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Abstract: In this work, the interface bonding properties of Al;O3/CoCr metal matrix composites
were calculated using first principles after Al;O3 was added to traditional CoCr alloys. The phase and
microstructure of the CoCr alloy and the Al,O3/CoCr metal matrix composites were characterized.
The results indicate that the interface binding ability of the Al;O3 (111)/CoCr (111) interface model
was the strongest, and the electronic overlap of its interface was the highest. The charge density
was the strongest, the overlap area was the highest, and there was a charge accumulation area at
the interface. Meanwhile, the influence of the amount of added Al,O3 on the bonding strength
of the Al;O3/CoCr interface was studied. It was concluded that the interface bonding ability of
the Al,O3 (111)/CoCr (111) interface was the best when 5% Al,O3 was added. By studying the
phase composition and microstructure of Al;O3/CoCr metal matrix composites, it was shown that
the microstructure of the composites was uniform and dense after added Al,O3, Al,O3, MgC, and
CoAl,O4 phases appeared, and the grain size was finer.

Keywords: first principles; CoCr alloy; Al,Oj3; selective laser melting

1. Introduction

Cobalt-chromium (CoCr) alloys have wide applications in the field of dentistry [1,2],
due to the CoCr’s superior mechanical properties, resistance to corrosion, and biocompat-
ibility. However, the CoCr alloy encounters some problems in clinical use, such as low
gold—porcelain bonding strength, easy shedding of the porcelain layer, and easy precipita-
tion of metal ions [3-5], which limit its application in the field of dentistry. Therefore, it is
necessary to find an effective way to improve the properties of the cobalt-chromium alloy.
Ceramic-particle-reinforced composite materials have become a commonly used method to
improve material properties. Ceramic-metal matrix composite materials integrate many
excellent characteristics of metal and ceramic materials and possess high hardness, high
strength, excellent wear resistance, and corrosion resistance of ceramic materials without
damaging the plastic toughness of metal materials [6-9].

In recent years, research has been conducted exploring and improving the properties
of the CoCr alloy reinforced by ceramic particles [10-12]. For example, Gong et al. [10] pre-
pared CoCrNi-based high-temperature, wear-resistant composites containing Al,O3 ceramic
particles using powder metallurgy technology. The results show that the Al,Os-reinforced
CoCrNi matrix composites have higher hardness, density, and wear resistance than those
without Al,Os. Above 800 °C, Al,Oj3 particles react with CoO to form a high-temperature
solid lubricant CoAl,O4, which reduces the wear rate and friction coefficient of the compos-
ite and improves the wear resistance. Bandyopadhyay et al. [12] prepared ceramic/metal
matrix composites by adding calcium phosphate (CaP) as reinforcement ceramics into CoCr
alloys. The results showed that the concentration of Co ions decreased from 367 + 7.071 ppb
to 13.69 + 0.12 ppb, and the concentration of Cr ions decreased from 25.5 & 3.536 ppb
to 4.34 £+ 0.06 ppb. Human osteoblasts were selected to test the biocompatibility of ce-
ramic/metal matrix composites with an in vitro cytotoxicity test. The results showed that
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CoCrMo-CaP composites had no obvious cytotoxicity. Therefore, finding suitable ceramic
particles can effectively improve the performance of CoCr alloys. Existing studies have
shown that Al,O3 and Co have good wettability [13]. Therefore, this paper intends to add
AlyOs3 to CoCr alloys to improve traditional CoCr alloys and to prepare ceramic/metal
matrix composite materials that are more suitable for dental field.

The properties of Al,O3/CoCr metal matrix composites mainly depend on their atomic
structure and interface bonding properties, but these properties are difficult to study using
experimental methods. At present, first-principles calculations based on density func-
tional theory (DFT) can be used to study the microscopic interaction mechanism of the
interface [14-19]. The Al,O3/metal composite interface has certainly received extensive
attention in research. For example, Sergey et al. [20,21] used first-principles calculations to
explore the electronic structure and stability of the Cu (111)/ x-Al,O3 (0001) interface and
made an in-depth analysis of the interface structure at the nano level. Qiu et al. [22] used a
first-principles discrete variational method to study the electronic structure and magnetism
of Co/Al,O3/Co under O-terminal and Al-terminal interface models of different thick-
nesses under local spin-density approximations. However, there are few first-principles
calculations and research reports on the Al,O3/CoCr interface. Therefore, it is necessary
to deeply explore the interface bonding condition and stability between Al,O3 and CoCr
alloys from a theoretical perspective and explore and study the aspects of combining theory
with practice and explaining experimental phenomena and mechanisms. In this paper,
three kinds of interface models, including Al,O3 (111)/CoCr (100), Al,O3 (111)/CoCr (110),
and Al,O3 (111)/CoCr (111), were established by using the first-principles calculation
method. The adhesion work, interface energy, and electronic structure properties of the
three interfaces were calculated and analyzed in detail. Meanwhile, Al,O3/CoCr metal
matrix composites were prepared by SLM technology, and their phase composition and
microstructure properties were analyzed.

2. Materials and Methods
2.1. CoCr Alloy Powder

The micromorphology of Renishaw special CoCr alloy powder produced from the
Huarong Purui (Beijing, China) Science and Technology Co., Ltd., Beijing, China, is shown
in Figure 1. The powder purity is 99%, and the powder has a good spherical size, uniform
particle size distribution, and a relatively smooth particle surface.

Figure 1. SEM images of CoCr alloy powders at low (a) and high (b) magnification.

The CoCr alloy used is 8.3 g/cm?, and the melting point is 1380 °C, complying with
ASTMEF-7598 (I505832-4:1996); it is suitable for the constituency laser melting process. The
specific chemical composition of the alloy powders is shown in Table 1.
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Table 1. Main chemical elements of CoCr alloy powders.

Chemical Composition Cr Mo Si Mn Fe C Co
Content (%) 29.5 5.3 0.7 0.5 0.4 1.2 Others

2.2. Al,O3 Powder

For this study, we used Al;O3 ceramic powder, which is produced from Jiangsu Soviet
Union Ruixin Material Co., Ltd., Changchun, China. The powder purity is 99%, with a
melting point of 2050 °C and a fire resistance of 2000 °C, and the maximum temperature
can reach 1950 °C. The micromorphology of this powder is shown in Figure 2. The powder
has an irregular sheet structure, the agglomeration phenomenon is serious, obvious gaps
appear between the agglomerations, and it has a low density.

