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Dynamic behavior and prevention of the damage of
material of the massive hammer of the scrap shredding

machine

Eugenio Brusa - Stefano Morsut - Nicola Bosso

Abstract Shredders are used for comminuting the
metallic scrap fed to the electric arc furnace and con-
sist of a set of hammers connected to a main ro-tor,
whose rotation converts the kinetic energy into a
strong impact. Design of the hammer is still based on
some daily practice, but often it looks insufficient to
predict the effects of wear and the cracks monitored in
service. To reduce costs and improve the product
quality manufacturers of shredders urgently need for a
design tool suitable to predict the hammer dynamic
behavior, the damage of material and to locate the
stress concentration. Unfortunately no comprehensive
design approach was yet proposed in the literature.
This paper investigates the behavior of an industrial
prototype of shredder to develop such as design tool.
A first rotor-dynamic analysis was combined with a
numerical investigation, performed through the Multi
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Body Dynamics and Finite Element Method, respec-
tively. Results were then compared to some experi-
mental evidences. Damage effects were tentatively re-
lated to some design parameters, the material prop-
erties and the loading conditions of the hammer. Re-
sults were used to increase the performance of a new
shredder hammer being designed by refining the cut-
ting edge profile and by selecting a different material.

Keywords Shredder hammer - Multi-body
dynamics - Finite Element Method - Stress analysis -
Steelmaking equipment - Mechanical design

Symbols

F. centrifugal force

F;  impact force

Kpgs ratio between the action applied to the pin

and to the scrap

Kw ratio between the action applied to the pin when
cutting edge is new and in case of worn profile

M; impact moment

R distance of the impact point from the disc centre

V  impact speed

l length of the rotating pendulum

r  radius of the rotor disc

£2 angular speed of the disc rotor

«  inclination of the anvil plane; absolute angle of
rotation of the hammer symmetry axis in the
fixed reference frame

B angular position of the impact point in the fixed
reference frame
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y  angular position of the impact point on the inner
surface of the hammer hole

angle between the impact force and the hammer

axis

angular position of the hammer axis

in-plane rotation of the disc pendulum frequency
of the pendulum

out-of-plane rotation of the disc pendulum
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1 Introduction

Shredder hammers are used to reduce the size of the
ferrous scrap fed into the electric arc furnace [1]. Big
rotors are equipped with several hammers [2], whose
impact against the scrap provides the fragmentation
[3] and the comminution [4] of dismissed mechanical
parts. Some typical damages occur during the life of
the shredder hammer and affect its dynamic response
[5]. A severe wear of material is observed on the cut-
ting edge and on the hammer surface, where it is in
contact with the pin of the rotor disc. Some cracks ap-
pear on the pin-to-hole contact surface together with a
thermo-mechanical alteration of the material prop-
erties. Effective design rules to predict those damages
are not yet available, although some approaches were
proposed [6]. An urgent need of the shredder man-
ufacturer consists of a design tool, being suitable to
predict the hammer dynamic behavior, the impact ac-
tions, the stress distribution and the location of cracks.
A preliminary investigation was therefore performed
to define the critical points of the hammer and to op-
timize its design. Typical failures were first detected
on a monitored shredder machine. Modeling activity
was then developed to predict the dynamic behavior
of each hammer. Numerical models were built into a
Multi Body Dynamics, to evaluate the impact actions

and the rigid body motions, then into a Finite Element
code, to perform the stress analysis, locating the crack
occurrence and predict the plasticity region around the
hole. This investigation was performed by considering
the role of the angular speed, the friction among the
materials, the gap between the pin and the hammer and
of the shape of the cutting edge. A preliminary corre-
lation among the damages and some design parame-
ters of the hammer was found and used to improve the
shape of the cutting edge. Unfortunately, an exhaus-
tive experimental validation of the numerical models
is currently impossible because of the inaccessibility
of the shredder machine in operation, mainly due to
the dangerous projections of material.

2 System description and experimental evidences
of damage

The rotor bears a set of discs, equipped with several
hammers, connected by hinges. Each hammer freely
rotates about the pin axis. A clearance is there pro-
vided and usually spans from 10 to 20 mm, being
larger in the worn shape. Rotation, performed at 500—
750 rpm, causes a strong impact of each hammer
against the scrap, supported by the anvil (Fig. 1). A gap
is left between the hammer and the anvil, being usu-
ally set up to 40-100 mm. Scrap continuously drops
out of the feeding roller at a speed of 0.1-0.4 m/s to-
wards the anvil and includes ferrous parts with a size
of about 200 mm?.

