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Abstract
The purpose of the present investigation was to evaluate the abrasive water jet cutting performance by the application of a 
cryogenic liquid nitrogen jet in the cutting process. This technique was developed for improving the process capability of 
conventional abrasive water jet machining and enable a higher depth of cut and material removal rate, and better kerf profile 
and surface integrity. The experiments were conducted on AA5083-H32 aluminium alloy, using two different cutting methods, 
namely, abrasive water jet cutting and cryogenic assisted abrasive water jet cutting. Both cutting conditions were investigated 
by varying the water jet pressure, the abrasive mesh size and the abrasive water jet impact angle. Optical microscopy and 
Scanning Electron Microscope with Energy Dispersive X-ray Spectroscopy was used for studying the micro structure and 
morphology of the cut surfaces under both cutting conditions. There was an improvement in cutting performance features 
such as depth of penetration, material removal rate and kerf profile with the use of cryogenic assistance cutting approach. 
These results were produced due to the beneficial modification of erosion mechanism in the cutting zone as well as a reduc-
tion in particle embedment with the cut surface by about 56%.

Keywords Abrasive water jet · Cutting · Liquid nitrogen · Performance evaluation · Surface morphology

List of symbols
LN2  Liquid nitrogen
AWJC  Abrasive water jet cutting
CAAWJC  Cryogenic assisted abrasive water jet cutting
EDS  Energy dispersive spectroscopy
SEM  Scanning electron microscope
DOP  Depth of penetration (mm)
MRR  Material removal rate  (mm3/min)
KTR  Kerf taper ratio
TR  Traverse rate
Pt  Maximum peak to valley height (µm)
P  Pressure (MPa)
MS  Abrasive mesh size (#)
JIA  Abrasive water jet impact angle (°)

Mg2Al3  Magnesium aluminide (β)
Ra  Average surface roughness (µm)

1 Introduction

Traditional machining processes like turning, drilling, and 
milling use a sharp edged cutting tool and the material from 
the workpiece is removed by shear deformation. However, 
these processes have certain restrictions in machining high 
strength materials. Cutting tools, harder than the workpiece, 
are required. The volume of heat developed during the 
machining is also high. This triggers the need for sophisti-
cated machining processes for machining of different materi-
als. Such processes can produce improved surface finish, and 
complex and intricate profiles. Among the machining pro-
cesses, abrasive water jet cutting (AWJC) is used for smaller 
heat affected zones with less thermal stress acting on the 
workpiece, and the ability to cut different kinds of materials 
[1]. In AWJC, material removal takes place through the ero-
sion process. A detailed description of this process can be 
seen in the relevant literature [2, 3]. AWJC has some limita-
tions despite being well established. The limitations include 
the generation of a higher volume of secondary wastage 
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following machining, and of heat developed at the primary 
impact zone, abrasive contamination, striation formation, 
rough quality surface and low energy transfer efficiency from 
the nozzle to the workpiece, which cause a low depth of cut 
and material removal rate. Due to such limitations, the use 
of this process was very limited in industries.

Some researchers have made attempts at improvements in 
the cutting performance of AWJ through various techniques 
such as thermally enhanced AWJ cutting [4], recycling of 
abrasives [5], changing the abrasive mesh size [6–9] and the 
abrasive water jet impact angle [7–10], and using unconven-
tional abrasives [11]. Recently, Yuvaraj and Kumar [7–9] 
confirmed the achievement of better cutting performance in 
aluminium alloy and die steel with improved surface qual-
ity through the employment of oblique jet impact angles. 
This happened due to the existence of a threshold level of 
abrasive particle energy caused by oblique jet impact angles. 
However, in the present era, industries are looking for high 
surface quality, absence of burr formation and reduction in 
kerf taper effect, which can improve the productivity level. 
Therefore, researchers have been made attempts at improv-
ing the machining process, through use of cryogenic assisted 
machining.

Recently, cryogenic assisted machining was used for 
machining materials of a wide range. Researchers used cryo-
genic assisted machining in different areas like turning, mill-
ing, drilling, and grinding for machining different materials. 
Cryogenic assisted machining is a safe environmental alter-
native approach for improving cutting performance through 
enhancement of the properties of the target material at low 
temperature [12]. Most researchers used liquid nitrogen 
 (LN2) in different machining processes, considering that it 
liquefies by cooling to – 196 °C. It offers an easy material 
removal rate, with no harmful effects, is non-corrosive, non-
flammable, easy to dispose in the environment, and improves 
surface integrity through the controllable phase changes in 
the target material at low temperature [13, 14]. This tech-
nique can be applied also to the abrasive water jet (AWJ) 
for machining different kinds of materials, which are widely 
used in aerospace, automotive and marine applications. 
Previous research in turning, drilling and milling processes 
has reported a substantial benefit from cryogenic assisted 
machining in the reduction in cutting forces, improvement 
in surface roughness and reduction in tool wear, and help in 
producing a good surface roughness, faster material removal 
rate, less machining time, better dimensional accuracy and 
absence of burr formation [15–17]. They have indicated that 
cryogenic cooling, using  LN2 as the coolant, was an environ-
ment friendly alternative method for improving machining 
performance.

Truchot et al. [18] developed the cryogenic water jet 
technique for processing bio-materials. They found the 
cutting efficiency of the cryogenic process as better than 

that of the pure water jet. Gradeen et al. [19] studied the 
cryogenic abrasive jet machining of polydimethylsiloxane 
at different temperatures. The result showed the cutting 
region getting cooled to about – 178 °C, and consequently, 
increasing the material removal rate through the brittle 
behaviour erosion process. Later, they investigated the 
same machining process in polytetrafluoroethylene, high 
carbon steel and polydimethylsiloxane. The result showed 
an increase in the erosion rate and reduction in particle 
embedding in the machined surface through the employ-
ment of a cryogenic liquid with various temperatures in 
the abrasive jet machining process [20]. Getu et al. [21] 
studied the machining of PDMS using cryogenic assisted 
abrasive jet machining. This process cooled the target 
material below its glass transition temperature, thereby 
enabling material removal via brittle erosion mechanisms. 
Urbanovich et al. [22] have reported increase in the ero-
sion rate of the steel by about 1.7 times under cryogenic 
cooling over abrasive jet erosion at room temperature.

