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Abstract

In this work, we report on a novel in-situ TiC nanoparticles sticking to graphene nanoplatelets (TiC@GNPs) reinforced
titanium matrix composites. In-situ TiC nanoparticles are produced in both mechanical ball milling and sintering pro-
cesses. Ultrafine composite powder is obtained by mechanochemical ball milling from refined pure titanium powder and
graphene nanoplatelets (GNPs) .A new type of TiC@GNPs/Ti composite materials with high strength and toughness and
three-dimensional network distribution are made of ultrafine composite powder by various curing methods. The effects
of different hot pressing parameters and reinforcing phase content on the microstructure and mechanical properties of
the composites were studied. The results shown that the strength and plasticity of the ultrafine TiC@GNPs/Ti composites
prepared by hot pressing sintering are obviously improved compared with the matrix. The strengthening mechanism of
composites is mainly the synergistic effect of fine grain strengthening and dislocation strengthening. The ductility is due to
grain refinement and in situ layered structure of TIC@GNPs particles. This layered structure is a double-scale microstruc-
ture, which is characterized by the lamellar composed of ultrafine bce-Ti and ultrafine GNPs surrounding the fine crystal
equiaxed fcc second phase TiC. The in-situ synthesis of nano-tic and nano-GNPs synergistic growth shows a criss-cross in
the microstructure. The three-dimensional network distribution of GNP in titanium matrix can regulate the contradiction
between strength and plasticity of titanium matrix composites.

1. Introduction a good prospect in the field of metal matrix composite [16-17]. In
Discontinuous reinforced titanium matrix composites (DRT-  this paper, we designed TiC@GNPs reinforced titanium matrix
MCs), featuring higher service temperature and better plasticity composites (TiC@)GNPsTMCs) with a non-uniform three-di-
and processability than traditional titanium alloys, have attracted mensional Mesh distribution. Specific design ideas are as fol-
extensive attention in the past decades [1-6]. Many researchers lows : Firstly , the composite powder was prepared by mechan-
have prepared systems of DRTMCs with different enhancement ical chemical ball milling process from high purity flake graphite
phases and methods, but most of the enhancement phases in  and pure titanium powder. Secondly, the new TIC@GNPsTMCs
DRTMCs are uniformly distributed [7-11]. However, uniform  were prepared by vacuum warm pressing forming, vacuum hot
distribution of reinforcing phases can only achieve a limited re-  pressing sintering and atmospheric hot rolling. During the whole
inforcement effect and lead to a significant reduction in the plas-  preparation process, mixed sintering of powders with different
ticity of the composites, especially for powder metallurgy mate-  grain sizes, semi-solid sintering and recrystallization induced by
rials, which exhibit a high room temperature brittleness [10]. It plastic deformation and low temperature heat treatment were re-
has been shown that the network-like non-uniform distribution alized, which made the nano-TiC and GNPs grow in the titanium
of the reinforcement phase can effectively solve the problem of matrix in a coordinated way. Finally, the two nano-particles form
high powder metallurgy brittleness at room temperature, which  a three-dimensional network with alternative hardness, which
can improve the hardness and strength, but reduce the plasticity makes the new composite have good mechanical properties. It
slightly [12-15]. provides a new idea to solve the problem of high strength and
low plasticity of metal composite materials.

The three-dimensional Mesh structure conforms to the hard

phase surrounded soft phase structure corresponding to the per- 2. Experimental Process

formance upper limit in Hashin-Shtrikman (H-S) theory, and has  The whole material preparation process in this work is shown
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in Figure 1, which is mainly composed of mechanical chemical
ball milling process, semi-solid sintering process and hot rolling
process. The specific experiment details are as follows:

2.1. Mechanical and chemical ball milling

Mechanical ball milling is an effective method of dispersing and
mechanical alloying in a relatively closed space. It can effective-
ly prepare various metal - based amorphous nano - composite
powders. Unless high-energy ball milling can destroy graphene's
two-dimensional structure and produce defects, it can even con-
vert graphene into amorphous carbon over a long period of
time. Unlike high-energy ball mills, low-energy ball mills can
effectively mix graphene evenly with the metal matrix without
causing significant damage to the graphene. At the same time,
low energy ball milling can also solve the agglomeration prob-
lem that often occurs in the preparation of metal matrix com-
posites with graphene and other nano-particle reinforcers, and
realize the process of atomic diffusion, solid state reaction or
phase transformation, etc., which is a material preparation meth-
od for preparing nano-powders, alloys or compounds [19]. In
this paper, three ball milling processes including short time high
energy ball milling, long time low energy ball milling and chem-
ical solution ball milling are used to prepare composite powder
materials.

