
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  16 (1 9 8 1 )  1 4 7 7 - 1 4 8 9  

Microstructural characterization of calcium 
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Calcium fluoride single crystals have been deformed in compression to conditions of 
steady-state deformation in the temperature range 590 to 907 ~ C (0.53 to 0.72 T/Tm ). 
The deformation microstructures have been characterized using cold-stage transmission 
electron microscopy. The microstructure of deformed samples is seen to consist of 
dislocation tangles, networks and subgrain boundaries. Dislocation structures in the 
subgrain boundaries have been characterized and the effect of the temperature of 
deformation on the subgrain boundary structure has been established. The flow stress, o, 
during steady-state deformation, has been found to be proportional to d -114, where d is 
the subgrain size. The steady-state deformation behaviour is believed to be controlled by 
the mechanisms of obstacle-limited glide of dislocations and power-law creep. During 
characterization of the deformation microstructures, regions of non-uniform cell or 
subgrain boundary structure have been observed. It has been suggested that such regions 
arise from either non-uniform deformation or recovery and recrystallization. Despite the 
presence of such regions, subgrain strengthening appears to be a viable means of 
improving the flow stress of calcium fluoride single crystals. 

1. Introduction 
The advent of high-power laser systems has stimu- 
lated interest in the fabrication of alkali halide and 
alkaline-earth halide materials which can function 
as windows or lenses and also possess sufficient 
mechanical strength to provide in-service stability 
under mechanical and thermal induced loading. 
Increases in the yield strength of metals, e.g. iron 
[1], copper [2-4],  silver [5], copper-aluminum 
[6], and aluminum [7] have been achieved solely 
through mechanical deformation, resulting in a 
microstructure composed of dislocation cells or 
subgrains. Deformation experiments on pure and 
doped KC1 [8-10], single and polycrystalline 
NaCI [9] and pure and Mg-doped LiF [11] have 
achieved substantial strength improvements 
through subgrain formation. The predicted inverse 
relationship between flow stress, o, and subgrain 

size, d, has been verified [1, 4, 12] in both classes 
of materials, thus demonstrating the important 
influence of cell or subgrain size on the mechanical 
strength. 

The potential of subgrain strengthening in the 
alkali and alkaline-earth halides has led to a 
number of investigations of substructure develop- 
ment during hot forging. The microstructure pro- 
duced in hot-forged single crystal calcium fluoride 
has been followed using light microscopy and has 
been shown to depend directly on stress and strain 
and indirectly on temperature [ 13 ]. High-tempera- 
ture deformation of single-crystal alkaline-earth 
halides [14-16] may introduce a fine-grained 
microstructure that provides increases of the yield 
stress and fracture stress with little loss of the 
optical properties. Isostatic forging below the re- 
crystallization temperature has produced crack- 
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TABLE I Temperatures, stresses, and strains of hot- 
forged calcium fluoride 

Temperature (~ C) Stress (MPa) True strain 

590 36.54 0.30 
702 27.57 0.45 
795 22.75 0.45 
817 - 0.45 
907 17.65 0.50 

free, fine-grained material from calcium fluoride 
single crystals and increases in the fracture energy, 
7e, thus reducing the tendency for calcium fluor- 
ide to cleave catastrophically in {1 1 1 } type planes 
[17]. However, residual stresses in calcium fluor- 
ide forged at these lower temperatures may de- 
grade the optical performance. Stress-relief anneal- 
ing of forged samples removes the strain and 
usually results in a coarse-grain microstructure 
along with losses in the additional strength gained 
through deformation. Hot forging at even higher 
temperatures produces larger, and more varied, 
subgrain sizes (0.5 to 4 ram) with smaller increases 
in the yield stress. Furthermore, at these higher 
forging temperatures, recrystallization may occur. 

In the following, the microstructures developed 
during steady-state deformation of calcium fluor- 
ide in the temperature range 0.53 to 0.72T/Tm 
(590 to 907~ where T is the temperature and 
Tm is the melting-point temperature, are investiga- 
ted using transmission electron microscopy (TEM). 
The relationship between macroscopic flow stress 
and subgrain size is established and the importance 
of deformation temperature on the recovery of 
deformation microstructures is assessed. 

