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Chapter	1 Introduction	
	

The	trend	in	materials	sciences	nowadays	is	the	search	for	new	materials	that	can	serve	

our	needs.	Interestingly,	in	the	age	of	new	innovative	materials,	AISI	304	is	still	one	of	the	

most	frequently	used	materials.	Owing	to	its	inexpensive	price	and	superior	properties,	it	

finds	 wide-range	 application.	 However,	 the	 option	 to	 heat	 treat	 is	 limited	 due	 to	 the	

austenitic	phase	 that	occurs	 at	 room	 temperature.	Mechanical	 surface	 treatment	 is	 one	

option	for	improving	the	strength	of	this	type	of	stainless	steel	[63,80].	Two	well-known	

mechanical	 surface	 treatment	 methods	 used	 to	 improve	 the	 strength	 of	 austenitic	

stainless	steel	are	shot	peening	and	deep	rolling	[143].		

	

In	particular,	deep	rolling	is	a	popular	method	for	enhancing	material	properties	without	

changing	their	chemical	composition	[23,142].	Deep	rolling	also	has	a	beneficial	effect	on	

the	 finish	 of	 the	 surface,	 because	 the	 profile	 of	 the	 material	 becomes	 a	 plateau	 that	

displays	a	 low	level	of	roughness	after	processing.	It	causes	the	surface	to	become	anti-

frictional	 and	 develop	 a	 high	 wear	 resistance	 [23,143].	 Additionally,	 localized,	

inhomogeneous	 plastic	 deformation	 leads	 to	 compressive	 residual	 stress	 and	 strain	

hardening	effects.	Moreover,	phase	transformation	can	occur	in	austenitic	stainless	steel,	

which	specifically	enhances	the	mechanical	properties	of	a	component	[113-115].	Strain	

induced	 microstructures	 induced	 by	 the	 deep	 rolling	 process	 influence	 the	 fatigue	

endurance	properties	of	stainless	steel	[2-5,118-122].		

	

However,	it	is	a	well-known	fact	from	literature	that	deep	rolling	is	normally	only	carried	

out	at	room	temperature.	Deep	rolling	at	various	temperatures	has	only	been	studied	by	

I.	 Nikitin	 [115,119].	 	 He	 found	 that	 the	 temperature	 used	 during	 deep	 rolling	 can	 be	

utilized	 to	 customize	 the	 microstructures	 of	 AISI	 304,	 resulting	 in	 various	 favorable	

effects	near	the	surface	layer.	It	increases	the	resistance	against	the	formation	of	fatigue	

cracks	 and	 the	propagation	 thereof	near	 the	 surface	 layer	of	metallic	 components.	 It	 is	

important	 to	 note	 that	 the	 beneficial	 effects	 near	 the	 surface	 layer	 are	 only	 present	 as	

long	as	the	surface	layer	can	maintain	its	stability	when	subject	to	mechanical	or	thermal	

loading.	 For	 this	 reason,	 special	 effort	 is	 made	 to	 stabilize	 microstructures	 near	 the	

surface.	
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Due	to	the	meta-stable	phase	of	the	austenitic	phase	at	room	temperature,	it	transforms	

to	 the	 more	 stable	 phases,	 like	 the	 martensitic	 phase,	 when	 the	 energy	 reaches	 the	

threshold	level	[24-25].	The	dual	phase	system	is	beneficial	for	the	fatigue	properties	of	

stainless	 steel,	 because	 the	 strain	 causes	 the	 surface	 layer	 to	 harden	 during	 fatigue	

loading.	However,	there	is	no	evidence	to	prove	how	it	reacts	when	subject	to	corrosion	

fatigue.	 As	 a	 result	 of	 differing	 electrochemical	 potentials	 between	 the	martensitic	 and	

austenitic	 phases,	 the	 galvanic	 effect	 is	 promoted	 and	 is	 harmful	 to	 the	 damage	 from	

corrosion	attack.	

	

Modifying	 the	 deep	 rolling	 parameters	 makes	 it	 possible	 to	 control	 the	 form	 and	

thickness	of	microstructures	of	the	affected	layer	near	the	surface,	for	example,	the	deep	

rolling	 pressure,	 feed	 rate	 and	 deep	 rolling	 temperature.	 A	 different	 effect	 in	 the	 layer	

near	 the	 surfaces	 influences	 the	 corrosion	 fatigue	 behavior.	 The	 passivation	 film	 of	

stainless	 steel	 is	 destroyed	 by	 the	 pressure	 in	 the	 deep	 rolling	 process.	 The	 rate	 of	

repassivation	 affects	 the	 corrosion	 resistance	 of	 the	 stainless	 steel.	 Also,	 the	 form	 and	

shape	of	corrosion	impact	the	corrosion	resistance	behavior	due	to	the	concentration	of	

stress	 they	 create	during	 cyclic	 loading.	 In	order	 to	 realize	optimal	 conditions	near	 the	

surface	 for	 the	highest	 level	of	corrosion	 fatigue	endurance,	 it	 is	necessary	 to	know	the	

significance	 of	 individual	 properties	 near	 the	 surface,	 have	 general	 knowledge	 of	 the	

fatigue	behavior,	 and	understand	 the	principle	 for	 the	 corrosion	behavior	 of	 processed	

stainless	steel.	
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Chapter	2 Literature	Review	
	

2.1 Austenitic	Stainless	Steel	

	

Austenitic	stainless	steel	was	discovered	in	1889	by	Riley	of	Glasglow.	He	observed	that	

the	 tensile	 strength	 of	 mild	 steel	 could	 be	 enhanced	 by	 the	 addition	 of	 nickel	 (Ni).	 A	

resistance	to	acid	was	achieved	by	A.	Portevin	in	1905	when	he	added	9%	chromium	(Cr)	

[80].	 Austenitic	 stainless	 steel	was	 named	 by	 E.	Maurer	 and	B.	 Strauss	 for	 commercial	

purposes.	The	chemical	compositions	of	commonly	employed	grades	of	stainless	steel	are	

illustrated	in	Table	2-1.	All	austenitic	stainless	steels	shown	are	from	the	300	series.		

	

Table	2-1	Chemical	compositions	of	commonly	used	grades	stainless	steels	[125]	

	
	

Nickel-equivalent	 elements	 can	 be	 calculated	 by	 their	 content	 in	 weight	 percent	 of	

manganese,	 carbon	 and	 nitrogen	 [28,29,146]	 (see	 Equation	 2-1	 [101]).	 Chromium,	

molybdenum,	 silicon	 and	 niobium	 are	 Cr-equivalent,	 which	 can	 be	 calculated	 using	

Equation	2-2	[101].	Achieving	a	balance	between	the	Ni-	and	Cr-equivalent	values	is	very	

important	 for	 microstructural	 tailoring	 near	 the	 surface.	 Processed	 phases	 can	 be	

calculated	using	a	Schaeffler	diagram	(see	Figure	2-1)	[80,101].		

	

Ni-equivalent	[%]	=	[%Ni]	+	30[%C	+	%N]	+	0.5[%Mn]	 	 	 (Equation	2-1)		

	

Cr-equivalent	[%]	=	[%Cr]	+	[%Mo]	+	1.5[%Si]	+	0.5[%Nb]	 	 (Equation	2-2)	
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Figure	2-1	Schaeffler	diagram	[139]	

	

To	initiate	a	thermal-induced	transformation,	steel	must	be	cooled	down	to	temperatures	

below	the	Ms	temperature	(Starting	temperature	 for	martensitic	 transformation	phase),	

which	 is	below	room	temperature	 for	austenitic	 stainless	 steels.	The	Ms	 temperature	 is	

determined	by	the	chemical	composition	and	grain	size,	and	can	be	calculated	using	the	

equation	of	Eichelmann	and	Hull	[41]	(Equation	2-3).	The	relationship	is	valid	for	Cr-Ni	

stainless	steels	with	up	to	18%	Cr	and	8%	Ni:	

	

Ms	(°C)	=	1350	–	1665([%C]	+	[%N])	–	28[%Si]	–	33[%Mn]	–	42[%Cr]	–	61[%Ni]				

(Equation	2-3)	

	

Md30	 (°C)	=	551	–	462([%C]	+	 [%N])	 –	9.2[%Si]	 –	8.1[%Mn]	–	13.7[%Cr]	 –	29([%Ni]	+	

[%Cu])	–	18.5[%Mo]	–	68[%Nb]	-1.42	(GS-8)		 	 	 	 (Equation	2-4)	

	

GS	=	ASTM-Nr	(GS-8)=2.63-6.64	logD	 	 	 	 	 (Equation	2-5)	

	

D	is	the	grain	diameter.	

	

Ms	 is	 a	 temperature	 at	 which	 austenite	 starts	 to	 transform	 to	 martensite	 due	 to	 the	

undercooling	temperature.	The	Md30	 is	a	 temperature	at	which	30%	true	strain	 induces	

martensitic	transformation	by	50%	[63,101,115].	It	can	be	calculated	using	equations	2-4	

and	equation	2-5.	However,	plastic	deformation	can	also	transform	metastable	austenite	

into	 martensite.	 This	 effect	 is	 a	 stress-	 or	 strain	 induced	 martensitic	 transformation.	

Deformation-induced	martensitic	transformation	may	occur	at	higher	temperatures.	It	is	
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provided	by	an	exceeding	over	a	certain	critical	value	of	plastic	deformation.	An	amount	

of	 plastic	 deformation	 can	 be	 controlled	 by	 the	 chemical	 composition,	 temperature,	

degree	of	deformation	and	the	rate	of	deformation	[147].	The	thermodynamic	factor	-	ΔG	

free	 Gibbs	 energy	 -	 is	 used	 to	 explain	 the	 phase	 transformation	 from	 austenite	 to	

martensite	 (Figure	 2-2).	 ΔGMs	 represents	 the	 minimum	 energy	 required	 for	 the	 phase	

transformation.	 An	 external	 required	 energy	 (UT)	 can	 be	 applied	 by	 an	 external	

mechanical	 loading,	 such	 as	 by	 deep	 rolling	 [24,25,104].	 The	 direction	 of	 the	 plastic	

deformation	influences	the	extent	of	the	martensitic	transformation	phase.	Tensile	strain	

would	produce	significantly	more	martensite	than	compression	or	torsion	[91],	because	

martensitic	transformation	is	associated	with	volume	expansion	[103].	

	

	
Figure	 2-2	 Schematic	 illustration	 of	 a	 correlation	 between	 free	 Gibbs	 energy	 and	

temperature	in	austenitic	and	martensitic	transformation	[128]	

	
Figure	2-3	shows	a	martensitic	transformation	as	a	function	of	the	degree	of	deformation.	

The	 transformation	 can	 completely	 convert	 ε-Martensite	 into	 α’-Martensite	 [100].	 The	

nucleation	 of	 ε-Martensite	 takes	 place	 due	 to	 an	 overlapping	 of	 stacking	 faults	 in	 the	

austenitic	(γ)	phase	[48,92].	The	probability	that	this	process	will	occur	increases	as	the	

stacking	 fault	 energy	 decreases	 [32].	 The	 nucleation	 of	 martensite	 takes	 place	 on	

intersecting	 shear	 bands,	 twinned	 martensite,	 or	 at	 the	 twin	 interfaces	 [31,41,87,99,	

109,172].	Dislocations	migrate	within	the	austenite.	They	are	accumulated	and	lead	to	a	

generation	 of	 stacking	 faults	 and	 cause	 a	 formation	 of	 deformation	 twins	 and	

deformation-induced	α'-martensite	in	austenite.	
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Figure	2-3	Diagram	illustrates	a	correlation	between	martensitic	transformation	content	

and	plastic	strain	[91]	

	

The	 different	 morphology	 of	 martensitic	 phases	 is	 found	 for	 thermally	 induced	 and	

transformational	 martensite.	 Thin	 parallel	 strips	 throughout	 the	 grain	 are	 appeared	

within	 a	 deformation-induced	 ε-martensite	 in	 stainless	 steel	 18Cr10Ni.	 α’-martensite	

forms	block	shape	when	it	directly	forms	from	the	austenitic	phase	[65].	A	needle	shape	

is	formed	when	the	α’-martensite	formed	by	the	γ-ε-α’	transformation	[79,100].		

	

Dilatometric	 analysis	 of	 austenitic	 stainless	 steel	 has	 shown	 that	 ε-martensite	 remains	

stable	up	to	approximately	350	°C	during	heating	and	α’-martensite	remains	stable	up	to	

approximately	650	°C.	If	these	temperatures	are	exceeded,	a	reverse	transformation	into	

austenite	takes	place	[172].		

	

2.2 Deep	Rolling	and	its	Influence	on	the	Surface	Microstructures	of	Steel	
	

Deep	rolling	is	a	well-known	mechanical	surface	treatment,	which	provides	an	excellent	

and	polished	surface	with	a	low	surface	roughness	[143].		Owing	to	the	polished	surface	

and	 plateau-like	 profile,	 the	 surface	 displays	 antifriction	 and	 low	 wear	 resistance	

properties.	Moreover,	 it	 can	be	 implemented	easily	 in	 a	 turning	process.	However,	 it	 is	

remarkable	 that	 it	 is	 limited	 to	 cylindrical	 geometries	 only	 in	 most	 cases	 [143].	

Parameters	that	influence	deep	rolling	surface	treatment	are	shown	in	Figure	2-4.		
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Figure	2-4	Parameters	that	influence	deep	rolling	treatments	[143]	

	

The	 surface	 layer	 conditions	 present	 after	 a	 surface	 treatment	 result	 from	 the	 local,	

inhomogeneous	 elastic-plastic	 deformations	 on	 the	 workpiece	 surface.	 The	 most	

important	 factors	 that	 influence	 the	 fatigue	 strength	 can	 be	 divided	 into	 three	 groups:	

internal	 stress,	 the	 microstructure	 and	 a	 change	 in	 the	 surface	 state.	 The	 schematic	

course	 of	 characteristic	 edge	 layer	 properties	 after	 a	mechanical	 deformation	 could	 be	

seen	 in	 Figure	 2-5	 [139].	 The	 maximum	 cold	 deformation	 is	 typically	 found	 on	 the	

surface.	Otherwise,	the	maximum	residual	compressive	stresses	are	usually	found	below	

the	surface.	

	

	
Figure	 2-5	 Mechanically	 treated	 surface	 layer	 with	 corresponding	 parameters	 as	 a	

function	of	surface	distance	[139]	
	

The	mechanism	of	elastic-plastic	deformation	of	steels	depends	on	the	temperature	and	

strain	 rate.	 A	 thermally	 activated	 overcoming	 of	 the	 short-range	 obstacle	 such	 as	 glide	
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dislocation	is	used	to	determine	the	yield	stress	at	a	temperature	below	0.3	Ts	(melting	

temperature)	 (Figure	 2-6)	 [144].	 If	 the	 temperature	 exceeds	 the	 range,	 then	 the	 yield	

stress	contains	thermal	and	athermal	activation.	Long-range	glide	dislocation	obstacles	-	

such	as	other	dislocations,	grain	boundaries,	dissolved	foreign	atoms	or	particles	-	control	

the	behaviors	of	athermal	activation.	The	thermal	content	is	dependent	upon	the	effect	of	

short-term	sliding	obstacles	of	the	lattice	potential.	

	

	
Figure	2-6	Diagram	illustrates	a	correlation	between	yield	stress	and	temperature	[144]	

	

The	contact	zone	between	the	deep	rolling	tools	and	a	workpiece	creates	a	triaxial	stress	

state,	which	causes	local	plastic	deformation,	work	hardening/softening	and	compressive	

residual	 stress	 in	 the	 surface	 regions	 [113-115,143].	 The	 influence	 of	 the	 deep	 rolling	

process	parameters	on	the	surface	region	is	discussed	in	detail	in	the	next	sections.	

	

2.2.1 The	Influence	of	the	Deep	Rolling	Process	on	Surface	Topography	of	

Steel	

	

The	triaxial	stress	from	deep	rolling	is	a	reason	of	smoothing	and	friction	effects	due	to	

elastic	 contact	 between	 the	 geometry	 of	 the	 rolling	 wheel	 and	 the	 flat	 surface	 of	 a	

workpiece	 [143].	 I.	 Altenberger	 [2]	 found	 that	 the	 surface	 roughness	 decreases	 as	 the	

deep	 rolling	 pressure	 increases,	 and	 then	 increases	 slightly	 again	 after	 it	 exceeds	 the	

optimal	 value	 (see	 Figure	 2-7).	 The	 surface	 roughness	 increase	 that	 occurs	 later	 on	 is	

caused	by	damage	to	the	surface	or	surface	cracks	[46,75,76,166].	In	addition,	one	must	

note	 that	 the	 roughness	 of	 the	 tool	 limits	 the	 minimum	 surface	 roughness	 of	 the	

workpiece	[143].	
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Figure	2-7	Diagram	illustrates	a	correlation	between	roughness	and	rolling	pressure	of	

normalized	SAE	1045	[2]	
	

2.2.2 The	Influence	of	the	Deep	Rolling	Process	on	Microstructures	in	the	

Region	near	the	Surface	

	

(a) (b) 	

Figure	2-8	TEM	fractographies	of	deep	rolled	AISI	304	at:	(a)	the	surface	and	(b)	5	μm	

underneath	the	surface	[113]	

	

Figure	 2-8	 depicts	 a	 TEM	 fractography	 of	 AISI	 304	 after	 deep	 rolling	 performed	 by	 I.	

Nikitin	[113].	The	imaging	shows	that	the	dislocation	density	increases	in	the	region	near	

the	 surface	 after	 deep	 rolling.	 The	 majority	 of	 dislocation	 densities	 are	 located	 at	 the	

surface.	However,	the	plastic	deformation	of	the	deep	rolled	steel	takes	place	at	a	lower	

strain	 rate	 compared	 to	 shot	 peened	 steel	 [116,117,133].	 Moreover,	 a	 nanocrystalline	

layer	and	micro-twinned	martensite	can	be	induced	at	the	surface	layer	[114,120].	
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2.2.3 The	 Influence	of	 the	Deep	Rolling	Process	on	Strain	 Induced	Phase	

Transformation	of	Austenitic	Phase		

	

I.	Nikitin	[115]	found	that	phase	transformation	occurs	 in	AISI	304	after	deep	rolling	at	

different	 temperatures.	 The	 form	 of	 the	 martensitic	 transformation	 during	 cyclic	

deformation	is	comparable	to	the	α’-martensitic	transformation	during	surface	treatment	

unless	 the	 generation	 of	 the	 microstructure	 throughout	 the	 cross-section	 of	 the	

workpiece.	 Since	 the	massive	deformation	on	 the	 surface	 layer	 leads	 to	 the	martensitic	

transformation	phase,	hence	an	original	state	is	found	in	the	core	area.	From	Figure	2-9,	it	

depicts	 an	 edge-core	 effect	 of	 X5CrNi18-10	 after	 shot	 peening	 treatment	 [138].	 The	

maximum	 value	measured	 was	 approximately	 0.06	mm	 beneath	 the	 surface.	 Evidence	

that	 the	 ratio	 of	 the	 phase	 transformation	 is	 related	 to	 the	 type	 of	 material	 and	 the	

operating	temperature,	which,	in	turn,	is	interrelated	to	the	Ms	temperature	of	the	steel,	

was	obtained	[80].		

	

	
Figure	2-9	Martensitic	transformation	phase	of	X5CrNi18-10	after	shot	peening	[138]	

	

2.2.4 The	Influence	of	the	Deep	Rolling	Process	on	Compressive	Residual	

Stress		

	

There	are	two	types	of	known	stresses:		mean	stress	and	residual	stress.	The	mean	stress	

is	a	controllable	factor	by	man-made	while	the	residual	stress	is	a	materials	factor	[159].	

Residual	 stress	 can	be	 classified	 into	 two	 types	 based	on	 its	 direction.	 Tensile	 residual	

stress	 is	 generated	 in	 nature	 and	 it	 is	 a	 major	 cause	 for	 fractures	 and	 damages	 in	

materials.	 Therefore,	 a	 compressive	 residual	 stress	 is	 required	 at	 the	 steel	 surface	 to	

enhance	the	strength	of	the	steel	[13,124].	Mechanical	surface	treatment	is	used	to	induce	
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compressive	 residual	 stress	 in	 the	 region	near	 the	 surface	of	 the	 steel	 [3,4].	The	 stress	

distributes	 in	 form	 of	 Hertzian	 pressure,	 as	 shown	 in	 Figure	 2-10,	 causing	 by	

development	of	heat	from	plastic	deformation	[115,140].	

	

	
Figure	2-10	Elastic	calculation	of	stress	distributions	[142]	
	

S.	 Gruber	 [54]	 found	 that	 an	 increase	 in	 the	 deep	 rolling	 pressure	 leads	 to	 a	 slight	

increase	 in	 the	maximum	residual	stress	values	 in	 the	axial	direction	(see	Figure	2-11).	

K.-H.	 Kloos	 and	 J.	 Adelmann	 [82-84]	 verified	 that	 the	 hardness	 of	 the	 workpiece	

influences	 the	 distribution	 of	 residual	 stress	 in	 the	 region	 near	 the	 surface	 (Hertzian	

pressure)	 and	 its	maximum	 values.	 The	 generation	 of	 compressive	 residual	 stresses	 is	

one	 of	 the	most	 important	 effects	 of	mechanical	 boundary	 layer	 optimization.	Residual	

stresses	always	arise	as	a	result	of	 inhomogeneous	elastic-plastic	deformations	[2].	The	

inhomogeneous	elastic-plastic	deformation	of	material	in	areas	close	to	the	surface	leads	

to	 Hertzian	 pressure,	 causing	 plastic	 stretching	 in	 the	 layer	 close	 to	 the	 surface.	 The	

Hertzian	pressure	and	plastic	stretching	create	compressive	residual	stresses	with	their	

maximum	 located	 below	 the	 surface.	 Heat	 generation	 during	 surface	 treatment,	 which	

plays	a	subordinate	role,	generates	tensile	residual	stresses	[138].	
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Figure	2-11	Diagram	illustrates	the	correlation	between	the	surface	residual	stress	and	

the	deep	rolling	force	[54]	

	

Even	during	deep	rolling,	there	are	many	process	parameters	that	influence	the	residual	

stress	 distribution,	 such	 as	 the	 deep	 rolling	 pressure,	 the	 deep	 rolling	 velocity	 and	 the	

feed	 rate.	 As	 the	 rolling	 velocity	 increases,	 decreasing	 hardness	 and	 a	 higher	 level	 of	

surface	 roughness	 result	 [42,61].	 Figure	 2-12	 provides	 a	 schematic	 illustration	 of	 the	

influence	of	the	deep	rolling	pressure	on	the	residual	stress	behavior	during	deep	rolling	

[47].	 The	 deep	 rolling	 pressure	 increases	 the	 residual	 stress	 contribution,	 at	 the	 same	

time,	 shifts	 the	 maximum	 of	 the	 residual	 stresses	 into	 the	 depths	 of	 the	 material	

[2,21,47,61,138].	

	

	
Figure	2-12	Schematic	illustration	of	the	hardness	in	correlation	with	the	distance	from	

the	surface	[21,47]	

	

The	distributions	of	the	residual	stress	during	the	deep	rolling	treatment	depend	on	the	

direction.	 	 From	 Figure	 2-13	 [5],	 the	 extent	 of	 the	 residual	 stress	 in	 the	 tangential	
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direction	 is	 smaller	 than	 in	 the	 axial	 direction,	 owing	 to	 the	 smaller	 in	 amount	 of	 the	

deformation	hindrance	in	the	direction	of	rolling	than	transverse	to	the	rolling	direction.	

A	 large	 number	 of	 deformations	 also	 lead	 to	 greater	 penetration	 depths	 of	 the	

compressive	residual	stresses	[21,170].		

	

	
Figure	 2-13	 Diagrams	 illustrate	 a	 correlation	 between	 residual	 stress	 and	 surface	

distance	[2]	

	

A	 loss	 of	 the	 strength	 in	 the	 steel	 is	 mostly	 caused	 by	 residual	 stress	 relaxation.	 I.	

Altenberger	 [4]	 found	 that	 the	 relaxation	 of	 the	 residual	 stress	 in	 the	 austenitic	 phase,	

which	 is	approximately	 two	thirds	higher	than	that	of	 the	martensitic	phase,	relaxes	by	

less	than	50%.	This	information	is	vital	for	dual-phase	steel,	because	it	causes	a	difference	

in	the	relaxation	of	the	residual	stress	between	the	surface	and	the	core.	A.	Ebenau	[40]	

discovered	that	the	maximum	residual	stress	relaxation	takes	place	approximately	0.025	

mm	beneath	the	surface	at	N	≥	100	cycles.	Correspondingly,	 the	stress	decreases	as	the	

distance	to	the	surface	increases,	as	shown	in	Figure	2-14.	The	relaxation	of	the	residual	

stress	can	be	retarded	by	the	static/dynamic	strain	aging	effects	[102].	
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Figure	 2-14	 Schematic	 illustration	 of	 the	 residual	 stress	 in	 longitudinal	 direction	 in	

correlation	with	the	half	widths	and	the	number	of	cycles	to	failure	for	shot	peened	SAE	

1045	in	a	normalized	state	[2]	
	

The	 effects	 of	 the	 static-	 and	 dynamic	 strain	 aging	 are	 mainly	 due	 to	 the	 diffusion	 of	

interstitial	 atoms	 (C,	 N,	 B),	 which	 diffuse	 and	 accumulate	 in	 the	 stress	 field	 of	 step	

dislocations	due	 to	elastic	deformation.	 	A	dislocation	pinning	by	 the	 interstitial	 atoms,	

which	is	called	Cottrel	clouds,	obstructs	the	mobility	of	the	dislocations	and	consequently	

a	strength	increase.	In	order	for	plastic	deformation	to	take	place,	the	dislocations	must	

be	torn	from	the	foreign	atom	clouds	before	they	can	move	over	the	slip	plane	at	a	lower	

stress	level.	The	formation	of	Cottrel	clouds	around	a	vertical	displacement	is	called	static	

strain	 aging.	 The	 static	 strain	 aging	 can	 also	 take	 place	 at	 room	 temperature	 by	 the	

mobility	 of	 the	 carbon	 atoms.	 It	 pronounces	 upper	 and	 lower	 yield	 strengths	 carbon-

alloyed	steels	as	could	be	seen	in	(Figure	2-15)	[51].	The	first	curve	shows	a	simple	quasi-

static	 tensile	 strain	 with	 a	 typical	 yield	 strength.	 After	 a	 short	 break,	 there	 is	 no	

pronounced	 yield	 strength	 found	when	 the	 carbon	 steel	 is	 loaded	 again	 [139].	 Curve	3	

displays	a	course	that	resulted	after	prolonged	unloading.	Once	again,	a	pronounced	yield	

strength	is	formed	with	significantly	higher	than	in	curve	1.	It	could	be	assume	that	new	

dislocations	 were	 formed.	 This	 contribution	 leads	 to	 a	 further	 increase	 in	 the	 fatigue	

strength	in	comparison	to	a	pure	mechanical	surface	treatment.	The	change	in	the	surface	

state	at	a	given	temperature	and	constant	time	is	depicted	in	Figure	2-16	[143].	There	are	

three	 areas:	 1)	 formation	 of	 carbon-	 and	 carbide	 clouds	 slip	 dislocation,	 2)	 dislocation	

movement	 blocked	 by	 the	 carbon-	 and	 carbide	 clouds,	 3)	 accelerated	 dislocation	

movement	by	carbide	coarsening.	
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Figure	 2-15	 Schematic	 illustration	 of	 the	 stress-strain	 curve	 represents	 the	 yield	

strength	effect	of	static	strain	aging	[51]	

	

	
Figure	2-16	Schematic	 illustration	of	the	relative	change	of	the	boundary	layer	state	 in	

correlation	with	the	temperature	[143]	

	

As	the	temperature	increases,	the	impurities	reach	a	level	of	mobility	that	enables	them	

to	 follow	and	attach	 themselves	 to	 the	dislocations.	This	 effect	 is	 called	dynamic	 strain	

aging	 [51].	 The	 serrated	 curves	 in	 Figure	 2-17	 shows	 the	 stress-strain	 diagram	 of	 a	

material	undergoing	dynamic	strain	aging.	This	is	also	known	as	the	Portvin-Le	Chatelier	

effect	 [32].	 The	 strain	 aging	 effect	 has	 the	 following	 characteristics	 [106]:	 1)	 unstable	

plastic	deformation	(Portvin-Le	Chatelier	effect),	2)	additional	consolidation,	3)	increased	

dislocation	density	and	4)	change	of	transfer	structures.	

	



	16	

	
Figure	2-17	Stress-Strain	curve	with	Portvin-Le	Chatelier	effect	[51]	

	

Dynamic	strain	aging	occurs	in	both	ferritic	[27,36,50,57,90]	and	austenitic	[71,131,151]	

steels.	While	strain	hardening	in	ferritic	steels	is	caused	by	interstitially	dissolved	atoms	-	

such	 as	 C,	 N	 and	 B	 -,	 strain	 aging	 in	 other	 alloys	 is	 caused	 by	 substitutional	 dissolved	

atoms.	 In	 lower	 temperature	 ranges	 (300	 -	 400	 °C),	 strain	 aging	 of	 α’-martensite	 was	

found	 in	cold-worked	AISI	304L	(X3CrNi18-10)	 [131,148].	 In	austenitic	 stainless	steels,	

dynamic	 strain	 aging	 is	 caused	 by	 a	mutual	 interaction	 of	 chromium	 and	 nickel	 atoms	

with	dislocations	occurring	at	temperatures	around	0.5Ts	(575	°C)	[81,165].	Figure	2-18,	

in	the	lower	temperature	range	(250	-	350	°C),	the	dynamic	strain	aging	occurs	by	C	and	

N	conditional	dislocation	pinning.	In	the	range	of	400	°	C	to	650	°	C,	the	strain	aging	is	due	

to	substitutional	atoms	such	as	Cr	and	Ni.	

	

	
Figure	2-18	Stress-Strain	curves	of	AISI	316L	[72]	
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2.2.5 The	Effect	of	Deep	Rolling	Temperatures	on	Microstructures	of	Steel	

	

I.	 Nikitin	 [114-115]	 studied	 the	 influence	 of	 deep	 rolling	 temperatures	 on	 the	 cyclic	

behavior	 of	 AISI	 304.	 He	 found	 that	 AISI	 304	 was	 sensitive	 to	 temperature.	 The	

temperature	 combined	with	 external	 force	 induces	 a	martensitic	 transformation	 in	 the	

region	near	the	surface	(see	Figure	2-19).	Figure	2-20	illustrates	the	distributions	of	the	

residual	 stress	 in	 the	 depths	 of	 the	material	 and	 the	work	 hardening	 of	 AISI	 304	 after	

deep	rolling	at	different	temperatures.	Surface	treatment	in	the	layer	near	the	surface	of	

metallic	 materials	 leads	 to	 a	 rearrangement	 of	 existing	 lattice	 defects.	 In	 addition,	

twinning	and	phase	transformation	occurred	in	austenitic	stainless	steels.	The	dislocation	

density	and	dislocation	arrangement	depend	on	 the	amount	of	plastic	deformation,	 the	

deformation	temperature	and	the	deformation	velocity	[43,140,167].		

	

(a) (b)	 	

Figure	 2-19	 Images	 illustrate	 (a)	 the	microstructures	at	 the	surface	 region	and	(b)	 the	

depth	distributions	of	the	martensitic	content	of	AISI	304	after	deep	rolling	[119]	

	

(a) (b) 	

Figure	 2-20	 Images	 illustrate	 (a)	 the	 depth	 distributions	 of	 the	 residual	 stress	 in	

longitudinal	direction	and	(b)	the	FWHM	values	of	AISI	304	after	deep	rolling	[119]	
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2.3 Corrosion	Behavior	of	Austenitic	Stainless	Steel		
	

2.3.1 Corrosion	

	

Corrosion	 reaction	 is	 an	 electrochemical	 reaction	 of	 a	 metallic	 material	 with	 an	

environment,	 which	 could	 generally	 found	 in	 nature.	 However,	 the	 chemical	 or	metal-

physical	reaction	can	be	found	in	some	case	due	to	the	transition	of	the	metal	atoms	from	

a	 metallic	 to	 non-metallic	 state	 in	 chemical	 compounds.	 It	 causes	 the	 damages	 of	 the	

metallic	material	on	the	surface	region	and	also	leads	to	an	impairment	of	the	mechanical	

function	or	an	entire	system.	 In	nature,	 the	metals	are	generally	 formed	in	an	oxide-	or	

sulfide	 compound	 causes	 by	 a	 thermodynamic	 imbalance.	 It	 depicts	 by	 the	 Law	 of	

Faraday,	which	represents	a	correlation	between	the	corroded	metal	mass	m	in	g	and	the	

quantity	of	electricity	Q	in	coulombs	(C)	(see	Equation	2-6).	When	M	is	molecular	weight	

in	kg/mol,	z	is	the	valency	number	of	metal	ions	and	F	is	the	Faraday	constant.	

	

! =  !×!! × !																																																																																											 	 (Equation	2-6)

	 		

2.3.2 The	Corrosion	Resistance	Mechanism	of	Stainless	Steel	

	

A	 key	 element	 for	 corrosion	 protection	 is	 chromium,	 which	 should	 make	 up	 at	 least	

10.5%	of	a	stainless	steel.	The	stainless	steel	should	contain	≤	0.03%	carbon	due	to	the	

risk	 for	 the	 formation	 of	 chromium	 carbide	 precipitate	 at	 the	 grain	 boundary,	 which	

causes	 intergranular	 corrosion	 [10,35,123,155].	 Besides	 austenite	 stabilizers,	 such	 as	

nickel,	 manganese	 and	 nitrogen	 are	 beneficial	 for	 the	 corrosion	 resistance	 of	 stainless	

steel.	 Molybdenum,	 niobium	 and	 titanium	 are	 also	 added	 into	 the	 stainless	 steel	 to	

increase	the	corrosion	resistance	of	the	stainless	steel	[10,155,164].	

	

A	 protection	mechanism	 of	 stainless	 steel	 at	 low	 temperatures	 is	 the	 passivation	 of	 a	

hydrated	oxide	 film	 [10].	At	 a	high	 temperature,	 it	 is	 an	oxide	 film	 [11].	Therefore,	 the	

presence	of	oxygen	 is	significant	 for	corrosion	protection	of	stainless	steel.	 	The	 lack	of	

oxygen	can	pose	the	risk	of	aeration	corrosion.	
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A	common	steel	could	stand	the	contamination	of	chloride	ion	up	to	approximately	600	

ppm	in	water	[125].	AISI	304/304L	and	AISI	316/316L	could	stand	in	water	at	ambient	

temperature	with	up	to	1000	ppm	chloride	[11,54].	An	increasing	of	chloride	ion	leads	to	

a	 formation	of	pitting	corrosion	and	 intergranular	SCC	 [15].	Figure	2-21	represents	 the	

risk	 for	 corrosion	 attack	 of	 austenitic	 stainless	 steel	 as	 a	 function	 of	 temperature	 and	

chloride	 level	 [127].	 It	could	be	seen	that	 the	SCC-corrosion	 in	austenitic	stainless	steel	

AISI	 304	 and	 AISI	 316	 starts	 when	 temperature	 reaches	 up	 to	 50	 °C.	 The	 corrosion	

reaction	 in	 water	 is	 described	 by	 Pourbaix	 diagram	 (see	 Figure	 2-22).	 The	 general	

reactions	 for	 corrosion	 in	 fresh	 water	 are	 shown	 in	 equations	 2-7,	 equation	 2-8	 and	

equation	2-9	[88].	

	

	
Figure	 2-21	Risk	of	pitting	 (solid	 line)	and	crevice	 corrosion	 (dashed	 line)	of	 stainless	

steel	in	oxygen	saturated	waters	with	varying	chloride	levels	[11]	

	

	
Figure	2-22	Potential	pH	(Pourbaix)	diagram	for	iron	at	25	°C	in	water	[146]	

	 	



	20	

!" → !"!!  + 2!!		 	 	 anodic	partial	reaction	 	 (Equation	2-7)	

	

2!! +  2!!  → !!	 	 	 cathodic	partial	reaction	 	 (Equation	2-8)	

	

!" +  2!!  →  !"!! +  !!	 	 overall	reaction	 	 	 (Equation	2-9)	

	

The	H+	ion	in	water	can	react	with	the	metal	surface	and	causes	metal	surface	to	corrode.	

Fe2+	 ion	 and	 H2	 gas	 are	 the	 products	 of	 corrosion	 reactions	 [10,163].	 The	 principal	

reactions	of	pitting	corrosion	that	take	place	in	chloride	solution	are	shown	in	equation		

2-10,	equation	2-11	and	equation	2-12	[88].	

	
!
!!! +  !!! +  2!!  →  2(!")! 		 	 Cathodic	partial	reaction	 (Equation	2-10)	

	

!"#$! +   2!!! →  !"(!")! + 2!"#	 	 	 	 	 (Equation	2-11)	

	

Fundamental	 equations	 for	 pitting	 corrosion	 and	 the	 corrosion	 of	 metals	 in	 chloride	

solution	are	equation	2-11	and	equation	2-12.	The	chloride	ion	reacts	with	the	H+	in	the	

water	and	produces	HCl	acid,	which	decreases	the	pH	value	of	the	solution	[89].	

