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Abstract 

Stainless steels were developed in the early 20th century and are widely 

used in applications where both the mechanical properties of steels and 

high corrosion resistance are required. There is continuous research to 

enable stainless steel components to be produced in a more economical 

way and be used in more harsh environments. A way to achieve this is to 

correlate the service performance with the production processes.  

The central theme of this thesis is surface integrity and corrosion, 

especially the stress corrosion cracking behavior, after grinding processes. 

Grinding is commonly used for fabricating stainless steel components, and 

results in varied surface properties that will strongly affect corrosion 

resistance and service life. Controlled grinding parameters, including 

abrasive grit size, machine power and grinding lubricant, were used and 

the resulting surface properties studied for austenitic 304L (Paper II) and 

duplex 2304 (Paper I) stainless steels. The abrasive grit size effect was also 

studied for a ferritic 4509 (Paper IV) stainless steel and was found to have 

a larger influence. Surface defects including deep grooves, smearing, 

adhesive or cold welding chips and indentations, a highly deformed surface 

layer with formation of grain fragmentation and the generation of a high 

level surface tensile residual stresses along the grinding direction were 

observed as the main types of damage.   

The effect of grinding on stress corrosion cracking behavior of austenitic 

304L (Paper III), ferritic 4509 (Paper VI) and duplex 2304 (Paper V) 

stainless steels in chloride-containing environments was also investigated.  

The abrasive grit size effect on corrosion behavior for the three grades of 

stainless steels was compared (Paper IV). Grinding-induced surface tensile 

residual stress was suggested as the main factor to cause micro-cracks on 

the ground surface for 304L and 2304; for 4509, grinding-induced grain 

fragmentation was considered as the main factor for the initiation of 

extensive micro-pits. For duplex 2304, the microstructure and micro-

notches in the as-ground surface also had significant influence. Depending 

on the surface conditions, the actual loading by four-point bending was 

found to deviate from the calculated value using the formula according to 

ASTM G39 by different amounts. Grinding-induced surface tensile 

residual stresses were detrimental. 
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The knowledge obtained from this work can provide guidance for choosing 

appropriate stainless steel grades and grinding parameters; and can also 

be used to help understanding the failure mechanism of ground stainless 

steel components during service. 

Keywords 
stainless steel, stress corrosion cracking, surface integrity, grinding, 

residual stress 
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Sammanfattning 

Rostfria stål utvecklades i början på 1900-talet och används där det finns 

krav på en kombination av de mekaniska egenskaperna hos stål och god 

korrosionsresistens. Kontinuerlig forskning pågår för att möjliggöra lägre 

produktionskostnader för rostfria stålkomponenter och användning i mer 

krävande miljöer. En nödvändig del i detta arbete är att relatera 

komponenternas livslängd till produktionsprocessen.  

Huvudtemat hos denna avhandling är ytintegritet och korrosionsbeteende, 

särskilt spänningskorrosion, efter kontrollerad slipning. Slipning används 

ofta vid produktion av rostfria stålprodukter och ger varierande 

ytegenskaper som kraftigt påverkar komponenternas korrosionsresistens 

och livslängd. Kontrollerade slipparametrar som kornstorlek, maskinkraft 

och användning av skärvätska har studerats för 304L austenitiskt rostfritt 

stål (Paper II) och 2304 duplext rostfritt stål (Paper I). Inverkan hos 

kornstorleken studerades också för ett 4509 ferritiskt rostfritt stål (Paper 

IV) där den hade störst inverkan. Ytdefekter som djupa spår, utsmetning, 

vidhäftande/kallsvetsade flisor och hack, ett kraftigt deformerat skikt med 

kornfragmentering samt alstring av höga dragrestspänningar i ytan längs 

med slipriktningen observerades som de huvudsakliga skadetyperna. 

Inverkan av slipning på spänningskorrosionsbeteendet för de austenitiska 

304L (Paper III), ferritiska 4509 (Paper IV) och duplexa 2304 (Paper V) 

rostfria stålen i kloridmiljöer undersöktes också. Kornstorlekens effekt på 

korrosionsbeteendet för de tre stålsorterna jämfördes (Paper IV). 

Dragrestspänningar inducerade av slipning föreslogs som den 

huvudsakliga orsaken till att mikrosprickor bildades på den slipade ytan 

hos 304L och 2304; för 4509, slipningsinducerad kornfragmentering 

föreslogs som den huvudsakliga orsaken till bildning av omfattande 

mikrogropar. För duplexa 2304, hade mikrostrukturen och mikroskåror 

hos den slipade ytan också signifikant betydelse. Beroende på ytans skick, 

observerades att den verkliga lasten för fyrpunktsböjning avvek från det 

beräknade värdet enligt ASTM G39 olika mycket. Slipningsinducerad 

dragrestspänningar i ytan var negativt. 

Kunskapen från denna avhandling kan ge vägledning vid val av lämpliga 

sorter av rostfria stål och slipparametrar; och kan även vara till hjälp att 

förstå skadeorsaken hos rostfria stålkomponenter i drift. 
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Nyckelord 
rostfritt stål, spänningskorrosion, ytintegritet, slipning, restspänning 
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Preface 

This thesis addresses the influence of grinding operations on surface 

integrity and corrosion behavior of different stainless steels. To summarize 

the work, I have compiled the table below, showing what steels and 

properties were investigated in each paper. I hope that the table can serve 

as a useful reference when you read the thesis. 

Paper I II III IV V VI 

Stainless 
steel grade 

304L  × × ×   

4509    ×  × 

2304 ×   × ×  

Varied 
grinding  

parameters 

Abrasive grit 
size 

× ×  ×   

Machine power × ×     

Lubricant × ×     

Surface 
integrity 

Surface 
roughness 

× ×   ×  

Surface 
topography 

× × ×  × × 

Cross-section 
microstructure 

× ×    × 

Residual stress × × × × × × 

In-situ measurement of 
surface stress 

  ×  × × 

Corrosion behavior without 
external loading 

  × × × × 

Corrosion behavior under 
four-point bend loading 

  ×  × × 
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1. Introduction 

Stainless steel is a very successful man-made material. One major 

advantage of stainless steels is the high corrosion resistance, either at low 

or high temperatures, combined with good mechanical properties. There 

are a large number of stainless steel grades with different chemical 

compositions and microstructures. Due to the diverse properties that can 

be achieved, stainless steels are widely used in a variety of applications, 

such as general construction, chemical engineering, nuclear industries, 

food and beverage production. However, the chloride ions, which exist in 

many environments like sea water, the kitchen or even in the human body, 

unfortunately render stainless steels prone to stress corrosion cracking 

(SCC). The stress corrosion cracking behavior of stainless steels has been 

widely investigated during the last decades. Combatting SCC of stainless 

steels not only means the reduction of catastrophic failures, but also long-

term cost savings and reduction of environmental impact. 

It is well recognized that the surface integrity of machined components has 

significant effects on their functional performance; service failures related 

to corrosion almost always initiate from the surface or subsurface region. 

Corrosion resistance of stainless steels and its correlation with surface 

integrity are now important concerns for product sustainability.  

Depending on the applications, machining processes are nearly always 

needed for stainless steel components to obtain the required surface and 

dimensional accuracy. Surface integrity is dictated by the last fabrication 

operation, such as grinding. Grinding is a complex process with 

geometrically unspecified cutting edges [1].  The knowledge of the 

evolution of the surface and subsurface layers of stainless steels during 

grinding is very limited, especially their influence on stress corrosion 

cracking, which is very critical to service.  

 Aim of this work 

This thesis is a continuation and extension of the author’s licentiate thesis 

entitled ‘Influence of grinding operations on surface integrity and chloride-

induced stress corrosion cracking of stainless steels’, submitted in 2016. 

The focus of this work is to investigate the surface integrity and corrosion 

behavior, especially stress corrosion cracking behavior, of stainless steels 
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after surface grinding. The aim of the first part (Paper I, II) was to learn 

about the interrelation between surface integrity in terms of surface 

roughness, surface defects, surface and subsurface microstructures, 

residual stresses and different grinding parameters. Abrasive grit size, 

machine power and grinding lubricant were identified as the most 

interesting grinding parameters to be studied. The aim of the second part 

(Paper III, IV, V, VI) was to correlate the corrosion properties to the 

grinding operation, especially to determine the role of induced residual 

stresses and applied stress on the stress corrosion cracking behavior. The 

role of the duplex structure is of particular interest. This study is relevant 

to industrial applications and contributes to the scientific understanding 

of stress corrosion cracking. The results obtained can provide guidance for 

choosing appropriate stainless steel grades and grinding parameters; and 

can also be used to help understand the failure mechanism of ground 

stainless steel components during service. 

 Relation to the UN Sustainable Development 

Goals  

The United Nations Sustainable Development Goals, which address the 

global challenges we face, aim towards a better and more sustainable 

society in the future. The Sustainable Development Goals are special 

because they cover issues that affect us all. And more importantly, they 

involve everyone to build a more sustainable, more prosperous and safer 

society for all humanity. Science, technology and innovation are recognized 

as important drivers towards economic growth and prosperity; the 

achievement of many of the Sustainable Development Goals will heavily 

depend on science.  

The current work investigated surface integrity and corrosion behavior 

after controlled grinding processes of stainless steels, which are materials 

widely used in a variety of application, especially industry and 

infrastructure. The results obtained can provide better material and 

process selections when manufacturing stainless steel components, which 

contributes to Goal 9 Industry Innovation and Infrastructure with 

regards to more resilient and reliable infrastructure. A better 

understanding of the failure mechanisms due to stress corrosion cracking 

can help better predict the service life length for critical stainless steel 

components. With regards to Goal 12 Responsible consumption and 
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production, the knowledge generated in this work can help ensure longer 

component lifetime, which will reduce the number of excess stainless steel 

components that requires manufacturing and thus creating a more 

sustainable consumption and production pattern.   
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2. Stainless steels 

Stainless steels are iron-based alloys that contain a minimum of 10.5wt% 

chromium [2]. The main feature of stainless steels is the general resistance 

to corrosion, but they also exhibit high ductility and toughness over a wide 

range of temperatures. Chromium reacts instantly with moisture and 

oxygen in the environment and forms a protective oxide layer, known as 

the passive film, over the entire surface of the material [3]. This oxide layer 

is very thin, only 1-3 nanometers in thickness [4]; it grows slowly with time 

and has self-healing ability. Chromium is the most significant alloying 

element affecting passivity; increasing the chromium content confers 

greater corrosion resistance. Corrosion resistance may be further 

improved, and ductility and toughness increased, by the addition of nickel. 

The addition of molybdenum also increases corrosion resistance, both 

uniform and localized corrosion. Nitrogen enhances resistance to localized 

corrosion and increases mechanical strength [5].  

 Categories 

Stainless steels are often categorized by the metallurgical phases present 

in their microstructures and the most common structures are austenitic, 

ferritic, martensitic and duplex stainless steels.  

2.1.1. Austenitic stainless steels 

Austenitic stainless steels are by far the most widely used stainless steels 

and generally have very good corrosion resistance; however, in the 

presence of chlorides, they may be susceptible to stress corrosion cracking. 

They have a face centered cubic (FCC) crystal structure and contain a 

minimum of 16% chromium, a maximum of 0.15% carbon, sufficient nickel 

and / or manganese to retain the austenitic structure [6]. Additional 

elements, such as molybdenum, nitrogen, copper or titanium can be added 

to modify their properties for more critical applications. Austenitic 

stainless steels are non-magnetic; they can only be hardened by cold 

working. This group of steels exhibit greater thermal expansion and heat 

capacity, with lower thermal conductivity than other stainless steels or 

conventional low-alloyed steels.  
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2.1.2. Ferritic stainless steels 

Ferritic stainless steels have a body centered cubic (BCC) crystal structure. 

They consist principally of iron and chromium, very little carbon, no or 

very little nickel. Molybdenum is added to some grades to improve the 

corrosion resistance and the addition of niobium and / or titanium 

improves weldability. They are ferromagnetic and have higher thermal 

conductivity compared with austenitic grades. A major drawback is that 

they have low toughness.  Due to the reduced chromium and nickel content, 

ferritic stainless steels have lower corrosion resistance; however, their 

resistance to stress corrosion cracking is higher than some of the austenitic 

stainless steels [7].  

2.1.3. Martensitic stainless steels 

Martensitic stainless steels have a body centered tetragonal (BCT) crystal 

structure and they are the smallest group of stainless steels. Compared to 

other stainless steel grades, they have higher carbon content to improve 

the strength and hardenability; nitrogen is sometimes added for further 

strength improvement [5]. They contain no or very small amount of nickel.  

Martensitic stainless steels are ferromagnetic and hardenable. Their 

corrosion resistance is generally lower than the other members in the 

stainless steel family. Martensite can also be formed as a result of 

deformation of metastable austenitic stainless steels.  

2.1.4. Duplex stainless steels 

Duplex stainless steels contain relative high levels of chromium and a 

moderate amount of nickel, they have a microstructure balanced to consist 

approximately equal amounts of austenitic and ferric phases [5]. 

Molybdenum and nitrogen are added to improve the corrosion resistance; 

nitrogen also increases the strength. Because of the duplex structure, they 

often combine the best features of austenitic and ferritic stainless steels. 

They generally have good mechanical properties, including high ductility 

and high strength, and the thermal expansion lies between that of the 

austenitic and ferritic grades. They have high corrosion resistance, 

especially resistance to stress corrosion cracking when compared with 

many austenitic stainless steels. Due to the ferrite content, duplex stainless 

steels are ferromagnetic. 
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 Machinability 

Machining is a manufacturing term that covers any of various processes in 

which a piece of raw material is cut into a desired shape and size by a 

controlled material removal process [8]. Most metal components and parts 

require some form of machining during the fabrication process. Generally, 

machining can be divided into the following categories:  

 Conventional machining processes, in which material is gradually 

removed from a workpiece by various methods involving single-point 

or multipoint cutting tools [9], such as turning, milling, drilling;   

 Abrasive machining, such as grinding; 

 Advanced (non-traditional) machining processes, in which electrical, 

chemical or other sources of energy are utilized [8], such as 

electrochemical machining, electron beam machining, photochemical 

machining.  

