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When multiphase alloys are rapidly heated it is possible 

to cause melting of the interface between phases. This is 

called constitutional liquation if, during melting, the bulk 

composition is in a non-liquid region of the phase diagram but 

the tie-line between the liquating phases passes through a 

liquid region. The liquid produced during constitutional 

liquation can spread along grain boundaries and promote liquid 

film migration (LFM). This is known as constitutional liquid 

film migration (CLFM). CLFM is thermodynamically similar to 

liquid film migration; however, mechanistically there are 

significant differences.

Nickel-base alloy 718 has been studied to show the 

features of migration which are unique to CLFM. 

Experimentation consisted of heat treating rods of alloy 718 

to promote the trapping of niobium carbide particles on the 

grain boundaries. These samples were then subjected to 

isothermal treatments above their constitutional liquation 
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temperature which produced CLFM of the grain boundaries. The 

movement of the grain boundaries away from their centers of 

curvature, the formation of a new solid solution behind the 

migrated boundaries, and the reversals of curvature of the 

migrated grain boundaries confirmed that CLFM was the 

phenomenon observed.

Niobium enrichment occurred in the region behind the 

migrated grain boundaries for isothermal treatments below the 

solidus temperature whereas no niobium enrichment occurred for 

isothermal treatment above the solidus temperature. The rate 

of migration was shown to increase only slightly with 

increasing temperature. The suppression of CLFM at 1260°C was 

explained by a criterion for predicting coherency breaking in 

the region located in front of the migrating grain boundary. 

The validity of the coherency strain hypothesis as the driving 

force for CLFM in alloy 718 is also discussed.
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INTRODUCTION

A. Liquid Film Migration

Researchers have shown that it is possible to cause grain 

boundaries to migrate as a result of solute atoms diffusing 

along the grain boundaries (1,2,3,4) . This phenomenon has been 

termed diffusion induced grain boundary migration (DIGM). 

Microstructural features which distinguished DIGM from 

curvature driven migration were that the grain boundaries 

often moved away from their centers of curvature and a new 

solid solution formed behind the migrating boundaries (5) . 

Similar migration characteristics may occur when the grain 

boundary is replaced by a liquid film. Liquid film migration 

(LFM) can be qualitatively considered as a variant of the DIGM 

process and has been shown to exhibit some of the same 

microstructural features as DIGM (6,7).

LFM was first observed in liquid phase sintering 

experiments. Some of the studies which set the basis for LFM 

experiments were done by Yoon and Huppmann (6) and Song et al. 

(7). Yoon and Huppmann sintered tungsten particles in liquid 

nickel and showed that films of liquid nickel between tungsten 

1
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grains migrated by dissolving a tungsten grain on one side and 

depositing an equilibrium W-Ni alloy on the other. Song et al. 

sintered compacts of tungsten and nickel powders. The sintered 

W-Ni specimens were resintered after placing compacts of iron 

powders on them. The liquid films between the grains were 

observed to migrate by dissolving the W-Ni grains and 

reprecipitating W-Ni-Fe solid. The authors concluded that 

liquid films in binary alloys prepared by liquid phase 

sintering migrated when a third solute was added to form 

ternary solutions.

Several hypotheses have been proposed for the driving 

force for LFM. However, the hypothesis which explains many of 

the experimental observations by previous researchers is the 

coherency strain hypothesis (8). Handwerker (9) expressed the 

coherency strain energy for cubic crystals as

f COHERENT ~ Y (n) 52 

where Y(n) is an orientation-dependent elastic modulus and 5 

is the coherency strain that is defined as

5 = (a-ao) /ao

where a and ao are the lattice parameters of the matrix at the 

solid-liquid interface and the grain interior, respectively.
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For elastic isotropy (no variation with orientation) Y(n) 

reduces to

Y = E/(l-v) 

where E is Young's modulus and v is Poisson's ratio.

According to the coherency strain hypothesis, when a 

solute-rich liquid comes into contact with the solid matrix, 

the solute atoms will diffuse into the matrix and cause a 

coherency strain due to the difference in size between the 

matrix and solute atoms. This strain causes a shift in the 

free energy curve for the liquid-matrix interface on that side 

of the film where coherency persists (Figure 1). This shift in 

the free energy curve can be described by first considering 

the free energy versus composition diagram for an alloy. The 

minimum free energy, i.e. the equilibrium state, is denoted as 

the lowest point on the free energy curve. Porter and 

Easterling (10) stated that the free energy rises due to the 

presence of surfaces, grain boundaries, and dislocations. 

Porter and Easterling (11) also suggested that the formation 

of coherent interfaces raise the free energy of a system due 

to the elastic strain fields that arise.

Hillert (12) also postulated that the free energy curve 

rises when coherency stresses are present. He showed that the 

increase in free energy due to the presence of coherency
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o 
41
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Figure 1. Free energy versus composition diagrams for liquid 
film in contact with matrix. Cs and CL are the compositions of 
the matrix and the liquid, respectively, in the absence of 
coherency stress in the matrix. C's and C\ are the altered 
compositions due to the presence of coherency stress in the 
matrix (Ref. 9) .



5 
stresses offset the free energy loss due to volume diffusion 

which resulted in a net increase in total free energy. Hillert 

attributed the increased free energy to the elastic energy 

which arises when coherency stresses are present. This 

explains why the free energy curves shifts when coherency 

strains are present as shown in Figure 1. The curve is tied to 

the composition of the matrix that joins the liquid at the 

time the liquid film originates.

LFM is caused by a transverse composition gradient in the 

liquid film which occurs as a result of the effect of 

coherency strain on the free energy curve. This can be shown 

by Figure 1 (9). The equilibrium compositions of the solid and 

liquid in the absence of coherency strain are denoted by Cs 

and CL, respectively. When coherency strain is present in the 

matrix, the free energy curve for the solid moves up while the 

free energy curve for the liquid remains the same. This 

results in the equilibrium compositions of the solid and 

liquid being altered to C's and C'L, respectively. Figure 1 

also shows that the solute concentration in the liquid 

decreases in the presence of coherency strain.

The coherency strain in the matrix at the solid - liquid 

(S-L) interface is directly proportional to the orientation 

dependent elastic modulus for a given solute (14). Therefore, 
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the coherency strains at the S-L interface on either side of 

the boundary will be unequal due to the orientation mismatch 

across the grain boundary. Consider two grains separated by 

grain boundary liquid where grain 2 has a greater coherency 

strain than grain 1 due to the orientation dependent modulus 

(K) for grain 2 being greater (Figure 2) (15). The liquid in 

contact with grain 2 will be more deplete in solute than the 

liquid in contact with grain 1. This results in a 

concentration gradient across the grain boundary liquid 

(denoted as AC in Figure 2) and leads to diffusion of solute 

across the liquid film towards grain 2 according to Fick's 

first law. Thus, migration of the liquid film occurs in the 

direction of grain 2. In the absence of coherency strain, 

there will be no concentration gradient across the liquid film 

and thus no migration (9,15).

B. Constitutional Liquid Film Migration

Previous researchers (5,6,7,16-22) did not observe LFM to 

occur in situ. Radhakrishnan and Thompson were the first to 

report LFM occurring in situ in the weld heat affected zone 

(HAZ) of alloy 718 as a result of constitutional liquation 

(23). Radhakrishnan and Thompson (24) also showed that LFM and 

subgrain coalescence explain most of the observed 

microstructural phenomena and the kinetics of grain growth in
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Figure 2. Concentration gradient which occurs in a grain 
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dependent modulus of grain 1 and grain 2, respectively (Ref. 
15) .
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alloy 718. Nakkalil et al. later reported LFM from 

constitutional liquation in the HAZ of INCOLOY 903 (25) . 

Nakkalil et al. (26), following the suggestion of 

Radhakrishnan and Thompson (23), also showed that HAZ 

microfissuring in INCOLOY 903 is minimized if the liquid films 

on the HAZ grain boundaries can partially equilibrate by LFM 

instead of by normal solidification.