Getu et al. [23] carried out cryogenically assisted abra-
sive jet micromachining of different polymers, namely, 
PDMS, ABS and PTFE. They observed the use of  LN2 
cooling causing brittle erosion in PDMS, and found a 
reduction in particle embedding in the machined sur-
face. Spur et al. [24] developed a dry ice blasting  (CO2) 
technique for the removal of soil and paint from alu-
minium–magnesium alloys. The results indicated a com-
plete removal of contamination. Liu et al. [25] studied 
the enhancement of ultra-high pressure technology with 
 LN2 cryogenic jets. The results reported a completely safe 
environment due to the absence of any residue after the 
machining operations. Muju and Pathak [26] reported an 
increase in the erosion rate of the glass at low temperature 
by the use of cryogenic abrasive jet machining. The result 
showed an increase in the erosion rate compared to that at 
room temperature. Kim et al. [27] found large advantages 
from cryogenic cutting technology including reduction in 
secondary wastages, particle contamination, and modifica-
tions in the failure mode of the target material.

Based on the previous literatures, a few researchers made 
attempts at using cryogenics in different machining pro-
cesses. They also developed the use of a cryogenic system 
in an abrasive water jet with modified conditions, such as ice 
jet machining, and abrasive cryogenic jets with replacement 
of conventional abrasives. These conditions helped improve-
ment in the surface cleaning technology, but not the cutting 
performance [28]. Later, Yuvaraj and Kumar [29] developed 
a cryogenic assisted abrasive water jet machining process for 
investigation of surface integrity of the machined surface. 
The result indicated an improvement in the surface integrity 
of the cryogenic assisted machining process compared to 
the AWJ process at room temperature. However, there was 
no attempt from the earlier researchers in the assessment 
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of the performance characteristics under cryogenic assisted 
abrasive water jet cutting (CAAWJC) process.

The main aim of this investigation was to conduct the 
CAAWJC of aluminium alloy, namely, AA5083-H32, which 
is used for enhancing the performance characteristics such 
as depth of penetration, material removal rate, kerf taper 
ratio, surface roughness and the surface quality of the target 
material. Further, this aluminium alloy was chosen as being 
sensitive to machining by other machining processes. This 
is due to its susceptibility to stress corrosion cracking and 
fatigue crack growth, when exposed to elevated temperatures 
in the range of 50–200 °C, or for a very long time at room 
temperature, and when the magnesium (Mg) content is more 
than 3% in the AA 5xxx series of aluminium alloys [30–33]. 
In the CAAWJC process, the cryogenic liquid is used for 
cooling the cutting zone, allowing the material removal 
with an appreciable reduction in ductility, and increase in 
the hardness at the cutting zone.

2  Experimental Work

Experimental work was done in the Abrasive water jet 
machine OMAX MAXIEM 1515 which has a special pro-
vision for a change-over attachment of the abrasive water 
jet impact angle/jet impact angle. The schematic layout of 
the CAAWJC process is shown in Fig. 1. The enlarged view 
of the normal and oblique abrasive water jet impact angles 
setup for CAAWJC is shown in Fig. 2. In the CAAWJC pro-
cess, the  LN2 was injected into the cutting zone and the  LN2 
jet pressure, flow rate and the  LN2 jet angle were carefully 
chosen, to ensure avoidance of the formation of ice particles 
in the cutting zone and the deflection of the AWJ. The  LN2 
jet nozzle was positioned beside the abrasive water jet focus-
ing nozzle with its centre axis inclined approximately 60° 
from that of the nozzle. This optimum angle minimised the 
interruption of the flow of the abrasive water jet, and makes 
coverage uniform in the cutting zone. It also provides suf-
ficient cooling to the abrasive water jet mixture. This cool-
ing happens abrasive particles in the jet getting frequently 
hardened and subsequently involved in the machining action 
with higher efficiency. Compressed air was used for delivery 

of  LN2 from the cryo tank into the cutting zone through the 
 LN2 nozzle. A blow-off valve was used in the  LN2 transfer 
tube, which delivered the  LN2 at the desired pressure for 
avoiding the waste and contamination of  LN2. In addition to 
this, the  LN2 jet pressure could be increased beyond 4–5 bar 
which would increase freezing in the delivery line of the  LN2 
jet [17] as well as water jet due to the increase in flow rate of 
the  LN2 rate. This caused production of the fine ice particles 
and mist in the machining zone making the process a seri-
ous. Also, its disposal is easy with a small expansion ratio to 
the environment. Using the METRAVI digital non-contact 
type IR thermometer (model: MT-8), the temperature was 
measured and found to be in the range of – 50 to 1000 °C. 
The dual light sighting indicated the diameter of the target 
at the machining zone whose temperature was measured.

In this study, AA5083-H32 aluminium alloy has been 
chosen as the target material. It is highly enriched with 
5.31% of Mg and widely used in automotive and marine 
applications. This alloy is prone to cracking, and reduction 
in strength and hardness when the operating temperature 
exceeds 65 °C. It also performs better under low tempera-
ture. It is difficult to machine through use of other manufac-
turing processes due to its poor machinability, as reported 
by Totten et al [34]. All the experiments were conducted 
on the wedge shaped [35] AA 5083-H32 aluminium alloy, 
with a thickness of 64.065 mm, as shown in Fig. 3. The 
wedge shaped workpiece was specifically chosen for the 
visual examination of the depth of penetration, consider-
ing the variations in the depth of penetration under different 
sets of parameter combinations [7]. The abrasive water jet 
splashes towards the side of the machine operator, clearly 
indicating to the operator beyond the point beyond which the 
AWJ cannot penetrate the workpiece, for the corresponding 

Fig. 1  Schematic layout for cryogenic assisted abrasive water jet 
machining setup

(a)

(b)

Metallic tube 
covering with 
flexible foam

LN2 jet nozzle

Position of the 
LN2 Jet at 60o

Abrasive feed line

Changeover 
attachment of jet 
impact angle

Fig. 2  Enlarged view of the cryogenic assisted jet machining experi-
mental setup, a with normal abrasive water jet impact angle, b with 
an oblique abrasive water jet impact angle
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experimental parameter combinations. The supply of  LN2 
into the cutting zone is very limited during the cutting opera-
tions. It is not also to the entire cutting length. The supply 
is done only where the deflection of the jet is indicated by 
the operator. It is continuous later until the introduction of a 
further deflection of the jet. This optimum level of condition 
has been adopted in this study, for reducing the consumption 
of  LN2 and the cost.

