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The Influence of Nominal Composition ®
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on the Microstructure, Tensile Properties,
and Weldability of Cast Monel Alloys
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and JOHN N. DUPONT

Cast Monel alloys are used in many industrial applications that require a combination of good
mechanical properties and excellent resistance to corrosion. Despite relative widespread use,
there has been limited prior research investigating the fundamental composition—struc-
ture—property relationships. In this work, microstructural characterization, thermal analysis,
electron probe microanalysis, tensile testing, and Varestraint testing were used to assess the
effects of variations in nominal composition on the solidification path, microstructure,
mechanical properties, and solidification cracking susceptibility of cast Monel alloys. It was
found that Si segregation caused the formation of silicides at the end of solidification in grades
containing at least 3 wt pct Si. While increases to Si content led to significant improvements in
strengthening due to the precipitation of f;-Nis3Si, the silicide eutectics acted as crack nucleation
sites during tensile loading which severely reduced ductility. The solidification cracking
susceptibility of low-Si Monel alloys was found to be relatively low. However, increases to Si
concentration and the onset of associated eutectic reactions increased the solidification
temperature range and drastically reduced cracking resistance. Increases in the Cu and Mn
concentrations were found to reduce the solubility limit of Si in austenite which promoted
additional eutectic formation and exacerbated the reductions in ductility and/or weldability.
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I. INTRODUCTION

MoNEL alloys are used in many industrial applications
requiring good mechanical properties and excellent resis-
tance to corrosion. The ASTM A494 specification defines the
compositions of several cast grades that span a range of Si
and Nb concentrations and impart changes to the
microstructure and subsequent properties of the alloys.!"
These materials are commonly fabricated, repaired, and
joined through solidification processes like casting and
fusion welding, and thus have properties that are highly
dependent on the nominal composition, solidification behav-
ior, and concomitant solidified microstructure.

Despite frequent use in industry, there is limited prior
research investigating the influence of nominal compo-
sition on the microstructure, tensile properties, and
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weldability of cast Monel alloys. Sahoo et al. assessed
the tensile properties of cast Monels with systematic
variations in Si and Nb concentration.”) It was found
that both elements contributed significantly to strength-
ening and that the alloys spanned a wide range of
properties depending on composition. Yield strength
was found to vary from 176 to 560 MPa, ultimate tensile
strength (UTS) from 380 to 854 MPa, and elongation
from 50 to 8 pct. However, the authors did not perform
sufficient microstructural characterization or fractogra-
phy to make definitive correlations between composi-
tion, microstructure, and properties.”!

Eash and Kihlgren also performed tensile testing on a
series of Monel alloys with variations in composition
and found similar results.”! Yield strength was found to
be highly sensitive to Si concentration and UTS
increased to a slightly lesser extent.”! Although benefi-
cial for strengthening, the ductility was significantly
reduced at higher Si contents. The authors attributed the
strengthening effects to an increase in solid-state silicide
precipitation, but did not comment on the mechanism
responsible for the reductions in ductility. A recent
study by Wang et al. proposed that increased amounts
of Si-rich eutectic constituents were responsible for
lowered tensile elongation, but no direct evidence was
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provided to support the claim, and no quantitative
relationships between microstructure and properties
were identified.™

With respect to weldability, low-Si Monel castings
and wrought counterparts have been shown to be
readily weldable and exhibit low susceptibility to solid-
ification cracking relative to many other commercial
Ni-base alloys.> ¥ There have been no studies assessing
the weldability of the medium or high-Si Monel grades
such as M30H or M25S. The ASTM A494 standard
notes that these alloys are unable to be weld repaired,
but two anecdotal reports claimed that M30H, which
contains ~ 3 wt pct Si, could be successfully welded
under proper conditions.”'”) However, no experimental
evidence was presented. Microstructural characteriza-
tion of these grades and related Ni—-Cu-Si alloys have
revealed that silicide phases formed in the interdendritic
regions during solidification.®*' The formation of
similar Si-rich intermetallics, such as Laves and G
phase, have been shown to be highly detrimental to the
solidification cracking susceptibility of other Si-bearing
Ni-base alloys such as HR-160, b}/ extending the
solidification temperature range.'>'* The effect of
changes to other alloying elements in the system such
as Fe, Mn, and Cu on the microstructure and properties
have not been investigated in any prior studies.

Despite the well-documented influences of solute
concentration on the properties of Monel alloys and
other similar systems, the fundamental composition—mi-
crostructure—property relationships of cast Monel alloys
have not been well established. In particular, the
metallurgical mechanisms responsible for the reported
changes to behavior require further investigation. The
objective of this work was thus to investigate how broad
changes to composition, including variations in Si, Nb,
and Cu concentration, influence the solidification path,
microstructure, tensile properties, and solidification
cracking susceptibility of cast Monel alloys.

II. PROCEDURE

The compositions of the alloys studied in this work
are listed in Table I. Each alloy was fabricated by

melting virgin elements under an Ar atmosphere,
heating to 1550 °C to produce a homogenous melt,
and then casting into a zirconia coated graphite mold
with internal dimensions of 6” x 15” x 2”. The melt
was poured into the 2”7 x 6” face of the mold and no
mold preheat was applied. Samples were cut from near
the center of each casting, mounted in conductive
polymer, metallographically prepared to a final polish
of 0.05 um, and etched using ASTM Etchant No. 38.!""
Characterization of the cast microstructures was per-
formed via imaging with a Hitachi-4300 field emission
scanning electron microscope (SEM). Phase fraction
measurements were performed by thresholding images
collected from as-polished samples of each alloy using
the Imagel/FIJI software.l'® X-ray diffraction (XRD)
was performed on samples prepared from each alloy
over a 20 interval of 20 to 110 deg with a step size of
0.013 deg. To prevent texturing effects caused by grain
anisotropy, samples for XRD were ground into a
powder using a 65 HRC metal file. Electron probe
microanalysis (EPMA) was conducted using a
JXA-8900 SuperProbe with an accelerating voltage of
15 kV, current of 30 nA, and working distance of 11
mm. The Probe for EPMA software was used to convert
X-ray counts into concentrations after standardization
on a series of pure element standards.!'” Phase compo-
sitions were reported as an average of at least eight
measurements. To characterize solute segregation within
the austenitic matrices, 16 x 16 grids of EPMA mea-
surements were taken with a 200 um point spacing.
Solute concentration profiles were then assembled using
the weighted interval rank sort (WIRS) technique
developed by Ganesan er al'"® Solute partition coeffi-
cients (k) were calculated using the EPMA data and a
Scheil analysis using a procedure outlined in prior
work.["®! Concentration profiles were graphed in accor-
dance with Eq. [1], a linear fit was applied to the data,
and the slope of the trendline was used to calculate k.['®!

