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Abstract:

Starting with graphite, TiB,, and Ti-6Al-4V powders, the present work demonstrated that hybrid (TiC+TiB)
network strengthened Ti-6Al-4V-based composites can be fabricated via an integrated low-energy ball-milling and
reaction hot pressing sintering technique. With the aids of phase equilibrium and powder densification kinetic
calculations, the corresponded sintering parameters were optimized and tunable network microstructures were
subsequently achieved. Tensile properties for these composites were examined at elevated temperatures of 500,
550, 600, and 650 °C, the results of which indicated that the 50 um network configuration with 5 vol. % reinforcer
content led to the most enhanced tensile strength compared to both Ti-6Al-4V alloys and solely TiB reinforced
Ti-6Al-4V composites. The underlying strengthening mechanisms were mainly ascribed to: carbon interstitial
dissolution, reinforcer-assisted grain refinement, and extensive dispersoids. It was recognized from fractographic
analyses that matrix/reinforce interface contributed to the main crack propagation source at temperatures below 550
°C, leading to brittle-like fracture along the network boundary; however, once testing temperatures rose above 600
°C, matrix tearing and reinforcer cut-through mechanisms took place, giving rise to ductile fracture. Based on the
experimental observations and theoretical calculations, future perspectives regarding the processing and

microstructural manipulation for advanced high-temperature titanium matrix composites were also discussed.
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1. Introduction

Stimulated by the rapid development in aerospace engineering, there has been growing effort in investigating

advanced metallic-based materials with excellent specific mechanical properties and outstanding physicochemical
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stability at elevated temperatures ™. With regard to this, Ti-based alloys have attracted broad attention owing to
their unique combination of low density, superior strength, and desirable chemical corrosion resistance . Fig. 1
summaries the specific strength with respect to service temperature for conventional engineering materials. In the
temperature range from ambient value up to 400 °C, Ti-based alloys exhibit more favorable specific strength
compared to Al-based alloys, heat-resistant stainless steels, and poly-crystalline Ni-based superalloys. Nonetheless,
their specific strengths display a dramatic decreasing trend as the service temperature approaches 600 °C, which
largely hinders their potential applications. Moreover, Ti-based alloys often possess strong oxidation propensity at
elevated temperatures which further expedites their degradation due to the formation of porous TiO, oxide scale or
the embrittlement problem induced by oxygen-rich a-phase ®®. In a sense to improve these shortcomings,
appreciable investigations have been accomplished toward compositional optimization "®!, microstructural
modulation ®**, and surface modification *>*“. Although these strategies have enabled property enhancement of
Ti-based alloys, challenges still exist from a processing perspective, since the aforementioned approaches either
require the addition of high-cost alloying elements or involve precise control of thermo-mechanical treatment

conditions.

Over the past decades, the development of Ti-matrix composites (TMCs) has paved a novel cost-effective way for
the improvement of high-temperature performances ™. By incorporating commercial engineering ceramic
reinforcers such as SiC, TiB, and TiC, a variety of TMCs have been successfully developed and examined to
achieve desirable properties at both ambient and elevated temperatures ™° ¥, Based on the characteristics of
reinforcers, the development of TMCs can be categorized into three stages *>*): (1) continuously reinforced TMCs
with homogenously distributed reinforcers; (2) discontinuously reinforced TMCs with homogenously distributed
reinforcers; and (3) discontinuously reinforced TMCs with inhomogenously distributed reinforcers. In fact, decades

of effort has demonstrated that while continuous fiber reinforced TMCs (such as Ti/SiC composites) exhibit

© 2019 The Minerals, Metals & Materials Society and ASM International.



considerable improvement in high-temperature durability such as creep resistance, the strong mechanically
anisotropic effect together with the complexity in processing (mostly diffusion bonding technique) dramatically
decrease their engineering application potential ?°#? In recent years, comparatively more attention has been

directed into the investigation of the latter two types of TMCs ],
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Figure 1| Specific strength versus service temperature for typical structural materials (data excerpted from
ref.242)),

In order to achieve homogenous reinforcer distribution in TMCs, a great amount of work has been accomplished by
utilizing conventional melting-casting technique. Li et al. *® reported that Ti/(TiB+La,03) composites processed
by vacuum arc melting exhibited even better creep resistance compared to IMI 834 high-temperature titanium
alloys. By employing an investment casting approach, Choi et al. ¥”) fabricated Ti/(TiB+TiC) composites where
favorable wear resistance was consequently achieved. More recently, bimodal-sized near a-Ti/(TiB+Y,05)
composites synthesized via in-situ casting method were also found to exhibit enhanced compressive properties 2,
Although TMCs produced by common melting and casting routes have shown great potential in terms of property

enhancement, their limitations still remain in three respects: (1) the existence of intrinsic casting imperfections; (2)
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the necessity of proceeding thermo-mechanical treatment; and more importantly (3) the deficiency in reinforcer
distribution tunability. In fact, TMCs with homogenous reinforcer distribution often inevitably suffer from particle
(or whisker) clustering, which dramatically destructs their damage tolerance or even induces severe local

embrittlement problem at ambient temperature.

