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Numerical Analysis of Scuffing Risk in 
Involute Spur Gears Based on the 
Integral Temperature Criterion 
 
Gear scuffing is a major concern and a critical technical challenge in gear 
power transmission design. This paper reviews current research and 
practical approaches to understanding and preventing gear scuffing, 
drawing on both industrial experience, available standardization and 
academic studies. A dedicated MATLAB-based computational code is 
developed to systematically analyse the influence of geometrical, 
operational, and lubrication parameters on flash, mass, and integral 
temperatures. The results show that increasing the module, tooth number, 
and face width positively improve scaffing resistance, while higher torque, 
rotational speed, and oil temperature significantly increase scuffing risk, a 
failure mode that can substantially reduce gear service life. The applied 
model and the conducted analysis have shown that the obtained results can 
serve as a foundation for the development of future optimization models 
aimed at improving gear reliability and extending service life through 
appropriate parameter selection and design improvement. 
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1. INTRODUCTION 
 

Gears used for power transmission are common in all 
areas of engineering. Their performance has a signifi–
cant impact on the overall quality of the machinery, 
influencing reliability, energy efficiency, and environ–
mental performance. Failures of gear teeth often propa–
gate damage to other gear elements or connected mac–
hine components. For these reasons, gears have been 
extensively studied through both theoretical analyses 
and experimental investigations[1]. 

Gears are highly sensitive components of mecha–
nical systems, and their failure can lead to substantial 
repair costs, prolonged downtime, and secondary 
damage to related machine elements [2]. The primary 
objective of gear design is to ensure reliable power 
transfer while maintaining high strength and reducing 
the risk of failure. As key elements of mechanical power 
transmission in rotating machinery, their performance 
and reliability are strongly governed by tribological and 
thermal conditions at the tooth contacts. 

Gears are designed with consideration of potential 
failure mechanisms, and in this field, numerous stan–
dards have been established by all relevant standar–
dization organizations, including DIN, AGMA, and ISO. 
Under elevated temperature, high rotational speed, heavy 
loading, and severe lubrication conditions, scuf–fing has 
emerged as a major concern and a critical technical 
challenge in gear power transmission systems. A recent 
review paper on gear scuffing studies [3] provides a 
comprehensive analysis of the scuffing phenomenon and 

the state of the art in this field. This paper reviews current 
research and practical approaches to understanding and 
preventing gear scuffing, drawing on both industrial 
experience and academic studies. It summarizes advances 
in scuffing theory, experimental analysis, and the latest 
developments in anti-scuffing technologies. Over recent 
decades, extensive research on gear scuffing, including 
both theoretical and experimental studies, has advanced 
analytical approaches, numerical modeling, standar–
dization frameworks, testing methodologies, and the 
development of test databases.The general conclusion can 
be made that, despite this progress, research in the field is 
still ongoing, analytical and mathematical models, 
numerical simulations, and experimental methods and 
techniques continue to be developed and refined, while 
artificial intelligence is increasingly being applied to 
practical engineering solutions. 

The most influential factor affecting scuffing is the 
lubricant (oil) [4]. The influence of oil on the occur–rence 
of scuffing has been analyzed from various pers–pectives 
in numerous scientific papers and practical case studies. 
Key parameters for evaluating gear scuffing, such as oil 
temperature and level, as well as surface roughness, are 
examined in [5,6]. Surface roughness has been recog–
nized as a critical factor in assessing gear scuffing in [7]. 
Surface coatings are applied to improve surface quality 
and reduce friction. The effects of surface coatings on 
gear tooth bending fatigue, gear flank contact fatigue 
(pitting), abrasion, and scuffing resistance have been 
extensively investigated in the literature [7-11]. The inf–
luence of gear material, surface quality, and advanced 
lubricants on the onset of scuffing in high-speed gear 
contacts has been examined in [12]. According to [13], 
effective prevention of tribologically driven damage, such 
as wear and scuffing on gear flanks, depends on the 
proper selection of lubricant additives. 
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Dynamic loads and transient thermal elastohydro–
dynamic lubrication (TEHL) effects are taken into ac–
count in [14], when evaluating scuffing failure of gears. 
In [15], boundary and near-boundary lubrication condi–
tions were considered during the parametric analysis of 
scuffing failure. 

The evaluation of scuffing failure is largely influen–
ced by the selected gear material, applied heat treat–
ment, and the level of contact pressure on the tooth sur–
face [16]. As shown in [17], surface finish is also an 
important parameter for achieving the lubrication con–
ditions required to prevent scuffing failure. The study 
[18] analyzes several cases of premature gear failure 
using a systematic failure analysis approach. It identifies 
the main causes, material impurities, improper heat 
treatment, grinding burns, and poor lubrication, and 
examines how these factors lead to fatigue, spalling, and 
scuffing. The authors of [19] developed a spur gear 
model with defects, demonstrating how kinematics and 
lubrication affect meshing contact and stiffness. 
Additionally, the study [20] presents a time-varying 
mesh stiffness model for involute spur gears, accounting 
for the effects of lubrication, friction, surface roughness, 
and load on meshing behavior and stiffness variations 
along the meshing path. 

