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JCR 12·I'~rjtk<o"itioo Resistant StHl is an acronym for chromium containing 

corrosion res istant 12%-chromium steel. :lCR12 was developed II'l the lalt' 

1970's from AiS14Q9 femtlc steel and produced by Columbus Stainlt>~ ~ in South 

Africa. 3CR 12 st.a.inless steel belongs to the ferntic group of stainl~s '1("(' ls, with 

excel lent corrosioo resi. tance in many environmeots and possesses constde.--able 

t!('onomic advafll"'ge over avslenilic slilinlMS sleels. 

3.2.1. Specification 

Tdble 3.1. ChemiCil l com~itions 01 the steels used in this invl."Sligation (wi""' ) 

""T""":71 

3.3. Wire Production 

ThE' principles iIlvolved In the drawing of bars, rod, or wire are baSica ll y similar 

and involve pulling melal through a die by means of a tensile force applied to 

lhe exit side of IIw- d ,e fO cause a reduct ion In t .... melal d iamefe!'. 

Most of plastic flow r.; caused by compres~ion forces which arise from the 

rf'actioo of the ml"lal whh the die. A cross sl'(1iOll through a conical drawing die 

is shown in ~ ig.3.1. 

The ('ntrance of the die 15 shaped so tMt the wife entering the die will also draw 

lubricafll th~ the dl('. Ihl" shape 01 the bell causes the hydrostat ic pressure 

10 increase alld promoI(' lhe How ollubricanl into the die. 11l(' approach angle 

feJ!iOll, Fig.3.1. is the sectiOfl of Ihe die where thE' actual reduction in diamE'l('r 

Chapter 3 - Matl"rials and Experimental Procedure 
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occurs. The half die angle a: is an important process parameter. t he bearing 

region does nO! cause redudion but it docs produce a frictional drag on the wire. 

lhe chief function of the bearing region is to permit the conical approach surface 

to be refinished (to remove surface damage due to die wear) without changing 

the dimensions of the die exit. The back relief allows the metal to expand 

slightly as the wire leaves the die. Most drawing dies are manufactured from 

cemented carbide or industrial diamond (for fine wires). The die nib is enca5!'d 

for protcctioo in a thick steel casing. 

fig.3.1. Schematic drawing of drawing die 

3.3.1. High Carbon Steel Wire 

The carbon steel wire used in this study was produced by the Haggie Rand 

Company. I he process of wire production is given below. 

t lot rolled high carbon steel rods are heat treated ix'fore they are cold worked by 

drawing to a degree necessary for the development of sufficiently high tensile 

strength. 

Chapter 3 - Materials and E;.;perimental Procedure 
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In the patenting method used by Haggie Rand, the sleel is heated to a high 

temJX'rature in a furnace at 1050-1100 0 C and cooled in a lead ruth held at 55ri' 

C to form a fin(' JX'ariitic structure as indicated in rig.3.2. 

The patented rods of 8mm diameter, produced in thi> way, have a UTS of 

approximately 1300 MPa. 

" 
____ CENTU OF ROO 

---SURFACE OF ~OO 

, 
.A HI 
TEMPERATURE 

Fig.3.2 lime-Temperature-Transformation diagram for eutectoid steel [108] 

The patented rod, are then cold drawn in nine passes to achieve a diameter of 

3.15 mm. Ihe rods are coated in borax and phosphat(' prior to drawing to aid 

soap lubricant pick up at the die entry point. 

The wire obtained by this patellting and cold drawn process achieve, an overall 

reduction of 84.5%, i.e. from a diameter of 8.0 mm to 3.15 mm and true strain of 

1.86. The true strain i, determined using the following 0quation [109] 

[qn.3.1. 

where d" i~ the> diameter before drawing and d is the final diameter. 

Chapt('r 3 - Materials and lxperimental Procedure 
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The Table 3.2. shows the drawing reduction schedule. [Juring the drawing 

process, on a nim' holf' drawing machine, direct water cooling of all drawing 

blocks was used. One direct waler cooler is posilioned at the final die exit and 

blasls a spray of water directly on the wire surfau'. The wJter-cooling removes 

excess heat which can afiett the propertif's of thf' wirf'. 

Heat generation is J major cOl¥em in drawing OjX'ralions and in pla,tic 

df'formation procf'sses since friction can generate wire temperatures of several 

hundred degrees Cf'l>ius. Typical temperature, of the wire at the die exit arc 

dbout 150'C. 

1 ix'se mol ing precdulions Me tdken because of the susceptibility of high carbon 

steel wire to ,train af\f'ing.. fine pmrl ite drawn to high strains is more susceptible 

to ageing which is considered to be virtually elimindted using the direct water 

cooling method. 

Table 3.2. Drawing Schedule for Carbon Wire obtained from Haggie Rand Co. 

3.3.2. 304-Austen;tic Stainless Steel Wire 

Stainlf'Ss steel rods having different initial diameters Wefe u,ed to pnxJuCf' wire 

with different strains. I he rod, were initially annealed at lOS0 O( for 15 minutes 

and afleM'ards water c(xlled, in order to eliminate the previous rolling history. 

Chapter 3 - Materials and txperimental Procedure 
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Suitable equipment for wire drawing was not available in the experimental 

laboratory and consequently a tensile machine together with drawing dies and J 

die holder, designed and manufactured in the workshop, was used for the 

process. A schematic drawing of a 'ZWICK'-tensile mJchine with drawing 

accessories is shown in Fig.3.3. Tungsten carbide dies, (WC inserts supported by 

J steel casing) produced by ' Sandvik' were used in the drJwing prOCX'ss. The 

procedure for single drawing (one pass per sample) involved placing J die into 

the steel seat and fitting this unit into the cross-heJd of the tensile machine. The 

cross-head was then moved as close JS possible to the jaw of the machine into 

which WJS clJmped the end of the wire which had been reduced in si7e 

Jllowing it to pJSS through the die. The Cf05s-heJd of the tensile mJchine was 

then moved verlicaliy downwards to draw the wire through the die in J uniform 

and continuous manner. 

The lubricated samples, hJving different initial diameters, were repeatedly drawn 

without intermediate anneJling to the fixed final diameter of 3.55 mm. The 

exceptional ability of 304-austenitc stainless steel to work harden resulted in the 

constJnt breakJge of wire due to the reduced end or shJnk not being Jble to 

sustain the great increase of strength of the material during the drawing process. 

These problems, during the multiple drJwing process, were solved by cutting off 

the previous shank end and machining a new one from the alreJdy hMdened 

materiJI, for each single drawing pass undertJken. It should be also noted that 

the successful drJwing of wire requires very careful selection of process 

parameters. All the wires were ultimately of the same diJmeter (3.55 mm) and 

the different drJwing strains were achieved by starting with different initial 

diJmeters (Jchieved by drawing) and anneJling. The wire drJwing procedure 

used in laboratory conditions is shown in TJble 3.3. An example of multiple 

drawing to Jchieve 0.585 strJin performed in laboratory conditions is 

schematically presented in Fig.3.4. 

Chapter 3 - MJterials Jnd Experimental Procedure 
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C""bld .. Ill. Hold .. " 

----
"'S I 

'ft I 
lJppe" L rrlJt 
Ho\d~r 

/ ' 

~/ ll~ S ~"- t 

I . 

V " y 

'-'Ir . I 
I ,V 

I 2 Drawing device I "l/ 
I 
t 

Dro.wlng 
ll'r"dIOrl 11. Cross-head oCmachine I 

... -.J 

Fig.3.3. Schema!ic of the ZWICK"tensile testing machine and drawing device 

with a closer view of rhe wjre--drawing process 

Chapter 3 - Materials and ExperimE'ntal PrOCNurE' 
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In wire drJwing Jnd cther deformation processes, a large proportion of the total 

work done is converted into heal due to friction effects at the interface or wilhin 

the deforming malerial. The det('rminJtion of the operating speed for a wire 

urawing operation is probably one of the most important but also one of the 

most complex tasks. I he speed al which a particular machine ('.an produce good 

qUJlity producls is limited by surface Jnd structural damage. In this particular 

case, il was found by experimentation, that J speed of 50 mm/min resulled in the 

absence of any major surfJce structural damage. To reduce friction between the 

drawing die and the wire and thus reduce wear and Ihe pulling force on the die 

itself, whilst giving the wire the necessary structural and aC'sthetic charJcteristics, 

vasel ine was used as a lubricant. 

When the function of drawing i~ merely to reduce the size of the wire, a thick 

film of lubricant is beneficiJI, with low friction and large heat capacity, so that 

drawing may be done in the least number of passes. Reductions of more than 

25% per pass were found difficult to JChieve under laboratory conditions since 

they resulted in the breakdown of lubrication and the deterioration of the wire 

surface finish. 

Table 3.3. Drawing procedure for AISI 304 stainless steel wire drawn in the 

laboratory 

iRitial 8M Die dia Pass P.~ p~ Final Drawing Reduetion 

DiametN Dia. strain .... 
mm mm 1 2 3 mm ~ 

3.72 3.55 3.55 3.55 0.09 8.93 

4 3.55 3.55 3.55 0.238 21.25 

4.28 4.15-3.95·3.55 4.15 3.95 3.55 3.55 0.37 34.39 

4.6 4.15-3.95-3.55 4.15 3.95 3.55 3.55 0.52 47.39 

4.7& 4.15-3.95-3.55 4.15 3.95 3.55 3.55 0.58 52.& 
---- .- .. _ .. ~.-~ 

Chapter 3 - Materials and Experimental Procedure 
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Bar 10~"C -15 minutes 

Operation I 

II 

Operation III 

Cntting 

L'e'Chank) 

Final dimension - 3.55 mm 

Reduction of ana 52.6 % 
Drawing strain 0.58 

Operation V 

VI 

Cutting Operation VII 

(Sllan~kS)~l,cc;-~-__ 

Drawing 
3.55-mm 

VIII 

fig.3.4. Schematic of multiple drawing performed in the laboratory conditiom 

for achieving 0.585 strain in A/51 304 stainless steel wire 

The wire obtained by cold drawing under laboratory conditions achieved an 

overall reduction between 8 to 53':1D and a true strain ranging from 0.09 to 0.585. 

Chapter 3 - Materials and Experimental Procedure 
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3.3.3. 3CR12~Ferr;t;c Steel Wire 

Reinforcing 3CR12 ste'('1 rebars were used as the initial starting material for the 

production of wire'. The rebars were supplied in the hot rolled condition, having 

a diame'ter of 18mm. Lxtensive machining was performed on th('s(' bars in order 

to reduce the initial diameter to 5mm. 

In order to eliminate the previous hot rolling histo!), and to obtain a 

microstructure more suitable' for drawing, the' bars were' annealed at 760°C for 

30 minutes and air cooled. The 3CR11 annealed bars had a UTS of 442 MPa 

and were drawn on the same equipment, using the' same' drawing speed and 

lubricant, as for the AISI 304-stainless steel. 

The final wire produced through a combination of machining, annealing and 

drawing processes is shown in Fig.3.S. It was intended to manuiadure wire 

samples with the ;;.ame overall I"C'dudion as th(' 304-stainless steel wires. 

However, the application of high drawing strains was limit('d by wire-surface 

damage and the restrictive drawability of this type of st('C'l. The produdion life 

of drawing dies was reduced by almost 80% compared to those' die'S used in the' 

wire drawing of AISI 304 stainless steel. 

3 

~ ~< • • . . -

Fig.3.5. 3CR 12 wire-- 3.5mm dia obtained from 3CR 12 rebar-18mm diameter 

1.- reinforcing 3CR 12 st('C'i bar; 2.- dravvn 3CR 12 wire; 3.- drawing die 

Chapter 3 - Materials and lxperimental Procedure 
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Fig.3.8.(a) The FSH wrvo-llyrJraulic univef.IJI !e.lling machine; A - wire sample; 

B - UTM control panel 

t 

""olch " ~ V< 
, 

Fig.3.8.(b) C/oser view of notched wire sample te,ted under Ihe fatigue 
condition> 

Chap!!'r 3 - Maiwials and Experimf>ll!al Pmcf'(/ur!' 
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Fig.3.9.(a} Setting of three-point bending rig ill ESH - testing 1l1ilChine; A - three­

point bending rig; fl- wire sample 

Fig.3.9.(b) Closer view of smooth wire sample tested under bending fatigue 

conditions 
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this particular drawing strain, 00 the yield strength, ultimate tensile strength, 

elongation 10 failure and fatigue performance. 

The results of tensile testing are shown in rigA.1. and table 4.1. together with 

hardness me~surements ~nd grain size. Both FigA.l. and Table 4.1., illustratc 

the high strength properties of drawn pearlitic steel wire with an ultimate tensile 

strength of 1982 MPa and a yield strength of 1546 MPa. II can be also noted 

from Table 4.1. that the steel possesses a small elongation to failure (3%) and the 

loss of dUdility results from the substantial amount of plastic deform~tion that 

this steel has received during manufacture. 

~ ~~ .,,, 
T= i!: 1 
~ .. -

! ,- j . , = 
~ 1000, , 
I " ,-- , 

,~ , , •. " '"' ,. •. " , ,., ,." ,. ,. Tn .. .... ' 

E_'", ,,, ... , _ T".,. .... _" ... "'M. 1"k>< _ """R •• _ .. _ .. _-
b) 

Fig.4.1. (a,b) I ensile results of high carbon sfec/ wirc drawn to 1.86 strain 

a) engineering stress-strain curve, dnd b) true stress-strain curvc 

Table 4.1. Mcchanical Properties of Pcarlitic Steel Wire Drawn to 1.11 Strain 

Ultimate Total Reduction Hardness 
Tensile Yield Elongation to of Grain Vickers 

Strength Strength Failure Area Size 

LMPaj [MPaj [%j [%] "m HV25 

19112 1546 304 " 30 465 

Chaptcr 4 - Rcsults - C~rbon Steel Wire 
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The true stress-true strain curve of the drawn pearlitic steel wire together with the 

work hardening rate curve is shown in Fig.4.1.(b). These curves reveal important 

information such as the strain at which necking begins and the uniform plastic 

elongation to failure. 

Results obtained for heavily drawn pearlitk wire (strain 1.86) show a negative 

work hardening rate and the work hardening rate curve intercepts the flow curve 

at a low strain of 0.5%. The reason for such behaviour is due to the very high 

plastic deformation applied during the drawing of wire, effectively exhausting 

the extremely high ability of this steel to work harden further. 

The hardness measurements taken across the section thickness of drawn peariitic 

wire are presented in FigA.2. 

J 

Wire center 
• 

000 

Dslar>oe tOOl ootside tow~rd5 to center [ f""l 

FigA.2. Microhardness measurements in high carbon steel wire 

drawn to 1.86 strain 

The hardness measurement curve shows the variation of hardness from 388 

HV25 measured at approximately 25 11m below the surface to 470 HV25 in the 

wire bulk. This variation is due to the decarburisatim developed during the 

patenting process. 

Chapter 4 - Results - Carbon Steel Wire 
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4.1.2. Microscopy in High Carbon Steel Wire 

4.1.2.1. Surface Examination 

Since surface defects can lE'ad to premature failure during fatigue testing and 

affect resuits, a careful examination was carried out on the surface of the wire 

using both optical and scanning electron microscopy. Figures 4.:~_(a,b} are 

typical of the many different types of surface defects, such as mechanical 

scratches, drawing marks, cavitiE"l and corrosion pits, which exist on these wires. 

Some cavitiE"l appear to be deep and widE', between 20·50 11m, and contain 

substances that are non-condU(1ive and become electrically charged by the 

electron beam in the scanning eledron microscope. 

Fig.4.3.(d) SEM micrograph of 
drawn carbon wirE', showing 
surface markings aligned in 
Iile drawing direction and a 
piece of metal re-drawn intD 
the wire. 

~.; ! Fig.4.3.(b) Corrosion pil5 
filloo with a Zn-P 
dej~"iti observed on the 

_ surfacE'. 

s:::;;;~ ;~:1:~';;~·, Pearlitic c:. wire drawn to 
1.86 SlJain in cross-section 

Chapter 4 - Results - Carbon Steel Wire 
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An X-ray microanalysis of these included subst,lnces showed evidence for the 

presence of zinc and phosphorous. It is considered that the zinc-phosphorous 

deposit originates from the coating applied prior to the wire drawing process. 

An average value of surface roughness, measured in the longitudinal direction 

was R, _ 1,6 ~m. This was achieved using a laylor Hobson prolilometer and was 

the average of ten readings. Roughness measurements in the transverse direction 

were very difficult to record and considered to be inaccurate due to the small 

diameter of the wire atld the very deep grooves left after the drawing process. 

4.1.2.2. Metallography of High Carbon Steel Wire 

Extensive metallographic analyses performed on the wire samples showed the 

presence of decarburisation. The depth of decarburisation was approximately 25 

~m which is approximately 0.8% of the diameter of the wire. Decarburisation is 

known to affect fatigue life detrimentally since it influences crack initiation by 

changing the fatigue strength and residual stresses of the surface metal. 

It is well known that the presence of geometrical discontinuities, such as non­

metallic inclusiofl!; and corrosion pits, can also have a deleterious effect on the 

fatigue atld fracture resistance [34]. The number, size, location and type of 

inclusions have been found to be of importance in determining their effects on 

subsequent fatigue behaviour. The orientation of inclusions with respect to the 

orientation of the stress field and the relative deformability of inclusions with 

respe<.1 to that of the matrix also greatly affect the crack nucleation behaviour. 

The deleterious effect of inclusions on the fatigue resistance of materials is 

related conventionally to the localised stress/strain concentration at the boundary 

of the inclusions and matrix, owing to the mismatch of physical, thermal, 

mechanical and chemical properties. 

Chapter 4 - Results - Carbon Steel Wire 
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The interaction between geometric discontinues and cyclic loading results in 

plasticity localisation and thus facilitates crack development. Similarly, 

enhancement of localised dissolution, resulting from plasticity localisation, 

contributes to corrosion pit development at non"metallic inclusion sites, thus 

promoting early crack development when a corrosive environment is present. 

Two main kinds of inclusions were detected in this work: heavily elongated 

sulphide-type indusiom distributed along tile longitudinal direction of the 

specimen, and a smaller population of angular-shaped indusions that were 

identified as calcium-aluminate. 

Figure 4.4. shows a calcium-aluminate inclusion, which occupies the space in 

the matrix between the highly deformed cementite lamellae. 

FigAA. Scanning elewoll 
micrograph of angular 
calcium- <llumin<lte inclusion 
imbedded between 
cementite lamell<le, creating a 
massive crack. 

ConditiollS: LOllgitudin<l1 
section of high C<lrbon steel 
wire drawn to 1.86 strain 

_01 Etchant: 2.5% Nital 

The bulk of the cold drawn steel wire had a fully pearlitic microstructure. 

Figures 4.5.-4.6_ show the microstructures of the drawn wire in both the 

longitudinal and transverse cross-sections respectively. 

Figure 4.5_ shows the microstructure of a longitudinally sectioned wire sample, 

which consists of very fine lamellar pearl ite; the colony nodules are clearly seen 

in the transverse sectioned sample, Fig.4.6. 

Chapter 4 - Results - Carbon Steel Wire 
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· Scanning elf'(;tron 
taken in the 

1 showing 
an aligned cementite lamellae. 

Etchilllt: 2..'>% Nital 
Wire drawn to 1.86 strain 

Each pearlite nodule is composed of colonies within which the lamellae are 

essentially parallel, but differ in orientation from the lamellae in adjacent 

colonies. Repeated sectioning studies have shown that pearlite is essentially a 

branched structure so that each pearlite colony consists of two interwoven 

crystals, one of ferrite and the other of cementite. The apparently wide range of 

interlamellar spacing visible in lig.4.6. reflects the range of interlamellar angles 

at which the pearlite colonies are intersected by the plane of 5ectioning. 