Machinability refers to the ease with which a component can be machined 

to a desired shape with a satisfactory surface finish, dimension tolerance 

and surface / subsurface quality at low cost [10]. When machining 

components with poor machinability, two main problems may be 

generated: short tool life and a deteriorated surface [11] [12] [13]. The 

surface quality will in turn determine the performance and service life of 

the machined component, such as fatigue and resistance to stress corrosion 

cracking.  

Compared to conventional low-alloyed steels or ferritic and martensitic 

stainless steels, austenitic and duplex stainless steels are more difficult to 

machine. Built-up edges form on the cutting tool due to the high ductility 

and the material shows a tendency to rapid work hardening [14]. The low 

thermal conductivity leads to a high machining temperature, which can 

burn the surface [15] or generate high tensile residual stresses in the 

surface [16]. Martensite transformation can occur when machining 

austenitic stainless steels, which significantly changes the properties of the 

material [17]. Moreover, the combination of high ductility and high 

strength of duplex stainless steels makes chip breaking difficult, thus 

deteriorating the surface finish [18].  
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3. Grinding 

Grinding developed as a metal manufacturing process in the nineteenth 

century; it is an abrasive machining process [19]. The grinding process 

utilizes abrasives that contain grains of hard mineral bonded in a matrix 

[1]. Grinding is one type of cutting, in which the cutting edges are 

irregularly shaped and randomly spaced.  Figure 1 shows a sketch of how 

abrasive grains in a grinding wheel remove material from a workpiece. 

During grinding, each grain acts as a microscopic single-point cutting edge 

and carves a chip with gradually increasing thickness.  Because of the 

irregular shape of the grains, sometimes a grain may rub the workpiece 

without penetration and causes wear of the surface. There is also a third 

situation: that the grain penetrates and ploughs the surface causing ridges 

instead of material removal [19]. The transition from rubbing to ploughing 

and from ploughing to cutting depends on the depth of abrasive grain 

penetration into the surface. The extent of each stage strongly depends on 

the characteristics of the workpiece material, its deformation behavior and 

its reactivity with the abrasive and the environment [19].  

 
Figure 1 Schematic drawing of a grinding wheel, showing material removal by abrasive grains. 

Grinding is often categorized as a separate process from the conventional 

machining process (turning, milling, drilling, etc.); several aspects make it 

different from the other metal removal processes, which are mainly due to 

the difference in the nature of cutting tools in grinding. In most cutting 

processes, the cutting tools have positive rake angles. However, in the case 

of the grinding process, a large variety of abrasive grain shapes results in 

some large negative rake angles [1]. The grinding force, accuracy and 

abrasive wear all depend on the different amount of material removed by 

individual grains. The cutting depth of each grain is very small, only a few 
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microns, which results in the formation of small chips; these chips can 

easily adhere to the workpiece or abrasive surfaces [18]. Blunt worn grains 

are much less efficient than the sharp grains and they tend to rub the 

surface rather than cutting. Grinding has very high specific cutting energy, 

and more than 70 percent of the energy goes into the ground surface, which 

increases the surface temperature and introduces considerable tensile 

residual stresses [20].  

Grinding fluid is sometimes used for a number of purposes, including 

contact area and bulk cooling, reduction of friction, flushing the debris 

away from the contact area, entrapment of abrasive dust and harmful 

vapors [19]. The choice of lubricant depends largely on the workpiece 

material.  
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4. Surface integrity 

Surface integrity can be defined as a set of various properties of an 

engineering surface (any surface generated by manufacturing methods) 

that affect its performance in service. The concept of surface integrity was 

first introduced by Field and Kahles; they defined it as the ‘inherent or 

enhanced condition of a surface produced in machining or other surface 

generation operation’ [21]. Their subsequent comprehensive review of 

surface integrity issues encountered in machined components was among 

the first published works on this topic, and emphasized the metallurgical 

alterations occurring in the surface and subsurface layers of different alloys 

from machining processes [22]. They later provided a detailed description 

of measuring methods available for surface integrity inspection and 

presented an experimental procedure for assessing surface integrity 

parameters [23]. Their pioneering work on the subject contributed to a 

timeless value, which led to the subsequent establishment of an American 

National Standard on Surface Integrity [24]. Surface integrity concerns not 

only the topological (geometric) aspects of the surface, but also their 

metallurgical, mechanical, physical, chemical and biological properties 

and characteristics [25]. The functional performance of a component can 

be significantly affected by the surface integrity, especially in the case of 

fatigue properties, stress corrosion resistance, tribological behavior 

(friction and surface wear) and dimensional accuracy [26].  

 Surface topography 

Surface topography is the foremost characteristic of surface integrity issues 

imparted by machining tools used in the processes, and especially their 

finishing versions. Surface roughness is considered as the primary 

parameter of a workpiece material and may be related to the machinability, 

the machining conditions, the tool form, the tolerance requirements and 

the tribological phenomena at the technological surfaces [25]. Surface 

roughness is normally characterized by Ra, the arithmetic average 

roughness (center line average), Rt, the maximum peak to valley height and 

Rz, the ten-point mean roughness.  Achieving a desired surface roughness 

is not only essential to the subsequent assembly, but also plays a critical 

role in determining the service performance of a machined component. For 

example, reduced resistance to stress corrosion cracking of X70 gas 

pipeline was observed with increased surface roughness [27]. Further, the 
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corrosion behavior of 21 Cr ferritic stainless steel has been shown to 

correlate to the valley depth of the surface tested in 1 M sodium chloride 

solution at room temperature, while the deep valleys on the ground surface 

were found to be favorable site for pit nucleation [28].  

Different forms of surface defects can be generated during the machining 

process. Grooves, waviness, smearing, chip re-deposition, feed marks, 

cavities and cracks are the ones most often observed on a machined surface 

[25] and they can cause many problems during service. A greater 

propensity for pitting has been reported at local defect sites on the 

machined surfaces; these pits were found to act as precursors to cracking 

[16] [29]. In case of chloride-induced stress corrosion cracking, the 

accumulation of chloride ions and the consequent destruction of the 

passive film were shown to be greater in the presence of deep grooves in 

the surface [30]. A complete elimination of surface defects is not possible, 

however, based on the properties of the material, these defects can be 

reduced by choosing the proper machining parameters [31].  

 Microstructural alterations 

During machining processes, the main surface damage of a component 

comes from mechanical loading and thermal impact which occur 

simultaneously; a fraction of the mechanical energy is stored in deformed 

microstructure in the form of dislocations, deformation twins, stacking 

faults, etc., while the rest is converted into heat. The machining processes 

cause a gradually reduced intensity of plastic deformation from surface to 

subsurface, and the severity of the plastic deformation on the machined 

component is influenced by the machining parameters, such as cutting 

speed, feed rate, depth of cut, tool geometry, tool wear, workpiece material 

properties. Microstructural alteration of the machined surfaces, such as 

deformation hardening [32], grain fragmentation [33], phase 

transformation [34], white layer formation [35], grain recrystallization 

[36], are results of these effects. The properties of the machined 

components are closely related to the microstructure of the surface and 

subsurface layers. An increased hardness from the bulk to the surface has 

been observed for many different types of alloys, and a work hardened 

surface layer can increase the difficulty for the subsequent cutting with 

high work hardening rate [37] [38]. An improvement of the resistance to 

stress corrosion cracking of 304 austenitic stainless steels by grain 
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refinement from laser peening has been reported [39]. The presence of 

strain induced martensite on a machined 304L austenitic stainless steel 

surface has been shown to increase the stress corrosion cracking 

susceptibility [33]. Surface white layers, featureless layers which appear 

white when observed under an optical microscope after standard 

metallographic preparation, are normally hard and brittle [40]. Since they 

are mostly accompanied by tensile residual stresses; cracks have been 

reported to easily nucleate and propagate in the surface white layers when 

subjected to fatigue loads [41].    

 Residual stresses 

Residual stresses are stresses that remain in a solid material after the 

original cause has been removed; they arise in almost every step of 

processing [42]. Machining operations including grinding can introduce 

high residual stresses in a surface layer of the workpiece. Although residual 

stresses can have different origins such as mechanical, thermal or 

metallurgical causes, they are all the results of an elastic response to 

inhomogeneous distribution of non-elastic strains, i.e. misfits; these 

misfits can be between different regions, different parts, or different phases 

[43] [44]. Residual stresses may be desirable or undesirable. Failure of 

components can take place by the combined effect of applied stresses and 

residual stresses. Depending on the fabrication process and the workpiece 

material, both tensile and compressive residual stresses with varied 

magnitude can be generated [45] [46]. Compressive residual stresses are 

generally considered to be beneficial for the lifetime or performance of a 

component, while tensile residual stresses should be avoided. As an 

example, multiple and interacting cracks have been observed on the milled 

surface of AISI 316 stainless steel after exposure in boiling magnesium 

chloride without applying any external loading; the main driving force for 

the crack formation has been demonstrated to be the surface tensile 

residual stresses induced from the milling operations [47]. The generation 

of compressive residual stresses in the surface by shot peening has been 

reported to retard stress corrosion cracking of both AISI 304 austenitic 

stainless steel [39] and 2205 duplex stainless steel [48]. High residual 

stresses may also cause dimensional instability of the component; such a 

change in dimension with time may cause problems in structural 

assembling [49] [50].  
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4.3.1. Residual stresses in grinding 

During grinding, mechanical and thermal interactions between the 

workpiece and the abrasive grains happen simultaneously. As illustrated in 

Figure 2, there are in general five components involved in the interaction: 

deformation work from the shearing zone, friction work from the rake face, 

cutting-off work from the cutting edge, friction work from the flank and 

friction work from the bond [25]. 

 

Figure 2 Sources of mechanical and thermal actions in grinding: (1) deformation work from 

the shearing zone, (2) friction work from the rake face, (3) cutting-off work from the cutting 

edge, (4) friction work from the flank, (5) friction work from the bond; modified from [25]. 

The formation of residual stress in grinding is considered to arise from the 

complex coupling of both mechanical and thermal actions; the 

mechanically and thermally induced residual stresses always exist 

simultaneously and the relative significance of these two factors varies 

from one process to another [20] [51]. Depending on the plastic 

deformation mode that occurs at the abrasive grain / workpiece contact 

surface, mechanically induced residual stresses can be either tensile or 

compressive. Along the grinding direction, the surface layer experiences 

overall compressive plastic deformation, the constraint by the subsurface 

results in tensile residual stresses in the surface layer [42]. Transverse to 

the grinding direction, tensile deformation is dominant; surface 

compressive residual stresses are generated due to the interaction between 

the surface and the bulk [52]. However, thermally induced residual 

stresses are usually tensile. The thermal actions generate heat in the 

workpiece surface layer and forms a temperature gradient from surface to 



SURFACE INTEGRITY | 13 

 

 

 

the bulk. After the grinding zone moves away, contraction of the surface 

layer is hindered by the lower temperature bulk, generating tensile residual 

stresses in both directions during the cooling period [25].  In addition, 

other thermal impacts such as dynamic recrystallization or phase 

transformation can also induce residual stresses due to the volume change 

and/or structure alternation of the surface layer [52]. The size and depth 

of the residual stresses introduced by both mechanical and thermal factors 

depend largely on the cutting and frictional conditions between the 

abrasive grains and the workpiece material [53].  
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5. Corrosion of stainless steels 

Corrosion of a metal or metal alloy is an electrochemical process in which 

the metal react with the surrounding environment. Corrosion results in 

metal degradation and leads to the loss of material properties such as 

mechanical strength and appearance. Most metallic corrosion processes 

involve transfer of electronic charge in water which can either be liquid or 

a condensed vapor phase [3]. For corroding metals, the oxidation or anodic 

reaction which releases electrons is of the form: 

𝑀 → 𝑀𝑛+ + 𝑛𝑒− 5.1 

The electrons need to be consumed somewhere, therefore a reduction or 

cathodic reaction will take place. In the presence of water, the reduction of 

dissolved oxygen or the evolution of hydrogen is often observed: 

𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻−  (neutral or alkaline environments) 5.2 

𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂  (acidic environments) 5.3 

2𝐻+ + 2𝑒− → 𝐻2  (strong acids) 5.4 

In addition, there are many other species, such as chlorine (Cl2), 

hypochlorite (ClO-) and hydrogen peroxide (H2O2), that may play an 

important role in the cathodic reactions accompanying the corrosion of 

metals.  

The remarkable corrosion resistance of stainless steels derives from the 

formation of a thin, invisible, protective layer which is commonly called the 

passive film or passive layer. The passive layer forms spontaneously in 

environments that contains enough oxidants and has self-healing ability. 

Although the passive layer is only 1-3nm in thickness, it effectively isolates 

the metal beneath from its surrounding and slows down the 

electrochemical reaction causing corrosion. The passive layer on stainless 

steels consists mainly of chromium and iron oxides; results show that Ni is 

not present in this layer [54]. The growth of the passive film follows a 

logarithmic law. Surface analysis has shown that the passive film of 

stainless steels consists of an inner oxide layer and an outer hydroxide layer 

[54], as illustrated in Figure 3. The thickness and composition of the 

passive film largely depend on the potential and the environment.  
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Figure 3 Double layer model of the passive film on stainless steels.  

In practice, all stainless steels rely on the formation of the passive layer, 

and the oxygen content of air and most aqueous solutions is enough for 

both its formation and maintenance. However, there are some 

environments that can cause breakdown of the passive layer. This can 

result in different forms of corrosion, such as uniform corrosion, pitting 

corrosion, crevice corrosion, stress corrosion cracking, intergranular 

corrosion, galvanic corrosion, hydrogen damage, dealloying or erosion 

corrosion [3]. Below, the two types of corrosion that are most relevant to 

this work are discussed. 

 Pitting corrosion 

Stainless steels are susceptible to pitting in environments containing 

halide ions, such as chlorides. Pitting corrosion is a localized form of attack 

that results in relatively rapid penetration at small discrete areas. Pits can 

appear quite small at the surface and be hidden by apparently inoffensive 

corrosion products, but they may have larger area beneath the surface; thus, 

pitting corrosion often remains undiscovered until failure [3]. Pitting 

results from a local breakdown of the passive layer and the mechanisms of 

pit initiation have been widely discussed but still not fully understood. The 

three main mechanisms discussed most are the penetration mechanism, 

the film-breaking mechanism, and the adsorption mechanism [54]. The 

penetration mechanism involves the transfer of anions through the oxide 

film to the metal surface, where they start their specific actions. The film-

breaking mechanism requires rupture within the film that gives direct 

access of the anions to the unprotected metal surface. The adsorption 

mechanism starts with the adsorption of aggressive anions on the oxide 

surface, which catalytically enhances transfer of metal cations from the 
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oxide to the electrolyte, leading to thinning of the passive film with possible 

total removal and the start of intense localized dissolution.  

