A Solidification Diagram for Ni-Cr-Mo-Gd Alloys
Estimated by Quantitative Microstructural Characterization

and Thermal Analysis

D.F. SUSAN, C.V. ROBINO, M.J. MINICOZZI, and J.N. DuPONT

A y-Gd solidification diagram is proposed as an aid to understanding solidification behavior of Ni-Cr-
Mo-Gd alloys. In this system, the Ni-Cr-Mo solid solution y primary austenite phase is treated as the
“solvent” and Gd is treated as the solute. The proposed diagram, which has features characteristic of
a binary ‘“eutectic” system, was constructed by combining differential thermal analysis and quanti-
tative microstructural analysis data. As a result of the partially divorced solidification microstructure
in the ingots studied, determination of the fraction eutectic, and hence the eutectic composition,
requires the use of advanced image analysis techniques. The diagram displays a number of features
that are very similar to the Ni-Gd binary system and can be used to assess the influence of the Gd

concentration on solidification behavior.

I. INTRODUCTION

SAFE transportation and long-term storage of spent
nuclear fuel requires development of an alloy with high
thermal neutron cross section for construction of the casks
used to transport and store the spent fuel. Due to the rela-
tively large amount of material needed for this application
and fabrication requirements of the casks, the alloy should
exhibit good high-temperature ductility (so that it can be
prepared into standard product forms using conventional
ingot metallurgy techniques) and possess a narrow solid-
ification temperature range (so that it can be fabricated
using fusion welding processes without the risk of solid-
ification cracking). Recent research in this area™? has
shown that the addition of Gd, a strong neutron absorbing
element, to a commercial UNS N06455 Ni-based austenitic
(Ni-Cr-Mo) alloy matrix can meet these requirements.

As shown in Figure 1 and described in detail elsewhere,
the as-solidified Gd-enriched N06455 alloys exhibit a
two-phase microstructure consisting of primary <y-austenite
dendrites and an interdendritic y/GdNis “eutectic”-type con-
stituent. Quantitative compositional measurements made
across the vy dendritic substructure using electron microprobe
demonstrated that there was no detectable solubility of Gd in
the austenite matrix (less than the 0.1 wt pct lower resolution
limit of EPMA)."”! This indicates that Gd segregates aggres-
sively to the liquid phase during solidification, and essen-
tially all the Gd resides within the GdNis gadolinide phase.
Thus, the solidification behavior and corresponding micro-
structure are analogous to a simple binary system. Solidifi-
cation begins with a primary L — v stage in which the
liquid becomes enriched in Gd. This process continues until
the Gd concentration in the liquid is enriched to the L — vy
+ GdNijs eutectic composition, at which point solidification
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terminates by the formation of the interdendritic y/GdNis
constituent.

The development of these alloys is in its early stages and,
as a result, little data are available for the development of
tools to aid in understanding microstructural control, par-
ticularly in fusion welds. In view of this, it is desirable to
summarize any available information for use in future alloy
optimization and processing research. This article describes
the assembly of differential thermal analysis and micro-
structural characterization data into a simple binary y-Gd
solidification diagram. The proposed diagram is analogous
to a simple eutectic binary phase diagram and may be help-
ful in future alloy development activities.

II. EXPERIMENTAL PROCEDURES

Two sets of N06455-Gd alloys were analyzed and their
compositions are shown in Tables I and II. The alloys were
produced by vacuum induction melting of elemental com-
ponents and casting into steel molds of approximately 5 X
5 X 15 cm (Table I) or 10 X 10 X 30 cm (Table II). The
alloys shown in Table I were used for differential thermal
analysis (DTA) in order to determine liquidus and eutectic
temperatures, while the alloys in Table II were used for
microstructural characterization of the as-cast microstruc-
ture. In each case, the sets contain alloys from ~0.5 to 2.45
to 2.80 wt pct Gd in approximately 0.5 wt pct Gd incre-
ments. The DTA was conducted on a Netzsch STA 409 unit
(Netzsch Instruments, Burlington, MA) using samples
weighing 250 to 500 mg. Alumina was used as the refer-
ence material. The DTA samples were packed in alumina
powder inside alumina crucibles, and the scans were con-
ducted in an atmosphere of flowing argon. The samples
were heated and cooled through the solidification temper-
ature range at a rate of 10 °C/min, and reaction temperatures
were taken as deviations from the local baseline.

