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The fracture toughness of an Nb-40AI-8Cr--1Wl Y-0.05B intermetallic material was evaluated 
by indentation techniques at room temperature. Two widely used indentation methods, crack size 
measurement and indent strength, yielded excellent agreement with a conventional fracture 
toughness technique using straight-through precracked specimens, despite the occasional 
formation of poorly configured cracks. However, the modified indentation technique, using 
dummy indent flaws, resulted in a low fracture toughness compared to that evaluated by the other 
methods. The material did not exhibit rising R-curve behaviour, as evaluated from the indentation 
strength data. These results indicate that indentation fracture principles are applicable to this 
brittle intermetallic material without modification of the residual contact stress term originally 
calibrated for ceramic materials. 

1. I n t r o d u c t i o n  
The use of identation flaws is well established for 
studying the mechanical properties of glasses and 
ceramics. The attraction of indentation techniques is 
their simplicity as a means of introducing a small, 
predetermined flaw configuration into test specimens. 
In particular, indentation techniques have been util- 
ized to evaluate the fracture toughness of ceramic 
materials for more than a decade, although indenta- 
tion analysis is not theory-oriented in a rigorous sense 
because of the complexities associated with elastic/ 
plastic deformation of the indentation. 

The indentation toughness techniques are typically 
divided into two categories: crack size measurement 
[1] and indentation strength [2] methods. The former 
technique is based on the lengths of the cracks ema- 
nating from the corners of "Vickers microhardness 
indents. This technique is popular due to the ease of 
application to very small specimens. The latter tech- 
nique depends on the strength measurements of in- 
dented specimens with no need to measure crack 
length, but requires several specimens with sufficient 
volume (approximately 300 mm3). In either case, the 
success of these indentation techniques is dependent 
on the brittleness of the test material and the forma- 
tion of well-configured indentation cracks. 

In the present work, the indentation techniques 
were extended to evaluate the fracture toughness 
of a brittle, NbA13 base intermetallic material 
(Nb 40A1 8Cr - IW IY-0.05B). Fracture toughness 
was evaluated at room temperature using the widely 
applied methods of crack size measurement [1] and 
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indentation strength [2]. The fracture toughness 
values thus evaluated were compared to those ob- 
tained by a more conventional fracture toughness 
specimen (single-edge-precracked-beam method). To 
our knowledge, this is the first comparison of the 
indentation approach to conventional fracture tough- 
ness measurements of an intermetallic material. The 
motive to use indentation techniques stems from the 
fact that the material is brittle in nature, and that the 
availability of the material was insufficient for fabrica- 
tion of conventional fracture toughness specimens 
(chevron notch, compact tension, or double cantilever 
beam) due to its novel fabrication process. 

2. Indentat ion f racture  
The basic underlying theory of indentation response 
in brittle materials is briefly reviewed here. For inden- 
tation cracks produced in brittle materials by 
a Vickers microhardness indentor, the mode I stress 
intensity factor, KR, representing a half-penny crack 
configuration, results from the residual stress field of 
the elastic/plastic mismatches of indentation [3]. The 
residual driving force, KR, is primarily responsible for 
expanding the crack system into the final equilibrium 
penny-shaped configuration. For a well-developed 
crack, where the crack size is larger than the deforma- 
tion size, the crack system may be considered as 
centre-loaded by a residual stress field at the deforma- 
tion zone of indentation. Consequently, the corres- 
ponding residual driving force is [4] 

K R = 2 r P / C  3/2 (1) 
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where Y~, is a dimensionless constant, P is the indenta- 
tion load, and c is the indentation crack size measured 
from the centre of the indent to the crack tip. The 
constant Y'r, associated with the residual stresses, was 
evaluated via plasticity analysis of an expanding 
spherical cavity by Hill [5], and shown to dependent 
on hardness, H, Young's modulus, E, and indentor 
geometry 

Y~r = q'(E/H)I/2 (2) 

where qb is an indentor geometry-dependent constant 
which was determined for a Vickers indentor to be 
0 = 0.016 4- 0.004 for various ceramics [1]. Hence, in 
the post-indentation equilibrium condition at e = Co 
and K,  = Kc (toughness), Equation ! reduces to 

K~ = 0.016 ( E / H )  1/2 e/c~/2 (3) 

where Co is the post-indentation crack size without 
fatigue effects. This is an equation for evaluating frac- 
ture toughness based on the measurements of post- 
indentation crack size, Co, as a function of indentation 
load, P, with known E and H. 

