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Abstract

As an alternative to traditional welding, the joining of low alloy steel and austenitic
stainless steel using powder metallurgy by hot isostatic pressing was evaluated as a method to
join two dissimilar metals. This study examined the microstructure, mechanical properties, and
sensitization of two joint designs subjected to a variety of heat treatments: powder SA508 (P508)
to bulk 316L (B316L) and powder P316L (P316L) to bulk SA508 (B508). The grain refinement
and coarsening induced by solution annealing, normalization, and tempering improved the
interface's toughness. The tensile test produced a satisfactory yield strength, and heat treatment
reduced the microhardness values along the interface. At the interface between P508-B316L and
P316L-B508, however, a notable reduction in impact toughness was observed. The presence of
large oxide inclusions at the interface of P508-B316L and the high degree of sensitization on the
P316L side of P508-B508 due to the precipitation of chromium-rich carbides (M23Cs) caused a
reduction in toughness. PanDiffusion was used to simulate the carbon profile and M23Cs carbides
as a function of distance to address this issue. By lowering the tempering temperature, the
nucleation of carbides was observed to be reduced, but high concentrations of carbides still
facilitated the region close to the interface. In conclusion, it was not feasible to join 316L to
SA508 by PM-HIP, and a transitional metal, such as a Ni-alloy or a functionally graded material

composed of 316L and SA508, is required to minimize carbide precipitation.
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Chapter 1: Introduction

11 Nuclear Reactors

From 1970 to 2022, the expansion of nuclear power capacity has improved steadily
over the past 50 years [1]. Currently, the United States is the leading producer of nuclear electricity,
accounting for 30 percent of the world's nuclear energy and 19 percent of the nation's electricity
[2]. Approximately 61 percent of the nation's energy comes from fossil fuels, while only 20 percent
comes from renewable energy [2]. Carbon emissions from nuclear power plants (NPP) are virtually
nonexistent; over the lifetime of operation, an NPP will emit between 6 and 8 CO2e per kilowatt-
hour and cost only 5 cents per kilowatt-hour to generate in 2009 [3]. In addition, unlike renewable
energy, it is not dependent on the weather or the environment. Therefore, the development of
nuclear power is a more cost-effective and environmentally friendly means of reducing the carbon
footprint and enhancing the quality of life.

Pressurized water reactor (PWR) is the most utilized reactor and accounts for 70
percent of all reactors [4]. Figure 1 depicts a typical schematic of a PWR. The nozzle-to-safe end,
which is the joining of two dissimilar metals, is one of the most essential components of PWRs.
These joints are manufactured by forging low alloy steel (LAS), i.e., SA508 grade 3, as the nozzle
to piping attached to the reactor vessel, and austenitic stainless steel (ASS), i.e., 316L, as the
transitional safe end to piping. A Ni-alloy, such as 600M, is employed as the transitional filler
material when arc-welding LAS to ASS to fuse the components. SA508 is chosen for its superior
fracture toughness and strength, whereas 316L is chosen for its good strength and outstanding
corrosion resistance when in contact with the coolant [5]. The high toughness of SA508 is a result
of its ferritic-bainitic microstructure, which is resistant to brittle fracture from neutron

embrittlement when the reactor pressure vessel is over-pressurized or from pressurized thermal
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shock [3]. Components in nuclear power plants must be able to withstand brittle fracture during
operation; therefore, significant efforts have been made in the design, alloy composition, and

manufacturing techniques to improve long-term safety and extend operational lifespan.
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Figure 1. Schematic of a pressurized water reactor [6].

1.2 Problems Associated with Dissimilar Metal Welding

As previously mentioned, welding is widely used to join LAS and ASS; however, the
welding process presents several challenges, including the difference in coefficient of thermal
expansion (CTE), heat-affected zone (HAZ), intergranular cracking, and inspectability. Anders et
al. observed that HAZ is susceptible to failure, as it is the location of crack initiation and
propagation due to interdendritic stress corrosion cracking [7]. When two different metals are

joined, the considerable difference in chemical composition is the underlying cause of failure.
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Since each material has a distinct CTE, this atomic mismatch raises the interfacial stress, leading
to premature failure [8-9]. In addition, due to the high heat output of the welding process, atomic
diffusion takes place, most notably in carbon. Carbon diffuses as a result of the sudden change in
its chemical potential, which provides it with the thermodynamic driving to migrate [10]. As
carbon migrates from low alloy steel to austenitic stainless steel, it forms a carbon-depleted zone
and a carbon-rich region, as well as new phases. The carbon-rich zone is linked with high hardness,
where failure due to embrittlement may occur, whereas the carbon-poor region is characterized by

softening.

Dissimilar metal welded joint

Safe-end pipe

Figure 2. Schematic of the dissimilar metal joint of the nozzle to safe end [6].

Sensitization is characterized by the formation of chromium-rich carbides (M23Ce) located
preferentially on the grain boundary at temperatures between 500 to 850°C [11]. Since the carbon
diffusivity is faster than chromium and the grain boundary diffusivity is faster the lattice results in
the precipitation of M23Cg carbides consequently producing chromium depletion zones adjacent to

the grain boundary [12]. The formation of C23Cs carbides is susceptible to stress corrosion cracking

13



along the grain boundaries directly associated with the precipitation of the brittle carbides, where
cracking tends to occur. This can result in catastrophic failure of the nozzle due to brittle fracture
and loss of coolant. To counteract this effect, low carbon stainless steel (0.015-0.020 wt%) has
been developed to prevent sensitization [3]; however, problems are likely to arise when this
material is joined to a LAS.

Another concern is the non-uniform microstructure and a discontinuous series of
mechanical properties produced in the HAZ by welding. The HAZ is a series of regions affected
by the filler metal's high heat output. The coarse grain HAZ (CGHAZ) is the region closest to the
fusion boundary in which grain coarsening and softening take place as a result of the high peak
temperature [12]. In contrast, in the region adjacent to the CGHAZ, the peak temperature is
reduced, resulting in recrystallization and the formation of finer grains, also known as the fine
grain HAZ (FGHAZ) [12]. Due to the mismatch in mechanical properties, this region has high
residual stress [13] and is a region where premature failure may occur. Moreover, welding is a
complex process, i.e., multi-pass welding, which involves the reheating and overlap of HAZs to
produce a complex microstructure, resulting in difficulty in inspection and considerable cost in
revenue for NPP inspection [14]. To improve the longevity of the NPP components, advancements

in design and manufacturing are essential to minimize the defects.

1.3 Powder Metallurgy by Hot Isostatic Pressing

Hot isostatic pressing (HIP) is a near-net shaping (NNS) method to consolidate large
components by powder metallurgy (PM) at elevated temperatures and high isostatic pressure to
produce an isotropic microstructure with a full density of approximately 95 to 100 percent [15]. It

can also be utilized to bond dissimilar metals without welding, as well as aid in the removal of
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pores from casted materials and additivity manufactured materials. This procedure employs
elevated temperatures typically exceeding 70 percent of the melting temperature and high isostatic
pressure ranging from 100 to 200 MPa [16]. Hydrostatically, an inert gas is applied to all sides of
the can of steel, which contains the metal powder. The selection of temperature is determined by

the material’s melting point, as shown in Table 1.

