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Abstract

A method has been developed to measure the intrinsic damping capacity of metals. A specimen is subjected to a cyclic uniaxial stress, to give
a prescribed energy input. The amount of energy that is stored in the specimen is measured using differential calorimetry, i.e. the difference
in temperature between the specimen under stress and a non-stressed reference sample is measured. The experiments were performed in.
insulated vacuum container to reduce convective losses. The heating rate, together with the energy input, is used as a measure of the intrinsic
material damping in the specimen. The method has been developed by testing an aluminium based and a stainless steel alloy. It is possible tc
distinguish the difference in damping between these two alloys.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction and background To design materials with good damping properties it is
necessary to understand the interaction between the intrin-
Itis important to take the intrinsic damping capacity prop- sic damping capacity and design parameters of the material
erty into consideration when designing new materials to such as internal structure and the manufacturing parameters
ensure that they fulfil traditional specifications as well as controlling the structure. A large number of mechanisms af-
having good damping properties. fect the dissipation of vibration energy within a material.
The intrinsic damping capacity is one of a number of pa- Most of the published information about these mechanisms
rameters that should be taken into account when designingis of an empirical nature, and the underlying physical na-
the product. The damping property should be stated in ta- ture is not fully understoof®]. Therefore, knowledge about
bles in the same way as other material properties such ashe influence of different material design parameters such as
Young’s modulus, creep curves, yield stress, hardness, denchemical composition, melt treatment, solidification speed,
sity, thermal conductivity and thermal capacity. microstructure and heat treatment on the damping proper-
The concept intrinsic damping capacity is used to mean ties has not yet been fully investigated and understood. Em-
something that might be called specific intrinsic material pirically, it is known that some cast materials have better
damping, an intensive, mass independent quantity, see fordamping properties than others. One such material is grey
instance Kinra and Yapuifd]. Damping can be considered cast iron, where it is believed that the morphology of its
as consisting of three types of phenomena. Firstly, damping graphite affects the damping properties. Usoltgivfound
due to the way the component is fastened to its surroundings;that the relative intrinsic damping capacity of a spheroidal
a component fastened with many rivets and bolts will be da- graphite structure is half that of a vermicular, whereas a
mped by energy lossinthe connectors. Secondly, some shapemellar structure has an intrinsic damping capacity which
give better damping than others, and finally, the intrinsic is four times better than the vermicular. Damping is as-
damping capacity, the way the vibration energy is trans- sociated with all types of materials. Many attempts have
formed into other forms of energy within the material itself. peen made to understand its nature but it still remains a
poorly understood phenomenon. According to Spence and
* Corresponding author. Tek:468-7906151; fax:+468-216557. Kenchington[4], it is not an overstatement to say that the
E-mail address: jonasa@matpr.kth.se (J. Aberg). intrinsic damping capacity cannot be predicted or modelled
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more fundamental nature, relating to the basics of damping,
Nomenclature but avoiding the traditional way of building a mathematical
Cp specific heat capacity (J/Kkg) model based on the equation of motion for the material. It
E modulus of elasticity (N/rf) was assumed that some of the vibration energy in a material
f frequency (1) is transferred to heat during the process of damping. The
= force (N) relation between the input of energy and heating is then a
L length (m) measure of the damping in the material. Initial calculations
m mass (kg) were performed to estimate the heating rate as a function
s displacement (m) of the input of mechanical energy. The basic idea is to im-
T temperature (K) pose the load during uniaxial testing. It is evenly distributed
W work (Nm) within the material without plastic deformation and all en-
w power (Nm/s) ergy from damping is converted to heat and measured as a

temperature increase. This temperature increase depends on
Greek letters the density, volume and specific heat of the material. It was
€ strain also assumed that the loss of energy to the surroundings is
n loss factor negligible. The calculations indicate that it should be pos-
o density (kg/nd) sible to measure the temperature increase due to the intrin-
o stress (N/rf) sic internal damping if it is possible to ascertain that only

