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Heating in material testing apparatus

This invention relates to controlled heating in material testing apparatus. In
particular, it relates to an assembly that is capable of maintaining a test probe and
specimen at a constant, elevated temperature in apparatus for testing the surface and

thin-film mechanical properties of materials on a small scale.

The small-scale surface mechanical properties of materials are of importance to
engineers because such properties can be of significance for the performance of an
engineered component on a macroscopic scale. For example, where components
move over one another in a machine, the rate and manner in which those
components wear, and their resistance to fatigue and fracture, may be largely

determined by the microscopic surface properties of the components.

One type of testing to which the surface of components is subject involves applying a
slowly increasing force to a test probe on the surface of a sample of a material and
continuously monitoring displacement of the probe. Apparatus for performing such
a test may comprise a pendulum rod upon which a probe is mounted and a sample
holder for holding a sample to be tested in a position in which the probe can be
brought into contact with it. Because this type of test occurs slowly, it is particularly
susceptible to errors caused by thermal expansion or contraction due to non-
intended temperature changes. Such testing at elevated temperatures has therefore

been relatively difficult.

Another type of testing to which the surface of components is subject involves
causing a force to repeatedly be applied to a test probe impacting a surface of a
sample of a material. An example of such apparatus is disclosed in EP-A-1 095 254

of the present applicant. Apparatus for performing such a test may comprise a
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pendulum rod upon which a probe is mounted and a sample holder for holding a
sample to be tested in a position in which the probe can be brought into contact with

the sample.

The ability to make measurements of surface mechanical properties at elevated
temperatures is an important advantage for material testing apparatus. This is
because many mechanical properties are temperature-dependent, and many

applications of materials to be tested do not take place at room temperature.

Previous test apparatus offered high temperature testing, in which the sample was
heated and the test probe was not. To achieve reasonable accuracy this limited the
technique to moderate temperatures and to samples of relatively low thermal
conductivity. A test probe heater was subsequently developed. However, since test
apparatus is required to measure displacements at the nanometre level, it is essential
to minimise measurement artefacts that would occur as a result of poor temperature

control, such as thermal expansion of the probe or sample.

Unlike the sample and its associated mounting stage, the test probe assembly has a
very small thermal mass. This makes control of its temperature extremely difficult
using a conventional closed-loop control system, especially at the highest
temperatures (1000°C) at which measurements will typically be made. What tends
to occur is that when cooling is detected and a small power increment is delivered to
the probe heater to correct the temperature, its temperature will overshoot slightly
which will cause the temperature of the probe to oscillate, with the result that the

recorded probe displacement curve will contain ‘wobbles.’

An aim of this invention is to provide test apparatus in which the probe can be
maintained at a temperature that is nearer constant than is possible with known

temperature control systems.

To this end, from a first aspect, the invention provides a method of controlling the
temperature of a probe in materials testing apparatus, which apparatus includes
heating elements that can by supplied with energy to apply heat to the probe, the

method comprising:
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a. in a heating phase, using closed-loop temperature control to supply
energy to the heating elements to heat the probe to a target temperature, and
when the probe has reached the target temperature, determining the average

power that is being supplied to the heating elements; and

b. in a temperature maintenance phase, during which testing is carried out,
supplying to the heating elements a continuous constant source of energy at a
power that is substantially equal to the determined average power to maintain

the probe at the target temperature.

In the heating phase, the temperature of the probe is brought to a target
temperature. It is then maintained at a steady temperature in the temperature
maintenance phase, during which testing is carried out, so that its temperature does
not cycle while measurements are made, thereby removing one potential source of

inaccuracy in measurement.

The heating elements are most typically electrical heating elements.

In the heating phase, the energy is typically supplied to the heating elements at a
high power level, that is, at a power level that is higher than the power required to
maintain the probe at the target temperature. This ensures that the target

temperature is reached rapidly.

The closed-loop temperature control method typically operates using feedback from
a signal derived from a temperature detector to control power applied to the heating
elements. It may be proportional-integral-derivative (PID) control, in which, within
a proportional band, in which the applied power is proportional to the temperature
error, and power is only fully off or fully on when the temperature falls above or
below the proportional band. As a more basic alternative, the closed-loop
temperature control may be on-off control, which operates in cycles in which energy
is supplied to the heating elements until the probe reaches an upper threshold and
energy is then removed from the elements until the probe cools to a lower threshold
temperature. In this case, the target temperature is between the lower and the upper

threshold temperatures.
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Advantageously, the sample is contained within a space into which gas is introduced
during testing. This can reduce or avoid oxidation of the sample during testing or

allow testing in controlled atmospheres.