2. Experimental technique 
Calcium fluoride single crystals of random orienta- 
tion were purchased from Harshaw Chemical Co. 
for the compressive deformation experiments. 
Samples, in the form of right circular cylinders 
with an initial height to diamater ratio of 1:1, 
were compressed at an initial strain rate of 4.0 x 
10-2sec -1 (see Table I for a schedule of forging 
temperatures, stresses and strains). At the end of 
deformation, specimens were immediately re- 
moved from the hot press and allowed to cool to 
room temperature. Grafoil was used as a lubricant 
to reduce the frictional forces between the de- 
formation plattens and the ends of the samples. 

True stress-true strain curves were calculated 
after correcting the compression data for frictional 
forces between the plattens and sample [18], using 
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where oy is the flow stress, P is the average forging 
pressure,/a is the coefficient of friction, and D/H 
is the diameter to height ratio of the specimen. 

Transmission electron microscopy of the defor- 
mation microstructure was performed using a 
Philips EM300 transmission electron microscope. 
Due to ionization radiation damage caused by the 
electron beam, a double-tilt liquid-helium cold- 
stage was used to minimize the rate of agglomer- 
ation of defects. Details of the ionization radiation 
damage process and the advantages accrued by low- 
temperature microscopy have been previously des- 
cribed [19]. 

TEM specimens were prepared by chemically 
thinning calcium fluoride in a Fischione dual jet 
polisher. Thinning was acomplished using a 
solution of 425 ml H20, 75 ml HC1, 50 g AIC13 and 
50g NH4C1 at a temperature of 70 ~ All TEM 
samples were coated with a layer of evaporated 
carbon to prevent charging. Samples were secured 
in the helium stage at one point with silver paint 
to provide thermal and electrical conduction and 
to allow the sample to contract freely during the 
cooling procedure. Cooling rates were restricted to 
a maximum of 2 K sec -I to prevent the introduc- 
tion of dislocations by thermal stress. Conven- 
tional [20] g.b experiments were performed to 
determine the nature of the Burgers vectors, b, in 
the dislocation structures (g is the diffracting 
vector). Subgrain sizes and dislocation densities 
were calculated using standard quantitative metal- 
lographic techniques [21]. 

3. Results 
Characterization of the microstructure of hot- 
forged calcium fluoride was performed considering 
the structure of the subgrain boundaries produced 
by deformation, the relationship between the sub- 
grain size and macroscopic flow stress, and the 
effect of temperature on the development and 
stabilization of a steady-state deformation micro- 
structure. 

3.1. Subgrain boundary structure 
3. 1.1. Dislocation structure of  the subgrain 

boundaries 
A condition of steady-state deformation was 
achieved for all samples forged in the temperature 
range 0.53 to 0.72 T/Tm. The nature of the sub- 



grain boundary structure was found to be in- 
directly dependent on temperature while the sub- 
grain size and structure of the boundary was 
directly dependent on stress. The subgrain 
boundary structure was interpreted based on two 
types of defects which comprise the boundary. 
These are: 

(1)Intrinsic subgrain boundary dislocations 
which are a requirement of the boundary geo- 
metry and are associated with equilibrium subgrain 
boundaries. 

(2)Extrinsic subgrain boundary dislocations 
which are those dislocations resulting from the 
accommodation of lattice dislocations into the 
boundary and are not a requirement of boundary 
geometry but decrease the energy of the system 
while increasing the energy of the boundary. 

Figure 1 Dislocation structures present in subgrain 
boundaries produced from hot-forging at 590 ~ C. 

TEM results of the subgrain boundary structure 
are presented in order of ascending temperature of 
deformation. 

3.1.1.1. 590 ~ C (0.53 T/Tm). The majority of sub- 
grain boundaries observed after hot-forging at 
590~ (Fig. 1) are composed of disordered dis- 
location configurations. Few boundaries, such as 
the twist boundary shown in Fig. lc, exhibit any 
degree of ordering or dislocation rearrangement, 
and consist of redundant dislocations. Dislocation 
dipoles, or any similar arrangement of disloca- 
tions, would be considered redundant dislocations. 
For the most part, the boundaries are more charac- 
teristic of cell walls produced by deformation at 
temperatures below half the absolute melting tem- 
perature [19]. Evidence for the interaction of 
matrix dislocations (see dislocations labeled A in 
Fig. la and b) with the boundary is observed, 
while in these micrographs no evidence is given for 
the accommodation of these dislocations into the 
boundaries. The non-equilibrium nature of the 
boundaries suggests that little rearrangement of 
the structure has occurred through thermally- 
assisted recovery processes. 

