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Abstract 

The aim of the EngD was to identify if cost effective compositional adjustments can be made 

to a commercial high carbon steel to retard or even eliminate the strain ageing reaction 

observed in cold drawn high strength wire. This was tested via the production of a set of 

experimental steels, with systematically varied compositions, identified after a literature 

review, discussions with British Steel on previous work/experience and thermodynamic 

modelling of the cementite stability. The experimental steels were produced in a vacuum 

induction melt furnace to ensure precise control over composition, forged and hot rolled to 

rod. The rod samples were then heat treated to the appropriate starting microstructure (fully 

pearlitic) and drawn to wire. The set of experimental steels were artificially aged and tested 

alongside a commercially produced steel wire for comparison. A selection of available global 

and localised experimental techniques was used to characterise the strain ageing response: 

DSC, Torsion and Tensile Testing, Magnetic Sensors,  (S)TEM and APT. 

 

Generally, high variation was observed during testing. The heterogeneous pearlitic 

microstructure following severe plastic deformation and the subsequent strain ageing 

response leads to localised regions of enhanced cementite dissolution, which leads to 

variation of mechanical properties during testing. Differential scanning calorimetry 

measurements suggested a nickel addition may partially delay the initial stage of strain 

ageing. Magnetic sensor measurements showed clear differences between steel 

compositions, although the differences cannot be exclusively attributed to the strain ageing 

response, as the redistribution of alloying elements or carbide precipitation is likely 

contributing. 
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Chemical analysis of carbon resulted a great deal of measurement error, which made accurate 

determination of carbon concentration challenging. Measured differences between steel 

compositions in the carbon concentration of cementite were attributed to error and 

experimental variation. Significantly more chemical analysis data is required to ascertain if 

alloying elements can improve cementite stability with strain ageing. However, energy 

dispersive x-ray spectroscopy suggested carbon may be segregating to dislocations, which has 

also been reported in the literature. Thus, suggesting a dislocation based mechanism of 

cementite dissolution may be active. 

 

The effects of silicon, nickel, cobalt and vanadium on the strain ageing kinetics require further 

characterisation over a wider range of drawing and ageing conditions to determine their 

suitability for commercial use.  However, when considering the improved ductility of a nickel 

containing steel shown in section 3.1 - British Steel R&D Study - Influence of Nickel on Pearlite 

Stability and the potentially delayed initial stage of strain ageing, as observed by DSC 

observations (Figure 6:1), a nickel addition may in fact have a minor beneficial effect on 

torsional ductility with strain ageing. Reducing manganese content as much as reasonably 

achievable is also recommended. Therefore, alternative alloying additions may be required 

to meet tensile strength specifications. Silicon may be a suitable alternative. Vanadium is also 

effective at increasing tensile strength and may be suitable. Vanadium carbides or nitrides 

may provide alternative strengthening following the dissolution of cementite, or where 

amorphous cementite is present following severe wire drawing. 
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1 Introduction 

The exceptional mechanical properties of nanostructured drawn pearlitic steel wires have 

been extensively documented and reviewed [1]. As such, steel wire products are often used 

for safety critical applications such as bridge wires, mooring cables, lifting ropes, tyre 

reinforcement and automotive springs. However, pearlitic wires are susceptible to a 

detrimental change in mechanical properties over time in service. This is known as strain 

ageing. The initial stages of strain ageing increase the strength and crucially, reduce the 

ductility of the drawn wire, which can lead to premature failure in service. 

 

Strain ageing is an issue for manufacturers and end users of wire products. Processing 

parameters such as drawing speed, temperature and reduction schedule all influence the 

severity of the strain ageing response. Therefore, strain ageing forces manufacturers to 

operate at reduced production efficiency, increasing manufacturing cost. For end users, the 

possibility of a premature failure in service requires monitoring and for certain applications, 

periodic replacement of wire products.  

 

The underpinning mechanisms of strain ageing remain unclear. The heterogeneous 

dissolution of pearlitic cementite lamellae has been extensively reported, during and after 

wire drawing. The redistribution of carbon atoms which occur due to cementite dissolution is 

believed to drive the change in mechanical properties. Cementite dissolution has been 

confirmed with a number of experimental techniques. What is driving the cementite 
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dissolution, however, remains an open question. Several mechanisms have been proposed, 

but none are universally accepted. 

