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esistance and tribological
behaviours of basalt fibre/acrylonitrile-butadiene
rubber composites under water lubrication at
various temperatures

Zhuo Li, * Yingzhe Li, Yue Xiao, Yihan Yang and Lin Li

In this study, the effects of water ageing on characteristics and properties of basalt fibre (BF)/acrylonitrile-

butadiene rubber (NBR) composites were investigated, and the tribological behaviours of the composites

that slide against the stainless-steel counterpart under water lubrication at 30–70 �C were the main

focus. Results showed that with the water temperature increase, the hardness and tear strength of the

water-aged samples decreased. Furthermore, both the friction coefficient (COF) and specific wear rate

(Ws) of the composites increased with the temperature. The content and the orientation of BFs had no

obvious effect on the COF, whereas the parallel-aligned BFs were effective at improving the wear

resistance of the composites at both 30 �C and 70 �C.
1. Introduction

Traditionally, the marine stern tube bearing is lubricated by
lubricating oils and grease, and the water environmental
pollution caused by its leakage has provoked worries, especially
with the sharp increase of its applications.1–3 To solve this
problem, water-lubricated bearings were proposed to replace
the oil-lubricated bearings and have attracted more attention in
recent decades.4–10 For optimal lubricating effect, a continuous
water lm should be formed between the sha and the bearing.
Rubber is a type of material well lubricated by water, and
acrylonitrile-butadiene rubber (NBR) is widely used for water-
lubricated bearings thanks to its chemical stability, vibration
absorption ability and relatively high resistance to fatigue and
wear.1,11–13 The wear behaviour of the rubber materials under
actual service conditions requires great attention, since exces-
sive wear on the rubber stern tube bearings is one of the most
important reasons for the loss of workability.14–16 Some litera-
tures have reported the effects of actual working conditions,
such as sand in the water and improper lubrication and cool-
ing,1,12 on the tribological properties of NBR composites.
Another environmental factor which affects the tribological
behaviours of the water-lubricated bearings is the temperature.
The bearings may experience various temperatures due to the
environmental conditions and heat generation by friction.
Some researchers have mentioned the increase of the friction
coefficient (COF) with the temperature.17–19 However, the effect
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and mechanism of temperature changes on tribological
behaviours of NBR composites have not been systematically
studied.

To improve the tribological performance (especially at
relatively high temperature) of the NBR composites, one of the
options is introducing high-performance bres. In recent
years, basalt bre (BF), which is a novel type of eco-friendly
mineral bre with excellent comprehensive properties and
relatively low cost, has been introduced as reinforcement of
the composites and its effects on the tribological properties
were mentioned in several publications.4,20–24 Zhang et al.23

reported that the addition of BFs improved the hardness,
compressive strength and creep resistance of the poly-
etheretherketone (PEEK)-based composites, and a BF/PEEK
composite with 2.5–7.5 phr BFs possessed a low COF and
excellent wear resistance. In our previous work,25,26 BFs were
mixed into the NBR as reinforcement, and it was demon-
strated that when sliding against the stainless steel counter-
face under dry condition, the addition of BFs could decrease
both the COF and the wear rate. For the water-lubricated
bearing application, understanding the tribological perfor-
mance of the material under water lubrication is very impor-
tant for the property assessment and life prediction of the
product. In this study, the tribological behaviour of BF/NBR
composites under water-lubricated conditions at 30–70 �C
was investigated using a block-on-ring test, which has been
widely applied to study the tribological performance of poly-
mer composites for bearing application.27–30 To discuss the
effect mechanism, the inuences of water ageing on the
properties of BF/NBR composites were also evaluated.
This journal is © The Royal Society of Chemistry 2019
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Table 1 Composition of the BF/NBR composites

Component Content (phr)

NBR 100
ZnO 5
SA 1
CB N550 50
TMQ 1.2
DOP 10
CBS 1
Insoluble sulphur 1.5
BF 0/3/12/20/30
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2. Experimental
2.1. Materials

