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ABSTRACT 

Cryogenic Treatment, as an additional step to hardening and tempering heat-treatments, has proven 

to be beneficial in improving mechanical properties of various steel grades. To transform retained 

austenite into martensite in structural steels, cryogenic treatment is conventionally performed 

immediately after quench-hardening and prior to the tempering treatment. Contrary to this well-

established conventional practice, some industrial heat-treaters often carryout the cryogenic 

treatment as the last step after the tempering treatment without comprehensively knowing the 

consequence of the same on the properties and performance of steel components. While published 

literature on the cryogenic treatment performed after the tempering of steels is sparse, a direct 

comparison of the effects of conventional and unconventional cryogenic treatments on common 

structural steels is almost nonexistent. This work presents a comparative analysis of deep 

cryogenic treatment performed on five commercial steel grades, EN8, EN18, EN47, EN24 and 

EN45, and highlights the effect of cryogenic exposure carried out before and after the tempering 

step separately. Through detailed experimentation, testing and characterization involving, several 

heat treatment cycles, tensile test, impact test, hardness test, wear test, fractography, 

metallography, and microstructural analysis, this work suggests that the cryogenic treatment 

carried out as an intermediate step between quenching and tempering yields much better 

mechanical properties than that carried out after tempering.  

The results of the experimental work in this study shows that, the unconventional cryogenic 

treatment, that is carried out after the tempering step, has almost no influence on hardness and 

strength of EN8, EN18 and EN47 steels and very little influence on EN24 and EN45 steels. 

However, the conventional cryogenic treatment that is carried out prior to the tempering step shows 

significant improvements in the hardness (1-3 HRC), yield strength (4-17.4%) and tensile strength 

(3.9-16.8%) in the above steel grades in general. In particular, this work shows that the 

conventional cryogenic treatment is very effective in improving the overall mechanical properties 

of EN45 and EN24 grades including hardness (2-3 HRC), tensile strength (13.2- 16.8%), resilience 

(up to 24%), and wear resistance (36-42%). Thus, this thesis conclusively demonstrates and 

cautions commercial heat-treaters that the conventional cryogenic treatment that is applied as an 

intermediate step between hardening and tempering is much more effective than the 

unconventional industrial practice.  

Key words: Quenching, Tempering, Cryogenic Treatment, Martensite, Tensile strength, Wear
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1. INTRODUCTION 

This chapter provides, a brief introduction, classification, and applications of cryogenic 

treatments. The chapter also highlights the problems associated with the industrial 

application of cryogenic treatment, and research gap that needs to be attended to address 

currently existing industrial problems and practices. 

Arguably, steels are the most important and widely used structural materials in the 

industrial world. Primarily being alloys of iron and carbon, steels are blessed with a unique 

phase diagram. Both equilibrium and non-equilibrium phase-transformations of steels are 

well established through Fe-C, Time-Temperature-Transformation (TTT) and Continuous 

Cooling Transformation (CCT) diagrams. Thus, depending on the application requirements 

of the structural steel components, wide range of mechanical properties can be instilled and 

maneuvered rather accurately by applying suitable heat treatments, such as, spheroidizing, 

annealing, normalizing, hardening, tempering, etc. Apart from achieving the through-

thickness or bulk properties of steel components by the standard heat-treatments, the 

surface properties can be enhanced by applying special treatments such as, carburizing, 

nitriding, nitrocarburizing, induction hardening, etc. Thus, an optimal combination of bulk 

and surface properties can be produced in steel components depending on the applications. 

However, the most commonly applied heat treatment for the property enhancement of steel 

components is the hardening treatment that is invariably followed by tempering. 

ng 

the steel components above the AC1 temperature followed by fast-cooling in oil or water 

that is typically held at the room-temperature. This non-equilibrium cooling transforms 

nd thus imparts 

high hardness, strength, and brittleness to the steel components. To reduce the brittleness 

and improve the toughness needed for the application, hardening step is always followed 

by the tempering treatment by reheating the as-quenched steel component typically above 

300 °C for an hour or so. The components are finally cooled slowly to room temperature.  
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Considering that Mf (martensite finish) temperature of a typical structural steel is well 

below the room-temperature, a small fraction of the retained-austenite always remains 

embedded between martensitic colonies of as-quenched steel. Over the years, by 

incorporating Cryogenic Treatment (CT) as an additional step between hardening and 

tempering treatments, mechanical properties and performance of many structural and tool 

steels are enhanced significantly 

Podgornik 2013; El Mehtedi et al. 2012; Niaki and Vahdat 2015a). By introducing 

cryogenic treatment in between quenching and tempering steps, most of the retained 

austenite transforms into martensite. With the increased martensite fraction in the 

microstructure, provided tempering treatment is done optimally, an enhanced combination 

of mechanical properties including optimal hardness, good toughness and superior wear 

resistance can be achieved in most of the structural steels. 

In general, cryogenic treatment can be classified into two types; Deep Cryogenic Treatment 

(DCT) where specimens are held in liquid nitrogen at -196 °C, and Shallow Cryogenic 

Treatment (SCT) where the holding temperature is in between -80 °C to -160 °C (Das et 

al. 2010a). Considering this classification, many researchers have carried out the 

comparative study on conventional heat treatment, shallow cryogenic heat treatment and 

deep cryogenic treatment and have observed that deep cryogenic treatment is most 

effective in enhancing the mechanical properties of steels (Das et al. 2009a, 2010b; c; Das 

and Ray 2012a; Senthilkumar et al. 2011). There have been many theories for the improved 

properties of cryotreated steels. However, most of researchers suggest that along with 

transformation of retained austenite to martensite, precipitation and subsequent 

homogenization of carbides during cryogenic treatment is responsible for increased 

hardness and strength of steels (Das et al. 2010b; Gill et al. 2012; Li et al. 2013c; Preciado 

et al. 2006; Sri Siva et al. 2012; Vahdat et al. 2013). A report suggests that low temperature 

exposure of as-quenched tool steels leads to deformation of virgin martensite which 

eventually improves the properties of tools. Similarly, many theories have been proposed 

on formation of carbides. One such theory states that formation of carbon-clusters takes 

place as a result of pinning of carbon atoms by moving dislocations. These carbon clusters 



3 
 

-carbides (Tyshchenko et al. 2010). Another study also observed 

-carbide formation and claimed that this carbide precipitation is the major reason for the 

improved wear properties and service life of a tool steel (Stratton 2007). In contrast to the 

carbide precipitation theory, a separate study reported that hardness of tool steel increased 

after DCT. However, a TEM analysis associated with this work, could not find any 

secondary carbides in cryotreated tool steel (Gavriljuk et al. 2014).  

Holding time plays a crucial role in improving the mechanical properties of steel grades. 

A study showed that extended holding at cryogenic temperatures caused increased 

transformation of retained austenite into martensite and that led to increased hardness and 

improved wear resistance of a tool steel (Akhbarizadeh et al. 2009). In another study it was 

reported that cryogenic treatment carried out after tempering treatment in D3 steel caused 

19.6 % loss in tool life, suggesting, cryogenic treatment should not be performed after 

tempering. Authors claimed that stabilization of carbides and microstructural phases that 

occur as a result of tempering inhibits further transformation (Mohan Lal et al. 2001). 

Another study showed improvement in corrosion resistance of the tool subjected to 

cryogenic treatment along with improved hardness and wear resistance (Akhbarizadeh et 

al. 2012). Yet another study stated that DCT improves microstructure of high-speed steel 

by producing finer needle-like martensite that resulted in higher surface hardness and better 

tribological properties (Podgornik et al. 2012). Regarding austenitizing and tempering 

temperature, a report stated that combination of high austenitizing temperature and low 

tempering temperature helps in improving hardness and wear behavior. The report states 

further that a combination of low austenitizing temperature and high tempering temperature 

helps in increasing the bending strength and elongation at fracture (Oppenkowski et al. 

2010). 

Regarding the influence of cryogenic treatment, there are some contradictions. A study 

observed drop in impact toughness values with increased bulk hardness due to deep 

cryogenic treatment (Zhirafar et al. 2007). Another study stated that impact energy of 

cryotreated specimens improved over conventionally heat treated specimens (Dhokey and 

Hake 2013).  
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Even though significant literature is available in improving the properties of tool steels, 

effect of cryogenic treatment on low alloy steels is seldom reported. It is known that some 

industrial heat-treaters apply cryogenic treatment for low alloy steel components after 

tempering with the claim that such practice increases the hardness of the component by 

about 2 HRC that helps in improving the wear resistance.  However, the effect of cryogenic 

treatment on tempered structural steel is not studied in depth. A direct comparison of the 

effect of cryogenic treatment performed before the tempering treatment with that 

performed after the tempering is almost nonexistent. Considering this, the present work 

intends to explore the influence of cryogenic treatment performed on as-quenched and as-

tempered specimens separately for few key commercial low alloy steel grades. And thus, 

the work intends to provide a clear guideline to commercial heat-treaters about suitably 

applying the cryogenic treatment for realizing the full potential of the structural steels. 

 

 

 

 

 

 

 

 

 

 

 

 



5 
 

2. LITERATURE REVIEW 

This chapter, provides an overview of heat-treatments of steels, discuses effects of alloying 

elements on hardening of steels, and reviews effects of cryogenic treatment on different 

types of steels. Further, the chapter introduces theories behind changes in the 

microstructural features due to cryogenic treatment, and discusses corresponding changes 

in the mechanical properties of various steel grades.  

2.1 Heat Treatment of Steels 

Structural steels can be subjected to various types of heat treatment for producing suitable 

microstructures and achieving required mechanical properties as demanded by different 

applications. Annealing, normalizing, hardening, and tempering are the most popular and 

well-established heat treatment processes that are generally applied to structural steel 

components for obtaining uniform bulk properties. 

Annealing is generally carried out to reduce the hardness and increase the ductility of steels 

so as to produce the microstructure that is suitable for the required application or for the 

subsequent manufacturing process. The most common annealing heat treatment practice 

involves heating and isothermal-holding of steel components in a furnace at an 

austenitizing temperature followed by very slow cooling preferably achieved by switching-

off the furnace. Thus, after annealing, the steel assumes its stable microstructure having 

equilibrium phases at room temperature as per the equilibrium phase diagram (Fig. 2.1). 

However, there are several industrial annealing practices including, spheroidization 

annealing, recrystallization annealing, stress-relief annealing, homogenizing annealing, 

etc. These annealing types are practiced by suitably controlling the exposure temperature, 

holding time and cooling rate. 

Normalizing is generally carried out to refine coarse microstructures of plain-carbon and 

low-alloy steels. Normalizing is carried out by heating and holding steel components at an 

austenitizing temperature followed by air cooling. As a consequence of the faster cooling, 

normalizing brings about refinement of the microstructure. Thus, a normalized steel would 
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be harder, stronger and tougher than the annealed steel. Figure 2.2 shows the effect of 

normalizing in refining the microstructure of a medium-carbon steel. 

 

Fig. 2.1 Fe-C equilibrium phase diagram. Solid lines indicate Fe-Fe3C diagram and 
dashed lines indicate iron-graphite diagram (Lyman 1973). 
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Hardening heat treatment involves heating and holding the steel components at an 

austenitizing temperature followed by rapid cooling in a suitable quenching medium such 

as, oil, water, salt-bath, etc. As-quenched microstructure of the steel is the pre-requisite for 

the subsequent tempering treatment. Thus, effective hardening is a crucial step in the heat 

treatment process of a structural steel. The effective hardening depends on various factors 

including hardenability of the steel, heating media, austenitizing temperature, holding time, 

cooling rate, quenching media, etc. 

Tempering is the subsequent step applied invariably after quench-hardening to reduce the 

brittleness and impart good toughness to the steel components. Tempering is carried out by 

reheating and isothermally holding the as-quenched steels below the lower critical 

temperature followed by slow cooling. The tempering temperature is typically chosen 

between 300 °C and 650 °C to suit different applications. The higher the tempering 

temperature, the higher is the ductility, and the lower is the strength and hardness. Hence, 

choice of tempering temperature has to be optimal as per the hardness, strength, and 

toughness requirements of the application. 

As dictated by the TTT diagram (Fig. 2.3), an austenitized steel must be cooled rapidly by 

quenching to enforce nonequilibrium phase-transformation of the soft austenite phase into 

the hard meta-stable martensite phase and avoid the equilibrium decomposition of austenite 

into ferrite and pearlite. In achieving this, composition of the steel plays a major role.  

Microstructures of steels obtained by hardening and tempering process are explained in the 

following sections.  
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Fig. 2.2. Images showing the effects of annealing and normalizing heat treatments on 0.5% 
carbon steel; (a) coarse microstructure after annealing treatment, (b) fine microstructure 
after normalizing treatment (Thelning 1986).

Fig. 2.3 T-T-T diagram of 1080 steel (Vander Voort 1991).

a b
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2.2 Martensite  

When a medium carbon or alloy steel is quenched from austenitic temperature to room 

temperature, austenite transforms into a hard phase called martensite. Austenite to 

martensite transformation is a diffusionless phase-transformation that occurs by shear 

deformation of FCC lattice into carbon trapped BCT lattice due to rapid cooling. This 

transformation occurs athermally, and the fraction transformed depends on the 

undercooling below martensite start temperature (Ms). The extent of martensitic 

transformation below Ms is given by Koistens Marburgers equation, 

  (1) 

where, V  is the fraction of martensite, and Tq is the temperature below Ms to which the 

specimen  -0.011 (Bhadeshia and 

Honeycombe 2006). As-quenched martensite consists of colonies of fine laths or plates 

oriented randomly forming a unique textured microstructure as shown in Fig. 2.4a. 

Cementite (Fe3C) with orthorhombic crystal structure is the hardest phase in iron-carbon 

system. However, this is an intermetallic secondary phase that appears in the form of thin 

-Fe) that 

forms the matrix. Therefore, of various bulk phases that may be produced by the heat 

treatments of a given steel, the carbon supersaturated body centered tetragonal structure, 

martensite -Fe) is the hardest, the strongest, and the most brittle phase. The FCC close-

-Fe) is significantly denser than martensite. Thus, during 

martensitic transformation upon quenching, there is a rapid volumetric expansion of the 

steel components. Due to consequent internal stresses, quench-cracks may be generated 

especially when a bulky steel component having high carbon content or carbon equivalent 

is subjected to hardening heat treatment.  

2.3 Tempered Martensite 

As-quenched martensite is so hard and brittle that it cannot be used for most applications. 

Therefore, ductility and toughness of as-quenched martensite is enhanced by tempering 

heat treatment such that the steel component can be used for intended purpose. As-

quenched martensite being a metastable phase, given thermal activation, would decompose 
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into stable ferrite and cementite phases. The ferrite, being the soft BCC matrix phase, 

imparts required ductility and toughness, while the hard cementite phase dispersed within 

the matrix provides the required hardness and strength. Thus, tempering treatment imparts 

required toughness to the steel components. Tempering is accomplished by heating as-

hardened steel below the critical temperature (A1 line in the Fe-C phase diagram) for a 

specified time period followed by slow cooling (Thelning 1986). Normally, tempering is 

carried out isothermally at temperatures between 300 and 650 °C. 

The microstructure of tempered martensite consists of fine and uniformly dispersed 

cementite particles within a continuous ferrite matrix. The hardness and strength may be 

explained by the large ferrite-cementite phase boundary area per unit volume that exists 

for the very fine and numerous cementite particles. Again, the hard cementite phase 

reinforces the ferrite matrix that act as barriers to dislocation motion during plastic 

deformation (Bhadeshia and Honeycombe 2006; Thelning 1986). Microstructure of 

tempered martensite resembles that of as-quenched martensite because of the reminiscence 

of the plate or lath colonies as shown in Fig. 2.4b. However, the sharp edges of the laths or 

plates are rounded-off due to the precipitation of fine cementite locally during tempering. 

Thus, the microstructure of tempered martensite appears hazy as compared to that of as-

quenched martensite.

Fig. 2.4 Image showing the subtle difference in the microstructure of: (a) as-quenched
martensite, and (b) tempered martensite.

a b
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2.4 Retained Austenite 

From equation 1, it is clear that even when Tq is set to room temperature some amount of 

austenite do not transform into martensite. This untransformed austenite is termed as 

retained austenite. Amount of retained austenite increases as the carbon percentage of steel 

increases due to lowering of martensite start temperature (Ms). Presence of alloying 

elements also increases the percentage of retained austenite during quenching in oil or 

water at room temperature. This retained austenite is not a stable phase and may transform 

into martensite during the usage or machining of the steel component. This phenomenon 

may make the material brittle at that instant and ultimately leading to the failure of the 

component. This is where cryogenic treatment takes an edge over regular heat treatment as 

cryogenic exposure transforms most of the retained austenite into martensite and thus 

avoids embrittlement of steel structures during the application (Bhadeshia and 

Honeycombe 2006). 

2.5 Effect of Alloying Addition to Steels 

Alloying elements play a major role in defining the properties of steels. These alloys are 

mainly categorized into, austenite forming, ferrite forming, carbide forming, and nitride 

forming elements. C, Ni, and Mn are the main elements that fall under the category of 

austenite forming elements. Their effect is such that, sufficient amount of Ni and Mn can 

produce austenite phase even at room temperature. Ferrite forming elements include, Cr, 

Si, Mo, W and Al. Most of the ferrite forming elements also contribute in carbide forming. 

The affinity of these elements towards forming the carbides is as follow. 

Zr > Ta > Nb > Ti > V > Mo > W > Cr 

Various carbides are formed in the steel and some of them do not contain Iron. These are 

referred as carbide formers, e.g., Cr7C3, W2C, VC, Mo2C. There are some carbides which 

include both iron and carbide forming elements and are referred as double and complex 

carbides e.g., Fe4W2C. High speed and hot working steels, in general include carbides such 

as M6C, M23C6 and MC, where M represents all the metal ions in the collective form 

(Thelning 1986). All the carbide formers also act as nitride formers. 
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Most of the alloying elements that form solid solutions in ferrite matrix help in improving 

the strength and hardness of the steels.  As shown in Fig. 2.5, Si and Mn are the most 

effective elements in increasing the ferrite hardness as small addition of Si and Mn can 

increase the hardness to 200  240 HV, whereas Cr acts the least-effective element in 

increasing the ferrite hardness. Therefore, high Cr containing steels are generally cold-

worked to increase the hardness (Thelning 1986).   

Alloying elements such as Al, Ti, Nb, V inhibit the grain-growth and are added in micro 

constituents to form high-strength low-alloy (HSLA) steels. Austenite formers try to lower 

the A1 line whereas ferrite formers help in increasing the A1 line. All the alloying elements 

decrease the eutectoid point of the steels. Further, all the alloying elements except Co, 

lower the martensite start temperature (Ms). 

 

 

Fig. 2.5. Graph showing the effect of alloying elements on the ferrite hardness of steels 
(Bain and Paxton 1966). 
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Effect of alloying elements on Ms temperature is given by equation 2. 

Ms (°C) = 539  423(%C)  30.4(%Mn)  17.7(%Ni)  12.1(%Cr)   

Equation 2 clearly states that as the alloy composition increases, Ms temperature decreases 

accordingly (Bhadeshia and Honeycombe 2006). Nickel (Ni) is an essential alloying 

element in steels. Addition of nickel brings solid solution strengthening effect to steels. 

