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Abstract 

This thesis presents the design, simulation-based evaluation, and parametric analysis of 

a turning tool with an integrated internal liquid nitrogen (LN2) cooling chamber for 

cryogenic machining applications. The primary objective is to provide a foundational 

design concept and demonstrate structural stability for the tool, which features an 

integrated cooling chamber, to guide the future development of an internally cooled 

cutting tool. 

Simulation variants were designed by design of experiment using CCD full factorial RSM. 

A structured DOE incorporates three continuous factors (heat transfer coefficient, tip 

temperature, and atmospheric temperature), and two categorical factors (insulation 

method and chamber size). 80 simulation matrices were developed and analysed under 

steady state thermal analysis, and the resulting temperature loads are applied as a 

boundary condition in structural analysis, which also considered machining forces 

representative of hard turning. 

Results showed superior thermal performance under chamber coating insulation by 

localizing cooling around the cutting insert. The maximum Von Mises stress in this 

configuration is reduced by over 63% compared to dry conditions and 59.5% compared 

to the configuration with an insulation pad between the tool head and shank. 

The parametric analysis using RSM confirmed that HTC, tip temperature, insulation 

method, and chamber size influence the tool performance, with insulation method as the 

most influential factor for the tool design. These findings demonstrate that thermal 

loadings and structural stability are effective under the integrated LN2 cooling with a 

targeted insulation, providing a starting point for further optimization, experimental 

validation, and industrial implementation. 

Keywords: Cryogenic cooling, Thermal analysis, Structural analysis, Response surface 

method, Turning tool, Tool head design, Integrated cooling chamber, LN2 cooling.  
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Chapter 1  

Introduction and background 

1.1. Background  

Metal cutting or machining is a core material removal process that forms chips and is 

widely used across the industry to manufacture precise components. When the cutting 

tool engages a rotating Workpiece with a fixed feed, a chip of material is formed by the 

tool penetrating the workpiece[1]. In machining technologies such as turning, the 

process generates significant mechanical and thermal loads due to plastic deformation 

and friction, resulting in chip formation and heat concentration in the cutting zone[2]. 

The significant amount of heat is carried by the chips, and a considerable amount of heat 

remains within the tool, particularly at the cutting edge and tool tip [3]. Excessive heat 

loads adversely affect tool life, surface integrity, and dimensional accuracy.  To mitigate 

these effects, conventional cooling methods have been widely utilised. The use of water 

as a coolant dates back to the 16th century as an early cooling fluid [4]. However, the use 

of plain water led to corrosion and a lack of lubrication. This led to the development of 

mineral oil-based cutting fluids. Cutting fluids play a major role in machining by reducing 

abrasion through lubrication, promoting efficient heat removal from the cutting zone, 

and consequently decreasing thermal and chemical wear on the tool, which leads to 

improved surface quality of the finished component [5][6], which became common in the 

early 20th century in the machining of steel alloys. However, these methods have 

increasingly raised concerns about environmental impact, user health, and disposal costs 

[7].  As a solution to this problem, MQL was introduced. MQL can contribute to an 

increase in cutting speed and tool life by providing effective lubrication at the cutting 

interface. However, the cooling performance is caused by friction reduction, making it 

less efficient in dissipating a high amount of heat from the cutting area [8].  Consequently, 

the focus in recent years has shifted towards sustainable and high-performance 

alternatives such as cryogenic cooling.  
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Very early cryogenic cooling research was introduced in the middle of the 20th century 

to overcome the drawbacks of the conventional cooling methods [9][10]. Cryogenic 

machining techniques provide notable benefits, including the production of 

contamination-free surfaces and the reduction of white layer formation, both of which 

enhance the fatigue life of the machined component [11]. The other key advantage of 

using cryogenic fluids, particularly liquid nitrogen and liquid carbon dioxide, is their high 

cooling performance due to the huge temperature difference between the fluid and 

cutting zone, ability to evaporate at atmospheric conditions by absorbing heat from the 

cutting zone. These fluids do not generate any harmful fumes because of their inert 

nature [11].   

1.2. Comparison of cooling strategies 

As indicated in Table 1.1, different cooling methods offer various degrees of effectiveness 

depending on their application and mechanism of action [7].  

Effect of the 
cooling and 

lubricant 

Flood 
(emulsion/oil) 

Dry 
(compressed 

air) 

MQL 
(oil) 

Cryogenic 
(LN₂) 

Hybrid 
(LN₂ + 
MQL) 

Cooling Good Poor Marginal Excellent Excellent 

Lubrication Excellent Poor Excellent Marginal Excellent 

Chip Removal Good Good Marginal Good Good 

Machine 
Cooling 

Good Poor Poor Marginal Marginal 

Workpiece 
Cooling 

Good Poor Poor Good Good 

Dust/Particle 
Control 

Good Poor Marginal Marginal Good 

Product 
Quality 
(Surface 
Integrity) 

Good Poor Marginal Excellent Excellent 

Table 1.1: Effectiveness and application of various cooling and lubrication 
mechanisms[7]. 

 The studies show Flood cooling with emulsion or oil, for example, offers good cooling 

ability with excellent lubrication, but it poses environmental concerns. In dry machining, 

the use of fluid is totally eliminated, but it has poor heat dissipation and lubrication, 

leading to tool wear and poor surface finish. Minimum quantity lubrication (MQL) 

provides a more environmentally friendly approach with the minimal amount of 
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lubricants, but it’s less suitable for applications involving high-temperature loads, 

because of its limited cooling performance. In contrast, cryogenic cooling, particularly 

with liquid nitrogen (LN2), stands out by providing excellent cooling without generating 

any residue on the surface of the workpiece; however, with marginal lubrication 

efficiency. 

1.3. Cryogenic application in machining 

Cryogenic technology can be applied in three different ways in the machining process. 

The first and most common way is the application of cryogenic cooling directly into the 

cutting zone, in which the cryogenic fluid, typically liquid nitrogen or liquid carbon 

dioxide, is used. This method is aimed at dissipating the heat at the tool-chip interface 

during machining and enhances the surface quality and reduces the tool wear rate.  

The Second approach is cryo-treatment of cutting tools, also known as cryo-treatment to 

improve the tool's resistance to wear by modifying the tool's microstructure before use.  

The third method is Cryogenic processing of the workpiece material, in which the 

workpiece is precooled or maintained under cryogenic conditions to improve 

machinability [11]. These three applications of Cryogenic technology are illustrated in 

Figure 1.1, which shows the different cryogenic technologies based on their point of 

application.

 

Figure 1.1 : Cryogenic machining and processing application [11]. 
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1.4. Thesis structure 

This thesis is organized into five chapters, each providing a specific stage of the research 

process:  

• Chapter 1: Introduction 

Introduces the metal cutting and outlines the significance of temperature control in 

machining technologies. It highlights the drawbacks of conventional cooling mechanisms 

and introduces cryogenic cooling as a sustainable alternative.  

• Chapter 2: Literature review 

Provides a comprehensive review of cooling strategies used in machining, with more 

focus on cryogenic cooling. It also discusses Properties of cryogenic coolant, surface heat 

transfer coefficient of LN2 presented by different researchers, different approaches of 

cryogenic cooling used by different researchers, and the tool construction for integrated 

cooling methods. The chapter is concluded with the problem statement and gap 

specification from the research literature and the objective and scope of the current 

work.  

• Chapter 3: Methodology 

The step-by-step procedures and approaches used in this study are described in this 

chapter. It details the concept generation and CAD design of the tool, simulation planning 

with the matrix design by DOE, material selection and assignment, boundary conditions 

for the simulation, and the setup of thermal and structural finite element method (FEM) 

simulations. 

• Chapter 4: Results and discussion 

Presents the results from the thermal and structural simulations for temperature 

distribution and stress results. The results are interpreted and compared with the trends 

from the literature review and the mechanical properties of the materials to ensure the 

structural stability of the designed tool.  

• Chapter 5: Conclusion 

This chapter summarizes the findings and outcomes from the research, assesses the 

feasibility of the proposed integrated chamber design for the internal cryogenic cooling 

concept, and discusses the limitations faced. The chapter also recommends future work. 
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Chapter 2  

Literature review 

Cryogenic cooling has emerged as a sustainable alternative in machining operations, 

particularly for hard-to-machine materials like titanium alloys, nickel-based super 

alloys, and hardened steels to conventional cutting fluids. Traditional lubrication and 

cooling methods, such as flood cooling and minimum quantity lubrication (MQL), pose 

significant environmental and health concerns due to fluid waste and mist formation 

[12]. 

Bagherzadeh & Budak [13] introduced a new approach called CMQL (combination of 

cryogenic CO₂ and oil lubrication), by investigating the effectiveness of combining the 

cryogenic cooling concept with minimum quantity lubrication (MQL). Their research 

showed a significant improvement in tool life, extending by up to 345% for Ti6Al4V, and 

reduced cutting forces compared to conventional cooling methods. Furthermore, their 

approach enhanced surface finish, reduced temperature at the cutting zone, and 

minimized tool wear through improved cooling.  

According to the study by Yap [14]. The application of LN2 as a cooling method has 

different advantages, including reducing thermal damage to the tool and workpiece, 

improving surface finish quality, and minimizing tool wear. The study also highlights that 

the thermal properties of LN2, such as high heat capacity and low boiling point make it 

an effective coolant for high-temperature machining processes. The review paper also 

presented different roles of cryogenic cooling in machining different materials, 

superalloys (titanium alloys, Inconel alloy, tantalum alloy, etc.), ferrous metals, 

viscoelastic polymers and elastomers. As a result, they presented that the role of cryogen 

is slightly different in machining different materials. 

Cryogenic cooling, particularly using liquid nitrogen (LN2), offers several advantages 

such as reduced tool wear, improved surface finish, and lower thermal damage to the 

workpiece [12][15]. 

Courbon et al [16] presented in their study the influence on the tribological properties 

of Ti6Al4V and Inconel 718 alloys while using cryogenic lubrication. The study used an 

open tribological setup to simulate the contact conditions during machining, particularly 

focusing on the examination of heat transfer, friction coefficient and adhesion at the 
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interface between the cutting tool and the work material. The paper concluded that the 

heat generated during machining can effectively be reduced by cryogenic lubrication, 

especially with liquid nitrogen, but its effect on friction varies depending on the work 

material. 

The paper by Pusavec F [17] investigates the effects of cryogenic cooling on machining 

porous tungsten, a challenging material to machine due to its thermal and wear 

characteristics. In the study, the author focused on liquid nitrogen cooling and explored 

the optimization of the parameters to obtain the specified machining surface quality of 

the final product. The result of the study shows cryogenic machining is capable of 

producing unsmeared surfaces that satisfies the industry standards which has never 

been achieved for any other cooling methods.  

2.1. Cryogenic properties 

Due to its unique thermophysical properties, cryogenic cooling, particularly liquid 

nitrogen, has gained significant attention in the field of machining. LN2 has a boiling point 

of -196 °C at standard atmospheric pressure, and it is widely used due to its exceptional 

ability to reduce cutting temperatures and enhance tool life by minimising thermal 

damage to the tool material. Pusavec et al [18] in their paper, they mentioned that LN2 

ensures efficient heat transfer from the cutting zone, allowing better temperature 

control during the machining of hard-to-cut materials such as Inconel and titanium alloys 

due to their high thermal conductivity and low viscosity.  

The property of liquid and gas nitrogen is summarised in the Table 2.1 below, as referred 

to [18]. 

