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Abstract. The competitive world market today encouragesftigication of polymeric materials in substitutionthe

traditional ones in several applications, like @l motor parts. As a result, a cost reductiontle final product is
achieved, specially by the elimination of finishipgocesses. The part injected with polymer does reqtire

machining, such that it can be sent directly todlseembly line. With this new demand for polymmaterials, comes
also the challenge to obtain the correct charadation of its mechanical properties, according kit service
applications. The response characterization to ioipa one of the most challenging, not only becafgbe difficulty
of capturing the signals, but also due to the pagmhighly non-linear response, and the manneminich its

properties depend on the rate of deformation. Misthe constitutive models adequate to viscopldstisavior in

polymeric materials require experimental stressistrdata for constant strain rates or constant pilastrain rates.

However, when an impact test is performed, theirstrate changes during the event, making algorithmasessary
when post-processing the experimental data. Thieparesents a procedure to test and identify stetsain curves
at constant rates of deformation, for PVC and PRgkes in tensile impact tests at low energy leaat$ strain rates.
The experimental data is obtained at a test apperapecially developed and built, based on freleefatalibrated

masses. The force and deformation signals are oéthin real time respectively from a load cell amdtrain gage
adhered to the sample. The apparatus is adequattatwlardized tests of plastic parts, such thatitmgact energy is
limited to 100 joules, and mass velocity is limited6.5 m/s, which characterizes it as a low-vejotést. The raw
force-time and deformation-time curves at severalsnvelocities are processed in different formsgémerate
estimates of stress-strain curves at constant raegonstant plastic strain rates, and also cureésnitial elastic

modulus versus strain rates. The experiment apparéiits the estimates to deformations prior tovelepment of
necking in the sample. Finally, a simulation of iampact on an electric motor fan cover is preseniedorder to

exemplify the use of the experimental curves.

Keywords: Impact, rate of deformation, polymer, finite ekants.
1. INTRODUCTION

Recent studies suggest the use of polymers asbstitste to older materials commonly utilized invesl
applications, like electric motor parts. With tliew demand for polymeric materials, comes alsonthed to have
adequate characterization of its mechanical pragseaind new models capable to describe its behadoording to the
applications to which they will be submitted. Inngeal, the theories for mechanical behavior of pas were
developed from those initially developed for mefalg. Perzyna model, 1966). Usually, the yieldasig used for these
materials is the von Mises failure criteria. Intspof its limitations, many researchers have usgsl d¢riterion in
polymers, (e.g. Pierce, 1984 and D’'Amietaal, 2003). This approach is more efficient in thelgsia parts in traction
before the necking and also on fiber reinforced/pelrs. In tests with necking, appropriate modeigha be utilized,
like Drucker-Prager, (Du Bois, 2004), or cavitatimodels, which take into account the cohesion eniriternal voids
in the material (Dean and Crocker, 2006).

Under impact loads, the polymer hardens with tiveeiase in the rate of deformation. This is accaongubby a rise
in the elastic modulus (Dean and Crocker, 2006/Amatkabaletaet al, 2005). This fact limits the applicability of some
of the constitutive models implemented in some cenaial finite element codes.

In structural mechanics, a dynamic phenomenomdadly classified as one with a rate of deformatibove 1 3.
Rates from one to 10*sare said slowly dynamic, values of 10 a 1008Gee intermediate dynamic and values above
1000 &' are fast dynamic events. In the automotive ingustr instance, typical deformation rates arehsf order of
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100 ' in a vehicle impact at 60 km/h. It is, therefome, average dynamic event. In explosions or ballistents the
rates can be above 1006. §o describe correctly the fast dynamic phenomeitde important to utilize constitutive
laws which take into account, not only the rate@divalent plastic deformation, but also the terapee, in order to be
able to represent the softening resulting from lieating in the material (thermal softening). Thare two main

families of constitutive laws: the empirical moddisr example the Johnson-Cook, Cowper-SymondshaionZmodels
and the physically based models, like the Zerilim&trong, Bodner and Partom or Rusenek and Klepaozédels,

which consider microscopic phenomenon like thergsée and crystalline structure (Jeunechamps,)2008

The classical procedure to analyze a structureerumdpact loads is by the theory of impulse, in abhthe short
duration load is considered instantaneously appl&oicoleia, 2000). The theoretical impulses argoesited to the
Dirac’s delta generalized function.

