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Abstract 

Titanium aluminides with AI contents of 25, 40, 50 and 53 at.% were ion nitrided to modify the surface conditions. The effects 
of four process parameters, namely nitriding temperature, nitriding time, working pressure and [N2]/[H2] ratio, were investigated 
by the orthogonal test. The phases and microstructures of the nitrided surface were studied by X-ray diffraction (XRD), electron 
probe microanalysis, optical microscopy and scanning electron microscopy. Experimental results indicate that nitriding temperature 
and time are the primary parameters responsible for improving surface hardness. The nitrided compound layer consists of TiN 
and Ti2A1N phases. As the A1 content in titanium aluminides increases, the XRD intensity of Ti2A1N phase becomes stronger. The 
diffusion layer in all the cases has little nitrogen, allowing this layer to be easily attacked by the etching reagent. A mechanism to 
explain the formation of the ion-nitrided layer in titanium aluminides is also proposed in this study. 
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1. Introduction 

Titanium aluminides have attracted a great deal of 
research interest because of their potential for high 
temperature applications; however, their low surface 
hardness restricts their tribological applications. Nitrid- 
ing techniques are commonly used to improve the 
fatigue and wear resistance of metals and alloys [ 1 ]. In 
particular, ion nitriding has a number of advantages 
over conventional nitriding including faster growth rates 
of nitrided layers, easier control over the crystal structure 
of nitrided layers, and fewer environmental problems 
[2] .  Several investigations on ion nitriding have been 
done for titanium and titanium alloys [3-14] ,  but so 
far there have been few investigations on titanium alumi- 
nides. Only the effects of ion nitrogen implantation on 
titanium aluminides has been reported [ 15-17]. In the 
present work, the ion nitriding of titanium aluminides 
containing 25-53 at.% A1 is investigated. The nitriding 
parameters and the characteristics of the nitrided layers 
are discussed. 

2. Experimental details 

A conventional tungsten arc melting technique was 
employed to prepare titanium aluminides containing 25, 
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40, 50 and 53 at.% A1. Titanium (purity, 99.7%) and 
aluminium (purity, 99.99%), totaling 100 g, were melted 
and remelted at least six times in an argon atmosphere. 
Pure titanium buttons were also melted and used as 
getters. The mass loss during melting was negligible. The 
as-melted buttons were homogenized at 1050 °C in a 
7 x 10 -6 Tort  vacuum furnace for 4 days. Specimens 
with dimensions of 10 m m x  20 mm x 1 mm were then 
cut from the homogenized buttons using a low speed 
diamond saw. A hole, 2.5 mm in diameter, was drilled 
in each specimen by electrical discharge machining. This 
hole was used to hang the specimen during the ion 
nitriding. The specimen surface was then polished with 
1000 grit emery paper. Before ion nitriding, all specimens 
were cleaned ultrasonically in acetone to remove 
surface grease. 

Ion nitriding was carried out in a N D K  furnace model 
JIN-6SS-C-SV. The specimen's support and holder were 
made of titanium to reduce contamination of the speci- 
men surface during the sputtering process. After nitrid- 
ing, the specimens were cooled in a vacuum. In order to 
investigate the relation between treatment parameters 
and surface properties, four treatment parameters were 
considered: nitriding temperature, nitriding time, work- 
ing pressure, and nitrogen-to-hydrogen ratio ([-N2]/[H2] 
ratio). According to the standard L9 orthogonal arrays, 
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Table 1 
Nitriding parameters employed in the L9 orthogonal test 

Experiment Nitriding Nitriding Working 
temperature time pressure 
(°C) (h) (Torr) 

[N2]/[H23 
ratio 

1 700 4 6 10 
2 700 12 8 4 
3 700 24 10 1 
4 800 4 8 1 
5 800 12 10 10 
6 800 24 6 4 
7 900 4 10 4 
8 900 12 6 1 
9 900 24 8 10 

the experimental data were analyzed using the analysis 
of variance (ANOVA) technique [18]. The standard L9 
orthogonal arrays used in this study are listed in Table 1. 