A preliminary analysis of damage, being performed
upon an operating shredder, allowed observing that a
severe wear applies to the hammer material at the hole
as pictures of Fig. 2 describe and changes the shape
of the cutting edge, because of the repetitive impact

hammer

incoming
scrap

outcoming scrap

Fig. 1 Sketch of the shredder rotor and pictorial example of its operation



against the scrap, as shown in Fig. 3, where some worn
shapes of the hammer are depicted.

This effect is due to the continuous friction between
the hammer and the scrap, but it depends on the ro-
tor spin speed and the mass distribution in the ham-
mer. Some cracks occur on the inner surface of the
hammer hole, being located at the left quadrant of the
upper half-circumference. According to the manufac-
turer origin of the cracks is uncertain, being poten-
tially caused by the impulsive action of impact, fatigue
or thermo-mechanical fatigue [7]. An evident out of

Fig. 2 Pictures of some typical damages detected in service on
the shredder hammers

AFTER A FIRST
OPERATION WITH
SEVERE WEAR

ORIGINAL

roundness of the hole is observed. Magnitude of those
damages depends on the frequency of the whirling
mo-tions of the hammer-rotor system. Unfortunately,
no information about forces and moments acting on
the system were available nor measured values of
temper-ature. Therefore numerical investigations were
aimed to evaluate first the actions applied to the
hammer to perform then the complete analysis of its
dynamic be-havior.

3 Preliminary modeling activity

To proceed straight in investigating the dynamic be-
havior of the hammer, some values of angular speed
and of gap between the hammer and the pin were con-
sidered and three geometries of the hammer were an-
alyzed. The behavior of the original shape, as it looks
when the shredder is just manufactured, was
compared to that of two worn layouts, depicted in Fig.
3. The first is corresponding to the worn geometry
after a first pe-riod of service, during which the
cutting edge is made smoother by the repetitive
impact. The hammer is then usually rotated, during a
stop of the shredder machine, to use the rear part of
the cutting edge. Therefore the second layout looks
like the hammer appears after a complete wear of the
material. The performance of steels FeE420 and
FeP04, respectively, was investi-gated.

AFTER A FIRST
ROTATION OF THE
HAMMER

Fig. 3 The three configurations of the shredder hammer analyzed: original, worn, worn and rotated after maintenance operation



3.1 Impact models

Constraints in measuring all the actions applied to the
system in operating conditions required a preliminary
study of the order of magnitude of the impact excita-
tion. A centrifugal action of 500-1000 kN is applied
to the hammer mass of about 200 kg, for a given dis-
tance between the pin and the centre of the disc of r =
730 mm, while the centre of mass of the hammer is
located about at 850 mm. Impact force depends on the
nature and the size of the scrap. It can be 5000-8000
kN, if a perfect plastic collision is assumed, in case of
‘soft scrap’, while it reaches 18000-20000 kN in case
of lateral collision on ‘elastic-plastic scrap’ body.
Very seldom it grows up to 50000—150000 kN, if the
scrap is assumed to be perfectly rigid and collision
totally elastic. Manufacturer made a screening of the
scrap usually fed into the shredder and defined a ref-
erence configuration. A tubular structure of steel with
square cross section, wall thickness spanning from 10
to 30 mm, variable length and opening size of about
200 mm was used to compute approximately the order
of magnitude of impact, according to Jones [8] and by
including both the cases of impact and buckling.
Three levels of impact forces were finally identified as
1500 kN (soft scrap, easy crash), 5000 kN (inter-
mediate scrap) and 20000 kN (hard scrap accidentally
present in feeding flow). These values were assumed
as a reference to perform the numerical investigations.

3.2 Dynamics of the hammer pendulum rotor

If the hammer is seen as a rotating pendulum the main
effects of unbalance can be predicted [9]. In Fig. 4,
OA =r, A B =1 and £2 describes the angular speed
about the rotor axis, while angle 6 is used to describe

the oscillation of pendulum AB in the disc plane,
being angle ¢ the rotation out of plane.

