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Abstract 

In Chapter 1, the general introduction for overall contents of this thesis is presented. 

Because of growing awareness of environmental protection, there is a requirement to 

reduce CO2 emission from automobiles. The reduction in weight of automobiles and the 

technologies for electric and hybrid vehicles play an important role in reducing greenhouse 

gas emissions. The key component for electric and hybrid vehicles is batteries. Metal cups 

used as battery cases are produced by multi-stage stamping operations including deep 

drawing and ironing of stainless steel and aluminium alloy cup. Since ironing involves a 

high contact pressure and high speed, friction plays an important role in the success of the 

ironing process. Reduction in friction with low friction tool materials, lubrication and 

coating is presented. 

In Chapter 2, a TiCN-based cermet die having low friction was applied to improve the 

limit in ironing of stainless steel and aluminium alloy drawn cups. In this cermet die, an 

additional surface coating is not required because it was made of hard TiCN having low 

friction without WC and Co. For all the stainless steel and aluminium alloy drawn cups, 

the cermet die exhibited the largest ironing limit for single ironing due to the low friction. 

For repeated ironing using the cermet die, the seizure was prevented up to 100 times.  

In Chapter 3, the TiCN-based cermet dies having fine lubricant pockets made by 

lapping shot-peened surfaces were utilised to reduce friction in ironing of stainless steel 

and aluminium alloy drawn cups. The shape of the lubricant pockets was controlled to 

improve the ironing limit. The ironing limit was improved for the die having an 

appropriate surface shape of fine lubricant pockets. Friction was reduced by liquid 

lubricant squeezed out from the pockets during ironing, and the ironing load became 

smaller. The mechanism of the superior seizure resistance of the die having an appropriate 

surface shape was examined from the remaining amount of lubricant in ironed cups. 

In Chapter 4, the conditions of the ironing process and lubrication for attaining low 

friction in ironing of stainless steel cups using the cermet die having fine lubricant pockets 

were investigated. The thickness of the remaining lubricant on the sidewall of the ironed 

cup was measured by mixing a fluorescence oil in the lubricant. When the amount of 

lubricant was sufficient and the ironing speed was high, the ironing load was lower than 

that of a die having a polished surface. In repeated ironing, the surface roughness of the 

ironed cup for the die having the lubricant pockets was almost constant. 
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In Chapter 5, the TiCN-based cermet die having fine lubricant pockets and roughening 

of drawn cup surface were utilised to reduce friction in ironing of stainless steel drawn 

cups. Sanding with emery papers, deep drawing with large clearance, and deep drawing 

including redrawing with a small die radius were employed to roughen the drawn cup 

surface. The effects of the sanding direction and the surface roughness of the cups having 

the roughened surface on the ironing limit were investigated. During ironing, the lubricant 

was trapped with the cups sanded in the circumferential direction and the ironing limit was 

higher than with the cup sanded in the axial direction. Friction in ironing was lowered by 

roughening of cup surface because the lubrication was enhanced.  

In Chapter 6, the lubricants containing the fine particles were utilised to improve 

seizure resistance in ironing of aluminium alloy drawn cups. The effects of types and size 

of particles on the improvement of seizure resistance were investigated. The mixing 

lubricant with silica (SiO2) particles having a size of 0.01 µm improves the seizure 

resistance. The good dispersion and suspension of the fine SiO2 particles in the lubricant 

enhanced lubrication. The effect of different mixing quantities of fine SiO2 particles in 

lubricants on the seizure resistance was examined. For a low viscosity lubricant, the fine 

SiO2 particles had a little effect on increasing the ironing limit. The ironing limit was 

improved only with a large quantity of SiO2. The seizure resistance was effectively 

improved by applying the high viscosity lubricant with the fine SiO2 particles. 

In Chapter 7, titanium nitride (TiN) and vanadium nitride (VN) coatings were 

deposited on high speed steel substrates by direct current magnetron sputtering to improve 

seizure resistance in ironing of aluminium alloy cups. Coating parameters were optimised 

to obtain phase compositions of TiN and VN. The coatings were characterised for phase 

composition using X-ray diffraction (XRD), hardness using nano-indentation and load-to-

failure between the coating and substrate using scratch testing. Ring-on-disc testing was 

carried out to evaluate the tribological properties between aluminium alloy rings sliding 

against high speed steel discs with a lubricant. Finally, the coating which mainly had the 

superior tribological properties was further evaluated in ironing of an aluminium cup. 

In Chapter 8, concluding remarks are presented and future perspectives for improving 

the seizure resistance are given. 
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Chapter 1 

Introduction 

 

1.1 Electric and hybrid vehicles 

Because of growing awareness of environmental protection, there is a requirement to 

reduce the emission of carbon dioxide gas from automobiles. Alternative fuel vehicles play 

an important role in reducing greenhouse gas emissions [1]. Therefore, the demand for 

alternative fuel vehicles such as electric, hybrid and plug-in hybrid vehicles is increasing. 

In the electric vehicle, the electricity is supplied from external electric sources, stored in a 

battery on the vehicle and used in electric motors. The hybrid vehicle has the combination 

of an internal combustion engine and electric motors in its drive system, whereas the plug-

in hybrid vehicles are hybrid which can be recharged from external electric sources. The 

structure of electric and hybrid vehicles is shown in Fig. 1.1 [2]. 

 

 

Fig. 1.1 Structure of electric and hybrid vehicles [2]. 

 

The electric vehicles enable by high-efficiency electric motor and controller, and 

powered by alternative energy sources, provide the means for a clean, efficient and 

environmentally friendly urban transportation system. Electric vehicles have no emission 
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and therefore are capable of curbing the pollution problem in an efficient way. 

Consequently, electric vehicles are the only zero-emission vehicles possible. The limited 

range of the battery-powered electric vehicles led the researchers and auto industry players 

to search for alternatives. The aggressive efforts by the industry led to the rapid 

development of hybrid vehicles. The hybrid vehicles use both electric machines and an 

internal combustion engine for delivering the propulsion power. These vehicles have lower 

emissions compared to a similarly sized conventional internal combustion engine vehicles 

resulting in less environmental pollution [3]. The key component for electric and hybrid 

vehicles is the battery [4]. And thus batteries that have a high capacity are particularly 

desirable. In the battery, metal cups are used for electrolyte cases as shown in Fig. 1.2. 

 

 

Fig. 1.2 Battery case for hybrid and electric vehicles. 

 

1.2  Lightweight materials 

For the electric car, the longer range of driving requires the larger battery size causing 

an increase in weight of the vehicle. Therefore the reduction in weight of battery and other 

parts has great influence on the energy efficiency of vehicles. Aluminium alloys and 

magnesium alloys offer a high potential for the reduction in weight of the automobile due 

to lightweight and high specific strength [5-7]. The density of the magnesium alloys is 1/4 

time of the mild steels, but the specific strength of the magnesium alloys is 2.5 times more 

than the mild steels. Similarly, the density of the aluminium alloys is 3/8 time of the mild 

steels, but the specific strength of the aluminium alloys is 1.4 times more than the mild 

steel [8]. As the formability of aluminium and the magnesium alloys is low at room 

Stainless steel

Battery case
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temperature, the cold stamping process including deep drawing was developed to form 

magnesium alloy cups [9, 10]. 

 

1.3  Deep drawing and ironing of stainless steel and aluminium alloy 

sheets 

Since cups with a large aspect ratio are required for battery cases, they are mainly 

produced by multi-stage stamping which includes the deep drawing and ironing of stainless 

steel and aluminium alloy sheets as shown in Fig. 1.3. To improve the process conditions, 

process modelling was applied to the deep drawing and ironing operations [11]. 

Aluminium alloy cups with an extreme aspect ratio are achieved by process design and a 

modification of the initial blank in multi-stage deep drawing [12].  

 

 

Fig. 1.3 Deep drawing and ironing processes. 
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Tool design for multi-stage deep drawing with ironing was carried out to obtain cups 

with a large aspect ratio with the aid of finite element analysis [13]. Ku et al. [14] 

introduced the tool design for the manufacturing of battery cases made from low-carbon 

steel (SPCC) sheets including an ironing process. The strength of the battery case such as 

its resistance to mechanical loading and accidental load is important for preventing the 

hazard associated with electrolyte spillage. The plasticity and fracture of the case of the 

lithium-ion cylindrical battery were characterised [15]. 

In recent years, more computational programs, based on finite element schemes, have 

been developed and used to study plastic deformation in sheet metal forming processes. 

The ironing process was analysed by taking work hardening into account in a slab method 

[16], and analysed with continuum elements in two dimensions in the finite element 

method [17]. Danckert [18] predicted the residual stress in the wall of the ironed cup. To 

attain high accuracy of the ironed products, the factors influencing the dimensions of the 

cups were analysed [19]. For the design of the ironing process with a high relative speed, 

the dynamic projection algorithm is more efficient and intrinsic than the penalty method 

[20]. Delarbre and Montmitonnet [21] discussed the maximum thickness reduction in the 

ironing of the stainless steel cup using a slab method and a finite element method. The 

geometry of the tools has an effect on the critical reduction in ironing of the stainless steel 

cup [22]. Therefore the basic process design of ironing has been established. However, the 

accuracy of the analysis for the design process is limited by the knowledge of boundary 

conditions, a good understanding of friction is crucial for improving the accuracy in the 

simulation of sheet metal forming processes. 

Since ironing involves high contact normal stress and high relative speed, friction 

plays an important role in the success of the ironing process. A method for determining the 

friction coefficient in ironing was developed [23]. Due to the friction coefficient being 

influenced by tool geometry [24], the curved shape of the die inlet and the semi-cone angle 

of dies were optimised to minimise the deformation force in ironing [25]. Becker et al. [26] 

proposed an alternative approach to describe friction by modelling the geometric surface 

roughness of the tools. In the ironing of stainless steel cups, the fracture limit is affected by 

friction between the cup and the die [21]. Friction has a significant effect on formability in 

ironing. 
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To achieve high surface qualities in multi-stage stamping that includes deep drawing 

and ironing processes, the surface flattening mechanism in the ironing of aluminium cups 

was clarified and then the seizure is prevented by the appropriate viscosity of lubricants 

[27]. Mori et al. [28] utilised coloured sheets for the prevention of seizure in multi-stage 

deep drawing of long pure titanium cups. Furthermore, the inner surface of deep drawn 

stainless steel cups was improved by inner ironing [29]. 

 

1.4  Adhesive wear in deep drawing and ironing of aluminium alloy and 

stainless steel sheets 

High friction occurring in an ironing process has a negative effect by raising the loads 

required for ironing. As the loads imposed on a die and cup are increased, die wear or cup 

fractures may increase. Since the ironing of stainless steel cups creates very severe 

tribological conditions due to their high strength and low thermal conductivity, adhesive 

wear has a tendency to occur as shown in Fig. 1.4. This wear is also found in the ironing of 

aluminium alloy cups because of their high adhesion. To optimise the ironing process, a 

substantial understanding of the occurrence of adhesive wear is essential [30, 31]. Groche 

and Nitzsche [32] investigated the influence of temperature on the initiation of adhesive 

wear in the deep drawing of aluminium alloy sheets. Adhesive wear is preferably initiated 

at the areas of highest mechanical and thermal stress. The initiation of adhesive wear is 

also a function of mechanical loads acting on local asperities.  

 

 

Fig. 1.4 Seizure in ironing of stainless steel cups. 

 

Seizure
(b) Ironed cup

1mm

Adhesive wear
(a) Ironing die
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Stainless steel and aluminium alloy develop a thin, hard adherent film of oxide on 

their surface that protects the metal from corrosion. In the deep drawing of aluminium, the 

oxide layers of sheets are cracked by local plastic deformation, which have been caused by 

high normal and shear stresses. Thus, the generating metallic contact determines local 

micro-welding. Due to the progressive relative movement between the sheet and die, the 

bonding is torn apart. The separation occurs inside the volume of the sheet material and 

thus initiates adhesive wear [33]. In more severe conditions, such as ironing with high 

loads and strongly bounded asperities, adhesive wear is described as scuffing, smearing, 

tearing, galling, or seizure. Since the proper use of lubricant is important for preventing 

seizure in ironing, a strip reduction test has been used to emulate the tribological 

conditions for screening the lubricant in ironing of stainless steel sheets [34]. Seizure is 

quantified by surface roughness measurements across the strip after testing. With 

increasing sliding length the tool becomes heated due to workpiece deformation and 

friction implying eventual breakdown of the lubricant film. Pre-heating of the tool results 

in earlier breakdown of the lubricant film [35]. An oil containing chlorinated paraffin is 

effective for the prevention of seizure in the forming of stainless steel sheets. The good 

lubrication performance of the oil containing chlorinated paraffin is attributed to the 

chemical activity of the chlorinated paraffin with all the main components of stainless steel. 

The oil containing chlorinated paraffin enforces the formation of a thick oxide layer [36]. 

However, chlorinated paraffin oils are not perceived to be environmentally friendly 

lubricants. Therefore, there has been increasing effort to develop environmentally benign 

lubricants suitable for metal forming and dry film solid lubricants is one of them. Various 

types of dry film solid lubricants were evaluated using deep drawing tests with increasing 

blank holding force. Dry film lubricants performed better than oil-based lubricants in the 

tests [37]. Kim et al. [38] reported that polymeric lubricants containing EP additives 

performed better than water emulsion and straight oil lubricants in deep drawing and 

ironing tests.  

In an ironing operation, the reduction of friction has a beneficial effect by lowering the 

loads required for ironing. Because the loads acting on a die and cup are decreased, the 

occurrence of seizure on the die or the cup can be lowered. Friction can be reduced by 

selecting die materials that exhibit low friction (such as carbides, ceramics and cermets), 

by improving lubrication and applying coatings [39]. 
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1.5 Reduction in friction with low friction die materials 

Since tool wear in deep drawing and ironing is problematic in mass production, high 

friction, which causes seizure in these processes, needs to be reduced. The tendency to 

develop a seizure can be reduced by selecting dissimilar die-cup material structures, for 

example between non-metallic and metallic materials [40]. Therefore, low friction tool 

materials such as ceramics and cermets are applied. 

Ceramics are compounds of metallic and non-metallic elements. Because they possess 

high hardness, good wear resistance, low thermal conductivity and low friction, ceramics 

have become increasingly important in tool and die materials [39]. Ceramic dies were 

applied to dry deep drawing for various sheet materials. For stainless steel SUS304 sheets, 

the limit drawing ratio was slightly improved with silicon carbide (SiC) and silicon nitride 

(Si3N4) ceramic dies. Whereas, an alumina (Al2O3) ceramic die gave very good results. The 

punch load was significantly reduced with the number of drawn cups [41]. Tamaoki et al. 

[42] proposed electro conductive ceramics which can be fabricated by using electric 

discharge machining (EDM) for dry deep drawing dies. Although mild steel sheets were 

deep drawn in a dry condition, the limiting drawing ratio (LDR) with a zirconia-based 

ceramic die reached the same level as lubricated deep drawing with a conventional tool 

steel die. The zirconia-based ceramic die showed a low tendency to galling and then the 

cups were successfully deep drawn over 10,000 times [43]. For the purpose of finding the 

most suitable die material for the lubricated deep drawing of stainless steel AISI 304 sheets, 

three different silicon nitride ceramics were evaluated with pin-on-disk tests as compared 

to hard coatings such as TiCN, WC/C and TiAlN coatings. The silicon nitride ceramic 

Si3N4 performed well [44]. However, it is not easy to apply the brittle ceramic die to the 

ironing of stainless steel cups. 

Cermets are combinations of a ceramic phase bonded with a metallic phase. They 

combine the high-temperature oxidation resistance of ceramics with the toughness, 

thermal-shock resistance, and ductility of metals [39]. Advances in the synthesis of 

ultrafine/nano TiCN powders and the preparation of TiCN-based cermets enhance their 

hardness, toughness and wear resistance [45]. The fracture toughness and hardness of 

ultrafine grade TiCN-based cermets are considerably better than conventional coarse 

TiCN-based materials [46]. To develop materials having both a good hardness and a good 

toughness, the effects of the TiN addition and binder contents on the microstructure and 
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the properties of the TiC based cermets elaborated by pressureless sintering have been 

investigated. Toughness can be improved by the addition of a metallic binder. The rupture 

strength and the toughness increase with the addition of nickel. Consequently, cermets 

having both a good hardness and a good toughness can be produced [47]. The relationship 

between hardness and toughness of various tool materials is shown in Fig. 1.5 [48]. In 

addition, a TiC-based cermet containing titanium nitride exhibits good tribological 

properties with a low friction coefficient [49]. A common application of cermets is in 

cutting tools. Bellosi et al. [50] evaluated the performance of developed TiCN-based tools 

used in the machining of carbon and quenched-tempered steel. The developed TiCN-based 

tools showed an improvement in machining performance compared to commercial tools. 

The TiCN-based cermet becomes more attractive for cutting tools because the cermet has 

excellent wear resistance [51, 52]. As the main component of the cermet is made of the low 

friction TiCN, an additional surface coating is not required. Therefore, the TiCN-based 

cermet is expected to be effective for improving the formability in the ironing of stainless 

steel and aluminium alloy drawn cups. 

 

 

 

Fig. 1.5 Relationship between hardness and toughness of various tool materials [48]. 
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1.6 Reduction in friction by improving lubrication  

1.6.1 Reduction in friction by improving lubrication with roughening of sheet 

surface 

Effective lubrication systems bring about lower friction levels. Liquid lubricants 

interpose an adherent film between the die and the cup. This film minimises the adhesion 

and interactions of the die surface with the other which increases die life by reducing wear 

and improves product quality by reducing the incidence of seizure and other surface 

defects [53]. Therefore, lubrication is vitally important in an ironing process. 

The lubrication of interfacial surfaces during deformation is conventionally employed 

in ironing operations to reduce friction and to prevent the occurrence of seizure. Bay et al. 

[54] reviewed lubrication mechanisms in with ironing in sheet metal forming processes. In 

hydrostatic lubrication, a part of the normal contact load between the tool and workpiece is 

supported by the hydrostatic pressure of the trapped lubricant generated in fine pockets. In 

hydrodynamic lubrication, although the liquid pressure in the pockets is smaller than the 

sealing pressure on the surrounding asperities in contact with the tool, the hydrodynamic 

permeation of the trapped lubricant into the tool-workpiece interface develops the thin 

lubricant film as shown in Fig. 1.6. During forming, not only hydrostatic but also 

hydrodynamic lubrication occurs [55]. The occurrence of hydrodynamic lubrication in cold 

sheet drawing is influenced by the drawing speed, lubricant viscosity and die angle [56]. 

Micro-hydrodynamic lubrication, induced by the escape of the lubricant from the pockets, 

was directly observed through a transparent die in strip drawing. The degree of reduction, 

drawing speed and lubricant viscosity have an influence on the escape of lubricant from the 

pockets [57, 58]. Utilising the same direct observation technique, the effect of pocket 

geometry, lubricant viscosity, drawing speed and reduction on the entrapment and escape 

of liquid lubrication were investigated [59, 60]. The escape of trapped lubricants from 

pockets during strip drawing has an influence on drawing load [61]. 

Applying liquid lubricants, the workpiece surface topography has an influence on the 

improvement of the lubrication. Because a rough surface is able to provide small pits, the 

transporting of the trapped lubricant with plastic deformation of the workpiece to the tool-

workpiece interface develops the thin lubricant film and then facilitates lubrication in the 

forming processes.  
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Fig. 1.6 Schematic outline of micro-plasto-hydrostatic lubrication and local pressure 

distribution [57]. 

 

Hence the sheet-surface structures providing a surface topography with lubricant 

pockets have been developed to improve the tribological conditions for sheet forming 

processes [62]. A rolling process with high productivity is generally utilised. The sheet-

surface structure is transferred from a roll-surface structure in cold-rolling processes. The 

roll-surface texturing processes were discussed [63]. The structured sheet surface produced 

by the transferring of roller surfaces prepared by electron beam texturing in skin pass 

rolling was introduced to the deep drawing process. Because the lubrication is assisted 

during the process, the friction decreases with increases in drawing speed [64]. To clearly 

obtain the defined surface structure of the sheet in cold-rolling processes, the finite-

element model was developed to simulate the transfer characteristics of the roll surface 

textured by electron-beam texturing [65]. The 3D surface parameters were developed to 

characterise the structured sheet surfaces with respect to their functional behaviour [66]. 

The structured stainless steel sheet significantly improved the lubrication performance with 

no sign of lubricant film breakdown in strip ironing and in deep drawing [67]. However, 

(b) Local pressure distribution 

τre τre τre τre

Arei Arei Arei Arei

pre

q

prepre pre

q q

Lubricant

Ft

Tangential 
force

Fn (Normal force)

Tool

Workpiece

Real contact 
pressure

Real shear 
stress

Hydrostatic 
pressure

Real 
contact 
area

Thin lubricant 
film

Dieτr

pr

αo

hr

V

Micro-wrinkles Surface 
pocket

Lubricant 
reservoir 
pressure

pp

(a) Model of micro-plasto-hydrodynamic lubrication



11 
 

the structured sheet surface does not function when it is completely flattened in a large 

deformation. 

