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The Effect of Stoichiometry in C15 HfCo2 

D.J. Thoma', K.C. Chen2, M.I. B a s k e s l ,  and E.J. Peterson' 

'Los Alamos National Laboratov, Los Alamos, NM87545 USA 
zCalifornia Polytechnic State University, Sun Luis Obispo, CA 93407 USA 

In binary Laves phases (ABz) that exhibit a homogeneity range, the ability to accommodate nonstoichiometry is related to the atomic size 
requirements for the topologically close-packed structure. Based upon a hard sphere model, Laves phases with a metallic atom size ratio RA/Rs close to the 
ideal value of -1.225 exhibit homogeneity ranges. The C15 phase, HE%, has a radius ratio of RH&, = 1.26 and a reported range of solubility of 9 at.%. 
The solubility limits and constitutional defects have been investigated, and with this information, the elastic and mechanical properties a s  a hnction 
composition were experimentally investigated. The results indicate that anti-site substitution is the governing defect mechanism on both sides of 
stoichiometry, The elastic and mechanical properties show a maximum at stoichiometry (unlike most intermetallics), with the brittle behavior decreasing 
with increasing Co content. The properties are described in terms of geometric models of space filling. 

Kqwords: Laves phases, stoichiomety. elastic properties, defects, deformation, HJCO, 

1. Introduction 

Laves phases are the most abundant intermetallic, with 
over 900 binary and ternary known phases.') Although 
Laves phases have multiple non-structural engineering 
applications:) structural application are limited by the brittle 
behavior of the monolithic A B 2  phase. With the 
overwhelming abundance of Laves phases, enormous alloy 
opportunities should exist to tailor desired properties, 
particularly to alleviate the brittle tendencies of the phase. 
Therefore, recent efforts have focused upon methodologies 
to impart deformable characteristics in Laves phases 
 system^.^") To impart deformability, alloy design strategies 
have focused upon electronic and geometric structure 
investigations, with the main focus of optimizing 
synchroshear in the topologically close-packed structure?) 

Although many studies exist that evaluate alloying 
effects on the properties of binary and ternary monolithic 
Laves phases, significant ranges of solubility on both sides 
of stoichiometry in binary Laves phases are not common. 
Indeed, less than 25% of the C15 binary Laves phases have 
a reported range of homogeneity, with most occurrences of 
solubility occurring on the B-rich side of stoichiometry.") 
In almost all equilibrium cases, off-stoichiometry is 
accommodated in binary Laves phases with anti-site 
~ubstitution."-'~) 

The lack of expanded, binary solubility ranges limits the 
ability to perform systematic studies on the role of 
composition in the binary intermetallics. Therefore, 
fundamental methodologies to tailor properties are restricted 
by the understanding of how to effectively alloy the 
intermetallic. The choice of a model Laves phase system 
that permits a study of properties as a finction of 
composition is essential. Therefore, background is required 
into how Laves phases form. 

Laves phase intermetallics were originally defined as 
geometric structures.1s) Laves proposed that metallic 
compounds have a tendency to form with close packing of 
atoms and high atomic symmetry, and Laves phases satisfy 
the geometric conditions (similar to metallic materials) more 
efficiently than other metallic compound structure types. As 
a result, the abundance, stability, solubility, defects, 
thermodynamics, and deformation of Laves phases have 
often been interpreted based upon hard-sphere packing 
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models.2s10) Within a Laves phase structure, the ideal size 
ratio (RA/R~) of A atoms t o  B atoms (in the AB2 
stoichiometric compound) is .\1(3/2) -1.225. When the 
elemental metallic sizes of the atoms forming the 
intermetallic are close to the ideal value, the occurrence of 
Laves phases is more prevalent, solubility is more 
pronounced, and the entha y of formation is higher than 
other Laves phases. 