	

!"! +  2!"#(!")  →  !"#$!(!") +  !!(!)	 	 	 	 	 (Equation	2-12)	

	

The	pitting	mechanism	is	depicted	in	Figure	2-23.	The	corrosion	pit	starts	to	form	after	

the	passivation	film	has	been	damaged.	An	anodic	reaction	occurs	on	the	stainless	steel	

surface,	while	a	cathodic	reaction	takes	place	at	the	interface	between	the	metal	surface	

and	solution	[11].	The	loss	of	the	metal	ion	causes	the	surface	to	roughen,	leading	to	the	

collection	 of	 corrosion	 products,	 including	 HCl.	 The	 HCl	 decreases	 the	 pH	 value	 in	 the	

local	area	and	leads	to	a	corrosion	attack	[11,56,57].	Moreover,	the	corroded	pit	plays	an	

important	role	in	corrosion	fatigue.	The	pit	acts	as	fatigue	crack	initiation	site	(see	Figure	

2-24)	[110,111].		
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Figure	2-23	Schematic	illustration	of	pit	initiation	on	the	surface	of	steel	[95,171]	

	

(a) (b) 	

Figure	2-24	Fractographies	at:	(a)	specimen	surface	and	(b)	fracture	surface	of	FV520B	

after	a	fatigue	test	in	a	5%	NaCl	salt-spray	at	75	°C	[173]	

	

2.3.3 The	 Influence	of	Surface	Modification	on	Corrosion	Resistance	

Behavior	of	Austenitic	Stainless	Steel	

	

Heat	treatment	is	not	recommended	for	austenitic	stainless	steel,	because	it	promotes	the	

formation	 of	 chromium	 carbide	 precipitates	 at	 the	 grain	 boundary,	 and	 can	 cause	

corrosion	damage	 [10,155,164].	The	 temperature	 range	470	–	870	 °C	 is	 critical	 for	 the	

formation	of	chromium	carbide	at	the	grain	boundary,	causing	a	depleted	zone	to	develop	

and	 posing	 a	 risk	 for	 an	 intergranular	 SCC	 corrosion	 [10].	 A	 time-temperature-

sensitization	curve	(Figure	2-25)	is	used	to	prevent	the	creation	of	a	depleted	zone	during	

heat	treatment	[9].	
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Figure	 2-25	Time–Temperature-Sensitization	curves	of	AISI	304	 in	a	mixture	of	CuSO4	

and	H2SO4	containing	a	free	copper	environment	[101].	

	

A	rough	surface	tends	to	collect	moisture,	salt,	or	metal	particles	and	leads	to	be	sensible	

to	localize	corrosion	attacking	[12].	According	to	the	study	of	M.	C.	Young	[176],	residual	

stress	 is	 effective	 for	 corrosion	protection.	 Compressive	 residual	 stress	 tends	 to	 retard	

fatigue	 crack	 propagation	 after	 the	 passivation	 film	 has	 been	 broken.	 M.	 Nakajima	

[110,111]	 found	 that	 plastic	 deformation	 caused	 by	 shot	 peening	 increases	 the	

susceptibility	 of	 AISI	 304	 to	 SCC	 and	 corrosion	 fatigue	 cracking.	 He	 assumed	 that	 an	

increase	 in	 hardness	 at	 the	 surface	 causes	 it	 to	 be	 more	 susceptible	 for	 corrosion	

formation.	 Q.	 Wu	 [175]	 found	 that	 the	 corrosion	 fatigue	 of	 FV520B	 begins	 in	 the	

corrosion	 pit.	 	 Moreover,	 the	 meta-stable	 austenitic	 phase	 could	 transform	 to	 a	

martensitic	phase	at	room	temperature	owing	to	stress-/strain	induced	deformation.	A.	V.	

Bennekom	 [20]	 studied	 the	 influence	 of	martensite	 on	 corrosion	 behaviors	 in	 12%	 Cr-

steel.	He	found	a	relation	between	the	martensitic	content	and	the	corrosion	protection	of	

steel	 (see	 Figure	 2-26).	 An	 increase	 in	 the	martensitic	 content	 decreases	 the	 corrosion	

protection	of	the	steel.	
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Figure	2-26	Effect	of	the	martensitic	content	on	the	rate	of	uniform	and	pitting	corrosion	

of	 the	 unstabilized	 alloy.	 The	 temperatures	 indicate	 the	 holding	 temperatures	 after	

annealing	[20]	

	

2.3.4 The	 Corrosion	 Resistance	 Behavior	 of	 AISI	 304	 after	 Deep	
Rolling	at	Various	Temperatures	

	

The	influence	of	the	microstructures	at	near	surface	layer	of	the	AISI	304	on	the	corrosion	

resistance	 behaviors	 after	 deep	 rolling	 at	 different	 temperatures	 were	 studied	 by	 S.	

Schneider	[137].	AISI	304	was	deep	rolled	at	room	temperature	 	(20	°C;	RTDR),	550	°C	

(HTDR)	and	-192	°C	(CTDR)	using	3	various	pressures	–	1.0,	1.7	and	2.4	bar.	Afterward,	it	

was	immersed	in	a	5%	NaCl	solution	and	tested	for	corrosion	using	a	polarization	curve.	

In	addition,	the	corrosion	test	was	performed	using	the	OCP	for	2	hours,	ECN	for	11	hours	

and	EIS	methods	for	0.5	hour.	The	experiment	repeated	10	times.		

	

2.3.4.1 Characterization	of	the	Surface	State	

	

The	workpieces	were	characterized	and	shown	in	Figure	2-27	–	Figure	2-30.	The	residual	

stresses	were	measured	in	the	austenitic	phase.	Except	for	those,	the	residual	stresses	of	

CTDR	 condition	were	measured	 in	martensitic	 phase.	 The	 compressive	 residual	 stress	

increased	 analogous	 to	 the	 increasing	 deep	 rolling	 pressure	 in	 all	 cases,	 except	 for	 the	

HTDR	conditions.		
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(a) (b) 	

Figure	2-27	Diagrams	of:	(a)	the	residual	stress	and	IW	in	the	austenitic	phase	and	(b)	

the	residual	austenitic	content	of	untreated	AISI	304	and	after	deep	rolling	at	20	°C	[137]	

	

(a) (b) 	

Figure	2-28	Diagrams	of	the	residual	stress	and	IW	in:	(a)	the	austenitic	phase	and	(b)	

the	martensitic	phase	of	untreated	AISI	304	and	after	deep	rolling	at	-192	°C	[137]	

	

	
Figure	 2-29	Diagram	of	 the	residual	austenitic	content	of	untreated	AISI	304	and	after	

deep	rolling	at	-192	°C	[137]	
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Figure	2-30	Diagram	of	the	residual	stress	and	IW	in	the	austenitic	phase	of	untreated	

AISI	304	and	after	deep	rolling	at	550	°C	[137]	

	

2.3.4.2 Polarization	Curve	Result	

	

Cathodic	and	anodic	polarizations	are	transverse	in	one	cycle.	The	DC	voltage	is	changed	

linearly	 over	 time,	 which	 results	 in	 the	 potential	 changing	 linearly.	 The	 change	 in	 the	

current	was	recorded	during	the	experimental	period.	The	anodic	reaction	occurred	first	

until	 a	 specific	 current	 density	was	 reached,	 then	 the	 polarization	 in	 cathodic	 reaction	

occurred.	The	self-adjusting	currents	are	measured	and	calculated	by	equation	2-13.		

	

!!"!#$ =  !!"#$%&#!'  +  !!"#$%&'()	 	 	 	 	 	 (Equation	2-13)	

	

In	potentiostatic,	the	potential	is	shifted	by	external	excitation	and	kept	at	the	same	level	

throughout	 the	 entire	 duration	 of	 the	 experiment	 until	 the	 measured	 current	 density	

reaches	a	constant	value.	In	Figure	2-31,	at	the	point	of	the	equilibrium	potential	(UR),	the	

total	 current	 density	 is	 =	 0	 since	 both	 partial	 currents	 of	 the	 anodic	 and	 the	 cathodic	

reaction	 diminish	 each	 other.	 If	 polarization	 is	 caused	 by	 external	 excitation	 in	 the	

cathodic	 direction,	 the	 anodic	 partial	 current	 density	 is	 inhabited	 while	 the	 cathodic	

partial	current	density	is	accelerated.	When	applying	polarization	in	the	anodic	direction,	

the	 cathodic	 partial	 current	 density	 is	 inhabited	 and	 the	 anodic	 partial	 current	 density	

rises,	which	leads	to	increased	metal	dissolution.	
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Figure	 2-31	 A	 correlation	 between	 current	 density	 and	 potential	 of	 a	 simple	

homogeneous	metal	electrode	[96]	

	

Figure	2-32	schematically	 illustrates	a	current	density	 in	correlation	with	potential	of	a	

passivatable	 metal.	 If	 polarization	 starts	 in	 the	 anodic	 direction	 beginning	 at	 the	

equilibrium	 potential	 UR	 point,	 the	 summation	 of	 the	 current	 density	 increases	 in	

correlation	with	the	increasing	potential.	The	corrosion	is	occurred	in	this	period,	which	

is	 called	 activation	 period.	 The	 current	 density	 reaches	 a	maximum	 (imax	 =	 passivation	

current	density	 iP)	 at	 the	passivation	potential	UP.	Thereafter,	 it	declines	 to	 the	passive	

resolution	current	density	iA	at	the	activation	potential	UA.	The	corrosion	on	the	surface	

region	 of	 steel	 is	 inhabited	 in	 this	 period,	 which	 is	 called	 passivation	 period.	 At	 UA,	

passivation	is	complete	and,	from	UD	onward,	the	current	density	rises	again	due	to	the	

onset	 of	 pitting	 corrosion.	 This	 period	 is	 called	 transpassivation	 period.	 This	

phenomenon	is	called	active-passive	phenomena,	which	can	be	found	in	stainless	steel.	

	

	
Figure	2-32	Current	density	of	passivatable	metal	in	correlation	with	potential	[96]	
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The	 quality	 of	 the	 passivation	 layer	 can	 be	 predicted	 using	 this	 method.	 The	 nobler	

materials	 extend	 the	 breakthrough	 potential	 (UB)	 of	 the	 passivation	 layer.	 After	 the	

passivation	 film	 has	 been	 broken,	 the	 passivation	 film	 begins	 self-repair.	 The	

repassivation	potential	(UR)	in	the	polarization	curve	represents	this	process.	

	

Potentiodynamic	polarization	curves	of	untreated	AISI	304	in	comparison	with	one	after	

deep	rolling	at	20	°C,	550	°C	and	-192	°C	were	shown	in	Figure	2-33	–	Figure	2-35.	

	

	
Figure	 2-33	 Polarization	 curves	 of	 untreated	 AISI	 304	 and	 after	 deep	 rolling	 at	 20	 °C	

[137]	

	

	
Figure	2-34	Polarization	curves	of	untreated	AISI	304	and	after	deep	rolling	at	-192	°C	

[137]	
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Figure	 2-35	Polarization	curves	of	untreated	AISI	304	and	after	deep	rolling	at	550	°C	

[137]	

	

2.3.4.3 Open	Circuit	Potential	Result	

	

The	potential	 of	 the	 open	 circuit	 potential	 (OCP)	 (results	 in	 Figure	2-36	 -	 Figure	2-38)	

measurement	provides	information	about	the	tendency	of	materials	to	be	susceptible	to	

corrosion.	 The	 higher	 the	 OCP-potential	 leads	 to	 the	 higher	 the	 possibility	 to	 protect	

corrosion	attack.		

	

	
Figure	2-36	A	correlation	between	corrosion	potential	and	time	using	the	OCP	method	

measuring	for	untreated	AISI	304	and	after	deep	rolling	at	20	°C	[137]	

	

The	 OCP	method	 involves	 a	 corrosion	 system	 in	which	 no	 excitation	 from	 an	 external	

voltage	 source	 is	 supplied.	 Reactions	 at	 the	 boundary	 between	 the	 working	 electrode	

(sample)	and	the	electrolyte	are	examined.	The	working	electrode	potential	is	measured	

in	comparison	 to	a	 reference	electrode	potential	using	a	high-resistance	voltmeter.	The	
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measured	 voltage	 UMeas	 is	 the	 difference	 calculated	 for	 the	 potential	 of	 the	 working	

electrode	and	the	reference	electrode	URef.		The	relationship	can	be	expressed	by	equation	

2-14.	

	

!! =  !!"#$  +  !!"#		 	 	 	 	 	 	 (Equation	2-14)	

	

	
Figure	2-37	A	correlation	between	corrosion	potential	and	time	using	the	OCP	method	

measuring	for	untreated	AISI	304	and	after	deep	rolling	at	-192	°C	[137]	

	

	
Figure	2-38	A	correlation	between	corrosion	potential	and	time	using	the	OCP	method	

measuring	for	untreated	AISI	304	and	after	deep	rolling	at	550	°C	[137]	

	

2.3.4.4 Electrochemical	Noise	Result	

	

The	electrochemical	noise	(ECN)	method	in	Figure	2-39	enables	corrosion	to	be	detected	

at	 a	 very	 early	 stage.	 The	 electrochemical	 noise	 of	 the	 currency	 reflects	 the	 current	

density	of	the	corrosion	reaction	on	an	electrode	surface.	 It	measures	the	dissolution	of	

metal	during	a	corrosion	experiment,	allowing	corrosion	reactions	to	be	observed	at	their	

onset.	 The	 temporal	 fluctuations	 of	 potentials	 or	 currents	 are	 caused	 by	 an	
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electrochemical	reaction	at	the	metal	surface	or	activation-passivation	phenomena	on	the	

surface	 of	 passivatable	 materials.	 However,	 an	 increase	 in	 electrochemical	 noise	

represents	a	higher	risk	for	corrosion,	because	it	verifies	damage	of	the	passivation	layer,	

which	can	lead	to	localized	corrosion	[49,67,105,161].	

	

(a) (b) 	

(c) 	

Figure	 2-39	 Diagram	 illustrates	 the	 corrosion	 potential	 and	 currency	 density	 in	

correlation	with	time	using	ECN	method	measuring	for	the	untreated	AISI	304	and	after	

deep	rolling	at:	(a)	20	°C,	(b)	-192	°C	and	(c)	550	°C	[137]	

	

2.3.4.5 Electrochemical	Impedance	Spectroscopy	Result	
	

The	Electrochemical	 Impedance	Spectroscopy	(EIS)	measurement	reflects	 the	boundary	

layer	 between	 the	 passive	 layer	 and	 the	 electrolyte.	 An	 electrochemical	 potential	 can	

reveal	defects,	inhomogeneity	of	the	surface	layer	or	a	characteristic	of	passivation	film.	

The	 real	 and	 imaginary	 impedances	 of	 AISI	 304	 after	 deep	 rolling	 at	 different	

temperatures	 are	 depicted	 in	 Figure	 2-40	 using	 the	 Nyquist	 plot	 [137].	 Also,	 the	 total	

impedance	has	been	illustrating	using	the	Bode	plot	[137].	
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(a) (b) 	

(c) 	

Figure	 2-40	 Diagrams	 illustrate:	 (a)	 real	 impedance,	 (b)	 imaginary	 impedance	 and	 (c)	

total	impedance	in	correlation	with	time	using	EIS	method	for	the	untreated	AISI	304	and	

after	deep	rolling	at	20	°C,		-192	°C	and	550	°C	[137]	

	

In	 EIS,	 an	 alternating	 current	 (AC)	 voltage	 source	 is	 applied	 to	 the	 workpiece	 with	

varying	frequency	is	varied.	The	phase	shift	φ	(time	shift)	from	AC	to	AC	are	measured.	In	

general,	 the	 current	 and	 voltage	 reach	 their	 maximum	 values	 at	 offset	 times.	 The	

impedance	represents	the	resistance	to	the	AC,	which	depicted	by	Ohm	law	in	equation	2-

15.				

	

! =  !"	 	 	 	 	 	 	 	 	 (Equation	2-15)	

	

The	impedance	is	equal	an	extent	of	the	resistance	when	the	phase	shift	φ	of	the	potential	

E	and	current	I	are	zero.	The	extent	of	the	impedance	could	be	calculated	by	equation	2-

16.	

	

! =  !! !"#!"
!! !"#(!"!!")

	 	 	 	 	 	 	 	 (Equation	2-16)	
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The	impedance	is	consistent	the	real	and	imaginary	parts.	The	relationship	between	the	

impedance,	the	real	and	the	imaginary	parts	is	shown	in	equation	2-17.	

	

! =  !!"#$! + !!"#$! 	 	 	 	 	 	 	 (Equation	2-17)	

	

The	 real	 part,	 the	 imaginary	 part	 and	 the	 impedance	 were	 able	 to	 be	 determined	 by	

measuring	 the	 time	 dependent	 quantities	 U,	 I	 and	 φ.	 The	 frequency	 spectrum	 can	 be	

created	from	the	time	dependent	signals	using	the	Fourier	transformation.	Equation	2-18	

to	equation	2-20	illustrate	the	trigonometric	relationship.	

	

!!"#$ =  ! ∙ cos(!)	 	 	 	 	 	 	 	 (Equation	2-18)	

	

!!"#$ =  ! ∙  sin(!)		 	 	 	 	 	 	 (Equation	2-19)	

	

! =  !"#$!% !!"#$
!!"#$

	 	 	 	 	 	 	 	 (Equation	2-20)	

	

The	 impedance	 can	 be	 transformed	 into	 an	 electrical	 circuit	 pattern	 for	 predicting	 the	

behavior	of	the	electric	current	under	the	stipulated	condition.		To	explain	the	behavior	of	

steel,	 the	 Nyquist	 plot	 is	 calculated	 and	 plotted	 as	 an	 equivalent	 circuit.	 When	 the	

resistance	 RL	 is	 equivalent	 to	 the	 conductivity	 of	 the	 solution,	 the	 resistance	 RD	

corresponds	to	the	surface	resistance	of	the	metal.	The	capacitor	is	indicative	the	double	

electric	 layer	 that	 forms	 between	 the	 metal	 and	 solution	 (see	 Figure	 2-41)	

[49,59,153,161,162].	

	

	
Figure	2-41	Equivalent	circuit	for	metal	in	Randle	solution	[137]	
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The	 results	 from	 the	 EIS	 measurements	 of	 deep	 rolled	 AISI	 304	 were	 compared	 (see	

Figure	2-40)	[137].	The	aim	of	this	study	is	to	examine	the	corrosion	resistance	behavior	

of	 different	 material	 states	 of	 the	 AISI	 304.	 The	 residual	 stress	 distribution	 and	

martensitic	 content	 were	 determined	 using	 x-ray	 diffraction	 (see	 Figure	 2-27	 -	 Figure	

2-30).	 Increasing	the	deep	rolling	pressure	tended	to	 increase	the	compressive	residual	

stress	and	 led	 to	 the	 formation	of	a	 strain	 induced	martensitic	 transformation	phase	at	

the	 region	 near	 the	 surface.	 No	 significant	 differences	 were	 found	 in	 the	 ECN	

measurement	 (Figure	 2-39).	 The	 current	 and	 voltage	 noises	 were	 close	 to	 each	 other	

except	for	two	outliers	for	all	samples.	Moreover,	the	OCP	measurements	(Figure	2-36	-	

Figure	2-38)	showed	that	the	CTDR	(deep	rolled	AISI	304	at	-192	°C)	did	not	reach	their	

maximum	value	because	of	 the	 limited	measurement	period.	The	highest	OCP	potential	

was	 recorded	 for	 CTDR.	 It	 represents	 the	maximum	value	 for	 the	 corrosion	 resistance.	

From	polarization	curve	(Figure	2-33	-	Figure	2-35),	the	highest	breakdown	potential	is	

found	in	CTDR	condition.	It	represents	the	highest	stability	of	the	passivation	film	of	this	

condition.	Additionally,	AISI304	displays	 relatively	 small	hysteresis	 loops	 for	 the	HTDR	

(deep	 rolled	AISI	 304	 at	 550	 °C),	which	 indicates	 the	 presence	 of	 a	 smaller	 number	 of	

corrosion	pits.	In	the	EIS	measurement	(Figure	2-40),	the	lowest	impedances	for	AISI	304	

were	recorded	in	HTDR.	It	represents	the	minimum	value	for	the	resistance	to	corrosion	

of	this	condition.	

	

2.4 Fatigue	Endurance	Behavior	of	Austenitic	Stainless	Steel	
	

Fatigue	 is	 the	damage	 that	 occurs	 in	materials	when	 they	 are	 subject	 to	 cyclic	 loading.	

There	are	3	different	 types	of	 cyclic	 loading:	 tension-compression,	 torsion	and	 rotation	

bending	 [10,19].	 Wöhler	 diagram,	 which	 was	 created	 by	 Wolfgang	Wöhler,	 is	 used	 to	

explain	 the	 fatigue	behavior	of	steel.	The	diagram	contains	2	axes:	 the	stress	amplitude	

and	the	number	of	cycles	until	failure	occurs	[29].	Cyclic	stress	can	be	applied	in	form	of	

mechanical,	 thermal	 or	 thermomechanical	 loading.	 A	 metallic	 material	 can	 display	 a	

significantly	 lower	 strength	 when	 subject	 to	 an	 oscillating	 load	 compared	 to	 its	 static	

strength	 [1]	 because	 of	 microstructural	 changes.	 Basquin	 identified	 a	 relationship	

between	the	stress	amplitude	and	the	number	of	cycles	of	failure	[17].	This	relationship	

can	be	seen	in	equation	2-21.	
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!! =  !!!!	 	 	 	 	 	 	 	 	 (Equation	2-21)

	 	 		

In	1953,	Manson	[100]	and	Coffin	[33]	discovered	that	the	life	of	a	material	under	cyclic	

loading	is	related	to	the	amplitude	of	plastic	strain	(see	Equation	2-22).	One	advantage	of	

this	relationship	is	the	fact	that	it	makes	it	possible	to	estimate	the	fatigue	lifetime	of	the	

material	at	different	testing	temperatures.		

	

!!,!" =  !!!!	 	 	 	 	 	 	 	 	 (Equation	2-22)

	 	

	

2.4.1 Fatigue	Endurance	Mechanism	

	

The	 mechanism	 of	 fatigue	 is	 separated	 into	 5	 steps:	 the	 lattice	 defect,	 slip	 tears,	 the	

occurrence	of	micro-cracks,	the	growth	of	micro-cracks	and	fracture	[112].	Cracks	usually	

form	at	the	surface	or	in	areas	of	discontinuity	near	the	surface,	such	as	voids,	the	grain	

boundary,	 or	 inclusions	 [34,108].	 The	 persistent	 slip	 band	 (PSB)	moves	 due	 to	 plastic	

deformation.	 Dislocations	 retard	 the	 movement	 of	 the	 PSB.	 Since	 the	 stress	 is	

concentrated	at	the	crack	tip,	crack	propagation	occurs	when	the	plastic	deformation	at	

the	crack	tip	is	greater	than	the	grain	size	[46].		The	crack	grows	owing	to	tensile	stress.	

The	crack	size	can	be	calculated	using	Paris’s	law	(Equation	2-23)	[23,34].	

	

	�! =  �! Π!"	 	 	 	 	 	 	 	 (Equation	2-23)		

	

Fatigue	can	be	classified	into	2	types:	high	cycle	fatigue	(HCF)	and	low	cycle	fatigue	(LCF).	

The	104	or	105	cycles	of	cyclic	loading	are	used	to	separate	the	HCF	from	the	LCF	region	

[70].	 Hysteresis	 is	 used	 to	 explain	 the	material	 behaviors	 under	 cyclic	 loading.	Mutual	

plots	 create	 a	 hysteresis	 loop	 (Figure	 2-42)	 [96,97].	 The	 plastic	 strain	 amplitude	

characterizes	 the	cyclic	deformation	behavior	of	 the	material	 in	a	 stress-controlled	 test	

procedure.	An	increase	or	decrease	of	the	plastic	strain	amplitude	in	correlation	with	the	

number	of	cycles	is	referred	to	as	cyclic	softening.	The	materials	that	exhibit	cyclic	often	

degrade	throughout	the	course	of	their	lifetime	[149].	
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Figure	2-42	A	hysteresis	loop	[96]	

	

I.	 Nikitin	 [122]	 studied	 the	 cyclic	 behavior	 of	 AISI	 304	 after	 deep	 rolling	 at	 different	

temperatures.	He	 found	 that	an	 increase	 in	 the	deep	rolling	 temperature	 influences	 the	

fatigue	endurance	of	the	steel,	as	shown	in	Figure	2-43.	Deep	rolling	at	550	°C	enhances	

the	 fatigue	 strength	 and	 lifetime	 of	 AISI	 304.	 The	 fatigue	 strength	 of	 AISI	 304	 is	 also	

increases	when	the	fatigue	test	performed	at	300	°C	and	500	°C,	(see	Figure	2-44).		

	

	
Figure	2-43	S-N	curves	of	untreated	AISI	304	and	after	surface	treatments	[115]	

	

The	 changes	 in	 the	 surface	 state	 during	 cyclic	 loading	 were	 observed	 [3,62,113-

115,117,118,142].	 The	 magnitude	 of	 compressive	 residual	 stress	 proved	 to	 have	 no	

significant	influence	on	the	fatigue	behaviors	of	the	steel.	However,	the	relaxation	of	the	

compressive	residual	stress	plays	an	essential	role	for	the	fatigue	behaviors	of	steel	[26].		

Furthermore,	work-hardening	 effects	 retard	 the	 relaxation	 of	 the	 compressive	 residual	
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stress.	 The	 compressive	 residual	 stress	 is	 caused	 by	 volumetric	 expansion	 caused	 by	

martensitic	transformation	phase.					

	

(a) (b)	 	

Figure	2-44	S-N	curves	of	untreated	and	deep	rolled	AISI	304	after	tension-compression	

fatigue	testing	at:	(a)	300	°C	and	(b)	500	°C	[115]	

	

Figure	 2-45	 illustrates	 how	 metastable	 austenitic	 stainless	 steels	 exhibit	 martensitic	

transformation	with	cyclic	deformation	when	applied	stress	below	Md	temperature	[78].	

The	 plastic	 strain	 amplitude	 and	 temperature	 control	 an	 extent	 of	 martensitic	

transformation	[18,30].	The	plastic	strain	cumulates	during	cyclic	loading.	The	higher	the	

plastic	strain	amplitude	leads	to	the	smaller	the	cumulative	plastic	strain.	The	occurrence	

of	martensitic	transformation	depends	on	the	chemical	composition.	

	

	
Figure	 2-45	 Schematic	 illustration	 of	 the	 yield	 strength	 and	 strain	 rate	 in	 correlation	

with	temperature	[78]	
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Compressive	 residual	 stress	 has	 a	 favorable	 effect	 on	 fatigue	 crack	 propagation	 [139].	

Work	 hardening	 has	 a	 distinctly	 positive	 influence	 on	 crack	 formation	 [58,93,143]	 and	

also	 reduces	 the	 plastic	 deformation	 under	 cyclic	 loading	 [85].	 Work	 hardening	 also	

influences	 the	 residual	 stress	 relaxation	 [85].	The	stability	of	 the	 residual	 stress	during	

cyclic	 loading	plays	a	crucial	role	in	terms	of	the	fatigue	endurance	and	its	 lifetime.	The	

macro-	 and	 micro	 residual	 stresses	 are	 reduced	 by	 thermal,	 mechanical	 and	

thermomechanical	 stresses.	 The	 variations	 of	 residual	 stress	 caused	 by	 thermal	 stress	

were	 is	 described	 by	 Zener-Wert-Avrami	 equation	 in	 an	 equation	 2-24	

[45,68,69,86,135,143]:	

	

!!,!!"
!!"#!!" =  exp (−!"#$(− !!

!"!
)!!)!	 	 	 	 	 	 (Equation	2-24)		

	

Ta	 is	 the	 aging	 temperature,	 ta	 is	 the	 aging	 time,	 k	 is	 the	Boltzmann	 constant,	 ΔH	 is	 an	

activation	enthalpy,	m	is	a	constant	that	depends	on	the	dominant	relaxation	mechanism	

and	C	is	a	constant	that	depends	on	the	material	and	temperature.	When	ΔHA	(activation	

enthalpy	 for	 the	 dislocation	 core	 diffusion)	 ≈	 0.5ΔHs	 (activation	 enthalpy	 for	 the	 self-

diffusion	 –	 about	 2.8	 eV	 in	 α-iron),	 the	 dislocation	 core	 diffusion	 controls	 the	 residual	

stress	and	reduces	dislocation	movement.		

	

The	 residual	 stress	 reduction	 during	 cyclic	 loading	 depends	 on	 the	 strength	 of	 the	

materials	 [52,73,85].	 In	 soft	 steels,	 the	 residual	 stress	 degrades	 rapidly	 [174],	which	 is	

why	 it	 has	 a	 relatively	 small	 influence	 on	 the	 fatigue	 strength	 of	 the	 steel.	 In	medium-

strength	 steels,	 the	 residual	 stress	 has	 influence	 to	 fatigue	 strength	 of	 the	 steel	 when	

limited	 load	 is	applied.	 In	case	of	high-strength	steel,	 the	residual	stress	remains	stable	

during	cyclic	loading	and	plays	decisive	role	in	the	fatigue	strength	of	the	steel.		

	

Residual	stress	reduction	under	cyclic	loading	can	be	subdivided	into	the	following	cases	

(Figure	 2-46)	 [97]:	 Case	 1:	 residual	 stresses	 remain	 stable	 because	 neither	 the	 quasi-

static	 yield	 strength	 nor	 the	 cyclic	 yield	 strength	 are	 exceeded;	 Case	 2:	 residual	 stress	

reduction	 only	 occurs	 with	 large	 numbers	 of	 load	 cycles	 since	 only	 the	 cyclic	 yield	

strength	is	exceeded;	Case	3:	only	the	quasi-static	yield	strength	is	exceeded,	no	further	
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reduction	of	the	inherent	stress	occurs	after	the	first	cycle;	Case	4:	the	cyclic	and	quasi-

static	yield	strengths	are	exceeded,	pronounced	degradation	of	the	residual	stresses.	

	

	
Figure	2-46	Residual	stress	reduction	under	cyclic	loading	[97]	

	

Microstructural	 change	 during	 the	 fatigue	 test	 is	 determined	 by	 edge-core	 effects.	

According	to	 the	Masing	model,	a	 less	solid	core	undergoes	 larger	plastic	deformations.	

Since	 the	 individual	 elements	 have	 different	 mechanical	 properties,	 their	 stress-strain	

characteristics	 create	 stress,	 which	 contributes	 to	 the	 overall	 stress	 of	 the	 workpiece	

(Figure	2-47).	The	conditions	in	equation	2-25	were	applied	in	a	Masing	model.	

	

! =  !!  = !!  = ⋯  = !!	and	 ! = !!!!!!⋯!!!
!  	 	 	 	 (Equation	2-25)	

	 	 	 	 	 	 	

	
Figure	2-47	Masing	model	[64]	

	

Simplifications	 were	 made	 when	 employing	 this	 model.	 Each	 element	 is	 presumed	 to	

display	ideal	elastic-plastic	behavior,	each	element	has	the	same	modulus	of	elasticity	and	
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the	 elements	 display	 parallel	 deformation.	 Two	parallel	 elements	 are	 equivalent	 to	 the	

differing	mechanical	properties	between	surface	and	core	of	the	workpiece.	The	surface	

layers	are	 significantly	 stronger	 than	 the	core	material.	The	model	 can	only	provide	an	

approximate	 representation	 of	 the	 situation	 concerned,	 because	 no	 sharp	 boundary	

between	solidified	and	unconsolidated	material	areas	can	be	determined	after	a	surface	

treatment.	The	properties	change	continuously	with	increasing	distance	from	the	surface.	

	

2.4.2 Temperature-Controlled	 Tension-Compression	 Fatigue	 Test	 of	

AISI	304	after	Deep	Rolling	at	Room	Temperature	(20	°C)	

	

B.	 Aminforoughi	 [6]	 performed	 temperature-controlled	 tension-compression	 fatigue	

testing	of	AISI	304	after	deep	rolling	at	20	°C	using	3	different	pressures:	1.0,	1.7	and	2.4	

bar.	 The	 temperature-controlled	 fatigue	 testing	 was	 investigated	 using	 the	 tension-

compression	fatigue	method,	wherein	the	temperature	is	kept	below	65	°C	by	means	of	

frequency	variation	 (from	15	Hz	 to	10	Hz	and	 then	 to	5	Hz,	 respectively).	The	 residual	

stress	and	integral	width	(IW)	were	measured	and	are	shown	in	Figure	2-48.		

	

(a) (b) 	

Figure	2-48	Diagram	of:	(a)	the	residual	stress	and	(b)	the	IW	in	correlation	with	surface	

distance	of	AISI	304	after	deep	rolling	at	20	°C	[6]	

	

B.	Aminforoughi	[6]	found	that	the	strain	induced	martensitic	phase	is	transformed	from	

a	 metastable	 austenitic	 phase	 (γ)	 to	 body-centered	 cubic	 (α')	 martensite	 by	 the	 deep	

rolling	process	with	a	variation	in	content	that	results	from	the	deep	rolling	pressure	(see	

Figure	2-49).	The	deep	 rolling	process	 results	 in	 restricted	 strain	 softening	 in	 all	 cases	

(see	Figure	2-50).	However,	the	deep	rolling	process	has	beneficial	effects	on	the	fatigue	

endurance	 limit	 and	 fatigue	 lifetime	 (see	 Figure	 2-51).	 Moreover,	 B.	 Amiforoughi	 [6]	
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found	that	an	increase	in	the	residual	stress	in	the	volumetric	content	of	the	martensite	in	

the	 austenitic	 phase	 retards	 the	 growth	 of	 fatigue	 cracks.	 In	 addition,	 a	 good	 level	 of	

surface	roughness	is	achieved	by	deep	rolling	(see	Figure	2-52),	which,	 in	turn,	reduces	

the	 stress	 concentration	 area	 on	 the	 surface	 of	 steel,	 and,	 thus	 retards	 the	 initiation	of	

fatigue	cracking.		

	

	
Figure	2-49	Martensitic	transformation	phase	of	untreated	and	deep	rolled	AISI	304	[6]	

	

(a) (b)

(c) (d) 	

Figure	2-50	Plastic	strain	amplitude	of:	(a)	untreated	AISI	304	and	after	deep	rolling	at	

20	 °C	with:	 (b)	 1.0	 bar,	 (c)	 1.7	 bar	 and	 (d)	 2.4	 bar	 of	 pressure,	 and	 after	 the	 tension-

compression	fatigue	test	[6]	
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Figure	2-51	S-N	curves	of	untreated	AISI	304	and	after	deep	rolling	at	20	°C,	and	after	

the	tension-compression	fatigue	test	[6]	

	

	
Figure	2-52	Surface	roughness	of	untreated	AISI	304	and	after	deep	rolling	at	20	°C,	-195	

°C	and	550	°C	

	

The	fractography	made	by	SEM	micrograph,	see	Figure	2-53,	clearly	depicts	dimples	on	

the	 fracture	 surface;	 this	 is	 evidence	of	ductile	 fractures.	Also,	 the	MnS	precipitate	was	

found	to	be	the	crack	initiation	site	for	fatigue	fractures.	
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Figure	2-53	Fractography	 image	made	by	SEM	at	 the	 fracture	surface	of	AISI	304	after	

deep	rolling	at	20	°C	with	1.0	bar	pressure,	and	after	tension-compression	fatigue	testing	

with	a	500	MPa	stress	amplitude	[6]	

	
2.4.3 Temperature-Controlled	 Tension-Compression	 Fatigue	 Test	 of	

AISI	304	after	Deep	Rolling	at	550	°C		

	

C.	 Kögel	 [77]	 performed	 temperature-controlled	 tension-compression	 fatigue	 testing	 of	

AISI	 304	 after	 deep	 rolling	 at	 550	 °C	 using	 1.0	 bar,	 1.7	 bar	 and	2.4	 bar	 pressures.	 The	

temperature-controlled	fatigue	testing	was	evaluated	based	on	the	tension-compression	

fatigue	 testing,	 which	 the	 temperature	 is	 kept	 below	 65	 °C	 by	 means	 of	 frequency	

variation	 (from	15	Hz	 to	10	Hz	 and	 then	 to	5Hz,	 respectively).	 The	 residual	 stress	 and	

integral	width	(IW)	are	measured	and	are	shown	in	Figure	2-54.		

	

(a) (b) 	

Figure	 2-54	 Diagram	of:	 (a)	 the	 residual	 stress	 and	 (b)	 the	 IW	 in	 correlation	with	 the	

surface	distance	of	AISI	304	after	deep	rolling	at	550	°C	[77]	
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C.	 Kögel	 found	 that	 the	 deep	 rolling	 pressure	 influences	 the	 amount	 of	 compressive	

residual	 stress	 (see	Figure	2-54).	An	 increasing	of	 the	deep	 rolling	pressure	 causes	 the	

smaller	 in	 the	amount	of	compressive	residual	stress.	The	 longer	 the	roller	passes	over	

the	 material,	 the	 more	 material	 can	 be	 pushed	 in	 front	 of	 the	 roller.	 Moreover,	 no	

martensitic	transformation	took	place	when	deep	rolling	at	550	°C.	The	greatest	 fatigue	

endurance	limit	was	found	when	applying	1.7	bar	pressure	(see	Figure	2-55).	Only	cyclic	

softening	was	found	in	the	plastic	strain	amplitude	diagram	(Figure	2-56).	However,	the	

cyclic	 hardening	 effect	 occurred	 after	 the	 cyclic	 softening	 effect	 when	 the	 stress	

amplitude	and	temperature	were	low	and	the	pressure	was	set	to	2.4	bar.	

	

	
Figure	 2-55	 S-N	 curves	 of	 untreated	 AISI	 304	 after	 deep	 rolling	 at	 550	 °C,	 and	 after	

tension-compression	fatigue	testing	[77]	

	

In	 subsequent	 experiments,	 the	 best	 results	 in	 terms	 of	 residual	 stress	 and	 fatigue	

lifetime	were	achieved	at	1.0	bar	and	1.7	bar.	An	increase	of	deep	rolling	pressure	to	2.4	

bar	 tended	 to	 produce	 negative	 results	 for	 the	 residual	 stress	 and	 fatigue	 lifetime.	

