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The sofidification temperature range of these alloys was found to be very large, 
leading to poor hot ductility and weldability 
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ABSTRACT. The development  of Gd- 
enriched austenitic alloys is currently 
being considered for nuclear criticality 
control in spent nuclear fuel storage ap- 
plications. In this research, the physical 
and welding metallurgy of Gd-enriched 
austenitic alloys has been investigated 
with a combination of differential thermal 
analysis, Varestraint and Gleeble tests, 
and various microstructural characteriza- 
tion techniques. The results of Gd addi- 
tions made to a 316L stainless steel-type 
matrix are presented in this article, and 
similar information is provided for Gd- 
enriched Ni-based alloys in the Part II 
companion article. 

Type 316L stainless steel alloys with up 
to 6 wt-% Gd were observed to solidify in 
the primary ferrite mode and terminate 
solidification by a peritectic reaction in- 
volving a (Fe,Ni,Cr)3Gd intermetallic that 
is rich in Ni and Gd. The ferrite partially 
transforms to austenite after solidification 
by a solid-state transformation, producing 
a final microstructure that has an 
austenitic matrix with remnant ferrite at 
the dendri te  cores and interdendri t ic  
(Fe,Ni,Cr)3Gd. Essentially no Gd is dis- 
solved in either the ferrite or austenite 
phases. Heating of the as-cast alloys leads 
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to liquation of the (Fe,Ni,Cr)3Gd inter- 
metallic at -1060°C, and this phase re- 
forms at a similar temperature during so- 
lidification. As a result, the solidification 
temperature range of these alloys is very 
large (360°-400°C, depending on Gd con- 
centration). The large solidification tem- 
perature range leads to poor hot ductility 
and weldability, and limits production of 
these materials on a commercial basis. In 
Part II of this article, it is demonstrated 
that the solidification response and resul- 
tant hot ductility and weldability are sig- 
nificantly improved with the use of 
Ni-based matrix compositions. 

Introduction 

Safe disposition of spent nuclear fuel 
owned by the United States Department 
of Energy requires the development of 
thermal neutron-absorbing structural ma- 
terials for nuclear criticality control. As 
shown schematically in Fig. 1, these mate- 
rials will be used for the internal baskets 
that separate spent fuel assemblies and 
are required for structural support, spent 
nuclear fuel geometry control, and nu- 
clear criticality safety. Given the large 
quantity of material required for this ap- 
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plication, the material  should be pro- 
ducible with conventional fabrication 
methods such as ingot casting and hot 
working. Ultimately, the material will be 
formed and welded into an internal struc- 
ture that will cradle the fuel and maintain 
a specified geometry (Ref. 1), so the ma- 
terial must also exhibit good weldability. 
In addition, the basket materials must be 
corrosion resistant under the projected 
storage conditions. 

Previous research on selection of can- 
didate alloys that could meet these re- 
quirements considered stainless steels 
containing boron (Refs. 2, 3). While these 
alloys are available as ASME code- 
approved materials, gadolinium (Gd) is 
significantly more effective than boron as 
an alloy addition for neutron absorption 
for two reasons. First, Gd has a signifi- 
cantly higher neutron absorption cross 
section than boron (765 barn for boron 
compared to 48,800 barn for Gd) (Ref. 4). 
Thus, Gd additions could potentially pro- 
vide a means for handling the highly en- 
riched fuel that cannot currently be han- 
dled with boron-containing stainless steel 
alloys. The higher thermal neutron ab- 
sorption capacity may also allow thinner 
sections of this material to be used, which 
may be important  to ensure the total 
weight of the canister stays within pre- 
scribed limits. Second, Gd-containing 
constituents in the alloy may not dissolve 
as quickly as chromium borides in the 
presence of water during basket material 
degradation due to long-term corrosion 
(Ref. 4). Therefore, there is interest in the 
use of Gd-containing alloys for storage, 
transportation, and disposal of spent nu- 
clear fuel. However, unlike stainless steel 
alloys containing boron, there has been 
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provide nuclear criticallY/safety during long- 
term storage and disposal. 

Fig. 1 - -  Illustration o f  standardized canister assembly for 
transportation and long-term storage o f  spent nuclear fuel 
owned by the Department o f  Energy. 

very little research on production 
and welding of Gd-containing 
austenitic alloys. 

There have been very few stud- 
ies of Gd-alloyed materials pro- 
duced by conventional ingot met- 
allurgy practice (Refs. 5-8). In 
addition, there are very little data 
available concerning the physical 
metallurgy of Gd-enriched alloys 
that can be used as a guide to de- 
velop weldable alloys that can be 
produced by conventional meth- 
ods. Phase equilibria data are vir- 
tually nonexistent, and the only 
available information concerning 
the relevant ternary systems con- 
sists of a partial isothermal sec- 
tion (at 25°C) for the Fe-Ni-Gd 
system (Ref. 5). Phase diagrams 
for the relevant binary systems, 
e.g., Fe-Gd, Ni-Gd, and Cr-Gd, 
are available (Ref. 6), and these 
indicate that the Fe-Gd and Ni- 
Gd systems both contain numer- 
ous intermetallic phases and 
complex solidification reaction 
sequences. In particular, peritec- 

tic reaction sequences appear to dominate 
the formation of intermetallic compounds 
in these systems (with the notable excep- 
tion for low Gd levels in the Ni-Gd system, 
where a eutectic reaction is observed). A 
detailed study of phase equilibria and so- 
lidification paths in the related Fe-Mo-Gd 
system (Ref. 7) revealed extremely com- 
plex solidification behavior in these alloys. 
In this system, nine binary invariant solid- 
ification reactions and eight ternary in- 
variant reactions were observed. It is 
known that a very limited quantity of Gd- 
alloyed austenitic stainless steel was pro- 
duced in the 1960s by a major stainless 
steel supplier (Ref. 8). However, the re- 
sults of that work are considered propri- 
etary by the producer, so that little is 
known of the composition ranges exam- 
ined, processing response, microstruc- 
tures, or resultant weldability. 

