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Abstract: Impact wear can occur when objects collide repeatedly causing damage to the surface
of one or both objects. The underlying mechanisms that result in material loss, or
displacement, from the contact are primarily surface fatigue and plastic deformation.
Adhesion, abrasion and oxidative wear also can occur depending on the contact
geometry, the operating conditions, and environment. Temperature is a key parameter
and, depending on the application, can accelerate the mechanisms that are dominant
at lower temperatures or cause other mechanisms to increasingly contribute, often
synergistically. This is particularly the case in applications, for example in the energy,
process and aerospace industries, where complex mechanisms that translate and
rotate large loads operate at temperatures at or exceeding the thermal limits of the
materials they are necessarily made from.

There are a number of reciprocating hammer type impact apparatus described in
literature that can be used for fundamental investigations, but none are capable of
achieving the necessary temperatures in the contact zone of between 600°C and
1250°C, indeed many solely operate at room temperature. As a consequence, there is
little information about the mechanistic role of temperature in impact wear.

This work, therefore proposes a new high temperature impact wear test rig, initially
capable of running reciprocating impact wear tests at temperatures up to 750 °C. The
design process and features are described before presenting the results of impact
wear tests conducted using specimens manufactured from an austenitic chromium-
nickel stainless steel (AISI 304) and a nickel-based superalloy (Inconel 625). The tests
ranged from room temperature to 750 °C, rising in increments of 250 °C. Stainless
steel experienced a greater wear rate with increasing temperatures, whilst the
superalloy experienced a reduced wear rate with increasing temperatures. Reflections
on the use of the apparatus are also offered to inform others of suggested best
practice.
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Highlights

e Analysis of a reciprocating hammer type impact wear apparatus capable of conducting
testing at up to 750°C

e Provides a protocol, or suggested best practice, to guide users of similar apparatus to enable
easier comparison of experimental data for tests conducted at high temperatures.

Gives initial insight into the high temperature impact wear resistance of AlSI 304 stainless
steel and Inconel 625.
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Abstract

Impact wear can occur when objects collide repeatedly causing damage to the surface of one
or both objects. The underlying mechanisms that result in material loss, or displacement, from
the contact are primarily surface fatigue and plastic deformation. Adhesion, abrasion and
oxidative wear also can occur depending on the contact geometry, the operating conditions,
and environment. Temperature is a key parameter and, depending on the application, can
accelerate the mechanisms that are dominant at lower temperatures or cause other
mechanisms to increasingly contribute, often synergistically. This is particularly the casein
applications, for example in the energy, process and aerospace industries, where complex
mechanisms that translate and rotate large loads operate at temperatures at or exceeding the
thermal limits of the materials they are necessarily made from.

There are a number of reciprocating hammer type impact apparatus described in literature that
can be used for fundamental investigations, but none are capable of achieving the necessary
temperatures in the contact zone of between 600°C and 1250°C, indeed many solely operate at
room temperature. As a consequence, there is little information about the mechanistic role of
temperature in impact wear.

This work, therefore proposes a new high temperature impact wear test rig, initially capable of
running reciprocating impact wear tests at temperatures up to 750 °C. The design process and
features are described before presenting the results of impact wear tests conducted using
specimens manufactured from an austenitic chromium-nickel stainless steel (AlSI 304) and a
nickel-based superalloy (Inconel 625). The tests ranged from room temperature to 750 °C, rising
in increments of 250 °C. Stainless steel experienced a greater wear rate with increasing
temperatures, whilst the superalloy experienced a reduced wear rate with increasing
temperatures. Reflections on the use of the apparatus are also offered to inform others of
suggested best practice.
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1 Introduction

Impact wear can be defined as damage to a surface due to repetitive contact by another body.
This can cause damage to machining tools or lead to development of larger cracks that cause
component failure [1]. It occurs in many applications; however, it causes the most significant
damage to gas turbines, combustion engines, machining tools, construction equipment, and
mining equipment[2], [3], [4], [5], [6]. Inthose cases, impact wear may lead to shorter component
lifetime or lower efficiency during operation. Therefore, it is of interest to study and understand
impact wear to be able to optimise part performance and maintenance.