If an indentation crack is subjected to an applied 
tensile stress, o~, the net stress intensity factors con- 
sists of two components 

K = KR + K.  

= 2 r P / C  3/2 + ~ZCJaC 1/2 (4) 

where Ka is the mode I stress intensity factor resulting 
from the tensile stress, expressed as Ka = ffZoac 1/2 with 
f~ being the crack geometry factor. The functional 
dependency of K on c indicates that precursor stable 
crack growth with conditions of K/> Ko and 
dK/dc  < 0 occurs during loading until the instability 
point where K = K~ and dK/dc  = 0. Using this in- 
stability condition, one can obtain [3] 

of = 3K~/(4nc) /2)  (5a) 

ct = ( 4 ~ r P / K c )  2/3 (5b) 

where c~r and cf are, respectively, the fracture strength 
and the critical crack size at failure. Therefore, the 
precursor stable crack growth occurs from the as- 
indented crack size; Co, to the final crack size, cf, due 
to the residual stress field. Also, from Equations 5a, b 
and 2, one can obtain the fulfilling toughness equation 

Kc = p ( E / H ) I / s ( o r P ' / 3 )  3/4 (6) 

where ~t = (256qbfl/27) 1/4 is another geometrical con- 
stant, which was calibrated to be I-t = 0.59 4-_ 0.12 for 
various ceramic materials [6]. Therefore, with known 
E and H, the fracture toughness can be determined 
from Equation 6 once indentation strength, of, is 
known as a function of indentation load, P. As a con- 
sequence, this technique is called the indentation 
strength method. 

It is also noted that toughness can also be evaluated 
from the indentation strength and critical crack size 
data, as can be seen in Equation 5a. The critical crack 
size, cr can be estimated by a dummy indentation 
technique [6] or by direct measurements from the 
fracture surface. In the dummy indentation technique, 
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four or five indents are placed on the prospective 
tensile surface within the inner span of a four-point 
fixture. During strength testing the cracks are sub- 
jected to precursor stable crack growth, eventually 
resulting in failure from only one indent, leaving the 
other intact dummy indent cracks available for the 
measurement of cf. Based on this dummy indent tech- 
nique together with Equation 5a, Cook and Lawn [6] 
obtained an empirical equation for Kc for various 
ceramic materials 

K c = A o t c  1/z + B (7) 

where A = 2.02 and B = - 0.68 MPa m 1/2. This tech- 
nique is termed the modified indentation technique 
[6]. 

3. Experimental procedure 
3.1. Material and specimens 
The material used in this study was an NbA13-base 
intermetallic material with the composition 
Nb-40A1 8Cr 1W 1Y-0.05B (wt%) produced by 
rapid solidification processing (RSP) and hot isostatic 
pressing (HIP) at NASA Lewis Research Center. The 
detailed material processing was reported elsewhere 
[7]. The physical properties of this material are sum- 
marized in Table I. All the specimens were in the form 
of MOR bars with nominal dimensions of 3 mm by 
4 mm by 20 ram. The specimens were polished with 
5 I, tm alumina to obtain mirror surfaces appropriate 
for indentation. 

3.2. Indentat ion tests 
Each specimen was indented for 15 s in room-temper- 
ature air with a Vickers microhardness indentor in the 
centre of the polished surface with the indentation 
diagonals parallel and perpendicular to the direction 
of prospective tensile stress. Four indents were placed 
on the tensile surface within the inner span of a four- 
point bend fixture, with 1.5 mm spacing between each 
indent to minimize possible crack interactions. After 
indentation, the crack sizes were measured using an 
optical microscope attached to the hardness tester. 
Three to four indentation loads o f P  = 49-206 N were 
used. Three test specimens were used at each indenta- 
tion load. 

