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RESEARCH OF ZINC COATINGS IN THIN MEDIUM CARBON STEEL WIRES

An analysis of the effect of drawing speed on the formation of a zinc coating in the multi-stage fine steel wire drawing process
has been carried out in the article. Pre-hardened 2.2 mm-diameter material was drawn into 1.00 mm-diameter wire in 6 draws on
a multi-stage drawing machine. The drawing process was carried out at a drawing speed of 5, 10, 15, 20 and 20 m/s, respectively.
Mechanical tests were tests were performed for the final wires to determine their yield strength, ultimate tensile strength, uniform
and total elongation and reduction in area. The thickness of the zinc coating on the wire surface was determined by the gravi-
metric method and based on metallographic examination. The use of electron scanning microscopy, on the other hand, enabled
the identification of individual phases in the zinc coating. The above investigations were supplemented with corrosion testing of
1.00 mm-diameter wires. It has been demonstrated that drawing speed significantly influences not only the thickness of the zinc
coating on the drawn wire surface, buts also its morphology and corrosion resistance.
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1. Introduction

Zinc-coated medium-carbon steel wires have a wide appli-
cation in industry. Products manufactured from C42D steel wire
include ropes and springs [1-2]. In their operation, these products
must exhibit high tensile strength, standard values of reduction in
area and uniform/total elongation [3-4], which is why the draw-
ing speed, drawing die type, lubrication conditions and single/
total reduction magnitude are crucial for the finished product in
the wire production process [5-7]. In the steel wire production
process, multi-stage drawing machines are widely used, which
enable wires to be drawn at speeds exceeding 20 m/s. Studies
[1,7] show that in drawing at high speeds exceeding 20 m/s,
intensive heating of the top wire layer occurs, which has a nega-
tive effect on the lubrication conditions and wire properties. In
work [1] it has been shown that with increasing of drawing speed
the heated surface layer thickness measured at the exit of the
wire from the dies is reduced significantly. The decrease in the
thickness of this layer can be explained by a shorter time of heat
transfer to the wire, which causes additional heat accumulation
in the surface layer.

When drawing zinc-coated wire, as a result of an effect of
high temperatures on the wire and drawing die surfaces [8], an
added problem in the drawing process is to obtain the zinc coat-
ing with properties conforming to applicable industry standards.

The drawing technology also affects the state of the surface
layer of the wire, and thus the zinc coating. Corrosion resistance

in a chloride-containing environment depends on the thickness of
the zinc coating. The corrosion process of steel materials such as
wires is interpreted as unintentional physicochemical destruction
of material resulting from the environmental impact [9-13]. The
degradation of the material, which is spread over time, is one of
the main problems of using steel products.

The literature does not describe the effect of drawing speed
on the properties of zinc-coated medium-carbon wires. The
present study examines the effect of drawing speed on the wire
properties and the formation of the zinc coating in the process
of multi-stage drawing of fine steel wire.

2. Drawing material and technology

For the drawing process, 5.5 mm-diameter C42D grade
medium-steel wire rod was used, which had been previously
subjected to hot galvanizing process. The galvanizing process
was conducted on a commercial continuous wire galvanizing
and patenting line. After chemical surface preparation includ-
ing degreasing, etching and fluxing, the wire rod drawn though
a zinc bath. After exiting the zinc bath, the wire rod was air
cooled.

The starting material was made in two stages. The
first stage included drawing 5.5 mm-diameter wire rod into
2.2 mm-diameter wire in 7 draws on a Mario Frigerio multi-
stage drawing machine, type S600/7, and then the pre-hardened
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2.2 mm-diameter wire was drawn in 6 draws on a S300/7-type
Mario Frigerio drawing machine into 1.00 mm-diameter finished
wire, as shown in Table 1. The drawing speed was 5, 10, 15, 20
and 20 m/s, respectively.

TABLE 1

The distribution of single reductions, Gp; total reduction, G,

nﬂﬁr o | 1| 2| 3| 4|5 |6 |7

g mm | 220 | 1.90 | 1.66 | 1.48 | 133 | 1.20 | 1.09 | 1.00
G,% | — |2541]23.67|20.51|19.24|18.59|17.49] 15.83
G.% | — |25.41|43.07|54.74|63.45|70.25|75.45 | 79.34

3. Mechanical properties and lubrication
conditions

Mechanical tests on 1.00 mm-diameter zinc-coated wires
were carried out on a Zwick/Z100 testing machine in the Labora-
tory of the Czestochowa University of Technology. For finished
wires, mechanical tests were carried out to determine their yield
strength (YS), ultimate tensile strength (UTS), uniform (EU)
and total elongation (ET) and reduction in area (RA). Table 2
provides the results of the mechanical tests and the measurement
of the lubricant quantity M on the wire surface.