Table 1. General temperature and pressure selection for consolidation using PM-HIP [16].

Yield Stress at

Room Hipping
Melting Point Temperature Temperature Hipping Pressure
Material T, (°C) (MPa) °0) (MPa)

Al and 1ts alloys 660 (Al) 100 to 627 500 100
AVALO; — — 300 350

Cu and its alloys 1083 (Cu) 60 to 960 800 to 950 100
Be and 1ts alloys 1289 (Be) 240 900 103
Nimonic and superalloys 1453 (N1) 200 to 1600 1100 to 1280 100 to 140
Hydroxyapatite — — 1100 200
Mg/Zn ferrite o — 1200 100
TiAl - - 900 to 1150 35 10 200
Ti;Al — - 925 200
Ceramic superconductors — — 900 100
Steels 1536 (Fe) 500 to 1980% 950 to 1160 100
Ti and its alloys 1670 (T1) 180 to 1320 920 100
ALO, 2050 5000 1500 100
Al,Oy/glass — — 1400 100
ALOY/TIC — — 1935 150
ALO,/Z1r0, — — 1500 200

SicC 2837 10,000 1850 200
B,C 2000 200
WC/Co 2867 6000 1350 100

*Low-alloy steels (water quenched and tempered).

Since PM-HIP is NNS, the dimensions of the final product are determined by the geometry
of the can. By designing the can to resemble the component, both machining time and material
scrap are decreased. EPI and Nuclear-ARMC recently demonstrated the capability of PM-HIP by
fabricating a pressure vessel head that was 56 percent smaller than its actual size [17]. This work
illustrates PM-HIP's ability to manufacture a substantial large component. In addition, Shiokawa

et al manufactured a valve body using PM-HIP to reduce machining time by 30 percent [18]. These
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works highlighted PM-HIP’s ability to reduce cost by minimizing the lead time in processing and

manufacturing.

1.4 Factors Influencing the Structural of RPV

Toughness is the most important mechanical requirement for the structural integrity
assessment of RPVs [3]. Cooper et al. investigated the effects of higher oxygen concentration and
fracture behavior on PM-HIP 316L [19]. He discovered that as the oxygen concentration increased,
the inclusions coarsened and the inter-spacing was reduced, resulting in a detrimental fracture
toughness of 316L [19]. Duan et al. studied 30CrMnSiNi2A ultra-strength steel consolidated by
PM-HIP; he was able to reduce the powder prior boundaries by increasing the processing
temperature of HIP; however, this resulted in the coarsening of oxides, which decreased the
ultimate tensile strength [20]. Sutton et al. found the toughness of 316L to SA508 by PM-HIP to
be significantly diminished due to the formation of intergranular carbides on 316L, while SA508
resulted in carbon depletion from carbon pileup [21]. These defects exist before PM-HIP because
the powder was previously exposed to oxygen during storage and handling. Staroulakis et al.
developed a transitional material between 316L and SA508 using functionally graded 316L and
SA508 by PM-HIP [10]. The author was able to predict the post-HIP microstructure by comparing

experimental data and simulations of diffusion.

1.5  Challenges of PM-HIP
Scalability is an issue with the implementation of PM-HIP over traditional forging
methods, particularly for large RPV components. First, scaling up necessitates larger and thicker

canister walls. The walls of the canister must be sufficiently ductile to deform and should not crack
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under high isostatic pressure [22]. In addition, the material inside the canister should be heated and
cooled uniformly. Furthermore, uniform heating and cooling become increasingly difficult to
maintain control as the thickness grows [22]. In addition, at the end of the PM-HIP process, the
canister is mechanically machined to remove the component [22]. To make PM-HIP reusable, a
method must be devised for removing the component without causing damage to the canister.
Concerns also exist regarding the storage and handling of metal powder particles. Since these
particles have a greater surface area, their interaction with air will result in the formation of oxide
inclusions on the particle's surface and will have a detrimental effect on the mechanical properties.
To prevent the formation of oxides, the powder must be stored under a vacuum in a controlled
environment. Gandy et al. studied the room-temperature toughness of A508 after a PM-HIP
process in which the powder was stored for six months in both a controlled and uncontrolled
environment [17]. He discovered a slight decrease in toughness from 90J to 85J between controlled
and uncontrolled environments [17]. Through 800°C vacuum annealing, the toughness was
increased to 127J [17]. This study highlighted the significance of residual oxygen reduction and

demonstrated that by reducing oxygen, toughness can be enhanced.
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Chapter 2: Investigation Methods

2.1. Materials

Powder SA508 (P508) and powder 316L (P316L) were manufactured through inert gas
atomization and distributed by Carpenter Powder Products (Bridgeville, PA). P508 possessed a
spherical shape and a tap density of 5.3 g/cm3. The tap density or packing efficiency of PM
minimizes voids in the HIP process during densification and is packed efficiently in spherical
geometry. P508's particle size ranged from 53 to 500 um and was predominantly coarse, with 125
to 500 um accounting for 74% of the size. By inert gas fusion, the average oxygen content was
determined to be 103 ppm.

The forged round bars 508 (B508) and bar 316L (B316L) were manufactured by Scot Forge
(Spring Grove, IL) and Valbruna (Fort Wayne, IN), respectively. SA508 ingots were melted using
an electric furnace ladle in a refined vacuum to produce an outer ring with the following
dimensions: inner diameter: 49 inches, outer diameter: 39 inches, and length: 12 inches. The outer
ring was heat treated at Ellwood Quality Steels Company at normalization temperature (950°C for
5.25hrs), followed by water quenching and tempering (650°C for 8.25h) then machined by Electric
Power Research Institute (EPRI) to a round bar measuring 5 inches in diameter and 2 inches in
length. The average oxygen content of B508 was found to be 63 ppm by inert gas fusion. Likewise,
B316L was forged to the same dimensions as B508. It is noted that B316L was not heat treated
after the forged condition was completed. Table 2. lists the nominal chemical compositions of

P508/P316L and B508/B316L.
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Table 2. Chemical composition of SA508 and 316L SS.