Experimental research has been extensively con–
ducted for many years in the field of gear pair failure 
due to scuffing, including the development of new scuf–
fing criteria [21-23]. Power dissipation and bulk tempe–
rature during gear scuffing were analyzed in [24]. In 
addition, a new evaluation model based on the pressure-
velocity-temperature limit was proposed in [25] to 
assess gear scuffing resistance. The results of these 
studies are based on experimental research. The authors 
of [26] emphasize that accurate monitoring of tooth 
temperature is essential for ensuring the reliable ope–
ration of gears. The study [27] presents a computational 
model for predicting gear tooth wear by considering 
temperature, friction, and dynamic meshing behaviour, 
highlighting uneven wear along the meshing path.In 
[28], an improved semi-analytical method was used to 
calculate flash temperature and meshing power loss 
under various operating conditions. Experimental fin–
dings have shown that improvements in tooth surface 
design lead to lower flash temperatures and reduced 
power losses, which enhance scuffing resistance and 
overall energy efficiency. By analyzing the influence of 
bulk (mass) temperature on gear scuffing, the authors of 
[29] developed a new scuffing parameter for gears 
lubricated with mineral-based oils and proposed that a 
critical gear bulk temperature exists for each lubricant 
viscosity grade. The paper [30] presents a finite element 
approach for thermodynamic analysis of gears with 
varying surface roughness. By incorporating 3D gear 
models that include tooth surface roughness, this app–
roach allows for fast assessment of temperature inc–
reases under various machining conditions while lowe–
ring the expense of validating load-carrying capacity 
predictions.The study [31] presents an enhanced semi-
analytical approach for calculating flash temperature on 
the tooth surface and investigates the influence of gear 
geometry,including tooth number, module, pressure 
angle, and helix angle,on scuffing resistance.The results 

indicate that adjusting these parameters can significantly 
enhance the scuffing load capacity of high-speed redu–
cer gears. The study [32] combines theoretical and 
experimental investigations of the scoring resistance of 
plane convex-concave gears by formulating generalized 
integral temperature criteria for various contact paths 
and validating them through FZG scoring tests. 

Alongside experimental studies, analytical and nu–
merical methods are being developed to assess gear anti-
scuffing capacity, a critical factor for service life under 
high loads or speeds. Reference [33] introduces a novel 
analytical approach that accounts for actual lubricant film 
thickness and continuous heat transfer to evaluate both 
flash and bulk temperatures. The integral temperature 
method specified in ISO 6336 [34] and DIN 3990 [35] 
was used to analyze parameters associated with gear 
scuffing.Optimization in the design process [36] extends 
beyond weight reduction and can be applied to a wide 
range of performance-related criteria. In practical engine–
ering applications, objective functions often target para–
meters such as structural volume, service life, cost, or 
failure risk. In the context of gear scuffing, the quantified 
influence of geometrical, opera–tional, and lubrication 
parameters obtained in this study enables the formulation 
of optimization strategies aimed at minimizing scuffing 
probability while satisfying design and operating const–
raints. Numerous studies have shown that scuffing resis–
tance can be significantly imp–roved through appropriate 
selection and optimization of gear geometry, operating 
conditions, and lubrication parameters. Early analytical 
investigations based on the integral temperature criterion 
demonstrated that optimized gear geometries can subs–
tantially reduce flash temperature and scuffing risk, with 
good agreement between numerical predictions and 
experimental observations [37]. These concepts were 
further extended to account for micro-geometry effects, 
showing that pro–file modifications strongly influence 
local contact pres–sure and temperature distribution, and 
thus the initiation of scuffing [38]. Experimental studies 
confirmed that optimized tooth profiles, surface finishing, 
and operating parameters can significantly increase 
scuffing load capacity, particularly under severe opera–
ting conditions [39]. In parallel, recent research has 
increasingly employed numerical and optimization-based 
approaches to address scuffing as a design constraint. 
Multi-objective optimization frameworks have been 
applied to spur gears, demonstrating that inclusion of 
scuffing-related criteria alongside power loss, trans–
mission error, weight, and durability leads to more 
reliable designs, although often at the cost of increased 
size or complexity [40-44]. Advanced numerical models 
have also been proposed to better capture the thermal and 
tribological mechanisms governing scuffing, including 
thermo-elastic heat generation, transient temperature 
fields, and lubrication breakdown [45,46].Optimization 
studies employing evolutionary algorithms and particle 
swarm optimization, demonstrated that neglecting scuf–
fing constraints can lead to designs with a high proba–
bility of surface failure, whereas their inclusion improves 
reliability at the cost of slightly increased volume or 
complexity [47-50]. 

Despite these advances, only a limited number of 
works systematically quantify the relative influence of 
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individual geometrical, operational, and lubrication para–
meters within a unified framework. Therefore, a comp–
rehensive sensitivity-based numerical analysis, providing 
quantified trends and relative importance of key scuffing-
related parameters, is still lacking. Such an approach can 
serve as a practical foundation for infor–med gear design 
decisions and for the development of future data-driven 
and AI-based predictive models ai–med at improving 
gear reliability and extending service life. 

This study graphically illustrates how changes in 
geometric characteristics, including module size, tooth 
number, and face width, affect the integral temperature. 
The influence of operating conditions, including trans–
mitted torque and pinion rotational speed, on the integ–
ral temperature is additionally investigated. Considering 
lubrication parameters, the relationships between oil 
temperature, nominal oil viscosity, and the integral 
temperature are also presented graphically. 
 
2. GEAR FAILURES 

 
Thirty years ago, the valuable standard ISO 10825 [51] 
was published, dealing with the wear and failure of 
gears. This standard was withdrawn and revised, and in 
2022 it was replaced by ISO 10825-1[52]and the 
accompanying technical report ISO/TR 10825-2 [53], 
which provide all necessary clarifications and additional 
information on failure modes, as well as the theoretical 
background of the Standard. 

Document [52] classifies, identifies, and describes 
gear failure modes, enabling the user to assess the deg–
ree of change in the condition and integrity of the gears 
compared to their initial state, immediately after manu–
facturing and before being put into operation. It should 
be noted that resolving many issues related to gear 
condition requires detailed investigation and analysis by 
both researchers and practicing engineers, which is 
beyond the scope of this standard. 

According to [52], the most common gear failure 
modes are grouped into six general classes: tribological 
(non-fatigue) damages, fatigue damages, non-fatigue 
fractures, plastic deformations, manufacturing issues, 
and other surface damages (Figure 1). 