 

1.6.2 Reduction in friction by improving lubrication with die having lubricant 

pockets 

On the other hand, the tool surface seldom changes. Applying texturing on the tool 

surface facilitates the forming process even after long-running use. Excimer laser radiation 

has been introduced to texture the surface of a TiN-coated punch for cold forging [68]. The 

pressurization of the entrapped lubricant in the well-designed micro pockets as shown in 

Fig. 1.7 improves tool life [69]. During the process, tool wear is reduced by the lubricant 

wiped from micro pockets. In addition, tool life of the cold forging tool surface, locally 

structured by laser surface texturing, was enhanced because the tribological state is 

improved [70, 71]. Vilhena et al. [72] employed laser surface texturing to hardened bearing 

steel and the parameters of the laser surface texturing process were optimised. Well 

defined micro-dimples improved tribological behaviour [73]. In the drawing of stainless 

steel strip, the orientation of grooves on the die surface patterned by photochemical etching 

has effects on lubrication. Due to the presence of lubricant reservoirs and the 

encouragement of the micro-plasto hydrodynamic lubrication, probably caused by textured 

surface, lubrication is enhanced. Therefore, friction force is considerably reduced with 

grooves oriented perpendicularly to the drawing direction [74]. Meng et al. [75] exhibited 

friction can be reduced by using the laser textured tool having micro rectangle dimples 

with a flat bottom. Aramaki et al. [76] showed the die treated by the combination of shot-

peening and nitriding improves seizure resistance in the drawing test of high strength steel 

sheets because of its lubricating effect. In addition, the die life in the drawing test of high 

strength steel sheets is improved by the combination of shot-peening and solid lubricant 

[77]. The seizure resistance of tool surfaces prepared by turning, grinding, polishing, shot-

peening, and laser surface texturing were investigated. Polishing to remove sharp peaks on 

the bearing surface giving a plateau-like topography improves the seizure resistance of the 

forming tool [78].  
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Fig. 1.7 Tool pocket profile and suggested lubrication mechanism [69]. 

 

With regard to reducing in friction by assisting in lubrication, the dies having fine 

lubricant pockets and the cups having a roughening surface being capable of retaining 

lubricant are able to minimise seizure. 

 

1.6.3 Measurement of lubricant film 

In ironing, liquid lubricants interpose an adherent film between the die and cup. This 

film minimises the adhesion and the interactions of the die surface with the other, thus 

reducing friction and preventing the direct die-to-cup contact. However, this lubricant film 

can break down. The sliding surfaces then may wear and score severely. Thus the 

behaviour of the liquid lubricant at the interfaces during ironing is important. For 

monitoring the state of lubrication in the machine elements, the transmission and reflection 

of ultrasonic waves were used to monitor the oil-films in shaft seals [79]. Ultrasonic 

reflection coefficient measurements were applied to monitor the oil-film thickness in a 

range of bearings [80-83]. Next, an apparatus incorporating an ultrasonic array was 

developed in which the accuracy of the measurement of the oil-film thickness distribution 

can be assessed [84]. However, this approach is still difficult to apply to forming processes 

with complex-shaped dies. Azushima et al. [85] developed the direct observation using a 

transparent die and fluorescence measurement method. The effect of the surface 

topography of a workpiece on the pressure dependence of the coefficient of friction in 

sheet metal forming was examined. This method was also employed to measure the oil 

film thickness at the interface between the tool and the workpiece in lubricated upsetting 

[86, 87]. 
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1.7 Lubricant containing fine particles for improving seizure resistance 

Effective lubrication systems result in low friction levels which reduce the load 

imposed on tooling and workpieces. Since the addition of nanoparticles into lubricating oil 

as lubricant additives significantly reduces the friction coefficient and increases the load-

bearing capacity of the frictional parts in mechanical systems, the application of 

nanoparticles has attracted more attention. The use of titanium dioxide (TiO2) 

nanoparticles as an oil additive in liquid paraffin exhibits good performance in friction and 

wear reduction as well as in load-carrying capacity. A boundary film mainly composed of 

TiO2 and titanates is formed on the rubbed surfaces [88]. Suspensions of copper (Cu), 

copper oxide (CuO), zinc oxide (ZnO) or zirconium dioxide (ZrO2) nanoparticles in the 

lubricants exhibits a reduction in friction and wear compared to the base oil. The anti-wear 

mechanism of nanoparticles is produced by the tribo-sintering of nanoparticles on the wear 

surfaces, reducing metal-to-metal contact and acting as load-bearing areas [89-91]. 

Nanoparticles such as silicon dioxide, also known as silica (SiO2), are sphere-like in 

shape, are chemically stable, and have high temperature resistance and  are of low cost. 

The nano-SiO2 particles can evidently increase anti-wear ability and reduce the friction 

coefficient of lubricant [92]. The use of alumina/silica (Al2O3/SiO2) composite 

nanoparticles as lubricating oil additives also shows the reduction in the amount of wear 

and the increase in seizure resistance. The modified composite nanoparticles can adsorb 

onto the friction surfaces, which results in rolling friction. Therefore, the friction 

coefficient is reduced [93]. Nanoparticles have been widely used as additives to improve 

the tribological performance of some lubricants in load-bearing processes such as in metal 

cutting [94, 95], and sliding bearings [96]. A category of mechanisms have been proposed 

to explain the lubrication enhancement of the nanoparticles suspended in lubricating oil, 

including the rolling effect [97], protective film [98], mending effect [99] and polishing 

effect [100]. These mechanisms can be mainly classified into two groups [101].  

The first is the direct effect of the nanoparticles on lubrication enhancement. The 

nanoparticles suspended in lubricating oil play the role of ball bearings between the 

friction surfaces. In addition, they also make a protective film to some extent by coating 

the rough friction surfaces. The other is the secondary effect of the presence of 

nanoparticles on surface enhancement. The nanoparticles deposit on the friction surface 

and compensate for the loss of mass, which is known as mending effect [99]. And also the 
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roughness of the lubricating surface is reduced by nanoparticle-assisted abrasion, which is 

known as a polishing effect [100]. Therefore, the application of lubricants containing 

nanoparticles in sheet metal forming processes, particularly in the ironing process, is 

expected to be effective in reducing friction and improving seizure resistance. 

 

1.8 Reduction in friction by using die coating 

Coatings deposited on forming tools are used to increase tool life by minimising tool 

wear. The low friction coefficient of the coatings is an important factor against adhesive 

wear. In addition, a high hardness is decisive for abrasive wear resistance as the 

tribological in the ironing of stainless steel and aluminium alloy cups are severe. The 

hardness and friction coefficient of coatings at dry friction against steel are shown in Fig. 

1.8 [102]. 

 

 

Fig. 1.8 Hardness and friction coefficient of coatings at dry friction against steel [102]. 

 

Because of the tribological loads in ironing of stainless steel and aluminium alloy cups 

are severe. When the lubricant film breaks down, sliding surfaces may wear and score 

severely and thus, the application of low-friction coatings on dies by chemical vapour 

deposition (CVD) and physical vapour deposition (PVD) are generally used to improve 

seizure resistance. Sato and Besshi [103] evaluated the anti-seizure performance of tools 
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used in the forming of aluminium sheets and the MoB-based cermet, cemented carbide and 

coated tools exhibited better seizure resistance than an uncoated tool steel die. 

When treating the die surface with coating, the chemical junctions between the tool 

surface and the workpiece can be reduced and then the tendency to seizure is lowered. 

Podgonik et al. [104] indicated that seizure resistance could be improved by using suitably-

coated forming tools for each type of working material. In the deep drawing of aluminium 

sheets without lubricant, diamond-like carbon (DLC) coating is effective in preventing the 

adhesion of aluminium to the die [105]. However, application of DLC coating has 

presented problems such as a peeling off due to the insufficient adhesion strength on the 

substrate tool material at high loads. A TiCN PVD coating was effective in reducing 

seizure in the forming of galvanised advanced high strength steel sheets [106]. In the 

forming of high strength steel sheets, however, nitriding combined with a CrN-coated tool 

showed better performance than a TiCN PVD coating and a DLC coating. The DLC and 

TiN coatings did not provide satisfactory results because of their low adhesion strength and 

wear resistance. Both coatings peeled off after 500 forming strikes. [107]  

For an ironing die, the adhesion strength of the DLC coating to the tool surface was 

improved by adding silicon and using the preliminary nitrided and ion etched tool surface. 

DLC-Si coating presents possibilities for application in the dry ironing of high strength 

steel sheets [108]. In the ironing of aluminium alloy cups, the TiN coating by PVD with a 

direct current magnetron sputtering technique improves the seizure resistance of the high-

speed steel die [109]. Abe et al. [110] utilised a VC-coated die in the deep drawing of 

ultra-high strength steel sheets and then seizure was prevented. The TiCN, AlTiN and CrN 

PVD coatings showed high anti-adhesion performance for the deep drawing of high 

strength steel [111]. The coatings with a low coefficient of friction are very effective in 

improving seizure resistance. 

The performance for resisting the seizure of a coated forming tool greatly depends on 

the type of work material. Podgonik et al. [104] suggested that in the case of stainless steel, 

carbon-based coatings provide the best protection against work material transfer. The 

forming of aluminium and aluminium alloys requires nitride type coatings, such as 

titanium nitride (TiN) while titanium and titanium alloys require vanadium nitride (VN) 

coatings to show improvement in seizure resistance performance. Amongst the nitride-

based coatings, VN was shown to be less prone to initiate seizure as compared to TiN, for 
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stainless steel [112]. In addition, the surface roughness of the coated tool has a crucial 

influence on seizure resistance behaviour [113]. The tendency of seizure increases with 

rough tool surfaces and the hardness of the coating does not correlate to the seizure 

tendency [114]. Therefore, a proper coating selection for forming tools with low friction 

and a suitable coating process with low surface defects and low surface roughness are very 

effective to enhance adhesive wear resistance.  

 

1.9 Research objectives 

1.9.1 Reduction in friction in ironing of aluminium alloy and stainless steel drawn 

cups 

The aim of this dissertation is to improve the ironing limit in ironing of aluminium 

alloy and stainless steel drawn cups by reducing friction between the die-cup interfaces. 

The low friction TiCN-based cermet die is utilised and then the cermet dies having fine 

lubricant pockets made by lapping of shot-peened surfaces are employed and next the 

conditions of the ironing process and lubrication for attaining low friction with the die 

having lubricant pockets are determined by the measurement of thickness of remaining 

lubricant on the sidewall of the ironed cup. In addition, friction is lowered with the 

improvement of lubrication by roughening of cup surface and seizure resistance is 

improved by the lubricant containing fine particles. Moreover, the vanadium and titanium 

nitride coatings are utilised to improve seizure resistance in ironing. 

 

1.10 Outline of dissertation 

This dissertation discusses about the reduction in friction in ironing of aluminium 

alloy and stainless steel drawn cups. First, the friction is reduced by using the TiCN-based 

cermet die, followed by utilising the die having the lubricant pockets, and the investigation 

of the lubrication behaviours in ironing with the die having lubricant pockets. And then the 

improvement of lubrication by roughening of cup surface in ironing of stainless steel cups 

as well as the lubricant containing fine particles for improving seizure resistance in ironing 

of aluminium alloy cups are exhibited. Finally, the coatings for improving seizure 

resistance in ironing of aluminium alloy cups are presented.   
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This dissertation consists of eight chapters: 

Chapter 1 presents the general introduction for the overall contents of the thesis. 

Chapter 2 presents the reduction in friction in ironing of stainless steel and aluminium 

alloy drawn cups using the TiCN-based die. In the cermet die, an additional surface coating 

is not required because it is made of hard TiCN having low friction. For comparison, TiC-

coated WC-Co, non-coated WC-Co and tool steel dies are employed. The ironing load is 

lowered by the cermet die. The effect of Young’s modulus of the die materials on the 

dimension of the ironed cups is investigated. The performance of the cermet die in 

repeated ironing is examined.  

Chapter 3 presents the reduction in friction in ironing of stainless steel and aluminium 

alloy drawn cups with die having fine lubricant pockets. Due to fine pockets on the die 

surface can retain the lubricant, consequently, can help transporting of the trapped 

lubricant to the die-cup interface for reducing friction. Therefore, the shape of fine 

lubricant pockets is optimised. The ironing limit is improved with the die having fine 

lubricant pockets. The mechanism of the improvement of the ironing limit with the die 

having an appropriate surface shape is examined from the remaining amount of lubricant in 

the ironed cups.  

Chapter 4 presents the lubrication behaviours in ironing of the stainless steel cup with 

the die having lubricant pockets. The conditions of the ironing process and lubrication for 

attaining low friction are investigated by the measurement of the thickness of the 

remaining lubricant on the sidewall of the ironed cup. By mixing a fluorescence oil in the 

lubricant and using ultraviolet rays, the thickness of the remaining lubricant on the ironed 

cup is able to be measured. Furthermore, the situation of seizure growth and surface 

roughness of the ironed cups in repeated ironing is examined.  

Chapter 5 presents the improvement of lubrication in ironing of the stainless steel cups 

by roughening of the drawn cup surface. The drawn cup surface roughened by sanding 

process with emery papers, deep drawing with large clearance, and deep drawing including 

redrawing with a small die radius are utilised to improve lubrication. For roughening by 

sanding, the cup is sanded in an axial or circumferential direction. Effects of sanding 

directions and surface roughness of the cups having the roughened surface on the 

improvement of the ironing limit are investigated. Friction is lowered with the cups having 
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the roughened surface. The reduction in friction is examined by the measurement of 

thickness of remaining lubricant on the sidewall of the ironed cup.  

Chapter 6 presents the lubricant containing fine particles for improving seizure 

resistance in ironing of aluminium alloy cups. The lubricants applying for ironing are 

mixed with fine particles. The effects of the types and size of particles on the improvement 

of seizure resistance are investigated. Only a mixing lubricant with silica (SiO2) particles 

having a ten nanometre size exhibits improvement in seizure resistance. Then, the effect of 

different mixing quantities of fine SiO2 particles in paraffin oils on the improvement of 

seizure resistance is examined. The mechanism of the improvement of seizure resistance 

with the lubricant containing fine SiO2 particles is investigated. 

Chapter 7 presents the vanadium and titanium nitride coatings for improving seizure 

resistance in ironing of aluminium alloy cups. Titanium nitride (TiN) and vanadium nitride 

(VN) coatings are deposited on high speed steel substrates by direct current magnetron 

sputtering. Coating parameters are optimised to obtain phase compositions of TiN and VN. 

The coatings are characterised for phase composition using X-ray diffraction (XRD), 

hardness using nano-indentation and load-to-failure between the coating and substrate 

using scratch testing. Ring-on-disc testing is conducted to evaluate the tribological 

properties between aluminium alloy rings sliding against high speed steel discs under a 

lubricating condition. Finally, the coating which mainly has the superior tribological 

properties was further evaluated in an aluminium cup ironing process. 

Finally concluding remarks and future prospective are given in Chapter 8. 
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Chapter 2 

Ironing of stainless steel and aluminium alloy drawn cup 

using TiCN-based cermet die 

 

2.1 Introduction 

Because of the growing awareness of environmental protection, it is necessary to 

reduce the emission of carbon dioxide gas from automobiles. Therefore, the demand for 

hybrid and electric vehicles increases, and thus lithium-ion batteries having high capacity 

are required. In the battery, the metal cups are used as electrolyte cases. The cases with a 

large aspect ratio are desirable in the industry. The aluminium alloy cups with an extreme 

aspect ratio were achieved by process design and a modification of the initial blank in 

multi-stage deep drawing [12]. Schünemann et al. [11] illustrated the application of process 

modelling to deep drawing and ironing operations, then the cases are mainly produced by 

multi-stage stamping that includes deep drawing and ironing of stainless steel and 

aluminium alloy sheets. In ironing of stainless steel drawn cups, the fracture and seizure 

tend to occur. The fracture limit in ironing is affected by the friction between a cup and die 

[21]. 

To reduce friction and to prevent the occurrence of seizure in ironing, liquid lubricants 

are conventionally used. Bay et al. [54] reviewed lubrication mechanisms in ironing of 

sheet metal forming processes. Kawai et al. [27] showed that the seizure was prevented by 

appropriate viscosity of lubricants in ironing of aluminium cups. Ironing operations in the 

stainless steel cups are severe due to high flow stress and low thermal conductivity, and 

thus low friction coating of dies by the CVD and PVD treatments is generally used. The 

TiCN, AlTiN and CrN PVD coatings showed high anti-adhesion performance for deep 

drawing of high strength steel [107]. Although wear resistance of the coating is desirable to 

improve die life, the wear resistance of coating by PVD and CVD is insufficient. 

Since tool wear in deep drawing and ironing is problematic in the mass production, 

low friction tool materials such as ceramics and cermets are applied. Sato and Besshi [103] 

evaluated anti-galling performance of tools in forming of aluminium sheets and the MoB-

based cermet tool exhibited better anti-galling performance than cemented carbide and 
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coated tools. For deep drawing of stainless steel using an alumina ceramic die, the drawing 

load was significantly reduced [41]. Tamaoki et al. [42] proposed electro conductive 

ceramic dies for deep drawing, and then the cups were successfully deep drawn over 

10,000 times [43]. However, it is not easy to apply the brittle ceramic die to ironing of 

stainless steel cups. 

Peng et al. [45] reviewed the development of TiCN-based cermets. The advances in 

the synthesis of ultrafine/nano TiCN powders and preparation of TiCN-based cermets 

enhance their hardness, toughness and wear resistance. Jeon et al. [46] showed the fracture 

toughness and hardness of the ultrafine grade TiCN-based cermets are considerably 

improved compared to conventional coarse TiCN-based materials. Bellosi et al. [50] 

evaluated the performance of developed TiCN-based tools in machining of carbon steel 

and quenched-tempered steel. The developed TiCN-based tools showed the improvement 

of machining performance compared to commercial tools. The TiCN-based cermet 

becomes more attractive for cutting tools because the cermet has excellent wear resistance 

[51, 52]. Therefore, the TiCN-based cermet is expected to be effective for improving the 

formability by reducing friction in ironing of stainless steel and aluminium alloy drawn 

cups. 

In the present study, a TiCN-based cermet die was utilised to reduce friction in the 

ironing of stainless steel and aluminium alloy drawn cups. For comparison, TiC-coated 

WC-Co, non-coated WC-Co and tool steel dies were employed. The influence of the die 

materials on the ironing limit was studied. The effect of Young’s modulus of the die 

materials on the dimension of the ironed cups was investigated. In addition, the 

performance of the cermet die in repeated ironing was examined. 

 

 

2.2 Ironing conditions 

The sheet materials were austenitic stainless steel SUS304, ferritic stainless steel 

SUS430 and aluminium alloy A3003 sheets having a thickness of 0.6 mm. The mechanical 

properties of sheets obtained from the tensile test are shown in Table 2.1. The diameters of 

the stainless steel and aluminium alloy sheets for deep drawing were 66 and 64 mm, 

respectively. 
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Table 2.1 Mechanical properties of sheets used for ironing. 

Sheet Tensile strength /MPa Elongation /% n-value r-value 

SUS304 710 59.3 0.40 1.01 

SUS430 547 25.7 0.20 1.17 

A3003 106 26.8 0.21 0.42 

 

The ironing conditions of cylindrical drawn cups are shown in Fig. 2.1. To change the 

ironing ratio, the punch diameter d is changed while the inside diameter of the die is fixed 

at 34 mm. The ironing limit is defined by the largest ironing ratio which the die is able to 

iron without the occurrence of seizure on the die or the fracture of the cup. The ironing 

ratio is given by 

0

m0

t

tt
r


 ,                                             (1)  

where t0 is the initial thickness of a blank and tm is the average of the wall thickness of the 

ironed cup.  

 

Fig. 2.1 Ironing conditions of drawn cup. 

 

The surface in the die land for the different tool materials is shown in Fig. 2.2. The 

dies made of the tool steel SKD11, non-coated WC-Co, CVD-coated WC-Co with TiC 

coating and TiCN-based cermet were utilised. The WC-Co is a V20 code in accordance 
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with the Japanese Industrial Standard B 4053. The TiCN-based cermet was obtained by 

sintering of main TiCN powders with a nickel binder without tungsten carbide and cobalt 

in its composition. Because the main component of the cermet is made from low friction 

TiCN, an additional surface coating is not required. To prevent the fracture of the dies, 

each die except the tool steel one was fixed into a steel ring by press fitting. The tool steel 

die was made into one part with the inside and outside diameters of 34 and 90 mm, 

respectively. 

The surface roughness and micro-Vickers hardness of the dies are shown in Table 2.2. 

All the die surfaces were finished by lapping hence their surfaces are very fine with surface 

roughness in an axial direction about 0.02 μmRa. The maximum hardness is obtained from 

the TiC-coated WC-Co die, while the tool steel die exhibits minimum hardness. Lubricants 

were oils. For the SUS304 cup, a lubricant containing a chlorine-based extreme-pressure 

additive with a kinematic viscosity η = 513 mm
2
/s (40 °C) was employed. For the SUS430 

cup, the lubricants containing the chlorine additive with η  = 513 and 3.0 mm
2
/s were 

applied. A lubricant without the extreme-pressure additive with the kinematic viscosity 

η  = 562 mm
2
/s was used for the A3003 cup. The cup was attached to the punch and then a 

lubricant was applied to the die and the outside of the cup sidewall. The ironing was 

performed by using a universal testing machine with an ironing speed v = 8.0 mm/s. To 

maintain the same surface condition, the die surface was lapped by diamond paste having a 

size of 1 μm and cleaned thoroughly after each ironing condition. 

 

  

Fig. 2.2 Surface in die land for different tool materials. 
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Table 2.2 Surface roughness and Vickers hardness of dies. 

