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1 Abstract

The dissimilar joining of Ti-6Al1-4V and Inconel 625 by using a suitable interlayer shows
potential design flexibility by avoiding the brittle intermetallic phases from direct welding.
These phases include NvT%, NiT"i5, and Ni3T7. The objective of this work is to facilitate laser
welding of Ti-6Al-4V and Inconel 625 through a vanadium interlayer to form an intermetallic
free, strong, and corrosion resistant joint. Vanadium was chosen based on binary phase dia-
gram solubilities, literature, and theoretical CalPhaD calculations in PanDat. Laser welding
was systematically explored from based on beam mode, offset, power, and scan speed. Var-
ied parameters include laser power from 325 to 650 watts, laser scan speed from 80 to 160
in/min, and beam offset up to a % of the beam diameter. Parameters were chosen based
on previous dissimilar joining research and those found in the literature. Metallography,
including optical and scanning electron microscopy, was used to analyze the weld chemical
composition, grain structure, and defects through both the fusion and heat affected zones.
The results and discussion will examine the relationship between process parameters, mi-
crostructure, and observed weld defects. Our findings will not only assess the weldability
of vanadium and Inconel 625 but also establish a transferable framework for studying other
dissimilar material combinations, providing valuable insights for future research in this field.

2 Graphical Abstract
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Figure 1: Graphical abstract



3 Introduction

Industries constantly need lighter and stronger materials for a wide variety of applications.
In order to achieve this, multi-material use is necessary and dissimilar joining may be a
viable option. Dissimilar joining is beneficial for manufacturing through its weight reduction
and increase in performance.! Laser welding is one method for dissimilar joining that has
increased in popularity because of it’s low heat input per unit length and efficiency. For
example, welding % inch thick material with laser welding is 15-20 times faster than Metal
Inert Gas (MIG) welding.l?l Laser beam welding (LBW) is a high energy density (HED)
process that focuses the necessary energy to melt the metal into a very fine beam. This
results in a weld mode referred to as keyhole welding where the weld is narrow and deep.
Lowering the power or expanding the beam spot size can result in a different mode referred
to as conduction welding where the resulting weld is shallow and wide. This difference is
illustrated in Figure 2.
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Figure 2: Conduction versus keyhole mode welding!®!

Energy densities can approach and exceed 10* (fm—WQ) whereas arc welding processes are in

the 0.5-50 (%) range.! It is not uncommon in the arc welding industry to manipulate the
weld pool to better tie in work pieces being joined. The same is available for laser welding
and is referred to as beam oscillation or wobble welding. The beam travels in a specified path
such as a circle as it also travels along the joint. The frequency of oscillations and amplitude
of the path is defined in the programming software. A laser weld that travels straight down
the joint without any oscillation is referred to as continuous wave welding. The differences
are shown in Figure 3 and 4. Laser welding is commonly used as an autogenous process
where no filler metal is added to the melt pool.
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Ti-6Al-4V and Inconel 625 were selected to join through an interlayer because of their
corrosion resistance, high strength, and titanium’s low density. Ti-6A1-4V has a high specific
strength that is desirable in a multitude of applications, and Inconel 625 has high creep and
corrosion resistance in aggressive environments such seawater. Combined these two are
useful in high strength and corrosion based applications such as marine environments where
galvanic corrosion is important to consider?” This weld combination would also be useful in
power generation for coolant systems and control rod drive components.™!

Because they are dissimilar, Ti-6Al-4V and Inconel 625 are not easily joined together.
Namely, they form brittle intermetallic compounds (IMC) that weaken the strength of the
joint; these include NiT'i, T'isNi, TiNi3. The phase diagram of nickel and titanium is shown
in Figure 5. They also have different thermophysical properties shown in Table 1. Titanium is
also a highly reactive metal with oxygen and hydrogen which can weaken the weld further.[!
Due to these reasons finding a suitable interlayer to place between them would be a viable
option for joining.
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Figure 5: Ti-Ni phase diagram with intermetallics highlighted [J.L. Murray, 1991]

In literature, vanadium has been investigated as an interlayer. W. Wang, et all have
successfully used a vanadium interlayer through laser melting deposition (LMD) to combine
Ti-6A1-4V and Inconel 625.1% LMD differs from laser welding through the types of material.



