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The Effects of Gas Nitriding on Fatigue
Behavior in Titanium and Titanium Alloys
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Fatigue behavior has been studied on gas-nitrided smooth specimens of commercial pure titanium, an al-
pha/beta Ti-6Al-4V alloy, and a beta Ti-15Mo-5Zr-3Al alloy under rotating bending, and the obtained re-
sults were compared with the fatigue behavior of annealed or untreated specimens. It was found that the
role of the nitrided layer on fatigue behavior depended on the strength of the materials. Fatigue strength
was increased by nitriding in pure titanium, while it was decreased in the Ti-6Al-4V and Ti-15Mo-5Zr-
3Al alloys. Based on detailed observations of fatigue crack initiation, growth, and fracture surfaces, the
improvement and the reduction in fatigue strength by nitriding in pure titanium and both alloys were pri-
marily attributed to enhanced crack initiation resistance and to premature crack initiation of the ni-
trided layer, respectively.

Keywords crack growth, crack initiation, fatigue strength, gas 2. Experimental Procedures
nitriding, pure titanium, titanium alloy

1. Introduction 2.1 Materials and Nitriding Process

The materials used were commercial pure titanium, an al-
Pure titanium and titanium alloys have been widely used in pha/beta Ti-6Al-4V alloy, and a beta Ti-15Mo-5Zr-3Al alloy.

the chemical and the aircraft industries because of their excel-Their chemical compositions (weight percent) were 0.043 Fe,
lent corrosion resistance and high specific strength. In contrast0.095 O, 0.008 N, 0.0019 H, remainder Ti; 6.27 Al, 4.27 V,
to these advantages, however, they have a high coefficient 00.206 Fe, 0.185 O, 0.003 N, 0.015 C, <0.001 Y, 0.0055 H, re-
friction and poor wear resistance (Ref 1). These are the majormainder Ti; and 3.01 Al, 14.51 Mo, 5.05 Zr, 0.042 Fe, 0.114 O,
problems in their application to critical machine components 0.0045 N, <0.001 H, remainder Ti, respectively. Smooth speci-
that come into contact with other metals and cause friction. Tomens with an 8 mm diameter and a 10 mm gage length were ma-
improve such tribological properties, a variety of surface engi- chined from the materials, mechanically polished by emery
neering techniques such as gas nitriding (Ref 1-5), laser nitrid-paper, and electropolished. Subsequently, they were nitrided
ing (Ref 1, 6), and ion implantation (Ref 7) have been and heattreated, as shownin Table 1.
successfully applied. Of these techniques, gas nitriding is con-  In pure titanium, nitriding was performed at 850 and 1000
sidered to be the most promising method available for engi-°C for 9 h, designated hereafter N850 and N1000, respectively.
neering applications because it can easily form a harderFor a direct comparison with the nitrided specimens, untreated
nitrided layer on the surface of the materials. By this method,
substantial improvement in wear resistance can be achievedrgple 1 Heat treatment conditions
(Ref 1-3, 5). Conversely, such surface treatments have been re

ported to cause the decrease in the fatigue strength of titanium Depth of
alloys (Ref 1, 5, 6). However, the reason for the reduction in fa- Specimen nitrided layer
tigue strength and the fracture mechanisms have not been studhlloy Heat treatment code (dy), um
ied in detail. Pure titanium Annealed 200 °Cforlh  A700

In the present study, rotating bending fatigue tests were con- Annealed at 850 ? for ﬁ h  A8S0
ducted using gas-nitrided smooth specimens of pure titanium, nggzl‘lgt;sl%og ‘%rf%rg N ﬁggo 20-30
an alpha/beta Ti-6Al-4V alloy, and a beta Ti-15Mo-5Zr-3Al al- Nitrided at 1000 °C for9h  N1000 '50-60
loy. The obtained results were compared with the fatigue be-Ti-sAl-4v Solution treated at 950 °C ~ STA
havior of annealed or untreated specimens. The effects of gas for 1 h and aged at 540 °C
nitriding on fatigue behavior are discussed on the basis of de- A;z'eigd 850°Clorah  pa
tailed observations of fatigue crack initiation, growth, and frac- Nitrided at 850 °C for 4 h N2 o5
ture surfaces. Annealed at 850 °C for15h  Al5

