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ABSTRACT—AnN improved calibration method for infrared ra-
diometers is developed that has been shown to increase the
accuracy of temperature measurement. To validate this new
calibration technique, high strain rate compression tests are
performed on the aluminum alloy BS 2011 and high strain rate
torsion tests are performed on the titanium alloy 80%Ti-6%Al-
4%}V. The adiabatic temperature rise that occurs during these
tests is measured using an infrared radiometer and validated,
in the case of the compression tests, using fast response ther-
mocouples. The proportion of plastic work converted to heat,
B, is found to increase with plastic strain for both materials,
which is similar to previous research. These results challenge
the classical assumption that p has a constant value of ap-
proximately 0.95.

KEY WORDS—Radiometry, plastic work, constitutive mod-
els, high strain rate

The conversion rate of plastic work to heat, B, is an im-
portant quantity. It is necessary in finite element simulations
involving plasticity where temperature calculations are made.
Accurate knowledge of B is especially important in finite el-
ement simulations of impact events where adiabatic heating
may occur, resulting in large temperature rises.

To make measurements of § during high strain rate split
Hopkinson bar tests, a rapid temperature measurement tech-
nique such as infrared radiometry is required. Radiometry is
well suited for this purpose because it is noncontact, has a
typical response time of ~ lys and with a suitable detector
can measure temperatures accurately above 30°C. Infrared
radiometry has been used on several occasions to measure
specimen surface temperature during high strain rate mate-
rial tests, 112

For the purpose of calculating values of , measurements
of the nominally uniform temperature field that exists early
in split Hopkinson pressure bar tests must be made. Mea-
surements using single-element detectors have been made
in split Hopkinson pressure bar tests in high strain rate
compression,6’8 tension> 713 and torsion.2—4

Historically, p was generally assumed to be a constant
in the region of 0.85 to 0.95 for metals. In contrast to this
assumption, some researchers>~ 31116 have reported values
that are lower than the classical region and also vary with plas-
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tic strain. A summary of published data of measurements of
B for a number of materials is shown in Table 1. Two values
of B are quoted for most of the references, representing the
range of instantaneous values of B as it varies from low to high
plastic strain and the average value of § across the entire test.
A majority of these data have been obtained using infrared ra-
diometry, but thermocouples and calorimetry have also been
used as indicated in Table 1. These alternative techniques
are usually not favored because they are too slow to follow
the specimen temperature during an impact test, instead pro-
ducing a single average value. However, very small thermo-
couples embedded in a polymeric specimen have been used
to follow the temperature history of a compression test.421
This was made possible by casting the polymer around the
thermocouple or back-filling the thermocouple hole with the
same material as the test specimen.

Table 1 shows that most of the low values of B that have
been reported also show variations of § with plastic strain.
Often, the value of B is low initially and increases with plastic
strain,!-5.7.8.13,15.16 although more complex variations have
been reported.®

This wide range of results for p on similar materials has
raised some doubt over the validity of the radiometric method.
Kapoor?® carried out compression tests on several materials
using radiometry. He also carried out interrupted tests on
identical specimens that were then heated to the temperature
measured in the continuous test and reloaded. The flow stress
measured in the reloaded interrupted specimen was above that
measured in a continuous test. This suggests that the actual
temperature of the continuously tested specimen was higher
than that measured using the radiometer. Kapoor concluded
that this error in measurement was due to a problem with the
calibration method used for the radiometer.

The calibration of radiometers is usually carried out with
the specimen being placed between the loading bars prior
to the test, in order to recreate the conditions of the test as
closely as possible. The specimen is heated either in an oven
before being placed in position or in situ using a soldering
iron or hot air gun. Kapoor suggested that the error in the
calibration method is connected to the difference in duration
of the calibration, which may be several minutes, and the test,
often less than 1 ms. In the calibration, the surrounding air
and apparatus are heated by the hot specimen, but in the test
they remain at room temperature.

