Northumbria Research Link

Citation: Zhou, Yue, Dong, Longlong, Yang, Qinghao, Huo, Wangtu, Fu, Richard, Yu, Jiashi,
Liu, Yue and Zhang, Yusheng (2021) Controlled Interfacial Reactions and Superior
Mechanical Properties of High Energy Ball Milled/Spark Plasma Sintered Ti-6Al-4V-
Graphene Composite. Advanced Engineering Materials, 23 (6). p. 2001411. ISSN 1438-
1656

Published by: Wiley-Blackwell

URL: https://doi.org/10.1002/adem.202001411
<https://doi.org/10.1002/adem.202001411>

This version was downloaded from Northumbria Research Link:
http://nrl.northumbria.ac.uk/id/eprint/45823/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’'s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners. Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without prior permission or charge, provided the authors, title and full bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder. The full policy is

available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of the research, please visit the publisher’'s website (a subscription
may be required.)

ke Northumbria

University : : .
NEWCASTLE “8 UniversityLibrary


http://nrl.northumbria.ac.uk/policies.html

Revised Manuscript

©CO~NOOOTA~AWNPE

-

N

10

11

12

14

15

16

17

18

19

20

Controlled Interfacial Reactions and Superior Mechanical Properties of High

Energy Ball Milled/Spark Plasma Sintered Ti-6Al-4V-Graphene Composite

Y. Zhou?, L.L. Dong ®% *, Q.H. Yang ", W.T. Huo ®, Y.Q. Fu ¢,

Y.J. Shi ¢ Y. Liu® Y.S. Zhang ©

& School of Materials Science and Engineering, Xi'an University of Science and
Technology, Shaanxi, Xi‘an 710054, PR China

b Advanced Materials Research Central, Northwest Institute for Nonferrous Metal
Research, Xi’an 710016, PR China

¢ School of Materials Science and Engineering, Northeastern University, Shenyang
110819, PR China

d Faculty of Engineering and Environment, Northumbria University, Newcastle upon
Tyne NE1 8ST, UK

€ Xi’an Rare Metal Materials Institute Co., Ltd, Xi’an, 710016, PR China

Abstract:
Ball milling process has become one of the effective methods for dispersing
graphene nanoplates (GNPs) uniformly into a metal matrix, however, there are often

serious issues of structural integrity and interfacial reactions of these GNPs with the
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matrix. In this work, we synthesized Ti-6Al-4V (TC4) matrix composites reinforced
with GNPs using combined methods of high energy ball milling (HEBM) and spark
plasma sintering (SPS). Effects of ball milling on evolution of microstructures and
interfacial reactions of GNPs/TC4 composite powders during the HEBM were
thoroughly investigated. When the ball milling time was increased up to 15 hrs, the
average size of TC4 powders was firstly increased (e.g., ~104.15 um, 5 hrs) due to
severely plastic deformation, but then decreased to ~ 1.5 um (15 hrs), which was
much smaller than that of the original TC4 powders (~ 86.8 um). TiC interfacial
structures were in-situ formed on the surfaces of the TC4 particles when the ball
milling time was 10 hrs. After SPS process using the composite powders, the
GNPs/TC4 composites exhibited 36-103% increase in compressive yield strength and
57-78% increase in hardness than those of the TC4 alloy, whereas the fracture to
strain was reduced nonlinearity (from 28% to 7%) with the increase of ball milling
time (from 2 hrs to 15 hrs). A good balance between high strength (1.9 GPa) and
ductility (17%) of the GNPs/TC4 composites was achieved when the ball milling time
was 10 hrs, which can be attributed to the synergistic effects of grain refinement
strengthening, solid solution strengthening, load transfer strengthening from the GNPs

and in-situ formed TiC.

Keywords: Ball milling, Interfacial reaction, Spark plasma sintering, Mechanical

properties
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1. Introduction

Titanium matrix composites (TiMCs) are promising materials used for aerospace,
petrochemical engineering and automobile industries owing to their excellent strength,
low density, outstanding corrosion and abrasive resistance [**l. High performance
TiMCs can be fabricated using powder metallurgy processes via introduction of
reinforcements such as TiC, SiC, TiB, (TiHf)sSis, carbon nanotubes (CNTs) - etc.
Although these conventional reinforcements can improve the mechanical properties of
TiMCs, it is generally difficult to achieve a good trade-off between strength and
ductility.

