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Abstract: To improve the processing efficiency and the surface properties of C61900 Cu alloy, a
gradient Cu-Ti film with a Ti/Cu atom ratio of 7:1, 7:4, and 1:2 was pre-fabricated by the unbalanced
magnetron sputtering process and then nitrided by thermos plasma nitriding. The phase structure,
elemental composition, and morphology of the modified surface were characterized, and the mechan-
ical properties, including the wear resistance and adhesion properties, were examined. Combining
calculation by the first principle method with thermodynamic analysis, the microstructural forma-
tion and phase composition of the Cu-Ti-N system were investigated to reveal the mechanism of
improved wear resistance, which indicated the possible formation of various Cu-Ti intermetallics
and Ti-N compounds. The Al in the C61900 Cu substrate also participated in the generation of the
AlCu,Ti compound, which is a ductile phase with good hardness and elastic modulus. Based on the
results of a mechanical properties test, it was concluded that an optimized layer structure for the
multi-phase coating should include Ti-N compounds as the surface layer and Cu-Ti intermetallics as
the intermediate layer.

Keywords: C61900 Cu alloy; multi-phase coating; gradient Cu-Ti films; thermos plasma nitriding

1. Introduction

The C61900 aluminum bronze alloy has been widely applied in the electronics, electri-
cal, automotive, aviation, and astronautics fields. However, the deficient wear resistance
of Cu alloys makes surface modification necessary [1-4], especially for Cu alloy devices
used in harsh environments. Plasma nitriding of titanium alloys has been investigated to
fabricate a titanium nitride layer for its excellent wear resistance and high hardness [5-7].
However, the disparity between the hard coating and the soft Cu substrate results in low
adhesion [2,5]. To solve this problem, a gradient layer is proposed to achieve a higher
interface strength by metallurgical bonding in thermal diffusion [8]. Specifically, an in-
termediate Cu-Ti intermetallic layer is regarded as the most appropriate candidate to be
the transition medium between the titanium nitride layer and the Cu substrate [9-11],
where the formation of a thin TiN and Cu3Ti3O layer contributes to the improvement of
wear resistance by plasma nitriding [12]. In addition, the multi-phase coating containing
nanocrystalline or micro grains, such as TiN/TiAl and TiN/TiCN, also enhances ductil-
ity [13-15]. Fouquent et al. investigated the plasma-assisted nitriding process on Ti-6Al-4V
alloy, and they found that the main phases of the nitrided layer were J-TiN, &-Ti;N and
the solid solution of N atoms dissolved in a-Ti [16]. In our previous studies [17,18], it was
reported that the different Cu-Ti intermetallics of varying mechanical properties might
form during the thermal diffusion process [19,20], and their formation was affected by
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the addition of N atoms [21-25]. From the Ti-N phase diagram, it can be seen that J-TiN
(Fm3m), ¢'-TipN (141/amd), e-TipN (P42/mnm), a-Ti, and B-Ti of nitrogen-containing solid
solutions all exist in this system, where the solubility of N atoms in «-Ti is 23 at.% [26]. To
be mentioned, the interaction between Al and Cu, Al and Ti during the thermos plasma
nitriding process must be considered due to the high content of the Al atom in the C61900
Cu alloy (8.95 wt.%). The projection in the liquid phase and the isothermal section of
the Al-Cu-Ti ternary phase diagram at 500 °C shows that the AlCu,Ti phase can form
in a variable composition interval [27]. The formation mechanism of AlCu,Ti in plasma
nitriding of Cu-Ti films on C61900 Cu alloy is attributed to the elemental Al diffusion
process in the C61900 Cu alloy and the Ti atoms in the film layer. However, the above
mentioned researches mainly focused on the experimental results of the microstructure
and the optimal mechanical properties in the series of experiments. The design and control
of the phase compositions based on the first principle study have been rarely explored.
Actually, both the phase stability and the mechanical properties of the Ti-N compounds
and the Cu-Ti intermetallics have been investigated [28-30], but there are still few reports
on the Ti-Cu-N and Ti-Al-Cu ternary systems that industry demands.

In the present study, surface modification of C61900 Cu alloy by thermos plasma
nitriding of the prefabricated Cu-Ti film was undertaken, and the wear resistance was
evaluated experimentally. Combining the calculation by the first principle method and
thermodynamic analysis, the microstructure formation and phase composition of the Cu-
Ti-N and Al-Cu-Ti systems were investigated to reveal the mechanism of the improved
wear resistance, where the formation potential, phase stability, and mechanical properties
of the Ti-N nitride compounds and Al-Cu-Ti compounds and the essence of the improved
wear resistance of the multi-phases coating were explored. The conclusions could provide
useful instructions for the surface modification of C61900 alloys by the combination of
magnetron sputtering and plasma nitriding processes.

