
Introduction

Many engineering components today
have service conditions that require the
properties to vary with position (Ref. 1).
Differing stresses, temperatures, and en-
vironments necessitate a range of material
properties that often cannot be achieved
in a component with a single composition.
One solution is to replace these compo-
nents with functionally graded materials
(FGMs), which are composite materials
engineered with different phases whose
composition changes gradually with posi-
tion (Ref. 2). In FGMs, abrupt changes in
composition or properties that can act as
stress concentrations are eliminated, de-

creasing the possibility of failure (Ref. 1).
Unfortunately, graded materials are not
regularly integrated into industrial com-
ponents because the design and manufac-
turing processes include many unresolved
challenges. In terms of design, optimiza-
tion routines must be developed to iden-
tify the gradient in properties that pro-
vides superior component performance
for a given set of service conditions. The
component then needs to be manufac-

tured correctly to produce the microstruc-
tural gradient leading to the predeter-
mined property gradient.

Functionally graded materials can also
be useful for joining dissimilar alloys that
have large differences in thermal and me-
chanical properties. For example, dissimi-
lar metal welds (DMWs) between ferritic
low-alloy steels and austenitic alloys are
commonly used in fossil-fired power
plants. The less-expensive, low-alloy steels
are used in the low-temperature regions of
the plant, while the higher temperatures in
the superheater regions require the supe-
rior corrosion resistance and greater creep
strength of more expensive austenitic al-
loys. A typical power plant can contain
thousands of DMWs. The DMWs are
prone to premature failure due to sharp
gradients in chemical composition, ther-
mal expansion, and creep strength be-
tween the two alloys (Refs. 3, 4). Prema-
ture failure of these DMWs can result in
forced plant outages that can cost a power
company up to $850,000 per day in lost
revenue (Ref. 5). A transition joint that
gradually changes from the “pure”
austenitic alloy to the “pure” ferritic steel
could replace the one dissimilar weld with
two similar welds. By continuously grading
the joint composition, the sharp changes
in microstructure and properties of tradi-
tional DMWs would be eliminated, thus
improving the high-temperature 
performance.

The different microstructures of
DMWs in the as-welded condition are due
to a sharp chemical concentration gradi-
ent across the weld interface that sepa-
rates the ferritic and austenitic alloys. The
DMW will contain two different weld in-
terfaces — one separating the (primarily
austenitic) fusion zone and ferritic alloy,
and another separating the austenitic fu-
sion zone and austenitic alloy. The weld
interface between the fusion zone and fer-
ritic alloy is of primary interest in DMWs
and is discussed throughout this article.
During fusion welding, the combination of
the high alloy content of the austenitic
filler metal and fast cooling rate produce
a hard martensite band along the weld in-
terface (Refs. 4, 6, 7). The partial mixing
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ABSTRACT

Functionally graded materials have potential for joining dissimilar materials in
many applications. In this work, models have been developed and utilized for design-
ing functionally graded transition joints for joining ferritic and austenitic alloys. Finite
element (FE) models were used to optimize the graded length and geometry of the
transition joint in order to minimize stresses due to thermal expansion mismatch.
Thermodynamic and kinetic models were used to determine the length of grade
needed to reduce chemical potential gradients and carbon migration. Results from the
FE simulations of a conventional dissimilar weld demonstrate that localized stresses
as high as ~ 240 MPa can exist at 650°C when a nominal tensile stress of ~ 32 MPa is
applied. The high local stress is due primarily to coefficient of thermal expansion
(CTE) mismatch between the ferritic and austenitic alloys. Mechanical property mis-
match between the two alloys plays a much smaller role. Similar FE model results from
graded joints demonstrate that these local stresses can be reduced significantly to 
~ 50 MPa for a 120-mm grade length that consists of at least 30 layers within the tran-
sition zone. Further stress reduction down to ~ 40 MPa is possible by increasing the
wall thickness of the transition joint in high stress locations. Thermo-Calc model re-
sults of the chemical potential of carbon in a T22-Alloy 800-347 graded transition show
that the chemical potential gradient is steepest between the T22 and Alloy 800, and is
due to the large differences in chromium content between the two materials. Results
from kinetic simulations demonstrate that a 25-mm grade length should significantly
reduce carbon migration at 500°C. Higher operating temperatures will require in-
creased joint lengths to provide similar reductions in carbon migration. These results
are useful for fabricating optimized graded transition joints to replace failure-prone
dissimilar metal welds (DMWs) in the power-generation industry.
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in the liquid state results in a high harden-
ability leading to the formation of the
martensite layer (Ref. 4). Microhardness
results (Ref. 8) show that the heat-
affected zone (HAZ) and base metal have
similar hardness, but the weld interface is
harder than either of the base metals. The
martensite and a high carbon concentra-
tion both lead to the hardness gradients in
DMWs. The martensite layer occurs re-
gardless of whether a stainless steel or Ni-
based filler metal is used (Ref. 9). The
hardness gradients that exist directly after
welding due to the presence of martensite
can be nearly eliminated with a properly
designed postweld heat treatment
(PWHT) as shown by Laha et al. (Ref. 10).