Figure 2. SEM images of Al,O;3 alloy powders at low (a) and high (b) magnification.

2.3. Test Method
2.3.1. The Preparation Method of Al;O3/CoCr Composite Powder

The composite powder was prepared by vacuum ball milling. The planetary ball mill
(model QM-35P4) was used to complete the test. The parameters of the ball mill were set
as follows: the rotational speed was 60 rpm, the ball milling time was 6 h, the ball material
ratio was 3:1. The specific process was as follows: Al,O3 as the reinforcement particle of
the metal matrix composite material, CoCr as the matrix material, ZrO, balled together
into the stainless steel ball milling tank, and the ball milling tank after vacuum according
to the parameters to complete the test.

2.3.2. SLM-Forming Test

The SLM manufacturing equipment used in this study was the UK Renishaw AM400.
The laser model was SPIredPOWER 400 W, the laser wavelength was 1071 nm, the beam
focus diameter was up to 70 pm, and the laser output mode was the pulse type.

The specimen size was 10 x 10 x 10 mm?>. The printing process and shape of the CoCr
alloys and the Al,O3/CoCr metal matrix composite samples are shown in Figure 3. SLM
manufacturing Al,O3/CoCr metal matrix composite forming process parameters were as
follows: P =200 W, V =700 mm/s, h = 0.06 mm, and d = 0.03 mm.
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Transverse cross section(TC)

Figure 3. SLM specimen and specimen printing demonstration process.

2.3.3. Microstructure Measurement and Calculation

The microstructure of the sample was observed with the AXIO ScopeAl optical
microscope. A Hitachi SU5000 thermal field emission scanning electron microscope was
used to observe the micromorphology of the samples. The phase composition of the
samples was analyzed using D/max-Rb XRD. The TEM test was conducted with a FEI
Tecnai G2 F20 device to analyze the micromorphology. For the metallographic corrosion
method, aqua reticulum (hydrochloric acid: nitric acid = 3:1) was heated to 100 °C, the
sample was put in, and the corrosion time was 10 s.

The content (volume fraction) of the y phase (face center cubic (FCC) structure,
a = 0.35447 nm, ICDD card No. 15-0806) in the CoCr alloy can be calculated using
Equation (1):

1(200) pcc
%FCCphase = 100% 1
P = 1(200) e + 0451(101) jyp M

where I(200)rcc and 1(101) hexagonal close packed (HCP) are the diffraction intensities of
(200)pcc and (101)ycp of the crystal plane, respectively.

3. Results
3.1. The Physical Nature of CoCr
3.1.1. Crystal Structure

The system studied in this paper is that of Al;O3/CoCr. Before the interface modeling
calculations were performed, the crystal structures of Al;O3 and CoCr were optimized
to obtain the desired theoretical structure, ensuring the validity and accuracy of the cal-
culations. Existing studies have indicated that CoCr alloys are mainly a-Co at room
temperature [23], and its crystal structure is the surface center cubic structure (FCC). Since
the lattice constants obtained from the Cambridge Crystallographic Data Centre (CCDC)
cannot be directly used to calculate the properties of the material, this study first optimized
the model structure into a stable structure to make the model closer to the real structure.
The CoCr alloy is mainly a binary alloy, and the main elements are Co and Cr, with Co as
the main component and the solid solution of the Cr element forming austenite with FCC
crystal structure. Therefore, this paper focuses on Co and Cr elements in 1:1 modeling [24].
Figure 4 shows the optimized CoCr crystal structure, and the established crystal model is
calculated as 2 x 2 x 2 crystal supercells.
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Co Cr

Figure 4. Crystal structure of the CoCr alloy.

3.1.2. Electronic Structure

This calculation is based on density functional theory, using a first-principles pseu-
dopotential method, which was implemented in a generalized gradient approximation
framework and used the PBE functional, the KS equation, and a super-soft pseudopotential
to describe the interaction between valence electrons and the real ions. During the calcula-
tion process, the plane-wave cut-off energy ENCUT and K-point values were optimized
first to ensure the accuracy of the calculation and then to increase the plane-wave cut-off
energy with a very small change in the total energy of the system; we then considered
the size of the calculation quantity and chose a reasonable value. After optimization, the
maximum cut-off energy calculated by plane waves in inversion space was 450 eV, the con-
vergence accuracy of single-atom energy was 1.0 x 1075 eV, there were 8 x 8 x 8 Brillouin
area K points, the self-consistent iteration was 300 times, the average atomic force was not
more than 0.4 eV/nm, and all parameters converged. The theoretical value of the CoCr
lattice constant was obtained by calculating the total crystal cell energy of the bulk material
varying with the lattice constant. The lattice parameters obtained after the calculation and
optimization are shown in Table 2. The table shows that the optimized lattice parameters
are approximated to the theoretical value.

Table 2. Lattice parameters of CoCr.

CoCr a b c =3 Y
Theoretical parameters [25] 3.545 3.545 3.545 20 90
Parameter after optimization 3.553 3.553 3.553 90 90

The density of states (DOS) of the optimized CoCr crystal structure is shown in
Figure 5. As shown in Figure 5a, the body-phase CoCr DOS has an asymmetric distribution,
indicating that the body-phase CoCr is magnetic. Therefore, Figure 5a—c have both spin-up
and spin-down parts.

In the distribution of the upward spin density of states shown in Figure 5a, there are
three bonded main peaks in the conduction band below the Fermi level at —0.3 eV, —0.5 eV,
and —1.8 eV, with a strong electron distribution band gap. Among them, the upper and
lower spin densities of states of the —1.8-eV peak close to the Fermi level have a large
density of states spanning the Fermi level, and they span the conduction band where the
Fermi level continues from the valence band to above the Fermi level; thus, the valence and
conduction bands can overlap at the Fermi surface, as shown in Figure 6.
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Figure 5. Densities of states of the optimized CoCr product: (a) total density of states, (b) Co partial
density of states, and (c) Cr partial density of states.
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Figure 6. Band structure of CoCr. (a) SPIN UP, (b) SPIN DOWN.

Figure 5c shows that the band gap of the Cr electrons is relatively small, with the
spin-up band gap being 0.14 eV and the spin-down band gap being 0.075 eV. The Fermi
level line spans the energy band but has a small density of states. The split density of the
state map (Figure 5b,c) further shows that both Co and Cr electrons act on the Fermi level
and that Co electrons act on the Fermi level more than Cr electrons.

