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Abstract The present paper describes an approach for

fabricating smooth, compact and homogeneous composite

coatings of PHBA/PA/MoS2 on test blocks. The tribolog-

ical behaviors were tested on a ring-block machine. For the

PHBA/PA 6,6/MoS2 coating of 20 wt.% PA 6,6 and

30 wt.% MoS2 with the thickness of 20–40 lm, the steady

friction coefficient was approximately 0.04 with the lowest

wear loss while sliding against AISI 1045 steel ring. The

PHBA in coating was synthesized in situ at 200 �C for the

first step and 260 �C for the second. The chemical struc-

tures and thermal properties of the obtained PHBA were

characterized by means of Fourier transform infrared

spectroscopy (FT-IR) and differential scanning calorime-

try/thermogravimetry (DSC/TG). The results showed that

the chemical structure of the obtained PHBA was identical

to that of the commercial PHBA powder despite that the

decomposition temperature and the crystal transition tem-

perature of the former were approximately 10–20 �C lower

than that of the latter. The influence of nominal pressure

and sliding velocity on the friction coefficient (l) and wear

volume loss of the coatings was investigated. The results

displayed that l increased with the increase of sliding

velocity, while it decreased when the nominal pressure was

increased. For the volume loss, it increased with both the

increase of speed and pressure.

Abbreviations

PHBA Poly(p-hydroxybenzoic acid)

Td Decomposition temperature

Tc Crystal transition temperature

Tm Melting temperature

OM Optical microscope

PA 6,6 Polyamide 6,6

p-ABA p-acetoxybenzoic acid

p-HBA p-hydroxybenzoic acid

THF Tetrahydrofuran

FT-IR Fourier transform infrared spectroscopy

Tg Glass transition temperature

DSC Differential scanning calorimetry

TGA Thermogravity analysis
�Dp Mean polymerization degree
�Mw Mean relative molecular weight

Introduction

PHBA has a series of advantages such as outstanding self-

lubrication, excellent thermoconductivity, and prominent

thermostability in air among all polymers. PHBA has no Tm

or Tg and only shows a crystal transition temperature Tc

approximately to 325–360 �C and decomposes at 535 �C

[1, 2]. Economy et al. [3] proved that its Tc was character-

istics of a plastic crystal or a highly ordered nematic phase

transition for only low molecular weight samples of the

homopolymer. Mathew et al. [4] reported a kinetic study of

the synthesis of PHBA by melt step growth and found that

the polycondensations obey second-order kinetics irrespec-

tive of whether the reaction was catalyzed or uncatalyzed.
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PHBA can ensure a long service life beneath 315 �C and a

transitory one at 370–425 �C. The sliding friction coefficient

of the molded parts of PHBA might be as low as 0.32–0.16.

Nevertheless, PHBA has a shortcoming of poor workability

because it is infusible at any temperature and unsolvable in

any solvent. In recent years, only molded PHBA/PTFE parts

fabricated by cool pressure sintering or compression mold-

ing at a temperature in excess of 400 �C have been applied

for self-lubricants [5]. However, to the author’s knowledge,

no work yet has been reported in the literature concerning a

method similar to ours for preparing the PHBA-based

lubrication coatings through synthesizing PHBA in situ and

forming coatings synchronously, which exhibit potential

applications in aviation and spaceflight.

PA 6,6, with a Tm of 253 �C, may serve as thermo-

plastics with good mechanical performance at elevated

temperatures. It also exhibits good resistance to friction and

wear under rigorous circumstances [6]. More importantly,

PA 6,6 powder can form thin films readily on metals. This

meets our need to improve the formation of thin film on

substrate by doping PA 6,6 in PHBA-based coatings.

From the perspective of chemical interactions, PA 6,6 and

PHBA are both polar molecules. H atoms in the N–H bonds

of a PA 6,6 molecular chain tend to form hydrogen bonds

with O atoms of C=O groups in a PHBA molecular chain. On

the other hand, Fe and Ni can combine with active nonmetal

such as O, S, N, Cl, etc., by the forming ionic bonds.

