Mechanical Testing of Ultra-high Temperature Alloys

by R. Volkl and B. Fischer

ABSTRACT—Specially designed facilities for tensile testing of
ultra-high temperature alloys are presented. Ohmic heating is
chosen for easy access to the sample, fast attainable heating
and cooling rates, simplicity in design and operation. Strain is
measured with a video extensometer by means of the soft-
ware SuperCreep. The algorithm for the strain measurements
is described. Stability and accuracy of the test system were
determined by testing an oxide dispersion strengthened Pt al-
loy. Performance of the video extensometer was checked by
thermal expansion tests on pure Pt. Tensile tests of the oxide
dispersion strengthened alloy Pt—10 wt% Rh DPH at 1600°C
have proven the reliability of the equipment.
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someter, image analysis, high temperature, platinum, ODS

introduction

For the development and proper selection of a structural
material for application at ultra-high temperatures the me-
chanical properties have to be known. However, high prices
and limited availability of test material along with extremely
high testing temperatures make the use of commercial test
equipment difficult.

Suitable test equipment has to meet several expectations.
Small samples and simple design and operation of the test
facility are prerequisites for economical test programs. Fur-
thermore, small specimens enable mechanical testing from
the beginning of a development program when only a small
amount of material is available. Strain measurement at ultra-
high temperatures has to be performed without affecting the
mechanical behavior of the small samples. The absolute tem-
perature as well as the temperature distribution over the gage
length has to be controlled for the testing time.

Axial extensometers use extension rods to separate the
strain sensor from the hot specimen. Reppich et al.! and
Schmidt? used an inductive linear position transducer with
Al O3 extension rods for tension tests at temperatures of up
to 1400°C. However, problems may arise at ultra-high tem-
peratures because even small contact forces can lead to con-
siderable stress concentrations in a small specimen. The max-
imum, long-term operational temperature in air of the usual
ceramic extension rods is around 1500°C. For higher tem-
peratures, water-cooling and precise mounting requirements
make their use complicated.
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Noncontacting strain-measurement techniques overcome
these problems. A simple approach is to remove the strain-
measuring device from the hot zone and measure the dis-
placement of the load assembly instead. Hamada et al.® used
this method for creep measurements on Pt alloys at temper-
atures up to 1500°C. They determined the elongation of the
sample by measuring the displacement of the pull rod ends
with the aid of a laser extensometer. However, the compli-
ance of the whole system has to be known to extract the true
strain using these techniques. Ho and MacEwen® also used a
so-called remote extensometer attached to shoulders at both
ends of a tension specimen which jut out of the furnace. The
extensometer was made of Invar in order to minimize thermal
expansion. Ho and MacEwen* assumed that once the spec-
imen goes into plastic flow, the overall elongation results
primarily from elongation within the smaller gage section
of the specimen inside the furnace and true strain could be
calculated.

Other noncontacting approaches for strain measurement
at high temperatures use computer vision techniques, laser
Doppler or laser speckle techniques. Gaudig et al.> measured
the lateral strain in the necked region of creep samples by
means of digital image processing. They could achieve an
accuracy of 0.25 pixels, which corresponds to a displace-
ment of + 0.01 mm or £ 0.01 true strain at temperatures
lower than 850°C.

The digital image correlation (DIC) methods are based on
specimens with randomly distributed speckles at the surface.
Lyons et al.% coated nickel-based alloys with BN or Al,O3
scales in order to create black speckles on a white surface. By
correlating subsequent digital images of the specimens they
could determine the complete elastic and thermal surface dis-
placement field up to 700°C. Maximum strains of 8 x 1072
and 2 x 1072 were recorded during thermal expansion and
tension tests. Lyons et al.® reported an accuracy of the order
of 1073 for their strain measurement system. At temperatures
above about 700°C, illumination problems due to increasing
self-radiation of the specimen often arise with DIC. Decor-
relation effects can be introduced by image distortion caused
by a furnace window or variations in the refractive index of
the heated atmosphere. Large strains and surface oxidation
may also disturb the surface speckle pattern.

