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Abstract. The principal aim of the present study was to apply the continuous instrumented 
indentation testing with the Oliver–Pharr method for analysing the load–depth data in determina-
tion of mechanical properties of boron carbide/aluminium composites. The indentation tests were 
carried out at different applied load values (from 10 to 100 N) using Zwick 2.5/TS1S machine and 
a Vickers indenter. The hardness and reduced elastic modulus of composites were estimated from 
the unloading part of the indentation curve. The Vickers hardness numbers were compared with 
those obtained using conventional indentation, performed with Indentec 5030 SKV hardness tester. 
 
Key words: boron carbide/aluminium composite, instrumented indentation, hardness, indentation 
elasticity modulus, Oliver–Pharr method. 

 
 

1. INTRODUCTION 
 
Boron carbide is one of the most important non-metallic hard materials with 

outstanding properties such as extremely high hardness (9.5 Mohs scale), 
excellent hot strength, remarkable corrosion resistance, very low specific gravity 
(2.52 g/cm3) and high elastic modulus [1]. The extreme sensitivity to brittle 
fracture 1c( 3.7K = MPa·m1/2) and difficulties of fabricating fully dense micro-
structures are the major limitations of B4C [1]. The experiments [1–3] have shown 
that introduction of the metal phase permits to overcome these limitations. 

Considerable research on multiphase metal-ceramic materials, based on boron 
carbide B4C, has been devoted to composites obtained by traditional methods of 
powder metallurgy [4–7]. The present study is focused on the B4C/Al composites, 
synthesized by self-propagating high-temperature synthesis (SHS), whose pro-
perties were formed by heat treatment. 
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Knowledge of detailed phase relations between B4C and Al at different 
temperatures is required for efficient material design. Investigations, performed 
in the field of the B4C-Al interface chemistry, suggest that boron carbide reacts 
strongly with aluminium, resulting in a variety of binary and ternary 
compounds [1,4,8–11]. 

Continuous instrumented indentation technique (IIT) was used to characterize 
mechanical properties of investigated materials. The technique most frequently 
employed measures the hardness H  and elastic modulus .E  Methods have also 
been developed for evaluating the fracture toughness, the yield-stress and strain-
hardening characteristics and time-dependent properties such as viscoelasticity 
and creep [12]. Several methods have been developed to determine H  and E  
from the indentation load/depth data [13–16]. 

In this paper, the approach developed by Oliver and Pharr was used to 
determine the hardness and reduced modulus of indentation of B4C/Al 
composites. 

 
 

2. EXPERIMENTAL 
 
Boron carbide powder and aluminium powder ASD-4 were used as initial 

materials for the synthesis of the composites. The initial boron carbide powder 
contained also free graphite C. The fine grained B4C powder (mean grain size 
1.24 µm) was obtained by attrition milling of the coarse-grained (mean grain size 
17.3 µm) powder during 6 h. 

Self-propagating high-temperature synthesis (SHS) with followed pressing 
(about 150 MPa) was used to prepare the samples of B4C/Al composites. The as-
synthesized composites were subjected to the heat treatment at different 
temperatures for microstructural development. The temperature of heat treatment 
varied in the range of 700–1470 °C. Table 1 summarizes the materials used in this 
study. 

 
 

Table 1. Characterization of the materials 
 

Sample B4C : Al, 
wt% 

Preparation Processing 

N1 33.3 : 66.7 B4C (1.24 µm) + Al, attrition mixing 1 h as-synthesized 
N2 33.3 : 66.7 B4C (1.24 µm) + Al, attrition mixing 1 h HT* 700 °C 
N3 33.3 : 66.7 B4C (1.24 µm) + Al, attrition mixing 1 h HT* 1275 °C 
N4 50 : 50 B4C (17.3 µm) + Al, hand mixing as-synthesized 
N5 50 : 50 B4C (17.3 µm) + Al, hand mixing HT* 700 °C 
N6 50 : 50 B4C (1.24 µm) + Al, attrition mixing 3 h HT* 1150 °C 
N7 50 : 50 B4C (1.24 µm) + Al, attrition mixing 1 h HT* 1080 °C 
N8 50 : 50 B4C (1.24 µm) + Al, attrition mixing 1 h HT* 1470 °C 

