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Abstract

Promoting the martensitic transformation through optimum microalloying with Fe
and/or Mn was observed to be an effective method to enhance the wear resistance of
the CusoZrso at. % shape memory alloy (SMA). Among all the potential microelements
and concentrations, partial replacement of Cu by up to 1 at. % Fe and Mn is of interest
since from density functional based calculations large minimization of the stacking fault
energy (SFE) of the B2 CuZr phase is predicted. For this reason, an effective
martensitic transformation is expected. The largest decrease of the SFE from 0.36
J/m? to 0.26 J/m? is achieved with partial replacement of Cu by 0.5 at. % Fe. This
results in the highest martensitic transformation upon wear testing, especially at
highest load (15 N) for which the mass loss is 0.0123 g compared to 0.0177 g for
CusoZrso and a specific wear rate of 5.9 mm3/Nm, compared to 8.5 for mm3/Nm for
CusoZrso. This agrees with the low coefficient of friction of 0.48+0.05 and low
roughness of 0.200+0.013 um of the Fe-containing alloy compared to that for CusoZrso,
0.55 and 0.415+0.026 um, respectively. All the worn surfaces show the formation of
abrasive grooves, being shallowest for the more wear resistant 0.5 at. % Fe alloy. The
second more wear resistant alloy contains 0.5 at. % Mn. Wear mechanisms of

abrasion, adhesion and delamination have been identified.

1. Introduction

Shape memory alloys (SMAs) have been extensively investigated over the years due

to their interesting mechanical properties [1, 2]. After being deformed at room



temperature, SMAs can recover their original shape upon heating, the so-called Shape
Memory Effect (SME). To achieve this, the external load has to be high enough to
transform the metastable austenite phase into martensite [1]. Subsequently, the
temperature has to be increased beyond Ar (the austenite finish temperature) to revert
the martensite back into austenite [3]. A SMA of great interest is NiTi (nitinol) [4, 5],
which displays pseudoelasticity, namely, the ability to recover elastically to its original
zero strain shape [6]. The interest of NiTi stems from its good mechanical performance
and high recovery ratio, however, the relative high cost of the element titanium, the
low transformation temperature and high nickel content has limited its use. For this
reason, there is a growing interest in replacing NiTi by more cost-effective SMAs. For
this reason there has been intense effort in recent years to discover new SMAs [1],
such as those corresponding to the Cu-Zr system, but the performance of these alloys
is generally lower than that of NiTi [7]. An effective method to tune the performance of
Cu-Zr SMAs is to promote the presence of microalloying elements in solid solution
inside austenite by using rapid solidification and prevent their segregation to the grain
boundaries [8]. This is of interest since the retention of elements in small
concentrations inside the crystalline lattice of B2 CuZr austenite can alter its Stacking
Fault Energy (SFE) [9]. For those elements that can decrease the SFE of austenite,
the martensitic transformation of austenite is promoted [9]. For example, it was
reported that for B2 CuZr austenite, partial replacement of 0.5 at. % Cu by some
metallic elements could reduce the SFE and thus enhance the twinning propensity of
austenite and promote the martensitic transformation [3, 8]. As a result, the wear
resistance increases [10] and the ductility is also enhanced through a work-hardening
process [11]. However, as was previously commented [12], the use of an increasing
number of elements/microelements makes the performance prediction more difficult.
For this reason, the use of models is helpful to screen a large number of potentially
interesting micro alloying elements and subsequently select only those most promising
for fabrication. In this regard, the aid of theory and simulations can be beneficial. In
particular if bond breaking and making is involved in the process, then an accurate
description of the energetics of the processes can be obtained from first principles
electronic structure calculations. Here we have used density functional methods as
implemented in the CASTEP electronic structure and materials properties package
[13, 14]. It is possible to predict the effect of a microalloying element on lowering the
SFE of B2 CuZr austenite and thus to predict the mechanical performance. In this

2



work, we have used first principles electronic structure methods for this purpose and
done subsequent validation for the micro alloying elements Fe and Mn. Although it
was previously reported that 0.5 at. % Fe promotes the martensitic transformation of
B2 CuZr austenite [9], the effect of its concentration on the twinning propensity and
wear behaviour have not been studied before. An element whose effect on B2 CuZr
austenite has never been studied before is Mn, despite its potential interest due to its
proximity to Fe in the periodic table. In fact, Mn has a well-known use in twinning
induced plasticity steels [15].

Changes of the composition and cooling rate can in turn alter the alloy microstructure
and therefore the mechanical performance of alloys [9, 11]. Higher cooling rate results
in finer microstructures [16], which can be useful to prevent embrittlement of CuZr
based SMAs since these alloys become brittle when the Cu grains are large [17, 8].
This effect is attributed to intergranular cracking mostly caused by high elastic
anisotropy [18]. The effect of changes in composition is especially relevant for the
CuZr system since its mechanical performance is very sensitive to even these small
changes [19]. Wang et al. reported [19] that in order to obtain a 2 mm diameter casted
CuZr alloy in an amorphous condition, the concentration of Zr should only vary
between 34.5 to 37 at. %. This small window of 2.5 at. % illustrates how CuZr alloys
are very sensitive to variations in composition and therefore a small change in
composition can lead to a completely different microstructure. For example, for
CuesZrs7 at. % alloy, a mixture of amorphous and CuioZr7 crystalline phase is present
while for Cuss.5Zrss5 at. %, the crystalline phase formed is CusZrs. Similarly, when the
Zr content is in between the two (i.e. 35.5 at.%), no crystalline phase was formed [19].
Small changes in Cu concentration can also alter the crystallization process. For
example, addition of +2 at. % Cu can result in the formation of intermetallic phases
such as CuZrz and CuioZr7 and can also alter the overall volume fraction of austenite
and martensite of the alloy. Also, when the ratio of Cu to Zr is higher than 1:1 the alloy
gets embrittled [20].