Nitrided at 850 °C for 15 h N15 65
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specimens were prepared; they were annealed at the same terfA20 and A60) with the same heat history as the nitrided speci-
perature and period as the nitrided specimens (A850 andmens were used.
Nitriding was performed in an electric furnace, which was
also used to obtain a standard fatigue strength of the material. evacuated before heating to nitriding temperatures; then nitro-
For the Ti-6Al-4V and Ti-15Mo-5Zr-3Al alloys, 850 and gen gas with a purity of 99.99% was admitted into it. Speci-
750 °C below the transformation temperatures were used as nimens were maintained for a given nitriding period under a
triding temperatures, respectively, because remarkable grainconstant nitrogen gas pressure of 0.13 MPa.

A1000). Specimens annealed at 700 °C for 1 h (A700) were

growth in the core material can be avoided. Prior to the fatigue

test, the depth of the nitrided layers was examined by hardnes® 2 Mechanical Properties

measurements, and Fig. 1 shows the obtained results as a func-
tion of the nitriding period. It can be seen that the nitrided layer
becomes deeper with increasing the nitriding period. Similar
results have been reported for pure titanium (Ref 2) and a Ti-

5Al-2.5Sn alloy (Ref 5).

Based on the results of Fig. 1, the nitriding periods of 4 and
15 h were chosen for Ti-6Al-4V alloys, which are designated

N4 and N15. Specimens subjected to the same heat history as

the nitrided specimens were also prepared for comparison (A4

and A15). In addition, specimens solution treated at 950 °C for2-3 Procedures
Experiments were conducted on a 98Notating bending

1 h followed by aging at 540 °C for 4 h were used to obtain a

standard fatigue strength of the alloy.

For the Ti-15Mo-5Zr-3Al alloy, the nitriding periods of 20

Table 2 lists the mechanical properties. In pure titanium, the
proof stress is higher, and the elongation and reduction of area
are lower in the nitrided specimens than in the annealed speci-
mens. In the Ti-6Al-4V alloy, monotonic strengths are slightly
decreased by nitriding for 4 h, but are increased by nitriding for
15 h, while in the Ti-15Mo-5Zr-3Al alloy they are considerably
reduced.

fatigue testing machine operating at a frequency of 57 Hz in
laboratory air at room temperature. Crack initiation and growth

and 60 h were employed (N20 and N60). Annealed specimensvere monitored by replicating the specimen surface. Fracture

Table 2 Mechanical properties

0.2% proof stress Tensile strength Elongation Reduction of area
Alloy Specimen code (050, MPa (o), MPa (9, % (), %
Pure titanium A700 324 434 28 57
A850 246 383 39 69
N850 263 384 36 64
A1000 317 409 34 58
N1000 356 437 28 42
Ti-6Al-4V STA 1132 1238 9 40
A4 927 971 7 49
N4 890 943 11 40
Al5 900 950 7 48
N15 925 974 13 45
Ti-15Mo-5Zr-3Al A20 957 1015 13 41
N20 871 916 11 46
AB60 975 1001 13 40
N60 875 901 12 47
STA, solution treated and aged
80 250
(a) Ti-6Al-4V alloy (b) Ti-15Mo-5Zr-3Al alloy
-
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Fig. 1 Variations of depth of nitrided layer with nitriding period. (a) Ti-6Al-4V alloy. (b) Ti-15Mo-5Zr-3Al alloy
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surfaces were examined using a scanning electron microscopeistance from the specimen surface, where, id\the Vickers
(SEM). hardness of the core materials. In pure titanium (Fig. 3a), hard-

ness increases within 20 to@G and 50 to 6Qm from the sur-

face for N850 and N1000, respectively. It also increases within
3. Results 25um from the surface for N4 and A for N15 in the Ti-6Al-

