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Abstract: To investigate the lubrication mechanism of phytic acid (PA) solution, a “copper–
PA solution–copper” confined model with varying concentrations was established. Molecu-
lar dynamics (MD) simulations were employed to model the behavior of compression and
the confined shear process. By examining the variations in key parameters such as dynamic
viscosity, compressibility, radial distribution function, relative concentration distribution,
and velocity distribution of PA solutions under different normal loads or shear rates, we
elucidated the lubrication mechanism of PA solutions at the molecular level. The results
demonstrate that under standard loading conditions, higher PA concentrations facilitate
the formation of denser hydrated layers with decreased compressibility compared to free
water, thereby significantly enhancing the load-bearing capacity. The shear stress at the
solution–copper interface exhibits a substantial increase as the shear rate rises. This phe-
nomenon originates from shear-driven migration of PA to the copper interface, disrupting
the hydration layers and weakening hydrogen bonds. Consequently, this reduction in
PA–water interactions amplifies slip velocity differences, ultimately elevating interfacial
shear stress. The load-bearing capacity of the PA solution and the interfacial shear stress
between the PA and copper are critical factors that influence the lubrication mechanism
at the PA/Cu interface. This study establishes a theoretical foundation for the design and
application of PA solution as a water-based lubricant, which holds significant importance
for advancing the development of green lubrication technology.

Keywords: water-based lubricant; phytic acid; bearing mechanism; lubrication mechanism;
molecular dynamics

1. Introduction
Friction [1] is ubiquitous in daily life and exhibits both advantageous and disad-

vantageous effects. However, within industrial contexts, friction predominantly presents
unfavorable consequence [2,3]. According to statistical data, in industrial applications,
approximately 20% of energy consumption is attributed to overcoming friction [4]. Lu-
brication constitutes a critical component of tribology research. Typically, lubricants are
employed to enhance the frictional condition of mating surfaces, thereby reducing frictional
resistance and mitigating wear, thus, achieving effective lubrication [5]. Currently, mineral
oil-based lubricants [6,7] are predominantly employed in mechanical systems to mitigate
friction and wear, thereby enhancing machine performance and longevity while reducing
energy consumption [8,9].
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Nevertheless, the annual discharge of a substantial quantity of oil-based lubricants into
the environment poses significant risks to human health and ecological systems due to their
non-biodegradable nature [10,11]. Additionally, concerns over oil depletion and the im-
pending energy crisis have constrained the production of mineral oil-based lubricants [12].
Consequently, there is an increasing impetus to develop environmentally friendly, water-
based lubricants [13–16] as viable alternatives. Water-based lubricants, owing to their
advantages of abundant resources, low cost, and compliance with environmental protec-
tion requirements, are extensively utilized in metal processing operations such as cutting,
grinding, drawing, and rolling, as well as in hydraulic transmission applications [17]. They
are progressively substituting oil-based lubricants. Nevertheless, water-based lubricants
exhibit certain limitations [18], including significant corrosiveness [19] and inadequate vis-
cosity [20], which compromise the load-bearing capacity of the lubricating film. Therefore,
it is imperative to select appropriate additives for water-based lubricants to address these
challenges [21]. Phytic acid [22] (PA), also referred to as inositol hexaphosphate [23], is
a naturally occurring polyphosphorylated carbohydrate found in various plant sources
such as sesame, beans, corn, wheat bran, and brown rice. It has been demonstrated to
be non-toxic to both humans and the environment. A PA molecule contains 6 phosphate
groups, so it has a strong chelation ability, and it can produce insoluble compounds with
metal ions deposited on the metal surface, thus, providing corrosion resistance [24–28];
a PA molecule also contains 12 hydroxyl groups, which can be used as hydrogen bond
donors or acceptors to form strong hydrogen bonds with water molecules and form the
hydrogen bond network inside the solution. Chen [18] et al. employed a PA solution to
lubricate the surface of copper. When the mass fraction of PA in the solution reached 20%,
the friction coefficient on the copper surface stabilized below 0.1, demonstrating excellent
lubrication performance. This indicates that PA serves as an effective lubricating additive
for water-based machinery. However, the specific lubrication mechanisms of PA lubricants
and the synergistic effects between PA molecules and other molecules remain poorly under-
stood. Therefore, this paper employs molecular dynamics simulation [28–31] to investigate
these mechanisms from a more microscopic perspective. Given that copper alloys are com-
monly employed as sliding mechanical components, such as spindle drives in mechanical
systems [32,33], lubrication is essential to minimize friction and wear. Therefore, this study
continues to select copper as the base material to investigate the lubrication mechanism
of PA. When employing molecular dynamics simulations to investigate the lubrication
mechanisms of lubricants, the advantages of molecular dynamics are leveraged to elucidate
the interaction mechanisms between water-based lubricants and copper interfaces across a
broader spectrum of pressure and velocity conditions.

