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ABSTRACT

The iridium alloy DOP-26 is used to produce Clad Vent Set cups that protect the radioactive fuel in
radioisotope thermoelectric generators (RTGs) which provide electric power for spacecraft and rovers.
In a previous study, the tensile properties of DOP-26 were measured over a wide range of strain rates
and temperatures and reported in ORNL/TM-2007/81. While that study established the properties of
the base material, the fabrication of the heat sources requires welding, and the mechanical properties of
welded DOP-26 have not been extensively characterized in the past. Therefore, this study was
undertaken to determine the mechanical properties of DOP-26 specimens containing a transverse weld
in the center of their gage sections. Tensile tests were performed at room temperature, 750, 900, and
1090°C and engineering strain rates of 1x10- and 10 s. Room temperature testing was performed in
air, while testing at elevated temperatures was performed in a vacuum better than 1x10* Torr. The
welded specimens had a significantly higher yield stress, by up to a factor of ~2, than the non-welded
base material. The yield stress did not depend on the strain rate except at 1090°C, where it was slightly
higher for the faster strain rate. The ultimate tensile stress, on the other hand, was significantly higher
for the faster strain rate at temperatures of 750°C and above. At 750°C and above, the specimens
deformed at 1x10 s showed pronounced necking resulting sometimes in perfect chisel-edge fracture.
The specimens deformed at 10 s exhibited this fracture behavior only at the highest test temperature,
1090°C. Fracture occurred usually in the fusion zone of the weld and was, in most cases, primarily
intergranular.

1. INTRODUCTION

Iridium exhibits a unique combination of a high melting point (2443°C), good oxidation resistance, and
excellent high-temperature strength [1]. In a review of 25 years of research on iridium as a structural
material, George and Liu [1] reported that its mechanical properties can be significantly improved by
macroalloying (typically >1 wt%) and microalloying (typically <1 wt%). Macroalloying with W or Hf
increases the yield strength and the recrystallization temperature [1-6]. Microalloying with Th impedes
grain growth and increases the tensile impact ductility by strengthening the grain boundaries [1-5]. The
beneficial effect of Th is due to its segregation at the grain boundaries [7] and the formation of fine IrsTh
precipitates [8]. The Th may be partially substituted with Ce without any loss in the mechanical
properties [9,10]. In fact, alloys containing Th plus Ce with improved high-temperature impact ductility
and weldability have been developed at Oak Ridge National Laboratory (ORNL) [1].

An important use of iridium is in radioisotope thermoelectric generators (RTGs) for space power
applications [11]. In RTGs, the iridium alloy DOP-26 that was developed at ORNL [1-5] is used as
cladding for 28PuQ, fuel. DOP-26 is an Ir-0.3 wt% W alloy containing 60 wppm Th to improve the
high temperature impact ductility. Iridium as well as DOP-26 exhibit the face-centered cubic crystal
structure. Unlike other metals with this crystal structure, their mechanical properties are strain rate
sensitive. The mechanical behavior of iridium thus resembles that of body-centered cubic metals [1].
As a result of the strain rate sensitivity, the ductility of iridium decreases with increasing strain rate,
especially at impact strain rates, e.g., ~10% s [10]. These observations provided the motivation for a
previous study [12] in which the mechanical properties of DOP-26 at temperatures from room
temperature to 1090°C and strain rates from 107 to 50 s were investigated.

The fabrication of Clad Vent Set cups for RTGs involves gas tungsten arc welding (GTAW) of
DOP-26. Liuand David [13,14] have examined the weld metal grain structure and tensile mechanical
properties of welded DOP-26 at one temperature (650°C) and one strain rate (3.3x10% s%). The present
work adds to that information by examining the mechanical properties of welded DOP-26 over a wide



range of temperatures and strain rates. The results presented will help to model the mechanical
behavior of welded Clad Vent Sets more precisely.

2. EXPERIMENTAL PROCEDURE
2.1. WELDING

DOP-26 blanks with a diameter of 52 mm were fabricated, using electrical discharge machining
(EDM), from hot-rolled and ground sheet with a thickness ranging from 0.63 to 0.68 mm. The
blanks were processed according to Test Plan ORNL-WTT-TP4, Rev. 1. Blank/specimen
processing was documented using WELDED IRIDIUM ALLOY TENSILE TEST SPECIMEN
PREPARATION TRAVELER (Appendix A). First, the blanks were acid cleaned and
recrystallized for 1 h at 1375°C in vacuum. Then, full penetration bead-on-plate welds using
GTAW in an inert atmosphere glovebox were made to produce welds meeting the dimensional
and grain size requirements of the Fueled Clad welds made at Los Alamos National Laboratory
(LANL). Welding was conducted along the diameter of each blank parallel to the rolling direction
(Fig. 1). The glovebox atmosphere consisted of argon with less than 1 ppm (parts per million)
oxygen and approximately 20 ppm moisture. To maintain flatness of the welded blanks and to
provide constant heat sinking, the blanks were rigidly clamped in a Sigmajig welding fixture [15].
This fixture includes a stationary clamp that can be attached to one side of the DOP-26 blank and
a moveable clamp that can be attached to the other side, thereby allowing tension to be applied
transverse to the welding direction. A stress of approximately 27.5 MPa, which is significantly
below the threshold stress to develop hot cracking during welding, was applied prior to welding.