2. Materials and Methods

A $20 mm C61900 aluminum bronze bar was sliced into $20 x 4.5 mm sections
for the surface modification process by magnetron sputtering and subsequent thermos
plasma nitriding. The chemical composition of the C61900 alloy is listed in Table 1, which
shows that it is composed of copper, aluminum, iron, etc. The obtained substrates were
first treated for solid solution by water quenching after heating at 930 °C for 2 h. The
Cu-Ti gradient films of different compositions were firstly fabricated with the UDP450
closed field unbalanced magnetron sputtering equipment, and the processing parameters
are listed in Tables 2 and 3. The subsequent thermos plasma nitriding of the obtained
films was undertaken to generate a multi-phase coating in a homemade pulsed plasma
multicomponent infiltration furnace (LDMC-30 kW), with a nitrogen and hydrogen gas
flow rate ratio of 0.3:0.1 L/min to generate a high nitrogen phase. Detailed information
on the magnetron sputtering and plasma nitriding processes can be found in previous
studies [31,32].

Table 1. The chemical composition of C61900 Cu alloy (wt.%).

Al C Si Pb P S Fe Mn Sn Zn Cu
8.95 0.01 0.06 0.02 0.05 0.06 3.87 0.35 0.09 0.08 Bal.

Table 2. The fixed parameters for the magnetron sputtering process.

Total Ar Substrate Bias Sputtering Time Substrate-to-Target Workpiece Rotation =~ Vacuum Chamber
Pressure (Torr) (h) Distance (mm) Speed (r/min) Temperature (°C)
3.7 x 1072 3 120 5 20~150
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Table 3. The parameters for the fabricated films with different Cu, Ti contents.

Process Ti Target Power (W) Ti Target Current (A) Cu Target Power (W) Cu Target Current (A)
F1 2500 7.00 100 0.33
F2 2000 5.69 300 0.84
F3 1000 3.02 450 1.18

The phase structures of the gradient Cu-Ti films and the multi-phase coating were
characterized by the D/max-rB rotary anode X-ray diffractometer, and the CuKo target was
applied at a voltage of 40 kV and current of 30 mA, with a scanning range from 20°-100°
and scanning speed of 5°/min. The XRD patterns were compared with the standard PDF
(ASTM) card to complete the phase structure calibration. The phase structures of the multi-
phase coating were also analyzed by grazing incidence X-ray diffraction at an incident
angle of 1°. The surface morphology and cross-sectional morphology of the pre-fabricated
coatings were examined by a scanning electron microscope (SEM, SUPRA 55 SAPPHIRE),
equipped with an energy dispersive spectrometer (EDS).

The hardness and elastic modulus of the multi-phase coatings were measured by a
nano-indenter, where the continuous stiffness measurement (CSM) mode was applied at
continuous indentation depths. The scratching test was then performed on the MFI-4000
multifunctional material surface performance tester to evaluate the adhesion of the coating.
The device was continuously loaded by a diamond scriber in automatic mode at a loading
speed of 100 N/min and maximum load of 100 N, where the sensor recorded the acoustic
emission signals and the friction force signals. When the film layer peeled off, the critical
load of the binding force between the coating and the substrate could be obtained. In
addition, the pin-on-disk wear performance was measured against a WC ball of 5 mm in
diameter. The test was carried out under dry friction conditions with a positive pressure
of 4 N, a rotating speed of 200 r/min and a test time of 1800 s. A Wyko NT8000 white
light interferometer was used to measure the cross-sectional profiles of the worn tracks, by
which the volume wear rate was calculated [31].

For the first principle calculation, the K point and kinetic energy cut-off were opti-
mized to make the energy difference between the two settings less than 0.01 eV. After the
convergence test, the plane wave truncation energy was set to be 600.0 eV. The K points of
the Brillouin zones of TiNjy 3, TioN (P42/mnm), TipN (I41/amdz), and TiN were set to be
3x3x27x7x11,6 X6 x4,and 12 x 12 x 12, respectively, and the K points in the
Brillouin regions of the AlCu,Ti phase, the Al;CugTis phase, and the AlsCugTi; phase were
set to be 8 x 8 x 8. In addition, the phases of the Ti(;_,)MxN system were also investigated
by the Materials Visualizer module in Materials Studio, where the TiN primitive cell was
firstly established and the Ti atom in the TiN primitive cell was replaced by M (M = Al, Fe,
Cu) atom to establish the crystal structure model. Then, the established crystal structure
was acquired by taking the asymmetric structure.

