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Abstract 

Powder metallurgy (PM) is usually used in manufacturing parts with complex 
geometries, such as gears and structural parts. The main attractions of PM 
are the high rate of material utilization, environmental friendliness of 
production, economic advantages (especially for complex geometries), and 
possibility of obtaining lighter components. To find a wide range of 
applications and compete with regular steel gears, PM gear transmissions 
should have good transmission efficiency and wear properties. Furthermore, 
they should have low contact noise and adequate surface fatigue properties. 
Because of the porosity structure of PM gears both on gear flanks and in the 
body, the friction and wear properties of PM gear flank contacts differ 
somewhat from those of regular steel gears.  

   This doctoral thesis examines the efficiency and wear properties of PM 
gears. Paper A compares the wear, friction, and damage mechanism 
properties of two sintered gear materials with those of a standard gear 
material. Paper B deals with the gear mesh torque loss mechanism of PM 
and regular steel gears by combining both pin-on-disc frictional and FZG 
efficiency tests. Paper C comparatively examines the efficiency of PM and 
regular steel gears by conducting FZG gear efficiency tests. Paper D 
focuses on the wear and friction properties of PM and regular steel gear 
materials treated using the triboconditioning process. Paper E studies the 
friction and wear properties attributable to different pore sizes in PM gear 
materials. 

   The results indicate that regular steel meshed with PM gear material and 
PM meshed with PM gear material are good candidate combinations for gear 
transmissions. This is because the porosities of PM material can lower the 
friction coefficient while the wear rate can be the same as or even better 
than that of regular steel contacts. The triboconditioning process enhances 
the wear resistance and reduces the friction coefficient of the PM gear 
material. The friction and wear coefficients of PM meshed with PM gear 
material display increasing trends with increasing pore size. The friction and 
wear coefficients of regular steel meshed with PM gear material display 
decreasing trends with increasing pore size. 
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1  Introduction 
 

Gears are among the most important means of mechanical power 
transmission, mainly because of their high efficiency which can reach over 
99% for a gear pair [1], high reliability, small dimensions compared with the 
transmitted loading, seamless powder transfer, possibility of overloading and 
simple maintenance [2]. The global gear market exceeded EUR 39 billion in 
2005, three-quarters of which was in the automotive sector [3]. One 
drawback of gears is the high cost of production [2] in terms of both money 
and environmental effects. Powder metallurgy (PM) is best known as a ‘near 
net shape’ technology [4] usually used for manufacturing parts with complex 
geometries, such as gears and structural parts. The main lure of PM is its 
economy and environmental friendliness [5]. This thesis focuses mainly on 
the wear and efficiency properties of PM gears from a tribological 
perspective. 

   Standard PM gear manufacturing method entails the compaction of steel 
powders, sintering, heat treatment and gear finishing. It is generally 
acknowledged for its low cost, environmental friendliness and energy saving 
compared with traditional gear manufacturing methods such as hobbing, 
shaping and milling. The porosity on the surface and in the body is an 
inherent aspect of PM material gears that influences the efficiency, wear, 
fatigue and mechanical properties [6, 7, 8] of PM gears. However, the wear 
and efficiency properties of PM gears have been little studied and few 
relevant publications can be found in the literature.   

   Gear material design is another very important aspect of gear 
transmissions and it depends heavily on price especially in large-scale 
production. PM gears are successfully mated with steel and polymer material 
gears [2] because of their low cost and good performance. However, 
literature and experiment studies neglect PM gears meshed with regular 
steel gears. The wear and efficiency properties of PM gears are still 
unknown and the relevant mechanisms need to be understood in details. 

   Surface and coating technologies are increasingly used to enable good 
gear transmission. Surface coating technologies provide lower friction 
coefficients, higher load capacities, and protection against surface failures, 
representing an important way to improve the tribological performance in 
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gear transmissions [9, 10, 11, 12,]. It has been demonstrated that controlled 
texturing on a tribological surface can help to reduce friction in sliding 
contact interfaces. One of the presumed effects of surface texturing under 
boundary lubrication conditions is that micro-dimples may act as fluid 
reservoirs and play a role in promoting the retention of a lubricating film. As 
porosity is inherent in PM gear materials, they have natural fluid reservoirs 
that facilitate the formation of a lubricating film. The application of surface 
and coating technologies in PM gears merits detailed stydies because of the 
unique porosity structure of PM materials. 

   Chapter 1 presents the research background and motivation as well as a 
literature review. Section 1.1 provides basic information on traditional and 
PM gear manufacturing methods and on the unique characteristics of PM 
materials. Section 1.2 describes the characteristics of PM gear materials. 
Section 1.3 discusses the material conbinations and surface energy.  The 
applications of surface and coating technologies in gears are discussed in 
Section 1.4. Section 1.5 describes the wear type and damage mechanism. 
Section 1.6 presents the basic knowledge about gear contact and gear 
efficiency, while Section 1.7 presents the research questions. Finally, the 
research methodologies are presented in Section 1.8. 

 

1.1  Traditional and PM gear manufacturing methods 

Gear manufacturing is rather complicated and presents a challenge for 
supervisors in machining and gear cutting, for metallurgists in heat treatment 
and for quality engineers in ensuring that the quality meets required 
standards. Gear manufacturing processes consist of three steps: (1) initial 
tooth working (rough gear- cutting), (2) heat treatment and (3) gear finishing. 
The last two phases do not necessarily have to be undertaken in the above 
order [2]. 

   In traditional gear manufacturing methods, the initial teeth can be obtained 
using two main groups of methods: generation methods and forming 
methods. Generation methods are based on the principles of gear meshing, 
details are presented in Jelaska [2]. Generation methods includes the Maag 
generation method, Fellows generation method, and hobbing, as shown in 
Figure 1.1. The same concepts and corresponding equations applied to a 
cylindrical gear pair and to cylindrical gear meshed with a rack are also 
applied to the tool and the work-piece in the generation process. 

   Unlike the generation methods in which a single tool can produce gears 
with different numbers of teeth, in the forming cutting methods the tool shape 
is the same as the shape of the tooth space of the gear to be manufactured;
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 thus, for a given module and pressure angle, each tool can in principle 
manufacture just one gear (or series of gears) with a fixed number of teeth. 
To mitigate this drawback and limit the number of tools needed, milling can 
be done with module end mills and wheel-type mill gear cutters as shown in 
Figure 1.2, permitting the use of a single milling cutter to manufacture gears 
with different numbers of teeth. As these methods can lead to incorrect tooth 
profiles, resulting in failed meshing [2], these methods are applied in drives 
rotating with lower loadings and at lower speeds. 

 

(a) (b) (c)  

Figure 1.1: Gear generating methods (a) Maag generation method [13], (b) Fellows generation  

                  method [14] and (c) Hobbing [15] 

 

 

Figure 1.2: Gear forming methods (a) Form milling by wheel-type gear cutter [16] and (b) Form  

                  milling by end mill hob [17] 

   Powder metallurgy (PM) are used to manufacture parts of net or near-net 
shape and is particularly well-suited to the production of gears. Spur, bevel, 
and helical gears can all be made using PM processing [18]. There are three 
basic steps to producing PM gears: mixing, compacting, and sintering [19], 
as shown in Figure 1.3, followed by heat treatment. In the mixing stage, 
metal powder is well mixed to ensure a homogeneous mixture of metal 
powder, which is also mixed with lubricant to ensure that the powder is 
compacted properly. Next, the metal powder is compacted in a compacting 
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unit by a hydraulic or mechanical piston. After that, the gear is sintered in a 
furnace based on the atomic diffusion principle to obtain better mechanical 
properties. Variations of these basic steps, such as infiltration, double 
pressing/double sintering, and powder forging, may be used to improve the 
mechanical properties of PM gears [19]. Alternatively, a gear-finishing step 
such as grinding/superfinishing can be added to qualify critical dimensions or 
to achieve better surface topography that is not possible during rigid die 
compaction. PM gears can be through hardened or surface hardened as 
required for the intended application. In some cases sintering and heat 
treatment can be combined, while in other cases surface densification is 
used to enhance strength. Low-quality gears can be made without the 
grinding/superfinishing step.  

 

 

Figure 1.3: Basic PM gear manufacturing process [20] 

   Compared with traditional gear manufacturing methods, the PM method is 
very low cost, environmentally friendly, and saves considerable time and 
energy [5]. 

 

1.2  Powder Metallurgy materials 

Higher material dampening properties have been observed in PM materials 
than in conventional steel [21], leading to quieter gear transmissions. 
Porosity is inherent to PM gear materials, and Figure 1.4 shows the 
porositystructure of a PM gear tooth. The porosity is indicated by the dark 
blots in Figure 1.4. The porosities on the surface and in the body of PM gear 
materials may influence the efficiency and wear properties. 
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Figure 1.4: Micrograph of a cross-section of a gear tooth made of PM material. 

   The porosities of PM material gears also influence the mechanical 
properties of PM gears [6, 7, 8]. Standard gear steels, for example, 
16MnCr5, are well-known wrought steels with easily identified elastic 
properties. For sintered steels, the situation is more complicated. PM 
materials are porous, and how they are manufactured determines their 
porosity and thus their density and mechanical properties. According to 
Beiss [22], the elastic properties of powder metal steel materials can be 
calculated using the following formulas: 

E E ρ
ρ .        (1) 

v ρ
ρ

.

1 ν 1     (2) 

   where ρo, Eo, and νoare the density, Young’s modulus, and Poisson’s ratio 
of solid steel, respectively. For standard gear materials, the Young’s 
modulus and Poisson’s ratio are usually around 206 GPa and 0.3, 
respectively, while they are around 154 GPa and 0.31 for PM gear materials, 
the lower Young’s modulus and higher Poisson’s ratio being caused by the 
lower density. The difference in these parameters means that the contact 
conditions influence the contact pressure, lubricant film thickness, and 
sliding speed between standard material gears and PM material gears. The 
chemical compositions of the PM materials and regular steel gear materials 
(as reference) used in this research are presented in Table 1.1. RS, AQ, Mo, 
and CrA will be used in the remainder of this thesis to identify the tested 
materials, as follows: 16MnCr5 (RS), Distaloy AQ + 0.2% C (AQ), Astaloy 
85Mo+ 0.2% C (Mo), and Astaloy CrA + 1.8% C (CrA). Porosity is an inherit 
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characteristic of PM materials and different densities can be achieved by 
using different press pressure. AQ1/2/3 and CrA1/2/3 will be used to refer to  
AQ and CrA specimens with maximum porosity size of 52, 42 and 32 µm 
(diameter) in this thesis. 

Table 1.1: Chemical composition (mass %) of RS, AQ, Mo and CrA gear   

                  materials 

  Ni Mn Fe C S P Si Cr Mo 

RS — 
1–
1.3 

96.95–
98.78 0.14–0.19 0.03 0.02 0.4 1.1 — 

AQ 0.5 — 98.8 0.2 — — — — 0.5 

Mo — — 98.95 0.2 — — — — 0.8 

CrA — — 97.6 0.6 — — — 1.8 — 

 

1.3  Material combinations and surface energy 

As PM gears can be successfully mated with standard steel gears [2] so we 
can create a contact with dissimilar material and surface properties. Contact 
between dissimilar materials may create adhesive forces. Adhesive forces 
are generally weaker than cohesive forces [23]. The distinction between 
cohesive and adhesive forces is that cohesive forces occur between 
identical mating materials, while adhesive forces occur between dissimilar 
mating materials. Therefore, the friction coefficient for two similar materials is 
normally much higher than the friction coefficient for two dissimilar materials. 
The adhesion between two surfaces may be due to mechanical, chemical, 
and physical interactions in the areas where the materials are in close 
contact. In the contacts of engineering surfaces, the adhesion is mainly due 
to the formation of fairly weak van der Waals bonds for metals [23]. Strong 
interactions, characterized by chemical bonding or inter-diffusion 
phenomena, can occur on various substrates. Such cases should be 
avoided in engineering.  

   Metallurgical compatibility is the main factor determining the extent to 
which adhesive forces occur between different materials. Adhesive forces 
are difficult to evaluate. Because of this, the thermodynamic concept of the 
work of adhesion per unit area has been introduced [23]. Metallurgical 
compatibility is related to the surface energy of both materials, γ  and γ , 
and to the interface energy, γ , in the contact between the materials. It is 
usually indicated with W  (where the subscripts refer to the two materials in 
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contact) and represents the energy that must be theoretically supplied to 
separate two surfaces in contact [23]. It is defined as follows [23]: 

W γ γ γ      (3) 

   When two equivalent and smoothly finished materials are pressed 
together, the surface energy is completely determined by the adhesive 
energy: γ12 0, W12 2γ1 2γ2. When two different materials are pressed 
together, some interface energy remains, reducing the adhesive energy 
released. For most material combinations, the interface energy lies between 
γ12 0.25 γ1 γ2 , defined as metallurgically incompatible, and γ12
0.5 γ1 γ2 , defined as metallurgically compatible [23]. Surface energies are 
1–3 J/m   for clean metals, 0.1–0.5 J/m  for ceramics, and below 0.1 J/m   
for polymers [24]. Table 1.2 presents typical surface energy values for some 
materials. In the case of metals, the reported values refer to clean surfaces 
but with the presence of an unavoidable (albeit thin) native oxide layer. The 
possible presence of organic contaminants on the surfaces strongly affects 
their surface energy values, generally tending to reduce them. The surface 
energy data come from Ramai et al. [24] and Rabinowicz [25]. Ni has the 
highest surface energy of the materials listed.  

Table 1.2 Values of surface energy for some typical materials [26] 

Metal  γ, J m⁄  Ceramics   γ, J m⁄  Polymer   γ, J m⁄  
Fe 1.5 Al O  0.8 HDPE 0.035 
Cu 1.1 ZrO  0.53 PMMA 0.045 
Al 0.9 TiC 0.9 PA 6 0.05 
Ni 1.7 ZrC 0.6 PVC 0.045 
Ag 0.9 PTFE 0.018 
Pb 0.45 
Cr 1         

   There are several methods to reduce friction due to adhesion [23]: 
combinations of different materials, high-roughness surfaces, liquid or solid 
lubricants, carburizing, nitriding, strong oxide films, thin layers with low shear 
strength, high hardness of both surfaces, and hardness difference between 
surfaces of a factor of 3–5. Alloys generally reduce friction regardless of the 
alloy elements, because they reduce the surface energy, γ, and increase the 
hardness. Carburizing or nitriding creates a beneficial non-metallic surface 
character. Superfinishing creates a smooth surface with low roughness, little 
or no elastic recovery, and a high real contact area, all of which are 
disadvantageous [23]. A strong metallic oxide layer, possibly applied to 
reduce friction, prevents pure metallic contact and increases hardness. 
Lubricants lower surface stress via lower the surface energy [23]. This thesis 
studied the efficiency and wear characteristics of PM material gears meshing 
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with both standard material and PM gears based on several principles: use 
of different material combinations, use of high-roughness surfaces, and use 
of lubricants and alloys to reduce friction due to adhesion [23]. 

 

1.4  Surface and coatings technology 

Increasing the wear resistance of surface material and modifying its frictional 
behaviour are the main objectives of using surface engineering in tribology 
[27]. In some cases, both of these objectives are achieved together. Surface 
engineering technology includes surface modification and surface coating. 

Surface modifications are classified as composition-unchanged and 
composition-changed methods. One popular composition-unchanged 
surface engineering technology is the controlled texturing of a tribological 
surface. It has been demonstrated that this can help reduce friction in sliding 
contact interfaces. One of the presumed effects of surface texturing under 
boundary lubrication conditions is that micro-dimples may act as fluid 
reservoirs and play a role in promoting the retention of a lubricating film. By 
using pin-on-disc tests, Wakuda [28] verified the effect of micro-dimples on 
the frictional properties of a silicon nitride ceramic in contact with hardened 
steel and successfully reduced the friction coefficient from 0.12 to 0.10 under 
lubricated conditions. Using the reciprocating sliding of ball-bearing steel 
against textured diamond-like carbon (DLC) surfaces, Pettersson [29] 
demonstrated that under boundary-lubricated conditions, textured DLC 
surfaces could exhibit excellent performance. In pin-on-disc tests, 
Kovalchenko [30] demonstrated that the beneficial effects of micro-dimples 
are more pronounced at higher speeds and with higher-viscosity oil. Figure 
1.5 shows some examples of surface textures from Wakuda [28] and 
Pettersson [29]. 

 

 

Figure 1.5: Examples of surface textures [28, 29]. 
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Figure 1.6: Porosity structure of PM materials: in the body (left) and on the surface (right) 

 
(a) AQ1                                            (b) AQ1 

 
(c) RS                                                (d) RS 

Figure. 1.7: Surface topography and optical micrographs of worn pin tips, size of measured area  

            120x120μm  

   Porosity on the surface and in the body is an inherent characteristic of PM 
materials and it should have the same role as that of controlled texturing on 
the surfaces of components as shown in [28] and [29]. Figure 1.6 shows the 
porosity (left) in the body of a PM gear and (right) on the surface of a PM 
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gear tooth. Figure 1.7 presents representative surface topography and 
optical micrographs of AQ and RS pins showing the porosity on the surface 
of PM pins. Comparing the surface topography and optical micrographs of 
pin tips of AQ1 (Figure 1.7a and b) and RS (Figure 1.7c and d), we can see 
porosity on the surface of AQ1 but not RS pins. The porosity may influence 
the wear and frictional properties of PM material. Wakuda [28], Pettersson 
[29], and Kovalchenko [30] demonstrated that the scale of the surface 
texturing influences the wear and friction properties, so studying the 
influence of pore size on the wear and friction properties of PM materials 
improves our understanding of the capacity of porosity to enhance friction 
and wear. This is especially the case as surface porosity differs in size 
distribution from the previously mentioned uniform manufactured surface 
artefacts. 

   Utilization of surface coating technology provides lower friction coefficients, 
higher load capacities, and greater protection against surface failures and is 
an important way to achieve improved tribological performance in gear 
transmissions [31–34]. Nowadays, the most popular coating method is the 
vapour phase method, which can be divided into two types, chemical vapour 
deposition (CVD) and physical vapour deposition (PVD). CVD involves 
thermally induced chemical reactions at the surface of a heated substrate, 
with reagents supplied in gaseous form. These reactions may involve the 
substrate material itself, but usually do not. In the process of PVD, the 
coating material is transported to the surface in atomic, molecular, or ionic 
form, delivered by physical rather than chemical means from a solid, liquid, 
or gaseous source. Chemical reactions may, but need not, occur at the 
surface of the substrate, which is generally much cooler than in CVD coating 
[27]. Nowadays, there are some surface-treatment processes intended to 
produce smoother surfaces and improved running-in of the interface, for 
example, the ANS triboconditioning process [35]. This process involves the 
extreme-pressure mechanical treatment of the component surface in 
combination with the tribochemical deposition of a low-friction anti-wear film 
based on tungsten disulfide. It allows the production of a smoother surface 
with a significantly reduced coefficient of boundary friction as well as 
improved wear resistance and load-carrying capacity. In this thesis, certain 
tribological properties of PM and regular steel material treated with the 
triboconditioning process were studied in detail. The pretreatment method 
used mineral oil carrying tungsten (in organic tungstates) and sulphur (in 
organic polysulfides) [36] that undergo the following transformations in the 
tribo-contact on the disc: 

RS R F → F S RR     (4) 

WO F → F WO     (5) 

F WO F S → WS F O   (6)
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R and R  stand for organic radicals, such as alkyl or aryl. 

   Previous studies by Podgornik et al. [37–39] have demonstrated that a 
low-friction reaction film, for example, the tribo-film WS , can form on steel 
surfaces during sliding in a sulphur- and tungsten-rich environment. So, 
there should be the tribo-film WS  formed on the surfaces of components in 
the above chemical reactions. 

 

1.5  Wear and wear mechanism 

Wear refers to the loss of material from a contact surface. Depending on the 
specific wear mechanism, wear is of four types: abrasive wear, adhesive 
wear, surface fatigue, and corrosion wear [23]. Abrasive wear refers to the 
damage to contact surfaces caused by hard particles between the contact 
surfaces. These hard particles may come from the contact components or 
the outside environment. The degree of abrasive wear increases with 
increasing relative speed, load, and the hardness of the hard particles. 
Adhesive wear is material transfer caused by partial melt of the contact 
surface at high temperatures. Fatigue wear refers to micro-cracks caused by 
contact stress concentration and plastic deformation due to the long-term 
effects of cyclic loads. As these micro-cracks expand and intersect, peeling 
happens. Corrosion wear refers to the loss of surface material due to 
chemical or electrochemical reactions between the contacting surface 
material and the surrounding medium. 

 

1.6  Gear contact and gear efficiency 

Gear tooh flanks is a non-conformal contact with a small contact area and 
usually high contact pressure (up to 4 GPa). Along the line of action the 
contact conditions vary from a pure rolling contact at the pitch pont and 
rolling sliding contact outside this point (see section 1.8.4 for clarification). 
For spur gears, the contact is line contact and helical gears have a more 
elliptical contact zone. In highly loaded metallic gears, the influence of 
pressure on lubricant viscosity combined with the elastic deformation of 
bodies play an important role. In practice, the lubricant behave more like a 
solid than a liquid [23]. In general, the gear contact is said to be a mixed 
lubrication regime, which means that the load is partly taken by the lubricant 
film and partly by the surface asperities. The lubrication regime is classified 
as boundary lubrication, mixed lubrication and full-film lubrication as shown 
in Figure 1.8 [40]. At boundary lubrication, the load are mainly taken by the 
asperities. For full-film lubrication, the surface are separated by the lubricant 
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film and no metallic contact occurres. Here, the friction is caused by shear 
forces in the viscous lubricant [41]. 

   The efficiency of gear transmission systems is an increasingly vital 
research area. High-efficiency gear transmission systems generate less 
frictional heat, improve gear failure modes (e.g., scoring and pitting), and 
reduce the amount of oil needed in the lubrication system [2]. The total 
power loss, P , of a gear drive is equal to the sum of the power losses in the 
gears, bearings, and seals [2]: 

P P P P       (7) 

   where P  is the power loss of the gears, P  the power loss of the bearings, 
and P  the power loss of the seals. The power efficiency is determined by the 
following equation: 

η=1-        (8) 

   where P  is the power transmitted. The power losses and efficiency can 
thereby be determined, and the result for a one-step gear transmission drive 
is commonly within the following ranges: η = 0.98–0.988 for cut teeth and η 
= 0.985–0.995 for ground or shaved teeth [2]. 

   The friction originating in surface asperity contact is mainly dependent on 
the load, whereas the friction originating from viscous friction is mainly 
dependent on the speed. It is common to divide the power losses into load-
dependent and speed-dependent/load-independent losses: load-dependent 
losses are caused by friction in the gear mesh and rolling element bearings, 
whereas speed-dependent/load-independent losses are caused by friction in 
seals and lubricant [1]. The friction in gears and bearings is influenced by the 
load, speed, and lubricant viscosity as it follows the dependency first 
revealed by Stribeck [42]. 

 

Figure 1.8: The coefficient of friction varies depending on lubricant viscosity (η), sliding speed (v)  

                  and load (p) [40] 
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1.7  Research questions 

The objective of this thesis is to enhance our understanding of the efficiency 
and wear properties of spur gears made of PM material by studying this 
material from a tribological perspective. The following research questions 
can be derived from the objective: 

 Are there differences in the tribological properties of PM gear materials 
compared with those of regular gear steel? If so, what mechanisms 
underlie these differences? 

 Do PM gears meshed with regular steel gears and PM gears meshed 
with PM gears have higher mesh efficiency than that of regular steel 
gears meshed with regular steel gears? If so, what is the mechanism? 

 How does the tooth surface finishing method influence the efficiency of 
PM gears? 

 Does the pore size distribution in PM gear materials influence their 
friction and wear properties? If so, what is the mechanism? 

 How does the triboconditioning pretreatment process influence the 
friction and wear properties of PM gear materials? 
 

1.8  Research methodology 

This section presents the experimental, simulation, measurement, and 
calculation methods used in this thesis. 

 

1.8.1  Pin-on-disc machine 

The gear contact involves rolling and sliding motions, with the latter 
dominating the friction and wear. The gear contact also involves a number of 
time-varying parameters, which makes the analysis very complex and time 
consuming. Attempts have been made to measure the friction throughout the 
gear mesh cycle [43, 44], but tribology tests are commonly used to study the 
tribological properties of lubricants and materials, and Figure 1.9 presents 
the test used here. A pin-on-disc machine, used to simulate the sliding part 
of the gear contact, comprises a horizontal rotating disc and a calibrated 
dead-weight-loaded pin. The friction force and vertical displacement of the 
pin were automatically measured in the pin-on-disc machine using a load cell 
and a linear variable differential transformer (LVDT), respectively. A 
pneumatic system with a tube and brush was used to provide enough 
lubricant between the contact surfaces. The A–B formulation will be used in 
the remainder of this thesis to identify the materials of disc and pin (or pinion 
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and gear in gear efficiency tests), the former letter identifying the disc 
material (or pinion material) and the latter the pin material (or gear material). 

 

       
Figure 1.9: Configuration of pin-on-disc machine. 

   The friction coefficient was calculated from the measured friction force 
divided by the normal load exerted on the pin by the testing machine’s 
deadweight. Archard’s wear model was used to calculate the wear 
coefficient: 

    KN      (9) 

   where V is the volume loss in m of worn pin. This loss can easily be 
calculated from the diameter of the wear scar on the pin tip. S is the sliding 
distance in m, K is the specific wear coefficient (m N⁄ ), and N is the normal 
load in N. Reformulating this gives: 

    K       (10) 

 

1.8.2  FZG test rig and gear specimens 

The test rig used here utilizes the power loop principle, also known as the 
back-to-back configuration, to supply a fixed torque (load) to a pair of 
precision test gears. The gear test rig consists of a slave gearbox and test 
gearbox connected by two shafts, as shown in Figure 1.10 [45]. One shaft 
has a load lever to apply the load. The test gearbox contains a system for 
heating the test oil and a water-cooling system to help cool the oil to the 
required starting temperature. Temperature sensors, which control the 
heating system according to a preset temperature, are located in the sides of 
both the gearbox and slave gearbox. The test rig is powered by an electric 
motor at variable speeds up to 3500 rpm and in two directions of rotation. 
The transmitted torque, T , total torque loss, T , rotating speed, ω, and 
lubricant temperature, T, are automatically measured and recorded as 
functions of time, t. The FZG gear test rig has 14 load stages. The Hertzian 
contact pressure at the pitch point ranges from 0.15 to 2.2 GPa according to 
the load stage. Andersson et al. [46] found the uncertainty in the torque 



Introduction|15 

 

 

 

measurements to be less than 0.5%. Table 1.3 shows the main parameters 
of the gear specimens used in this thesis research. Figure 1.11 shows the 
configuration of a gear test specimen. 
 
Table 1.3 The main parameters of gear specimens from Paper B and C 
  Symbol Pinion Gear 
Number of teeth z 16 24 
Normal module (mm) m  4.5 4.5 
Gear width (mm) B 14 14 
Pressure angle  20° 20° 
Helix angle β 0 0 
Base diameter (mm) d  67.66 101.49 
Tip diameter (mm) d  82.46 118.36 
Root diameter (mm) d  61.34 98.98 
Centre distance (mm) a 91.500 91.500 
Tip relief (µm) TR 20±3 20±3 
Start tip relief (mm) d  80.3±0.3 115.9±0.3 
Gear quality class acc. to DIN 
3961 5 5 
RMS surface roughness (gear 
tooth) (µm)  0.26 0.25 

 

 

Figure 1.10: Schematic of FZG spur gear efficiency test rig [45]
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Figure 1.11: Configuration of gear test specimen 

 

1.8.3  Gear efficiency calculation 

The calculation procedure used is that of Sjöberg et al. [48], but for clarity it 
is presented here too. Because of complex mechanical and fluid–mechanical 
interactions in the dip-lubricated gear box, there are many power loss 
sources, such as gear tooth mesh, air windage, oil churning, and rotating 
seal and bearing losses. Usually the gear torque losses are classified as 
load-dependent and load-independent power losses, as shown in equation 
(11).  