3.2. The Physical Nature of Al,O3
3.2.1. Crystal Structure

The phase structure of Al,O3 includes x-Al,O3, 8-Al,O3, x-Al, O3, v-Aly O3, 8-Al, O3,
and (3-Al, O3, and a-Al,Oj3 is the most commonly used [26]. O ions accumulate in the
HCP, and Al ions fill the octahedral gap because the number ratio is 2:3; thus, there will be
position vacancies. Note that y-Al,O3 is generated by aluminum hydroxide dehydration
at lower temperatures, O ions accumulate with ccp, and Al ions irregularly occupy the
octahedral and tetrahedral gaps surrounded by oxygen ions. Therefore, the hardness of the
crystal is not high, and it has a large surface area, high catalytic activity and adsorption
force, and a livelier nature than the « type. The crystal structure properties of all structural
Al>O3 are given in Table 3 [27]. As can be seen from Table 3, the y phase is a cubic structure
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with small density and particle size in the metastable state. The 0 phase is a monoclinic
structure, a transition phase, and metastable state. The « phase is the ground-state phase
for Al,O3, and the density and particle size are the largest among the three phases.

Table 3. Performance of Al,O3 crystal.

Type Density/(g-cm—3) Property Structure Stability
- FCC Metastable
v-AlL,O3 3.2~3.4 Strong reactivity Cubic state
HCP Metastable
0-AL0; 3.6 Center Monoclinic state
Poor activity HCP Steady
%Al O3 397 High-hardness Rhombohedral state

Studies have shown that the crystal structure of x-Al,Oj is the most compact, with
high resistivity, good insulation, and thermal stability in all Al,O3 [28,29]. In the field
of dental applications, x-Al,O3 has stable chemical properties and is often used to make
bioceramics. Therefore, after comprehensive consideration, we decided to use x-Al,O3.
After optimization and static calculation, the optimized crystal structure is shown in
Figure 7.

Figure 7. Crystal structure of Al,Os.

The crystal structure parameters are shown in Table 4, and they are optimized to agree
with the theoretical values.

Table 4. Lattice parameters of Al;O3.

A1203 a b I X = B Y
Theoretical 4.759 4.759 12.991 90 120
parameters

Optimized after 4796 4.796 13.089 90 120
parameters

3.2.2. Electronic Structure

The electronic configuration of O is 1s?2s22p*, and the electronic configuration of Al is
[He] 3s2 3p1. Figure 8 shows the DOS and band structure of the x-Al,O3 crystal structure.
Figure 8a is the total density of states of the system. It can be seen that the density of
states near the Fermi level is not zero, indicating that the system has a certain conductivity,
and the conduction band’s bottom and the valence band’s top overlap. According to the
correspondence between the density of states and the band structure, the density of states
of the lower-energy part of Figure 8a—c (—7 eV~—0.1 eV) corresponds to the low-energy
band of Figure 8d, and the density of the high-energy part (6 eV~10 eV) of Figure 8a—c is
produced by the high-energy band of Figure 8d, where the sharp density peak is relatively
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flat and the delocalization is stronger. Figure 8b represents the split-wave electron densities
of the 3s and 3p orbitals of Al. Figure 8c shows the electron density of split wave states
at 2s and 2p orbitals of O. The density of states in the low-energy part corresponds to the
bonded molecule orbits of most electronegative atoms, namely, O atoms. It can be seen
from Figure 8c that the density of states of O2s electron orbitals contributes the most in the
low-energy part. For the density of states at high energies, the opposite is true, which is
mainly because of the atomic orbitals of Al atoms. Comparing (b) and (c) in Figure 8, it can
be seen that the density of states exhibits a “resonance” phenomenon, indicating that they
have been bonded.
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Figure 8. Densities of states and band density of Al;O3 crystals: (a) overall density-of-states diagram,
(b) Al atomic fractional density of states, (c) O atomic fractional density of states, and (d) band structure.

3.3. Convergence Test

This section determines the surface convergence tests based on the (100), (110), (111),
and (111) faces of x-Al;O3 in CoCr. CoCr (100), (110), and «-Al,O3 (111) are then put into
a-Al,O3 (111) /CoCr (100), x-Al,O3 (111)/CoCr (110), and «-Al,O3 (111)/CoCr (111) to
calculate the interface binding work and interface energy of the three interface models,
as well as to analyze the charge density and state density, explore the bonding and inter-
face binding strength, and explain the heterogeneous nuclear potential of Al,O3 on the
CoCr matrix.

3.3.1. The Convergence Test of Al,O3

In order to fully simulate the internal microstructure of the material, the spatial struc-
ture of the model must be reasonably established. In the model, the spatial structure is
mainly realized by the layer thickness. Only when the atomic layer thickness reaches a
certain thickness can the most accurate simulation calculation results be obtained. To maxi-
mize computational efficiency, a convergence test is used to obtain the most suitable atomic
layer thickness. In this study, the surface energy of atomic layers 4, 5, 6, and 7 are tested,
and the surface energy is calculated as shown in Equation (2).

EN, — NAE

slab
B — 2
2 @
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Here, EY, is the total energy after the N-layer atomic model is completely escaped,
AE is obtained by (Esl\lizb — EQ;;Z) /2, and N indicates the number of atomic layers.

The calculation results of the surface energy are shown in Table 5. The surface energy is
an important indicator to measure the surface stability of the model. The smaller the surface
energy is, the more stable the surface model is. As can be seen from Table 5, convergence is

reached at layer 7, with a surface energy of 0.43239 J/m?.

Table 5. Surface energy of Al,O3 with different layer thicknesses.

Number of Plies (N) Eslab (cV) o (J/m?)
4 0.884 1.121
5 0.719 1.035
6 0.693 1.0545
7 0.435 0.43239

3.3.2. The Convergence Test of CoCr

Table 6 shows the surface energy under different exponential surfaces of CoCr cal-
culated using Equation (1). As shown in Table 6, the CoCr (100) surface model achieves
convergence at eight layers, with a surface energy of 2.12 J/m?. The CoCr (110) surface
model reaches convergence at six layers, with a surface energy of 2.31 J/m?. The CoCr (111)
surface model reaches convergence at the seventh layer, with a surface energy of 2.31 ]/m?.
Figure 9 shows the combination of convergence layers.