The discovery of graphene in 2004 provides a new revenue for development of
high-performance metal matrix composites (MMCs). Graphene and its derivatives
have attracted great attention for synergistically improving the performance of
light-weight matrix owing to their distinct 2D structures and extraordinary mechanical
properties 2 Previously Dong et al. [ dispersed 0.3 wt.% graphene oxides
nanosheets (GONS) into pure Ti powders using a hydrothermal synthesis method and
sintered GONSs/Ti composites via spark plasma sintering (SPS). Their results indicated
that tensile strength of the sintered TiMC was increased by 9.7%, compared to that of
sintered pure Ti matrix. However, the mechanical properties of Ti based MMCs often
could not be further improved even when the graphene content has been significantly
increased. Zhang et al. [**I achieved various graphene contents (0.25, 0.5, 0.75, 1 and
1.5 wt%) adsorbed onto the surfaces of polyvinyl alcohol-modified TC4 powders

using a magnetic stirring method and then fabricated graphene/TC4 composites using



©CO~NOOOTA~AWNPE

10

11

12

14

15

16

17

18

19

20

21

22

SPS. Their results showed that 0.25 wt% graphene/TC4 composites possessed the
maximum tensile strength with a maximum elongation ratio of 10%. The main issue is
the difficulties in achieving a homogeneous dispersion of graphene or its derivatives
into the Ti matrix. Various dispersion methods, including flake powder metallurgy ™4,
high energy ball milling (HEBM) I metal nanoparticles modified graphene [*° and
hydrothermal synthesis-assisted ball milling *"! have been applied. Among these
methods, HEBM is one of the most economic and effective dispersion technologies
for engineering applications. It has been successfully used to disperse graphene or its
derivatives into metal matrix (Cu, Al etc.). For example, Chu et al [*8lused a modified
ball-milling process to obtain the uniform dispersion of reduced GONs onto the
surfaces of the CuCr powders and then synthesized 2.5 vol% rGON/CuCr composites
using SPS. These composites exhibited a tensile strength of 352 MPa, which is 82%
higher than that of unreinforced CuCr alloy. An excellent balance of strength (295
MPa) and ductility (13.5%) of Al matrix composites was also achieved by vacuum
sintering and hot extrusion of shift-speed ball milled GNPs/Al powders ™*°1. Recently,
Mu et al investigated the size effects of the Ti powders on the mechanical properties
of GNPs/Ti matrix composites using both HEBM and SPS. They found that the
formed TiC nanoparticles/nanolayers during the sintering provide an effective load
transfer capability for composites, thus improving their strength and ductility 2],
Generally, there are three predominant stages during the HEBM processes, e.g.,
plastic deformation, cold welding and fracture of the reinforcements and matrix

powders 2!, Unlike copper and its alloys powders, due to the difficulties to severely
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deform Ti alloys powders, there are few reports on refining their particle sizes by
HEBM. Long et al. % utilized HEBM and SPS to prepare ultrafine-grained TC4
alloys, and obtained microstructures of TC4 matrixes with an average grain sizes of
0.51~0.89 mm. However, they only investigated the effect of ball milling times for the
raw powders. In fact, Ti and its alloy powders will easily react with carbon atoms to
formed non-stoichiometric titanium carbides during the HEBM processes, which will
affect the GNPs’ microstructures and the performance of the resulted composites.
Therefore, we focus the present work on the structural evolution and interfacial
reactions of the GNPs and TC4 powders during the ball milling, and then study the
mechanical properties and failure mechanisms of the synthesized TiMCs using these
powders. For simplify, the as-sintered composites with different ball milling times of
0, 2, 5, 10 and 15 hrs were named as CO, C2, C5, C10 and C15, respectively. We
found that the in-situ TiC phases were formed and embeded into the TC4 powders
when the ball milling time is longer than 10 hrs, and therefore, a good balance
between the strength (1.9 GPa) and ductility (17%) of the GNPs/TC4 composites can

be well achieved.

2. Results and Discussion
2.1 Microstructural evolution of GNPs/TC4 powders in HEBM

Figure 1 shows scanning electron microscope (SEM) images of the GNPs/TC4
powders processed with different ball milling times. After 2 hrs ball milling, the

powders shown in Figure l1a has almost a spherical shape with an average size of ~
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89.64 um. However, when the ball milling time is increased to 5 hrs, the average TC4
particle size is increased to 104.15 um, with some flake morphologies as shown in
Figure 1b. Only a few amounts of GNPs are dispersed and adhered on the surfaces of
TC4 powders after 2h ball milling (Figure 1ai). Nevertheless, a lot of GNPs are
distributed on the surfaces of TC4 powders when the ball milling is 5 hrs (Figure 1b1).
With the ball milling time is increased to 10 hrs, spherical and flaky-shaped TC4
powder flakes are found to disappear in Figure 1c owing to the shear-crush
mechanism induced by milling balls . Furthermore, it was very difficult to locate
the GNPs, which indicates that the majorities of the GNPs are embedded into the TC4
particles during the ball milling process. When the ball milling time is further
prolonged to 15 hrs, the TC4 particles exhibit irregular particulate shapes with an
average size of 1.50 um, which is 98.6% reduction compared with the original
powders (~86 um, Figure 9d). Based on SEM images in Figures 1d and di, the
nano-scale TiC phases are covered on the surface of the TC4 powders without
obvious GNPs. The presence of GNPs and TiC on the surface of TC4 powders
provides a pinning effect and prohibits significant grain growth during the sintering.
The interfacial microstructures of the ball-milled GNPs/TC4 powders were
further characterized using transmission electron microscope (TEM) and
high-resolution TEM (HRTEM). Except a small number of agglomerated GNPs, tiny
GNPs can be observed after 2 hrs ball milling (Figure 2a), which is attributed to that
the shear force introduced by milling balls can exfoliate graphene nanolayers. In fact,