In contrast to the initiation, the propagation of pitting is relatively well 

understood. Once the pit nucleates, the bare metal is exposed to the 

environment. As the unprotected metal becomes the anode and the 

surrounding environment acts as the cathode, a galvanic cell is established. 

In many cases, the passive film will repassivate and further corrosion stops. 

If no repassivation takes place, the unfavorable anode-to-cathode surface 

ratio will result in rapid local corrosion at the pit site [7]. As the pit 

continues to grow, the pH value in the pit will decrease as a result of 

hydrolysis of dissolved metal ions; this in turn further concentrates anions 

such as chloride ions in the pit [3]. Thus, the environment inside a growing 

pit becomes more aggressive and repassivation becomes even less likely. 

As a result, pits often propagate at a high rate and cause corrosion failure 

in a short time. The mechanism for pit initiation and propagation are 

illustrated in Figure 4.  

 
Figure 4 Schematic drawing of the pit initiation and propagation mechanisms.  
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As for any type of corrosion, the risk of pitting corrosion depends on the 

combination of environmental factors and the corrosion resistance of the 

alloy. For stainless steels, the pitting resistance equivalent (PRE) is often 

used as an index for ranking the resistance to pitting corrosion based on 

the chemical composition. It typically takes chromium, molybdenum and 

nitrogen into account, and the most commonly used formula is [7]: 

PRE = %Cr + 3.3×%Mo + 16×%N 5.5 

Generally, the higher the PRE value, the better the resistance to pitting 

corrosion. ‘Super’ is often used as a descriptor for an alloy with PRE value 

above 40, such as superaustenitic or superduplex stainless steels.  

 Stress corrosion cracking 

Stress corrosion cracking (SCC) is a brittle failure caused by the interaction 

of three factors: a susceptible material, a corrosive environment and the 

presence of sufficient tensile stresses (Figure 5) [3]. The SCC can be 

intergranular stress corrosion cracking (IGSCC), transgranular stress 

corrosion cracking (TGSCC) or exhibit a mixed mode of cracking 

depending on the microstructure of the material and the nature of the 

environment [55]. Due to the high propagation rate, sudden failures 

caused by stress corrosion cracking often happen with very little warning.  

 

Figure 5 Simultaneous interaction of susceptible material, critical corrosive environment and 

threshold tensile stress required for stress corrosion cracking.  

Many different models have been proposed to explain the mechanism of 

stress corrosion cracking [54]. Normally, a threshold stress is required for 

the initiation of SCC; however, the stress value may vary a lot depending 

on the metal and the environment. In some cases, relatively low loading or 
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even tensile residual stresses left from the fabrication process can cause 

stress corrosion cracking [47]. Oppositely, the introduction of compress 

stresses will increase the resistance to stress corrosion cracking; 

compressive stresses in the surface can delay the crack initiation, and at 

depth can slow down the growth of cracks from the surface [39]. Stress 

corrosion cracking can also nucleate from other types of localized corrosion. 

Stress concentration and the acidity required for cracking can be achieved 

from some areas of pitting, intergranular corrosion or crevice corrosion 

[54].   

There are many different ways to evaluate the susceptibility to stress 

corrosion cracking of stainless steels. There are a number of standardized 

testing environments, including boiling ~45% (by weight) aqueous 

magnesium chloride solution at 155.0 ± 1.0℃ according to ASTM G36 [56] 

and boiling 25% (by mass) sodium chloride acidified to pH 1.5 at ~108℃ 

standardized in ASTM G123 [57]. In addition, SCC tests can be done under 

constant load or constant strain conditions described by ISO, ASTM and 

NACE standards. Bent-beam [58] [59] [60], U-bend [61], C-ring [62], slow 

strain rate [63] are all widely used. Since corrosion behavior can vary a 

great deal with different testing conditions, the method chosen is critical 

to the outcome of the test [64] [65].    

For stainless steels, the most frequent attack that causes stress corrosion 

cracking is from chlorides. Chloride-induced stress corrosion cracking (Cl-

SCC) is typically, but not necessarily, transgranular cracking which 

exhibits branching [55]. The risk of stress corrosion cracking increases 

with increasing the concentration of chloride, increasing temperature and 

decreasing pH value of the environment [7]. Standard austenitic stainless 

steels are among the most sensitive group of stainless steels to chloride-

induced stress corrosion cracking, while high-alloyed austenitic stainless 

steels may show good resistance to cracking. Materials with low stacking 

fault energy are more prone to SCC [55]. Austenitic stainless steel of type 

304/304L, which has a low stacking fault energy (typically 20 mJ/m2), is 

particularly prone to Cl-SCC. Ferritic stainless steels generally have higher 

resistance to chloride-induced stress corrosion cracking; however, they are 

less resistant to pitting and crevice corrosion and are often more sensitive 

to hydrogen related cracking. Duplex stainless steels with combined 

microstructure of austenite and ferrite normally have much better Cl-SCC 

resistance than that of the corresponding austenitic grades [64]. Below 
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some contributing factors to stress corrosion cracking of stainless steels are 

summarized. 

5.2.1. Metallurgical factors 

The compositions of the alloy, the forming method, the heat treatment and 

fabrication processes can all influence the chemistry and microstructure of 

the material, thus strongly affect the resistance to stress corrosion cracking 

[66]. Alloying elements in the bulk material can affect the phase 

distribution and the stability of the passive film, as exemplified by 

chromium and nickel in stainless steels. Minor elements like carbon in 

stainless steels can cause sensitization. Inclusions may affect the local 

crack tip chemistry changes. Heterogeneity in material chemistry and 

microstructure have also been found to affect SCC. For example, crack 

growth was found to occur preferentially along high angle boundaries of a 

cold rolled 316NG stainless steel in simulated boiling water reactor water. 

A heterogeneous microstructure, particularly the boundary between large 

and small grains, was observed to provide a favored path for intergranular 

stress corrosion cracking [67].  

5.2.2. Environmental factors 

The effects of environmental parameters such as temperature, dissolved 

oxygen and electrochemical potential on stress corrosion cracking have 

been widely investigated [66]. The effect of temperature on SCC of 

sensitized 304 stainless steels has been studied by slow strain rate tests and 

several kinds of temperature dependences were proposed by different 

authors [66]. The dissolved oxygen and hydrogen concentration affected 

the electrochemical potential, which was found to have a strong effect on 

stress corrosion cracking of sensitized 304 stainless steels [68]. In addition, 

other environmental parameters such as solution pH value, concentration 

of aggressive ions and flow rate can also affect the SCC behavior.  

5.2.3. Mechanical factors 

The mechanical factors are closely related to the combination of the 

specific alloy and the environment. Mechanical factors such as stress and 

strain, residual stresses, and strain rate have been found to be critical 

parameters for stress corrosion cracking. The threshold stress intensity 
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factor, K, is often used as an important threshold parameter for stress 

corrosion cracking; it is described in several test standards [69] and has 

been widely investigated [66]. Besides K, other mechanical factors such as 

the applied loading mode and the change in K with time or crack advance 

have also been found to influence SCC behavior in high temperature water 

[70] [71].  
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6. Experimental work 

 Materials 

Three main grades of stainless steels, austenitic 304L (Paper II, III, IV), 

ferritic 4509 (Paper IV, VI) and duplex 2304 (Paper I, IV, V), have been 

investigated in the current work. The austenitic and ferritic grades are 

widely used for many application, while duplex stainless steels are newer 

alternatives with attractive properties that combine many of the best 

features of austenitic and ferritic stainless steels. The materials were 

industrially produced in Outokumpu Stainless AB and they were delivered 

as test coupons with 400mm×150mm×2mm in dimensions. The as-

delivered materials had a 2B surface finish and had been solution annealed 

(1000-1100℃, forced air and water quenched), pickled and roll leveled. 

EBSD mapping showing the microstructure of the three materials in 

section perpendicular to rolling direction are presented in Figure 6. The 

chemical compositions and the mechanical properties measured 

perpendicular to the rolling direction at room temperature are given in 

Table 1 and Table 2. The evaluated volume fraction of austenite and ferrite 

in the duplex 2304 stainless steel by EBSD technique is 46.8% and 53.2%, 

respectively. 

 

Figure 6 Cross-section microstructures perpendicular to the rolling direction of: (a) 304L 

austenitic stainless steel showing grain orientation, (b) 4509 ferritic stainless steel showing 

grain orientation, (c) 2304 duplex stainless steel showing red austenitic phase and blue ferritic 

phase. 
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Table 1 Chemical composition (wt%, Fe-balanced) of the stainless steels investigated. 

Table 2 Mechanical properties measured perpendicular to rolling direction at room 

temperature of the stainless steels investigated.  

Grade In paper Rp0.2(MPa) Rm(MPa) Elongation (%) Hardness (HB) 

304L II, III, IV 230 642 54 170 

4509 IV, VI 345 462 32 175 

2304 I, IV, V 590 739 30 228 

 Grinding operations 

The grinding operations were conducted on a Chevalier FSG-2A618 

grinding machine and the set-up is shown in Figure 7. A Kemper RADIX 

Go grinding wheel (50mm in width, 150mm in diameter) was used; it is an 

expanding roller made of 20mm thick rubber. During grinding, the test 

coupons (400mm×150mm×2mm) were mounted on the working table and 

grinding belts (50mm in width, 473mm in length) with conventional 

aluminum oxide grit were mounted on the grinding wheel. A fixed grinding 

speed 𝑣𝑠 = 23𝑚/𝑠 and a fixed feed rate 𝑣𝑤 = 8𝑚/𝑚𝑖𝑛 were used, based on 

the recommendation from the material supplier.  

 
Figure 7 The grinding set-up. 

Grade In paper C Si Mn P S Cr Ni Mo Nb N Cu Co Ti 

304L 
II, III, 

IV 
0.019 0.32 1.55 0.029 0.001 18.22 8.11 - 0.011 0.071 0.31 0.16 - 

4509 IV, VI 0.013 0.48 0.46 0.026 0.002 17.9 0.2 - 0.37 - - - 0.13 

2304 I, IV, V 0.019 0.39 1.48 0.028 0.001 23.35 4.84 0.36 - 0.125 0.22 - 0.006 
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To study and compare the influence of different grinding parameters on 

surface integrity, both austenitic 304L (Paper II) and duplex 2304 (Paper 

I) stainless steels were ground; an overview of the grinding parameters 

used is given in Table 3. Grinding parameters that were varied were 

abrasive grit size, machine power and grinding lubricant; these are the 

parameters which are most interesting from an industrial point of view. In 

addition, selected specimens of ground ferritic 4509 (Paper IV, VI) 

stainless steel were also investigated; the grinding parameters used were 

60# and 180# as final surface finish, 60% machine power and without 

grinding lubricant. The machine power denotes the percentage of the total 

motor power needed to drive the grinding belt around; the total motor 

power is 1kW. As shown in Figure 7, a piezo-electric transducer-based 

dynamometer Kistler 9257B was mounted under the working table to 

measure the normal force acting at the contact zone between the workpiece 

surface and the abrasive. During grinding, the grinding force was varied by 

changing the machine power; a given machine power was set and the 

induced normal grinding force was measured. The grinding lubricant used 

was Mobilcut 321 of 3% concentration. It is a synthetic fluid with a pH value 

of 9.4 and specific gravity of 1.10 at 20℃. The grinding machine cooling 

system was cleaned before grinding operations and new lubricant was used 

from the beginning. During grinding, the lubricant flowed into a chamber 

where large chips and particles sink down to the bottom. The fluid then 

flowed into a smaller chamber from which it was pumped up onto the 

workpiece surface again. For the corrosion studies, all three materials were 

ground with 60# final surface finish, 60% machine power and without 

grinding lubricant. For both austenitic 304L (Paper III) and ferritic 4509 

(Paper VI) stainless steels, grinding was performed along the rolling 

direction of the workpiece material. In case of duplex 2304 (Paper V) 

stainless steel, specimens were ground both parallel and perpendicular to 

the rolling direction. In addition, the effect of abrasive grit size on 

corrosion properties was studied for all three materials (Paper IV); in this 

case specimens were ground along the rolling direction with both 60# and 

180# as final surface finish. 
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Table 3 Overall view of the grinding parameters.  

Group 

No. 
Comparison 

Final 

surface 

finish 

Machine 

power 
Lubricant 

Stainless 

steel 

grade 

In paper 

i 
Abrasive grit 

size 

60# 

60% without 

304L, 

4509, 

2304 

I, II, III, IV, 

V, VI 

180# I, II, IV 

400# 

304L, 

2304 
I, II 

ii 
Machine 

power 
180# 

30% 

without 60% 

90% 

iii Lubrication 180# 60% 
without 

with 

An infrared camera FLIR i5 was used to measure the workpiece surface 

temperature during grinding; the measured spots were near the contact 

area between the grinding wheel and the workpiece material. The 

emissivity setting used of the camera was 0.95 both with and without 

grinding lubricant. Since temperature measurements are strongly related 

to the surface conditions and the camera settings, the measured results in 

this study only provided an indication of the trends in temperature change 

with different grinding parameters.  

 Corrosion testing 

The purpose of the corrosion tests (Paper III, IV, V, VI) was to determine 

the influence of surface grinding on the corrosion behavior, especially the 

SCC behavior. All three grades of stainless steels ground with 60# final 

surface finish, 60% machine power and without grinding lubricant were 

used. The test environment was boiling magnesium chloride solution 

according to ASTM G36 [56] and the temperature was carefully controlled 

to 155℃ ± 1℃ . Prior to exposure, all the specimen edges were ground 

down using 800#/1000# grinding paper to avoid rough and sharp edges; 

specimens were then passivated in air for at least 24 hours.  

The corrosion testing was performed in two ways. The first set of tests was 

without applying any external loading. As illustrated in Figure 8, three 
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groups of specimens were tested: the as-delivered material, denoted AD; 

ground specimens with grinding parallel to the rolling direction, denoted 

Ground-RD and ground transverse to the rolling direction, denoted 

Ground-TD. For austenitic 304L (Paper III) and ferritic 4509 (Paper VI) 

stainless steels, the first two groups of specimens were used to evaluate the 

effect of surface grinding. For duplex 2304 (Paper V), all three groups of 

specimens were tested to investigate the microstructure effect as well. 