3. Results and Discussion
3.1. Microstructure and Phase Compositions of the Multi-Phase Coatings

The compositions of the fabricated Cu-Ti films on the surface of the C61900 Cu alloy
measured by EDS are listed in Table 4. The Cu-Ti film with Ti/Cu atomic ratios was close to
7:1,7:4, and 1:2 for F1, F2, and F3. Figure 1 shows XRD patterns of the Cu-Ti films obtained
on the C61900 Cu alloy. The composed phases differed depending on the Ti/Cu atomic
ratio. Specifically, the crystalline phases of the F1 film were mainly -Ti phase, Ti;Cu phase,
and a trace of a-Ti phase, as shown in Figure 1a. The intense peak at 26 = 38.2° was from
B-Ti rather than «-Ti, where the formation of B-Ti phase was promoted by the Cu substrate
for the same body-centered cubic structure. In comparison, the main phases of the F2 film
were Ti;Cu and a small amount of CuTi phase, while the F3 film contained no crystalline
Cu-Ti phase, as shown in Figure 1b,c, respectively. The surface morphology of the Cu-Ti
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films also changed, as shown in Figure 1d—f, where the F1 film was smooth with uniform
particles, and the F2 and F3 films were much finer.

Table 4. The composition and thickness of the Cu-Ti films fabricated by magnetron sputtering on

C61900 Cu alloys.
Film Composition Film Thickness
Material Coating Process -
Cu (at.%) Ti (at.%) (um)
F1 12 88 3.5
C61900 F2 36 64 3.5
F3 65 35 2.9
a 120
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Figure 1. XRD results and SEM images of the Cu-Ti films on C61900 Cu alloy: (a,d) for F1, (b,e) for

F2, (c,f) for F3.

The three Cu-Ti films prepared on the C61900 Cu alloy were then treated by plasma
nitriding at 650 °C for 4 h. Except for the Cu-Ti intermetallics and Ti-N compounds, an
AlCu,Ti phase also formed after plasma nitriding, as shown in Figure 2a. The grazing
incidence XRD of the Cu-Ti films after nitriding at 650 °C indicated that the TiN and TiNy 3
phases existed in the outmost layer, and the diffraction peak of the CusTi and AlTi phases
in the F2 film coated surface was enhanced simultaneously after nitriding at 650 °C for 4 h,

as shown in Figure 2b.
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Figure 2. (a) XRD results of the Cu-Ti films after plasma nitriding at 650 °C for 4 h, (b) GIXRD results of the Cu-Ti films

after plasma nitriding at 650 °C for 4 h.
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After nitriding at 650 °C for 4 h, the surface morphology of the Cu-Ti films changed,
as shown in Figure 3. The discontinuous white Fe-rich phase formed on the surface,
which was attributed to the sputtering of the Fe element in the hollow cathode net, as
indicated by the EDS results for the selected area. For F2 and F3 films, the size of the Fe-rich
phase particles became larger (about 2-3 pum). In addition, no Cu element for F1 film after
nitriding was detected, and the Cu content on the surface of F3 film decreased.

Element Wt % At %
c 1.7 4.60
N 72 16.88
0 119 24.44
Ti 74.3 51.14
Fe 5.0 2.94

Figure 3. Surface morphology and the EDS results for the Cu-Ti film on C61900 Cu alloy after plasma nitriding at 650 °C for
4 h: (a) F1, (b) F2, (c) F3, (d) EDS result for point A in (a), (e) EDS result for region B in (c).

3.2. Mechanical Properties of the Multi-Phases Coatings

The change in the hardness and elastic modulus of C61900 Cu alloy with increasing
indented depth is shown in Figure 4. The hardness of the unmodified C61900 Cu alloy
substrate increased rapidly up to 6 GPa and then decreased gradually with the growth
of depth, which was kept constant at 3 GPa. The elastic modulus of the C61900 Cu alloy
shared the same trend until it reached about 125 GPa. The increase in the early hardness
and modulus was attributed to the size effect and work hardening effect. For the multi-
phase coatings, the hardness of the modified layer at 0-300 nm from the surface was lower
than the C61900 Cu alloy for the F1 and F3 films, and the hardness of the nitrided F2 film
was the highest at this stage, which was dependent on the particle size and the surface
morphology, as indicated in Figure 3. The hardness and modulus for the nitrided F1 and F2
films followed the same changing trend. The maximum hardness value of nitrided F1 film
and F2 film reached 5.5 GPa and 4 GPa, respectively. A critical indented depth of about
500 nm existed, where the hardness and modulus of the F1 film after nitriding were highest
when the depth was over 500 nm.

