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SUMMARY

This interim report summarises progress on the development of an extensometer for
measuring drain a high rates of drain. It details progress on developing a high speed
linescan camera system. This work forms part of milestones 2/3 on project PAJ2 and
milestones 2/3 on project CAMG6 that are concerned with the acquisition and analysis of
mechanicd design data for impact loading of adhesives and plagtics.

The measurement of mechanicd data a high rates is a specidised and difficult process.

Accurate strain measurements are needed to obtain the accurate materials data required by
computer aided desgn sysems. Commercial apparatus to measure strain a high rates is
limited in capability and expensive. As part of the MTS project, work has been directed at
developing an dternative and less expensve method for strain measurement. A linescan
camera, which combines both acceptable linear resolution and high data capture rates, was
identified as a potentid high soeed extensometer. An EG& G Reticon linescan camera with
a 2000 element detector and scan rate of up to 10,000 lines per second has been purchased
and interfaced with a personal computer. Prototype software has been written to control

the camera, andyse and |ocate the edges of gauge marks and store data.

Initia measurements have demongtrated that the linescan camera can function adequately as
an extensometer. Tendle dress-gtrain curves for polypropylene specimens were measured
at strain rates up to 2 s*, which is the upper rate for conventiona extensometers. They are
in reasonable agreement with the conventiona extensometry data.  Some technique
devel opment has been performed and further work will be undertaken in these projects with
the am of enabling the extensometer to be used more routindy and relisbly as a
measurement ingrument.
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Interim Report on High Rate Extensometer
B C Duncan
1 INTRODUCTION

Computer aided design methods for impact performance require reliable test data at both
high drain rates and large srains [1, 2]. These data are difficult to obtain for polymeric
materids such as plastics and adhesives. The am of the MTS projects PAJ2 and CAM6 is
to improve techniques for measuring and anadysing such data. This interim report describes
development of an instrument to measure strains a high rates.

Measurements of dtrains a high rates are needed to obtain accurate mechanicd test data
which are required for predicting the behaviour of structures under impact. High rate tests
can be caried out udng ether servo-hydraulic test machines or impact tests on tendle
gpecimens.  Force measurements are straight forward provided that extraneous information,
due to shockwaves or resonances, are minima. These will be described further in the find
report. Measurement of strainsin the specimen presents more of a problem.

Conventiond clip-on extensometers, which give good accuracy [3], are unable to perform
religbly a both the large strains and high strain rates required to obtain data for impact
modelling. Crosshead displacement can be used to estimate strain and using procedure
given in gopendix |. Edimates of strain from overdl crosshead displacement cannot give
locd dtrain behaviour (eg in the formation of necks). This interim report summarises
progress to date on the development of a high rate extensometer for use in projects CAM6
and PAJ2 of the DTI MTS programme.

Two high rate extensometers are marketed. The fird is an dectro-optical extensometer
produced by Zimmer. Thisingtrument costs well in excess of £20,000 and the UK supplier
could not recal sdling any. The second was a system sold by Zwick which works by
monitoring the movement of laser reflectors attached to the grips of the test machine. Thisis
dightly more sophisticated than measuring crosshead movement as it diminaes the
compliance of the test machine but does not give locd drainsin the test specimen. Neither
of these methods was considered entirely appropriate, the Zimmer instrument because of
cost and the Zwick system because it offers little improvement over measuring crosshead
movements. It was decided to develop an dternative instrument.

The method selected to measure strains is high rate imaging where the separation of gauge
marks gpplied to the surface of the soecimen is determined from the light intengity pattern on
a CCD camera. This is the principle of video extensometry. However, traditiona video
extensometers have relatively dow measurement speeds due to the need to read and
process the large amount of information from the rectangular array of light senstive CCD
elements in the video camera. To obtain the high measurement speeds required high speed
cameras are needed. High speed film cameras are expensive and large quantities of films
would need to be developed leading to high running costs. High speed eectronic cameras
are very expendve and it is unlikely that they could store or process sufficient images to
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capture an impact event. The solution adopted was a linescan camera - where the array of
CCDs in an dectronic camera has been replaced by a single line of light sengtive dements.
Such cameras are rlatively inexpensve (ca £7k).

