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ABSTRACT 
 
 The quality of work material’s surfaces after undergone various manufacturing processes is very important 
in determining the functional performance of a component throughout the services. Application of coolant and 
lubricant in manufacturing operations such as turning, milling, grinding, rolling, etc. has been proven to improve 
the surface integrity of the work materials. In this review, application of cryogenic coolant in manufacturing 
operations was investigated in terms of its effects on surface integrity of the work materials which includes 
surface finish, microstructural changes, refinement of grain size, formation of white layer, residual stresses of 
internal subsurface layer, and surface hardness. Cryogenic application is able to reduce the value of surface 
roughness, allow for more comprehensive martensitic transformation, reduce the grain size, prevent the 
formation of white layer at the subsurface, reduce the tensile residual stresses and increase compressive stresses 
area, and finally increase the hardness of the work material. In conclusion, cryogenic application in a lot of 
manufacturing processes has been determined to be able to enhance and improve the quality of the workpiece 
surface, consequently, boost the functional performance of the components. 
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Introduction 
 
 Functional performance of a work material such as fatigue strength, corrosion rate, fracture toughness, and 
tribological behavior (such as friction, wear and lubrication, and accuracy of dimensions) are highly dependent 
on the surface properties. The integrity of the external surface topography (surface finish), and also the 
microstructure, mechanical properties and residual stresses of internal subsurface layers are among the 
properties of a machined surface that affecting the functional performance (Grzesik et al., 2010). Therefore, 
surface integrity has been a subject of interest to many researchers in order to enhance the functional 
performance of work materials. 
 Many techniques have been investigated for the purpose of improving the quality of surface integrity in 
machining. Gentle machining is claimed to be able to enhance the surface integrity of machined surface 
compared to abusive and conventional machining (Grzesik et al., 2010). Gentle machining can be defined as 
machining in a “low stress conditions” which will result in little heat generated at the cutting zone. In order to 
achieve the low stress conditions in machining, many attempts have been explored, and application of cutting 
fluid is among one of them. 
 Cutting fluid applied during machining has a function as coolant and lubricant. Coolant is important to cool 
the heat generation zone in machining process; meanwhile lubricant is used to minimize the friction between the 
tool, chip, and workpiece interface. Methods of cutting fluid application include flood machining, near-dry 
machining and also cryogenic machining. Cryogenic acts more as coolant to reduce the temperature generated in 
machining process. Cryogenic coolant uses liquid gaseous such as liquid nitrogen (LN2) or liquid carbon dioxide 
(CO2), which have very low melting temperature, to reduce the temperature at the cutting zone. Cryogenic 
machining is more advantageous compared to the usage of conventional cutting fluid in term of environmental 
friendly in such a way that the liquid gas used will evaporate into the air and become part of the atmosphere 
(Nalbant and Yildiz, 2011). The evaporation of the gaseous also eliminate the cost of cutting fluid disposal 
(Umbrello et al., 2012).  
 A lot of researches have been conducted to study the benefits of cryogenic application in manufacturing 
process. Cryogenic application is claimed to improve process sustainability, increase material removal rate 
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(MRR), enhance the tool life, improve product quality of machined parts and enhance surface integrity 
(Umbrello et al., 2012). 
 Therefore, this paper is aimed to review the effect of cryogenic application in manufacturing processes on 
surface integrity of work materials. Among surface properties usually being analyzed are external topography of 
surface (surface roughness), microstructure of internal subsurface layer, surface hardness, grain size, residual 
stresses and white layer formation. A general evaluation of this review was given in Table 1. 
 
Table 1: The evaluation of surface integrity studies in cryogenic application in manufacturing operations. 