The main factors affecting how much a material wears are: “design, applied load, contact area
and degree of movement, lubrication, environment, and material properties (surface finish,
hardness and steel microstructure)” [7]. These factors are often intertwined, as some materials
may experience hot hardness, reducing the level of wear at high temperatures [8]. This study will
focus on changing the material properties and environment (temperature) to determine their
direct influence on impact wear. Impact wear may be normal or compound in nature, as shown
in Figure 1. In compound impacts, both impact and sliding wear occur simultaneously which
produces different types of impact scars [9].

>
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>

Figure 1 - Diagram showing different modes of impact wear [9]

With the exception of those designed for solely testing specific components, test apparatus for
testing the fundamental nature of impact wear predominantly operate at room temperature, with
some with the potential to go up to 350-400 °C. This temperature is much lower than the
temperatures experienced in gas turbines, heat exchangers and similar large scale thermofluids
industrial devices, some of which are systems that experience the highest levels of impact wear
[2]. Gas turbines, for example can operate at temperatures between 600 °C and 1250°C [10] and
impact wear occurs in a number of different mechanisms, damage to which can impair the
control of the combustion process thus reducing efficiency and causing higher fuel consumption
[11]. To be able to accurately predict materials performance at such high temperatures, testing
must be done near this range, especially where the operating temperature nears or exceeds
material properties such as hot hardness.

Impact wear tests are carried out to measure how a specimen is affected by impact wear in
various loading conditions. These tests are vitalin understanding how a material/component will
wear during its lifetime. Studies have also been done to create models for predicting wear rates
for impact wear [12], [13]. Lewis et al. concluded that experimental data is required to make
models more accurate [13]. This highlights the importance of extensive testing to develop an
accurate understanding of wear. It also indicates that the most accurate method of predicting
impactwear is by conducting experiments. Slatter et al. showed the range of different results that



can be obtained by changing just the material [14]. Different materials exhibit different scar
widths, scar depths, scar shapes due to the multiple wear mechanisms involved with impact,
previously stated by others to be oxidation, adhesion, abrasion, surface fatigue and plastic
deformation [1].

Impact wear at high temperatures has not been extensively studied, with only two studies in the
literature dedicated to pure impact wear at high temperature [15], [16]. Recently, Chen et al.
conducted testing between 25 °C to 450 °C. Volume loss was then used to characterise the wear
rate. For 2.25Cr-1Mo steel, wear volume increased at 225 °C then decreased at 450 °C but
remained higherthan 25 °C. The main wear mechanisms were delamination, plastic deformation,
and oxidative wear. Delamination was dominant at 225 °C, while plastic deformation was
dominant at 450 °C. In the mid-1990s, Ootani et al. conducted impact wear and impact-sliding
wear tests at room temperature, 200 °C and 400 °C [16]. This study tested SUH36 steel rings and
Fe-base sintered alloy disks together, then compared the wear in both. Impact-sliding wear
shows an overall similar trend to that found by Chen et al. In this case wear volume is highest at
200 °C, then 400 °C, then room temperature. It is important to note that this similarity may be
caused by similarities in the materials tested. As the wear remains highly material dependent.
Ootani et al. found that the materials were softest at 200 °C, which may explain the higher wear
rate. While at 400 °C oxidation occurred which led to the increase in wear compared to room
temperature, but kept it limited. These studies show the importance of conducting testing on
specific materials as each material will react differently to high temperatures and pure impact
wear. Also, the highest temperature reached in these papers is only 450 °C, significantly below
the operating temperatures experienced by some engineering materials when in use.

There is some research considering wear at high temperatures, but these mainly focus on sliding
wear and impact-abrasive (rather than impact hammering as here) wear mechanisms [17], [18],
[19], [20]. Varga et al. conducted testing on two materials. Material A is a “Ni-based alloy with
tungsten carbide reinforcement” and Material B “carbide rich Fe-based complex alloy”. They
showed that wear at room temperature could not be directly correlated to wear at high
temperature within the same material, but high temperature hot hardness reduced wear in one
material. This led to the finding that a stable microstructure at high temperature is a better
indicator of wear performance than hardness [17]. Hernandez et al. tested adhesive and abrasive
wear using a sliding wear mechanism. Wear rates for boron steels and ferritic alloys were
measured. Both materials exhibited the same wear rate at room temperature. However, wear rate
for boron steel decreased with temperature, while it increased with temperature for ferritic
steels. This indicates that tougher materials exhibit better wear performance at higher
temperatures.