For this experimental study, the pressure, garnet (abra-
sive) mesh size and the abrasive water jet impact angle 
were the variable process parameters. The cutting process 
parameters and their levels are shown in Table 1. A standard 
orthogonal array of  L9 was chosen on the basis of the factors 
and their levels. In this research work, the depth of penetra-
tion, the material removal rate, kerf taper ratio, roughness, 
and abrasive contamination were considered as the param-
eters of the cutting performance of the AWJC and CAAWJC 
processes. Figure 4 shows the photographs of the kerf wall 
cut surfaces under AWJC and CAAWJC.

The following equation was used for the calculation of the 
depth of penetration (DOP):

where, L is the slant length in mm and θ is the angle (°).
Material removal rate (MRR) is the important param-

eter, which has a direct effect on productivity. It is defined 
by the volume of material that can be removed during a 
certain period, and is expressed in  mm3/min. The MRR 
was measured using the following equation:

where, AKW is the average kerf width in mm, and TR 
is the traverse rate (mm/min).

The kerf width values were measured using a tool 
maker microscope with the least count of 0.005 mm and 
magnification of 10×.

(1)DOP = L × sin �,

(2)MRR = DOP × AKW × TR,

Fig. 3  Wedge shaped AA5083-H32 workpiece

Table 1  Experimental cutting 
conditions

Process parameters Levels

Level 1 Level 2 Level 3

Pressure (P) (MPa) 100 125 150
Abrasive mesh size (MS) (#) 80 100 120
Jet impact angle (JIA) (°) 70 80 90
Traverse rate (mm/min) 15
Focusing nozzle diameter (mm) 0.7
Orifice diameter (mm) 0.35
Stand-off distance (mm) 3
LN2 jet pressure (bar) 4
LN2 jet spray angle 60° from the AWJ nozzle
AWJ nozzle direction Forward type
LN2 flow rate (l/min) 0.54

Fig. 4  Photographs of the machined aluminium alloy, a kerf profile, b 
AWJC kerf wall cut surface, c CAAWJC kerf wall cut surface
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In this study, the kerf taper ratio (KTR) was the desirable 
parameter which determined the quality and performance of 
AWJ using the following equation [2].

where,  bT is the average top kerf width in mm, and  bB is 
the average bottom kerf width in mm.

The average top kerf width and bottom kerf width were 
obtained from the measurements taken at three different 
locations of the target material. The following procedure 
was considered for the measurement of the kerf width [7, 9].

• For the measurement of kerf taper, the traverse length of 
the jet over the target material was fixed. The fixed length 
was taken as 70 mm. The points on the top and bottom 
cut surfaces were marked at three locations for the mean 
value.

• To ensure lower volume of materials and cost, the above 
measurements were taken into account during the experi-
mental work.

Surface roughness was measured using the surfcorder 
SE3500, Kosaka laboratory limited—Japan, with a traverse 
length of 4 mm, cut-off length of 0.8 mm and the probe 
head size of 2 µm. The average roughness values were meas-
ured at the upper kerf wall surfaces. In this study, the upper 
zone measured 2 mm from the top of the cut surface [36]. 
The characteristics of the 2D surface profile and 3D surface 
topography were obtained by using the Taylor Hobson Tally-
Surf CCI profilometry equipment with a model of ISO 4287 
series. The measurement was taken at 3 mm from the top 
cut surface with a magnification of 10×. In the 2D rough-
ness profile and 3D surface topography, the horizontal axis 
constituted the focusing area of 3250 µm along the AWJ kerf 
wall cut surface direction, and the vertical axis constitutes 
the amplitude value of the surface roughness profile.

The microstructure was taken through the use of a metal-
lurgical microscope-METSCOPE 1A with a magnification 

(3)KTR = b
T
∕b

B
,

of 100×. The cut surfaces were polished by alumina on 
high napped polishing cloths. Then the polished surfaces 
were etched with 1% Hydrofluoric solution for less than 
20 s. A Scanning electron microscopy (SEM) with Energy 
Dispersive X-ray Spectrometer (EDS) was used for study-
ing the abrasive contamination (before cleaning operations) 
of the cut surfaces under AWJC and CAAWJC conditions. 
SEM micrographs were taken under the mode of secondary 
electron. The micro hardness values were measured using 
a micro hardness tester—Wolpert Group equipment with a 
load of 100 g  (HV0.1 kg) and 10 s dwell time.

3  Results and Discussions

3.1  Effect of LN2 Cooling on Depth 
of Penetration (DOP)

The percentage of improvement in the DOP due to the 
CAAWJC process compared to the AWJC process for dif-
ferent water jet pressures, abrasive mesh sizes and abrasive 
water jet impact angles in the cutting of AA5083-H32 alu-
minium alloy is shown in Table 2. Figure 5 shows the effect 
of  LN2 on the DOP with various combinations of abrasive 
mesh sizes and abrasive water jet impact angles.

