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ABSTRACT 

The influence of long term aging on grain growth and precipitate sizes and spatial distribution in iridium 
alloy DOP-26 was studied. Samples of DOP-26 were fabricated using the “new process,” recrystallized 
for 1 hour (h) at 1375 °C, then aged at either 1300, 1400, or 1500 °C for times ranging from 50 to 10,000 
h. Grain size measurements (vertical and horizontal mean linear intercept and horizontal and vertical 
projection) and analyses of iridium-thorium precipitates (size and spacing) were made on the longitudinal, 
transverse, and rolling surfaces of the as-recrystallized and aged specimens from which the two-
dimensional spatial distribution and mean sizes of the precipitates were obtained. The results obtained 
from this study are intended to provide input to grain growth models.   

1. INTRODUCTION 

Iridium (Ir) alloy DOP-26 (Ir-0.3W-0.006Th-0.005Al wt.%) is used as a fuel cladding material in 
radioisotope thermoelectric generators for space applications owing in part to its excellent high 
temperature impact ductility and good oxidation resistance [1] [2] [3] [4]. Tungsten (W) is alloyed with Ir 
to raise the recrystallization temperature, enhance fabricability and provides solid solution strengthening 
[1]. Doping with thorium (Th) decreases grain growth kinetics significantly, and causes a change in the 
fracture mode from brittle intergranular to ductile transgranular at high temperatures, resulting in 
increasing impact ductilities at temperatures above ~650 °C [4]. The change in fracture mode is primarily 
attributed to the segregation of Th to grain boundaries [4]. Th has a very low solubility limit in Ir (< 30 
weight parts per million (wppm)) and addition of up to 1000 wppm Th was shown to result in the 
segregation  of Th to grain boundaries as well as the formation of Ir5Th precipitates [4] [5]. Th 
concentrations ranging from ~5 to 9 at % have been measured at grain boundaries of DOP-26 by Auger 
Electron Spectroscopy (AES) [3]. Liu et al. [4] estimated that Th improves grain boundary cohesive 
strength by approximately 90 %. In addition, Th additions limit grain growth through grain boundary 
pinning by precipitates. Limiting grain growth in DOP-26 is important since increasing grain size 
promotes intergranular fracture and consequently, reduces high temperature impact ductility [4]. 
 
Given the dependence of high temperature tensile impact ductility on grain size, several investigations 
have focused on the influence of temperature, time, prior thermomechanical processing, and /or 
atmospheric conditions on the kinetics of grain growth in  Ir based alloys [4] [6] [7] [8]. Harasyn and 
Schaffhauser [7] studied grain growth in rolled sheets of Ir-0.3 wt.% W alloys with trace additions of 
various alloying elements, including 40 wppm Th in an alloy designated DOP-4. Grain growth was 
significantly reduced in the DOP-4 alloy compared to the base Ir-0.3 wt.% W alloy and the authors 
speculated that Th may be responsible for this reduction in grain growth kinetics. The authors reported no 
evidence of abnormal grain growth. Subsequently, Liu et al. [4] investigated the influence of aging 
temperature (1500 to 1800 °C), aging time (1 to 60 h), and Th concentrations (up to 1000 wppm) on grain 
growth in vacuum. The authors reported that increasing amounts of Th limit grain growth due to the 
precipitation of Ir5Th precipitates (which pin the grain boundaries) and possibly through a solute drag 
mechanism owing to Th enrichment at the grain boundaries [5] [7]. It was observed that Th additions 
above an effective (threshold) level of Th, which was found to increase with aging temperature and time, 
the grain growth rate was observed to approach zero [4].  
 
Grain growth behavior of DOP-26 iridium in a low partial pressure oxygen atmosphere has also been 
investigated at temperatures of 1230, 1280, and 1330 °C for times up to 3000 h [8]. The authors reported 
that the kinetics of grain growth was accelerated in the presence of oxygen, particularly in the near 
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surface grains. This behavior was attributed to the diffusion of Th to the sample surface to form thorium 
oxide due to the strong affinity of Th for oxygen and the resulting dissolution of Ir5Th precipitates. 
Correspondingly, AES performed in their study revealed significantly lower Th concentrations at grain 
boundaries near the surface exposed to oxygen during annealing. More recently, McKamey et al. [6] 
investigated the grain growth behavior in clad vent set cups fabricated from DOP-26 used in the 
radioisotope thermoelectric generators. Most samples were annealed at temperatures from 1200 to 1800 
°C for times of 1 h but a few samples were annealed at 1400 and 1500 °C for longer times up to 1000 h. 
The authors reported no significant differences in grain growth rates at different regions in the cup 
compared to sheet material from which the cups were formed.  

 
In general, although the aforementioned grain growth investigations have been limited to aging times of 
less than 3000 h, the effects of longer term aging on grain growth are also of significance.  In particular, 
the importance of the Ir5Th precipitates and their role in limiting grain growth, the influence of aging time 
and temperature on the volume fraction, size, morphology, inter-precipitate spacing, and coarsening 
behavior of the precipitates have not been the subject of previous studies. In addition, previous studies of 
grain growth in DOP-26 have employed parameters based on the mean linear intercept to quantify grain 
size. While these parameters represent average grain sizes, recent advancements in microstructural 
analysis software allow for the collection of greater quantities and more descriptive microstructural data, 
including individual grain morphologies and size distributions. This capability has the potential to 
improve the quantitative description of the microstructure thus providing the ability to capture statistical 
variation in microstructural characteristics that can be anticipated as a result of standard practices. The 
aforementioned data can also inform models of grain growth in DOP-26 to enable improved predictive 
capability. The primary goal of the present work is to quantify the influence of longer term aging on grain 
growth and precipitate size and spatial distribution evolution in DOP-26. The results reported in this study 
will provide input to grain growth models of DOP-26. 

