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Investigation into Nitrided Spur Gears 
B.S. Yilbas, A. Coban, J. Nickel, M. Sunar, M. Sami, and B.J. Abdul Aleem 

The cold forging method has been widely used in industry to produce machine parts. In general, gears are 
produced by shaping or hobbing. One of the shaping techniques is precision forging, which has several 
advantages over hobbing. In the present study, cold forging of spur gears from Ti-6AI-4V material is in- 
troduced. To improve the surface properties of the resulting gears, plasma nitriding was carried out. Nu- 
clear reaction analysis was carried out to obtain the nitrogen concentration, while the micro-PIXE 
technique was used to determine the elemental distribution in the matrix after forging and nitriding 
processes. Scanning electron microscopy and x-ray powder diffraction were used to investigate the met- 
allurgical changes and formation of nitride components in the surface region. Microhardness and fric- 
tion tests were carried out to measure the hardness depth profile and friction coefficient at the surface. 
Finally, scoring failure tests were conducted to determine the rotational speed at which the gears failed. 
Three distinct regions were obtained in the nitride region, and at the initial stages of the scoring tests, fail- 
ure in surface roughness was observed in the vicinity of the tip of the gear tooth. This occurred at a par- 
ticular rotational speed and work input. 

Keywords [ 

plasma nitriding, spur gear 

1. Introduction 

THE COLD AND WARM forging of metals has gained impor- 
tance due to the increasing demand for mass production of pre- 
cision parts in industry. Depending on the temperature of the 
slug, the processes are called warm, hot. or cold forging (Ref 
1). Warm forging may have several advantages, including bet- 
ter utilization of material, improved surface finish, and better 
dimensional accuracy when compared with hot forging, and re- 
duced press loads when compared with cold forging (Ref 2). 
On the other hand, die-tool wear is considerable in warm forg- 
ing. Alternatively, cold forging is a well-known process and is 
being developed continuously for producing geometries of 
ever-increasing complexity. It has been reported that cold forg- 
ing produces parts with excellent tolerances and surface finish 
due to lack of the thermal expansion and scale formation found 
in hot forming (Ref 3). Consequently, postforging operations 
can be eliminated. However, cold forging is limited in terms of 
the shaping options and the choice of workpiece materials, be- 
cause it results in relatively small deformation capability at 
room temperature. Therefore, in a multistage process the defor- 
mation capacity can be exhausted due to strain hardening be- 
fore the intended operations have been completed. To 
overcome this problem, intermediate treatments such as an- 
nealing and phosphating have become necessary (Ref 4). 

Gears are produced by either shaping or hobbing. To meet 
the high accuracy requirements and form complex geometric 
contours, several methods have been introduced and investi- 
gated: fine blanking, press shaving, roll forming, and precision 
forming. The requirements in these processes are low cost and 
finished-form end product. It has been suggested that fine 
blanking and press shaving are limited to a gear width of 6 mm 
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(Ref 5) and that thicker gears can be produced through warm 
shaving. Roll forming has the disadvantages of low production 
rate and high cost (Ref 6). This process is also limited to ring 
gears. On the other hand, precision forging provides high accu- 
racy, reduces row material disposal, and improves production 
time. However, due to the tool cost, precision cold forging of 
gears is not feasible for small-volume production (Ref 7). The 
multistage sequential method was applied by Korner and 
Knodler to form spur gears (Ref 8). The forming load was're- 
duced considerably, but in some cases a further operation was 
required for the surface finish. 

Ti-6AI-4V is an alloy that has been used extensively in in- 
dustry due to its high strength and corrosion resistance at low 
specific weight. High friction coefficient and low wear resis- 
tance limit its widespread application, but many techniques are 
available to improve the tribologicai properties of the surface 
(Ref 9, 10). The formation of titanium nitride on the surface is 
one of the popular techniques for modifying the surface. 
Through the plasma nitriding process, considerable nitride 
layer thickness can be achieved (Ref 10). 