Causes of non-fatigue tribological damage, com–
monly referred to as wear, may include the presence of 
particles suspended in the lubricant, particles embedded 
in the mating gear teeth, an insufficient lubricant film, 
or complete loss of lubrication. Wear represents the 
gradual removal of material from the gear tooth surface, 
accompanied by changes in dimensions, shape (flank 
profile), and surface properties of the material. The 
extent of wear can range from mild polishing to severe 
material loss, leading to tooth destruction. In certain 
applications, even minimal wear is unacceptable, whe–
reas in others, a small degree of wear may be tolerated. 

Fatigue damages include fatigue cracks and contact 
fatigue phenomena such as micropitting, macropitting, 
case crushing (subcase fatigue), white layer flaking, 
tooth flank fracture (TFF, subsurface-initiated bending 
fatigue), and tooth interior fatigue fracture (TIFF). 
Bending fatigue failures comprise tooth root fatigue 
fracture as well as rim, web, and hub cracks. Non-
fatigue fractures may occur in brittle, ductile, or mixed 

modes and include tooth root rupture, tooth end rupture, 
and tooth shear fracture. 

 
Figure 1. Classification of gear failures, according to ISO 
standard [52]. 

Plastic deformation failure modes involve indenta–
tion, brinelling, cold flow, hot flow, root fillet yielding, 
fracture after plastic deformation, rolling, tooth hamme–
ring, rippling, ridging burr, and interference defor–
mation. Manufacturing-related failures may result from 
forging, hardening, or grinding cracks; hydrogen emb–
rittlement and internal residual stresses; grinding burns; 
grinding notches; scaling; and case/core separation. In 
the case of forging, forging cracks can occur in the 
presence of oxidation. Similarly, hardening cracks may 
be accompanied by discoloration due to oxidation.Other 
surface damages include corrosion, cavitation, erosion, 
electrical discharge erosion, and overheating. Among 
other surface damages, corrosion ranks first, defined as 
surface degradation due to chemical and electro–
chemical reactions between the gear surface and its 
environment, and represents a very common type of 
damage to gear working surfaces. 

The categories of tribological (non-fatigue) damages 
include: polishing wear, scratches, abrasive wear, scuf–
fing, adhesive wear, fretting corrosion, and interference 
wear (Figure 2). Polishing typically occurs when abra–
sive particles become embedded in a softer mating 
surface, causing two-body abrasion on the harder sur–
face. It can be intensified by chemically aggressive lub–
ricant additives in contaminated oils. This fine-scale 
abrasive process gives gear teeth a bright, mirrorlike 
appearance. 

Polishing can be classified as mild, moderate, or 
severe.Scratches may result from improper handling or 
assembly procedure, as well as from hard and abrasive 
particles between contacting surfaces. Such damage 
usually indicates inadequate cleanliness or insufficient 
care during gear manufacturing and/or installation. 

Abrasive wear occurs when hard particles such as 
metallic debris, rust, or sand remove material from gear 
tooth surfaces. These particles may be suspended in the 
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lubricant or embedded in the gear teeth. The resulting 
scratches appear smooth, clean, and parallel to the 
sliding direction. Adhesive wear in gears occurs when 
metal surfaces come into contact under inadequate 
lubrication, leading to material transfer between tooth 
flanks. During the initial run-in period, mild adhesive 
wear can be beneficial, as it smooths surface irregu–
larities and improves contact conditions, provided the 
load, speed, and lubrication are properly controlled 
[54,55]. However, if lubrication is poor or operating 
conditions are unfavorable, adhesive wear can become 
severe, causing surface damage, tooth flank profile cha–
nges, increased noise and vibration, and reduced gear 
life. Fretting corrosion is a localized wear that occurs 
when gear tooth surfaces pressed together do small 
cyclic movements that expel lubricant and disrupt pro–
tective oxide films. This causes direct metal-to-metal 
contact and adhesion between surface asperities, and 
even minor gear mesh interference can result in inter–
ference wear. In such cases, the gears are pressed tightly 
together, preventing the lubricant from maintaining a 
separating film between their surfaces. 

 
Figure 2. Tribological damages, according to the ISO 
standard [52]. 

Regardless of the large number of gear failure mo–
des mentioned above, gear failures can generally be 
classified into several main categories: tooth breakage 
resulting from bending stress, surface pitting caused by 
alternating contact stress and surface fatigue, surface 
wear due to material removal, and scuffing resulting 
from high contact stress and high temperature. Preven–
ting gear failures requires careful consideration of these 
potential failure mechanisms. 

Tooth breakage occurs when a whole tooth or a por–
tion of it fractures, typically due to sudden static 

overload or alternating loads. Gear teeth typically expe–
rience cyclic loading, and if the stress level repeatedly 
or occasionally surpasses the gear’s fatigue strength, 
fatigue failure can occur [56,57].Fatigue failure gene–
rally evolves in three stages: crack initiation at regions 
of high stress concentration, subsequent crack propaga–
tion under cyclic loading, and final sudden fracture once 
the remaining load-bearing section can no longer sustain 
the applied load. Crack initiation usually occurs at or 
near the surface, where defects such as scratches, pits, 
geometric discontinuities, or material inhomogeneities 
are present. These features promote localized plastic 
deformation and slip, which trigger crack formation, 
often after a certain period of service rather than imme–
diately at load application [58, 59]. 