Mechanoche

2.1.1. Refinement of titanium powder

Titanium powder with particle size of 30 um and 10g of 100
um (10 g for each of them) were used as the raw material. They
were put into a 300 ml stainless steel ball mill tank along with
200 g balls and added with 100 ml ethanol. Pure titanium pow-
der was obtained by the mixing two particle sizes of pure tita-
nium powder with equal mass using QM-QX planet ball mill
produced by Nanjing Nanda Instrument Factory. In this process,
sodium stearate was used as the process control agent to promote
the fracturing of Ti particles in the process of cold welding. The
ball milling process was protected by argon gas, and the pow-
der was kept from overheating by alternately milling for 30min
and stopping for 10 min. Secondly, on the basis of refining pure
titanium powder by dry milling, anhydrous alcohol was added
into the spherical tank for wet ball milling, and steel ball milling
medium with corresponding radius was used at the same time.
Finally, pure titanium mixed mud was formed after correspond-
ing high-energy ball milling and low-energy ball milling for 2
hours each. The titanium slurry was dried at 100°C for 24h in a
vacuum drying oven to get pure titanium powder for later use.
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- milling powders Composite
powder
J' material
Flake
graphite High energy ball milling
powder combined with low energy 3
ball milli Press Molding Add  forming
all millin;
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As-sintered Vacuum
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Figure 1: Experimental technology roadmap in this work

2.1.2. GNPs preparation

A mixture of 0.5 g flake graphite, 2g ammonium chloride and
different volumes of glacial acetic acid was added to a steel ball
mill tank containing 10 steel balls (weight 5 g, diameter 10 mm).
High speed ball grinding (400 rpm) for 10 hours. The sample
was then taken out and ground for 20min, and placed in the air
for 48 hours to volatilize glacial acetic acid. Then remove 2 g
of the above powder subject to mill the ball at a low speed (150
rpm) for 24 hours. The powder was treated by ultrasonic for 2
hours in deionized water/anhydrous ethanol (volume ratio 1:3)
(1000 ml) at room temperature, then centrifuged at a speed of
3000 RPM for 10 minutes, and the supernatant was removed.
The supernatant was subjected to centrifuge again at 3000 RPM
for 5 min. The precipitation products were retained and placed in

a vacuum dryer (vacuum degree 0.5mpa) at room temperature,
and finally the GNPs samples needed were obtained.

2.1.3. Preparation of composite powder

The refined pure titanium powder and GNPs prepared were
placed in anhydrous alcohol for ultrasonic dispersion for 30 min
to obtain GNPs/Ti composite mud. Then wet ball milling was
used, and the ball milling process was combined with high and
low energy ball milling. In order to prevent air pollution, the
whole mixing and filling process is carried out in a glove box
filled with argon gas, using a steel ball mill tank with a volume
of 500 ml and an inner diameter of 100 mm. The whole high
speed ball mill adopts steel ball as grinding medium, and the
ball powder ratio is 10:1. The ball milling process is protected
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by vacuum, and the powder is ground for 30min and stopped
for 10min alternately to avoid overheating. 400 RP high energy
ball milling for 1h and 150RP low energy ball milling for 2h.
The composite mud was placed in a vacuum drying oven and
dried at 100°C for 24h. All the above powder and mud transfer
is done in an argon glove box to prevent any atmospheric con-
tamination. Suitable zinc stearate was added into the composite

powder slurry as a subsequent forming control agent. According
to the design of this work, two kinds of powder for semi-solid
sintering was used, namely pure titanium powder and composite
powder containing GNPS 0.5%. The ball milling parameters of
mechanical alloying processes used in the above three processes
are shown in Table 1.