Bending	 the	 specimen	 during	 deep	 rolling	 process	 was	 one	 of	 the	 reasons	 why	 the	

residual	stress	and	fatigue	lifetime	reduced.		
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(a) (b) 	

(c) 	

Figure	2-56	Diagrams	illustrate	plastic	strain	amplitude	of	AISI	304	after	deep	rolling	at	

550	°C	with:	(a)	1.0	bar	pressure,	(b)	1.7	bar	pressure	and	(c)	2.4	bar	pressure,	and	after	

tension-compression	fatigue	testing	[77]	

	
The	 fractography	 at	 the	 fracture	 surface	 is	 shown	 in	 Figure	 2-57.	Dimples	were	 found.	

Also,	 a	 brittle	 fracture	 was	 found	 in	 the	 specimen,	 which	 was	 fatigue	 tested	 at	 a	 high	

stress	amplitude.	Moreover,	the	MnS-precipitates	were	once	again	found	to	be	the	crack	

initiation	sites	for	the	fatigue	failure.		

	

	
Figure	2-57	Fractography	image	made	by	SEM	at	the	fracture	surface	of	AISI	304	after	

deep	 rolling	 at	 550	 °C	with	1.0	 bar,	 and	 after	 tension-compression	 fatigue	 testing	with	

500	MPa	stress	amplitude	[77]	
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2.4.4 Corrosion	Fatigue	Mechanism	

	

Corrosion	 fatigue	 resistance	 is	 a	 combination	 of	 fatigue	 endurance	 and	 corrosion	

resistance	[74,173].	Corrosion	fatigue	failure	is	separated	into	2	areas:	stress-controlled	

region	 and	 corrosion-controlled	 region	 [126].	 Owing	 to	 the	 exceptionally	 high	 nominal	

stress	 amplitude	 of	 cyclic	 loading,	 the	 time	 until	 the	 end	 of	 the	 experiment	 of	 fatigue	

testing	is	too	short	for	corrosion	to	occur;	hence	the	corrosion	fatigue	endurance	of	steel	

depends	 on	 its	 mechanical	 strength	 rather	 than	 on	 its	 corrosion	 resistance	 property.	

When	the	nominal	stress	amplitude	of	cyclic	loading	is	low,	the	amount	of	fatigue	testing	

time	is	much	longer,	allowing	corrosion	the	time	needed	to	attack	the	steel	surface.	Pits	

or	 areas	 of	 dissolution	 in	 steel	 act	 as	 crack	 initiation	 sites	 for	 the	 fatigue	 failure	

[94,150,168,173].	 The	 ruptured	 surface	 of	 steel	 under	 the	 normal	 fatigue	 and	 the	

corrosion	fatigue	is	shown	in	Figure	2-58.	

	

	
Figure	2-58	Fracture	surface	of	steel	after	a	fatigue	test	and	corrosion	fatigue	test	[145]	

	

The	 corrosion	 fatigue	mechanism	 consists	 of	 a	 competition	 between	hydrogen-induced	

cracking	and	anodic	dissolution.	Hydrogen	gas	forms	and	agglomerates	at	the	surface	and	

causes	the	passivation	film	to	break.		A	defective	passivation	film	puts	the	steel	at	risk	for	

both	a	corrosion	attack	and	fatigue	failure	[8,13,38,98,107].	Moreover,	 the	environment	

also	 plays	 a	 vital	 role	 for	 the	 corrosion	 fatigue	 strength.	 The	 contamination	 in	

environment	affects	the	corrosion	fatigue	significantly	[132].	The	mechanism	of	corrosion	

attacking	the	surface	in	the	aqueous	contaminant	is	shown	in	Figure	2-59.	Aeration	plays	

an	essential	role	in	the	propagation	of	the	cracking	caused	by	corrosion.	Furthermore,	the	

chemical	 composition,	 grain	 size	 and	 martensitic	 transformation	 phase	 are	 also	

important	factors	for	corrosion	fatigue	resistance	[7,66,152].		
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Figure	2-59	Schematic	illustrations	of	corrosion	mechanisms	at	steel	surface	[7,13]	

	

M.	C.	Young	[176]	studied	the	behavior	of	AISI	304L	after	cold	working	in	air	and	water.	

He	 found	 no	 significant	 difference	 in	 the	 fatigue	 crack	 growth	 rate	 at	 300	 °C	 in	 either	

environment.	 However,	 the	 mechanisms	 of	 the	 fatigue	 crack	 growth	 rate	 in	 both	

conditions	are	entirely	different	from	one	another.	K.	Suzuki	[53,156,157]	identified	that	

the	sensitization	zone	causes	the	fatigue	strength	to	decrease	in	NaCl	solution.	There	is	a	

large	amount	of	evidence	that	proves	the	roles	the	compressive	residual	stress	and	other	

strain	induced	microstructures	play	in	fatigue	endurance	improvement	in	the	region	near	

the	 surface.	 However,	 how	 they	 contribute	 to	 the	 corrosion	 fatigue	 resistance	 is	 still	

unclear.	O.	Takakuwa	[158]	and	X.	Zhao	[177]	found	that	the	compressive	residual	stress	

decreases	 spacing	 between	 atoms,	 which	 facilitates	 the	 repassivation	 effect	 of	 the	

passivation	 layer	 during	 corrosion	 fatigue	 testing.	 It	 promotes	 higher	 stability	 of	 the	

passivation	 film.	 Also,	 it	 impedes	 an	 initiation	 and	 propagation	 of	 cracking,	 hence,	

enhancing	 the	 corrosion	 fatigue	 resistance	 of	 steel	 [53].	 However,	 the	 compressive	

residual	 stress	 is	 sensitive	 to	 the	 environmental	 conditions,	 such	 as	 solution	

concentration,	temperature,	strain	energy	and	grain	size	[110,111,134,173].		

	

2.5 Conclusion	of	Previous	Work	

	

I.	Nikitin	[115]	studied	strain	 induced	microstructures	 in	the	region	near	 the	surface	of	

AISI	304	after	deep	rolling	at	different	temperatures.	It	was	ranging	from	-192	°C	to	550	

°C.	He	found	a	correlation	between	the	temperature	and	the	tension-compression	fatigue	
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endurance	at	room-	and	high	temperature.	The	deep	rolling	process	at	all	temperatures	

resulted	 in	 an	 improvement	 of	 the	 fatigue	 strength	 of	 AISI	 304.	 An	 increasing	 of	 deep	

rolling	 temperature	 leads	 to	an	 increase	 in	 fatigue	strength	of	AISI	304	during	 tension-

compression	 fatigue	 testing.	 He	 concluded	 that	 an	 amount	 of	 the	 martensitic	 phase	

transformation	plays	no	significant	role	in	an	improvement	of	the	fatigue	strength	of	AISI	

304.	However,	 the	stability	of	 strain	hardening,	dynamic	strain	aging	and	small	 carbide	

precipitates	contribute	to	the	fatigue	strength	during	deep	rolling	at	high	temperatures. 

	

One	aim	of	this	research	is	to	study	the	corrosion	fatigue	of	AISI	304	after	deep	rolling	at	

different	 temperatures.	 It	 is	necessary	to	be	 familiar	with	the	principle	of	 the	corrosion	

resistance	 and	 fatigue	 endurance	 behaviors	 of	 the	 steel	 to	 do	 so.	 This	 dissertation	 and	

research	 was	 part	 of	 the	 project	 by	 K.	 Timmermann,	 which	 is	 funded	 by	 the	 DFG	

(Deutsche	Forschungsgemeinschaft;	German	Research	Foundation).	K.	Timmermann	et	al.	

[137],	 studied	 the	corrosion	resistance	behavior	of	AISI	304	after	deep	rolling	at	20	°C,	

550	 °C	 and	 -192	 °C.	 The	 temperature-controlled	 tension-compression	 fatigue	 testing	

performed	 on	 AISI	 304	 after	 deep	 rolling	 at	 20	 °C	 and	 550	 °C	 were	 evaluated	 by	 B.	

Aminforoughi	[6]	and	C.	Kögel	[77],	respectively.	The	results	are	discussed	in	some	parts	

of	this	dissertation	as	well.	The	corrosion	fatigue	behavior	of	AISI	304	after	deep	rolling	

at	20	°C,	550	°C	and	-195	°C	was	thoroughly	investigated	in	this	dissertation.	The	scope	of	

interest	 was	 the	 corrosion	 fatigue	 endurance	 and	 the	 influences	 of	 the	 corrosion	

resistance	 and	 fatigue	 endurance	 resistance	 behaviors	 on	 the	 corrosion	 fatigue	

endurance	 behaviors.	 The	 rotating	 bending	 fatigue	 method	 was	 used.	 The	 fatigue	

experiment	 was	 only	 performed	 in	 a	 laboratory	 without	 temperature	 control.	 For	 the	

corrosion	 fatigue,	 it	 performed	 in	 the	 5%	 NaCl	 spray,	 5%	 NaCl	 solution	 and	 aqueous	

solution.	
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Chapter	3 Materials	and	Experimental	Procedures	
	

3.1 Material	Investigation	

	

The	 testing	 material	 was	 the	 austenitic	 stainless	 steel	 AISI	 304.	 It	 is	 a	 widely	 used	

stainless	 steel,	 and	 also	 one	 of	 the	 most	 well	 known	 austenitic	 stainless	 steels,	 which	

undergoes	 an	 austenitic	 phase	 at	 room	 temperature.	 It	 is	 used	 for	 a	 multitude	 of	

applications	 owing	 to	 its	 good	 level	 of	 toughness	 and	 high	 stability	 in	 corrosive	

environments,	i.e.	household	times,	industrial	components.		

	

The	 raw	 material	 was	 delivered	 in	 form	 of	 cold-rolled	 rods	 13	 mm	 in	 diameter.	 The	

chemical	composition	is	shown	in	Table	3-1	below.	

	

Table	3-1	Chemical	composition	of	AISI	304	in	wt-%	

Element	 C	 Cr	 Ni	 Mn	 Si	 P	 S	

Wt.%	 0.04	 18.8	 7.1	 2.0	 0.13	 0.03	 0.006	

	

The	 microstructure	 of	 the	 untreated	 material	 is	 shown	 in	 Figure	 3-1.	 There	 was	 no	

significant	difference	in	the	grain	size	in	the	longitudinal	and	axial	directions.	The	grain	

size	was	approximately	20	–	30	μm.	Deformation	twins	are	also	visible	in	the	OM	image	

(see	 Figure	 3-1).	 The	 microstructures	 were	 also	 examined	 using	 electron	 backscatter	

diffraction	(EBSD)	as	shown	in	Figure	3-2.	An	entirely	austenitic	phase	was	found.	It	was	

consistent	with	the	phase	analysis	by	X-ray	diffraction	(XRD)	in	Figure	4-2.		2%	–	3%	of	

martensitic	 transformation	phase	was	 found	 at	 the	 surface	 layer	 of	 untreated	AISI	 304			

(≤	 0.1	 mm	 from	 the	 surface).	 The	 surface	 preparation	 causes	 the	 differences	 in	 the	

amount	of	martensitic	content	from	XRD	and	EBSD.	The	specimen	was	prepared	for	the	

XRD	 investigation	 first,	 and	 then	 for	 the	 EBSD	 investigation.	 Due	 to	 the	 martensitic	

content	 was	 relative	 low,	 the	 polishing	 process	 diminished	 the	 martensitic	 layer	 and	

resulted	in	no	martensite	found	in	the	EBSD	images.	
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Figure	3-1	Microstructures	at	the	surface	region	of	untreated	AISI	304	

	

	
Figure	3-2	EBSD	images	of	untreated	AISI	304	

	

Moreover,	 the	 secondary	 phases	 and	 the	 precipitates	 were	 found	 in	 the	 matrix	 of	

untreated	 AISI	 304.	 They	were	 needle-shaped,	measuring	 up	 to	 40	 μm	 in	 length.	 	 The	

precipitates	 were	 investigated	 and	 confirmed	 as	 precipitates	 of	 MnS,	 see	 the	 energy-

dispersive	X-ray	spectroscopy	(EDX)	mapping	in	Figure	3-3.	

	

(a) (b) 	

Figure	 3-3	 Images	 illustrate:	 (a)	 the	micrography	 of	 untreated	AISI	 304	made	by	 SEM	

and	(b)	EDX	mapping	of	the	indicated	area	in	(a)	
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The	EDX	mapping	was	used	to	 investigate	and	confirm	the	chemical	composition	of	 the	

precipitates,	which	were	 dispersed	 throughout	 the	 steel	matrix.	 The	 EDX	 analysis	 also	

revealed	high	intensities	of	Mn	and	S	elements	at	the	precipitates	(see	Figure	3-3).	Thus,	

it	was	deduced	that	the	precipitates	were	the	MnS-precipitates.	

	

The	stress-strain	curve	was	investigated	and	illustrated	in	Figure	3-4.	The	yield	strength	

of	 the	 testing	material	was	 relatively	high	as	 a	 result	 of	 the	 raw	materials	having	been	

cold-worked	 in	 the	machining	 process.	 The	 average	 yield	 strength	 and	ultimate	 tensile	

strength	were	≈710	and	≈810	MPa,	respectively.	Elongation	by	43%	took	place	at	room	

temperature.	As	 temperatures	 increased,	 the	strength	and	elongation	decreased	rapidly	

due	 to	 dislocation	 mobility	 and	 dislocation	 annihilation	 at	 high	 temperatures.	 The	

strength	and	the	elongation	reduced	by	more	than	30%	when	the	temperatures	increased	

above	350	°C.	Serrations	were	found	when	testing	at	high	temperatures.	

	

	
Figure	 3-4	 Stress-Strain	 curves	 of	 untreated	 AISI	 304	 after	 tensile	 testing	 at	

temperatures	ranging	from	25	–	600	°C	 	

	

3.2 Specimen	Preparation	

	

3.2.1 Specimen	Geometry	

	

The	specimens	were	categorized	into	4	types	depending	on	the	types	of	testing	employed.	

Figure	3-5	shows	the	specimen	types	used	for	the	 following	tests,	 from	left	 to	right:	(a)	
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rotating	bending	fatigue	test,	(b)	stress	corrosion	cracking	test,	(c)	tension	compression	

fatigue	test	and	(d)	the	electrochemical	reaction	test.	The	diameter	of	the	specimens	used	

for	the	rotating	bending	fatigue	test	was	7.52	mm,	and	the	gauge	length	was	96	mm.	The	

diameter	of	the	specimens	used	for	the	stress	corrosion	cracking	test	was	5	mm	and	they	

were	10	mm	 long	 in	 gauge	 length.	The	diameter	of	 the	 specimens	used	 for	 the	 tension	

compression	 fatigue	 test	 was	 6	mm	 and	 they	 were	 47	mm	 long	 in	 gauge	 length	 area.	

Lastly,	 the	diameter	of	 the	 specimens	used	 for	 the	electrochemical	 test	were	10	mm	 in	

diameter	and	10	mm	long	with	the	hole	measuring	2.5	mm	diameter	and	5	mm	deep.	

	

	
Figure	 3-5	 Specimen	geometries	used	 for:	 (a)	 the	rotating	bending	 fatigue	 test,	 (b)	 the	

stress	 corrosion	 cracking	 test,	 (c)	 the	 tension	 compression	 fatigue	 test	 and	 (d)	 the	

electrochemical	testing		

	

3.2.2 Untreated	AISI	304	

	

The	AISI	304	was	created	in	a	turning	process.	The	material	was	cold-worked,	which	the	

relatively	 high	 level	 of	 strength	 in	 the	 stress-strain	 curve	 verifies	 (Figure	 3-4).	
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Additionally,	 the	 steel	 was	 subject	 to	mechanical	 surface	 treatment	without	 additional	

heat	treatment.	

	

3.2.3 Mechanical	Surface	Treatment	

	

3.2.3.1 Deep	Rolling	at	Room	Temperature	(20	°C)	

	

The	deep	 rolling	process	was	performed	using	a	 conventional	 lathing	machine	at	 room	

temperature	 (20	 °C)	 with	 a	 pneumatic	 rolling	 device	 (see	 Figure	 3-6).	 Three	 different	

nominal	 compressive	 loads	 were	 used.	 The	 wheel	 size	 was	 40	 mm,	 which	 applied	 a	

constant	pressure	1.0,	1.7	or	2.4	bar	throughout	the	entire	deep	rolling	process.	The	feed	

rate	was	 80	U/min	 (0.095	mm/min).	 There	was	 no	 coolant	 or	 lubricant	 at	 the	 contact	

area	between	the	rolling	wheel	and	the	specimen	surface.	

	

	
Figure	3-6	Deep	rolling	device	during	the	deep	rolling	process	at	20	°C	

	

3.2.3.2 Deep	Rolling	at	a	High	Temperature	(550	°C)	

	

The	pneumatic	deep	rolling	device	was	also	used	to	perform	deep	rolling	at	550	°C	(see	

Figure	3-7).	Heat	was	generated	by	the	induction	coil.	The	temperature	was	measured	in	

the	 center	 of	 the	 specimen.	 Also,	 the	 temperature	 remained	 constant	 at	 550	 °C	

throughout	 the	 whole	 process	 of	 deep	 rolling.	 The	 temperature	 range	 during	 the	

treatment	is	500	±	20	°C.	This	dynamic	process	was	manually	controlled	by	the	power	of	

the	generator	with	a	constant	heating	speed	of	100	°C/min.		
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Figure	3-7	Deep	rolling	device	during	the	deep	rolling	process	at	550	°C	

	

3.2.3.3 Deep	Rolling	at	a	Cryogenic	Temperature	(-195	°C)	

	

	 The	pneumatic	rolling	device	installed	with	the	conventional	lathing	machine	was	

used	 to	 perform	 cryogenic	 deep	 rolling.	 The	 brass	 tube	was	 contacted	 to	 the	 nitrogen	

boiler.	Also,	 liquid	nitrogen	was	used	 to	reach	 -195	°C.	The	 temperature	was	measured	

continuously	with	the	thermocouple.	The	temperature	was	kept	constant	during	the	deep	

rolling	 process.	 Cooling	was	 applied	 for	 2	min	 to	 achieve	 a	 constant	 temperature.	 The	

temperature	 was	 only	 measured	 at	 the	 surface.	 The	 temperature	 was	 increased	 as	 a	

result	 of	 the	 contact	 between	 the	 rolling	 device	 and	 the	 specimen	 surface.	 Figure	 3-8	

depicts	the	cryogenic	deep	rolling	process.	

	

	
Figure	3-8	Deep	rolling	device	during	the	deep	rolling	process	at	-195	°C	

	



	54	

3.3 Characterization	Method	

	

3.3.1 Microstructure	

	

The	microstructure	was	 investigated	 using	 a	 Keyence	 optical	microscope.	 The	 fracture	

surface	 was	 investigated	 using	 MV2300	 SEM,	 which	 the	 cathode	 is	 tungsten	 with	

magnification	between	20	–	200,000.	 	 Energy-dispersive	 x-ray	 spectroscopy	 (EDX)	was	

used	as	well.	

	

3.3.2 X-ray	Diffraction	(XRD)	

	

3.3.2.1 Residual	Stress	Measurement	
	

An	 investigation	 of	 the	 residual	 stress	 and	 IW	 was	 carried	 out	 using	 the	 x-ray	 ψ-	

diffractometry	 machine	 Huber	 3.	 The	 standard	 procedure	 was	 employed	 and	

measurements	were	carried	out	at	the	interference	lines	of	{220}	–	austenite	and	{211}	–

martensite	in	the	reflectance	region	2Θ	=	128.78	°	(between	125	°	-	133	°)	for	austenite	

and	2Θ	=	 156.07°	 for	martensite.	 The	 CrKα	 radiation	 is	 used	 to	 determine	 the	 residual	

stress.	The	interference	lines	were	recorded	for	11-ψ	angles	between	-45	°	≤	ψ	≤	+	45	°.	

The	residual	stress	was	measured	in	the	axial	direction.	X-ray	elastic	constants	equaling	

S1	=	-1.33	×	10-6	mm2/N,	½	S2	=	6.19	×	10-6	mm2/N	is	used	to	calculate	the	residual	stress	

according	to	the	sin2ψ	method	for	austenite	and	S1	=	-1.33	×	10-6	mm2/N,	½	S2	=	6.09	×	

10-6	mm2/N	 for	martensitic.	The	determination	of	 the	 internal	 stress	depth	profile	was	

carried	out	by	means	of	electrolytic	removal	with	no	correction	calculation.	

	

3.3.2.2 Phase	Analysis	
	

XRD	was	used	to	carry	out	the	qualitative	and	quantitative	phase	analyses	of	martensite.	

The	interference	lines	were	determined	between	+25	°	≤	ψ	≤	+	45	°.	The	MoKα	radiations	

are	used	to	measure	the	phase	analysis.	To	calculate	the	phase	analysis,	the	4-line	method	

was	used.	The	standard	procedure	was	employed	and	measurements	were	carried	out	at	

the	 {220},	 {311},	 {200}	 and	 {211}-interference	 lines	 of	 austenite	 and	 martensite,	

respectively	[6].	The	following	R-values	were	used	for	the	evaluation:	RA,311	=	428	×	10-48	
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cm-6,	RA,220	=	388	×	10-48	cm-6	and	RA,200	=	624	×	10-48	cm-6	 for	the	austenitic	phase	and	

RM,321	=	183	×	10-48	 cm-6,	RM,211	=541	×	10-48	 cm-6	 and	RM,200	=	275	×	10-48	 cm-6	 for	 the	

martensitic	phase.	

	

3.4 Fatigue	Testing		

	

Rotating	bending	 fatigue	 testing	was	performed	using	 the	 rotating	bending	 fatigue	 test	

designed	 by	 SincoTec	 (see	 Figure	 3-9-(a)).	 The	 rotating	 bending	 fatigue	 test	 was	

performed	 with	 a	 stress-controlled	 vibration	 test	 with	 alternating	 stress	 R	 =	 -1.	 The	

frequency	was	kept	 at	 15	Hz	 throughout	 the	whole	 experiment.	The	 experiments	were	

performed	 without	 a	 cooling	 device.	 Therefore,	 the	 self-heating	 effect	 was	 a	 factor.	 A	

thermal	 camera	 was	 used	 to	measure	 the	 temperatures	 during	 oscillated	 loading.	 The	

infrared	camera	VarioCam	hr	 (IR	1.0/12.5	LW)	by	 InfraTec	was	employed.	The	camera	

was	positioned	25	cm	away	from	the	center	of	the	sample.	The	emissivity	values	0	and	1	

were	used	for	the	measurement	at	180,	280,	380,	550	and	650	°C.	

	

3.5 Corrosion	Fatigue	Testing	

	

Corrosion	 fatigue	 testing	was	performed	by	modifying	 the	rotating	bending	 fatigue	 test	

designed	by	SincoTec	(see	Figure	3-9-(a)).	The	measurement	methods	were	similar	to	the	

normal	 fatigue	 testing	 performed	 in	 the	 laboratory	 (see	 chapter	 3.4).	 A	 salt	 spray	

generator	 was	 added	 in	 accordance	 with	 the	 DIN	 EN	 ISO	 9227	 standard,	 as	 shown	 in	

Figure	 3-9-(b).	 5%	NaCl	 solution	was	 filled	 into	 the	 tank	 and	 flowed	 through	 the	 heat	

exchanger	 and	 spiral.	 The	 heat	 exchanger	 was	 filled	 with	 a	 mixture	 of	 the	 water	 and	

glycol,	 which	 was	 heated	 by	 the	 heating	 rods.	 The	 saturated	 solution	 in	 the	 heat	

exchanger	was	mixed	with	the	salt	spray	in	the	chamber	and	sprayed	through	the	nozzle	

into	the	rotating	bending	machine.		

	

The	5%	NaCl	solution	was	stored	in	the	reaction	chamber	during	rotating	fatigue	testing	

in	 saline	 solution.	 The	 specimen	 is	 immerged	 in	 the	 5%	 NaCl	 solution	 through	 the	

experiment	period.	The	air	 is	 flowed	through	 the	nozzle.	The	5%	NaCl	was	replaced	by	

water	for	the	aqueous	solution	condition.	
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(a) 	

(b) 	

Figure	3-9	Schematics	of:	(a)	the	rotating	bending	fatigue	test	machine	and	(b)	the	water	

system	for	the	salt	spray	

	

3.6 Probability	Distribution	(Arcsine	√P-Method)	Calculation	

	

The	arcsine	method	is	a	simple	method	for	the	evaluation	of	fatigue	behavior,	due	to	the	

limited	number	of	test	specimen	(see	equation	3-1).		

	

! = !"# !"#$ =  arc sin !
!	 	 	 	 	 	 	 (Equation	3-1)	
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P	is	the	probability	of	failure,	r	is	the	number	of	cycles	until	failure	and	n	is	the	number	of	

the	test	specimens.	

	

The	statistical	probability	distribution	is	shown	in	equation	3-2.	F(P)	is	equivalent	to	the	

endurance	 limit	 (σD)	 or	 a	 minimum	 number	 of	 fatigue	 life	 cycles	 (N0).	 Here,	 b	 can	 be	

calculated	using	equation	3-3	and	m	is	the	number	of	tests	performed	[6,22,37,130].		

	

! ! = ! + ! !"# sin !	 	 	 	 	 	 	 (Equation	3-2)	

	

! = !!! ×!! !!! × !!!
!

!!!! ! ( !!! )!
!

		 	 	 	 	 	 	 (Equation	3-3)	

	

! = ( !!! !! !!! )
! 	 	 	 	 	 	 	 	 (Equation	3-4)	

	

3.7 Experimental	Overview	

	

AISI	304	was	deep	 rolled	at	different	 temperatures	 -	 room	 temperature	 (20	 °C),	 a	high	

temperature	(550	°C)	and	a	cryogenic	temperature	(-195	°C)	-	using	3	various	pressures:	

1.0,	 1.7	 and	 2.4	 bars.	 After	 deep	 rolling,	 the	 steel	 was	 investigated	 concerning	 the	

microstructures	near	the	surface.	The	fatigue	and	corrosion	fatigue	tests	were	performed	

in	a	laboratory	using	rotating	bending	fatigue	testing	without	temperature	control.	Only	

1.0	bar	and	2.4	bar-deep	rolling	pressures	of	all	deep	rolling	temperature	conditions	were	

selected	for	rotating	bending	fatigue	test	in	salt	spray	condition.	The	1.0	bar	deep	rolling	

pressure	 of	 RTDR-	 and	 CTDR-condition	were	 selected	 further	 for	 the	 rotating	 bending	

fatigue	test	in	5%	NaCl	solution.	While	the	conditions	were	selected	for	rotating	bending	

fatigue	 test	 in	 aqueous	 solution	 is	 HTDR1B,	 HTDR24B	 and	 CTDR1B.	 The	 schematic	

illustrations	in	Figure	3-10	provide	an	overview	of	the	experimental	procedures.	
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Figure	3-10	Experimental	diagram	for	the	surface	characterization	of	the	untreated	and	

deep	rolled	AISI	304	
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Chapter	4 Results	
	

4.1 Microstructures	in	the	Surface	Region	

	

4.1.1 After	Deep	Rolling	at	Room	Temperature	(20	°C)	

	

Metallography:	Rotating	bending	fatigue	test	specimens	(Figure	3-5-(a))	were	used	for	

the	investigation.	The	microstructure	was	investigated	using	OM	as	shown	in	Figure	4-1.	

It	 is	 evident	 that	 an	 amount	 of	 the	 deformation	 twins	 increase	within	 an	 increasing	 of	

deep	 rolling	 pressure.	 The	 results	 are	 consistent	 with	 phase	 analysis	 results	 obtained	

from	 XRD	 (see	 Figure	 4-2).	 The	 microstructures	 were	 also	 examined	 using	 EBSD,	 as	

shown	 in	 Figure	 4-3.	 The	 austenitic	 phase	 should	 have	 directly	 transformed	 to	 α’-

martensitic	 phase	 since	 only	 needle-shaped	 strain	 induced	 martensite	 was	 found	

[79,100].	This	is	consistent	with	the	XRD	analysis	depicted	in	Figure	4-4,	where	only	α’-

martensite	 was	 found.	 The	 higher	 the	 deep	 rolling	 pressure,	 the	 more	 strain	 induced	

martensitic	transformation	was	found.	

	

	
Figure	4-1	Microstructures	of	RTDR	made	by	OM	

	

The	martensitic	content	is	shown	in	Figure	4-2.	We	found	approximately	10%,	20%	and	

35%	martensitic	content	in	the	region	near	the	surface	layer	of	AISI	304	after	deep	rolling	

at	 20	 °C	 with	 1.0,	 1.7	 and	 2.4	 bars	 of	 pressure,	 respectively.	 The	 martensitic	 content	

reached	 its	 maximum	 value	 0.05	 mm	 beneath	 the	 surface	 in	 case	 of	 all	 deep	 rolling	

pressures	employed.	Then,	 it	gradually	reduced	to	nearly	zero	0.4	mm	from	the	surface	
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for	both	RTDR1B	and	RTDR17B.	In	case	of	RTDR24B,	the	depth	of	the	martensitic	content	

was	0.7	mm.	

	

	
Figure	4-2	Martensitic	transformation	content	of	untreated	AISI	304	and	RTDR	using	the	

rotating	bending	fatigue	test	specimen	type	

	

	
Figure	4-3	EBSD	images	of	RTDR1B	

	

(a) (b) 	

Figure	 4-4	 XRD	 intensity	 patterns	 of	 austenitic	 phase,	 α’-martensitic	 phase	 and	 ε-

martensitic	phase	of	untreated	AISI	304	in	comparison	with:	(a)	RTDR	and	(b)	RTDR17B	

[6]	

	



	 61	

Residual	 Stress	 Testing:	 The	 higher	 the	 deep	 rolling	 pressures,	 the	 greater	 the	

magnitudes	 of	 compressive	 residual	 stress	 and	 IW	 were	 found	 (see	 Figure	 4-5).	

Increasing	compressive	residual	stress	and	IW	enhanced	the	surface	hardness	of	AISI	304	

after	deep	rolling	at	20	°C.	The	compressive	residual	stress	value	in	the	region	near	the	

surface	 of	 RTDR1B	 equaled	 -600	 MPa.	 It	 reached	 its	 maximum	 -	 -750	 MPa	 -	 0.1	 mm	

beneath	the	surface.	Then	the	values	decreased	to	nearly	zero	1	mm	beneath	the	surface.	

In	comparison,	the	compressive	residual	stress	value	at	the	surface	of	RTDR17B	was	-700	

MPa.	Due	to	Hertzian	contact,	its	maximum	value	-	-820	MPa	-	was	found	0.1	mm	beneath	

the	surface.	In	case	of	RTDR24B,	the	compressive	residual	stress	at	the	surface	was	-750	

MPa.	Also,	 it	 reached	 its	maximum	value	 -	 -900	MPa	-	0.1	mm	beneath	the	surface.	The	

penetration	depths	 of	 the	 compressive	 residual	 stress	 fields	 of	RTDR1B,	RTDR17B	and	

RTDR24B	 were	 1	 mm,	 1.1	 mm	 (by	 extrapolation)	 and	 1.3	 mm	 (by	 extrapolation),	

respectively.	The	compressive	residual	stress	field	(CRSF)	of	untreated	AISI	304	equaled		

-350	MPa.	Its	value	gradually	decreased	to	zero	0.15	mm	beneath	the	surface.	Moreover,	

the	IW	of	untreated	AISI	304	equaled	2.6°	at	the	surface	and	drastically	reduced	to	1.6°	

0.1	mm	beneath	the	surface.	The	IW	at	the	surface	of	RTDR1B,	RTDR17B	and	RTDR24B	

equaled	 2.5°,	 2.9°	 and	3.0°,	 respectively.	 The	 penetration	 depths	 of	 the	 IW	 equaled	 0.4	

mm,	0.5	mm	and	0.5	mm	for	RTDR1B,	RTDR17B	and	RTDR24B,	respectively.		

	

(a) (b) 	

Figure	4-5	Diagrams	illustrate	a	correlation	between:	(a)	the	residual	stress	and	(b)	IW	

and	the	surface	distance	of	RTDR	using	the	rotating	bending	fatigue	test	specimen	type		

	

The	 strain	 induced	 compressive	 residual	 stress	 field	 (CRSF)	 and	 martensitic	

transformation	 content	 in	 the	 layer	 near	 the	 surface	 enhanced	 the	 strength	 of	 steel.	

Evidence	of	this	was	found	in	the	hardness	and	tensile	strength	measurements	in	Figure	

4-6	and	Figure	4-7.	The	strength	of	the	steel	after	deep	rolling	 is	a	 function	of	 the	deep	
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rolling	pressure.	The	surface	hardness	of	RTDR1B	equaled	400	HV0.5,	while	the	surface	

hardness	were	410	HV0.5	 for	RTDR17B	 and	420	HV0.5	 for	RTDR24B.	The	penetration	

depths	of	the	martensite	content	equaled	0.3	mm	for	RTDR1B,	0.5	mm	for	RTDR17B	and	

0.6	mm	for	RTDR24B.		

	

	
Figure	 4-6	Hardness	HV0.5	measured	 in	depth	with	15	 seconds	of	 untreated	AISI	 304	

and	RTDR	using	the	rotating	bending	fatigue	test	specimen	type	

	

A	comparison	of	the	yield	strength	(σy)	and	ultimate	tensile	strength	(UTS)	of	untreated	

AISI	304	and	after	deep	rolling	at	different	temperatures	are	presented	in	Figure	4-7.	The	

yield	strength	of	untreated	AISI	304	equaled	710	MPa	and	the	ultimate	tensile	strength	

was	810	MPa.	The	higher	the	deep	rolling	pressure,	the	greater	yield	strength	and	UTS	of	

AISI	304	were	found.	The	yield	strengths	increased	to	760	MPa	after	deep	rolling	at	20	°C	

using	1.0	bar	of	 pressure,	 785	MPa	 for	1.7	bar	of	 pressure	 and	810	MPa	 for	2.4	bar	of	

pressure.	Also,	the	UTS	values	rose	to	825	MPa	for	RTRDR1B,	840	MPa	for	RTDR17B	and	

855	MPa	for	RTDR24B.		

	

	
Figure	 4-7	 Yield-	 and	ultimate	 tensile	 strengths	of	untreated	and	deep	 rolled	AISI	304	

using	the	rotating	bending	fatigue	test	specimen	type	
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Moreover,	the	surface	roughness	(Rz)	was	measured	and	shown	in	Figure	4-8.	The	surface	

topography	of	AISI	304	was	smoother	after	deep	rolling	at	20	°C.	The	Rz	of	untreated	AISI	

304	equaled	9.	After	deep	rolling	at	20	°C,	the	surface	roughness	decreased	strongly.	The	

Rz	value	equaled	1.8	after	deep	 rolling	at	20	 °C	with	1.0	bar	of	pressure.	 In	 the	case	of	

RTDR17B,	1.5	of	the	Rz	value	was	found.	The	Rz	value	of	RTDR24B	was	found	to	be	1.4.	

	

	
Figure	 4-8	 Surface	roughness	of	untreated	and	deep	rolled	AISI	304	using	 the	rotating	

bending	fatigue	test	specimen	type	

	

4.1.2 After	Deep	Rolling	at	a	High	Temperature	(550	°C)	

	

Metallography:	Figure	4-9	and	Figure	4-10	depict	 the	microstructure	of	AISI	304	after	

deep	rolling	at	550	°C	(HTDR)	with	1.0	bar	pressure;	BEI	(backscattered	electron	images)	

and	EBSD	 imaging	were	used.	The	 grain	 size	 of	HTDR	was	 similar	 to	 that	 of	 untreated	

AISI	 304.	 No	 martensitic	 phase	 was	 found	 in	 the	 microstructure	 of	 the	 HTDR.	 The	

martensite	content	was	also	measured	by	XRD	technique	and	shown	in	Figure	4-11.	

	

From	 Backscatter	 Electron	 Image	 in	 Figure	 4-9,	 the	 differences	 in	 tone	 of	 all	 images	

depict	 the	 atoms	with	 different	 atomic	 number	 in	 each	 area.	 It	 could	 be	 seen	 that	 the	

variation	in	tone	at	the	region	near	the	surface	of	HTDR	is	relatively	high.	The	dislocation	

annihilation	was	assumed	to	be	the	cause	for	the	atomic	migration	during	deep	rolling	at	

550	°C.	The	atomic	migration	of	the	small	particles,	like	carbon,	was	consistent	with	the	

serration	of	 stress-strain	 curve	 in	Figure	3-4.	 It	 could	be	assumed	 that	 the	 strain	aging	

effect	was	occurred	during	deep	rolling	at	550	°C.	
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(a)	 	 	 	 	 (b)	 	 	 	 (c)	

Figure	4-9	Backscattered	electron	images	(BEI)	made	by	SEM	in	the	surface	region	of	(a)	

untreated	 AISI	 304,	 and	 HTDR1B	 at:	 (b)	 the	 surface	 region	 and	 (c)	 5	 μm	 beneath	 the	

surface	

	

	
Figure	4-10	EBSD	images	of	HTDR1B	

	

	
Figure	 4-11	Martensitic	 transformation	content	of	untreated	AISI	304	and	HTDR	using	

the	rotating	bending	fatigue	test	specimen	type	
	

Residual	Stress:	The	residual	stress	and	hardness	measurements	in	this	subsection	were	

carried	out	by	M.	Rösser	as	a	part	of	his	bachelor	thesis	[129].	Figure	4-12	illustrates	that	

the	higher	deep	rolling	pressure	led	to	the	greater	the	magnitude	of	residual	stress	in	AISI	



	 65	

304	 after	 deep	 rolling	 at	 550	 °C.	 An	 increasing	 dislocation	 density	 generally	 causes	

increasing	 strength	 and	 hardness	 of	 the	 steel	 compared	 to	 untreated	 one	 (see	 Figure	

4-13).	However,	the	temperature	used	for	the	mechanical	treatment	promotes	dislocation	

annihilation.	 This	 was	 characterized	 by	 a	 low	 value	 of	 IW	 (see	 Figure	 4-12-(b)).	 The	

temperature	 also	 causes	 a	 reduction	 of	 the	 hardness	 of	 steel	 the	 in	 comparison	 to	 the	

RTDR	(see	Figure	4-13).	