Cryogenic 
operation 

References Work material Cutting tool Investigation topics 

Cryogenic turning (Umbrello et al., 
2011; 2012) 

Hardened 52100 
steel 

CBN Surface roughness, white layer, residual 
stress, grain size, phase transformation, 

surface hardness 
Cryogenic turning (Xavier et al., 

2010) 
Hardened AISI 

52100 
PCBN Surface roughness, white layer, tool wear 

Cryogenic turning (Pu et al., 2012) AZ31B Mg alloy Uncoated carbide Grain size, crystallographic orientation, 
residual stress, cutting force, cutting 

temperature 
Cryogenic turning (Jerold and 

Kumar, 2011) 
AISI 1045 Multicoated 

carbide 
Cutting temperature, chip thickness, surface 

roughness, cutting force 
Cryogenic turning (Ahmed et al., 

2007) 
AISI 4340 SNMG 120408-26 

carbide 
Tool wear, tool life, surface roughness 

Cryogenic parting, 
grooving and 

threading 

(De Chiffre et al., 
2007) 

AISI 304L Coated carbides Tool life, cutting force, surface roughness 

Cryogenic slot 
milling 

(Ravi and Kumar, 
2011) 

Hardened AISI 
H13 tool steel 

TiAlN PVD coated 
carbide 

Cutting temperature, flank wear, surface 
roughness, cutting force 

Cryogenic milling (Nalbant and 
Yildiz, 2011) 

AISI 304 stainless 
steel 

Uncoated 
cementite carbide 

Cutting force, tool wear, microstructure 

Cryogenic 
micromilling 

(Kakinuma et al., 
2012) 

PDMS polymer Tungsten carbide Surface finish, chip formation, surface 
roughness, cutting energy 

Cryogenic 
grinding 

(Fredj and 
Sidhom, 2006) 

AISI 304 99A60M7V10N 
with V shape 

grinding wheel 

Surface roughness, surface hardness, residual 
stress, fatigue lifetime, work hardening 

Cryogenic 
grinding 

(Fredj et al., 2006) AISI 304 99A46M7V10N 
grinding wheel 

Grinding temperature, grinding force, surface 
roughness, work hardening, residual stress, 

corrosion resistance 
Cryogenic rolling (Nageswara rao 

and Jayaganthan, 
2012) 

Al 6061 alloy - Microstructural features, tensile strength, 
ductility, grain refinement 

Cryogenic rolling (Panigrahi and 
Jayaganthan, 

2011) 

Al 7075 alloy - Surface hardness, tensile strength, grain size 

Cryogenic deep 
rolling 

(Meyer, 2012) AISI D3 
(X210Cr12) 

- Surface roughness, surface hardness,  phase 
transformation 

Cryogenic 
abrasive jet 
machining 

(Gradeen et al., 
2012) 

PDMS polymer - Microstructure, surface evolution, erosion 
rate 

Cryogenic 
treatment 

(Liu et al., 2012) Mg-1.5Zn-0.15Gd 
alloy 

- Microstructure, microhardness, wear rate 

Cryogenic 
treatment 

(Bensely et al., 
2008; 2009) 

En 353 - Hardness, fatigue behavior, microstructure 

Deep cryogenic 
treatment 

(Baldissera, 2009; 
Baldissera and 
Delprete, 2009) 

Carburized 
18NiCrMo5 steel 

- Fatigue behavior, carbides precipitation, 
residual stress, hardness, tensile strength 

Deep cryogenic 
treatment 

(Leskovšek and 
Podgornik, 2012; 
Podgornik et al., 

2012) 

S390 high-speed 
steel 

- Surface hardness, wear resistance, galling 
resistance, microstructure 

Deep cryogenic 
treatment 

(Akhbarizadeh et 
al., 2012a; 2012b; 

(Amini et al., 
2012) 

1.2080 tool steel - Microstructural changes, carbide distribution, 
carbide percentage, microhardness 

Deep cryogenic 
treatment 

(El Mehtedi et al., 
2012) 

X30 CrMoN 15 1 
steel 

- Microstructural changes, hardness 

Cryogenic cooling 
welding 

(Amuda and 
Mridha, 2012) 

AISI 430 stainless 
steel 

- Grain refinement, microstructure, hardness, 
ductility. 