Pitting represents a form of surface fatigue mani–
fested as the formation of very small local depressions 
on surfaces subjected to repeated rolling and sliding 
contact. The pitting resistance or durability of a gear 
pair refers to its ability to operate for a sufficiently long 
period without the occurrence of such surface damage 
[60]. Pitting on tooth flanks is characterized by the 
development of pinholes and progressive spalling on the 
surface, typically occurring below the pitch circle, and 
is a common indicator of material fatigue. Surface cra–
cks caused by sliding/rolling stress or subsurface cracks 
induced by high shear stress beneath the flank surface 
can initiate pitting failure. The Hertzian stress theory is 
applied to evaluate the load-carrying capacity against 
pitting and to determine the surface stress [56,61]. Wear 
occurs when material is removed from the mating 
surfaces under thin-film lubrication during each load 
cycle. It is a progressive form of failure that typically 
develops at low pitch-line velocities, where asperity 
interactions are more likely. 

Scuffing is a sudden, non-fatigue failure mode rep–
resenting a severe form of adhesion, involving either 
material transfer between gear tooth surfaces or material 
loss due to lubricant film breakdown, welding, and tea–
ring. It usually appears away from the pitch line as 
narrow or wide bands oriented in the sliding direction, 
and in areas of high stress concentration, it may form 
patches. Scuffed regions are matte and discolored, and 
under a microscope, the surfaces appear rough, torn, and 
plastically deformed, with altered metallic structure and 
hardness compared to undamaged flanks. Standard [52] 
distinguishes between hot and cold scuffing and classi–
fies it as mild, moderate, or severe, with each category 
described and illustrated in detail. In its most severe 
form, scuffing involves local adhesion or micro-welding 
of gear tooth surfaces caused by the failure of the 
lubricating film under extreme thermal and pressure 
conditions. While this phenomenon commonly appears 
at high surface velocities, it can also occur at lower 
sliding speeds provided that the contact stresses are 
sufficiently elevated [34,62]. 

 
3. FRICTION AND LUBRICATION CONDITIONS 

 
Gears run under three main friction conditions: boun–
dary friction, mixed friction and fluid friction, as shown 
in Figure 3. 
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Figure 3. Friction and lubrication classifications. 

 
Figure 4. Scuffed gear surface 

Point A marks the initial contact, B the internal 
single contact, C the pitch point, D the external single 
contact, and E the final contact. Sliding speed is highest 
at the beginning (A) and end (E) of engagement, 
occurring at the tooth root or tip, and is zero at the pitch 
point C. Lubrication is most effective near the pitch 
point, while the tooth tips experience less favorable 
conditions due to meshing impacts and elevated tempe–
ratures from higher sliding speeds [56].Scuffing failure 
results from a combination of physical and, especially, 
chemical processes. The physical aspects are explained 
by elasto-hydrodynamic lubrication theory, whereas the 
chemical reactions occur in extremely thin layers under 
high pressure and are highly complex. Two distinct 
types of lubricant films can be identified: the elasto-
hydrodynamic lubrication (EHL) film and the chemical 
protective film, which forms due to reactions between 
rim zone materials and lubricant additives [56]. Gear 
wheels typically operate within the mixed friction 
regime, although hydrodynamic lubrication occupies a 
larger portion of the contact path compared to mixed 
and boundary friction [56]. Scuffing is initiated when 
the protective chemical film on the tooth flank breaks 
down. The film’s durability is influenced by the tooth 
flank temperature, while the stress on the film is 
governed by Hertzian contact stress. Increasing the 
lubricant viscosity, which thickens the film, can help 
mitigate scuffing failure [56]. 

The effective parameters for scuffing failure are 
shown in Figure 5. 

 
Figure 5. Effective parameters for scuffing failure 

Scuffing failure can be assessed by geometrical 
parameters such as the module, pinion tooth number, 
and face width, by operational parameters including the 
transmitted torque and pinion rotational speed, as well 
as by lubrication parameters such as oil temperature and 
the nominal oil viscosity at 40 °C.  
 
4. CALCULATING THE SCUFFING LOAD 

CAPACITY 
 
According to ISO and DIN guidelines[34,35,62,63], 
scuffing evaluation is based on the premise that exces–
sive contact stresses combined with sliding motion 
generate elevated surface temperatures, which can ulti–
mately lead to the collapse of the lubricating film. To 
address this mechanism, the standards introduce two 
distinct temperature-based calculation concepts. One 
approach evaluates scuffing by determining an overall 
surface temperature expressed as a weighted average 
along the entire tooth contact trajectory, commonly 
referred to as the integral temperature method. An alter–
native method emphasizes localized thermal effects by 
computing transient contact temperatures at specific 
points along the contact path, known as the flash 
temperature method. In the present study, however, 
scuffing load-carrying capacity is evaluated using the 
integral surface temperature approach. 

The assessment of scuffing using the integral tempe–
rature criterion relies on the premise that scuffing is 
likely when the mean contact temperature, averaged 
along the entire contact path, reaches or exceeds a 
specified threshold known as the permissible integral 
temperature. This integral temperature is defined as the 
combination of the bulk temperature and a weighted 
average of the flash temperature contributions accu–
mulated along the contact path. The probability of scuf–
fing is determined by comparing the calculated integral 
temperature with the corresponding permissible value. 
The permissible integral temperature is defined based 
on experimental tests of gear lubricants for scuffing 
resistance or on the analysis of gears that have failed 
from scuffing in service. 

The integral temperature is calculated in accordance 
with ISO and DIN formulations[34,35,62,63]: 

int 2 flaint intM PCϑ ϑ ϑ ϑ= + ⋅ ≤  (1) 

where: M (°C) is the mass temperature of the tooth 
surface just before loading; C2 is an experimentally 
determined weighting factor, typically taken as 1.5; 

flaint (°C) isaverage flash integral temperature; intP (°C) 
isa permissible integral temperature. 