Meanwhile, on the base of electron distribution of Fe (II) and

Fe (III) and Ni (II), they all own void atomic orbit d so they

can accept both the lone electron pairs of N, O atom in

PHBA and PA 6,6 and p electrons of benzene ring in PHBA.

There exist complex bonds between Fe (II, III), Ni (II), and

PHBA and PA 6,6. The composite coating can tightly attach

to the Ni substrate and so does the transfer film formed

during the wear process to the mating metal to increase the

durability of the tribological system (Fig. 1).

Experimental

Materials

p-ABA was prepared by refluxing p-HBA with a 10% (mole)

excess of acetic anhydride at 130–150 �C [5, 6]. The PHBA

powder (75 lm) for comparison use was presented by

Chenguang Research Institute of Chemical Industry, China.

MoS2 colloidal powder (1–3 lm), PA 6,6 powder (80–120

grids), and other chemical reagents were purchased from

Shanghai Chemical Reagent Research Institute, China.

Experiments & instruments

The test blocks used for fabricating coatings were made of

AISI 1045 steel. Before coating, the test blocks were cut into

the dimensions of 31 9 7 9 6 mm3. A layer of Ni (20 lm)

was then deposited electrically on each block in advance to

increase the wear resistance. Afterwards, the surfaces of the

test blocks (the layer of Ni) were polished via 1,200 grid

emery paper and washed ultrasonically for 1 min in acetone.

Each test block was brushed on its Ni-plated surface with a

slurry (0.3 g/L) which was obtained by adding the powder

mixture of PA 6,6 and MoS2 into the solution of p-ABA in

tetrahydrofuran. In the first step, the synthesis of PHBA was

carried out at 200 �C for 2 h in a salt bath (NaCl). In the

second step, the reaction mixture was heated to 260 �C and

held at that temperature for 4 h. The fabrication of PHBA-

based coatings was performed synchronously. Each step was

under the protection of N2 (99.9%).

In order to inhibit the sublimation of p-ABA, a specific

system of two reactors was designed for preparing the

PHBA or PHBA-based composite coatings. The inner

reactor (U 32 9 41 mm2) was modified from a beaker

(Fig. 2), which was clasped by two steel plates

(60 9 60 9 5 mm3) with nuts to tight them. The interface

between the steel plate and the beaker was sealed with

fluorine rubber. The coated steel test blocks (substrate)

were placed above a large quantity of p-ABA or mixture of

p-ABA/PA 6,6 or p-ABA/PA 6,6/MoS2 to reduce the loss

of p-ABA owing to its inevitable sublimation as possible.

For each case, the composition of the coating was the same

as that of the mixture coexisted in the inner reactor,

namely, content of every ingredient in coating was equiv-

alent to that in the mixture. So the sublimation of p-ABA (a

little amount) in coating on test block would be inhibited

by sublimation of p-ABA (a large amount) in the mixture

according to the theory of Equilibrium Shift. Before heat-

ing, the reactor was filled with N2 and vacuumed

(0.04 MPa) at room temperature. The same process was

repeated three times. The whole inner reactor was sealed

tightly and then placed into another larger (outer) reactor

(U 140 9 135 mm2) with an inlet and an outlet of N2 and a

Fig. 1 Schematic presentation of intermolecular H-bond between

PHBA-PA 6,6 (a) and the interaction of Fe, Ni with PHBA/PA 6,6 via

ionic bond and/or complex bonds (b, c, d)
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heating controlling system. Especially, in order to avoid the

sublimation of p-ABA, vacuuming the inner reactor was

not suitable for preparing PHBA at the second step of the

polymerization process (See Eq. 3 in section ‘‘Principles

for synthesizing PHBA’’) in our research.
�Dp or �Mw of the prepared PHBA and the commercial

PHBA were determined referring to the literature [4]. The

infrared spectra of all samples were recorded on a Shi-

madzu FTIR-8400S spectrophotometer with PHBA

specimens compressed in KBr disks. DSC/TG curves were

obtained on a NETZSH STA 449C interfaced with a

thermal analysis data station. Samples weighing about

10 mg were heated under nitrogen from room temperature

to 600 �C with a rate of 10 �C/min. The sliding wear tests

were carried out on a block-on-ring test machine (type:

MM-200, made in Xuanhua, China) under ambient condi-

tions of temperature and humidity with normal load 50 N

and sliding velocity 0.42 m/s for 1,800 s. An AISI 1045

steel test ring of U 40 9 12 mm2 was polished with an

abrasive paper (Al2O3, 180#) to a roughness of 1.2 lm Ra.