Cryogenic wear 
test 

(Jain et al., 2010) High purity Ti - Wear rate, grain size 
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Surface finish / surface roughness: 
 
 Surface finish is one of the most important aspects that usually been analyzed because the affect it has on 
product performance and life cycle, besides the residual stresses and the occurrence of surface and subsurface  
micro cracks (Xavier et al., 2010). These aspects are very vital, especially when the product would be fit with 
other parts or used under dynamic loading. It is also reflected the quality of surface integrity on work materials 
(Yazid et al., 2011). 
 Some researchers have proven that the surface roughness measurement, Ra, gave some improvement when 
machining with cryogenic application compared to dry and wet machining (Jerold and Kumar, 2011; Pu et al., 
2012; Ravi and Kumar, 2011; Umbrello et al., 2012). Smaller Ra measurements reflect better surface quality of 
the work parts. Surface finish is largely influenced by the cutting force, tool wear and chip formation. Figure 1 
shows improvement of surface roughness value in cryogenic machining compared to dry and wet machining. 
 The improved surface finish resulted in cryogenic machining is due to lower cutting temperature generated 
during the machining process, hence lowering the cutting forces and tool wear (Kumar and Choudhury, 2008; 
Ravi and Kumar, 2011; Zhang et al., 2012). Similar findings were reported by Dhar & Kamruzzaman (2007) 
who also obtained a reduction in tool wear in turning AISI 4037 steel bar with cryogenic jet application. 
Effective reduction of cutting temperature had been attained when the LN2 jet was aimed to the main cutting 
edge, maintaining the tool’s sharpness (Ravi and Kumar, 2011) and hardness hence lessen the abrasion wear as 
well as adhesion and diffusion wear (Dhar and Kamruzzaman, 2007).  
 

 
  
Fig. 1: Comparison of surface roughness between cryogenic, dry and wet machining (Dhar and Kamruzzaman, 

2007). 
 
 However, the authors observed that the reduction of average cutting temperature is less effective when 
higher cutting speed and feed rate were used as shown in Figure 2. This is possibly contributed by the chip-tool 
contact becomes almost fully plastic or bulk at higher cutting speed, therefore preventing the LN2 from 
penetrating efficiently between the interface (Dhar and Kamruzzaman, 2007). Deformation on the flank face, 
micro-cracks and formation of built-up edge may occurred hence resulting in rough surface finish (Khan and 
Ahmed, 2008; Yazid et al., 2011). This condition may also caused by the chipping occurred at the cutting edge 
due to high tool pressure when machining with higher cutting speed and feed rate, consequently increase the 
wear rate (Ibrahim et al., 2011), therefore, resulting in bad surface roughness. 
 Besides, cryogenic condition also enhances the chip breakability during machining and reduces the 
tendency of chip’s adhesion to the tool resulting in less scratch on the surface finish (Jerold and Kumar, 2011; 
Stanford et al., 2009). In grinding process, cryogenic cooling helps in preventing the wheel loading, preserving 
the grit’s sharpness and reducing the chip’s size (Paul, 1995; Paul and Chattopadhyay, 1995), therefore improve 
the surface finish (Fredj and Sidhom, 2006). These were due to improvement of tangential and normal grinding 
forces, and also the specific energy under cryogenic cooling (Paul and Chattopadhyay, 1995b).  
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Fig. 2: Variation in average chip-tool interface temperature with Vc under different cutting conditions at (a) 

lower and (b) higher feed (Dhar and Kamruzzaman, 2007). 
 
 However, application of cryogenic cooling in deep rolling operation resulted in increase of surface 
roughness value compared to deep rolling at room temperature (Meyer, 2012; Meyer et al., 2011). This is 
because of embrittlement of material at lower temperature which decreases the plasticity and causes poorer 
deformability (Meyer, 2012; Meyer et al., 2011). 
 
Microstructure of internal subsurface layers: 
 
Phase Transformation: 
 
 Retained austenite is a form of microstructure that is not favorable due to the effect it has on the properties 
of steel such as decrease of tensile strength and yield strength, and reduction of maximum attainable surface 
compressive stresses, consequently impairing its fatigue resistance (Bensely et al., 2008). Therefore, reduction 
of the amount of retained austenite in a material is very desirable.  
 Martensite is a very hard form of microstructure. Application of cryogenic in manufacturing process is 
reported to allow for more comprehensive martensitic transformation (Bensely et al., 2008; Meyer, 2012). High 
amounts of martensite are shown in cryogenically deep rolled sample. Similar observations has been made by  
Zhirafar et al. (2007) in cryogenically treated AISI 4340 steel, in which small reduction of retained austenite has 
been obtained. Figure 3 shows contents of retained austenite and the micrograph after deep rolling process of 
AISI D3. 

