The Effects of Mg Microaddition on the Mechanical Behavior
and Fracture Mechanism of MAR-M247 Superalloy At

Elevated Temperatures

H.Y. BOR, C.G. CHAO, and C.Y. MA

The effects of microadditions of Mg on the mechanical behavior and fracture mechanism of MAR-
M247 superalloy were investigated in this study. The microstructural observations and image analysis
showed that a Mg microaddition ranging from 30 to 80 ppm significantly changed the primary MC
carbide characteristics and inhibited the scriptlike carbide formation. After a 80 ppm Mg addition,
the elongation measured at 1172 K increased over 3 times found that for the Mg-free MAR-M247
superalloy. The creep life and rupture elongation of the MAR-M247 superalloy with 80 ppm Mg
was also improved up to 3 to 5 times that of the alloy without Mg during a 1033 K/724 MPa creep
test. The fracture analyses demonstrated that cracks were mainly initiated and propagated at the
interface of scriptlike MC carbides in the Mg-free MAR-M247 superalloy at elevated temperatures.
The Mg microaddition effectively refined and spheroidized these coarse carbides so that a change in
the crack initiation occurred from the carbide/matrix interface to that along the y-v' eutectic. Inter-
facial analysis using Auger electron spectroscopy illustrated that Mg segregated to the interface of
the MC carbide/matrix, causing a change in the morphology and interfacial behavior of the carbides.
This improvement contributed to a prolonged rupture life and upgraded the moderate temperature

ductility of the MAR-M247 superalloy.

I. INTRODUCTION

DUE to optimal alloy design and microstructural mod-
ification, the MAR-M247* superalloy exhibits a variety of

*MAR-M247 is a trademark of Martin Marietta Industries, Baltimore,
MD.

excellent characteristics, including good castability, good
strength levels, superior creep, and hot corrosion resistance
at elevated temperatures.l'# During the past 2 decades, this
alloy has been widely employed in fabricating advanced
turbine blades and rotating parts in the aerospace industry.
However, from previous studies,>® MAR-M247 has a
drawback in that it exhibits low ductility under creep con-
ditions of moderate temperature and high stress. This draw-
back might be related to grain boundary intrinsic behavior,
coarse carbides, or some deleterious factors such as harmful
phases and defects. In particular, the carbide characteristics
can play a crucial role in determining the high-temperature
properties of the MAR-M247 superalloy.

The behavior of a carbide in superalloys is complex. In
general, discrete carbides precipitating at grain boundaries
(GBs) can inhibit GB sliding to improve the strength and
creep behavior of superalloys at elevated temperatures.
Conversely, the coarse or scriptlike MC primary carbides
that exist within the grain interior or at GB are regarded as
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the factor leading to low ductility during creep and tensile
tests.”8! Because of the extremely brittle property of MC
carbides, they may act as crack initiation sites and propa-
gation paths.*%) In order to minimize these detrimental ef-
fects, refinement and modification of coarse MC carbides
through processing or microalloying are thought to be de-
sirable and effective.

In recent investigations,!'®'¥ it has been shown that mi-
croadditions of Mg or Ca significantly enhance rupture life,
ductility, and hot workability at elevated temperatures in
some wrought superalloys. Particularly, the Mg microad-
dition has been shown to improve the impact toughness,
hot workability, creep life, and ductility in several wrought
superalloys.l'>27 These improvements are mainly attributed
to the refinement of GB carbides arising from the segre-
gation of Mg to the GB or to the carbide/matrix inter-
face.?®321 It is also proposed that carbide refinement may
be associated with a decrease in carbide/matrix interfacial
energy or the inhibition of coarse carbide growth.(3-3¢
However, little work has been reported on introducing Mg
as a microalloying element in cast superalloys, which are
generally poor in ductility and toughness at room and ele-
vated temperatures. This property is essential both from the
viewpoint of manufacturing concerns and service require-
ments where the rupture ductility is of importance. In this
study, the effects of Mg microadditions on the mechanical
behavior of MAR-M247 superalloy, in particular on the
moderate temperature creep properties and fracture mech-
anism, are investigated in detailed. The objectives are to
determine the fracture mode arising from Mg incorporation
in the MAR-M247 superalloy and to analyze the possible
mechanisms responsible for the improvement of moderate
temperature ductility and rupture life.
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*The Mg content of heat 1 (8 ppm) originated from the raw or crucible materials.