2. EXPERIMENTAL PROCEDURE 

2.1 AGING AND SAMPLE PREPARATION 

Prime DOP-26 iridium alloy (heats designated L1 and GR9) used in this investigation was fabricated 
using the so called “new process”, described elsewhere [9]. The rolled specimens were recrystallized at 
1375 °C for 1 h in vacuum (<1x10-4 torr). Coupons of the as-recrystallized DOP-26 iridium sheet were 
then aged in vacuum at 1300 and 1400 °C for times of 2000, 5000, and 10,000 h and at 1500 °C for times 
of 200, 500, and 1000 h. The vacuum levels during the long term aging generally ranged from 10-6 to 10-7 
torr. It should be noted that some of the grain sizes of samples measured in the present work aged at 1300, 
1400, and 1500 °C were systematically lower than grain sizes reported previously after aging in vacuum 
at the same temperatures but for shorter times [9]. To further investigate this discrepancy, two additional 
heats (G1 and ER10) of DOP-26 were each recrystallized at 1375 °C for 1 h in vacuum and aged at 1500 
°C for 50 and 100 h and additional grain size measurements were made on these samples for comparison 
to previously reported values [9]. All aging times and temperatures are shown in Table 1. After the aging 
treatments, the specimens were sectioned. The longitudinal sections (L), transverse sections (S), and 
rolling surfaces (R) were examined for both the as-recrystallized samples and aged samples. A diagram of 
the surfaces and their relationship to the rolling direction is shown in Figure 1. Samples for light optical 
microscopy (LOM) were mechanically polished using a final step consisting of 1 µm diamond paste and 
then electrolytically etched. While iridium is a difficult metal to mechanically polish, the following 
procedure was developed in order to achieve a surface polish quality suitable for the precipitate 
evaluation using scanning electron microscopy (SEM), albeit not completely scratch free. Samples for 
SEM were mechanically polished using standard mechanical polishing techniques down to a 1 µm polish. 
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Subsequently, the samples were vibratory polished with a 0.5 µm diamond paste in a lubricant mixture of 
50% ethylene glycol and 50% distilled water on a nylon cloth for ~24 h. The final step consisted of 
vibratory polishing using the same type of cloth and lubricant mixture but with 0.1 µm polycrystalline 
diamond paste for a minimum of 24 h.  
 

 
 Fig. 1. Schematic diagram showing the longitudinal section (L), 
transverse section (S), and rolling surface (R) as well as the rolling 
(RD), short transverse (ST) and long transverse (LT) directions. 

 
 

 Table 1. Aging Temperatures and Times Investigated in this Study Signified by “X” 
(all samples were recrystallized at 1375 °C for 1 h prior to the long-term aging) 

All Heat Treatments Were Performed Under Vacuum 
 

  Aging Time (h) 
Aging 

Temperature 
(°C) 

As-
recrystallized 50 100 200 500 1000 2000 5000 10,000 

N/A X         
1300       X X X 
1400       X X X 
1500  X X X X X    

 

2.2 GRAIN GROWTH MEASUREMENTS 

Evaluation of the optical micrographs was performed using Leica Application Suite (LAS). This software 
has a variety of parameters available to characterize grain structure.  The parameters used to quantify 
grain size in this work are the mean linear intercept (MLI), as per American Society for Testing Materials 
(ASTM) E112-12, and the horizontal and vertical projections. Mean linear intercept was calculated in 
both the horizontal and vertical directions. The horizontal MLI is calculated along the RD on the 
longitudinal section and rolling surface and along the LT direction on the transverse section while the 
vertical MLI is along the ST direction for the longitudinal and transverse sections and the LT direction for 
the rolling surface. The horizontal and vertical projections are defined as the lengths of the shadow cast if 

ST

LT

Short Transverse (ST)

Long Transverse (LT)

Rolling Surface (R) 

Transverse Section (S)
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light were impinging on the grain from a horizontal or vertical direction. For clarity, a diagram of the 
horizontal and vertical projections is presented in Figure 2. No rotation of the grain is performed in 
determining the vertical or horizontal projections. The vertical projection captures the grain size along the 
RD on the longitudinal section and rolling surface and along the LT direction on the transverse section. 
The horizontal projection captures grain size along the ST direction for the longitudinal and transverse 
sections and the LT direction for the rolling surface. Thus, vertical MLI and horizontal projection 
describe grain size in the same direction for a given surface in this study and vice versa. 
 

 
 Fig. 2. Schematic diagram showing horizontal and vertical 
projections of a grain. 