A curly grain structure is observed in the transverse cross-section of heavily 

drawn wire, in which convolution and interlocking of neighbouring grains can 

be observed. The final grain shape is quite variable and reflects the unusual 

degree of oonuniformity of plastic strain from grain to grain. The wavy nature of 

the grains in heavily drawn bcc metals has been explained with reference to the 

wire texture [119]. As a result, the change in grain shape occurs only in one 

transverse dimension, becoming ribbon-like and these curl around one another 

in order to maintain compatibility with neighbouring grains. 

Chapter 4 - Results - Carbon Steel Wire 



Univ
ers

ity
 of

  C
ap

e T
ow

n

i ~l;;;,~,5;E~M~~o.r fully pearlitic 
in a 

transverse cross section. 
NOI:f>: 

nodules 
sp.lcing. 

Ftchant: 2.5% Nital 
Drawing strain 1.86 

The schematic description of the curly structure in cold drawn carboll wire is 

given in figA.7. 

RELAXED CONSTRAINTS 

I 
wire aXIs 
= <110> 

FigA.7. The shapes of grains in a drawn bee metals can be desnibed as ribbons 

aligned and folded parallel to the wire axis /119J 
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All the5€' microstructural parameters, the size of the primitive grains, the pearlite 

nodule size and interlamellar spacing were measured. In order to detrrmine the 

grain siL€', the 5J.mplrs were heatrd up to 1100" C for approximately 30 minutes 

and cooled in the air. The ferrite pha5e outlined the formrr austenite grains and 

the primitive grain size was measurrd at approximately 30 ~m. The pearlite 

nodule size was determined on the polished cross-section of the wire using the 

linear intercept method, described in Chapter 3, p.84. It was found that the 

nodules were betwren 10 and 15 ).1m in diameter. This data was taken as the 

average of approximately 25 measurements. 

An optical examination of deformed pearlite is limited due to the low resolution 

of the optical microscopE' and il was found necessary to employ electron 

microscopy and particularly transmission electron microscopy. The interlamellar 

spacing and the thickness of the cemrntitr lamellae werr d€'lermined from 

transmission electron micrographs using the random intercept method, which is 

fully described in Chapter 3, p.M. 

A transmission electron image shows the width and distribution of the cementite 

lamellae, Fig.4.B. 

. Transmi,sion electron 
of transverse 

stecl 
showing the distribution 

of interlamellar spacing with 
>train of 1.86 

Chapter 4 - Rrsults - Carbon Steel Wire 



Univ
ers

ity
 of

  C
ap

e T
ow

n

% 

The results show that the cementite lamellae are very fine, ranging in thickness 

from 60 nm to less than 100 nm. The interlamellar distance is approxinlately 45 

nm, indicating the extremely fine microstructure developed by the drawing 

process at a strain of 1.86. 

One of the most obvious characteristics of the highly deformed pearlite structure, 

observed by transmission electron microscopy, is the blurring of the ferrite­

cementite interiace. 

4.1.3. Fatigue Properties of High Carbon Steel Wire 

The fatigue behaviour considering in particular the fatigue limit and fatigue crack 

growth rate of the pe-arlitic steel has been studied using both smooth and prC'­

notched samples, and the results of this study are presented in this section. 

4.1.3.1. Fatigue Limit of Smooth Wire Samples 

The study of the fatigue limit involves considerable and careful experimental 

work since data based upon the Wohler, (S-N) curve is not directly applicable 

due to the high scatter of empirical results without the support of statistical 

models. The reason for such a high scatter is due mainly to the defects of 

ranging sile found in the surface of steel, which act as stress concentrations 

leading to crack initiation at variable cyclic stresses. 

The results of the 5-N tests shown in FigA.9.(a) and Table 4.2. indicate that the 

fatigue limit (the stress level at which fatigue tests continue indefinitely or simply 

'run out') for the pearlitic steel wire investigated in this study, occurs at a stress 

amplitude of approximately 250 MPa, for a mean stress of 550 MPa (i.e. cyclic 

stress was between 300-800 MPa). In maximum stress terms the fatigue limit for 

the as drawn material was therefore 800 MPa, FigA.9.(a). 

Chapter 4 - Results - Carbon Steel Wire 
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Fig.4.9. SoN curve, for peariitic carbon steel wire (drawn, polished and ,hot 
peened) dre presell1ed ill terms of maximum stress (a) and cyclic amplitude (b) 

Note: NOICh of 300 IlIIl dl"pth, V-shaped, made by fine fjle 
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Table 4.2. Fatigue limit of High Carbon Steel Wire 

Smooth Fatigue Limit MPa Notched Fatigue Limit MPa 

Maximum Stress Amplitude Maximum Stress Amplitude 

As Received 

Shot Peened 

Shot Peened-Polished 

Polished 

800 

900 

880 

860 

250 

350 

330 

310 

630 80 

The fatigue limit for the as drawn pearli\ic microstrI.K-1ure of 800 Ml'a is 

approximately 50% of the stalic yield strength. The value of the difference 

between the yield stress and fatigue limit (0, - ,h) can be used to characterise the 

resistance to crack initiation [120]. Thus, if the value of fatigue limit is higher, 

the smaller difference (0, - 0",), indicates a higher relative resistance to crack 

initiation in the steel. 

4.1.3.2. Polishing iJnd Shot Peening of High Carbon Steel Wire 

Since the fatigue limit of cold drawn eutectic wires is highly dependent on the 

presence of surface defects, the fatigue limit is expected to improve if the surface 

is polished to eliminate surface imperfections. The roughness of the wire surface 

after being polished was reduced from R, - 1.6 to R. - 0.3 ~m and showed a 

significantly higher resistance to crack initiation. The polishing process did not 

result in a significant change in diameter. 

The fatigue limit of the polished carbon steel wire was found to be 310 MPa 

(stress amplitude) which is an improvement of approximately 24% compared to 

the original wire samples, FigA.9. In maximum stress terms, the fatigue limit 

was 860 MPa compared to 800 MPa for the as drawn material, ~ig.4.9.(a). 

Chapter 4 - Results - Carbon Steel Wire 
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The effect of shot peening of the wire surface, on the fatigue behaviour was also 

examined. The results showed that the fatigue lives for peened samples are 

greater than those for unpeened specimens. Shot peening was expected to 

influence the initiation and propagation of cracking since work hardening of the 

surface layer should increase the resistance to the development of crack tip 

plasticity. Shot peening increased the surface hardne,s to 525 HV from a bulk 

hardness of 460 HV (the hardnes, of the di>1orted layer is approximately 10% 

above that of the unpeened material) at a depth of approximately 50 I-lm, as 

shown in Fig.4.10. 

The inherent compressive residual stres, was expected to lower the effective 

stress intensity and therefore, the resistance to crack initiation should increase. 

The combined action of these two effect, wa, expected to result in an increase in 

the maximum stress necessary for crack initiation. Experimental results show 

that this was indeed the case and that the amplitude fatigue limit of peened wire 

samples was increa:.ed to 350 MPa (,tre,s amplitude) which i, about 40% higher 

compared to the unpeened carbon ,teel wire of 250 MPa, f-ig.4.9.(b). In 

maximum stress terms the fatigue limit of peened specimens increa:.ed from 800 

MPa to 900 MPa, Fig.4.9.(a). 

An attempt was made to :.eparate the three effects of shot peening (residual 

stress, work hardening. and surface roughening). The samples were 

longitudinally polished after shot peening. using 0.25 I-lm diamond paste to 

remove the sharp a,perities 01 the peened surface layer. 

Unfortunately, the subsequent tests did not confirm an increase of fatigue 

strength, which indicated that perhaps some of the compressive residual stress 

from the shot peening layer had possibly been removed during the polishing 

proce,s. This was borne out by subsequent microhardness testing. Further 

examination of the shot peened wires were consequently discontinued. 
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lW 

FigA.tO. I he vdridtioll ill hardness, caused by 5hot pecning of carbon 5tccl wire 

4.1.3.3. Fatigue limit of Notched Wire Samples 

Thc fatigue limit of higj-l carbon steei wire was also investigated on the pre­

nolched samples. A notch of approximately 300 ~m depth, having a V-shape 

was induced using a file. 

The experimental results show a very low fatigue limit of approximately 160 

MPa (total amplitude), Fig.4.9.(b) or maximum stress fatigue limit of 630 MPa, 

Fig.4.9.(a} which illustrates the significant effect of the stress concentration on the 

notch and relatively speaking reduced the 'Influence of microstructure on fatigue 

behaviour. This r('Sult illustrates that the microstrudure does not control the 

crack initiallon but rather that the stress coocentration of the nolch itself is the 

primary controfling factor on the fatigue process and shows the inadequacy of 

using notched specimens 10 study microstructural dfrets on crack initiation. 

However, the notched samples are further used in this study in order to correlate 

fatigue behaviour of high carbon steel, AISI]04 stainless steel and ]CR12 sted 

in terms of notch effect. The fatigue limit data for the notched wire samples is 

also presented in FigA.9. 
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Residual Stress Distribution in the Pear/We Steel Wire 

Measurcments of residual stresses in the pl'Clwd surface layer<; were mCJsured 

using Heyn's method as reported by Katagiri [117], as described in Section 3.6" 

p_86. 

The distribution of the axial component of the residual stresses in the cross­

section of wires is obtainrn from successive rlleasurements of the change in the 

diameter Jnd gauge length of the wires, caused by removal, layer by layer, of the 

surface aithe wire, as explained in Chapter 3, p.8t>. 

Thl' residual stresses in the axial direction at the surface', extrapolated from the 

str('ss distribution profiles, as a function of a drawing strain, are shown in 

Fig.4.11. and Table 4.3. 

,= 
Unl!eened '\lire .. Tensile Stress; 

• '" -depth 25 f,m • 
~ • 
• -depth 80 ~IU • , 
• • " " u 

" 
, 

" , 
0 Peened Wire • 
~ ~'" CompressiH Strell,: 

_depth 50 fLm • 
-depth 25 l.un • 

~,ooo L _________ ---" 

Drawing strain 

Fig.4.11. Rf'.lidual stwlses in the drawn carbon wire as a fUllction of drawing 

strain (wire llSed in this study was drawn to 1.86 strain) 

High residual tensile stress.es reside in the suriace layers since s.evere plastic 

deformation has occurred during thl' drawing process. It was calculated, uSing 

Eqn.3.12., that the residual axial tensile stresses at the wire surface reaches 
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480 MPa at approximately 25 ).1m ber1eath the immediate surfac!". Th!" tensile 

stress decreases 10 380 MPa at a depth of 80 !-1m below the surface. 

High compressive residual stresses in the dir!"ction of the wire axis are induced 

in the surface region from the shot peening treatments. I he compressive stresses 

reach a lev!"1 of 780 MPa at a depth of 25 !-1m below the surface and then 

gradually decrease to 700 MPa at a depth of 50 ).1m. 

Table 4.3. Exampl!" of Material Removal in High Carbon Steel Wire 

5 min 10 min 15 min 20 min 25 min 30 min 35 min 

length-mm 58.80 58.79 58.77 58.73 58.72 58.68 58.68 

Diameler-mm 3.14 3.10 3.07 3.06 3.04 3.00 2.98 

Table 4.3. shows an example of six measurements taken on the wire sample. 

There appears to be a trend of decreasing in I!"ngth and diameter of wire sample 

after etching which is less than 10 !-1m. Error in th!" measurement of length is 

similar to this chang!" and consequently the effect of residual stresses was not 

tak!"n into further consid!"ralion. 

4.1.4. Changes in High Carbon Steel Wire Induced by Fatigue 

4.1.4. J. Mechanical Properties 

Stress-strain curves are pres!"nted for drawn carbon ste!"1 wire and after being 

subjE'CI!"d to fatigue, at a load ratio of R- 0.048 for a period of 1.000,000 cycles, 

FigA.I2. lhe t!"nsile curv!"s show a slight decrease in the strength properties 

after the carbon steel wir!" samples were subjected 10 fatigue and the cyclic yield 

.,trength appears to be less sensitive to cyclic softening than the ultimate tensile 

strength. 
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fhe ultimate tensile strength and yield strength decrease by approximatciy 6% 

and 3% respectivciy indicating a softening caused by the fatigue process. Due to 

the very small extent of softening, clear dif/crences in hardness values were not 

observed. This data was obtained from the results of testing approximately ten 

samples subjected to cyclic strain at a particular load ratio and duration of test. 

= 
• = " > 

• • ,~ f' • , ,= 
• , , = w 

0 

0 om om 0.00 

-~---
Mr.. 

YieJd=1S46 :"lIra 
Drawn +F8.tigued 
(jTS=1861I\1h 
Yield- 1496 :"lIra 

FigA.12. Tensile te.lt results of high carbon steci wire in as-received condition 

and after fatigue at a load ratio of R - 0.048 and N - 1.000,000 cycles 

Attempts to investigate the changes caused by cyclic strain, by observing the 

microstructure using transmission electron microscope, were not successful and 

significant changes in the disiocatioo density were not observed. (he possible 

reasoo is that the very small interlamellar spacing obtained during drawing 

resulted in blurring in the contact area between the cementite lamellae and 

ferrite matrix. Thus, any further slight increase of dislocation density was not 

readily observed. 

Nevertheless, it is believed that the fine interlamellar pearlite underwent cyclic 

softening probably due to an increase in disiocatioo mobility. 
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4.1.5. Fractography of High Carbon Steel Wire 

rhe fracture surfaces were studied using both scanning and light optical 

microscopes in order to relate the effect of drawing and cyclic strains on the 

failure mOOe. The differences between the static and fatigue fracture modes of 

high carbon steel wire were observed and are presented in this section. 

4.1.5.1. Static Te-Rsile Fractography 

The static tensile fradure surface was investigated and compared to the fatigue 

fracture surfaces using beth pre-notched and smooth wire samples. 

The static tensile fracture surface observed on the pre-notchf'd wires was 

characterised by many radial ridges. fhe general topography was found to be 

very rough and it appears that ductile separation is the main fracture mode, as 

shown in FigA.13. 

Fig.4.13. 5fM micrograph of 
the static tensile fracture 
surface of the high carbOIl 
pearlitic steel wire, showing 
ridges and ductile separations. 

Conditjoll5: 
Wire sample drawn to 1.86 
strain, 
tensile test performed at a 
strain rale of 0.001 " 
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4.1.5.2. Fatigue Fractography of High Carbon Steel Wire 

During the fractographic rxamination of highly drawn and fatigued carbon wire, 

a number of fracturr modes were identified, namely: mode A-ductile 

transgranular cracking, modr B-traring topography and mode C-intrrgranular 

separatim. 

A comparison also was made of the cracking obtained from fractography and 

from subsurfacr 1000gitudinai sections. fractographic observatims emphasize the 

behaviour of thr fatal crack(s), while subsurface sections reveal the non-fatal 

cracks which werr often numerous. Once a crack nucleates, it grows and carries 

mosl of thr strain in strain control, or load in load control, and retards the growth 

and nucleation of small cracks in stress shadows. The later transgranular cracks 

will thrrefore initiate and propagate slowly. 

Olhrr important conclusions were also derived from such analysis. It was found 

for example lhal the fatigue fractures initiated in all cases at a surface flaw. 

These flaw deplhs were generally between 50 and 80 microns. 

The general macroscopic fracture appearance is presented in fig.4.14. The 

cracks always initialed at lhe specimen surface in unnotched specimens and 

propagated radially from the grain of initiation inlo the specimen interior. As the 

cra(:ks increased in size beyond lhe firsl prior austenite grain, they typically 

began 10 change orientation, gradually !x-coming [X'rpendicular 10 the applied 

stress, as seen in fig.4.15. 

Many cracks in fact stopped growing during this transition period, and only one 

crack (per specimen) completed the transition to Region II and evrntually caused 

failure. 

fracture surfaces, initiated by a notch, revealed thai the mode of propagation did 

not fil any of lhe usual categories. 
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rhere was, however, evidence that extensive plastic flow accompanied crack 

extension. This is called 'ductile tearing' or m ()( 'Hill and Valley' fracture 

surface [70] with a coar>c ridge structure running parallel to the macro>copic 

growth dir('c\iOll, FigA.16.(a,b). 

Fig.4. ''4. Surface defea from 
which a ductile fatigue crack 
propagated. 
Fatigue crack initiated at a 
surface flaw having a depth 
of approximately 40 microns 
Arrow indicates direction of 
the crack propagation. 
NOle {he splitting and final 
fast fracture. 

[;:l1~gl ;;:71;':;C~;O~od~i1ion: wire drawn 

., Fig.4.15. Fatigue crack 

/ initiation and propagation In 

fully pearlitic steel wire drawn 
to 1.86 strain - fatigue crack 
started from the <;urface 

I 
Direction of applied 

stress 

I 
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Fig.4.16.(v SfM micrograph 
of irregular torn-topography 

typically observed in 
carbon steel wire, sLarting 

a nolch 

Fatigue fracture mode; 
tearing topography­
mode - 8 

Sample condirion;-nOlChed 
wire drawn to 1.86 W-ain 

Fig.4.16.(b) SEM micrograph 
illustrates 'ductile'microplastic 
tearing, as the second stage of 
main crack. Fatigue fracture 
surface resembles ill-nefined 
fatiglle striations typical of fully 
pearlitic steel. 

Fractllre mode: 
Mode -8 tearing topography 

A detailed examination of the main cracks and branch cracks showed that three 

fracture modes cOlild be associated with the surface observations and the 

microstructure through which the crack passes. 

1. The crack tends to propagate through the pearlite colonies at approximately 

right angles to the lamellae. A detailed examination of the crack profile across 

the lamellar pearlite revealed that individual or groups of cementite lamellae 

protrude from the fracture surface_ 

Chapter 4 - Results - Carbon Steel Wire 
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Fig.4.17. Scanning electron 
micrograph of the fatigue crack 
prop<Jgating ill the longitudinal 
direction illustrates the 

• microcombination of brittle 
cementite lamellae and 
plastically deformed ferrite 
matrix. 
Arrow indicates piastiC<Jliy 
deformed ferrite. 

Conditions: fatigued pear/We 
steel wire ctawn to 1.8 strain 

Branch cracks also show this type of feature as well as cases of lamellae 

spanning a crack, which appears to progress ahead in the ferrite. 

On the b.J.sis of these observations it is coosklered that crack propagJtion 

through pearlite colonies occurs preferentially by J mechanism of void formJliOll 

in the interlamellar ferrite ahead of the craeL;, followed by tedring of the 

remaining ferrite and brittle failure of the cementite, rig.4.17. 

2. I.ess commOllly, the crack grew parallel to the pearlite lamellae in a step-wise 

fashion, as shown in FigA.18. This type of cracking was observed as par1 of a 

main crack or in isolation, ahead of branch cracks and adjacent to the main 

crack. This appeared to be a form of damage occurring at the crack tip that may 

subsequently be incorporated into the main crack. This type of cracking possibly 

results from the residuJI stresses induced during the drawing process. 

A relatively high frequency of branch crJcking was observed, which was often 

associated with low growth rates. 

Chapter 4 - Results - Carbon Steel Wire 



Univ
ers

ity
 of

  C
ap

e T
ow

n

ftclled profile of 
cracking along the 

I lamellae. 
type of cracking was 

obsefYed as a par! of the 
main crack • 

. I steel wire subjected 
the fatigue process. 

3. A relatively small amount of intergranular frd.l1ure was observed at pearlite 

colony boundaries and along cementite-ferrite boundaries. 

The nature ollatigue crack initiation and propagation in pearlitic steels and some 

typical propagation modes arc shown in I igsA.19.-4.21. 

SEM micrograph of 
crack path across a pearlite 

colony. Micrograph is taken in 
the longitudinal section of cold 
drawn pear/itic wire (dravving 
strain 1.86) 
Etchant:2.5 % Nital 

A,'Owi"""",, the direction of 
applied stress 
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Scanning electron 
showing typical7ig­

of the fatigue 
observed in cold drawn 

pear/jtie wire. 