High temperatures encountered during
either PWHT or service provide the activa-
tion energy for carbon diffusion to occur
down the chemical potential gradient from
the ferritic steel toward the austenitic alloy,
leading to formation of carbon-enriched
and depleted zones, as well as nucleation
and growth of carbides on the austenitic
side that have very high hardness (Refs. 3,
8–13). The chemical potential gradient
arises from either concentration gradients
or differences in solid solubility (Ref. 11),
both of which are present in dissimilar metal
welds. Reports published to date have
shown (Refs. 8, 12, 14–16) the majority of
DMW failures exhibit the carbon-depleted
zone in the ferritic steel and the carbon-en-
riched zone in the stainless steel or Ni filler
metal (Refs. 8, 13).

The primary driving force for carbon
migration is the chemical composition dif-
ference between the ferritic and austenitic
steels (Ref. 12), specifically chromium.
The austenitic filler metals contain signif-
icantly more chromium than the low-alloy
ferritic steels. Additionally, the changing
chromium concentration, due to the re-
moval of chromium from solution and the
precipitation of chromium carbides, af-
fects the solubility, and therefore the dif-
fusion rate, of carbon (Ref. 10).

The carbon that has migrated into the
austenitic material sets up a concentration
gradient that extends from the weld inter-

face (high C) into the austenitic fusion
zone (low C). This concentration gradient
promotes further diffusion away from the
weld interface and into the austenitic ma-
terial (Ref. 12). As carbon migrates to the
high-alloy side of the fusion zone, the car-
bon concentration increases up until the
solubility limit. Once the solubility limit is
reached, carbide precipitation will occur
(Ref. 12). Precipitation of M23C6 and
M7C3 on the austenitic side of the weld in-
terface has been commonly observed
(Ref. 10). The difference in hardness
across the weld interface increases with in-
creasing aging time due to nucleation and
growth of the interfacial carbides.

These large differences in microstruc-
ture and hardness occur over very short
distances across the weld interface
(~50–100 μm) (Refs. 4, 8, 15). At the same
time, stresses develop in the DMW from
the differences in creep strength and ther-
mal expansion coefficients of the steels.
Austenitic stainless steels have a coeffi-
cient of thermal expansion approximately
40% higher than the ferritic steels. The
differing expansions will induce high local
stress at the HAZ-weld metal interface
(Ref. 14). The thermal stresses generated
from the CTE mismatch are created from
the numerous startups and shutdowns that
occur in the lifetime of a power plant (Ref.
17). The number of thermal cycles varies
for each plant and controls the failure
mechanism. Additionally, austenitic stain-
less steel can have creep strength two to
three times higher than ferritic steel (Refs.
18–20). As a consequence of the hardness
and strength gradients, these stresses are
concentrated in the weak carbon-depleted
zone near the weld interface (as discussed
previously), generating creep voids
around carbides that lead to eventual
creep rupture (Refs. 14, 21).

It is important to note that microstruc-
tural changes due to carbon diffusion,
combined with high localized stresses due
to CTE mismatch, are primary factors that
contribute to premature failure of DMWs.
Each of these factors can be significantly
minimized with graded transition joints.

This paper describes the development and
use of models to determine the optimal
gradients in composition and geometry for
design of graded transition joints that can
be used for joining ferritic alloys to
austenitic alloys. Finite element models
are used to optimize the grade length and
geometry in order to minimize stresses
due to thermal expansion mismatch, while
thermodynamic and kinetic models are
used to identify grade lengths needed to
reduce chemical potential gradients and
carbon migration.

Procedure

Stress Analysis

Stress analysis was first conducted on a
conventional DMW design commonly
used in fossil-fired power plants. These re-
sults served as a baseline in order to assess
the effectiveness of a graded transition
joint for minimizing stresses due to CTE
mismatch. The DMW design is shown in
Fig. 1. The CAD file and dimensions of
the DMW are shown in Fig. 1A and B, re-
spectively. A total of 2845 elements were
used in the mesh, and 1000 were in the
transition zone. A total of 9000 nodes were
used, with approximately 3000 in the tran-
sition zone. The joint is approximately 160
mm in length and joins a section of ASTM
A213 T22 (2.25Cr-1Mo) steel with a sec-
tion of AISI 347H (18Cr-12Ni-Nb) stain-
less steel with an interlayer of Incoloy®
Alloy 800. The two sections of tube vary in
both their inner and outer diameters. The
stainless section has an inside diameter
(ID) of 25.8 mm and outside diameter
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Fig. 1 — A — CAD model of the original DMW joint utilized for FEA modeling; B — original DMW joint
shown with pertinent dimensions; C — mesh used in the transition zone.
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(OD) of 38.1 mm, while the low-alloy steel
section has an ID of 19.7 mm and an OD
of 44.5 mm. High-temperature material
property data for the Alloy 800, T22 low-
alloy ferritic steel, and 347 stainless steel
were found in the literature and imple-
mented in the model (Refs. 18, 19). The
nominal compositions of these alloys can
be found in Table 1. As a first approxima-
tion, the mechanical properties of the
graded region were modeled as a linear in-
terpolation between the three known 
materials.

