not only to analyze quantitatively the chemical composition
of the y'-free zone and the Al-rich phase by scanning trans-
mission electron microscopy—energy dispersive X-ray anal-
ysis, but also to identify the crystal structure of Al-rich
phase by X-ray diffraction. Furthermore, it is also necessary
to evaluate quantitatively the decrease in the grain-bound-
ary carbides and the increase in the Al-rich phases.

It is very important to emphasize that these microstructural
changes at and near grain boundaries (a) + (b) + (c) are
not observed in thermal-aged materials at 900 °C for 2214
hours. This suggests that stress plays an important role in
Reactions [1] and [2]. As described previously, the changes
in grain boundary microstructures can be favorable sites for
fracture initiation. The Al-rich phase (for example, Al ni-
tride) can be one of the most favorable sites of crack initi-
ation, and also the y-free zone (grain-boundary y matrix)
can provide a preferential site for crack propagation. There-
fore, in order to evaluate the creep damage accumulation in
CM247LC, it is very important and can be critical to detect
the microstructural changes including Al-rich phase.

The authors express their gratitude to Mitsubishi Heavy In-
dustries, Ltd. for providing the specimens used in this work.
This work was conducted as part of joint research with
Tohoku Electric Power Co., Ltd.
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Nitridation of Ti-Al Alloys: A
Thermodynamic Approach

R. SCHMID-FETZER and K. ZENG

In the framework of the joint European action COST 507
(Development of a database for light alloys), an extensive
thermodynamic assessment of the Ti-Al-N phase equilibria
has been accomplished.l'! The purpose of this article is to
demonstrate the application of that thermodynamic model
to the nitridation of Ti-Al alloys. Figure 1 shows the cal-
culated conventional ternary phase diagram and the corre-
sponding stability diagram in terms of the nitrogen
pressure, Py,.

It is remarkable that TiAl,, dissolving only very little N,
can withstand the highest P, (1.58 X 10~'% bar) before
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transformation to the nitrides AIN + & occurs, where § =
TiN,_,. On the other hand, aTi, showing the highest nitro-
gen solubility of the metal phases in the ternary system, is
getting nitrided at the lowest values of Py,, either to the
binary nitride &-Ti,N or to the ternary phase 7,, depending
on its Ti/Al ratio. The nitridation limit of the intermetallic
phase y(TiAl) depends strongly on its composition, being
highest at 41.1 at pct Ti with Py, = 1.8 X 107" bar and
more than four orders of magnitude higher than that at the
Ti-rich end 51.4 at pct Ti.

The formation of 7, is very sluggish at 1000 °C.! For
real-time process applications, it is therefore useful to per-
form a metastable phase equilibrium calculation by
suppressing the existence of 7,. The result is shown in Fig-
ure 2. The metastable extension of those phase fields which
previously had been saturated with 7, is most obvious for
a and a,, but also for 7y at the Ti-rich end between 5.85 X
1072 and 4.07 X 107'7 bar. Under these kinetically favor-
able conditions, virtually all compositions of vy are initially
precipitating the ternary nitride 7,. Further nitridation yields
TiAl, + 7, and finally AIN + & is obtained, as for all the
other Ti-Al starting compositions.

The reactions observed during in sifu processing of TiAl-
“Ti,AIN’’ composites®! are the first example of a quanti-
tative application of our thermodynamic modeling. A
powder mixture of Ti-Al (50 at. pct each) in a closed silica
tube filled with nitrogen was inserted into a furnace at 1000
°C for 1 minute, where the combustion reaction produced
WTiAl) + 7,(Ti,AlN,,) and a small amount of TiAl;. The
peak temperature was about 2000 °C, as opposed to the
combustion in an evacuated tube (1500 °C), yielding y with
a small amount of TiAl; only.

These observations can be compared to the results from
our thermodynamic calculations given in Table I. As start-
ing material, a mixture of 1 mol Ti + 1 mol Al is selected,
which is preheated to T, The two values of 700 °C and
800 °C cover the range observed as ignition temperatures.l!
In vacuum, the exothermic reaction under adiabatic condi-
tions results in peak temperatures, Tj,,;, of 1490 °C to 1500
°C. This narrow range, in spite of the 100 °C difference in
Tyur 18 due to the two-phase L + (aTi) reaction products
and the varying amount of liquid, L. This is in excellent
agreement with the observed?®! peak temperature of 1500
°C. After cooling to T,,,, the equilibrium product is stoi-
chiometric y(TiAl).