This report summarises progress on the development of a high speed extensometer based

on alinescan camera.
2. EQUIPMENT DEVELOPMENT

21 HARDWARE

The high speed extensometer is based on alinescan camera supplied by EG& G Reticon.

The basic dements to this linescan cameraare:

Reticon LC1912 Linescan Camera

Reticon RS1910 Camera Controller
Reticon SB1956 Linescan Processor Board
and Software

Macro lens
Through the lens viewer

2048 light sendtive dementsin alinear aray;
20 MHz maximum clock frequency;

10,000 lines per second maximum scan
Speed.

Powers the camerg;

Enables manua control.

Interface board enables the camerato be run
from a PC and data storage;

Basic operating software and library of
board functions supplied.

Magnifiesimage of specimen.

Usad to dign and focus the camera.

The linescan processor board and software supplied were ingdled in a 33 MHz 486 Elonex
PC. Both the board and software date back a few years and it was not possible to install

the system in amore modern pentium PC.

The camera is connected directly to the RS1910 controller that is in turn connected to the
SB1956 interface board. The basic software supplied enables basic control of the camera
and can display single scans. It does not dlow for the storage of multiple scans (at any scan

Speed).

The macro lens and extension tube give high magnification images of the specimen (up to
1:1) but with the extension tube the focd length is smdl. To work with the camera further
than 300 mm from the specimen (normally the case particularly if an environmenta chamber
is fitted), the extenson tube was removed. This reduces the magnification but should ill

give acceptable resolution.
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22  SOFTWARE

To convert the linescan camera into a functioning extensometer it was necessary to write
software (in C language) to carry out the following functions:

load configuration files and look- up tables which contain camera control settings;
cdibrate gain control to maximise contrast;

Set test parameters (scan rate, etc);

st athreshold intengity to detect marks through changes in contrast (edges in the scan);
scan continuoudy, recording locations of edges on each scan;

save edge locations to afile for later processing.

ok wnNE

The software to run the camera as an extensometer was written by the Centre for
Information Science and Engineering at NPL. To minimise the quantity of information to be
transferred through the computer bus (which could limit the rate of data acquisition), the
software utilises the edge detection facility of the processor board. In essence, each scanis
analysed and the element numbers are recorded where the intensity detected passes a pre-
st threshold (either direction). This greetly reduces the amount of information to be
processed within the computer. For two gauge marks with optimum contrast, the
information from 2000+ light sendtive dements can be reduced to just 4 numbers
(representing the locations of the edges of the marks).

There are a number of bugs in the software that prevent the extensometer from being used
religbly.

2.2.1 Known Problems with the Software

1. Memory dlocation problem: The tota number of scans requested (particularly if large
I.e. >1000) may not al be recorded. In some tests, very few scans are recorded and the
test can be missed - this may be associated with noise creating too many ‘edges. There
seems to be no warning of when a problem will occur and little difference between the
contrasts of good and bad tests. The limit to the number of scans recorded is dso a
problem at high rates where the scan will be over in fractions of a second - during which
the test machine needs to be activated.

2. The intengty cdibration function, used in stage 2 above, will not run. At present, gain
factors are st usng the cdibration functions in the original software supplied by Reticon.
It isinefficient to need to run two separate programs to set-up and make measurements.

3. MEASUREMENT TECHNIQUE

3.1 ILLUMINATION AND SPECIMEN MARKING

It is criticd that the contrast between the gauge marks and the specimen surface isaslarge
as possible to give clearly defined edges. At fast scan speeds, the amount of light falling on

the photo sendtive dements is low and the sengitivity of the cameraiis poor. Under normad
room illumination it is impossible to pick out marks from the specimen background at scan
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rates above ca 100 scans per second. Directly illuminating the specimen with an angle poise
lamp makes little difference.

More intense illumination is possble with a floodlight (300 W bulb) which provides a
uniform field of illumination over the specimen. But even with this, contrasting marks on the
specimen surface are only visible at scan speeds of a few hundred scans per second. The
only method that dlowed mark detection at high scan speeds was to attach reflective marks
to the surface of the specimen. By angling the camera and the light source so that the light
was directly reflected off the marks onto the active array of the camera, it was possible to
obtain sufficient intengty to disinguish marks up to the fastest scan rate of the system
(20,000 lines per second).

