.53 0.005 19

WP (MPa) 2 0.15463 0.15463 0.07732 1.21 0.337 2.4

Error 10 0.63668 0.63668 0.06367 - - 10

Total 17 6.37925 - - - - -
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Figure 3. Parameter’s contribution (%) for both layers.

It is pertinent to mention that percentage contribution of control variables is different for both
the layers despite the fact that the layered composite is subjected to cut via AWJM in a single pass.
Moreover, the surface texture produced on both layers of material is different as highlighted in Figure 4.
The heterogeneous nature of the composite is mainly responsible for this shift. It is worth-noting that
AMF has proven to be the most contributing parameter for both the layers (SSL and MSL). However,
the percentage contribution of AMF for controlling surface roughness of MSL is approximately double
compared to its percentage contribution towards SSL surface roughness. The surfaces finish of SSL is
mainly dependent on SOD, AMF and WP, however the surface finish of MSL is predominantly controlled
by AMF and FR. This shift of parametric significance happens because as the jet stream penetrates
down the thickness of work surface, its kinetic energy has been reduced. This dropped magnitude of
the kinetic energy has been utilized in mechanical shearing of the substrate material. Subsequently, jet
dynamics observed at exit is different to that found at the jet entry. Hence, both the layers of bi-metal
clad experience different magnitude of mechanical shear resulting into dissimilar surface qualities.
Therefore, it is challenging to have a similar surface finish on both the layers. This requires finding an
optimal parametric combination that not only provides minimum surface roughness of both the layers,
but also minimizes the difference to offer a similar kind of cut quality.

Figure 4. Surface texture comparison of SSL and MSL.

3.2. Parametric Effects Analysis

After evaluating the parametric significance through ANOVA, the main effects plot analysis has
been carried out to perceive the trend of control variables for the selected response characteristics.
The results of the aforesaid analysis have been shown in Figures 5 and 6. It has been noticed that
the control variables portray the similar trends for the surface roughness of SSL and MSL despite
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their difference in percentage contribution. The accompanying discussion on the parametric trends is
described in the up-coming sections.

Figure 5. Parametric effect plots for Ra(SS).

Figure 6. Parametric effect plots for Ra(MS).

3.2.1. Effect of SOD on Surface Quality

As mentioned earlier, SOD has proven to be a significant control variable for the surface roughness
of SSL and statistically insignificant for the MSL surface finish according to the ANOVA results. The same
has also been witnessed from the parametric effects plots described in Figures 5 and 6. The reduction
in the magnitude of kinetic energy is primarily responsible for this trend as abrasive laden stream has
already consumed its energy while penetrating down the workpiece. That was also the reason for
placing the SSL at the top to take the advantage of this kinetic energy considering that SSL is harder
compared to MSL. It has been observed that SOD demonstrates a linear relationship with respect to
surface roughness, i.e., an increase in the value of SOD results into the larger value of Ra. A similar
trend has been reported in [28]. This relationship holds true for the surface roughness of both the
layers (SSL & MSL) of clad composite. With the increase in SOD, the distance between the abrasive jet
nozzle and the target workpiece is increased which helps to raise the momentum of abrasive grains.
This increase in the momentum improves the penetration power of the abrasive grain. Thus, a deeper
crater is formed at the target surface. Consequently, a poor surface finish is obtained as depicted in
Figure 7.
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Figure 7. Optical micrographs of machined area at; (a) larger SOD = 2.5 mm, (b) smaller SOD = 1.5 mm.