	

	(a) (b) 		

Figure	4-12	Comparison	of:	(a)	the	residual	stress	and	(b)	IW	in	correlation	with	surface	

distance	of	HTDR	using	the	rotating	bending	fatigue	test	specimen	type	[129]	

	

The	 compressive	 residual	 stresses	 found	 directly	 on	 the	 surfaces	 of	 HTDR1B	 equaled									

-400	MPa,	 -300	MPa	 for	HTDR17B	and	 -250	MPa	 for	HTDR24B.	Maximum	values	were	

reached	0.05	mm	beneath	the	surface	of	HTDR1B,	0.1	mm	for	HTDR17B	and	0.05	mm	for	

HTDR24B.	The	penetration	depth	of	the	compressive	residual	stress	of	the	HTDR1B	was	

0.6	mm	and	1.1	mm	(by	extrapolation)	for	HTDR17B.	

	

The	 IWs	 of	 HTDRs	 were	 relatively	 low.	 It	 valued	 1.68°	 directly	 at	 the	 surface	 for	 the	

HTDR1B,	 1.8°	 for	 the	HTDR17B	 and	 1.72°	 for	 the	HTDR24B,	 respectively.	 Their	 values	

gradually	decreased	until	they	remained	constant	at	0.15	mm	beneath	the	surface	for	all	

deep	rolling	pressure	conditions.	

	

Regarding	Figure	4-7,	 the	yield	 strength	 (σy)	and	 the	ultimate	 tensile	 strength	 (UTS)	of	

HTDR	were	slightly	lower	than	those	of	RTDR.	The	yield	strength	of	AISI	304	after	deep	

rolling	at	550	°C	with	1.0	bar	of	pressure	was	745	MPa.	While,	the	yield	strengths	were	

750	MPa	for	the	HTDR17B	and	770	MPa	for	the	HTDR24B.	The	UTS	values	were	830	MPa	

for	the	HTDR1B,	840	MPa	for	the	HTDR17B	and	850	MPa	for	the	HTDR24B.		
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The	surface	hardness	of	HTDR1B	was	measured	and	is	shown	in	Figure	4-13.	It	displayed	

values	340	HV0.5	directly	at	the	surface	and	those	values	gradually	reduced	to	290	HV0.5	

0.3	 mm	 beneath	 the	 surface.	 The	 hardness	 continued	 to	 gradually	 decrease	 until	 it	

remained	constant	at	270	HV0.5	0.5	mm	beneath	the	surface.		

	

	
Figure	4-13	Hardness	HV0.5	measured	in	depth	with	15	seconds	of	untreated	and	deep	

rolled	AISI	304,	using	the	rotating	bending	fatigue	test	specimen	type	[129]	

	

The	surface	roughness	(Rz)	was	measured	and	is	provided	in	Figure	4-8.	The	Rz	values	of	

the	HTDR	were	approximately	50%	lower	than	those	of	untreated	AISI	304.	Also,	 there	

was	 no	 significant	 difference	 in	 Rz	 between	 each	 condition	 of	 HTDR.	 The	 Rz	 values	

equaled	2.8	for	the	HTDR1B,	3.4	for	the	HTDR17B	and	2.9	for	the	HTDR24B.		

	

4.1.3 After	Deep	Rolling	at	a	Cryogenic	Temperature	(-195	°C)	

	

Metallography:	 from	Figure	4-14,	 twin	martensite	was	 found	within	 the	grain.	The	α’-

content	 was	 investigated	 using	 XRD	 and	 is	 presented	 in	 Figure	 4-15.	 A	 high	 level	 of	

martensitic	transformation	was	found	near	the	surface	region.	The	martensite	contents	at	

the	 region	 near	 the	 surface	 were	 20%	 for	 CTDR1B,	 45%	 for	 CTDR17B	 and	 70%	 for	

CTDR24B.	 The	 maximum	 value	 was	 found	 0.1	 mm	 beneath	 the	 surface	 due	 to	 the	

Hertzian	pressure.	90%	of	the	austenitic	phase	transformed	to	a	martensitic	phase	on	the	

surface	 layer	 and	 gradually	 decreased	 to	 zero	 0.3	 –	 0.6	 mm	 beneath	 the	 surface	

(dependent	 on	 the	 deep	 rolling	 pressure).	 The	 maximum	 contents	 of	 the	 martensitic	

transformation	phase	equaled	45%	for	CTDR1B.	Its	content	gradually	decreased	to	nearly	

zero	0.35	mm	beneath	the	surface.	In	case	of	CTDR17B,	the	martensitic	content	was	85%	
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and	 it	gradually	decreased	 to	nearly	zero	0.45	mm	beneath	 the	surface.	 In	 comparison,	

the	 martensitic	 content	 of	 CTDR24B	 was	 95%.	 The	 contents	 gradually	 decreased	 to	

nearly	zero	0.65	mm	beneath	the	surface.	

	

	
Figure	4-14	EBSD	images	of	CTDR1B	

	

	
Figure	 4-15	Martensitic	 transformation	content	of	untreated	AISI	304	and	CTDR	using	

the	rotating	bending	fatigue	test	specimen	type	[129]	

	

Residual	Stress:	The	residual	stress	and	hardness	measurements	in	this	subsection	were	

carried	out	by	M.	Rösser	as	a	part	of	his	bachelor	 thesis	 [155].	The	residual	 stress	was	

measured	 in	 the	 austenitic	 phase	 for	 the	 CTDR1B	 and	 in	 the	 martensitic	 phase	 for	

CTDR17B	and	CTDR24B.	The	 residual	 stresses	 in	 the	austenitic	 and	martensitic	phases	

were	compared	and	depicted	in	Figure	4-16-(a).	The	residual	stress	in	the	austenitic	and	

martensitic	phases	was	similar	when	the	martensite	:	austenite	ratio	was	1:1	(see	Figure	

4-16-(a)).	Also,	the	IW-value	was	similar	in	both	phases	when	the	martensite	:	austenite	

ratio	was	1:1	(see	Figure	4-16-(b)).	
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Figure	4-17	provides	evidence	that	the	higher	the	deep	rolling	pressure,	the	greater	the	

magnitude	 of	 compressive	 residual	 stress.	 There	 is	 no	 significant	 difference	 in	 the	

magnitude	of	compressive	residual	stress	of	 the	CTDR17B	and	CTDR24B.	 It	was	able	to	

be	explained	by	a	relatively	high	dislocation	density	in	both	conditions.		

	

(a) (b) 	

Figure	 4-16	 Comparison	 of:	 (a)	 the	 residual	 stress	 and	 (b)	 IW	 in	 austenitic	 and	

martensitic	phases	with	different	martensitic	content	conditions	

	

(a) (b) 	

Figure	 4-17	 Comparison	 of:	 (a)	 the	 residual	 stress	 and	 (b)	 IW	 in	 correlation	with	 the	

surface	distance	of	CTDR	using	the	rotating	bending	fatigue	test	specimen	type	[129]	

	

The	compressive	residual	stresses	on	the	surface	were	-350	MPa	for	CTDR1B.	In	the	case	

of	CTDR17B,	 the	compressive	residual	 stresses	were	 -480	MPa.	While,	 the	compressive	

residual	stresses	 for	 the	CTDR24B	were	-500	MPa.	The	maximum	compressive	residual	

stresses	were	reached	0.05	–	0.15	mm	beneath	the	surface	(dependent	on	the	deep	rolling	

pressure)	due	to	the	rigid	surface	and	the	Hertzian	pressure.	The	maximum	value	of	the	

compressive	 residual	 stress	 was	 -500	 MPa	 for	 the	 CTDR1B.	 The	 compressive	 residual	

stress	 fields	 gradually	 reduced	 to	 nearly	 zero	 0.45	mm	beneath	 the	 surface.	 In	 case	 of	

CTDR17B,	 the	 maximum	 value	 of	 compressive	 residual	 stress	 was	 -800	 MPa	 and	 it	



	 69	

gradually	 decreased	 to	 nearly	 zero	 0.55	 mm	 beneath	 the	 surface.	 In	 comparison,	 the	

maximum	compressive	residual	 stress	 for	 the	CTDR24B	was	 -750	MPa	and	 it	gradually	

reduced	to	nearly	zero	0.5	mm	beneath	the	surface.			

	

Figure	4-7	provides	proof	 that	 the	highest	 yield	 strengths	 (σy)	 and	 the	ultimate	 tensile	

strength	(UTS)	were	obtained	after	deep	rolling	at	-195	°C.	Also,	the	yield	strengths	were	

765	MPa	for	the	CTDR1B,	800	MPa	for	the	CTDR17B	and	835	MPa	for	the	CTDR24B.	The	

UTS	of	the	CTDR	increased	by	2%	-	10%	compared	to	untreated	AISI	304.	The	UTSs	of	the	

CTDR	were	850	MPa	 for	 the	CTDR1B,	 885	MPa	 for	 the	CTDR17B	and	905	MPa	 for	 the	

CTDR24B,	respectively.	

	

The	surface	hardness	of	the	CTDR1B	is	shown	in	Figure	4-13.	The	hardness	with	HV0.5	

method	measurement	on	 the	 surface	equaled	360.	 It	 reached	 its	maximum	value	 -	 400	

HV0.5	 -	 0.1	mm	beneath	 the	 surface.	Thereafter,	 it	 gradually	 reduced	 to	290	HV0.5	0.5	

mm	beneath	the	surface.	

	

The	Rz	values	of	CTDR	were	slightly	lower	than	that	of	HTDR	(see	Figure	4-8).	However,	

the	 Rz	 values	 obtained	 for	 each	 deep	 rolling	 pressure	 used	 at	 -195	 °C	 did	 not	 differ	

significantly.	The	Rz	values	of	 the	CTDR	were	2.2	 for	 the	CTDR1B,	1.9	 for	 the	CTDR17B	

and	2.1	for	the	CTDR24B.	

	

4.2 The	 Influence	 of	 the	 Specimen	 Geometry	 on	 Microstructures	 in	 the	

Surface	Region	

	

One	 major	 problem	 for	 the	 investigation	 is	 the	 differing	 geometry	 of	 the	 testing	

specimens.	For	this	reason,	the	microstructures	of	all	testing	specimen	geometries	were	

studied	and	have	been	depicted	in	Figure	4-18	-	Figure	4-22.	The	length	and	figure	of	the	

specimen	influenced	the	magnitude	and	depth	of	the	residual	stress	and	the	martensitic	

transformation	content.	

	

The	 residual	 stresses	 in	 the	 axial	 and	 tangential	 directions	 of	 untreated	AISI	 304	were	

measured	and	are	shown	in	Figure	4-18.	In	the	axial	direction,	the	largest	magnitude	of	

all	 specimen	 types	was	 -350	MPa.	 It	was	 found	directly	at	 the	 surface.	The	penetration	
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depth	 of	 the	 stress	 corrosion	 cracking	 specimen	 (SCC)	was	 0.05	mm,	 0.15	mm	 for	 the	

rotating	 bending	 fatigue	 testing	 specimen	 (RB)	 and	 0.5	 mm	 for	 the	 electrochemical	

specimen	(EC).	In	the	tangential	direction,	the	maximum	residual	stresses	were	-300	MPa	

for	 the	 RB	 specimen,	 -250	 MPa	 for	 SCC	 specimen	 and	 -200	 MPa	 for	 EC	 specimen,	

respectively.		The	IWs	in	both	directions	were	quite	similar.	The	highest	IW	values	were	

2.6	 for	 RB	 specimen,	 2.3	 for	 EC	 specimen	 and	 2.1	 for	 SCC	 specimen,	 respectively.	 The	

penetration	depth	of	IWs	for	RB	specimen	were	0.1	mm,	while	it	valued	0.08	mm	for	the	

SCC	specimen	and	0.05	mm	for	EC	specimen.	

	

(a) (b) 	

(c) (d) 	

Figure	4-18	Residual	stress	in:	(a)	axial	direction	and	(b)	tangential	direction,	and	IW	in:	

(c)	 axial	 direction	 and	 (d)	 tangential	 direction	 in	 correlation	 with	 surface	 distance	 of	

untreated	AISI	304	using	different	specimen	geometries	

	

The	 residual	 stresses	 and	 the	 IW	 of	 AISI	 304	 after	 deep	 rolling	 at	 20	 °C	 with	 1.0	 bar	

pressure	 are	 depicted	 in	 Figure	 4-19.	 The	 residual	 stress	 values	 in	 the	 axial	 direction	

(Figure	4-19-(a))	at	the	surface	were	-600	MPa	for	RB,	EC	and	SCC	specimens	and	-450	

MPa	 for	 TC	 specimen.	 In	 case	 of	 the	 RB	 specimen,	 the	 residual	 stress	 reached	 its	

maximum	 -	 -750	 MPa	 -	 0.1	 mm	 beneath	 the	 surface.	 The	 maximum	 value	 of	 the	

compressive	 residual	 stress	 of	 TC	 specimen	 was	 -700	 MPa.	 It	 was	 located	 0.075	 mm	
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beneath	the	surface.	The	maximum	compressive	residual	stress	-	 -600	MPa	-	was	found	

0.05	mm	beneath	the	surface	in	case	of	EC	and	SCC	specimens.	The	penetration	depths	of	

the	 compressive	 residual	 stress	were	 1.0	mm	 for	 the	RB	 specimen,	 0.8	mm	 for	 the	 TC	

specimen	and	0.75	mm	for	the	EC	specimens	respectively.	

	

(a) (b) 	

(c) (d) 	

Figure	4-19	Residual	stress	in:	(a)	axial	direction	and	(b)	tangential	direction,	and	IW	in:	

(c)	 axial	 direction	 and	 (d)	 tangential	 direction	 in	 correlation	 with	 surface	 distance	 of	

RTDR1B	using	different	specimen	geometries	

	
In	the	tangential	direction	(Figure	4-19-(b)),	the	values	of	compressive	residual	stresses	

in	all	specimen	configuration	types	were	quite	similar.	The	compressive	residual	stress	-						

-200	 MPa	 -	 was	 found	 directly	 at	 the	 surface.	 It	 gradually	 increased	 and	 reached	 its	

maximum	value	-	-500	MPa	-	0.2	mm	beneath	the	surface.		The	penetration	depths	of	the	

residual	stresses	were	1.0	mm	from	the	surface	for	RB	specimen,	0.9	mm	from	the	surface	

for	TC	specimen	and	0.8	mm	from	the	surface	for	the	EC	specimen,	respectively.	

	

The	 IWs	 in	 the	axial	 and	 tangential	directions	are	 shown	 in	Figure	4-19-(c)	 and	Figure	

4-19-(d).	From	0.00	-	0.05	mm	beneath	 the	surface,	 there	 is	no	significant	difference	 in	

the	 IWs	of	each	specimen	configuration	 in	axial	and	tangential	directions.	However,	 the	

compressive	residual	stress	value	and	the	IW	value	correspond	to	each	other	in	the	axial	
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direction.	 Moreover,	 the	 compressive	 residual	 stresses	 were	 correlated	 with	 the	

dimension	 of	 the	 testing	 specimen.	 From	 Figure	 4-19-(c),	 the	 IWs	 in	 axial	 direction	

directly	at	the	surface	were	2.45°	for	the	RB	specimen,	2.6°	for	the	TC	specimen,	2.5°	for	

the	 EC	 specimen	 and	 2.2°	 for	 the	 SCC	 specimen,	 respectively.	 The	 values	 gradually	

reduced	 and	 became	 constant	 at	 1.6°	 0.3	 mm	 beneath	 the	 surface.	 In	 the	 tangential	

direction	 (Figure	 4-19-(d)),	 the	 IWs	 directly	 at	 the	 surface	 equaled	 2.9°	 for	 the	 RB	

specimen,	 2.55°	 for	 the	 TC	 specimen,	 2.65°	 for	 EC	 specimen	 and	 2.45°for	 the	 SCC	

specimen,	respectively.		

	

The	 compressive	 residual	 stress	 of	 AISI	 304	 after	 deep	 rolling	 at	 20	 °C	 with	 1.7	 bar	

pressure	was	measured	and	 is	presented	 in	Figure	4-20.	Also,	 the	RB	and	TC	specimen	

displayed	the	greatest	values	of	compressive	residual	stress	in	the	axial	direction	(Figure	

4-20-(a)),	namely	-700	MPa.	The	penetration	depth	of	the	compressive	residual	stress	for	

the	 RB	 and	 the	 EC	 specimen	was	 1.1	mm	 by	means	 of	 extrapolation.	 The	 penetration	

depths	of	the	compressive	residual	stress	of	the	TC	and	SCC	specimen	were	0.85	and	0.75	

mm,	respectively.	In	case	of	the	EC	and	SCC	specimens,	the	compressive	residual	stress,	

which	equaled	-600	MPa,	was	found	directly	at	the	surface.	Its	value	gradually	increased	

and	reach	a	maximum	value	0.1	mm	beneath	the	surface	for	RB	and	TC	specimens,	0.05	

mm	 for	 EC	 specimens	 and	 0.15	 mm	 for	 SCC	 specimens.	 The	 maximum	 values	 of	 the	

compressive	residual	stresses	were	-820	MPa	for	RB	and	TC	specimens,	and	-750	MPa	for	

EC	and	SCC	specimens.		

	

In	the	tangential	direction	(Figure	4-20-(b)),	the	compressive	residual	stress	found	at	the	

surface	of	RB	and	TC	specimens	equaled	 -300	MPa.	The	maximum	value	 -600	MPa	was	

reached	0.15	mm	beneath	 the	 surface.	Also,	 the	penetration	depths	of	 the	 compressive	

residual	 stress	 for	 the	 RB	 and	 TC	 specimens	 were	 1.1	 and	 1.0	 mm,	 respectively.	 The	

compressive	residual	stress	of	the	SCC	specimens	was	relatively	similar	to	that	of	RB	and	

TC	 specimens.	The	 compressive	 residual	 stress	 at	 the	 surface	of	 the	SCC	 specimen	was						

-400	MPa	directly	at	the	surface.	The	compressive	residual	stress	of	the	EC	specimen	was	

slightly	 lower	 than	 the	other	 specimen	configuration	 types.	The	maximum	value	 -	 -450	

MPa	-	was	found	0.2	mm	beneath	the	surface.	The	penetration	depth	of	the	EC	specimen	

equaled	1.0	mm.	
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(a) (b)

(c) (d) 	

Figure	4-20	Residual	stress	in:	(a)	axial	direction	and	(b)	tangential	direction,	and	IW	in:	

(c)	 axial	 direction	 and	 (d)	 tangential	 direction	 in	 correlation	 with	 surface	 distance	 of	

RTDR17B	with	different	specimen	geometries	

	

Regarding	to	the	IW	values	directly	at	the	surface	in	the	axial	direction	in	Figure	4-20-(c),	

they	valued	2.9°	for	the	RB	specimen,	2.55°	for	TC	specimen,	2.35°	for	EC	specimen	and	

2.45°	for	the	SCC	specimen.	The	maximum	values	were	found	directly	at	the	surface	and	

then	 reduced	 gradually	 to	 1.6°	 and	 remained	 constant	 at	 that	 value.	 The	 penetration	

depths	 of	 the	 IWs	 of	 the	 RB	 specimen	 and	 TC	 specimen	 were	 0.6	 mm	 and	 0.4	 mm,	

respectively.	In	the	case	of	EC	specimen	and	SCC	specimen,	they	valued	0.4	mm	and	0.55	

mm	respectively.	The	IWs	in	the	tangential	direction	in	Figure	4-20-(d),	they	valued	3.0°	

and	 2.55°	 for	 the	 RB	 specimen	 and	 TC	 specimen,	 respectively.	 In	 comparison,	 they	

equaled	 2.55°	 and	 2.25°	 for	 the	 EC	 specimen	 and	 SCC	 specimen,	 respectively.	 It	 was	

measured	directly	at	the	surface.	It	gradually	decreased	and	remained	constant	at	1.6°	0.4	

mm	beneath	 the	 surface	 in	 case	 of	 the	TC	 and	EC	 specimens,	 and	 0.5	mm	beneath	 the	

surface	for	the	RB	and	SCC	specimens.		

	

The	compressive	residual	stresses	in	the	axial	direction	of	AISI	304	after	deep	rolling	at	

20	°C	with	2.4	bar	of	pressure	were	shown	in	Figure	4-21-(a).	They	valued	-650	MPa	for	
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the	 EC	 and	 SCC	 specimens	 when	measured	 directly	 at	 the	 surface.	 In	 comparison,	 the	

compressive	 residual	 stresses	directly	 at	 the	 surface	of	 the	RB	and	TC	 specimens	were						

-750MPa.	The	maximum	compressive	residual	stress	equaling	-800	MPa	was	found	0.05	

mm	beneath	the	surface	for	the	EC	and	SCC	specimens.	The	RB	and	TC	specimens	had	a	

slightly	 greater	 compressive	 residual	 stress	 value,	 namely	 -900	 MPa.	 The	 penetration	

depth	of	 the	compressive	residual	stress	was	1.3	mm	(by	extrapolation)	 for	 the	RB	and	

the	EC	specimens.		Also,	the	penetration	depths	of	the	compressive	residual	stress	of	the	

TC	and	SCC	specimens	were	0.9	and	0.7	mm,	respectively.	

	

(a) (b) 	

(c) (d) 	

Figure	4-21	Residual	stress	in:	(a)	axial	direction	and	(b)	tangential	direction,	and	IW	in:	

(c)	axial	direction	and	(d)	tangential	direction	in	correlation	with	the	surface	distance	of	

RTDR24B	with	different	specimen	geometries	

	

The	compressive	residual	stresses	in	the	tangential	direction	were	relatively	random	(see	

Figure	4-21-(b)).	The	compressive	residual	stress	values	of	the	RB,	TC	and	EC	specimens	

were	quite	similar.	The	compressive	residual	stress	was	-250	MPa	at	the	surface	and	-550	

MPa	0.15	mm	beneath	the	surface	 in	case	of	the	RB	and	TC	specimens.	The	penetration	

depths	of	 the	compressive	residual	stress	 fields	(CRSF)	 in	 the	 tangential	direction	were	

similar	to	those	CRSFs	found	in	the	axial	direction.	
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The	IW	values	were	similar	for	all	specimen	configuration	types.	The	IW	values	were	the	

highest	at	the	surface	and	gradually	reduced	until	they	remained	constant	at	1.5°	0.5	mm	

beneath	 the	 surface	 in	 the	 axial	 direction,	 and	 0.4	 mm	 beneath	 the	 surface	 in	 the	

tangential	 direction.	 In	 the	 axial	 direction,	 the	 IW	 values	 equaled	 3.0°	 for	 the	 RB	

specimen,	 2.5°	 for	 the	 TC	 specimen,	 2.7°	 for	 the	 EC	 specimen	 and	 2.45°	 for	 the	 SCC	

specimen	(see	Figure	4-21-(c)).	In	the	tangential	direction,	the	IW	values	equaled	2.7°	for	

the	RB	specimen,	2.5°	for	the	TC	specimen,	2.85°	for	the	EC	specimen	and	2.3°	for	the	SCC	

specimen	(see	Figure	4-21-(d)).	

	

The	martensitic	contents	of	all	specimen	configurations	after	deep	rolling	at	20	°C	with	

1.0,	 1.7	 and	 2.4	 bar	 pressure	 are	 shown	 in	 Figure	 4-22.	 The	 stress	 corrosion	 cracking	

specimen	 had	 the	 largest	martensitic	 content,	 while	 the	 electrochemical	 specimen	 had	

the	smallest	amount	of	martensitic	content.	The	martensitic	content	of	the	RB	specimen	

was	 30%	 higher	 than	 the	 martensitic	 content	 of	 the	 EC	 specimen.	 In	 the	 case	 of	 TC	

specimen,	 the	martensitic	 content	was	 100%	higher	 in	 value	 than	 the	 EC	 specimen.	 In	

comparison,	 the	martensitic	 content	of	 SCC	 specimen	was	1.5	 -	3	 times	higher	 in	value	

than	the	martensitic	content	of	EC	specimen.		

	

In	the	case	of	untreated	AISI	304,	the	martensitic	content	was	2.5%	for	the	RB	specimen,	

3%	 for	 the	 EC	 specimen	 and	 1.5%	 for	 the	 SCC	 specimen	 (see	 Figure	 4-22-(a)).	 The	

penetration	depths	of	 the	compressive	residual	stresses	 for	RB	and	EC	specimens	were	

0.2	mm	beneath	the	surface	and	0.1	mm	beneath	the	surface	for	SCC	specimen.		

	

After	deep	rolling	at	20	°C	with	1.0	bar	deep	rolling	pressure	(see	Figure	4-22-(b)),	 the	

martensitic	 contents	directly	 at	 the	 surface	of	RB	and	TC	 specimen	were	8%	and	15%,	

respectively.	In	the	case	of	EC	and	SCC	specimens,	the	martensitic	contents	on	the	surface	

were	 4%	and	12%.	The	martensitic	 phase	 increased	 gradually	 until	 the	maximum	was	

reached	for	all	specimen	configuration	types	0.5	mm	beneath	the	surface.	The	martensitic	

phase	reached	its	maximum	values	10%	for	the	RB	specimen,	15%	for	the	TC	specimen,	

7%	for	the	EC	specimen	and	17%	for	the	SCC	specimen.		
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(a) (b)	

(c)	 (d) 	

Figure	4-22	Martensitic	content	of:	(a)	untreated	AISI	304,	and	after	deep	rolling	at	20	°C	

with:	 (a)	 1.0	 bar,	 (b)	 1.7	 bar	 and	 (d)	 2.4	 bar	 deep	 rolling	 pressure	 using	 different	

specimen	geometries	

	

The	martensitic	 contents	 directly	 at	 the	 surface	 of	 AISI	 304	 after	 deep	 rolling	 at	 20	 °C	

with	1.7	bar	were	17%	for	the	RB	specimen	and	10%	for	 the	EC	specimen	((see	Figure	

4-22-(c)).	The	martensitic	content	reached	its	maximum	values	-	20%	for	RB	specimens	

and	17%	for	EC	specimens	-	0.075	mm	beneath	the	surface.	The	martensitic	contents	of	

the	TC	and	SCC	specimens	were	relatively	high.	The	maximum	values	were	found	directly	

at	 the	 surface.	 Then,	 the	 values	 gradually	 decreased	 until	 remaining	 constant	 0.4	 mm	

beneath	the	surface	in	case	of	the	TC	and	SCC	specimens.	The	martensitic	content	reached	

its	 maximum	 values	 35%	 for	 the	 TC	 specimen	 and	 45%	 for	 the	 SCC	 specimen.	 The	

maximum	value	of	martensitic	content	was	located	directly	at	the	surface	for	all	cases.		

	

After	 deep	 rolling	 at	 20	 °C	with	 2.4	 bar	 pressure	 (see	 Figure	 4-22-(d)),	 the	maximum	

value	of	martensitic	content	was	found	directly	at	the	surface.	It	then	gradually	reduced	

to	nearly	zero	0.4	mm	beneath	the	surface.	The	martensitic	contents	at	the	surface	were	

35%	 for	 the	 RB	 specimen	 and	 48%	 for	 the	 TC	 specimen.	 In	 the	 case	 of	 EC	 and	 SCC	

specimens,	the	martensitic	content	equaled	20%	and	65%,	respectively.	
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4.3 Rotating	 Bending	 Cyclic	 Behavior	 of	 AISI	 304	 after	 Deep	 Rolling	 at	

Various	Temperatures	

	

4.3.1 The	Self-Heating	Temperature	during	the	Rotating	Bending	Fatigue	

Test		

	

Tests	were	carried	out	 in	a	 laboratory	at	20	°C.	Owing	 to	 the	cyclic	plastic	deformation	

and	 low	 heat	 conductivity	 of	 austenitic	 stainless	 steel,	 self-heating	 occurs.	 The	

temperature	during	the	fatigue	test	was	measured	and	depicted	in	Figure	4-23.	In	Figure	

4-23-(a)	 illustrates	 the	 self-heating	 temperature	 of	 AISI	 304	 after	 the	 rotating	 bending	

fatigue	test	with	a	stress	amplitude	of	600	MPa	and	Figure	4-23-(b)	represents	the	self-

heating	 temperatures	 of	 AISI	 304	 after	 the	 rotating	 bending	 fatigue	 test	 with	 a	 stress	

amplitude	of	550	-	570	MPa	depending	on	the	deep	rolling	conditions.	During	the	rotating	

bending	fatigue	test	with	a	stress	amplitude	of	600	MPa,	the	temperature	rose	to	600	–	

800	°C.	 	In	case	of	the	lower	stress	amplitude	(550	-	570	MPa),	the	temperature	rose	to	

400	–	600	°C.	The	HTDR	specimen	displayed	a	self-heating	 temperature	 lower	 than	the	

other	 specimens.	 The	 self-heating	 temperature	 of	 untreated	 AISI	 304	 and	 CTDR	 were	

similar.	During	the	rotating	bending	fatigue	test	performed	at	600	MPa	on	untreated	AISI	

304,	the	temperature	reached	up	to	800	°C.	The	specimens	failed	after	3,375	cycles.	When	

using	 a	 stress	 amplitude	 of	 550	 MPa,	 the	 self-heating	 temperature	 equaled	 600	 °C.	

Specimens	failed	after	5,625	cycles.	

	

Heat	 accumulated	 in	 the	 CTDR1B	 equaling	 up	 to	 800	 °C	 during	 the	 rotating	 bending	

fatigue	 test	with	 a	 stress	 amplitude	 of	 600	MPa.	 It	 failed	 after	 3,600	 cycles.	When	 the	

stress	amplitude	decreased	to	550	MPa,	the	fatigue	endurance	enhanced	to	15,750	cycles	

and	the	self-heating	temperature	decreased	to	580	°C.	
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(a) 	(b) 	

Figure	 4-23	 Self-heating	 temperatures	 during	 the	 rotation	 bending	 fatigue	 tests	

performed	on	untreated	and	deep	rolled	AISI	304	with:	(a)	600	MPa	stress	amplitude	and		

(b)	550,	560	and	570	MPa	stress	amplitudes	

	

In	case	of	HTDR1B,	the	self-heating	temperature	during	the	rotating	bending	fatigue	test	

with	a	stress	amplitude	equaling	600	MPa	reached	up	to	650	°C.	The	specimen	failed	after	

14,400	cycles.	The	amount	of	heat	that	accumulated	in	the	HTDR17B	during	the	rotating	

bending	 fatigue	 test	 with	 600	 MPa	 stress	 amplitude	 was	 similar	 to	 that	 in	 HTDR1B.	

However,	its	fatigue	endurance	only	lasted	9,000	cycles.	When	the	stress	amplitude	was	

decreased	 to	570	MPa,	 the	 fatigue	endurance	 increased	drastically	 lasting	up	 to	75,600	

cycles.	The	 accumulated	heat	 only	 reached	400	 °C.	The	 self-heating	 temperature	of	 the	

HTDR24B	during	the	rotating	bending	fatigue	test	with	a	600	MPa	stress	amplitude	was	

relatively	low	when	compared	to	untreated	AISI	304	and	the	other	deep	rolling	settings.	

The	amount	of	heat	accumulation	increased	up	to	500	°C	and	the	fatigue	endurance	lasted	

22,900	 cycles.	When	 the	 stress	 amplitude	 was	 decreased	 to	 580	MPa,	 the	 self-heating	

temperature	was	only	450	°C.	Also,	the	fatigue	endurance	increased	to	30,600	cycles.	

	

It	was	 evident	 that	 the	 self-heating	 temperatures	 of	 CTDR	were	 very	 similar	 to	 that	 of	

untreated	steel,	especially	 in	the	low	cycle	fatigue	testing	range	(fatigue	test	with	a	600	

MPa	 stress	 amplitude).	 However,	 the	 fatigue	 endurance	 of	 the	 deep	 rolled	 steel	 was	

enhanced	when	 compared	 to	 the	 untreated	 condition.	 In	 the	 high	 cycle	 fatigue	 testing	

range,	we	 found	 that	 the	self-heating	 temperatures	of	CTDR	was	only	20	 °C	 lower	 than	

that	of	untreated	steel,	while	the	fatigue	endurance	increased	three-fold.	

	

In	case	of	the	HTDR,	we	found	that	the	self-heating	temperature	was	relatively	low.	The	

self-heating	 temperatures	 of	 the	 HTDR1B	 and	 HTDR17B	 were	 approximately	 150	 °C	
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lower	 than	 that	of	untreated	AISI	304.	Also,	 the	 fatigue	endurance	 increased	 three-fold	

and	four-fold	for	the	HTDR1B	and	HTDR17B,	respectively.	The	self-heating	temperature	

of	HTDR24B	was	300	 °C	 lower	 than	 the	untreated	AISI	 304	 and	 the	 fatigue	 endurance	

was	seven-fold	higher.	

	

4.3.2 Cyclic	Behavior	of	Untreated	and	Deep	Rolled	AISI	304	

	

The	 S-N	 curve	 of	 RTDR	 is	 shown	 in	 Figure	 4-24.	 Fatigue	 testing	 of	 untreated	AISI	 304	

started	at	90%	of	a	yield	strength	then	a	stress	amplitude	equaling	648	MPa.	Increasing	

the	deep	rolling	pressures	enhanced	the	cyclic	strength.	It	could	be	seen	that	the	fatigue	

endurance	limit	of	the	untreated	AISI	304	was	470	MPa.	It	increased	6%	to	500	MPa	after	

deep	 rolling	 at	 20	 °C	 with	 1.0	 bar	 of	 pressure.	 In	 the	 case	 of	 RTDR17B,	 the	 fatigue	

endurance	limit	equaled	530	MPa,	which	is	13%	increasing.	The	fatigue	endurance	limit	

of	the	RTDR24B	rose	17%	and	equaled	550	MPa.		

	

	
Figure	 4-24	 S-N	curves	of	untreated	AISI	304	and	RTDR	after	 rotating	bending	 fatigue	

testing	

	

The	arcsine	�P	method	was	used	 to	calculate	 the	probability	distribution	 (see	chapter	

3.6).	Nf,	which	represents	untreated	AISI	304	after	fatigue	testing	with	a	stress	amplitude	

of	 648	 MPa,	 equaled	 1,653	 cycles.	 The	 Nf	 value	 increased	 to	 5,601	 when	 the	 stress	

amplitude	reduced	to	550	MPa,	and	even	rose	to	152,563	cycles	when	a	stress	amplitude	

equaling	 485	 MPa	 was	 used.	 The	 rotating	 bending	 fatigue	 test	 was	 stopped	 after	 107	

cycles	without	 fatigue	 failure	having	occurred.	The	 fatigue	endurance	 limit	of	untreated	

AISI	304	was	470	MPa.	
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The	Nf	 value	 obtained	 for	 the	RTDR1B	after	 rotating	bending	 fatigue	 test	with	 a	 stress	

amplitude	 of	 648	 MPa	 equaled	 2,433	 cycles.	 The	 fatigue	 strength	 increased	 to	 14,617	

cycles	 when	 the	 stress	 amplitude	 employed	 in	 the	 fatigue	 tests	 was	 decreased	 to	 550	

MPa,	and	even	reached	148,315	cycles	when	the	stress	amplitude	was	brought	down	to	

510	MPa.	The	rotating	bending	fatigue	test	was	stopped	after	107	cycles	without	fatigue	

failure.	The	fatigue	endurance	limit	of	RTDR1B	was	500	MPa.	That	is	approximately	6%	

higher	than	the	limit	achieved	by	untreated	AISI	304.	

	

The	Nf	value	obtained	for	the	RTDR17B	after	the	rotating	bending	fatigue	test	with	648	

MPa	was	 6,230	 cycles.	 The	 fatigue	 strength	 increased	 to	 8,920	 cycles	 when	 the	 stress	

amplitude	of	 the	 fatigue	 tests	was	 reduced	 to	600	MPa	and,	ultimately,	 reached	94,895	

cycles	when	the	stress	amplitude	was	dropped	to	550	MPa.	The	rotating	bending	fatigue	

test	was	stopped	after	107	cycles	without	 fatigue	 failure.	The	 fatigue	endurance	 limit	of	

RTDR17B	was	 530	MPa.	 It	was	 approximately	 13%	higher	 than	 that	 of	 untreated	 AISI	

304.	

	

The	 Nf	 value	 recorded	 for	 the	 RTDR24B	 after	 the	 rotating	 bending	 fatigue	 test	 that	

applied	 a	 stress	 amplitude	 of	 648	 MPa	 equaled	 5,749	 cycles.	 The	 fatigue	 strength	

increased	 to	 20,573	 cycles	when	 the	 stress	 amplitude	 of	 the	 fatigue	 tests	 decreased	 to	

600	MPa;	also,	257,465	cycles	were	achieved	when	using	560	MPa.	The	rotation	bending	

fatigue	 test	was	 stopped	after	107	 cycles	without	 fatigue	 failure.	The	 fatigue	endurance	

limit	 of	 RTDR24B	 was	 550	 MPa.	 That	 is	 approximately	 17%	 higher	 than	 that	 of	 the	

untreated	AISI	304.	