Table 6. Theoretical value of the lattice constant of CoCr.

o (J/m?)
Number of Plies (N)
CoCr (100) CoCr (110) CoCr (111)
4 2.56 2.83 2.37
5 2.33 2.01 2.89
6 2.51 1.63 1.98
7 1.78 1.75 1.76
8 1.35 1.87 2.01

00 00
0000
00 (00
© 0 0 0000 To 7%

Co termunal Cr terminal | Co terminal Cr terminal| Co terminal Cr terminal

o—0 ©
®© © o o
© O o
o O O O
@ ©© o
o © O O
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o e O O
O 0 O O
@ © 0 o

(a) (b) (¢)

Figure 9. Combinations of different CoCr atoms: (a) CoCr (100), (b) CoCr (110), and (c) CoCr (111).

3.4. Al;O3/CoCr Interface Calculation

In this study, three interface models of Al;O3 (111)/CoCr (100)/CoCr (111), Al,O3(111),
and Al,O3 (111)/CoCr (111) (shown in Figure 10) were constructed. The degree of lattice
mismatch of the interface was calculated based on the lattice constants of the experimental
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study based on Equation (3), and the results can be found in Table 7. When modeling,
the interface mismatch constituted by the selected two-body phase is required to be as
small as possible, and it is generally considered to constitute a stable interface [30] within
8%. As can be seen from Table 7, among the three interface models constructed, the
AlO3 (111)/CoCr (111) interface structure has the minimum lattice mismatch, only 7.41%,
indicating that the Al,Os (111)/CoCr (111) interface structure is the best of the three
interface structures, with the least interface tension, and Al,O3 and CoCr have the best
mutual wetting performance. A preliminary analysis showed that the Al,O3 (111)/CoCr
(111) interface structure is the most likely to contain heterogeneous nuclei.

2(n] — o
o= [M1-22) ®
a1+ ap
(a) vacuum layer CoCr-slab Al,0,-slab
()
(c) ‘
CoCr (100) CoCr (110)
Wnu'nn'.'u'.'.\'m'm:'u T P
inter t'ace JAVVWIVIVVAVINY ;
0 Pty 2 S e e e
ALO(111) T aL0,111) TR Lo, 1) ﬁg‘@%}iﬁgﬁ
. . €1 M 1 J
(@

interface
ALO,(111)

Figure 10. Al;O3/CoCr interface structure model: (a) atomic supercell model, (b) interface structure
model from the top view, (c) interface structure model from the front view, and (d) 3D interface model.

Table 7. Degree of the model misfit of Al;O3 (111)/CoCr interfaces.

Structure Lattice Parameters (A) € (%)
Al,O; (111)/CoCr (100) a=832,b=13.96,c=22.00 7.98
ALO; (111)/CoCr (110) a=856,b=13.54, c = 21.00 8.03
ALOs (111)/CoCr (111) a=8.62b=1254,c=27.00 7.41

In Equation (3), a1 and «y are the lattice constants at the two-phase interface.

3.4.1. Al,0O3/CoCr Interface Model

Al,Os3 is not consistent with the lattice constant of the CoCr surface protocell model,
directly preventing the construction of the interface model. In order to meet the periodic
boundary conditions and the lattice coherence relationship, suitable crystal cells in the
Al,O3 and CoCr surface atomic supercell model (Figure 10a) were found to construct
the interface model (Figure 10b). According to the convergence test results, the surface
structure of the Al;O3(111)’s seventh layer, the surface structure of the CoCr (100)’s eighth
layer, the surface structure of the CoCr (110)’s seventh layer, and the surface structure of
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the CoCr (111)’s sixth layer, we built the Al,O3(111)/CoCr (100), Al,O3 (111)/CoCr (110),
and Al,O5 (111)/CoCr (111) interface models (Figure 10b—d), and we built a vacuum layer
of 15 A above the models to prevent their interaction.

It can be seen from Figure 11c,d that the interface is mainly combined by the Co-O
connection interface. The Co-O key length is 1.936 A at the AL, O3 (111)/CoCr (100) interface,
the Co-O key length is 2.016 A at the Al,O3 (111)/CoCr (110) interface, and the Co-O
key length at the Al;O3 (111)/CoCr (111) interface is 1.782 A. It can be inferred from the
key length that the strongest bond cooperation is between the Co and O atoms on the
Al,O3 (111)/CoCr (111) interface, and the interface-binding mode is more conducive to
the combination of the two phases; however, the final evaluation of the interface binding
ability still requires comprehensive interface binding work and separation work.

@) (b)
150
100
100
~ 50 -~
E 3 s0
& ! &
8 0 oo 8 0
=] ___ =]
S50 F [ osnows -50
—Ppos_alpw
— i
-100 | -100
—rp
-150 | [—rosonw R o
N . A A ; . A A
-20 -15 -10 -5 0 5 -20 -15 -10 -5 0 5
E-E, (eV) E-E, (V)
150
(©)
100
- 50
El
g
g
Q

&
=

-100

— Thosobr ) ) )
20 -15 -10 5 0 5
E-E;(eV)

Figure 11. Fractional density of states for each crystal structure model of Al,O3/CoCr: (a) Al,O3
(111)/CoCr (100) crystal structure model’s fractional wave density of states, (b) Al,O3 (111)/CoCr
(110) crystal structure model’s fractional wave density of states, and (c¢) Al,O3 (111)/CoCr (111)
crystal structure model’s fractional wave density of states. Note: the equivalent surface value is
0.007 e A3,

3.4.2. Al;0O3/CoCr Interface Binding Performance

At present, the ceramic/metal interface binding performance can be determined by
combining the work of adhesion (W,q) [7,15], the work of separation (Wsep), and the
interface formation energy (E¢,,) because the greater the ceramic/metal interface binding
work, the more energy is needed to separate the interface. The interface binding work is
calculated as shown in Equation (4) [18]. Separation work is the energy required to separate
the interface into two free surfaces, and its calculation formula is shown in Equation (5).
As with the interface binding work, greater separation work of the Al,O3/CoCr interface
indicates that the Al;O3 and CoCr interface binds stably and is more difficult to separate,
so the interface binding strength is high, which is very desirable in practical applications.
Therefore, the physical quantity of separation work can represent the binding strength of
the interface very well. The formation energy refers to the required energy per unit area
of the system forming the interface model from the two bulk phases, and it is calculated
as shown in Equation (6) [31]. Equation (6) is often used as the thermodynamic stability
criterion of interface models. It can be seen from Equation (6) that when the interface
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formation energy is small, the energy required to form the Al,O3/CoCr interface is also
small, indicating that the interface model is more stable at this time.