3.2.2. Effect of AMF on Surface Quality

The effect of AMF on surface finish is the opposite to that of SOD, i.e., a larger value of the said
control variable results into smaller surface roughness. The trend of AMF is observed alike for both the
SSL and MSL layers. It is worth-noting that AMF has proven to be the major contributing parameter
for the surface finish of both the layers. However, its contribution is more prominent for Ra(MS) in
contrast to Ra(SS) as depicted in Figure 3. The same has also been observed in the parametric effect
plots described in Figures 5 and 6. At the larger value of AMF (100 g/min), a small magnitude of surface
roughness of both the layers has been obtained. The main reason behind the trend of AMF is the change
in the mode of shearing action associated with the change in value of AMF. In AWJM, cutting action
has been accomplished by the abrasive laden slurry. The abrasive grains impart an impact load on
the target surface that causes shearing of the work surface. As the magnitude of AMF is raised from
lower to higher value, a greater number of abrasive grains are available for performing the cutting
action in the machining regime. In other words, more cutting sites are available in the cutting area to
mechanically shear-off the workpiece material. This increase in the number of shear sites has promoted
the uniform erosion of the material from the target surface. This uniformity in cutting action yields
lesser surface irregularities. Hence, the surface finish of the machined surface has been improved.
The same has also been witnessed by the authors of [8] during AWJC of Carbon Fiber Reinforced Plastic
(CFRP) and aluminum alloy UNS A97050 stack. This phenomenon is also visible in scanning electron
microscope (SEM) images shown in Figures 8 and 9. Quality of SSL and MSL machined surfaces at 40
and 100 g/min of AMF has been examined in these micrographs. It has been noted that surfaces of both
the stainless steel as well as of the mild steel are found relatively smoother (smaller surface roughness)
at larger AMF. At smaller AMF, shear marks found at the machined surface demonstrate that material
has been removed in a non-uniform manner from both the layers as mentioned in Figures 8a and 9a.
On the other end, SEM images recorded at larger AMF depicts that shearing occurs in a relatively more
uniform manner. Another important observation that has been evidenced in the SEM images is the
embedment of abrasive particles of the machined surface. But this phenomenon is only observed on
the surface of MSL. This is mainly attributed to the lower hardness of the MSL. Interestingly, the surface
texture of both the layers has been noted to be appreciably different from each other even though both
layers are machined in a single pass. This difference is prominently seen in Figures 8 and 9.
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Figure 8. SEM micrographs of SSL machined at; (a) AMF = 40g/min, (b) AMF = 100 g/min.

Figure 9. SEM micrographs of MSL machined at; (a) AMF = 40 g/min, (b) AMF = 100 g/min.

3.2.3. Effect of FR on Surface Quality

Based on the parametric effects demonstrated in Figures 5 and 6, it has been envisaged that lower
FR has a positive impact on the surface finish of the clad specimen. At a higher value of FR, surface
roughness of both the layers has been reduced. The main reason behind this trend is the contact time
between the abrasive laden with the target surface. When the magnitude of FR is higher, abrasive
laden traverses at a faster rate along the cut dimension which in turn reduces the contact time between
the abrasive laden waterjet and the target surface. This reduction in the contact time upsurges the
cutting rate during AWJC. However, this increase in the cutting rate is associated with a prominent
drawback of generating non-uniform shearing of material from the target surface. Thus, non-uniform
occurrence of shearing provides poor surface quality. The same has also been witnessed by the SEM
micrograph shown in Figure 10. A similar trend of FR with respect to surface roughness has also been
cited in another work [8].
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Figure 10. SEM micrograph of machined surface at 70 mm/min.

3.2.4. Effect of WP on Surface Quality

The trend of WP with respect to the surface finish of both the layers has been described in Figures 5
and 6. Experimental results revealed that the value of surface roughness is increased with the increase
in WP from 250 MPa to 285 MPa. The reason behind this trend is the increase in the magnitude
of kinetic energy of the abrasive jet with the rise of the value of WP. This increment in the kinetic
energy of the jet accelerates the abrasive particles more energetically. When these accelerated abrasive
particles encounter the target surface, they impart a greater amount of shear load during their collision
due to having larger kinetic energy. Consequently, deeper crates are formed at the machined surface
which promotes the surface roughness. The same has also been validated in the SEM micrographs
of the machined area presented in Figure 11. At larger WP (285 MPa) deeper craters are formed,
while at lower WP (250 MPa) shallow craters are produced. Owing to the decrease in the craters’ depth
the surface finish is improved as highlighted in Figure 11. However, an increased trend has been
observed for the surface roughness of both the layers with the rise in WP from 250 MPa to 285 MPa.
However, this impact is statistically significant for SSL only as mentioned in Tables 5 and 6. This is
because the abrasive jet loses its kinetic energy as it moves down along the workpiece thickness.
The kinetic energy of the abrasive laden jet is successively dissipated due to its collisions with the
work surface. This is why the change in water pressure is unable to produce a noticeable change in the
surface roughness of MSL as the jet’s kinetic energy has already been dissipated by the upper layer of
stainless steel (having higher hardness of 55 HRA). Therefore, the effect of change of WP turns out to
be insignificant. It is interesting to note that the surface roughness of both the SSL and the MSL layers
was reduced as the value of WP rose from 285 MPa to 320 MPa. This was attributed to the reason
that at a higher WP the shear load on the abrasive grains is increased. Bouad et al. [29] claimed that if
the shear load experienced by the abrasive grain is more than its crushing load, the abrasive particle
gets fractured. The cutting capability of the crushed particles is reduced, and thus shallow craters are
formed. Subsequently, the magnitude of the surface roughness is reduced.
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Figure 11. SEM micrographs of machined surface SSL; (a) At WP = 250 MPa, (b) At WP = 285 MPa.