One possible drawback of the requirement for abright light source is that the specimen may
be heated up by the lamp. If at dl possble, the specimen should be enclosed by an
environmentad chamber and illuminated through awindow. This should absorb some of the
infracred component of the illuminating light and the test environment can be activedy
controlled. Care dso needs to be taken when interpreting strain data as the reflective marks
made on the specimen may dip during atest (which would gppear asa‘dran’).

3.2 RESOLUTION

The resolution and accuracy of the extensometer are limited by both spatia and tempora
condderations. These need to be consdered when ng the accuracy of the instrument.

3.2.1 Spatid Resolution

The absolute resolution of the extensometer is determined by the number of eements
between the gauge marks. The larger the number of eements between the marks the higher
the resolution. However, the fidd of view has to be large enough to accommodate the
movement of the marks during the test. The camera has a 2048 length aray of
photosengitive dements. A gauge length of around 1000 dements gives a resolution
(smallest detectable change is 1 dement) of 0.001 but should till be able to cope with
grains of around 0.25-0.3.

The uncertainty in the pogtion of an edge is normdly a maximum of + 1 ement. By the
time the averaged mark postions are used to cdculate gauge lengths the uncertainty is
typicdly of the order of = 1 dement (or 0.001 for 1000 dement gauge length).

3.2.2 Tempord Resolution

As the exposure time of the scan is long relative to the interva between scans and the
number of scans recorded in the duraion of the tet may be smdl then there will be
limitations on the resolution of the extensometers due to the resolution in time. As an
example, if the strain rate of the test is 100 s?, the dtrain to failure 0.1 and the scan rate is
10,000 scans per second then the resolution of the extensometer is limited by the following:
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duration of test = 10°s;

number of scans = 10;

interval between scans = 10* swhich is equivaent to 0.01 strain;
strain change during each exposure < 0.01.

Thus the tempora resolution of the extensometer will be at best 0.01 thet is sgnificantly
worse than the nomind spatid resolution. 1n such a case it may be worthwhile to reduce the
active area of the array (which can be st in the control programme). This would increase
the scan rate (and thus improve the tempora resolution) but decrease the spatia resolution.
The best resolution of the extensometer would then occur when the tempora and spatia

resolution are comparable. At dower strain rates (below 10 s') the tempord resolution
should be no worse than the spatia resolution provided that a sufficiently fast scan rate is
chosen.

3.3 METHOD OF STRAIN DETERMINATION

The principle of strain measurement is to determine change in the distance between two
contrasting marks on the specimen surface. For a fa fidd of view, the gauge length is
samply the number of eements between contrasting edges in the scan.  As the specimen is
deformed, this distance (d) increases. Strain @) is then cdculated using the increase in
disance divided by the initid mark separation (dy):

In Figure 1, an idealised scan for a dark specimen with two light coloured gauge marks is
shown. Four dement vaues (M1, M2, M3 and M4) where the intendty crosses the
threshold value will be returned by the edge detection function.

If there is noise in the scan then the mark position may be given by severd dement values.
The mark position then should be calculated as the mean of these dement vaues. Typicaly,
the stability of the edge location is to within £ 1 dement. Strain is determined from the
separaion or gauge length of the two gauge marks. The average position of the two marks
G, and G, are given by (M1+M2)/2 and (M3+M4)/2 respectively. The gauge length (G(t))
is therefore G, - G;. As the specimen is deformed then the positions of both G, and G, will
increase as will the gauge length. Figure 2 shows the pogtions of two gauge marks
recorded during atest. The data recorded before the start of the test define the initid gauge
length G. The values for G will normdly be within + 1 of the mean vaue for G. The
current gauge length G(t) is calculated from the separation of the two marks. The strain asa
function of time (e(t)) isthus.
_ G- G,
e = —g

The caculated vaues of grain can be plotted againgt time (from gtart of thetest). Asshown
in Figure 3, a best fit line can be fitted to the srain vs time plot. This fitted line enables



NPL Report CMMT(A)109
May 1998

drains to be interpolated a any time. This is important as the drain data has to be
combined with a record of load vs time to give a sress-drain curve. It is not possible to
smultaneoudy record strain and load on the same recording device. Two data recording
devices are needed which record the strain and load from the same test separately. These
have to be combined during the data andysis phase. The fitted function that relates strain
and time can be used to caculate srains a each time interva in the load vs time record and,
from this, the stress-strain curve can be derived.