This clearly shows the importance of microalloying to tune the performance of CuZr
SMAs. In this work, the effect of minor Fe and Mn additions on the wear performance

of CuZr by using both experimental and computational techniques will be used.



2. Experimental procedure

The alloy ingots of nominal composition CusoZrso, CuagsZrsoFeos, CuasZrsoFei,
Cua9.5ZrsoMno.s, CuaeZrsoMn1 and CuseZrsoFeosMnos alloys (at. %) coded in Table 1
were prepared from elements with purity higher than 99.9 at. %.

Table 1. Compositions coded for simplicity reasons.

AIon CU502I’50 CU49,5ZI’50F€0,5 CU4QZI'50F81 CU49_5ZI'50|\/|I’]0_5 CU492I’50MI’11 Cu4ng5oFeo,5Mno_5

Code - Feos Fe: Mnos Mny FeosMng s

The master alloys were remelted (heated to a red heat) multiple times in a Ti-gettered
high purity argon atmosphere to attain chemical homogeneity using a Compact Arc
Melter MAM-1 Edmund Buhler. Rod samples of 2 mm diameter were obtained from
the master alloy by copper mould casting in an inert gas atmosphere and a cooling
system set at 20°C. The structure of the as-cast samples was studied by SmartLab
Rigaku XRD diffractometer with monochromated Cu Ka radiation (25° — 90° 26 range).
The Vickers hardness was measured on a WILSON VH1150 test instrument with an
indentation load of 300 g and a holding time of 10 s. A differential scanning calorimeter
(DSC) Mettler DSC-3+ was used to analyse the heat flow exchanges that take place
during the transformation processes. Samples were placed in aluminium pans with a
pierced lid in a nitrogen atmosphere with a gas flow of 50 mL/min. The Dynamic
Mechanical Analysis (DMA) studies were performed in a temperature range of 30-
420°C/420-20°C with a heating and cooling rate of 10 °C/min. The ratio of the loss to
the storage (tand) is often called damping and was measured as a function of
temperature using a dynamic thermal mechanical analyser (TA Instruments DMA
Q800) equipped with a liquid nitrogen cooling system. Measurements were conducted
with a continuous heating rate of 5 °C/min in the 30-100°C temperature range and with
a frequency of 0.2 Hz. Samples of 2 mm in diameter were subjected to flexural loading
in the 3-point bending configuration (with a low-friction, self-adjusting 3-point bending
clamp) at a strain amplitude of 0.03%. The microstructure was revealed using Kroll's
reagent (2 ml HF, 6 ml HNOs, and 92 ml H20) before being investigated by scanning
and transmission electron microscopy (SEM and TEM, respectively). Dry sliding wear

experiments were conducted using a pin-on disc (DUCOM Micro POD) in air at room

temperature following the ASTM-G99 standard. [CIDINSHICICINEtCIDICUNOINeIS:
cast rods transversely and the resulting cross-sections were ground to have a flat
surface by using 4000 grit paper. Subsequently, the flat surfaces of the pins were wear
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using-4000-grit paper priorto-weartesting against a fllll counterbody disc of 60 HRC

hardened SS304 stainless steel of 0.6 mm (Ra) surface roughness provided by the

company DUCOM. Tests were performed at increasing loads of 1, 5, 10 and 15 N at
a sliding velocity of 0.5 m/s for a sliding distance of 1800 m (i.e., for 1 hour). The mass
loss is the average of at least 3 samples and was obtained by measuring the weight
of the pins before and after wear tests using an analytical balance (Fisherbrand™
Analytical Balance, £0.1 mg). The average roughness and profile were analyzed using
an Alicona InfiniteFocus 3D profilometer and the profiles were obtained by averaging
5 measurements.

The computational modelling used density functional methods implemented in
CASTEP where a plane-wave basis set is used to describe the electronic states.
Accurate pseudopotentials [21] describe the valence electron interactions with ionic
cores and the generalised gradient formalism [22] for the electronic exchange-
correlation interactions. The basis set (plane-wave kinetic energy cut-off and k-point
Brillouin zone sampling) are converged to 1meV/cell, with geometry optimisations

considered converged when atomic forces are less than 0.01eV/A.

3. Results and discussion

In order to assess the effect of the concentration of Fe and Mn on the wear
performance, the CuZr-based alloys were characterized before and after the wear
tests. This enables analysis of microstructural changes and plastic deformation by
XRD.

3.1. Modelling for Stacking Fault Energy predictions

The lowest energy slip plane of CuZr in the B2 structure is in the [011] plane sliding in
the {100} direction (and given the system is cubic, [101]{010} and [110]{001} are also
equivalent slip systems). A schematic of this is shown in Fig. 1. A supercell is
constructed containing 40 monolayers of CuZr normal to [011] and half of the atoms
slipped in steps of 1/10 of the lattice parameter, forming 2 slip planes (forced by the
periodicity of the system). This supercell was determined by converging total energies
as a function of supercell size until the stacking fault energy was converged to better
than 0.002 J/m?. The total energy of the system is calculated as the plane slides a

distance of a whole unit cell. We have performed calculations of the system with
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“‘defect” atoms on the slip plane replacing a Cu atom with a range of various other
species, to search for lower SFEs and also at two concentrations. Fig. 2 (a) shows the
slip plane energies for the [001], [011] and [111] planes in various orthogonal slip
directions, confirming that [011]{001} is the lowest energy, while in (b) the relative total
energies are shown for the parent alloy (i.e., base) containing no substitutional atoms
and also for Fe and Mn substitutions as well as the co-microalloy with a mixed
substitution of Fe/Mn. All Fe and Mn alloys cause a significant decrease of the SFE,
however, we do not observe the huge energy reductions shown in [9], including a 3-
fold decrease in stacking fault energy with Fe substitution. The Fell§ plot does not lie
between Fell and Feo because partial replacement of Cu in B2 CuZr by 0.5 at. % Fe
decreases the stacking fault energy (SFE) of Fefl (base) the largest (i.e., minimum
energy (J/m?)). However, partial replacement by 1 at. % Fe (Fe1) is not so effective
decreasing the SFE of the base Fej alloy, for this reason their values are relatively
close to each other. The addition of Fe as microalloying element replacing Cu in B2
CuZr was reported by Wu et al. [9] to reduce the SFE. However, they solely studied
the effect for a concentration in microalloying element in solid solution of 0.5 at. %.
In this study we have expanded this by investigating the effect of microalloying with
1 at. % Fe and also the effect of the novel element Mn on the tribological performance