Finite element (FE) models of the con-
ventional DMW and graded transition
joints were created using the ANSYS fi-
nite element software (version 11.0) to de-
termine the Von Mises stress distribution
in the joints. The joints were assumed to
be stress free at 0°C. Residual stresses
from welding were ignored. The joints
were assumed to be operating at 650°C,
and the stress from the weight of the tubes
was simulated by application of a 20,000-
N tensile load to one end while holding the
other end fixed. The rotational symmetry
allowed a 2D model to be made for the 3D
geometry. The hatch-marked face in Fig.
1A shows the shape of the actual FE
model. The mesh in the transition region
is shown in Fig. 1c. The sizes of the two
tubes on either side of the joint were fixed
for this optimization. A joint composed of
a single homogeneous material of T22
steel with identical geometry to the DMW

joint was also chosen for stress analysis in
order to separate the effects of changes in
geometry and materials on the resultant
stress distribution.

Stress distributions in the graded joints
were determined by modeling the system
as a layered structure. In this case, the joint
is made up of a series of layers in which the
properties within each layer are constant,
but the properties vary continuously from
layer to layer within the joint. A reduction
of the layer thickness (which is analogous
to an increase in the number of layers
within the joint) has the effect of smooth-
ing out the mismatch in material proper-
ties and thus reducing the stress. This ap-
proach is justified based on the expected
features of actual transition joints that
have recently been fabricated by dual-wire
gas tungsten arc welding (Ref. 22) in which
the composition (and therefore proper-
ties) of each layer within the joint are con-
stant. As shown by the results in the next
section, this also permits stress minimiza-
tion by control of the layer thickness. The
length of the transition joint was held fixed
at 120 mm, and the number of layers was
varied from 10 to 120. The element size
was held at 1 mm, so the element size was
never larger than the layer thickness. This
was shown to be sufficient to produce con-
vergence in the stress analysis.

For the graded transition joints, the Op-
trix program (Ref. 23) was used to minimize
the Von Mises stress within the joint. Optrix

is an optimization platform capable of lo-
cating a minimum to a problem by observ-
ing how design variables affect an objective
function. In this case, the design variables
were the number of material layers and
physical dimensions of the joint. The objec-
tive function here is the maximum Von
Mises stress within the joint. Optrix begins
by slightly perturbing each design variable
to determine its influence on the output (in
this case, the Von Mises stress), essentially
finding approximations for the first deriva-
tive of the objective function with respect to
the design variables. Based on the values of
the objective function and their derivatives,
an approximate optimization problem is
formulated and solved. The design variables
are then updated and the new joint is ana-
lyzed. This continues iteratively until there
is essentially no change in the objective
function. The number of iterations required
for convergence in this work varied between
3 and 15. The converged solution is not
guaranteed to be a global optimum. How-
ever, in all cases the optimization greatly re-
duced the maximum Von Mises stress in the
joint relative to the original DMW.

Physical constraints were imposed on
the transition joint geometry in order to
produce practical results. First, the cross
sections at each end of the optimized joint
matched those of the ends of the DMW.
Second, the inner diameter was held con-
stant at the smaller of the two inner diam-
eters of the DMW (19.7 mm) in order to
avoid flow restriction in the tube. Third,
the outer diameter could not be increased
beyond 44.5 mm, the largest size in the
DMW joint. Last, the length of the entire
transition joint was held constant at 120
mm. These constraints essentially ensure
that at any location where a DMW joint of
this type is presently used, a graded tran-
sition joint could be installed without sig-
nificant modification to the existing tubes.
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Fig. 2 — Results from simulation of a uniform tube model with 100% T22
material showing the Von Mises stress distribution for a 20,000-N applied
tensile load at 650°C.

Fig. 3 — Results from original DMW joint model showing Von Mises stress dis-
tribution with 20,000-N applied tensile load at 650°C.