Figure 5 shows the morphology of the cross-sections and the EDS results after nitriding
at 650 °C for 4 h. The thickness of the F1, F2, and F3 films after nitriding was 7 um, 6 pum,
and 3 um, respectively. The Ti content remained at a high level only in a range of about
650 nm from the surface for F1 and F2. Combined with the results of EDS and GIXRD, it
was found that the multi-phase coatings consisted of a nitride layer as the outmost surface
and a thicker intermediate layer of Cu-Ti and AlCu,Ti. In addition, a discontinuous Cu-rich
layer appeared in the multi-phase coating of the nitrided F3 film. Due to the strong affinity
between Ti and N, the Ti-N compounds formed on the surface after nitriding under high
nitrogen content, so Cu accumulated in the subsurface.
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Figure 4. Surface hardness and elastic modulus of the Cu substrate and three films after plasma nitriding at 650 °C for 4 h
with increasing displacement: (a) hardness, (b) elastic modulus.
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Figure 5. Morphology of the cross-section (back-scattered electron image) and EDS results for the Cu-Ti
films after plasma nitriding at 650 °C for 4 h: (a) and (b) for F1, (c) and (d) for F2, (e) and (f) for F3.

The friction and wear properties of the C61900 Cu alloy and the modified surface
were evaluated. The surface topography of the worn track and the friction coefficient of
the C61900 Cu substrate against the WC ball showed serious surface wear with a deep
worn track of 12.7 pm (as displayed in our previous work [18]). As shown in Figure 6a, the
friction coefficient of the C61900 Cu alloy was stable at 0.16. In comparison, the friction
coefficient of the modified layer of nitrided F2 film and F3 film decreases to 0.1, while the
friction coefficient of the nitrided F1 film slowly increased from 0.05 to 0.3. In addition,
the wear rates of the F1, F2, and F3 films after plasma nitriding were 3.6 x 107> m3/Nm,
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1.0 x 107 m3/Nm, and 3.8 x 10~ m3/Nm, respectively, which were 98%, 99.5%, and
79% lower than the matrix, respectively, as shown in Figure 6b.

(@)o.a4 (b) "
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Figure 6. The friction coefficient and wear rate of C61900 Cu alloy and the modified surface: (a) fric-
tion coefficient, (b) wear rate.

The surface morphologies and cross-sectional profiles of worn tracks after nitriding
at 650 °C for 4 h showed that peeling of the hard coating was induced during the wear
test. The worn depth and width of F1 film reached 1.5 pm and 200 um, respectively, as
shown in Figure 7a,b. For the nitrided F2 film, only slight scratch marks remained on the
modified layer, with a depth and width of only 0.7 um and 150 pum, respectively. However,
the depth and width of the abrasive groove for the nitrided F3 film reached 4.3 pm and
400 pm, respectively. The EDS results for the A-F region in Figure 7 are listed in Table 5.
The high O content indicates that oxidation occurred during the wear process. For the
nitrided F1 film and F2 film, the N atoms in region B and region D reached 15.9 at.% and
6.7 at.%, respectively, which indicates that the nitrides formed, and this can effectively
improve the wear resistance.

Table 5. Semi-quantitative EDS results for areas A-E in Figure 7 (at.%).

Elements C N (@) Al Ti Fe Cu w
A 5.97 4.63 54.41 0.75 28.8 3.49 0.86 1.08
B 9.44 15.9 31.38 1.44 38.05 2.51 1.28 -
C 9.29 2.63 51.69 0.86 14.19 19.73 0.63 0.99
D 7.44 6.7 49.53 1.75 20.97 11.63 1.67 0.31
E 11.44 - 34.65 11.01 6.12 2.04 34.74 -
F 12.81 - 26.52 12.68 10.54 2.04 35.41 -

The acoustic signal curves and friction force curves of the multi-phase coatings on
the C61900 Cu alloy are shown in Figure 8. The friction force increased slowly as the
load grew to be about 18 N, and no change in the acoustic signal was detected. During
the scratching test of the modified surfaces, the load continuously increased. When the
normal load increased to the critical value, not only did a sudden change in the friction
force occur, but also a sharp increase in the acoustic signal could be detected due to the
fracture or separation of the multi-phase coatings. Thus, the critical load of failure could
be obtained, which was dependent on the coating thickness, the residual stress, and the
mechanical properties of the substrate (e.g., hardness), as well as the test parameters (e.g.,
ram radius and sliding speed) [33,34]. With the further increase in the load to 45 N, a spike
in the acoustic signal was induced at the critical load, indicating that the brittle coating was
broken, as shown in Figure 8a. For the nitrided F2 film, the critical load for the multi-phase
coating was 38 N, and the substrate was gradually exposed at a distance of about 1 mm
from the starting point, as shown in Figure 8b,c. Similarly, for the nitrided F3 film, the
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friction force gradually increased with the load to about 17 N, and no change in the acoustic
signal appeared until the load increased to the critical load of about 44 N. The friction force
curve also fluctuated at the intensity peak of the acoustic signal, as shown in Figure 8d.
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Figure 7. The surface morphology and cross-sectional profile of the worn tracks after plasma nitriding
at 650 °C for 4 h: (a,b) for F1 film, (c,d) for F2 film, (e,f) for F3 film.

