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ABSTRACT

Ti-C powder mixtures were subjected to high - strain - rate deformation in an

experirnéntal setup through the dynamic radial collapse of a thick-walled cylinder. Both
graphitic (< 44 pm) and ultrafine diamond (~5 nm) powder were used, yielding

deformation patterns that were radically difi:erent. Whereds the Ti-diamond mixture
showed profuse localization upon being defo;'med to a effective strain of 0.38, the Ti-
graphite mixture only exhibited embryonic shear bands. The shear localization regions
showed the initiation of reaction in Ti-diamond mixture. For the Ti-graphite mixture,

reaction was also observed in some isolated circular regions.

1. INTRODUCTION

The initiation of chemical reactions in condensed mixtures of energetic materials,
such as Ni-Al, Ti-Si, Ti-C, Nb-Si etc., has been studied under dynamic plastic deformation
[1-3] and shock loading [4-8]. It was demonstrated that different mixtures behave
qualitativelyldifferently under the same loading conditions. It was also shown [1] that

mechanical instability (shear localization) was a necessary condition to initiate reaction



during dynamic plastic deformation. This is why the mechanical behavior of reactive
materials during plastic flow (in inert state) plays a very important role in the initiation of
chemical reaction. For example, chemical reaction is observed only inside shear bands in
the Nb-Si mixture; in the Ti-Si mixture, under the same conditions, reaction was initiated
inside shear bands and was able to propagate through the bulk materials [9].

The mechanical behavior can be changed by appropriate selection of mechanical

properties of the mixture constituents, their porosity, morphology and phase content. For

: example, Nesterenko and Pershin [10] demonstrated that the addition of a plastic material
(Cu,Ni)to a Fe-based amorphous powder decreased the degree of localized deformation in
comparison with the one-component amorphous powder. For granular materials
(ceramics, alumina [11] or silicon carbide [12]), instability of plastic flow and parameters
of localized deformation depend on the initial particle size and initial porosity.

The effects of differences in mechanical behavior and initiation of chemical reaction
between Ti-graphit’e and Ti-ultrafine diamond mixtures (at the same weight content and
under dynamic plastic deformation conditions) are reported herein. The “Thick-Walled
Cylinder” method developed by Nesterenko €t al. [13,14] was applied using the same

overall parameters of loading as previous reports for Ti-Si and Nb-Si mixtures [1,9].
2. EXPERIMENTAL TECHNIQUE

Ti-C (80 wt% - 20 wt%) powder mixtures in the stoichiometric composition of

compound TiC were used in this research. The enthalpy of reaction AH is [15]:
Ti+C—>TiC AH = -184.5 kJ/mole

The Ti and graphite powders (from CERAC) had sizes of -325 mesh (< 44 pm), high

purity (>99.5%) and irregular shape. Initial density of Ti-graphite mixture was 1.13

g/em?, and the initial density of Ti-diamond mixture was 1.5 g/cm®. Ultrafine diamond



powder was produced by detonation synthesis and was chemically purified to provide a
diamond content ~96% with particle size ~5 nm [17].

The thick-walled cylinder method was developed by Nesterenko et. al. [14, 15] for
the investigation of high-strain, high-strain rate deformation of solid materials and modified
for the study of inert [11] and reactive [1,9] porous powder mixtures. The schematic of the

bsct-up is shown in Figure 1. Detonation is initiated at the top of the charge and propagates

along the cylinder axis. The powder is first consolidated by a low detonation velocity
explosive.charge, which ensures the absence of chemical reaction at this, stage. An orifice
is then drilled along the cylinder axis and a second explosive event with higher detonation
velocity is carried out. This second explosive produces significant plastic deformation in
the densified powder layer. The velocity of the inner cylinder surface and the collapse time
were measured by a noncontact electromagnetic method [14].

