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Abstract Udimet-500 alloy is a high-strength nickel-

bases super alloy used for turbine blades applications. It is

primarily strengthened by very fine precipitates called

gamma prime (c0) which coarsened with time when

exposed to high temperature. In this study, Udimet-500

alloy in the standard aged condition was exposed at 850–

1100 �C for 25–100 h in air. The change in the size of

c0 with respect to the high temperature exposure was

characterized using scanning electron microscope. A sys-

tematic coarsening of the c0 was observed with the change

in the exposure temperature/time. The c0 size in the virgin

sample was 0.1 lm while after high temperature exposures

it coarsened to 1 lm. The Larson-Miller parameter (LMP)

of the high temperature exposure was also measured. It was

found that the LMP had power relation with the c0 size. In

addition, degradation of the primary as well as secondary

carbides was also observed which can be used as add-on

microstructural information in high temperature exposure.

Elevated temperature exposure (C1000 �C) also lead to (a)

near surface de-alloying, (b) precipitation of needle-like

Ti-rich phase and (c) depletion of c0. It may contribute in

the accelerated corrosion and loss of strength of alloy.

Introduction

Udimet-500 alloy is a high-strength nickel-based super

alloy used for turbine blades applications. It is strength-

ened primarily by very fine precipitates called c0, which

coarsen with time when exposed to high temperature. If the

coarsening of c0 is characterized at various temperatures, it

could be used to evaluate the temperature experienced by

the blades during service [1].

Earlier, many researches have quoted similar work for

various super alloys. For example, Lvova and Norsworthy

[2] and Cheruvu [3] have studied the influence of ser-

vice conditions on microstructural changes in IN-738 and

GTD-111, respectively. Similarly, Huff and Pillhofer [4]

have quantitatively evaluated a relation between micro-

structural changes and exposure temperature in IN-100

alloy.

Premature failures of the Udimet-500 high pressure

turbine blades have been reported due to microstructural

degradation [5]. The c0 coarsening was the primary

observation in it. The operational variations in the fighter

aircraft engine may impart/induce temperature, higher than

the service temperature in the turbine region. It conse-

quently may lead to the catastrophic failure(s). The study

of the microstructural variations with temperature/time

may be useful in predicting service temperature. After-

ward, during some intermediate overhaul, microstructural

inspection of a blade of high-pressure region may be suf-

ficient to avoid big accident.

Degradation of blades by high temperature exposures

may also be imparted by other microstructural variations.

It includes degradation of carbides and formation of

deleterious phases. This information can be used addi-

tionally as a support to conclusion. Such microstruc-

tural variations have also studied and explained in this

article.

With the prior knowledge of high temperature exposure

and resultant microstructural degradation, the most of the

properties suffered from high temperature exposure may be

restored by an appropriate heat treatment accompanied by

hot isostatic pressing [6, 7].
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Experimental procedure and results

The study was carried out to simulate the over temperature

conditions of the turbine blades of a fighter aircraft having

two stage turbine, i.e. low- and high-pressure stages.

In both stages, the material of the turbine blades was

similar. They were manufactured through hot closed die

forging process. The temperature in the low- and high-

pressure turbine stages was *700 and *800 �C, respec-

tively. A standard heat treatment was applied to the test

specimens of UDIMET-500 to get a required initial

microstructure. Subsequently, the effects of high tempera-

ture exposures for long as well as short durations on initial

microstructure were studied. Scanning electron microscope

(SEM) was used to characterize the microstructural fea-

tures. In proceeding sections, experimental procedures and

results are discussed.

Material chemistry

The analysis of the material was carried out using energy

dispersive spectroscopy (EDS), combustion-type carbon

sulphur (C/S) analyser and inductively coupled plasma.

The results of analysis and standard alloy composition are

given in Table 1.