small amounts of energy transfer takes place between the
test piece and the surroundings.
with any degree of accuracy. To date it can only be derived Two bars are placed in a vacuum chamber. Tsebar is
as an average of a large number of measurements. in contact with the top and bottom of the vacuum chamber
It is necessary to measure the intrinsic damping capac-whilst thereference bar is suspended from a plastic hook in
ity to be able to develop intrinsic damping capacity models. the ceiling, ensuring that it does not touch the measured bar
Existing methods can be put into two groups, i.e. analysis or the walls of the test chamber. The temperature of the test
of the effect the test material has on an input signal using bar as a function of time is measured differentially to the
Fourier analysig5] and the measurement of the decay in reference bar using thermocouples. The vacuum chamber is
the amplitude of a vibrating test pie§g]. There are prob-  placed inside an MT$11] tensile test machine with com-
lems with both methods, they either assume a linear equationpression platens. The test bar will thus be cyclically stressed
of motion for the material tested, only giving information by compression. Two control and measurement systems are
at certain frequencies depending on which eigen frequen-used, one to control and measure the load input, the other
cies the test piece has or they measure the damping with a0 measure the temperature increase.
load that is not uniaxial. An example of measurements using
Fourier analysis is presented[if] where a number of ma-  2.1. Sub-systems
terials were tested. The method was found to be unsuitable
for a number of reasons, such as the geometry of the test Fig. lillustrates the general sub-system assembly. It con-
pieces, the dissipation of energy into the surrounding air, sists of a load input system in the form of a tensile test ma-
simplification due to the assumption of a linear model for chine, a vacuum system to reduce convective heat transfer
the material damping, the use of a single degree of freedomand a differential temperature measurement system consist-
model on a multiple degree of freedom system and possi- ing of two bars, thermocouples and a microvolt meter.
ble losses due to the method for fastening of the test pieces
to their surroundings. A further limitation of the method
is that only a very small range of linear behaviour can be
tested and that the dependence of the strain level on the ma-
terial damping cannot be tested. An alternative would be to
measure the difference between stress and strain in a cyclic
sinusoidal motion. This has been investigated&®] and
refined in[10], but the method has limitations due to its
complexity and its limited ability to measure low damping
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To circumvent the problems and questions regarding ex-
isting methods it was desirable to look for a method of a Fig. 1. Principal set-up.
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2.2. Load input system Cu
Zh

The system used to impose the compression load on the 5
test bar is a conventional tensile test machine, an MTS 810 Cu
loadframe with an MTS Teststar controller and MTS Test- ' ' _
ware SX 4.0 to write the control code programs. Fig. 2. Differential thermocouple.
2.3. Temperature measurement system based on differential wires were interconnected using a red wire, each connection
thermocoupl es being a sensor. One was placed on the test bar, the other on

the reference bar (Fig. 2).

An accurate temperature measurement system is needed The thermocouples were welded using a technique known
since the temperature increase is rather small, typically under a variety of names, i.e. tungsten inert gas (TIG), wol-
10-4°C/s. Temperature measurement using thermocouplesfram inert gas (WIG), gas tungsten arc welding (GTAW)
is a way of measuring the temperature difference betweenusing a thin bar of tungsten surrounded by an inert gas. The
a point of known temperature and one of unknown temper- two wires were held together, an arc was struck and the wires
ature. The temperature of the reference point is measuredwere put into the arc. After welding, the arc was turned off,
using an independent method. The most frequently usedbut the inert gas remained on during solidification and cool-
sensor technique for measurement of the reference tempering of the weld to prevent it from oxidising.
ature is the monolithic temperature sensor. This reference The Seebeck effect produces a potential difference due
temperature measurement, in combination with a thermo- to the temperature difference. If the thermocouples were di-
couple usually gives the temperature with an accuracy of rectly connected to the electrically conducting test and ref-
within 1°C. Better accuracy can be achieved with a bet- erence bar, it would affect the readings of all the sensors in
ter reference temperature source such as an ice and wateelectric contact with the system. To avoid this, the bars were
mixture. The ice pool temperature varies very little with air coated with five thin layers of Electrolube Acrylic Protec-
pressure. The problems with this technique are practical. tive Lacquef14]. The number of layers needed were tested.
The problem of measuring small temperature changes dueThe number of layers was decided after experiments indi-
to a specific parameter is different. If the temperature point cated that if the layer was too thin the acrylic was some-
measured is affected by several parameters, it is prefer-times penetrated by the thermocouple tip when a pressure
able to use a reference point, which has a temperature thatoad was applied to keep the thermocouple in place on the
varies in the same way except for the parameter depen-bar.
dency sought for. This was done by putting a reference The thermocouple and the bar were covered with thermal
bar together with the test bar under cyclic stress. Since theconductivity paste to ensure a good thermal contact at the
temperature difference between the test and reference bacontact surface. In order to distribute the pressure, a piece
is small, they are affected by conduction through the near of cardboard was fixed on top using a paper clip of just the
vacuum, convection and radiation in the same way. right size.