Metallographic samples of the as-cast ingots in Table II
were prepared in thermosetting epoxy mounts and were
ground and polished using standard metallographic proce-
dures, with the final step consisting of vibratory polishing
using 0.05-um colloidal silica. Samples were tint etched for
analysis using Beraha’s 7A solution.”®! This etchant only
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colors the GdNis phase and does not appreciably attack the y/
GdNis interfaces. Therefore, the optical contrast was suitable
for image analysis without introducing errors commonly
found with chemical etchants that attack interphase bounda-
ries. Image analysis was performed on a Clemex Vision PE
system. Because of the relatively high resolution required and
in order to maximize statistical validity of the volume fraction
measurements, individual analyses were performed on three
or four mosaic (sometimes called “montage”) images for
each condition. Each mosaic image consisted of 12 combined
images (each image collected at 500 times magnification) so
a total of 36 to 48 images were analyzed for each alloy. This
approach allowed for eutectic spacing measurement at high
resolution and simultaneous phase fraction measurements of
large areas on the same mosaic image. Advanced image
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Fig. 1—Light optical photomicrograph of Ni-Cr-Mo-Gd alloy with
1.9 wt pct Gd showing primary austenite dendrites and interdendritic
v/GdNis eutectic-type constituent.

analysis correction procedures were used to account for the
portion of the eutectic y that grows on the primary y den-
drites. This was accomplished by using the methods
described by Dutta and co-workers.” ! Since it was observed
that eutectic microstructures for all compositions were partly
divorced in character™ (Figure 1), additional modifications
were applied to the Dutta et al. method to account for the
partly divorced character of the eutectic regions. As a verifi-
cation of this volume fraction correction method, higher mag-
nification images were also obtained with scanning electron
microscopy (SEM). Images for this analysis were obtained
only from isolated regions where coupled growth of the
eutectic constituents was dominant. The images were taken
at 5 kV in backscattered electron imaging mode on a Zeiss
Supra 55VP scanning electron microscope.

III. RESULTS AND DISCUSSION
A. Liquidus Temperatures

Figure 2 shows typical DTA heating (Figure 2(a)) and
cooling (Figure 2(b)) curves. On heating, the 7/GdNis
eutectic-type constituent begins to liquate at 1287 °C for
this 2.23 wt pct Gd alloy, and the liquidus is reached at
1398 °C. During cooling, the primary y phase exhibits 64 °C
of undercooling before it begins to solidify at 1334 °C, and
the y/GdNis eutectic-type constituent begins to form at
1255 °C. Table IIT summarizes the DTA heating and cool-
ing data. The average values are reported from two or three
tests conducted for each alloy. (The wide variation and
large standard deviation values associated with the liquidus
temperatures measured on cooling are attributed to under-
cooling.). The liquidus temperature generally decreases
with increasing Gd concentration, while the variation in
the eutectic temperature is not as significant. The character-
istics of the DTA curves are similar to that which would be
expected for a binary eutectic alloy. The initial slope of the

Table I. Measured Compositions of Ni-Gd-Mo-Cr Alloys Used for Differential Thermal Analysis;
All Values Shown in Weight Percent

Element (Weight Percent)

Alloy Ni Mo Cr Fe Gd P S Si o N C

1A 67.69 16.19 15.18 0.05 0.54 <0.001 <0.001 0.13 0.0051 0.0042 0.009
2A 68.53 15.19 14.75 0.05 1.13 <0.001 <0.001 0.13 0.0066 0.0047 0.009
3A 68.83 14.81 14.15 0.06 1.75 <0.001 <0.001 0.14 0.0068 0.0043 0.008
4A 69.34 14.11 13.76 0.07 2.23 <0.001 <0.001 0.15 0.0028 0.0069 0.035
S5A 72.6 13.53 13.31 0.09 2.8 <0.001 <0.001 0.15 0.0045 0.0041 0.027

Table II. Measured Compositions of Ni-Gd-Mo-Cr Alloys Used for Microstructural Characterization;
All Values Shown in Weight Percent

Element (Weight Percent)