The microstructures of the nitrided layers were studied 
by X-ray diffraction (XRD), optical microscopy (OM) 
and scanning electron microscopy (SEM)-energy- 
dispersive X-ray analysis (EDXA). XRD tests were car- 
ried out on a Philips PW1710 X-ray diffractor using Cu 
K s  radiation. The power was 40 kV × 30 mA and the 
20 scanning rate was 3 ° rain -a. The surface hardness 
was tested with a micro-Vickers tester with a load of 
25 gf for 15 s. For each specimen, at least five different 
locations were tested. The surface morphologies of ion- 
nitrided samples were observed by OM. They were 
then sectioned with a low speed diamond saw and 
mounted on edge to observe the cross-section with a 
Philips 515 scanning electron microscope with EDXA 
facility. The chemical composition of surface layers was 
analyzed using a JEOL JXA-8600SX electron probe 
microanalyzer. 

3. Results and discussion 

3.1. Effect of treatment parameters on the ion nitriding of 
titanium aluminides 

Fig. 1 shows the response diagrams by ANOVA analy- 
sis [18] of the SIN variation of surface hardness. The 
SIN value indicates the relationship of the factor levels 
to surface hardness, the higher S/N value corresponding 
to better treatment parameters. For example, in Fig. 1 (a), 
treatment at 900 °C for 24 h, 6 Torr and [-N2]/[H2] = 1 
leads to the greatest surface hardness for the Ti-25A1 
alloy (where the composition is in atomic per cent). At 
the same time, Fig. 1 also shows that the nitriding 
temperature and nitriding time have a greater effect on 
the surface hardness than do the [N2-]/[H2] ratio and 
working pressure. However, the original A1 content in 
the specimen has little effect on the SIN variation. For 
example, the SIN variation in the surface hardness for 
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Fig. 1. SIN variation of surface hardness of (a) Ti-25A1, {b) Ti-40A1, 
(c) T~50A1 and (d) Ti-53A1 alloys using an L9 orthogonal array as 
shown in Table 1. 

Ti-25A1 is larger than those for Ti-50A1 and Ti-53A1, 
as shown in Fig. 1. 

In order to investigate the single-parameter effects on 
the surface hardness of the nitrided layer, standard 
treatment levels for temperature, time, working pressure 
and [ N z ] / [ - H 2 ]  ratio were set at 900 °C, 12 h, 8 Torr 
and 10 respectively. One parameter was then varied 
while the others were kept at their standard level. The 
test results are shown in Fig. 2. For all specimens, the 
surface hardness increases with increasing nitriding 
temperature and nitriding time but decreases or has no 
obvious effect with increasing working pressure and 
[N2]/[H23 ratio. In Fig. 2, some error in the measured 
hardness values may occur since penetration depths of 
the indentation may exceed the thickness of nitrided 
layers. 

3.2. Microstructures of ion-nitrided titanium aluminides 

After ion nitriding, the specimens' surface shows a 
different color, ranging from brown to golden yellow, 
which depends on nitriding parameters and A1 content 
in the specimen. 



C. L . Chu, S.K. Wu/ Surface and Coatings Technology 78 (1996) 211 218 213 

0 
¢,1 

O .  
0 0  

° ~  

0 
v 

a 

0 

o 
vo0 8~0 9~0 

TEMP.q 
1000 1100 
oc) 

o 
o 
o c '~- C 

o 
~" o 

M 
O .  

o ~  
O O D D 

° 4  .~ ; + ~ ~ i'ot',,2 
PRESSURE(torr) 

0 
0 oj  

0 
0 

0 

O l 
0 ~ 1'0 ,'5 2'o 2'5 ~o 

TIME(hour) 
0 
O _  

°:e 

0 

0 0 
0 

Q 
[3 o tX 

1'0 1'5 2 0  

N2 / H2 

Fig. 2. Surface hardness of titanium aluminides ion nitrided at 900 °C 
for 12 h and 8 Torr with [N2]/[H2]= 10 for various (a) nitriding 
temperatures, (b) nitriding times, (c) working pressures and 
(d) [N2]/[H2] ratios. © Ti 25A1; [] Ti 40A1; A Ti 50A1; -A- Ti 53A1. 

