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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 efﬁciency 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 superﬁnished powder metallurgy gear combination compared to the standard gear material.
& 2015 Elsevier Ltd. All rights reserved.
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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 efﬁciency 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 combination 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 contact 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 gearn
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meshing processes and showed that ﬁne ground (Sa ¼0.3 μm)
surfaces showed better frictional properties than medium ground
(Sa ¼ 0.6 μm) and rough ground (Sa ¼1.2 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 metallurgy (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
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Nomenclature
A–B
gear-pinion
AQ
Distaloy AQ þ0.2%C
B
Gear width (mm)
E, EO;1;2 Young's modulus (GPa)
Er
Reduced Young's module (GPa)
F bti
Normal force (N)
H min
Minimum ﬁlm thickness (m)
J
Rotary initial Kg m2
L
Contact length (m)
M rr
Rolling friction moment (Nm)
M sl
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
S f20
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)

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 superﬁnished PM gear are unknown. Using efﬁciency data for ground
[11] and super-ﬁnished [12] regular steel gears as a base for further 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 manufacturing 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 conﬁguration, 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

V 1;2
W
a
bH
b
da
db
df
r bt
r ft
t
mn
z

Peripheral speeds (m/s)
Power consumed by gear rotation (J)
Center distance (mm)
Hertz deformation width (m)
Face width (m)
Tip diameter (mm)
Base diameter (mm)
Root diameter (mm)
Base circle radius (m)
Root circle radius (m)
Time (s)
Normal Module
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, νo Poisson’s ratio

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 measured 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 AQþ 0.2%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 AQþ 0.2%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 wellknown wrought steel with easily identiﬁed elastic properties. For
the sintered steels, the situation is more complicated. PM materials 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:
 3:4
ρ
E ¼ Eo
ð1Þ

ρo
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v¼

ρ
ρo

0:16
ð1  vo Þ  1

ð2Þ

where ρo , Eo , and νo are the density, Young's modulus, and Poisson'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
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Table 3
The main parameters of gear specimens.

Number of teeth
Normal module
Gear width (mm)
Pressure angle (deg)
Reference diameter (mm)
Base diameter (mm)
Tip diameter (mm)
Root diameter (mm)
Center distance (mm)
Start tip relief (mm)
Tip relief (mm)
Addendum modiﬁcation factor

Symbol

Pinion

Gear

z
mn
b
α
d
dB
da
df
a
dA
TR
X1,X2

16
4.5
14
20°
72
67.65
82.46
61.34
91.5
80.3
20
0.1817

24
4.5
14
20°
108
101.48
118.36
98.98
91.5
115.9
20
0.1715

Table 4
The main characteristics of the lubricant.
Lubricant name

BP Castrol Syntrans 75W-80

Kinematic viscosity at 40 °C (mm2 =s)
Kinematic viscosity at 100 °C (mm2 =s)

64.1
11.8

Table 5
Efﬁciency test procedure of AQ-AQ, AQ-RS and RS-RS combinations.
Fig. 1. Schematic layout of FZG spur gear efﬁciency test rig [15].

Gear material
combination

Load (Nm)
(Load stage)

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

Gear surface
furnish
GR and SF

0 (L0)
94.1 (L5)
183.4 (L7)

0
87
174
348
550
1444
1740
2906
3479

AQ-AQ RS-RS

(0)
(0.5)
(1)
(2)
(3.2)
(8.3)
(10)
(15)
(20)

program was limited to investigation of the impact of gear material and surface ﬁnish amplitude on spur gear efﬁciency. The
lubricant used in this experiment contains multifunctional additives required for mild extreme-pressure conditions. The main
characteristics of the lubricant are measured and shown in Table 4.

Fig. 2. Experimental test gears.

2.3. Test procedure

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

RS
AQ

Ni

Mn

Fe

C

S

P

Si

Cr

Mo

–
0.5

1–1.3
–

96.95–98.78
98.8

0.14–0.19
0.2

r 0.035
–

r 0.025
–

0.4
–

1.1
–

–
0.5

Table 2
Characteristics of the specimens.

Young's modulus (GPa)
Poisson's ration
kg
(m
3)

Density
Mass (gear/pinion) (g)

16MnCr5

PM

210
0.3
7805

154
0.28
7200

1201.27/630.89

1106.80/583.67

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
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Fig. 3. Schematic of (a) gear tooth bending, (b) gear body deformation and (c) Hertz ﬂattening [20].

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). Loadindependent 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

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 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 loaddependent 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 condition. Then the same test is repeated under a given transmitted
torque (TC ) with all other conditions the same. When TC ¼0, 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].
T bearing ¼ M rr þ M sl

ð4Þ

So the gear mesh torque loss T mesh can be obtained.
T mesh ¼ T load  dependent ¼  T bearing

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 (T 1 ) 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 calculated 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.


TT
ηT ¼ 1 0:5 ¼
ð9Þ
uT 1
T mesh ¼ T load  dependent  T Sbearing

ηmesh ¼ 1  0:5



T mesh
uT 1

ð10Þ


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.