 Density(Kg/m3) Cp(KJ/KgK) µ(Pas) k (W/mK) 

N2 liquid 803.6 2.046 1.463 × 10−4 1.320×10−1 

N2 gas 4.979 1.351 0.05331×10−4 0.07658× 10−1 

Table 2.1 : Properties of nitrogen. 

In another study, B. Dilip Jerold and M. Pradeep Kumar did an experimental comparison 

between carbon dioxide and liquid nitrogen cryogenic coolants in turning of AISI 1045 

steel, and they found that the application of LN2 reduced the cutting temperature to the 

maximum when compared to wet or CO2 machining. This is due to the low boiling point 
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(-196oC) of LN2 [19]. In their research they also investigated that Application of CO2 and 

LN2 reduced the cutting temperature by about 6–21% and 9–34% when compared to 

wet machining respectively. Cryogenic LN2 provided the maximum benefit of reduction 

in the cutting temperature, and it reduced about 3–17% of cutting temperature when 

compared to CO2 application. 

In comparison to LN2, while also used in cryogenic machining, it has a higher boiling 

point, which limits its cooling capability compared to LN2. CO₂ undergoes Joule–

Thomson expansion in which it transforms into a gas-snow mixture when rapidly 

expanded, which, although effective in certain applications, does not offer the same level 

of cooling efficiency or localised heat management as LN₂ [19]. The mathematical 

representation of this effect is given by the Joule–Thomson coefficient:  

μJT = (
∂T

∂P
)
𝐻
     (2.1) 

where μJT  is the Joule–Thomson coefficient, T is the temperature, P is the pressure, and 

the subscript H denotes constant enthalpy [20].  

 However, CO₂ has been found to be effective in combination with other lubrication 

methods, such as minimum quantity lubrication (MQL), providing a more eco-friendly 

solution in some cases [21]. 

2.2. Surface heat transfer coefficients in cryogenic 

cooling 

As the main objective of the cryogenic fluid is to dissipate the heat generated during the 

cutting operation, the quantification of the heat transfer between the cryogenic fluid with 

the cutting tool, and the machined surface remains an issue to be addressed [7].  

The paper by Pusavec et al., 2016b [22] presents the effect of nitrogen phase on heat 

transfer coefficient during cryogenic machining. The authors made a comparison of the 

cooling performance of liquid nitrogen and nitrogen gas in terms of heat transfer 

efficiency. The result from the paper showed heat transfer efficiency of liquid nitrogen is 

significantly higher than that of nitrogen gas. For the liquid nitrogen, the heat transfer 

ranged from 23270 W/(m².K) to 74950 W/(m².K), depending on the overheat 

temperature, whereas it is lower for nitrogen gas. As a result of higher heat transfer, 

liquid nitrogen gains higher thermal conductivity and specific heat, which allows it to 

absorb more heat from the cutting zone. From the study, it is concluded that better 
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cooling efficiency is offered by liquid nitrogen, and it should be the preferred choice in 

cryogenic machining for improved performance and longer tool life. 

In Cryogenic machining, cooling efficiency is highly affected by the surface heat transfer 

coefficient, especially when using liquified nitrogen as a coolant. A study by Hribersek et 

al [23] focused on determining the heat transfer coefficient between liquefied nitrogen 

and Inconel 718 during Cryogenic machining. The results from the study revealed that 

the heat transfer coefficient is highly temperature dependent, peaking at around 75,000 

W/(m²·K) when nitrogen was in its liquid phase at -196°C. The authors also investigated 

that as nitrogen transitions to a gaseous phase, a significant drop in the heat transfer 

coefficient to approximately 15000 W/(m²·K) appears. 

Y. Wang et al [24] in their paper investigated the effect of LN2 mass flow rate, jet distance, 

and nitrogen phase based on a self-developed experimental platform to achieve different 

cooling performance using SHTC as an evaluation indicator. The authors concluded that 

the overall SHTC and peak SHTC value increase significantly as the LN2 mass flow rate 

increases and the jet distance decreases. But the SHTC is more sensitive to jet distance 

in comparison to flow rate at the initial stage. Then, the SHTC of gaseous phase nitrogen 

is only 15000W/(m2.K). It is much lower than that of LN2. So, supplying an abundant 

amount of liquid nitrogen during cryogenic machining is critical. 

Another paper investigates the critical role of the nitrogen phase (liquid vs. gas) in 

determining the surface heat transfer coefficient (HTC) during cryogenic machining, 

specifically when using liquid nitrogen (LN₂) for cooling. The authors developed a 

method to monitor and control the nitrogen phase at the delivery nozzle by an optical 

sensor, which is crucial for stable machining performance. They established 

experimental surface heat transfer coefficients as a function of the overheat temperature 

(Toverheat) and observed that the HTC is highly dependent on the nitrogen phase and 

temperature differences between the cutting surface and the cooling fluid. The study 

found that superior cooling is achieved using liquid nitrogen compared to its gaseous 

counterpart, as it induces higher heat flux due to boiling heat transfer. These findings 

emphasize the importance of nitrogen phase control in optimizing cooling efficiency and 

machining performance, with significant implications for tool life and material integrity 

in cryogenic machining processes [18]. 

Different authors investigated a different range of heat transfer coefficients of LN2 based 

on different factors under varying operational and experimental conditions. A 
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comprehensive summary of the heat transfer coefficient values reported in the literature 

is presented in Table 2.2 below.  

 LN2 HTC (W/m2.K ) Authors 

1. 48270 - 74950 S. Y. Hong and Y. Ding [25] 

2. 23300 - 46800 M. Dix [26] 

3. 20000 (constant) G. Rotella  [27], M. F. Novella [28] 

4. 20000 (constant) A. H. Kheireddine [29] 

5. 2327- 74950 F. Pusavec [18] 

6. 15000 - 75000 M. Hribersek [23] 

Table 2.2 : Nitrogen surface heat transfer coefficient from different published papers. 

2.3. Cooling approaches using cryogenic coolants 

Ding et al [30] Explore applications of cryogenic cooling in the machining process, 

particularly in turning operations. The authors focused on modelling and simulation of 

cryogenic cooling using liquid nitrogen to improve efficiency for tool temperature 

management. Their method involved both experimental and simulation approaches. 

They evaluated the effect of cryogenic cooling on tool wear and surface quality during 

machining by conducting experiments and they also employed FEM simulation to predict 

the thermal behaviour of the cutting tool under different cooling conditions. The result 

showed the reduction of tool wear and improvement of surface finish due to significant 

reduction of cutting temperature by cryogenic cooling. The authors also investigated 

influence by the positioning of the cooling channel and tool geometry concluding that 

they are critical factors for optimizing the cooling effectiveness. 

In another paper by Umbrello et al [31] the authors investigated the effect on surface 

integrity in the hard machining of AISI52100 steel, comparing it with dry machining. The 

authors conducted a series of dry machining and cryogenic cooling experiments using 

Cubic boron nitride (CBN) tools under different conditions. The cryogenic cooling system 

utilized is liquified nitrogen (-196oC) in their experiment. The result of their experiment 

showed significant of white layer thickness while using cryogenic cooling when 

compared to dry machining and provided superior surface roughness. The study 

concluded that product life and machining performance, particularly in terms of surface 

quality and fatigue resistance, are enhanced using cryogenic machining techniques. 



10 

The study by Biermann & Hartmann [32] investigates the potential of cryogenic cooling 

using C02 snow jets to reduce burr formation during drilling operations. Burrs, undesired 

material projections, not only affect component quality and functionality but also 

contribute significantly to production costs, especially when deburring is required. The 

authors proposed a burr minimization approach that cools the exit side of the workpiece 

using CO2 jets. 

In a comprehensive review paper by Yildiz & Nalbant [12] several cryogenic cooling 

strategies, highlighting the advantage of using liquid nitrogen (LN2) to manage heat 

generation during cutting operations were reviewed. Their study examined methods 

such as indirect cooling, focused jet cooling, and workpiece precooling, as shown Table 

2.3 below. The authors investigated that compared to dry and conventionally cooled 

machining, cryogenic system offered enhanced dimensional accuracy and environmental 

benefits. However, they emphasized that the success of cryogenic machining is highly 

dependent on variables such as material properties, tool geometry, and cutting 

conditions. 

 

Table 2.3: Cryogenic cooling method [26]. 

The study by Dix et al [26] present a detailed investigation into the efficiency and 

modelling of cryogenic cooling during drilling process. Simulations by the author 

revealed that while extremely high temperatures still occurred at the chip-tool interface 

(up to 820oC), cryogenic cooling drastically reduced tool temperature by up to 50% 

compared to dry drilling. 

Additionally, Bermingham et al [33] studied the impact of cryogenic cooling on tool life 

and cutting forces in machining hard materials. Their study demonstrated that cryogenic 

cooling with LN2 could reduce cutting forces and enhance surface quality, leading to 
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prolonged tool life. They noted, however, that cryogenic cooling effectiveness was more 

noticeable at lower cutting speeds. 

In their study, Chaabani et al [34] make a comparison on the performance of liquid 

nitrogen (LN2) and liquid carbon dioxide (LCO2) as cryogenic coolants during finishing 

turning of Inconel 718. In their research, they investigated that LCO2 cooling led to better 

tool life, lower surface roughness, and more beneficial compressive residual stresses 

than LN2. They also highlighted LCO2 as a more effective cryogenic coolant for enhancing 

machining quality and tool performance in their research. 

Another paper Dhananchezian et al [35] studied the effect of cryogenic cooling On 

Machinability Characteristics During Turning Duplex Stainless Steel 2205, in their study 

the authors investigated that using liquid nitrogen as a coolant results in a significant 

reduction of cutting temperature and forces. The liquid nitrogen as coolant reduced the 

cutting temperature within the cutting conditions by 53 - 58 % over dry turning and that 

the main cutting force and feed force was decreased by about 30 - 41 % and 33 – 43 % 

with application of liquid nitrogen under cryogenic cooling when compared to dry 

turning. The paper also investigated improvement in roughness values and better results 

in terms of machinability indices when compared to dry cutting environments. 

2.4. Tool construction 

The integration of the liquid nitrogen (LN₂) delivery system into the tool structure is a 

key engineering challenge in the development of cryogenic cooling systems for 

machining. Z. Y. Wang et al [36] constructed a specialized tool holder that incorporated 

copper tubing routed internally to deliver LN₂ directly to the cutting edge. The tool 

holder was modified to include a sealed chamber around the tool insert, allowing LN₂ to 

flow through internal passages and exit precisely at the tool-chip interface as indicated 

in Figure 2.1 below. To minimize thermal losses and prevent condensation on external 

surfaces, insulation materials were applied around the coolant channels. Similarly, Z. Y. 

Wang et al [37] designed a cryogenic tool setup with LN₂ delivered through a miniature 

nozzle integrated into the tool body, where fine-gauge thermocouples were embedded 

near the cutting edge to monitor temperature, in this construction they introduced direct 

cooling of the cutting zone while maintaining tool rigidity and structural integrity. They 

included minimizing flow path distance to reduce cooling delay, sealing joints to prevent 

LN₂ leakage, and maintaining a compact, balanced geometry suitable for high-speed 

operations as a Critical design consideration. The internal cooling concept thus demands 
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precise machining of internal channels, robust material selection for thermal and 

mechanical stresses, and careful integration to ensure uninterrupted coolant delivery 

during cutting. 

 

Figure 2.1: Illustration of hybrid machining used by Z.Y. Wang [36]. 