The choice of thermocouple was governed by two fac-  Fig. 3 shows the mounting. The thermocouple wires, the
tors. The first was stable behaviour at room temperature cardboard and the paperclip can be seen. It is also possible
and the second, a high and well-defined Seebeck coeffi-to observe a hole in the upper part of the shorter reference
cient, to increase the strength of the output signal. This givesbar, which is used to hang the bar in. The design of the
well-defined material properties in the thermocouple wire, hole and the hook means that the bar is unable to twist and
so that the material properties are independent of the longi- minimises the risk for contact with the measurement bar or
tudinal position in the wire, or put another way, the standard the walls of the vacuum chamber. To check the function of
deviation of the Seebeck coefficient should be small. the thermocouples the tips on the sensors were put into a

The use of a thermopile was considered, but was decidedmixture of ice and pure water within 2mm of each other.
against. A thermopile would physically extend along the bar. They showed a temperature difference between 0.02 and
Hence, if there is a propagating thermal disturbance along0.1K.
the bar it would be included in the reading. During the experiments the tabulated Seebeck coefficient

Type-T thermocouples, copper/constantan, with a See-at 20°C was used. The electric signals from the thermocou-
beck coefficient of about 408v/°C at 20°C were used. ples were fed directly into a Hewlett-Packard, HP34970A
The alternative was type-J, which has a 25% higher SeebeckDigital multimeter using an internal HP34901A multiplexer
coefficient but not as good standard deviation of its material [15]. The instruments were controlled from a PC using the
propertied12]. The thermocouple wire was purchased on a HP Benchlink v1.3 software supplied with the instrument.
roll. Type-T wire is blue (Cu) and red (constantan) accord-  The test chamber is a tube with connectors to the vacuum
ing to ANSI MC 96.1[13]. The red and blue wires were system for the extraction of air, a dummy that is not used and
separated. The blue wire lead from the measurement instru-a connector for all the thermocouples (Fig. 3). To minimise
ment into the vacuum chamber. The tips of the two blue external electric interferences, all the thermocouples were
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Fig. 4. Upper end of vacuum test chamber.

can be seen, different seals and clamps, and at the bot-
tom there is a rubber seal that takes up the longitudinal
strain in the test chamber to prevent it from absorbing any
protected with a coaxial shield with common electric ground load.
to the rest of the measurement system. To track the system and its surrounding the following pa-
During initial testing, it was discovered that the MTS rameters have been monitored: the temperature difference
machine caused considerable thermal disturbance. After thebetween nine evenly spaced points on the test bar and the
initial period of time during which the test and reference absolute temperature in the room, the differential tempera-
bar were meant to come to thermal equilibrium, there was ture between the reference bar and the vacuum chamber, the
still an approximately linear temperature variation in the bar, absolute temperature of the reference bar, the inlet and out-
a few degrees higher at the lower end than at the higherlet water temperature to the cooling plates, the pressure in
end. At the start of the experiment, the lower end of the the vacuum chamber and the state of the MTS test machine.
bar was heated more than the upper end. This was due tdNot all of these were monitored during all the experiments,
the hydraulic actuator in the MTS machine. When the con- and some were abandoned after finding them to be of minor
trol system started the cyclic loading, heated oil at about importance.
40°C was fed via the control valve to the actuator, which  From the beginning it was feared that disturbances from
in turn heated the test chamber and finally, the bar. This the end of the bars would interfere with the measurements.
problem was solved by cooling the MTS pressure platens, It was thought that friction between the end of the bars and
and by using insulating blocks (Fig. 4). A water reservoir the endplates could produce heat that together with outside
was put beside the MTS machine and its temperature wastemperature changes could result in temperature gradients
controlled via a thermostat and a solenoid valve effecting that propagate through the bar during the experiment. This
the flow of external cold water through a cooling coil in would give an additional temperature increase, which could
the reservoir. The reservoir water was transferred to the be misinterpreted as an increase in the intrinsic damping
aluminium cooling plates using a centrifugal punfjig. 4 in the bar. To make a conservative estimate of the time it
shows the arrangement of the equipment; at the top the prestakes for an external disturbance to propagate from the end
sure platen, then an aluminium block with internal cool- to the sensor in the middle of the test bar, the following
ing channels and the in- and outlet hoses. A ceramic block method was used. The temperature of the cooling water of
and a thin sheet of stainless steel are beneath to distributehe cooling plates was raised by about ZDhe temperature
the stress. Further down the end piece of the test chambewersus time curves for the differential sensors were recorded.