To this end, Huang et al. ®! re-examined the TMCs design principles by tuning network distributed TiB in
Ti-6Al-4V matrix through integrated ball-milling and reaction hot pressing sintering approach. They demonstrated
that this sort of composites with inhomogeneous reinforcer distribution exhibited significant improvement in tensile
strength without sacrificing too much ductility. Furthermore, it has also been recognized that powder metallurgy
approach not only avoids the inherent casting imperfections but also enables a large degree of freedom for
manipulating reinforcer distribution in terms of microstructural design ™. Following this strategy, various TMCs
with inhomogeneous reinforcer distribution has been successfully developed. In particular, Huang et al. showed
that by optimizing the TiB content, the Ti-6Al-4V/TiB composites achieved more desirable high-temperature
tensile properties compared to Ti-6Al-4V alloys **. A more recent investigation accomplished by Wang et al. B
also confirmed the beneficial effect of inhomogeneous TiB network on creep resistance. Despite their improved
high-temperature mechanical performances, the Ti-6Al-4V/TiB composites still suffered from network boundary
softening issues, in addition, they demonstrated deteriorated oxidation resistance due to the evaporation of boron

oxides 34,

With superior hardness and outstanding physicochemical stability at elevated temperatures, TiC has been
considered as another type of promising reinforcer to resolve these challenges ****?¥! and the most common
processing technique employed to introduce both TiC and TiB into Ti-6Al-4V alloys is melting and casting: by

introducing both TiC and TiB reinforcers into the Ti-6Al-4V alloys through a conventional vacuum induction
© 2019 The Minerals, Metals & Materials Society and ASM International.



melting and hot rolling procedure, Rastegari et al. % reported that a desirable strength-ductility combination can be
achieved at ambient temperature: the composites demonstrated an ultimate tensile strength of 1240 MPa while
preserving a fracture elongation of 9 %. Yang et al. * examined the dry sliding wear behavior of the
Ti-6Al-4V/(TiC+TiB) composites synthesized through consumable vacuum arc melting and hot forging. They
revealed that the enhanced wear resistance benefited from the dispersoid strengthening and effective load transfer
brought about by the (TiC+TiB) reinforcers. While these investigations have certainly promoted the mechanical
performances of Ti-6Al-4V alloys, the inevitable particle/whisker clustering problem originated from casting
procedure still seriously hinders the composites” damage tolerance capability 4. Moreover, comparatively less
attention has been paid to the high-temperature mechanical performances for this type of composites. The
exploration of cost-effective processing route, the in-depth understanding of the corresponded microstructural

evolution mechanisms, and the assessment of their properties at elevated temperatures are still in lack.

The present work aims to peruse more enhanced performances of Ti-6Al-4V alloys at elevated temperatures by
constructing a hybrid (TiC+TiB) network reinforcer configuration. It is demonstrated that (TiC+TiB) hybridly
reinforced Ti-6Al-4V-based composites can be fabricated by utilizing powder metallurgy technique. With the aid
of a two-body sintering model, the sintering parameters have been successfully optimized and tunable network
microstructures were consequently achieved. The uniaxial tensile properties for the composites with three different
network sizes were examined at elevated temperatures of 500, 550, 600, and 650 °C. It is recognized that the
configuration of 50 pm network size and 5 vol. % hybrid reinforcers addition leads to the most significant property

enhancement compared to both Ti-6Al-4V alloy and solely TiB reinforced composite.

2. Experimental procedure

© 2019 The Minerals, Metals & Materials Society and ASM International.



2.1 Materials fabrication

As illustrated in Fig. 2, raw materials including large spherical Ti-6Al-4V powders (chemical compositions were
summarized in Tab. 1), fine graphite, and TiB, powders were employed for composites fabrication. To manipulate
the hybrid network configuration, Ti-6Al-4V powders with average diameters of 50, 100, and 140 um were chosen
for the present investigation (total reinforcer fraction: 5 vol. %). These powders were subjected to low-energy ball
milling for 5 h at a speed of 150 rpm under high-purity argon protection (ball to powders ratio was kept at 5:1). Fig.
2 (d) presents the powder morphology after being ball-milled. It is evident that TiB, and graphite uniformly
adhered onto the surface of Ti-6Al-4V powders and the mixed powders preserved their original spherical geometry,
indicating no severe plastic deformation was induced during the ball milling procedure. The mixed powders were
subsequently sintered under an external pressure of 25 MPa at an optimized temperature of 1200 °C for 50 min (see

section 3.1), during which the vacuum level was kept below 10 Pa.

Reaction hot pressing sintering

Figure 2 | SEM micrographs for powder morphology: (a) graphite; (b) Ti-6Al-4V; (c) TiB,; (d) mixed powder after 5
h low-energy ball-milling (inset: higher magnification image of powder surface).

Table 1 | Chemical compositions of Ti-6Al-4V alloy powders used for composites fabrication
© 2019 The Minerals, Metals & Materials Society and ASM International.



Element Ti Al Vv Fe 0] Si C N H

Wt.% 89.228 6.420 4120 0180 0.120 0.024 0.013 0.011 0.004

2.2 Mechanical testing and microstructural characterization

After being furnace cooled down to ambient temperature, the bulk composites with ~60 mm diameter were
sectioned into dog-bone shapes (gauge geometry 12x3x1.8 mm®) via electrical discharge machining (EDM)
technique. The tensile specimens were mechanically grinded up to 1200 # SiC polishing papers and polished by
Cr,0; suspension before being ultrasonically cleaned in acetone bath. Uniaxial tensile experiment was conducted at
elevated temperatures of 500, 550, 600, and 650 °C under a loading rate of 0.5 mm/min on an INSTRON-1186
mechanical testing facility. All specimens were kept for 5 min before loading so as to ensure uniform temperature
distribution, and were water-quenched right after fracture to preserve the high-temperature microstructures. At least
three specimens were tested at each condition in order to secure reproducibility. Phase constitution of the
composites was analyzed by a Panalytical Empyrean X-ray diffractometer (XRD) with the scan angle range of
20-90 degree in the step of 0.02 degree. Microstructural characteristics of the composites before and after testing
were investigated via a Zeiss SUPRA 55 SAPPHIR scanning electron microscope (SEM) equipped with an INCA
300 energy dispersive spectrometer (EDS). Grain size assessment for the composites was carried out via the
particle analysis function in an Image-J open access software using the micrographs taken from an OLYMPUS
PMG-3 optical microscope (OM). A TALOS 200 transmission electron microscope (TEM) was employed for

interfacial characterization and TEM samples were prepared through ion beam milling.