Anwander et al.” circumvented illumination problems by
combining DIC with two laser diode beams, each having a di-
ameter of ~3 mm. With a suitable choice of filters or an elec-
tronic shutter the reflected laser light can outweigh the ther-
mal radiation of the specimen even at 1600°C (» = 668 nm,
maximum output power of laser diodes 15 mW). The dis-
placements of the surface elements cause movements of the

Experimental Mechanics 121



speckle patterns. The difference of the surface displacements
divided by the distance between the two illuminated surfaces
areas gives the strain. The digital laser speckle extensome-
ter proved reliability for measurements of thermal and me-
chanical strains up to 1200°C. Decorrelation effects could be
minimized by using two independent illumination and image
capture systems. Various sample geometries can be employed
and no special surface preparation is needed.

Single- and multi-zone furnaces in conjunction with ther-
mocouples and PID controllers are common for heating and
temperature control. Whether the grips are placed inside or
outside the furnace different materials are possible. Reppich
et al.! and Schmidt? introduced the specimen along with the
grips into a high-temperature single-zone furnace. For mea-
surements at temperatures of up to 1400°C, Al,O3 was cho-
sen for the grips. In the creep test facility of Hamada et al.,?
the grips also experienced high temperatures of up to 1500°C
in a single-zone furnace. For that reason, Hamada et al.3 uti-
lized an extremely expensive ODS platinum alloy for making
the grips. To minimize cost, small specimens were used and
the load applied from outside the furnace via a bar linkage.

Stainless steels or other common materials can be used if
the grips are placed outside the furnace, but it becomes in-
creasingly difficult to maintain a negligible temperature gra-
dient over the gage length. Ho and MacEwen* surmounted
this difficulty with a miniature three-zone furnace.

Induction heating is often a better choice than a radiation
furnace system if fast heating and cooling rates are of inter-
est. Petersen and Rubiolo® opted for ohmic heating because
of easy access of the gage length of the sample for temper-
ature and strain measurement, and because of the simplicity
in design and operation.

Principles
Design of Test Facilities

The interest of the current research is on metallic mate-
rials for ultra-high temperature applications. The test tem-
peratures of interest range from 1000°C for Pt/Au alloys, up
to 3000°C for Re/W alloys.? Special test facilities'®1? were
designed and built at the University of Applied Sciences Jena.
A schematic diagram of the test facilities is given in Fig. 1.

A gas-tight specimen chamber is mounted in a commercial
servomotor driven test machine. The chamber permits tests
either in air or in a protective gas atmosphere. Ohmic heating
of the sample leads to lower temperatures at the grips rather
than in the center of the specimen; consequently, cheaper
copper grips can be used. Ohmic heating was also chosen for
easy access to the sample, fast attainable heating and cool-
ing rates and simplicity in design and operation. A steel pull
rod is connected with the load cell at the crosshead of the test
machine. Strips with typical dimensions of 120 x 4 x 1 mm?>
or thin wires are tested. All functions are computer controlled
with the software LabView and SuperCreep,!? developed by
the aathors for strain measurements by means of digital image
analysis. A PID controller realized with LabView regulates
the 0—10V analog input of a thyristor, which is connected to
the primary side of a 100 kVA transformer. The secondary
side of the transformer heats the specimens with 50 Hz alter-
nating current in short circuit.

The temperature is measured in the range of 750-3000°C
with a pyrometer operating at wavelengths of 0.7-1.1 pm
and an operating distance of 250 mm. The measurement area

122 o VOl. 44, No. 2, April 2004

crosshead

c;\am ber

I | |specimen
i I

| wmﬂ

-+

o ___W , I

video
extensometer

transformer thyristor

Fig. 1—Schematic diagram of the equipment used to mea-
sure mechanical properties of metals at temperatures up to
3000°C

at the sample has a diameter of approximately 0.5 mm. Fast,
built-in scan and maximum value storage features enable safe
detection of the maximum temperature in a rectangular area
of 18 x 0.5 mm? on the specimen surface. An accuracy of
0.3% and an adjustable response time down to 1 ms guarantee
secure temperature control even at high heating rates.

For precise temperature measurements, the spectral emis-
sivity of the investigated material has to be known as a func-
tion of temperature and wavelength. Problems may arise dur-
ing long-time exposure at high temperature due to oxidation
or other types of surface changes. Neuer et al.!>14 measured
the total and spectral emissivity of various Pt/Rh alloys up
to 1350°C. Pt/Rh alloys show generally very slow oxida-
tion. Above about 1000°C the oxide scales evaporate. Neuer
et al.!3 therefore recommend Pt/Rh alloys as reference ma-
terials. Calibration of the test system for materials with un-
known emissivity can be performed with a thin foil of a PtRh
alloy attached to the specimen. Assuming good thermal con-
tact, the emissivity of the material is determined by com-
paring the indicated temperature when the pyrometer is first
focused on the Pt/Rh foil and then on the specimen just beside
the foil.