        ———————— 
        * HT – heat treatment. 
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The samples for IIT experiments were mechanically polished with 1 µm 
diamond paste and prepared at the constant temperature 23 °C during 5 h. 
Mechanical properties of the B4C/Al composites were studied with IIT that was 
realized by applying the load with an indenter and analysing the load–depth 
dependence data. Zwick 2.5/TS1S indentation machine and Vickers indenter 
were used for the IIT tests according to the standard EN ISO 14577-1. The 
indentation tests were carried out in a macrohardness region at different nominal 
load values 10, 25, 50, 75 and 100 N at constant loading/unloading rate 0.1 N/s 
(speed at the point of contact 0.01 mm/s). Dwell time of 7.5 s was imposed for 
each indentation. Vickers hardness was also measured by conventional 
indentation tests with Indentec 5030 SKV at 2.5 kgf. 

 
 

3. METHODOLOGY 
 
The hardness and elastic modulus of B4C/Al composites were obtained from 

indentation curves. The load P  and the indentation depth h  were continuously 
measured during the test. Figure 1 shows the load–displacement (indentation 
depth) curve along with some important parameters used in the Oliver–Pharr 
analysis. 

Important quantities are the peak load max( ),P  the maximum depth or total 
surface deflection max( ),h  the final or residual depth after complete unloading 

f( ),h  the contact depth c( )h  at the maximum load and the slope of the upper 
portion of the unloading curve ( d d ).S P h=  The parameter S  is known as the 
elastic contact stiffness and it yields information about the state of contact at the 
current point [12]. 

An accurate measurement of the elastic contact stiffness S  and of the 
projected contact area pA  under load must be performed to calculate the 
hardness and elastic modulus from the IIT test. The most widely used method for  
 

 

 
(a)        (b) 

 
Fig. 1. A typical load–displacement curve (a) and schematic of a cross-section of an indentation (b). 



 402

establishing the contact area was developed by Oliver and Pharr [12]. The Oliver–
Pharr method uses a power law to fit the unloading curve and takes the tangent at 
peak load max( )P  as the maximum contact stiffness maxS  or the total system 
stiffness [17]. The projected contact area ,pA  calculated using ,S  should be the 
actual contact area at the peak load. Extrapolating this line down to 0P =  yields 
a displacement value ch  – the contact depth associated with the peak load [18]. 

Using Sneddon’s elasticity theory and empirical results of Oliver and Pharr, 
the contact depth ch  can be calculated as [19]: 

 

max
c max ,

P
h h

S
ε= −                                             (1) 

 

where 0.75ε =  is a function of the particular tip geometry (for the Vickers 
indenter). 

In the Oliver–Pharr method, the data taken from the upper portion of the 
unloading curve is fitted with the power law relation 

 

f( ) ,mP h hα= −                                               (2) 
 

where m  and α  are empirical constants, determined after unloading data fitting 
and fh  is the residual depth. The fittings correspond to 80% of the unloading 
data. The R-squared values for all plots in the present study were R2 > 0.99. 

When the fitting parameters α  and m  are determined, the residual depth fh  
can be evaluated by substitution maxh h=  and maxP P=  in Eq. (2): 

 

1

f .
mP

h h
α

 = − 
 

                                              (3) 

 

Now the contact stiffness is obtained from Eq. (2) differentiating P  with 
respect to :h  

 

1
max f( ) .mS dP dh m h hα −= = −                                  (4) 

 

Ideal area function of the indenter was used to calculate the real projected 
contact area pA  2

p c( 24.5 )A h=  at the peak load. For an ideal Vickers indenter, 
the projected area equals pA  at the given load .P  The projected contact area pA  
is the cross-sectional area of the indenter tip at a distance ch  from the tip apex. 