4V alloy (Fig. 3b), and 13Am for N20 and 20@um for N60 in

the Ti-15Mo-5Zr-3Al alloy (Fig. 3c). These depths of the in-
3.1 Nitrided Layer creased hardness can be considered as the nitrided layer. One

Figure 2 shows the microstructures of the nitrided speci-

mens in all the materials. The surface of the nitrided specimens o 3
X ; TS A o
had a golden color, and the intensity of the gold coloration &= (a) Pure titanium
tended to increase with increasing temperature or nitriding pe-> 0 N850
riod. Thin compound TiN is seen on the specimen surface, ancz A N1000
the nitrided layer of pure titanium can be identified clearly (Fig. , 2
1a), while no discernible change in microstructure is seen in &
both alloys (Fig. 1b and c). Below the TiN layer, the layer of ni- —§
trogen-stabilized alpha solid solution is considered to be &
formed. 21
Figure 3 represents the normalized hardness on the cros:.N
section of the nitrided specimens, HV/\as a function of the E |
)
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Fig. 2 Microstructures of nitrided materials. (a) Pure titanium. Fig. 3 Hardness profiles of nitrided materials. (a) Pure tita-
(b) Ti-6Al-4V alloy. (c) Ti-15Mo-5Zr-3Al alloy nium. (b) Ti-6Al-4V alloy. (c) Ti-15Mo-5Zr-3Al alloy
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further point to be noted from Fig. 3 is the increased hardness ofpure titanium, 309 to 324 for the Ti-6Al-4V alloy, and 362 to
the nitrided layer with an increase in temperature or nitriding 380 for the Ti-15Mo-5Zr-3Al alloy, the hardness on the speci-

period (Ref 2, 5). Because the Fivalues were 160 to 175 for
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Fig. 4 Stress amplitude and number of cycles to fail &)
diagrams. (a) Pure titanium. (b) Ti-6Al-4V alloy. (c) Ti-15Mo-
5Zr-3Al alloy
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men surface could be expected to be greater than 1000 HV.
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Fig. 5 Relationships between surface crack length and cycle ra-
tio or number of cycles. (a) Pure titanium. (b) Ti-6Al-4V alloy.
(c) Ti-15Mo-5Zr-3Al alloy
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3.2 Fatigue Strength slightly increased. In contrast, the fatigue strength of N15is re-

Figure 4 shows the stress amplitude and number of cycles toduced compared with A15 and is lower than that of N4, indicat-

failure (SN) diagrams for all the materials. Figure 4(a) shows Ing that the harder and deeper nitrided layer has a detrimental

pure titanium. Figure 4(b) shows the Ti-6Al-4V alloy, and Fig. effec_:t on the fatigue strength (R?f 1.5 6). .
4(c) shows the Ti-15Mo-52r-3Al alloy. _Figure 4(b) also shows the fatigue results of N15 specimens,
Pure Titanium. The fatigue strength of the annealed speci- with surfaces that were removed by electropolishing. It is ap-

mens tends to decrease with increasing annealing temperatur@@rent that the fatigue lives gradually approach the life of A15
which is attributed to grain growth. It can be seen that the fa- as the amount of removal increases. As the amount of removal
tigue strength of the nitrided specimens, N850 and N1000, in- €0rresponds to partial removal of the TiN layeq(@), com-

creases compared with that of the corresponding annealecp!ete rerr|10val of the TIN layer (um? an: remO\I/aI of half thﬁ
specimens. In particular, the fatigue strength of N850 is re- nitrided layer (30um), respectively, the TiN layer and the

markably improved and is superior to the standard strength thardersolid solution layer just below thg surf_ace are considered
A700. to be strongly related to the decrease in fatigue strength of the

Ti-6Al-4V Alloy. The fatigue lives of N4 specimens are Mitrided specimens.

shorter than those of A4 specimens, but the fatigue limit s 11-15Mo-5Zr-3Al Alloy. Results similar to those for the Ti-
6Al-4V alloy are obtained in this alloy. The fatigue strength of

N20 decreases compared with A20, while the fatigue lives of
N60 are shorter than those of A60. However, the fatigue limitis
slightly increased.