The present study introduces cold forging of spur gears us- 
ing a multiaction gear forming system. The gear materials se- 
lected was Ti-6AI-4V due to its high strength-to-weight ratio. 
In order to increase the wear properties of the spur gears pro- 
duced, a plasma nitriding process was carried out (Ref 11). 
Two major methods of titanium nitriding can generally be ap- 
plied: TiN molecules are formed in the gaseous phase and are 
then deposited on a substrate; or nitrogen atoms are allowed to 
diffuse into the titanium matrix. In the present study the second 
process was used to nitride the gear surfaces. Nuclear Reaction 
Analysis (NRA) and Particle Induced X-ray Emission (micro- 
PIXE) tests were conducted to determine the nitrogen concen- 
tration and elemental distribution in the vicinity of the surface 
of the gear material. The study was extended to include the in- 
vestigation of the wear properties of the resulting gears. 

2. Experiment 

A multiaction cold forging system was used to form the gear 
samples. Forging was carried out in enclosed dies. Material 
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was led to flow from the lower punch side into the tooth-shaped 
cavity enclosed by the upper and lower dies. In the last stage, 
the stepped control mandrel was lifted gradually so that com- 
pression was gradually developed. With decrease in mandrel 
diameter, additional plastic flow was prompted, filling each 
tooth end cavity without any increase in compression force. 
The working stress caused in the sample was about 130 
kgf/mm 2. Considerable small roll-over and burr around the 
teeth were observed. In the case of inner faces, machining of 
the bevel facing of the outer surface and grooving around the 

SOURCE OF Symbols Units 
VARIATION (mm) 

Diametral pitch P 0.35 

Circular pitch Pc 8.88 

Pitch diameter Pd 33.94 

Outside diameter Do 39.59 

Number of  teeth in the gear N 12 

Tooth thickness T 4.44 

Addendum a 2.83 

Dedendum b 3.27 

Working depth hk 5.66 

Whole depth ht 6.10 

Clearance S 0.44 

spherical surface were found to be unnecessary after forming. 
Figure 1 shows the resulting gear and its dimensions. 

2.1 Material and Plasma Nitriding Process 

The microstructure of the samples consists of (x and [3 grains 
as shown in Fig. 2. The elemental weight percentages of the al- 
loy are 6 AI, 4 V, 0.03 Cu, 0.01 Cr, 0.32 Fe, 0.2 O, and the bal- 
ance Ti. The gear samples were degreased ultrasonically in 
acetone and dried in air. The samples were then placed in the ni- 
triding unit, which operated within the direct current bias volt- 
age range 400 to 700 V. Other nitridiing conditions were 520 
~ 54 to 72 ks, and 0.46 to 0.51 kPa total pressure. Prior to the 
nitriding process the gear samples were subjected to cleaning 
by sputtering in argon and hydrogen (3:1 ratio) plasma for 30 
min. The nitriding was performed in an N2-H 2 (8:1 ratio) 
plasma. The total volume flow rate varied between 40 and 120 
cm3/s. The temperature of the samples was kept at 520 ~ dur- 
ing the nitriding process. 

2.2 NRA and micro-PIXE Tests for Nitrogen Depth 
Profile and Elemental Composition 

Nitrogen was analyzed using NRA at the Tandetron Accel- 
erator of the Energy Research Laboratory (ERL) (Ref 12). The 
15N(p.otT) 12 resonant reaction was used to profile nitrogen us- 
ing the 430 keV resonance by detecting 4.43 MeV y-rays with a 
NaI(TI) detector. Measurements were carried out at different 
proton beam energies up to 830 keV. Nitrogen surface content 
was, however, measured at different parts of the gear at a proton 
energy of 905 keV (i.e., using the 898 keV high cross section 
resonance of this reaction). Measurements were compared with 
a TiN standard produced by a physical vapor deposition tech- 
nique on a Ti-6AI-4V alloy. The micro-PIXE measurements 
were conducted to determine the titanium, aluminum, and va- 
nadium one- and two-dimensional distributions using the ERL 
nuclear microprobe with a spatial resolution of about 5 x 5 lam 2 
(Ref 13). 