previous studies showed that the appropriate ball milling parameters are in favor of
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the graphene exfoliation from graphite >4, The HRTEM image in Figure 2b shows
that the interlayer space of GNPs is ~ 0.34 nm, which is consistent with the results
reported in a previous study [°1. However, as the ball milling time was increased to 15
hrs, the layered structure morphology of GNPs was severely destroyed, and these
GNPs were found to embed inside the TC4 particles (Figure 2c). The image in
Figure 2d shows that lattice fringe of marginal GNPs is twisted and indistinctive,
revealing that amorphous carbon are formed at the edges of these GNPs. Furthermore,
some nanoscale white particles are found to embed inside TC4 particles (Figure 2e),
which can be identified as TiC nanoparticles according to EDS analysis shown in
Figure 2f.

Previous studies of Cu matrix composites using reduced graphene oxide (rGO)
and CNTs as the carbon sources have shown that interfacial carbides are preferentially
formed at the defective sites of the rGO and CNTSs, because of the highly reactive
nature of carbon atoms in these defects (pristine and produced) regions, as well as
easy formation of carbides [?>?%l. Therefore, the defect structures and distribution of
carbon sources play critical roles in the nucleation and growth of these carbides.
Figure 2g schematically summarizes the mechanisms for interfacial TiC phase
formation and evolution of GNPs during the ball milling process. The large size of
GNPs with some nanoscale defects (Figure 9b) are exfoliated and then crushed into
small sizes under the shearing force of milling balls after short ball milling (i.e. 2 hrs
and 5 hrs, Figures 2a and b), resulting in newly generated defects at the fracture edge

of GNPs. For longer milling durations (such as 15 hrs), the average size of milled
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TC4 powders (~1.5 um) was smaller than that with milling time of 2 hrs. In fact, the
fine grain/ultra-fine grain Ti particles possess high activity and large specific surface
area [2° 3%, When the mixed composite powders are subjected to long time ball milling
process, some Ti atoms and carbon atoms are inter-diffused, and Ti atoms are quickly
diffused to the highly reactive and amorphous carbon defects region, and then react
with active carbon atoms of defects region to form TiC particles (Figures 2e and f).
Furthermore, the HEBM is a non-equilibrium process of material preparation
technology Y. The chemical reactions can be induced at lower temperature or room
temperature owing to the activation of the powders by mechanical energy. The
long-time ball milling can result in increases of temperature and concentration of

defects, which increase the reaction kinetics of in-situ formed TiC phase.
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Figure 1. SEM morphologies and corresponding particle size distribution of TC4 with

various balling times (a, a1, a2) 2 hrs, (b, bs, b2) 5 hrs, (c, c1, ¢2) 10 hrs, and (d, di, d2)

15 hrs, respectively.
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Figure 2. (a) TEM image of GNPs/TC4 mixture after 2 hrs ball milling, (b) HRTEM
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image of remarked region A in (a) and inset is selected area diffraction pattern results
of the region A; (c) TEM image of GNPs/TC4 mixture after 15 hrs ball milling, (d)
HRTEM image of remarked region B in (c), (e) High-angle annular dark-field-
scanning transmission electron microscope (HADDF-TEM) image of the interfacial
products TiC inside in GNPs and (f) corresponding EDS point of TiC nanoparticles in
(e); (g) The schematic diagram of interfacial products TiC formation and evolution of

GNPs during the ball milling process, respectively.

2.2 Phase and composition of GNPs/TC4 powders in HEBM

Figure 3a shows X-ray diffraction (XRD) patterns of the milled GNPs/TC4
powders with various ball milling times. The main peaks corresponding to a-Ti are
observed in the raw TC4 powders. However, peak broadening and density weakening
can be observed with an increasing of ball milling times as shown in Figure 3a,
revealing that the TC4 particles size is drastically reduced. The decrease in intensity
of a-Ti in the milled powders can be linked to the formation of the interfacial products
during the ball milling %, After 15 hrs milling, Figure 3a shows a new peak located
at ~ 38.6°, which is attributed to that of TiC (200) (PDF# 02-4902). No GNPs are
detected in the composite powders. This could be a result of the homogeneous
dispersion of the GNPs in the surfaces of TC4 powders (Figure 1) and the
amorphization of the GNPs during the ball milling ],

The structures and nanoscale defects of GNPs in the milled composite powders

were further characterized using Raman spectroscopy and the results are shown in

11
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Figures 3b~c. There are three obvious characteristic peaks of the GNPs, i.e., D band
(~1340 cm, the defect band), G band (~1580 cm™) and 2D band (~2 700 cm™), as
listed in Table 1. A progressive broadening of the D and G bands are observed with
the increase of ball milling time for the composite powders. However, as the G band
corresponds to the degree of graphitic arrangement and crystallinity of the C-atoms in
the graphitic network of the GNPs, any broadening of this Raman peak is an
indication of the presence of induced disorders or loss of crystallinity. Thus, our
results show that the defect concentrations and crystallinity are decreased, and
amorphization occurs with the increased ball milling time.