It isimportant that the Sart times of the load and strain records are synchronised. Itislikely
that both records will contain ‘pre-trigger’ data before the test machine is activated. The
actud gart of the test on each record may not be precisely defined and normaly must be
edimated from the beginning in the rise in the vadues measured. Where this rise begins
dowly and accelerates, the Sart of the test may be difficult to pick out, particularly if thereis
low ingrument resolution or noise.  Typicaly, resolution in the force signd or crosshead
displacement will be greater than that of the linescan extensometer. One method of
synchronising the two records is to determine the duraion from the activation of the test
machine to falure of the specimen using the load or disolacement data. This defines the time
a which the specimen is seen to fail on the linescan record (assuming thisis obvious from the
trace). The entire srain-time trace can then be generated by subtracting successve time
increments from this time at failure until the time value reaches zero. This should coincide
with the part of the record where the strain startsto increase.

4, ILLUSTRATIVE DATA

Measurements have been made to illudrate the use of the linescan camera as an
extensometer. Two tedts are illudtrated. One was made at a low drain rate using a low
speed electro-mechanica test machine. The second was performed at a high srain rate (for
which dip-on extensometer data was available) usng the high speed servo-hydraulic
machine.

A dress-drain measurement was made on a sample of polypropylene tested a room
temperature at a speed of 100 mmymin (strain rate ~ 102 s%). This is a relaively dow
speed test made on an eectro-mechanical test machine where data acquidtion is relatively
sraight forward. The linescan camera was run a a relatively sow 100 scans s*. As the
scan rate is low conventiond lighting (fluorescent tubes mounted by the window on the test
chamber) could be used. Figure 4 shows a comparison between a stress-grain curve for
polypropylene derived from the data generated from the linescan camera (and a recording of
load againg time) and data measured using a conventiona video extensometer. There is
very good agreement between the two techniques. It is generdly recognised that the
accuracy of video extensometers is rdatively poor at low strains where eastic moduli are
measured (0.0005 to 0.0025 drain). The modulus of polypropylene at this rate and
temperature (measured by clip-on extensometers) is gpproximately 1680 MPa. The vaue
for the modulus determined using the linescan extensometer was 1865 MPa which is within
10 % of the actud vaue. This level of accuracy is typica of video extensometers (the
conventiond video extensometer gave avaue of 1750 MPa).

10
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Figure 5 shows a stress-strain measurement made on polypropylene at a faster peed of

5000 mmymin (~ 0.1 ms™) which is the highest speed a which dlip-on extensometers were
used. The drain rate in this test is around 2s*. The scan speed was 1000 scans per
second.  This high speed required an intense illumination source and reflective marks were
attached to the specimen to give bright ‘targets. The data generated by the linescan are
compared with two other stress-strain curves. The first curve was generated from the force
and displacement data measured in the test (where digplacement data were converted into
grains using the procedure in Appendix 1). The second curve is an earlier test where clip-on
extensometers were used. The repeatability of test data measured on the servo-hydraulic
machine is not as good as the eectro-mechanicd machine as is shown from the differing
vaues of dress a the high strain plateau region. The stress-srain curve measured using the
linescan camera shows the same general shape as the other stress-drain curves. Thereisa
and| difference between the strains measured but in genera the curves are close. The
differences between the strains may be due to a problem in synchronising the ‘start’ of the
different records. There is ds0 a need to check the time difference separating individua

scans on the linescan camerato confirm that the period between scansis exactly equd to the
reciprocal of the scan rate as assumed here.

S. CONCLUSIONS

Theinitid phase of development has been completed. The linescan extensometer has been
assembled and software for data acquigition written. A technique for determining srains
from the output has been outlined. The test data show that the linescan camera can function
as an extensometer with reasonable accuracy.

The next steps are to further refine the software to diminate the bugs present. Measurement
procedures need to be developed to improve reliability.

6. FUTURE WORK

1. Further software development to diminate bugs in the software.

2. Develop methods for illuminating and marking specimens o that reliable data can be
obtained routingly. Particular atention needs to be pad to illuminating the specimen
within an environmenta chamber where reflections may cause problems.