It is well known that the wear resistance is closely related to the surface hardness
and elastic modulus. In the present work, the wear resistances of the three types of
coatings were all improved, although the measured surface hardness of the modified
coatings was even lower than that of the Cu substrate at the initial indentation depth (see
Figure 4a). The measured average hardness by the indentation could not reflect the wear
resistance appropriately. In addition, the scratching force as well as the acoustic emission
signal always showed some fluctuation. Therefore, it is of great importance to study
the mechanical properties of the possible formed phases by first principle calculations to
provide basic knowledge on the obtained surface properties of the multi-phase coatings.
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Figure 8. The scratching curves and typical surface morphology of C61900 Cu alloy after plasma
nitriding at 650 °C for 4 h: (a) the friction force and acoustic signal curve of F1 film, (b) the surface
morphology of the scratching grooves for F2 film, (c) the friction force and acoustic signal curve of
F2 film, (d) the friction force and acoustic signal curve of F3 film.

3.3. The Phase Formation Mechanism and Mechanical Properties

The structure of #-TiNy 3 can be regarded as a solid solution of N atoms in the close-
packed hexagonal structure of a-Ti. A 3 x 3 x 2 supercell is built based on the microstruc-
ture of a-Ti, where 11 nitrogen atoms occupy the octahedral space in the Tizg super crystal
cell without changing the lattice geometry of Tiss, forming TizsN1; to describe the a-TiNg 3
phase. The crystal structure models of the Ti-N system are shown in Figure 9.
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Figure 9. The crystal structures of typical Ti-N compounds, with the gray balls and blue balls representing Ti and N,

respectively.

The Gibbs free energy of TiN, e-Ti;N, and TiNj 3 between 900 K and 1100 K could be
obtained, as shown in Figure 10. The negative Gibbs free energy of these three phases firstly
indicated their possible formation; the calculated lattice parameters and the formation
enthalpy of the Ti-N intermetallic compounds are listed in Table 6 and compared with
the existing calculation results. The results showed that the higher the N content, the
greater the formation enthalpy of the Ti-N compound and the better the thermodynamic
stability, namely TiN > Ti,N(P42/mnm) > TiNp 3. The calculated elastic constants Cj; of the
Ti-N intermetallic compounds, as shown in Table 7, indicate that all Ti-N compounds are

mechanically stable.
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Figure 10. Dependence of the Gibbs free energy (AG) on the temperature (T) for the Ti-N compounds.

Table 6. The calculated lattice parameters (g, b, and ¢ in nm) of the Ti-N compounds by the first
principle, compared with other theoretical results.

Phase Space Group Lattice Parameters AE (k] mol~! of Atom)

TiNo3 P63 /mmc a=0.89152 b=0.89174 c=0.96274 —104.40
a=0591512 b=0.598872 ¢=0.97102%

TipN P42 /mnm a =0.49535 c=0.30321 —148.99
a=04953" c=0.3033"°

TipN 141/amdz a =0.58868 c=0.86547 —140.85

TiN Fm-3m a=0.42463 —192.92

a=04246"

a other work in Ref. [35]; P other work in Ref. [36].
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Table 7. The calculated elastic constants for Ti-N compounds.

Space

Single-Crystal Elastic Constants (GPa)

Stabilit
Phase Group Cn Ci2 Ciz Cn Co3 Css Css Cas (o3 y
TiNgs P63/mmc 265 83 92 270 93 288 95 9% 80 yes
2274 1182 882 2602 734 812
TN P42/mnm 351 146 103 431 148 151 yes
300 190  104P 428° 142 1490
Ti,N  141/amdz 304 72 147 197 102 24 yes
TiN Fm-3m 540 145 165 yes
581>  126° 166 P

2 Calculated data reported in Ref. [35]; b Calculated data reported in Ref. [36].

The elastic constants were applied to calculate the bulk modulus (B), shear modulus
(G), Young’s modulus (E), and Poisson’s ratio (v) of the possible phases, as shown in Table 8.
The Vickers hardness for the analyzed phases in the present work can also be obtained
based on the following equation [37],