The NBR (NANCAR1051, acrylonitrile content 41%) was
purchased from the Nantex Industry Co., Ltd., Zhenjiang,
China. The NBR was plasticated before use (Mooney viscosity
ML (1 + 4) 100 �C: 60–63). Continuous BF (BC11-200, lament
diameter 11 mm � 2 mm) was supplied by the Sichuan Aero-
space Tuoxin Industrial Co., Ltd., China, and cut into 4 mm
lengths by a cutting machine in our laboratory. The chopped
BFs were soaked in acetone for 50 min, washed with distilled
water three times and vacuum dried at 105 �C for 6 h before
use. Carbon black (CB) N550 was supplied by the Kabote
(China) Investment Co., Ltd. N-Cyclohexyl-2-benzothiazole
sulphonamide (CBS) was supplied by Puyang Willing Chem-
icals, China. Other reagents, including ZnO, stearic acid (SA),
polymerized 1,2-dihydro-2,2,4-trimethylquinoline (TMQ),
dioctyl phthalate (DOP) and insoluble sulphur, were
commercially available and used as received.
2.2. BF/NBR composites preparation

The components of the BF/NBR composites are shown in
Table 1, and the following mixing process was used to prepare
the composites with various BF contents and orientation.
NBR, ZnO, SA, TMQ, CB and DOP were rst mixed in an
internal mixer at an initial temperature of 90 �C for 8 min.
Then, the compound was moved to a two-roll mill. CBS and
insoluble sulphur were added into the blends rst, and aer
the blends were fully mixed, the BFs (0, 3, 12, 20, 30 phr,
separately) were added into the compounds and further rolled
for 5 min 40 s to ensure that the BFs were sufficiently oriented
along the rolling direction. To obtain the cured samples with
BF parallel and perpendicular orientation, the blends were
cut parallel and perpendicular to the rolling direction,
respectively, and then were vulcanized at 155 �C at a pressure
of 10 MPa for 15 min. The samples were denoted according to
the BF content and orientation. For example, the samples
with 12 phr BFs oriented in the parallel and perpendicular
directions were named as BF12-pa and BF12-per, respectively.
The vulcanized samples were stored at room temperature for
16 h before further ageing or performance evaluation.
2.3. Water ageing

According to GB/T 1690-2010, the BF/NBR composites prepared
in Section 2.2 were soaked in water and were aged at 30 �C, 50 �C
and 70 �C for 72 h, respectively. For the water absorption ratio
test, the samples (25 � 25 � 2 mm3) were weighed before
ageing to obtain M1, and aer ageing, the samples were wiped
by a blotter and weighed immediately to obtain M2; the water
absorption ratio was calculated according to eqn (1):

Water absorption ratio ð%Þ ¼ M2 �M1

M1

� 100% (1)

Three specimens were tested for each type of samples.
This journal is © The Royal Society of Chemistry 2019
2.4. Measurements

The hardness of the rubber vulcanizates was evaluated using
a Shore A hardness tester (GT-GS-MB, Gotech Testing Machines
Co., Ltd.) according to GB/T 531.1-2008, and 3 points were
measured for each sample. The density of the rubber vulcani-
zates was tested according to GB/T 533-2008, and 3 specimens
were tested for each sample type. The tensile and tear properties
of the vulcanized rubber were tested using a Z005 universal
testing machine (Germany) at a drawing rate of 500 mm min�1

according to the standards GB/T 528-2009 and GB/T 529-2008,
respectively. The T2 (transverse relaxation time) of the vulcani-
zates before and aer water ageing was tested using nuclear
magnetic resonance (NMR, MR-CDS3500) from IIC Innovative
Imaging Co., Ltd., Germany. The measured values were tted
with the Gauss-exponential magnetization decay equation (eqn
(2)) and the T2 (transverse relaxation time) was obtained.

MðtÞ ¼ Aþ B e
� t
T2

�qM2t
2 þ C e

� t
T2 (2)

in which qM2 means the residual dipole moment; A, B, and C are
the parameters without special denition. The samples were
dried in a dryer for 24 h before the test.

