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Abstract 

A novel rotary applicator has been designed to feed high-pressure coolant jets while maintaining the tool's 
strength in order to improve the Ti-6Al-4V alloy's poor machinability. Average cutting temperature, 
principal cutting force, mean surface roughness, and tool wear were all taken into account when 
evaluating the machinability of various speed-feed combinations. Dry milling produced the worst results 
for all of the investigated reactions, with excessive tool wear and poor machinability happening due to the 
lack of cooling and lubrication. HPC and RHPC both outperformed dry, but RHPC was the clear winner 
in all investigations. HPC is distinguished by the rotational supply of high pressurized coolant jets 
delivered through several nozzles rather than the typical nozzle. This results in effective cooling and 
lubricating during RHPC. The higher forced convection heat transfer mechanism of high-pressure cutting 
fluids controls cutting temperatures amazing along with its protective film formation. Cutting forces and 
surface roughness are reduced roughly 14% and 17.44% in RHPC compared to HPC. Similarly, as a 
result of better temperature management by RHPC, flank wear is greatly reduced while tool life is 
increased ( 9 min). 
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1 Introduction 

Due to its outstanding features – high hardness at a low weight, nontoxicity, corrosion resistance, and 
capacity to function at elevated temperatures – the use of Ti-alloy (Grade 5) has been expanded in a 
variety of industrial sectors [1]. Despite these attractive properties, manufacturers and researchers have 
observed several complications during machining: excessive hardness at high temperatures, low 
thermal conductivity (80% less than steel), low elastic modulus (50% less than steel), and high 
chemical reactivity (formation of TiO2), all of which have a detrimental effect on machinability 
indices, specifically surface quality, process stability, and tool life [2]. To date, dry machining has been 
regarded as the most sustainable method of machining in terms of minimizing negative economic, 
environmental, and health impacts [3]. However, dry machining is judged ineffective for mitigating 
temperature-related concerns. Researchers have used conventional flood cooling with low pressure to 
transform difficult-to-cut alloys that had been deemed ineffective due to low pressurized coolants' 
inability to reach efficiently into the key cutting zone of the secondary shear area (three heat generation 
zones related to machining are shown in Fig. 1). Additionally, environmental concerns, increased 
coolant costs, disposal expenses, and health risks associated with bacterial and fungal infections have 
intensified researchers' efforts to develop alternatives to conventional cooling [4]. The use of cutting 
fluids at a low rate is argued to be the superior approach due to increased productivity and improved 
product quality [5]. Thus, several researchers have advocated for the use of coolants with elevated 
pressure in machining difficult-to-cut alloys (such as Ti-alloy, Ni-based alloy) to improve cooling and 
lubrication [6]. Nandy et al. [7] evaluated the beneficial effects of HPC-assisted turning Ti alloy on the 
longevity of tool life, cutting forces, frictional behavior, and surface integrity and observed a 250% 
increase in tool life over wet cooling. Ezugwu et al. [8] investigated the effects of externally applied 
HPC on Ti-alloy turning and discovered increased tool life (less nose wear) and decreased surface 
roughness. 



 

Fig. 1 Three different heat generation zone with a percentage of heat sharing by chips, tool, and work-
piece. 

With varied oil flow pressures and different tool materials, another study conducted by Ezugwu et 
al. [9] found that employing HPC with CBN tools led to an increase in tool life of 100% when 
compared to wet cooling. da Silva et al. [10] investigated the effects of externally applied coolant jets 
in all directions on Ti-6Al-4V alloy machining and found that they produced better results. By 
developing a specialized nozzle, Khan et al. [2] evaluated the impact of high-pressured coolant jets on 
the tool's surfaces during turning Ti-6Al-4V alloy. They also investigated the performance indices 
cutting forces, temperature, and chip formation. The authors demonstrated that high-pressure coolant 
jets considerably increase machinability via their cooling and wedge effects. Mia et al. [11] 
investigated two distinct features (roughness and wear) of Ti-6Al-4V alloy in turning under HPC 
employing double jets and achieved a 40% increase in tool life while maintaining acceptable surface 
quality. Klocke et al. [12] compared HPC to traditional cooling in milling aircraft alloy and discovered 
a 25% and 50% reduction in tool temperature and tool wear, respectively. Sanchez et al. [13] 
conducted a thorough examination of the possible benefits of HPC with a variety of coolant supply 
directions and noted its superiority over other cooling approaches in terms of improving machinability. 