To interpret the role stoichiometry in binary Laves 
phases, a model system, HfCo2, has been chosen. The C15 
Laves phase, HfCo?, has a radius ratio of RH/&,, = 1.26 
which is close to the ideal value of -1.225. H e 0 2  exhibits a 
reported range of solubility of 9 at.% (including both sides 
of stoichiometry).l6) The defects, elastic and mechanical 
properties in this C 15 Laves phase will be presented. 

vr 

2. Experimental 

Nine different alloys spanning the C15 HfCoz Laves 
phase field were prepared using Co (99.995%) and Hf 
(99.9+%). Zirconium is a common metallic impurity in Hf, 
and in all alloys, approximately 2 at.% Zr was found. The 
selected nominal compositions can be found in Table  I. The 
alloys were arc-melted, flipped, and remelted several times 
to ensure homogeneity. Heat treatments were performed at 
120OOC for 100 hours, followed by 140OOC for 1 0 0  hours, 
and slow cooled. Inert gas fusion analyses revealed impurity 
levels of 0.044 wt% oxygen and 0.058 wt% nitrogen. 

Compositions of the heat-treated alloys were determined 
by electron microprobe analysis (EMPA). A large area 
analysis was performed to determine the bulk alloy 
composition of each sample. Point scan analyses of 
different phases within the alloys were also done. The 
different phases were identified by x-ray diffraction (XRD) 
with a Cu K, radiation source. Powder samples with an 
internal Si standard reference material (NBS 640b) were 
scanned over a 28 range of 20-135". The Rietveld 
refinement method was used to determine the lattice 
constants, using the program GSAS (Generalized Structural 
Analysis System).") Rietveld refinements were also carried 
out to determine strain parameters and atomic site 
occupancies. For the strain parameter study, powder samples 
were annealed at 800°C to study the effects of powder 
preparation. 
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Table 1 - Compositions of alloys 
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bulk alloy composition 
at% Co at% Hf at% Zr 

61.7W.62 36.20M.58 2.17rt0.12 
63.00M.42 34.8040.36 2.19M.15 
64.0m0.32 34.00M.32 2.04k0.09 

64.6W.02 33.2m0.21 2.131to.10 
66.3W.23 3 1.8OM.25 1.951to. 14 

67.30M.32 30.90k0.28 1.83M.08 
69.0W.35 29.2040.38 1.73*0.11 

70.5W.26 27.7040.26 1.79M.07 

Heat-treated, single-phase C15 samples on both sides of 
the HfCo2 stoichiometry were used for elastic constant 
measurements by RUS. Specimens were cut into small 
parallelepipeds. Details of the RUS set-up and technique can 
be found elsewhere.’*) Forty peaks in the range of 0.2-0.8 
MHz at room-temperature were used in this study. The 
r.m.s. errors for the fitting of all 40 peaks were less than 
0.6% for all the samples, indicating good agreement 
between the experimental and calculated resonances. 

The hardness and fracture toughness measurements were 
performed at room temperature with a Vickers 
microhardness indenter. A load of 500 g and dwell time of 
15 seconds were used. Ten or more indentations were made 
on each alloy sample. Measurements of impression 
diagonals and crack lengths were made under consistent 
high magnifications with scanning electron microscopy 
(SEM). Hardness values (H) and fracture toughness values (a were computed. 

Laves phase composition 
at% Co at% Hf at% Zr 

64.70k0.23 33.2W.21 2.14rt0.06 

65.2W.23 32.8W.17 2.07M.07 
65.50k0.06 32.5W.08 2.02M.06 

65.50 32.50 1.96 

66.1 W . 3  1 3 1.9ON.34 1 .98M0.06 

67.4W.22 30.7W.21 1.89M.05 

69.371to.13 28.86M.15 1.77M.07 

70.6W.09 27.60M.10 1 .77MH).07 

72.03rt0.15 26.29rt0.14 1.68rt0.07 

3. Results 

The XRD results from the heat-treated samples are 
shown in Figure 1. , The lattice parameters as a function of 
bulk alloy composition indicate that the solubility range is 
65 to 72 at.% Co in these slow-cooled samples. Therefore 
most of the solubility is on the Co-rich side of 
stoichiometry. On the Hf-rich side of stoichiometry, the 
lattice parameters of the C15 phase are constant. In fact, a 
second phase was evident in the XRD traces. 