Embodiments of the invention may operate at a wide range of temperatures.

Typically the range may be anywhere from ambient temperature up to 1000°C.

From another aspect, the invention provides materials testing apparatus having a
probe that can be pressed into a sample under the influence of a controlled force,
measurement means operable to determine the depth to which the probe has
indented the surface of a sample, a heater for heating the probe, and a power supply
and control unit operable to control operation of the heater, in which the power
supply and control unit operates in a heating phase under closed-loop control to
bring the probe to a target temperature, and in a temperature maintenance phase in
which constant power is supplied to the heater to maintain the probe at the target

temperature.

Typically, the heater includes a resistive heating coil disposed to apply heat to the
probe. In normal use the apparatus will additionally include resistive heating coils
disposed to apply heat to the sample. In such embodiments, the resistive heating
coils disposed to apply heat to the sample may be carried within a thermal enclosure
that can enclose a sample that is being tested. This feature may constitute a

separate, independent inventive concept.

Testing apparatus, particularly but not exclusively embodying the invention may
have a thermal enclosure that contains a sample being tested and a duct that passes
into the thermal enclosure through which gas can be introduced into the thermal
enclosure during testing operation of the apparatus. This feature may constitute a

separate, independent inventive concept.

The apparatus may further include a support upon which a sample to be tested can
be carried, the support being formed from a body of insulating material, such as a
ceramic. The support may be held by insulating members, formed, for example, of

fused silica, to improve its thermal isolation from other components of the



10

15

20

-5-

apparatus, a feature that can be applied to any testing apparatus that can provide

heat to a sample.

The apparatus preferably further includes cooling means disposed to resist transfer
of heat from the hot zone to other parts of the apparatus, including deflection
measurement components associated with the probe. Such cooling means may
include a duct through which cooling fluid can flow to remove heat from the
apparatus. There is also typically a heat shield to reduce radiative heat transfer from

the hot zone to other components of the apparatus.

An embodiment of the invention will now be described in detail, by way of example,

and with reference to the accompanying drawings, in which:

Figure 1 is a schematic side view of test apparatus embodying the invention;

Figure 2 is an enlarged side view of a probe assembly of the embodiment of Figure 1;

Figure 3 is an enlarged front view of a probe assembly of the embodiment of Figure 1

showing positioning of the probe power and thermocouple leads;

Figure 4 is a detailed view of a probe and associated heater assembly of the

embodiment of Figure 1;

Figures 5a, and 5b show the construction of the heaters that are disposed below the

sample of Figure 1;

Figures 6a and 6b show the construction of the heaters that are disposed

surrounding the sample of Figure 1;

Figure 7 is a graph showing the variation in probe temperature with time during

operation of an embodiment of the invention;

Figure 8 shows a modification to the embodiment of Figure 1; and
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Figure 9 shows results of a surface test using an embodiment of the invention as

compared with a tester that uses a conventional system for temperature control.

With reference to Figures 1 and 2, test apparatus embodying the invention comprises
two main sub-assemblies: a pendulum that carries a probe assembly 10 and a sample
carrier assembly 12 that carries a sample 14 to be tested on a support 80. The
support 80 is connected to a mounting plate 82, which is a standard shape and size
for connection with a conventional 3-axis stage. In this example, the sample is
heated by electrically-operated resistive heating elements 16,18. The carrier
assembly 12 and the sample 14 are within a void formed within a ceramic, thermal
enclosure 20 also carried on the support. The enclosure 20 can slide on the support
80 independently of the sample and the heating elements 16, 18 in a direction that is

parallel to the motion of the carrier assembly 12.

In operation, the probe assembly is moved repeatedly with respect to a sample such
that either the probe repeatedly impacts with the sample or such that the probe
remains in contact with the sample and applies a cyclic load to it. The depth to which
the probe penetrates the surface of the sample is measured and recorded, and that is
then used together with knowledge of the applied force to determine surface
properties of the material. That much is conventional and well known from past

examples of surface testing apparatus of this general type, and will not be described
further.