Composition (wt%)

Element C Ni Cr Fe Mn Mo N 0] P S Si

P508 0.17 0.84 0.11 Bal. 119 052 0.03 0.009 0.012 0.004 0.31
B508 0.2 0.77 0.39 Bal. 072 064 - - - 0.021 0.26
P316L 0.014 1222 1813 Bal. 140 235 - - 0.006 0.011 0.77
B316L 0.015 1022 16,72 Bal. 178 209 0.08 - 0.022 0.023 0.67

2.2.  PM-HIP and post-heat treatment

Before the fabrication of the dissimilar metal joint by PM-HIP, B508 was inserted into the
canister followed by P508 then the canister was sealed and processed with vacuum annealing to
remove the residual oxygen from P508. It is noted that P316L-B508 was not vacuum annealed.
The canister was sealed and placed inside of the HIP furnace (KittyHawk) and heat-treated at
1163°C for 3h under 103 MPa isostatic pressure and allowed to slowly air-cool inside the HIP
chamber until room temperature was reached. The powder and round bar were compacted at
elevated temperatures and pressure in the HIPper to achieve strong bonding between materials and
densification. All the dissimilar metal joints received the same processing conditions. From PM-
HIP, two billet designs were created: 1) P508 to B316L and 2) P316L to B508. Figure 3 depicts
the completion of powder-to-round bar consolidation for both joint designs. In both instances, the
powder samples shrank as a result of the elevated temperature and high pressure which led to

densification and the consequent elimination of pores.
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Rl T L

- Z,E2 22, 2 AR

Figure 3. The dissimilar metal joint billet after PM-HIP of powder to bulk material a) P316L to

B508, b) P508 to B316L.

Thin rectangular plates were cut from the billets using wire electrical discharge machining
(EDM). Table 3. highlights the heat-treatment conditions used for this study. It is noted that the
as-received condition was not heat-treated after fabrication. All heat treatments were conducted in
the Mellen box furnace. Once the desired temperature was attained, the samples were loaded into
the furnace chamber and the hold time was measured upon reaching the proper temperature. The
conditions for solution annealing (SA) and normalization (N) were water quenched (WQ), while
tempering (T) was air-cooled (AC) outside the furnace. In addition, the tempering condition was

tested a 650°C and 550°C for a duration of 4h each after SA and N.
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Table 3. Summary of materials and heat-treatments

Material Heat-treatment

P316L-B508 As-received

P508-B316L

P316-B508  Solution annealed (1065°C-2h+WQ)

P508-B316L Tempered (650°C-4h +AC)

Pure P316L  Solution annealed (1065°C-2h+WQ)

Pure P508 Normalized (900 °C-2h+WQ)

P508-B316L Tempered (650°C-4h+AC)

P316L-B508 Solution annealed (1065°C-2h+WQ)
Normalized (900 °C-2h+WQ)

Tempered (550°C-4h+AC)

Solution annealed (1065°C-2h+WQ)

2.3. Mechanical testing
2.3.1 Tensile test

The PM-HIP specimens P316L-B508 and P508-B316L were heat-treated to the
SA+N+T(650°C) condition followed, and then wire EDM was utilized to produce cylindrical
tensile bars following ASTM E8M specimen type 4 for specimens with a gauge length of five
times the diameter. Figure 4. illustrates the geometry of the tensile bar. The length, gage length,

width, and thickness were 76.2 mm, 31.75 mm, 12.7 mm, and 6.35 mm, respectively. At the center
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of the tensile bar, the interface is shown. For machining, the center needed to be the precise region

where the two dissimilar metals met.

12.7 mm
—

Powder

---. Interface

76.2 mm
31.75 mm

Bulk

6.35 mm

Figure 4. Schematic of the tensile specimen.

Tensile tests were performed at a strain rate of 0.002/s with the Instron 880 hydraulic tester
and the strain upon testing was measured by digital image correlation (DIC) using Correlation
Solutions VIC-3D 9 setup. Figure 5. shows a general layout of the VIC-3D 9 setup for the tensile
test. To begin, the cylindrical tensile bars were polished with 220 grits to remove the EDM marks
and to produce a clean surface followed by the application of a black base coat of spray paint that
produced an isotropic speckle pattern. After the specimen had dried, it was mounted in the tensile
tester. The DIC system was set by mounting two cameras (Basler acA2440) with their respective
compact lenses (Schneider Compact 8 mm /1.4) onto a tripod where the camera was at an angle
between 15 to 45 degrees. The compact lens had a working distance of 1:1, thus the tripod was

placed close to the tensile tester. Next, two light sources were placed in front of the specimen to
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achieve sharp contrast, and the image-capturing software, VIC-Snap, was calibrated. For the
calibration, minor adjustments were made to the light source, camera angle, and working distance
to minimize noise, and then 20 images were taken using a 4mm-spaced calibration plate to calibrate
the software. Upon completion of the tensile test, the stress data from the tensile test and the strain
data from DIC were combined to create a stress-strain plot. This test was performed twice at

SA+N+T(650°C) P316L-B508 and P508-B316L.

Tensile | -
specimen

LED light

*- < . Mﬁ; T‘ e
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Figure 5. Schematic of the DIC setup used for tensile test.

2.3.2 Charpy impact test

The Charpy v-notch bars were machined by wire EDM following ASTM E23 as shown in
figure 6. Optical microscopy was used to ensure that the v-notch on each bar was positioned
directly on the dissimilar metal’s interface. The v-notch angle and dimension of the bar were

measured to be within the ASTM E23 tolerance range. The impact test was conducted at ambient
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temperatures using the Tinius Olsen pendulum impact tester (maximum energy 264 ft-Ib at impact
velocities of 16.87 ft/sec). The tester's base was calibrated to be leveled to ensure the proper
distribution of force. The sample was positioned and aligned so that the v-notch faced away from
the pendulum in the specimen holder. On average, two to four tests were conducted for every

Charpy impact condition.
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Figure 6. Schematic of Charpy v-notch impact bar.

2.3.3 Vickers hardness

The Leco DM-400 hardness tester with a Vickers diamond tip was used to measure the
microhardness of the finely polished dissimilar metal joint. Optical microscopy was used to
ensure that there were no scratches on the sample’s surface. On each specimen, a load of 0.1 N,
an interspacing distance of 150 um, and a dwell time of 15s were applied for all measurements.
A series of 15 indents were made perpendicularly to the interface and repeated in parallel for an
average of three times, yielding 45 indentations per specimen. P316L-B508 and P508-B316L

were tested for microhardness under as-received and SA+N+T(650°C) conditions.
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2.3.4 Nanoindentation mapping

The iMicro nanoindenter (KLA instrument) with a Berkovich diamond tip with blitz
method was used to create the nanoindentation mapping consisting of 100 indents (200 x 200
array) per sample. The load was maintained at 20 mN while the depth varied between 400 to 700
um; optical microscopy revealed good resolution. In addition, the interspacing between each
indentation was set to 20 um, which was determined to be the optimal distance to prevent plastic
deformation from the overlapping indents. Nano-indentation was performed near the interface
between the joints to understand the cause of the high hardness at the interface and to examine the
extent of hardness. This test was conducted on P316L-B508 and P508-B316L at as-received and

SA+N+T(650°C) conditions.