Constitutional liquation can be best described in terms 

of a binary alloy. Consider a binary alloy with a phase 

diagram like the one shown in Figure 3. If an alloy with 

composition Co is rapidly heated above its eutectic 

temperature (TE) to a temperature T, the AB particles will not 

have sufficient time to dissolve. Therefore, a diffusion 

couple is set up between the AB particles and the matrix which 

have the compositions of CM and CM, respectively (Figure 3a) . 

In front of the AB particles, liquid forms in accordance with 

the phase diagram and has a composition which ranges from CL1 

to CL2 (Figure 3b) . The situation in Figure 3c eventually 

occurs and the liquid which came from the liquating AB 

particles spreads along the grain boundaries due to particles 

located on the grain boundaries or particles intercepted by 

moving grain boundaries. The liquid would thus be present as 

grain boundary films.
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Since the AB particles would not be present under 

equilibrium conditions, the liquid which forms from liquating 

AB particles is metastable. Thus, the liquid would eventually 

disappear due to back-diffusion of solute into the matrix 

(27). The back-diffusion of solute atoms from the liquid to 

the matrix could cause coherency strain to develop if there is 

a size difference between the solute and matrix atoms. This 

could promote the migration of grain boundaries (23). Since 

the concentration gradient in the liquid is metastable, it 

will eventually disappear and the situation in Figure 3d will 

occur.

The free energy theory shown in Figure 1 also applies to 

the non-equilibrium occurrence of LFM as a result of 

constitutional liquation. Figure 2 also applies here with one 

exception. The lateral flux is not assumed to be zero since 

there is a lateral flux of solutes along the liquid film which 

is driven by the metastable concentration gradient that exists 

in the liquid film. That is, there is a concentration gradient 

in the plane parallel to the grain boundary and also a 

concentration gradient in the plane perpendicular to the grain 

boundary. The presence of a lateral flux in the liquid (Figure 

2 ) would result in the migration velocity reaching a steady 

state value (28). The steady state value was determined by the
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condition that the lateral solute flux is equal to the solute 

flux transferred across the migrating liquid film in growing 

the solute-rich grain. The steady state velocity was shown to 

be (28),

1200 4 C '
L 0 _ 2

512 C kL& /

where a is the solid-liquid interfacial energy, DL is the 

diffusion coefficient for solute in the liquid, L is the 

length of the liquid film, Co is the solute concentration of 

the matrix in the growing grain, CL is the solute 

concentration in the liquid at the trailing interface, and k 

is the average curvature of the liquid film.

The phenomenon described above which causes grain 

boundaries to migrate as a result of the formation of a 

metastable grain boundary liquid has been termed 

constitutional liquid film migration (CLFM). CLFM is 

thermodynamically similar to LFM; however, mechanistically 

there are some significant differences. Features that are 

unique to CLFM are as follows :

1) The metastable grain boundary liquid film results from 

the spreading of liquid which forms from the 

constitutional liquation of precipitates located on the
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grain boundaries.

2) A lateral diffusion flux of solutes occurs along the 

liquid film. This is due to the lateral concentration 

gradient which arises when the liquid, formed from 

individual particles, coalesce to form the grain boundary 

film. The result is a lateral concentration gradient in 

the grain boundary films which ranges from CL1 to CL2 as 

shown in Figures 3c and 4 (15) . This lateral 

concentration gradient is in addition to the curvature 

dependent lateral concentration gradient described by 

Brechet and Purdy (28).

CLFM, as observed by the present author (29) and by 

others (23, 25), originated from discrete precipitates which 

produce in-plane solute flux as found in DIGM and as necessary 

to operate the Brechet and Purdy (28) model for LFM. This 

suggests that flux in the plane of the liquid film is a 

possible mechanism for the driving force for CLFM. Therefore, 

CLFM could come from either coherent strain or from in-plane 

solute flux.

C. Theory of Niobium Segregation

Radhakrishnan and Thompson (23) showed that there is 

niobium enrichment behind the migrated boundaries in alloy 718 

for specimens treated isothermally at 1200°C. Results from
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Figure 4. Schematic of the formation of a lateral 
concentration gradient in the grain boundary liquid film due 
to the constitutional liquation of AB particles (Ref. 15).
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work conducted in the present study show that niobium 

enrichment also occurs behind the migrated boundaries in alloy 

718 at an isothermal treatment of 1227°C. The exact y matrix 

solidus temperature for alloy 718 is not known. The y solidus 

temperature (Ts) for alloy 718 was shown to range from 1227°C 

to 1235°C by Radhakrishnan and Thompson (30) . Knorovsky et al. 

(31) showed that Ts ranges from 1232°C to 1260°C. The theory 

proposed for this study is that there will be a reversal in 

niobium segregation behind the migrated boundaries in alloy 

718 when the peak temperature is increased above the solidus 

temperature.

This theory was based on the solidus curve for the y-NbC 

binary phase diagram. The approximate y-NbC pseudo-binary 

phase diagram shown in Figure 5 was determined from data 

obtained from work by Radhakrishnan and Thompson (27) , 

Knorovsky et al. (31), and Eiselstein (32). The composition of 

the alloy used in the present study is denoted on the phase 

diagram by Co. If alloy Co is rapidly heated to temperature Ti 

that is above the eutectic temperature (TE) but below the 

solidus temperature, the niobium concentration in the migrated 

region is denoted by CT1. However, if alloy Co is rapidly 

heated to temperature T2 that is above the solidus 

temperature, the niobium concentration in the migrated region
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Figure 5. Approximate y-NbC pseudo-binary phase diagram for 
alloy 718.
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is denoted by CT2. Thus, the niobium segregation behind the 

migrated boundaries should follow the slope of the solidus 

curve and decrease from CT1 to CT2 when the temperature is 

raised above the solidus temperature.

D. Objectives

Since LFM was observed to occur in situ in the weld HAZ 

of multiphase alloys due to constitutional liquation, it is 

important that this phenomenon be fully understood. To date, 

there has been no systematic investigations of CLFM. It is the 

purpose of this study to investigate LFM accompanying 

constitutional liquation in alloy 718 in order to gain a 

better understanding of the conditions under which this 

phenomenon occurs. The objectives are:

1) Confirm that CLFM was the phenomenon observed.

2) Determine the effect of increasing the temperature 

above the solidus temperature of alloy 718 on Nb 

segregation behind the migrated boundaries.

3) Determine the migration rate as a function of peak 

temperature.

4) Determine the influence of crystal orientation on

CLFM.



EXPERIMENTAL PROCEDURE

A. Material

Alloy 718 is a nickel-base superalloy which mainly 

consists of an FCC solid solution of nickel, iron, and 

chromium with a significant amount of molybdenum and niobium. 

The alloy 718 used in this study was received in the solution 

treated condition. This treatment consisted of holding the 

material at 954°C (1750°F) for 1 hour then water quenching. 

This was followed by holding at 718°C (1325°F) for 8 hours 

then furnace cooling to 621°C (1150°F) and holding for 8 

hours. The material was then air cooled to room temperature. 

The material was in the form of a hot-rolled rod, 1.295cm 

(0.510in.) in diameter that was cut into samples approximately 

10.16cm (4in.) in length. The composition of the alloy is 

shown in Table I.

b. Beet Treatment

The samples were placed inside stainless steel bags and 

solutionized in a furnace at 1093°C for 30 minutes followed by 

water quenching. The samples were then placed in a furnace at 

650 °C where they were held for 4 hours followed by air

17



18
Table I. Composition of Alloy 718 in Weight Percent

Ni 52.44

Cr 18.23

Fe 19.06

Nb+Ta 5.05

Mo 3.01

Ti 1.00

Al 0.55

Co 0.26

Si 0.12

Mn 0.11

C 0.055

s 0.003

P 0.008

Cu 0.05

B 0.0037
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cooling. The 650°C heat treatment was used to promote the 

trapping of niobium carbide particles on the grain boundaries. 

The heat treated samples were sanded with silicon carbide 

paper to remove the thin oxidation layer which formed on the 

surface during heat treatment.