Hardware

Strain is measured with the noncontacting video exten-
someter SuperCreep. The video extensometer consists of a
Peltier cooled 2/3 inch charge-coupled device (CCD) cam-
era SensiCam,'> with 1280 x 1024 pixel resolution and 12-
bit dynamic resolution. A variable exposure time from 1-
1000 ms allows us to grab images up to 2000°C without intro-
ducing filters in the optical path. Telecentric lenses minimize
perspective distortions caused by a variable object distance.

SuperCreep controls the camera and the frame grabber.
Due to ohmic heating only the central part of the sample
sees high temperatures. As a consequence, strain has to be
measured in this central zone, where the plastic deforma-
tion is concentrated. The problem is resolved by markers on
the specimen in the central zone. SuperCreep continuously
determines the distances between corresponding markers.
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Fig. 2—Image of self-radiating Pt-10% Rh DPH specimen
at 1500°C. The sample is laser cut out of a sheet with
four small shouiders. The initial gage length defined by two
corresponding markers is 10 mm

Fig. 3—Contour of a specimen

Suitable markers for high-temperature tests can be made
by laser cutting samples with small shoulders from sheet
material. This technique was successfully applied on Pt—
10% Rh DPH (Fig. 2). The ODS alloy Pt—10% Rh DPH was
developed by W.C. Heraeus GmbH & Co. KG, Hanau, Ger-
many in cooperation with the University of Applied Sciences
Jena.

Algorithm for Strain Measurement

A two-step approach is implemented in SuperCreep in
order to guarantee fast and precise strain measurements with
the aid of computer vision techniques.

As a first step, the algorithmn detects the approximate posi-
tions of the markers on the contour of the specimen. A copy
of the specimen image, Fig. 2, is converted into a binary im-
age and subsequently the contour, Fig. 3, is coded according
to the procedure by Freeman.!® The Freeman'?chain code

o Cns 1)

of the specimen contour leads to further data reduction and
facilitates marker detection.

The Freeman!® chain code is based on the pixel grid of a
digital image. Eight directions between adjoining pixels are
distinguished (Fig. 4). The coordinates of the starting point
of the contour, together with a list of the coded directions,

C =cy, c2, .
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Fig. 4—Coding of the direction of a contour segment with an
eight-neighbor code according to Freeman!®
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Fig. 5—The marker contour pattern is correlated with the
sample contour in order to detect the marker positions

completely determine the image feature. In the same way as
the specimen outline, the marker contour pattern (Fig. 5) is
represented by the chain code

Pzpl’ p2a seey pm (2)

and the start point M p. For the contour pattern example in
Fig. 5, the chain code P is given by

P=0,0,0112, ..,6,7,7,0,0,0
and the start point M p by
Mp=(, 17).
The resemblance between a segment of the specimen con-
tour at the position j and the contour of the marker pat-

tern is quantified with the chain cross-correlation function??
k(j)c,p of the two chain codes C and P:
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The chain cross-correlation function becomes 1 if a seg-
ment of the specimen contour matches the marker contour
pattern exactly. If the contours are rotated by 180° with re-
spect to each other, k(j)c p becomes —1. If a segment of
the specimen contour is rotated by 90° or —-90° the chain
cross-correlation function equals 0. Rough positions of the
four markers are detected by searching two maxima and two
minima of the function £(j)c, p.

In order to reach subpixel accuracy the complete 12-bit
gray-level information of the CCD camera is evaluated in
small regions centered at the coordinates of the maxima and
minima. The regions are first stored in intermediate images
and then processed with 5 x 5 gradient convolution masks?!
(egs (4) and (5)) in order to approximate the brightness gra-
dient between the sample and the background:

~10 —10 0 10 10
17 =17 0 17 17

v.,=| =20 =20 0 20 20 @)
-17 -17 0 17 17
~10 —10 0 10 10

10 17 20 17 10
100 17 20 17 10

vw=| o o o o o |. ®
~10 —17 -20 —-17 —10
~10 =17 —20 —17 —10

The upper-left shoulder of the sample in Fig. 2 is processed
as an example. Figure 6 represents the absolute values of the
gradient in the x- and y-directions. Bright shading indicates
a high gradient. The highest absolute value of the gradient is
considered to fix the edge of the sample. The precise shoulder
position in the x-direction is assigned to the x-coordinate of
the center of gravity of the x-gradient image. In the same
manner, the precise shoulder position in the y-direction is
assigned to the y-coordinate of the center of gravity of the
y-gradient image. The white lines in Fig. 6 indicate the x-
and y-coordinates of the precise shoulder position.