3.1.1.2. 702~ (0.60T/Tm). Increasing the tem- 
perature of hot-forging to 702~ produces sub- 
grain boundaries with a higher degree of order (see 
Fig. 2). The boundary structure has an increased 
degree of periodicity, as exemplified by the tilt 
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Figure 2 Subgrain boundary structures observed in samples hot-forged at 702 ~ C. Note the knitting of dislocations into 
more regular networks. 

boundary of Fig. 2a and the twist boundary of 
Fig. 2c, and fewer boundaries consist of random 
dislocation tangles. 

The intrinsic dislocations of the simple tilt 
boundary presented in Fig. 2a are easily discerned 
by their narrow image widths. Extrinsic disloca- 
tions present in the boundary can be seen directly 
and by the discontinuities these dislocations cause 
in the intrinsic dislocations (the extrinsic disloca- 
tions may be seen by using other Bragg reflec- 
tions). The angular misorientation produced by 
the tilt boundary in Fig. 2a was determined to be 
0.36 ~ by measuring the relative displacement of 
Kikuchi lines in the electron diffraction patterns 

of the adjoining subgrains. Assuming the boundary 
in Fig. 2a is a simple tilt boundary with an average 
dislocation spacing of 50nm, the calculated 
boundary misorientation is 0.46 ~ 

The nature of the Burgers vectors of the dis- 
locations comprising subgrain boundaries A - B - C  
and D - E - F  of Fig. 2b were established. The reac- 
tions which occur are 

A + B = C  

and 

E + F = D  

LZ a 
~- [10]-] +([101]  ~a[100] (2) 

a[lO1-] + 2 1 0 1 1 ] - - . 2 [ 1 1 0 ] ,  (3) 
2 
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where a is the lattice parameter. The energy 
requirements of Equations 2 and 3 may be calcu- 
lated assuming the elastic strain energy is propor- 
tional to b 2, where b is the Burgers vector of a dis- 
location. Equation 3 is clearly favourable while the 
energies of reactants and products of Equation 2 
are equal. The Burgers vectors of dislocations A 
and B are inclined by approximately 45 ~ and 30 ~ 
to their respective dislocation lines, while that of 
dislocation C is nearly parallel. Thus dislocations A 
and B are mixed in character, and C is almost pure 
screw. Since the energy of edge dislocations 
[ab2/(l -- u)] is greater than that of screw disloca- 
tions (ab2), in any reaction such as Equation 2, 
where the reactants have a significant edge compo- 
nent and the product is primarily screw in nature, 
the reaction is favourable [22]. 

An array of dislocations arranged nearly parallel 
to the surface of the foil is presented in Fig. 2d. 
Dislocations G and H may be attractive and pro- 
duce the following reaction: 

a a 
G + H = I  [01]-] + ~ - [ 1 0 1 ] - + ~ - [ 1 1 0 ] .  (4) 

Both dislocations G and H are almost pure edge 
in character, and dislocation I is also pure edge. 
Several of the G-type dislocations must be dipoles 
since one of the two adjacent G-type dislocations 
reacts with an H dislocation, while the second pro- 
duces no reaction. 

3.1.1.3. 817~ ( 0.6 7 T/Tm). Subgrain boundaries 
characteristic of those produced from hot forging 
at 817~ are presented in Fig. 3. The degree of 
ordering within the boundaries has increased over 
that of boundaries produced at lower forging tem- 
peratures. Boundary dislocations occur at shorter 
periodic intervals and are primarily intrinsic in 
nature. Many of the boundaries are not curved 
locally, thus the dislocation structure and energy 
of the subgrain boundary are constant in these 
regions. An exception is seen in Fig. 3a where a 
portion of the boundary is seen to bow out, and, 
associated with this, the dislocation structure 
changes along the bowed-out segment. A triple 
point, shown in Fig. 3b, is formed by the inter- 
section of two highly ordered twist-type bound- 
aries consisting of diamond-shaped dislocation 
cells. The junction formed by two tilt boundaries 
is shown in Fig. 3c, while a compound twist-t i l t  
boundary composed of a regular array of 
hexagonal-shaped cells characteristic of the twist 