C. Isothermal Treatments

A Type K thermocouple was percussion welded to the 

midsection of the samples. In order to promote CLFM, the 

samples were subjected to rapid thermal cycles (recorded by 

the thermocouples) using a Gleeble 1000 thermomechanical 

device. Samples were heated at 100°C per second to a peak 

temperature of 1227°C and held isothermally for 4 seconds 

followed by water quenching. This procedure was repeated for 

different samples using peak temperatures of 1240°C, 1250°C, 

and 1260°C. After the CLFM thermal treatments, the samples 

were sectioned at the location of the control thermocouple and 

one part was used for analysis on a JEOL JEM-2000FX 

transmission electron microscope (TEM) and the other was used 

for analysis on a light microscope and a Philips 515 scanning 

electron microscope (SEM).

The Gleeble was calibrated 3 months after the samples for 

this study were submitted to rapid thermal cycles. The actual 

temperature was 10°C higher than the temperature that was set
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in the heat-up program and read by the control thermocouples. 

Other samples were run on the Gleeble after the samples in the 

present study and before calibration of the Gleeble. These 

samples were set to run at a peak temperature of 1227°C but 

the microstructure looked more like the 1240°C samples in the 

present study. The exact error in temperature for the present 

study is not known but the appearance of the microstructures 

was used to determine whether the temperature was below or 

above the solidus temperature. If there was evidence of 

melting in the matrix, the temperature was determined to be 

above the solidus temperature. If there was no evidence of 

melting in the matrix, the temperature was determined to be 

below the solidus temperature.

D. Light Microscopy

Samples were prepared for light microscopy by mounting in 

bakelite and grinding on silicon carbide paper from 240-grit 

through 600-grit. The samples were then polished on nylon 

cloth using 6, 3, and 1-micron diamond paste. Etching was 

performed electrolytically using 10% oxalic acid. The 

conditions were 6 volts and 25 seconds. This procedure was 

used for the as-received and as-heat treated conditions and 

also for the 1227°C, 1240°C, 1250°C, and 1260°C isothermal 

treatments.
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Light microscopy was used to determine the relative 

distances between the migrated boundaries and the original 

boundary positions. This information was useful for finding 

the migrated boundaries in the TEM specimens. Light microscopy 

was also used to determine the migration rates.

E. Determination of Migration Rates

Light micrographs taken at a magnification of 500X were 

used to determine the migration rates. The migration rates 

were determined by measuring the distance between the original 

grain boundary position and the migrated grain boundary. This 

was accomplished by placing a ruler on the micrographs and 

measuring the distance between the original grain boundary 

position and the migrated grain boundaries which exhibited 

reversals of curvature. The measured length was divided by the 

magnification, 500X. The measured migrated distances were 

actually the apparent migration distance (aA) . The 

relationship between oA and oT (true migration distance) is 

shown schematically in Figure 6. Patterson (33) derived the 

following equation which shows how aT can de determined from 

oA (the complete derivation is shown in Appendix A)

= 0.64
_2 
n

%
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Figure 6. Relationship between aA (apparent migration 
distance) and oT (true migration distance) shown 
schematically.
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There were 12 measured apparent migration distances, aA/ 

for 1227°C, 9 for 1240°C, and 15 for 1250°C. These values are 

shown in Tables II, III, and IV, for 1227°C, 1240°C, and 

1250°C, respectively. Tables II, III, and IV also show the 

values for oA/500X and l/oA. The averages of the l/oA values 

were determined for each temperature and substituted into the 

equation for aT to determine the true migration distance for 

each temperature. Each true migration distance was divided by 

4 seconds, the time held at the peak temperature, to determine 

the migration rate.

The standard deviation of the l/oA values was determined. 

The standard deviation was then added to the average l/aA 

value then substituted into the equation for oT. This oT value 

was divided by 4 seconds to determine the lower limit of the 

migration rate. The upper limit of the migration rate was 

found similarly by subtracting the standard deviation of l/oA 

from the average value of l/aA. This procedure was performed 

for 1227°C, 1240°C, and 1250°C.

f. EBSP System Analysis

Metallographic preparation for evaluation on a SEM 

equipped with an electron backscatter pattern system (EBSP) 

was different from the procedure used for light microscopy. 

Sample preparation consisted of grinding from 240-grit through
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Table II. Measured Migration Distance Data for 1227°C

Observation
Number

Oa 
(mm)

Oa/500X 
(M m)

1/Ga 
(1/gm)

1 4.0 8 0.125

2 3.5 7 0.143

3 4.0 8 0.125

4 8.0 16 0.063

5 7.0 14 0.071

6 5.0 10 0.100

7 4.0 8 0.125

8 5.0 10 0.100

9 4.5 9 0.111

10 8.5 17 0.059

11 8.5 17 0.059

12 5.0 10 0.100
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Table III. Measured Migration Distance Data for 1240°C

Observation
Number

Ok 
(mm)

OA/5 0 OX 
(^m)

l/aA 
(1/gm)

1 7.0 14 0.071

2 4.0 8 0.125

3 8.0 16 0.063

4 6.0 12 0.083

5 6.0 12 0.083

6 4.0 8 0.125

7 4.0 8 0.125

8 6.0 12 0.083

9 10.0 20 0.050
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Table IV. Measured Migration Distance Data for 1250°C

Observation
Number

%
(mm)

GA/500X 
(gm)

l/oA 
(1/gm)

1 5.0 10 0.100

2 6.0 12 0.083

3 4.0 8 0.125

4 4.5 9 0.111

5 4.5 9 0.111

6 6.0 12 0.083

7 7.0 14 0.071

8 8.0 16 0.063

9 9.5 19 0.053

10 6.0 12 0.083

11 5.5 11 0.091

12 6.5 13 0.077

13 5.5 11 0.091

14 5.5 11 0.091

15 5.0 10 0.100
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600-grit silicon carbide followed by polishing with 6-micron 

diamond paste. The samples were removed from the bakelite 

mount and electrolytically polished for 60 seconds in an 

electrolyte which consisted of 20% H2SO4 and 80% methanol. 

Polishing conditions were 54°C (130°F) and 20 volts. The 

samples were then electrolytically etched in 10% oxalic acid 

at 6 volts for 10 seconds. The etching time was shorter for 

EBSP sample preparation (10 seconds for EBSP analysis versus 

25 seconds for light microscopy) because it was necessary to 

have a very flat surface in order to obtain good patterns 

using EBSP analysis.

Kikuchi electron backscattered diffraction patterns were 

obtained only from grain pairs that were separated by grain 

boundaries which exhibited reversals of curvature. A pattern 

was obtained from each grain in the pair. The data from these 

patterns was then entered into the EBSP system software which 

determined the rotation angle and rotation axis between the 

two grains. This procedure was repeated for 90 pairs of grains 

that were separated by grains which exhibited reversals of 

curvature.

G. Transmission Electron .Microscopy

Samples were evaluated on a JEOL JEM-2000FX TEM equipped 

with an energy dispersive x-ray spectrometer (EDS) system
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operated at 200 kV. The Gleeble samples used in the present 

study were larger in diameter than typical Gleeble samples. A 

typical Gleeble sample is about 6mm (0.25 in.) in diameter. A 

Gleeble sample this size would yield only 1 or 2 TEM 

specimens. The grain size of the alloy 718 used in this study 

was fairly large by TEM standards and the probability that 

thin area would occur directly in the vicinity of a migrated 

grain boundary in these specimens was very low. Also, if a 

grain boundary was revealed during the thinning process, the 

grain boundary must be located perpendicular to the hole so 

that the concentration profiles would not be affected by the 

concentration gradient that arises as a function of TEM 

specimen thickness. If the migrated grain boundary was located 

perpendicular to the hole produced during thinning, 

concentration profiles could be obtained across a migrated 

grain boundary along a line where the thickness of the sample 

was constant.

Therefore, a 1.295cm (0.510 in.) diameter Gleeble sample 

was used in order to get several TEM specimens per Gleeble 

sample. The 1.295cm (0.510 in.) diameter sample yielded 

between 7 and 11 TEM specimens per Gleeble sample. This 

increased the probability of getting thin area in the vicinity 

of the migrated grain boundaries and of finding migrated grain
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boundaries that were oriented perpendicular to the hole rather 

than parallel to the hole.