Die material 

Surface roughness in die land 
Vickers  

hardness /HV50 
Arithmetic 

mean /µmRa 

Maximum 

height /µmRz 

Tool steel SKD11 0.02 0.28 750 

Non-coated WC-Co V20 0.02 0.21 1650 

TiC-coated WC-Co V20 0.02 0.14 1650, 3000 (TiC) 

TiCN-based cermet 0.02 0.20 1550 

 

 

2.3 Ironing of stainless steel cups 

2.3.1 Ironing limit 

The ironed SUS304 cups with the non-coated WC-Co die are shown in Fig. 2.3. 

Although the ironed cup was obtained without the defect at r = 11%. At the ironing ratios r 

= 15% and 21%, the seizure and the fracture take place, respectively. 

 

 

Fig. 2.3 Ironed SUS304 cups with non-coated WC-Co die. 

 

(a) Before ironing (b) No defect, r=11%
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The wall thickness distribution in the sidewall of the ironed cups for SUS304 with the 

different tool materials and d = 33.16 mm is shown in Fig. 2.4. The wall thickness was 

measured every 3 mm. As shown in Fig. 2.3, the height of the ironed cups became wavy. 

Therefore, the measurement was performed till the uniform height in a circumferential 

direction. By using the same punch diameter, the obtained wall thickness of the cups is 

differed with different die materials. Using the tool steel die shows the largest wall 

thickness of the ironed cup because of large elastic deformation of the die. The wall 

thickness becomes closer to the clearance between the punch and die with the TiCN-based 

cermet, TiC-coated WC-Co and non-coated WC-Co dies, respectively.   

 

 

Fig. 2.4 Wall thickness distribution in sidewall of ironed cups for SUS304 with different 

tool materials and d = 33.16 mm. 

 

The ironing limit and the surface of the die land for the SUS304 cup with the different 

tool materials are shown in Fig. 2.5. At a high ironing ratio, the seizure occurs for the non-

coated WC-Co and the tool steel dies, whereas for the TiC-coated WC-Co and TiCN-based 

cermet dies, the seizure is prevented. The TiCN-based cermet die exhibits the largest 

ironing limit, and then no seizure occurs on the surface of the die. 
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Fig. 2.5 Ironing limit and surface of die land for SUS304 cup with different tool materials. 

 

The ironing load-stroke curves and the ironing energy for the SUS304 cup with the 

different tool materials and d = 33.16 mm are shown in Fig. 2.6. The ironing load-stroke 

curves and the ironing energy with the different tool materials were compared at the same 

ironing ratio about 15%. The ironing energy is calculated from the area of the ironing load-

stroke curve. The ironing energy obtained from the non-coated WC-Co die is the largest. 

While the ironing energy obtained from the TiC-coated WC-Co and the TiCN-based 

cermet dies are same. Since the ironing ratio of the TiCN-based cermet die was higher than 

that of the TiC-coated WC-Co die. This suggests that the TiCN-based cermet die has lower 

friction. 
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Fig. 2.6 Ironing load-stroke curves and ironing energy for SUS304 cup with different tool 

materials and d = 33.16 mm. 

 

The ironing limit and the surface of the die land for the SUS430 cup with the different 

tool materials are shown in Fig. 2.7. By applying the lubricant having the viscosity η  = 3.0 

mm
2
/s, the ironing limit of each die is slightly different. However, by applying the 

lubricant having the viscosity η = 513 mm
2
/s, all dies except the tool steel die are able to 

iron until r = 20% without the occurrence of seizure. By increasing the viscosity of the 

lubricant, the ironing limit is significantly improved. 
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Fig. 2.7 Ironing limit and surface of die land for SUS430 cup with different tool materials. 

 

Since the cermet die shows a high ironing limit, this die was chosen for the 

investigation of an effect of the ironing speed on the ironing limit. The effect of the ironing 

speed on the ironing limit for stainless steel cups with the TiCN-based cermet die is shown 

in Fig. 2.8. In addition, the distribution of the temperature on the sidewall of the ironed cup 

is also illustrated. The distribution of the temperature was measured by a thermographic 

camera at 0.1 s after ironing. For SUS304 and all ironing speeds at r = 20%, the fracture of 

the cups takes place. Although at r = 17% the temperature of the upper portion of the 

ironed cup becomes high, no seizure occurs. The ironing speed has no significant effect on 

the occurrence of seizure. On the other hand, for SUS430 at r = 21% and the ironing speed 

above v = 25 mm/s, the seizure and the delayed fracture take place. 

 

1mm

0

10

20

30

Tool steel

Ir
o

n
in

g
 r

at
io

 r
/%

Non-coated 

WC-Co  

Coated 

WC-Co  

Seizure

No defect

Seizure

Seizure

Seizure

3.0 513 3.0 513 3.0 513 3.0 513

η /mm2·s-1



28 
 

 

Fig. 2.8 Effect of ironing speed on ironing limit for stainless steel cups with TiCN-based 

cermet die. 

 

2.3.2 Effect of die materials on dimension of ironed cups 

The ironed SUS304 cups and the average sidewall thickness of the ironed cups with the 

different tool materials and d = 33.16 mm are shown in Fig. 2.9. For comparison, the 

calculation of the average wall thickness with the finite element simulation was carried out 

using the commercial finite element method software LS-DYNA. In the simulation, the die 

was assumed as an elastic body and the cup was assumed as an elastic-plastic body, while 

the others were assumed to be rigid. The Young’s modulus of tool steel, cermet and non-

coated WC-Co dies are 210, 410 and 600 GPa, respectively. The flow stress curves of the 

SUS304 and SUS430 sheets obtained from the tensile test are σ = 1262ε
0.4

 MPa and σ = 

864ε
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 MPa, respectively. Where σ is the flow stress and ε is the true strain. Coulomb 

friction was defined. The coefficient of friction at an interface between the punch and cup 

as well as at an interface between the cup and die were assumed to be 0.2 and 0.1, 

respectively. The cup ironed by the TiC-coated WC-Co die has the tallest height. The 

second is the cup obtained from the cermet die. With the tool steel one shows the lowest 

height of the cup. The average sidewall thickness of the ironed cup with the TiC-coated 
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WC-Co, non-coated WC-Co and cermet dies are closer to the punch-die clearance than 

with the tool steel one. For the ironed SUS304 cup having large flow stress, the 

discrepancy between the average sidewall thickness and the punch-die clearance is 

markedly noticed. Although the average sidewall thickness obtained from the calculation is 

smaller than the experiment, they show the same tendency. 

 

 

Fig. 2.9 Ironed SUS304 cups and average sidewall thickness of ironed cup with different 

tool materials and d = 33.16 mm. 

 

The effect of the Young’s modulus of the die on the sidewall thickness and the height of 

the ironed cup is shown in Fig. 2.10. Due to a high contact pressure generated during 

ironing causes the expansion of the inside diameter of the die. When the inside diameter of 

the die expands, the reduction in the sidewall thickness of the ironed cup is small, 

consequently the increase in the height of the cup becomes small. The Young’s modulus of 
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the die materials has an influence on the expansion of the die. As shown in Fig. 2.9, the 

height of the ironed cup increases when the Young’s modulus of the die is high. Since the 

flow stress of the SUS304 cup is greater than the SUS430 cup, the expansion of the die is 

large. Thus the wall thickness of the ironed cup becomes thick. The ironing of high 

precision parts is able to gain the benefit from the high Young’s modulus of the tungsten 

carbide die. 

 

 

Fig. 2.10 Effect of Young’s modulus of die on sidewall thickness and height of ironed cup. 

 

2.4 Ironing of aluminium alloy cups 

The ironing limit for the A3003 cup with the different tool materials is shown in Fig. 

2.11. For the lubricant without the additive with η   562 mm
2
/s and r = 37%, the seizure 

occurs for the TiC-coated WC-Co die, whereas the seizure is prevented for the cermet one. 

There are the fractures of the cup edge for both dies. For the lubricant containing the 

chlorine additive with η   513 mm
2
/s, the ironing limit also exhibits the same tendency 

which the seizure is prevented for the cermet die. 
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Fig. 2.11 Ironing limit for A3003 cup with different tool materials. 

 

The effect of the ironing speed on the ironing limit and the temperature distribution of 

the ironed A3003 cup with the cermet die are shown in Fig. 2.12. The ironing limit does 

not change with the increasing in the ironing speed. Furthermore, the temperature of the 

cup rises slightly because the aluminium alloy has low flow stress and high thermal 

conductivity. With the lubricant without the additive, the ironing limit becomes high. 
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Fig. 2.12 Effect of ironing speed on ironing limit and temperature distribution of ironed 

A3003 cup with cermet die. 

 

The average sidewall thickness of the ironed A3003 cups with the different tool 

materials and d = 33.16 mm is shown in Fig. 2.13. The sidewall thickness of the ironed cup 

from each die becomes larger than the punch-die clearance. The sidewall thickness of the 

obtained cup from difference die materials is slightly different, because the flow stress of 

A3003 is small compared to the Young’s modulus of the die. 

 

 

Fig. 2.13 Average sidewall thickness of ironed A3003 cup for d = 33.16 mm. 
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2.5 Performance of cermet die in repeated ironing 

The repeated ironing of the SUS430 and A3003 cups were conducted by using the 

cermet die. In addition, the TiC-coated WC-Co die was used as a comparison. The ironing 

ratio for the SUS430 and A3003 cups were about 6% and 25%, respectively. The total 

number of strikes for the SUS430 and A3003 cups were n = 100 and 50, respectively. The 

deep drawing and ironing dies were arranged vertically, two processes were performed in 

one strike. The repeated ironing was performed by using a mechanical servo press with an 

ironing speed of 75 mm/s. Because the blanks were manually fed into the die, the number 

of strikes per minute of the process was about 5. For SUS430, the lubricant containing the 

chlorine additive having the viscosity η  = 3.0 mm
2
/s was applied. For A3003, the lubricant 

without the additive with η   562 mm
2
/s was employed. The lubricant was applied to the 

dies and the blank. The repeated ironing was performed continuously until the maximum 

number of strikes without polishing of the die during ironing. 

The surfaces in the die land after repeated ironing are shown in Fig. 2.14. The results 

of the TiC-coated WC-Co die are also shown as a comparison. For SUS430 cups, using the 

cermet die, the cups are successfully formed up to 100 strikes without the occurrence of 

seizure, whereas using the TiC-coated WC-Co die, the seizure takes place. For A3003 cups, 

the cermet die is able to perform ironing until n = 50 without seizure, while tiny seizure 

occurs in the TiC-coated WC-Co one. 

 

 

Fig. 2.14 Surfaces in die land after repeated ironing. 

 

The histories of the ironing load and the die temperature for SUS430 cups with the 

different tool materials are shown in Fig. 2.15. The die temperature is the maximum 

temperature of the die land taken by a thermographic camera at 2 s after the end of ironing. 
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There is no change in the ironing load with the number of strikes. By using the cermet die, 

the ironing load is lower than the TiC-coated WC-Co die. The die temperature increases 

with the number of strikes. Although the thermal conductivity of WC-Co is superior to that 

of the TiCN-based cermet [115], the temperature of the cermet die is lower than the TiC-

coated WC-Co die. Because of the ironing load by the TiC-coated WC-Co die is high. 

 

 

Fig. 2.15 Histories of ironing load and die temperature for SUS430 cups with different tool 

materials. 

 

The histories of the ironing load and the die temperature for A3003 cups with the 

different tool materials are shown in Fig. 2.16. After the first strike, there is no change in 

the ironing load and the die temperature with the number of strikes. The temperature of the 

TiC-coated WC-Co die is equivalent to that of the cermet die.  
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Fig. 2.16 Histories of ironing load and die temperature for A3003 cups with different tool 

materials. 

 

The variation of surface roughness in the sidewall of ironed SUS430 and A3003 cups 

in repeated ironing is shown in Fig. 2.17. The surface roughness was measured in the 

circumferential direction at the distance of 25 mm from the bottom of the ironed cup. For 

SUS430 cups, the surface roughness of the cups produced by the cermet die remains 

almost constant up to 100 strikes, whereas the surface roughness of the cups produced by 

the TiC-coated WC-Co die has a tendency to increase after 70 strikes. For A3003 cups, the 

surface roughness of the cups produced by the cermet die is lower than that by the TiC-

coated WC-Co one. The cermet die has high seizure resistance in ironing of stainless steel 

and aluminium alloy cups. 
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Fig. 2.17 Variation of surface roughness in sidewall of ironed cup in repeated ironing. 

 

 

2.6 Conclusions 

The TiCN-based cermet die was utilised to reduce friction in ironing of stainless steel 

and aluminium alloy drawn cups. For comparison, TiC-coated WC-Co, non-coated WC-Co 

and tool steel dies were employed. The influence of the die materials on the ironing limit 

was studied. The effect of Young’s modulus of the die materials on the dimension of the 

ironed cups was investigated. In addition, the performance of the cermet die in repeated 

ironing was examined, and the following results were obtained: 

1. For ironing of stainless steel cups, the ironing limit of the TiCN-based cermet and TiC-

coated WC-Co dies were the highest and then followed by the non-coated WC-Co die. 

The ironing limit of the tool steel die was the lowest. For ironing of aluminium alloy 

cups, the ironing limit of the TiCN-based cermet die was the highest and then followed 

by TiC-coated WC-Co and the non-coated WC-Co dies, respectively. The ironing limit 

of the tool steel die exhibited the lowest. 
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2. For repeated ironing of the ferritic stainless steel SUS430 and aluminium alloy A3003 

cups using the TiCN-based cermet die, the SUS430 and A3003 cups were successfully 

formed up to 100 and 50 strikes, respectively, without the occurrence of seizure. 

3. The height of ironed stainless steel cups with the TiC-coated WC-Co die was the 

highest and followed by the TiCN-based cermet die and the tool steel one, respectively. 

The height of the cup increased as the elastic modulus of the die was large. For the 

austenitic stainless steel SUS304 cup having large strength, the tendency of the 

discrepancy between the average sidewall thickness and the punch-die clearance was 

more remarkable than for the ferritic stainless steel SUS430 cup. 
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Chapter 3 

Reduction in friction in ironing of stainless steel and 

aluminium alloy drawn cup using die having lubricant 

pockets 

 

3.1 Introduction 

The metal cups are widely used as beverage cans, food containers, electrical parts and 

mechanical parts. Since the cups with a large aspect ratio are required for electrolyte cases 

in the battery, the cases are mainly produced by multi-stage stamping which includes deep 

drawing and ironing of stainless steel and aluminium alloy sheets. To improve the process 

conditions, process modelling is applied to deep drawing and ironing operations [11]. The 

aluminium alloy cups with an extreme aspect ratio were achieved by process design and a 

modification of the initial blank in multi-stage deep drawing [12]. 

Sheet stamping operations in the stainless steel are severe due to their high flow stress 

and low thermal conductivity. The fracture and seizure tend to occur. The fracture limit is 

affected by friction between the cup and the die [21]. To reduce friction and to prevent the 

occurrence of seizure in ironing, liquid lubricants are conventionally used. Applying liquid 

lubricants, the workpiece surface topography has an influence on the improvement of 

lubrication. Because a rough surface is able to provide small pits, consequently, the 

transporting of the trapped lubricant with plastic deformation of the workpiece to the tool-

workpiece interface develops the thin lubricant film. This mechanism was named micro-

plasto-hydrodynamic lubrication [55]. In a cold sheet drawing test, the mechanism of 

micro-plasto-hydrodynamic lubrication was elucidated [56]. The mechanism was verified 

by direct observation of the tool-workpiece interface through a transparent die. The degree 

of reduction, drawing speed and lubricant viscosity have an influence on the escaping 

lubricant from the pockets [57, 58]. Utilising the same direct observation technique, the 

effects of pocket geometry, lubricant viscosity, drawing speed and reduction on the 
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entrapment and escape of liquid lubrication were investigated [59, 60]. The escape of 

trapped lubricants from pockets during strip drawing has an influence on drawing load [61] 

Since the use of structured sheet surfaces providing surface topography with lubricant 

pockets facilitates the lubrication in the forming processes. The sheet-surface structures 

have been developed to improve the tribological conditions of sheet forming processes [62]. 

The structured sheet surface produced by transferring of roller surfaces prepared by 

electron beam texturing in skin pass rolling was introduced to the deep drawing process. 

Because the lubrication is assisted during the process, the friction decreases with 

increasing in drawing speed [64]. To clearly obtain a defined surface structure of the sheet 

in cold-rolling processes, the finite-element model was developed to simulate the transfer 

characteristics of the roll surface textured by electron-beam texturing [65]. The 3D surface 

parameters were developed to characterise the structured sheet surfaces with respect to 

their functional behaviour [66]. The structured stainless steel sheet significantly improved 

the lubrication performance with no sign of lubricant film breakdown in strip ironing and 

in deep drawing [67]. However, the structured sheet surface does not function when it is 

completely flattened in the large deformation. 

On the other hand, the tool surface seldom changes. Applying the texturing on the tool 

surface facilitates the forming process even after long-running use. Geiger et al. [68] 

introduced the texturing using an excimer laser radiation to the surface of a TiN-coated 

punch for cold forging. Popp and Engel [69] showed the pressurization of the entrapped 

lubricant in the well-designed micro pockets improved the tool life. During the process, 

tool wear was reduced by the wiped lubricant from micro pockets [71]. Vilhena et al. [72] 

employed laser surface texturing to hardened bearing steel and parameters of the laser 

surface texturing process were optimised. Well defined micro-dimples improved 

tribological behaviour
 
[73]. Meng et al. [75] exhibited friction can be reduced by using  the 

laser textured tool having micro rectangle dimples with a flat bottom. Aramaki et al. [76] 

showed the die treated by the combination of shot-peening and nitriding improves seizure 

resistance in the drawing test of high strength steel sheets because of its lubricating effect. 

To assist in lubricating in ironing of stainless steel cups, the dies textured by shot peening 

producing fine lubricant pockets were introduced. 

In the present study, TiCN-based cermet dies having fine lubricant pockets made by 

the lapping of shot-peened surfaces was utilised to reduce friction in the ironing of 
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stainless steel and aluminium alloy drawn cups. The effect of dies having fine lubricant 

pockets with different surface roughness on the ironing limit was investigated. The 

lubrication mechanism for improving the ironing limit with the die having the lubricant 

pockets was determined. 

 

3.2 Ironing conditions using die having lubricant pockets  

The ironing conditions using the die having the lubricant pockets are shown in Fig. 

3.1. The cup obtained from deep drawing as shown in Fig. 3.1 (a), was attached to the 

punch and then was ironed as shown in Fig. 3.1 (b). The obtained cups were drawn from 

circular sheets of the ferritic stainless steel SUS430 having 0.6 and 66 mm in thickness and 

diameter, respectively. For comparison, austenitic stainless steel SUS304 and aluminium 

alloy A3003 sheets were employed. The mechanical properties of the sheets used for 

ironing are shown in Table 3.1. The ironing ratio r was changed by changing the punch 

diameter dp while the inside diameter of ironing dies was fixed at 34 mm. The ironing ratio 

r was determined by a difference between the initial thickness of the blank and the average 

wall thickness of the ironed cup divided by the initial thickness. The ironing speed v was 

100 mm/s. The lubricant for the stainless steel cups was a mineral oil containing a 

chlorine-based extreme-pressure additive with a kinematic viscosity of 2.99 mm
2
/s at 

40 °C. The lubricant for the aluminium alloy cups was a mineral oil without the additive 

with a kinematic viscosity of 562 mm
2
/s at 40 °C. The lubricant was applied to the cup and 

die surfaces. In the experiment, seizure was examined every ironing. The ironing ratio was 

increased until the seizure had occurred. 
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Fig. 3.1  Ironing conditions using die having lubricant pockets. 

 

Table 3.1  Mechanical properties of sheets used for ironing. 

Sheet SUS430 SUS304 A3003-O 

Tensile strength /MPa 547 710 200 

Elongation /% 25.7 59.3 26.8 

n-value 0.20 0.40 0.22 

r-value 1.17 1.01 0.79 

Surface roughness /mmRa 0.02 0.06 0.22 

 

In the previous study, as the TiCN-based cermet die showed a high ironing limit in 

ironing of stainless steel, the TiCN-based cermet die was utilised. The TiCN-based cermet 

was obtained by sintering of main TiCN powders with a nickel binder. Because the main 

component of the cermet is made of low friction TiCN, an additional surface coating is not 

required. The modulus of elasticity and hardness of the TiCN-based cermet are 410GPa 

and 1550HV50, respectively. To prevent the fracture of the dies, each die was fixed into a 

steel ring by press fitting. The outside diameter of the dies was 58.23 mm, while the steel 

rings had the inside diameter of 58.00 mm. 
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Fig. 3.2  Surface shapes of die land. 
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The pockets for retaining the lubricant on a smooth surface were obtained by shot 

peening and polishing. In a comparison, the die having a polished surface and shot-peened 

surfaces were also used. In the shot peening process, first, the uneven surface was formed, 

and then two steps of removal of protrusion were performed. Alumina, glass, and hard 

carbide particles with the size about ten micrometres were used as shot-peening materials 

in each step, respectively. Various surfaces were obtained by changing the shot-peening 

time and polishing time with micro-size diamond particles. The surface shapes of the die 

land of each die are shown in Fig. 3.2. Surface roughness of the dies was measured at the 

die land in an axial direction by using a mechanical stylus profiler. The evaluation length 

was 0.8 mm (ten times as cut-off length) with the cut-off length of 0.08 mm. The 

arithmetic mean surface roughness Ra, reduced peak height Rpk and reduced valley depth 

Rvk were examined. The polished surface is very smooth. The shot-peened surface has a 

large number of irregular shapes with fine diameter and depth. The surface having 

lubricant pockets has both a flat smooth surface and concave shape pockets. 