Alloy Ni Mo Cr Fe Gd P S Si o N C
1B 67.7 15.67 16.00 0.016 0.46 <0.001 <0.001 0.070 0.0044 0.0045 0.0052
2B 67.2 15.53 16.08 0.017 1.01 <0.001 <0.001 0.081  <0.001 0.0044  <0.005
3B 66.9 15.56 15.91 0.015 1.49 <0.001 <0.001 0.070  <0.001 0.0039 0.0064
4B 66.8 15.16 15.95 0.016 1.9 <0.001 <0.001 0.070 0.0021 0.0041 0.0065
5B 66.7 15.12 15.56 0.016 245 <0.001 <0.001 0.071 0.0056 0.0043 0.0066
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Fig. 2—Differential thermal analysis curves for alloy 4A with 2.23 wt pct
Gd: (@) heating and () cooling.

exothermic peak associated with the eutectic-like reaction
(at 1255 °C in Figure 2(b)) is relatively steep and the peak
reaches its local minimum at approximately 1250 °C. This
implies that the eutectic reaction occurs over a narrow tem-
perature range and, in this respect, is also similar to the
invariant eutectic temperature of binary alloys.

B. Constituent Fractions

Table IV summarizes the measured amounts of the
GdNis phase within each alloy. Since there is no solubility
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Table III. Summary of Liquids and Eutectic Temperatures
Measured Using Differential Thermal Analysis

Heating Cooling
Gd

Concentration, Eutectic Liquidus Eutectic Liquidus
Alloy (Wt Pct) (°C) (°C) °C) (°C)
1A 0.54 1298 = 2 1413 = 4 1265 = 4 1365 = 14
2A 1.13 1300 = 1 1410 = 3 1260 £ 2 1313 = 4
3A 1.75 1293 = 1 1397 = 3 1258 £ 4 1331 = 20
4A 2.23 1289 = 1 1397 = 2 1251 £ 5 1345 = 28
5A 2.80 1291 =2 1392 = 1 1256 £ 6 1342 = 16

of Gd in the matrix, the theoretical mass fraction of GdNis
in the alloy, ’”fédNiS, is given simply by

"f (A}dNis = Cgq/Cad" [1]

where Cédis the nominal Gd concentration in the alloy and
Ca™s is the Gd concentration in the GdNis phase. The
composition of the GdNis-type phase in these alloys has
been measured to be 63Ni-2Cr-35Gd (in wt pct).”) The
room-temperature density of GdNis was estimated from
knowledge of its crystal structure and lattice parameter to
be 9.0 Mg/m?, while the room-temperature density reported
for the austenitic N06455 matrix is 8.6 Mg/m®. Using these
densities, the theoretical mass fraction values estimated
with Eq. [1] can be converted to volume fractions. Figure 3
compares the measured and calculated amounts of GdNis
phase (in volume percentages). The very good agreement
between measured and calculated values supports the
observation that all the Gd resides within the GdNis phase
and improves confidence in the measured volume fractions.

C. Quantitative Image Analysis Techniques Applied to
v-GdNis Microstructures

In quantitative analysis of eutectic microstructures, a
difficulty in measurement arises because some unknown
portion of eutectic y (Yey) forms on the primary y dendrites
and is indistinguishable from the primary phase. As noted
earlier, for the y/GdNis eutectic, the determination of the
volume fraction of eutectic is further complicated by the
observation that terminal solidification in these ingots is
partially divorced in character. In this article, the term
“divorced eutectic” does not imply that the two phases in
the eutectic grow separately, i.e., cooperative simultaneous
growth vs divorced growth (with no exchange of solute
between the two solid phases at the solidification front).™
Rather, in this study, the definition of divorced eutectic is
based solely on morphology; in regions of divorced eutec-
tic, the microstructure is composed of just one layer of
GdNis enclosed by 7Yeu, which had grown directly upon
the surfaces of the primary y dendrites."*'*?! In contrast,
regions with well-developed lamellar structures are termed
“coupled” or ‘“lamellar” eutectic. In these alloys, the
divorced eutectic structure appears mainly in the small
spaces between dendrites, while the coupled/lamellar struc-
ture is found in larger interdendritic ““pockets.”” The dis-
tinction between the two types of eutectic microstructure is
not always well defined, but it becomes important in the
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Table IV. Summary of Volume Percentages of GdNis and y/GdNis Eutectic-Type Constituent within Each Alloy;
Eutectic Phase Fractions are Shown for the D-E Method Developed by Dutta ef al. and the Modified D-E Method
Used to Analyze Partly Divorced Eutectic

Vol Pct Vol Pct Vol Pct Vol Pct
Gd v/GdNis GdNis within v/GdNis GdNis within
Concentration Pct Vol Eutectic v/GdNis Eutectic Eutectic v/GdNis Eutectic