Typical cross-section micrographs of the nitrided tita- 
nium aluminides after treatment at 1000 °C for 12 h are 
shown in Figs. 3 and 4. Fig. 3 shows the optical micro- 
graphs. On carefully examining Fig. 3, one can see that 
a white layer is formed which is hardly attacked by the 
etching reagent (5% hydrofluoric acid, 10% nitric acid 
and 85% H20). This layer is the compound layer, as is 
often seen in nitrided pure titanium and its alloys 
[3-14] .  The original microstructure of titanium alumi- 
nide before ion nitriding also can be seen in Fig. 3. Fig. 4 
shows the scanning electron micrographs. Secondary- 
electron images are shown in Fig. 4(a) and backscat- 
tered-electron images are shown in Fig. 4(b). SEM 
examinations reveal that the compound layer has a 
uniformly homogeneous microstructure under all nitrid- 
ing conditions. They also reveal an affected layer, called 
the diffusion layer [3-14] ,  inside the compound layer. 
Furthermore, Fig. 4(b) shows that the compound layer 
of all specimens consists of two different layers, an outer 
layer labeled A and an inner layer labeled B. The 
thickness of the compound layer in Ti-50A1 and Ti-53A1 
is thinner than in Ti-25A1 and Ti-40A1. Layer B in 
Ti-25A1 and Ti-40A1 is a small fraction of the whole 
compound layer, but in Ti 50A1 and Ti-53A1 it is a 
large fraction. The reason for this feature will be dis- 
cussed in Section 3.5. 

The microstructure of the diffusion layer is strongly 
dependent on the alloy composition and ion-nitriding 
conditions. The diffusion layer of Ti-25A1 consists of 
several different layers, as shown in Fig. 3. However, 

Fig. 3. Optical micrographs of cross-sections of samples ion nitrided 
at 1000 °C for 12 h and 8 Torr with [N2]/[H2] = 10: CL; compound 
layer; DL; diffusion layer. 
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"i-?~AI IITi-251 nitrogen diffusion layer can extend much further than 
that in titanium-poor aluminides (e.g. Ti-50A1 and 
Ti-53A1). The ion-nitriding mechanism will be further 
discussed in Section 3.5. 

XRD results shown in Fig. 5 indicate that the nitrided 
layer is mainly composed of TiN and Ti2A1N. Ti2N has 
not been found in nitrided aluminides, even when the 
sample was nitrided at short time intervals (4 h) and low 
temperature (700 °C) [21]. From Fig. 5, the intensity of 
Ti2A1N relative to TiN increases as the aluminum 
content increases. Also, the intensity of the Ti2A1N peak 
in the compound layer increases with increasing AI 
content. For example, the intensity ratio of Ti2A1N to 
TiN in the compound layer of Ti-25A1 is less than that 
in Ti-53A1. This means that the compound layer of 
Ti-53A1 has a higher content of Ti2A1N than the com- 
pound layer of Ti 25A1 does. The details of these experi- 
mental results will be further discussed in Section 3.4. 
Since the Vickers hardness of TiN is higher than that of 
Ti2A1N [22], it then follows that, under the same 
nitriding conditions, the surface hardness of ion-nitrided 
T~25A1 is greater than that of Ti-53A1. This is verified 
by the results shown in Fig. 2. 

(a) 

{ 

[ ]  

Fig. 4. Scanning electron micrographs of cross-sections of samples ion 
nitrided at 1000 °C for 12 h and 8 Torr with [Nz] / [H2]  = 10 sharing 
(a) a secondary-electron image and (b) a backscattered electron image: 
CL, compound layer; DL, diffusion layer. 

these different layers are easily attacked by the etching 
reagent, as shown in Fig. 4(b). The diffusion layer of 
Ti 40A1 is not the original laminar structure, as shown 
in Figs. 3 and 4. In Fig. 4, the diffusion layer of Ti-53A1 
is not distinguishable, compared with Ti-50A1. Under 
identical ion-nitriding conditions, the depth of diffusion 
layer is thicker in Ti-25A1 and Ti-40A1 than in Ti-50A1 
and Ti-53A1. This feature is different from that which 
occurs in titanium alloys; in such alloys, increasing 
aluminum concentrations can enhance the nitrogen 
diffusion rate [12]. Here, in titanium aluminides, the 
solubility of nitrogen in the ~2-Ti3A1 phase is larger than 
in the 7-TiA1 phase [19]. At the same time, the affinity 
between titanium and nitrogen is greater than that 
between aluminum and nitrogen [20]. Therefore, in 
titanium-rich aluminides (e.g. Ti-25A1 and Ti 40AI), the 