In(Cy) = (k — 1)In(1 — £,) + In(kCy), 1]

where C, is solid concentration, C, is the nominal
concentration, and f; is the fraction solid. The use of this
procedure assumes that the alloys solidified under
non-equilibrium conditions where there was negligible

Table I. Nominal Compositions of the Cast Monel Alloys Used in this Study
Alloy Description Ni Cu Fe Si Nb Mn C Al \Y%
1 high Si, low Nb fill 30.29 3.38 4.41 0.50 1.48 0.31 0.04 —
2 med. Si, low Nb fill 30.33 3.57 2.98 0.51 1.52 0.33 0.03 —
3 low Si, low Nb fill 29.94 3.57 1.08 0.51 1.53 0.32 0.03 —
4 med. Si, med. Nb fill 29.31 3.48 2.94 1.42 1.50 0.31 0.04 —
5 high Si, high Nb fill 29.66 3.45 4.42 2.70 1.52 0.30 0.05 —
6 low Si, high Nb fill 29.69 3.58 1.07 2.76 1.52 0.32 0.04 —
7 med. Si, high Nb fill 29.65 3.50 2.90 2.60 1.50 0.32 0.04 —
8 highest Cu, med. Si fill 60.19 3.68 2.95 1.48 1.50 0.30 0.06 —
9 high Cu, med. Si fill 45.32 3.59 3.00 1.49 1.54 0.32 0.04 —
10 V, med. Si fill 29.61 3.50 2.95 1.32 1.47 0.31 0.04 0.45
11 high Mn fill 30.09 3.53 2.96 1.90 9.84 0.32 0.04 —

All values are shown in wt pct.
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diffusion in the solid phase, infinite diffusion in the
liquid phase, equilibrium at the solid-liquid interface,
and no dendrite tip undercooling. These assumptions
will be validated in the subsequent section. Differential
scanning calorimetry (DSC) was performed using a
Netzsch STA 449F3 Jupiter Thermal Analyzer on 180
mg samples cut from the castings immediately adjacent
to the samples removed for microstructural character-
ization. Each sample was heated in a high purity
alumina cup with pin-hole lid to a peak temperature
of 1315 °C or 1375 °C (depending on the expected
melting temperature) at 10 °C/min and then cooled at
the same rate in an atmosphere of flowing Ar. Phase
transition temperatures were taken at the deviation from
the local baseline. Additional details on the character-
ization procedures can be found elsewhere.!'”)

Vickers microhardness testing was performed on
as-polished samples using a Leco LM-248 AT Micro-
hardness Tester. Grids of 16 x 16 indents were placed
on each alloy using a load of 100 gf and an indenter
dwell time of 10 seconds. A point spacing of 88 um was
selected to place the indents as close together as possible
while maintaining the minimum required spacing out-
lined in the ASTM E384 specification.*”’ Room tem-
perature tensile testing was performed on 0.35” diameter
cylindrical dog-bone samples machined from defect free
areas of the cast blocks in accordance with ASTM
E8.2!) The samples were pulled with a crosshead speed
of 0.005 in./min up until yielding occurred, then at 0.4
in./min. until failure. The yield strength, UTS, and
percent elongation were reported as the average of two
tests from each alloy. The fracture surfaces of the tensile
samples were examined in the SEM. Secondary cracking
directly below the fracture surface was characterized by
bisecting the fracture surfaces, metallographically
preparing them to produce a transverse, edge-on view
beneath the surface, and imaging in the SEM.

Longitudinal Varestraint testing was performed on at
least three test bars (165 mm x 25 mm x 6 mm)
machined from each alloy.”? Autogenous gas tungsten
arc welding (GTAW) was performed along the lengths
of each bar with a current of 175 A, voltage of 12V, and
travel speed of 2 mm/s, using Ar shield gas. The
parameters were selected to achieve adequate

$

Gr.;lp'hi’ce:,;1
‘3

penetration through the 6mm thickness of the bars.
Near the end of the welding process, the bars were bent
over a die block by a pneumatic arm to induce an
augmented bending strain of 2.1 pct over the solidifying
weld. Samples of wrought 304L stainless steel were
tested for reference as it is known to have very low
susceptibility to solidification cracking.*®) The maxi-
mum crack length (MCL) within the fusion zone (FZ) of
each bar was measured using a Nikon AZ100 stereomi-
croscope. SEM imaging was performed on metallo-
graphically prepared samples cut from cracked regions
of the test bars.

III. RESULTS AND DISCUSSION

A. Effect of Si and Nb on Cast Microstructure
and Solidification Path

Table I lists the compositions of the alloys examined
in this work. Alloys 1-7 contain differences in Si and Nb
concentrations that span the ranges defined in the
ASTM A494 specification."! Both elements were sys-
tematically varied at low, medium, and high levels such
that the individual and coupled behaviors of each
element could be resolved.

The effects of Si and Nb concentration on the
microstructure and solidification path of cast Monel
alloys have been described in detail in a previous article,
and are summarized here in sup{)ort of the mechanical
property and weldability results.'”) The microstructure
of Alloy 4, containing intermediate Si and Nb concen-
trations of 3 and 1.4 wt pct, respectively, is shown in
Figure 1. The microstructure consisted of an austenitic
matrix, with groupings of primary, faceted NbC parti-
cles, and small amounts of graphite. Several distinct
Ni-Si intermetallic phases were also observed within
eutectic constituents and in nanoscale precipitates
(although the term eutectic is used here, it is acknowl-
edged that the constituents formed in a multicomponent
system and thus do not represent a true binary eutectic
reaction). The most prevalent of the two intermetallic
eutectic constituents was identified as Nis;Si;, via
EPMA composition measurements and XRD scans on
higher-Si alloys that contained the same phase. The

WD12..18mm! 15 (0kV/ x4 50, 10 0um:

Fig. 1—SEM micrographs showing the microstructure of Alloy 4 containing intermediate Si and Nb concentrations at (a) low magnification,

and (b) high magnification.
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Fig. 2—Diffractograms showing (a) the effects of Si and Nb concentration (Alloys 3, 6, 1, and 5), and (b) the effects of Cu and Mn
concentration (Alloys 8, 11, and 4) on the phases formed within the cast microstructures.

XRD data for several alloys are shown in Figure 2(a);
however, the eutectic constituents in Alloy 4 were not
present in sufficient quantity to resolve in the diffrac-
tograms. Table II lists the composition of another
intermetallic constituent that was found in Alloys 2 and
4 in very small amounts. The measured EPMA compo-
sitions of that phase were in close agreement with the
expected stoichiometry of ;-Ni;Si.**! Figure 1(b) shows
p1 precipitates that formed in the solid-state during
cooling from casting. They were found extensively
throughout the interdendritic regions where the Si
concentration was measured to be locally enriched.
Changes in Nb concentration among the 3 wt pct Si
alloys (Heats 2 and 7) did not have a significant effect on
intermetallic formation, but did alter the relative phase
fractions of NbC and graphite.

Figure 3(a) shows that among Alloys 1-7, lower Nb
concentrations reduced the volume fraction of NbC,
which was generally present with a script morphology,
while promoting the formation of graphite. Increasing
Nb concentration up to ~ 2.7 wt pct eliminated graphite
from the microstructure and promoted primary NbC
formation in quantities of ~ 3 vol pct. Figure 3(b) shows
that when Si concentration was reduced to 1 wt pct, as
in Alloys 3 and 6, the silicide eutectic constituents did
not form. Elevations in Si content, as in Alloys 1 and 5,
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resulted in higher fractions of the constituents. While no
eutectic f§; was observed in the high-Si variants, an
additional Ni-Si—Nb intermetallic was found within the
eutectic constituents in Alloy 5 in small amounts. The
EPMA measured composition of that phase is listed in
Table II, and it was identified as G phase (Ni;¢Si;Nbg).
DSC testing was performed on each alloy to deter-
mine how composition affected the solidification path
and phase transition temperatures and the results are
catalogued in Table III. The liquidus temperatures (77 )
of Alloys 1-7, which varied from 1214 °C to 1310 °C,
did not change as a function of Nb concentration, but
decreased linearly with nominal Si concentration (CS)
according to a line of best fit described by Eq. [2].