of B2 CuZr using pin-on-disc experiments.
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Fig. 1. Model of B2 CuZr showing the position of the atomic structure, Cu (brown) and
Zr (blue) in the [011] plane and {100} direction.
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Fig. 2. (a) Various stacking fault energies of slip planes in the B2 phase of CuZr. (b)
Stacking fault energy on the lowest energy [011]{100} slip system of the B2 CuZr
phase with half Cu on the slip plane substituted by Fe and Mn (solid line) and similarly

for a doubled concentration (dashed).

3.2. Structural characterization of as-cast alloys

The experimental results of Fig. 3 show the backscattered SEM images of as-cast
CusoZrso (Fig. 3a), CuaeZrsoFe:1 (Fig. 3c) and CuaseZrsoMni (Fig. 3e) alloys and the
corresponding EDX scans from the dendrites (see arrows) (Fig. 3b, 3d and 3f). The
microstructural differences among the three compositions are relatively small, as could
be expected considering their similar composition. For all of them, the microstructure
basically consists of dendrites from 2 pm to 10 um in length, embedded in a fine
crystalline matrix. To understand the nature of the as-cast samples, compositional
EDX analysis and crystallographic analysis by XRD have been performed.
Considering that for a microalloying element to have an effect on the twinning
propensity of austenite it should be present in solid solution inside the crystalline lattice
[9], their presence has been investigated by SEM-EDX. This analysis has been carried

out from the dendrites located at approximately the centre of the samples, where the
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cooling rate is the lowest and thus the elements are more prone to segregation (i.e., if
there is no segregation in the centre, then it will not occur close to the border where

the cooling rate is faster).

Element | Atomic %
Cu 48.3
Zr 51.7
— b G g B8
Element | Atomic % ‘
Cu 484
Zr 50.4
Fe 1.2
e e - —
Element | Atomic %
Cu |45.5
Zr 53.4
Mn 1.1

Fig. 3. Backscattered SEM images of as-cast (a) CusoZrso, () CuseZrsoFe1 (e)
Cuas9ZrsoMnz alloys and corresponding EDX scans of the dendrites indicated with an
arrow (b), (d) and (f), respectively.

To get an average composition value of the dendrites, EDX analysis was carried out
on more than 3 dendrites per composition and the ones shown in Fig. 3 are the most
representative ones. For CusoZrso (Fig. 3a), EDX analysis shown in Fig. 3b indicates
that the composition is 48.3 at.% Cu and 51.7 at. % Zr. For CuseZrsoFe1 (Fig. 3c) the
composition is 48.39 at.% Cu, 50.42 at.% Zr and 1.19 at.% Fe (Fig. 3d). Similar results
have been obtained for the CuseZrsoMnz at. % alloy (Fig. 3e) for which the composition
of the dendrites is 45.47 at.% Cu, 53.43 at.% Zr and 1.10 at.% Mn (Fig. 3f). All results
are listed in Table 2. The results show that concentration of microalloying element in
the crystalline phase is close to the nominal composition, 1 at. % Fe and 1 at. % Mn
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respectively and thus confirms the presence of microalloying elements in solid solution

inside the crystalline phase.

Table 2: Composition in at. % of the dendrites indicated with arrows (Fig. 3).

Composition (at. %) Cu Zr Fe Mn
Fig. 3a (CusoZrso) dendrite 48.30 51.70 - -
Fig. 3c (CuseZrsoFe;) dendrite 48.39 50.42 119 -
Fig. 3e (CuseZrsoMn;) dendrite 4547 53.43 - 1.10

3.3. Thermal and thermomechanical behaviour

In order to understand the thermal and thermomechanical behaviour of the as-cast
CusoZrso, CuagsZrsoFeos, CuaoZrsoFei,  CuagsZrsoMnos,  CusaeZrsoMni  and
CuseZrsoFeosMnos alloys, they have been studied upon heating (Figs. 4A) and upon
cooling (Figs. 4B) by DSC and DMA (Fig. 4C). The transformation temperatures have
been summarized in Table 3, which shows As, Ar and martensite start (Ms)
temperatures obtained from DSC (Fig. 4A and 4B), as well as the austenite peak (Ap)
obtained from DMA (Fig. 4C). For the parent CusoZrso alloy and the Fe-containing
alloys, a relatively large endothermic peak is observed associated to the
transformation of martensite into austenite, where As and Ar are austenite start

temperature and austenite finish temperature, respectively.
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Fig. 4. DSC scans upon (A) heating and (B) cooling and (C) DMA scans upon heating
for (a) CusoZrso, (b) CuagsZrsoFeos, (c) CuasZrsoFei, (d) CuassZrsoMnOs, (e)
CuaseZrsoMnz1 and (f) CuaeZrsoFeo.sMnoss.

