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Abstract 
In order to better understand the tribological behavior of self-lubricating materials, Fe-
Si-C matrix composites containing solid lubricants added during the mixing step were 
studied. The samples were produced by conventional powder metallurgy route, 
presenting total contents of 5%, 7.5% and 10% in volume of h-BN and graphite 
mixtures as solid lubricants. The composites were evaluated in terms of tribological 
properties, under reciprocating sliding conditions, and mechanical properties by using 
tensile tests. Additionally, the wear scars were characterized by Raman spectroscopy 
and scanning electronic microscopy. Higher total contents of solid lubricants greatly 
increased scuffing resistance however decreased mechanical properties. 
Furthermore, increasing h-BN contents reduces both properties. These results 
confirmed the applicability of such sintered composites as self-lubricating parts, 
reaching values up to 7000 N.m for scuffing resistance combined with ultimate tensile 
strength of 220 MPa. 
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1 INTRODUCTION 
 
The evolution of advanced technology, social growth and concerns about the 
environment are driving the search for quality, economy and efficiency of new 
products. The development of advanced materials leads to improvements of products 
properties as high efficiency, low energy consumption, light weight, high strength, 
improved performance, longer product life, and others. [1] 
Within this context, the development of tribological systems increasing, as a result of 
the huge cost of tribological deficiencies, caused by the large amount of energy 
losses by friction that occur in every mechanical device in operation. [2] 
In order to minimize losses by friction in the contact surfaces under relative motion, 
lubricants are widely used, the commonly applied are fluid lubricants, and greases. 
However solid lubricants can be used as an alternative to the liquid lubrication in 
situations where its use is not possible or efficient. Some solid lubricants have a 
lamellar structure, such as graphite and h-BN, which consists of a stack of hexagonal 
sheets or layers with strong covalent bonds between the atoms in each layer, 
however the layers are held together by weak Van der Waals forces. This structure 
allows shearing when force is applied parallel to the layers. Thus, it provides the 
expected friction reduction and results in very efficient lubrication [3]. Solid lubricants 
can be used to manufacture self-lubricating materials, which are composite materials 
with solid lubricant incorporated in the matrix volume. These composite materials can 
be easily produced by using powder metallurgy that has been widely used for 
producing parts in the industry, mainly because of its low cost when applied to large 
volume production and great versatility [4]. 
This work presents the influence of h-BN and graphite mixtures as solid lubricants on 
the tribological behavior of self-lubricating composites based on a Fe-Si-C matrix 
produced by powder metallurgy. 

 
2 MATERIAL AND METHODS 
 
In order to study the tribological behavior of sintered self-lubricating composites, 
samples were produced using iron (Höganäs, AHC 100.29) and silicon (Osprey 
Sandvik, alloy Fe45Si) as major constituents of the matrix, furthermore graphite 
(Nacional de Grafite, Micrograph 99545HP) and hexagonal boron nitride (Momentive, 
AC6028) were added during the mixing step as solid lubricants. The mixture 
compositions are presented in Table 1. Two parameters were varied: total content of 
solid lubricant in volume (5%, 7.5% and 10%) and h-BN content in the volume (1%, 
1.75% and 2.5%), the graphite content was used as a balance. The powders were 
mixed in a Y-type mixer during 45 minutes with 35 RPM of rotation, with 0.8 weight% 
of amide wax to assist during the pressing stage. The powder mixtures were 
uniaxially pressed at 600 MPa using a double-action press with floating die, 
producing samples for tensile tests according to MPIF 35 Standard, cylindrical 
samples for microstructural analyzes (Ø 10 mm per 6 mm) and tribological tests (Ø 
20 mm per 5 mm). These samples were sintered at 1120 °C during one hour in a 
resistive furnace under controlled atmosphere (95% argon and 5% hydrogen), using 
a heating rate of 10 °C/min and a debinding step at 500 °C during 30 minutes. The 
microstructural analyzes were performed by optical microscopy (Olympus BX60) after 
metallographic preparation of the samples. The tensile tests were carried out on an 
universal testing machine (MTS, Model 810) in accordance with the MPIF 35 
Standard.  
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     Table 1. Table of mixtures composition 

Mixture 
Total content of solid 

lubricant (Vol%) 
h-BN (Vol%) 

C 
(Vol%) 

Si 
(weight%) 

Fe 
(weight%) 

1h4C 

5 

1 4 

0.5 Balance 

1.75h3.25C 1.75 3.25 

2.5h2.5C 2.5 2.5 

1h6.5C 

7.5 

1 6.5 

1.75h5.75C 1.75 5.75 

2.5h5C 2.5 5 

1h9C 

10 

1 9 

1.75h8.25C 1.75 8.25 

2.5h7.5C 2.5 7.5 

 