In this work, a new calibration method is presented in
which the specimen is heated in a specially designed rig that
removes spurious sources of radiation. High strain rate com-
pression tests were performed on an aluminum alloy with the
temperature rise being measured using the newly calibrated



TABLE 1—PREVIOUS MEASUREMENTS OF THE PROPCRTION OF WORK CONVERTED TO HEAT, 8

B Value
Strain Maximum Range B
Material Test Rate € Elow = Ehigh Mean References

Steel (4340) comp. (R) 3000s~! 0.20 0.4-09 0.75 Mason®
Steel (mild) torsion (R) 0.003s~! 1.2 0.87 - 0.93 0.90 Taylor!3
Steel (224) comp. (T) 457! 0.36 0.95 0.95 Dixon!?
Steel (1018) comp. (R) 3000s~! 0.56 0.80 Kapoor®
Cu torsion (C) 0.003s™! 26 0.89 -0.95 0.92 Taylor!d
Cu comp. (R) 3000 s~1 0.90 0.75 Kapoor®
Cu tension (R) 1700s~! 0.34 06-08 0.75 Hayashi®
Ti6A14V torsion (R) 460 s~} 0.22 0.2-0.7 0.45 Macdougall?

700571 0.22 0.12-0.35 0.25 Macdougall'!
Ti6A14V comp. (R) 3000s~! 0.18 1.0-05 0.80 Mason®
Ti (pure) comp. (R) 3000s™! 0.45 0.60 Kapoor8
Ti (pure) comp. (R) 1571 0.36 0.60 - 0.70 0.65 Hodowany!6

300057! 0.45 0.75-1.0 0.88 Hodowany!6
Al (6061) comp. (R) 3000 s™! 0.72 0.85 Kapoor®
Al tension (R) 25001 0.50 0.90 0.90 Hayashi®
Al (2024) comp. (R) 3000 s~! 0.33 (0.5)-0.9 0.80 Mason$
Al (2024) comp. (R) 1s~1,3000s~! 0.53 0.3-1.0 0.60 Hodowany!6
Al (LY12) tension (R) 400 s™1 0.19 0.25 - 0.55 0.35 Xia’
Al (2017) tension (R) 1400 s1 0.27 0.5-0.8 0.70 Hayashi’
Ta-W alloy comp. (R) 3000 s1 0.30 04-0.8 0.68 Kapoor®
Epoxy resin comp. (R) 2500 s~1 0.65 0.0-025 0.1 Trojanowskil?
Polycarbonate comp. (R) 8500 s™1 0.63 0.0-1.0 0.6 Rittel!4
Polycarbonate comp. (R) 5000 s~ 1 0.43 0.0-0.4 0.2 Rittell4

R = radiometry; T = thermacouple; C = calotimetry

radiometer. To validate these results, similar tests were car-
ried out with small thermocouples embedded in the surface
of the specimens. Also, radiometric results from high strain
rate torsion tests presented previously! were recalibrated
using the new method.

Existing Theories for Variations of §

Until recently, the proportion of plastic work converted
to heat, B, has been assumed to be a constant, usually in
the range of 0.83 to 0.95. However, experimental evidence
that challenges this assumption has been reported (see Table
1). In addition, theoretical studies have been carried out to
explain these experimental resuits.

Zehnder Model

Zehnder!® proposed a model for the variation of B with
plastic strain. This model is based on the assumption that
strain hardening is caused by dislocation multiplication.
Zehnder examined the energy of a dislocation and assumed
a production rate proportional to the rate of increase of the
stored energy of cold work. This produces a model for f that
is a function of the strain-hardening coefficient:

ne
€\ 7
Zp -
n(%) 1
= n-l
§£ n
(%)
where n is the strain-hardening coefficient, that is, o =

oo + A.eg/ ™. 50 and &g are the stress and strain at yield,
respectively; and €, is the plastic strain.

, M

This model predicts that materials will start with a low
value of B that will increase at higher plastic strain. Ma-
terials that demonstrate low strain hardening will therefore
exhibit high values of B. Also, the worked state of a mate-
rial is likely to exhibit a higher value of p than the annealed
state. This model can also predict a strain rate sensitivity
for § for materials that show a strain rate sensitivity of their
strain-hardening coefficient. This behavior is present in some
face-centered-cubic metals.

Experimental evidence exists that supports this model’s
prediction that § increases with plastic strain for aluminum
alloys,>616 copper,? steel,® titanium!® and a tantalum-
tungsten alloy.?

Rosakis Model

A more sophisticated study of the variation of § was car-
ried out by Rosakis.!? This work concluded that the stored
energy of cold work, E(ep), is a function of an internal vari-
able assumed to be strain, The heating rate is defined as the
plastic work rate minus the rate of stored energy of cold work,

which can be written

dE(ep)
dey,

p-c-0=0(eép,T) 8p— £p. 3)

By integrating this expression, E(g),) can be calculated from
experiments at any strain rate by measuring the mechanical
response and the adiabatic temperature rise using

Experimental Mechanics « 299



€p
E(ep) =/o(sp,ép,T)dep—p-c-e(ep,ép)‘ 4
0

Using eqs (2) and (3), the proportion of work converted to
heat is therefore

) dE(E,)
o
p=Ze o T )
Wp G(EP, Ep’ T)

Using this expression and a measure of E(gp) from (4),
it is possible to predict the variation of § with strain, strain
rate and temperature if the constitutive relation is known for
the material. Also, materials that show considerable strain
hardening or strain rate hardening will have corresponding
variations for B with either strain or strain rate, respectively.