T = —27.33C% +1339.30, 2 >0.99. 2]

At temperatures just below 77, several alloys showed
small peaks or inflection points corresponding to the
formation of secondary NbC and/or graphite. These
peaks were not resolvable in some alloys due to the low
phase volume fractions and corresponding formation
enthalpies. In the medium and high-Si alloys, solidifica-
tion was found to terminate with a L — y+ Niz;Si,
eutectic reaction, as low temperature exotherms present
in the on-cooling (OC) data had areas that correlated
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B = (Si, Fe, Mn, Nb)
Ajs63 B713 Cs4

A

= Si

0.99 2.64 11.86

24.59

57.33 2.58

Ni168i7Nb6 (G Phase)

Ni, B

C = (Nb, Mn, Cu, Fe)

Al6.34B6.64C6.01

11

0.03

4.61 22.90 0.82 15.28

56.36

NilGSi7Mn6 (G Phase)

A = Ni, B = Si

C = (Nb, Mn, Cu, Fe)

All values are shown in at. pct. Stoichiometries of §; and G phase were estimated using guidance from literature.*>34

with the measured eutectic fractions from the castings.
This reaction was not resolvable in Alloys 4 or 7 due to
the low volume fraction, but was measured to occur
between 1043 °C and 1055 °C in the remaining eutec-
tic-bearing alloys. The Nb concentration did not have a
discernable effect on the liquidus or eutectic
temperatures.

The solidification temperature range (STR) of each
alloy was calculated by taking the difference between the
on-heating (OH) 71 and the onset of the 7y/Nis;Sij,
eutectic reaction (7,) on-cooling (OC). The OH Tp
values were utilized because they were not dependent on
undercooling effects, and would be more representative
of the behavior during welding in which solidification
occurs epitaxially from pre-existing base metal grains
without undercooling. Depending on Si concentration,
the STR was estimated to vary from 164 °C to 216 °C,
which is high compared to other Ni-base alloys.!!*?!
The STR of the low-Si heats (Alloys 3 and 6) could not
be measured, as terminal reaction exotherms could not
be clearly determined from the data. The STR of these
heats was expected to be much lower, since microstruc-
tural characterization revealed that solidification termi-
nated with either y/NbC or y/graphite reactions which
were measured to occur at temperatures much greater
than T, in the other alloys.

To gain a better understanding of how solute segre-
gation during the solidification process influenced the
solidification path and formation of silicide eutectic
constituents, solid concentration profiles for each ele-
ment were created using sorted EPMA data. Example
profiles for the distribution of Si between the dendrite
core and interdendritic regions are shown for Alloys 1-7
in Figure 4. The large concentration gradients across the
microstructures were characteristic of non-equilibrium
solidification. Prior calculations of the dimensionless
diffusion parameter (x) for Si in Alloy 2 verified that
solid-state diffusion was negligible during the castin
process and validated the non-equilibrium condition.!
Silicon was shown to segregate strongly to the liquid in
the medium and high-Si grades and approached similar
concentrations in the interdendritic region correspond-
ing to the maximum solid solubility limit of Si in the
austenitic matrix. This value was measured to be
4.99 + 0.21 wt pct by empirically fitting the concentra-
tion profiles of the medium and high-Si grades to
polynomial curves and using the equations to determine
the interdendritic concentrations at high-f; values. The
EPMA and DSC results indicated that excess Si
remaining in the liquid after the solubility limit was
reached led to the y/Nis3;Sij, eutectic reaction. The
concentration profiles for the 1 wt pct Si alloys maintain
relatively low concentrations across the entire dendrite
arm due to the low nominal Si concentration and did
not reach the solubility limit which was consistent with
the lack of silicide eutectic constituents found within the
microstructures.

Solute partition coefficients, defined as the ratio of the
concentration of solute in the solid phase (Cs) and liquid
phase (Cp) at a fixed temperature, were calculated for
each element to quantify the magnitude and direction of
segregation. The k values for Alloys 1-7 are listed in
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Fig. 3—(a) The effects of Nb concentration on the fraction graphite and NbC, and () the effect of Si content on the fraction eutectic in Alloys
1-7. Error bars represent the standard error of the measurements. Adapted from Ref. [19].

Table IV and are generally consistent between each
grade, showing that variations in Si and Nb concentra-
tion did not significantly change the partitioning behav-
ior of most elements. Silicon, Mn, and Cu segregated to
the liquid during solidification, while Ni and Fe parti-
tioned to the solid. Most of the k values were shown to
agree with the results of prior studies in literature, apart
from k<" which was measured to be higher than the
value of 0.78 found in welds of Monel 400, and thus
segregated less significantly.”® The measurement of Nb
segregation was complicated by low matrix concentra-
tions and scatter within the data which prevented the
calculation of N® in some alloys. The partitioning
behavior of Nb was found to depend on composition as
kNP decreased from 1.20 to 0.96 as Si concentration was
increased from 1.1 to 4.4 wt pct in the high-Nb heats.
The decrease in k™, and elevated liquid concentration
near the end of solidification in Alloy 5, was consistent
with the formation of the Nb-rich G Phase in that alloy.
Niobium has historically been shown to segregate
strongly to the liquid during solidification in most
Ni-base alloys which is markedly different than the
behavior observed in the Monel alloys.?”** Solidifica-
tion modeling performed in a prior work suggested that
the solid phase-partitioning of Nb in the Monel system
related to the high nominal Cu concentration and the
segregation of Cu to the liquid phase during
solidification.!'”!

B. Effect of Cu on Cast Microstructure and Solidification
Path

Alloys 9 and 8 have comparable compositions to
Alloy 4, but with increases in Cu concentration to
investigate the effects of Cu at three levels. The
microstructures of the high-Cu alloys are shown in
Figure 5 and have many similarities with Alloy 4. Both
alloys contained primary, faceted NbC particles, gra-
phite, micro/nanoscale precipitates, and Si-rich eutectic
constituents. EPMA composition measurements on the
intermetallic eutectic constituents were consistent with
Ni3;Si;, as shown in Table I1. This was supported by the
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XRD data displayed in Figure 2(b), which showed more
pronounced characteristic peaks for NisSij, with
increasing Cu concentration. Small peaks consistent
with f; were also observed. Figure 6 shows the
quantitative relationships between Cu concentration
and the phase fractions of eutectic, NbC, and graphite.
Despite the fixed Si content of 3 wt pct in all alloys, the
measured eutectic fraction increased linearly from 0.6 to
10.6 vol pct as Cu concentration increased. While there
was no significant change in the amount of NbC, the
fraction graphite increased from < 0.1 to 0.7 vol pct.
The images in Figures 1 and 5 reveal differences in the
precipitates observed throughout the microstructures of
the three alloys. Alloy 4 contained a large gradient in the
distribution and size of f; precipitates between the
dendrite core and interdendritic regions that was
attributed to the large differences in Si concentration
and extent of supersaturation with the matrix. The
increase in Cu in Alloy 9 resulted in a more moderate
gradient, while the further increase in Alloy 8 produced
a nearly homogenous dispersion of precipitates through-
out the microstructure. A noticeable deviation in pre-
cipitate morphology was also observed. Figure 1 shows
that the f; particles in the 30 wt pct Cu alloy had low
aspect ratios, with roughly spherical or cubic morpholo-
gies depending on size and location along the dendrite
arm. In Alloy 9, a mix of spherical and more elongated
particles were observed, and in Alloy 8, the precipitates
appeared needle-like and had distinct directional orien-
tations. Changes in precipitate morphology are well
known to relate to differences in the lattice misfit
between the precipitate and matrix; however, the origin
of the variations in the Monel alloys was not clear.*%-3"!
The intermetallic phases within the eutectic constituents
in Alloys 8 and 9 were previously identified as Niz;Sij,,
suggesting that the precipitate phase in the higher-Cu
alloys was still f; based on the small characteristic peaks
in the XRD data. However, as has been noted in
previous work, other silicide phases such as Ni,Si have
very similar peak locations to Nisz;Sij» and cannot be
ruled out as having formed."”! The Ni,Si phase has been
documented to form via solid-state reactions in Monel
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Fig. 4—Silicon solid concentration profiles in Alloys 1-7 measured
using EPMA and sorted using the WIRS scheme. Adapted from
Ref. [19].
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1055%*

alloys and other Cu-rich alloys containing appreciable
gj [11.32-34]

