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Abstract: As a solid lubricant, silver-palladium (Ag-Pd) alloy coating was investigated for the application to high temperature stud 
bolt. A glue layer nickel (Ni) film was deposited on the surface of the hex bolt sample and then Ag-Pd alloy coating was performed 
on it using ion plating method. The friction coefficient of Ag-Pd alloy film coated bolt was lower than that of N-5000 oil coated bolt 
by the result of axial force measurement. The cyclic test of heat treatment was conducted to evaluate the durability of Ag-Pd alloy 
film coated bolt. In a cycle, sample was assembled into the block using torque wrench, followed by heating and disassembling. It was 
not successful to disassemble the N-5000 oil coated bolt from the block after only one cycle. However, the Ag-Pd alloy film coated 
bolt was able to be disassembled softly till 12 cycles. 
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1 Introduction 
 

Nuclear power plant is one of the greatest supplies 
of the world energy demand, supplying almost 15% of 
the world energy demand. To derive nuclear energy, the 
nuclear fuel rod has to be loaded to the reactor of nuclear 
power plant in every 15 months. When the nuclear fuel 
rod is loaded, a stud bolt in the reactor also needs to be 
cyclically disassembled and reassembled. Therefore, the 
stud bolts are one of the most critical parts for the safety 
of nuclear power plant[1]. However, the stud bolts easily 
stuck to the reactor body and degraded because they are 
exposed to the severe working conditions such as high 
operating temperature of 400 °C and relatively high 
contact pressure. Therefore, the stud bolts need to be 
coated with a liquid lubricant, LOCTITE® N-5000 
(Henkel AG & Co), which is widely used in the field. 
When N-5000 is used as a lubricant, however, the 
remaining N-5000 on the disassembled stud bolts should 
be cleaned up, and then the lubricant needs to be 
recoated on the disassembled stud bolts for the 
reassembling. If the cleaning process is insufficiently 
performed, the stud bolts could be stuck to the reactor 
due to the remaining deteriorative lubricant. Compared 
with a liquid lubricant, a solid lubricant has many 

advantages such as an assembly’s cleanliness, relative 
insensitivity to radiation effects, lower volatility and 
lower torque than liquid lubricant[2]. Of various solid 
lubricants, silver (Ag) film is known to have low shear 
strength and produce few wear particles[3−4], and the 
addition of Pd into Ag is known to increase the thermal 
stability of Ag[5]. Therefore, Ag-Pd alloy is considered a 
solid lubricant in order to obtain the superior properties 
of lubrication and durability at once. 

In this work, the lubrication property and durability 
of the Ag-Pd alloy films deposited on Ni coated hex 
bolts by ion-plating system was investigated to clear 
their feasibility for nuclear power plant. A hex bolt made 
up of ASTM A540 was used as a miniature of stud bolt 
and Ni thin film was adopted as a glue layer between the 
hex bolt and Ag-Pd alloys. And, the ion-plating system 
was developed for ionizing material at a glow discharge 
and shows the superior film adhesion due to the 
acceleration of ionized material[6−7]. 
 
2 Experimental 
 
2.1 Preparation of specimens 

A hex head bolt was used for the miniature of stud 
bolt used in nuclear power plant. The bolt size was    
20 m×100 mm and the material was based on ASTM 
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A540, which is the same material of stud bolts in nuclear 
power plant. The surface of bolt was treated with 
alumina grit blasting for cleaning and improving the film 
adhesion, in advance of coating films. The conditions of 
grit blasting were alumina media size of about 65 μm, 
spray distance of 10 cm, spray pressure of 490 kPa, and 
spray exposure time of 30 s. Alumina grit was sprayed 
on the bolt by normal direction. A schematic diagram of 
the ion-plating system used for depositing Ni and Ag-Pd 
alloy films on the bolt is shown in Fig.1. The evaporation 
was carried out by Joule heating from a tungsten filament 
of boat type. The pure Ni, Ag-Pd (purity 99.99 %) and 
alloy slice (3 mm×3 mm×3 mm) were used for 
evaporating raw materials and the mass rate of Ag to Pd 
was 8020׃. The chamber size was 600 mm in diameter 
and 900 mm in height. The degree of vacuum was 
ultimately 1.333 22×10−4 Pa produced by a diffusion 
pump and a rotary pump. An argon gas was supplied to 
the reaction chamber at flow rates of 10 mL/min. The 
deposition pressure was maintained to 0.133 322 Pa 
using a throttle valve. The bolt was rotated at 40 r/min 
and applied to the radio frequency (13.56 MHz) plasma 
source at 150 W in a vacuum chamber. 
 