Before each test, the wear track on the test ring was

refreshed by pressing a T 200# metallurgical abrasive paper

for 2 min and washing three times with acetone to ensure

the same initial condition. The wear volume loss was

obtained by the calculation from the depth and width of the

wear track (Fig. 3). The average friction coefficient and

wear volume loss of three replicate tests for each specimen

were reported as results in this study. Thickness of all

obtained composite coatings ranged from 20 to 40 lm

under OM.

Results and discussions

Principles for synthesizing PHBA

p-ABA was prepared from p-HBA according to the Eq. 1

[5, 6]

Then PHBA was polymerized from p-ABA according to

the Eqs. 2 and 3

Fig. 2 The inner reactor for preparing PHBA-PA-MoS2 composite

coating

Fig. 3 Schematic illustration of friction between the test block and

wear ring (a) and the wear scar (b)
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Conditions for preparing PHBA/PA/MoS2 coating

During the synthesis of PHBA, 200 �C for the first step and

260 �C for the second step were the optimal conditions in

this research. The temperatures were about 100 �C lower

than that reported [8] elsewhere. One reason is that a

PHBA homopolymer of a lower �Dp, rather than a higher

one, is beneficial to a low friction coefficient and wear

volume loss. Meanwhile, bubble-like defects were

observed on the surface of the obtained coatings over

260 �C because bubbles of CH3COOH, the by-product of

the reaction, were difficult to be excluded rapidly and

thoroughly in the absence of stirring in this study.

Structure of the obtained PHBA

The infrared spectra testify to the prepared PHBA con-

cerning the identities of absorption bands (Fig. 4) for the

synthesized product and the commercial PHBA powder.

Please note that the PHBA for FT-IR and DSC/TGA analysis

was solely synthesized under the same conditions as that for

obtaining PHBA-based coatings. The both spectra showed a

band at 1,741 cm-l due to the C=O stretching, and a

1,380 cm-l band due to the C–H symmetrical deformation

in –CH3. However, a weak band at 1,680 cm-1 in spectrum

(Fig. 4a) was indicative of the residual end group, COOH, of

the prepared PHBA, while for commercial PHBA powder,

no discernible absorption peak could be found at this posi-

tion. That is, the ratio of COOH in the prepared PHBA

molecular chains was higher than that in the PHBA chains

for comparison. This might be interpreted by the fact that the
�Dp of the prepared OB was relatively lower than that of the

commercial PHBA due to the lower temperature employed

in our study. The �Mw of the prepared PHBA was about

3300–3500, and its �Dp was approximately 33–35. For the

commercial PHBA, its �Mw was determined as 8,500–9,100,

the �Dp was 85–91 [4, 9, 10].

TGA and DSC analysis of PHBA

The decomposition temperature (Td) of the prepared PHBA

was 512.5 �C; for the PHBA powder, 535.5 �C (Fig. 5).

The DSC thermograms exhibit distinct endotherms,

depicting the highly crystalline nature of PHBA. The

crystal transition temperature (Tc) of the prepared PHBA

was 322 �C; for the PHBA powder, 337 �C. The Td and Tc

of the prepared PHBA are lower than that of the com-

mercial PHBA powder [11]. This is in agreement with the

relatively lower �Dp of the prepared PHBA due to the lower

reaction temperature. Anticipating from the starting tem-

perature for decomposition (*350 �C), the prepared

PHBA in our study is suitable to be used under 300 �C.