2.3 PRECIPITATE ANALYSIS 

SEM was performed on each of the three surfaces for the heat treatment conditions listed in Table 1 to 
quantify precipitate size and spatial distribution (with the exception of the samples aged for 50 and 100 h 
at 1500 °C that were used only to make additional grain size measurements). To enable quantification of 
the precipitate spacing distribution as a function of aging time, high resolution (5120 x 3840 pixels) low 
magnification (500x) SEM images were recorded and stitched together to form larger montages. This 
method allowed precipitates with sizes of ~ 200 nm or greater to be identified. For the L and S surfaces, 
each montage encompasses a rectangular area of ~1.1 mm x 0.5 mm. For the rolling surface, each 
montage encompasses an area of ~0.95 mm x 0.7 mm. A minimum of two montages were obtained from 
each surface of each condition so that the total area examined was greater than ~1 mm2. The coordinates 
of individual precipitate locations on the montage were then digitized for subsequent analysis of the inter-
precipitate spacing. The precipitate sizes were measured from images recorded at a magnification of 
4000x or greater. These images were recorded from different areas of the specimen. Approximately 100 
or more precipitates were measured for each orientation of each heat treatment condition. 

3. RESULTS AND DISCUSSION 

3.1 GRAIN GROWTH 

3.1.1 Optical Microscopy 

Light optical micrographs were recorded for the longitudinal section, transverse section, and rolling 
surface of each condition and are shown in Figures 3, 4, and 5, respectively. The images shown are 
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smaller representative sections of much larger montages. Note that any change in contrast or brightness 
on a given image is an artifact of multiple images being stitched together. All images were recorded under 
identical conditions and differences in contrast or brightness between images is due to post-capture 
editing in order to streamline the analysis.  There is some variation in thickness in the short transverse 
direction due to slight differences in the thickness of the blanks from which a sample was cut.  The rolling 
surface of all samples was larger than the field of view of the microscope so the images shown are 
cropped from an interior area of the original composite image and have the same magnification.  
 
It should be noted that in some of the aged conditions, relatively large grains were more prevalent near 
the edge of the sample while smaller grains appeared to be more concentrated near the mid-thickness of 
the longitudinal and transverse sections. This non-homogenous spatial distribution of grain sizes within a 
single sample was most evident in the conditions with the largest average grain sizes. For instance, the 
effect is visible in the micrographs of the longitudinal sections of samples aged at 1400 °C for 10,000 h 
and at 1500 °C for 1000 h (see Figure 3). The cause of this behavior in the present work is not clear at this 
time. In previous work [9], aging was performed at temperatures ranging from 1230 to 1330 °C for times 
up to 3000 h while exposed to an oxygen partial pressure of 1.0 x10-5 torr. In the same study, aging was 
also performed at 1330 °C for up to 3000 h while exposed to an oxygen partial pressure of 1.0 x10-4 torr. 
Under these conditions, accelerated grain growth was observed in near surface grains. In the present 
study, the levels of oxygen in the atmosphere during aging are lower than in the aforementioned study [9] 
by approximately one to three orders of magnitude but the aging temperatures and/or times are higher and 
longer, respectively. Therefore, it is not clear if oxygen, even present at lower levels compared to 
previous studies, affected grain growth behavior during aging in the present study. Further investigation 
into the cause of this behavior is proposed for future work.  
  



 

6 
 

 

  
 Fig. 3. Optical micrographs of the longitudinal sections (L) obtained for the as-recrystallized condition 
and after aging at 1300, 1400, and 1500 °C for the times indicated on the individual images (the rolling 
direction is along the horizontal). 
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 Fig. 4. Optical micrographs of the transverse sections (S) obtained for the as-recrystallized condition and 
after aging at 1300, 1400, and 1500 °C for the times indicated on the individual images (the long transverse 
direction is along the horizontal). 
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 Fig. 5. Optical micrographs of the rolling surface (R) obtained for the as-recrystallized condition and 
after aging at 1300, 1400, and 1500 °C for the times indicated on the individual images (the rolling direction is 
along the horizontal). 

3.1.2 Grain Size Evolution 

Vertical and horizontal MLI as well as average horizontal and vertical projection lengths were obtained 
for each orientation of samples aged for 200, 500, 1000, 2000, 5000, and 10,000 h and are presented in 
Table 2. Mean linear intercept has been used previously to quantify average grain size in DOP-26. While 
the MLI method is consistent with past investigations of grain size in DOP-26, it does not capture the size 
of all grains. In contrast, the horizontal and vertical projection lengths are calculated for every grain in the 
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micrograph, resulting in better statistics and an improved characterization of grain size distribution, which 
can be particularly important in specimens with larger but fewer grains. It should be noted that the sample 
edges on the L and S surfaces were included on micrographs and these edges were treated as grain 
boundaries in determining the horizontal and vertical projection. Conversely, the rolling surface extends 
beyond the image boundary so only a portion of some grains on the image border are included in the 
image. In this case, the image border was treated as a grain boundary.  
 
Also included in Table 2 are the additional grain size measurements made on the longitudinal and 
transverse sections of heats G1 and ER10 after aging at 1500 °C for 50 and 100 h and previous MLI data 
reported for a sample from heat D2 aged at 1500 °C for 100 h [9]. The grain size measurements made on 
heats G1 and ER10 after aging for 50 and 100 h in the same furnace follow a consistent trend when 
compared to the grain size of the as-recrystallized specimens and those specimens aged at 1500 °C for 
200 h or longer in the present work. The difference in grain size between heats G1 and ER10 ranged from 
~0.1 to 11% and 3 to 25% for mean projection lengths and mean linear intercept, respectively, when 
comparing measurements made on the same surfaces after the same aging time. The V-MLI (through 
thickness) values measured for heats G1 and ER10 were ~26 and 32% lower, respectively, than the value 
of 71 µm reported previously as measured on the transverse sections after aging at 1500 °C for 100 h [9].  
The differences in the MLI values between specimens aged at 1500 °C for 100 h in the present work and 
that reported previously [9] are likely due to the material being from different heats, uncertainty in the 
grain size measurements, and the use of different furnaces. 
 
