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Abstract

The objective was to investigate the mechanical behavior of oxygen-free high-conductivity
(OFHC) copper in tension. A modified dog bone specimen was heated using resistive heating
techniques. The effects of high temperature, medium strain rates, and high heating rates on the
stress-strain results were observed. A new two-dimensional (2-D) integrated speckle measuring
system and a high-speed optical pyrometer were utilized for strain and temperature
measurements. Room temperature tests were conducted at strain rates of quasi-static and 1/s.
The high heating rate experiments were conducted at temperatures of 360° C and 375° C,
heating rates of 30° C/s and 263° C/s, and at a strain rate of 1/s. A nominal decrease in the
elastic modulus and an increase in the elastic limit are seen for increasing strain rate. Decreases
in yield stress and flow stress were observed as the heating rate was increased.
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1. Introduction

The primary objective of this work was to accurately measure the mechanical behavior of
oxygen-free high-conductivity (OFHC) copper in tension under different strain rates and heating
rates. To aid in this measurement, a new two-dimensional (2-D) integrated speckle measuring
system was developed to obtain point and full-field displacement measurements and to extract
Poisson’s ratio and other deformation data. The 2-D integrated speckle measuring system is
nondestructive and allows remote sensing at room and elevated temperatures and can measure
strains of up to 25%. The basic principle for measuring deformations on the surface of the
specimen with the 2-D integrated speckle measuring system involves correlating speckle images
before and after deformation. Additional speckle images can be obtained at different stages of
deformation, and successive pairs of images are captured by a charge coupled device (CCD)
camera, stored on a frame grabber board, and then downloaded to a personal computer (PC).
The system then uses a digital image correlation algorithm to determine the displacement and

strain between images.

The motivation behind using the 2-D integrated speckle system is to obtain full-field
deformation data at room temperature and at high heating rates that include the necking region of
the specimen. This method is superior to the traditional strain gage, which gives only an average
value under the area of the gage and does not hold up well at high temperatures. Moreover,
aligning the 2-D integrated speckle system is easy and straightforward and eliminates the

cumbersome procedure of aligning the strain gage parallel to the loading axis.

In the armor penetration process, all materials experience rapid heating, high temperatures,
and triaxial stress states [1]. Researchers have determined that varying the strain rate and heating
rate can alter the stress-strain relationship of the material [1]. Controlled laboratory experiments
are required to determine the material properties under these varying conditions and to provide
material constants used in computer simulations and material modeling. OFHC copper was
chosen particularly because of its use as an antiarmor material in shape charge liners where the

liner undergoes rapid deformation, high heating rates, and high temperatures. Measuring the



mechanical properties of OFHC copper under different heating rates and temperatures has
received very little attention in the past. Preliminary results show that microbands, regions of
high strain concentrations, tend to form in OFHC copper at high temperatures [2]. These
microbands may act as a precursor to material failure. This work represents an investigation into
the effects of different strain rates and heating rates on the mechanical properties of OFHC

copper.
2. Background

In the testing of OFHC copper, high heating rates, high temperatures, and the desire to
examine full-field strain behavior led to the development of a new strain measuring system. The
system is based on the theory of digital image correlation of white-light speckle patterns. The
OFHC copper testing employed the previously proven concept with a new system specifically

designed to efficiently yield full-field, noncontact stress-strain measurements [3].

Digital image correlation provides noncontact, 2-D displacement measurement [3, 4].
Because the theoretical basis had already been examined, the OFHC copper testing concentrated
on developing practical application procedures of the theory to use in dynamic testing. As a
result, the background given will be more application-oriented, with less detail devoted to the
theoretical basis. To enable correlation, a speckle pattern was created on the specimen surface.
The pattern was generated using a high-temperature (up to 650° C) spray paint. To obtain the
high contrast needed for the correlation technique, white and black spray paints were used. The
specimen was first uniformly coated with white paint, then a fine mist of black paint was used to

create a random pattern of black dots. Sample images are shown in Figure 1.