The kinetic energy associated to the mass of the ro-
tating pendulum, located at B, can be described as:

1 1 .
T = Em|vB|2 = Em[rzsz2 + 1242

+12(2 + 6)* cos> ¢ — 22rl¢ sin sind

+22r1(2 + 6) cosp cos 6] 1))

where V3 is the speed of point B.

Fig. 4 Sketch of the equivalent rotating pendulum

Dynamic equilibrium equations of motion of point
B are found by means of the Lagrangian approach:

d (dT\ dT d (dT\ oT
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If the system is linearized about the equilibrium
condition, the above equations look simplified as fol-
lows:

(@ 164+rR2%=0
. , 3)
b)) lp+r+DR2°%¢9=0

Those equations allow computing the two typical fre-
quencies of the rotating pendulum:

Ae =24/l =244 2;
A =21 +r/1=2.64-2;

where 1, is corresponding to the in-plane motion and
Ap to the out-of-plane motion, respectively. If numer-
ical values of radius r and length [ are substituted in-
side those solutions, it can be remarked that the cor-
responding frequencies are quite close each other and
included in the range of spin speed from 2 to 3 times
the synchronous excitation, §2. Operation of the shred-
ding machine shows that a wide range of frequen-
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Fig. 5 Sketch of the hammer configuration when impact against the scrap body occurs

cies excite the dynamic response of the rotating sys-
tem. The largest effects are observed between 0.552
through 352, because of the simultaneous action of
several hammers distributed along the rotor axis and
of some nonlinearity present in the system behavior.
Those frequencies are included into that range and the
related motions look fairly excited, in absence of fric-
tion or damping. These excitations do not superpose
directly on the synchronous one (A = £2) and to the
weight effect (A = 22), but they look fairly active as
well as the following MBD simulations revealed.
Moreover, moments opposed by the friction to the
mo-tions related to the vibration modes described by
so-lutions in Eq. (4) may reduce their amplitude, but
si-multaneously cause a local dissipation, with a
growing up of the temperature, if the residual
displacement is sufficiently large. The severity of this
phenomenon de-pends on the coefficient of friction
between the mate-rials. Increasing the values of those
critical speeds by a larger ratio r/I looks in contrast
with the requirement of compactness of the rotor

system.
3.3 Properties of the materials

To perform the stress analysis of the hammer mate-
rial into the numerical code it is required inputting
the characteristic curve in terms of stress vs. strain,
for a given strain rate. For the materials selected by
the manufacturer three were the available curves, ob-
tained by the tensile test machine for a strain rate of

0.0015 s7!, 3 0's ~!and 500 s~!. Prediction of the
strain rate does not look straightforward because the
strain tensor contains up to six different components,
in case of isotropic material. In this case it was sim-
pler defining a figure of strain rate for the material of
the scrap material, provided that a reference geome-
try was previously defined and a main component of
strain defined. Further more difficult is the investiga-
tion in case of the hammer. As Fig. 5 shows at least
the speed reached by the hammer at the impact
against the scrap was first investigated:

V = R sin(8) (5)

being V the tangential speed reached by the hammer
during its rotation, §2 the angular speed, § the orien-
tation angle of impact force with respect to the sym-
metry axis of the hammer, and R the distance between
the cutting edge and the rotor axis.

If the range of the scrap height is 100-500 mm and
dimensions of the hammer are those of the monitored
shredder, the speed at the impact is 50-80 m/s. For the
reference shape of the scrap, which has been as-
sumed to be tubular with square cross section, under
the assumptions proposed by Jones [8] the strain rate
of the maximum strain, acting along the direction of
the sides of the cross section during the compression
induced by the impact force, was computed and val-
ues were found spanning from 40 to 70 s~ . Finite el-
ement code allowed analyzing the strain distribution
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Fig. 6 Sketch of the MBD model of the shredder hammer and of some configurations in rotation

in the case of the hammer, thus demonstrating that
many strain components are active at the impact, but
the most important is that along the direction of the
impact force in both the locations where contact oc-
curs, i.e. between the cutting edge and the scrap and
between the hammer hole and the pin. Those values
were computed through the finite element method dur-
ing the advanced step of this investigation. It was as-
sumed that among the three stress-vs-strain curves of
materials proposed those obtained for 30 s~! could be
the most close to the actual dynamic behavior of the
system, at least preliminarily.