Table 1: Ball-milling conditions used for mechanical alloying

Ball milling project Condition
Ball mill tank stainless steel
Grinding ball stainless steel

Initial powder

Ti powder ( 99.5%pure, 30-100 pm) Flake graph-
ite powder ( 99.9%pure, 10 pm Below )

Speed speed High speed 400rpm; Low speed 150rpm
Ball material ratio 10:1
Ball milling time 10-60h

Process control agent

Stearic acid (1wt%)

Ball milling environment

High purity argon (99.999%)

2.2. Preparation of composite materials

The composite powder prepared in 2.13 is used as raw materi-
al. After adding a certain forming agent, the semi-solid sintered
original blank samples are pressed mechanically at a pressure
of 500MPa. Vacuum hot pressing sintering system is adopted
for raw raw material samples, protected by high purity Ar gas.
The whole sintering process is completed by solid sintering and
semi-solid sintering. (1) Solid sintering: A 10 g raw blank sam-
ple was wrapped with Ta paper about 28 mm thick and placed
in a graphite mold with an inner diameter of 15 mm. It was pre-
molded at 20 MPa and then placed in the furnace chamber under
pressure to 30 MPa. The temperature was heated to 1050 °C at a
rate of 100 K/min (50 °C lower than the preferred eutectic tran-
sition temperature of a certain two phases in the complex phase
system). (2) Semi-solid sintering: In order to prevent extrusion
liquid phase, the sintering pressure was reduced from 30 MPa
to 20 MPa, and to prevent temperature overshooting, the sinter-
ing temperature was raised to semi-solid sintering temperature
(1100 °C) at 50 °C/min, and then the sintering temperature was
kept for 60 min. Then, the power supply was cut off at 20 MPa
and the temperature was cooled to 600 °C. Finally, the sintering
pressure was cooled to room temperature without pressure. The
sintering process was controlled by thermocouple and the sin-
tering and densification curves were recorded in real time. The
same amount of amorphous powder was sintered in solid state
at 900 °C, and also held for 5 min and cooled. The size of the
obtained block alloy is 15 mm in diameter and 10 mm in length.
For the block composites prepared by the three processes, sam-
ples of different sizes were cut by wire, mechanically ground to
2000# and metallographically polished. Kroll corrosion solution
was used for metallographic etching. The phase composition of
the alloy was determined by D/MAX-2500/PC XRD, and the
microstructure and microcomposition of the alloy were observed
by XL-30 FEG scanning electron microscopy (SEM) and Tecnai
G2 F30 TEM. The microcomputer-controlled electronic exper-
imental machine (CMT5105, MTS) was used for compression
experiment. The sample diameter was 3 mm, length was 6 mm,
and strain rate was 5x10-4 s-1. Strain was measured with an

extensometer and the average of 3 test results was taken for each
test result. In this paper, the semi-solid sintered samples are dis-
tinguished by numerical combination, such as 0.25-1100-50-60,
where 0.25 is the mass content of the enhanced phase TiC@
GNPs is 0.25% of the whole mass, 1100 is the sintering tem-
perature of 1100°C, 50 heating rate of 50°C/min, and 60 holding
time of 60min. The meanings of other numbers are extrapolated

3. Results

3.1. Amorphous composite powder

In this work, the composite powder containing part of amor-
phous is obtained, and its specific characteristics are shown in
Figure 2. Fig.2 (a) is a scanning electron microscope image of
the composite powder, which shows the initial binding state of
the original GNP and Ti matrix. It can be seen that the original
GNP is disk-shaped, while the GNP in the Ti matrix is folded, in-
dicating that the compatibility between GNPs and titanium ma-
trix is poor. Among them, GNPs is obviously embedded in the
titanium matrix. Fig.2 (b) is its transmission image. GNPs and Ti
particles are coated with GNPs, which helps prevent Ti agglom-
eration and can be well dispersed on GNPs. The image shows
that GNP is half wrapped around Ti particles and connected to
each other to form a network structure. Fig.2 (c) shows HRTEM
images and Fourier transform (FFT) spectra of titanium-based
amorphous composite powder, from which GNPs and B-Ti can
be seen. The black area is pure Ti powder particles. The diffrac-
tion ring is calibrated by electron diffraction transform (FFT).
The corresponding plane spacing of each diffraction ring is 0.274
nm, 0.241 nm, 0.215 nm, respectively, and the corresponding
crystal planes are a -ti :(100), (002), (101). The white snowflake
region is cluttered with an amorphous substrate.Fig.2 (d) shows
another HRTEM image and Fourier transform (FFT) spectrum
of the titanium-based amorphous composite powder, from which
it can be seen that the alloy powder contains a large number of
amorphous phases and a small amount of nano B-Ti and GNPs.
Using amorphous alloy powder as raw material to prepare bulk
alloy has the following advantages :(1) amorphous powder has
viscous rheological behavior in its crystallization process [18-
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20], which is conducive to accelerating densification at low tem-
perature, thus achieving near-total densification; (2) At the same
sintering temperature, amorphous powders have shorter grain
growth time than crystalline alloy powders of the same compo-
sition, which is conducive to fine crystallization [21-23]. (3) Due
to the homogeneity of thermodynamic and kinetic conditions,
amorphous grains tend to form high-angle grain boundaries and
achieve equiaxed crystallization [21-23]. (4) Based on the theory