η η
ð12Þ
Δη ¼ 100 1 2
1  η1

4. Gear contact mechanics calculation

M rr is rolling friction moment:
M rr ¼ φish φrsGrr ðvnÞ0:6

ð5Þ

M sl is sliding friction moment:
M sl ¼ Gsl μsl

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 (T bearingSKF1 ) and the
gear side (T bearingSKF2 ) were multiplied by the angular velocity of
their respective shafts (ω1 ) and (ω2 ). The power losses for the
eight bearings (T Sbearing ) were then added together and divided by
the ingoing angular velocity from the motor (ω2 ) in the following
manner:


T bearingSKF1 ω1 þ T bearingSKF2 ω2
T Sbearing ¼ 4
ð7Þ

ω2

The differences in the elastic properties of powder metal and
regular gear steel materials (shown in Table 2) could lead to different values of contact stress, sliding speed, and ﬁlm thickness
between 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 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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O1

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 αy1 and αy2 vary, just like the radii r y1 (O1 Y) and
r y2 (O2 Y). The peripheral speeds of point Y as the point of proﬁle
1 and 2 are

n
N1

1

1
C

V 1 ¼ r y1 ω1

ð18Þ

V 2 ¼ r y2 ω2

ð19Þ

The difference of the speeds in the tangent direction of the
proﬁles is called the mated proﬁles sliding speed and is
V ¼ r y1 ω1 sin αy1  r y2 ω2 sin αy2 j

a

H min ¼ 1:654

n

(13), (14), and (15) respectively:
2

2
Z yP y
2 1  v2 6
Py
F bti 
cos αFy
δz ¼
412
 0 3 dy
b
E
0
2X
Z

yP
0

dy
2X 0



"
2
F bti
18 y2P
2ð1  2vÞ yP
21  v
ð cos αFy Þ
¼
þ
1  v ̅S f 20
b
E
π ̅S f 20 2


4:8
1v
ð tan αFy Þ2
1þ
þ
2:4
π

δH1;2 ¼

ð13Þ

ð14Þ

"
#
!
!
2
2
1  v22
F bti 1  v21
bH
v1 ð1 þ v1 Þ
bH
v2 ð1 þ v2 Þ
ln
þ
ln
þ
þ
πb
E1
E2
E1
E2
4t 21
4t 22

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:

ρ ¼ 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 N 1 N 2
 ρ will be the coordinate of the point. N 1 N2 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 σ H [19] for the gear tooth contact:

σH ¼

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
F bti
2
2
ρ ρ
π ð1 E v1 þ 1 E v2 Þ bρ 1þ ρ2
1

2

1

2

ð21Þ

5.1. Efﬁciency results

Fig. 4. Rolling of two gear proﬁles accompanied by simultaneous rotation [19].

2
2:4 
þ tan αFy
1v

E0:03
F 0:13
r

5. Results

O2



ðη0 UÞ0:7 R0:43 α0:54 L0:13

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

2

δRK

ð20Þ

The line contact EHD model [21] of Dowson and Higginson was
used to calculate the ﬁlm thickness:

N2

þ
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ð17Þ

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 RSRS 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 efﬁciency, different speed ranges are used here and also in the discussion. At pitch velocities from 1 to 20 m/s, the average total
efﬁciency calculated by Eq. (9) was 7% higher for the ground AQAQ 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 RSRS 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 combination 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
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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.

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 percentage 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 superﬁnished 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 somewhat 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 combination 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 material transfer covering nearly the whole photo, as shown in Fig. 9d.
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Fig. 7. 3D surface roughness and peak distribution results of gear ﬂanks.

Table 6
Surface amplitude parameters of ground gear ﬂanks.
Surface amplitude parameter

Sa (mm)
Sz (mm)

RS-RS combination

AQ-AQ combination

Initial

After test

Initial

After test

0.35
3.85

0.29
2.39

0.34
3.46

0.26
2.52

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

Sa (mm)
Sz (mm)

RS-RS combination

AQ-AQ combination

Initial

After test

Initial

After test

0.15
1.23

0.14
1.14

0.13
1.73

0.15
1.46
Fig. 8. Micrographs of cut section of AQ material ground gear.
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RS -RS-GR

AQ -AQ-GR

Wear scratches

RS-RS-SF

AQ-AQ-SF
Fig. 9. SEM micrographs of gear ﬂanks.

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 N1 Y as shown in Fig. 4) is the
distance from point N 1 to the contact point of the two-gear proﬁle
on the line of action N1 N2 . 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 r y1 and r y2 for
PM and RS gears, as shown in Fig. 4. In most of the contact, the

Table 8
Coordinate of mesh points on the line of action.
X-coordinate (mm)
A
RS
4.442
PM
4.368

B

C

D

E

10.245

13.922

17.731

23.534

10.251

13.882

17.732

23.47

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

X. Li et al. / Tribology International 95 (2016) 211–220

219

Fig. 10. Normal load (a) and maximum contact stress (b) of RS-RS and AQ-AQ gear combinations at load stage 7.

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.

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 superﬁnished gears. Note that the mechanism of the difference in efﬁciency 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 combinations. 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 superﬁnished RS-RS combinations, not much adhesive wear is visible
(Fig. 9). As before, the trend is different for the AQ-AQ-superﬁnished 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,
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discussions. This project was ﬁnancially supported by Energimyndigheten, Höganäs AB and Swepart.

Table 9
Values of surface energy for different materials.
Metal

γ; mJ2

Ceramics

γ; mJ 2

Polymer

γ; mJ2

Fe
Cu
Al
Ni
Ag
Pb
Cr

1.5
1.1
0.9
1.7
0.9
0.45
1

Al2 O3
ZrO2
TiC
ZrC
–
–
–

0.8
0.53
0.9
0.6
–
–
–

HDPE
PMMA
PA 6
PVC
PTFE
–
–

0.035
0.045
0.05
0.045
0.018
–
–

Tγ ¼2γ , 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 topography. 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. However, 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 necessary, 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.
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