2.1 Digital Image Correlation Software. Images such as those in Figure 1, captured by a
CCD camera as the specimen was deformed, were analyzed using the correlation software. The
specimen appears horizontal due to the 90° rotation of the CCD camera. The circle shows a

speckle as it is displaced from left to right during a tension test. The displacement between
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image 1 and image 2 is 5.6 mm (15 pixels); between image 2 and image 3, the displacement is
8.5 mm (23 pixels); and between image 1 and image 3, the displacement is 14.1 mm (38 pixels).
The process of digital image correlation can be referred to as smart imaging. The system
compares an initial, undeformed image with subsequent images of the deformed specimen. For
example, both the second and third images shown in Figure 1 would be compared to the initial
image. Depending on the approach taken, the computer uses correlation functions, mathematical
comparators, and fourier transforms to look at the two images. In essence, the computer attempts
to fit the unstrained image to the strained image, knowing that the differences are caused by
deformation. Think of the initial image as a piece of rubber. Using correlation functions, the
computer mathematically stretches the rubber to fit the new deformed pattern of the second
image. The software can take two images that look the same to the human eye and recognize
unique patterns that enable it to calculate displacements. Similarly, using mathematical
comparators, it can take two images that look different, and by knowing that the differences are

caused by deformations, extract that data by making the images identical.

Either the complete image (shown in Figure 1) or a desired portion of the complete image
was chosen for analysis. The desired portion was analyzed in steps by breaking it into small
subimages of 31 x 31 pixels (132 mm?) with a step of 15 pixels between adjacent images. For
example, the second subimage would include about half the area of the first subimage. The
subimage size and the steps between centers of subimages can be selected by the user from a
pull-down menu. The smaller the subimage size, the more resolution that could be obtained in
the strain field, but the larger the amount of noise in the results. Each of the subimages was
analyzed with the corresponding subimage from a previous deformation state. The comparison
was performed mathematically by the software. A preload of 267 N was applied to each
specimen to eliminate any shifting in the grips that might occur during the initial loading of the
specimen. The result of the analysis of each subimage was the average displacement of the
pixels within that subimage. This value was associated with the position at the center of the
subimage. The displacement field for the chosen area was determined by analyzing all the
subimages within that area; a full tension test was analyzed by examining all images captured by
the high-speed CCD camera.



Although the digital image correlation theory can be used to produce 2-D displacement or
strain fields, for OFHC copper testing only, the average strain along an axial line was examined.
For each time-step image analyzed, the results of the displacement of each subimage vs. the
position of that subimage were plotted, as shown in Figure 2. Average strains were calculated
using a linear fit to the displacement data, the slope of which represents the strain. The effects of
this procedure have been studied and shown to help improve the accuracy of the strain
determination [3, 5]. Data scatter in these graphs of displacement vs. position decreased as strain
increased. The correlation system was able to measure strains as small as 0.01% and as large as
25%. For strains smaller than 0.01%, the signal-to-noise ratio is poor. For strains larger than
25%, the speckle image often falls off the viewing area. The digital image correlation software
cannot correlate speckle images off the viewing area. One solution to this problem would be to

use a CCD camera with a viewing area larger than 192 pixels x 238 pixels.

Axial Displacement (Pixels)

0 50 100 150 200 250
Axial Position (Pixels)

Figure 2. Displacement vs. Position for a Strain of 5.1%.

2.2 Digital Image Correlation Hardware. The imaging and analysis system consisted of a
high-speed CCD camera and a 100-MHz Pentium PC. Images were recorded using a Kodak
Ektapro EM motion analysis system that included a high-speed CCD camera and a digital
processor. Framing rates of up to 1,000 frames/s were possible for full-screen images.

Additionally, the processor allowed the frame to be split into various amounts (half, thirds,



fourths, sixths, and twelfths), which enabled framing rates up to 12,000 frames/s with 1/12 full-
screen images. Similarly, exposure times ranged from 1/50 of a second to 1/12,000 of a second,
depending on image split and recording rate. To obtain load and temperature data, the signals
from the load cell and pyrometer were fed into a Kodak multichannel data link. The output of
the multichanne] data link was connected to the motion analyzer and viewed on a Sony Trinitron

monitor. The monitor was, in turn, connected to a PC via an RS-170 cable.

The digital images were obtained using a 200-mm lens. The physical size of the CCD array
was 192 vertical x 238 horizontal pixels. The PC captured the image with a Picture Perfect
frame grabber board and digitized it with accompanying Picture Perfect software. Typical image
sizes were approximately 300 vertical pixels x 342 horizontal pixels (108 mm x 127 mm), which
gave a resolution of 2.76 pixels/mm in the vertical direction and 2.69 pixels/mm in the horizontal
direction. Although there was not a one-to-one correspondence between the size of the digital
image and the size of the CCD array, this would not affect correlation results [3]. Digital image
correlation software was used to analyze the images. The image correlation data was then
‘imported into Excel and Mathcad and further processed to produce stress-strain curves for the
OFHC copper.

