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Fracture toughness (KIC), an important property of brittle materials, can be determined by indentation
cracking tests. This paper reports on an investigation of the fracture toughness of a directionally solidified
Al3Nb–Nb2Al–AlNbNi ternary eutectic, based on the Vickers indentation test applied to longitudinal and
transverse sections of its microstructure. The measurements were taken using indentation loads varying
from 2.45 to 24.5 N. Correlations between the resulting crack parameters and indentation load were eval-
uated using Palmqvist and half-penny cracks models. In the range of indentation loads studied, the
results suggested that the Palmqvist model provided a better fit to the experimental data. Fracture tough-
ness was calculated using equations developed for Palmqvist crack mode. The indentation fracture
toughness values for longitudinal and transverse sections are in the range of 2.82–3.05 MPa m1/2 and
2.98–3.59 MPa m1/2, respectively. It was found that the addition of Ni and incorporation of a third phase
to the Al3Nb–Nb2Al eutectic improved fracture toughness of this in situ composite material.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In situ composite materials produced by directional solidifica-
tion of high temperature eutectic alloys have been the subject of
a number of investigations, usually aiming to replace Ni-based
alloys in high temperatures applications [1]. This type of composite
is composed of two or more phases, usually intermetallic phases,
with the reinforcing phases produced during the manufacturing
process [2]. Research has recently focused on the Al3Nb–Nb2Al
eutectic alloy for the manufacture of eutectic-based structural
composites. This eutectic material shows high strength at elevated
temperatures, but poor fracture toughness at low temperatures
[3,4]. Fracture toughness or the critical stress intensity factor, KIC,
is essential for predicting the mechanical behavior of brittle mate-
rials such as intermetallic compounds [5].

An interesting way to determine KIC is by the Vickers hardness
indentation technique [6–8]. This method was first examined as a
tool to describe fracture toughness in the 1950s [7]. The applica-
tion of certain indentation loads will nucleate cracks in brittle
materials, which may be correlated to fracture toughness. In such
cases, two types of indentation cracks occur, depending on their
geometrical features: Palmqvist cracks and radial-median cracks
[9,10].

Palmqvist cracks consist of four half-penny-shaped cracks that
initiate only at the corners of the indentation, their extensions
are restricted to small distances beneath the surface and they show
ll rights reserved.
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a propensity to be just as deep as the indentation. On the other
hand, radial-median cracks, also called half-penny cracks, consist
of two fully developed semi-elliptical cracks that commence at
the corners of the indentation [11–13]. They develop under and
around the indentation, penetrating far below the surface and
forming cracks normal to the indentation plane. Details of both
these crack modes, including their dimensions, are illustrated in
Fig. 1 [6–10].

It is well known that the phase arrangement in a eutectic
microstructure controls its mechanical behavior. An earlier study
found that adding Ni to the binary Al3Nb–Nb2Al eutectic led to a
ternary eutectic transformation ðL ¡ Al3NbþNb2Alþ AlNbNiÞ at
Al–40.4Nb–2.42Ni (at.%) [14] and application of directional solidi-
fication to this ternary eutectic resulted in a very regular micro-
structure composed of fiber-like phases [15]. It is possible that
the incorporation of a third phase to the Al3Nb–Nb2Al eutectic
may positively alter fracture toughness of this in situ composite
material.

To address questions pertaining to the effect of an additional
phase on mechanical behavior of the Al3Nb–Nb2Al eutectic, this pa-
per presents the results of the Vickers indentation of directionally
solidified Al3Nb + Nb2Al + AlNbNi ternary eutectic and discusses
correlations between the microstructure and fracture toughness.
2. Experimental procedure

The ternary eutectic alloy in the Al–Nb–Ni system was prepared
with appropriate amounts of pure elements melted in an arc fur-
nace equipped with a vacuum system combined with injection of
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Fig. 2. Diagram of the experimental apparatus for measuring elastic constants.
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high purity argon. Ternary eutectic samples were solidified
directionally using the Bridgman technique under an argon atmo-
sphere. The 30-mm-long, 6.0-mm-diameter ingots were placed in
high purity Al2O3 crucibles and solidified by slowly moving the
crucible from the upper hot region to the lower cold region, at a
thermal gradient ranging from 80 to 100 �C/cm, with a growth rate
of 1.0 cm/h.