Addition of nickel increases hardness and hardenability along with toughness. Nickel being 

austenite stabilizer, does not form carbides while tempering. Chromium (Cr) is a ferrite 

stabilizer and addition of chromium to steel provides resistance from corrosion and high 

temperature oxidation. Unlike nickel, chromium forms carbide which helps in increasing 

wear resistance. Molybdenum (Mo) is also a ferrite-stabilizer which helps in solid solution 

strengthening. It increases the hardness and hardenability along with the high temperature 

properties including creep (Bramfitt and Benscoter 2002).   

2.6 Literature on Cryogenic Treatment 

2.6.1 Effect of Austenitization Temperature 

Microstructure of austenite and martensite that forms after quenching is influenced by the 

austenitizing time and temperature. Hence, austenitizing temperature plays a major role 

and has to be chosen depending on the microstructural and mechanical properties required 

for the particular application.  

A study on the effect of austenitizing temperature on PMS390MC HSS tool steel stated 

that at higher austenitizing temperature the volume fraction and mean diameter of carbide 

particles tend to reduce during tempering. This creates increased mean distance between 

the carbides and affects tribological properties. Further, if the austenitizing temperature is 

too high, positive effects of DCT cannot be achieved . 

Another study on high chromium steel stated that high temperature austenitizing results in 

complete dissolution of the carbides/carbonitrides with negligible retained austenite. 

Further, DCT transforms the retained austenite into martensite and affects the precipitation 

sequence there by increasing the hardness (El Mehtedi et al. 2012). Another researcher 
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carrying out sub-zero treatment on Vanadis 6 steel, stated that high temperature 

austenitizing temperature leads to reduced retained austenite content and further subzero 

treatment imparts more refined martensite as compared to conventional treatment. It also 

induces higher dislocation density which eventually leads to carbon rich and carbon 

depleted regions . 

Regarding austenitizing and tempering temperature, it is summarized that combination of 

high austenitizing temperature and low tempering temperature helps in improving hardness 

and wear behavior whereas combination of low austenitizing temperature and high 

tempering temperature helps in achieving the bending strength and elongation at fracture 

(Oppenkowski et al. 2010). 

2.6.2 Effect of Tempering 

Tempering plays a major role in removing the brittleness and relieving the internal stresses 

of the as-quenched martensite. During the process of tempering, carbides precipitate from 

the martensite. Tempering enhances the toughness at the loss of hardness and strength.   

During the tempering process, the less stable austenite converts into martensite which 

enhances the mechanical stability and on the other hand stable austenite which does not 

convert into martensite provides some ductility to the materials such as tool steels (Kokosza 

and Pacyna 2005). However, addition of alloying elements increases the stability of the 

retained austenite. It is reported that in some cases, retained austenite cannot be completely 

decomposed even at high tempering temperatures (Zhu et al. 2008). Cryogenic treatment 

not only speeds up the decomposition of austenite but also decreases the temperature range 

required for the secondary hardening for the tool steels (Mebraki et al. 2002). Even though 

most of the researchers have incorporated cryogenic treatment as an intermediate step 

between quenching and tempering, there are some reports where researchers have carried 

out cryogenic treatment after tempering.   
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2.6.3 Soaking Temperature and Time 

Table 2.1 provides cryogenic temperature and soaking time of the cryogenic treatment 

carried out for various steel grades. Liquid nitrogen is commonly used as the cryogenic 

medium for the Deep Cryogenic Treatment at -196 °C as the soaking temperature. Many 

authors have carried out cryogenic treatment with soaking period varying from 4 h to 60 h 

for various steel grades. However, most of the steel grades are subjected to cryogenic 

exposure for 24 h as the preferred soaking time.  

Table 2.1. Temperature and soaking period for cryogenic treatment. 

Material Temperatur

e (°C) 

Holding 

time (h) 

Reference 

AISI 4140 -196 24  (Senthilkumar et al. 2011) 

815M7 (carburized 

steel) 

-196 24  (Bensely et al. 2007) 

TiCN, TiN -176 24 (SreeramaReddy et al. 2009) 

H13A -180 24 (Thornton et al. 2014) 

M2 HSS -196 24 (Firouzdor et al. 2008a) 

W18Cr4V, 

W6Mo5Cr4V2 

-196 24, 48 (Yun et al. 2008) 

AISI D2 -196 36 (Das and Ray 2015) 

AISI 52100 -145 12, 24, 36, 

48, 60 

(Gunes et al. 2014) 

AISI H13 -145 24 (Çiçek et al. 2015) 

EN31 -183 24 (Vimal et al. 2008) 
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High-vanadium Steel  -196 12, 24, 48 (Li et al. 2016) 

HY-TUF Steel -196 48 (Zare et al. 2015) 

SAE 8620 -185 4, 8, 12, 

16, 20 

(Ghosh and Dhokey 2017) 

AISI H13 -196 12 (Pérez and Belzunce 2015) 

AISI D2 -196 4 (Ghasemi-Nanesa and Jahazi 

2014) 

1.2080 tool steel -196 36  (Amini et al. 2013) 

AISI S1 steel -196 24, 36, 48 (Niaki and Vahdat 2015b) 

AISI T42 -185 4, 8, 12, 

16, 20, 24, 

28, 32 

(Dhokey and Hake 2013) 

DIN 1.2380 -150, -196 24, 36, 48 (Tyshchenko et al. 2010) 

AISI A2, D6, M2 -180 24 (Thornton et al. 2013) 

X153CrMoV12 tool 

steel 

-150 24 (Gavriljuk et al. 2014) 

45WCrV7 -196 24, 36, 48 (Vahdat et al. 2013) 

D3, M2 -180 24 (Mohan Lal et al. 2001) 

AISI M2 -110, -196 18, 38 (Gill et al. 2012) 

AISI D2 -196 48 (Amini et al. 2012a) 

1.2080 tool steel -196 24, 48 (Akhbarizadeh et al. 2012) 
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S390MC steel -196 25, 40 nik 

2012a) 

AISI M2 -196 24 (Firouzdor et al. 2008b) 

18NiCrMo5 -185 24 (Baldissera 2009) 

815M17 -196 24 (Bensely et al. 2007) 

Low carbon tool steel 

High carbon tool steel 

High speed steel 

-196 25 (Podgornik et al. 2016) 

AISI D2 -196 1, 5, 24 (Oppenkowski et al. 2010) 

AISI H13 -196 24 (Xu et al. 2010) 

CR7V Tool Steel -196 3, 6, 12 (Liu et al. 2018) 

DIN 1.2344 -196 24 (Mokarian et al. 2019) 

M35 -185 4, 8, 12, 

16, 20, 24, 

28, 32 

(Dhokey and Lalge 2018) 

 

2.6.4 Comparison of Deep cryogenic treatment with conventional and sub-zero 

heat treatment 

In general, cryogenic treatment can be classified into two types, one being Deep Cryogenic 

Treatment (DCT) where specimens are held in liquid nitrogen at -196 °C and another one 

is Shallow Cryogenic Treatment (SCT) where the holding temperature is in between -80 

°C to -160 °C (Das et al. 2010a). There have been many studies in the past that have 

compared deep cryogenic treatment with conventional and subzero treatments. Following 
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are the reports, focusing on the comparison of different heat treatments with respect to deep 

cryogenic treatment. 

A recent work on AISI 4140 steel reported that the material following CHT, SCT, and DCT 

attained hardness values of about 55, 57, and 60 HRC respectively. This demonstrates that 

DCT is more effective than SCT in increasing the hardness of as-quenched steels 

(Senthilkumar et al. 2011). In another comparison study of AISI D2 steel, involving 

conventional heat treatment, cold treatment, shallow cryogenic treatment and deep 

cryogenic treatment, deep cryogenic treatment significantly increased the hardness values 

as compared to the other treatments. It was observed that the retained austenite content was 

found to be 9.8 % and 4.8 % in conventionally treated and cold treated samples respectively 

whereas the retained austenite content was below the detection limit for both shallow 

cryogenic treated and deep cryogenic treated samples. The authors claimed that 

incorporation of shallow or deep cryogenic treatment reduces the amount of retained 

austenite either significantly or completely which is reflected in improving the hardness. 

Volume of large size and small size secondary carbides was increased to 47% and 39% 

respectively in DCT as compared to the cold treatment. This was claimed as the main 

reason for the improvement of hardness in AISI D2 steel (Das et al. 2010b). Similar results 

were found in another study involving AISI D2 steel. They claimed that reduction in 

retained austenite and increase in secondary carbides in deep cryogenic treatment as the 

main cause for increase in mechanical properties (Das and Ray 2012a). Another study 

carried out on D6 tool steel showed that effect DCT is better than SCT in improving wear 

resistance and hardness. The work also highlighted that by increasing the soaking time in 

DCT, more retained austenite was transformed into martensite, there by further increasing 

the hardness and wear resistance (Akhbarizadeh et al. 2009). 

A study involving comparison of cold treatment and DCT of AISI D2 steel stated that, 

along with more retained austenite transformation, DCT also increases secondary carbides 

which further enhances the tribological properties (Das et al. 2009a). Comparing the wear 

behavior of AISI D2 tool steel with various sub-zero heat treatments, it was found that cold 

treatment produces highest wear rate whereas wear rate is lowest for DCT. The authors 
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claim that reduction in retained austenite and increase in amount of hard secondary  

carbides are the main reasons for the substantial improvement of tribological behavior in 

DCT (Das et al. 2010c).  

A study involving DCT and SCT on AISI M2 high speed steel stated that deep cryogenic 

treatment promotes uniform distribution of carbides by accelerating the precipitation of 

small secondary carbides and thereby increasing their volume fraction which improves 

mechanical properties of the deep cryogenic treated specimens significantly as compared 

to SCT and CHT (Gill et al. 2012). However, in contrast, a study indicated a reduction in 

tensile strength for SCT and DCT samples over conventional heat treatment by 1.5 % and 

9.34 %, respectively (Bensely et al. 2007). 

2.6.5 Carbide Precipitation Study 

There have been many reports that have highlighted secondary carbide formation and 

uniform distribution of carbides as the main reason behind the improvement of mechanical 

properties. Following are some of the key reports that have highlighted the carbide 

formation during the deep cryogenic treatment.    

A study of DCT on D2 steel stated that, apart from elimination the retained austenite, 

increase in carbide content and homogeneous carbide distribution also takes place in DCT 

thereby increasing the hardness and wear resistance of the material (Amini et al. 2012a). 

Similar observation was observed in 1.2080 tool steel. Improvement in hardness and wear 

resistance because of secondary carbide formation is proved by applying magnetic field 

during deep cryogenic treatment. The magnetized samples showed lesser wear resistance 

as compared to the deep cryogenic treated samples as carbide precipitation was hindered 

by magnetization (Akhbarizadeh et al. 2012).  

In a study where holding duration of DCT was conducted on 1.2080 tool steel, researchers 

found out that carbide percentage increased up to 36 hours and there after started 

decreasing. The carbide percentage increased by 5 % (from 18 % to 23 %) after 24 hours 

and reached to 26 % at 36 h and then dropped to 24% beyond 36 hours soaking period. It 

was also observed that carbide percentage did not change after 48 hours and remained the 
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same in the period of 48 to 120 hours. The authors claimed that deep cryogenic treatment 

influences homogeneous carbide distribution along with uniform particle size and newly 

formed nano carbides. Wear resistance and hardness dropped beyond 36 hours owing to 

the fact that bigger carbides formed beyond 36 hours and affected the formation of fine 

precipitation of carbides (Amini et al. 2012b). 

A study on high speed steel with prolonged holding in DCT observed improvement in 

microstructure by producing needle like martensitic structure. Improved microstructure 

was corelated with higher surface hardness, increased abrasive and galling resistance.  

However, the improvement in tribological properties observed was minimal 

and Podgornik 2012b). Another study stated that, decreased thermodynamical potential for 

dissolution as the main reason for formation of precipitation of fine carbides which along 

with transformation of retained austenite to martensite leads to increase in hardness and 

wear resistance (Firouzdor et al. 2008b). 

One of the studies involving Vanadis 6 steel stated that, increase in the small globular 

carbide density is directly proportional to the soaking time of sub-zero treatment. Further, 

sub-zero treatment accelerates decomposition of retained austenite with the increase in 

soaking period. It was also observed that tempering process decreases the population 

density of small globular carbides, with the increase in the tempering temperature 

al. 2017). One of the authors stated that segregation of carbon atoms near dislocations 

during DCT and their precipitation from the matrix during tempering leads to improvement 

in the mechanical properties. The authors claimed that carbon atoms near the dislocations 

either act as or grow into nuclei to form carbides which helps in enhancing the wear 

resistance (Li et al. 2011).  

2.6.6 Wear study   

A study was conducted using taguchi method for the optimization of deep cryogenic 

treatment process on 100Cr6 bearing steel considering the parameters such as cooling rate, 

soaking temperature, soaking time, and tempering temperature, in order to enhance 

hardness and wear resistance. It was concluded that soaking period was the most crucial 
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factor in improving the wear resistance of that particular steel. Soaking period of 36 h, at -

185 °C and tempering temperature of 200 °C were considered as the optimum parameters 

which improved the wear resistance by 49 % and hardness by 19 %. Further, the 

microstructural study carried out claimed that conversion of retained austenite to martensite 

and fine carbides precipitation as the main reasons for enhanced the hardness and wear 

resistance (Sri Siva et al. 2012). A similar study of DCT carried out on high-speed steel 

showed improvement in the microstructure by producing finer needle-like martensitic 

structure and thereby improving the hardness and wear behavior (Podgornik et al. 2012). 

One of the researchers stated that improvement in wear resistance is due to favorable 

distribution of carbides rather than reduced retained austenite (Meng et al. 1994). Another 

study on improving the wear resistance of D2 steel attributed to elimination of retained 

austenite, refinement of carbide particles, and their homogeneous distribution for the 

attainment of better wear resistance after deep cryogenic treatment (Das et al. 2007). 

A study involving AISI D2 steel, correlated wear resistance with microstructures and stated 

that improvement in wear resistance is caused by elimination of soft retained austenite and 

increase in hard secondary carbides along with uniform tempered martensite (Das et al. 

2009b). Same author in another article mentioned that microstructural changes modified 

during DCT, increased the resistance of tool steels to plastic deformation and thermal 

softening during wear test and thereby improving the wear behavior of D2 steel (Das and 

Ray 2012b). 

2.6.7 Deep cryogenic treatment carried out before and after tempering 

In a study that compared DCT applied before and after tempering of EN31 steel revealed 

that DCT applied immediately after quenching and before tempering offers much better 

wear resistance than DCT applied after tempering (Vimal et al. 2008). In another study of 

T1, M2 and D2 steels where cryogenic treatment was compared with coatings, it was found 

out that cryogenic treatment of tool steels showed better tool life than the tool steels with 

coating. Further, combination of cryogenic treatment and coatings resulted in better wear 

resistance and tool life. The work also showed that cryogenic treatment carried out at -140 

°C after tempering showed negative results in terms tool life. However, the results were 
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favourable when cryogenic treatment was carried out at -180 °C. During the tempering 

process, stabilization of the carbides and the microstructural phases takes place and this 

inhibits further transformation during cryogenic treatment. Hence, higher degree of 

undercooling is required to transform the tough or stabilized microstructural phases 

(Mohan Lal et al. 2001). In one of the studies, it was shown that hardness and wear 

resistance were increased by incorporating DCT in between quenching and tempering. 

However cryogenic treatment carried out after tempering had negligible effects in 

increasing both hardness and wear resistance (Molinari et al. 2001).   

In one of the DCT studies involving case carburized steels, it was reported that segregation 

of carbides and transformation of retained austenite to strain induced martensite leads to 

increased hardness when DCT was carried out after tempering (Preciado et al. 2006). 

Performing DCT after tempering showed no side effects and instead improved the fatigue 

behavior by increasing the fatigue limit up to 25 % (Baldissera 2009). In numerous recent 

studies involving DCT, it has been clearly demonstrated that key mechanical properties 

such as, hardness, tensile strength, toughness, and bending strength of structural steels can 

be significantly improved by suitably adding a DCT step in the heat treatment cycle (Cajner 

et al. 2012; Çiçek et al. 2015; Ghasemi-Nanesa and Jahazi 2014; Khun et al. 2015; Niaki 

and Vahdat 2015a; Zare and Hosseini 2016; Zhang et al. 2014). 

Apart from the study of DCT after quenching and before tempering, researchers have also 

studied the effects of DCT on annealing also. DCT carried out after annealing improved 

hardness and wear resistance and it was attributed to reduction in interlamellar spacing of 

uniform pearlitic microstructure (Thornton et al. 2013). 

2.6.8 Deep cryogenic treatment on various steel grades 

Most of the literature that is available for DCT is mainly focused on improving the 

mechanical properties of tool steels. There are very few reports that have attempted to study 

the behavior of low/medium carbon steels upon implanting cryogenic treatment. Following 

are some of the reports that have focused on cryogenic treatment on various steel grades. 
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A study showed that both hardness and wear resistance of M2 tool steel increased by DCT 

due to the conversion of retained austenite into martensite (Mahmudi et al. 2008). Another 

study on DCT of tool steels revealed increased impact-toughness by 58 % and 43 % for T1 

and M2 steels respectively (Yun et al. 2008). In one of the studies of AISI D2 tool steel, 

volumetric fraction of nano sized carbides was larger and more homogeneous after DCT 

and it was attributed to higher volumetric fraction of martensite (Farina et al. 2013). Similar 

study on deep cryogenic treatment of a high vanadium steel revealed that amount of 

carbides formed increased and that the carbides were even more homogeneously 

distributed due to deep cryogenic treatment followed by optimal tempering (Li et al. 2016). 

-carbide precipitation takes place during DCT of S156 

steel which subsequently improves both toughness and wear resistance of the material (Oila 

et al. 2014). Using internal friction measurements, one of the researchers suggested that 

shrinkage in strain energy during DCT leads to segregation of interstitial carbon atoms to 

nearby dislocations and formation of  carbides will take place as a result of tempering in 

cold worked die steel (Li et al. 2013c). From the perspective of phase transformation and 

associated microstructural changes, it is understandable that increased martensite fraction 

during DCT and consequent improvement in the distribution of cementite during tempering 

is the key reason for the overall improvement in the bulk mechanical properties of steels 

as quantitatively demonstrated by recently reported studies (Ghosh and Dhokey 2017; 

Gunes et al. 2014; Wierszyllowski et al. 2008).  

One of the studies relating to DCT of tool steel confirmed the transformation of retained 

austenite to martensite through internal friction method as the quenched sample was cooled 

down to -160 °C and heated back to room temperature (Li et al. 2013b). Another study 

involving T-42 steel showed maximum carbide density for a cryosoaking period of 8 h as 

a result of the low residual compressive stress. The stress then increased the surface energy 

of carbides which led to the nucleation and of growth of new carbides in order to reduce 

the surface energy. Hardness values vary linearly in accordance with carbide density of the 

matrix, producing uniform microstructure. In this work, impact energy of DCT specimens 

was improved as compared to the conventionally treated specimens (Dhokey and Hake 
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2013). Another theory suggested transformation of martensite at low temperature leads to 

deformation of virgin martensite which eventually improves the properties of tool steels. 

Formation of carbon clusters takes place as a result of capture of carbon atoms by moving 

-carbides (Tyshchenko et al. 