L —» y + G Phase

The on-cooling DSC curves for Alloys 4, 9, and 8 are
shown in Figure 7 with the corresponding the phase
transition temperatures listed in Table III. As Cu
concentration (C") was increased from 30 to 60 wt
pct among those alloys, 71 was found to decrease
linearly by 118 °C in accordance with a line of best fit
defined by Eq. [3].

T; = —3.82C““ 4 1377.90, *>0.99. 3]

1050
1043
1055
1030
1036
1026

L— v + Ni3ISi12
OC (°C)

The liquidus depression was slightly greater than the
89 °C reduction observed over the same Cu interval in
the Ni-Cu binary phase diagram generated using
Thermo-Calc and the TCBIN database.’>*®! While the
terminal y/Ni3;Sij, reaction temperature was not
detectable in Alloy 4, peaks were identified in results
for Alloys 8 and 9 at 1030 °C and 1036 °C, respectively.
These were comparable to the T, of 1043 °C measured in
Alloy 2 which also contained 30 wt pct Cu and 3 wt pct
Si, suggesting that Cu had minimal influence over the
transformation temperature. Due to the greater effects
on Ty, the STR was found to decrease from ~ 216 °C to
117 °C as Cu content increased from 30 to 60 wt pct.

At lower temperatures beneath 7., broad peaks were
clearly resolvable above the background starting at 878
°C and 868 °C in Alloys 9 and 8, corresponding to the
solid-state precipitation of the silicides. The precipita-
tion onset temperatures could not be readily compared
to any of the 30 wt pct Cu, 3 wt pct Si alloys, as peaks
were not detected in the on-cooling data for those heats.

Table IV lists the partition coefficients for solute
elements in each of the three alloys with varying Cu
concentration. The segregation behavior of Ni, Cu, Fe,
and Mn were generally observed to be independent of
the nominal Cu content. However, the partition coeffi-
cients for Si were observed to vary. The full effects of Cu
concentration on the segregation behavior of Si can be
observed in the solute concentration profiles in Figure 8.
Alloys 4 and 9 (with 30 and 45 wt pct Cu, respectively)
were measured to have nearly equivalent k> values and
concentration profiles across most of the solidification
interval. The matrix concentration profile for Alloy 9

L—-L + y + Gra-
phite OC (°C)
1175
1194

L>L+ y+ NbC
0C (°C)
1226

OH (°C)
1214
1252
1310
1265
1224
1309
1260
1147
1207
1262
1174

DSC Measured Phase Transformation Temperatures and Solidification Temperature Ranges (STRs) for Each of the Monel Alloys
L>L+ y

Table III.

Description
high Si, low Nb
highest Cu, med. Si
high Cu, med. Si
V, med. Si

med. Si, low Nb
high Mn

low Si, low Nb
med. Si, med. Nb
high Si, high Nb
low Si, high Nb

med. Si, high Nb
*STR was estimated using the average L — y + Niz;Sij, from Alloys 1, 2, and 5.%*y, G Phase, and Ni3;Si;, appeared to form simultaneously, or in close succession in Alloy 5.

10
11

Alloy
1
2
3
4
5
6
7
8
9
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Table IV. Partition Coefficients Calculated for Different Solute Elements in the Cast Alloys Compared to Other Values Measured

from Literature

Alloy Description k Ni k Cu k Fe k Mn k Si k Nb kV
1 high Si, low Nb 1.01 0.99 1.20 0.78 0.83 — —
2 med. Si, low Nb 1.02 0.97 1.19 0.79 0.79 — —
3 low Si, low Nb 1.03 0.93 1.11 0.89 0.89 1.30 —
4 med. Si, med. Nb 1.03 0.94 1.23 0.80 0.79 — —
5 high Si, high Nb 1.03 0.95 1.29 0.74 0.82 0.96 —
6 low Si, high Nb 1.05 0.90 1.14 0.87 0.90 1.20 —
7 med. Si, high Nb 1.03 0.95 1.25 0.80 0.79 1.02 —
8 highest Cu, med. Si 1.10 0.95 1.21 0.93 1.02 — —
9 high Cu, med. Si 1.04 0.96 1.21 0.80 0.82 — —
10 V, med. Si 1.03 0.95 1.20 0.81 0.82 — 1.33
11 high Mn 1.02 0.97 1.26 0.95 0.85 — —
Monel 400 — 1.08 0.78 — — — — —
Nb Bearing SAP” 1.02 — 1.00 — 0.76 0.45 —
HR-160P — 0.96 — — 0.71 — —
In. 909 — 0.97 1.10 — 0.67 0.49 —

i

Graphite
pﬁ

N "\J

Fig. 5~—SEM micrographs showing the microstructure of (a, ) Alloy 9 containing 45 wt pct Cu and 3 wt pct Si, and (¢, d) Alloy 8 containing

60 wt pct Cu and 3 wt pct Si at low and high magnifications.

terminated at lower f; value in accordance with the
higher measured eutectic fraction. The profile also
reached a lower average Si concentration in the inter-
dendritic region, indicating a decrease in the maximum
solid solubility limit as a result of the higher Cu
concentration. This effect has been noted anecdotally
in past reports, but has not been characterized or
quantified experimentally in any prior work.?*” The
reduction in the Si solubility limit from 4.76 wt pct
measured in Alloy 4 (or 4.99 wt pct averaged from
Alloys 1, 2, 4, 5, and 7) to 3.56 wt pct in Alloy 9,
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explains the observed differences in the measured
eutectic fraction. While the nominal Si concentration
and segregation behavior between the alloys were
similar, the reduction in the amount of Si that could
remain in solid solution within the matrix caused the y/
Ni3;Sij» eutectic reaction to occur earlier on in the
solidification path to accommodate the remaining
solute.

The Si concentration in Alloy 8 (with 60 wt pct Cu)
appeared to remain relatively constant around 2 wt pct
Si and contained significant scatter within the data. The
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Fig. 6—The relationships between Cu concentration and the phase
volume percents measured in the microstructures of Alloys 4, 8, and
9. Error bars represent the standard error from image analysis
measurements.

high degree of noise was caused by the extensive
solid-state precipitation that occurred during cooling
from casting, and obscured much of the true Si
segregation behavior which prevented accurate charac-
terization of the solute profile. The measured k5 value of
1.02 suggested that Si partitioned slightly to the dendrite
core which was at odds with the high fraction of
7/Ni3;Sij»> constituents in the interdendritic regions and
thus did not describe the true segregation behavior in
this heat. The increase in the eutectic volume fraction
compared to Alloys 4 and 9 was consistent with a
further reduction in Si solubility in the matrix phase,
and/or a significant reduction in k5.

