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Selective Carbide Oxidation and Internal Nitridation
of the Ni—Base Superalloys IN 738 LC

and IN 939 in Air
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Ni-base superalloys contain beside other phases relatively large blocky MC
carbides of the type (Ta, Nb, Ti, W)C, which oxidize much faster than the
v/y’ matrix. The large volume increase during oxidation and the oxide
Sformation at the carbide-oxide interface shift the corrosion products outward.
High shear stresses between the Cr,0O; scale and the carbide oxidation products
lead to scale cracking favoring internal corrosion processes in this area. The
SJormation of Al,O; in the subscale is accompanied by a volume increase and
tensile stresses in the outer Cr,0; scale. This causes scale cracking and gives
nitrogen a chance to enter the metal and form the most stable nitride, TiN
beneath the Al,O; subscale.
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INTRODUCTION

The oxidation of Ni-base superalloys has been the subject of various
studies.' ™ The results of earlier publications are summarized by Wasielewski
and Rapp.' According to the steady-state scale morphology, the precipita-
tion-strengthened Ni-Cr-Al-Ti alloys can be divided into three groups':
Type I: Alloys low in chromium and aluminum contents form a
NiO scale with a Cr,0; and Al,O, subscale.
Type II: Alloys high in chromium (>15%) and low in aluminum
contents (<3%) form a Cr,0; scale and an Al,O, subscale.
Type I1I: Alloys high in chromium (>15%) and aluminum con-
tents (>3%) form exclusively an Al,O; scale.
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The scale on IN 939 belongs to type II Cr,0O; scale while IN 738 LC
ranks between types II and III, depending on the oxidation conditions.
This simplification does not consider the oxidation of other elements, such
as Ti, Mo, Ta, Nb and of single phases leading locally to a quite different
scale morphology. Commercial superalloys have a rather complex structure,
depending on the chemical composition of the material. Besides the y and
the y' phases they contain carbides, nitrides, carbonitrides, and borides.
The amount and the size of such precipitates can vary widely, and the size
is generally larger in cast than in wrought materials. In particular, cast
alloys containing refractory metals, such as Ta, Nb, W, and Mo, form rather
large, blocky MC-type carbides having dimensions of a few micrometers.
This paper considers two aspects: selective oxidation of the MC carbides
and internal nitridation.

EXPERIMENTAL

Specimens with the approximate dimensions 20 X 10 X 5 mm were cut
from cast and heat-treated rods of IN 939 and IN 738 L.C. The nominal
composition is given in Table I. One surface of the specimens was ground
and polished to -um diamond. This surface was investigated before and
after oxidation in air in a scanning electron microscope (SEM) with an
attached energy-dispersive analytical X-ray system (EDA). Metallographic
cross sections were also prepared for optical microscopy investigations and
electron microprobe analysis (EMPA). The oxidation took place in dry air
at 700, 900, and 1100°C. The exposure time varied between 1 and 100 hr.
In order to study the selective oxidation of MC carbides, selected surface
areas were marked in an optical microscope to investigate them as a function
of the exposure time.

RESULTS AND DISCUSSION

Selective Oxidation of MC Carbides

Both materials contain blocky MC carbides. Element mappings
revealed that IN 939 contains, in addition to TiC and M,;C¢, only one
(Ta, Nb, Ti, W)C carbide, while IN 738 LC also forms, in addition to these

Table I. Normal Composition of the Alloys Studied (in wt.%)

C Cr Ti Al Co Mo w Ni Nb Ta

IN 738 LC 0.09 16 3.5 3.3 9 1.8 2.8 bal 1.0 1.8
IN 939 0.15 22 3.8 1.4 20 2.0 bal 1.0 1.3
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carbides, small amounts of the types (Mo, W),C,, (Cr,Mo),C, and
(Zr, Ti, Nb, Ta),C,. These last three carbides behave very similar durmg
oxidation to the (Ta, Nb, Ti, W)C carbide and were not considered separ-
ately. Small TiC particles act obviously as nuclei for the (Ta, Nb, Ti, W)C
carbides, because they can be observed often in these large carbide particles.
These carbide particles became selectively oxidized if they are located in
or close to the metal surface. The oxidation mechanisms is quite different
from that of the metal matrix. The metal matrix forms a protective scale
rich in Cr,0;. Like the refractory metals, the carbides form a nonprotective
scale growing at the oxide-carbide interface. The oxidation causes a large
increase in the volume that may be shown by some examples. Examples of
ratios of the molar volume V are V (TiO,)/ V(TiC) =1.28 (TiO, = rutile);
V(Ta,05)/ V(TaC) =2.23; V(Nb,05)/ V(NbC) =2.22. The different oxida-
tion rates of matrix and carbide, the large volume increase during the
oxidation of the carbides and the scale growth at the oxide/carbide interface
lead to an outward movement of the carbide oxidation products, as shown
schematically in Fig. 1. The development of the scale morphology is given
in the series shown in Fig. 2.