3.3. Compositional analysis of compound layer and 
diffusion layer in ion-nitrided titanium aluminides 

The concentration profiles of Ti, A1 and N in the ion- 
nitrided layers of all specimens were examined by 
electron probe microanalysis (EPMA) (using a 1 pm 
width probe). These data are shown in Fig. 6. In order 
to obtain a precise composition analysis, the surface of 
the mounted specimens was carefully polished without 
any etching. For Ti-25A1 and Ti-40A1, the intensity of 
the N Ks  line increases from the surface to a maximum 
at the position of the outer compound layer (layer A). 
It then decreases continuously through the B layer, 
gradually leveling off in the diffusion layer. For Ti 50A1 
and Ti-53A1, the intensity of the N Ks  line increases 
from the surface to a maximum at the interface of layers 
A and B. It then decreased continuously. From Fig. 6, it 
is obvious that the thickness of diffusion layer for all 
specimens is not easy to measure, because of the rapid 
flattening of the N Ks  curve in the diffusion layer. The 
intensity of the Ti Ks  line for all specimens also increases 
from the surface to a maximum at the A-B interface. 
The Ti K~ curve then gradually drops in the layer B, 
reaching a minimum at the interface of layer B and the 
diffusion layer (as indicated by arrows in Fig. 6). The 
intensity then levels off in the diffusion layer. The A1 Ks  
intensity is quite low in layer A and is closely related to 
the A1 content of samples. For Ti 25A1 and Ti-40A1 
alloys, the intensity of the A1 Kct line in layer A is rather 
weak. It increases from layer B to a maximum at the 
diffusion layer, showing at the same time large intensity 
variations. For Ti-50A1 and Ti-53AI, the intensity of 
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Fig. 5. XRD patterns of samples ion nitrided at 1000 °C for 12 h and 
8Torr  with [Nz]/[-H2]=10 (All., arbitrary units): (a) Ti 25A1; 
(b) Yi 40A1; (c) Ti-50A1; (d) Yi 53A1. 

Fig. 6. EPMA line scan of samples ion nitrided at 1000 ~'C for 12 h 
and 8 Torr, with [ N j / [ H 2 ]  = 10: (a} Ti 25A1; (b) Ti-40AI; (c} Ti 50A1; 
(d) Ti-53A1. 
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Table 2 
The strongest intensities of the peak lines of the identified phases as a function of nitriding temperature for Ti-25AI and Ti-53AI 

Nitriding Intensity of X-ray peak for identified phase 
temperature 
(°C) Ti2A1N TiN 

(100) (103) (106) (110) (116) (111) (200) (220) 

Ti 25A1 
1000 1.8 10.5 2.2 27.9 1.5 64.0 100 42.6 
900 - 3.3 0.6 7.0 0.5 100 30.3 12.8 
800 4.7 - 19.1 20.9 8.7 

Ti 53A1 
1000 39.7 100 5.7 39.7 12.6 41.6 33.3 39.7 
900 1.7 5.5 0.4 1.5 0.4 1.1 0.7 1.5 
800 1.5 7.0 4.3 2.5 1.6 

the A1 Ks  line increases from the surface to the interface 
of the compound layer and diffusion layer and then 
levels off in the diffusion layer. From the results in Fig. 5 
as well as the A1 and N concentration variations shown 
in Fig. 6, we propose that a TiN compound forms in 
layer A and a TizA1N compound forms in layer B. As 
mentioned above and shown by arrows in Fig. 6, the Ti 
concentration has a shallow dip at the interface of 
layer B and the diffusion layer. This feature may be 
attributed to the difference between the chemical affinity 
of Ti and N and that of A1 and N, as described in 
Section 3.5. 

From Fig. 6, A1 and Ti, but not N, show concentration 
variations in the diffusion layer. This means that the 
nitrogen can diffuse to the compound layer but very 
little can diffuse to the diffusion layer. According to 
Part II of this study [23],  the difference between the 
etching speeds of ~2 and 7 titanium aluminides [24],  as 
well as the variation in A1 and Ti elements in the 
diffusion layer, results in different etching speeds and 
therefore different contrasts during microscopy, as 
observed in Figs. 3 and 4. 

3.4. The ratio of TiN to Ti2AIN formed in the ion- 
nitrided layer 

As mentioned in Section 3.2, TiN and TizA1N are the 
main phases in the ion-nitrided layer of titanium alumi- 
nides. The ratio of TiN to TizA1N in the nitrided layer 
is related to the A1 content of the material. In order to 
understand how much TiN and TizA1N are formed in 
the nitrided layer, the following method was used to 
compare the ratio of these different phases. We assumed 
the power of the incident X-ray beam and the method 
of sample holding to be identical (i.e. the areas projected 
by the incident X-ray beam are identical in each XRD 
experiment). Because the orientation of TiN and/or 
Ti2A1N crystals in the nitrided layer has a random 
distribution, following the method of [3] ,  we can take 

the strongest intensity of the diffraction peaks of TiN 
and TizA1N phases as the reference peak to compare the 
relative amounts of these phases in the nitrided layer. 
Following this method, we tested the specimens used in 
Fig. 2. Typical experimental results are shown in Tables 
2 and 3. 

