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1. INTRODUCTION
The detailed study on lead patenting and wire drawing 

of pearlitic steel wire1-2 has been carried out by analysing 
SEM/TEM micrograph but limited study has been reported on 
hypereutectoid steel wire drawing process by  X-ray diffraction 
(XRD) methods so far. XRD analysis has been done on Cu3-7, 
ferritic-pearlitic steel8, Aluminium9-10 martensitic steel11-12, 
pearlitic steel13-15, nickle16,FeN17, 10Cr-5W heat resistant steels18. 
The elaborate study on elastic constants19 for hypereutectoid 
steel and dislocations contrast factors20-22 of cubic crystals 
is available in literature. The present study is carried out to 
correlate the mechanical properties, microstructural changes as 
well as detailed X-ray diffraction line profile analysis for better 
understanding of cold drawing process of hypereutectoid steel 
wires.

The springs23 are used in the arms and ammunitions24 
for performing specific task. A few example of application of 
hypereutectoid steel wire which are used for manufacturing 
springs are of  diameter 0.35 mm, 0.45 mm, 0.50 mm, 0.60 
mm, 0.70 mm, 0.90 mm, 1.00 mm, 1.20 mm, 1.25 mm, 1.30 
mm, 1.40 mm, 1.50 mm, 2.00 mm, 2.30mm, 2.50 mm, 2.80 
mm, 3.00 mm, 4.50 mm  and 5.00 mm. These wires are 
used in various springs for 0.22″ revolver, 0.32″ pistol, 5.56 
mm INSAS rifle, 30-06 sporting rifle, tear gas gun, MCIWS 
weapon, pump action gun, double barrel breach loading gun, 
7.62 mm rifle, 12.7 mm AD gun, ILG gun, PRG gun, and 30 
mm Cannon, T-72 Tank gun, etc.

The lead patented hypereutectoid steel wire has a very 
fine alternate layer of ferrite and cementite lamellae. These 
alternate layers in fine pearlite cannot be resolved under 
optical microscope. Hypereutectoid steel wire does not have 

any cementite network on its grain boundary. The lamellas 
of ferrite and cementite have same orientation in individual 
pearlite colony but each pearlite colony has different and 
random orientation of lamellas from its neighbour’s pearlite 
colonies. The hypereutectoid steel wire has higher ultimate 
tensile strength (UTS) and torsion strength as compared to 
other steel.

2. EXPERIMENTAL WORk
The chemical composition of hypereutectoid steel wire rod 

used in the study is mentioned in Table 1. The initial diameter 
of lead patented wire rod is 6.40 mm. The sample is subjected 
to cold wire drawing process and mechanical properties are 
recorded after drawing from each die. The results are mentioned 
in Table 2. The selected samples for X-ray analysis are of 6.40 
mm, 5.80 mm, 5.30 mm, 4.40 mm, 3.60 mm, 3.0 mm, and 2.50 
mm diameter.
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Table 1. Chemical composition of wire rod

Carbon Manganese Silicon Sulphur Phosphorous
0.88 0.48 0.20 0.005 0.006

The plot of ultimate tensile strength (UTS) vs. true strain 
for drawn sample is shown in Fig. 1(a). The bar chart indicating 
the contribution percentage in the gain of UTS of wires by 
lead patenting process and wire drawing process are shown in  
Fig. 1(b). The Fig. 1(c) show the swirling of lamellar structure 
due to wire drawing strain. The average grain size number of 
lead patented wire rod of diameter 6.40 mm is 9.5. The average 
grain size number is calculated using optical microscopic 
image by standard method. 
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and crystal geometry of ferrite phase of steel. In b.c.c. crystal, 
dhkl of an hkl plane = a/(h2+k2+l2)1/2. Where, a is unit cell 
dimension and is equal to 4 r/(3)1/2. Where, r is atomic radius 
of ferrite. The indexing of diffraction peaks is done on the basis 
of structural factor using equation λ/4a2 = sin θhkl/(h

2+k2+l2) 
= constant. For b.c.c. crystals, those diffraction planes which 
satisfies the condition h+k+l = even are only producer of the 
constructive peaks in XRD.

The plot of FWHM vs. true strain for different diffraction 
planes is shown in Fig. 3. The plot indicates that FWHM 
increases almost linearly with increase in true strain although 
rate of increase is slightly differ from plane to plane as indicated 
in Fig. 3. The maximum increase in FWHM is noticed at 310 
diffraction plane.