2010) -carbides formation as the major reason for 

improving the wear properties of tool steels and thereby improving the tool life (Stratton 

2007). In contrary to carbide precipitation theories, one of the studies stated that hardness 

of tool steel increased after DCT but there were no secondary carbides observed in TEM 

study (Gavriljuk et al. 2014). 

A study showed that precipitation of fine carbides during DCT helped in achieving the 

enhanced strength and exhibiting the same even at elevated temperatures for EN52 and 21-

4N valve steels. For EN52, the tensile tests were conducted at room temperature and at an 

elevated temperature of 400 °C while 21-4N was subjected to 650 °C and were compared 

with room temperature tensile tests. DCT samples of both the materials showed 11 % 

improvement in tensile strength compared to CHT samples at the room temperature. When 

tests were conducted at elevated temperatures, DCT samples of EN52 showed 

improvement of 7.87 % over CHT samples while DCT samples of 21-4N steel showed the 

improvement of 7.1 % over CHT samples. It was stated that fine secondary carbides that 

precipitate during the DCT exhibit better strength at elevated temperature (Jaswin and Lal 

2011). 

Though it is believed that complete transformation of unstable retained austenite to 

martensite takes place after DCT, researchers have shown that even after DCT, there will 

be a small amount of retained austenite that remains untransformed in die steel (Li et al. 

2013a). High population density and higher volume fraction of secondary carbides are two 

effective parameters in improving the toughness of tool steels. By simultaneously 

increasing the soaking time in DCT and tempering temperature, toughness of the tool steels 

can be enhanced (Vahdat et al. 2013). Also, quench severity is the another important factor 

that influences conversion of retained austenite to martensite (Amini et al. 2013). 
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One of the studies stated that formation of dislocation networks occurs because of 

interaction of dislocations at cryogenic temperature. Further, upon implementing aging 

treatment, density of dislocations increases and leads to twin formation in the 

microstructure of Ti 6Al 4V alloy (Gu et al. 2013). Another study on cold-worked tool 

steel revealed that DCT improved fracture toughness without compromising on hardness 

through finer needle like martensitic microstructure in addition to plastic deformation of 

primary martensite (Podgornik et al. 2016). One of the researchers provided a theory for 

tool steels that plastic deformation at low temperature leads to martensitic transformation. 

A separate study revealed that maximum transformation of retained austenite takes place 

around -150 °C due to the optimal driving force of the transformation and the thermal 

activation. The work states that, during isothermal cryogenic holding, as-quenched 

martensite deforms and the new or virgin martensite appears from the retained austenite 

and thus increasing the martensite fraction (Gavriljuk et al. 2013). 

One of the researchers observed maximum hardness and compressive strength for alloyed 

Bainitic Ductile Iron after carrying out DCT for 6 h. The attributed factors were plate like 

martensite and carbide precipitation. However, mechanical properties dropped after 

tempering process due to Ostwald ripening of precipitated carbides (Cui and Chen 2017). 

A study on AISI H13 hot work steel stated that shrinkage of martensite unit cell takes place 

during tempering and the carbon atoms trapped in the supersaturated martensite diffuse out 

and precipitate to form carbides during tempering. The shrinkage will be more for DCT 

indicating more carbide precipitation. Shrinkage is defined by low tetragonality martensite 

in the DCT samples and this low tetragonality is the main reason for martensite to become 

more homogeneous after tempering thereby increasing wear resistance and durability of 

the tool steel (Xu et al. 2010). Another study stated that DCT followed by tempering 

induces higher thermal stresses and structural defects and thereby producing dispersed 

network of fine carbides which improves fracture toughness of the AISI H13 tool steel 

(Pérez and Belzunce 2015). 

From the above literature review, it can be summarized that the cryogenic treatment applied 

prior to the tempering treatment ensures superior mechanical and microstructural 
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properties for steel components. However, some commercial heat-treaters apply cryogenic 

treatment after tempering step for certain steel components claiming that this practice 

increases the hardness by 2 HRC and thus greatly helps in improving the wear-resistance 

of the components. This unusual industrial practice is not well studied with keen scientific 

intent and that the implication of this practice on the properties, service life, and 

performance of the steel components is not well understood. There are no clear guidelines 

formulated for commercial heat-treaters regarding the influence of cryogenic treatment 

applied after the tempering step.  Therefore, present work intends to explore the influence 

of cryogenic treatment performed on as-quenched and as-tempered steels that are 

commonly used as structural materials. 
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3. CASE-STUDY AND MOTIVATION 

This chapter presents a case-study that investigates the failure of a hydraulic lathe chuck 

assembly whose parts were subjected to sub-zero treatment after tempering. Using 

standard failure analysis and FEA based numerical stress analysis the investigation 

reveals the mechanism and the root-cause of the failure. Through heat-treatment 

experiments the chapter highlights the effects of regular and unusual cryogenic treatments 

and presents the motivation behind this thesis. 

3.1 Introduction 

Successful precision machining dictates the ability to manufacture reliable products, 

complying to design intent with close dimensional tolerances which has put an impetus to 

rely on high speed Computerized Numerical Control (CNC) machines. However, to 

address the surging demand for the fast production rate, high-speed spindle rotation is 

preferred that poses a significant threat for the operator during the unforeseeable events, 

such as, loss of gripping force, compromised clamping systems, tribological issues, etc. 

Modern numerical control lathes are now equipped with power-operated holding devices 

such as, pneumatic, hydraulic, and electromagnetic chucks which help in reducing the 

clamping time. Generally, jaw-chucks are the most preferred clamping systems, especially 

in turning operations. However, the clamping force may induce deformation, lateral bend 

and displacement at clamping position (Feng et al. 2008). Machining industry often 

encounters the failure of jaw-carriers and plungers of CNC chucks during operation. Most 

of the failures are attributed to centrifugal force acting on jaws which are prone to slip 

(Zhou et al. 2011). With a minimum actuating force, the chuck achieves a very high 

clamping pressure ensuring firm gripping of the specimens (Kosmowski 1985). In one of 

the reports, finite element analysis of three-jaw chuck reported that larger holding diameter 

and higher rotational speed led to higher gripping losses (Karthik et al. 2020). A similar 

study reported that centrifugal force which acts in the opposite direction of the gripping 

force, decreases the gripping force with an increase in the rotational speed. Furthermore, 
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the study reported that the chuck materials having higher densities impose reduced gripping 

force during the operation (Basavaraja and Mujawar 2014).  

In general, all the sliding surfaces are hardened for precision operation, reduced wear and 

tear, and extended service life.  Carburizing is the most common method of increasing the 

surface hardness of the chuck parts. Case-carburizing produces a carbon-rich surface and 

sub-surface in steel components. After quenching followed by tempering, the carburized 

components are strengthened with high hardness at the surface and high toughness at the 

core. This is the perfect combination for a long run (Cameron et al. 1983). Though 

carburizing improves surface hardness by increasing the carbon percentage, formation of 

retained austenite during quenching will affect the material during the operation. 

Commercial heat-treaters apply many techniques and methods in controlling the retained 

austenite including: sub-zero treatment, cryogenic treatment, hardening with reheating, and 

quenching from different temperatures (Zinchenko et al. 1987). A study showed improved 

fatigue properties by reducing the retained austenite when the cryogenic treatment was 

carried out on carburized steels followed by tempering (Bensely et al. 2008). Another study 

showed improvement in fatigue resistance by reheating (to 850 °C) and quenching the 

previously carburized samples (Pacheco and Krauss 1989). Even though, proper care and 

strict guidelines are followed in processing, many carburized materials fail because of poor 

mechanical design and other external parameters. One such study observed that 

overloading during the operation caused contact-fatigue that led to the failure of a case-

carburized gear (Boniardi et al. 2006). A similar study claimed that contact fatigue is a 

common phenomenon that leads to reduced load-bearing capacity of carburized gear 

materials eventually leading to fracture of gear teeth (Widmark and Melander 1999).   

In a separate study where square edged carburized specimens and round edged carburized 

specimens were subjected to the bending test, it was reported that square edged specimens 

had lower fatigue limit than the round edged specimens. The lower fatigue limit in the 

square-edged samples was attributed to the presence of high-volume fraction of retained 

austenite in the sample corners and a lower surface residual compressive stress (Cohen et 

al. 1992). In another study involving failure of carburized helical gear, it was observed that 
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several teeth were cracked as a result of coarse grinding. Cracks propagated from the flank 

towards the gear end. The flanks at the acute angle side were unable to fully support the 

grinding stress leading to cracking of the flanks. The thick carburized case and weak inter-

crystalline bonding of the carburized layer attributed to the initiation and propagation of 

crack. In addition, unsuitable grinding operations aggravated the cracking of the flanks. It 

was recommended to chamfer the edges of the flanks that intersect with the gear end, to 

support the grinding stress and to prevent cracking of the flanks (Xu and Yu 2012). Yet 

another study reported failure of carburized splined shafts used in a diesel engine that 

fractured after 7 8 hours of service. Fracture occurred at the root fillet between the tooth 

and cylinder portion. Intergranular fracture was observed as a result of intergranular 

internal oxidation. However, the authors claimed that high stress concentration at the 

fracture location resulting from over-short axial free length between the tooth and cylinder 

portion along with intergranular internal oxidation caused premature failure of spindled 

shaft (Yu et al. 2012). An experimental investigation in which specimens were carburized 

in hydrogen atmosphere revealed that the components usually do not display brittle fracture 

by hydrogen embrittlement. However, they do so when high tensile stresses combined with 

a high stress concentration and a martensitic microstructure are present (Straffelini and 

Versari 2009). Another study reported failure of a carburized secondary driving helical 

gear used in an electric vehicle due to improper heat treatment and high stress 

concentration. The fracture surface revealed that the crack originated from the tooth-root 

and displayed intergranular fracture. The study concludes that a combination of improper 

heat treatment and presence of high stress concentration led to the failure of the helical gear 

(Feng et al. 2020). 

Present work investigates the failure of a jaw-carrier and plunger assembly of a CNC 

hydraulic lathe chuck. The chuck assembly failed after five weeks of installation as 

reported by the lathe operator. The plunger consists of three T-slots to house three jaw-

carriers. The T-slots have varying profile matching the wedge-shaped projections in the 

jaw-carriers. This wedge design of the assembly has a self-locking feature that restricts any 

loss in the gripping-power of the chuck and is suitable for CNC machines (Fig. 3.1). The 
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jaw-carriers hold the jaws that are secured via T-nut. This arrangement ensures proper 

gripping of the job during machining. All these components have holes/slots for the 

hydraulic circuitry and are activated by rear mounted hydraulic cylinders (Fig. 3.2). The 

chuck assembly under the hydraulic pressure articulates by sliding of the jaw-carriers 

within the chuck body. The gripping or the loosening of the job is achieved by synchronized 

radial motion or simultaneous convergence or divergence of the jaws that are fastened to 

the jaw-carriers. Though the assembly is well lubricated during the operation, there is 

always wear and tear issue during the service due to the sliding action of the mating parts. 

The surface roughness and dimensional tolerance in these precision hydraulic components 

are typically maintained within a few micrometres. Excessive wear may cause slack in the 

chuck-assembly leading to: jerky operation, vibration, noise, oil spillage, reduced plunging 

force, loss of gripping, etc. 

Fig. 3.1. Schematics showing: (a) sectional view the hydraulic lathe chuck, (b) isometric 
view of jaw-carrier and plunger assembly.
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Fig. 3.2. Images showing critical components of a hydraulic lathe chuck; (a) rear-side view 
of the plunger showing several steps, holes and three T-slots, (2) oblique view of a jaw-
carrier showing the T-shaped projection, and (3) the jaw-carrier assembled in a T-slot of 
the plunger from the front-side. 
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The standard fabrication process of the jaw carrier and plunger starts with forging the steel 

billets to the required sizes. Intricate shapes, sliding surfaces, and slots are machined in the 

billets while maintaining close dimensional tolerances. The components are then subjected 

to carburizing heat-treatment followed by low temperature tempering as the desired surface 

hardness is 58-60 HRC and the case-depth is about 1.5 mm.  However, some customers 

demand the surface hardness of 60 HRC to minimize the wear and facilitate the smooth 

sliding between the plunger and the jaw-carrier. To reduce the wear and increase the service 

life, the sliding components, including the plunger and the jaw carriers, are case-hardened 

by carburizing. The surface hardness and the case-depth in excess of 60 HRC and 200 µm 

respectively are always desirous for the long life and smooth functioning of the hydraulic 

chuck assembly. The required case-depth of the steel components can be achieved by 

suitably adjusting, carbon potential, austenitizing temperature, and the diffusion time 

during the carburizing treatment. However, it is extremely difficult to achieve the surface 

hardness of more than 60 HRC in the components that are generally made of forged billets 

of low-alloy structural steels. As the carburized and oil-quenched components are always 

tempered, the surface hardness generally drops to below 60 HRC. To retain a high surface 

hardness (close to 60 HRC), the industry often resorts to low temperature (150-200 °C) 

tempering and thereby compromising on the toughness of the steel components. Thus, the 

heat-treatment of hydraulic steel components is always challenging. 

Therefore, along with the component design and machining quality, appropriate heat 

treatment process is essential for the smooth functioning and a long service life of the 

hydraulic chuck assembly. The objective of this work is to study the mechanism of the 

failure and then to suggest solutions to mitigate such failures in the future. 

3.2 Materials and Methods 

As confirmed by the chuck manufacturer, the plunger and the jaw carrier are made of 

EN36C, a case hardenable low-carbon alloy steel, whose nominal composition is shown in 

Table 3.1. Both the plunger and the jaw-carriers were subjected to gas-carburizing in 

different batches at 930 °C for 6 h followed by quenching in an oil bath. After the 

quenching, tempering was carried out at 200 °C for 1 h in a muffle furnace.  Further, to 
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increase the surface-hardness and to meet the customer/designer requirement of 58-60 

HRC, the tempered components were then subjected to sub-zero treatment at about -15 °C 

for 24 h in a freezing mixture of ice and salt. This is an unusual practice, as the sub-zero 

and cryogenic treatments are generally performed on as-quenched steel components to 

transform retained austenite into martensite so that on tempering, the steel component 

would achieve optimal hardness, toughness and microstructural uniformity. In numerous 

recent studies involving Deep Cryogenic Treatment (DCT) of steels, it has been clearly 

demonstrated that key mechanical properties such as, hardness, tensile strength, toughness, 

and bending strength of structural steels can be significantly improved by suitably adding 

a DCT step in the heat treatment cycle (Cajner et al. 2012; Çiçek et al. 2015; Ghasemi-

Nanesa and Jahazi 2014; Khun et al. 2015; Niaki and Vahdat 2015a; Zare and Hosseini 

2016; Zhang et al. 2014).  

 

Table 3.1. Measured chemical compositions (wt. %) of the Jaw-Carrier and the Plunger 
against the EN36C steel grade specification. 

 C Mn Si Ni Cr Mo S     P Fe 

EN36C 
Spec. 

0.12-
0.18 

0.30-
0.6 

0.10-
0.35 

3.00-
3.75 

0.60-
1.10 

0.10- 
0.25 

0.05 
max 

0.05 
max 

Balance 

Jaw-Carrier 0.16 0.45 0.22 3.32 0.85 0.10 0.04  0.04 Balance 

Plunger 0.15 0.37 0.23 3.38 0.91 0.13 0.03 0.04 Balance 

 

However, the chuck manufacturer of the current study claims that the hardness of a 

tempered steel component increases by about 2 HRC after the sub-zero treatment and that 

this increased hardness helps in reducing the surface wear and meeting the customer 

requirement. It is important to confirm this claim and compare the effectiveness of the 

regular sub-zero treatment with that of the unusual sub-zero treatment. Considering that 

the construction and the performance of the lathe chuck components involve mechanical 

design part and materials processing part, the failure analysis and the heat treatment 

experiments were conducted separately as described in the following sections. 
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3.2.1 Failure Analysis 

For the failure investigation of the lathe chuck assembly, the standard failure analysis 

procedure involving, visual inspection, fractography, microstructural analysis, and 

hardness testing, was carried out. As-received lathe chuck components were cleaned, 

washed and dried to reveal the various signs of destress and the fracture surface features. 

For the microstructural analysis, the lathe chuck components were sectioned using an 

abrasive-disc slicer to obtain coupon size specimens. The specimens were ground using a 

series of abrasive papers, and polished using a velve

a disc-polisher as per the standard metallographic procedure. 2 % Nital was used as an 

etchant to reveal the microstructure. A Zeiss AXIO optical microscope was used for 

studying the microstructures. A JEOL JSM-6380LA Scanning Electron Microscope (SEM) 

was used in secondary electron mode for the fractography. Hardness tests were carried out 

on the test coupons using a standard Rockwell hardness tester fitted with a cone indenter 

and 150 kg as the major load. The hardness measurements were carried out on the 

carburized-case as well as at the specimen core. Five reliable readings with a variation of 

+ 1 HRC were taken at the critical regions on each component and the average hardness 

values were tabulated. To know the depth of carburizing and effective case depth, Vickers 

hardness test was carried out using Shimadzu HMV-G 20 ST tester with 1 kg load. 

3.2.2 Numerical Stress Analysis 

The objective of the numerical stress analysis is to simulate the operational stress contours 

by considering the realistic dimensions of the plunger, room temperature mechanical 

properties of the plunger material, and suitable boundary conditions. The simulated stress 

contours can show the stress concentration at the fracture critical location. However, it is 

important to note that by suitably considering, the gripping force, the machining force 

applied by the cutting tool, and the centrifugal force arising out of the rotation, the stress 

contours of the plunger may be generated. But, the stresses due to real-life incidents such 

as, improper gripping, eccentricity due to misaligned centering of the job, accidental 

bumping during the setting or removal of the job, jerky operation, abrupt shutdown and 

start-up cycles due to power outages, etc., cannot be easily generated. Thus, the stress 
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analysis is limited to generating realistic stress profile of the critical component under ideal 

operating condition.  

For the optimal use of computational time and resources, only the plunger was considered 

for finite element analysis as shown in Fig. 3.3. By considering the measured dimensions, 

3D CAD model of the plunger was built using the commercial software package, 

SOLDIWORKS. Unwanted features including holes, fillets and chamfers especially at 

non-critical locations were ignored in the 3D model. The CAD model was imported to 

ANSYS workbench to perform static structural analysis. For more accurate results, the 

plunger was meshed with hexahedral brick elements in most part. Due to geometric 

constraints a few tetrahedral elements were also included. Care was taken for the mesh 

connectivity at the critical regions to capture the reliable magnitude of the stress. 

 

Fig. 3.3 3D CAD model of the plunger. 
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Fig. 3.4 Images showing: a) meshed plunger model, (b) rotational velocity in the anti-
clockwise direction along the Z axis, c) arrested translational motion in X, Y and Z 
directions (d) cutting force applied to the surface of the wedge slot.

Boundary Conditions

The plunger material is assumed to be a structural steel and corresponding room-

temperature materials properties were considered in the finite element model. The meshed 

model and the boundary conditions applied on the model are shown in Fig. 3.4.  The inner 

face of plunger was constrained from any translation motions in X, Y and Z directions. The 

axis of plunger was given a rotational motion in the Z axis with a rotational velocity of 733 

rad/s (7000RPM). The magnitude of force components associated during the cutting 

a b

c d
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operations (Shunmugam and Kanthababu 2018) in X, Y and Z directions was applied to 

the wedge slot face by creating a remote point and applying a remote force over the wedge-

surface representing the cutting force during the machining operation. Linear elastic stress 

analysis was performed to simulate operational stresses in the plunger. Equivalent von 

misses stress criteria was used to obtained stress contours from the simulation. 