In Table 2 the results are listed for Ti-25A1 and 
T~53A1. The samples were ion nitrided at 8 Torr, 
[-Nz]/[H2] = 10 and 12 h for various nitriding temper- 
atures. For Ti-25A1 the ratio of the TIN(200) peak to 
the TizA1N(103) peak at 800 °C for 12h is approxi- 
mately 4.4 (20.9/4.7), and the ratio of the TIN(200) peak 
to the TizA1N(ll0) peak at 1000 °C for 12h is 
approximately 3.6 (100/27.9). For Ti-53A1, however, the 
ratio is 0.61 (4.3/7.0) for the former case and is 0.42 
(41.6/100) for the latter. Table 3 shows the results for 
Ti-25A1 and Ti 53A1, ion-nitrided at 900 °C, 8 Torr and 
[N2]/ [H2]  = 10 for various nitriding times. For Ti-25A1 
the ratio of the TIN(200) peak to the TizA1N(110) peak 
at 900 °C for 6 h is approximately 2.6 (100/37.8), and 
the ratio of the TiN(111) peak to the TizA1N(110) peak 
at 900 °C for 24 h is approximately 3.9 (100/25.9). For 

Table 3 
The strongest intensities of the peak lines of the identified phases as a 
function of nitriding time for Ti-25A1 and Ti 53A1 

Nitriding Intensity of X-ray peak for identified phase 
time 
(h) Ti2A1N TiN 

(100) (103) (106) (110) (116) (111) (200) (220) 

Ti-25A1 
24 1.0 6.6 1.2 25.9 1.0 100 40.5 30.1 
12 - 3.3 0.6 7.0 0.5 100 30.3 12.8 
6 2.3 14.1 2.1 37.8 - 83.9 100 37.8 

Ti-53AI 
24 8.0 21.6 1.2 6.4 2.8 4.3 2.2 9.6 
12 1.7 5.5 0.4 1.5 0.4 1.1 0.7 1.5 
6 2.3 9.0 0.6 2.0 0.7 1.7 1.5 2.0 
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Ti-53A1, however, the ratio is 0.22 (2.0/9.0) for the 
former case and is 0.44 (9.6/21.6) for the latter. These 
data indicate that TiN forms more easily in Ti-25A1, 
while Ti2A1N forms more easily in Ti-53A1. The TiN 
formation is strongly dependent on temperature in 
Ti-25A1, while TiN and TizA1N formation are both 
dependent on temperature in Ti-53A1. 

3.5. lon-nitriding mechanism in titanium aluminides 

The detailed reaction mechanism in the ion-nitriding 
process has not been clarified yet; however, two mecha- 
nisms have been proposed to explain the ion-nitriding 
process in steels [25,26]. The first mechanism proposes 
sputtering of the Fe atoms, gasous reaction and then 
deposition on the specimen. The second mechanism 
proposes a surface reaction and then diffusion of nitrogen 
into the specimen. To explain the ion-nitriding reaction 
in Ti3A1 and TiA1, we propose the four-step mechanism 
shown in Fig. 7. When the N + ions hit the surface of 
workpiece, metal atoms (Ti and A1) are detached and 
the workpiece is heated. At the same time, non-metallic 
atoms such as carbon and oxygen are also detached. In 
this way, the surface is freed from oxides, carbides etc., 
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Fig. 7. Schematic diagram of the ion nitriding of (a) Ti3AI (Ti-25A1) 
and (b) TiA1 (Ti 53A1): CL, compound layer; DL, diffusion layer. 