Table 1 — Nominal Compositions (wt-%) of the Alloys Used in this Research

Material C Cr Fe Mo Ni

T22 0.05–0.15 1.9–2.6 Bal 0.87–1.13 —
Alloy 800H 0.06–0.10 19–23 Min 39.5 — 30–35
347H Stainless 0.04–0.10 17–20 Bal — 9–13
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Carbon Diffusion Modeling

Thermo-Calc thermodynamic software
(Ref. 24) with the TCFE5 database were
utilized to model the chemical potential
gradient of C across the graded transition
joints (Refs. 14, 21, 25, 26). A linear com-
position profile was assumed in grading
between the three alloys. Calculations
were performed at ten equally spaced in-
tervals along the graded joint, where the
composition at point 1 was the nominal

T22 composition, point
5 was the nominal Alloy
800 composition, point
10 was the nominal 347
composition, and all
other points were a
mixed composition
based on the linear
grading. In an addi-
tional simulation, the Cr
composition within
Alloy 800 was hypothet-
ically reduced to 10 wt-

% to determine the effect of Cr composi-
tion on the C chemical potential gradient.

Carbon diffusion as a function of time
and temperature was modeled using
DICTRA kinetic software (Ref. 27). The
model used here is similar to that de-
scribed in the literature (Refs. 28, 29). The
system was modeled with fcc as a continu-
ous matrix phase and bcc, M23C6, M7C3,
and sigma phases as second-phase spher-
oidal particles. The homogenization func-
tion within DICTRA (Ref. 30), which sim-
ulates long-range diffusion through a

multiphase mixture, was employed with a
rule of mixtures to approximate the local
kinetics. The composition, operating time,
and temperature were input as variables
to determine the length of the graded re-
gion necessary to minimize carbon migra-
tion from the T22 low-alloy steel to the
Alloy 800. The temperatures studied were
500°, 550°, 600°, and 650°C, with a simu-
lated operating time of 0 to 20 years. A lin-
ear composition gradient was used as a
first approximation. The TCFE5 and
MOB2 databases were used (Refs. 32, 33).

Results and Discussion

Stress Analysis Results

Figure 2 shows the Von Mises stress
distribution for a joint of the dimensions
shown for the DMW in Fig. 1, but with uni-
form material of T22 steel. As with all the
stress analyses, the joint was assumed to
be stress free at 0°C. In Fig. 2, the stress
distribution is shown when the tempera-
ture is raised to 650°C and a 20,000-N ten-
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Fig. 4 — Results from simulation of original DMW joint shown with vary-
ing tensile loads (0, 4000, 12,000, and 20,000- N) applied at 20°C.

Fig. 5 — Results from simulation of original DMW joint shown at varying
temperatures (20°, 200°, 400°, and 650°C), with no tensile load applied. 

Fig. 6 — Results from FEA model of linear grading scheme shown for vary-
ing number of grade layers with 20,000-N applied tensile load at 650°C.

Fig. 7 — Plot of the maximum Von Mises stress in a graded joint as a function
of the number of layers, which illustrates a decrease in maximum stress as the
number of layers increases.
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sile load is applied. The maximum stress
shown in Fig. 2 occurs in the thinner-
walled tube and is 36 MPa. This stress is
slightly higher than the 32.4 MPa esti-
mated by simply dividing the total load
(20,000 N) by the room-temperature
cross-sectional area of the thinner-walled
tube. The slight increase is due to the ta-
pered geometry of the joint. (It should be
noted that the surface irregularity shown
in the transition region of Fig. 2 (and Fig.
3 below) is associated with the pro-
grammed shape used in ANSYS to repre-
sent the transition area. Midway through
the transition zone, there is a small hori-
zontal component used to mimic the ac-
tual irregular shape of the weld. The
image pixels tend to exaggerate this fea-
ture, but the actual deviation is very
small.)

Figure 3 shows the stress distribution in
the DMW. Note that high Von Mises
stresses form around the dissimilar mate-
rial interfaces and reach a maximum value
of ~ 240 MPa. As previously described, it
is well known that DMWs fail at the weld
interface between the ferritic and
austenitic alloys. The FE results shown in
Fig. 3 are consistent with these observa-
tions, since the stress is highest at this 
location.

Figure 4 shows the stress distribution
obtained when the load is increased to
20,000 N while holding the temperature
fixed at 20°C. (Note that the top figure

shows a small amount of stress generated
at no load and 20°C. This occurs because
the weld was assumed to be stress free at
0°C. Thus, the small stress shown at 20°C
is due to CTE mismatch.) Figure 5 shows
the opposite case in which the tempera-
ture is increased to 650°C while no load is
applied. The maximum stress is only ~ 33
MPa with the application of just the load.
In contrast, the maximum stress due to
CTE mismatch caused by the increased
temperature is nearly 240 MPa, which is
similar to the effects from the combined
load and temperature increase that was
shown in Fig. 3. This result highlights the
significance of CTE mismatch in produc-
ing high local stresses in DMWs.

