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Microplasticity at room temperature of 
single-crystal titanium carbide with 
different stoichiometry 
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Single crystals of titanium carbide with a C-to-Ti range of 0.64 to 0.99 were plastically 
deformed at room temperature with a hardness indenter and a drill. The operating slip 
systems were determined by hardness anisotropy and transmission electron microscopy. 
The results were characteristic for bulk material deformation of TiC, below, as well as 
above, the brittle-to-ductile transition temperature. A typical low temperature behaviour 
is the formation of cracks and dislocation motion along the slip systems {1 1 0} (1 1 0) 
and {1 00}  (1 1 0), which are both common in the rock-salt structure. The high 
temperature deformation is characterized by the slip system {1 1 1 } (1 1 0). The degree of 
plastic deformation and the importance of the slip system {1 1 1 } (1 1 0) increases as the 
C-to-Ti ratio decreases from 0.99 to 0.64. 

I. Introduction 
TiC belongs to the class of the technically im- 
portant so-called "interstitial" compounds of 
transition metals consisting of large metal atoms 
with small carbon atoms in the spaces between. The 
family of  Group IV and Group V monocarbides, to 
which TiC belongs, possesses the rock-salt structure. 
The large Ti atoms form an f c c  lattice inter- 
penetrated by another f c c  lattice of  the small 
carbon atoms. Though the structure is typical for 
ionic materials the bond is predominantly of 
covalent nature. Electron charge is transferred 
from the carbon 2p electrons to the strong co- 
valent metal-metal  7r bonds resulting in a high 
Peierts stress. This means that any movement of  
dislocations is restricted by lattice resistance 
[1, 2]. The strong covalent bond is responsible for 
the brittle behaviour of TiC. The fracture is either 
conchoidal or a pronounced crystallographic 
cleavage mainly along {1 00} [1 -3 ] .  In spite of 
the brittleness, microplasticity has been found in 
localized regions around hardness indentations 
revealed by slip lines. The slip system {1 1 0 } ( 1 1 0) 
has been found at temperatures below 600 to 
800~ [ 2 - 6 ] ;  it has only two independent slip 

combinations, while {1 1 1 } (1 1 0), which domin- 
ates above 600 to 800 ~ C, has five independent slip 
combinations which is enough for continuous 
plastic deformation of a polycrystalline material 
[2, 5, 6]. At high temperatures the electronic state 
changes. The concentration of conduction 
electrons is increased and the metallic bond pre- 
vails. The resemblance to an f cc metal is pro- 
nounced and the metallic character of TiC pre- 
dominates. The rock-salt structure of TiC indicates 
that a {1 00}(1 1 1) slip may possibly also exist 
[7]. 

The cubic monocarbides are characterized by 
stable non-stoichiometric phases. In TiCx, x ranges 
from approximately 0.5 to 1. Many properties are 
dependent on the C-to-Ti ratio. The critical 
resolved shear stress, and hence the hardness, 
decreases with decreasing x [2 -5 ] .  The same de- 
formation mechanism is operating in TiCx as in 
the stoichiometric TiC, only the {1 1 1 } (1 1 0) is a 
little more pronounced at lower temperatures [5]. 
The study of the nucleation and motion of dis- 
locations with microhardness measurements and 
electron or optical microscopy has been intense 
[ i - 6 ,  8, 9]. Electron microscope observations of 
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dislocations in TiC deformed at elevated tem- 
peratures have been reported [6, 8]. Earlier in- 
vestigations [3, 9] showed evidence of at least one 
slip system, {1 1 1}(1 10), in TiC deformed at 
room temperature. The present paper describes 
microplasticity at room temperature in single- 
crystal TiC with a different C-to-Ti ratio. The 
operating slip systems were determined from 
anisotropy in hardness and from transmission 
electron microscope (TEM) observations of speci- 
mens deformed by hardness indentations and 
drilling. 