This model has been shown experimentally to predict the
variation in the proportion of work converted to heat with
strain and strain rate.?% This suggests that the assumption is
correct that the stored energy of cold work is a function of
strain alone, and independent of strain rate.

These models challenge conventional assumptions by pos-
tulating that B is history dependent and therefore must not be
assumed to be a constant.

Infrared Radiometry

The radiometer used in this work has been described
previously,4 so details of its design will not be shown here.
However, significant improvements have been made to the
calibration technique employed for the radiometer and are
described in this section.

The most critical part of the radiometry technique is the
calibration method used. The calibration produces a relation-
ship between the radiometer output and the surface temper-
ature of the specimen. This calibration function will depend
on the surface condition of the specimen and may change
during the test.

The detector is susceptible to considerable low-frequency
noise. For this reason, electronics are used to filter out fre-
quencies below ~ 10 Hz, which have no effect on the high-
speed test. As a result of this, the radiometer is unable to
record constant or slowly changing signals. In the calibra-
tion, an optical chopper disk is required to produce a pseudo-
AC signal. A typical signal from the calibration has been
presented.* The radiometer signal is taken as the peak-to-
peak measurement that represents the difference in radiation
between the specimen and the chopper disk.

Sources of Error in the Calibration Process

The main potential error in the calibration is from radi-
ation that is not present in the high-speed test. There are
two sources for this radiation. First, the air in front of the test
specimen becomes heated by the specimen during the calibra-
tion. The air is not heated significantly during the high-speed
test. Air emits radiation within the wavelength band to which
the infrared detector is sensitive (2.0pm to 12.7um). These
emissions are caused by molecular transitions in quantum
states of vibration, rotation and translation or by electronic
de-excitation. To quantify this source of error, a calcula-
tion was made of the power radiated by the air in front of the
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specimen. Theoretical calculations of molecular emission in-
tensities are very complex, so Modtran version 3.7,2° which
has a database of molecular spectra with which the expected
emissions from the atmosphere can be integrated, was used.

The air that emits radiation into the optics is a conic sec-
tion, and the air temperature, although unknown, is likely to
fall off quite rapidly with distance from the specimen sur-
face. Without such data and because of software limitations,
a worst-case approximation was used for the calculation. The
emissions froma 1 cm X 1 cm x 1 cm cube of air were calcu-
lated for temperatures of 20°C and 100°C and were scaled to
compensate for the solid angle of the optics. The power that
would fall onto the detector from this cube varies between
0.2 nW at 20°C and 0.8 nW at 100°C. This can be compared
with the power that would strike the detector emitted by the
1 mm x 1 mm square on the surface of the specimen, which
varies between 12puW at 20°C and 32uW at 100°C. This
demonstrates that the error caused by the effect of heating
the air in the calibration is less than 0.002 percent.

The second source of unwanted radiation is the surround-
ing apparatus. These objects may also be present in the test,
but because they are constant sources of radiation they have
no effect. In the calibration, the chopper wheel may make
these otherwise constant signals visible to the radiometer.
More seriously, objects near the specimen, such as the load-
ing bars, may become heated during the calibration. These
will emit radiation onto the surface of the specimen, some
of which may be reflected into the optical system. The new
calibration rig described in the next section aims to minimize
these sources of error.

New Calibration Rig Design

To remove unwanted sources of radiation to make an accu-
rate measure of the signal from the specimen, the calibration
could no longer be carried out with the specimen in situ. In-
stead, the specimen was placed in a specially designed rig,
in the same position relative to the radiometer as in the test.
A schematic diagram of the new calibration rig is shown in
Fig. 1.

The front end of the radiometer comprises an optical sys-
tem with a cylindrical housing. The calibration rig was
mounted onto the front of this housing so that the specimen
was positioned automatically. The specimen was surrounded
by a copper block to ensure a uniform temperature. A remov-
able section allowed access to insert and remove the speci-
men. The block was heated with two electric elements and
could be raised to a temperature of more than 90°C. A ther-
mocouple was positioned inside the copper block, just behind
the specimen, to monitor the temperature.