Du Boiset al (2004), make important considerations with regarthe behavior of plastics submitted to impatct. |
is recommended that, in some cases, their beh@anrbe modeled as pseudo-metals. However, in pofynam
increase in the rate of deformation causes anasere the plastic limit, as in metals, but alsoses an increase in the
elastic modulus. Besides, a non-linear elastic mesp is observed. Therefore, since the yield stiestension,
compression and in shear, frequently do not obeyigld surface of von Mises, and since the hardgof the material
is anisotropic due to the realignment of the polsimehains, many polymers should not be simulatethtvs strongly
based on von Mises plasticity. A better option ¢stssin alternative yield surfaces, like the DrucReager one, in
which the hydrostatic stresses are included.

Duanet al (2001) proposed a phenomenological constitutiedehfor glassy and semi-crystalline polymers, \whic
is capable to consistently describe an entire rarigieformation under compressive monotonic loadfog different
rates of deformation and temperatures. The mod#edDSGZ, is derived from four other constitutivedels, each
one with its own applicability and limitations. Tmeodel requires experimental identification of g¢iglarameters of
material, which can be obtained from three teswifierent rates and temperatures. More recentlyari®t al (2003)
incorporated the effect of hydrostatic pressurghim model. One notice that this effect is necessargnodels for
materials whose behavior in tension is differeatfrcompression, as is the case of many rigid palyme

Aretxabaletaet al (2005) proposed a new method for identificatidnswess-strain curves at constant rates of
deformation for polymers, from tests performed atying rates. It must be noticed that, most typfeests available,
are performed in such a way that the rate of dedtion changes during the loading process. Thergfogocedure
aimed at extracting constant rate information fithwa type of test is very attractive. The procedarbased on impact
tests in tension, with instrumented specimens odfygopylene. Acceleration-time curves at differemattes of
deformation are obtained simply dividing the sigodlforce-time by the impact mass and performingnarical
integration in time. Two subsequent integratiorsdpice velocity-time and distance-time curves. Ftbheninitial length
and transverse area of the sample, and the distameeand force-time curves, the deformation-timeves are
computed. Next, a value of rate of deformation-timearbitrated, and it is possible to obtain, frahe set of
deformation-time and stress-time curves, a pawatdes of stress and strain, at that rate, whiehuaed to generate a
stress-strain curve at constant rate of deformaBasides this procedure, several positive aspédtse impact test in
tension with regard to bending are pointed. Firstension tests the stress state can be consifiErgdhomogeneous,
different from the bending test, where complex ssiretates are generated, with part of the specimeeoming
tensioned and part compressed. In the bending ttestrate of deformation ranges from a maximum eedti the
external faces of the specimen, to zero, at théraesurface at the center; the impact mass makestcontact with
the specimen, generating a region of concentratedses and strains. These effects are avoiddukitehsion test,
where the mass does not touch the sample. In theirigetest, the force is measured at the impacsjrathough this
force is not the same as the one transmitted tsah®le. These forces can only be supposed eqgbals tve dynamic
effects associated with the test method can beeotsgl. However, some of the most important dynaafiects are due
to the high stiffness of the contact mass-sampl¢hé tension test the force is measured in thefirip, such that this
problem is minimized.

The present paper develops a procedure to testiantify stress-strain curves at constant ratededérmation, for
Polyvinyl Chloride (PVC) and Polypropylene (PP) sdes in tensile impact tests at low energy leveld strain rates.
The experimental data is obtained at a test apparsgiecially developed and built, based on frdeeffatalibrated
masses. The force and deformation signals arersutain real time respectively from a load cell andtrain gage
adhered to the sample. The apparatus is adequatartdardized tests of plastic parts, such thatrtipact energy is
limited to 100 joules, and mass velocity is limited6.5 m/s, which characterizes it as a low-véjotést. The raw
force-time and deformation-time curves at severadsnvelocities are processed in different forngetoerate estimates
of stress-strain curves at constant rates, at aonhptastic strain rates, and also curves of ingiastic modulus versus
strain rates. The experiment apparatus limits ttenates to deformations prior to development afkimey in the
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sample. Finally, a simulation of an impact on ac#&lc-motor fan cover is presented, in order tereplify the use of
the experimental curves.