Onthe other hand, papers by Kesavan et al. and Zhou et al. showed a clearer correlation between
higher temperatures and increased wear resistance. Kesavan et al. tested 316 stainless-steel
with wear resistant coating at 300 °C and 550 °C. Different wear mechanisms dominated at
different temperatures, with an overall improvement in wear resistance at higher temperatures
[19]. Zhou et al. conducted testing at 20 °C, 100 °C, 200 °C and 400 °C. Wear volume initially
increased at 100 °C, thenreduced at higher temperatures. The second lowest temperature tested
by Kesavan et al. was higher than the corresponding temperature in any of the literature reviewed.
This may explain the linear improvement of wear resistance with increased temperatures, as the
metal’s behaviour between room temperature and 300 °C was not characterised and suggests
that the interpolation of the results by Kesavan et al. may have led to an inaccurate conclusion.



This also highlights the importance of conducting testing at various temperatures to ensure the
behaviour of the material is comprehensively understood.

It has been shown that hardness within the elastic regime is one of the main factors influencing
impact wear [12] where softer materials exhibit more wear, plastic flow, and smooth wear scar
edges. While harder materials exhibit less wear, rougher wear scar edges, and evidence of brittle
fracture starting [14]. Hardness alone is not a sufficient indicator of wear, as it has been shown
that hard brittle materials may experience more wear [18]. Therefore it is important to consider a
material’s toughness and elasticity to form realistic predictions of its wear resistance [12], [18].

Temperature has a significant impact on metal properties. Temperature can affect a metal’s
mechanical properties, electrical conductivity, magnetic behaviour, and corrosion resistance.
This is all due to the atomic interactions within the metal [21]. These changes may be positive or
negative depending on the metal alloy and heating method employed [22], [23]. Hardness
significantly decreases with temperature for austenitic alloys, for example. Another important
change at high temperatures is oxidation occurring, with a general trend in metals of high
temperatures leading to higher oxidation rates. This can act as a protective layer to metals which
reduces the level of wear experienced [24]. Oxidation is often cited as a potential reason for the
improved wear rate at high temperatures [15], [16], [18], [20]. The exact rate and impact of
oxidation will be dependent on each material.

It can be seen that different metal alloys will have significantly different wear rates and scars
under the same conditions. Hardness has a significant influence when it comes to wear rates,
and it may vary with temperature. It has been demonstrated the variety of results that may come
from wear testing at high temperatures. It showed that there is a gap in impact wear testing at
high temperatures, with the temperatures above 450 °C being omitted. It is of importance to
conduct impact wear testing up to 750 °C, to address the gap in the research and develop the
understanding of how metal alloys will wear in high temperature applications.

The aim of the work presented, therefore, is to further develop and improve the general concept
of the apparatus described by Slatter et al. [14] into a new design of apparatus that is capable of
testing at significantly higher temperatures than other designs available in literature and
overcomes the limitations of the previous design, particularly the ‘hidden’ impacts resulting from
the striker’s motion being uncontrolled in certain modes of operation.

It should be noted that, for clarity and readability, throughout this work the apparatus described
by Slatter et al. [14] that this follows on from will be variously described as ‘the previous
apparatus’, ‘the previous design’, or similar.

2 Experimental Methodology

2.1 Design

A schematic of the general apparatus concept, layout and motion can be seenin Figure 2. A3 kW
electric motor rotates the camshaft thus providing the required reciprocating motion to the
striking hammer, via the pivoting arm. A limitation of a previous design of this type of apparatus
[14] was that excessive rotational speed of the cam would result in the motion of the arm being
uncontrolled. In the apparatus developed here, the hammer is more controlled by means of a
different design of cam and an improved arrangement of arm-spring-cam (maintaining the utility
of the spring lightly loading the arm against to game) rather than simply relying on acceleration
due to gravity. The end of the arm that contacts the cam has a replaceable follower-type sleeve
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made from a laminate phenolic resin composite bearing material to minimise wear and to
facilitate easy replacement when wear has eventually occurred. The counterface specimens are
similar to those used before, being (nominally) 35mm diameter, 10mm thick discs and 10mm
diameter AISI 51200 steel balls as strikers. The designs for the sample holders are shown in Figure
3.

