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Abstract. During free end torsion tests of cold drawn eutectoid steel wire, fracture frequently causes further 
fragmentation of the wire. At primary fracture, both torsíonal and longitudinal unloading stress waves are 
released. Depending upon the time after fracture and the position, the stress may be such that microcracks 
will propagate. lt has been found that the distribution of the size and orientation of the microcracks at the 
moment of the primary fracture and the stress waves determine the secondary fracturing behaviour. A model 
has been developed to predict the distribution ofthe position ofthe frrst secondary fracture. 

Resumen. En los ensayos de torsión (con extremo libre) de alambres de acero eutectoide trefilados en frío, 
después de la fractura se produce frecuentemente la fragmentación del alambre. La primera fractura emite 
unas ondas de descarga torsionales y longitudinales. Dependiendo de la posición y del tiempo tras la fractura, 
las tensiones pueden alcanzar valores tales que las microgrietas se propaguen. Se ha observado que la 
distribución de tamaños y la orientación de las microgrietas en el momento en el que ocurre la fractura 
primaria y las ondas de tensión determinan la fracturación secundaria. Se ha desarrollado un modelo que 
predice la posición en la que ocurre la primera fragmentación secundaria. 

l. INTRODUCTION strengthening behaviour of pearlite, outstandingly high 
tensile strengths of the order of 4000 MPa can be 
obtained during wire drawing for wires having a fmal 
diameter of 200 ¡.un. Severely cold drawn pearlitic steel 
wires used to compare with the analysis presented here, 
are the brands UT -wire and A lB 1 +RSC wire, supplied by 
N. V. Bekaert S.A. 

During torsion testing of severely cold drawn pearlitic 
steel wires, it is very common that one or more fractures 
occur after initial failure of the wire. The initial failure 
will be referred to as primary fracture; fractures which 
occur afterwards will be referred to as secondary 
fractures. Due to the sudden drop of the stress leve! at 
primary fracture, waves of unloading are released causing 
time and position dependent stress levels in the tested 
wire sample. In this paper, the interaction between the 
stress waves and the microcracks present at primary 
fracture is investigated. 

2. MATERIAL AND EXPERIMENTAL PROCE
DURES 

Pearlitic steel wire with a fine patenting structure can be 
drawn to high strain levels. Due to the consistent 

The distribution of both the size and orientation of 
microcracks present in UT -wire has been investigated for 
the shear strains y=O.l, y=0.2 and y=0.5. Prestrained 
samples were introduced in the STEM microscope in 
order to determine the size and orientation of the 
microcracks at the wire surface. 

In order to assess the torsional ductility of steel wire, two 
types of free end torsion tests are performed: unidirection
al and reverse torsion tests. Unidirectional torsion tests 
are common torsion tests until fracture; reverse torsion 
tests are torsion tests up to a prescribed deformation (for 
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example y=O.l, 0.2, 0.3, 0.4 or 0.5), immediately follo
wed by a deformation in the opposite sense up to fracture. 
During all the torsion tests, an axial1oad of 9.81 N was 
used to avoid wire curling. 

3. PLASTIC AND ELASTIC STRESS W A VES 

Sudden unloading of steel wire, dueto primary fracture, 
causes longitudinal and torsional stress waves. In a first 
analysis, the following assumptions are made: 

1.- Material behaviour is perfectly elastic. 
2.- The shear stress throughout the section is assumed to 
be equal to the shear stress at the surface of the wire at the 
moment of fracture. A small but acceptable error is 
introduced in the analysis dueto this assumption (Fig. 1). 
3.- The primary fracture takes place at t=O, and is sudden. 
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Fig. l. Real and idealized shear stress as a function of the 
coordinate r of the wire. 