II. EXPERIMENTAL

The MAR-M247 superalloys used in this study were pre-
pared by vacuum induction melting followed by remelting
them in a vacuum furnace and then casting them into test
bars. The pouring and mold temperatures were 1753 and
1373 K, respectively. Five heats of MAR-M247 superalloys
with Mg contents ranging from 20 to 80 ppm were prepared
during remelting. After casting, the Mg contents of each
heat were analyzed by glow discharge mass spectrometry
(GDMS) and the major element compositions were detected
by X-ray fluorescence (XRF). The compositions of the par-
ent alloys used in this investigation are given in Table I.
The Mg content (8 ppm) of alloy 1 originated from the raw
or crucible materials during primary melting. All test bars
were subjected to heat treatment under vacuum. Solution
treatment was conducted at 1458 K for 2 hours and then
argon quenched. Subsequently, the test bars were aged at
1144 K for 20 hours and cooled to room temperature in a
furnace.

The microstructure was characterized by optical micros-
copy, scanning electron microscopy (SEM), and high res-
olution transmission electron microscopy (HRTEM). The
density, area fraction, aspect ratio, and size of various car-
bide particles for the as-cast samples were measured by
using a LECO* 2000 image analyzer. Thirty optical micro-

*LECO is a trademark of LECO Corporation, St. Joseph, MI.

scope adjoining fields from the polished samples were taken
at a magnification of 500 times for each specimen. Segre-
gation of Mg was analyzed by Auger electron spectrometry
(AES). In order to minimize specimen contamination or
surface gas adsorption, specimens were impacted in the
vacuum chamber of the Auger spectroscope at a liquid ni-
trogen temperature to obtain a fresh fracture surface. In
accordance with Engine Material Specification EMS-55447,
tensile tests were carried out at 1172 K using an Instron
mechanical testing machine. The creep tests were con-
ducted under 1033 K/724 MPa using SATEC M3 creep
testers. The gage size of all test bars was 6.3-mm diameter
and 26-mm length. The fractograph was examined in a
6400 scanning electron microscope equipped with an en-
ergy dispersive spectroscope for microanalysis.

III. RESULTS

A. Microstructure

Figure 1 illustrates a typical microstructure of a Mg-free
MAR-M247 superalloy after the solution and aging heat
treatment. In general, it contains (1) the y matrix phase, (2)
v precipitates with two distinct sizes ranging from 0.5 to
1.0 and 0.1 to 0.2 um (Figure 1(a)), (3) a rosette structure
of -y eutectic in the interdendritic region (Figure 1(b)),
and (4) scriptlike MC carbides within the grain interior and
M,,C, carbides at the grain boundary (Figure 1(c)).

It was observed that the microadditions of Mg did not
affect the grain size of the MAR-M247 superalloy. The
average grain size obtained in this study is about 2 to 3
mm, as shown in Figure 2. However, the morphology of
the scriptlike carbide was significantly changed by the Mg
microaddition. For the Mg-free MAR-M247 superalloy, a
variety of coarse and scriptlike carbides are present, and the

METALLURGICAL AND MATERIALS TRANSACTIONS A



10 um

Fig. 1—Microstructures of a Mg-free MAR-M247 superalloy after heat
treatment: (a) morphology of ' phase, () morphology of y-y' eutectic
structure, and (c¢) MC scriptlike carbides within the grain interior and
M,;C, carbides at the grain boundary.

size of these carbides is in excess of 30 um (Figure 3(a)).
When 20 ppm Mg is incorporated, the carbides become
finer, although they still exhibit a scriptlike shape (Figure
3(b)). This shape is modified as the Mg contents reach 80
ppm. As can be seen in Figure 3(c), the carbide particles
are apparently refined and spheroidized for the MAR-M247
superalloy containing 80 ppm Mg. Obviously, the optimal
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Fig. 2—The grain size of two MAR-M247 superalloys: (a) Mg-free and
(b) 80 ppm Mg.

microaddition of Mg can refine carbide particles or inhibit
the precipitation of scriptlike carbides, while the grain size
remains unaffected.