Novella et al [28] redesigned and investigated the thermo-mechanical behaviour of a tool 

holder aimed at reducing geometrical deviations during cryogenic machining of Ti6Al4V 

alloy. in their study, they combined experimental tests using liquid nitrogen (LN2) 

cooling with a FEM for thermomechanical analysis. They incorporated an embedded 

cartridge heater into the tool holder to compensate for thermal contraction caused by 

the LN2 cooling. Results showed that the redesigned tool holder significantly reduced 

dimensional deviations by approximately 38% at 150 W heater power compared to the 

original design. In their study, temperature distribution and thermal deformation were 

accurately predicted by the validated numerical model, highlighting the importance of 

thermal management in improving machining accuracy under cryogenic conditions. 

The study on the design and performance of an internal cooling turning tool with a 

microchannel by Peng et al [38] investigates the effectiveness of internal cooling in 

machining applications. The research highlights how microchannel-based cooling 

enhances heat dissipation, reduces thermal damage, and improves tool life compared to 
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conventional external cooling methods. In their design, they created an interior cavity in 

the tool, with the coolant inlet located at the end of the cavity. Two microchannels, of the 

same diameter, are designed to direct fluid towards the major and minor flank faces. 

Figure 2.2 shows the construction geometry for the internal microchannel cooled turning 

tool by Peng et al [38]. 

 

Figure 2.2: Internal micro-channel cooled tool [38]. 

In their paper, Minton et al [39] replaced the usual shim found on conventional tooling 

with a cooling block, into which microchannels are machined into a small cavity situated 

just below the cutting tip. The authors used the jet impregnation method, by which the 

coolant is directed through the cooling block and sprayed onto the underside of the 

cutting insert. This cooling system aims to effectively manage the high temperatures 

generated during machining, which can lead to thermal wear and reduced tool life, by 

delivering coolant as close to the cutting zone as possible. By integrating this system, the 

authors significantly improved heat dissipation, reducing the temperature at the cutting 

tip and minimizing wear mechanisms typically associated with excessive heat. The 

design highlights the effectiveness of embedding cooling technology within the tool 

holder, resulting in extended tool life and enhanced surface finish quality. 

Another study by Chiou et al [40] investigates a different approach for tool construction 

in which the performance of a cutting tool embedded with a heat pipe for reducing 

cutting temperature and wear in machining processes. The authors utilized Finite 

Element Analysis (FEA) to model the temperature distribution during machining, 

specifically focusing on the tool-chip interface. The authors also conducted an 

experiment where a cutting tool was embedded with a heat pipe. Their result 

demonstrates a significant reduction in cutting tool temperature, leading to a decrease 

in tool wear and prolonged tool life. Furthermore, the study highlighted the minimization 

of the environmental impact of cutting fluids, offering an alternative to traditional 

cooling methods using embedded heat pipes in cutting tools. 
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In the paper by Uhlmann et al [41] The authors present the development of an additively 

manufactured tool holder with an internal cooling designed for turning operations. In 

their design, to enhance the cooling efficiency, based on the expansion of liquid CO2, they 

incorporated Triply periodic minimal surfaces (TPMS) lattice structures. Both 

simulation and experimental methods were involved in the study to validate the design 

and functionality. The heat transfer properties of the TPMS structures are assessed using 

ANSYS software and the tool holder was fabricated using laser powder bed fusion with 

316L Stainless Steel in this paper. The result from the simulation and experimental tests 

of this paper showed a significant reduction of the cutting-edge temperature compared 

to an uncooled tool holder and emphasizes the potential of additive manufacturing for 

creating customized, efficient cooling systems for machining tools, contributing to higher 

productivity and improved sustainability in industrial applications.  

2.5. Task specification 

2.5.1. Problem statement 

As indicated in the literature review, studies highlighted the advantage of using 

cryogenic cooling in machining processes, but the integration of the liquid nitrogen (LN₂) 

delivery system into the tool structure is a key engineering challenge[42][43][44]. This 

difficulty comes from the need for precise delivery of the coolant and thermal insulation.  

Another critical limitation is the reduction of the heat transfer coefficient when LN2 

encounters the hot solid surface.  This phenomenon is attributed to the Leidenfrost 

effect, where the vapour layer forms between the cryogenic liquid and the heated 

surface, insulating the tool or workpiece and significantly reducing the heat transfer 

effectiveness [23]. The current research work aims to integrate the cooling chamber 

directly into the turning tool head, positioned below the cutting insert support, to 

address the gaps in the previous research works. 
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2.6. Objective of the study 

This thesis work will focus on a new approach to designing a turning tool with an 

integrated cooling chamber beneath the cutting insert support, which can be used for the 

application of LN2 as a cooling material. The study will focus on conducting 

comprehensive thermal analysis and structural analysis using ANSYS Simulation 

software. The primary aim is to evaluate the feasibility and structural integrity of the 

designed tool; The research aims to determine whether the tool holder can withstand 

thermal and mechanical loads that arise during cryogenic turning operations.  

2.6.1. Specific objectives 

The following are the main objectives of this research 

1. To design the 3D model of the turning tool. 

• Design the turning tool head with an integrated expansion chamber for 

LN2: the chamber will be strategically placed beneath the cutting insert 

support to allow efficient cooling during machining 

2. To conduct steady-state thermal and static structural analysis 

• Steady state thermal analysis to evaluate the distribution of temperature 

under the cryogenic machining using ANSYS 2024 R2. 

• Static structural analysis will be performed to assess the strength and 

deformation of the tool during operation under cryogenic machining and 

prove the strength of the material to be designed. 

• Simulation will help to validate the stability, thermal behaviour, and tool 

strength during machining 

3. To carry out a parametric study to assess the influence of the key factors 

• Investigate the effect of different parameters such as Heat transfer 

coefficient (HTC), tool tip temperature, atmospheric temperature, 

expansion chamber size, and insulation method 

• Use the response surface method (RSM) to investigate the effect of 

different combinations of the parameters 
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2.7. Scope of the study 

This research work investigates the integration of a cooling mechanism within the 

turning tool by designing the internal liquid nitrogen cooling chamber on the tool head. 

The scope of the study is the design and modelling of the tool geometry with the 

development of insulation strategies, assessment of thermal and structural stability 

using FEA, and a parametric study using the response surface method (RSM).   

This research work relies entirely on simulation techniques, using steady-state thermal 

and static structural analysis.  

The experimental testing, dynamic thermal analysis, and wear modelling are not 

included in this work. The outcomes aim to provide design insights for the future 

development of internally cooled cutting tools suitable for cryogenic machining. 
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Chapter 3  

Methodology 

This chapter outlines the methodological approach employed to develop and evaluate a 

novel internal cryogenic cooling concept for a turning tool using liquid nitrogen (LN₂).  

The process consists of concept generation with focus on integrating LN2 cooling within 

the tool structure, digital tool modelling, thermal and structural analysis using FEM, 

which enables the cost effective and detailed evaluation of the tools behaviour under 

machining load and cryogenic cooling. This approach allows virtual testing of the 

designed tool model. To systematically investigate the effects of key parameters design 

of experiment (DOE) is utilized to determine the simulation matrix. After the simulation, 

response surface method (RSM) is applied to investigate the effects of different 

combinations of the parameters. 

3.1. Concept generation and tool modelling 

Two primary concepts were initially developed, each utilising different insulation 

methods to analyse the influence of insulation strategies on the performance of an 

internally cooled turning tool. 

• Model 1: model with an insulation coating applied to the internal surface of the 

expansion chamber 

• Model 2: incorporates an insulation pad positioned between the tool head and 

the shank 

Each concept was further divided into different variants by modifying the size of the 

expansion chamber, one chamber with a larger size and another chamber with a smaller 

size, which in total gives four different design models.  The key design in all four variants 

is the integration of the LN₂ expansion chamber directly beneath the cutting insert 

support within the tool head. The chamber is designed in such a way that it remains close 

to the heat generation zone during machining and provides an exit for the evaporated 

nitrogen. This ensures that the cryogen can absorb and dissipate heat from the cutting 

insert more effectively. The tool geometry is specifically designed to house the expansion 

chamber without compromising the mechanical strength or rigidity of the cutting tool 

during the cutting operations.  
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All parts were designed and developed using AUTODESK INVENTOR 2025, with the tool 

system designed in a modular part to allow flexible configurations and analysis. The 

overall tool size for all four designs was maintained within the dimensional range of a 

standard turning tool [45].  

The following parts were designed and then assembled  

1. Tool head 

2. Cutting insert 

3. Cutting insert support 

4. Tool shank 

5. Insulation coating (for model 1 only) 

6. Insulation pad (for model 2 only) 

The tool is assembled based on the modular architecture, in which the tool head will be 

separately designed and additively manufactured. This separately manufactured tool 

head is then assembled to the standard tool shank by using a mechanical bolt on 

interface. This connection mechanism allows secure attachment, ease of maintenance, 

and replacement flexibility, and model suitability to be additively manufactured. 

On another way cutting insert is first brazed to the insert support. Active brazing alloys 

containing elements like titanium (Ti) are commonly used to ensure strong interfacial 

bonding with the chemically inert CBN surface [46].  After brazing, to connect the cutting 

insert and insert support assembly to the tool head, a wedge clamp mechanism will be 

utilised. This system ensures accurate positioning and high clamping force, suitable for 

withstanding the mechanical and thermal stresses involved in cryogenic machining.  

Figure 3.1 below shows the tool head design and full assembly configuration for both 

models. 
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Figure 3.1 : a) Turning tool assembly with integrated insulation pad, b) with expansion 
chamber coating, c) tool head with larger expansion chamber, d) tool head with small 

expansion chamber. 

3.2. Simulation planning 

Design of experiment approach is employed in this project to study the effect of different 

variables on the tool. RSM is an efficient statistical technique that is widely used for 

optimizing processes where multiple factors and their interaction affect the outcome 

[47] 

The factors that mostly affect the cryogenic efficiency of the machining process include 

LN2 flow rate, LN2 phase change, which are highly affecting the HTC value [18], tool tip 

temperature, Atmospheric temperature, material property, LN2 chamber size, tool tip 

temperature, and feed forces. Central composite design (CCD) was selected due to its 

capability for efficient modelling of second-order responses with a reduced number of 

runs while still enabling the estimation of curvature effects and interaction terms [47]. 

The central composite design utilised in this project uses a full factorial core including: 

• Three continuous factors: cutting tip temperature, atmospheric temperature, 

and LN₂ heat transfer coefficient 

• Two categorial factors: insulation method and LN2 expansion chamber 
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Levels for LN2 HTC are selected based on relevant ranges found in previously published 

literature. similarly, the tool tip temperature range is determined based on the literature 

[48][49][50], ensuring physically realistic simulation scenarios. Categorical factors are 

derived from design preferences and configurations developed during the concept 

generation and modelling phase.  

The following Table 3.1 shows the input factors used in this project with their respective 

levels. 

Factors Factor type Level Unit 

LN2 HTC  

 

Continuous 

20,000 – 60,000 W/(m2.K) 

Atmospheric 

Temperature 

15 – 30 oC 

Tool tip 

temperature 

150 – 700  oC 

Chamber size  

categorical 

small(163.308mm3)/big(378.246mm3)  

Insulation method chamber coating/insulation pad  

Table 3.1 : Input factors selected for the design. 

DOE helps to determine the boundary conditions for each of the simulation 

arrangements by varying the input parameters.  

CCD is particularly effective in modelling complex engineering systems where both 

linear and quadratic behaviours are expected [51].  