S|

"f\k ®)
%

of amorphous crystallization, it is beneficial to realize fine crys-
tallization and structural composite by regulating the nucleation
and growth mode of grains in the crystallization process [24-27].
(5) The uniform distribution of fine grains after amorphous crys-
tallization is conducive to the homogenization of a two-phase
preferred eutectic transition, and thus to the homogenization of
liquid phase caused by eutectic transition.

Figure 2: Microstructure characteristics of TiC@GNPs reinforced titanium matrix composite powder materials ((a) is the scanning
morphology, (b) is the transmission global image; (c) and (d) are HRTEM images and their Fourier transform (FFT) spectra

3.2. Raman and XRD analysis of sintered samples

Raman spectroscopy can distinguish the structure of ordered
and disordered carbon materials, and can also detect and charac-
terize nanoscale GNPs nondestructively and efficiently. Figure
3 shows the Raman spectra of the original composite powder
and 0.5wt%TiC@GNPs/Ti composite powder under differ-
ent sintering conditions. There is no characteristic peak in the
Raman spectrum of the original composite powder, indicating
that the original powder is amorphous. The three characteris-
tic peaks of GNPs of the composite after vacuum hot pressing

and sintering are obvious, among which the G peak is strong
and sharp, appearing at 1574.4cm-1, which is a single Lorentz
peak, and the defect is not obvious, indicating that the graphite
crystallite is high. With the increase of sintering temperature,
the peak D of graphite after oxidation significantly increased, in-
dicating that the addition of oxidizer introduced a large number
of oxygen-containing functional groups into the graphite sheet
originally arranged regularly, resulting in defects and the hybrid
transformation from SP2 to SP3. After reduction, there are oxy-
gen-containing functional groups on GNPs.
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Figure 3: Raman spectra of Fig.3TiC@GNPs/Ti composites under different sintering conditions
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In order to analyze the phase composition of semi-solid sintered
materials, in situ XRD analysis was performed on the composite
materials and pure titanium sintered at 1100°C. In Figure 4, (a)
is pure titanium, and (b) is TIC@GNPs/Ti composite. Its phase
was calibrated according to PDF#8-004 and PDF#89-3828. On
the whole, there are two phases of the composites: TiC and C.
Pure titanium is all a-Ti. It indicates that GNPs reacts with tita-
nium in the sintering process to produce TiC and graphene struc-
ture. XRD analysis also revealed that titanium in pure titanium
samples are hexagonal structure, while TiC and GNPs in com-
posites are cubic structure. The three diffraction peaks of pure
titanium samples at 38.5°, 55.7° and 70.4° all come from pure

Imtensity

(10-13)
(012 11.20) | 1122y

20 40 60 0

2-thetal }

titanium (PDF No. 851326). In addition to the above three char-
acteristic peaks of pure titanium, the graphite diffraction peak at
26.5°, the graphene peak at 11.6° and the TiC peak also appear
in the composite powder. This phenomenon indicates the me-
chanical alloying of graphite and titanium during ball milling.
The peak (002) of pure titanium is 38.5°, while that of graphene/
titanium is 38.2°. The peak (002) of the composite material is
slightly offset, which is due to the solid solution of carbon at-
oms in graphene into titanium matrix, which mainly causes the
expansion of C-axis [24], resulting in lattice distortion, and thus
the peak is offset.
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Figure 4: XRD analysis of pure titanium and TiC@GNPs/Ti composites after semi-solid sintering ((a) pure titanium; (b) (TiC@

GNPs/Ti composites)

3.3. Compression Performance

In this paper, a microcomputer controlled electronic exper-
imental machine (CMT5105,MTS) is used for compression
experiment. The experimental rate is 0.5mm/min. The size of
compressed sample is ¢ 4mm*6mm. Three groups of the same
sintered samples were prepared for each compression test to en-
sure the reliability of the data. The compressed samples were
obtained by 1100°C vacuum hot pressing and sintering and then
900°C hot extrusion.