Heat treatments

More than one heat treatment cycles for the Udimet-500

alloy are available in the literature [8, 9]. The heat treat-

ment used to develop initial microstructure for test speci-

mens is given in Table 2. The treatment caused fine

distribution of c0 precipitates in the matrix (see Fig. 1). The

resultant microstructure was also compared to that of air-

foil of new turbine blade and found to be equivalent,

showing that the initial specimens were bearing same

metallurgical features as that of the original equipment

manufacturer.

General microstructure of Udimet-500 alloy

Optical micrograph in Fig. 2 shows the general micro-

structure of a high-pressure turbine blade after 1,000

operating hours. Due to being used blade, the c0 was

coarsened and resolved at low magnification. The micro-

structure shows (1) very fine globular c0, (2) faceted and

irregular shaped primary carbides present mostly within the

grains, (3) fine irregular shaped secondary carbides present

at the grain boundaries.

High temperature exposures

The service temperature of the blades in the turbine region

of the aircraft was in the range 750–800 �C. In order

to reproduce the over temperature effects, 850 �C was

selected as an initial exposure temperature. The long-term

thermal exposures were conducted up to 1050 �C with an

increment of 50 �C with primarily four exposure durations

which is 25, 50, 75 and 100 h. Whereas, short-term thermal

exposures for 5 and 30 min were also conducted at 1050,

1060 and 1070 �C.

Microscopy

The heat-treated specimens were prepared for metallogra-

phy. Specimens were polished up to 0.05 lm grit and then

etched. Two etching methods were used to reveal distinct

microstructural details.

1. Electrolytically etched in 1.5% H2CrO4 solution

at 6 V/1–5 s with stainless steel cathode.

2. Swab etching using Marble’s reagent.

The former was found suitable for the study of size and

morphology of c0 precipitates as the c0 precipitates remain

in relief in this solution and the latter was suitable to study

other features such as carbides. In this solution, the c0

precipitates etched out leaving recesses behind.

Subsequently, the etched samples were studied using

SEM. In order to compare the change in size and mor-

phology of the c0 precipitates after different exposures the

micrographs were taken at 100009 magnification.

Table 1 Chemical composition of test sample(s) (wt%)

Element Sample Standard Udimet-500

C 0.07 ± 0.01 0.08

Cr 18 ± 0.5 18.0

Co 18 ± 0.5 18.5

Mo 3.8 ± 0.2 4

Ti 2.7 ± 0.2 2.9

Al 3.0 ± 0.2 2.9

B \0.01 0.006

Zr B0.04 0.05

Ni Bal. Bal.

Table 2 Heat treatment cycle for alloy Udimet-500

# Treatment Temperature (�C) Time (h) Cooling media

1 Solution 1080 4 Air

2 Primary ageing 845 24 –

3 Secondary ageing 760 16 –
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Size and morphology of c0 precipitates

Figure 3 shows SEM micrographs of the c0 precipitates

resulted after long duration exposures of the specimens at

different temperatures and time. The effect of time and

temperature on the size of c0 precipitates is evident. The

size of the c0 increased with temperature and exposure

time.

Morphology of the c0 precipitates remains globular up to

1000 �C while the size increases. In samples which were

exposed to 1050 �C, the shape of the c0 precipitates was

changed from globular to cubic (see Fig. 3). The percent-

age of c0 precipitates also decreases with increasing expo-

sure time.

In the specimens exposed at 1050 �C, other shapes of c0

precipitates such as triangular (see Fig. 4a) and rectangular

(see Fig. 4b) were also observed. These triangular and

rectangular c0 precipitates were confined to few grains.

It could be due to variation in the orientation of the c0

precipitates at the surface. Figure 4c schematically

describes the orientation of the c0 precipitates just below

the etched surface. The expected shape on the etched

surface is also shown in the figure as well. In this regard

such shapes may not be necessarily considered for size

measurements.

