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In directional drilling, the most important thing that leads to pulling out the drill string is end of mud
motor working life. Considering the working conditions of down hole mud motors; increasing the
mechanical properties of their stator’s elastomer is crucial. Some attempts were done to increase the
motor performance through geometrical changes but lack of material improvement is significant in
previous studies. In this study, NBR/nanoclay composite samples were prepared through melt
intercalation in an internal mixer and tested with regard to the temperature and drilling mud of down
hole. Hardness, tear, fatigue and tensile test results of neat NBR elastomer and nanocomposite of NBR
and different loading of nanoclay showed that the mechanical strength of new composites are
considerably increased. With the help of strain energy method it was revealed that the life of
NBR/nanoclay composite compared to neat NBR was enhanced. Therefore, increasing the working life
and performance of the motor is achievable by using this nanocomposite. In the drilling industry, there
is a direct relation between time and cost; therefore, increasing the working life of the motor leads to a
considerable cost reduction in this expensive industry.
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NOMENCLATURE

PHR Per Hundred Rubber IPPD Isopropyl Phenyl Phenylene Diamine
NC Nano Clay OBTS Oxydiethylene Benzothiazole Sulfenamide
NBR Nitrile Butadine Rubber TMTD Tetramethylthiuram Disulfide

ERT Even Rubber Thickness PCF Pounds per Cubic Foot

CB Carbon Black CPM Cycle Per Minute

DOP Dioctyl Phthalate ROP Rate of Penetration

1. INTRODUCTION

The most important tools for drilling directional and
horizontal oil and gas wells are downhole mud motors
[1, 2] which are designed based on Moineau pumps [3].
These motors convert the hydraulic energy of the
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drilling fluid into rotational mechanical torque of the
bit. Downhole mud motors consist of three main parts:
the power section that is the most important part from
the view point of performance efficiency and working
life [4, 5]; the transmission and the bearing sections
which transfer produced power to the drill bit [6]. The
power section consists of rotor and stator; stator is a
lining elastomer within the metal housing as described
in Figure 1.
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Figure 1. Composition of positive displacement motor [7]

Both the stator and rotor are helical where the stator
always has one more helix than the rotor. The power
section can be made in different lobe configurations.
Drilling fluid is pumped into the power section of the
motor making the rotor rotates inside the stator.
Therefore, the used elastomer is subject to mechanical
stresses at the high pressure and high temperature of
drilling fluid environment [8]; consequently, the
probability of stator failure is more than other parts [4].
Reinforcement of the elastomer, which increase the
motor working life; reduces the number of drill string
trip times for changing the motor and in turn will
reduces the working days of the drilling rig.
Considerable time and cost reduction is possible to
achieve by increasing the working life of mud motors
[9].

Various elastomers are used to produce stator lining,
among which nitrile-based elastomers such as NBR are
widely used. A comparison of various types of
elastomers used in motors was done by Hendrik [10]
and NBR shows a better outcome among the types. It
shows better chemical and thermal resistance, and also
better mechanical and fatigue strength. NBR or nitrile
rubber is a copolymer of butadiene and acrylonitrile
made by emulsion copolymerization method [11]. The
properties of NBR depend on the acrylonitrile weight
percentage which varies from 20 to 50 percent [12].
NBR is particularly used in oil field applications where
a resistance to hydrocarbons at high temperatures is
required [11]. Drilling fluids are often divided into
water-based, oil-based and polymer-based types.
Among these, oil-based drilling fluid has the highest
effect on the elastomer degradation [13]. Usage of
heavier fluid and the higher temperature of the well
precipitate the degradation of the elastomer [14]. NBR
showed satisfactory resistance to nonpolar fluids [10].
Mechanical cyclic stresses are the main reason of
elastomer failure. The mechanical stresses are due to
interactional and continuous contact of rotor and
elastomer.

Several attempts were made to extend the elastomer
life by developing the different design and materials
[15]. By developing the design and introducing Even