The Gleeble samples were sectioned with a diamond saw at 

the location of the control thermocouple and one part of the 

sample was prepared for analysis on the TEM. This section of 

the sample was marked to denote where the control thermocouple 

was located. The sample was sectioned again using the diamond 

saw in order to remove an approximately 3mm (% in. ) thick 

section of the sample which contained the area where the 

control thermocouple was located (See sketch in Figure 7) . 

This 3mm (% in. ) thick specimen was mounted onto a 2.54cm 

(lin.) cylindrical steel holder using TEM mounting wax so that 

the specimen could be ground to a thickness of 100-150 gm 

(0.004-0.006 in.). The specimen was ground on 60-grit silicon 

carbide paper to a thickness of about 300/zm ( 0.012 in. ) then 

ground on 600-grit silicon carbide paper to a final thickness 

of 100-150 gm (0.004-0.006 in.). Water was used as a 

lubricant. Disks 3 mm (% in. ) in diameter were cut from the 

sample, after grinding to 100-150 gm (0.004-0.006 in. ) 

thickness, using a TEM sample metal punch. Approximately nine 

3 mm (% in. ) diameter specimens were obtained from each 

sample.



30

Control Thermocouple

4 in.

1/8 in.

Face

2 in.

1/8 in. Specimen 
Mounted Face Down

Steel Holder

Figure 7. Sketch showing how samples were sectioned and 
mounted for TEM specimen preparation.
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Three different electrolytes were used to determine the 

best one for thinning of alloy 718 using a jet polisher. The 

first electrolyte used consisted of 67.5% methanol, 22.5% 

butyl cellosolve, and 10% perchloric acid. The thinning 

conditions were 45 volts and -40°C. During thinning, the 

electrolyte became very thick and clogged the jets on the jet 

polisher. The specimens had to be thinned on an ion mill for 

about an hour after thinning on the jet polisher because this 

electrolyte was not effective for thinning the area located 

near carbides. This procedure was very time consuming and did 

not yield much thin area.

The second electrolyte that was tried consisted of 90% 

methanol and 10% perchloric acid. The butyl cellosolve was 

omitted because it caused the electrolyte to be very thick and 

clogged the jets. Preliminary results suggested that the 

methanol plus perchloric acid electrolyte would give better 

results on the jet polisher so that the ion mill would not 

have to be used. The best thinning conditions were determined 

to be 45 volts and -55°C. These conditions were based on the 

thinning results of as-cast alloy 718. When the same 

electrolyte and thinning conditions were used for the wrought 

alloy 718 used in the present study, the results were not as 

good. Although the specimens using the methanol-perchloric
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acid electrolyte did have more thin area than the methanol- 

butyl cellosolve-perchloric acid electrolyte plus ion milling 

specimens, another electrolyte was tried in order to get more 

thin area.

The final and best electrolyte that was tried for the 

wrought alloy 718 that was used in this study consisted of 90% 

acetic acid and 10% perchloric acid. The best thinning 

conditions were determined to be 50 volts and 8°C. 

Approximately 100 TEM specimens were thinned and evaluated on 

the TEM in order to determine the best electrolyte and 

thinning conditions. About 30 of these specimens were in the 

as-received cast or wrought conditions. The other 70 specimens 

were from the 1227°C isothermal treatment samples. For the 

1250°C samples, about 30 TEM specimens were examined before 

one was found that had thin area in the vicinity of a migrated 

grain boundary located perpendicular to the hole. For the 

1240°C sample, about 10 TEM specimens were examined before one 

was found for complete TEM/EDS analysis.

TEM/EDS profiles for 1227°C, 1240°C, and 1250°C were 

obtained at a magnification of 10,000X using a spot size of 4L 

and the smallest (70 pm diameter) platinum top hat condenser 

aperture. The distance between adjacent data point along the 

EDS profile data line was approximately 1 pm for the 1240°C
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and 1250°C specimens and approximately 0.5 /zm for the 1227°C 

specimen. From the TEM analysis, the niobium concentration in 

the migrated regions relative to that in the matrix was 

determined. There were no standards used in the TEM/EDS 

analysis for determining the semi-quantitative values of the 

niobium concentration. The relative differences between the 

niobium concentrations in the matrix and the migrated region 

were determined, not the actual quantitative values.

H. Auger Electron Microscopy

Sample preparation for analysis on an Auger electron 

microscope consisted of grinding from 240 grit through 600 

grit silicon carbide followed by polishing with 6, 3, and 1 

micron diamond paste. Samples were then etched in 10% oxalic 

acid at 6 volts for 25-30 seconds. The samples were sputtered 

to minimize the oxygen peak. Spectra were collected over a 

range of 0 eV to 2000 eV using a beam size of 1 /zm at 10 kV 

and 3 x 10"7 A. Auger analysis was used in order to detect any 

changes in concentration of light elements such as carbon, 

boron, and nitrogen that are not detectable using TEM/EDS 

analysis.



RESULTS

A. As-Received Condition

The microstructure of alloy 718 in the as-received 

condition is shown in Figure 8. The microstructure consisted 

of carbides and Ni3Nb (5 phase) in a y matrix. This is 

consistent with the microstructure for wrought alloy 718 in 

the as-received condition as was shown by previous researchers 

(30) .

B. As-Heat Treated Condition

The as-heat treated alloy 718 was investigated using 

light microscopy. The microstructure consisted of large grains 

(y matrix) with intergranular and intragranular niobium 

carbide particles. Heat treatment at 650°C for 4 hours 

promoted trapping of some niobium carbide particles on the 

grain boundaries. Figure 9 shows the microstructure of alloy 

718 after the 650°C for 4 hours heat treatment. The arrows 

point to niobium carbide particles on the grain boundaries. 

C. 1227°C Isothermal Treatment

The 1227°C samples, that were produced by rapid thermal 

cycle in the Gleeble, were investigated using light

34
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20|im

Figure 8. Light micrograph of as-received condition of alloy 
718. Microstructure consists of carbides and Ni3Nb (5 phase) 
in the y matrix.
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20pm

Figure 9. Light microscope image showing the microstructure of 
alloy 718 after the 650°C for 4 hours heat treatment. The 
arrows point to niobium carbides on the grain boundaries.
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microscopy, SEM, TEM, and EBSP techniques. The microstructure 

of alloy 718 after isothermal treatment of 1227°C for 4 

seconds is shown in Figure 10a (light micrograph) and Figure 

10b (SEM SE image) . The original position of the grain 

boundary is denoted by OGB and the position of the grain 

boundary after migration is denoted by CLFM. These micrographs 

show that the migrated boundary has reversed curvature. That 

is, the migrated grain boundary zigzags back and forth across 

the original grain boundary position.

The TEM bright-field image of the 1227°C for 4 seconds 

sample is shown in Figure 11. This micrograph shows the areas 

where TEM/EDS profiles were obtained. Representative TEM/EDS 

spectra from the matrix and the migrated region (area behind 

the migrated boundary) are shown in Figure 12. These spectra 

show that the concentration of niobium in the migrated region 

was higher than the niobium concentration in the matrix. A 

plot of the niobium concentration as a function of distance is 

shown in Figure 13. The average Nb concentration in weight 

percent was 9.3% (range 7.6-10.6) for the migrated region and 

5.9% (range 5.7-6.4) for the matrix.

A total of 90 pairs of grains separated by migrated 

boundaries after CLFM were randomly chosen for EBSP analysis. 

All of the grains that were evaluated on the EBSP system for
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Figure 10. (a) Light micrograph and (b) SEM micrograph of 
1227°C peak temperature sample showing the original grain 
boundary position (OGB) and a grain boundary with reversed 
curvature as a result of CLFM (CLFM).
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Migrated Region

*

*

Figure 11. TEM bright-field image of 1227°C peak temperature 
sample showing area where TEM/EDS profiles where obtained.
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the crystal orientation determination were separated by 

boundaries with reversed curvatures like that shown in Figure 

14 (Figure 14 is representative of typical areas where 

orientation analysis was performed). Representative EBSP 

patterns taken from two alloy 718 grains that were separated 

by a CLFM grain boundary are shown in Figure 15. The crystal 

orientations determined from EBSP analysis are given in Table 

V and were characterized as follows: low angle boundaries (<15 

deg) , close to low angle boundaries (15-20 deg), high angle 

boundaries (>20 deg), and CSL (u/um <1, where u is the angular 

deviation from exact CSL and um is the maximum allowable 

deviation from exact CSL (34)). One of the migrated boundaries 

was a low angle boundary, 3 were close to low angle 

boundaries, 84 were high angle boundaries, and 2 were CSLs 

(29) .

