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Abstract: Carbon brushes with a resin binder were prepared according to an industrial process and the effects of the molding 
pressure, grains size and cure temperature on the properties of brush samples were discussed. The results show that the bulk density, 
bending strength and Rockwell hardness increase, while resistivity decreases with increasing molding pressure. Cure temperature has 
much more influence on the properties of brushes than molding pressure and grains size. Isothermal differential scanning 
calorimetry(DSC) was used to estimate the degree of cure of resin binder and a novel method of using the true density to measure the 
degree of cure of resin binder was presented and discussed briefly. Based on optimal process parameters carbon brushes were 
manufactured, durability tests for brushes were carried out on an alternate current motor and scanning electron microscope(SEM) 
was adopted to observe the morphology of worn surface of brushes. The results show that a luster oxide film can be formed on the 
surface of brushes and their service life reaches 380 h. 
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1 Introduction 
 

Recently, China motors industry has developed 
rapidly and many new types of motors with a low power 
and high speed have been invented[1−3]. The rotational 
speed of the motors often exceeds 10 000 r/min, even 
reaches 30 000 r/min, the brushes fixed in the motors 
must have excellent commutation ability, otherwise, 
large sparks and big noises are produced between 
brushes and commutators. This makes brushes wear 
quickly and have a short service life. 

Electrical brushes were invented a century ago in 
England and the development of them was accompanied 
with that of motors[4]. The earliest brush was made of 
clusters of copper wires, but modified motors with higher 
and higher performance made primitive brushes not 
match them, so carbon brushes (which were mainly made 
of carbon materials) were invented[5]. Early carbon 
brushes were firstly bonded by sugar, then by pitch, but 
these brushes were not suitable for high-speed motors, 
while carbon brushes with a resin binder, which is lately 
developed, could well match the motors. 

Carbon brushes with a resin binder are generally 
composed of carbon materials, solid lubricant, resin 
binder and additive. Graphite has a lamellar structure and 
anisotropic properties that induce a good friction and 
wear behaviour, so it constitutes the main component of 
the carbon materials of brushes[6]. Molybdenum 
disulfide is often chosen as a solid lubricant due to its 
good lubricant property[7]. Carbon brushes are of high 
resistivity induced by the insulation of its binder, so they 
have good commutation ability, and they are very 
suitable for the high-speed motors[8]. Although the 
manufacturing process of the brushes is not complicated, 
the development of the brushes demands a high 
technique level. Developed countries such as Japan and 
England have developed such brushes with high 
performances[9−10], but for commercial and secret 
reasons it is difficult to find related literatures except a 
few patents. At present, this type of brushes home made 
have a shorter service life and cannot compete with 
foreign products, in order to improve the competitive 
power of domestic brushes and find some basic rules for 
scientific research, the subject study on brushes with a 
resin binder was performed in this study. 
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2 Experimental 
 
2.1 Sample preparation 

Carbon brushes were manufactured following an 
industrial process shown in Fig 1. 

 

 

Fig.1 Manufacturing process for brushes 
 
Raw materials were composed of 75% graphite, 

20% thermosetting resin, 2% MoS2 and 3% additive 
(mass fraction). 

Firstly, all materials were put into a mixing machine 
to mix for 1 h, the mixture was then tabletted, dried, 
milled and sized to a required size. Secondly, the blend 
was molded to a cuboid at different pressures. Thirdly, 
the molded specimens were cured at a certain 
temperature for 1 h. Finally, the specimens were 
machined to the desired shape: 5.2 mm×5.5 mm×32.0 
mm. 
 
2.2 Properties and characterization of samples 

The properties of brush samples such as bulk 
density, true density, resistivity, Rockwell hardness and 
bending strength were measured according to the 
corresponding China National Standard. Isothermal DSC 
and SEM were adopted to estimate the degree of cure of 
resin and observe the worn morphology of brushes, 
respectively. 

 
2.3 Durability tests for carbon brushes 

Carbon brushes were manufactured based on 
optimal process parameters and durability tests for 
brushes were performed on an HGH5435M120 alternate 
current motor. The performance parameters of the motor 
are listed in Table 1. All tests were conducted when the 
motor was with A5 rotor wheel load and carried out 
under the same condition. The relative humidity was 
50%, the ambient temperature was 25 ℃ and the spring 
loads were 5 N/cm2. 

 
Table 1 Performance parameters of motor 

Status of motor 
Rotational speed/ 

(r·min−1) Current/A 

Unload 19 000±10% 0.45±10% 

Load (with A5 rotor 
wheel) 7 870±5% 1.36±5% 

 
3 Results and discussion 
 
3.1 Effects of molding pressure on properties of 

brushes samples 
The properties of carbon brushes samples have 

much to do with the molding pressure (the grains was 
sized by 75 μm sieve and the samples were all cured at 
180 ℃). From Figs.2 and 3, it is obviously seen that the 
properties of brushes regularly vary with the molding 
pressure. The bulk density, bending strength and 
Rockwell hardness increase with molding pressure 
increasing while resistivity presents an opposite 
tendency. 
 