It was necessary to prevent unwanted radiation from the
copper block entering the optical system. This was achieved
using a copper disk with a 3 mm diameter aperture, water
cooled to ~ 12°C. This disk was mounted on an insulating
layer of Tufnol, which was attached to the hot copper block.
The disk was ~ 0.2 mm thick and positioned ~ 0.5 mm
in front of the specimen surface. The inside surfaces were
sprayed with a fine layer of matte black paint to absorb any
reflected radiation.

The radiometer signal during the calibration was measured
as the peak-to-peak voltage of the chopped signal. This signal
represents the difference between the radiation received from
the specimen and that received from the chopper disk. If the



Fig. 1—Schematic of the calibration rig

chopper disk becomes heated, the signal will therefore be
reduced. For this reason, a “cold finger” was used to chill
the chopper disk to < 5°C. This comprised a copper rod
linking the axle of the chopper wheel with a flask of liquid
nitrogen. The chopper disk was also sprayed black to reduce
any unwanted reflections. The heat transfer from the chopper
disk through the axle was quite poor, and the temperature of
the disk took several minutes to equilibrate.

Previous calibrations have used the same specimen in both
the calibration and the test. This was not possible in this
case because the specimen was damaged slightly on removal
from the calibration rig. Instead, several calibrations were
performed on nominally identical specimens, with the same
surface condition, to obtain the spread of the calibration. This
is likely to introduce a small error into the method.

As in a previous paper,* a thin layer of soot was applied to
the test specimens to increase the emissivity. Figure 2 shows
the calibration for the radiometer with the sooted compres-
sion specimens. An upper limit and a lower limit that rep-
resent the estimated error are shown that correspond to an
uncertainty that increases with temperature from +2°C to
+4°C. Also shown in Fig. 2 is the calibration curve pro-
duced using the old calibration method.* This demonstrates
the considerable change in calibration produced using the
new method.

Radiometry Testing Technique

The radiometry testing technique was very similar to that
described previously.# The setup and alignment techniques
were identical to the previous method, in which a fine steel
pointer was attached to the front of the optics in the position
of the focus point. This was used as a guide to position the
rig in front of a dummy specimen placed between the loading
bars.

The positioning of the radiometer relative to the test speci-
men is dependent on the loading technique. In the torsion test,
the specimen ends rotate but the center of the specimen does
not translate. Therefore, the alignment position is the center
of the specimen. In the compression test, the entire joading
assembly and specimen translate. The radiometer must there-
fore be aligned slightly off-center, so the specimen remains in
view during the test. The specimen temperature is measured
just prior to the test using a thermocouple. This provides a
useful check for the radiometer signal in the analysis.
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Fig. 2—Calibration of the radiometer with error bounds com-
pared to the old calibration {4]

Thermocouple Testing Technique

A technique using small thermocouples to measure the
temperature rise in compression tests was developed in or-
der to validate the radiometric technique. The method in-
volved embedding a small thermocouple near the surface of
the specimen. The ends of the thermocouple were joined to
copper wires and placed in two iced-water baths at 0°C for
reference. The signal was amplified and recorded using a
transient recorder.

The thermocouples used were bare wire K-type and had a
diameter of 0.15 mm (Omega Engineering, part CHAL-002).
A 0.2 mm hole was drilled in the surface of the cylindrical
specimen approximately 1 mm deep. An epoxy resin infil-
trated with fine aluminum particles, which will be referred
to as Al-epoxy, was used to fix the thermocouple in place
(Measurements Group, PC-1 cement). This technique was
similar to that used by Dixon!” in which a 0.7 mm hole was
drilled completely through the specimen and soft solder was
used to back-fill the hole. The method shown here was less
intrusive and would allow a comparison with the radiometry
tests.

To interpret the thermocouple results, the response time
must be known. The time constant of the thermocouple itself
is ~ 45us. However, the effective response of the thermo-
couple will be considerably slower, since it is attached to the
specimen with Al-epoxy. In this situation, a heat transfer
problem must be solved. The finite element package Abaqus
was used to simulate the heat transfer from the specimen to
the thermocouple. The axisymmetric finite element mesh and
boundary conditions are shown in Fig. 3. The thermocouple,
Al-epoxy and a small section of the specimen were mod-
eled. Although the thermocouple was very long compared
with the scale of the section of the mesh shown, its thermal
conductivity was very high compared with the Al-epoxy. For
this reason, the whole length of the thermocouple was mod-
eled with a 0°C fixed boundary condition at the end. Because
thermal data for the Al-epoxy were unavailable, approximate
values were determined experimentally for the specific heat
capacity of 1500 J.kg~! . K~ and for the thermal conductivity
of 8 W.m~1.K~!. The model showed that the time constant
for the heating of the thermocouple tip was ~ 900us, with
the temperature reaching 99 percent of its final value in 6 ms.