The objective of this research is to in- 
vestigate the development of weldable, Gd- 
enriched austenitic alloys for spent nuclear 
fuel storage applications. The results of Gd 
additions made to a stainless steel matrix 
are provided in this first article. These re- 
sults revealed significant technical chal- 
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Fig. 2 - -  L O M  photomicrographs. A, B - -  1.08 wt- % Gd alloy; C, D - -  4.00 wt- % Gd alloy. 
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Fig. 3 - -  Backscattered SEM photomicrograph of  4.0 wt- % Gd alloy. 

lenges to the development of weldable Gd- 
enriched stainless steel alloys produced 
with conventional hot working techniques. 
Subsequent research has shown that these 
obstacles can be surmounted with Gd addi- 
tions made to a nickel alloy matrix, and the 
results of that research are summarized in 
the Part II companion article (Ref. 9). 

Experimental  Procedure 

Eight stainless steel alloys with various 
Gd concentrations were melted by vac- 
uum induction heating. The ingots were 

100 mm square by 75 cm long. Details on 
the melting procedure can be found in 
Ref. 10. The compositions of these heats 
are provided in Table 1. A Gd-free 316L 
stainless steel was prepared as a baseline 
for comparison and is labeled 316L in 
Table 1. The remaining Gd-enriched al- 
loys are identified according to their tar- 
get nominal Gd concentrations (0.4, 1, 2, 
4, and 6 wt-% Gd). The nominal composi- 
tions were selected to provide a Type 316L 
matrix composition that would be ex- 
pected to solidify in a primary ferrite 
mode. Results of recent research (Ref. 11) 
has shown that these alloys form a Ni-rich 
(Fe,Ni,Cr)3Gd intermetallic phase that 
depletes the matrix of Ni and enriches the 
matrix in Cr, Mo, and Mn. Thus, in order 
to produce a matrix composition similar to 
that of 316L, adjustments to the nominal 
Ni, Cr, Mo, and Mn concentrations are re- 
quired to compensate for these alloy en- 
richment and depletion effects. (This is 
described in more detail in the Discussion 
section.) Two heats were produced of al- 
loys 0.4 and 1 wt-% Gd. The heats marked 

Ferrite Austenite 

'W' were used in the ~ /  
as-cast condition for ~ , ~  
differential thermal 
analysis and hot duc- 
tility testing. These 
test results were 
needed to select opti- 
mum hot working 
temperatures for the 
as-cast ingots. Alloys 
0.4-B, l-B, and 2 were 
reduced into plate by 
hot forging. (Alloys 4 
and 6 were used for 
testing only in the as-cast form.) Initial 
forging attempts and subsequent hot duc- 
tility results indicated that the alloys were 
sensitive to hot tearing at temperatures 
above approximately 1060°C and that the 
maximum ductility was achieved at ap- 
proximately 950°C. Thus, the hot forging 
was conducted in two separate steps. In 
the first step, the ingots were heated to 
950°C and hot forged to a thickness of ap- 
proximately 50 mm. Individual reductions 
of 12 mm were used. Each ingot received 
one or two reductions at a time before it 
was returned to the furnace for reheating. 
After reduction to approximately 50 ram, 
the ingots were allowed to cool and then 
sectioned into smaller lengths for easier 
handling in the hot forge. The smaller 
lengths were then reheated to 950°C and 
given a final reduction to plate that was 
approximately 19 mm thick and 115 mm 
wide. The final reduction was accom- 
plished in two to three sets of smaller re- 
ductions. After reduction, the ingots were 
annealed at 980°C for one hour and water 
quenched. 

o 

i , 

Ferrite (Ni,Fe)aGd 

Fig. 4 - -  Typical BEKP patterns acquired from various phases in the 
4 wt-% Gd alloy. 

Gleeble hot ductility tests were con- 
ducted on cylindrical bars 102 mm long 
and 6.35 mm in diameter with threaded 
ends. The samples were hea ted  in the 
Gleeble to the test temperature of interest 
at a rate of 100°C/min and held for 1 min 
at temperature. During this 1 min, the 
temperature was adjusted to the desired 
test temperature. The sample was then 
pulled in tension at a cross-head speed of 
1 mm/s. Type K thermocouples were used 
to monitor the temperature. Testing was 
done in a vacuum of -100  millitorr to re- 
duce oxidation and prevent detachment of 
the thermocouples. The reduction in area 
of the failed samples was determined as a 
measure of the hot ductility. 

Reaction temperatures during melting 
and solidification were measured using 
differential thermal analysis (DTA). The 
DTA was conducted on a Netzsch STA 409 
differential thermal analyzer using 500- to 
550-mg samples. The DTA system was cal- 
ibrated to within 2°C using a pure Ni stan- 
dard (melting point = 1455°C). Samples 
were melted and solidified under flowing 
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Table I - -  Experimental Heat Compositions (values in wt-%) 

Alloy Fe Ni Cr Mo Mn Si 

316L Bal. 11.52 16.64 2.76 1.73 
0.4-A Bal. 11.66 16.52 2.70 1.70 
0.4-B Bal. 11.45 16.47 2.75 1.62 
1-A Bal. 11.94 16.30 2.63 1.69 
1-B Bal. 11.81 16.37 2.74 1.91 
2 Bal. 12.22 16.12 2.74 1.60 
4 Bal. 13.06 15.30 2.50 1.55 
6 Bal. 13.86 14.69 2.38 1.48 

Gd P S N C 

0.12 - -  <0.001 0.002 0.009 0.005 
0.14 0.45 <0.001 <0.001 0.009 0.008 
0.11 0.38 0.002 0.002 0.003 <0.01 
0.10 1.08 <0.001 <0.001 0.008 0.012 
0.13 0.89 0.003 0.002 0.004 <0.01 
0.09 1.89 <0.001 <0.001 0.001 0.008 
0.17 4.00 <0.001 <0.001 0.001 0.006 
0.18 5.84 <0.001 <0.001 0.001 0.005 

BSE 

F e  

Gd 

Ni 

'~ , , , , ~ . ~  . . . . .  

Cr Mo 
-J~,, 

Fig. 5 - -  EDS spectrum images that quafitatively illustrate the distribution o f  
alloying elements in the austenite, ferrite, and Gd-rich phases present in the 
interdendritic region. 