Variations depend on three different water jet pressures 
with other fixed process parameters. Figure 5a–c, it shows 
increase in the DOP with an increase in the water jet pres-
sure for different levels of the abrasive water jet impact 
angle, with an abrasive mesh size under the CAAWJC pro-
cess. Achievement of the maximum penetration depth with 
a higher level of water jet pressure 150 MPa, abrasive mesh 
size of #80 with an abrasive water jet impact angle of 90° 
was seen as possible. The maximum DOP achievable with 
this combination was found to be 63.44 mm. This specific 
behaviour was feasible through reduction in particle embed-
ding and fractured abrasives at the initial cutting zone, and 
maintaining the velocity of the coarser abrasive particles 

Table 2  Variation of DOP 
values under AWJC and 
CAAWJC conditions

Ex. no P/MPa MS/# JIA/(o) AWJC Avg. DOP 
(mm)

CAAWJC Avg. 
DOP (mm)

% of 
improve-
ment

1 100 80 70 35.93 42.62 16
2 100 100 80 43.54 45.43 4
3 100 120 90 43.68 46.02 5
4 125 80 80 44.83 51.98 14
5 125 100 90 41.01 48.66 16
6 125 120 70 34.52 36.25 5
7 150 80 90 43.15 63.44 32
8 150 100 70 38.90 49.48 21
9 150 120 80 42.61 46.82 9
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effectively in the lower cutting region. Increase in the DOP 
with an increase in the water jet pressure could also be 
observed along with various combinations of mesh sizes 
of the abrasives and the abrasive water jet impact angle. As 
a result, larger kinetic energy was available for penetrating 
the material due to the shearing action of the abrasive parti-
cles, which showed improvement in the CAAWJC process. 
This cutting process allowed the cutting zone material with 
a reduction of ductility, and also increase in hardness, which 
helped reducing the particle embedding in the kerf wall cut 
surface. The hardened material restricted particle embed-
ding in the cut surface over the soft condition of material at 
room temperature. In addition to this, the particles get hard-
ened frequently with the  LN2 jet and produce a lower frac-
ture at the harder surface. As a result, larger kinetic energy 
was available for disintegrating the target material, thereby 
increasing the DOP with the help of a smaller quantity of 
fractured abrasives. In the AWJC process, the ductility of 
the material remained unchanged, leading to production of 
the deformation followed by a fracture. More fractured abra-
sives were produced as a result of this. It is also noted that, 
the abrasive water jet impact angle of 90°, and the coarse 
abrasive particles with a higher water jet pressure result in 
a lower DOP. This inducement of deformation in the high 
impulse of the abrasive particles impact with the target mate-
rial was observed, as also the yield of a low DOP with more 
fractured abrasives as a result.

The AWJC results indicated a water jet pressure of 
125 MPa and 150 MPa, involving particle disintegration of 
a higher degree due to the higher impulse (critical energy) 
existing in the target material during the jet impact angle of 
90°; there was a reduction in DOP as a result. In contrast, 
a water jet pressure of 100 MPa offered sufficient kinetic 
energy with less particle disintegration at the jet impact 
angle of 90° and produced a higher depth of penetration. 
The jet impact angle 90° produced a higher cutting force 

compared to the oblique jet impact angles. Ex. No. 5 and 
7 indicate the abrasive mesh size as #100 and #80. There 
was an increase in the size of the abrasive particles with a 
decrease in decreasing the size of the particle mesh. Also, 
these particles contain sharp edges is shown in Fig. 6. A 
coarse size with sharp edges of the abrasive particles (#80 
and #100) having a higher density with critical kinetic 
energy was produced due to the employment of jet impact 
angle of 90°. However, a water jet pressure of 150 MPa com-
pensated for the energy of the disintegrated abrasive parti-
cles (#80) at jet impact angle of 90° and yielded a higher jet 
penetration over the Ex. No. 5.

It also revealed the cutting action of the abrasive parti-
cles, based on their density and shape. The coarser particles 
have more kinetic energy for cutting the material, and the 
ability to produce the maximum DOP [37]. The AWJC pro-
cess offering higher DOP at a water jet pressure of 125 MPa, 
abrasive mesh size of #80 and abrasive water jet impact 
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Fig. 5  Variation of depth of penetration under different experimental 
conditions, a 100 MPa, b 125 MPa, c 150 MPa

Fig. 6  Sharp edges of abrasives, a mesh size #80, b mesh size #100
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angle of 80° were also seen, while the DOP was found to 
be 43.15 mm. This combined parameter setting could con-
tribute to a reduction in the cutting force of the abrasive 
particles. However, it has sufficient kinetic energy to disinte-
grate the material with lower number of fractured abrasives 
and particle embedding, consequently increasing the DOP. 
The conclusion was that the influence of  LN2 cooling with 
other process parameters, namely, water jet pressure, abra-
sive water jet impact angle and abrasive mesh size, offered a 
higher DOP at a lower temperature than the erosion at room 
temperature, with improvement by 4–32% compared to the 
AWJC process. This particular result was realised through 
the reduction in particle embedding and fractured abrasives 
in the cutting process.

3.2  Effect Of  LN2 Cooling on Kerf Taper Ratio

Table 3 shows the percentage reduction in the kerf taper 
ratio resulting from the CAAWJC process compared to the 
AWJC process for different water jet pressures, abrasive 
mesh sizes and abrasive water jet impact angles in the cut-
ting of AA5083-H32 aluminium alloy. Variations in the kerf 
taper ratio seen during the cutting of aluminium alloy under 
AWJC and CAAWJC processes are shown in Fig. 7.

Figure 7a–c shows a decrease in the kerf taper ratio dur-
ing the CAAWJC process for the various combinations of 
water jet pressure, abrasive mesh size and abrasive water 
jet impact angle. A lower kerf taper ratio was achieved with 
a water jet pressure of 150 MPa, abrasive water jet impact 
angle of 90° along with an abrasive mesh size of #80. This 
was possible through a comparison of the various levels 
of combinations. As a result, the minimum kerf taper ratio 
achievable with this combination was found to be 0.905. 
 LN2 was found to be more significant in the kerf taper ratio, 
irresepective of the thickness of the cutting material thick-
ness and different levels of cutting parameter combinations. 
There was a loss of kinetic energy of the abrasive particles 
in the AWJC process in the abrasive water jet impact angle 

of 90° with high pressure, while there was an increase in the 
depth of penetration, and finally, became a non-linear kerf 
profile when abrasive mesh sizes of #80, #100 and #120 
were used.