LMD utilizes powder to weld the two together where as laser welding melts each metal sheet
together and fuses upon cooling. Wang previously used a diffusion bonded vanadium and
copper interlayer through LMD. There has been more extensive literature with Ti-6Al-4V
and Inconel 718 as a combination. Scientists have used niobium, vanadium, molybdenum,
and copper with varying degrees of success.'1213] Inconel 718 has about 20% iron in its
composition which can complicate the interlayer choice. Because there has been some suc-
cessful interlayers with a more complex composition of Inconel, it could translate to Inconel
625 which has a low iron composition.

Laser welding Inconel alloys and Titanium alloys use widely different parameters. There
are many different datasets in the literature for both, but it also machine specific. CO, gas
laser versus Nd:YAG laser can change power, scan speed, gas flow, and spot size values.
For Titanium alloys, Sandia National Laboratories has found a parameter set that works
well with the vanadium interlayer after multiple rounds of testing. But in a quick literature
review, E. Akman et. all did a study with a pulsed Nd:YAG laser and found that the high
power with a shorter pulse made a deeper weld.!'6

Table 1: Relevant thermophysical properties [matweb]

Property ‘ Ti-6Al-4V ‘ Inconel 625 ‘ Vanadium
Coefficient of thermal expansion (Y:*TC> 9.7 12.8 8.33
Thermal conductivity (1) 6.7 9.8 31
Melting temperature (°C) 1604-1660 | 1290-1350 1735
Specific heat capacity (g'iC) 0.53 0.41 0.50

Currently, Lin Yan et. all tested some parameters for a Nd:YAG laser welder where
they changed the laser power from 300-400 watts and the scan speeds to find the most
ideal parameter set.' This information will be useful for testing and seeing what can be
replicated with our system. Fidel Zapirain et. all used both a CO2 laser and Nd:YAG laser
to butt weld together Inconel 625 and Inconel 718.2%15) They had good welds, but did not
disclose what their parameters were for both the CO2 and Nd:YAG lasers. Hui Chi Chen et
al. experimented with the direct laser welding of Inconel 718 and Ti-6Al-4V through fiber
laser welding and found that intermetallic free joints could be formed through power, offset,
and scan speed optimization™®).

The novelty of this work is joining Inconel 625 and Ti-6A1-4V with only a single vanadium
interlayer through laser welding.

4 Methods

4.1 Theoretical

Binary phase diagrams were initially explored for elements that are readily soluble in either
titanium or nickel because they are the largest constituents of the two alloys. BCC structured
refractory metals such as niobium, molybdenum, and vanadium are fully soluble in titanium,



but have limited solubility in nickel. An FCC-structured material such as copper is fully
soluble in nickel but has almost no solubility in titanium. Vanadium satisfied this condition
the best of all metals examined with a solubility in nickel of roughly 40% at 1200°C.
PanDat, a software that uses the CALPHAD method, was used to generate equilibrium
phase diagrams between the bulk Inconel 625 composition seen in Table 13 in Appendix A,
and the three pure refractory metals. The diagrams for niobium and molybdenum can be
seen in Appendix A which show significant amounts of topologically close packed (TCP)
structures such as P, u, and Laves phases. The generated phase diagram for vanadium and
Inconel 625 can be seen in Figure 8. Welding is inherently a non-equilibrium process so
Scheil solidification diagrams were also calculated using PanDat. The diagram showing a
composition of 50 wt% Inconel 625 and 50 wt% vanadium is shown in Figure 9.

4.2 Fabrication
4.2.1 Materials

Commercially available vanadium, Ti-6Al-4V, and Inconel 625 were cut and machined to
the sizes specified in Table 2. Sample faces to be welded were dressed to remove burrs and
create a square surface before welding to ensure proper fit-up. Samples were also cleaned
with acetone and isopropanol to remove machining grease.

Table 2: Material measurements

Material ‘ Inconel 625 ‘ Ti-6Al-4V ‘ Vanadium

Length (in) 2 1 1
Width (in) 1 1 0.125
Thickness (in) 0.125 0.0625 0.25

4.2.2 Welding Equipment and Parameters

Since the materials varied in thickness they were placed face down on a fixture plate and
clamped together in a butt joint as seen in Figure 6 before being tack welded in a flash-
lamp LaserStar welder. The tacked specimens were then removed from the fixture plate and
flipped so the flat face was pointed upwards. 304L stainless steel plates were then used to
raise up both sides of the joint so the vanadium interlayer was held above the fixture plate.
Both sides of the joint were then clamped down to the 304L to hold the material in place
for welding. The focus of the beam was set to the top of the samples to be welded. A macro
image of a completed joint is shown in Figure 7.