 
Fig. 3: Contents of retained austenite and micrograph after deep rolling of AISI D3 under varied thermal 

conditions (Meyer, 2012) 
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 Meyer (2012) explained the martensitic transformation is induced by thermal effects of cryogenic combined 
with mechanical loads in deep rolling process. The author’s explanation is based on the theory discussed by 
Tamura (1982) which stated that microstructural transformation usually occurs as a specific activation energy 
(in a function of Gibb’s free energy) is achieved due to thermal effects. Figure 4 shows a diagram showing how 
mechanically and thermally induced differences of Gibbs free energy being applied in cryogenic deep rolling 
(Meyer, 2012). The comprehensive martensitic transformation allows for more stable microstructures 
application without deteriorating the surface and subsurface properties. This statement is also supported by 
Bensely et al. (2008) who observed that the structure of cryogenically cooled materials were found to be more 
uniform and dense, hence increasing the stability of the component. 

 
  
Fig. 4: Schematic diagram of superposition of mechanically and thermally induced difference of Gibbs free 

energy in cryogenic deep rolling (Meyer, 2012). 
 
 In addition, the relation between cryogenic treatment-induced and deformation-induced is also suggested in 
order to further explain the martensite transformation in cryogenic treated specimens (Shimojo et al., 2001). 
When the material experienced plastic deformation as a result of dislocation motion, below certain temperature, 
martensite transformation occurs. However, increment of austenitizing temperature, TA of heat treatment results 
in higher stability of the microstructures, therefore lowering the percentage of formed martensite as shown in 
Figure 5 (Meyer, 2012).  

 
 

Fig. 5: Contents of martensite in the surface and subsurface layers after deep rolling under varied mechanical 
loads and thermal conditions (Meyer, 2012). 
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Grain size: 
 
 Size of the grain of subsurface layer influences the properties of the materials. Fatigue life of materials can 
be extended by prolonging the nucleation phase by mean of pinning the dislocation with the formation of nano-
sized martensite at the intersected dislocations (Shimojo et al., 2001). Cryogenic application in manufacturing 
process is proven to be able to reduce the grain size (Panigrahi and Jayaganthan, 2011; Umbrello et al., 2012). 
Umbrello et al. (2012) had shown that nano-scale grain size of cryogenically turned AISI 52100 steel can be 
achieved as shown in Figure 6 below. Cryogenic conditions also help to retain the grain size smaller after 
recrystallization phase. 

 
Fig. 6: Experimental grain size obtained under cryogenic and dry machining of 52100 steel (Umbrello et al., 

2012). 
 
 The adventitious balance of the driving force in phase transformation and the restrainment of grain’s growth 
caused by high dislocation density may be a factor of formation of nano-sized martensite (Shimojo et al., 2001). 
 Grain refinement may also be caused by dynamic recrystallization (DRX). Pu et al. (2012) had used an 
empirical formula in equation below to predict the grain’s size produced after machining of AZ31B Mg alloy 
with the application of LN2. 

  
where drec is the recrystallised grain size; dinit is the initial grain size; Z is the Zener–Hollomon parameter; έ is 
the strain-rate; Q is the activation energy; R is the gas constant; T is the temperature. 
 Based on the equation above, low temperature resulted from cryogenic application and high strain rate 
during the machining process will produced very fine grain size. This is verified by the AFM tapping mode 
phase image of a featureless layer about 2 mm from the machined surface in Figure 7 showing some grain-like 
features with an average size of 31 nm (Pu et al., 2012).  

 
 
Fig. 7: AFM tapping mode phase image of the featureless layer from the machined surface after machining  

under cryogenic condition (Pu et al., 2012). 
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White layer: 
 