After measuring post-indentation crack sizes, Co, 
the indented specimen (containing four indents) was 
fractured using a four-point bend fixture with 
18/10 mm spans in a testing machine using a cross- 
head speed of 0.2 mm min- 1. The crack sizes of the 
surviving dummy indents were measured optically. In 

T A B L E  I Physical properties of intermetallic test material. 
Parentheses indicate _+ 1.0 S.D. 

Young's modulus, Hardness, H b Density 
E a (GPa) (GPa) (gm -3) 

213.7 (6.0) 6.75 (0.09) 4.5 

a Evaluated by strain gauging. 
bEvaluated by Vickers indentor; three indent loads of 98, 147 and 
206 N with three indents per load. 



Figure 1. Typical indent crack configurations produced on specimen surfaces: (a) acceptable and (b) unacceptable crack patterns. 

addition, the critical crack sizes were also determined 
from the fracture surfaces of the specimens. 

3.3.  S E P B  t e s t s  
In the single-edge precracked-beam (SEPB) method 
[8], an indent was placed in the centre of the polished 
specimen surface using an indentation load of 98 N in 
the manner described earlier. The indented specimen 
was then placed in a precracking fixture and loaded 
via the testing machine to produce gradually a con- 
trolled increasing tensile stress at the indent site until 
the indentation crack popped-in to form a straight- 
through precrack. The precrack size for a given mater- 
ial depends on both indentation load and fixture span. 
A span of 4 mm was used. Detailed analysis of pre- 
cracking parameters for SEPB ceramic specimens has 
been made recently by Cho ie t  al. [9]. After precrack- 
ing, the specimens were broken at a crosshead speed of 
0.2 mm min - 1 with the fixture used in the indentation 
strength testing. An average crack length was ob- 
tained at three points on the fracture surface: at the 
centre of the crack front, and at the quarter-thickness 
points, as described in the standard plane strain frac- 
ture toughness method for metals [10]. Five speci- 
mens of nine were determined to be acceptable based 
on the requirements specified in the standard. Frac- 
ture toughness, Kc, was evaluated using the formula 
[11] 

3FL 
Kc -- (lra)l/2 FiM(~) Fip (8) 

t W 2 

with 

F I M ( ~  ) = 1.122 1.121c( + 3.740~ 2 + 3.873~ 3 

- 19.05cd + 22.55cd 

where F is the fracture load, L = (Lo - Li)/2 with Lo 
and Li being the outer and inner span of the test 
fixture, respectively. The precrack size, specimen 
thickness, specimen width, and normalized crack 
length are a, t, W, and c~ = a/W. Fxp is a correction 
factor depending on a /W and L=/W, and approaches 
unity when L=/W >~ 2.5 regardless of a/W. 
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Figure 2. Post-indentation crack size (log co) as a function of inden- 
tation load (log P). (----) Best-fit line with a slope of 2/3. The error 
bar indicates _+ 1.0 S.D. 

4 .  R e s u l t s  a n d  d i s c u s s i o n  

Typical indentation cracks produced on the test speci- 
mens are presented in Fig. 1, where a well-defined 
crack pattern is compared with an ill-defined crack 
pattern. The indentation impression in this material 
was always well developed, presumably due to its low 
hardness (H = 6.75 GPa). However, the radial cracks 
emanating from the indentation corners were not al- 
ways well-configured, sometimes varying in number 
from three to eight with appreciable variances in their 
size. This irregular indentation cracking was similar to 
that occurring in SiC materials or aluminas with large 
grains. About 30% of the cracks were of ill-defined 
configuration, independent of indentation loads from 
48 206 N. All the crack size measurements that were 
necessary to calculate fracture toughness were per- 
formed only for well-configured cracks. 

Fig. 2 shows results of the crack-size measurements 
as a function of indentation load. The solid line repres- 
ents a line force-fitted to the data with a slope of 2/3 in 
log Co versus log P, based on Equation 3. The func- 

n ~  3 /2  tional fit analysis resulted in t'/Co = 0.02040 _+ 
0.00052 N gm -3/2, with a correlation coefficient of 
0.9510. Using this value of P/c~/a together with the 
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TAB LE I I Summary of fracture toughness evaluated by different indentation techniques. Parentheses indicate _+ 1.0 S.D. 