 

An increased understanding of strain ageing would be advantageous for manufacturers and 

end users. The changes in microstructure which occur due to strain ageing also impact work 

hardening rates, limiting the development of wires with increased strength. There is a strong 

drive in markets such as automotive tyre cord reinforcement to increase strength. Increased 

strength would provide a weight saving, improving fuel efficiency. Wires with more stable 

properties could increase the service life of wire products, which is especially important for 

certain applications, such as lifting ropes. Whilst the cost of replacing a rope is not always 

significant, machine or platform downtime can result in severe costs to end users. 

 

The variety of experimental approaches, rod production methods, wire drawing parameters 

and heat treatments make combining published results on strain ageing a challenge. The 

heterogenous nature of strain ageing inherently produces large variation, especially in high 

resolution or atomic scale techniques. A number of variables have been shown to influence 

the rate of cementite dissolution. Initial pearlitic microstructure, for example, has been 

shown to influence the amount of cementite dissolution. Increased wire drawing speed and 

temperatures have also been shown to increase cementite dissolution. Studies on 

composition are often limited to one or two variations in alloying elements and are targeted 

for specific applications. A comprehensive review of the influence of composition is yet to be 

completed. Hence, this EngD will attempt to isolate composition as a variable and study its 

effect on the strain ageing response of a wire.   
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1.1 Aims & Objectives 

 

The aim of the EngD research was to identify if compositional adjustments can be made to a 

commercial high carbon steel to ascertain if steel composition can influence or retard the 

strain ageing repose of a wire microstructure.  The influence of composition was assessed via 

the production of several experimental steel compositions. The experimental steels were 

characterised alongside a commercially produced steel composition for comparison.  

 

The composition has been selected as the focus of this research due to the following: 

¶ Investigating the influence of composition may lead to a better understanding of strain 

ageing and initiate the development of alloys more resistant to strain ageing. 

¶ A study of composition may reveal which mechanisms of strain ageing are dominant. 
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2 Literature Review 

This literature review has 3 main objectives. To review the current understanding of strain 

ageing, to identify effective experimental techniques used to characterise strain ageing and 

to identify alloying elements which may influence the strain ageing response. As several 

features of the microstructure and the production of steel wires has been correlated with 

strain ageing, wire production and drawn pearlite must be discussed before delving into strain 

ageing. 

2.1 Steel Wire Production 

To produce steel wire, a cast bloom or ingot must first be hot rolled to rod via reaustenitising 

and hot rolling to the required diameter followed by controlled cooling through the austenite 

to pearlite transformation to produce a randomly orientated pearlitic microstructure. Both 

the austenite grain size and cooling rate influence the transformation kinetics and hence 

microstructure of the finished rod. The majority of rod feedstock is utilised for wire 

production, whereby the rod feedstock is drawn through multiple dies of reducing diameter 

to produce the desired diameter of cold drawn wire. 

 

Prior to wire drawing, rod must be descaled, cleaned and coated. Rod is either mechanically 

worked (rollers and brushing) or acid cleaned (pickled) to remove scale. A phosphate coating 

is then added for temporary corrosion protection and a carrier to promote adhesion of 

drawing lubrication prior to die entry. If corrosion protection is required, a further cleaning 

and coating process is required after wire drawing. Wires can be coated in polymers or metals 
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to provide corrosion protection. Hot dip galvanising is commonly used to coat wires. This 

procedure dips wire into a bath of molten zinc, up to 450ᴈ, for short periods of time. 

 

For high strength applications relevant to this research, steel compositions are generally near 

eutectoid composition or hyper eutectoid. A commercial steel grade for wire drawing usually 

contains a manganese addition between 0.5-0.8 wt.%, to reduce the adverse effects of 

sulphur, but also to improve hardenability. Improved hardenability can influence 

transformation kinetics to produce finer pearlitic microstructure, which increases tensile 

strength. Silicon and chromium are also common alloying additions, used to improve the 

tensile strength of as drawn wire.  Commercial steel grades for wire drawing generally contain 

low levels of alloying additions. Richer compositions can affect drawability and the work 

hardening rate of the material during wire drawing. Poor steel cleanliness can result in 

inclusions, which lead to wire breakages during wire drawing. 