Figure 6: Sample fixturing
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Figure 7: Macro image of completed joint

Laser welding was done in two separate machines; continuous wave welds were done in
a Mundt 2kW Fiber Laser and beam oscillation samples were done in an IPG 1kW Fiber
Laser machine. Both machines use a 1077 nm wavelength beam; the spot size of the Mundt
and IPG are 0.012 and 0.002 inch respectively. Argon was coaxially flowed through the
nozzle at 40 # to act as shielding gas. Power checks for both machines were done with an
Ophir power meter three times and averaged before each batch of welding; the demanded,
measured, and power density values calculated from Equation 1 can be seen in Table 3 and

4.
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The first test matrix used both Inconel 625 and Ti-6Al-4V on either side of a vanadium
interlayer. After fabrication of these samples it was decided that Ti-6A1-4V could be re-
moved from the joint as there were no apparent issues in the weld metal between it and the
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vanadium. Subsequent fabricated samples then used Inconel 625 on both sides of a vana-
dium insert to maximize material usage. Multiple test matrices were completed based on
the laser weld parameters shown in Table 5. Each matrix changed one parameter at time;
for example we varied the laser power in the first, scan speed in the second, offset in the
third, and combined offset and scan speed in the fourth.

Table 3: Mundt demanded power and average Ophir readout

Demanded power (W) ‘ Ophir readout (W) ‘ Power density (kW)

cm?
475 384 526
575 491 673

Table 4: IPG demanded power and average Ophir readout

Demanded power (W) ‘ Ophir readout (W) ‘ Power density (%)
325 256

126 -10?
450 404 200 -10?

Table 5: Overview of parameters tested

Matrix # | 1 | 2 3 1
Mode CwW Wobble CwW CW CW
Power (W) 475, 575 325, 450 275 275 275
Scan speed (ipm) 80 80 100, 120, 140, 160 80 100, 120, 140, 160
Offset (thou) 0 0 0 3&4 3
Frequency (Hz) ~ 300 ~ ~ ~
Amplitude (in) ~ 0.024 ~ ~ ~

4.2.3 Preparation of Samples

After fabrication, samples were imaged with a Hirox KH-7700 digital microscope in the
"as-welded” condition. There were then pre-mounted in Buehler EpoThin 2 epoxy before
processing. The samples were cut using a Buehler MetSaw equipped with a silicon carbide
abrasive wheel under flood coolant. A cross-sectional cut was made at the halfway point of
the weld length to analyze the steady state region. These cross-sections were then re-mounted
in epoxy and metallographically ground with 120 and 600 grit SiC paper and polished with
9,3, 1, 0.3, and 0.05 um alpha alumina slurries.

4.3 Characterization

The microstructure was analyzed using an Olympus microscope, a JEOL I'T7T00HR FE-SEM,
and a Buehler MicroMet 6000 series indenter. The Vicker’s Microhardness was conducted on



100kgf and a 30 second dwell time. Wavelength Dispersive Spectroscopy (WDS) was done
with four different detectors on a CAMECA SX100 Microprobe, one set to chromium and
vanadium, and two on nickel. Energy Dispersive Spectroscopy (EDS) was completed on on
some BSE solidification images to look at relative composition.

5 Results

5.1 Theoretical

An equilibrium phase diagram was calculated with 100% Inconel 625 varied to 100% vana-
dium through PanDAT’s Nickel database. Scheil solidification diagrams were calculated in
the same database at the 50/50, 60/40 and 40/60 Inconel 625 and vanadium weight percent-

ages.
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Figure 8: Inconel 625 and vanadium equilibrium phase diagram
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Figure 9: Scheil solidification diagrams
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5.2 Weld Overviews

After fabrication, images were taken with the Hirox microscope in the as-welded condition to
verify if the weld had cracked or was crack free. Top down overviews from all four matrices

can be seen below:

Figure 10: Matrix 1: A) 475W CW B) 575W CW C) 325W Wobble D)450W Wobble



Figure 12: Matrix 3: A) 0.003” into Inconel 625 B) 0.003” into vanadium C) 0.004” into
Inconel 625 D) 0.004” into vanadium