	

The	S-N	curve	of	AISI	304	after	deep	rolling	at	-195	°C	is	shown	in	Figure	4-25.	Due	to	the	

combination	 of	 plastic	 deformation	 and	 supercooling,	 a	 relatively	 high	 amount	 of	

martensitic	content	was	found	after	deep	rolling	at	-195	°C.	Only	CTDR1B	and	CTDR24B	

were	picked	for	the	subsequent	fatigue	testing.	

	

The	 Nf	 value	 obtained	 for	 CTDR1B	 after	 rotating	 bending	 fatigue	 testing	 with	 a	 stress	

amplitude	of	648	MPa	equaled	3,388	cycles.	The	fatigue	endurance	increased	slightly	to	

3,592	when	the	stress	amplitude	in	the	fatigue	test	was	reduced	to	600	MPa.	Additionally,	

the	 fatigue	endurance	 rose	 to	11,389	cycles	when	employing	a	 stress	amplitude	of	550	
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MPa.	The	fatigue	endurance	drastically	 increased	to	93,122	cycles	when	using	510	MPa	

and	 to	 116,109	 cycles	 when	 using	 500	 MPa.	 The	 rotating	 bending	 fatigue	 test	 was	

stopped	after	107	cycles	without	 fatigue	 failure	having	occurred.	The	 fatigue	endurance	

limit	of	CTDR1B	was	495	MPa.	 It	was	approximately	5%	greater	 than	that	of	untreated	

AISI	304.	

	

	
Figure	 4-25	 S-N	curves	of	untreated	AISI	304	and	CTDR	after	 rotating	bending	 fatigue	

testing	

	
The	Nf	value	of	CTDR24B	after	rotating	bending	fatigue	testing	using	a	stress	amplitude	of	

648	MPa	 equaled	 5,436	 cycles,	 and,	 after	 reducing	 the	 stress	 amplitude	 to	 600	MPa,	 it	

equaled	15,945	cycles.	The	fatigue	endurance	increased	to	25,924	cycles	when	the	stress	

amplitude	employed	in	the	fatigue	testing	was	reduced	to	590	MPa.	A	further	reduction	to	

580	MPa	 resulted	 in	 a	 fatigue	 endurance	 of	 105,915.	 The	 rotating	 bending	 fatigue	 test	

was	 stopped	 after	 107	 cycles	 without	 fatigue	 failure	 having	 occurred.	 The	 fatigue	

endurance	limit	of	RTDR24B	was	570	MPa.	 	It	was	approximately	21%	higher	than	that	

for	untreated	AISI	304.	

	

The	 cyclic	 behavior	 of	 the	 steel	 improved	 by	 15%	 -	 20%	 after	 deep	 rolling	 at	 a	 high	

temperature,	 as	 shown	 in	 Figure	 4-26.	 Increasing	 the	 deep	 rolling	 pressure	 had	 no	

significant	 influence	 on	 the	 fatigue	 strength.	 The	 fatigue	 endurance	 limits	 of	HTDR17B	

and	HTDR24B	increased	by	4%	and	5.5%,	respectively,	in	comparison	to	HTDR1B.	

	

The	Nf	value	of	HTDR1B	after	rotating	bending	fatigue	testing	with	a	stress	amplitude	of	

648	MPa	stress	amplitude	equaled	5,268	cycles.	The	fatigue	strength	increased	to	14,443	

cycles.	The	stress	amplitude	of	the	fatigue	test	was	reduced	to	600	MPa.	Correspondingly,	
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27,185	cycles	were	completed	before	failure	when	using	a	stress	amplitude	equaling	580	

MPa.	 As	 was	 to	 be	 expected,	 a	 further	 reduction	 of	 the	 stress	 amplitude	 to	 550	 MPa	

resulted	in	a	drastic	improvement	of	the	fatigue	strength	to	710,861	cycles.	The	rotating	

bending	fatigue	testing	was	stopped	after	107	cycles	without	 fatigue	failure.	The	fatigue	

endurance	limit	of	RTDR24B	was	540	MPa.	That	is	approximately	15%	higher	compared	

to	untreated	AISI	304.	

	

	
Figure	 4-26	 S-N	curves	of	untreated	AISI	304	and	HTDR	after	rotating	bending	 fatigue	

testing	

	

The	Nf	value	of	HTDR17B	after	rotating	bending	fatigue	testing	with	648	MPa	was	4,192	

cycles.	The	fatigue	strength	increased	to	21,961	cycles	when	the	stress	amplitude	used	in	

the	fatigue	tests	was	decreased	to	600	MPa.	As	before,	the	fatigue	strength	increased	as	

the	 stress	 amplitude	 decreased,	 i.e.	 75,856	 cycles	 were	 achieved	 when	 using	 a	 stress	

amplitude	of	580	MPa.	The	fatigue	strength	drastically	increased	to	161,181	cycles	when	

the	stress	amplitude	was	reduced	to	570	MPa.	The	rotating	bending	fatigue	testing	was	

stopped	after	107	cycles	without	 fatigue	 failure	having	occurred.	The	 fatigue	endurance	

limit	of	RTDR24B	was	560	MPa.	It	was	approximately	19%	higher	than	that	of	untreated	

AISI	304.	

	

The	Nf	value	of	HTDR24B	was	4,634	cycles	after	rotating	bending	fatigue	testing	at	648	

MPa.	The	fatigue	strength	increased	to	18,347	cycles	when	the	stress	amplitude	used	in	

the	 fatigue	 testing	 was	 dropped	 to	 600	 MPa.	 Correspondingly,	 the	 number	 of	 cycles	

completed	equaled	158,131	when	the	lower	stress	amplitude	of	590	MPa	was	employed.	

Further	 reduction	 of	 the	 stress	 amplitude	 to	 580	 MPa	 resulted	 in,	 as	 expected,	 an	

additional	 increase	 in	 the	 fatigue	 strength	 to	 218,971	 cycles.	 Rotating	 bending	 fatigue	
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testing	was	stopped	after	107	cycles	without	fatigue	failure.	The	fatigue	endurance	limit	of	

RTDR24B	was	570	MPa.	 It	was	approximately	21%	greater	 than	 that	of	untreated	AISI	

304.	

	

The	cyclic	behaviors	of	untreated	AISI	304	compared	to	the	deep	rolled	one	are	shown	in	

Figure	4-27	to	Figure	4-29.	The	deep	rolling	pressure	influenced	the	cyclic	behaviors	of	

RTDR	and	CTDR.	Testing	with	1.0	bar	deep	rolling	pressure	achieved	the	highest	fatigue	

strength	 for	HTDR.	While	 the	 fatigue	 endurance	 of	 CTDR	was	 only	 slightly	 higher	 than	

that	of	untreated	AISI	304,	the	fatigue	strengths	of	RTDR	and	CTDR	were	quite	similar.		

	

Figure	4-27	shows	 the	 fatigue	endurance	 limit	of	untreated	AISI	304	at	470	MPa.	After	

deep	rolling	at	20	°C	with	1.0	bar	pressure	we	found	that	the	fatigue	endurance	limit	of	

AISI	304	 increased	by	6%	to	500	MPa.	The	 fatigue	endurance	 limit	of	RTDR1B	was	1%	

higher	than	the	fatigue	endurance	limit	of	CTDR1B,	which	equaled	495	MPa.	HTDR1B	had	

the	 highest	 fatigue	 endurance	 limit	 of	 all	 at	 540	MPa.	 It	 was	 15%	 higher	 than	 that	 of	

untreated	AISI	304,	9%	higher	than	that	of	CTDR1B	and	8%	higher	than	that	of	RTDR1B.	

	

	
Figure	4-27	S-N	curves	of	untreated	AISI	304	and	deep	rolled	AISI	304	with	1.0	bar	deep	

rolling	pressure	after	rotating	bending	fatigue	testing		

	

In	Figure	4-28,	the	fatigue	endurance	limit	of	untreated	AISI	304	equals	470	MPa.	Deep	

rolling	at	20	°C	with	1.7	bar	pressure	resulted	in	a	fatigue	endurance	limit	increase	in	AISI	

304	increase	by	13%	to	530	MPa.	For	comparison	purposes,	the	fatigue	endurance	limit	

of	RTDR17B	was	6%	lower	than	the	fatigue	endurance	limit	of	HTDR17B,	which	equaled	

560	MPa.	It	was	19%	higher	than	that	of	untreated	AISI	304.	
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Figure	4-28	S-N	curves	of	untreated	AISI	304	and	deep	rolled	AISI	304	with	1.7	bar	deep	

rolling	pressure	after	rotating	bending	fatigue	testing		

	

Lastly,	in	Figure	4-29,	the	fatigue	endurance	limit	of	untreated	AISI	304	equaled	470	MPa.	

After	deep	rolling	at	20	°C	with	2.4	bar	pressure,	the	fatigue	endurance	limit	of	AISI	304	

increased	by	a	total	of	17%	to	550	MPa.	The	fatigue	endurance	limit	of	RTDR24B	was	4%	

lower	than	the	fatigue	endurance	limit	of	CTDR24B,	which	came	in	at	570	MPa.	HTDR24B	

displayed	 the	 highest	 fatigue	 endurance	 limit	 at	 570	 MPa.	 It	 is	 similar	 to	 the	 fatigue	

endurance	 limit	 of	 CTDR24B.	On	whole,	 it	was	21%	higher	 than	 that	 of	 untreated	AISI	

304	and	4%	higher	than	that	of	RTDR24B.	

	

	
Figure	4-29	S-N	curves	of	untreated	AISI	304	and	deep	rolled	AISI	304	with	2.4	bar	deep	

rolling	pressure	after	rotating	bending	fatigue	testing	

	

4.3.3 Fracture	 Surface	 of	 Untreated	 and	 Deep	 Rolled	 AISI	 304	 after	

Rotating	Bending	Fatigue	Test	

	

The	fracture	surfaces	of	untreated	AISI	304	are	depicted	in	Figure	4-30.	A	relatively	high	

number	 of	 fatigue	 crack	 initiations	 were	 found.	 The	 striations	 of	 the	 beach	 mark	 of	
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untreated	AISI	304	were	relatively	wide.	The	fast	fracture	zone	was	located	in	the	core	of	

the	 specimens.	 Moreover,	 the	 steel	 is	 discolored	 when	 it	 encounters	 with	 high	

temperature.	 The	 tempering	 color	 of	 steel	 can	 be	 seen	 on	 testing	 specimen	 near	 the	

region	 of	 the	 fracture	 surface.	 This	 is	 evidence	 of	 a	 relatively	 high	 amount	 of	 heat	

accumulation	having	occurred	during	 rotating	bending	 fatigue	 testing.	Ductile	 fractures	

present	 for	 all	 employed	 stress	amplitudes.	A	 smaller	number	of	 crack	 initiations	were	

found	at	the	surface	for	lower	stress	amplitudes.	

	

(a) (b) 	

Figure	4-30	Fractographies	at	the	fracture	surfaces	of	untreated	AISI	304	made	by:	(a)	

OM	 after	 rotating	 bending	 fatigue	 testing	 using	 the	 indicated	 stress	 amplitude	 and	 (b)	

SEM	after	fatigue	test	using	600	MPa	stress	amplitude		

	

The	 fracture	 surfaces	 of	 RTDR1B	 after	 rotating	 bending	 fatigue	 testing	 are	 shown	 in	

Figure	4-31.	The	crack	 initiation	sites	 found	directly	at	 the	surface	was	distinctly	 lower	

than	 in	 untreated	 AISI	 304.	 Striations	 of	 beach	mark	were	 evidently	 narrower	 than	 in	

untreated	AISI	304.	The	tempering	color	of	 the	steel	can	be	seen	at	 the	region	near	 the	

fracture	 surface.	 It	 verified	 the	 role	 the	 self-heating	 temperature	 plays	 during	 rotating	

bending	fatigue	testing	of	RTDR1B.	Ductile	 fractures	developed	on	the	fracture	surfaces	

of	RTDR1B	after	rotating	bending	fatigue	testing	for	all	stress	amplitudes.	
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(a) (b) 	

Figure	 4-31	 Fractographies	 at	 the	 fracture	 surfaces	 of	RTDR1B	made	by:	 (a)	OM	after	

rotating	bending	test	using	the	indicated	stress	amplitudes	and	(b)	SEM	after	fatigue	test	

using	600	MPa	stress	amplitude	

	

The	 fracture	 surfaces	of	RTDR17B	after	 rotating	bending	 fatigue	 testing	using	different	

stress	 amplitudes	 are	 shown	 in	 Figure	 4-32.	 Ductile	 fractures	 formed	 on	 the	 fracture	

surfaces	 of	 RTDR17B	 after	 rotating	 bending	 fatigue	 testing	 using	 all	 stress	 amplitudes.	

The	tempering	color	of	the	steel	was	a	forming	of	iron	oxide.	It	was	found	at	the	side	of	

specimens.	 It	proved	 that	 the	amount	of	heat	 that	accumulated	during	 self-heating	was	

significantly	lower	than	in	untreated	AISI	304	and	RTDR1B.	Moreover,	crack	origins	were	

found	 directly	 at	 the	 surface.	 The	 numbers	 of	 crack	 origin	 were	 much	 lower	 than	 in	

untreated	AISI	304.	

	

(a) (b) 	

Figure	4-32	Fractographies	at	the	fracture	surfaces	of	RTDR17B	made	by:	(a)	OM	after	

rotating	bending	test	using	the	indicated	stress	amplitudes	and	(b)	SEM	after	fatigue	test	

using	600	MPa	stress	amplitude	
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The	fracture	surfaces	of	RTDR24B	after	rotating	bending	fatigue	test	are	shown	in	Figure	

4-33.	It	displayed	crack	initiation	sites	at	its	surface.	The	amount	of	crack	initiation	sites	

was	 lower	 than	 that	 untreated	AISI	 304,	 RTDR1B	 and	RTRDR17B.	 Also,	 the	 tempering	

color	 of	 the	 steel	 was	 created	 by	 iron	 oxide	 and	 proved	 that	 the	 amount	 of	 heat	 that	

accumulated	 was	 relatively	 smaller	 than	 that	 in	 untreated	 AISI	 304,	 RTDR1B	 and	

RTDR17B.	The	striation	of	beach	mark	was	relatively	narrow.	Also,	the	fast	fracture	zone	

was	relatively	large.	

	

(a) (b) 	

Figure	 4-33	 Fractographies	at	 the	 fracture	 surface	of	RTDR24B	made	by:	 (a)	OM	after	

rotating	 bending	 fatigue	 test	 using	 the	 indicated	 stress	 amplitudes	 and	 (b)	 SEM	 after	

fatigue	test	using	600	MPa	stress	amplitude	

	

Brittle	fracture	surfaces	of	HTDR1B	and	HTDR24B	can	be	seen	in	Figure	4-34	and	Figure	

4-35,	 respectively.	 	 A	 relative	 smaller	 number	 of	 crack	 origins	 was	 found	 in	 both	

condition	 as	 comparing	 to	 other	 deep	 rolling	 conditions.	 Cracks	 partially	 initiated	

beneath	the	surface.	The	striation	of	the	beach	mark	was	relatively	narrow.		
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(a) (b) 	

Figure	 4-34	 Fractographies	 at	 the	 fracture	 surfaces	of	HTDR1B	made	by:	 (a)	OM	after	

rotating	bending	fatigue	testing	using	the	indicated	stress	amplitudes	and	(b)	SEM	after	

fatigue	test	using	550	MPa	stress	amplitude	

	

	
Figure	 4-35	 Fractographies	 at	 the	 fracture	 surfaces	 of	 HTDR24B	 after	 the	 rotating	

bending	fatigue	testing	using	the	indicated	stress	amplitudes	

	

The	fracture	surfaces	of	the	CTDR1B	are	depicted	in	Figure	4-36.	The	ductile	fracturing	is	

evident.	Crack	origins	were	found	directly	at	the	surface.	The	striation	of	beach	marks	is	

seemly	narrow.	Also,	 the	fast	 fracture	zone	was	relatively	small.	The	tempering	color	of	

the	steel	was	visible	on	the	side	of	specimen	in	the	region	near	the	fracture	indicates	that	

self-heating	 occurred	 during	 rotating	 bending	 fatigue	 testing,	 verifying	 that	 it	 was	 a	

relatively	high	temperature.	The	results	are	consistent	with	the	self-heating	temperature	

measurements	recorded	with	the	thermal	camera	in	Figure	4-23.	
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(a) (b) 	

Figure	 4-36	 Fractographies	 at	 the	 fracture	 surfaces	 of	 CTDR1B	 made	 by	 OM	 after	

rotating	 bending	 fatigue	 testing	 test	 using:	 (a)	 the	 indicated	 stress	 amplitudes	 and	 (b)	

648	MPa	stress	amplitude	

	

The	fracture	surface	was	investigated	by	means	of	SEM	with	strong	magnification	and	is	

shown	 in	Figure	4-37	 -	Figure	4-41.	Dimples	were	 found	which	represented	 the	ductile	

fractures.	 Precipitates	 dispersed	 around	matrix	 of	 the	 steel	were	 also	 visible	 in	 Figure	

4-37	and	Figure	4-38.	Similarly,	the	initiation	site	for	fatigue	cracking	was	identified.		

	

	
Figure	4-37	Fractography	image	made	by	SEM	at	the	fracture	surface	of	RTDR17B	after	

rotating	bending	fatigue	testing	using	a	stress	amplitude	of	600	MPa	stress	amplitude	
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Figure	 4-38	Fractography	 image	made	by	SEM	at	 the	 fracture	surface	of	RTDR1B	after	

rotating	bending	fatigue	testing	using	550	MPa	stress	amplitude	

	

Figure	4-39	depicts	the	fracture	surface	of	HTDR.	It	differs	strongly	from	those	specimens	

that	were	subject	to	the	other	forms	of	surface	treatment.	Brittle	fractures	were	partially	

found	in	combination	with	dimples	that	resulted	from	ductile	fracture.	Precipitates	were	

also	 found	 in	 the	 steel	 matrix,	 see	 Figure	 4-40.	 EDX-investigation	 confirmed	 that	 the	

precipitates	were	MnS-precipitates	(see	Figure	4-41).	

	

	
Figure	4-39	Fractography	 image	made	by	SEM	at	 the	 fracture	surface	of	HTDR1B	after	

rotating	bending	fatigue	testing	using	600	MPa	stress	amplitude	

	

It	 is	 evident	 that	 a	 deep	 rolling	 process	 improves	 the	 cyclic	 strength	 of	 steel	 at	 all	

processing	temperatures.	A	small	number	of	the	crack	origins	resulted	at	the	surface	and	

beach	marks	 displayed	 narrower	 striation	 indicate	 the	 surface	 has	 been	 strengthened,	
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which,	in	turn,	retards	crack	initiation	and	propagation.	The	tempering	color	of	the	steel	

at	the	region	near	the	fracture	is	indicative	of	self-heating	having	occurred	in	the	rotating	

bending	 fatigue	 testing,	 which	 corresponds	 to	 measurement	 made	 by	 thermal	 camera	

(see	 chapter	 4.3.1).	 Dimples	 were	 found	 in	 the	 material	 when	 using	 highly	 magnified	

images.	Dimples	are	a	type	of	ductile	fracture.	Also,	MnS	precipitates	were	found	to	be	the	

crack	initiation	sites.		

	

	
Figure	4-40	Fractography	 image	made	by	SEM	at	 the	 fracture	surface	of	HTDR1B	after	

rotating	bending	fatigue	testing	using	600	MPa	stress	amplitude	

	

	
Figure	 4-41	 Images	 illustrate:	 (a)	 SEM	 image	 and	 (b)	 EDX	mapping	 of	HTDR1B	 at	 the	

fracture	surface	after	rotating	bending	fatigue	testing	using	600	MPa	stress	amplitude		
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4.4 Corrosion	 Fatigue	 Behavior	 of	 AISI	 304	 after	 Deep	 Rolling	 at	 Various	

Temperatures	

	

The	S-N	curves	of	AISI	304	after	deep	rolling	at	20	°C	and	fatigue	testing	while	a	salt	spray	

was	 applied	 are	 shown	 in	 Figure	 4-42.	 In	 comparison	 with	 untreated	 AISI	 304,	 the	

corrosion	fatigue	endurance	limit	of	RTDR	was	higher.	The	corrosion	fatigue	endurance	

limits	of	RTDR1B	and	RTDR24B	increased	by	approximately	25%	and	50%	in	contrast	to	

untreated	AISI	304.	

	

When	applying	a	stress	amplitude	of	648	MPa,	the	fatigue	strength	of	untreated	AISI	304	

increased	 by	 58%	 after	 rotating	 bending	 fatigue	 testing	 in	 salt	 spray	 compared	 to	 the	

amount	 achieved	with	 standard	 fatigue	 testing	 in	 a	 laboratory	 setting.	 The	 Nf	 value	 of	

untreated	AISI	304	equaled	2,620	cycles.	 It	drastically	 increased	 to	14,767	cycles	when	

the	stress	amplitude	was	reduced	to	550	MPa.	When	the	stress	amplitude	was	less	than	

550	MPa,	the	corrosion	fatigue	endurance	limit	of	untreated	AISI	304	was	worse	than	the	

fatigue	endurance	limit	 in	a	 laboratory	setting.	The	corrosion	fatigue	endurance	limit	of	

untreated	AISI	 304	 in	 salt	 spray	was	 390	MPa,	which	was	 17%	 lower	 than	 the	 fatigue	

endurance	limit	of	untreated	AISI	304	in	a	laboratory	setting.	

	

	
Figure	 4-42	 S-N	curves	of	untreated	AISI	304	and	RTDR	after	 rotating	bending	 fatigue	

testing	in	5%	NaCl	spray	

	

The	fatigue	strength	of	RTDR1B	lasted	3,336	cycles	after	the	fatigue	test	with	648	MPa.	

The	 Nf	 value	 increased	 to	 9,903	 and	 24,475	 cycles	 when	 the	 stress	 amplitude	 was	

reduced	 to	 600	 and	 550	MPa,	 respectively.	 Corrosion	 fatigue	 testing	 ended	 at	 a	 stress	

amplitude	 of	 530	MPa,	which	 resulted	 in	 a	 total	 of	 251,043	Nf-cycles	 being	 completed.	
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Owing	to	extrapolation,	the	fatigue	endurance	limit	of	RTDR1B	was	approximately	35%	

higher	than	the	fatigue	endurance	limit	of	untreated	AISI	304	in	in	a	laboratory	setting.	

	

The	 fatigue	 strength	 of	 RTDR24B	 after	 rotating	 bending	 fatigue	 testing	 with	 a	 stress	

amplitude	of	648	MPa	in	salt	spray	equaled	8,031	cycles.	It	was	approximately	two-fold	

higher	 than	 the	 corrosion	 fatigue	 endurance	 limit	 of	 untreated	 AISI	 304.	 The	 Nf	 value	

increased	 to	 59,176	 cycles	 when	 the	 stress	 amplitude	 was	 reduced	 to	 590	 MPa.	 The	

fatigue	endurance	limit	of	RTDR24B	was	575	MPa.	It	was	45%	higher	than	the	corrosion	

fatigue	endurance	limit	of	untreated	AISI	304.	

	

The	fatigue	endurance	of	CTDR1B	and	CTDR24B	increased	by	30%	and	50%	respectively	

in	comparison	 to	untreated	AISI	304,	as	 can	be	seen	 in	Figure	4-43.	When	a	 low	stress	

amplitude	was	applied,	the	corrosion	fatigue	endurance	of	CTDR	was	very	similar	to	that	

of	RTDR.	In	contrast,	a	high	stress	amplitude	resulted	in	the	corrosion	fatigue	endurance	

of	the	CTDR	being	higher	than	that	of	RTDR.	

	

	
Figure	 4-43	 S-N	curves	of	untreated	AISI	304	and	CTDR	after	 rotating	bending	 fatigue	

testing	in	5%	NaCl	spray	

	

The	Nf	 value	of	CTDR1B	equaled	3,139	 cycles	 at	 a	 stress	 amplitude	of	648	MPa.	 It	was	

20%	higher	than	that	of	untreated	AISI	304.	The	Nf	increased	to	7,994	and	35,731	cycles	

when	 the	stress	amplitudes	were	 reduced	 to	600	and	550	MPa,	 respectively.	Corrosion	

fatigue	testing	ended	at	530	MPa	without	fatigue	failure	having	occurred	after	106	cycles.	

Due	 to	 extrapolation,	 the	 corrosion	 fatigue	 endurance	 of	 CTDR1B	 was	 approximately	

30%	higher	than	that	of	untreated	AISI	304.	
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CTDR24B	processed	in	salt	spray	proved	to	have	the	highest	corrosion	fatigue	endurance	

limit.	 Its	 fatigue	 endurance	 limit	 was	 590	 MPa,	 which	 is	 50%	 higher	 than	 the	 fatigue	

endurance	 limit	 of	 untreated	AISI	 304.	 After	 rotating	 bending	 corrosion	 fatigue	 testing	

with	a	stress	amplitude	of	648	MPa,	the	Nf	value	of	CTDR24B	was	approximately	five-fold	

higher	 than	 that	 of	 untreated	 AISI	 304.	 Also,	 it	 increased	 to	 35,084	 cycles	 for	 a	 stress	

amplitude	of	600	MPa.	

	

The	 S-N	 curve	 of	 AISI	 304	 after	 deep	 rolling	 at	 a	 high	 temperature	 is	 shown	 in	 Figure	

4-44.	 The	 deep	 rolling	 process	 enhanced	 the	 corrosion	 fatigue	 endurance	 of	 the	 steel.	

Moreover,	 increasing	 the	 deep	 rolling	 pressure	 has	 no	 significant	 influence	 on	 the	

corrosion	 fatigue	endurance	of	steel.	The	 fatigue	endurance	 limit	of	HTDR	 increased	by	

30%	for	HTDR24B.	

	

	
Figure	4-44	S-N	curves	of	untreated	and	HTDR	after	rotating	bending	fatigue	testing	in	

5%	NaCl	spray	

	

The	corrosion	fatigue	endurance	of	HTDR1B	was	60%	higher	than	that	of	untreated	AISI	

304	after	rotating	bending	fatigue	testing	with	a	stress	amplitude	equaling	648	MPa.	The	

Nf	value	 increased	to	8,785	and	17,840	cycles	respectively	as	a	result	of	decreasing	 the	

stress	amplitudes	to	600	and	580	MPa.	The	corrosion	fatigue	testing	ended	at	550	MPa.	

The	Nf	value	obtained	was	101,735	cycles.	

	

The	corrosion	 fatigue	endurance	of	HTDR24B	was	 tested	at	470	MPa.	 It	had	the	 lowest	

fatigue	endurance	limit	we	have	found	for	any	of	the	specimen	processed	by	deep	rolling.	

It	was	only	30%	higher	than	that	of	untreated	AISI	304.	A	high	stress	amplitude	resulted	

in	 the	 fatigue	 endurance	 of	 HTDR24B	 being	 quite	 similar	 to	 the	 fatigue	 endurance	 of	
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RTDR24B.	 In	 case	of	 a	 low	 stress	 amplitude,	 the	 fatigue	 endurance	of	HTDR	decreased	

significantly	owing	to	a	relatively	high	self-heating	temperature.	

	

The	 S-N	 curves	 comparison	 of	 deep	 rolled	 steel	 for	 deep	 rolling	 pressure	 is	 shown	 in	

Figure	4-45.	The	fatigue	endurance	limits	of	RTDR1B,	HTDR1B	and	CTDR1B	were	higher	

in	 value	 than	 the	 untreated	 AISI	 304.	 In	 case	 of	 a	 high	 stress	 amplitude,	 the	 fatigue	

endurances	measured	for	each	temperature	used	for	deep	rolling	were	relatively	similar.	

At	 a	 stress	 amplitude	 lower	 than	 580	 MPa,	 the	 difference	 in	 the	 fatigue	 endurance	

between	each	deep	rolling	condition	was	evident.	When	using	2.4	bar	pressure	for	deep	

rolling,	the	fatigue	endurance	of	each	deep	rolling	condition	was	quite	similar.	The	CTDR	

displayed	 the	 highest	 fatigue	 endurance	 limit,	 while	 the	 HTDR	 displayed	 the	 worst	

corrosion	fatigue	endurance	limit.	

	

(a) (b) 	

Figure	4-45	S-N	curves	of	untreated	and	deep	rolled	AISI	304	with:	(a)	1.0	bar	and	(b)	

2.4	bar	deep	rolling	pressure	after	rotating	bending	fatigue	testing	in	5%	NaCl	spray	

	

In	Figure	5-17,	corrosion	pit	formation	and	uniform	corrosion	were	found	at	the	surface	

of	untreated	AISI	304	after	rotating	bending	fatigue	testing	in	5%	NaCl	spray.	Corrosion	

pits	were	also	found	on	the	surface	of	the	RTDR1B	and	RTDR24B.	Pits	formed	and	grew	

in	the	groove	of	RTDR1B,	while	circular	pits	were	found	dispersed	upon	the	surface	of	the	

RTDR24B	 (see	 Figure	 5-20).	 Circular	 corrosion	 pits	 were	 also	 found	 dispersed	 on	 the	

surface	of	CTDR1B.	They	were	relatively	deep.	Only	uniform	corrosion	was	found	on	the	

surface	 of	 CTDR24B	 (see	 Figure	 5-23).	 In	 case	 of	 the	 HTDR1B	 and	 HTDR24B,	 the	

corrosion	pits	were	circular	and	shallow	(see	Figure	5-26).	
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The	S-N	curves	of	 the	rotating	bending	 fatigue	measurement	performed	for	deep	rolled	

AISI	304	in	an	aqueous	solution	is	illustrated	in	Figure	4-46.	The	fatigue	endurance	limits	

of	deep	 rolled	 steels	 at	 specific	 temperatures	were	much	higher	 than	 that	of	untreated	

AISI	304.	The	 fatigue	endurance	 limit	of	HTDR1B	 increased	up	 to	55%	and	was	higher	

than	the	fatigue	endurance	limit	of	untreated	AISI	304.	Also,	the	fatigue	endurance	limit	

of	CTDR1B	was	enhanced	by	60%	and	two-fold	for	CTDR24B	compared	to	untreated	AISI	

304.	The	rotating	bending	fatigue	testing	was	ended	after	106	cycles	when	fatigue	failure	

occurred.	On	whole,	the	fatigue	endurance	of	the	CTDR	displayed	higher	fatigue	strength	

than	HTDR	across	the	board	for	all	deep	rolling	pressures	employed.	

	

	
Figure	 4-46	 S-N	 curves	 of	 untreated	 and	 deep	 rolled	 AISI	 304	 after	 rotating	 bending	
fatigue	testing	in	aqueous	solution	

	
Micrographies	of	untreated	and	deep	rolled	AISI	304	made	after	corrosion	fatigue	testing	

in	 the	 aqueous	 solution	 are	 shown	 in	 Figure	 5-18,	 Figure	 5-23	 and	 Figure	 5-25.	 No	

evidence	of	corrosion	attacking	the	steel	surface	was	found.	

	

Figure	4-47	depicts	the	S-N	curve	of	AISI	304	after	rotating	bending	fatigue	testing	in	5%	

NaCl	 solution.	 The	 corrosion	 fatigue	 endurance	 of	 untreated	 AISI	 304	 after	 rotating	

bending	 fatigue	 testing	 at	 600	MPa	 in	 saline	 solution	 equaled	 17,098	 cycles.	 It	 rose	 to	

32,221	 cycles	 when	 applying	 a	 stress	 amplitude	 of	 550	 MPa	 and	 increased	 again	 to	

72,398	 cycles	 when	 using	 a	 stress	 amplitude	 of	 470	 MPa.	 The	 corrosion	 fatigue	

endurance	 of	 RTDR1B	 and	HTDR1B	 in	 saline	 solution	was	 approximately	 ten-fold	 and	

nine-fold	higher	than	that	of	untreated	AISI	304.		

	



	 97	

	
Figure	 4-47	Comparison	of	 the	S-N	curves	of	untreated	and	deep	rolled	AISI	304	after	

rotating	bending	fatigue	testing	in	saline	solution	

	

Micrographies	 of	 RTDR1B	 after	 rotating	 bending	 fatigue	 testing	 in	 saline	 solution	 are	

shown	in	Figure	4-48.	Uniform	corrosion	and	corrosion	pits	were	throughout	the	entire	

fracture	 surface.	 The	 corrosion	 pits	 were	 assumed	 to	 be	 an	 initiation	 site	 for	 fatigue	

failure.	 The	 pits	were	 circular	 and	 located	within	 the	 deep	 rolled	 grooves.	 Figure	 5-26	

depicts	the	micrographies	of	HTDT1B.	Only	corrosion	pit	formation	was	found.	

	

	
Figure	 4-48	 Fractographies	 of	 RTDR1B	 after	 rotating	 bending	 fatigue	 testing	 in	 saline	

solution	using	600	MPa	stress	amplitude	
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Chapter	5 Discussion	
	

5.1 Characterization	of	the	Surface	and	Regions	near	the	Surface	after	Deep	

Rolling	at	Various	Temperatures	

	

5.1.1 Surface	 Topography	 of	 AISI	 304	 after	 Deep	 Rolling	 at	 Various	

Temperatures	

	

The	elastic	contact	geometry	between	the	deep	rolling	wheel	and	the	 flat	surface	of	 the	

workpiece	 causes	 a	 tri-axial	 stress	 state,	 which,	 in	 turn	 creates	 smooth	 and	 frictional	

surfaces	[143].	The	fact	that	the	surface	was	indeed	smoother	was	able	to	be	verified	with	

Rz	 value	 in	 Figure	 4-8.	 In	 comparison	 to	 untreated	 AISI	 304,	 the	 Rz	 value	 of	 AISI	 304	

decreased	 drastically	 after	 deep	 rolling	 at	 all	 temperatures.	 RTDR	 proved	 to	 have	 the	

smoothest	surface.	Due	to	the	rising	surface	stiffness	at	a	cryogenic	temperature,	peeling	

of	the	surface	occurred.	During	deep	rolling	at	550	°C,	the	steel	surface	was	relatively	soft.	

Then,	 it	 was	 pushed	 in	 front	 of	 the	 deep	 rolling	wheel,	 which	made	 deep	 groove.	 The	

grooves	and	the	skin	peeling	 is	 indicative	the	surface	to	roughen	and	 is	consistent	with	

the	Rz	value	measurement.		

	

The	 deep	 rolling	 pressure	 also	 influences	 the	 surface	 smoothness	 of	 AISI	 304.	 A	 small	

amount	of	plastic	deformation	was	 induced	by	 the	deep	rolling	process	and	caused	 the	

surface	roughness	to	decrease	as	 the	deep	rolling	pressure	 increased.	 It	 is	 important	 to	

note	that	rougher	surfaces	pose	a	higher	risk	for	impairment	of	the	fatigue	strength	and	

corrosion	resistance	of	the	steel.	

	

5.1.2 Microstructures	in	the	Surface	Region	

	

Micrographies	 of	 AISI	 304	 after	 deep	 rolling	 at	 different	 temperatures	 are	 shown	 in	

chapter	4.1.	 It	was	evident	 that	 the	deep	rolling	 temperature	and	deep	rolling	pressure	

influenced	 the	 microstructures	 in	 the	 region	 close	 to	 the	 surface	 of	 AISI	 304.	 Plastic	

deformation	 from	 the	 deep	 rolling	 process	 and	 temperature	 caused	 a	 transition	 of	 the	

austenitic	phase	to	the	strain	induced	martensitic	phase.		
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Phase	 transformation	 phenomena	 were	 able	 to	 be	 explained	 by	 the	 thermodynamic	

factor	ΔG	[104].	A	ΔG	value	indicated	a	spontaneous	reaction	had	taken	place.	At	a	high	

temperature	(550	°C),	the	ΔG	value	of	the	phase	transformation	was	positive.	Therefore,	

the	martensitic	transformation	was	suppressed.	Only	an	austenitic	phase	was	found	at	a	

high	 temperature.	 In	 contrast,	when	deep	 rolling	at	 a	 cryogenic	 temperature	 (-195	 °C),	

the	 deep	 rolling	 temperature	 was	 close	 to	 the	 Ms	 temperature;	 a	 combination	 of	

supercooling	 and	 plastic	 deformation	 resulting	 from	 deep	 rolling	 caused	 a	 phase	

transformation	from	austenitic	to	martensitic.		

	

The	EBSD	 investigation	 results	 are	 shown	 in	Figure	5-1.	 It	 could	be	 seen	 that	 the	deep	

rolling	 temperatures	 influenced	 the	 formation	 site	 and	 form	 of	 the	 strain	 induced	

martensite.	Martensitic	 plates	were	 found	 in	RTRD.	 They	 formed	 in	 high	 stacking	 fault	

areas,	 such	 as	 at	 grain	 boundaries	 or	 in	 regions	 with	 phase	 discontinuity.	 Twin	

martensite	was	found	in	CTDR.	Figure	5-2	depicts	the	formation	of	the	martensitic	phase	

in	correlation	with	the	carbon	content	of	steel.	The	twin	martensite	was	generally	found	

in	 high	 carbon	 steel,	 which	 does	 not	 include	 AISI	 304.	 What	 was	 remarkable	 in	 our	

experiment	is	the	fact	that	the	nuclei	of	twin	martensite	formed	within	the	grain	of	AISI	

304	 during	 deep	 rolling	 at	 a	 cryogenic	 temperature.	Moreover,	 only	 α’-martensite	was	

found.	

	

	
(a)	 	 	 	 	 (b)	

Figure	 5-1	EBSD	 images	of:	 (a)	RTDR1B	and	 (b)	CTDR1B.	The	red	areas	 represent	 the	

austenitic	phase	and	the	green	depicts	the	α’-martensite	
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Figure	5-2	Martensite	habit	planes	in	various	types	of	steel	[154]	

	

A	comparison	of	the	IW	values	of	untreated	and	deep	rolled	AISI	304	is	shown	in	Figure	

5-3.	A	 correlation	between	 the	martensitic	 transformation	phase	and	 the	 IW	value	was	

found.	The	IW	value	was	relatively	high	after	deep	rolling	at	a	cryogenic	temperature	due	

to	 plastic	 deformation	 having	 been	 induced	 by	 the	 deep	 rolling	 and	 volume	 expansion	

from	the	transformation	phase	[128].		