B. Image Analysis Results

Figure 4 shows the image analysis results of carbides in
the MAR-M247 superalloy with various Mg contents. Ba-
sically, the area fraction of the carbides (2.2 to 2.5 pct) in
MAR-M247 superalloy is not affected by the Mg content,
but there are changes in the particle size, aspect ratio, and
particle density of the carbides. In Figure 4(b), the carbide
particle size decreases with increasing Mg content. The par-
ticle size of the carbides in the MAR-M247 superalloy con-
taining 80 ppm Mg is reduced to 3.6 wm, while the carbides
in Mg-free alloy have an average size of 5.2 um. Thus, the
elongated or coarse scriptlike carbides are refined due to
the microaddition of Mg in the MAR-M247 superalloy.

Figure 4(c) shows the aspect ratio of carbides as a func-
tion of Mg content. As the Mg content increases, the aspect
ratio decreases. This means that the phenomenon of carbide
spheroidization is achieved as a result of the Mg addition.
Moreover, the carbide particle density dramatically in-
creases with increasing Mg content, as shown in Figure
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Fig. 3—The morphology of MC carbides in MAR-M247 superalloys with
various Mg contents: (a) Mg free, (b) 20 ppm Mg, and (c¢) 80 ppm Mg.

4(d). This leads to an increase in the total number of carbide
particles.

C. Tensile and Creep Tests

The tensile properties of MAR-M247 superalloy with
various Mg contents tested at 1172 K are given in Table
II. Generally, the yield and ultimate strength, which are
independent of the Mg content, far exceed the EMS-55447
values. However, the high-temperature elongation remark-
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ably increases by the Mg microaddition. As can be seen in
Table 11, the elongation of the MAR-M247 superalloy with
80 ppm Mg reaches 14 pct, which is 3 times greater than
that of the Mg-free alloy at 1172 K.

According to EMS-55447, the rupture life of the MAR-
M247 superalloy must be greater than 23 hours and the
elongation is not allowed to be less than 2 pct at 1033
K/724 MPa. For the Mg-free alloy, the elongation can be
greater or smaller than the specification value, as given in
Table III. However, the rupture elongation is found to be
markedly promoted up to 4 pct in the MAR-M247 super-
alloy containing 20 ppm Mg. It is more obvious that the
rupture elongation and life increase with increasing Mg
content. Particularly, when the Mg content goes up to 80
ppm, the rupture elongation and life can reach 5.8 pct and
180 hours, respectively. In other words, the rupture life of
the MAR-M247 superalloy with 80 ppm Mg is approxi-
mately 3 to 5 times greater than that of the Mg-free one.
As can be seen in Figure 5, the creep rupture of the Mg-
free alloy occurs during the second stage of creep, i.e.,
without entering the third stage. In contrast, as the alloys
containing Mg range from 30 to 80 ppm, the second stage
period of creep is effectively prolonged 2 to 3 times. It is
noteworthy that the third stage of creep clearly takes place
accompanying the plastic strain in these specimens. Appar-
ently, due to the optimal Mg microaddition, both the rup-
ture elongation and the life of the MAR-M247 superalloy
are effectively enhanced. In addition, the creep rates of the
steady state are also lowered because of the Mg incorpo-
ration, as demonstrated in Table III.