To investigate the defect behavior, Rietveld refinement 
of the XRD crystal structure was performed assuming 
different constitutional defect mechanisms. The Rietveld 
analyses fitted the composition of the alloy (based upon 
anti-site substitution or vacancies). The fitted compositions 
are plotted vs. the actual C15 phase composition in Figure 2. 
The best fit of the data was Co substituting for Hf on the Co- 
rich side of stoichiometry and Hf substitution for co on the 
Hf-rich side of stoichiometry. Anti-site substitution is the 
apparent constitutional defect mechanism, similar to other 
Laves phases. 
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Figure 1 - The C15 lattice constant versus the bulk Hf-Co alloy 
composition. The two-phase field is distinguished by the fixed lattice 
constant from 61.7 to 65.6 at% Co. A nearly linear relationship occurs 
within the single phase Laves region. 

-0.- Co anti-sites 

03 
65 66 61 68 69 IO I1 12 13 

EMPA Composition (at% Co) 
Figure 2 - Rietveld refined compositions based on different defect 
mechanisms compared against the microprobe compositions. 
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The Rietveld refinement also permits an evaluation of 
the strain in the material (Figure 3). The XRD samples were 
crushed powders (< 44 microns). Since the XRD analyses 
indicated strain, the powder was annealed in a differential 
thermal analyzer by heating the sample to 800°C and 
cooling. The rates used were 2O0C/min. Near 
stoichiometry, the strain perpendicular and parallel to the 
[ 1 1 11 direction is isotropic and relatively constant as a 
function of annealing. Perpendicular to the [ 1 1 11 direction, 
the strain from grinding can be relieved on the Hf-rich side 
of stoichiometry, but not on the Co-rich side of 
stoichiometry. Parallel to the [ 11 11 direction, the strain is 
uniformly reduced with annealing. The strain is anisotropic 
as a function of direction and becomes more so away from 
stoichiometry. 

800 

0.4 

% 

I* D 

I I I ,  I I I 
- E] I 

(within ciosc-packed planc) 

0 '  ' ' ' ' ' ' ' ' ' ' ' I 

65 66 67 60 69 70 
C15 HI-Co alloy compolltton (at% Co) 

Figure 3 -Anisotropic strain parameters as a function of HfCq Laves phase 
composition. The average strain parallel to [ 1 1 I ]  is essentially constant. 
However, the strain perpendicular to [ 11 I]  displays a minimum around the 
HfCq stoichiometry. 

The elastic properties of the polycrystalline heat-treated 
samples are plotted as a function of the C15 composition in 
Figure 4. When the data on either side of stoichiometry is 
fitted and extrapolated, the intersection composition is very 
nearly 66.67at.% Co. All of the elastic properties display a 
maximum at the stoichiometric composition. The shear 
modulus has a slight offset and does not intersect as nicely 
as the bulk and Young's modulus. However, the variation 
in the shear modulus values are not as pronounced as the 
other elastic properties, and the offset of the intersection is 
only 1% of the total value. 

The hardness values are plotted versus alloy composition 
in Figure 5 .  The data illustrates a maximum in hardness 
near the stoichiometric composition. Although the Hf-rich 
compositions are two-phase, thus contributing to the 
decrease in hardness, the one alloy composition that is 
single phase on the Hf-rich side is consistent with the 
decreasing trend away from stoichiometry. If the single 
phase alloys alone are considered, the brittleness (hardness 
divided by the fracture toughness, where toughness is 
determined from crack lengths around the indent) decreases 
with increasing Co content (Figure 6). 
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64 66 68 70 72 
HfCoz Laves Phase Composition (at.% Co) 

Figure 4 - The Young's (E), bulk (E), and shear (0) modulus as a function 
of HfCq Laves phase composition. The Poisson's ratio (V) is also shown. 
The Hf-rich and Co-rich relationships intersect at a maximum near the 
stoichiometric Laves composition. 
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Figure 6 - Brittleness (hardness I toughness) as determined from 
microhardness indentation testing. With increasing Co content, the 
brittleness decreases. 
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4. Discusssion 5. Conclusions 