When the contact stiffness S  and the projected contact area pA  are known, 
the reduced modulus of indentation rE  can be determined as 

 

r
P

,
2

S
E

A

π
β

=                                               (5) 

 

where β  is a correction factor related to the lack of symmetry of the indenter, 
introduced by King [18]; 1.0124β =  for Vickers indenter. 
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Indentation hardness ITH  or the so-called Meyer hardness is defined as the 
test force P  divided by the projected area of contact pA  [20]: 

 

IT p .H P A=                                                 (6) 
 

Vickers hardness HV  can be determined as 
 

s ,HV P A=                                                (7) 
 

where 
2

s ,
1.854368

d
A =  

 

is the surface of the contact area. 
The projected contact area pA  can be expressed as a function of the diagonal 

of the impression [18]: 
 

2
p 0.5 .A d=                                                  (8) 

 

The value of the diagonal d  can be expressed as 
 

p
r

2 .
2

S
d A

E

π
β

= =                                           (9) 

 
 

4. RESULTS  AND  DISCUSSION 
 
Figure 2 shows the variations of indentation hardness ITH  and reduced 

modulus rE  with indentation load estimated by the Oliver–Pharr method for the 
samples of B4C/Al composites. 
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Fig. 2. Variation of the indentation hardness (a) and of the reduced modulus (b) with the indenta-
tion load. 
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Most materials exhibit a strong indentation size effect (ISE), i.e. the hardness 
of the material varies with the indentation load. As load increases, hardness 
usually decreases until a constant hardness plateau is reached [21]. Three regions 
of Vickers hardness testing conditions for metals and single crystals have been 
defined by Buckle: microhardness (< 200 gf), low-load hardness (200 gf – 2 kgf) 
and normal hardness (> 2 kgf). The ISE for these types of materials becomes 
apparent only at low-load conditions [22]. 

Figure 2 shows that Vickers hardness for six samples is maximal at the lowest 
applied load (10 N). The higher the hardness of the material the more it varies 
with the applied load. The indentation hardness number diminishes with 
increasing indentation load from 10 to 100 N, but its variations for the samples 
N1, N3, N4, N5 and N7 are in the range of statistical uncertainty. Therefore it is 
necessary to investigate the hardness–load and modulus–load dependencies over 
a wider range of the applied indentation load. 

Another phenomenon, affecting indentation results, is microcracking around 
the impression on the surface and subsurface when the applied load is high 
enough [22]. Since the microfracture occurs mainly during the loading, a portion 
of the energy, used to create the deformation, is dissipated by the crack forma-
tion. Thus it is expected that the hardness, measured with a cracking indentation, 
will be higher than that measured with a crack-free indentation [22]. No micro-
cracking was observed in the range of 10–100 N in the samples of the as-
synthesized material (N1 and N4) and in the sample N5. In other samples the 
microcracks were observed at the load value 25 N and higher. 

Pile-up is the most important plastic phenomenon, where the material 
plastically uplifts around the contact impression [12]. The pile-up behaviour at the 
indentation depends on the work hardening of the material as well as on the  
ratio of the yield stress to the Young modulus y( ).Eσ  Another important 
parameter, estimated directly from continuous IIT, is the ratio of the final 
indentation depth to the depth at peak load, f max .h h  Bolshakov and Pharr [23] 
have shown that there is a strong correlation between y Eσ  and f max .h h  The 
pile-up is large when f max 1;h h ≈  when f max 0.7,h h <  very little pile-up 
occurs [23]. The Oliver–Pharr method is based on an elastic analysis, which can 
account for sink-in only. Therefore the method gives a good estimate of the real 
indentation contact area (the hardness and elastic modulus) only when 