3. Usethe camerato vdidate a high strain rates the function used to obtain train data from
displacements.

4. Assess accuracy and repeatability of the high rate extensometer.

5. Determine whether strains can be measured in impact tests.

There may be some potentia for commercidly developing this instrument for high rate strain
measurement.  As the insgrument stands, it is complicated to set up and use and is not yet
suitable for routine work. Experienced and skilled staff would be needed to run it. The
following points would need to be addressed before it could be commerciaised.

User friendliness of software.
Triggering of extensometer automaticaly with the test.

1
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[llumination issues - supply alight source with the instrument?
Automation of the converson of edge locations into srain.
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Figure 2: Pot of mark position againgt time used to caculate Srain as afunction of time.
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Figure 4. Comparison between linescan camera and conventional extensometer a low

drain rate.
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APPENDIX | DETERMINING STRAINS FROM CROSSHEAD
DISPLACEMENT

It is possble to estimate drains in the gauge section of the tensile specimen from the
movement of the crosshead of the test machine. One means of doing this is to
dmultaneoudy messure displacement of the crossheed and drain usng dlip-on
extensometers Smultaneoudy. The rdationship between srain and displacement is then
modelled using a polynomia function. This rdationship needs to be extrgpolated to high
grain rates. One disadvantage of this method is that strains can only be estimated with
confidence up to the limit of the extensometer travel.

The following section explains how a relationship between strain and displacement was
determined for gpecimens tested using the Ingron 1143 high rate servo-hydraulic test
mechine.

Equipment Used

Instron 1143 servo-hydraulic test machine  Maximum speed ~ 2 ms™

with 8500 control panel Grip segparation = 65 mm
Displacement transducer outputs available
direct and through 8500 panel

Par of Instron dip-on extensometers Gauge length =25 mm

conditioned through 8500 panel Travel ~+ 25mm

Maximum strain ~ 0.1
Digitd storage oscilloscope
Digitd voltmeter

The 8500 control pand digitises the measured signds (displacement, extensometers, load).
There is a maximum rate a which this system can operate and above that the data are sent
as sngle vadues in 200 s ‘bursts . For high speed tests, where the test duration is a few
ms, this gives very poor resolution. There is also evidence that suggests that this digitised
sggnd is ‘ddayed in the processor and lags the actud response. This problem limits the
reliable use of these digitised signa's to crosshead speeds of 0.1 ms™ or less. It is possible
to take an analogue output directly from the crosshead displacement transducer, bypassing,
the 8500 panel. This has a much faster response rate and is more suitable for the highest
gpeeds. Using the voltmeter it is possible to determine a calibration factor for this transducer
in Vmm™. The extensometer signals can only be accessed through the 8500 pandl. Hence,
the highest speed for which smultaneous measurements of strain and displacement can be
medeis0.1 ms™.

The procedure for determining the strain-displacement relationship is to perform tests usng
the same materia, shape of specimen and crosshead separetion at different rates (normaly
50, 500 and 5000 mm/min). Strains are measured using a pair of clip-on extensometers and
the crosshead displacement from the displacement transducer. The average strain (e;) from
the extensometers is plotted againgt displacement (d) as shown in Figure la. A quadratic
best fit ling, of the form e, = Ad + Aud? is fitted to the data. The values of the fit

16
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parameters A, and A, are then plotted againg log(dtrain rate) to determine if there is any
ggnificant rate sengtivity. In practice, rate dependence is low and the mean vaues of the
parameters A and A can be used to estimate strains from digplacement measurements
where extensometers are not used (eg a high rates). The values of the fit parameters A
and A, are rdaed to the giffness of the specimen and will change with materid, specimen
thickness and temperature.  They must be re-evduated when any of these change
ggnificantly. Fgure la shows strain-displacement rdationships for 3 different polymers.

0.14

012 T

¢

A

polycarbonate, A1 = 1.38E-2; A2 = 1.35E-3
polypropylene, A1 = 1.60E-2; A2 = 1.27E-3
ABS, A1=1.23E-2; A2=3.31E-3

01T

| Strain-displacement relationships
used to calculate strainsin high rate tests
strain = Al*d + A2*d"2

0.08 1

0.06

004 T

strain from pair of extensometers

25 3 35 45

displacement (mm)

0.5 15 2

Fgurela Strain-displacement relationships used to determine drainsin high rate tedts.
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