Internal cooling techniques have been examined by several scholars, and it has been argued that 
internal cooling can be a useful tool for machining various metals and alloys [14]. Islam et al. [15] 
devised and manufactured an internal cooling tube through an end mill tool to provide liquid nitrogen 
during milling of hardened EN 24 steel and demonstrated the influence on surface roughness, tool 
wear, and cutting forces. The scientists indicated that the increased machinability was a result of the 
cooling system's proper heat transfer mechanism, which was based on fluid dynamics. Sun et al. [16] 
examined the impact of internal cooling on heat generation during Al6063 machining. According to 
another study, an internal cooling system is more appropriate at lower speeds and feed rates, as 
determined by the examination of certain efficiency ratios [17]. Peng et al. [18] developed a unique 
grinding wheel with an internal cooling channel for machining nickel-based superalloys and observed 
that it outperformed flood cooling in terms of heat transfer performance. Oezkaya et al. [19] 
investigated internal cooling in drilling and discovered that coolant jets applied at the appropriate 
pressure through the internal channel considerably reduced tool wear. Zhang et al. [20] investigated the 
performance of milling H13 steel using milling cutters equipped with internal cooling channels at each 
tooth to supply cooled compressed air with a trace amount of lubricant in terms of cutting force, tool 
wear, and environmental concerns. However, an internal cooling channel running through the tool 
diminishes the tool's rigidity against hard materials when the feed rate is increased [21]. Due to the 
hollow part running through the tool, the rate of a catastrophic failure or breakage increases during 
high-speed cutting, resulting in decreased tool life. Additionally, in the majority of cases, those 
channels are created by an expensive and time-consuming electro-discharge machining method. 
However, impinging cutting fluids properly through the use of a standard external nozzle is not easy, 
as the flow of coolant jets is halted by the revolving cutter's centrifugal force. In this case, external 
application of cutting fluids by any rotary applicator is likely to aid in overcoming these impediments. 

Analyzing previous research, it is clear that while the study of HPC in turning Ti-6Al-4V alloy has 
reached a zenith with a remarkable increase in machinability, further focus is required to address its 
effects on the intermittent milling process in detail, allowing for the expansion of Ti- alloy's in 
producing different shapes and complex parts. However, the majority of those experiments used a 
conventional single-jet nozzle or an internal cooling mechanism with the goal of fast removing heat, 
but the challenges associated with both conventional cooling and internal cooling are not adequately 
addressed. Due to this gap in the knowledge base about milling Ti-6Al-4V alloy, the authors were 
inspired to seek a better solution than the typical cooling procedures used in milling. The authors 
developed a specialized rotary applicator without compromising the rigidity of the tool and examined 



the effects of HPC on cutting temperature, main cutting force, surface roughness, and tool wear while 
milling Ti-6Al-4V alloy using the designed applicator. They also conducted a comparative analysis of 
dry, conventional HPC, and RHPC milling. 

 

2 Materials and Methods  

The bimodal microstructured (α+β phased) Ti-6Al-4V alloy (Grade 5, hardness 37HRC) was chosen as 
the workpiece material in this investigation due to its reduced density and superior strength-to-weight 
ratio when compared to conventional steels and aluminum. Tables 1 and 2 detail the 
chemical composition and mechanical attributes of the Ti-6Al-4V alloy used in this investigation. 

Table 1. Chemical composition of Ti-6Al-4V alloy (Grade 5) 
Chemical elements Al V Fe O N C Ti 
% wt. 6.43 4.12 0.049 0.16 0.012 0.011 Balance 

 
Table 2. Mechanical properties of Ti-6Al-4V alloy (Grade 5) 
Melting 
point 

Specific 
density 

Thermal 
conductivity 

Specific 
heat 

Ultimate 
tensile 
strength 

Elongation Tensile 
strength 

Hardness  

1604⁰C 4.43 
g/cm3 

6.7 W/m-k 0.5263 
J/g⁰C 

1000 
MPa 

14% 550 MPa 37 HRC 

Milling experiments were conducted on a vertical knee and column milling machine (7.5hp, 
Sunlike, China). High-speed steel (HSS) with a hardness of 65 HRC, an outer diameter of 12 mm, a 
helix angle of 300, four flutes with center cutting and a rake angle of 00, a length of cut of 27 mm, and 
an overall length of 83 mm was chosen as the tool material. Machining at low cutting velocities 
motivates us to prefer a highly economical HSS tool over a carbide tool because the ductility of HSS 
allows it to maintain its cutting stability against milling forces at lower cutting velocities without 
premature breakage, which is also consistent with previous research [15].  

 

(a) 
 

(b) 
 

(c) 
Fig. 2 Milling of Ti-6Al-4V alloy under (a) dry; (b) conventional HPC and (c) RHPC. 