In addition for those operating conditions it can
be remarked that yielding of the FeE420 steel occurs
at the 67 % of its tensile strength, while the FeP04
steel exhibits a tensile strength 2.3 times larger and
its elastic-plastic behaviour starts at the 28 % of it.
These properties motivate the different dimensions of
the plastic region numerically predicted by the FEM
code, around the hammer hole during the impact.

4 Multi-body dynamic analysis
4.1 Model

Three values of impact force (1.5, 5, 20 MN) were
initially considered to run the Multi-Body Dynam-
ics code. A disc with a single hammer was analysed
(Fig. 6). In the MBD model the scrap looks modelled
as a rigid body supported by a spring-damper com-
pliant system. It moves along the horizontal direction

towards the mill, at a constant speed, while displace-
ment is inhibited along the vertical direction. When
impact occurs spring is compressed and comminution
is simulated. Hammer is a rigid body connected to the
disc rotor, which rotates at constant spin speed. Gap
between the hammer and the pin is set up at each sim-
ulation.

Friction forces are figured between the hammer and
both the scrap and the pin, respectively. Friction coef-
ficients were set at 0.5 (static) and 0.3 (dynamic), ac-
cording to the properties of the tested materials. Sim-
ulation was performed by accelerating the disc from
zero up to the defined angular velocity. After few ro-
tations hammer reaches its equilibrium under the cen-
trifugal action. Impact occurs while the scrap is mov-
ing towards the mill. Equations of motion of are solved
in the time domain.

A preliminary identification of values of the equiv-
alent stiffness and damping coefficients of the spring-
damper system was required. They were found by im-
posing the values of impact force and strain rate pre-
viously found. Impact angle of the hammer, direction,
versus and magnitude of the impact forces applied to
the scrap and to the pin, respectively, were computed.
Location of the contact point on the inner surface of
the hammer hole was evenly detected.

4.2 Numerical results and discussion
Many were the relevant results of this first numerical

investigation, being herein briefly summarized. Am-
plitude of the impact force on the scrap does not only
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affect the magnitude of contact force on the pin but
evenly the dynamic response of hammer in rotation.
Low impact force and appreciable friction make the
hammer moderately rotating about the pin axis after
the impact, contact forces are remarkable, being ap-
plied to a limited portion of the hole circumference.
When the impact force is larger, contact occurs along
a longer arc, leading to a smaller contact force. Unfor-
tunately, it looked impossible finding a ratio between
the value of the impact force applied by the hammer
on the scrap and on the pin, respectively, for differ-
ent spin speeds. Distance of the centre of mass of the
hammer from the rotor centre is crucial. If it is longer,
rotation about the pin is larger and dynamic behaviour
of the hammer seems fairly irregular.

The worn layouts give a smaller impact effect and
even the kinetic energy drop is smaller. Contact be-
tween the hammer and the pin is located at the upper
circumference, between angle y = 120° and 190°, be-
ing this angle defined as in Fig. 7.

This location of the contact point precisely corre-
sponds to the position of the cracks detected in service
(Fig. 2). Contact force applied on the pin is usually
larger then on the scrap. As Fig. 8 shows after the first
peak due to the impact, a series of repeated actions
follow, but if the impact force is larger, the following
peaks are lower and excitation appears more uniform
over time.

In the worn layout contact between the pin and the
hammer occurs at y = 180° and after the impact, ham-
mer seems to be borne by the scrap at the cutting edge,

while the disc is rotating. A larger gap between the
anvil and the hammer could be useful to have smaller
excitations in this case (Fig. 9). Nevertheless, it is
worthy noticing that for an impact force of 1.5 MN,
contact force is lower than in case of 5 MN, but re-
duction is less than it was expected. A small gap be-
tween hammer and pin helps in having smaller impact
actions and stress concentration around the hammer
hole.

Time to reach the maximum value of impact force
significantly increases at a lower spin speed of the ro-
tor, repetition of hits after impact is fairly long, al-
though their amplitude is less than for higher spin
speeds. Wear of material is less severe, in terms of ap-
plied load, but more effective in terms of persistence
on a small region of the hammer.

A summary of the numerical results computed by
the MBD code is shown in Table 1. Factor Kpg de-
scribes the ratio between the force applied to the pin
and the scrap, respectively, while Ky is the ratio be-
tween the force acting on the pin, in case of the origi-
nal layout and for the worn ones.