2. EXPERIMENTAL PROCEDURE

The impact tests were performed in a bench teatldped and built in the Mechanical Department &SC, by
Quintero (2007). The bench is composed of a tensigract machine, the circuit board for conditioniofysignals,
digital oscilloscope and a common microcomputee €htire test bench can be seen in Fig. 1.

The force and deformation signals are collectethfthe load cell and a strain gage at the sampdperctively. The
Excef’ PA-06-062TG-350L strain gage was used on the t@fidand the PA-13-125BA-350L on the sample. Thst fi
is able to capture signal in two normal directicarsd the other in one direction. These signals arg 0 the
conditioning circuit board to filter and amplifydfsignals, which are fed to the Tektronix TDS204diltoscope, whose
maximum sample rate is one giga samples per se€omally, the data are sent to the microcomputepfocessing in
the TDS2CMAX module. This module has its own useerface and can be connected to Microsoft Exseftware
for post-processing.

The strain gages at the sample and at the loadaeein complete Wheatstone bridges. In the sangify one
strain gage is applied, and the other three strages are applied in a dummy, to complete the eritlge deformation
measurement with the strain gage is limited tovéry beginning of the test, because after somd Evdeformation it
becomes damaged, and more, confidence values afnaaiion are obtained only before the developmémiecking.
However, it is useful in measurements which ledigr gorocessing, to the initial elastic module loé tsample, and its
variation with the rate of deformation.

In order to obtain a stable power source, the itimmihg board uses a separate source. Since tpadinsignal is a
pulse of few milliseconds, it involves high freqaes. These frequencies, together with the elevgddain the board,
necessary for signal acquisition, makes the boasdeptible to external interferences, with noiseslectromagnetic
and radio frequency origins. Although the board filésrs to prevent these interferences, a goodiggloconnection
showed essential for the stability of the systemcéthe bench is prepared and with noise reducegtdaynd cables,
the tests can be performed normally.

The impact machine, shown in Fig. 2, applies axiatl in traction by the free fall of a mass of &g in the shape
of a short cylinder. The fall velocity and the rafedeformation are varied according to the heiffall chosen for the
mass, and can reach approximately 6.5 m/s. Theimachcomposed of eleven components, listed in2bigSome of
its characteristics are:

e The sample is standardized, with 215 mm in length;

e The useful length of the fall tube is 2200 mm;

e Communication with microcomputer though serial GHdRS232;
e Load cell, specially developed.

0

Impact
machine

Figure 1. Impact test bench.
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Figure 2. (a) Impact test machine; (b) Machinenofequadrant. Quintero (2007).
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Five different impact energies were chosen for témts, according to the standards applicable ttommcand
electrical equipment. The chosen impact energyegilvere: 5, 7, 10, 15 and 20 J. Note that thespatential energy
for the impact mass, and from equation (1), onaiobtthe height of the drop mass. Considering &esysithout
energy dissipation, the drop mass potential eneagy be equalized to its kinetic energy at the mdneénmpact,
therefore estimating the velocity through equat{@h Table 1 presents the heights of the drop naamssngst the
corresponding velocities at the moment of impact.

E, =mgh

v=,/2gh

Table 1. Heights and velocities of the drop mas®é&zh impact energy.

Impact energy [J]

Drop height [mm]

Mass velocity [m/s]

5 105 1.4
7 150 1.7
10 210 2

15 320 2.5
20 425 2.9

(1)

)
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According to Nemoto (2004), notches were donehatdenter of the specimens obeying the followirgtiens:
depthP equal to 0.4% of the specimen width and notcktf equal to 12 times the specimen thickness. Thehastc
done following these relations do not cause exeessiress concentration; only promote the stregisdafiormation
accumulation in this region, which has a reduce@af his region was chosen to glue the strain gelge.specimen’s
geometry and dimensions are shown in Fig. 3 and ZatNote that in Fig. 3, the representation of tlwdch is
exaggerated only for illustration. As shown in T&@bthe dimensions of PVC and PP specimens arerdiff. This is
only because they came from different suppliers.

