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IMPROVEMENTS IN THE DUCTILITY OF MOLYBDENUM WELDMENTS BY ALLOYING
ADDITIONS OF Zr, B and C— M. K. Miller, E. A. Kenik, K. F. Russell (Oak Ridge National
Laboratory) and A. J. Bryhan (Applied Materials, Santa Clara, CA)

Objective

The aim of this project is to perform a microstructural characterization of zirconium-, boron- and
carbon-doped molybdenum weldments to understand the dramatic improvement in ductility over
conventional molybdenum alloys.

Summary

A significant improvement in the ductility of molybdenum weldments has been achieved through
the addition of zirconium, aluminum, carbon and boron at the parts per million level. A ductility of
20% has been obtained in gas-tungsten arc weldments in 6.35-mme-thick plate. This improvement
over molybdenum'’s traditional 3% ductility has been achieved by improving the normally low
fracture stress of grain boundaries. Atom probe tomography has revealed segregation of
zirconium, boron and carbon to and the depletion of oxygen at the grain boundaries in the base
metal and the heat affected zone.

Introduction

Molybdenum-based alloys possess a unique combination of physical properties including high
strength at elevated temperatures, high thermal conductivity, low coefficient of thermal expansion,
and excellent performance in neutron flux environments. Therefore, molybdenum alloys are
potential candidates for applications in fusion reactors. However, the low ductility of welds
(typically 3%) has limited their applications. The lack of ductility has been especially apparent for
welds made in thick material where triaxial constraint predominates. Bryhan has shown that
controlled additions of substitutional and interstitial alloying elements can provide almost 20%
elongation from gas-tungsten arc (GTA) welds in 6.35-mm-thick material.*

Experimental

The composition of the molybdenum alloy used in this investigation as determined by glow
discharge mass spectrometry is given in Table 1. The alloy was vacuum arc-cast with a zirconium
addition intended to getter the oxygen and nitrogen impurities together with parts per million
additions of carbon and boron intended to strengthen the grain boundaries. The 4-pass welding
process was performed on 0.25 inch (6.35 mm) plate in a controlled atmosphere chamber where
the oxygen, nitrogen and water vapour impurity levels were each less than 10 wppm. The welding
filler metal was molybdenum containing 20, 30, or 47 wt. % rhenium.
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Table 1. Composition of the molybdenum alloy used in this study as determined by glow
discharge mass spectrometry.

Element wppm appm
Zirconium 1500 1600
Carbon 12 96
Boron 6 53
Oxygen 42 250
Nitrogen 26 178

Iron 6 10
Silicon 3 10
Molybdenum Balance Balance

The distributions of the alloying additions in the microstructure of the base metal and the heat
affected zone were characterized by a combination of field ion microscopy (FIM) and atom probe
tomography (APT).2 Microstructural characterizations were performed in the Oak Ridge National
Laboratory (ORNL) energy-compensated atom probe and the ORNL energy-compensated three-
dimensional atom probe.? No prior examination or pre-selection of the field ion specimens in the
transmission electron microscope was performed in order to eliminate any possibility of carbon
contamination during specimen preparation and characterization. Field ion images were recorded
with the use of helium as the imaging gas and with a specimen temperature of 30-50K. Atom
probe analyses were performed with a specimen temperature of 50K, a pulse repetition rate of
1500 Hz and a pulse fraction of 20% of the standing voltage.

Results and Discussion
Mechanical Properties

Tensile tests® were performed at room temperature at strain rates between 8.3 x 10 and 12.5 x
10 s in stroke control and the results are summarized in Table 2. Strain was measured over
two weldment regions to measure strain localization: 25 mm centered over the weld and 8.5 mm
over one heat-affected zone. Tests were performed at a standard strain rate of 8.3 x 10* s* and
also at faster and slower rates to determine the effect of strain rate. The maximum observed
elongation, pertinent to typical engineering use, was 19.5%. Even at 8.3x10° s, useful ductility
(>10%) was apparent in the material welded with Mo-30 wt% Re filler alloy.
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Table 2. Room temperature tensile test results for GTA-welded molybdenum alloy with three
different Mo-Re filler alloys. *

Filler metal Strain rate in Range of elongation in Yield Ultimate Number
(wt. %) 25mm gauge length, % stress, | tensile stress, | of tests
s?t 25 mm 8.4 mm MPa MPa
Mo-20% Re 8.3x10* 8.2-15.2 10.4-14.0 428 524 6
8.3x10° 11.0 6.0 392 470 1
Mo-30% Re 8.3x10°% 10.0-12.6 7.9-11.6 537 583 2
8.3x10* 19.5 >15.0 481 544 1
1.25x10°® 22.6 >15.0 267 457 1
Mo-47% Re 1.25x10°® 10-26 8->15.0" 250 484 3

115.0% maximum measurement with the extensometer.