0.585
HV:2~(1<2~G) ~3 )
where K = G/B is Pugh’s ratio.

Table 8. The calculated bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa),
Poisson’s ratio v, Pugh’s ratio G/B, Cauchy pressure C1,—Cy44, and Vickers hardness Hy for Ti-N

compounds.
S

Phase Gf:fl; B G E v G/B C1o~Cua Hy

TiNg3 P63/mmc 150.75 90.92 227.10 0.25 0.60 -13 12.49
1452 794 199 02742 0542 454

Ti,N P42/mnm 203.98 139.36 340.53 0.22 0.68 —1.21 20.00
203 P 119 299 b 0.255 P

Ti,N 41/amdz 170.06 61.84 165.46 0.34 0.36 —29.64 3.84

TiN Fm-3m 276.65 176.89 437.44 0.24 0.64 —90.13 2147

277 188 b 460 0223

2 Calculated data reported in Ref. [35]; b Calculated data reported in Ref. [36].

It can be seen that the calculated elastic modulus was in good agreement with the
previous literature. The shear modulus was positively correlated with the phase stability,
so TipN (I41/amdz) had poor stability for the lowest shear modulus. The volume modulus
(B), shear modulus (G), Young’s modulus (E), and Vickers hardness (Hy) of other Ti-N
compounds all met the relationship of TiN > Ti;N(P42/mnm) > TiNp3. That is, with
the increase in N content, both the modulus and Vickers hardness increased and were
higher than those of the Cu-Ti intermetallics. The brittleness and toughness of the Ti-N
compounds were also evaluated by the G/B ratio and Cauchy pressure C1,—Cy4 of Pettifor’s
principle [38,39], which indicated that the TiN, TipN (P42/mnm), and TiNj 3 all belong to
brittle compounds. Therefore, the surface modification layer of C61900 Cu alloy should be
designed with the hard Ti-N compound as the outmost layer and the Cu-Ti intermetallics
as the middle layer for the compromising hardness.

The properties of the AICu,Ti, Al3CugTis, and AlsCugTiz were also investigated by
first-principle calculation. The crystal structures of the four phases are shown in Figure 11.
An Al atom in the AlCu,Ti phase structure is replaced by a Ti atom to form the crystal
structure of the Al3CugTis phase. Similarly, the formation mechanism of the AlsCugTis
crystal structure is attributed to the replacement of the Ti atom with an Al atom in the
AlCupTi crystal structure. Table 9 shows the calculated lattice parameters and the formation
enthalpy of the AICu,Ti, Al3CugTis, and AlsCugTis phases, compared with other, related
values in the literature [40,41]. The calculated lattice constants are close to those in the
literature with a deviation of less than 1%. The negative formation enthalpies of AlCu,Ti,
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Al;CugTis, and AlsCugTis intermetallics indicate the thermodynamic stability of the above
phases, where the lowest formation enthalpy of the AlCu,Ti phase indicates its best stability.
In addition to the thermodynamic stability, the mechanical stability was also achieved
to judge whether a phase is formed. The calculated elastic constants Cj; of AlCu,Ti,
Al3CugTis, and AlsCugTis are shown in Table 10, which shows that all three phases have
mechanical stability.

AlCusTis AlCu2Ti AlsCusTis

Figure 11. The crystal structures of AlCu,Ti, Al3CugTis, and AlsCugTis, with the pink balls, the blue
balls and the yellow balls representing Cu, Ti, and Al, respectively.

Table 9. The calculated lattice parameters (4, b, and c in nm) for the Al-Cu-Ti intermetallics, compared
with the other theoretical results.

Phase Lattice Parameters AE (k] mol~! of Atom)
AlCu,Ti a =0.60394 —30.22
a=0.60322
a=0.6053"
Al3CugTis a =0.60750 b =0.60750 ¢ =0.60751 —23.61
Al5CugTis a=0.60359 b =0.60359 ¢ =0.60359 —26.96

2 Calculated data reported in Ref. [40]; b Calculated data reported in Ref. [41].

Table 10. The calculated elastic constants for the Al-Cu-Ti intermetallics.