A PHBA single crystal of lower �Dp (\39) will undergo a

transition into a nematic crystal under shear stress above

Tc. However, a PHBA sample of high molecular weight

( �Dp [ 39) will not exhibit any tendency to flow above Tc

even under a higher localized shear [11]. This may well be

due to the fact that the formation of a nematic phase

requires that sufficient force be applied to overcome the

dipolar interactions between chains. For the low molecular

weight PHBA, there are few ester units contributing to the

stabilization of the structure and the dipolar interactions

within it are easy to overcome by the applied shear. With

the increase in the molecular weight, the shearing process

becomes increasingly difficult due to the increasing num-

ber of dipolar interactions until finally the polymer

becomes intractable.

The flow or orientation of PHBA molecular chains

under shear is facilitated by the presence of lower molec-

ular weight species. In this research, lower temperatures

Fig. 4 IR spectrum of the PHBA synthesized (a) and IR spectrum of

the PHBA commercially available (b)
Fig. 5 TGA and DSC spectrum of the PHBA self-prepared (a) and

the commercially available (b)
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were employed to obtain a PHBA of both a moderate Tc

and �Dp. This will result in a low friction coefficient as well

as a low wear loss for the lubrication coating by plastic

crystal transition and sufficient loadability.

Friction and wear behavior of the PHBA-PA-MoS2

composite coating

The fabricated composite coatings exhibited superb tribo-

logical characteristics. The friction coefficient (Fig. 6)

dropped evidently with increasing MoS2 content of the

prepared composite coating. A steady friction coefficient

less than 0.04 was achieved for the MoS2-50 wt.% coating.

However, the wear volume loss rose remarkably when the

MoS2 content was higher than 30 wt.%. The reasons for

this phenomenon may be that when MoS2 content is higher

than a critical value (e.g. 30 wt.% in this paper), the

adhesion among the coating constituents or of the coating

to substrate will become weaker. This will make MoS2 cast

off the coating, and/or result in the gradual and progressive

wear through the bulk of the coating or even the delami-

nation of coating from substrate due to the origination and

evolution of faults/microcracks at the interface or within

the coating when the load and shear stress go beyond the

film0s yield strength. The friction coefficient was 0.043 for

the coating of PHBA (50 wt.%)/PA 6,6 (20 wt.%)/MoS2

(30 wt.%) with the lowest wear loss during sliding against

the counterpart.

The reduction of friction in a composite coating may be

ascribed to its intrinsic self-lubricity at the tribological

surface. During sliding, chains of lower �Mw PHBA

( �Dp \ 39) undergoes a transition into nematic phase, and

one might expect to see flow of these chains under shear

stress when the local temperature rises above its Tc. Other

PHBA chains, especially those at the edges of PHBA

particles, tend to orient to the direction of the shear stress

due to the breakdown of ester–ester dipole interaction

between the double helices [4]. Meanwhile, PA 6,6 (Tm

253 �C) possesses good friction and wear performances

due to its linear flexible molecular chain which leads to

better rheology and orientation in the sliding direction [14].

All these factors plus low-shear layered MoS2 as solid

lubricant undoubtedly contribute to the low friction coef-

ficients [15] (Fig. 7).

Furthermore, the decrease of the friction coefficient of a

PHBA-based composite coating is also attributed to the

formation of a transfer film on the counterface, which

consists of the wear particles of the coating components

and the products of tribo-chemical reactions (e.g. decom-

posing, crosslinking of polymer chains, and the reaction of

MoS2 with Fe) [16, 17]. Some extent of reduction in the

friction coefficient will be attainable if the transfer film is

molecularly smooth with low shear strength. Besides, the

bonding of the transfer film is enhanced by tribo-chemical

reactions, which thus reduces the wear rate by protecting

the coating surface from aggressive damage of hard metal

asperities. Meanwhile, a back transfer film is simulta-

neously developed on the composite by transferring from

the counterface into the coating. The transfer film on the

metal surface and the back transfer film on the coating are

vital for a low friction coefficient and a long service life of

the whole tribo-system [18].