For CusoZrso, the austenite phase starts the transformation (As) at around 250°C and
it is completed (Ar) at around 323°C. For CusgsZrsoFeos the transformation
temperatures are As = 205°C and As= 273°C while for CuseZrsoFe1 they are As= 188°C
and Ar= 222°C. These results clearly show that increasing addition of Fe progressively
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shifts the transformation temperatures to lower values. However, for the Mn-containing
alloys, i.e. Cuag.sZrsoMno.s and CuseZrsoMnzi, the austenitic transformation peak is not
detected. For CuseZrsoMno.sFeos the intensity of the peak is very small and broad, with
As = 115°C and Ar =197°C, and this is consistent with intermediate behaviour between
that of the alloys with only Fe (showing peak) or with only Mn (no peak). This would
not be possible to explain in terms of differences in volume fraction of martensite and
austenite present upon rapid cooling for the different compositions since the XRD
scans show that their relative intensity is similar (see section 3.5). To further
investigate this, DMA measurements have been conducted and plotted as tan delta
versus temperature (Fig. 4C). The presence of transformation peaks not only for Fe-
containing alloys but also for those containing Mn, proves that DMA is able to detect
transformations that could not be detected by DSC, since DMA measures the
thermomechanical response rather than only the thermal behaviour of the alloys [23,
24]. The detection of more irregular curves consisting of small peaks from about 50 to
200 °C are attributed to the elimination of internal defects for the alloys containing Mn
when compared to those containing Fe. This is in agreement with previous
observations for which the amount of lattice defects present in SMAs can affect the
'intensity’ of the observed peaks in DSC analysis. The DMA curves of Fig. 4C show a
high intensity peak attributed to the transformation of martensite into austenite.
Moreover, the transformation peaks shift to lower temperatures with increasing
concentration of Fe, which is in agreement with the DSC curves and the shift is similar

for the Mn-containing alloys.

Table 3. Transformation temperatures As, Ar and Ms from DSC scans, Ap from DMA
scans for all alloys.

Composition
As (°C) Ai(°C) Ms(°C) Ap(°C)

(at.%)

CusoZrso 250 323 124 251
Cuasg.5Zrs0Feo.5 205 273 91 252
CusoZrsoFe1 188 222 54 205
Cuas9.5Zrs0Mno.5 - - - 255
Cuas9ZrsoMnz - - - 228
CuaeZrsoFeosMnos 115 197 4 143
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3.4. Wear tests

To study the effect of the microalloying elements Fe and Mn on the mechanical
performance of B2 austenite, wear tests have been performed. Fig. 5 shows the
evolution of the mass loss (g)(Fig. 5a) and specific wear rate (mm3/Nm) (Fig. 5b) for

all the samples tested for 1h at room temperature (RT) at loads of 5, 10 and 15 N.

0.025

a M 5N ®m 10N = 15N
0.02
®0.015
a
o
2 0.01
2
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Fig. 5. (a) Evolution of mass loss and (b) evolution of specific wear rate for the different
alloys (code in parenthesis): CusoZrso, CuasZrsoFeosMno.s (Feo.sMno.s), Cuas.sZrsoFeo.s
(Feo.s), CuaeZrsoFer (Fe1), Cuag.sZrsoMno.s (Mno.s) and CuasZrsoMni (Mnz) and loads up
to 15 N applied for 1 h.

For all the compositions, the mass loss (Fig. 5a) increases with load increase, butthis

B8 ror the CusoZrso alloy, the mass loss for a 5N load is 0.00255 g, increasing to
0.0111g and 0.0177g for 10 N and 15 N, respectively. However, the trend is different

when Cu is replaced by Fe or Mn. Among all the compositions, the lowest mass loss
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values at 10 N (0.00875 g) and 15 N (0.0123 g) are observed when Cu is partly
replaced by 0.5 at. % Fe. However, for 5 N load, the mass loss is similar (i.e., within
the error range) for all the compositions tested. This suggests that for 15 N load, the
alloy that exhibits the most effective work-hardening upon twinning is the one
containing 0.5 at. % Fe. This is consistent with the fact that for this composition the
stacking fault energy is the smallest (0.26 J/m?, see Fig. 2) and therefore stress-
induced twinning is promoted the most [3, 8]. Fig. 5b shows the specific wear rate in

(mm3/Nm) which can be calculated from the following equation:
W=VILF Q)

where W corresponds to specific wear rates (mm?3/Nm), V is the wear volume (mm?3),
L is the sliding distance (m) and F is the applied load (N). The sliding distance and
applied load (i.e., 5, 10 and 15 N) for all the tested samples is the same. Therefore,
the only difference in wear rate is due to the differences in wear volume. From Fig. 5b
it is observed that Feos has the lowest wear volume and therefore lowest specific wear
rate, around 5.9 mm3/Nm, compared to 8.5 for mm3/Nm for CusoZrso at 15 N load,
which agrees with the lowest mass loss value (Fig. 5a). That can be attributed to the
accelerated martensitic transformation and work-hardening, which is highest for the
alloy containing 0.5 at. % Fe.

There is a general inverse correlation between the total wear debris produced {-e
massless) and the alloy hardness through Archard’s equation [25]. For this reason,

higher hardness involves higher wear resistance. The hardness of the as cast CusoZrso

alloy is 2.82+0.43 GPa and does not exhibit significant change after testing at 15N.
However, the hardness of the as cast Cus9sZrsoFeos alloy increases from 3.39+0.36
GPa to 3.65+0.2 GPa after testing at 15 N load. These values are similar to those
previously reported [26]. The work-hardening effect upon loading with 15 N is
attributed to partial transformation from austenite into martensite, a harder phase, as
can be deduced from the change in relative intensity of the XRD peaks ef Fig—10 and
the TEM images in section 3.5. ef-Fig-—11. Fheseresults-will-be-discussed-in-more
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concentration of microalloying element is also an important factor when tailoring the
SFE. In fact, for Fe1 addition, the mass loss values for 10 N (0.011 g) and 15 N (0.017
g) are higher than for Feos. The higher mass loss indicates that the alloy does not
work-harden so effectively as the one with Feos due to the fact that the SFE for Fex
(0.3 J/m?) is higher than for Feos (0.26 J/m?) as shown in Fig. 2.