Etchant: 2.5% Nitai 

, Fig.4.21. SEM micrograph 
I taken in the longitudinal 

section of the wire, 
I showing the appearance of 
~ typical secondary uacks. 

Conditioll5: high carbon steel 
wire, drawn to 1.86 sfrain, 
subjected to fatigue. 
Ftchant: 2.5 % Nita! 

The scanning electron micrographs in FigA.22.(a.bJ show the difference in 

roughness observed on the fracture suriace. 

The fracture modes, which have been observed in the 'Haggie Rand' -wires, 

parallel those results obtained by Cocke and Beevers [69]. 
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Fig.4.22.(a) SEM micrograph 
showing the fatigue fracture 
surface duse to the notch 

Luad ratio R - 0.048 

Fracture mUde' 
Transgranular ductile 
mode A 

indicates the directiun uf 

Fig.4.22.(b) The fatigue 
fracture surface observed far 
from the nOlch 

Load ratio R - 0.048 

Fraaure mode: 
Transgranular ductile 
mode-A, and imergranular 
separation mode -C 

Ihe fracture surface and resulling profile suggest that crack extension occurs by 

microstructural damage in the (arm of interlamellar cracks followed by tearing 

across the damaged region. 
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Summary; 

The results obtained from this research indicate that the extremely high strength 

of carbon steel wires achieved by cold drawing may be negated in cyclic 

conditions if the wire surface contains significant defects. It has been found that 

the high streJ1gth associated with a very fine pearlite microstructure makes 

carbon wires very sensitive to stress concentrators. 

In order to overcome the surface quality problem, either polishing or soot 

peening mcthoos should be employed. Polishing significantly improved the 

fatigue limit by approximately 25%. However, the shot peening method was 

more efficient, improving the fatigue limit by approximately 40%. 
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4.2. 304-Austenitic Stainless Steel Wire 

4.2.1. Mechanical Properties 

The tensile properties of AISI 304 stainless steel wire drawn to five different 

strains have been investigated in order to determine the influence of work 

hardening andlor strain-induced martensite, on Ihe yield strength, ultimate 

tensile strength and elongation to failure. Further, the results of the tensile tests 

have been compared to those obtJined from wires subjected to cycling strain in 

order to identify any changes in mechanical behaviour which are a consequence 

of the fatigue process. 

The results of the tensile tests are shown in Fig.4.23. The data for all of Ihe 

drawing strains is shown on the same set of axes for purposes of comparison. 

Table 4.4. lists each of the properties thai were calculated from Ihe tensile dJla, 

together with the results of Vickers hardness and the volume percentage of strain­

induced martensite obtained by x-ray diffraction analysis. Figures 4.24.-4.25. 

show Ihe XRD traces of wires drawn to 0.09 and 0.585 strain respectively, while 

Ihe relationship between the drawing strain and the amount of martensite phase 

developed during the drawing is shown in Fig.4.26. 

Figure 4.23. shows Ihat the uliimale lensile strength, yield strength and hardness 

are all increased by increasing drawing strain. The ultimate tensile strength 

approximately doubled from 642 MPa to 1346 MPa whilst the yield strength 

increased from 267 MPa to 1137 MPa as the slrain increased from zero to 0.585. 

II can be also noted from Table 4.4. that the elongation and reduction of area 

values decreased as the yield and tensile strengths increased. Figure 4.23. shows 

that wire drawn 10 a strain of 0.58 has the greatest yield strength and uliimale 

tensile slrength, but the smallesl elongation to failure. 
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Fig.4.23. Tensile tesl re5uils of A/SI 304 stainless stf'€/ wires drawn 10 different 

strains bl'{ween 0 ,09 to 0. 585 

Ta ble 4 .4. l ist of tensile propertie5 and hardr'1ess of AISI 304-steel wires 

Strain- Ultimate Total 
Drawing Induced Yield Tensile Elongation Hardness 

Strain Martensite Strength Strength to Failure (Vickers) 

(0) ['Yo] [MPa] [MPa] [%] 25 HV 

Anrlealed 0 267 642 79 180 

0.09 8 480 752 54 192 

0.238 16 810 941 28 310 

0.37 20 995 1060 17 360 

0.52 32 1100 1247 14 410 

0.585 36 1137 1346 5 440 

2.5 mm 
, 

10 1260 1550 16 465 
, 

1300 15oo 16 460 3 mm 

*Commerdally supplied wire, (2.5 and 3mm dia estimated strain 0.6) 
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The loss of ductility measured by eiongatioo to failure corresponds to the 

formation of a large amount of strain-induced martensite of 36%. Wire samples 

drawn to a low strain of 0.09 have the lowest volume fraction of the strain­

induced martensite, 8%, and as a consequence a greater elongation to failure 

(54%). 

The tensile test results also indkate that the formation of strain-induced 

martensite during drawing decreases the capacity for plastic work significantly. 

Plastic elongation to failure decreases from 75% in the annealed condition of 

AtSI 304 stainless steel to approximately 4% in highly drawn wire (0.585 strain). 

Table 404. also shows that the commercially supplied wires of 2.5 and 3mm 

diameter have higher mechanical properties, compared to those drawn in 

laboratory conditions. Ultimate tensile strengths were approximately 200 MPa 

greater and yield strengths between 100 and 150 MPa larger. 

The volume fracture of the o;'-martensite phase was found by x-ray diffraction 

analysis to be 8% in the specimens drawn to a low strain of 0.09 and 36% in the 

specimens drawn to 0.585 strain, as shown in hgso4.24.-2.25. No E martensite 

was detected by x-ray diffraction analysis. 

Figure 4.26. shows the relationship between the drawing strain, the amount of 

transformed martensite and its influence on yield strength. It was shown that the 

volume fracture of martensite formed is directly related to the square of the 

drawing strain. 
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Strain 0.09 

6 % a'-Marten5Ue 
220 Y 311 Y 

200 a' 211 a' 

Fig.4.24. XRD trace fOf AI51 304-stainJess steel wire drawn to 0.09 strain 

Strain 0.585 
220 Y 

36 % ai-Martensite 

JII Y 

200 a' 211 a' 

" • • _ 20 

Fig.4.25. XI<.O traces for A151304-5tlinles5 steel wire drawn to 0.5"85 strain 
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Fig.4.26. Influence of prior a'·martellsi!e on yield strength of drawn AISI 304 

5!ainle5~ s!eel wire 

The results obtained for commercially supplied wires showed that they 

contained approximately 10% of strain-induced martensite. The small amount of 

strain-induced martensite in commercial samples indicates either a difference in 

the drawing process parameters and/or a difference in chemical composition 

between the two steels employed in this work. 

In general, the composition of metastable austenitic stainless steels should be 

balanced to produce an M, temperature (temperature at which martensite 

transformation caused by plastic deformation takes place) above room 

temperature, which results in austenite remaining stable during plastic 

deformation at room temperature. 

The chemical composl\ion of this steel showed that the percentage of nickel was 

higher than that found in the steel used for drawing in the laboratory (Table 3.1., 

at p.56). Ihis would result in a higher M, temperature and lower values of 

strain-induced martensite. 
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It can be noted from Table 4A. that the hardness increases from 180 HV25 to 

440 HV25 and follows a similar trend to strength increases. Ilardness 

measuremenls taken across the section thickness of wires examined in this study 

are pre>ented in FigA.27. 

Wires produced in the laboratory showed no significanl variation in hardness 

across the section, with the exception of lhe highly drawn wires. The highest 

variation in hardness was observed in wire samples drawn to 0.585 strain and 

the hardness measurement curve revealed three dislinct regions. SignifICant 

variation in hardness was observed to occur in the immediate sub surface region 

of approximately 250 j.lm, where the hardness varied between 397 HV25 to 446 

11V25. 

This region was followed by a second region where the hardness measurements 

become approximately constant at 440 HV25, after which the hardness 

decreased to approximalely 41 0 HV25 at a depth of 900 microns. The hardness 

measurement curve for wire drawn to 0.37 strain followed a similar trend, 

showing an initial variation in hardness of approximately 50 HV25 to a depth of 

150 tlm below the surface. 

The variation in hardness is probably due to the non-uniform strain distribution 

and thus the amount of strain-induced martensite developed during the drawing 

process. The hardness gradient observed, particularly in the highly drawn wire, 

corresponds to the JX)silion of a 'central dumbbell' pattern, FigA.27., where the 

arrow indicates the direction of the hardness measurements. 

A variation in hardness was also observed across the section of both the 2.5 and 

3mm diameter commercially drawn wire. The lowesl hardness was found to 

occur some hundreds of microns below the surface in the 3mm diameter wire 

(approx. 3(>0 HV25) and it was associated with the presence of extremely large 

grains of 130 j.lm diameter. This suggests that some recrystallisatioo of the cold 

worked structure occurred during drawing through excessive frictional surface 

Chapter 4 - Results - AIS! 304 Stainless Steel Wire 
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heating. The hardness measurements in the 2.5mm wire samples show 

signi(,cantly less varialion across the section, although there was a gradual 

increase in hardness from lhe surface (430 llV25), for approximately 300 [.1m, 

after which the hardness remained constant at 460 HV25. 

"" 
I 2.5mm I , 

'" > 
" '"' 0 
N 

• • • ;" 
" e 

I)¢/ 0.585 "- mm 

~ ~ .. • • ~ 
t WiTe ccntcr 

0.37 .......... ~ 

• 
" '" 

n, 

'"' 

t 0.09 

I ~' , II • I. • I 

, , 
o 200 400 600 800 1000 1200 1400 1600 

Distance tom outside towards to center [ IJITiJ 

Fig.4.27. Microhardness measurements in AI51 304 stainless stEel wires 

~ Arrow indicates the direction of hardness measurements 
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True Stress-True Strain Tensile Behaviour 

The true stress-trul' strain curvr;<; of the drawn wires are shown in Fig.4.2IUa-J). 

In addition, the work hardl'ning ratc for each of these curves has also been 

",lotted. 

Important parameters sLl(h as the strain at the onset of martensitc transformation, 

uniform clongation and the strain that definl's the onset of necking during tensile 

ddormation can be roughly prcdictl'd from these curves. 

The onset of necking during deformation can be ",redicted from the intersection 

point of thc flow curves and work hardening rate curves. The strain or stress that 

defines the onset of nl'cking during tcnsile deformation is an important 

parameter, which de.c,cribf's thl' ability of a material to withstand plastic 

deformation. 

The work hardening rate r:urvl'S intcrccpt til(' flow curvcs at approximately 50",(, 

strain for the annealed condition and at 3,}% strain in lightly drawn AISI 304 

stainless steel wires (drawing strain 0.09), FigA.28.(a,b) indicating thc grcat 

abil ity of this material to be ",Iastically deformed. 

If the work hardening curve interceIJts the flow curve at low strain, thi.1 is a dear 

indication that the larger amount of martensite in drawn material causes early 

necking and thus a restricted ability for further plastic deformation. 

The work hardening rate behaviour is closely rclatl'd to martensitc formation 

during deformation and it has bcf'n ascl'rtained that the onset of positivl' work 

hardcning rx::curs as a consequence of martensite forrnation [1211-

Positive work hardening was observed in annealcd and lightly drawn wires, 

whilst the work hardcning was ncgativl' in the highly drawn wires (drawing 

strain greatcr than 0.37). Thus, it aIJIJears that strain-indur:ed martensite, already 

pres-ent in drawn wires, dclays thc ollSet of martl'nsite transformation during the 

tensi Ie deformation prrx::ess. 

CllalJter 4 - Results - AISI 304 Stainless St(;('1 Wirc 



Univ
ers

ity
 of

  C
ap

e T
ow

n

,m , , 
,""'\ 

,~ · --~::I~-' g:: /~ 
~ <CO ~ , 
~. 

, +---, O~ " " " r"",_ 

----- T"", S"""-T",, s..; , ec.;., ----- ""'" _"'II _ D.<;o 

iI) Annealed AISI 304 stainless steel 
wi re, having aw;tenitic ~tructure 

-'m 

~ k~-' = 
• = , = , ~ 
• , 
~ 

~ 0 

• 0.'" 0,' 0,15 " 0 ... ., 
To", _ " 

_ T,..sn.. ___ ,c;u". 

-----""" __ 0."" 
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16"A, of strain-induc0d martensitf' 
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d) [)rawn AISI304 stainlf'SS Slf>el wire 
(0.37 strain) with approximately 20% 

of (j'-mJJtf'nsitf' phase 

Fig.4.28. (a-d) True Stre,s-T rue Strain and Work Hardening Graphs for annf'alNJ 

and drawn AISI 104 stilinle,~ steel wire~ 

Note: True stress-true strain and work hardening curves art' not presentm for 

highly drawn wire~ (0.51 ilnd 0.585 ~train). The negative work hardening rale 

and necking almost at the yield point wen' ohservm in hath cases. 
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However, the work hardening rate curve shows that the lightly drawn AISI 304 

stainless steel is less susceptible to this iJhase transformation, compared to 

annealed condition due to the level of martensite induced by the drawing 

process (Il%), Fig.4.28.(b). In these I ightly drawn wires (0.09 drawing straill), the 

work hardellillg rate remaills constant over a large variation in straill, indicating a 

large uniform elongation to failure due to the beneficial effect of martensite 

transformation. 

III wires drawn to 0.238 strain, Fig.4.21l.(cJ, Ileckillg occurs at approximately 2% 

of strain resultillg from the amount of martensite formed during the drawing 

process (approximately 16%). Res\llts obtained for highly drawn wires, 

colltaining betweell 20% and 36% of strain-induced martensite, showed 

extremely low or no \lniform elongation at all and necking started almost 

immediately after the yield strength was reached. Thus, high amounts of strain­

induced martellSite formed during the drawing process results in early necking 

and low uniform elongation in highly drawn wires. 

In conclusion, the strain-induced martensite from the drawing process illfluences 

the ultimate tensile strength, the yield strellgth, the onset of further martensite 

trallSformation, the uniform elollgatioll to failure and the necking point. It would 

appear that an amount of strain-induced martensite of approximately 20% is 

critical in determining the tensile deformation behaviour. In lightly drawn AIS! 

304 stainless steel wires, having up to approximately 20% of strain-illduced 

martensite, the martellsite formed d\lring the tensile deformation is beneficial ill 

allowing the material to withstand significant plastic deformation. Conversely, 

amounts of more than 20% of strail1-induced martensite lowers uniform 

elollgatioll and causes early necking duri ng tensi Ie deformation. 
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4.2.2. Microscopy of AISI 304 Stainless Steel Wire 

4.2.2.1. Surface Examination 

An examinalion of the wire surfaces revealed a much superior surface finish 

compared to the carbon steel wire. No mechanical defects or corrosion pits 

were observed unlike the carbon steel wires. The surface roughness was 

measured in the longilUdinal direction of wire samples and varied between 

R,_ 0.6-0.7 11m for all wires drawn to different strains. 

4.2.2.2. Metallography 

The microstructure was examined both in the annealed condition and also in the 

samples drawn lO different strains together with the commercially supplied wire 

samples. Figure 4.29. shows that the microstructure of an annealed wire is fully 

recrystallised, and consists of equiaxed austenitic grains. The optical micrograph 

shows that the grains are relatively small with an average size of 20 ).1m 

determined using lhe standard linf'ar intf'rrf'pt mf'thod, Chapter.1, p.84. 

~.~ . 
, . 

) Fig.4.29. SEM micrograph of 
AISI 304 steel after anneafjng 
for JO minutes at JOsef C and 
water cooling, silOwing the 
equiaxed grains of austenite 
and annealing twill5. 

Etchalll: 
(HNO,+ Hel +methaIlO/) 
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The drawn wire samples were prepared for optical microscopy by sectioning 

both parallel and transverse to the drawing direction. Following mechanical and 

electropolishing, the samples were chemically etched using a solulion containing 

HNO,+HCI + methanol. 

Figure 4.30. shows the typical microstructure of wires produced in laboratory 

conditions. The micrograph taken in the transversal cross section reveals a 

characteristic fealure of a 'cenlral dumbbell'. It was noted that the distribution of 

martensite/strain is not uniform and according to visual observation, more 

martensite is formed around the circumference and in the 'central dumbbell' of 

the wire samples. 

FigA.30. General appearance 
of A/51 304 stainless steel wire 
pf(xluced in the laboratory. 

~ 'Central Dumbbell' 
shape in the transverse eros,­
section r:i drawn wire 

Etchant: 
(HNO, + HCl +mcthanol) 

Observation of the microstructure of commercially supplied wire showed that 

more martensite/strain is formed in the middle of cross-section and only partially 

around the circumference. 

The reason for the different distribution of martensite/strain formed in the wires 

produced in the laboratory compared to the locally supplied wire is probably 

due to the nature of the manufacturing process, The process of drawing wire on 

a multiblock wire drawing machine consists of two stages of deformation, i.e. a 

process of drawing through a die and coiling of the drawn wire on a block 
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(or capstan) of a drawing machine. The second stage of the process, i.e. coiling 

the wire on the block gives additional deformation after drawing and results in a 

change of stresses in the wire created during drawing, by coiling and unloading 

at the end of the wire drawing process. In general, it has been found that during 

the process of wire drawing on a multi-block machine, non-uniformity in the 

distribution of stresses over the cross-section of the wire decreases gradually in 

successive passes. I his is due to a decrease in an interaction related to the 

change of curvature during coiling of the wire on the block [122]. 

A drum or capstan was not used in the laboratory conditions, Le. the wire was 

kept straight during the drawing process. Other factors, such as drawing speed, 

also have an influence on the drawing process and consequently the strain 

distribution across the wire cross section. 

Figures 4.31-4.32(a,b} show typical microstructures of stainless steel wires drawn 

to different strains, both in transverse sections. Deformation markings in the 

form of slip traces, deformation twins, and probably a:'-martensite phase can be 

seen in these figures. The effect of increased deformation is also apparent. 

The strain markings appear similar to strain-induced martensite and partially 

obscure the a:'-martensite phase structure. The formation of martensite in 

metastable austenitic steels is well documented although differentiation between 

strain-induced martensite and bands of twins remains diffICult. 
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20 f-Lm 

Fig.4.31. Trilll5verse direction 
of lightly drawn A/SI 304 
stainiess ste€i wire 

Conditions: 
Drawing strain-O.09 
Etchant: 
HNO,+HCi+methano/ 

Fig.4.32.(a)Opticai mkrograph 
of the middle area of wire. 
The strain marks are more 
significant in the central area 
of highly drawn wire. 

CQIld'tionS: 
Drawing strain 0.585 
Fochant: 
HN03+HC/+rnerhanol 

Fig.4.32.{b)()ptical micrograph 
of tile surface layer of AISI 304 
stainlen steel wire produced 
in Jaooratory conditioll5_ 
Miaostructure consists of 
austenite and strain-induced 
martensite. 

CQnditions: 
Drawing strain 0.585 
Ftehant: 
HNO,+HC/+methanol 
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Figure 4.33. is a micrograph takel1 in the longitudinal direction of highly drawn 

wire (0.58 strain). The microstructure consists of fine particirs or laths that occur 

in elongated clusters. 

The individual particles or laths of the strain-inducrd marlE'nsite were too small 

to be dearly resolved by light microscopy. Consequently, light micrographs give 

the impression of considerably greater volume percentages of strain-induced 

martensite than actually exist. 

Fig.4.33.OptiC<li micrograph or 
A/SI 304 stainieS5 steel wire 
drawn to a strain of 0.585 
showing the highly deformed 
microstructure in the 
longitudinal section. 

Etchant: 
, ~,~ NHO,+HC/ and m€thanol 

Transmission electron microscopy studies show that any deformation greater 

than 0.3 strain leads to the formation of twins and their density increases with 

increasing degrees of deformation. At a deformation of &-0.37, the critical 

stress for twinning is exceeded only in some grains. With increasing 

deformation the critical stress of twinning is achieved in more and more grains 

and there is a considerable rise in twin density. 