Minitab® software was employed to create the DOE. Since CCD develops a design for 

continuous factors, Minitab® handled categorical variables by creating a separate CCD 

for each combination of the categorical levels. As a result, a total of 80 simulation orders 

were generated, including all the possible combinations of the factors across the 

continuous and categorical factors. These simulation orders are then to be used to guide 

the FEM simulations for evaluating thermal and structural performance of the tool 

models.  The full simulation matrix, including detailed factor combinations for each run, 

is provided in Appendix A. 
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3.3. Simulation study 

Following the completion of DOE, a series of Finite Element Method (FEM) simulations 

are run to systematically evaluate the thermal and mechanical performance of internally 

cooled tool design under cryogenic conditions. Each of the 80 simulations, which are 

generated using CCD through Minitab®, is analysed in accordance with the factor 

combinations.  The simulations are run using ANSYS Workbench 2024 R2. Each 

simulation case corresponds to a specific combination of the design factors such as LN2 

chamber size, cutting temperature, atmospheric temperature, LN2 HTC and insulation 

method as defined by the DOE matrix. For each case of the simulation, the steady state 

thermal distribution resulting from cryogenic cooling, the Von Mises stress to identify 

the maximum stress, and the total deformation to assess the tool stability under thermal 

and mechanical applications will be evaluated. The simulation study collectively 

provides insights into how different combinations of parameters will affect the 

performance of the cryogenically cooled turning tool. The simulation setup, material 

assignment, boundary conditions, meshing strategy, and methods used for both thermal 

and structural analysis are discussed in the following subsections  

3.3.1. Material selection and assignment 

Material selection for all the components of the cryogenic turning tool is performed 

based on the distinct mechanical and thermal requirements for each part during the 

operation process.  Key considerations included during the material selections include 

thermal shock resistance, structural integrity under high loads, compatibility with liquid 

nitrogen and manufacturability, particularly additive manufacturing for the tool head 

materials. Commercial availability is also considered during the material selection and 

assignment for the simulation. 

The tool head is a critical component in the cryogenic turning tool system, serving both 

as a mechanical support for the cutting insert and as a housing for the internal liquid 

nitrogen (LN₂) cooling chamber. It must endure the stresses generated during turning 

and structurally and thermally stable under extreme temperature gradient ranging from 

cryogenic (-196oC) to elevated temperature during machining. Therefore, appropriate 

material selection is very essential to ensure functional stability and reliability of the 

tool.  

 To systematically select the material, the Granta EduPack software is used. The FCOF 

methodology (Function, Constraints, Objective, and Free variables) is adopted to define 

the selection criteria, as outlined in Table 3.2 below. 
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Function  Ensure the proper support of the cutting insert and housing liquid 

nitrogen during machining 

Objective  Maximize stiffness 

Maximize strength 

Maximize toughness  

Maximize thermal stability 

Constraints Must withstand cryogenic cooling (minimum service temperature 

≤ -70oC) 

High yield/tensile strength (≥1000MPa) 

Adequate fracture toughness (≥ 20 MPa·√m)  

Must withstand thermal stresses (maximum service temperature 

≥ 500°C) 

Table 3.2 : Table of function, constraint and objective for material selection. 

In addition to the above constraints mentioned in Table 3.2 A low thermal expansion 

coefficient to reduce the deformation under thermal cycling and good hardness to 

maintain cutting edge integrity and support the insert are other parameters to select the 

appropriate material.  

After applying all the above constraints using Ansys Granta software, 21 materials 

remained potential candidates for the selection. These materials include various high-

performance tool steels, tungsten carbide composites, and some high-temperature 

nickel-based superalloys.  

      

Figure 3.2 : Top 21 candidate materials a) fracture toughness-yield strength graph b) 
yield strength-density graph. 
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To further narrow the selection of the material, the performance-based ranking uses a 

custom performance index derived from the key material constraints for the tool design 

[52] [53].  

𝑃𝐼 =
𝐾𝑖𝑐 ∗ 𝜎𝑦

𝛼 ∗ 𝜌
 

(3.1) 

 

This index prioritizes materials with high toughness and strength, low expansion, and 

moderate density ideal traits for thermally stable, strong tool heads in dynamic 

environments. 

After applying thermal, mechanical and functional constraints to Granta EduPack 

software, 9 materials are shortlisted as a suitable candidate for tool head as indicated in 

Figure 3.3.  

 

 

Figure 3.3 : Top 9 candidate materials for the tool head after performance index 
application. 

Among the candidate materials, AISI H13 tool steel is selected based on its superior 

performance in strength, fracture toughness, thermal stability, and additive 

manufacturing compatibility. Recent work by Fonseca et al. [54] provides robust 
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experimental evidence supporting this choice. Their study demonstrated that H13 

processed via PBF-LB and tempered at high temperatures can achieve fracture 

toughness values of up to 87 MPa· m1/2 and yield strengths exceeding 1100 MPa. The 

same material, tool steel AISI H13, is also selected for the tool shank, which is 

commercially widely applicable for this purpose. 

For cutting insert, cubic boron nitride (CBN) is selected due to its exceptional mechanical 

properties, thermal stability, and commercial availability in hard turning operations. 

CBN is the second hardest known material after diamond, with the Vickers hardness 

ranging from 30 to 43 GPa [55]. Its inertness with ferrous materials minimizes tool wear 

due to chemical reactions, making it particularly suitable for machining hardened steels 

and superalloys [56]. It is also suitable for efficient heat dissipation from the cutting zone, 

facilitated by its high thermal conductivity [57].  

Cemented carbide (WC-Co) is selected for the insert support due to its high hardness and 

toughness, which makes it suitable for supporting cutting inserts under high-stress 

conditions. These properties of WC-Co are influenced by the cobalt content and tungsten 

carbide grain size, with finer grain size and optimal cobalt content optimizing the 

properties [58]. Cemented carbide is also widely used commercially to manufacture 

cutting inserts and their supports. 

In this project, two different insulation methods will be considered to enhance the 

thermal management within the cutting tool 

Silicon-based aerogel is selected for the coating of the LN2 expansion chamber due to its 

exceptional thermal insulation properties, low density, and adaptability for high-

temperature applications. It exhibits very low thermal conductivity as low as 0.014 

W·m⁻¹·K⁻¹; this makes it highly effective for thermal insulation [59].   

On the other hand, for the insulation pad to be placed between the tool head and the tool 

shank, alumina (Al2O3) is selected as the optimal material due to its exceptional thermal 

insulation properties, mechanical strength, and chemical stability. Alumina exhibits a 

low thermal conductivity of approximately 25–30 W/(m·K) at room temperature [60].  
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The important properties of the materials for the simulation are summarized in Table 

3.3  for all the materials 

Material Density 

(Kg/m3) 

Thermal 

conductivity 

(W/(moC)) 

Yield 

strength(MPa) 

Young's 

modulus 

(GPa) 

Poisons 

ratio 

CBN 3840 150 -- 500 0.15 

WC-Co 14500 100 750 550 0.22 

Tool steel H13 7765 25 1200 220 0.29 

Alumina 3800 24.7 -- 300 0.22 

Silicon-based 

Aerogel 

150 0.015 -- 0.05 0.2 

Table 3.3 : Material properties. 

3.3.2. Meshing strategy 

User-defined meshing strategy is used with different meshing sizes for different parts to 

optimize accuracy and computational efficiency of the finite element analysis (FEA) 

model.  

Mesh consists of varying element sizes assigned to different parts of the model based on 

their functional importance and expected variations of the solution value. Finer mesh 

density characterized by a smaller mesh element size is applied in regions where high 

gradients of temperature, stress, or displacement are anticipated, such as the tool cutting 

insert, the LN2 expansion chamber, and the cutting support. Larger mesh elements are 

applied in areas with relatively uniform fields. This type of meshing strategy enhances 

the reliability of the simulation result and significantly improves the overall feasibility 

and efficiency of the FEA model. The total number of elements in the model varies for 

each model 
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Figure 3.4 : Meshing strategies for variant 1 with chamber coating a) assembled part 
b) tool head with internal chamber coating c) sectioned part of the assembly d) cutting 

insert e) insert support. 

The meshing strategy employed a hybrid element method with predominantly quadratic 

tetrahedral elements (Tet10) and a smaller number of quadratic hexahedral elements 

(Hex20) for geometric complexity and simulation accuracy. A fine mech element size of 

250 micrometers was applied to the insulation coating, cutting insert, and insert support 

where high thermal and mechanical loads are expected. For the tool head and tool shank, 

a coarser mesh with 1000 micrometers is used, as these regions experience relatively 

uniform temperature distribution and stress. The meshing strategy enabled precise 

modelling of the internal cooling chamber with the quadratic order of elements 

combined with tetrahedral flexibility. 



27 

 

    

    

Figure 3.5 : meshing strategies of variant 2 with insulation pad between head and 
shank a) tool assembly b) tool head c) sectioned part of the assembly d)insert support 

e) cutting insert. 

The meshing strategies for variant 2 can be summarized in the following Table 3.4.  

Parts  Mesh size (μm) Element order 

Tool shank 1000 Quadratic 

Tool head 500 Quadratic  

Cutting insert 250 Quadratic  

Insert support 250 Quadratic  

Insulation pad 500 Quadratic  

Table 3.4 : User-defined mesh properties. 
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3.3.3. Boundary conditions  

The boundary conditions are defined to analyse the thermal and structural properties of 

the tool under cryogenic machining conditions. The conditions govern the proper 

interaction of the tool model with its environment and applied loads to ensure that the 

FEA reflects the real-world scenarios. The following constraints and assumptions are 

applied. 

Thermal boundary conditions: 

The reference temperature is set to 20 °C throughout the entire simulation process, 

which typically represents the laboratory ambient temperature. 

Heat source (Tool tip temperature): a constant temperature is applied at the cutting tip 

based on the values from DOE for each simulation. 

Ambient Temperature: The tool body is exposed to atmospheric conditions with a fixed 

ambient temperature as one of the continuous input parameters in the DOE. This 

boundary condition is used to simulate convective heat transfer from the tool's surface, 

which is exposed to the environment. Convective heat transfer between the tool holder 

and clamp is also considered for the simulation to more accurately represent the thermal 

interaction at their interface. 

LN2 cooling interface: The internal surfaces of the expansion chamber and coolant 

channels are subjected to convective cooling using LN₂. The heat transfer coefficient for 

LN₂ is defined parametrically and varied in the simulation as per DOE settings. 

Structural boundary conditions: 

Fixed support: the tool shank is constrained as a rigid to be clamped in the tool holder 

for the simulation. 

Load application: Experimental values obtained from lab tests are used to apply realistic 

machining forces. The following constant loads are applied at the tool tip: 

• Feed Force (Ff): 150 N 

• Cutting Force (Fc): 50 N 

• Peripheral Force (FN): 50 N 

These forces are applied directionally to reflect actual hard turning conditions. 

Contact interface: Interfaces such as insert support–tool head, tool head–shank, cutting 

insert – Insert support, and insulation pad–shank are defined with bonded contact 

settings to simulate heat and stress transfer between components. This assumption 
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implies that there is no relative motion or separation between these surfaces, ensuring 

the continuous transfer of both heat and mechanical stress across the interfaces.  Bonded 

contact is suitable where the primary focus is on overall heat and stress distribution 

through rigidly connected parts [61]. 

 

Figure 3.6 : Boundary conditions of the model. 

3.3.4. Simulation types  

To verify and optimize the performance of the proposed turning tool with an internal 

cooling chamber, two finite element methods (FEM) will be conducted using ANSYS 

Workbench 2024 R2. The two finite element simulations are a steady-state thermal 

analysis and a static structural analysis. These simulations are very important in 

evaluating thermal behaviour and mechanical integrity of the design, especially under 

machining conditions that involve extreme thermal and mechanical loadings.  