f max 0.7,h h <  independent of the work hardening behaviour. The work 
hardening characteristic of the material must be taken into account when 

f max 0.7.h h >  
The ratio f maxh h  varied in the range of 0.64–0.88 at different indentation 

loads. The highest values of f maxh h  were obtained for the samples of as-
synthesized material N1 (0.83–0.85) and N4 (0.85–0.88), while the lowest – for 
the sample N6 (0.64–0.70). Since the ratios f maxh h  for investigated materials 
are close to the transition value of 0.7, indentations were imaged by optical 
microscopy to examine the extent of the pile-up. There is no bowing-out of the 
sides  of  the  residual  impressions  observed  in  the  case of all  samples,  which  
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Fig. 3. Vickers indentation in sample N4. 
 
 
suggests that the pile-up was insignificant. Figure 3 shows an impression of the 
Vickers indenter in the sample N4 with the highest value of f max .h h  

Table 2 compares the numbers of Vickers hardness, measured by conven-
tional indentation testing with 2.5 kgf with those estimated by the Oliver–Pharr 
approach. 

The Vickers hardness numbers, determined by the Oliver–Pharr method and 
by conventional hardness measurement are in good agreement for the composites 
with the 50 : 50 wt% proportion of initial components (samples N4, N5, N6 and 
N8), although the ratio f maxh h  for these materials is higher than 0.7. For the 
samples N1, N3 and N7 the hardness, evaluated by the Oliver–Pharr method, is 
lower than the measured one. It can be explained by different loading rate of the 
methods and, consequently, by different behaviour of the material during 
indentation. At low loading rates, indentation creep becomes important and that 
may result in a lower hardness number. 

 
 

Table 2. Comparison of Vickers hardness number estimated by two methods 
 

Sample Vickers Hardness 
using Indentec, 

HV2.5 

Vickers Hardness 
using Oliver–Pharr 
approach, load 25 N 

hf /hmax 

(at 25 N) 

N1 244 ± 23 177 0.84 
N2 211 ± 16 356 0.80 
N3 302 ± 18 251 0.78 
N4 197 ± 10 223 0.88 
N5 303 ± 14 308 0.81 
N6 845 ± 38 930 0.70 
N7 430 ± 23 227 0.78 
N8 447 ± 23 454 0.73 
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5. CONCLUSIONS 
 
The IIT technique with the Oliver–Pharr method was used to determine the 

hardness and reduced elasticity modulus of B4C/Al composites. The materials 
were tested at different indentation loads from 10 to 100 N. Since the ratio of 
indentation depths f maxh h  is close to 0.7, the use of the Oliver–Pharr approach 
must be accompanied by microstructural investigations with the analysis of the 
pile-up and work hardening behaviour. The composites should be tested in a 
wide range of indentation loads to estimate the transition from the load-
dependent to load-independent hardness, which is related to the indentation 
brittleness of the material. Loading rate effect should be taken into account to 
adequately estimate mechanical properties of the composites. 
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B4C/Al  komposiitmaterjalide  mehaaniliste  omaduste  
määramine  indenteerimismeetodiga 

 
Eduard Kimmari ja Lembit Kommel 

 
Artikli eesmärgiks on boorkarbiid/alumiinium-komposiitmaterjalide mehaani-

liste omaduste määramine indenteerimismeetodiga. Indenteerimiskatsed on teos-
tatud indenteerimisjõu erinevatel suurustel (10–100 N), kasutades seadet 
Zwick 2.5/TS1S ja Vickersi indentorit. Kõvaduse ja elastsusmooduli väärtused 
on leitud, kasutades Oliveri–Pharri arvutusmetoodikat. Samuti on uuritud inden-
teerimisjõu mõju kõvaduse määramise tulemustele. Vickersi kõvaduse väärtusi 
on võrreldud mõõturi Indente SKV abil saadud tulemustega. 

 
 