3. Results

3.1 Thermodynamic and kinetic considerations

© 2019 The Minerals, Metals & Materials Society and ASM International.



The introduction of both TiC and TiB reinforcers relies on two spontaneous in-situ chemical reactions amongst

TiB, and graphite with Ti at elevated temperatures:

C (graphite,s) + Ti (B,s) — TiC (particle) (1)

TiB,(s) + Ti (B,s) = 2TiB (whisker) 2

To better elucidate the equilibrium phase constitution in such composite system, theoretical prediction on phase
stability with respect to temperature was carried out through the JMatPro thermodynamic calculation platform,
where the composition of the Ti-6Al-4V/(2.5 vol. % TiC+2.5 vol. % TiB) composites was converted into weight
percentage: Ti-5.68Al-3.78V-0.55C-0.47B. Calculation results illustrated in Fig. 3 (a) indicate that the a-to-p
transition takes place at about 800 °C and completes at 1080 °C. Within the calculation temperature range, TiB
phase demonstrates superior stability to TiC phase, the latter, on the other hand, exhibits rather complicated
equilibrium fraction in various temperature ranges. It is recognized from Fig. 3 (a) that TiC-phase fraction shows
the following four-stage characteristics with respect to increasing temperature: (1) monotonic decrease (ambient
temperature to 800 °C); (2) near-zero fraction (800-1000 °C); (3) monotonic increase (1000-1080 °C); and (4) again
monotonic decrease (above 1080 °C). The existence of regimes (1), (2), and (4) is ascribed to the increase of carbon
solubility within the dominant phase as temperature rises (o phase for (1) and (2); B phase for (4)). While the
monotonic increase regime (3) can be understood from the net effect of allotropic transition and difference in C
solubility between o and B phases: as revealed in Fig. 3 (a), the a-to-B transition is activated at 800 °C, and as
temperature increases to around 1000 °C, B-phase starts to become the major phase within the composite system
(transition completes at 1080 °C). Since C demonstrates comparatively lower solubility in the body-centered cubic
structured B-phase than the hexagonal closed packed structured a-phase, the excess C content begins to precipitate
out in the form of TiC and thereby gives rise to the increasing TiC fraction as predicted by the calculation. These
results suggest that the reaction hot pressing sintering procedure should be carried out at temperatures higher than

1000 °C but no more than 1300 °C.

© 2019 The Minerals, Metals & Materials Society and ASM International.



(a) Equilibrium phase constitution (b) Densification Kinetics at p=25 MPa
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Figure 3 | Thermodynamic and kinetic calculation results: (a) equilibrium phase constitution with respect to
temperature; (b) relative density change versus time at an applied pressure of 25 MPa.

To further understand the densification kinetics and thereby optimize the sintering parameters, a two-body reaction
sintering model was employed to conduct theoretical assessment. It is assumed in the present calculation that: (1)
composite powders possess perfect spherical geometry; (2) bulk diffusion is the dominant factor for densification;
and (3) no selective densification exists during the whole procedure. According to Kang 2, the effective pressure
p¢/- during sintering can be expressed as a piecewise function p®PPL of applied load at a transient relatisve

density p,:

®)

peff. = {pappl.[}az/ mx? (pr < 0.9)
PP /p, (py > 0.9)

Where as schematically shown in the inset of Fig. 3 (b), a and x denote the radii of the powders and dimension

of sintering neck. The densification rate can be expressed as Eq. (3) at temperatures where the applied pressure is

significantly higher than the yielding strength of the powders #°:

dp, 3pappl.

dt = ) (1_pr) (4)

Where the viscosity of solid at elevated temperatures  can be determined from the Norton equation F°:
© 2019 The Minerals, Metals & Materials Society and ASM International.



_ kpTG¢
T 10Dy,

®)

Where kg, T, Go, Dy, and V, denote the Boltzmann constant, absolute temperature, initial grain size, bulk
diffusivity, and atomic size. Parameters of Ti-6Al-4V alloy (Tab. 2) were adopted as a first-order approximation in
the present calculation, and the corresponded applied pressure value was set as 25 MPa (maximum value in the
present presser). By combining Egs. (3)-(5), the calculated relative density change with respect to sintering time is
shown in Fig. 3 (b). At all three temperatures (1000, 1100, and 1200 °C), relative density exhibits a dramatic
increase in the first 30 min, and subsequently decreases with proceeding sintering period. After 50 min, the relative
density under these three conditions all exceed 0.999, which can be regarded as fully densified. The combination of
both phase stability thermodynamic and sintering Kinetics suggest such reaction hot pressing sintering process

should be conducted at temperatures higher than 1000 °C, for at least 60 min under an applied pressure of 25 MPa.

Table 2 | Physical parameters adopted for densification kinetics calculation

Parameter Value Unit Reference
kg 1.38 X107 JK [l

Go 1070 m This work
Dy 10°-10™ m?/s L361
Vs 10°% me [36]

a 5x10° m This work

x 10° m This work

3.2 Microstructural characteristics

Following the theoretical predictions demonstrated above, Ti-6Al-4V/(TiC+TiB) composites with 50 pum network
configuration were fabricated in a sense to determine the optimal processing temperature. Fig. 4 display the SEM

micrographs for the composites fabricated at 1000, 1100, 1200 °C. In addition to the relatively high density of

© 2019 The Minerals, Metals & Materials Society and ASM International.