The surface roughness parameters are shown in Fig. 3.3. The core roughness depth Rk 

is the depth of the roughness core profile. The reduced peak height Rpk is the average 

height of the protruding peaks above the roughness core profile. The reduced valley depth 

Rvk is the average depth of the profile valleys projecting through the roughness core 

profile.  

 

Fig. 3.3 Surface roughness parameters. 

 

The reduced peak height and reduced valley depth in the die land are shown in Fig. 

3.4. For the shot-peened surface, although the reduced valley depth for retaining the 

lubricant was large, the reduced peak height being the protrusion was also large with 

increasing in the arithmetic mean surface roughness. For the surface having the lubricant 

pockets, the reduced valley depth for trapping the lubricant was large whereas the reduced 

peak height maintained the same level as that of the polished surface for the arithmetic 
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mean surface roughness until 0.12µm. And then above that the reduced peak height also 

increased. 

 

 

Fig. 3.4  Reduced peak height and reduced valley depth in die land. 
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The surface shapes of the sidewall of the drawn cup are shown in Fig. 3.5. The surface 

was taken about 20 mm from the bottom corner of the cup. Due to plastic deformation in 

the deep drawing process, the surface of the cup is roughened and then has a large number 

of irregularities.  

 

 

Fig. 3.5  Surface shapes of sidewall of drawn cup. 
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Fig. 3.6  SUS430 cup before ironing and defects of ironed cups. 

 

The ironing limit for the die having the shot-peened surface and the surface having 

lubricant pockets for SUS430 cups is shown in Fig. 3.7. When the ironing ratio increases, 

the fracture of the cup and the seizure occur for each die surface. The seizure is adhesion of 

the stainless steel occurring at the die land. For the shot-peened surface with the reduced 

valley depth about 0.18 µm, the ironing limit was the same as that for the polished surface. 

With further increasing in the reduced valley depth, the ironing limit cannot be improved, 

because the reduced peak height also increases. For the surface having the lubricant 

pockets, when the reduced valley depth was in the range of 0.22 µm to 0.42 µm, the 

surfaces are composed of concave shaped pockets and the flat smooth surface. The limits 

of the ironing ratio became high. It is two times as large as the polished surface. In each 

surface of die, when the reduced peak is higher than about 0.06 µm, the defects are prone 

to early occur and then the limits of the ironing ratio become low. The surface having the 

reduced valley depth without protrusions is effective for retaining the lubricant. 
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Fig. 3.7  Ironing limit for die having shot-peened surface and surface having lubricant 

pockets for SUS430 cups. 
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The ironing limit for the die having the lubricant pockets and A3003 cups is shown in 

Fig. 3.8. Because aluminium alloy possesses low flow stress, the TiCN-based cermet die 

showed a high ironing limit for A3003 in the previous study, the ironing limit for the 

A3003 cup is higher than that for the SUS430 cup. For each surface roughness of die, 

when the ironing ratio increases, the fracture of the cup and the seizure occur. The same as 

the SUS430 cup, when the reduced valley depth of the surface having the lubricant pockets 

was about 0.22 µm to 0.42 µm, the ironing limit was improved about 1.2 times larger than 

the polished surface. 

 

 

Fig. 3.8  Ironing limit for die having lubricant pockets and A3003 cups.  
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having the lubricant pockets, the forming limit was improved about 1.8 times larger than 

the polished surface. 

 

Fig. 3.9  Ironing limit for die having lubricant pockets and SUS304 cups. 
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Fig. 3.10  Ironing load-stroke curve for polished surface and surface having lubricant 

pockets and SUS430 cups. 

 

 

Fig. 3.11  Relationship between average ironing load and ironing ratio for SUS430 cups. 
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where, Pave is the average ironing load, α is the semi-cone angle of a die, σ is the tensile 

strength of the sheet, A0, Af are cross-sectional area of cup before and after ironing, 

respectively [120]. The coefficient of friction increased with the ironing ratio. The 

coefficient for the die having the lubricant pockets was the smallest because escaping of 

the lubricant from the pockets reduced friction. Since the lubricant on the polished surface 

die squeezed out easily, this die exhibits the largest coefficient of friction. 

 

 

Fig. 3.12  Relationship between coefficient of friction and ironing ratio for SUS430 cups. 
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powders irradiating to ultraviolet rays was applied to the cup sidewall. After ironing, the 

cup and the punch was pushed through the die and then dropped onto the die plate. The 

surface of the dropped cup irradiated with ultraviolet rays having the peak wave length of 

375 nm, and then the exposure of the remaining fluorescence powder-mixed lubricant was 

photographed by a camera. The mixing ratio of fluorescence powders having an average 

particle size of 5 µm in the lubricant was 5wt%. 

 

 

Fig. 3.13  Observation of remaining lubricant on ironed cup surface by fluorescence 

powders and ultraviolet rays. 
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Fig. 3.14  Remaining lubricant on SUS430 cups and die surfaces after ironing. 
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fluorescence powder-mixed lubricant was observed. On the other hand, on the cup sidewall 

with the polished surface, there was almost no the bright white luminous area of the 

remaining lubricant apart from the reflection of the ultraviolet lights. From the observation 

of the remaining lubricant on the cup sidewall, with the surface having the lubricant 

pockets showed the large amount of the lubricant retained. 

The SUS430 cups and die surfaces after ironing without the lubricant are shown in Fig. 

3.15. Before ironing, the surfaces of the cup and die were degreased by acetone. Seizure 

occurs severely in the die land of both the polished surface and the surface having the 

lubricant pockets as well as in the sidewall the ironed cup. From this, even with the 

lubricant pockets, high lubrication cannot occur if there is no any lubricant. 

 

 

Fig. 3.15  SUS430 cups and die surfaces after ironing without lubricant. 
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lubricating oil was applied to the sheet and then the process was repeatedly performed until 

the number n = 100 without polishing of the die surface. Two TiCN-based cermet dies with 

the polished surface and with the surface having the lubricant pockets with 0.06 µmRa 

were employed. The ironing ratio was set at r = 9%. The forming was performed with a 

speed of 150 mm/s. 

 

 

Fig. 3.16  Repeated ironing condition for SUS430 blank and r=9%. 

 

The die surfaces and cups after repeated ironing are shown in Fig. 3.17. For the 

polished surface at n=100, seizure slightly occurred on the die land and the upper sidewall 

of the cup. But for the surface having the lubricant pockets, seizure was prevented. 

The history of the maximum ironing loads in repeated ironing is shown in Fig. 3.18. 

Although there are some variations for each surface, the maximum ironing load with the 

die having the lubricant pockets is lower than that with the polished surface. It is due to the 

surface having the lubricant pockets can improve the lubrication in repeated ironing of 100 

times. Thus friction is lowered. 
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Fig. 3.17  Die surfaces and cups after repeated ironing. 
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Fig. 3.18  History of maximum ironing loads in repeated ironing. 

 

3.5 Conclusions 

The TiCN-based cermet dies having fine lubricant pockets made by lapping of shot-

peened surfaces was utilised to reduce friction in ironing of stainless steel and aluminium 

alloy drawn cups. The effect of dies having fine lubricant pockets with different surface 

roughness on the ironing limit was investigated. The lubrication mechanism for improving 

the ironing limit  with the die having the lubricant pockets was determined, and the 

following results were obtained: 

1. Either with the shot-peened surface or with the surface having the lubricant pockets, 

the defect early occurred at a low ironing ratio when the reduced peak height was more 

than about 0.06 µm. With the surface having the lubricant pockets for the reduced 

valley depth in the range of 0.22 µm to 0.42 µm, the ironing limit was improved about 

2 times larger than the polished surface. 

2. The average ironing load for the surface having the lubricant pockets was the lowest, 

whereas for the polished surface was the highest. The average ironing load in ironing of 

SUS430 cup with the surface having the lubricant pockets was reduced about 20% 

compared to the polished surface. 

3. The remaining lubricant on the sidewall of the ironed cup with the surface having the 

lubricant pockets became greater than that with the polished surface. For the die having 

the lubricant pockets, the large amount of the lubricant was able to be retained during 

the process. 
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4. In repeated ironing at the strike number of 100, for the polished surface, seizure 

slightly occurred on the die land and the upper sidewall of the cup. But for the surface 

having the lubricant pockets, seizure was prevented and the ironing load was also lower 

than for the polished surface. 
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Chapter 4 

Lubrication behaviours in ironing of stainless steel cup 

with die having lubricant pockets 

 

4.1 Introduction 

Effective lubrication systems bring about low friction levels. Liquid lubricants 

interpose an adherent film between the die and cup. This film minimises adhesion and 

interactions of die surface with the other which increases die life by reducing wear and 

improves product quality by reducing the incidence of seizure and other surface defects. 

Therefore, lubrication is vitally important in an ironing process. To reduce friction and to 

prevent the occurrence of seizure in ironing, liquid lubricants are conventionally used. Bay 

et al. [54] reviewed lubrication mechanisms in ironing of sheet metal forming processes. In 

hydrostatic lubrication, a part of the normal contact load between the tool and workpiece is 

supported by the hydrostatic pressure of the trapped lubricant generated in the pockets. In 

hydrodynamic lubrication, the permeation of the trapped lubricant into the tool-workpiece 

interface develops the thin lubricant film. Mizuno and Okamoto [55] demonstrated during 

forming, not only the hydrostatic but also hydrodynamic lubrication occurs. Kudo et al. 

[56] exhibited the occurrence of the hydrodynamic lubrication in cold sheet drawing is 

influenced by the drawing speed, the lubricant viscosity and the die angle. The micro-

hydrodynamic lubrication induced by the escape of the lubricant from the pockets was 

directly observed through a transparent die in strip drawing. The degree of reduction, 

drawing speed and lubricant viscosity have an influence on the escaping lubricant from the 

pockets [57, 58]. Although Kawai et al. [27] showed that the seizure is prevented by the 

appropriate viscosity of lubricants in ironing of aluminium cups, it is not easy for stainless 

steel cups to be ironed. 

Since the use of structured sheet surfaces providing surface topography with lubricant 

pockets facilitates the lubrication in the forming processes. The sheet-surface structures 

have been developed to improve the tribological conditions of sheet forming processes [62]. 

The structured sheet surface produced by transferring of roller surfaces prepared by 
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electron beam texturing in skin pass rolling was introduced to the deep drawing process. 

Because the lubrication is assisted during the process, the friction decreases with 

increasing in drawing speed [64]. Furthermore, the tool surface seldom changes. Applying 

the texturing on the tool surface facilitates the forming process even after long-running use. 

Geiger et al. [68] introduced the texturing using an excimer laser radiation to the surface of 

TiN-coated punch for cold forging. Popp and Engel [69] showed the pressurization of the 

entrapped lubricant in the well-designed micro pockets improved the tool life. During the 

process, tool wear was reduced by the wiped lubricant from micro pockets [71]. Aramaki 

et al. [76] showed the die treated by the combination of shot-peening and nitriding 

improves seizure resistance in the drawing test of high strength steel sheets because of its 

lubricating effect. In the aspect of reduction in friction by assisting in lubrication, the dies 

having fine lubricant pockets and the cups having roughening surface that can retain the 

lubricant are able to minimise seizure. 

In ironing, the presence of an effective lubricant film minimises adhesion and 

interactions of die surface with the cup surface, thus reduces friction and prevents the 

direct die-to-cup contact. However, this lubricant film can break down. The sliding 

surfaces then may wear and score severely. The behaviour of the liquid lubricant at the 

interfaces during ironing is important. For monitoring the state of lubrication in the 

machine elements, Anderson et al. [79] used the transmission and reflection of ultrasonic 

waves to monitor the oil-films in shaft seals. Zhang et al. [82] applied ultrasonic reflection 

coefficient measurements to monitor the oil-film thickness in a range of bearings. However, 

this approach is still difficult to apply to the forming processes with complex-shaped dies. 

Azushima et al. [85] developed the direct observation using a transparent die and a 

fluorescence measurement. The effect of the surface topography of workpiece on the 

pressure dependence of the coefficient of friction in sheet metal forming was examined. 

This method was also employed to measure the oil film thickness at the interface between 

the tool and the workpiece in lubricated upsetting [86, 87]. 

In previous work, the ironing limit of stainless steel drawn cups was improved by 

using the TiCN-based cermet die and then a TiCN-based cermet die with a surface having 

lubricant pockets consisting of the smooth flat and pocket portions, brought about a high 

ironing limit. However, the state of lubrication between the die-cup interfaces in ironing 

with the die having lubricant pockets is not clarified. The condition for reducing friction is 
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still unclear. Therefore, in the present study, the measurement of the film thickness of the 

remaining lubricant on the sidewall of the ironed cup was employed to clarify the 

lubrication behaviours in ironing with the die having lubricant pockets. The effects of 

conditions of the ironing process and lubrication on the thickness of the remaining 

lubricant were examined. Moreover, the situation of seizure growth in repeated ironing 

with the die having lubricant pockets was investigated. 

 

4.2 Ironing conditions with die having lubricant pockets and 

measurement method of thickness of remaining lubricant on 

sidewall of ironed cup 

4.2.1 Ironing conditions and surface having lubricant pockets 

The sheets used for drawing and ironing processes are ferritic stainless steel SUS430 

having 0.6 and 66 mm in thickness and diameter, respectively. The mechanical properties 

of sheets obtained from the tensile test are shown in Table 4.1.  

 

Table 4.1 Mechanical properties of stainless steel SUS430 sheets. 

Sheet Tensile strength /MPa Elongation /% n-value r-value 

SUS430 547 25.7 0.20 1.17 

 

To investigate the effect of process conditions on the ironing limit in ironing with the 

die having the lubricant pockets, single ironing was performed as shown in Fig. 4.1. The 

drawn cup was mounted to the punch and then was ironed through the die. The inside 

diameter of ironing dies is 34 mm. To change the ironing ratio, the clearance between the 

die and punch is changed by the punch diameter dp. The outer diameter and height of the 

drawn cup were between 34.3 and 34.5 mm and between 25.4 and 25.9 mm, respectively. 

The ironing ratio r was determined by a difference between the initial thickness of the 

blank and the average wall thickness of the ironed cup divided by the initial thickness. 

 A mineral oil containing a chlorine-based extreme-pressure additive having high 

seizure resistance in forming of the stainless steel sheet with a kinematic viscosity of 2.99 

mm
2
/s at 40 °C was applied [36]. In addition, a mineral oil containing a sulphur-based 

extreme-pressure additive having less environmental effects with a kinematic viscosity of 
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95.74 mm
2
/s was used [54]. The amount of the lubricant which was about 370 µg/mm

2
 was 

applied on the cup and die surfaces. The ironing speed v of 100 mm/s was used as a 

reference speed and the ironing speed v of 10 and 150 mm/s was utilised for comparison. 

 

 

 

Fig. 4.1  Single ironing conditions.  Fig. 4.2  Repeated ironing conditions. 

 

The repeated ironing conditions are shown in Fig. 4.2. In an operation, the blank was 

deep drawn, ironed and then was taken out by the stripper in the same strike. Because the 

blanks were manually fed into the die, the number of strikes per minute of the process was 

about 3. The repeated ironing process was continuously performed until the maximum 

number of strikes without polishing of the die during the process. 

The dies were made of the TiCN-based cermet for both single ironing and repeated 

ironing. The main component of the cermet is the low friction TiCN powders bounded 

with a nickel binder by the sintering process. The Young’s modulus and hardness of the 

TiCN-based cermet are 410GPa and 1550HV50, respectively.  
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To attain low friction, the surface having the lubricant pockets was introduced to a 

high hardness cermet die. The surface having the lubricant pockets was treated by shot 

peening and then by lapping. Three steps of shot peening using alumina, glass and hard 

carbide particles with the size about ten micrometers as shot-peening materials were 

employed, respectively. Finally, the surface was polished by diamond paste. The arithmetic 

mean surface roughness at the die land became 0.06µmRa. Fig. 4.3 and Table 4.2 show 

the surface shape of the die having the lubricant pockets. After the asperities of the shot-

peened surface were removed by polishing, they became flat portions. In addition, the 

valleys became micro-lubricant pockets. The reduced peak height and reduced valley depth 

are 0.01µmRpk and 0.43µmRvk, respectively. The depth, width and edge angle of pockets 

are 0.4~1.0 µm, 9~15 µm and 5~15° respectively. The ratio of pocket area is about 30% of 

total die land area. For the polished surface die, its surface was very fine.  

 

 

 

Fig. 4.3  Surface shapes and average surface roughness of die land in axial direction. 
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Table 4.2  Shape of lubricant pockets of die having lubricant pockets. 

Parameters Value 

Pocket depth h /µm 0.4~1.0 

Pocket width w /µm 9~15 

Average distance between pockets i /µm 50~200 

Angle of edge of pockets θ /° 5~15 

Ratio of pocket area /% 25~30 

Reduced peak height /µmRpk 0.01 

Reduced valley depth /µmRvk 0.43 

 

4.2.2  Measurement method of thickness of remaining lubricant on sidewall of 

ironed cup 

A measurement method of the thickness of the remaining lubricant on the outer 

sidewall of the ironed cup using a fluorescence oil and ultraviolet rays is shown in Fig. 4.4. 

Before ironing the lubricant mixed with the fluorescence oil irradiating to ultraviolet rays 

was applied to the sidewall of the drawn cup. The cup was ironed and then dropped onto 

the die plate. The fluorescence oil-mixed lubricant luminesced immediately to ultraviolet 

rays. Thus, the thickness of the remaining lubricant on the sidewall of the ironed cup was 

measured by a camera. The mixing ratio of the fluorescence oil in the lubricant was 1wt%. 

The conditions of the camera were set at ISO400, F5.6 and shutter speed of 1/10s.  

In order to quantitatively measure the film thickness of the remaining lubricant on the 

sidewall of the ironed cup, the method for calibrating brightness to the thickness of the 

luminous remaining lubricant were conducted as shown in Fig. 4.5. A spherical steel ball 

with a diameter of 38.1 mm and a planar glass slide were attached together, and next the 

fluorescence oil-mixed lubricant was applied between their interfaces, and then they were 

maintained in the same environmental conditions as the ironing process. The pictures of 

the luminous fluorescence oil-mixed lubricant were taken by a camera at the same distance 

as ironing. Where, t is the thickness of the lubricant between the glass slide and steel ball, 

R is a radius of the steel ball and l is the distance from the centre. The film thickness of the 

lubricant was calculated using the following equation: 

 

 (1) 22 lRRt 
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The calibration curves of the lubricant containing the chlorine or sulphur additive are 

shown in Fig. 4.6. The film thickness of the lubricant at each position from the centre of 

the contacting interface and the brightness of the luminous lubricant were plot together. 

The equations for converting the brightness to the thickness for the lubricant containing the 

chlorine or sulphur additive are shown in equation (2) and (3), respectively. 

 

tc=0.001b
2
+0.01b+0.07 μm                    (2) 

ts=0.004b
2
+0.02b+0.24 μm                    (3) 

 

where, tc, ts are the film thicknesses of the lubricant containing the chlorine or sulphur 

additive and b is the brightness of the luminous fluorescence oil-mixed lubricant. 

 

 

Fig. 4.4  Measurement of thickness of remaining lubricant on outer sidewall of ironed cup 

using fluorescence oil and ultraviolet rays. 
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Fig. 4.5  Calibration for measuring thickness of remaining lubricant. 

 

 

Fig. 4.6  Calibration curves of lubricant containing chlorine or sulphur additive. 
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ironed cup. With the die having the polished surface for each lubricant, seizure occurred on 

the sidewall of the ironed cups. 

 

 

Fig. 4.7  Appearance of ironed cups. 

 

The effect of extreme-pressure additives on the ironing limit for the ironing speed 

v=100mm/s is shown in Fig. 4.8. For the lubricant containing the sulphur additive, the 

ironing limit of the die having the lubricant pockets and the die having the polished surface 

are the same. But for the lubricant containing the chlorine additive with a high chemically 

active, the ironing limit of each die was higher than that in the case of the lubricant 

containing the sulphur one. The good lubrication performance of the lubricant containing 

the chlorine additive is attributed to the chemical activity of the chlorine with all the main 

components of stainless steel. The lubricant containing the chlorine additive enforces the 

formation of a thick oxide layer [36]. 
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Fig. 4.8  Effect of extreme-pressure additives on ironing limit for v=100mm/s. 

 

The distribution of the film thickness of the remaining lubricant on the sidewall of the 

ironed cup for v=100 mm/s is shown in Fig. 4.9. For each die and each lubricant, although 

the film thickness of the remaining lubricant near the bottom of the cup was thick, in the 

upper end of the cup where forming is severe, the film thickness becomes thin. Employing 

the lubricant containing the chlorine additive with the die having the lubricant pockets, the 

film thickness of 3µm distributes constantly along the upper portion of the sidewall of the 

ironed cup. But for other conditions, only little amount of the lubricants remained and the 

film thickness was less than 1 µm. 
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Fig. 4.9  Distribution of thickness of remaining lubricant on sidewall of ironed cup for 

v=100 mm/s. 

 

The effect of the ironing ratio on the average film thickness of the remaining lubricant 

on the sidewall of the ironed cup with the lubricant containing the chlorine additive is 

shown in Fig. 4.10. The film thickness of the remaining lubricant was averaged from the 

distance of 15 to 25 mm from the bottom of the ironed cup where seizure usually occurs 

around this area. The average film thickness of the remaining lubricant with the die having 

the lubricant pockets was thicker than that with the die having the polished surface. During 

ironing with the die having the lubricant pockets, there is a possibility that the thick 

lubricating film occurs. 