2. Model Establishment and Simulation Details
All calculations are based on the equilibrium molecular dynamics simulation in Ma-

terials Studio 2020 (MS). The Visualizer, Amorphous Cell modeling module and Forcite
computing module of Materials Studio molecular simulation software are used to complete
the research. The COMPASS III force field is utilized to model the interactions between
atoms and molecules. The COMPASS force field [34–37] is a comprehensive computational
framework developed from first principles, capable of predicting properties of both gaseous
and condensed phases simultaneously. It finds extensive application in both organic and
inorganic systems, providing a unified approach to describe diverse material systems.
Moreover, it can accurately represent mixtures of these systems.

Using the Visualizer and Amorphous Cell modules in Materials Studio, bulk phase
models of PA solutions with varying mass fractions (10%, 15%, 20%, and 30%) were con-
structed, as illustrated in Figure 1c. Subsequently, the confining pressure was established at
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standard atmospheric pressure (0.1 MPa) and the temperature was maintained at room tem-
perature (298 K). A molecular dynamics equilibrium simulation of 500 ps was conducted
under the NPT ensemble to ensure adequate time for the structural equilibration of the
model, thereby obtaining a stable density value. In assessing whether the MD simulation
has achieved equilibrium, two primary criteria are considered: first, minimal temperature
fluctuation, and second, minimal energy fluctuation. Both should exhibit constancy or
slight oscillations around a constant value. Typically, fluctuations in temperature and
energy within 5% to 10% of their mean values indicate that the system has reached equilib-
rium. Figure 2a,b demonstrates that both temperature and energy variations in the system
are within this range, suggesting that a simulation duration of 500 ps is adequate for the
system to attain equilibrium. The average of the latter half of the simulation data was
adopted as the final equilibrium density. Upon establishing the liquid layer of the confined
shear model, the model is subsequently constructed based on the density derived from the
bulk phase model. The physical property parameters and specific compositions of each
model are detailed in Table 1.
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Table 1. Physical property parameters, size and composition of each model.

Solution
Type

Wt%
(PA)

Density
ρ (g/cm3)

Model Size
(Å3)

Num. of Water
Molecules (nw)

Num. of PA
Molecules (nPA)

PA10 10 1.0210 35.7 × 35.7 × 35.7 1400 4
PA15 15 1.0561 36.1 × 36.1 × 36.1 1400 7
PA20 20 1.1005 36.3 × 36.3 × 36.3 1400 10
PA30 30 1.1735 37.0 × 37.0 × 37.0 1400 16
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To investigate the load-bearing and lubrication mechanisms of PA solution on copper
surfaces, copper specimens measuring 3.98 nm × 3.98 nm × 2.17 nm were selected as the
upper and lower friction pairs in the confined shear model. The constructed confined shear
model is illustrated in Figure 3. When developing the confined shear model, we utilized
the experimental model illustrated in Figure 4 as a reference. In order to obtain the global
and local minimum energy configurations, eliminate the irrational structure and reduce the
internal stress, it is essential to perform geometric optimization and dynamic relaxation of
the initial configuration. The upper and lower friction pairs were secured, and the interme-
diate liquid layer was optimized using a sequential geometric optimization approach that
combined the steepest descent method and the conjugate gradient method. The maximum
number of iterations was set to 105. Then, the molecular dynamics simulation of 500 ps
was performed at room temperature (298 K) and NVT standard ensemble condition, so that
the liquid layer in the model could further reach a stable state.
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The compression simulation and confined shear simulation were conducted under
the NVT ensemble, with the temperature maintained at room temperature. An external
force was applied to the top copper layer, as illustrated in Figure 3b. The compression
simulation was performed at pressure conditions of 0 MPa, 200 MPa, 400 MPa, 600 MPa,
and 800 MPa for a duration of 500 ps. The conformation of the final frame from the
compression simulation model, subjected to a normal load of 400 MPa, is utilized as the
initial configuration for the subsequent confined shear simulation analysis. Shear velocities
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of equal magnitude but opposite directions are applied to the upper and lower layers of
copper atoms along the X-axis, respectively, as illustrated in Figure 3c. The shear velocities
were set at 0.1 Å/ps, 0.7 Å/ps, 1.0 Å/ps, 3.0 Å/ps, and 5.0 Å/ps, respectively. A simulation
time of 500 ps was chosen to ensure that the model achieved a sufficiently long relative
slip distance during the simulation period. The time step of the above molecular dynamics
calculation process is set at 1fs and the cutoff radius is 12.5 Å. The atom-based method
is used for the calculation of the van der Waals force, the Ewald method is used for the
calculation of electrostatic force, and the Andersen algorithm for temperature control and
Berendsen algorithm for pressure control.