It has been reported that fatigue strength is reduced by ni-
triding in Ti-6Al-4V alloys (Ref 1, 5, 6), and the present results
also show the decrease in fatigue strength by nitriding in tita-

nium alloys.
| N | M1000 3.3 Initiation and Growth of Fatigue Cracks
Fig. 6 Crack initiation and early growth into the bulk of Figure 5 presents the relationships between surface crack
nitrided specimens in pure titanium length, Z, and cycle ratid\/N;, or number of cyclesy.

Fig. 7 Changes in crack morphology with removal of surface layer in N1000. (a) Surface pfh)23ow the specimen surface (in
nitrided layer). (c) 7%m below the specimen surface (in core material)

Journal of Materials Engineering and Performance Volume 8(2) April 19991 163



Pure Titanium. Pure titanium showed the enhanced crack  Figures 9 and 10 show scanning electron micrographs of
initiation resistance in the nitrided specimens compared with fracture surfaces of N850 and N1000, respectively. In the N850
the annealed specimens (Fig. 5a). In the N850 specimen, crackpecimen (Fig. 9), the crack shape is nearly semicircular (Fig.
initiation is relatively delayed by nitriding in spite of a 9a), but the traces of the crack tip indicated by the arrow in the
higher cyclic stress applied, and no crack is initiated at magnified micrograph (Fig. 9b) suggest that at the early stage
260 MPa, which was applied for A850. Similarly, it can be of crack growth the crack grows faster at the boundary between
seen from the figure that crack initiation in N1000 is also de- the nitrided layer and the core material than at the specimen sur-
layed. face. This observation gives evidence that the existence of the

Surface observation of crack growth indicated that cracks in hitrided layer can enhance crack growth resistance. In the
the annealed specimens exhibited an extremely tortuous pattN1000 specimen (Fig. 10), however, such a feature is not ob-
due to the effect of microstructure, while cracks in the nitrided Served, and the brittle nature of the nitrided layer can be seen
specimens revealed a straight morphology without any deflec-(Fig. 10b). Itis considered, therefore, that the effect of the ni-
tions. Figure 6 shows crack initiation and early crack growth in trided layer on crack growth may be different depending on its
the bulk of the nitrided specimens, clearly revealing that cracksProperty and depth. o o
are initiated at the specimen surface, not at the boundary be- TI-6Al-4V Alloy. As can be seen in Fig. 5(b), the initiation
tween the nitrided layer and the core material. As an example résistance was lowered by nitriding; in particular, the N15
Fig. 7 shows the change in crack morphology of a N1000 speci-SPecimen showed a considerable decrease in crack initiation re-
men with a surface that was gradually removed by electro-SiStance. Itshould be noted that the specimen with a surface that
polishing: (a), (b), and (c) are on the specimen surface, in theVas removed by fim indicated the same initiation resistance
nitrided layer (25im removal) and in the core material (7% as the corresponding annealed specimen. This result suggests

removal), respectively. The crack morphology is the same as orfhat the TiN layer and the harder nitrided layer J_'u_s_t b.e'OV_V the
the specimen surface not only in the nitrided layer, but also in surface are strongly related to premature crack initiation in the

the core material. Similar appearance was observed for Ng5d"ltrided specimens.
specimens. From the observations of Figs. 6 and 7, cracks were

initiated on the specimen surface in the nitrided specimens and

then grew continuously into the core material.

Figure 8 presents the relationship between crack growth
rate,da/dN, and maximum stress intensity facts,,, The
N850 specimen shows lowde/dN than the A850 specimen
over the entird, 5, regime tested. In contrast, there is no no-
ticeable difference imla/dN between the N1000 and A1000
specimens.