Fig. 6 - -  EDS spectrum images that illustrate the distribution o f  alloying ele- 
ments in the austenite, ferrite, and Gd-rich phases present in the interdendritic 
region. 

argon in alumina crucibles, and pure alu- 
mina was used as the reference material. 
The samples were packed in alumina pow- 
der to prevent oxidation. Preliminary tests 
were conducted to establish the liquidus 
temperature of each alloy. After these 
preliminary tests, the samples were heated 
at a rate of 5°C/min to approximately 10°C 
above their liquidus. The samples were 
then cooled at 5°C/min to determine the 
temperatures of reactions that occur dur- 
ing solidification. Reaction temperatures 
were taken as deviations from the local 
baseline. Weldability tests were conducted 
with the Varestraint test. The Varestraint 
tests were conducted on alloys 0.4-B, l-B, 
and 2. The samples were removed from 
the annealed plate and machined to 165 

mm long x 25 mm wide x 6.4 mm thick. 
The welding parameters were 100 A, 9 V, 
and 3 mm/s travel speed. A constant aug- 
mented strain level of 3.5% was used. 

Light optical microscopy (LOM) was 
conducted on samples polished through 
0.04-/zm colloidal silica. Scanning electron 
microscopy (SEM) was performed using a 
JEOL 6300 field emission gun scanning 
electron microscope (FEG-SEM) at an 
accelerating voltage of 15 kV. Electron 
probe microanalysis (EPMA-WDS) was 
conducted on a JEOL 733 probe at an ac- 
celerating voltage of 15 kV and beam cur- 
rent of 20 nA. All EPMA samples were 
mounted in thermal setting epoxy, pol- 
ished flat to a 0.03-/zm finish using an alu- 
mina slurry, ultrasonically cleaned in 

acetone, and carbon coated prior to analy- 
sis. Pure element standards were used for 
calibration, and raw data were reduced to 
weight percentages using a ZAF algo- 
rithm (Ref. 12). 

Backscattered electron Kickuchi pat- 
terns, also known as electron backscatter- 
ing patterns (EBSP), were collected using 
a JEOL 6400 SEM and a charge-coupled 
device (CCD) based camera system. Pat- 
terns were obtained from samples using a 
20-kV accelerating voltage, 10-nA beam 
current, and 70-deg specimen tilt. The pat- 
terns were collected by stopping the elec- 
tron beam on the feature or area of inter- 
est. The CCD camera acquisition time is 
controlled by automatic blanking of the 
SEM electron beam. Typical exposure 
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Fig. 7 - - A  - -  Dark-field TEM photomicrograph; and EDS spectra acquired from the following: B - -  Gd-rich phases; C - -  austenite; and D -- ferr i te  in 
6 wt-% Gd alloy. 

times for this study were in the range of 2 
to 10 s. The raw patterns were corrected 
for the background intensity using a fiat- 
fielding procedure. Qualitative chemistry 
information was obtained through energy 
dispersive X-ray spectrometry (EDS), and 
the crystallographic information was auto- 
matically extracted from the pat terns  
using software developed at Sandia Na- 
tional Laboratories. The crystallographic 
information along with the qualitative 
chemistry information were used to search 
the International Center for Diffraction 
Data  ( ICDD) Powder Diffraction File 
(PDF). 

Specimens for transmission electron 

microscopy (TEM) were prepared by ini- 
tially cutting samples into 2-mm-thick 
slices. The slices were ground from both 
sides to a thickness of approximately 150 
/zm using a series of 300, 600, 800, and 
1200 SiC sandpapers. Slices were then cut 
into a 3-mm-diameter disc using a Gatan 
punch. The discs were polished to approx- 
imately 80 ~m and thinned again to ap- 
proximately 30 p,m by dimpling. Final 
preparation of the foils was accomplished 
by ion beam thinning in a precision ion 
polishing system. Thin foils were exam- 
ined using a JEOL 2000FX transmission 
electron microscope (TEM) equipped 
with an Oxford 2000 II energy-dispersive 

spectrometer (EDS) for qualitative chem- 
ical analysis. The accelerating voltage was 
200 kV, and a double tilt specimen holder 
was used so that the specific orientation 
could be obtained. Imaging was con- 
ducted in both dark and bright field 
modes. Crystal structure information was 
obtained with the selected area diffraction 
(SAD) technique. 

R e s u l t s  

A s - C a s t  M ic ros t ruc tures  

As previously mentioned, no informa- 
tion exists in the open literature on phase 
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Table 2 - -  Distribution of Alloying Elements in Austenite, lnterdendritic Ferrite, and (Fe,Ni,Cr)3Gd Table 3 - -  WRC Nieq and Creq Values and 
Phases Observed in Alloy 6 (All values listed in wt-%.) Expected Solidification Mode for Each Alloy 

Phase Fe Ni Cr Mo Si Gd 

Austenite 66.6 --- 0.3 11.4 +-- 0.2 15.7 ___ 0.2 2.6 __. 0.1 < 0.1 <0.1 
Ferrite 66.7 ___ 2.4 2.3 ___ 0.3 23.5 -+ 2.0 4.2 --- 0.2 < 0.1 <0.2 
(Fe,Ni,Cr)3Gd 19.6 --- 1.7 27.8 + 2.4 1.7 _+ 0.2 < 0.1 1.5 --- 0.5 49.0 _ 0.9 

Alloy Nieq Creq Solidification 
Mode 

0.4-A 12.1 19.2 FA 
0.4-B 11.9 19.2 FA 
1-A 12.5 18.9 FA 
1-B 12.2 19.1 FA 
2 12.5 18.9 FA 
4 13.3 17.8 AF 
6 14.1 17.1 AF 
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Fig. 9 - -  Reduction in area as a funct ion o f  temperature for  0.4, 1.0, and  6.0 
wt- % G d  alloys. 