2. Experimental procedures 
The samples were obtained from three types of 
crystals grown by the floating-zone technique 
having C-to-Ti ratios of 0.99, 0.79 and 0.64. The 
crystallographic orientation of pieces of the 
crystal was easily found by the help of  the distinct 
{1 0 0} cleavage. Blocks of approximately 3 mm x 
5 m m x  8 mm were either cut or made by cleavage, 
the large face being an {1 0 0} cleavage face. The 
specimens were then ground and polished after 
moulding in an epoxy matrix. Vickers hardness 
measurements were performed at room tempera- 
ture on the polished surface. Other cleaved pieces 
of approximate size 3 mm x 5 m m x  5 mm were 
moulded into an epoxy matrix and cut into slices 
of thickness 0.2 to 0.3 mm. They were ground to 
discs with a diameter of 3 mm in order to fit the 
specimen holder in the electron microscope. The 
normal to the discs was either (1 00), (1 1 0) or 
(1 1 1). From each of the three TiC compositions 
(C/Ti 0.99, 0.79 and 0.64) 45 to 50 specimens 
were made. One third of these were deformed by 
hardness indentations, one third by drilling while 
the remaining third were kept as a reference. The 
deformation was carried out on both sides of the 
specimens in order to increase the possibility of 
the electron transparent foil being in a deformed 
part of the crystal. The hardness indentations were 
performed using a Vickers hardness apparatus with 
a load of 500 g. Approximately 200 indentations 
with a spacing of 20 to 25/2m were made in single 
or double rows along the diameters on each side of 
the specimen. The drilling was made with a 
dentist's hard metal drill (12000 rpm). A force of 
approximately 5 N was applied. Rows of holes, 
0.2 to 0.5 mm in diameter and up to 0.1 mm deep 
were made during 5 to 30sec. The discs were 
thinned with a double-jet technique using an 
electrolyte of perchloric acid, butanol and 

2782 

methanol in the ratio 1:4:10 by volume. The 
specimens were thinned at a temperature of - 1 5  
to --20 ~ C with a current density of 15 mA mm -2 
and were examined in a JEOL 200 kV transmission 
electron microscope. 

3. Results 
The hardness of the three TiC compositions is 
presented in Fig. 1 which shows clearly a de- 
creased hardness with decreased C-to-Ti ratio. In 
all the specimens anisotropy is present: minima 
appear at angles of 0 ~ 45 ~ and 90 ~ between 
(1 00) on a {1 00} plane and one diagonal of the 
diamond indenter. The anisotropy decreases with 
decreased stoichiometry. Each point represents the 
average of five readings and the standard deviations 
are also indicated. 

In order to separate the possible slip systems, 
{100}(110) ,  { 1 1 0 } ( 1 1 0 )  and {111}(110>, 
with transmission electron microscopy, a diagram 
was constructed (Fig. 2) showing projections of 
the slip planes {100}, {110} and {111 }in crystals 
with foil normals (coinciding with the electron 
beam) (100) ,  ( 1 1 0 ) a n d ( 1 1 1 ) .  The slip direction 
is indicated with lines which in fact coincide with 
possible screw dislocations. This diagram was used 
for identification of slip systems during the 
electron microscopy procedure. If the foil normal 
was not precisely along the (h k I) direction trace 
analysis was often necessary. Fig. 2 shows that the 
easiest and most unambiguous identification of 
slip systems could be made in the {100} foil 
because small misorientations (up to 10 ~ could 
not lead to mistakes. Besides, the determination of 
slip planes would not be confused by dislocations 
with both screw and edge character. 

In the undeformed TiC specimens only a few 
isolated dislocations and occasionally a low angle 
grain boundary were observed. In the deformed 
specimens the number of dislocations was signifi- 
cantly increased and all three mentioned slip 
systems were observed for all three TiC com- 
positions. Etch pits from the polishing could be 
found in the thin foil. They could often be 
distinguished from pits formed from hardness 
indentations and drilling holes which were found 
in regular rows. Often activated slip planes passed 
areas near hardness indentations and close to holes 
from the drilling. 

One example of a {1 0 0 } slip is shown in Fig. 3. 
A row of dislocations with (1 1 0) direction is lying 
in a {1 0 0} plane almost perpendicular to the foil. 
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Figure I Hardness in single-crystal TiC. 
The minimum at 45 ~ indicates that the 
slip system {t I 0}(I 10) is active. The 
minima at 0 ~ and 90 ~ indicate that 
{111}(110) o, {100}(110) or both 
systems are operating. 