T A B L E I I Average subgrain boundary angles 

Temperature (~ C) Angle 
(degrees) 

Standard deviation 
(degrees) 

590 1.06 0.35 
702 1.51 1.44 
817 1.21 0.75 
907 0.99 0.35 

portion superimposed on an array of parallel dis- 
locations characteristic of the tilt portion is pre- 
sented in Fig. 3d. 

3.1.1.4. 907~ (0. 72 T/Tm). Hot forging at 907~ 
produces a microstructure composed of highly 
ordered subgrain boundaries, where the boundary 
dislocation structure is periodic over short 
distances (see Fig. 4). Most boundaries are com- 
posed almost exclusively of intrinsic dislocations. 
The density of extrinsic dislocations is very low, 
suggesting that these dislocations may have been 
annihilated by interactions within the subgrains or 
accommodated into the subgrain boundary struc- 
ture. A subgrain boundary, with a highly periodic 
structure, and boundary defect (labeled A) are 
shown in Fig. 4b. These defects may be ledges pro- 
duced by the intersection of extrinsic dislocations 
with the boundary or a result of misorientation 
changes in the boundary. The apparent migration 
of extrinsic dislocations (labelled B and C) to a 
subgrain boundary is shown in Fig. 4c. It is 
possible that these dislocations are being accom- 
modated into the boundary as a mechanism in the 
overall recrystallization or deformation process. 

3. 1.2. Misorientation angles of the subgrain 
boundaries 

Misorientation angles of the subgrain boundaries 
were determined using two different TEM diffrac- 
tion techniques. The splitting of electron diffrac- 
tion spots and the shift in Kikuchi fines produced 
by subgrain to subgrain misorientation were 
measured. Table II presents a summary of the 
average subgrain angles measured as a function of 
forging temperature. The standard derivation of 
the measurements is also included in Table II. With 
few exceptions the subgrain boundary angles were 
less than 2.0 ~ in misorientation. No obvious corre- 
lation exists between the measured subgrain 
boundary angles and the forging temperature or 
flow stress. 
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Figure 3 Micrographs of the subgrain boundaries observed in samples hot-forged at 817~ The boundaries display a 
higher degree of periodicity over those present in samples forged at lower temperatures. 

3.2.  Subgrain s ize--f low stress relat ionship 
A composite TEM micrograph of the subgrain 
morphology of a sample hot-forged at 590 ~ C, and 
typical of those used to determine the size of sub- 
grains developed from hot forging at 590, 702, 
795 and 907~ is presented in Fig. 5. The sub- 
grain boundaries are well developed, with a uni- 
form subgrain size. A compilation of the sub-grain 
sizes measured from TEM micrographs of samples 
forged at 590, 702, 795 and 970~ is shown in 
Fig. 6 in the form of a plot of log flow stress 
against log subgrain size. A least-squares fit regres- 
sion analysis of the data plotted in Fig. 6 yields 
the power4aw dependence 
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o = 4.378Gbd -m4 , (s) 

where it is seen the flow stress, o(kgmm -2) is 
approximately inversely proportional to the sub- 
grain size, d(mm). G is the shear modulus 
(kgmm-2). 

3.3. Non-un i fo rm hot-forged 
m icrostructu res 

In addition to the well-developed subgrain micro- 
structures seen in Fig. 5, a region was observed in a 
sample hot-forged at 590 ~ C (Fig. 7) consisting of a 
duplex subgrain microstructure. Within the more 
developed, densely dislocated boundaries of Fig. 7 



Figure 4 Subgrain boundaries produced from hot-forging 
at 907 o C. At this temperature, boundaries exhibited the 
highest degree of order. 

are several lower density boundaries. The larger, 
denser boundary has dimensions of approximately 
20 to 30~m, while the less dense boundaries are 4 
to 6/~m in size. The less dense boundaries are 
similar to cell walls or dislocation tangles as opposed 
to subgrain boundaries. Since these boundaries are 
not well developed, it appears that they are in the 
process of developing or annihilating. At an even 
higlaer temperature of 907 ~ C (Fig. 8), where ther- 
mal activation of diffusional recovery processes of 
the dislocation structures may play a more import- 
ant role during hot forging, an area was observed 
consisting of dislocation tangles with no resem- 
blance to a subgrain structure. This type of micro- 
structure suggests that some form of recrystalliz- 
ation or subgrain migration may have occurred, the 
nature of which will be considered in a later section. 