D. Fractographic Observation

In order to investigate the effect of Mg microaddition on
fracture behavior at elevated temperatures, examination of
both the fracture surface and the longitudinal section ad-
jacent to the fracture region was made. For a Mg-free spec-
imen crept under 1033 K/724 MPa, a continuous carbide
film that was 2 to 3 um thick is clearly found at the frac-
tured position, as shown in Figure 6(a). It is more evident
in Figure 6(b) that a scriptlike carbide is completely pulled
out owing to the poor cohesion at the interface. Obviously,
the onset of rupture occurs because cracks primarily initiate
and propagate along carbide/matrix interfaces or at car-
bides. These carbides are identified to be TaC or HfC by
using SEM/energy dispersive spectroscopy (EDS). For Mg-
containing samples, however, the fractography is quite dif-
ferent. As can be seen in Figure 7, most of the cracks are
formed along the 7y-y eutectic rather than at the car-
bide/matrix interface in a 80 ppm Mg-containing specimen.
Observations from the fracture surfaces (Figure 8) show
identical evidence; that is, the rupture of Mg-free MAR-
M247 occurs mainly along the interface of coarse or script-
like carbides, while the Mg-containing alloy exhibits a rel-
atively ductile fracture surface.

Moreover, the same results are also obtained in the spec-
imens that were tensile tested at 1172 K. Figure 9 shows
two distinct SEM fractographs, revealing the significant
changes in carbide morphology and fractography owing to
the Mg addition. In Figure 10, the continuous MC carbide
films distributed on the fractured surface, and the interfacial
decohesion of carbide/matrix is clearly observed from the
longitudinal fracture portion of a Mg-free MAR-M247 su-

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 4—Image analysis results of carbide characteristics in MAR-M247 superalloys with various Mg contents: (a) area fraction, (b) particle size, (c¢) aspect

ratio, and (d) particle density.

Table II. Tensile Test Results of MAR-M247 Superalloys
with Various Mg Contents at 1172 K
Mg YS UTS Elongation
Content (MPa) (MPa) (Pct)

EMS 55447 414 690 4
(without Mg)

Without Mg 576 to 676 788 to 794 3.6 to 4.7
20 ppm Mg 652 to 653 803 to 812 5.1to 7.6
30 ppm Mg 633 to 658 840 to 851 5.5t0 7.6
50 ppm Mg 584 to 606 808 to 810 8.9 t0 9.0
80 ppm Mg 610 to 617 803 to 809 13.7 to 14.0

peralloy. Conversely, the ductile fracture along the y-y' eu-
tectic, as indicated in Figure 11, is demonstrated in a 80
ppm Mg alloy.

Overall, the crack initiation sites are basically consistent
with the observed crack path along the fracture surface. In

METALLURGICAL AND MATERIALS TRANSACTIONS A

Table III. Creep Test Results of MAR-M247 Superalloys
with Various Mg Contents under the Condition of 1033 K/
724 MPa

Mg Creep Life Elongation Creep Rate
Contents (h) (Pct) (s
EMS 55447 >23 >2 —
(without Mg)
Without Mg 28 to 63 19to 2.4 7.4 X 1078
20 ppm Mg 55 to 87 3.0to 4.2 7.3 X 10°%
30 ppm Mg 140 to 156 3.7 to 3.9 39 X 1078
50 ppm Mg 178 to 180 4.4 to 4.5 3.7 X 10°8
80 ppm Mg 170 to 184 5.6 to 5.8 39 X 108

Mg-free alloys, some secondary cracks located at the car-
bide/matrix interface are observed along the gage section
of creep rupture and tensile fracture specimens (Figures
6(b) and 10(b)).