3.2.3 Heat Treatment Experiments 

A set of heat-treatment experiments involving cryogenic treatment of EN36 steel were 

designed to simulate the real-life industrial practice and compare the same with a 

scientifically proven and well-established practice. To study the effectiveness of the 

cryogenic step in the heat-treatment cycle of carburized EN36, following heat treatment 

experiments were carried out. 

16 mm diameter EN36C grade steel bars were procured and sliced to obtain the 

experimental specimens of 20 mm length. The specimens were then subjected to 

carburizing and quenching treatment followed by, 1) conventional hardening and 

tempering treatment, 2) cryogenic treatment (CT) carried out after tempering, and 3) 

cryogenic treatment carried out as an intermediate step between quenching and tempering.  

The austenitizing temperature/duration, quenching medium/temperature, tempering 

temperature/duration, and cryogenic medium/temperature/duration, were all kept constant 

for the heat-treatment cycles.  

A box-type furnace was used for the heat-treatment of the specimens. Considering that the 

actual chuck components were carburized before quenching, in order to simulate the real-

life industrial heat-treatment, pack-carburizing method was adopted for the experimental 

specimens. A carburizing mixture of barium carbonate, calcium carbonate and charcoal in 

the ratio 7:3:90 was prepared and the specimens were properly packed using the 

carburizing mixture in a mild steel box. The box was closed with a lid and then sealed using 

bentonite clay paste to avoid decarburization. The specimens were then austenitized to 930 

°C for 6 h to achieve the required case-depth. The carburizing pack was broken and the 

specimens were then quenched in an oil bath. Tempering was carried out by holding the 
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specimens at 200 °C for 1 h. For cryogenic treatment, the specimens were immersed in 

liquid nitrogen for 24 h. After various heat treatment steps, the specimens were sectioned, 

ground, and etched as per the standard metallographic procedure to study the hardness 

variation and the microstructural changes occurring at the surface and the core of the 

specimens.  

3.3 Results and Discussion 

3.3.1 Visual Inspection 

The fractured jaw-carrier and the plunger in as-received condition are shown in Fig. 3.5. 

The plunger fractured at a T-slot and the jaw-carrier fractured at the T-shaped projection. 

This suggests that plunger and jaw-carrier assembly failed at the mating slot. It is important 

to consider that these two mating parts carry the hydraulic plunging force for gripping the 

job. During the lathe operation, the contact stresses caused by the gripping of the job would 

be superimposed by the additional stresses caused by the lateral force imposed by the 

cutting tool. Thus, the failure of any one component during operation should cause 

immediate damage to the mating part. Thus, it is likely that both the plunger and the jaw-

carrier failed in one event as a cause and the effect during the lathe operation. However, it 

is important to figure out which component failed first and then caused the failure of the 

other component.  

Images of the jaw-carrier after cleaning, washing and drying are shown in Fig. 3.6. 

Considering the complex geometry of the jaw-carrier, the fracture surface is quite 

undulated. Close-up views of the fracture surface observed from either side of the jaw-

carrier, in most part, suggests the rough brittle fracture features indicative of sudden 

snapping. The rough features on the fracture surface coupled with the absence of any gross 

deformation or bending suggests that the jaw-carrier snapped and fractured suddenly likely 

due to instant over-stressing during the lathe operation. 



39

Fig. 3.5. Image showing as-received plunger and jaw-carrier; (a) oblique view, (b) top 
view.

a

b

10 mm

10 mm
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Fig. 3.6. Different views of failed jaw-carrier showing the fracture-location and surface 
features; (a) side-view of the failed jaw-carrier in comparison with a good jaw-carrier 
showing the location of the fracture, (b, c) oblique views from either side indicating the 
brittle fracture features.

a

b c

10 mm

10 mm 10 mm
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Images of the failed plunger and close-up views of the fracture surface are presented in 

Fig. 3.7. Two key points can be noted from visual inspection of the failed plunger; the 

fracture surface reveals circumferential thumbnail propagation features identified as beach 

marks that indicate the direction of propagation of the fracture. The epicenter of the 

circumferential marks is a sharp corner in the T-slot suggesting that the fracture originated 

from this location of the plunger and that the crack propagated progressively during the 

lathe operation. Any sharp corner without a fillet or suitable radius of curvature can act as 

the stress raiser and hence becomes a fracture critical location during the service. These 

critical observations suggest that the plunger failed by fatigue fracture. The lifting or 

bending forces exerted by the mating jaw-carrier must have imposed highly concentrated 

and variable tensile stresses at the sharp-corner in the plunger while gripping the job during 

the lathe operation. This implies that a crack generated in the T-slot corner of the plunger 

and propagated slowly during the service before the final fracture. As the contact stress 

distribution in the mating parts changed suddenly, the jaw carrier fractured immediately 

likely due to instant over-stressing during the service. The visual inspection suggests that 

the plunger suffered a progressive fatigue failure and as an effect, the jaw-carrier failed by 

sudden snapping. Thus, it can be stated that the primary failure is the fatigue fracture of the 

plunger and that the sudden fracture of the jaw-carrier is the secondary failure of the chuck-

assembly. 
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Fig. 3.7. Different views of the failed plunger showing the fracture-location and surface 
features; (a, b) oblique views showing that the plunger fractured at one corner of a T-slot, 
(c, d) close-up views of the fracture surface showing fatigue beach-marks suggesting that 
the fracture initiated from the top corner of the T-slot as illustrated by the arrow and the 
dotted-lines.

c d
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3.3.2 Fractography 

A fractographic image and SEM fractographs of the plunger are presented in Fig. 3.8. The 

photographic image (Fig. 3.8a) shows crack initiation site and propagation pattern. The 

low-magnification SEM fractograph (Fig 3.8b) captured at the termination site clearly 

shows the fatigue beach marks. Further, high-magnification fractographs (Fig. 3.8c, Fig. 

3.8d) indicate intergranular fracture and fatigue-striations on the grains. Thus, the 

fractography confirms that the plunger failed in a progressive fatigue fracture.  

Figure 3.9 provides the typical fractographic features of the jaw-carrier.  The fractograph 

shown in Fig. 3.9a shows the contrasting fracture features of the core and the carburized 

case. The core shows the ductile fracture features with highly undulated fracture surface 

due to plastic deformation while the carburized sub-surface shows a flat-granular fracture 

surface that is indicative of the brittle fracture. The faceted intergranular fracture features 

shown in Fig. 3.9b confirms that the carburized case of the jaw-carrier suffered brittle 

fracture. The fractographs of the failed jaw-carrier captured at a critical region shows 

typical ripped features with signs of compression/pinch points adjacent to the ripped region 

comprising skewed dimples as shown in Fig. 3.10. This is the indication of the failure due 

to overstressing of the component. The localized pinching/pressing suggests that the 

loading during the fracture was localized likely due to misalignment or non-uniform 

contact of the mating surfaces. The fractographic analysis endorses the findings of the 

visual inspection that the jaw-carrier failed catastrophically in a single event while the 

plunger failed progressively by fatigue fracture. This further affirms that the fracture of the 

plunger is the primary failure and the fracture of the jaw-carrier is the secondary failure. 
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Fig. 3.8. Images showing fracture surface features of the failed plunger: (a) photographic 
image of the fracture specimen with the arrow showing crack initiation site, (b) low 
magnification SEM image showing fatigue beach marks with banded thumb-nail 
propagation features on the fracture surface, (c) high magnification SEM image showing 
granular fracture surface that confirms intergranular crack propagation, and (d) high 
magnification SEM image revealing the diffused fatigue striations in the fracture surface 
as highlighted in the circle. 
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Fig. 3.9. SEM fractographs of the failed jaw carrier showing: (a) two distinct fracture 
patterns at the carburized-case and the core, (b) brittle intergranular fracture feature at the 
case.

Fig. 3.10. SEM fractographs focused at an edge of the jaw-carrier showing the compression
point adjacent to the ripped region suggesting failure due to overstressing; inset images 
showing the crushed lateral flow pattern at the compression point and skewed dimples at 
the ripped region.

ba
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3.3.3 Numerical Stress Analysis 

The fractographic analysis suggests that the fatigue fracture of the plunger is the primary 

failure or the cause and the fracture of the jaw-carrier is the secondary failure. Thus, it is 

important to know why the plunger failed. Considering that the plunger failed progressively 

by fatigue failure, fracture critical location in the plunger must have been under high tensile 

stress during the operation or setting-up of the chuck. Technically, the peak stress at the 

fracture critical location should exceed the endurance limit of the material. However, only 

the operational stress as per the plunger design is considered for the FEA simulation. The 

stress profile of the plunger is shown Fig. 3.11.  

As expected, the stress concentration is at the slot-corner. As shown in Fig. 3.12 Max von-

misses stress is found to be 47 MPa and is acting at the slot-corner where the actual plunger 

failed during service. The magnitude of cutting forces and rotational velocity at the time of 

failure could be even higher. However, FEA simulation corroborates that the jaw carrier 

which fits into the slots of the wedge plunger transmit the aforesaid forces during the 

operation and the wedge slot region is prone to crack initiation. Thus, the numerical stress 

analysis identifies the fracture-critical location and the result matches well with the 

observations made in the visual inspection and fractography. 

It is understandable that the stress concentration in the critical region may be minimized 

by providing suitable fillet in the slot and corresponding rounding-off of the mating jaw-

carrier projection. Thus, much better stress-distribution can be achieved during the gripping 

and operation of the chuck. 
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Fig. 3.11. Image comparing, (a) the FEA simulated stress distribution in the plunger, with
(b) the actual fractured plunger showing the fatigue crack initiation site.

Fig 3.12. Images showing Close-up view of the FEA simulated stress contours in the 
plunger showing the stress concentration at the sharp edge of the T-slot where the in-
service fatigue fracture initiated.

a b
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3.3.4 Microstructural Analysis

Optical micrographs of transversely sectioned jaw-carrier and plunger are shown in Fig. 

3.13 and Fig. 3.14. Figure 3.13a and 3.13b show the microstructures of the jaw carrier 

observed at surface and core respectively. As the jaw carrier is case carburized the surface 

displays sharp needle like martensitic microstructure while the core shows more diffused 

tempered martensite. Figure 3.14a and 3.14b show the microstructures of the plunger 

observed at surface and core respectively. Similar observation can be made in the cross-

sectional microstructure of plunger as the case shows sharp martensitic microstructure and 

core displays diffused lathe shaped tempered martensitic microstructure. This shows that 

both the failed components were case-hardened by carburizing treatment.

Fig. 3.13. Cross-sectional micrographs of failed jaw carrier: (a) carburized case, (b) core.

Fig. 3.14. Cross-sectional micrographs of failed plunger: (a) carburized case, (b) core.

a b

a b
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3.3.5 Hardness Measurements 

Table 3.2 presents the hardness values of the chuck components measured on the surface 

as well as at the interior. The table compares the hardness values of: the failed plunger, the 

fractured jaw-carrier and a jaw-carrier that performed very well in service. The hardness 

of the core is quite consistent at 42-43 HRC in all the specimens. Similarly, the surface 

hardness of the plunger and the good jaw-carrier is also consistent at 57-58 HRC. However, 

the jaw carrier that suffered brittle fracture possessed significantly higher hardness (60 

HRC) at the surface. This suggests that the heat-treatment process of these components 

was not consistent and the process parameters varied from batch to batch. The component 

with a high case-hardness suffered brittle fracture during the service likely due to poor 

toughness of the hardened case. The hardness tests performed on the service-exposed 

components suggest that high surface-hardness and good toughness of the hardened-case 

would be necessary for the extended service life of the chuck-components.  

 

Table 3.2. Hardness Measurements. 

 
Component 
 

 
Location 

 
Hardness (HRC) 

Failed Plunger 
Surface 57 

Interior 43 

 
Failed Jaw-Carrier 
 

Surface 60 

Interior 43 

Good Jaw-Carrier 
Surface 58 

Interior 42 
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Fig. 3.15. Hardness profile of jaw carrier and plunger depicting the depth of case and 
effective case depth. 

 

Figure 3.15 presents the hardness profile of the failed jaw carrier and the plunger depicting 

the depth of case and effective case depth. It is observed that the required case depth of 1.5 

mm has been achieved in both the failed components with the effective case depth of about 

1.3 mm corresponding to 550 VHN. 

3.3.6 Heat Treatment Experiments 

Table 3.3 shows the hardness variations in case-carburized EN36 steel specimens after 

various heat treatment steps and Fig. 3.16-3.18 illustrate the corresponding microstructural 

variations in the hardened-case and the core. A significant difference in the as-quenched 

hardness values of the case (60 HRC) and the core (44 HRC) and corresponding 

microstructures confirm that the pack-carburization experiment performed on EN36 

specimens is quite successful. It is obvious that the tempering treatment on carburized and 

quenched specimen caused reduction in the hardness of both the case and the core by 2 
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HRC. It is important to note that the cryogenic treatment performed after tempering caused 

an increase in the hardness at the surface as well as at the core by 1-2 HRC as claimed by 

the industrial heat-treaters. However, it is quite impressive that the cryogenic treatment 

carried out immediately after hardening is quite effective as the hardness of both the surface 

and the core increased significantly. The hardness increased from 60 HRC to 65 HRC in 

the surface while the core showed an increase in the hardness from 44 HRC to 47 HRC. 

Even after tempering, the quenched and cryogenic treated specimen retained a high 

hardness of 61 HRC at the surface and 44 HRC at the core. This result suggests that the 

regular cryogenic treatment performed as an intermediate step between the hardening and 

the tempering is more effective than the unusual industrial practice of the cryogenic or sub-

zero treatment applied as the final step after tempering. This result is in agreement with the 

reported result of a carburized 18NiCrMo5 steel, in which cryogenic treatment carried out 

in-between quenching and tempering showed an increase in the hardness by 2.4 HRC. The 

specimens for which cryogenic treatment was carried out after the tempering step showed 

an increment of only 0.6 HRC (Baldissera and Delprete 2009). 

 

Table 3.3. Notation, description, and hardness variations of heat-treatment steps. 

 
Notation 

 
Description 

 
Hardness (HRC) 

  Surface Core 

Q Quenched 60 44 

Q+T200 Quenched + Tempered at 200 °C 58 42 

Q+T200+CT 
Quenched + Tempered at 200 °C  
+Cryogenic Treated 
 

60 43 

Q+CT Quenched + Cryogenic Treated 
 

65 47 

Q+CT+T200 
Quenched + Cryogenic Treated 
+Tempered at 200 °C 
 

61 44 
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Fig. 3.16. As-quenched microstructure of carburized EN36 showing: (a) densely populated 
fine martensite phase at the hardened case, and (b) coarse martensite at the core.

Fig. 3.17. Microstructural variation in the hardened-case of EN36 following various heat 
treatment steps; (Q+T200) quenched and tempered specimen showing martensitic needles 
embedded within large fraction of retained austenite, (Q+CT) quenched and cryogenic 
treated specimen showing an increased martensitic fraction and reduced retained-austenite, 
(Q+T200+CT) quenched, tempered and cryogenic treated specimen showing slightly 
refined microstructure; (Q+CT+T200) quenched, cryogenic treated and tempered 
specimen showing highly refined microstructure.

a b

Q+T200

Q+CT+T200Q+T200+CT

Q+CT
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Fig. 3.18. Image showing the microstructural variation of the EN36 core following 
various heat treatment steps.

The microstructure of quenched and tempered (Q+T200) specimen shows sharp martensite 

phase embedded within the retained austenite matrix. The fraction of retained austenite is 

significantly high. The quenched, tempered and cryogenic treated (Q+T200+CT) specimen 

shows a subtle increase in the martensitic fraction suggesting that martensitic 

transformation occurred during the cryogenic exposure. However, the as-quenched 

specimen when subjected to the cryogenic treatment (Q+CT) developed much finer and 

denser martensite. This effect is very clear in the quenched, cryogenic treated and tempered 

(Q+CT+T200) specimen that shows highly refined microstructure with fine and dense 

martensitic colonies with minimal retained austenite in the microstructure.  By comparing 

the figures in the second row (Q+T200+CT and Q+CT+T200), it is clear that the cryogenic 

treatment when applied as an intermediate step between the quenching and tempering is 

more effective than when applied after the tempering treatment. The hardness measurement 

done on the specimen surfaces clearly reflects this observation. 

Q+CTQ+T200

Q+CT+T200Q+T200+CT
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The above observation is consistent even in the specimen cores as presented in the Fig. 

3.18. The microstructural variations in the core are similar to that of the case except that 

the martensitic colonies are coarser in the specimen cores. The most refined and uniform 

microstructure is observed in the quenched, cryogenic treated and tempered (Q+CT+T200) 

specimen. The hardness measurements performed on the specimen cores also endorse that 

the cryogenic treatment is highly effective when applied immediately after the quenching. 

Thus, the results of the heat-treatment experiments suggest that, though the specimens 

subjected to cryogenic treatment after tempering show dense and uniform microstructure, 

the specimens subjected to cryogenic treatment as an intermediate step show much denser 

and more uniform martensitic microstructure in the hardened-case as well as in the core. 

This microstructure should make the component much harder, stronger and tougher.  

During tempering, stabilization of the carbides and the microstructural phases takes place 

and this inhibits further transformation during cryogenic treatment. Hence, higher degree 

of undercooling is required to transform the tough or stabilized microstructural phases 

(Mohan Lal et al. 2001). Therefore, it can be stated that cryogenic treatment carried out as 

an intermediate step between quenching and tempering transforms most of the retained 

austenite into martensite. This helps in achieving more refined microstructure with a 

uniformly distributed tempered martensite and carbides within the matrix. However, 

cryogenic treatment carried out after the tempering treatment is not very effective as it 

becomes difficult to break the stable microstructure achieved by conventional tempering. 

This may also lead to the adverse effects as the material would be in a state of stress after 

the cryogenic treatment and that, without any stress relieving/tempering process, the 

fatigue and impact resistance of the components would be compromised. 

It is important to recognize that the microstructure of these heat-treated specimens 

especially in the hardened-case do not show well-tempered martensitic structure. The sharp 

and dense martensitic colonies embedded within the matrix suggest that the tempering 

temperature (200 °C) is too low. To achieve the optimal combination of hardness, strength 

and the toughness, the tempering temperature should be increased. Since the required 
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surface hardness for the EN36 components is 58-60 HRC, the quenched and cryogenic-

treated components may be tempered at a higher temperature (300 °C) for achieving good 

impact and fatigue resistance. Since, the surface-hardness of the quenched and cryogenic 

treated specimen is quite high (65 HRC), a higher temperature tempering may be applied 

to the chuck components. This way, the service life of the components may be increased 

with a good combination of impact-fatigue-wear resistance. 

3.4 Summary 

The failure investigation and numerical stress analysis of the chuck assembly concludes 

that, the cracks initiated in the mating parts as a result of high stress concentration at the 

fracture critical locations and eventually caused catastrophic failure. The visual observation 

and the fractography suggest that the plunger failed first by fatigue fracture initiated at the 

sharp corner of a T-slot. As an effect, the T-projection of the jaw-carrier misaligned and 

snapped instantaneously by misalignment and overstressing. Thus, the presence of stress-

raisers in the form of sharp corners in the mating components, which is a design flaw, is 

the root-cause for this failure. Modifying the existing design by providing fillets and 

rounding-off the sharp corners should minimize such failures in the future. 