Rubber Thickness (ERT) stators motor performance and
working life was enhanced [7]. The difference between
the ERT motors with the conventional Motors is their
uniform even rubber thickness over the inner surface of
the stator housing. The two most significant
improvements are the higher efficiency and higher
temperature tolerate over conventional stators [16]. The
problem is that manufacturing the ERT are very
expensive and normally do not yield accurate parts. On
the other hand, developments in the material
composition of the elastomer can enable more durability
and working life that is not fully investigated so far.
Nanocomposites are a new group of composites in
which at least one dimension of the filler materials is in
the nanometer range [17, 18]. Considering the need for
increasing the elastomer mechanical properties,
nanoclay has been selected as the nano reinforcement in
several studies [19-22]. The clay, known as
montmorillonite consist of plates with an inner
octahedral layer sandwich between two silicate
tetrahedral layers [23]. The privilage of nano clay on
other fillers was investigated from different aspect [24,
25]. For example the mechanical properties of natural
rubber (NR) with 10 per hundred rubber (PHR)
organoclay are comparable to the compound with 40
PHR carbon black without any reduction in the
elasticity of the material [26]. Particle size of the filler is
prime importance in composite reinforcement, whereas
the chemical nature of the filler appears to be of
secondary importance [27, 28]. The effect of filler sized
on the NBR/clay composites was investigated; two
different filler dimensions; clay micro particles and clay
nano particles. The ultimate stress at rupture of
nanocomposites is much higher than microcomposites
[29, 30]. The tensile strength of the Polymer-Clay
hybrids loading 4% clay exhibited two times higher
value compared to that of neat polymers [31]. The effect
of nanoclay type also was investigated. Different clay
types were used as fillers in specific blends through
melt mixing processes to produce polymer-clay
nanocomposites and the optimum concentration to have
maximum thermomechanical properties was found for
each nanocaly [32]. Many attempts have been made on
characterization of morphology, preparation and
mechanical properties of polymer—layered silicate
nanocomposites [33-35]. The dispersion state and
mechanical and thermal properties are strongly depends
on nanocomposite preparation system. The preparations
of rubber/clay nanocomposites by solution blending,
latex compounding, and melt intercalation are covered
and a complete discussion of the mechanical
proportions of these various systems are discussed in
literature [36-38]. The potentialities of these new
materials are still strongly dependent on the
development of reliable processing routes [39-41].
Hydrogenated nitrile rubber heat aging resistance
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with the presence of clay was also studied and its
thermal stability and its useful lifetime was compared
with that of the virgin polymer [42].

The purpose of this work is to improve elastomer
resistance under mechanical loads using NBR/clay
nanocomposite instead of pure NBR and prediction the
working life in different loading of nanomaterials.
Therefore, in this study, different loads of nanoclay
have been added to the nitrile rubber and the effect of
nanoclay loading on mechanical behavior of elastomer
was studied. To investigate the effect of nanoclay on
performance and properties of elastomer, hardness, tear,
fatigue and tensile strength tests were conducted
regarding to working conditions of mud motors in
downhole. In addition, prediction of working life for
nanocomposites stator via strain energy method was
conducted. Toughness, refers to the ability of a material
to absorb energy without fracturing [43]. The
corresponding modulus, called the modulus of
toughness, is the strain-energy density when the
material is stressed to the point of failure. It is equal to
the area below the entire stress-strain curve. The higher
the modulus of toughness, the greater the ability of the
material to absorb energy without failing [44, 45].
Variation of the fracture toughness with the filler
percentage were studied in previous research [46-48].

Although the use of nanoclay in polymer matrix to
improve mechanical properties of materials were
discussed in several research; the application of
nanomaterials in elastomer matrix of mud motors
regarding down hole condition are not presented before
and it is a novel application. Nanocomposite design of
elastomer is an important step to improve the service
life of motor.

2. MATERIAL AND EXPERIMENTAL METHODS

Nitrile rubber containing 33 percent acrylonitrile with
the specific gravity of 0.98 was supplied from Pars
Company. Rubber compound formulation is given in
Table 1. To obtain a nanocomposite with more distance
among its layers, nanoclay of the modified
Montmorillonite type of Cloisite 30B was used as the
nanofiller since its polarity is more similar to the NBR
[49]. The higher polarity of this nanoclay compared to
other types of nanoclay not only causes it to be more
compatible with nitrile rubber which is polar but also
makes the role of electrostatic forces in increasing the
basal spacing of nanoclay layers and the penetration of
polymer into its layer structure more effective [50].
Different percentages of nanoclay were mixed with the
NBR from 0 to 10 PHR by adding 2.5 PHR in each
steps. Therefore, 2.5 PHR NC stands for the
nanocomposite, which contains 2.5 PHR nanoclay.

2. 1. Sample Preparation The compound was

TABLE 1. Nanocomposite compound formulation with
elastomer matrix

Component Role PHR
NBR Elastomer 100
CB600 Filler 60
DOP Plasticizers 5
Zn 0O Activator 5
Stearic Acid Activator 2
IPPD 4010 Anti-Oxidant 1
Sulfur Cure Agent 2
OBTS Accelerators 1
TMTD Accelerators 1
Nanoclay Nano Reinforcement 0,2.5,5,7.5,10