Normal metallographic preparation procedures were utilized to
investigate the microstructure. Chemical etching consisted of
10 vol.% HF, 30 vol.% HNO3 and 60 vol.% lactic acid. The material
was microanalyzed by optical microscopy (OM) (Olympus –
BX60M) and scanning electron microscopy (SEM) (Jeol JXA 840A).
Indentation tests were carried out on longitudinal and transverse
sections of a directionally solidified sample, using a W-Testor hard-
ness indenter under 2.45 N (250 gf), 4.9 N (500 gf), 7.35 N (750 gf),
9.8 N (1000 gf), 14.7 N (1500 gf) and 24.5 (2500 gf) applied for 15 s.
A sequence of eight measurements was taken of each load.

Elastic behavior of directionally solidified ternary eutectic was
evaluated by using pulse-echo ultrasonic echography technique.
The diagram in Fig. 2 shows the experimental apparatus used for
measuring the elastic constants. Piezoelectric transducers
(5 MHz) in contact with the specimen were used to determine lon-
gitudinal VL and transversal VT velocities of sound waves in the
material. The density (q) of the samples was determined by the
Archimedes method. These velocities, density and geometrical fea-
tures of the samples were used to determine Young’s modulus (E),
shear modulus (G) and Poisson’s ratio (t). They were determined
according to the following equations [16,17]:

E ¼
qV2

T 3V2
L � 4V2

T

� �
V2

L � V2
T

ð1Þ

G ¼ qV2
T ð2Þ
Fig. 1. Top and transverse views of the Palmqvist and Radial-median crack modes
induced by Vickers indentation.
t ¼ E
2G
� 1 ð3Þ

Crack mode evaluation and a 3D reconstruction of the eutectic
microstructure were carried out by obtaining metallographic
images at several planes in the 3D domain. This procedure is the
so-called serial sectioning technique and involves removing a cer-
tain amount of materials by polishing samples containing Vickers
hardness indentations, followed by recording of the metallographic
plane. Repeating this procedure a number of times generates a sig-
nificant amount of 3D information of the eutectic microstructure.
The Vickers indentations were also utilized to align images of each
plane with the images of the preceding metallographic plane. In
this study, a sectioning depth of 4.0 lm was chosen [18].
3. Results and discussion

Fig. 3a depicts a three-dimensional reconstruction of the phase
arrangements of the Al3Nb–Nb2Al–AlNbNi ternary eutectic ob-
tained by directional solidification using the serial sectioning tech-
nique. The reconstructed microstructure suggests that the phases
are continuous in the growth direction and present some sinuosity.
It is a complex task to make a complete identification of the con-
stituent phases of the Al3Nb–Nb2Al–AlNbNi ternary eutectic
microstructure under an optical microscope, since optical micros-
copy does not suffice to identify the AlNbNi phase [14]. On the
other hand, the use of SEM (backscattered electron images)
Fig. 3a. Three-dimensional reconstruction of the Al3Nb–Nb2Al–AlNbNi ternary
eutectic structure.



Fig. 3b. SEM image, backscattered electron, showing longitudinal and transverse
sections of a directionally solidified Al3Nb–Nb2Al–AlNbNi ternary eutectic sample.
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revealed the third phase, as indicated in Fig. 3b, which shows lon-
gitudinal and transverse microstructures of a directionally solidi-
fied Al3Nb–Nb2Al–AlNbNi ternary eutectic sample.

The micrographs in Fig. 4 show indentation on the directionally
solidified Al–Nb–Ni ternary eutectic alloy produced by a 9.8 N load.
The ultrasonic velocity measurements indicated that Poisson’s ra-
tio, v, of the ternary eutectic is 0.269 and Young’s modulus is
251 GPa. Additionally, the density was measured and the value
found was 5.38 g/cm3.

As mentioned before, Vickers indentation produces cracks that
are classified into two types, i.e., Palmqvist and half-penny crack
systems. A rough guide to identify the crack system resulting from
Vickers indentation is by evaluating the ratios of c/a or ‘/a (‘/a = c/
a � 1). According to Fig. 1, a is the indentation half-diagonal length,
c is surface radial crack length and ‘ is the crack length at the
indentation corners [5–11]. According to Niihara et al. [9], the
crack system changes from Palmqvist system to half-penny system
as the indentation load increases. If the relation between the crack
length and the half diagonal length, c/a, is >2.5, the crack system is
Fig. 4. Micrograph with Vickers indentation on a directionally solidified Al–Nb–Ni
ternary eutectic (SEM backscattered electrons images).

