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Large-diameter, high-strength, hot-dipped galvanized wire
is utitized i & variety uf Jpp!itdm)ll‘a such as mooring cables
and anchor Hies for the offshore ofl industry, the main cables
of suspension bridges, structural stay cables in civil engineer-
ing projects and roof bohs for the mining sector. While the use
of such higl-strength wire is well establishied. there is a drive
for enhancing the ultimate tensile strengtiy of the wire, thereby
impmvmn !Iu strength-to-weight ratio of the cables. Over the
past 25 years, the tii’\(l()[)l!l(’lﬂ of microalloyed steels along
with advances in sweelmaking and wire drawing praciice has
resulted in a pumber of incremental improvements in the U
{ultimate tensile strenpth) of high-strength galvanized wire, as
showr in Table 1.

Table 1. Strength Grades for 5.0 mm Galvanized Wire.

oo

Grade Min Tensile Strength
Kegfimm?® MPa
Normal Tensie (0.80%C) 160 1570
High Tensile (0.80%C-V) 180 1760
Super Tensite (0.90%C-V) 190 1860
Ultre Tensile (UHC-83-Cr) 200 1960

A number of carefully controlled processing operations are
utilized for the production of high-strength galvanized wire. At
Corus, the BOS plan pu)duus:hv liguid steel, which is con-
tinuously cast 1o blooms. These blooms are converted 1o biller
and supplied 10 the rad mill where the billets are reheated and
rolled down o rod ranging from 5.010 $hmu diameter.

The rod coils are supphied (o wire manufaciurers, such as
Bridon International Limited.. who draw the vod down w
vire, gabvanize and praduce the high-strength v
The mci feedstack can either be diree iy drawn 1 wire or heat
treated prioy 1o drawing to refine the microstructure
{pearlite}, thus maximizing the tensile strength.
This heat weatment, which is known as “patent
ing” consists of re-austenitising the rod followed
by quenching into a mohen lead bath to isother
mally transform the austenite 1o a very fine pearlitic
structure. Wire drawing takes place on multi-hole
drawing nchines with water-cooled dies and cool-
ing blocks in order to control the wire emperature
and minimize dynamic strain aging. The drawing
reduction per pass and drawing speed are carefully
selected for this reason. For fong-life d;:ph(.dlmm.
the wire is first drawn uncoated (bright wire} and
then hot-dip galvanized to provide a zine coating
10 a specified thickness for corrosion protection,
The resultant hor-dip galvanized wire can either
be stranded into cables or supplied as coils of wire
dependant on the application. A schematic of the
production rowe is shown in Figure 1
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generation in large-diameter, ultra-high-strength
(1960 MPa grade) galvanized UHC-Si-Cr steel wire.

The properties of the finished wire are influenced by strain
aping. which involves the diffusion of carbon atoms from the
cementite 1o the ferrite taths of the pearlite both during drawing
(dynamic) and galvanizing (static). This reaction is influenced
by microstructie, temperature, drawing schedule, 1otal draw-
ing strain and time at temperature’. The aging response can be
characterized by immersing as-drawn wire into a salt hath (s
rypicat gahvanizing temperatures) for a series of differentiimes,
and measuring the resultant strengeh and ducility. Typically, at
short immersion times, the carbon atoms are lm,kmg disloca-
tions, causing an increase in tensile strength and decrease in
{torsional) duml;l\' At longer times, the pinning acrion is lost
and the ductility recovers, with a corresponding decrease in
strength as shown in Figure 2.

This article presents the culmination of an extensive col-
jaboration henween Corus and Bridon International Lad. which
has resulted in the development of & new ultra-high swength
(with minimuns UTS of 1960 MPa (200 Kaffmiwd) galv vanized
wire product.

Steel Development for 1960 MPa Applications

Composition. To develop i new ultra-highe-sength gal-
vanized wire, a dewasiled undersianding of the metaliorg
required. Previous work had high E:Qa!w] the potential of an
uttra-high carbon steed with additions of silicon and chrosmium
{090 Wi C-0.60w19651-0.20wt%Cr). Therefore, this sieel
chemisiry was selected as the base composition. examining
three levels of silicon, as shown {in wi%) in Table 2

The high carbon coment of the steel is essvm;al 10 maxi-
mize the sucn"ih as 1t refines the peardite. Higher additions
than 0.90 wi'% would make the steel prone 1o procutectoid
cementite formation, which reduces the ductility/drawabiliny.
Chromium and manganese increase the steel’s hardenability,
Lo, reduces the temperature at which pearlite begins 1o ans:
form from avstenite, resulting in finer pearlite. which inereases
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the strength. Silicon improves the stength by solid solution
strengihening the fersite faths of the pm:luv Silicon is a ferrite
stabilizer and is thought w influence the aging characteristics
and hence the mechanical properties of the galvanized wire,
Exactly how this occurs is not elear, but it has been reported Fig. 2 - Schematic of aging response characieristics.
that sificon atoms partition 1o the ferrite laths and thus influ-
ence the kinetics of carbon atom migration during drawing and
galvanizing”*. The three silicon levels were selected in this
work I order o gain a betier understanding of the metalturgy
of this experimental grade and selear the optimum chemistry
for commercial processing.