The friction and wear tests were performed on a high-speed
block-on-ring wear testingmachine (MR-H3B, Jinan Time Shijin
Testing Machine Co., Ltd., China), under water lubrication at
30 �C, 50 �C and 70 �C, respectively. The BF/NBR block, the 304#
stainless steel ring and the test apparatus are as shown in
Fig. 1(a), (b) and (c), respectively. The test was carried out with
a sliding speed of 1.03 m s�1 and a normal load of 40 N for
90 min. The Ws was calculated according to eqn (3), and the
volume of wear scar (Vs) was obtained according to eqn (4).27

Ws ¼ Vs

F2pRnt
(3)

Vs ¼
"
p

180
R2 arcsin

b

2R
� b

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � b2

4

r #
B (4)

where F is the normal load (N), R is the radius of the steel ring
(mm), b is the width of the wear scar (mm), B is the width of
the rubber block (mm), n is the sliding speed (rpm), and t is
the steady duration of the friction (min). The mean value of
the COF and Ws was calculated based on the results of 3
specimens.
RSC Adv., 2019, 9, 34744–34753 | 34745
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Fig. 1 Images of the (a) BF/NBR block, (b) stainless steel ring and (c) the main part of the test apparatus.
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The worn surfaces of the BF/NBR composites in the block-
on-ring tests were observed using a JEOL JSM-7500F scanning
electron microscope (SEM), and the worn surfaces of the steel
counterparts were observed using a stereomicroscope
(SMZ1500, Nikon, Japan).

3. Results and discussion
3.1 Water ageing

Table 2 shows the water absorption ratio and variations in the
density of BF/NBR composites before and aer 72 h water
immersion at 30 �C, 50 �C and 70 �C, respectively. With the
temperature increase, the water absorption ratio of the
composites increased and was independent of the BF content.
In our previous study,25 the NMR test showed that the T2 of the
thermal-oxidative-aged NBR samples was lower than that of
the initial one, which indicated further crosslinking during
the ageing process. However, water ageing at temperatures
above 50 �C led to an increase of the T2 of the samples (the
typical magnetization intensity curves of the NBR vulcanizates
are as shown in Fig. 2); the T2 of the initial NBR vulcanizate
and the samples aer water ageing at 30 �C, 50 �C and 70 �C
were 1.11, 1.08, 1.29 and 1.24 ms, respectively. The increase of
the T2 reected the move ability improvement of the H in the
Table 2 Water absorption ratio and density of BF/NBR composites befo

Water absorption ratio/%

30 �C 50 �C 70 �C

BF0 1.29 � 0.083 4.63 � 0.125 7.10 � 0.053
BF3 1.32 � 0.040 4.58 � 0.062 6.97 � 0.111
BF12 1.30 � 0.036 4.59 � 0.028 7.19 � 0.140
BF20 1.24 � 0.082 4.58 � 0.047 7.16 � 0.068
BF30 1.40 � 0.066 4.74 � 0.016 7.32 � 0.074

34746 | RSC Adv., 2019, 9, 34744–34753
system, which may be caused by hydrolysis of –CN and the
generation of –CONH2 and –COOH when the sample was
immersed in the water at temperatures above 50 �C. Further-
more, as shown in Table 3, the hardness of the samples
decreased aer ageing, and the addition of BFs failed to
enhance the hardness of the water-aged composites, especially
at 50 �C and 70 �C. The decrease of the hardness should be
attributed to the water absorption, and as concluded by Wang
et al.,4 diffusion through bre/matrix interface is the
predominant water absorption mechanism of bre-reinforced
polymer composites. According to this mechanism, the weak
connection between the BF and the NBR matrix, which
produced extensive interfacial free space around the bre
(Fig. 3), led to water aggregation and weakened the BF
enhancement in hardness; when ageing in higher tempera-
ture, the water absorption was increased, and the aggregation
of water in the BF/NBR interface was aggravated. However,
aer being fully dried, the hardness of the aged samples was
basically the same as that of the untreated samples, which
indicated that no crosslinking density change of the NBR
matrix had occurred. The hardness of the composites under
various temperatures in air is shown in Fig. 4. As the
temperature increased, the hardness of the composites
decreased due to the soening of the matrix.
re and after 72 h water immersion at various temperatures