Solving the wave equations [1] valid for perfect elastic 
behaviour by the method of Fourier (separation of 
variables, see for example Kreyszig [2]), leads to solu
tions from which the following shear and normal stresses 
can be derived [3]: 

(1) 

(2) 

where Cr2::Gfp and eL2::Efp with G being the modulus of 
elasticity in shear, E Y oung's modulus, p the density and t 
the time. Cr and eL are the propagatÍOn rates Of, respectÍ
vely, torsional and longitudinal waves in wire [1], u is the 
displacement along the X-axis and e is the angular 
displacement (Fig. 2). For the wave propagation rates in 
pearlitic steel wire the values Q=3295 mis and <4]=5358 
mis have been estirnated [3]. The function f is a block 
wave with period 4L and amplitude 0.5 as shown in Fig. 
3. The solutions (1) and (2) can therefore be considered 
as consisting of a superposition of two block waves (and 
an in x and t constant term for the longitudinal wave): one 
block wave travels to the left and one block wave travels 

/ 

Fig. 2. Wire broken off by primary ductil e fracture (x=O) 
and inserted in grip (x=L). Waves of unloading start at 
x=O. 

to the right, each ata velocity Cr andeL for, respectively, 
the torsional and the longitudinal stress wave. This 
superposition leads to three possible ranges of values for 
a and •(r) (Fig. 4): 

o=-312MPa } 
oro= O MPa 
oro= 312 MPa 

1 (y) 

o.st-----, 

{ 
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Fig. 3. The function f(y): a block wave with period 4L and 
amplitude 0.5. 

Wave motion can be interpreted as follows: with o=312 
MPa and •=• ras initial conditions, after primary fracture 
two unloading wave fronts begin to propagate starting 
from x=O. The torsional unloading wave front, with ' 
dropping to 1" ¡( l-4r/3R) and the longitudinal unloading 
wave front with a dropping to a value of O MPa, 
propagate at respectively Cr and eL. When reaching the 
grip, the wave fronts are reflected which causes the 
values to further drop to •=•¡(l-8r/3R) for the torsional 
wave and to o=-312 MPa for the longitudinal wave. 

Up to now we have assumed perfect elastic behaviour. In 
this case, however, shear stresses which in absolute value 
are greater than the shear stress during flow, are reached. 
According to the obtained solution, the torsional wave 
tends to build up large shear stresses, which, if they 
cannot cause irnmediate fracture of the material, will 
cause plastic flow of the material for r>3R/4 (Fig. 4). 
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Fig. 4. Possible values (which value depends on x and 
t, see equations (5) and (6)) ofthe shear and nonnal stress 
as a function of r. 

Therefore, for r> 3R/4 also a plastic wave :front will 
propagate starting from the grip. The velocity of the 
plastic wave can be estimated as follows [ 1]: 

CPT= ls with S=~r:: 0.31GPa 
~-; ay 

m 
CPT=200-

s 

(3) 

S is approximately a constant for the tested steel wire [4]. 
The propagation rate of the plastic wave is only a :fraction 
of the propagation rates of the elastic waves. According 
to Kolsky [1], the plastic wave acts asan interna! reflector 
when meeting an elastic wave. Taking these facts into 
account, wave motion for r> 3R/4 can be summarized in 
the position-tirne diagram given in Fig. 5 [1]; for rs3R/4 
there are only elastic waves. As t increases, wave motion 
in wire fragments will be further complicated due to wave 
interference. For example, as the torsional elastic wave 
travels :from the grip for the first time, at x=0.48L it meets 
the unloading longitudinal wave travelling from the free 
end of the wire. This unloading wave causes the tensile 
stress to rise :from -312 MPa to O MPa, therefore causing 
the stress leve! at the surface of the wire to further rise. At 
the surface of the wire however, the stress levels have 
already risen to the highest possible values while only 
deforming elastically, so that the generation of a plastic 
wave is inevitable. Other interferences may cause more 
plastic waves, but are not shown in Fig. 5 in order to keep 
it simple and clear. 