Single-Crystal Elastic Constants (GPa)

Stabilit
Phase Cn Cr2 Ci3 Cx Cx Cs3 Cy Css Ces y
AlCu,Ti 170 110 105 yes
1632 1212 972
144 b 124° 98 b
Al3CugTis 149 120 121 151 121 152 95 95 95 yes
AlsCugTis 157 107 108 155 107 158 91 91 91 yes

2 Calculated data reported in Ref. [40]; b Calculated data reported in Ref. [41].

The AlCu,Ti, AlzCugTis, and AlsCugTi; intermetallics are all thermodynamically
and mechanically stable, which might be formed within a certain range of elemental
composition. The elastic constants were applied to calculate the volume modulus (B), shear
modulus (G), Young’s modulus (E), and Poisson’s ratio (v). The hardness, brittleness, and
toughness of these intermetallics were evaluated. The mechanical properties of AlCu,Ti,
Al3CugTis, and AlsCugTis are listed in Table 11. The calculated volume modulus is in
good agreement with the literature [40,41], and the hardness of the AICu,Ti phase reached
6.75 GPa. According to the criterion for determining toughness and brittleness based on the
G/B values, the AlCu,Ti, Al3CugTis, and Al;CugTi; were all ductile phases. As a ductile
material with high elastic modulus and hardness, the AlCu,Ti phase is a good candidate in
applications as a wear-resisting material.
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Table 11. The calculated bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa),

Poisson’s ratio v, Pugh’s ratio G/B, Cauchy pressure C15—Cy44, and Vickers hardness Hy for the
Al-Cu-Ti intermetallics.

Phase B G E v G/B C12—C44 HV
AlCu,Ti 130 63 164 0.29 0.49 5 6.75
1354 554 0.412
131b 42b 120b 0.354b 0.32P
Al;CugTis 124 54 141 0.34 0.44 25 4.81
Al5CugTis 131 47 125 0.31 0.36 16 2.68

2 Calculated data reported in Ref. [40]; b Calculated data reported in Ref. [41].

The effect of N on the formation enthalpy of 3-CuyTi, CuTi, CusTiy, and TipCu is shown
in Figure 12. It can be seen that the solid solution energy of the Cu-Ti intermetallics firstly
dropped and then increased with further growth in N content. Therefore, the addition of N
atoms affected system stability and had a significant influence on the formation enthalpy,
which provided good theoretical guidance for the nitriding of Cu-Ti intermetallics. To
evaluate the influence of the M atom (M = Al, Fe, Cu), the Ti(1—MxN system was also
investigated. Table 12 shows the lattice parameters and formation enthalpy of Ti(; _)MxN,
which were set and calculated at the K-point of Ti(;_MxN in the Brillouin zone. The
relationship between the phase formation enthalpy of Ti;;_,)MxN and the content of
M is shown in Figure 12b. It can be seen that the Al, Fe and Cu in TiN had different
influences on formation enthalpy, and high thermodynamic stability could be achieved for
the Ti(; _,)MxN system when the content of element M was in a certain range. Specifically,
when the Ti atom was totally replaced by the Fe atom, the formed FeN structure tended to
be unstable. When the Cu atom replaced the Ti atom to form the Ti; _ MxN phase, the
formation enthalpy increased rapidly, and the structure became unstable when x > 0.75.
According to previous research works [42,43], the TiNy grain boundary is isolated and the
growth of TiN is hindered when the Cu content reaches a certain value.

(a) (0) 100
) z
g 2 50t
s - 8
g0 2
= T 0
g -10 + %
2 ——CwTiN) | T =50t
Z -60 —o— Cu3Tiz(N) ’—:::
5 —a—CuTi(N) 2100
=
8801 v TiCu) | o
5 =)
2 = =150 F
= 160 F £
“ 2 200
,120 L L L 1 1 L 1 1 L L L
0 10 20 30 40 50 ol 70 0.0 0.2 0.4 0.6 0.8 1.0
Atomie fraction N {%) Function of composition x for the Tigx)M=xN alloys

Figure 12. (a) The change in the solution energy for N in Cu-Ti intermetallics; (b) the formation
enthalpy of Ti(;_)MxN.

The calculated elastic constants Cj; of Ti(; _x)MxN are shown in Table 13. It can be seen
that all types of Ti(;_,)MxN compounds are mechanically stable except for FeN. However,
the thermodynamic and mechanical stability change when x > 0.75, which indicates that the
phases easily decompose or react with other substances, although the structure could form
in the non-equilibrium process when the Cu content in Ti(; _)MxN phase is high enough.
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Table 12. The calculated lattice parameters (4, b, and ¢ in nm) of Ti-N intermetallics.

Replacing Atomic . . AE (k] mol—1
Atom Fraction K-Points Lattice Parameters of Atom)
0.25 16 x 16 x 16 a=0.42195 —168.22
Al 0.5 12 x12x 8 a=0.29383 ¢ =0.42418 —150.1
0.75 14 x 14 x 14 a=0.41357 —138.17
1.0 12 x 12 x 12 a = 0.40694 —139.34
0.25 10 x 10 x 10 a=0.42098 —146.68
F 0.5 13 x13x9 a =0.29505 ¢ =0.41587 —98.06
€ 0.75 14 x 14 x 14 a=0.41228 —47.11
1.0 6X6Xx6 a=0.40093 4.93
0.25 10 x 10 x 10 a=0.42391 —134.26
c 0.5 11 x11 x 8 a =0.30097 ¢=041715 —68.38
u 0.75 12 x 12 x 12 a=0.42043 3.16
1.0 12 x 12 x 12 a=041723 78.59

Table 13. The calculated elastic constants for Ti(;_,MxN intermetallics.