Welding parameters were developed at ORNL that produce full penetration welds with a grain
structure equivalent to that of welded Fueled Clads produced at LANL. The welding process
included four pole magnetic oscillation that is used to suppress hot cracking in DOP-26. During
welding, the welding current was continuously decreased to compensate for heat buildup and
maintain a constant fusion zone width of ~2.5 mm. The welding parameters are shown in Table 1.
These parameters resulted in welds with relatively flat weld faces and weld roots, and thicknesses
that were approximately 50 um greater than those of the blank.

Table 1. Welding Parameters

Welding Current 93 A decreasing to 92 A
Welding Speed 12.7 mm/s (30 inches per minute)
Arc Length 0.9 mm (.035 inch)
Glovebox Atmosphere Argon
Torch Shield Gas 75%Helium-25%Argon
4 Pole Magnetic Oscillation On

X Axis Amplitude 94%

Y Axis Amplitude 8%

Frequency 55 Hz




2.2. SPECIMEN FABRICATION

After welding, tensile specimens were fabricated, using EDM, from the recrystallized DOP-26 iridium
blanks followed by grinding of their gage and fillet radii sections to the final dimensions (Fig. 1). The
specimens were cut such that their long (tensile) axes were perpendicular to the weld line. This means
that they were oriented transverse to the rolling direction, and that the weld was transverse with respect
to the specimen. The ground faces of the gage sections and fillet radii as well as the remaining EDM
specimen faces were polished with 320-grit and 600-grit SiC papers. After dimensional inspection, the
specimens were cleaned per procedure GPHS-Y-005. This entailed using an ultrasonic detergent bath
heated to 65°C for 10 minutes followed by rinsing in demineralized water then immersing for 15
minutes in each of three acid baths heated to 70°C: a) 3 parts HF:7 parts HNOs, b) 3 parts HCI:1 part
HNOs, and c) 1 part HNOs. Demineralized water rinsing was done between baths followed by final
rinsing in demineralized water. Of the 32 specimens tested, all but 6 were given an additional “Module
Reduction Monitoring (MRM) heat treatment” (1140°C/1176 h/vacuum). The gage length of each
specimen was then marked with a row of ten 1000-g-load microhardness impressions spaced at 0.9-mm
intervals.



36 0

EDM WITH
025 OVERSIZE

W15 0.01 TO 0.03 SMALLER -/

b

1000

THAN Wz AND W3 WITH

SMOOTH TRANSITION FROM

Wiz AND W3 TO W1

08
o7
ORNL TENSHE SPECIMEN - RS MM W
SCALE: 4.1
b=
NOTES:
1. BLANKS WILL BE RECRYSTALLIZED AND WELDED. CAUTION: MATERIAL 1S EA SILY DEFORMED. DO NOT BEND.
2. SPECIMENS MUST BE EDMWED FROM BLANK AS SHOWN PERFENDICULAR TO ROLLING GRINDING DIRECTION
AND CVERSIZE BY 0.25 MM FER SIDE IN DENOTED RE GIONS.
B 2. MEASURE AMD REFPORT AS EDMED DIMENEIONS FORTENSILE SPECIMEN GAGE WIDTHSE W, W, AND W, AND
AGAIN AS-FINISHED.
4. GRIND TO REMOVE 0.25 MM MATERIAL PER SIDE USING ALUMINUM OXIDE, CUBIC BORON NITRIDE {BORAZON),
DIAMOND, OR EQUIWALENT GRINDING MEDIA IN DENOTED REGIDNS OF TENSILE SFECIMENS AND FINISH USING
E00 GRIT ABRASIVE IN THE SAME DENOTED REBIONS FARALLEL TO SFECIMEN LENGTH T REMOVE GRINDING
MARKS (ON BOTH SIDES OF GAGE SECTION AND RADII).
£ MAINTAIN SURFACE ROUGHNESS OF 0.8 um Ra OR LESS.
—

REMOVE ALLBURRS. FINISHW TH 800 GRIT ABRASIVE.

LIGHTLY SCRIBE ORLASER MARK SPECIMENS. MARK BY BAG AND TAG USING BLANK IDENTTY AND SPECIMEN
SERIAL NUMBER.

ORML WILL CLEAN, HEAT TREAT, AND MARK GAGE SECTION TO FIMNISH SFECIMENS .

SCRIBEDMARJCINICATES
BLANK GTA WELD
ROLLING/GRINDING 22 WIDE
DIRECTION
TENSILES MAY BE SHIFTED l
WITHIN BLANK TO CLIFOR
SHORT THESE CORNERS .
5207
- '
] -
P~
> >
1] =T =]
] ]
~ ~J
> —
G = ]
~ ~J
- —
MET SFECIMENS TO BE | |
RETAINED FOR ADDITIONAL SCRIBE/LASER MARK
EVALUATION IF NEEDED ' A5 SHOWN PER NOTET

IRIDIUM ALLOY BLANK
SCALE: 21

e | {}

03 [JMHS-TENS-WELD-

I I [oFIL TEFEILE SFETIEN oo OO AT

S ATRATE JoET=En

LS\ W

D Fidige Nfiores Labor sy

O Ridze, Trrmsses

ORNL TENS ILE SPFECIMEN W TH WELD -

RS MM LAYOUT - CB

s

T CRomA Ea0s =5 fpeasoois|  eer Eoil =2 EAEAE =l WEME_ | KRv O | e C | 2016 JHS-TENS-WELD-CB | []
BV EEEER BV e B T = I BE I = e
T aiE WOTED [oRenm  GORMAN e 1 1

Fig. 1. Drawing of tensile test specimen with machining instructions.