Fig. 3. The test bars and vacuum chamber.
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‘ / whereW is the work,F the imposed force and the room
\ Vi co-ordinate, or the energy could be expressed as heat
04
03 Water scaled by 50 W = TcpVp (4)
’ Thermocouples ___ ) .
=02 at ends ] whereT is the temperature, the heat capacity/ the volume
01 and p the density. The loss factor is defined as
AW
0 / n=—— (5)
Thermocouple at center of bar 2nW
-01 - . ) )
0 TiEr)r?g/ . 1000 where AW in the nominator is the work transferred to heat
during a load cycle andlv in the denominator is the total
Fig. 5. Experimental temperature distribution. mechanical elastic energy fed to the system during a load
cycle.

The mechanical energy fed into the system per unit of

ltwas concluded that it takes about 5 min before this external ime is given byEg. (3)and multiplied with the frequency,
disturbance reaches the middle and affects the reading for s dF

an aluminium alloy (Fig. 5). This is a conservative estimate Wmechanica= f | Fdx = {dx = LE}
since the external heat source is considerably smaller during OF 5

an experiment. For steels and cast iron, the undisturbed time —f EdF _ fg (6)
is longer due to the lower diffusion rate of heat in these o AE 2AE

materials. The step function temperature-ig. 5is scaled

down by a factor of 50. The energy transferred to heat per unit of time is given by

exchanging the temperature, with its derivativeEiq. (4)
dr dr

W = —cpVp =
3. Theory heat= g P = "4

where dT/dtis the heating rateA the cross-sectional area

During the experiments, various load amplitudes and fre- gnd|_ the length of the bar.
quencies were used for the different materials, depending on  sing the expression for the loss factiyg. (5), and in-
limitations in the test machine and bending of the test spec- sertingEgs. (6) and (7pives
imen. These parameters, as well as the material damping in-
fluence the temperature increase. It is necessary to derive an, _ _(d7/dfcpALp (dT/dn)cpA?pE (8)
expression for the material damping in the system from the ' 27f(F2L/2AE) fF2
temperature—time gradient. The authors have chosen to us
the loss factof16], which for small values of damping is re-
lated to other definitions of damping through the following
relationships according fd.7]

Y 5 E’ 5 AW
- 2nW

cpALp (7)

She equation shows that for a certain material with known

thermophysical properties, geometry and with known test

parameters, the temperature—time derivative gives a value
for the material damping.

1)

. . - _ 4. Experiments

Q1lis the quality factorys the specific damping; the loss

factar, § the logarithmic decremenf, the loss angle’ the Before an experiment can begin the test chamber should
storage modulusz" the loss modulus; the damping ratio  pe in the machine, parallel to the loadframe. A static load

andWthe energy fed into the system during a load cycle. An gqual to the mean value of the power spectrum to be used
expression for the loss factor will be derived and the total i5 introduced. The rig is then left so that the test and ref-

input of mechanical energy will be compared with the energy erence bar can reach thermal equilibrium. The control pro-
dissipated within the bar. In this paper, is assumed that thegram for the MTS and the thermal data logging are started.
stress is elastic and linked to the strain via the modulus of The program initially waits for 15min to gather tempera-

elasticity,o = ¢E, the strain is defined as ture readings for the state before the cyclic load is applied.
s 5 One temperature-logging channel is used to indicate that the
=T @) cyclic load is imposed on the test bar. The cyclic load is

maintained for approximately 10 min. For repeated tests, the
system rests at the mean load for typically 4 h before con-
tinuing with the next test. This automation by the control

program makes more efficient testing possible as tests can
W= / Fdx ) run over night and the weekend.

wheree is the strains the displacement and the length.
The energy can be expressed as mechanical work.
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The data was exported from the HP Benchlink and im-
ported to Matla18]. In Matlab, the data from the thermo-
couple readings were plotted and analysed. Data from 100
readings per thermocouple channel just prior to commencing
a test were used to calibrate the initial temperature reading
to create a time independent temperature distribution plot at
the start of the experiment. The temperature readings were
then used to calculate the initial temperature—time derivative
for the middle point of the test bar and draw temperature

distribution plots for the test.

A number of experiments were performed. The results
from tests on two different metals, a stainless steel and an

aluminium alloy, will be presented in this paper.

The aluminium is a Swedish Standard SS4253, sandcas
with 10% silicon and about 0.3% magnesium. The stainless
steel is a Sandvik 4LR11, an austenitic stainless steel with

18.4% Cr and 8.8% Ni.