The sample holders are enclosed in an insulated chamber containing half-cylinder Fibrothal®
heating elements with a nominal rated power of 650W each (Figure 4). To reduce the heating
power requirements and minimise the use of specialist high temperature alloys, the chamber
size was made as compact as possible with as much of the apparatus as possible being outside
of the chamber. This was achieved in part by using stainless steel housings, incorporating all the
heating elements and insulation, connected and hinged together in a clamshell-like
configuration (Figure 4). This ensures that the heating modules experience no force from the
hammer and allows for both sides of the furnace to be opened for ease of access to the sample
holders. The design is capable of achieving temperatures in excess of 750 °C

Cam rotates pushing the arm
down on this side Arm comes up on this side

_— A B ]
compresses 1

As the cam continues rotating
the arm is released expands

Hammer is pushed down by spring expansion and
hammer weight to impact the sample

Figure 2 - Simplified side view diagram of general layout and concept of operation.

~ 23mm . '

Figure 3 - Exploded hammer (left) and sample holder (right) design.
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Figure 4 - New furnace shell design; CAD (left), as manufactured (right).

2.2 Assumptions

To allow comparison with the previous apparatus, similar assumptions and constraints were
made during the design:

e The pivoting arm and the components driving it, other than the controlling spring, are
perfectly stiff so deflections and vibrations related to the operation of the apparatus
canbeignored. Itis also assumed that the entire apparatus is on a perfectly stiff mass
that is much larger than the mass of the moving components.

e Theinertia of the arm and striker is ignhored so as to assume that the cam is in contact
with the arm throughout the rotation of the cam.

e That the arm and cam remain in contact throughout each cycle at a given operating
frequency.

e Thatthe resulting striker-specimen contactis ‘normal’ (Figure 1, type A) as the striker
is spherical and the arc length (and corresponding small angle) the striker travels is
small.

In the previous analysis these first three assumptions were shown to be a significant source of
error due to the uncontrolled motion of the arm and resulting ‘hidden’ impacts.

e The motion resulting from the shape of the cam is identical to that described by the
design and for all tests. This will change as materials wear, potentially changing the
mechanics, but is unlikely to be of significance (assuming the wear is monitored and
components changed as required).



e Thetemperature of the specimen remains constant and accurate throughout the test.
In reality the temperature varies +/- 10 °C during testing (for high temperature testing),
and the thermocouple may lose contact with specimen due to vibration.

2.3 Experimental characterisation

To establish if the design was successful in achieving controlled impact, a similar
characterisation approach to that previously used was conducted to confirm the motion of the
arm/hammer relative to the specimen surface being impinged. High speed video footage (120
frames per second (fps), at a resolution of 4k, and in colour) was captured of the apparatus
repeatedly striking a specimen at different operating frequencies (i.e. number of impacts per
time). Given the reasons for the uncontrolled behaviour previously experienced, two different
field of views were considered important; the cam-arm contact, and of the hammer striking the
specimen (Figure 5).

Figure 5 - Frame captures from high-speed video of the apparatus in motion; a) cam shaft rotates to push
arm down, b) hammer moves up and spring is loaded, c) cam rotating with arm is lightly-loaded against
the cam by the spring, d) hammer impacts sample due to gravitational force and spring unloading.

The captured video was then reviewed to establish if the cam and arm separated at any moment,
or if there were any uncontrolled bounces of the striker on the specimen that could cause
‘hidden’ wear. Neither of these were apparent in any of the footage providing strong evidence that
the new design has mitigated these problems. It should be noted that the initial intention here
was to progress up to capturing video at 1000 fps, as previously used, but as no uncontrolled
motion was visible it was deemed unnecessary here.