As seen in Fig. 2, milling was performed under three distinct cutting conditions: dry (DM), 
standard high-pressure cooling (HPC), and high-pressure cooling using an external rotating liquid 
applicator (RHPC). Dry milling tests were conducted without the use of any cutting fluids. As 
previously stated, traditional flood cooling is unsuitable for machining such poor thermal conductivity 
Ti-6Al-4V alloys. According to their recommendations, the use of high-pressured coolant jets may be 
an effective option. On this basis, we built the HPC setup depicted schematically in Fig. 3 in our 
manufacturing lab. It is divided into two major components: one is responsible for creating high 
pressure, while the other is responsible for supplying high pressurized coolant jets into the cutting 
zone. To provide an uninterrupted supply of cutting fluids, the flow rate was set to 2L/min with an oil 
pressure of 80 bar, and the nozzle position was set to 25 mm after trial and error. 

Proper cutting fluid penetration at the secondary shear zone is a difficult challenge in intermittent 
milling due to the complex tool geometry and critical chip creation. Additionally, in end milling, heat 
is generated on both sides (side and end faces) of the tool to a predetermined depth (defined by the 
axial depth of cut). Keeping this in mind, the high-pressured coolant jets were supplied via an external 
rotating liquid applicator that was mounted on a spindle and also served to tightly hold the end mill 

Rotary 
applicator Cutter 

Work-piece 

Dynamometer 
Thermocouple 

wire 

Nozzle  



tool. The developed rotary liquid applicator's key components include an adapter, an oil chamber, 
heatproof bearings and Teflon seals, a particularly designed jam nut, a tiny oil chamber with embedded 
nozzles (0.50mm), and a connector. 

 

 
Fig. 3 Schematic diagram of HPC set up with conventional external nozzle. 

The adapter was designed to securely hold the other components and was also coupled with a 
spindle via a collet and jam nut. The high-pressure coolant jets were provided from the flexible hose to 
the oil chamber via a small hole (4.0 mm) and were enabled to flow from the oil chamber to the 
adapter and finally to the mini oil chamber via a channel, as seen in Fig.4. Following that, coolant jets 
were shot from four angularly implanted nozzles placed along the flute length and rotated. Fig.4 
illustrates the sectional and isometric views of the designed external rotating liquid applicator, as well 
as its measurements. Both HPC and RHPC milling was performed with VG-68 straight cutting oil as 
the high-pressure cutting fluid. The experimental investigations were designed to be carried out at a 
variable cutting velocity (16~32 m/min) and table feed rate (22~68 mm/min) under a variety of cutting 
conditions and a constant depth of cut of 1.0 mm, to determine the machinability of Ti-6Al-4V alloy in 
terms of cutting temperature, cutting force, surface roughness, and tool wear. Table 3 summarizes the 
experimental settings under which milling tests were conducted. 

Table 3. Experimental conditions. 

Machine Tool Vertical knee and column type milling machine (Sunlike, china) 
Work materials Convex shaped Ti-6Al-4V alloy (Grade 5)  

Dimension: 100 × 50 × 25 
Tool type High-speed steel (HSS ∅12 mm) End mill cutter 
Process parameters  
 Cutting velocity, m/min 16, 24, 32 
 Table feed, mm/min 22, 44, 68 
 Depth of cut, mm 1.0 
Cutting fluid type VG-68 cutting oil 
Cutting conditions (CC) Dry, HPC and RHPC 
RHPC parameters  
 Oil flow rate, L/min 2  
 Oil pressure, bar 80 
 Nozzle angle  350 
 Nozzle dia. mm 0.5 
 No. of nozzles 4 
 Nozzle Distance  from 

the stagnant point, mm 
20 

Responses T, Fc, Ra, Vb 



 
(a) 

 
 
 

(b) 
Fig. 4 (a) Isometric view and (b) sectional view of the designed rotary liquid applicator. 

 

The full factorial-based design of experiment (DoE) was used to organize the experimental trial 
runs systematically since it calculates all potential combinations of selected input variables with the 
least amount of error [22]. Cutting temperatures (T) were determined using the tool-work 
thermocouple method under all cutting conditions, utilizing Ti-6Al-4V alloy and HSS end mill cutters 
as dissimilar metals. This approach is straightforward but accurate for monitoring cutting temperature 
across the full contact region across a large temperature range. The schematic representation of the 
specific tool-work thermocouple loop is given in Fig. 5. Calibration is required to define the 
relationship between voltage generation and real temperature for the tool-work combination being 
employed. To facilitate calibration, a long length of chip and a segment of the HSS tool were brazed 
together at one end, rather than the actual work material and end mill cutter. A graphite block was 
placed on the porcelain of an electrically powered radiant heater to act as a heat sink. In the graphite 
block, the brazed junctions of the tool-work thermocouple and the standard thermocouple (K-TYPE) 
were arranged adjacent to one another. The chip and HSS tool segment's other ends were connected via 
the digital multimeter (Rish multi 15S, India). The porcelain and graphite blocks were then electrically 
heated, and the brazed connection acted as the thermocouple's hot junction. The multimeter was used 
to record the thermoelectric voltage created, as well as the direct temperature (°C) of the heated 
graphite block using a digital thermometer (Eurotherm, UK). Finally, the calibration curve is shown 
with the observed voltage and temperature.  
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Fig. 5 Schematic diagram of specific tool-work thermocouple set up. 
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(b) 
Fig. 6 Tool-work thermocouple calibration (a) set up and (b) curve. 
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Figs. 6(a) and 6(b) depict the photographic perspective of the setup for tool-work thermocouple 
calibration. A nearly linear relationship between temperature and voltage has been established with a 
coefficient of determination of 98.74 percent. The regression equation used to calculate the 
temperature of the chip-tool interface from the thermocouple voltage is presented below: Temperature (0C) = 6.59 + 80.13 voltage (mV) 