(ECoCr + gAROs _ ECoCr/Ale3)

Wad — total total A total (4)

In the equation, ES2S/, Egg%, and Egzglr/ AR03 are the total energy of both the surface

model and the interface model, and A is the surface area of the interface model.

E a0, + Ecocr — Etot
W. — 2Y3
sep 2A (5)
In the equation, E;o; and A refer to the total energy and interface area of the Al,O3/CoCr
interface, respectively. In addition, E4;,0, and Ec,c, represent the total energy of the Al,O3

and CoCr layers, respectively, after removal of other layers.

Eiot1 — E —E
Efor _ total bulkz;lj403 bulkCoCr (6)

In the equation, Ep,kal,0, and Epyicocy Tepresent the total energy of the pure Al,O3
and CoCr layers, respectively.

Interface separation work and interface formation energy are calculated using Equa-
tions (4)—(6). The calculation results are shown in Table 8. It can be seen from the calculation
results that the Al,O3 (111)/CoCr (111) interface model has a maximum W,q4 value of
2.33 J/m?, indicating that the Al,O3—CoCr electron interaction and charge transfer are
strong at the AlO3 (111)/CoCr (111) interface. At the same time, Wi, is 2.12 ]/ m? and
Efyis 0.11]/ m?. Tt can be inferred that the Al,O5 (111)/CoCr (111) interface model is the
model with the most energy advantage and thermal stability. Among the three interface
models, the lowest formation energy of the Al,O3/CoCr (111) interface model corresponds
to the highest interface binding strength. It is understood that the higher interface strength
suggests stronger interactions and interface binding between the interface atoms, resulting
in the two bulk phases releasing more energy during the interface formation, thus creating
a more stable interface.

Table 8. Interfacial spacing, interfacial bonding work, and interfacial formation energy of each
interface model of Al;O3/CoCr after complete relaxation.

Structure W, (Jim?) Wiep (J/m?) Efo, (J/m?)
Al,O5 (111)/CoCr (100) 2.06 2.02 0.19
Al,O3 (111)/CoCr (110) 1.93 1.83 0.21
Al O3 (111)/CoCr (111) 2.33 2.12 0.11

3.4.3. Combination Nature of the Al,O3/CoCr Interface

In the previous section, the Al,O3 (111)/CoCr (111) interface was shown to have the
strongest binding ability. Next, we continue with the interface electronic structure and
bonding situation of the model to reveal the nature of the Al,O3/CoCr interface binding.
Figure 12 shows the part-wave electron density of the state diagram of the three crystal
structure models, with the peak positive and negative density of states representing the
upward and downward density of their spin polarization, respectively. As can be seen
from Figure 11, the three models have large electron overlap in the valence bands below
the Fermi level (0 eV). These overlaps are bond orbits, forming shoulder-to-side bonds,
indicating that covalent bonds are formed between the Co and O atoms and the Cr and
O atoms at the interface, which becomes the main source of bond force for the interface
binding. According to the basic principles of quantum mechanics and Pauling’s covalent
bond theory, the electron cloud distributed on the covalent bonds is strongly distributed
in space along the direction of the covalent bonds. The greater the electron density on the
heterologous interface, the smaller the difference, the greater the electron cloud overlap,
and the greater the binding energy [32]. According to the above theoretical comparison in
Figure 11a—c, the electron overlap area in Figure 11a,b is the lowest and the electron overlap
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in Figure 11c is the highest, indicating that Al,O3 (111)/CoCr (111) has the maximum
binding energy, which is consistent with the lattice mismatch calculation and the interface
binding energy calculation.

(a) (b) (¢

Figure 12. Charge density distributions of the three models of Al;O3/CoCr: (a) Al,O3 (111)/CoCr
(100) crystal structure model’s charge density distribution, (b) Al,O3 (111)/CoCr (110) crystal struc-
ture model’s charge density distribution, and (c) Al;O3 (111)/CoCr (111) crystal structure model’s
charge density distribution. Note: the equivalent surface value is 0.005 e A3,

Figure 12 shows the projected charge density distribution along the [010] axis of the three
model interfaces, showing the overlap of charge density between Co and O atoms at the Co
and O interfaces due to the strong Co-O covalent bond. The Al,O3 (111)/CoCr (111) model has
the strongest charge density and the most overlap areas, followed by Al,O5 (111)/CoCr (100),
and the weakest charge density is at the Al,O5 (111)/CoCr (110) interface. According to the
maximum overlap theory, the more the atomic orbits overlap, the denser the electron cloud
between the cores is and the stronger the covalent bond is. In the charge density analysis
diagram, Al,O3; (111)/CoCr (111) has the best interface binding ability, which verifies the
calculation results of the degree of interface mismatch, interface binding work, and interface
formation energy.

Figure 13 shows the differential charge density map of the three interface models
of Al,O3/CoCr, with areas of electron accumulation in yellow and electron dissipation
areas in blue. Figure 13a,b shows that the blue electron region around the Co atoms is the
most pronounced, with substantial charge depletion. The yellow electron region around
Cr atoms is the most pronounced, with a massive accumulation of charges around atoms.
Small yellow and blue areas can be found around the O atoms. The charge transfer is not
obvious in Figure 13b, and the charge aggregation regions are all inside the bulk phase.
As can be seen in Figure 13a,c, there is a charge aggregation area at the interface; the
charges consumed by the Co and O atoms are transferred to the interface and across the
interface, and a small part of the charges are mixed together and accumulated during
the transfer process. As can be seen in Figure 13c, almost all the charges gather at the
interface because the O atoms are relatively negative and have a strong electron absorption
ability. The exhausted Co atoms cross the interface to form a large number of Co-O polar
covalent bonds. The analysis of the differential charge density further shows that the
Al,O3 (111)/CoCr (111) interface model has the strongest interface-binding capability.
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Figure 13. Differential charge density diagrams of the three models of Al,O3/CoCr: (a) differential
charge density map of the Al,O3 (111)/CoCr (100) crystal structure model, (b) differential charge
density map of the Al,O3(111)/CoCr (110) crystal structure model, and (c) differential charge density
map of the Al,O3 (111)/CoCr (111) crystal structure model. Note: the equivalent surface value is
0.007 e A3,

3.5. Effect of Al,O3 Addition on the Binding Strength of the Al;O3/CoCr Interface

Through the above studies, the optimal interface of Al;O3/CoCr has been determined
as the Al,O3 (111)/CoCr (111) interface. In order to better design the Al,O3/CoCr metal
base composite, it is necessary to determine the amount of Al,O3 added. Therefore, this
section will use first principles to analyze the impact of Al,O3 addition on the interface.