Alloy (Wt Pct) GdNis (D-E Method) (D-E Method) (Modified D-E Method) (Modified D-E Method)
1B 0.46 1.28 = 0.15 2.87 = 0.46 449 + 4.10 3.20 = 0.44 40.1 = 2.00
2B 1.01 271 = 0.77 6.49 = 1.80 41.8 = 0.40 6.65 += 1.85 40.8 = 0.24
3B 1.49 347 =043 8.72 = 0.99 39.8 = 0.90 8.95 = 1.03 38.7 = 0.89
4B 1.90 575 = 0.22 12.78 £ 0.61 45.2 + 0.60 13.10 = 0.65 43.9 = 0.50
5B 245 7.23 = 0.52 16.28 = 0.87 44.5 = 2.90 1741 = 1.12 41.6 = 1.90

Overall vol. pct GdNis within eutectic for all photomicrographs from all five alloys = 41.0 = 1.93 (modified D-E method).
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Fig. 3—Comparison between measured and calculated vol pct GdNis.

quantitative analysis of phase fractions, as discussed later.
The divorced eutectic microstructure is especially prevalent
in the lower Gd alloys, where only small amounts of inter-
dendritic liquid remain when the eutectic reaction occurs in
the final stages of solidification. In these alloys, few regions
are found in the microstructure, which show well-developed
lamellar y/GdNis eutectic. It would be difficult to measure
the relative quantities of the eutectic phases (to determine
the eutectic composition) in the small coupled growth,
lamellar regions of these alloys even with high-magnification
SEM. Since an important feature of the solidification dia-
gram is the eutectic composition, a detailed discussion of
the means by which the eutectic fraction is determined is
warranted.

Figure 4 shows a typical mosaic image and an individual
500 times image from alloy 5B (2.45 wt pct Gd). The image
analysis procedures developed by Dutta and co-workers>”!
and Pompe'® were applied to the mosaic images to deter-
mine the eutectic fraction in the alloys, taking into account
the portion of 7y, that solidifies on the primary 7y dendrites.
Dutta and co-workers®®” and Pompe™ used image analysis
techniques to estimate the eutectic fraction and the amount
of second phase in the eutectic of Al-Si, Al-Fe-Si, and Al-Cu
alloys. They applied the image analysis techniques for com-
parison with published binary phase diagrams and to deter-
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Fig. 4—Mosaic image of alloy 5B consisting of twelve 500 times photo-
micrographs with one individual photomicrograph enlarged to show the
microstructural details.

mine deviations from the phase diagram quantities due to
processing conditions, such as varying cooling rates. In the
current study, the methods are used to estimate the quantity
of eutectic-like constituent in a complex system for which
phase diagrams are not available.

The results from one of the methods, the ‘“‘chord size
technique,” are reported here. The first step is to measure
the y/GdNis spacing in the eutectic-like regions. The
thresholded images are used with the GdNis phase high-
lighted. A set of >1000 grid lines is applied to the binary
image and the grid line lengths (chord sizes) of the
v regions are measured automatically. This procedure results
in several thousand individual chord length measurements.
Figure 5 shows histograms of y chord size data collected
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Fig. 5—Frequency distributions of 7y chord length from three mosaic
images of alloy 5B.

from three mosaic images of alloy 5B. The histograms are
produced with equal bin increments on a logarithmic scale.
The first peak corresponds to the mean 7y spacing in the
v/GdNis eutectic regions, Zeut_y, and the second peak
at approximately 67 um is related to the mean primary
y dendrite size, Lyi_y."”' From Figure 5, the e, spacing is
taken as ~1.15 um. The rather broad distribution in the
eutectic spacing is partly due to cross-sectioning effects.
The actual distribution of eutectic spacing would be nar-
rower and shifted to shorter lengths if the eutectic colonies
were all sectioned perpendicular to their lamellar growth
directions. However, it is appropriate to select the peak in
the histogram as an estimate of the eutectic spacing, since it
will be used to add a region of y onto the outer edges of the
eutectic-like regions. In other words, the same sectioning
effects that influence the y spacing measurements will per-
tain to the eutectic vy, which grows on the primary dendrites
as well. Therefore, the measured thicknesses of this y layer
(if it could be discerned directly from the primary y) would
show a distribution that also depends upon the angle with
which the dendrites are sectioned relative to their growth
normals.