Oblique abrasive water jet impact angles could be seen 
as significant, when they interact with the lower water jet 
pressure. This result happens due to the cutting energy of 
abrasive particles, that should be retained throughout the 
cutting operation, which happened to be the effect of jet 
cooling on the target surface. Some times, a poor kerf taper 
ratio occurs in the AWJC process due to the disintegration 
of the abrasive particles and particle embedding in the cut-
ting zone. This leads to deflection of the cutting direction 
of the AWJ, following an increase in the penetration depth, 
with the formation of a taper as a consequence. The cutting 
wear mode is more effective on the top and bottom of the 
kerf width causing a parallel kerf width in the cut surfaces. 
The cutting energy of abrasive particles should be retained 
throughout the cutting operation; this need araises due to the 
effect of the reduction in particle embedding and fractured 
abrasive particles under the CAAWJC process. As a result 
of this, the energy of the abrasive particles is retained at the 

Table 3  Variation of taper 
ratio values under AWJC and 
CAAWJC conditions

Ex. no P/MPa MS/# JIA/(o) AWJC Avg. TR CAAWJC Avg. 
TR

% of 
Reduc-
tion

1 100 80 70 1.165 1.086 7
2 100 100 80 1.324 1.186 11
3 100 120 90 1.082 1.027 5
4 125 80 80 1.116 1.010 10
5 125 100 90 1.276 1.012 21
6 125 120 70 1.132 1.091 4
7 150 80 90 1.127 0.905 20
8 150 100 70 1.030 1.001 2
9 150 120 80 1.260 1.009 20
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Fig. 7  Variation of taper ratio under different experimental condi-
tions. a 100 MPa, b 125 MPa, c 150 MPa
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lower cutting regions, and producing a smaller taper in the 
kerf profile. When this happens, no striations are found in 
the lower cutting region of the cut surface in the CAAWJC 
process. This is shown in Fig. 4c. The result also indicates 
an increase in the top kerf width for the higher pressure and 
the coarse abrasives (#80) due to the  LN2 cooling jet being 
more effective. Meanwhile, the low pressure of the AWJ 
has a positive influence on the top kerf width and bottom 
kerf width due to the capable CAAWJC, which offers less 
divergence at the entry and exit of the cut surface in the 
target material. The conclusion is that, the effect of  LN2 
jet cooling reduces the kerf taper ratio by 2% to 21% in the 
CAAWJC process.

3.3  Effect of LN2 Cooling on the Material 
Removal Rate (MRR)

Table 4 indicates the percentage improvement in the MRR 
in the CAAWJC process compared to the AWJC process for 
various water jet pressures, abrasive mesh sizes and abra-
sive water jet impact angles in the cutting of AA5083-H32 
aluminium alloy. Figure 8 shows the effect of  LN2 cooling 
on the MRR with different combinations of abrasive mesh 
sizes and jet impact angles, which depend on three different 
water jet pressures.

Figure 8a–c shows an increase in the MRR arising from 
an increase in the water jet pressure for different levels of 
the abrasive mesh sizes and the abrasive water jet impact 
angles in the CAAWJC process. Achievement of a higher 
MRR with a higher level of water jet pressure of 150 MPa 
with an abrasive water jet impact angle of 90° and abrasive 
mesh size of #80 was seen in the experiment. The maxi-
mum achievable MRR with this combination was found to 
be 1474.980 mm3/min. Consequently, the abrasive water jet 
impact angle at 90° with higher water jet pressure offers 
greater erosion while cutting, and removing large amounts 
of material from the target material during a certain period 
of time. The  LN2 cooling in the cutting process allowed the 

erosion process through a fine debris (micro cutting) rather 
than chip-like debris (microchips), and yielded a more effi-
cient MRR. This chip-like debris is commonly produced in 
AWJC of aluminium alloy at room temperature [38]. The 
fine debris erosion process happened through reduction in 
ductility, and increase in the hardness of the cutting zone. 
This could cause an increase in the erosion rate due to the 
higher involvement of micro cutting action in the cutting 
zone through the prolongs of size and shape of the abrasives, 
which in turn increased the removal rate of material [39]. 
During the  LN2 jet cutting process, abrasive particles got 
hardened and sharpened; leading to the occurrence of fre-
quent failures of material through the shearing action rather 
than the combined effects of shearing and deformation pro-
cess. As result of this, higher MRR was observed. In con-
trast, the AWJC process generated a higher MRR at a lower 
water jet pressure, with the combined effect of the abrasive 
mesh size #100 and abrasive water jet impact angle of 80°. 
This specific result arose from the threshold energy of the 
abrasive water jet that occurred on the target material and 
produced a smaller particle disintegration. A similar trend 

Table 4  Variation of MRR 
values under AWJC and 
CAAWJC conditions

Ex no P/MPa MS/# JIA/(o) AWJC Avg. MRR 
 (mm3/min)

CAAWJCAvg. MRR 
 (mm3/min)

% of 
Improve-
ment

1 100 80 70 657.519 808.715 19
2 100 100 80 917.395 1035.804 11
3 100 120 90 755.447 773.136 2
4 125 80 80 690.606 826.281 16
5 125 100 90 596.550 766.584 22
6 125 120 70 449.192 524.719 14
7 150 80 90 645.632 1474.980 56
8 150 100 70 582.041 797.865 27
9 150 120 80 825.782 922.036 10
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Fig. 8  Variation of material removal rate under different experimental 
conditions, a 100 MPa, b 125 MPa, c 150 MPa
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of medium pressure with an abrasive water jet impact angle 
of 80° producing sufficient kinetic energy to erode the alu-
minium alloy was also observed. This combination enabled 
a higher material removal rate compared to the combined 
effect of the abrasive mesh size of #80 and abrasive water jet 
impact angle of 90° with a higher water jet pressure.

In the AWJC process, the oblique abrasive water jet 
impact angles produce a lower tangential cutting force than 
the normal abrasive water jet impact angle (90°). However, 
the oblique jet impact angles maintained the kinetic energy 
of the abrasive particles throughout the cutting operations 
with wide kerf entry. This was the effect of uniform distribu-
tion of particle energy. As a result, sufficient kinetic energy 
was maintained at the top and the lower cutting regions 
with a uniform kerf width, producing a better MRR. The 
CAAWJC results, showed the oblique abrasive water jet 
impact angle enabling a smaller material removal rate com-
pared to the jet impact angle 90°. This was a consequence of 
the reduction in embedded abrasive particles, as the normal 
abrasive water jet impact angle on the AWJC process caused 
a larger disintegration of the abrasives due to the existing 
critical energy (high impulse) that exist. This level of par-
ticle disintegration caused a reduction in the erosion rate 
resulting from the occurrence of larger deflection of abrasive 
particles at a water jet pressure of 150 MPa and abrasive 
mesh size of #80 employed. As a result, there was removal 
of a smaller quantity of material from the target material. 
There was also the formation of striations in the lower cut-
ting region of the cut surface in the AWJC process (Fig. 4b), 
attributed to the availability of lower kinetic energy in the 
lower cutting region by the fragmented abrasive particles. 
The role of  LN2 cooling, and the combined effect of the 
abrasive mesh size and abrasive water jet impact angles with 
water jet pressure, were found to be significant in MRR. 
The conclusion is that MRR increased by 2% to 56% in the 
CAAWJC process.