Density/g cm�3

Before aging 30 �C 50 �C 70 �C

1.19 1.19 1.18 1.18
1.20 1.20 1.19 1.19
1.23 1.22 1.23 1.22
1.26 1.26 1.24 1.24
1.28 1.28 1.28 1.26

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 The magnetization intensity curves of the NBR vulcanizates
before and after water ageing for 72 h at 30 �C, 50 �C and 70 �C.

Fig. 3 The SEM image of the BF/NBR interface (the brittle fracture
sample, 3000�).
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The effects of water ageing on the rebound resilience, tensile
properties and tear strength of the BF/NBR composites are as
shown in Fig. 5, 6 and 7, respectively. With the water temperature
rising, the rebound resilience of the aged composites obviously
improved due to the increase of the water absorption. Further-
more, with regard to the mechanical properties, the inuences of
the water ageing on the tensile properties were relatively low. For
example, the tensile strength, elongation at the break and
modulus at 300% of BF12-pa water-aged for 72 h at 70 �C, were
92%, 103%, and 105% of that of the initial reading, respectively.
However, the tear strength of the BF/NBR composites with a high
BF content were more sensitive to the water ageing.
3.2 Friction and wear

3.2.1 COF. The typical variations of COFs for the NBR block
and 304# stainless steel ring rubbing pairs as a function of the
Table 3 Hardness of BF/NBR composites before and after 72 h water
immersion at various temperatures

Shore A hardness

BF0 BF3 BF12 BF20 BF30

Before ageing 63 64 66 67 70

30 �C water ageing
Aged sample 61 62 62 62 64
Aged-dried samplea 63 64 66 66 69

50 �C water ageing
Aged sample 60 60 60 61 61
Aged-dried sample 63 64 66 66 68

70 �C water ageing
Aged sample 58 58 57 58 58
Aged-dried sample 63 63 65 65 69

a The aged samples were dried in a drier for 24 h before the test.

This journal is © The Royal Society of Chemistry 2019
sliding time under water-lubricated conditions at 30 �C, 50 �C
and 70 �C are as shown in Fig. 8, and the COFs obtained under
dry sliding conditions in our previous work26 are also included
as a reference. In general, the COF of the NBR/stainless steel
stayed relatively stable throughout the sliding under water-
lubrication at various temperatures and was much lower than
that obtained under dry sliding conditions due to the formation
of the water lm between the rubbing pairs. Furthermore, the
COF increased with the temperature from 30 �C to 70 �C. This
variation should be attributed to the effect of the temperature
on the water viscosity. The viscosity of water is 0.7977, 0.5470
and 0.4040 mN s m�2 at 30 �C, 50 �C and 70 �C, respectively,31

which shows a sharp decrease with the temperature rise. The
decrease of water viscosity was not conducive to the formation
of the continuous water lm between the rubbing pairs, and as
a result, the lubricating capacity of the water decreased. By
comparison, as shown in Fig. 9, the BF content showed less
Fig. 4 Effects of the temperature on the Shore A hardness of BF/NBR
composites in air.

RSC Adv., 2019, 9, 34744–34753 | 34747
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Fig. 5 Effects of (a) the BF content and (b) the temperature of water ageing on the rebound resilience of BF/NBR composites.
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impact on the COF. Although the hardness of water-absorbed
NBR decreased, especially at high temperatures (as discussed
in Section 3.1), and led to an increase of the contact area
between the block and the ring during the sliding and inclined
to increase the friction force, the lubrication condition played
a critical role in determining the COF.