5 Finite element analysis
5.1 Modeling
FEM analysis looked rather difficult because of several

computational issues and some nonlinearities. A first
comparison between a three dimensional model of the
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Fig. 8 Force applied to the hammer, in presence of clearance, for an impact force on the cutting edge of 5000 kN and 20000 kN,

respectively

hammer and a two dimensional one allowed realizing
that the latter could be sufficient to investigate where
the critical stress is located and to evaluate its magni-
tude. Three dimensional models show severe problems
of numerical convergence and require a huge compu-
tational effort, caused by the large value of the load
here applied. In the plane model the assumption of
plane state of stress with finite thickness can be made.
Case of the pure rotation of the hammer without im-
pact force was compared to the loading condition at
the impact. Nonlinear solution took simultaneously
into account the effects of nonlinear stress-strain curve

of each material and of contact. Curves of materials
were directly provided by Danieli® as a function of the
strain rate and inputted into the code. Loading condi-
tion at impact was identified first through the MBD
and applied to FEM model. Nonlinear solution was
computed by simulating the last approach motion of
the hammer towards the pin surface, i.e. by focusing
on few seconds before and after the impact. All the
inertial loads were introduced and the instantaneous
condition for contact was found out. Pin was assumed
constrained, while the hammer was reaching the equi-
librium condition. This approach allowed avoiding to
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Table 1 Loads due to the impact between the hammer and pin

[MN] Original Worn Rotated
Action on scrap 5 5 3.8
20 18 20
80 82 80
K ps (Fpin/Fscrap) 1.6 2.8 1.6
0.7 2.1 0.6
0.3 0.36 0.35
Kw 1 1.75 0.75
(Fpin, worn/ 1 27 0.86
Fpin, no wear)
1 1.2 1.12

run an explicit solution. Manufacturer considered this
task out of the goals of this analysis. Nevertheless this
model looked sufficient to detect the stress distribution
and to compare some proposed layouts of the hammer.
An absolute detection of stress could be only possi-
ble after a calibration of the numerical model on some
experimental test, currently not yet available. Pure ro-
tation condition, without impact, was investigated to
compute the mean stress acting on the hammer. Impact
was then analysed. In this case the maximum value of
impact force allowing the FEM code converging was
reached, i.e. for each configuration analysed the yield-

ing of material was found and the plastic region was
localized.

5.2 Results and discussion

Some examples of numerical results of the stress anal-
ysis are shown in Figs. 10 and 11, being expressed in
a non dimensional format with respect to the yield-ing
stress, oy . Maximum principal stress (o) and the
equivalent value computed according to Von Mises
(0eq ) are plotted. On the left side of each figure the
case of pure rotation is described, while on the right
one the maximum impact load numerically investi-
gated is shown.

Some localized peaks of stress, inducing the plas-
tic strain, may be reached in pure rotation just around
the first contact point. Centrifugal actions due to the
spin speed gradually modify the shape of the ham-
mer hole, which tends to become oval. Pin is a crit-
ical component. Stress distribution shows a gradient
across the section and peaks are fairly large. When im-
pact surface between scrap and hammer is larger, as
in the worn geometry, stress around the hole is lower
and the maximum impact load allowing the numeri-
cal convergence is bigger. For a given value of impact
force, plastic region looks fairly different, if the pres-
sure applied by the scrap on the cutting edge is either
distributed over a large portion of the profile or con-
centrated around its corner. The maximum load appli-
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Fig. 10 FEM stress analysis, material FeE420, original and worn shapes, 600 rpm

cable seems larger, because of rotation of the hammer
is smaller.

Plastic region is smaller for the FeP04 steel. This
difference is related to the look of the stress vs.
strain curve. FeE420 follows a linear elastic behaviour,
achieves the yielding stress, then its curve slowly
grows up to the tensile strength. FeP04 achieves the
yielding stress, then tensile strength is reached through
a nearly straight line, whose slope is fairly lower than
in case of the linear elastic behaviour, thus providing
a better performance.

6 Discussion and design criteria

As the numerical investigation shows the superposi-
tion of a number of effects in this system makes practi-
cally impossible an intuitive prediction of its dynamic
behaviour. Nevertheless some motivations to the dam-
ages monitored were found.