2.3 The Medium Strain Rate Machine (MSRM) Test Facility. The medium strain rate
test facility of the Impact Physics Branch consists of a Terra Tek MSRM, a variac/transformer
heating system, an intensifier for high-pressure tests, and a PC used to control the test operation.
The MSRM is specifically fitted with special tension grips to allow the output of the transformer
to be attached to the specimen via high current cables. The heating apparatus utilizes resistance
heating where, using the variac/transformer, current is passed through the specimen and the
specimen’s own resistance produces joule heating. Heating rates as low as
20° C/s and as high as 1,000° C/s are achievable. The MSRM is capable of loads up to
140,000 Ib at strain rates of 0.0001/s-100/s. Two modes of operation are possible: an open loop
mode where nitrogen gas is expelled through fast-acting valves for strain rates of 1/s—100/s and a
closed loop hydraulic servo-controlled mode for strain rates of less than 1/s. The feedback

element in the closed loop mode can consist of either a load, strain gage, or LVDT signal. In a



typical test, the feedback signal is compared to a user selected setpoint signal, and the piston
moves in a direction to make the algebraic difference of these two signal zero. In a tension test,
the feedback signal is less than the setpoint signal, thus moving the piston in a vertical (tensile)

direction.

3. Experimental Procedure

3.1 Material and Specimen Geometry. The material used in this study was cylindrical
OFHC copper specimens 63.5-mm long and 6.35-mm wide, as shown in Figure 3. The physical
and mechanical properties are listed in Table 1 [6]. The specimens were cleaned with a
degreaser, then with an acid-base combination to remove all remaining residue. The gage area
was then randomly roughed with 120-grit SiC sandpaper and cleaned once again. Speckle
patterns were generated on the specimen using black and white spray paints. The specimens
were then placed in the MSRM and illuminated with incoherent white light in preparation for

testing.

« 63.50 mm-
|<—— 6.35 mm

4+—38.10 mm
<-20° <« 2440mm -p

Figure 3. Specimen Geometry.




Table 1. Mechanical and Physical Properties of OFHC Copper (Cu99.95Min)

Melting Point (degrees Celsius) 1,083 ]
Density (g/cm®) 20° C 8.92
Electrical Resistivity (chm-m) 1.7 x 1078
Youngs Modulus (GPa) 130
Tensile Strength (MPa) 270
Yield Strength (MPa) 200
Elongation (%) 1045
Vickers Hardness (/MN-m) 369
Poisson’s ratio 0.36

3.2 Dynamic Deformation. Dynamic deformation data was acquired using the Kodak
Extapro high-speed CCD camera, the Kodak Etapro EM motion analyzer, and a Pentium
100-MHz PC. The motion analyzer was triggered at discrete load levels from a signal acquired
by a load cell. The load cell reading was sampled by personal computer 1, and a 5-V trigger
signal was sent out to the motion analyzer at a load of 444 N, initiating data acquisition. The
load cell reading was then displayed on the digital image using a multiplexer to provide a precise
and unambiguous load value for each image obtained. The dynamic testing system was placed
under control of personal computer 1 using LABTECH software. A block diagram of the

mechanical test system is shown in Figure 4.

The MSRM can be run in two modes of operation: an open loop for higher strain rates
(1/s-100/s) and a closed loop for slower rate tests (0.0001/s—1/s). Tests on OFHC copper were
conducted in both modes. Tests were initially conducted using a recording rate of 500 frames/s,
but were later increased to 1,000 frames/s to allow for smaller displacement measurements in the
elastic region of deformation. Measuring elastic deformations has two limitations: one is
hardware related, and the other is software related. The smallest measurable strain in the elastic

region is determined by the recording rate. For example, a recording rate of 500 frames/s means



Figure 4. Block Diagram of a Mechanical Test System.

that the smallest measurable time increment is 1/(500) or 0.002 s/frame. For an expected strain
rate of 1/s, the smallest measurable strain is 0.2%, which gives only one point in the elastic
region. This hardware limitation can be overcome by increasing the recording rate and exposure
time, thus giving smaller displacements and more points in the elastic region. The software
limitation comes about because very small displacements (less than 0.005%) often produce noise
in the results. An upgraded version of the software may be available in the future to correct this

problem.