In Figure 3b there are additional Raman peaks located at ~ 418 cm™ and ~ 605
cm® corresponding to the TiC phase, after milling for 10 hrs and 15 hrs,. The intensity
ratio (Io/lg) of the D and G band is often used to evaluate the defects and quality of
the carbon materials !, The Ip/lg ratio is increased from 0.26 to 0.56 after 2 hrs
milling and further increased to 1.52 when milling duration is 10 hrs (Figure 3c),

revealing that the GNPs was severely destroyed, resulting in their amorphization.

12
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Figure 3. (a) XRD patterns, (b) Raman spectra of ball milled GNPs/TC4 mixtures,

and (c) corresponding Ip/lg results with an increasing of milling times, respectively.

Table 1. The detailed Raman spectra results of the ball milled composites powders.

Ball milling time D band G band 2D band 1,71,
GNPs 1362.69 1586.29 2723.45 0.26

2h 1350.62 1582.31 2702.70 0.56

5h 1347.44 1583.86 2693.27 1.26

10h 1350.62 1590.03 2682.48 1.52

15h 1331.54 1577.68 2677.08 1.67

Figure 4 shows analysis results using high-resolution X-ray photoelectron

spectroscopy (XPS), which can reveal the bonding characteristics of ball milled

GNPs/TC4 mixture powders after various ball milling times. The C1s peak of raw

13
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GNPs in Figure 4a reveals three main components arising from C=C sp?, C-C sp® and
C-O, located at ~ 284.8 eV, ~285.6 eV and ~286.4 eV, respectively ¥, As shown in
Figure 4a, the intensity of sp? is much higher than that of sp® (sp?/sp®ratio = 12.5),
revealing that the raw GNPs shows a high degree of graphitization and low contents
of nano-scale defects. With increase of the ball milling time, the ratio of the intensity
(Isp2/ltotar and Ispa/liotar) Varies differently. Based on Figures 4a~f, the lspa/liotal ratio is
gradually increased to 0.29 from a minimized value. Simultaneously, the lsp2/liota ratio
decreases ~35% from 0.88 to 0.57 after 15 hrs ball milling process, which is linked
with the increment of nano-scale defects in the GNPs. The low intensity peak at 282.3
eV which corresponds to the C-Ti bonds ®*! appears in Figure 4d and reaches its
maximum intensity of 0.09 after 15 hrs ball milling. XPS results clearly show that
with the increase of ball milling time, GNPs have more nano-scale defects and easily

react with Ti atoms to generate higher contents of TiC particles.
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Figure 4. The C1ls XPS spectra of the GNPs/TC4 composites powders after various

times (a) O hrs, (b) 2 hrs, (c) 5 hrs, (d) 10 hrs, (e) 15 hrs, and (f) Evolution tendency of

14
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structural integrity (lsp2/1 total), The content of sp® C-C (lspa/l tota)) and the extent of

interfacial reaction (Ic-1i/l otal) O the milled powders, respectively.

2.3 Microstructure and mechanical properties of GNPs/TC4 composites

The SEM images of sintered GNPs/TC4 with various ball milling times are
shown in Figure 5. Figure 5a shows the typical Widmanstatten lamellar
microstructure consisting of a relatively large volume fraction of a-phase (dark region,
inset, Figure 5a) and a small volume fraction of S-phase (bright region, inset, Figure
5a) inside the monolithic TC4 alloy. The average grain size of the primary S-phase is
much larger (~250 um) than that of the raw TC4 powders (~86 um, Figure 9d), which
could be harmful to the mechanical properties of sintered titanium alloys. The
microstructure of sintered GNPs/TC4 composites in Figure 5b is similar with TC4
alloy except that some TiC and GNPs clusters are located at the grain boundaries. In
addition, the residual GNPs are distributed around the cracks, which could provide
effective load bearing capability. However, with an increase of the ball milling time,
the GNPs/TC4 composite displays a transition from Widmanstitten lamellar
microstructures to refined equiaxed microstructures, as compared from Figures 5a~f.
This transition is beneficial for the enhancement in the strength of composites 1. As
the ball milling time is increased, the highly active carbon atoms possess sufficient
mobility and are more likely diffuse into the inner part of Ti matrix to form the
discontinuous or continuous TiC structures at a high sintering temperature of 1273 K.