To further confirm that the impacts are controlled, and only a single impact occurs for every
operating cycle of the apparatus, the apparatus was temporarily equipped with a pancake-type
load cell to measure the force applied to a specimen at the point of impact. The load cell used
was the same device as used previously and is capable of measuring 5-5000 N loads via a data
acquisition system sampling at 4.8 kHz. The apparatus was designed in such a way that this load



cell can be swapped in and out of the apparatus easily and with no change to the configuration
of the components, thus apparatus motion is the same as when performing regular testing.

The apparatus was operated at a range of frequencies that that generate comparable impact
forcesto the previous design (and by extension, typically used for testing) and the maximum force
recorded for those frequencies is shown in Figure 6. The response in this likely operating region
isreasonably linear and comparable to the previous design. The data for a series of single impacts
was also examined in detail (Figure 7) and no uncontrolled ‘hidden’ impacts were recorded by the
load cell. The signal decay immediately following each impact is an artefact of the hysteresis of
the strain gauge type load cell. The inset of Figure 7 shows the load cell response to a single
intended impact on the previous design where the ‘hidden’ impacts can be seen.

2.55 4 e Fxperimental
data

(kN)

Max force

1 1.5 2 2.5 3 3.33
Frequency (Hz)

Figure 6 - Measured maximum force at a range of likely operating frequencies (linearity show by dotted
line).
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Figure 7- Load cell test results, measured impact force over time for three intended impacts (i.e. three
cycles of the apparatus) with (inset) previous apparatus impact force graph for single intended impact
(i.e. one cycle of the apparatus), illustrating the extra rebounds [14].

2.4 Temperature Analysis

A significant design consideration was that the high operating temperature that the apparatus is
capable of when running could reduce the performance, or even damage, of the components, in
particular the bearings and motor, the effectiveness thereof being proven via use of a
thermographic camera. Thermal images of the rig immediately after operation at 750 °C shows
that the bearings and motor remained at relatively low temperatures Figure 8.

The thermographic camera was also used to confirm the capability of the thermocouples to
provide adequate temperature information to the control system of the apparatus and thus hold
the inside of the heating chamber at the desired temperature. An example of this test is shown in
Figure 9.




Figure 9 - Thermal image of open furnace after 500 °C test is concluded. Note that a short time passes
from the point of apparatus switch-off to being able to open the chamber for safety reasons.

A further check of the temperature capabilities of the apparatus, and to give an indication of the
temperature reached by a test specimen, the colour spectrum visible on the surface of the
impacting hammer was compared to a tempering chart Figure 10. The colours were also
consistently observed on samples used during testing, confirming the temperature control of the

apparatus. The sample likely experienced the target temperature as they are adjacent within the
chamber.
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Temperature
Light Yellow 550 degrees F/290 degrees C
Straw Yellow 640 degrees F/340 degrees C
Yellow 700 degrees F/370 degrees C
Brown 735 degrees F/390 degrees C

. Purple Brown 790 degrees F/420 degrees C
Dark Purple 840 degrees F/450 degrees C
Blue 1,000 degrees F/540 degrees C
Dark Blue 1,110 degrees F/600 degrees C

Figure 10 - Thermal gradient visible on impacting hammer after a 750°C testing and corresponding and
tempering chart [25].
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3 Impact wear testing

Testing designed using Taguichi’s full factorial method was used to build an accurate
understanding of a material’s performance over the full range of temperatures [26]. Five tests
were required for each temperature and material to ensure that anomalies were found if they
occurred, chosen as it is the smallest possible number of repetitions required to find anomalies
[27]. Stainless steel (AlSI 304) specimens were tested for five tests at each temperature. Inconel
625 was also tested similarly, albeit with only one test at each temperature, to demonstrate that
some metals would experience lower wear rates with higher temperatures. A new striker ball was
used for each test.

It was determined that one repetition would be enough to demonstrate that different metals
exhibit different behaviour patterns at elevated temperatures. However, one repetition means
that the test results are not sufficient to fully characterise the behaviour of Inconel 625 at high
temperatures.

Based on the available literature, it was hypothesised that AISI 304 will exhibit more volume loss,
higher wear rate and larger deformation around 250 °C, then improve at 500 °C and 750 °C with
all hightemperature wear rates being higher than the wear rate atroom temperature. Inconel 625,
however, would be expected to experience decreasing wear rates with increasing temperature.