The practice shows that the measurements become almost
independent of the illumination, i.e., the brightness, if gradi-
ents are considered instead of the image gray-level itself. The
algorithm is robust so that even thin wires wound around the
specimen can serve as markers.

Experimental Details
Test Procedure
A typical tension test consists of the following steps:
* grip the specimen;
« start the video extensometer;
* heat the specimen to the desired temperature;

« start the constant strain rate tension test.
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Fig. 6—Images of the absolute gradients in the x-direction
(left) and the y-direction (right) at the upper-left shoulder in
Fig. 2

Alternatively, constant-stress creep tests can be per-
formed in order to determine stress rupture data and creep
properties.>

Performance

The temperature distribution on a 100 mm long sample
of the alloy Pt-10% Rh DPH!6~!® was measured with a cal-
ibrated pyrometer. The specimen was heated to 1500°C at
the center. In a zone of 30 mm around the center, the tem-
perature could be controlled with accuracy of 1500 £ 5°C
and in a zone of 10 mm between the markers the temperature
could be controlled within 1500 £ 2°C. During a subsequent
constant-stress creep test, the temperature between the mark-
ers could be held constant within 1500 + 3°C until necking
occurred. Due to the ohmic heating, the temperature outside
the necked region is always lower, whereas in the necked
region the temperature is kept at the desired value.

The test facility aliows fast heating and cooling cycles. In
another test on Pt—10% Rh DPH a maximum temperature of
1506°C was reached within 12 s. After 15 s, the maximum
temperature was constant at 1500 + 2°C. After switching
the power off, the specimen took about 20 s to cool down to
750°C. Heating rates of 100°C s~ ! and cooling rates of 30°C
s~! can be achieved in routine application.

The accuracy of the video extensometer was checked by
repeated measurements of the initial gage length /g of a Pt—
10% Rh DPH specimen heated to 1500°C without an applied
load (Fig. 2). Strain was calculated according to

-1

©)

€

lo

where ¢ is the engineering strain, [y is the initial gage length,
and [ is the actual distance between the markers.

Provided that the distance between the markers is always
determined with the same accuracy, Al, eq (7) gives the etror
of a single strain measurement

-1 2

5(2) Iy

Ag = Al )

where Ag is the error of a single strain measurement, Al is
the accuracy of a single distance measurement, /o is the initial
gage length, and / is the actual distance between the markers.

The telecentric lens used for this investigation had a mag-
nification of 0.5 and a telecentric range of 12 mm at a working
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Fig. 7—Statistics over 600 measurements on a Pt
10% Rh DPH specimen heated to 1500°C without an applied
load
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distance of 115 mm. Thus, an object of 10 mm diameter has
an image size of 5 mm. Consequently, the object distance be-
tween the markers of about 10 mm (Fig. 2) results in an image
distance of about 5 mm or 730 pixels on the 2/3 inch (8.8 x
6.6 mm?) 1280 x 1024 CCD chip.

In order to determine the error of a single distance mea-
surement, a Pt—-10% Rh DPH specimen (see Fig. 2) was
heated to 1500°C without an applied load. Six hundred mea-
surements were recorded with an acquisition rate of 1 Hz. No
systematic shift was observed during the testing time. The
mean value over 600 measurements was Iy = 767.0 pixels
with a standard deviation of Al = 0.2 pixels (Fig. 7).

All markers have to remain in the field of view during the
test for a correct strain measurement. This means the image
distance on the CCD chip may not exceed [ = 1280 pixels dur-
ing atensile test. So, the maximum measurable strain is about
e & 60%, if an initial gage length of about /y ~ 770 pixels is
assumed. Introducing [ = 1280 pixels, lp = 767.0 pixels and
Al =0.2 pixels into eq (7) a maximum error Ag & £0.07% or
700 microstrains is calculated. The reproducibility is better
than 0.25% of full-range output.