Figure 5 shows the compressive stress-strain curves of pure
titanium samples under different preparation conditions. The
compression performance of various samples is summarized in
Table 2. Figure 5 shows pure titanium at 900~1100°C, 50°C/min
and 60 min. As can be seen from Figure 5, the yield strength,
compressive strength and fracture strain of pure titanium ma-
terials all show an upward trend with the increase of tempera-
ture from 900°C to 1100°C. Table 2 shows the compressive
properties of the composites containing Ti and two reinforcing
phases at different holding times of 1000°C and 1100°C. It can
be concluded that for pure titanium, under the condition of con-
stant temperature and heating rate, the longer the holding time,
the more strength and plasticity decline. Under the conditions
of 1 000°C, 100°C/min and 90min, the compressive strength
and fracture strain of Ti samples decreased by nearly 100 MPa
and 4% compared with the samples held for 60 min under the
same conditions. The compressive strength and ductility of Ti
at 1 100°C, 100°C/min and held for 90 min were lower than
those at 1 000°C, 100°C/min and held for 60 min. The decrease
of compression performance of Ti with increasing temperature
and decreasing heating rate may be related to grain coarsening.
For the 0.25wt%TiC@GNPs composite, the longer the holding
time is at 1 000°C and 100°C/min, the better the compressive
properties of the composite, and the yield strength, compressive

strength and fracture strain show an increasing trend. At constant
temperature and heating rate, the reaction degree of GNPs and Ti
increases gradually with the extension of holding time and the
further diffusion of atoms. In this study, the reaction degree of
GNPs and Ti increased gradually with the extension of holding
time from 60 min to 90 min for samples at 1 000°C and 100°C/
min. The experimental results show that with the increase of the
reaction degree of GNPs and Ti, the compression performance
first increases and then decreases. It can be inferred that there is
an optimal proportion of the reaction degree of GNPs and Ti to
obtain the best mechanical properties. For 0.25wt% TiC@GNPs
composites, the best compressive properties, yield strength of 1
086 MPa, compressive strength of 1 924 MPa and fracture strain
of 41 were found in the sintering conditions of 1 000°C, 100°C/
min and 120 min.
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Figure 5: Compressive stress-strain curves of pure titanium
samples under different preparation conditions
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Table 2: Compressive properties of the TIC@GNPs/Ti and Ti network structure composites under different sintering con-

ditions

Sample Yield strengthc0.2 /MPa | Compressive strength cb /MPa Fracture straing/%
0.5-900-50-60 1039+5 1509+6 32.840.3
0.5-1000-50-60 10911 1602+5 35.9+0.4
0.5-1100-50-60 1148+6 1669+5 35.8+0.3
0.25-1100-100-60 1140+4 1742+5 38.9+0.2
0.25-1000-100-90 10565 17515 39.2+0.5
0.25-1000-100-120 114843 1824+5 41.3+0.3
Ti-1000-50-60 987+5 1231+5 9.6+0.4
Ti-1100-100-90 569+5 8965 5.6+0.2

4. Discussion

The reasons for the increase of strong plasticity of composite
materials are analyzed in the following two aspects. One is the
compression of microscopic fracture aspect, the other is the co-
ordinated growth of two kinds of microscopic particles TiC @
GNPs.

4.1. Microstructure

Figure 6 shows the compression fracture morphology of 0.25wt%
GNPs/Ti under different sintering conditions. Figure 6(a) shows
the compression fracture of the sample under 1000°C, 50°C/min
and 60 min of insulation. Figure 6(b) shows the compression
fracture of the sample under 1000°C, 100°C/min and 90 min of
insulation. By comparison, it can be seen that the cross-section
of the sample at 100°C/min is smoother, and more dimples and
residual GR micro-aggregates can be observed on the surface.
However, the fracture surface of the sample at 50°C/min was
rough, and the deformed matrix particles could be clearly seen
in the section. The fracture extended along the mesh interface,