The stress concentrations exhibited in
Fig. 4 occur due to changes in mechanical
properties and geometry. Coefficient of
thermal expansion mismatch is not opera-
tive here since the temperature was not
changed. The pertinent mechanical prop-
erties are Young’s modulus (E) and Pois-
son’s ratio (v). A homogeneous tube of
uniform cross section (A) loaded by a ten-
sile force (F) will experience a stress (σy)
in the axial direction (y-direction) given
simply by

σy = F/A

The axial stress will generate an axial
strain (εy) along the y-direction that is
given by

εy = σy/E

The elongation along the length of the
joint is not of particular interest for this
application. However, the transverse
strain (εx) is very important, as two differ-
ent materials will tend to contract differ-
ently. The Poisson’s ratio (v) defines the
relationship between axial strain and
transverse strain in a given material as

εx = –vεy

In this case, the low-alloy steel (AS) has a
Poisson’s ratio of 0.29 while the stainless
steel (SS) has a Poisson’s ratio of 0.27. By
combining the previous equations, it is ap-
parent that Poisson’s ratio and the modu-
lus of elasticity of each material determine
whether they will contract by the same or
different amounts. If

EAS/ESS ≠ υAS/υSS

then the two materials will try to contract
different amounts and stress concentra-
tions occur. Similar to the thermal effects
outlined above, the difference in expan-
sion between the two materials can only be
taken up by each imparting a force on the
other, generating additional stress. These
differences, in combination with changes
in geometry, produce the stresses shown in
Fig. 4.

Figure 6 shows the stress distribution
for several graded transitions with various
numbers of layers in the joint. The total
length of the joint is fixed at 120 mm.
Thus, the individual layer thickness is
given simply by the total joint length (120
mm) divided by the number of layers in the
joint. Note that the maximum stress within
the graded joint decreases as the number
of layers increases. Figure 7 plots the max-
imum Von Mises stress as a function of the
number of layers within the joint. There is
a significant reduction in stress down to
~50 MPa relative to ~ 240 MPa for the
DMW joint exposed to the same condi-
tions (650°C, 20,000-N tensile load).
These results are also significant in that
most of the stress reduction occurs when
the number of layers is increased to ~ 30,
with very little improvement observed for
additional layers.

It is possible to provide further reduc-
tions in stress level by locally increasing
the wall thickness in high-stress locations.
This can be done by allowing the width of
each layer to also vary within Optrix,
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Fig. 8 — Results from FEA simulation of a fully op-
timized joint. A volume reduction of 50% and stress
reduction of 80% were realized when comparing this
design to a standard dissimilar metal weld joint.

Fig. 9 — Results from Thermo-Calc model of T22-Alloy 800-347H graded transition
joint with a linear change in composition at 500°C. Notice steep gradient between T22-
Alloy 800, the region of interest.
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which effectively represents a local in-
crease in wall thickness. The result of this
optimization is shown in Fig. 8 and further
minimizes the stress to ~ 40 MPa, which is
close to the materially homogenous joint
(Fig. 2) of ~ 36 MPa. Also note that the
high stress levels are distributed through-
out the joint along its length, rather than
confined to small concentrated areas.

Carbon Diffusion Modeling Results

The chemical potential of carbon as a
function of position in the graded joint is
shown in Fig. 9. The results shown are for
a transition joint that is graded between
T22 ferritic steel, Alloy 800, and 347H
stainless steel, with a linear composition
gradient. The chemical potential gradient
controls the rate of carbon migration. By
reducing this gradient, carbon migration
can be reduced, thus minimizing the un-
desirable microstructural changes that
lead to the formation of a creep-suscepti-
ble microstructure. The results demon-
strate that the largest gradient in the
chemical potential is between T22 and
Alloy 800, indicating that the focus should
be on minimizing the gradient in this re-
gion of the joint. Because there is no sig-
nificant gradient between Alloy 800 and
347 (due to the similar Cr contents), this
region is not as significant.

It is known that the Cr content has a
strong effect on the C chemical potential
gradient (Refs. 3, 8, 11, 12, 15). Thus, the
simulation was repeated with a hypotheti-
cal Cr content of 10% in the Alloy 800 in
an attempt to reduce the chemical poten-
tial gradient. As seen in the top curve in
Fig. 9, the gradient between T22 and Alloy
800 is reduced significantly for the lower
Cr composition. For example, the gradient
within the first three mm (where the gra-
dient is the steepest) is reduced by ap-
proximately 50%. A new gradient devel-
ops between the Alloy 800 and 347
stainless steel due to the large differences
in Cr content. However, this should not
pose a problem since this area represents
a transition between two austenitic alloys,
and these alloys are commonly joined
without problems of premature failure.