A heat shield 22 is provided between the heated components and the pendulum to
isolate the heated components of the apparatus from the sensitive displacement
measurement components. This is to avoid those components becoming excessively
warm, and therefore changing their dimensions, since that would cause thermal drift
in the measurement of probe displacement as a result of thermal expansion. In
practice, of the displacement measurement components heating cannot be avoided
entirely, but the aim is to keep such heating to a limit of a few degrees. The heat
shield 22 comprises a plate that is carried on support members 24 that are secured to
a chassis 26 of the apparatus. The plate extends in a plane that is normal to the
direction of impact between the probe and the sample during testing. For the

purposes of the following description, the side of the heat shield 22 that faces the
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sample will be referred to as the “hot side”, while the opposite side, remote from the

sample, will be referred to as the “cold side”.

The thermal enclosure 20 can slide into contact with and be closed by the hot side of
heat shield 22 during operation of the apparatus, where it is maintained by a
compression spring 84. An end face of the thermal enclosure 20 contacts the heat 22
shield first, but the 3-axis stage continues to move the sample 14 until it makes
contact with the probe 36. This contact causes the probe 36 to move. This
movement is detected by depth-measurement apparatus associated with the probe
20, and once this happens, 3-axis stage is stopped. After the thermal enclosure 20
makes contact with the heat shield 22 and the specimen continues to move forward
to make contact with the probe 36, the thermal enclosure 20 remains stationary,
sliding over the support 80 and compressing the spring 84. This allows specimens of
arbitrary thickness to be tested. To gain access to the sample 14, the thermal

enclosure 20 can slide away from the heat shield.

An important aim of this arrangement is that the specimen 14 and the probe 36 are
isothermal. This avoids or at least minimises a temperature gradient at the point of
contact between the sample 14 and the probe 36. Such a gradient is undesirable
since it causes heat flow, the rate of which flow varies as the contact area between the
specimen 14 and the probe 36 may increases or decrease during testing. Without the
sliding heater, the outer face of the sample 14 would typically be cooler than the
probe 36.

The probe assembly includes an elongate probe carrier 30 that extends from the
pendulum 32 towards the sample 14. The probe carrier 30 has an end surface that
faces towards the sample 14, and within a bore that extends to that end surface there
is carried a test probe 36, shown in Figure 2. The test probe 36 and the associated
assembly shown in Figure 4 is clamped in place in the bore by a radial screw 78. In
this embodiment, the test probe is formed from diamond — a substance that has high
heat conductivity, which makes control of its temperature a particularly difficult
problem. However, other mineral, ceramic or metal probes could be used instead

and these will also benefit from the advantages of the invention.
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The probe carrier 30 extends through an aperture in the heat shield 22, such that the
pendulum 32 is on the cold side and the test probe 36 is on the hot side of the heat
shield 22. A heating assembly 40 is carried on the hot side of the heat shield 22
surrounding the probe carrier 30. The heating assembly 40 includes an annular
ceramic carrier 42 within which is embedded an electrical resistive heating element
44 that closely surrounds the probe carrier 30 close to the end surface from which
the probe projects. A thermocouple 46 is located within the ceramic carrier close to

the heating element.

An opening 50 is formed through the heat shield 22 through which leads 52 that
emerge from the heating element 44 and the thermocouple 46 can pass from the hot
side to the cold side of the heat shield 22, where they are connected to a terminal
block 54. A cover 56 is carried on the cold side of the heat shield to protect the leads
52. The terminal block 54 provides a connection for connection of the heating
element 44 and the thermocouple 46 to a remote power supply unit 60 and a control
unit 62. Although just one power supply unit 60 and a control unit 62 are shown in

Figure 1, there are actually three of each of these, one for each heater.

A cooling assembly 70 is carried on the cold side of the heat shield 22 surrounding
the probe carrier 30. The cooling assembly comprises a water duct 72 that is
attached to the cold side of the heat shield by aluminium-filled epoxy 74. Cold water
is passed through the duct 72 at all times before and during testing to cool the heat
shield 22 and the probe carrier 30. This prevents overheating of the heat shield and
limits the amount of heat that is conducted along the probe carrier 30 to the

pendulum 32 and other components.

In this embodiment, the sample is heated by two sets of heating elements 16, 18. A
flat heating element 18 heats a surface of the sample that faces away from the probe
carrier 30 and a tubular heating element 16 surrounds the sample. The flat heating
element 18 alone can provide adequate temperature control for thin samples. For
larger samples, the tubular heating element 16 within the thermal enclosure 20
creates a closed but variable isothermal volume within the void of the thermal

enclosure 20 allowing specimens of arbitrary thickness to be tested.
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Operation of the embodiment will now be described with reference to Figure 7.