The relationship between the average ironing load and the ironing ratio of each die is 

shown in Fig. 4.11. This shows only the average ironing load of the conditions that no 
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lubricant pockets for each lubricant was lower than that with the die having the polished 

surface because friction is reduced by the thick lubricating film. At r= 10%, the average 

ironing loads were reduced about 18% and 13% for the lubricant containing the chlorine 

and sulphur additive, respectively.  

 

 

Fig. 4.10  Effect of ironing ratio on average film thickness of remaining lubricant on 

sidewall of ironed cup with lubricant containing chlorine additive. 

 

 

Fig. 4.11  Relationship between average ironing load and ironing ratio of each die. 

 

The coefficient of friction was calculated by the equation (1) in Chapter 3 and 
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Fig. 4.12. The coefficient of friction with the die having the lubricant pockets for each 

lubricant was lower than that with the die having the polished surface. 

 

 

Fig. 4.12  Relationship between coefficient of friction and ironing ratio of each die. 

 

The effect of the amount of the applied lubricant on the seizure limit with the lubricant 

containing the chlorine additive for v=100mm/s and r=13% is shown in Fig. 4.13. Since 

the lubricant was applied by painting on the cup with a brush. The amount of the applied 

lubricant was determined by a weight difference of the brush before and after applying the 

lubricant divided by the area of the sidewall of the drawn cup. Although the average 

ironing load with the die having the lubricant pockets was slightly lower than that with the 

die having the polished surface, the average ironing load increases with the reduction in the 

amount of the applied lubricant and then seizure occurred at the amount of the applied 

lubricant of 15µg/mm
2
. 

The effect of the amount of the applied lubricant on the average film thickness of the 

remaining lubricant with the lubricant containing the chlorine additive and the die having 

the lubricant pockets for v=100mm/s and r=13% is shown in Fig. 4.14. The average film 

thickness with the die having the lubricant pockets is greater than that with the die having 

the polished surface. However the average film thickness with the die having the lubricant 

pockets becomes thin with the reduction in the amount of the applied lubricant and then the 

lubricity decreases. 
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Fig. 4.13  Effect of amount of applied lubricant on seizure limit with lubricant containing 

chlorine additive for v=100mm/s and r=13%. 

 

 

Fig. 4.14  Effect of amount of applied lubricant on average film thickness of remaining 

lubricant with lubricant containing chlorine additive and die having lubricant pockets 

for v=100mm/s and r=13%. 
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slightly increases with the ironing speed, the ironing limit with this die is lower than that 

with the die having the lubricant pockets. 

 

 

Fig. 4.15  Effect of ironing speed on ironing limit in each die with lubricant containing 

chlorine additive. 

 

The effect of the ironing speed on the film thickness of the remaining lubricant on the 

sidewall of the ironed cup with the lubricant containing the chlorine additive is shown in 

Fig. 4.16. The film thickness of the remaining lubricant with the die having the polished 

surface is almost constant regardless of the ironing speed. But the film thickness with the 

die having the lubricant pockets increases with the ironing speed. Mizuno and Okamoto 

[55] showed that with the high speed, lubricant flowing out of the pockets to the flat 

portions was considerable, accompanying microscopic plastic deformations of the surface 

caused by the hydrodynamic shear stress. Therefore, the film thickness of the lubricant was 

thickened. Using the die having the lubricant pockets in the circumstance that supplies a 

sufficiently amount of the lubricant and performs at the high ironing speed becomes the 

better lubrication condition because friction is reduced by a large film thickness of the 

remaining lubricant.  
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Fig. 4.16  Effect of ironing speed on thickness of remaining lubricant on sidewall of ironed 

cup with lubricant containing chlorine additive. 
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Fig. 4.17  Ironed cups in repeated ironing. 

 

The seizure on the die surface for each number of strikes is shown in Fig. 4.18. With 

the die having the lubricant pockets the black and gray areas are the micro-pockets and the 

flat portion, respectively. The white area is seizure of stainless steel. Although the surface 

of the die having the lubricant pockets at n=0 is shown as a reference, only the surfaces 

from the number of strikes above n=50 were taken at the same position. 

Although micro-seizure occurred at n=50 and several locations of the pockets were 

filled with that seizure. At n=80, some parts of seizure which occurred at n=50 were 

peeling off. Even in n=150, there was a part that seizure was peeling again. Adhesion and 

peeling-off of micro-seizure have repeatedly occurred on this die. On the other hand, with 

the die having the polished surface, at n=10 large seizure occurred and then seizure grows 

up when the number of strikes increases. 

The variation of the ratio of seizure on the die surface is shown in Fig. 4.19. The ratio 

of seizure is determined by measuring of the seizure area divided by the area of observing 

portion. The ratio of seizure with the die having the lubricant pockets rises till n=100, after 

that it is almost constant. While the ratio of seizure with the die having the polished surface 

increases as the number of strikes increases. 
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Fig. 4.18  Seizure on die surface for each number of strikes. 
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The variation of surface roughness of the die is shown in Fig. 4.20. Because of a large 

number of the lubricant pockets, the initial surface roughness of the die having the 

lubricant pockets is higher than that of the die having the polished surface. The surface 

roughness of the die having the lubricant pockets is almost constant, but the surface 

roughness of the die having polished increases with the number of strikes. 

As shown in Fig. 4.19, because the ratio of seizure with the die having the polished 

surface becomes large after 100 strikes, the surface roughness of the die having the 

polished surface becomes high. 

 

 

Fig. 4.19  Variation of ratio of seizure on die surface. 

 

Fig. 4.20  Variation of surface roughness of die. 

 

The surface roughness in a circumferential direction of the ironed cup is shown in Fig. 

4.21. The measurement of the surface roughness was done in the circumferential direction 
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at distances of 5, 15 and 25 mm from the bottom of the ironed cup in four positions every 

90°. Because of seizure occurred at n=10 with the die having the polished surface, the 

surface roughness of the ironed cup increases with the number of strikes. Whereas with the 

die having the lubricant pockets until n=300 only micro-seizure occurred. The surface 

roughness of the ironed cups maintains the same level irrespective to the number of strikes. 

 

 

Fig. 4.21  Surface roughness in circumferential direction of ironed cup. 

 

4.5 Conclusions 

The film thickness of the remaining lubricant on the sidewall of the ironed stainless 

steel cup was measured in ironing with the die having the lubricant pockets. The 

lubrication conditions with low friction were determined. The situation of seizure growth 

in repeated ironing was investigated, and the following results were obtained: 

1. Using the die having the lubricant pockets, the condition that supplied a sufficiently 

amount of the lubricant and performed at the high ironing speed was the better 

lubrication condition for reducing friction. 
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lubricant pockets, there is a possibility that the thick lubricating film occurs during 

ironing. 

3. The ironing load with the die having the lubricant pockets was lower than that with the 

die having the polished surface because friction is reduced by the thick lubricating film. 

For the lubricant containing the chlorine and sulphur additive at the ironing ratio of 

10%, the average ironing loads were reduced about 18% and 13%, respectively. 

4. In repeated ironing, the surface roughness of the ironed cup with the die having the 

polished surface increases with the number of strikes because of the growth of seizure. 

But with the die having the lubricant pockets, adhesion and peeling-off of micro-

seizure have repeatedly occurred. The surface roughness of the ironed cups maintains 

the same level regardless of the number of strikes. 
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Chapter 5 

Improvement of lubrication in ironing of stainless steel 

cups by roughening of cup surface 

 

5.1 Introduction 

The reduction in emissions of greenhouse gases such as carbon dioxide gas from 

automobiles is strongly required to mitigate global warming. Consequently, the demand for 

alternative fuel vehicles such as hybrid and electric vehicles is increasing, and thus a lot of 

batteries are used for these vehicles. In the batteries, metal cups used as electrolyte cases 

are generally made of stainless steels and aluminium alloys. Aluminium alloy cases can be 

formed by either impact extrusion [116] or multi-stage stamping [12]. On the other hand, 

due to the high strength of the stainless steels, these cases are generally produced by multi-

stage stamping processes including deep drawing and ironing [14]. In ironing, not only the 

thickness of the cup sidewall is uniform, but also tensile residual stress is reduced [121]. 

In ironing of stainless steel and aluminium alloy sheets, galling and seizure tend to 

occur due to severe plastic deformation, and these defects bring about severe tool wear and 

fracture of stamped products. Low-friction coatings of dies are generally used to prevent 

the occurrence of these defects. Podgonik et al. [104] indicated that the seizure resistance 

could be improved by using tool coatings suitable for each type of the working materials. 

In stamping of high strength steel sheets, diamond-like carbon (DLC) coatings presented 

possibilities of dry ironing [108]. The TiCN, AlTiN and CrN PVD coatings showed high 

anti-adhesion performance in deep drawing [111]. The seizure in deep drawing of ultra-

high strength steel sheets was prevented by using the VC coating [110]. In forming of 

aluminium alloy sheets, the DLC coating was effective in preventing the adhesion of 

aluminium in deep drawing without lubricant [105]. The seizure resistance of a high-speed 

steel die in ironing was improved with the TiN coating [109]. The coatings with a low 

coefficient of friction are effective in improving seizure resistance. In addition, the surface 

roughness of the coated tool has a crucial influence on the seizure resistance [113]. The 

seizure tends to occur with increasing roughness of the coating, whereas the hardness 

hardly correlates [114]. 
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The occurrence of seizure can be reduced by using low friction tool materials such as 

ceramics and cermets. Kataoka et al. [41] applied ceramic dies to dry deep drawing for 

various sheet metals, and significantly reduced the drawing load for stainless steel sheets 

by using an alumina ceramic die. Tamaoki et al. [42] proposed electro conductive ceramic 

dies for dry deep drawing of mild steel sheets, and exhibited that a zirconia-based ceramic 

die was effective in reducing the seizure. Repeated deep drawing with the zirconia-based 

ceramic die was successfully performed up to 10,000 times [43]. Abe et al. [117] 

heightened the seizure resistance in ironing of stainless steel and aluminium alloy cups by 

using a TiCN-based cermet die. 

Liquid lubricants are conventionally used to reduce friction and to prevent the 

occurrence of seizure in ironing. The rough surface of workpieces has an influence on the 

improvement of lubrication by providing micro pockets for trapping the lubricant. Mizuno 

and Okamoto [55] named this lubrication mechanism as micro-plasto-hydrodynamic 

lubrication. Kudo et al. [56] elucidated the mechanism of micro-plasto-hydrodynamic 

lubrication in a cold sheet drawing test. The mechanism was verified by the direct 

observation of the tool-workpiece interface through a transparent die. The reduction in 

thickness, drawing speed and lubricant viscosity have influences on the escape of the 

lubricant from pockets [57, 58]. Utilising the same direct observation technique, the effects 

of the pocket geometry, lubricant viscosity, drawing speed and reduction in thickness on 

the entrapment and escape of liquid lubricants were investigated [59, 60]. The escape of 

trapped lubricants from the pockets during strip drawing has an influence on the drawing 

load [61]. 

The use of textured sheets providing a surface topography with lubricant pockets 

facilitates lubrication in forming processes. Therefore, the sheet-surface textures have been 

developed to improve the tribological conditions for sheet metal forming [62]. The 

textured sheet produced by transferring roller surfaces prepared by electron beam texturing 

in skin pass rolling was introduced to deep drawing. Because lubrication was assisted 

during the process, friction decreased with increasing in the drawing speed [64]. Li et al. 

[122] investigated the influence of texturing conditions of roll mills by the YAG laser-

induced discharge process on the patterns and the shape of pockets. Both deterministic and 

random pockets could be obtained by the YAG laser-induced discharge texturing technique. 

In strip ironing and deep drawing, the textured stainless steel sheet significantly improved 
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the lubrication performance with no sign of lubricant film breakdown [67]. However, the 

textured sheet surface does not function when the surface is completely flattened by large 

deformation. 

Since the dies undergo only elastic deformation, texturing of die surfaces facilitates 

forming even for long-running use. Geiger et al. [68] introduced texturing using excimer 

laser radiation to the surface of a TiN-coated punch for cold forging. Texturing on a silicon 

nitride ceramic surface, creating micro-pockets artificially exhibited substantial reduction 

in friction [123]. Popp and Engel [69] showed the pressurisation of the entrapped lubricant 

in micro-pockets for improvement of tool life. In forging, the tool wear was reduced by a 

lubricant run out of micro-pockets [71]. The textured surface with grooves oriented 

perpendicular to the sliding direction improved lubrication and gave the largest thickness 

of the lubricant film for the highest load in reciprocating sliding [124]. Basnyat et al. [125] 

produced micro-pockets filled with solid lubricants on the surface of the TiAlCN coating. 

The friction was significantly reduced by the textured coating because the pockets acted as 

reservoirs for supplying solid lubricants to the contact surfaces. Vilhena et al. [72] 

employed laser surface texturing to hardened bearing steel, and optimised the parameters 

of the laser surface texturing process. Well defined micro-pockets improved tribological 

behaviour [73]. Meng et al. [75] exhibited that friction could be reduced by using the laser 

textured tool having micro rectangle pockets with a flat bottom. Aramaki et al. [76] 

showed that the combination treatments of the die with shot-peening and nitriding 

improved seizure resistance in drawing of high strength steel sheets because of its 

lubricating effect. Abe et al. [126] improved seizure resistance in ironing of stainless steel 

cups by using a TiCN-based cermet die having fine lubricant pockets by polishing a shot-

peened surface. In this die, friction is reduced by squeezing liquid lubricants from the 

pockets during ironing 

In this study, surfaces of ferritic stainless steel drawn cups were roughened to improve 

the seizure resistance in ironing with a TiCN-based cermet die having lubricant pockets. 

The lubricant pockets on the die surface were formed by shot-peening and polishing. The 

sidewall of the drawn cup was roughened by sanding with emery paper and using modified 

deep drawing processes. The effect of the surface finish of the drawn cup on the seizure 

resistance in ironing using a lubricant with a sulphur additive were investigated. The 
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seizure resistance was increased by roughening the cup surface using modified deep 

drawing processes. 

 

5.2 Ironing procedure of stainless steel cup 

In ironing with a TiCN-based cermet die having lubricant pockets developed by Abe 

et al. [126], the seizure resistance was heightened by roughening the sidewall surfaces of 

ferritic stainless steel drawn cups. The ironing conditions using the die having lubricant 

pockets are shown in Fig. 5.1. A drawn cup was ironed by using a die having lubricant 

pockets. Ironing was carried out by using an 800 kN CNC servo press with an ironing 

speed of 100 mm/s. A drawn cup was attached to the punch prior to ironing, and then the 

cup was ironed by passing through the die. To increase the ironing ratio, the punch 

diameter dp and drawn cup diameter are increased while the inner diameter of the die is 

fixed at 34 mm. The ironing ratio r is given by 

 

0

m0

t

tt
r


 ,                     (1) 

where t0 and tm are the initial thickness of the blank and the average wall thickness of the 

ironed cup, respectively. As the ironing ratio increases, the cup undergoes severe 

deformation. When the ironing ratio exceeds a certain value, seizure occurs on the die or 

the cup fractures. The highest ironing ratio without defects such as seizure on the die or the 

fracture of the cup is defined as the ironing limit. The higher seizure resistance brings 

about the higher ironing limit.  
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Fig. 5.1 Ironing of stainless steel cup using die having lubricant pockets. 

 

The die is made of TiCN-based cermet, and is reinforced with a steel ring. The TiCN-

based cermet was obtained by sintering main TiCN powder with a nickel binder without 

tungsten carbide and cobalt in its composition. Because the main component of the cermet 

is made of low friction TiCN having high seizure resistance in ironing [117], a re-coating 

is not required even for wearing of the die. 
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Fig. 5.2 Surface roughness profiles of die having lubricant pockets. 

 

The lubricant pockets on the die surface are structured by shot-peening and polishing 

[126]. The surface roughness profiles of the die having lubricant pockets are shown in Fig. 

5.2, where Rd is the arithmetic mean roughness in the die land. The various surface pockets 

are formed by using shot-peening and polishing under differing conditions. The surface 

roughness profiles in the die land were measured by a stylus profilometer, and then the 

reduced peak height Rpk, the reduced valley depth Rvk and the arithmetic mean roughness 

Ra were obtained. The reduced valley depth acts as lubricant pockets in ironing, whereas 

the reduced peak height behaves like asperities. Thus, seizure may occur due to the 

excessive reduced peak height. The relationship between the reduced peak height, the 

reduced valley depth and the arithmetic mean roughness in the die land is shown in Fig. 
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5.3. In the structured die, the reduced valley depth was greater than that in the polished die. 

The reduced peak height was low, for the arithmetic mean roughness in the die land was 

0.12 μm and below. Thus, the die surface consisted of the flat smooth portion and lubricant 

pockets. Although the reduced valley depth was increased in the condition that the 

arithmetic mean roughness was above 0.12 μm, seizure tended to occur because of the 

large reduced peak height. 

 

 

Fig. 5.3 Relationship between reduced peak height, reduced valley depth and arithmetic 

mean roughness in die land. 

 

The lubricants were a mineral oil with a sulphur additive having a kinematic viscosity 

of 96 mm
2
/s (G-3170, Nihon Kohsakuyu Co., Ltd.) and a mineral oil with a chlorine 

additive having a kinematic viscosity of 3.0 mm
2
/s (X-2834, Nihon Kohsakuyu Co., Ltd). 

The properties of the oil used for the ironing of the stainless steel cup are shown in Table 

5.1. The outer surface of the cup and the die were lubricated before ironing. 
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Table 5.1 Properties of oil for ironing of stainless steel cup. 

Lubricant Base oil Additive Kinematic viscosity at 40°C 

[mm
2
/s] 

X-2834 Mineral oil Chlorine compound 3.0 

G-3170 Mineral oil Sulphur compound 96 

 

Prior to the ironing process, ferritic stainless steel SUS430 circular blanks with 66 mm 

in diameter and 0.6 mm in thickness were drawn into cylindrical cups with a constant 

blankholder force of 9 kN. The mechanical properties of ferritic stainless steel SUS430 

sheets are shown in Table 5.2. 

 

Table 5.2 Mechanical properties of ferritic stainless steel SUS430 sheets. 

Sheet Tensile strength [MPa] Elongation [%] n-value r-value 

SUS430 547 25.7 0.20 1.17 

 

The conditions for deep drawing are shown in Fig. 5.4. The clearance between the 

drawing die and punch was set to be equal to the sheet thickness. By using different sets of 

the diameter of the punch, dp and die, dd as shown in Table 5.3, several diameters of drawn 

cups were obtained for providing different ironing ratios. The die was polished before deep 

drawing at each forming to prevent the die from seizure. 

 

 

Fig. 5.4 Conditions of deep drawing. 

 

0.6

dp

dd

(SKD11)Blank holder

Punch

(SKD11)

Die

9 kN



88 
 

Table 5.3 Relationship between nominal ironing ratio, punch diameter and die diameter in 

deep drawing. 

Nominal ironing ratio 

[%] 

Punch diameter dp [mm] Die diameter in deep drawing 

dd [mm] 

10 32.92 34.12 

20 33.04 34.24 

30 33.16 34.36 

35 33.22 34.42 

40 33.28 34.48 

50 33.40 34.60 

 

The surface roughness of the cup is effective for reducing the friction in ironing. The 

drawn cup was sanded with emery paper. The method of sanding was in an axial or 

circumferential direction. The surface and the surface roughness profile of drawn and 

sanded cups are shown in Fig. 5.5. The surface roughness of the drawn cup was about 0.3 

µmRa in both the axial and circumferential directions. In the axial sanding direction with 

#80, the surface roughness of the circumferential direction Rc was increased, whereas the 

surface roughness of the axial direction Rz was decreased. By contrast, this tendency had 

an opposite effect with the circumferential sanding direction with #80. The surface 

roughness of the drawn cup sanded with #1500 was about 0.1 µmRa in both axial and 

circumferential directions. 
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Fig. 5.5 Surface and surface roughness profile of drawn and sanded cups. 

 

The distributions of the wall thickness and hardness of the drawn cup are shown in Fig. 

5.6, where x is the distance from the bottom centre of the drawn cup. The wall thickness in 

the range of x = 32 to 41 mm was larger than the blank thickness. The hardness of the 

drawn cup was increased by plastic deformation. 
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Fig. 5.6 Distributions of wall thickness and hardness of drawn cup. 

 

5.3 Improvement of seizure resistance by roughening sidewall surface 

of cup with sanding 

 

The effect of the arithmetic mean roughness of the die having lubricant pockets on the 

ironing limit for the drawn cup and the lubricant with the chlorine additive is shown in Fig. 

5.7. Because ironing became more severe for a large ironing ratio, defects such as seizure 

and fracturing of the cup occurred. When surface roughness in the die land was in the 

range between Rd=0.05µmRa and 0.12µmRa, the seizure resistance of the die having 

lubricant pockets was higher than that of the polished die. In the large arithmetic mean 

roughness, not only the reduced valley depth increased, but also the reduced peak height 

became large, and thus the surface with the high reduced peak height was not capable of 

preventing seizure because of its large protruding irregularities. In this study, the die 

having Rd=0.06µmRa was mainly used as the die having lubricant pockets. 
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Fig. 5.7 Effect of arithmetic mean roughness of die having lubricant pockets on ironing 

limit for drawn cup and lubricant with chlorine additive. 