Laboratory assessment of experimental melts. Small
taboratory vacuum mehs (60 keb were produced, cast to
ingots, forged to bilier, ralled 16 bar and ground to 10 mm rod
s‘m]plm This provided the material feedstock 16 carry out a
full simulation a1 Corus” RD&T research laboratories of the
conmercial production route described earlfier. Samples from
each stee] type were subjected 10 a shidaled patenting teast
ment. The samples were then drawn o 4.43mm diameter wive
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{B0%: wnal reduction of arca) on a Jaboratory single-hole draw

benclu A salt bath was then utilized o simulate the galvanizing T e e e m e e e ase

process. See Table 3 {or & susmmary. froepratass Tao 18 R9E v Unseoicen Tos 0% 1L
The aging response was also examined. using a salt bath ai Fig. 4 - Aging response on torsional properties.

both 450°C and 500°C, for different inunersion times, These _

data are shown in Figure 3 and Figure 4. oo e T
Fromi the lab assessments, i was found that Steel 3 exhily L 9 - R

ited the best combination of strength and ductlity. s addition, e 6120

the aging punw curves demonstrated that a high Siticon £

content (] 2wt Aerated the recovery of the torsional Fig, 5 g ou

ductility, with lite/no loss in UTS S during the ageing wials. TIT £ s

Therefore, Steel 3 was selected for conumnercial processing curves for )

to galvanized wire. UHC-Si-Cr o : 1 169

Comumnercial processing of experimental melts. In order o
assess  the composition of Steel 3 was suitable for commercial
production, & further two 60 kg vacuum melts were produced.  Table 2. Compositions of Experimental Steels,

These were forged and Elt)lm(f to niaich the cross-section of Stecl C Si Mn Cr
the billets rolled at ‘S(‘umlmrpe Rod Miil. The experimental ] 0.90 060 0.50 0.20
melts were then flash-butt welded onto the back ends of two 5 - . - ("'

high-carbon bilters and solled 1o 12 mim rod coils. This resulted < 0.90 0.90 0.50 .20
B two cotls of figh carbon materfal, with about 10 waps of 3 0.90 1.20 0.50 0.20
experimental UHC-SE-Crmaterial on the back ends. The coils
were delivered to Bridon for processing 1o galvanized wire
wider production conditions, : § Mool b T T s e

One coil was processed in the as-robled condition {direct _iad),
draven} to 5.0 mim galvanized wire, ainiing for a minimam UTS
of 1770 MPa (83% reductiond, The other coll was patented,
using revised conditions derived from faboratory vacuum
ditatometry work which demonstrated that the peardite nose

bog Nme, s

temperature was raised o -610°C, as shown in Figure 5. Coit 1§ Noof Rod : Tensile 1 Resolvable
- " . S No Tests, v | Condition MPa Dactility, % | Pearlite, %
The patemted material was drawn/gatvenized 1w 5.4 mm v 5 Ao Batiod ey A o
wire (80» 1'¢duclion}. aiming for the uloa-high strength of Ty 3 Potened 1345 5 ' 4
1960 MPa. Tria) data are sunmmarized in Table 4. Table 5
and Table 6. Tabte 5. Bright Wire Properties.
¢ tarpot U or palvar 4 N 3 ; Brawing UTS, Fensife ’ Reverse | Forsions (50d), o
The targer UTS for pabvanized wire manufactured through o R e | Donrte o | Betrs | (e ope)
the direct (i;d\m and patented routes were 1770 Nanm® and i 5 Y 1036 5 R T i
1960 Nimn’, respectively. These objectives were seento be 02 80 2030 SO .. e JEEAY

achieved. The tensile and reverse hend ductility was high
through both routes and good torsienal properties were recorded
for the patented coil, The poor 1orsional ductility of the direct

Table 6. Galvanized Wire Properties
‘Zn tayer included in Cross- Sectlonal Area.

No of Tests, n Tensite | Reverse
drawn coil was thought 10 be as a consequence of the high S MPs | Ductilite. % | Beaden
drawing strain utitized for the trial. twas noted thatthere was 1 §950 40
Hade foss in UTS after galvanizing, Continued... 3 oy T ToR T
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Development of Ultra-High-Strength Galvanized Wire & Cables ...continued

Assessment of C omnwrc;al Cast

A 300 teast of die 0.90 wisC- Kt asteet
was made at Scunthorpe works. This was cast 10 bloom, rolied
to billet and supplied to the rod mill for volfing 10 rod,

Rod production. A yange of rod diameters (810 13.5 mm)
were produced at Su_ml.hm;)(f Rod Mill. A summsary of the ten-
sile strength data fromithe as rolled UHC-Si-Crrod (slong with
that of a Vanadiam nsicroalloyed steel} is given in Figure 6.