Fig. 8 - -  Br~,ttl .rich/image am/se l ec t ed  area di/]i'action patterns .lh)m 
major  and  thin gadolinium-containing constituents. 

equilibria of Gd-enriched stainless steels. 
Thus, this section summarizes the types of 
phases that form during solidification of 
the ingots, which, as shown later, have a 
strong influence on the hot ductility and 
weldability of these alloys. Figure 2 shows 
typical low and high magnification LOM 
photomicrographs of alloys 1-A and 4 in 
the as-cast condition. Apart  from the rel- 
ative phase fractions, the microstructural 
features observed in these two alloys were 
typical of the remaining experimental al- 
loys. Figure 3 shows a backscattered elec- 
tron photomicrograph of alloy 4 in which 
the various phases are labeled, and Fig. 4 
shows typical backscattered diffraction 
patterns acquired from each phase that 
were utilized for the phase identification. 
The as-cast microstructures contain four 
phases: the austenite matrix, delta ferrite, 
sigma, and an intermetallic (Fe,Ni,Cr)3Gd 
phase. The (Fe,Ni,Cr)3Gd phase appears 

light in the backscat- 
tered image of Fig. 3 
due to its high atomic 
number (from the high 
Gd concentration).  
The amount of this 
phase was observed to 
increase with increas- 
ing Gd concentration. 
The delta ferrite ap- 
pears in two places 

throughout the microstructure - -  in the 
cell cores and in the interdendri t ic  re- 
gions. Often, there is a very thin Gd-rich 
phase adjacent  to the major 
(Fe,Ni,Cr)3Gd phase in the interdendritic 
area, which was too small to identify with 
EBSD. This Gd-containing region is gen- 
erally connected to the major gadolinide 
at its ends (in the two-dimensional pol- 
ished section), and surrounds the inter- 
dendritic delta ferrite (see circled regions 
in Fig. 3). 

Figures 5 and 6 show a backscattered 
SEM image (labeled BSE) and EDS spec- 
trum images that qualitatively illustrate 
the distribution of alloying elements in the 
austenite, ferrite, and Gd-rich phases pre- 
sent in the interdendri t ic  region. EDS 
maps for Fe, Ni, Cr, Mo, and Gd are 
shown. The delta ferrite is enriched in Cr 
and Mo and depleted in Ni relative to the 
austenite matrix. This segregation behav- 

ior is typically observed between ferrite 
and austenite in stainless steels (Ref. 12). 
Cr and Mo each have identical crystal 
structures as delta ferrite (body-centered 
cubic) and thus exhibit higher solubility in 
the delta ferrite. Similarly, Ni and the 
austenite matrix are each face-centered 
cubic, and Ni preferentially segregates to 
the austenite. There is a subtle difference 
between Figs. 5 and 6 that is important to 
note. In Fig. 5, the thin Gd-rich phase is 
present on each side of the larger 
(Fe,Ni,Cr)3Gd phase. When this mor- 
phology was observed, ferrite was also 
present  on each side of the larger 
(Fe,Ni,Cr)3Gd phase. However, as shown 
in Fig. 6, when the thin Gd-rich phase was 
not present  on one side of the larger 
(Fe,Ni,Cr)3Gd phase, the ferrite was not 
observed on that side either. In addition, 
as the circled areas on the BSE images of 
Figs. 5 and 6 show, the thin Gd-rich con- 
stituent and the major gadolinide often 
have oscillating features along their inter- 
faces with the intervening ferrite. In cases 
where the oscillating features are present 
on both the thin and major constituents 
(as in Fig. 5), it often appears that the os- 
cillations are coupled. The significance of 
these observations are discussed later 
when the t ransformation sequence of 
these alloys is described. 

Electron probe microanalysis was con- 
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Fig. 10 - -  DTA scans acquired on alloys with the fol lowing conditions: A - -  1 wt-% Gd, heating; B - -  4 wt-% Gd, heating; C - -  6 wt-% Gd, heating; and  D 

- -  6 wt- %, cooling. 

ducted on alloy 6 to determine the com- 
position of each phase, and the results are 
listed in Table 2. Note that the target 
austenite matrix composition is very close 
to that required for 316L (10-14 wt-% Ni, 
16-18 wt-% Cr). The slightly low Cr in the 
austenite results from the high Cr content 
observed in the interdendritic ferrite (23.5 
wt-% Cr). The composit ion of the 
(Fe,Ni,Cr)3Gd is consistent with the stoi- 
chiometry of this phase. There is essen- 
tially no solubility of Gd in the austenite 
matrix or ferritic constituents. This indi- 
cates that essentially all the Gd is 
contained in the Gd-rich intermetall ic 
constituents. 

As described above, the (Fe,Ni,Cr)3Gd 
phase in the interdendritic regions is rela- 
tively coarse and often accompanied by a 
very thin (<  0.1/zm) Gd-rich phase. Posi- 
tive identification of this thin Gd-rich 
phase was not possible by EPMA or EBSD 
because its size is beyond the resolution 
limit of these techniques. Thus, a TEM in- 
vestigation of thin foils was performed. 
For this study, a region of alloy 6 was se- 
lected that contained both the coarse 
(Fe,Ni,Cr)3Gd intermetall ic and the 
smaller Gd-rich phase. Figure 7 shows a 
dark field TEM image in which each Gd 

phase is identified. The major 
(Fe,Ni,Cr)3Gd constituent was identified 
previously by EBSD and the smaller Gd 
phase is labeled Gd2 in Fig. 7. Energy-dis- 
persive spectrometry spectra were ob- 
tained from both phases and were identi- 
cal within the expected errors of counting 
statistics, which is _+ 10% relative (only 
one spectra is shown in Fig. 7). The EDS 
spectra from the intervening ferrite is re- 
duced in Ni compared to the EDS spec- 
trum from the austenite. The austenite is 
relatively low in Cr and enriched in Fe. 
These data compare well with the EDS 
spectrum images displayed in Figs. 5 and 
6. The TEM-EDS spectra provide a pre- 
liminary indication that the two Gd phases 
are identical. However, diffraction evi- 
dence is required for positive identifica- 
tion since it is possible for two phases to 
have similar compositions, but different 
crystal structures. 

Figure 8 shows a bright field image and 
SAD patterns from the (Fe,Ni,Cr)3Gd and 
Gd2 constituents. The similarity of the two 
SAD patterns indicate that the two con- 
stituents are the same phase in essentially 
the same orientation, and measurement of 
the average diffraction spot spacing and 
pat tern angles confirms this similarity. 