 

The effect of the arithmetic mean roughness of the cup on the ironing limit for the 

lubricant with the sulphur additive, the polished die and the die having lubricant pockets is 

shown in Fig. 5.8. For the die having lubricant pockets Rd=0.06µmRa was used. In both 

polished die and die having lubricant pockets, seizure resistance increased with the surface 

roughness of the cup in the axial direction. The improvement of seizure resistance for 

Rd=0.06µmRa was much larger than that for the polished die. Although the seizure 

resistance of the lubricant with the sulphur additive was smaller than that for the drawn cup 

and the lubricant with a chlorine additive, using the sanded cup with Rz=0.60μmRa, the 

seizure resistance reached almost the same level as the drawn cup and the lubricant with 

the chlorine one. With the cup sanded in the circumferential direction, the ironing limit was 

higher than with the cup sanded in the axial direction. 
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Fig. 5.8 Effect of arithmetic mean roughness of cup on ironing limit for lubricant with 

sulphur additive, polished die and die having lubricant pockets. 

 

The effect of the sanding direction of the cup on the ironing load-stroke curve for the 

lubricant with the sulphur additive is shown in Fig. 5.9. The ironing limits for both dies 

were increased by circumferential sanding. The ironing load for circumferential sanding 
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was lower than that for axial sanding. Sanding parallel to the ironing direction is not 

effective because of flowing of the lubricant, and sanding perpendicular to the ironing 

direction is desirable for trapping lubricants. 

 

 

Fig. 5.9 Effect of sanding direction of cup on ironing load-stroke curve for lubricant with 

sulphur additive. 

 

 

5.4 Improvement of seizure resistance by roughening sidewall of 
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5.4.1  Cups having roughened sidewall surface by deep drawing 

The surface roughness in the axial direction of the cup was increased by the following 

two deep drawing operations. One was deep drawing with a large clearance between the 

punch and die, and the sidewall is stretched without contact with the die after passing 

through the die. The other was deep drawing and redrawing with a small die corner radius, 

and the surface roughness is increased by a large plastic deformation. 

 

Axial sanding with #80,
Rz=0.35µmRa, r =11.4%

20

40

Stroke [mm]

Ir
o

n
in

g
 l

o
ad

[k
N

]

0 5 10 15 20 25 30 35

10

30

50

Circumferential sanding with #80,
Rz=0.60µmRa, r =12.1%



94 
 

 

Fig. 5.10 Conditions of deep drawing with large clearance between punch and die. 

 

The conditions of the deep drawing with a large clearance between the punch and die 

are shown in Fig. 5.10 and Table 5.4. The ironing ratio was given by the punch diameter, 

and then the die diameter was increased to obtain the larger clearance in deep drawing as 

shown in Table 5.4. Because the excessive clearance ratio causes fracturing by the 

occurrence of wrinkling, the maximum clearance ratio was up to 150% in this section, 

whereas it was 100% in the previous section.  

 

Table 5.4 Relationship between ironing ratio, tool geometries and clearance ratio in deep 

drawing with large clearance between punch and die. 

Nominal ironing 

ratio [%] 

Punch diameter 

dp [mm] 

Die diameter in deep 

drawing dd [mm] 

Clearance ratio in deep 

drawing cd [%] 

20 33.04 34.48 120 

30 33.16 34.60 120 
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35 33.22 34.60 115 

40 33.28 34.60 110 
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Fig. 5.11 Conditions of two-stage deep drawing composed of deep drawing and redrawing. 

 

The conditions of two-stage deep drawing composed of deep drawing and redrawing 

are shown in Fig. 5.11. Surface roughness was increased by the large plastic deformation 

using the small die corner radius in drawing. Because the fracture tends to occur with the 

use of the small corner radius, redrawing was used. In deep drawing, the drawing ratio was 

reduced to 1.47 from about 2 in the previous section. In redrawing, the small die corner 

radius was utilised. 

The surface and roughness profiles of the drawn cup with the large clearance and the 

redrawn cup are shown in Fig. 5.12. The surface roughness increased in comparison with 

that of the drawn cup in the previous section. In particular, the increase in surface 

roughness by using redrawing was larger than by using large clearance drawing. 
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Fig. 5.12 Surface and roughness profiles of drawn cup with large clearance and redrawn 

cup. 

 

The distributions of the wall thickness and hardness in cups formed by deep drawing 

with the large clearance and two-stage deep drawing are shown in Fig. 5.13. Although the 

tendency of the distributions of the wall thickness with the large clearance was similar to 

the drawn cup for cd=100%, the wall thickness in the sidewall of the cup was increased 

with the clearance ratio. For the drawn cup with redrawing due to the small die corner 

radius causing the large plastic deformation, hardness of the cup was higher than the drawn 

cup for cd=100%. 
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Fig. 5.13 Distributions of wall thickness and hardness in cups formed by deep drawing 

with a large clearance and two-stage deep drawing. 
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5.4.2 Improvement of seizure resistance 

The ironing limit for cups formed by deep drawing with the large clearance and two-

stage deep drawing is shown in Fig. 5.14. The ironing limits of both the drawn and the 

redrawn cups were higher than that of cd=100%. The increments of the drawn and the 

redrawn cups are 84% and 89%, respectively. The ironing limit of the redrawn cup was 

higher than that of the drawn cup with the large clearance drawing because of its higher 

surface roughness causing more improvement on lubrication. However, the ironing limit 

does not reach the level when using the lubricant with the chlorine additive.  

 

 

Fig. 5.14 Ironing limit for cups formed by deep drawing with a large clearance and two-

stage deep drawing. 

 

The surface and the arithmetic mean roughness of the ironing cup are shown in Fig. 

5.15. Surface roughness was measured at about 20 mm from the bottom corner in the axial 

and circumferential directions. After ironing, surface roughness decreased, whereas small 

sanded asperities remained on the sanded cups. 
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Fig. 5.15 Surface and arithmetic mean roughness of ironing cup. 

 

The relationship between the coefficient of friction in ironing and the ironing ratio is 

shown in Fig. 5.16. The coefficient of friction between the tools and cup m is given by: 
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with #80 was the smallest because of the abundant lubricant in the interface caused by the 

large surface roughness. The coefficient of friction for the redrawn cup and the drawn cup 

with the large clearance ratio were smaller than that of the drawn cup. 

 

 

Fig. 5.16 Relationship between coefficient of friction in ironing and ironing ratio. 

 

The measurement of the thickness of the remaining lubricant film on the sidewall of 
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ultraviolet rays. The drawn cup with the lubricant including fluorescence oil was ironed, 

and then the cup was dropped to the die plate. The ultraviolet rays were irradiated to the 

cup sidewall, and the exposure was observed by a camera. The relationship between the 

brightness of fluorescence oil and the thickness of the lubricant was calibrated with a 

spherical steel ball and a slide glass [127].  
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Fig. 5.17 Measurement of thickness of remaining lubricant film on sidewall of ironed cup 

using fluorescence and ultraviolet rays. 

 

The distribution of the remaining lubricant film on the sidewall of the ironed cup is 

shown in Fig. 5.18. The remaining lubricant film decreased in the opening side of the cup 

because of large ironing caused by the larger wall thickness in the opening side of the cup 

before ironing as shown in Fig. 5.13. 
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Fig. 5.18 Distribution of remaining lubricant film on sidewall of ironed cup. 

 

The effect of surface roughness of the cup on the average thickness of the remaining 

lubricant film is shown in Fig. 5.19. Since ironing in the opening side of the cup is more 

severe and then seizure usually occurs around this area. The thickness of the remaining 

lubricant film in the sidewall from 15 mm to 30 mm of the ironed cup was averaged. The 

average thickness of the remaining lubricant film in the sidewall increased with surface 

roughness in the axial direction of the cup. Lubrication was enhanced by increasing surface 

roughness of the cup. 
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Fig. 5.19 Effect of surface roughness of cup on average thickness of remaining lubricant 

film. 

 

5.5 Conclusions  

The effects of the surface finish of the ferritic stainless steel cup and the die having 

lubricant pockets on the seizure resistance in ironing using the lubricant with the sulphur 

additive were investigated. In addition, the seizure resistance was improved by increasing 

the surface roughness of the cup using the modified deep drawing processes, and the 

following results were obtained: 

1. The seizure resistance using the die having optimum lubricant pockets was higher than 

that of the polished die. 

2. The seizure resistance increased with the surface roughness of the cup in the axial 

direction, and the increment of the die having optimum lubricant pockets was much 

larger than that of the polished die. 

3. The ironing limits of both the drawn cup with the large clearance and the redrawing 

with the small die corner radius were higher than that of 100% of the clearance ratio, 

and the increments of the drawn and the redrawn cups were 84% and 89%, respectively. 

4. The remaining lubricant film thickness in the sidewall of the ironed cup increased with 

surface roughness in the axial direction of the cup, thus it was found that the 

improvement of seizure resistance was caused by increasing the lubricant film 

thickness between the die and cup.  
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Chapter 6 

Lubricant containing fine particles for improving seizure 

resistance in ironing of aluminium alloy cup 

 

6.1 Introduction 

Since global warming is being caused mostly by increasing concentrations of 

greenhouse gases and other human activities. Reducing greenhouse gas emissions such as 

carbon dioxide gas from automobiles is vital required. Consequently, the demand for the 

alternative fuel vehicles such as hybrid and electric vehicles increases, and thus batteries 

having high capacity are desirable. In the battery, the metal cups are used for electrolyte 

cases. Since the cups with a large aspect ratio are required for these parts, the cases are 

mainly produced by multi-stage stamping which includes deep drawing and ironing of 

stainless steel and aluminium alloy sheets. To improve the process conditions, process 

modelling was applied to deep drawing and ironing operations [11]. The aluminium alloy 

cups with an extreme aspect ratio are achieved by process design and a modification of the 

initial blank in multi-stage deep drawing [12]. 

In sheet stamping operations of aluminium alloy, the sheet is prone to pick-up on the 

die because of its high adhesion. Although aluminium alloy develops a thin, hard adherent 

film of oxide on their surface that protects the metal from corrosion. Seizure tends to occur 

when the oxide film is cracked. In deep drawing of aluminium, because of the oxide layers 

of sheets are cracked by local plastic deformation, caused by high normal and shear 

stresses. Thus, the generating metallic contact determines local micro-welding. Due to the 

progressive relative movement between the sheet and die, the bonding is torn apart. The 

separation occurs inside the volume of the sheet material and thus initiates adhesive wear 

[33]. In more severe conditions, such as ironing with high loads and strongly bounded 

asperities, adhesive wear is described as scuffing, smearing, tearing, galling, or seizure. 

Since proper use of the lubricant is important for preventing seizure in ironing. A strip 

reduction test has been used to emulate the tribological conditions for screening the 

lubricant in ironing of stainless steel sheets [34]. Seizure is quantified by surface roughness 

measurements across the strip after testing. With increasing sliding length the tool becomes 
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heated due to workpiece deformation and friction implying eventual breakdown of the 

lubricant film. Pre-heating of the tool results in earlier breakdown of the lubricant film [35]. 

The oil containing chlorinated paraffin is effective for the prevention of seizure in forming 

of stainless steel sheets. The good lubrication performance of the oil containing chlorinated 

paraffin is attributed to the chemical activity of the chlorinated paraffin with all the main 

components of stainless steel. The oil containing chlorinated paraffin enforces the 

formation of a thick oxide layer [36]. However, chlorinated paraffin oils are not perceived 

to be environmentally friendly lubricants. Therefore, there has been increasing efforts to 

develop environmentally benign lubricants for metal forming. Dry film solid lubricants are 

one of them. Various dry film solid lubricants were evaluated using deep drawing tests 

with increasing blank holding force. Dry film lubricants performed better than oil-based 

lubricants in the tests [37]. Kim et al. [38] reported that polymeric lubricants containing EP 

additives performed better than water emulsion and straight oil lubricants in deep drawing 

and ironing tests.  

Since the addition of nanoparticles into lubricating oil as the lubricant additives 

significantly reduces the friction coefficient and increases the load-bearing capacity of the 

frictional parts in mechanical systems, the application of nanoparticles has attracted more 

attention. The use of titanium dioxide (TiO2) nanoparticles as an oil additive in liquid 

paraffin exhibits good performance in friction and wear reduction as well as in load-

carrying capacity. A boundary film mainly composed of TiO2 and titanates is formed on 

the rubbed surfaces [88]. A suspension of each copper (Cu), copper oxide (CuO), zinc 

oxide (ZnO) or zirconium dioxide (ZrO2) nanoparticles in the lubricants exhibits reduction 

in friction and wear compared to the base oil. The anti-wear mechanism of nanoparticles is 

produced by tribo-sintering of nanoparticles on the wear surfaces, reducing metal-to-metal 

contact and acting as load-bearing areas [89-91]. 

Nanoparticles such as silicon dioxide, also known as silica (SiO2) are sphere-like in 

shape, are chemically stable, and have high temperature resistance and low cost. The nano-

SiO2 particles can evidently increase anti-wear ability and reduce the friction coefficient of 

the lubricant [92]. The use of alumina/silica (Al2O3/SiO2) composite nanoparticles as 

lubricating oil additives also shows the reduction in the amount of wear and the increase in 

seizure resistance. The modified composite nanoparticles can adsorb onto the friction 

surfaces, which results in rolling friction. Therefore, the friction coefficient is reduced [93]. 
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Nanoparticles have been widely used as additives to improve the tribology performance of 

some lubricants in load-bearing processes such as metal cutting [94, 95], and sliding 

bearing [96]. Therefore, the application of lubricants containing nanoparticles in the sheet 

metal forming processes, particularly in the ironing process, is expected to be effective in 

reducing friction and improving seizure resistance. 

In the present study, the lubricants containing fine particles were utilised to improve 

seizure resistance in ironing of aluminium alloy cups. Effects of the types and size of 

particles on the improvement of seizure resistance were investigated. Only a mixed 

lubricant with silica (SiO2) particles having ten nanometers in size exhibited a good seizure 

resistance performance. And then effect of different mixing quantities of fine SiO2 

particles in the lubricant on the improvement of seizure resistance was examined.  

 

6.2 Ironing conditions using lubricant containing fine particles 

The drawn cups were made of aluminium alloy A3003-O sheets having 0.6 mm in 

thickness and 66 mm in diameter. The mechanical properties of sheets obtained from the 

tensile test are shown in Table 6.1.  

 

Table 6.1 Mechanical properties of aluminium alloy A3003-O sheets. 

Tensile strength 

/MPa 

Elongation /% n-value r-value Hardness 

/HV5 

Surface roughness 

/µmRa 

200 26.8 0.22 0.79 31 0.30 

 

The ironing conditions of drawn cups are shown in Fig. 6.1. The dies made of the tool 

steel SKD11, and TiCN-based cermet were utilised. The inside diameter of ironing dies is 

34 mm. To change the ironing ratio, the clearance between the die and punch is changed by 

the punch diameter dp. The drawn cups were prepared with different size corresponding to 

the punch diameter dp. The outer diameter and height of the drawn cup were between 34.3 

and 34.5 mm and between 25.4 and 25.9 mm, respectively. The ironing ratio r is defined as 

a difference between the initial thickness of the blank and the wall thickness of the ironed 

cup divided by the initial thickness.  
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Fig. 6.1 Ironing conditions of drawn cup. 

 

Lubricants were paraffin oils having kinematic viscosities ν of 10, 170 and 500 mm
2
/s 

at 40 °C. To investigate the effect of types of particles on the improvement of seizure 

resistance, silica (SiO2), zirconium dioxide (ZrO2) and alumina (Al2O3) particles were 

utilised as the lubricant additives. In addition, to study the effect of particle sizes, fine SiO2 

particles having the average particle size ds of 0.01, 0.3 and 0.5 µm were used. The 

lubricants were ultrasonically mixed with the particles. The mixing quantity W was in the 

range of 0 to 5 wt% (equivalent to 0 until 2 vol%). The drawn cup was mounted to the 

punch, next the mixed oil was applied to the die and cup, and then the cup was ironed 

through the die with an ironing speed of 100 mm/s. Each ironing test was performed two 

times. The material properties of fine particles are given in Table 6.2. 

 

Table 6.2 Material properties of fine particles. 

Particles Hardness /HV Density  /g·cm
-3

 Average particle size ds /nm 

SiO2 950 2.2 10 (5~15), 300 and 500 

ZrO2 1230 5.68 13 (10~15) 

Al2O3 1570 3.95 15 (10~20) 

 

The TEM micrograph of fine SiO2 particles with ds=0.01μm are shown in Fig. 6.2. 

The particles have nearly a spherical shape with the average particle size dS=0.01µm. 
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Although the particles are agglomerated, after the oil was ultrasonically mixed with the 

particles for six hours, the particles were uniformly dispersed. 

 

 

Fig. 6.2 TEM micrograph of fine SiO2 particles with ds =0.01μm. 

 

The surface shapes of the die land and drawn cup are shown in Fig. 6.3. Both dies 

were finished by polishing to the fine surface with the arithmetic mean surface roughness 

of 0.02 µm for the TiCN-based cermet die and 0.01 µm for the tool steel one. For the 

drawn cup, the surface of the cup is roughened due to plastic deformation in the deep 

drawing process. The arithmetic mean surface roughness of the drawn cup was 0.35 µm.  

The hardness of the aluminium alloy sheet, fine SiO2 particles, the tool steel die and 

the cermet die are 31, 950, 750 and 1550 HV, respectively. Fine SiO2 particles are harder 

than the aluminium alloy drawn cups but softer than the cermet die. Compared to the tool 

steel die, fine SiO2 particles are harder than this die. 

 

 

50nm
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Fig. 6.3  Surface shapes of die land and drawn cup. 

 

6.3  Improvement of seizure resistance in ironing using lubricant 

containing fine particles 

6.3.1 Effects of types of fine particles and die materials on seizure resistance 

The effect of types of fine particles mixed in the lubricant on seizure resistance for 

ν=10 mm
2
/s and W=1wt% is shown in Fig. 6.4. The sizes of SiO2, ZrO2 and Al2O3 

particles are nearly same and their average particle sizes are in the range of 10 to 15 nm. 

Applying the lubricant containing fine Al2O3 particles, seizure early occurred and the 

ironing limit was inferior to that using the lubricant without particles. Rabinowicz [118] 

showed seizure of the sliding pair is influenced by their metallurgical compatibility. When 

the similar materials such as between Al2O3 and aluminium alloy slide against each other, 

seizure easily develops due to their high metallurgical compatibility. Applying the 

lubricant containing fine ZrO2 particles, the ironing limit was close to that using the 

lubricant without particles. Another reason that there was no an improvement on seizure 

resistance for the lubricant containing fine Al2O3 or ZrO2 particles was due to high density 

of these particles as shown in Table 6.2 causing sedimentation of them in few minutes after 

ultrasonically mixing. Thus, there was no a lubricating effect caused by the particles. 
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However, seizure resistance for ironing using the lubricant containing fine SiO2 particles 

was improved. The good dispersion and suspension of fine SiO2 particles in the lubricant 

enhanced lubrication and low metallurgical compatibility of dissimilar material structures 

between SiO2 and aluminium alloy lowered the occurrence of seizure.  

 

 

Fig. 6.4 Effect of types of fine particles mixed in lubricant on seizure resistance for ν=10 

mm
2
/s, W=1wt%. 

 

The effect of die materials and fine SiO2 particles mixed in the lubricant on seizure 

resistance for ν=10 mm
2
/s, W=5wt% and ds=0.01μm is shown in Fig. 6.5. For the tool steel 

die using the lubricant without particles, the ironing limit was low. By using the lubricant 

containing fine SiO2 particles, the ironing limit of both dies was improved. The ironing 

limit of the cermet die was superior to the tool steel one. 
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Fig. 6.5 Effect of die materials and fine SiO2 particles mixed in lubricant on seizure 

resistance for ν=10 mm
2
/s, W=5wt%, ds=0.01μm. 

 

The surfaces of the die land with the lubricant containing fine SiO2 particles for ν=10 

mm
2
/s, W=5wt% and ds=0.01μm are shown in Fig. 6.6. Although the fine and hard 

particles were applied, there was no damage caused by particles on the cermet die. 

Whereas some tiny scratches took place on the tool steel die because this die material is 

softer than fine SiO2 particles. 
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Fig. 6.6 Surfaces of die land with lubricant containing fine SiO2 particles for ν=10 mm
2
/s, 

W=5wt% and ds=0.01μm. 

 

6.3.2 Effect of size of fine SiO2 particles on seizure resistance 

The ironed cups with the lubricant containing different sizes of fine SiO2 particles and 

with the cermet die for ν=10 mm
2
/s and W=5wt% are shown in Fig. 6.7. Seizure was 

prevented when the lubricant containing fine SiO2 particles having the size of 0.01 µm was 

employed. For the lubricant containing other sizes of the particles, the cups were obtained 

with seizure on their sidewall. 

10μm

B
ef

o
re

 i
ro

n
in

g
A

ft
er

 i
ro

n
in

g
W = 5wt%W = 0wt% W = 5wt%

Tool steel SKD11 die TiCN-based cermet die 

5μm



113 
 

 

Fig. 6.7 Ironed cups with lubricant containing different sizes of fine SiO2 particles and with 

cermet die for ν=10 mm
2
/s, W=5wt%. 