3.3. Multi-Response Optimization

Optimal parametric combination has been identified in this section after comprehensively
discussing the parametric effects and their relative significance for the surface roughness of each layer
of clad composite. The development of the optimal setting is challenging because a smaller Ra value at
each layer is not the only objective, but it is also required that the difference between the constituent
layers’ roughness should also be minimal. Because this clad composite has to be employed as a single
material in its end applications, therefore multi-response optimization (MRO) has been carried out in
this research to achieve the said objective. A variety of multi-response optimization techniques are
available like Vikor, Multi-response signal-to-noise (MSN), Weighted signal-to-noise (WSN) and Grey
relational etc. however, WSN has proven to be most effective [30]. That is why in the present study
WSN methodology is adopted. This methodology helps to identify those levels of control parameters
that can provide the desired outcome of all the selected responses. The optimal combination iterated
via said optimization method can be within the experimental design table or might be some other
combination based on the selected parametric levels that is not a part of the design table. The steps
associated with this optimization technique have already been discussed in the materials and methods
section. As there are three responses which are under consideration in this research and it is desired
to have their magnitude at the minimum level, equal weights have been assigned to each response
characteristic. The results of weighted signal-to-noise ratio analysis are tabulated in Tables 7 and 8.

Table 7. Results of WSN calculation.

Sr No.
Calculation of S/N Ratio Calculation of SSN Ratio Calculation of WSN

S/N Ra(SS) S/N Ra(MS) S/N (δ) SSN Ra(SS) SSN Ra(MS) SSN (δ) 0.33(SSN Ra(SS)) + 0.33
(SSN Ra(MS)) + 0.33 (SSN δ)

1 −10.3175 −10.7564 15.391 0.508114 0.510613 3.040 1.324
2 −10.2644 −10.9555 11.373 0.520441 0.473015 2.320 1.094
3 −10.2910 −9.9662 18.416 0.514266 0.659831 3.582 1.569
4 −10.5268 −10.8565 17.721 0.459524 0.49171 3.457 1.455
5 −10.4489 −11.2220 10.173 0.477609 0.422691 2.105 0.992
6 −8.1987 −8.1987 40.000 1 0.993598 7.447 3.115
7 −9.5134 −12.4443 −1.584 0.694788 0.191876 0.000 0.293
8 −10.6551 −10.9309 19.172 0.429739 0.477661 3.717 1.526
9 −8.2660 −8.1648 30.458 0.984376 1 5.738 2.548
10 −12.1491 −12.4856 15.918 0.082902 0.184077 3.134 1.122
11 −10.0485 −9.2180 10.752 0.570563 0.801118 2.209 1.182
12 −10.8066 −8.8182 2.975 0.394568 0.876615 0.816 0.689
13 −11.3405 −12.1061 9.370 0.270621 0.255741 1.962 0.821
14 −10.2377 −10.6551 15.918 0.52664 0.529742 3.134 1.383
15 −10.6805 −9.0664 4.731 0.423842 0.829745 1.131 0.787
16 −12.5062 −13.4604 6.196 0 0 1.393 0.460
17 −10.3439 −9.0969 7.131 0.501985 0.823986 1.561 0.953
18 −9.7428 −9.5713 24.437 0.641532 0.734402 4.660 1.992
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Table 8. Results of level averages calculation.