C. Effect of V and Mn on Cast Microstructure
and Solidification Path

Alloy 10 also contained a near equivalent composition
to Alloy 4, but had the addition of 0.5 wt pct V. While V
is not included in the ASTM A494 specification, it has
been shown to reduce the formation of detrimental
Si-rich intermetallic phases during the solidification of
other Ni-base alloys, and to enhance the Ni—Si precip-
itation hardening behavior in several Cu—Ni-Si
alloys.’®¥*!1 The V addition did not significantly alter
the cast microstructure compared to Alloy 4. Imaging in
the SEM revealed NbC particles, intermetallic eutectic
constituents identified as Niz;Sij» vie EPMA measure-
ments, and Ni-Si precipitates in similar quantities to
Alloy 4. While not present in sufficient quantities to
identify through XRD, the precipitates were assumed to
be p; due to the similarities in size, shape, and
morphology compared to the Si-Nb varying alloys.
The only discernable difference in microstructure
between Alloys 10 and 4 was the absence of graphite
which was observed in small amounts < 0.1 vol pct in
Alloy 4.

The DSC measured phase transition temperatures for
Alloy 10 are listed in Table III. The addition of V did
not significantly influence 77; however, the measured
eutectic temperature of 1026 °C was less than that
measured in Alloy 2. A reduction in 7, was also
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Fig. 7—On-cooling DSC data for Alloys 4, 8, and 9 containing
variations Cu concentration. Relevant phase transformation peaks
are marked with indicators.

observed in a prior work by Mo et al. which noted that
the addition of V appeared to slightly reduce the
terminal Laves phase reaction temperature in Inconel
718.°% The STR of Alloy 10 was estimated to be 236 °C
which was the highest among the investigated alloys.

Table IV lists the measured partition coefficients in
Alloy 10. The segregation behavior of each element was
in excellent agreement with prior measurements from
Alloy 4, showing that the addition of V had no
measureable effect on solute partitioning. The high
measured k" of 1.33 indicated substantial segregation of
V to the solid phase during the solidification process. No
appreciable solubility of V was measured in any of the
eutectic constituents or carbide phases, and the maxi-
mum solid solubility limit of Si in the matrix remained
unchanged.

The composition of Alloy 11 was also analogous to
Alloy 4, but with an increase in Mn concentration
from ~ 1.5 to 10 wt pct. The cast microstructure of
Alloy 11 is shown in Figure 9. It was found to have
nearly equivalent volume fractions of primary NbC and
graphite to Alloy 4, but contained a markedly different
intermetallic phase within the eutectic constituents.
EPMA measurements taken from the intermetallic are
listed in Table II. The chemical composition of the phase
and location of two small peaks in the XRD diffrac-
togram shown in Figure 2(b) were consistent with a
Mn-enriched G phase with a stoichiometry similar to the
Nb-enriched G phase observed in Alloy 5. Despite the
fixed Si concentration of 3 wt pct, the fraction eutectic
increased to 7.8 vol pct in Alloy 11, showing that Mn
concentration had a significant role in intermetallic
formation. Additional microstructural characterization
revealed that a mix of cubic and elongated precipitates
formed in the cast microstructure, primarily in the
interdendritic regions. The precipitates were assumed to
be f1, but the identity could not be confirmed due to the
lack of representative peaks corresponding to f; or
other silicide phases in the XRD data. Similar formation
of G phase and Ni3Si has been observed in the
as-solidified microstructure of other Ni-Mn-Si—Cu
alloys.!*?)
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Fig. 9—SEM image showing the microstructure of Alloy 11
containing 10 wt pct Mn and 3 wt pct Si.

Table III shows that the increase in Mn concentration
also significantly reduced 77 and T, compared to those
measured in Alloy 4. The liquidus temperature was
reduced from 1265 °C to 1174 °C, while the y/G Phase
eutectic reaction was measured to start at 989 °C which
was the lowest T, measured among the Monel alloys in
this work. This resulted in an estimated STR of 185 °C
which was relatively low compared to the other alloys.

Characterization of solute partitioning in Alloy 11
revealed that despite the changes to the microstructure,
the Mn concentration did not significantly alter segre-
gation in the Monel system. The measured partition
coefficients for Alloy 11 listed in Table IV were in close
agreement with those from Alloy 4. Similar to previous
results, the increase in Mn concentration also reduced
the measured maximum solid solubility limit of Si in
austenite down to 3.15 wt pct, which was lower than
measurements from Alloys 4 and 9. These data con-
firmed reports by Lashko et al. who speculated that Mn
may have a similar influence to Cu on the extent of Si
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solubility in austenite within Monel alloys.®”) The
reduction in solubility limit paired with the segregation
of Si in Alloy 11 resulted in the high eutectic fraction
that was greater than that measured in Alloys 4 and 9.

D. Effects of Composition on Tensile Properties

Table V lists the results of hardness and tensile testing
performed on the cast alloys showing that they spanned
a wide range of mechanical properties based on com-
position. Figure 10 shows histograms of the hardness
measurements for several alloys showing the dispersion
of hardness throughout the microstructures of the
castings. The low indent load and small indenter tip
size resulted in indents that were smaller than the
dendrite arm spacing of the alloys, and thus individual
hardness measurements reflected the localized hardness
of the respective regions of the microstructure. Alloys
that did not contain any precipitates, such as the ~ 1 wt
pct Si heat in Figure 10(a), exhibited narrow distribu-
tions of hardness due to the general homogeneity of the
microstructure. The hardness of the austenitic matrix
was largely constant, and the presence of small graphite
and carbide particles had minimal influence on the
measurements. As Si concentration was increased up to
3 wt pct, a much broader distribution of hardness was
measured due to the gradients in f; precipitation
between the dendrite cores and interdendritic regions.
Indents located within the precipitate-denuded dendrite
core areas had lower measured hardness values, while
indents located in precipitate-rich interdendritic regions
had correspondingly increased resistance to indentation.
With further increases in Si concentration up to 4.4 wt
pct, precipitates were observed to cover a much larger
portion of the overall microstructure, and thus exhibited
a tighter spread of hardness that was shifted to higher
values.

Similar behavior was observed for the effects of Cu
concentration shown in Figure 10(b). The 30 wt pct Cu
sample (Alloy 4) was observed to have a broad hardness
profile, similar to that of Alloy 2 from Figure 10(a), due
to the large precipitate gradients. Increases in Cu
content up to 45 wt pct were previously shown to
reduce the Si solubility limit, promote precipitation
throughout all regions of the microstructure, and
produce higher fractions of Nij;Sij, intermetallic con-
stituents. These changes reduced the variations between
different regions of the microstructure and increased the
average hardness. Further increase in Cu content to 60
wt pct were observed to significantly alter the morphol-
ogy of the precipitates from spherical or cubic, to
needle-like. The large reduction in hardness measured in
Alloy 8 suggests that this change to the precipitation
behavior considerably reduced the strengthening effects
compared to those observed in Alloy 9.