The mass temperature is calculated using the 
expressions provided in [34,35,62,63]: 

( )0 1 flaintM SX Cϑ ϑ ϑ= ⋅ + ⋅  (2) 

where: XS isthe lubrication factor (for splash lubrication, 
XS is taken as 1, while XS is 1.2 for injection lubrication 
and XS is 0.2 for gears running fully in oil); 0 (°C) is 
the temperature of the lubricating oil before tooth 
engagement; C1 is an experimental weighting factor, 
assumed to be 0.7; flaint (°C) is the average flash 
integral temperature. 
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The average flash integral temperature can be deter–
mined using the following equation [34,35,62,63]: 

flaint flaE Xεϑ ϑ= ⋅   (3) 

where: flaE (°C) is the flash temperature at the pinion’s 
engagement point E; Xε is the contact ratio factor. 

The flash temperature at point E is calculated using 
the formula [34,35,62,63]: 

( )
1 2

flaE
1 1 2 22
n t t

mc
h M t M t

w v v
K

b B v B v
ϑ μ

−
= ⋅ ⋅

⋅ ⋅ + ⋅
 (4) 

where: K = 1.11 is empirical factor; μmC is the average 
coefficient of friction; wn (N/mm) is the line load in the 
normal direction; vt1,2 (m/s) are the tangential velocities 
of radii 1 and 2; bh is the face width, and BM1,2 are the 
thermal contact coefficients of radii 1 and 2. 

The thermal contact coefficient is calculated as 
follows [34,35,62,63]: 

( )M M vB cλ= ⋅   (5) 

where: λ = 50 N/sK is heat conductivity; cv = 3,8 N/ 
mm2K is the specific heat capacity per unit volume. 

The permissible integral temperature is determined 
using the expressions given in [34,35,62,63]: 

int
int

min

S
P

SS
ϑ

ϑ =   (6) 

int WrelT 2 flaintTS MT X Cϑ ϑ ϑ≈ + ⋅ ⋅  (7) 

where:  SSmin is the minimum scuffing safety factor; MT 
(°C) is the mass temperature depending on the pinion 
torque; XWrelT is the relative structure factor; flaintT (°C) 
is the average flash temperature;the subscript T denotes 
values obtained from measurements during the scuffing 
test on the test bench. 

The mass temperature and measured average flash 
integral temperature are calculated according to [34,35, 
62,63]: 

180 0.23MT T TMϑ = + ⋅   (8) 

0.4
401,2

flaintT 1
40

1000.08
v

T TM
v

ϑ

−
⎛ ⎞

= ⋅ ⋅⎜ ⎟
⎝ ⎠

 (9) 

where: MT1T (Nm) is the pinion torque; v40 (mm2/s) is 
the nominal kinematic viscosity. 

The scuffing safety factor, calculated using the inte–
gral temperature method, is determined according to 
[34,35,62,63]: 

int
int min

int

S
S SS S

ϑ
ϑ

= ≥   (10) 

Three conditions describe the occurrence of scuffing 
failure: 

1. If SintS > 1.0 the gears do not experience 
scuffing. 

2. If SintS = 1.0 the gears are at the scuffing limit. 
3. If SintS < 1.0 the gears experience scuffing. 

 

5. NUMERICAL ANALYSIS 
 

In this numerical study, the MATLAB program is emp–
loyed to simulate the effects of the assumed geomet–
rical, operational, and lubrication parameters on the 
integral temperature. A flowchart of the calculation 
algorithm is presented in Figure 6. 

 
Figure 6. Flow chart of the scuffing calculation for involute 
spur gears 

For the simulation of the effective parameters on 
scuffing failure, module m is 9 mm, the number of 
pinion teeth zp is 17, the face width bh is 60 mm, the 
pinion speed np is 1300 rpm, the transmitted torque MT1T 
is 372 Nm, the oil temperature 0 is 100 °C, the 
lubricant kinematic viscosity at 40 °C v40 is 220 mm2/s, 
the lubricant factor XS is 1.0, and the friction coefficient 
μ is 0.073. 

Integral temperatures are simulated by systema–
tically varying the key parameters associated with 
scuffing failure, including geometric, operating, and 
lubrication-related factors. 

The effects of the module on flash temperature, mass 
temperature and integral temperature are presented in 
Table 1. 

Figure 7 illustrates the simulated variation of the 
flash temperature as a function of the module. The re–
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sults indicate that an increase in the module leads to a 
reduction in flash temperature. The same figure shows 
the plot of module versus the change in the mass 
temperature, indicating that an increase in the module 
leads to a reduction in the mass temperature. Figure 7 
also depicts the change in the integral temperature as a 
function of module, showing that higher module values 
result in lower integral temperatures. 
Table 1. Relationship between module and scuffing 
temperatures 

No Module Flash 
temperature 

Mass 
temperature 

Integral 
temperature 

 m 
[mm] fla [°C] M [°C] int [°C] 

2 2 257.664 280.365 666.900 
3 3 196.562 237.593 532.400 
4 4 166.011 216.207 465.200 
5 5 147.680 203.376 424.900 
6 6 135.459 194.822 398.000 
7 7 126.731 188.711 378.800 
8 8 120.184 184.129 364.400 
9 9 115.092 180.564 353.200 

10 10 111.019 177.713 344.200 

 
Figure 7. Flash, mass and integral temperatures vs. module 

Gear pairs characterized by smaller normal modules 
show a pronounced sensitivity to thermal effects. As the 
normal module increases from 2to 10 mm (Table 1), a 
significant decrease in all characteristic temperatures is 
observed. Specifically, the flash temperature is reduced 
from 257.664°C to 111.019°C, while the mass tempe–
rature decreases from 280.356°C to 177.713°C. A simi–
lar trend is evident for the integral temperature, which 
declines from 666.900°C to 344.200°C, as shown in 
Figure 7. These results can be attributed to the enlar–
gement of the contact area at higher module values, 
leading to lower contact pressures and reduced frictional 
heat generation. 

The effects of tooth number on flash temperature, 
mass temperature and integral temperature are presented 
in Table 2. 