The effect of Mn addition on the wear resistance is similar but not so remarkable as
that of Fe as shown in Fig. 5a and 5b. The addition of Mno.s as a microalloying element
also enhances the wear performance as the mass loss increases to only 0.014 g at
15N compared to 0.017g for CusoZrso. This suggests that Mn also promotes stress-
induced martensitic transformation during the wear test, but less efficiently than Feos.
The slightly higher SFE (Fig. 2) for Mno.s (0.27 J/m?) than for Feos (0.26 J/m?) confirms
these results.

For the Mn; alloy, the mass loss values for 15 N are very similar and within the error
range of the CusoZrso and Fe: alloys. This is in accordance with the similar SFE for
Mnz (0.31 J/m?) and Fe1 (0.3 J/m?) but smaller than that of CusoZrso (0.36 J/m?). This
slight mismatch is attributed to the relatively large experimental error values of mass
loss at 15 N load. For the Feo.sMno.s co-microalloyed alloy, the mass loss values at 15
N are intermediate between that of Feos and Mnos and agree with the intermediate
SFE values (Fig. 2), between 0.27 J/m? for Mno.s, and 0.26 J/m? for Feo.s. These results
confirm the good agreement between our experiments and the model. The results also
indicate that when testing at 15 N, the wear resistance is maximum when Cu is partly
replaced by 0.5 at. % Fe, followed by 0.5 at. % Mn, thus resulting in a lifetime
enhancement of the parent alloy of about 30.5 % and 21 %, respectively.

Analysis of wear tracks and wear debris on the pin and the SS304 counterbody was
investigated using SEM and EDX. Fig. 6 shows SEM images and EDX scans from the
worn surface of the CuasgasZrsoFeos pin tested at 15 N load. This composition is of
interest since it exhibits the highest wear resistance among all the studied the alloys
(Fig. 5). The general image Fig. 6a shows the presence of long continuous grooves
caused by ploughing, which is a common mechanism of abrasive wear [27, 28]. From
the pin surface, different features can be observed. Among them, wear scars, which
are signs of delamination generated by shear forces acting on the pin upon sliding.
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When testing at 15 N load, the surface of the pin deforms plastically and subsurface
cracks nucleate and propagate leading to formation of sheet-like wear features (see
circle on Fig. 6b) [29]. This wear mechanism is responsible for the plastic deformation
thus resulting in partial transformation from austenite into martensite. This can be
proven from the increase in intensity of the XRD peaks associated to martensite and
decrease of those associated to austenite after wear tests as shown in section 3.5.
{Fig—210b). In addition, two distinctive features can be seen, small debris particles
distributed across the surface (Fig. 6¢) and smeared patches (Fig. 6d) along the wear
direction. EDX microanalysis of the small particles of dark tonality indicate that these
particles are rich in oxygen (33.2 at.% O, 1.6 at.% Fe, 0.36 at.% Cr, 40.6 at.% Cu,
24.4 at.% Zr) and have slightly higher concentration in Cu than Zr. These particles
therefore they may correspond to CuioZr7 oxides. This is consistent with the detection
of XRD peaks associated to CuioZr7 (see Fig. 110). These dragged hard third body
particles plough through the surface and form grooves (Fig. 6a). In addition, the
surface of the worn pin exhibits long smeared patches of up to 250 um, which are
oriented along the direction of grooves. EDX microanalysis indicate that these patches
have a composition of 17.8 at.% O, 13.3 at.% Cr, 44.6 at.% Fe, 4.9 at.% Ni, 9.9 at.%
Cu and 9.6 at.% Zr. The high percentage of Fe and presence of Ni and Cr indicates
that these smeared patches are coming from the counterbody (SS304) as transferred
material. This transference can be described by the mechanism of adhesive wear [30].
These results have been compared to the reference material, the CusoZrso pin tested
at the same conditions (15 N load) as shown in the SEM images and EDX scans of
Fig. 7. This composition is of interest since it exhibits the lowest wear resistance
among all the studied alloys (Fig. 5). The general image Fig. 7a shows the presence
of long continuous grooves indicative of abrasive wear, which are similar to those
observed for Feflllat. % but they are more distinct and abundant for CusoZrso.
Furthermore, longer and more abundant continuous subsurface cracks that propagate
towards the surface are seen in CusoZrso (Fig. 7b). These subsurface cracks are
associated to delamination wear and their morphology is consistent with observations
from different authors including Li et al. [31]. In order to identify the nature of the small
particles of dark tonality shown in Fig. 7c, EDX microanalysis has been conducted.
The results (46.9 at.% O, 1.2 at.% Fe, 0.09 at.% Cr, 25.3 at.% Cu, 26.6 at.% Zr)
indicate that these particles are rich in oxygen and have similar concentration in Cu

and Zr. These oxide particles are similar in terms of shape, size and concentration in
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O to those reported for Fe0.5 at. % in Fig. 6¢. Additionally, Fig. 7d shows the surface
of the worn pin exhibiting long smeared patches of around 150 uym length oriented
along the direction of the grooves. EDX microanalysis indicate that these patches have
a composition of 19.3 at.% O, 13.8 at.% Cr, 37.5 at.% Fe, 3.9 at.% Ni, 13.8 at.% Cu
and 14.7 at.% Zr. The high percentage of Fe and presence of Ni and Cr indicates that
these smeared patches are coming from the counterbody (SS304) as transferred
material which is a common feature of adhesive wear. Both, the composition and
morphology of the oxide particles and smeared patches are similar to those detected
for the Feflfllat. % alloy (Fig. 6) while the main difference is the presence of more

profuse and well-defined grooves for the CusoZrso pin. This has been studied in more
detail in Fig. 10.

Atomic % | Element | Atomic %

cu 40.56 '

o 33.15

zr 2437 | | |

o |Fe 156 |[Cu 992 |
cr 0.36 2

100.00

Fi

o 19.34
r 14.72
Cu 13.77
C 10.74
Ni

u
Fe 1.20 i

r
i 3.97
Total 100.00

Zr 26.61 ki ‘

il

Fig. 6. SEM images from the 2 mm
diameter CuasgsZrsoFeos pin tested at
15N load. (a) General and detailed
images showing (b) wear scars (circle)
(c) dark particles (arrow) and (d)
patches (arrow) and corresponding
EDX scans, respectively.