Load, Method 

P Crack size Indent strength Modified indentation 
(N) 

Co Kr err K~ K~" K2 b 
(gin) (MPa m 1/2) (MPa) (MPa m l/z) (MPa m 1/2) (MPa m 1/2) 

68.6 - - 68 (10) 1.95 (0.23) - - 
98.1 276 (27) 1.93 (0.28) 61 (10) 1.98 (0.07) 1.44 1.52 

147.0 377 (30) 1.81 (0.21) 58 (2) 2.09 (0.25) 1.75 1.70 
206.0 478 (36) 1.77 (0.20) 46 (8) 1.92 (0.22) 1.38 1.46 
All loads 1.84 1.99 1.52 1.56 

(0.08) (0.07) (0.07) (0.12) 

From fracture surface measurements. 
b From dummy indent crack measurements. 

values E = 214GPa  and H = 6.75 GPa  (Table I), 
fracture toughness was calculated using Equation 3 to 
be Kc = 1.84 _+ 0.08 MPa m 1/2. The individual crack- 
size data as a function of indentation load are also 
tabulated in Table II. Although the variation in crack 
size for each indentation load was greater than that 
typical of glasses and silicon nitride ceramics, the 
overall fracture toughness was consistent regardless of 
indentation loads applied, implying that indentation 
behaviour of the intermetallic material follows inden- 
tation theory very well. 

Results of the indentation strengths as a function of 
indentation load are depicted in Fig. 3, where a 
decrease in indentation strength with increasing in- 
dentation load is evident. The solid line in the 
figure represents a forced-fit line with a slope of 
- 1/3 in a plot of log r~f versus log P, based on Equa- 
tion 6. The forced-fit analysis yielded a value of 
c~fP 1/a = 283.86 _+ 7.14 M P a N  1/a with a correlation 
coefficient of 0.9528, indicating that the response of 
indentation strength to indentation load agrees quite 
well with indentation fracture theory. The use of the 
evaluated ~fpt/3 in Equation 6 with the estimated 
E and H values resulted in fracture toughness of 
Kc = 1.99 4- 0.07 M P a m  1/2, which is very close to Kc 
( =  1 .84MPam t/2) evaluated by the crack-size 
measurement method. The individual toughness value 
for each identation load is also listed in Table II. 
A typical fracture surface showing a well-defined half- 
penny shaped crack is shown in Fig. 4. It was con- 
firmed that all the failure-causing flaws were half- 
penny shaped cracks, validating the use of the fracture 
toughness equations (Equations 3 and 6) that are 
based on the assumption of a half-penny crack config- 
uration. 

The fracture toughness obtained by the modified 
indentation technique [6] is also presented in Table II, 
where K~s based on the critical crack size, cf, 
measurements from both the fracture surfaces and the 
dummy indent cracks are included. In general, K~ 
using this method was about 20% lower than that 
obtained by either the crack-size measurement or in- 
dentation strength method (Kc = 1.52 4-0.20 and 
1.56 _+ 0.12MPam~/2), respectively, by the fracture 
surface and dummy indent crack measurements). This 
discrepancy in K~ is large, presumably due to the 
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Figure 3. Post-indentation strength (log af) as a function of inden- 
tation load (log P). ( ) Best-fit line with a slope of - 1/3. The 
error bar indicates _+ 1.0 S.D. 

Figure 4. A typical fracture surface showing a well-developed half- 
penny crack configuration. 

increased uncertainty in cf measurements complicated 
by ill-defined crack tip regions. 

In the SEPB method, ill-configured indentation 
crack patterns on the specimen surfaces frequently 
resulted in unacceptable straight-through cracks 
which were invalid for evaluating fracture toughness. 
The Kc for the five specimens with acceptable pre- 
cracks was K c =  1.94 _+ 0.15 MPa m ~/2. A typical 



fracture surface ofa  SEPB specimen is shown in Fig. 5, 
where the precrack is clearly demarcated. 