These results demonstrate that Cr has a
major effect on the C chemical potential
gradient, and controlling the Cr content
could be one possible solution for reduc-
ing carbon migration in DMWs and
graded joints.

The T22/Alloy 800 interface exhibits
the steepest C chemical potential gradient
and is therefore most susceptible to car-
bon migration. This result is consistent
with that observed in practice, where car-
bon diffusion is most rapid across the fer-
ritic/austenitic weld interface, and this is
the region where failure occurs (Refs. 8,
11, 12, 15, 21, 31). Thus, this area was con-
sidered for the kinetic calculations. In
order to determine a baseline for compar-
ison, a simulation was conducted for T22
(left side) to Alloy 800 (right side) with a
linear composition gradient. The operat-

ing temperature of 500°C and exposure
times of 2 and 20 years were implemented
as variables to simulate carbon migration
over a distance of 1 mm, which is observed
in traditional DMWs. The results are
shown in Fig. 10, where T22 is on the left
side of the plot and Alloy 800 is on the
right side. Thus, the T22/Alloy 800 inter-
face begins at the 0-mm position. Note
that after 20 years at 500°C, the carbon
content of the T22 drops from 0.12 to less
than 0.04 wt-%. In addition, in Fig. 10A
there is a spike in carbon content at ~0.3
mm with the carbon concentration in-
creasing from ~ 0.115 to ~ 0.135 wt-% in
the intermediate section of the weld. This
carbon peak corresponds to a peak in the
M23C6 mol fraction plotted in Fig. 10B.
This trend is consistent with that observed
in practice, where a carbon-
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Fig. 10 — Results from DICTRA simulation of a DMW between T22 and Alloy 800 after 0, 2, and 20 years of simulated service at 500°C showing the follow-
ing: A — How the carbon concentration changes across the weld; B — the evolution of M23C6 carbides; C — the phase fraction.
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depleted region forms along the weld in-
terface in the ferritic material and a car-
bon-enriched band of carbides forms
along the weld interface in the austenitic
material (Refs. 9, 10, 21, 31). The plot in
Fig. 10C shows the relative amounts of
bcc, fcc, and sigma phases across the weld.
As expected, the T22 composition on the
left end is almost 100% bcc. The fcc phase
starts to form at a distance of ~0.25 mm
and increases until ~0.7 mm, at which
point sigma phase starts to form, leading
to a final 0.90 fcc + 0.10 sigma mi-
crostructure in the Alloy 800 on the right
side of the joint. The phase fraction and
carbide plots are representative of those
observed for all of the graded joint simu-
lations as well.

Figure 11 shows the C concentration

profile for a transition joint that is graded
between T22 ferritic steel and Alloy 800.
Figure 11A shows results for a 5-mm joint
length in which there is carbon migration
at 500°C after 20 years. The C content de-
creases from 0.12 to less than 0.09 wt-% in
the T22 material. Most importantly, Fig.
11B shows that increasing the joint length
to 25 mm significantly minimizes carbon
migration. This is attributed to the re-
duced carbon chemical potential that oc-
curs with the larger grade length.

As the temperature increases, a corre-
sponding increase in carbon diffusion
should be observed. This is demonstrated
in Fig. 12A where a 25-mm grade length is
no longer sufficient to prevent carbon mi-
gration when the temperature is increased
to 550°C. As shown in Fig. 12B, the joint
length must be increased to 100 mm to re-
duce carbon migration. Results for simu-
lations conducted at 600° and 650°C (Figs.
13, 14) exhibit similar trends, where the re-
quired joint length to minimize carbon mi-
gration increases to a total length of 200
mm for 600°C and 500 mm at 650°C. For
joints of at least 500 mm, no carbon-de-
pleted zone forms, and the carbon-
enriched region is smaller and is enriched
to a lower overall composition. Addition-
ally, the fraction of sigma phase present on
the Alloy 800 side of the joints continues
to decrease from 0.1 down to ~0.01 with
increasing temperature.

The kinetic results are summarized in
Fig. 15, where the transition length required
to reduce carbon migration to less than 10%

for a given temperature is shown. Many
joints made between ferritic steels and
austenitic alloys are made with an operating
temperature of ~ 500°C, which is set by the
safe operating temperature for the ferritic
steel. For this temperature, a joint length of
~100 mm significantly reduces the carbon
migration problem.

Conclusions

Model calculations have been pre-
sented for designing and optimizing func-
tionally graded transition joints based on
minimization of mechanical stresses and
carbon diffusion. The following conclu-
sions can be drawn from the results:

1. Localized stresses as high as ~240
MPa are expected in conventional DMWs
at 650°C when a nominal tensile stress of
~32 MPa is applied. The high local stress
is due primarily to CTE mismatch be-
tween the ferritic and austenitic alloys;
mechanical property mismatch between
the two alloys plays a much smaller role.