 

2.2 Drawn Pearlitic Steel Wire 

Pearlite is essentially a composite material, made from alternating lamellae of ferrite and 

cementite. Ferrite is the relatively ductile body centre cubic (BCC) phase of steel. Cementite 

is much harder, due to its composition and atomic bonding and has an orthorhombic crystal 

structure [2]. The stoichiometric composition of cementite is 3:1 Fe:C (ὊὩὅ). The mechanical 

properties of each phase contribute to the overall exceptional properties of near eutectoid 

drawn pearlite. 
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Cold drawn pearlitic steel wires can achieve exceptional strengths of up to 5GPa whilst 

maintaining reasonable levels of ductility. Wire drawing is a cold deformation process and so 

work hardens the material, refines grains and produces a strongly textured microstructure.  

 
 Figure 2:1 - Rod microstructure prior to wire drawing. 

 

 
Figure 2:2 - Texture development during wire drawing, micrographs taken during preliminary EngD study. 

 

Pearlitic lamellae realignment towards the drawing direction also changes lamella 

morphology. Pearlite grains which are orientated within 30-60Ј of the drawing direction 

generally realign with minor bending of lamellae and subsequently undergo thinning [3]. 

Pearlite grains which lay between 60 and 90Ј to the drawing direction undergo the greatest 

degree of realignment, often resulting in buckling or fragmentation of cementite lamellae [4].  
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Figure 2:3 - Variation in  pearlite realignment based on initial orientation to drawing direction [4]. 

 

Whilst Fang et al. demonstrated with XRD the development of the (110) texture in ferrite is 

not fully completed until a drawing strain of 2.0 [3], 97% of lamellae are realigned to within 

30Ј of the drawing direction at a drawing strain of 1.5 [4]. Therefore, the microstructure is 

considered predominantly realigned towards the drawing direction at a drawing strain of 1.5. 

Above a strain of 3.7, Zhang et al. reports a limit of lamella refinement as cementite lamella 

thickness approaches the critical edge length of a cementite unit cell, 0.6nm. A significant 

change in lamellae morphology is also noted at such high drawing strains, the lamellae 

become predominantly platelets which are distributed along the interphase interfaces [4]. 

This change in microstructure is brought about via the dissolution of cementite lamellae 

during and after wire drawing. The driving forces behind cementite dissolution are unclear, 

although cementite dissolution has been correlated with the change in mechanical properties 

which have been observed with strain ageing. Cementite dissolution will be discussed in 

section: 2.5 Cementite Dissolution. 
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The bulk properties of cementite are known to be brittle with a limited capacity for slip or 

plasticity. However, the ability of cementite to plastically deform within a steel microstructure 

has been reported since the 1960s [5][6]. More recently, Fang et al. completed 

comprehensive HRTEM analysis of cementite deformation in pearlitic drawn wire. Fang et al. 

summarised the findings in the following way: for low strains, deformation is controlled by 

dislocation motion from adjacent ferrite layers through a coherent interface, creating many 

sub grains within cementite at the interface.  Higher drawing strains reduced the coherency 

of the ferrite cementite interface, increasing accumulation of dislocations at the interface. To 

further accommodate deformation, the newly formed cementite sub grains at the interface 

slip and rotate providing a much greater ductility that bulk pearlite has the capacity for [7]. 

This mechanism of cementite deformation is summarised in Figure 2:4 and Figure 2:5. 

 
Figure 2:4 - HRTEM image of ferrite cementite interface [7]. 

 
Figure 2:5 - a. Undeformed cementite, b. low-strain deformed cementite and c. heavily deformed cementite [7]. 
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Whilst the sub grains present at the interface can be clearly seen in Figure 2:4, the mechanism 

responsible for the rotation of cementite can be much more simply explained. Borchers and 

Kirchheim suggested dislocation motion across the interface alters the orientation slightly [1]. 

The inherently different slip systems in ferrite and cementite mean dislocations must change 

slip systems whilst moving across the interface, resulting in individual changes to the 

orientation of each phase. With increased drawing strain the accumulation of slight changes 

in orientation, manifests as changes in overall orientation relationships between ferrite and 

lamella cementite. 