3. Results and Discussion
3.1. Bearing Mechanism of PA Solution Under Different Normal Loads
3.1.1. Alteration in Compressibility

At the microscopic scale, liquid water exhibits compressibility [38]. When subjected to
pressure, the thickness of the liquid layer initially decreases before stabilizing at a constant
value. This change in thickness serves as an indicator of the liquid layer’s response to
external pressure. The thickness of the liquid layer under varying pressures was calculated,
and the average value of the latter half of each simulation dataset was adopted as the
final thickness. This process yielded the variation rule of liquid layer thickness across four
groups of confined models. Given that the initial thicknesses of the liquid layers differed,
the compression ratios for each concentration were computed, as illustrated in Figure 5. As
the concentration of PA molecules in the solution increases, the overall compression rate of
the liquid layer gradually decreases. The greater the number of PA molecules in the solution
model, the more difficult it becomes to compress the liquid layer. In this paper, we utilize
the thickness compression as a metric to characterize the solution’s bearing capacity. Under
identical external pressure conditions, a smaller thickness compression indicates a stronger
bearing capacity of the solution. This enhanced resistance to compression improves the
load-bearing capacity of the liquid layer and consequently enhances the overall bearing
capacity of the solution.
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3.1.2. Formation of Hydrated Molecules

The formation of hydration molecules between PA molecules and water molecules
can be characterized by calculating the hydrogen bonding between PA molecules and
water molecules. The hydration molecular layer constitutes a dynamic interfacial layer
that is formed via hydrogen bonding interactions between PA and water molecules. As
illustrated in the schematic diagram of the PA molecular structure depicted in Figure 1a,
the abundance of hydroxyl groups surrounding the PA molecule significantly enhances its
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hydrophilicity and positively influences the formation of hydrated molecules. In order to
explore the strength of this hydrogen bond, OP and OW (hydrogen bond donor and acceptor
atoms in PA molecule and water molecule, respectively) were taken as research objects,
and the radial distribution function (RDF) curves of OP-OW under different pressures were
drawn for the four groups of solution models in the compression simulation process, as
shown in Figure 6. The radial distribution function is defined as the probability of finding
B particle at the distance r from A particle centered on A particle, which represents the
distribution density of one particle in the spatial structure around another particle. The
calculation formula is as follows:

g(r) =
dN

4πρ2 (1)

where dN is the number of B particles whose distance from particle A is r to r + dr, and ρ

is the average density of particle B.
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The maximum interaction length of a hydrogen bond typically ranges from 3 to 3.5 Å.
If the first peak in the radial distribution function curve appears within this range, it
indicates that a hydrogen bond has formed between the two molecules. Under all pressure
conditions, two distinct peaks were observed at approximately 2.6 Å and 5 Å across all
four model groups, with the peak at 2.6 Å being particularly pronounced, indicative of
hydrogen bonding. Therefore, focusing on the first peak value as the primary subject of
analysis, it can be inferred that during the simulation of the confined model, PA molecules
form hydrogen bonds with surrounding water molecules, thereby aggregating free water
molecules and, subsequently, forming hydrated complexes.