2. Similar FE model results from
graded joints demonstrate that these local
stresses can be reduced significantly to
~50 MPa for a 120-mm grade length that
consists of at least 30 layers within the
transition zone, and further stress reduc-
tion down to ~40 MPa is possible by in-
creasing the wall thickness of the transi-
tion joint in high-stress locations.

3. Thermo-calc models show that the
carbon chemical potential gradient is
steepest between the T22 and Alloy 800
materials, providing the greatest driving
force for carbon migration in this region.
Chromium was shown to play a crucial
role in the chemical potential gradient,
which ultimately controls the carbon 
diffusion.

4. For a 650°C operating temperature,
a 500-mm transition joint was shown to re-
duce carbon migration to less than 10%
after 20 years of simulated service. For a
reduced temperature of 500°C, the transi-
tion joint length can be reduced to 100 mm
with the same effect.

Acknowledgments

The authors gratefully acknowledge fi-
nancial support through National Science
Foundation Grant No. CMMI-0758622,
PPL Corp., Contract 00474836, and the
Pennsylvania Infrastructure Technology
Alliance. Useful technical discussions with
Ruben Choug and Robert Schneider of
PPL Corp. are also gratefully appreciated.

References

1. Mortensen, A., and Suresh, S. 1995. Func-
tionally graded materials and metal-ceramic
composites: Part 1 Processing. International

SEPTEMBER 2012, VOL. 91258-s

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Fig. 13 — Results from DICTRA simulations of T22-Alloy 800 graded joint at 600°C: A — Plot of the
carbon concentration profile at 0 and 20 years for a 100-mm joint; B — plot of the carbon concentration
profile at 0 and 20 years for a 200-mm joint.

Fig. 14 — Results from DICTRA simulations of T22-Alloy 800 graded joint at 650°C: A — Plot of the
carbon concentration profile at 0 and 20 years for a 100-mm joint; B — plot of the carbon concentration
profile at 0 and 20 years for a 500-mm joint.

Fig. 15 — Plot showing the length of graded joint
required to keep carbon-migration below 10% after
20 years of simulated service for temperatures be-
tween 500° and 650°C.

A

A

B

B

W
ei

gh
t P

er
ce

nt
 C

ar
bo

n
W

ei
gh

t P
er

ce
nt

 C
ar

bo
n

W
ei

gh
t P

er
ce

nt
 C

ar
bo

n
W

ei
gh

t P
er

ce
nt

 C
ar

bo
n

0 20 40 60 80 100 0 50 100 150 200

0 20 40 60 80 100 0 100 200 300 400 500

0.14

0.13

0.12

0.11

0.1

0.09

0.08

0.14

0.13

0.12

0.11

0.1

0.09

0.08

0.14

0.13

0.12

0.11

0.1

0.09

0.08

0.07

0.06

0.14

0.13

0.12

0.11

0.1

0.09

0.08

Time = 2 years

Time = 2 years

Time = 20 years

Time = 20 years

Time = 20 years
Time = 20 years

Time = 0 

Time = 0 

Time = 0 

Time = 0 

↓ ↓↓ ↓

↓ ↓↓
↓↓

↓

Distance (mm) Distance (mm)

Distance (mm) Distance (mm)

Temperature (°C)

L
en

gt
h 

of
 G

ra
de

d 
Jo

in
t (

m
m

)

Brentrup Supplement Sept 2012_Layout 1  8/9/12  3:20 PM  Page 258



Materials Reviews 40, pp. 239–265.
2. Markworth, A. J., Ramesh, K., and  Parks,

W. 1995. Review: Modelling studies applied to
functionally graded materials. Journal of Mate-
rials Science 30, pp. 2183–2193.

3. Campbell, G., Elmer, J., and Gibbs, W.
1981. Evaluation of factors controlling high
temperature service life of 21⁄4 Cr-1 Mo steel to
austenitic stainless steel weldments. Trends in
Welding Research in the United States, pp.
443–470.

4. Klueh, R. L., and King, J. F. 1982.
Austenitic stainless steel-ferritic steel welded
joint failures. Welding Journal 61(9): 302-s to
311-s.

5. Dooley, R., and Chang, P. 1997. The cur-
rent status of boiler tube failures in fossil plants.
International Conference on Boiler Tube Failures
in Fossil Plants, Nashville, Tenn.

6. DuPont, J., and Kusko, C. 2007. Marten-
site formation in austenitic/ferritic dissimilar
alloy welds. Welding Journal 86(2): 54-s to 57-s.

7. Bala Srinivasan, P., and Satish Kumar, M.
2008. Characterisation of thin section dissimilar
weld joint comprising austenitic and ferritic
stainless steels. Materials Science and Technol-
ogy 24, pp. 392–398.