The microstructural analysis and the hardness measurements suggest that sub-zero 

treatment was carried out after tempering the components to achieve the required hardness. 

However, lack of stress relieving/tempering after the sub-zero treatment led to brittleness 

of the material especially at the hardened-case. The heat-treatment experiments conducted 

in this work suggest that, to increase the surface-hardness and the strength without 

compromising on the toughness of the steel components, sub-zero or cryogenic treatment 

has to be carried out before the tempering process. This way, catastrophic failure of the 

hydraulic chuck components can be minimized. 

3.5 Motivation 

The case-study presented here demonstrates the disconnection between the industrial 

practice and the scientific understanding of the cryogenic treatment. The heat treatment 

experiments conducted on EN36 material show the potential of the regular cryogenic 
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treatment against the unusual industrial practice. However, several structural steel grades, 

especially low-alloy steels are used for manufacturing industrial components. A direct 

comparison of cryogenic treatment applied before and after tempering of key structural 

steel is not reported yet. Thus, this thesis is motivated to make such attempts such that 

industrial heat treaters are provided clear guidelines to realize the full potential of deep 

cryogenic treatment applied to general structural steels. 
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4. PROPOSED WORK 

Based on the case-study and the motivation, this chapter proposes the objective, 

experimental materials chosen, and tasks involved in the research work. The chapter 

provides a list of experimental materials, their nominal composition, and rational behind 

choosing them for achieving the desired objective. 

Most of the studies on cryogenic treatment have been carried out on high alloy steels, high 

carbon steels, and carburized steels typically for improving the surface hardness and wear 

resistance. However, it is to be noted that unlike carburizing and nitriding treatments which 

improve the surface properties, cryogenic treatment improves bulk properties of the 

materials. For example, cryogenic treatment as an additional step to the conventional heat 

treatment is known to improve the bulk mechanical properties of tool steels such as, AISI 

D2, T1, M2, etc. However, effects of cryogenic treatment on the bulk mechanical 

properties of low-alloy steels are not widely studied. 

The case-study presented in the previous chapter highlights the issues related to the unusual 

- -study demonstrates the advantages 

of isothermal cryogenic exposure prior to tempering over the post-tempering cryogenic 

exposure of a low- - unusual 

industrial practice were compared and evaluated for the same material.  Thus, commercial 

heat treaters can be convinced about designing the appropriate heat-treatment cycles that 

may involve an additional sub-zero or cryogenic treatment depending on the application. 

However, it is to be noted that EN36 is a Ni-bearing low-alloy steel. There are other 

structural steel grades containing low fractions of alloying elements such as, Cr, Mn, Si, 

Mo, etc., and are used as the materials of construction for various industrial components. 

It is not clear yet as to how these steel grades respond to the cryogenic treatment. Therefore, 

this research work focuses on studying the influence of cryogenic exposure, prior to, and 

after the tempering of few important low alloy steel grades that are widely used for 

constructing industrial components and structures. Considering that the cryogenic 
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treatment influences both bulk and surface properties, its true potential can be realized in 

both static and dynamic structures made out of low-alloy structural steels. 

The main objective of the present work is to demonstrate the influence of deep cryogenic 

treatment on low-alloy structural steels and to provide a clear indication as to isothermal 

cryogenic exposure is to be carrie

current work aims at providing clear guidelines to industrial heat treaters for fully realizing 

the potential advantages of the deep cryogenic treatment if included in the heat treatment 

cycles of common structural steels. For achieving this objective, the steel grades chosen as 

the experimental materials are: EN8, EN18, EN47, EN45, and EN24 whose nominal 

compositions are shown in Table 4.1. 

Table 4.1 Nominal compositions of the selected experimental materials in wt. %.  

 

4.1 Materials and Application 

1. EN8 is a widely used medium carbon steel that does not contain any special alloying 

additions. Typical applications of EN8 include, forgings, heavy power transmission 

shafts, crank-shafts, bolts, connecting rods, flanges, axels, couplings, etc. EN8 is a heat-

treatable grade due to the optimal carbon content (~ 0.4%) and is generally used in 

through hardened and tempered condition. However, EN8 can be subjected to case-

hardening treatment including carburizing, induction-hardening, nitriding etc. Being a 

plain-carbon steel mechanical properties of EN8 almost entirely dependent on the 

Material C Si Mn Cr Mo Ni Fe 

EN8 0.4 0.3 0.8 - - - Bal. 

EN18 0.4 0.27 0.8 1.0 - - Bal. 

EN47 0.5 0.27 0.65 1.0 - - Bal. 

EN45 0.6 1.75 0.85 - - - Bal. 

EN24 0.4 0.27 0.57 1.2 0.27 1.5 Bal. 
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carbon content. Thus, this steel grade serves as a reference material and hence EN8 is 

chosen for the study. Equivalent of EN8 grade is AISI 1040. 

 

2. EN18 is a medium-carbon low-alloy steel whose carbon content (~ 0.4 % C) is same 

as that of EN8. However, the carbon equivalent of EN18 is slightly higher than that of 

EN8 due to the addition of chromium (1%). Thus, EN18 is superior to EN8 in terms of 

mechanical properties, hardenability, and corrosion resistance. Therefore, EN18 is used 

in slightly challenging environments and applications including, studs, bolts, shafts, 

gears, steering levers, axels, and crank-shafts, etc. The effects of cryogenic treatment 

on EN18 can be directly compared with that of EN8 and thus the influence of the key 

alloying element, Cr, can be easily validated. Therefore, EN18 is chosen as an 

experimental material for this research work. Equivalent of EN18 grade is AISI 6140. 

 

3. EN47 is also a medium-carbon low-alloy steel whose carbon content (~ 0.5 %) is 

slightly higher than that of EN18. However, the key alloying addition and the 

chromium content (~ 1 %) of this grade is same as EN18. Therefore, the carbon 

equivalent of EN47 is higher than that of both EN8 and EN18. Thus, EN47 is superior 

to EN18 in terms of the heat-treatability and mechanical properties. Thus, EN47 is 

largely used for automobile axles, springs, spindles, power transmission shafts, crank-

shafts, gears, etc. EN47 is chosen as an experimental material considering that the 

carbon equivalent and the hardenability of this material is progressively higher than 

that of EN8 and EN18, and the influence of the Cr can be confirmed and the role of 

carbon equivalent can be validated. Equivalent of EN47 grade is AISI 6150. 

 

4. EN45 is a high-carbon low-alloy steel having a higher carbon content (~ 0.6 %) than 

EN47 along with Si as the key alloying addition (~ 2 %). Because of its high strength, 

hardness, toughness, resilience, and hardenability, EN45 is commonly referred to as 

spring steel and used predominantly in automotive industries in manufacturing leaf 

springs. EN45 is chosen as an experimental material of this thesis as the progressive 
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effect of carbon equivalent on the cryogenic treatment can be compared with the other 

experimental materials and the possibility of applying cryogenic treatment to other Si 

bearing spring steels can be proposed. Equivalent of EN45 grade is AISI 9255. 

 

5. EN24 is a medium-carbon low-alloy steel whose carbon content (~ 0.4 %) and 

chromium content (~ 1%) are same as that of EN18 steel. However, EN24 has the 

additional alloying elements, Ni (~ 1.5 %) and Mo (~ 0.2 %).  This material has the 

highest number of alloying elements and corresponding carbon equivalent.  Thus, 

EN24 has the best combination of mechanical properties, and pitting corrosion 

resistance. EN24 is normally used in heavy machineries for constructing high 

performance shafts, gears, crankshafts, etc. EN24 is chosen as an experimental material 

to validate the effects of alloying additions and high carbon-equivalent to the cryogenic 

treatment. Equivalent of EN24 grade is AISI 4340. 

4.2 Objectives of Research Work 

Based on the experimental materials selected, objectives of the research work are stated 

as follows. 

1. Study the effect of cryogenic treatment on the mechanical properties of a plain-

medium-carbon steel. 

2. Study the effect of cryogenic treatment on Cr, Ni, Si containing medium-carbon low-

alloy steels. 

3. Compare the effect of cryogenic treatment on as-hardened and as-tempered steels. 

4. Generalize the effect of cryogenic treatment for low-alloy structural steels and provide 

clear guidelines to industrial heat-treaters. 
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5. EXPERIMENTAL METHODS 

This chapter provides the methodology and experimental details in achieving the research 

objectives stated in the proposed work. The chapter describes, the heat-treatment cycles 

designed, cryogenic exposure applied, equipment employed, and the specimen preparation 

method/standard followed for carrying out experiments, testing and characterization. 

5.1 Methodology 

As stated in the previous chapter, the main objective of this research work is to compare 

the effects of regular cryogenic treatment that is applied prior to the tempering step with 

that of the unusual cryogenic treatment that is applied after the tempering step in the heat 

treatment cycles of few commercially important structural steels. The effects of regular and 

unusual cryogenic treatments can be directly compared and evaluated by following, testing, 

characterization, and performance of the heat treated specimens. Thus, commercial heat-

treaters would develop a clear understanding of the influence and full potential of the 

cryogenic treatment if applied to key structural steel grades that are used in large quantities. 

Therefore, the methodology adopted here is to perform conventional hardening and 

tempering treatments on selected experimental materials first. Thus, the limitation of the 

conventional heat treatment cycles should be established which acts as the reference. Once 

the reference level is established, benefits of applying cryogenic treatments can be 

measured by direct comparison. Thus, effects of regular and unusual cryogenic treatments 

can be evaluated for each experimental material. Once the results of heat-treatment 

experiments are analyzed for all experimental materials, effects of cryogenic treatment as 

a function of alloying additions and carbon equivalent can be assessed. The experimental 

methodology of this research work is shown Fig. 5.1 in the form of a flow chart. General 

flow of the experimental work would be: Procurement, Annealing, Austenitizing, and 

Quenching of the experimental materials followed by, a) Tempering, b) Cryogenic 

Exposure prior to Tempering, and b) Cryogenic Exposure after Tempering. The 

experimental specimens would be subjected to testing and characterization. 
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Considering that tempering temperature for commercial alloys may typically vary from 

300 °C to 450 °C, these two extreme temperatures are included in the experiments. Thus, 

a general understanding of the effects of cryogenic treatment for a bunch of commercial 

steel grades can be obtained for typical applications. 

 

 

Fig. 5.1 Flow chart showing the experimental methodology of the research work. 
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5.2 Experimental Details 

Sufficient quantities of experimental materials were procured from a local vendor and 

received in the form 16 mm diameter circular bars. These bars were sliced transversely to 

obtain experimental specimens for, compositional analysis, heat treatment experiments, 

metallography, hardness measurements, tensile tests, and wear tests. 

Considering that the vendor received the materials stock from various sources, to erase any 

thermomechanical history and homogenize the procured bars, all the experimental 

specimens were annealed at 900 °C for 1 h in a box type furnace. The specimens were then 

austenitized and quenched in oil. Depending on the requirement, a few specimens were just 

tempered, a few as-quenched were immersed in liquid nitrogen and then tempered, and a 

few specimens were tempered and then immersed in liquid nitrogen. Irrespective of the 

sequence of the heat treatment cycles, austenitizing temperature/duration (870 °C/1 h), 

quenching medium/temperature (oil bath/room temperature), tempering-

temperature/duration, (300 °C/1 h or 450 °C/1 h) and cryogenic 

medium/temperature/duration (liquid nitrogen/-196 °C/24 h), were all kept constant.  

Cryogenic treatment was carried out by immersing the specimens in a liquid nitrogen tank 

of 5 liters for 24 hours. Liquid nitrogen was procured from the locally available industry, 

Mangalore Chemicals and Fertilizers Limited (MCF). The specimens that were subjected 

to quenching were thoroughly cleaned before immersing in liquid nitrogen and the 

specimens that were subjected to tempering were allowed to cool to room temperature 

before immersing in liquid nitrogen.  

5.2.1 Metallography and Microstructural Analysis 

Heat treated specimens were sectioned transversely and standard metallographic specimen 

preparation procedure involving, grinding using SiC abrasive papers, fine polishing using 

Al2O3 suspension, and etching with 2 % Nital solution was followed before mounting the 

specimen in a metallurgical microscope or a scanning electron microscope. For the 

microstructural analysis Zeiss AXIO optical was used in bright-field imaging mode at 

various magnifications up to 1000X to analyze low magnification microstructure. JEOL  
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JSM-6380LA Scanning Electron Microscope and JEOL FESEM 7610FPLUS were used 

for higher magnification imaging and analysis. 

5.2.2 Tension Test 

A 100 kN Shimadzu AG-X Plus Universal Testing Machine was used for performing 

tensile tests as per ASTM standard E8.  Standard tensile test specimens shown in Fig. 5.2 

were machined from the heat treated experimental specimens. By setting the initial gauge 

length and cross-sectional area, engineering stress-strain curves were generated. After 

processing the raw-data and plotting the curves, required information including yield 

strength, ultimate tensile strength, ductility, percentage elongation and reduction in area 

were obtained for each specimen. 

 

 

Fig. 5.2. Standard tensile test specimen (dimensions are in mm). 

 

5.2.3 Hardness Test 

Experimental specimens were sectioned transversely and ground using 100 grit SiC paper. 

A calibrated Rockwell hardness tester was used for measuring the indentation hardness in 

C scale whose details are shown in Table 5.1. Five concordant readings were obtained for 

each specimen before expressing the average hardness value in HRC. 
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Table 5.1 Specifications of the hardness test used in the experiments.

5.2.4 Wear Test

Wear test was carried out according to ASTM G99 standard using a pin-on-disc apparatus 

as shown in Fig. 5.3. Three specimens were used for each test condition. In the pin-on-

wear test, the pin specimen is made to press against the rotating disk at a specified load by 

means of lever arm with attached weights. The rotating disc is made of EN31 with hardness 

of 65 HRC. Figure 5.4 shows the dimensions of standard specimen used for the wear test. 

All the specimens were subjected to standard metallographic polishing procedure to obtain 

the mirror surface before subjecting to wear test. The disc was cleaned with emery paper 

after every test. The worn-out surfaces were observed using JSM-6380LA SEM to study 

the morphology and mode of wear.

Fig. 5.3 Schematic showing wear test setup.

Test Rockwell

Scale HRC

Indenter Diamond cone 120°

Minor load 10 kg

Major load 150 kg

Lever armPulley

Weights

Close-up view

Disc

Pin
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Fig. 5.4 Standard wear test specimen.

Table 5.2 Wear test parameters.

Parameters Values

Load 58.81 N, 39.94 N

Sliding distance 4000 m, 8000 m

Wear track diameter 120 mm

Revolution speed 1000 RPM

Table 5.2 shows the parameters used for the wear test. The weight loss observed before 

and after the test is converted into the volume loss and is used to measure the wear rate of 

the specimen.

Determination of wear rate

The specimen subjected to wear test will be weighed using standard weighing machine

both before and after the test and the difference will be taken as the weight loss.

                     ial weight (wi) Final weight (wf)

The measured weight loss will be converted into volume loss

Ø8 mm
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Volume loss (mm3)  .(2) 
3  

sliding speed and sliding distance are calculated using following formulae 

 

Where, D is the wear track diameter in mm and N is the disc speed in revolutions/minute 

Sliding distance in meters, d = v x t  

After obtaining volume loss, sliding distance wear rate and specific wear rate can be 

calculated using the following formulae 

Wear rate m3  

 

where, L is the load applied in N 

Wear resistance is the reciprocal of wear rate and is given by 
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6. RESULTS AND DISCUSSION 

The chapter presents the results of hardness test, tensile test, microstructural analysis, 

fractography, and wear test in separate sections for all the experimental materials.  Thus, 

the chapter tracks the variation in the microstructure and corresponding changes in the 

mechanical properties after every step in the heat treatment cycle for each material. In the 

end, chapter compares and discusses the effects of conventional quench-hardening and 

tempering treatment, cryogenic treatment added as an intermediate step between 

quenching and tempering, and cryogenic treatment applied as the final step after 

tempering.  

The experimental work is designed to track the microstructure and properties of every 

experimental material as a function of heat treatment steps. Thus, for every experimental 

material, 8-10 specimens were used for the hardness tests and microstructural analysis, 4-

8 specimens were used for the tensile tests, and 24 specimens were used for the wear tests. 

Total number of test specimens used for this study is more than 125. Thus, it is important 

to designate and identify these specimens as a function of the thermal history or the heat-

treatment step for every experimental material. Therefore, a simple notation system is 

followed to identify and denote each specimen as a function of thermal history. Table 6.1 

describes the notations used for identifying individual specimens consistently for all the 

experimental materials. 
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Table 6.1. Notations and description of heat-treated specimens. 

Specimen 
No. 

Notation Description 

1 A Annealed 

2 Q Quenched 

3 Q+T300 Quenched + Tempered at 300 °C 

4 Q+T450 Quenched + Tempered at 450 °C 

5 Q + CT Quenched + Cryogenic Treated 

6 Q + CT + T300 Quenched + Cryogenic Treated + Tempered at 300 °C 

7 Q + CT + T450 Quenched + Cryogenic Treated + Tempered at 450 °C 

8 Q + T300 + CT Quenched + Tempered at 300 °C + Cryogenic Treated 

9 Q + T450 + CT Quenched + Tempered at 450 °C + Cryogenic Treated 

 

6.1 Results of EN8 Steel 

6.1.1 Chemical composition 

Spark emission spectroscopy is employed to determine the chemical composition of the 

steel bars received from the vendor. The result of the spark emission spectroscopy for EN8 

bars is shown in Table 6.2 against the materials specification. The measured composition 

of the steel bars conforms to the standard specification confirming that the experimental 

material used for the heat -treatment experiments are indeed medium carbon steel, EN8. 

Table 6.2. Measured chemical composition (wt. %) of steel bars against EN8 
specification. 

 C Mn Si Ni Cr Mo S     P Fe 

EN8 Spec. 
0.36-
0.44 

0.6-
1.0 

0.10-
0.40 

- - - 
0.04 
max 

0.04 
max 

Balance 

Measured 0.36 0.65 0.19 - - - 0.04  0.04 Balance 
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6.1.2 Hardness Measurement 

Figure 6.1 presents hardness variations in EN8 steel following various heat treatment steps. 

The hardness test results show that the hardness of the as-quenched specimen is 45 HRC 

and that cryogenic treatment applied right after quenching increases the hardness from 45 

to 48 HRC. This suggests that a medium-carbon steel responds positively for the cryogenic 

treatment when applied immediately after quenching. However, cryogenic treatment 

carried out after tempering does not show any measurable increase in the hardness.  

When the hardness values of the tempered specimens are compared with that of as-

quenched specimens, it is clear that EN8 being a plain-carbon steel greatly loses its 

hardness. However, by implementing the cryogenic treatment in-between quenching and 

tempering helps in avoiding a massive drop in the hardness of tempered specimens.  This 

suggests that regular cryogenic treatment has enough leverage in retaining the hardness in 

the tempered condition. Thus, hardness results confirm the advantage of regular cryogenic 

treatment for EN8.  

 

Fig. 6.1 Bar-Chart showing hardness variations of EN8 after various heat treatment steps. 
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6.1.3 Tensile Test 

Engineering Stress-Strain curves of EN8 after key heat treatment steps are presented in 

Fig. 6.2 and vital quantitative data obtained from the tensile tests is summarized in Table 

6.3. 