Specimens were cut as 30mm×30mm square-sized samples. Duplicate 

specimens for each condition for austenitic 304L and duplex 2304 

stainless steels were exposed for 20 hours. For the ferritic grade 4509, ten 

specimens were exposed for each condition; the first nine specimens were 

removed from the environment after every hour and the last specimen was 

exposed for 24 hours. In addition, specimens ground parallel to the rolling 

direction with both 60# and 180# final surface finish were tested for all 

three grades of materials to study the abrasive grit size effect (Paper IV). In 

this case, two specimens for each grinding condition were exposed for 20 

hours.    

 
Figure 8 Schematic illustration of the orientation and designation of the specimens for 

corrosion tests.  

In the second series of tests, specimens had dimensions  65mm×10mm and 

were subject to  four-point bend loading according to ASTM G39 [58]. As 

shown in Figure 8, totally six types of specimens were tested for the duplex 

2304 (Paper V) stainless steel. The as-delivered specimens cut with the 

long axis parallel or perpendicular to the rolling direction, are denoted AD-

RD or AD-TD. The specimens cut along and transverse to the rolling / 

grinding direction of the Ground-RD material are denoted Ground-RD-RD 

and Ground-RD-TD respectively. Similarly, Ground-TD-RD and Ground-
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TD-TD are specimens cut parallel and transverse to the original rolling 

direction (which is perpendicular to the grinding direction) of the Ground-

TD material. For both austenitic 304L (Paper III) and ferritic 4509 (Paper 

VI) stainless steels, three types of specimens were tested; they are AD-RD, 

Ground-RD-RD and Ground-RD-TD specimens. For all the specimens, the 

loading direction was along the longitudinal direction. After application of 

loading, each specimen was kept for one hour in air to allow possible stress 

relaxation before exposure. The exposure time was 24 hours for austenitic 

304L and 22 hours for duplex 2304 and ferritic 4509.  

 Characterization methods 

6.4.1. 3D optical surface profilometry 

To get a first impression of the surface topography, a Wyko NT 9100 3D 

optical surface profilometer was used. The measurements result in both 2D 

and 3D images of the surface morphology as well as some mathematical 

parameters describing the surface. This method is rather quick and has a 

depth resolution of 5nm. However, the samples have to reflect light; 

otherwise coating deposition is required. 

From each area (1.3 mm×0.95 mm) of measurement, surface roughness Ra 

and Rz values are calculated. The Ra value is an arithmetic average 

roughness, i.e. the arithmetic average value of the roughness profile 

determined from deviations about the mean line over the evaluation length 

[25]. The Rz value is the ten-point mean roughness [25]; here it is the 

difference between the mean value of the five maximum peak heights and 

the five minimum valley depths from an arbitrarily chosen reference line 

over the measured surface. In the current work, five areas of each sample 

were measured, and the roughness is the average of these five 

measurements.  

6.4.2. Stereo microscope 

To check the presence of macro-cracks in the specimens after exposure, a 

Nikon SMZ-2T stereo microscope with ColorView Soft camera and CellA 

ColorView Soft image software of ×10-63 magnification was used. The 

stereo microscope is an optical microscope and uses light reflected from 

the sample surface rather than transmitted through it [72]. It can provide 
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a 3D visualization of the sample. This technique has rather poor depth 

resolution but is fast and gives valuable information, such as whether 

macro-cracks have been formed and where they are located, for more 

detailed investigations. 

6.4.3. Scanning electron microscopy 

The possibility to characterize morphology and microstructure with good 

resolution and high magnification is of great importance in studies of 

surface integrity and corrosion behavior. In the current work, it was made 

by using scanning electron microscopy (SEM). By accelerating an electron 

beam onto the specimen, signals containing different information about 

the examined sample can be generated. The electrons in the beam are 

emitted from an electron source, which in the instruments used for the 

current work is the field emission gun. Each signal comes from particular 

interactions between the atoms at/near the sample surface and the 

incident electrons. The signals used for this study include secondary 

electrons (SE), backscatter electrons (BSE) and energy dispersive X-ray 

spectroscopy (EDS). 

The most common imaging mode uses secondary electrons. SEs are the 

ejected electrons from atoms due to the inelastic scattering interactions 

between the primary electrons and the valence electrons of atoms in the 

sample [73]. Generally, all electrons emitted from the specimen with an 

energy less than 50eV are considered as ‘secondary electrons’ [74]. Because 

of the low energy of these electrons, only those produced near the surface 

of the sample are able to exit and be collected by the detector. The 

production of second electrons is very dependent on the surface 

morphology. The SEs can produce high resolution images of the sample 

surface; the surface sensitivity, signal intensity and resolution can be 

optimized by changing the beam current, voltage or apertures. 

Backscattered electrons are from the primary incident beam and are 

ejected back out from the specimen; they are used to produce a different 

kind of image. BSEs have higher energy (>50eV) as compared to the SEs; 

so they have larger escape depth. Thus, the information they produce is less 

restricted to the surface details; however this also results in reduced 

resolution. The electron channeling phenomenon was first discovered by 

Coates; he observed a strong variation in backscattered electron emission 
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as a function of the relative orientation between the incident electron beam 

and the crystal lattice (Figure 9) [75]. Directly after that, Booker et al. 

explained Coates’s finding on a theoretical basis. They noted that for 

particular orientations, the BSEs intensity changes sharply; these critical 

beam-crystal orientations are those which satisfy the Bragg condition for a 

given set of lattice planes [76]. They also outlined the general framework 

of using electron channeling phenomenon to image dislocations or other 

metallurgical defects near the surface of the material.  Now electron 

channeling contrast imaging (ECCI) has been successfully used to capture 

local change in crystal orientation, deformation, twin structures, strain 

field or even individual defects in crystalline materials [77].   

 
Figure 9 Schematic drawing of the variation in backscattered electron emission as a function 

of the relative orientation between the incident electron beam and the crystal lattice [78]. 

EDS is an analytical technique widely used for element analysis and 

quantification of chemical composition in a material [74]. When the 

electrons in the electron beam hit the sample surface, an electron from the 

core shell of a target atom may be removed and create a vacancy. The 

energy relaxation of the formed ion can occur by transfer of an electron 

from an outer shell into the generated vacancy. The excess energy will then 

be emitted as an X-ray photon which is characteristic for each element. The 

EDS detector will then detect and measure the energy to obtain element 

analysis and quantification [74]. 

A Zeiss Ultra 55 field emission gun scanning electron microscope (FEG-

SEM) was used to check the surface morphology of specimens as well as 

some fracture surfaces. Microstructural investigations were performed in 

a Hitachi FEG-SEM SU-70 by using the ECCI technique. Cross-sections of 

selected specimens after corrosion tests were also examined from both 
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longitudinal and transversal directions. EDS was used to analyze some of 

the corrosion products.  

6.4.4. X-ray diffraction 

Residual stresses in a component are commonly measured by either 

monitoring distortions when removing material to allow the relaxation of 

stresses, or by diffraction methods. Laboratory X-ray diffraction (XRD), 

synchrotron diffraction and neutron diffraction are the most widely used 

diffraction methods; they are based on the same principle and are 

complementary to each other [43] [44]. Due to the electromagnetic 

interaction with orbiting electrons, most X-rays are absorbed after 

penetrating less than 100µm from surface of a component; thus laboratory 

X-rays can only be used for surface residual stress measurement. In 

contrast, the weak interaction of the uncharged neutrons with the electrons 

allows neutron beam to penetrate even a few hundred millimeters into 

some material, which allows the measurement of bulk residual stresses. 

Synchrotron X-rays have much higher energy than laboratory X-rays, 

which in turn provides a much higher penetration depth into the material. 

However, both neutron and synchrotron diffraction methods, which are 

only available at large scale facility sites, have high cost and lower spatial 

resolution. In the current work, laboratory X-ray diffraction was chosen for 

the residual stress measurements.  

When measuring stress with the X-ray diffraction method, the orthogonal 

coordinate system was used. As shown in Figure 10, the axes Si define the 

specimen coordinate system with S1 and S2 in the specimen surface. The 

laboratory coordinate system Li (connected with the direction of 

measurement) is defined such that L3 is in the normal direction of a set of 

(hkl) planes used for stress measurement [79]. The residual stress 

measurement by XRD is based on the measurement of inter-planar spacing 

(d) of the (hkl) planes as a function of specimen direction defined by (φ, 

ψ). 
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Figure 10 Schematic illustration of the orthogonal coordinate systems used in residual stress 

measurement with X-ray diffraction [79]. 

Elastic strain εφψ is determined from the measured variations of the inter-

planar spacing which is related to the displacement of the diffraction peak 

(Bragg angle θ): 

εφψ =
dφψ−d0

d0
=

∆d

d0
= −cotθ ∙ ∆θ 6.1 

Where d0 is the corresponding stress free inter-planar spacing.  

This strain can be expressed in terms of εij  in the specimen coordinate 

system [42]:  

εφψ = ε11cos2φsin2ψ + ε12sin2φsin2ψ + ε22sin2φsin2ψ + ε33cos2ψ 

            +ε13cosφsin2ψ + ε23sinφsin2ψ                         6.2 

By Hook’s law for isotropic material: 

εij =
1+v

E
σij − δij

v

E
(σ11 + σ22 + σ33) 6.3 

Where δij is Kronecker’s delta, which equals to 1 when i = j and 0 when i ≠

j ; E  and v  are Young’s modulus of elasticity and Poisson’s ratio, 

respectively. 
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Combining all the three equations above, thus: 

dφψ − d0

d0
=

1 + v

E
(σ11cos2φ + σ12sin2φ + σ22sin2φ − σ33)sin2ψ 

                    +
1+v

E
σ33 −

v

E
(σ11 + σ22 + σ33) 

                    +
1+v

E
(σ13cosφ + σ23sinφ) ∙ sin2ψ 6.4 

In order to calculate the strains and stresses in the specimen, at least six 

independent measurements of inter-planer spacing dφψ  in different 

directions are required, and in practice more points are measured to 

improve the accuracy.  

If the stress tensor in the irradiated layer is biaxial (σ33 = 0, and shear 

components σ13 , σ23 = 0 as well), the ‘sin2ψ method’ [42] is commonly 

used. Equation 6.4 then becomes 

dφψ−d0

d0
=

1+v

E
σφsin2ψ −

v

E
(σ11 + σ22) 6.5 

Where σφ is the in-plane stress component along the Sφ direction as shown 

in Figure 10, given by 

σφ = σ11cos2φ + σ12sin2φ + σ22sin2φ 6.6 

According to equation 6.5, a linear relationship of dφψ  vs. sin2ψ  is 

predicted. If the elastic constants E, ν and the stress free inter-planar 

spacing d0  for the (hkl) planes are known, the stress in the Sφ  direction 

may be obtained from the slope of a least-squares line fitted to the data 

measured at various ψ. In practice, it is difficult to obtain d0 and the lattice 

spacing measured at ψ = 0° is therefore often used for substitution. For a 

biaxial stress, the resulting error from this substitution is negligible.   
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For ground or machined surfaces, due to the presence of shear strains ε13 

and ε23, ‘ψ-splitting’, i.e. a non-linear dφψ vs. sin2ψ plot is common. Under 

these circumstances, the Dölle-Hauk method [79] can be used. Equation 

6.1 and 6.2 can be rewritten in the form 

dφψ−d0

d0
= A + Bsin2ψ + Csinψcosψ 6.7 

Where 

A = ε33 

B = ε11cos2φ + ε22sin2φ − ε33 + (ε12 + ε21)sinφcosφ 

C = (ε13 + ε31)cosφ + (ε23 + ε32)sinφ 

The dφψ  vs. sin2ψ  dependence has to be measured in plane by three 

azimuths φ = 0°, 45°, 90°. The strain tensors εii and εij can be determined 

from the dφψ vs. sin2ψ measurements, and stress tensors σii and σij can be 

calculated using Hooke’s law. For this method, the accurate value of the 

stress free plane spacing d0 is necessary.  

In the current work, Cr-Kα radiation was used for the residual stress 

measurement, giving a diffraction peak at 2θ~128° for the {220} lattice 

planes of the austenitic phase and diffraction peak at 2θ~154° for the {211} 

lattice planes of the ferritic phase respectively. Diffraction peaks were 

measured at nine ψ-angles (ψ = ±55°, ±35°, ±25°, ±15°, 0°). The Pseud-

Voigt Profile [79] was used for peak fitting in order to determine the 

diffraction peak position and the Full Width at Half Maximum (FWHM), 

which is related to the plastic deformation of the material [80]. Residual 

stresses were calculated based on either the sin2ψ method or the Dölle-

Hauk method. The X-ray elastic constants, S1 and 1/2S2, needed for the 

stress calculations are -1.2×10−6MPa−1 and 6×10−6MPa−1 for austenitic 

{220} lattice planes and -1.25×10−6MPa−1and 5.58×10−6MPa−1 for ferritic 

{211} lattice planes respectively [81]. The in-depth stress profiles were 

measured for some selected specimens by using controlled electrolytic 

polishing to remove material; no correction was made for possible stress 

relaxation due to material removal by polishing. Surface stresses of ground 

specimens were also measured parallel to the grinding direction before and 

after corrosion testing without external loading using the same method. In 

addition, in-situ measurements of surface stresses were also made on all 



EXPERIMENTAL WORK | 33 

 

 

 

specimens subjected to loading in the same four-point bend fixtures used 

for the stress corrosion cracking tests (Paper III, IV, VI). The applied 

loading was calculated according to ASTM G39 [58]. It should be noted 

that some loading levels are above the measured yield stress of the as-

delivered material. They are thus outside the range for which the 

calculation formula [58] is valid and the actual stresses may deviate 

appreciably from the calculated values due to yielding. After each step of 

loading added, the specimens were kept one hour for stress relaxation, 

then the actual surface stresses parallel to the loading direction were 

measured.  
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7. Summary of appended papers 

 Paper I 

Surface integrity of 2304 duplex stainless steel after different 

grinding operations 

Paper I investigated the surface and subsurface changes of duplex stainless 

steel 2304 induced by different process parameters during grinding 

operations. Of the three varied grinding parameters, abrasive grit size, 

grinding force and grinding lubricant, the abrasive grit size was found to 

have the largest effect. Surface defects, a highly deformed surface layer and 

the generation of tensile residual stresses along the grinding direction were 

found to be the main types of damage to the ground surface. Residual 

stresses were demonstrated to have different levels in the austenitic and 

ferritic phases. 