Fig. 1 Resulting gear and its dimensions 
Fig. 2 Microphotograph of Ti-6A1-4V sample showing o~ and 
intergranular I 3 
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2.3 Scoring Failure Tests 

The failure tests were conducted on gear pairs of which the 
pinion and wheel had the same nitridings. The tests were car- 
tied out according to the international standards (Ref 14). The 
gears tests were lubricated with an oil with viscosity of 30 x 
10 -6 m2/s at 40 ~ The oil was flashed onto the meshing faces 
at a rate of 0.003 m3/s. The oil temperature was kept constant at 
40 ~ A circulating gear setup was used to provide a variable 
rotational speed of the pinion. The rotational speed was set at 
1800 rpm at the beginning and increased to 8500 rpm in incre- 
ments of 250 rpm. The load applied per unit face width varied 
from 250 to 400 N/mm. The load was increased in incre- 
ments of 25 N/mm when no scoring failure was obtained at 
the highest speed, 8500 rpm. The tests were conducted until 
the total number  of pinion revolutions reached 105 . The 
scoring was based on surface roughness measurements 
along the tooth trace. 

2.4 Friction and Microhardness Tests 

To measure the friction coefficient, a ball-on-disc ma- 
chine was used for all tests. The ball material was hardened 
AISI 52100 steel that was allowed to slide, dry, on a sample 
rotating at 100 rpm under a load of 1 N. The friction force 
was measured during sliding as a function of time. At the 
time of breakthrough, the friction increased drastically and 

showed critical behavior thereafter, indicating scuffing-like 
wear characteristics. Microhardness tests were carried out us- 
ing microhardness equipment. Specimens were cut in section, 
ground, andpolishedbefore the measurement.The microhard- 
ness measurements were taken across the nitridedsurfaces. 

2.5 XRD Microphotography 

The nitrided layers were analyzed using x-ray powder dif- 
fraction (XRD) that employed CuKa and MoKct radiation. The 
lattice parameters were calculated from the diffractagrams ob- 
tained with CuKc~ radiation, and the error relevant to measure- 
ment of the lattice was +_0.6/~. Scanning electron microscopy 
(SEM) was used to obtain microphotographs of tooth cross sec- 
tions after the nitriding process. In addition, microphotography 

Fig. 4 X-ray diffractograms of the surface of a sample nitrided 
for 54 ks at 520 ~ at a D.C. bias of 700 V 

Fig. 3 SEM microscopy photographs cut from a sample that 
was nitrided for 54 ks at 520 ~ at a D.C. bias of 700 V 

Fig. 5 Nitrogen concentration profile in the surface region (the 
depth of nitrogen profile will extend further). Sample is nitrided 
for 54 ks at 520 ~ at a D.C. bias of 700 V 
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was conducted across the tooth surfaces after the scoring fail- 
ure tests were completed. 

3. Results and Discussion 

3.1 Microphotography and XRD Results 

It was evident from visual inspection of samples that a short 
nitriding time resulted in a bright yellow surface. When nitrid- 
ing time increased, the surface changed to a bright golden 
color. As the surface temperature increased during the nitriding 

(a) 

(b) 

Fig. 6 Aluminum surface agglomeration. (a) Two-dimensional 
AI elemental distribution in the vicinity of tooth surface. This 
two-dimensional map was obtained on the Tandetron Accelera- 
tor using micro-PIXE. (b) Variation of AI and Ti concentration 
in the tooth cross section 

process, the surface turned a darker color. This occurred at 30 h 
of  nitriding and 550 ~ nitfiding temperature. SEM photo- 
graphs of  sample cross sections are shown in Fig. 3. The ni- 
trided zone is composed of three layers. The interface between 
the compound layer (layer i) and the inner layer (ii) is sharp, 
while the interface between the inner layer and the outer layer 
(layer iii) is diffuse. These layers have thicknesses of 10, 15, 
and 40 lam, respectively, and they are composed of  different ni- 
tride phases. It is evident from XRD results (Fig. 4) that 5-TIN 
and E-Ti2N phases exist in the nitrided layer. In the component 
layer, ~i-TiN + E-Ti2N phases occur, while ct-TiN phase with or 
without e-Ti2N phase occurs in the inner layer. In the outer 
layer, nitride precipitates are distributed evenly close to the in- 
termediate layer. 