 
Fig.2 Bulk density and bending strength as function of molding 
pressure 
 

 
Fig.3 Resistivity and Rockwell hardness as function of molding 
pressure 
 

From Fig.2, it can be seen that the rate of increment 
of the bulk density becomes less with increasing pressure. 
This is because the gap between carbon grains becomes 
less with increasing force and thus it becomes more 
difficult to compact the samples. 

Bending strength of carbon materials is related to 
their porosity and the powder size, as shown in Knibbs 
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equa on[11]: ti
 

bPkD e2/1−=σ                                (1) 
 

where  k and b are empirical constants; D and P are the 
maximum diameter of grains and porosity, respectively; 
σ is bending strength. 

Eqn.(1) shows the relationship between bending 
strength and porosity. Porosity decrement due to molding 
pressure increment results in the increment of bending 
strength, as clearly shown in Fig.2. 

The curve of resistivity of brushes versus molding 
pressure is shown in Fig.3 and it can be illustrated for the 
following reasons. Conduction components in carbon 
brushes are graphite grains, the increasing molding 
pressure leads the gap between grains to become less and 
it makes the conduction grains unit volume increase, so 
electric resistivity decreases. 

Rockwell hardness of brushes is mainly decided by 
materials composing them, so Rockwell hardness 
changes little because of the same components and yet a 
little increment in hardness with a larger pressure can be 
explained as the rule that more compact materials tend to 
raise their hardness. 
 
3.2 Effects of grain sizes on properties of brushes 

samples 
The properties of brushes for different grain sizes 

are listed in Table 2. The specimens were all molded at 
100 MPa and cured at 200 .℃  
 
Table 2 Properties of brushes samples with different grain sizes 

Grain 
size/μm 

Bulk 
density/ 
(g·cm−3) 

Electrical 
resistivity/

(μΩ·m) 

Bending 
strength/ 

MPa 

Rockwell 
hardness 

(load 600 N)
＜150 1.663 549 12.2 50.8 
＜100 1.674 505 12.6 51.1 
＜75 1.691 480 12.8 51.3 
＜45 1.697 442 12.9 51.5 

 
From Table 2, it can be seen that the bulk density, 

bending strength and Rockwell hardness increase with 
decreasing grain sizes while resistivity shows an opposite 
tendency. 

With a smaller grain size, more micro powders are 
compacted into pores of the specimen, so the porosity 
becomes higher, and the bending strength is related to 
the porosity and maximum diameter of grains (seen in 
Eqn.(1)), both factors help to increase the bending 
strength. 

The relationship between resistivity and grain size 
can be explained according to similar reasons described 
in section 3.1. The more conduction micro graphite 
grains are compacted to fill the porosity to improve their 
conductibility. 

The evolution of hardness with grain size in Table 2 
can be interpreted that a smaller grains help to increase 
the bulk density (seen above analysis) while more 
compact materials tend to raise their hardness. 
 
3.3 Effects of cure temperature on properties of 

brushes and analysis of cure process 
The properties of composite materials are much 

related to the cure process of resins[12−14] and this rule 
is also suitable for carbon brushes. The cure process is 
mainly controlled by the cure temperature and cure time. 
In this study, the effects of cure temperature on the 
properties were investigated when the other parameters 
were fixed to the same values (molding pressure: 100 
MPa, grains size: ＜75 μm, cure time: 1 h). 

Figs.4 and 5 show the variations of properties of 
brushes with the cure temperature, from which it can be 
seen that the resistivity decreases, the bending strength 
and Rockwell hardness increase with increasing cure 
temperature while the bulk density appears to have a 
more complicated relation to the cure temperature. 

In Fig. 4, the bulk density of carbon brushes at first 
 

 
Fig.4 Variations of bulk density and bending strength with cure 
temperature 
 

 
Fig.5 Variations of resistivity and Rockwell hardness with cure 
temperature 
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decreases with increasing cure temperature, but when the 
cure temperature reaches 160 ℃, it increases with 
increasing cure temperature. 

It should also be paid attention that the cure 
temperatures in Figs.4 and 5 have much bigger slopes 
than corresponding curves in Figs.3 and 4 (except bulk 
density). This proves that the cure temperature and cure 
process of resins have much more influence on the 
properties than molding pressure and grains size. 

The variation of properties with the cure 
temperature must be connected to the chemical reactions 
occurring in the specimen during cure process. 

So it is essential to study the cure process and the 
cure degree of resins. At present, much work has been 
done to study the mechanism of resins in polymer matrix 
composites[15−17], however, few studies can be found 
on the cure of resins as a binder in carbon materials. 
Dynamic DSC is usually used to measure the kinetics 
and degree of cure for resin matrix composites[18−20], 
but it is not suitable for composites with resin binder for 
following reasons: 1) a small percentage of resin in the 
specimen produced the exothermic heat which is not 
enough to yield an explicit peak; 2) the cure process 
often needs a relatively long time while the rate of 
heating-up is often so fast that the cure temperature 
corresponding to the peak in DSC is higher than the true 
cure temperature. 