pores and unreacted regimes, only tiny needle-shaped TiB whiskers form in the network structure for the composite
sintered at 1000 °C. (Figs. 4 (al) and (a2)), and similar characteristics also appear within composite fabricated at
1100 °C (Figs. 4 (b1) and (b2)). Such discrepancies between actual microstructural morphologies and theoretical
predictions shown in Fig. 3 (b) indicated that the formation of TiC and TiB reinforcers along the boundary suppress
the densification Kinetics, suggesting higher temperature should be applied to achieve fully densified
microstructure. At 1200 °C, the composites demonstrate perfect microscopic densification where no pores or
reinforcer pile-ups regimes were formed (reacted regime exhibit a width of ~2.5 um), implying that sintering at
1200 °C under 25 MPa applied pressure for 60 min are the optimal processing conditions for the present

Ti-6Al-4V/(TiC+TiB) composites.
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Figure 4 | SEM micrographs for Ti-6Al-4V/(TiC+TiB) composites sintered at various temperatures under 25 MPa
for 60 min: (al) and (a2) 1000 °C; (b1) and (b2) 1100 °C; (c1) and (c2) 1200 °C.

XRD phase identification results (Fig. 5 (b)) suggest that TiC and TiB were formed during the sintering procedure
and no diffraction patterns of graphite or TiB, are detected which convinces that the two in-situ chemical reactions
(Egs. (1) and (2)) have completely taken place at 1200 °C. The combined EDS analyses (Fig. 5 (d)) and
morphological observation after etching out the matrix (Fig. 5 (c)) reveal that TiB and TiC respectively
demonstrate needle-like whisker and particulate geometry, for which the corresponded formation mechanisms are
schematically displayed in Fig. 5 (a). Such reinforcer configuration is expected to bring together the benefits of
both TiB and TiC: the whiskers-shaped TiB that grow into the adjacent Ti-6Al-4V powders enhance the
connectivity of matrix; while the TiC strengthened the network configuration by clustering into the wall-shape
configuration. The effect of reinforcer addition on matrix microstructure, strengthening mechanisms, and fracture

modules will be discussed in detail in section 4.
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Figure 5 | Phase constitution and microstructure of Ti-6Al-4V/(TiC+TiB) composites fabricated under optimized
processing conditions: (a) mechanistic schematics of TiB and TiC formation; (b) XRD patterns for composites and

Ti-6Al-4V alloy, (c) SEM image of reinforcer morphology, (d) EDS point scan of selected spots denoted in as “point
A” and “point B” in (c).

EDS elemental mapping results of a selected area of interest indicate a relatively homogenous distribution of Ti
within the matrix (Fig. 6 (b)). Alloying element Al (Fig. 6 (c)) and V (Fig. 6 (d)) exhibit an opposite partition
characteristic, the former enriches in the a phase while the latter segregates in to the p phase. Both C and B
accumulate at the network boundary regime which again proves the fact that TiC and TiB contribute to the hybrid
network configuration. Interestingly, several C-enrichment spots are also detected in Fig. 6 (e), a further
comparison between Fig. 6 (b) and (c) implies that these regimes are depleted in Al while preserving the similar Ti
content as the matrix, which indicates the existence of TiC within the network. This is mostly attributed to the fact
that at an elevated sintering temperature of 1200 °C C atoms are sufficiently mobile to diffuse from graphite then

dissolve into the matrix Ti-6Al-4V alloy, and upon cooling (Fig. 3 (a)), the excess C consequently precipitates out
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from the matrix, giving rise to the formation of TiC within the network. Because of carbon dissolution, lattice
parameters of the matrix Ti-6Al-4V alloy is also altered, as confirmed from the left-shift of diffraction peaks in Fig.
5 (b). Such phenomena subsequently result in carbon interstitial solute strengthening within the

Ti-6Al-4V/(TiC+TiB) composites, for which a semi-quantitative assessment can be found in section 4.2 (a).

C-enrichment

BITE

Figure 6 | Meso-scale elemental distribution characteristics: (a) SEM micrograph of the selected area of interest;
(b)-(f) Ti, Al, V, C, and B mappings.

It is revealed by the high-resolution TEM (HRTEM) characterization results of a-Ti/TiB and a-Ti/TiC interfaces
that both TiB and TiC form strong metallurgical bonds with the adjacent matrix (Figs. 7 (a) and (b)), and no extra
interfacial reaction product is detected. The corresponded fast Fourier transformation (FFT) analyses of the
HRTEM micrographs reveal that TiC and a-Ti exhibit an orientation relationship of (200)gic Il (2110) i,
[001]pic Il [0110],—7j, While in contrast orientation relationship between TiB and a-Ti demonstrates a subtle

deviation from (201)ig Il (1110)g—1i, [112]ic Il [0001] ;-
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Figure 7 | HRTEM characterization of reinforcer/matrix interface: (a) a-Ti/TiB interface; (b) a-Ti[TiC interface;
(al) and (a2) FFT analyses of selected area in (a); (b1) and (b2) FET analyses of selected area in (b).

3.3 High-temperature tensile properties

Fig. 8 presents the tensile curves of the composites with three different network configurations under testing
temperatures of 500, 550, 600, and 650 °C. All three composites exhibit a decrease in ultimate tensile strength
(UTS) while an increase in fracture elongation with respect to increasing temperature. The composites with 50 um
network diameter show the highest UTS at 500 and 600 °C (788 and 626 MPa respectively) given the slightly lower
UTS compared to the ones with 100 um network diameter at 550 and 650 °C. It is also recognized that the
composites with the largest network diameter (140 um) display the lowest UTS at all tested temperatures (699, 637,
534, and 446 MPa respectively). Furthermore, the composites with the smallest network diameter (50 um) possess
superior fracture elongation to the other two composites. Comparisons amongst the tensile properties of the present
Ti-6Al-4V/(TiC+TiB) composites, solely TiB reinforced Ti-6Al-4V composites, and monolithic Ti-6Al-4V alloys