which was similar to "intergranular fracture". The large size
matrix particles of 10~20 are not easy to densify in sintering,
especially when the sintering temperature is relatively low, re-
ducing the heating rate is equivalent to extending the holding
time, which is conducive to atomic diffusion and forming a more
solid interface. Fracture surface morphology of samples held at
1 100°C, 50°C/min and 60min as-showed in Figure 6(c) and
Figure 6(d). The surface of quasi-dissociation fracture is simi-
lar to that of the sample at 1 000°C, and elongated dimples and
cleavage steps can be observed. However, a macroscopic crack
was observed on the surface of the sample at 1100°C. Within
the crack, the fracture surface could be clearly seen along the
interface of the network structure, and the network structure as
a unit was squeezed to form a very rough fracture surface. Com-
pared with the sample at 1 000°C, the fracture surface showed
slightly weaker strength and plasticity. Perhaps due to the further
increase of GNP and Ti reaction, GNP residual amount is very
small, which limits its excellent carrying capacity.

ditions
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4.2. GNPs @ TiC
4.2.1. TiC

As shown in figure 7, the driving force in the phase transforma-
tion process comes from the free energy difference (volumet-
ric free energy difference or chemical free energy difference)
between the two phases. It is represented by AGV. The phase
transition resistance is the interface energy generated by the
emergence of the new phase embryo. It is represented by vS.
Ingeneral, at a certain temperature, AGV and yS are a constant,
AGYV is a function of the nucleus radius. There is a critical val-
ue in the radius of crystal nucleus: when the radius of crystal
nucleus grows up, the free energy of the system will increase,
so the crystal embryo at this scale is very unstable, difficult to
grow up, and eventually dissolve and disappear. However, as the
system increases, the free energy of the system decreases, and
the crystal nuclei grow steadily. Therefore, not all crystal nuclei
can form stable crystal nuclei, and only those which reach the
critical nucleus radius can grow spontaneously, which requires
overcoming the critical nucleation work or nucleation barrier.
The critical nucleus radius and critical nucleation work can be
calculated by formulas dAG _

0
dr
AG = —ﬁ7l7’3AGV + 4ty (1)
3
* 2ys
PR
AG, ()
. ley?
e, 7 G)
3(4G,,)
;
G =27, 44, )=
< / ,
=~

Figure 7: Relationship between free energy of spherical void
and its radius

4.2.2. GNPs

It is possible for C to form A GNPs sheet and grow perpendic-
ular to the grain boundary at the o/p interface during the dis-
continuous desaturation of supersaturated o solid solution. The
growth of the new GNPs end towards the parent phase is differ-
ent from that of the spherical second phase. Now the discussion
is as follows:

As shown in Figure 8, the thickness of GNPs sheet is 2r, the
end face is circular arc, and the radius is r. The original carbon
concentration of o solid solution is C,, the concentration of new

phase B is C,, and the concentration of a phase at the interface of
a/Bis,C, so the solute atomic carbon will diffuse to the interface,
resulting in the GNPs sheet length being larger. Different from
the side, the diffusion of solute atoms in the alpha solid solution
is not one-way, but the radial. After the end face of GNPs slices
extends forward, the carbon concentration of the parent phase on
both sides has decreased to Co . Therefore, GNPs slices cannot
grow laterally and their thickness will not increase. Zener [28]
argues that formula (4) is applicable to GNPs growth as long as
it is modified. This correction is to make [, = C, -C,=C, (r)»
so the formula (4) can be converted into (5):

, DG -C,) 4)
i(c,-c,)

L D(C=C, ()

e, -c,m) ©)
C
}
g2 -—

G

— v

—B
C0 /
) S

X

Figure 8: Schematic diagram of the new phase end length

The presence of C,(r) increases as r decreases. When C,(r)and
are ¢, equal, v fall to zero, and GNPs stop growing. This r is
called the critical radius . 7, According to Gibbs-Thomson for-
mula:

]Ilca(r)_zyVB _E
C RTr r

a

(6)

Where, 7 is interface energy between o/ ; VB is the volume
of the solute atom B.
The following formula can be obtained from (6)

k k
Culr)=Cexp(2) s €, =C, () =C, exp(--)

C

k k
As r and rC approach zera exp(kJ =1+ k exp[j =1+—;
r r l"C l"C

So:
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Cc,-C
¢ T C, exp[kJ C, exp(k]—l
e e

1+£—1—E
L I"C r _r_c
- k - p (7)

I+—-1
e

It can be obtained from the above equation

C, —C,(r)=(C, — ca)[l -

The formula (9) can be obtained by substituting (8) into (5).