In order to observe the effect of cold drawing on the dislocation microstructures, 

and the morphology of strain-induced martensite, thin foil specimens for TEM 

observation were prepared by the jet-polishing method, as outlined previously. 
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The evolution of thl:- dislcx:atilXl structure dewloped during the drawing prcx:C'ss 

is shown in Figs.4,34,-4.36. 

FigA.34. TEM micrograph of 
AI51 304 stainless 5teel wire 
drawn to 0.238 strain showing 
thC' high ckn5ity of di5icx:atioll5 
in the wall5. 
Width of di5icx:ation wall5 is 
approximately 315 nm. 

Produced in tile laboratory 

"'I~P.I Fig.4.35. TLM of dislocation 
structvre olJSE'fved in the 
drawn A151304 steel wire. 
Drawing strain /i- 0.585. 
I he width of a dislocation 
wall is 166 nm. 

Produced in tile laboratory 

FigA.36. TEM micrograph of 
microstructure obsC'lVed in 
commercially supplied wire 
(A151 304 steel, 2.5 mm) 
Widtll of tile walls arc much 
smallC'r comparC'd to tllose in 
wire produced in tile 
lalJoratDl)'. 

Commercially sU!J[Jlied 
(estimaled strain - 0.6) 
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Deformation twins are generally lenticular (lenses shaped). In fcc arK! Ixc metals 

twins are very narrow and in fact usually look like parallel lines. Twinning may 

feature a multiple character analogous 10 planar glide. 

Additiooally, second order twinning occurs at the most heavy defonnations, i.e. 

structures having already been twinned urK!ergo another. second twinning shear. 

These twinned structures are generally of a very fine character. The micrographs 

in FigsA.37.-4.38. show the microstructure of supplied wire, showing lens­

shaped deformation twins and blocky type of twins. 

This investigation of dislocation structures showed a significantly lower 

frequency of defonnation twining in the laboratory produced wires, even in 

highly drawn wires. 