3.4  Effect Of  LN2 Cooling on Surface Roughness

Table 5 shows the percentage of reduction in the average 
surface roughness arising out of the CAAWJC process com-
pared to the AWJC process for different water jet pressures, 
abrasive mesh sizes and abrasive water jet impact angles in 
the cutting of AA5083-H32 aluminium alloy. The variations 
in the average surface roughness during the cutting of the 
aluminium alloy under AWJC and CAAWJC processes is 
shown in Fig. 9.

In this experimental study, surface roughness was meas-
ured at 2 mm from the top of the cut surface with respect to 
the traverse direction of the jet. Among the various combi-
nations of cutting parameters,  LN2 jet cooling was seen as 
more significant. This occurred as a result of  LN2 jet cool-
ing, which in turn increased the hardness of the cutting zone, 
and produced a better surface finish compared to the AWJC 
process. The increase in the hardness of the CAAWJC kerf 
wall surface caused a restriction on the severe scratches, 
thereby enabling the kerf wall cut surface with a smooth cut-
ting region by the shearing of thin layer of the target mate-
rial. This result confirms the erosion process on aluminium 

Table 5  Variation of surface 
roughness values under AWJC 
and CAAWJC conditions

Ex. No P/MPa MS/# JIA/(o) AWJC Avg.  Ra 
(µm)

CAAWJC Avg.  Ra 
(µm)

% of 
Reduc-
tion

1 100 80 70 2.67 2.40 10
2 100 100 80 2.16 1.66 23
3 100 120 90 2.86 2.47 14
4 125 80 80 3.85 2.15 44
5 125 100 90 3.49 2.52 28
6 125 120 70 2.57 2.36 08
7 150 80 90 4.25 2.80 34
8 150 100 70 3.27 1.54 53
9 150 120 80 3.55 2.06 42
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Fig. 9  Variation of surface roughness under different experimental 
conditions, a 100 MPa, b 125 MPa, c 150 MPa
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alloy as no more serious than erosion at room temperature. 
Achievement of roughness of a smaller degree seen was pos-
sible through a comparison between the various levels of 
combination in the CAAWJC process with the combined 
effect of the abrasive water jet impact angle of 70° and an 
abrasive mesh size #100 along with a water jet pressure of 
150 MPa. The lower  Ra was found to be 1.54 µm. A lower 
water jet pressure and abrasive water jet impact angle of 
80° produce a lower cutting force, causing a smooth surface 
finish. This happens when medium coarse (#100) abrasive 
particles impact the target material during employment of 
the AWJC process. However, the combined effect of an abra-
sive water jet impact angle of 90° with an abrasive mesh size 
of #80 generated a poor surface finish on the top kerf wall 
cut surface due to the critical action of erosion that took 
place during the machining of the aluminium alloy. In the 
CAAWJC process, the fine abrasive mesh size of #120 pro-
duced a rough surface at a water jet pressure of 150 MPa and 
water jet impact angle of 80° was employed. However, this 
was lower than what was seen in the AWJC process. This 
was due to the offer of a fine erosion debris process by the 
cryogenic cutting process attributed to the retention of the 
size and the shape of the abrasives. This could cause better 
work material surface quality through an uniform cutting 
of grains. It confirms that physical geometry of abrasives 
plays a vital role for improving surface quality under abra-
sive technique [40]. The results showed, cryogenic cooling 
as a dominating factor for obtaining a better surface finish in 
AA5083-H32 aluminium alloy. Finally, it is concluded that, 
surface roughness in the CAAWJC process got reduced by 
8–53% compared to the AWJC process.

3.5  Effect Of  LN2 Cooling on Surface Topography

In order to assess the surface characteristics of AWJC and 
CAAWJC processes on the top kerf wall cutting region 
(3 mm from the top kerf wall cut surface), 2D roughness 
profile and 3D surface topography were carried out, and this 
is shown in Figs. 10 and 11.

Figure 10a, b show more peaks and valleys in the rough-
ness profile and 3D surface topography as the result of a 
severe impact, and deep traces on the kerf wall cut surface. It 
is caused by the ductility of the target material, high impulse 
of the abrasive particles, and this deformation in the AWJC 
process. As a result, the surface roughness value was found 
to be 3.85 µm and the maxium peak to valley height (referred 
to as Pt in Figs. 10a and 11a in the roughness profile was 
22.2 µm. The occurrence of this particular result was due 
to the cutting deformation caused by a fractured coarse 
abrasive grain, showing the presence of deep and long wear 
tracks (brightness of the SEM image) at the top kerf wall 
surface, as shown in Fig. 10c.

Figure 11a, b, show only a small variation in the 3D 
surface profile while the roughness value was found to be 
1.27 µm. Despite the impact of high impulse of abrasive par-
ticles impact with the target material, the CAAWJC process 
is more susceptible to reduction in ductility, and increase 
in hardness, thereby facilitating smooth surface finish, and 

Fig. 10  Surface topography of abrasive water jet machined surfaces. 
a 2D roughness profile, b 3D surface, c SEM micrograph of the cut 
surface
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reducing the number of deep traces on the kerf wall surface 
as well as adhesion of particles at the top cutting region, as 
shown in Fig. 11c. The result was confirmed by the value of 
Pt, which is found to be 7.19 µm only. Due to the pouring 
of  LN2 in the cutting zone, caused prolonged sharpening of 
abrasive particles involved with effective shearing action, 

and restrictions on the chances of the occurrence of plastic 
deformation in the target material.