In preparation, the probe 36 and the sample 14 are mounted in the apparatus as is
conventional. The thermal enclosure 20 is then moved into contact with the hot side
of the heat shield 22 by means of an XYZ stage assembly. Water flow is fed to the
duct 72.

The control unit 62 then causes the power supplies (for example 60) to direct
electrical power to be applied to the heating elements 16, 18, 44. At this stage, the
power is supplied at any ‘safe’ rate, as defined by the capacity of the elements or the
power supply or the requirement to heat a particular sample or its adhesive at a
defined rate. Asindicated at A in Figure 7, the temperature is typically ramped up

rapidly towards the target temperature 7.

At the phase shown at B in Figure 7, each temperature controller is automatically
tuned at temperature and the PID control parameters are optimised. At this stage,
the aim is to determine the PID parameters which will produce (1) a stable
temperature at the controller setpoint, (2) minimum undershoot or overshoot during
temperature correction, and (3) rapid correction of the temperature after departure
from the setpoint value. Then, at C, the temperature of the heating elements is
stabilised.

Using a signal derived from a thermocouple (not shown) attached directly to the

sample, the temperature difference A9 between the actual sample temperature and

the target temperature 7T, is recorded. At D power supplied to the heating elements
16, 18, 44 is increased to aim to increase the actual temperature by A8. Finally, the

power is slowly increased or decreased at E to reduce A¢ to zero and to stabilise the

temperature at 7.

Once a stable temperature has been obtained, the average power supplied to each of
the heating elements 16, 18, 44 required to maintain the constant target temperature
T, is measured by the control unit. This data can be obtained by a computer from a
suitable controller 62, and is averaged by the computer over a period of time, for

example, over a minute or more. These constant power levels are then applied
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during use of the apparatus in testing, thus avoiding short-term cyclic effects that
arise when using closed-loop control. It should be noted that advantage can be
obtained by applying constant power to heating element(s) 44 associated with the
probe only, but it may be preferred to use this type of control for heating elements

16, 18 associated with the sample 14 as well.

The entire apparatus is contained in a temperature-controlled housing such that its
environment is maintained at as near as possible a constant temperature, preferably
to within 0.1°C. This is necessary to ensure that the temperature of the probe will

remain constant during the testing procedure.

In the embodiment described above, the sample 14 and the thermal housing 20 are
carried on a support 80 made of a temperature resistant and thermally insulating
material, such as a ceramic. However, this may still result in conduction of an
undesirable amount of heat to the mounting plate 82 and the stage. Therefore, in a
modified embodiment, shown in Figure 8, the support is formed as two separate
components 80', 80" interconnected by several stiff connecting members 86 of low
thermal conductivity. Tubes of fused silica have been found to have advantageous
properties for use as the connecting members because that material has low

expansivity and low thermal conductivity, while having usefully high stiffness.

A further modification is shown in Figure 8. A tube 90 passes through the heat
shield 22 from the cold side to he heated space that is enclosed by the thermal
enclosure 20 and the hot side of the heat shield 22 where it ends close to the point of
impact between the probe 36 and the sample 14. This serves as an inlet for inert
purging gas to prevent oxidation of the sample 14 and/or of the probe 36 during
prolonged tests and also permits experiments in different atmospheres. The
aperture in the heat shield 22 through which the probe holder 30 passes provides the
gas with an outlet. Alternatively, there may be a thin elastic membrane to form a seal
between the heat shield 22 and the probe holder 30, and an additional passage

through the shield to serve as a flow-controlled gas outlet.

Typical results from conventional heated testing apparatus and apparatus

embodying the invention are shown in Figure 9.
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The traces that end at A in Figure 9 were obtained from conventional testing
apparatus. During the test, the power supplied to the heater cycles up and down
several times. This results in a trace that is uneven and not smooth. In comparison,
the traces that end at B, performed on apparatus embodying the invention are
smooth and continuous, representing the true progression of the indentation of the

probe into the sample.
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Claims

1. A method of controlling the temperature of a probe in materials testing
5 apparatus, which apparatus includes heating elements that can by supplied

with energy to apply heat to the probe, the method comprising:

a) in a heating phase:

e using closed-loop temperature control to supply energy to the heating

elements to heat the probe to a target temperature; and

10 e when the probe has reached the target temperature, determining the

average power that is being supplied to the heating elements; and

b) in a temperature maintenance phase, during which testing is carried out:

e supplying to the heating elements a continuous constant source of
energy at a power that is substantially equal to the determined average

15 power to maintain the probe at the target temperature.