 
(1) 

Cutting forces were determined during milling using a KISTLER dynamometer equipped with a 
load cell and charge amplifier. Surface roughness was determined for each slot using a portable 
Talysurf roughness checker (Surtronic 3+, Rank Hobbs, UK), with a sampling length of 0.80 mm. 
Table 4 summarizes the findings from each experiment (a total of 27 runs). The rise of flank wear with 
machining time at constant speed-feed-depth of cut was monitored using a metallurgical microscope 
(Carl Zeiss, Germany) equipped with a micrometer with a resolution of 1 m for the purpose of 
determining tool life under three separate cutting scenarios. 

  

Fig. 7 Roughness measurement zones within a single slot. 

Table 4. Full factorial based orthogonal array (L27) with corresponding responses. 
Run 
order 

Std. 
order 

Speed, 
m/min 

Feed, 
mm/min 

CC T (⁰C) Fc(N) Ra(µm) 

1 15 24 44 RHPC 472.95 210.19 1.22 
2 4 16 44 Dry 539.45 298.92 1.63 
3 13 24 44 Dry 628.40 269.45 1.55 
4 27 32 68 RHPC 569.10 207.86 1.08 
5 22 32 44 Dry 646.03 227.10 1.32 
6 1 16 22 Dry 348.75 257.80 1.53 
7 8 16 68 HPC 593.14 292.72 1.72 
8 21 32 22 RHPC 395.22 168.49 0.82 
9 2 16 22 HPC 327.91 227.93 1.38 
10 12 24 22 RHPC 351.15 183.27 0.96 
11 20 32 22 HPC 428.07 179.52 1.18 
12 17 24 68 HPC 609.97 254.08 1.59 
13 3 16 22 RHPC 318.30 196.58 1.24 
14 6 16 44 RHPC 417.66 227.59 1.30 
15 24 32 44 RHPC 488.17 179.11 1.00 
16 26 32 68 HPC 638.82 232.50 1.32 
17 7 16 68 Dry 624.39 328.05 2.35 
18 10 24 22 Dry 377.59 232.50 1.47 
19 14 24 44 HPC 518.62 237.59 1.32 
20 9 16 68 RHPC 533.04 259.55 1.42 
21 19 32 22 Dry 473.75 203.65 1.32 
22 18 24 68 RHPC 557.88 227.80 1.32 
23 16 24 68 Dry 630.00 283.08 2.25 
24 23 32 44 HPC 565.10 198.20 1.24 
25 5 16 44 HPC 480.16 267.54 1.44 
26 25 32 68 Dry 694.91 267.06 1.61 
27 11 24 22 HPC 354.77 198.09 1.34 

1st
  Z

on
e 
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3rd
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 m

m
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3 Results and Discussions 

Because the ultimate objective of this research is to compare the effects of RHPC assisted milling to 
dry and conventional HPC assisted milling at a variety of cutting velocities and feeds, an investigation 
was conducted to determine the machining performance parameters such as average cutting 
temperature, main cutting force, mean surface roughness, and growth rate of tool wear under three 
different cutting conditions when milling Ti-6Al-4V alloy using an HSS end mill cutter. To begin, the 
cooling mechanism of the developed external rotary applicator is reviewed, followed by a brief 
explanation of its consequences on the indicated machining performances. 