Steady-state thermal analysis  

In steady-state thermal analysis temperature field is evaluated over the fixed conditions. 

The governing principle for this kind of simulation is Fourier’s Law of Heat Conduction, 

which states that heat flux is directly proportional to the negative temperature gradient.  

q = −k∇T (3.2) 

where k is the thermal conductivity [62] 

Then, by applying conservation of energy and enforcing steady state conditions, 

(∂T/∂t=0), the Eulerian steady-state heat conduction equation is derived as: 

∇ ∗ (k∇T) = 0 (3.3) 
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The above formula indicates that the net heat flux into any fixed spatial region is zero. 

This method is advantageous for this project because boundary conditions can be 

directly and precisely imposed on the stationary mesh. The resulting temperature loads 

serve as a critical input for downstream structural and thermo-mechanical analyses, thus 

forming a cohesive and efficient simulation workflow. 

Static structural analysis 

In static structural analysis, the mechanical behaviour of the tool, such as stress and 

deformation, is evaluated under time-invariant loading, combining cutting forces and 

thermal loads due to cryogenic and cutting temperature conditions. The purpose of this 

analysis is to ensure the tool's structural integrity and dimensional stability under 

operational conditions.  

The analysis is grounded in the fundamentals of equilibrium of internal and external 

forces. Stress is expressed by the Cauchy equation [63].  

σ = [

𝜎𝑥𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧

𝜏𝑦𝑥 𝜎𝑦𝑦 𝜏𝑦𝑧

𝜏𝑧𝑥 𝜏𝑧𝑦 𝜎𝑧𝑧

] (3.4) 

Where σ is the Cauchy stress tensor.  The stress and strain relation (Hook's Law) is as 

given in equation 4.5 below  
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                           (3.5) 

 

Strain displacement relations, which are given below Eq. (3.6)-(3.11), describe how the 

displacement gradient gives rise to strain [63]. 

εx = 
∂𝑥

∂𝑢
  (3.6) 

 εy = 
∂𝑦

∂𝑣
  (3.7) 

εz = 
∂𝑧

∂𝑤
 (3.8) 

𝛾𝑥𝑦 = 
∂𝑥

∂𝑣
+

∂𝑦

∂𝑢
 (3.9) 

𝛾𝑦𝑧 = 
∂𝑤

∂𝑦
+

∂𝑣

∂𝑧
 (3.10) 
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𝛾𝑧𝑥 = 
∂𝑢

∂𝑧
+

∂𝑤

∂𝑥
 (3.11) 

 

The equilibrium equations Eq. (3.12)-(3.14) ensure that the internal stresses balance the 

external forces applied to the body [63]. 

∂σ𝑥𝑥

∂𝑥
 +  

∂τ𝑥𝑦

∂𝑦
 +  

∂τ𝑥𝑧

∂𝑧
 +  x = 0 (3.12) 

∂τ𝑥𝑦

∂𝑥
 +  

∂σ𝑦𝑦

∂𝑦
 + 

∂τ𝑦𝑧

∂𝑧
 +  Y = 0 (3.13) 

∂τ𝑥𝑧

∂𝑥
  +  

∂τ𝑦𝑧

∂𝑦
 +  

∂σ𝑧𝑧

∂𝑧
 +  Z = 0 (3.14) 

Where, X, Y, and Z are body forces in the respective directions.  

The governing equation of elasticity in vector form (Navier’s equation) can be written as: 

(λ + G)
∂𝑒

∂𝑥
 + G∇2u + X = 0 (3.15) 

Where λ and G are Lamé’s constants. The volumetric strain is given by: 

𝑒 =  εxx + ε𝑦𝑦 + ε𝑧𝑧 +
∂𝑢

∂𝑥
+

∂𝑣

∂𝑦
+

∂𝑤

∂𝑧
 (3.16) 

In this study, the finite element method (FEM) will be employed using ANSYS Workbench 

to solve the above equations numerically. The tool holder geometry will be meshed, 

boundary conditions will be applied, and material properties will be defined for different 

tool head materials. The analysis outputs include total deformation and Von Mises stress 

distribution, which help in evaluating the feasibility of each design under operational 

conditions.  
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Chapter 4  

Results and discussion 

In this chapter, the results obtained from the numerical simulations and the statistical 

analysis for the proposed cryogenic cooling concept of a turning tool with an integrated 

LN2 chamber are presented. The primary objective of the study was to evaluate the 

thermal and structural performance of the tool under the applied loads and cryogenic 

conditions and to identify the influence of key parameters using response surface 

methodology (RSM). To achieve these objectives, ANSYS was utilized to conduct steady-

state thermal analysis and static structural analysis, focusing on temperature 

distribution, stress concentration, and deformation within the tool body. 

After the simulation, RSM is used to analyse the effect of the selected input parameters, 

namely LN2 heat transfer coefficient, tool tip temperature, ambient temperature, 

insulation mechanism, and the chamber size on the thermal performance and structural 

stability of the tool. 

4.1. Simulation results 

4.1.1. Thermal analysis results 

Temperature distribution results for the variant with insulation coating in the chamber 

Based on the DOE matrix arrangement, a total of 80 simulations were carried out using 

ANSYS Workbench to analyze the thermal behavior of the tool with an integrated 

internal cooling chamber under cryogenic conditions. The key parameters were 

arranged carefully, and material properties were assigned to all the parts. One of the 

initial configurations, shown in Figure 4.1, corresponds to the variant with coating the 

LN2 chamber as an insulation method, a smaller size of the chamber, and a heat transfer 

coefficient of 40,000W/(m2.K) for this configuration. the tip temperature was considered 

to be 450 °C while the ambient temperature was maintained at 22.5 °C.   

The thermal analysis result presented in Figure 4.1 clearly shows the impact of cryogenic 

cooling on the temperature distribution. The comparison between cryogenic cooling 

(Figure 4.1a and c) and dry cutting conditions (Figure 4.1b and d) show important 

information regarding the heat accumulation, thermal gradient, and effectiveness of the 

cryogenic cooling during machining. 



33 

Under the dry cutting conditions, the tool exhibits high temperature concentrations near 

the cutting tip and insert area, indicating poor heat dissipation. This heat concentration 

poses a significant risk for tool wear, thermal softening, and dimensional instability 

during prolonged cutting operations. The sectional view (Figure 4.1d) shows that the 

heat is trapped from the cutting insert and insert support with minimal heat flow or 

convection due to the absence of cooling.  

In the cryogenic cooling case (Figure 4.1a and c) show an improved thermal profile with 

more gradual temperature distribution along with the cutting tool. 

  

    

Figure 4.1 : Temperature distribution results from steady state thermal simulation of 
the internally cooled turning tool: a) cutting tool under cryogenic cooling conditions, b) 

temperature distribution of the tool under dry conditions, c) sectional view under 
cryogenic cooling, d) sectional view under dry conditions. 

a 

b 

d c 
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The effect of the cryogenic cooling on the thermal effect compared to the dry one can be 

summarized in Figure 4.2 below, which shows the temperature distribution along the 

selected path through the diagonal of the cutting insert and the tool head. 

Figure 4.2a and b present the result of the thermal simulation along the defined diagonal 

path of the cutting tool under cryogenic cooling using liquid nitrogen and dry cutting, 

respectively. The plot in Figure 4.2c illustrates the corresponding temperature values as 

a function of distance from the tool tip. 

  

 

Figure 4.2 : Temperature distribution along the diagonal path, a) cryogenically cooled 
tool, b) dry machining. c) graph for the temperature distribution of the dry and 

cryogenically cooled tool. 
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The result shows the rapid heat dissipation occurring within the first few millimeters 

along the path, indicating the efficient heat extraction under liquid nitrogen-cooled 

conditions. Conversely, for the tool without LN2 cooling, the thermal energy remains 

concentrated in the region near the cutting tip with an elevated temperature extending 

through the cutting insert's whole body. The reduced thermal gradient indicates 

ineffective heat dissipation and greater thermal loading on the tool.  

An important aspect observed in both the simulation results is the effect of the insulation 

coating applied to the liquid nitrogen chamber. In both cases, the insulation coating 

appears to effectively limit the propagation of heat from the cutting insert to the tool 

head. This is evident from the graph for the LN2-cooled case, where the temperature 

drops dramatically and remains suppressed beyond a certain distance, confirming that 

the coating helps to localize the cooling effect at the cutting zone, in addition to enhancing 

thermal isolation. 

Temperature distribution result for the model with an insulation pad between the tool head 

and the tool shank. 

In the second variant, where an insulation pad is utilized between the tool head and the 

tool shank, but no insulation coating was applied to the walls of the LN2 chamber, 

different thermal behaviour was observed compared to the initial model. The boundary 

conditions, such as chamber geometry, LN2 heat transfer coefficient, tool tip 

temperature, and atmospheric temperature, were maintained the same to ensure the 

direct comparison. Unlike the previous case, where the chamber was coated, which 

effectively restricted heat propagation through the tool head, the absence of an 

insulation coating in this case allowed more heat dissipation throughout the whole tool 

head. Consequently, the insulation pad between the tool head and tool shank restricts 

the heat flow into the shank. This led to a broader temperature distribution, where the 

heat introduced at the cutting insert not only affected the immediate zone of the cutting 

insert but also spread through the tool head. The corresponding temperature 

distribution for this configuration is included in Figure 4.3 below, showing the influence 

of the presence of the insulation coating of the LN2 chamber on the temperature 

distribution throughout the tool head. 
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Figure 4.3 : Temperature distribution along the tool holder length for the model with 
an insulation pad between the tool head and shank. A) cooled by LN2, b) dry machining. 

The graph below in Figure 4.4 shows the temperature distribution along the diagonal 

path of the tool for the tool with an insulation pad between the head and the tool shank 

under dry conditions and liquid nitrogen cooling. As a boundary condition, the tool tip 

temperature was set to 425 °C, heat transfer coefficient 40,000W/(m2 .K), and 

atmospheric temperature 22.5 °C.  

In the dry machining Figure 4.4b, the heat penetrates into the tool head, and the 

temperature remains high along the insert body and also indicating the heat conduction 

into the tool assembly, which could negatively affect the thermal stability and tool life. In 

contrast, in the cryogenically cooled condition (Figure 4.4a), the temperature profile 

exhibits a steep gradient, with heat dissipating rapidly from the tool tip. Most of the 

cutting insert region remains close to ambient and below zero due to the cryogenic 

cooling, showing the effectiveness of the cryogenic cooling system. 

The graph in Figure 4.4c provides a direct comparison of the temperature distribution 

along the diagonal path for the configuration with an insulation pad between the tool 

head and shank. Under dry conditions, the temperature decreases gradually but remains 

significantly above the ambient, indicating the wider spread of heat throughout the tool. 

In the LN2-cooled case, a sharp temperature drop within the first few millimeters from 

a 

b 
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the cutting tip was observed, and the cryogenic cooling effect continues throughout the 

tool head.  

  

 

Figure 4.4 : Temperature distribution along the diagonal path for the configuration with 
an insulation pad between head and shank, a) cryogenically cooled tool, b) dry 
machining. c) graph for the temperature distribution of the dry and cryogenically cooled 
tool. 