Fracture was found to occur in either the heat-affected zone or the weld zone, as shown in optical

micrographs in Fig. 1 and in the scanning electron micrographs taken with backscattered

electrons in Fig. 2. The lighter contrast in the backscattered image in the weld region is due to

the presence of rhenium from the filler material. Some porosity was observed in the weld region,
particularly close to the edge of the weld next to the heat affected zone. The fracture mode was
transgranular cleavage with only small regions of intergranular fracture, as shown in Fig. 3. This

observation is in contrast to the intergranular fracture typical of welds in commercial grade

molybdenum alloys and indicates that the grain boundaries are not preferentially embrittled. This

change of fracture mode suggests that the alloying additions increased the grain boundary

fracture stress above the yield stress.

Fig. 1. Optical micrographs of a) and c) heat affected zones and b) weld region.




118

Fig. 2. Backscattered electron micrograph of the heat affected zone (dark region on left hand
side) and the weld (lighter region).

Fig. 3. Fracture surface of the molybdenum tensile specimen showing the transgranular mode of
failure.

Microstructural Characterization

Extensive field evaporation studies of the matrix revealed no intragranular precipitates. The
matrix compositions were measured in the three-dimensional atom probe and were found to be
consistent with the alloy composition. These matrix measurements together with the extensive
field evaporation studies of the matrix indicate that no significant loss of the solute additions
occurred to precipitation of carbides or borides.

Field ion micrographs of grain boundaries in the base metal and the heat affected zones are
shown in Fig. 4. In addition to the typical zone contrast exhibited by molybdenum alloys,? both
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Fig. 4. Field ion micrographs of grain boundaries in a) the base metal and b) the heat affected
zone. Solute decoration is apparent at both grain boundaries.

materials exhibited some bright spot decoration at the grain boundaries. These bright spots are
indicative of solute segregation.? Comparison of the predicted low temperature evaporation field
of molybdenum (41 Vnm™) with the other solutes suggests that the bright spots (i.e., atoms that
are more resistant to field evaporation) are boron (64 Vnm™) or carbon (103 Vnm™) atoms rather
than zirconium (28 Vnm™) atoms.® The level of segregation appeared to be significantly higher in
the heat affected zone.

The identity of the solute species responsible for these bright spots was determined by atom
probe tomography.? Atom maps of regions of specimens that contained grain boundaries in the
base metal and the heat affected zone are shown in Fig. 5. In these atom maps, each sphere
represents the position of an atom in the volume of analysis. The molybdenum atoms have been
omitted for clarity. It is evident that significant segregation of zirconium, carbon and boron to the
grain boundary has occurred in the base metal. In addition, the oxygen level at the grain
boundary was significantly reduced from the matrix level. The boron segregation was found to be
significantly more prevalent in the head affected zone.
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Fig. 5. Atom maps of grain boundaries in a) the base metal and b) the heat affected zone. The
molybdenum atoms have been omitted for clarity.

The Gibbsian interfacial excesses of the solutes at these grain boundaries were determined by
selected volume analyses of the grain boundary and matrix regions? and the results are given in
Table 3. The boron excess at the grain boundary in the heat affected zone was two orders of
magnitude higher than in the base metal, whereas the zirconium and carbon excesses were
substantially less enriched. The oxygen level at the grain boundary in the heat affected zone was
found to be very slightly enriched compared to the matrix whereas in the base metal, the oxygen
level was significantly reduced. A previous image atom probe study of a grain boundary in
molybdenum revealed significant enrichment of oxygen.*

These atom probe tomography results have demonstrated that oxygen segregation to the grain
boundaries does not occur in this zirconium-, boron- and carbon-doped molybdenum alloy and
may be inhibited due to the presence of zirconium, carbon and boron at the grain boundary.
Intergranular failure is thereby inhibited through the significant reduction of the oxygen level at the
grain boundary.
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Table 3. Gibbsian interface excesses of solute at the grain boundary in the base metal and heat
affected zone. Errors are based on counting statistics of the number of atoms detected.

Element Gibbsian Interfacial Excess
Atoms m?
Base Metal Heat Affected Zone
Zirconium 7.6+0.6 x 10" 1.4+ 0.4x10%
Carbon 1.1+0.3x10% 9.9+9.9x 10"
Boron 7.3+2.7x10% 9.9+0.2x 10*
Oxygen -3.9+ 0.6 x 10*? 1.1+0.4x10%
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