T  = T  + T   (11) 

   where T  is the measured total torque loss, T  the load-
dependent torque loss, including the gear mesh torque loss and friction loss 
of bearings, and T  the load-independent torque loss, including 
oil churning, air windage, and rotating seal and bearing losses. The load-
independent losses are related to moving parts immersed in the lubricant 
while the load-dependent power losses result from contact between bodies 
in relative motion. The main sources of frictional losses are the gears and 
roller bearings. To distinguish load-dependent and load-independent torque 
loss experimentally, a two-step measurement procedure was used. First, the 
total torque loss, T , is measured under no load under certain test 
conditions. Then the same test is repeated under a given transmitted torque, 
T , but all other conditions are the same as previously. When T  = 0, we can 
find that T 0, so in this case T T . According 
to Eq. (8), we can find the value of T  for various values of T . To 
estimate the gear mesh torque loss, the load-dependent bearing torque loss 
must be removed from T . The load-dependent bearing loss is 
composed of rolling and sliding losses, which can be estimated using Eq. (9) 
[48]:
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T M M      (12) 

where M  is the rolling friction moment, 

M φ φ .      (13) 

and M  is the sliding friction moment, 

M G μ        (14) 

   The FZG gear test rig has a total of eight NJ406 cylindrical roller bearings, 
four on the pinion side and four on the gear side. Bearing friction moment 
losses from the pinion side, T , and the gear side, T , were 
multiplied by the angular velocity of their respective shafts, i.e., ω  and ω . 
The power losses for the eight bearings, T , were then added together 
and divided by the ingoing angular velocity from the motor, ω , in the 
following manner: 

T 4   (15) 

   The gear mesh torque loss, T , can be obtained as follows: 

T  =T -T     (16) 

   The gearbox total efficiency, η , was calculated using Eq. (17), as in Petry-
Johnson [3], by dividing the measured torque loss by the nominal torque 
transferred by the pinion, T , and multiplying by 0.5 to determine the 
efficiency of one gearbox. The gear mesh torque loss was calculated as in 
Eq. (18). The gear mesh efficiency was calculated by dividing the gear mesh 
torque loss by the nominal torque and gear ratio (u) and multiplying by 0.5 to 
determine the efficiency of one gear mesh. This in essence assumes that 
both gear boxes have the same power loss: 

η =1-0.5( )      (17) 

T T T    (18) 

η 1 0.5      (19) 

   In order to quantify the gain (or loss) due to different material gear 
combination or surface roughness, the following equation was used, the unit 
is percentage. 

∆ 100 )      (20) 

 

1.8.4  Simulation of gear contact 
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   The differences in the elastic parameters of powder metal and regular gear 
steel materials could lead to different values of Hertzian contact pressure, 
sliding speed, and film thickness between the RS–RS and AQ–AQ gear 
combinations. Due to the differences in the Young’s modulus and Poisson’s 
ratio between PM and RS materials, the path of contact (coordinate on the 
line of action) and the normal load distribution of PM and RS gears could 
differ. The path of contact of gear tooth contact was calculated using the 
KISSsoft gear calculation software (KISSsoft 03/2014). Using geometric 
parameters [2], KISSsoft also takes into account the gear body rotation, gear 
tooth bending, and Hertz contact deformation, as illustrated in Figure 1.12. 

   The gear tooth bending δ , gear body deformation δ , and Hertz 
flattening δ ,  are calculated by Kisssoft according to equations 21, 22, and 
23 [49] respectively: 

δ cos α 12 dy . tan α  (21) 

δ cos α . 1
.

tan α  (22) 

δ , ln ln   (23) 

   The theoretical radius ρ  of different points on the gear tooth profile can be 
calculated according to the geometric parameters, asdescribed in detail by 
Jelaska [2]. The actual radius ρ is: 

ρ ρ δ δ δ ,     (24) 

 
(a)                               (b)                                         (c) 

Figure. 1.12: Schematic of (a) gear tooth bending, (b) gear tooth deformation caused by gear body                

rotation and (c) Hertz flattening [49] 
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Fig. 1.13: Rolling of two gear profiles accompanied by simultaneous                                                  

                rotation [2] 

 

   In addition ρ will also be the coordinate of the corresponding point on the 
line of action. For some points it is easier to calculate the corresponding radii 
ρ  of the meshed gear tooth. Then N N ρ will be the coordinate of the 
point. N N  is the length of the line of action as shown in Fig. 1.13. 

   The contact stress calculation between two cylinders can be used to 
calculate the contact stress of an arbitrarily curved surface by substituting 
the radii of the surfaces at the contact line. This approximation is used here 
to calculate the maximum contact stress σ  [2] for the gear tooth contact: 

σ     (25) 

   As shown in Fig. 1.13, during the meshing process as the contact point 
moves over the path of contact defined by the shape of the profiles, the 
angles α 	 and α  vary, just like the radii r  (O Y ) and r  (O Y ). The 
peripheral speeds of point Y as the point of profile 1 and 2 are described 
respectively as: 

V r ω       (26) 

V r ω       (27)
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   The difference of the speeds in the tangent direction of the profiles is 
called the mated profiles sliding speed and is 

V r ω sin α 	 r ω sin α    (28) 

   The line contact EHD model [50] of Dowson and Higginson was used to 
calculate the film thickness: 

 

H 1.654
. . . .

. .              (29) 

α is pressure-viscosity coefficient;  is the entry viscosity; The model does 
not take surface roughness effects into account. 

 

1.8.5  Assessment of 3D surface topography 

 

 

Figure 1.14: Schematic of contact between rough and smooth surfaces [45] 

In tribology, the investigation of 3D surface topography is important. It 
reflects what the surfaces look like on a small scale. All engineered surfaces 
are somewhat rough and different surface topographies greatly affect 
friction, wear, and longevity. In the interface of two contact surfaces, surface 
topography significantly affects the contact area; for example, as illustrated 
in Figure 1.14, the real contact area is much smaller than the nominal 
contact area [51]. In lubricated contacts, the surface topography is important 
for lubricant film formation, especially in elastohydrodynamic lubrication 
(EHL) [52]. In this thesis, a Form Talysurf PGI 800 stylus device (Taylor 
Hobson) was used to make 3D measurements of surfaces. The equipment 
has a stylus tip of 2 µm. The 3D roughness measurements were evaluated 
according to the following parameters: average amplitude (Sa) and distance 
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from the highest peak to the deepest valley (Sz). The peakdistribution of the 
gear flank is also captured by the Form Talysurf PGI 800 in order to analyse 
the change of surface roughness before and after the experiment. 

 

1.8.6  Glow discharge optical emission spectroscopy (GD-OES) 

In this thesis, glow discharge optical emission spectroscopy (GD-OES) was 
used to determine the chemical components of the tribo-film formed by the 
triboconditioning process, and to find out whether friction and wear are 
linked to the tribo-film. In GD-OES measurement, the sample forms the 
cathode in a low-pressure glow discharge lamp (GDL) designed for the 
spectral analysis of flat samples. The sample forms a seal against a 12-mm 
O-ring on the lamp front. Positively charged argon ions strike the sample 
surface, which is typically sputtered at a rate of 20–100 nm s–1. The 
sputtered material is atomized and diffuses into the plasma, where the atoms 
are electronically excited to induce element-specific optical emissions. The 
emissions are recorded as a function of time by a multichannel optical 
spectrometer with a maximum sampling frequency of 300 Hz. This provides 
time–intensity elemental depth profiles. This test methodology has been 
previously used to evaluate environmentally adapted lubricants by Bergseth 
et al. [53] as well as biological layers on rails [54] and roller bearing 
lubricants by Olofsson and Dizdar [55]. The advantages and disadvantages 
of GD-OES have been studied by Dizdar [56]. 

 

1.8.7  Scanning electron microscope  (SEM) 

A scanning electron microscope (SEM) is a type of electron microscope that 
produces images of a sample by scanning it with a focused beam 
of electrons. Scanning electron microscopy is a popular method to study the 
surface structure of samples. Due to the very narrow electron beam, SEM 
micrographs have a large depth of field yielding a characteristic three-
dimensional appearance useful for understanding the surface structure of a 
sample. A wide range of magnifications is possible, from about 10 times to 
more than 500,000 times, about 250 times the magnification limit of the 
best light microscopes. In this thesis, some specimens, including both pins 
and gears, were examined using scanning electron microscopy to obtain 
micrographs for studying the damage mechanisms and surface-energy-
caused rough surfaces of gear teeth. 
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2  Summary of appended papers 

This thesis comprises five papers (papers A to E) that deal with the 
efficiency and wear properties of PM gears both experimentally and 
numerically. Paper A examines certain tribological properties of PM gear 
materials, while paper B examines the mesh efficiency of PM gears from the 
perspective of material aspects. Paper C examines the influence of different 
gear tooth surface finishing methods on the efficiency of PM gears. Paper D 
examines the friction and wear properties of PM gear materials treated with 
the triboconditioning process at high contact pressure. As porosity is 
inherent in PM gear materials, paper E examines how the pore dimensions 
in PM gear materials influence their friction and wear properties.  

   In rolling and sliding contact, sliding is the main source of friction and wear. 
Paper A reports a simulation, using a pin-on-disc experiment, of the sliding 
part of the gear contact, examining certain tribological properties (i.e., 
friction, wear, and damage mechanisms) of PM gear materials under 
boundary and mixed lubrication conditions. The results indicate that when 
the disc material is RS, AQ pins always have lower friction coefficients than 
do pins in other material combinations at both high and low speeds. The 
RS–AQ combination is therefore a candidate for improving gear transmission 
efficiency. RS pins used in the Mo–RS test setup display higher wear 
resistance than do AQ or RS pins regardless of the disc materials, and can 
be used in gear transmission applications. 

   Based on the finding of paper A that, compared with all other material 
combinations, AQ pins with RS disc material always had the lowest friction 
coefficients at both high and low speeds, paper B studied in detail the 
mechanism by which the porosity of AQ gear material influenced gear 
efficiency and also considered the feasibility of using pin-on-disc 
experiments to explore gear tooth contacts. Comparing the gear mesh 
torque loss determined in FZG tests with the friction coefficient determined in 
pin-on-disc experiments, paper B demonstrated that at medium to high pitch-
line velocities, the pores mayact as oil reservoirs, enabling good lubrication 
conditions in the RS–AQ combination. Different material combinations can 
prevent adhesive wear, and the existence of the alloying element reduces 
the surface energy in the AQ component. The surface pores of AQ 
components that act as oil reservoirs are speed and loaddependent, and the 
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higher the speed and lower the load, the better the oil-reservoir effect of the 
pores. The trend in gear mesh torque loss is the same as that of the friction 
coefficient determined in the pin-on-disc experiment. Pin-on-disc 
experiments successfully simulate the sliding part of gear meshing, and the 
friction coefficient determined from this can reflect the trend of gear mesh 
torque loss. At low speeds and under heavy loads, the surface porosity of 
AQ (both gears and pins) provides surface roughness that increases the 
opportunities for asperity contact. 

   Smoother gear tooth surfaces can enhance the transmission efficiency of 
traditional gears. But does this apply to PM material gears? Paper C studied 
the efficiency of spur gears made of PM materials – ground versus super-
finished surfaces. Based on an experimental study in a FZG gear test rig 
combined with surface analysis of the gear tooth surfaces and simulation of 
the gear contact mechanics, paper C examined the efficiency of both ground 
and super-finished PM spur gears in detail. Paper C demonstrated that the 
influence of the elastic properties of PM material on gear transmission 
efficiency can be neglected in FZG gear geometry. Gear efficiency is closely 
related to material combinations and surface roughness. The efficiency of 
the super-finished PM material gear combinations is lower than that of the 
ground combination due to adhesive material transfer, in contrast to the 
results from a super-finished regular steel combination [44]. 

   Surface and coating technologies are widely used to enhance the 
tribological properties of gear transmissions. Compared with hard coatings 
such as TiN, WC/C, and diamond-like carbon (DLC), the tribo-film formed 
using the triboconditioning process is softer, cheaper, and is good for 
running-in [35]. Using a pin-on-disc experiment under boundary-lubricated 
conditions, paper D evaluated the tribological performance of standard gear 
material (16MnCr5) and two kinds of PM gear materials (Distaloy AQ + 0.2% 
C and Astaloy 85Mo + 0.2% C) with and without pretreatment. Paper D 
demonstrated that pretreatment enhances the wear resistance and reduces 
the friction coefficient of pins because of the formation of 	WS  as well as Fe 
and W oxides, which enabled good running-in, and because the brushing 
effect led to smoother surfaces. Mo–Mo and Mo–RS combinations displayed 
statistically significant higher wear resistance than did RS–RS and can be 
used in further gear transmission studies.  

   As porosity is an inherent characteristic of PM gear materials, paper A 
demonstrated that when the disc material is RS, AQ and Mo pins always 
have lower friction coefficients than do pins in RS–RS and other material 
combinations at both high and low speeds. Paper E examined the influence 
of the pore dimensionsin PM gear materials on friction and wear properties. 
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By conducting pin-on-disc experiments, the friction and wear properties of 
two PM materials (Distaloy AQ + 0.2% C and Astaloy CrA + 0.6% C) with 
different pore distributions (regarding the pores as circular, maximum pore 
diameters of about 52, 42, and 32 µm were used as measures of pore size 
distribution) were studied in detail. The pore sizes were controlled by using 
different densities of PM materials. The friction and wear coefficients of PM–
PM combinations display increasing trends with increasing pore size 
because of the deformation of the pores on the surfaces of PM discs. The 
friction and wear coefficients of RS–PM combinations display increasing 
trends with decreasing pore size because the pores in the PM pins retain 
lubricant; moreover, certain material combinations are associated with lower 
adhesive wear. 
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3  Discussion 
 

This discussion section is structured by the sequence of the research 
questions and not by the sequence of the appended papers. Some 
suggestions for the PM material industry and for PM gear material research 
are made throughout the chapter.  

Are there differences in the tribological properties of PM gear materials 
compared with those of regular gear steel? If so, what mechanisms underlie 
these differences? 

Though PM allows the manufacture of complex components, including 
gears, we lack knowledge of the tribological performance of PM versus 
standard steel gear materials. In rolling–sliding contact, the main contributor 
of friction and wear is the sliding motion. Using a pin-on-disc machine (paper 
A), we can simulate the sliding part of gear tooth contact in boundary- and 
mixed-lubricated regions, comparing certain tribological characteristics of 
two sintered gear materials with those of a standard gear material. The 
comparison considered damage mechanisms, wear, and friction between 
these materials in different configurations (i.e., standard versus standard, 
sintered versus sintered, and sintered versus standard). Here the standard 
gear material is RS and the PM materials are AQ and Mo. The friction and 
most wear coefficients in the high-speed (4 m s–1) tests were consistently 
lower than in the low-speed tests (0.5 m s–1) regardless of the material 
combination. This is probably due to a mixed lubrication regime in the high-
speed tests and a boundary lubrication regime in the low-speed tests. The 
RS–AQ and RS–Mo combinations always had lower friction coefficients than 
did the AQ–RS and Mo–RS combinations, respectively. The main reason for 
this is believed to be the more open microstructure of the PM material pins, 
whose pores can retain lubricant that improves the lubrication conditions, 
including having a cooling effect on the contact. RS–AQ combinations had 
lower friction coefficients than did RS–RS combinations at sliding speeds of 
both 0.5 and 4 m s–1, mainly because the retain lubricant effect of pores in 
AQ; moreover, certain material combinations are associated with lower 
adhesive wear [23]. By reporting the results of a pin-on-disc experiment, 
Paper E demonstrated that the RS–AQ and RS–CrA combinations had lower 
friction coefficients than did RS–RS and the mechaniam should be the same 
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as mentioned above. The RS–PM gear combination is therefore a candidate 
for enhancing the efficiency of gear transmissions. 

   Paper A demonstrated that the wear coefficients of AQ–RS and Mo-RS 
are lower than that of RS–RS, mainly because these material combinations 
can prevent adhesive wear [23], so PM gear material meshed with RS gear 
material could be useful in gear transmission applications. Paper E 
demonstrated that CrA has reasonable wear resistance, which warrants 
further study of CrA. 

   Paper A found that the pins in the Mo–RS and RS–AQ combinations 
displayed some signs of adhesive wear. For the pins in the PM–PM and RS–
RS combinations, the damage mechanism was more severe adhesive wear, 
such as scuffing. Paper B found that gear teeth in the RS–RS combinations 
displayed greater adhesive wear than did gear teeth in the RS–AQ and AQ–
AQ combinations. The gear teeth in RS–AQ displayed the lightest adhesive 
wear, that is, adhesive wear-like material transfer but without scuffing, unlike 
in the RS–RS and AQ–AQ combinations. Paper E found that the damage 
mechanism in the RS–RS combination is severe adhesive wear, such as 
scuffing and material transfer. The damage mechanism in AQ1–AQ1 is 
heavy scuffing combined with material transfer and peeling. In the AQ2–
AQ2, CrA3–CrA3, and CrA1–CrA1 combinations, the damage mechanism is 
scuffing, but milder than that in AQ1–AQ1. The slight scuffing than that in 
AQ1–AQ1 was mainly caused by the smaller pores. The damage 
mechanism in the RS–PM combination is very slight scuffing, sometimes 
accompanied by peeling when the pores are large. Papers A, B, and E 
found that the damage mechanisms in the RS–PM combination are all less 
severe than those in the RS–RS and PM–PM combinations; the main 
reasons for this are likely that the porosities of the PM components enabled 
good lubrication and that the particular material combinations prevented 
adhesive wear [23]. 

Do PM gears meshed with regular steel gears and PM gears meshed with 
PM gears have higher mesh efficiency than that of regular steel gears 
meshed with regular steel gears? If so, what is the mechanism?  

Based on the results presented in paper A, that the RS–AQ combinations 
had lower friction coefficients than those of RS–RS at sliding speeds of both 
0.5 and 4 m s–1 and that the AQ–AQ combinations had lower friction 
coefficients than that of RS–RS at a sliding speed of 4 m s–1, paper B 
studied the gear mesh efficiency of RS–AQ and AQ–AQ gear combinations 
in terms of gear mesh torque loss by conducting an FZG gear experiment 
using RS–RS gear combinations as the reference. Paper B also compared 
the trend in gear mesh torque loss found in the FZG gear experiment with 
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the trend in the friction coefficient found in the pin-on-disc experiment in 
paper A. Paper B also discussed the pin-on-disc setup. 

   Paper B demonstrated that at a pitch-line velocity of 0.5–20 m s–1, the 
value of the gear mesh torque loss of the RS–AQ gear combination is 
consistently smaller than that of the RS–RS and PM–PM combinations, and 
that the same is the case for the friction coefficient of RS–AQ as measured 
in a pin-on-disc experiment when the maximum Hertzian contact pressure is 
900 MPa. The low gear mesh torque loss and friction coefficient of the RS–
AQ combination is believed to be mainly due to the surface pores of the AQ 
parts, which retain oil and supply enough lubricant to lubricate the contact 
surfaces. Several sources [28–30] demonstrate that controlled dimples on 
contact surfaces act as lubricant reservoirs and play a role in promoting 
better lubrication and decreased friction. The calculated pore size (i.e., 
average length and width) in the AQ pins and gear teeth is 25–35 µm. 
Wakuda [28] recommended a dimple size of approximately 100 µm under 
the tested friction conditions. Pettersson [29] demonstrated that 5- and 20-
μm grooved textures and a surface with 5-µm-deep depressions exhibited 
good frictional properties. Kovalchenko [30] demonstrated that circular 
dimples 58 and 78 µm in diameter substantially reduced the friction 
coefficient. In the present research, the gear mesh torque loss and friction 
coefficient results for the AQ gear teeth and pins with pore sizes of 25–35 
µm displayed the same behaviour as that reported previously [28–30], that 
should be, the pores on the surfaces of the AQ components act as lubricant 
reservoirs enabling good lubrication. Van Beek [23] demonstrated that 
certain material combinations can prevent adhesive wear, indirectly 
enhancing transmission efficiency. Paper B demonstrated that adhesive-
wear-like scuffing occurred on all surfaces of both the AQ and RS gear teeth 
and pins. However, there was heavy adhesive-wear-like scuffing and 
material transfer on the surfaces of the pins and gear teeth of the RS–RS 
combination. As with the AQ gear teeth and pins in the AQ–AQ and RS–AQ 
combinations, there was adhesion, but only a little scuffing and material 
transfer compared with the RS–RS combination. Therefore, the reduced 
adhesive wear in certain material combinations and the existence of alloys in 
the AQ materials reduced the gear mesh torque loss of the RS–AQ gear 
combination and the friction coefficient in RS–AQ pin-and-disc combination. 
Paper B also demonstrated that the AQ–AQ combination had the highest 
load-dependent torque loss at lower pitch-line velocities of 0.5 and 1 m s–1 
and the highest friction coefficient at a sliding velocity of 0.5 m s–1. This is 
mainly because the pores on the surface of AQ components act as lubricant 
holders are speed and load dependent. Pettersson [29] also demonstrated 
that 50-µm textures could not sustain the low friction and suffered severe 
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wear at somewhat lower speeds. Above a pitch-line velocity of 2 m s–1, the 
AQ–AQ combination consistently displayed lower gear mesh torque loss 
than did the RS–RS combination, while the friction coefficient at a high 
sliding speed (4 m s–1) displayed the same trend as did the gear mesh 
torque loss. The lower gear mesh torque loss and friction coefficient of the 
AQ–AQ combination at high speed are mainly caused by pores on the 
surface of AQ components that act as oil reservoirs [28–30] and by the 
existence of alloying elements that reduce the surface energy [23]. 

   Paper B demonstrated that when the maximum Hertzian contact pressure 
is 1080 MPa, at speeds of 0.5–3.2 m s–1, both the gear mesh torque loss 
and the friction coefficient of the AQ–AQ and RS–AQ combinations are 
higher than that of the RS–RS combination at 0.5 m s–1, mainly because the 
pores in the AQ component act as oil reservoirs to enable good, though 
speed-dependent, lubrication. The pin-on-disc tests of Kovalchenko [30] 
demonstrated that the beneficial effects of micro-dimples are more 
pronounced at higher speeds with higher viscosity oil. Above a pitch-line 
velocity of 8.3 m s–1, the gear mesh torque loss of RS–AQ is the smallest of 
all material combinations, except at 15 m s–1. The main reason is probably 
that the pores on the surfaces of the AQ material components act as oil 
reservoirs that lubricate the contact surfaces at higher speeds. The 
lubrication effects of these surface pores of AQ components are speed and 
load dependent: the higher the speed and lower the load, the better the 
pores can act as oil reservoirs. The trend in gear mesh torque loss is the 
same as that of the friction coefficient in the pin-on-disc experiment. The pin-
on-disc experiment successfully simulated the sliding part of the gear 
meshing, the friction coefficient of which can be used in predicting the trend 
in gear mesh torque loss. 

How does the tooth surface finishing method influence the efficiency of PM 
gears? 

Paper B investigated the gear mesh torque loss of ground RS and PM 
material gears, but the efficiency of super-finished PM gears is unknown. 
Super-finishing the gear surfaces is a common method to enhance gear 
transmission efficiency. Using efficiency data for ground [47] and super-
finished [44] regular steel gears as a reference for further research, we 
undertook additional research using the same test setup on gears made of 
PM material. In paper C, the transmission efficiencies resulting from two 
surface-finishing methods (grinding and super-finishing) were evaluated. The 
bending stiffness of the gear teeth influences the efficiency of gear 
transmission. As the Young’s modulus and Poisson’s ratio of PM materials 
are lower than those of standard gear steel, reducing the bending stiffness of 
PM gear teeth, we checked whether these differences altered the contact 
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stress, sliding speed, and film thickness at the contact point and thereby 
affected the gearbox efficiency. The surfaces of the flanks of all gears were 
analysed for both the material and the surface-finishing method. The 
simulation results indicated that the load distribution, sliding speed, and film 
thickness of PM and RS gears are almost the same, so the influence of the 
elastic properties of PM material on gear transmission efficiency in FZG gear 
geometry can be neglected. The experimental results indicated that the 
efficiency of the super-finished PM material gear combination is lower than 
that of the ground combination, in contrast to the results for a super-finished 
regular steel gear combination. The surface analysis indicated that the 
surface roughness of both ground and super-finished AQ–AQ and RS–RS 
gear combinations are nearly the same both before and after the 
experiment. The SEM micrograph studies (Figure 3.1) showed that the lower 
efficiency of the super-finished AQ–AQ gear combination is due to heavy 
adhesive material transfer caused by the super-finished surfaces and higher 
surface energy. For reference, an SEM micrograph of the super-finished 
RS–RS combination is also shown in Figure 3.1. Van Beek [23] 
demonstrated that R  > 0.2 µm is often more advantageous for surface 
energy, otherwise the contact will have higher surface energy. In paper C, 
the surface roughness of the AQ gear, R , was reported to be approximately 
0.15 µm. The AQ gear contains Ni, which has the highest surface energy as 
shown in Table 1.2. So the low efficiency of the super-finished AQ–AQ gear 
combination is caused by the smooth surface combined with the high 
surface energy of the Ni in the AQ material. Further research is necessary, 
especially into the alloying elements used in super-finished PM gears to 
decrease the surface energy.  

 

                       (a) RS–RS                                         (b) AQ–AQ 

Figure 3.1: SEM micrographs of gear flanks 

Does the pore size distribution in PM gear materials influence their friction 
and wear properties? If so, what is the mechanism? 
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Paper A comparatively investigated certain tribological properties of RS and 
PM gear materials. Paper A demonstrated that RS–AQ combinations had 
lower friction coefficients than did RS–RS at sliding speeds of both 1 and 4 
m s–1, mainly because the pores in AQ act as lubricant holders, enabling 
good lubrication, and because certain material combinations can prevent 
adhesive wear [23]. AQ–AQ combinations had lower friction coefficients than 
did RS–RS at a sliding speed of 4 m s–1, also because the pores in AQ act 
as lubricant holders, enabling good lubrication. Pins in the AQ–RS and Mo–
RS combinations had lower wear coefficients than did pins in RS–RS mainly 
because of certain material combinations can prevent adhesive wear [23]. 
Paper B investigated the gear mesh torque loss of RS–RS, RS–AQ, and 
AQ–AQ gear combinations and compared the trend in gear mesh torque loss 
with the friction coefficient trend determined in the pin-on-disc experiment 
reported in paper A. Paper B demonstrated that the lubricant reservoir effect 
of pores of AQ components are speed and load dependent: the higher the 
speed and lower the load, the better the pores can act as oil reservoirs. 
Porosity is an inherent characteristic of PM materials and the pore size can 
be controlled by the densities of these materials. Based on the research 
results presented in papers A and B, paper E studied the influence of 
different pore size distributions (regarding the pores as circular, maximum 
pore diameters of about 52, 42, and 32 µm were used as measures of pore 
distribution) in two kinds of PM gear materials (AQ and CrA) on friction and 
wear in order to make full use of the porosity structure of PM materials. The 
pore sizes are controlled by the densities of the PM materials. As reference 
material, a standard gear material (RS) was used. Paper E demonstrated 
that the friction and wear coefficients of PM–PM combinations tend to 
decrease with decreasing porosity size. With the increasing density of PM 
discs, the pores become fewer and smaller (shrinking from 52 to 32 µm in 
diameter), providing fewer opportunities for asperity contact. Therefore, the 
friction and wear coefficients of PM–PM combinations increase with 
increasing pore size, so for such gear combinations, smaller pore size (i.e., 
high density) is recommended. The friction and wear coefficients of RS–PM 
combinations tend to increase with decreasing pore size, and the friction 
coefficient of RS–PM is lower than that of RS–RS, the same result as in 
paper A. As the density decreases, the increasingly large pores of PM 
materials will hold more lubricant and enable increasingly better lubrication 
conditions, so the friction and wear coefficients will increase with increasing 
density. In RS–PM gear combinations, low-density PM gears are 
recommended. No matter what the disc material, peeling is one of the main 
damage mechanisms for PM pins with a density of 6800 kg m–3. 