3.1 Cooling mechanism of the external rotary liquid applicator 

For this study, the tool-chip interface (friction at rake face) and the tool-work interface (rubbing at 
flank face) are considered to be major heat zones for cooling, whereas the primary shear zone is 
considered to be negligible, following the temperature model proposed by Cui and colleagues [23]. 
Under all machining settings, the heat generated at the cutting zones is dispersed by following the three 
common routes of heat transformation: conduction (medium: tool, chip, and workpiece), convection 
(medium: air and cutting fluids), and radiation (higher energy: tool, chip, and workpiece) (medium: 
air). The following is a quantitative description of the distribution of generated heat at the cutting zone: 𝑞𝑡𝑜𝑡𝑎𝑙 = 𝑞𝑤 + 𝑞𝑡 + 𝑞𝑐 + 𝑞𝑙   (2) 

Where, 𝑞𝑡𝑜𝑡𝑎𝑙 is the total quantity of heat generated during cutting; 𝑞𝑤 is the quantity of heat 
absorbed by the workpiece; 𝑞𝑡 is the quantity of heat conducted by the tool; 𝑞𝑐 is the quantity of heat 
carried away by chips; 𝑞𝑙 is the quantity of heat loss due to radiation. Due to the lack of cutting fluids 
in dry machining, the convective heat transformation rate is zero, resulting in the majority of the heat 
being trapped at the cutting zone for an extended period, which reduces machinability and increases 
machining time. In conventional HPC, the external nozzle is kept static and in a fixed position, 
allowing for precise impingement of high-pressure cutting fluids (up to 80 bar), which increases the 
forced convective heat transformation. However, it is expected that transforming nonrotational fluids 
into rotational fluids can greatly improve the cooling effectiveness of such typical HPCs since such 
type rotating fluids carry out more heat than nonrotational fluids by reducing the hydraulic loss 
significantly [24]. To take advantage of this feature in our design, the modified jam nut with a tiny oil 
chamber is designed to rotate by the spindle through an adapter at the same rotational speed as the 
cutter. When fluid enters the rotational oil chamber from the static oil chamber through an adapter, 
tangential forces act between the rotational chamber and the fluid, changing the flow pattern of fluids, 
and centrifugal forces are formed radially. Swirl flow is created as a result of the development of 
centrifugal forces, which adds to the increase in heat transfer capacity [15]. In respect of using 
numerous embedded jets the likelihood of mutual disruptions among the adjacent jets after 
impingement on the target point is a common problem [6]. To avoid such issues, four nozzle jets are 
arranged in a 3600 circular arrangement with the angular distance between each nearest jet remaining at 
900. As a result, the revolving jets are sprayed onto the four flutes of the tool from four separate 
directions at the same time. Additionally, the use of small diameter inlets accelerates jet impingement 
with high pressure, which in turn increases heat transfer through the formation of an ultra-thin 
boundary layer in the cutter's stagnation regions. [25, 26] According to experts, the heat transfer is 
greatest at the stagnation point, and in this design, the stagnation point was made at the very nearest 
zone of tooltip for each tooth. That also increases the average Nusselt number. The Nusselt number 
(Nu) is a unitless number used in the analysis of heat transfer in fluids. It is essentially the ratio of 
convective to conductive heat transfer at a fluid boundary. Heat convection is higher for larger Nusselt 
numbers for the turbulent flow (range: 100–1000), while lower Nusselt numbers indicate less active 
convection. It can be stated mathematically as follows:  𝑁𝑢 = 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 (𝑞𝑐)𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 (𝑞𝑐𝑜) = ℎ𝐷𝑘  

(3) 

D is the nozzle's diameter and k is the fluid's thermal conductivity. h symbolizes the convective 
heat transfer coefficient. During turbulent flow, the peak of the Reynolds number will be located at the 
place where the Nusselt number is highest since these two dimensionless numbers are connected [25]. 



Finally, it can be claimed that by increasing the forced convective heat transfer rate, a beneficial 
synergistic effect of rotational multiple jets can efficiently regulate the increased cutting temperature. 
Another positive effect was observed that HPC coolant jets remove the chips by correctly penetration 
on the cutting area, which is also supported by the other findings of previous research related to high-
pressure coolant jets [10]. 

 

3.2 Effects on Cutting temperature (T) 

Cutting temperature is a critical factor in determining machinability. Despite its beneficial impacts 
on machining, it is the primary cause of inefficient machining processes [27]. High cutting 
temperatures have a noticeable effect on tool life, power consumption, and surface finish. 
Controlling the cutting temperature is critical due to its most detrimental consequences. The 
variation in cutting temperature as a function of cutting velocity and table feed under various cutting 
conditions is depicted in Fig.8. The trend in altering cutting temperature is positive as cutting 
velocity and feed are increased, indicating that cutting temperatures increase in all cutting situations, 
which is consistent with prior research findings [28]. According to the graphical plot, the cutting 
temperature shift is greatest for cutting velocity, followed by cutting condition, and finally by table 
feed rate, which is consistent with the findings of another researcher [29]. 