mixed for 12 minutes at 60 °C in a Brabender internal
mixer with rotational speed of 50 rpm. Then in order to
eliminate its bubbles, the compound was rolled by an
open two-roll mill. The rubber compound was cured in a
hot press machine at 165 °C and under the pressure of
10 MPa, according to optimal curing time of ASTM D-
5289-17 standard obtained from Rheometer [51]. The
results have shown that the curing time is reduced with
an increase of the nanoclay percentage. This effect can
be attributed to the ammonium groups in the organoclay
and facilitation of the formation of crosslinks [52]. To
age, the oil-based drilling mud was selected with the
mud weight of 85 PCF (pounds per cubic foot) and
funnel viscosity of 43 seconds per quart. Drill pipe and
annulus space that is between drill pipe and well is filled
with high temperature and high pressure environment of
drilling fluid. To simulate better, the required samples
for each test were placed in oil based drilling mud at 75
°C for 72 hours in the laboratory oven (Figure 2). The
temperature and working hours were chosen according
to the temperature of most oil & gas wells and the
drilling working hours [53]. It is impossible to achieve
all the down hole conditions in the lab, for example the
down hole pressure, depend on vertical depth and mud
weight, reaches to around 8000 psi in most of the
common oil wells all over the worlds.

Figure 2. Tensile sample plunging in drilling mud sample and
in down hole temperature of the oven
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2. 2. Experimental Methods The hardness test is
given by ASTM D2240 standard that is a criterion for
resistance against indentation in specific conditions
[54]. In this test hardness is based on shore A scale
which is the common method for calculating the
hardness of rubber. In conducting this test, the surface
must be flat and the samples must be at least 6 mm
thick. Hardness test is conducted to identify overall
mechanical strength of elastomer.

According to ASTM D624 standard method, there
are three different types of rubber tear strength tests
[55]. Herein, tear strength type C was chosen, which is
the maximum force needed to cut the sample with a 90-
degree angle divided by its thickness and referenced as
tear energy in KN/m or Ib¢/in. The tearing of rubber is a
mechanical process, which begins due to stress
concentration and leads to rupture and failure. The
rupture of motors’ elastomers is one of the main modes
of motor failures.

Mud motor elastomer faces to reciprocate loading
condition of rotor contact. Therefore, fatigue life of
elastomer is important and nanoclay effect on fatigue
behavior of elastomer was measured. The ASTM D4482
method covers one procedure for determining fatigue
life at various extension ratios [56]. The number of
cycles before fracture is registered as life cycle at
specified strain ration. The fatigue testing specimens
were designed according to the standard and consisted
of a modified dog bone shape. Specimens stretched and
released via a continuously rotating cam with 100 CPM
frequency. Device records number of cycles applied to
each specimen before sample is destroyed by fatigue.
Fatigue failures accelerate when elastomer strains are
high and the stator lobes are subjected to high cyclic
loading, consequently compression fit between the rotor
and stator must be selected for the downhole conditions
[57]. Maintaining elastomer dimension in drilling fluid
and decreasing cyclic load number is suggested to have
more fatigue strength. Although decreasing flow rate
leads to decrease in the number of collisions per unit
time, but it can cause less input power and also cutting
transport problem; therefore, it is not preferred.

Tensile strength test was done based on ASTM
D412-06 standard using uniaxial tensile testing machine
(model: H10KS) [58]. For the test, dumbbell-shaped
samples were cut from sheets based on standard C mold.
The test was done at 23 °C with tensile speed of 50 mm
per minute. The values of tensile strength, Young’s
modulus, and elongation at break were directly
determined from the digital display at the end of each
test. Tensile test is the other display of overall
mechanical strength of specimens. The reinforcement of
rubbers is expressed by enhancement of the modulus
and failure properties which means tensile and tear
strength of the compounds [26].

3. RESULT AND DISCUSSION

Figure 3 depicts the rising trend of hardness with
increasing the clay content. It is predictable that
hardness increases by adding nanoclay for both samples,
before aging and after aging test. Increasing hardness in
samples before aging is 10.8, 13.8, 14.6 and 15.4 % and
for aged samples is 16.7, 20.4, 20.4 and 24 % by
nanoclay PHR increment in each step.

After aging, the reduction in hardness of pure NBR
to hardness before aging is about 16% whereas this
value is between 10-12% in all nanocomposite samples.
It indicates, nanoclay shows good effect to maintain
elastomer hardness and minimize hardness reduction in
down hole condition. It is believed that the reduction in
hardness caused rapid stator destruction. This
phenomenon could be ascribed to the strong interactions
established between the elastomer chains and silicate
layers [59]. Figure 4 demonstrates tear strength, which
proved to be also a useful indicator for mechanical
strength of specimens [60]. Different nanoclay content
compounds demonstrated 22.4, 23.2, 38.4, and 34.4
percent increase in tear strength, respectively compared
to neat NBR. Improved tear strength is also in
concordance with tensile and hardness results. The
maximum improvement observed in the sample
containing 7.5 PHR nanoclay.
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Fatigue life of aged elastomer was measured based on
standard. Strain percentage was set on 60, 90, 120 and
150 %. Results were derived by averaging between six
samples. Increasing fatigue life of nanocomposite is
clear in Figure 5 for each definitive elongation. There is
a significant increase in the fatigue life with increasing
nanoclay content. Chunking occurs when the rotor wear
stator in its circular movement and elastomer has
reached the fatigue limit. Small pieces break free
therefore the drilling mud could leak between rotor and
stator, consequently efficiency of power section
decreases. This lead to ROP decrement and to maintain
efficiency and rate of penetration, operators will
normally push motors harder and increase flow rate,
further accelerating the motor working life time.
Therefore, the elastomer has to have ample fatigue
strength to withstand the cycling loads. Stalling the
motor is most probable and pulling out and changing the
mud motor is inevitable.