Frequency distribution histograms of the horizontal and vertical projection lengths were generated for all 
orientations of the conditions aged from 200 to 10,000 h and are presented in Appendix A. The horizontal 
projection lengths exhibit a narrower range of size compared to the vertical projection lengths, 
particularly for the longitudinal and transverse orientations. With increasing aging times, the distribution 
of grain sizes broadens for all orientations.   
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  Table 2. Mean Projection and Linear Intercept Lengths for Longitudinal Sections (L), Transverse Sections 
(S), and Rolling Surfaces (R) of the As-Recrystallized and Aged Specimens (the 95% confidence 

intervals are provided for the mean projection lengths and the numbers in parentheses 
indicate the number of grains analyzed for the projection data) 

  

Aging 
Temperature 

(°C) 

Aging 
Time 
(h) 

Surface 
Mean H. 

Projection 
(µm) 

95% 
Conf. 
Int. 

(±µm) 

V - 
MLI 
(µm) 

Mean V. 
Projection 

(µm) 

95% 
Conf. 
Int. 

(±µm) 

H - MLI 
(µm) 

As  
Recrystallized 

 
n/a 

 

L 24.8 (5656) 0.5 21.9 49.9 1.2 42.6 
S 26.6 (6500) 0.4 23.2 46.2 0.8 37.4 
R 49.8 (2700) 1.4 40.7 61.0 2.0 46.5 

 1300 
2000 

L 
39.5 (3448) 0.7 31.5 69.7 1.6 58.8 

5000 62.6 (1781) 1.7 46.8 98.1 3.0 84.4 
10,000 61.9 (2316) 1.7 54.3 92.7 2.6 85.7 

1300 
2000 

S 
37.8 (2557) 0.8 31.4 58.3 1.4 49.1 

5000 56.6 (3351) 1.1 43.9 77.3 2.1 69.6 
10,000 63.4 (3507) 1.3 53.6 94.0 2.0 90.6 

1300 
2000 

R 
54.8 (2580) 1.4 43.3 67.4 1.9 56.4 

5000 79.0 (1001) 3.2 72.7 96.0 3.9 84.3 
10,000 86.2 (1520) 2.8 79.5 94.8 3.2 82.4 

1400 
2000 

L 
75.7 (752) 3.3 62.4 106.5 5.1 90.6 

5000 111.3 (694) 5.6 96.7 144.1 7.1 145.7 
10,000 120.3 (642) 6.7 102.2 151.2 8.3 148.8 

1400 
2000 

S 
69.9 (559) 3.2 62.9 87.5 4.0 70.7 

5000 105.7 (1433) 3.7 99.7 124.4 4.2 115.2 
10,000 114.7 (1119) 4.6 111.4 133.5 5.2 123.4 

1400 
2000 

R 
90.2 (839) 4.2 74.8 98.8 4.8 78.4 

5000 128.2 (770) 5.9 119.9 136.5 6.2 109.9 
10,000 133.5 (324) 11.4 126.6 167.3 13.5 163.2 

1500 

50* 

L 

57.6 (969) 2.4 44.4 91.2 3.9 76.4 
50** 64.4 (947) 2.8 55.5 89.2 3.9 74.1 
100* 60.8 (659) 3.0 49.2 95.9 4.8 81.6 

100** 65.7 (1049) 2.4 56.9 91.3 3.5 74.6 
200 65.0 (835) 2.7 62.5 100.1 4.5 88.4 
500 73.9 (881) 3.0 69.4 105.1 4.6 94.9 

1000 99.0 (508) 5.9 82.8 137.1 8.5 121.7 

1500 

50* 

S 

54.4 (919) 2.1 45.9 77.5 3.2 60.6 
50** 56.7 (751) 2.5 48.9 75.8 3.3 57.9 
100* 60.1 (830) 2.4 52.3 79.8 3.2 66.5 

100** 63.5 (488) 3.4 48.4 80.0 4.4 71.0 
100*** N/A N/A 71 (153) N/A N/A N/A 

200 67.4 (1168) 2.2 65.9 86.4 3.0 73.9 
500 76.1 (982) 3.0 74.1 92.7 3.6 83.4 

1000 90.3 (672) 4.0 85.1 113.6 5.2 99.0 

1500 
200 

R 
86.5 (1128) 3.2 73.6 96.3 3.9 89.2 

500 90.4 (822) 3.9 72.4 102.1 4.5 90.4 
1000 97.5 (963) 3.9 83.2 104.5 4.4 98.7 

*Present results for G1-13A 
**Present results for ER10-9 
***Results reported previously for sample from heat D2 aged at 1500 °C for 100 h [9] 
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3.2 PRECIPITATE EVOLUTION DURING AGING 