Table 1
Indentation parameters as a function of indentation load on longitudinal and transverse s

Load N (gf) Longitudinal section

d = 2a (lm) ‘ (lm) c (lm) c/a

2.45 (250) 23.5 ± 0.4 5.2 ± 0.5 17.0 ± 0.6 1.4 ±
4.90 (500) 32.9 ± 0.6 11.3 ± 1.8 27.8 ± 5 1.7 ±
7.35 (750) 40.8 ± 0.4 16.7 ± 1.9 37.1 ± 2.0 1.8 ±
9.8 (1000) 47.4 ± 0.4 20.3 ± 2.1 44.0 ± 2.3 1.9 ±
14.7 (1500) 58.6 ± 0.4 29.8 ± 2.5 59.1 ± 2.5 2.0 ±
24.5 (2500) 75.7 ± 0.3 52.3 ± 2.7 90.2 ± 2.7 2.4 ±
classified as half-penny cracks [10]. However, if ratio c/a < 2.5, the
crack system is of Palmqvist type [16].

Table 1 presents the average values of indentation parameters a,
c and ‘ as a function of indentation load. These values, which were
identified on the longitudinal and transverse sections of a direc-
tionally solidified Al–Nb–Ni ternary eutectic, suggest that Palmq-
vist crack is the predominant crack mode in all the case studied.

An additional approach to differentiate between the two types
is by analyzing the relationship between indentation parameter
and indentation load [19]. In case of Palmqvist crack system, the
relationship between indentation load, P, and the crack length is
given by the crack resistance [20,21]. The crack resistance, W, is de-
fined by the relationship between indentation load, P, and the sum
of the crack lengths, ‘ [19]:

W ¼ P
4�‘

ð4Þ

where �‘ is the average crack length. In order to account for the sur-
face finish, a modification of Eq. (4) is given by [19,22,23]:

W ¼ P � P0

4�‘
ð5Þ

where P0 is the threshold load to initiate cracking [5].
Fig. 5, which depicts the evolution of crack length versus inden-

tation load, indicates that both longitudinal and transverse section
samples follow a linear relationship between P and �‘, given by Eq.
(5). WL (longitudinal section) was found to be near 0.118 MN m�1,
while WT (transverse section) was close to 0.165 MN m�1. The va-
lue of P0 is found to be �0.047 N and �0.549 N for longitudinal and
transverse sections, respectively.

According to Fig. 1, c ¼ ‘þ a and considering that H is the
indentation pressure, which is given by P/2a2, c can be written as
[19]:

c ¼ �‘þ a ¼ P � P0

4W
þ P

2H

� �1=2

ð6Þ

Fig. 6 presents a comparison between experimental data and
predictions of Eq. (6) for crack dimension versus indentation load.
Following a similar procedure reported by Shetty et al. [19], the
first term of Eq. (6) was obtained from the best-fit equations for
Palmqvist crack dimension versus indentation load and the second
term was found by obtaining the best fit equations for the indenta-
tion half-diagonal length versus indentation load, which is seen in
Fig. 7.

In case of half-penny cracks, the relationship between indenta-
tion load and crack length can be given by the model proposed by
Lawn and Fuller [24]:

c ¼ kP2=3 ð7Þ

where k is a constant that depends on hardness, elastic modulus,
indenter geometry and fracture toughness [19]. Fig. 8 shows the
evolution of crack length given by Eq. (7) as a function of indenta-
tion load. By observing Figs. 6 and 8, one may conclude that the
ections of a directionally solidified Al–Nb–Ni ternary eutectic.