 Paper II 

Surface characterization of austenitic stainless 304L after 

different grinding operations 

Austenitic stainless steel 304L is widely used as a structural material. 

Paper II studied the grinding processes with regard to the quality of the 

ground surfaces. The grinding parameters varied were abrasive grit size, 

machine power and grinding lubricant. The induced normal grinding force, 

grinding surface temperature and metal removal rate was measured and 

surface property changes were investigated. The conclusion is that using 

smaller grit size abrasive or using grinding lubricant can improve surface 

finish and reduce deformation; surface deformation increased when 

increasing the machine power but this also decreased surface defects. 

Moreover, the metal removal rate was significantly enhanced by using 

grinding lubricant. 
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 Paper III 

Effect of surface grinding on chloride-induced SCC of 304L 

Paper III characterized the stress corrosion cracking (SCC) susceptibility 

of ground 304L austenitic stainless steel in boiling magnesium chloride 

solution and investigated the role of residual stresses induced by grinding 

operations on the corrosion behavior. In-situ measurements of surface 

stresses under four-point bending were performed to evaluate the 

difference between the actual stress and the calculated loading according 

to ASTM G39. This showed that the actual surface stresses are strongly 

affected by the surface conditions and may deviate appreciably from the 

calculated values depending on the amount of plastic loading. The results 

showed micro-cracks initiated in the ground surface as a result of high 

tensile residual stresses originating from the grinding operations. Due to 

the anisotropy of residual stress induced by grinding, susceptibility to Cl-

SCC was increased by loading along the grinding direction while loading 

perpendicular to the grinding direction improved SCC resistance. After 

cracks initiated, surface tensile residual stresses were largely relieved; this 

is likely to arrest microscopic cracks and inhibit initiation of further cracks. 

 Paper IV 

Residual stress in stainless steels after surface grinding and its 

effect on chloride-induced SCC 

Paper IV investigated the residual stresses in stainless steels induced by 

surface grinding as well as their influence on chloride-induced stress 

corrosion cracking susceptibility. Specimens were exposed without 

applying any external loading to evaluate the risk for SCC caused solely by 

residual stresses.  Residual stresses and corrosion behavior were also 

compared between austenitic 304L, ferritic 4509 and duplex 2304 

stainless steels to elucidate the role of the duplex structure. The results 

showed grinding introduced tensile residual stresses in the surface along 

the grinding direction but compressive residual stresses perpendicular to 

the grinding direction for all materials; compressive stresses in both 

directions were present in the subsurface region. Micro-cracks initiated 

due to grinding-induced surface tensile residual stresses were observed in 

austenitic 304L and duplex 2304, but not in the ferritic 4509. Surface 
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residual stresses decreased significantly after exposure due to the 

formation of micro-cracks or pits.  

 Paper V 

SCC of 2304 duplex stainless steel - microstructure, residual 

stress and surface grinding effects 

Duplex stainless steels combine many of the beneficial features of 

austenitic and ferritic stainless steels. Paper V studied the influence of 

surface grinding and microstructure on chloride-induced stress corrosion 

cracking behavior of 2304 duplex stainless steel. Grinding operations were 

performed both parallel and perpendicular to the rolling direction of the 

material. In-situ surface stress measurements of four-point bend loaded 

specimens were performed to evaluate the deviation between the actual 

applied loading and the calculated values according to ASTM G39. Micro-

cracks were initiated by grinding-induced surface tensile residual stresses. 

Loading transverse to the rolling direction of the material increased the 

susceptibility to chloride-induced SCC. Grinding-induced tensile residual 

stresses and micro-notches in the ground surface topography were also 

detrimental.  

 Paper VI 

Influence of surface grinding on corrosion behavior of ferritic 

stainless steels in boiling magnesium chloride solution 

Paper VI investigated the corrosion behavior of 4509 ferritic stainless 

steels in boiling magnesium chloride solution after surface grinding. In 

addition, limited comparisons were also made to grade EN 1.4622. 

Corrosion tests were conducted both without external loading and under 

four-point bend loading. In-situ surface stress measurements were 

performed to evaluate the specimens’ actual surface stresses in four-point 

bend loading. Ferritic stainless steels have high resistance to SCC; no 

macro-cracking was found on any specimen after exposure. However, 

micro-pits showing branched morphology were observed to initiate from 

the highly deformed ground surface layer which contained fragmented 

grains. These were not seen for material tested in the as-delivered 

condition. Grain boundaries under the surface layer appeared to hinder the 

corrosion process.  
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8. Results 

 Influence of grinding on surface integrity 

As discussed above, the surface integrity of machined components has 

significant effects on their service performance. Surface finishing, which is 

an indispensable stage in the industrial fabrication of stainless steels, 

governs the final surface integrity. Grinding is an important and widely 

used surface finishing process. However, little work has been done to 

correlate the grinding process parameters with surface integrity. In the 

current work, surface integrity, in terms of surface roughness, surface 

defects, near surface microstructural alterations and residual stresses after 

surface grinding, has been studied for austenitic stainless steel 304L 

(Paper II, III, IV), ferritic stainless steel 4509 (Paper IV, VI) and duplex 

stainless steel 2304 (Paper I, IV, V). The influence of grinding parameters 

including abrasive grit size (Group i), machine power (Group ii) and 

grinding lubricant (Group iii) has been investigated for austenitic stainless 

steel 304L (Paper II) and duplex stainless steel 2304 (Paper I).  

8.1.1. Surface roughness 

Surface roughness resulting from different grinding parameters are listed 

and compared in Table 4; both Ra and Rz factors were measured. The 

trends were similar for all three materials; from the measured results, the 

most significant parameters are identified as abrasive grit size (Group i) 

and grinding lubricant (Group iii). The highest surface roughness was 

induced by using coarse grit size (60#) abrasives, giving an Ra value of 

1.81µm with an Rz value of 18.4µm for 304L,  an Ra value of 2.86µm with 

an Rz value of 32.31µm for 4509 and an Ra value of 1.45µm with an Rz value 

of 15.84µm for 2304. Much smoother surfaces were obtained by using finer 

grit size abrasives as the final surface finish or by using grinding lubricant 

during the operations. By using the finest grit size (400#) abrasives, both 

Ra and Rz values decreased dramatically; Ra=0.34µm, Rz=5.66µm were 

measured for 304L, Ra=0.27µm, Rz=4.42µm for 4509 and Ra=0.4µm, 

Rz=6.4µm for 2304. It is interesting to note that the three materials show 

slightly different responses with the two abrasive grit sizes: the ferritic steel 

has a slightly higher roughness than the austenitic or duplex with 60# 

abrasive while the reverse is seen with 400# abrasive. Applying the 
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statistical Student’s t test indicated that the difference between the results 

for 4509, 304L and 2304 with the same grinding is significant at the 95% 

confidence level. By using grinding lubricant, both Ra and Rz values of 304L 

and 2304 decreased to nearly half. On the other hand, machine power 

(Group ii) has very little influence on ground surface roughness; both Ra 

and Rz values changed very little although the machine power has been 

doubled or tripled.  

Table 4 Surface roughness from different grinding conditions for austenitic 304L, ferritic 4509 

and duplex 2304 stainless steels, average and standard deviation for five measurements 

(n=5). 

Group 

No. 
Comparison 

Ra (µm) Rz (µm) 

304L 4509 2304 304L 4509 2304 

i 
Abrasive 

grit size 

60# 1.84±0.14 2.86±0.25 1.45±0.08 18.40±1.52 32.31±3.78 15.84±2.48 

180# 0.77±0.03 0.90±0.03 0.65±0.01 10.66±1.85 11.35±1.79 9.48±2.07 

400# 0.34±0.02 0.27±0.01 0.40±0.02 5.66±0.49 4.42±0.70 6.40±0.51 

ii 
Machine 

power 

30% 0.79±0.09  0.76±0.03 8.56±0.61  10.48±1.08 

60% 0.77±0.03  0.65±0.01 10.66±1.85  9.48±2.07 

90% 0.75±0.05  0.69±0.01 9.11±2.38  7.94±0.63 

iii Lubricant 

with 0.77±0.03  0.65±0.01 10.66±1.85  9.48±2.07 

without 0.38±0.05  0.41±0.01 7.11±0.16  5.13±0.4 

 

8.1.2. Surface topography and surface defect 

Similar surface defects were observed after grinding operations for 

austenitic stainless steel 304L (Paper I, III), ferritic stainless steel 4509 

(Paper VI) and duplex stainless steel 2304 (Paper II, V). As illustrated in 

Figure 11, deep grooving, smearing, adhesive chips and indentations are 

the four types of defects found on the surfaces for all materials.  
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Figure 11 Surface topography and surface defects after grinding with 60# grit size abrasive, 

60% machine power and without lubricant: (a) 304L austenitic stainless steel, (b) 4509 ferritic 

stainless steel, (c) 2304 duplex stainless steel. 

The abrasive grit size (Group i) and grinding lubricant (Group iii) showed 

similar effects on the surface finish for austenitic 304L (Paper II) and 

duplex 2304 (Paper I) stainless steels. The surface finish was clearly 

improved by using finer grit size abrasives or grinding lubricant; the 

reduction of surface defects was obvious. On the other hand, the influence 

of machine power (Group ii) appeared to be different for these two 

materials. For duplex 2304 (Paper I), grinding with the intermediate 

machine power resulted in a better surface finish than grinding with lower 

(30%) or higher (90%) machine power. While for 304L, clear improvement 

of ground surface finish with increasing machine power up to 90% was 

observed.  
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8.1.3. Cross-section microstructure 

Selected backscattered electron microscopy images showing typical cross-

section microstructures near the grinding surfaces of austenitic 304L, 

ferritic 4509 and duplex 2304 stainless steels are presented in Figure 12. 

For all the images, the grinding direction is perpendicular to the sample 

cross-section. Similar features were observed for ground samples of all 

materials: (1) Smearing or adhesive chips, (2) a heavily deformed surface 

layer, (3) a deformation-affected subsurface layer and (4) the bulk material. 

Along the ground surface, smearing or adhesive chips with irresolvable 

microstructure were observed. For the 304L material, in addition to 

smearing or adhesive chips, a large amount of cold welded chips with 

formation of micro-cracks was also found (Figure 12(a)). During grinding, 

a heavily deformed surface layer extending only a few micrometers was 

formed; this layer showed similar features for all three materials and 

comprised fragmented grains and dislocation sub-cells.  Below the heavily 

deformed surface layer, a deformation-affected subsurface layer with 

varying thickness was generated. Different features were observed in this 

layer for the three materials. For 304L, the subsurface layer was 

characterized by densely populated slip bands of multiple orientations, and 

the slip bands became fewer and straighter with increasing depth from the 

ground surface as the degree of plastic deformation decreased (Figure 12 

(a)). For 4509, deformation fringes were observed with the intensity of 

deformation decreasing with increasing depth from the ground surface. In 

the case of 2304, slip bands of different orientations in the austenite phase 

and deformation fringes in the ferritic phase were observed; the different 

microstructures are due to the different dislocation slip systems of the two 

phases during deformation.  For all the ground samples, the grinding-

affected deformation zone was much smaller than the size of abrasive grit.  
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Figure 12 Cross-section microstructure after grinding by 60# grit size abrasive, 60% machine 

power and without lubricant: (a) 304L austenitic stainless steel, (b) 4509 ferritic stainless steel, 

(c) 2304 duplex stainless steel. 

From the cross-section investigations, both the size and amount of surface 

defects (smearing, adhesive chips and or cold welded chips), as well as the 

thickness of deformed surface and subsurface layers, varied considerably 

with different grinding parameters used. They decreased appreciably when 

finer grit size abrasives (Group i) were used. This indicated an improved 

surface finish and smaller deformation; and the trend was similar for both 

austenitic 304L (Paper II) and duplex 2304 (Paper I) stainless steels. 

Compared with grinding at 60% machine power, both decreasing and 

increasing machine power led to a higher generation of defects along the 

ground surfaces (Group ii). Machine power was found to have only a little 

influence on the deformation intensity and deformation depth for both 

materials, although deformation was found to be very uneven when using 

30% machine power. Using grinding lubricant (Group iii) largely reduced 

the formation of surface defects on the ground surfaces for both materials 

and the reduction in deformation depth is also obvious. In addition, more 

even deformation was also observed by using lubricant. 
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8.1.4. Residual stress  

Surface residual stresses for all the ground 304L samples (Paper II) and 

in-depth residual stress profiles of selected ground 304L (Paper III, IV), 

4509 (Paper IV, VI) and 2304 (Paper I, IV, V) samples were measured.   

The measured in-depth residual stress profiles of as-delivered 304L and 

2304, as well as the measured surface residual stresses of as-delivered 

4509 showed near-zero residual stresses from the surface to subsurface, 

while the grinding operations generated massive residual stresses for all 

three materials. The abrasive grit size effect (Group i) on the in-depth 

residual stress profiles parallel ( σ∥ ) and perpendicular ( σ⊥ ) to the 

rolling/grinding direction for all three types of materials is illustrated in 

Figure 13 for grinding using 60# and 180# grit size abrasive as the final 

surface finish. Compared with austenitic 304L and ferritic 4509, residual 

stresses in duplex 2304, which contain two phases, are more complicated. 

In the current work, the measured and calculated results are presented as 

phase stresses, macro-stress and micro-stress. Phase stresses are residual 

stresses measured in the austenitic phase (FCC, σγ) and ferritic phase (BCC, 

σα), respectively. Macro-stresses (σM) are homogeneous residual stresses 

on a macroscopic scale along at least one direction [42]. Micro-stresses 

here are referred to the stresses balanced between the austenite (σm,γ) and 

ferrite (σm,α); they are stresses on a microscopic scale [42]. The macro and 

micro stresses are calculated according to the following equations [79]. 

σM = Vγσγ + (1 − Vγ)σα  7.1 

σm,γ = σγ − σM 7.2          

σm,α = σα − σM 7.3 

where Vγ is the volume fraction of the austenitic phase.  
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Figure 13 In-depth residual stress profiles after grinding using different grit size abrasives 

(Group i): (a) 304L ground specimens, (b) 4509 ground specimens, and (c) 2304 ground 

specimens. Positive values denote tensile stresses and negative values compressive 

stresses. 