Reciprocating sliding tests were carried out in a tribometer (CETR UMT-3) in an 
incremental loading mode (increasing the normal load in increments of 7 N at every 
10 minutes intervals). A steel sphere (AISI 52100, Ø 5 mm) was fixed on a pivoted 
arm against the non-tested sample surface under constant frequency (2 Hz) and 
constant stroke (10 mm). In this study, the scuffing resistance was defined as the 
work (N.m) at which the value of the friction coefficient first reaches 0.2. At least 
seven samples of each material were tested. Wear scars were investigated by 
scanning electronic microscopy (SEM – JEOL JSM-6390LV) and micro-Raman 
spectroscopy (Renishaw InVia) with argon laser (λ = 514.5 nm). 
 
3 RESULTS AND DISCUSSION 
 
In Figure 1, typical aspect of the samples microstructures produced with different 
total solid lubricant contents (5%, 7.5% and 10%) are presented. An increase of solid 
lubricant reservoirs, regularly distributed in the metallic matrix, can be noted, as 
expected, when increasing the total solid lubricant content.  
 

ISSN 2179-3956

122



 

* Technical contribution to the 2nd International Brazilian Conference on Tribology – TriboBR 2014, 
November 3rd to 5th,  2014,  Foz do Iguaçu, PR, Brazil. 

 

   
Figure 1. Non-etched micrographs obtained by optical microscopy, micrograph A- sample 1h4C, B- 
sample 1h6.5C, C- sample 1h9C. The dark regions represent h-BN, graphite and porosity. 

 
Figure 2 shows tensile strength of the composites. It can be observed that as the 
total amount of solid lubricant increased, the tensile strength decreased. Besides, a 
reduction within the three levels of total solid lubricant was also observed, due to 
increased amounts of h-BN. The solid lubricant reservoirs may be considered 
discontinuities in the iron based matrix, then, as the percentage of solid lubricants 
increases, the discontinuity of the matrix also rises, leading to the reduction of the 
tensile strength, as observed. 
 

 
Figure 2. Tensile strength of sintered composites as function of h-BN content and total content of solid 
lubricant. 

 
Typical etched microstructures presenting 5% and 10% of total solid lubricant can be 
observed in Figure 3. The sample containing the highest amount of solid lubricant 
(Fig.3B) also presents higher amount of graphite, which diffuses into the matrix, 
favoring the formation of perlite and cementite.  
 

A B C 
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Figure 3. Microstructures of the samples containing 5 Vol% and 10 Vol% of solid lubricant 
respectively. A- sample 1h4C. B- sample1h9C. 

 
The typical behavior of friction coefficient of three composites presenting 5%, 7.5%, 
and 10 Vol% of solid lubricant  is shown in Figure 4. The sample with 5% of solid 
lubricant content showed a significant increase of the friction coefficient, above the 
line of the lubricious regime, at the beginning of the test. In these conditions, this 
composite cannot be considered a self-lubricating material. However, the friction 
coefficient of samples with 7.5% and 10% of total solid lubricant content remained 
longer within the lubricious regime, bellow 0.2. Thus, under these conditions, the 
composites with 7.5% and 10% of total solid lubricant can be termed self-lubricating 
materials. 

 

 
Figure 4. Typical evolution of friction coefficient with test time for three levels of total solid lubricant (5, 
7.5 and 10%).  

 
Figure 5 illustrates the conjoint effect of total solid lubricant content (7.5% and 10%) 
and h-BN content (1% and 2.5%) on friction coefficient evolution with test time.  
 
 

A B 
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Figure 5 Typical evolution of friction coefficient with test time for two levels of total solid lubricant (7.5 
and 10%) and two levels of h-BN content (1% and 2.5%). 

 
It is clearly shown that the samples containing 10% of total solid lubricant content 
presented the best performance. Furthermore, between the samples with 10% of 
total solid lubricant, the samples containing 1% of h-BN exhibited an improved 
performance.  
The average results of the scuffing resistance tests of all composites can be 
observed in Figure 6. As mentioned previously, as the percentage of total solid 
lubricants increases, a substantial rise in the scuffing resistance is noticed. However, 
a decrease of this property was observed within the levels of total solid lubricant as 
the h-BN content increases. 
 

 
Figure 6. Scuffing resistance of sintered composites as function of h-BN content and total   
solid lubricant content. 
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In order to further understand the tribological system behavior, scuffing resistance 
tests were conducted and interrupted at different applied loads (14N and 35N). After 
the tests, the samples were ultrasonically cleaned in acetone for 15 minutes and the 
wear scars were analyzed. Topography images obtained by SEM, with secondary 
electrons (SE), are shown Figure 7. The images refer to wear scars resulting from 
reciprocating sliding tests interrupted at the normal load of 14 N, within the lubricious 
regime (µ<0.2). 