8. Gittos, M., and Gooch, T. 1992. The in-
terface below stainless steel and nickel-alloy
claddings. Welding Journal 71(12): 461-s to 472-
s.

9. Sireesha, M., Albert, S. K., and Sundare-
san, S. 2005. Influence of high-temperature ex-
posure on the microstructure and mechanical
properties of dissimilar metal welds between
modified 9Cr-1Mo steel and Alloy 800. Metal-
lurgical and Materials Transactions A 36A: 1495–
1506.

10. Laha, K., et al. 2001. An assessment of
creep deformation and fracture behavior of
2.25Cr-1Mo similar and dissimilar weld joints.
Metallurgical and Materials Transactions A 32pp.
115–124.

11. Eckel, J. F. 1964. Diffusion across dis-
similar metal joints. Welding Journal 43(4): 170-
s to 178-s.

12. Christoffel, R., and Curran, R. 1956.
Carbon migration in welded joints at elevated
temperatures. Welding Journal 35: 457-s to 468-
s.

13. Gauzzi, F., and Missori, S. 1988. Mi-
crostructural transformations in austenitic-fer-
ritic transition joints. Journal of Materials Sci-
ence 23, pp. 782–789.

14. Parker, J. D. 1994. High temperature
failure of thick-section, low alloy steel to stain-
less steel transition weld. Materials at High Tem-
peratures 12, pp. 25–33.

15. Lundin, C. D. 1982. Dissimilar metal
welds — Transition joints literature review.
Welding Journal 61(2): 58-s to 63-s. 

16. Ornath, F., et al. 1981. Weld pool segre-
gation during the welding of low alloy steels
with austenitic electrodes. Welding Journal
60(11): 227-s to 230-s.

17. Bhaduri, A. K., et al. 1992. Performance
of a trimetallic transition joint. Materials at High
Temperatures 10: 45–50.

18. Data Sheets on the Elevated-Temperature
Properties of 18Cr-12Ni-Nb Stainless Steel Tubes
for Boilers and Heat Exchangers (SUS 347H TB).
1-3 (National Research Institute for Metals,
Japan: 2001).

19. Data Sheets on the Elevated-Temperature
Properties of Quenched and Tempered 2.25Cr-
1Mo Steel Plates for Pressure Vessels (ASTM
A542/A542M). 1-3 (National Research Institute
for Metals, Japan: 2003).

20. Nath, B. 1982. Creep rupture and creep
crack growth behavior of transition joints. In-
ternational Conference on Welding Technology
for Energy Applications, pp. 597–621.

21. Parker, J. D., and Stratford, G. C. 2001.
The high-temperature performance of nickel-
based transition joints: I. Deformation behav-
iour. Materials Science and Engineering A 299:

pp. 164–173.
22. Brentrup, G., et al. 2009. Preventing dis-

similar metal weld failures: Application of new
functionally graded transition joints. Proceed-
ings of Materials Science and Technology 2009,
pp. 2554–2562.

23. Snowden, B. 2010. Dissimilar Metal Joint
Optimization.

24. Thermo-Calc. Thermo-Calc, Inc.: Stock-
holm, Sweden.

25. Rutherford, J. J. 1959. Welding stainless
steel to carbon or low-alloy steel. Welding Jour-
nal 38: 19-s to 26-s.

26. King, J. F., Sullivan, M. D., and Slaugh-
ter, G. M. 1977. Development of an improved
stainless steel to ferritic steel transition joint.
Welding Journal 56(11): 354-s to 358-s.

27. DICTRA. Thermo-Calc, Inc.: Stock-
holm, Sweden.

28. Engström, A., Höglund, L., and  Ågren,
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Call for Papers

You are invited to submit papers for the 17th JOM International Conference on the Joining
of Materials to be held May 5–8, 2013, at Konventum Lo Skolen, Helsingor, Denmark.
Date: May 5 - May 8, 2013 Venue
The conference program will cover all aspects of developments in joining and material 
technology but papers are especially invited on the following topics:

• Recent developments in joining technology: welding, soldering, brazing, 
• Advances in materials, metallurgy, and weldability 
• Mathematical modeling and simulation 
• Process monitoring, sensors, control.
• Structural integrity and inspection 
• Applications with relevance to industry needs, automotive, oil & gas, power generation,
• New developments in conservation, energy efficiency, and alternative energy resources 
• Weld quality, structural properties, and environmental considerations 
• Education, training, Qualification and Certification of welding personnel

Submit your name, address, and title of your presentation, along with a short abstract by No-
vember 2, 2012, to Osama Al-Erhayem, JOM, Gilleleje Strandvej 28, DK-3250 Gilleleje,
DENMARK or e-mail to jom_aws@post10.tele.dk
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