As shown in Figure 13 (a) and (b), the grinding operations generated tensile 

σ∥  but compressive σ⊥  in the surface layer for both austenitic 304L and 

ferritic 4509. The tensile σ∥ was highest in the ground surface and dropped 

rapidly to compression in the subsurface. The compressive σ⊥ showed a 

relatively low value in the surface and increased rapidly to reach a peak 

value in the subsurface. The tensile surface residual stresses were higher 

for the austenite 304L (up to 361±46MPa for the 60# abrasive) than ferrite 

4509 (188±31MPa for the 60# abrasive). However, grinding-induced 

residual stresses showed different features in the austenitic and ferritic 

phases in the duplex 2304. In the austenitic phase (Figure 13(c1)), tensile 

σ∥ and compressive σ⊥ were observed; the measured tensile σ∥ was highest 

(over 300MPa for the 60# abrasive) in the surface and dropped gradually 
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from the surface to the subsurface while the compressive σ⊥ showed a peak 

value (almost 300MPa for the 60# abrasive) in the subsurface region. This 

is very similar to the trend seen for the austenitic 304L steel. In the ferritic 

phase (Figure 13(c2)), except for the σ∥ for grinding using 60# abrasive in 

the surface layer, both σ∥ and σ⊥ were compressive with a subsurface peak 

value and σ⊥  was more compressive than σ∥ . On the macroscopic scale 

(Figure 13(c3)), similar trends were observed to the single phase materials. 

The microscopic residual stresses (Figure 13(c4)) revealed that the induced 

tensile residual stresses in the austenitic phase were balanced by the 

compressive residual stresses in the ferritic phase in both directions. In 

both phases, the residual stresses decreased gradually from surface to 

subsurface and became nearly zero in the bulk material. For all the results 

shown in Figure 13, grinding with 60# grit size abrasive generated higher 

residual stresses in both surface and subsurface region and a higher 

penetration depth compared with grinding using 180# grit size abrasive as 

final surface finish. The effect of machine power (Group ii) as well as 

grinding lubricant (Group iii) was also studied for 304L (Paper II) and 

2304 (Paper I). For both materials, a higher machine power generated 

higher tensile σ∥ but lower compressive σ⊥. The use of grinding lubricant 

decreased residual stresses in the transverse direction, and those parallel 

to the grinding direction were also shifted towards tension.  

The increase in FWHM (full width at half maximum) reveals broadening 

of the diffraction peak, which is related to the accumulation of plastic 

deformation in the material [80]. For all three materials, in-depth FWHM 

profiles were observed to decrease with increasing depth from the ground 

surface, which is illustrated in Figure 14 for grinding using 60# and 180# 

grit size abrasives. The trend indicated a gradient of plastic deformation 

under the surface. The FWHM results with varying abrasive grit size 

(Group i) showed higher deformation intensity and bigger deformation 

depth from grinding using coarser (60#) abrasive grits compared to 180#. 

The influence of machine power (Group ii) on deformation is similar and 

dry grinding (Group iii) caused slightly higher deformation. All the FWHM 

results agreed with the observed cross-section microstructure changes 

caused by different grinding operations.   
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Figure 14 Full width at half maximum by using different grit size abrasives (Group i): (a) 304L 

ground specimens, (b) 4509 ground specimens, (c1) austenitic phase of 2304 ground 

specimens, (c2) ferritic phase of 2304 ground specimens.  

 In-situ measurement of surface stress 

A number of loading methods can be used to evaluate the susceptibility to 

stress corrosion cracking of stainless steels; four-point bend loading, which 

described in ASTM G39 [58], is widely used for strip materials in the elastic 

deformation regime. However, the actual surface stresses in the specimens 

are largely affected by the surface conditions, such as surface residual 

stresses or surface deformation. In addition, they may deviate appreciably 

from the calculated values in the plastic deformation regime, which is 

outside the valid range for the formula used. In the current work, in-situ 

measurements of surface stresses were made on all specimens subjected to 

loading in the same four-point bend fixtures as used for the stress 

corrosion cracking testing (Paper III, IV, VI). 
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In-situ measured surface stresses for all specimens subjected to four-point 

bend loading along the loading direction for all three types of materials are 

presented in Figure 15; here the duplex 2304 results are presented as 

calculated macro stresses. Stresses before loading agree well with Figure 

13, although there are small differences for the 304L Ground-RD-TD 

specimen which may be related to specimen position or geometry. The 

results revealed the deviation between the actual surface stress and the 

values calculated according to ASTM G39 [58]. For both austenitic 304L 

(Figure 15(a)) and duplex 2304 (Figure 15(c)), the actual surface stresses 

corresponded well with the calculated values in the elastic regime for as-

delivered materials, although the measured actual surface macro-stresses 

were lower for the 2304 AD-TD than the AD-RD specimen. This is due to 

the initially higher surface compressive residual stress perpendicular to the 

rolling direction. However, above the proof stress, the slope of the curves 

decreased dramatically. For the ground specimens, due to the strain 

hardening in the surface layer from the grinding operations, there was a 

largely linear trend over the whole loading range. For all the ground 

specimens, the actual measured surface stresses were lower than the sum 

of the grinding-induced surface stresses and the calculated loading values. 

In the case of ferritic 4059 (Figure 15(b)), both the applied loading values 

were outside the valid range of the formula used, thus the actual measured 

stresses were much lower than the calculated values for the as-delivered 

material. For the ground specimens, the actual measured stress level was 

nearly double than that for the as-delivered material in the whole loading 

range, although the values are still much lower than the sum of the surface 

residual stresses and the calculated loading values.  
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Figure 15 In-situ measured surface stresses along the loading direction under four-point bend 

loading of as-delivered (AD) and Ground specimens: (a) austenitic 304L, (b) ferritic 4509, (c) 

duplex 2304. 

In-situ measured phase stresses in the loading direction under four-point 

bend loading of all specimens for duplex 2304 are shown in Figure 16. As 

shown in Figure 16(a) and (b), different trends were observed when loading 

was applied parallel or perpendicular to the rolling direction of the as-

delivered material. For the AD-RD specimen (Figure 16(a)) the actual 

surface stresses in the ferritic phase were higher than in the austenitic 

phase over the whole loading range, and the difference increased with 

increasing load. However, when applying the loading transverse to the 

rolling direction (AD-TD specimen, Figure 16(b)), similar values of surface 

stresses were measured in both phases before yielding. Above the proof 

stress, the slope of the curve dropped, and the actual stresses showed 

higher value in the ferritic phase. In the case of ground specimens, (Figure 

16(c)-(f)), different levels of stresses were measured in the two phases with 

higher tensile stresses in the austenitic phase. Above the yield stress, a 

decrease of the slope of the austenitic curve was observed to correspond to 

the increased slope for the ferritic curve. 
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Figure 16 In-situ measured surface stresses along the loading direction under four-point bend 

loading of duplex 2304: (a) AD-RD specimen, (b) AD-TD specimen, (c) Ground-RD-RD 

specimen, (d) Ground-RD-TD specimen, (e) Ground-TD-RD specimen, (f) Ground-TD-TD 

specimen. 
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 Influence of grinding on chloride-induced stress 

corrosion cracking 

As discussed earlier, surface properties can alter the susceptibility to stress 

corrosion cracking of stainless steel and its resistance to the initiation and 

propagation of pitting; the corrosion resistance of different stainless steels 

and its correlation with surface integrity are important concerns for 

product sustainability. Austenitic stainless steels are well known to be 

highly susceptible to Cl-SCC, while duplex and ferritic grades have 

generally higher resistance. The role of the duplex structure in contributing 

to their superior SCC resistance compared to standard austenitic grades is 

of great importance. In the current work, the corrosion behavior of three 

grades of stainless steels, austenitic 304L (Paper III), ferritic 4509 (Paper 

VI) and duplex 2304 (Paper V) stainless steels, was evaluated and 

compared; both as-delivered materials and ground specimens were 

investigated and the corrosion testing was performed both without 

external loading and under four-point bend loading conditions.  

8.3.1. Corrosion behavior without external loading 

For all three types of materials, no macro-cracks occurred during exposure 

in the absence of external loading for any specimen regardless of surface 

condition. In the current work, macro-cracks are defined as those that can 

be observed by stereo microscopy with highest magnification of ×63. 

Figure 17 contains typical SEM images showing the surface morphology of 

selected specimens after exposure for different times. Extensive branched 

micro-cracks were present in all the ground surfaces of both austenitic 

304L (Figure 17(a)) and duplex 2304 (Figure 17(c)) even in the absence of 

any external loading. For duplex 2304, extensive pitting was associated 

with these micro-cracks. In the case of ferritic 4509, extensive branched 

micro-pits were present in all ground specimens; even only exposed for 1 

hour, they appeared quickly and covered the ground surface (Figure 17(b)). 

Micro-cracks could be seen to grow from these micro-pits. With increasing 

exposure time, more corrosion products grew and then detached from the 

surface. For all specimens, either the micro-cracks or the micro-pits 

appeared more pronounced perpendicular to the grinding marks.  

However, no such micro-cracking or micro-pitting occurred on the as-

delivered surfaces, although some local attack was observed.  
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Figure 17 Surface morphology of Ground-RD 60# specimens after exposure without external 

loading: (a) austenite 304L, (b) ferrite 4509, (c) duplex 2304. 

Selected images showing cross-section microstructures of the three types 

of materials after exposure without external loading are presented in 

Figure 18. As illustrated in Figure 18(a) and (c), micro-cracks appeared 

mainly perpendicular to the grinding marks for both austenitic 304L and 

duplex 2304; for duplex 2304, this applies to both Ground-RD and 

Ground-TD specimens. In the direction parallel to grinding marks, much 

fewer micro-cracks with lower penetration depth were observed. The 

results agree well with the surface morphology investigations. For duplex 

2304, micro-cracks were observed to initiate and propagate in both phases; 

most of them were within the highly deformed surface layer and they also 

tended to be arrested at phase boundaries. Selective dissolution of the 

ferritic phase was observed to start from the micro-cracks and extended in 

both directions. For both materials, compared for grinding using 60# grit 

size abrasives, fewer micro-cracks with lower penetration resulted from 

using a smaller grit size (180#). Although the same grinding and exposure 

conditions were used, the penetration depth of micro-cracks in duplex 

2304 was smaller than that for austenitic 304L. In the case of ferritic 4509 

(Figure 18(b)), extensive micro-pits of 1-2 µm in size initiated from the 
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grinding-induced heavily deformed surface layer and they appeared more 

pronounced perpendicular to the grinding direction. The micro-pits grew 

into the deformation affected sub-surface layer, corrosion products 

containing mainly chromium, magnesium and oxygen were observed in the 

pits and micro-cracks were found to grow from the corrosion products. The 

corrosion continued through the deformed layer into the bulk material, 

and seemed often to stop at the grain boundaries below the deformed 

surface layer.   

 

Figure 18 Cross-section microstructures of Ground-RD 60# specimens sectioned parallel to 

rolling direction after exposure without external loading: (a) austenite 304L, (b) ferrite 4509, 

(c) duplex 2304. 
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Surface stresses parallel to the grinding direction before and after exposure 

without external loading of ground specimens were measured, selected 

results are presented in Figure 19. As illustrated in the figure, for all 

specimens, the grinding-induced surface tensile σ∥  were observed to be 

reduced after exposure. In addition, the measured results also showed that 

the surface stresses decreased to similar values for grinding using 60# and 

180# grit size abrasive for all three types of materials, although much 

higher  surface tensile σ∥  was generated by the former operation (Paper 

IV).  

 

Figure 19 Surface stresses of ground specimens parallel to the grinding direction before and 

after exposure without external loading: (a) austenitic 304L 60# Ground-RD specimens, (b) 

ferritic 4509 60# Ground-RD specimens, (c) duplex 2304 60# Ground-RD specimens, (d) 

duplex 2304 60# Ground-TD specimens. 
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In-depth residual stress profiles parallel to grinding direction of 304L 

60# Ground-RD specimen before and after exposure without external 

loading as well as the in-depth surface morphology after exposure are 

presented in Figure 20. Results showed that after exposure the tensile 

stress dropped from the surface to the subsurface until reaching a near-

zero state where almost all the micro-cracks stopped.  

 

Figure 20 In-depth residual stress profiles parallel to grinding direction of 304L 60# Ground-

RD specimen before and after exposure without external loading as well as the in-depth 

surface morphology. 

8.3.2. Corrosion behavior under four-point bend loading 

A summary of the macro-crack examination for the corrosion tests under 

four-point bend loading for all three types of materials is given in Table 5. 

For 304L, one out of three AD-RD specimens was cracked through 

thickness after exposure with only 50MPa nominal loading. Large cracks 

were observed on both Ground-RD-RD specimens with same level of 

nominal loading. However, no macro-cracks were seen at 110MPa nominal 

loading for the Ground-RD-TD specimens. For ferritic 4509, macro-cracks 

were not found in any specimen regardless of the surface condition. In the 

case of duplex 2304, one out of three AD-RD specimens cracked through 

the thickness at 900 MPa nominal loading. Both parallel grinding 

(Ground-RD-RD) and transverse grinding (Ground-TD-RD) lowered the 
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threshold stress to 700MPa. Here the threshold stress is taken as being the 

lowest stress in the loading direction at which macro-cracking is observed. 

When applying loading perpendicular to the rolling direction of the 

material, one out of three specimens cracked when the applied loading was 

only 500MPa. Parallel grinding (Ground-TD-TD) increased the 

susceptibility to SCC while transverse grinding (Ground-RD-TD) reduced 

the susceptibility. 

Table 5 Macro-cracking and micro-cracking / micro-pitting after exposure under four-point 

bend loading; the measured or interpolated surface stresses from Figure 19 are included for 

comparison.  