By analyzing the first peak value, it is observed that the position of this peak in the
RDF curve remains relatively stable as pressure increases. This suggests that hydrated
molecules are not easily compressed during the compression process. It can be inferred that
the compressible portion of the solution consists primarily of the relatively loose free water
molecular layer outside the hydration shell. As the concentration of PA molecules in the
solution increases, the volume of the free water molecular layer decreases. As illustrated in
Figure 6d, when the mass fraction of PA reaches 30% and pressure continues to increase,
the first peak value of the RDF exhibits less significant changes compared to solutions
with other concentrations. This suggests that solutions with higher PA concentrations
possess a thicker hydration layer and are less compressible. It is evident that PA and the
surrounding water molecules form hydrated complexes via hydrogen bonding. Multiple
such hydrated complexes are adsorbed onto the surface of the copper atomic layer, forming
a stable hydrate layer that serves as a supporting structure, as illustrated in Figure 6e.

3.1.3. Spatial Distribution of PA Molecules in Solution

To investigate the distribution of PA molecules on the surface of copper, the relative
concentration of oxygen atoms in PA molecules along the Z-axis was calculated for four
distinct model groups during the compression simulation. The results, as illustrated in
Figure 7, depict both the adsorption of PA molecules on the copper atomic layer and
their distribution within the intermediate layer. During the compression simulation, a
significant proportion of PA molecules were adsorbed onto the surface of the copper
atomic layer. Consequently, the relative concentration distribution of oxygen atoms in
proximity to the copper surface exhibited a pronounced peak. The PA molecule, which
is distributed on the surface of the copper atomic layer, possesses a unique structure
containing six phosphate groups and twelve hydroxyl groups. This structure enables it to
chelate with copper atoms, forming stable complexes that effectively prevent corrosion
on the copper surface. Additionally, the efficient adsorption of PA on the copper surface
leads to the formation of a lubricating film. This film prevents direct contact between the
rough surfaces of the friction pair, thereby providing lubrication during the friction process.
Moreover, PA molecules attract neighboring free water molecules via hydrogen bonding to
form hydrated complexes. These hydrated complexes are subsequently adsorbed onto the
surface of the copper atomic layer, along with the PA molecules, forming a relatively dense
hydration layer. As the concentration of PA increases, the thickness of the hydration layer
also increases. Consequently, this layer becomes less compressible, thereby enhancing its
load-bearing capacity.
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3.2. Lubrication Mechanism of Phytic Acid Solution at Different Shear Rates
3.2.1. Relationship Between Shear Stress and Shear Rate

The magnitude of the interfacial shear stress was determined through confined shear
simulations. In this paper, the shear stress is the tangential force parallel to the contact
interface between PA solution and copper. Figure 8a illustrates the variations in shear
stress across different models at various shear velocities. It is evident that an increase in
shear velocity corresponds to a proportional increase in shear stress. At low shear rates
(0.1 Å/ps, 0.7 Å/ps, 1.0 Å/ps), the shear stress of the solution exhibited minimal variation
with respect to the molecular concentration of PA when the mass fraction was 10%, 15%,
and 20%. However, at all tested velocities, the shear stress of the solution containing a 30%
mass fraction of PA showed a significant increase compared to solutions with lower PA
concentrations. To elucidate this phenomenon, the dynamic viscosity of the PA solution was
calculated, and the results are presented in Figure 8b. As the concentration of PA increased,
the dynamic viscosity of the solution progressively rose, which ultimately resulted in an
increase in shear stress within the solution. According to the previous analysis, it can be
concluded that the number of PA molecules in the model is too small, and the liquid layer is
not conducive to the bearing capacity, which will lead to the direct contact of friction pairs
during the actual friction process, resulting in the increase in friction. The excessive number
of PA molecules increases the dynamic viscosity of the solution, which is not conducive to
shear, resulting in increased shear stress. Hence, when assessing the concentration of PA in
the lubricant, it is imperative to take into account the solution’s load-bearing capacity as
well as the impact of its dynamic viscosity on the lubrication performance.
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3.2.2. Influence of Velocity Difference Between Water and PA Molecules on Shear Stress

From the above analysis, it is evident that the shear stress in each model exhibits
a significant increase as shear velocity rises. In this study, we examined the velocity
distribution of molecules adjacent to the copper atomic layer. Specifically, the longitudinal
distribution curves of the translational velocities of OW and OP atoms were utilized to
characterize the motion of water molecules and PA molecules.