Note that there are a few spots in the SAD 
patterns (part icularly from the 
(Fe,Ni,Cr)3Gd phase) that seem not to be 
in the same array as most of the other 
spots. The SAD patterns come from re- 
gions at best - 0 . 5  /xm in diameter ,  in 
which case the diffraction spots from the 
surrounding ferrite and/or austenite may 
also contribute to the pattern. Convergent 
beam electron diffraction analysis of the 
gadolinide constituents yielded results 
that confirmed the SAD observations. 
Thus, the TEM data confirm that both 
Gd-containing constituents have identical 
structure and orientation and, when com- 
bined with the EDS and EBSD data, prove 
that both are (Fe,Ni,Cr)3Gd. 

Hot Ductility and Solidification Behavior 

The hot ductility behavior of engineer- 
ing alloys is important  from both hot 
working and weldability perspectives. In 
general, alloys that possess good ductility 
at temperatures approaching the melting 
temperature can typically be hot worked 
easily and welded without cracking prob- 
lems in the heat-affected zone. Con- 
versely, loss of ductility at temperatures 
well below melting usually signals poten- 
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Fig. 11 - -  Variation in liquidus and liquation temperatures with gadolinium 
concentration. 
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tial problems with hot working and heat- 
affected zone cracking. Similarly, the so- 
lidification behavior (e.g., solidification 
temperature range and amount/type of 
phases that form during solidification) 
provide an indication of resistance to so- 
lidification cracking. In this regard, alloys 
that show a relatively narrow solidification 
temperature range typically exhibit good 
resistance to solidification cracking. The 
hot ductility and solidification behavior of 
the experimental alloys are discussed in 
this section. 

Hot ductility testing was conducted on 
alloys 0.4-A, l-A, and 6, and the results are 
shown in Fig. 9. The reduction in area of 
each alloy reaches a maximum at -950°C, 
and decreases significantly at tempera- 
tures below and above 950°C. In addition, 
the maximum ductility is a function of the 
Gd concentration, where increasing Gd 
reduces the peak reduction in area. The 
ductility is completely lost at temperatures 
above approximately 1060°C. 

Figure 10 shows typical DTA scans ac- 
quired from alloys l-A, 4, and 6. The heat- 
ing scans are shown for alloys 1-A and 4, 
while both the heating and cooling scans 
are shown for alloy 6. The representative 
scans shown here are typical of those ob- 
served for the remaining alloys. For each 
alloy, there is a reaction that initiates at 
approximately 1060°C on heating. Note 
that the area under the peak, which is pro- 
portional to the energy released during 
the  transformation and, therefore, the 
amount of phase that transforms during 
the reaction, increases with increasing Gd 
concentration. Considering that the vol- 
ume fraction of (Fe,Ni,Cr)3Gd increases 
with increasing Gd level (Ref. 10), it is rea- 
sonable to conclude that the reaction ini- 
tiating at -1060°C is liquation of the in- 
terdendritic Gd constituent. In addition, 
note that this liquation temperature is in 
excellent agreement with the hot ductility 

curve shown in Fig. 9, 
where the ductility ap- 
proaches zero near 
1060°C. Liquation of a 
secondary phase is well 
known to induce signif- 
icant reductions in duc- 
tility (Ref. 13). With 
continued heating, the 
liquation reaction is 
completed around 
1090°C. There is often 
evidence of two sepa- 
rate liquation peaks in 
the DTA scans (e.g., for 
the 4 and 6 wt-% Gd al- 
loys), suggesting there 
are two separate liqua- 
tion events that occur 
on heating. The solidifi- 
cation behavior also ex- 
hibits two separate 
peaks on cool ing--  Fig. 
10D. Figure 11 summa- 
rizes the DTA data, in 
which the average li- 
quation and liquidus 
temperatures are plot- 
ted as a function of Gd 
concentration. The li- 
quation temperature is 
essentially constant at 
-1060°C, while the liq- 
uidus temperature decreases with increas- 
ing Gd concentration. It is important to 
note that the melting temperature range 
of these alloys in the as-cast condition 
varies from approximately 360 ° to 400°C. 
This range is extremely large and is re- 
sponsible for the poor hot ductility dis- 
played in Fig. 9. 

A series of interrupted DTA scans was 
conducted in order to confirm that the 
low-temperature peaks were associated 
with liquation of the (Fe,Ni,Cr)3Gd con- 
stituent. A 6 wt-% Gd sample was heated 

Fig. 12 - -  L O M  photomicrographs showing DTA samples heated to the 
following: A - -  1460°C; B - -  1070°C; and C -  1135°C. 

to a peak temperature of 1070°C, which is 
just above the liquation start temperature, 
and cooled. Similarly, a sample was heated 
to 1135°C, which is just above the liquation 
finish temperature, and cooled. These 
DTA samples were then metallographi- 
cally compared to a sample that was 
heated to 1460°C where it was completely 
melted and then resolidified. Figure 12 
shows the DTA samples from these three 
scans. The sample heated to 1460°C (Fig. 
12A) shows a microstructure identical to 
the as-cast ingots, thus demonstrating that 
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the temperatures derived from the DTA 
tests accurately reflect the reaction tem- 
peratures  of the large-scale heats, and 
these are discussed further below in terms 
of the reaction sequences. The only ex- 
ception here is formation of the sigma 
phase, which is not observed in the DTA 
samples. For the sample heated to 1070°C 
(Fig. 12B), there is direct evidence of li- 
quation between the (Ni,Fe,Cr)3Gd and 
the interdendrit ic ferrite. This suggests 
that liquation occurs in two separate steps, 
where the interdendritic ferrite first reacts 
with the surrounding (Ni,Fe,Cr)3Gd, fol- 
lowed by a second step where the remain- 
ing (Ni,Fe,Cr)3Gd begins to react with the 
austenite.  When the sample is heated 
above the liquation finish temperature,  
the original as-cast microstructure con- 
sisting of the full (Ni,Fe,Cr)3Gd/fer- 
r i te/(Ni,Fe,Cr)3Gd morphology is re- 

stored, demonstrating that the entire in- 
terdendritic constituent was completely 
molten at this temperature. 