Discussion|33 

 

 

 

 

How does the triboconditioning pretreatment process influence the friction 
and wear properties of PM gear materials? 

The effects of the triboconditioning process on the friction and wear 
properties of PM gear materials are examined in paper D. Surface coating 
technology provides lower friction coefficients, higher load capacities, and 
greater protection against surface failures and is an important way to 
achieve improved tribological performance in gear transmissions [57–60]. 
The triboconditioning pre-treatment combines extreme mechanical pressure 
on the disc surface with the deposition of a tribochemical film based on 
tungsten disulphide. The mechanical pressure treatment has a burnishing 
effect, as some of the asperities on the surface are reduced and the valleys 
are gradually filled with the compound. In paper D, only the disc was coated 
because it was too difficult to apply the pretreatment to the pin tip given its 
hemispherical shape. The tribo-film formed during the pretreatment is softer 
and cheaper than coatings such as WC and is good for running-in [35]. The 
GD-OES measurements indicated that the tribo-film contained Fe, O, W, S, 
and some C. Accordingly, paper D focused on the running-in effect of the 
tribo-film. Paper D demonstrated that the pretreatment enhances the wear 
resistance and lowers the friction coefficient of pins because of the formation 
of 	WS  as well as Fe and W oxides, which enabled good running-in, and 
because the brushing effect led to smoother surfaces. Paper D measured 
the surface roughness parameters of the disc: S  was 0.13 and 0.10 µm and 
S  was 2.75 and 1.37 µm before and after the pretreatment, respectively. 
The surface roughness of the disc was considerably modified by the 
pretreatment, which was the expected result of running-in.  

   The 3D surface parameters in Table 3.1 indicate that pin surfaces are 
smoother when pins are combined with pretreated rather than un-pretreated 
discs. The smoother pin surface is formed with the help of the disc 
pretreatment. 

Table 3.1: Surface amplitude parameter results for pins.  

  
Material 
combination 

RS–
RS 

AQ–
RS 

Mo–
RS 

Mo–
Mo 

AQ–
AQ 

RS–
AQ 

Sa 
(µm) 

Substrate 0.25 0.26 0.25 0.29 0.3 0.21 
Pretreatment 0.18 0.21 0.17 0.12 0.19 0.14 

Sz 
(µm) 

Substrate 1.73 2.79 1.56 1.8 1.09 1.88 
Pretreatment 1 1.42 1.1 1.1 1.14 1.2 

    The pretreatment therefore increases the wear resistance and lowers the 
friction coefficient of pins because of the formation of 	WS2 as well as Fe and 
W oxides, which enabled good running-in, and because the brushing effect 
of the pretreatment lead to smoother surfaces. 
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4  Conclusions 
 

The thesis research allows the following conclusions to be drawn:  

 The sliding part of gear tooth contact was simulated by conducting pin-
on-disc experiments. The RS–AQ and RS–Mo combinations always 
have lower friction coefficients than do the AQ–RS and Mo–RS 
combinations, respectively. The main reason for this is the more open 
microstructure of the PM materials, whose pores can retain lubricant that 
improves lubrication and heat dissipation. The RS–AQ combinations 
always have lower friction coefficients than do the RS–RS combinations 
because the pores act as lubricant holders and because certain material 
combinations can prevent adhesive wear. Pins in the Mo–RS and AQ–
RS combinations displayed higher wear resistance than did pins in the 
RS–RS combinations, mainly because particular material combinations 
can prevent adhesive wear. 

 Comparing the trend in gear mesh torque loss determined in the FZG 
gear experiment with that of the friction coefficient in the pin-on-disc 
experiment indicated that the two trends were similar. Pin-on-disc 
experiments successfully simulate the sliding part of gear meshing, so 
the friction coefficient determined in this experiment can reflect the trend 
in gear mesh torque loss. The RS–AQ gear combination is a good 
candidate for gear transmissions at medium to high pitch-line velocities 
because the pores in the AQ act as oil reservoirs that enable good 
lubrication conditions; moreover, certain material combinations can 
prevent adhesive wear and the presence of the alloying element reduces 
the surface energy of the AQ component. The oil reservoir effect of the 
surface pores of AQ components is speed and load dependent: the 
higher the speed and lower the load, the better the pores can act as oil 
reservoirs. 

 The efficiency of a super-finished PM gear transmission was studied by 
conducting an FZG gear experiment. The efficiency of the super-finished 
PM material gear combination is lower than that of the ground 
combination due to heavy adhesive material transfer caused by the 
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super-finished gear tooth surfaces and high surface energy. This is in 
contrast to the results from a super-finished regular steel gear 
combination.  

 Pin-on-disc experiments indicated that the friction and wear coefficients 
of PM–PM combinations tend to increase with increasing pore size, while 
the friction and wear coefficients of RS–PM combinations tend to 
decrease with increasing pore size. 

 The triboconditioning pretreatment enhanced the wear resistance and 
lowered the friction coefficient in the pin and disc contact because of the 
formation of 	WS  as well as Fe and W oxides, which enabled good 
running-in, and because the brushing effect led to smoother surfaces. 
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5  Future work 
 

This thesis studies the efficiency and wear properties of spur gears made of 
powder metallurgy materials. Some productive avenues for future research 
are suggested by the author, as follows: 

 As pins in PM–RS combinations displayed higher wear resistance in the 
pin-on-disc experiment, more investigation is needed to study the wear 
properties of PM–RS gear combinations by conducting FZG gear wear 
tests. Similar investigations are needed of CrA–CrA combinations as 
well. 

 The surface energy is of great importance for the transmission efficiency 
of super-finished PM gears. Further research is necessary to study the 
surface energy of PM materials to find ways to decrease it.  

 The influence of pore size on PM gear materials from pin-on-disc tests 
needs to be studied further by conducting an FZG gear efficiency 
experiment. 

 The porosity structure of PM gear material should help reduce noise and 
vibration in PM gear transmissions. As the elastic properties of PM gears 
differ from those of RS gears, the dynamic properties of PM gear 
transmissions need to be studied in detail both numerically using the 
finite element method and experimentally using laboratory tests. 
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a b s t r a c t

Though powder metallurgy (PM) allows manufacturing of complex components, including gears, we lack
knowledge of the tribological performance of PM versus standard steel gear materials. Using a pin-on-
disc machine, we simulate the sliding part of gear tooth contact in boundary and mixed lubricated
regions, comparing the tribological characteristics of two sintered gear materials with those of a
standard gear material. The comparison considered damage mechanisms, wear, and friction between
these materials in different configurations (i.e., standard versus standard, sintered versus sintered, and
sintered versus standard). The results indicate that, for pairings of the same gear materials, i.e., RS–RS
(16MnCr5), AQ–AQ (Distaloy AQþ0.2% C), and Mo–Mo (Astaloy 85Moþ0.2% C), RS has a lower friction
coefficient. For PM and RS combinations, both PM pins have lower friction coefficients with RS disc
material than do RS pins with PM disc materials. For the wear coefficient, at low and high speeds, RS pins
always display better wear resistance than do AQ or Mo pins because of their high hardness and
compacted microstructure. For RS–PM combinations, Mo pins display higher wear resistance than do AQ
pins because their larger and more numerous pores enable good lubrication. Pins in the Mo–RS
combination displayed the highest wear resistance, mainly because the pores in Mo discs hold lubricant,
lubricating the contact surface and preventing adhesive wear. For the RS pin in the Mo–RS combination
and the AQ pin in RS–AQ, the damage mechanism is slight adhesive wear and scuffing. For pins in the
PM–PM, RS–PM, AQ–RS, and RS–RS combinations, the damage mechanism is a heavier scuffing-type
adhesive wear.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Powder metallurgy (PM) is usually used in manufacturing parts
with complex geometries, such as gears and structural parts.
The main attraction of PM is the high rate of material utilization,
environmentally friendly production, economically especially for
complex geometries and possibility of obtaining lighter compo-
nents. PM steel gears do not behave like wrought steel gears in
terms of fatigue and other mechanical properties, mainly reason
lies in the pores remaining in the final product after PM gears are
compacted, sintered, and heat treated. Porosity greatly influences
the mechanical properties of sintered steels [1–3]. In addition,
porosity at or near the surface influences the coefficients of friction
and wear. Sonsino [4] found that the fatigue properties of PM
components are inferior to those of wrought or cast parts.
Cristofolin [5] focused on the effect of material variables (i.e.,
porosity and micro-hardness) and geometric parameters (i.e.,

contact length) on wear resistance in dry rolling–sliding contact.
He built a knowledge base usable in the design step to take
account of the effects of material variables (porosity and micro-
hardness) and geometric parameters on wear resistance. Porosity
influences PM materials by reducing the load-bearing surface and
increasing the local plastic deformation, generating debris, and
entrapping wear debris [6–11], all of which influence the wear
behavior of PM materials. Govindarajan [12] investigated the
lubricated rolling–sliding contact fatigue damage mechanisms of
sintered steel material and found surface cracks opening up at
higher rolling–sliding contact ratios. Straffelini [13], who claimed
that the damage mechanisms of PM materials were controlled by
large- and small-scale plastic deformations, also used a model to
identify the damage mechanisms of PM materials under rolling–
sliding contact. Cristofolini [14] used dry rolling–sliding contact to
analyze the wear mechanisms of PM materials, characterizing
porosity under different manufacturing parameters to propose a
design methodology for determining the mechanical properties of
PM steel materials. Hoffman [15] found that changing from open
to closed porosity in sintered steel significantly influences the
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endurance limit, which affects the development of new, high-load
structural parts such as planetary gears and camshaft lobes.

We lack knowledge of certain basic tribological characteristics of
PM steel materials in gear applications, especially for standard gear
steel in contact with PM gear steel. In this paper, we systematically
compare tribological aspects (i.e., coefficient of friction, wear coeffi-
cient, and damage mechanisms) of both wrought and PM gear steels
using pin-on-disc experiments.

2. Experimental set-up

2.1. Pin-on-disc machine

A pin-on-disc machine was used to simulate the sliding part of
the gear contact. A schematic of the pin-on-disc machine is shown
in Fig. 1. The pin-on-disc machine comprised a horizontal rotating
disc and a calibrated dead-weight-loaded pin. In the present testing,
the tip of the pin was in the form of a non-rotating half sphere.

The ambient environment was nearly the same for each test
(see Table 1 for the test conditions). The friction force and vertical
displacement of pin were automatically measured in the pin-on-disc
machine using a load cell and a linear variable differential transfor-
mer (LVDT).

The experimental conditions are presented in Table 1. For all
experiments, the normal load on the pin was the same and was set
to 7 N. Before the experiment, all specimens were cleaned in an
ultrasonic bath, first rinsed in heptane, then rinsed in methanol,
and finally dried in an oven. A syringe with a brush continuously
applied the filtered ambient temperature lubricant with the aid of
a pneumatic system.

2.2. The test specimens

The pin and disc specimens were manufactured from three
gear materials: one standard gear steel and two PM materials. The
chemical compositions of the materials are presented in Table 2.
RS, AQ, andMowill be used in the remainder of this paper to identify
the three tested materials: 16MnCr5 (RS), Distaloy AQþ0.2% C (AQ),
and Astaloy 85Moþ0.2% C (Mo). Both AQ and Mo specimens with
density of 7200 kg=m3 were sintered for 45 min at 1120 1C in 90%
nitrogen and 10% hydrogen atmosphere. The mechanical parameters
of the three materials are presented in Table 3. The standard gear
steel, 16MnCr5, is a well-known wrought steel with easily identified
elastic properties. For the sintered steels, the situation is more
complicated. These materials are porous, and how they are manu-
factured determines their porosity and thereby their density and
mechanical properties. According to Beiss [16], the elastic properties

of PM steel materials can be calculated using the following formulas:

E¼ Eoðρ=ρoÞ3:4 ð1Þ

ν¼ ðρ=ρoÞ1:6 1�νoð Þ�1 ð2Þ

List of symbols

PM Powder metallurgy
RS 16MnCr5
AQ Distaloy AQþ0.2% C
Mo Astaloy 85Moþ0.2% C
A–B The former is the disc material, the latter is the pin

material
μ Friction coefficient
K Wear coefficient m3/N m
r Radius of the pin tip mm
Pmax Maximum contact pressure Gpa
E1;2 Young's modulus Pa
ν1;2 Poisson's ratios

ρ;ρo Density kg/m3

η Dynamic viscosity Pa
ho Minimum film thickness m
R0 Reduced radius of curvature m
E0 Reduced Young's modulus Pa
N Normal load N
v Sliding speed m/s
λ Film parameter
RqB;RqA RMS roughness m
V Volume loss of the pin m3

h Height of the worn part of the pin tip m
d Diameter of the wear scar m
S Sliding distance m

Fig. 1. Schematic of the pin-on-disc machine.

Table 1
Experimental conditions.

Temperature 1972 1C

Relative humidity 4075 %
Normal load 7 N
Radius of the pin tip (r) 5 mm
Disc diameter 200 mm

Table 2
Chemical composition (mass %) of RS, AQ, and Mo gear materials.

Ni Mn Fe C S P Si Cr Mo

RS – 1–1.3 96.95–98.78 0.14–0.19 r0.035 r0.025 0.4 1.1 –

AQ 0.5 0.5 98.8 0.2 – – – – –

Mo – – 98.95 0.2 – – – – 0.85

Table 3
Characteristics of the specimens.

Specimen materials RS AQ Mo

Young's modulus (GPa) 210 154 154
Poisson's ratio 0.3 0.28 0.28
Surface hardness (pin) (HV) 945 782 804
RMS surface roughness (disc) (mm) 0.0598 0.0606 0.0685
RMS surface roughness (pin) (mm) 0.097 0.0897 0.0923
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where ρo, Eo, and vo are the density, Young's modulus, and Poisson's
ratio, respectively, of solid steel. Fig. 2 presents a photograph of the
disc and pin samples used in the present experiments. All the
specimens were case hardened.

The lubricant used was BP Castrol Syntrans 75W-80. Table 4
presents detailed specifications of the lubricant. To simulate the
sliding part of the contact correctly, the surface roughness of the
disc and pin was close to that prescribed for gears in DIN quality
level 5 [17].

2.3. Contact conditions and test procedure

The tests aimed to simulate the sliding tooth contact conditions
of an FZG gear test. In this case, the normal load (7 N) was set to
produce a moderate load that created maximum contact pressures
of 900 MPa, 800 MPa, and 720 MPa for the RS–RS, RS–PM/PM–RS,
and PM–PM material combinations, respectively. The maximum
contact pressure can be calculated according to Stachowiak [18]:

Pmax ¼
3N
2πa2

ð3Þ

where a is radius of the contact area:

a¼ 3NR0

E0

� �1
3

ð4Þ

where R0 and E0 are the reduced radius of curvature and the
reduced Young's modulus, respectively. R0 and E0 are defined as:

1
R0 ¼

1
RX

þ 1
RY

ð5Þ

1
E0

¼ 1
2

1�v21
E1

þ1�v22
E2

� �
ð6Þ

where E1;2 is the Young's modulus and v1;2 is Poisson's ratio for the
pin and disc, respectively. RX and RY are the radii of curvature in X
and Y direction, as for this pin on disc experiment R1X ¼ R1Y ¼
5� 10�3 m; R2X ¼ R2Y ¼1 m.

1
RX

¼ 1
R1X

þ 1
R2X

ð7Þ

1
RY

¼ 1
R1Y

þ 1
R2Y

ð8Þ

The material characteristics of the specimens are shown in Table 3.
Using the formula for calculating the minimum film thickness

in elastohydrodynamic contacts derived by Hamrock and Dowson
[19], the minimum film thickness ðhoÞ for a circular contact can be
calculated:

h0
R0 ¼ 3:63

vη
E0R0
� �0:68

αE0
� 	0:49 N

E0R02

� ��0:073

ð1�e�0:68kÞ ð9Þ

where v is the sliding speed and ɳ is the dynamic viscosity of the
lubricant at 40 1C. k is the elliptical parameter and in circular
contact it is 1. The detailed characteristics of the test lubricant are
presented in Table 4. By varying the sliding velocity, we can obtain
different minimum film thicknesses. The general relationship between
the friction coefficient and the film parameter (λ, i.e., the ratio of the
film thickness and the RMS value of the roughness amplitude) is
represented by the Stribeck curve (Fig. 3). The film parameter is
calculated as:

λ¼ h0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RqA

2þRqB
2

q ð10Þ

where ho is the lubricant film thickness and RqB and RqA are the RMS
roughness of the two surfaces in contact, respectively.

The A–B formulation will be used in the remainder of this paper to
identify the materials of disc and pin, the former letter identifying the
disc material and the latter the pin material. The test conditions are
shown in Table 5.

The various test conditions are also indicated in Fig. 3.

2.4. Test procedure

A total of 6 discs and 36 pins, as shown in Fig. 2, were used for
the experiments in the test matrix presented in Table 6.

Fig. 2. Pin and disc specimens.

Table 4
Test lubricant.

Lubricant name BP Castrol Syntrans 75W-80

SAE viscosity grade 64
Kinematic viscosity at 40 1C ðmm2=sÞ 52.3

Kinematic viscosity at 100 1C ðmm2=sÞ 9.2

Density at 15 1C (kg=m3) 837

Pressure–viscosity coefficient, α ðmm2=NÞ 1:79� 10�8

Dynamic viscosity, η (Pa) 42:7� 10�3

Fig. 3. Coefficient of friction, μ, versus film parameter, λ, in the lubricated sliding of
metals. BL¼boundary lubrication, ML¼mixed lubrication, (E)HL¼elastohydrody-
namic lubrication. Blue and red dots indicate test conditions. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 5
The test conditions.

Test
conditions

Maximum contact pressure
Pmax (MPa)

Film
parameter λ

Sliding velocity
(m/s)

1 (RS–RS) 900 0.5242 0.5
2 (RS–RS) 900 2.1558 4
3 (RS–PM) 800 0.5331 0.5
4 (RS–PM) 800 2.1922 4
5 (PM–PM) 720 0.5436 0.5
6 (PM–PM) 720 2.2354 4
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Each test was performed twice to ensure repeatability. Each
test comprises three steps: the sliding distance was 600 m in the
first step, 1800 m in the second, and 3600 m in the third. The
surface topography of the test disc was measured between each
step using a stylus instrument. The stylus measurement results
will be used in a separate running-in study and will not be further
discussed here.

2.5. Calculation of friction and wear coefficients

The friction coefficient was calculated from the measured
friction force divided by the normal load exerted on the pin by
the testing machine's dead weight.

The wear scar diameter was measured using optical microscopy
in the ordinate and abscissa directions at the end of each test. The
volume removed from the pin surface can then be calculated using
the following method. The main parameters used in calculating
the volume loss are shown in Fig. 4.

The volume loss, V, of the pin, which is half-spherical in shape,
is calculated by:

V ¼ πh2 r�h
3

� �
ð11Þ

where d is the diameter of the wear scar, r is the radius of the half-
sphere, and h is the height of the wear volume, which can be
calculated as:

h¼ r� r2� d
2

� �2
 !1

2

ð12Þ

Archard's wear model is used here:

V
S
¼ KN ð13Þ

where V is the volume loss in m3 on the contact surface, S is the
sliding distance in m, K is the specific wear coefficient ðm2=NÞ, and
N is the normal load in N. Reformulating this gives:

K ¼ V
NS

ð14Þ

Note that the wear coefficient used in this study is the mean of
that determined in each of three steps of the test procedure.

2.6. Surface measurement and material studies

After the test, the tested specimens were measured using a
Taylor Hobson Form Talysurf to determine the surface roughness
of the contacting part of the pin specimen. The specimens were
also examined using SEM to obtain micrographs for studies of the
damage mechanisms. An optical measuring microscope (Nikon
model MM-60/L3) was used to acquire optical micrographs. An
optical microscope was also used to measure the diameter of the
worn surfaces of the pins and for porosity studies of the PM
materials. A micro-hardness tester (Matsuzawa MMT-7) was used
to determine hardness profiles of the pin specimens.

3. Results

3.1. Friction coefficient results

To obtain an overview of the test results, we first present the
mean values of all the tests and the deviation will be shown in
Section 4. Mean values of two repeats were calculated at each step
of the test procedure, that is, for the first 600 m, then 1800 m, and
finally 3600 m of sliding. The friction coefficient results of tests 1–
13, 13–24, and 25–36 are shown in Fig. 5. The disc material is
regular steel (RS), the PM gear steel referred to as AQ and the PM
gear steel referred to as Mo. The test material combinations and
speeds are presented in Table 6. From Fig. 5 it is obvious that the
friction coefficients during the high-speed (i.e., 4 m/s) tests were
consistently lower than those during the low-speed tests (i.e.,
0.5 m/s) regardless of the material combination. Note the very low
friction coefficient for the AQ pin in contact with the RS or Mo disc.

3.2. Wear coefficient results

The wear coefficient results are presented in Fig. 6, which shows
the mean value and standard deviation for each test condition. Most
of the low-sliding-speed tests indicate a higher wear coefficient
than do the tests conducted at the higher sliding speed. Obviously,
regardless of the disc material, the RS material always has the
lowest wear coefficient at both sliding speeds. Fig. 8 (right) shows
that the Mo–RS combination has the lowest wear coefficient at both
sliding speeds.

3.3. Surface analysis

Figs. 7–9 present 3D surface roughness results for the contact-
ing part of all pin specimens after testing; the area of the image is
0.1�0.1 mm2. We can identify several phenomena here, such as
pores in the PM pin shown in Fig. 7b, c, and f and in Fig. 8b and c. In
addition, parallel traces found in most images in Figs. 7–9 indicate
an adhesive wear mechanism such as scuffing.

Fig. 10 shows SEM micrographs of RS pins. Note that it is
problematic to analyze PM pins in an SEM because the lubricant
residue in the pin pores can contaminate and destroy the equipment;

Table 6
Pin-on-disc test matrix.

Test no. Disc material Pin material Sliding speed (m/s) Maximum contact
pressure (MPa)

1–2 RS RS 0.5 900
3–4 RS RS 4 900
5–6 RS AQ 0.5 800
7–8 RS AQ 4 800
9–10 RS Mo 0.5 800
11–12 RS Mo 4 800
13–14 AQ RS 0.5 800
15–16 AQ RS 4 720
17–18 AQ AQ 0.5 720
19–20 AQ AQ 4 720
21–22 AQ Mo 0.5 720
23–24 AQ Mo 4 720
25–26 Mo RS 0.5 800
27–28 Mo RS 4 800
29–30 Mo AQ 0.5 720
31–32 Mo AQ 4 720
33–34 Mo Mo 0.5 720
35–36 Mo Mo 4 720

Fig. 4. The wear scar.
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nevertheless, one PM pin of AQ material was analyzed in an SEM as
shown in Fig. 11. The parallel traces visible in the SEM micrographs
indicate the same damage mechanism, i.e., scuffing, as shown by the
3D surface topographymeasurements. Also visible in the SEM pictures
are pieces of material transferred to the surface, indicating adhesive
wear, as shown in Figs. 10c and 11.

The hardness measurements were made near the tip of the
new pin specimens (HV 0.1). The hardness–depth curve shown in
Fig. 12 indicates that the RS material is harder than either the AQ
or Mo material. In addition, the Mo material is nearly as hard as is
the AQ material above a depth of 0.5 mm

Fig. 13 shows the porosity structure of AQ and Mo pins. Note
that the Mo material has larger and more numerous pores both on
the surface and in the bulk material. Differences in porosity on or
near the surface may influence the friction and wear coefficients.

4. Discussion

4.1. Friction results and mechanisms

The lambda value (λ) shown in Fig. 3 measures the severity of the
asperity contact during lubricated sliding. Between these regimes,
when 1oλo3, is a mixed lubrication regime under which the load
is carried partly by the asperities and partly by the lubricating oil. In
the test run at the high sliding speed of 4 m/s, the λ value was
approximately 2.2, indicating a mixed lubrication regime. At a low
speed of 0.5 m/s, a boundary lubrication regime dominated at λ¼0.5.
This difference in lubrication regime explains the results presented in
Fig. 5, where the friction coefficient was always lower in the high-
speed tests conducted in the mixed lubrication regime than in the
low-speed tests conducted in a boundary lubrication regime.

Fig. 5. Friction coefficient results (mean value) of tests 1–36.

Fig. 6. Wear coefficient (mean value and standard deviation) results for different material combinations.

Fig. 7. 3D images of 0.1�0.1 mm2 areas of worn surfaces of pins when disc material is RS. (a) RS pin, 0.5 m/s. (b) Mo pin, 0.5 m/s. (c) AQ pin, 0.5 m/s. (d) RS pin, 4 m/s.
(e) Mo pin, 4 m/s. (f) AQ pin, 4 m/s.

X. Li et al. / Wear 340-341 (2015) 31–40 35



Fig. 5 show that the friction coefficient tended to increase in
most of the tests. In boundary lubrication, all the loads are carried
by asperity contact. At first, an oxide layer exists, so the friction
coefficient is somewhat lower; this oxide layer eventually wears
away, leading to more metal-to-metal contact and a more adhesive
friction mechanism, possibly resulting in a higher friction coeffi-
cient. In the meantime, as wear is developing, considerable debris
[6–11] may enter into the pin–disc contact. The presence of debris
between the contact surfaces somewhat enhances the surface
roughness in an indirect way, giving a transiently lower value of λ.

Fig. 14 shows the friction coefficient results for RS–RS, AQ–AQ,
and Mo–Mo material combinations. Under boundary lubrication
conditions, the PM material obviously has a higher friction coeffi-
cient. This is because the rougher surfaces of the PM–PM combina-
tion and debris of PM pins can also increase the friction coefficient.
As shown in Fig. 8b, the Mo–Mo combination results in a rougher
surface than does the RS–RS material combination (Fig. 7a). Fig. 9c

shows 3D images of the AQ–AQ combination. The pins in the RS–RS
and AQ–AQ combinations have nearly the same surface roughness;
however, the AQ pin wears more and this may lead to more debris,
contributing to a higher friction coefficient than that of the RS–RS
combination. Asperity contact carries most of the load in boundary
lubrication, so the surfaces of pins of all materials are easily worn in
this regime. In addition, the RS material is harder than the PM
material, and higher hardness means higher wear resistance. The
PM pins are easily worn and may produce more wear particles.
Further research is necessary to quantify the differences in wear
debris between PM and RS material and their influence on the
friction coefficient.

In mixed lubrication, the trend of the friction coefficient is not
so obvious. Both PM and RS pins have nearly the same degree of
surface smoothness.

Fig. 15 shows the friction coefficient results of testing combina-
tions of RS and PM gear materials. Note that both combinations are

Fig. 8. 3D images of 0.1�0.1 mm2 areas of worn surfaces of pins when disc material is Mo. (a) RS pin, 0.5 m/s. (b) Mo pin, 0.5 m/s. (c) AQ pin, 0.5 m/s. (d) RS pin, 4 m/s.
(e) Mo pin, 4 m/s. (f) AQ pin, 4 m/s.