2.4.  Sensitization

To prepare the samples for sensitization, steel wire was spot-welded to the back of the
sample’s interface, followed by cold mounting. The mixture used was composed of Epofix at 25
wt% resin and 3 wt% hardener followed by a 24 h cure time. The area of the samples was then
measured to determine the required current density for sensitization followed by fine polishing of
the sample's surface, which will be discussed in the next section. For the sensitization test, the
electrolyte containing 10 % ammonium persulfate and balanced with water was placed in a glass
beaker. As for the electrolyte's cathode, a stainless-steel mesh basket was used and the anode was
the specimen’s back wire, which functioned as a contact point to transfer current uniformly
throughout the sample. The direct current was controlled with a voltmeter and evaluated at 1
A/mm? for 10 mins under ASTM A262. The tested samples were P316L-B508 as-received, SA,

SA+T, SA+N+T(650°C), and SA+N+T(550°C) conditions.
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Lastly, optical images of all the previously mentioned conditions were taken for the P316L
side and the sensitization distances were measured for an average of 10 times by using ImageJ.
The measurements were taken perpendicularly from the interface of P316L. Furthermore, the
sensitized grain boundary widths were measured at a distance of 300 um away from the interface
an average of 20 measurements were conducted along the direction of the interface of the P316L
side using ImageJ. Figure 7 illustrates the method of measuring the sensitized boundary widths. A
plot of sensitization distance as a function of grain boundary width of all the heat-treated conditions

was created.

Figure 7. Example of the sensitized sample SA P316L side of B508. The inset demonstrates the

method of measuring the sensitized grain boundary widths.
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2.5.  Microstructural characterization

To reveal the microstructure, the specimens were polished using the Struers TegraPol-15
auto polishers beginning with 200 grits and increasing to higher grits with 0.9, 0.3, and 0.05 um
suspension. The samples were cleaned with water and dried with nitrogen gas after each step to
prevent contamination. SA508 was etched for 30 sec to 2 mins with Viella's reagent containing 1
gram of picric acid, 5 ml of hydrochloric acid, and 100 ml of ethanol. 316L was etched with 10%
oxalic acid balanced with water at 5V for 45 sec to 3 mins. The etched samples were washed with
water and dried with nitrogen gas to eliminate any lingering chemicals. The microstructure was
examined by using the Olympus BX51 optical microscope under magnification between 5 and 50.

To characterize the carbides and the fractography the scanning electron microscope (SEM)
by JEOL JSM 7000 F with an Energy Dispersive X-ray Spectroscopy (EDS) detector by Oxford
Instruments was used. Additional polishing was necessary to achieve a surface without scratches.
The vibratory polisher (Buehlers) utilized a fine polishing cloth with 0.04 um colloidal silica
suspension for 45 minutes at 10 percent amplitude. Due to the low corrosion resistance of SA508,
the duration of the final polishing was shortened to prevent corrosion. To remove, any suspension
residue and corrosion the samples were placed in ultrasonication in an acetone bath for 15 mins.
The characterization of oxides and carbides was done by SEM with voltages of 20kV and 10kV,
respectively. EDS was used to measure the intensity profile of Cr, Ni, and Fe on the interface
between dissimilar metal joints. The counts were converted to weight percent using a linear fit,
with the assumption that the weight percent of Cr and Ni in SA508 was set at 0 wt%. This
assumption was accurate because the initial Cr and Ni concentrations in SA508 were 0.39 wt% Cr
and 0.77 wt% Ni. Fe was subtracted from the converted Cr and Ni to determine the Fe percentage

by weight.
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2.6.  Simulation of the diffusion couple

Thermodynamic and kinetics modeling of dissimilar metal joints by simulation is a
powerful tool for process optimization before experimental testing. Pandat (CompuTherm)
incorporates the PanDiffusion module a thermodynamic and equilibrium modeling software based
on the Calculation of Phase Diagram (CALPHAD). This software relies on thermodynamic
equilibrium to calculate the kinetics, it is incapable of calculating non-equilibrium conditions;
consequently, rapid or continuous cooling cannot be included in the modeling.

PanDiffusion module computes the one-dimensional diffusion of two or more dissimilar
metals as molar phase fractions in equilibrium as a function of composition, temperature, and
distance. The diffusion couple simulations were performed using this module in combination with
the Fe database to calculate Fe-rich alloys. In this study, 316L was joined directly to SA508 by
simulation. The parameters were set to automatic flux interface, mesh size at 300, uniform
distribution, planar geometry, a total distance of 8000 um, and the sigma phase was suspended. In
addition, the boundary conditions were with fixed compositions, with the upper and lower limits
set to 0.014 wt% C and 0.2 wt% C, respectively. Table 4. illustrates the chemical composition used
for the simulation. These conditions were fixed for all the simulated results, except for the thermal
history. These conditions were fixed for all the simulated results, except for the thermal history.
Four heat treatments were selected for this experiment: 1) as-received (1163°C-3h), 2) AR + SA
(1065°C-2h), 3) AR + SA + N (900°C-2h) + T (650°C), and 4) AR+SA+N+T(550°C). Table 5.

depicts a summary of the thermal history used for the simulation.
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Table 4. 316L and SA508 compositions used in PanDiffusion.

Composition (wt%o)

C Cr Ni Fe Mn Mo Si

316L 0.015 16.72 1022 Bal. 178 209 0.67

SA508 0.20 0.39 0.77 Bal. 072 064 0.26

Table 5. Simulated diffusion couples using Pandat’s PanDiffusion module.

Diffusion Simulation Temperature
As-received 1163°C
Solution annealed 1163°C 1065°C

Solution annealed, normalized, tempered  1163°C 1065°C  900°C  650°C

Solution annealed, normalized, tempered  1163°C 1065°C  900°C  550°C

Dwell time

3hour 2 hours 2 hours 4 hours

Additionally, modeling using PanDiffusion with the Ni-database was utilized to create two
alternative joint designs in effects to reduce the formation of M23Cs carbides. The two designs
were 1) SA508 to 600M to 316L and 2) SA508 to 82 to 316L. The compositions of C, Cr, Fe, Ni,
and Nb were selected for the simulation as shown in Table 6. The selected thermal history was set
to SA+N+T(650°C). In addition, the parameters used were the same as the simulation based on
316L to SA508 except for the mesh size (200), thickness (15,000 um), upper boundary (0.20 wt%

C), and lower boundary (0.015 wt% C).
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Table 6. 600M and 82 compositions used in PanDiffusion.

Composition (wt%)

C Cr Fe Ni Nb
600M | 0.02 15.6 8.1 Bal 1.9
82 0.04 19.9 0 Bal 2.5

Lastly, a functionally graded composition composed of 316L to SA508 was simulated with
PanDiffusion with the Fe-Database at intervals of 10 wt% to 90 wt% 316L balanced with SA508.
The mixed composition is shown in Table 7, where the elements C, Cr, Fe, Mn, Mo, Ni, and Si
were selected. For the calculations, the mixed alloy was first bonded to 316L, then the mixed alloy
was bonded to SA508. Thus, there was a total of 18 different designs at 10% intervals of 316L. In
addition, the thermal history was set to SA+N+T(650°C). The sigma phase was suspended, and
the mesh size was set to 400 um. Furthermore, only the maximum carbon peaks were obtained to

determine the best composition to use for functionally graded composition.
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Table 7. Graded 316L with SA508 composition used in PanDiffusion.

