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Modeling Results

Background and Objectives

Computational modeling of GTJ

Dissimilar Metal Welds (DMWs) in Steam Generators of Very
High Temperature Reactors (VHTR)

Optimal grade lengths of 10 and 20mm were fabrication between Grade 22 and Inconel
82. ThermoCalc and DICTRA modeling software was used to model the carbon diffusion
and phase formation throughout the GTJ, and compared to the conventional DMW.

Problem statement

Conventional DMW

DMWs between ferritic and austenitic alloys are well known to fail
prematurely at creep lives well below base metal values

Graded Transition Joint

Premature failures along the fusion line in the
ferritic steel attributed to:
1.Mismatch of Thermal Properties (CTE)
2.Sharp changes in composition, microstructure, and properties along
fusion line
3.Carbon migration during service causing a formation of a softened
zone in ferritic steel and a high hardness in the austenitic weld metal
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The carbon concentration was calculated
as a function of distance for both the DMW
and GTJ.

•

Initially, the concentration gradient was set
to be linear, however energy dispersive
spectroscopy (EDS) results presented
below show it is actually a step function

•

The extent of carbon diffusion is
significantly less in a GTJ (note the y-axis
scale)

•

There is a sharp change from BCC to FCC
in the DMW, and a gradual change in the
GTJ

•

GTJ shows the step function of phase
formation, with the presence of Chromium
(Cr), Niobium (Nb) and Molybdenum (Mo)
carbides

•

The DMW shows a significant enrichment
in Cr carbides (M23C6) in the PMZ when
compared to GTJ (Note y-axis scale)

•

GTJ shows carbide depletion prior to each
layer interface, and enrichment at the
beginning of the layer.

•

This is insightful, as it shows us the
location of importance in the GTJs
- The layer interfaces
- Beginning of the graded region
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Operating Conditions
of Dissimilar Metal Weld
Temperature: 465°C
Stress: 55 MPa (Maximum)

Matching IN-82
composition

Matching 2.25Cr-1Mo
composition

Potential Solution

Project Objectives

 Graded Transition Joint (GTJ)

Advantages of GTJ approach
 Mitigation of thermal stresses along the interface
that develop due to difference in CTEs
 Significant reduction in the amount of Carbon
migration along interface

 Minimize carbon diffusion and corresponding
strain localization by fabricating GTJs
 Characterize the material to determine if any
undesirable secondary phases form during aging
 Creep test aged GTJs to determine any
presence of strain localization

Results and Discussion
In order to understand the microstructural evolution in the GTJs, each layer was characterized at the various aging times. As mentioned before, the
interfaces are of most importance, and scanning electron microscopy (SEM) photomicrographs can help explain the hardness trends. The GTJ aged for
2,000 hours at 600°C was imaged, shown below. There is a secondary constituent that forms during aging, and increase in volume fraction with increasing
layers. This can be seen through the images in L2-L4 below. ThermoCalc modeling assisted in understand what this constituent is and how it formed.
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Hardness as a function of distance for the DMW
in the as-welded and aged conditions show a
soft zone prior to fusion line, and a hard zone in
the PMZ
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Microhardness traces were conducted on
GTJs in the as-welded and aged conditions
to understand the microstructural evolution
of these joints under service conditions.
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EDS measurements were also measured in
the as-welded condition and plotted with
the hardness results.
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Similar to the carbon diffusion calculations,
the above graph shows the regions of
interest are at the layer interfaces

Photomicrographs shows a DMW aged for
2,000 hours at 600°C with a row of Cr
carbides at the BCC/FCC interface
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Layer 4
Photomicrographs shows a DMW aged for 8,000
hours at 600°C with a row of Cr carbides at the
BCC/FCC interface. The carbides coalesce with
extended aging time, creating a large hardness
gradient and region for strain localization

Layer 5

Layer 6

EBSD aids in determining the layers of the mixed martensite and austenite
structure, which helps understand the hardness trends. EBSD on the GTJ
aged for 2,000 hours at 600°C shows that layer 5 is the region that contains
both BCC and FCC structures
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As an example, Layer 4 was investigated using ThermoCalc to analyze the secondary constituent forming
during aging. Plot A above shows the phase fraction as a function of temperature, with FCC calculated to be
83% at 600°C. ThermoCalc can calculate the composition of FCC, which is shown in Plot B for Fe, Ni and Cr.
EDS measurements on the secondary constituent at room temperature show good agreement with the
calculated values at 600°C. (Note EDS of BCC region measures 4 wt% Ni as a comparison). These results
are shown in Plot C, with the calculated and measured compositions for the 3 main alloying elements plotted
as a function of layer
• This suggests the calculated FCC phase at 600°C is transforming into a Ni rich BCC phase at room
temperature
• This could help explain the hardness increase with increasing layer, since the volume fraction of this
constituent is increasing with layer.

High Temperature Creep Testing

Conclusions and Future Work

High Temperature Creep Test
• High temperature creep tests at 600°C are being conducted to study strain partitioning using Digital Image
Correlation (DIC) techniques
Digital Image Correlation
• Non-contact method to obtain full field shape and deformation measurements during tensile and creep testing

Conclusions

An ATS 2330 lever arm creep tester equipped with 3:1 lever arm was used for performing creep
tests. 3D DIC was set up with two cameras mounted vertically and placed at 100mm apart and
inclined at 10-15º with respect to the vertical bar. This set up allows for a full view of the gauge
surface of the sample and track 3D displacements of every point on the gauge surface. LED lamp
was used to illuminate the gauge surface of the test specimen.
• Contrasting speckle patterns on the
specimen used for DIC
• Images are captured in time intervals
of 5 sec
• Region of interest (ROI) covering a
gauge length of 53 mm was used for
image correlation using Vic-3D
software for stain mapping.

A creep strain (εyy) vs time plot shows the
global strain across the gauge section. All
regions exhibit steady state creep behavior
with the rates seen in Plot A.
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Plot B shows two test conditions of the DMW
aged for 2,000 hours at 600°C. In both the
test conditions, creep tests coupled with DIC
strain measurement technique proved to be
effective in identifying highly straining weak
region of width 1-1.5mm inside 2.2Cr-1Mo
HAZ, after just 100 hours of test.

1. Thermodynamic and kinetic modeling was conducted and the interfaces of each layer towards the
beginning of the grade were found to be of most importance
2. Microstructural characterization was conducted on the GTJ and a secondary constituent was
determined to increase with increasing layer in the aged conditions
• This constituent was measured to be Ni rich, and shows good agreement with the calculated FCC phase
at 600°C

3. High temperature creep testing was conducted on the conventional DMW and GTJs in the aged
conditions
• DIC results show no evidence of strain localization in the graded region of the GTJs during testing

Future Work
1. Detailed microstructural characterization will be conducted on the other filler metals (P87 and 347H)
• Understand the microstructural evolution and presence of any secondary phase formation
• Explain microhardness trends in aged conditions
2. Detailed microstructural characterization will be conducted on the creep tested samples to:
• Determine locations of failure and failure mechanism
3. Determine the constitutive stress-strain behavior by evaluating the high temperature deformation
response of GTJs in the aged conditions
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