The dislocation marked A possibly lies in the same 
plane but  belongs to another dislocation family. A 
typical edge-on observation of  a {1 10} slip plane 
is presented in Fig. 4. The single dislocations are 
not lying parallel to the foil surface, which means 
that  the dislocations on this {1 10} slip plane have 
a partly edge character. This observation is sup- 
ported by  the arrangement of  the dislocations in 
Fig. 5 which are mixed and lie in the {1 10} plane. 
A typical example of  {1 1 1 } ( 1 1 0) slip systems is 
seen in Fig. 6. A network of dislocations passes 
through an etch pit where a drilled hole has been. 
The dislocations are found to lie in two {1 1 1 } slip 
planes. As the foil normal is (1 00) ,  direct com- 
parison with Fig. 2 is possible. Another network of 
dislocations is recorded in Fig. 7. Near the pit H, 
probably formed at a hardness indentation, slip 
has occurred. The dislocations in this network are 
marked DEF on the micrograph. Fig. 2 tells that  
the network probably lies on a {1 1 1 } plane as the 

foil normal is ( 1 0 0 ) .  Further out from the inden- 
tation three families of  dislocations A, B and C are 
found in another network. The slip plane cannot 
be unambiguously determined but  it is seen from 
Fig. 2 that  {100} or {110} or bo th  of  them are 
possible. An example of  the observation of  dif- 
ferent slip planes is shown in Fig. 8 with an edge- 
on observation of  a similar network which is 
possibly located in {1 00}and  {1 10}. Yet another 
combination of  two different slip planes is seen in 
Fig. 9 : { 1  11} slip and {100} slip are observed 
together with a {1 00} cleavage. An interesting 
deformation feature is observed at the end of some 
of  the {1 00} cleavage cracks (Fig. 10). A compli- 
cated tangle of  dislocations is found mainly along 
a {1 00}  slip band near the tip of  the crack. It was 
not possible to determine the Burgers vector 
because of the heavy distortion of  the TiC lattice 
around the dislocations and the small size of  the 
network. 
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Figure 2 Diagram for identification of slip systems in cubic materials. The figure indicates possible projections of slip 
planes and slip directions as seen through different {h k I } foils. 

The above mentioned slip systems, cracks and 
dislocations associated with cracks have been 
observed in all the deformed TiC specimens but 
there was a tendency to fewer cracks with a 
decreased C-to-Ti ratio It was not possible to 
carry out a quantitative determination of  the 
degree of  plastic deformation as a function of  

stoichiometry by transmission electron micro- 
scopy. 

4. Discussion 
The hardness anisotropy phenomenon in cubic 
carbides is explained by the magnitude of  the 
critical resolved shear stress for the slip systems in 
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Figure 3Bright-field TEM of the slip system {1 0 0}(1 1 0). 
The foil normal is near (1 0 0). A row of dislocations in a 
{1 00} plane is observed. The specimen is TiCo.99 de- 
formed with a Vickers diamond. 

Figure 5 Bright-field TEM of the {1 1 0}(1 1 0) slip system 
together with another slip system, possibly {1 1 1}(1 1 0). 
The dislocations have a mixed screw/edge character. The 
specimen is TiCo.79 deformed with a Vickers diamond. 
The foil normal is (1 0 0). 

Figure 4 Bright-field TEM of the slip system {1 1 0 } (1 1 0). 
The foil normal is (1 0 0). The dislocations have a partly 
edge character. They lie in a {1 1 0}plane which is perpen- 
dicular to the foil. The specimen is TIC0.64 deformed with 
a dentist's drill. 

Figure 6 Bright-field TEM of an exampte of {1 1 1}(1 1 0) 
slip. The foil normal is (1 0 0). The large etch pit orig- 
inates from a drilled hole. The specimen is TiCo.64 de- 
formed with a dentist's drill. 
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Figure 7 Bright-field TEM of an arrangement of dis- 
locations near hardness indentation H. The network con- 
sisting of three families of dislocations (marked DEF) 
belongs to the slip system {1 11}(110). The slip plane 
for the dislocation families A, B and C is near the foil 
which is {100} but possibly more than one slip plane is 
operating. The specimen is TIC0.64 deformed with a 
Vickers diamond. 