Under varying shear rates, the longitudinal distribution curves of the average transla-
tional velocity of OW atoms in each model are presented in Figure 9. The reference line in
the figure denotes the velocity of the copper atomic layer. The vertical distance between
each point on the curve and its corresponding position on the reference line indicates the
velocity difference between water molecules and the copper atomic layer at that specific
location. Points on the curve that are closer to the reference line signify a smaller velocity
difference between water molecules and the copper atomic layer at that position, whereas
points farther from the reference line indicate a larger velocity difference. The analysis
reveals that as the position approaches the central region of the liquid phase layer, the
velocity difference between water molecules and the copper atom layer becomes more
pronounced. Simultaneously, with an increase in shear velocity, the velocity difference
between water molecules and the copper atom layer becomes significantly larger, resulting
in a smoother curve. Therefore, apart from the water molecules adjacent to the surface of
the copper atomic layer, a significant velocity difference is observed between the water
molecules in other regions, particularly those near the midsection of the liquid layer, and
the copper atomic layer. This velocity difference increases with the shear velocity.

The velocity distribution of PA molecules is one of the important factors affecting
the shear stress, which can reflect the distribution of PA molecules in solution during
confined shear from another aspect. Under varying shear rates, Figure 10 illustrates the
longitudinal distribution curve of the average velocity of OP atoms within PA molecules
for each model. It is observed that the velocity difference between the PA molecules and
the copper atomic layer is smaller compared to that between OW and the copper atomic
layer, indicating a higher degree of synchronization between the PA molecules and the
copper atomic layer. The strong adsorption effect of PA molecules on the copper atomic
layer results in a close and stable association between PA molecules and the copper surface.
During the confined shear simulation, PA molecules consistently move in synchrony with
the copper atomic layer, indicating that a stable adsorption film of PA molecules forms on
the copper surface. With the increase in shear velocity, the velocity of OP atom in the middle
of the liquid layer of the model with PA mass fraction of 10% and 15% approaches to 0.
The PA molecules originally distributed in the intermediate layer are pulled towards the
copper atomic layer due to the increase in velocity, causing the PA molecules to be partially
filled with water molecules. In contrast, in the solution with 20% and 30% PA mass fraction,
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the above phenomenon is not obvious due to the large number of PA molecules. Due to
the significant velocity difference between water molecules and PA molecules, the water
molecules initially adsorbed to PA molecules via hydrogen bonds are able to overcome the
constraints imposed by the PA molecules and become free water molecules. This results in
a reduction in the volume of hydrated PA molecules that play a bearing role in the solution.
As the shear rate increases, the number of hydrogen bonds within the hydrated layer
diminishes. This reduction leads to an increased velocity difference between the hydrated
layer at the copper interface and the velocity at the center, consequently increasing the
velocity gradient. According to the shear stress calculation formula [39]:

τ = µ
du
dy

(2)

where τ is the shear stress, µ denotes the dynamic viscosity coefficient, and du
dy signifies the

velocity gradient. It is evident that a greater du
dy results in higher shear stress.
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3.2.3. Influence of Confined Shear on Intermolecular Interactions Within the Liquid Layer

The strength of the interaction between PA molecules and water molecules is a critical
factor influencing the rheological properties of PA solutions. This interaction, which
manifests as hydrogen bonding between the molecules, can be quantitatively characterized
through radial distribution functions and interaction energy calculations. The RDF curve of
H-bond donor acceptor atom OP-OW during the confined shear simulation of four solution
models is shown in Figure 11.
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The magnitude of the first peak value of the RDF curve reflects the hydrogen bond
strength in the solution. In all the four solution models, the magnitude of the first peak
value of the RDF curve decreases with the increase in the shear rate, indicating that the
hydrogen bond strength in the solution decreases with the increase in the shear rate. Based
on the preceding analysis, it is observed that shear stress exhibits a positive correlation with
increasing shear rate, whereas hydrogen bond strength within the solution demonstrates
an inverse relationship with shear rate. Consequently, it can be inferred that there exists
a negative correlation between shear stress and hydrogen bond strength; specifically, as
hydrogen bond strength diminishes, shear stress correspondingly increases.