A summary of the fracture toughness values evalu- 
ated by crack-size measurement, indentation strength, 
modified indentation technique, and SEPB methods is 
presented in Fig. 6. It is apparent that good agreement 
exists between the crack size measurement, indenta- 
tion strength and SEPB methods. On the other hand, 
the results obtained by the modified indentation tech- 
nique were not consistent with other experimental 
results. Hence, the modified indentation technique 
would be seen as supplementing rather than replac- 
ing the other indent techniques, as noted previously 
[6]. Therefore, it can be concluded that the two widely 
used indentation methods, crack size measurement 
and indentation strength, can be used to evaluate 
fracture toughness of this intermetallic material within 
the range of indentation loads applied in this work. 
This means that indentation response of this material 

Figure 5. A typical surface of a straight-through precracked speci- 
men (SEPB). 
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Figure 6. A summary of fracture toughness evaluated by four differ. 
ent methods: CS, crack size measurement; IS, identation strength; 
MI, modified indentation; (DUM, from dummy indent cracks; DIR, 
from fracture surfaces); SEPB. The horizontal line represents an 
average toughness ( = 1.92 4- 0.08) obtained from CS, IS and SEPB 
methods. 

follows the indentation fracture principle without re- 
calibration of the 2r constant. Between the two inden- 
tation methods, however, the strength method is 
preferred because of the elimination of the complic- 
ated crack size measurements which result in in- 
creased uncertainty. 

The indentation fracture toughness techniques 
could be extended to other intermetallic materials, 
provided that the materials exhibit limited ductility 
and well-developed crack configurations. An attempt 
to apply indentation techniques to a more ductile 
intermetallic, NiA1 with A1N precipitates, however, 
was not successful as no cracks were formed from the 
corners of indents. The material, instead, exhibited 
intergranular microcracking at triple points and pores 
around the indent. Thus, for materials that exhibit 
significant microcracking or local ductility, the inden- 
tation techniques are not applicable. 

Because the NbAI3 material follows indentation 
theory well, it may be feasible to estimate R-curve 
behaviour from the indentation strength data using 
the method by Krause [12]. The fracture resistance, 
Kr, is assumed to be related to the crack size, c, by 
a power-law relationship. The fracture resistance and 
the indentation strength relation are [12] 

K ~  = k c m (9a) 

Of = A P  2m-1/zm+3 (9b) 

with 

- 4f~ k(1 m) (10) 

where k and m are the material constants to be evalu- 
ated. Equation 9b reduces to Equation 5, for the case 
of no crack resistance toughening. Also, Kr = Kc for 
m - 0. The toughening exponent, m, was evaluated for 
the best-fit slope of log of versus log P data shown in 
Fig. 3. The constant k was determined from Equation 
9a with the estimated m and the toughness value 
obtained from the indentation strength method for 
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Figure 7. A predicted fracture resistance curve for the intermetallic 
material. Here c~ represents the best-fit slope in the plot of log ar 
versus log P. 
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a given indentation crack size. The R-curve thus es- 
timated is presented in Fig. 7. It can be seen from this 
figure that the material exhibits a flat R-curve and 
a negligible toughening exponent of m ~ 0, because 
the best-fit slope (cz = -  0.3298) is very close to 
- 1/3, which is the case of a flat R-curve. The flat 

R-curve was also evident from the crack trajectories 
that showed no significant crack deflection, bridging, 
and/or interlocking, as is the case for some brittle 
materials that exhibit a rising R-curve, such as 
ceramics. 

5. Conclusions 
Indentation techniques were applied to evaluate the 
fracture toughness of an NbA13 base intermetallic of 
composition Nb-40AI-8Cr 1W 1Y-0.05B. Although 
well-defined indent crack configurations were not al- 
ways achievable, the two widely utilized methods 
(indent crack size measurement and indentation 
strength) yielded excellent agreement in fracture 
toughness with a more conventional fracture tough- 
ness method using precracked specimens (SEPB 
method). Fracture toughness was determined to 
be Kc = 1.84, 1.99, 1.94 M P a m  1/2, respectively, 
by the indent crack size measurement, indentation 
strength, and SEPB methods. The modified indent 
technique, however, yielded a lower value of 
Kc = 1.54 MPa m 1/2. The R-curve, evaluated from the 
indentation strength data, was not observed to rise in 
this material system. The above results indicate that 
the indentation fracture principle is applicable to this 
brittle intermetallic material for evaluating toughness, 

strength, and the R-curve without modification of the 
residual stress term. 
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