Figure 5a, b shows the c0 precipitates after heat treat-

ment at 1050 �C for 5 and 30 min, respectively, whereas

Fig. 6a, b shows the same after heat treatment at 1060 �C

for 5 and 30 min, respectively. In both cases, the coars-

ening of the c0 precipitates was observed but the shape was

remained globular up to 30 min exposures. In contrast, at

1050 �C temperature and higher exposure time (25–100 h)

the shape of the c0 precipitates was observed to be cubical.

Although the size of the c0 was closer in either case of 1050

Fig. 1 Gamma prime in a new blade sample, b a sample solution treated at 1080 �C/4 h/AC, primary aged at 845 �C/24 h/AC, secondary aged

at 760 �C/16 h/AC

Fig. 2 The microstructure of the Udimet-500 alloy aged 700 h at

900 �C comprising of gamma prime (fine dots), faceted and irregular

shaped primary carbides (MC type—arrows pointed out the same);

very fine secondary carbides (M23C6 type) are also present on the

grain boundaries
Fig. 3 SEM micrographs showing variation in the gamma prime size

with temperature at different exposures; all micrographs are taken

at 100009
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and 1060 �C exposure for 30 min, but the density of the c0

was seemed to be comparatively lower in the 1060 �C

exposed sample. In the sample treated at 1060 �C a

decrease in the percentage of c0 precipitates was observed

as compared to the sample treated at 1050 �C for the same

time, i.e. 30 min (see Fig. 6). The c0 disappeared at/above

1070 �C exposures.

An image analyser was used to measure the size of c0

precipitates. Figure 7a, b represents the plots of the varia-

tion in the size of c0 precipitates with temperature and time.

A trend of gradual coarsening of c0 was observed. In the

samples treated at 1070 �C the c0 precipitates were not

observed; in the graph, the lines are extended (in dotted

format) up to 1070 �C and dropped close to zero.

Fig. 4 Gamma prime after heat

treatment at 1050 �C for a 25 h,

b 100 h, c schematic showing

the distribution and

corresponding appearance

of the gamma prime just below

etched surface

Fig. 5 Gamma prime after heat treatment at 1050 �C for a 5 min, b 30 min; cracks in the figures are only artefacts produced due to etchant
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Use of Larson-Miller parameter Larson-Miller parameter

(LMP) is one of the most commonly used combined

time–temperature parameters applied for high-temperature

degradation in the super alloys. The equation of the

same is

LMP ¼ T � C þ log t½ � ð1Þ

where T is temperature in K and t is exposure time in hours;

C is a constant which is usually in the range 20–25 for

metals [10, 11].

The LMP was also calculated and correlated with the c0

coarsening; the value of the constant C was substituted by

25 [11]. The results are presented in Fig. 8. The equation of

closely fit line of the data was achieved with R2 * 0.965

and is given below

c0s ¼ 7� 10�19 � LMPð Þ11:6 ð2Þ

where c0s is gamma prime size in lm.

Effects of high temperature exposure on the carbides

Figures 9, 10, 11 and 12 show the behaviour of carbides

during high temperature exposures. Figure 9 indicates that

the degradation of the carbides (primary as well as sec-

ondary) had initiated at 850 �C. In the course of degrada-

tion primary carbides converted partially into secondary

carbides and the grain boundary secondary carbides coa-

lesced to form continuous film. This degradation increased

up to 1050 �C for C25 h exposure (see Figs. 10–12).

For longer exposure time[50 h at the same temperature no

secondary carbides were observed (see Fig. 12c–e).

Figure 12f shows the micrograph of the sample treated at

1080 �C revealing only primary carbides in the matrix.