This results in the formation of a TiC shell which can effectively constrain the growth

15
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Figure 5. SEM images of as-sintered GNPs/TC4 composites after various milled
times (a) 0 hrs, (b) 2 hrs, (c) 5 hrs, (d) 10 hrs, (e) 15 hrs, (f) an enlarged view of
marked region in Figure (e) and (fi)~(fs) corresponding elements distribution,

respectively.

The TEM images of GNPs/TC4 composites with different ball milling times are
shown in Figure 6. Figure 6a shows that the GNPs appear inside the Ti matrix. The
interface between the GNPs and Ti matrix is clear and no obvious interfacial reaction
products can be identified, which means a short time milling is ineffective to disperse
GNPs uniformly. An HRTEM image of GNPs in GNPs/TC4 composites after 2 hrs
ball milling is shown in the inset of Figure 6a. Its lattice fringe has a spacing of ~

0.34 nm, corresponding to the interplanar spacing of graphite (0002). However, with

16
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the ball milling times increased to 15 hrs, the grain size of Ti matrix is decreased into
the submicron scale as shown in Figure 6b. Furthermore, nanoscale reaction products
of polygonal TiC particles can be observed to form at the grain boundaries of the Ti
matrix, which can be identified by EDS analysis in Figure 6¢ and the selected area
electron diffraction (SAED) pattern in Figure 6d. There are significant reactions
between Ti and C atoms and most of GNPs have been changed into TiC particles
owing to the highly cumulative milling energy. The similar phenomenon was also

reported in ball-milling of graphene/Al matrix composites /.

] Elements | at% Region A
124 (c) TiXKa C 42‘ 1

Al 0.72
7 Ti 57.18

Intensity (kCounts)

¥ T
0 5 10
Energy (keV)

Figure 6. TEM images of sintered GNPs/TC4 composites after ball milling (a) 2 hrs

and (b) 15 hrs; (c) EDS analysis and (d) SAED of region A marked in (b), respectively.

17
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The inset in (a) is a HRTEM image of GNPs.

Mechanical properties of the as-sintered TC4 and GNPs/TC4 composites are
presented in Figure 7 and all the results are summarized in Table 2. The compressive
stress-strain curves of TC4 alloy in Figure 7a are consisted of an elastic stage, a
plastic yield plateau stage and a parabolic stage. The compressive yield strength of
GNPs/TC4 composites is significantly increased compared to that of the monolithic
TC4 alloy. The corresponding yield strength and strain at rupture for TC4 alloy was
measured as 804.85+10 MPa and 28+0.6%, respectively. The average relative density
of the TC4 alloy was 97.46%. However, the compressive yield strength of the C10
and C15 samples are 1.48 GPa and 1.63 GPa, respectively, which have been increased
by ~84% and ~103% compared with that of pure TC4 alloys. The average values of
relative densities for the C10 and C15 samples were increased to 98.83% and 98.90%,
respectively, which are attributed to homogenous formation of an interfacial layer of
TiC around GNPs during the HEBM performed at the higher milling energies 7],

The fracture strain of the C2 samples is slightly (30%) higher than that of
monolithic TC4 alloy (28%), which is mainly due to the effective load bearing
capability of GNPs and the newly formed TiC particles. However, the fracture strain
of GNPs/TC4 composites is decreased from 30% to 7% when the ball milling time is
increased from 2 hrs to 15 hrs. The sharp decrease in ductility is mainly due to the
formation of a continuous network of TiC brittle structures. However, the elastic
modulus of composite increases with an increase of ball milling time (Figure S2)

when the GNPs are introduced into TC4 matrix. The elastic modulus of the C15

18
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samples reaches its highest value of 142.38 GPa, which is an enhancement of 25.86%
compared to that of the monolithic TC4 alloy. The increased elastic modulus in
composite with the increase of milling time is mainly due to the hard GNPs and
in-situ formed TiC phases.

The increased strength in graphene or CNTs reinforced metal matrix composites
can be attributed to a variety of mechanisms, including grain refinement strengthening
[37. 381 " Joad transfer strengthening [, solution strengthening *”), Orowan looping
strengthening, in-situ TiC strengthening (% 4% 4l thermal expansion mismatch
strengthening 1. However, not all these strengthening mechanisms are contributed to
the increased strength in the present study. , Microstructures and properties of the Ti
matrix composites are strongly dependent on the shape, size and distributional
characteristics of reinforcement in the Ti matrix.

First, Orowan looping strengthening mechanism is negligible in this study,
because its principle is mainly attributed to the interactions between nano-scale
reinforcement particles and the moving dislocations. The reinforcements should be
uniformly dispersed in the interior of matrix grains and their sizes should be smaller
than 1 mm 2. However, in this study, the in-situ formed TiC particles are all
observed at grain boundaries of the Ti matrix and their particle sizes are mostly in
micron levels (Figure 5 and Figure 6b).