3.2.1 Scanning Electron Microscopy 

Scanning electron microscopy was performed at low magnification (500x) to determine the inter-
precipitate spacing and at higher magnification (>4000x) to determine precipitate size. Figure 6a shows a 
montage of SEM images (500x) recorded from the longitudinal section of the as-recrystallized sample. 
The precipitates typically exhibit bright contrast relative to the matrix in the back-scatter electron (BSE) 
imaging mode. The corresponding locations of all identifiable precipitates in Figure 6a are displayed in 
Figure 6b. As observed in Figure 6b, the distribution of precipitates exhibits significant clustering. These 
clusters or stringers, as previously described [9], contain closely spaced precipitates or strings of 
precipitates aligned approximately along the rolling direction. The length of these stringers was observed 
to be ~ 100 µm on the longitudinal section of the as-recrystallized sample. The individual precipitates 
themselves contained in these stringers may also be elongated along the rolling direction. Figures 6c and 
d show higher magnification images of the precipitate stringers observed on the longitudinal section of 
the as-recrystallized sample. In Figures 7a and b, the digitized precipitate locations from SEM montages 
of the transverse section and rolling surface of the as-recrystallized condition are shown, respectively. 
Precipitate stringers were observed on the rolling surface but not on the transverse section. Qualitatively, 
a significantly lower area number density of precipitates was observed on the rolling surface compared to 
the longitudinal and transverse sections of the as-recrystallized condition. The differences may be due in 
part due to thermo-mechanical processing, which influences the morphology of the precipitates and how 
they are oriented with respect to the longitudinal, transverse, and rolling surfaces.  
 
Figure 8a shows a montage of SEM images recorded from the longitudinal section of the sample aged at 
1500 °C for 500 h. The locations of the individual precipitates in Figure 8a are shown in Figure 8b. 
Precipitate stringers are still observed in the sample aged at 1500 °C for 500 h. Figure 8c is a BSE SEM 
image of three precipitates aligned along the rolling direction with spacing between the precipitates of ~5 
µm. The observed sizes of these precipitates in Figure 8c are approximately 500 nm. In contrast, a larger 
precipitate with observed major axis length of ~3 µm is shown in Figure 8d. It should be noted that the 
measured size of the precipitates in Figure 8c are relatively small compared to the mean precipitate size 
measured for this condition. In addition, the measured size of the precipitate in Figure 8d is relatively 
large compared to the mean size measured for this condition. Qualitatively, the observed major axis of 
precipitates often appeared to be closely aligned with the rolling direction.  
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(a) 

 
(b) 

  
(c) (d) 

 Fig. 6. As-recrystallized sample – longitudinal section.  (a) SEM montage (note: the resolution of this montage has been 
reduced compared to the original used in the data analysis) and (b) digitized precipitate locations cor-responding to the SEM 
montage in (a) (note: the center of each dot represents the location of a single precipitate). (c) and (d) are higher magnification BSE 
SEM images showing in (c) precipitates (identified by arrows) and in (c) and (d) precipitate stringers (circled) both internal to the 
grains and on grain boundaries. The rolling direction is along the horizontal of all figures. 
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(a) 

 
(b) 

 Fig. 7. As-recrystallized sample – digitized precipitate locations corresponding to (a) the transverse section and (b) the 
rolling surface.  The long transverse and rolling directions are along the horizontals in (a) and (b), respectively. The center of each 
dot represents the location of a single precipitate.  
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(a) 

 
(b) 

  
(c) (d) 

 Fig. 8. Sample aged 500 h at 1500 °C – longitudinal section. (a) SEM montage (note: the resolution of this montage has been 
reduced compared to the original used in the data analysis) and (b) digitized precipitate locations corresponding to the SEM montage 
in (a). (c) and (d) are higher magnification BSE SEM images showing in (c) three relatively small precipitates aligned along the 
rolling direction and (d) a single relatively large precipitate elongated in the rolling direction. The rolling direction is along the 
horizontal of all figures. 
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3.2.2 Precipitate Size Analysis  

The average precipitate size was measured from SEM micrographs for each orientation of each condition 
and is presented in tabular form in Table 3. Each observed precipitate was approximated as an ellipse and 
the major and minor ellipse axis lengths are reported in Table 3 along with the 95% confidence interval of 
the averages. The measured average precipitate sizes will be different than the actual values due to several 
factors. Since the micrographs are obtained from sections that cut through ellipsoidal precipitates in 
random locations [10], the measured major and minor axes from 2-dimensional sections will differ from 
the actual major and minor ellipse lengths. Furthermore, the precipitate morphologies are clearly 
influenced by the processing. For instance, qualitatively, many precipitates appeared to be elongated 
towards the rolling direction. Furthermore, the average major and minor ellipse axis lengths of the 
precipitates measured from the rolling surface of the as-recrystallized condition are larger than those 
measured on the longitudinal and transverse sections of the as-recrystallized condition, suggesting that the 
precipitates may have been “flattened” to some degree during the rolling. Therefore, precipitate size 
measurements from the longitudinal section, transverse section, and rolling surface may result in different 
values for a single heat treatment condition.  

 
Table 3. Average Major and Minor Ellipse Axis Lengths for the L, S and R Surfaces 

of the As-Recrystallized and Aged Samples 
 

Heat 
Treatment 
 Temp. (°C) 

Heat 
Treatment  
 Time (h) 

Major Axis Length 
L surface S surface R surface 

Length 
(μm) 

95% Conf. 
Int. (±μm) 

Length 
(μm) 

95% 
Conf. Int. 

(±μm) 

Length 
(μm) 

95% 
Conf. Int. 