V= D(CO_Ca) (l_r_C)
clc,-c,) -

It can be seen from (9) that when the temperature is constant, the
right side of the equation is a constant value, so the growth rate
of the new phase of the flake has nothing to do with time.

In the actual transmission image of composite materials, both
GNPs and TiC belong to the nanometer level. GNPs and TiC
show a competitive growth trend during the whole cooling pro-
cess. The former can be characterized by the diffusion coeffi-
cient of C atom in Ti melt, and the latter can be characterized
by the volume fraction of TiC in Ti matrix. The diffusion re-
action belongs to the multiphase diffusion reaction, that is, it
goes along with the diffusion. Due to the composition change,
reaction diffusion occurs simultaneously in the diffusion region
[29]. It has the following characteristics:(1) the whole process is
composed of two steps, diffusion and phase transformation, but
diffusion is the controlling factor. Diffusion generally occurs in
multiphase systems due to phase transition. (2) On the concen-
tration-distance curve, the concentration distribution in the mul-
tiphase diffusion interval is discontinuous, and the concentration
is abrupt at the phase boundary; (3) The formation of new phase
in the multiphase system follows the phase law, that is, there is
no mixed phase zone in the diffusion zone of binary alloy; (4)
The formation of new phase corresponds to the phase diagram;
(5) The dynamic law of new phase growth is that the broad band
of phase region obeies parabola. In the actual cooling process,
GNPs and TiC compete with each other and grow harmoniously.
To convert carbon atoms into A,B, and G states. Because in the
cooling process, a single layer of graphite will be the first out
of segregation, and can be stable in a certain temperature range.

4.3. Enhancement mechanism

4.3.1. Interface structure

Figure 9 describes the interface structures of Ti, TiC and GNPs
in the composite. The Ti-TiC-GNPS interface can be clearly

rc

s

)

seen. The two enhancers are distributed in a network, alternating
between strong and weak. The average size of TiC is 20 nm, and
the average size of GNPs is 10nm.One is the formation of titani-
um carbide between the substrate and GNPs (Figure 9). Another
reason is that titanium carbide does not form between the matrix
and GNPs. In the transition zone between GNPs and Titanium,
the distance between TiC corresponding planes is 0.173 nm, cor-
responding to the (020) crystal plane of TiC. The grain plane
Angle of Ti and TiC is 80.54°, which belongs to large Angle
grain boundary. TEM diffraction specks in Figure 10 (a) show
that there is no titanium carbide in the interface region, and the
corresponding GNPs lamellar spacing is 0.35 nm, which belongs
to three layers of graphene, which is consistent with the above
Raman results. From the point of view of diffraction speckle, the
diffraction speckle in the transition zone from titanium to GNPs
has the characteristics of titanium and GNPs. The 0.254nm crys-
tal plane spacing belongs to the (111) interface of titanium matrix
and is parallel to the (001) crystal plane of graphene. The Angle
between them is very small and belongs to the coherent relation.
There are some amorphous structures in GNPs region. From the
above analysis, it can be seen that the interface between Ti and
GNPs is stable with obvious boundary. The interfacial structure
keeps good plasticity while increasing strength.

View the image in Figure 10 (b) from the partition axis. Im-
ages clearly showing coherent twin boundaries and atomic ar-
rangements confirm that they are indeed twins. Importantly,
the two-atom steps on the coherent twin boundary are shown
in Figure 10 (b). In addition, there are two monolayer steps on
the coherent twin boundary. The most common twin system ob-
served in HCP Ti is the deformation twin observed. This study
is consistent with the twin pattern observed in the digital micro-
graph simulation.
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Figure 9 TEM images of 0.25-1000-100-120 sample (where
0.25 is the mass content of the enhanced phase TiIC@GNPs is
0.25% of the whole mass, 1000 is the sintering temperature of

Figure 9: HRTEM micrograph of 0.25wt%TiC@GN

R NSy

Ps/Ti composite under 1000°C HP process

1000°C, 100 heating rate of 100°C/min, and 120 holding time
of 120 min.) It shows the reinforcement distribution inside the
sample.