In the presence of nitrogen, the reaction is much more
exothermic, due to the formation of the ternary nitride 7,.
The total nitrogen amount (0.08 mol N,) added to the same
metal amount has been selected in order to reduce the
amount of the intermetallic y phase down to 70 pct (from
2.0 down to 1.41 mol of atoms), at the expense of the
additionally formed 7, nitride. This selection complies with
the actual samples in Reference 3, where 70 = 10 pct y
phase was formed. Under these conditions, the calculated
peak temperature is 1872 °C to 1949 °C. This is in reason-
able agreement with the about 2000 °C observed with an
ignition temperature of about 800 °C.5!

It is interesting to note in Table I that at peak tempera-
ture, only L + (BTi) but no nitride is formed under nitro-
gen. Virtually all the nitrogen is dissolved (~10 at. pct N)
in (BTi). After cooling to 700 °C to 800 °C, the two-phase
equilibrium structure y + 7, is obtained, where the excess
aluminum is dissolved in y phase (57 at. pct Al + 43 at.

VOLUME 28A, SEPTEMBER 1997—1949



AIN

0.4
A% 03

0 ‘
Al o L Tia[ TiAL,047Y 06 % o8 B Ti

X+
(a)
AlN | | | | A
AIN+d TiAl+d
4
TiAL+T
—154 a— L3
bl
. —16+
3
=, -17- 8
= VT
- 1 =
18 Tial T !
(@)
S 19 o -
L < Y
-20+ = -
—21 L
o, o
-22 T T T T
2] 02 04 06 08 1.0
Ti
N Xyl XartXri) &
(b)

Fig. 1—Calculated Ti-Al-N (@) phase diagram and (b) stability diagram
with stable equilibria at 1000 °C; 7, = Ti;AlN,s, and 7, = Ti,AIN,.

pct Ti). This example demonstrates that a detailed under-
standing of the complex reaction processes is gained based
on the thermodynamic calculation, covering the phase for-
mation and the heat balance.

Further processing by arc melting of the as-reacted sam-
ples under argon did not change the phase assembly,®
which is consistent with the solidification path that can be
calculated for such an alloy using our thermodynamic
model. It is also consistent with the fact that the samples
must have been already partly molten at peak temperature.
After homogenization of these as-cast samples for 2 days
at 1150 °C in vacuum, the TiAl, phase vanished, leaving
finely distributed 7, precipitates in a TiAl matrix. It is ev-
ident from Figure 2(b) that the majority phase mixture y
+ 7, in the sample defined its own Py, value in the range
from 1.73 X 107'5 to 4.39 X 107'8 bar at 1000 °C. At 1150
°C, the Py, values are shifted to somewhat higher values.
The minority (nonequilibrium) phase TiAl, is not forming
any nitride in that environment. This results in a very sim-
ple dissolution path, involving only the intermetallic phases
TiAl,, TiAl,, and y-TiAl (at 1150 °C, there is an additional
phase Ti,Al;). After complete dissolution, the composite y
+ 7, is formed, as observed by Mabuchi er al.B! If this
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Fig. 2—Calculated Ti-Al-N (a) metastable phase diagram and (b) stability
diagram at 1000 °C with 7, suspended in calculation.

process were performed by external control of Py,, the lim-
its given in Figure 2 could be observed.

The next example is given by the nitridation of the pow-
dered intermetallic compound TiAl; at 600 °C and 1200 °C
in flowing nitrogen or NH;. This results initially in some ni-
trogen uptake, without observation of new phases, possibly
due to some solubility. Eventually, the nitrides TiN (first) and
AIN (second) are formed. No other nitrides could be detected,
and this direct phase transformation from TiAl, to (6-TiN +
AIN) is in perfect agreement with both Figures 1 and 2.

Mixed coatings of TiAl, + TiN on titanium were pre-
pared to improve both the oxidation resistance (with TiAl;)
and the hardness (with TiN).5¢! Two different processing
routes were studied, nitridation after aluminization and vice
versa. One set of Ti samples (labeled ““Ti-Al-N’") was first
treated by fluoride activated pack aluminization at 850 °C
for 5 hours, resulting in a 30-um-thick TiAl,; layer on tita-
nium. Upon subsequent nitridation in N, at 850 °C for 5
hours, some 10 mol pct TiN were formed in the outer layer
of TiAl,, about 5-um deep. Traces of AIN were only found
after nitriding at 900 °C. A second set of Ti samples (*“Ti-
N-AI’") was first nitrided at 850 °C for 5 hours resulting in
a 2-um TiN layer and a gradient of dissolved nitrogen in
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Table 1.