Figure 11 plots the tensile yield strength and UTS of
the Monel alloys as a function of average hardness.
While hardness (HV) was shown to correlate with both
strength metrics, a much stronger linear relationship
with yield strength (YS) was observed and is described
by Eq. [4].
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Table V. Hardness and Tensile Properties of the Cast Monel Alloys Compared to the Minimum Requirements from the ASTM
A494 Specification!"!

Avg. Hardness Yield Strength UTS Pct.

Alloy Description (HV) (MPa) (MPa) Elongation
1 high Si, low Nb 433 + 39 931 + 41 951 +£62 0.7+0.3
2 med. Si, low Nb 325 £ 61 638 + 14 831 +£24 7.0£0.0
3 low Si, low Nb 160 + 8 210+ 0 522+ 5 37.5+£25
4 med. Si, med. Nb 312 £ 65 624 + 34 852 +£38 145425
5 high Si, high Nb 447 £ 52 876 £ 0 876 £ 0 1.5+0.3
6 low Si, high Nb 149 + 14 197 £ 5 486 + 3 27.0 £ 3.0
7 med. Si, high Nb 345 £ 53 612 + 16 858 + 3 10.5 £ 0.5
8 highest Cu, med. Si 297 £ 44 483 £ 27 483 £27 1.2+0.8
9 high Cu, med. Si 410 £ 26 955+ 3 996 + 3 2.1 £0.1
10 V, med. Si 349 + 57 700 £ 10 896 +£ 34 10.0 £ 2.0
11 high Mn 388 + 46 776 + 17 776 £ 17 0.8 £ 0.1
Minimum Tensile Requirements Per

ASTM A494
M35-1 low Si — 170 450 25
M30C low Si — 225 450 25
M30H med. Si — 415 690 10

Measured tensile values represent the average of two tests.

100
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Fig. 10—Histograms showing effects of (a) Si concentration in
Alloys 1, 2, and 3, and (b) Cu concentration in Alloys 4, 8, and 9 on
the distributions of hardness measured across the cast
microstructures.

YS = 2.56HV —204.85, 1* = 0.96. [4]

The tensile results from Alloys 1-7 are plotted in
Figure 12 and show the effects of Si and Nb concentra-
tion on the yield strength, UTS, and ductility of the cast
samples. Yield strength was shown to scale linearly with
Si concentration between 1 and 4.4 wt pct in accordance
with Eq. [5].

YS =210.5C5 — 11.7, 1*>0.99. [5]

The negative y-intercept of Eq. [5] shows that the true
relationship is sigmoidal over a wider range of Si
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Fig. 11—The tensile yield strength and UTS plotted as a function of
average hardness showing positive correlations.

contents rather than linear which was consistent with
the findings of a prior tensile study by Eash and
Kihlgren.®”! Microstructural characterization has sug-
gested that the improvements to strength in the 3 and 4.4
wt pct Si alloys resulted from the increase in f
precipitation strengthening. Since the low-Si heats
exhibited negligible precipitation, further reductions in
Si would be expected to have a marginal impact on
strengthening. Figure 12(a) also shows that Nb concen-
tration and the associated changes in NbC and graphite
fractions within the microstructure did not have a
discernible effect on yield strength across the range of Si
levels.

Ultimate tensile strength was shown to scale with Si
concentration as shown in Figure 12(b), but the
improvements tapered off at higher Si levels due to the
reductions in ductility and associated lack of strain
hardening. The ductility was plotted in Figure 12(c) and
was shown to decrease significantly with increasing Si
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Fig. 12—The effects of Si and Nb concentration on the (a) yield strength, () UTS, and (c) percent elongation of cast Monel Alloys 1-7.

concentration, reaching clongations of less than one
percent at the highest Si levels indicating minimal plastic
deformation before failure. No clear trends between Nb
concentration and ductility were found in the medium or
high-Si grades, but a substantial reduction in elongation
with increasing Nb concentration was observed between
the two low-Si grades. Alloys 3, 4, 6, and 7 met the
respective minimum requirements of grades M35-1 or
M30H for yield strength, UTS, and elongation defined
in the ASTM A494 specification.!'! Alloy 2 did not meet
the minimum requirements due to the low ductility.
Figure 13 plots the yield strength, UTS, and elonga-
tion from Alloys 4, 9, and 8. As Cu concentration
increased from 30 to 45 wt pct, yield strength increased
significantly from 624 to 955 MPa, which was the
highest among all tested alloys. The ultimate tensile
strength was also higher in Alloy 9, but by a smaller
amount attributable to the drop in ductility and strain
hardening. The enhanced mechanical properties in Alloy
9 were consistent with the reduction in Si solubility, and
subsequent increase in silicide precipitation. The addi-
tional increase in Cu concentration up to 60 wt pct was
highly detrimental to properties. Both yield strength and
UTS were reduced compared to Alloys 4 and 9, in
accordance with the lower measured hardness and
elongation. These reductions in mechanical properties
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Fig. 13—The effect of Cu concentration on the yield strength, UTS,
and percent elongation of cast, 3 wt pct Si Monel alloys.

were likely related to the observed changes in precipi-
tation. Additional work using TEM would be necessary
to fully understand the mechanisms of softening. Alloys
8 and 9 did not meet the minimum elongation require-
ment of 10 pct for M30H, and Alloy 8 also did not reach
the minimum UTS of 690 MPa.l!!
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The results in Table V show that the addition of 0.5
wt pct V improved the yield strength and UTS in Alloy
10 compared to Alloy 4. Due to the lack of
detectable differences in microstructure between the
two alloys, the strengthening mechanism caused by the
V addition was not immediately clear. Vanadium has
been previously shown to be an effective solid solution
strengthening element in the austenitic matrix of Ni-base
alloys and in NizX-L1, phases.[43‘44] Prior research has
also shown that V is readily soluble in §; up to 6 at. pct
by substituting for Si atoms and can thus provide
appreciable strengthening to the precipitates.[*! Despite
the effects on strength, the addition of V slightly reduced
the ductility. All minimum tensile properties defined in
the ASTM requirement for M30H were still met.

The tensile results for Alloy 11 showed that the higher
Mn concentration also led to an increase in yield
strength, likely relating to the reduction in the Si
solubility limit and promotion of silicide precipitation.
Manganese is also a known solid solution strengthener
in austenite and L1, precipitates and has been shown to
be soluble in f; up to 7.8 at. pct.**! Both yield strength
and UTS were sufficient to meet the minimum require-
ments. However, the sharp reduction in elongation
down to 0.8 pct was well below the minimum require-
ment for M30H.!"!

To understand how composition and the associated
changes to microstructure related to the observed
variations in tensile ductility, SEM imaging of the
fracture surfaces and subsurface secondary cracking in
the tensile samples was performed. Figure 14 shows

¥

%

WD25 {0mm"* 15/ 0KV, x300

representative images of two grades that exhibited
ductile and brittle tensile failures. The fracture surfaces
of Alloys 2, 3, 4, 6, 7, and 10 consisted primarily of
microvoid coalescence (MVC), typical of samples that
underwent extensive plastic deformation, which corre-
lated with the relatively high elongations of at least
seven percent. Alloy 2 did exhibit some regions of
quasi-cleavage within the fracture surface. In some
samples, groupings of faceted NDbC particles were
observed on the ductile fracture surfaces. Figure 14(b)
shows a representative image of subsurface secondary
cracking in the low-Si Monel grades. Shear bands were
observed throughout the matrix indicative of plastic
deformation, and extensive cracking through groupings
of primary carbides was also observed. Cracking
through elongated script carbides occurred in Alloys 2
and 3, which contained low-Nb concentrations, partic-
ularly for carbides oriented perpendicular to the loading
direction.