The broadening of diffraction lines due to non-uniformity 
of strain is obtained by the Bragg’s law as: b = - 2(∆d/d) tanθ. 
Where b is broadening due to fractional variation in Bragg plane 
spacing, ∆d/d. When a heat treated metal is cold worked, its 
diffraction lines become broader. The broadening of diffraction 
lines is due to particle size or due to strain becomes a point of 
controversy. The separation of the size and strain components 
can be done by plotting B Cosθ as a function of Sinθ. Where, 
B is FWHM of a peak. This plot of B Cosθ vs. Sinθ is known 
as classical Williamson-Hall plot and implicitly assumes that 
peak shapes are Lorentzian.

3.2 The Classical Williamson-Hall Plot
The classical Williamson-Hall plot for steel wire samples 

are plotted at different true strain in Fig. 4 (a) - 4(g). In a 
classical Williamson-Hall plot, X-axis represents B (Cosθ) /λ 
and y-axis represents Sinθ/λ. The Scherrer equation can be 
used to find out the broadening of peak width due to crystallite 
size or strain broadening. The Scherrer equation is as: B Cos θ 
= K λ / L + 4 ε Sin θ. Where, first part of equation indicates the 
role of crystallite size in broadening of peak and the value of 

Diameter 
of wire

Ultimate tensile 
strength (MPa) 

Ultimate torsion 
strength (nos. of turn) 

6.4 1378.34 24
5.8 1486.84 26
5.3 1531.1 28
4.8 1592.09 28
4.4 1599.73 26
4.0 1742.35 40
3.6 1777.73 24
3.3 1870.03 23
3.0 1896.18 25
2.7 2004.13 24
2.5 2069.1 25

Table 2. Draw dies sequence of wire

Figure 1. (a) UTS vs drawing true strain plot, (b) Bar chart shows the contribution of lead patenting process and wire drawing 
process in UTS of wire, and (c) SEM micrograph showing the dominance of swirling of lamellar at 0.5753 drawing true 
strain, respectively.

3. RESULTS AND DISCUSSION
The X-ray diffraction line profile analysis is done by Philip 

PAN XPRT analysis X-ray diffraction (XRD) machine having 
copper as X-ray generating source. The W. H. Bragg carried 
out experimentation on X-ray diffraction of various materials 
and found that the incident beam, the normal to diffraction 
plane and the transmitted beam are always coplanar. The 
angle between the diffracted beam and the transmitted beam is 
always twice of the diffraction angle. According to Bragg’s law:   
d = λ/2sin θ. Where, d is inter-planer spacing, normally called 
as d-spacing, λ is wavelength of X-rays and θ is diffraction 
angle. XRD of a pearlitic steel wire mainly display peak 
generated from ferrite phase. The XRD graphs of samples 
subjected to various degree of cold working are as shown in 
Fig. 2 (a) - 2(e).  

3.1 X-ray Peak Analysis
Peaks in XRD plots are identified by using Bragg’s law 
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According to Modified Williamson-Hall 
equation, the line broadening of diffraction profile 
with increasing diffraction order is caused by 
dislocations in strain anisotropy. The FWHM of the 
diffraction profile as per modified Williamson-hall 
plot is: 
∆K ~= γ/ d + (л M2b2)/ 2*ρ1/2 * K2C + O (K4C2) 
where γ = 0.90 for ferrite. d = size parameter. ρ = 
average dislocation density. b = length of Burgur’s 
vector of dislocation and is equal to 0.248 nm for 
pearlitic steel. M = a constant which depends upon 
effective outer cut-off radius of dislocation and is 
determined from Fourier coefficient. C = contrast 
factor of dislocation. O = higher order term in K4C2.  
∆K = Cos θ [∆ (2θ)] /λ, where ∆ (2θ) is FWHM of 
diffraction peak and H2 = (h2k2 + h2l2 + k2l2)/(h2 

+k2 +l2).
Average dislocation contrast factor of un-textured 

cubic polycrystalline C = Ch00 (1-qH2), where Ch00 is average 

g (110), (220) (200) (211) (310)

Cpure edge 0.1795 0.1861 0.1795 0.1837

Cpure screw 0.1057 0.2522 0.1056 0.0758

Table 3. Cpure edge and Cpure screw for different diffraction plane g

Figure 2. (a)-(g): X-ray  diffraction line profile of 6.40 mm, 5.80 mm, 5.30 mm, 4.40 mm, 3.60 mm and 3.00 mm, and 2.50 mm 
diameter wire, respectively. 