To further investigate the shear thinning effect of the PA solution, we calculated the
interaction energy between PA molecules and water molecules during the simulation
process. This analysis aims to explore how the strength of hydrogen bonds changes
with varying shear rates, as illustrated in Figure 12a. Interaction energy is a measure
of the interaction energy between different components in the mixed system, which can
quantitatively characterize the interaction force between molecules, and its calculation
formula is as follows:

Eint = EFluid − EWater − EPA (3)
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Eint denotes the interaction energy, while EFluid signifies the total energy of the liquid
layer within the confined shear model. EWater and EPA correspond to the energies of the
water molecule ensemble and the PA molecule ensemble in the liquid layer, respectively.
As illustrated in Figure 12a, as the concentration of PA molecules in the solution increases,
the interaction between PA molecules and water molecules becomes progressively stronger
(in terms of absolute value). Across various shear rates, the interaction for all four model
groups consistently decreases with increasing shear rate. It is evident that as the number of
PA molecules increases, the strength of internal hydrogen bonds progressively intensifies.
Additionally, an increase in shear rate leads to a pronounced shear-thinning effect. This
phenomenon results in a reduction in the viscoelastic properties of the PA solution as shear
rate increases, thereby diminishing its load-bearing capacity and elevating shear stress.

At the same time, we also computed the interaction energy between the PA solution
and the copper interface, with the results presented in Figure 12b. The calculation formula
is presented as follows:

Eint = Etotal − EFluid − ECu (4)

Eint denotes the interaction energy between the PA solution and the copper interface,
while Etotal signifies the total energy of the entire confined shear model. EFluid refers to the
energy of the solution within the confined shear model, ECu correspond to the energy of
copper metal in the confined shear model.

The interaction energy between the PA solution and the copper surface decreases as
the shear rate increases; however, this trend is less pronounced compared to the decrease in
interaction energy between PA molecules and water molecules with increasing shear rate.
Consequently, the primary reason for the increase in interfacial shear stress between the PA
solution and copper as the shear rate increases is the weakening of the interaction between
PA molecules and water molecules. This reduction in interaction leads to an increased
velocity gradient between the two phases, which ultimately manifests as an elevation in
shear stress.

4. Conclusions
In this study, through molecular dynamics simulation, the bearing mechanism of

phytic acid water-based lubricant on the surface of copper under different normal pressure
loads and lubrication mechanism under different shear rate loads were systematically
discussed, and the following conclusions were drawn:

(1) In PA solution, the compressibility of the liquid layer is negatively correlated with
the number of PA molecules. This phenomenon occurs because PA molecules can
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adsorb tightly onto the surface of the copper atomic layer, forming a stable hydra-
tion layer through hydrogen bonding with water molecules. Consequently, in the
liquid phase layer, a distribution pattern of PA hydration layer-free water–PA hydra-
tion layer emerges. In the compression simulation process, the layer of free water
molecules is compressed due to the stable interaction between PA molecules and
water molecules. An increase in the number of PA molecules results in a thicker
hydration layer within the liquid phase, making it more resistant to compression.
Consequently, the compression rate is reduced;

(2) Due to the unique molecular structure of PA molecules (each molecule contains six
phosphate groups and twelve hydroxyl groups), the PA molecule chelates with the
metal to form an insoluble complex that replaces the water molecule in its original
place. This effectively prevents water-induced corrosion on the copper surface;

(3) In the confined shear simulation process, with the increase in shear velocity, a pro-
nounced velocity discrepancy emerges between PA molecules and water molecules,
leading to an elevation in interfacial shear stress. the strength of hydrogen bonds
formed between PA and water molecules diminishes as the shear rate increases, lead-
ing to a shear-thinning effect in the PA solution, which compromises the load-bearing
capacity of the liquid layer.

The results of this study are helpful to further understand the bearing and lubrication
mechanism of PA solution on copper surface and provide theoretical support for engineer-
ing applications in related fields. Future studies will further explore the behavior of PA
solutions on other material surfaces and optimize relevant models to improve the accuracy
of simulations.
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