3.2.2 Ws. The effects of the temperature, the BF content
and the orientation on the Ws of the BF/NBR composites
abraded under water-lubricated conditions are shown in Fig. 10.
The water lubrication showed a signicant effect on decreasing
Fig. 6 Effects of the BF content and the temperature of water ageing on
and elongation at break vs. content of the BF; (b) tensile strength and elo
300% elongation vs. content of BF; and (d) tensile strength at 300% elon

34748 | RSC Adv., 2019, 9, 34744–34753
the wear loss of the BF/NBR composites. Furthermore, as shown
in Fig. 10a, for the friction system that is lubricated by 30 �C
water, when the BFs were parallel oriented, the Ws obviously
decreased with the BF content increase, whereas the Ws was
kept approximately constant when the BFs were
perpendicularly-aligned. When the system was lubricated by
70 �C water, the addition of BFs with either parallel or
perpendicular orientation was effective in improving the wear
resistance; aer sliding at 70 �C, the Wss of BF30-pa and BF30-
per were 1.3 and 1.6 � 10�7 mm3 N�1 mm�1, which were 62%
the tensile properties of the BF/NBR composites. (a) Tensile strength
ngation at break vs. temperature of water ageing; (c) tensile strength at
gation vs. temperature of water ageing.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Effects of (a) the BF content/orientation and (b) the temperature of water ageing on the tear strength of BF/NBR composites.

Fig. 8 Typical COFs of the NBR as a function of sliding time under dry
sliding and water lubrication at various temperatures.
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and 73% of the BF0-pa and BF0-per, respectively. The efficiency
improvement of the perpendicularly orientated BFs should be
due to the insufficient water lubrication at high temperature,
Fig. 9 (a) The COFs of the BF/NBR composites with 12 phr BFs under wa
composites with various contents and orientation of BFs under water lu

This journal is © The Royal Society of Chemistry 2019
and the effects of the BFs were similar to those under dry sliding
conditions, to some extent. Wang et al.4 reported that the
addition of the BFs signicantly increased the wear rate of the
PTFE-based composites due to poor adhesion between the BF
and the matrix, but this increase did not happen in the BF/NBR
composites. This is because, as shown in Section 3.1, the water
absorption ratio was not mainly affected by the BF content, and
furthermore, mechanical properties of the BF/NBR composites
did not signicantly change aer water absorption, which
means that the water absorption did not lead to signicant
plasticization of the NBR matrix, as it did in the PTFE. In this
study, the orientation of the BFs, besides the water temperature,
was the primary factor in determining the Ws.

To further investigate the wear mechanism, the worn
surfaces of BF/NBR blocks and the steel rings were observed
by an SEM and stereomicroscope, respectively. As shown in
Fig. 11, there is no visible rubber transfer lm on the
counterface, which should be attributed to the isolation
effect of the water lm. Furthermore, aer friction occurred
with water lubrication at 30 �C, only a few scratches could be
observed on the steel counterface, whereas the friction that
occurred with 70 �C water lubrication led to severe scratches
ter lubrication at various temperatures, and (b) the COFs of the BF/NBR
brication at 70 �C.

RSC Adv., 2019, 9, 34744–34753 | 34749
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Fig. 10 Effects of (a) the BF content/orientation and (b) the water temperature on the Ws of BF/NBR composites.
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along the sliding direction, which should be attributed to
insufficient water lubrication.

Similar to the steel ring, the temperature of the system,
rather than the BF content/orientation, had a major effect on
the wear morphologies of the BF/NBR. Fig. 12 and 13 show the
SEM images of the surfaces of the BF/NBR composites with
various BF contents worn under 30 �C and 70 �C water lubri-
cation, respectively. In general, the wear degree of the BF/NBR
blocks under water-lubricated conditions was much lower
than that of the block friction under dry sliding conditions (in
ref. 25 and 26). Fig. 14 illustrates the inuences of the water
during the sliding process. First, the water lm formed between
the rubbing pair and effectively reduced the friction, and
second, the debris was taken away by water and the abrasive
Fig. 11 Typical morphologies (40�) of (a) the initial steel counterpart surf
BF12-pa-30 �C; (c) BF-12-per-30 �C; (d) BF12-pa-70 �C; (e) BF12-per-7