4 Wear scar analysis

4.1 Wear scar morphology

On completion of each test the striker balls and specimen discs were initially inspected by eye.
There was no visible damage or material transfer to the balls, other than some discoloration of
those used for the higher temperature tests and witness marks from the ball clamping
mechanism. Initial visual inspection of the specimen discs shows a clear trend in those made
from AISI 304 where the wear rate decreases as temperature also decreases (Figure 11, from left
to right), in contrast with the findings in literature. Samples tested at room temperature, 250 °C
and 500 °C all appear perfectly round to the naked eye. The asymmetry in the 750 °C sample was
likely caused by the change in metal structure at such a high temperature, as previously found
[14].
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Figure 11 - Typical samples at each temperature tested, AISI 304 stainless steel on top, Inconel 625 on
bottom.

Visual inspection of the Inconel 625 samples was much less conclusive than the AISI 304
samples. The wear scars were all roughly of the same size (Figure 11), with the wear scar at 750
°C being slightly larger than the rest. As expected, the Inconel 625 specimens experienced
significantly less wear for the same test conditions than the AISI 304.

Figure 12 shows non-contact profilometry (Section 4.2) derived images illustrating the wear scar
details. It must be noted that scar size varied significantly between the samples, so for clarity of
presentation these images depict the scars at the same size for comparison. The actual
diameters are recorded in the figure caption for completeness. As the temperature changes, so
do the characteristics of the wear scar and surface. For example, AlSI 304 has a clear boundary
showing ductile deformation of the material.

The wear scars were typically circular in shape, supporting the ‘small angle’ assumption in
Section 2.2, and are similar with the results produced by the previous apparatus. That said there
is some ovality (beyond the norm) present in the wear scars produced on the AISI 304 specimens
tested at the higher temperatures. This suggests that the temperature driven changes in the
material performance may prove the ‘small angle’ assumption to be limited at the higher
temperatures. It could be that contact is now ‘compound’ (Figure 1, type C) for these test
conditions as the material cannot resist the very small amount of interfacial sliding due to the
‘small angle’, or that magnitude of the wear due what has so far been assumed to be normal
impactis such that the ‘small angle’ becomes two large (or both) as the arc length increases.
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Figure 12 - Wear scar close-up images top row AlISI 304, bottom row Inconel 625. Wear scar diameters: a)
5.64 mm, b)4.79 mm, ¢) 3.75 mm, d) 3.09 mm, e) 3.24 mm, f) 3.02 mm, g) 2.84 mm, and h) 2.52 mm

4.2 Wear scar geometry

Each of the samples tested at each condition were measured using the same methodology as
previous studies by the authors of this analysis [14] where 3D non-contact profilometry (focus
variation type, Bruker Alicona SL) is used to scan each wear scar and enough of the surrounding
ground flat specimen surface to form a consistent reference in the z-plane, thus removing any
need for post-processing (levelling or similar) to achieve the same. This enables direct volume
calculation both above and below the reference surface using software (MeasureSuite v.5.3.9).
The average volume loss is calculated and used to plot wear volume versus temperature for each
material (Figures 13 & 14).

The AISI 304 specimens experienced a consistent and significant increase in wear scar size at
each temperature, while Inconel shows a much less linear behaviour. The Inconel 625 specimens
exhibit a smaller rate of increase, and the depth of the wear scar begins to reduce at the highest
temperature (Figure 15).
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Figure 15 - Typical depth contours for Inconel 625 (note the different x-y plane scale for 750 °C, and
different z- scale for all).

4.3 Wear scar volume

The non-contact profilometry data was also used to calculate wear volume loss, again using the
methodology previously established by Slatter et al [14]. The dataset can be used to find the
volume of material above and below the nominal surface of the sample. As established
previously, simply using the data representing the volume below the surface is not sufficient to
find the volume loss as it does not account for the volume that was displaced, usually as ductile
shoulders around the wear scar edge, away from the contact zone from the impacts. It is
therefore important to calculate the ratio of volume above and below the surface to characterise
the wear scar, and understand how much of the material gets removed and how much gets
displaced. This is particularly important for testing at elevated temperatures, or indeed varying
temperature in general, as the ductility of the material being investigated may change.