A typical experimental thermocouple result for a compres-
sion test on the aluminum alloy, together with the Abaqus
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Fig. 4—Temperature rise measured using a thermocouple and predicted using the Abaqus finite element code for a compres-

sion test on the aluminum alloy

model result, are shown in Fig. 4. The boundary condition
for the model was taken as the final temperature reading made
in the test of 57.2°C. The Abaqus model represents the lower
bound in terms of the speed of response, in which the thermo-
couple was glued in the center of the hole with a uniform layer
of Al-epoxy surrounding it. All of the experimental results
were at least as fast as this model result, often about twice as
fast, indicating that the thermocouple was often glued touch-
ing the side of the 0.2 mm hole.

Because the thermocouple does not reach equilibrium for
about 5 ms to 10 ms, sources of error must be considered.
The test lasts approximately 100us, with the loading bars in
contact for a further 100ps. The specimen is then released
from the bars and falls for ~ 0.1 s until it strikes the bench.
The main source of energy loss is due to conduction during
the 200us in which the specimen is in contact with the load-
ing bars. A simple finite element calculation showed that
an average fall in specimen temperature of ~ 0.1°C can be
expected as a result of quenching by the loading bars. A sim-
ple calculation of the losses by the specimen due to radiation
show that this source of error is neghglble, with a rate of loss
in temperature of ~ 0.07°C.s™
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Results
Compression Tests on the Aluminum Alloy BS 2011

Three compression tests that included radiometry were
performed on the aluminum alloy BS 2011. The tests were
carried out at a nominally identical strain rate of 2000 s~
The true stress and surface temperature measured in these
tests are compared in Fig. 5. The repeatability of the results
is quite close, with some spread in the temperature results
toward the end of loading. The radiometer signals were an-
alyzed using the calibration shown in Fig. 2. Post-test cal-
ibrations were performed on two of the specimens, but no
appreciable change in the signal could be found.

To validate the radiometry measurements, compression
tests were performed under similar conditions on aluminum
alloy specimens with thermocouples embedded near the sur-
face. Because this technique was too slow to follow the spec-
imen temperature during the test, only one measurement was
made after the end of loading. To obtain measurements from
other points during loading, tests were performed using stop-
rings that allow only a predetermined plastic strain in the
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Fig. 5—The true stress and surface temperature for three compression tests on the aluminum alloy

specimen. Two measurements were made at three strains of
approximately 12 percent, 23 percent and 32 percent. The
thermocouple measurements and average values at each of
the strains are shown in Fig. 6. A best-fit line is plotted
through the thermocouple results. A linear fit was used for
the section between the measurements at 12 percent, 24 per-
cent and 33 percent, and a parabolic fit was used between 0
percent and 12 percent, with the gradients of the two lines
matching at 12 percent. Clearly, the choice of this line is not
unique.

The average temperature rise for the radiometry tests is
shown together with the thermocouple best-fit line in Fig. 7.
The radiometer is not accurate below 30°C or for tempera-
ture rises of below 8°C, and for this region the average ra-
diometer curve is shown with a dotted line. The radiometer
temperature rise is calculated as the difference between the
temperature measured using the radiometer and the known
temperature measured independently before the test. A best-
fit line for the average radiometer curve was constructed in
the same way as for the thermocouple results, with an as-
sumption of its form made below the 8°C rise. B is calcu-
lated as the ratio of the heating rate divided by the plastic
work rate. Smooth best-fit lines are necessary to represent
the temperature records in order to allow differentiation to
produce the heating rate. In Fig. 7, the two best-fit lines are
compared with the temperature rise that would be expected if
all of the plastic work was converted to heat (corresponding
to B = 1.0). The two best-fit lines fall below this § = 1.0
line, indicating that the value of B for this material is below
unity. Also, it should be noted that the gradient of both lines
never exceeds that of the p = 1.0 line.

The value of  as it varies with plastic strain is shown in
Fig. 8 for both the radiometry and thermocouple measure-
ments. These are compared with the prediction made by the
Zehnder model using a value for the strain-hardening con-
stant of n = 0.5. The agreement between the model and
experiments is good for high strains, but less close for low
strains, where assumptions with regard to the shape of the
temperature rises were made.