Weldability 

Figure 13 shows the Varestraint data in 
terms of both the maximum and total 
crack lengths for the Gd-free 316L alloy in 
addition to alloys 0.4-B, l-B, and 2. Mi- 
crostructural examination of the as-cast 
ingot of the Gd-free alloy confirmed that 
it solidified by primary ferrite. Thus, this 
alloy is expected to exhibit good resistance 
to solidification cracking. The Varestraint 
results show that the solidification crack- 
ing susceptibility is very sensitive to the Gd 
concentration of the alloy, where exten- 
sive cracking is observed with increasing 
Gd concentration. In fact, as shown in Fig. 
14, Varestraint samples exhibited severe 

cracking outside of the test zone (i.e., in 
the region where no external strain was 
applied). 

Discussion 

Microstructural Evolution 

The information presented in the pre- 
vious sections can be used to understand 
the general microstructural evolution, hot 
ductility, and weldability of Gd-enriched 
stainless steels. The as-cast alloys exhibit 
four distinct phases: the austenite matrix, 
ferrite, (Ni,Fe,Cr)3Gd, and sigma. Ferrite 
is observed both in the cell cores and in- 
terdendrit ic regions. The DTA samples 
show peaks corresponding to these con- 
stituents, with the exception that sigma 
does not form under the DTA cooling con- 
ditions. There is essentially no Gd dis- 
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that were expected to 
produce a predomi- 
nantly austenitic ma- 
trix. These observa- 
tions demonstrate 
that selection of bulk 
composition aimed 
at forming an 
austenitic matrix 
must consider for- 
mation of the 
( N i , F e , C r ) 3 G d  
phase, and its con- 
comitant effect on 
the matrix composi- 
tion and phase stabil- 
ity. A quantitative 
mass balance tech- 
nique for this pur- 
pose has recently 
been derived (Ref. 
11) and was applied 
to the alloy composi- 
tions originally pre- 

sented in Table 1 to produce austenitic al- 
loys that solidified in the FA mode. The 
fact that all the alloys exhibited a matrix 
that was predominately austenite with fer- 
rite at the dendrite cores confirms that the 
technique is valid for these alloys. 

The information presented above is 
used to propose a phase transformation 
sequence that accounts for the types and 
morphologies of phases observed experi- 
mentally. This transformation sequence is 
shown schematically in Fig. 15. Ferrite is 
observed in the cell cores, which indicates 
that solidification starts by the formation 
of primary ferrite. Primary ferrite solidifi- 
cation is known to be accompanied by re- 
jection of Ni (and Gd) to the liquid and 
segregation of Cr and Mo to the ferrite 
(Ref. 13). Thus, the ferrite at the dendrite 
core is depleted in Ni and enriched in Cr 
and Mo relative to the ferrite in the inter- 
dendritic region. Since Gd is essentially in- 
soluble in the ferrite (and austenite) 
phases, Gd segregates aggressively to the 
liquid during solidification. Primary fer- 
rite solidification and Gd enrichment in 
the liquid continues until, at approxi- 
mately ll00°C, the peritectic Liquid + 
Ferrite --* (Ni,Fe,Cr)3Gd reaction initi- 
ates in the interdendritic regions. For 
much of the solidifying volume this reac- 
tion continues to complet ion--  Figs. 3, 15. 
In other regions, however, a thin 
(Ni,Fe,Cr)3Gd rim is also formed. This 
thin gadolinide constituent was shown to 
be connected to the major gadolinide, and 
to have the same composition, structure, 
and crystallographic orientation as the 
major gadolinide. It was also shown that 
when the thin rim is present, ferrite is al- 
ways present between the rim and the 
major gadolinide. Finally, some interfaces 
on the rim were seen to display oscillating 
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Fig. 16 - -  Variation in (Fe, Ni, Cr) jGd content with Gd  concentration mea- 

sured on small-scale, Gd-enriched stainless steels. 

solved in the austenite matrix or ferrite 
phases, and the (Ni,Fe,Cr)3Gd phase is lo- 
cated in the interdendritic regions, indi- 
cating that it formed at the end of solidifi- 
cation. Ferrite, when present in the 
interdendritic regions, is generally sur- 
rounded by a thin layer of (Ni,Fe,Cr)3Gd. 

For reference, the Welding Research 
Council (WRC) Nieq and Creo values for 

• H 
each alloy are shown m Table 3 along with 
the expected solidification mode. Based 
on the 1992 WRC diagram (and initially 
disregarding the presence of the Gd), al- 
loys 4 and 6 would be expected to solidify 
in the AF mode, while the remaining al- 
loys would be expected to solidify in the 
FA mode. However, all the alloys con- 
tained ferrite in the cell/dendrite cores, 
which indicates that ferrite was the pri- 
mary solidification phase for all the alloys. 
This suggests that the presence of Gd pro- 
motes primary ferrite solidification by 
shifting the 8/7 primary solidification 
phase boundary to higher Ni concentra- 
tions and lower Cr concentrations (i.e., the 
primary 8-ferrite phase field is enlarged 
with increasing Gd additions). 

Additions of Gd can also affect the 
final ferrite content by formation of the 
(Ni,Fe,Cr)3Gd phase that occurs near the 
end of solidification. As previously men- 
tioned, recent research (Ref. 11) has 
shown that formation of the Ni-rich 
(Ni,Fe,Cr)3Gd phase depletes the matrix 
of Ni and enriches the matrix in Cr and 
Mo. In fact, small-scale heats that were 
prepared in previous research (Ref. 11) 
with a nominal 316L composition and ad- 
ditions of 8 and 10 wt-% Gd exhibited a 
fully ferritic matrix due to extensive de- 
pletion of Ni and enrichment of Cr in the 
matrix, even though the nominal 316L 
composition had Ni and Cr concentrations 

features that were correlated spatially to 
similar features on the major gadolinide 
- -  Fig. 5. 