TABLE 2
Mechanical test results and amount of lubricant
on the wires surface
Drawing YS, UTS, o o o M,
speed v, m/s | MPa | MPa ET,% | EU, % | RA, % g/m?
5 1518 1955 1.84 1.21 45.8 1.72
10 1546 | 2022 1.78 0.99 442 1.33
15 1602 | 2049 1.69 0.83 42.9 1.14
20 1624 | 2063 1.65 0.77 40.0 1.09

It can be noticed from the results shown in Table 2 that
drawing speed markedly influences the mechanical properties
of medium-steel wire. Wires drawn at a velocity of 20 m/s ex-
hibited a yield strength value higher by 5.6% and an ultimate
tensile strength value higher by 5.4%, compared to the material
drawn at a velocity of 5 m/s. The higher mechanical values of
the wires drawn at the drawing speed of 20 m/s can be deduced
in the greater hardening of their surface layer. This is caused
by a decrease in lubricant quantity (Table 2), which leads to an
impairment of lubrication conditions in the multi-stage steel
wire drawing process.

The presented test results confirm the adverse effect of
drawing speed on the plastic properties of zinc-coated wire. The
increase in drawing speed reduces the values of uniform elonga-
tion, total elongation and reduction in area. For the drawing speed
of 20 m/s, a 12% decrease in uniform elongation was noted, com-
pared to the drawing speed of 5 m/s. A similar declining trend,
i.e. by nearly 40% of total elongation and 12% of reduction in
area, is also observed for the aforementioned drawing speeds.

4. Examination of the zinc coating

Zinc coatings applied to wires shall meet the requirements
of standard PN-EN 10244-2. According to this standard zinc
coatings applied on wire should be smooth and uniformly dis-
tributed, with no defects in the form of dross contaminants and
uncoated spots.

Test samples were taken from either end of the coil, and
only those were selected, which were free from surface dam-
age. The test variant covered 10 wires, each 10 cm long, which
were subjected to coating mass determination in accordance
with standard EN 10244-1. The specimens were cleaned and
degreased, and then weighed prior to the removal of the zinc coat-
ing. For removing the zinc coating, hydrochloric acid was used,
to which an inhibitor in the form of hexamethylenetetramine
(urotropin) was added. Antimony chloride (3.2 g) was dissolved
in concentrated hydrochloric acid (500 ml), and then the obtained
solution was diluted with distilled water (to 1000 ml). The test
specimens were immersed in the solution until the zinc coating
was removed. After removing the coating, the wires were cleaned
and degreased and then weighed again. The results are shown in
Table 3 and in Figure 1.

TABLE 3

The results of the zinc coating measurements (average values)
for wires drawn at a speed of 5, 10, 15, 20 m/s, respectively,
where: d — mass of zinc on the wire surface, g/m?%;

g — zinc coating thickness, pm

m/s 5. o/m? m The class of wire according
" '8 &1 to PN-EN 10244-2 standard
5 101.20 14.19 B
10 95.06 13.33 B
15 88.72 12.44 B
20 52.18 7.31 D
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Fig. 1. The effect of drawing speed on the mass of zinc on the surface
of 1.0 mm-diameter wires

It can be concluded from the data illustrated in Figure 1 that
drawing speed significantly influences the mass of the zinc coat-
ing on wires after the drawing process. Wires drawn at a drawing
speed of 5 m/s had a zinc coating mass almost two times that of



wires drawn at a drawing speed of 20 m/s. The PN-EN 10244-2
standard, which is commonly used in the steelmaking industry,
specifies the minimum thickness of coatings by categorizing
them into respective classes. As zinc-coated 1.00 mm-diameter
wires after drawing are categorized into Class B, J > 80 g/m?,
it can be noticed that wires drawn within the drawing speed
range of 5-15 m/s meet the condition for remaining in Class B.
By contrast, the coating that has remained on wires drawn at the
drawing speed of 20 m/s can be, based on its thickness, assigned
exclusively to the lowest Class D 60 > ¢ > 25 g/m?. Zinc coat-
ings of such a small thickness do not guarantee the sufficient
corrosion resistance of wire and wire products.