 
Fig.1 Schematic diagram of ion plating system for depositing 
Ni, Ag-Pd alloy film on hex bolt 
 
2.2 Cyclic test of heat treatment 

Cyclic test of heat treatment was executed to 
investigate the durability of hex bolt coated with Ag-Pd 
alloy. A block, whose size is 110 mm(H)×190 
mm(W)×90 mm(D), was used for the miniature of the 
real nuclear reactor. The material of block was based on 
ASTM A508. For the test, three kinds of the bolts were 
prepared: 1) painted with N-5000 oil on the Ag-Pd alloy 
film/Ni adhesion film coated bolt (N-5000/Ag-Pd/ 
Ni/bolt), 2) Ag-Pd alloy film/Ni adhesion film coated 
bolt without any oil painting (Ag-Pd/Ni/bolt), and 3) 
painted with N-5000 oil on the bolt without Ag-Pd alloy 
film coating (N-5000/bolt). A hex bolt was fastened to 

the block with the 65% load (582 MPa) of yield strength 
of A540 bolt using torque wrench. The measurable range 
of torque was 100−850 N·m. The cyclic test of heat 
treatment was conducted as the following cycle. The 
cycle consisted of three steps: 1) fastening between the 
block and hex bolt with the load of 582 MPa, 2) heat 
treatment at the circumstance of 393 °C for 24 h, and 3) 
disassembling the bolt from the block by torque wrench. 
 
2.3 Film characterization 

The film thickness was measured by α-step 
(TENCOR P−11) and field emission scanning electron 
microscope (FESEM). The film crystallinity was 
determined by X-ray diffraction (XRD) measurement 
using Cu Kα radiation at λ=1.540 5 Å. The film 
composition was determined from energy dispersive 
X-ray spectroscope (EDS). 
 
3 Results and discussion 
 
3.1 Deposition of Ni and Ag-Pd alloy films 

The growth behaviors of both Ni and Ag-Pd thin 
films prepared by ion plating method were investigated. 
The raw materials in the tungsten filament were totally 
evaporated by supplying electrical power fully within the 
plasma of 150 W. Figure 2 shows the film thickness 
evaporated from Ni and Ag-Pd alloy sources as a 
function of the each source quantity, respectively. The 
thickness of both Ni and Ag-Pd films linearly increased 
with the source quantity. The thickness of Ni film 
deposited using Ni source of unity gram was estimated to 
be 300 nm. In the case of Ag-Pd alloy, the growth 
behavior of 250 nm/g was shown in Fig.2(b). Thus, the 
desirable film thickness could be obtained by controlling 
the source quantity. 

Figure 3 shows the dependence of Ag and Pd 
contents in the Ag-Pd alloy films on the applying current 
to tungsten filaments. With increasing the current, the Ag 
content decreased and Pd content increased. When the 
current was increased up to 90 A, the composition of 
Ag-Pd alloy films was similar to that of the raw material. 
It is well-known from the binary phase diagram that the 
melting point of Ag-Pd alloy is dependent on the 
composition ratio of Ag and Pd, and the melting point of 
Ag(80)-Pd(20) alloy is about 1 100 °C, which is much 
higher than that of Ag (960 °C). At temperature of 1 100 
°C, the vapor pressures of pure Ag and pure Pd are 3.99 
Pa and 1.862 mPa, respectively[8−9]. Thus, the high 
current of 90 A applied to tungsten filament is required 
to increase the content of Pd in the Ag-Pd alloy films and 
to increase the thermal stability. The microstructure of 
Ag-Pd alloy film deposited by ion plating was 
determined by XRD. Figure 4 shows the distinct peaks of 
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Fig.2 Dependence of thickness of Ni film(a) and Ag-Pd alloy 
film(b) on source mass 
 

 
Fig.3 Ag and Pd contents of film deposited as function of 
current in ion plating system 
 

 
Fig.4 XRD pattern of Ag-Pd alloy film grown at current of 90 A 

Ag (111), (200) and Pd (111). Those peaks mean that 
Ag-Pd alloy film prepared by ion plating method has 
polycrystalline structure. 