4. NATURE OF THE MICROCRACKS 

4.1. Microcrack distribution and crack propagation rates 

The following properties of the microcracks which are of 
importance to the secondary fracturing behaviour are the 
following: 

1.- Microcrack sizes in heavily drawn pearlitic steel wire 
appear to be distributed according to a log-nonnal 
distribution [5]. 
2.- The median size 211o increases as a function of the 
shear strain as follows [3]: 

2ao = (0.147 + 2.348y) Jlm for UT-wire [5] (4) 

3.- According to Broek [6] the crack propagation rate 
daldt is related to the crack size 2a and the critica! crack 
size 2ac as follows: 

da ff:n a. a. -: =-=-e (1--)=mC (1--) 
dt kL aL a 

wlre 
surface 

(5) 

Fig. 6. Close-up of a microcrack in steel wire: at the wire 
surface the crack propagation rate is slower than below 
the surface causing the angle p to be smaller than 90 o. 

F or a crack propagating in an infmite plate, the factor m 
appears to be approximately 0.38. Equation (5) predicts 
how the crack growth increases :from zero when 2a=2a

0
, 

to a limiting velocity of 0.38CL when 2aj2a approaches 
zero. Experimental values of m for brittle materials have 
been found by Roberts and Wells [7] to vary between 
0.20 and 0.37. 

Sorne considerations can be made concerning the crack 
propagation rate in steel wire. At the surface of the wire a 
condition of plane stress always exists, so also at the point 
where the microcrack front meets the wire surface (Fig. 
6). 

Due to symmetry reasons, a condition of plane strain 
exists at the point of the crack :front with the lowest value 
for the coordinate r (Fig. 6). For intennediate points of 
the crack :front, close to the surface, plane stress will 
prevail, while for points close to the latter, a condition of 
plane strain will prevail. For the derivation of the crack 
propagation rate expressed in equation (5) [8], a plane 
strain condition has been considered, leading to an upper 
limit of daldt. For the plane stress condition, the crack 
propagation rate is lower. Note that the crack opening 
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Fig. 5. Position-time diagram of plastic and elastic wave fronts in steel wire after primary fracture. Thin lines denote elastic 
wave fronts and thick lines plastic wave fronts. 

stresses drop to lower values as the crack grows inwards. 
Equation (5) therefore serves asan upper limit ofthe daldt 
in pearlitic steel wire. 

The period !J. t1 to fracture, for a crack with crack size 
2a1>2a

0
, is estimated to equal: 

2R 1 
llt1 = f -da 

a da 
t-

dt 

Substituting equation (5) leads to the following result: 

(6) 

4.2. Dependence of the stress intensity on the shear stress 
and shear strain at failure 

An idea has been formed about the stress state in the steel 
wire for a period of time !J. t short enough to assure that 
the propagating plastic stress waves do not complicate the 
situation, and sorne general ideas about the stress waves 
have been proposed. With this information, it is possible 

to make a simple analysis of the stress intensity near a 
microcrack forming an angle " with the X-axis (Fig. 7). 
Let '• ando. be the shear and the normal stress on planes 
parallel and at large distances from the microcrack. Kno
wing 1' ando, it is possible to determine '• ando. using a 
linear transformation: 

(9) 

(8) 

.. 
~ 

;-----,.-~-~--.-.~-,...-.. ~-.· Q------4~r · . 
~------------------------_,,~ 

Fig. 7. Stress state and position of a typícal microcrack 
(size 2a is exagerated) in wire just befare fracture. 

The stress intensity factors of mode I and II loading, K1 

and K~~, are equal to [6]: 

K1 = a a¡;;:;. 

Kn=-r:a¡;;:;. 

(lO) 

(11) 
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In the case that K1 is posttlve, the equivalent stress 
intensity ~ [9) is equal to: 

(12) 

For a given stress state, the equivalent stress intensity is 
equal to the critica! stress intensity Kc when the crack size 
is critica! (2a=2a0), therefore the critica! crack size is 
equal to: 

(13) 

Cementite lamellae in drawn pearlitic steel wire are 
parallel to the axis of the wire befare torsion testing. 
During torsion testing mentioned lamellae form an angle 
a;=tg(y) with the wire axis [5], so that most microcracks 
lie along the cementite lamellae or the fibre of the steel 
wire. The critica! stress intensity or toughness discussed 
here, is therefore the critica! stress intensity necessary for 
propagation of microcracks lying along the fibres of the 
pearlitic steel wire. 