	

Besides	 the	 thermal	effect,	 the	chemical	composition	of	 the	 testing	specimen	 influences	

the	martensitic	transformation	as	well.	The	chemical	composition	of	experimental	steel	is	

shown	 in	 Table	 3-1.	 In	 Equation	 2-1,	 one	 can	 see	 that	 nickel	 and	 magnesium	 are	

austenitic	stabilizing	elements.	The	relatively	low	nickel	content	of	the	testing	specimen	

promotes	the	transformation	of	the	metastable	austenitic	phase	to	the	martensitic	phase.	

Based	 on	 the	 experimental	 results,	 it	 can	 be	 assumed	 that	 external	 factors	 such	 as	 the	

deep	 rolling	 temperature	 and	 internal	 factors	 such	 as	 the	 chemical	 composition	 of	 the	

steel	affect	the	development	and	initiation	site	of	the	strain	induced	martensitic	phase.	 

	

(a) (b) 	

Figure	5-3	Comparison	of	the	IW	of	untreated	and	deep	rolled	AISI	304	with:	(a)	1.0	bar	

and	 (b)	 2.4	 bar	 deep	 rolling	 pressure	 in	 correlation	 with	 surface	 distance	 using	 the	

rotating	bending	fatigue	testing	specimen	type	
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5.1.3 Plastic	 Deformation	 at	 the	 Surface	 Region	 of	 AISI	 304	 after	 Deep	

Rolling	at	Various	Temperatures	

	

The	work-hardening	effect	is	a	strengthening	mechanism	of	steel.	The	dislocation	density	

generates	 at	 the	 steel	 surface	 during	 deep	 rolling.	 The	 work-hardening	 rate	 and	 the	

amount	 of	 plastic	 deformation	 can	 be	 quantified	 using	 the	 IW	 values	 from	 the	 XRD	

results.	Figure	5-3	illustrates	a	correlation	between	an	amount	of	plastic	deformation	and	

deep	 rolling	 temperature.	 It	 reduces	 when	 deep	 rolling	 temperature	 increases.	 Also,	

plastic	 deformation	 is	 indicative	 dislocation	 densities,	 which	 causes	 a	 plane	 distortion.	

Grain	imperfections,	like	voids	or	dislocations,	lead	to	lattice	distortion	[132].	Therefore,	

it	 is	 possible	 to	 conclude	 that	 the	 chemical	 composition	 of	 steel	 and	 the	 deep	 rolling	

parameters	 affect	 the	 strength,	 hardness	 and	 also	 mechanical	 properties	 of	 steel,	 see	

Figure	5-4	[142].		

	

	
Figure	5-4	Effect	of	shot	peening	parameters	on	the	half	widths	and	hardness	[168]	

	

The	martensitic	 transformation	phase	causes	an	 increase	 in	 the	dislocation	density	and	

plastic	 deformation	 in	 the	 layer	 near	 the	 surface.	 A	 volumetric	 expansion	 due	 to	

martensitic	phase	causes	plane	distortions,	which	obstruct	the	dislocation	mobility.	

	
Additionally,	the	dislocation	density	is	also	the	driving	force	for	the	recovery	process.	At	

high	 temperatures,	 like	 550	 °C,	 an	 atomic	 diffusion	 is	 relatively	 high.	 It	 causes	

reorganization	 in	 the	 atomic	 plane	 [28,29]	 and	 is	 reflected	 in	 low	 IW	 values	 of	 HTDR.	

Moreover,	 the	 influence	 of	 the	 temperature	 on	 the	 atomic	 mobility	 was	 visible	 in	 the	

serration	of	the	stress-strain	curve	at	temperatures	up	to	350	°C	(see	Figure	3-4).	
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5.1.4 Compressive	Residual	Stress	at	the	Surface	Region	of	AISI	304	after	

Deep	Rolling	at	Various	Temperatures		

	

The	distributions	of	the	residual	stress	and	the	plastic	deformation	result	in	increases	of	

the	yield	strength	and	hardness	of	the	steel	[140],	see	Figure	5-5.	The	maximum	amount	

of	 residual	 stress	 had	 shifted	 from	 the	 surface	 due	 to	 the	 Hertzian	 pressure.	 The	

distribution	 of	 the	 residual	 stress	 is	 determined	 by	 the	 plastic	 stretching	 and	Herztian	

pressure	and	the	two	factors	compete	against	one	another.	 In	 the	case	of	 the	untreated	

AISI	304,	 it	has	a	 relatively	 low	dislocation	density	 in	 the	surface	region.	Therefore	 the	

plastic	 stretching	 is	 predominant	 and	 the	 maximum	 compressive	 residual	 stress	 was	

found	directly	at	the	surface.	In	comparison	to	deep	rolled	AISI	304,	the	high	dislocation	

density	is	generated	by	the	deep	rolling	process	and	causes	a	shifting	of	a	maximum	value	

of	compressive	residual	stress	to	0.05	mm	-	0.1	mm	beneath	the	surface.		

	

	
Figure	5-5	Maximum	residual	stress	in	correlation	with	hardness	HV0.5	after	30	seconds	

testing	and	the	surface	distance	

	

In	 dual	 phase	 materials	 with	 both	 martensitic	 and	 austenitic	 phases,	 tensile	 residual	

stress	 occurs	 in	 the	 softer	 phase,	 like	 that	 involving	 austenitic	 grain.	 In	 contrast,	

compressive	residual	stress	is	found	in	martensitic	grain.	It	 is	necessary	to	measure	the	

overall	 residual	 stress	 in	both	phases	using	differing	parameters	of	martensitic	 content	

(see	 Figure	 4-16).	 The	 residual	 stress	 in	 the	 austenitic	 and	 martensitic	 phases	 was	

comparable	when	the	ratio	equaled	1:1.	
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Due	to	dislocation	annihilation,	the	compressive	residual	stress	in	HTDR	was	significantly	

lower	 than	 that	 of	 RTDR	 and	 CTDR	 (see	 Figure	 5-6).	 Employing	 a	 high	 temperature	

facilitates	 atomic	 mobility,	 and,	 thus,	 dislocation	 annihilation	 can	 occur.	 The	 small	

interstitial	 atoms	 -	 like	 carbon	 clusters	 -	 pin	 the	 dislocation	 in	 place	 and	 obstruct	 its	

movement.	 This	 phenomenon	was	 visible	 in	 the	 serration	 in	 the	 stress–strain	 curve	 of	

HTDR	 (see	 Figure	 5-7)	 [167].	 The	 higher	 the	 deep	 rolling	 pressure,	 the	 greater	 the	

dislocation	density	 generated	near	 the	 surface,	which,	 in	 turn,	 leads	 to	 a	higher	 rate	of	

dislocation	annihilation.	This	was	verified	by	the	fact	that	the	compressive	residual	stress	

decreased	as	the	deep	rolling	pressure	increased	[115].	

	

(a) (b) 	

Figure	5-6	Comparison	of	the	residual	stress	of	untreated	and	deep	rolled	AISI	304	with:	

(a)	1.0	bar	and	(b)	2.4	bar	deep	rolling	pressure	in	correlation	with	the	surface	distance	

using	the	rotating	bending	fatigue	testing	specimen	type	

	

	
Figure	5-7	Stress-Strain	curves	of	untreated	and	deep	rolled	AISI	304		
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5.1.5 Carbide	Formation	and	the	Strain	Aging	Effect	of	AISI	304	after	Deep	

Rolling	at	Various	Temperatures	

	

The	 strain	 aging	 effect	 was	 mentioned	 in	 the	 previous	 section.	 It	 occurs	 during	 deep	

rolling	at	a	high	temperature.	At	elevated	temperatures,	the	stacking	fault	is	high	because	

of	 atomic	mobility	 [154].	 In	 the	 SEM	 fractography	 in	 Figure	 4-9,	 an	 atomic	movement	

during	deep	rolling	at	a	high	 temperature	 is	 shown.	However,	 the	 time	was	 insufficient	

for	precipitate	to	form.	Also,	any	clusters	present	were	too	minuscule	to	detect	by	means	

of	SEM	microscopy.	Small	clusters	and	interstitial	atoms	are	important	mechanisms	of	the	

dynamic	strain	aging	effect	in	austenitic	stainless	steel.	The	clouds	of	small	clusters	and	

substitutional	atoms	form	around	the	dislocation	and	 impede	 its	mobility.	This	helps	to	

strengthen	the	steel	after	deep	rolling	at	a	high	temperature	[71].		

	

At	 a	 high	 temperature,	 there	 is	 always	 a	 risk	 that	 M23C6	 precipitates	 will	 form.	 The	

formation	 of	 carbide	 is	 dangerous	 for	 the	 steel,	 because	 it	 causes	 a	 depletion	 zone	 to	

develop.	 The	 M23C6	 tends	 to	 nucleate	 in	 high	 stacking	 fault	 areas,	 such	 as	 the	 grain	

boundary	[80].	To	avoid	the	formation	of	the	M23C6,	an	addition	of	Mn	is	required	due	to	

the	higher	affinity	of	formation	with	carbon	atom	or	interstitial	atom	than	Cr.	Therefore	

the	MnS	precipitate	disperses	 in	 the	 structure	of	 the	 test	 specimen.	Moreover,	 the	MnS	

precipitate	was	found	to	be	the	initiation	site	for	fatigue	failure	that	means	it	impairs	the	

corrosion	resistance	and	fatigue	endurance	of	the	steel	[80,81,157].	

	

5.1.6 The	Influence	of	the	Deep	Rolling	Pressure	on	Microstructures	near	

the	 Surface	 Region	 of	 AISI	 304	 after	 Deep	 Rolling	 at	 Various	

Temperatures		

	

Increasing	 the	 deep	 rolling	 pressure	 leads	 to	 an	 equivalent	 increase	 in	 stress	 and	 the	

amount	of	plastic	deformation.	The	higher	 the	amount	of	plastic	deformation,	 the	more	

localized	plastic	deformation	occurs.	 Figure	5-6	 shows	 that	 the	 amount	of	 compressive	

residual	stress	found	in	the	layer	near	the	surface	for	RTDR	was	approximately	2	times	

higher	than	that	of	untreated	AISI	304.		
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Increasing	the	deep	rolling	pressure	 from	1.0	bar	 to	1.7	bar	caused	a	 larger	 increase	 in	

the	compressive	residual	stress	than	when	the	deep	rolling	pressure	was	increased	from	

1.7	 bar	 to	 2.4	 bar.	 This	 can	 be	 explained	by	 the	 relatively	 high	dislocation	density	 and	

plastic	deformation	induced	in	the	region	near	the	surface	of	the	steel	during	deep	rolling	

with	 1.7	 bar	 and	 2.4	 bar	 pressure.	 Hence,	 the	 steel	 surface	 becomes	 stiff	 and	 hard,	

reducing	 the	rate	of	 further	plastic	deformation	 [39].	Moreover,	 the	 transition	 from	the	

metastable	austenitic	phase	to	the	strain	induced	martensitic	phase	also	causes	the	steel	

surface	 to	 strengthen.	 The	martensitic	 transformation	 is	 a	 diffusionless	mechanism,	 so	

the	amount	of	martensitic	content	is	influenced	by	the	deep	rolling	pressure	[127].	It	can	

also	 be	 used	 to	 explain	 the	 phenomena	 of	 CTDR17B	 and	 CTDR24B,	 which	 have	 a	

martensitic	 content	 ranging	 from	 70%	 –	 90%	 in	 the	 layer	 near	 the	 surface.	 For	 this	

reason,	the	residual	stress	was	measured	in	the	martensitic	phase.		

	

In	case	of	HTDR,	both	deep	rolling	pressure	and	atomic	mobility	have	an	influence	on	the	

amount	of	compressive	residual	stress.	The	dislocation	density	is	the	driving	force	for	the	

work	hardening	and	dislocation	annihilation	[132].	Therefore,	increasing	the	deep	rolling	

pressure	from	1.0	bar	to	1.7	bar	results	in	the	growth	of	the	compressive	residual	stress.	

In	contrast,	increasing	the	deep	rolling	pressure	from	1.7	bar	to	2.4	bar	causes	a	drastic	

reduction	of	 the	 amount	of	 compressive	 residual	 stress.	Additionally,	 it	 is	 important	 to	

note	 that	 the	 threshold	 energy	 for	martensitic	 transformation	 is	 relatively	 high	 at	 high	

temperatures	 [127].	 Therefore	 no	 martensitic	 transformation	 phase	 was	 found	 when	

using	these	parameters.	

	

5.1.7 The	 Influence	of	 the	Specimen	Geometry	on	Microstructures	 in	 the	

Surface	Region		

		

One	 major	 issue	 in	 this	 study	 is	 the	 influence	 of	 the	 component	 configuration	 on	 the	

amount	of	residual	stress	and	content	of	martensitic	transformation	phase.	The	relation	

between	the	specimen	configurations,	the	amount	of	compressive	residual	stress	and	the	

martensitic	transformation	content	in	the	region	near	the	surface	will	be	discussed	based	

on	the	XRD	results	from	chapter	4.2.	
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The	residual	stress	in	the	axial	and	tangential	directions	was	measured	after	deep	rolling	

at	20	°C	with	1.0,	1.7	and	2.4	bar	pressure	and	is	illustrated	in	chapter	4.2.	There	was	no	

significant	difference	in	the	residual	stress	in	the	tangential	direction	of	each	component	

configuration.	Additionally,	 increasing	of	deep	rolling	pressure	 led	 to	an	 increase	of	 the	

residual	stress	in	the	tangential	direction.	The	residual	stress	in	the	axial	direction	of	each	

specimen	configuration	was	significantly	different.	

	

Figure	4-18	shows	the	examination	of	the	residual	stress	and	IW	value	of	untreated	AISI	

304	in	the	axial	and	tangential	directions.	The	amount	of	residual	stress	found	directly	on	

the	surface	of	each	specimen	configuration	as	similar.	However,	 the	distributions	of	 the	

residual	 stress	 in	 the	 depths	 of	 each	 specimen	 differed	 strongly.	 The	 length	 of	 a	

component	is	assumed	to	be	a	cause	of	the	differences	in	residual	stress	and	IW	values	of	

each	specimen	configuration.	The	finite	elements	of	specimens	subject	to	bending	loading	

648	MPa	are	shown	in	Figure	5-8	-	Figure	5-10.		

	

	
Figure	5-8	Finite	element	analysis	simulates	elastic	deformation	of:	(a)	rotating	bending	

fatigue	test	specimen,	(b)	tension-compression	fatigue	test	specimen,	(c)	electrochemical	

test	 specimen	 and	 (d)	 stress	 corrosion	 cracking	 test	 specimen.	 Stress	 of	 648	MPa	was	

applied	in	the	area	of	the	red	arrows	
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Figure	 5-9	 Finite	 element	 analysis	 of:	 	 (a)	 rotating	 bending	 fatigue	 test	 specimen,	 (b)	

tension-compression	 fatigue	 test	 specimen,	 (c)	 electrochemical	 test	 specimen	 and	 (d)	

stress	corrosion	cracking	test	specimen.	Stress	of	648	MPa	was	applied	in	areas	of	the	red	

arrows	as	shown	in	Figure	5-8	

	
Figure	4-19	-	Figure	4-21	depicts	the	distribution	of	the	residual	stress	and	IW	values	in	

the	axial	and	tangential	direction	of	AISI	304	after	deep	rolling	at	20	°C	with	1.0,	1.7	and	

2.4	bar	pressure.	There	is	a	direct	correlation	between	the	level	of	residual	stress	and	the	

length	of	the	component.	It	could	be	seen	that	the	magnitude	of	residual	stress	has	direct	

variation	with	the	length	of	the	component.	It	is	consistent	the	finite	element	analysis	of	

the	 stress	distribution,	 as	 shown	by	 the	 red	area	of	 stress	distribution	 in	 the	middle	of	

each	specimen	configuration	 in	Figure	5-8	and	Figure	5-9.	 In	 the	case	of	 the	specimens	

with	a	similar	length,	the	specimen	diameter	plays	a	crucial	role	in	the	stress	distribution.	

The	cross	section	of	the	specimen	subject	to	bending	stress	is	shown	in	Figure	5-10.	The	

dimension	of	the	specimen	has	a	reverse	correlation	with	the	amount	of	residual	stress.	

	

The	 penetration	 depth	 directly	 correlates	 with	 the	 diameter	 of	 the	 component.	 Elastic	

stress	 as	 used	 to	 explain	 the	 various	 types	 of	 stress	 distribution	 after	 unloading	 the	

external	stress.	The	length	of	the	specimen	controls	the	elastic	stress	and	residual	stress	

distributions	 after	 unloading	 an	 external	 stress.	 Therefore,	 the	 amount	 of	 compressive	
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residual	 stress	 increases	 slightly	 in	 connection	 with	 an	 increasing	 specimen	 length.	

However,	 the	 martensitic	 transformation	 phase	 is	 not	 influenced	 by	 the	 length	 of	 the	

specimen.	The	amount	of	martensitic	content	is	related	to	the	diameter	of	the	specimen.	

Based	on	the	stress	distribution	at	the	cross	section	as	shown	in	Figure	5-10,	the	stress	

distribution	was	relatively	high	in	magnitude	and	penetrated	deep	into	the	cross	section	

owing	 to	 the	 small	 dimensions	 of	 the	 specimen.	 This	 is	 proof	 of	 higher	 plastic	

deformation,	which	causes	the	higher	phase	transformation.	

	

	
Figure	5-10	Cross-sectional	stress	profile	of:	(a)	rotating	bending	fatigue	test	specimen,	

(b)	tension-compression	fatigue	test	specimen,	(c)	electrochemical	test	specimen	and	(d)	

stress	corrosion	cracking	test	specimen.	Stress	of	648	MPa	was	applied	in	the	area	of	the	

red	arrows	in	Figure	5-8	

	

5.2 	Corrosion	Resistance	Behavior	of	AISI	304	after	Deep	Rolling	at	Various	

Temperatures	

	

The	discussion	 concerning	 the	 corrosion	behavior	of	AISI	304	 is	 based	on	experiments	

performed	by	S.	Schneider	in	his	master	thesis	(see	chapter	2.3.4)	[137].	

	
5.2.1 Corrosion	Resistance	Behavior	of	Untreated	AISI	304	

	

The	 corrosion	 behavior	 of	 untreated	 AISI	 304	 was	 investigated	 using	 the	 polarization	

curve	 (PC),	 open-circuit	 potential	 (OCP),	 electrochemical	 noise	 (ECN)	 and	 electro-
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impedance	 spectroscopy	 (EIS)	methods.	 The	ECN	 results	make	 it	 difficult	 to	 determine	

the	corrosion	behavior	of	steel.	The	PC	results	 in	Figure	2-33	show	that	the	passivation	

film	located	on	the	surface	of	steel	broke	at	UB	=	-31.3	mV.	Once	the	passivation	film	had	

broken,	corrosion	attacked	the	steel	surface.	A	hydrate	oxide	film	was	rebuilt	to	counter	

the	 corrosion.	 The	 repassivation	 potential	 UR	 is	 25.9	mV.	 ΔU	 =	 UR	 -	 UB	 represents	 the	

ability	 of	 the	 steel	 to	 protect	 itself	 after	 breakage	 of	 the	 passivation	 film.	 The	 ΔU	 of	

untreated	AISI	304	was	57.2	mV.	The	PC	results	obtained	for	untreated	AISI	304	showed	

that	 the	stability	of	 the	passivation	 film	of	untreated	AISI	304	was	significantly	weaker	

than	 that	of	deep	 rolled	AISI	304	 (see	Table	5-1).	The	passivation	 film	broke	 relatively	

quickly	and	took	a	moderate	amount	of	time	to	repair	itself.		

	

Table	 5-1	 Table	 of	 the	 results	 for	 all	 the	 electrochemical	 parameters	 from	 each	

electrochemical	experiment	[163].	

Co
nd
it
io
n	

D
R
-P
re
ss
ur
e	
(b
ar
)	

σE
S 	a
t	t
he
	s
ur
fa
ce
	(M

Pa
)	

IW
	a
t	t
he
	s
ur
fa
ce
	(°
)	

σE
S m

ax
	(M

Pa
)	a
nd
	th
e	

de
pt
h	
(m
m
)	

IW
m
ax
	

Pe
ne
tr
at
io
n	
D
ep
th
	(m

m
)	

M
ar
te
ns
it
ic
	C
on
te
nt
	(%

)	

CP
-U

B
	P
ot
en
ti
al
	(m

V)
	

CP
-U

R
	P
ot
en
ti
al
	(m

V)
	

ΔU
	

O
CP
-U

H
0	(
m
V)
	

O
CP
-U

H
10
	(m

V)
	

Z t
ot
al
	(Ω

)	

Z r
ea
l	(
Ω
)	

Z i
m
ag
in
e	(
Ω
)	

Co
rr
os
io
n	
R
at
e	
(m
py
)	

R
ef
.	

-	
+185	

(γ)	
2.10	

-220	

(0.02)	
1.56	 0.19	 0	 -31.3	 25.9	 57.2	 144.4	 120.2	 976.3	 475.0	 842.6	 0.095	

R
TD

R
	

1	
-180	

(γ)	
2.39	

-610	

(0.08)	
1.84	 0.70	 0	 -7.0	 -70.4	 63.4	 125.9	 75.6	 786.3	 340.8	 788.6	 0.054	

1.7	
-120	

(γ)	
2.52	

-555	

(0.20)	
1.76	 0.87	 10	 -82.8	 20.5	 103.3	 -7.9	 -83.8	 575.0	 310.2	 495.2	 0.061	

2.4	
-115	

(γ)	
2.42	

-760	

(0.10)	
2.03	 1	 20	 -47.6	 -18.1	 29.5	 100.9	 34.7	 718.8	 320.6	 883.8	 0.075	

CT
D
R
	

1	
+50	

(γ)	
2.51	

-465	

(0.08)	
1.88	 0.50	 25	 5.3	 16.9	 11.6	 108.7	 137.0	 736	 429.9	 550.5	 0.027	

1.7	
-205	

(γ)	
2.44	

-590	

(0.05)	
1.64	 0.65	 65	 6.5	 -0.8	 7.3	 132.5	 172.3	 733	 349.6	 552.9	 0.027	

2.4	
-75	

(γ)	
2.53	

-470	

(0.03)	
1.42	 	 90	 14.0	 -19.2	 33.2	 143.9	 117.0	 665.3	 431.7	 555.6	 0.027	

H
TD

R
	

1	
-215	

(γ)	
1.77	

-695	

(0.01)	
1.66	 0.76	 0	 -54.2	 19.0	 73.2	 -21.9	 134.1	 471.7	 152.7	 446.2	 0.041	

1.7	
-240		

γ)	
1.80	

-680	

(0.08)	
1.53	 1	 0	 -26.0	 -2.0	 24.0	 -116.1	 21.0	 327.8	 135.3	 302.8	 0.082	

2.4	
-450	

(γ)	
1.64	

-580	

(0.01)	
1.62	 >1	 0	 -48.0	 -6.3	 41.7	 -87.4	 73.5	 329.5	 135.6	 300.3	 0.027	

	

The	 tendency	 to	 corrosion	 of	 the	 AISI	 304	 can	 be	 predicted	 by	 OCP	 result	 (see	 Figure	

2-36),	while	 the	 EIS	 result	 shows	 the	 quality	 of	 the	 passivation	 film	 (see	 Figure	 2-40).		

Therefore,	 it	 can	 be	 assumed	 that	 the	 passivation	 film	 of	 untreated	 AISI	 304	 is	 quite	
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homogeneous.	 Corrosion	 attacks	 do	 not	 tend	 to	 occur	 in	 the	 first	 70	 hours	 of	 an	

experiment,	 as	 shown	 in	 OCP	 result	 in	 Figure	 2-36.	 The	 propensity	 for	 a	 corrosive	

reaction	 increases	 after	 70	 hours.	 The	 OCP	 result	 is	 consistent	 with	 the	 EIS	 result	 in	

Figure	 2-40.	 In	 Figure	 2-40,	 one	 can	 see	 that	 the	 quality	 of	 the	 passivation	 film	 drops	

drastically	 in	 the	 first	 15	 hours,	 which	 reflects	 a	 harsh	 attack	 on	 the	 material	 by	 the	

corrosion.	Nevertheless,	the	quality	and	homogeneity	of	the	passivation	film	remains	high	

until	 70	 hours	 have	 passed.	 The	 drastic	 reductions	 of	 the	 OCP	 potential	 and	 EIS	

impedance	indicate	that	the	passivation	layer	is	taking	damage	and	a	corrosion	attack	has	

begun.	

	

5.2.2 Corrosion	 Resistance	 Behavior	 of	 AISI	 304	 after	 Deep	 Rolling	 at	

Room	Temperature	(20	°C)	

	

The	corrosion	behaviors	of	RTDR	were	examined	using	the	PC	method	(see	Figure	2-33).	

The	passivation	film	deteriorated	and	broke	at	UB	=	-7	mV	for	the	RTDR1B,	-82.8	mV	for	

the	RTDR17B	and	-47.6	mV	for	the	RTDR24B,	respectively.			The	repassivation	potential	

(UR)	was	found	at	UR	=	-70.4	mV	for	the	RTDR1B.	While,	they	were	found	at	20.5	mV	for	

the	RTDR17B	and	-18.1	mV	for	 the	RTDR24B,	respectively.	ΔU	represents	 the	ability	of	

the	 passivation	 film	 to	 repair	 itself	 after	 a	 corrosion	 attack,	 which	 causes	 breakage	 of	

passivation	 film.	ΔU	equaled	UR	–	UB.	 It	 valued	63.4	mV	 for	 the	RTDR1B.	 In	 the	 case	of	

RTDR17B	and	RTDR24B,	they	were	103.3	mV	and	29.5	mV,	respectively.	

	

The	result	obtained	for	the	OCP	method	shown	in	Figure	2-36	illustrates	the	propensity	

for	 corrosion	 attacks	 to	 occur.	 In	 case	of	RTDR1B,	 corrosion	 attacks	 are	 relatively	 rare	

within	the	first	90	hours.	The	possibility	a	corrosion	attack	will	take	place	increases	after	

90	hours.	This	matches	the	EIS	result	in	Figure	2-40.	A	high	level	of	homogeneity	of	the	

passivation	 layer	 was	 found	 when	 employing	 deep	 rolling	 with	 this	 parameter.	 The	

quality	 of	 the	 passivation	 film	 gradually	 reduced	 throughout	 the	 duration	 of	 the	

experiment.	This	is	consistent	with	UB,	UR	and	ΔU	values	from	the	PC	experiment.		

	

The	passivation	 layer	of	 the	steel	 is	destroyed	during	 the	deep	rolling	process	at	20	°C.	

The	higher	the	deep	rolling	pressure,	the	more	damage	done	to	the	passivation	film.	This	

is	reflected	by	the	low	of	Ztotal	value	in	the	EIS	result	compared	to	untreated	AISI	304	in	
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the	 first	 period	of	 the	 experiment.	A	destroyed	passivation	 film	promotes	 the	 attack	of	

corrosion	on	the	surface	of	the	steel.	Also,	strain	induced	microstructures	that	result	from	

the	deep	rolling	process	expedite	the	repassivation	process.	The	rebuilt	passivation	layer	

of	RTDR1B	has	a	higher	level	of	stability	than	untreated	AISI	304.	Due	to	shifting	of	the	

potential	 in	 the	 polarization	 Curve	 (see	 Figure	 2-33),	 the	 breakthrough	 potential	 (UB)	

shifts	to	-7.	Moreover,	the	Ztotal	value	in	the	EIS	result	represents	a	gradual	degradation	of	

the	passivation	layer	throughout	the	duration	of	the	experiment.	

	

Based	 on	 the	 OCP	 results	 shown	 in	 Figure	 2-36,	 it	 is	 evident	 that	 the	 tendency	 for	

corrosion	attacks	to	occur	in	RTDR17B	fluctuates	in	the	first	40	hours	of	an	experiment.	

This	is	caused	by	a	so-called	active-passive	effect.	As	stated	before,	the	passivation	film	is	

destroyed	during	deep	rolling	process.	The	passivation	film	must	be	repaired	in	order	to	

provide	protection	 for	 the	 steel	 from	 corrosion	 attacking	 its	 surface.	 The	 repassivation	

process	 is	 decelerated	 by	 10%	martensitic	 content	 in	 the	 layer	 near	 the	 surface	 of	 the	

steel.	The	dual	phases	between	austenite	and	martensite	pose	a	risk	for	a	galvanic	effect	

to	take	place.	

	

	In	the	EIS	result	 in	Figure	2-40,	 the	Ztotal	 impedance	value	of	RTDR17B	was	 lower	than	

the	 values	 obtained	 for	 RTDR1B	 and	 untreated	 AISI	 304.	 The	 passivation	 film	 of	

RTDR17B	 deteriorated	 more	 during	 the	 deep	 rolling	 process	 than	 that	 of	 RTDR1B.	 A	

relatively	 high	 ΔU	 value	 of	 OCP	 is	 indicative	 the	 galvanic	 effect.	 The	 austenitic	 phase	

functions	as	a	cathode	together	with	an	electrolyte,	while	the	martensitic	phase	and	other	

precipitates	 act	 as	 the	 anode	 [14,80].	 The	 martensite	 :	 austenite	 (M:A)	 ratio	 (1:9)	 of	

RTDR17B	was	relatively	low,	as	shown	in	Table	5-1,	which	expedites	the	rate	of	reduction	

and	oxidation	reactions	and	also	decelerates	the	repassivation	process	of	the	passivation	

film.	On	whole,	this	causes	corrosion	reaction	and	rate	of	corrosion	to	increase.	

	

The	EIS	result	of	RTDR24B	(see	Figure	2-40)	displays	a	 fluctuation	of	the	 impedance	in	

the	 first	 100	 hours	 of	 the	 experiment.	 This	 occurs	 due	 to	 the	 deterioration	 of	 the	

passivation	film	having	taken	place	during	the	deep	rolling	process.	However,	as	the	PC	

results	in	Figure	2-33	show,	even	though	the	passivation	film	eventually	breaks	later	on,	

the	repassivation	process	is	completed	relatively	quickly	compared	to	untreated	AISI	304	

and	RTDR17B.		One	can	assume	that	the	large	compressive	residual	stress	field	helped	to	
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facilitate	the	repassivation	process	of	the	passivation	film	[157].		The	low	ΔU	value	from	

the	PC	 results	provides	evidence	of	 this	 (see	Table	5-1).	The	OCP	 result	 in	Figure	2-36	

shows	that	corrosion	attacks	are	more	likely	to	occur	60	hours	into	the	experiment.	The	

M:A	ratio	of	RTDR24B	was	2.5:7.5	(see	Figure	2-27	and	Table	5-1).	It	can	be	assumed	that	

the	 galvanic	 effect	 influences	 corrosion	 resistance	 behavior	 of	 RTDR24B	 as	 well.	

However,	 the	 influence	 of	 the	 galvanic	 effect	 is	 much	 lower	 in	 RTDR24	 than	 that	 of	

RTDR17B.		

	

Conclusion:	 The	 deep	 rolling	 process	 destroys	 the	 passivation	 film.	 The	 degree	 of	

deterioration	depends	on	the	amount	of	deep	rolling	pressure	employed.	Damage	to	the	

passivation	 layer	 puts	 the	 material	 at	 risk	 of	 being	 attacked	 by	 corrosion	 in	 the	 first	

period	 of	 the	 experiment.	 The	 passivation	 film	 was	 rebuilt.	 The	 repassivation	 process	

itself	 is	 expedited	 by	 a	 compressive	 residual	 stress	 field	 (CRSF)	 and	 decelerated	 by	

martensitic	content,	which	causes	a	galvanic	effect.	

	

5.2.3 Corrosion	 Resistance	 Behavior	 of	 AISI	 304	 after	 Deep	 Rolling	 at	 a	

Cryogenic	Temperature	(-195	°C)	

	

The	 OCP	 result	 indicates	 the	 probability	 with	 which	 a	 corrosion	 attack	 will	 occur.	 A	

fluctuation	of	the	potential	of	CTDR1B	in	the	first	70	hours	was	found.	This	is	a	so-called	

active-passive	effect.	From	the	surface	roughness	investigation,	it	could	be	seen	that	the	

passivation	 film	 had	 suffered	 severe	 damage	 during	 deep	 rolling	 at	 a	 cryogenic	

temperature.	Numerous	defects	 in	 the	passivation	 film	were	able	 to	be	detected	by	 the	

low	Ztotal	 value	 obtained	 for	 the	 EIS	 result	 (see	 Figure	 2-40)	 as	 compared	 to	 untreated	

AISI	304.	The	degree	corrosion	attack	increased	drastically	after	70	hours.	However,	by	

the	end	of	the	experiment	(t	>110	hours),	the	corrosion	resistance	had	been	reactivated	

(see	Figure	2-37)	and	an	optimum	value	had	not	been	reached.	

	

From	PC-result	 in	Figure	2-34,	 the	breakthrough	potential	 (UB)	of	CTDR1B	equaled	5.3	

mV.	A	relative	high	value	of	UB	is	indicative	a	relatively	stable	passivation	film.	Also,	the	

ΔU	 value	 of	 CTDR1B	was	 exceptionally	 low.	 This	 is	 evidence	 that	 the	 passivation	 film	

completed	 the	 repassivation	process	 very	quickly.	Because	of	 a	 relatively	high	 value	of	

compressive	residual	stress	of	CTDR,	the	atoms	were	packed	close	to	each	other	and	led	
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to	 facilitate	 a	 repassivation	 process	 [157].	 Moreover,	 the	 decreasing	 stability	 of	 the	

passivation	 layer	 was	 reflected	 in	 the	 steadily	 decreasing	 Ztotal	 value	 in	 the	 EIS	

experiment	(see	Figure	2-40).	The	amount	of	martensitic	phase	has	less	influence	on	the	

corrosion	 resistance	 behavior	 of	 CTDR	 than	 that	 of	 RTDR	 because	 a	 higher	 ratio	 of	

martensite	:	austenite	(M:A).	The	more	ratio	of	M:A,	the	less	possibility	of	galvanic	effect	

to	occur.		

	

The	OCP	result	depicted	in	Figure	2-37	shows	excellent	corrosion	protection	of	CTDR17B.	

The	corrosion	resistance	of	the	steel	activates	30	hours	after	an	experiment	was	begun.	

40	hours	into	the	experiment,	the	probability	that	corrosion	will	occur	in	the	CTDR17B	is	

even	lower	than	for	untreated	AISI	304.	Based	on	the	EIS	result	presented	in	Figure	2-40,	

one	can	assume	that	the	passivation	film	was	destroyed	during	the	deep	rolling	process.	

A	very	low	impedance	value	was	obtained	using	the	EIS	method	in	the	first	40	hours	of	

the	 experiment.	 However,	 the	 repassivation	 process	 of	 CTDR	was	 completed	 relatively	

fast.	It	was	indicated	by	a	relatively	low	ΔU	values	from	PC	results	(see	Figure	2-34).	The	

repassivation	process	was	expedited	by	the	high	amount	of	compressive	residual	stress.	

Moreover,	the	risk	for	galvanic	effect	was	low	due	to	a	high	M:A	ratio,	6.5	:	3.5.	

	

The	 corrosion	 protection	mechanism	 in	 CTDR24B	 is	 very	 similar	 to	 that	 CTDR1B	 and	

CTDR17B.	 Owing	 to	 the	 higher	 compressive	 residual	 stress	 values	 of	 CTDR17B,	 the	

repassivation	process	is	accelerated	in	CTDR17B.	The	ΔU	value	from	the	PC	experiment	

verifies	this	(see	Figure	2-34	and	Table	5-1).	Although	the	passivation	film	on	the	surface	

of	CTDR	was	destroyed	by	the	deep	rolling	process,	the	probability	that	corrosion	would	

occur	remained	seemly	low	(see	the	OCP	result	in	Figure	2-37).	Moreover,	the	stability	of	

the	 passivation	 film	 of	 CTDR	 is	 indicated	 by	 a	 gradually	 decreasing	 of	 the	 impedance	

value	in	EIS	(see	Figure	2-40).		

	

Conclusion:	 CTDR	 displays	 excellent	 corrosion	 resistance	 behavior	when	 compared	 to	

other	 steel	 treated	with	 different	 deep	 rolling	 parameters.	 Deep	 rolling	 at	 a	 cryogenic	

temperature	causes	the	steel	surface	to	peel,	which	was	verified	by	an	investigation	of	the	

surface	 roughness	 (see	 Figure	 4-8).	 This	 means	 the	 passivation	 layer	 was	 effectively	

destroyed.	However,	the	compressive	residual	stress	field	(CRSF),	which	is	induced	in	the	

layer	near	the	surface	of	the	steel,	facilitates	the	repassivation	process	of	the	passivation	
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film	 [157].	 In	 addition,	 a	 high	 dislocation	 density	 causes	 the	 strain	 energy	 from	 lattice	

distortion.	Oxidation	phenomena	ensue	[134].	Moreover,	content	of	martensitic	phase	is	

vital	for	the	corrosion	resistance	behavior	of	the	steel.	The	M:A	ratio	causes	the	galvanic	

effect,	which,	in	turn,	retards	the	repassivation	process	of	the	passivation	film.	However,	

the	galvanic	effect	has	a	smaller	influence	on	CTDR	than	RTDR	because	of	the	relatively	

high	M:A	content.	