Composition (wt%)

Mixed alloy C Cr Fe Mn Mo Ni Si
10% 316L+90% 508 | 0.182 | 2.02 | Bal. | 0.83 | 0.79 | 1.72 | 0.30
20%316L+80% 508 | 0.163 | 3.66 | Bal. | 0.93 | 0.93 | 2.66 | 0.34
30%316L+70% 508 | 0.145 | 529 | Bal. | 1.04 | 1.08 | 3.61 | 0.38
40%316L+60% 508 | 0.126 | 6.92 | Bal. | 1.14 | 1.22 | 455 | 0.42
50%316L+50% 508 | 0.108 | 856 | Bal. | 1.25 | 1.37 | 5.50 | 0.47
60%316L+40% 508 | 0.089 | 10.19 | Bal. | 1.36 | 1.51 | 6.44 | 0.51
70%316L+30% 508 | 0.071 | 11.82 | Bal. | 1.46 | 1.66 | 7.39 | 0.55
80%316L+20% 508 | 0.052 | 13.45 | Bal. | 1.57 | 1.80 | 8.33 | 0.59
90%316L+10% 508 | 0.034 | 15.09 | Bal. | 1.67 | 1.95 | 9.28 | 0.63
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Chapter 4: Results

4.1.  Microstructure under different heat treatments

Figure 8 illustrates the microstructural evolution from the as-received condition to SA+T
to SA+N+T(650°C). The dissimilar metals P508 and P316L were characterized with an emphasis
placed near the interface of both materials. The as-received condition of P508 was observed to be
composed of a high-volume fraction of a-ferrite, a layer of bainite at the interface, and small-
volume fractions of bainite throughout P508. Polygonal ferrites were formed as a result of
continuous cooling due to the air-cooling nature of the PM-HIP process [23]. The formation of
bainite along the interface was caused by the abrupt change in carbon chemical potential since the
transform Kinetics of bainite is dependent on the diffusion of carbon [23]. The microstructure of
bainite is composed of ferritic sheaves with plates with each sheaf separated by cementite [24] and
its good toughness is due to the high angle boundaries (>15°) that effectively prevent crack
propagation [25]. For structural components in NPPS, it is desirable to have a component with
high toughness since in the likelihood of a defect and under deformation it prevents premature

failure from occurring.
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Figure 8. Optical images of etched microstructure for P508 and P316L at as-received, SA+T,

SA+N+T(650°C) conditions.
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Solution annealing and tempering were performed to enhance the volume fraction of the
bainitic microstructure. Solution annealing was used to create a single phase and dissolve any
intermetallic phases, i.e. carbides. In contrast, tempering was performed to reduce brittleness and
increase grain size, thereby enhancing ductility and toughness. At this condition, P508 was
characterized by coarse, nearly parallel laths of bainite and granular bainite. Granular or irregularly
shaped bainite contained retained austenite islands of a martensite and austenite mixture [24],
where the toughness is proportional to the amount of martensite phase. By performing
normalization between solution annealing and tempering, microstructures composed of granular
bainite were produced. Compared to solution anneal and tempering, the microstructure exhibited
considerable grain refinement.

In the as-received condition of P316L, it was observed to have equiaxed austenitic grains.
The same heat-treatment conditions were applied to P316L and did not change the phase since the
stability of austenite was caused by the high Ni content. Similarly, the heat treatment of SA+N+T
compared to SA+T resulted in grain refinement. For this study, SA+N+T was the chosen heat

treatment due to the improvement in strength and ductility to enhance the impact toughness.

4.2.  Dissimilar metal interface

Figure 9. shows the SEM micrograph of the B316L-P508 and B508-P316L at as-received
and SA+N+T conditions. After nano-indentation was performed, micrographs were taken, and
P508 was lightly etched before characterization. An EDS line scan was performed on both as-
received B316L-P508 and B508-P316L to examine the abrupt change in the compositional profile
of Fe, Cr, and Ni at the interface. Carbon was excluded from the line scan because, as an

institutional element, it could not be detected accurately by EDS. According to this analysis, Cr
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and Ni diffused from B316L to P508, whereas Fe migrated from P508 to B316L. Differences in
initial composition were responsible for the diffusion. Since PM-HIP operates at elevated
temperatures, the difference in chemical potential acted as a thermodynamic driving force for the
diffusion of substitutional atoms from high concentration to low concentration. Similarly, B508-
P316L at the as-received condition exhibited the same compositional trend.

For the as-received P508-B316L coarsen spherical oxides inclusions rich in Mn and Si
were identified by EDS point identification at the interface of P508-B316L. The dimensional
diameter was measured by ImageJ to be 2.1 um. In contrast, as-received P316L-B508 did not
exhibit oxide precipitates at the interface. This implied that the formation of the oxides was due to
P508 and not P316L. It is believed that the presence of oxides is the result of improper powder
shipping and handling, with the powder's high surface area trapping oxygen atoms exposed to the
environment. Upon, PM-HIPing the inclusions formed around the prior particle boundaries (PPB).
After the elevated temperature removed the PPB from PM-HIP, the oxides became coarser due to
the elevated temperature and the Ostwald ripening effect [20]. In addition, the as-received
condition insets reveal a fine concentration of carbides with a size of 0.1 um embedded in the grain
at the interface of P508 and B508. These carbides originated from the PM-HIPing's gradual
cooling.

When P508-B316L was subjected to SA+N+T, the oxides at the interface remained. In the
inset of P508-B316L, cementite (FezC) was identified at the interface by EDS point identification
with a measured length and width of 0.6 pm and 0.15 um, respectively. The observed shape of
cementite as elongated spheres surrounded by a ferrite matrix is believed to be the result of a
prolonged tempering condition. Reduced hardness is a characteristic of spherodized cementite,

which can reduce interfacial brittleness [26]. In contrast, heat-treated P316L-B508 at the inset
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exhibited the precipitation of globular carbides along the grain boundary and within the grain
interface. The formation of carbides along the carbide is detrimental to the toughness since the

brittle carbides provide an easy path for the crack to propagate.
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(C) Solution annealed; normalized; tempered (650°C)
fz SRS : B316L 1""',"/."".: .,

............

,,,,,,,,,,,,,,,

.............
'''''''''''''''''
...........
................
................
::::::::::::::
''''''''''''''''''

'''''''''''''''''''

(D) Solution annealed; normalized; tempered (650°C)
P316L | j '

\\\\\

Figure 9. SEM images of the etched surface for as-received a) P316L.-B508, b) P508-B316L and
SA+N+T c) B316L-P508 d) B508-P316L. EDS line scan was performed for both as-received

P316L-B508 and P508-B316L.