The subsurface cracking paired with the observation
of carbide groupings that lined the fracture surfaces
indicated that these phases were contributing to failure
and the measured discrepancy in elongation between the
low-Si alloys. Alloy 6 contained more Nb and a higher
volume fraction of primary carbides that agglomerated
into large groups during solidification. This resulted in a
higher number of crack nucleation sites, longer paths for
brittle crack propagation, and more significant stress
concentration within the matrix compared to the low-
er-Nb alloy. No cracking was observed through graphite
particles in any of the low-Nb alloys, although detection

P
™
¥
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Fig. 14—SEM images showing representative fracture surfaces and subsurface secondary cracking in (a, b) Alloy 6 and (c, d) Alloy 8.
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of damage within these phases was difficult due to the
low brightness of graphite when imaged in the SEM. In
Alloys 2, 4, 7, and 10, subsurface cracking was also
observed through y/Ni3Si;» eutectic constituents in
addition to NbC. No clear trends were observed
between Nb concentration or NbC volume fraction
and ductility in those heats, suggesting that carbide
cracking had less influence over the ductility when the
intermetallic eutectic constituents were present. The
reduced effects of carbides on tensile ductility in heats
that formed Si-enriched intermetallics has been noted in
other Ni-base alloys as well.[**

The fracture surfaces of Alloys 1, 5, 8, 9, and 11
contained predominately quasi-cleavage failure as is
shown in Figure 14(c) which was consistent with the low
measured elongations. The fracture surfaces also
appeared dendritic in nature, as failure occurred pref-
erentially through the interdendritic regions of the
microstructure. Small, localized areas of MVC were
observed and were believed to have occurred in areas
near the dendrite core that were locally soft due to the
absence of silicides. Secondary cracks in these alloys
were found almost exclusively through y/silicide eutectic
constituents, with minimal to no cracking found
through NbC particles. In general, secondary cracking
was only observed in very close proximity to the fracture
surface as is shown in Figure 14(d), where failure
occurred through a continuous network of Nisz;Sijs,.
Silicides further below the surface remained undamaged.
Each of the brittle heats contained high fractions of
eutectic constituents that formed as connected networks
rather than in discrete pockets as was observed in Alloys
2, 4, and 7. These images revealed that cracks likely
nucleated within intermetallic constituents at lower
stresses than in NbC particles, and that failure occurred
primarily by brittle crack propagation through inter-
metallics in the interdendritic regions resulting in
quasi-cleavage failure.

The detrimental effects of eutectic formation on the
ductility and transition in failure mode is made clear by
the plot in Figure 15 where percent elongation is plotted
as a function of fraction eutectic. Outside of the two
low-Si grades, where differences in ductility were
explained by differences in carbide fraction and mor-
phology, elongations were shown to decay exponentially
with the fraction of eutectic. This trend occurred for the
alloys with increasing Si concentration, as well as for
grades with higher Cu and Mn concentration that
increased eutectic fraction at a fixed Si content. The
findings were in good agreement with a prior study by
Wang et al. in which a transition from MVC to
quasi-cleavage failure was also observed in Ni—Cu-Si
alloys with increasing Si content.

E. Effect of Composition on Solidification Cracking
Susceptibility

Figure 16 shows the FZ microstructures of Alloys 4
and 8 taken from welded sections of the Varestraint
samples. The FZ microstructures contain NbC and
Si-rich intermetallic eutectic constituents in the inter-
dendritic regions and are shown to be very similar to the
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Fig. 15—Percent elongation as a function of the measured volume
percent Ni-Si eutectic constituents. Error bars for the eutectic
percents represent the standard errors from image analysis
measurements.

cast microstructures from Figures 1 and 5. Nanoscale
precipitates were also still present throughout the
interdendritic regions despite the rapid cooling condi-
tions imparted during the welding process. Consistency
between cast and welded microstructures was observed
for all of the Monel heats in this work. The only
detectable differences were a higher propensity for
secondary NbC formation in place of primary NbC
observed in Alloys 1, 4, 5, 7, and 10. Prior work on
similar Ni-base alloys has shown that a change in
carbide reaction sequence can be induced by increases in
the solidification rate that leaves less time for primar
MC particles to nucleate and grow from the melt.*”4%!
This change in morphology was observed in the FZ due
to the rapid cooling conditions during welding.

The results of the Varestraint testing performed on
the alloys with systematic variations in Si and Nb
(Alloys 1-7) are plotted in Figure 17. The MCL in the
FZ induced during testing was used as the metric to
quantify solidification cracking susceptibility and is
shown to scale with increasing Si concentration. Alloys
3 and 6, containing 1 wt pct Si, exhibited relatively low
susceptibility to cracking, with MCL values only slightly
larger than those in wrought 304L stainless steel, which
is known to have very good resistance to solidification
cracking.”®! This is consistent with the results of
Varestraint testing in prior works that have shown that
low-Si Monels like M35-1, Monel 400, and M30C
generally have good weldability.”* As Si concentration
was increased to 3 wt pct, the weldability was sharply
reduced as MCL measurements exceeded 6 mm. Raising
Si concentration to 4.4 wt pct resulted in minimal
further increases to MCL as the cracks were constrained
by the boundaries of the FZ. This is displayed in the
inlaid stereomicrograph in Figure 17, which shows that
the solidification cracks propagating out from the weld
center line extended the entire width of the FZ. The
abrupt increase in MCL with increasing Si concentra-
tion notably coincided with the onset of the terminal
L — y + Niz;Sij; eutectic reaction at the end of solid-
ification. Weldability was generally observed to be
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Fig. 16—Example fusion zone micrographs taken from («) Alloy 4 and (b) Alloy 8, showing similar microstructures to the cast samples.

independent of Nb concentration. A slight decrease in
MCL was observed in Alloy 6 relative to Alloy 3 among
the low-Si grades, but no statistically significant effect
was observed among the other five alloys that had
higher Si contents.

To confirm the mode of cracking and investigate the
mechanisms behind the observed changes in cracking
susceptibility with composition, metallography was
performed on cracked sections of the Varestraint bars
and images from Alloy 5 are presented in Figure 18. The
crack faces exhibited dendritic morphologies that were
characteristic of solidification cracking through partially
solidified dendrites. Imaging of the crack tips in
Figure 18(b) revealed that they propagated through
interdendritic areas that contained solute enriched liquid
that later solidified as y/Ni3;Sij, eutectic. Imaging on
Alloys 8-10 showed similar results, indicating that low
temperature eutectic reactions during solidification con-
tributed to the solidification cracking susceptibility. In
the low-Si alloys that did not form any eutectic during
solidification, cracking was observed along grain
boundaries.