Material Specimen 

Nominal 

Load 

(MPa) 

Measured (or 

interpolated) 

Surface Macro 

Stress  (MPa) 

No. of 

Specimens 

Tested 

No. of 

Exposed 

Specimens 

with 

Macro-

Cracks 

Presence 

of Micro-

Cracks or 

Micro-

Pits 

Exposure 

Time 

304L 

AD-RD 50 (20), (50) 3 1 No 

24h 
Ground-RD-

RD 
50 (400) 2 2 Yes 

Ground-RD-

TD 
110 (70) 2 0 Yes 

4509 

AD-RD 1500 292±14 3 0 Yes 

22h 
Ground-RD-

RD 
1500 787±19 3 0 Yes 

Ground-RD-

TD 
1500 443±18 3 0 Yes 

2304 

AD-RD 
700 475 ± 25 3 0 No 

22h 

900 520 ± 27 3 1 No 

AD-TD 

300 195 ± 7 3 0 No 

500 320 ± 10 3 1 No 

700 415 ± 11 3 3 No 

Ground-RD-

RD 

700 710 ± 34 3 1 Yes 

900 840 ± 38 3 3 Yes 

Ground-RD-

TD 

500 160 ± 11 3 0 Yes 

700 290 ± 10 3 3 Yes 

Ground-TD-

TD 

300 466±30 3 0 Yes 

500 585±27 3 2 Yes 

Ground-TD-

RD 

500 330 ± 15 3 0 Yes 

700 450 ± 17 3 1 Yes 
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Surface morphology investigations after exposure showed macro-cracks 

for 304L and 2304 to exhibit similar features. When cracking occurred, 

multiple cracks with one major crack nearly through the specimen 

thickness usually appeared. Examples of surface morphology after 

exposure under four-point bend loading of the three types of materials are 

shown in Figure 21. The macro-cracks showed multiple branching and 

were primarily perpendicular to the loading direction; they tended to run 

parallel to each other. Varied degrees of pitting were observed for all 

specimens; cracks were sometimes seen associated with pits. Similar to 

specimens exposed without external loading, micro-cracks or micro-pits 

with extensive branching were observed on all the ground specimens while 

not on the as-delivered surface. For both 304L and 2304, the micro-cracks 

mainly oriented perpendicular to the grinding marks were present 

regardless of the grinding direction, the loading direction, the loading level 

or the occurrence of macro-cracking. For ground specimens with loading 

applied parallel to the grinding direction, as shown in Figure 21(a) (c), 

pitting showed some tendency to grow from the micro-cracks and 

connected together perpendicular to the loading direction. For specimens 

loaded perpendicular to the grinding marks (Figure 21(d)), pits were 

observed at both micro-cracks and deep grooves, and tended to grow 

together along the grooves. For ferritic 4509 specimens (Figure 21(b)), 

which experienced no macro-cracking, the micro-pitting showed some 

tendency to appear perpendicular to the loading direction for specimens 

both loaded parallel and perpendicular to the grinding directions and there 

is also some tendency to intergranular attack.  In addition, micro-cracks 

were found to grow from these micro-pits.  
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Figure 21 Surface morphology after exposure under four-point bend loading: (a) 304L 

Ground-RD-RD specimen at 50 MPa, (b) 4509 Ground-RD-RD specimen at 1500 MPa, (c) 

2304 Ground-RD-RD specimen at 700 MPa, (d) 2304 Ground-RD-TD specimen at 700 MPa.    

Cross-sections parallel and perpendicular to the loading direction of some 

specimens were examined for all three types of materials; selected images 

are presented in Figure 22 as examples. As illustrated in Figure 22(a) (c), 

when macro-cracks occurred, they appeared mainly branched and 

transgranular. For duplex 2304, they were observed to propagate in both 

the austenitic and ferritic phases in the section parallel to loading direction 

(Figure 22(c)). In the section perpendicular to loading direction (Figure 

22(d)), they propagated to a much smaller penetration depth and were 

mainly in ferrite, which is the continuous phase, or followed the austenitic-

ferritic phase boundaries. Micro-cracks were observed to initiate from the 

ground surface in 304L material (Figure 22(a)); their penetration depth 

increased by increasing the four-point bend loading. Angular pits or 

corroded crack openings were observed from the ground surface in 2304 

(Figure 22(c)); the size and number of these corroded areas increased with 

increasing applied load, and material was observed to be heavily deformed 

around these corroded areas. However, no such attack was found in the as-

delivered specimens for either material. In the case of 4509, no macro-



RESULTS | 57 

 

 

 

cracking was observed. Pits with various sizes were found; the pits were 

often stopped by grain boundaries under the surface for the as-delivered 

material. Many more pits with higher penetration depth were observed on 

the ground specimens than the as-delivered material; they grew into the 

grinding-induced deformed sub-surface and often stopped at grain 

boundaries under the deformed layer (Figure 22(b)).  

 

 

Figure 22 Cross-section microstructures after exposure under four-point bend loading: (a) 

304L Ground-RD-RD specimens, 50 MPa, sectioned parallel to loading direction; (b) 4509 

Ground-RD-RD, 1500 MPa, sectioned parallel to loading direction; (c) 2304 Ground-TD-TD 

specimen, 500 MPa, sectioned parallel to loading direction; (d) 2304 Ground-RD-TD 

specimen, 700 MPa, sectioned perpendicular to loading direction. 

  



RESULTS | 58 

 

 

 

 

Typical fracture surfaces of austenitic 304L and duplex 2304 after 

exposure under four-point bend loading are presented in Figure 23. SEM 

images showed typical transgranular fracture with some local indications 

of intergranular cracking. In addition, crack branching can be observed. 

The results agree with the cross-sectional investigations.  

   
Figure 23 Fracture surface after exposure under four-point bend loading: (a) 304L Ground-

RD-RD specimen at 50 MPa, (b) 2304 AD-TD specimen at 700 MPa.  
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9. Discussion 

 Surface integrity after grinding 

The grinding process involves complex interactions between the abrasive 

grit and the workpiece surface. Four main surface defects were observed 

on the ground surface of 304L, 4509 and 2304 in the current work. Deep 

grooving came from the uneven metal removal process, such as chip 

forming and ploughing. Material around abrasive grit particles was pushed 

out and moved across the surface instead of being cut, leading to smearing 

areas. The redeposition process [82] introduced adhesive chips; the 

material was transferred to the abrasive grit by adhesion, and then 

transferred back to the ground surface by friction welding. Abrasive grit 

particles broke down into smaller pieces during grinding; because of the 

rubbing contact between these fragmented particles or chips and the 

workpiece surface, indentations were formed on the ground surfaces.  

Corresponding to the surface topography observation, smearing areas or 

adhesive chips were found along the ground surface in the cross-section 

investigation for all three types of materials. The deformation from the 

grinding process increased the dislocation density in the surface and sub-

surface layers. In the heavily deformed surface layer, dislocation sub-cells 

and fragmented grains were seen in both the austenitic and ferritic phases 

from the ECC images. In the deformation-affected sub-surface region, the 

different dislocation slip systems of the two phases during deformation [83] 

leave different deformation microstructures with slip bands commonly 

observed in the austenitic phase and deformation fringes in the ferritic 

phase.  

The origin of residual stress formation as a result of the grinding operation 

was described in section 4.3.1 in this thesis. In the current work, a surface 

residual stress field with tensile σ∥  and compressive σ⊥ was measured in 

304L, in 4509 and for the macro-stresses in 2304.  The observed low 

surface temperature in combination with the anisotropic surface residual 

stress field indicate that the mechanical effect, i.e. anisotropic plastic 

deformation, is more dominant than the thermal effect in the current work. 

When grinding stainless steels, it is common that tensile residual stresses 

are generated from surface to subsurface both parallel and perpendicular 
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to the grinding directions [84] [16] [25]; however, tensile residual stresses 

are generally undesirable. The current results may contribute to the further 

improvement of grinding operations by using parameters which introduce 

less tensile residual stresses or even compressive residual stresses in both 

directions. Higher tensile (or less compressive) residual stresses were 

measured both in the surface and subsurface region for 304L than for 4509 

in both directions, although same grinding parameters were used. These 

two materials are different in both mechanical and thermal properties; but 

the mechanical properties would be expected to affect the residual stresses 

anisotropically. The observed results indicate that the lower thermal 

conductivity of the austenitic stainless steel, which would increase the 

thermal effect, in both directions is probably the main contributory factor. 

In addition, the in-depth residual stress profiles showed different trends 

for the ferritic 4509 and the ferritic phase of duplex 2304. This is 

attributable to the complicated interaction between the austenitic and 

ferritic phases in the duplex material during grinding due to their 

difference in both mechanical and thermal properties. 

The abrasive grit size has significant influence on the surface integrity after 

grinding operations for all three types of materials. Surface roughness and 

surface defects were clearly decreased by using finer grit size abrasives. A 

smaller size of abrasive grit with a more even distribution is proposed to be 

the main factor. During grinding, only a small top region of the abrasive 

grit contacts the workpiece surface and causes chip formation and 

ploughing, the remaining parts slide over and rub the surface [85]; 

therefore the friction coefficient and the wear rate decrease with decreasing 

abrasive grit size and lead to better surface finish. A higher level of residual 

stresses in both surface and subsurface with higher penetration depth was 

observed by using coarser grit size abrasive; this is seen in the greater 

deformation depth which was demonstrated by the FWHM results as well 

as the cross-section microstructure investigations. The importance of 

using proper grit size abrasives in grinding stainless steels is thus 

underlined; it is a parameter that is easy to control and has large influence 

on the induced surface properties, but very little research has been 

performed in this area.  

A lower machine power means a lower normal grinding force, which 

decreased cutting and ploughing but increased rubbing; while a higher 

machine power means a higher downward force, which increased wear and 
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friction between the workpiece surface and the abrasive grit. As a result, 

both lower (30%) and higher (90%) machine power generated more 

smearing areas and adhesive chips compared with intermediate machine 

power (60%) for duplex 2304. However, the effect of varied machine power 

also depends on the properties of the workpiece material. Clear 

improvement of ground surface finish by increasing machine power up to 

90% was observed in 304L. Austenitic stainless steels have high toughness 

and high ductility; 304L has been characterized as gummy during 

machining [86]. Increased machine power led to higher degree of strain 

hardening of the surface, thus the gummy behavior was reduced and the 

final surface finish was improved. For both materials, higher machine 

power generated higher tensile (or less compressive) residual stresses in 

both directions; a logical explanation is that higher machine power induced 

higher normal grinding force, which increased friction between the 

abrasive grit and the workpiece surface, thus more heat was generated and 

increased the thermal effect. 

Grinding with lubricant largely decreased the surface roughness and 

occurrence of surface defects; the reduced friction and grinding 

temperature by using lubricant are considered as the main factors. Cross-

section observation showed the deformation depth was reduced by using 

grinding lubricant; this can be simply explained by the measured lower 

normal grinding force. The use of grinding lubricant decreased both 

mechanical and thermal effects. The measured results showed both surface 

tensile and compressive stresses were reduced, which indicated the 

reduction of the mechanical effect was more significant. However, the use 

of grinding lubricant may have a negative influence on the working 

environment and machining cost, so there are multiple considerations to 

be taken into account. More work is needed on the optimization of cooling 

condition including the selection of lubricant [87] and minimizing the 

quantity needed for the operations [88].  

 Measured surface stresses during in-situ four-

point bend loading 

In the current work, four-point bend loading has been used to evaluate the 

susceptibility to stress corrosion cracking of stainless steels in boiling 

magnesium chloride solution. However, some grades of stainless steels, 

such as duplex or ferritic stainless steels, have relative high resistance to 
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SCC; so loading above the yield stress had to be used. This means that 

loading was in the plastic region, which is outside the validity range of the 

bend loading formula in ASTM G39 [58]. In-situ surface stresses were 

measured to study the deviation between the actual surface stress and the 

calculated values. The measured actual surface stress can help understand 

the failure mechanism of specimens during exposure. It may also be able 

to contribute to future work on standardization of bend testing and provide 

a useful illustrative example of the inaccuracies which can be introduced 

by inappropriate surface preparation or loading outside the elastic regime. 

The results of these in-situ measurements of surface stresses under four-

point bend loading demonstrated that the actual surface stresses may 

deviate appreciably from the values calculated according to ASTM G39 

[58]; the actual surface stresses were strongly affected by the surface 

conditions. For the as-delivered materials, the actual loading corresponded 

reasonably well with the calculated values in the elastic regime. Above the 

proof stress, the slope of the curve dropped dramatically. The results 

underline the limitation expressed in ASTM G39 that the valid range for 

four-point bend loading is only up to the proof stress. For the ground 

specimens, different levels of surface stresses were measured, and the 

curves showed higher slope compared with the as-delivered materials. The 

surface layer was highly deformed due to the grinding operations, and the 

actual measured surface stresses depended on the interaction between the 

applied and the residual stresses as well as the strength gradient under the 

ground surface [89]. For all the ground specimens, the actual measured 

surface stresses were lower than the sum of the grinding-induced surface 

stresses and the calculated loading values, which is probably due to the 

grinding-induced compressive residual stresses in the subsurface. 

For duplex 2304, the two phases have different elastic and plastic 

properties, thus their interaction can give rise to complex flow behavior 

during deformation [90]. The banded microstructure and anisotropic 

material properties also contribute to a complex partitioning of 

deformation between the two phases during loading [91]. For the AD-RD 

specimen, as illustrated in Figure 24, the stress induced by the bending is 

parallel to the rolling direction, i.e. parallel to the direction in which the 

austenite and ferritic phases are elongated, and the two phases experience 

a similar strain in the surface layer according to the Voigt model which is 

based on an isostrain assumption [92]. However, due to the different 
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Young’s Modulus, different stress levels developed in the two phases with 

higher actual surface tensile stresses in the ferritic phase and lower in the 

austenitic phase over the whole loading range. For the AD-TD specimen, 

the banding of the microstructure is perpendicular to the stress direction 

and it is more close to the isostress Reuss model [92]. This means that 

similar stresses were attained in both phases until the plastic deformation 

regime was reached. In the case of ground specimens, the grinding-

induced residual stresses were different in the two phases, leading to the 

different levels of actual surface stresses after loading. Above the yield 

stress, the changes of the slopes of the austenitic and ferritic phases 

indicated that stress redistribution occurred between the two phases.  

 

Figure 24 Surface microstructure of duplex 2304 with austenitic islands in the ferritic matrix, 

showing stress directions for RD and TD specimens in the four-point bend loading direction.  