The thermal analysis in this study was primarily run under the steady-state conditions 

for all tool configurations. To further assess the steady state thermal analysis and to 

understand the heat propagation process, a transient thermal simulation was also 

performed for a single representative model. The configuration with chamber coating 

was chosen, and a transient simulation was run using the same geometry, material 

properties, and boundary conditions as the steady-state case: tip temperature of 425 °C, 

Heat Transfer coefficient (HTC) of 40,000 W/(m2.K), and atmospheric temperature of 

22.5 °C. However, due to the element count limitation of the ANSYS student version, a 

coarser mesh was adopted for the transient simulation.  
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The transient results, shown in Figure 4.5, present the temperature-distance profiles at 

various time steps (t = 10s, 30s, 60s, 100s, 110s, 130s, and 150s) along the diagonal path 

through the cutting insert. At the initial time steps (t=10s, 30s, and 60s), the result shows 

a steep temperature gradient along the path. As time progresses, the temperature 

distribution throughout the cutting insert becomes almost identical after t=100sec, 

closely resembling the steady state profile. The visible discontinuous gap in the graph is 

due to the geometric construction of the tool. 

 

Figure 4.5 : Temperature distribution along the diagonal path through the cutting 
insert at different time intervals. 

The temperature–time graph in Figure 4.6 indicates the variation of maximum, 

minimum, and average temperatures throughout the simulation. In the early stage, the 

maximum temperature increases rapidly until the maximum tip temperature set is 

reached, while the minimum temperature reduces as the cooler region of the tool 

approaches the thermal balance. The average temperature remains relatively stable 

throughout the process, reflecting gradual thermal equalization throughout the tool. 

Both maximum and minimum temperature stabilizes and plateau after approximately 

100 seconds.  

The transient simulation confirms that under specified operating conditions, the system 

achieves steady state behavior within roughly 100 seconds. The convergence of the 

temperature-time curves towards stable values after some simulation period confirms 

that the assumptions of steady-state thermal conditions in the DOE framework for this 

research can be considered representative of the thermal behavior of the tool during 

machining.  
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Figure 4.6 : Time evolution of maximum, minimum, and average temperatures. 

Figure 4.7 presents the temperature distribution along the diagonal path of the tool head 

under different configurations, and it is observed that the chamber-coated configuration 

provides a more localized cooling effect concentrated around the cutting insert. In 

contrast, the configuration with an insulation pad between the tool head and shank 

provides a cooling effect throughout the tool head. It is also observed that the transient 

simulation follows the same structure as the steady state distribution under the same 

configurations and boundary conditions. 

 

Figure 4.7 : Temperature distribution along the diagonal path of the tool for different 
configurations. 
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4.1.2. Structural analysis results 

The static structural analysis was performed to evaluate the structural stability of the 

turning tool under the applied mechanical loads and thermal loading conditions 

obtained from the steady state thermal analysis. The objective is to assess the stress 

distribution and the deformation of the tool under the applied conditions. 

Figure 4.8 shows the result from the structural analysis, which incorporated the thermal 

loading results from the steady state thermal analysis conducted using a heat transfer 

coefficient (HTC) of 40,000W/(m2.K), a tool tip temperature of 425 °C, and an ambient 

temperature of 22.5 °C. The plot illustrates Von-Mises stress distribution throughout the 

tool assembly. The maximum equivalent stress is observed at the cutting insert seat 

region, with a peak value of 408.48MPa. this region corresponds to the contact interface 

between the cutting insert and the workpiece material, where both mechanical and 

thermal loads are highly concentrated. High stress concentration at the cutting insert 

seat is expected due to the direct application of the cutting forces and steep thermal 

gradient in this area.  

 

Figure 4.8 : Stress distribution through the tool under cryogenic cooling conditions for 
the tool variant with insulation coating in the LN2 chamber. 

To assess the structural stability of the designed tool, the factor of safety was calculated 

using the maximum equivalent Von Mises stress obtained from the structural analysis 

and the yield stress of the tool head material (AISI H13 Tool steel) 
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𝐹𝑂𝑆 =
𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠

𝑑𝑒𝑠𝑖𝑔𝑛 𝑠𝑡𝑟𝑒𝑠𝑠
 

FOS = 
1200𝑀𝑃𝑎

408.48𝑀𝑃𝑎
 

= 2.937 

(4.1) 

The calculated factor of safety value indicates that the designed tool can reliably 

withstand the applied loads under the specified conditions[64]. 

In Figure 4.9 below, the equivalent Von Mises stress distribution for the tool assembly 

model in the configuration where the insulation pad is integrated between the tool head 

and the shank. The simulation reveals a significant increase in the stress compared to the 

tool assembly with an insulation coating in the chamber of LN2, with the maximum stress 

reaching 1009.5MPa. 

 

 

Figure 4.9 : stress distribution through the tool under cryogenic cooling conditions for 
the tool variant with an insulation pad between the tool head and shank. 

From the static structural analysis result, it is observed that the insulation method has a 

great impact on the tool design. In the model with configuration in which the insulation 

coating is applied in the chamber of the LN2 lower stress value than the model with 

insulation pad between the head and shank. This difference is attributed to the localized 

and effective cooling in the first variant, where the insulation coating isolates the 

cryogenic flow to the tool head. this ensures the cooling effect near the cutting insert and 

immediate support, as a result thermal gradients are reduced, and stress concentration 

is lower across the tool.  

Comparison of the maximum Von Mises stress in the tool is presented in Figure 4.10 

across four different configurations, under identical boundary conditions (Heat transfer 

coefficient (HTC) of 40,000W/(m2.K), Atmospheric temperature of 22.5 °C, and tip 

temperature of 425 °C). As it is indicated in Figure 4.10, the LN2-cooled configuration 
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with chamber coating resulted in the lowest stress level, where the stress remained 

below 420MPa. This result underscores the effect of cryogenic cooling in limiting thermal 

stress across the tool by dissipating heat. In contrast, the configuration with dry 

conditions and chamber coating resulted in the highest stress response, exceeding 

1100MPa, which resulted from a lack of active cooling.  

When an insulation pad is introduced at the tool head and shank interface, it is 

discovered that the maximum stress is slightly increased, indicating that the insulation 

method has a major effect on the designed tool structural stability, and chamber coating 

is more effective in mitigating the stress.  

The dry condition with an insulation between the tool head and the shank reduces the 

stress compared to the same condition under a chamber coating case. This suggests that 

introducing the insulation between the tool head and shank offers some heat dissipation 

across the tool head instead of localized high-temperature heating. 

Generally, the result clearly demonstrates that the integration of liquid nitrogen cooling 

with chamber insulation coating minimizes the stress by providing localized, efficient 

cooling. 

 

Figure 4.10 : Maximum Von Mises stress on the tool under different conditions. 
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The deformation results from the static structural analysis for the tool variant with two 

different insulation method is illustrated in the Figure 4.11 below. In both cases thermal 

loads from steady state thermal analysis (HTC = 40,000 W/(m²·K), tool tip temperature 

= 425°C, ambient temperature = 22.5°C) were used, combined with mechanical forces 

replicating hard machining conditions.  

The maximum deformation for the variant with insulation coating in the LN2 chamber is 

observed to be 0.037mm (Figure 4.11a), which is lower than the maximum deformation 

for the tool with an insulation pad between the head and shank, 0.0419mm. this 

demonstrates that the structural stability of the tool assembly is improved when 

insulation is directly applied to the LN₂ chamber instead of inserting an insulation pad 

between tool components. This is also mainly attributed to the localized cooling around 

the insert and insert support, which is achieved by effective containment of cryogenic 

temperature within the chamber region. 

 

 

Figure 4.11 : Total deformation throughout the tool a) tool with insulation coating in 
the chamber, b) variant with an insulation pad between the tool head and shank. 

Results of maximum stress and maximum deformation for all the simulations under 

different combinations of the parameters are provided in Appendix  A. 

 

a 

b 
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4.1.3. Effect of the tool head material on the structural stability 

To assess the structural stability of the tool design across different material selections, a 

series of structural simulations were carried out for five different candidate materials 

for the tool head from the material selection. The simulations were run under identical 

conditions, including the thermal load derived from the steady state thermal analysis 

(HTC = 40,000W/(m2.K), tip temperature = 425 °C, ambient temperature = 22.5 °C) and 

mechanical forces representative of hard machining operations. 

Figure 4.12a shows the comparison of maximum Von Mises stress values of the designed 

tool for different tool head materials, showing that the proposed candidate materials for 

the tool head demonstrate similar stress resistance under the applied conditions, with a 

difference in maximum stress negligible (less than 0.1MPa). This suggests that the 

material selection among the selected candidates has a minor influence on the stress 

distribution.  

Similarly, Figure 4.12b presents total deformation along the tool for different materials, 

which also remains constant across all the proposed candidate materials. The variation 

in total deformation across the tool throughout all the proposed materials is minimal. 

   

Figure 4.12 : a) maximum stress for different tool head materials under identical 
conditions, b) maximum deformation for different tool head materials under identical 

conditions. 
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4.2. Parametric analysis of key factors  

To understand the influence of the key parameters on the structural behavior of the 

designed tool under cryogenic conditions, a parametric analysis was performed using 

the response surface method (RSM). A total of 80 simulation orders were generated 

based on a design of experiment (DOE) matrix.  For each simulation, a steady-state 

thermal analysis was run, followed by a static structural analysis using the results from 

the thermal analysis as input. 

The analysis was based on the finite element simulations (FEM), and the primary input 

parameters included in the DOE matrix were: LN2 heat transfer coefficient, chamber size, 

insulation method, tool tip temperature, and environmental temperature.  

4.2.1. Model adequacy and ANOVA results 

To assess the suitability of models, influential variables, and parameter interactions, the 

analysis of variance (ANOVA) is frequently used for both stress and maximum 

deformation. ANOVA can also be employed to validate the predictive models [65]. Using 

Minitab software, an ANOVA was performed according to the simulation results of the 

maximum Von Mises stress and maximum deformation from the static structural 

simulation. The ANOVA findings for Maximum stress and maximum deformation are 

shown in Table 4.1 and Table 4.2.  

Model summaries for both stress and deformation are shown in Figure 4.13 below. As 

indicated in Figure 4.13, the model summary shows that the model exhibited an excellent 

fit for both maximum stress and maximum deformations. The standard deviation (S) 

value for the maximum stress model is due to the range of the maximum stress values, 

which is several hundred MPa.  

 

Figure 4.13 : Model summary a) maximum stress model, b) maximum deformation 
model. 

Typically, it is assumed that the model, influential variables, and their interactions are 

considered statistically significant when the p-value for the 95 percent confidence 

interval is less than 0.05 [65].  
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According to the above criteria, the P-value for both stress and deformation models is 

less than 0.05, as indicated by the ANOVA results, suggesting that the models are 

statistically significant.  

The residual analysis further confirms that the regression model developed for 

predicting maximum deformation and maximum stress is adequate. The normal 

probability plot shows the residuals are almost linearly distributed along the diagonal, 

indicating that the errors are approximately normally distributed. The histograms of the 

residuals also support the assumptions for normality. In the residual versus fitted values 

plot, the residuals are randomly scattered, implying the absence of autocorrelation in the 

simulation order. The residual analysis in Appendix B supports the validity of the 

regression model used in the response surface methodology. 

The regression equations for both maximum stress and maximum deformation are 

provided in Appendix C for all the configurations of the models. 