LI ‘ | t

Figure 3. Notch machined at the specimen center.

Table 2. PVC and PP specimens dimensions. Dimesigiomm.

PVC PP
R 37.8 42
P 0.052 0.04
Bl 13 10
B2 20 20
L1 50 50
L2 165 148
t 3.15 3.5

Typical force and deformation signals as functidriime captured by the oscilloscope are illustiate Fig. 4, in
which the force signal is represented in blue dral deformation signal in yellow. Only the data besw the two
vertical red bars (Fig. 4) were utilized to comptiie material properties. The data at the lefthef first vertical bar
were neglected because this is a region where lavar data were measured, constituted only byatsgnefore the
mass impacts the machine disc. The data at theafghe second bar represents the final of thd liatory and were
neglected because it is associated to a rangefafnaiztions which cannot be measured by the stragegeliably. The
deformation becomes large, damaging the bondinthefstrain gage. Also, the cross section of thepsarstart to
become distorted, and the strains becomes nonroméiong the sample, due to the beginning of neclevelopment.

Figure 4. Region utilized to determine the stréssis curves (between vertical red bars). Forcedeidrmation are the
blue and yellow curves, respectively.
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A difficulty sometimes found during the tests wiRlFP, was due to the phenomenon of the mass hittimghachine
mobile disc twice. This happened when doing testls impact energies of 20 J, meaning that for eiesrgf 20 J and
above, PP starts having an elastomeric behavigr 5Fshows the characteristic signal. One cantseedcillation in the
deformation signal (yellow curve) due the phenommeridne force signal (blue curve) does not preselatvant changes
because the load cell has a stiffness much higlaerthe PP specimen.
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Figure 5. Example of characteristic signal founcewlkhe mass hits the machine mobile disc twiceststwith PP
using impact energies of 20 J and above.

2.1. Constant rate stress-strain curves

The measured data are processed to obtain thesaggestress-strain curves. The stress-time cume®btained
simply by dividing the values of force in the foriime curves by the specimen’s initial cross sectoea. Deriving the
deformation-time curves, one obtains the straia-tiame curves. Note that the rate of deformatioangfes during the
impact event, so, all of the above curves, whiaghedirectly from the impact test, are curves atalde rates.

From the strain rate-time, stress-time and therdedtion-time curves, at the five impact energiegsen for the
tests, it is possible to start the process to olta stress-strain curves at constant rate. Thases are result of a
curve fitting process for three experimental pqiqtiis the origin (0,0). The procedure follows gteps described
below; which is illustrated in Fig. 6 for PP fot@aof 4 §" and impact energy of 5 J.

Step 1 — In the strain rate-time curve for an abjtimpact energy, choose a rate for which oneniti$ to generate the
stress-strain curve at constant rate and takeahe wf time corresponding to this strain rate;

Step 2 — In the stress-time curve for the same éinpreergy, take the value of stress correspondirbyat value of time
found in step 1;

Step 3 — In the deformation-time curve for the sémgact energy, take the value of deformation gpoading to that
value of time found in step 1;

Step 4 — Repeat steps 1, 2 and 3 for other impasges until a sufficient number of stress-stiadints are available
to make the curve fitting of the stress-strain eua constant rate.

Note that, in spite of the small variation of ihgpact energies, and also the rates of deformatieoived, it was
possible to distinguish between curves of veryelages, as shown in Fig. 7 and Fig. 8, in thatr#ite difference is
only 1 s' from one curve to another. As can be observedijer rate of deformation achieved in the tests &a',
so if rates larger than 5'svere desired, impact test using energies larger #0 J must be made. Alternatively, one
could find the equations of the experimental curaesl then, estimate other curves for larger rafesimilarly
approach was followed by Dean and Crocker (2006)chvpresented equations derived from experimentales and
could extrapolate their results to rates much sap#ran those utilized in the tests.
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Process for determination of stresstsirarves at constant rate.
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For stress-strain curves at constant rate, theegs®d elastic modulus are presented in Tab. Jalbd4 for PVC

and PP respectively.