VOLUME 30A, MARCH 1999—555



E. Analysis of Mg Segregation

In order to explore the effect of Mg microadditions on
carbide characteristics, AES was employed for interfacial
segregation analysis. Standard AES samples without and
with 80 ppm Mg were prepared and subjected to liquid
nitrogen for 4 hours before impact tested. Figure 12(a)
shows a secondary electron image of the fractured surface
of a 80 ppm specimen, where two typically distinct regions
are selected and marked, i.e., ductile region (area 1) and
cleavage surface (area 2). Figures 12(b) and (c) are the
corresponding Auger spectra, revealing the regions of the
matrix (including y') and a MC carbide, respectively. Ap-
parently, no or limited Mg is detected in the matrix (Figure
12(b)) and within the carbide interior (Figure 12(c)). On
closer observation, several pull-out sites of carbide are
found, as shown in Figure 13(a). The pulled-out carbide
was identified to be a MC type when the corresponding
fractured surface of the opposite side was determined by
EDS. For the site where carbide decohesion occurred, the
Mg peak in the spectrum (magnified in the inset) depicts
Mg enrichment at the carbide/matrix interface (Figure
13(b)). Since the sensitivity of AES is 1000 ppm, and Mg
was detected at the matrix/carbide interface (as compared
with the average content of 80 ppm analyzed with GDMS),
these results indicate that Mg segregation has occurred. At
the same region, comparatively high oxygen and sulfur lev-
els are also illustrated by the greater O and S peaks (Figure
13(b)). However, little evidence of Mg segregation was
found in any Mg-free specimens by using the same exam-
ination method mentioned previously. In addition, the phe-
nomenon of Mg segregation to GB was not found in this
study, owing to a relatively large grain size (2 to 3 mm)

IV. DISCUSSION
A. Mechanisms for Mg Segregation

According to the present AES results, Mg significantly
segregates to carbide/matrix interfaces, in particular, to MC
carbides with a concentration (at least 1000 ppm) much
greater than the average level (80 ppm). The same result
has been reported in a directionally solidified Ni-based su-
peralloy and some cast superalloys.?®34 Concerning the
mechanism for Mg segregation, Ge et al. have proposed
that the Mg segregation is due to the uphill diffusion of
Mg to the Ni-enriched interfacial liquid surrounding the
growing carbide particles, which arises from the negative
excess Gibbs free energy change for a Ni-Mg liquid solu-
tion.*¥ In other words, Mg accumulation adjacent to the
carbides is a result of diffusional transport to the interfacial
region in the liquid, and that is a typical interfacial enrich-
ment mechanism. In addition, Zhu et al.B” have reported
that Mg is readily concentrated around the GB and at the
incoherent interface between a carbide and the matrix to
form a layer of Ni,Mg Laves phase with a thickness of 20
nm. However, the Lave phase of Ni,Mg was not found in
the Mg-containing MAR-M247 superalloy by using
HRTEM in this investigation.

Another mechanism is based on the premise that the Mg
binds with harmful elements at the interface. Since Mg has
a limited solubility in the matrix and would be inclined to
accumulate at a carbide/matrix interface, it operates by neu-
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Fig. 5—Creep curves of MAR-M247 superalloys with various Mg
contents tested under the condition of 1033 K/724 MPa.

tralizing embrittling impurities such as oxygen or sulfur.
This mechanism is basically consistent with the present
AES results (Figure 13). Some investigations!'*?°) reported
that a low melting point, brittle compound of MgS might
form as a result of Mg segregation to interfaces. However,
the MgS phase was not observed at either the ma-
trix/carbide interface or GB by using HRTEM. In case the
MgS phase was formed, this would promote the occurrence
of cracking at the interface and impair the ductility, which
is contrary to the present test results.

Other investigations®? reported that Mg might also seg-
regate to ' and the y-vy' interface, which has a semicoherent
interface with the matrix. From the present results, evidence
of Mg segregation to y' and y-y/matrix interfaces was not
obtained by using AES and HRTEM/EDS. It is believed
that the tendency for Mg segregation to the carbide/matrix
interface is much more likely than to the y' and y-7y//matrix
interfaces, since the interface between MC carbide/matrix,
based on the HRTEM analysis and the thermodynamics of
interfacial segregation, is incoherent.

B. Influence of Mg Segregation on Carbide Morphology

According to the present results, the coarse or scriptlike
MC carbides were formed in a Mg-free MAR-M247 su-
peralloy, while an optimal addition of Mg significantly
changed the carbide morphology. Bhambri et al. proposed
that the morphology MC carbide is faceted and octahedral
with {111} faces and (100) rapid growth direction during
solidification.?” Under this circumstance, the elongated or
scriptlike morphology is formed. As has been mentioned
previously, Mg is a surface-active element and has a high
propensity for segregating to the carbide/matrix interface,
causing a Mg-enriched layer to develop surrounding the

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 6—Longitudinal section of a crept MAR-M247 superalloy without
Mg tested under 1033 K/724 MPa: (a) and (b) fractographs and (c) EDS
measurement results at the fractured position.

carbides.’¥ This layer might influence the transport of car-
bon and the carbide forming elements, such as Hf, Ta, or
W. It could result in the isotropic growth of carbides during
solidification and eventually lead to the refinement and
spheroidization of MC carbides in the MAR-M247 super-
alloy.