are demonstrated in Fig. 9 (note that network size of the Ti-6Al-4V/TiB composite is 110 pm and the monolithic
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Ti-6Al-4V alloys were fabricated from 85 pum raw powders). It can be seen that all three Ti-6Al-4V/(TiC+TiB)
composites exhibit enhanced UTS compared to Ti-6Al-4V alloys and Ti-6Al-4V/TiB composites, among which the
50 um network ones show comparable fracture elongation to Ti-6Al-4V/TiB composites. These results imply that
by constructing 5 vol. % hybrid (TiC+TiB) network reinforcers and appropriately manipulating its dimension,

dramatic enhancement in high-temperature tensile strength can be achieved without inducing catastrophic ductility

sacrifice.
800 800
(a) 500 °C 740 pm 50 pm (b) 550 °C
100 pm
100 pm
50 pm
o 6004 o 600 140 ym
o o
= =
) )
(2] (2]
2 2
% 4004 % 4004
D D
£ £
= =
Q Q
) )
£ £
2 200 2 2004
[} [}
0 - - - - 0 - - .
0.0 2.0 4.0 6.0 8.0 10.0 0.0 3.0 6.0 9.0 12.0
Engineering strain, % Engineering strain, %
800 600
(c) 600 °C (d) 650 °C
600- 450
& 100 pym = &
m
2, 140 pm . E_ 140 pm 100 ym
a @ 50 pm
' 2
5 400 ® 3001
(=] D
£ £
@ @
£ 2
g 200 @ 150
[} w
0 T T T 0 T r v
0.0 4.0 8.0 12.0 16.0 0.0 5.0 10.0 15.0 20.0
Engineering strain, % Engineering strain, %

Figure 8 | High-temperature tensile properties of Ti-6Al-4V/(TiC+TiB) composites with various network diameters:
(a) 500 °C; (b) 550 °C; (c) 600 °C; and (d) 650 °C.
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Figure 9 | Tensile property comparison amongst Ti-6AI-4V/(TiC+TiB) composites, Ti-6Al-4V/TiB composites
(network size: 110 um) ®7, and monolithic Ti-6Al-4V alloys (fabricated from 85 um raw powders) ™ at elevated
temperatures: (a) ultimate tensile strength; (b) fracture elongation.

4. Discussion
4.1 Reinforcer-assisted grain refinement

As has been revealed from the microstructure and porosity evolution characteristics (Fig. 4) that the applied
pressure, temperature, and densification time are optimized as 25 MPa, 1200 °C, and 60 min. Compared to the
microstructure of as-sintered monolithic Ti-6Al-4V alloy under the same conditions, all three composites exhibit
significantly refined a-grain size (Fig. 10). Insets in Fig. 10 illustrate the grain size distribution characteristics in
these four materials (at least 50 grains were brought into statistical analysis), and the corresponded average grain
size values are summarized in Tab. 3 The contribution of reinforcer introduction to the observed a-grain refinement
can be understood through the following two-fold mechanisms: (1) Extensive heterogeneous nucleation sites.
According to the equilibrium phase constitution calculation shown in Fig.3 that the formation of a-grain originates
from the B-to-o transformation upon cooling whose Kkinetics has been well documented to be controlled by
nucleation and growth procedures 3%, Upon the incipience of such a transformation, the large fraction of

reinforcer/matrix interface can act as energetically favored heterogeneous nucleation sites, and as a result of which,
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promoting nucleation rate particularly near the network boundary (confirmed by the even finer grain size at such
locations); and (2) Zener drag. Right after nucleation, the a-grains will exhibit coarsening trend and the velocity of
grain boundary depends on both local curvature and grain boundary energy. The addition of reinforcer, on the other

hand, has also been realized to enable strong pinning effect on grain boundary, namely, the Zener drag *°":

RP

Ret o & (6)

Which states that the equilibrium grain size Ré? is proportional to the ratio between the spacing of pinning point
RP? and its fraction f. The Zener drag effect within the composites lead to more efficient suppression of grain
growth than the intrinsic solute drag within the monolithic Ti-6Al-4V alloy. Compared with the average grain size
in the solely TiB containing composites (network size 110 um) reported in the literature (also see Tab. 3), the
incorporation of TiC not only decreases RP through the formation of the wall-shaped configurations shown in
Fig. 5, but also increases possible pinning point, which as a whole contribute to even finer a-grain size.
Interestingly, a-grain size within the three Ti-6Al-4V/(TiC+TiB) composites examined in the present work exhibits
decreasing trend with respect to decreasing network radius. Such a feature is mostly ascribed to the increasing
effective pinning points per unit length (nominally the f value) along the circumference of the network as its

radius decreases.
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Figure 10 | OM images of a-grain size in: (a) monolithic Ti-6Al-4V alloys; (b)-(d) Ti-6Al-4V/(TiC+TiB) composites
with 50, 100, and 140 um network diameter.

Table 3 | Summary of average o-grain size within different materials

Material category Average a-grain size (Lm) Reference
Ti-6Al-4V 54.9+9.8 This work
Ti-6Al-4V/(TiC+TiB), 50 um network 7.7£15 This work
Ti-6Al-4V/(TiC+TiB), 100 um network 18.6+3.7 This work
Ti-6Al-4V/(TiC+TiB), 140 um network 30.9+5.1 This work
Ti-6Al-4V/TiB, 110um network 26.7+2.6 71

4.2 Strengthening mechanisms

Fig. 9 demonstrate the comparison of ultimate tensile strength and fracture elongation amongst the present

Ti-6Al-4V/(TiC+TiB) composites, the solely TiB reinforced composites, and the monolithic Ti-6Al-4V alloys. At
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all testing temperatures, the Ti-6Al-4V/(TiC+TiB) composites exhibit significantly higher tensile strength
compared to the matrix Ti-6Al-4V alloy and the Ti-6Al-4V/TiB composites. Potential strengthening modules
including solid solution strengthening, Hall-Petch strengthening, dislocation strengthening, and dispersoid
strengthening will be discussed semi-quantitatively to elucidate the strength enhancement in the

Ti-6Al-4V/(TiC+TiB) composites.