Since the beginning of the shredder operation the
rotation induces a remarkable wear effect, due to the
rotating pendulum motion of the hammer about the
pin. Frequency of this phenomenon has to be distin-
guished as much as possible from the synchronous
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Fig. 11 FEM stress analysis, material FeP04, original and worn shapes, 600 rpm

excitation, through a suitable proportioning of the
length of the hammer. Centrifugation applies a fairly
high level of stress and the hammer hole tends to be-
come oval. Gap between pin and hammer gradually
increases. All dynamic effects are magnified and look
more nonlinear. This gap should be kept as small as
possible or designer can resort to the so-called ‘inte-
gral solution’ [10], where each hammer is part of the
disc rotor. If the angular speed is slow wear works
slowly, but the impact against the scrap is less effec-
tive. At each impact a first strong collision occurs,

then a sequence of smaller impacts follows. Their fre-
quency is almost constant and amplitude is regular.
Pendulum motion is easily damped, shaping effect on
the hammer hole is reduced, but if the angular speed
is too low the rotation of the hammer about the pin
axis may compromise the process. In present case the
range of the spin speed defined was found compatible
with the needs.

Identifying the actual amplitude of the impact load
is really difficult. An experimental monitoring looks
practically impossible. Heavier impact forces do not



have necessarily a worst effect on the hammer and
a sharper nose on the cutting edge may be useful.
A stronger impact excites more the pin, but the ham-
mer performs a larger rotation about the pin. The arc of
contact explored in the hammer inner surface is larger
and stress is lower. Yielding can be reached at least
locally if the impact action is about 1000-3000 kN.
This issue makes important the plastic behaviour of
material, i.e. the look of its stress-vs-strain curve, for
a given strain rate. It is worthy noticing that wear of
the cutting edge is correlated to the material damage
at the hammer hole. If cutting edge profile is smooth
or worn, shredding pressure applies to a larger surface
and contact between hammer and scrap is longer. Af-
ter the main impact the hammer is almost borne by the
scrap and a sequence of hits can be observed, being
even larger than the first impact. Nevertheless, arc of
contact between hammer and pin is larger and stress
concentration is lower. These results suggest to intro-
duce an hub between the hammer and the pin to reduce
the effect of the impulsive loads.

Angular position of the first contact was localised
between 120° and 180° in the reference frame of the
hammer, being agreeing with the experimental evi-
dences of Fig. 1. When the hammer undergoes a pure
centrifugation at constant speed, y = 180° is the loca-
tion of the peak of stress. In case of impact and of a
sharper cutting edge, like in the original layout, angle
is about y = 120°-140°. These values are compatible
with the location of cracks detected in service, thus
indicating that damage is mainly due to impact more
than to fatigue. Thermo-mechanical fatigue may have
a role, if temperature rises up because of the friction
between the two surfaces. Even from this point of view
the FeP04 steel looks more suitable, because it can
bear an higher impact force, plastic region is smaller
and its plastic behaviour can be compatible with a
longer strength against low cycle thermo-mechanical
fatigue.

7 Conclusion

A preliminary analysis of the dynamic behaviour of a
shredder hammer was performed, in spite of lack of
models in the literature. A combined approach based
on both analytical and numerical methods was fol-
lowed. A first analysis of the pendulum motion in ro-
tation allowed realizing that critical speeds are quite
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close to the synchronous excitation. The Multi Body
Dynamics model identified the impact forces applied
to the hammer and the pin respectively, while the Fi-
nite Element Method computed the stress distribu-
tion. Loads are fairly large, up to 1-5 MN and stress
concentration occurs around the contact between the
hammer and the pin. In case of impact force equal
to 0.5-1 MN the strength of material is reached, at
least on a small area of the hammer. The performance
of some materials was investigated. Impact effect is
larger when the hammer is new and its cutting edge
is somehow sharper. In this configuration a main risk
is cracking, at the inner surface of the hammer hole.
Wear is very effective on the cutting edge, because of
the shredding process but also of the hammer whirling.
When the cutting edge is smoother, scrap bears the
hammer for a longer time after the impact and hits the
hammer head repetitively. In practice adding mass to
the hammer head decreases the frequency of the pen-
dulum rotor and increases the impact action on the
hammer hole material. Shaping the impact nose of the
head as a sharper tool may be useful to increase the
comminution, without changing the distributed inertia.
To effectively decrease the occurrence of early cracks
in operation an inner hub seems required, although
manufacturing costs of the shredder may increase.
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