Table 3. Dynamics elastic modulus for PVC fromsgrstrain curves at constant rate.

Table 4. Dynamics elastic modulus for PP from stigain curves at constant rate.

160 —
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3t

120 —
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®
S
\

40 —
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Figure 7. Stress-strain curves at constant ratEe.
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Figure 8. Stress-strain curves at constant ratefor

Rates of deformation {3 Elastic modulus [MPa]
Static 3280
3 3300
4 3775
5 4815

Rates of deformation 3 Elastic modulus [MPa]
Static 1325
2 1870
3 2330
4 2700
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From the curves shown in Fig. 7 and Fig. 8 andtielanodulus values in Tab. 3 and Tab. 4, it wassjide to obtain
the stress-plastic strain curves at constant shtyn in Fig. 9 and Fig. 10. Processing the cunvéisese figures, using
the 0.2 % secant method, it is possible to comghegield stress for both the materials, whichleted in Tab. 5.

Table 5. PVC and PP yield stress from stress-plastain curves at constant rate.

PVC yield stress [MPa] PP yield stress [MPa]
Static 12 Static 5.2
3s’ 23 28 12.6
4t 26.2 3d 13.7
55 33.4 45 15.2

160 —
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3st
4st
5st

120 —

80 —|

Stress [MPa]
[
\

o

0.004 0.008 0.012 0.016

Plastic strain [mm/mm]

Figure 9. PVC stress-plastic strain curves at eonsate.
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Figure 10. PP stress-plastic strain curves at aohsate.
3. IMPACT SIMULATION OF AN ELECTRIC MOTOR FAN COVER
The electric motor fan cover is one of the mogtoad components of the electric motor to be satgd to impact

loads. This component protects the motor fan agaiossible falling tools and other materials, sah¢he associated
to its own working environment. For example, motorgrushing machines work under constant riskoakrimpacts.
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An eventual fan cover failure can cause the brepkihthe fan and consequently, the failure of thetan causing
losses to the plant.

Figure 11 shows a real fan cover prototype magmipmer assembled on an electric motor for impests. It must
be noted that the material of this real fan cogemat PVC, but for the purposes of this study,dakeeriment data for
PVC were used. There is no knowledge of impactesuifor the real material. Usually the supplier doetsoffer such
data or even has them. Therefore, in practicals;atés necessary to build a prototype and tesdlibwing some
applicable standards. If the component meets thralatd requirements it is approved for use.

Figure 11. Real polymer fan cover. Courtesy WEG.

The objective of the fan cover impact analysis waexemplify the use of the stress-strain curtesoastant rate.
These curves normally are utilized in algorithmsiolwhcan interpolate between a group of given cuyrfes the
determination of the stress-strain curve associd#tedhe strain rate at a determined integrationntppoWhen a
component is subjected to several dynamic loadsh eaint deforms at a determined rate through #ierdhation
process. Thus, to have a group of curves and aufation that allows interpolate between those csinmmakes it
possible to do a simulation in which each compompeintt, in each time instant, is modeled usingatiequate curve to
the rate of deformation at this point. However, shéware utilized in this analysis, ANSYS, does altow interpolate
between a group of different hardening curves, dhel a single stress-strains curve was choserthiranalysis.
Additionally, in non-linear problems, as in impaatyolving large deformation and displacements,stitéty and
viscoplasticity, it is recommended to use a finesimwith simple and robust elements. The finite eetmtommercial
package used in the present simulations appliegathial return mapping algorithm along with implitime integration
method to update the plastic parameters of the m@tle hardening option is the multilinear isotmpiardening with
von Mises yield condition.