Motor elastomer mechanical properties decrease in
downhole conditions; both temperature and time are the
main factors during aging. Increasing the Young
modulus, tensile strength and elongation at break
decrease throughout the ageing period and accelerating
degradation. The strain stress diagram is presented in
Figure 6. The Young’s Modulus and also tensile
strength and maximum elongation at break are
comparable factors. This shows the increased modulus
for different compounds of nanoclay. Compounds
samples containing 2.5, 5, 7.5, and 10 PHR nanocaly
demonstrated 71, 80, 120, and 110 percent increase in
tensile strength compared to pure NBR. In addition, the
percentage increase of nanomaterials has increased the
amount of elongation at break point, 11, 6, 22 and 11
percent respectively. Nanocomposite samples have
higher loading capacity than conventional elastomer.
Trend of mechanical improvement is not linear and
decrement of strength at higher loading are
representative of worse nanoclay dispersion within
elastomer phase. For the nanocomposites, the tensile
strength increased rapidly with increasing clay content
from 0 to 2.5 wt%, but the change was less when the
clay content increased beyond 2.5 wt%. Pattern indicate
that intercalation of elastomer chains into the nano
silicate layers is restricted with increasing the clay
content [45]. Remarkable rise of compound modulus is
consequent of chemical bonds between silicate layers
and the elastomer matrix and increased crosslink density
at the presence of nanoclay. The increased hardness and
tensile strength of the elastomer lead to better sealing
between the rotor and stator and consequently higher
efficiency of motor is expected. On the other hand, by
decreasing the wear rate of the elastomer, the life of
stator increases.

Mud Motor Elastomer is exposed to successive rotor
contact under harsh down hole condition. When the

elastomer chunking occurs the failure begins; therefore,
that is a good idea to correspond failure time to the
energy required to destruction the elastomer [57]. In
other words, elastomer strain energy can be correlated
to stator life. Table 2 shows an example of stator life
prediction for samples with different loading of Nano
clay normalized to predicted life of motor with pure
elastomer stator.

The increased life of mud motor, which are
containing nanocomposite elastomer, expected because
of increased toughness modulus. The 7.5 PHR has
maximum strain energy and estimation of mud motor
life with this elastomer is nearly three times of mud
motors with virgin elastomer.
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Figure 6. The strain stress diagram for different loading of
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TABLE 2. Mud Motor life prediction from Strain Energy

Strain Energy Normalized Stator life
(kJ/m®) Stator Life Estimation (Hours)
0PHR NC 2102.20 1 150
25PHR NC 4216.07 2.00 300
5PHRNC 4367.69 2.08 311
7.5 PHR NC 6255.36 2.97 446
10 PHR NC 5611.11 2.67 400
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4. CONCLUSION

With proper selection of tests required for evaluation
elastomer of downhole mud motors performance, the
conducted experiments demonstrate improvements in
stator mechanical strengths. In hardness, tear resistance,
fatigue life and tensile tests, the increase in the
mechanical strength of the new samples was confirmed.
The specimens showed a significant increase in their
strength particularly by addition of small amounts of
nanoclay in first steps. The percentage increase of
nanoclay does not show a linear relationship with
strength increase. This may be due to the less
distribution and dispersion of nanoclay particles in the
matrix phase in higher loading of the nanofiller. No
remarkable changes are recognized in the mechanical
properties with the addition of more than 7.5 wt % of
nanoclay, which suggests the agglomeration of silicate
layers in high content. This is a result because of
constant hardness and a little deduction in tear strength
and toughness energy. The results of this study,
confirm that the incorporation of right selected nanoclay
into NBR matrix, offers increased mechanical strengths
over conventional virgin elastomer. Based on the
mentioned points, the proposed nanocomposite from the
nanoclay strongly increases mud motor performance
and working life. Using the concept of fracture
toughness, increasing motor life is estimated. The result
showed the stator life is possible to increase three times
by adding 7.5 PHR Nano clay in elastomer matrix.
Eventually by increasing motor life by improving the
mechanical strength of elastomer, the total drilling time
will be reduced. Since time and cost is directly related
in drilling industry; therefore, by decreasing the drilling
time significant savings will be made in drilling cost.
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