(a) Interstitial solute strengthening

As mentioned in the experimental section, TiB, and graphite powders were utilized as the reactants for introducing
in-situ TiB and TiC reinforcers. In addition to the two in-situ chemical reactions, dissolution of B and C into the
matrix will simultaneously take place at during the sintering procedure. According to the mixing thermodynamics
(411 B exhibits negligible solubility in a-Ti phase (the dominate matrix phase at ambient temperature) because of its
strong propensity for TiB formation; in contrast, solubility of C in o-Ti is comparatively higher (also confirmed in
Fig. 3 (a)). Direct evidence of such distinction can be found in Fig. 6 (e), where carbon enrichment spots exist in
the bulk of the matrix powder, indicating the dissolution history of carbon atoms at elevated temperature, although
the excess quantity has precipitated out as carbides during the annealing process. The XRD patterns displayed in
Fig. 5 (b) were further Rietveld refined (using the MAUD software http://maud.radiographema.eu/) during which
(0002) and (1010) diffraction peaks were utilized to determine the variation in lattice parameters ¢ and a for
both the Ti-6AI-4V/(TiC+TiB) composites (50 um as a representative) and the monolithic Ti-6Al-4V alloy. As
suggested by the calculation results in Tab. 4, carbon dissolution results in a dramatic increase in ¢ (~0.33 %)
compared to the subtle increment in ¢ (~0.039%) the integrated effect of which gives rise to ~0.41 % volumetric
expansion. With regard to these two observations, the Ti-6Al-4V/(TiC+TiB) composites benefit from extra carbon

solute strengthening as predicted by the Fleischer equation ¥4

3/2_1/2
' Aogg = meeS/ xC( _ (7)
© 2019 The Minerals, M&tals & Materials Society and ASM International.



where m, G, b, xc represent the Taylor factor, shear modulus, magnitude of Burgers vector, and carbon weight

fraction for the matrix Ti-6Al-4V alloy. The lattice distortion strain &, can be subsequently calculated as the

__ba/dx¢

relative change in lattice parameter with respect to carbon addition: &g, = in which a and a, are lattice

Ao

parameters with and without carbon dissolution. It shall be noted that at high-temperatures, matrix softening, lattice

expansion, together with variation in carbon solubility will alter the carbon interstitial strengthening effect.

Table 4 | Lattice parameters of a-Ti in Ti-6Al-4V alloy and Ti-6Al-4V/(TiC+TiB) composites at ambient temperature

c () a () v (A%) c/a
Ti-6Al-4V 4.671694 2.931244 34.7623 1.59376
Ti-6Al-4V/(TIC+TiB) 4.687342 2.932305 34.9040 1.59852
Relative variation (%) +0.33459 +0.03961 +0.4077 +0.29866

(b) Hall-Petch strengthening

Discussion on microstructural evolution during sintering process already highlights the significant role of TiB and
TiC reinforcers in a-grain refinement. The formation of extensive fraction of grain boundaries leads to the
impedance of dislocation motion and slip transfer between two adjacent grains, which in turn contributes to

strengthening. The grain boundary strengthening effect is usually described by the Hall-Petch equation 1*!:

Aoy_p = 0o + ky_pD~/? )

where oy, ky_p, and D are intrinsic friction stress, Hall-Petch constant, and grain size. Albeit Ti-6Al-4V alloy
exhibits dual phase microstructure and the relevant ky_p value is rather scant in the literature particularly at
elevated temperatures, a rough estimation of relative strength variation can be accomplished by utilizing the a-grain
size values listed in Tab. 3 together with the o, (250 MPa) and ky_p (190 MPa/um?) values of pure Ti at
ambient temperature ***71. It is recognized from the calculation results (Fig. 11) that the Ti-6Al-4V/(TiC+TiB)
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composites fabricated from the smallest matrix powder size exhibit the most significant Hall-Petch strengthening:
approximately 15.7 % (43.3 MPa) and 11.3 % (32.3 MPa) increase compare to the monolithic Ti-6Al-4V alloy and
the Ti-6Al-4V/TiB composites, agreeing well with the tensile strength evolution trend summarized in Fig. 11. Such
theoretical estimation further implies that utilization of finer Ti-6Al-4V matrix powders could be an efficient

approach to achieve more desirable strengthening effect.

(c) Dislocation strengthening

Dislocations entanglement with themselves can also lead to the suppression of their mobility and thereby contribute
to strengthening. According to the Bailey-Hirsch equation, dislocation density is the dominant factor that controls

the strengthening effect “®!;

Aogisioe. = maGbpl/z (9)

Where m, a, G, b,and p denote Taylor factor, structural constant, shear modulus, magnitude of Burgers vector,
and dislocation density (including both statistically storaged dissociations and geometrically necessary
dislocations). In the present study, since all the composites have been extensively annealed before tensile tests, the
residual dislocation density are comparatively low, indicating the minor contribution of dislocation entanglement
strengthening to yield strength compared with other mechanisms. It shall be noted that such intrinsic defect
characteristics also imply that dislocation strengthening in the present composites exhibits source-limited kinetics:

strength enhancement is mostly ascribed to the activation of dislocation multiplication source.
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Figure 11 | Theoretical estimation of Hall-Petch strengthening in Ti-6Al-4V/(TiC+TiB) composites, Ti-6Al-4V/TiB
composites (network size 110 um), and monolithic Ti-6Al-4V alloys (fabricated form 85 um raw powders)