Fig. 9. 3D images of 0.1�0.1 mm2 areas of worn surfaces of pins when disc material is AQ. (a) RS pin, 0.5 m/s. (b) Mo pin, 0.5 m/s. (c) AQ pin, 0.5 m/s. (d) RS pin, 4 m/s.
(e) Mo pin, 4 m/s. (f) AQ pin, 4 m/s.
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shown in each diagram, that is results for PM materials as pin and
regular steel materials RS as disc and the opposite RS as pin and
PM gear materials as disc is compared in each diagram. Each
diagram presents the mean and standard deviation of the friction
coefficient for each step. The results indicate that the AQ–RS and
Mo–RS material combinations always have higher friction coeffi-
cients than do the RS–AQ and RS–Mo combinations, respectively,

mainly because of the unique microstructure of PM materials. As
the sliding continues, the increased pin temperature may have
several effects, i.e., the pin's mechanical properties will change, its
rate of oxidation will increase, and phase transformation may
occur, all of which will influence the friction behavior. As shown in
Fig. 13, PM specimens contain many pores and have a specific
porosity structure. When the disc is rotating, lubricant constantly
enters and exits the pores on the contact surface of PM pins,
improving the heat dissipation and preventing the mechanical
properties of PM specimens from changing. Furthermore, the
lubricant contained in the pores of PM pins can provide good
lubrication conditions. RS specimens, however, do not dissipate
heat as well as PM specimens do, and the higher temperature
somewhat worsens the friction properties of RS pins. PM pins
therefore always have lower friction coefficients than do RS pins.
Here further research is necessary to generalize these results to
studies on gear test samples for gear efficiency studies.

Fig. 16 compares the friction coefficient results of AQ and Mo
pins, the disc materials being RS and Mo. With RS and Mo discs
(see Fig. 16), AQ pins always have lower friction coefficients than
do Mo material pins at both high and low speeds. Given the
porosity structure shown in Fig. 13, it is obvious that Mo pins have
more and larger pores in the bulk material than do the AQ pins. In
that case, Mo pins can easily have rougher surfaces after running
for some time, leading to a higher coefficient of friction. With the
AQ disc (see Fig. 5 c) there is no obvious trend, AQ and Mo pins
give nearly the same friction results.

As shown in Fig. 5, regardless of the disc material, the AQ pin
specimens have the lowest friction coefficients in most material
combinations in both boundary and mixed lubrication regimes.
This may be because of its porosity structure, which may promote
heat dissipation and good lubrication. This is a meaningful finding
for gear transmission efficiency.

4.2. Wear results and damage mechanism

4.2.1. Wear results
Fig. 17 shows the wear coefficient results for all material combi-

nations. Among pairings of the same materials at both low and high
speeds (see Fig. 17a), pins in the RS–RS combination always display

Fig. 10. SEM micrographs of RS pins: (a) RS–RS 0.5 m/s, (b) AQ–RS 0.5 m/s, (c) Mo–RS 0.5 m/s, (d) RS–RS 4 m/s, (e) AQ–RS 4 m/s, and (f) Mo–RS 4 m/s.

Fig. 11. SEM micrograph of the AQ pin in the RS–AQ combination at 4 m/s.

Fig. 12. Hardness–depth curves for new pin specimens (HV 0.1) of the three
materials.
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better wear resistance than do pins in the AQ–AQ and Mo–Mo
combinations. Bergseth et al. [20] studied wear in a pin-on-disc
machine, obtaining wear coefficients of the same orders as those
presented here.

Given the hardness–depth curve shown in Fig. 12, we see that
the RS material is harder than both AQ and Mo materials, which
have similar near-surface hardness profiles. Higher hardness is

beneficial for wear resistance. The compacted microstructure also
contributes to the lower wear coefficient of the RS–RS material
combination. Given the porosity structure shown in Fig. 13, the AQ
and Mo materials clearly contain many pores. The resulting
somewhat more open microstructure of the AQ and Mo materials
make them more easily worn than the RS material. In addition, the
pores in the AQ and Mo materials influence the roughness of the

Fig. 13. Porosity structure of PM pins: (a) Mo and (b) AQ.

Fig. 14. Friction coefficient results (mean value and standard deviation) for same material combinations at different speeds.

Fig. 15. Friction coefficient (mean value and standard deviation) results for RS and PM material combinations.

Fig. 16. Friction coefficient results (mean value and standard deviation) of AQ and Mo pins.
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contact surfaces, which are case hardened and ground in all speci-
mens. After reasonable sliding distances, the originally ground and
somewhat smooth surfaces become worn. The pores make the
surface rougher (Figs. 7a and 8b show that the Mo pin has a rougher
surface than does the RS pin), providing more opportunities for
asperity contact. Direct asperity contact can enhance the wear
coefficient. AQ–AQ and Mo–Mo material combinations have nearly
the same wear coefficient. The higher wear resistance of RS material
comes from its higher hardness and compacted microstructure. The
higher wear coefficient of PM materials results from their more
open microstructure, lower hardness, and rougher contact surfaces
due to the presence of pores. In AQ–AQ and Mo–Mo combinations,
pins of AQ and Mo have nearly the same wear coefficient.

From Fig. 17 we can compare the wear coefficients of RS pins
when the disc materials are RS, AQ, and Mo. The pins in the AQ–RS
and Mo–RS combinations have successively lower wear coeffi-
cients than that of the RS–RS combination. The main reason for
this is that the pores in AQ and Mo discs contain lubricant that
can lubricate the contact surface well, preventing adhesive wear.
Different material contact can prevent adhesive wear. Mo disc
produced the lowest wear coefficient in an RS pin, largely because
the larger and more numerous pores in the Mo disc held more
lubricant, better lubricating the contact surfaces. PM–RS combina-
tions therefore merit examination in future gear research; in
particular, the Mo–RS combination displays good potential.

Fig. 17 shows that most mixed lubrication conditions result in
higher wear resistance than do boundary lubrication conditions.
As shown in Table 5, low-sliding-speed experiments have a λ value
of approximately 0.51 (in the boundary lubrication region) while
high-sliding-speed experiments have a λ value of approximately
2.2 (in the mixed lubrication region). All loads are carried by
asperity contact in boundary lubrication, but in the mixed lubrica-
tion region, parts of the load are carried by the lubricant film.
Here, the low sliding speed leads to a boundary lubrication regime
that causes more severe wear.

4.2.2. Damage mechanism
Wear refers to the loss of material from a contact surface.

Depending on the specific wear mechanism, wear is of four types:
abrasive wear, adhesive wear, surface fatigue, and corrosion wear.
Abrasive wear refers to the damage to contact surfaces caused by
hard particles between the contact surfaces. These hard particles
may come from the contact components or the outside environ-
ment. The degree of abrasive wear increases with increasing relative
speed, load, and the hardness of the hard particles. Adhesive wear is
material transfer caused by partial melt of the contact surface at high
temperatures. Fatigue wear refers to micro-cracks caused by contact
stress concentration and plastic deformation due to the long-term
effects of cyclic loads. As these micro-cracks expand and intersect,
peeling happens. Corrosion wear refers to the loss of surface material
due to chemical or electrochemical reactions between the contacting
surface material and the surrounding medium.

From the wear results shown in Fig. 17, it is clear that the Mo–
RS material combination has the highest wear resistance. Fig. 8a
and d show no obvious grooves on the pins' surfaces, so no heavy
scuffing occurred due to adhesive wear. However, 3D images of other
material combinations, for example, Fig. 7d and f and Fig. 8c, show
deep parallel grooves that provide evidence of heavy adhesive wear,
such as scuffing. Carefully examining Fig. 10c and f reveals adhesive
wear occurring under boundary lubrication conditions. The shallow
grooves shown in Fig. 10c indicate slight scuffing-type adhesive wear
under boundary lubrication conditions: under these conditions, the
load is completely carried by asperity contact, which provides great
opportunities for scuffing. In mixed lubrication, as shown in Fig. 10f,
only slight scuffing occurs. Fig. 17 shows that pins in the AQ–RS
combination have somewhat higher wear resistance than do pins in
the RS–RS combination. As for the damage mechanism, the deep
grooves shown in Fig. 9a and d (also Fig. 10b and e) indicate that
scuffing has occurred. There are several possible explanations why,
when the disc and pin materials are PM and RS, respectively, the RS
pins always display higher wear resistance. First, the RS material is
harder than the PM materials, as shown in Fig. 12. Second, different
material combinations can effectively prevent the occurrence of
adhesive wear. Finally, the microstructure of PM materials includes
pores full of lubricant between pin and disc contact surfaces;
lubricant from these pores can lubricate the contact surfaces, helping
prevent adhesive wear.

As for the mechanism of damage to the AQ pin in the RS–AQ
combination, the SEM micrograph of the AQ pin in Fig. 11 shows
signs of slight scuffing-type adhesive wear.

When it comes to the PM–PM, RS–PM, AQ–RS, and RS–RS
material combinations, the damage mechanism differs completely
from that in the Mo–RS combinations. Figs. 7–9 clearly show
heavy scuffing on the surfaces of the pins in the PM–PM, RS–PM,
AQ–RS, and RS–RS combinations. Fig. 10 shows SEM micrographs
of RS pins, in which it is clear that there are scuffing-type adhesive
wear and material transfer.

5. Conclusion

The sliding part of gear tooth contact was simulated in pin-on-
disc experiments. The friction properties, wear resistance, and
damage mechanisms of two PM steel gear materials and a regular
steel gear material were investigated and compared. The following
conclusions could be drawn from the study:

� The friction and wear coefficients in the high-speed (4 m/s)
tests are consistently lower than in the low-speed tests (0.5 m/
s) regardless of the material combination. This is probably due
to a mixed lubrication regime in the high-speed tests and a
boundary lubrication regime in the low-speed tests.

� The AQ–RS (AQ disc and RS pin) and Mo–RS (Mo disc and RS
pin) combinations always have higher friction coefficients than
do the RS–AQ (RS disc and AQ pin) and RS–Mo (RS disc and Mo

Fig. 17. Wear coefficient results: (a) same materials in pins and discs, (b) RS–AQ, and (c) RS–Mo.
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pin) combinations. The main reason for this is the more open
microstructure of the PM materials, whose pores can contain
lubricant that improves lubrication and heat dissipation.

� When the disc material is RS or Mo, AQ pins always have lower
friction coefficients than do Mo pins at both high and low speeds.
The RS–AQ combination is a potential candidate for improving the
gear transmission efficiency.

� At both high and low speeds, RS pins always display better
wear resistance than do AQ and Mo pins because of both their
high hardness and compacted microstructure.

� In RS–PM combinations, Mo pins display higher wear resis-
tance than do AQ pins because the microstructure of Mo can
provide more lubricant, enabling better lubrication and heat
dissipation than in AQ pins.

� Pins in the Mo–RS combination displayed the highest wear
resistance of any pins in all gear material combinations. This
was mainly because the pores in Mo discs contain lubricant
that can lubricate the contact surfaces and prevent adhesive
wear. The Mo–RS combination could usefully be applied in gear
transmissions.

� The surfaces of RS pins in the Mo–RS combination and of AQ
pins in the RS–AQ combination show some indications of
adhesive wear. For the pins in the PM–PM, RS–PM, AQ–RS,
and RS–RS combinations, the damage mechanism is more
severe adhesive wear, such as scuffing.
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Abstract Load-dependent power loss is a major contrib-

utor to power loss in gear transmission systems. In this

study, pin-on-disc frictional and FZG efficiency experiments

were conducted with powder metallurgy (Distaloy

AQ ? 0.2 %C) and wrought material (16MnCr5) combi-

nations. The gear mesh torque loss from gear efficiency tests

and the friction coefficient from the pin-on-disc tests were

then compared. The trend for both test series was the same.

The combination of 16MnCr5 in contact with Distaloy

AQ ? 0.2 %C shows the lowest coefficient of friction and

gear mesh torque loss, followed by the combination of

Distaloy AQ ? 0.2 %C in contact with itself and finally the

combination of 16MnCr5 in contact with itself.

Keywords Friction � Gear mesh torque loss � Powder
metallurgy � FZG gear test rig � Pin-on-disc

List of symbols

PM Powder metallurgy

RS 16MnCr5

AQ Distaloy AQ ? 0.2 %C

A–B Disc–pin/gear–pinion

Tc Load (N m)

TT Total torque loss (N m)

x Rotation speed (rpm)

t Time (s)

g Dynamic viscosity (Pas)

PT Total power loss (W)

Pmesh Load-dependent power loss (W)

Pspin Load-independent power loss (W)

Mrr Rolling friction moment (Nm)

Tl Load-dependent torque loss (Nm)

k Surface energy (J)

q, q0 Density

E, E0 Young’s modulus (Gpa)

m, m0 Poisson’s ratio

z Number of teeth

mn Normal module

B Gear width (mm)

a Pressure angle

db Base diameter (mm)

da Tip diameter (mm)

df Root diameter (mm)

a Centre distance (mm)

b Helix angle

Msl Sliding friction moment (Nm)

Tbearing Load-dependent bearing loss (Nm)

Tab Adhesive energy of surface a and b (J)

1 Introduction

Environmental concerns such as energy utilization and air

pollution have made the efficiency of gear systems an

increasingly important research topic. Power loss in gear-

boxes is usually divided into load-dependent and load-in-

dependent power losses [1, 2]. The load-independent losses

are related to moving parts immersed in the lubricant,

while the load-dependent losses result from contacting

bodies moving relative to each other. Load-independent
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losses depend mainly on the lubricant, speed and part

geometry, whereas load-dependent power losses are

affected by factors such as gear mesh efficiency.

Several experimental studies have been published rela-

ted to gear mesh efficiency. Petry-Johnson et al. [2], Naruse

et al. [3, 4] and Maghales [5] showed that reducing the

module can have a significant influence on gear mesh

losses because of the reduced sliding friction. Martins et al.

[6] measured the average friction coefficient of dip-lubri-

cated FZG gears and reported that the friction coefficient

decreases with increasing rotational speed and increases

with transmitted torque. Britton et al. [7] reported that

using an isotropic chemical polishing technique to reduce

the average surface roughness height from 0.4 to 0.05 lm
reduced gear mesh power loss by between 20 and 30 %.

Friction force can be defined as the resistance encoun-

tered by one body moving over another body. This defi-

nition covers both sliding and rolling bodies. The resistive

force, which is parallel to the direction of motion, is called

the friction force. If solid bodies are forced together, the

static friction force is equal to the tangential force required

to initiate sliding between the bodies. The kinetic friction

force is then the tangential force required to maintain

sliding. Kinetic friction is generally lower than static fric-

tion. For sliding bodies the friction force, and thus the

coefficient of friction (friction force divided by normal

force), depends on three different mechanisms in dry and

mixed lubricated conditions: deformation of asperities,

adhesion of the sliding surfaces and ploughing caused by

deterioration particles and hard asperities [8]. The coeffi-

cient of friction can be reduced by changing the surface

topography to decrease ploughing and the deformation of

asperities or by changing the hardness difference between

the contacting bodies. The adhesive friction may be

reduced by having dissimilar materials or introducing alloy

elements that reduce the surface energy [9].

It has been shown that controlled texturing on a tribo-

logical surface can contribute to friction reduction at sliding

contact interfaces. One of the presumed effects of surface

texturing under boundary lubrication conditions is that

micro-dimples may act as fluid reservoirs and play a role in

promoting the retention of a lubricating film. By using pin-

on-disc tests, Wakuda [10] verified the effect of micro-

dimples on the frictional properties of a silicon nitride

ceramic on hardened steel and successfully reduced the

friction coefficient from 0.12 to 0.10 under lubricated con-

ditions. Using reciprocating sliding of a ball-bearing steel

against textured diamond-like carbon (DLC) surfaces, Pet-

tersson [11] showed that under boundary lubrication con-

ditions, some textured DLC surfaces exhibited excellent

performance. In pin-on-disc tests, Kovalchenko [12] showed

that the beneficial effects of micro-dimples are more pro-

nounced at higher speeds and with higher viscosity oil.

Due to the inherent porosity of the material, gears

manufactured from powder metallurgy materials will have

different mechanical properties that affect the Young’s

modulus and Poisson’s ratio. In addition, the pores of the

surface and the near-surface layer may influence lubrica-

tion properties if the porosities can act as oil reservoirs.

The different alloying elements used in powder metallurgy

materials may also influence the surface layer and help

prevent adhesive forces. Recently, Li et al. [13] compared

sintered and standard gear materials in a pin-on-disc study

simulating the loading conditions of load stage 5 in a FZG

gear test rig. The results showed that the lowest coefficient

of friction was obtained with a sintered pin sliding on a

standard wrought gear material disc, compared to tests with

sintered on sintered contacting pairs and also standard

wrought on standard wrought gear material.

In this study, a further test of the results of Li et al. [13]

was set up in a FZG efficiency gear test rig. In this test

series, the efficiency was evaluated over a wider speed

range but for the same maximum contact pressure as pre-

vious pin-on-disc tests using the same material combina-

tions. Additional tests at higher loading conditions were

performed in the FZG gear test rig in combination with a

new pin-on-disc test series that also evaluated the material

combinations at a lower sliding speed to study the

boundary lubrication contact conditions for these material

combinations in more detail. For rolling and sliding contact

such as gears, sliding is the main contributor of power

consumption. Nowadays, more and more tribologists are

using pin-on-disc/ball-on-disc experiment to simulate the

sliding part of rolling–sliding contact because of its eco-

nomical, time saving and convenience. But whether it is

reasonable is doubted by lots of researchers and need to be

studied. In this study, the mesh torque loss of FZG effi-

ciency test and friction coefficient of pin-on-disc experi-

ment are compared to manifest it.

2 Experimental Set-Up

Three different material combinations were tested in a pin-

on-disc machine and an FZG gear efficiency test machine.

The test materials were 16MnCr5 (RS) and Distaloy

AQ ? 0.2 % C (AQ). The tested material combinations

were RS–RS, RS–AQ and AQ–AQ. Note that RS and AQ

will be used in the remainder of this paper to identify

16MnCr5 (RS) and Distaloy AQ ? 0.2 % C (AQ),

respectively. Table 1 presents the chemical composition of

the two tested materials and Table 2 the mechanical

properties. AQ was sintered for 45 min at 1120 �C in a

90 % nitrogen and 10 % hydrogen atmosphere. The stan-

dard gear steel, 16MnCr5, is well-known wrought steel

with easily identified elastic properties. For the sintered
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steels, the situation is more complicated. These materials

are porous, and how they are manufactured determines

their porosity and thus their density and mechanical prop-

erties. According to Beiss [14], the elastic properties of

powder metal steel materials can be calculated using the

following formulas:

E ¼ E0 q=q0ð Þ3:4 ð1Þ

m ¼ q=q0ð Þ0:16 1� m0ð Þ � 1 ð2Þ

where q0, E0 and m0 are the density, Young’s modulus and

Poisson’s ratio of solid steel, respectively.

The lubricant used in both test set-up was BP Castrol

Syntrans 75W-80, which is a gear lubricant used in truck

gearboxes. Table 3 presents the main characteristics of the

lubricant. The A–B formulation will be used in the

remainder of this paper to identify the materials of disc and

pin (or pinion and gear in gear efficiency tests), the former

letter identifying the disc material (or pinion material) and

the latter the pin material (or gear material). The pin-on-

disc and FZG gear efficiency tests were designed to reach

the same loading level in terms of contact pressure. That is,

load stages 5 and 7 of the FZG gear test rig correspond to

contact pressures of 900 and 1080 MPa.

2.1 Pin-on-Disc Experiment

2.1.1 Pin-on-Disc Experimental Set-Up

A pin-on-disc machine was used to simulate the sliding

part of the gear contact, see Fig. 1. The pin-on-disc

machine comprised a horizontal rotating disc and a cali-

brated dead-weight-loaded pin. This pin-on-disc machine is

described in more detail in Zhu et al. [15] and Bergseth

et al. [16], who studied the influence of environmental

conditions and iron oxides on the coefficient of friction

between wheel and rail materials.

In the present test, the tip of the pin was a non-rotating

half-sphere with radius of 5 mm (Fig. 1). The same final

manufacturing methodology (grinding) was used on all pin

and disc specimens resulting in a similar surface topogra-

phy. The friction force was automatically measured in the

pin-on-disc machine using a load cell with a measurement

uncertainty better than 0.5 %. Here the load cell used is

Z6FC3 (type) produced by HBM, and the load range of it is

0.09–1000 N. The friction coefficient was calculated from

the measured friction force divided by the normal load

exerted on the pin by the testing machine’s dead weight.

The friction coefficients are shown in terms of mean value

and standard deviation.

2.1.2 Test Procedure

The test matrix for the pin-on-disc experiment is shown in

Table 4. Each test was performed twice to ensure

repeatability. The test results from 900 MPa were previ-

ously presented in Li et al. [13]. For the higher maximum

contact pressure of 1080 MPa, the speed ranges were

chosen differently to explore more of the boundary lubri-

cation regime. The maximum contact pressures correspond

to load stages 5 and 7 in the FZG gear tests.

2.2 Gear Efficiency Experimental Set-Up

2.2.1 FZG Gear Test Rig

The test rig used in this experiment utilizes the power loop

principle, also known as four-square or back-to-back con-

figuration, to provide a fixed torque (load) to a pair of

precision test gears. As shown in Fig. 2 [17], the gear test

Table 1 Chemical composition

(mass %) of RS gears and AQ

gears

Ni Mn Fe C S P Si Cr Mo

RS – 1–1.3 96.95–98.78 0.14–0.19 B0.035 B0.025 0.4 1.1 –

AQ 0.5 0.5 98.8 0.2 – – – – –

Table 2 Mechanical properties and surface roughness of the

specimens

RS AQ

Young’s modulus (GPa) 210 154

Poisson’s ratio 0.3 0.28

RMS surface roughness (disc) (lm) 0.06 0.06

RMS surface roughness (pin) (lm) 0.09 0.09

Table 3 The main

characteristics of the lubricant
Lubricant name BP Castrol Syntrans 75W-80

Kinematic viscosity at 40 �C (mm2/s) 64.1

Kinematic viscosity at 90 �C (mm2/s) 18

Pressure–viscosity coefficient a (mm2/N) 1.79 9 10-8

Dynamic viscosity g (Pas) 42.7 9 10-3
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rig consists of a slave gearbox and test gearbox connected

by two shafts. One shaft has a load clutch to apply the load.

The test gearbox contains a system for heating the test oil

and a water-cooling system to assist in cooling the oil to the

required starting temperature. A temperature sensor, which

controls the heating system according to the preset tem-

perature, is located in the side of both the gearbox and

slave gearbox. The test rig is powered by an electric motor

at variable speeds up to 4000 rpm and two directions of

rotation. The transmitted torque (TC), torque loss (Ttotal),

rotating speed (x) and lubricant temperature (T) are auto-

matically measured and recorded as functions of time (t).

The torque (load) is applied with a spindle loading device,

and the FZG gear test rig has 14 load stages. The use of this

rig for efficiency studies is described in detail in Sjöberg

et al. [18]. An uncertainty analysis of this rig for efficiency

studies by Andersson et al. [19] found the uncertainty in the

torque measurements to be less than 0.5 %.

2.2.2 Test Specimens and Lubricant

The gear specimens used in this experiment are type C

gears (with tip relief) as presented in Fig. 3. Type C gears

are standard gears for FZG gear efficiency experiment. The

main parameters and manufacturing characteristics of the

specimens are shown in Table 5.

2.2.3 Test Procedure

All the tests were performed using the same procedure with

new specimens. Running-in was done for 4 h at load stage

Fig. 1 Sketch of pin-on-disc

machine (left) and photograph

of test specimens (right)

Table 4 Pin-on-disc test matrix
Disc material Pin material Maximum contact pressure (MPa) Speed (m/s)

RS RS 900 4 and 0.5 [13]

RS AQ 900 4 and 0.5 [13]

AQ AQ 900 4 and 0.5 [13]

RS RS 1080 0.1 and 0.5

RS AQ 1080 0.1 and 0.5

AQ AQ 1080 0.1 and 0.5

Fig. 2 Schematic layout of FZG test rig [17] Fig. 3 Experimental test gears
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5 (applied torque 94 Nm) with rotating speed of 87 rpm at

a controlled temperature of 90�. Both running-in and effi-

ciency experiments used the same lubricants. Both test

gearbox and slave gearbox contained 1500 ml lubricant.

After running-in, the efficiency tests were done according

to the test procedures shown in Table 6 for the different

gear material combinations. Three different material gear

combinations, eight different speeds and three loads were

tested for 5 min each at the controlled lubricant tempera-

ture of 90�. The pitch-line velocities tested were 0.5, 1, 2,

3.2, 8.3, 10, 15 and 20 m/s. The loads are 0, 94.1 and

183.4 Nm. Each test was performed three times to ensure

repeatability.

2.2.4 Gear Mesh Torque Loss Calculation from Measured

Torques

The calculation procedure used is that of Andersson et al.

[19], but for clarity, it is presented here too. Because of the

complex mechanical and fluid mechanical interactions in

dip-lubricated gearboxes, there are a large number of

power loss sources such as gear tooth mesh loss, air

windage losses, oil churning loss, rotating seal losses and

bearing losses. Gear torque losses are divided into load-

dependent and load-independent power losses. The load-

independent losses are related to moving parts immersed in

the lubricant, and the load-dependent power losses result

from contacting bodies with relative movement. The load-

independent power losses are shown in Eq. (3). The main

sources of frictional losses are the gears and the roller

bearings.

TT ¼ Tload�dependent þ Tload�independent ð3Þ

where TT is the measured total torque loss. Tload-dependent is

the load-dependent torque loss including gear tooth

mesh loss and friction losses of seals and bearings.

Tload-independent is the load-independent power loss includ-

ing oil churning loss, air windage loss and rotating seal and

bearing losses. In order to distinguish load-dependent and

load-independent torque loss experimentally, a two-step

measurement procedure was adopted. First, the total torque

loss TT is measured under no load at a certain test condi-

tion. Then, the same test is repeated under a given trans-

mitted torque (TC) but with all other conditions remaining

unchanged. When TC ¼ 0, Tload-dependent & 0, so in this

case, TT & Tload-independent. Using Eq. (3), we can obtain

the value of Tload-dependent at the different values of TC. In

order to estimate the gear mesh torque loss, the load-de-

pendent bearing torque loss must be removed from

Tload-dependent. Load-dependent bearing loss is composed of

rolling and sliding loss, which was estimated using Eq. (4)

[20].

Tbearing ¼ Mrr þMsl ð4Þ

Mrr is the rolling friction moment:

Mrr ¼ uishursGrr vnð Þ0:6 ð5Þ

Msl is the sliding friction moment:

Msl ¼ Gsllsl ð6Þ

The FZG gear test rig has a total of 8 NJ406 cylindrical

roller bearings, four on the pinion side and four on the gear

side. Bearing friction moment losses from the pinion side

(TbearingSKF1) and the gear side (TbearingSKF2) were multiplied

by the angular velocity of their respective shafts (x1) and

(x2). The power losses for the eight bearings were then

added together and divided by the ingoing angular velocity

from the motor (x2) in the following manner:

Tbearing ¼ 4
TbearingSKF1x1 þ TbearingSKF2x2

x2

� �
ð7Þ

So the gear mesh torque loss Tmesh can be obtained.

Table 5 The main parameters

of gear specimens
Symbol Pinion Gear

Number of teeth z 16 24

Normal module (mm) mn 4.5 4.5

Gear width (mm) B 14 14

Pressure angle a 20� 20�
Helix angle b 0 0

Base diameter (mm) dB 67.66 101.49

Tip diameter (mm) da 82.46 118.36

Root diameter (mm) df 61.34 98.98

Centre distance (mm) a 91.500 91.500

Tip relief (lm) TR 20 ± 3 20 ± 3

Start tip relief (mm) dA 80.3 ± 0.3 115.9 ± 0.3

Gear quality class acc. to DIN 3961 5 5

RMS surface roughness (gear tooth) (lm) 0.26 0.25
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Tmesh ¼ Tload�dependent � Tbearing ð8Þ

3 Experimental Results

3.1 Porosity Structure of AQ Material Gear and Pin

Figure 4 shows optical micrographs of cut sections of the

AQ material gear tooth and pin specimens showing pores

on or near the surface of both specimens. Pores are typical

characteristics of PM materials.