D. 1240°C Isothermal Treatment

The 1240°C for 4 seconds isothermal treatment was 

investigated using light microscopy, SEM, and TEM techniques. 

The light micrograph for this condition is shown in Figure 16. 

The original grain boundary position and migrated grain 

boundary are denoted by arrows in Figure 16. The migrated 

grain boundary for this condition also exhibits reversal of 

curvature.
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CLFM

0 1 mm 3 0.0 kU 8.1 0E 2 0 0 6 3 - 1 8 MSE U AB 1
Figure 14. Representative SEM micrograph of typical areas 
where orientation analysis was performed for the 1227°C peak 
temperature sample. The migrated grain boundary is denoted by 
CLFM. The image was taken using the approximately 70° tilt 
necessary for EBSP analysis.
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Figure 15. EBSP patterns from two alloy 718 grains that were 
separated by a CLFM grain boundary.



Table V.
45

Characterization of Migrated Grain Boundaries

Low Angle 
(<15 deg)

Close to Low Angle High Angle CSL
(15-20 deg) (>20 deg) (u/um <1)

1 3 84 2
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£LFM

20pm

Figure 16. Light micrograph of 1240°C peak temperature sample 
showing the original grain boundary position (OGB) and a grain 
boundary with reversed curvature as a result of CLFM (CLFM).
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The area where TEM/EDS analysis was performed is shown in 

the TEM bright-field image in Figure 17a. Figure 18 shows 

representative TEM/EDS spectra from the matrix and the 

migrated region. The plots for niobium concentration as a 

function of distance are shown in Figures 19, 20, and 21. 

Figures 19, 20, and 21 were collected along points on data 

line 1, 2, and 3, respectively, that are shown in Figure 17a. 

Since the original grain boundary positions cannot be seen in 

the TEM bright-field image, an SEM secondary electron image 

(Figure 17b) is shown which has an area (boxed region) that is 

similar to the region shown in the TEM bright-field image in 

Figure 17a. In Figure 17b, the original grain boundary 

positions and the migrated regions can be clearly 

distinguished. This also suggests where the original grain 

boundary positions and migrated regions are located in the TEM 

bright-field image. Data lines are drawn in Figure 17b to show 

how the data lines in Figure 17a can go through more than one 

migrated region, which can be used to explain the appearance 

of the niobium concentration versus distance plots for the 

1240°C sample.

Observe data line I drawn in Figure 17b. This data line 

goes through a migrated region that is located to the left of 

the migrated grain boundary. The concentration of niobium in
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2.0pn

0 1 mm300 k V 4.0 6 E 2 4859/ 1 8 MSE UAB

Figure 17. (a) TEN bright-field image showing area where 
TEM/EDS profiles were obtained for the 1240°C peak temperature 
sample. (b) SEM secondary electron image of an area (boxed 
region) that is similar to the TEM image shown in (a).
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this region is denoted on the plot in Figure 19 by points 0 

through 5 on the x-axis. At point 6 on the x-axis, the data 

line now goes through the matrix located to the right of the 

migrated grain boundary. This shows how data line I drawn in 

the SEM micrograph explains the niobium concentration versus 

distance plot obtained from the EDS profile obtained along 

data line I drawn in the TEM micrograph in Figure 17a.

The appearance of the niobium concentration versus 

distance plot for data line 2 (Figure 20) shown in the TEM 

micrograph in Figure 17a suggests that the EDS profile 

obtained along data line 2 went through a migrated region, the 

matrix, then through another migrated region. This was assumed 

since the niobium concentration was relatively high from 

points 0 through 5 and then decreased between points 6 and 10. 

The niobium concentration increased again between points 11 

and 13. In other words, as shown in Figure 20, the highest 

niobium concentration occurred in the migrated regions that 

were located between the original grain boundary position and 

the migrated grain boundary. Data line 2 drawn in the SEM 

micrograph in Figure 17b shows how the EDS profile obtained 

along data line 2 shown in the TEM micrograph could have gone 

through two migrated regions.
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Observe the left side edge of data line 2 in Figure 17b.

The migrated region is located to the right of the grain 

boundary (migrated grain boundary) that is located near the 

left-hand edge of data line 2. The data line then goes through 

the interior of the grain which consists of the matrix. This 

is the area which lies between data points 6 and 10 on the 

plot in Figure 20. Data line 2 then hits another grain 

boundary (migrated grain boundary) located near the right edge 

of data line 2 in Figure 17b. To the right of this second 

grain boundary is another migrated region. This shows how the 

EDS profile obtained along data line 2 in the TEM micrograph 

in Figure 17a could have gone through a migrated region, the 

matrix, then another migrated region that would have resulted 

in the niobium concentration being high, low, then high again 

as shown in the niobium concentration versus distance plot in 

Figure 20.

The niobium concentration versus distance plot obtained 

along data line 3 in Figure 17a is shown in Figure 21. Figure 

21 shows that data line 3 went through the matrix and then 

through two migrated regions located adjacent to each other. 

Data line 3 in Figure 17a must have gone through an area like 

that shown at the top of the boxed region in Figure 17b. Going 

from left to right, data line 3 in Figure 17b is shown to go
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through the matrix before it hits a migrated grain boundary 

that has a migrated region located below it. The data line 

then hits another migrated grain boundary and goes through 

another migrated region located to the right of the second 

migrated grain boundary.

Data line 3 drawn in the SEM micrograph in Figure 17b is 

shown to go through the matrix then through two different 

migrated regions located adjacent to each other. Therefore, 

this shows how data line 3 in Figure 17b explains how the EDS 

profile obtained along data line 3 shown in Figure 17a results 

in the plot shown in Figure 21. This is because the TEM/EDS 

profile along data line 3 must have gone through the matrix 

and two adjacent migrated regions like that shown in the SEM 

micrograph in Figure 17b. Overall, the average niobium 

concentration was determined to be 7.8% (range 6.0-9.6) in the 

migrated region and 5.0% (range 4.1-5.6) in the matrix. 

E. 1250°C Isothermal Treatment

The 1250°C for 4 seconds isothermal treatment was 

examined using light microscopy, SEM, and TEM methods. The 

light micrograph for this condition is shown in Figure 22a. 

The original grain boundary position was defined as the area 

that separated the clear, clean region from the region that 

contained particles which gave the region a mottled
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Figure 22. (a) Light micrograph and (b) SEM micrograph of 
1250°C peak temperature sample showing the original grain 
boundary position (OGB) and a grain boundary with reversed 
curvature as a result of CLFM (CLFM).



57
appearance. The clear regions are the areas that were swept by 

the migrated boundary. Figure 22b is a representative SEM 

micrograph for the 1250°C for 4 seconds sample. This 

micrograph clearly shows that the migrated regions (areas 

swept by moving boundaries) are different in appearance from 

the matrix. This contrast, which occurs between the migrated 

region and the matrix, has been attributed to the etchant 

being sensitive to the occurrence of a composition change in 

the newly formed solid region located near the migrated grain 

boundary (6,7,16,17,23,25).

The area where TEM/EDS analysis was performed is shown in 

the TEM bright-field .image in Figure 23. Figure 24 shows 

representative TEM/EDS spectra from the matrix and the 

migrated region. The niobium concentration across the migrated 

region and the matrix is shown in Figure 25 as a plot of 

niobium concentration versus distance. Observation of this 

plot shows that the niobium concentration appears to decrease 

slightly upon approaching the migrated grain boundary (denoted 

as liquid film). Once across the migrated grain boundary, the 

niobium concentration starts off slightly low then it 

increases to an approximately uniform value in the matrix. The 

average niobium concentration was determined to be 4.2% (range 

3.5-5.0) in the migrated region and 4.0% (range 3.6-4.6) in
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Migrated Region

Matrix

Figure 23. TEM bright-field image showing area where TEM/EDS 
profiles were obtained for the 1250°C peak temperature sample.
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the matrix. Although the niobium concentrations in the 

migrated region and the matrix were relatively close, there 

was still enough of a composition change between the matrix 

and the migrated regions to result in an etching contrast 

between the two regions.