Influence of the nominal pressure P and sliding velocity

V on the tribological behaviors of the composite coating

The friction coefficient l and wear volume loss of the

coatings appeared strongly to be influenced by the com-

bined action of P and V during contact process. l increased

with the increase of V, while it decreased when increasing

P. For the volume loss, it increased with both the increase

of P and V.

At a constant V, l decreased linearly with the increase of

nominal pressure (Fig. 8). This is plausible because we

could only obtain an incomplete transfer film on the surface

of the wear ring under a low load. With increasing P, stress

at the interface between the contact area increased and the

plastic deformation and shear flow enhanced. This sped the

production of debris of the coating and a smooth, uniform

and consecutive transfer film then grew up on the surface

of the mating metal. This transfer film reduces the friction

coefficient by preventing the direct contact between the

coating and the metal.

On the other hand, l increased slightly when the speed

rose from 0.42 to 0.84 m/s under a constant load. The

reasons for this might be that the transfer film on the

surface of the friction pair became more incomplete due

to the fatigue fracture of certain molecular chains of the
Fig. 6 Friction coefficient and wear volume loss of PHBA-PA-MoS2

coating of various content of MoS2
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polymer, because the impact frequency of the asperities of

metal to the coating rose when V was increased. Mean-

while, the ascending of temperature on the surface of the

coating owing to the friction-induced heat resulted in the

severe plastic deformation and adhesive wear at a higher

V. Then, the adhesion and plough were enhanced with the

increase of the real contact area Ar. Consequently, the

friction force F and l increased with increase in the

sliding speed [19].

Under a low P * V, the wear volume loss of a composite

coating was low while sliding against the counterpart,

which is because only elastic deformation on the coating

without hysteresis occurs and the real contact area is rel-

atively low. However, a rapid increase was observed while

increasing the value of P * V, especially when PV values

exceed 900 Kpa m/s (Fig. 9). In the first place, adhesive

wear will be enhanced with increasing nominal load

because asperities of the mating face will cut in the coating

more deeply and the Ar will increase to be close to the

nominal contact area. In the meanwhile, at a higher speed

and temperature, the higher frequency and deformation rate

as well as the thermally activated fracture will cause the

wear volume loss to grow rapidly. In the second place, the

collapse of the wear resistance of the coating is associated

with the internal instability processes originating from the

rheological modifications when the instantaneous flash

temperature approaches and surpasses the Tm of PA 6,6 or

even the Tc of PHBA. That is, melting of PA 6,6 and shear

flow of PHBA will occur as the local temperature rises

while increasing P or V. Moreover, PHBA has as a high

Fig. 7 Schematic illustration of

lubrication principle of PHBA-

PA-MoS2 coating
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the composite coatings
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heat transfer coefficient as that of the iron, so it will

transfer the friction heat readily from the surface to the

subsurface and even the bulk of the coating. Then tem-

perature grade will form within the area from the surface to

the subsurface and bulk of the coating. The shear defor-

mation will then be enhanced within the surface and

subsurface. The fatigue wear resulting from repeated slid-

ing, on the other hand, will enhance the nucleation and

evolution of the micro-crack at the interface and eventually

lead to a severe wear by transferring a large proportion of

the coating to the metal [20].

Conclusions

(1) The prepared PHBA exhibited an identical structure

to that of the commercial PHBA powder. However,

the former displayed a relatively higher percentage of

–COOH due to the relatively lower polymerization

degree under the conditions employed in our research.

(2) Td and Tc of the prepared PHBA were 512.5 �C and

322 �C, respectively, which makes it possible to use

this kind of PHBA under 300 �C.

(3) The friction coefficient l of PHBA (30 wt.%)/PA 6,6

(20 wt.%)/MoS2 (30 wt.%) with the thickness of 20–

40 lm was approximated to be 0.04 when sliding

against the friction counterpart.

(4) The friction coefficient l and the wear volume loss of

the coating were strongly influenced by the sliding

velocity V and the nominal pressure P during contact

process. l increased with the increase of V, while it

decreased when increasing the P. For the volume loss,

it increased with both the increase of P and V.
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