Up to now it has been found difficult to accurately 
calculate or measure Kc of heavily drawn pearlitic steel 
wire. Note that for a crack whose orientation and size 2a 
is known, that by combining equations (7) and (13) the 
time until fracture can be estimated for 2a>2a0 • For a 
given sample it will be practically impossible to find the 
size and orientation of every critica! crack in reverse 
torsion after primary fracture. However, for a given wire, 
the distribution of both crack size and orientation can be 
estimated as a function of the shear strain at failure. 

5. ANALYSIS OF THE SECONDARY FRACTURE 
BEHAVIOUR 

Let us assume that the contribution of the longitudinal 
wave to the secondary fracture behaviour is negligible 
compared to the contribution of the torsional wave. 
Figure 4, equations 9 to 11 and the fact that the con
tribution of the longitudinal wave may be positive, 
negative or zero support this assumption. When the 
torsional wave front moves from the primary fracture 
(x=O) to the grip (x=L) for a frrst time, the shear stress at 
the surface drops to a value of -• /3 ( =-700 MPa), but 
remains positive in the core of the wire (Fig. 4 ). Reverse 
torsion tests - with failure shear stresses in absolute value 
always higher than 1000 MPa [lO)- indicate that negative 
shear stresses at the surface, which corresponds to crack 
opening, are insufficient to cause failure. Upon reflection 
of the torsional stress wave, however, negative shear 
stresses are built up which, in absoiute value, reach 
extremely high values, high enough to cause plastic flow. 
It can therefore be concluded that the torsional wave 

which causes fast crack propagation (in the case that 
critica! microcracks are present) comes from the grip. 

X 

elastlc 
torslon~~l 
wave front 

Fig. 8. Position and size of two microcracks and 
movement of the torsional wave front. 

Determining in the secondary fracture behaviour is the 
relation between the crack and the wave propagation 
rates. If the crack propagation rate of the most critica! 
cracks is very high, then fracture will occur shortly after 
the torsional wave front has passed the first crack. If the 
crack propagation rate of the most critica! microcracks is 
very small, then the wave will be able to travel to and 
from the primary fracture front, so that a di:fferent fracture 
behaviour is to be expected. Suppose that we have two 
critica! microcracks 1 and 2, located at x1 and x2 (x1>x2) 

and with size 2a1 and 2~ respectively (Fig. 8). Crack 1 
will cause the first fracture if the di:fference of the times to 
fai1ure of crack 1 and 2 is larger than the time necessary 
for the torsional wave to travel from x1 to x2, or: 

(14) 

In a further analysis we will arbitrarily classi:fY behaviour 
as consisting of three types: 

(a) fast crack propagation, 11 t<L/1 OC¡. 
(b) intermediate crack propagation, l OQ~ 11 t<6LIC¡. 
(e) slow crack propagation, 11 t~ 6LIC¡. 

For fast crack propagation (case (a)), failure will occur 
shortly after the torsional wave front has passed this crack. 
For analytic purposes, irnmediate failure is assumed when 
the torsional wave front coming from the grip (which 
causes the crack growth) passes the frrst "fast propagating 
crack". If we defme 11r as the number of microcracks per 
meter length which behave according to (a), then for a 
wire of infinite length with the torsional wave coming 
from the grip (x=L) the following failure distribution f(x) 
may be derived (x~L): 

f(x) = n
1

ex:p( -n¡CL -x)) (15) 

The probability P that a sample of length L will not fail by 
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this mechanism is equal to exp( -n¡L). Therefore, samples 
of length L that do fail by this mechanism have the 
following failure distribution (with o~x~L): 

n1 exp( -n¡(L -x)) 
f(x)=~-~--

1-exp( -n¡L) (16) 

Note that the longitudinal stress wave, which complicates 
the wave motion as has been discussed earlier, has a 
negligible in:fluence on the secondary fracturing 
behaviour. At the interference with the elastic torsional 
wave which travels for the first time from the grip (Fig. 5) 
for examp1e, a p1astic wave is generated. The essentia1 
consequence of the generation of p1astic waves is that the 
influence of the stress waves can be easily modelized. 
Because of the fact that the plastic wave travels at a small 
fraction of the speed of the elastic torsional wave, at frrst 
instance the shear stress is limited to the flow stress in 
reverse torsion. Assurning that the Bauschinger e:ffect is 
negligible, one may deduce that this stress is approxi
mately equal to the shear stress at primary failure. 