Fig.6 shows the isothermal DSC spectrum of 
specimens cured at different temperatures versus heating 
time and isothermal scan was carried out at 210 ℃. 
From Fig.6 the degree of cure can be calculated 
ccording to Eqn.(2) [21]: a

 

)1(
r

t

H
H

x −=                             (2) 

 
where  Ht and Hr represent the exothermic heat of a 
specimen cured at a temperature and the uncured 
specimen. 
 

 
Fig.6 DSC curves of specimens cured at different temperatures 

Based on Eqn.(2) and data in Fig.6, the cure degrees 
of resins were calculated to be 23%, 34%, 95% and 
100% for specimens cured at 140, 160, 180 and 200 ℃, 
respectively (the curve for 200 ℃ is almost linear and 
omitted in Fig.6 ). 

The cure of the resin decreases its volume and its 
volumetric shrinkage is only a function of the degree of 
cure[22], so it is reasonably inferred that the degree of 
cure is just a function of the density of the resin binder. 
Because graphite is nonreactivity at the cure temperature, 
so the degree of cure was only linked to the true density 
of the specimen. 

Fig.7 shows the relationship between true density 
evolution and the cure temperature. Before cure reactions 
taking place the true density almost keeps constant, when 
the cure temperature increases the true density becomes 
larger until it reaches a certain value when the cure 
reactions have completed. The true density variation is 
due to the volumetric shrinkage and mass change of the 
resin induced by chemical cure reactions. As shown in 
Fig.7, the true density is a monotone increasing function 
as cure temperature during cure process, and so is the 
degree of cure. Based on above analysis it is justified and 
viable to measure the degree of cure by the true density. 
 

 
Fig.7 True density variation with cure temperature 
 

The dependence of the degree of cure on true 
density is listed in Table 3. Using isothermal DSC curve 
to estimate the degree of cure is a time-consuming and 
inconvenient method while using the true density is a 
simple and fast one. Further study on the method will be 
important to optimize the technological parameters and 
improve the quality of carbon materials. 

The bulk density in Fig.4 shows different tendency 
compared with true density in Fig.7. This might be 
because at higher temperature the resin expands, cross 
linking and coupling reactions take place and this makes 
the porosity of specimens change. As shown in Fig.8, the 
porosity first increases with increasing cure temperature, 
but when the cure temperature reaches 180 ℃, it begins  
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Table 3 Dependence of degree of cure on true density 
Cured temperature/ 

℃ 
Degree of cure/ 

% 
True density/ 

(g·cm−3) 
140 23 1.925 
160 24 1.942 
180 95 1.971 
200 100 1.972 

 

 
Fig.8 Porosity of specimens cured at different cure 
temperatures 
 
to decrease. In Fig.4, the bulk density first decreases due 
to increment of porosity, but when the increment extent 
of true density exceeds that of porosity, the bulk density 
then becomes larger. 

Bending strength curve in Fig.4 can be illustrated 
that with increasing cure temperature, the degree of cure 
becomes larger, the cure reactions make resins form 
cross linking and coupling structure, which makes 
graphite grains connect firmly and results in the 
increment of bending strength. 

With respect to the Rockwell hardness it is thought 
that the cure reactions change the state of graphite grains 
and polar groups link to the surface of grains to raise the 
hardness of the specimen. 

A higher cure temperature leads to increase the 
degree of cure, and more cure reactions take place to 
form cross linking structure. This makes the conductive 
graphite grains have more probability to contact each 
other, so the conductivity of specimens increases and the 
resistivity decreases. 
 
3.4 Results of durability tests for carbon brushes 

Under optimal parameters carbon brushes were 
manufactured and durability tests for carbon brushes 
were carried out on a HGH5435M120 motor. It is 
observed that small sparks are produced between the 
brushes and commutators and a luster oxide film is 
formed on the surface of brushes. The uniform oxide 
film is clearly seen in Fig.9 and it can reduce the rate of 
wear of brushes[23−24] and helps to prolong the service 

life. Durability tests indicate that the service life of the 
brushes reaches 380 h and they can replace the import 
brushes. 
 

 
Fig.9 Morphology of worn surface of brushes 
 
4 Conclusions 
 

1) With increasing molding pressure, the bulk 
density, bending strength and Rockwell hardness of the 
specimen increase while resistivity decreases. 

2) A smaller grain size can raise the bulk density, 
bending strength, Rockwell hardness and electric 
conductivity of the specimen. 

3) The cure temperature has much more influence 
on the properties of carbon brushes. Compared with 
isothermal DSC curve, the method of using true density 
to measure the degree of cure is a simple and convenient 
one and further study on it will be important to optimize 
the technological parameters. 

4) The service life for carbon brushes in this study 
reaches 380 h that is approximately equal to that for 
advanced import brushes. 
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