The details of the experimental conﬁgﬁrations used to generate controlled strain and
shear localization in porous samples are shown in Figure 2. A porous powder was initially
placed in a tubular cavity between a central copper rod (diameter ~16 mm) and an outer
copper tube (inner diameter ~20 mm and outer diameter ~31 mm). Explosive 1 (mixture of
ammonite and sand in 3:1 volume ratio, Figure 2 (a)) with low detonation velocity (3.2
km/s) was used to densify the powder. No significant shear localization was observed
after this stage because the global deformation is too small. This stage produced mainly the
densification of the powder. Since the outer radius could be measured and were equal to
8.8 mm for Ti-graphite mixture and to 9 mm for Ti-diamond, the densktjes after this stage
can be evaluated and are equal to 3.03 and 2.39 g/cm’, respectively (Table 1). A
cylindrical hole with diameter 11 mm was drilled along the longitudinal axis of the copper
rod and this composite cylinder was collapsed by the detonation of a second cylindrical
explosive charge (ammonite, Figure 2 (b)) with a detonation velocity of 4.0 km/sec, an
initial density‘of 1 g/cm?, and an outer diameter of 60 mm. This explosive 2 produced

significant plastic deformation in the densified Ti-diamond mixture which was highly



localized in shear bands and not homogeneously distributed (Figure 2 (c) and Figure 3 (a)).

In contrast, shear localization was much less developed in the Ti-graphite mixture (Figure

3(b)).
The global material strain can be obtained quantitatively from the strains in the

incompressible copper shell driving the collapse process [14]. The radial and tangential

 true strains (g, and €,;) and effective strains (€,¢) for Ti-C system were calculated according

to equations:
r.
€. =—€o0=In| L ’ . 1
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where the r, and r, are the initial and final radii. The data are presented in Table 2.

The state of stresses in these plane - Sﬁain experiments is very difficult to control,
because during plastic flow they are determined by the material strength and its dependence
on temperature, strain, and strain rate. Nevertheless, two miain features of this method can
menfioned: ’

@) The weak shock waves propagating in materials during the first stage of
collapse have no noticeable influence on the chemical reaction; their amplitudes are less than
1 GPa.

* (i) The superimposed “hydrostatic” pressure inside the collapsing
incompressible cylinder [2] as a result of its acceleration toward the center is less than 0.1
GPa.

Thus, it can be concluded that pressure effects can be neglected to a first

approximation and chemical processes are mainly strain controlled.



3. RESULTS AND DISCUSSION

Two different structures of carbon powders were mixed with Ti: ultrafine diamond
and graphite. Under the same experimental conditions, profuse shear localization was

observed in Ti - diamond mixture, but not in Ti - graphite mixture , as shown in Figure 3.

However, the global strain is larger in Ti - graphite (€4 = 0.31~0.41) than in Ti - diamond

(eeﬁ_=~0.26v~0.35). The reason is that the Ti-diamond mixture did not change its density

during deformation in contrast with additional densification in the Ti-graphite mixture
dﬁﬁng plastic flow. In the Ti-diamond mixture, the diamond is a hard and nondeformable
component, transferring the deformation to titanium particles. Solid titanium itself is
susééptible to shear localization at effective strains equal 0.3~0.5 [17]. On the other hand,
graphite has a structure which can deform easily and uniformly. It resists the formation of
shear localization regions macroscopically, uniformly accommodating .plastic strains
without essential plastic flow of Ti particles. This property of graphite results in a larger
strain without global shear bands. Graphite is a lubricant and this property can also

o

promote repacking of Ti particles without their plastic deformation.

The shear displacements, A, and shear band thicknesses, o, for Ti - diamond are
equa:I to 100~300 pm and 3 ~ 5 pum, respectively. Ti - graphite only shows embryonic
shear bands. Figure 4 (a) shows one typical shear band structure with displacement, A, for
Ti - diamond, compared to Figure 4 (b) for Ti - graphite. The local shear strains, y (= A/

3), vary between 30~60 for the Ti - diamond mixture.