 

The effect of the size of fine SiO2 particles mixed in the lubricant on seizure resistance 

with the cermet die for ν=10 mm
2
/s and W=5wt% is shown in Fig. 6.8. With the lubricant 

containing large particle sizes of 0.3 or 0.5 µm, there was no an improvement. The ironing 

limit is nearly same as the lubricant without particles. However, with fine particles, 0.01 

µm, the ironing limit was improved. Since the weight of the smaller size of fine SiO2 

particles is lighter than the larger particles, fine SiO2 particles having the size of 0.01 µm 

had superior dispersion and suspension in the lubricant to that having the size of 0.3 or 0.5 

µm. Thus lubrication was enhanced with the smallest size of particles. There is a 

possibility to improve seizure resistance when the lubricant containing fine SiO2 particles 

having the size of 0.01μm and the cermet die are utilised. 

The effect of the size of fine SiO2 particles mixed in the lubricant on an average 

ironing load with the cermet die for ν=10 mm
2
/s, W=5wt% and r=23% is shown in Fig. 6.9. 

The average ironing load increased as the particle size increased. Since the lubricant film 

thickness estimated for ν=10 mm
2
/s was thinner than 0.3µm [128]. The particle size of 0.3 

and 0.5µm might stick and prohibit the sliding of die-cup interfaces increasing the ironing 

load. The particle size of 0.01 µm can flow and prevent the direct die-to-cup contact. 
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Fig. 6.8 Effect of size of fine SiO2 particles mixed in lubricant on seizure resistance with 

cermet die for ν=10 mm
2
/s, W=5wt%. 

 

 

Fig. 6.9 Effect of size of fine SiO2 particles mixed in lubricant on average ironing load 

with cermet die for ν=10 mm
2
/s, W=5wt%, r=23%. 

 

The schematic diagram illustrating the effect of the size of fine SiO2 particles mixed in 

the lubricant for ν=10mm
2
/s is shown in Fig. 6.10. The lubricant film thickness was thinner 

than 0.3µm for ν=10 mm
2
/s [128]. Therefore, only the particle size of 0.01 µm can flow 
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and can prevent the direct die-to-cup contact as shown in Fig. 6.10 (a). On the other hand 

in Fig. 6.10 (b), because of their large size of 0.3 or 0.5 µm, the particles cannot flow 

between the interfaces. Thus the die directly contacts to the cup initiating the seizure. 

 

 

Fig. 6.10 Schematic diagram illustrating effect of size of fine SiO2 particles mixed in 

lubricant for ν=10 mm
2
/s 

 

6.3.3 Effect of quantity of fine SiO2 particles mixed in lubricant on seizure 

resistance 

The ironed cups with the cermet die for ds=0.01μm are shown in Fig. 6.11. For ν=10 

mm
2
/s and W=0.1 wt%, seizure early took place at a low ironing ratio. However, seizure 

was prevented when the mixing quantity was increased to 5 wt%. For ν=170 mm
2
/s, 

although seizure was observed for W=0.5 wt%, the cup was successfully obtained with a 

smooth surface when the mixing quantity was 1 wt%. In comparison to the results for ν=10 

mm
2
/s, the increase in viscosity of the lubricant enhanced the performance of fine SiO2 

particles in the lubricant due to the formation of a thin film at the contact surface. Fine 

SiO2 particles trapped in the thin film prevented the formation of local bonding among the 
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asperities at the contact surface. For ν=500 mm
2
/s, the results exhibit the same tendency as 

ν=170 mm
2
/s. The cup was obtained without the defect for W=1 wt%. 

 

 

Fig. 6.11 Ironed cups with cermet die for ds=0.01μm. 

 

The effect of fine SiO2 particles mixed in the lubricant on the ironing limit for ν=10 

mm
2
/s is shown in Fig. 6.12. Fine SiO2 particles had a little effect on increasing the ironing 

limit of the cups when the viscosity of the lubricant was low. The ironing limits of W=2 

wt% and below quantity were almost the same as that of the lubricant without particles. 

However, the ironing limit was slightly increased for a high mixing quantity of 5 wt%. 

Seizure resistance was improved, because there were enough particles in the lubricant. 
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Fig. 6.12 Effect of fine SiO2 particles mixed in lubricant on ironing limit for ν=10 mm
2
/s. 

 

The effect of fine SiO2 particles mixed in the lubricant on the ironing limit for ν=170 

mm
2
/s is shown in Fig. 6.13. Although at r about 34%, there was seizure occur on the die 

for a mixing quantity of 0.5 wt%. At higher mixing quantities, seizure was prevented. The 

ironing limit for W=1 wt% exhibited the highest. 
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Fig. 6.13 Effect of fine SiO2 particles mixed in lubricant on ironing limit for ν=170 mm
2
/s. 

 

The effect of fine SiO2 particles mixed in the lubricant on the ironing limit for ν=500 

mm
2
/s is shown in Fig. 6.14. The ironing limits of all mixing quantities were significantly 

improved. The ironing limit for W=2 wt% was the highest. The increase in viscosity 

resulted in the better performance of the particles under high contact pressure. A lubricant 

having a high viscosity is essential for enhancing the performance of the SiO2 at the 

contact surface. However, an excessive quantity of fine SiO2 particles mixed in the 

lubricant lowered the ironing limit. This might be due to the ironing load increased when 

the lubricant containing a high quantity of fine SiO2 particles were applied. Thus the 

fracture of the cup and seizure occurred. 
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Fig. 6.14 Effect of fine SiO2 particles mixed in lubricant on ironing limit for ν=500 mm
2
/s. 

 

To better understand about the improvement on seizure resistance with the lubricant 

containing fine SiO2 particles, the ironed cup surfaces were observed by using a scanning 

electron microscope (SEM). The SEM observation on ironed cup surfaces taken at a same 

height of 30 mm from the cup bottom for ν=500 mm
2
/s is shown in Fig. 6.15. There were 

some white particles remained at the ironed cup surface when the lubricant containing fine 

SiO2 particles was applied. To assure that the particles remained on the cup surface after 

ironing were fine SiO2 particles. The chemical analysis was further performed. 
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Fig. 6.15 SEM observation on ironed cup surfaces taken at same height of 30 mm from cup 

bottom for ν =500 mm
2
/s. 

 

It is difficult to directly observe fine SiO2 particles having ten nanometers in size 

remaining on the sidewall surface of the ironed cups. Hence a quantitative elemental 

analysis of the Si element on the sidewall of the ironed cup surfaces was performed using a 

scanning electron microscope (SEM) equipped with energy dispersive X-ray spectroscopy 

(EDX). A quantification of the Si element on the sidewall of the ironed cups is shown in 

Fig. 6.16. Because an aluminium alloy A3003-O contains 0.1Si (wt%) in its composition, 

for a mixing quantity of 0 wt%, the Si element was also detected for both ν=10 mm
2
/s and 

500 mm
2
/s. The quantification of the Si element on the sidewall of the ironed cups 

increased when the mixing quantity of fine SiO2 particles increased. Comparing the same 

mixing quantity, W=1 wt%, the quantification of the Si element on the sidewall of the 

ironed cups with a lubricant having a high viscosity was higher than that with a lubricant 

having a low viscosity. This might be due to fine SiO2 particles were better retained by the 

lubricant having the high viscosity. 

 

(a) W=0%, r =24.2% (b) W =1wt%，r =34.8%

10μm
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Fig. 6.16 Quantification of Si element on sidewall of ironed cup. 

 

The comparison of hardness on the sidewall surface of the ironed cups between W=0 

wt% and W=1 wt% for ν=500 mm
2
/s, ds=0.01μm and r around 25% are shown in Fig. 6.17. 

Hardness of the ironed cup with the lubricant containing fine SiO2 particles was slightly 

higher than with the lubricant without particles. This enhancement of hardness may cause 

by the formation of a boundary film mainly composed of Si on the cup surface. 

 

 

Fig. 6.17 Comparison of hardness on sidewall surface of ironed cups between W=0 wt% 

and W=1 wt% for ν=500 mm
2
/s, ds=0.01μm and r around 25%. 
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The ironing load-stroke curves for ds=0.01μm, r around 25% and different mixing 

quantities are shown in Fig. 6.18. The ironing loads increased when the viscosities of the 

lubricants were increased. With fine SiO2 particles, the ironing loads are slightly higher 

than without particles for all viscosities. 

 

 

Fig. 6.18 Ironing load-stroke curves for ds=0.01μm, r around 25% and different mixing 

quantities. 

 

The surface profiles of the ironed cups in an axial direction for ds=0.01μm, r around 

25% and different mixing quantities are shown in Fig. 6.19. For all types of the lubricant, 

There was no a significant effect of fine SiO2 particles on the average surface roughness of 

the ironed cups due to the nano-size and low mixing quantity of the particles. 
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Fig. 6.19 Surface profiles of ironed cups in axial direction for ds=0.01μm, r around 25% 

and different mixing quantities. 

 

The surface roughness of ironed cups in circumferential direction for ds=0.01μm, r 

around 25% and different mixing quantities is shown in Fig. 6.20. Before ironing, the 

surface roughness of the cup was 0.35µmRa. After ironing, surfaces of all cups became 

smooth. Ironing with the lubricant containing fine SiO2 particles having the size of 0.01 µm 

had no a significant effect on the surface roughness around the circumferential direction of 

the ironed cup due to the nano-size and low mixing quantity of the particles. 
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Fig. 6.20 Surface roughness of ironed cups in circumferential direction for ds=0.01μm, r 

around 25% and different mixing quantities. 

 

The comparison of the average ironing loads between ν=10 mm
2
/s and ν=500 mm

2
/s 

for W=0 wt% and W=1 wt% in repeated ironing is shown in Fig. 6.21. In this process, 20 

samples of drawn cups were repeatedly ironed through the polished die with the ironing 

ratio r of 25% without re-polishing the die at the end of each process. The surface 

condition of the die was observed at the end of each test. The test was stopped once 

seizures were observed at the die surface and the number of trials, n was recorded. 

Although the average ironing load increased with the viscosity of the lubricant, the load of 

ironing using the lubricant with and without particles was not so different. For ν=10 mm
2
/s, 

seizure occurred at n=3. However the cups were successfully ironed until 20 strikes 

without the occurrence of seizure on the die for ν=500 mm
2
/s. Mixing of fine SiO2 particles 

in the lubricant having the low viscosity had no effect on increasing the seizure resistance 

of the die. 
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Fig. 6.21 Comparison of average ironing loads between ν=10 mm
2
/s and ν=500 mm

2
/s for 

W=0 wt% and W=1 wt% in repeated ironing. 

 

The comparison of the coefficient of friction between ν=10 mm
2
/s and ν=500 mm

2
/s 

for W=0 wt% and W=1 wt% in repeated ironing is shown in Fig. 6.22. Although the 

coefficient of friction increased with the viscosity of the lubricant, the coefficient of 

friction of ironing using the lubricant with and without particles was not much different. 

 

  

Fig. 6.22 Comparison of coefficient of friction between ν=10 mm
2
/s and ν=500 mm

2
/s for 

W=0 wt% and W=1 wt% in repeated ironing. 
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The prevention of the seizure growth with the SiO2 particles having the size of 0.01 

µm is shown in Fig. 6.23. As ironing progresses, (a) the cup contacts with the die and then 

(b) the particles flow between the interfaces. For (c) the low viscosity lubricant, the 

particles squeeze out with the flow of the lubricant, whereas for (d) the high viscosity 

lubricant, the particles are trapped and embedded between the contacting surfaces. The 

direct contact is prevented. If adhesion occurs, the adhered material on the die will be 

polished out by the particles. 

 

Fig. 6.23 Prevention of seizure growth with SiO2 particles having size of 0.01µm. 

 

6.4 Conclusions 

The lubricants containing fine particles were utilised to improve seizure resistance in 

ironing of aluminium alloy cups. The results are summarized as follows: 

1. Seizure resistance in ironing of the aluminium alloy cups was improved with the 

lubricant containing fine SiO2 particles. For ZrO2 or Al2O3 particles, seizure resistance 

was equal to or inferior to the lubricant without fine particles. 

2. The lubricant containing fine SiO2 particles having the size of 0.01 µm was effective in 

improving seizure resistance. There was no an improvement with the larger size of 0.3 

µm and 0.5 µm. 
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3. For the low viscosity lubricant, fine SiO2 particles had a little effect on increasing the 

ironing limit. The ironing limit was improved only with a large quantity of SiO2. 

4. Seizure resistance was effectively improved by applying the high viscosity lubricant 

with fine SiO2 particles because the particles can be trapped and embedded for 

preventing the direct contact between the die and cup. 

5. The improvement of seizure resistance caused by the formation of a protective film 

preventing the direct die-to-cup contact. 

6. The surface roughness of the ironed cups was not affected by the presence of SiO2. 

7. The increase in ironing loads due to the presence of SiO2 was not significant. 
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Chapter 7 

Improvement of seizure resistance in ironing of 

aluminium alloy cup using titanium nitride coated die 

 

7.1 Introduction 

Aluminium alloys are widely used to produce lightweight components in automobiles 

[3]. Aluminium, however, has a tendency to induce an adhesive wear at the tool surface 

during forming hence lubricant is conventionally used to prevent the adhesion of 

aluminium alloys to the forming tools [33, 54]. Kawai et al. [27] showed that the metal 

adhesion in an ironing process of aluminium cups was prevented by using appropriate 

conditions of viscosity of lubricant and degree of reduction of Al thickness. However, a 

large amount of lubricant waste is a serious environmental issue.  

To reduce the amount of lubricant used, low-adhesion tool materials such as ceramics 

and cermets as well as coatings by chemical and physical vapour deposition processes 

(CVD and PVD) are applied. Various types of tool material and coating combinations have 

been discussed in previous literature. Examples of these are presented here. Tamaoki et al. 

[42, 43] proposed the use of an electroconductive ceramic die for a dry deep drawing of a 

cold rolled mild steel sheet (JIS-SPCC), and the cups were successfully deep drawn for 

more than 10,000 times. MoB-based cermets had been shown to have an excellent anti-

galling performance in aluminium sheet forming [103]. A TiCN-based cermet die was also 

studied and shown to exhibit a high seizure resistance in an ironing of stainless steel drawn 

cups [117].  

Diamond-like carbon (DLC) has also been proven to successfully reduce the Al 

adhesion on metal forming dies. Murakawa et al. [105] demonstrated the effectiveness of 

DLC coating in preventing the adhesion of aluminium to a deep-drawing die for deep-

drawing of aluminium sheets without lubrication. On an ironing die, a DLC coating also 

exhibited an excellent anti-galling performance for dry ironing of high strength steel sheets 

[108].  

Other coatings were also studied. A CrN-coated die was demonstrated to be effective 

in a deep drawing of advanced high strength steel [111]. Podgonik et al. [104] indicated 
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that the galling resistance could be improved by using forming tools suitably coated for the 

type of the working material. For the forming of stainless steel, carbon-based coatings 

provided the best protection against the work material transfer. The forming of aluminium 

and aluminium alloys required nitride type coatings while titanium and titanium alloys 

required VN coatings to show improvement in galling performance. Amongst the nitride-

based coatings, VN was shown to be less prone to galling as compared to TiN, for stainless 

steel [112]. 

In the present study, VN and TiN coatings deposited by a direct current (DC) 

magnetron sputtering PVD with optimum deposition parameters were utilised in an ironing 

process of Al alloy in order to reduce the metal adhesion. The objectives of this study were 

to improve the surface quality of ironed aluminium cups and to reduce the die polishing 

time for ironing operation by reducing the tendency of aluminium adhesion on the tool 

surface. 

 

7.2 Experimental procedures 

7.2.1 Tool and workpiece materials 

JIS SKH51 high-speed steel with chemical composition (wt.%) of 0.8 C, 3.75 Cr, 4.73 

Mo, 1.78 V and 5.50 W was employed as substrates for coating and as tool material for 

ironing dies. The substrates and dies were hardened to 63±2 HRC and finished by grinding 

followed by lapping prior to the coating process. The measurement of surface roughness is 

done by 2D stylus method using 8 mm measured length with 0.8 mm cut-off. The surface 

roughness of the substrates and dies are 0.01±0.003µm Ra and 0.02±0.01µm Ra, 

respectively. AA1050 H14 aluminium alloy rings with the dimensions as shown in Fig. 7.1 

and aluminium alloy sheets of the same grade having a thickness of 0.5 mm were used as 

the workpiece material. The chemical composition of AA1050 H14 alloy is shown in 

Table 7.1 and the mechanical properties of SKH51 and AA1050 H14 are shown in Table 

7.2. 

 

Table 7.1 Chemical composition of AA1050 H14 alloy. 

Element Si Fe Cu Mn Zn Ti Other Al 

wt.% 0.25 0.4 0.05 0.05 0.05 0.03 0.03 Bal. 
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Table 7.2 Mechanical properties. 

 Poisson ratio Young’s modulus [GPa] Hardness [HV] 

SKH51 0.29 207 772 

AA1050 0.33 69 36 

 

7.2.2 Coatings and deposition processes 

VN and TiN coatings were deposited using PVD via DC magnetron sputtering 

technique. The substrates and dies were ultrasonically cleaned with methanol and acetone, 

then dried with hot air before being placed in the deposition chamber. Pure Ti (99.995%) 

and Pure V (99.5%) were used as sputtering targets for the deposition of TiN and VN 

respectively. Ar and N2 were used as the working and reactive gases respectively. The base 

pressure of the chamber was below 5.0x10
-6 

mbar. The substrates and dies were etched for 

15 mins in an argon plasma using the argon pressure of 7 x10
-3

 mbar, a bias voltage of 600 

V and a pulsed frequency of a dc power supply set at 200 kHz. Coating parameters of 

pressure, flow rate and DC pulse frequency were optimised to obtain stoichiometric phase 

compositions of TiN and VN. The resulting range of the deposition parameters of TiN and 

VN coatings in this study are given in Table 7.3. 

 

Table 7.3 Magnetron sputtering PVD deposition parameters of TiN and VN coatings. 

Parameter 
Specification 

TiN VN 

Target (50.8 mm. dia.) Ti (99.995%) V (99.5%) 

Substrate  SKH51 SKH51 

Target to substrate distance [mm] 90 90 

Base pressure [mbar] 5.0x10
-6

 5.0x10
-6

 

Sputtering pressure [mbar] 5.0x10
-3

 5.0x10
-3

 

Ar flow rate [sccm] 4 6 

N2 flow rate [sccm] 1.03 1.7 

Power [W] 225 and 265 225 and 265 

DC pulse frequency [kHz] 50 75 

Substrate temperature [°C] 390 ± 10 340 ± 10 

Deposition time [min] 60 60 



131 
 

TiN coated samples via a cathodic arc technique typical of a commercial coating used 

on ironing dies were also prepared for comparison. The cathodic arc coating parameters are 

shown in Table 7.4. 

 

Table 7.4 Cathodic arc PVD deposition parameters of TiN coating. 

Parameter  

Target material (140 mm. dia.) Ti  

Substrate bias voltage [V] 24  

Ar flow rate [sccm] 45 

N2 flow rate [sccm] 1,500 

Substrate to target distance [mm.] 460 

Base pressure [mbar] 1.0x10
-5

 

Arc current [A] 150 

Substrate temperature [°C] 

Deposition time [min] 

350 ± 10 

45 

 

7.2.3 Coating characterization 

The coatings were characterised for phase composition using X-ray diffraction (XRD). 

Crystallographic phases were deduced by comparing the experimental diffraction patterns 

with the Joint Committee on Powder Diffraction Standards (JCPDS) data. The hardness, 

coating adhesion and thickness of the coatings were characterised by nano-indentation, 

scratch testing and calotest, respectively. Surface roughness of coated and uncoated-

surfaces was measured using a mechanical stylus profiler. The reported hardness, coating 

adhesion, thickness and surface roughness values are the averages of at least 3 

measurements. 

 

7.2.4 Ring-on-disc test 

To evaluate the tribological properties of the coatings, sliding wear tests were 

conducted on a friction and wear test machine with a ring-on-disc type. The ring on disc 

rotation test imitates the sliding movement in the ironing process under normal pressure. 

Two types of sliding test with different purposes were conducted; a constant loading and a 
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step loading. The constant loading test used a small load in order to clearly observe the 

initial aluminium transfer from the ring to the disc. In practice, the transfer of aluminium 

onto the tool surface causes rough tool surface which, in turn, introduce deep scratches on 

the cup. The step loading, on the other hand, introduced a higher normal loading. However, 

the load employed was still significantly lower than that in the ironing process. This test 

was used to rank the specimens according to their resistance to aluminium adhesion at high 

normal load. The step loading test is also used to verify the relevancy of the standard ring-

on-disc test by comparing the surface damages of the aluminium ring and the ironed 

aluminium cup. The coating showing the best performance was then applied onto a die for 

the ironing test in section 7.2.5. The ironing test assumed a high normal loading 

comparable to the industrial condition which cannot be achieved using a standard ring-on-

disc test rig. 

The ring on disc test was carried out at room temperature under a lubricated condition 

as illustrated in Fig. 7.1. The contacting couple is an aluminium alloy ring and a high-

speed steel SKH51 disc. Both uncoated and coated discs were employed. The coated disc 

samples were cathodic arc TiN, 225W-TiN, 265W-TiN, 225W-VN and 265W-VN and the 

deposition parameters are shown in Table 7.3. The sample naming reflects the coating 

material and the voltage used during sample preparation. A liquid lubricant of highly 

refined mineral oil and commercial grade additives, namely Castrol ILOFORM PN232 

with a kinematic viscosity of 9.94 cSt at 40 C, was applied. Under an applied normal load, 

the ring slid against the disc rotating in opposite directions to one another.  

In the constant loading test, the amount of aluminium adhered on the disc after test 

was evaluated in order to compare the effectiveness of each coating in resisting adhesion.  