The next step is to perform a series of image processing
operations to fill in the eutectic-like regions while also add-
ing a layer of 7.y, of thickness Zem_,/ /2, at the eutectic
region/primary 7y interfaces. A number of dilations, D, are
applied to the binary image followed by a number of ero-
sions, E, such that

o — Zeulfy [2]
2'Lpix

where Ly is the size of each pixel in the image. The
procedure for determining the correct number of dilations
and erosions and other details of the image processing
procedure are given elsewhere.>®! At this point, the same
thickness of .y is assumed to form on the primary 7y in all
eutectic regions of the microstructure, including areas of
divorced eutectic. A portion of a processed image is shown
in Figure 6.

Finally, using images such as Figure 6, the volume of
GdNis is compared to the volume of the eutectic mixture to
obtain the results listed in Table IV (dilation-erosion
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Fig. 6—Processed optical photomicrograph of vy eutectic-type colony
showing primary 7y regions, eutectic mixture of GdNis/y, and areas of
eutectic 7y that crystallized over the primary y phase. The image corre-
sponds to the enlarged region in Fig. 4. A divorced morphology region is
indicated in the lower left part of the photomicrograph.

method). The data in Table IV indicate that the amount of
v/GdNis eutectic-type constituent increases with increasing
nominal Gd concentration, while the fraction of GdNis
phase within the eutectic constituent is relatively insensitive
to the nominal Gd concentration. This behavior is similar
to that found in a binary eutectic system. Note that the
error terms reported in Table IV are standard deviations
obtained from the data collected from three or four mosaic
images. Therefore, they represent a measure of the micro-
structural inhomogeneity within the samples and do not
represent experimental errors in the image analysis tech-
nique (such as pixel resolution, sample preparation, or
thresholding errors). In addition, the scatter in the volume
percent GdNis within y/GdNis eutectic (columns 5 and 7
in Table IV) is due to differences in the distribution of
GdNis within the eutectic due to the partially divorced micro-
structure in the eutectic regions. This effect is discussed in
Section D.

D. Partly Divorced Morphology and
Cross-Sectioning Effects

An apparent difference between the Al alloy eutectics
studied by Dutta and co-workers®®” and Pompe™ and
the y/GdNis morphology in the current study is the regions
of divorced eutectic morphology (indicated in Figure 6).
These locations, which are between dendrites, contain
essentially a single layer of GdNis surrounded by yeu. A
complicating factor arises because the thickness of the
GdNis phase in most of these locations differs from the
lamellar thickness of GdNis found in the coupled growth
regions. The divorced parts of the microstructure, therefore,
clearly show a different 7y.,/GdNis ratio compared to the
coupled, lamellar regions after the chord-size image anal-
ysis technique is applied (Figure 6). This effect may cause
an overestimation of the ratio of GdNis to Y., shown in
Table IV (D-E method), especially for alloys with appreci-
able amounts of divorced morphology. Note that the differ-
ent ratios of 7y.,/GdNis shown in the divorced region of
Figure 6 could also be caused by deviations from true
invariant eutectic behavior in this multicomponent alloy.
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The relative phase fractions within the eutectic are deter-
mined by the maximum solubility of the solute in each
phase and the eutectic composition. These values are con-
stant for a simple binary eutectic system, and the relative
phase fractions within the eutectic are therefore constant.
However, the maximum solubility and eutectic composi-
tions can be temperature dependent in ternary and higher
order systems and can therefore vary during the eutectic
reaction. This will cause the relative fractions of phases
within the eutectic to vary as the eutectic constituent forms
at the terminal stages of solidification. In the y-Gd alloys
considered here, there is no solubility of Gd in vy, and the
GdNis phase appears to form over a small temperature
range (Figure 2(b)) as a line compound with constant Gd
concentration. Thus, any potential variation in the relative
phase fractions could be caused by possible variations
within the eutectic composition. However, it is more likely
that the effects shown in the divorced regions are caused
simply by adjustments of the 7y.,/GdNis spacing. The local
conditions of heat flow and mass flow in the liquid between
closely approaching dendrites result in a thicker single
layer of GdNis and, presumably, a corresponding thicker
surrounding layer of 7y, to maintain the eutectic composi-
tion. In the larger pockets of interdendritic liquid (coupled
growth regions), the eutectic phases adopt a different spac-
ing compared to the divorced regions. With this hypothesis,
a second semiautomatic image analysis procedure was
developed to reconstruct the 7., layer surrounding the
GdNis in the divorced regions.