14 16 18 20 22 24 26 28 30 32 34
200

325

450

575

700

825

950

1075

1200

1325

 Dry (22)
 Dry (68)
 HPC (22)
 HPC (68)
 RHPC (22)
 RHPC (68)

Work material: Ti-6Al-4V
Tool type:High speed steel
Depth of cut: 1.0 mm

C
ut

ti
ng

 te
m

pe
ra

tu
re

, T
 (

0 C
)

Cutting Velocity (m/min)  

Fig. 8 Variation of cutting temperature with cutting velocitys in milling Ti-6Al-4V alloy at 
different table feed (22 and 68 mm/min) with 1.0 mm depth of cut under three different cutting 

conditions. 
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Fig. 9 Percentage reduction of cutting temperature under HPC and RHPC over dry milling of Ti-

6Al-4V based on experimental runs. 

 



Fast chip formation combined with severe tool wear at high cutting velocity leads to an increase in 
the cutting temperature at the secondary shear zone. Similarly, the increased cutting temperature 
associated with high feed rates is attributable to the increased tool-chip contact zone, which results in 
increased friction and rubbing [30]. These catastrophic effects are successfully mitigated in this 
research work by utilizing high-pressure cooling (HPC). The higher thermal conductivity of the cutting 
fluid used enables the removal of more heat via convection rather than conduction into the surfaces of 
a tool and work material, as observed in another research work on continuous machining of Ti-6Al-4V 
alloy [7]. This cooling rate of high-pressured coolant jets is contingent upon their successful entry into 
the cutting zone via chip removal via the wedge effect at the route of penetration. As illustrated in Fig. 

9, RHPC offers superior cooling to standard HPC. HPC results in a temperature decrease of 3~19.84 
percent, while RHPC results in a temperature reduction of 7~26.71 percent. In RHPC, the increased 
penetration of high-pressure coolant jets along the flute length effectively lubricates the tool-work 
interfaces due to its increased penetrability and wettability. Additionally, it decreases friction area, 
which enables rapid heat dissipation. The average temperature for dry milling was determined to be 
roughly 7000C, which was decreased to 6380C HPC, which is closer to the earlier study results given 
by [31] for end milling with minimal lubrication. However, in RHPC, this cutting temperature was 
observed to be 5690C, implying that RHPC has a better cooling efficiency than standard HPC. 

3.3 Effects on Main cutting force (Fc) 

Cutting force (the force required to remove excess metal as chips via shear) is a representative index of 
process stability (power and energy, tool vibration, and chattering) that is strongly influenced by tool-
work material, process variables (Vc, f, ap), coolant types and application methods [28]. The variation 
in cutting force (Fc) as a function of process factors under various cutting conditions is depicted 
graphically in Fig. 10.  
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Fig. 10Variation of average cutting forces with cutting velocitys in milling Ti-6Al-4V alloy at 
different table feed (22 and 68 mm/min) with 1.0 mm depth of cut under three different cutting 

conditions.   
As can be observed, cutting force decreases as cutting velocity increases, whereas feed rate 

increases in all cutting circumstances. The decrease in cutting force as cutting velocity increases is 
attributed to thermal softening before plastic deformation, whereas the increase in cutting force at a 
higher feed rate is attributed to strain hardening predominating over thermal softening with increased 
chip load, which is consistent with previous research results [6, 32]. The main cutting force, on the 
other hand, rises with increased table feed due to increased friction and chattering associated with rapid 
tool wear development. Apart from cutting velocity and feed, cooling has a considerable effect on 
cutting force reduction. The maximum cutting force (328.05 N) was discovered during dry milling, 
which is the result of high heat formation combined with rapid plastic deformation, which suppresses 
thermal softening via strain hardening, which is more consistent with earlier studies [6]. Additionally, 
high heat accelerates tool wear progression significantly, which increases the tool's rubbing and 
friction behavior, as well as process instability during dry milling, which can also be noted for the 
enhancement of cutting force. By their wedge effect and lubricity, high-pressure coolant jets reduce 
cutting effort by reducing the seizure area and friction coefficients. Additionally, the increased tool life 



achieved through the use of high-pressure coolant jets has a beneficial influence on cutting force 
reduction.  

Regardless of process conditions, Fig. 11 demonstrates that RHPC significantly reduces cutting 
force (percent reduction is 17~24 percent greater than dry) than traditional HPC (percent reduction is 
10~14 percent greater than dry). This occurrence is explicable by the adequate lubrication of RHPC. 
Cutting fluids are blasted through four nozzles at high pressure in RHPC, ensuring a greater 
distribution of cutting fluids at each cutting edge (four teeth) than is possible with a standard stationary 
supply via a single nozzle. This rotating distribution is said to preserve the sharpness of each cutting 
edge while minimizing BUE and chipping, which is impossible with standard HPC. As a result, the 
force required for cutting is lowered further without sacrificing any single cutting edge 
catastrophically. Additionally, the many jets with the same oil flow rate effectively reach the cutting 
zone, ensuring that it outperforms conventional HPC in terms of effectiveness. 
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Fig. 11 Percentage reduction of average cutting forces under HPC and RHPC over dry milling of Ti-6Al-

4V based on experimental runs. 