Second, there exists a small mismatch of coefficient of thermal expansion (CTE)
between interfacial products of TiC (~ 7.74x10 “¥/K), graphene (~ 8x10 “8/K “*l) and

Ti matrix (~ 10.8x10°%/K). If the composite is slowly cooled down to room

19



©CO~NOOOTA~AWNPE

10

11

12

14

15

16

17

18

19

20

21

22

temperature, the dislocations formed at the interfaces due to mismatch can be
significantly suppressed at a low cooling rate . Hence, thermal mismatch
strengthening is more effective in those fast-quenched composites [“* %61,

Hence, the strengthening mechanism of GNPs/TC4 composites in this study is

mainly contributed to a combination of solution strengthening, grain refinement,
dislocations strengthening, and load transfer strengthening caused by those in-situ
formed TiC as well as the remained GNPs.
(1) Grain refinement strengthening shows significant influences to the strength of the
composites, because the Ti grain sizes are significantly changed from 253 um to 83
um (Figure 5 and Figure 7b). This increased strength (AO'gr) can be estimated using
the Hall-Patch relationship [

MGy =K@ ~di) 1)
where K is the Halle-Petch coefficient, and usually shows the average effect of the
grain boundaries in the polycrystal and is usually 0.68 MPa-m*? [*/l_ D, and Dp are
the average sizes of TiMCs and monolithic TC4. For the GNPs/TC4 composites, the
uniformly distributed GNPs and continuous/discontinuous TiC phases hinder the
migration of grain boundary, and thus prevent the growth of Ti grain. Furthermore, the
grain refinement is one of the critical factors for the significant increase of hardness
(Figure 7b).

(2) Interstitial carbon is an effective strengthening element and carbon atoms are
preferably confined to a-phase in an a+p titanium alloy. However, further additions of

carbon will have minor contribution to the enhancement of strength when the carbon
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concentrations are above its limit (e.g., ~0.05 wt% for a-Ti at room temperature [“]),
As reported in literature, solid solution strengthening (A ) induced by carbon
interstitial atoms contributes up to 7 MPa per 0.01 wt% carbon [“°1. Based on this, the
strengthening contribution in 0.2% YS of TiMCs due to carbon additions can be
estimated as 35 MPa for all the TC4 composites containing carbon sources above
0.05wt%.

(3) Another key strengthening mechanism is the load transfer strengthening caused
by those in-situ formed TiC and remained GNPs. According to the previous studies
[16, 18, 27, 38, 40], if the strength of TIMCs () is regarded as the summation of
pure matrix materials strength ( o ), grain refinement ( Ao o ), solution
strengthening ( A ) and load transfer ( Ag, ), then we can obtain
Aowv=0.~0On A0« A0—A0, - In this study a combination of grain
refinement strengthening, solid solution strengthening, and load transfer strengthening
GNPs and in-situ formed TiC has resulted a significant enhancement of mechanical
properties for the composites.

The enhancement effect of reinforcements is also attributed to the strong
interactions between the reinforcements (TiC and GNPs) and metal matrix. In the
GNPs/TC4 composites, the TiC particles are in-situ formed, which leads to their
strong bonding to the matrix ©%. The crack propagates across the TiC particles, thus
resulting in the fracture of these particles, as shown in Figures 8b and c. This shows
that the applied load can be transferred to these TiC particles from matrix.

Furthermore, the remained GNPs were pulled out along the direction of compressive
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stress (Figure 8b) and no obvious voids were observed at the GNPs-Ti interface
(Figure 6a). These are is in favor of improving the yield strength of the composites
through load transfer strengthening of remained GNPs and in-situ formed TiC. For the
GNPs/Ti composites, the GNPs actively react with titanium matrix during the
sintering. However, the formed TiC phases are beneficial to improve Ti-GNPs
bonding in the composites due to the formation of strong covalent bonds. In this study,
we control the sizes, spatial structure, and discontinuous or continuous structures of
TiC phases using both HEBM and SPS processes (see detailed discussion in
supporting information). The interfacial structures are strongly influenced by ball
milling time. Three different types of interfacial structures (e.g., GNPs-Ti, GNPs-TiC
and TiC-Ti) are absence in GNPs/TC4 composites 'l after a short ball milling time
(see Figures 5b and c, Figure 6a, Figures 8e and e1). However, with an increase of
ball milling time, the GNPs are completely reacted with the Ti matrix and form TiC
particles or layers (see Figures 5d and e, Figure 6b and Figures 8h and h1). Hence,
only TiC-Ti interfaces in GNPs/TC4 composites are still remained after a long time
ball milling, thus resulting in degradation of mechanical properties.