F. 1260°C Isothermal Treatment

The 1260°C for 4 seconds isothermal treatment specimen 

was investigated using light microscopy and the SEM. As shown 

in Figure 26, the original grain boundary position is 

indistinguishable from the matrix. This made it difficult to 

determine whether the grain boundaries were actually CLFM 

boundaries. Therefore, TEM analysis was not performed for the 

1260°C for 4 seconds isothermal treatment.

G. Auger Electron Analysis

Auger analysis was performed on the 1227°C and 1240°C 

samples to see if segregation or depletion of carbon, boron, 

or nitrogen occurred in the migrated regions of these samples 

where niobium segregation was observed. Carbon and boron could 

not be detected using TEM/EDS analysis. Representative Auger 

spectra for a migrated region and the matrix from the 1227°C 

sample are shown in Figures 27 and 28, respectively. The Auger 

spectra for the 1240°C sample was similar to those shown for 

1227°C. Auger analysis showed no carbon, boron, or nitrogen
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Figure 26. (a) Light micrograph and (b) SEM secondary electron 
image of alloy 718 for the 1260°C peak temperature sample.
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segregation in the migrated regions. There was also no 

depletion of these elements in this region.

h. Migrâtlon-Bafaas

The migration rates were determined by measuring the 

maximum migration distance and dividing it by the time held at 

the peak temperature. All of the migrated boundaries that were 

chosen for measurement exhibited the characteristics of CLFM 

boundaries. The average migration distances and the migration 

rates are shown in Table VI. A plot of migration rates as a 

function of temperature is shown in Figure 29.

1. Niobium Diffusivity

Radhakrishnan and Thompson (27) reported the diffusivity 

of niobium in the matrix to be

D = 300 x exp 35,800 
T

2 cm
sec

The diffusivity of niobium in the matrix was calculated for 

1227°C, 1240°C, 1250°C, and 1260°C for the present study and 

are shown in Table VII.
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Table VI. Average Migration Distances and Migration Rates

Temperature 
(°C)

"°.
(1 /pm)

°r 
(pm)

Migration Rate 
(pm/sec)

1227 0.098 6.531 1.633

1240 0.090 7.111 1.778

1250 0.089 7.191 1.798
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Table VII. Diffusivity of Niobium in the Matrix

Temperature CO Diffusivity (cm2/sec)

1227 1.294 x IO'»

1240 . 1.589 x 10'8

1250 1.856 x IO'*

1260 2.163 x IO’8



DISCUSSION

A. Confirmation of Constitutional Liquid Film Migration

1. Movement Away from Center of Curvature :

The rapid thermal cycles produced in the Gleeble did 

promote CLFM in the alloy of this study for peak temperatures 

of 1227°C, 1240°C, and 1250°C. CLFM was confirmed by the fact 

that the grain boundaries moved away from their centers of 

curvature. The migration away from curvature means that there 

must be a driving force which overcomes the curvature driven 

migration normally observed.

2. Formation of a New Solid Solution :

Another feature that confirmed CLFM was the formation of 

a new solid solution behind the migrated grain boundary. The 

formation of a new solid solution was evident from the 

observation that the migrated regions etched differently from 

the matrix. Previous researchers (6,7,16,17,23,25) have 

attributed this contrast, which occurs between the migrated 

region and the matrix, to the sensitivity of the etchant to a 

composition change in the newly formed solid region located 

behind the migrated grain boundary.

69
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3. Reversal of Curvature :

CLFM was also confirmed by the reversals of curvature of 

the migrated grain boundaries that are shown in Figures 10, 16 

and 22. This reversal of curvature of the grain boundaries is 

a characteristic of CLFM and has been shown to be due to both 

uniform and nonuniform stress relaxation mechanisms (9). When 

the coherency strain becomes larger than the energy required 

to create dislocations in the matrix, stress relaxation occurs 

uniformly by plastic deformation in the matrix. This leads to 

a loss of coherency in the grain (9).

Whenever a loss of coherency occurs, the migration 

direction reverses since there is no longer a driving force 

for migration in the same direction. In this case, the grain 

boundary initially migrates in the direction of the grain with 

the higher orientation dependent modulus. When a loss of 

coherency occurs in this grain, the grain boundary migration 

direction gets reversed and the boundary moves in the opposite 

direction. In some instances, after reversal, the grain 

boundary moved into the other grain after passing through the 

original grain boundary position (35).

A loss of coherency can also occur due to a nonuniform 

stress relaxation across the grain boundary. The stresses due 

to coherency strain can relax nonuniformly by the interaction
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of the stress field with the existing dislocations in the 

matrix. If nonuniform stress relaxation occurs, migration 

would begin at each site of stress relaxation (9). This leads 

to the local bowing of the grain boundary. That is, in this 

case, the migrated grain boundary appears to zigzag back and 

forth across the original grain boundary position. This was 

observed in the present study for 1227°C (Figure 10), 1240°C 

(Figure 16), and 1250°C (Figure 22).

In the TEM image for the 1227°C sample (Figure 11) , it 

was observed that a wall of dislocations was left at the 

original position of the grain boundary. Handwerker (9) stated 

that this wall of dislocations at the original grain boundary 

position occurred when the change in lattice parameter with 

composition is large. A wall of dislocations at the original 

grain boundary position was also observed by other researchers 

(3, 36) . However, no wall of dislocations is observed at the 

original grain boundary position when the change in lattice 

parameter with composition is small. In this situation, the 

strain due to the change in lattice parameter with composition 

is accommodated elastically and thus, no wall of dislocations 

is observed at the original grain boundary position (9). This 

is believed to be the case for the present study since the TEM 

images for 1240°C (Figure 17) and 1250°C (Figure 23) showed
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that there were no walls of dislocations observed at the 

original grain boundary positions.

4. Difficulty in Confirming CLEM:

The original grain boundary position is indistinguishable 

from the matrix in the 1260°C sample (Figure 26) . The features 

that are characteristic of CLEM, movement away from the center 

of curvature, formation of a new solid solution, and reversals 

of curvature, were not observed. Therefore, it was difficult 

to confirm whether CLEM occurred at this temperature. The 

system begins to equilibrate at 1260°C. This is evident since 

the grains and grain boundaries appear to be approaching an 

equilibrium shape. If CLEM occurs at all at 1260°C, it happens 

so quickly that it is difficult to observe.

5. Similar Features of CLEM and DIGM:

The movement of grain boundaries away from their centers 

of curvature, the formation of alloyed or dealloyed zones on 

the concave side of the migrated boundary, and the presence of 

reversals of curvature along the grain boundary are also 

characteristic of DIGM. However, Radhakrishnan (37) showed 

experimental evidence that the migration observed in alloy 718 

occurred with the boundary in the liquid state. Radhakrishnan 

made several observations in the weld HAZ to show that the 

phenomenon observed was CLEM instead of diffusion induced
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grain boundary migration (DIGM) . Recall that DIGM is the 

phenomenon where grain boundaries migrate as a result of 

solute atoms diffusing along the grain boundaries (1,2,3,4}.

The following observations were made by Radhakrishnan 

(37) to show that the observed phenomenon in the weld HAZ of 

alloy 718 was CLFM:

1) Samples heated to peak temperatures of 1200°C and 

1215°C revealed the presence of migration. These 

temperatures are above the carbide liquation temperature 

for the as-received, the homogenized, and aged alloys.

2) Examination of a Spot Varestraint Test specimen showed 

that a boundary neighboring one of the HAZ cracks 

exhibited migration identical to the migration observed 

at a peak temperature of 1200°C. It is known for alloy 

718 that the hot cracks are produced by the presence of 

a grain boundary liquid.