C. Influence of Mg Microaddition on Creep Behavior

Based on the creep curves in Figure 5, crack initiation
and propagation during creep are clearly retarded in Mg-

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 7—Longitudinal section of a crept MAR-M247 superalloy containing
80 ppm Mg tested under 1033 K/724 MPa: (a) and (b) fractographs and
(c) EDS measurement results at the fractured position.

containing alloys, and consequently, the rupture life is sub-
stantially prolonged. According to the creep deformation
map of a MAR-M247 related superalloy,® the creep mech-
anism under the condition of 1033 K/724 MPa should be
dislocation glide; that is, the creep behavior is dominated
by the interaction between dislocations and obstacles such
as precipitates or carbides. From fractographic observa-
tions, the onset of fracture mainly occurs at the interface
of the carbide/matrix in the Mg-free alloy. Also, Baldan®”
pointed out that the size of the carbide particles is dominant
in determining the creep rupture ductility, and a fine dis-
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Fig. 8—Fractographs of MAR-M247 superalloys under 1033 K/724 MPa:
(a) Mg free and (b) 80 ppm Mg.

persion leads to higher creep ductility. According to some
investigations on Mg-addition effect,!'>3%*4 furthermore, the
spheroidized carbides should change the stress state around
carbides and reduce lowering the occurrence of crack for-
mation. Therefore, the beneficial effect of Mg is on the
change in MC carbide morphology and possibly on affect-
ing the cohesive energy of carbide/matrix interface in the
present study.

In research on the creep behavior in Mg microalloyed
wrought superalloys, Ma ef al.l'! reported that Mg could
purify the GB and increase the GB cohesive energy by
binding the detrimental elements. This causes an enhance-
ment of creep behavior of superalloy. In the present study,
the grain size is relatively large. The rupture mode, which
is irrelevant to the Mg addition, is a typical mixture of
intergranular and transgranular in all rupture specimens.
This means that the effect of GB purification might not be
a dominant mechanism responsible for the enhancement of
creep behavior due to Mg microalloying in the current
MAR-M247 superalloy.

Further, Ma et al.?? demonstrated that the solid solution
strengthening effect of Mg in carbides, y', and y-y' might
contribute to the enhancement of the mechanical behavior
in Ni-based superalloys. In the present work, however, no
or limited Mg was detected in any of these phases by using
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Fig. 9—Fractographs of MAR-M247 superalloys tensile tested at 1172 K:
(a) Mg free and (b) 80 ppm

AES. In fact, ¥ and carbide forming elements such as Ni,
Cr, Al, Ti, W, Mo, Hf, and Ta have much smaller atomic
radii (0.125 to 0.145 nm) than that of Mg (0.160 nm).
When Mg atoms dissolve into ' or carbides, the lattices of
these phases will be severely distorted and will cause an
increase in total energy. This effect is, obviously, unfavor-
able from the viewpoint of thermodynamics.

The present results also show a trend of a decrease in
the steady-state creep rate in Mg-containing alloys. The
same results were reported by Ma et al.,['>2°1 who pointed
out that the microaddition of Mg in a Ni-based superalloy
will increase the vacancy formation energy (Qv) and de-
crease the vacancy concentration under the conditions of
high temperature and low stress, i.e., in the range of low
strain rates. These conditions will lower the velocity of dis-
location climb through the 7' and also decrease the steady-
state creep rate in the Mg-containing alloy.!'>2°! As has been
mentioned earlier, however, the mechanism of dislocation
glide should be the prevailing mechanism at moderate tem-
perature and high stress (i.e., high strain rate) in this study.
On this basis, the mechanism of vacancy concentration de-
crease might not be directly associated with the decrease of
steady-state creep rate achieved here. Hence, more relevant
work is needed to explain this phenomenon.