	

5.2.4 Corrosion	 Resistance	 Behavior	 of	 AISI	 304	 after	 Deep	 Rolling	 at	 a	

High	Temperature	(550	°C)	

	

The	results	of	OCP	and	EIS	analyses	are	presented	 in	Figure	2-38	and	Figure	2-40,	and	

provide	 evidence	 of	 the	 severely	 destroyed	 passivation	 layer	 of	 the	HTDR.	 A	 relatively	

low	impedance	value	was	obtained	for	the	EIS	method	(see	Figure	2-40).	The	corrosion	

attacked	 the	 steel	 surface	 severely	 in	 the	 first	 stage	of	 the	experiment.	The	passivation	

film	 was	 rebuilt	 after	 the	 first	 15	 hours.	 Atomic	 rearrangement	 and	 dislocation	

annihilation	 took	place	during	deep	rolling	at	550°C,	which	 is	why	a	small	compressive	

residual	stress	field	(CRSF)	and	low	strain	energy	developed	in	the	layer	near	the	surface.	

The	stress	field	that	resulted	from	dislocation,	volume	expansion	of	the	martensitic	phase	

and	Cottrel	cloud	 formation	 from	strain	aging	effects	causes	 the	corrosion	resistance	to	

worsen	 due	 to	 an	 increased	 pitting	 potential.	 This	 promotes	 oxidation	 phenomena	

[80,132].		

	

In	 Figure	 2-30,	 a	 relatively	 low	 compressive	 residual	 stress	 was	 measured	 for	 HTDR.	

Nevertheless,	no	martensitic	content	was	found.	The	likelihood	of	pitting	occurring	when	

using	 these	 deep	 rolling	 parameters	 is	 low.	 Additionally,	 atomic	 rearrangement	 and	

dislocation	 annihilation	 decrease	 the	 strain	 energy	 created	 by	 the	 dislocation	 density	

during	deep	rolling	at	a	high	temperature.	Therefore,	 the	pitting	potential	was	reduced.	

This	 is	consistent	with	 the	relatively	small	 loops	 found	 in	 the	PC	results.	Moreover,	 the	

rather	low	CRSF	also	influenced	the	ΔU	value	in	the	PC	experiment.	The	ΔU	value	of	HTDR	

was	 similar	 to	 that	 of	 untreated	AISI	 304.	 It	was	proven	 that	 the	 compressive	 residual	

stress	has	an	effect	on	the	repassivation	process	of	the	passivation	film.	
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Conclusion:	Increasing	deep	rolling	pressures	simultaneously	causes	a	higher	degree	of	

damage	in	the	passivation	layer.	The	deteriorated	passivation	film	expresses	itself	in	form	

of	a	relatively	low	Ztotal	value	when	using	the	EIS	method	(see	Figure	2-40).	HTDR17B	and	

HTDR24B	 have	 lower	 Ztotal	 values	 (EIS)	 and	 UH-potentials	 (OCP)	 than	 HTDR1B.	 No	

significant	difference	was	found	between	the	corrosion	resistance	behavior	of	HTDR17B	

and	 HTDR24B.	 This	 can	 be	 explained	 by	 the	 severe	 damage	 to	 the	 passivation	 layer	

during	the	deep	rolling	process	with	1.7	and	2.4	bar	pressure.	It	urges	the	steel	to	rebuild	

the	passivation	film	in	occasion	of	corrosion	protection.	The	stability	of	the	newly	rebuilt	

passivation	 layers	 of	 HTDR17B	 and	 HTDR24B	 is	 relatively	 high	 owing	 to	 their	

homogeneity.	It	could	be	seen	by	the	low	steepness	of	the	total	impedance	(Ztotal)	in	EIS-

result.	Thus,	HTDR	had	the	lowest	level	of	corrosion	protection	in	the	first	period	of	the	

experiment	(15	hours).	However,	as	the	damage	to	the	surface	increase,	the	development	

of	 a	 fresh	 and	 homogeneous	 protective	 layer	 to	 shield	 the	 steel	 surface	 from	 further	

corrosion	is	promoted.	The	absolute	corrosion	resistance	behavior	of	HTDR	could	not	be	

observed,	because	the	optimum	value	was	not	reached.	

	

5.2.5 Comparison	 of	 the	 Corrosion	 Resistance	 Behavior	 of	 Deep	 Rolled	

AISI	304		

	

Regardless	of	the	temperature	used,	deep	rolling	reduced	the	corrosion	protection	of	all	

surface-treated	steels	 in	 the	 first	period	of	 the	experiment	by	damaging	the	passivation	

film.	When	 corrosion	attacks	 the	 steel	 surface,	 an	active-passive	 effect	 is	 triggered	 that	

promotes	the	repassivation	of	the	passivation	layer	of	stainless	steel	in	order	to	protect	

the	steel	from	further	corrosion	attacks.		

	

The	experimental	results	showed	that	an	increase	in	the	deep	rolling	pressure	caused	a	

difference	 in	 the	 surface	 roughness.	 The	 surface	 roughness	 created	 in	 doing	 so	 was	

palpable	and	visible	damage	to	the	passivation	layer	in	reality.		

	

The	martensitic	 content	 is	 an	 important	 factor	 for	 the	 corrosion	 resistance	behavior	of	

steel.	It	triggers	the	galvanic	effect,	which,	in	turn,	causes	the	corrosion	resistance	of	the	

steel	to	deteriorate.	Moreover,	the	strain	energy	that	results	from	the	volume	expansion	
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of	 the	 martensitic	 phase	 raises	 the	 pitting	 potential	 and	 the	 number	 of	 oxidation	

phenomena.	

	

The	 compressive	 residual	 stress	 field	 also	 plays	 decisive	 role.	 It	 causes	 atomic	 packing	

and	facilitates	the	repassivation	process	of	the	passivation	layer.	It	reduces	the	amount	of	

time	required	by	the	passivation	film	to	rebuild	itself	after	breaking.		

	

Atomic	rearrangement	and	also	dislocation	annihilation	that	occur	during	deep	rolling	at	

a	high	temperature	decrease	the	dislocation	density	and	strain	energy.	As	a	consequence,	

the	 pitting	 potential	 decreases.	 Moreover,	 it	 promotes	 the	 repassivation	 of	 a	

homogeneous	 and	 stable	 passivation	 layer,	 which	 is	 beneficial	 for	 the	 corrosion	

resistance.	

	

5.3 Cyclic	Behavior	of	AISI	304	after	Deep	Rolling	at	Various	Temperatures		
	

5.3.1 Cyclic	Behavior	of	Untreated	AISI	304	

	

An	upstanding	of	AISI	304	under	 cyclic	 loading	 is	 shown	 in	Figure	2-51	 [6]	 and	Figure	

4-24.	Figure	2-51	depicts	the	S-N	curve	of	untreated	AISI	304	after	tension-compression	

fatigue	testing	[6],	while	the	S-N	curve	obtained	from	rotating	bending	fatigue	testing	is	

shown	in	Figure	4-24.	

	

In	 both	 tension-compression	 fatigue	 testing	 and	 rotating	 bending	 fatigue	 testing,	 the	

fatigue	endurance	decreased	as	 the	 fatigue	amplitude	 increased.	The	 fatigue	endurance	

limit	of	untreated	AISI	304	was	425	MPa	during	tension-compression	fatigue	testing	and	

470	 MPa	 during	 rotating	 bending	 fatigue	 testing.	 These	 values	 equaled	 approximately	

60%	and	65%	of	the	ultimate	tensile	strength	of	the	untreated	AISI	304.	The	difference	in	

the	 stress	 distribution	 in	 the	 steel	 during	 rotating	 bending	 and	 tension-compression	

fatigue	 testing	 was	 the	 reason	 for	 the	 differences	 in	 the	 fatigue	 endurance	 limit.	 Only	

cyclic	 softening	 was	 found	 in	 the	 εp–N	 diagram	 in	 Figure	 2-50	 [6].	 The	 steel	 can	 be	

expected	 to	 soften	 when	 later	 exposed	 to	 cyclic	 plastic	 strains.	 The	 fracture	 surface	

investigation	 revealed	 a	 high	 number	 of	 crack	 initiation	 sites	 located	 directly	 on	 the	

surface.	 Due	 to	 the	 austenitic	 phase	 being	 soft	 and	 ductile,	 cracking	 occurred	 without	
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restraint	 in	 this	 phase.	 The	 striation	 of	 the	 beach	 marks	 in	 untreated	 AISI	 304	 was	

relatively	wide,	indicating	fast	growth	of	cracks	during	fatigue	testing.	Moreover,	cracking	

initiated	from	MnS-precipitates	[6]	due	to	an	impairment	and	weak	bonding	between	the	

metal	matrix	and	precipitates.	

	

5.3.2 Rotating	Bending	 Fatigue	Testing	 of	AISI	 304	 after	Deep	Rolling	 at	

Room	Temperature	(20	°C)	

	

Microstructures	 near	 the	 surface	 region	 of	 RTDR	 are	 shown	 in	 chapter	 4.1.	 Figure	 4-5	

depicted	a	large	amount	of	compressive	residual	stress	near	the	surface	layer	of	RTDR1B,	

equaling	-600	MPa.	The	maximum	compressive	residual	stress,	-750	MPa,	was	found	0.1	

mm	beneath	the	surface.	10%	of	the	martensitic	content	was	found	0.05	mm	beneath	the	

surface	due	to	Hertzian	pressure.	In	Figure	4-24,	the	fatigue	strength	of	RTDR1B	rose	by	

6%	compared	to	untreated	AISI	304.	The	compressive	residual	stresses	near	the	surfaces	

of	 RTDR17B	 and	RTDR24B	were	 -700	MPa	 and	 -750	MPa,	 respectively.	 The	maximum	

compressive	 residual	 stress	 of	 RTDR17B	 and	 RTDR24B	was	 -820	 MPa	 and	 -900	 MPa,	

respectively.	A	total	of	20%	and	35%	martensite	content	was	found	close	to	the	surface	

layer	 of	 RTDR17B	 and	 RTDR24B,	 respectively.	 The	 fatigue	 strength	 of	 RTDR17B	 and	

RTRD24B	rose	by	13%	and	17%	when	compared	with	untreated	AISI	304.	

	

The	 compressive	 residual	 stress	 field	 (CRSF)	 and	 martensitic	 content	 increased	 the	

strength	 of	 the	 boundary	 region.	 The	 CRSF	 was	 able	 to	 retard	 the	 initiation	 and	

propagation	 of	 cracking	 from	 the	 surface	 [28,29].	 Cracks	 partially	 initiated	 at	 the	

boundary	 between	 the	 surface	 and	 the	 core	 of	 RTDR17B	 and	 RTDR24B	 due	 to	 the	

relatively	high	strength	of	the	deep	rolled	steel.		

	

The	amount	of	plastic	deformation	can	be	measured	based	on	the	IW	value	using	XRD.	It	

increases	 in	 correlating	with	 increasing	 deep	 rolling	 pressures.	 The	 fatigue	 strength	 of	

steel	depends	on	the	stability	of	the	compressive	residual	stress.	A	high	amount	of	plastic	

deformation	results	 in	 the	deceleration	of	 the	 relaxation	of	 compressive	 residual	 stress	

[117,142].	
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The	fracture	surface	of	RTDR	was	shown	in	Figure	4-31	-	Figure	4-33.	In	Figure	5-11,	we	

were	able	 to	see	 that	 the	higher	stress	amplitudes	were,	 the	more	crack	 initiation	sites	

formed	 at	 the	 surface.	 Figure	 4-40	 showed	 that	 cracking	 initiated	 at	 the	 precipitate	 or	

inclusion	 due	 to	weak	 bonding	 between	 the	metal	matrix	 and	 inclusion.	Moreover,	 the	

brittleness	of	the	steel	increased	when	the	martensitic	content	rose.	The	striation	of	the	

beach	marks	 of	 RTDR	was	 significantly	 smaller	 than	 that	 found	 in	 untreated	 AISI	 304.	

Crack	 propagation	 was	 retarded	 by	 the	 compressive	 residual	 stress	 located	 near	 the	

surface.	Furthermore,	the	self-heating	effect	appeared	in	form	of	a	tempering	color	on	the	

steel	surface,	as	seen	in	the	fracture	surface	photos	in	Figure	5-11.	The	self-heating	effect	

caused	the	relaxation	of	compressive	residual	stress	and	martensitic	content	(see	Figure	

5-15).	 The	 relaxation	 rate	 of	 the	 compressive	 residual	 stress	 was	 considerably	 higher	

than	the	martensitic	content.	

	

(a) (b) 	

Figure	5-11	Fractographies	of	RTDR	after	rotating	bending	fatigue	testing	using:	(a)	550	

MPa	and	(b)	600	MPa	stress	amplitudes	

	

Conclusion:	The	compressive	residual	stress	field	(CRSF)	and	strain	induced	martensitic	

transformation	phase	were	induced	in	the	region	near	the	surface	of	the	steel	after	deep	

rolling	at	20	°C.	The	highest	amount	of	compressive	residual	stress	was	found	using	these	

parameters.	The	fatigue	crack	tore	off	by	the	tensile	stress,	hence	it	was	retarded	by	the	

compressive	 residual	 stress.	 	 The	 fatigue	 failure	 was	 also	 delayed	 by	 the	 compressive	
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residual	 stress.	Furthermore,	 the	martensitic	phase	near	 the	surface	caused	 the	surface	

hardness	to	increase,	which,	 in	turn,	retarded	crack	initiation	at	the	surface	of	the	steel.	

We	 observed	 that	 an	 increase	 in	 the	 fatigue	 strength	 of	 RTDR	 strongly	 depends	 on	 an	

amount	of	martensitic	content	and	compressive	residual	 stress.	The	dislocation	density	

near	 the	 surface	 stabilizes	 the	 microstructure	 close	 to	 the	 surface,	 resulting	 in	 a	

deceleration	 of	 relaxation	 rate	 of	 the	 compressive	 residual	 stress,	 IW	 value	 and	

martensitic	 content	 during	 fatigue	 testing.	 A	 smooth	 surface	 is	 of	 course	 beneficial	 for	

fatigue	strength	enhancement,	because	it	reduces	an	amount	of	the	stress	concentration	

area.	 Self-heating	 effect	 was	 influential	 on	 the	 cyclic	 behavior	 and	 fatigue	 strength	 of	

RTDR	because	it	expedites	the	relaxation	of	the	microstructures	in	the	region	close	to	the	

surface.	

	

5.3.3 Tension-Compression	Fatigue	Testing	of	AISI	304	after	Deep	Rolling	

at	Room	Temperature	(20	°C)	

	

This	part	of	 the	discussion	is	based	on	an	experiment	performed	by	B.	Aminforoughi	 in	

his	master	thesis	[6].	

	

The	 S-N	 curves	 that	 resulted	 from	 tension-compression	 fatigue	 testing	 of	 RTDR	 are	

shown	in	Figure	2-51.	 It	was	evident	that	 the	deep	rolling	process	enhances	the	 fatigue	

strength	of	AISI	304.	The	fatigue	endurance	limit	rose	by	10%	after	deep	rolling	at	20	°C	

with	 1.0	 bar	 of	 pressure.	 In	 the	 case	 of	 RTDR17B	 and	 RTDR24B,	 the	 fatigue	 limit	

increased	15%	and	20%,	respectively.	The	testing	temperature	was	kept	under	65	°C	by	

means	of	a	frequency.	A	characterization	of	the	RTDR	in	the	region	near	the	surface	was	

provided	in	Figure	2-48	-	Figure	2-49.		

	

The	surface	roughness	of	the	steel	decreased	after	deep	rolling	at	20	°C	(see	Figure	2-52).	

The	residual	stress	 located	near	the	surface	was	measured	and	depicted	in	Figure	2-48.	

Compressive	 residual	 stress	 ranging	 from	 -700	 to	 -850	MPa	was	 found	 directly	 at	 the	

surface	 of	 RTDR.	 The	 plastic	 strain	 amplitude	 measured	 during	 tension-compression	

fatigue	testing	is	shown	in	Figure	2-50.	The	higher	the	stress	amplitude,	the	greater	the	

plastic	strain	amplitude.	The	plastic	strain	amplitude	(εp)	of	RTDR	was	smaller	than	that	

of	untreated	AISI	304.	Therefore,	the	fatigue	strength	of	RTDR	was	enhanced.	
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The	 plastic	 strain	 amplitude	 in	 Figure	 2-50	 showed	 that	 a	 cyclic	 softening	 effect	 only	

occurred	in	RTDR.	The	temperature	of	 the	testing	specimens	rapidly	 increased	to	50	°C	

after	 200	 cycles	 of	 tension-compression	 fatigue	 testing.	 Thus,	 we	 deduced	 that	 self-

heating	could	be	a	cause	for	the	cyclic	softening	effect	in	RTDR	[120].	The	fatigue	failure	

results	from	a	competition	between	the	cyclic	softening	effect	caused	by	microstructural	

degradation	 and	 the	 work	 hardening	 effect	 that	 results	 from	 plastic	 deformation	 and	

compressive	 residual	 stress	 [2].	 The	 higher	 the	 self-heating	 temperature	 causes	 the	

poorer	the	resistance	of	the	steel	to	fatigue	failure.	

	

The	 lower	 stress	 amplitude	 used	 in	 the	 fatigue	 testing,	 the	 less	 plastic	 deformation	

occurred.	The	dislocation	mobility	 is	obstructed	by	the	work	hardening	effect.	The	high	

amount	 of	 plastic	 deformation	 led	 to	 dislocation	 gliding.	 Heat	 accumulation	 causes	 a	

degradation	 of	 the	 compressive	 residual	 stress	 and	 expedites	 a	 decrease	 in	 the	

martensitic	content	during	fatigue	testing,	which	ultimately	leads	to	fatigue	failure.	

	

Dimples	 are	 present	 in	 Figure	 2-53,	which	 represent	 ductile	 fracture.	 Fatigue	 fractures	

can	initiate	from	precipitates.	The	inhomogeneity	of	the	steel	impairs	the	fatigue	strength	

of	RTDR	in	general.			

	

Conclusion:	 The	 self-heating	 temperature	 can	 be	 reduced	 during	 fatigue	 testing	 by	

means	of	temperature	control.	Less	heat	accumulation	causes	the	fatigue	endurance	limit	

to	enhance	in	tension-compression	fatigue	testing.	The	fatigue	endurance	limit	of	tension-

compression	 fatigue	testing	was	almost	2	times	higher	than	the	 fatigue	endurance	 limit	

measured	 in	 rotating	 bending	 fatigue	 testing.	 Nevertheless,	 it	 is	 important	 to	 keep	 in	

mind	 that	 it	 is	 impossible	 to	 compare	 the	 results	 from	 tension-compression	 fatigue	

testing	to	the	results	obtained	from	rotating	bending	fatigue	testing	due	to	the	difference	

in	stress	distribution.	The	influence	of	the	self-heating	temperature	on	the	stability	of	the	

microstructures	near	the	surface	appears	to	be	very	important	for	the	fatigue	strength	of	

the	RTDR.	Moreover,	plastic	deformation	causes	the	self-heating	temperature	to	increase.	
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5.3.4 Rotating	Bending	Fatigue	Testing	of	AISI	304	after	Deep	Rolling	at	a	

High	Temperature	(550	°C)	

	

The	 microstructures	 located	 near	 the	 surface	 of	 AISI	 304	 after	 deep	 rolling	 at	 a	 high	

temperature	 (550	 °C)	 were	 discussed	 in	 chapter	 5.1.	 The	 compressive	 residual	 stress	

field	(CRSF)	was	near	 the	surface	region.	 Increasing	 the	deep	rolling	pressures	 induced	

more	 plastic	 deformation.	 The	 plastic	 deformation	 was	 the	 driving	 force	 for	 the	

dislocation	 annihilation.	 It	 manifested	 itself	 in	 form	 of	 a	 relatively	 low	 amount	 of	

compressive	residual	stress	in	the	HTDR	compared	to	the	RTDR	and	CTDR.	Moreover,	no	

martensitic	transformation	phase	was	found	when	using	these	parameters.	

	

The	 S-N	 curve	 in	 Figure	 4-26	 showed	 that	 the	 fatigue	 endurance	 limit	 of	 AISI	 304	

enhanced	by	15%	-	20%	after	deep	rolling	at	a	high	temperature.	The	stress-strain	curve	

in	 Figure	 3-4	 displayed	 serration	 when	 the	 testing	 temperature	 was	 above	 350	 °C.	

Therefore,	 the	 static/dynamic	 strain	 aging	 effect	 was	 assumed	 to	 be	 a	 cause	 for	 the	

fatigue	strength	improvement	of	HTDR.		

	

A	relatively	high	mount	of	plastic	deformation	at	a	high	temperature	facilitates	an	atomic	

movement.	 The	 backscatter	 image	 of	 HTDR1B	 in	 Figure	 4-9	 also	 depicted	 the	 atomic	

mobility	 during	 the	 deep	 rolling	 process.	 Carbon	 atoms	 are	 propelled	 and	 pin	 a	

dislocation	 in	 place.	 In	 case	 of	 plastic	 deformation,	 the	 dislocations	 are	 torn	 from	 the	

foreign	atom	clouds	before	they	can	move	over	the	slip	plane	at	a	lower	stress	level.	The	

dislocation	 mobility	 is	 impeded	 by	 the	 interstitial	 atoms	 and	 results	 in	 a	 lower	 self-

heating	temperature	in	HTDR	during	fatigue	testing	(see	Figure	4-23).	

	

The	increase	in	the	fatigue	strength	of	deep	rolled	steel	treated	with	1.0	bar	pressure	is	

represented	 in	Figure	5-12.	The	highest	 fatigue	strength	was	measured	 for	HTDR.	Even	

though	 the	 fatigue	cracks	 initiated	quite	early	on	 its	surface,	 they	propagated	relatively	

slowly.	 This	was	 evident	 in	 the	 narrow	 striation	 of	 beach	mark	 (see	 Figure	 4-34).	 The	

fracture	surface	of	the	HTDR	was	investigated	and	illustrated	in	Figure	4-34	and	Figure	

4-35.	A	small	number	of	crack	initiation	sites	was	found	at	the	surface	of	the	HTDR.	The	

fracture	 surface	 in	 the	 cross	 section	 of	 the	 HTDR	was	 sharp	 and	 flat	 with	 a	 large	 fast	

fracture	zone	(see	Figure	5-13).	
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Figure	5-12	Comparison	of	the	increase	in	the	fatigue	strength	of	RTDR1B,	HTDR1B	and	

CTDR1B	to	the	untreated	AISI	304	

	

The	 fatigue	 endurance	 limit	 of	HTDR1B	was	 15%	higher	 than	 untreated	AISI	 304.	 The	

fatigue	endurance	limit	increased	by	4%	when	the	deep	rolling	pressure	was	raised	from	

1.0	bar	to	1.7	bar.	Surprisingly,	 increasing	the	deep	rolling	pressure	from	1.7	bar	to	2.4	

bar	 had	 no	 significant	 influence	 on	 the	 fatigue	 endurance	 limit	 enhancement.	 This	 is	

associated	 with	 the	 relatively	 low	 amounts	 of	 plastic	 deformation	 and	 compressive	

residual	stress	in	HTDR24B	(see	Figure	4-12).		

	

	
Figure	5-13	Fractographies	of	HTDR	after	rotating	bending	fatigue	testing		

	
Conclusion:	Atomic	mobility	was	triggered	at	a	high	temperature.	It	caused	a	relatively	

low	compressive	residual	stress	 field	(CRSF)	 in	 layer	near	 the	surface	of	HTDR.	The	IW	

value	and	strain	induced	martensitic	transformation	phase	were	also	quite	low.	However,	

the	compressive	residual	stress,	IW	value	and	martensitic	content	were	relatively	low	for	

these	parameters.	 	The	best	 fatigue	strength	was	obtained	using	 these	parameters.	The	

strain	 aging	 effect	 obviously	 has	 a	 strong	 influence	 on	 the	 cyclic	 behavior	 of	 HTDR.	
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However,	the	self-heating	temperature	was	much	lower	compared	to	those	obtained	for	

the	other	parameters.	This	is	a	consequence	of	low	plastic	deformation.	The	inhibition	of	

the	dislocation	mobility	by	the	strain	aging	effect	causes	the	plastic	deformation	to	reduce	

and	also	improves	the	fatigue	strength	of	the	HTDR.	

	

5.3.5 Tension-Compression	Fatigue	Testing	of	AISI	304	after	Deep	Rolling	

at	a	High	Temperature	(550	°C)	

	

The	discussion	of	the	tension-compression	fatigue	testing	of	AISI	304	after	deep	rolling	at	

550	°C	is	based	on	experiments	performed	by	C.	Kögel	in	his	master	thesis	[77].	

	

The	microstructure	near	the	surface	of	HTDR	was	discussed	in	chapter	5.1.	A	higher	deep	

rolling	 pressure	 resulted	 in	 a	 smaller	 compressive	 residual	 stress	 field	 (CRSF)	 and	

smaller	IW	value	near	the	surface	region	(see	Figure	2-54).	Atomic	mobility	was	triggered	

at	 a	 high	 temperature	 and	 caused	 the	 plastic	 deformation	 amount	 to	 decrease	 during	

deep	 rolling	 at	 550°C.	Moreover,	 no	martensitic	 transformation	phase	was	 found	using	

these	parameters	for	deep	rolling.	

	

The	S-N	curve	of	HTDR	after	tension-compression	fatigue	testing	is	shown	in	Figure	2-55.	

The	 fatigue	 endurance	 limit	 of	 HTDR1B	 equaled	 440	MPa.	 It	 was	 approximately	 2.5%	

greater	than	that	of	untreated	AISI	304.	Increasing	the	deep	rolling	pressure	from	1.0	bar	

to	1.7	bar	 caused	 the	 fatigue	 endurance	 limit	 to	 rise	by	5%.	 In	 contrast,	 increasing	 the	

deep	rolling	pressure	from	1.7	bar	to	2.4	bar	led	to	a	drastic	drop	in	the	fatigue	strength	

of	HTDR.	The	plastic	strain	amplitude	was	shown	in	Figure	2-56.	When	employing	a	high	

stress	amplitude	during	fatigue	testing,	only	cyclic	softening	was	found.	Cyclic	hardening	

occurred	 during	 fatigue	 testing	 with	 a	 low	 stress	 amplitude	 and	 was	 depicted	 in	 the	

plastic	strain	amplitude	diagram.		

	

A	 comparison	 of	 the	 S-N	 curves	 depicting	 the	 fatigue	 endurance	 of	HTDR	 and	RTDR	 is	

provided	 in	Figure	5-14.	 If	 the	 stress	 amplitude	was	high,	 the	 fatigue	 endurance	of	 the	

HTDR	 was	 higher	 than	 that	 of	 RTDR.	 Yet,	 if	 testing	 was	 performed	 with	 a	 low	 stress	

amplitude	the	opposite	occurred	and	the	fatigue	endurance	of	RTDR	was	higher	than	that	

of	HTDR.	We	assumed	that	the	strain	aging	effect	is	temperature	dependent.	In	the	case	of	
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the	 low	 cycle	 fatigue	 region	 (LCF),	 heat	 generation	during	 cyclic	 loading	was	 relatively	

low.	It	leads	to	a	higher	stability	of	the	compressive	residual	stress	at	the	surface	region	

and	an	enhancement	of	the	fatigue	endurance	limit.	It	retards	the	propagation	of	fatigue	

cracking.	 As	 a	 result,	 the	 fatigue	 strength	 of	 the	 HTDR	 declined	 drastically	 in	 the	 high	

cycle	fatigue	region	(HCF).	

	

	
Figure	 5-14	 S-N	 curves	 of	 untreated	 AISI	 304,	 RTDR	 and	 HTDR	 after	 tension-

compression	fatigue	testing	[6,77]	

	

Conclusion:	 It	 could	 be	 concluded	 that	 the	 deep	 rolling	 pressure	 and	 fatigue	 testing	

temperature	 influence	 the	 fatigue	 strength	 of	 HTDR.	 Dynamic	 and	 static	 strain	 aging,	

which	are	both	 induced	by	deep	rolling	at	a	high	 temperature,	 can	sufficiently	obstruct	

the	dislocation	mobility	and	cause	 fatigue	endurance	enhancement.	However,	 this	 is	 all	

extremely	 temperature	dependent.	Therefore,	 it	 enhances	 the	 fatigue	strength	of	HTDR	

when	fatigue	testing	with	a	high	stress	amplitude.	 In	contrast,	 the	compressive	residual	

stress	 field	 (CRSF)	 plays	 an	 important	 role	 in	 retarding	 the	 propagation	 of	 fatigue	

cracking	 and	 enhances	 the	 fatigue	 endurance	 when	 fatigue	 testing	 at	 a	 low	 stress	

amplitude.	Hence,	the	fatigue	endurance	of	HTDR	drastically	drops	in	the	HCF-region.		

	

5.3.6 Rotating	Bending	Fatigue	Testing	of	AISI	304	after	Deep	Rolling	at	a	

Cryogenic	Temperature	(-195	°C)	

	

The	microstructural	 investigation	 in	chapter	5.1	 revealed	a	compressive	 residual	 stress	

equaling	 -350	 MPa	 near	 the	 surface	 region	 of	 CTDR1B.	 The	 maximum	 compressive	

residual	stress	was	 found	0.05	–	0.1	mm	beneath	 the	surface.	The	penetration	depth	of	

the	compressive	residual	stress	was	approximately	0.5	mm.	Moreover,	20%	of	the	strain	
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induced	 martensitic	 transformation	 phase	 was	 found	 directly	 at	 the	 surface.	 The	

maximum	martensitic	content	was	45%,	which	was	located	0.05	mm	beneath	the	surface.	

The	penetration	depth	of	the	martensitic	content	was	0.35	mm.	A	relatively	high	IW	value	

was	found	(see	Figure	4-17).	Based	on	the	S-N	curve	in	Figure	4-25,	one	could	see	that	the	

fatigue	 endurance	 of	 CTRD1B	 increased	 5%	higher	 than	 that	 of	 untreated	AISI	 304.	 In	

case	of	CTDR24B,	it	increased	21%	than	that	of	untreated	AISI	304.	

	

In	Figure	4-27	and	Figure	4-29,	 the	S-N	curves	depict	 the	 fatigue	strength	of	CTDR1B	a	

slightly	higher	than	that	of	RTDR1B	in	a	very	high	nominal	stress	region.	This	was	due	to	

a	 relatively	 high	martensitic	 content	 in	 CTDR.	 The	martensitic	 content	 of	 CTDR1B	was	

two-fold	higher	than	that	of	RTDR1B.		

	

A	 rigid	 and	 hard	 surface	 can	 protect	 steel	 from	 fatigue	 failure	 by	 retarding	 the	 crack	

initiation	at	 the	surface	of	steel.	Figure	5-15	shows	the	compressive	residual	stress	and	

martensitic	 content	 that	 were	 measured	 after	 fatigue	 testing.	 The	 martensitic	 content	

decreased	after	 rotating	bending	 fatigue	 testing.	A	 reduction	of	 the	martensitic	 content	

occurs	due	to	an	impairment	of	the	fatigue	endurance	of	CTDR1B.	As	evident	from	Figure	

5-15,	 the	 stability	 of	 the	 martensitic	 phase	 after	 rotating	 bending	 fatigue	 testing	 was	

higher	than	the	residual	stress	in	CTDR.	However,	the	martensitic	phase	is	obviously	not	

sufficient	by	itself	to	retard	the	growth	of	fatigue	fractures,	but,	instead,	must	take	effect	

in	combination	with	compressive	residual	stress.	It	could	be	seen	by	the	fatigue	strength	

comparison	of	RTDR1B	and	CTDR24B.	The	compressive	residual	stress	values	of	RTDR1B	

and	CTDR24B	were	 almost	 the	 same.	However,	 the	martensitic	 content	 differed	nearly	

ten-fold.	The	ten-fold	higher	martensitic	content	enhanced	the	fatigue	endurance	limit	of	

CTDR24B	by	only	14%	than	that	of	RTDR1B.	Due	to	the	rigid	surface	caused	by	the	high	

martensitic	content,	cracks	partially	initiated	underneath	the	surface	in	CTDR.	Moreover,	

the	 striation	 of	 the	 beach	 marks	 in	 CTDR	 was	 smaller	 than	 in	 untreated	 AISI	 304.	 It	

indicates	slower	propagation	of	cracks.	
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(a) (b) 	

Figure	 5-15	 Reduction	of:	 (a)	 the	 residual	 stress	 and	 (b)	 the	martensitic	 content	 after	

rotating	 bending	 fatigue	 testing.	 A	 stress	 amplitude	 equaling	 -600	 MPa	 and	 8%	 α’-

martensite	 content	 were	 calculated	 as	 100%	 for	 RTDR1B,	 and	 a	 stress	 amplitude	

equaling	-350	MPa	and	20%	α’-martensite	content	were	calculated	as	100%	for	CTDR1B	

	

Conclusion:	The	fatigue	strength	enhancement	of	CTDR	is	dependent	on	the	martensite	

content	 and	 compressive	 residual	 stress	 in	 the	 layer	 near	 the	 surface.	 Sufficient	

martensitic	 phase	 retards	 the	 initiation	 of	 cracks	 at	 the	 surface.	 Therefore,	 crack	

initiation	 sites	 were	 partially	 located	 at	 the	 boundary	 of	 the	 steel	 matrix	 and	 strain	

induced	layer.	The	self-heating	temperature	generated	during	cyclic	loading	and	caused	a	

degradation	 of	 near-surface	microstructures.	 Even	 though	 the	martensitic	 phase	 has	 a	

higher	 thermal	 stability,	 it	 alone	 cannot	 protect	 the	 steel	 surface	 from	 fatigue	 fracture.	

The	 negative	 characteristic	 of	 the	 rigid	 surface	 is	 its	 brittleness.	 The	 brittleness	 of	 the	

surface	decreases	the	fatigue	strength	of	the	steel.	Relatively	high	plastic	deformation	(IW	

value)	 is	 beneficial	 for	 the	 improvement	 of	 the	 fatigue	 strength,	 because	 it	 retards	 the	

relaxation	of	the	compressive	residual	stress	[143].	

	

5.3.7 Stability	of	Strain	Induced	Microstructures	in	the	Surface	Region	
	

As	 shown	 in	 the	 aforementioned	 results,	 the	 strain	 aging	 effect,	 compressive	 residual	

stress	field	(CRSF)	and	martensitic	content	influence	the	fatigue	strength	of	AISI	304.		

	

The	 strain	 aging	 effect	 is	 beneficial	 and	 necessary	 for	 fatigue	 strength	 improvement	 in	

HTDR.	The	cloud	of	 interstitial	atom	surrounds	dislocations,	 tearing	the	dislocation	and	

impeding	 its	 mobility.	 However	 it	 is	 sensitive	 to	 temperature	 and	 highly	 effective	 in	

processes	involving	heat.	
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The	compressive	residual	stress	retards	the	propagation	of	fatigue	cracking,	which	causes	

an	enhancement	of	the	fatigue	endurance	limit	of	deep	rolled	steel.	If	combined	with	the	

rigid	 surface	 that	 resulted	 from	 the	martensitic	 transformation	phase,	 it	 could	 increase	

the	fatigue	failure	resistance.	However,	mechanical	loading	or	the	temperature	can	cause	

the	compressive	residual	stress	and	martensitic	phase	to	relax	during	fatigue	testing.	

	

Figure	 5-15	 depicted	 a	 comparison	 of	 CTDR1B	 and	 RTDR17B,	 and	 showed	 that	 the	

martensitic	 contents	 near	 the	 surface	 layers	 of	 both	 steels	 were	 approximately	 20%.	

However,	 the	stability	of	 the	martensitic	phase,	which	was	 induced	by	deep	rolling	at	a	

cryogenic	 temperature,	 was	 more	 stable	 to	 cyclic	 loading	 than	 the	 one	 from	 room	

temperature	deep	rolling.	A	martensitic	plate	was	found	at	the	grain	boundary	of	RTDR,	

while	 twinned	 martensite	 was	 found	 inside	 the	 grain	 of	 CTDR	 (see	 Figure	 5-1).	 The	

alignment	 of	 the	martensitic	 transformation	 phase	 influences	 its	 stability	 during	 cyclic	

loading.	In	contrast,	the	stability	of	the	compressive	residual	stress	which	was	induced	by	

the	RTDR	process	was	 higher	 than	 that	measured	 for	 CTDR.	 The	 compressive	 residual	

stress	 in	 CTRD	 completely	 relaxed	 after	 rotating	 bending	 fatigue	 testing	 (see	 Figure	

5-15),	 while	 the	 compressive	 residual	 stress	 of	 RTDR	 remained	 at	 almost	 40%	 after	

rotating	bending	fatigue	testing.	The	higher	stability	of	the	compressive	residual	stress	of	

RTDR	was	the	reason	for	the	greater	fatigue	strength	of	RTDR	compared	to	CTDR.	