5. Results

The stainless steel sample was put under a cyclic stres
with a load amplitude of 18 kN and a frequency of 30 Hz.

The results are presentedkigs. 6 and 7Fig. 6 shows two
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5 0L
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Fig. 6. Stainless steel, Sandvik 4LR11, an austenitic stainless steel with
18.4% Cr and 8.8% Ni, 4-22kN, 30Hz.
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Fig. 7. Linear fit of the stainless steel data from the lower curve in Fig. 6
with an error estimate.
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Fig. 8. Al, Swedish standard SS4253, sandcast with 10% Si and 0.3%

tMg, 35Hz, 0.4-4.3kN Temperature-time plot from Matlab analysis.

curves. What appears to be the upper curve are the two over-
lapping curves representing the thermocouple readings for
the two ends of the rod. The temperatures at the ends of the
bar rise more rapidly. This disturbance has been discussed
earlier and does not interfere with the mid point tempera-
ture of the bar during the time of the experiments used for
evaluation of the heating rate.

Fig. 7 shows that the temperature increase is almost lin-
ear. The exponentia fit was changed to a linear fit for nu-
merical reasons. The calculated heating rate is shown in the
upper left-hand corner. To compensate for the heating rate
in the rod before commencing the cyclic loading, a com-
pensated value is given in the lower right-hand corner of
Fig. 7. The temperature-time derivative is approximately
10 x 107°°C/s.

The experiments with the aluminium alloy were carried
out using three differential thermocouples. The sample was
subjected to cyclic stress with a load amplitude of 3.9kN
and afrequency of 35Hz. Fig. 8 shows how the temperature
change from unloaded to cyclically loaded. A sudden change
in the temperature-time curves is observed at this moment.

In Fig. 9, the temperature data from the sensor in the
middle of the bar is fitted with an exponential function.
The derivative of the temperature-time curve at the start
of loading was calculated. The derivative is presented in
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0.06 95% Confidenceinterval "+ ,

no# te
¥

0.04

Differentia T/K

Compensated dTdt
7.443%e-005K/s

0 500 1000 1500 2000
Time/s

Fig. 9. Exponential fit to datain Fig. 8 for the Al aloy with error estimate.
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Table 1
Thermophysical data for the tested materials

Al Stainless steel Unit
Cp 900 500 JKkg
P 2700 7900 kg/m?3
E 61 x 10° 196 x 10° N/m2
A 250 x 106 250 x 1076 m?
F 3900 18000 N
f 35 30 st
dT/dt 7.44 x 107° 10 x 107° K/s
n 412 x 1074 163 x 1074

Cp is the thermal heat capacity, p the density, E the modulus of elaticity,
A the cross-sectional area, F the force amplitude in compression, f the
frequency, dT/dt the temperature derivative and n the loss factor.

the upper left-hand corner of Fig. 9. The statistical error of
the derivative is calculated from the error of the parameters
in the exponential fit. The sope of the temperature-time
curve prior to the start is subtracted from the calculated
derivative and the resulting value is stated in the lower part
of Fig. 9. In this case, the derivative is 7.44 x 10~°K/s.
Although the temperature-time derivatives are similar for
the two materials, the load input and material data for these
two materials are quite different.

The thermophysical and geometrical dataused inthe eval-
uation isgiven in Table 1. The intrinsic material damping in
the bottom row is calculated using Eqg. (8).

6. Discussion

A comparison of the calculated data for the loss factor
shows that the Al aloy has about 2.5 times better intrinsic
material damping than the stainless steel. It isinteresting to
note that this is close to the inverse value of EA!/EFe. It can
be suggested that for a single-phase material, the material
damping is highly dependent on the modulus of elasticity.
It is reasonable to say that a higher modulus of elasticity
decreases its material damping for single-phase materials.
Thiswill be further discussed in the next paper where there
is a careful comparison between different materials.

7. Conclusion

A new method based on differential thermal analysis dur-
ing cyclic loading has been developed. The initia tests of
this method have shown that it is possible to measure small
rates of temperature increase due to the internal conversion
from mechanical energy to heat. This rate, together with the
thermal capacity of the material makes it possible to calcu-
late the amount of energy that is transferred to heat per unit
of time, since the energy loss to the surroundings is small.
This energy, divided by the measured input of mechanical
energy per unit time gives a calculated value for the intrinsic
material damping of the material.

After final statistical evaluation of the test data, a system-
atic evaluation of the effect of the material’s internal struc-
ture on its intrinsic damping is planned.
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