Table 1 shows the mean wear values for the AISI 304 samples. There is a significant increase in
wear rate with increasing temperatures. This is clearly seen as the volume loss increases by 97%
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between room temperature and 250 °C, and further increases by 94% between 250 °C and 500
°C.Thevolume loss increases by 26% between 500 °C and 750 °C. This may give a false indication
that the wear did not significantly increase between those temperatures, however the displaced
volume above the surface increases by 572% and volume below the surface increases by 84%.
These show that the wear rate significantly increased between 500 °C and 750 °C and reinforces
the conclusion of Slatter et al. regarding the importance of selecting the appropriate
measurement method [14].

Table 1 - Average volume results for AISI 304

Temperature Volume above Volume below Volume Volume loss
(°C) (mm3) (mm3) ratio (mm3)
RT 0.03 0.74 24:1 0.71
250 0.08 1.48 19:1 1.40
500 0.32 3.03 9:1 2.71
750 2.15 5.56 3:1 3.41

The volume ratio can also be analysed. The ratio initially increases at 250 °C then quickly
decreases at 500 °C and 750 °C. This trend was clear when creating wear scar depth contour
plots Figure 16.It should be noted that the room temperature wear scar appears larger in this
figure than the others included to more easily distinguish the contours. The images show that the
very top of the wear scar features (i.e. the shoulders) moves further above the plane of surface
with higher temperatures. This can be explained by considering the properties of AlSI 304 at
elevated temperatures, becoming slightly more brittle around 250 °C, then increasing in ductility
at 500 °C and 750 °C. The metal is therefore displaced rather than removed, as it undergoes
plastic flow instead of brittle fracture.
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Figure 16 - Typical sample depth contour plots for AlSI 304 (note the different x-y plane scale for 23 °C,
and different z- scale for all).

Volume loss results for Inconel were also obtained similarly. As previously noted (Section 3), only
one repetition was completed at each temperature for Inconel 625 meaning that the results offer
less confidence. Table 2 shows the volume results for Inconel 625. The wear volume increases
by 25% between room temperature and 250 °C, then 57% from 250 °C to 500 °C, then it decreases
by 43% between 500 °C and 750 °C. The percentage change in wear volume is smaller for Inconel
625 thanitis for AlSI 304. The most significant change in wear performance compared to AlSI 304
is that the wear volume at 750 °C exhibited lower wear volume than 250 °C and 500 °C. The wear
volume was also similar to that of Inconel 625 tested at room temperature. This clearly shows
that Inconel 625 behaves differently to AISI 304, both in wear magnitude and trend, and that this
new apparatus can distinguish between different materials, at different temperatures
successfully.
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Table 2 - Wear scar volume measurement results for Inconel 625.

Temperature Volume above Volume below Volume Volume loss
(°C) (mm3) (mm3) ratio (mm3)
RT 0.026 0.266 10:1 0.24
250 0.059 0.36 6:1 0.301
500 0.039 0.513 13:1 0.474
750 0.261 0.53 2:1 0.269

Figure 17 shows the relationship between wear volume and temperature for both Inconel 625 and
304 stainless steel. This shows that volume loss for Inconel 625 is much lower and does not
follow the same uniform pattern as AlSI 304.

6 -

BAISI 304

(mm®)

Wear volume

23 250 500 750
Temperature (°C)

Figure 17 - Volume loss graph for both materials tested; AISI 304 (blue, mean of 5 tests, error bars
represent maximum and minimum measured values) and Inconel 625 (orange, single tests).

There was a clear correlation between temperature and wear for AISI 304, as expected, however
repeated tests at the same conditions gave results with a relatively large error. Table 3 shows the
largest and smallest differences at each temperature. Itis interesting to note that these are more
significant than those previously presented [14], even though the apparatus used for those tests
is less controlled dynamically, suggesting that the effect of temperature (and perhaps more
importantly the control thereof) is more important to the impact wear resistance of these types
of metals.