(d) Dispersoid strengthening

Since network distributed (TiC+TiB) reinforcers were introduced into the present composite through in-situ
chemical reaction, dispersoid strengthening originated from secondary particle-dislocation interaction is supposed
to be of great significance in strength enhancement. The nominal dispersoid strengthening effect can be categorized

into two sub-branches: Orowan strengthening (Acp,owan) @nd load-transfer strengthening (Aoyr):
Ao'disper. = Adorowan + A0yr (10)

In which Orowan strengthening describes the strength gaining from dislocations bypass secondary particles “®):

Gb 1 d
Adorowan =M ﬂimz In (70) (11)

where m, B, G, b,and v are Taylor factor, structural constant, shear modulus, magnitude of Burgers vector, and
Poisson’s ratio of the substrate; 4, and d, respectively denote the average distance and the size of secondary
particles. Owing to the formation of densely distributed particulate-shaped TiC reinforcers, 1, of the

Ti-6Al-4V/(TiC+TiB) composites is significantly smaller than that of the Ti-6Al-4V/TiB composites, rendering
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higher strength in the former composites even provided that d, remains almost unchanged. Moreover, as seen
from Fig. 10 Ti-6Al-4V/(TiC+TiB) composites produced from smaller powders display more uniform reinforcer

distribution, which consequently lead to more effective strengthening.

Since both TiC and TiB form strong metallurgical bonds with their adjacent Ti-6Al-4V matrix (Fig. 7), indicating

the occurrence of effective load transfer from matrix to reinforcers 1
Aoyr = 0.5fY gnatrix (12)

where £V and of¥**¢"™* are reinforcer volumetric fraction and yield strength of matrix. considering the network
distribution characteristics in the present composites, a microstructural-based parameter f°¢ is introduced to

describe the local reinforcer content (the corresponded derivation is presented in supplemental information):

loc. 1 nom.
o= 1-(1-6/R)3 f (13)

Where § and R are thickness and radius (approximately the radii of raw powders) of the network configuration,
floc and fmom refer to local and nominal reinforcer volumetric fractions. Combining Egs. (12) and (13), it is
recognized that under the condition of same nominal reinforcer content, load transfer is more effective within
composites with larger network size (fabricated from larger powders). It shall be noted that such a characteristic
can induce unfavorable local-embrittlement problem, leading to deteriorated ductility and facilitate crack

propagation, for which the mechanisms will be discussed in detail in section 4.3.

To briefly sum up, the introduction of hybrid (TiC+TiB) composites effectively enhance the tensile strength mainly

through carbon interstitial dissolution, grain refinement, and dispersoid strengthening, the corresponded net
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contribution can be theoretically predicted by using the Clyne equation ™ (Ag; denotes the i th strengthening

mechanism):

AOper = (Z? Ao-i)l/z (14)

It should be noted that in the present work, while Eg. (14) is adopted to phenomenologically demonstrate the
prediction of net strengthening effect, due to the lack of key physical parameters at elevated temperatures (such as
the Hall-Petch coefficient, shear modulus, and the magnitude of Burgers vector), a more quantitative

temperature-dependent assessment of the contribution from each mechanism still remain to be further explored.

4.3 Fracture modules

As revealed by the fractography and fracture cross-sectional morphology, at temperatures lower than 550 °C,
typical brittle-like fracture characteristics can be observed (Fig. 12 (a)), whereas at an elevated temperature of 650
°C matrix tearing occurs, giving rise to ductile fracture which consequently leads to the ductility enhancement (Fig.
12 (c) and (d)) The fracture mechanisms within the present Ti-6Al-4V/(TiC+TiB) composites can be understood
from both crack nucleation and propagation aspects. Compared to the o/f interface within the matrix Ti-6Al-4V
alloy, strain partitioning exhibits more inhomogeneous characteristics at the reinforcer/matrix interface owing to
the more distinctive discrepancy in strength, modulus, and strain hardenability, leading to deformation
incompatibility. Because of this, microcracks will always start to nucleate at the latter position so as to mitigate the
strongly localized incompatible strain. The coalescence and thereby propagation of these microcracks can be
phenomenologically understood from the Griffith theory %!, which states that the nominal driving force for crack
propagation is a cumulative effect of actual driving force and energy barrier. In the present composites
(schematically shown in Fig. 13 (b)), crack can propagate along the reinforcer/matrix interface (path 1), through the
matrix (path 11), or cut across reinforcers (path 111) %
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Pt =—-0+2rt (15)

where ¢!, 2,and I'" are the nominal driving force for cracking propagation through i th path, far-field driving
force, and energy barrier for creating two new surfaces through i th mechanism (sign conventions follow
thermodynamics, where 2 and I'! are naturally positive). Since the far-field driving force can be approximately
as a universal value for all three mechanisms, the cracking modules mostly rely on the temperature-dependent

energy barrier term.

\
1

! -
Reinforcers *_*
cut across

Figure 12 | Representative fracture morphology of Ti-6Al-4V/(TiC+TiB) composites at various temperatures: (a)
fracture surface at 550 °C; (b) and (c) fracture cross-sections at 600 and 650 °C; (d) fracture surface at 650 °C; (e)

higher magnification image showing matrix tearing cracking.