Fig.4.37. TEM micrograph of 
AI51 304 commercidi wire, 
5howing the high frequency of 
needle shaped deformation 
tlNins. 

~~~~~~rifr~::~ of 
;0 

AI51 304 steel 
wire, drawn to unknown 
strain (estimated wain 0.6) 
!:!J;",. blocky twins 
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The twins are extremely fine, with thicknesses in the range of 0.5-3 nm. rhe 

high frequetxy of deformation twins and the appearance of blocky twins indicate 

that high strain was applied during the drawing process of commercially 

supplied wire. It is deduced from the results of mechanical testing, 

microstructure and dislocation structure, that the commercial wires have been 

drawn to a slrain in excess of 0.6 to 0.65. 

An investigation of wire samples produced in the laboratory soowed that 

deformation twins (needle type) started to appear at a drawing strain of 0.37. 

The blocky type of deformation twins was only observed in laboratory produced 

wire drawn to strain higher than 0.37. They were also much larger compare to 

thost' found in commercial wire. 

4.2.3. Fatigue Behaviour of AISI 304 Stainless Steel Wire 

The characterisation of the fatigue behaviour of AISI 304 stainless steels involved 

a study of the fatigue limit and the ialigue-crack propagation properties. These 

results have been related to the changes in mechanical properties and 

microstructural evolution caused by the fatigue process. 

4.2.3.1. Fatigue Limit of Notched Wire Samples 

The fatigue limit is usually understood as the stress limit, at which the material 

can be cycled either for an infinitt' or sufficiently high number of cycles without 

fracture. The fatigut' strength was measured on pre-notched samples at 10/ 

cycles under stress controlled conditions. I're-nexched wire samples were used 

in this study due to the difficulties with the gripping system in conducting axial 

tensile fatigue tests. However, it is important to ensurt' notch consistt'ncy. 

Having a consistent shape and sile of notch allows stress concentration factors 

(SCF) to be calculaled and thus the ability to predict the fatigue limit of smooth 

wire samples. 
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Figure 4.39. shows the micrographs of wires having a nominal notch depth of 

300 11m, which have been sedioned and polished in the longitudinal direction. 

Fig.4.39. Profile of notches measured in the longitudinal wirE' sedian 

Table 4.5. Notch Depth Measurements 
~--... -

Notch 

300 I1fII 1 2 3 4 5 6 7 • 9 10 

Measured 

Depth 11m 288.5 293.3 101 292 311.3 102 107 290.5 305 315.6 

The measured depths of the notches obtained from micrographs shown in 

Fig.4.39. are I isted in Table 4.5. The results show an error of 4% in depth which 

gives sufficient confidence for the use of this method. Accordingly, a predidion 

of the fatigue limit of smooth samples can be based on the stress concentration 

factor calculation using Peterson's curves [113]. 

Notched fatigue limit data, Fig.4.40., indicate that drawing strain improves the 

fatigue limit over the entire life range examined. Tests performed on annealed 
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wires show fatigue limit of 215 MPa; the fatigue limit of wire drawn to a low 

strain of 0.09 is improved almost 50% and approximately 95% after 0.238 strain. 

These results indicate the beneficial influence of the deformalion-induced 

transformation of austenite to martensite on the fatigue strength in low strength 

austenites. The fatigue limit of wires drawn to higher strains, between 0.238 and 

0.585, increased from 420 MPa to 630 MPa respectively. 

700:-. 

• 00 ~ 

AltiaLTensile 
Fati!.'Ue 

.~~. ~---J 
o 0.' 0.2 0.3 0.4 0.5 o.e 0.7 

D "'win~ Sh in 

• AISI JO~ wi~ drawn in "' '''''''''''Y 
• AlSI 3(l4 ""ra",o",i .. 1 

FigA.4n. Influence of drawing Slrain on fatigue limit of pre-notched AI51 304 

.lfain/e'.1 steel wires, fe,fed in axial fen,i/e fatigue conditiom 

Commercially supplied wire showed a beller performance, having a fatigue limit 

of 650 MPa. A higher fatigue limit is thought to be associated with the influence 

of the higher yield strength due to its' different chemical composition (higher 

nickel content) and probably due to a higher drawing strain empjoycd during its' 

manufacture. 
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4.2.3.2. Prediction of Smooth Fatigue Limit 

The fatigue limit of un-notchE'd wires has been calculated on the basis of the 

notched fatigue limit obtained experimentally (axial tensile fatigue tests) and also 

on calculations using values of stress concentration factors. Ihere are however, 

two problems 10 be solved in connection with stress concentrations. The first is 

the ability to determine the theoretical stress concentration factor, K, and the 

second is to determine the strength reduction factor, Kr. Factors K, are oflen 

presented in graphical form for a wide range of notches. From these curves it is 

possible to estimate the factor K, for most grooves and notches with sufficient 

accuracy for most practical purposes. 

The investigation performed in this study involved a V-shape notch with an angle 

of 60° and p - 0.05 mm radius at the root of the notch and notch depth t - 0.3 

mm. The K, factor was determined using Peterson's curve for this pal1icular case 

as shown in fig.4.41. 

As shown in the graphical presentation, the values of the theoretical stress 

concentration factor, K, are highly dependent on the notch geometry such as 

depth, angle at the root and the specimen sileo 

The fatigue strenglh of smooth and pre-notched AISI 304 stainless steel wires 

were compared by means of the strength reduction faclor (s.r.f.) which was 

calculated according to the equation given in Table 4.6. This factor is also 

influenced by the angle at the root of the notch and by the strenglh parameter of 

the material (A). The assumed values of A as a material constant are A- 0.25 

mm for annealed steel and A_ 0.025 mm for high strength steels. 

the values of both the theoretical slress concentration factor and the strength 

reduction factor for AISI 304 stainless steel wire used in this study are presented 

in Table 4.6. 

Chapter 4 - Results -AISI 304 Stainless Steel Wire 



Univ
ers

ity
 of

  C
ap

e T
ow

n

'" 

3.65 

336 

0. !5-0, 1-' ztU 

FigA.41. K, theorcrical fartor of V-shaped flotched bar under pure temion /1131 

Table 4.6. Stress COf1(~entralion Faclors (SCF) for AISI 304 Slainless Steel Wire 

AISI 304 

Wire 

AnnealN 

0.09 

0.2:i8 

037 

0,52 

0.55 

Peterson'§ equation 

Method A 

L19 

1.44 

1.36 

1....J.!J. / 2.46 

l3.!i / 2.46 

ll!i/2.46 

~-~- ......... _ .. -=~=-
Peterson's Neuber', Value .. 

Curve!; 

K, 

:Uh 

:l.hS 

3.2 

3.2 

:'1.2 

3_2 

1M" V ....... _ 

Method B 

1.71 

1.71 

1.71 

1.71 

'" 
1. 71 
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Method A: V-shaped notch, angle of notch W', based on theoretical stress 
concentration factor (Peterson curve for the single notched bar under pure 
tension and Eqn.3.B.J 

Method B; accepted K, - J.71, for V-shaped notch, angle 120', based on 
Neuber's findings. In bOfh methods - notch depth 0.3 mm, root diameter of 
notch 0.05 mm and HI number of cycles. 

!::!..Qll;;. Underlined values 5hown in Table 4.6. arc obtained using a material 

constant A-O.25mm (for annealed stee/) for all wires, having a different 

strength, wlJile the IJigller values are obtained using an adequate value for A, 

sin<:.e tile wires drawn w strain higher than 0.37 <:.an be classified as high 

strength wires. 

With reference to the graphical determination of the K, factor, it should be 

mentioned that the shape of a notch made manually by a 60" V-shapc file does 

not correspond completely to conditions given by the Peterson graph (60" V­

shape notch). The polished longitudinal sections of the notched wire samples, 

t ig.4.39. show that the angle at the notch was approximately 112°. 

In order to be able to predict the smooth fatigue limit as closely as possible to the 

real fatigue limit, the stress concentration factor K, should be determined 

accurately. Therefore, another method based on Neuber's calculation for a 120" 

V-shape ootch was used for comparative purpose> [114]. 

Neuber postulated the relationship given by Fqn.3.9. (Experimental Procedure, 

p.76) which takes into account the size effect by incorporating a critical 

dimension of the notch and the root radius. tn Neuber'5 formula the effect of 

flank angle is assessed twice, first by a dependency of the value of the theoretical 

factor on the flank angle, and secondly by the term rchr..-<J}. The values of K, - 3 

and Kr - l. 71 and a typical value of Neuber's material constant of A - 0.09 mm 

for a steel having the strength of approximately 690 MPa, were adopted in 

method B. 
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The smooth fatigue limit predicted by the two methods are given in Table 4.7. 

Table 4.7. Fatigue Limit or Predicted Smooth AISI 304 Wire 

Annealed 

0.09 

0.238 

0.37 

0.52 

0.58 

ill 

1..hl 

.5.llllO33.2 

lli/1131.6 

~/1360.4 

ill/1599 

367.65 

547.2 

718.2 

860.13 

860.13 

1077.3 

tiDlJ:.;. Underlined values are obtdined using a material constant A- 0.25mm (for 

annealed steel) for all wires, having a different strengrh, while the higher values 

are obtained using an adequate value for A, since the wires drawn to strain 

higher than 0.37 can be classified as high strength wires. 

In order to summarise the work performed on the fatigue limits obtained using 

different methods to predict these values, the following points need to be 

underslODd. It is important lherefore to consider the possible sources of errors 

arising from errors in angle (ro) and notch root (R) measurements determined 

from enlarged micrograph. Simple mathematical calculations show that an 

angular deviation of 2 deg leads to an error in the Kr value of approximately 3%, 

whilst a similar erfOr in the R measurement leads to an error in the K. value 

which is more significant, approximately 1 Do,\,. 

Since the Kt value directly influences the fatigue notch fartor K" the predicted 

fatigue limit values are also affected. In the worse case scenario, an approximate 

10% error in the fatigue notch factor effectively inOueoces the fatigue limit by 

approximately 5% whk:h is considered to be within an acceptable experimental 
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error. Further, these calculations show that the general trend mentioned 

previously is not significantly changed due to any small errors made in notch 

geometry measurement. 

Se<:ondly, the ",aterial~ constants "A' values are not 5t'ictly correct (,om the 

strengths of drawn wires used in this work. However, thl'Se values were used 

due to lack of information presented in the literature and are not considered to 

have an influence on the trends in behaviour recorded. 

In order to estimate the elastic-plastic notch tip stress, the finite element analysis 

can be used as accurate and sophbticated tool rather than empirical formulas. 

However, the effect of a notch on the fatigue response of three different alloys 

was one of objectives of this study and the main attention was to show how 

notch c,cnsitivities vary from steel to steel and with 5trength level. Thus, the 

empirical formula (Eqn.3. 9.) was used in a general predictive sense in5tead of the 

finite element analysis. It's use would not have changed the trends in behaviour 

being examined and further requires a degree of sophistication not required in 

this work. 

In order to emphasiLe the limitation of models predicting behaviour, the notch 

sensitivity indexes for AISI 304 stainless steel wires are prec,cnted in the 

following table iT able 4.8,). 

According to the values of the notch s.en5itivity index, (q) it appears that both 

annealed, and wires drawn to different strains, are similarly sensitive to a notch 

and the material would therefore be expected to be relatively insensitive to 

notches of large sizes. Experimental results show that the notch sensitivity index 

does not increase with increase in tensile strength, and thus wire drawn to 

different strains, despite having significantly different tensile strength properties, 

have an approximately equal 5ensitivity index_ 

This conclusion and the influence of size, shape and roughness of notches are 

shown, examined and discussed in a later section (Section 4.2.3.3.,p.141). 
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Table 4.8. NolCh Sen5itivity tndex for AISI 304 Stainless Slcl'l Wirl' 

Drawing Stress Concentrat. Strength Reduction Notch Sensitivity Index 

Str;(in r actor K, Factor K, _ K f -J 

, Method A Method A q K 1 , 

Ann. 3,6 1.19 O.1.~ 

0.09 :-l.65 1.44 0.1(,(, 

01-18 J,} .36 O. 1 6:-1 

0.:-17 3.2 .:16 o. 16:-1 

0.52 3.2 1.]6 0.163 

0.58 32 1.]6 0.16:-1 

TJ,ree-Point Bending Fatigu.e Smooth Wire Spedmens 

Tn.. exrerimenlally obt .. int'd data for the smODlh fatigue limit of dnnedled and 

drawn AISt 304 stainless steel wirh Me presente-d In Fig.4.4) and Tablr' 4.9, 

-
I 
{§ 
,-
"- .'--' 
H , ~ 
e , 
• > 

100 - -'C-:-
Commercial "ire: 
C!>Iimalcd su-ain 0.62 

'00 

~OO ] , 
?Oa / 

'00 

o 0.1 D2 O.:l 0.4 0.5 0.6 0.7 

Drowil19 Shin 

.. AlSI :lO4 wir e drown in I. bo " ",ry • AlSI 304 commercial 

lig.4.42. Fatigul' limit datd of 5mooth AISI 304 ~tainif'ss stcel wir~ as a funClion 

of drdwing 5tr .. in, leswd in thref'--point bending fatigue 
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The experimental results show that as in the case of the notrhcd fatigue limit, the 

smooth fatigue limit also increases with the drawing strain. More important 

observations reveal that the fatigue limit of smooth and annealed wires is lower 

than that of notched samples. The fatigue limit for smooth specimens was 140 

MPa while for the notched samples the fatigue limit was found to be 215 MPa. 

Conversely, the notrhcd fatigue limit was always lower for drawn stainless steel 

wires compared to the un-notrhcd specimens. tt was al>o observed that the 

fatigue limits are almost equal for smooth and notched wire drawn to a low 

strain of 0.09. 

Drawing Notched Fatisue Limit-MPa smOoth -Fatigue Limit-MPil 

Stram -Experimental Data- -Experimental LJata-

Annealed 215 140 

0.09 320 320 

0.238 420 471 

0.37 460 49H 

0.52 503 610 

0.58 630 650 
... _-

[he higher notched fatigue limit phenomenon can be explained by two 

competing factors, such as the stress concentration factor and the austenite to 

martensite transformation. T he stre~s conrentration fador (SCF) of the notrh 

leads to a lower fatigue limit and at the same time the notches induce martensite 

transformation, which raises the fatigue limit. Ihe relevant fatigue limit depends 

on relative influence of these two competitors. Ihe effect of different factors that 

influence the austenite to martensite transformation at a notch tip are shown in 

following section which concerns the notch and phase transformation 

interactions. Typical S-N curves for annealed and wire specimens drawn to 0.37 

and 0.585 strain are shown in FigsA.43-4A4. 
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J '00 ~~: ====: I 
,'00 ___ _ __ 
j Annealed AISI 304 SS Wire 

o 1-
1,QOE+05 1,OOE+OO 

Num bo r of cyclos 

• Sma"" • Noloh< d 

1.00E+07 

Predicted Smooth Data 
Method B:368 MPa 
Method A: 299 MPa 

Exptrim\"ntal Data 
Notrnoo 215 MPa 
Smooth: 140 l\.1Pa 

Fig.4.43. Comparative presentltion of smooth, and notched fatigue limit for 
annealed A/51 304 stainless steel wire (experimental datal and oredicteri-smoQth 
by method A and method B 

"l 1200 
> 
• ,~______ Strain 0.585 

i ~ ,------':~~~-~. ~:~ i 600 
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fndi&tecl:5mQQlh Data 
Method A 626 r.1Pa 
Method B: 860 MPa 
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Smooth 498 MPa 
Notched: 460 MPa 

Strain 0,585 

Predicted Smooth Dat_a 
Method A: 857 MPa 
Method B: 1077 ~fPa 
Experil!l~ntal Data 
Smooth: 650 MPa 

Fig.4.44. S-N culVes for A/51 304 stainless steel wire drawn 10 0.37 and 0.5"85 
strain, obtained experimentally in bending fatigue conditions 
~ the predicted fatigue limit values (method A and Il) are given separately 
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4.2.3.3. Notch Effect on Martensite Transformation 

4.2.1.1.7. Notch - Shape, Size. and Production Method 

In order to understand Ihe innuence of notches on the fatigue behaviour of A!SI 

304 stainless steel, a series of experimenls were conducted on samples in which 

contrasling notches of different size, shape and forming methods were 

introduced. Bolh V and U shaped notches were introduced by using a file and a 

cutting wheel to depths of 300 and 800 ).1m. It was estimated from X-ray 

measurements that approximately 3% of martensite was introduced into the 

surface of the specimen through these different processes. Following notching, 

each specimen was subjected to fatigue at a mean stress of 120 MPa and 

120,000 fatigue cycles before being broken and the amount of strain induced 

martensite measured using X-ray diffraction. This technique allowed an estimate 

of the flaw severity on subseque-nt strain induced martensite formation. 

It was found that the shape of the notch has a significant influence on the 

amount of deformation-induced martensite fojlowing partial fatigue. A V-shape 

notch induced a larger amount of deformation-induced martensite of 

approximately 36':10 vvhile approximately 28% of the u'-martensite phase was 

found in samples having a U-shape notch, i'igsAA5-4A6. furthermore, the Sill" 

of the induced notch also affects martensite formation significantly. A higher 

amount of the martensite phase was found in the partially fatigued samples 

having a bigger notch, as shown in Figso4.47 iVld 4048. Surprisingly, 

approximately 28% of the martensite phase formed during the fatigue of wire 

having a small U-notch (300 ).I.m) made a by file, Figo4.46., whilst only 15% of 

martensite formed in the sample having the same shape and size with a similar 

notch induced by a cutting wheel, Iigo4047. 

Such an analySis shows that the presence of a notch in metastable AISI 304 

Chapter 4 - Results -AISI 304 Stainless Steel Wire 
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stainless steel wire has a critical role in determining the rate of martensite 

formation during fatigue. Furthermore, it was found that the phase 

transformation was highly localised in the notch volume regardless of shape and 

notch size. 

Consequently, the rest of the material contained lower amounts of the martensite 

phase compared to similar unnotched samples which had been fatigued. Figure 

4.49. sho1NS that approximately 11% of deformation-induced martensite was 

formed in the smooth wire samples fatigued under the same conditions as the 

notched samples. However, the X-ray diffraction technique was not sensitive 

enough to determine the precise amount of martensite formed during the fatigue 

process in the bulk material of prenotched wire sampics which was very small 

and within the error margin of the X-ray diffraction technique which is 

approximately ± 4%. 

It should be mentioned, however, that these results are for partially fatigued 

samples. In specimens which have been fatigued normally, the amount of 

martensite found in the vicinity of the fractured surface was found in all cases 10 

be in the region of 40%. 

In conclusion, it appears that the total amount of deformation-induced martensite 

that forms during the fatigue process in smoolh or pre-notched wire specimens is 

approximately equivalent, although the dangers of the notch-like surface deled 

should be recognised, i.e. the pre-notchcd samples accumulate a greater 

percentage of martensite at the notch, while having a relatively low percentage 

martensite in the bulk material. 

The average martensite percentage in a notched sample is roughly equivalent to 

the percentage of martensite phase in an unnotched wire sample. 

Chapter 4 - Results - AISI 304 Stainless Steel Wire 
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Notch-Shape Effect 
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FigAA5. XRD u-aces for V-notchoo A/SI 304 stef'l wirE' subjected to fatigue 
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Fig.4.46. XRD traces for U-notched AISI304 steel wire subiected to fatigue 
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Notch-Production Effect 
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fig.4.47. XRD traces for u-notched AISI304 steel wire 5ubiected to fatigue 

Notch-Size Effect 
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fig.4.48. XRD traces for U-notcht:'d AlSI304 steel wirt:' ,ubiected to fatigue 

Chapter 4 - Results - AISI 304 Stainless Steel Wire 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Smooth Wire Sample 

Smooth 
wire sample 

200a' 

220 -f 

211 (' 

31 1 -f 

"' 

Fig.4.49. XRD traces for smooth AISI 304 st~ef wirt:' s(Jbjected to f,Hig(Je 

4.2.3.3.2. Notch-Roughness and Martensite Transformation 

14S 

It i~ wl'11 known that thl' sunacl' roughnC'Ss inflUl'nces fatigue crack initiation and 

the fatigue limit of matl'rials. C:onsr-quently, a correlation between the notch 

roughness and the amount of the phase transformation that occurs at the notch 

tip and the fatigue limit was explorod using annealed and notched steel wi reo 

The notche~ were poliohed u~ing fine silica carbide paper of 1200 grit and by 

electropoli~hing. Fatigue testing performed under ~imiliU conditions as for the 

unpolished-notched samples showed, however, no significant influence on the 

fatigue limit. 
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Th~, the shape, ~ize and production method influpnces the fatigue beh.!viour of 

AISI 304 stain less steel wire by ' local i~ ing'lhe martt'nsite phase dllht! tip and by 

enhancing work-harmming of annealed stainl('5S steel. 

Generally, the sharper and deept'f notches Induce larger amount cj deformiltion­

induced martensite phase. 

4.2,3,3.3. Load Ratio and Martensite Transformation 

In order to clarify the influence of the marten5itr transformation associated with a 

nOlCh, the inHurnet' of the load ralio R was also investigatt'd at d'ffrren\ and 

constant IOdd ratios. 

II should I:F menlioned lhallhe5e exper iments .... -ere perfOl"ll'lE'd on the annealed 

materia l with an inilid! single-pha5e microwuClUle compall.'d 10 the mixture of 

austenite and (l'-mafwnsite phases, which are pr{'S{'flt in drawn wires. Th", 

[('Suits of the austenite to martensite transformation presented in this SE'dion 

were obtained from the viCinity at tht' notch. 

Experimerwal 1('SUlts showed thai the maximum applied cydic stress hols thE' 

predominant influenCf' on the phasE' tfaoslormation and that approximately II ~ 

and 4°'" of a'-martenslte phase was induced by peak fatigue stresses at 22a and 

200 MPa respectively. both measured ~t the s~me number of cycles 

(N -1 20,000), .IS presented in \ht' following sect ion 4.2.4., p. 161 which concern 

th(' changes caused by fat igue. 

Till' rl"Suhs show that tne higher SUI"SS levels 0",., and 00 do indet'd afWd the 

amount of phase transformation that occurs at the flOIch, as shown schematically 

in FigA.50. 
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'00 -
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" ~ 120 
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'" i " 
,, ~ , 

, 
I 0 

l1me 

_ R=O.05 '1 % rna';"n .. '. _ R=O.2 4% marlllnsitll 

Fig.4.50. Load ratio R - 0.05 V5 load ratio R- 0.2, sciJematic presentation 

Casc ). R- 0,05 a. - 108 MPa, Case 2. R_ 9.2 U,_ 80 MPa; 

(T", ... ,, - 120MPa, N _ 120,000 cycles for oolh cases 

The amount of the martensite phase developed at a notch was also determined at 

a constant load ratio R_ 0.2, but at different numbers of fatigue cycles, FigsA.51-

4.53. X-ray diffraction analysis (as described in SectiCHl }.3.) revealed that 

approximately between 4%, to 20% of a:'-martensite phase was developed 

during fatigue cycling at 120,000 and 1.000,000 cycles respectively. The error 

in r('ading the amount of martensite was typically ±4%. Therefore, the results 

indicate that the martensite transformation in the fatigue process is time, or 

number of Cyci(,5, dependent and thus, significantly influences the fatigll(' 