3.6  Effect Of  LN2 Cooling on Microstructure

In this study, an erosion surface analysis was carried out on 
AA 5083-H32 aluminium alloy using the optical micros-
copy. The effects of application and non-application of  LN2 
cooling on the cut surfaces are shown in Figs. 12 and 13. 
In the AWJC process, erosion occurred in the cutting and 
deformation wear mode, in the top cutting region, usually 
referred to as a damaged region. The damaged region was 
observed through craters and rounded corners in the top kerf 
wall cut surface as shown in Fig. 12a, b. This was the result 
of using plastic deformation of material caused by severe 
bombardment of coarse abrasive particles at a jet impact 
angle of 90°. There was also the formation of small craters 
by embedded particles in the kerf wall cut surface.

Wear tracks were also present as a consequence of parti-
cle disintegration with a critical kinetic energy of the AWJ, 

Fig. 11  Surface Topography of cryogenic assisted abrasive water 
jet machined surfaces, a 2D roughness profile, b 3D surface, c SEM 
micrograph of the cut surface

Fig. 12  Microstructure of AWJC surfaces
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in which each particle had the minimum threshold energy 
for improvement in the cutting action of the work material. 
These results were attributed to the effect of abrasive water 
jet impact angle of 90° and the abrasive mesh size of #80. 
These cutting conditions gave rise to a high impulse of the 
abrasive particles impact with the top kerf wall cut surface. 
The random orientation of wear tracks in AWJC was seen. 
This constituted the distribution of the abrasive particles 
that generated more wear tracks with a non-uniform width. 
This non-uniform width of the wear tracks was produced as 
a result of the size and shape of the fracture and fragmenta-
tion of the abrasives. Wear tracks of a smaller number were 
present in the CAAWJC process in the traverse direction 
of the jet than in the AWJC process, as shown in Fig. 13a, 
b. This was due to the absence of any craters. There was 
increase in the hardness of the material caused by the rapid 
cooling of  LN2 jet, enabling the cut surface to withstand the 
bombardment of coarse abrasive particles with a reduction 
in particle embedding in the cutting zone. This facilitates 

getting a better surface even at the top kerf wall cut surface 
when  LN2 jet cooling was used.

Figure  14a–e shows the microstructure of the target 
material under three different conditions, namely the base 
material, AWJC, and CAAWJC. In AWJC, the grains are 
randomly oriented and elongated in the initial cutting zone, 
due to the generation of a possible volume of heat by the 
abrasive water jet impact angle of  90o and abrasive mesh 
size #80, combined with a higher water jet pressure. The 
average cutting zone temperature for the cutting conditions 
is shown in Fig. 15.

The measurements were taken at a water jet pressure of 
150 MPa. The microstructure consists of an eutectic net-
work of  Mg2Al3 (white) in a matrix of aluminium rich solid 
solution (dark) in received condition, is shown in Fig. 14a. 
The micro structure was found at the jet entry of the target 
material. The temperature was measured at the jet entry of 
the target material which could be the effect on the grain 
structure at the cutting zone. A comparison of microstruc-
ture revealed, the AWJC kerf wall cut surface having a con-
tinuous rich network of β phase  (Mg2Al3) formed along the 
grain boundaries. This parameter setting developed heat in 
the cutting zone during the AWJC process in the range of 
55–65 °C, and was recorded by the IR thermometer. Despite 
being away from the surface, the temperature affected the 
grain structure which could be due to the property of mate-
rial and cutting conditions. Because, it is susceptible to mod-
ify its structure and properties when exposed to temperature 
more than 50 °C. This temperature was the result of possible 
heat generation in the cutting zone at jet impact angle of 90° 
and abrasive mesh size of #80. This combination offered a 
high impulse to abrasive particles at the cutting zone. This 
increased the diffusion of Mg to the grain boundaries, and 
yielded richer β (thickening) phase surrounding the matrix 
of the aluminium solid solution, is shown in Fig. 14b. How-
ever, no other change in the microstructure was observed. 
This was due to the less processing time of the target mate-
rial. In contrast, the microstructure of the abrasive water 
jet impact angle of 70°, and the abrasive mesh size of #100 
indicated a smaller continuity rich network of β phase along 
the grain boundaries, is shown in Fig. 14d. Of all cutting 
conditions of CAAWJC kerf wall cut surfaces, a slight con-
tinuous intermetallic phase was found without an appreci-
able quantity of  Mg2Al3 in a matrix of aluminium rich solid 
solution, as shown in Fig. 14c, e. This happened as a conse-
quence of the reduction in diffusion at low temperature by 
 LN2 jet cooling, and the structure appears to retain the parent 
material microstructure.

Also, the temperature in the CAAWJC zone was 
observed to be in the range of − 25.6 to – 50 °C. At some 
points, the temperature was found to be lower than – 50 °C 
rendering measurement by IR thermometer rather diffi-
cult. Further, the percentage of Mg content in the matrix 

Fig. 13  Microstructure of CAAWJC surfaces
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of solid solution (dark phase) was quantified by using 
EDS as shown in Fig. 16. The average area measured 
in the machined surface was 1.5 mm2. In the AWJC and 

CAAWJC processes, the EDS analysis was carried out at a 
water jet pressure of 150 MPa, abrasive mesh size of #80, 
and abrasive water jet impact angle of 90°. It indicated 

Fig. 14  Microstructure of cut surfaces, a base material-as received, b AWJC-P: 150 MPa; MS: #80; JIA: 90°, c CAAWJC-P: 150 MPa; MS: #80; 
JIA: 90°, d AWJC-P: 150 MPa; MS: #100; JIA: 70°, e CAAWJC-P: 150 MPa; MS: #100; JIA: 70°
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a smaller percentage in the AWJC kerf wall cut surface 
of Mg over the CAAWJC process. This happened as an 
excess amount of Mg (> 3%) in a matrix of aluminium rich 
solid solution to form the β phase particles along the grain 
boundaries after a shorter exposure period of temperature 
more than 50 °C. As a result, there was a reduction in the 
matrix of the solid solution. Table 6 shows the micro hard-
ness values of AWJC and CAAWJC cut surfaces for the 
water jet pressure of 150 MPa, abrasive mesh size of #80 
and abrasive water jet impact angle of 90° in the cutting 
of AA5083-H32 aluminium alloy.