3.2 SEM Micrographs of Pin Tip and Gear Flanks

Figures 5 and 6 show the SEM micrographs of RS and AQ

pins and gear flanks from different material combinations.

The parallel traces visible in the SEM micrographs of pins

indicate the same damage mechanism, i.e. scuffing. Pores

on the surfaces of AQ pins can be seen clearly in the SEM

pictures. As for the gears, all the gears were ground and the

ground direction is labelled in the SEM photographs in

Fig. 6. All the grooves in the grinding direction were

caused during manufacturing. From Fig. 6, it can be seen

that the gear teeth of the RS–RS combinations show

heavier adhesive wear than the RS–AQ and AQ–AQ

combinations. The gear teeth of RS–AQ show the lightest

adhesive wear, that is, adhesive-wear-like material transfer

but without scuffing compared to the RS–RS and AQ–AQ

combinations.

3.3 Gear Mesh Torque Loss and Friction

Coefficient Results

Figure 7 (left) shows the load-dependent torque losses for

load stage 5 of the FZG gear rig efficiency tests for the

AQ–AQ, RS–AQ and RS–RS material combinations. In

addition, Fig. 7 (right) shows the pin-on-disc friction

coefficient results with the same maximum contact pres-

sure (900 MPa) as that of the gear efficiency tests. At low

pitch-line velocities (from 0.5 to 1 m/s), the trend of load-

dependent torque loss of gear efficiency tests is the same as

that of friction coefficient at low sliding speed (0.5 m/s) of

pin-on-disc experiment. AQ–AQ combination constantly

shows the highest load-dependent torque loss and friction

coefficient. At pitch-line velocity from 2 to 20 m/s, the

trend of load-dependent torque loss is the same as that of

friction coefficient at high sliding speed (4 m/s) of pin-on-

disc experiment. RS–AQ combination constantly shows the

Table 6 Efficiency test

procedure of AQ–AQ, RS–AQ

and RS–RS gear combinations

Gear material combination Load (Nm) (load stage)

Contact pressure (MPa)

Gear speed (rpm)

(pitch-line velocity (m/s))

0 (0)

87 (0.5)

174 (1)

AQ–AQ 0 (LS 0) (0) 348 (2)

RS–AQ 94.1 (LS 5) (900) 550 (3.2)

RS–RS 183.4 (LS 7) (1080) 1444 (8.3)

1740 (10)

2906 (15)

3479 (20)

Fig. 4 Micrographs of cut section of AQ material: gear tooth (left) and pin (right)
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lowest load-dependent torque loss and friction coefficient,

and then, AQ–AQ and RS–RS had the highest gear mesh

torque loss and friction coefficient.

In Fig. 8 (left), the gear mesh torque losses for load

stage 7 are shown. Figure 8 (right) shows the pin-on-disc

friction coefficient results at 1080 MPa. The friction

Fig. 5 SEM pin micrographs: a RS–RS 0.5 m/s, b RS–RS 4 m/s, c RS–AQ 0.5 m/s, d RS–AQ 4 m/s, e AQ–AQ 0.5 m/s, f AQ–AQ 4 m/s

Fig. 6 SEM gear flank micrographs: a RS gear of RS–RS, b RS pinion of RS–RS, c AQ gear of RS–AQ, d AQ gear of AQ–AQ

Tribol Lett  (2015) 60:9 Page 7 of 10  9 
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coefficients of the AQ–AQ, RS–AQ and RS–RS material

combinations are nearly the same at a sliding speed of

0.1 m/s. At a sliding speed of 0.5 m/s, the AQ–AQ material

combination exhibits the highest coefficient of friction

followed by the RS–AQ and RS–RS material combinations

at about the same level. This is different from the results

obtained at the lower contact pressure. For all the tested

material combinations (AQ–AQ, RS–AQ and RS–RS) at

1080 MPa, the trend of gear mesh torque loss of the gear

efficiency tests is the same as the friction coefficient

(0.5 m/s) of pin-on-disc experiment at pitch-line velocities

of 0.5, 1, 2 and 3.2 m/s. For the pitch-line velocities from

8.3 to 20 m/s, the RS–AQ combination shows the lowest

gear mesh torque loss except at 15 m/s. The difference

between AQ–AQ and RS–RS is not obvious.

4 Discussion

4.1 FZG Gear Torque Loss and Pin-on-Disc

Friction Coefficient at Contact Pressure

of 900 MPa

Martins et al. [6] measured the average friction coefficient

of dip-lubricated FZG gears and reported that the friction

coefficient decreased with increasing rotational speed and

increased with transmitted torque. A high/low friction

coefficient also represents a high/low gear mesh torque

loss. As shown in Fig. 7 left (low torque) and Fig. 8 left

(high torque), the gear mesh torque loss shows the same

result as [6], that is, the gear mesh torque loss decreases

with increasing rotational speed and increases with trans-

mitted torque.

From pitch-line velocity 0.5 to 20 m/s, the value of the

gear mesh torque loss of the RS–AQ gear combination is

consistently the smallest (Fig. 7). The porosity structure of

the AQ gear and AQ pin in Fig. 4 shows that there are

porosities on the surfaces of the AQ gear tooth and pin.

Furthermore, we can also see pores on the surfaces of the

AQ pin tip in Fig. 5c–f. The low gear mesh torque loss and

friction coefficient of RS–AQ combination are mainly due

to the porosities on the surfaces of the AQ parts, which act

as oil reservoirs to supply enough lubricant to lubricate the

contact surfaces. References [10–12] show that controlled

dimples on contact surfaces act as lubricant reservoirs and

play a role in promoting better lubrication and a decrease in

friction. By calculation, the size (average value of length

and width) of pores in the AQ pin and gear tooth is between

30 and 40 lm. The surface textures in Wakuda [10] and

Kovalchenko [12] are in the form of circular dimples with

Fig. 7 FZG gear mesh torque losses for load stage 5 (left) and pin-on-disc friction coefficient results (right), contact pressure 900 MPa, of AQ–

AQ, RS–AQ and RS–RS combinations. The error bars show the SD

Fig. 8 FZG gear mesh torque losses for load stage 7 (left) and pin-on-disc friction coefficient results (right), contact pressure 1080 MPa, of AQ–

AQ, RS–AQ and RS–RS combinations. The error bars show the SD
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diameters of 58, 78 lm and 40, 80 120 lm, respectively.

For Pettersson [11], there are two different surface textures:

the first is in the form of grooves 5, 20 and 50 lm wide,

and the second one is grids with the same length and widths

of 5, 20 and 50 lm. There are some differences between

the size of the porosities of the AQ gear tooth and pin with

the porosities in [10–12], but the sizes are not that different.

Wakuda [10] recommended a dimple size of approximately

100 lm under the tested friction conditions. Pettersson [11]

showed that the 5- and 20-lm grooved textures and the

surface with 5-lm depressions exhibited good frictional

properties for all 200,000 cycles. Kovalchenko [12]

showed that circular dimples of 58 and 78 lm reduced the

friction coefficient substantially. In this research, the gear

mesh torque loss and friction coefficient results for the AQ

material gear tooth and pin with pores sized 25 to 35 lm
show the same behaviour as that of [10–12], that is, the

pores on the surfaces of the AQ components act as lubri-

cant reservoirs enabling good lubrication.

Van Beek [9] showed that different material combina-

tions can prevent adhesive wear and so enhance transmis-

sion efficiency indirectly. It is obvious in Figs. 5 and 6 that

abrasive-wear-like scuffing occurred on all the surfaces of

both the AQ and RS gear tooth and pins. However, there is

heavy abrasive-wear-like scuffing and material transfer on

the surfaces of the pins and gear teeth of the RS–RS

combination. As with the AQ gear tooth and pin of AQ–

AQ and RS–AQ combinations, there is adhesion, but only a

little scuffing and material transfer compared to the RS–RS

combination. So the reduced adhesive wear of the different

material combination and existence of alloys in the AQ

materials indirectly enhance transmission efficiency.

When two smoothly finished surfaces of the same

material are forced together, the surface energy is com-

pletely determined by the adhesive energy, cab = 0,

Tab = 2 ca = 2 cb. With two different materials, some

interface energy remains, reducing the adhesive energy that

is released. Alloys are generally beneficial in respect of

friction, regardless of the alloying element, because they

reduce the surface energy c and increase hardness. Thus,

another reason for the lower gear mesh torque loss and

friction coefficient in the AQ components is the different

material combination and the presence of the alloy element

nickel. The main reason that the RS–AQ combination

shows both lower gear mesh torque loss and a lower fric-

tion coefficient is probably that the porosities on the sur-

faces of the AQ material component act as oil reservoirs to

supply enough lubricant to lubricate the contact surfaces. In

addition, the different material combination can reduce the

released adhesive energy, and the alloy reduces the surface

energy in the AQ components [9].

The AQ–AQ combination shows the highest load-de-

pendent torque loss at lower pitch-line velocities of 0.5 and

1 m/s and the highest friction coefficient at sliding speed of

0.5 m/s (Fig. 7). This is mainly because the pores on the

surface of AQ components act as surface roughness at low

sliding speeds. Pettersson [11] also showed that the 50-lm
textures could not sustain the low friction and suffered

severe wear at somewhat lower speed. Above a pitch-line

velocity of 2 m/s, the AQ–AQ combination consistently

shows lower gear mesh torque loss than the RS–RS com-

bination, and the friction coefficients at high sliding speed

(4 m/s) show the same trend as the gear mesh torque loss.

The lower gear mesh torque loss and friction coefficient of

the AQ–AQ combination at high speed are mainly caused

by pores on the surface of AQ component that act as oil

reservoirs [10–12] and by the existence of alloying ele-

ments that reduce the surface energy [9].

4.2 FZG Gear Torque Loss and Pin-on-Disc

Friction Coefficient at Contact Pressure

of 1080 MPa

Figure 8 shows that at speeds from 0.5 to 3.2 m/s, both the

gear mesh torque loss and the friction coefficient at 0.5 m/s

of AQ–AQ and RS–AQ are higher than that of the RS–RS

combination. The main reason is probably that the

porosities on the AQ component act as surface roughness,

providing more opportunities for asperity contact [13].

Pettersson [11] also showed that the 50-lm textures could

not maintain low friction and suffered severe wear, show-

ing the same frictional trend as the AQ–AQ and RS–AQ

combinations. The friction coefficient at 0.1 m/s of the

three different material combinations is nearly the same

(Fig. 8 right). The pin-on-disc tests of Kovalchenko [12]

showed that the beneficial effects of micro-dimples are

more pronounced at higher speeds with higher viscosity oil.

Thus, the effect of the porosities on the surfaces of AQ

components acting as oil reservoirs may be dependent on

speed and lubricant viscosity. Further study is needed to

determine the relationships between porosity, speed and

lubricant viscosity. The RS–AQ showed a higher gear

mesh torque loss and friction coefficient than that of the

RS–RS. Although different material combination can pre-

vent adhesive wear [9], surface roughness caused by

porosity dominated at heavy load. Above a pitch-line

velocity of 8.3 m/s, the gear mesh torque loss of RS–AQ is

the smallest except at 15 m/s. The main reason is probably

that the porosities on the surfaces of the AQ material

component act as oil reservoirs that lubricate the contact

surfaces at higher speeds [10–12]. In addition, the different

material combination can reduce the released adhesive

energy, and the alloy reduces the surface energy in the AQ

components [9]. The AQ–AQ and RS–RS combinations

had nearly the same gear mesh torque loss between pitch-

line velocities of 8.3 and 20 m/s except at 15 m/s.
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5 Conclusions

The RS–AQ gear combination is a good candidate for gear

transmissions at medium to high pitch-line velocities

because the porosities of the AQ act as oil reservoirs that

enable good lubrication conditions; the different material

combinations can prevent adhesive wear, and the existence

of the alloying element reduces the surface energy in the

AQ component.

The porosities on the surfaces of AQ components that

act as oil reservoirs are speed and load-dependent. The

higher the speed and lower load, the better the effect of the

pores act as oil reservoirs.

The trend in gear mesh torque loss is the same as that of

the friction coefficient of the pin-on-disc experiment. Pin-

on-disc experiment simulates the sliding part of gear mesh

successfully, and friction coefficient of it can reflect the

trend of gear mesh torque loss.

At low speed and heavy load, the porosities of AQ (both

gear and pin) act as surface roughness to enhance the

opportunities for asperity contact.
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a b s t r a c t

Power loss is one of the main concerns in gear transmission systems. In this study a recirculating power
back-to-back FZG test rig was used to investigate the efficiency of spur gears made of powder metallurgy
(PM) material using two different surface manufacturing methods (ground and super-finished). The
results were compared with previously presented results of standard gear material from the same test
rig. The influence of the material (Wrought steel or PM) and surface roughness on the gear mesh effi-
ciency and the total efficiency of the gearbox were analyzed in detail. The Young’s modulus for PM
materials is lower than for conventional gear steel. This may influence gear tooth bending and the
efficiency of the gear transmission. Gear contact simulation results showed that the influence of gear
tooth bending on PM gear transmission efficiency can be ignored in the FZG gear geometry. Higher
surface energy combined with a smoother surface led to a lower transmission efficiency for the super-
finished powder metallurgy gear combination compared to the standard gear material.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

High fuel costs and the environmental concerns associated
with energy utilization and air pollution have increased the
importance of efficiency in gear transmission systems. High effi-
ciency gear transmission systems generate less frictional heat,
reduce the amount of oil needed for lubrication and can improve
gear failure modes such as scoring and pitting. Means to attain
“low loss” gear transmission systems include using light-weight
gears, modifying tooth geometry to reduce specific sliding [1–3],
using a gear oil that generates lower friction [4,5], or a combina-
tion of all three strategies.

Lots of studied have been done related to gear transmission
efficiency. On the basis of traction measurements of combined
rolling and sliding contact, Xiao et al. [6] reported that gear mesh
power loss is lower for smooth surfaces than for rough surfaces.
Britton et al. [7] reported that reducing the average surface
roughness height from 0.4 to 0.05 μm reduced gear mesh power
loss by between 20% and 30%. Simulating the rolling-sliding con-
tact of gear tooth contact using twin-disc equipment, Bergseth
et al. [8] showed that super-finished disks had enhanced friction
and wear properties. Using ball-on-disc experimental studies,
Björling et al. [9] showed that a super-finished surface has a large
effect on friction and wear. Xiao et al. [10] used two rollers running
against each other to simulate the friction force generated in gear-
meshing processes and showed that fine ground (Sa¼0.3 μm)
surfaces showed better frictional properties than medium ground
(Sa¼0.6 μm) and rough ground (Sa¼1.2 μm) surfaces. Sjöberg
et al. [11] studied the influence of running-in on gear efficiency
and showed that high running-in loads led to higher gear mesh
efficiency. Andersson et al. [12] showed that super-finished gears
exhibit overall higher efficiency than ground gears, but noted a
distinct reversal phenomenon at low speeds.

Given the importance of energy and environmental concerns, it
is important to pay attention to all aspects of a product including
its manufacturing, operation, and maintenance. Powder metal-
lurgy (PM) is usually used to manufacture parts with complex
geometries such as gears and structural parts. Because of their
light mass compared to wrought steel gears, PM gears may be
classified as “low mass –low loss gears.” There are, however, few
publications dealing with the transmission efficiency of PM gears.
Li et al. [13] used pin-on-disc experiments to show that regular
steel (16MnCr5) disks on PM material pins, and PM material disks
on PM material pins, had lower friction coefficients than regular
steel disks on regular steel pins. On the basis of these results, Li
et al. [14] investigated the gear mesh torque loss of regular steel
gears and PM material gears. They found that running a standard
material gear against a PM gear can improve efficiency. In addition
the combination of PM with PM was more efficient than the
standard on standard gear combination under intermediate load
conditions (94 Nm, load stage 5 in a FZG gear test rig).

The bending stiffness of the gear teeth influences the points
where the two surfaces contact each other. The Young’s modulus

www.sciencedirect.com/science/journal/0301679X
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Nomenclature

A–B gear-pinion
AQ Distaloy AQþ0.2%C
B Gear width (mm)
E, EO;1;2 Young's modulus (GPa)
Er Reduced Young's module (GPa)
Fbti Normal force (N)
Hmin Minimum film thickness (m)
J Rotary initial Kg m2

L Contact length (m)
Mrr Rolling friction moment (Nm)
Msl Sliding friction moment (Nm)
PM powder metallurgy
Pmesh Load-dependent power loss (W)
PT Total power loss (W)
Pspin Load-independent power loss (W)
Rq1;2 Average surface roughness (m)
R Reduced radius (m)
RS 16MnCr5
Sf20 Root width (m)
T1 Load torque (Nm)
Tload�dependent Load-dependent torque loss (Nm)
Tab Adhesive energy of surface a and b (J)
TT Total torque loss (Nm)
TSbearing Total torque loss of bearings (Nm)
Tbearing Load-dependent bearing loss (Nm)
U Rolling speed (m/s)

V1;2 Peripheral speeds (m/s)
W Power consumed by gear rotation (J)
a Center distance (mm)
bH Hertz deformation width (m)
b Face width (m)
da Tip diameter (mm)
db Base diameter (mm)
df Root diameter (mm)
rbt Base circle radius (m)
rft Root circle radius (m)
t Time (s)
mn Normal Module
z Number of teeth
α Pressure-viscosity coefficient (Pa)
αFy;p Pressure angle (rad)
β Helix angle (rad)
γ Surface energy (J)
δH1;2 Hertz flattening (m)
δRK Gear body deformation (m)
δz Gear tooth bending (m)
ρ, ρo Density (Kg/m3)
ρ1;2 Radii of cylinders (m)
σH Contract stress (Pa)
ω Rotation speed, (rpm)
ηmesh Mesh efficiency (%)
ηo Entry viscosity (Pa)
ηT Total efficiency (%)
v1;2, ν, νoPoisson’s ratio
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and Poisson's ratio [13,14] of powder metallurgic materials are
lower than those of standard gear steel, and this influences the
bending stiffness. It is thus necessary to check whether these
differences will alter the contact stress, sliding speeds, and film
thickness at the contact point and so affect gearbox efficiency.

Li et al. [14] investigated the gear mesh torque loss of regular
steel and PM material ground gears but the efficiency of super-
finished PM gear are unknown. Using efficiency data for ground
[11] and super-finished [12] regular steel gears as a base for fur-
ther research, here we undertook additional research using the
same test setup for super-finished gears made of PM material.

In this paper, two different surface manufacturing methods
(ground and super-finished) are evaluated. The influence of
material combination and surface roughness on total gearbox
efficiency is analyzed. Surface analysis was performed on the gear
flanks of all gears, for both the material and the surface manu-
facturing method.
2. Experiments and experimental procedure

2.1. FZG gear test rig

The test rig used in this experiment utilizes the power loop
principle, also known as the four-square or back-to-back config-
uration, to provide a fixed torque (load) to a pair of precision test
gears. As shown in Fig. 1 [15] the gear test rig consists of a slave
gearbox and test gearbox connected by two shafts. One shaft has a
load clutch to apply the load. The test gearbox contains a system
for heating the test oil and controlling its temperature as well as a
water-cooling system to assist in cooling the oil to the required
starting temperature. A temperature sensor, which maintains a
preset temperature, is located in the side of both the gearbox and
slave gearbox. The test rig is powered by an electric motor at
variable speeds up to 3500 rpm and in two directions of rotation.
The transmitted torque (TC), total torque loss (Ttotal), rotating
speed (ω), and lubricant temperature (T) are automatically mea-
sured and recorded as functions of time (t). An FZG gear test rig
has 14 load stages. For type C gears, the Hertz contact pressure at
the pitch point varies from 0.15 GPa to 2.2 GPa, depending on the
load stage. The use of this rig for efficiency studies is described in
detail in Sjöberg et al. [11]. Andersson et al. [16] found the
uncertainty in the torque measurements to be less than 0.05%.

2.2. Test specimens and lubricant

The gear specimens used in this experiment are type C gears
with tip relief. Tip relief enables gears gradually entry into mesh
and thus reduce dynamic loadings and makes gear drives operate
quietly. The gears are made of PM materials with two different
tooth surface manufacturing methods (ground and super-finished)
as shown in Fig. 2. In all other respects they are the same. The PM
gear material is Distaloy AQþ0.2%C. The chemical composition of
16MnCr5 (used in Sjöberg et al. [11] and Andersson et al. [12]) and
the PM gear materials is shown in Table 1. In the rest of this paper,
AQ, RS and A-B will be used to identify Distaloy AQþ0.2%C,
16MnCr5, and the gear-pinion combination, respectively. AQ gears
were sintered for 45 min at 1120 °C in a 90% nitrogen and 10%
hydrogen atmosphere. The standard gear steel, 16MnCr5, is a well-
known wrought steel with easily identified elastic properties. For
the sintered steels, the situation is more complicated. PM mate-
rials are porous, and the way they are manufactured determines
their porosity and thus their density and mechanical properties.
According to Beiss [17], the elastic properties of powder metal
steel materials can be calculated using the following formulas:

E¼ Eo
ρ
ρo

� �3:4

ð1Þ



Table 3
The main parameters of gear specimens.

Symbol Pinion Gear

Number of teeth z 16 24
Normal module mn 4.5 4.5
Gear width (mm) b 14 14
Pressure angle (deg) α 20° 20°
Reference diameter (mm) d 72 108
Base diameter (mm) dB 67.65 101.48
Tip diameter (mm) da 82.46 118.36
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v¼ ρ
ρo

� �0:16
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where ρo, Eo, and νoare the density, Young's modulus, and Pois-
son's ratio of solid steel, respectively. Table 2 shows the material
characteristics of 16MnCr5 and PM gears.

The most important parameters of the specimens are shown in
Table 3. Note that the PM gear has the same surface manufacture
methodology (grinding and super-finishing) as the previously
presented regular steel gears [11,12]. The scope of the test
Root diameter (mm) df 61.34 98.98
Center distance (mm) a 91.5 91.5
Start tip relief (mm) dA 80.3 115.9
Tip relief (mm) TR 20 20
Addendum modification factor X1,X2 0.1817 0.1715

Table 4
The main characteristics of the lubricant.

Lubricant name BP Castrol Syntrans 75W-80

Kinematic viscosity at 40 °C (mm2=s) 64.1

Kinematic viscosity at 100 °C (mm2=s) 11.8

Table 5
Efficiency test procedure of AQ-AQ, AQ-RS and RS-RS combinations.

Gear material
combination

Load (Nm)
(Load stage)

Gear speed (rpm) (Pitch
line velocity (m/s))

Gear surface
furnish

AQ-AQ RS-RS 0 (0) GR and SF
87 (0.5)
174 (1)

0 (L0) 348 (2)
94.1 (L5) 550 (3.2)
183.4 (L7) 1444 (8.3)

1740 (10)
2906 (15)
3479 (20)

Fig. 1. Schematic layout of FZG spur gear efficiency test rig [15].

Fig. 2. Experimental test gears.

Table 1
Chemical composition (mass%) of 16MnCr5 gears and PM gears.

Ni Mn Fe C S P Si Cr Mo

RS – 1–1.3 96.95–98.78 0.14–0.19 r0.035 r0.025 0.4 1.1 –

AQ 0.5 – 98.8 0.2 – – – – 0.5

Table 2
Characteristics of the specimens.

16MnCr5 PM

Young's modulus (GPa) 210 154
Poisson's ration 0.3 0.28

Density (kgm3) 7805 7200

Mass (gear/pinion) (g) 1201.27/630.89 1106.80/583.67
program was limited to investigation of the impact of gear mate-
rial and surface finish amplitude on spur gear efficiency. The
lubricant used in this experiment contains multifunctional addi-
tives required for mild extreme-pressure conditions. The main
characteristics of the lubricant are measured and shown in Table 4.

2.3. Test procedure

All the tests were performed using the same procedure with
new specimens but at different load stages as [11] and [12]. The
pitch velocities tested were 0.5, 1, 2, 3.2, 8.3, 10, 15, and 20 m/s. The
loads were 0, 94.1, and 183.4 Nm for both RS–RS and AQ–AQ
combinations. Each test was performed three times to ensure
repeatability. The specimens were run-in for 4 h at load stage 5
(applied torque 94 Nm) with a rotating speed of 87 rpm at a
controlled temperature of 90 °C. The same lubricant was used
during running-in and during the efficiency experiments. Both the
test gearbox and the slave gearbox contained 1500 mL lubricant.
After running-in, the efficiency tests were performed according to
the test procedures shown in Table 5. The experimental period
was 5 min. In the remainder of this paper GR and SF will be used
to identify ground and super-finished gears.

3. Efficiency calculation from measured TT

The calculation procedure used was that of Sören et al. [11].
Because of the complex mechanical and fluid-mechanical



Fig. 3. Schematic of (a) gear tooth bending, (b) gear body deformation and (c) Hertz flattening [20].
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interactions in a dip-lubricated gearbox, there are a large number
of power loss sources such as gear tooth mesh loss, air windage
losses, oil churning loss, and rotating seals and bearings losses.
Usually the gear torque losses are classified as load-dependent and
load-independent power losses as shown in equation (3). Load-
independent losses are associated with moving parts immersed in
the lubricant, while load-dependent power losses result from
contacting bodies with relative movement. The main sources of
frictional losses are the gears and the roller bearings.

TT ¼ Tload�dependent ¼ þTload� independent ð3Þ
where TT is the measured total torque loss. Tload�dependent is the
load-dependent torque loss including gear tooth mesh loss and
friction losses of bearings. Tload� independent is the load-independent
power loss, which includes oil churning loss, air windage loss, and
rotating seals and bearings losses. In order to distinguish load-
dependent and load-independent torque losses experimentally, a
two-step measurement procedure was adopted. First the total
torque loss TT is measured under no load at a certain test condi-
tion. Then the same test is repeated under a given transmitted
torque (TC) with all other conditions the same. When TC¼0, the
load-dependent portion is approximately zero (Tload�dependent � 0Þ;
so that TT � Tload� independent. Using Eq. (3) the value of
Tload�dependent for different TC can be obtained. In order to estimate
the gear mesh torque loss, the load-dependent bearing torque loss
must be removed from Tload�dependent. Load-dependent bearing
loss is composed of rolling and sliding loss. It was estimated using
Eq. (4) [18].

Tbearing ¼MrrþMsl ð4Þ
Mrr is rolling friction moment:

Mrr ¼φishφrsGrr ðvnÞ0:6 ð5Þ

Msl is sliding friction moment:

Msl ¼ Gslμsl ð6Þ
The FZG gear test rig altogether has 8 NJ406 cylindrical roller

bearings, four on the pinion side and four on the gear side. Bearing
friction moment losses from the pinion side (TbearingSKF1) and the
gear side (TbearingSKF2) were multiplied by the angular velocity of
their respective shafts (ω1) and (ω2). The power losses for the
eight bearings (TSbearing) were then added together and divided by
the ingoing angular velocity from the motor (ω2) in the following
manner:

TSbearing ¼ 4
TbearingSKF1ω1þTbearingSKF2ω2

ω2

� �
ð7Þ
So the gear mesh torque loss Tmesh can be obtained.

Tmesh ¼ Tload�dependent ¼ �Tbearing ð8Þ

Gearbox total efficiency (ηT ) was calculated using Eq. (9) from
Petry-Johnson [3], dividing the measured torque loss by the
nominal torque transferred by the pinion (T1) and multiplying by
0.5 for the efficiency of one gearbox. The gear mesh torque loss
was calculated as in Eq. (10). The gear mesh efficiency was cal-
culated by dividing the gear mesh torque loss by the nominal
torque and gear ratio (u) and multiplying by 0.5 for the efficiency
of one gear mesh. This in essence assumes that both gearboxes
have the same power loss.