As expected, annealed specimens show the lowest strength and highest ductility among the 

heat-treated specimens. The elongation recorded for annealed EN8 is 23% suggesting the 

ductile nature of EN8 in the annealed condition. The yield ratio (yield strength/ultimate 

tensile strength) observed for annealed specimens is 0.58. However, yield ratio obtained 

for all other specimens is above 0.9. This confirms that both annealing and tempering 

treatments are carried out properly (Bannister et al. 2000). 

Tensile behavior of tempered EN8 steel is comparatively presented in Fig. 6.3. This clearly 

indicates that cryogenic treatment performed in-between quenching and tempering 

(Q+CT+T450) shows significantly increased strength and ductility as compared to both 

conventional heat treatment (Q+T450) and unusual cryogenic treatment carried out after 

tempering (Q+T450+CT). It is important to note that there is a considerable increase in 

both the strength and the ductility, the toughness should also improve when EN8 is 

subjected to regular cryogenic treatment. 
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Fig. 6.2. Engineering Stress-Strain curves of EN8 for key heat-treatment cycles.

Table 6.3. Tensile properties of EN8.

Heat

treatment

YS

(MPa)

UTS

(MPa)

Elongation 

(%) 

Reduction 

(%) 

Yield 

Ratio

Toughness 

(MJ/m3)

A 335 578 23 18.7 0.58 132.94

Q+T450 761 818 11.56 10.36 0.93 94.56

Q + CT + 

T450
811 865 12.22 10.89 0.94 105.70

Q +T450 + 

CT
760 822 11.73 10.5 0.92 96.42
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Fig. 6.3. Variation in the key tensile properties of tempered EN8 as a function of heat 
treatment cycles. 

6.1.4 Microstructural Analysis 

Microstructure of EN8 in annealed condition is shown in Fig. 6.4. The carbon equivalent 

of EN8 being 0.4%, as expected, the microstructure shows pearlitic and ferritic grains in 

almost equal fractions. Thus, the microstructure of the experimental specimen conforms to 

EN8 grade. 

Microstructures of as-quenched, and quenched and cryogenic treated EN8 specimens are 

presented comparatively in Fig. 6.5. Visual comparison indicates that as-quenched coarse 

martensitic microstructure is transformed into fine and uniformly distributed martensite in 

the cryogenic treated specimen. This suggests that at least a fraction of the retained 

austenite in the as-quenched specimen is transformed into fine martensite during the 

cryogenic exposure. 
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Fig. 6.4. Microstructure of the annealed EN8 specimen.

Fig. 6.5. SEM images of as-quenched and cryogenic treated microstructures of EN8.

Q Q+CT
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Fig. 6.6. SEM images of EN8 after different heat treatment cycles with tempering 
temperature of 300 °C, involving cryogenic treatment at different stages.

Q+T300 Q+CT+T300

Q+T300+CT
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Fig. 6.7. SEM images of EN8 after different heat treatment cycles with tempering 
temperature of 450 °C, involving cryogenic treatment at different stages.

Microstructures of 300 °C and 450 °C tempered specimens are shown in Fig. 6.6 and 6.7 

respectively. As shown in Fig. 6.6 microstructural difference between these tempered 

specimens is subtle as the 300°C-tempered specimens show reminiscence of coarse 

martensitic colonies. However, by visual comparison, cryogenic treatment carried out in-

between quenching and tempering (Q+CT+T300) shows slightly finer and more uniformly 

distributed tempered martensitic structure as compared to other two specimens. 

This microstructure refinement is more pronounced in 450 °C-tempered specimens as they

show completely tempered features with fine carbides distributed uniformly in ferritic 

matrix. As shown comparatively in Fig. 6.7, tempering carried out after cryogenic 

treatment (Q+CT+T450) gives rise to the finest and the most uniform microstructure.

Q+T450 Q+CT+T450

Q+T450+CT
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6.1.5 Fractography

Fractographic features of key tensile test specimens as studied using an SEM are presented 

in Fig 6.8. All these specimens show dimples indicating ductile mode of fracture. However,

Q+CT+T450 specimen shows finer and more uniformly distributed dimples as compared 

to the other two specimens. Fine and uniformly distributed dimples in Q+CT+T450 

specimen suggest that regular cryogenic treatment improves the ductility of EN8 as 

indicated by the tensile test data.

6.1.6 Summary of Results

Results of hardness test, tensile test, microstructural analysis and fractography as presented 

in this section suggest that pre-tempering cryogenic treatment is quite effective in 

improving the mechanical properties of EN8. However, post-tempering cryogenic 

treatment is not effective. 

Fig. 6.8. Fractographic images of 450 °C tempered EN8 tensile specimens.

Q+T450 Q+CT+T450

Q+T450+CT
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6.2 Results of EN18 Steel 

6.2.1 Chemical composition 

Table 6.4 shows the chemical composition of the EN18 steel bars against the materials 

specification obtained through spark emission spectroscopy. The measured composition of 

the steel bars agrees well with the standard specification confirming that the experimental 

material used for the heat -treatment experiments is a medium carbon steel, EN18. 

Table 6.4. Measured chemical composition (wt. %) of steel bars against EN18 
specification. 

 C Mn Si Ni Cr Mo S     P Fe 

EN18 Spec. 
0.35-
0.45 

0.6-
1.0 

0.10-
0.35 

- 
0.85-
1.15 

- 
0.04 
max 

0.04 
max 

Balance 

Measured 0.39 0.75 0.27 - 1.10 - 0.03  0.04 Balance 

6.2.2 Hardness Measurement 

Figure 6.9 provides the hardness variations in EN18 steel following various heat treatment 

steps. Upon quenching, EN18 attains the hardness of 50 HRC. However, the hardness 

increases to 53 HRC when the as-quenched samples are subjected to cryogenic treatment, 

indicating that EN18 grade responds well to the cryogenic treatment. Similar to EN8, 

cryogenic treatment carried out after tempering does not show any measurable increase in 

the hardness of EN18. 

When tempering is followed after the conventional hardening step, the hardness drops with 

the increase in tempering temperature. The hardness observed for tempering at 300 °C is 

46 HRC and further drops to 42 HRC for the tempering temperature of 450 °C. However, 

it is observed that by implementing cryogenic treatment as an intermediate step between 

quenching and tempering, the hardness increases at about 1 HRC for both the tempering 

temperatures. Even though EN18 has 1 % chromium, addition of chromium, being ferrite 

stabilizer has very less capability in producing retained austenite in the as-quenched 

condition. Hence, the improvements observed after implementing cryogenic treatment are 

marginal. 
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Fig. 6.9 Bar-chart showing hardness variations of EN18 after various heat treatment 
steps. 

6.2.3 Tensile Test 

Engineering Stress-Strain curves of EN18 after key heat treatment steps are presented in 

Fig. 6.10 and critical quantitative data obtained from the tensile tests are summarized in 

Table 6.5. Figure 6.11 provides the variation in the tensile properties against the heat 

treatment. 

As shown in stress-strain graph, annealed specimens (A) of EN18 possess lowest strength 

(628 MPa) and highest ductility (20.16%), and that, hardened and tempered (Q+T450) 

specimens show significantly increased strength and decreased ductility than the annealed 

specimens. It is observed that Q+CT+T450 specimen shows better strength in comparison 

to Q+T450 and Q+T450+CT. Increase in strength is attributed to transformation of retained 

austenite into martensite during cryogenic treatment. However, it is to be noted that 
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cryogenic treatment followed after conventional heat treatment does not produce any 

significant amount of increased strength. The changes observed in stress-strain curves of 

tempered/cryogenic treated specimens of EN18 are quite marginal suggesting that the 

variation in the strength and ductility of EN18 due to cryogenic treatment is rather subtle.

Table 6.5 Tensile properties of EN18.

Heat

treatment

YS

(MPa)

UTS

(MPa)

Elongation

(%)

Reduction

(%)

Yield

Ratio

Toughness 

(MJ/m3)

A 340 628 20.16 16.8 0.54 126.6

Q+T450 1111 1191 9.97 9.06 0.93 118.74

Q + CT + 

T450
1170 1238 9.5 8.7 0.95 117.61

Q +T450 + 

CT
1148 1210 9.9 9.0 0.95 119.79

Fig. 6.10. Engineering Stress-Strain curves of EN18 for key heat treatment cycles.
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Fig. 6.11 Variation in the key tensile properties of tempered EN18 as a function of heat 
treatment cycles. 

6.2.4 Microstructural Analysis 

Figure 6.12 shows the microstructure of EN18 in the annealed condition depicting the 

pearlite and ferrite phases. Even though the carbon percentage in EN18 is only 0.4, addition 

of chromium (1%) acts as the carbon equivalent and increases the pearlite percentage in 

the annealed microstructure.  

 

 

Fig. 6.12.  Microstructure of EN18 steel in annealed condition. 
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Fig. 6.13. SEM images showing as quenched and cryogenic treated microstructures of 
EN18.

Fig. 6.14. SEM images of 300 °C tempered EN18 specimens.

As shown in Fig. 6.13, as-quenched EN18 specimen (Q) shows coarse Martensite colonies 

oriented randomly and that it is difficult to discern Martensite and Retained Austenite 

phases in the microstructure. However, Martensite colonies are dense, fine, and uniformly 

Q Q+CT

Q+T300 Q+CT+T300

Q+T300+CT
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distributed in the microstructure of quenched and cryogenic treated specimen (Q+CT). This 

difference in the microstructures suggests that the retained austenite distributed between 

the coarse martensitic plates/laths in as-quenched specimen transforms into fine Martensite 

during the cryogenic treatment. This explains the improvement of mechanical properties 

of EN18, when subjected to cryogenic treatment.

Formation of coarse Martensite during oil quenching of EN18 is further confirmed from 

the microstructure of hardened and tempered specimen (Q+T300) when compared to the 

specimens that are subjected to cryogenic treatment before or after tempering 

(Q+CT+T300 or Q+T300+CT). Microstructural results of EN18 confirm that cryogenic 

treatment helps in making the microstructure finer, denser, and more uniform (Fig. 6.14).

Fig. 6.15. SEM images of 450 °C tempered EN18 specimens.

Q+T450 Q+CT+T450

Q+T450+CT
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Compared to heat treatment cycles involving tempering temperature of 300 °C, specimens 

subjected to tempering temperature of 450 °C show fine, tempered martensitic structure.

Tempering at 450 °C helps in attaining the toughness at the expense of drop in hardness. 

As shown in Fig. 6.15, specimen involving Q+CT+T450 shows more homogeneity and 

denser martensite in the microstructure, demonstrating conversion of retained austenite 

into martensite during cryogenic treatment.

6.2.5 Fractography

Fractography images of the tensile specimens subjected to Q+T450, Q+CT+T450 and 

Q+T450+CT are shown in Fig. 6.16. All the specimens show dimples as the main 

highlighting feature, indicating ductile mode of fracture. Presence of no cleavages in the 

Q+CT+T450 indicate that cryogenic treatment is not inducing brittleness with the increase 

in hardness.

Fig. 6.16. Fractographs of 450 °C tempered tensile specimens of EN18.

Q+T450 Q+CT+T450

Q+T450+CT
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6.2.6 Summary 

Results of hardness test, tensile test, microstructural analysis and fractography as presented 

in this section suggest that pre-tempering cryogenic treatment is effective in improving the 

mechanical properties of EN18 whereas post-tempering cryogenic treatment is not 

effective.  

6.3 Results of EN47 Steel 

6.3.1 Chemical Composition 

The result of the spark emission spectroscopy for EN47 bars is shown in Table 6.6 against 

the materials specification. The measured composition of the steel bars conforms to the 

standard specification confirming that the experimental material used for the heat-

treatment experiments is indeed medium carbon steel, EN47. 

Table 6.6. Measured chemical composition (wt. %) of steel bars against EN47 
specification. 

 C Mn Si Ni Cr Mo S     P Fe 

EN47 Spec. 
0.45-
0.55 

0.5-
0.8 

0.10-
0.35 

- 
0.80-
1.20 

- 
0.04 
max 

0.04 
max 

Balance 

Measured 0.49 0.65 0.33 - 1.01 - 0.04  0.04 Balance 

 

6.3.2 Hardness Measurement 

Fig. 6.17 provides the hardness variations in EN47 steel following various heat treatment 

steps.  With slightly higher carbon percentage and chromium as an additional alloying 

element, EN47 offers more hardenability as compared to EN18. Having 54 HRC in the as-

quenched condition, hardness of EN47 increased to 57 HRC when the as-quenched 

specimen was subjected to cryogenic treatment. Among 300 °C tempered specimens of 

EN47, conventionally quenched and tempered (Q+T300) specimen shows lowest hardness, 

Q+T300+CT specimen shows higher hardness, and Q+CT+T300 specimen shows the 

highest hardness. This trend is consistent for 450°C-tempered specimens as well. Hardness 

results of EN47 confirm that cryogenic treatment increases the hardness of both as-
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quenched and as-tempered specimens. However, highest hardness is achieved when 

cryogenic treatment is applied as an intermediate step between quenching and tempering 

steps. 

 

Fig. 6.17. Bar-chart showing hardness variations of EN47 after various heat treatment 
steps. 
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6.3.3 Tensile Test

Engineering Stress-Strain curves of EN47 after various heat treatment cycles are shown in 

Fig. 6.18. Tensile properties of EN47 after the heat treatment cycles are listed 

quantitatively in Table 6.7. Variations in the strength and ductility of EN47 as a function 

of heat treatment cycles are shown in Fig. 6.19.

In comparison to EN18, EN47 has slightly higher carbon content and hence the yield 

strength and tensile strength of the EN47 are slightly higher than the EN18 grade. However, 

the improvement observed is quite marginal similar to EN18. It is observed that specimen 

subjected to cryogenic treatment as an intermediate step between quenching and tempering 

shows slightly higher strength (50 MPa) in comparison to conventional heat treatment 

(Q+T450). As EN47 does not possess any major allowing additions other than 1 % 

Chromium, effect of cryogenic treatment is minimal in improving the mechanical 

properties.   However, it can be stated that cryogenic treatment carried out before tempering 

produces better mechanical properties in comparison to conventional tempering and 

tempering carried out after cryogenic treatment.

Fig. 6.18. Engineering Stress-Strain curves of EN47 for key heat treatment cycles.
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Fig. 6.19 Variation in the key tensile properties of tempered EN47 as a function of heat 
treatment cycles. 

 

Table 6.7 Tensile properties of EN47. 

Heat 

Treatment 

YS 

(MPa) 

UTS 

(MPa) 

Elongation 

(%) 

Reduction 

(%) 

Yield 

Ratio 

Toughness 

(MJ/m3) 

A 325 623 21.51 17.7 0.52 134. 

Q+T450 1259 1325 9.26 8.49 0.95 122.7 

Q + CT + 

T450 
1310 1380 7.5 6.97 0.95 103.5 

Q +T450 + 

CT 
1260 1325 8.3 7.7 0.95 109.97 

 

6.3.4 Microstructural Analysis 

Figure 6.20 shows microstructure of EN47 showing pearlite and ferrite phases, indicating 

annealed microstructure of EN47. As shown in Fig. 6.21, cryogenic treated sample shows 

fine and uniform microstructure as compared to the coarse martensitic structure in the as-

quenched sample. Along with fine martensitic microstructure, there is also uniform 

distribution of carbides as compared to the randomly distributed carbides in the as 

quenched conditions.   
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Fig. 6.20.  Microstructure of EN47 steel in annealed condition.

Fig. 6.21. SEM images showing as quenched and cryogenic treated microstructures of 
EN47.

Q Q+CT
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Fig. 6.22. SEM images of 300 °C tempered EN47 specimens.

With tempering temperature of 300 °C, cryogenic treatment carried out in between 

quenching and tempering produces more uniform martensite as compared to the 

conventional heat treatment and  cryogenic treatment carried out after tempering (Fig. 

6.22). Though carbide precipitation is observed in the all heat treatment cycles (Fig. 6.23) 

invoving tempering temperature of 450 °C, no significant changes are observed in the 

microstructures. However, incorporation of cryogenic treatment in between quenching and 

tempering shows homogenized and fine microstructure in comparion to other two heat 

treatment cycles.  

Q+T300 Q+CT+T300

Q+T300+CT
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Fig. 6.23. SEM images of 450 °C tempered EN47 specimens.

It is interesting to note that there is a marginal increase (1 2 HRC) in the hardness when 

conventionally hardened and tempered specimens are subjected to CT. This behavior 

suggests that there must be some phase transformation happening even when tempered 

steel is exposed to the cryogenic temperature. It is likely that the retained austenite formed 

during quenching does not completely transform or decompose during tempering. The 

residual retained austenite present in the tempered specimen might have transformed into 

martensite during post-tempering CT.

6.3.5 Fractography

Even though all the fractography images shown in Fig. 6.24 show dimples, indicating 

ductile mode of fracture, the size and distribution of dimples differentiate the different heat 

treatments. Both Q+T450 and Q+T450+CT show larger sized dimples as compared to 

Q+CT+T450. In comparison, Q+T450+CT shows bigger dimples than the conventional 

Q+T450 Q+CT+T450

Q+T450+CT
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heat treatment. Q+CT+T450, being the optimal heat treatment shows fine and uniform 

distribution of dimples indicating increased toughness.  

6.3.6 Summary

Results of hardness tests, tensile tests, and microstructural analysis confirm that EN47 steel 

responds positively to the cryogenic treatment. However, the cryogenic treatment applied 

as an intermediate step between quenching and tempering is more effective than the 

unusual post-tempering cryogenic treatment.

Fig. 6.24. Fractographs of 450 °C tempered tensile specimens of EN47.

Q+T450 Q+CT+T450

Q+T450+CT
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6.4 Results of EN24 Steel 

6.4.1 Chemical composition 

Table 6.8 shows the chemical composition of EN24 steel bars against the standard 

specifications of EN24 grade. It is observed that the measured chemical composition 

through spark emission spectroscopy matches well with the standard specifications and the 

experimental material used for the heat treatment experiments is indeed medium carbon 

low alloy steel, EN24. 

Table 6.8. Measured chemical composition (wt. %) of steel bars against EN24 
specification. 

 C Mn Si Ni Cr Mo S     P Fe 

EN24 Spec. 
0.36-
0.44 

0.45-
0.70 

0.10-
0.35 

1.30-
1.70 

1.00-
1.40 

0.20-
0.35 

0.04 
max 

0.04 
max 

Balance 

Measured 0.37 0.79 0.32 1.56 1.12 0.20 0.03  0.04 Balance 

 

6.4.2 Hardness Measurement 

Figure 6.25 shows the hardness variations of EN24 with respect to various heat treatment 

cycles in the bar chart form. EN24 specimens achieve the hardness of 50 HRC after 

subjecting to conventional hardening process. However, the hardness increases from 50 to 

54 HRC when as quenched samples are subjected to cryogenic treatment.  This proves that 

EN24 responds very well to the cryogenic treatment. As tempering improves the toughness 

with a drop in hardness values, it is observed that hardness drops to 44 and 38 HRC after 

subjecting to conventional tempering of 300 °C and 450 °C, respectively. However, 

significant gain can be achieved if cryogenic treatment is added as an additional step right 

after quenching, as the hardness improves by 2 to 3 units for both the tempering cycles. In 

addition, when cryogenic treatment is carried out after conventional tempering process 

minor increase in hardness, about 1 unit, is also observed. This indicates that cryogenic 

treatment carried out before tempering suits well for EN24 in increasing the hardness 

irrespective of tempering temperature. 
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Fig. 6.25. Bar-chart showing hardness variations of EN24 after various heat treatment 
steps. 