Figures 7(a) and (b) show a mosaic image and an indi-
vidual photomicrograph with the divorced regions high-
lighted. The reconstructed vy, layer surrounding the
GdNis phase is thicker than the ., layer in the coupled,
lamellar eutectic regions (Figure 7(b)). The thicker ey
layer serves to approximately maintain the eutectic compo-
sition discussed in Section C. The procedure for delineating
the divorced regions involves first constructing the 7Yeu
areas using, for example, the chord length/dilation/erosion
technique described earlier (Figure 6). In the second step,
image processing is performed, which consists mainly of
a series of erosions applied to the vy, phase. Since the
divorced regions of 7., are generally thinner than the
interdendritic pockets, they will be eroded away first. A
judgment is necessary, however, to determine the exact
boundary between divorced and coupled eutectic regions.
In general, regions with a single layer of GdNis, which also
had appreciable length, were considered divorced regions
(Figure 7(a)). In addition, isolated islands of GdNis were
also treated as divorced eutectic, although some of these
could be caused by partial sectioning of larger structures.
The third step is to measure the average thickness of the
GdNis in the divorced regions (average ~2.5 um for alloy
5B). Finally, a layer of vy, is added to the outside of the
GdNis in a similar manner as described previously, with the
appropriate thickness to maintain the overall eutectic com-
position. The result is a somewhat thicker layer of 7yey
surrounding the GdNis in the divorced regions. This proce-
dure serves to maintain the eutectic composition on a local
scale throughout the microstructure. Perhaps more impor-
tantly, it serves to further reconstruct and visualize the
liquid phase that was present at the initiation of terminal
solidification and illustrates the fact that eutectic solidifica-
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(5)

Fig. 7—(a) Mosaic image of alloy 5B after image processing with the
regions of divorced eutectic highlighted. (b) Processed optical photomicro-
graph of alloy 5B microstructure showing primary 7y regions, eutectic
mixture of GdNis/y, and areas of eutectic y that crystallized over the
primary vy phase. The eutectic y region surrounding the “divorced” region
has been changed to maintain the overall eutectic composition.

tion need not proceed with uniform phase thicknesses in all
areas. The image analysis method can be used in any eutec-
tic alloy that shows regions of differing morphology caused
by changes in local solidification conditions. Note that the
actual thickness of the ., phase probably shows a more
gradual change in thickness between regions of “divorced”
and “coupled lamellar” growth. After application of this
second image analysis technique, the resultant eutectic
phase fractions are listed in the final two columns of Table
IV. The overall volume percentage of GdNis within the
eutectic for all alloys is found to be 41.0 = 1.93 pct. This
adjusted phase fraction is also used in construction of the
solidification diagram discussed later.

A slight overestimation of the GdNis/y,, ratio would
also be obtained if cross-sectioning effects are considered.
The effects of cross sectioning can be seen in Figures 1, 4,
6, and 7, where the thicknesses of the GdNis and y lamellae
change along their lengths within the interdendritic regions.
In general, the true thicknesses of the lamellae will be
measured when the layers are sectioned perpendicular to
their growth direction. The cross-sectioning effects are
accounted for, however, by measuring the distribution of
the yeu chord lengths (Figure 5) and using the peak in the
histogram to add a layer of vy, to the eutectic regions.

METALLURGICAL AND MATERIALS TRANSACTIONS A



Also, the dilation and erosion procedures fill in relatively
large areas of .. within the interdendritic pockets while
simultaneously adding a vy, layer to the outside of the
eutectic regions. The dilation/erosion procedure does not
add the correct amount of 7., in the divorced regions,
however, if the GdNis thickness is different than in the
coupled/lamellar regions. The differences in phase thick-
ness in the divorced regions could be due to adjustments
during eutectic growth or due to cross-sectioning effects.
The modified procedure described previously is an attempt
to adjust the reconstructed eutectic on a local scale within
the areas of divorced eutectic and successfully accounts for
both cross-sectional effects and changes in lamellar spacing
(phase thickness).