The ANOVA results for the stress model, presented in Table 4.1, reveal that several 

parameters have a statistically significant influence on the response. Among the linear 

factors, the heat transfer coefficient (HTC), tip temperature, chamber size, and insulation 

method exhibited highly significant effects with P-values below 0.05, which indicates the 

strong individual contributions to the stress concentration behavior. In contrast, 

atmospheric temperature showed an insignificant effect (P-Value = 0.845), suggesting 

minimal direct impact on stress concentration in the simulated conditions. 

In addition, several two-way interactions were identified to be significant. These include 

HTC × insulation method, tip temperature × chamber size, tip temperature × insulation 

method, and chamber size × insulation method. These findings emphasize the complex 

interdependence between design and cooling parameters in determining the structural 

behavior of the tool. On the other hand, Interactions involving atmospheric temperature 

and HTC with other variables were found to have an insignificant effect. 

Similarly, ANOVA results for the maximum deformation model presented in Table 4.2 

show that heat transfer coefficient (HTC), tip temperature, chamber size, and insulation 

method contribute significant effects on the maximum deformation values throughout 

the tool with P-values below 0.05, while atmospheric temperature showed an 

insignificant effect with P-value 0.232. The two–way interactions such as HTC × 

insulation method, tip temperature × chamber size, tip temperature × insulation method, 

and chamber size × insulation method are also found to be significant. 
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Source DF Adj SS Adj MS F-Value 

 P-

Value 

Model 18 6044891 335827 287.48 0.000 

  Linear 5 5732496 1146499 981.45 0.000 

    HTC 1 10875 10875 9.31 0.003 

    Atm. Temperature(oC) 1 45 45 0.04 0.845 

    Tip Temperature 1 150 150 0.13 0.721 

    chamber size 1 73259 73259 62.71 0.000 

    insulation method 1 5648166 5648166 4835.07 0.000 

  Square 3 23449 7816 6.69 0.001 

    HTC*HTC 1 323 323 0.28 0.601 

Atm. Temperature(oC) * Atm. 

Temperature(oC) 

1 170 170 0.15 0.704 

    Tip Temperature*Tip Temperature 1 22359 22359 19.14 0.000 

  2-Way Interaction 10 288947 28895 24.74 0.000 

    HTC*Atm. Temperature(oC) 1 0 0 0.00 0.999 

    HTC*Tip Temperature 1 2 2 0.00 0.969 

    HTC*chamber size 1 478 478 0.41 0.525 

    HTC*insulation method 1 1242 1242 1.06 0.307 

    Atm. Temperature(oC)*Tip Temperature 1 35 35 0.03 0.863 

    Atm. Temperature(oC)*chamber size 1 18 18 0.02 0.903 

    Atm. Temperature(oC)*insulation method 1 41 41 0.03 0.852 

    Tip Temperature*chamber size 1 55068 55068 47.14 0.000 

    Tip Temperature*insulation method 1 228425 228425 195.54 0.000 

    chamber size*insulation method 1 3638 3638 3.11 0.083 

Error 61 71258 1168     

  Lack-of-Fit 41 71258 1738 * * 

  Pure Error 20 0 0     

Total 79 6116149      

Table 4.1 : Findings from ANOVA for Von Mises stress. 
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Source DF Adj SS Adj MS F-Value 

P-

Value 

Model 18 0.000754 0.000042 321.53 0.000 

  Linear 5 0.000700 0.000140 1075.01 0.000 

    HTC 1 0.000004 0.000004 28.06 0.000 

    Atm. Temperature(oC) 1 0.000000 0.000000 1.45 0.232 

    Tip Temperature 1 0.000037 0.000037 285.91 0.000 

    chamber size 1 0.000238 0.000238 1828.33 0.000 

    insulation method 1 0.000421 0.000421 3231.29 0.000 

  Square 3 0.000006 0.000002 15.29 0.000 

    HTC*HTC 1 0.000000 0.000000 1.08 0.303 

    Atm. Temperature(oC)*Atm. 

Temperature(oC) 

1 0.000000 0.000000 0.43 0.515 

    Tip Temperature*Tip Temperature 1 0.000006 0.000006 42.97 0.000 

  2-Way Interaction 10 0.000048 0.000005 36.67 0.000 

    HTC*Atm. Temperature(oC) 1 0.000000 0.000000 0.00 0.996 

    HTC*Tip Temperature 1 0.000000 0.000000 0.16 0.693 

    HTC*chamber size 1 0.000000 0.000000 0.05 0.830 

    HTC*insulation method 1 0.000002 0.000002 18.40 0.000 

    Atm. Temperature(oC)*Tip Temperature 1 0.000000 0.000000 0.88 0.351 

    Atm. Temperature(oC)*chamber size 1 0.000000 0.000000 0.49 0.487 

    Atm. Temperature(oC)*insulation method 1 0.000000 0.000000 0.71 0.404 

    Tip Temperature*chamber size 1 0.000001 0.000001 10.35 0.002 

    Tip Temperature*insulation method 1 0.000018 0.000018 136.20 0.000 

    chamber size*insulation method 1 0.000026 0.000026 199.44 0.000 

Error 61 0.000008 0.000000     

  Lack-of-Fit 41 0.000008 0.000000 * * 

  Pure Error 20 0.000000 0.000000     

Total 79 0.000762      

Table 4.2 : Findings from ANOVA for maximum deformation. 
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The pareto chart in Figure 4.14 below visually represents the magnitude and relative 

importance of each term in the regression model.  

In both models, the Insulation method (E) emerges as the most significant factor. For the 

maximum stress model (Figure 4.14a), the interaction between the tip temperature and 

insulation method exists to be second most influential factor, followed by chamber size 

and tip temperature.  

For the maximum deformation model (Figure 4.14b), chamber size exhibits the second 

most influential factor, followed by tip temperature and the interaction between 

chamber size and insulation method.  

  

Figure 4.14 : Pareto chart a) maximum stress, b) maximum deformation models. 

Overall, the Pareto chart confirms that the structural behavior of the designed tool is 

highly affected by insulation mechanisms, chamber size, and cooling efficiency. 

4.2.2. Response surface and interaction plots 

To further understand the influence of input factors and their combined effects on the 

structural response of the tool, response surface plots and contour interaction plots were 

generated for both maximum stress and maximum deformation.  

As indicated in Figure 4.15 below, the visualizations complement the statistical findings 

from the ANOVA by providing how the interactions of the input factors influence the 

maximum deformation.    

The interaction between the tip temperature and atmospheric temperature shows the 

minimum effect on the deformation value, as indicated in Figure 4.15a and b, the 

maximum deformation of the tool slightly decreases with an increasing Heat transfer 

coefficient, while the atmospheric temperature has an insignificant effect on the 

maximum deformation value, as indicated by the near vertical contour bands along the 

atmospheric temperature axis. Figure 4.15c and d present the effect of the interaction 
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between the heat transfer coefficient and tip temperature. The result suggests that very 

high HTC leads to higher deformation, likely due to a steep thermal gradient. The result 

shows a non-linear interaction, and maximum deformation starts decreasing as the tip 

temperature increases. In Figure 4.15e and f, the interaction between tip temperature 

and atmospheric temperature is indicated, which visualizes decreasing maximum 

deformation with increasing value of tip temperature, which appears counterintuitive 

compared to typical thermal behaviour. This reflects that the applied boundary 

conditions reduce the thermal gradient and thereby limit overall deformation. 

 

 

 

Figure 4.15: Response surface and interaction plots for maximum deformation of 
variant model 1. 

Similarly, the effect of the key parameters on the maximum stress is illustrated in Figure 

4.16. The combination of the Heat transfer coefficient and atmospheric temperature 

(Figure 4.16a and b) demonstrates that maximum stress throughout the tool increases 

a b 

c d 

e f 
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with increasing HTC due to the increased thermal gradients, and the effect of 

atmospheric temperature is negligible, as indicated by almost vertical contour bands.  

The interaction of HTC and tip temperature (Figure 4.16c and d) clearly show that 

maximum stress is higher at high tip temperature and HTC due to the development of 

large thermal gradients and constrained thermal expansion. A high HTC value rapidly 

extracts heat from the tool tip, which creates a sharp thermal gradient across the tool 

structure and induces substantial thermal stress. Therefore, high von Mises stress is 

introduced during the combination of high tip temperature with high heat transfer 

coefficient.  

 

 

 

Figure 4.16 : Response surface and interaction plots for maximum stress of variant 
model 1. 

 

 

a b 

c d 

e f 
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The effects of the continuous and categorical factors are captured by using the regression 

equation for maximum stress and deformation derived using RSM, provided in Appendix 

C, enabling the prediction of responses within the design matrix and optimization 

without repeated simulations. 

For the configuration with an insulation pad between the cutting tool head and shank, as 

shown in Figure 4.17 The effect of the parameters on maximum deformation. It is 

observed that, unlike the configuration with a chamber coating, which is presented in 

Figure 4.15c and d the maximum deformation throughout the tool increases at high tip 

temperature and low tip temperature, which is caused by the effect of the insulation 

method and thermal gradient in the tool.  

 

Figure 4.17 : Response surface and interaction plot for maximum deformation of 
variant model 2.  

The effect of an insulation method on the maximum stress distribution observed is 

presented in Figure 4.18 which shows that the increased HTC at high tool tip 

temperature results in a slight increase in maximum Von Mises stress in the tool due to 

the increased temperature gradient.  Also, it is observed that the maximum stress in the 

configuration with an insulation pad between the tool head and shank is at the 

combination of low tool tip temperature and high heat transfer coefficient of LN2  

 

Figure 4.18 : Response surface and interaction plot for maximum stress of variant 
model 2.  

a b 

a b 
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Chapter 5  

Conclusion and future work 

5.1. Conclusion 

The current research study focused on the development and evaluation of cryogenic 

cooling strategies for a turning tool with internal cooling via liquid nitrogen (LN₂). A 

comprehensive simulation-based methodology was employed to investigate the thermal 

and structural response of various design configurations under both dry and 

cryogenically cooled machining scenarios. The influence of the key parameters and their 

interactions on the maximum stress distribution and peak deformation throughout the 

tool was analysed using response surface methodology (RSM). 

A total of 80 simulations were conducted based on a structured Design of Experiments 

(DOE) matrix. The temperature distribution under different cooling conditions was 

determined by conducting Steady-state thermal analyses, followed by structural analysis 

incorporating the thermal load from the steady-state thermal analysis and machining 

forces. Two key design configurations were studied in detail: one incorporating an 

insulation coating within the Liquid nitrogen chamber and another placing an insulation 

pad between the tool head and shank. The simulation results indicated that the localized 

cooling and reduced heat propagation due to the chamber-insulated configuration 

provided superior thermal performance and lower thermal stress and deformation. 

The structural analysis revealed that the maximum von Mises stress was concentrated 

near the cutting tip, but it was also significantly high at the head-shank interface. The 

cryogenic setup with chamber coating reduced the maximum stress by more than 60% 

compared to the dry case and by 59.5% compared to the cryogenic setup under the 

configuration with an insulation pad between the tool head and shank. Proof of strength 

evaluations confirmed that the design remained structurally safe under all simulated 

conditions, with values above 1 even in the worst-case scenario and 2.93 for the 

configuration with liquid nitrogen chamber coating.  

Furthermore, different tool head materials were evaluated, and it was found that 

material selection had a negligible effect on maximum stress due to the dominant 
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influence of thermal gradients, but tool steel H13 stands out as the tool head material 

based on its manufacturability, high strength, toughness, and all other properties. From 

a thermal point of view, however, the alloy Ti-6Al-4V is attractive due to the low thermal 

conductivity providing a temperature-dependent insulation effect, which is beneficial for 

the delivery system connected with the expansion chamber [66]. 