behaviour of AISI 304 stainless st('eL 
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Effect of Number of Cydes at Load Ratio R "" 0.2 
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_ N=1.000.000 20% m~rt~n . ile 

Fig.4.51. Influence of number of cycles al a load ratio R- 0.2, scilematic 

presentation (Note: ,10; o; "' ~ 0;"" were all constant in tili:; test. Only the number 

of cycles were djfferent fOf" cases 1,2,3) 

fatigue cooditjons: R- 0.2, u",..., _ 120 MPa, u. _ 80 MPa 

•• 
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Fig.4.52. Influence of 1 ZQQQQ cycle; OIl the amount of tile u'-martensile pilase 
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o",.",,=120MPa 
a.=80 .MPa 

N-l.000,OOO 

200 ,,-

" 

.~ .-
n 

'" 

nOr 311 Y 

u'",20 % ----

~ 211 cr' 

oJI 

" " " " .,. 
" 

FigA.5J. Influence of the number of cycles (N - 1 ,QQQ,QQQJ on the amount of th€ 

a'-martensile phase tramformed in notched AISI304 stainless steel wire 

Note that the amount of austenite is indicated by the 220 y and 311 y lines, 

whereas, the amount of martE'flsite is indicated by the 200 a' and 211 u' lines. It 

is clear that the percentage of martensite in Fig.4.53. is greater than in lig.4.52. if 

one compares the relevant peaks. 

The effect of changing the maximum load, 0""" the minimum load, ()"'" ~ and the 

load amplitude, Au - const. was also investigated. The following figures, 

FigsA.54.-4.56. show the results OOtained for annealE'd AISI 304 stainless stE'e1 

wire subjected to cyclic strain for the same period of time (1.000,000 cycles). 
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Effect of Constant Maximum and Minimum Load 

'" 
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'" ~ • , 
> eo - -
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" T,me 

__ 17% mart~ nsite __ 20 '" mBrten. ile 

FigA.54. Schematic of influence of {he maximum load, 0""",, - 100 Mfa, on 

martensite formation 

Case 1. 0,",,_ - 70 MPa, 0, - 30 MPa; Case 2. 0""", - 60 MPa, 0,_ 40 MPa 

'00 

'"" 0 1111,,=40 MPa -

• "" • > 
f1 " • eo 0 , 
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'" -

" TIme 

__ 28% martenoite __ 17% mart""~ ite 

FigA.55. Schematic of influence of minimum load, 0",,"..,, - 40 MPa 

Case 1. 0"",," _1 00 MPa, 0, - 60 MPa; Case 2. 0"",,,,, - 70 MPa, 0, _ 30 MPa 
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Effect of the Constant Alternating Load 

,~ Acr=const -

'"" 
• "" .. ~ -• > , 

'00 0 

" 
~ 

" Time 

_ 35% ma~~n",'" __ 28% ma~M.i1e 

FigA.56. Influence of the comtant load, .do- on the amount of a'-martellsite 

phase formed, (schematicaJly presented) 

Case 1. u,,,",,,_ 100 MPa, 0-, - 80 MPa; Case 2. (T."..., - 120 Mfa, u, - 80 MPa 

According to the rxprrimental data presented in Figs.4.S0-4.S6., the following 

conclusions can be drawn. Firstly, it is apparent that a highrr amount of the a'­

martensit!;' phase was dependent principally on the maximum stress Irvel, (\""",,; 

secondly on the cyclic amplitude, II(J, and thirdly on numbrr of cycles. These 

results suggested that crack initiation from a notch is strongly dependent on the 

microstructure present at the notch tip which i~ itself dependent on the amount 

of martensite. High!;'r amounts of martensite delay crack initiation and thus the 

austenite to martensite transformation which occurs ill the notch ads brneficially 

in extending fatigue lives. 

Chapter 4 - Results - AISI 304 Stainlrss Steel Wire 



Univ
ers

ity
 of

  C
ap

e T
ow

n

152 

This is borne out in FigA.SO. where it appears that at the same mean stress, the 

higher peak stress or higher amplitude induces more martensite phase. Fatigue 

tests results showed that the amplitude of 0',_108 MPa induces approximately 

11,},. of martensite phase while the smaller amplitude of 80 MPa induces only 

4% of (t'-martensite phase, FigA.30. 

From Fig.4.51. it is clear that an increased number of cycles UIlder cQIlstant 

cyclic fatigue load cooditiOfls leads to more martensite transformatiOfl. 

For constant cyclic peak stress but variable amplitude, Fig.4.S4., the amount of 

martensite is effectively the same (17% and 20%). 

FigA.5S. concerning fatigue tests at the same minimum stress also indicate that 

the higher the maximum stress (160 MPa) the greater the martensite 

transformatiQll (28% vs 17%) compared to maximum stress of 100 MPa. 

This high stress increase in martensite transformatiQll trend is further borne out in 

FigA.56. HO'oVever, also appears to be a positive additional effect due to 

minimal stress level. This should be the basis for further study (see Chapter 6, 

p.260). 

4.2.3.4. Fatigue Crack Growth Rate 

An important parameter, the crack growth rate, has been determined using the 

experimental procedure outlined earlier. The experiments were performed at 

two values of load ratio, R- O.048 and R-O.2, i.e. at mean stress of 5S0 MPa, 

maximum stress of 1050 and 900 MPa and minimum stress of 50 and 200 MPa. 

Chapter 4 - Results - AtSt 304 Stainless Steel Wire 
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Figures 4.57.-4.58. ,now the influence of two load ratios on the crack groVl/lh 

rate in terms of drawing strain. 

The ex!X'rimental re:.ults show that the cyclic stres, levels have a significant 

infllK'nce on both crack initiation and crack groVl/lh rate" Fig,A.57.-4.58. The 

influence of the load level, on the fatigue crack growth rate show that as the load 

ratio, R, increa,C'l from 0.048 to 0.22 the fatigue crack gro'NIh rate curve shifts to 

the left, i,e. to a lower level of stress intensity faltor. rhis increase in the fatigue 

crack growth rate with the load ratio is a common phenomenon. Although these 

curves should not be regarded as rigorou,ly derived Paris equation data, since 

the specimens are ,0 small, they are nevertheless consistent with accepted Paris 

behaviour. For example, the Paris equation for the blue line (0.238 strain) in 

FigA.57. is approximately 

where da/dN is in mlcycle and i\K in MPa m"', which is of the right order for 

such steel. 

The fatigue crack growth rate is presented as a function of drawing strain at the 

particular value of cyclic stress intensity factor,IIK- 30 MPa m''"', FigA.59. An 

increase of thl:- fatigue crack growth rate with increasing drawing strain was 

observed for the wire samplC'l drawn to different strains. Th!:- highest crack 

growth rate of 6A7 10'" mm/cycle was observed for wire, drawn to 0.585 strain 

measured at a load ratio 01 R- O.22. The highC'lt crack growth rate in wires 

drawn to 0.585 ,train is a consequence of the large amount of 0:' -martensite 

phase transformed during drawing. rhe austenite to martensite transformation 

induced by cyclic strain promoted a rapid crack grOVl/lh. 

Chapter 4 - Results -AISI 304 Stainless Steel Wire 
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Figs.4.57-4.58. Influence of drawing strain on fatigue crack growth rate of A/51 

304 stainless steel wire, at load ratios of R- 0.048 and R - 0.22 
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FigA.59. Influence of drawing strain on the crack growth rate in drawn A/SI 304 

stainless sleel wires, at.1K - 30 MPa m'·,"and load ratio R _ 0.22 

In general, Ihe results suggesl that the fatigue crack growth is infiue-nced by the 

amounl of slrain-induced martensite and any reduction or increase in the crack 

growth rate, due 10 martensite transformation, depe1lds on the loa8 ratio. 

'The influence of load ratio on the threshold stress intensity factor, AKj, as a 

function of yield strength is presented in the following section 4.2.3.5. 'The 

fatigue crack growth rate has also been investigated in terms of the fracture 

mode. fractured ~urface~ and the typical fracture modes are presented in section 

4.2.5. 
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4.2.3.5. Influence of Yield Strength on the Threshold Stress 

Intensity factor for metastable AISI 304 Stainless Steel Wires 

The variation of the threshold stress intensity factor ilK", (investigated on pre-­

notched wire samples) with monotonic and cyclic yield strengths, which are 

plotted on FigJ!l, indicate a general trend of the dependence of fl.K" on material 

strength. 

Cyclic hardening is attributed to the transformation-induced hardening of 

retained austenite to martensite during cyclic strain. As the cyclic strength is 

increased, either because of the high initial monotonic strength or by cyclic 

hardening, the threshold for fatigue crack propagation is increased. Experimental 

results iooicate that this trend of increasing threshold stress intensity factor with 

increasing strength exists for metastable austenitic stainless steels. 

The minimum value of threshold stress intensity of 1.1 MPa m'." has been 

observed for annealed wire at a load ratio R- 0.22, while the maximum value of 

threshold, fl.K. ,- 15 MPa m,tl is o~ained for wires which have bocen drawn in the 

laboratory, to a strain of 0.52. There was no measurable fatigue crack growth 

rate below 15 MP m]i), although this is too high to bo2 regarded as a conventional 

'threshold value'. 

rhe wire samples drawn to a strain e - 0.585 (highest achievable strain under the 

laboratory conditions) and having 36% of strain-induced martensite showed a 

decrease of threshold stress intensity values to Ll.~, - 9 MPa m"', at a load ratio of 

R- O.22. In spite of a high ultimate tensile strength of 1130 MPa, an amount of 

36% of martensite formed during the fatigue process acted deleteriously. 

Chapter 4 - Results - AISI 304 Stainless Steel Wire 



Univ
ers

ity
 of

  C
ap

e T
ow

n

, 
, '" , 

" / , , , 
" .~ ~~ 10 / • • 

'" • . ' 
/ , H , 

r , -, e , ----
./ • 

0 
o 200 ~()[] GOO 800 1000 1200 1400 

y .. kI .teno" l~l 

• R-Q.22 

Fig.4.60. Influence of the yieJd strength on the threshold stress intensity factor 

for A/51 304 stiJin/ess steel wires 

4.2.3.6. Effect of Martensite Transformation on Low Cycle Fatigue 

(LeF) of A/SI 304 Stainless Steel Wires 

It has been shown that the austenite to martensite transformation in metastable 

AISI 304 stainless steel investigated in this study has been shown to playa 

beneficial role on the tensile monotonic properties and the high cycle fatigue 

limit. However, the results of lhis study also show thal the transformation does 

not always playa beneilcial role ()(l the fatigue properties. 

In order to illustrate this effed during low cycle fatigue conditions, the crack 

advance with the number of cycles and also the total number of cycles leading to 

final failure were investigated on notched wire samples drawn to different strains 

and in the annealed condition. 
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ligures 4.60. and 4.61. show the differences in the fatigue crack advance at load 

ratios of R- 0.048 and R- O.22. Higher stresses cause laster crack propagation, 

although it depends on the static mechanical properties obtained after different 

drawing strains. 

In both cases, the fatigue crack increment is significantly higher in the wire 

samples having high strength. tt was also observed that the highest fatigue crack 

advance was shown by specimens drawn to the highest strain in the laboratory. 

Commercially supplied AISI 304 stainless steel wire showed a similar behaviour 

to the wire sample drawn to 0.52 strain. 

Figure 4.62. together with Table 4.10. show the effect of amount of (l'-martensite 

phase on the number of cycles leading to failure for wires drawn to different 

strains for a load of R- 0.22. A similar peak at approximately 20% martensite for 

load ratios of 0.048 and 0.09, were also indicated. 

The numbers of cycles leading to fatigue failure increases with the amount of 

deformation-induced martensite phase, up to approximately 20%, which 

indicates the beneficial role of the phase transformation on the lifetime of the 

low strength austenites. 

Chapter 4 - Results - AtSt 304 Stainless Steel Wire 
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Fig.4.60. fatigue crack advance with number of cycles at load ratio R- 0.048 
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Fig.4.6t. Fatigue crack advance V.I number of cycles at load ratio R- 0.22 

Chapter 4 - Results - AISI 304 Stainless Steel Wire 



Univ
ers

ity
 of

  C
ap

e T
ow

n

'"' 

60000 r ~~ 

I , 
0 OO~ • "" " 2 
,,~ 

• 
~ 30000 !- , 
0 j. 20% (t'-mllrten§ile , , ,,~ , , , 10000 +---

I 0 ; z , , 
" " '" ,,' 

Dr.wiog Strain 

---+- Load Ratio R-<l.22 

FigA.62. Influence of amount of a'-martensite phase on the number of cycle, to 
failure in drawn A/SI 304 sWinJe.lS steel wires, at load ratio R- O.22 

Table 4.10. Number of Cycles to Failure as a Furdion of Drawing Strain 

0,09 480 8 43,000 

0.238 810 16 46,655 

0.37 995 20 50,000 

0.52 1100 32 39,150 

0.585 1137 36 2,347 

However, in the high strength AI51 304 stainless steel wires, having more than 

20% of ct'-martensite phase, the number of cycles to cause fatigue failure is 

drastically decreased. A large amount of martensite changes the properties of the 

steel by promoting brittle behaviour, aoo it is also possible that the deformation­

induced martensite gave rise to more crack initiation sites. Further, as shown 

previously, a notch strongly influences the phase transformatioo. This is 

particularly important with regard to the drawing process itself since a high strain 

can also create many plastic flaws which act as stress concentrators. 
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4.2.4. Changes in AISI 304 Stainless Steel Wire 

The changes in static tensil(' properties, hardness and microstructure caused by 

cyel ic strain are presented in this s('ctim. 

4.2.4.1. Mechanical Properties 

To assess the influence of cyclic strain on the changes in mechanical properties, 

tensile tests were performed on the smooth annealed wires after th<'y w('re 

subjected to fatigue, which are shown in Fig.4.64. and Table 4.11. 

rhe results show that the monotonic mechanical properties, such as the ultimate 

t('nsile strength and yield strength were increas('d as a cons('qu('Oce of fatigue, 

and the improvements depend on the duration of the fatiglJ(' process and load 

ratio, R. The ultimate tensile strength was increased from 668 MPa in the 

annealed condition to 688 MPa, or approximat('ly 3'10, aft(,r being subjected to 

fatigu(' at a load ratio of R - 0.22 for 120,000 cyclZ's. 

The same fatigue conditions increased the yield str('ngth from 278 MPa to 318 

MPa, by approximatdy 14"k. 

Tensile tests conducted on the wire samples, which were subjected to fatiglJ(' 

under the same load force ratio, R- O.22, for double the number of cycl('s 

(250,000), showed an increase in both the ultimate tensile strength and the yidd 

strength. The ultimate tensile strength was improved by approximately 6'10, 

whilst the yield strength was increased by 26%. 

Comparing the results obtained by fatiguing at two different load ratios, R- 0.048 

and R_0.22, and at the same number of cycles N _ 120,OOO, it was notic('d that 

both th<' ultimate tensile strength and yield strength were increased more 

significantly at the lower load ratio R- 0.048. The ultimate tensile strength was 

improved approximately 11"k, whilst the yield strength increased approximately 

23%. 

Chapter 4 - Results -AISI 304 Stainless Steel Wire 
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R=O.048 N= 120,000 
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Engineering Strain 

FigA.64. !pll.li/p te.ILI wlultl vi ,llIflf'illpt! AISf 304 stilin/P5.1 ,Ited wire suvjectP(i 

10 dirrerenl fdliguC' conditions (load ralios Jnd num/JPf oi eyelp.I) 

Table 4.11. Changes in Mechanical Properties caused hy the Fatigue Process 

Ultimate Total 

Conditions: Yield Tensile Elongation 

AISI 304·Stainless Strength Strength to Failure 

Steel Wire IMPa] [MPa] I'll 
.~~ ~~ 

Annealed 278 668 79 
... _--

Annealed + Fatigued 
R=O.048 N=120;OOO 342 +23% 740 +11"k 42 

Annealed -+ Fatigued 
R=O.22 N=120,OOO 318 -+14"k 688 +2% 47 

Annealed + Fatigued 
R=O.22 N=250()(x} 350 +26% 708 +6% 36 

(hapter 1 - Results - AI51 304 Stainless Steel WirE' 
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I he total elongation to failure was found to decrease in all cases. 

An increase in the yield strength and the ultimate tensile strength was not 

observed in heavily drawn wires in which the amount of strain-induced 

martensite already exceeded 20%. 

Tensile graphs for annealC'd specimens as well as those fatigued at different load 

ratios and number of cycles are presented in FigA.6S.(a,b,c). In addition, the 

amounts of a'-martensite phase developed during fatigue at particular load ratios 

and duration of fatiguing are given for each condition. 

--
a)u'- 4% 

i 1200 \ 

R~.22 1\(- 250,000 

i : v~----_·- --~ 
o ' ) 

o 

_ __ ... _ _ c.... 

__ -......._c..-.. 
'c-__ _--' 

b)a' - 8% 

1 ... _. r • • " _ "",,, __ .~_c.r.. 

o 

cJa' - I/% 

figA.65.(a,b,c) True Stress-True Strain and Work Hardening Rate Graphs for 

annealed and fatigued A/51 304 stainless steel wire, together with a'-martensite 

phase formed during fatigue 
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NC'Cking occurs at 15% strain corresponding 10 a small amount of strain-induced 

martensite (4°k) in the annealed AISI 304 stainless steel wire subjected to cyclic 

strain at load ratio of R- O.22 and 120,000 cycles, Fig.4.6S.(a). A longer period 

of fatigue N- 250,OOO, prodlJC('d a larger amount of martensite (approximately 

8%), decreased uniform ciongation and necking occl.med at approximately 8% 

strain, rig.4.6S.(b). 

The influence of the load ratio on the cyclic !ensile properties and the amount of 

martensite phase can be also seen by comparing the graphs in Figs.4.65.(a,b,c). 

The load ratio R- O.048 is considered bCfl('ficial in terms of improving the 

tensile properties, compared to those observed at a load ralio R- O.22, for the 

same number of cycles, FigA.65.(a,c). An improvement of the yield strength is 

enhanced by higher amounts of martensite (approximately 11 %) formed during 

fatigue at R- O.048 load ratio, compared to only 4"4 of martensite formed at 

R- O.22 for the same number of cycles. 

In conclusion, an improvement of the mechanical properties of AISI304 stainless 

steel wire by fatigue is time dejX'"ndent; the longer fatigue process improves the 

ITICChanical properties more significantly. Lxperirnental results show that the 

yield strength is more significantly affected by fatigue than the ultimate tensile 

strength. 
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4.2.4.2. Hardness Measurements 

Hardness is another an important characteristic 1Nhich can be influenced by 

cyclic strain. Figure 4.66. and Table 4.12. and show the changes in hardness 

caused by subsequent fatigue. The hardness was measured on annealed samples 

and on wire drawn to different strains, before and after the fatigue process. 

= , 
~o 

~ • .C 

• ,~ • • • ~ • 
• ''" • • • '00 , 
• '00 " '00 . 

'" 0 ,- , , ,.-
0 "' "' "' "' M M 

Drowilg SIr • .., 

~ OIlOwi"" • Omwilg.ndFotig uo 

FigA.66. Ii<!rdness test me<!surements of AI51 304 stainless 5teel wire in tile 
drawn condition and after the fatigue proce5s 

Table 4.12. List of hardness measurements of AISI 304-stainless steel wire, before 
and after the fatigue process 

Hardness HV 25 Fatigue Conditions Hardness HV 25 

Drawn Condition After Fatigue 

Annealed 18D R-0.D48 N-120.000 cycles 295 
Strain 0.09 192 R=0.048 Cycled to failure 245 

Strain 0.238 31D R=O,048 Cycled to failure 366 
Strain 0.37 36D R=O,048 Cycled to failure 370 
Strain 0.52 41D R=O,048 Cycled to failure No changes 

Strain 0.585 440 R=O.048 Cycled to failure No changes 

2.5mm 465 R=O,048 CycJed to failure No changes 

Chapter 4 - Results - AISI 304 Stainless Steel Wire 
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Fatigue cycling significantly hardened both the annealed and lightly drawn wire 

samples. The biggest increase was observed in annealed wires where the 

hardness increased from 180HV25 to 295HV25. Cyclic hardening is attributed 

to the transformation-induced hardening of retained austenite to martensite 

during cyclic straining. 

Highly drawn laboratory wire samples did not appear to harden during fatigue 

and commercially supplied wires showed a similar behaviour. 

4.2.4.3. Microstructural Changes 

The effect of stress on the formation and propagation of slip traces, annealed and 

nolched samples were examined metallographically following fatigue in bolh the 

longiludinal and transverse sections. 

Figures 4.67.(a,b} show the microstructural changes in the transverse cross­

section, in a position {a} very dose to the notch and (b) far away from the notch, 

which indicate the rate of slip line propagation. 

Fig.4.67.a} Opr.ical micrograph 
of annealed A/51 304 ,tililliess 
steel wire subjected to the 
fatigue process. 

Conditions: O'm - 90 Mf'a 
amplitude 0', - 80 MPa 
N-120,OOOcycies 
f'ositiQ(l; dose to the notch 

H'<O, +HC:/+ methallol 
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A micrograph taken close to the notch, Fig.4.67.(a) shows a higher rate of slip 

line formation and propagation. More slip lines and w.nds are distinct and are 

present in numerous crystallites. It was observed that the number and extent of 

the slip traces also increase with increasing number of cycles. 

, >. Fig.4.67.b) Optical micrograph 
taken at the fracture surface, 
far from the notch. showing 
deformation markings in the 
form of slip traces, and 
deformation twillS. 

>:1'~ ~C;Q~'~)d:i~tl~Q~n~'~' , 51 
L 304 stainless 

·steel wire 
Mean stress CTm - 90 MPa 

. Amplitude CT, - BOMPa 
N - 120,OOOcycJes 

tn order to observe any possible changes around the fatigue crack, a longitudinal 

section was polished and the observed microstructure is shown in FigA.68. 

Fig.4.68.0pticai micrograph of 
longitudinal section . 
.t-iQJg: fractured surface is on 
the bottom of the micrograph 
Microstructure cOJJtaim 
elongated grains, deformation 
twillS and slip traces. 

Ftchant: 
HNO,+IIC/ + methanol 
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figure 4.69. shows a short fatigue crack initiated althe notch. It appears that the 

crack started at the grain boundary and propagated intergranularly. 

• • 
• 
" 50/-lm 

Fig.4.69. A short fatigue crack 
started from the notch. 
ti.!:J!J:. well resolved slip lines 
in t/I€ elongated grains. 

Conditions: Annealed A/Sf 304 
stainless steel wire 
ErciJant: as in Fig.4.66 . 

It is wI)' difficult to observe deformation-induced a'-martensite using the optical 

microscope because the ck>formalion markings present appear similar to the 

martensite phase created by drawing and they partially obscure the u' -martensite 

phase structure. 

In order to quantify the amount of phase transformation assoc iated with crack 

advance, ten fracture surfaces were mounted in the transverse cross SectiOll, and 

eledropolished for observation using X-ray diffraction technique. 

Ihe attempt failed to reveal changes in (('-martensite formation and possible 

reasons for this rnay be: a) the volume fracture of martensite phase formed 

around the crack is small and possibly polished away during the sample 

preparation, or b) the resolution of X-ray radiation is not accurate enough to 

resolve a very small variation in the volume fraction of a particular phase. 

Chapter 4 - Results - AISI 304 Stainless Steel Wire 
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X-ray diffraction analysis performed OIl the longitudinally sectioned wire 

samples, as described in Chapter 3, p.65, successfully determined the amount of 

the ('('-martensite phase developed in cyclic conditions. 

Subsequently, in order to determine the amount of martensite phase at the notch 

tip in highly drawn wire samples, thin foils were prepared for transmission 

electron microscopy. foils were taken from notched commercially supplied 

wire samples, which were subjected to fatigue, 500 I-Im below the fradure 

surface. 

Fig.4.70. TEM micrograph 
of A/51 304 st>inlen steel wire 
taken in the transverse cross 
section, as close as possible to 
the fractured surface. 
Substructure consists of high 
dislocation density, forming 
dislocation cells. 
Width of dislocation walls is 
approximately 17nm. 
Conditions: highly drawn wire 

'".~ subjected to fatigue at 
- G""""", - 550Ml-'a, cr, - 450 MI-'a 