The quality of a zinc coating is defined not only by the
mass of zinc on the wire surface, but also by the analysis of the
phase equilibrium of the Fe-Zn alloys of individual structural
constituents and the determination of the place of their occur-
rence in the zinc coating. The examination of the microstructure
and chemical composition of coatings was made using an S-3400
N-type Hitachi scanning microscope equipped with an Energy
Dispersion Spectroscopy X-ray spectrometer. An accelerating
voltage of 25 kV was used. The quantitative chemical analysis
was conducted on the cross-sections of selected zinc-coated
specimens regarded as representative, using the System Six

a)

g

d ‘\
Outer zinc layer ‘
Diffusi
La ” P

[

» b

™

of

A >
B

-

iffusion layer |
—l
Substrate

S-3400N x5.00k BSECOMP

"

b Jol

Outer zinc layer

&

CUVI 510 /2 Onrts S50
A . | . 3
Y + '| Diffusion layer
~E — R
Substrate

S-3400N x5.00k BSECOMP

415

software by Noram Instruments. The microstructure of coatings
obtained after drawing at varying speeds is shown in Fig. 2.

The coatings obtained on the finished 1 mm-diameter wire
after the drawing process were distinguished by a bright and
shiny appearance. Such an appearance shows the presence of
a continuous outer layer. After drawing, the coating has a typical
two-layered structure. At the substrate, a diffusion layer of the
Fe-Zn system phases is visible, which is covered by the outer zinc
layer. However, no clear boundaries between individual Fe-Zn
intermetallic phase layers can be distinguished within the diffu-
sion layer. Such a diffusion layer structure is not typical of zinc
coatings. In a zinc coating immediately after its fabrication, lay-
ers of the intermetallic phases I, d; i { with clearly distinguished
boundaries form within the diffusion layer [14]. Moreover, the
{ phase traditionally forms a boundary with the outer coating
layer () in the form of densely packed crystals perpendicular
to the coated surface [15]. By contrast, at the boundary with the
substrate, zinc coatings generally show a high uniformity of
the interface [16-17]. The wire coatings obtained after drawing,
besides the absence of defined phases in the diffusion layer, have
a very uneven interface with the substrate. In addition, it can
be noticed that the coating/substrate interface (Fig. 2) becomes
more uneven with the increase in drawing speed.
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Fig. 2. The (SEM) coating microstructure on the cross-section of C42D medium-carbon steel wire after having been drawn into a diameter of 1 mm

at a drawing speed of: a) 5 m/s, b) 10 m/s, ¢) 15 m/s, d) 20 m/s
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Microanalysis made to determine the chemical composition
in the micro-regions of the coating allows one to identify phases
occurring in the coating. In coatings obtained after drawing at
the speed of 5 m/s (Fig. 3a) and 20 m/s (Fig. 3b), the occurrence
of zinc can be found in points 1 and 4, respectively, with a slight
amount of iron dissolved in it. The chemical composition of this
layer may correspond to the n phase, forming an outer layer of
the coating. In the diffusion layer, 8.0 wt% (pt 2) and 7.6 wt%
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(pt 5) Fe were found in its upper zone, while 12.7 wt% (pt 3) and
13.1 wt% (pt 6) Fe in its lower zone. Such an iron content of the
Fe-Zn phase corresponds to the range of stability of the J; phase.
No other structural constituents were observed in the morphology
of'the diffusion layer on the wire cross-section. This may suggest
that the diffusion layer of a coating after plastic working has no
{ phase layer, which is present as standard in zinc coatings that
are not subjected to plastic working [14-15].
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Fig. 3. The (SEM) diffusion layer microstructure and the EDS X-ray spectral analysis in micro-regions of the coating on the cross-section of
C42D medium-steel wire after drawing into the diameter of 1 mm at a drawing speed of a) 5 m/s, and b) 20 m/s



TABLE 4

Chemical composition in selected micro-regions of the coating ob-
tained on C42D medium-steel wire after drawing into the diameter

of 1 mm (points of analysis as per Figs. 3 and 4)

Point of Chemical composition
analysis FeK Zn-K
% mas. Yoat. % mas. %oat.
pt1l 1.7 1.9 98.3 98.1
pt2 8.0 9.3 92.0 90.7
pt3 12.7 14.6 87.3 85.4
pt4 1.4 1.6 98.6 98.4
pts 7.6 8.8 92.4 91.2
ptoé 13.1 15.0 86.9 85.0
pt7 - - 100.0 100.0
pt8 6.5 7.6 93.5 92.4
pto9 8.4 9.7 91.6 90.3

Figure 4 shows the structure of the coating on the longitudi-
nal section of wire drawn at the drawing speed of 20 m/s. In this
section, along the wire axis, the interface between the coating
and the substrate exhibits high uniformity. Such a morphology
at the steel substrate-zinc coating interface should be regarded
as typical [17].