3.5.1. Al,O3 Addition Quantity Theory Study

According to the composite principle of the metal matrix composite material, the
mixing law of the composite material density is shown in Equation (7) (ROM is also
known as the mixing rate). The density of a composite material is an average performance,
depending on the density and the relative proportion of each phase in the composite
material, which can be expressed by either the mass fraction or the volume fraction. The
mass fraction is easy to calculate and easy to determine by test methods after the fabrication
of composites. Therefore, the ratio between composites is related to their volume density.

p=M/V =p0¢+pmvm =1/(mg/ps+mm/om + Mo/ po) (7)

The subscripts f, m, and v indicate the ceramic phase, matrix, and void, respectively.

In this study, the ceramics were added to the CoCr alloy. According to the above
principles, the amount of ceramic phase addition can be determined from the density.
Assuming that the CoCr alloy powder is composed of spherical particles with diameter
R = A, the maximum amount of ceramic powder is calculated. A cube model was first
built, as shown in Figure 14, with 64 CoCr alloy powders. There are gaps between the
spherical powder particles, assuming the uniform addition of the ceramic particles to the
CoCr alloy powder particles. This model is used to calculate the maximum volume of the
added ceramic powder and to calculate the mass of the ceramic phase.
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CoCr powder = void
Figure 14. Cobalt—chromium alloy powder cube model.

The volume of the powder is V1, the volume of the cube is V3, and the maximum
volume of the ceramic is V3.

4 . 4 A\? -
Vi=64x o =64 x o xx (5 | =334934%um (8)
Vo = (4A)° = 64A%um® ©)
Vs = Vo — V; = 30.507A%um?> (10)

Through the calculation, the volume ratio between the CoCr alloy and the ceramic
phase can be calculated as 52.33%/47.67%; that is, the maximum added amount of ceramic
phase can reach 47.67%. Because the powder pre-prepared in this study retains the main
properties of the CoCr alloy, the actual proportion of the alloy with the ceramic added is
small. According to the density of the CoCr alloy powder, the mass ratio continues to be
calculated because the density of the ceramics is inconsistent and the ceramics are generally
greater than 1. The proportion is not required to be too large, so when calculating the mass
ratio, the density of the ceramic is assumed to be 1 to estimate the ceramic mass ratio. Then,

33493A3%x83 91 9

3050743 x1 1 "1

According to the calculation, the CoCr alloy powder and ceramic phase mass ratio are

90% of the CoCr alloy powder and 10% of the ceramic powder. Because the CoCr alloy

powder is assumed to be in the ideal state to retain the important properties of the CoCr alloy

in the same calculation process, the maximum mass ratio of the ceramic powder can reach
10%. The mass ratios of the composite powders prepared in this study are listed in Table 9.

(11)

Table 9. Mixed powder ratios.

Group Mixed Ratios
1 97.5% CoCr alloy powder + 2.5% Al,O3
2 95% CoCr alloy powder + 5% Al,O3
3 92.5% CoCr alloy powder + 7.5% Al,O3
4 90% CoCr alloy powder + 10% Al,O3

3.5.2. Effect of Al,O3 Content on the Binding Energy of the Al,O3/CoCr Interface

First, we constructed an Al,O3 (111)/CoCr (111) model with different contents, as
shown in Figure 15. The model does not converge when calculating the 2.5% content of
Al,O3, but the reason for this may be that the incorporation of 2.5% Al,O3 has little impact
on the tissue performance of the CoCr alloy; in addition, the combined model calculation
does not converge, so the model with this content is not analyzed in this section.
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Figure 15. Interface structure model of Al;O3 (111)/CoCr (111): (a) Al,O3 content of 5%, (b) Al,O3
content of 7.5%, and (c) Al,O3 content of 10%.

The calculations of the interface binding work, interface separation work, and interface
formation energy are shown in Figure 15. The calculation results are shown in Table 10. The
results of the calculation show that the Al;O3 (111)/CoCr (111) interface model with 5%
Al,O3 has the maximum W, value of 2.36 ] /m?, indicating that the Al;O3~CoCr electron
interaction and charge transfer are strong at the interface of Al,O3 (111)/CoCr (111).
At the same time, Wy is 2.24 ]/ m? and Efy is 0.15 ]/ m?2. It can be inferred that the
Al,O3 (111)/CoCr (111) interface model with 5% Al,O3 has the most energy advantage
and thermal stability.

Table 10. Interfacial spacing, interfacial bonding work, and interfacial formation energy after com-
plete relaxation of the interface model with different Al;O3 contents.

Structure W, (J/m?) Wiep (J/m?) Efor (J/m?)
5% Al,O3 2.36 2.24 0.15
7.5% Al,O3 2.01 2.08 0.16
10% AlLOs 1.99 1.87 0.19

Figure 16 shows the fault work of each model with different Al;O3 content. Figure 16a
has the maximum fault work of —0.84 eV. The greater the fracture work is, the stronger
the interface bonding ability is, further proving that the Al,O3 (111)/CoCr (111) interface
model with 5% Al,O3 added has the best bonding strength.