Figure 3. FWHM vs. true strain plot for plane having 110, 200, 211, 220 and 
310 diffraction planes.

this part is given by linear interception on Y axis. The second 
part of equation indicates the role of strain in broadening of 
peak and is equal to slope of linear plot. The crystallite size 
is calculated using data from XRD figures with the help of 
Scherrer equation. The crystallite size is 57.32 nm, 56.679 nm, 
52.51 nm, 43.57 nm and 42.21 nm at drawn true strain nil, 
0.743, 1.150, 1.515, and 1.880, respectively. This indicates 
that the increase in drawn true strain results in decrease in 
crystallite size. 
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Figure 5. (a)-(g): Experimental value of q for hypereutectoid steel wire drawn to true strain of 0.00, 0.1968, 0.3771, 0.7493, 1.1507, 
1.5153, and 1.8800  with average crystallite size 70 nm, 63 nm, 57 nm, 48 nm, 39 nm, 32 nm, and 27 nm are 1.750, 1.618, 
1.717, 2.578, 2.669, 2.183, and 2.555, respectively. 

dislocation contrast factor for h00 reflections. q is a parameter 
which  depends up on elastic constant of the crystal and type 
of dislocations, i.e., edge or screw dislocations. The contrast 
factors Ch00 for different diffraction vector g for pure edge 
dislocations and pure screw dislocations of ferrite is calculated 
using ANZIC software and are mentioned in Table 3.

3.3 Theoretical Methods for Determination of q
The value of q is a function of elastic constants of steel. 

The average polycrystalline elastic constants for α-Fe are taken 
from Kim19, et al. The values of c11, c12, c44 for hypereutectoid 
steel are 231.5 GPa, 135.0 GPa, and 116.0 GPa, respectively. 
The theoretical value of q is determined by using Eqn (9).  
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Figure 4. (a)-(g): The classical Williamson-Hall plot for hypereutectoid steel wire as lead patented and at 0.1968, 0.3771, 0.7493, 
1.1507, 1.5153, and 1.8800 true strain, respectively.
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Wire 
diameter 
(in mm)

True 
strain

qexp Diffraction 
plane

cpure edge cpure screw cactual

6.40 0.00 1.750 110 0.1795 0.1057 0.1576

200 0.1861 0.2522 0.2056

211 0.1795 0.1056 0.1575

220 0.1795 0.1057 0.1576

310 0.1837 0.1995 0.1883

5.80 0.1968 1.618 110 0.1795 0.1057 0.1650

200 0.1861 0.2522 0.1990

211 0.1795 0.1056 0.1650

220 0.1795 0.1057 0.1650

310 0.1837 0.1995 0.1867

5.30 0.3771 1.717 110 0.1795 0.1057 0.1594

200 0.1861 0.2522 0.2040

211 0.1795 0.1056 0.1594

220 0.1795 0.1057 0.1594

310 0.1837 0.1995 0.1879

4.40 0.7493 2.578 110 0.1795 0.1057 0.1108

200 0.1861 0.2522 0.2475

211 0.1795 0.1056 0.1107

220 0.1795 0.1057 0.1108

310 0.1837 0.1995 0.1983

3.60 1.1507 2.669 110 0.1795 0.1057 0.1057

200 0.1861 0.2522 0.2521

211 0.1795 0.1056 0.1056

220 0.1795 0.1057 0.1057

310 0.1837 0.1995 0.1994

3.00 1.5153 2.183 110 0.1795 0.1057 0.1331

200 0.1861 0.2522 0.2275

211 0.1795 0.1056 0.1331

220 0.1795 0.1057 0.1331

310 0.1837 0.1995 0.1936

2.50 1.8800 2.555 110 0.1795 0.1057 0.1121

200 0.1861 0.2522 0.2464

211 0.1795 0.1056 0.1120

220 0.1795 0.1057 0.1121

310 0.1837 0.1995 0.1981

Table 6. The calculated value Cactual of for different true strain 
and diffraction plane