ηT ¼ 1�0:5¼ TT

uT1

� �
ð9Þ

Tmesh ¼ Tload�dependent�TSbearing ð10Þ

ηmesh ¼ 1�0:5
Tmesh

uT1

� �
ð11Þ

In order to quantify the gain (or loss) due to different material
gear combinations or surface roughnesses, the following equation
was used. The result is a percentage.

Δη ¼ 100
η1�η2
1�η1

� �
ð12Þ
4. Gear contact mechanics calculation

The differences in the elastic properties of powder metal and
regular gear steel materials (shown in Table 2) could lead to dif-
ferent values of contact stress, sliding speed, and film thickness
between RS-RS and AQ-AQ gear combinations. Due to the differ-
ences in the Young’s modulus and Poisson’s ratio between PM and
RS materials, the path of contact (coordinate on the line of action)
and the normal load distribution of PM and RS gears could be
different. The calculation of the path of contact was performed
using the gear calculation software Kisssoft (Kisssoft 03/2014).
Using geometric parameters [19] Kisssoft also takes into account
the deformations of gear body, gear tooth bending, and Hertz
contact, as illustrated in Fig. 3. Kisssoft also calculates the normal
load distribution.

The gear tooth bending δZ , gear body deformation δRK , and
Hertz flattening δH1;2 are calculated by Kisssoft according to Eqs.
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Fig. 4. Rolling of two gear profiles accompanied by simultaneous rotation [19].
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(13), (14), and (15) respectively:

δz ¼
Fbti
b

cosαFy
� �21�v2

E
12
Z yP

0

yP�y

� �2
2X0� �3 dy

2
64

þ 2:4
1�v

þ tanαFy
� �2� �Z yP

0

dy
2X0

�
ð13Þ
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b
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ð15Þ
The theoretical radius ρy of different points on the gear tooth

profile can be calculated according to the geometric parameters, as
detailed in [19]. The actual radius ρ is:

ρ¼ ρy�δz�δRK�δH1;2 ð16Þ

In addition ρ will also be the coordinate of the corresponding
point on the line of action. For some points it is easier to calculate
the corresponding radii ρy of the meshed gear tooth. Then N1N2

�ρ will be the coordinate of the point. N1N2 is the length of the
line of action as shown in Fig. 4.

The contact stress calculation between two cylinders can be
used to calculate the contact stress of an arbitrarily curved surface
by substituting the radii of the surfaces at the contact line. This
approximation is used here to calculate the maximum contact
stress σH [19] for the gear tooth contact:

σH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

πð1�v12
E1

þ1�v22
E2

Þ
Fbti

b ρ1ρ2
ρ1 þρ2

s
ð17Þ
As shown in Fig. 4, during the meshing process as the contact
point moves over the path of contact defined by the shape of the
profiles, the angles αy1and αy2 vary, just like the radii ry1 (O1Y) and
ry2 (O2Y). The peripheral speeds of point Y as the point of profile
1 and 2 are

V1 ¼ ry1ω1 ð18Þ

V2 ¼ ry2ω2 ð19Þ
The difference of the speeds in the tangent direction of the

profiles is called the mated profiles sliding speed and is

V ¼ ry1ω1 sinαy1�ry2ω2 sinαy2j
		 ð20Þ
The line contact EHD model [21] of Dowson and Higginson was

used to calculate the film thickness:

Hmin ¼ 1:654
ðη0UÞ0:7R0:43α0:54L0:13

E0:03r F0:13
ð21Þ

The model of Dowson and Higginson does not take surface
roughness effects into account.
5. Results

5.1. Efficiency results

The results relating to gear efficiency are presented in terms of
gear total efficiency with mean value and standard deviation.

Fig. 5 shows the total efficiency results of both AQ-AQ and RS-
RS gear combinations. Note that the efficiency results for the RS-RS
gear combination are extracted from [11,12]. Looking at the graph
one can identify different speed regions where, for instance, the
AQ powder metallurgic material performs better than the standard
gear material. Therefore, in order to compare the trend of effi-
ciency, different speed ranges are used here and also in the dis-
cussion. At pitch velocities from 1 to 20 m/s, the average total
efficiency calculated by Eq. (9) was 7% higher for the ground AQ-
AQ gear combinations than for RS-RS gear combinations at load
stage 5. For load stage 7 at pitch velocities from 0.5 to 8.3 m/s, the
total efficiency of AQ-AQ gear combinations is 6.3% lower than that
of RS-RS. At pitch velocities from 10 to 20 m/s, the AQ-AQ and RS-
RS gear combinations have nearly the same average total
efficiency.

For the RS-RS ground and super-finished gear combinations
between pitch point velocities 2 and 20 m/s, the average total
efficiency was 19% and 16% higher for the super-finished gear
combinations than for the ground gears at load stages 5 and 7,
respectively. As for the super-finished AQ-AQ gear combinations,
the trend is totally different from that of RS-RS material gear
combinations. At pitch velocities from 0.5 to 20 m/s, the average
total efficiency was 24% and 32% lower for super-finished AQ-AQ
gear combinations than for ground gears at load stages 5 and 7 (L5
and L7) respectively. Note that the super-finished AQ-AQ combi-
nation shows the lowest total efficiency compared with that of
super-finished RS-RS, ground RS-RS, and ground AQ-AQ
combinations.

Fig. 6 shows the gear mesh efficiency. Above a pitch velocity of
1 m/s the AQ-AQ ground gear combination always shows higher
mesh efficiency than RS-RS at L5. The average gear mesh efficiency
was 7% higher for ground AQ-AQ gear combinations than RS-RS. At
load stage 7 over the whole speed range, the average gear mesh
efficiency of RS-RS is 9% higher than that of AQ-AQ. The gear mesh
efficiency was 60% and 33% higher for super-finished RS-RS gear
combinations than for ground gears at L5 and L7, respectively, at
pitch line velocities between 3 and 20 m/s [11,12]. The trend for
AQ-AQ gear combinations is totally different: 27% and 30% lower



Fig. 5. Total efficiency results of RS-RS (ground and super-finished) [11,12] and AQ-AQ (ground and super-finished) gears of L5 and L7 in terms of mean value and standard
deviation.

Fig. 6. Gear mesh efficiency results of RS-RS (ground and super-finished) [11,12] and AQ-AQ (ground and super-finished) gears of L5 and L7 in terms of mean value and
standard deviation.
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for super-finished AQ-AQ gear combinations than for ground gears
at L5 and L7, respectively. Note that the super-finished AQ-AQ
combination also shows the lowest mesh efficiency compared to
super-finished RS-RS, ground RS-RS, and ground AQ-AQ
combinations.

5.2. Surface analysis

5.2.1. 3D surface roughness and amplitude parameters of gear tooth
Fig. 7 presents the 3D surface roughness and peak distribution

results for the gear flanks (the surface roughness measurement
area is shown in Fig. 2). The surface roughness before testing are
shown in a, b, c, and d. After testing roughness is shown in e, f, g,
and h. The measured area is 4.5�2 mm2. The ordinate is the
height of the asperities and the abscissa is the quantity in per-
centage of asperities. The accented figures (e.g. a’) in Fig. 7 are the
Abbott–Firestone curves for each case. In addition, the surface
amplitude parameters in terms of Sa and Sz for ground and super-
finished gear flanks are shown in Tables 6 and 7 respectively.

For ground RS-RS and AQ-AQ gear combinations the surface
topography is nearly the same before and after test. One thing to
note is that for the super-finished AQ-AQ gears, the surface
roughness and peak distribution have deteriorated. As shown in
Table 7, the surface amplitude parameter of Sa increased some-
what from 0.13 to 0.15 mm. The same information in terms of peak
distribution and surface roughness is shown in Fig. 7d, d0, h and h0.
The main peak height of the initial super-finished AQ material
tooth is 0.6, 0.7, and 0.8 mm (Fig. 7d0), but it is 1.2, 1.3, and 1.4 mm
after the experiment (Fig. 7h0).

5.2.2. Porosity structure of AQ material gear tooth
Fig. 8 shows an optical micrograph of a cut section of the AQ

material gear tooth showing porosities on or near the surface. Li
et al. [14] showed that the porosities of AQ can lower the friction
coefficient of pin-on-disc experiment and gear mesh torque loss of
FZG gear efficiency experiment.

5.2.3. SEM micrographs of gear flanks
Fig. 9 shows the SEM micrographs of the gear flanks of both

ground and super-finished gears. For ground gears, the tracks
parallel to the grinding direction are caused by the manufacturing
method. The micrographs demonstrate that the RS-RS combina-
tion has heavier adhesive wear than the AQ-AQ combination for
ground gears. The porosities can also be seen on the surface of the
AQ gear flanks.

As for the super-finished gears, the RS-RS gear combination has
numerous small wear scratches which indicate abrasive wear
while the AQ-AQ combination shows heavy adhesive wear mate-
rial transfer covering nearly the whole photo, as shown in Fig. 9d.



Fig. 7. 3D surface roughness and peak distribution results of gear flanks.

Table 6
Surface amplitude parameters of ground gear flanks.

Surface amplitude parameter RS-RS combination AQ-AQ combination

Initial After test Initial After test

Sa (mm) 0.35 0.29 0.34 0.26
Sz (mm) 3.85 2.39 3.46 2.52

Table 7
Surface amplitude parameters of super-finished gear flanks.

Surface amplitude parameter RS-RS combination AQ-AQ combination

Initial After test Initial After test

Sa (mm) 0.15 0.14 0.13 0.15
Sz (mm) 1.23 1.14 1.73 1.46

Fig. 8. Micrographs of cut section of AQ material ground gear.
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Fig. 9. SEM micrographs of gear flanks.

Table 8
Coordinate of mesh points on the line of action.

X-coordinate (mm)

A B C D E

RS
4.442 10.245 13.922 17.731 23.534
PM
4.368 10.251 13.882 17.732 23.47
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5.2.4. Calculation results of contact stress, sliding speed, and film
thickness

Fig. 10 shows the normal load and maximum contact stress of
the RS-RS and AQ-AQ gear combinations at load stage 7. For the
normal load, the biggest difference appears at the start and end
point of meshing because of the gear deformation. Overall the
maximum contact stress of the AQ-AQ gear combination is lower
than that of the RS-RS due to the larger Hertz contact deformation.
The X-coordinate (for example N1Y as shown in Fig. 4) is the
distance from point N1 to the contact point of the two-gear profile
on the line of action N1N2. Here the starting point of gear mesh of
the driving gear is defined as A; the double mesh region is
between B and D. C is the pitch point and is located between B and
D. E is the end point of meshing. For PM and RS material gears, the
X-coordinate is different due to the difference in gear deformation.
The coordinate of mesh points on the line of action is shown in
Table 8. These mesh points are also the X-coordinates of Figs. 10,11,
and 12. From Table 8 it can be seen that the coordinate of the PM
and RS gears differs only after the first decimal.

Figs. 11 and 12 present the mated profiles sliding speed and
film thickness of RS-RS and AQ-AQ gear combinations at load stage
7 for two different rotational speeds: 3479 and 87 rpm. Both gear
combinations have nearly the same sliding speeds, as shown in
Fig. 11. Note that the calculation of sliding speed also takes the
gear deformation into account. Different X-coordinates of the
mesh point on the line of action will lead to different ry1 and ry2 for
PM and RS gears, as shown in Fig. 4. In most of the contact, the
AQ-AQ gear combination has a slightly thicker film thickness than
the RS-RS gears.
6. Discussion

As shown in Fig. 10, due to the different elastic properties of PM
and RS materials, the normal load distributions do not differ much
despite the differences in the maximum contact stress for RS and
PM gears. The RS-RS and PM-PM gear combinations have nearly
the same sliding speed (Fig. 11). Furthermore, the difference in
minimum lubricant film thickness between the gear combinations
is small, as shown in Fig. 12. Hence, the influence of normal load
distribution, sliding speed, and film thickness on PM gear trans-
mission efficiency can be neglected.

Andersson et al. [12] showed that the decrease in average
power loss of super-finished RS-RS gear combinations compared



Fig. 11. The mated profiles sliding speed of RS-RS and AQ-AQ gear combinations at load stage 7, (a) 3479 rpm, (b) 87 rpm.

Fig. 12. Film thickness of RS-RS and AQ-AQ gear combinations at load stage 7, (a) 3479 rpm, (b) 87 rpm.

Fig. 10. Normal load (a) and maximum contact stress (b) of RS-RS and AQ-AQ gear combinations at load stage 7.
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to ground gear surfaces is 60% and 33% for load stages 5 and
7 respectively at pitch line velocities between 3 and 20 m/s. This is
mainly because fewer surface peaks are in contact for the super-
finished gears. Note that the mechanism of the difference in effi-
ciency between RS-RS and AQ-AQ ground gear combinations was
studied in detail in [14], and will not be discussed here.

The gear mesh and total efficiency behavior of super-finished
AQ-AQ gear combinations is the opposite of the RS-RS combina-
tions. The average total efficiency at all loads is 22% higher for the
ground AQ-AQ gear combination than for super-finished gears,
and the average gear mesh efficiency at all loads is 39% higher than
that of super-finished gears. Fig. 7 shows the 3D surface roughness
and peak distribution of both ground and super-finished gears.
After the experiment the surface roughness and peak distribution
of ground RS-RS, ground AQ-AQ, and super-finished RS-RS have all
become smoother than before the experiment. However, for the
super-finished AQ-AQ gear combination, the surface roughness
and peak distribution increased after the experiment.

In the SEM photos of ground RS-RS, ground AQ-AQ, and super-
finished RS-RS combinations, not much adhesive wear is visible
(Fig. 9). As before, the trend is different for the AQ-AQ-super-
finished combination, which clearly shows adhesive wear. One
possible explanation for this phenomenon is a difference in the
surface energy of the gear tooth interfaces. When two smoothly
finished surfaces of the same material are forced together, the
surface energy is completely determined by the adhesive energy,



Table 9
Values of surface energy for different materials.

Metal γ; J
m2

Ceramics γ; J
m2

Polymer γ; J
m2

Fe 1.5 Al2O3 0.8 HDPE 0.035
Cu 1.1 ZrO2 0.53 PMMA 0.045
Al 0.9 TiC 0.9 PA 6 0.05
Ni 1.7 ZrC 0.6 PVC 0.045
Ag 0.9 – – PTFE 0.018
Pb 0.45 – – – –

Cr 1 – – – –
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Tγ¼2γ, where γ is the surface energy of material in contact [22].
Table 9 shows the values of surface energy for clean surfaces of
different materials. The data are taken from [23] and [24].

Table 1 shows that there is 0.5% Ni in AQ material gears and
Table 8 shows that Ni has the highest surface energy of all the
materials in Table 9. Furthermore, this Ni is undissolved in the PM
gear material [14]. This implies that PM gears are likely to have a
higher surface energy. Beek [22] showed that one efficient method
of reducing the surface energy is to increase the surface topo-
graphy. The ground PM gears with their comparably rougher
surface together with their porosities are acting as oil reservoirs,
which is beneficial from an energy efficiency perspective. How-
ever, in the case of the super-finished AQ-AQ gear combination,
the surfaces are so smooth that the surface energy forces dominate
and lead to adhesive material transfer. Further research is neces-
sary, especially with alloying elements in super-finished powder
metallurgic gears to decrease the surface energy.
7. Conclusions

Based on an experimental study in a FZG gear test rig combined
with surface analysis of the gear tooth surfaces and simulation of the
gear contact mechanics, the following conclusions can be drawn:

� The influence of elastic properties of powder metallurgy
material on gear transmission efficiency in FZG gear geometry
can be neglected.

� Gear efficiency is closely related to material combinations and
surface roughness.

� The efficiency of the super-finished powder metallurgy material
gear combination is lower than that of the ground combination
due to adhesive material transfer. This is in contrast to the
results from a super-finished regular steel gear combination.
Acknowledgments

Thanks are expressed to Dr. Michael Andersson and Marcus
Persson from Höganäs AB for their technological support and
discussions. This project was financially supported by Energi-
myndigheten, Höganäs AB and Swepart.
References

[1] Hohn BR, Michaelis K, Wimmer A. Low loss gears. Gear Technol 2007;24
(4):28–35.

[2] Magalhes L, Martins R, Locateli C, Seabra J. Influence of tooth profile and oil
formulation on gear power loss. Tribol Int 2010;43(10):1861–71.

[3] Petry-Johnson TT, Anderson A, Kahraman A, Chase DR. Experimental investi-
gation of spur gear efficiency. In: Proceedings of the ASME international
design engineering technical conferences and computers and information in
engineering conference DETC2007. 7; 2008. p. 747–57.

[4] Martins R, Seabra J, Brito A, Seyfert Ch, Luther R, Igartua A. Friction coefficient
in FZG gears lubricated with industrial gear oils: biodegradable ester vs.
mineral oil. Tribol Int 2006;39(6):512–21.

[5] Hohn BR, Michaelis K, Doleschel A. Frictional behavior of synthetic gear
lubricants. In: Dalmaz G, editor. Tribology research from model experiment to
industrial problem. Amsterdam: Elsevier; 2001.

[6] Xiao L, Amini N, Rosen B-G. An experimental study on the effect of surface
topography on rough friction in gears. In: JSME International Conference on
Motion and Power Transmission. Fukuoka, Japan; 15–17 2001. p. 547–52.

[7] Britton RD, Elcoate CD, Alanou MP, Evans HP, Snidle RW. Effect of surface
finish on gear tooth friction. Trans ASME 2000;122:354–60.

[8] Bergseth E, Olofsson U, Lewis R, Lewis S. Effect of gear surface and lubricant
interaction on mild wear. Tribol Lett 2012;48(2):183–200.

[9] Björling M, Larsson R, Marklund P, Kassfeldt E. Elastohydrodynamic lubrication
friction mapping: the influence of lubricant, roughness, speed, and slide-to-
roll ratio, Proceedings of the IMechE 225 Part J: J Engineering Tribology.

[10] Xiao L, Rosen B-G, Amini N, Nilsson Per H. A study on the effect of surface
topography on rough friction in roller contact. Wear 2003;254(11):1162–9.

[11] Sjöberg S, Sosa M, Andersson M, Olofsson U. A study of running-in and effi-
ciency of ground gears. Tribology International, http://dx.doi.org/10.1016/j.tri
boint.2015.08.045.

[12] Andersson M, Sosa M, Olofsson U. The effect of running-in on the efficiency of
super-finished gears. Tribology International, http://dx.doi.org/10.1016/j.tri
boint.2015.08.010.

[13] Li X, Sosa M, Olofsson U. A pin-on-disc study of the tribology characteristics of
sintered versus standard steel gear materials. Wear 2015. http://dx.doi.org/
10.1016/j.wear.2015.01.032i.

[14] Li X, Olofsson U. FZG gear efficiency and pin-on-disc frictional study of sin-
tered and wrought steel gear materials. Tribology Letters, http://dx.doi.org/10.
1007/s11249-015-0582-6.

[15] Winter H, Michaelis K. FZG gear test rig: Description and possibilities, Coor-
dinate European Council second international symposium on the performance
evaluation of automotive fuels and lubricants, 1985.

[16] Andersson M, Sosa M, Sjöberg S, Olofsson U. Effect of assembly errors in back-
to-back gear efficiency testing. In: Proceedings of the international gear con-
ference; 2014.

[17] Beiss P. Mechanische eigenschaften von sinterstählen. Tagungsband zum
Symposium für Pulvermetallurgie: Material-Prozess-Anwendung Hagen 27;
2003.

[18] SKF. Rolling bearings catalogue. SKF group; 2012. p. 97–114.
[19] Jelaska D. Gears and Gear Drives, Wiley; 2012, 170.
[20] 〈http://www.kisssoft.ch/english/home/index.php〉.
[21] Dowson D, Higginson GR. Elasto-hydrodynamic lubrication: international

series on materials science and technology, 23. Elsevier; 2014.
[22] Beek AV. Advanced engineering design. TU Delft 2009:155–8.
[23] Ramai DS, Demeioe LP, Mittal KL. Fundamentals of adhesion and interfaces.

VSP; 1995.
[24] Rabinowicz E. Friction and wear of materials. 2nd edWiley; 1995.

http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref1
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref1
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref1
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref2
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref2
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref2
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref3
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref3
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref3
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref3
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref4
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref4
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref4
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref5
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref5
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref5
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref6
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref6
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref6
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref7
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref7
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref7
http://dx.doi.org/10.1016/j.triboint.2015.08.045
http://dx.doi.org/10.1016/j.triboint.2015.08.045
http://dx.doi.org/10.1016/j.triboint.2015.08.010
http://dx.doi.org/10.1016/j.triboint.2015.08.010
http://dx.doi.org/10.1016/j.wear.2015.01.032i
http://dx.doi.org/10.1016/j.wear.2015.01.032i
http://dx.doi.org/10.1016/j.wear.2015.01.032i
http://dx.doi.org/10.1016/j.wear.2015.01.032i
http://dx.doi.org/10.1007/s11249-015-0582-6
http://dx.doi.org/10.1007/s11249-015-0582-6
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref9
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref9
http://www.kisssoft.ch/english/home/index.php
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref10
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref10
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref11
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref11
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref12
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref12
http://refhub.elsevier.com/S0301-679X(15)00541-1/sbref13


 

Paper D 



Pin-on-Disc Study of Tribological Performance of Standard 
and Sintered Gear Materials Treated with Triboconditioning 
Process: Pre-treatment by Pressure-induced Tribo-film 
formation 
 
Xinmin Li, Ulf Olofsson, Ellen Bergseth 
Department of Machine Design, Royal Institute of Technology (KTH) SE 
10044, Stockholm, Sweden 
 
Corresponding author: 
Xinmin Li; e-mail: xinmin@kth.se; Tel: +46(0)701918177; Fax: 
+46(0)87909137; Address: Brinellvägen 83, Stockholm, Sweden 
 
Abstract 
 
Coating is one of the innovative approaches used to improve the wear resistance 
and load-carrying capacity of surfaces in rolling-sliding contact, such as gears 
and rolling element bearings. In this study, the tribological performance of 
standard gear material (16MnCr5) and two kinds of powder metallurgy (PM) gear 
material (Distaloy AQ + 0.2% C and Astoloy 85Mo +0.2% C) with and without 
tribofilms formed by a pre-treatment were evaluated. Specimens treated with the 
pre-treatment and the substrate is subjected to pin-on-disc tests under boundary 
lubrication conditions. The friction and wear performance of the two different PM 
gear materials with the pre-treatment formed tribo-film were compared to RS-RS 
(16MnCr5 material disc and pin combination) for reference. It was found that the 
pre-treatment lowers the friction coefficient and enhances the wear resistance of 
pins because of the tribo-film formed. The tribo-film caused good running-in due 
to the existing of WS2 and Fe and W oxides. Mo-Mo (Astoloy 85Mo + 0.2% C 
material disc and pin combination) and Mo-RS (Astoloy 85Mo + 0.2% C disc and 
16MnCr5 pin combination) showed statistically significant higher wear resistance. 
 
Keywords: Gear material, Powder metallurgy, Pre-treatment, Wear, Friction  
 
1 Introduction 
 
Surface coating technology provides lower friction coefficients, higher load 
capacities, and higher protection against surface failures and is an important way 
to achieve improved tribological performance in gear transmissions [1–4]. 
Physical vapour deposition (PVD) using such coatings such as TiN, WC/C, and 
DLC (diamond-like carbon) provide low friction coefficients, good wear resistance, 
and heavy load-carrying capacities and are potential candidates as gear coatings 
[5–7]. By performing efficiency tests using a back-to-back FZG test rig, 

mailto:xinmin@kth.se


Andersson et al. [8] showed that PVD-coated gears lead to high efficiency. All 
these studies focus on the tribological properties of hard coatings in rolling-sliding 
contacts such as gears and rolling element bearings. The tribo-film formed using 
the Triboconditioning process is softer and cheaper compared with these 
coatings, and is good for running-in [9]. Heinrichs [10] et al. investigated the 
influence of the Triboconditioning process on three underlying substrates (Mahle 
E3224, Cf45 and EN-GJS-500-7) as well as the morphology and composition of 
the tribo-film formed. Zhmud et al. [9] showed that the Triboconditioning process 
leads to a smoother surface with a significantly reduced coefficient of boundary 
friction and improved wear resistance and load-carrying capacity for rocker arm 
shafts, camshafts, and cylinder liners. It is noteworthy that the loads used in the 
tested conditions were in general lower than those common in high-performance 
rolling-sliding contacts such as gears.  
 
Porosity influences the mechanical properties of sintered steels [11–13]. Li et al. 
[14] used a pin-on-disc experiment to investigate the tribological properties of two 
different PM materials in boundary and mixed lubrication conditions simulating 
the contact conditions of the FZG gear test setup. Standard gear material and PM 
gear material treated with the pre-treatment operating under contact conditions 
simulating a gear contact have not so far been studied in detail. In this study, the 
tribological performance of standard gear material (16MnCr5) and two kinds of 
PM gear material (Distaloy AQ + 0.2% C and Astoloy 85Mo + 0.2% C) with and 
without the pre-treatment were evaluated by pin-on-disc experiment under 
boundary lubricated conditions. The objective is to determine whether the tribo-
film formed in the pre-treatment can enhance certain tribological properties of the 
contact surfaces for further application in gear transmissions.  
 
2 Experimental set-up 
 
2.1 Pin-on-Disc machine 
 
A pin-on-disc machine was used to simulate the sliding part of a gear contact. 
The configuration of the pin-on-disc machine is shown in Fig. 1. The pin-on-disc 
machine comprised a horizontal rotating disc and a calibrated deadweight-loaded 
pin. For these tests, the tip of the pin was a non-rotating half sphere with a radius 
of 5 mm. The friction force and vertical displacement of the pin were automatically 
measured in the pin-on-disc machine using a load cell and a linear variable 
differential transformer (LVDT). For all experiments, the maximum contact 
pressure was 1.08Gpa, which is the maximum contact pressure of load stage 7 in 
an FZG gear test rig [15]. Before the experiment, all specimens were cleaned in 
an ultrasonic bath, rinsed in heptane, then rinsed in methanol, and finally dried in 
an oven. A syringe with a brush continuously applied filtered ambient temperature 
lubricant with the aid of a pneumatic system. 



 
 

  
Fig. 1 Configuration of pin-on-disc machine 
 
2.2 The test specimens 
 
The pin and disc specimens were manufactured from three gear materials: one 
standard steel and two PM gear materials. The chemical composition of the 
materials is shown in Table 1. RS, AQ and Mo will be used in the remainder of 
this paper to identify the tested materials: 16MnCr5 (RS), Distaloy AQ + 0.2% C 
(AQ) and Astoloy 85Mo + 0.2%C. Both PM materials had the same density (7200 
Kg/m3) and were sintered for 45 minutes at 1120°C in 90% nitrogen and 10% 
hydrogen atmosphere. The sintered materials are porous, and how they are 
manufactured determines their porosity and thus their density and mechanical 
properties. According to Beiss [16], the elastic properties of PM steel materials 
can be calculated using the following formulas: 
 

 𝐸𝐸 = 𝐸𝐸𝑜𝑜(𝜌𝜌 𝜌𝜌𝑜𝑜� )3.4    (1) 

𝑣𝑣 = �𝜌𝜌 𝜌𝜌𝑜𝑜� �
0.16

(1 − 𝑣𝑣𝑜𝑜) − 1  (2) 

 
where 𝜌𝜌𝑜𝑜 , 𝐸𝐸𝑜𝑜 , and 𝜈𝜈𝑜𝑜 are the density, Young’s modulus, and Poisson’s ratio, 
respectively, of solid steel.  
 
The mechanical parameters of the RS and the two PM materials calculated by 
equation (1) and (2) are presented in Table 2. Fig. 2 presents a photograph of the 
disc and pin samples used in the present experiments. All the specimens were 
case hardened. The tip of the pin is in the shape of half sphere with radius of 
5mm. 
 