The reasons for this interesting behav- 
ior are not readily apparent, but recent 
work by Tevedi and coworkers (Refs. 
14-17) and summarized by Boettinger et 
al. (Ref. 18) provides at least a qualitative 
basis for understanding the microstruc- 
tural development. Through experimental 
and modeling approaches, the referenced 
work has shown that a wide variety of mi- 
crostructures (at least six variants have 
been classified) can develop in peritectic 
systems. In turn, these microstructures are 
strongly dependent on the convective and 
diffusion conditions prevalent during so- 
lidification. In particular, both banded (al- 
ternating primary and peritectic phases) 
and oscillatory structures (in which the 
primary and peritectic phases grow in os- 
cillating continuous tree-like structures) 
appear to be present in the Gd-stainless 
steels• In this case, it is speculated that 
fluctuations in the local convection and 
thermal fields occasionally give rise to 
conditions favoring these microstructural 
variants. Following formation of a thin 
layer of peritectic gadolinide, in these lo- 
cations new "secondary" ferrite is also 
formed (at approximately 1060°C). It is 
also surmised that this process also occa- 
sionally gives rise to the oscillatory struc- 
tures. Just following solidification (i.e., 
before subsequent solid-state transforma- 
tions), this sequence would produce a mi- 
crostructure with the following spatial 
morphology: primary ferrite/ (Ni,- 
Fe,Cr)3Gd/"secondary" ferrite/ (Ni,- 
Fe,Cr)3Gd, as observed experimentally in 
the rimmed regions. However, the pri- 
mary ferrite is not stable during subse- 
quent cooling and will transform to 
austenite by a diffusional transformation 
that involves rejection of Cr and Mo at the 
advancing austenite/ferrite boundary 
(Ref. 13). The transformation tempera- 
ture of the ferrite --* austenite reaction is 
composition dependent, and regions of 
relatively high Ni and low Cr concentra- 
tions will transform at higher tempera- 
tures (Ref. 20). Since the interdendritic 
ferrite is higher in Ni and lower in Cr rel- 
ative to that at the dendrite core, the let- 
rite ~ austenite reaction is expected to 
initiate during cooling at the interden- 
dritic region, with the austenite/ferrite 
boundary advancing back toward the den- 
drite core during subsequent cooling. The 
high Cr and Mo contents of the first fer- 
rite that forms stabilize the ferrite at the 
dendrite core to lower temperatures, 
which accounts for the remnant primary 
ferrite observed at the dendrite cores. 

The formation of austenite from the 
ferrite would lead to Cr and Mo rejection 
at the advancing interface, thus producing 
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Table 4 - -  Summary of Proposed Transformation Sequence 

Reaction 

Solidification 

1) Liquid --~ Ferrite 
2) Liquid + Ferrite -~ (Ni,Fe,Cr)3Gd 
2a) In isolated regions. Liquid + "Secondary" 

Ferrite ---) (Ni,Fe,Cr)3Gd 

3) Primary Ferrite --~ Austenite 

Comments 

Liquid enriched in Ni and Gd 
Liquid depleted in Ni and Gd 

"Secondary" Ferrite depleted in Ni and 
enriched in Cr, Mo 

Solid-State Transformations 

4) Sigma nucleation and growth 
at ferrite/austenite boundary 

5) Secondary Ferrite persists when surrounded 
by (Ni,Fe,Cr)3Gd phase 

locally elevated Cr and Mo concentrations 
at the primary ferrite/austenite boundary. 
Sigma phase is known to nucleate at the 
austenite/ferri te boundaries  where the 
local Cr and Mo content is high (Ref. 21), 
and this accounts for the presence of 
sigma observed at the austenite/ferri te 
boundaries in the large-scale heats. The 
lack of sigma at this location in the DTA 
samples is apparently related to cooling 
rate. Since sigma forms by a diffusional 
transformation,  the cooling rate of the 
DTA samples after solidification was ap- 
parently too high for the solid-state reac- 
tion of sigma to occur. Lastly, comparison 
of Figs. 5 and 6 showed that ferrite per- 
sisted in the interdendritic regions only 
when the (Ni,Fe,Cr)3Gd was present on 
both sides of the ferrite. According to the 
transformation sequence proposed here, 
this is the so-called "secondary" ferrite 
that forms after the first Liquid + Ferrite 

(Ni,Fe,Cr)3Gd peritectic-type reaction. 
As mentioned above, subsequent solid- 
state t ransformation of this ferrite to 
austenite requires redistribution of Cr and 
Mo. However, the Liquid + Ferri te 
(Ni,Fe,Cr)3Gd peritectic-type reactions 
can cause the secondary ferrite to be en- 
veloped by the (Ni,Fe,Cr)3Gd phase. Sub- 
sequent transformation of the secondary 
ferrite to austenite then requires diffusion 
of Cr, Mo, and Ni through the 
(Ni,Fe,Cr)3Gd phase, but the diffusion 
rate of these substitutional elements is ex- 
pected to be extremely slow through the 
intermetallic (Ni,Fe,Cr)3Gd phase. Thus, 
the (Ni,Fe,Cr)3Gd phase acts as a diffu- 
sion barr ier  and prevents subsequent 
solid-state t ransformation of the sec- 
ondary ferrite. This explains why the sec- 
ondary ferrite is stable to room tempera- 
ture only when surrounded by the 
(Ni,Fe,Cr)3Gd phase on each side - -  Fig. 
5. When the (Ni,Fe,Cr)3Gd phase is ab- 
sent from one side, solid-state diffusion of 

Causes Cr and Mo enrichment at primary 
ferrite/austenite boundary 

Only observed in large-scale ingots (slower 
cooling rate) 

(Ni,Fe,Cr)3Gd phase acts as nucleation 
barrier to Ferrite ~ Austenite transformation 

Cr and Mo can occur on this side (Fig. 6), 
thus permitting transformation of ferrite 
to austenite. The proposed transforma- 
tion sequence is summarized in Table 4. 
The sequence proposed here accounts for 
the type and morphologies of phases ob- 
served experimentally and the dual peak 
observed in the DTA scans near 1060°C. 

Solidification Cracking and Hot Ductility 

The solidification cracking susceptibil- 
ity is controlled primarily by the solidifica- 
tion temperature range and amount of ter- 
minal liquid that forms at the end of 
solidification. Alloys that exhibit a large 
solidification temperature range and form 
less than about 5-7 vol-% terminal liquid 
in a continuous or semicontinuous film 
along the grain boundaries and interden- 
dritic regions are known to be most sus- 
ceptible to cracking (Ref. 22). At larger 
volume fractions of terminal liquid, gen- 
erally beyond 7-10 vol-%, backfilling of 
cracks by the terminal liquid can begin to 
occur, and cracking susceptibility is 
reduced with increasing amounts of ter- 
minal liquid. 