3) The dissolution of the carbides at a heat treatment 

temperature of 1093 °C did not result in DIGM. Also, the 

dissolution of the 6-phase and NbC at a peak temperature 

of 1175°C does not result in any DIGM. This shows that 

the migration process did not first occur as a result of 

DIGM, due to the dissolution of carbides along grain
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boundaries, and that the liquation process did not occur 

after the DIGM process.

The observations by Radhakrishnan are also applicable to 

the alloy 718 used in the present study. The experimental 

observations of Radhakrishnan showing that the migration 

process started in the presence of liquid are similar to 

observations made in the present study. These observations, 

along with those presented here, confirm that the migration 

observed in the alloy 718 of the present study occurred with 

the boundary in the liquid state.

B. Niobium Concentration Versus Temperature

There were no standards used in the TEM/EDS analysis for 

determining the semi-quantitative values of the niobium 

concentration. The relative differences between the niobium 

concentrations in the matrix and the migrated region were of 

primary concern, not the actual semi-quantitative values. The 

semi-quantitative values of niobium concentration were plotted 

as a function of distance (Figures 13, 19, 20, 21, and 25) to 

illustrate the relative differences between the niobium 

concentrations in the matrix and the migrated region.

The concentration of niobium in the migrated region was 

higher than the niobium concentration in the matrix for the 

1227°C for 4 seconds thermal cycle. The niobium concentration
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was determined to be approximately 1.5 times higher in the

migrated region than in the matrix. Temperatures below the 

solidus temperature but above the eutectic temperature for 

this alloy should result in a higher niobium concentration 

than that determined by the alloy composition. Since 1227°C 

falls within this range, the niobium concentration was 

expected to be higher in the migrated region than in the 

matrix.

The higher niobium concentration in the migrated region 

can be explained using the approximate y-NbC pseudo-binary 

phase diagram shown in Figure 30. This pseudo-binary phase 

diagram was constructed from the data shown in Table VIII that 

was obtained from early work on alloy 718 involving the 

physical metallurgy of this alloy system (32). Table VIII also 

shows data obtained from work on the solidification diagram of 

alloy 718 (31) and from work on the solidification of grain 

boundary liquid in the HAZ of alloy 718 (27) . The maximum 

solid solubility of niobium in the matrix shown in Figure 30 

(9.6 wt.%) is the average of the values that were reported by 

Knorovsky et al. (31) and Radhakrishnan and Thompson (27) . The 

y-NbC eutectic temperature (1176°C) shown in Figure 30 is the 

average value of the data reported by Eiselstein (32) and
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Figure 30. Approximate y-NbC pseudo-binary phase diagram 
showing compositions of niobium for 1227°C, 1240eC, and 1250°C.
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Radhakrishnan and Thompson (27). The melting point of y was 

taken from Radhakrishnan and Thompson (27).

The composition of the alloy 718 that was used in the 

Radhakrishnan and Thompson (27) study was similar to the alloy 

718 composition used in the present study. Therefore, the data 

from Radhakrishnan and Thompson (27) was used with the data 

from Knorovsky et al. (31) to determine the average value of 

the maximum solid solubility of niobium in the matrix and it 

was combined with the data from Eiselstein (32) to determine 

the average y-NbC eutectic temperature. The Radhakrishnan and 

Thompson (27) study was inspired by previous CLFM work by 

these authors (23,37) that is similar to the alloy 718 CLFM 

work of the present study. Therefore, the reported values of 

the melting point of y from the Knorovsky et al. (31) and 

Eiselstein (32) studies were not used in constructing the 

pseudo-binary phase diagram in Figure 30.

If the tie-line is drawn for 1227°C, the corresponding 

composition of niobium for this temperature is denoted by C1227 

in Figure 30 which is the composition where the tie line 

intersects the y solidus curve. As shown on the pseudo-binary 

diagram, C1227 is greater than the niobium concentration of the 

matrix that is denoted by Co. Hence at 1227°C, enrichment of 

the migrated zone occurred which signifies that this 
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temperature is below the solidus temperature of this alloy. As 

shown in Figure 10, the appearance of the microstructure for 

the 1227°C sample helps confirm that this temperature is below 

the solidus temperature. This is evident since there appears 

to be no melting in the matrix at this temperature. The 

measured semi-quantitative value of niobium concentration in 

the migrated region was determined to be approximately 9.4 

wt.%. This falls within the range of maximum solid solubility 

of niobium in the matrix values (7-10 wt.%) that were obtained 

from the literature (Table VIII).

The 1240°C sample also had niobium segregation in the 

migrated region. The niobium concentration in the migrated 

region was determined to be approximately 1.5 times greater 

than the niobium concentration in the matrix. This niobium 

enrichment can also be explained using the y-NbC pseudo-binary 

phase diagram in Figure 30. If the tie-line is drawn for this 

temperature, the corresponding concentration of niobium is 

denoted by C124o- As shown on the pseudo-binary phase diagram, 

C1240 is greater than Co but less than C1227 . This is in 

agreement with the results of the present study. The average 

composition of niobium in the migrated region for the 1240°C 

sample was determined to be 8% which is greater than the alloy 

composition of 5.05%.
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Table VIII. Data for Construction of y-NbC Pseudo-Binary 

Phase Diagram

Eiselstein 
(ref. 32)

Knorovsky 
(ref. 31)

Radhakrishnan 
(ref. 27)

Maximum Solid 7
Solubility 
of Niobium 
(wt. %)

9.3 10

y-NbC Eutectic 
Temperature 
(°C)

1177 1198 1175

Melting Point 
of y 
(°C)

1360 1410 1450
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The microstructure for the 1240°C sample in Figure 16 

shows that there appears to be no melting of the matrix at 

this temperature. This suggests that 1240°C is also below the 

solidus temperature for this alloy. Therefore, niobium 

enrichment was expected to occur in accordance with the 

pseudo-binary phase diagram for y-NbC.

The 12 50 °C sample did not show niobium enrichment in the 

migrated region. There was no significant difference between 

the niobium concentration in the migrated region and the 

niobium segregation in the matrix. However, observation of the 

niobium concentration versus distance plot for this 

temperature (Figure 25) shows that the niobium concentration 

appears to decrease slightly upon approaching the migrated 

grain boundary (denoted as liquid film). Once across the 

migrated grain boundary, the niobium concentration starts off 

slightly low then it increases to an approximately uniform 

value in the matrix.

It was expected that the migrated region would be 

depleted of niobium since 1250°C is believed to be above the 

solidus temperature for this alloy. The pseudo-binary phase 

diagram in Figure 30 shows that the tie-line for 1250°C 

corresponds to a niobium concentration denoted by C1250 which 

is less than the alloy composition, Co, and is also less than
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C1227 and C124o. This is in agreement with the results of the 

present study. The average concentration of niobium in the 

migrated region for the 1250 °C sample was determined to be 

4.2% which is less than the niobium concentrations that were 

determined for the 1227°C and 1240’0 samples.

Earlier work of LFM in alloy 718 by Radhakrishnan and 

Thompson (23) can be used to help explain the observation of 

uniform niobium concentration across the migrated region and 

matrix at 1250°C instead of niobium depletion in the migrated 

region that was expected. Radhakrishnan and Thompson showed 

that migration occurred at very short times such as 1 second 

at 1200°C. In the present study, the samples were heated at a 

rate of 100°C per second to 1200°C. In order to heat at the 

same rate from 12 00°C to the various peak temperatures used in 

this study, the difference in temperature between 1200°C and 

the peak temperature was divided by 100°C and multiplied by 1 

second. For example, the heating rate for the 1250°C thermal 

cycle consisted of 100°C per second to 1200°C then 50°C per 0.5 

second to 1250°C.