For s1ow crack propagation (case (e)), the factor time 
becomes essentia1 in the analysis. As the e1astic torsiona1 
wave front travels from the grip to the primary fracture 
surface, the time during which a crack propagates is 
proportional to the distance between the crack and the 
wave front which has already passed the crack. When 
the wave front has passed back and forth severa! times (at 
least twice ), the time t during which critica! cracks have 
been exposed to crack propagating stresses is 
approximately proportional to x/L. Since the cracks are 
randomly spread, the failure distribution may be 
approximated [3] as: 

2x 
f(x)=-

L 
(17) 

Up to now we have only analysed the frrst secondary 
fracture. After this fracture one part of the wire will be 
free at both ends so that a large part of its energy will be 
converted to kinetic energy. It is therefore unlikely that in 
this part of the wire another fracture will occur; therefore, 
the fracture which is the closest to the primary fracture is 
the frrst secondary fracture. At average, the fragments 
which end in a primary fracture, will therefore be the 
largest ones. In the remaining part of the wire more 
fractures may occur. Concerning this part of the wire, we 
know that no fast propagating cracks are present, because 
in that case it would have been in this part where the frrst 
secondary fracture had occurred. W e al so know that 
crack opening stresses were present in the entire fragment 
at the moment of the frrst secondary fracture, and that 
from this site an unloading wave front does originate. 
Further fracture behaviour will depend on the microcrack 
distribution, which now also depends on the period of 
time between the primary and the first secondary fracture, 

and on the change of the stress and strain distribution due 
to the passing p1astic wave. 

6. EXPERIMENTAL RESULTS 

A comparison between experimental and theoretical 
results can be made on the basis of the (very likely) 
hypothesis that the first secondary fracture that occurs is 
the one that is the closest to primary fracture. Primary and 
secondary fractures can be easily distinguished [3], so that 
we have found a way to identify the frrst secondary 
fracture and the primary fracture. 

For the tested samples with length 100 mm and diameter 
0.2 mm, it can be deduced that nearly always "fast crack 
propagation" occurs. To check this point, let us estímate 
the minimal crack size 2a1 for "fast crack propagation" 
(L1 t<L/1 OCr) using equation (7): 

(18) 

A rough estímate of the upper bound for the minima1 
crack size will be obtained for L1 t=L/1 OCr and m=0.2. By 
means ofiteration using equation (18) a1 can be calculated 
for different values of ac and L. Va1ues of a1 between ac 
and 1.02ac (a1<2R), are obtained for 1>8 mm and for all 
permitted values of a0 • Taking into account that ac is 
much larger than !lo and that the standard deviation in the 
log-normal distribution of the microcrack sizes 
corresponds to a multiplication factor of 2.15 of discussed 
microcrack sizes [3,5], one may deduce that more than 
90% of the critica! microcracks for 1>8 mm have "fast 
propagation rates". This percentage increases strongly 
(see exponential terrn in equation (18)) for increasing 
va1ues ofL. For smaller va1ues ofL and very 1arge crack 
sizes "fast crack propagation" may a1so occur. Therefore, 
for samples with length L0=100 mm "fast crack propa
gation" is highly predominant, so that it will be assumed 
to be the only behaviour that occurs. 