Fig. 7. SEM images from the 2 mm
diameter CusoZrso pin tested at 15N
load. (a) General and detailed images
showing (b) wear scars (small arrows)
(c) dark particles (arrow) and (d)
patches (arrow) and corresponding
EDX scans, respectively.

In sliding wear, the performance of the entire tribosystem counts. For this reason, the
surface of the SS304 counterbody (Fig. 8) after the wear tests for the Feos (Fig. 8a
and b) and CusoZrso pin (Fig. 8c and d) at 15 N load have been also studied. The
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backscattered SEM image of Fig. 8a shows some patches (i.e., attached wear debris)
of clear tonality heterogeneously attached to the wear track of the SS304 counterbody.
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Fig. #8. a) SEM backscattered images of SS304 counterbody worn surfaces after wear
testing at 15 N (a) the Feos and (c) the CusoZrso pins and corresponding b) and d)
SEM-EDX scans from the transferred material (see arrow), respectively.

The bright colour of the patches indicates the presence of heavier elements than those
of the SS304 disc (grey background) and therefore they might be associated to
material detached from the pin. This process of metal removal occurs by adhesion of
the material from the pin surface onto the SS304 counterbody [30]. This can be proven
from EDX (Fig. 8b) as the content of Cu and Zr at.% roughly makes up 84% of the
highlighted wear track (13 at.% O, 0.4 at.% Cr, 1.7 at.% Fe, 40.9 at.% Cu, 43.9 at.%
Zr). For the CusoZrso sample (Fig. 8c) the amount of material attached onto the SS304
counterbody is more abundant and of larger size, up to about 400 um compared to
about 200 um for the Feos alloy. This is consistent with the higher mass loss and wear
rate (Fig. 5) and the more abundant grooves (Fig. 6 and 7) for CusoZrso compared to
the Feosalloy. The morphology of these patches is similar to those observed by other
authors [32] but they are not so elongated for our materials probably because the
presence of brittle intermetallic phases makes the patches more hard and brittle and
therefore more difficult to spread. EDX analysis of these patches (see arrow in Fig.
8d) indicate that the chemical composition is 14 at.% O, 0.4 at.% Cr, 1.55 at.% Fe, 43
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at.% Cu and 40.9 at.% Zr, very similar to those for Fe0.5 but slightly poorer in Fe as
could be expected considering that the CusoZrso alloy does not contain Fe.

Another important parameter to investigate the wear behaviour [33] is the coefficient
of friction, i.e., the resistance encountered when moving one object over another. A
small friction coefficient indicates high wear resistance [34]. The coefficient of friction
generally exhibits two stages during the duration of the wear test, the first stage is a
short period at the start of the test with a rapid increase of coefficient of friction followed
by stabilization of the coefficient of friction throughout the rest of the test, also called
the steady-state stage [33, 35]. Fig. 9 shows the coefficient of friction (COF) as a
function of the testing time from 0 to 3,600 seconds. The average values of the COF
are 0.48+0.05, 0.49+0.04, 0.51+0.04, 0.54+0.03, 0.55+£0.04 and 0.59+0.04 for the
Feo.s, FeosMnoss, Mnos, Fe1, CusoZrso and Mnz alloys, respectively. The lowest value
for the Feos alloy is consistent with the lowest mass loss and specific wear rate (Fig.
5) and therefore this alloy exhibits the highest wear resistance. These values are not
far from those reported in the literature, from about 0.4 to 0.6 for CusoZrsoTiio at. %
[36] and about 0.35 to 0.45 for a Cu-BMG (bulk metallic glass) of similar composition
to the alloys of this work, when sliding against EN26 steel [27].

0.3
0.75
0.7
0.65
0.6

L
O 0.55

o
0.5
0.45
0.4
0.35

0.3 | : — : .
0 600 1200 1800 2400 3000 3600

Time (s)

Fig. 89. The coefficient of friction as a function of the testing time.
To analyse the differences in wear behaviour of all the compositions in more detail,

the worn surfaces of the samples tested at 15 N load have been observed under the
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profilometer. This loading condition has been selected since maximum differences in
mass loss among all the compositions are obtained for 15 N load (Fig. 5) and therefore,
maximum differences of the worn surfaces are expected. In order to quantify the
roughness of all the alloys wear tested at 15 N load for 1 hour, representative surfaces
of each worn pin surface (square of 360mm? size) were analyzed using a profilometer
(Fig. 10). Parallel grooves on the worn surface of all samples after sliding are
observed. It was found that the average roughness values measured perpendicular to
the grinding direction (Ra) for CusoZrso, Fe1 and Mn1 were 0.415+0.026, 0.375+0.004
and 0.356+0.021 uym, respectively. These values of Ra were higher than those for Mno.s
and FeosMnos, 0.301+£0.003 and 0.247+0.010 pm, respectively. These results are in
agreement with the values of mass loss (Fig. 5) and COF (Fig. 9). The worn surface
of the Feos alloy tested at 15 N exhibits a minimum roughness of 0.200£0.013 ym and
the COF is the lowest.

The compositions with higher roughness exhibit deeper grooves because more
material is ploughed out from the surface while the sample with lowest roughness
(Feo.s) exhibits the shallowest grooves. This type of wear is called abrasive wear since

ploughing results in the removal of a certain volume of material thus resulting in the

formation of abrasive grooves on the weaker surface of two surfaces in contact [37]

These results cannot be compared with the literature since, to the authors knowledge,
this is the first attempt to link wear volume to surface roughness. However, a clear
trend is observed and the results are consistent with those obtained from our other
experiments. It is important to point out that the wear mechanism is the same (i.e.,
combination of abrasion, adhesion and delamination) for all the compositions. If the

wear mechanism for the tested samples was different, it might not be possible to
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correlate the wear volume and surface roughness iHEHOEEEIpossBIgl-Nd this is
something we aim to study in the future.
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Fig. 910. Surface topography for the different compositions after wear tests at 15 N

load for 1 hour.