Figure 8 Bright-field TEM of an edge-on view of a net- 
work in different slip planes possibly {100}and {l 1 0}. 
Note the distinct {1 00} cleavage and the curved crack. 
The specimen is TIC0.79 deformed with a Vickers 
diamond. 

question: {1 00}(1  10), {1 10}(1 1 0 ) a n d  {1 1 1} 
(1 10)  [4]. The minimum at an angle of  45 ~ 
found with the Vickers diamond is evidence for 
the slip system {1 1 0}(1 1 0) being active. This slip 
system is found in many cubic carbides at com- 
paratively low temperatures [ 3 - 5 ,  8, 9] .  The 
minima at 0 ~ and 90 ~ indicate that {1 00}(1  10) 
or {1 1 1}(1 1 0) or both are also active. These slip 
systems are generally not often reported for TiC 
deformation at room temperature [1, 2, 4, 10] ; 
only Rowcliffe and Hotlox [5] have done so. The 
hardness diagram presented by Williams [1, 2] 
shows a tendency in the same direction. The 
hardness indentations in the present study were 
made with a Vickers diamond which means that 
the indentations were squares and hence the ani- 
sotropy is less pronounced than for a Knoop 
diamond which gives rhombic indentations [4].  
The decrease of  the hardness with decreased 
C-to-Ti ratio is well known [1, 2] ,  so also is the 
anisotropy of  hardness in single-crystal TiC [2, 4, 
5, 8 - 1 0 ]  but the present investigation (Fig. 1) 
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Figure 9 Bright-field TEM of a row of dislocations near a 
crack in TIC0,79 deformed with a Vickers diamond. The 
row of dislocations belongs to {100}(1 1 0) (A and C) 
and {1 1 1 }(1 1 0) (B). The foil normal is near (1 00). 



about equally both at 0 ~ (and 90 ~ and at 45 ~ 
This indicates that the relative importance of 
{1 1 0}<1 1 0> slip is constant for different carbon 
contents. As carbon vacancies weaken the covalent 
7r bond [5] and increase the concentration of con- 
duction electrons there is reason to believe that 
the typical f c c  metal slip system {1 1 1}<1 10) 
dominates over {100}<110)  with decreased 
C-to-Ti ratio. 

Figure 10 Bright-field TEM of a tangle of dislocations at 
the end of a crack along {100}. The specimen is TiCo.~9 
deformed with a Vickers diamond. The foil normal is 
<loo>. 

shows the hardness to depend both  on stoichi- 
ometry and on slip anisotropy. 

Many of  the electron microscopy observations 
showed that more than one slip system could 
operate during a localized deformation. Very often 
two slip systems were found giving curved rows of  
dislocations (Figs 5, 7, 8 and 9). It  might be ex- 
pected that a row of  similarly oriented inden- 
tations would give a similar dislocation structure 
but  this was not always the case. Although it was 
often possible to detect the same two operating 
slip systems from equivalent indentations, one 
slip system could dominate in one case while 
another could dominate only 20 #m from the first. 
Besides, the formation of  cracks in connection 
with some of  the indentations may complicate the 
plastic deformation (Fig. 9). These observations 
show that  the handling of the specimen (cutting, 
grinding, polishing, mounting, hardness inden- 
tations, drilling and thinning) is very critical if any 
quantitative measurements are to be obtained 
from electron microscopy. 

Both the hardness measurements and the trans- 
mission electron microscopy revealed more plastic 
deformation with decreased C-to-Ti ratio. How- 
ever, all three hardness curves (Fig. 1) decrease 

5. Conclusions 
( l )  Hardness indentations and drilling at room 
temperature in single.cwstal TiC x ( 0 . 6 4 < x  < 
0.99) give rise to microplasticity. Features are 
found, which for bulk material are typical below, 
as well as above, the brittle-to-ductile transition 
temperature.  

(2) The characteristic low temperature be- 
haviour is the formation of cracks, either con- 
choidal fracture or {1 00} cleavage and the slip 
systems {I 10}<1 10> and {1 00}<1 10>, both  of 
which are common in materials with rock-salt 
structure. 

(3) The observed typical high temperature be- 
haviour is the operation of the slip system {1 1 1 } 
< 1 10> which is characteristic for an f c c metal. 

(4) A decrease in C-to-Ti ratio leads to an in- 
crease in plastic deformation and intensified im- 
portance of the slip system {1 1 1}<1 10>. 
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