The failure distribution that corresponds to this behaviour 
is dependent on the length L of the wire a:fter primary 
fracture. In order to eliminate the variable L (for the 
obvious reason that in this manner less experiments are 
required to compare with the theoretical distribution), the 
primary fracture is taken into account. As a frrst step we 
will describe the named distribution (equation (16)) as a 
function of the variable z=x!L: 

n¡L exp( -n¡L(1-z)) 
g(z,L)=~--~--

1-exp( -n¡L) (19) 

Primary fracture occurs with an equal probability at all 
si tes. However, secondary fracture does not occur always, 
the probability that it does occur is given by the weight 
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function w(L)=l-exp(-n¡L). Therefore, the failure 
distribution f(z) of the site of the first secondary fracture 
when testing samples of length L0 is given by: 

¡ g(z,L)w(L)dL 

f(z)= 
0 

with w(L)=1-ex¡(-nf) (20) 
z. 
¡ w(L)dL 
o 

Which leads to the following expression: 

1-[1 +n_,L0(1-z)]ex¡{ -n¡.p -z)] 
ft~=----~------~~---

(1-zi[n_,Lo +exp( -n_,L 0)-1] 
(21) 

Note that z=xJL is a dimensionless variable varying be
tween O and l. The value O corresponds to the site of 
primary fracture and 1 corresponds to the point where 
wire and grip meet. The cumulative failure distribution 
(which is the integral of f(z) from O to z), can be derived 
and leads to the following result: 

1 n_,L0 +-[ex¡( -n¡.p -z))-1] 
1-z 

F~)=1-------------------
n_,L0 +exp( -n_,L 0(1-z))-1 

(22) 

This function can be directly compared to the experi
mental results if the parameter n¡., which is the number of 
critica! microcracks in reverse torsion per meter at the 
moment of primary fracture, is known. This number can 
be calculated if the distribution of the microcracks is 
known, and by making use of equations (8), (9), (12) and 
(13) [3]. Unfortunately, at this moment, accurate 
estimates of the critica! stress intensity Kc do not exist, 
while nr is very sensitive to variations of K0 • Therefore, 
n¡L0 which is the number of critica! microcracks per meter 
in reverse torsion, will be taken as a fitting parameter. 
F(z) is given for severa! values of n¡L0 in Fig. 9. 
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Fig. 9. Cumulative failure distribution calculated for 
severa! values of n¡L0 and in function of the variable 
z=x!L. The variable z is relative position of the first 
secondary fracture. 

In Fig. 1 O a comparison can be made between 
experiments carried out on pearlitic steel wire and the 
theoretical curve for n¡L0=7. The theoretical curve is 
found to líe completely within the 95% confidence 
interval of the experimental results. 
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Fig. 10. Experimental cumulative failure distribution 
of the first secondary fracture for A lB l+RSC pearlitic 
steel wire samples with initial length L0=100 mm. F(z) 
with n¡L0=7 is denoted in the same figure. 

Values found for the parameter n¡L0 can be used to 
accurately estímate the critica! stress intensity Kc 
(necessary to split fibres in the pearlitic steel wire), as Kc 
is hardly sensitive to variations in the value of n,L0. Note 
that in order to raise the accuracy of the estimated value of 
n¡L0, it is possible to exclude the samples with smaller 
values of L (for example: L<8 mm). Accordingly, the 
equations (20) to (22) have to be modified. In this 
manner, the percentage of "fast propagating cracks" will 
be raised, so that a better fit of experimental data will be 
obtained. Therefore, if the microcrack distribution is 
known, the interfibre toughness Kc of high strength 
pearlític steel wire can be measured precisely. 

7. CONCLUSIONS 

1.- Both the distribution of the size of the microcracks at 
fracture and the stress states induced by the torsional (and 
longitudinal) stress waves determine the secondary fractu
ring behaviour. 

2.- The failure distribution for longer (L/R> 1 000) samples 
of heavily drawn pearlitic steel wire is given by equation 
(21). 

3.- One way to measure the toughness or critica! stress 
intensity Kc between fibres of high strength steel wire has 
been described. 

4.- The wave decisive for the secondary fragmentation is 
the elastic torsional stress wave after the frrst reflexion at 
the grip. 
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5.- Unloading waves clearly reveal the critica! defects in 
pearlitic steel wire, and can therefore be a usefull source 
of information of these defects. 

6.- A very good agreement is found between theoretical 
predictions and experimental results. A theoretical curve 
can be found, using only one parameter (11)...0), which lies 
completely within the 95% confidence interval of the 
experimental results. 
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