The effect of different pinion tooth numbers on the 
flash, mass, and integral temperature is simulated and 
shown in Figure 8. Simulations show that increasing the 
number of teeth reduces the flash temperature. A similar 
decreasing trend is observed for both the mass and the 
integral temperature. 

Table 2. Flash, mass and integral temperature depending 
on tooth number 

No Tooth 
number 

Flash 
temperature 

Mass 
temperature 

Integral 
temperature 

 zp fla [°C] M [°C] int [°C] 
1 14 123.821 186.675 372.406 
2 15 120.523 184.366 365.151 
3 16 117.638 182.347 358.804 
4 17 115.092 180.564 353.203 
5 18 112.829 178.980 348.224 
6 19 110.804 177.563 343.769 
7 20 108.982 176.287 339.760 
8 21 107.333 175.133 336.133 
9 22 105.834 174.084 332.835 

10 23 104.466 173.126 329.824 
 

An increase in the pinion tooth number from 14 to 
34 also contributes to a reduction in thermal loading, as 
shown in Table 2. The flash temperature decreases from 
123.821°C to 104.466°C, accompanied by a reduction 
in mass temperaturefrom 186.675°C to 173.126°C. 
Likewise, the integral temperature is lowered from 
372.406°C to 329.824°C (Figure 8). A larger tooth 
number promotes a more favorable load sharing 
mechanism, thereby diminishing local contact stresses 
and associated heat production. 

 
Figure 8. Flash, mass and integral temperatures vs. the 
number of pinion teeth 

The effects of face width on flash temperature, mass 
temperature and integral temperature are presented in 
Table 3. 
Table 3. Relationship between face width and scuffing 
temperatures 

No Face 
width 

Flash 
temperature 

Mass 
temperature 

Integral 
temperature 

 bh 
[mm] fla [°C] M [°C] int [°C] 

1 20 74.569 152.198 264.052 
2 25 74.509 152.156 263.919 
3 30 74.473 152.131 263.839 
4 35 74.449 152.114 263.787 
5 40 74.432 152.103 263.751 
6 45 74.420 152.094 263.724 
7 50 74.411 152.088 263.704 
8 55 74.404 152.083 263.688 
9 60 74.398 152.079 263.676 

10 65 74.393 152.075 263.665 
 
By varying the face width, the change in the flash 

temperature, mass temperature, and integral temperature 
is simulated and presented in Figure 9. As the face 
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width increases, the flash temperature decreases, and 
both the mass temperature and integral temperature 
decrease. The effect of increasing face width from 20 to 
65 mm is shown in Table 3. Flash temperature slightly 
decreases from 74.569°C to 74.393°C, mass tempera–
ture from 152.156°C to 152.075°C, and integral tempe–
rature from 264.052°C to 263.665°C (Figure 9). The 
limited effect of face width suggests that, beyond a 
certain point, further widening does not significantly 
influence load distribution or heat generation. 

 
Figure 9 Temperatures vs. face width. 

Table 4. Relationship between torque and scuffing 
temperatures 

No Torque Flash 
temperature 

Mass 
temperature 

Integral 
temperature 

 MT 

[N·m] fla [°C] M [°C] int [°C] 

1 200 96.258 167.380 311.767 
2 400 118.158 182.711 359.948 
3 600 140.059 198.041 408.129 
4 800 161.959 213.371 456.310 
5 1000 183.859 228.702 504.491 
6 1200 205.760 244.032 552.672 
7 1400 227.660 259.362 600.852 
8 1600 249.561 274.692 649.033 
9 1800 271.461 290.023 697.214 

10 2000 293.362 305.353 745.395 
 
The effects of transmitted torque on flash tempe–

rature, mass temperature and integral temperature are 
presented in Table 4. Simulations were carried out by 
changing the transmitted torque. The effects on flash, 
mass, and integral temperature are shown in Figure 10. 
From Figure 10, it is observed that increasing the torque 
results in an increase in the flash temperature. Furt–
hermore, the same behaviour is observed with the mass 
and integral temperature, where it is obvious that the 
increase in torque results in an increase in these 

parameter values. Increasing the transmitted torque 
from 200 to 2000 Nm results in substantial increases in 
temperatures (Table 4). The flash temperature increases 
from 96.258°C to 293.362°C, the mass temperature 
rises from 167.380°C to 305.353°C, and the integral 
temperature reaches 745.395°C from an initial value of 
311.767°C (Figure 10). A tenfold increase in torque 
leads to approximately a threefold increase in flash tem–
perature, a 1.8-fold rise in mass temperature, and a 2.4-
fold increase in integral temperature. Higher torque 
elevates contact stresses, increasing frictional heating 
and the risk of scuffing. 

 
Figure 10 Flash temperature vs. transmitted torque 

The effects of pinion speed on the mass temperature 
are shown in Table 5. The flash temperature depends on 
the tangential velocity components defined in Eq. (4). 
Although these velocities vary with rotational speed, the 
selected speed range is intentionally narrow, resulting in 
negligible variations of tangential velocity. As the tan–
gential component of velocity is assumed to be constant, 
it results in a constant flash temperature. The flash tem–
perature is 74.40°C, and the integral temperature is 
263.68°C. Higher pinion speeds result in increased mass 
temperature (Figure 11). Higher pinion speeds, ranging 
from 1000 to 1900 rpm, lead to increased mass tempe–
ratures from 176.01°C to 333.36°C (Table 5, Figure 11). 
The elevated sliding velocity at higher speeds intensifies 
frictional heat generation, which may compromise 
scuffing resistance if not managed properly. 
Table 5. Relationship between pinion speed and scuffing 
temperatures 

No Pinion speed Mass temperature 
 np [rpm] M [°C] 
1 1000 176.01 
2 1100 193.49 
3 1200 210.98 
4 1300 228.46 
5 1400 245.94 
6 1500 263.43 
7 1600 280.91 
8 1700 298.39 
9 1800 315.88 

10 1900 333.36 
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Figure 11. Mass temperature vs. pinion speed. 