Level 1 Level 2 Level 3 Optimal Level Level Value Units

AMF 0.912 1.188 1.783 3 100 g/min

FR 1.375 0.980 1.529 3 70 mm/min

WP 1.548 1.002 1.334 1 250 MPa

SOD 1.671 0.918 - 1 1.5 mm

3.3.1. Confirmatory Test

A confirmatory experiment has been performed after finding the optimal parametric combination
through WSN to authenticate the developed optimal settings. The results of the experiment are
tabulated in Table 9. It has been revealed that the optimal parametric combination provides a reduction
of 34% in SSL surface roughness and 11% in MSL surface roughness. Moreover, the difference between
the roughness values of the constituent layers is also observed to be quite small of just 0.03 µm
magnitude. These results have also been validated from the roughness profiles recorded for the
samples machined at the optimal and non-optimal parametric settings, as shown in Figure 12. At the
non-optimal parametric settings of control variables larger surface irregularities are prominent at both
the surfaces. On the other end, surface irregularities at both the layers and their respective difference is
found reasonably small as highlighted in Figure 12.

Table 9. Confirmatory experiment results.

Control Factors’ Setting Levels Ra(SS) (µm) Ra(MS) (µm) Difference (δ)

Optimal AMF 3, FR 3, WP 1, SOD 1 2.54 2.57 0.03

Non-optimal AMF 3, FR 1, WP 2, SOD 2 3.42 2.84 0.58

Improvement percentage 34.6% 11%

Figure 12. Roughness profiles of SSL and MSL at; (a,b) non-optimal settings, (c,d) optimal settings.

It is pertinent to mention that the present study would be quite useful for the industries dealing
with the cutting of cladded materials. Issues such as poor cut quality and deeper heat affected zones
pertaining to the conventional thermal cutting processes can be eliminated through the use of AWJC.
Furthermore, the requirement of subsequent finishing process has also been eradicated. The proposed
optimal combination developed herein would be guaranteed to provide minimal surface roughness at
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each layer with a minute difference of just 0.03 µm in surface roughness. This work will hopefully
open new horizons of the application and cutting of cladded materials.

4. Conclusions

Clad composites have emerged as a suitable choice to augment the industrial needs, but its
accurate cutting is challenging because of heterogeneous properties of the constituent layers. Abrasive
water jet cutting (AWJC) is a proficient alternate but it is difficult to produce a similar level of surface
finish at both the layers of material in addition to minimizing the roughness of individual layer.
Therefore, the present study aims to investigate the cutting performance of AWJC for cutting of
clad composite with a dedicated focus on analyzing the surface quality of the machined surfaces.
Experimentation has been performed according to L18 orthogonal array. The results are thoroughly
examined using statistical and SEM analyses. The following conclusion may possibly be extracted
based on the experimental findings and their discussion:

1. Clad composite can be successfully machined using AWJC with adequate surface quality. However,
the parametric significance for roughness of both the constituent layers is found to be different.

2. Roughness of stainless-steel layer (SSL) is primarily influenced by AMF, SOD and WP. Whereas in
case of mild steel layer (MSL) surface roughness, only two control variables i.e., AMF and FR are
found significant.

# AMF has been observed to be the most contributing variable for both the SSL and MSL.
However, its contribution for MSL roughness (68.3%) is more than two-fold its contribution
for roughness of SSL (31%). Moreover, a larger magnitude of AMF yields better surface
finish at both the layers because of the occurrence of uniform shearing action.

# SEM analysis depicts that few abrasive particles have been imbedded on the surface of
MSL due to the lower hardness of MSL. This particle embedment is not observed at the
surface of SSL.

# Smaller SOD provides better surface finish, but this effect is more prominent for stainless
steel layer (SSL) as abrasive laden jet has consumed its energy while moving down the
workpiece thickness.

# The effect of FR is found to have a direct relationship with the surface roughness of
clad composite in AWJC. Higher value of FR results in inferior surface quality because
inappropriate shearing action takes place due to shorter contact time between abrasive
laden slurry with the target material. However, this effect is only significant for the lower
layer (MSL) of clad composite.

# Increase in the magnitude of WP from 250 MPa to 285 MPa increases the roughness of
both the SSL and MSL because at higher WP abrasive particles have larger kinetic energy
and produce deeper craters upon striking the work surface. However, a further increase
in WP results in a reduction of surface roughness.

3. Optimal settings of control variables are developed using WSN methodology which ensures that
not only roughness of both the constituent layers is smaller, but the roughness difference is just of
0.03 µm. Furthermore, an improvement of 34% in the stainless steel layer’s surface roughness
and 11% in mild steel surface roughness has also been realized using the developed optimal
parametric combination.
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