Therefore, the observed high non-uniformity of this inter-
face at the wire cross-section (Fig. 3) may most likely be caused
by the drawing process carried out and drawing die pressure on
the hard phases of the Fe-Zn system. The X-ray microanalysis
shows the occurrence of zinc in the outer coating layer (pt 7,
Fig. 4b, Table 4). The diffusion layer, on the other hand, con-
tains 8.4 wt% Fe (pt 9), which may correspond to the content
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of iron in the J; phase. In the upper zone of the diffusion layer,
there exist regions of a lower iron content — 6.5 wt% (pt 8). This
chemical composition corresponds to the range of stability of
the {'phase. However, it is hard to distinguish the boundaries of
this phase and to definitely confirm its presence in the coating
structure. It should be noted that the drawing process heats the
wire surface up to a temperature exceeding 500°C. In such con-
ditions, restructuring may take place both within the diffusion
layer, as well as in the outer layer, leading to the formation of
phases with higher iron contents. At a similar temperature dur-
ing annealing of zinc coatings on sheet (so-called galvannealing
coatings), a resumption of reaction diffusion processes occurs,
which leads to the formation of a coating built chiefly of the
phase ¢, with only a small fraction of the { phase [19]. Moreo-
ver, according to the Fe-Zn equilibrium system, the ¢ phase is
not stable above the temperature of 520°C [20]. The heating up
of wire during drawing can therefore be explained by either the
absence or presence only a small quantity of the (' phase, which
has most likely been transformed at high temperature into the J,
phase. The presence of a larger fraction of the J; phase might be
advantageous because of its corrosion resistance. Zinc coatings
fabricated in the high-temperature galvanizing process, whose
structure shows no presence of the {'phase and a greater fraction
of the J, phase, exhibit corrosion resistance about 2 times better
than that of the traditional zinc coatings [21].

In the diffusion layer of the coating, the occurrence of
cracks can also be observed, both in the transverse direction
and in the longitudinal direction. In zinc coatings, the §; phase
shows a tendency to spontaneous cracking in the transverse
direction across the whole layer thickness [18]. In the observed

S-3400N x10.0k BSECOMP

Fig. 4. The (SEM) diffusion layer microstructure and the EDS X-ray spectral analysis in micro-regions of the coating on the longitudinal section
of C42D medium-steel wire after drawing into the diameter of 1 mm at the drawing speed of 20 m/s
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cross-section of the coating on the drawn wire, the transverse
cracks do not propagate through the whole layer thickness and
have a distorted shape, which might suggest that they formed
during the drawing process. In addition, longitudinal cracks are
observed in the outer layer, which do to occur spontaneously
in zinc coatings. The presence of cracks in the diffusion layer
does not lead, however, to the loss of its integrity and delamina-
tions from the substrate. It is favourable that the structure of an
obtained coating has an outer zinc layer exhibiting good plastic
properties, which will protect the coating against delamination
during a possible future plastic working operation.

5. Corrosion testing in artificial atmospheres

The corrosion resistance of the coatings was determined
comparatively in the standard corrosion test in neutral salt mist.
Based on the PN-EN ISO 9227 standard, corrosion testing was
performed on fine zinc-coated wires in artificial atmospheres.
This test is particularly useful for detecting discontinuous, such
as pores and other surface defects.

For testing, an Erichsen CORROTHERM Model 610 salt
spray chamber was used, which had a working volume of over
0.4 m®, because smaller chambers might give rise to a problem
with spraying the salt solution in a uniform manner. It is neces-
sary to make sure that the salt spray chamber meets the condi-
tions for the uniformity of salt spray distribution. The upper part
of the chamber should be designed in a manner that prevents
the sprayed solution from dripping onto the test specimens, see
Figure 5. Testing in a mist of 5% sodium chloride water solu-
tion at a temperature of 35°C should be conducted at a pressure
controlled in the range from 70 to 170kPa. The concentration of
the spayed salt solution should range from 6.5 do7.2 pH.