 The effect of white layer formation on the properties of materials is not yet well understood (Jawahir et al., 
2011). Several recent studies of white layer found that it composed of very fine grains up to nano-scale size 
(Bushlya et al., 2011; Herbert et al., 2011) and contained fresh martensite along the depth (Li et al., 2007). 
According to Bushlya et al. (2011), there are several mechanisms that may contribute to the formation of white 
layer. They are; phase transformation due to rapid heating and cooling; grain refinement due to severe plastic 
deformation (SPD); and reactions of the surface with environment. 
 From the literature, white layer formed under the machined surface is undesirable in most applications (Pu 
et al., 2012), because white layer usually is very hard and brittle, thus gives negative impact to the life of the 
components (Bushlya et al., 2011; Umbrello et al., 2011). However its presence can be beneficial in some 
applications where wear resistance is desirable in the absence of impact loading (Jawahir et al., 2011). White 
layers are also associated to the increase of hardness and decrease of adhesive wear of the specimens (Askari et 
al., 2011; Herbert et al., 2011), which eventually increase the wear resistance (Larbi et al., 2005).  
 Cryogenic application in machining is able to reduce the thickness (Umbrello et al., 2011; 2012) or even 
preventing (Xavier et al., 2010) the formation of the white layer compared to dry machining as shown in Figure 
8. This is most probably because huge decrement in cutting temperature by LN2 application, since white layer 
formation is happening because of localized thermal softening by the work material due to high temperature 
generated at the cutting zone (Umbrello et al., 2012). Another factor contributing to the white layer formation is 
rapid heating and quenching that influences the formation of untempered martensite structure, hence, low heat 
generated in cryogenic machining may prevent this from happening (Umbrello et al., 2011). 
 Formation of white layer has also been related to the increase in cutting temperature, which is resulted by 
the wear of the cutting tool, and high cutting speed and lack of coolant during the machining operation (Bushlya 
et al., 2011). Therefore, by applying cryogenic coolant, the decrease in cutting temperature and tool wear may 
also be contributing factor in preventing or reducing the thickness of the white layer. 

 
 
Fig. 8: White layer formed under machined surface in (a) dry and (b) cryogenic machining (Umbrello et al., 

2012). 
 
Residual stresses of internal subsurface layers: 
 
 Residual stresses are the stresses that remain within the subsurface layers after the original cause of the 
stresses such as external loads or thermal gradients, have been removed. Tensile residual stresses are 
undesirable, since it may reduce static strength and fatigue life, disseminate cracking in sensitive materials and 
enhance chemical and stress corrosion (Bensely et al., 2008; Paul and Chattopadhyay, 1995). On the other hand, 
compressive residual stresses are favorable because of the positive impact it has on the component’s fatigue 
properties and dimensional stability (Bensely et al., 2008; Umbrello et al., 2011).  
 Cryogenic cooling application in grinding is able to reduce the magnitude of tensile residual stresses 
compared to dry and wet grinding (Fredj and Sidhom, 2006; Fredj et al., 2006). This is also supported by the 
data collected by Baldissera and Delprete (2010) that showed deep cryogenic treated AISI 302 stainless steel 
improves the fatigue limit and fatigue life of the specimen. It is also able to increase the compressive stresses 
area (Pu et al., 2012; Umbrello et al., 2012). As discussed in sub-section 3.3, the effective cooling ability of 
cryogenic coolant reduced the thickness of the white layer, consequently, higher compressive area machined 
components after the post removal operation can be achieved (Umbrello et al., 2012).   
 In addition, the compressive area measured under cryogenic machining increases with increasing of the 
cutting speed (Umbrello et al., 2012) and increment of cutting edge radius (Pu et al., 2012). This is probably 
because of more severe plastic deformation occurred on the machined surface during cutting with higher cutting 
speed or larger tool’s edge radius resulting in larger compressive area (Pu et al., 2012). Another factor affecting 
the compressive stress area is the amount of retained austenite after the manufacturing operation (Bensely et al., 
2008). As discussed in Section 3.1, in cryogenic coolant application, the percentage of retained austenite has 
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been reduced; therefore larger compressive residual stresses area is induced. However, the percentage value of 
retained austenite reduction also affecting this phenomena. A very small percentage of retained austenite 
reduction does not induce compressive residual stresses as compared to remarkable increase of compressive 
stresses when most of retained austenite had been transformed into martensite (Bensely et al., 2008). 
 Figure 9 shows significant increment of compressive area in cryogenic machining using different cutting 
edge radius. From the result, the author suggested that the combination of cryogenic cooling and large tool’s 
edge radius may induce large and deep compressive residual stresses in machined surface, which consequently 
improve the functional performance of machined components. However, smaller compressive area is measured 
when combination of lower workpiece initial hardness and the use of honed tools is used in the experiment 
(Umbrello et al., 2012). 