The observation of Co substituting on the Hf sites is 
consistent with a hard-sphere geometric interpretation. In 
the topologically close-packed structure, it is easier for the 
smaller Co atom to substitute for Hf. Experimentally, this is 
the case, On the Hf-rich side, the solubility limit is 
significantly reduced (-2.5at.%) as compared to the Co-rich 
side (5 at,%), Geometrically, it is more difficult to 
accommodate the larger Hf atoms onto Co sites. As a result 
of the anti-site substitution, the local environments become 
Co-rich or Hf-rich depending upon which side of 
stoichiometry the alloy composition resides. 

The amount of disorder and change in local bonding 
environments has significant effects on the properties. All 
of the elastic properties have a maximum at stoichiometry, 
suggesting that the bonding is tightest in the most ordered 
state of the topologically close-packed structure. At this 
point, it is interesting to consider the data in Figure 3. Near 
stoichiometry, the strain perpendicular and parallel to the 
[ 1 1 11 direction is isotropic and constant. Laved5' originally 
proposed that this class of intermetallics would form under a 
compressive strain (4 %) at the stoichiometric composition. 
These results are consistent with that argument. The Poisson 
ratio decreases away from stoichiometry, suggesting a slight 
increase in directional bonding. The strain is more 
anisotropic with departures from stoichiometry. 

Many B2 intermetallics, and intermetallics in general, 
illustrate a maximum in strength at low homologous 
temperatures (<0.5T,,,)?0' In general, defects interfere with 
the motion of dislocations. At higher homologous 
temperatures, enhanced diffksion occurs and constitutional 
defects can assist in softening the material. Laves phases 
appear to have the opposite behavior at low homologous 
temperatures. The behavior of dislocations as a function of 
composition has been studied in MgZr12.2~) At stoichiometry, 
the dislocation density is lower than at off-stoichiometric 
compositions. The dislocation velocity decreases away 
from stoichiometry. Apparently, HEoz behaves similarly to 
MgZnz and the opposite of most intermetallics. The 
strength and brittle behavior decreases with departures from 
stoichiometiy, particularly on the Co-rich side. 

Deformation in Laves phases has been proposed to occur 
by synchroshear. Slip occurs predominantly on the (1 1 
plane. Due to the specific arrangement of atoms, 
deformation involving simple planar slip is unlikely and a 
"synchroshear" or "zonal slip" mechanism involving 
cooperative movement between planes of atoms may be 
required.22' The smaller B atoms shear by 1/6[-211 'J while 
synchronously, the larger A atoms shear by 1/6[-1-12]. The 
synchroshear process has been used to interpret slip, 
twinning and stacking faults, and phase transformations in 
Laves phases. As a smaller B atom substitutes onto an A- 
site, deformation by synchroshear can be The 
hardness properties for HfCo2 are consistent with the 
synchroshear arguments. Cobalt onto Hf-sites permits less 
brittle behavior. In fact, the strain parallel and perpendicular 
to the [ 1 1 11 direction change as a function of annealing and 
composition. On the Co-rich side, strain is essentially 
eliminated parallel to the [ 1 111 direction and is highest 
within the close-packed plane. 

The C15 Laves, HfCo2, was investigated to evaluate the 
effect of stoichiometry on properties. Three main points 
were evident from study: 

Solubility existed on the Hf-rich (-2.5%) and Co- 
rich (-5at.%) side of stoichiometry (from 65 to 72 at.%Co), 
and the constitutional defect mechanism was most consistent 
with anti-site substitution. 

1) 

2) The elastic properties are highest at stoichiometry 
3) The hardness is maximum at stoichiometry. 
The results are consistent with strong bonding at the 

stoichiometric composition, and a relaxation of the bonding 
away from stoichiometry. As the smaller Co atoms 
substitute for Hf, the ability to accommodate deformation is 
enhanced, and this is consistent with synchroshear. 
Therefore, deformation is optimized firthest from 
stoichiometry on the Co-rich side the phase field, 
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