6.4.3 Tensile Test 

Engineering Stress-Strain curves of EN24 after various heat treatment cycles are shown in 

Fig. 6.26. Tensile properties of EN24 after the heat treatment cycles are listed 

quantitatively in Table 6.9 and variations in strength and ductility of EN24 as a function of 

heat treatment cycles are shown in Fig. 6.27. 

The stress-strain curves convincingly show that cryogenic treatment carried out before 

tempering (Q+CT+T450) imparts superior properties to EN24 as compared to the 

cryogenic treatment carried out after tempering step (Q+T450+CT). The tensile behaviour 

also confirms that inclusion of cryogenic exposure provides substantial advantage over 

traditional hardening and tempering heat treatment process for EN24. It can be stated that 

mechanical properties of EN24 steel can be significantly improved by applying proper 

sequence of cryogenic treatment (Q+CT+T). However, it is to be noted that cryogenic 

treatment carried after tempering results drastic drop in toughness of EN24, indicating that 

cryogenic treatment should not be carried out after tempering on EN24.  
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Fig. 6.26 Engineering Stress-Strain curves of EN24 for key heat treatment cycles.

Table 6.9. Tensile properties of EN24.

Heat 

treatment

YS

(MPa)

UTS

(MPa)

Elongation

(%)

Reduction

(% )

Yield 

Ratio

Toughness 

(MJ/m3)

A 410 720 17.2 24.22 0.57 123.84

Q+T450 1135 1215 8.5 7.8 0.93 103.27

Q + CT + 

T450
1333 1420 7.9 7.3 0.94 112.18

Q +T450 + 

CT
1220 1270 5.8 5.48 0.96 73.66
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Fig. 6.27 Variation in the key tensile properties of tempered EN24 as a function of heat 
treatment cycles. 

6.4.4 Microstructural Analysis 

Figure 6.28 shows the annealed microstructure of EN24 with scattered pearlite and ferrite 

phases. Microstructures of as-quenched and cryogenic treated specimens are shown in Fig. 

6.29. It can be clearly seen that cryogenic treated specimen shows fine martensitic 

microstructure as compared to the coarse microstructure of as-quenched specimen, 

confirming the fact that retained austenite transforms into martensite during cryogenic 

treatment.  

Fig. 6.30 shows the microstructures of specimens involving conventional treatment, 

cryogenic treatment carried out before tempering and cryogenic treatment carried out after 

tempering, with constant tempering temperature of 300 °C. It is observed from the figure 

that specimen with cryogenic treatment carried out before tempering shows more uniform 

and finer martensitic structure as compared to the specimens with conventional treatment 

and cryogenic treatment carried out after tempering.  

Figure 6.31 shows the microstructural changes observed with constant tempering 

temperature of 450 °C. Since the tempering temperature is high, the microstructures show 

fine structures in comparison to specimens subjected to 300 °C tempering. The changes 

observed follow the same trend as of 300 °C, clearly depicting finer and homogenous 
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microstructure for the cryogenic treated specimen (Q+CT+T450) as compared to the other 

two heat treatment steps.

Fig. 6.28 Microstructure of EN24 steel in annealed condition.

Fig. 6.29 SEM images showing as quenched and cryogenic treated microstructures of 
EN24.

Q Q+CT
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Fig. 6.30 SEM images of 300 °C tempered EN24 specimens.
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Fig. 6.31 SEM images of 450 °C tempered EN24 specimens.

6.4.5 Fractography                 

Fractographs of EN24 after tensile test are provided in Fig. 6.32. Fractographic observation 

of tensile specimen reveals dimples as the main fracture feature indicating that all the 

specimens failed by ductile fracture. Q+CT+T450 has fine dimples, distributed uniformly, 

indicating more toughness. Despite the fact that Q+T450 shows fine dimples they are not 

uniformly distributed when compared with Q+CT+T450. Dimples observed in 

Q+T450+CT were coarse which meant that specimen subjected to Q+T450+CT failed 

before Q+T450 and Q+CT+T450. 

Q+T450 Q+CT+T450

Q+T450+CT
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Fig. 6.32 Fractographs of 450 °C tempered tensile specimens of EN24.

6.4.6 Summary

Results of hardness tests, tensile tests, and microstructural analysis confirm that EN24 steel 

shows better response to the cryogenic treatment. However, the cryogenic treatment 

applied as an intermediate step between quenching and tempering is more effective than 

the unusual post-tempering cryogenic treatment. Even though the cryogenic treatment 

carried out after the conventional tempering process improves the strength marginally, drop 

in ductility is observed for that heat treatment step.

Q+T450 Q +CT+T450

Q+T450+CT
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6.5 Results of EN45 Steel 

6.5.1 Chemical composition 

The result of the spark emission spectroscopy for EN45 bars is shown in Table 6.10 against 

the materials specification. The measured composition of the steel bars conforms to the 

standard specification confirming that the experimental material used for the heat -

treatment experiments are indeed medium carbon steel, EN45. 

Table 6.10. Measured chemical composition (wt. %) of steel bars against EN45 
specification. 

 C Mn Si Ni Cr Mo S     P Fe 

EN45 Spec. 
0.50-
0.60 

0.7-
1.0 

1.50-
2.00 

- - - 
0.04 
max 

0.04 
max 

Balance 

Measured 0.60 0.82 1.92 - - - 0.04  0.04 Balance 

6.5.2 Hardness Measurement 

Figure 6.33 presents hardness variations in EN45 steel following various heat treatment 

steps.  The results show that the hardness of as-quenched specimen is 53 HRC and this 

increases to 58 HRC after the cryogenic treatment. This is a substantial increase in the 

hardness suggesting that EN45 grade responds very well to the cryogenic treatment. 

Having high carbon content with additional high silicon, the carbon equivalent of EN45 is 

significantly high. Hence it is likely that this grade produces significantly high fraction of 

retained austenite on quenching and transforms the same into martensite during the 

cryogenic exposure. Thus, EN45 responds very well to cryogenic treatment as compared 

to EN8, EN18 and EN47. It is important to note that when quenched and cryogenic treated 

EN45 is tempered at 300 °C the hardness is retained at the as-quenched level. Similar 

observation can be made when as-quenched and cryogenic exposed specimen is subjected 

to 450 °C tempering. However, conventional tempering drops the hardness significantly. 

Cryogenic treatment carried out after conventional heat treatment increases the hardness 

of about 1 HRC for both the tempering temperatures. However, incorporating cryogenic 

treatment as an intermediate step, hardness increases by 3 units.       
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Fig. 6.33. Bar-chart showing hardness variations of EN45 after various heat treatment 
steps. 

6.5.3 Tensile Tests 

Engineering Stress-Strain curves of EN45 after various heat treatment cycles are shown in 

Fig. 6.34. Tensile properties of EN45 after the heat treatment cycles are listed 

quantitatively in Table 6.11. Variations in the strength and ductility of EN45 as a function 

of heat treatment cycles are shown in Fig. 6.35. EN45 shows significant change in the 

stress-strain behavior suggesting that this steel grade responds very well to cryogenic 

treatment. It is important to recognize here that both the tensile strength and yield strength 

of EN45 increase significantly due to cryogenic treatment. The heat treatment cycle 

involving cryogenic treatment as an intermediate step between quenching and tempering 

shows highest yield strength and tensile strength as compared to conventional heat 

treatment, and cryogenic treatment carried out after tempering. As Q+CT transforms most 

of the retained austenite into martensite there will be corresponding increase in the carbide 

fraction during tempering. Thus, increased carbide fraction in the ferritic matrix should 

cause increased hardness, increased strength, and marginally reduced ductility of Q+CT+T 

processed steels.  
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Fig. 6.34. Engineering Stress-Strain curves of EN45 for key heat treatment cycles.

Table 6.11 Tensile properties of EN45.

Heat

Treatment
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UTS
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(%)
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(%)

Yield 

Ratio

Resilience

(MJ/m3)

Toughness 

(MJ/m3)

A 513 798 15.93 13.74 0.64 1.83 127.121

Q+T450 1261 1344 9.61 8.77 0.94 3.94 129.158

Q + CT + 
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Fig. 6.35 Variation in the key tensile properties of tempered EN45 as a function of heat 
treatment cycles.

Fig. 6.36 Engineering Stress-strain curve within the elastic limit showing the effect of 
cryogenic treatment on the resilience of EN45.
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EN45 is mostly used in spring steels and yield strength plays a major role as it accounts for 

the resilience as shown in Fig. 6.36. As compared to conventional heat treatment, cryogenic 

treatment as an intermediate step, increases the yield strength from 1261 MPa to 1390 MPa 

and tensile strength from 1344 MPa to 1521 MPa.  

Though cryogenic treatment followed after tempering increases the yield strength and 

tensile strength to 1331 MPa and 1416 MPa, the increment is marginal as compared to the 

cryogenic treatment carried out before tempering.    

Thus, the experimental results confirm that by properly applying deep cryogenic treatment, 

yield strength, tensile strength and resilience of EN45 can be increased by 10%, 13%, and 

21% respectively. The improvement in the strength and resilience is quite significant 

considering that EN45 is a spring steel that is used for making coil and leaf-springs to 

store/absorb elastic energy.  

It is to be noted that EN45 contains Si as the main alloying element that is known as a 

strong ferrite strengthener. Thus, high carbon equivalent and silicon strengthening of ferrite 

matrix could be responsible for improving the strength and hardness of cryogenic treated 

and tempered EN45. This suggests that other spring steel grades having silicon as the major 

alloying addition should also respond positively to cryogenic treatment. Thus, potential of 

spring steels as a material for elastic resilient structure could be fully realized by applying 

cryogenic treatment as an intermediate step between hardening and tempering step. 

6.5.4 Microstructural Analysis 

Microstructure of EN45 in annealed condition is shown in Fig. 6.37. The microstructure 

shows scattered pearlitic and ferritic grains conforming to EN45 grade. Figure 6.38 

comparatively presents microstructures of as-quenched, and quenched and cryogenic 

treated EN45 specimens. Microstructural changes due to various heat-treatment cycles 

involving tempering at 300 °C and 450 °C are presented in Fig. 6.39, and Fig. 6.40 

respectively.  
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Fig. 6.37.  Microstructure of EN45 steel in annealed condition.

Fig. 6.38. SEM images showing as quenched and cryogenic treated microstructures of 
EN45.

Q Q+CT
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Fig. 6.39. SEM images of 300 °C tempered EN45 specimens.
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Fig. 6.40. SEM images of 450 °C tempered EN45 specimens.

As-quenced EN45 specimen shows coarse martensite colonies while the quenched and 

cryogenic treated specimen shows finer, and denser martensitic structure indicating the 

transformation of retained austenite into martensite during the cryogenic exposure. 

The 300 °C tempered specimens show hazy microstructure of tempered martensite. 

However, by visusal comparison, it is clear that Q+CT+T300 specimen has the finest and 

most uniform microstructure. This is more pronounced in 450 °C tempered specimens as 

Q+CT+T450 shows very fine and homogeneous microstructure as compared to Q+T450 

and Q+T450+CT.  Thus, from the microstructural analysis it is clear that cryogenic 

treatment when applied as an intermediate step between quenching and tempering yields 

the ideal microstructure for the strengthening of EN45. 

Q+T450 Q+CT+T450

Q+T450+CT
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6.5.5 Fractography 

The fractographs of all three tempered specimen show dimples suggesting that all three 

specimens failed by ductile fracture (Fig. 6.41). The difference in the fractographic features 

of these specimens is rather subtle. However, Q+CT+T450 specimen shows slightly 

coarser dimples than that of other two specimens. This suggests that Q+CT+T450 

specimen is least ductile. The tensile test results confirm the same.  

6.5.6 Summary 

Results of hardness tests, tensile tests, and microstructural analysis confirm that EN45 steel 

responds quite positively to the cryogenic treatment. However, the cryogenic treatment 

applied as an intermediate step between quenching and tempering is more effective than 

the unusual post-tempering cryogenic treatment. The tensile test results demonstrate that 

the regular cryogenic treatment not only improves the tensile strength and hardness, but 

also improves the yield strength and the resilience of EN45. However, this substantial 

increase in the strength due to the cryogenic exposure, brings about slightly reduced 

ductility in EN45 steel.  
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Fig. 6.41. Fractographs of 450 °C tempered tensile specimens of EN45.
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6.6 Wear Study 

6.6.1 Wear test results 

The wear behaviour of materials is a complex function of the test conditions apart from the 

mechanical properties of the test specimen and the counter body. The degree of 

improvement in wear resistance by cryogenic treatment is thus strongly dependent on the 

experimental conditions that determine whether the operative mode and mechanism of 

wear for the QT and the QCT specimens would be similar or dissimilar (Das et al. 2009b). 

Figure 6.42 and Fig. 6.43 show the effect of various heat treatment steps on the wear rate 

for different loads for the EN24 material. Figure 6.42a shows the results of wear rate for 

different heat treatment steps for a tempering temperature of 300 °C and 4000 m as sliding 

distance. For the applied load of 39.24 N, conventionally heat treated specimens show 24% 

higher wear rate (WR) than the specimens subjected to cryogenic treatment as an 

intermediate step between quenching and tempering. However, the magnitude becomes 

lesser when compared to the specimens subjected to cryogenic treatment after conventional 

heat treatment (9% higher). This shows that specimens subjected to cryogenic treatment as 

an intermediate step show better wear resistance in comparison to conventionally heat 

treated specimens and specimens subjected to cryogenic treatment carried out after 

conventional heat treatment. Similar observation was made for the applied load of 58.86 

N. However, magnitude of the wear rate observed was much higher for the applied load of 

58.86 N. For the applied load of 58.86 N, specimens subjected to cryogenic treatment as 

an intermediate step showed 27% and 18% lesser wear rate than the specimens subjected 

to conventional heat treatment and cryogenic treatment after conventional heat treatment 

respectively. Considering both the applied load and different heat treatments specimen 

subjected to conventional heat treatment for the applied load of 58.86 N showed highest 

wear rate and the specimens subjected to cryogenic treatment as an intermediate step with 

applied load of 39. 4 N showed lowest wear rate.  

Figure 6.42(b) shows the results of wear rate for different heat treatment steps for a 

tempering temperature of 300 °C and 8000 m as sliding distance. Similar trend was 
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followed for 8000 m sliding distance as the specimens subjected to cryogenic treatment as 

an intermediate step showed 26% and 17% lower wear rate than conventional heat 

treatment and cryogenic treatment after tempering, respectively, for the applied load of 

39.24 N. The magnitude of the wear rate increased with the increase in the applied load 

and in the case of 58.86 N, specimens subjected to cryogenic treatment as an intermediate 

step showed 37% and 21% lower wear rate than conventional heat treatment and cryogenic 

treatment after tempering, respectively. Considering both the applied load and different 

heat treatments specimen subjected to conventional heat treatment for the applied load of 

58.86 N showed highest wear rate and the specimens subjected to cryogenic treatment as 

an intermediate step with applied load of 39.4 N showed lowest wear rate.  

Figure 6.43a and Fig. 6.43b show the graphs of wear rate against various heat treatment 

steps for a tempering temperature of 450 °C and sliding distance of 4000 m and 8000 m 

respectively. For a sliding distance of 4000 m and 39.4 N applied load, Q+CT+T450 

specimens showed 25% and 14% lesser wear rate than the Q+T450 and Q+T450+CT 

specimens respectively. Whereas, for 58.86 N Q+CT+T450 specimens showed 27% and 

16% lesser wear rate than the Q+T450 and Q+T450+CT specimens respectively. 

Considering both the loading conditions, specimens subjected to Q+T450 with 58.86 N 

show highest wear rate in comparison to specimens subjected to Q+CT+T450 with 39.24 

N. Similarly, for 8000 m and 39.4 N applied load, Q+CT+T450 specimens showed 26% 

and 16% lesser wear rate than the Q+T450 and Q+T450+CT specimens respectively. With 

the increase in load (58.81 N), Q+CT+T450 specimens showed 33% and 19% lesser wear 

rate than the Q+T450 and Q+T450+CT specimens respectively. Considering both the 

loading conditions, specimens subjected to Q+T450 with 58.81 N show highest wear rate 

in comparison to specimens subjected to Q+CT+T450 with 39.4 N. 
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Fig. 6.42 Graphs showing wear rate vs different heat treatment cycles of EN24 for 
tempering temperature of 300 °C: (a) for sliding distance of 4000 m (b) for sliding distance 
of 8000 m.
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Fig. 6.43 Graphs showing wear rate vs different heat treatment cycles of EN24 for 
tempering temperature of 450 °C: (a) for sliding distance of 4000 m (b) for sliding distance 
of 8000 m.
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Figure 6.44 and Fig. 6.45 show the results of wear rate of EN45 steel against the various 

heat treatment steps for different loads. The wear results obtained for EN45 are similar to 

the results obtained for EN24. As shown in Fig. 6.44a, for 4000 m sliding distance and 

39.24 N load, specimens subjected to cryogenic treatment as an intermediate step for a 

tempering temperature of 300 °C showed 24% and 16% better wear rate than conventional 

heat treatment and cryogenic treatment respectively. Similarly, the specimens subjected to 

Q+CT+T300 for the increased load of 58.81 N showed 37% and 19% better wear rate over 

Q+T300 and Q+T300+CT respectively. It can be also seen from the graph that Q+T300 

specimens tested for 58.81 N load showed highest wear rate and Q+CT+T300 specimens 

subjected to 39.4 N applied load show lowest wear rate. Figure 6.44b shows the wear 

results for different loads against various heat treatment for the sliding distance of 8000 m. 

It can be seen that for 39.4 N, Q+CT+T300 specimens showed 36% and 17% lower wear 

rate than Q+T300 and Q+T300+CT respectively. As the magnitude of the wear rate 

increased with the increase in wear rate; for 58.81 N, Q+CT+T300 specimens showed 43% 

and 18% lower wear rate than Q+T300 and Q+T300+CT respectively. As shown in the 

figure, Q+T300 specimens tested for 58.81 N load showed highest wear rate and 

Q+CT+T300 specimens subjected to 39.4 N applied load showed lowest wear rate. 

Figure 6.45a and Fig.6.45b show the wear results for different loads against different heat 

treatment steps with constant tempering temperature of 450 °C, for a sliding distance of 

4000 m and 8000 m respectively. With 39.4 N as the applied load and 4000 m as the sliding 

distance, specimens subjected to Q+CT+T450 showed 25% and 16% lesser wear rate than 

Q+T450 and Q+T450+CT respectively. Whereas, for 58.81N Q+CT+T450 samples 

showed 37% and 19% lesser wear rate than Q+T450 and Q+T450+CT specimens 

respectively. Specimens subjected to Q+T450 for an applied load of 58.81 N showed 

highest wear rate whereas Q+CT+T450 specimens tested at 39.4 applied load showed least 

wear rate. Similarly, for the testing conditions of 8000 m as sliding distance and 39.4 N as 

applied load, specimens subjected to Q+CT+T450 showed 31% and 17% lesser wear rate 

than Q+T450 and Q+T450+CT respectively. Whereas, for an applied load of 58.81 N 

Q+CT+T450 samples showed 140% and 18% lesser wear rate than Q+T450 and 
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Q+T450+CT specimens respectively. As observed, specimens subjected to Q+T450 for an 

applied load of 58.81 showed highest wear rate whereas Q+CT+T450 specimens tested 

under applied load of 39.4 N showed lowest wear rate. 