4. Discussion 
The steady-state deformation microstructure of 
calcium fluoride single crystals hot forged at tem- 
peratures of 590, 702, 795, 817 and 907~ has 
been shown to consist of a network of subgrains 
and/or dislocation cells. A range of subgrain 
boundary structures was observed depending on 
the temperature of deformation. At the lower tem- 
peratures of deformation, the microstructure con- 
tained both subgrain and cell-wall boundaries. The 
cell-wall-type boundaries were, in general, dis- 
ordered and contained many redundant disloca- 
tions, e.g. dipoles. In such boundaries the distinc- 
tion between intrinsic and extrinsic dislocations is 
at best difficult since the boundary plane is not 
well defined. At higher temperatures only subgrain 
boundaries are observed. The structure in the sub- 
grain boundaries is highly periodic (ordered), con- 
sisting for the most part of intrinsic dislocations, 
and the boundaries are, in general, narrower. The 
structure of the subgrain boundaries is analogous 
to both coincidence ledge [23, 24] and grain 
boundary dislocation models [25]. For example, 
in the grain boundary dislocation models, a sub- 
grain boundary is formed when two crystals are 
misoriented slightly from one another producing a 
unit cell of the O-lattice [25] which is large com- 
pared to the crystal lattice. The crystal boundaries 
are formed by dislocation networks where the 
intersection of the boundary with the O-lattice cell 
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Figure 6 A graph of the approximate inverse relationship 
between flow stress, ~, and subgrain size, d, in hot-forged 
calcium fluoride. The line drawn through the data is a 
least-squares fit. 

walls are the dislocation lines. The dislocation net- 
works seen in Figs 1 to 4 range from 30 to 200nm 
in size, which, in comparison to the lattice para- 
meter of 0.546 nm, is large. Thus, the boundaries 
observed in hot-forged calcium fluoride are 
observed to show general agreement with sub- 
grain boundary dislocation models. 

The increase in subgrain boundary order with 
increasing temperature, reflected by a decrease in 
the extrinsic dislocation content has also been 
observed in other materials. In cold-rolled iron 
[26], as the temperature of deformation increases, 
the dislocation density decreases and the cell walls 
or subgrain boundaries become more ordered. A 
review of the results of the effect of temperature 
on the structure of cell walls formed in pure Cu 
and A1 shows that raising the temperature of de- 
formation produces a sharpening of cell walls, 
similar to the present results in calcium fluoride. 

As in calcium fluoride, one of the first struc- 
tural features that becomes evident during steady- 
state deformation of metallic or sodium chloride- 
type ionic materials is the appearance of subgrains. 
The size of subgrains in calcium fluoride is 
indirectly related to the temperature of deforma- 
tion and is seen to increase with increasing tem- 
perature. Similar results are seen in A1 [27, 28], 

Cu [29], Fe [1], sodium chloride [11], and potas- 
sium chloride [9]. 

The inverse dependence of flow stress on sub- 
grain size in calcium fluoride has been predicted 
[1, 12, 30] and experimentally found to hold true 
in metallic systems [4], sodium chloride [9, 31], 
and potassium chloride [9]. Most importantly, the 
present work demonstrates that increases in the 
flow stress of calcium fluoride can be achieved 
through subgrain strengthening. 