N - l,OOOcyc/es 

Figure 4.70. shows the dislocation structure in the immediate vicinity of the 

fradure surface. The high density of dislocations and the tendency to the 

development of a rough cell strudure is apparent even in the low stacking fault 

energy material. According to the substructure developed in the vicinity of the 

fracture surface, dislocation wall thicknesses of approximately 17nm were found 

and thus the amount of martensite formed around the fatigue crack can be 

estimated at 36%. 

Chapter 4 - Results - AtSt 304 Stainless Steel Wire 
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Importantly, the notch induces a significant amount of the a'-phase, in spite of "­

vel)' stable microstructure shown in the smooth samples which were also 

subjected to cyclic strain. The stable microstructure of commercial wire samples 

has been explained by the higher nickel quantity and carefully selected drawing 

parameters, compared to those formed in the laboratory conditions. 

Influence of Applied Stress on Twinning 

The influence of [winning on the work hardening behaviour has also been 

studied under cyclic conditions. 

In the tensile deformation of fcc polycrystals, twinning starts at a critical plastic 

strain which corresponds [0 the existence of a critical resolved shear stress for 

twinning. The shear stress for twinning (tT) was calculated from the tensiw stress 

(crT) using Taylor's theory, Le., cr, - 3.06 T, [123j. 

It can be assumed that lwinning is induced al the same critical stress under cydic 

and monotonic condilions. According to this assumption, and applying Taylor's 

theory, twins were identified in the annealed and fatigued samples at a strain 

range between 28% and 32%. The range of applied stress in which twins were 

identified was between 620 and 644 [MPaj. It has also been noted that the 

kJentification of twinning on the stress-strain curves was a very rare case. Figure 

4.71. shows twinning on the fractured surface of the annealed wire subjected to 

fatigue. 
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:::~,:;;~jF~,:~,~ctured surface of 
fatigued wire, 

showing microcracks and 
twins. 

R- O.2 
Number of cyc/es:N - 566,000 

However, considering the cyclic stress-strain curves, differences appear wilh lhe 

monotonic behaviour, where twinning has not been identified. 

It is believed that the stress required for the formation of deformation twins IS 

controlled mainly by the value of stacking fault energy of material. It has also 

been suggested in literature that another microstructural parameter influencing 

deformalion twinning is the grain siLe [47]. In order to establish the conditions 

and their role on the initiation of deformation twinning under fatigue condilions, 

it is necessary to extend investigations to include a number of other parameters 

which has not been done in the present work. 
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4.2.5. Fractography of AISI 304 Stainless Steel Wire 

Fractographic studies performed on the AISI 304 stainless steel wire involved an 

investigation of both static tffisile and fatigue fradure surfaces. In both cases the 

examination was performed on the pre-notched wire samples drawn tu different 

drawing strains. 

4.2.5.1. Static Tensile fradography 

The sialic tensile fradure surfaces investigated on the AISI 304 stainless steel 

wires drawn to different strains, ranging from 0.09 to 0.585 strain, are generally 

the same. Namely, it appears that the ductile transgranular mode is the fracture 

mode of drawn AISI 304 stainless steel wires. 

FigA.72. Typical scanning 
elertron micrograph of the 

I static tensile fracture surfaces 
observed in the A/51 304 
stainless steel wire, drawn to 
different strains. 

Conditions: 
Tensj/e test performed at 
strain rate 0.00 1 5' 

figure 4.72. shows the general topography of the AISI 304 stainless steel wires 

drawn betwren 0.09 to 0.585 strain. The iraclure suriaces are characterised by 

microvoid coalrscence. 

Chaptrr 4 - Results - AISI 304 Stainless Steel Wire 
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4.2.5.2. fatigue fractography of AISI 304 Stainless Steel Wire 

Smooth Wire Samples 

The fracture surfaces of smooth and pre-notched samples have been examinC'd 

together with the influence of drawing strain OIl the fatigue mode. A typical 

fracture surface of smooth samples shows that the transgranular fracture mode is 

a dominant feature immediately after cracking has been initiated. Figures 4.73. 

and 4.74. show two types of crack initiation sites at surface flaws and tvvin 

boundaries respectively. Experimental results showed that only in a very small 

number of samples had the fatigue crack initiated at twin boundaries. 

Fig.4.73. IntergrarlUlar mode 
of crack initiation at a surface 
flaw, having a size of 30pm 
The arrow indicates surface 
flaw developed during the 
fatigue process. 

":~~~::1 Fig.4.74. 5fM micrograph of a 
..: crack initialion in the smooth 

A151304 stainless steel wire 
Micrograph shows dark, shiny 
faces; arrow indicates twin 
boundary 
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Pre-NQtched Wire Samples 

A typical fracture surface of pre-notched sample shows that the transgranular 

fracture mode is a dominant fracture immediately after cracking has been 

initiated. Figure 4.75. shows the fracture started from a notch. 

Fig.4.75. Scanningc/ectron 
micrograph showing a typical 
fatigue fracture surface of 
AI51 304 stainless steel wire, 
stal1ed from a nolch. 
~ Arrow indicates the 
nOl.ch position 

The application of linear clastic fracture mechanics has provided the basis for 

describing the phenomenon of fatigue crack propagation. The crack growth rate 

per cycle (da/dNJ is primarily controlled by the alternating stress intensity (t..K) 

and this sigmoidal variation can be characterised in terms of different primal)' 

fracture mechanisms, Fig.4.76. 

In the slow fatigue crack gro\o\!l:h region below the threshold stress, the fatigue 

crack growth is sensitive to microstructure and load ratio and the formation of 

C!ystallographic facets was noted. This mode of fatiguc-crack growth manifests 

itself as planar lransgranular or intergranular facets. In AISI 304 stainlE">s steels 

the facets are transgranular. An example of the facets is shown in Figs.4.77.-

4,79. rhe fracture morphology showed a flat, ductile transgranular mode with 

isolated segments of intergranular separation. Close to the threshold stress value 

the proportion of intergranular facets is small, which increases to a maximum 
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and then gradually diminishes at high stress intensities to zero. Significant 

numbers of these intergranular facets were observed in lightly drawn samples. 

The development of the facets was associated with the change from 

microstructurally insensitive to microstructurally semitive crack grov.1h and a 

transition from mode B to A, FigA.77. 

I 
; , 

Region A 
t"racturc 
modo; 

Facds 

Region A 

Region B I 
t"racture I 
m .... e: I 

! Striations I 
1 __ 10_;._1 

'

01: I 
.-~ , 

'" ,,~ 

Region B 

' 

..... ..-01: . """""""'..,. 1._-
1°-­,--"" • ""Go "M' 

Region C 

FigA.76. Primary fracture mechanisms ill A/51 304 slainless sled wires 

associated with the sigmoidal variation of fatigue crack propagation (daidN) 

with alternating ~tress intensity (.1K) 
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Fig.4.77. General view of the 
fraC1ure surface obselVed in an 
annealed wire sample, close 
to the threshold stress value. 

5fM micrograph ShOON5 ductile 
transgranular mode with areas 
of intergranular separation 

FigA.78. Cieavage"like growth 
of fatigue cracks through a 
grain, observed in the near· 
threshold region in lightly 
drawn wire. 
-drawing strain - 0.09. 

FigA.79. 5EM micrograph of 
lightly drawn wire A/51 304 
5tainless steel wire (drawing 
5train - 0.238), 
showing 'quasi-cleavages' 
typical in lightly drawn wires. 
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The separation at the crack front of material which did not show facets involved 

a ductile tearing process. The facets that form as a result of continued load 

lycling did not havE' the same appearance as 'cleavage" facE'!s in the true sense 

because they exhibited slow, progressive failure rather than brittle separation. 

Figures 4.78. and 4.79. show a scanning electron micrograph of a fracture 

surface taken from wire samples drawn to 0.09 and 0.238 strain respectively. In 

lightly drawn wires, intergranular separation is observed in both low and high 

fatigue crack growth rate regions. 

The preserlCe of such "dlcavagE's' were oot observed in the highly deformed wire 

samples. A tfansgranular ductile mode was observed in both low and high crack 

growth rate regions. Figure 4.80. shoVl/S the typical fracture surface of highly 

drawn wire samples. 

FigA.80. Transgrallular ductile 
fracture mod:> observed ill the 
highly drawn A/51 304 steel 
-strain-O.585 
Fatiguc conditions: 
Mcan stress: 0;" - 550 MPa 
Ampliwde:u. - 500 MPa 
failure at N - 2,000 cycles 

Arrow indicates tfI€ crack 
staned from nOlch. 

An analysis of the fractured surfaces of highly drawn wires produced in 

laboratory conditions, and commercially supplied wire (2.Smm) show a similar 

ductile fradure modE'. fhe fradure surface of a 3mm diameter wire showed a 

similar transgranular mode and partially intergranular fatigue crack propagation. 

The intergranular mode of failure was obsef\led only in the surface layer, 

involving a volume of large grains, FigA.81. 

ChaplE'r 4 - Results - AtSt 304 Stainless Steel Wire 
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FigA.81. SEM micrograph of 
A/SI 304-commerci.31 wire of 
3 mm diameter, showing the 
transition from intergranular 
mode to lr.3nsgranular mode. 
~: intergranular mode is 
aS5oci.3ted Witll l.3rge grains 

For the mid-range of growth rates (Regime B), failure generally occured in steels 

by a transgranular ductile striation mechanism. Fatigue striations have been 

observed on fractured surfaces, especially those fractured at high amplitude 

fatigue cycles, FigA.82. 

The matrix of austenitic stainless steel is ductile, but the presence of hard and 

brittle carbides cause void formatiOll because they are unable to accommodate 

the large plastic strains imposed by the more ductile matrix. Void formation is 

caused either by breakage of the hard and brittle particles and separation of the 

broken parts, or by separation at the particle-matrix interface. 

Fig.4.82. SEM micrograph of 
fractured 5urface in highly 
drawn A/SI 304 steel wire 
(drawing strain 0.52), showing 
well developed striations. 
Fatigue conditions; 
Mean stre55: 5S0 MPa 
Amplitude: 500 MPa 
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Figures 4.83.-4.84. shows the fracture surface of heavily drawn wire after being 

fatigued at a cyclic amplitude of 500 MPa. Figure 4.83. shows the different 

striation spacing across the fracture surface as a consequence of fatigue crack 

propagation, while FigA.84. shows a typical striatioo shape. 

£;g.4.83. SfM micrograph of a 
fractured surface under 
fatigul;' conditions, showing 
different striation spacing, as 
seen at different positions on 
fractured surface 

Macroscopic examination of the fracture sulfaces showed that the initial region 

of fatigue crack initiation and propagation had a smooth appearance, whilst 

striations were easily observed with the scanning electron microscope when the 

crack propagated deeper into the specimen. 

Figures 4.85. and 4.86. show the fracture surfaces appearance after thl;' fatigue 

test was stopped and the specimen fracturf:'d after 100 and 1000 cycles 

respectively. 

Three distinct regions arl;' visibll;' on the fracture surface: 

a) the region which did not contain dimples represents an area in which 

martensite transformation occurred during fatigue testing, 

b) the region which does contain dimples shows the further crack advance 

during fatigue process, 

c) thl;' frnal ductile fracture. 
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fracture fatigue crJ.ck martensite nolch 

" 

t 
fracture fatigue crack m,,",mttearea 

'"" 
Fig.4.84.5EM micrograph taken 
close to the final fracture. 
High magnification shows the 
typical 'A' striation's shape. 
fatigue conditions: 
Mean stress: 550 MPa 
Amplitude: 450 MPa 

FigA.85.5EM of fractured wire; 
fracture started at notch. 
fatigue test were stopped at 
N - 100cycles. 
fatigue conditions: 
Mean stress." 550 MPa 
Amplitude: 500 MPa 

Arrow indicates the martensite 
transformation started at notch 

Fig.4.86. Micrograph taken 
at same mean stress 550 MPa 
and amplitude of 500 MPa, 
test stopped at N - 1000 cycles 
Micrograph sho'N5 significant. 
advance of martensite 
transformation during Ule 
longer period of time. 
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Martensite formed during thf' fatigue process is observable on thf' fracture 

surface in a shape of ' butterfly-martensite' , which occurs in pairs, joined at one 

f'nd, as shown in FigA.87. 

previously by Maxwell et all86l. 

"Butterfly-martensite" was also documented 

Fig.4.87. ~Buttf'rfly martensite" 
ul!>erved on the fractured 
surface of AfSf 304 .Itainless 
steel wire drawn to 0.37 strain 

The advance of martensite transformation during fatigue together with crack 

length is graphically presented in Fig.4.88. These measurements were obtained 

from expcrifll!"nts performed on commercially supplied wire, at a load ratio 

R- 0.048. The results indicate that the martensite transformation occurs in front 

of the crack tip. 
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FigA.88. Influence of nlJmber of cycles on length of martensite tr<ln-Iformed area 

In conclusion, the investigations performed OIl the pre-notched samples revealed 

different fracture modes, depending on the drawing strain. Several mechanisms 

were observed during the fatigue crack growth. A ductile transgranular 

mechanism with segments of intergranular separation operate at low growth 

rates, ductile striation mechanisms occurs in the mid-regime of crack growth rate 

and finally a ductile static mode in the region of high growth rates. 

The most significant findings in the fractographic study of drawn AIS] 304 

stainless steel wires was the difference in the fatigue frac1ure mode caused by the 

phase transformation that occurs during the fatigue process. Figures 4.89. and 

4.90. show the typkal fatigue frac1ure surface observed in the low and high 

drawn wire samples. The deleterious influence of the martensite phase formed 

during the fatigue process in the highly drawn AISI 304 stainless steel wires was 

observed in the samples having more than 20"10 of prior induced martensite, 

promoting brittle behaviour. 

Chapter 4 ~ Results -AISI 304 Stainless Steel Wire 
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FigA.89. Scanning electron micrograph taken at the fraaure surface of AI51 304 
stainless steel wire drawn to 0.37 strain, having approximately 20% of s!rain. 
induced martensite, showing a ductile mecilanism of the fatigue crack growth 

FigA.90. Fraaure surface of tile AISI 304 stainless steel wire drawn to 0.585 
s!rain having approximately 36% of strain-induced martensite, silowing a 
'briale' appearance 

Chapter 4 - Results -A151304 Stainless Steel Wire 
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Summary: 

The research performed on the AISI 304 stainless steel wire showed that the 

martensite phase transformation that occurs in both the drawing and fatigue 

processes, plays a very important role, and strongly influences the fatigue 

behaviour. 

The overall role of martensite transformation on the mechanical properties, 

microstructural characterisation and fatigue properties has already been 

presented and has been partially discussed in the previous sections. The most 

important findings are as follows: 

1. It was established that the extent of martensite transformation depends on 

both the maximum strain applied during the drawing process and also on the 

fatigue conditions such as cyclic amplitude, maximum stress, and duration of 

fatigue process. 

2. Suliace defects such as notches, their size, shape and manufacturing 

procC'dure also significantly influence the phase transformation. 

3. However, the most important conclusion obtained from this research is that 

the extent of phase transformation and work hardening, and thus the fatigue 

response of AISI 304 stainless steel wire, is determined by the amount of the 

martensite phase developed during the drawing process which took place. 

4. II was obselVed that a change in the fracture mode, from ductile to brittle, 

also depends of the amount of deformation-induced phase transformation in 

these steels. 

Chapter 4 - Results - AISI304 Stainless Steel Wire 
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4.3. 3CR12-Ferritic Steel Wire 

4.3.1. Mechanical Properties of 3CR12 Steel Wire 

The mechanical properties achieved in lhe ferr[tic steel 3CR12 by drawing to 

different strains between 0.09 to 0.68 are presented in figA.91. Table 4. H. lists 

edeh of the properties that were calculated from the lensile data, together with 

the result of hardness measurements. 

figure 4.91. shows that the ultimate lensile strength, yield strength and hardness 

are increased by increasing drawing strain. The ultimate tensile strength 

increased approximately 60% from 442 MPa to 738 MPa whilst the yield 

strength increased approximately :15%. The hardness also increased from 150 

HV to 246 ltV as the strain increased from zero to 0.68. It is also noted from 

Table 4.13. that the total and plastic elongation to failure decreased as the yield 

and tensile strengths increased. 

It can be seen in FigA.91. and Table 4.1:1. that a very small amount of drawing 

strain (0.09) lowers the total elongation value considerably, from 35 % to 12.3% 

which indicates lhat the malerial work hardens extremely rapidly. Further 

straining to a level of 0.37 only reduces the total elongation to failure by a 

further 4°,1,. Further straining to 0.68 reduces the total elongation to failure to 

approximately 8%. 

Chapter 4 - Results - 3CR 12 Steel Wire 
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bC(Wf'f'1l (HJ9 imd 0.68 

Table 4.13. I Hl"ile Properties and Hardnf'<;s of -,CRI2 I errilic Slf't'l Wirf' 

Tofal 

Drawing Yield Ultimate Tensile Elongation Hardnl'ss 

Strain Strength Strength to Failure (Vickt'rs) 

" [MPiI] [MPa] "" HV 25 

Annealed 250 442 35 ISO 

D.O,) 469 516 12.3 183 

D.}7 (,03 635 8.96 210 

0.47 (,() 7 647 8.' '" 
0.611 687 738 e 24(, 
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True Stress-True Strain Tensile BehaviQur 

The true strcss-strain curves of the drawn 3CR12 steel wires are shown in 

I igA.92.(a..tJ). In addition, the work hardening rale for each of these curves has 

also been plolled as a function of the drawing strain. 

= 

'" ~ ",<l ; 
I 

2"" 1 • 
1 

100 1 
, I , 0. ' 

0.' - - ----;;. 

'""~"" '" 

_ Tn>e 5 .e .. _ T<we s."'" C".e 

_ WO," '''-'. ",,~ " ~.te eu"", 

a) Annealed 3CR 12 steel wire 

~ 300 \ 
~ :-

o _ \ _ 

" ". 
True Sb"ain 

_ True Slre .. _T"", Starin C ..... 

_ Vlbrk H.'""'in~ R ... Cur", 

0_1 ~ 

b) Drawn 3CR 12 steel wire (drawing Slfam 0.09) 

Hg.4.92.{a-b) {ensile and Work Ilardening Rate Graphs for annealed ;md drawn 

3CR 12 steel wires 
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A negative work hardening rate wa5 ob~rvcd in both the annealed and drawn 

wire samples. 

The high necking point indicates the ability of material to withstand plastic 

deformation without local yielding and the onset of necking during deformation 

can be predicted from the interwction point of the flow curves and work 

hardening rate curve;;. 

Necking occurs at 3 percent strain in the annealed wires, I ig.4.92.(aJ. Further 

drawing drastically reduces the strain at which necking occurs and the results 

obtained for wires drawn between 0.09 and 0.68 strain showed only a minor 

amount of uniform elongation, FigA.92.{b) shows that necking occurs almost at 

the yield point for wires drawn to 0.09 strain. 

In conclusion, the mechanical properties of 3CR12 lerrilie steel are characterised 

by a high yield to tensile strength ratio compared to lower ratios for the AISI 304 

stainless and peariitic steels, indicating the restricled ability of 3CR12 steel to be 

plastically deformed. 

II was also observed lhal small amounts of plastic straining increases lhe slrength 

properties rapidly_ Further straining does not increase the strenglh significantly 

and lhe plastic elongation 10 failure decreases drastically_ 

Chapter 4 - Resulls - 3CR12 Steel Wire 
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4.3.2. Microscopy of 3CR12 Steel Wire 

3CR12 ferritic steoel wires in the anrlealed and drawn condition were cut and 

prepared for both macrostructural and microstru<;tural investigations. 

Macrostruduml examination was performed in ord!"r to d!"termine any possible 

surface damage caused by the drawing process. [he microscopical investigation 

involved the polishing and !"tching of samples. The respective microstrudures of 

annealed and drawn 3CR12 steel wires are shown in Figs.4.93.-4.98. 

4.3.2.1. Surface Examination 

Following the machining 0( reinforcing bars of lBmm diameter down to 6mm 

diameter, the samples were drawn to a final size of 3.S mm diameter. The 

drawing process was performed at room temperature and without intermediate 

annealing. A careful examination was afterwards carried out 011 the surface 0( 

wire using an orxical stereo microscope. No significant mechanical defects were 

observed in lightly drawn wires and the surface roughn!"ss of the drawn wire was 

measured between R, - 0.S-Q.6 >1m. Highly drawn wires, particularly those 

drawn to 0.68 strain, were found to have many surface d!"iccts and generally had 

a very poor surface quality with a surface roughness between R, - O.B and 1 1-lfTl. 

Due to th!" p(Xlr surfac!" quality of the highly drawn wires, no fatigu!" studil"S 

were carri!"d out on these specimens. 

4.3.2.2. Metallography 

The microstructure of the steel was investigated in the as received cOlldition (hot 

rolled reinforcing bar) and after being annealed and then drawn 10 different 

strains. Figure 4.93. shows the microstructure of the reinforcing bar in its initial 

condition. 

Chapler 4 - Results - 3CR12 Steel Wire 
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The microstructure consists of ferrite with a small amount of low carbon 

martensite islarKis, having an overall hardness of 290 HV50, Fig.4.93. The 

formation of a duplex microstructure is related 10 bolh the alloy composition and 

the thermal history of the steel. 

The chemical etch solution gave rise to a tint contrast between the ferrite and 

martensite phases which resulted in the respective phases being easily 

identifiable. To make samples suitable for drawing, they were annealed al 

760"C for 30 min. and air-cooled. The microstructure in the annealed condition 

is fully ferritie, as seen in Fig.4.94. 

FigA.93. Optical micrograph 
of hot rolJed reinforcing bar, 
VII" microstructure consists of 
ferrite matrix with the 
martensite islands. 
Arrow indicates the martensite 
islands of 3-5 micron size 
Etchan!: 
(HC/+NH.F.HF + K,S,O,J 

• Optical micrograph of 
3CR 12 steel wire, 

the cross-section. The 
, of 

ferrite grains and subgrains. 
Etchan!: 
(HC! + NH,F.HF + K,S,oJ 
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Optical micrographs show that the grains are small with an average siTe of 15 

microns determined using the standard linear intercept method. 

The changes in microstructure caused by the drawing process are shown in 

figs.4.95.-4.96. The microstructure of wire specimens drawn to a strain of 0.09 

cOIlsi,!s of deformed ferrite grains, but are very similar to the annealed 

microstructure. The application of a higher drawing strain of OA7 creates 

changes in grain shape and size. 

Fig.4.95. The microstructure of 
drawn 3eRI2 steel consists 
of ferrite grains and ,ubgrains. 
Conditions: optical micrograph 
taken in cross sectional 
direction, 
drawing strain (; - 0.09 
Etchant: 
(HCI + NH.F.llf +K,S,oJ 

£ig.4.96. Cross-section of tII€ 
JeRI2 5ti!inies5 steel wire 