This shows that for the identical wear test conditions cryogenic treatment carried out as an 

intermediate step shows better wear resistance. However, irrespective of the heat treatment 

step/sequence, specimen subjected to higher applied load show higher wear rate, indicating 

that applied load plays a major role in determining the wear rate. 
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Fig. 6.44 Graphs showing wear rate vs different heat treatment cycles of EN45 for 
tempering temperature of 300 °C: (a) for sliding distance of 4000 m (b) for sliding distance 
of 8000 m.
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Fig. 6.45 Graphs showing wear rate vs different heat treatment cycles of EN45 for 
tempering temperature of 450 °C: (a) for sliding distance of 4000 m (b) for sliding distance 
of 8000 m.
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6.6.2 Wear Morphology 

The alterations in the morphology of wear for EN24 and EN45 for different loads and 

various heat treatments are shown in Fig. 6.46-6.49.  Irrespective of the heat treatment and 

load applied, the worn surfaces appear rough but shiny and are metallic in nature. Under 

the identical wear test conditions, worn surfaces of Q+CT+T specimens appear much 

smoother than the Q+T and Q+T+CT samples for both the tempering temperatures (300 

°C and 450 °C). The wear surfaces of the Q+T and Q+T+CT samples exhibit severe 

deformation bands/grooves stretched parallel to the sliding direction in comparison to 

Q+CT+T specimens.  The grooves are associated with sub surface cracking and fracture 

ridges. These wedge-like patterns indicate that the contact surface of the specimens has 

undergone extensive plastic flow and associated shear fracture (Das et al. 2009a) 

(Grimanelis and Eyre 2006). Increase in load makes the worn surfaces more uneven and 

produces large fracture adhesive junction (e.g Q+T300 of 58.8 N). These observations infer 

that increased load results in increased plastic deformation and extrusion of the contact 

surface and subsurface of the pin specimen during wear test (Wilson and Alpas 1998).  

It is well known that resistance to plastic deformation enhances with the reduction of 

retained austenite content and modifications in the precipitation behavior of secondary 

carbides (Roberts et al. 1998). Soft retained austenite in the conventional sample causes 

severe plastic deformation, which is markedly absent in the cryotreated samples. Thus, 

severe plastic deformation associated with delamination is considered to be the active wear 

mechanism in the conventionally-treated specimens and cryotreated samples (Das et al. 

2007) (Das and Ray 2015). The process of delamination wear consists of subsurface plastic 

deformation, crack initiation and crack propagation. Cracks around the inclusions nucleate 

below a certain depth from the surface owing to large hydrostatic pressure near the asperity 

contact above certain depth owing to stress and deformation with distance from the contact 

(Suh 1977)(Fleming and Suh 1977). Increase in load increases the hydrostatic pressure and 

hence more will be the wear rate. In other words, material with less resistance to plastic 

deformation accumulate more subsurface plastic deformation leading to faster crack 
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initiation consequently leading to higher wear rate. This explains the observed variation of 

wear behavior of various heat-treatment conditions. 
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Fig. 6.46 Wear morphology of EN24 after different heat treatment cycles with tempering 
temperature of 300 °C. Left-side images show wear morphology for the parameter 39.24 
N load and 4000 m sliding distance and right-side images show wear morphology for the 
parameter 59.86 N load and 8000 m sliding distance.
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Fig. 6.47 Wear morphology of EN24 after different heat treatment cycles with tempering 
temperature of 450 °C. Left-side images show wear morphology for the parameter 39.24 
N load and 4000 m sliding distance and right-side images show wear morphology for the 
parameter 59.86 N load and 8000 m sliding distance.
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Fig. 6.48 Wear morphology of EN45 after different heat treatment cycles with tempering 
temperature of 300 °C. Left-side images show wear morphology for the parameter 39.24 
N load and 4000 m sliding distance and right-side images show wear morphology for the 
parameter 59.86 N load and 8000 m sliding distance.
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Fig. 6.49 Wear morphology of EN45 after different heat treatment cycles with tempering 
temperature of 450 °C. Left-side images show wear morphology for the parameter 39.24 
N load and 4000 m sliding distance and right-side images show wear morphology for the 
parameter 59.86 N load and 8000 m sliding distance.
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6.7 Discussion 

The aim of this research work is to generalize the influence of deep cryogenic treatment in 

the heat-treatment cycles of structural low-alloy steels. To achieve this, a wide range of 

experimental materials are used in the work including: low-carbon (EN36), medium-

carbon (EN18, EN18, EN47, EN24), and high-carbon (EN45) steel grades. With varying 

carbon content and alloying additions, the hardenability and corresponding mechanical 

properties of these grades should vary accordingly. Therefore, it is important to consider 

both the carbon content and other alloying additions to compute the carbon equivalent (CE) 

of each experimental material. Thus, influence of hardening, tempering, and cryogenic 

exposure can be expressed as a function of the carbon equivalent of the experimental 

materials. This way, a general trend in the mechanical properties of low-alloy steel grades 

and response to the hardening/tempering/cryogenic treatment can be obtained. The 

following are the reliable empirical formulae for computing the carbon equivalent of low-

alloy steels (Bhadeshia and Honeycombe 2006). 

For steels having; C < 0.18 %,   

 

For steels having C > 0.18 %,   

 

 

By using the nominal compositions in the above equations, carbon equivalent of the 

experimental materials is obtained and presented in Table 6.12. 
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Table 6.12 Carbon content, total alloying additions, and carbon equivalent of steel grades. 

 EN36 
(Bulk) 

EN8 EN18 EN47 EN24 EN45 EN36 
(Case) 

Carbon % 0.16 0.4 0.4 0.5 0.4 0.6 0.8 

Total Alloying 
Additions % 

5.1 1.1 2 1.92 3.81 2.6 5.1 

Carbon 
Equivalent % 

0.3 0.58 0.63 0.7 0.93 1.03 1.35 

 

Results of the hardness test from both the heat-treatment experiments and the case-study is 

comprehensively presented in Table 6.13. The results from the case-study provides the 

hardness variation of carburized EN36 steel. Since hardness values of both the core and 

carburized-case are tracked as a function of heat-treatment steps, effects of cryogenic 

treatment on the bulk and carburized EN36 are obtained from the case-study.  

Additionally, to simulate the industrial heat-treatment practice, the tempering temperature 

used in the case-study is 200 °C. However, in the heat-treatment experiments, EN8, EN18, 

EN47, EN45, and EN24 specimens are tempered at much higher temperatures, 300 °C and 

450 °C. Thus, a perspective on the effects of cryogenic treatment on six important low 

alloy steel grades having isothermally tempered over a wide temperature range (200 °C - 

450 °C) can be obtained from Table 6.13. Thus, the effects of cryogenic exposure on low-

carbon, medium-carbon, and high carbon alloy steels can be generalized.  
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Table 6.13. Hardness test results. 

Heat-
Treatment 

 
EN36 
(Bulk) 

EN8 EN18 EN47 EN24 EN45 
 

EN36 
(Carburized) 

Q 44 45 50 54 50 53 60 

Q+CT 47 48 53 57 54 58 65 

        

Q+T200 42 - - - - - 58 

Q+T200+CT 43 - - - - - 60 

Q+CT+T200 44 - - - - - 61 

        

Q+T300 - 38 46 50 44 50 - 

Q+T300+CT - 38 46 51 45 51 - 

Q+CT+T300 - 40 47 52 47 53 - 

        

Q+T450 - 31 42 42 38 46 - 

Q+T450+CT - 31 42 43 39 47 - 

Q+CT+T450 - 32 43 44 40 48 - 

 

It is clear from the first two rows of Table 6.13 that all steel grades respond positively when 

as-quenched specimens are subjected to cryogenic treatment. Depending on the carbon 

content and alloying additions, as-quenched bulk hardness of these steel grades varies from 

44 HRC to 54 HRC. On cryogenic exposure, there is a substantial increase in the bulk 

hardness of these steels in the range, 47 HRC to 58 HRC. Thus, gain in the bulk-hardness 

of the as-quenched low-alloy steels due to cryogenic exposure is in the range, 3-5 HRC. 

The higher the carbon equivalent, the better is the response to the cryogenic exposure, and 

the higher is the gain in the hardness. 

Now, it is important to consider that EN36 is a low-carbon low-alloy steel. On cryogenic 

exposure, the bulk hardness of this grade is increased only by 3 HRC. However, hardness 



128 
 

of the carburized-case of this grade is increased by 5 HRC. This difference is quite 

significant from the application point-of-view. Case-hardened steel components are known 

to possess good wear-resistance and fatigue properties due to high hardness and presence 

of compressive residual stresses at the surface and sub-surface respectively. Since the 

carburized case of EN36, gained significantly higher hardness than the core, wear 

resistance and service life of cryogenic treated EN36 components should improve 

significantly.  

Reduction in the hardness after tempering at, 200 °C, 300 °C and 450 °C is by 2 HRC, 3-7 

HRC and 7-13 HRC respectively.  Thus, the higher the tempering temperature, the greater 

is the softening of the as-quenched steels. When the tempering temperature is 300 °C and 

above, there is a substantial reduction in the hardness of these steel grades. However, 

quenched and cryogenic exposed EN36, after tempering at 200 °C retains the hardness of 

both the core and the case at least at the as-quenched level. This is again an important result 

as the case-hardened steel components are generally tempered at relative low temperatures, 

150 °C - 250 °C. Thus, a great surface property can be achieved if cryogenic treatment is 

suitably applied to case-carburized steel components. As the EN36 having low carbon 

equivalent is showing a positive response to the cryogenic treatment, the other low-alloy 

steel grades having higher carbon equivalent are expected respond very well to the 

cryogenic exposure. From the results of hardness measurement, response to cryogenic 

treatment of low-alloy steels can be generalized as follows. Low-alloy steels respond well 

to the cryogenic treatment. The higher the carbon equivalent, the better is the response. 

However, the cryogenic treatment applied to as-quenched steels show much better results 

than that applied after the tempering step.  

Now, the results of hardness measurement should be corroborated with the results of tensile 

and wear tests. A summary of the tensile, hardness, and wear test results is presented in 

Table 6.14. It is important to notice that the table essentially compares the effects of regular 

cryogenic treatment (Q+CT+T) with the results of unusual cryogenic treatment (Q+T+CT). 
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Table 6.14 Summary of experimental results. 

 
Property 

 
Heat-Treatment 
Cycle 

 
Improvement over Conventional Heat-treatment 

(Q+T) 
 

EN8 EN18 EN47 EN24 EN45 

Tensile 
Strength 

Q+T450+CT 0 % 1.6 % 0 % 4.5 % 5.4 % 

Q+CT+T450 5.7 3.9 % 4.2 % 16.8 % 13.2 % 

Yield 
Strength 

Q+T450+CT 0 % 3.3 % 0 % 7.5 % 5.6 % 

Q+CT+T450 6.5 % 5.3 % 4 % 17.4 % 10 % 

Resilience 
Q+T450+CT 0 % 5.3 % 0 % 11 % 10.8 % 

Q+CT+T450 11.7 % 11.2 % 9 % 24 % 21 % 

Hardness 
Q+T450/T300+CT 0 HRC 0 HRC 1 HRC 1 HRC 1 HRC 

Q+CT+T450/T300 1 HRC 1 HRC 2 HRC 2-3 HRC 2-3 HRC 

Wear 
Resistance 

Q+T450/T300+CT - - - 14-21 % 16-18 % 

Q+CT+T450/T300 - - - 25-36 % 24-42 % 

 

It is clear from the table that irrespective of the tempering temperature, the heat treatment 

cycle having cryogenic treatment as an intermediate step between quench-hardening and 

tempering (Q+CT+T) yields much better properties to low-alloy steels when compared to 

unusual heat treatment cycles having cryogenic treatment as the final step after quench-

hardening and tempering (Q+T+CT).  The comprehensive experimental results shown in 

the table, in general, indicate that the higher the carbon equivalent the better is the 

improvement in the mechanical properties of the steels due to the application of the regular 

cryogenic treatment. The unusual cryogenic treatment either shows no improvement or 

very little improvement over conventional hardening and tempering heat-treatments 

(Q+T). 
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The table shows that when the cryogenic treatment is suitably applied to low-alloy steels 

improvements in the hardness, tensile strength, yield strength, resilience and wear 

resistance are possible up to, 3 HRC, 16.8 %, 17.4%, 24%, and 42% respectively. However, 

interestingly enough, the unusual cryogenic treatment can also improve these properties, 

but to a lesser extent. Thus, to realize the full potential of low-alloy steel grades as the 

structural materials, cryogenic treatment should be applied in the as-quenched condition 

and that one round of low temperature tempering should be followed.   

When the experimental results are correlated with the microstructural features, it appears 

that the retained austenite in the as-quenched steels, when exposed to cryogenic 

temperature, transforms isothermally into martensite in most parts and thus increases the 

martensite fraction. These dense martensite colonies, during tempering, precipitate fine 

carbides densely and uniformly throughout the ferritic matrix. This tempered configuration 

should be responsible for the superior properties and performance of the steel grades that 

are subjected to the regular cryogenic heat-treatment cycle. 

When the quenched-hardened steels are tempered, a fraction of the retained austenite may 

transform into various phases including ferrite, bainite, etc (Bhadeshia and Honeycombe 

2006). A fraction of retained austenite may stabilize due to the diffusion of carbon atoms 

(Mohanty 1995). Thus, only a small fraction of the retained austenite would be transformed 

into Martensite when the tempered steels are exposed to cryogenic temperature. Therefore, 

the resulting microstructure would be less homogenous causing only marginal 

improvements in the mechanical properties of the steels.  

More rigorous microstructural characterization and accurate phase fraction analysis is 

needed to confirm the above theory and that becomes the future work of this thesis.   

However, the experimental results and quantification of the wear performance presented 

in this work convincingly demonstrate the positive effects of the deep cryogenic treatment 

on low-alloy steel grades. Thus, the industrial heat-treaters can confidently apply cryogenic 

or sub-zero treatments for improving the performance of the low-alloy steel components. 
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7. SUMMARY AND CONCLUSIONS 

7.1 Summary 

In the present work, effect of cryogenic treatment has been studied by carrying out detailed 

experiments involving hardness test, tensile test, wear test and microstructural study on 

meticulously chosen five grades of steel. 

The aim and objectives of the work were designed based on the case study where failure 

analysis of hydraulic lathe chuck assembly was carried out. Plunger and Jaw carrier were 

the two components that failed during the operation and both were made of EN36 steel 

grade. Detailed analysis revealed that one of main reasons of failure of the chuck 

components was improper sequence of subzero treatment. After successfully carrying out 

the proper sequence of cryogenic treatment on EN36 steel grade, it was proved that proper 

sequence of cryogenic treatment (Q+CT+T) can lead to better mechanical and 

microstructural properties in comparison to improper sequence of cryogenic treatment 

(Q+T+CT).  

Considering the well-established theory and experimental work conducted on EN36 the 

work was extended by carrying out detailed experiments on five steel grades namely EN8, 

EN18, EN47, EN24 and EN45. Results of hardness test, tensile test, microstructural 

analysis revealed that there was subtle improvement for EN8, EN18 and EN47 after 

carrying out proper sequence of cryogenic treatment. Both EN24 and EN45 showed 

positive response to the cryogenic treatment that was carried out before tempering 

(Q+CT+T). Hence, wear test was carried out on these two materials and as expected wear 

behavior was found to follow the trend of hardness results. Even though the cryogenic 

treatment carried out after the conventional tempering process improved the mechanical 

properties of EN24 and EN45 marginally, drop in ductility was observed for EN24 

material. 

Through well-established scientific theory and detailed experimental work, present 

research work provides a clear guideline on carrying out cryogenic treatment on low alloy 

steel grades. 
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7.2 Conclusions 

Influence of deep cryogenic treatment on the mechanical properties and wear performance 

of low-alloy structural steels is studied in this thesis. Based on the detailed experimental 

work involving, a case study, heat-treatment experiments, hardness tests, tensile tests, wear 

tests and microstructural analysis, the thesis arrives at the following conclusions. 

1. Effects of cryogenic treatment in improving the mechanical properties depends on 

the carbon content and alloying additions. Both plain-carbon and low-alloy 

structural steels having more than 0.3 % carbon equivalent respond quite positively 

to the cryogenic treatment. The higher the carbon equivalent, the better is the 

response to the cryogenic exposure, and the higher will be the gain in the 

mechanical properties.  

 

2. Chromium as the key alloying addition in steels (as in EN18 and EN47) is found to 

be less-effective in terms of the response to the cryogenic treatment, while addition 

of nickel (as in EN24) and silicon (as in EN45) show much better response, 

especially when cryogenic treatment is suitably applied in the heat-treatment cycle.  

 
3. Irrespective of the tempering temperature, the heat treatment cycle having 

cryogenic treatment as an intermediate step between quench-hardening and 

tempering (Q+CT+T) yields much better properties when compared to the unusual 

heat treatment cycle having cryogenic treatment as the final step after tempering 

(Q+T+CT). 

 
4. Microstructural analysis confirms that sparse and coarse martensitic colonies of as-

quenched steels, on cryogenic exposure, transform into fine and uniform 

martensitic microstructure suggesting that retained austenite transforms into fine 

martensite. 

 

5. The quenched and cryogenic treated steels, on tempering (Q+CT+T), produce finer 

and more uniform microstructure as compared to the microstructures produced by 
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conventional tempering (Q+T), and conventional tempering followed by cryogenic 

treatment (Q+T+CT). 

 

6. Considering the identical wear test conditions, quenched, cryogenic treated and 

tempered specimens display the best wear resistance. Microscopic examination of 

worn-out specimens reveals fine deformation bands and grooves stretched parallel 

to the sliding direction. This suggests that severe plastic deformation and associated 

delamination is the active wear mechanism of low-alloy steels irrespective of the 

heat treatment cycles. 

 
7. Improvements in the hardness, tensile strength, yield strength, resilience and wear 

resistance are possible up to, 3 HRC, 16.8%, 17.4%, 24%, and 42% respectively 

when the cryogenic treatment is suitably applied to low-alloy steels. Interestingly 

enough, the unusual cryogenic treatment can also improve these properties, but to 

a lesser extent. 

 
8. For realizing the best combination of microstructure, mechanical properties, and 

performance, as-quenched low-alloy steels should be subjected to cryogenic 

treatment followed by low-temperature tempering. 

 

7.3 Scope for future work 

The present work reveals that nickel (EN24) and silicon (EN45) bearing steels respond 

very well to cryogenic exposure and produce suitable microstructural features and superior 

mechanical properties in general and excellent resilience in particular. Thus, application of 

cryogenic treatment to these alloys is a great value addition in making industrial springs. 

Therefore, this research work can be extended to other Ni or Si containing commercial 

steels including, EN26 (2.5% nickel), EN51 (3% nickel), EN37 (4.8 % nickel), and EN52 

(3.25 % Si). This work may also be extended to carburizing steel grades such as, 16MnCr5, 

20MnCr5, 14NiCrMo13-4, etc. More rigorous microstructural characterization and 

accurate phase fraction analysis can be carried out on these materials to confirm the phase-
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transformation involved and understand the theory behind the improvements in the 

microstructure and mechanical properties. 
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