2.3. MECHANICAL TESTING

Tensile tests were carried out in a servohydraulic 1321 Instron testing machine. The test matrix in
Table 2 indicates the heat treat conditions, test temperatures and strain rates used. The tensile
specimens were tested and data was recorded in accordance with Standard Operating Procedure MET-
ABAD-SOP-25.

Table 2. Test Matrix for Tensile Specimens showing the Number of Tests carried out for
each Heat Treat Condition/Test Temperature/Strain Rate Combination.

Strain Rate
st 103 10
Test Temp.

°C
RT 3 3
750 3 3
750 (no MRM) 3
900 3 3
1090 5 3
1090 (ho MRM) 3

The Instron is equipped with a turbo-pumped vacuum system and a radio frequency (RF) heater to
inductively heat a tantalum susceptor supported by an alumina tube. The specimens are placed inside
this assembly and heated by radiation from the susceptor. This system is the same as that used in the
earlier study of non-welded DOP-26 [12]. Prior to testing, each specimen was inserted into mating
molybdenum alloy (TZM) grips supporting it on its 5 mm radius shoulders. Room temperature tests
were performed in air. Tests above room temperature were performed in a vacuum better than

1x10* Torr. The specimen temperature was measured with two Pt-Pt/Rh type S thermocouples that
were placed on the specimen gage section and wrapped with 0.4 mm diameter Pt wire. The distance
between the two thermocouples was typically 5 mm. During testing, the temperature was held within
+10°C of the target value. The load cell was calibrated with an accuracy of +1% of its reading. The
thickness of each specimen was measured with a point micrometer in five places along its gage and the
smallest of these readings was chosen as the thickness for the calculation of the stress.  The initial
cross-sectional area of the specimens was determined from the specimen thickness and width W1 (Fig.
1) measured with an accuracy of 1%, resulting in an overall accuracy of the stress calculation of £2%.

The low yield stress and small size of the specimens precluded the attachment of an extensometer to the
gage length for measuring strain. Instead, strain was determined from the crosshead displacement,
which was calculated from the crosshead velocity and time. The load cell signal exhibited some noise,
in particular when the induction unit was running. For the strain rate of 10 st the resulting stress
signal was therefore smoothed. At the higher strain rate of 10 s data points were collected only every
0.2% of strain and the number of data points collected was considered insufficient to allow smoothing.

For the evaluation of the tensile test data, uncorrected specimen strains, i.e., “crosshead strains,” were
obtained by dividing the crosshead displacement by the nominal gage length, 10 mm. Plots of stress
versus crosshead strain, such as that shown in Fig. 2, were then constructed. An elastic line was drawn
through the linear slope region of the stress-strain curve (the region prior to reaching the yield point),
and an elastic line at fracture with the same slope was drawn through the point of fracture as shown in
Fig. 2. In the case of sudden fracture at or after reaching the ultimate tensile stress (UTS), the elastic
line at fracture was placed through that point. In the case of gradual fracture, the elastic line was placed
through a point on the descending part of the stress-strain curve at 0.8 times the UTS. The “crosshead
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fracture strain” was defined as the horizontal separation between the elastic line and the elastic line at
fracture. The “crosshead plastic strain” for each point on the test curve in Fig. 2 was defined as the
horizontal distance between the elastic line and that point.

[crosshead fracture strain

< >

crosshead plastic strain

Stress, MPa

elastic line
atfracture

elastic line

Crosshead Strain, %

Fig. 2. Schematic of stress vs. crosshead strain.

Deformation of the specimens did not occur exclusively in the 10-mm gage length. During testing,
plastic seating effects occurred in the shoulders of the specimens, and due to work hardening plastic
deformation propagated from the gage sections into the shoulder regions. The seating effects in the
specimen shoulders result in the “elastic line” being not truly elastic, but for convenience this term will
be used. Because plastic deformation is not restricted to the gage length, the crosshead fracture strain
overestimates the actual plastic strains incurred in the gage. In order to obtain a more accurate measure
of the specimen plastic strain, corrections using the “indent fracture strain” were made as described
below.

The indent fracture strain was calculated from the average increase of the spacings between the
microhardness indents after fracture. For each specimen, the crosshead fracture strain was multiplied
by a strain correction factor chosen such that the observed indent fracture strain was obtained. The
""corrected crosshead plastic strain' for each specimen was then calculated by multiplying the
crosshead plastic strain with this strain correction factor. The “corrected crosshead fracture strain™ is
the corrected crosshead plastic strain at fracture. It is identical to the indent fracture strain. The final
plots of (engineering) stress vs. (engineering) strain were obtained from curves of the stress vs. the
crosshead strain by replacing the crosshead plastic strain with the corrected crosshead plastic strain.
The corrected strain used in the curves shown hereafter is the sum of the elastic strain (calculated from
the elastic line) and the corrected crosshead plastic strain. The 0.2% offset yield stresses were
calculated by shifting the elastic line by a corrected crosshead plastic strain of 0.2% to the right and
determining its intersection with the stress-strain curve.