That said, although there were differences between repetitions for the same temperature, the
general trend of increased wear at higher temperatures was mostly maintained throughout. For
example, at no point did the largest wear scar depth at 250 °C become larger than the smallest
wear depth at 500 °C. The main exception for this was wear volume between 500 °C and 750 °C
and as discussed in Section 4.3. This led to some tests at 500 °C having higher wear volume than
some tests at of 750 °C, but the mean for 750 °C is still higher than for 500 °C.
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Table 3 - Percentage differences of wear scar properties for AlISI 304 stainless steel specimens

Temperature Volume Area Depth
(°C) (%) (%) (%)
Largest difference (%)

RT 498.3 148.1 136.4
250 133.0 42.9 81.8
500 41.0 17.7 12.1
750 73.1 221 22.5

Smallest difference (%)

RT 16.3 11.0 0.0
250 5.0 3.3 3.7
500 0.0 2.1 0.0
750 3.7 2.2 0.0

5 Discussion & Reflections

Testing was able to demonstrate that the apparatus design was robust and reliably capable of
providing impact wear testing in a more controlled manner than previously achieved and up to a
temperature of 750°C. Operation of this new design at temperatures higher than this is not
recommended due to the likely degradation in performance of the components selected. The
specification of the heating modules is such that the operating temperature could be higher
(estimated to be 950-1000 °C) but this would necessitate careful selection of the materials used
for the specimen holder, hammer and hammer arm. At these elevated temperatures it is difficult
to combine the thermal, mechanical, and manufacturability properties required into one type of
material.

As discussed in Section 1, impact wear apparatus often needs careful consideration of its
dynamics to provide consistent repetitive impacts upon the specimen surface. The new design
has good linearity of response for its likely operating range. The sizing and geometry (e.g. length
of hammer arm, effective mass of arm-striker system) of the new apparatus means that it cannot
produce lower loads that have been possible before, but this is an acceptable trade-off for the
thermal mitigations. The apparatus was also operated at increasing speeds and above
approximately 3.5 Hz the apparatus became increasingly uncontrolled and produced much lower
impact forces due to the changed interaction of the cam-arm-striker system.

For high temperature work, excellent control of temperature is also critical. The general thermal
response of the apparatus should also be taken into account when conducting testing to
consider any residual heat recent earlier testing and thermocouples should be used outside of
the heating chamber to ensure consistency (and, indeed user safety). In the data presented here,
the variability in the room temperature testing may be in part as a result of this, even though the
thermocouples installed in the apparatus were reporting the temperature to be around 23 °C.

Due consideration should also be taken by those testing with this type of apparatus on the
performance of the materials selected, even for miscellaneous components such as the screws
used to retain specimens and strikers that may degrade at high temperatures. During the testing
carried out to assess the new apparatus design described here, it became apparent that
temperature and vibration combined accelerated the failure of components.

20



The initial testing conducted for purposes of judging the efficacy of the design has confirmed that
AlSI 304 experiences a steadily increasing wear scar size with increasing temperature, in contrast
to the literature. It also indicates that Inconel 625 has a non-linear response to wear, with wear
reducing when temperature further raised beyond those used in the literature.

Given the nature of this study was to only in part conduct ‘learning tests’, the variation in wear is
important to note for those designing a much more comprehensive Design of Experiment using
apparatus such as this. Itis suggested therefore that for impact testing at elevated temperatures
it is particularly important to consider completing more test repetitions than are typically found
in the literature for equivalent tests at room temperature given the potential for non-linearity in
response as temperature changes induce change in material properties.

6 Conclusion

It is hoped that the commentary and reflections offered on the development of this new
apparatus and initial testing provide researchers with an initial approach to high temperature
repetitive impact testing. Formally, the following concluding statements can be made for this
work:

1. The new design of apparatus has shown to be reliably capable of repetitive impact wear
testing;

a. upto 750 °C, significantly exceeding previously reported designs.
b. with more controlled repetitive impacts than previously evidenced.

2. Wear behaviour was characterised for AlSI 304 stainless steel, with steadily increasing
wear with increasing temperature. This contrasts with the, albeit limited, literature which
reports a non-linear response.

3. An indication of the wear behaviour for Inconel 625 was established, with a non-linear
level of wear, with the wear scar beginning to become smaller at the highesttemperature.
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