(±μm) 
As-

recrystallized n/a 0.8 0.15 1.0 0.19 2.3 0.31 

1300 
2000 1.2 0.17 0.9 0.15 1.1 0.18 
5000 0.8 0.16 0.9 0.13 1.8 0.25 

10,000 1.1 0.15 1.5 0.17 1.3 0.16 

1400 
2000 1.1 0.24 1.4 0.15 1.4 0.19 
5000 1.6 0.21 1.4 0.13 1.6 0.18 

10,000 1.2 0.21 1.3 0.16 1.1 0.18 

1500 
200 1.4 0.24 1.2 0.15 0.5 0.09 
500 1.4 0.18 1.4 0.17 1.3 0.20 

1000 1.5 0.18 1.4 0.16 1.0 0.16 

Heat 
Treatment 

 Temp. (°C) 

Heat 
Treatment  
 Time (h) 

Minor Axis Length 
L surface S surface R surface 

Length 
(μm) 

95% Conf. 
Int. (±μm) 

Length 
(μm) 

95% 
Conf. Int. 

(±μm) 

Length 
(μm) 

95% Conf. 
Int. (±μm) 

As-
recrystallized n/a 0.4 0.07 0.5 0.11 1.3 0.18 

1300 
2000 0.5 0.06 0.5 0.07 0.6 0.09 
5000 0.5 0.13 0.9 0.10 1.2 0.16 

10,000 0.7 0.09 0.9 0.11 0.8 0.10 

1400 
2000 0.6 0.10 0.9 0.10 0.9 0.13 
5000 0.9 0.10 1.0 0.10 1.1 0.10 

10,000 0.7 0.10 0.8 0.11 0.8 0.12 

1500 
200 0.6 0.09 0.7 0.09 0.4 0.05 
500 0.7 0.06 0.9 0.11 0.9 0.12 

1000 0.8 0.09 1.0 0.11 0.7 0.11 
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3.2.3 Precipitate Spacing Distribution  

Appendix B contains the precipitate locations, presented on graphs, corresponding to a single SEM 
montage for each orientation of each condition. Each graph has the same scale to facilitate comparisons 
between conditions. These graphs are provided to serve as inputs to models and/or to serve as 
comparisons to “sections” from 3-dimensional models of the microstructure of DOP-26. In order to obtain 
sufficient statistics on the inter-precipitate spacing, two montages each with an area of ~0.5 mm2 were 
generated for each orientation of each condition. SEM analysis was performed at 500x magnification to 
obtain sufficient analysis area and high resolution images were captured in order to identify precipitates. 
The polishing procedure developed for these materials was able to facilitate identification of precipitates 
with sizes down to ~200 nm using the aforementioned imaging conditions. The morphology of the 
precipitates and the tendency of precipitates to be oriented non-randomly will contribute to differences in 
the number density of individual orientations of a single heat treatment condition.  
 
From the digitized locations of the precipitates, the nearest neighbor precipitate spacing distribution was 
characterized for each orientation of each condition. For this analysis, the first nearest neighbor 
precipitate distance at six angular intervals was calculated for every precipitate in a given montage. The 
six angular intervals used in the analysis were >30 to 90, >90 to 150, >150 to 210, >210 to 270, >270 to 
330, and >330 to 30 degrees. This resulted in a maximum of 6 possible nearest neighbor distances for 
each precipitate. In our coordinate system, the angular intervals are defined by the angle as measured 
counter clockwise from the horizontal of the micrographs (e.g., the RD for the longitudinal section and 
rolling surface and the LT direction for the transverse section). For some precipitates, such as those 
located near the edge of the sample or the edge of the montage, a nearest neighbor precipitate for one or 
more angular intervals was not present on the micrograph, and were not included in the analysis. For each 
angular interval, all nearest neighbor distances were then binned into 10 µm intervals of increasing 
distance (e.g., 0-10 µm, 10-20 µm, 20-30 µm, etc.) for a total of 25 intervals. Due to symmetry, the 
nearest neighbor distances calculated for all precipitates for the angular intervals >150 to 210 should, in 
general, be equivalent to those calculated from >330 to 30 degrees. In addition, the distribution of nearest 
neighbor precipitates in the angular intervals of >30 to 90, >90 to 150, >210 to 270, and >270 to 330 
should also be similar to one another due to symmetry. Consequently, two frequency distribution 
histograms of nearest neighbor precipitate distances for each orientation of each condition are presented 
in Appendix C. The first frequency distribution histogram is for angular intervals of >150 to 210 and 
>330 to 30 degrees and the second frequency distribution histogram is for angular intervals of >30 to 90, 
>90 to 150, >210 to 270, and >270 to 330. The angular intervals from >150 to 210 and >330 to 30 
degrees contain a relatively high frequency of nearest neighbor precipitate distances from 0-10 µm for the 
longitudinal sections and the rolling surfaces, owing to the precipitate stringers observed on these surfaces 
aligned along the RD. On the transverse section, a slightly higher frequency of nearest neighbor distances 
from 0-10 µm was noted for the angular intervals of >150 to 210 and >330 to 30 degrees compared to the 
other angular intervals. 
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4. CONCLUSIONS 

A study has been initiated to characterize the effect of long term aging on grain growth and precipitation 
behavior in DOP-26. Samples of DOP-26 were aged at 1300, 1400, and 1500 °C for times ranging from 
50 to 10,000 h. Grain size measurements (vertical and horizontal mean linear intercept and horizontal and 
vertical projection) were made on the longitudinal, transverse, and rolling surfaces after the long-term 
aging treatments. The size and spacing of the Th enriched precipitates in this study were determined as a 
function of aging time and temperature using scanning electron microscopy. The results obtained by this 
study are intended to provide input to grain growth models of DOP-26.   