2
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g 1073k ® N850 (0 =300MPa) a2 A
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z. [ 4 N1000 °c38 A
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Fig. 9 Scanning electron micrographs of fracture surface in

Fig. 8 Relationship between crack growth rate and maximum N850. (a) Macroscopic appearance. (b) Magnified view of crack
stress intensity in pure titanium initiation site
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Unusual crack initiation behavior was observed in the ni- same for the nitrided and annealed specimens (Fig. 13b), but
trided specimens. In the N15 specimen, there were not cracks alc/dNfor the nitrided specimens is significantly faster than that
N = 1.0x 10* cycles, but a crack ofc2= 498um was initiated for the annealed specimens (Fig. 13a), indicating that the hard
after only 18 cycles. To confirm the reproducibility of the be- nitrided layer can accelerate crack growth, which is more no-
havior, the same observation was made on a different speciticeable at smaller crack size.
men. A crack of 2=1390um was initiated atN = 9x 108 Ti-15Mo-5Zr-3Al Alloy. The crack initiation resistance of
cycles. However, no crack was observel at8 x 108 cycles. N60 and N20 was decreased compared with A60 and A20.
The crack had already grown to the core material, but its depth N60, having a harder and deeper nitrided layer, exhibits earlier
a, was only 133im, as shown in Fig. 11. Thus the aspect ratio, crack initiation than N20 (see Fig. 5c). In the nitrided speci-
alc, was extremely small. These observations suggest that anens, similar crack initiation behavior to the Ti-6Al-4V alloy
crack is initiated suddenly at a relatively large size or grows was observed; thus the reduction in fatigue strength of the ni-
rapidly in the surface layer. As the crack grew into the core ma-trided specimens can also be attributed to premature crack in-
terial and led to the final failure, premature crack initiation was itiation at a relatively large size.
primarily responsible for the reduction in fatigue strength for  As a typical example, Fig. 14 shows scanning electron mi-
the nitrided specimens. crographs of fracture surfaces of the Ti-15Mo-5Zr-3Al alloy.

Figure 12 shows the aspect ratio as a functiorrof Bea/c There is a clear difference between the annealed and nitrided
values decrease slightly with increasing i@ the annealed  specimens. In the annealed specimen, radial markings originat-
specimens, while they are extremely smallin the N15 specimening from the crack initiation site are observed, and thus the
immediately after crack initiation, increase rapidly with in-
creasing 2, and coincides with those of the annealed speci-
mens in the region of the crack length 0£23.2 mm. _

The relationships between surface crack growth datdN, ¥ 4 -
and Kpa)c and crack growth rate into the butke/dN, and
(Kmaxa are presented in Fig. 13. As showa/dNis almost the

Fig. 11 Crack morphology inside of the specimen immediately
after crack initiation in N15 @= 1390um, a = 133um)

1.0
L
(o)
2
& - Ti-6A1-4V alloy
8 04 Rotating bending
g | (R=-1)
< o A4
0.2 O Al5
L m NI15
] | I | | ] | | |
I 0 1 2 3 4 5 6 7 8 9 10
Surface crack length 2c (mm)
Fig. 10 Scanning electron micrographs of fracture surface in
N21000. (a) Macroscopic appearance. (b) Magnified view of Fig. 12 Variation of aspect ratio with crack growth in Ti-6Al-
crack initiation site 4V alloy
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crack is considered to grow concentrically. In the nitrided relatively large size and grow into the bulk. These features were
specimen, markings perpendicular to the specimen surface arelso observed in the Ti-6Al-4V alloy.
observed, indicating that the crack is initiated suddenly at a