Figure 17 shows increase in the hardness at the distance 
of 1–6 mm from the top cut surface. This is attributed to the 
effect of  LN2 cooling, that has made significant changes in 
the top cutting zone. However, the hardness in the abrasive 
particle and reduction in particle embedding compensate 
the machining of harder region in the work material with 
more efficient. In AWJC process, the high thermal conduc-
tivity of the aluminium alloy developed a possible heat at 
the impact region, and this heat was rapidly conducted into 
the uncutting regions. This resulted in a reduction in the 
cooling effect of the jet during an increase in DOP and a 
consequent decrease in the hardness in the inner cutting 
regions at a defined depth [41, 42]. Unlike the AWJC pro-
cess, the CAAWJC process has produced higher hardness 
with a distance of 6 mm from the top kerf wall cut sur-
face. This occurred due to the removal of heat, and minimal 
deformation in the cutting zone by  LN2 jet. After exceeding 
this distance, changes in hardness of the cutting zone were 
similar to the AWJC process to be expected.

3.7  Effect Of  LN2 Cooling on Abrasive Particle 
Contamination

Figures 18 and 19 show the effect of abrasive particle con-
tamination in the AWJC and CAAWJC conditions. It is char-
acterised by using SEM with the EDS analysis. This analysis 
confirmed embedding of some amount of silicon particles in 
the initial cutting region of the cut surfaces, as silicon was 
the only element which was not present in the base material 
composition, as shown in Fig. 20.

In this study, the particle contamination was measured at 
3 mm from the top of the cut surface, and the measurement 
was carried out at a water jet pressure of 150 MPa, abrasive 
mesh size of #80 and abrasive water jet impact angle of 
90°. Figure 18 indicates the production of a large number 
of silicon particles by AWJC embedded in the top kerf wall 
cut surface. Also, seen in Fig. 10c, is the particle severely 
embedded along with the deposition of few abrasives par-
ticles are encircled by red colour in the micrograph. This is 
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Table 6  Micro hardness of the cut surfaces under AWJC and 
CAAWJC

Distance (mm) AWJC,  HV0.1kg CAAWJC, 
 HV0.1kg

1 76.7 175.3
2 80.4 172.7
3 77.1 150.5
4 73.3 151.9
5 70.6 117.2
6 68.3 116.7
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a corollary of the condition of the target material surface 
being soft or a lower hardness. The occurrence of abrasive 
contamination was also due to the high impulse of abrasive 
particles produced by a jet impact angle of 90°. This con-
tamination produces severe problems with the other opera-
tions on these surfaces, such as welding, coating, grinding 
[43]. However, these particles were drastically reduced in 
the initial cutting zone of the CAAWJC process, as seen in 
Fig. 19, because  LN2 cooling reduces particle embedding in 

the kerf wall cut surfaces, due to the increase in hardness of 
the cutting zone. An increase in the hardness of the cutting 
zone resists the abrasive debris embedded in the top kerf 
wall cut surface. As a result, abrasive debris subsequently 
passes on to the uncutting region for a more DOP.

Table 7 shows the weight percentage of the silicon pre-
sent in the cut surfaces. Reduction in the particle contami-
nation of the CAAWJC process by 56.33% was seen while 
compared to the AWJC. This observation indicated an 

Fig. 18  Abrasive particle contamination at AWJC cut surface, a SE 
image, b SEM image, c EDS spectra Fig. 19  Abrasive particle contamination at CAAWJC cut surface, a 

SE image, b SEM image, c EDS spectra
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improvement in the cutting performance of the CAAWJC 
through  LN2 jet cooling, achieving a better surface quality 
with less contamination. The presence of chlorine (Cl) on 
the cut surfaces was seen. This was due to the inherent char-
acteristics of the water jet cutting process. However, the Cl 
content was very low at about 100–200 particles as shown 
in Figs. 18c and 19c, which did not cause any degradation 
on the surface characteristics of the material.

4  Conclusions

In this study, conventional abrasive water jet cutting and 
cryogenic assisted abrasive water jet cutting were carried out 
on AA5083-H32 aluminium alloy. The major conclusions 
drawn are given below.

1. In the cryogenic jet cutting operations, the depth of pen-
etration improved by 4–32% over the conventional jet 
cutting process, due to the reduction in particle embed-
ding in the kerf wall zone.

2. The use of  LN2 jet cooling in the cutting process 
improved material removal rate in the range of 2–56%. 
Possible modifications (fine debris/micro cutting) in the 
erosion process of the target material at low temperature 
caused an increase in the erosion capability of the abra-
sive water jet.

3. LN2 jet cooling produced a reduction of about 2–21% 
in the taper ratio compared to the jet cutting process at 
room temperature.

4. The cryogenic assisted abrasive water jet cutting pro-
cess was found to produce 8–53% less surface roughness 
compared to the conventional process. A better surface 
finish was produced by  LN2 jet cooling with support 
from the fine erosion process in the cutting zone.

5. The cut surface under the cryogenic jet cutting process 
generated a less deep wear tracks, and peaks and val-
leys. It was caused by an efficient micro cutting, which 
occurred through reduction in ductility and, increase in 
hardness of the cutting zone by  LN2 jet.

6. There was a significant thickening of the β phase 
 (Mg2Al3) under the cryogenic jet cutting process. This 
was confirmed by the quantification of magnesium con-
tent in the kerf wall cut surfaces.

7. In the conventional abrasive water jet process, the heat 
generated in the primary impact zone leads to reduction 
in hardness. This happens as a result of the generation 
of peak temperature at abrasive water jet impact angle 
of 90°.

8. The abrasive particle contamination is greatly reduced 
by 56% with the help of  LN2 cooling.

Even though above performance results were obtained by 
cryogenic assisted jet cutting approach, the manual operation 
of cryogenic nozzle technique was embraced in the present 
study. In future, it can be developed by an automation of 
cryogenic nozzle with jet cutting head for the process and 
performance improvements.
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