3.5. Structural characterization after wear tests

To better understand the microstructural changes that take place in the alloys during
the wear tests after 1 hour and 15 N load, XRD scans have been done before and
after the wear tests.

Fig. 11 shows the XRD patterns for CusoZrso, CuagsZrsoFeos, CuasZrsoFes,
Cu49.5ZrsoMno.s, CuseZrsoMn1 and CuasoZrsoFeosMnos at. % alloys in the as-cast
condition (i.e., AC) and the after the wear tests (i.e., AT). The XRD scans for the six

compositions show peaks at similar angles associated to the following phases:
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austenite B2 CuZr (a= 3.2562 nm, b = 3.2562 nm, ¢ = 3.2562 nm), monoclinic
martensite B19' CuZr (a = 0.3237 nm, b = 0.4138 nm, ¢c= 0.5449 nm), orthorhombic
CuioZr7 (a = 0.9347 nm, b = 0.9347 nm, ¢ = 1.2675 nm), orthorhombic CusZrs (a =
0.78686 nm, b = 0.81467 nm, ¢ = 0.9977 nm) and tetragonal CuZrz (a=0.3220 nm, b
= 0.3220 nm, c= 1.1183 nm). The intensity of the peaks associated to austenite
decreases after the wear tests while the intensity of the peaks corresponding to
martensite increase. This indicates that a martensitic transformation has taken place
during the wear tests. For all as-cast and tested samples, peaks associated with B2
CuZr austenite are detected at around 39.4° and 70.8°. In addition, martensite peaks
at around 27.4°, 35.9° 43.7° and 56.5° are detected along with peaks associated to
the intermetallic phases CuZrz, CusZrs and CuioZry.
The wear tested CusoZrso alloy (Fig. 11a) shows a slight decrease in intensity of XRD
peaks at 39.4°and 71.1° associated to austenite, while the peak at 35.9° associated
to martensite increases in magnitude compared to the as cast (non tested) alloy. This
suggests that austenite has partly transformed into martensite. The intensity of XRD
peaks of austenite for CusoZrso decreased by about 28% after testing while for
martensite the intensity increased by about 10%. Peaks associated to other
intermetallics such as CuZrz, CusZrs and CuioZrz have also been detected.
Microalloying with Feos (Fig. 11b) results in large decrease in intensity of the austenite
peak (58% decrement after test) and a large intensity increase of martensite peak
(50% increase after test). These changes are clearly more noticeable than for CusoZrso
(Fig. 11a) and Fe1 (Fig. 11c) alloys and the effect of microalloying with Fei seems to
have an intermediate effect between the base alloy and Feos.
These results suggest that the stress-induced martensitic transformation is most
effective for the Feosalloy and it is consistent not only with the SFE (Fig. 2), 0.26 J/m?,
but also with the mass loss (Fig. 5a), 0.0123 g at 15 N load, both of which are the
smallest among all the compositions. Although for Mnos alloy (Fig. 11d) the intensity
of austenite decreased by 62% after the wear test, the intensity of the peaks
associated to martensite do not seem to increase, especially when compared to the
alloy with Feo.s. However, from the relative intensity of XRD peaks it can be deduced
that the volume fraction of intermetallic phases (CuZr: and CuioZr7) increased by
about 10% after testing. Considering that these intermetallics are hard, they could
have also contributed towards the higher wear resistance. This is consistent with the
higher SFE (Fig. 2) for Mnos (0.27 J/m?) compared to that for Feos (0.26 J/m?) and
21



therefore the lower ability for the Mn-containing alloy to transform into martensite. In
fact, the mass loss (Fig. 5a) of Mnos (0.014 g) is slightly higher than that of Fe0.5
(0.0123 g). The microstructural changes for Mnos are very similar to those observed
in the FeosMnosalloy (Fig. 11f) as can be deduced from the similar XRD scans before
and after the wear tests. For the alloy containing Mn1 (Fig. 11e) after the wear test, the
peak associated to austenite at about 39.4°, decreases in intensity by about 60%,
while for martensite it increases after the test by 26%. The peaks associated to
martensite overlap with broad peaks associated to different phases. The formation of
these peaks may suggest that dynamic recrystallization has taken place, something
that was previously observed for wear tested copper [38].
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Fig. 2611. XRD scan of 2 mm diameter as-cast (AC) and after wear tested (AT) alloys
with 15 N load for (a) CusoZrso, (b) Cu49.5ZrsoFeo.s, (c) CussZrsoFes, (d) Cuae.sZrsoMno.s
and (e) CuaeZrsoMn1 and (f) CuaeZrsoFeosMnoss.

To understand the effect of the microalloying elements on the wear behaviour of CuZr-
based SMAs, TEM analysis has been performed. The nominal composition of as-cast
CusoZrso was studied by TEM in order to have a reference parent sample (i.e., without
microalloying or load applied). The results from TEM have been compared with those

from XRD since the former gives local information while the latter provides average
23



information from the microstructure. The XRD scan of Fig. 11a for as-cast CusoZrso
indicates the presence of multiple intermetallic phases whose peaks overlap at certain
angles, for example, at 37.2° peaks associated to Cui0Zrz and CuZr: are detected. To
corroborate the presence of intermetallic phases, the microstructure has been studied
by TEM. A bright field TEM image (Fig. 12a) of a representative microstructure of the
as-cast CusoZrso sample is shown. The arrow in the TEM image of Fig. 12a points
towards a crystalline phase from where a Selected Area Electron Diffraction Pattern
(SAED) pattern was taken (image on the right of Fig. 12a). The crystalline phase has
a concentration in Cu of (53.56 at. %) and Zr of (46.44 at. %) according to EDX and
thus would correspond to CuioZrz. The SAED pattern taken along the zone axis [00-