Fig. 6 Gamma prime after heat treatment at 1060 �C for a 5 min, b 30 min

Fig. 7 Graph showing variation in the gamma prime size with

a temperature for different exposure times, b time for different

exposure temperatures

Fig. 8 Graph showing variation in the gamma prime size ðc0sÞ with

LMP exposure parameter

J Mater Sci (2010) 45:4507–4517 4511

123



Fig. 9 a Primary and secondary carbides in the sample heat treated at 850 �C for 100 h. b Sample heat treated at 900 �C for 100 h; coalescence

of secondary carbides and minor degradation in the primary carbide

Fig. 10 Microstructure of sample heat treated at 950 �C for 100 h showing a coalescence of secondary carbides (arrows) and b degradation

in the primary carbide (arrows)

Fig. 11 Microstructure of samples heat treated at 1000 �C for a 25 h, b 100 h
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Near surface de-alloying

Besides the variation in the size and morphology of c0

precipitates and degradation of carbides, near surface

de-alloying was also observed in the samples. The suc-

cession of the same is described below.

Titanium-rich phase was observed near the surface in

samples treated at 1000 �C. Its morphology was irregular

shaped after 25 h exposure which subsequently trans-

formed into the needles-like shape after 75 h (see Fig. 13).

After 100 h exposure, systematic growth in these needles

was observed (see Fig. 14). The c0 precipitation was absent

in this needle-like phase region (Fig. 14). Such features

were also observed at 1050 �C/25 h exposure (see

Fig. 15a). At this temperature, these needles were observed

gradually disappeared when exposed for 50–100 h (see

Fig. 15b–d).

Microprobe analysis of the needle-like phase and oxi-

dation products were carried out using EDS equipped with

the SEM. The results are given in Table 3. The locations of

the analyses are marked in Fig. 16.

Discussion

Udimet-500 is a precipitation hardenable nickel base super

alloy. The major phases present in this alloy are [12, 13] as

follows.

1. Gamma (c) phase is continuous FCC matrix composed

of austenite. It is strengthened by the addition of solid

Fig. 12 Samples heat treated at 1050 �C for a, b 25 h, c, d 50 h and e for 100 h showing changes in the secondary and primary carbides;

f treated at 1080 �C/25 h showing dissolution of secondary carbides as well as gamma prime
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solution elements such as chromium, molybdenum,

cobalt, titanium and aluminium.

2. Gamma prime (c0) phase is the major precipitate phase.

It is principally Ni3Al or Ni3(Al,Ti). The lattice

parameters of the c are closer to c0, resulting in the

coherency. The c0 is a major strengthening agent in the

alloy.

3. Carbides are of various types in Ni-based super alloys.

In case of Udimet-500, primary MC and secondary

M23C6-type carbides are usually present in the alloy,

where ‘‘M’’ stands for the metallic elements.

In MC carbides ‘M’ is usually titanium. Ti may partially

be replaced by Mo in the carbide(s). These carbides are

very stable and are believed to be formed just below the

temperature where solidification begins.

In M23C6 carbides, ‘M’ is usually chromium, but this

element can be replaced by molybdenum. M23C6 carbides

are formed during lower-temperature heat treatments and

in service within the temperature range 760–980 �C. They

can also be formed by the dissociation of MC carbides as a

result of the following reaction,

cþMC! M23C6 þ c0

or

Ni; Cr; Al; Tið Þ þ Ti Moð ÞC! Cr23Mo2C6

þ Ni3 Al; Tið Þ

In precipitation hardenable nickel base super alloy,

during long exposures at high temperatures, various micro-

structural changes may occur [8]; these could be

(a) c0 precipitates may coarsen and become over aged.

(b) c0 precipitates may also be elongated in the direction

of loading (rafting).

(c) Grain boundary carbides may agglomerate to form

continuous brittle film.

(d) Creep-induced cavities may also formed on grain

boundaries, aligned normal to the stress axis.

(e) Brittle intermetallic phases such as sigma phase may

also form.