The values of B shown in Fig. 8 for the aluminum alloy
range from around 0.5 at low strains to around 0.9 at higher
strains. The range of values of § for aluminum alloys shown

in Table 1 is quite varied. However, the general trend of
the increase in B as plastic strain increases is evident in a
number of cases.>~7+!6 The discrepancies between the actual
values of B measured and the strains at which they occur as
compared with the findings of this work could be caused by a
number of effects. Errors in the calibration technique for the
radiometer, as described earlier, could account for some of the
low values of p reported in other work. Also, the particular
aluminum alloy and its state of prior working could account
for the different values of § and the plastic strains at which
they occur.

Torsion Test on the Titanium Alloy 90%Ti-6%Al-4%V

This was possible because the radiometry apparatus was
unchanged and the surface of the torsion specimen was coated
in soot in the same manner in the new calibration method.
One difference was in the curvature of the specimens. Cal-
culations of the power output per unit area from the two spec-
imens showed that the torsion specimen, with its larger ra-
dius of curvature, will produce a smaller radiometer signal
by 0.125 percent. The calibration was altered to include this
effect. It was not possible to check the change in calibration
after the test. In the previous work, the change in calibration
was found to be approximately 10 percent. However, the er-
rors in the previous calibration are such that this is of limited
reliability, and for this work the calibration was not modified
toward the end of the test.

Figure 9 shows the shear stress, the temperature rise calcu-
lated using both the new and old calibrations and the expected
temperature rise assuming p = 1.0 for one of the torsion tests.
This test was performed at a shear strain rate of 700 sThoIt
should be noted that the split Hopkinson bar is notoriously
poor for calculating elastic strains, and the value of 10 percent
strain at yield is not a true measure. The marked difference in
the radiometer temperature rises demonstrates the profound
effect that the new calibration method had on the previous
low-temperature measurements and correspondingly low re-
ported values of B. Figure 10 shows the calculation of B
from the test shown in Fig. 9. This is compared with the
prediction made by the Zehnder model using a value for the
strain-hardening constant of n = 0.5. Although the detail
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of the experimental measurement of p is not captured by the
model, it agrees with the general trend of f increasing with
plastic strain.

The temperature result for the torsion test on the titanium
alloy was used to calculate the stored energy of cold work,
E(gp), using eq (4). Using torsion stress-strain data for sev-
eral strain rates for this alloy,2'3’11 the variation of the pro-
portion of plastic work converted to heat at different strain
rates was predicted using Rosakis’s model shown in eq (5).
Two predictions, based on the result at a strain rate of 400
s~ are shown for strain rates of 0.06 s~! and 0.0004 s~1 in
Fig. 10. The largest variation for § with strain rate occurs at
low strains, where considerable strain hardening is found at
quasi-static rates. This titanium alloy shows only moderate
strain rate hardening, and therefore the variation of p with
strain rate is likely to be much greater for more strain rate
sensitive materials.

Conclusions

A new calibration method was developed for infrared ra-
diometry that simulates the conditions in a high strain rate
test more closely than previous calibrations. This is achieved
by removing spurious radiation that was present from heated
loading bars. Calculations have shown that the radiation from
heated air in front of the specimen is negligible.

Compression tests were performed on an aluminum alloy,
including temperature measurement using both the radiomet-
ric method and small thermocouples. These two techniques
have shown good agreement and have validated the new cal-
ibration technique. The temperature results were used to
calculate the proportion of plastic work that is converted to
heat, §. This was found to increase with plastic strain from
approximately 0.5 to 0.9, and close agreement was found
with a model proposed by Zehnder.
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The temperature data from a previous torsion test on a
titanium alloy were recalibrated using the new technique,
producing substantially higher temperature rises than previ-
ously reported.? Using the new calibration, p was found to
increase with plastic strain from approximately 0.5 to 1.0, and
fair agreement was found with the Zehnder model. A model
by Rosakis was used in conjunction with previous stress-
strain data to predict the likely variation of B(e,) at different
strain rates. Only a small variation of § with strain rate was
predicted.

The proportion of plastic work that is converted to heat,
B, is an important quantity that is fundamental to tempera-
ture calculations by finite element material models involving
plasticity. The variation of § with strain and strain rate should
be investigated further, especially for materials that exhibit
considerable strain hardening and strain rate sensitivity.
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