The microstructures of Ti - diamond and Ti - graphite mixtures are shown in

Figures 5 and 6. A new networking structure is exhibited inside the shear bands (Figure



5). Diamond is a very inert material which cannot react easily [18]. However, diamond is
not stable at low pressure and high temperatures and can undergo a structural change into

graphite [19, 20]. The increase in temperature due to shear deformation work in the shear
bands (AT, =T - 300 K) was estimated by Chen et al. [9]. The temperature inside shear

band can be evaluated according to the equation:

1
T -300 = — [{tdy (3)
pCp |

where T is the current temperature, p is the density, C, is heat capacity, 7 is shear stress

" and yis shear strain. Taking the weight average heat capacity (CP = 0.523 J/gK and 0.709

J/gK for Ti and diamond [21], respectively), the value is equal to 0.56 J/gK. From the

Johnson-Cook equation, one can obtaine:

. m f
1= 10[1 +Cln —7—][1 - -T-"—T’-] @
Yo Tn-T;

where 7y, is reference strain rate T, is reference temperature, and C is the strain rate
b

sensitivity, m is the degree of thermal softening, T, is the melting temperature and T is

current temperature. A linear softening (m=1) and C = 1 [9] are assumed, and the melting

temperature is taken as the weight average between Ti and C (T,=2870K). If the reference

straig rate and temperature are taken as 1 s:‘ and 300 K, and shear strength (1,) of solid Ti

is equal to 280 MPa [17], the temperature as a function of local shear strain is obtained as:

1320y
1+0.51y

T=300+

&)

Therefore, the temperature inside shear bands are equal to 2400~2800 K at y= 30~60. It is

clear that diamond is metastable in this condition and heat and shear deformation will
accelerate its transformation to the stable graphite form. These results lead to the

conclusion that Ti melted and diamond particles transformed into graphite inside shear



bands due to the heat generated by shear deformation work; this then leads to the initiation
of reaction between molten Ti and graphite. The reaction can be facilitated by the increase
of solubility of nanocrystalline carbon particles in Ti. This is confirmed by the chemical
reaction of Ti-C powder mixtures, initiated with the onset of melting of Ti [22-24]. The
porous structure is due to shrinkage because the reaction product, TiC, has a higher density

than Ti and diamond. In comparison to the Ti-Si system [20], reaction cannot propagate in

Ti - diamond system because the thermal conductivity of diamond is extremely high (k =

1000 W/m.K [21]), which is ~50 times that of Ti; the large amount of heat loss restricts
- reaction propagation. |

' Unlike the Ti - diamond mixture, there was no significant shear band foméﬁon in
Ti - graphite. Incipient shear localization was observed near the inner layer of the powder
mixture. In these localized regions, the Ti particles were fractured and partially molten.
The graphite particles reacted with Ti on the flow surface of Ti particles. This resulted in
‘spherical reacted pax‘dcle formation (shown by arrows in Figure 6 (c)) between or on the
surfaces of fractured Ti. This is similar to the reaction .produ'cts observed in previous
investigations in the Ti-Si and Nb-Si mixtures tl, 2,25]. LaSalvia et al.[26, 27] observed
similar formation of spherules that iésult from the reaction_between solid C and liquid Ti at
the Ti-C interface.

4. CONCLUSIONS

¢)) Shear bands are generated in Ti-diamond system, whereas larger homogeneous
deformation is exhibited in Ti-graphite system, under the same experimental
condition. This difference in response is due to the radically different mechanical
response of diamond (hard) and graphite (a soft lubricant).

2) The hard diamond forces the deformation to occur in titanium, which is known to

be highly susceptible to shear localization. On the other hand, the soft graphite acts



as a lubricant between Ti particles which flow without plastic deformation. A
schematic representation emphasizing the differences between the two Ti-C
mixtures is shown in Figure 7. The graphite provides a lubricated layer between
the Ti particles, which do not undergo significant plastic deformation. On the other
hand, the diamond powders/agglomerates form a rigid “skeleton”, and the plastic
deformation is accommodated by Ti, which is known to be highly prevalent to
shear localization.