 Corrosion behavior without external loading 

The micro-cracks or micro-pits and their pattern on the ground surfaces 

after corrosion testing are some of the most interesting observations in the 

current study. In the absence of any external loading, extensive micro-

cracks in 304L and 2304, and micro-pits as well as micro-cracks in 4509 

were observed on the ground surfaces, while the as-delivered materials 

showed no such attack. Similar crack patterns have also been observed on 

ground, milled and turned 304L surfaces with tensile residual stresses in 

the same exposure environment [93]. Thus, the critical role of residual 

stresses from fabrication for SCC is underlined. When talking about stress 

corrosion cracking, the importance of residual stresses is always 

mentioned. However, very little research has been performed to evaluate 
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the risk for SCC caused solely by residual stresses. In the current work, 

measured residual stresses in the surface layer were close to zero for the 

as-delivered materials. However, the grinding operations generated 

massive residual stresses in the surface and subsurface layers with high 

level of deformation in the material. The micro-cracks in both 304L and 

2304 tended to initiate perpendicular to the grinding direction; this 

correlates to the high levels of tensile, macroscopic residual stresses 

measured parallel to the grinding direction in the surface layer.  For duplex 

2304, tensile σ∥  in austenitic phase and compressive σ∥  in ferritic phase 

were measured in the ground surfaces, however, micro-cracks were 

observed to initiate and propagate in both phases. The macroscopic 

residual tensile stress thus seems to play a more dominant role than the 

single-phase stresses. The results strongly indicate that tensile residual 

stresses, either macroscopic or microscopic, in the ground surface made all 

the materials susceptible to Cl-SCC even without external loading while the 

macroscopic compressive stresses retarded crack initiation. Most of the 

micro-cracks were within the highly deformed surface layer; they arrested 

at the depth where macroscopic residual stress profiles shifted from high 

level of tensile stresses to lower or no tensile residual stresses, indicating a 

threshold tensile stress is required to initiate cracks and sustain their 

propagation in boiling MgCl2 solution. For 4509, the observed micro-

pits/micro-cracks formed a network and ran in directions both parallel and 

perpendicular to the grinding direction and they appeared more 

pronounced perpendicular to the grinding marks. In addition, cross-

section investigation showed the micro-pits initiated from the heavily 

deformed surface layer. This strongly indicates the grain fragmentation 

and the tensile residual stresses in the ground surface increase 

susceptibility to pitting corrosion and microcracking of this material in 

chloride-containing environments. Results of surface residual stress 

measurement after exposure showed that the formation of micro-cracks in 

austenitic 304L and duplex 2304 and the micro-pits and micro-cracks in 

ferritic 4509 caused release of the surface residual stresses. 
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 Corrosion behavior under four-point bend 

loading 

Macro-cracking was observed to develop in some specimens after 

corrosion testing at different levels of four-point bend loading for 

austenitic 304L and duplex 2304. The boiling magnesium chloride 

solution is known to be the most aggressive chloride solution that causes 

SCC and standard austenitic stainless steels are recognized to be highly 

susceptible to SCC [55], although superaustentic steels are much more 

resistant. For 304L, failures have been reported in many chloride-

containing environments, such as 45% MgCl2 155℃, 40% CaCl2 100℃, 25% 

NaCl 106℃ , both under four-point bend and U-bend loading [7]. The 

duplex stainless steels are recognized to be highly resistant to Cl-SCC: 

although some grades do show SCC they have a much higher threshold 

stress for SCC than the standard austenitic stainless steels.  For example, 

the 2304 grade has been reported to fail under U-bend loading in boiling 

magnesium chloride solution [7].  For the ferritic 4509, even at the highest 

applied loading, no macro-cracking was found. It is generally considered 

that ferritic stainless steels have high resistance to SCC. However, this does 

not imply that ferritic stainless steels are immune to chloride-induced SCC, 

since failures have been reported [55]. The results imply that the actual 

applied loading stresses were below the required threshold stress to initiate 

SCC of this material in the exposure environment.  

The macro-cracks were generally normal to the loading stress, their path 

was mainly transgranular, although there were some local areas of 

intergranular cracking. For duplex 2304, macro-cracking was observed to 

go through both the austenitic and ferritic phases perpendicular to the 

loading direction; while in the parallel direction, cracks propagated mainly 

in the continuous ferritic phase with a much lower penetration depth. This 

appears consistent with the concept of suppression of cracking in the 

austenitic phase at low applied stress of duplex stainless steels [94] [64] 

[95] which have much higher resistance to SCC compared with the 

austenitic grades. For both 304L and 2304, the susceptibility to SCC 

increased with increasing four-point bend loading.  

Different types of corrosion attack were observed on the exposed 

specimens. For the as-delivered surface, pitting with varying degree 

appeared on all three types of materials. Macro-cracks were found to be 
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associated with pits although there were pits without any related cracks, 

indicating that the pits formed before macro-cracks; due to the 

combination of stress concentration and a more aggressive environment in 

the pits [3], they acted as precursors to macro-cracking. In the case of 

ground specimens, extensive micro-cracks in 304L and 2304, and micro-

pits/micro-cracks in 4509 appeared on the exposed surfaces. The grinding-

induced tensile residual stresses and the grain fragmentation in the ground 

surface layer are considered as the main factors.  

For both 304L and 2304, macro-cracking only occurred on specimens 

under four-point bend loading, not on specimens exposed without external 

loading, indicating a sustained tensile stress was required for the initiation 

and propagation of macro-cracks. No macro-cracking appeared on any 

4509 specimens. For the as-delivered specimens, even with the highest 

applied calculated loading, the actual measured surface stress was only 

around 300 MPa (Figure 15(b)), which would thus appear to be below the 

required threshold stress to initiate SCC in this material. For the ground 

specimens, the extensive shallow micro-pitting may tend to inhibit 

cracking, for example by counteracting localization of attack to crack sites 

or by causing blunting of any incipient cracks. For 304L, as illustrated in 

Figure 25(a), there seems to be a threshold stress of around 50MPa for the 

macro-cracks to occur. Compared with as-delivered specimens, the SCC 

susceptibility is increased by parallel grinding but decreased by transverse 

grinding; this can be simply explained by the role of grinding-induced 

residual stresses combined with the applied stresses. The results suggest 

the idea that grinding transverse to the main stress direction may be used 

to decrease the crack risk for this material. In the case of duplex 2304 

(Figure 25(b)), applying the loading perpendicular to the rolling direction 

of as-delivered material (AD-TD specimen) significantly increased its 

susceptibility to SCC compared with parallel loading (AD-RD specimen). 

This indicates the large effect of microstructure orientation of this material; 

cracking can occur more readily if there is a possibility for cracks to follow 

phase boundaries or remain within a single phase, as is the case for the AD-

TD specimen. Comparing Ground-RD-RD and Ground-TD-RD specimens 

with the AD-RD specimen (all loading along the rolling direction of the 

material), the results clearly indicated that both grinding operations 

increased the susceptibility to SCC. For the Ground-RD-RD specimen, the 

grinding-induced surface tensile residual stress is the main detrimental 

factor, which is similar to 304L. However, the actual measured threshold 
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surface stress for the Ground-RD-RD specimen was 710 MPa, compared to 

only 520 MPa for the AD-RD specimen. This is probably due to the 

compressive residual stresses under the ground surface that retarded the 

crack propagation. For the Ground-TD-RD specimens, grinding-induced 

compressive residual stresses in the loading direction, thus the threshold 

nominal loading stress for macro-cracking was 700 MPa, but the actual 

measured stress was only 450 MPa. The decrease in threshold stress in this 

case compared to the ground-RD-RD case indicates a detrimental effect of 

the surface micro-notches produced by grinding. Comparing the AD-TD, 

Ground-RD-TD and Ground-TD-TD specimens, similar results were 

observed although loading was applied perpendicular to the rolling 

direction. The results imply that the microstructure orientation, the 

presence of micro-notches in the ground surface and the grinding-induced 

tensile residual stresses all have large effect on the macro-cracking 

behavior, which should be considered during service. The detrimental 

combination of both microstructure and micro-notches resulted in a 

threshold actual surface stress of only 290MPa for Ground-RD-TD 

specimen. However, compared with 304L, the threshold stresses for all 

specimens of this material are still much higher. It is suggested that duplex 

stainless steels can be good alternatives to standard lower-alloyed 

austenitic grades for service in aggressive environments but that care 

should be exercised with  surface preparation and loading direction. 
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Figure 25 Summary of measured or interpolated residual stresses and threshold stresses for 

macrocracking, illustrating the major factors affecting SCC susceptibility, (a) austenitic 304L, 

(b) duplex 2304. Positive values denote tensile stresses and negative compressive stresses.  
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10. Conclusions 

This work has addressed some aspects of the interplay between grinding 

operations, surface integrity, microstructure and corrosion properties for 

different stainless steels, and the following main conclusions can be drawn: 

 Grinding operations generated similar surface defects for austenitic 

304L, ferritic 4509 and duplex 2304 stainless steels. Surface 

roughness and surface defects can be largely decreased by using 

smaller grit size abrasives or by using grinding lubricant (evaluated for 

both 304L and 2304). The influence of machine power on surface 

roughness was small. Surface defects can be reduced by using a higher 

machine power, in the given setup, for 304L; however, for 2304, there 

was an optimum value below or above which the surface defects 

became more pronounced. 

 Microstructure investigations of 304L, 4509 and 2304 indicate that 

the cross-section of the ground stainless steel specimens can be 

divided into four layers: a surface layer with smearing, adhesive chips 

or cold welded chip, a heavily deformed layer, a deformation affected 

subsurface layer and the bulk material. The thickness of each layer 

depended on the material and grinding parameters used. 

 Grinding 304L, 4509 or 2304 resulted in a high level of tensile 

macroscopic residual stresses along the grinding direction and 

compressive residual stresses perpendicular to the grinding direction 

in the surface layer. Beneath the ground surface, a subsurface layer of 

compressive residual stresses in both directions was formed. Both the 

level and the penetration depth of residual stresses depended on the 

material and the grinding parameters. The results indicate that 

anisotropic mechanical effects dominated over isotropic thermal 

effects in the current work. For duplex 2304, grinding generated 

tensile micro-stresses in the austenitic and compressive micro-

stresses in the ferritic phase. 
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 In-situ surface stress measurements of 304L, 4509 and 2304 under 

four-point bend loading demonstrated that the actual load may deviate 

appreciably from the calculated value using the formula according to 

ASTM G39 and differs between the two phases for duplex material. 

The absolute value was strongly affected by the residual stresses in the 

surface as well as the strength gradient under the surface of the 

material.  

 Grinding-induced surface tensile residual stresses caused micro-

cracks to initiate from ground surfaces during exposure with or 

without external loading for both 304L and 2304. The micro-cracks 

arrested in regions with low or no tensile stresses. For duplex 2304, 

micro-cracks were present in both phases and tended to stop at phase 

boundaries. For 4509, extensive micro-pits/micro-cracks were 

observed to initiate from the ground surfaces and could be related to 

grinding-induced grain fragmentation and surface tensile residual 

stresses. Corrosion products were present in the micro-pits and the 

corrosion process tended to stop at grain boundaries beneath the 

surface layer. The formation of micro-cracks or micro-pits reduced 

surface stresses after exposure. 

 For both 304L and 2304, macroscopic cracking leading to final failure 

only occurred under an applied load. The macro-cracks mainly 

propagated transgranularly perpendicular to the loading direction. 

The role of residual stresses in both surface and subsurface layers 

combined with the applied stress has a strong influence on the SCC 

behavior. Microstructure in duplex material and micro-notches from 

grinding also have a detrimental effect.  

 Macro-cracking was not observed for 4509 which has a relatively high 

resistance to stress corrosion cracking in chloride-containing 

environments. A contributory factor is the crack-inhibiting effect of 

extensive micro-pitting.   
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11. Future work 

Based on the results obtained in this work, the following future work can 

be proposed: 

1. Surface integrity of ferritic 4509 stainless steels after different grinding 

operations. 

Data for a ferritic stainless steel using a wider variety of grinding 

parameters would assist in better understanding the surface changes as a 

result of grinding for the two phases of the duplex 2304 in this work.  

2. Surface integrity after using other grinding parameters. 

Residual stresses have been found to be critical for the initiation of SCC. 

How to optimize the residual stresses by applying a wider range of  grinding 

parameters than the ones investigated in the current work, such as 

grinding speed, feed rate, abrasive grits with other more advanced 

materials or more regular shape, optimizing the cooling condition, etc. is 

important for steel fabrication processes. Is it possible to generate 

compressive residual stresses both parallel and perpendicular to the 

grinding directions?  

3. Modelling of the grinding operations. 

Modelling of the grinding operations with regard to different materials, 

grinding parameters and the surface integrity, especially the surface 

deformation and induced residual stress field would be useful for deeper 

understanding of experimental results and extension to other surface 

finishing operations.  

4. Modelling of the stresses under four-point bend loading. 

Modelling of the surface and subsurface stresses under four-point bend 

loading for different materials in both elastic and plastic deformation 

regions would help to understand the failure mechanism. It can also 

contribute to future work on standardization of bend testing.  

5. Stress corrosion cracking behavior of austenitic 304L and duplex 2304 

stainless steels after different types of grinding operations.    

This would allow correlation between different grinding parameters and 

degrees of surface integrity obtained in the current work (Paper I, II) and 

the corrosion properties. The possible effect of surface plastic deformation 
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such as grain fragmentation or dislocation density on SCC is also of interest, 

since little such work has been reported. The results could help for better 

control of grinding operations, which is a widely used surface finish process.  

6. Stress corrosion cracking behavior of higher alloyed austenitic and 

duplex grades after the same grinding conditions as the current work for 

duplex 2304 (Paper V). 

This would provide more knowledge about how the alloy element content 

and the duplex structure influences the SCC susceptibility after grinding 

operations.  

7. Stress corrosion cracking behavior of 304L, 4509 and 2304 in other 

environments, including field testing. 

The exposure environment is very aggressive in the current work. Will 

other environment show different SCC behavior? 

9. Surface integrity and stress corrosion cracking behavior of austenitic and 

duplex stainless steels after other surface finish processes, such as milling, 

shot peening, etc. 

Can the resistance to SCC be improved by other surface finish processes?  

10. More detailed investigation of crack tips. 

Detailed investigations of crack tips, such as the chemical composition, 

grain orientation, dislocation density, etc. for different stainless steels and 

in different exposed environment. This would contribute to better 

understanding the cracking mechanism.  

11. Side-surface studies during stress corrosion cracking.  

With the development of instruments, with improved position control and 

microscope facilities, it may also be feasible to carry out side-surface 

studies during SCC, which can help to better capture the threshold stress 

and understand the cracking mechanism. 
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