Figure 10 High resolution transmission electron microscope (HREM) images of TiC@GNPs area on the left in Figure 9 (a) HREM
micrograph showing interface partitions of composite materials in (b) HREM micrograph showing a deformation twin in Fig.8(2),

viewed along (1010) zone axis. The twin system is .{1012}<1011>.

4.3.2. Enhancement mechanism

It is found that the superfine grain TiC@GNPs/Ti composite
prepared by mechanical chemical ball milling and hot pressing
sintering can not only significantly improve the strength of Ti
matrix, but also increase the fracture strain by 3~5 times com-
pared with the Ti alloy with similar superfine grain structure, in-
dicating that the plasticity of the composite is greatly improved
[29]. The introduction of in-situ reinforcing phase TiIC@GNPs

promotes the increase of Ti deformation. The structure of TiC@
GNPs is a nano-layered structure formed by alternate arrange-
ment of hard layer composed of TiC and soft layer composed of
GNPs atoms, and the crack propagation is not easy to continue
at TiC@GNPs/Ti, but tends to be in the interlayer. It can be ana-
lyzed that the plasticizing and toughening effects of TIC@GNPs
are mainly as follows because of its own characteristics:
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1. The low ductility of Ti at room temperature is related to its
structural stability and its own slip system, while the in-situ gen-
erated TiC@GNPs has a good combination with the matrix Ti
and significantly refined the grain. During compression defor-
mation, TIC@GNPs can change the slip direction and reduce
deformation resistance and stress concentration. The larger de-
formation can be obtained in the process of deformation [30].

2. TIC@GNPs is a "soft" reinforced phase, where dislocations
TiC@GNPs cut through particles, and the fracture of the layered
structure opens between layers, creating new surfaces that ab-
sorb large amounts of energy and improve the toughness of the
material [31].

The semi-mechanical properties of this work were compared
with those of titanium alloys with dual-scale structure reported
in the literature. It can be seen that the comprehensive mechani-
cal properties of the semi-solid sintered dual-scale titanium com-
posite exceed the equilibrium trend reported in the current litera-
ture, and it has better yield strength and plastic strain. Therefore,
the semi-solid sintering technology based on eutectic transition
and the concept of microstructure and properties control pro-
posed in this study provide a new way for the preparation of new
dual-scale titanium alloys with high strength and toughness.

5. Conclusion

5.1. The semi-solid powder metallurgy technology of chemical
mechanical ball milling + vacuum hot pressing sintering was
used to successfully prepare TIC@GNPs reinforced pure tita-
nium matrix composites. Compared with the existing research,
the newly prepared titanium matrix composite has higher tensile
strength and plasticity at room temperature, and good interface
bonding, is potential in application. The uniform distribution of
GNPs on the surface of large Ti powder was realized by using
the 3d mechanical rotation mixing method.

5.2. With the increase of sintering temperature, the content of ti-
tanium carbide increases, and the yield strength and compressive
strength of composites increase. The longer the heating time, the
slower the heating rate and the lower the GNPs between titanium
carbide ratio. High pressure and low temperature can reduce the
reaction degree of GNPs, but a high proportion of GNPs residue
does not bring significant improvement of mechanical proper-
ties. As the temperature increases, the heating rate decreases and
TiC phase is more easily formed. With the change of heating rate
and holding time, the microstructure does not change significant-
ly. As the temperature increases, the holding time increases and
the heating rate slows down, the reaction degree of GNPs with
the matrix increases, but the compression performance increases
with the reaction degree.

5.3.When the reaction degree of GNPs is very small, the interface
strength cannot be guaranteed, while when the reaction degree is
too high, the residual GNPs is very small, and TiC particles are
coarsened, which limits the improvement of mechanical proper-
ties. There is an optimum proportion between GNPs and matrix.
Among the samples explored in this experiment, for 0.25wt%
TiC@GNPs, when the sintering temperature is 1 000°C, the
heating rate is 100°C/min, and the temperature is 120 min, the

reaction degree between GNPs and TiC reaches the best pro-
portion, showing the best compression performance. The yield
strength is 1086 MPa, the compressive strength is 1824 MPa,
and the fracture strain is 41.3%. The three-dimensional network
distribution of GNPs in titanium alloy matrix can regulate the
contradiction between strength and plasticity of titanium matrix
composites.
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