To model the alloy behavior as a binary system, the
eutectic composition can be estimated from knowledge of
the average measured value of approximately 41 vol pct
GdNis and 59 vol pct y austenite. With knowledge of the
mass fraction of Gd in GdNis, these results were converted
to weight percent to give ~14.7 wt pct Gd as the eutectic
composition in order to construct a binary solidification
diagram, as discussed later. As an illustration of the impor-
tance of the image analysis correction procedure, the results
obtained in the preceding analysis were compared to data
obtained if the technique is not used. If the eutectic regions
are simply “filled in” (closed GdNis images) without add-
ing a layer of 7y, on the primary dendrites (a common
oversight in image analysis of eutectic structures), the pro-
portion of GdNis in the eutectic is found to vary from 58 to
65 vol pct with an average value of 60.9 * 2.64 vol pct.
This value of GdNis eutectic fraction represents a large
error compared to the 41 vol pct GdNis measured in the
eutectic if the correction procedure is applied.

As a verification of the volume fraction correction method,
higher magnification images containing only eutectic constit-
uents were also obtained using SEM. This procedure can
only be applied to the high Gd alloys that contain isolated
regions of predominantly coupled growth and that are large
enough for accurate quantitative measurement at high mag-
nification. Photomicrographs for this analysis were taken in
selected areas of alloy 5B. Figure 8(a) shows a typical back-
scatter electron (BSE) photomicrograph obtained at 5 kV
accelerating voltage. A total of seven images from alloy
5B were analyzed to determine the volume fractions of the
eutectic constituents. Figure 8(b) shows a binary digitized
image with the GdNis phase highlighted. The measured vol-
ume percent of GdNis within the eutectic regions was 40 *
0.8 vol pct. This value agrees very well with the optical
microscopy/image analysis technique (41 = 1.9 vol pct)
described previously.

E. Solidification Diagram

The N06455-Gd alloys exhibit a solidification sequence
and corresponding solidification microstructure that is rem-
iniscent of a simple binary eutectic system. In this case, the
“solvent” can be represented by the Ni-Cr-Mo solid solu-
tion +y-austenite phase and Gd can be treated as the solute
element. The similarity of this y-Gd binary system to a
binary eutectic system is readily evident in several ways,
including the following: the as-solidified microstructure
consisting of primary y dendrites surrounded by an inter-
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Fig. 8—A backscatter electron photomicrograph and a binary digitized
image of isolated eutectic-type region in alloy 5B.

dendritic eutectic-type constituent in which the secondary
phase in the eutectic is solute rich; the amount of eutectic-
type constituent increasing with increasing solute content;
and the proportional amount of each phase within the eutec-
tic being relatively insensitive to nominal solute content.
Also note that the eutectic temperature is not strongly
dependent on the nominal Gd concentration. With these
similarities in mind, the image analysis and thermal analy-
sis data can be combined to develop a binary y-Gd solid-
ification diagram. The term ‘‘solidification” diagram is
used here in preference to ““phase’ diagram since the infor-
mation used to construct the diagram was acquired from
DTA solidification scans and characterization of as-solidi-
fied microstructures. As such, the diagram cannot be con-
sidered a phase diagram but rather pertains mainly to
understanding solidification behavior.

The solidification diagram is shown in Figure 9. The data
for the liquidus line were acquired from the heating DTA
scans and the nominal Gd concentrations along with the
liquidus temperature for a nominal UNS NO06455 alloy
(1427 °C). The eutectic line is plotted at a constant value
of 1258 °C, which is the average eutectic temperature from

VOLUME 37A, SEPTEMBER 2006—2823



1450 T e T T
t /
/
1400 Liquid / .
- /
o) /
g / -
*E 1350 | ,
g /
£ i, . 1
2 1300 o Y Liquid + GdNi_ ]
Liquid + y p)
I
1250 s+ GaNi
T AT GV U T T S U T S GO S A 0 Y Y S S U TS W [ S ST B A B
0 5 10 15 20 25 30 35

Gadolinium Concentration {wt%)

Fig. 9—Binary y-Gd solidification diagram. The liquidus temperatures
were determined on heating and the eutectic temperature was determined
on cooling at 10 °C/min. The eutectic composition was estimated by image
analysis techniques.