Figure 17 shows the part-wave electron density of the state map of the three crystal
structure models with the Al,O3 content and the peak of the density of states. Figure 17a
shows that the density of states has the largest number of overlaps. From the split-wave
density of the state map, it can be determined that 5% Al,O3 is more conducive to bind-
ing to a stable interface than the interface binding ability, which further proves that the
Al,O3 (111)/CoCr (111) interface model with 5% Al,O3 has the best binding strength.
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Figure 16. Fracture work of the Al,O3 (111)/CoCr (111) interface structure model: (a) Al;O3 content
of 5%, (b) Al,O3 content of 7.5%, and (c) Al,O3 content of 10%.
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Figure 17. Al;O3/CoCr crystal structure model partial wave density of states: (a) Al,O3 content of
5%, (b) Al,O3 content of 7.5%, and (c) Al;O3 content of 10%. Note: the equivalent surface value is

0.007 e A3,

Then, we can observe the charge density and differential charge density of the three
models, as shown in Figure 18. Due to the small amount of Al,O3 added, the charge density
of the models with 5% and 7.5% added is basically the same. Combined with the calculation
results of the split wave density of states, this again shows that the 5% added model is better.
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Figure 18. Model charge density and differential charge density of Al;O3/CoCr: (a) charge density
for each content, (b) differential charge density for each content (from right to left: 5%, 7.5%, and
10%). Note: the equivalent surface value is 0.005 e A3

The following conclusions can be drawn from the above analysis. With the increase
in Al,O3 content, the interface binding work decreased, as did the interaction between
ceramic/metal interface atoms; the interface performance was influenced by the ceramic
phase thickness of the interface; and with the increase in Al,Oj3 content, the outer Co
phase atoms on the interface atoms’ electronic interaction gradually strengthened, making
the electronic interaction between the heterogeneous atoms weaken the interface binding
variation. The properties of the composite material can be improved by changing the
properties of the ceramic/metal interface. In addition, it can be speculated that the range
of atomic interactions at the metal/ceramic interface is between several atomic layers, so
the model selected in this study is not adequate and needs to be explored further. It can
be seen that with the thickening of the ceramic phase of the interface layer, the rate of the
interface adhesion work decreases gradually and then tends to be constant. According to
the Young-Dupre equation, with the increase in the interface-binding work, the wetting
angle of the interface gradually decreases, the wetting property is enhanced, and the
interface binding strengthens. That is, with the increase in Al,O3 content, the binding
degree of the Al,O3/CoCr interface weakens, and the wettability of the interface becomes
worse. Moreover, the maximum interface binding work is less than the surface energy of
4.12.5]/m? of the single-phase CoCr and the Al,O3 surface energy of 5.97 ]/ m?. In this
study, the best interface was combined with 5% Al,O3, and the composite prepared under
this ratio had the best performance.

4. Discussion
4.1. Preparation and Properties of Al,O3/CoCr Composite Powder

Four Al,O3/CoCr composite powders with different amounts of incorporated Al,O3
were prepared by the vacuum-ball-milling process. The micromorphology is shown in
Figure 19. It can be seen that the shape of the powder was still spherical after Al,O3
was added, and small particles could be observed on the surface of the powder. Small
particles in 2.5% Al,O3; composite powder were the lowest, and the micromorphology
did not change much compared with CoCr alloy powder. The small surface particles of
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5% Al,O3 and 7.5% Al,O3 composite powder were basically spherical, and the 5% Al,O3
was added. This morphology was conducive to the flow of the powder and improved the
binding force in the SLM process, which was more suitable for the constituency laser melting
technology [33,34]. The addition of 10% Al,O3 surface adsorbed the most particles with a
poor shape. It can be inferred that the composite powder prepared with 5% Al,Os is better.

Figure 19. SEM diagram of Al,O3/CoCr composite powder: (a) 2.5 % Al,O3, (b) 5 % AlyO3, (¢) 7.5%
A1203’ and (d) 10 % A1203.

Table 11 shows the distribution range of the powder particle size, and the composite
powder particle size with 5% Al,O3; added is wider than that of the CoCr alloy, which is
13.2~43.5 um. The particle size distribution of the powder is often characterized by D10 and D90
values, as specified by YY/T1702-2020 standards [35], including D10 > 12 pm and D90 < 65 um.
From Table 11, the composite powder prepared here meets the standard requirements.

Table 11. Particle size distribution of alloy powder.

Type of Powder Particle Size Distribution (um) D10-D90
CoCr alloy powder 18.5-58.6
Add 5% Al,O3 composite powder 13.2-43.5

The physical properties of the CoCr alloy powder and composite powders are listed
in Table 12. As can be seen from Table 12, both CoCr alloy powder and composite powder
meet the requirements of the YY/T1702-2020 standard.

Table 12. Physical property parameters of the alloy powder.

Degree of
. 3 . . g 1 354
Type of Powder Loose Pack Density (g/cm’)  Liquidity/(s. (50 g)=1) Sphericity
YY/T 1702-2020 >4.0 <40 >0.7
CoCr alloy powder 4.16 22,6 0.76
Add 5% Al,O3 composite powder 4.29 229 0.72

Figure 20 shows the XRD spectra of the CoCr alloy powder and the Al,O3/CoCr
composite powder. In the figure, the main peak of the CoCr alloy powder appears between
38 and 39; the main phase composition is the a-Co phase of FCC, and the corresponding
crystal surface indices are y (111), vy (112), and y (220); and the crystal cell parameter is
a = 0.35340 nm, which matches the standard cell parameter a = 0.35447 + 0.0002 (ICDD
card number 15-806). The main crystal phase was basically unchanged after the addition
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of 5% Al;O3, but the Al,O3 phase appeared. Compared with the PDF standard card of
Al O3, Co, and Cr, the diffraction peak shifted to a high angle, the main peak appeared
between 40 and 42, and the main peak shifted to the right. This is because the CoCr alloy
powder was added to an appropriate amount of Al,O3 fine powder smaller than its atomic
radius; in the powder-making process, these fine powders made the particle size of the
mixed powder smaller overall.
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Figure 20. Powder X-ray diffraction pattern.

4.2. Composition of the Forming Parts

Figure 21 shows the XRD results of the pure CoCr alloy formed by SLM and Al,O3/CoCr
metal matrix composites. As shown in the figure, the sample of CoCr alloy is composed
of a-Co (FCC, a = 0.35447 nm, ICDD card number 15-806), e-Co (HCP, a = 0.25031 nm,
¢ = 0.40605 nm, ICDD card number 5-727), and carbide My3Cg. After Al,O3 was added, the
alloy phases were a-Co, £-Co, M3C¢, MgC, Al;O3, and CoAl,Oy4. Unlike with the CoCr
alloy, the Al,O3, CoAl204, and MgC phases appear. As shown in Figure 21, the diffraction
peak of the a-Co in the Al;O3/CoCr metal matrix composite is significantly higher than
that of the CoCr alloy. According to Scherrer’s formula [36], the larger the half-height and
width of the measured diffraction peak, the smaller the grain. Al,O3 ceramic particles can
obviously refine the grain of composites.
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Figure 21. SLM CoCr sample. Al;O3/CoCr sample X-ray diffraction (XRD) pattern.