3. RESULTS AND DISCUSSION
3.1 MICROSTRUCTURE OF WELDS

Typical microstructures on planes parallel and perpendicular to the welded blanks are shown in
Figs. 3 and 4, respectively. The welds consist of large elongated grains originating at, and
growing epitaxially from, the fusion line towards the center line of the weld. At the center of the
weld, grain growth competition and changes in growth direction produce small grains. In
DOP-26 weldments the heat affected zone (HAZ) is difficult to detect, and probably quite narrow,
since grain growth is severely restricted due to grain boundary pinning by the IrsTh precipitates.
In other words, the weld region consisting of the fusion zone and the HAZ on either side is more
or less the same as the fusion zone.

AT

Fig. 3. Light microscope image showing the microstructure
of the weld region and base metal in a plane parallel to the
plane of the blank. During welding, the weld bead progressed
from the top to the bottom of the micrograph.



16-1596-00.jpg

Fig. 4. Light microscope image showing the microstructure of the
weld region and base metal in a plane perpendicular to the plane of
the blank.

To confirm that the weld grain structure was equivalent to that of fueled clads, specimens for
metallurgical evaluation were removed from three blanks representing the first, last, and middle
of the weld campaign. These welds were evaluated according to the same criteria used for
production example welds (see LANL procedure RPS-TA55-302, “Examination of Example
Welds™). All weld sections met the LANL weld criteria. Typical results of the metallurgical
evaluation are summarized in Table 3.

Table 3. Results of Metallurgical Evaluation of Welds

Blank Identity: GR9-3-5
Number of Grains Through Thickness at a given Distance from Weld Centerline (C/L) (mm)

2 1.2 0.6 CIL (0) 0.6 12 2.0

23 18 12 23 8 16 23

Any weld grain > 50% of weld thickness: No

Minimum of 6 grains through the weld at specified locations: Yes

Cracks, porosity or other observable defects: No




3.2. STRESS-STRAIN CURVES

Figures 5-14 depict the stress-strain curves evaluated as described earlier. As pointed out before, the
corrected strain in these curves is the sum of the strains given by the elastic line and the corrected
plastic crosshead strain.
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Fig. 5. Stress-strain curves for welded DOP-26 with MRM
heat treatment tested at 102 s and 25°C, (a) full curves, (b) yield
region.
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Fig. 6. Stress-strain curves for welded DOP-26 without MRM
heat treatment tested at 102 s and 750°C, (a) full curves, (b)

yield region.
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3.3. EVALUATION AND DISCUSSION OF STRESS-STRAIN CURVES

Tables 4 and 5 summarize the parameters and mechanical properties obtained from the evaluation
of the stress-strain curves in Figs. 5-14. For each temperature and strain rate combination three
specimens were tested (except at 1090°C and 1x107 s, where five nominally identical
specimens were tested to check the reproducibility of the data). In Table 5 it should be noted that
the data for the DOP-26 base material adopted from the 2007 report [12] were for specimens
longitudinally oriented with respect to the rolling direction, whereas the present results are for the
transverse direction. However, since there is no significant difference in the properties of these
two directions [12] the comparisons made are valid. Figures 15-18 present the results in
graphical form using average values and error bars. In some cases, the temperatures were shifted
slightly to prevent overlap of the error bars. The lines in these figures are only meant as a guide
for the eye.

It needs to be pointed out that Figs. 15-18 compare welded material with MRM heat treatment to
base material without that heat treatment. As will be evident from an inspection of the data, the
differences between the yield stresses and fracture strains of the welded vs. the base material
would be even larger if the welded material had not been given the MRM heat treatment. Several
important observations can be made:

(@) As evidenced by the tests carried out at 1x10° s and 750 and 1090°C, the MRM heat
treatment reduces the yield stress of welded DOP-26 significantly (see Table 5).

(b) The welded specimens have a higher yield stress than the non-welded base material examined
in the 2007 report [12]. This increase can be substantial: for example, at 1102 s and 750°C the
average Yyield stress of the welded material without MRM heat treatment is 186 MPa, whereas the
non-welded base material exhibits an average yield stress of 80 MPa.

(c) Atroom temperature, the UTS of the welded material is significantly lower than the UTS of
the base material. However, at 750°C and above, the UTS of the welded specimens is about the
same as for the base material.

(d) The yield stress of the welded specimens is not significantly affected by the strain rate except
at 1090°C, where it is somewhat higher for the faster strain rate (10 s). The room temperature
UTS is not significantly affected by the strain rate, but at 750°C and above the higher strain rate
results in significantly higher UTS values. This result is qualitatively similar to that obtained in
the 2007 report (see Fig. 25 in [12]).

(e) The fracture strain of welded DOP-26 is generally lower than that of the base material. This
difference is largest at room temperature where the base material exhibits a fracture strain of
~10%, whereas the welded material fractures at ~4%. At 750°C and above the welding decreases
the fracture strain from ~35% to ~20%. The significantly lower room-temperature ductility is one
reason for the correspondingly lower room-temperature UTS (since the material has less
opportunity to work harden).