Parametric analysis using RSM and ANOVA revealed that the insulation method was the 

most influential parameter for the tool design. heat transfer coefficient (HTC), tip 

temperature, and chamber size were also parameters with significant influence affecting 

stress and deformation. Interaction plots and response surfaces provided valuable 

insights into the nonlinear behavior and complex interdependencies between these 

factors.  

In conclusion, the integration of LN₂ cooling with strategically placed insulation 

demonstrates strong potential for improving tool holder reliability and performance in 

high-temperature machining applications. This approach effectively minimizes thermal 

loading, reduces deformation, and enhances structural stability. The findings offer a 

promising design guideline for cryogenic tool holder systems. 

Key Findings: 

• A tool with an integrated chamber for liquid nitrogen cooling is successfully 

designed. 

• The tool design with LN₂ chamber insulation achieved the lowest thermal stress 

and deformation. 

• Dry machining conditions resulted in significantly higher stress levels, 

particularly near the tool tip and at the head–shank interface. 

• Cryogenic cooling with chamber coating reduced the maximum Von Mises stress 

by over 63% compared to dry conditions and 59.5% compared to the 

configuration with an insulation pad between the tool head and shank. 

• The factor of safety remained above 1 across all configurations, ensuring 

structural integrity with the maximum value of 2.93 for the configuration with 

insulation coating of the liquid nitrogen chamber. 

• Material selection for the tool head showed minimal influence on the stress 

response under the applied loads. 
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• RSM and ANOVA confirmed that HTC, tip temperature, insulation method, and 

chamber size were the most influential parameters. 

• Interaction plots highlighted complex interdependencies between thermal and 

geometric variables. 

5.2. Future work 

While the current study offers valuable insights, several aspects remain open for further 

research. First, experimental validation of the simulation results would be essential to 

enhance and confirm the accuracy of the simulation and ensure the practical applicability 

of the proposed design. Additionally, extending the current work using CFD thermal 

simulations, including thermal phase change and pressure-based phase change, and 

fatigue life analysis, could provide a more comprehensive understanding of the tool 

holder's long-term behaviour, with a deeper understanding of the cooling dynamics 

during machining. Future studies could also explore optimization of internal chamber 

geometry for LN₂ flow, additive manufacturing possibilities for integrated cooling 

structures, and the combined effect of tool wear and thermal cycling in real cutting 

environments. Generally, the major focus for the future is to develop a hybrid cooling 

approach with superior HTC, without the side effects of massive undercooling of the 

whole tool structure and linked performance loss. 
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Appendix A 

Design of experiment detailed table 

Run 
Orde
r 

Pt 
Typ
e 

Blo
cks 

LN2 
HTC 

Atm. 
Tem 
(oC) 

Tip 
Temp 
(oC) 

chamb
er size 

insulatio
n method 

Max. 
stress 

Max.  
Deformati
on 

1 1 1 
2000

0 15 150 small 
chamber 
coating 

451.3
3 0.03943 

l2 1 1 
6000

0 15 150 small 
chamber 
coating 

502.5
4 0.040054 

3 1 1 
2000

0 30 150 small 
chamber 
coating 451 0.039398 

4 1 1 
6000

0 30 150 small 
chamber 
coating 

502.2
9 0.040021 

5 1 1 
2000

0 15 700 small 
chamber 
coating 509.4 0.037277 

6 1 1 
6000

0 15 700 small 
chamber 
coating 

528.9
8 0.037988 

7 1 1 
2000

0 30 700 small 
chamber 
coating 

509.3
4 0.037277 

8 1 1 
6000

0 30 700 small 
chamber 
coating 

528.9
3 0.037979 

9 -1 1 
6364
.143 22.5 425 small 

chamber 
coating 

387.0
9 0.036972 

10 -1 1 
7363
5.86 22.5 425 small 

chamber 
coating 

415.1
9 0.038621 

11 -1 1 
4000

0 9.887 425 small 
chamber 
coating 

408.5
3 0.038199 

12 -1 1 
4000

0 35.11 425 small 
chamber 
coating 

408.4
4 0.038164 

13 -1 1 
4000

0 22.5 
-

37.493 small 
chamber 
coating 

570.0
4 0.041714 

14 -1 1 
4000

0 22.5 
887.49

3 small 
chamber 
coating 

600.7
9 0.037949 

15 0 1 
4000

0 22.5 425 small 
chamber 
coating 

408.4
8 0.038181 

16 0 1 
4000

0 22.5 425 small 
chamber 
coating 

408.4
8 0.038181 

17 0 1 
4000

0 22.5 425 small 
chamber 
coating 

408.4
8 0.038181 

18 0 1 
4000

0 22.5 425 small 
chamber 
coating 

408.4
8 0.038181 
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19 0 1 
4000

0 22.5 425 small 
chamber 
coating 

408.4
8 0.038181 

20 0 1 
4000

0 22.5 425 small 
chamber 
coating 

408.4
8 0.038181 

21 1 1 
2000

0 15 150 big 
chamber 
coating 

288.3
2 0.042428 

22 1 1 
6000

0 15 150 big 
chamber 
coating 

293.0
1 0.042919 

23 1 1 
2000

0 30 150 big 
chamber 
coating 

288.2
7 0.042388 

24 1 1 
6000

0 30 150 big 
chamber 
coating 

292.9
7 0.042879 

25 1 1 
2000

0 15 700 big 
chamber 
coating 

527.7
1 0.038496 

26 1 1 
6000

0 15 700 big 
chamber 
coating 

540.3
9 0.040101 

27 1 1 
2000

0 30 700 big 
chamber 
coating 

527.6
6 0.038443 

28 1 1 
6000

0 30 700 big 
chamber 
coating 

540.3
5 0.040045 

29 -1 1 
6364
.143 22.5 425 big 

chamber 
coating 

397.4
5 0.039286 

30 -1 1 
7363
5.86 22.5 425 big 

chamber 
coating 

416.1
6 0.041168 

31 -1 1 
4000

0 9.887 425 big 
chamber 
coating 

411.9
2 0.040604 

32 -1 1 
4000

0 35.11 425 big 
chamber 
coating 

411.8
5 0.040506 

33 -1 1 
4000

0 22.5 
-

37.493 big 
chamber 
coating 

254.9
6 0.044818 

34 -1 1 
4000

0 22.5 
887.49

3 big 
chamber 
coating 

621.7
1 0.038944 

35 0 1 
4000

0 22.5 425 big 
chamber 
coating 

411.8
9 0.040555 

36 0 1 
4000

0 22.5 425 big 
chamber 
coating 

411.8
9 0.040555 

37 0 1 
4000

0 22.5 425 big 
chamber 
coating 

411.8
9 0.040555 

38 0 1 
4000

0 22.5 425 big 
chamber 
coating 

411.8
9 0.040555 

39 0 1 
4000

0 22.5 425 big 
chamber 
coating 

411.8
9 0.040555 

40 0 1 
4000

0 22.5 425 big 
chamber 
coating 

411.8
9 0.040555 

41 1 1 
2000

0 15 150 small 
insulation 
pad 

1068.
5 0.042184 

42 1 1 
6000

0 15 150 small 
insulation 
pad 

1096.
3 0.04234 

43 1 1 
2000

0 30 150 small 
insulation 
pad 

1067.
3 0.042106 
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44 1 1 
6000

0 30 150 small 
insulation 
pad 

1095.
1 0.042263 

45 1 1 
2000

0 15 700 small 
insulation 
pad 

904.0
1 0.041636 

46 1 1 
6000

0 15 700 small 
insulation 
pad 

953.0
8 0.041847 

47 1 1 
2000

0 30 700 small 
insulation 
pad 

902.7
6 0.041554 

48 1 1 
6000

0 30 700 small 
insulation 
pad 

951.8
9 0.041766 

49 -1 1 
6364
.143 22.5 425 small 

insulation 
pad 

957.6
8 0.041689 

50 -1 1 
7363
5.86 22.5 425 small 

insulation 
pad 

1031.
1 0.042051 

51 -1 1 
4000

0 9.887 425 small 
insulation 
pad 

1010.
6 0.042009 

52 -1 1 
4000

0 35.11 425 small 
insulation 
pad 

1008.
5 0.041875 

53 -1 1 
4000

0 22.5 
-

37.493 small 
insulation 
pad 

1136.
7 0.042494 

54 -1 1 
4000

0 22.5 
887.49

3 small 
insulation 
pad 

882.4
2 0.041626 

55 0 1 
4000

0 22.5 425 small 
insulation 
pad 

1009.
5 0.041942 

56 0 1 
4000

0 22.5 425 small 
insulation 
pad 

1009.
5 0.041942 

57 0 1 
4000

0 22.5 425 small 
insulation 
pad 

1009.
5 0.041942 

58 0 1 
4000

0 22.5 425 small 
insulation 
pad 

1009.
5 0.041942 

59 0 1 
4000

0 22.5 425 small 
insulation 
pad 

1009.
5 0.041942 

60 0 1 
4000

0 22.5 425 small 
insulation 
pad 

1009.
5 0.041942 

61 1 1 
2000

0 15 150 big 
insulation 
pad 

982.1
9 0.04748 

62 1 1 
6000

0 15 150 big 
insulation 
pad 

1007.
4 0.047682 

63 1 1 
2000

0 30 150 big 
insulation 
pad 

964.6
8 0.046488 

64 1 1 
6000

0 30 150 big 
insulation 
pad 

989.8
8 0.04669 

65 1 1 
2000

0 15 700 big 
insulation 
pad 

870.1
6 0.046917 

66 1 1 
6000

0 15 700 big 
insulation 
pad 

901.4
5 0.046274 

67 1 1 
2000

0 30 700 big 
insulation 
pad 869.1 0.046875 

68 1 1 
6000

0 30 700 big 
insulation 
pad 

900.4
5 0.046232 
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69 -1 1 
6364
.143 22.5 425 big 

insulation 
pad 

877.0
1 0.045976 

70 -1 1 
7363
5.86 22.5 425 big 

insulation 
pad 

951.5
1 0.0465 

71 -1 1 
4000

0 9.887 425 big 
insulation 
pad 

933.7
5 0.046399 

72 -1 1 
4000

0 35.11 425 big 
insulation 
pad 

932.0
3 0.046328 

73 -1 1 
4000

0 22.5 
-

37.493 big 
insulation 
pad 

1014.
6 0.046858 

74 -1 1 
4000

0 22.5 
887.49

3 big 
insulation 
pad 

851.1
9 0.046028 

75 0 1 
4000

0 22.5 425 big 
insulation 
pad 

932.8
9 0.046364 

76 0 1 
4000

0 22.5 425 big 
insulation 
pad 

932.8
9 0.046364 

77 0 1 
4000

0 22.5 425 big 
insulation 
pad 

932.8
9 0.046364 

78 0 1 
4000

0 22.5 425 big 
insulation 
pad 

932.8
9 0.046364 

79 0 1 
4000

0 22.5 425 big 
insulation 
pad 

932.8
9 0.046364 

80 0 1 
4000

0 22.5 425 big 
insulation 
pad 

932.8
9 0.046364 

Table A.  1 : DOE matrix table with simulation results of maximum stress and 
maximum deformation. 
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Appendix B 

Residual analysis plots 

 

Figure B. 1 : Residual Plots for maximum stress 

 

Figure B. 2 : Residual plots for maximum deformation 
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Appendix C  

Regression equations for the models 

 

Figure C. 1 : Regression equations for maximum stress 
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Figure C. 2 : Regression equations for maximum deformation 
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