34750 | RSC Adv., 2019, 9, 34744–34753
wear was reduced. For the samples that were rubbed under
water lubrication at 30 �C, the BF30-per had a rougher surface
than the others did. Compared with the parallel-oriented BFs,
the perpendicularly oriented bres were more easily crushed
under a relatively high load (40 N in this study) because of the
larger contact area with the steel counterpart during the
rubbing. It has been speculated that the stripping and the
rubbing of the BFs with high content and perpendicular
orientation may have led to a relatively high heat production
and, as a result, the adhesive wear was aggravated.

Furthermore, in comparing with the images in Fig. 12 and
13, it was revealed that the surface of the BF/NBR block worn
under water lubrication at higher temperatures was much
rougher, and delamination and cracks can be observed aer
ace and the steel counterpart surface after rubbing with the block of (b)
0 �C under water lubrication.

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 SEM images of the surfaces of the BF/NBR blocks (2000�) worn under water lubrication at 30 �C: (a) BF0-pa; (b) BF12-pa; (c) BF30-pa;
(d) BF0-per; (e) BF12-per; (f) BF30-per.

Fig. 13 SEM images of the surfaces of the BF/NBR blocks worn under water lubrication at 70 �C: (a) BF0-pa (2000�); (b) BF12-pa (2000�); (c)
BF30-pa (2000�); (d) BF0-per (2000�); (e) BF12-per (2000�); (f) BF30-per (2000�); and (g) BF30-per (10 000�).
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Fig. 14 Schematic of the rubbing between the BF/NBR block and the steel ring under the water-lubricated condition.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 9
:4

4:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
zooming in 10 000 times (Fig. 13g). This aggravated wear of the
composite block at high temperatures could be attributed to: (1)
the insufficient lubrication of the water at 70 �C because of the
viscosity decrease; (2) the loss of the effect of the water on
reducing the heat that is produced by the rubbing process,
which could lead to an increase in the adhesive wear; and (3) the
decrease of the hardness and the tear strength of the BF/NBR
surface aer absorbing water at 70 �C, which led to the
increase of the contact area and aggravation of the surface
fracture, respectively. These disadvantages led to an increase of
theWs of the composite block with temperature under the water
lubrication condition, which is as shown in Fig. 10b.
4. Conclusions

To understand the water lubrication effect on the NBR-based
composite at various temperatures and improve its wear resis-
tance for the water-lubricated bearing application, this study
investigated the tribological properties of the BF/NBR compos-
ites and 304# stainless steel rubbing pairs under water lubri-
cation at various temperatures. Based on our results, the
conclusions are as follows:

(1) With the water temperature increase, the water absorp-
tion ratio and rebound resilience of the aged BF/NBR compos-
ites signicantly increased, whereas the hardness and tear
strength decreased. For the composites with high BF content,
the hardness and tear strength were more sensitive to the water
temperature.

(2) Water provided excellent lubrication for the NBR-based
composites at low temperature. With the increase of tempera-
ture from 30 �C to 70 �C, the COFs for the BF/NBR composites
and the stainless steel rubbing pairs increased, whereas the
content and the orientation of the BFs had less effect on the
COF of the composites under water-lubricated conditions.

(3) With the temperature increase, the Ws of the BF/NBR
composites increased. The parallel-oriented BFs showed an
obvious effect on the wear resistance improvement under water-
lubricated conditions at both 30 �C and 70 �C, whereas the
addition of perpendicularly-aligned BFs showed a lower effect.
34752 | RSC Adv., 2019, 9, 34744–34753
Generally speaking, NBR-based composites with parallel-
aligned BFs showed good wear resistance under water lubrica-
tion at a wide range of temperatures, and has potential to be
applied in the water-lubricated bearing eld.
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