(F) Of the thirty-two specimens examined, three fractured outside the fusion zone of the weld
(see Tables 4 and 5). For each temperature and strain rate combination, the specimens that
fractured outside the fusion zone exhibited a larger fracture strain than those that fractured within
the fusion zone. This is consistent with the larger fracture strains of the base material.
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Observation (b) in the list above deserves additional discussion. Liu and David [13,14] examined
DOP-26 with and without a transverse weld. Their heat treatment before welding consisted of 1 h
at 1500°C, and the welded specimen was not subjected to an MRM heat treatment. They found
that welding increased the yield stress at 650°C from 85.4 to 173.6 MPa. Our results in Table 5
for the specimen tested at 1x10% s and 750°C (without MRM heat treatment) are consistent with
Liu and David’s findings. However, it must be noted that the experimental conditions of the two
studies are not the same: Liu and David used a test temperature of 650 vs. 750°C (here), and a
heat treatment of 1500°C/1 h vs. 1375°C/1 h (here). The lower test temperature of Liu and David
would be expected to increase the yield stress while the higher heat treatment temperature, by
increasing the grain size, would be expected to decrease the yield stress. It may be fortuitous that
these two opposing tendencies produced yield stress values that are very similar in the two
studies. Regardless of the exact magnitudes, though, both studies show an increase of yield stress
after welding.

The precise reasons for the increase in the yield stress due to welding are not known at the present
time, and several factors may be involved. As the liquid in the weld pool solidifies and cools
down to room temperature, substantial shrinkage occurs. With densities of 19.5 and 20.9 Mg/m?
for liquid and solid iridium at the melting point [16,17] the volume shrinkage during
solidification is found to be ~7%, corresponding to a linear contraction of ~2.3%. Cooling of
solid Ir from its melting point to room temperature causes a linear contraction of ~2.6% [17].
During cool down it is therefore expected that internal stresses build up in the fusion zone and the
adjacent base material. It is conceivable that these stresses cause internal plastic deformation.
Since the work hardening of iridium is very pronounced, relatively small strains would be
sufficient to increase its strength: at room temperature a plastic strain of 1% would strengthen the
material by ~100 MPa, which is similar to the yield stress increase we find in welded DOP-26.
However, this “internal deformation” argument would require that the material on either side of
the fusion zone deforms sufficiently to cause the observed yield stress increase. In the case of the
present specimens, sufficient deformation would have to have occurred in a region at least 4 mm
away from either side of the fusion zone. There are other factors which may be important as well.
For example, the grains in the fusion region are likely to be textured and this may increase the
yield stress and strengthen, due to constraint effects, the adjacent base material. This argument
again depends critically on how far away from the fusion zone such a constraint effect would
operate. Further work would be required to answer these questions.
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Table 4. Fracture Strains and Slopes of Elastic Lines for Welded DOP-26

Ratio of Slope of
MRM Strain Temp Indent Crosshead Indentand  Elastic Line,
ID Heat Rate, oC " Fracture Fracture Crosshead MPa/(%
Treatment st Strain, %**  Strain, % Fracture Crosshead
Strains Strain)
GR9-3-5-1* Yes 1x1078 25 2.9 3.0 0.97 125
GR9-3-5-2 Yes 1x1073 25 5.8 6.6 0.88 147
GR9-3-5-3 Yes 1x103 25 4.3 5.2 0.83 156
GR9-15-6-1 No 1x103 750 20.2 335 0.60 91
GR9-15-6-2 No 1x103 750 15.4 22.4 0.69 105
GR9-15-6-3 No 1x103 750 15.5 28.1 0.55 122
GR9-15-4-1 Yes 1x103 750 24.1 33.8 0.71 108
GR9-15-4-2 Yes 1x103 750 20.1 27.3 0.74 97
GR9-15-4-3 Yes 1x103 750 25.7 36.6 0.70 214
GR9-3-7-1* Yes 1x1073 900 29.2 44 .4 0.66 94
GR9-3-7-2 Yes 1x1073 900 14.6 26.7 0.55 103
GR9-3-7-3 Yes 1x103 900 19.0 315 0.60 76
GR9-17-4-1 No 1x1073 1090 18.8 32.7 0.57 121
GR9-17-4-2 No 1x1073 1090 17.6 28.9 0.61 127
GR9-17-4-3 No 1x103 1090 13.6 25.6 0.53 232
GR9-17-2-1 Yes 1x103 1090 16.6 29.7 0.56 195
GR9-17-2-2 Yes 1x103 1090 17.8 30.5 0.58 92
GR9-17-2-3 Yes 1x103 1090 18.4 28.0 0.66 177
K2-10-5-2 Yes 1x103 1090 14.4 28.3 0.51 97
K2-10-5-3 Yes 1x103 1090 19.3 31.2 0.62 91
GR9-3-6-1 Yes 10 25 3.7 5.3 0.70 132
GR9-3-6-2 Yes 10 25 4.7 6.4 0.73 141
GR9-3-6-3 Yes 10 25 4.2 5.4 0.78 133
GR9-15-5-1* Yes 10 750 29.9 40.1 0.75 89
GR9-15-5-2 Yes 10 750 19.4 24.0 0.81 96
GR9-15-5-3 Yes 10 750 21.1 27.5 0.77 122
GR9-17-1-1 Yes 10 900 20.3 26.1 0.78 106
GR9-17-1-2 Yes 10 900 10.4 14.1 0.74 106
GR9-17-1-3 Yes 10 900 13.7 19.4 0.71 119
GR9-17-3-1* Yes 10 1090 28.0 40.9 0.68 84
GR9-17-3-2* Yes 10 1090 23.0 31.1 0.74 83
GR9-17-3-3* Yes 10 1090 21.7 31.7 0.68 109