The Varestraint results for all of the Monel alloys are
shown aggregated in Figure 19 and are plotted as a
function of measured volume percent eutectic. Results
for Alloy 11 are not shown, as the low base metal
ductility could not accommodate the applied bending
strain and prevented testing of that alloy. This plot
clearly shows that all alloys that formed Si-rich inter-
metallic eutectic constituents had comparably high
susceptibilities to solidification cracking. Changes to
Cu and V concentrations had minimal effects on MCL.
The measured crack lengths in the eutectic-bearing heats
were very high compared to measurements from other
Ni-base alloys tested under the same conditions.™”’

It has been well established that solidification crack-
ing occurs in the final stages of solidification when
tensile stresses (induced by thermal contraction and
solidification shrinkage) are applied across the mushy
zone, and the networks of impinging dendrites inhibit
fluid flow to strained areas to fill the expanding volume.
For the case of cast Monel alloys containing at least 3 wt
pct Si, the results of this work indicate that the
segregation of Si stabilized small quantities of residual
liquid down to relatively low temperatures and delayed
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Fig. 17—Results of Varestraint testing performed on Alloys 1-7
showing the relationship between MCL and Si concentration. The
inlaid image shows a stereomicrograph of the surface cracking in an
Alloy 5 Varestraint sample.

dendrite coalescence. These effects likely left the struc-
ture weakened and unable to resist the tensile stresses
that evolved during solidification. To confirm this
mechanism of cracking, the liquid fraction (fy) as a
function of temperature for several example alloys with
varying Si concentrations were calculated and are
plotted in Figure 20. CALPHAD software packages
such as Thermo-Calc were previously found to be
ineffective at performing solidification simulations on
Si-bearing cast Monel alloys using the available ther-
modynamic databases.'” The plots were instead com-
puted using the differential mass balance form of the
Scheil non-equilibrium solidification equation, given by
Eq. [6], and data from a Monel alloy pseudo-binary
solidification diagram. The creation of the solidification
diagram and the Scheil-type calculation J)rocedure have
been explained in detail in prior work.['”)
1 —f

fy=— " dCy.
df, = e —¢dC (6]

Equation 6 was used to compute C; as a function of
fs/fL, which was then related to temperature through the
equation of the liquidus line given in the solidification
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Fig. 18—Fractography performed on a Varestraint sample of Alloy 5
solidification cracks propagating through intermetallic eutectic constituents.
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Fig. 19—Results of Varestraint testing showing the relationship
between the MCL and the volume percent of Ni-Si eutectic
constituents. Data for 304L stainless steel are plotted for reference.
Error bars for the eutectic percents represent the standard errors
from image analysis measurements.
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Fig. 20—Fraction liquid vs temperature plots (normalized by
liquidus temperature) for alloys with varying Si content calculated
using the Monel alloy solidification diagram. The calculations were
terminated at f; = 0.01.
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at (a) low magnification, and (b) higher magnification, showing

diagram. The diagram was constructed using data from
Alloys 1-7 and was thus not representative of the
solidification behavior of Alloys 8-11.

Figure 20 shows that the variation in fraction liquid
with temperature within the mushy zone of the 1 wt pct
Si alloy did not reach the eutectic point, completed
solidification over a short temperature interval, and thus
exhibited correspondingly low susceptibility to cracking
during Varestraint testing. The plots for the medium
and high-Si alloys showed that Si segregation signifi-
cantly increased the effective solidification temperature
ranges of the alloys. The fraction liquid profiles also
exhibited shallow slopes at high-f; intervals, indicating
that the presence of residual liquid films between
encroaching dendrites was insensitive to temperature,
and thus likely to promote cracking by inhibiting
coalescence. These observations were consistent with
the proposed mechanisms of cracking.

Prior work by Kou developed a solidification cracking
model based around these concepts, and defined a
cracking susceptibility coefficient (CSC), given by
Eq. [7], by which to rank alloys.>”

d T Teon

Kou CSC = d(jé) -

[7]

This equation represents the average slope of a
modified temperature vs f; profile over a specified
temperature interval near the end of solidification. The
coherency point (T.,,) is the temperature at which
dendrites in the mushy zone begin to grow into one
another, restricting pathways for fluid to flow, and the
coalescence point (7,) is the temperature at which
neighboring dendrites have sufficiently conjoined to act
as a cohesive solid. The coherency and coalescence
temperatures (and corresponding fraction solid values)
are widely acknowledged to be system dependent and
can change significantly based on solute content.>%->!
Using the Scheil analysis and solidification diagram
data, the Kou CSC was calculated as a function of
nominal Si concentration to forecast the solidification
cracking susceptibility of the Monel system over a range
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Fig. 21—The calculated Kou CSC plotted as a function of nominal
Si concentration showing reasonable agreement to the maximum
crack lengths measured after Varestraint testing of Alloys 1-7.

of compositions. The CSC values were computed over
the f interval of 0.87 to 0.94 in accordance with Kou’s
calculation procedure from previous work.>"!

The results are plotted in Figure 21 alongside the
Varestraint results from Alloys 1-7. At low Si concen-
trations, the CSC calculations predict very low suscep-
tibility to cracking, which was consistent with the small
MCL values measured in the Varestraint samples of
Alloys 3 and 6. As Si concentration was increased to 3
wt pct, the Kou CSC predicted a substantial increase in
cracking susceptibility that generally agreed with the
MCL measurements from Alloys 2, 4, and 7, and the
extension of the STR predicted by the f; plots. Further
increases in Si content beyond 3.75 wt pct were
predicted to reduce cracking susceptibility, as the Kou
CSC curve took the characteristic ‘A’-shape that has
been reported in previous works that related composi-
tion to solidification cracking susceptibility."**¥ The
reduction in predicted susceptibility at high solute
contents was attributed to the greater ease in liquid
feeding when the amount of solute enriched liquid is
sufficiently high. Despite the predicted improvement in
weldability, the large MCL measurements in the high-Si
Alloys indicated worsening cracking susceptibility and
insufficient feeding of liquid to backfill the solidification
cracks.

The differences between the observed and modeled
behavior may relate to changes in the coherency point
caused by the variations in composition. By manually
adjusting the coherency temperatures used in the CSC
calculations as a function of Si content, the peak of the
A-curve could be shifted to higher concentrations which
better agreed with the Varestraint data. The solidifica-
tion diagram was also previously shown to slightly
overpredict the fraction eutectic, and thus fraction of
residual liquid near the end of solidification, at medium
to high Si levels. This may have also contributed to the
disagreement with the modeled cracking susceptibilities.
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Additional testing on alloys with Si concentrations
greater than 4.4 wt pct would be necessary to determine
if/when crack healing by liquid feeding would become
significant during the welding of Monel alloys.

IV. CONCLUSIONS

In this study, the effects of broad variations in
composition on the solidification behavior, microstruc-
ture, tensile properties, and solidification cracking
susceptibility of cast Monel alloys were assessed. The
following conclusions can be drawn as a result of this
work.

1. Si segregation to the liquid during solidification led
to y/silicide eutectic reactions in alloys containing at
least 3 wt pct Si.

2. Increasing Cu and Mn concentrations reduced the
solubility limit of Si in austenite and promoted
additional silicide formation in 3 wt pct Si Monels.

3. Increases in Si concentration from 1 to 4.4 wt pct
and Cu concentration from 30 to 45 wt pct led to
significant improvements in yield strength and
UTS, but were highly detrimental to ductility.

4. Nb concentration did not have a discernible influ-
ence on strengthening.

5. Si-rich eutectic constituents reduced ductility by
nucleating cracks and offering brittle paths for
crack propagation during loading. Groupings of
NDC particles had similar effects in low-Si grades
that did not contain eutectic.

6. The terminal jy/silicide eutectic reactions severely
increased susceptibility to solidification cracking by
stabilizing residual liquid in the interdendritic
regions down to relatively low temperatures.
Low-Si grades that did not undergo eutectic reac-
tions had generally low susceptibility to cracking.
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