3.4 Effect on Surface roughness (Ra)  

Surface roughness is another important measure of machinability, being greater under unstable 
machining settings with a greater cutting force than under stable machining conditions [33]. Surface 
roughness is critical in boosting the machined part's quality and service life. Grinding is generally used 
to get the ultimate finish on any turned or milled product. Although grinding is necessary for highly 
completed items, it will save time and money if it can make pieces close to their final shape with the 
least amount of roughness. Frequent feed marks, built-up edges, unstable machining conditions with 
increased vibration and chattering, a weak machine-fixtures-tool-work system, increased tool wear, 
increased work material hardness, and improper machining condition selection is considered to be the 
primary causes of increased surface roughness [11]. Fig. 12 illustrates the changing behavior of 
average surface roughness (Ra) as a function of cutting velocity and feed under three different cutting 
settings.  
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Fig. 12 Variation of average surface roughness with cutting velocitys in milling Ti-6Al-4V alloy 



at different table feed (22 and 68 mm/min) with 1.0 mm depth of cut under three different cutting 
conditions.   

The graphical representation demonstrates that the average surface roughness gradually reduces as 
the cutting velocity increases. This can be related to the work material's local thermal softening (a less 
thermally conductive Ti-6Al-4V alloy confines heat for an extended period) at a specific temperature, 
as shown in another research finding [34]. Additionally, less BUE generation with a smaller contact 
area and less chattering at a faster cutting velocity [11] decrease surface roughness. However, under all 
cutting settings, the changing trend is reciprocal with the feed rate, which is consistent with the 

established theoretical relationship (𝑅𝑎∞ 𝑓2𝑟 ) between roughness (Ra) and feed rate (f) [35]. 

Additionally, this can be explained mechanically, as a faster feed rate results in frequent feed markings 
and increased vibration as a result of the increased chip load [4]. The effect of cutting circumstances on 
the average roughness of the surface is also noteworthy. In dry milling, greater surface roughness was 
discovered, which is the result of increased rubbing between tool and chip, as well as increased friction 
between tool and work due to frequent chattering. While increased cutting velocity improves surface 
roughness, dry milling of Ti-6Al-4V alloy metal flows due to plastic deformation at high temperatures 
create an imbalanced hardness. Additionally, the superalloy's higher chemical affinity facilitates the 
adhesion of foreign metals to its surface, resulting in increased roughness [15]. Increased surface 
roughness is also caused by the faster evolution of tool wear in the absence of coolant/lubricant [36]. 
High-pressure coolant jets reduce friction between interfaces [36], prevent burr formation by breaking 
chips, and reduce chemical bonding of foreign materials on the job surface by washing away chips 
[38], all of which result in reduced surface roughness for both types of HPC, though the rate of 
reduction is greater for rotary HPC.  
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Fig. 13 Percentage reduction of average surface roughness under HPC and RHPC over dry 

milling of Ti-6Al-4V based on experimental runs. 

As illustrated in Fig. 13, when cutting velocity is reduced to 16m/min and table feed rates are varied 
to 22, 44, and 68 mm/min, average surface roughness is reduced by 10.15 percent, 9.72 percent, and 
17.44 percent, respectively, when Rotary HPC is used instead of conventional HPC. This reduction rate 
was shown to be greater (30.7 percent, 19.35 percent, and 18.18 percent) at the highest cutting velocity 
(32m/min) when the table feed rate was varied. As previously stated, increased cutting velocity benefits 
surface roughness reduction; additionally, the administration of coolant at high pressure via a rotating 
liquid applicator guarantees effective lubrication at frictional surfaces by rapid penetration into the 
cutting area. Properly directed high-pressured cutting fluids improve the tribological properties of the 
work material [39], and thus the fluid jets from the rotary applicator through the embedded nozzles 
improve the surface quality by improving the work material's tribological characteristics and effectively 
removing unwanted chips from the machined surface. This synergistic action results in an improvement 
in surface roughness. 