all the alloys used for the DTA cooling scans. As previously
discussed,"*'*"! the solidification temperature range of
fusion welds is best represented by the separation between
the on-heating liquidus temperature and on-cooling eutectic
temperature, because solidification initiates epitaxially at
the fusion line without the need for undercooling. Because
control and interpretation of weld fusion zone microstruc-
tures is a primary concern in the development of these
alloys,""? these reaction temperatures are chosen. The
GdNis phase is treated as an intermetallic line compound
and is represented by the vertical line at 35 wt pct Gd. The
eutectic line would normally extend from the line com-
pound composition to the maximum solubility of the solid
solution primary phase. However, since there is no Gd dis-
solved within the primary 7y austenite, the eutectic line
extends to 0 wt pct Gd and there is no vy single-phase field
on the diagram. The eutectic composition was not deter-
mined directly, but can be estimated from knowledge of the
composition and volume fraction of the GdNis phase within
the eutectic constituent, as described previously. Because
there is no solubility of Gd in the austenite, the eutectic
composition, C¢,4, is simply given by

e __ mgre GdNis
Ga = "1 Gani; Cad [3]

where "fGni, 1S the mass fraction of GdNis within the
eutectic. As shown in Table IV, the volume fraction of
GdNis, "fGani, 18 essentially constant at 0.41 (the average
value). Therefore, this value was taken as the eutectic value
and was converted to mass fraction by using the phase
densities given earlier. Using this mass fraction (0.421 =
0.0194) along with the GdNis composition of 35 wt pct
and Eq. [3] yields a eutectic composition of 14.7(4) =
0.68 wt pct Gd. Finally, the line representing the liquidus
in the liquid + <y phase field is a linear fit of all DTA and
image analysis measurements.

F. Comparisons with the Ni-Gd Binary System

Given the similarities between the solidification diagram
of Figure 9 and a binary system, it is interesting to compare
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Fig. 10—Binary Ni-Gd phase diagram, adapted from Ref. 15.

the behavior of the Ni-Cr-Mo-Gd alloys with that of the
Ni-Gd binary diagram. The phase diagram for the Ni-Gd
system'"! is shown in Figure 10. The diagram indicates a
eutectic reaction between Gd,Ni;; and Ni and a eutectic
composition at 13 wt pct Gd at 1275 °C. GdNis is indicated
to form by congruent melting. However, the compound
Gd,Ni; has not been observed in any of the extensive
characterization work during the development of y-Gd
alloys.!"?! It is possible that Gd,Ni;; does not form under
the heating and cooling rates of this study and the related
studies,*'*'*1 which include much larger ingots, or it is
possible that the more complex alloy chemistry in this sys-
tem suppresses formation of a Gd,Ni;-type compound. In
any case, if the Gd,Ni;7; compound is ignored, a simple
eutectic can be assumed between GdNis and Ni. The eutec-
tic composition of 87 wt pct Ni indicates that the proportion
of constituents within the eutectic in the binary system is
about 37 wt pct gadolinide and 63 wt pct Ni and is similar
to the 41 pct gadolinide measured here. The general sim-
ilarities between the Ni-rich portion of the Ni-Gd system
and the y-Gd solidification diagram lend support for the
representation of the behavior of these alloys with a binary
diagram. The fact that the eutectic point in the binary sys-
tem has a Ni-rich composition is also supportive of the
composition estimated for the eutectic-like composition
in this study. Furthermore, the similarities in the relative
locations of the eutectic points in the binary system and
binary solidification diagram also give confidence in the
image analysis technique used to estimate the eutectic-like
reaction in the soldification diagram.

IV. CONCLUSIONS

A binary y-Gd solidification diagram was developed as
an aid to understanding the solidification behavior of Ni-Cr-
Mo-Gd alloys. The diagram was developed from DTA
experiments and microstructural characterization. To esti-
mate the location of the eutectic point in the binary system
model, a quantitative metallographic method was employed,
which accounted for the portion of eutectic y that grows on
the primary y dendrites. To characterize the complex parti-
ally divorced morphology of the eutectic, advanced image
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analysis techniques were applied to reconstruct the morphol-
ogy of the interdendritic liquid just prior to terminal solid-
ification. The y-Gd alloy behavior is similar to a simple
binary eutectic in several ways, including the following:
the as-solidified microstructure consists of primary 7y den-
drites surrounded by an interdendritic eutectic-type constit-
uent in which the secondary phase in the eutectic is solute
rich, the amount of eutectic-type constituent increases with
increasing solute content, and the proportional amount of
each phase within the eutectic is relatively insensitive to
the nominal solute content. The similarities between the
Ni-Gd binary system and the y-Gd diagram provide confi-
dence in the simplified approach to describing the solidifi-
cation behavior of Ni-Cr-Mo-Gd alloys and further validate
the image analysis techniques used to quantify eutectic
microstructures.
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