(3) Chemical reaction is initiated between mol;en Ti and transformed graphite (froni
diamond) inside shear bands due to heat generated from shear deformation work in
Ti-diamond system. -

(4)  Spherical reacted particles are observed in some isolated regions where shear
localization occurred. In these regions, Ti particles under@ent sheér localization

and partially melted, and then reacted with graphite.
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FIGURE CAPTIONS

Figure 1.
Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7

Schematic of set-up for thick-walled cylinder (TWC).

Geometry and sequence of deformation events in thick-walled cylinder
method: (a) initial geometry, densified by explosive 1; (b) densified powder
with central orifice cylinder collapsed by explosive 2; (c) final geometry.

Global view of profuse shear localization in Ti-diamond mixture and onset

of instability in Ti graphite: (a) Ti-diamond mixture at &4 = 0.35; (b) Ti-
graphite mixture at €, = 0.41. |

Cornﬁarison of shear localization in Ti-diamond and Ti-graphite mixtures:
(a) a typical shear band structure with displacement, A, for Ti-diamond
mixturcf. at €, = 0.35; (b) an embryonic shear band in Ti-graphite mixture at

€= 041.

2

Microstructure of shear band in Ti-diamond mixture: (a) general view of the
shear band; (b) higﬁér magnification of the place shown by arrows in (a),
which shows the networking structure.

Shear instability region in Ti-graphite mixture: (a) shear instability region
near the inner bbundary of powder mixture; (b) the reacted spherical particle
along the unstable flows of the fractured Ti; (c) higher magnification which
shows the reacted particle.

Schematic representation of differences in deformation between Ti-graphite

and Ti-diamond.



Table 1 Experimental parameters in Ti-C mixture
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Materials — Ti-diamond Ti-graphite
Initial Radius I, (mm) 8 8
(after Expl. 1) r,o(mm) 9 8.8
Final Radius r (mm) 3.9 5.6
(after Expl. 2) r, (mm) 7.2 6.7
Initial Density (g/cm’) 1.5 1.13
Density after expl. 1 (g/cm’) 2.39 3.03
~Theoretical Density (g/cm’) 4.27 3.76

Table 2 Calculated global strain and shear-band spacing in Ti-C mixture

. Materials Ti-diamond Ti-graphite
explosivel € ~0.12 ~0.15
after e (€ ) 0.22~0.30 0.27 ~ 0.36
explosive2 £ 0.26 ~0.35 0.31 ~ 041
spacing )
between L ~1 mm -
shear bands

2
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Figure 1.Schematic of set-up for thick-walled cylinder (TWC).
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Explosive 1
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Shear Bands

Collapse
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Figure 2.Geometry and sequence of deformation events in thick-walled cylinder method:
(a) initial geometry, densified by explosive 1; (b) densified powder with central
orifice cylinder collapsed by explosive 2; (c) final geometry.
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Figure 3.Global view of profuse shear localization in Ti-diamond mixture and onset of
insfability in Ti graphite: (a) Ti-diamond mixture at €4 = 0.35; (b) Ti-graphite

mixture at €, = 0.41.
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Figure 4.Comparison of shear localization in Ti-diamond and Ti-graphite mixtures: (a) a
typical shear band structure with displacement, A, for Ti-diamond mixture at €4
= 0.35; (b) an embryonic shear band in Ti-graphite mixture at € ;= 0.41.
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(b)

Figure 5.Microstructure of shear band in Ti-diamond mixture: (a) general view of the
shear band; (b) higher magnification of the place shown by arrows in (a), which

shows the networking structure.
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-graphite mixture: (a) shear instability region near

Figure 6.Shear instability region in Ti

the inner boundary of powder mixture; (b) reacted regions along the unstable

flows of the fractured Ti;



Figure 6.(c6nt’d) (c) higher magnification which shows the reacted particles (see
arrows).
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