Wires of a diameter of 1 mm were wound onto a 22 mm-
diameter tube to form a spring consisting of 35 coils. Zinc-coated
wire springs were fixed in such a manner that each of the coils
was inclined to the perpendicular at an angle of 20°. The test
specimens were arranged on different levels in the chamber so

that they did not contact with one another and were not directly
in the way of the solution sprayed by the atomizer. The specimen
testing duration was divided into cycles of 8 hours’ chamber
operation for 6 days. The test specimens were assessed for ap-
pearance every 24 hours. To determine unit mass changes dur-
ing the test, gravimetric examinations were made after 48 and
96 hours of specimen exposure in the salt spray chamber. The
results are illustrated in Figure 6 and 7.

The appearance of the surface of wires drawn at a drawing
speed of 5 and 20 m/s, respectively, during corrosion testing is
shown in Fig. 6. Prior to starting corrosion testing (Fig. 6a), the
coating surface had a bright and shiny appearance. No coating
discontinuities were found on the surface of the test specimens.
At the initial stage of the corrosion process, already after 24 hours
of salt spray exposure, the total coverage of the coating surface
with white corrosion products was noticed, which indicates
a progressing corrosion of the zinc coating. After 48 hours of
exposure (Fig. 6b), on the other hand, first red corrosion products
were found to have occurred on the test specimen surface. While
on the specimen of wire drawn at the speed of 5 m/s this was
a rust-coloured discolouration that might indicate a progressing
corrosion of the intermetallic Fe-Zn phases of the diffusion layer
of the coating, the wire drawn at the speed of 20 m/s clearly
showed punctures in the coating reaching the substrate and
a progressing corrosion of the steel substrate (indicated with the
arrow in Fig. 6b). After 96 hours of salt spray testing (Fig. 6¢),
a large part of the specimen surface was covered with red cor-
rosion products, indicating the lost of the protective ability of
the zinc coating. It can be noticed, however, that slightly more
white corrosion products have remained on the specimen of wire
drawn at the speed of 5 m/s, which suggests that the corrosion
progressed in this case at a lower rate.

From the coating mass change during salt spray exposure
it can be found the coatings tested have shown a mass increase.
The measurement of specimen mass change taken after 48 hours
of corrosion testing (Fig. 8) found that the greatest percentage
mass increment was exhibited by the coating drawn at the speed
of 20 m/s. It could also be found that the mass of corrosion

Fig. 5. The CORROTHERM Model 610 salt spray chamber
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Fig. 7. The appearance of wire drawn with speed 20 m/s after 96 hours in the salt spray chamber
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Fig. 8. Percentage mass change of specimens of zinc-coated wire drawn at different speeds during salt spray testing after 48 hours of exposure
and after the completion of the corrosion test and removal of the corrosion products

products forming on the surface increased with increasing wire  also by wires drawn at the speed of 20 m/s. It can therefore be
drawing speed. After the completion of the corrosion test (after ~ concluded that the speed of drawing zinc-coated wire affects the
96 hours) and removal of the corrosion products from the wire  corrosion resistance, which decreases with increasing drawing
surface (Fig. 8), the largest percentage mass loss was shown  speed.
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(4]

(3]

5. Conclusions

After the process of drawing wire at a drawing speed of
5-20 m/s, zinc coatings produced on the wire do not show
any discontinuities and have a two-layered structure. The
diffusion layer present at the interface with the substrate
is responsible for the adhesion of the coating, while the
outer zinc layer provides a plastic protection of the brittle
intermetallic Fe-Zn phases during the subsequent plastic
working of the wire.

Zinc coatings after having been drawn at a drawing speed of
5-20 m/s are built chiefly of the phase d, that forms the dif-
fusion layer of the coating, and an outer layer of the solution
of iron in zinc, #. Either a disappearance or the existence
of only a small quantity of the ¢, phase is observed in the
coating, which is most likely caused by the transformation
of this phase into the phase d; as the wire is heated up to
a high temperature during the drawing process.

The speed of drawing zinc-coated wire affects the corrosion
resistance of the wire. Increasing the drawing speed will
result in a reduction of the corrosion resistance of the wire.
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