2. A method of controlling the temperature of a probe in materials testing
apparatus according to claim 1 in which the testing apparatus has electrical

heating elements.

3. A method of controlling the temperature of a probe in materials testing
20 apparatus according to claim 1 or claim 2 in which, in the heating phase, the
energy is supplied to the heating elements at a high power level that is higher

than the power required to maintain the probe at the target temperature.
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A method of controlling the temperature of a probe in materials testing
apparatus according to any preceding claim in which the heating phase
operates using feedback from a signal derived from a temperature detector to

control power applied to the heating elements.

A method of controlling the temperature of a probe in materials testing
apparatus according to any preceding claim in which the closed-loop
temperature control method is on-off control, which operates in cycles in
which energy is supplied to the heating elements until the probe reaches an
upper threshold and energy is then removed from the elements until the

probe cools to a lower threshold temperature.

A method of controlling the temperature of a probe in materials testing
apparatus according to claim 5 in which the target temperature is between the

lower and the upper threshold temperatures.

A method of controlling the temperature of a probe in materials testing
apparatus according to any preceding claim in which a sample is contained

within a space into which inert gas is introduced during testing.

A method of controlling the temperature of a probe in materials testing
apparatus according to any preceding claim in which the target temperature is

up to 1000°C

A method of controlling the temperature of a probe in materials testing
apparatus substantially as described with reference to the accompanying

drawings.

Materials testing apparatus having a probe that can be pressed into a sample
under the influence of a controlled force; measurement means operable to
determine the depth to which the probe has indented the surface of a sample;
a heater for heating the probe; and a power supply and control unit operable
to control operation of the heater: in which the power supply and control unit

operates in a heating phase under closed-loop control to bring the probe to a



10

15

20

11.

12,

13.

14.

15.

16.

17.

18.

-14-

target temperature, and in a temperature maintenance phase in which
constant power is supplied to the heater to maintain the probe at the target

temperature.

Materials testing apparatus according to claim 10 which further includes a

resistive heating coil disposed to apply heat to the probe.

Materials testing apparatus according to claim 10 or claim 11 in which the

resistive heating coil is disposed to apply heat to the sample.

Materials testing apparatus according to claim 12 in which the resistive
heating coil disposed to apply heat to the sample may be carried within a

thermal enclosure that can enclose a sample that is being tested.

Materials testing apparatus according to claim 13 having a duct that passes
into the thermal enclosure through which gas can be introduced into the

thermal enclosure during operation of the apparatus.

Materials testing apparatus according to any one of claims 10 to 14 having a
support upon which a sample to be tested can be carried, the support being

formed from a body of insulating material.

Materials testing apparatus according to claim 15 in which the support is held

by insulating members of fused silica.

Materials testing apparatus according to any one of claims 10 to 12 further
including cooling means disposed to resist transfer of heat from the probe to

other parts of the apparatus.

Materials testing apparatus according to claim 17 in which the cooling means
may include a duct through which cooling fluid can flow to remove heat from

the apparatus.
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Materials testing apparatus according to any one of claims 10 to 18 further
including sample heating means disposed to apply heat to the sample, the
sample heating means being carried within a thermal enclosure that can

enclose a sample that is being tested.

Materials testing apparatus substantially as described with reference to the

accompanying drawings.
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Abstract

Heating method and apparatus in apparatus for testing materials

A method of controlling the temperature of a probe in materials testing apparatus,
and apparatus operating by that method are disclosed. The apparatus includes
heating elements that can by supplied with energy to apply heat to the probe. The
method has a heating phase. In the heating phase, closed-loop temperature control
is used to supply energy to the heating elements to heat the probe to a target
temperature. When the probe has reached the target temperature, the average
power that is being supplied to the heating elements is determined. Then, in a
temperature maintenance phase, a continuous constant source of energy at a power
that is substantially equal to the determined average power is supplied to the heating

elements to maintain the probe at the target temperature.

Fig1
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