The next step in acquiring dynamic deformation data was to flatten the gage section of
cylindrical copper specimen. Due to the cylindrical design of the original specimen, only a
narrow portion of the specimen parallel to the image plane of the camera could be used to
measure deformations. This narrow portion of the specimen would yield 20-30 pixels
(7.4-11.2 mm) of information, not enough to give reliable strain measurements. Flattening the
specimen increases the width to approximately 100-125 pixels (37.4-46.4 mm) of information in

the transverse direction, and as shown in section 3.3, increases the heating rate substantially.




3.3 Dynamic Deformation of OFHC Copper at High Heating Rates. Dynamic
deformation tests were conducted at high heating rates on OFHC copper to determine the
mechanical properties under varying rates of deformation. In addition to the basic mechanical
test system of Figure 4, a transformer-driven resistance heating system and an optical pyrometer

were also incorporated, as shown in Figure 5.

Figure 5. Block Diagram of a High Heating Rate Test System.

A Venzetti optical pyrometer, model 3000, has a response time of 1 ms, which is sufficient
for the strain rates studied. The calibration curve of output voltage vs. temperature is shown in
Figure 6. The temperature was increased incrementally using the transformer, while the

temperature was recorded with a type K thermocouple.

10




500
450 -
400 +
350
300
250
200
150
100
50

¢ Series]
| inear (Series1)

Temperature (°C)

0 0.2 04 0.6 0.8
Voltage (V)

Figure 6. Calibration Curve of Vanzetti Optical Pyrometer.

Specimens were uniformly flattened from a thickness of 6.25 mm to thicknesses in the range
of 3.09-3.23 mm. This increased the heating rate and improved transverse strain measurements.
The resistance of the specimen increased by a factor of approximately two, and the heating rate

by a factor of approximately two to three.

4. Discussion of Experimental Results

The deformation behavior of OFHC copper was measured at different strain rates and
heating rates. Tests were conducted under three conditions: two strain rates, static and 1/s at

room temperature, and three heating rate tests at a strain rate of 1/s. A summary of the results is

shown in Table 2.

4.1 Effects of Strain Rate. Static tests performed at room temperature established the
elastic behavior of OFHC copper and were later used to examine the effect of changes in strain
rate. To construct a stress-strain curve, images were analyzed along the loading axis. Using

plots of displacement in pixels for each subimage vs. position for images at many load levels, the
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Table 2. Mechanical Properties of OFHC Copper at Various Strain Rates and Heating

Rates
Strain Rate | Temperature | Heating Rate | 0.2% Offset Yield | Modulus of Elasticity
CY) (°C) (°C/s) (MPa) (GPa)
quasi-static 25 isothermal 325 110
1 25 isothermal 375 95
1 360 30 125 decrease®
1 375 263 75 decrease®

a . . . .
Decreased from room temperature value; numerical values unavailable because only one data point was obtained
in the elastic region.

static stress-strain curve for OFHC copper was constructed, as shown in Figure 7. The elastic
modulus from the curve is 110 GPa. The elastic limit, 0.2% offset yield, was determined to be
approximately 325 MPa. The generally accepted value for the modulus is 117 GPa [6]. The
experimental result is only 6% less, which falls well within the accuracy expected for the digital
speckle correlation system [3]. Static testing validated the speckle measuring system and
provided the basis for studying the effects of strain rate and heating rate on the mechanical

behavior of OFHC copper.

The effects of strain rate were examined by comparing the static stress-strain curve with the
curve obtained at a strain rate on the order of 1/s, as shown in Figure 8. The elastic modulus
decreased, and the elastic limit increased with the increase in strain rate. The elastic modulus
decreased nominally from 110 GPa to 95 GPa, and the elastic limit increased from 250 MPa to
360 MPa. In addition to this analysis, the dynamic test was studied further because the region of
necking was in the field-of-view of the CCD. The 2-D integrated speckle measuring system
enables the user to choose the region to analyze. In this way, the strain in the necked region
itself was determined and compared to the average strain across the entire field of view, as
shown in Figure 8. As expected, the stress and strain in the necked region is larger than the
average strain. In addition, the strain rate in the neck also increases (see Figure 8) where the data
points on the curve correspond to the same images, and therefore the same time increments. The

study of necking is one benefit of the speckle correlation method of displacement measurement.
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Figure 7. Stress-Strain Curve for Quasi-Static Tests of OFHC Copper.
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Figure 8. Comparison of Stress-Strain Curves of OFHC Copper for Average Strain in
Quasi-Static Test and Average and Necking Region Strains in 1/s Tests.