Figure 13: Matrix 4: A) 100 ipm B) 120 ipm C) 140 ipm D) 160 ipm

5.3 Weld Cross Sections

Side profiles were taken of each weld to view weld pool shape and behavior either optically
or on the BSE - SEM detector.
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Figure 14: Matrix 1 Wobble Top Left: 325W Top Right: 450W Bottom: 575W
Continuous Wave

Figure 15: CW 575W Solidification Substructure
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Figure 16: Wobble 450W Ti-V Weld
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Figure 17: Matrix 2 A) 100 ipm B) 120 ipm C) 140 ipm D) 160 ipm
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Figure 20: Matrix 3: BSE 0.003” into Inconel 625

Width and depth of each Inconel-vanadium weld from matrix 1 and 2 was measured in

ImagelJ.
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Table 6: Matrix 1 weld measurements

Power | Scan Speed (ipm) | DOP (in) | Width (in)

Wobble 325W 80 0.016 0.032
Wobble 450W K 0.030 0.044
CW 475W K 0.019 0.034
CW 575W 7 0.029 0.038

Table 7: Matrix 2 weld measurements

Power | Scan Speed (ipm) | DOP (in) | Width (in)

CW 575W 100 0.029 0.037
K 120 0.028 0.033
7 140 0.025 0.027
K 160 0.023 0.026

5.4 Vickers Microhardness Data

Vickers Microhardness was done on each weld going across the top of the weld. Some samples
had severe crack bifurcation and thus limited data points could be collected. Vickers hardness
(VHN) plotted against distance from weld centerline are shown in the following plots:
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Figure 21: Matrix 1 & 2 Hardness plots
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Figure 22: Matrix 3 & 4 Hardness plots

5.5 WDS & EDS

Wavelength Dispersive Spectroscopy (WDS) was completed on three samples, CW 575 (our
baseline), 0.003” Inconel 625 offset, and 0.004” vanadium offset with line scans going hori-
zontally and vertically across the weld.
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Figure 23: CW 575W
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Figure 24: CW 575W 0.003” Inconel 625 Offset
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Figure 25: CW 575W 0.004” vanadium Offset
Energy Dispersive Spectroscopy (EDS) was done on the dendritic substructure to un-

derstand the microsegregation and compositional changes. The image and plot can be seen
below:
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Figure 26: EDS Point Spectra of 575W CW Sample

6 Discussions

Transverse welds cracks were found in all samples from test matrices one, two and four
as seen in Figures 10, 11, and 13. These cracks could be heard occurring as soon as the
hutch to the machine was opened after welding. These cracks are sub-solidus cracks, it
is important to make the distinction that these are not solidification cracks. In Matrix 3,
there was qualitatively a larger amount of cracks in the vanadium offsets, and less in the
Inconel 625 offsets as seen in Figure 12. In fact, no transverse cracks were observed in
the 0.003” offset into the Inconel 625 sample’s overview. It is also important to note the
cracking observed in the micrographs such as Figure 17a & 17c happened during the cutting
operation; it highlights the brittle nature of the welds. In Figure 17¢, in particular, there are
large amounts of crack bifurcation due to the extreme brittleness that occurred from cutting
operation cracking.

There is asymmetrical behavior at the root of the weld due to vanadium melting at a
higher temperature than Inconel 625 as seen in Figure 14. This effect seems to be more
apparent with lower laser powers and in beam oscillation welds. In Figures 14 and 17, we
see a decrease in the step like behavior in continuous wave welds.

Figure 14 also highlights the macrosegregation that occurs in the fusion zone. The
peninsula depicted in Figure 14 is not uncommon to see in dissimilar-metal welding and
also comes from the temperature of the melt pool being less than the melting point of the
base material (T}, < Tyanadium) 19 The unmixed melted vanadium is dragged into the melt
pool and fast frozen before having a chance to mix; this leaves peninsulas or even islands as
shown. The continuous wave samples did not have the same amount of macrosegregation as
wobble welds did; CW welds also contain less variables than wobble welds which is why it
became the focus in matrices 2-4.

The propagation behavior of the solidification front depends on the (%) ratio where
G is the temperature gradient and R is the growth rate. In a decreasing (%) ratio the
solidification behavior changes from planar — cellular — dendritic — equiaxed dendritic.
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The temperature gradient is a function of the amount of constitutional undercooling that is
occurring in the liquid ahead of the solid/liquid interface; this is caused by solute rejection
from the solid to the liquid. This is verified by Figure 26 where EDS point scans qualitatively
show that the dendritic regions are richer in nickel and the interdendritic regions are richer
in vanadium, molybdenum, and niobium.