 

During wire drawing, a wire microstructure also undergoes changes in the transverse cross 

section of a wire, as shown in Figure 2:6. Pearlite grains begin to curl under bending and 

stretching [8]. Curling can appear as inconsistent lamellae spacing as show by Guelton et al. 

in Figure 2:7 [9]. This effect can also be seen in Figure 2:8. 

 

 
Figure 2:6 - Transverse cross section of a drawn wire undergoing curling of pearlite grains due to wire drawing [8]. 
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Figure 2:7 - Curling resulting in apparent lamellae spacing variation [9]. 

 

Lamellae thickness is drastically reduced during wire drawing. Even a relatively mild drawing 

schedule (‐  2) can result in an interlamellar spacing as fine as 50 nanometres.  
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Figure 2:8 ς Brightfield STEM micrograph of drawn pearlite (‐=2.03). 

 

The thinning of lamellae during drawing increases the interfacial free energy per unit area of 

cementite lamellae. The differing mechanical properties and slip systems between ferrite and 

cementite results in complex interface interaction and results in areas of increased localised 

plasticity throughout the microstructure. Plastic deformation, therefore, increases both the 

surface area and produces a great deal of variation in lamella morphology, as shown in Figure 

2:9. 

 

1  µ m1  µ m
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Figure 2:9 - 180Ј Clockwise rotation of atom probe tomography approximation of cementite lamellae morphology (7 at. %C 

iso-surface). Image corresponds to atom probe data set shown in Figure 5:36. 

 

Heterogeneous plastic deformation results in differing orientation relationships (OR) 

between ferrite and cementite. The three most commonly observed are: 

 

The Isaichev OR [10]: 

 

ρπσᴁρρπ     πρπᴁρρρ     σρρπȢωρЈ Ὢὶέά ρρρ  

 

The Bagaryatskii OR [10]: 

 

ππρᴁρρς     ρππᴁπρρ     πρπᴁρρρ  

 

The Pitsch-Petch OR [10]: 

 

ππρᴁυςρ     ρππςȢφρЈὪὶέάρσρ     πρπςȢφЈὪὶέάρρσ 
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However, Zhang et al. report these orientation relationships have been determined by 

selected area electron diffraction, where experimental error can be as large as σ υЈ. 

Zhang et al. suggest that in fact, these are inaccurate. Zhang et al. used convergent beam 

kikuchi line diffraction patters to confirm the Isaichev orientation relationship, whilst 

identifying several new orientation relationships, concluding the two most commonly 

observed, the Pitsch-Petch and Bagaryatskii orientation relationships, probably do not exist 

[10]. Kim et al. also confirmed the Isaichev OR, a near Bagaryatskii OR and near Pitsch-Petch 

OR. The interfacial energy associated with each OR differed. The possible orientation 

relationships further contributing to variation in lamella and interface morphology, as 

orientation relationships effect the Burgers vectors and spacing of dislocations at the 

interface [11]. 

 

Another key feature of wire drawing is the generation of a high dislocation density in the 

microstructure. Differing slip systems in ferrite and cementite results in dislocations 

accumulating at the ferrite/cementite interface. Dislocation motion between ferrite and 

cementite is influenced by the orientation relationship between ferrite and cementite 

lamellae.  This barrier to dislocation motion is partially responsible for the excellent strength 

of drawn pearlite. Severe plastic deformation results in a great deal of energy being stored in 

the microstructure, estimated to be in the order of GPa [12]. As wire drawing strain increases, 

ultimate tensile strength and yield strength also increase, but so does the severity of the strain 

ageing response. 
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2.3 The Strain Ageing Response 

Strain ageing is defined by Watté Ŝǘ ŀƭΦ ŀǎΥ ά¢ƘŜ ŎƘŀƴƎŜ ƛƴ ƳŜŎƘŀƴƛŎŀƭ ŀƴŘ ǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ 

ƻŦ ŀ ŘŜŦƻǊƳŜŘ ǎƻƭƛŘ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƛƳŜ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜΦέ [13]. Note, strain ageing is 

referred to as unintentional ageing in some studies. Time and temperature both contribute 

to the change in mechanical properties. Strain ageing occurs at room temperature and even 

when wire is kept in a freezer. Freezing wire samples can slow the strain ageing response but 

does not stop it entirely. Elevated temperatures accelerate the strain ageing response. Strain 

ageing which occurs during the wire drawing process is referred to as dynamic strain ageing. 