For the durability test of hex bolt coated with Ag-Pd 
alloy, the bolts were prepared under the following 
processes: 1) grit blasting treatment, 2) cleaning in the 
ultrasonic washer, 3) deposition of 50 nm-thick Ni 
adhesion films on the surface of hex bolt, and 4) 
deposition of 500 nm-thick Ag-Pd alloy films on Ni 
surface. Ni thin film was used as a adhesion layer 
between Ag-Pd alloy films and hex bolt, and the 
adhesive strength between Ni films and bolts was 
revealed as 50 MPa by the ASTM C633 standard test 
method. Figure 5 shows the cross section images of the 
bolt coated with Ni and Ag-Pd alloy at the top, side and 
bottom of the screw thread by using FESEM. The 
elements of Ni, Ag, and Pd were detected at the top, side 
and bottom of the screw thread by using EDS. The 
results can be readily explained by conformal deposition 
of the films along the screw thread. 
 
3.2 Cyclic test of heat treatment 

A load along axial direction was determined by the 
axial force measurement (Kawatetsu Keiryoki Ltd.) for 
assembling among three kinds of bolts (N-5000/Ag-Pd/ 
Ni/bolts, Ag-Pd/Ni/bolts, N-5000/ bolts) and the block 
under the same load. The three kinds of bolts were 
fastened to the block with the 65% load (582 MPa) of 
yield strength of A540 bolt using torque wrench. Figure 
6 shows the axial force of three kinds of bolts as a 
function of the torque. For straining the bolt with the 
axial force of 582 MPa, the torques of 538, 488 and 355 
N·m were needed for N-5000/bolts, N-5000/Ag-Pd/Ni/ 
bolts and Ag-Pd/Ni/bolts, respectively. In other words, 
the N-5000 bolt had the highest friction coefficient of 
0.21 among them. The friction coefficient of 
N-5000/Ag-Pd/ Ni/bolts was 0.188, and that of 
Ag-Pd/Ni/bolts had the lowest value of 0.109. This 
means that Ag-Pd alloy film has better lubrication 
property than N-5000 oil composed of nickel and 
graphite flake. 

Cyclic test of heat treatment was executed after 
assembling each bolt into block under the same axial 
force. Once N-5000 bolt was heated at 393 °C for 24 h, 
the bolt was not disassembled from the block despite of 
torquing the bolt on the maximum value of 850 N·m. In 
the test of N-5000/Ag-Pd/Ni/bolt, the bolt was able to be 
disassembled until the fourth cycle. Besides, the torque 
value at disassembling the bolt increased with the 
number of cyclic test. When Ag-Pd/Ni/bolt having the 
lowest friction coefficient was used for the test, the 
number of cyclic test was passed until the twelfth cycle. 
It seemed that N-5000 oil, single-use lubricant, was  
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Fig.5 SEM images and EDS spectra of bolt coated with Ni and Ag-Pd alloy films at top(a1, a2), side(b1, b2) and bottom(c1, c2) of 
screw thread 
 

 
Fig.6 Dependence of axial force of N-5000/bolt, N-5000/ 
Ag-Pd/Ni/bolt, and Ag-Pd/Ni/bolt on torque 

hardened and degraded after heat treatment. Therefore, 
during the cyclic test of heat treatment, remaining oil 
may harm the Ag-Pd lubricant film at the next cyclic test 
in spite of brushing hardened oil from the bolt. However, 
in the case of Ag-Pd bolt without N-5000 oil, the Ag-Pd 
alloy film could lubricate on the block even though the 
bolt was assembled and disassembled 12 times. 
 
4 Conclusions 
 

1) As a solid lubricant, Ag-Pd alloy film was 
successfully deposited by ion plating method as an 
alternative for N-5000 oil. Prior to the Ag-Pd alloy 
deposition, the deposition of Ni films on the surface of 
bolt was prepared to enhance the adhesion between 



Jung-Dae KWON, et al/Trans. Nonferrous Met. Soc. China 21(2011) s12−s16 s16 

Ag-Pd film and bolt. 
2) From the FESEM and EDS results, it was 

confirmed that the Ag-Pd alloy film was uniformly 
deposited at the top, side and bottom of the screw thread. 
Ag-Pd alloy film had a lower friction coefficient and a 
better lubrication property than conventional N-5000 oil. 

3) Moreover, a bolt coated with Ag-Pd alloy without 
N-5000 oil showed a better durability than bolt coated 
with N-5000 oil. Therefore, Ag-Pd alloy film can be 
utilized as a solid lubricant not only in the nuclear power 
plants but also in the markets for the general lubrications. 
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