Figure 15 is a collage of zoomed in micrographs that highlight how the macrosegregation
effects the microsegregation and subsequent solidification substructure. In Figure 15a there
is a sharp transition from columnar dendritic to planar growth that lines up with a band
of vanadium rich weld metal (darker in BSE). Figure 15b shows the other side of the joint
where the substructure is cellular. Figure 15¢ is a zoomed in micrograph of the weld root
where the bands of columnar dendritic and planar substructure are apparent.

Figures 19 and 20 show that the solidification substructure changes drastically as a
function of vanadium content in the weld metal. The micrographs in Figure 19 show the
columnar dendritic nature at the root of the weld and in the band of vanadium towards the
top of the weld. Moving towards the weld centerline the substructure changes from columnar
dendritic to equiaxed dendritic because the growth rate of the front essentially becomes the
welding speed R = v. The micrographs in Figure 20 show that the substructure is primarily
cellular which may be an underlying reason on why that weld didn’t show sub-solidus cracks;
with less undercooling there may be less solute being rejected into the interdendritic region
which may in turn limit the intermetallic formation.

In Figure 16, there is the Ti-6Al-4V and Vanadium weld showcased with no transverse
or solidification cracks. This is because vanadium is fully soluble in S—Ti as seen in the
binary phase diagram from the ASM Handbook Vol. 3 in the Appendix.

In Figure 18, there is minimal changes in terms of composition from the weld pool and
Inconel 625. The vanadium base metal had to be blacked out during BSE imaging to get
the weld profile to resolve. Comparing this to the 0.004” offset into the vanadium there is a
stark contrast in weld pool behavior due to less mixing.

There was no noticeable difference in depth and width between the two types of laser
welded in this study as seen in Table 6. In Table 7, we notice a decreasing width and depth
trend as we increase our scan speed because the beam is spending less time per unit area to
melt the material.

The idea behind increasing the scan speed for test matrix two was that we could reduce
the amount of intermetallic formation by increasing the effective cooling rate. Laser welding
cooling rates are on the order of 103£ so we are already a long ways from equilibrium. The
increased scan speed actually may have increased the crack susceptibility of the weld as there
is more thermal strain associated with the higher scan speeds; this can be seen in Figure 17.
There is preferential cracking along the vanadium side of the joint which could be a function
of the higher chromium and vanadium content on that side. That side of the joint would
have decreased ductility when compared to the Inconel side with it’s FCC crystal structure.
It is important to note that although it looks like Figure 17d is crack free it is not. Figure
17¢ shows crack bifurcation that highlight the increased strain energy from the increased
cooling rate.

The third matrix focused on offsetting the beam to the either the Inconel or vanadium
side to observe the effect on the microstructure. By offsetting the beam we are effectively
melting less of one of the two materials; this would shift us either left or right in our calculated
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phase diagram shown in Figure 8. The samples that were offset into the vanadium by 0.003
and 0.004 inches cracked the worst out of any sample fabricated during this project. This
is likely due to having more of the BCC (less ductile) crystal structure making up the weld
metal along with the possible formation of brittle sigma and N¢V3 phases. The 0.004 inch
offset into the Inconel 625 also had transverse weld cracks although less than any of the
previous weld fabricated. The 0.003 inch offset did not show transverse cracks after careful
observation of the overview images. After metallographic preparation, the sample still did
not show cracking unalike the other samples did after processing. It also did not crack
during Vickers microhardness. Despite the results coming back that it is in fact a sound
weld it would be worth while to fabricate it again under the same conditions to validate
repeatability. The fact that the 0.004 inch offset did crack may outline the small process
window that exists for this joint.

The last test matrix looked at the effect of offset into the Inconel and scan speed together.
All the samples from this batch showed transverse cracks. Although there may be less
vanadium in the weld metal this was outweighed by the increased thermal strains associated
with the higher cooling rates.