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 10—Longitudinal section of a fractured specimen without Mg
addition tensile tested at 1172 K. (a) and (b) fractographs and (c) EDS
measurement results at the fractured position.

D. Influence of Mg Microaddition on Fracture
Mechanism

In the late 1970s, alloy designers added Hf to Ni-based
superalloys for the purpose of producing the -y eutectic
and increasing the GB toughness;'>”1 however, MAR-
M247 remained brittle at elevated temperatures.>¢! From
the fractographic observations, crack initiation preferen-
tially occurs at the MC carbide/matrix interface in the Mg-
free MAR-M247 superalloy at elevated temperatures. The
same evidence has been demonstrated by Kaufman, who
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Fig. 11—Longitudinal section of a fractured specimen containing 80 ppm
Mg tensile tested at 1172 K: (a) and (b) fractographs and (¢) EDS
measurement results at the fractured position.

proved that scriptlike MC carbides were extremely brittle
and could act as crack initiation sites or crack propagation
paths. By adding small amounts of Mg, these carbides are
apparently refined and spheroidized. From some previous
results in wrought superalloys,!'*?23%1 Mg microadditions
may cause a change in interfacial energy and improve the
cohesion between the carbide and the matrix. This leads to
a change of stress state in front of the carbides. In the pres-
ent study, Mg was detected to segregate to the car-
bide/matrix interface and the coarse carbides were refined
and spheroidized. Under this circumstance, crack initiation
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Fig. 12—(a) The secondary electron image of a fractured surface, (b)
Auger spectrum analyzed from area 1 in Fig. 15(a), and (c) Auger
spectrum analyzed from area 2 in Fig. 15(a).

is observed to occur at the y-y' eutectic, a region having
superior ductility.*) Consequently, a transition of fracture
mode from the carbide/matrix interface to the y-v' eutectic
region occurs. The crack initiation and propagation are sub-
stantially retarded, and the rupture life and elongation are
improved. Finally, it should be emphasized here that wedge
and cavitation crack modes reported in the literature!’”) are
not applicable in this study, since relatively large grain sizes
were achieved in the present investigation.

V. CONCLUSIONS

The effects of Mg microaddition on the mechanical behav-
ior and fracture mechanism in MAR-M247 superalloys can
be summarized from the present investigation results as fol-
lows.

1. The Mg microaddition inhibits the formation of scriptlike
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Fig. 13—(a) The secondary electron image of a fractured surface, showing
a pulled-out and decohesion site of a MC carbide; and (b) Auger spectrum
analyzed from the MC carbide/matrix interface.

MC carbides and causes the refinement and spheroidization
of MC carbides, while the grain size remains unaffected.

2. The elongation of Mg-containing MAR-M247 superal-
loy tested at 1172 K is significantly increased. When the
Mg content is increased up to 80 ppm, the 1172 K elon-
gation dramatically reaches 14 pct.

3. The microaddition of 30 to 80 ppm Mg in the MAR-
M247 superalloy effectively prolongs rupture life and
elongation. In particular, the rupture life and elongation
of the MAR-M247 superalloy with 80 ppm Mg is sig-
nificantly improved up to 3 to 5 times that of the Mg-
free alloy under the creep condition of 1033 K/724 MPa.

4. The AES results indicate that Mg segregates to the car-
bide/matrix interface and there is little evidence of Mg
detected in any other phases. Thus, the beneficial effect
of Mg is apparently on the change in carbide morphol-
ogy and possibly on the affect of the cohesive energy
of the carbide/matrix interface.

5. The fracture mainly initiates and propagates along the
interface of the scriptlike carbide and matrix in Mg-free
MAR-M247 superalloy during the 1172 K tensile and
1033 K/724 MPa creep tests. In contrast, fracture occurs
along the y-vy' eutectic in the Mg-containing alloy, caus-
ing a retardation in crack initiation and improving the
rupture ductility and life at elevated temperatures.
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