1] confirms the formation of a crystalline phase with orthorhombic structure CuioZrz.
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vy m

Fig. £212. Bright field TEM images after wear tests at 15 N load and corresponding
SAED pattern with zone axis B for (a) as-cast CusoZrso alloy (B = [00-1]), (b)
CuasgsZrsoFeos alloy (B = [-110]) and spots for B19’ martensite twinned phase, (c)
Cua9ZrsoMnos alloy (B = [001]) and spots for the B19" martensite twinned phase and
(d) CuaeZrsoMn1 alloy (B = [11-1]).
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As previously commented in section 3.4, the Cuasg.5ZrsoFeo.s alloy exhibited the highest
relative wear resistance (Fig. 5), especially at 15 N load, which was attributed to
deformation twinning [3]. To investigate this in detail, the Cuasg.sZrsoFeo.s sample wear
tested at 15 N load has been analysed by TEM. The bright field TEM image of a
twinned structure (see arrow) of the Cuaa.sZrsoFeos sample wear tested with 15 N load
is shown in Fig. 12b along with the corresponding SAED pattern taken along zone axis
[-110]. This pattern indicates that the twinned structure corresponds to the monoclinic
structure (P21/m, space group 11) of B19’ CuZr (i.e., martensite). The presence of
martensite in this Fe-containing alloy suggests that the martensitic transformation is
promoted, and this agrees with our first principles simulations (see Fig. 2) and the XRD
scans (Fig. 11b) since the peak intensity ratio of martensite to austenite increases after
the wear tests. EDX analysis indicated that the composition of this phase is Cu (52.18
at. %), Zr (46.92 at. %) and Fe (0.9 at. %) and thus it would correspond to CuZr with
Fe present in solid solution. Although the concentration of Fe in solid solution seems
to be slightly higher than that of the nominal composition, one has to take into
consideration that TEM is a very local technique. This means that the concentration of
Fe might not be the same across all the grains but the average value is close to the
nominal composition as detected by SEM-EDX (Fig. 3).

Fig. 12c shows a bright field TEM image of Cuags5ZrsoMnos at. % alloy tested at 15 N.
The corresponding SAED pattern indexed along the [001] zone axis also shows the
presence of a monoclinic structure (P21/m, space group 11) corresponding to B19’
CuZr. The detection of martensite suggests that the addition of 0.5 at. % Mn also
promotes the martensitic transformation but less efficiently than for 0.5 at. % Fe as the
first principles simulations in Fig. 2 suggest. These results are also in agreement with
the XRD results of Fig. 11d as the intensity of the austenite peak significantly
decreased after testing and volume fraction of martensite increased. The phase
composition is Cu (39.32 at. %), Zr (60.04 at. %) and Mn (0.64 at. %) and thus it would
correspond to CuZr with Mn in solid solution. To investigate in detail the microstructure
of the as-cast Cus9ZrsoMni at. % alloy, whose overall microstructure was studied
before (Fig. 3f), TEM study is done. Bright field TEM image of Fig. 12d shows the
microstructure consisting of small phases of up to 200 nm long. For one of the
crystalline phases (see arrow in Fig. 12d) a SAED pattern was obtained from the zone
axis [11-1] and this pattern would correspond to an orthorhombic structure CuioZrz
(Aba2, space group 41). This crystalline phase has a chemical composition of
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Cue1.34Zr3se6 at. % and therefore, from the ratio of the elements, this phase would
correspond to the intermetallic Cuio0Zrz phase.

4. Conclusions

The following conclusions can be drawn:

-Changes in the Stacking Fault Energy of B2 CuZr austenite upon partial replacement
of Cu by a microalloying element has been analysed from first principles calculations
to predict the ability of austenite to transform into martensite upon wear testing. This
has been done in the present work to select the microalloying elements (Fe and Mn)

and their concentrations (0.5 and 1 at. %) for maximum wear resistance,

-For pin-on-disc wear tests at 10 N load, the mass loss values are similar for all
compositions, ranging from 0.00875 to 0.011 g, and become more similar, values
around 0.00255 g, as the load decreases to 5 N. This indicates that the stress-induced
martensitic transformation upon twinning becomes less relevant as the load

decreases.

-For 15 N load wear tests, differences in mass loss are larger than for 5 and 10 N,
ranging from a minimum of 0.0123 g for 0.5 at. % Fe to a maximum of 0.0177 g for
CusoZrso alloy. The lowest wear volume and therefore lowest specific wear rate,
around 5.9 mm3/Nm is attained by 0.5 at. % Fe, compared to 8.5 for mm3/Nm for
CusoZrso at 15 N load, which agrees with the lowest mass loss value. The low mass
loss and specific wear rate values are attributed to the promotion of the transformation
from austenite into the harder and therefore more wear resistant stress-induced B19’
martensite as proven from TEM and XRD results. The more wear resistant samples
exhibit not only lower friction coefficient but also more shallow abrasive groves,

indicating the lowest wear volume and lowest wear rate.

- From the cross section of the pins after sliding wear tests, wear mechanisms of
abrasion, adhesion and delamination have been identified. This can be deduced from
the presence of long continuous grooves, the removal of material onto the disc and

presence of subsurface cracks respectively.

-For 15 N load, partial replacement of Cu from the CusoZrso shape memory alloy (SMA)
by 0.5 at. % Fe, results in a lifetime enhancement of the CusoZrso alloy of about 30.5
% while for 0.5 at. % Mn the lifetime enhancement is about 21 %. Microalloying is
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therefore an efficient strategy to develop Cu-Zr-based shape memory alloys as
temperature adaptive shaft seals for engines. The shaft is generally made out of
stainless steel and the contact surface and force between the shaft and the seal are
of the same order of magnitude as those investigated in this manuscript. The ability to
enhance the wear resistance of CusoZrso austenite via optimum microalloying is

promising to develop wear resistant shaft seals with enhanced lifetime.
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