Looking at the Vickers Microhardness plots in Figures 21 and 22, there is a lot of in-
consistency occurring between across the weld. This is due to the macrosegregation as seen
in Figures 14, 16, and 18 for example. In Figure 16 we can visibly see the relief due to the
spots in the weld that are harder versus not. Vanadium has a VHN of approximately 70 and
Inconel 625 is approximately 250, but the weld pool reaches 700-800 in a lot of the cracked
samples. There is also this large jump from the vanadium to weld pool side indicating there
is a lot of intermetallics forming in that area of the weld while the Inconel side of the weld
has a more gradual transition. In Figure 22, 0.003” Inconel 625 offset has a peak hardness
around 350 VHN and a more consistent and gradual transition across the weld pool. This
is due to a decrease in intermetallic formation. This decrease in hardness also corresponds
to Figure 18 where we are unable to see a lot of macrosegregation in the 0.003” Inconel 625
offset sample. In Matrix 4, in Figure 22, we see a sharp peak on the vanadium side of the
weld pool, but it quickly drops off. This is due to there being less vanadium melted and
mixed into the weld as the scan speed is increased with the Inconel 625 offset.

The WDS results as seen in Figures 23-25 show how compositionally there is macroseg-
regation in the weld. In our baseline weld, 575W CW, across the weld there is rough 30 wt%
vanadium and then a sharp increase at the interface between the weld pool and vanadium.
Traveling up the weld vertically, there is macrosegregation based on the peaks but it is con-
sistent in there roughly being 35-40 wt% Nickel content. It is important to note that these
welds do not necessarily add up to 100 wt% due to only being able to detect 3 elements at
one time on the microprobe.

In Figure 24, despite the line scan not starting in the pure Inconel 625, there is a gradual
increase going from 10 wt% to 20 wt% across the 0.003” weld pool, and then there is the
sudden jump to 100 wt% vanadium. In Figure 25, there is not as stark of a jump but across
the weld there is around 50 wt% vanadium. In the vertical line scan there is a noticeable
decrease in the vanadium due to the fast freezing of the vanadium with its higher solidification
temperature than Inconel 625.
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7 Conclusions

Utilizing vanadium as a single element interlayer to join Inconel 625 and Ti-6Al-4V through
laser beam welding was explored both theoretically and experimentally. Theoretically vana-
dium performed the best out of other refractory metals in PanDat CALPHAD calculations of
equilibrium phase diagrams and Scheil solidification diagrams. It was seen that in the joint
between Inconel 625 and vanadium the FCC formation increased with decreasing vanadium
content and that during solidification the only intermetallic formed was a tiny amount of §
phase at terminal solidification. Experimentally, the welds between vanadium and Ti-6Al-4V
were well behaved and showed no cracking as theorized and seen in previous research. On
the Inconel 625 and vanadium side of the joint all but one weld showed sub-solidus trans-
verse cracks due to longitudinal shrinkage strain and intermetallic formation. Increasing the
effective cooling rate through scan speed led to a smaller weld and increased crack density,
offsetting into the vanadium led to increased crack density, and offsetting into the Inconel
625 0.003 inches led to a crack free joint.

The weld that didn’t show cracking may not be intermetallic free but the lower and more
consistent hardness values verify that there is less present when compared to other samples.
Combining scan speed with offset into Inconel 625 didn’t show a similar outcome as it
did with Chen!'!; all welds from this matrix showed transverse cracks from intermetallic
formation verified by large Vickers microhardness values along the vanadium side of the
weld. The combination of increased cooling rate from scan speed and limited mixing from
the offset increased the crack susceptibility of the joint. BSE images illustrated how the
macrosegregation effects the microsegregation and the subsequent solidification substructure.
There was a sharp change from columnar dendritic to planar when the weld metal moved
from nickel rich to vanadium rich. We also saw that offsetting the beam into the vanadium
produced a heavily dendritic substructure and offsetting into the Inconel produced a cellular
substructure. EDS data also proved that on the Inconel 625 side of the weld metal the higher
Z (molybdenum, niobium, vanadium) solute atoms were ejected from the growing dendrites
into the interdendritic region which agrees with our Scheil solidification prediction. WDS
was used to examine the effect of offset on the weld composition where the crack free weld
had a vanadium content < 20 wt%.
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11 Appendix A
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Figure 27: Nb-Ni phase diagram [H. Okamoto, 1992]
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Figure 28: Ni-Mo phase diagram [H. Okamoto, 1991]
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Figure 29: Ni-V phase diagram [J.F. Smith, O.N. Carlson, and P. Nash, 1991]

Table 8: Inconel 625 composition!!”

Element‘ Ni ‘Cr ‘ Mo ‘ Fe ‘ Nb
Wt % | 58min | 23| 10 | 5 | 4
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Figure 31: Inconel 625 - Niobium phase diagram
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Figure 32: Vanadium Titanium Binary Phase Diagram
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