5. FUTURE WORK 

The following items have been identified as potential areas for future work: 
• Relatively large grains were observed to be preferentially located near the surface in some samples, 

particularly those aged for longer times and at higher temperatures. The cause of this behavior in the 
present work is not clear at this time but could be important in understanding the mechanisms of grain 
growth during long-term aging and to enabling improved modeling capability. In previous work, 
aging in a low partial pressure oxygen atmosphere has been reported to cause similar abnormally 
large grain growth on the surface of DOP-26 samples, due to depletion of Th at the boundaries of near 
surface grains and a reduction in size of IrTh precipitates [9]. However, it is not clear if oxygen, when 
present at significantly lower levels (during aging) like in the current study, might affect grain growth 
behavior during aging at much longer times (such as those times incorporated in this study). 
Therefore, an investigation into the factor(s) which may cause abnormally large grain growth in near 
surface grains during long-term aging, and any effect it may have on precipitate behavior, is 
suggested for further investigation. 

• Heat to heat variations in bulk Th content are known to occur in DOP-26 (within the 30-90 wppm 
specification limit). However, it is not well understood how significantly these variations in Th 
content influence the initial precipitate size and distribution, the evolution of precipitate size and 
distribution during aging, and ultimately, grain growth. An improved understanding of these factors 
may enhance grain growth predictive capabilities as well as provide insight into the mechanisms that 
may cause variations in grain growth rates observed in different heats of DOP-26. Material from three 
different heats of DOP-26, encompassing a range of Th content as measured by glow discharge mass 
spectroscopy, have been selected to further understand these factors. Methods developed in the 
present work to quantitatively characterize precipitate size and distribution can be applied to these 
different heats of DOP-26 with varying Th contents. 
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APPENDIX A. FREQUENCY HISTOGRAMS OF THE GRAIN SIZE 
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FREQUENCY HISTOGRAMS OF THE GRAIN SIZE 

 

    

  

 Fig. A1. Frequency histograms of the measured horizontal projection lengths for the L, S, and R surfaces 
(left to right) for the as-recrystallized condition. 
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 Fig. A2. Frequency histograms of the measured horizontal projection lengths for the L, S, and R 
surfaces (left to right) after aging at 1300 °C for 2000 h (top), 5000 h (middle), and 10,000 h (bottom). 
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 Fig. A3. Frequency histograms of the measured horizontal projection lengths for the L, S, and R 
surfaces (left to right) after aging at 1400 °C for 2000 h (top), 5000 h (middle), and 10,000 h (bottom). 
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 Fig. A4. Frequency histograms of the measured horizontal projection lengths for the L, S, and R 
surfaces (left to right) after aging at 1500 °C for 200 h (top), 500 h (middle), and 1000 h (bottom). 
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 Fig. A5. Frequency histograms of the measured vertical projection lengths for the L, S, and R 
surfaces (left to right) of the as-recrystallized condition. 

 

 

 

 

 

 

 

 

  

0

5

10

15

20

25

30

35

0-
10

20
-3

0
40

-5
0

60
-7

0
80

-9
0

10
0-

11
0

12
0-

13
0

14
0-

15
0

16
0-

17
0

18
0-

19
0

20
0-

21
0

22
0-

23
0

24
0-

25
0

26
0-

27
0

28
0-

29
0

Fr
eq

ue
nc

y 
(%

)

Grain Size - Vertical 
Projection (μm)

As Recrystallized-L 

0

5

10

15

20

25

30

35

0-
10

20
-3

0
40

-5
0

60
-7

0
80

-9
0

10
0-

11
0

12
0-

13
0

14
0-

15
0

16
0-

17
0

18
0-

19
0

20
0-

21
0

22
0-

23
0

24
0-

25
0

26
0-

27
0

28
0-

29
0

Fr
eq

ue
nc

y 
(%

)
Grain Size - Vertical 

Projection (μm)

As Recrystallized-S

0

5

10

15

20

25

30

35

0-
10

20
-3

0
40

-5
0

60
-7

0
80

-9
0

10
0-

11
0

12
0-

13
0

14
0-

15
0

16
0-

17
0

18
0-

19
0

20
0-

21
0

22
0-

23
0

24
0-

25
0

26
0-

27
0

28
0-

29
0

Fr
eq

ue
nc

y 
(%

)

Grain Size - Vertical 
Projection (μm)

As Recrystallized-R



 

A-8 
 

   

   

   

 Fig. A6. Frequency histograms of the measured vertical projection lengths for the L, S, and R 
surfaces (left to right) after aging at 1300 °C for 2000 h (top), 5000 h (middle), and 10,000 h (bottom). 
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 Fig. A7. Frequency histograms of the measured vertical projection lengths for the L, S, and R 
surfaces (left to right) after aging at 1400 °C for 2000 h (top), 5000 h (middle), and 10,000 h (bottom). 
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 Fig. A8. Frequency histograms of the measured vertical projection lengths for the L, S, and R 
surfaces (left to right) after aging at 1500 °C for 200 h (top), 500 h (middle), and 1000 h (bottom). 
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APPENDIX B. GRAPHS OF THE TWO-DIMENSIONAL 
PRECIPITATE LOCATIONS 
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GRAPHS OF THE TWO-DIMENSIONAL PRECIPITATE LOCATIONS 

 

 
(a) 

 
(b) 

 
(c) 

 Fig. B1. As-recrystallized sample – digitized precipitate locations corresponding to the (a) longitudinal 
section, (b) transverse section, and (c) the rolling surface.  The horizontal is approximately along the rolling 
direction in (a) and (c) and the long transverse direction in (b). The center of each dot represents the location of a 
single precipitate. 