Strain ageing which occurs after production, i.e. when the product is in storage or service, is 

known as static strain ageing. 

 

Strain ageing causes the mechanical properties of a wire product to change in service. As a 

wire strain ages, a substantial increase in yield strength and a loss of ductility occurs, a slight 

increase in UTS has also been reported [14]. When a rope is under tension in service, 

individual strands become more brittle and become more susceptible to fracturing due to the 

shearing forces generated from the interactions at wire cross-over points within the cross 

section of the rope. Therefore, a reduced ductility during ageing can make individual strands 

and even the full rope susceptible to premature failure. After the initial increase in strength, 

the microstructure softens leading to the recovery of mechanical properties, eventually 

producing an over-ageing effect, whereby the strength is lower and ductility higher than the 

original as-drawn properties immediately after wire manufacture. As the strain ageing 

response is also dependent on temperature, the coating of wires for corrosion resistance, 

such as galvanising, can involve short periods of exposure of the steel wire to elevated 
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temperature up to  450ᴈ, further enhancing the strain ageing response of a wire. Post 

drawing heat treatments differ between studies and affect the evolution of the wire 

microstructure significantly [15][16][17]. 

 
Figure 2:10 - Illustration of the change in mechanical properties with strain ageing. 

 

During production, manufacturers have found that the wire drawing parameters could 

influence the severity of the strain ageing response. More severe drawing speeds, 

temperatures, drawing schedules, die designs, lubrication (or lack of) and alignment all 

contributed to the as-drawn properties and ageing sensitivity [14][18]ς[20]. Hono et al. 

reported at a drawing strain of 5.1, cementite decomposition is complete [21]. Thus, a balance 

must be achieved between the need to slow production to reduce ageing sensitivity and 

maintain high production efficiency, to reduce manufacturing cost. As such, wire drawing 

parameters remain closely guarded secrets of manufacturers. 

 

Initially there were significant improvements to be obtained from wire drawing technology. 

Crucially, cooling during wire drawing reduced ageing sensitivity and improved the as-drawn 

properties of wires. Direct cooling during wire drawing was initially difficult and costly to 
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implement, with trials utilising water and air directed onto the wire but  modern wire drawing 

machines now utilise water cooled capstans and water cooled drawing dies, so that the 

cooling water does not come into direct contact with the wires. This avoids the difficulties of 

direct cooling on the drawing lubricant and the disposal of contaminated water [19]. This has 

proved a very effective method and is universally adopted for modern wire drawing machines. 

 

The redistribution of carbon atoms has been correlated to the change in mechanical 

properties [22].  Carbon-dislocation interaction and the dissolution of cementite lamellae play 

a key role in the redistribution of carbon atoms [1]. The pinning of dislocations by interstitial 

atoms in the ferrite in the pearlite (both C and N) are thought to be responsible for the initial 

increase in strength. Carbon atoms are the most numerous and are therefore predominantly 

responsible. The dissolution of cementite lamellae during strain ageing significantly increases 

the number of carbon atoms available to pin dislocations. Initially, minor cementite 

dissolution occurs combined with the interstitial carbon solid solution in the ferrite which 

diffuses to and pins dislocations. This has been referred to as the first stage of ageing [13][14]. 

Further cementite dissolution, which begins immediately upon drawing, depletes the pearlitic 

cementite lamellae of carbon atoms, feeding carbon into the ferrite, producing a 

supersaturated state. This process has been referred to as the second stage of ageing 

[13][14][22].  As pinned carbon atoms begin to cluster and form carbides, dislocations are 

freed and the microstructure softens, which eventually leads to an over ageing effect. This 

has been referred to as the third stage of ageing by some authors [14]. Carbide formation 

eventually leads to an over ageing effect. 
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Figure 2:11 - Carbon-dislocation interaction illustration [23]. 

 

Steps 1 and 2, in Figure 2:11, show the increase in strength and partial dissolution of 

cementite. Step 3, in Figure 2:11, shows carbon clustering and the recovery process.  
















































































































































































































































































































































































































































































































































































































