Ai c12 / c44  q screw q edge

2.416 1 2.674 1.280
2.416 2 2.647 1.783
2.416 1.163 2.669 1.362

Table 5. The calculated value of qscrew and qedge for different 
ratio c12 / c44

Type of dislocation c12/c44 a b c d
Screw 1 8.6590 0.3730 0.0424 -6.074
Screw 2 6.0725 0.4338 0.0415 -3.5021
Edge 1 7.2361 0.9285 0.1359 -5.7484
Edge 2 8.8331 0.8241 0.1078 -7.0570

Table 4. The parameters a, b, c, d for c12/c44 ratio equal to 1 
and 2

q = a[1- exp.(-Ai/b)] + cAi + d. (T. Ungar20et. al.).
where, Ai is a Zener constant, which depends upon the elastic 
constant and Ai = 2c44/(c11-c22). The value of parameters a, b, c, 
d for above equation are taken from Table 8 and 9 of Ungar20, 

et. al.  and the same are reproduced in Table 4. The calculated 
values of q in case of screw dislocations and edge dislocations 
in b.c.c. crystal system are mentioned in Table 5.

3.4 Experimental Methods for Determination of q 
The experimental method used for determination of q is 

based on equation 12 proposed by Ungar20, et.al. are shown 
in Fig. 5(a-g). The equation is [(∆K)2–α]/ K2  = βCh00(1-qH2). 
Where, α = (0.9 /D) 2 and β = лM2 b2 ρ/2. D is average particle 
size. M is a constant which depends on the effective outer cut 
off radius of dislocations. K = 2 sinθ/λ, ∆K is FWHM. The 
interception point on x-axis by best regression line gives the 
value of 1/q. 

3.5 Evaluation of Cactual by using qexp
The Cactual is calculated by using simple lever rule with 

qexp., qth
edge  and qth

Screw and are mentioned in Table 6.

3.6 Modified Williamson- Hall Plots
The modified Williamson- Hall plots predicts that if strain 

broadening of diffraction profile in drawn steel wires is caused 
by dislocations then (KC)1/2 will have binomial relationship 
with FWHM. The modified Williamson- Hall plots of 
hypereutectoid steel wires at different true strain are shown in 
Fig. 6 (a-g). The slope of modified Williamson-Hall plot shows 
an increasing trend from Fig. 6(a) to 6(g). This demonstrates 
that the numbers of dislocations increases with increase in true 
strain. 

The character of prevailing dislocation can be described 
using equation 7 of Movaghar Garabagh12, et. al. as:  fedge= 
1 - fscrew = ( qth

Screw - qexp) / (qth
Screw - qth

edge). Where, fedge and fscrew 

is fraction of edge and screw type dislocations respectively.  
qth

Screw and qth
edge is theoretical q value for screw and edge type 

dislocations respectively. qexp is experimental value of q. The 
fraction of pure edge dislocations and pure screw dislocations 
at various true drawn strains are mentioned in Table 7.

Initially the value of qexp shows an increasing trend till 

maxima is achieved then slightly decreases trend as shown 
by dotted line in the Fig. 7. The SEM micrograph shown in  
Fig. 1(c) and Fig. 7 confirms that the screw dislocations 
increase initially till maxima is achieved with increase in true 
strain and then slightly decreases.
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4. CONCLUSION
The tensile strength of patented drawn wires increases 

linearly with increase in true strain as: uTS = 371.8 x True 
strain + 1362.7. Approximately 66 percent of total uTS are 
gained by lead patenting process and 34 percent of total UTS 
are gained by wire drawing process. The drawn wire sample 
shows that FWHM of the peaks increases with increase in 
true strain. The classical Williamson-Hall plot of drawn wire 
specimens shows that  broadening of peaks are due to drawing 
true strain as well as fine microstructure of hypereutectoid 
steel wire. The value of q by experimental method shows good 
agreements with theoretical method. The exact contribution of 
edge and screw dislocations in q value has been found out with 
increasing drawn true strain. It is observed that with increase 
in drawn true strain, there is increase in screw type dislocations 
and reductions in edge type dislocations till approximately 
1.515 drawn true strain. After that a marginal decrease in screw 
type dislocations and increases in edge type dislocations with 
further increases in strain. The modified Williamson-Hall plot 
of drawn wire specimens shows that strain anisotropy in drawn 
samples is mainly due to dislocations.
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