The effects of oil temperature on flash temperature, 
mass temperature and integral temperature are presented 
in Table 6. The flash temperature is calculated accor–
ding to Eq. (3) using a fixed number of revolutions, 
which inherently leads to a constant flash temperature 
value of 74.398°C. 
Table 6. Relationship between lubricant temperature and 
scuffing temperatures 

No Lubricant 
temperature 

Mass temperature Integral 
temperature 

 0 [°C] M [°C] int [°C] 
1 50 102.079 213.676 
2 60 112.079 223.676 
3 70 122.079 233.676 
4 80 132.079 243.676 
5 90 142.079 253.676 
6 100 152.079 263.676 
7 110 162.079 273.676 
8 120 172.079 283.676 
9 130 182.079 293.676 
10 140 192.079 303.676 

 
Simulations were carried out by varying the oil tem–

perature. The resulting changes in the mass temperature 
are illustrated in Figure 12. An increase in oil tempe–
rature causes the mass temperature to rise. The figure 
also shows the corresponding changes in the integral 
temperature. It can be observed that higher oil tempera–
tures lead to an increase in integral temperature. 
Lubricant inlet temperature further affects the thermal 
state of the gear pair. An increase in oil temperature 
from 50°C to 100°C causes the mass temperature to rise 
from 102.079°C to 192.079°C, while the integral tem–
perature increases from 213.676°C to 303.676°C 
(Figure 12). An increase in oil temperature by 2.8 times 
causes an increase in the mass temperature by 1.9 times 
and an increase in the integral temperature by 1.4 times. 
Higher lubricant temperatures reduce viscosity, which 
can slightly increase surface heating due to a thinner 
lubrication film. 

The effects of nominal viscosity on flash tempera–
ture are presented in Table 7. The mass temperature is 
calculated according to Eqs. (2)-(4) and depends on the 
flash temperature defined by Eq. (3). It does not depend 
on the total flash temperature given in Eq. (9).  

 
Figure 12. Mass and integral temperatures vs. lubricant 
temperature 

Table 7. Relationship between nominal viscosity and 
scuffing temperatures 

No Nominal viscosity Flash integral temperature 
 v40 [mm2/s] flain [°C] 
1 200 89.451 
2 220 88.746 
3 240 88.163 
4 260 87.673 
5 280 87.256 
6 300 86.899 
7 320 86.590 
8 340 86.320 
9 360 86.084 

10 380 85.876 
 

The mass temperature is 152.079°C and the integral 
temperature is 263.676°C.The results shown in Figure 
13 indicate that increasing of v40 leads to a decrease in 
flash integral temperature. Increasing oil viscosity from 
200 to 400 mm2/s reduces the flash integral temperature 
from 89.451°C to 85.876°C (Figure 13). Higher 
viscosity improves the lubricant film, reducing frictional 
heating and enhancing scuffing resistance. 

 
Figure 13. Flash integral temperature vs. nominal kinematic 
viscosity 

 

6. RESULTS AND DISCUSSION 
 

Table 8 compares the effectiveness of different para–
meters on scuffing resistance. Parameters are classified 
as having either a positive or a negative influence. 
Overall, geometric factors such as module and tooth 
number generally enhance scuffing resistance, while 
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operational factors like torque and speed may increase 
the risk of scuffing if not properly controlled. Lubri–
cation parameters, including oil temperature and visco–
sity, play a crucial role in maintaining safe operating 
conditions. 
Table 8. Qualitative Influence of Gear and Operating 
Parameters on Scuffing Resistance 
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Module m [mm]       

Teeth number zp       

Face width bh [mm]       

Torque MT [Nm]       

Speed np [min-1]       

Oil temperature [°C]       
Kinematic viscosity v40 

[mm2/s]       
 

From previous observations, it can be concluded: 
• larger module, higher tooth number, and wider face 

width positively improve resistance to scuffing failure 
in gears. 

• selecting gears with larger geometric dimensions is 
essential not only to prevent tooth breakage and 
pitting but also to minimize the risk of scuffing under 
operational loads. 

Considering operational parameters, increasing the 
transmitted torque strongly elevates flash, mass, and 
integral temperatures. Similarly, a higher pinion speed 
leads to a significant increase in the mass temperature. 
Therefore: 
• higher torque and increased rotational speed negati–

vely affect gear scuffing resistance. 
• gears with larger geometries should be selected to 

ensure safe operation, since operational conditions 
often cannot be modified. 

Regarding lubrication parameters, higher oil 
temperature strongly increases both mass and integral 
temperatures, while a higher nominal kinematic 
viscosity slightly decreases the integral temperature. 
Accordingly: 
• increased nominal kinematic viscosity improves scuf–

fing resistance. 
• using lubricants with elevated viscosity can effectively 

reduce the probability of scuffing failure in gears. 
The analysis of the impact of various gear para–

meters on gear scuffing under elevated contact tempera–
tures allows for the formalization of scuffing risk as a 
quantifiable constraint function within future design and 
optimization models. This enables the appropriate 
sensitivity analysis, which enables researchers and 
designers to systematically explore solution spaces to 

identify configurations that maximize reliability and 
minimize the potential for scuffing failure. Additionally, 
the sensitivity analysis helps in formulating the approp–
riate solution space boundaries, which is the crucial step 
in formulating complex constrained optimization prob–
lems, which can be considered as an additional contri–
bution of this work. 