Transverse section

d = 2a (lm) ‘ (lm) c (lm) c/a

0.0 23.0 ± 0.4 4.8 ± 0.8 16.4 ± 0.9 1.4 ± 0.1
0.1 327 ± 0.5 8.2 ± 0.8 24.6 ± 0.8 1.5 ± 0.1
0.1 – – –
0.1 47.0 ± 0.3 16.6 ± 2.8 40.1 ± 2.8 1.7 ± 0.1
0.1 58.1 ± 0.3 20.8 ± 0.9 49.9 ± 0.9 1.7 ± 0.0
0.1 75.5 ± 0.3 41.1 ± 1.9 78.9 ± 1.9 2.0 ± 0.1



Fig. 5. Evolution of Palmqvist crack length as a function of indentation load on
longitudinal and transverse sections of a directionally solidified Al–Nb–Ni ternary
eutectic.

Fig. 6. Comparison between experimental data and predictions of Eq. (6) for crack
dimension versus indentation load for longitudinal and transverse sections of the
directionally solidified ternary eutectic.

Fig. 7. Indentation half-diagonal length versus indentation load for longitudinal
and transverse sections of the directionally solidified ternary eutectic.

Fig. 8. Evolution of crack length as a function of (indentation load)2/3 on
longitudinal and transverse sections of a directionally solidified Al–Nb–Ni ternary
eutectic.
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experimental data indicate that the Palmqvist model shows a rea-
sonable linear correlation between indentation parameters and
indentation load. The use of the half-penny model suggested that
the same experimental data does not follow a linear dependence
on P2/3.

To determine the crack mode of the directionally solidified ter-
nary eutectic, serial sectioning of the indentation region was also
applied. Fig. 9 presents metallographic images (SEM) at several
planes of a 9.8 N Vickers indentation. The images were obtained
by removing some amount of material by polishing the sample.
Fig. 9a shows the original Vickers indentations containing radial
cracks. As the sample is polished and the material is removed,
the crack undergoes a size decrease, making it farther from the ori-
ginal indentation. Analysis of Fig. 9b allows one to verify that the
crack does not extend under the indentation and hence, it is not
of the radial-median type. As the polishing continues and the
indentation almost disappeared, as seen in Fig. 9c, the crack size
is reduced to a very small fraction of its initial size. Certainly, addi-
tional polishing will eliminate this crack completely. Again, these
findings led to the inference that the crack system of this ternary
eutectic is of the Palmqvist type. In a recent study, the fracture
toughness of an Al3Nb + Nb2Al + AlNbNi ternary eutectic in the
as-cast condition was evaluated by Vickers indentation [25]. Corre-
lations between the resulting crack parameters and indentation
load suggested that the radial-median model resulted in a better
fit to the experimental data. As the indentation load was increased,
it appears that a transition from the Palmqvist to the radial-median
system occurred.

Two basic approaches are frequently used to relate Vickers
indentation parameters and fracture toughness of Palmqvist crack
systems [8,26–28], i.e., equations of Niihara et al. [9] and Shetty
et al. [19]. The equation proposed by Niihara et al. [9] is given by:

KIC ¼ 0:0089
E

HV

� �2=5 P

ða‘1=2Þ
ð8Þ

Based on a previous study also conducted by Niihara [10],
Shetty et al. [19] suggested that Vickers indentation parameters
and fracture toughness is written as:

KIC ¼
1

3ð1� t2Þð21=2p5=2 tan uÞ1=3 HV
P
4‘

� �1=2

ð9Þ

where the angle of the opposite faces of Vickers pyramid, 2u, is
equal to 136�. Considering that the ternary eutectic has t = 0.269,
Eq. (9) can also be written as:



Fig. 9. Micrographs of Vickers indentations using a load of 9.8 N: (a) original
Vickers indentation, (b) as the sample is polished and the material is removed, the
crack undergoes a size decrease, making it farther from the original indentation and
(c) as the polishing continues and the indentation almost disappeared.

Fig. 10. Crack development in a directionally solidified Al–Nb–Ni ternary eutectic:
(a) in a longitudinal section, and (b) in a transverse section.
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KIC ¼ 0:0095 HV
P
4‘

� �1=2

ð10Þ

Table 2 presents fracture toughness values calculated by apply-
ing Eqs. (8) and (10). An evaluation of these data shows that the
Vickers test on longitudinal and transverse sections of a direction-
ally solidified Al–Nb–Ni ternary eutectic resulted in values of frac-
ture toughness for transverse and longitudinal sections,
respectively, in the range of 2.82–3.05 MPa m1/2 and 2.98–
3.59 MPa m1/2. These values are in reasonable agreement with
the ones found in the literature. According to Ebrahimi et al.
Table 2
Fracture toughness obtained from Eqs. (8) and (10).