*Specimen slightly curved after MRM heat treatment
*Fracture outside of fusion zone
**Identical to the “corrected crosshead fracture strain”
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Table 5. Fracture Strains, Yield Stresses and Ultimate Tensile Stresses for Welded DOP-26

(Present Study) and DOP-26 Base Material (ORNL/TM-2007/81, Ref [12])

. Indent 0.2% Offset Ultimate

ID Weld '\'I/'Irzla\lmeeenit StralgrlRate, Temp., °C Fra}cture Yield Stress, Tensile Stress,
Strain, %™ MPa MPa
#1, #32, #43 [12] No No 1x10° 25 9.2 124 720
GR9-3-5-1* Yes Yes 1x10° 25 29 189 387
GR9-3-5-2 Yes Yes 1x10° 25 5.8 187 556
GR9-3-5-3 Yes Yes 1x10° 25 43 181 482
#20, #35 [12] No No 1x10° 750 31.6 80 342
GR9-15-6-1 Yes No 1x10° 750 20.2 181 346
GR9-15-6-2 Yes No 1x10° 750 154 199 347
GR9-15-6-3 Yes No 1x10® 750 155 178 345
GR9-15-4-1 Yes Yes 1x10° 750 24.1 139 367
GR9-15-4-2 Yes Yes 1x10° 750 20.1 141 355
GR9-15-4-3 Yes Yes 1x10° 750 25.7 140 356
#4, #21, #36 [12] No No 1x10° 900 35.7 80 282
GR9-3-7-1* Yes Yes 1x10° 900 29.2 125 295
GR9-3-7-2 Yes Yes 1x10° 900 14.6 131 264
GR9-3-7-3 Yes Yes 1x10° 900 19.0 128 266
#5, #37, #45 [12] No No 1x10° 1090 39.4 63 203
GR9-17-4-1 Yes No 1x10° 1090 18.8 143 219
GR9-17-4-2 Yes No 1x10° 1090 17.6 151 214
GR9-17-4-3 Yes No 1x10° 1090 13.6 136 215
GR9-17-2-1 Yes Yes 1x10° 1090 16.6 109 215
GR9-17-2-2 Yes Yes 1x10° 1090 17.8 117 208
GR9-17-2-3 Yes Yes 1x10° 1090 184 98 210
K2-10-5-2 Yes Yes 1x10° 1090 14.4 114 199
K2-10-5-3 Yes Yes 1x10° 1090 19.3 109 210
#6, #23, #38 [12] No No 10 25 10.3 134 797
GR9-3-6-1 Yes Yes 10 25 3.7 193 480
GR9-3-6-2 Yes Yes 10 25 47 186 529
GR9-3-6-3 Yes Yes 10 25 42 194 505
#8, #25, #40 [12] No No 10 750 3338 95 489
GR9-15-5-1* Yes Yes 10 750 29.9 140 506
GR9-15-5-2 Yes Yes 10 750 194 145 493
GR9-15-5-3 Yes Yes 10 750 211 129 492
#9, #26, #41 [12] No No 10 900 29.5 83 396
GR9-17-1-1 Yes Yes 10 900 20.3 133 433
GR9-17-1-2 Yes Yes 10 900 104 141 387
GR9-17-1-3 Yes Yes 10 900 13.7 120 395
#11, #27, #42 [12] No No 10 1090 37.0 79 313
GR9-17-3-1* Yes Yes 10 1090 28.0 130 334
GR9-17-3-2* Yes Yes 10 1090 23.0 139 318
GR9-17-3-3* Yes Yes 10 1090 21.7 121 326

*Specimen slightly curved after MRM heat treatment
*Fracture outside of fusion zone
**|dentical to the “corrected crosshead fracture strain”
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Fig. 15. Yield stress (YS) and ultimate tensile stress (UTS) for
welded DOP-26 with MRM heat treatment deformed at a strain rate
of 1x102% s, The YS and UTS values for the DOP-26 base material
(without MRM heat treatment) from ORNL/TM-2007/81[12] are

shown for comparison.
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Fig. 16. Yield stress (YS) and ultimate tensile stress (UTS) for
welded DOP-26 with MRM heat treatment deformed at a strain
rate of 10 s*. The YS and UTS values for the DOP-26 base
material (without MRM heat treatment) from ORNL/TM-

2007/81[12] are shown for comparison.
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3.4. FRACTURE SURFACE OBSERVATIONS

An example of a room temperature fracture surface is shown in Fig. 19. This specimen exhibited a low
fracture strain (2.9%) and no noticeable necking, consistent with sudden fracture at its UTS. Figure 20
shows the fracture surface of a specimen deformed at 900°C and 1x103 s This specimen shows
ductile fracture resulting in a necked, chisel-edge appearance consistent with the smooth and gradual
decrease in the flow stress after the UTS has been reached. Figure 21 shows a cross section and the
fracture surface of a specimen deformed at 900°C and 10 s™. Fracture occurred in the large-grained
fusion zone of the weld. This particular specimen exhibited some necking, but fractured before it could
draw out into a chisel-edge. Generally, when a specimen broke suddenly at the UTS, no necking or
only a small amount of necking, occurred. When the stress decreased slowly beyond the UTS,
significant necking was usually observed.