Since Radhakrishnan and Thompson (23) observed migrated 

boundaries after a 1 second hold at 1200°C, it is believed 

that in the present study some migration could have occurred 

during the heating time from 1200°C to the peak temperature
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1250°C in addition to the migration occurring after a 4 second 

hold at 1250°C. If migration did occur during the heating time 

from 1200°C to 1250°C, this could explain the uniform niobium 

concentration across the migrated region and the matrix. It is 

possible that most of the migration occurred during the heat 

up from approximately 1200°C to 1250°C. While the sample was 

being held for 4 seconds at this temperature, there may have 

been little migration occurring. This could have resulted in 

a significant amount of time for the niobium in the matrix to 

diffuse into the migrated region thus causing the niobium 

concentration in the matrix and the migrated region to be 

similar. The observation of uniform niobium concentration 

across the migrated region and matrix also suggests that the 

system is beginning to equilibrate at 1250°C.

The microstructure of 1250°C shown in Figure 22 shows 

evidence of melting in the matrix that is characteristic of 

being above the solidus temperature. There are many small 

particles dispersed throughout the matrix at this temperature. 

These particles resulted due to the solidification of the 

niobium rich liquid that formed in the matrix when the 

temperature was raised above the solidus temperature and into 

the two phase y + Liquid region of the phase diagram. TEM/EDS 

analysis showed that these particles were niobium rich. By
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comparing the microstructures for 1227°C (Figure 10) and 

1240°C (Figure 16) to the microstructure for 1250°C (Figure 

22), it is quite evident that these particles are not present 

in the matrix for 1227°C and 1240°C. It is also evident that 

the microstructures for 1227°C and 1240’C are somewhat similar 

to each other but are not similar to the microstructure for 

1250°C. These observations support the theory that 1227°C and 

1240°C are below the solidus temperature and that 1250°C is 

above the solidus temperature.

As stated earlier, it was difficult to determine the 

original grain boundary position in the 1260°C sample because 

it was indistinguishable from the matrix. Therefore, the 

niobium concentration was not determined for the 1260°C 

sample. If CLFM occurred at all at 1260°C, it could have 

happened so quickly that it was difficult to observe. It is 

also possible that the original grain boundary position could 

not be determined because CLFM was suppressed at 1260°C. Kim 

and Yoon (38) showed that LFM was suppressed at high 

temperatures in a Co-Cu alloy. They showed that at high 

temperatures and low driving forces, coherency breaking could 

occur in the region located in front of the migrating grain 

boundary (frontal diffusion zone).
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The results for the 1227°C, 1240°C, and 1250°C samples 

help prove the theory of niobium segregation that was proposed 

for this study. The theory is that the concentration of 

niobium in the migrated region will follow the solidus curve 

of the phase diagram for this alloy. This will result in 

reversed niobium segregation as the peak temperature is raised 

above the solidus temperature. This theory was based on the y- 

NbC pseudo-binary phase diagram. As the temperature is 

increased, the niobium concentration should follow the solidus 

curve and decrease as a function of increasing temperature. 

The results for 1227°C, 1240°C and 1250°C showed that this did 

occur. The niobium concentration in the migrated region 

decreased as the peak temperature was increased from 1227°C to 

1250°C.

C. Migration Rate Versus Temperature

The migration rate was shown to increase only slightly 

from 1227°C to 1240°C and there was no increase in migration 

rate from 1240°C to 1250°C as shown in Figure 29. The 

migration rate appeared to reach a maximum value at 1240°C. 

This observation is consistent with the coherency strain 

theory that predicts a high temperature limit, above which, 

LFM does not occur. The fact that CLFM was observed for 1250°C
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but not for 1260°C can possibly be explained with help from 

the coherency strain theory.

Kim and Yoon (38) stated that coherency breaking occurs 

when the ratio of the solute diffusivity to the migration 

velocity becomes very large at high temperatures thus, 

eliminating LFM. Kim and Yoon expressed the condition for 

coherency breaking in the region in front of the migrating 

grain boundary (frontal diffusion zone) as

L=" V
In the present study, a similar criterion was used to 

predict coherency breaking which results in the suppression of 

CLFM. The criterion was based on the equation for coherency 

breaking that was defined by Kim and Yoon (38) which consisted 

of the ratio of the solute diffusivity to the migration 

velocity. The niobium diffusivity was divided by the migration 

rate (D/MR) for each temperature in the present study. These 

values, shown in Table IX, increased as a function of 

increasing temperature from 1227°C and 1260°C. CLFM was 

observed at 1227°C, 1240°C, and 1250°C but not at 1260°C. 

Coherency breaking probably occurred in the frontal diffusion 

zone of the 1260°C sample which resulted in the suppression of 

CLFM at this temperature. According to the criterion for
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Table IX. Diffusivity/Migration Rate (D/MR) Values

Temperature (°C) D/MR (cm)

1227 7.924 x IO"5

1240 8.937 X 10'5

1250 10.32 X 10-5

1260 12.03 x IO5
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coherency breaking, CLFM should be suppressed for large D/MR 

values. Therefore, the large D/MR value for 1260°C can be used 

to explain why suppression of CLFM occurs at this temperature. 

These observations support the belief 

that CLFM was suppressed at 1260°C.

The steady state migration velocity was shown by Brecht 

and Purdy (28) to be

5L2 CTkL 
L /

where a is the solid-liquid interfacial energy, DL is the 

diffusion coefficient for solute in the liquid, L is the 

length of the liquid film, Co is the solute concentration of 

the matrix in the growing grain, CL is the solute 

concentration in the liquid at the trailing interface, and k 

is the average curvature of the liquid film.

This equation shows that there are other possible 

mechanisms for slowing or stopping the migration process. 

Since the above equation shows that the migration velocity is 

directly proportional to DL, a low value for this term would 

result in a slower migration velocity. Also, the migration 

velocity would decrease as the length of the liquid film 

increases since the velocity is inversely proportional to the
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square of the length of the liquid film (L2) . Therefore, CLEM 

can also be suppressed when the diffusivity of the solute in 

the liquid is very low or as the liquid film grows.

D. Influence_of_Cr_vs.tal. Orientation on CLEM

Since all of the 90 pairs of grains were separated by 

CLEM boundaries, this result showed that CLEM can occur over 

a large range of orientations. It can also be seen from this 

result that NbC precipitates can liquate and cause wetting 

along grains of different orientations (29).

The migrated grain boundaries were examined in order to 

determine if the orientation of the grain had an effect on the 

direction which the grain boundary migrated. From the 

observation of migration on both sides of the boundary, the 

crystal orientation does not restrict the migration direction 

(29) .

Previous researchers showed that the coherency strain was 

directly proportional to the orientation dependent modulus for 

a given solute (14). Since the results of the present study 

show that the crystal orientation did not restrict the 

migration direction, the coherency strain hypothesis can not 

be used exclusively to explain the driving force for CLEM that 

was observed for alloy 718. As stated previously, the CLEM 

observed in the present study originated from discrete
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precipitates which produce the in-plane solute flux as found 

in DIGM and as necessary to operate the Brechet and Purdy (28) 

model for LFM. Therefore, the in-plane solute flux theory must 

also be considered as a possible driving force for the 

migration that was observed in this study.



SUMMARY

1. CLFM was confirmed for 1227°C, 1240°C and 1250°C by the 

following observations: (a) the grain boundaries moved away 

from their centers of curvature, (b) the formation of a new 

solid solution behind the migrated grain boundaries, and (c) 

the reversals of curvature of the migrated grain boundaries.

2. Niobium enrichment or depletion in the region behind the 

migrated grain boundary appeared to follow the solidus curve 

as predicted by an equilibrium solid-liquid interface.

3. The migration rate increased with increasing temperature 

but appeared to reach a maximum value above the solidus 

temperature.

4. CLFM was suppressed at 1260°C.

5. NbC precipitates were shown to liquate and cause wetting 

along grains of all orientations.
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CONCLUSIONS

1. The theory that solute concentration in the region behind 

the migrated liquid film would follow the phase diagram 

solidus was verified affirmatively. This shows that the solid

liquid interface can be treated as an equilibrium interface.

2. The behavior of the migration rate with increasing 

temperature suggests that migration becomes suppressed at high 

temperatures. This is consistent with the coherency strain 

theory that predicts a high temperature limit for LFM.

3 . CLFM can occur in a large number of crystal orientations as 

evidenced by the migration seen on both sides of the grain 

pairs.
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