The effects of milling time on the average grain size of matrix and the average
Vickers hardness of the TC4 alloy and GNPs/TC4 composites are shown in Figure 7b.
When the ball milling time is increased from 0 to 15 hrs, the grain size of the sintered
Ti matrix composites is reduced from ~ 253 pum to ~ 85 pm. This is mainly because
the high dislocation density in the ball milled powders during the ball milling process

and in-situ formed continuous TiC particles around the grain boundary can effectively
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prevent the grain growth during the SPS. Figure 7b shows that the hardness values of
the composites are all higher than that of pure TC4 alloys (see supporting
information). Whereas the hardness of C2 sample (532.5 HV) is higher than that of
C5 sample (507.91 HV) owing to the presence of GNPs (see Figures 5b and 6a) at
the grain boundary. The relationships among the size of Ti grains, microhardness,
strength and elongation of the GNPs/TC4 composites are summarized into a
schematic radar chart as shown in Figure 7c. After ball milling for 10 hrs, the
GNPs/TC4 composites possess a superior performance, i.e., a high hardness (~539
HV) and compressive yield strength (~1.48 GPa) with a good ductility (~17%). Hence,
compared with the results of TC4 matrix composites reported in literature, a good
balance of strength and ductility can be achieved by optimal ball milling time of the

composite powders based on this study (Figure 7d).
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Figure 7. Mechanical properties of pure TC4 and GNPs/TC4 composites. (a)

Compressive stress-strain curves. (b) Effect of the milling time on the microhardness

and corresponding microstructure. (c) Five factors of radar graph about particle size,

compressive yield strength,

compressive ultimate strength,

elongation and

microhardness to reflect the present comprehensive performance. (d) Comparison of

the compressive yield strength and strain of TC4 matrix composites in reported

articles using ball milling and SPS [2 223950551 "regpectively.
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Table 2. Mechanical properties of pure TC4 and GNPs/TC4 composites.

S

Bgll milling Compressive yield strength Ultimate compressive strength Fracture strain Hardness

'3me (h)

(MPa) (MPa) (%) (HV)

Relative

density (%)

8

30 (C0)
10
112 (C2)

12
135 (C5)
14

1%0 (C10)
16

175 (C15)

804.85 1449.02 28 321+19

1099.43 1738.31 30 532.49+21

1265.62 1940.56 24 507.+13

1482.63 1929.32 17 539+22

1631.64 1853.68 7 570475

97.46+0.64

98.00+0.76
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2.4 Fracture behavior of GNPs/TC4 composites

Figure 8 shows the SEM images of fracture surfaces of the sintered samples
after compression tests, along with the schematic drawings of fracture mechanism.
Figures 8a~c are the fracture surfaces of TC4 alloys, and the fracture occurs along the
direction of the maximum shear force, e.g., approximately 45° from the loading
direction (Figure 8a) without formation of micro-cracks. An enlarged view of the
surface shown in Figure 8b presents the characteristic parabolic dimples, revealing its
nature of ductile fracture. However, the fracture behavior is quite different after the
addition of GNPs and also with the gradual increase of ball milling time. When the
ball milling time is 5 hrs, as shown in Figure 8d~f, fracture surfaces show
trans-granular facets in TiC particles and GNPs clusters. The pulling out of GNPs
(Figure 8e1) from the Ti matrix can be clearly observed, which has enhanced the load
transfer capability. With further increase of ball milling time to 15 hrs, the fracture

surface of GNPs/TC4 composites reveals significantly increased TiC particles as
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shown in Figures 8g~i. The dominant failure mode is changed to brittle fracture
owing to the formation of cracks due to the TiC particles and interfacial debonding
during the plastic deformation (Figure 8h). The main reason is the incompatibly
plastic deformation between the Ti matrix and the TiC network, thus resulting in

interfacial failure/ cracking at higher compressive strains.

—— e e e e e e e e e e e e e e e - -
y g Fr 7t

,16

Figure 8. SEM images and high magnifications of compressive fracture for milling
time of 0 hrs (a)~(b), 5 hrs (d)~(e), 15 hrs (g)~(h); Corresponding schematic of

fracture mechanism in TC4 and GNPs/TC4 composites 0 hrs (c), 5 hrs (f) and 15 hrs
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(i), respectively.

3. Conclusions

In this work, the GNPs/TC4 composites prepared with different ball milling
times were successfully synthesized using SPS. The effect of ball milling time on the
interfacial reactions between GNPs and TC4matrix, microstructures and mechanical
properties of the sintered composites were discussed. The main conclusions are as
follows:
(1) Ball milling shows significant effects on the GNPs/TC4 mixed powders in two
aspects. One is the effectively dispersed GNPs into Ti matrix and the other is the
refinement of the grain size of the TC4 powders. However, the TiC nanoparticles were
in-situ formed and embed onto the surfaces of the TC4 particles when the ball milling
time is over 10 hrs.
(2) GNPs/TC4 composites show 36-103% increases in compressive yield strength
and 57-78% increases in hardness than those of monolithic TC4 alloy, and the
plasticity was reduced with the increase of ball milling time. A good balance between
the strength (1.9 GPa) and ductility (17%) of the GNPs/TC4 composites can be well
achieved when the ball milling time is 10 hrs.
(3) The improved mechanical properties are mainly attributed to the synergistic
strengthening of grain refinement strengthening, solid solution strengthening, load

transfer strengthening from the GNPs and in-situ formed TiC.
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4. Experimental Section
4.1 Raw Materials