 

 
Figure 7. Typical wear scars of tests interrupted at 14 N. A- sample 1h6.5C.  B- 1h9C. C-  2.5h7.5C. 

 
The reservoirs of the solid lubricant are shown to have remained open inside the 
wear tracks after the sliding test. This effect, in principle, guaranteed the continuous 
re-supply of solid lubricants to the contact and, as a consequence, the formation of a 
tribo-layer indicated by the smooth, light-grey region, thus continuously maintaining 
the system in the lubricious regime(µ<0.2). 
 It is reasonable to suppose that the wear debris were continuously comminuted, 
deformed and oxidized thus forming the protective tribo-layer. This tribo-layer, in 
general, is formed by the elements from the sample, from the counter-body and from 
the environment. In addition, the presence of a tribo-layer decreases the direct 
contact area between the composite and the steel sphere. In this case, the tribo-layer 
consists of a mixture containing solid lubricants, which has a lamellar structure that 
allows, as a consequence, lower friction coefficients. 
It can be observed that the sample 1h6.5C (Figure 7A) presented a degradation of 
the tribo-layer, characterized by a lighter track in the wear scar. For the sample 
2.5h7.5C (Figure 7C), the degradation is at an initial stage. The composite 1h9C 
(Figure 7B) showed no evidence of degradation of the tribo-layer, in accordance with 
the scuffing resistance results, where this composite demonstrated the best friction 
coefficient behavior. 
The wear scars of the samples tested at a normal load of 35 N, are presented in 
Figure 8. In these conditions the friction coefficient was above the lubricious regime 
(µ>0.2). The micrographs were obtained using backscattered electrons (BSE), and 
show the degradation of the tribo-layer for all the composites. However, in Figure 8B, 
remains of the gray tribo-layer (in detail) can still be observed, justifying the best 
performance of the composite 1h9C in terms of scuffing resistance. 
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Figure 8. Wear scars at the end of the lubricious regime. A- 1h6.5C.  B- 1h9C.  C-  2.5h7.5C. SEM, 
BSE. 

 
Figure 9 presents typical Raman spectra obtained in the central region of the wear 
scars of the samples after scuffing resistance tests, when interrupted at the normal 
load of 14 N. There are three regions of different colors, meaning that there are 
different elements in the wear scars, according to the SEM analyze (Figure 9A). The 
black regions correspond to the reservoirs of solid lubricant, where characteristic 
Raman peaks of both graphite and h-BN were observed. In Figure 9b the peak 
around 1360 cm-1 is attributed to h-BN [9,10], and the presence of graphite is 
confirmed by the spectrum showed in Figure 9C, with its characteristics peaks at 
1590 cm-1 and 2730 cm-1, approximately [11]. The gray region corresponds to a 
mixture of the solid lubricants, as can be observed in Figure 9D. With the presence of 
graphite and h-BN peaks [9-11], it is reasonable to say that this is the basic tribo-
layer composition. The lighter region corresponds to the matrix, as shown in Figure 
9E. The behavior of the spectrum indicates a metallic material, and the presence of 
two small peaks related to carbon and/or h-BN indicates their presence. Finally, at 
the beginning of the same spectrum, there are peaks that can be attributed to the 
formation of iron oxide by a chemical reaction of the tribo-layer with the surrounding 
atmosphere. These peaks are positioned in the range of 225-450 cm-1 [12,13]. 
 

A C B 
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Figure 9. (A) Typical SEM micrograph of wear scar on lubricious regime. Related typical Raman 
spectra from wear scars: (B) and (C) typical spectra in dark region 1, (D) spectrum in gray region 2, 
(E) spectrum in light region 3.  

 
4 CONCLUSIONS 
 
a) The addition of solid lubricant greatly improved scuffing resistance of the self-
lubricating composites. However, the mechanical properties were detrimentally 
affected; 
b) It was observed that decreasing proportions of h-BN in the mixtures enhanced 
both tribological and mechanical properties; 
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c) The composite presenting 1% in volume of h-BN and 9% in volume of graphite 
presented the best results in terms of tribological properties, reaching values of 7000 
N.m of scuffing resistance associated with 220 MPa of tensile strength; 
d) Further analysis of this improved composite during its lubricious regime 
evidenced the presence of a tribo-layer composed by both h-BN and graphite, 
supplied by the solid lubricant reservoirs. 
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