The analysis consists in the simulation of an ichpest defined in IEC 62262 and IEC 60068 starslaftie IEC
62262 standard defines the degree of protectiomstganechanical impacts, IK code. The IK code itofeed by two
numbers related to the impact energy in which thmmonent must support. The IEC 60068 conducts theegs of
testing the component, defining the value of thedot mass to be used, its geometry and drop hekgirt.the
simulation, it was chosen to subject the fan cdweimpact energy of 20 J, classifying it with IK t@de as in IEC
62262. From IEC 60068, one obtains that for an shpaergy of 20 J; a 5 kg mass must be used, appdd from a
400 mm height. For this height value, the velooityhe impact mass at the moment of impact is 28 m

In the simulation, the finite element mesh showrFig. 12 was utilized, in which only a 90° secteas used
because of the geometric symmetry. For facilitg tfmpact dropping mass effect in the center offtmecover was
simulated imposing an initial velocity of 2.8 mésthe fan cover while restraining the fan coverteer correction to
the fan cover density was made to make sure thai&ianergy at the moment of impact was 20 J.

Figure 12. Fan cover finite element model.
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As a dynamic material property, the PVC stresaistcurve obtained directly from the impact testhwhis energy
was supplied to ANSYS. The experimental values2§BMPa and 0.38 were supplied as elastic moduldsPaisson
coefficient respectively.

The stress field due to the impact of 20 J is showFig. 13. Analyzing the critical point, denorated P, inside the
red circle, one obtains the equivalent von Misessstequal to 92 MPa. The total deformation in ploigit versus time
is shown in Fig. 14.
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Figure 13. Stress field resulting from the 20 Jactp
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Figure 14. Total deformatioversustime in point P.
The rate of deformation in this node is obtainedwing the total deformations by time, which reésuh the graphic

of Fig. 15. Note that this graphic is oscillatonyedto the nature of the problem. Despite the @diilh, one can note
that the rate values oscillate around§red line). This is the average rate of defornmatiopoint P of the model.
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Figure 15. Rate of deformatiaersustime in point P.
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Knowing the average strain rate in this nodes passible to supply the software with a new cadequate to this
rate and compute the new stress field. In this regrsupplying the software with the stress-straitve at constant rate
of 5 s', shown in Fig. 7 and repeating the analysis, mhéeses a correction for the von Mises stress intg®, which
changes to 65 MPa. It must be noted that in théadbla algorithms, this process is done in eacégrdtion point of the
model, that is, in each node. Thus, the stresaéh eaode would be corrected according to the cadesjuate to its rate
of deformation.

4. CONCLUSIONS

This present paper develops a procedure to igesttiéss-strain curves at constant rates of defiwmgprocessing
data obtained from tests at varying strain raté® procedure is tested in PVC and PP samples @ildémpact tests
based on free-fall of calibrated masses, such ithéd adequate to low levels of energy and straites. The
experimental data is obtained at a test appargiesaly developed and built. The force and defdiomasignals are
obtained in real time respectively from a load egltl a strain gage adhered to the sample. Theappas adequate to
standardized sample tests of polymeric materidie Mw curves of forceersustime and deformatiomersustime at
several mass velocities are processed in diffdoents to generate estimates of stress-strain cuatesnstant rates, at
constant plastic strain rates, and also curvesitéli elastic moduluyersusstrain rates. The experiment apparatus
limits the estimates to deformations prior to depehent of necking in the sample.

In spite of the little difference between impacemjies used in the tests, it was possible to whtary distinct
material curves, at several different constantsra8ill, tests performed at a larger number ofrgyndevels, more
widely spaced, makes it easier to perform the cftittiag process, due to the larger number of datailable. The
accuracy of the constant rate curves obtained iaeetly linked to the amount of measured pointestrdeformation
utilized in the final curve fitted. At the presestudy, only four points were utilized.

The application of strain gages for measuremertedérmation at the sample is adequate. Howevery#tues are
adequate only before the development of neckisgapplication in the industrial environment is pbles provided the
test apparatus is available, specially the impast machine, which is not a commercial model, bwgpacially
developed design.

The manufacturing of the sample tests is such ithedncentrates stresses and deformation at iraleregion,
making the positioning of the strain gage easieweler, the process of fabricating the grove resuthe use of
precise machining equipment, available only atigu#doling houses.
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