4.3. Tensile properties
Figure 10. shows the engineering stress-strain curves of SA+N+T P316L-B508 and P508-
B316L. The ultimate tensile strengths (UTS) for P316L-B508 and P508-B316L were 612 MPa

and 596.5 MPa, respectively. The tensile data showed that both materials had similar UTS. The
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yield strength for P316L-B508 and P508-B316L were 346 MPa and 284 MPa, respectively.
P316L-B508 displayed a higher yield strength, hence it can handle more load before plastic
deformation. The data shows that the yield strength was satisfactory in meeting the ASME code.
Figure 10b. and ¢ shows the strain rate for 316L and SA508. The strain for P316L and B316L was
around 0.7 and 0.9, respectively. Whereas the strain rate of P508 and B508 remained constant
strain, hence the SA508 did not yield. Thus, B316L-P508 exhibited higher elongation after the
tensile test compared to B508-P316L. Therefore, it was concluded that the interface was

sufficiently strong enough to resist deformation. Table 8. shows a summary of the tensile results.
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Figure 10. Tensile test results after heat treatment at SA+N+T(650°C) condition for (a) P508-

B316L and P316L-B508; strain rate results for (b) P316L-B508; (c) P508-B316L.
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Table 8. Summary of tensile results

YS (MPa) UTS (MPa)

P316L-B508 346.5+2 612+2.8

B316L-P508 284+4.96 596.5+2.1

Figure 11. displays the SEM fractography of the broken tensile bar’s surface for P316L
and B316L. Both P316L and B316L exhibited ductile fractures characterized by dimples. The inset
of P316L displayed fine inclusion embedded in the cavities of the dimples at a diameter of 0.4 um.
These inclusions were believed to be oxides and were identified by EDS point identification in the
fractography of the broken Charpy impact bars interface, which will be discussed in the later
chapters. The display of oxides located on P316L revealed that the powder 316L particles were
caused by the high surface area of the particle’s high tendency for oxygen entrapment for the same
reason as P508 as previously discussed. Cooper et al PM-HIP 316L with an oxygen concentration
of 100 ppm and found that the average pore radius was between 0.1 to 0.5 um with an area fraction
of oxides between 0.12 and 0.22 % [27]. He concluded that the higher volume fraction of oxides
resulted in a reduction in fracture toughness when compared to forged 316L with no oxides.
Cooper’s study showed evidence that P316L oxides may contribute to a lower toughness for

P316L-B508.
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Figure 11. SEM images of fracture surface after tensile test at room temperature for heat-treated

conditions P316L and B316L of dissimilar metal joints.

In B316L several pores were observed these pores were an indirect effect of the large
oxides observed in P508 previously shown in figure 11. As the tensile test proceeded in elongating
the specimen the oxides were dislodged leaving a void behind at B316L [27]. In addition, large
irregular shape inclusion with a length and width of 4.5 um and 0.4 um, respectively, were found

on the inset.

4.4. Charpy impact properties

Figure 12 shows the comparison of different heat-treated conditions' influence on the
energy absorption for P508-B316L, P316L-B508, pure P316L, and pure P508. The toughness was
evaluated by the Charpy impact test at room temperature. Solution annealed + normalization +
tempering (650°C) was performed on pure P316L, pure P508, P316L-B508, and P508-B316L and

the toughness values were the following: 169J, 69J, 35J, and 23J, respectively. As expected, pure
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P316L exhibited the highest toughness followed by pure P508, since these materials did not have
a dissimilar interface. However, the recorded toughness values were significantly lower than
expected. Sutton et al found the toughness at room temperature of B316L and B508 to be 206 J
and 177 J, respectively [21]. Although, his heat-treatment conditions were different the toughness
values should have been similar since the heat-treatment conditions were designed to improve
strength and ductility. Figure 13. showed the optical image of the fractured surface and SEM
images of the fracture morphology after the Charpy impact test for pure 316L, pure P508, P316L-
B508, and P508-B316L at solution annealed + normalized + tempering condition. Pure P316L and
pure 508 exhibited ductile failure and revealed oxides located across the fractured surface with
particle sizes of 0.8um and 0.4um, respectively. The reduction in toughness was caused by the

high oxygen concentrations leading to a high-volume fraction of oxides for both materials.
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Figure 12. Charpy impact toughness at room temperature for pure 316L, pure P508, and P508-
B316L all heat-treated at 1065°C-2h, 900°C, and 650°C-4h; P316L-B508 at 1065°C-2h, 900°C-2h,

and 550°C; P316L-B508 at 1065°C-2h.

At the same condition, P508-B316L exhibited the lowest toughness followed by P316L-
B508 shown in figure 12. Both materials displayed brittle failure by intergranular fracture. In the
inset found in figure 13 coarsen inclusions with a particle size range of 1 to 3 um were observed
to be located on the interface of P508-B316L. The high initial oxygen concentration of P508 at
103 ppm, led to the precipitation of coarsening oxides. Since these inclusions were located on the
interface it resulted in toughness depreciation. The formation of oxides acted as void nucleation
sites resulting in easy crack propagation upon the Charpy impact test. In comparison, the SEM
image of P316L-B508 did not display any inclusions. It is noted that the oxides did exist at the
interface, however, due to the low magnification of the image taken the oxides were not revealed.
In figure 11, it was established that fine oxides were dispersion throughout the interface of the
P316L. Thus, it showed an improvement in toughness of 35J compared to 23] from P508-B316L.
Due to the detrimental effects of oxides P508-B316L was eliminated from the study and the
emphasis on toughness improvement was placed on P316L-B508.

P316L-B508 at solution annealed + normalization + tempering (550°C) and solution
annealed displayed toughness values of 58 J and 96 J, respectively. The toughness was found to
be improved by reducing the tempering temperature from 650°C to 550°C. However, the data was
found to be concerning, since the solution annealing condition resulted in the highest toughness of

96 J. This phenomenon was uncommon since, solution annealing followed by quenching creates a
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harder phase, hence the toughness should be reduced. This suggested that other mechanisms were

responsible for the low toughness of P316L-B508.

Pure P316L

Pure P508
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Figure 13. Optical images of Charpy fracture surfaces after testing at ambient temperature for pure
316L, pure P508, P508-B316L, and P316L-B508; heat-treated at 1065°C-2h, 900°C, and 650°C-

4h. The inset shows SEM micrographs of the fractured surface.

4.5.  Micro- and nano-hardness profile across the interface
4.5.1. As-received

Figure 14(a-b). shows the micro-hardness and nano-indentation profiles of as-received
P508-B316L and P316L-B508. As received P316L-B508 and P508-B316L, both exhibited non-
uniform microhardness distribution across SA508. The hardness data depicted that the non-
uniform microhardness was caused by the microstructure. This is shown by the dual structure of
SA508 possessing soft ferrite and hard bainite. P508 and B508 microhardness ranged from 143-
281 HV and 142-307 HV, respectively. In addition, the microstructure of 316L's austenite phase
remained unchanged, resulting in consistent microhardness. The microhardness ranged between

170-210 HV and 155-191 HV for P316L and B316L, respectively

44



(a)

(b)

~~
o
~

(d)

Figure 14. Microhardness and nano hardness results for as-received (a) P508-B316L (b) P316L-
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3.5.2. SA+N+T

From figure 14(c-d). the micro-hardness of P508-B316L and P316L-B508 in at solution
anneal + normalization + tempering (650°C) showed consistent microhardness distribution across
the parent material. Due to the microstructural evolution of ferrite and bainite to a 100 percent
bainitic microstructure, P508 and B508 exhibited uniformity. The average microhardness of P508
and B508 was 276 HV and 254 HV, respectively. In comparison, the average Vickers hardness of
P316L and B316L was 190HV and 203HV, respectively. From figure 8. grain refinement occurred
for both joint designs after heat treatment. After heat treatment, grain refinement occurred for both
joint designs. Due to the Hall-Petch effect, the resulting data demonstrate an increase in the

hardness of both parent materials.