As is well known, gear material and heat treatment 
significantly influence scuffing resistance. Therefore, 
these factors should be taken into account when analy–
zing the scuffing phenomenon and all relevant influen–
cing parameters, both in the selection of materials and 
hardening methods [64,65], and in the process of their 
regeneration [66,67]. A limitation of the present analy–
sis is that material properties, hardness, and heat treat–
ment conditions were not considered, which could be 
addressed in future studies. Nevertheless, the obtained 
results offer a solid basis for developing a first iteration 
of predictive models for scuffing, accounting for geo–
metric and kinematic parameters of the gear trans–
mission as well as appropriate operating conditions. 
This work, therefore, serves as a practical reference for 
engineers aiming to improve gear reliability and extend 
service life through informed parameter selection and 
design optimization. The present study is based exclu–
sively on numerical simulations. Attempts were made to 
identify comprehensive, systematised future experi–
mental data covering the wide range of geometrical, 
operational, and lubrication parameters considered in 
this analysis. The assessment deliberately relies on the 
recommendations and formulations provided in the 
relevant ISO standards, which are considered well-
established, validated, and justified for the analytical 
evaluation of scuffing risk. The numerical analysis 
presented here, along with the identified dependencies, 
trends, and sensitivities of temperature-related scuffing 
parameters, serves as a foundational step toward the 
development of an optimization model. Such models 
typically require well-defined constraints and initial 
assumptions before being progressively expanded to 
include additional influencing factors. The actual 
optimization results would be the subject of potential 
subsequent work.  

 
7. CONCLUSIONS 

 
This study presents a comprehensive numerical assess–
ment of gear scuffing risk based on the integral tempe–
rature criterion. A dedicated MATLAB-based computa–
tional code was developed to systematically analyze the 
influence of geometrical, operational, and lubrication 
parameters on flash, mass, and integral tempera–tures. 
The main scientific contributions are: 
• the implementation of a numerical methodology for 

scuffing assessment that enables rapid and consistent 
evaluation of scuffing risk, 

• the definition of practical parameter ranges for gear 
geometry in relation to lubricant viscosity and opera–
ting temperature, and 

• the possibility of early identification of geometric and 
operating conditions associated with a high scuffing 
risk, which directly affects gear service life. 
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The results confirm that increasing the module, tooth 
number, and face width improves scuffing resistance, 
while higher torque, rotational speed, and oil tempe–
rature significantly increase scuffing risk, a failure mode 
that can significantly reduce gear service life. Higher 
lubricant viscosity contributes positively by improving 
lubrication conditions and reducing thermal loading. 
Quantifying the effects of geometrical, operational, and 
lubrication parameters provides essential guidance for 
design engineers when selecting gear dimensions and 
operating conditions. Moreover, the results can be used to 
optimize gear design by identifying the most favourable 
combination of parameters that minimizes the proba–
bility of scuffing in a justified and reliable manner. Also, 
obtained results form a solid basis for future extensions 
toward predictive-oriented models ai–med at improving 
gear durability and operational reliability. 
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NOMENCLATURE 

BM1,2 thermal contact coefficients 
C1 experimental weighting factor 
C2 experimentally determined weighting factor 
K empirical factor 
MT1T pinion torque, in Nm 
SSmin minimum scuffing safety factor 
SintS scuffing safety factor 
XWrelT relative structure factor 
XS lubrication factor 
Xε contact ratio factor 
bh face width, in mm 
bh face width 
cv specific heat capacity per unit volume, in 

N/mm2K 
m module, in mm 
np pinion rotational speed, in rpm 
v40 nominal kinematic viscosity, in mm2/s 
vt1,2 tangential velocities of radii 1 and 2, in m/s 
wn line load in the normal direction, in  N/mm 
zp number of pinion teeth 
μmC average coefficient of friction 

0 temperature of the lubricating oil before tooth 
engagement, in °C 

fla flash temperature, in °C 
flaE flash temperature at the pinion’s engagement 

point E, in °C 
flaint average flash temperature,  in °C 
int integral temperature, in °C 
intP permissible integral temperature,  in °C 
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M mass temperature of the tooth surface just 
before loading, in °C 

M mass temperature, in °C 
MT mass temperature depending on the pinion 

torque, in °C 
flaintT average flash temperature, in °C 
λM heat conductivity, in N/sK 

 
 

НУМЕРИЧКА АНАЛИЗА РИЗИКА ОД 
СКАФИНГА ЦИЛИНДРИЧНИХ ЗУПЧАНИКА 
СА ПРАВИМ ЗУПЦИМА ЗАСНОВАНА НА 

КРИТЕРИЈУМУ ИНТЕГРАЛНЕ 
ТЕМПЕРАТУРЕ 

 
М. Бозца, Т. Лазовић, М. Седак, С. Бодзаш 

 
Скафинг зупчаника представља један од главних 
проблема и значајан технички изазов у конструи–
сању механичких преносника снаге. У овом раду дат 
је преглед савремених истраживања и практичних 

приступа разумевању и спречавању појаве скафинга, 
ослањајући се на индустријска искуства, доступне 
стандарде и академска истраживања. Развијен је 
наменски рачунарски програм у MATLAB окру–
жењу који омогућава систематску анализу утицаја 
геометријских, радних и параметара подмазивања на 
локалну температуру у контакту зубаца, темпера–
туру зупца и интегралну температуру. Резултати 
показују да повећање модула, броја зубаца и ширине 
зупчастог венца позитивно утиче на отпорност пре–
ма скафингу, док повећани обртни моменат, учес–
таност обртања и температура уља значајно повећа–
вају ризик од скафинга, који као вид отказа може 
знатно скратити радни век зупчаника. Примењени 
модел и спроведена анализа указују да добијени 
резултати могу представљати основу за развој буду–
ћих оптимизационих модела, чији је циљ унапре–
ђење поузданости зупчаника и продужење њиховог 
радног века кроз оправдан избор параметара и 
побољшање конструкције. 

 