Coatings 2023, 13, 680

21 of 25

Table 13 shows the X-ray diffraction peak analysis results of SLM-forming samples. It
can be seen that the cell parameter of the a-Co phase is 0.3573. According to the calculation,
the content of the y phase with the FCC structure in the SLM-formed CoCr alloy is about
70%, which is basically consistent with existing research results [37,38]. The addition of
AlyO3 reduces e-Co compared to the CoCr alloy, which may be due to the lower thermal
conductivity of Al,O3 (10.022 W-m~1.K~1, 1200 °C). In the alloy melt’s cooling process,
the crystals and crystal fronts may contain a large number of fine Al,O3 particles, which
disperse in the alloy melt, limiting the y — € phase transition process. At the same time,
these fine particles will be solidly dissolved in the alloy to create a new phase. According
to the calculation, the content of the y phase is about 85%.

Table 13. X-ray diffraction peak analysis results.

Cell Parameter (FCC) Cell Parameter (HCP) Fraction of

Sample 2-Co (nm) ¢-Co (nm) Volume HCP
Frce
CoCr powder a =0.3534 £ 0.0002 - -
a =0.2533 £ 0.0003
SLM CoCr alloy a =0.3573 £ 0.0005 ¢ =0.392 £ 0.002 0.605 £ 0.005
c/a=1.548
a =0.2528 £ 0.0002
SLM A12.03/C0'Cr a =0.3568 £ 0.0001 c¢=0.399 £ 0.003 0.168 % 0.02
Composit material c/a=1578

4.3. Internal Micro-Organization of the Forming Parts

Figure 22 shows the microstructure diagram of SLM-formed samples. It can be seen
from Figure 22a,b that there are no large holes or cracks in the samples of the CoCr alloy or
Al,O3/CoCr metal matrix composites formed by the SLM formation, and the molten pool
presents longitudinal periodic changes with a uniform and dense microstructure. After
solidification, each laser molten pool has a good bonding surface. Figure 22c,d shows
the metallographic structure of the SLM-formed samples along the z-axis. It can be seen
that SLM-formed samples are composed of multiple molten pools with a regular fish-scale
shape, and each molten pool has roughly the same size and morphology. However, the
Al,O3/CoCr metal matrix composite molten pool is narrow and deep, all the powder is
completely melted, and the molten pool presents longitudinal periodic changes. The above
phenomenon verifies the results of the first-principles calculation in this paper and proves
that the Al,O3/CoCr interface has good bonding performance.

Figure 22. SEM images of SLM-forming sample: (a) CoCr gold-phase diagram on the x—y plane,
(b) Al,O3/CoCr gold-phase diagram on the x-y plane, (c¢) CoCr gold-phase diagram on the z-axis,
and (d) Al,O3/CoCr gold phase diagram on the z-axis.
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Figure 23 shows the SEM diagram of the sample. It can be seen from Figure 23a,b
that the Al,O3/CoCr metal matrix composite has less grain orientation at the molten pool
boundary, and further analysis shows that the cell-like grain structure at the molten pool
boundary is also finer, as shown in Figure 23¢,d, indicating that the alloy has a finer grain
size after alumina is added.

Figure 23. Microstructure SEM diagram of SLM alloy samples: (a) microstructure of the weld pool
boundary on the side (BD) of the CoCr alloy specimen, (b) microstructure of the pool boundary on the
side (BD) of the Al;O3/CoCr alloy specimen, (c) cellular microtissue enlargement of the side of the
CoCr alloy specimen, and (d) a cell-like microtissue enlargement map of the side of the Al,O3/CoCr
alloy specimen.

Figure 24 shows the TEM bright field image and electron diffraction pattern of the
AlO3/CoCr metal matrix composite SLM-forming parts. In order to further analyze the
microstructure of the second phase and acicular phase in the composite, the corresponding
region in Figure 24b was selected for TEM analysis (the yellow circle is the second phase
region, and the red box is the acicular phase region). Figure 24c,d shows the analysis
results. According to the analysis, the Al;O3/CoCr metal matrix composite is different
from the CoCr alloy. The structure not only contains M,3C¢ but also shows the electron
diffraction pattern of M¢C (as shown in Figure 24c), which is consistent with the XRD
analysis. The acicular region of Al;O3/CoCr metal matrix composites is mainly composed
of a-Co and e-Co phases. Although the number of needle phases varies, the diffraction
pattern shows that gamma-Co and e-Co are still coherent interfaces, which are consistent
with the microstructure in the CoCr alloy (Figure 24d).
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Figure 24. TEM bright field image and electron diffraction pattern of Al,O3/CoCr metal matrix

composite: (a) bright field image of the composite material, (b) local magnified bright field image

of the composite, (c) electron diffraction pattern in the yellow circle area in (b), and (d) magnified

bright-field image of the lamellar area.

5. Conclusions

1.

The physical phase structure of Al;O3 and CoCr was optimized, and the convergence
test was conducted to obtain the lattice constant. The Al,Oj3 surface structure con-
verges at layer 7, with a surface energy of 5.97 J/m?. In the CoCr (111) surface, Co
converges to layer 7 and the surface energy is 4.5 ]/m?, while Cr converges to layer 7
and the surface energy is 4.21 J/m?.

Three interface models were constructed to study the interface-binding capability, which
showed that the strongest interface model with the calculation interface binding ability
is A1,O3 (111)/CoCr (111). Under the interface, the W,q value is 2.33 J/m?, Weep also
has a maximum value of 2.12J/m?, and E;,, has a minimum value of 0.11 J/m?.
Through the analysis of the interface wave density, the charge density, and the differ-
ential charge density, the Al,O3 (111)/CoCr (111) interface has the highest electron
overlap, the strongest charge density, and the largest overlap interface; the charges
of the Co and O atoms are transferred to the interface and across the interface; and
a small charge is mixed together and accumulated during the transfer process. It is
concluded that the interface binding strength of the Al,O3 (111)/CoCr (111) interface
is the highest.

By studying the effect of the Al;O3 addition amount on the binding strength of the
Al,O3/CoCr interface, it can be found that adding a 5% content of AlO3 makes the
interface bind the best.

The phase composition and microstructure of Al,O3/CoCr composites formed by
SLM were analyzed. It was found that the microstructure of Al;O3/CoCr composites
was uniform and dense after Al;O3 was added; the main phase composition was a-Co,
e-Co, Mp3Cs, MgC, AL, O3, and CoAl;Oy4; and the grain size was finer.
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