allowing N + ions to be sputtered onto the clean surface 
(Fig. 7(I)). Ti and A1 atoms which are detached from 
the surface can react with the highly reactive nitrogen 
atoms in the plasma region near the surface of workpiece. 
Because the chemical affinity of Ti and N is stronger 
than that of A1 and N [20],  the combination of an N + 
ion and a Ti atom occurs more easily than that of an 
N + ion and an A1 atom. This means that the material 
deposited on the workpiece surface is composed of a 
greater amount of TiN than A1N, as shown in layer A 
of Fig. 7(II). While the sputtering is going on, the 
titanium atom in TiN and the aluminum atom in A1N 
can be detached from the deposited surface again. This 
causes a further reduction in the concentration of A1N 
in the plasma region. The final result is that TiN becomes 
the main phase in the outer surface, as shown in layer A 
of Fig. 7(III). From a collision standpoint, Ti3A1 has 
relatively more Ti atoms and fewer A1 atoms than TiA1; 
thus N + ions have more opportunity to react with Ti 
than A1 in the Ti3A1. This causes the formation of TiN 
in ion-nitrided Ti-25A1 to be considerably greater than 
in ion-nitrided Ti-53A1, as shown in the XRD results in 
Fig. 5. This feature also explains the fact that different 
amounts of TiN are formed in layer A of Ti3A1 and 
TiA1, as shown in Figs. 7(II) and 7(III). We believe that 
the A1N phase was not found in the XRD results (Fig. 5) 
because the amount of A1N is too small to detect. As 
the process continues, the sputtered N + ions at the 
interface of layers A and B of Fig. 7(II) diffuse inwards. 
When N + ions diffuse into layer B, the Ti atoms in 
layer B react more easily with N + because the chemical 
affinity of Ti and N is stronger than that of A1 and N 
[20]. Thus there is a outward driving force for Ti atoms 
which, together with the inward movement of N + ions, 
forms TiN or TizN and thickens layer A. A1 atoms left 
behind in layer B then react with TiN or Ti/N to form 
TizA1N in layer B. As a result, there is a drop in the Ti 
concentration at the interface of the compound layer 
and the diffusion layer, as shown by arrows in Fig. 6. 
Thus, when the aluminum content increases, as in the 
case of TiA1 alloy, the relative amount of Ti2A1N 
increases in layer B (Fig. 7(IV)). When the ion-nitriding 
temperature is increased, the diffusion rates of Ti, A1 
and N + atoms increase, and the XRD intensity of the 
TizA1N phase also becomes stronger. This feature can 
be seen in Tables 2 and 3. The amounts of TiN and 
TizA1N formed in ion-nitriding titanium aluminides are 
also discussed in Section 3.4. 

When the TiN in the layer A (Fig. 7) reaches a certain 
thickness, it can become a barrier [27,28] and subse- 
quently reduce the diffusion of N + ions into the matrix. 
For example, Ti-25A1 and Ti-40A1 have a thicker (TIN) 
layer A than do Ti-50A1 and Ti-53A1. This feature is 
reflected in undetectable nitrogen concentrations in the 
diffusion layers of Ti-25A1 and Ti-40A1, and in thin B 
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layers in these two alloys relative to Ti 50A1 and Ti-53A1 
(Fig. 4(b) and schematically in layer B in Fig. 7(IV)). 

for their kind support  in the ion-nitriding experiment 
and also to Professor R.Y. Lin (Nat ional  Taiwan 
University) for his helpful discussions. 

4. Conclusions 

The ion nitriding of t i tanium aluminides with 
25-53 at .% A1 under  an N 2 H 2 atmosphere  has been 
investigated. The results obtained by means the ortho-  
gonal test, micro-Vickers hardness test, XRD,  OM,  SEM 
and E P M A  can be summarized as follows. 

(1) From the or thogonal  test and A N O V A  analysis 
of the four process parameters,  namely nitriding temper- 
ature, nitriding time, working pressure and [ N z ] / [ H 2 ]  
ratio, the ion-nitriding parameters of t i tanium alumi- 
hides with respect to surface hardness mainly depend on 
temperature and time. 

(2) The nitrided layer consists of the TiN and TizA1N 
phases in the compound  layer. As the amount  of A1 
increases, the XRD  intensity of the TizA1N phase 
becomes stronger. The intensity ratio of TizA1N to TiN 
in the compound  layer of Ti-25A1 is less than that of 
Ti 53A1 under the same nitriding condition. Ti-40A1 
forms the thickest compound  layer. The diffusion layer 
in all cases appears to have little nitrogen which allows 
this layer to be easily at tacked by the etching reagent. 

(3) The intensity of T iN is strongly dependent on 
nitriding temperature in Ti-25A1, while both TiN and 
TizA1N formation are dependent on nitriding temper- 
ature in Ti 53A1. 

(4) The ion-nitriding mechanism of t i tanium alumi- 
nides is suggested to include several simultaneous steps: 
the sputtering of t i tanium and a luminum from the 
surface, the deposit ion of TiN and A1N, the diffusion of 
N + ions into the matrix, the reaction of Ti and N + to 
form TiN, and the reaction of A1 and TiN or  Ti2 N to 
form TizA1N. 
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