The dislocation tangles, networks and subgrain 
boundaries observed in hot-forged samples of cal- 
cium fluoride suggest that deformation is con- 
trolled by obstacle-limited glide of dislocations 
and/or power-law creep. Comparison of the stress 
(4x  10-4~o/G~9 x 10-4), strain rate (4x  
10 -2 sec -1) and temperature (0.53 ~< TIT m <. 0.72) 
ranges employed in the present hot-forging experi- 
ments of calcium fluoride with deformation maps 
constructed for sodium chloride and lithium fluor- 
ide [32] lends support to these mechanisms. Dis- 
location densities measured from the subgrain 
boundaries and interiors, as well as the total dis- 
location density could not be correlated to the 
measured flow stress in a manner totally consistent 
with forest mechanisms of work hardening. The 
total dislocation density was measured to decrease, 
as expected from forest models of  hardening, with 
decreasing flow stress. However, the average 
spacing of dislocations in the subgrain boundaries 
was found to decrease with decreasing flow stress. 
Assuming, as in forest models, the stress to over- 
come an obstacle is inversely proportional to the 
obstacle spacing, the observed decrease of the dis- 
location spacing in the subgrain boundaries with 
decreasing stress (higher forging temperatures) is in 
direct conflict with such models. Therefore, a 
forest mechanism of hardening cannot solely 
account for the observed behaviour. Also, the 
higher forging temperatures, by providing an 
increased thermal activation, probably reduce the 
effectiveness of the subgrain boundaries as 
obstacles to dislocation motion. Above 0.5 Tm 
dislocations are able to climb as well as glide. If a 
dislocation encounters an obstacle, climb may 
release it, allowing it to glide to the next obstacle, 
where the process may be repeated. While the glide 
step is responsible for almost all the strain, the 
average velocity of  the dislocation will be deter- 
mined by the climb step. The important feature of 
this mechanism of flow is that the rate-controlling 
process, at an atomic level, is the diffusion of 
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single ions or vacancies to or from the climbing 

dislocation, rather than the activation of  dislo- 
cation glide itself. Thus, power-law creep should 
play an increasingly important  role in the defor- 
mation behaviour with increasing temperature.  

Hot-forging experiments of  calcium fluoride 
were performed at conditions of  steady-state 
deformation,  where simultaneous work hardening 
and recovery processes determine the nature of  the 
deformation microstructures. While at any one 
point  in time local fluctuations may give rise to 
the formation of  a subgrain-free region, the con- 
current deformation will restore the microstruc- 
ture. The non-uniform microstructures presented 
in Figs 7 (590~ and 8 (907 ~ were not,  in 
general, characteristic of  the overall microstruc- 
ture. Regions such as those presented in Figs 7 and 
8 may have two possible origins. First,  the high 
strains employed in the hot-forging experiments 
increase the influence of  platten effects in produc- 
ing non-homogeneous flow, where the actual local 
stress is different from the applied stress, thus 
resulting in a non-uniform microstructure [14]. 
Second, recrystallization and recovery may occur 
during deformation or while the sample is cooling 
to room temperature.  The recovery processes in- 
volve the annihilation of  dislocations in subgrain 

interiors, within subgrain boundaries and the 
accommodat ion of  matr ix dislocations into the 
subgrain boundaries. In general, these processes 

require both glide and climb and, therefore, are 
aided by thermal activation at higher temperatures 

[13,141.  

5. Conclusions 
Hot-forging experiments of  calcium fluoride single 
crystals have been performed to true strains, e, 
between e = 0.3 and 0.50 at temperatures between 
590 and 907~ TEM has been successfully 
applied, with the aid of  a double-tilt  liquid-helium 
cold-stage to characterize the deformation micro- 
structures. The microstructure has been seen to 
consist of  cell walls or subgrain boundaries. The 
redundant  dislocation density present in the sub- 
grain boundaries decreases and the degree of 
order within the subgrain boundaries increases 
with increasing deformation temperature.  Measure- 
ments have shown the flow stress to be inversely 
proport ional  to the subgrain size. For the given 
stress and temperature ranges, deformation is sug- 

gested to be control led by  obstacle-limited glide of  
dislocations and/or  power-law creep. The observed 

regions of  non-uniform microstructure are thought 
to arise from platten effects caused by the high 
strain levels, or recovery during cooling or after 
hot-forging. Despite these non-uniform regions, 
subgrain formation through hot-forging appears to 
be a viable means of  improving the flow stress of  
calcium fluoride single crystals. 
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