Graphene nanoplates (GNPs) were purchased from Nanjing Xian-Feng Nano
Materials Technology Co. Ltd., China. Images obtained using TEM (JEOL JEM-2100
Plus) in Figure 9a and HRTEM in Figure 9b show that the GNPs have large-scale,
thin-layered and wrinkled structures. Figure 9b also shows that there are many
nanoscale defects existed on the edges of GNPs. The image in Figure 9c obtained
using an atomic force microscope (AFM, Dimension Icon System, Bruker Instruments)
shows that the average thickness of GNPs is ~ 2 nm and the length/width ratios are
1~3 pm.

Commercially available Ti-6Al-4V (i.e. TC4) powders with an average size of
86.84+2.36 um (inset, Figure 9d) were purchased from Xi’an Sino-Euro Materials
Technologies Co., Ltd., China. They were fabricated using a plasma rotating electrode
process and a typical morphology of TC4 spherical powders is shown in Figure 9d.

Table 3 lists the characteristics of TC4 powders and GNPs nano-powders.
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Figure 9. (a) TEM, (b) HRTEM and (c) Top-view AFM image of GNPs and
corresponding cross-section height analysis. HRTEM shows less layers structure of
the GNPs (<10 layers) and the nano-scale defects existed on the edges of GNPs. (d)
SEM images of the Ti-6Al-4V spherical powders. The inset in 9(d) shows the particle

size distribution of TC4 powders.

Table 3. Chemical composition (mass fraction wt%) and characteristics of TC4 and

GNPs used in this work.

Purity (%) Chemical composition Particle size (um)

Al \% Fe C N H O Ti
TC4 - 6.17 423 0.231 0.008 0.008 0.003 0.12 Bal. 75~150pm
Lateral size 1~3um

GNPs >99 - - - Bal. 0.1 0.05 -
Thickness 1~5nm
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4.2 Fabrication of GNPs/TC4 Mixtures and Composites

High energy ball milling with ethyl alcohol as a process control agent was
employed for dispersion GNPs uniformly into the TC4 powders, and SPS was used to
synthesize the composites using these composite powders. The 0.3 g GNPs and 99.7 ¢
TC4 powders were charged into 500 ml stainless steel vials along with WC balls of
three sizes (8 mm, 5 mm and 2 mm) in a weight ratio of 5:4:1 and were milled at a
speed of 400 rpm for different times (0, 2, 5, 10 and 15 hrs). The ball to powder ratio
was maintained at 10:1. In order to avoid oxidation, the HEBM was carried out under
a high purity argon protection, and the obtained ball milled powder mixtures were
collected within a glove box under an Ar atmosphere. The ball milled mixtures was
dried in a vacuum oven at a temperature of 80°C and a dwell time of 24 hrs. After that,
the GNPs/TC4 powders were densified using the SPS at 1000 °C with a time of 5 min
and a pressure of 45 MPa. The detailed information about the SPS process has
previously been reported in Ref 1],
4.3 Characterization

Microstructural characterization of the mixed powders with different ball milling
times was carried out using a field emission scanning electron microscope (FESEM,
Zeiss GeminiSEM 500) and the TEM. The phases of the ball-milled composites
powders were characterized using the XRD (BrukerAXS D4 Endeavor). Raman
spectroscopy was used to investigate structures and defects of GNPs after the ball
milling process, and this was performed at room temperature using a Laser Raman

Spectrometer (LabRAM HR Evolution) with an excitation wavelength of 532 nm.
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XPS (Thermo Fisher ESCALAB Xi*) was used to evaluate the oxygen containing
functional groups and Ti-C bond formation in the composite powders. Samples for
AFM imaging were prepared by drop-casting the dispersions of GNPs onto a silicon
substrate, which was then allowed to dry in air.

The relative densities of these sintered GNPs/TC4 composites were determined
using the Archimedes' method (see supporting information), and the obtained results
are listed in Table 2. Clearly all the composites after various ball milling times show a
higher relative density than that of pure TC4 composites. Vickers hardness was tested
using an HVS-1000 machine with a load of 300 g and a dwell time of 15 s at five
different locations. Then the average value was obtained to represent the hardness of
the sample (see supporting information). Specimens for compression testing were
cut along the direction of pressure loading from the sintered samples with a diameter
4 mm and a height of 8 mm. The compression tests were carried out at room
temperature using an MTS810 universal testing machine with a strain rate of 1
mm/min. At least three measurements were performed in order to acquire an average
value. Morphologies and compositions of the fractured surfaces were characterized

using the SEM.
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