Thermodynamic Modeling Results (Stable Equilibria) of Isothermal or Adiabatic Reactions of (1 Mol Ti + 1 Mol Al),

in Vacuum and under Nitrogen

Equilibrium Phases Tinal Equilibrium Phases
T e (°C)/Atmosphere A HatT,, (k) at T, (Mol Atoms) (Adiabatic) (°C) at T, (Mol Atoms)
700 / vacuum —89 20y 1490 1.16 L + 0.84 (aTi)
800 / vacuum —88 20y 1500 1.53 L + 0.47 (aTi)
700 / +0.08 mol N, —144 141 y + 0.757, 1872 0.61 L + 1.55 (BTi)
800 / +0.08 mol N, —143 1.41 v + 0.757, 1949 0.68 L + 1.48 (BTi)

the Ti-base metal. Upon subsequent aluminization at 800 °C
for 5 hours, the outer layer was converted to TiN + AIN +
TiAl,, with the TiAl, extending to a depth of some 20 pum.

The results of Kabbaj et al.>®! can be very clearly un-
derstood based on the present ternary phase equilibrium and
stability diagrams. When nitriding the ‘“Ti-Al-N’” samples,
we start with a saturated (Ti-rich) TiAl; layer and—upon
increasing Py,—enter first the narrow TiAl, + & phase field
in Figure 2(b). This results in the observed &(TiN,_,) pre-
cipitation; the released aluminum can easily diffuse toward
the Ti base in view of the very high diffusivity of Al in
TiAL."! Eventually, the conditions of the AIN + & + TiAl,
three-phase field in Figure 2(b) may be locally obtained in
the outer layer, producing the observed AIN traces at higher
temperature. It should be noted that we have quantitatively
calculated the respective diagrams at all relevant tempera-
tures (not shown here) but refer in this discussion to the
qualitatively similar 1000 °C section.

In the second set of samples (‘‘“Ti-N-Al’"), we start with
a 8(TiN,_,) layer and—upon addition of Al—clearly enter
the three-phase field AIN + 6 + TiAl, in Figure 2(a). Any
nitrogen ‘‘released’’ by this reaction will be directly con-
verted to AIN. Eventually, aluminum will shortcut diffuse
through the TiAl, in this three-phase mixture to form more
TiAl, directly with the Ti-base metal. This results exactly
in the observed microstructure.

These coatings are not thermodynamically stable because
of the nonequilibrium TiAly/Ti interface. In fact, TiAl,
completely disappeared after annealing at 900 °C for 30
hours due to the reaction with Ti, and beyond this point,
the oxidation resistance is distinctly reduced.l! Already af-
ter 8 hours at 900 °C, the TiN and AIN phases were con-
sumed, in association with the formation of ‘‘Ti,AIN”’
(7,).1°1 The underlying reactions can be clearly interpreted
using Figure 2. The reaction of TiAl, with Ti results in the
formation of the subaluminides TiAl,, vy, and «,, and all
three of them are in equilibrium with the ternary nitride 7,
(metastable equilibrium for «,). Following this cascade
from TiAl,(+AIN + J) toward the broad «oTi field, the first
phase to vanish is AIN when the TiAl, + & equilibrium is
locally established at the outer layer. Second, 6(TiN,_,) will
be consumed in the three-phase reaction TiAl; + 6 - 7,
leaving TiAl, + 7, in the outer layer, just as observed.
Eventually, the TiAl, layer would be entirely consumed.
The relatively small amounts of Al and N introduced in the
initial coatings can be easily accommodated in solid solu-
tion in aTi in a final stage (refer to Figure 2 or 1).

In summary, it should be emphasized that once the ther-
modynamically calculated phase and stability diagrams are
established, all the complex ternary interactions are much
simpler and more accurately understood compared to a
treatment using a collection of single chemical reaction
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equations. This is because the inter-relation of all possible
chemical reactions and also the solubilities have already
been taken care of in the process of thermodynamic mod-
eling and phase diagram calculation. Suitable conditions for
local equilibria can be easily identified in a wide tempera-
ture, composition, and activity range using thermodynamic
modeling of stable and metastable equilibria. This could be
of practical interest for optimizing the processing of these
promising materials.

This work was supported by BMBF under Grant No.
03K7205 8 as part of the European Concerted Action
COSTS507-11.
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Wear Behavior of As-Cast ZnAl27/SiC
Particulate Metal-Matrix Composites
under Lubricated Sliding Condition

S.C. TIONG and F. CHEN

Metal matrix composites (MMCs) have attracted consid-
erable attention recently because of their potential advan-
tages over monolithic alloys. The MMCs are commonly
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