3.2 NRA and micro-PIXE Results 

The nitrogen concentration at inner surfaces of  the gears 
was lower than at outer surfaces (nitrogen mass concentration 
at the inner surface is about 12%, but at the outer surface about 
17%). This may be due to the glow discharge developed during 
the nitriding process (in this case, the gas pressure in the nitrid- 
ing chamber is considerably lower). However, as this gas pres- 
sure increases, plasma becomes more dense, plasma current 
increases, and more plasma reaches the inner surface, so the ni- 
trogen concentration is expected to increase (Ref 15). As the 
plasma gas pressure increases, abnormal glow discharge devel- 
ops, leading to a high risk of  arc formation. Nevertheless, the 
nitrogen concentration provides useful information to serve the 
present purpose. 

Figure 5 shows the mass concentration of  nitrogen with dis- 
tance from the surface of the tooth, obtained from NRA meas- 
urement. It is evident that a nitrogen mass concentration of 17% 
is obtained in the vicinity of  the surface. The nitrogen depth 
profile measurement is limited by the characteristic of  the nu- 
clear reaction employed, so it is expected that the nitrogen mass 
concentration will extend farther inside the material. 

Figure 6 shows the two-dimensional map of  aluminum and 
the concentration of  the aluminum corresponding to the gear 
tooth. It can be seen that deficiency in aluminum concentration 
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Fig. 7 Microhardness test results. Treatment is for 54 ks at 520 
~ at a D.C. bias of 700 V 
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Fig, 8 Friction test results from ball-on-disc set-up. Applied 
load is 1 N and sample rotation is 100 rpm 

occurs in the vicinity of  the free surface of the tooth. In addi- 
tion, a local aluminum agglomeration is evident. 

3 . 3  Friction and Microhardness Test Results 

The microhardness across the nitride surface is shown in 
Fig. 7. The microhardness decreases with increasing distance 
from the surface. Friction test results are shown in Fig. 8. The 
effect of  plasma nitriding can be clearly seen. For the untreated 
samples, severe scuffing-like wear occurred on the surface af- 
ter only a few wear cycles. The friction coefficient, after being 
relatively constant for a period at the start of  the test, increased 
abruptly before breakthrough occurred. 

3.4 Scoring Failure Test Results 

Figure 9 shows the surface roughness variation along the 
tooth at the meshing faces of the pinion. The variation is rela- 
tively small for the speed range of 1800 to 2500 rpm. As the ro- 
tational speed increased to 6000 rpm, a scoring failure occurred 
at the double tooth contact zone on the side of  the root of the 
pinion. With respect to wheel surface roughness, a surface fail- 
ure due to scoring was observed in the vicinity of the tip at the 
initial stage of scoring for the gear pairs. Figure 10 shows the 
rms values of  surface roughness along the tooth trace at the 
meshing faces, with work input per unit face width. The surface 
roughness measured in the vicinity of  the tooth surface indi- 
cates that scoring failure occurs. It is also evident that the scor- 
ing failure occurs at an energy input of  35 MJ/mm and at 6000 
rpm rotational speed. 

1 Conclusions 

Three distinct regions developed in the nitrided layer: ~5- 
TiN + e-Ti2N, a-TiN with or without e-Ti2N, and unevenly 
distributed nitfide precipitates. 
Some deficiency in the nitrogen distribution across the 
tooth occurs (i.e., nitrogen concentration at the tooth sur- 
face varies). This variation is due to the nitriding process. 
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Fig. 9 Variation in surface roughness along tooth of meshing 
of pinion. Nitriding is for 54 ks at 520 ~ at a D.C. bias of 700 V 

Nevertheless, this variation is small and is expected to have 
little effect on the surface wear properties. 

�9 Microhardness test results show that the hardness profile 
follows the nitride profile developed in the vicinity of the 
substance surface. The friction test results indicate that un- 
treated samples suffer severe scuffing-like wear after a few 
wear cycles. The friction coefficient of the nitrided surfaces 
is almost constant for some time and increases abruptly be- 
fore the occurrence of breakthrough. 

�9 The aluminum concentration in the matrix decreases at the 
tooth surface about 90% from that in the matrix. This may be 
due to the plasma nitriding process. In addition, a local alumi- 
num agglomeration occurs in the vicinity of the surface. 

�9 From the initial results, surface failure due to scoring is evi- 
dent in the vicinity of the tip of the tooth. The scoring failure 
occurs at a work input of 22 MJ/mm and at 6000 rpm rota- 
tional speed. 
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Fig. 10 Variation in surface roughness along tooth profile at 
meshing faces of pinion 
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