This mechanism causes high shear strain at the Cr,0;-(Ta, Nb, f] W)-
oxide interface (Fig. 1). The consequence of this is repeated cracking in
such regions, giving aggressive components a chance to enter the metal
matrix, thereby causing internal corrosion processes. Another route of
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Fig. 1. Schematic scale structure for the matrix and MC.
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Fig. 2. Development of selective carbide oxidation. IN 939, 700°C, in air.

ingress may be cracks in the (Ta, Nb, Ti, W)-oxide (Fig. 2). These local-
scale-damage processes lead to preferential internal corrosion around oxid-
ized carbide particles, as shown schematically in Fig. 3. The element map-
pings given in Fig. 4 demonstrate the presence of sulfide formation near
the oxidized carbide, if the oxidation has been performed with a thin molten
Na,S0, deposit on the surface. In some cases, an enhanced internal Al
oxidation and a higher Cr,0; scale thickness has been found in such regions.
The morphology of the carbide oxidation products as well as the deformation
of scale and metal depend obviously on the original carbide particle shape
beneath the surface (Fig. 5). A blocky particle with a perpendicular orienta-
tion to the metal surface (particle A in Fig. 5) leads to a towerlike outgrowth,
as shown in Fig. 6. A large particle beneath the metal surface (particle B
in Fig. 5) lifts up the overlaying metal and Cr,0;-rich scale (Figs. 7 and 8).
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Fig. 3. Schematic diagram of internal corrosion.

At the beginning of the oxidation process, this selective MC oxidation
is limited to particles lying on the metal surface. However, when the
oxidation front proceeds, the same selective oxidation occurs with those
particles which are reached by the oxidation front. Therefore it can be
expected that local scale cracking continues during the whole oxidation time.

When the MC particle is completely oxidized, a protective scale, rich
in Cr,0;, is formed beneath the oxidized particle as follows from the element
mappings in Fig. 9, so that the rapid oxidation is stopped. The proceeding
metal-matrix oxidation causes the outgrown carbide oxidation products to
become incorporated into the scale. These can be identified only by their
high local Ta, W, and Ti content. Further changes may occur by solid-state
reactions and diffusion.

Internal Nitridation

At temperatures of 900°C and higher both materials suffer internal
oxidation by forming Al,O; in the subsurface zone. It is surprising, that
this internal oxidation is always accompanied by internal TiN formation
beneath the AL,O; subscale if the oxidation has been carried out in air.
Typical element mappings are shown in Fig. 10. Nitrogen could not certainly
be identified directly by EMPA because the N-Ka line overlaps with the
first-order Ti-Ly line and the second order Co-La line. Because of optical
microscopy and the absence of O,C and other metals it must be concluded,
that these precipitates are TiN.

The internal TiN formation can be prevented if an outer Al,O; scale
is developed so that no internal Al,Q, subscale can be formed. This is done
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Fig. 5. Examples of carbide shapes beneath the metal
surface.

by heating IN 738 LC at 1000°C in argon with traces of impurities, such
as CO, and H,0. If the atmosphere is than changed to air without cooling
of the specimen, no internal oxidation and nitridation can be found. These
observations can be explained as follows: Rapp et al” showed that internal
oxidation leads to an increase of the volume which causes plastic deforma-
tion of the base metal. Rapp et al. performed their experiments with Ag-In
alloys without an external scale. The formation of Al,O; from Al metal

Fig. 6. Towerlike outgrowth of oxidized MC. IN 939, 700°C, 100 hr,
in air.



102 Litz, Rahmel, and Scherr

Fig.7. Metal and scale deformation due to selective carbide oxida-
tion. IN 738 LC, 900°C, 20 hr, in air.

Fig. 8. Cross section showing metal and scale deformation and
enhanced internal corrosion due to selective carbide oxidation.
SEM, IN 738 LC, 1100°C, 1 hr, in air.
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Fig. 9. Element mappings showing protective Cr,0; scale formation beneath oxidized
MC. IN 738 LC, 900°C, 20 hr, in air.

causes a volume increase of 28%, the formation of TiN from Ti metal a
volume increase of 12%. Compressive stresses are built up in the zone of
internal corrosion, while tensile stresses result in the outer scale. The
consequence is obviously the formation of microcracks in the outer scale,
giving nitrogen the opportunity to enter the metal, forming the most stable
nitride TiN.

In a few experiments, a Pt wire of 1-mm thickness was spot-welded to
the specimen and connected with a microphone of an acoustic emission
(AE) apparatus. The Pt wire acts as a waveguide. The aim of these experi-
ments was to identify scale cracking by their AE-burst signals.® These
experiments gave no clear evidence of scale cracking. It is conceivable,
however, that microcracks grow in small steps releasing only AE signals of
small energy and amplitude which cannot be separated from the background
noise.
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Fig. 10. Element mappings showing internal TiN formation. IN 939, 1100°C, 50 hr.

CONCLUSIONS

Refractory metal carbides such as TiC and (Ta, Nb, Ti, W)C oxidize
much faster than the y/y'-matrix of the alloy. The large volume increase
during the oxidation of these carbides, and the formation of new oxide at
the carbide-metal interface lead to an outward movement of the carbide
oxidation products. Results are high shear stresses in areas in which the
Cr,0; scale and the carbide oxidation products contact, followed by scale
cracking and internal corrosion.

The internal oxidation of Al to Al,O; beneath the Cr,0O;-rich scale
causes a volume increase leading to compressive stresses in the internal
oxidation zone and to tensile stresses in the scale. These processes lead
obviously to scale cracking, giving nitrogen of the air the chance to enter
the metal and to form the most stable nitride TiN beneath the Al,O; subscale.
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