The applied normal load, sliding speed and total sliding cycles were kept constant at 35 N, 

0.014 m/s and 24 cycles, respectively. Due to the small mass of transferred aluminium, the 

discontinuity in aluminium coverage on the disc and the variation in its thickness, it was 

difficult to accurately quantify the amount of aluminium based on the weight gain or the 

adherence area. A quantitative elemental analysis was thus performed on four locations 

evenly spaced along the circumference of the wear track on a disc at x30 magnification. An 

“adherence index” was derived from the average weight percentage of aluminium from the 

four measurements. Imaging and chemical analysis of all wear areas were performed using 
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SEM equipped with an EDS instrument. The EDS analysis was taken at 15 kV voltage, 10 

mm working distance and the probe current was 70 µA.  

In the step loading test, the wear resistance was evaluated as a function of a normal 

load. The applied normal load was increased in 10 N steps for every 24 cycles while the 

sliding speed was fixed until severe damage from aluminium transferring is detected. 4 

samples were tested for each condition. Typically, a significant amount of surface damage 

and the amount of material transfer to the counter surface can indicate the occurrence of 

severe wear. A coating was thus selected from this evaluation to deposit on the ironing die. 

 

  

Fig. 7.1 Ring-on-disc test (scale in mm.). 

 

7.2.5 Ironing test of aluminium cups 

The ironing test utilised a 40-tonne mechanical press to simulate an industrial 

operating condition where the die surface is subjected to high normal loads. The test was 

conducted to evaluate the performance of the selected die coating on ironing of AA1050 

H14 aluminium alloy cups in comparison with an uncoated SKH51 die. The surface 

roughness of the die was 0.02±0.01 µm Ra. The selected coating from the results of 

evaluation of the previous test was deposited on the die with an approximate thickness of 1 

µm. Aluminium alloy drawn cups having a wall thickness of 0.5 mm were ironed as shown 

in Fig. 7.2. The number of strikes per minute was approximately 30. A Castrol ILOFORM 

PN232 liquid lubricant was applied. For each die, the ironing was done until a severe 

scratch detected by naked eye occurred on the ironed cup surface. The drawn cups were 

ironed with the ironing ratio, r, of 35%, which is typical of an industrial ironing process. 
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The ironing ratio was determined by a difference between the initial thickness of the blank 

and the average wall thickness of the ironed cup divided by the initial thickness.  

 

  

Fig. 7.2 Ironing of aluminium cups illustrated in half-section view (scale in mm.). 

 

7.3 Results and discussion 

7.3.1 Coating properties 

The XRD patterns of 225W-TiN and 225W-VN coatings are shown in Fig. 7.3. The 

XRD results verified that the TiN phase was obtained when the argon-nitrogen flow rate 

ratio was 4/1.03 sccm and the VN phase was obtained when the flow rate ratio was 6/1.7 

sccm. The TiN coating exhibits a golden color and the color of the VN coating is metallic 

gray. 
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Fig. 7.3 XRD patterns of coatings by DC magnetron sputtering technique. 

 

The load-to-failure and the thickness of the coatings are shown in Table 7.5. The 

load-to-failure reflects the coating-substrate adhesion strength and is defined as the critical 

load as indicated by the scratch testing. The load under which a crack initiates on a coating 

is defined as critical load 1 (Lc1) and the load under which the coating fails completely is 

determined as critical load 2 (Lc2). In the ironing process, an occurrence of a small crack 

on a die coating can cause a scratch on the cup products. Therefore, Lc1 becomes more 

significant for an ironing die. The cathodic arc TiN shows rather high Lc1 of 63 N. The 

reason for this may partly be due to a thick coating layer of 4 µm. The Lc1 of 265W-TiN 

and VN coated dies are higher than those of 225W-TiN and VN. The thickness of the four 

coatings is about 0.5 µm.  
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Table 7.5 Load-to-failure and thickness of coatings. 

Coating 
Load-to-failure [N] 

Thickness [mm] 
 Initial crack Lc

1
 Coating Failure Lc

2
 

Cat. arc-TiN 63 Above 100 4.10 

225W-TiN 28.3 63.0 0.42 

265W-TiN 50.1 71.0 0.56 

225W-VN 22.6 66.5 0.57 

265W-VN 29.0 61.1 0.64 

 

The arithmetic mean surface roughness of the discs with different coatings is shown in 

Fig. 7.4. Prior to coating, the discs were finished by lapping to Ra of 0.01±0.003µm. After 

deposition, the TiN and VN coatings were polished to remove droplets by solution of 

0.25µm diamond grit. There are indications that the surface roughness of all discs increases 

after coating. The cathodic arc TiN exhibits the highest surface roughness. The other 

coatings deposited using the DC magnetron sputtering PVD technique show a slight 

increase in their roughness. 

 

 

Fig. 7.4 Surface roughness of discs with various coatings. 
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The hardness of the discs measured by indentation test with 5 mN load with various 

coatings is shown in Fig. 7.5. The maximum penetration depth reached 20 - 25% of the 

coating thickness, therefore the hardness of coatings may show lower results than it should 

be due to the influence from the substrate, except for the cathodic arc TiN. However, in 

comparison, the hardness of the coated surfaces was enhanced as compared to the uncoated 

one. The two different sputtering powers showed slight differences in the hardness of TiN 

and VN coatings. 

 

  

Fig. 7.5 Hardness of discs with various coatings. 
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Fig. 7.6 Severity of aluminium transfer in wear tracks of uncoated and coated discs in the 

constant loading test. Image (a), (c) and (e) were taken at x30 magnification using a 

secondary electron mode. Image (b), (d) and (f) were taken at x5000 magnification 

using a back-scattered electron mode. 
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Due to the difference in the thickness of the aluminium transfer layers, it was not 

possible to obtain a quantitative comparison from aluminium coverage areas. An 

“aluminium adherence index” was created to represent the average degree of transferred 

aluminium present along the wear track with no regards to the absolute mass or the area of 

coverage. A lower index value indicates a higher wear resistance. The adherence index of 

the discs coated with various coatings is shown in Fig. 7.7. The amounts of transferred 

aluminium on all coated disc surfaces are lower than that of the uncoated one. The 225W-

TiN exhibits the lowest aluminium adherence index which indicates its minimum 

aluminium transferring. This in turn reflects its high aluminium adhering resistance.  

 

  

Fig. 7.7 Aluminium adherence index of discs with various coatings in constant loading test.  
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shows a higher transition load than other TiN coatings. This corresponds to the surface 

roughness result as shown in Fig. 7.4 in which the 225W-TiN exhibits the smoothest 

surface of the three TiN coatings. For VN coating, the smoother 265W-VN also 

demonstrates a higher transition load than that of the 225W-VN. Podgornik et al. [113] 

showed that the surface roughness has a crucial influence on the galling properties of a 

coating. The smoother the surface is, the higher the adhesive wear resistance becomes. 

Although the cathodic arc TiN exhibits the highest hardness (see Fig. 7.5), its galling 

resistance is not superior. It has been suggested in previous work that the hardness of the 

coating is not directly correlated to the galling resistance [114]. 

 

  

Fig. 7.8 Transition load of various coatings. 
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aluminium rings, the ring surface was smoothened and plastically deformed following the 

sliding direction. Crater was not observed. The disc surface was partially covered by a thin 

aluminium layer.  

 

 

Fig. 7.9 SEM observation on the ring and disc surfaces tested at 630 N load in step loading 

test. 
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Fe, can induce Al to adhere onto the Fe-based disc surface easily due to the formation of 

metallic bonds. The adhesion commonly occurs at the protuberances of the disc due to a 

high contact pressure at these locations. For cathodic arc TiN- and sputtering TiN-coated 

discs however, the contacting surfaces were continuously covered with ionically bonded 

TiN. Thus the contact became a ceramic-to-metal contact. Al could not adhere onto the 

TiN film using the metallic bond due to the difference in the structure of the materials. 

Consequently, it was more difficult to form a transfer layer on the TiN disc surface. 

 

 

Fig. 7.10 EDS spectra of the disc surfaces tested at 630 N load in step loading test 

(locations as indicated in Fig. 7.9). 
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to the difference in the surface roughness of the coating. When comparing the 225W-TiN 

and the 265W-TiN coatings, even though the distinction in their surface roughness is not 

significant, the fluctuation in the roughness of the 265W-TiN is higher as shown in Fig. 

7.11. This shows that the 265W-TiN is more likely to have regions of large protuberances. 

These protuberances create high contact pressure which breaks the oxide film on the 

aluminium ring and at the same time deform the aluminium surface to the contour of the 

disc. The deformed aluminium surface results in a larger contact area, particularly in the 

valley of the disc surface. As the ring and disc slide against one another, a tangential force 

acts to tear aluminium within the valley away from the bulk of the ring. Aluminium 

remaining on the disc surface then can act as an anchor for further aluminium-aluminium 

adhesion, accelerating the aluminium transferral to the disc surface. This phenomenon is 

referred to as junction growth [119]. Thus the aluminium adherence index increases for the 

265W-TiN. 

Results of the transition load for adhesion in Fig. 7.8 nevertheless reveal that all of the 

coatings improved the adhesive wear resistance compared with the uncoated surface. The 

225W-TiN coating was selected for further evaluation in the cup ironing process. 

 

  

 

Fig. 7.11 Surface roughness profile after coating, arithmetic mean roughness (Ra) and 

maximum profile peak height (Rp) of coated discs (a) 225W-TiN and (b) 265W-TiN. 
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7.3.3 Ironing tests 

The appearances of ironed cups are shown in Fig. 7.12. Surface damage of deep 

scratch along sliding direction detected in the ironed cup was similar to that detected from 

the aluminium ring in ring on disc test (Fig. 7.9). For the tests carried out using the 

uncoated disc and uncoated die, possible delamination of aluminium on the cup surface can 

be seen as shallow craters in the wear scars. These craters were rarely observed in the tests 

using the coated discs and dies. This suggests the same wear mechanism between the ring-

on-disc and the ironing tests. For the uncoated die, severe scratches on the ironed cup 

surface can be observed after 12 cycles. The 225W-TiN coated die, on the other hand, can 

successfully run for 60 cycles and still result in good appearance of the cup. Only small 

scratches can be observed. Cracking was not detected in all dies tested. Some aluminium 

transfer was evident on both coated and uncoated dies. The number of strikes cycles is 

denoted as n.  

 

 

Fig. 7.12 Surface appearances of the ironed cups.  

 

The surface roughness of the ironed cup was measured perpendicular to the ironing 
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number of strikes. The cup surface was smoothened by ironing to a lower surface 

roughness than that of the drawn cup. Surface roughness values (Ra and Rt) of the ironed 

cups from both dies increase as the number of strikes increases. The arithmetic mean 

roughness, Ra, of the cups ironed by the uncoated die is higher than the Ra of the cups 

ironed by 225W-TiN-coated die. The maximum height roughness Rt of the cups produced 

by the uncoated die increased suddenly at n=12 due to an occurrence of galling and was 

higher than Rt of the initially drawn cup. Rt of the cups produced by 225W-TiN-coated die 

slightly increased after 40 cycles.  

 

 

Fig. 7.13 Surface roughness of ironed cups. 
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The surface roughness profile of ironed cups at n=10 is shown in Fig. 7.14. 

Comparing the same number of strikes cycle, n=10, it was found that the size of scratch on 

the cup ironed by the uncoated die is larger than that by 225W-TiN-coated die. Therefore, 

ironing with 225W-TiN-coated die showed an improvement in ironed cup surface quality. 

The time interval between each die polishing can be extended, thus the ironing process 

efficiency can be increased. 

 

 

Fig. 7.14 Surface roughness profile of ironed cups. 
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The result indicates that 225W-TiN coating exhibits the lowest amount of aluminium 

transfer.  

3. The ironing test shows that the surface quality of the ironed aluminium cups were 

determined by scratches caused by aluminium transfer rather than cracking of the 

coating. 225W-TiN coating with a low degree of aluminium transfer thus performed 

well in the ironing test. 
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Chapter 8 

Concluding remarks 

 

8.1 Summary 

8.1.1  Ironing of stainless steel and aluminium alloy drawn cups using TiCN-based 

cermet die 

The TiCN-based cermet die was utilised to reduce friction in ironing of stainless steel 

and aluminium alloy drawn cups. Because cermets are combinations of a ceramic phase 

bonded with a metallic phase. They have high hardness and excellent wear resistance as 

well as high fracture toughness. In the TiCN-based cermet die, an additional surface 

coating is not required because it is made of hard TiCN having low friction. And thus 

peeling off as a coated die can be ignored. For comparison, TiC-coated WC-Co, non-

coated WC-Co and tool steel dies were employed in ironing. For stainless steel and 

aluminium alloy drawn cups, the TiCN-based cermet die exhibited the largest ironing limit 

for single ironing due to its low friction. For repeated ironing of the ferritic stainless steel 

SUS430 and aluminium alloy A3003 cups using the TiCN-based cermet die, the SUS430 

and A3003 cups were successfully formed up to 100 and 50 strikes, respectively, without 

the occurrence of seizure. The height of the cup increased as the elastic modulus of the die 

was large. With high Young’s modulus for the TiC-coated WC-Co die and the TiCN-based 

cermet die, the height of the ironed cup became high due to a reduction in the extent of 

elastic deformation of the die.  

 

8.1.2  Die having lubricant pockets for reduction in friction in ironing of stainless 

steel and aluminium alloy drawn cups 

The TiCN-based cermet dies having fine lubricant pockets made by lapping of shot-

peened surfaces was utilised to reduce friction in ironing of stainless steel and aluminium 

alloy drawn cups. Because of the surface having fine lubricant pockets consists of flat 

smooth portions and fine pocket portions for retaining the lubricant. Thus the ironing limit 

for the die having an appropriate surface shape of fine lubricant pockets became higher 

than that for a polished surface having very fine surface roughness. Friction was reduced 
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by the liquid lubricant being squeezed out from the pockets during ironing, and the ironing 

load became smaller. By applying a fluorescence powder-mixed lubricant and using 

ultraviolet rays in ironing, the areas in which the amount of the lubricant remained larger 

became brighter. The remaining lubricant on the sidewall of the ironed cup with the die 

having the lubricant pockets became greater than that with the polished die. For the die 

having the lubricant pockets, the large amount of the lubricant was able to be retained 

during the process. 

 

8.1.3  Lubrication behaviours in ironing of stainless steel cup with die having 

lubricant pockets 

The TiCN-based cermet die having fine lubricant pockets brought about a high ironing 

limit. To clarify the lubrication behaviours in ironing with this die, the measurement of the 

film thickness of the remaining lubricant on the sidewall of the ironed cup was employed. 

For the die having lubricant pockets, when the amount of the lubricant was sufficient and 

the ironing speed was high, the ironing load was lower than that of a die having a polished 

surface and greater thickness of the remaining lubricant on the sidewall of the ironed cup. 

In repeated ironing, the surface roughness of the ironed cup with the die having the 

polished surface increases with the number of strikes because of the growth of seizure. But 

with the die having the lubricant pockets, adhesion and peeling-off of micro-seizure have 

repeatedly occurred. The surface roughness of the ironed cups maintains the same level 

regardless of the number of strikes. 

 

8.1.4  Improvement of lubrication in ironing of stainless steel cups by roughening of 

cup surface 

The surface topography of the die or cup has an influence on the improvement of the 

lubrication. A rough surface is able to provide small pits for retaining, consequently, 

transporting of the trapped lubricant to the die-cup interface. The TiCN-based cermet die 

having fine lubricant pockets and roughening of drawn cup surface were utilised to 

improve lubrication for reducing friction in ironing of stainless steel drawn cups. During 

ironing, the lubricant was trapped with the cups sanded in the circumferential direction and 

the ironing limit was higher than with the cup sanded in the axial direction. The surface 
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roughness of the drawn cup can be increased for improving lubrication by employing deep 

drawing with large clearance or deep drawing and redrawing with a small die radius. 

Friction in ironing was lowered by roughening of cup surface because the lubrication was 

enhanced. The thickness of the remaining lubricant on the sidewall of the ironed cup 

increased as the surface roughness in the axial direction of a drawn cup increased. 

 

8.1.5  Lubricant containing fine particles for improving seizure resistance in ironing 

of aluminium alloy cups 

Aluminium alloys develop a thin, hard adherent film of oxide on their surface that 

protects the metal from corrosion. In ironing of aluminium alloy cups, because of extreme 

contact pressure, localized bonding is formed between the asperities of the die-cup 

interface. The asperity roots of the softer cup side are torn apart under the sliding motion 

leading to the formation of seizure. To improve seizure resistance in ironing of aluminium 

alloy drawn cups the lubricants containing fine particles were utilised. There was no a 

lubricating effect caused by Al2O3 or ZrO2 particles because high density of these particles 

caused sedimentation of them in few minutes after ultrasonically mixing. The good 

dispersion and suspension of fine SiO2 particles in the lubricant enhanced lubrication. The 

lubricant containing fine SiO2 particles having the size of 0.01 µm was effective in 

improving seizure resistance. There was no an improvement with the larger size of 0.3 µm 

and 0.5 µm. For the low viscosity lubricant, fine SiO2 particles had a little effect on 

increasing the ironing limit. The ironing limit was improved only with a large quantity of 

SiO2. Seizure resistance was effectively improved by applying the high viscosity lubricant 

with fine SiO2 particles because the particles can be trapped and embedded for preventing 

the direct contact between the die and cup. 

 

8.1.6  Vanadium and titanium nitride coatings for improving seizure resistance in 

ironing of aluminium alloy cups 

Seizure resistance could be improved by using forming tools suitably coated for the 

type of the working material. To improve seizure resistance, vanadium nitride (VN) and 

titanium nitride (TiN) coatings deposited by a direct current (DC) magnetron sputtering 

PVD with optimum deposition parameters were utilised in ironing of aluminium alloy cups. 
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The TiN coatings produced by the PVD process with different techniques; a DC magnetron 

sputtering deposition versus a cathodic arc deposition were compared. A cathodic arc TiN 

coating exhibited the highest hardness and the highest adhesion strength to the tool surface 

of all the coatings. This coating had high ability to resist cracking. However the coating 

obtained from this technique had high surface roughness. The tribological evaluation by 

the ring-on-disc test put an emphasis on the material adhesion compatibility. All of the 

coatings were effective in reducing aluminium transferred to the coatings compared to the 

uncoated one. A 225W-TiN coating produced by the DC magnetron sputtering deposition 

exhibited the lowest amount of aluminium transfer due to its low surface roughness. The 

smoother the surface was, the higher the adhesive wear resistance became. Although the 

cathodic arc TiN coating exhibited the highest hardness, its seizure resistance was not 

superior. The hardness of the coating was not directly correlated to seizure resistance. For 

the ironing test, the surface quality of the ironed aluminium cups were determined by 

scratches caused by aluminium transfer rather than cracking of the coating. The 225W-TiN 

coating with a low degree of aluminium transfer thus performed well in ironing. 

 

8.2. Future perspectives 

8.2.1  Determination of improvement of lubrication with die having fine lubricant 

pockets with respect to boundary lubrication 

The ironing limit in the ironing of stainless steel cups was effectively improved when 

the cermet die having fine lubricant pockets was utilised with the lubricant containing the 

chlorine additive. Whereas, with the lubricant containing the sulphur additive, the ironing 

limit was the same as the conventional polished die. The improvement of the ironing limit 

not only depended on the enhancement of lubrication by the die having fine pockets but 

also depended on the formation of a boundary lubrication film by the chemical reaction 

between the work material and the additive in the lubricant. The lubrication regimes in 

ironing with the die having fine lubricant pockets were hydrodynamic lubrication and 

boundary lubrication. To gain knowledge and better understand about the improvement on 

seizure resistance with the die having fine lubricant pockets with respect to boundary 

lubrication, the experiment of the die having fine lubricant pockets for several work 

materials, different additives in the lubricant is interesting. The analysis of boundary 
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lubrication films formed by chemical reaction on the workpiece surface by the EDX can 

give the quantification of elements. 

 

8.2.2  Determination of improvement mechanism of seizure resistance with lubricant 

containing fine particles 

Nanoparticles have been widely used as additives to improve the tribology 

performance of some lubricants in load-bearing processes such as metal cutting, and 

sliding bearing. However, there have been still few applications of lubricants containing 

nanoparticles in ironing.  

The lubricant containing fine SiO2 particles which have lower hardness among three 

types of fine particles performed well for improving seizure resistance in the ironing of 

aluminium alloy cups, whereas seizure resistance for ZrO2 or Al2O3 particles which have 

intermediate or highest hardness was equal to or inferior to the lubricant without fine 

particles, respectively. The seizure resistance performance related to the hardness of fine 

particles. Therefore, the application of fine particles which have lower hardness such as 

CuO and ZnO is possible to be able to improve the seizure resistance in ironing. However 

the use of CuO and ZnO as additives in ironing has not been investigated yet. In addition, 

the improvement of seizure resistance with the lubricant containing fine particles may 

depend on the types of particles and the cup material. Selecting a proper particle type for 

the cup material is important and needs to be examined. 

The chemical analysis using a scanning electron microscope (SEM) equipped with 

energy dispersive X-ray spectroscopy (EDX) on the sidewall of the ironed cups with the 

lubricant containing fine SiO2 particles showed the quantification of the Si element 

increased when the mixing quantity of fine SiO2 particles increased. The improvement of 

seizure resistance may cause by the formation of a protective film preventing the direct 

die-to-cup contact. To confirm the improvement mechanism of seizure resistance that the 

protective film mainly composed of the Si element was formed on the cup surface, the 

EDX mapping need to be further performed. 
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