The accuracy can be improved by increasing the initial
distance Iy between the markers. However, the maximum
measurable strain would decrease. A 400 MHz personal com-
puter allows strain measurements with a rate of about 5 Hz.
If slower measurement rates are sufficient the error Ag of the
mean can further be decreased by mean filtering over n single
measurements according to

_As
_«/ﬁ.

To verify the performance of the video extensometer we
studied the thermal expansion of pure Pt at temperatures
above 1000°C. Pure Pt was chosen because precise thermal
expansion data are available from Beck?® and Arblaster.>*
The smallest possible load of about 1.4 MPa was applied to
the Pt sample (120 x 4 x 1 mm?). The load was due to the
weight of the electric current connector. The temperature was
increased in steps of 50°C each from 1000°C up to 1250°C.
Temperatures higher than 1250°C were not attempted in or-

Ag (®)
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Fig. 8—Measured thermal strain of pure Pt compared to
literature data according to Beck?? and Arblaster?*
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Fig. 9—Tensile stress—strain curves of Pt—-10% Rh DPH at
1600°C

der to avoid pronounced creep strain during the test time. Two
to three hundred measurements were taken at each tempera-
ture. The standard deviations og = £(0.04-0.05)%, given in
Fig. 8, are in good agreement with the previously calculated
error of Ag ~ +0.07%. Figure 8 shows that the measured
mean thermal strains were consistently between the values
reported by Beck?? and Arblaster.2*

Tension Test Results

Tensile stress—strain curves of Pt—10% Rh DPH were de-
termined at 1600°C in air (Fig. 9). The experiments were
performed with a strain rate of 1.7 x 1073s~!, In order to
measure plastic strains of up to 150% a telecentric lens with
a magnification of 0.33 was used instead of the lens with
magnification of 0.5 mentioned above. In the first test, a yield
strength of 21.8 MPa, an ultimate tensile strength of 22.7 MPa
and a fracture strain of 76% were determined. In the second
test, a yield strength of 21.8 MPa, an ultimate tensile strength
of 22.9 MPa and a fracture strain of 93% were determined.
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Conclusions

Test facilities for tension tests on conducting materials at
ultra-high temperatures have been described. Ohmic heat-
ing allows fast heating rates up to ultra-high temperatures
and easy temperature control by an infrared pyrometer. The
grips do not see high temperatures, hence a cheaper copper
alloy can be used. With carefully chosen specimen geome-
try the detrimental effects of temperature gradients due to
ohmic heating can be minimized. Optical access to the sam-
ple facilitates strain measurement by means of digital image
processing.

A measurement error of £ 0.2 pixels at the camera sen-
sor results in a strain resolution better than 700 microstrains
(0.25% of full-range output). The typical accuracy of 4= 0.02
pixels reported by Lyons et al.® for digital image correla-
tion techniques at ambient temperature could not be reached.
However, the chosen approach is not susceptible to decorre-
lation effects and allows real-time strain measurements with
arate of at least 5 Hz.

The digital laser speckle correlation techniques have a
potential for very precise strain measurements even at high
temperatures. To reduce the influence of thermal radiation,
filters have to be inserted into the optical path to detect re-
flected laser light only. Anwander et al.” report an uncertainty
of about 50 microstrains and a quantization error of 20 mi-
crostrains for strain measurements with their laser speckle
extensometer at temperatures of up to 1200°C. To overcome
decorrelation effects due to plastic deformation and other ef-
fects, Anwander et al.” use a repetitive reinitialization of the
image acquisition system. They calculate total strain by ac-
cumulating strain increments determined between successive
pairs of grabbed images. This strain accumulation approach
is likely to lessen accuracy due to error propagation. How-
ever, the high accuracy of digital laser speckle correlation
techniques goes together with high equipment cost.

The tension test facilities with video extensometers have
been used successfully during numerous test programs. Tests
on y-TiAl, Mo-based, Re-based,”? Pt-based solid solution
and/or oxide dispersion hardened alloys,!”- 25-28 Pt-based re-
fractory superalloys®® and metallic Ir*® were performed at
temperatures ranging from 700 to 3000°C. Low costs and
easy operation are in practice often more important than high-
est accuracy.

Noncontacting strain and temperature measurement meth-
ods enable the use of small specimens. Low cost, small sam-
ple size and fast feedback are prerequisites for a test scheme
to be used in the early steps of an alloy development pro-
gram. The development and characterization of the above-
mentioned DPH materials within five years was only possible
by optimizing strength and ductility from the very beginning
of the project through extensive mechanical tests.
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