For those specimens that exhibited no significant necking, the fracture mode was analyzed in more
detail. These specimens fractured usually in the large-grained fusion zone of the weld. In almost all
cases the fracture was mostly intergranular, with only a few percent of transgranular fracture (Table 6).
For improved ductility, it is desirable to shift the fracture mode, as much as possible, from intergranular
to transgranular. It would be interesting to find out whether welds in the newly developed alloys
microalloyed with both Th and Ce [1] would exhibit a larger fraction of transgranular failure than welds
in DOP-26.

Vac-High PC-Std. 10 kV x 60 — 500 pm 005031

Fig. 19. Scanning electron microscope image of
fracture surface of specimen GR9-3-5-1 tested at room
temperature and 1x10° s,
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h PC-Std. 10 kV x 90 005028

Fig. 20. Scanning electron microscope image of fracture
surface of specimen GR9-3-7-3 tested at 900°C and 1x103 s,

Vac-High PC-Std. 10kV x70 — 200 pm 004795

Fig. 21. Light microscope image of a longitudinal cross section (left) and scanning electron
micrograph of the fracture surface (right) of specimen AR2-4-6-3 (a non-prime DOP-26 material)
tested at 900°C and 10 s™.
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Table 6. Percentage of Transgranular Failure on Fracture Surfaces of Welded DOP-26 with
MRM Heat Treatment

Transgranular
ID Strain Rate, s* Temperature, °C Fracture, %
GR9-3-5-1 1x10°® 25 0.8
GR9-3-5-2 1x10°® 25 2.5
GR9-3-5-3 1x10°® 25 3.1
GR9-3-6-1 10 25 1.0
GR9-3-6-2 10 25 3.2
GR9-3-6-3 10 25 2.0
GR9-15-5-1 10 750 78.2
GR9-15-5-2 10 750 11.8
GR9-15-5-3 10 750 9.9
GR9-17-1-1 10 900 5.5
GR9-17-1-2 10 900 4.5
GR9-17-1-3 10 900 26.9

4. SUMMARY AND CONCLUSIONS

The tensile properties of DOP-26 iridium specimens containing transverse welds were evaluated at
temperatures ranging from room temperature to 1090°C and strain rates of 1x102 and 10 s*. The
mechanical properties were compared to those of non-welded DOP-26 (the “base material” described in
2007 [12]). Depending on temperature and strain rate, the introduction of a weld increased the yield
stress, and decreased the fracture strain, by up to a factor of ~2. Consistent with the reduction in the
fracture strain, the presence of a weld reduced the UTS at room temperature significantly. At
temperatures of 750°C and above, the UTS values of the welded and the base material agreed with each
other. Increasing the strain rate from 1x102 s to 10 s did not increase the yield stress except at
1090°C. The UTS, on the other hand, increased strongly with increasing strain rate. Fracture occurred
usually in the weld region. At lower temperatures and the higher strain rate fracture occurred with no
or only little necking. In those cases, the fracture mode was mostly intergranular. Ductile failure
accompanied by substantial necking was observed at 750°C and above for a strain rate of 1x103 s, and
at 1090°C for a strain rate of 10 s’*. If the mechanical properties of the welds are determined to be a
limitation, comparative work with improved iridium alloys, doped with both Th and Ce, would be
worth pursuing.
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5. SUGGESTIONS FOR FURTHER WORK

The present work shows, consistent with earlier work by Liu and David [13,14], that welding of DOP-
26 increases the yield stress and lowers the tensile ductility. To better understand these findings and to
improve the mechanical properties of the welds a number of experiments are suggested:

- nanoindentation measurements across the weld region and in the adjacent base material to
determine where exactly the yield stress increase occurs; micropillar experiments would provide
even more information,

- internal stress measurements after welding using X-ray or neutron diffraction,

- finite element simulations to determine whether, and to what extent, thermal contraction during the
cool-down from welding can cause internal plastic deformation in the weld and the adjacent base
material.

- texture measurements within the weld zone using X-ray or neutron diffraction. This would answer
the question whether hard crystallographic orientations are present which would increase the yield
stress,

- addressing the possibility of a yield stress increase in the base material due to constraints from a
(hypothetically) stronger fusion zone,

- digital image correlation for room and high temperature tensile tests to determine localized
deformation and strain accommodation across the weld region and the adjacent base material. This
would help to identify the locations that are weak links leading to fracture,

- since fracture in welded DOP-26 is usually associated with the weld region it would be of interest

to determine whether welds in newer alloys based on microalloying with Th plus Ce would have
improved mechanical properties.
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APPENDIX A. WELDED IRIDIUM ALLOY TENSILE TEST
SPECIMEN PREPARATION TRAVELER



Blank Identity:

WELDED IRIDIUM ALLOY TENSILE TEST SPECIMEN PREPARATION TRAVELER
for Welded Tensile Test Plan ORNL-WTT-TP4, Rev. 1 and Drawing: JHS-TENS-WELD-CB, Rev. 0

Page 1 of 2 (8/9/16)

Step Operations Operator/Date
25125 Clean the blanks per procedure GPHS-Y-005 or equivalent.
2 Heat treat the blanks at 1375° +25° C for 1 h + 10 min in a vacuum (< 1 x 10 torr) furnace
2525 | dedicated for iridium use between iridium covers. Wrap in clean lens paper.
3 Weld at centerline parallel to blank rolling/grinding direction as described in Welded Tensile
2547 | Test Plan: ORNL-WTT-TP4, Rev. 1. Record order in campaign. ~ of
4 Scribe a mark on the blank (next to the weld on the top face) to show the start of the weld.
2547 | | Visually inspect welded blank at 10 to 25X magnification. Disregard areas within 9.5 mm
(3/8 inches) of the blank edge. Measure weld face and root widths and weld thickness at
approximately Y5, ¥ and % distance from the weld start. Weld Face width acceptance is 2 to 3
mm.
Weld Width, Face (mm)
Weld Width, Root (mm)
Weld Thickness (mm)
Full Penetration T1Yes [1No T1Yes [1No [1Yes [1No
Cracks, porosity, other observable 1Yes [l No 1Yes [ No T1Yes [1No
defects
5 Wire electrical discharge machine (EDM) tensile specimens perpendicular to rolling/grinding
direction oversize 0.25 mm (0.010 inches) as shown on drawing JHS-TENS-WELD-CB, Rev.
0. Record the EDM wire used.
7012
Brand/type Diam Material
6 Scribe or laser mark specimen (3 tensile and 2 met) identities using blank number and
7012 | specimen serial number per drawing.
7 Measure and record tensile specimen gage widths as EDM'ed.
7012
Specimen 1: W, W, W3
Specimen 2: W, W, W3
Specimen 3: W, W, W3
8 Grind the tensile specimen removing 0.25 mm per side from specimen profile as shown on
drawing and taper the gage section 0.025 mm (0.001 inches) from both ends to the middle.
Record the grinding wheel and coolant used.
7012
Brand/type ———————  Diam ———  Material ————— Coolant
9 Remove all grinding marks by polishing with the tensile specimen contour. Deburr and finish
using 600 grit abrasive. Remove EDM layer on all edges at both grip ends using 320/400 grit
7012 | and finishing with 600 grit abrasives.
10 | Measure and record finished tensile specimen gage widths.
7012 | Specimen 1: W, W, Ws
Specimen 2: W, W, Ws
Specimen 3: W, W, W3
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WELDED IRIDIUM ALLOY TENSILE TEST SPECIMEN PREPARATION TRAVELER
for Welded Tensile Test Plan ORNL-WTT-TP4, Rev. 1 and Drawing: JHS-TENS-WELD-CB, Rev. 0
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11 | Grind or hand polish the met specimen edges to visually remove the residual EDM layer from

7012 | the EDM/weld edges.
12 | Individually bag and tag each specimen and separately bag and tag each blank skeleton. Return
7012 | to G. B. Ulrich/B. R. Friske.
13 | Metallographically evaluate welded remnant. (optional) Identity
4500S | Record the number of weld grains through thickness at each distance from weld centerline (mm)
-2 -1.2 -0.6 0 0.6 1.2 2.0
Any weld grain > 50% of weld thickness at any location [ Yes [1No
Min. of 6 weld grains through weld thickness at specified locations [1Yes [1No
Cracks, porosity, other observable defects [ Yes [1No
14 | Verify all tensile specimen surfaces, especially gauge and grip sections, are properly polished.
CAC | Re-polish, if necessary.
5;20 Ultrasonically inspect tensile specimens. (optional)

16 | Dimensionally inspect tensile specimens (including surface profilometry, if directed to do so, of
both gauge section edges). Visually inspect surfaces for slivers, burrs, fissures, seams, blisters,
cracks, and extraneous matter using fluorescent lighting and 20X magnification, however,
magnification up to 50X may be used to identify/clarify features observed at 20X. Notify
Engineer of non-conforming attributes for possible rework.

2547
17 | Clean the tensile specimens per procedure GPHS-Y-005 or equivalent. Weigh tensile specimen
2525 | and record weight to the nearest 0.0001 g.
Specimen 1: g
Specimen 2: g
Specimen 3: g
18 | Heat treat the tensile specimens at 1140° = 25° C for 1176 h+ 10 h in a vacuum (< 1 x 10 torr)
2525 | furnace with a graphite hot zone. Place the specimens between iridium covers. After the heat
treatment wrap the specimens in clean lens paper. (optional)

19 | Using clean gloves and clean tooling surfaces, mark tensile specimens with Vickers
microindentation hardness marks along the centerline of the full gauge section spaced
approximately 0.89 mm (0.035 inches) apart using a load of 1000 gr. Record spacing between
indentations. Tensile specimens may be re-cleaned per procedure GPHS-Y-005 or equivalent if
cleanliness is compromised. Note/record if re-cleaned.

CAC
Specimen 1:
Specimen 2:
Specimen 3:
20 Test per ORNL-WTT-TP4, Rev. 1
CAC ’ '
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