As depicted in Fig. 13 (a), at ambient or lower testing temperatures (500-550 °C, Fig. 12 (a)), energy barrier for
cracking through the matrix shows significantly higher value to the other two mechanisms because of energy
dissipation upon plastic incipience. Owing to the strain hardenability difference and localized incompatibility,

cracking along reinforcer/matrix interface is more energetically favorable compared to cutting through either TiC
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or TiB. Because of this, at relatively lower testing temperatures (500 and 550 °C) brittle-like fracture morphologies
are observed, in particular, Fig. 12 (a) clearly reveals that the fractographic characteristic length scale is almost the
same as the network diameter which further validates the proposed mechanisms. As temperature rises, the energy
barrier for cracking through metal matrix exhibits a significant decreasing trend owing to the inferior
physicochemical stability of the metallic phase and the decreasing bonding strength at elevated temperatures. While
in contrast, ceramic reinforcers often possess excellent thermodynamic and mechanical stability at
high-temperatures, leading to only subtle change in the energy barrier for crack propagation (Fig. 13 (a)). The
integrated effect leads to more frequently observed cracking incidence of matrix tearing and subsequently ductile
fractography (Fig. 12 (d)). It shall be noted that increasing temperature also decreases the discrepancies amongst
these three types of energy barrier, and because of this both cracking along reinforcer/matrix interface and through

the reinforce occur at elevated temperatures (Fig. 12 (b)-(d)).

By combining phenomenological theories proposed above and the local reinforcer content concept (Eq. (13)), the
difference in ductility amongst Ti-6Al-4V/(TiC+TiB) composites with various network configuration can be
understood as follows: composites with larger network show comparatively higher local reinforcer content
(creating extensive fraction of reinforcer/matrix interface). After the nucleation of microcracks, such a
characteristic enhance the probability for crack to propagate along the reinforcer/matrix interface, which is
nominally in equivalent to lower down the corresponded energy barrier (sketched as the dashed line in Fig. 13 (a)).
As a result, composites with larger network size tends to exhibit inferior ductility in the present testing temperature

range.
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4.4 Insights into high-temperature titanium matrix composites design

As demonstrated in sections 4.1-4.3, the construction of (TiC+TiB) network through powder metallurgy processing
drastically promotes the tensile properties of Ti-6Al-4V alloys at elevated temperatures. Fig. 14 provides a
comparison amongst the present work and previous studies that fabricated similar composites via the conventional
melting and casting technique ®-*2.. It should be pointed out that, since the high-temperature tensile properties of
cast Ti-6Al-4V/(TiC+TiB) composites are in lack in the literature, the present study introduces strengthening rate
9 and elongation retention rate x to quantitatively assess the temperature-dependent strengthening efficiency for

various composites. These two parameters are defined as follows at a certain temperature T;:

uTSscomp. _ UTSmatrix

I(Ty) = Srsmattix x 100% (16)
comp._ _matrix
K(Ty) = | £ | X 100% (17)

© 2019 The Minerals, Metals & Materials Society and ASM International.



Where UTScomp. yTsmatrix s]f"m”', and s}”“t”x denote the ultimate tensile strengths and fracture elongations
for composites and the corresponded matrix alloys. It is recognized from Fig. 14 that at all the surveyed
temperatures, the present network strengthened Ti-6Al-4V/(TiC+TiB) composites demonstrate in general more
effective strengthening rate than similar cast composites where Ti6242-type of alloys were utilized as the matrix. In
the latter, however, the highest 9 value achieved is only 29.2 % while resulting in 79.1 % retention in ductility.
Even at a relatively higher temperature of 650 °C at least 50 % strengthening rate can still be preserved in network
Ti-6Al-4V/(TiC+TiB) composites in which smaller network geometries (50 and 100 pwm) are constricted. In
addition to the superior softening resistance at elevated temperatures, the network strengthened

Ti-6Al-4V/(TiC+TiB) composites demonstrate milder ductility compensation especially in the 50 um network

composites.

These observations bring about the following perspectives for future high-temperature titanium matrix composites
investigation: (1) in addition to conventional melting-casting technique, powder metallurgy can also be considered
as a promising processing route as it enables more flexibility in microstructural and structural control; and (2)
under the concept of “reinforcer network configuration”, high-temperature titanium alloys are suggested to
substitute Ti-6Al-4V as the matrix, in such a way, more advanced performances at elevated temperatures can be

realized.
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5. Conclusions

In the present work, hybrid 5 vol. % (TiC+TiB) network strengthened Ti-6Al-4V composites were fabricated
through an integrated ball-milling and reaction hot pressing sintering technique. The corresponded optimal
processing conditions, microstructural evolution characteristics, and high-temperature tensile properties were

systematically examined. The major findings are summarized as follows:

(1) With the aid of phase equilibrium thermodynamic and densification kinetic prediction, 25 MPa applied
pressure, 1200 °C sintering temperature, 60 min sintering time are recognized as the optimal processing conditions
for Ti-6Al-4V/(TiC+TiB) composites. The subsequent morphological observation and phase constitution
assessment indicate that particulate TiC and whisker-like TiB forms along the margin of Ti-6Al-4V powders giving

rise to the network configuration;
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(2) High-temperature tensile testing results at 500, 550, 600, and 650 °C suggest that the Ti-6Al-4V/(TiC+TiB)
composites possess superior UTS compared to both the Ti-6Al-4V/TiB composites (network size 110 um) and the
monolithic Ti-6Al-4V alloys (fabricated from 85 um raw powders) in such temperature range. Amongst the three
tested Ti-6Al-4V/(TiC+TiB) composites, the one with 50 pm network diameter possess the most outstanding

UTS-ductility combination;

(3) Theoretical assessment of potential strengthening mechanisms reveals that the enhanced tensile strength at
elevated temperatures is mainly ascribed to : (i) carbon interstitial solute strengthening; (ii) reinforce-assisted grain
refinement strengthening; and (iii) extensive dispersoid strengthening, including both Orowan mechanisms and

effective load transfer;

(4) Fractographic and failure analyses suggest that at relatively lower temperatures reinforce/matrix interface
contribute to the majority of crack propagation pathways owing to the localized strain incompatibility which causes
brittle-like fracture; while at higher temperatures, matrix tearing and reinforcer cut-through mechanisms occur,

leading to the observed fracture elongation enhancement.
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