Replacing Atomic Single-Crystal Elastic Constants (GPa)

. Stability
Atom Fraction Ci1 C12 C13 Cs3 Cy Ceo
0.25 50564  145.68 179.63  505.64 Yes
05 5485 8381 15853 39415 18757  179.15 Yes
Al 0.75 409 165.74 307.61 409 Yes
1.0 43496  154.94 232.1 43496 Yes
0.25 52579  120.65 15052 525.79 Yes
05 4177 15014 1254 50089 11723 16854 Yes
Fe 0.75 40459  118.68 100.84 40459 Yes
1.0 400.13 2675 _7356  400.13 No
0.25 48549 15349 14472 48549 Yes
05 42149 13671 14948 49681 9477 124.03 Yes
Cu 0.75 373 150.51 82.45 373 Yes
1.0 20483 15819 60.05 294.83 Yes

The volume modulus, shear modulus, Young’s modulus, Poisson’s ratio, G/B value,
Cauchy-pressure, and Vickers hardness of Ti1—MxN were also calculated, as shown in
Table 14. It can be seen that the volume modulus, shear modulus, elastic modulus, and
hardness all decreased with the increasing content of Fe and Cu. When the intermetallics
contained the element Al, the volume modulus decreased while the shear modulus in-
creased, which means that both Young’s modulus and hardness grew. The shear modulus
was positively correlated with phase stability, which was consistent with the changing
minimum enthalpy and high stability when Ti atoms were replaced by Al atoms.

Table 14. The calculated bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E
(GPa), Poisson’s ratio v, Pugh’s ratio G/ B, Cauchy pressure C1,—Cy4, and Vickers hardness Hy for
Ti(1—xMxN intermetallics.

Replacing Atomic

Atom Fraction B G E v G/B C12—Cyy Hy
0.25 265.66 179.77 440.05 0.22 0.68 —33.95 23.4
Al 0.5 253.87 180.32 437.41 0.21 0.71 —103.76 24.99
0.75 248.28 189.51 453.22 0.2 0.76 —77.16 28.35
1.0 246.66 211.87 494.13 0.17 0.86 —141.87 35.42
0.25 255.7 169.55 416.58 0.23 0.66 —29.87 21.91
Fe 0.5 242.8 143.8 360.28 0.25 0.59 3291 16.82
0.75 213.99 115.99 294.73 0.27 0.54 17.84 12.76

Cu 0.25 264.16 152.89 384.48 0.26 0.58 8.77 17

0.5 24478 120.28 310.05 0.29 0.49 41.94 11.35
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As a whole, the random distribution of the Ti-N compounds and the Al-Cu-Ti in-
termetallics contributed to great enhancements in wear resistance. During the thermal
diffusion process, the inter-diffusion of the Ti atoms and Cu atoms promotes the formation
of hard intermetallic grains, where some loose structure and pores might be generated. In
addition, the grain growth leads to a rough surface, which results in a quick displacement
at the initial stage. Especially for the F3 sample, the deficient Ti atom made it quite dif-
ficult to form enough Cu-Ti intermetallic, not to mention the Ti-N compounds, and the
inter-diffusion between the Cu and Ti atoms led to surface grain coarsening.

4. Conclusions

Combining the calculated formation enthalpy by first principle study and the thermal
dynamics analysis, both the Al-Cu-Ti intermetallics and the Ti-N compounds could be
formed during the plasma nitriding process (900-1100 K). The experimental results further
verified the formation of the CusTi, CuTi, CuTi,, and AlCu,Ti phases in mutual diffusion
of Cu-Ti as long as Al atoms were present. The first principle calculation showed that the
hardness and modulus of the Ti-N system were higher than those of the Cu-Ti system, and
the Ti-N compounds were essentially brittle. Therefore, it is reasonable to fabricate a Ti-N
compound outmost layer and transition layer of Al-Cu-Ti intermetallics. In this way, the
gradient hardness and modulus between the surface layer and the intermediate layer will
contribute to the improvement in wear resistance and the adhesion force of the multi-phase
coating. In addition, the gradient Cu-Ti film will improve the formation efficiency of the
intermediate transition compound layer, and the composed phases in the modified layer
can also be controlled by prefabricating films with different Cu/Ti ratios.
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