4.5.3. Cause of Hard Interface

The interface was observed to have the highest microhardness among all samples. As stated
previously, PM-HIP enhanced the interdiffusion as a result of the high processing temperature,
resulting in the atomic migration of C and Fe from LAS to ASS. Ni and Cr, in contrast, diffuse
from austenitic steel into low alloy steel. The formation of carbide precipitates was determined by
the rate of cooling. Jang et al. investigated the effects of carbide formation for slow and fast cooling
rates; he discovered that increased cooling rates produced fine carbide precipitates, while slow
cooling coarsened the carbides [28]. Carbide formation occurred as a result of the migration of
carbon and the influence of slow furnace cooling for the as-received condition. The diffusion of
carbon on 316L and SA508 produced carbon-rich and carbon-poor zones, respectively. Nano-
indentation mapping confirmed this in all cases. According to the data, the peak microhardness of

as-received P508-B316L and P316L-B508 was 461 HV and 454.9 HV, respectively. The interface
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microhardness of P508-B316L decreased from 461 HV to 363 HV and P316L-B508 reduced from
454.9 HV to 248 HV after heat treatment. In addition, fine carbides were observed across the
interface of the as-received specimens, which became spheroidized cementite following heat
treatment. Due to the change in carbide morphology and size, the microhardness at the interface

decreased.
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Chapter 5: Discussion

5.1.  Microstructural origins of reduced toughness at the interface

Ferritic low alloy steel to austenitic SS joint’s toughness is dependent on the size and
volume fraction of oxide inclusions. By reducing the oxygen content by vacuum annealing at
600°C and 900°C, Gandy et al. found that the Charpy toughness value of A508 produced by PM-
HIP increased from 99 J to 127, respectively [17]. As previously stated, the diameter of pure P508
oxide and P508-B316L oxide was 0.4 um and 3 pum, respectively. The number density and growth
of voids are dependent on the number of stress concentrators [29], which serve as crack
propagation initiation sites. The joining of P508 and B316L decreased the toughness from 68J to
23J in comparison to pure P508. The presence of a greater number density and larger size of oxides
at the P508-B316L interface led to a greater volume fraction of voids, thereby reducing the energy
required for crack propagation. Likewise, pure P316L yielded an abundance of small oxides with
an average size of 0.8 um and exhibited a toughness of 169J. Cooper et al. performed a Charpy
impact test and found that forged 304L had a toughness of 200 J higher than 304L manufactured
by PM-HIP, whereas the oxygen content was 15 ppm and 110 ppm for forged and PM-HIP steel
[19]. According to his findings, the low toughness was due to the presence of large oxides at the
grain boundaries. From the results, it was concluded that the low toughness of P508-B316L was

caused by the formation of coarse oxides located on the interface resulting in brittle fracture.
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1000 pm

Figure 15. Cross-sectional optical and SEM images of fracture surface after the Charpy impact test

for SA+N+T(650°C) condition for P316L-B508.

Figure 15 showed evidence that carbides precipitated along the grain boundary on the
P316L side of B508. Similar to oxides, carbides reduce a material’'s toughness by acting as pinning
sites that impede dislocation movement. S. Lee et al found that coarse MsC carbides larger than
the critical size were responsible for the reduction in fracture toughness for SA508 and fine M2C
carbides if homogenously distributed can improve fracture toughness [31]. The depicted carbides

were adjacent to voids, which initiates microcracks that cleaved the carbides at the grain boundary.
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5.2.  Toughness vs Carbide Under Various Heat Treatments

The susceptibility to intergranular corrosion was studied by sensitization to find the extent
of M23Cs carbide formation and the degree of sensitization. Figure 16 displays micrographs of the
sensitization  results at conditions: as-received, SA+T(650°C), SA+N+T(650°C),
SA+N+T(550°C), and SA at P316L side. The sensitization distances for the aforementioned
conditions were 1891 um, 2112.8 um, 2185.8 um, 2014.2 um, and 931.8 um, respectively. It was
observed that the M23Ce carbides were present in the as-received conditions at a wide distance of
1891 um. The precipitation of the carbides was due to the slow cooling rates during PM-HIP. The
carbides were first dissolved at the HIP operational temperature of 1163°C; however, due to the
low cooling rates from furnace cooling, the carbides re-precipitated along the grain boundaries
[33-34]. When the samples were subjected to solution annealing, the carbide extent was found to
be highly sensitized and lowered by around 50 percent compared to the as-received state. This
suggested that the solution annealing was not kept long enough to dissolve all of the carbides, as
only half of the initial quantity was dissolved. Since carbide precipitation is time-dependent, it is
possible that the holding time for the solution anneal was insufficient and that an additional 2h or
more would have eliminated more carbides. In comparison, the SA+T, SA+N+T(650°C), and
SA+N+T(550°C) resulted in a considerable extension of carbides when compared to the SA
condition. This implied that the nucleation and proliferation of the carbides at the grain boundaries

were due to the pre-existing carbides from the SA condition.
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Figure 17. Sensitization results for dissimilar joint P316L at different heat treatment conditions

for AR, SA, SA+T(650°C), SA+N+T(550°C), and SA+N+T(650°C).

Figure 17 illustrates the sensitization distance as a function of the boundary width for all
the conditions and demonstrates how the sensitized grain boundary widths increased in size due to
intergranular corrosion as heat treatment progressed. At 90 J, the SA condition exhibited the
greatest toughness, which contributed to its short sensitization distance at 932 um and low degree
of sensitization at 6 pum. In comparison, sensitization distances were comparable at
SA+N+T(650°C) and SA+N+T(550°C) conditions; however, toughness values were significantly
different at 34.8 J and 57 J, respectively. At the SA+N+T(550°C) and SA+N+T(650°C), the

boundary widths were 12 um and 14 um, respectively. The highest degree of sensitization was
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found at SA+N+T(650°C) condition, which caused a higher volume fraction of M23Cg carbides to
form located along the grain boundaries. This resulted in the low toughness of 34.8 J compared to
57 J compared to the SA+N+T(550°C) conditions, since the higher volume fraction of carbides

depreciated the impact toughness which caused the cracks to propagate more easily.