Patenting. The suitability of the revised patenting condi-
tions (defined in earlier trials) was confirmed by the fully
pearlitic microstucture, as shown in SEM nur.‘l‘(w'l'a])h in
Figure 7. The patenting process was shown to increase the
UTS of the rad by ~ 100 MPa aver the as-tolled condition,
resulting in a 12 mm diameter rod having & mean strength of
~1450 MPa and a 1ensile due tility of 30°

(SRR
% _—
i,
e M“"W-'-wwm&».,‘
iy
%‘ 1356 e
ARILL .
m v
£ oo {
$rae o
IR
£4068 ¥ v ¥ g 't ¢
¥ % Y i 5] 3 14 I
Kod Bix.. moes

Fig. 6 - Comparison of as-rolled UTS of UHS-Si Cr

and V-Microalloyed steels.

Fig. 7 - Fully
pearlitic micro.
stryctare of
LHC-Si-Cr steel.

Wire drawing and galvanizing. Various drawing trials
examined the potential of this new grade for a number of apy
phications. For the purposes of this articte, the focus will be on
the pernanent moaring cable application. Typleally, permanent
mooring cables consist of a spiral strand construction campris-
ing of as of helically spun galvanized wires applied in
Ln as over a ceniral wire or seale core. Genesally, cach laver
is applied inthe atiernate direction 1o the layer below resulting
in a balanced construction, which does not rotate or generate
torque under axial loading. This is a quasi-static application-—it
is not a working rope mavelling over rallers or sheaves
load case is h.as:-d on arefatively high mean axial load with the
environmental conditions (ides, currents, wind, ete.} exerting
varving magiritude fluctuating loads at varying {requency. A
typical system can be in position in excess of 240 years, hence
tong-term fatigue porf‘m:namc is critical.

The objective of the ulra-high-strength wire development
was to improve the breaking load of the existing highest:
strength cable available (\an.admm microslioyed sieel} by
10%. Torsional ductility 1s not specified for such applications,
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but was recorded for information. The 12 mm patented rod
feedstock {UTS of - 150MPa) was drawn 10 5.20 and 4. 91
wire {af 814% and 839} at Bridon, and the resultant mechanical
properties are detailed in Table 7.

The bright wise was hot-dip galvanized to provide corrosion
protection, The mechanical properties of the galvanized wire
are given in Table 8,

Iy order 1o assess the influence of ¢ gahvanizing temperatare
on properties, a smadl coit of 4.891 I WiTe Was pal\«ml/v{i ata
slightly higher temperature than nonmal pracice. This resulied
in a reduction in tensile strength and reverse bend performance,
bul an improvement in elongation w fracture and torsional
ductility as shown in Table 9.

Therefore, iwas demonstrated that an excellent combination
of properties was aftainable. providing the wire was carefully
processed. The wire produced under standard galvanizing con-
ditions, as detailed in Table 8, was utilized for the subsequent
cable manufacturing stage.

Fatigue testing of single wire. The {atigue properties of &
cable are very important, as together with corrosion resis
they govern the lifespan of mooring cable systems. Therefore.,
in order 10 assess the fatigue pwhmnm(,(. of this new grade
agatnst thatl of existing grades, single wire fatigue ests were
carried out. This wa d out using a oad of « i the
guarsnieed UTS {GUTS), el 1960 M E s, with a series of dif-
ferent ranges/amplitudes. The data Trom the most severe tests
are shown in Table 10,

Table 7. Bnqhi Wire Propetties.

Mean UTS, MPa_ | Torsions (1004),
2095 33A
2100 294

Mean Reverse | Mean Elongation to |
Bends, 1 Frasture, %
st done 43
it %1

Fadurange
favel %

The findings from ihis work demonstrated that the Tatigue
properties of single wives of the new grade were acceptable as
failure did not occur A full cable was siso fatigue tested, as
discussed in a later section,

Cable manufacture and testing. The 1arget market for the
ultra-high sensile UHC-Si-Cr steel wive was spirally stranded
permanent mooring cabiles as shown in Figure 8.

102 mm diameter spivsl strand, with an anticipated break -
inge foad of 1145 metric ons, was produced incorporating the
Aciass galvanized wire manufactured utilizing the trial cast of
UHC-S-Crsteel, The spiral strand was comprised of a five-lay-
er sealed center manufaciured niilizing small-diameter wires of
standard grade, six Jayers of 5.0 mmdiameter wire (UHC-5-Cr)
and a final fayerof 5.3 mm diameter wire (UHC-S1-Cry. wotalling
321 individual wires. It is important 1o note that a commercial
product would cormprise of UHC-Si-Cr wire throughout, hence