3.5 Progression of tool wear  

The tool's longevity during machining is determined by its wear resistance, toughness, and intense 
hardness to the work metal since the tool's life is continuously reduced by wear development. Thus, 
tool life can be defined as the effective length of cutting time required to achieve the specified surface 



quality. Tool wear is significantly influenced by the cutting temperature, vibration magnitude, and 
nature of tool-work interactions, as well as the machining circumstances. On the other hand, the pattern 
and geometry of tool wear have a substantial effect on the finished surface finish of the machined 
object [27].  
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conditions. 
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Fig. 15 Photographic view and SEM image of tool wear under different cutting conditions (red circles 

indicate the zone of flank wear). 
Generally, the average flank wear (Vb) is utilized to quantify tool life. The tool rejection criteria 

were fixed (average flank wear 300 µm), and ISO 8688-2 [40] was followed. As illustrated in Fig. 14, 
the quick growth of flank wear combined with increased nose wears significantly lowers tool life 
during dry milling. The level of flank wear was gradually reduced as the process progressed from dry 
milling to HPC and RHPC. Due to the high cutting temperature encountered during dry milling, 
considerable tool wear was noted. Due to the lack of cutting fluid, a tremendous amount of heat is 
retained at the cutting zone, which burns out the cutting edges and results in catastrophic failure (as 
shown in Fig. 15). Additionally, due to the reduced thermal conductivity of Ti-6Al-4V alloy, the 
majority of heat is absorbed by the tool, accelerating tool wear. On the other hand, both traditional 
HPC and RHPC have virtually eliminated burnout. Although the growth pattern of flank wear is 
comparable in HPC and RHPC, the rate of flank wear is faster in HPC due to BUE production and 
chipping, which is a side effect of insufficient cutting fluid penetration [33]. Reduced tool wear in 
milling under RHPC is allegedly the consequence of the synergistic impact of superior temperature 
management and friction reduction via the effective wedge effect of high-pressurized coolant jets. 
Additionally, in RHPC, correct impingement of coolant jets through the flute length enables a greater 
reduction in tool wear by producing a more effective oil lubricating layer around the cutting edges. 
This lubricating layer considerably minimizes rubbing and friction between tool/work contacts. Tool 
life was extended to 4.5 minutes for dry milling using the tool rejection criteria, which is increased to 7 
minutes and 9 minutes for traditional HPC and RHPC, respectively. Finally, it can be inferred that 
RHPC can increase tool life by nearly 50% and 22.2% in milling Ti-6Al-4V alloy over dry and HPC, 
respectively, due to its superior cooling and lubrication. Additionally, Fig. 15 shows SEM images of 
worn end mill tools used in dry, HPC, and RHPC aided milling of Ti-6Al-4V alloy. The most common 
types of tool wear include built-up edge (BUE), rubbing, feed marks, attrition, and premature tool 
break, all of which are shown by white-colored dots forms. BUE development was seen to be greatest 
when end mills were used in dry cutting, owing to increased metal adhesion on the flank face, which 
degrades the surface quality of the machined product. The dramatic reduction in BUE formation in 
RHPC is believed to be the result of the correct impingement of high-pressured coolant jets. It is 
obvious that the tool edge breaks after a given amount of time of machining in both dry and HPC-
assisted milling, but not in RHPC. Furthermore, fewer feed marks were found in RHPC, indicating that 
the lubricating effect of RHPC was effective. 

4 Conclusions 

To further understand the advantages of milling Ti-6Al-4V alloy with elevated pressurized coolant jets, 
this study used a newly developed external rotary liquid applicator. Experiments have yielded some 
important findings, which are outlined here. 
i. The forced convective heat transfer caused by the spinning fluid generated by our rotary applicator 

considerably boosts the cooling effect compared to conventional HPC. 
ii. When milling Ti-6Al-4V alloy under RHPC, a considerable reduction in cutting temperature 

(7~25% and 2~14%, respectively) over dry and conventional HPC was achieved, which is a result 
of the increased convective heat transfer caused by proper cooling of the heat-affected zones. 

iii. RHPC enables significant cutting force reduction at faster speeds and lower feed rates by reducing 
friction between tool-work surfaces, limiting BUE production due to chipping, and boosting 
cooling. 

iv. At the maximum cutting velocity (32 m/min) and the lowest table feed (22 mm/min), the RHPC 
cutting condition produced the lowest average surface roughness (0.82m). The primary 

BUE 

Rubbing  



explanation is believed to be the creation of a superior oil lubricating film under RHPC with less 
BUE and less vibration under the given cutting conditions. 

v. In comparison to milling under dry and HPC conditions, RHPC delivered the longest tool life (9 
minutes) with the least flank wear. Four circular high-pressured coolant jets successfully penetrate 
both tool-chip and tool-work interfaces in RHPC by breaking down the barriers of chips via a 
stronger wedge effect, which is believed to be the primary reason for these improved outcomes. 

To summarize, the external rotary applicator designed to feed the high-pressure coolant jets is 
preferable to conventional cooling for boosting machinability greatly without changing cutting tool 
design. For milling such a superalloy, further studies could investigate the various micro and macro 
features of chips, tool wear, and residual stress in brief. 
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