The DTA results showed that these al- 
loys exhibit a very wide solidification tem- 
perature range (360°-400°C). The amount 
of (Ni,Fe,Cr)3Gd provides an indication 
of the amount of terminal liquid. Since 
there is essentially no Gd dissolved in the 
austenite or ferrite phases, all of the Gd is 
consumed in formation of the 
(Ni,Fe,Cr)3Gd phase, and the amount of 
terminal Gd-rich liquid is expected to in- 
crease with increasing Gd concentration. 
This was observed experimentally. Figure 
16 shows quantitative image analysis re- 
suits in which the amount of 
(Ni,Fe,Cr)3Gd phase was measured on 
small-scale Gd-enriched stainless steels 
with compositions similar to that used in 
this work (Ref. 11). As expected, these re- 

suits show that the amount of 
(Ni,Fe,Cr)3Gd increases with increasing 
Gd concentration. The results for alloys 
with less than 2 wt-% Gd are of interest to 
the weldabili ty response. While alloys 
within this Gd concentration range show 
an increase in (Ni,Fe,Cr)3Gd content with 
increasing Gd concentration, the volume 
fraction is always less than 5% when the 
Gd concentration is below 2 wt-%. Thus, 
no appreciable backfilling is expected in 
these alloys. The Varestraint test results 
show that hot cracking susceptibility in- 
creases substantially with increasing Gd 
concentration. Figure 11 shows that the 
solidification temperature  range de- 
creases moderately with increasing Gd 
concentration. Thus, the trend shown in 
Fig. 13 cannot be attributed to any factor 
related to the solidification temperature 
range because the solidification tempera- 
ture range slightly decreases with increas- 
ing Gd concentration. Comparison of 
Figs. 13 and 16 shows that the maximum 
and total crack lengths increase with in- 
creasing (Ni,Fe,Cr)3Gd content.  Thus, 
based on these observations, the poor re- 
sistance to solidification cracking can gen- 
erally be attributed to the very low Liquid 
+ Ferrite ~ (Ni,Fe,Cr)3Gd reaction tem- 
perature and concomitantly large solidifi- 
cation temperature range, while the in- 
crease in cracking susceptibility observed 
with increasing Gd concentration can be 
attributed to larger amounts of the low- 
temperature liquid that form as the Gd 
level is increased. As shown in Fig. 9, the 
hot workability is also significantly af- 
fected by the low-temperature 
(Ni,Fe,Cr)3Gd phase since there is no sub- 
stantial ductility above the liquation tem- 
perature of the (Ni,Fe,Cr)3Gd phase. 

Finally, it is interesting to note that, 
based on the Fe-Gd or Ni-Gd binary phase 
diagrams, formation of the (Ni,Fe,Cr)3Gd 
phase is not expected for alloys with the 
Gd levels considered here. Based on these 
binary systems, (Fe,Ni) 17Gd2 would be the 
first intermetallic expected to form during 
solidification for alloys within the Gd con- 
centration range considered here. In the 
N i-Gd system, the NilTGd 2 phase forms by 
a terminal eutectic reaction for Gd levels 
below approximately 13 wt-% Gd. In the 
Fe-Gd system, the FelyGd 2 forms first by 
a peritectic reaction that is followed by 
cascading peritectics involving the 
Fez3Gd 6 and Fe3Gd phases. Solidification 
then terminates with a eutectic reaction 
involving the FezGd phase. In any case, 
the equilibrium microstructure (based in 
the simple binary diagrams) is expected to 
be austenite and (Fe,Ni)lvGd 2. The liqua- 
tion temperature  of the Fe]vGd 2 and 
Niz3Gd 6 phases is appreciably higher than 
that of the (Fe,Ni,Cr)3Gd phase that is ob- 
served experimentally (1335°C in the Fe- 
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Gd system and 1275°C in the Ni-Gd sys- 
tem). This implies that heat treating of the 
as-cast material may promote dissolution 
of the low-temperature (Fe,Ni,Cr)3Gd 
phase and formation of the higher-tem- 
perature (Fe,Ni)17Gd 2 phase. However, a 
wide range of heat treatment tempera- 
tures (900 ° to 1270°C) and times (2 to 16 
h) was recently investigated for this pur- 
pose, and it was found that the low-tem- 
perature (Fe,Ni,Cr)3Gd phase cannot be 
dissolved under these heat treatment con- 
ditions. In fact, new higher gadolinides 
with even lower liquation temperatures 
were observed. Details of this study can be 
found in Refl 10. 

Conclusions 

The physical and welding metallurgy of 
Gd-enriched stainless steels has been inves- 
tigated with a combination of differential 
thermal analysis, Varestraint and Gleeble 
tests, and various microstructural charac- 
terization techniques. The following con- 
clusions can be drawn from this research. 

1) Solidification of these alloys occurs 
in the primary ferrite mode and termi- 
nates by a peritectic reaction involving the 
(Fe,Ni,Cr)3Gd phase. The ferrite partially 
transforms to austenite after solidification 
by a solid-state transformation, producing 
a final microstructure that has an 
austenitic matrix with remnant ferrite at 
the dendrite cores and interdendritic 
(Fe,Ni,Cr)3Gd. Locally complex convec- 
tive and thermal fields can occasionally 
give rise to complex variants in the 
peritectic microstructures. 

2) The solidification temperature range 
of these alloys is very large (360 ° to 400°C, 
depending on Gd concentration) due to for- 
mation of the (Fe,Ni,Cr)3Gd phase. 

3) The hot ductility is lost above 
-1060°C due to liquation of the 
(Fe,Ni,Cr)3Gd phase, which severely lim- 
its the ability to form these alloys by high- 
temperature deformation techniques such 
as rolling and hot forging. 

4) The alloys exhibit a high susceptibil- 
ity to solidification cracking. The poor 
cracking resistance observed for all the 
Gd-containing alloys is attributed to the 
large solidification temperature range as- 
sociated with the peritectic formation of 
the (Fe,Ni,Cr)3Gd phase. The increase in 
cracking susceptibility observed with in- 
creasing Gd concentration is attributed to 
increased amounts of Gd-rich liquid that 
exist at the end of solidification. 
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