5.3.  Diffusion Simulation
5.3.1 316L to SA508

Figure 18. shows the simulated carbon content of 316L to SA508 by using PanDiffusion
at the following conditions: as-received (1163°C-2h), SA (1065°C-2h), SA+N(900°C-2h)+T
(650°C-4h), and SA+N+T (550°C-4h). Tables 3 and 4 list the alloy composition and thermal
treatments, respectively. At all conditions, the carbon profile at 2000 um away from the interface
of 316L and 508 were constant. The carbon profile began to change rapidly when it was 1000 um
away from the interface and continued until it reached the interface. The inset shows the maximum
carbon peaks for as-received, SA, SA+N+T(650°C), and SA+N+T(550°C) as 0.105 wt%, 0.107
wt%, 0.18 wt%, and 0.14 wt% C, respectively. Under all conditions, carbon was enriched on the
P316L side and depleted on the SA508 side. Although, the carbon content peaks were the lowest
at as-received and solution annealing conditions. The simulated results did not accurately represent
the experimental sensitization data due to the pre-existing carbides. Comparatively, the tempering
condition from 650°C to 550°C was observed to have reduced carbon peak from 0.18 wt% to 0.14

wt% C, respectively.
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Figure 18. Simulated diffusion of the carbon content of 316L to SA508 at the following conditions:

as-received, SA, SA+N+T(650°C), and SA+N+T(550°C).

Figure 19. illustrates the simulated extension and maximum M23Cs carbides across 316L
to SA508. It is noted that M23Cs carbides were not present for as-received and solution-annealed
conditions. At these conditions, only the Fcc phase existed. Since PanDiffusion calculates the
phase from thermodynamic equilibrium it is not able to calculate the carbides formed from non-
equilibrium conditions involved in slow cooling. From, the inset the M23Ce maximum carbides
molar fractions were 3.7% and 2.3% for tempering at 650°C and 550°C. The change in carbides
implied that tempering at 650°C displayed fast nucleation of carbides and tempering at 550°C
showed sluggish nucleation. In comparison to the toughness data of tempering at 650°C and 550°C,
there was an improvement when the tempering temperature was reduced. Hence, the reduction of
carbides can lead to an improvement in toughness. Furthermore, the carbide extension was
observed to exponentially increase until it was close to the interface. The simulation results showed
a high formation of carbide precipitation at 500 um away from the interface on the 316L side. By

comparing the distance experimental sensitized sample of SA+N+T(650°C) at a sensitization
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distance of close to 2200 um. Although, the PanDiffusion does not take into account the carbides
formed from non-equilibrium. The data from the simulation illustrates that the high carbide
formation at the interface could not be fixed by heat-treatment optimization. Thus, it is not feasible
to directly join P316L to B508 by PM-HIP even if the initial carbides are not present and will

require a transitional joint between 316L and 508.
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Figure 19. Simulated diffusion of M23Ce molar phase fraction of 316L to 508 at the following

conditions: SA+N+T(650°C) and SA+N+T(550°C).

5.3.2 Ni-Based Alloy as a Transitional Material

Ni-based alloys are known to have a lower carbon diffusivity; by inserting Ni-alloy 600M
or 82 between SA508 and 316L, the nucleation of carbides can be reduced. Figure 20 depicts the
carbon profile and M23Cs carbide molar phase fraction of SA508-82-316L and SA508-600M-
316L, which were simulated. As a transitional material, 600M and 82 carbon profiles exhibited
comparable tendencies. In both instances, the carbon content of SA508 rapidly depreciates as it
approaches the Ni-alloy, followed by a profile increase after passing the interface. The carbon then

reaches a plateau and decreases further as it approaches the 316L interface. The M23Cs carbide
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peaks for 600M and 82 were found to be 0.42 % and 0.37 %, respectively. Compared to simulation
findings for 316L and SA508, these values were dramatically lowered. Utilizing 82 or 600M as a
transitional material may be a viable option for reducing the concentration of M23Cs carbide at the
interface of 316L. However, as this simulation only accounted for M23Ce carbide other detrimental

carbides may form.

0.5 -
A508 : 5 316L : 3
020, | | o 1508 ¢ 82/600 © 316L
R 5 : £ 0.4 5 3
S : 2 : ;
S : B ] : )
% 0.151 : 2 : :
=l = B !
3 0.104 = : :
g = 021
: :
“ 0.05 U014
2 0.
=
0.00 T —— T t T T 0.0 T T T : T T
0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000
Distance (pum) Distance (um)

Figure 20. Simulated diffusion of 508 to 82/600M to 316L: a) carbon content, b) M23Cs molar

phase fraction.

5.3.3 Functionally Graded Metal

By controlling the mixing ratios of powder 316L and powder SA508, a functionally graded
composition can be employed as a transitional material to reduce the grain boundaries of M23Cs
carbides. The maximal precipitation of mixed 316L+SA508 to SA508 and mixed 316L+SA508 to
316L is depicted in Figure 21. Using the mixing ratios of 316L and SA508 at 10% intervals and
then balancing using SA508 created a compositional graded material. For 316L+508 to 508, the
maximum M23Cs carbides were close to zero from 10% 316L to 50% 316L, with a slight rise at

60% 316L. A substantial increase occurred at 70% of 316L and decreased as the percentage of
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316L reached 90%. In contrast, the carbide peaks for 316L to 316L+508 were initially high at 10%
316L and dropped linearly until 70% 316L. From 70% 316L to 90% 316L, the generation of
carbides remained consistent at close to 0%. According to the data, the 50% to 60% 316L contained
the lowest concentration of M23Cs carbides. Therefore, a ratio of 55% 316L to 45% SA508 was
determined to be the optimal mixture to use. By reducing the carbide precipitation, it is possible

to increase impact toughness by minimizing the degree of sensitization.
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Figure 21. Simulated graded transition joint using 316L to graded 316L+508 and 508 to graded

316L+508.
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Chapter 6: Conclusion

The joining of low alloy steel to austenitic SS in PM-HIP was found to be not feasible due
to the low toughness at the interface. Although, the tensile properties were found to be satisfactory
and the interfacial hardness was reduced. However, oxygen control was discovered to be crucial
for P508 to prevent the precipitation of oxide inclusions at the interface of P508-B316L which
contributed to its low toughness. Although P316L-B508 did not exhibit inclusions at the interface,
the poor toughness was caused by the presence of M23Cs carbides located along the grain
boundaries of P316L. Further heat treatment resulted in a higher sensitization distance due to the
nucleation of pre-existing carbides and caused higher susceptibility to intragranular corrosion. To
improve the impact toughness, PanDiffusion was used to optimize the heat treatment to find a heat
treatment that contributed to the lowest precipitation of carbides. The reduction in tempering heat
treatment led to slowed nucleation of carbides, but a high concentration of carbide persisted near
the interface of 316L regardless of the heat treatment. It was determined that the carbide problem
cannot be resolved by joining 316L directly to SA508, thus a transitional material is required.
PanDiffusion was utilized to simulate the transitional material of SA508-600M-316L and SA508-
82-316L as an alternative method to reduce carbon diffusivity. The two designs were found to
significantly reduce the formation of the carbides; therefore, it could potentially improve the
impact toughness and reduce the extent of sensitization. In addition, a functionally graded material
design of 316L and SA508 at a ratio of 55% 316L to 45% SA508 was discovered to be another

viable option for enhancing toughness.
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