drawn to 0.47 strain. The 
microstruc:wre consiS15 of 
deformed ferrite grajns. 
Etchant: 
(I IC/ + NI I,F.I If + K~,O,) 

Chapter 4 - Results - 3CR 12 Steel Wire 
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Fig.4.97. Transmission electron 
micrograph of the dislocation 
structure developed at a 
strain of 0.47. 
The interior of ferrite 
grains are relativelly free of 
dislocations. 

Fig.4.98. Transmission electron 
micrograph image of the cell 
str(Jcture developed at strain 
of 6_ 0.47. 
Arrow indicate.1 a cell. 

An investigation of the microstructure using a transmission electroo microscope, 

Figs.4.97.-4.98., revealed the dislocation strlK.1ure caused by the drawing 

process. The microstructure even in the highly drawn 3CR12 steel wires consists 

o//errite grains, together with dislocation cells. The regions inside the cells are 

relatively free of dislocations. One of the most obvious characteristics of the 

plastically deformed ferrite matrix of 3CR12 ferritic steel observed by 

transmission electron microscope is the high dislocation density in the cell 

boundaries. 

Chapter 4 - Results - 3CR12 Steel Wire 
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Heat Treatment of 3CR12 Steel 

Samples of wire were also heat treated to produce a dual phase microstructure of 

ferrite and low carbon martensite. 

Reheating of the fully ferritic microstructure to a temperature of 9500 C resulted 

in the formation of >nIT\{' austenite which subsequently tran~;forlT\{'d to martensite 

when cooled (oil quenched) to room temperature. Thl! microstructure for 3CR 12 

Sp<'ciml!ns hl!ld at 9500 C, for 0.5 hour, is shown in FigsA.99.-4.1 00. 

It is evidl!nt from these micrographs that areas of martensite are present. This is 

also reflected in thl! inGl!asl! in bulk hardness. Although reaustenitisation has 

occurred, directionality is maintainl!d with rl!Spect to the ferrite content. The 

ferrite banding, indicated by the darXl!r etched bands, is illustrated in FigA.99.-

4.100. 

Fig.4.99. Optical micrograph 
of 3CR 12 steel {('heated imo 
a+r phase regiOn and 
quenched from 9Sd} C after 30 
minutes; 
microstructure consists of 
ferrite and martensite 

Chapter 4 Re,ult, - 3CR12 Steel Wire 
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Fig.4.100. Longitudinal 
direction of annealed and 
afterwards quendlCd 3CR12 

'liiiii~ ,teel wire 

Hellam: 
Hel +NII.F.HF + K,S ,0, 

Hardness measurements showed that the Quenching trealmenl increased the 

hardness from 150 HV25 to 246 HV25. 

Compositional analysis of the banded features distinguishable in the annealed 

and Quenched structures was carried out using energy dispersive X-ray 

spedroscopy (EDS). Analysis of the ferrite and martensite bands visible in the 

annealed and quenched struclure, Figs.4.99.-4.100., shows the average Cr, Ni, 

and Mn concentrations inl able 4.14. 

Table 4.14. Microanalysis of Banded Struclures in 3CR 12 Sleel 

Phase 

Martensite 

Ferrite 

Cr ["Ie I 

11.87±O.1 

12.79±0.2 

Ni [%1 

O.fi±O.l 

O.4±O.l 

Chapter 4 - Results - 3CR 12 Steel Wire 
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l.4±O.l 
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4.3.3. Fatigue Behaviour of 3CR12 Steel Wire 

An investigation of fatigue behaviour has been studied using both notched and 

smooth specimens. The effects of drawing strain ,Hld the resulting 

microstructures have been related to fatigue behaviour. These results h,we also 

been related to the changes in the mechanical properties as a conSC'quence 0( 

the fatigue process. 

4.3.3.1. Fatigue Limit of Notched Samples 

The fatigue limit was determined on pre-notched wire samples at 10' cycles 

under stress controlled conditions. The- investigation of fatigue limit was studied 

in the annealed wires and wires drawn to different strains between 0.09 and 

0.47. the wire samples which were' drawn to the- highest strain (0.68). have not 

been included due to the presence of many fiavvs on the wire surface. t he effect 

of drawing strain and heat treatment (QlK'nched condition) on the fatigue limit 

are shown in Fig.4.101. and Table 4.15. 

The relationship between the fatigue limit and the drawing strain shows a trend 

of increasing fatigue limit with drawing strain. Tests performed on annealC'd 

wires show a fatiglK' limit of 130 MPa, whilst the fatiglK' limit of wire drawn to a 

low strain of 0.09 is improved by almost 130% to 240 MPa. This improvement 

in fatigue stf('ngth is greatly enhanced due to the work hardening of the ferritic 

matrix. Further straining to 0.37 improves the fatigue limit further to 300 MPa. 

t he fatigue limit of the wires drawn to the highest strain of 0.47 increased very 

little, from 300 MPa to 310 MPa. 

How('Ver, it was observed that the fatigue limit of the smooth and heat-treated 

(Quenched) wire sample is significantly higher than those in the drawn condition. 

The fatigue limit was increased by quenching to 480 MPa which IS an 

improvement of more' than 360% over the annealed fully f('fritic steel. 

Chapter 4 - Results - 3CR12 Steel Wire 
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FigA.101. Fatigue limit of drawn and quenched 3 CR 12 wire, 

Table 4.15. Fatigue limit of Drawn and Quenched-Notched 3CR 12 Steel-Wire 

Strain Strain Strain 

Annealed 0.09- 037 0.47 Quenched 

Fatigue Maximum 

Stre5S Limit 0, ... [MPaj 130 230 300 310 470 
-----------------

Fatigue tests were also performed on pre--notdwd dual-phase 3CR12 steel wires. 

The experimental results indicate that the fatigue limit of notched dual phase 

sleel wire was not significantly reduced from that obtained on the un-notched 

specimen. It is apparent thallhe dual-phase microstrucLUre acts beneficially by 

improving the fatigue strength. 

In summary, the fatigue limit of 3CR12 steel is improved by a small amount of 

drawing strain. Drawing to hight'r strain values does not significantly improve 

the fatigue limit further. However, it was found that heat treatment which 

produces a dual phase ferritic structure containing martensite is more powerful 

than drawing in improving the fatigue limit. 

Chapter 4 - Results - 3CR12 Steel Wire 
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4.3.4. Changes in 3CR12 Steel Wire 

The changes in mechanical properties and microstructure of 3CR12 steel wire 

caused by the !;)'clic strain are described in this section. 

4.3.4.1. Mechanical Properties 

The changes in mechdnical properties were assessed in the annealed and drawn 

3CR12 steel wire subjected to various fdtigue conditions. Table 4.16. dnd 

Fig.4.102. show the changes in the statk: mechanicdl properties of 3CR12 steel 

wire, while Fig.4.103.(a-d) shows the 1l1..1e-stress-true strain and the work 

hardening rate curves for annealed and lightly drawn wires subjected to cyclic 

strain at different load ratios and number of cydes. 

The influence of fatigue OIl the cyclic tensile properties is seen in Fig.4.102. and 

Table 4.16. Results show that the monotonic properties, such as the ultimate 

tensile strength and yield strength were increased as a consequence of fatigllt'. 

The ultimate tensile strength was increased from 442 MPa in the annealed 

condition to 465 MPa, or approximately 5"10, after being subjected to fatigue at a 

load ratio of R- O.22 and a number of cycles N - 120,OOO. The same fatigue 

conditions increased the yield strength from 250 MPa to ]06 MPa, by 

approximately 22%. 

An increase of the ultimate tensile strength of approximately 7%, was observed 

in wires drawn to a low strain of 0.09, after being subjected to fatigue at a load 

ratio of R- 0.048 and a number of !;)'ctes N - 300,OOO. The same fatigllt' 

conditions increased the yield strength from 469 MPa to 522 MPa, i.e. 

approximately 11""'. The total elongation to failure was found to decrease in all 

cases. 

Thus, an improvement in the mechanical properties caused by fatigue is more 

significant in annealed than slightly drawn conditions and the yield strength is 

more significantly affected than the ultimate tensile strength. 

Chapter 4 - Results - 3CR12 Steel Wire 
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Table 4.16. Ch<lnges in Mech<ln ical Properties cauwd by tllf' t dtigue Process 

Ultimate fotal 

Conditions: Yield Tensil(' Etongation 

KR12-Ferritic St('eI Str('ngth Strength to Failure 

Wire IMPal [Mfa] [%] 
.. -~. 

Annealed 250 4'2 35 

AnnC'<lIC'df t dtiguf'd 306 465 27.27 

R- O.22 N - 120.000 + n~", +5 % , 

I1r<lwn to 0.09 strain "9 516 12.3 

lJrdwn to 0.09 +F<ltigued 522 551 5 

R 0.048 N - ]OO,OOO , ; , 

r 
600 

"" " 
Um"n to O,09+Falignetl R=O.048 

1\- .,00,000 c~des 

" • 
"- "" • • 

1/ \ "\ -~ -

, 
• '"' 0 , ,"'nnealed+Fatigued 

t -
R=O.22 "'=120,000 

" 
, 

• , • '"' < , . Oral">n_O.09 Annealed -
0 
< 
w 

'"' 
0 

0 o. , " " 0.' 

Engineering Strain 

- - -

Fig.4.102. Temile telt (f'II1I,-1 of drlrlf'dlf'd dlld wire drawn to 0.09 .Itrdirl, 

subieCled 10 different fatigue r:ondi/iom 
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a) Anlled/ed 3CR 12 steel wire b) Annealed iwd Fatigued JCR 12 wire 

(Load raUo R- O.22 N - 120,000 cycles) 

F;g.4.103.(~b) True stress-true strain and work hardening rale curve, for 

annealed and fatiglJed ]CR 12 steel wire 

The tensile Iwork hardening rale graphs for the annealed JeR12 steel wires 

obtained for the fatigue conditions (R- O.22, N - 120,000 cydes), FigA.l03.(b), 

show a negative work hardening rate. Neci<ing occurs at approximately 2 

percent of strain showing that the work hardening caused by fatigue does not 

affect the strain at which necking on:urs signifICantly. 

lhe work hardening rate graphs for the wires drawn between 0,09 and 0.47 

strain in the fatigue condition also show a negative work hardening rate 

immediately after the yield point has been reached. 

Cyclic straining thus results in necking at the yidd point and uniform elongation 

10 failure to be significantly reduced. 

Chapter 4 - Results - 3CR12 Steel Wire 



Univ
ers

ity
 of

  C
ap

e T
ow

n

4.3.4.2. Hardness Measurements 

Hardneo;s is also influenced by cyclic strain. Figure 4.104. and Table 4.17. show 

the changeo; in hardness caused by subsequent fatigue. I he hardness was 

mea,ured on annealed samples and on wire drawn to different strains (ten 

samples of each) before and after the fatigue proceo;s. The hardneo;s changes 

caused by cyclic strain are also presented for heat-treated (quenched) 3CR12 

steel wire. 

Table 4.17. Hd.rdneo;s measuremenls of drawn and quenched 3eR12 steel wire 

Hardness 25 HV Fatigue Conditions Hardness 25 HV 

DrawnlQUI'mChed After fatigue 

Annealed 150 R _ O.22 N - 120,OOO 180 

Strain 0.09 183 R-0.048 N _300,000 205 

Strain 0.37 220 R- 0.048 N-300,OOO 230 

Strain 0.47 234 R- 0.048 N - 300,000 No changes 

Strain 0.68 246 Not teo;ted Not tested 

Quenched 246 R- 0.048 N - 700,000 250 
--- - - ... __ ... _-

"'" 
·1 "" > • • x • • "'" , • 

" '''' ! • • • • 0 • '00 • x 

'" , , , 
'" '" '" ",' '" '" '" Drawing Strain 

o DraINIng .a. Drawing arid Fatigue 

Fig.4.104. Hardness measurements of 3CR 12 steel wire 
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The annealed and lightly drawn wire samples were hardened by fatigue cycling. 

The biggest increase was ob>erved in annealed wires where the hardness 

increased from 150 I-IV25 to 180 HV2S. Cyclic hardening is attributed 10 the 

work hardening of the ferrite matrix. 

the measuremerlls also show that the hardrless of the ferrite/martensite 

microstructure obtained by quenching in oil was not changed by cyclic strain, 

Table 4.17. 

4.3.5. Fractography of 3CR12 Steel Wire 

4.3.5.1. Static Tensile Fradography 

Static fracture surfaces were investigated in the pre-notched wire samples drawn 

to different strains, ranging from 0.09 to 0.47. A lransgranular ductile mooe is a 

common mode of failure for :KR12 wires drawn (0 all strains which are shown 

in rigs4.10S.-4.106. 

Fig.4.105. Scannjng electron 
micrograph displays the 
general view of highly drawn 
JCR 12 steel wire subieded to 
the t!:'nsile test 
Cond-ti0fl5; 
JCR12 wire drawn 10 V.47 
strain, pre-nolched and 
subiecled 10 Ihe {ensile le51 at 
slfain rale of 0.001 s·' 
Not!:': Arrow indicates splilling 

Examination of the fracture surfaces of drawn 3CR12 steel wire show that 

longitudinal splitting wa5 partially present only on the highly drawn wires, at 

0.47 strain. 

Chapter 4 - Results - 3CR 12 Steel Wire 
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Fig.4.106. SEM image obse/ved 
al higher magnification shows 
the dimplf:'5, resulting from 
microvoid formation and 
(Oalf:'5r;em;e. 

Fracture mode; 
Transgranular ductile mode 

4.3.5.2. Fatigue Fractography of 3CR12 Steel Wire 

The fatigue (Tar:k growth characteristics and the fracture mode of 3CR12 

corrosion resistant steel have been examined in terms of the influence of drawing 

strain between 0.09 and 0.47 subjected to fatigue at two different load ratios of 

R- O.04Band R- O.22. 

Several different fracture modes, such as a fine 'feathery' transgranular 

appearance - mode A, quasi cleavagC5 mode - B, and mode C - striations were 

observed. 

Figures 4.1 07.-4.108. show the typical fatigue modes observed in wires drawn to 

0.09 strain. 

A transgranular ductile mode was observed in both low and high crar:k growth 

rate regions. Also, the proportion of intergranular facets is large in the region 

dose to the threshold stress value and they represent slow fatigue propagation. 

Fatigue striations have been noticed in the low crack growth region in the lightly 

drawn 3CR12 steel wires, which is very unusual/or this region of the fatigue 

crar:k growth. They are usually rC5tricted to small areas, with an approximate 

size of 15 microns, which corresponds to the size of a grain and very often they 

are cbservable in the neighbourhood of the cleavages, ~ ig.4.108.(a). 

Chapter 4 - Results - 3CR12 Steel Wire 
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fi •. 4.107. Ffacillre mode 01 
3CR 12 letfUir:; steet wife 
drdwn!O a /(N.I5train of 0.09. 
SfM micrograph Sll0\l\f5 tile 
image close to th~ 

~ neaHilreshold reg;OJI. 
Arrow mdic.:lICS the nOlch 
position. 

fig.4.108.(b). SEM mic:tOgraph, 
Iligll magluricdlion, showing 

lI,e 'slfiaflCNI area' rielle/oped 
durins iiJ{igue of JCR 11 slrei 

I aligue conditions: 
LOdd Ratio R- O.048 
Number of cycles: 
N-IO,OOO 

Chapter 4 - Results - 3CR' 2 Ste{"1 Wire 
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Wire specimens drawn to higher strains showed different fatigue fracture modes. 

The preserK;e of 'cleavages' was also observed in the highly drawn wire samples 

which were subjected to high cyclic stress (at a load ratio 01 R- 0.048) and near­

threshold fracture regions are very rough and consist of cleavages and coarse 

ridges. A transgranular ductile mode was observed in the near-threshold region, 

when the samples were subjected to a low stress level; for example, at a load 

ratio of R- O.22 and the presence 01 cleavages was not observed. 

The frac1:ure surface of wire tested at a load ratio of R- 0.22, shows a much 

smoother appearance particularly in the near-threshold region, where the fatigue 

crack grows in a ductile manner. 

figures 4.109.-4.110. show the typical fracture surface of wire samples drawn to 

0.47 strain, tested at a load ratio of R-0.048. 

_.-~ Fig.4.109. Fractograph taken at 
po.lition dose to threshold 
Fatigue conditions; 
Load Ratio R -0.048 
LlK _ IV /MPa mr 'C] 

3CR 12 steel wire drawn to 
0.47 strain 
Arrow indicates the direction 
of the crack propagation 
Fracture mode: 
Mode A-ductile transgranular 
Mode B-cleavages 

Two diffefent fracture modes wefe observed in the near-threshold region of 

highly drawn wire samples (strain of 0.47): namely, transgranular dlK.1:ile mode 

and cleavage. Similar fracture modes were observed in the linear regime of the 

fatigue crack propagation. Striations were not observed in highly drawn wires in 

the mid-range of the fatigue crack growth. 

Chapter 4 - Results - 3CR 12 Steel Wire 
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FigA.110. SLM micrograph 
at .1,1( _ 20 [MPa mI." ] 

Load ratio R - 0.048 
(drawing strain £ - 0.41) 

SfM micrograph shows 
very coarse ridges and 
cleavages, in the linear 
regime of the fatigue crack 
growrh rate of 3eRI2 steel 
drawn wire 

'"' 

Figures 4.111.-4.112. show fraclure surface of 3eR12 steel wire, at a load ratio 

of R- 0.22. Scanning electron micrographs taken at a position close to the notch 

shows a smoother fracture surface with transgranular ductile mode, and no 

cleavages, as shown in Fig.4.111. 

Fig.4.1 1 1. SFM taken at the 
fracture surface of 3CR 12 
steel wire drawn to a strain 
of 8- 0.47 
LoadratioR - O.22 
.1,1( _ 10 [MPa m;/l] 

Arrow indicates the notch 
pmition 
mode-A, tran5granuiar 
ductile mode 

Figure 4.112. shows the typical fatigue fracture surface of the drawn 3eR12 sle",1 

wire (strain 0.47) in the linear regime of the crack growth rale. Coarse ridges 

and the presence of the cleavages are characteristics for this regiOil of the fatigue 

crack propagation. A great similarity was observed between the fracture 

Chapler 4 - Results - 3CR 12 Steel Wire 
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appearance of light and hard drawn wires, in the Paris region of the fatigue crack 

propagation. 

Fig.4.112. FraClure surface at 
L1K - 25 {MPa m'!'l 
LoadratioR-0.2 
strain 0.47 
Arrov.' indicatC5 the direClioll 
of !he crack propagatiOil 

FraClure mod> in the mid" 
range of the fatigue Cfdck 
propdgation: 

c~,~~~ ;r;idgc~ dnd cleavagcs, 
si load ratio R _ 0.2-

T\"w fracture surfaces observed on unnotched dual phase 3CR12 steel wif"(' 

subjeded to cyclic strain is shown in Figs.4.113.-4.11S. 

Fig.4.H3. SEM micrograph 
taken of dual-phase 3CR 12 
steel wire subiected to cydic 
strain 

Conditious; 
Smooth 3CR' 2 stccl wirc 
(anfJ€aled and quenched dt 
950' C) dnd fatigued 

Region close to fatigue crack 
initiation shows d large 
amount of 'tyre tracks' 

Chapter 4 Results - 3CR 12 Steel Wire 
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'"' 
These micrographs show fracture modes which are very diffeH"nt compared to 

the modes observed in cold drawn 3CR 12 51f'el wirf's. Both Iransgranular ductil!;' 

fracture together with areas of 'lire tracks' arc observed. These 'lyre tracks' have 

been described in high strength metastable austenitic steels as rubbing marks or 

striations by other workers [42J. Due to the fact that these features are present to 

a greater extent in thl;' qut'nched than the In tht' drawn condition and that the 

quenched fatigue strength is significantly higher, it is reasonable to as>ume that 

the 'tire tracks' are characteristic of slow crack propagatiOll. 

Fig.4.114. A higher 
magnification of dudl-phase 
3eRI2 steel wire fractured at 
th" load ratio R. 0.05. 
fracture modes: 
-Typical 'tyre tracks' 
-Trall5granuiar ducrile mock 

Note: Arrow indicates the 
'tire tracks' feature 

Fig.4.115. SFM fractograph 
taken in rhe higher stress 
intensify region, showing a 
very rough appearance. 

CondiljQns: 
Load ratio R -0.05 
N - I60,OOOcycles 

Fracture marie; mixed 
(coarse ridges and dimples) 

Chapter 4 - Results - ]CR12 Steel Wire 
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l.bI~ S. I. SI.lI/C and faugu .. PI'Opf!t1Je5 of AI51 J04 Slainl .. ss Sleet High carbon .:m<l JCR' 1 Sleel Wir .. s 

51"" Drawing Stalic Mechanical Properti~ Smooth Nolched Changes 
Wire St ... in Fatigue Faliflue after 

Limit Limit FatiglK' 
UTS Yield Hardness Microstructure 0_. 0_. 

[MPil.l [MPa] HV 25 rMPa] [MPa] 
Slight 

Ijillb !;;a[Ooo SI~[ 1.82 1982 1546 465 Pear li te 800 63U Soften ing 
Drawn ..... _._ .. _ . .. __ . ............... _._. .._ .. _ -- . ............• 

AISI 31M Steel 
Annealed 0 ..,2 267 160 AuSien ile " 0 21S HarderlOO 

Drerwn 0.09 752 '"0 192 1+U··8% 320 320 Hardened 
Drdwn 0.238 , .. " 810 310 1+0.'- 161- "1 420 Hardened 
Drawn 0.37 1060 995 360 J + a '-2u1- 498 460 Hdrdened 
Drawn 0.52 1247 1100 41 0 1+ 0. '-32% 610 503 Hdrdened 
Drawn 0.58') 1346 1137 465 1+0.'-36% 650 630 Hardened 
Drawn Comm. 1550 1260 465 1.+ u'-) 0% 660 650 None 

3C81l ~1!:!::I 
Ann('a led 0 442 250 150 Ferr ite 130 Hardened 

Drawn 0.09 51' 4 69 183 Ferrrte 230 Hardened 
DCdwn 0.37 635 603 220 FerTi le 300 Harderred 
Drdwil 0.4 7 ..., 607 1]4 Fe«i le "0 Hardened 

()~rawll 0.68 738 6117 246 Felll le 
uenched ° 24' Mart . + Fernle 480 470 No~ 
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Table 5.2. AISI 304-Austenitic Stainless Steel vs 3CR12-Ferritic Steel 

Dia. UTS Yield Strength Load Ratio 

mm (MP) (MPal 

AISI-304 4 0.09 752 

KR12 4 0.09 516 

~ FCG ~ ~atigue Crack Growth 

3-Darl Prched 
"rea 

l-FaHgl.H' crack 

2-' ACCLJmu lated pla,nc 
'train' zoo~ 

480 

469 

l 

R 

120180 

120/80 

1 
Acr 

• 

j 

fatigue 

o,JR Response 

0.42 

0.43 

~CG· 

FCG+ 

Yielding 

4·Plastic Yi~ldi"g dt 
back side 

Fig.S.l. Schematic of accumulated strain distribution and plastically defonllcd 

'?one at the crack tip, in low strength 3CR' 2 -ferritic steel wire 

Chapter 5 - Comparative Discussion 
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Figure 5.3. shoVllS the fracture surface of low strength 3CR12 steel wire which 

consists of three distinctive regions: a) region 1-fatigue crack growth, b) region 2-

plastic tearing area, and c) region 3-final ductile fracture. 

Fig.5.l. SEM micrograph of 
fractured surface in lightly 
drawn 3CRI2 steel wire 
(drawing strain 0.09) 
Fatigue conditions: 
Mean stress:120 MPa 
Amplitude:BO MPa 
Arrow ~h()ws the different 
I"Cglons. 

A explanation for lhis phellomenon is based upon the formation of a large plaslic 

strain zone at the crack tip. The material work hardens very rapidly in a large 

plastic zone ahead of the crack, which reaches the tensile strength of the material 

quickly and yielding then occurs ahead of this Tone i.e. OIl the back surface. 

The reduction of cross sectional area of the wire sample and consequently a 

higher level of applied stress is the reason for the plastic deformation of the 

material on the side opposite the notch. A schematic drawing, Fig.5.2., shows 

the plastic TOIles revealed by etching, which is a typical example of the 

overloading in low toughness materials. 

fhe high concentration of plaslic strain in front of [he fatigue crack revealed by 

etching is shown in Figs.SA.-5.S. The applicalion of a different etchant also 

shoVllS that as a faligue crack starts to grow the plastic TOIle increases in size and 

overloads occur, Figs.S.6.-S.7. 

Chapter 5 - Comparative Discussion 
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The hardness was measured in the plastically deformed crack tip region as 

HV25 - 230, compared to the hardness of the base material, HV25 - 180. 

An increase in hardness was also observed in the deformed zone formed at the 

backside, opposite to the nctch, (labelled 4) to HV2S - 21 O. 

Optical micrograpil of 
3CRI2 steel wire 

to fatigue sholM" 
I in 

of the crack 
;~;;;~ indicates position of 

FigS.5. Strain coocentration 
in from of fatigue crack tip 
(high€r magnification) 
Etchant;CuSO. + methanol 

Conditions; 
3CR 12 steel Wire drawn to 
0.09 strain 
Fatigue condition: 
""m - 120 MPa, ,,". - 80 MPa 

Chapter 5 - Comparative Discussion 
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Fig.5.6. Plastically deformed 
Lone formed ahead of uack 
(labelled 2 in Fig.S2.) 

ctcilam: 
(HCi + NH.F.HF +K5,oJ 

Fig.5.7. Deformed Lone at 
the side opposite of notch 
(labelled 4 in Fig.S2.) 

These fracture mooes in 3CR12 differ to thl"Se in the AISI 304 stainless steel. It 

was found, for example, that fatigue striations appear in low strength 3CR 12 wire 

samples, in the near-threshold region, whilst striations appear only in the linear 

regime of crack growth of AISI 304 stainll"SS steel. It was also found that the 

cleavage mode is involved in high strength 3CR12 steel in the near-thr('shold 

r('gion only at high cyclic stress levels. Both fatigue frat1ure mooes suggest low 

fatigue resistance of arlnealed and drawn 3CR12 steel. 

This also shows the effect of microstrucrur(' of different materials on the failure 

mode. However, the cleavage mooe of fatigue fracture was not OOs('rved in high 

strength AISI 304 stainless steels. 

Chapter 5 - Comparative Discussion 
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