 
 
Fig. 9: Compressive areas of the residual stress profiles before and after machining under different cutting 

conditions (Pu et al., 2012). 
 
Surface hardness: 
 
 Several studies on cryogenic application in manufacturing operation have proven that the hardness of the 
work materials is increased (Meyer, 2012; Pu et al., 2012; Zhirafar et al., 2007). Surface hardness is closely 
related to grain size, work hardening process occurred during the operation and also microstructural changes 
within the subsurface layers (Askari et al., 2011; Pu et al., 2012). 
 Meyer (2012) had shown in his research of cryogenic deep rolling that the hardness of subsurface layers has 
been increased significantly compared to deep rolling at room temperature. Besides, the hardness penetration 
depth was also higher for cryogenic deep rolling operation. 
 The increment of the hardness can be related to the microstructural changes as mentioned in previous 
section. At cryogenic temperature, small amount of retained austenite is transformed to martensite hence 
improving the hardness if the treated specimens (Zhirafar et al., 2007). In addition, the author also suggested 
that carbide formation during tempering could have been induced in cryogenic treated samples (Zhirafar et al., 
2007).  
 Work hardening or strain hardening that occurred during manufacturing operation is the strengthening of a 
metal by plastic deformation. Low temperature in cryogenic operation induced the plastic deformation during 
the machining process, therefore, increases the surface hardness of the work material (Pu et al., 2012). Yazid et 
al. (2011) also mentioned that high value of hardness is an indicator that high work hardening induced by plastic 
deformation had taken place during the machining operation and it appeared as white lines on surface 
topography, as shown in Figure 10. 
 In addition, cryogenic cooling is also claimed to induce the carbide precipitation in which, very fine 
carbides particles appeared and lodged into the micro voids in the microstructure thus increase the density and 
coherence of the metals (Bensely et al., 2008). This very fine carbides, which can be considered as nano-sized 
particles may improve the wear resistance of a material by enhancing the strength and toughness of martensite 
matrix (Meng et al., 1994). This is parallel with the phenomenon of carbide formation during precipitation 
hardening which increased the work material’s hardness (Salleh et al., 2009). 
 
Conclusion and Future Works Recommendation: 
 
 The aim of this paper is to review and analyze the effect of cryogenic cooling application in manufacturing 
operations on surface integrity of the work materials. There are tremendous studies have been conducted to 
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observe the resulting surface integrity in various manufacturing operations such as turning, milling, grinding, 
deep rolling, etc. Several conclusions can be drawn from this review.  
 

 
Fig. 10: White lines on surface topography of machined surface of Inconel 718 indicating plastic deformation 

occurrence (Yazid et al., 2011). 
   
 Surface integrity of the work materials has been a subject of interest since it has direct effect on the 
properties and performance of a component. Many approaches have been investigated in order to enhance the 
integrity of the workpiece surfaces. One of the promising approaches is by applying cryogenic cooling in 
manufacturing operations. It is proven that cryogenic application in manufacturing operations may enhance the 
surface integrity of the work materials. Among the improvements are better surface finish, reduction of the 
volume of retained austenite as well as white layer thickness, refinement of grain size, larger compressive 
residual stress area, and increment of surface hardness. These enhancements of surface properties by cryogenic 
is mainly due to the reduction of temperature during the operation. 
 However, from this review, there are still a few gaps that can be further explored and investigated. A lot of 
researches being conducted involved the treatment or pre-cooling by cryogenic liquid gaseous of either the 
workpiece or the cutting tool prior to manufacturing processes. Nevertheless, direct application of cryogenic 
liquid gaseous during various manufacturing operations substituting the conventional cutting fluid should be 
further explored. In addition, there is also lack of studies on the effect of the direction of cryogenic gaseous 
application on the machining output parameters. 
 Besides, almost all type of materials with different properties has been used in cryogenic cooling 
researches. However, more researches should be conducted on cryogenic machining of materials particularly 
alloy steel that usually been surface hardened. The combination of several surface properties such as phase 
transformation, grain size and also surface hardness may result in a good quality of hardened surface as 
achieved in conventional surface hardening process.  
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