4. Discussion
- Ti-6Al-4V alloy (a) . o .
> B Rotating bending (R=-1) The fatigue strength of pure titanium was found to improve
o 10_2:_ 0 =570MPa by nitriding. Because the material has to be kept at high tem-
5y E o0 A4 peratures for a long time during the nitriding process, grain
E - o N4 growth takes place in the core material, and its fatigue strength
g . o AlS is consequently decreased. However, a hard nitrided layer
~ -3 m N15 o formed on the specimen surface can enhance the crack initia-
z 10 E“ - | tion resistance because of the constraint of cyclic plastic defor-
% - mation of the core material. It has also been reported that TiN
o - u - 0 coating formed by chemical vapor deposition (CVD) and
) i L g physical vapor deposition (PVD) enhanced the fatigue crack
T 107 & initiation resistance (Ref 8). Nitriding at 850 °C can also in-
e - % crease the crack growth resistance, as shown in Fig. 8. As a re-
E B .0' é sult, the fatigue strength of the nitrided specimens was
e - o improved compared with that of the corresponding annealed
;‘0 10__5 B o specimens.
2 E & Surface © In titanium alloys, although the fatigue limits were slightly
O u removal of o improved by nitriding, the overall fatigue strength was reduced
i 5 #m for N15 compared with the corresponding annealed specimens. It has
-6 L Lol A BN
10701 1 10 50
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Fig. 13 Relationships between crack growth rate and maxi-
mum stress intensity in Ti-6Al-4V alloy. (a) Specimen surface. Fig. 14 Scanning electron micrographs of fracture surface in
(b) Deepest point Ti-15Mo-5Zr-3Al alloy. (a) A60. (b) N60
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been reported that the fatigue strength of Ti-6Al-4V alloys was 6Al-4V alloy, and a Ti-15Mo-5Zr-3Al alloy. The effects of gas
decreased by nitriding (Ref 1, 5, 6). However, the reason for thenitriding on fatigue behavior and the fracture mechanisms were
reduction in fatigue strength has not been clarified because thaliscussed. The following conclusions can be made:
emphasis was placed on the improvement of wear resistance. o ] )
Furthermore, the conditions under which the fatigue strength of* ~ The depth and hardness of the nitrided layer increased with
the reference comparison was obtained were unclear. During  Increasing nitriding temperature and period. o
the nitriding process, the microstructure of the core materials®  In pure titanium, fatigue strength was increased by nitrid-
can change. In general, the strength of titanium alloys is very ~ ing, while in the Ti-6Al-4V and Ti-15Mo-5Zr-3Al alloys,
sensitive to microstructure, and thus when the effect of the ni-  the overall fatigue strength tended to be reduced by nitrid-
trided layer is discussed, comparison should be made with ma-  IN9-
terial subjected to the same heat history as the nitrided® In pure titanium, the crack initiation resistance of the ni-
materials. In the present study, as the results for the nitrided  trided specimens was largely enhanced compared with the
specimens are compared with those of the corresponding an- ~ annealed specimens. In the Ti-6Al-4V and Ti-15Mo-5Zr-
nealed specimens with identical microstructure and grain size, ~ 3Al alloys, premature crack initiation occurred at a rela-
the effect of nitriding can be evaluated exactly. If the fatigue tively large size in the nitrided specimens; that is, the
strength of the nitrided specimens is compared with that of so-  initiation resistance was significantly decreased by nitrid-
lution treated and aged (STA) specimens, which is one of the Ing.
recommended heat treatments for Ti-6Al-4V alloys, then the *  There was a case where the crack growth resistance was en-
nitrided specimens show a large reduction (see Fig. 4b). hanced by nitriding in pure titanium. The crack growth
It is evident from the results for the specimen with the sur- rates at the specimen surface in the nitrided specimens of
face that was gradually removed by electropolishing that the ~ the Ti-6Al-4V alloy were faster than those in the annealed
TiN layer and harder solid-solution layer below the specimen specimens, especially at smaller crack size.
surface were strongly related to the reduction in fatigue *  The role of the nitrided layer on fatigue behavior depended
strength because the crack initiation behavior of the specimen  on the strength of the materials. The improvement in fa-
was almost the same as that of the annealed specimens. In addi-  tigue strength by nitriding was attributed to the enhanced
tion, the crack shape of the nitrided specimens just after crack  crack initiation resistance if the strength was low, as in pure
initiation was extremely shallow. This also indicates that the ni- titanium, while the reduction in fatigue strength was pri-
trided layer was related to premature and unusual crack initia- ~ marily due to premature crack initiation if the strength was
tion behavior observed in the titanium alloys, which was high, as in the Ti-6Al-4V and Ti-15Mo-5Zr-3Al alloys.
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