In this study samples were given a standard heat treatment

before starting the experiments of high temperature expo-

sure. The microstructure of the standard samples was com-

parable with that of virgin blade. Samples were exposed up

to 1080 �C for 25–100 h and 1050, 1060 and 1070 �C for 5

and 30 min, respectively. SEM of the etched specimens was

used to detect high temperature effects on the microstructure

of the Udimet-500 alloy (Fig. 3). Size of the c0 was increased

systematically with temperature/exposure time. It was

Fig. 13 Sample treated at 1000 �C for a 25, b 50 and c 75 h revealing growth of Ti-rich irregular shaped to needle-like phases near the surface

(arrows)
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Fig. 14 Sample heat treated at 1000 �C for 100 h showing regular

growth of phases into needle-like morphology

Fig. 15 Samples treated at

1050 �C for a 25, b 50, c 75 and

d 100 h; note the change in the

needle-like phase from a to

c; these phase has vanished

in d

Fig. 16 Sample heat treated at 1050 �C for 25 h showing depletion

zone and needle-like features near the surface
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quantified by measuring the average diameter of the pre-

cipitates [14–16]. Figure 7a, b represents the graphical

portray of the c0 size variation with temperature for different

exposure times. The dotted lines were extrapolated to show

the behaviour of the c0 precipitates size at higher tempera-

tures. The initial size of the c0 was 0.1 lm, it verged onto

1 lm after 1050 �C exposure giving ten times growth.

Additionally, the shape of the gamma prime was gradually

transformed from globular to cubical. The change in the

shape of c0 from globular to cuboidal is indicative of increase

in the c/c0 mismatch [17].

It was also observed that the density of the c0 precipi-

tates visibly decreased with c0 growth at 1000 �C and

onward (Fig. 3). The c0 size was observed closer in the

samples treated at 1050 and 1060 �C for 5 and 30 min,

respectively. Similar observations were noted in samples

treated at both temperatures for 30 min. In contrast, the

density of c0 was seemed to be comparatively lower in the

samples treated at 1060 �C (see Figs. 5 and 6). It may be

due to partial dissolution and growth of the c0 in the matrix.

In this regards, the reaction of the primary carbides with

the matrix-yielding secondary carbides might also play

some role in the thermodynamics of the alloy promoting c0

coarsening.

LMP was also calculated and correlated with the vari-

ation in the c0 size. It is the exposure parameter which is

indicative of the combined effects of the time and tem-

perature. A comprehensive relation of LMP with c0 size

(Eq. 2) has been derived using a software. The regression

R2 & 0.965 was achieved indicating soundness of the

resultant with c0 size.

The transformation of the primary carbides (usually

Ti(Mo)C) [18] to secondary carbides (usually Cr21Mo2C6)

[18] and coalescence of secondary carbides at the grain

boundaries were observed at temperature up to 950 �C for

100 h and at 1050 �C for 25 h (see Figs. 9–12). At 1050 �C

and above the secondary carbides were completely disap-

peared. Probably they could be dissolved in the solution.

Needle-like phases were also observed near the surface

regions in the samples exposed to 1000 �C; it gradually

disappeared at 1050 �C. EDS analysis revealed that they

were rich in titanium (Fig. 16, Table 3). Their morphology

was matching to sigma (r) phase [7]. During high tem-

perature exposures the reactive elements of the alloy such

as Ti, Al and Cr diffused outward form inside the alloy,

leaving depleted zone near the surface of alloy [19]. Due to

change in composition at that region, the c0 formation was

no longer favoured at this region (see Fig. 16).

Conclusions

• The c0 size in the virgin blade of Udimet-500 alloy was

&0.1 lm while after high temperature exposures it

coarsened to 1 lm. These ten times systematic increase

in the c0 size can be utilized as a reference for the

assessment of exposure temperature/time exceeding to

the service temperature [20].

• The c0 size has a power relation with LMP. Thence the

high temperature exposure can be predicted in terms of

coarsening of c0.
• The degradation of the carbides can be used as an add-

on information in assessment of microstructural degra-

dation at high temperature exposure.

• Elevated temperature exposure (C1000 �C) lead to (a)

near surface de-alloying, (b) precipitation of needle-

like Ti-rich phase and (c) depletion of c0; it may bring

about loss of strength and accelerated corrosion of the

alloy.
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