Load, N (gf)
K IC ¼ 0:0089 E

Hv

� �2=5
P

a‘1=2 ðMPa m1=2Þ

Longitudinal section Transverse sect

2.45 (250) 2.97 ± 0.21 3.05 ± 0.31
4.90 (500) 2.82 ± 0.32 3.2 ± 0.21
7.35 (750) 2.83 ± 0.21 –
9.8 (1000) 2.92 ± 0.20 3.27 ± 0.41
14.7 (1500) 2.91 ± 0.17 3.50 ± 0.11
24.5 (2500) 2.85 ± 0.09 3.21 ± 0.10
[29], KIC for Nb2Al is 1.9 MPa m1/2, while Schneibel et al. [30] re-
ported a value of 2.5 MPa m1/2 for Al3Nb intermetallic compound.
A comparison between the fracture toughness values of the direc-
tionally solidified Al–Nb–Ni ternary eutectic and the values of the
Al3Nb–Nb2Al eutectic [3] shows that the incorporation of the AlNb-
Ni phase to this eutectic microstructure increased the fracture
toughness.

This finding was also supported by fracture analysis of the ter-
nary eutectic. Fig. 10 shows the morphologies of cracks resulting
from the Vickers indentation as a consequence of internal stress
in the bulk material. The material showed no sign of ductility or
dimple formation and the cracks clearly followed a straight path,
as shown in Fig. 10a. These findings suggest that the cracks do
not follow grain boundaries and that the fracture is of the trans-
granular type. In addition, Fig. 10b leads one to conclude that the
cracks move almost towards the three phases, regardless of the
type of phase. This detail reveals that there is no significant differ-
ence in the fracture toughness of Nb2Al, Al3Nb and AlNbNi com-
pounds. However, based on an analysis of the same
microstructure, it seems that AlNbNi phase (gray phase) causes
the crack to deviate slightly from its original path and hence, it acts
apparently as a reinforcement of this in situ composite.

Fig. 11 shows the fracture surface (transverse section) of the
directionally solidified Al–Nb–Ni ternary eutectic. As can be seen,
this surface seems to be flat, with no sign of deformation, which
suggests the occurrence of cleavage.
K IC ¼ 0:0095 Hv
P
4‘

� �1=2 ðMPa m1=2Þ

ion Longitudinal section Transverse section

2.97 ± 0.23 3.17 ± 0.35
2.91 ± 0.34 3.39 ± 0.23
2.89 ± 0.23 –
2.98 ± 0.22 3.38 ± 0.42
2.96 ± 0.19 3.59 ± 0.11
2.89 ± 0.09 3.28 ± 0.10



Fig. 11. Fracture surface in a directionally solidified Al–Nb–Ni ternary eutectic
(transverse section).
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4. Conclusions

The fracture toughness of a directionally solidified ternary eu-
tectic in the Al-Nb-Ni system consisting of Al3Nb, Nb2Al and AlNb-
Ni intermetallic phases was investigated using Vickers
indentations on longitudinal and transverse sections. The measure-
ments were taken with indentation loads varying from 2.45 to
24.5 N. In the range of indentation loads studied, correlations be-
tween the resulting crack parameters and indentation load sug-
gested that the Palmqvist model provided a better fit to the
experimental data. KIC was calculated using Niihara et al. [9] and
Shetty et al.’s [19] models. The fracture toughness values for longi-
tudinal and transverse sections are in the range of 2.82–
3.05 MPa m1/2 and 2.98–3.59 MPa m1/2, respectively. The elastic
constants of this ternary eutectic were measured to determine
the KIC values. The results of these measurements indicated a Pois-
son’s ratio, v, of 0.269 and Young’s modulus of 251 GPa. A compar-
ison between the fracture toughness values of the directionally
solidified Al–Nb–Ni ternary eutectic and the values of the Al3Nb–
Nb2Al eutectic [3] shows that the incorporation of the AlNbNi
phase to this eutectic microstructure increased the fracture tough-
ness of the resulting structure. Finally, the fracture surface analysis
led to the conclusion that transgranular fracturing occurred as a re-
sult of Vickers indentation.
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