 
Fig. 2 Disc and pin specimens 
 
The lubricant used was BP Castrol Syntrans 75W-80. Table 3 shows the 
specifications of the lubricant. To simulate the sliding part of the contact correctly, 
the surface roughness of the disc and pin was close to that prescribed for gears 
in DIN quality level 5 [17]. 

 
Table 1. Chemical composition (mass %) of RS and AQ gear materials 
  Ni Mn Fe C S P Si Cr Mo 
RS — 1–1.3 96.95–98.78 0.14–0.19 ≤0.035 ≤0.025 0.4 1.1 — 
AQ 0.5 0.5 98.8 0.2 — — — — — 
Mo — — 98.95 0.2 — — — — 0.85 

 
Table 2. Characteristics of the specimens 
Specimen materials  RS AQ Mo 
Young’s modulus (GPa) 210 154 154 
Poisson’s ratio 0.3 0.28 0.28 

 
Table 3. Test Lubricant 

Lubricant    
BP Castrol Syntrans 
75W-80 

Kinematic viscosity at 40°C (cSt)  64.1 
Kinematic viscosity at 100°C (cSt)  11.8 
Pressure viscosity coefficient, α 
(Pa−1)  1.79 ∙10−8 
Dynamic viscosity, η (Pas)   42.7 ∙10−3 

 
2.3 Pre-treatment Process 
 
The Triboconditioning process (pre-treatment) combines extreme pressure 
mechanical treatment of the component surface with a tribo-chemical deposition 
of a film based on tungsten disulphide. Fig. 3 shows the procedure for the pre-



treatment. A tool is pressed and slid against the disc in the presence of a special 
process fluid. As the tool passes over the surface it triggers a tribo-chemical 
reaction within the process fluid which gradually deposits a tribo-film on the 
surface of the component. The pressure applied on the tool also leads to a 
burnishing effect as some of the asperities on the surface are reduced and the 
valleys are gradually filled with the compound. In this experiment only the disc 
was coated because it was difficult to apply the special procedure to the pin tip 
given its hemispherical shape. 
 

 
 
Fig. 3 Procedure for the pre-treatment 
 
Fig. 4 shows the 3D surface roughness and amplitude parameters Sa and Sz of 
RS material discs without and with the pre-treatment as representative. The 
results show that the surfaces become slightly smoother after the pre-treatment. 
It should be the same for AQ and Mo material discs because the surface 
manufacture method is the same for all discs. 
 

  
                     (a)                                                 (b) 

Fig. 4 3D surface roughness of RS material discs (a) substrate, (b) after the pre-
treatment 
 



Fig. 5 shows the porosity structure of AQ and Mo pins near the tip. The porosity is 
a natural part of PM materials. Note that there are lots of porosities both on the 
surface and in the bulk material; more information is available in [14]. Porosities 
on or near the surface influence the friction and wear coefficients [14]. The arrows 
in Fig. 5 indicate the pin surface. 
 

  
                               (a)                                                       (b) 
Fig. 5 Porosity structure of AQ (a) and Mo (b) pins 
 
Fig. 6 shows the metallurgical microstructure of Mo and AQ materials. The 
microstructure of Mo consists of martensite. The AQ microstructure is martensite 
with some bainite and single austenite grains probably linked to the undissolved 
nickel. 
 

  
        (a)                                                      (b) 

Fig. 6 Metallurgical microstructure of AQ (a) and Mo (b) pins 
 
2.4 Test procedure 
 
2.4.1 Experiment matrix 
 



Table 4 shows the pin-on-disc test matrix. A and B will be used in the remainder 
of this paper to identify different material combinations. A is the material of the 
disc, and B is the material of the pin. Each test was performed twice to ensure 
repeatability. 
 
Table 4 Pin-on-disc test matrix 
 

    

Sliding 
speed 
(m/s) 

Load 
(N) 

 

Maximum 
contact 

pressure (Gpa) 
Duration 

(h) 

Without Pre-
treatment 

RS-RS 

 0.1 

12.5  

12  

AQ-RS 17  
Mo-RS 17 1.08 
AQ-AQ 23  
Mo-Mo 
RS-AQ 

23 
17 

 

With Pre-
treatment 

RS-RS 

 0.1 

12.5  

 12 

AQ-RS 17  
Mo-RS 17 1.08 
AQ-AQ 23  
Mo-Mo 
RS-AQ 

23 
17 

 

 
 
2.4.2 Calculation of Friction and Wear Coefficients  
The friction coefficient was calculated from the measured friction force divided by 
the normal load exerted on the pin by the testing machine’s deadweight. 
Archard’s wear model was used to calculate the wear coefficient: 
    𝑉𝑉

𝑆𝑆
= 𝐾𝐾𝐾𝐾    (3) 

 
where V is the volume loss in m3 on the contact surface of pins. S is the sliding 
distance in m, K is the specific wear coefficient (𝑚𝑚2/𝐾𝐾), and N is the normal load 
in N. Reformulating this gives: 
    𝐾𝐾 = 𝑉𝑉

𝑁𝑁𝑆𝑆
    (4) 

The wear scar diameter was measured using optical microscopy in the ordinate 
and abscissa directions at the end of each test. The volume removed from the pin 
surface can then be calculated using the following method. The main parameters 
used in calculating the volume loss are shown in Fig. 7.  
 
The volume loss, V, of the pin, which is half spherical in shape, is calculated by: 
 



𝑉𝑉 = 𝜋𝜋ℎ2 �𝑟𝑟 − ℎ
3
�    (5) 

 
Where d is the diameter of the wear scar, r is the radius of the half sphere, and h 
is the height of the wear volume, which can be calculated as: 
 
   ℎ = 𝑟𝑟 − (𝑟𝑟2 − (𝑑𝑑

2
)2)

1
2   (6) 

Note that the height of wear scar was also measured by LVDT of pin-on-disc 
equipment. But for lubricated contact the height of it is usually from around 2 to 4 
µm. The deviation of LVDT (0.2 µm) and the heat expand of materials should 
influence the results of LVDT greatly. So usually the height of wear scar of pin is 
calculated and the same method was adapted by Li [14] and Bergth [19]. 

 

 
Fig. 7 The wear scar. 
 
2.4.3 GD-OES measurement 
 
The parts of disc samples both with and without the pre-treatment were analysed 
by glow discharge optical emission spectroscopy (GD-OES) in order to determine 
the chemical components of the coating [18]. The sample forms the cathode in a 
low-pressure glow discharge lamp (GDL), designed for spectral analysis of flat 
samples.  
 
The sample seals against a 12 mm O-ring on the lamp front. Positively charged 
argon ions strike the sample surface, which is typically sputtered at a rate of 20–
100 nm/s. The sputtered material is atomized and diffuses into the plasma, where 
the atoms are electronically excited and emit element-specific optical emissions. 
The emissions are recorded as a function of time by a multichannel optical 
spectrometer with a maximum sampling frequency of 300 Hz. This provides time-
intensity elemental depth profiles. This test methodology has been previously 
used to evaluate environmentally adapted lubricants by Bergseth et al., [19], 
biological layers on rails [20] and roller bearing lubricants by Olofsson and Dizdar 
[21]. 
 



2.4.4 Surface analysis 
 
After the test, the tested specimens were measured using a Taylor Hobson Form 
Talysurf with tip radius of 2 µm to determine the surface roughness and amplitude 
parameters of the contacting part of the pin and disc specimen. A micro-hardness 
tester (Matsuzawa MMT-7) was used to determine the hardness profiles of the 
pin and disc specimens. The metallurgical microstructure of the pins was also 
examined to study the metallurgical difference between AQ and Mo. 
 
2.4.5 ANOVA analysis 
 
Analysis of variance, or ANOVA, was used to determine whether there was a 
statistically significant difference between the samples [22]. We used the function 
Anova2(X, 1) in Matlab for a two-factor (material combination and pre-treatment 
used or not) analysis of variance. X is a matrix with two columns (Wear or friction 
coefficient data of substrate and disc with pre-treatment) and six rows (six 
different material combinations). After solving the wear/friction coefficient data by 
Anova2(X, 1), we obtain two p values: 𝑝𝑝𝑇𝑇 is the p value of the pre-treatment, and 
𝑝𝑝𝑚𝑚  is the p value of material combination. By determining whether 𝑝𝑝𝑇𝑇 𝑜𝑜𝑟𝑟 𝑝𝑝𝑚𝑚 <
0.05, we can judge whether the pre-treatment or the material combination has a 
statistically significant effect on wear and friction. 
 
3 Results 
 
3.3 Surface Analysis 
 
Hardness measurements were made near the tip of the new pin specimens (HV 
0.1). The hardness–depth curve shown in Fig. 8 indicates that the RS material is 
harder than both the AQ and the Mo material. In addition, the Mo material is 
harder than the AQ material above a depth of 0.5 mm. The hardness of AQ, Mo, 
and RS pins decreases with increasing depth. At the meantime, the hardness of 
discs was measured and the results were shown in Table 5. For pin-on-disc 
experiment, the main wear is happened on pins (will be explained in details later) 
so just the hardness of disc surface is measured here.   
 
Table 5 Hardness of discs 
  Material Hardness (HV 10) 

Without pre-
treatment 

RS 900 
AQ 704 
Mo 816 

With pre-
treatment 

RS 896 
AQ 703 
Mo 810 



 

 
Fig. 8 Hardness–depth curve of RS, Mo, and AQ pin tip 
 
Fig. 9 shows the 3D surface roughness of the worn pin tips. Again the pins 
combined with discs treated with pre-treatment have smoother surfaces than the 
others. Fig. 9 from (a’) to (f’) shows somewhat smoother surfaces than (a) to (f).  
 

 

             (a) RS-RS                         (b) AQ-RS                         (c) Mo-RS           
 

             (d) Mo-Mo                         (e) AQ-AQ                            (f) RS-AQ 

 
              (a’) RS-RS                       (b’) AQ-RS                        (c’) Mo-RS           



 
            (d’) Mo-Mo                      (e’) AQ-AQ                          (f’) RS-AQ 
Fig. 9 3D surface roughness of the worn pin tip, a-f:  sliding on disc without pre-
treatment; a’-f’: sliding on disc with pre-treatment 
 
To analyse the surface roughness differences after experiment, the pin contact 
surfaces were also characterized by amplitude parameters Sa and Sz as shown 
in Table 6. 
Table 6 Surface amplitude parameter results for pins  
  A-B RS-RS AQ-RS Mo-RS Mo-Mo AQ-AQ RS-AQ 
Sa 

(µm) 
Substrate 0.25 0.26 0.25 0.29 0.3 0.21 
Pre-treatment 0.18 0.21 0.17 0.12 0.19 0.14 

Sz 
(µm) 

Substrate 1.73 2.79 1.56 1.8 1.09 1.88 
Pre-treatment 1 1.42 1.1 1.1 1.14 1.2 

 
Fig. 10 shows the 3D surface roughness and 2D profile of some wear tracks as 
representatives on the discs. Fig. 11 shows the micrographs of some wear tracks 
on disc as representatives.  

 
                 (a) RS-RS                   (b) AQ-RS                      (c) Mo-RS           

 
                  (a’) Mo-Mo                   (b’) AQ-AQ                     (c’) RS-AQ 



Fig. 10 3D surface roughness and 2D profile of wear tracks on the disc. (a, b, c: 
disc without pre-treatment; a’, b’, c’: disc with pre-treatment) 
 

 
(a) AQ-AQ                      (b) RS-RS                                   (c) Mo-Mo 

 
                (a’) AQ-AQ                (b’) RS-RS                                   (c’) Mo-Mo 
Fig. 11 Micrographs of wear tracks on disc (a, b, c: disc without pre-treatment; a’, 
b’, c’: disc with pre-treatment) 
 
From 3D surface roughness and 2D profile of wear tracks we can not see wear 
tracks clearly on the disc. From Fig. 11 we can see wear tracks clearly but the 
tracks left by manufacture method is heavier. At the meantime, the most part of 
tribo-film was worn off after the experiment.  So in lubricated pin on disc 
experiment wear mainly happens on the pins and wear on the disc can be 
neglected. Bergseth [19] and Li [14] also neglected the wear on the disc in their 
pin-on-disc experiment. In this experiment, wear of disc was neglected. 
 
3.1 Wear results 
 
Table 7 shows the diameter of the wear scar of worn pin tip. The wear coefficient 
results are calculated as described in 2.4.2 and presented in Fig. 12 as mean 
values and standard deviations for the different test conditions (Table 4). For the 
same disc and pin material combinations, pins combined with discs treated with 
the pre-treatment always have lower wear coefficient. The low wear coefficient for 
the tests with Mo pins in contact with Mo discs is also noticeable. 
 
 
 



Table 7 The diameter of the wear scar of worn pin tip 
    Wear scar diameter (µm) 
    First time Second time 

Disc without pre-
treatment 

RS-RS 455.5 409 
AQ-RS 422 397.5 
Mo-RS 317 318.5 
Mo-Mo 361 323 
AQ-AQ 537 427 
RS-AQ 429 494 

Disc with pre-
treatment 

RS-RS 360 324.5 
AQ-RS 366.5 335.5 
Mo-RS 303 242.5 
Mo-Mo 261.5 257.5 
AQ-AQ 520 410 
RS-AQ 422 397.5 

 
 

 
Fig. 12 Wear coefficient results in terms of mean value and standard deviation 
 
3.2 Friction results 
 
To obtain an overview of the test results, we present the mean values with 
standard deviation of all the tests in Fig. 13. The pins combined with discs 
subjected to pre-treatment show somewhat lower friction coefficients than the 
untreated cases. Since the pre-treatment is designed for good running-in, the 
friction coefficients for the first five minutes, first stage (the first hour) and the last 
stage (the last hour) are also shown in terms of mean value and standard 
deviation in Fig. 14. This shows a clear running-in tendency for all tested 
combinations, but the change in friction coefficient is less dramatic for materials 
treated with the pre-treatment. 



 

 
Fig. 13 Friction coefficient results in terms of mean value and standard deviation 
of the total experiment 
 

 
                                      (a)                                                         (b) 

 
                                                                 (c) 
Fig. 14 Friction coefficient results in terms of mean value and standard deviation 
of the first five minutes (a), first stage: first hour (b), last stage: last hour (c). 
 
3.4 Chemical composition of the tribofilm formed by the pre-treatment 
 



Fig. 15 compares the chemical composition of the tribo-film formed by the pre-
treatment and the substrate. The GD-OES analysis was limited to iron, oxygen, 
carbide, sulphur, and tungsten. The percentage of sulphur is multiplied by five in 
order to better show the difference before and after pre-treatment. The obvious 
difference is that after the pre-treatment there is much more tungsten and sulphur 
than is present in the substrate. From Fig. 15 we can infer that the thickness of 
the tribo-film is 80 to 100 nm.  
 

 
Fig. 15 Chemical composition of the tribo-film formed by pre-treatment  
 
3.5 ANOVA analysis results 
 
The values 𝑝𝑝𝑇𝑇  and 𝑝𝑝𝑚𝑚  are derived from the wear coefficient, friction coefficient 
and surface amplitude parameters of pin respectively. Table 8 shows the ANOVA 
results of all the data. 
 
Table 8 The ANOVA results of wear coefficients, friction coefficients and pin 
surface amplitude parameters Sa and Sz 

  
Wear 
coefficient 

Whole 
friction 
coefficient 

First 
five 
minutes 

First 
stage 

Last 
stage 

Surface 
amplitude 
parameters 
of Sa 

Surface 
amplitude 
parameters 
of Sz 

𝑝𝑝𝑇𝑇 0.0064 0.0044 0.0148 0.01 0.0052 0.0034 0.018 
𝑝𝑝𝑚𝑚 0.0007 0.59 0.607 0.73 0.475 0.39 0.21 
 
4 Discussion 
 
4.1 Wear discussion 
 
4.1.1 Effect of the pre-treatment on wear 
 



The wear results in Fig. 12 show that pins run against discs treated with pre-
treatment almost always have a lower wear coefficient than pins run against the 
same pin and disc material that has not been treated. This agrees with the trend 
presented in [9]. The improved wear is closely related to the pre-treatment. Pre-
treatment combines extreme pressure mechanical burnishing with tribo-chemical 
deposition of a friction and wear-reducing compound on the component surface. 
As shown in Fig. 4a and b, the applied pressure leads to a burnishing effect as 
some of the asperities on the surface are levelled off and the valleys gradually 
filled with the friction-reducing compound. The smoother surface provide 
conditions for better running-in, which is good for both friction and wear in the 
stable stage, as is manifested by the 3D surface roughness of pins. Tables 8 
showed the p values for both Sa and Sz. For Sa 𝑝𝑝𝑇𝑇= 0.003, 𝑝𝑝𝑚𝑚= 0.38 and for Sz 
𝑝𝑝𝑇𝑇= 0.018, and 𝑝𝑝𝑚𝑚=0.212. Both 𝑝𝑝𝑇𝑇 values of Sa and Sz are less than 0.05. This 
shows that the pre-treatment has a statistically significant effect on the surface 
amplitude parameters, but the material combination has no effect on the surface 
amplitude. Figs. 4a and b showed that the pre-treatment made the treated 
surface of disc smoother than that of the substrate disc. As shown in Fig. 9 and 
Table 6, the surface of pins combined with discs with pre-treatment is always 
smoother than that of substrate pins. So the extreme pressure burnishing of pre-
treatment is one of the factors enhances the wear resistance of pins. 
 
The GD-OES measurement showed that the tribo-film contained Fe, O, W, S, and 
some C. Previous studies by Podgornik et al. [23-25] have shown that a low 
friction reaction film, a tribo-film 𝑊𝑊𝑊𝑊2, can form on steel surfaces during sliding, 
when used in a sulphur and tungsten rich environment. The pre-treatment 
method used mineral oil carrying tungsten source by sorgano-tungstates and 
sulphur source by organic-polysulfides [26], so that can undergo the following 
transformations in the tribo-contact between the tool and the disc. 
 

𝑅𝑅𝑊𝑊𝑛𝑛𝑅𝑅′ + 𝐹𝐹𝑒𝑒 → 𝐹𝐹𝑒𝑒𝑊𝑊 + 𝑅𝑅𝑅𝑅′   (7) 
𝑊𝑊𝑂𝑂3 + 𝐹𝐹𝑒𝑒 → 𝐹𝐹𝑒𝑒𝑊𝑊𝑂𝑂3   (8) 
𝐹𝐹𝑒𝑒𝑊𝑊𝑂𝑂3 + 𝐹𝐹𝑒𝑒𝑊𝑊 → 𝑊𝑊𝑊𝑊2 + 𝐹𝐹𝑒𝑒𝑂𝑂  (9) 

 
R and 𝑅𝑅′ stands for an organic radical, such as alkyl or aryl. That is to say the 
pre-treatment results in the formation of a tribo-film of 80–100 nm thick composed 
of tungsten, iron, oxygen, sulphur and carbon as shown in Fig. 15. So there 
should be some WS2 in the tribofilm. WS2 has a lamellar structure, analogous to 
graphite and MoS2, and is an efficient solid lubricant for both friction and wear. 
Fig. 15 showed that the tribo-film is mainly composed of Fe, O, and W, with minor 
C and S (around 6%), which means the amount of  WS2 cannot be high. Erdemir 
[27] showed that Fe and W oxides may offer more easily sheared surface layers.  
So, even in cases where the amount of WS2 is not high, the tribofilm contains Fe 
and W oxides, which may also offer more easily sheared surface layers than the 



untreated steel. The easily sheared layers composed of WS2, Fe, and W oxides 
act as a solid lubricant, which can enable good running-in. The existence of these 
oxides could be another reason for the higher wear resistance of pins sliding on 
discs treated by pre-treatment. 
 
The beneficial effect of the tribo-film in regard to wear resistance and running-in 
suggests that the pre-treatment can be applied in gear transmissions. Further 
study will be performed in a gear wear experiment. 
 
4.1.2 The influence of materials and material combinations on wear 
 
As shown in Fig. 8, the Mo pins always have higher wear resistance than the AQ 
pins. This may be due to the higher hardness of Mo and its microstructure. Given 
that higher hardness usually implies higher wear resistance, the higher wear 
resistance of Mo is understandable. Fig. 6 shows the microstructure of pins of Mo 
and AQ. The Mo microstructure consists of martensite. In the case of the AQ, the 
microstructure consists of martensite with elements of bainite and austenite grain, 
probably linked occasionally to undissolved nickel. Martensite have higher 
hardness and wear resistance than austenite and banite. So pins of Mo have 
higher wear resistance than those of AQ mainly because of the martensite 
microstructure caused higher hardness. The RS-RS material combinations 
always showed higher wear coefficients than the AQ-RS and Mo-RS 
combinations. As different material combinations can prevent adhesive wear [28]. 
This is probably why the RS-RS combination always shows higher wear 
coefficients than AQ-RS and Mo-RS. The same is true for the pins of AQ-AQ and 
RS-AQ combination.  
 
The high wear resistance of Mo-Mo and Mo-RS suggests that they might be used 
in gear transmissions, subject to further studies in full-scale gear tests such as 
those using an FZG machine. 
 
4.2 The influence of the pre-treatment on friction  
 
Table 8 shows the results of applying the anova2 function to the friction 
coefficient data of the whole experiment (Fig. 13): 𝑝𝑝𝑇𝑇= 0.004≪0.05, 𝑝𝑝𝑚𝑚= 0.59. 
Thus the pre-treatment has directly influenced the friction coefficient, but the 
material combination has little effect.  Fig. 13 shows that the friction coefficients of 
pins combined with discs treated with the pre-treatment exhibit somewhat lower 
friction coefficients than the others, independent of material combinations. In 
order to determine the friction mechanism, the friction coefficient of the first five 
minutes, the first hour stage and the last hour stage are also shown in Fig. 14. 
The ANOVA results of them are shown in Tables 8. 
 



As shown in Fig. 14 for the first five minutes, first and last stages, the friction 
coefficients of discs with the pre-treatment are always lower than those of discs 
without pre-treatment. The related 𝑝𝑝𝑇𝑇  values are 0.0148, 0.0165, and 0.005 
respectively as shown in Tables 8. As they are all far less than 0.05, the pre-
treatment process has had a statistically significant effect in reducing the friction 
coefficient in all stages of the experiment. The smoother surface (compare Fig. 
4a and b) caused by the high pressure and the formation of  WS2 and Fe and W 
oxides contributes to the lower friction coefficient of pins combined with discs 
treated by the pre-treatment in the first five minutes and the first stage. Smoother 
surfaces always lead to a lower friction coefficient. For the last stage, the lower 
friction coefficient of pins combined with discs with the pre-treatment is due to the 
good running-in caused smoother surface of the pins. As shown in Fig. 9 and 
Table 6, surfaces of pins combined with discs treated with the pre-treatment are 
always smoother than those with only the substrate combination.  
 
Conclusion 
The sliding part of a gear tooth contact was simulated in pin-on-disc experiments. 
The friction properties and wear resistance of two PM steel gear materials and a 
regular steel gear material with and without pre-treatment were investigated and 
compared. The following conclusions can be drawn from this study: 
 
۰ The pre-treatment enhances the wear resistance and lowers the friction 

coefficient of pins because of the formation of  WS2 , Fe and W oxides 
enabled good running-in and the brushing effect enabled smoother surface. 

۰ Mo-Mo and Mo-RS combinations show statistically significant higher wear 
resistance compared to RS-RS and can be used in further gear 
transmission studies. 
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Nomenclature 
PM Powder Metallurgy 𝜌𝜌, 𝜌𝜌𝑜𝑜 Density  
RS 16MnCr5 E, 𝐸𝐸𝑜𝑜 Young’s modulus, Gpa 
AQ Distaloy AQ+0.2%C ν, 𝜈𝜈𝑜𝑜 Poisson’s ratio  

Mo Astoloy 85Mo +0.2% C 𝛼𝛼 
Pressure viscosity 
coefficient, (Pa−1) 

η Dynamic viscosity, (Pas) V volume loss, m3 
A–B  disc-pin T Time, s 
N Load, N S Sliding distance, m 
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Abstract 
It has been widely acknowledged that controlled texturing on a surface can 
contribute to friction and wear reduction at lubricated sliding contact interfaces. 
This paper investigates the influence on friction and wear of different porosity size 
distributions of powder metallurgy gear materials. The porosity sizes are 
controlled by different densities of the powder metallurgic materials. Two different 
kinds of powder metallurgy (PM) gear materials and a standard gear material are 
used as a reference. The friction and wear coefficients of PM materials sliding on 
PM materials increase with increasing porosity size. The friction and wear 
coefficients of regular steel sliding on PM materials decrease with increasing 
porosity size. No matter what the material of the disc, peeling is one of the main 
damage mechanisms of powder metallurgy pins with the biggest porosity. 
 
 
Key words: Powder metallurgy gear material, Porosity size, Friction, Wear 
 
1 Introduction 
 
A number of studies have investigated the effect of textured surfaces on friction 
and wear in lubricated contacts. Powder metallurgic (PM) gear material has an 
inherent porosity that makes it somewhat similar to a textured surface in that both 
have surface cavities that can hold lubricant. Pettersson et al. [1] showed that 
under specific conditions applying a texture to a sliding surface yields a lower 
friction and wear coefficient because the textures on the surface act as oil 
reservoirs enabling good lubrication. Kovalchenko et al. [2] studied the effect of 
laser surface texturing (LST) on lubricated parallel sliding surfaces and found that 
the beneficial effects of such texturing are more pronounced at higher speeds 
with higher oil viscosities. Etsion et al. [3] evaluated the effect of partially laser 
textured piston rings on fuel consumption and found that the partial LST piston 
rings yielded up to 4 % lower fuel consumption. Shinkarenko et al. [4] developed 
a theoretical model to study the potential use of LST in the form of spherical 
micro-dimples for soft elasto-hydrodynamic lubrication (SEHL) and predicted that 
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LST would effectively increase load capacity and reduce friction in SEHL. Krupka 
and Hartl [5] investigated the effect of surface texturing on film formation under 
lubricated sliding/rolling conditions and showed that the depth of the micro-dents 
has a significant effect on lubricant film formation for a positive slide-to-roll ratio. 
Krupka et al. [6] also studied the effect of surface texturing based on shallow 
micro-dents within mixed lubricated non-conformal contacts and demonstrated 
that lubricant emitted by the micro-dents increased the local minimum film 
thicknesses. Krupka  and Hartl [7] investigated the changes in film thickness 
distribution within the lubricated contact between a steel ball and glass disc. The 
results showed that thin viscous boundary films that form on surfaces can reduce 
asperity interactions. Even though these boundary films do not separate surfaces 
completely, they still provide some protection against excessive friction and wear.  
By doing pin-on-disc experiments Wakuda et al. [8] showed that texturing a 
lapped smooth surface could reduce the friction coefficient from 0.12 to 0.10 
compared to surfaces without texturing. By combining pin-on-disc frictional and 
FZG efficiency results, Li and Olofsson [9] showed that the porosity of PM gear 
material surfaces facilitates good lubrication conditions that can lead to higher 
gear mesh efficiencies for PM gears. 
 
All the above studies show that both artificial texture and porosity from the 
manufacturing process of PM material can modify friction and sometimes wear. 
This is because texturing and porosity can act as oil reservoirs and thus enable 
good lubrication. In order to make full use of the inherent porosity characteristics 
of PM gear materials, it is necessary to study the effect of different pore sizes on 
the tribological properties of PM gear materials. In this study we will use pin-on-
disc tests to investigate the influence of three different porosity size distributions 
on friction and wear.  
 
2 Experimental Set-up 
 
2.1 Pin-on-Disc Machine 
 

 
Fig. 1 Schematic of the pin-on-disc machine 
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A pin-on-disc machine was used to simulate the sliding part of the gear contact. A 
schematic of the machine is shown in Fig. 1. It comprised a horizontal rotating 
disc and a calibrated deadweight-loaded pin. For the tests reported here, the tip 
of the pin was a non-rotating half sphere. The friction force was automatically 
measured by a load cell. 
 