	

	A	 comparison	 of	 the	 compressive	 residual	 stress	 field	 (CRSF)	 and	 martensitic	

transformation	phase	was	depicted	by	the	S-N	curves	of	RTDR1B	and	CTDR24B.	Although	

the	CRSFs	in	the	region	near	the	surface	of	RTDR1B	and	CTDR24B	were	relatively	similar,	

the	martensitic	 contents	differed	nearly	 ten-fold.	The	 fatigue	 strength	of	CTDR24B	was	

higher	than	that	of	RTDR1B	in	the	LCF	and	HCF	regions.		Thus,	it	was	concluded	that	the	

martensitic	transformation	phase	possesses	higher	resistance	to	temperature	than	to	the	

compressive	residual	stress.	However,	only	the	martensitic	phase	has	a	small	influence	on	

the	 improvement	 of	 the	 fatigue	 strength.	 When	 combined	 with	 compressive	 residual	

stress,	it	greatly	helps	to	retard	the	growth	of	fatigue	cracks.		
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5.4 Corrosion	Fatigue	Endurance	Behavior	of	Untreated	and	Deep	Rolled	AISI	

304	at	Various	Temperatures	

	

The	 corrosion	 fatigue	 behavior	 of	 steel	 was	 separated	 into	 two	 intervals:	 	 stress-

controlled	 and	 corrosion-controlled.	 Due	 to	 its	 time	 dependence,	 the	 stress-controlled	

period	takes	place	in	the	first	30	-	60	minutes	(up	to	3×104	-	5×104	cycles,	depending	on	

the	 cooling	 agent	 and	 testing	 environment).	 After	 then,	 a	 corrosion-controlled	 interval	

takes	 place	 [173].	 In	 the	 low	 cycle	 fatigue	 region	 (LCF),	 N	 ≤	 104	 cycles,	 only	 stress-

controlled	region	was	found.	In	comparison,	the	corrosion-controlled	region	was	found	in	

the	later	period	of	high	cycle	fatigue	region	(HCF).		

	

Figure	5-16	shows	that	the	corrosion-controlled	period	begins	after	30,000	cycles	or	30	

minutes	 after	 the	 experiments	 started.	 In	 this	 period,	 steel	 is	 subject	 to	 damage	 from	

corrosion	attacks	and	fatigue	fracture.	The	corrosion	fatigue	endurance	limit	of	untreated	

AISI	 304	 in	 salt	 spray	 decreases	 17%	 than	 the	 fatigue	 endurance	 limit	 of	 the	 rotating	

bending	 fatigue	 test	 performed	 in	 a	 laboratory.	 Also,	 it	 decreases	 by	 36%	 (due	 to	

extrapolation)	after	fatigue	testing	in	aqueous	and	saline	solution.	

	

	
Figure	5-16	S-N	curves	of	untreated	AISI	304	after	rotating	bending	fatigue	testing	in	salt	

spray,	saline	solution,	aqueous	solution	and	at	atmosphere	laboratory	

	
The	surface	micrography	was	investigated	and	depicted	in	Figure	5-17	-	Figure	5-18.	No	

corrosion	residue	was	found	on	the	steel	surface	after	fatigue	testing	in	aqueous	solution,	

while	 a	 high	 number	 of	 corrosion	 pits	 were	 found	 on	 the	 steel	 surface	 after	

experimenting	in	salt	spray	and	saline	solution.	The	pits	formed	in	the	grooves	created	by	
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deep	rolling	and	grew	in	the	direction	of	orientation	along	the	grooves.	Hence,	deep	and	

long	pits	were	discovered.			

	

(a) (b)	 	

Figure	5-17	Fractographies	images	represent	corrosion	pits	on	the	surface	of	untreated	

AISI	304	after	rotating	bending	fatigue	testing	in:	(a)	salt	spray	and	(b)	in	saline	solution	

with	a	stress	amplitude	equaling	600	MPa	

	

(a) (b)	 	

Figure	5-18	Fractographies	of	untreated	AISI	304	after	rotating	bending	fatigue	testing	

in:	(a)	aqueous	solution	with	600	MPa	stress	amplitude	and	(b)	saline	solution	with	a	400	

MPa	stress	amplitude	

	
Corrosion	 fatigue	 mechanism	 of	 AISI	 304	 in	 high	 cycle	 fatigue	 regions	 (HCF)	 resulted	

from	 a	 combination	 of	 the	 corrosion	 resistance	 mechanism	 and	 fatigue	 endurance	

property	of	the	steel.	Attacks	by	corrosion,	especially	corrosion	pits,	on	the	steel	surface	

are	 hazardous	 for	 the	 steel’s	 corrosion	 fatigue	 endurance,	 because	 the	 pit	 forms	 a	

concentrated	 area	 of	 stress.	 Therefore,	 fatigue	 fracture	 begins	 in	 the	 pits	 and	 grows	

outward	 from	 the	 steel	 surface.	 Moreover,	 plastic	 deformation,	 which	 is	 induced	 by	

mechanical	 cyclic	 loading,	 promotes	 corrosion	 attacks.	 It	 causes	 an	 imbalance	 of	 the	

electrochemical	 potential	 at	 the	 surface	 of	 the	 steel.	 As	 could	 be	 seen	 in	 chapter	 2.3.4	

[137],	 AISI	 304	 has	 a	 stable	 passivation	 film.	 It	 takes	 several	 hours	 in	 salt	 for	 the	

passivation	mechanism	to	stop	working.	The	tensile	stress	from	fatigue	testing	tears	the	
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passivation	film	off	and	enables	corrosion	to	occur.	Therefore,	it	could	be	concluded	that	

the	higher	the	stress	amplitude	used	in	the	fatigue	testing,	the	higher	the	likelihood	for	a	

corrosion	attack.	

	

In	 Figure	 5-16,	 the	 corrosion	 fatigue	 endurances	 of	 AISI	 304	 in	 aqueous	 and	 saline	

solution	were	relatively	similar.	It	should	be	marked	that	the	rotating	bending	fatigue	test	

in	 saline	 solution	was	 stopped	 at	 the	 cycle	 number	 105,	 therefore	 the	whole	 period	 of	

experiment	was	 approximately	 1	 hour.	 However,	 corrosion	 attack	 is	 a	 time	 dependent	

mechanism,	one	hour	may	not	suffice	for	corrosion	to	occur	entirely.	Further	research	is	

required	to	study	the	corrosion	fatigue	behaviors	of	AISI	304	in	the	HCF	region.	

	

Conclusion:	The	corrosion	fatigue	mechanism	of	AISI	304	is	separated	into	two	intervals	

by	 circa	 104	 cycles.	 Low	 cycle	 fatigue	 (N≤104)	 is	 where	 the	 stress-controlled	 phase	 is	

found.	 The	 behavior	 of	 steel	 is	 reliant	 on	 its	 cyclic	 resistance.	 At	 N>104	 cycles,	 the	

behavior	of	the	steel	needs	both	its	corrosion	resistance	and	fatigue	endurance	behaviors.	

Corrosion	attack	 is	promoted	by	 the	plastic	deformation	 that	 results	 from	deep	 rolling.	

Corrosion	 pits	 act	 as	 the	 crack	 initiation	 sites	 for	 fatigue	 fracture.	 Therefore,	 fatigue	

cracking	 starts	 and	 propagates	 from	 the	 steel	 surface.	Moreover,	 the	 type	 of	 corrosion	

influences	the	cyclic	behavior	of	steel	in	a	high	cycle	fatigue	region	(N>104).	

	

5.4.1 Corrosion	 Fatigue	 Endurance	 Behavior	 of	 AISI	 304	 after	 Deep	
Rolling	at	Room	Temperature	(20	°C)	

	

As	 can	 be	 seen	 by	 the	 S-N	 curve	 in	 Figure	 5-19,	 a	 stress-controlled	 region	 was	 found	

when	 fatigue	 testing	 in	 salt	 spray	 and	 in	 saline	 solution.	 When	 compared	 to	 fatigue	

testing	 in	 a	 laboratory,	 the	 corrosion	 fatigue	 endurance	 of	 RTDR	 in	 salt	 spray	 was	

enhanced	 two-fold	 and	 was	 almost	 ten	 times	 higher	 than	 when	 using	 saline	 solution	

(with	a	600	MPa-stress	amplitude).	The	S-N	curves	from	fatigue	testing	in	salt	spray	are	

shown	in	Figure	4-45.		
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Figure	5-19	S-N	curves	of	RTDR	after	rotating	bending	fatigue	testing	in	salt	spray,	saline	

solution	and	at	atmosphere	laboratory	

	

Highly	magnified	photos	of	the	steel	surface	after	fatigue	testing	are	shown	in	Figure	5-20	

and	 Figure	 5-21.	 Owing	 the	 differences	 in	 martensite	 :	 austenite	 (M:A)	 ratio,	 needle-

shaped	corrosion	pits	were	found	on	the	surface	of	RTDR1B,	while	a	high	amount	of	oval-

shaped	pits	were	found	on	the	surface	of	RTDR24B.	The	corrosion	resistance	behavior	of	

steel	 was	 elaborated	 upon	 in	 chapter	 5.2.	 Investigations	 showed	 that	 the	 corrosion	

resistance	 behavior	 of	 the	 steel	 is	 a	 time	dependent	 behavior.	 The	 passivation	 layer	 of	

RTDR	 is	 relatively	 stable.	 For	 this	 reason,	 it	 takes	 50	 hours	 for	 chloride	 to	 break	 the	

passivation	film.	RTDR24B	displayed	a	higher	number	of	corrosion	pits	than	RTDR1B.	A	

form	 of	 corrosion	 is	 vital	 to	 corrosion	 fatigue	 failure	 because	 the	 concentration	 of	

stresses	they	create	during	fatigue	test.			

	

Even	though	the	tensile	stress	from	fatigue	testing	tears	the	passivation	film	off	and	leads	

to	 an	 attack	 of	 chloride	 ions	 at	 the	 surface	 of	 the	 steel	 [162],	 RTDR	 has	 a	 higher	

endurance	to	cyclic	loading	in	salt	spray	and	saline	solution	than	in	a	laboratory.	It	could	

be	assumed	that	the	duration	of	the	stress-controlled	period	of	the	fatigue	testing	in	salt	

spraying	and	saline	solution	of	the	RTDR	was	largely	longer	than	the	corrosion-controlled	

period.	The	fatigue	endurance	of	the	RTDR	has	strongly	influences	to	its	corrosion	fatigue	

behaviors	in	salt	spray	and	saline	solution.	The	higher	in	values	of	the	fatigue	endurance	

limit	of	RTDR	is	found	in	salt	spray	and	saline	solution	than	in	laboratory.	A	self-heating	

effect	was	one	of	an	 important	 reason	of	an	enhancement	of	 fatigue	endurance	 limit	 in	

salt	spray	and	saline	solution	because	 it	causes	a	reduction	of	 the	thermal	relaxation	 in	

the	 compressive	 residual	 stress	 field	 and	 also	 in	 the	martensitic	 content	 in	 the	 region	
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near	 the	 surface.	 The	 stability	 of	 the	 compressive	 residual	 stress	 field	 is	 vital	 for	 an	

enhancement	of	fatigue	strength	of	RTDR.	

	

(a)		 	(b)	 	

(c)	 	(d)		 	

Figure	5-20	Fractographies	of	RTDR1B	after	rotating	bending	fatigue	testing	in:	(a)	salt	

spray	with	600	MPa	stress	amplitude,	(b)	salt	spray	with	550	MPa	stress	amplitude,	(c)	

saline	solution	with	600	MPa	stress	amplitude,	and	(d)	HTDR24B	after	rotating	bending	

fatigue	testing	in	salt	spray	with	600	MPa	stress	amplitude	

	

	
Figure	 5-21	 Fractography	 represents	an	attack	of	 corrosion	on	 the	 surface	of	RTDR1B	

after	rotating	bending	fatigue	testing	in	saline	solution	with	600	MPa	stress	amplitude	
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A	relatively	 low	M:A	ratio	 in	RTDR,	≈	1:9,	poses	a	high	risk	 for	 the	galvanic	effect.	 	The	

M:A	 ratio	 of	RTDR1B	was	 lower	 than	 that	 of	RTDR24B,	which	 resulted	 in	more	 severe	

corrosion	pits.	Additionally,	 there	 is	a	boundary	between	the	austenitic	and	martensitic	

phases,	namely	a	high	stacking	fault	region,	which	is	a	suitable	place	for	corrosion	nuclei	

to	 form.	For	 this	 reason,	 a	higher	number	of	 corrosion	pits	are	 found	on	 the	 surface	of	

RTDR24B.	In	contrast,	narrow	and	deep	pits	are	found	on	the	surface	of	RTDR1B.	

	

Conclusion:	The	corrosion	 fatigue	endurance	of	RTDR	 in	salt	 spray	and	saline	solution	

behaves	 significantly	 different	 than	 the	 corrosion	 fatigue	 endurance	 of	 untreated	 AISI	

304.	The	strain	induced	microstructures	in	the	region	near	the	surface	of	RTDR	are	quite	

stable	 and	 result	 in	 an	 enhancement	 of	 the	 fatigue	 endurance	 in	 salt	 spray	 and	 saline	

solution.	The	shape	and	number	of	corrosion	pits	located	on	the	surface	are	controlled	by	

the	 ratio	 of	 M:A.	 The	 relatively	 low	 M:A	 ratio	 of	 RTDR1B	 manifests	 itself	 in	 form	 of	

needle-shaped	corrosion	pits.	While	a	high	M:A	content	of	RTDR24B	causes	a	relatively	

high	amount	of	corrosion	pits	due	to	the	galvanic	effect.		

	

Corrosion	 pits	 act	 as	 crack	 initiation	 sites	 for	 fatigue	 failure	 [173],	 as	 shown	 in	 Figure	

5-21.	 Therefore,	 fatigue	 cracking	 starts	 at	 the	 steel	 surface.	 Increasing	 the	 stress	

amplitude	during	fatigue	testing	diminishes	the	corrosion	resistance	behavior	of	the	steel.	

Fatigue	 crack	 propagation	 is	 dependent	 upon	 the	 stability	 of	 the	 compressive	 residual	

stress.	AISI	304	displayed	 low	heat	 conduction	 in	aqueous	 condition,	which	 resulted	 in	

thermal	 relaxation	 of	 the	 compressive	 residual	 stress	 and	martensitic	 content.	 It	 is	 the	

reason	why	the	corrosion	 fatigue	endurance	of	RTDR	enhanced	 in	salt	spray	and	saline	

solution.	 It	 could	 be	 concluded	 that	 the	 corrosion	 fatigue	 behavior	 of	 RTDR	

predominantly	 depends	 on	 the	 cyclic	 endurance	 behavior	 of	 steel	 rather	 than	 on	 the	

corrosion	resistance	behavior.	

	

Please	 note	 that	 the	 research	 presented	 here	 is	 not	 yet	 sufficient	 enough	 to	 draw	 a	

conclusion	about	the	behaviors	of	steel	in	high	cycle	fatigue	regions.	
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5.4.2 Corrosion	 Fatigue	 Endurance	 Behavior	 of	 AISI	 304	 after	 Deep	

Rolling	at	a	Cryogenic	Temperature	(-195	°C)	

	

The	 corrosion	 fatigue	 behaviors	 of	 CTDR	 are	 a	 combination	 of	 the	 temperature	

dependent	 fatigue	 endurance	 behavior	 and	 the	 time	 dependent	 corrosion	 resistance	

behavior,	as	described	in	chapter	5.4.	The	S-N	curve	 is	shown	in	Figure	5-22.	 In	case	of	

CTDR1B,	 the	 fatigue	 endurance	 limit	 improved	 5%	when	 performing	 fatigue	 testing	 in	

salt	 spray,	 and	 increased	 10%	when	 performing	 fatigue	 testing	 in	 aqueous	 solution	 in	

comparison	to	the	fatigue	endurance	limit	of	steel	in	atmosphere	laboratory.	In	regards	to	

CTDR24B,	the	fatigue	endurance	limit	enhances	5%	when	testing	was	performed	in	salt	

spray	 and	 reached	 the	ultimate	 tensile	 strength	 for	 fatigue	 testing	 in	 aqueous	 solution,	

which	 was	 approximately	 20%	 higher	 than	 the	 fatigue	 endurance	 limit	 of	 steel	 in	

atmosphere	laboratory.		

	

	
Figure	 5-22	 S-N	 curves	 of	 CTDR	 after	 rotating	 bending	 fatigue	 testing	 in	 salt	 spray,	

aqueous	solution	and	at	atmosphere	laboratory	

	
Figure	5-23	shows	no	evidence	of	corrosion	residue	on	the	surface	in	case	of	CTDR1B	and	

CTDR24B	after	corrosion	 fatigue	 testing	 in	aqueous	solution.	 In	contrast,	 corrosion	pits	

were	found	after	corrosion	fatigue	testing	in	salt	spray.	CTDR1B	had	larger	corrosion	pits	

than	CTDR24B.	Moreover,	uniform	corrosion	was	found	dispersed	throughout	the	surface	

of	 CTDR24B.	 The	 results	 are	 consistent	 with	 the	 electrochemical	 results	 obtained	 in	

chapter	2.3.4	[137].	The	passivation	film	of	CTDR	is	very	noble.	It	takes	a	total	of	70	hours	

for	the	film	to	break	and	for	corrosion	to	have	access	to	the	surface.	The	noble	and	stable	

passivation	 layer	 delays	 the	 corrosion	 from	 damaging	 the	 steel	 and	 also	 retards	 crack	

initiation	when	cyclic	loading	is	applied.	
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Additionally,	 the	 possibility	 a	 galvanic	 effect	may	 occur	 is	 also	 in	 concern.	 The	 ratio	 of	

martensite	 :	 austenite	 is	 a	 driving	 force	 for	 the	 galvanic	 effect.	 The	 electrochemical	

potential	 of	 the	 austenitic	 phase	 is	 nobler	 than	 the	 martensitic	 phase	 or	 precipitates,	

therefore,	it	acts	as	a	cathode	and	the	martensite	acts	as	an	anode.	A	low	ratio	of	anode	:	

cathode	accelerates		the	corrosion	reaction.	Hence,	when	the	M:A	ratio	is	relatively	low,	it	

is	quite	dangerous	for	the	steel	to	be	subject	to	pitting	corrosion.	We	found	deeper	and	

larger	 pit	 sizes	 on	 the	 surface	 of	 CTDR1B	 than	 on	 CTDR24B.	 Owing	 to	 the	 higher	M:A	

ratio	 of	 CTDR24B,	 uniform	 corrosion	 and	 smaller	 pit	 sizes	were	 found.	 The	 shape	 and	

type	of	corrosion	are	vital	for	steel	to	withstand	corrosion	fatigue.	

	

(a)	 	(b)	 	

(c)	 	(d)		 	

Figure	5-23	Fractographies	of	HTDR1B	after	rotating	bending	fatigue	testing	in:	(a)	salt	

spray	 with	 600	 MPa	 stress	 amplitude,	 (b)	 aqueous	 solution	 with	 600	 MPa	 stress	

amplitude,	and	HTDR24B	after	rotating	bending	fatigue	testing	in:	(c)	salt	spray	with	600	

MPa	stress	amplitude	and	(d)	in	aqueous	solution	with	720	MPa	stress	amplitude	

	

As	is	evident	from	the	S-N	curves	in	Figure	5-22,	the	corrosion	behavior	of	CTDR	is	more	

strongly	dependent	on	the	temperature	dependent	fatigue	endurance	properties	than	on	

the	 time	dependent	 corrosion	 resistance	behaviors	of	 steel.	Based	on	 the	 results	of	 the	

corrosion	resistance	behavior	in	chapter	2.3.4,	the	passivation	film	was	destroyed	by	the	
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deep	rolling	process,	especially	when	deep	rolling	at	a	cryogenic	temperature.	Peeling	on	

the	 steel	 surface	 caused	 a	partial	 damage	of	 the	passivation	 film.	Moreover,	 the	 tensile	

stress	from	cyclic	loading	tore	the	passivation	film	off,	which	caused	the	fatigue	strength	

of	the	steel	to	drop	drastically	when	testing	in	salt	spray	and	saline	solution.	

	

The	 behavior	 of	 steel	 when	 subject	 to	 corrosion	 fatigue	 can	 be	 explained	 by	 the	

temperature	dependent	behavior	of	the	fatigue	endurance,	as	described	in	chapter	5.3.	In	

aqueous	 solution,	 the	 heat	 accumulation	 during	 the	 cyclic	 loading	 is	 lower	 than	 in	

laboratory.	 Therefore	 the	 microstructural	 degradation	 or	 relaxation	 during	 fatigue	

testing	was	 reduced.	The	higher	 level	 of	 stability	 of	 the	 strain	 induced	microstructures	

enhanced	 the	 fatigue	 strength	 of	 the	 steel	 by	 retarding	 the	 propagation	 of	 cracks	 that	

resulted	from	fatigue	fracture.	

	

Conclusion:	 The	 corrosion	 fatigue	 endurance	 of	 CTDR	 predominantly	 relied	 on	 the	

temperature	dependent	fatigue	endurance	behavior	when	being	testing	in	salt	spray	and	

aqueous	solution.	The	relatively	high	M:A	ratio	in	CTDR	reduces	the	amount	of	pitting	and	

also	 influences	 the	 shape	 it	 takes.	 The	 size	 and	 shape	 of	 pits	 influence	 the	 corrosion	

fatigue	endurance	behavior	of	steel,	because	they	represent	a	concentrated	area	of	stress	

during	fatigue	testing.	Nevertheless,	no	corrosion-controlled	region	was	found	in	the	S-N	

curves	of	CTDR1B	and	CTDR24B.	In	the	stress-controlled	region,	the	stability	of	the	strain	

induced	 microstructures	 near	 the	 surface	 played	 a	 significant	 role	 in	 retarding	 crack	

propagation	and	delaying	failure	caused	by	fatigue	fracture.	

	

5.4.3 Corrosion	 Fatigue	 Endurance	 Behavior	 of	 AISI	 304	 after	 Deep	

Rolling	at	a	High	Temperature	(550	°C)	

	

How	 the	 strain	 aging	 effect	 retards	 crack	 initiation	 and	 propagation	 was	 presented	 in	

chapter	 5.3.4.	 The	 corrosion	 behavior	 of	 deep	 rolled	 AISI	 304	 is	 explained	 in	 chapter	

5.2.4.	Chapter	5.3.5	focused	on	tension-compression	fatigue	testing.	We	observed	that	the	

strain	 aging	 effect	 effectively	 retards	 fatigue	 crack	 propagation	when	 testing	 at	 higher	

temperatures.	 While,	 compressive	 residual	 stress	 impedes	 the	 propagation	 of	 fatigue	

cracks	when	testing	at	lower	temperatures.		
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The	S-N	curves	of	HTDR	after	rotating	bending	 fatigue	test	 in	salt	spray,	saline	solution	

and	 aqueous	 solution	 are	 shown	 in	 Figure	 5-24.	 Figure	 5-25	 and	 Figure	 5-26	 present	

highly	magnified	pictures	of	the	HTDR	surface	after	corrosion	fatigue	testing	in	salt	spray	

and	saline	solution.	The	No	product	from	corrosion	was	found	on	the	steel	surface	after	

fatigue	 testing	 in	aqueous	solution	 for	both	HTDR1B	and	HTDR24B.	A	small	number	of	

corrosion	pits	were	found	on	the	surface	of	the	HTDR1B	after	corrosion	fatigue	testing	in	

salt	 spray.	 Uniform	 corrosion	was	 found	 after	 fatigue	 testing	 in	 saline	 solution.	 Also,	 a	

higher	number	of	corrosion	pits	were	dispersed	throughout	the	surface	of	HTDR24B	after	

fatigue	testing	in	salt	spray	compared	to	HTDR1B.	

	

	
Figure	5-24	S-N	curves	of	HTDR	after	rotating	bending	fatigue	testing	in	salt	spray,	saline	

solution,	aqueous	solution	and	at	atmosphere	laboratory	

	

The	 electrochemical	 results	 in	 chapters	 2.3.4	 and	 5.2.4	 [137]	 illustrate	 how	 the	

passivation	 film	 of	 AISI	 304	 was	 destroyed	 by	 deep	 rolling	 process	 at	 550	 °C.	

Furthermore,	 this	also	 impaired	 the	corrosion	resistance	of	 the	steel.	HTDR1B	requires	

13	hours	for	the	passivation	film	to	rebuild	and	be	fully	reinstated.	In	a	low	cycle	fatigue	

region,	 the	cyclic	behavior	of	steel	depends	on	the	stability	of	 the	passivation	 layer	and	

corrosion	 resistance	 of	 the	 steel.	 The	 corrosion	 fatigue	 endurance	 limit	 of	 HTDR24B	

decreased	by	10%	after	fatigue	testing	in	salt	spray.	It	is	clearly	seen	that	an	attacking	of	

corrosion	 on	 the	 surface	 of	 steel	 causes	 an	 impairing	 of	 fatigue	 endurance	 of	 HTDR.	

Moreover,	strain	aging	effect	is	not	effective	to	impede	dislocation	mobility	during	fatigue	

test	in	salt	spray	and	saline	solution	due	to	a	relatively	low	heat	accumulation	and	it	leads	

to	 a	 reducing	 of	 fatigue	 endurance	 limit.	 In	 a	 high	 cycle	 fatigue	 region,	 the	 corrosion	

fatigue	 behavior	 of	 HTDR	 depends	 on	 the	 fatigue	 strength	 of	 the	 steel,	 meaning	

microstructural	degradation	plays	an	essential	role.	The	amount	of	compressive	residual	
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stress	 and	 the	 amount	 of	 relaxed	 compressive	 residual	 stress	 contribute	 to	 retarding	

fatigue	crack	propagation	and	help	to	improve	the	fatigue	endurance	of	HTDR.	

	

(a) (b) 	

Figure	5-25	Fractographies	of	HTDR1B	after	rotating	bending	fatigue	testing	in:	(a)	salt	

spray	 with	 550	 MPa	 stress	 amplitude	 and	 (b)	 aqueous	 solution	 with	 600	 MPa	 stress	

amplitude	

	

(a) (b)	 		

Figure	 5-26	 Fractographies	 of:	 (a)	 HTDR1B	 after	 rotating	 bending	 fatigue	 testing	 in	

saline	solution	with	600	MPa	stress	amplitude	and	(b)	HTDR24B	after	rotating	bending	

fatigue	testing	in	salt	spray	with	600	MPa	stress	amplitude	

	

Conclusion:	 The	 corrosion	 fatigue	 behavior	 of	 HTDR	 is	 a	 combination	 of	 fatigue	

endurance	 and	 corrosion	 resistance	 behaviors	 of	 steel.	 The	 degree,	 shape	 and	 type	 of	

corrosion	are	important	for	the	corrosion	fatigue	resistance	of	steel.	Pits	were	found	to	be	

an	 initiation	 site	 for	 fatigue	 failure.	 Due	 to	 no	 corrosion	 product	 being	 found	 on	 the	

surface	 of	 steel	 after	 fatigue	 testing	 in	 aqueous	 solution,	 we	 deduced	 that	 the	 fatigue	

endurance	 in	 aqueous	 solution	was	 enhanced	 significantly.	 In	 the	 LCF	 region,	 the	 steel	

behavior	is	dependent	upon	the	corrosion	resistance	behavior	of	steel.	In	the	HCF	region,	

the	steel	behavior	depends	on	stress	endurance	behavior	of	steel.	Compressive	residual	



	 139	

stress	has	less	influence	on	fatigue	crack	propagation	retardation	due	to	a	relatively	low	

amount	of	it	being	present	in	the	steel.		

	

5.4.4 Comparison	 of	 the	 Corrosion	 Fatigue	 Endurance	 Behavior	 of	 Deep	

Rolled	AISI	304	

	

Figure	4-45	 shows	 that	 the	 fatigue	 strength	of	 deep	 rolled	 steel	 improved	 after	 fatigue	

testing	 in	 salt	 spray.	 No	 significant	 difference	 in	 the	 fatigue	 strength	 was	 found	 for	

RTDR1B,	 CTDR1B	 and	 HTDR1B.	 This	 can	 be	 explained	 by	 the	 time	 dependence	 of	 the	

corrosion	 attack	 mechanism	 and	 the	 lower	 heat	 conductivity	 of	 steel	 in	 aqueous	

condition.	Within	a	short	period	of	time,	corrosion	could	barely	attack	the	steel	surface.	

Therefore,	 the	 steel	 behavior	 in	 this	 region	 is	 only	 controlled	by	 the	 fatigue	 endurance	

behavior	 of	 steel.	 An	 aqueous	 solution	 reduces	 the	 heat	 conductivity	 of	 steel	 and	

decreases	the	degradation	rate	of	strain	 induced	microstructures.	Hence,	 fatigue	testing	

in	aqueous	solution,	saline	solution	and	salt	spray	produces	a	higher	fatigue	strength	than	

fatigue	testing	in	laboratory.	However,	any	reduction	of	the	heat	conductivity	impairs	the	

strain	aging	effect,	preventing	 it	 from	retarding	fatigue	 fracture	propagation.	Therefore,	

strain	aging	effect	has	no	influence	on	the	corrosion	fatigue	endurance	of	HTDR.	

	

The	highest	corrosion	fatigue	endurance	level	 in	salt	spray	was	recorded	for	CTDR	(see	

Figure	4-45).	HTDR	proved	to	have	the	worst	corrosion	fatigue	endurance	of	deep	rolled	

steels	tested.	Corrosion	pits	were	found	to	be	initiation	sites	 for	fatigue	fracture	failure,	

which	is	why	their	number,	shape	and	type	are	very	important	for	the	corrosion	fatigue	

endurance	 of	 steel.	 Corrosion	 pits	 are	 influenced	 by	 the	 ratio	 of	 martensitic	 phase	 to	

austenitic	 phase.	 If	 the	 martensitic	 content	 is	 low,	 a	 large	 number	 of	 needle-shaped	

corrosion	pits	will	be	present.	When	the	martensitic	content	increases,	the	corrosion	pits	

taken	on	a	more	 circular	 shape.	Thus,	we	were	 able	 to	 conclude	 that	 the	 temperatures	

used	in	the	deep	rolling	process	play	an	important	role	for	the	characteristics	of	AISI	304	

regarding	its	corrosion	fatigue	endurance	behavior.	
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Chapter	6 Conclusion	and	Recommendation	
	

6.1. Conclusion	of	Present	Work	

	

6.1.1 Near-Surface	 Microstructures	 Induced	 by	 Deep	 Rolling	 at	

Various	Temperatures	

	

The	 RTDR	 process	 created	 the	 greatest	 magnitude	 of	 compressive	 residual	 stress,	 IW	

values	and	also	the	smoothest	surface.	The	pressure	used	during	the	deep	rolling	process	

influence	 the	 amounts	 of	 compressive	 residual	 stress,	 plastic	 deformation	 and	 the	

martensitic	content	near	the	surface.	They	increased	within	an	increasing	of	deep	rolling	

pressure.		

	

In	case	of	CTDR,	 the	surface	hardness	was	relatively	high.	 	The	elastic	 contact	between	

the	steel	surface	and	rolling	wheel	at	a	cryogenic	temperature	caused	surface	peeling	and	

a	smaller	amount	of	compressive	residual	stress	in	the	region	near	the	surface.	Moreover,	

the	 martensitic	 content	 in	 the	 region	 near	 the	 surface	 was	 relatively	 high	 due	 to	 an	

operating	 temperature	 close	 to	 the	 Ms	 temperature.	 	 The	 martensitic	 transformation	

phase	distorted	the	atomic	plane	and	caused	a	high	amount	of	plastic	deformation.		

	

In	HTDR,	the	employed	deep	rolling	temperature	facilitated	atomic	mobility	and	caused	

dislocation	 annihilation.	 The	 annihilation	 led	 to	 a	 reduction	 of	 the	 plastic	 deformation	

value	as	shown	by	the	IW	value.	As	the	deep	rolling	pressure	increased,	an	increasingly	

lower	 compressive	 residual	 stress	 as	 found.	Moreover,	 the	 strain	 aging	 effect	 occurred	

during	 the	deep	 rolling	process	 at	 a	 high	 temperature.	 It	manifested	 itself	 in	 form	of	 a	

serration	of	the	stress-strain	curve	at	a	high	temperature.	

	

The	amount	of	elastic	deformation	was	able	to	be	controlled	by	the	length	and	diameter	

of	specimens.	The	length	of	the	specimens	influenced	the	amount	of	compressive	residual	

stress	as	well	as	the	amount	of	plastic	deformation.	 In	contrast,	 the	martensitic	content	

proved	to	be	affected	by	the	diameter	of	the	specimens.	
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6.1.2 Corrosion	Resistance	Behavior	of	AISI	304	after	Deep	Rolling	at	

Various	Temperatures	

	

As	stated	numerous	times	before,	the	passivation	film	of	AISI	304	was	destroyed	during	

the	deep	rolling	process.	 It	resulted	 in	an	 impairment	of	 the	corrosion	resistance	 in	the	

first	period	of	the	electrochemical	experiment.	An	active-passive	effect	was	activated	that	

involved	 rebuilding	 the	 passivation	 film	 and	 shielding	 the	 steel	 from	 corrosion	 attack.	

Moreover,	the	martensitic	content	strongly	influenced	the	corrosion	resistance	behavior	

of	austenitic	stainless	steel.	The	dual	phase	system	caused	the	galvanic	effect.	The	amount	

of	martensitic	content	influenced	the	amount,	shape	and	type	of	corrosion	that	formed.		

	

Additionally,	 the	 compressive	 residual	 stress	 field	 facilitated	 a	 repassivation	process	of	

the	passivation	film.	A	fresh	and	homogeneous	rebuilt	passivation	film	provided	a	noble	

and	 stable	 passivation	 layer,	 providing	 high	 resistance	 to	 corrosion	 attack	 in	 the	 late	

period	of	an	experiment.	The	most	stable	passivation	film	was	found	in	CTDR.	In	the	first	

period	 of	 the	 experiment,	 HTDR	 displayed	 the	 worst	 corrosion	 protection	 due	 to	 its	

severely	 damaged	 passivation	 film.	 In	 comparison,	 RTDR17B	 displayed	 the	 worst	

corrosion	protection	 in	the	 late	period	of	the	experiment	due	to	the	galvanic	effect	 that	

resulted	from	the	relatively	low	amount	of	martensitic	content.	

	

6.1.3 Cyclic	 Behavior	 of	 AISI	 304	 after	 Deep	 Rolling	 at	 Various	
Temperatures	

	

The	 fatigue	 endurance	 of	 AISI	 304	 was	 enhanced	 after	 deep	 rolling	 at	 various	

temperatures.		HTDR	achieved	the	highest	fatigue	endurance	limit	of	all.	The	strain	aging	

effect	 was	 assumed	 to	 be	 an	 essential	 mechanism	 for	 retarding	 fatigue	 fracture	

propagation.	 However,	 it	 is	 limited	 by	 its	 own	 temperature	 dependency.	 It	 remained	

effective	 when	 using	 parameters	 involving	 heat.	 Moreover,	 the	 martensitic	 content	

combined	 with	 the	 compressive	 residual	 stress	 field	 created	 a	 rigid	 and	 hard	 surface,	

which	 delayed	 fatigue	 cracking	 initiation	 and	 propagation.	 The	 plastic	 deformation	

caused	 work-hardening	 which	 was	 beneficial	 for	 stabilizing	 the	 compressive	 residual	

stress	 located	near	the	surface	 layer.	However,	 the	surface	roughness	has	 less	 influence	

on	the	fatigue	endurance	behavior	of	deep	rolled	steel	than	other	factors.	
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6.1.4 Corrosion	 Fatigue	 Endurance	 Behavior	 of	 AISI	 304	 after	Deep	

Rolling	at	Various	Temperatures	

	

The	corrosion	fatigue	endurance	behavior	of	AISI	304	was	separated	into	2	intervals.	In	

low	cycle	 fatigue	region,	 the	corrosion	 fatigue	endurance	behaviors	were	dependent	on	

the	fatigue	endurance	of	steel.	Using	an	aqueous	solution	consisting	of	salt	spray,	saline	

solution	 and	 aqueous	 solution	 resulted	 in	 a	 reduction	 of	 the	 heat	 conduction	 of	 steel,	

which,	in	turn,	led	to	the	less	relaxation	of	microstructures	in	the	region	near	the	surface.	

Hence,	 the	 fatigue	endurance	was	much	higher	when	tested	 in	aqueous	solution	 than	 it	

was	in	a	laboratory.	The	corrosion	fatigue	behavior	of	steel	in	the	HCF	region	relies	on	its	

fatigue	endurance	and	corrosion	resistance	behavior	properties.	The	number	and	shape	

of	pits,	 also	 the	 type	of	 corrosion	are	vital	 for	 the	 corrosion	 fatigue	endurance	of	 steel.	

They	are	affected	by	the	amount	of	martensitic	content	located	at	the	near	surface	region.	

	

The	 corrosion	 fatigue	 resistance	 behavior	 of	 AISI	 304	 after	 deep	 rolling	 at	 various	

temperatures	 differed	 from	 that	 of	 untreated	 AISI	 304.	 The	 fatigue	 endurance	 of	

untreated	 AISI	 304	was	 impaired	 by	 the	 aqueous	 condition	 (salt	 spray,	 saline	 solution	

and	 aqueous	 solution).	 An	 aqueous	 condition	 reduces	 the	 relaxation	 of	 strain	 induced	

microstructure	 of	 deep	 rolled	 steel,	 causing	 an	 enhancement	 of	 the	 corrosion	 fatigue	

endurance.	 CTDR	was	 found	 to	 have	 the	 best	 corrosion	 fatigue	 resistance,	while	HTDR	

displayed	the	worst.		

	

6.2. Recommendation	for	Future	Research	

	

The	 corrosion	 fatigue	 endurance	 behavior	 consists	 of	 a	 combination	 of	 temperature	

dependent	 fatigue	 endurance	 and	 time	 dependent	 corrosion	 resistance	 in	 steel	 being	

tested.	This	research	was	limited	by	time,	which	is	why	it	was	not	possible	to	study	the	

corrosion	fatigue	behaviors	in	an	exceptionally	high	cycle	fatigue	region	where	corrosion	

has	 more	 time	 to	 attack	 the	 steel	 surface.	 Moreover,	 aqueous	 solution	 and	 thermal/	

thermo-mechanical	 relaxation	 are	 required	 to	 understand	 the	 role	 of	 the	 self-heating	

temperature	during	fatigue	testing	and	its	effect	on	the	relaxation	of	microstructures	near	

the	surface	during	corrosion	fatigue	testing.	 	
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