 

B-4 
 

 
(a) 

 
(b) 

 
(c) 

 Fig. B2. Sample aged at 1300 °C for 2000 h – digitized precipitate locations corresponding to the (a) 
longitudinal section, (b) transverse section, and (c) the rolling surface.  The horizontal is approximately along 
the rolling direction in (a) and (c) and the long transverse direction in (b). The center of each dot represents the 
location of a single precipitate.
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(a) 

 
(b) 

 (c) 

 Fig. B3. Sample aged at 1300 °C for 5000 h – digitized precipitate locations corresponding to the (a) 
longitudinal section, (b) transverse section, and (c) the rolling surface.  The horizontal is approximately along 
the rolling direction in (a) and (c) and the long transverse direction in (b). The center of each dot represents the 
location of a single precipitate. 
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(a) 

 
(b) 

 
(c) 

 Fig. B4. Sample aged at 1300 °C for 10,000 h – digitized precipitate locations corresponding to the (a) 
longitudinal section, (b) transverse section, and (c) the rolling surface. The horizontal is approximately along 
the rolling direction in (a) and (c) and the long transverse direction in (b).  The center of each dot represents the 
location of a single precipitate. 

  



 

B-7 
 

 
(a) 

 
(b) 

 
(c) 

 Fig. B5. Sample aged at 1400 °C for 2000 h – digitized precipitate locations corresponding to the (a) 
longitudinal section, (b) transverse section, and (c) the rolling surface.  The horizontal is approximately along 
the rolling direction in (a) and (c) and the long transverse direction in (b). The center of each dot represents the 
location of a single precipitate. 
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(a) 

 
(b) 

 
(c) 

 Fig. B6. Sample aged at 1400 °C for 5000 h – digitized precipitate locations corresponding to the (a) 
longitudinal section, (b) transverse section, and (c) the rolling surface.  The horizontal is approximately along 
the rolling direction in (a) and (c) and the long transverse direction in (b). The center of each dot represents the 
location of a single precipitate. 
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(a) 

 
(b) 

 
(c) 

 Fig. B7. Sample aged at 1400 °C for 10,000 h – digitized precipitate locations corresponding to the (a) 
longitudinal section, (b) transverse section, and (c) the rolling surface.  The horizontal is approximately along 
the rolling direction in (a) and (c) and the long transverse direction in (b). The center of each dot represents the 
location of a single precipitate. 
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(a) 

 
(b) 

 
(c) 

 Fig. B8. Sample aged at 1500 °C for 200 h – digitized precipitate locations corresponding to the (a) 
longitudinal section, (b) transverse section, and (c) the rolling surface.  The horizontal is approximately along 
the rolling direction in (a) and (c) and the long transverse direction in (b). The center of each dot represents the 
location of a single precipitate. 



 

B-11 
 

 
(a) 

 
(b) 

 
(c) 

 Fig. B9. Sample aged at 1500 °C for 500 h – digitized precipitate locations corresponding to the (a) 
longitudinal section, (b) transverse section, and (c) the rolling surface.  The horizontal is approximately along 
the rolling direction in (a) and (c) and the long transverse direction in (b). The center of each dot represents the 
location of a single precipitate. 



 

B-12 
 

 
(a) 

 
(b) 

 
(c) 

 Fig. B10. Samples aged at 1500 °C for 1000 h – digitized precipitate locations corresponding to the (a) 
longitudinal section, (b) transverse section, and (c) the rolling surface.  The horizontal is approximately along 
the rolling direction in (a) and (c) and the long transverse direction in (b). The center of each dot represents the 
location of a single precipitate. 

 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX C. FREQUENCY DISTRIBUTION HISTOGRAMS OF THE 
PRECIPITATE SPACING 
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FREQUENCY DISTRIBUTION HISTOGRAMS OF PRECIPITATE SPACING 

 
 

   
 Fig. C1. As-recrystallized sample. Frequency distribution histograms of the near neighbor precipitate 
distances for specific angular intervals for the L, S, and R surfaces (left to right).  
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 Fig. C2. Samples aged at 1300 °C. Frequency distribution histograms of the near neighbor precipitate 
distances at specific angular intervals for the L, S, and R surfaces (left to right) after aging times of 2000 
(top), 5000 (middle), and 10,000 h (bottom).  
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 Fig. C3. Samples aged at 1400 °C. Frequency distribution histograms of the near neighbor precipitate 
distances at specific angular intervals for the L, S, and R surfaces (left to right) after aging times of 2000 
(top), 5000 (middle), and 10,000 h (bottom). 
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 Fig. C4. Samples aged at 1500 °C. Frequency distribution histograms of the near neighbor precipitate 
distances at specific angular intervals for the L, S, and R surfaces (left to right) after aging times of 200 (top), 
500 (middle), and 1000 h (bottom). 
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