For the current experiments, the load was set to 7 N. Before the experiment, all 
specimens were cleaned in an ultrasonic bath, rinsed in heptane, then rinsed in 
methanol, and finally dried in an oven. A syringe with a brush continuously 
applied the filtered ambient temperature lubricant with the aid of a pneumatic 
system. Note that this test set-up is the same as in previous studies [9, 10]. 
 
2.2 The Test Specimens  
 
The pin and disc specimens were manufactured from three gear materials: one 
standard gear steel (16MnCr5) and two kinds of PM materials (Distaloy AQ + 0.2 
% C and Astaloy CrA + 1.8 % C). The chemical compositions of the materials are 
presented in Table 1. RS, AQ, and CrA will be used in the remainder of this paper 
to identify the three materials tested: 16MnCr5 (RS), Distaloy AQ + 0.2 % C (AQ), 
and Astaloy CrA + 1.8 % Cr (CrA). Both AQ and CrA specimens were sintered for 
45 minutes at 1120 °C in an atmosphere with  90 % nitrogen and 10 % hydrogen. 
Different densities were achieved by using different pressures. AQ1/2/3 and 
CrA1/2/3 will be used to identify densities of 6800, 7000 and 7250 kg/m3 of AQ 
and CrA specimens respectively. Different densities were used in order to obtain 
different size distributions of porosities. The mechanical parameters of the three 
materials are presented in Table 2. The standard gear steel, 16MnCr5, is well-
known wrought steel with easily identified elastic properties. For the sintered 
steels, the situation is more complicated. These materials are porous, and how 
they are manufactured determines their porosity and thus their density and 
mechanical properties. According to Beiss [11], the elastic properties of PM steel 
materials can be calculated using the following formulas: 

E = Eo(ρ ρo� )3.4    (1) 

𝑣𝑣 = �ρ ρo� �
0.16

(1 − 𝑣𝑣𝑜𝑜) − 1  (2) 

where ρo , Eo , and νo are the density, Young’s modulus, and Poisson’s ratio, 
respectively, of solid steel. For PM materials with the three different densities, the 
Young’s modulus varies between 138 and 154 GPa. Fig. 2 presents a photograph 
of the disc and pin samples used in the present experiments. The pin tip was in 
the form of half sphere with a radius of 5 mm. The diameter of disc was 200 mm. 
All the specimens were case hardened. The lubricant used was BP Castrol 
Syntrans 75W-80. The surface roughness of each new test specimen was 



 
 

measured using a Taylor Hobson Form Talysurf in order to calculate the film 
parameters. The details of the calculation of film parameters as well as the 
lubricant characteristics can be found in Li et al. [10]. 
 

 
 
Fig. 2 Pin and disc specimens 
 
Table 1 Chemical composition (mass %) of RS, AQ, and CrA gear materials 

  Ni Mn Fe C S P Si Cr Mo 
RS — 1–1.3 96.95–98.78 0.14–0.19 ≤0.035 ≤0.025 0.4 1.1 — 
AQ 0.5 0.5 98.8 0.2 — — — — — 
CrA — — 97.6 0.6 — — — 1.8 — 

 
Table 2 Characteristics of the specimens 

Specimen materials  RS AQ CrA 
Young’s modulus (GPa) 210 130–154 130–154 
Poisson’s ratio 0.3 0.3–0.31 0.3–0.31 
RMS surface roughness (pin) (µm) 0.06 0.06 0.06 
RMS surface roughness (disc) (µm) 0.09 0.09 0.09 

 

 
Fig. 3 Hardness of new pin and disc specimens (HV 0.1) of CrA1/3, AQ1/2/3 and 
RS material specimens (mean value with standard deviation) 
 



 
 

The hardness measurements were made near the tip of the new pin and along 
the surface of new disc specimens (HV 0.1). Here the hardness was measured at 
five points that were distributed evenly across the surface of specimens to a 
depth of 0.5 mm. Fig. 3 shows the hardness of new pin and disc specimens (HV 
0.1) of CrA1, CrA3, AQ1, AQ2, AQ3 and RS materials with mean value (mean 
value of the five points) and standard deviation. The results showed that pins of 
different materials and densities have nearly the same hardness. This is also true 
for the discs.  
 
Fig. 4 shows the porosity structure of AQ and CrA specimens with different 
densities. Figs. 4 a–e show the porosity structure of the pins, while a’-e’ show the 
disc porosity. Note that there are numerous pores both on the surface and in the 
bulk of PM specimens. From Fig. 4 we can see that the number and size of the 
porosities decrease as the density increases for both pins and discs. In order to 
fully study the influences of the porosity of PM gear materials on wear and friction 
reduction, porosity structure statistics was obtained using Leica QWin software. 
This process takes a picture at 10 times magnification and measures the porosity 
characteristics using the software, then moves the sample automatically to an 
adjacent area, photographing and calculating characteristics until the whole 
surface is covered.  For example, Table 3 shows the important parameters of the 
porosity structure statistics for the AQ1 pin at all 25 areas of the pin. The same 
statistics were also calculated for the AQ2, AQ3, CrA1 and CrA3 specimens. In 
Table 3 Med-porarea is the average area of the pores in the measured field; Max 
porarea is the area of the largest pore in the measured field; Med-length is the 
average of the linear dimension of the pores; Max length is the largest linear 
dimension of all pores; Field area is the percentage of surface covered by pores; 
Measured area is the total area covered in that particular picture; Tot-pore is the 
total number of pores for each picture. Summing the individual pictures (frames) 
for the AQ1 pin yields a total measured area of 27.82  mm2 , and there are 
altogether 239,915 porosities. 
 

   
(a) AQ1                       (b) AQ2                                     (c) AQ3 



 
 

  
                                    (d) CrA1                             (e) CrA3 

   
                 (a’) AQ1                       (b’) AQ2                                   (c’) AQ3 

  
                                     (d’) CrA1                          (e’) CrA3 
Fig. 4 Porosity structure of PM specimens: pins (a–e); discs (a’–e’) 
 
Table 3 The porosity structure statistics of AQ1 pin 

Field 

Med-
Porarea 
(µ𝑚𝑚2) 

Std Dev 
Porarea 
(µ𝑚𝑚2) 

Max 
Porarea 
(µ𝑚𝑚2) 

Med-
Length 
(µm) 

Max 
Length 
(µm) 

Field 
area 
(%) 

Measure
d area 
(𝑚𝑚𝑚𝑚2) Tot-pore 

1 109.80 163.76 1913.65 17.01 94.72 7.67 1.113 1762 
2 104.82 141.60 1210.78 16.69 85.76 7.56 1.113 1724 
3 124.78 208.29 1893.99 17.28 104.9 7.93 1.113 1560 
4 103.07 140.58 1366.43 16.49 83.20 7.38 1.113 1736 
5 125.82 195.97 2049.64 18.03 125.4 8.29 1.113 1569 
6 112.42 153.51 2106.98 17.37 94.72 8.38 1.113 1700 
7 127.28 194.40 2084.04 17.89 112.6 8.94 1.113 1690 
8 124.45 171.09 1440.15 18.24 90.88 9.20 1.113 1745 
9 120.21 181.71 1446.71 17.38 79.36 8.92 1.113 1706 

10 128.95 191.53 2234.78 18.25 84.48 9.48 1.113 1715 
11 133.25 210.71 2593.59 18.48 96.00 10.1 1.113 1700 
12 132.87 193.08 1603.99 18.57 97.28 9.85 1.113 1640 
13 150.46 229.21 2206.92 19.70 104.9 10.5 1.113 1521 
14 131.09 190.28 1846.48 18.29 89.60 9.19 1.113 1605 



 
 

15 123.73 170.65 1243.55 18.00 104.9 9.09 1.113 1652 
16 143.41 218.62 1705.57 19.14 107.5 10.0 1.113 1518 
17 135.73 182.49 1277.95 18.65 102.4 9.93 1.113 1534 
18 152.53 222.76 1744.90 19.93 126.7 10.5 1.113 1462 
19 141.02 220.27 1728.51 18.49 88.32 10.3 1.113 1546 
20 139.57 221.42 2611.61 18.27 96.00 10.2 1.113 1602 
21 135.95 221.79 2257.72 18.65 130.6 9.69 1.113 1595 
22 164.59 253.29 2323.25 20.34 108.8 10.4 1.113 1344 
23 143.84 253.87 4161.54 19.00 147.2 9.38 1.113 1416 
24 156.23 250.63 2164.33 19.65 102.4 10.3 1.113 1440 
25 153.63 224.40 1605.63 19.67 106.2 9.90 1.113 1433 

 
Table 4 shows the porosity structure statistics of both pins and disc (AQ1/2/3 and 
CrA1/3) in terms of mean value. The measured area in Table 4 is the total area 
covered in each individual picture (1.113 mm2). Med-Porarea, Std Dev Porarea, 
Max Porarea, Med-Length, Max Length and Field Area  have the same meaning 
as in Table 3. The prefix ‘M’ indicates the mean value. Every parameter in Table 
4 is the mean of 25 measurements as shown in Table 3 for pins and 20 for discs. 
 

Table 4 The porosity structure statistics of PM pins and discs 
 
2.3 Test Procedure 
 
An A–B nomenclature will be used in the remainder of this paper to identify the 
materials of disc and pin; ‘A’ identifies the disc material and ‘B’ the pin material. 
The test matrix is presented in Table 5. Each test was performed three times to 
ensure repeatability. The duration of each test is 3 hours, which represents  a 
sliding distance of 1080 m for the low speed test and 5400 m for the high speed 
test. Note that the CrA2 pins were lost due to transportation problems.  
 
Li et al. [10] showed that the friction coefficient of PM-RS is higher than that of 
RS-RS, so it will not be studied here. The maximum Hertzian contact pressures 
for RS-RS, RS-AQ1/RS-CrA1, RS-AQ2, RS-AQ3/RS-CrA3, AQ1-AQ1/CrA1-
CrA1, AQ2-AQ2 and AQ3-AQ3/CrA3-CrA3 are 900, 780, 790, 800, 690, 710 and 
720 MPa respectively. The film parameter (λ) shows that both sliding speeds of 
0.1 and 0.5 m/s represent boundary lubricated conditions. Details of the 
calculations can be found in [10]. 

Material AQ1 AQ2 AQ3 CrA1 CrA3 
Specimen Pin Disc Pin Disc Pin Disc Pin Disc Pin Disc 
M-Med-Porarea (µ𝑚𝑚2) 132.8 102.2 71.2 78.3 67.6 55.7 104.7 86 71.2 69.1 
M-Std Dev Porarea (µ𝑚𝑚2) 200.2 162 90.2 107.6 81.4 67.9 158.5 118.2 90.2 94.3 
M-Max Porarea (µ𝑚𝑚2) 1952.9 1709.8 859.2 997.5 826.9 716.5 1722.7 1155.4 859.2 1048.2 
M-Med-Length (µm) 18.4 15.7 13.7 14.1 13.2 12 16.8 14.9 13.7 13.3 
M-Max Length (µm) 102.6 93.4 65.6 69.4 60.8 52.8 94.8 77.6 65.6 67.8 
M-Field area (%) 9.3 6.7 4.7 5.0 3.8 2.8 9.4 6.5 4.7 4.6 
Total Measured area ( mm2) 27.82 22.26 27.82 22.26 27.82 22.26 27.82 22.26 27.82 22.26 
Total number of pores 39915 27914 44163 29988 32764 25425 51239 36366 41536 33146 



 
 

 
Table 5 Pin-on-disc test matrix 

Test 
No. 

Disc-pin 
material   

Density of 
PM material 

(kg m3⁄ ) 

Sliding 
speed 
(m/s) 

Normal 
load (N) 

Maximum Hertzian 
contact pressure 

(MPa) 

Film 
parameter 

(λ) 
1–3 RS-RS  0.1 7 900 0.12 
4–6 RS-RS  0.5 7 900 0.52 
7–9 RS-AQ1 6800 0.1 7 780 0.13 
10–12 RS-AQ1 6800 0.5 7 780 0.52 
13–15 RS-AQ2 7000 0.1 7 790 0.13 
16–18 RS-AQ2 7000 0.5 7 790 0.53 
19–21 RS-AQ3 7200 0.1 7 800 0.14 
22–24 RS-AQ3 7200 0.5 7 800 0.53 
25–27 RS-CrA1 6800 0.1 7 780 0.13 
28–30 RS-CrA1 6800 0.5 7 780 0.52 
31–33 RS-CrA3 7200 0.1 7 800 0.14 
34–36 RS-CrA3 7200 0.5 7 800 0.53 
37–39 AQ1-AQ1 6800 0.1 7 690 0.14 
40–42 AQ1-AQ1 6800 0.5 7 690 0.55 
43–45 AQ2-AQ2 7000 0.1 7 710 0.13 
46–48 AQ2-AQ2 7000 0.5 7 710 0.53 
49–51 AQ3-AQ3 7200 0.1 7 720 0.13 
52–54 AQ3-AQ3 7200 0.5 7 720 0.54 
55-57 CrA1-CrA1 6800 0.1 7 690 0.14 
58–60 CrA1-CrA1 6800 0.5 7 690 0.55 
61-63 CrA3-CrA3 7200 0.1 7 720 0.13 
64–66 CrA3-CrA3 7200 0.5 7 720 0.54 

 

2.4 Calculation of Friction and Wear Coefficients 
 
The friction coefficient was calculated from the measured friction force divided by 
the normal load exerted on the pin by the testing machine’s dead weight. The 
friction force used here is the mean value of the steady part of the friction force 
curve without the initial ramp up and the final ramp down, as shown in Fig. 5. A 
Z6FC3 type load cell from HBM was used. The measurement uncertainty is better 
than 1 %. The wear scar diameter was measured using optical microscopy in the 
ordinate and abscissa directions at the end of each test. This allows the volume 
removed from the pin surface to be calculated. In order to calculate the wear 
coefficient, Archard’s wear model was used: 
   V

s
= KN    (3) 



 
 

Where V is the volume loss in 𝑚𝑚3 on the contact surface, s is the sliding distance 
in m, K is the specific wear coefficient (m2/N), and N is the normal load in N. 
Reformulating this gives: 
   K = V

Ns
    (4) 

 

 
Fig. 5 Friction force curve of AQ1-AQ1 
 
2.5 Surface Measurement and Material Studies 
 
After each test, the specimens were examined using SEM (Itachi S-3700N) to 
obtain micrographs to study the damage mechanisms. An optical measuring 
microscope (Nikon model MM-60/L3) was used to acquire wear scar diameters. 
The optical microscope was also used for porosity studies of the PM materials. A 
micro-hardness tester (Matsuzawa MMT-7) was used to determine hardness 
profiles of the pin and disc specimens. A Zygo 7300 white light interferometer 
was used to study the surface topography and porosities on the surface of the 
PM pin tip after test. 
 
 3 Results 
 
3.1 Friction Coefficient Results 
 
Fig. 6 shows the friction coefficient results (mean value and standard deviation) of 
all the tests. The test material combinations and speeds are presented in Table 5. 
Fig. 6 shows that the friction coefficients of the high speed (0.5 m/s) tests were 
consistently lower than those of the low speed tests (0.1 m/s) regardless of the 
material combination. Note the increasing trend in the friction coefficient of RS-
AQ at both sliding speeds of 0.1 and 0.5 m/s with decreasing porosity size. This 
also occurs for RS-CrA at 0.1 m/s. The decreasing trend in friction coefficient of 
CrA-CrA and AQ-AQ with the decreasing porosity size of both pins and discs 
densities is also important. 



 
 

 

 
 
Fig. 6 Friction coefficient results (mean value and standard deviation) of all the 
tests 
 
3.2 Wear Coefficient Results 
 

 
 
Fig. 7 Wear coefficient (mean value and standard deviation) results of all the 
tests 
 
Fig. 7 shows the wear coefficient (mean value and standard deviation) results for 
all the tests. Note the increasing trend of wear coefficient of RS-CrA/AQ with 
decreasing porosity size of CrA/AQ pins and the decreasing trend of CrA-
CrA/AQ-AQ with decreasing porosity size of CrA/AQ pins and discs.  CrA1-CrA1 
and AQ1-AQ1 have the largest wear coefficient, which occurs at 0.1 m/s. 
 



 
 

3.3 Surface Analysis 
 
Fig. 8 shows the surface topography and optical micrographs of the AQ1 and RS 
pins after test as representative examples, used when investigating the porosities 
on the surface of PM pins. By comparing the surface topography and optical 
micrographs of the pin tip of AQ1 (Fig.8a and b) and RS (Fig. 8c and d), we can 
see porosities on the surface of AQ1, while there are no porosities on the RS pins.  
 

 
(a) AQ1                                                          (b) AQ1 

 
(b) RS                                                              (d) RS 

Fig. 8 Surface topography and optical micrographs of worn pin tips 
 
Fig. 9 shows the SEM micrographs of the contacting surfaces on the worn pins in 
order to study the damage mechanism. Pins of RS-RS and AQ1-AQ1 showed 
heavier adhesive wear like scuffing and material transfer than other material 
combinations. 



 
 

 
       (a) RS-RS 0.1 m/s               (b) RS-RS 0.5 m/s                (c) AQ1-AQ1 0.1 

 
     (d) AQ2-AQ2 0.5 m/s        (e) CrA3-CrA3 0.1 m/s         (f) CrA1-CrA1 0.5 m/s 

 
      (g) RS-AQ2 0.1 m/s          (h) RS-AQ3 0.5 m/s                (i) RS-AQ1 0.5 m/s 

 
                              (j) RS-CrA1 0.1 m/s          (k) RS-CrA3 0.5 m/s 
Fig. 9 SEM micrographs of the worn pins 
 
4 Discussion 
 
4.1 Porosity size discussion 
 
Most of the dimensional parameters in Table 4 show a decreasing trend with 
increasing density except for the ‘Total measured area’ (which is the same) and 



 
 

‘Total number of pores’ of AQ pins and discs. AQ1/3 had nearly the same 
parameters as CrA1/3 for both pins and discs. For the same dimensional 
parameters, the values are always slightly smaller for pins than for the discs for 
all the AQ1/2/3 and CrA1/3 specimens. Of the dimensional parameters in Table 
4, the ‘M-Max Porarea’ and ‘M-Max Length’ should have the largest influence on 
friction and wear. For most cases a large value of ‘M-Max Porarea’ should mean 
a large value of ‘M-Max Length’. If we regard the pores of PM specimens as 
circles, the maximum diameters are 52 µm, 42 µm and 32 µm (maximum 
diameter = 2�(M − Max Porarea ) π⁄ ) for AQ1/CrA1, AQ2 and AQ3/CrA3 pins 
respectively. The maximum pore diameters of the discs are a little smaller than 
those of pins. 
 
 
4.2 Wear and Friction Coefficient discussion 
 
Figures 6 and 7 showed that the friction and wear coefficients of CrA1-CrA1, 
CrA3-CrA3 and AQ1-AQ1, AQ2-AQ2, and AQ3-AQ3 increase with increasing 
porosity size. Fig. 4 showed that the quantity and size of pores show a 
decreasing trend with increasing density for both pin and disc porosity structures. 
Fig. 10 shows the porosity structure of an AQ2 disc, and we can see a pore on 
the surface of the disc. For pin and disc contact, the porosity on the disc will 
enhance friction and wear as shown in Fig. 11, especially for a smaller density 
with more and bigger porosities such as AQ1 and CrA1. A pin-on-disc contact is a 
point contact in Hertzian terms. According to Stachowiak and Batchelor [12], the 
radius of the point is calculated as: 
 

𝑎𝑎 = (3𝑁𝑁𝑅𝑅
′

𝐸𝐸′
)
1
3      (5) 

𝑅𝑅′ and 𝐸𝐸′ are the reduced radius of curvature and the reduced Young’s modulus, 
respectively. 𝑅𝑅′ and 𝐸𝐸′ are defined as follows: 
 

 1
𝑅𝑅′

= 1
𝑅𝑅1

+ 1
𝑅𝑅2

     (6) 

   1
𝐸𝐸′

= 1
2

[1−𝑣𝑣1
2

𝐸𝐸1
+ 1−𝑣𝑣22

𝐸𝐸2
]    (7) 

 
Using the above equations, the contact diameter for pin and disc contact (CrA1-
CrA1, CrA3-CrA3, AQ1-AQ1, AQ2-AQ2 and AQ3-AQ3) is 172 ±3 µm, which is 
usually slightly smaller than the diameter of the wear scar at the end of the test. 
The diameter of the largest wear scar is around 200 µm. Using the mean values 
in the statistics, and regarding the pores as circles, the diameter of the maximum 
porosities are 52, 42 and 32 µm respectively for AQ1/CrA1, AQ2 and AQ3/CrA3 
discs. The contact deformation will depress the leading edge of the porosity on 
the contact side when the sliding pin approaches the next boundary of a large 



 
 

porosity as shown in Fig. 11. Heavy wear and a larger friction force will occur 
when the pin touches the right-hand side of the boundary of the porosity. Impacts 
may occur, as shown in Fig. 12, which shows the wear scar boundary of AQ1-
AQ1 at a sliding speed of 0.5 m/s. In this figure, the smooth part on the right is 
the worn pin tip. In the middle is a porosity whose lip was broken off by the impact 
with the disc. The impact can be identified by the pattern of the right side of the 
porosity boundary. More and larger porosities lead to more chances of contact as 
shown in Fig. 11 and to impacts that will certainly result in increasing wear and a 
higher friction coefficient as the size of the porosities increases.  
 
AQ-AQ combinations always show higher wear coefficients than RS-RS at both 
0.1 and 0.5 m/s. The main reason appears to be the effect of porosities on the 
surface of the PM material disc as described in Fig. 10. AQ-AQ combinations 
have higher friction coefficients than RS-RS in boundary lubrication conditions, 
which shows the same trend as in Li et al. [10].  Li and Olofsson [9] showed that 
the trend in gear mesh torque loss is the same as that of the friction coefficient in 
the pin-on-disc experiment. Thus in transmissions with PM material, it is 
recommended that the gear and pinion should have higher densities with fewer 
and smaller porosities. 
 

 
Fig. 10 Porosity structure of AQ2 disc 
 

 
Fig. 11 Schematic of sliding pin approaching the boundary of a large porosity 
 



 
 

 
Fig. 12 The wear scar boundary of AQ1 pin of AQ1-AQ1 at a sliding speed of 0.5 
m/s 
 
Figures 6 and 7 showed that the friction and wear coefficients of RS-CrA1, RS-
CrA3 and RS-AQ1, RS-AQ2, RS-AQ3 decrease with increasing porosity size 
except for the friction coefficient of RS-CrA at a sliding speed of 0.5 m/s. In this 
case the decrease in porosity size lead to worse lubrication conditions, which 
resulted in the increasing trend of the friction and wear coefficients. References 
[1, 2, 8] showed that controlled dimples on contact surfaces act as lubricant 
reservoirs and play a role in promoting better lubrication and a decrease in 
friction. However, we should note that all the controlled dimples of [1, 2, 8] have a 
fixed size, which is different from that of PM materials. PM specimens have 
porosity distributions with different sizes and numbers. As shown in Fig. 13, as 
the pin slides on the RS material disc, the porosities of PM pins shown in Fig. 8a 
and b will act as lubricant holders to provide more lubricant, which will enable 
good lubrication conditions. The larger the pores and the more porosity the pin 
has, the better lubrication conditions it will have. The size of the porosities 
decreased from 52 (RS-CrA1) to 32 µm (RS-CrA3) while the density increased 
from 6800 to 7250  kg m3⁄ . Wakuda et al. [8] recommended a dimple size of 
approximately 100 µm under these test conditions. Kovalchenko et al. [2] showed 
that circular dimples of 58 and 78 µm reduced the friction coefficient substantially. 
Thus for RS-PM gear transmissions, the largest porosity (density of 6800 kg m3⁄ ) 
is best for both efficiency and wear. 
 

 
Fig. 13 Schematic of PM material pin sliding on the RS material disc 



 
 

 
RS-AQ combinations show lower friction coefficients than RS-RS combinations 
not only because the porosities acts as lubricant holders to enable good 
lubrication but also because different material combinations can prevent adhesive 
wear [10, 13]. RS-AQ combinations have higher wear coefficients than RS-RS at 
a sliding speed of 0.1 m/s, and vice versa at a sliding speed of 0.5 m/s. Although 
the less well-defined porosity structure at lower density should worsen the wear 
resistance of PM pins, the porosities act as lubricant holders to ensure that good 
lubrication prevails when the sliding speed is 0.5 m/s. So for RS-PM 
combinations, a higher sliding speed is preferred, which agrees with the results of 
Li and Olofsson [9].  
 
CrA-CrA combinations show both better friction and wear properties than RS-RS 
mainly because of the material properties of CrA. RS-CrA combinations have 
higher wear resistance than RS-RS and RS-AQ mainly because of the 
mechanical properties of CrA. Thus further studies of CrA materials are 
recommended. 
 
4.3 Damage mechanism discussion 
 
Wear refers to the loss of material from a contact surface. Depending on the 
specific wear mechanism, wear is of four types: abrasive wear, adhesive wear, 
surface fatigue, and corrosion wear [10]. Figs. 9(a) and (b) show that the damage 
mechanism of RS-RS are heavy adhesive wear such as material transfer and 
scuffing, especially at the lower sliding speed of 0.1 m/s.  The damage 
mechanism for AQ1-AQ1 is heavy scuffing combined with material transfer and 
peeling as shown in Fig. 9(c) and Fig. 12. The heavy scuffing and material 
transfer of RS-RS at 0.1 m/s and heavy scuffing with peeling of AQ1-AQ1 
correspond to their high wear coefficients. As for AQ2-AQ2, CrA3-CrA3 and 
CrA1-CrA1, the damage mechanism is scuffing, but to a lesser extent than AQ1-
AQ1 (Fig. 9(d), (e) and (f)). The lighter scuffing compared to AQ1-AQ1 is mainly 
due to the smaller porosities. The damage mechanism of RS-PM is very slight 
scuffing with occasional peeling, as shown in Figs. 9(g), (h), (i), (j) and (k). The 
porosities of the PM pins enabled good lubrication. The use of different materials 
in combination can prevent adhesive wear only contribute to the slight scuffing of 
RS-PM [9, 10, 13]. 
 
5 Conclusions 
 
The sliding portion of gear tooth contact was simulated in pin-on-disc 
experiments. The influence of the porosity size of the PM material on the friction 
and wear properties of two PM steel gear materials and a regular steel gear 



 
 

material were investigated and compared. The following conclusions can be 
drawn from the study: 
 
1. The friction and wear coefficients of PM-PM combinations have an increasing 
trend with increasing porosity size. For PM-PM gear combinations, small porosity 
size (high density material) is recommended. 
2. The friction and wear coefficients of RS-PM combinations have an increasing 
trend with decreasing porosity size.  
3. No matter what the disc material, peeling is one of the main damage 
mechanisms of PM pins with the largest porosity size. 
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List of Symbols 
PM Powder metallurgy  
RS 16MnCr5  
AQ Distaloy AQ + 0.2 % C   
CrA Astaloy CrA + 1.8 % C  

A–B 
The former is the disc material, the latter the 
pin material  

µ Friction coefficient   
K Wear coefficient m2/N 
Pmax Maximum contact pressure Gpa 
E1,2 Young’s modulus Pas 
ν1,2 Poisson’s ratios  
ρ,ρo Density Kg/m3 
η Dynamic viscosity Pas 
ho Minimum film thickness m 
R′ Reduced radius of curvature m 
E′ Reduced Young’s modulus Pas 
N Normal load N 
v Sliding speed m/s 
V Volume loss of the pin m3 
h Height of the worn part of the pin tip m 
d Diameter of the wear scar m 



 
 

s Sliding distance m 
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