4.2 Effects of Heating Rate. Because the 2-D integrated speckle measuring system is a

noncontact displacement measurement technique, it also allows the study of high heating rate

effects on OFHC copper. Before testing the OFHC copper at high heating rates, it was necessary

13



to calibrate the Vanzetti optical pyrometer, as described in section 3.3. The OFHC copper was
heated at 30° C/s to a temperature of 360° C and at 263° C/s to 375° C. It was then pulled in
tension at a strain rate of approximately 1/s. Figure 9 shows these heating rate results as well as
the results from the room temperature test at the same strain rate. The graph shows that the flow
stress for the tests with high temperatures and heating rates is lower than the flow stress at room
temperature. This is because the material has softened with the increased temperature. As can
also be seen from Figure 9, for a heating rate of 30° C/s, the yield stress decreased from 375 MPa
to 125 MPa, and for a heating rate of 263° C/s, the yield stress decreased further to 75 MPa. It
should also be noted that all specimens were pulled in tension to failure. A micrograph of OFHC
copper is shown in Figures 10a—-d under various loading conditions. In Figure 10a, the OFHC
copper appears to have undergone some prior work hardening, as evidenced by the slight grain
elongation. In Figure 10b, the OFHC copper has undergone more extensive work hardening and
grain elongation due to the tensile loading. Figures 10c and 10d show evidence of
recrystallization, with Figure 10c showing a smaller new grain size caused by the slower heating
rate. In both cases, the recrystallization temperature was probably lowered by the additional
work hardening performed during the tension test. Figure 10d also shows some grains that have

been unaffected by the recrystallization process due to the rapid heating rate.

—&— Room Temp

250 4; ~ 88~ 263° C/s, 375° C

5.+~ 30° Cfs, 360° C

True Strain

Figure 9. Effects of Heating Rate and Temperature on OFHC Copper Properties.
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(b) Tensile Loaded at a Strain Rate of 1/s

Figure 10. Optical Micrographs of OFHC Copper.
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(c) Heated to 360° C/s at a Heating Rate of 30° C/s, Then Tensile Loaded at a Strain Rate
of 1/s

(d) Heated to 375° C/s at a Heating Rate of 263° C/s, Then Tensile Loaded at a Strain Rate
of 1/s

Figure 10. Optical Micrographs of OFHC Copper (continued).
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5. Summary and Conclusions

The 2-D integrated speckle measuring system has been established as a reliable, accurate
method for measuring deformations at high heating rates and medium strain rates. Tension tests
conducted on OFHC copper specimens showed that it is sensitive to strain rate and to heating
rate. The material also showed a distinct softening at elevated temperatures. The elastic
modulus decreased from a static value of 110 GPa to a value of 95 GPa, at a strain rate of 1/s at
room température; the elastic limit increased from 325 /MPa to 375 MPa, a 13.8% increase.
These results are in agreement with other tests performed on OFHC copper, which also show an
increase in flow stress with an increase in strain rate [8]. For a heating rate of 30° C/s, the yield
stress decreased from its room temperature value of 325 MPa to 125 MPa, a 61.5% decrease; for
a heating rate of 263° C/s, the yield stress further decreased from 325 MPa to 75 Mpa, a 77%
decrease. The authors have been unable to find similar heating rate tests in the literature for
OFHC copper. However, similar tests conducted on other metallic materials, such as a tungsten
alloy, have shown that the flow stress increases as the heating rate increases [1]. This is in
disagreement with the results obtained for OFHC copper in this study. This apparent
disagreement can be explained in two ways: the OFHC copper has a face-centered cubic (fcc)
structure, where the tungsten has a body-centered cubic (bcc) structure; therefore, the metals are
structurally dissimilar, and the tungsten was heated to a temperature well below its

recrystallization temperature. None of the micrographs showed any evidence of microbands.

One problem encountered during testing is that the final temperature of the specimen was not
controlled as precisely as expected; therefore, the effect of this temperature variation is not clear
at this time, particularly since this temperature is so close to the recrystallization temperature of
OHFC copper. After modifying the test controls and procedure, additional high heating rate tests

will be conducted on OFHC copper at different heating rates and temperatures.

Strain rate tests and heating rate tests similar to these have important implications not only in
the armor penetration process, but also in the airline industry, where many airplane components

undergo high heating rates, high temperatures, rapid cooling, and high strain rates. Tests such as

17




these play an important role in both relating the microstructure to the mechanical properties of a

material and providing material constants used in material modeling.
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