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ABSTRACT

The effect of aging process at 845° C for 24 h and casting conditions on the
microstructure and mechanical properties of Ni base superalloyswereinves-
tigated. Alloys under investigation were manufactured by investment cast-
ing under various conditions of cooling rate and superheat. These alloys
were solution treated at 1120 and 1180° C followed by air cooling before
aging process. Thevolume fraction of TCP phasesdecreaseswithincreasing
casting superheat and lowering cooling rate. The grain size of aged speci-
mens and solution treated at 118°0 C is coarser than ones solution treated at
1120° C. The V, of y’ particles in case of aged withlow superheat specimenis
higher than that in high superheat oneafter solution at 1120 and 1180° C. The
V, of y” in case of aged and sol ution treated at 1120° C is higher than that aged
with solution treated at 1180° C. Hardness measurements of aged alloys with
low and high superheat specimens solutiontreated at 1120° C are higher than
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that of 1180° C.

INTRODUCTION

Nickel base superalloysused for modern gastur-
binesare continualy being devel oped toincreasethrugt,
operating efficiency and durability. For many years, Ni
base superaloyssuchasIN738LCand GTD 111 d-
loys have been used in gasturbinesasbladesat high
temperature because of itsexcellent high temperature
mechanical properties®®. Generaly, the Ni-base su-
perdloyswith complex and multi-phasemicrostructures
arestableat high temperaturesandthischaracteristicis
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the main reason for using themin critical and severe
serviceconditiong™.

The strengthening of nickel-based superalloysis
mainly obta ned by the coherent precipitation of alarge
amount of Ni Al typey’ % phase in a nickel-based y
matrix. Themorphology of they’ % precipitates in these
aloyshasbeenwell documented and alargevariety of
they’ % precipitate shapes has been observed (spheres,
cubes, aligned cubes, plates, short plates, doublet of
short plates, octet of cubes, largeplates, rafts,...)1*13,

Topologically closed-packed (TCP) phasesare
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intermeta lic compoundsthat occur inaplate-likemor-
phology, which of course, appearsasneedlesor single-
plane microstructure. Theseintermetallic compounds
form when theratio of refractory metals and chro-
mium to cobalt + nickel inthealloy matrix exceeds
certainlevels, asdefined by the phaserel ationsfor the
systemsinvolved™,

The heat treatments usually recommended for
nickel -base superaloysare suggested primarily to pro-
duce highvolumefractionand better szedistribution of
v’ precipitates which give optimum stress rupture prop-
erty. Inas-cast alloyswith ahigh volumefraction of y/
vy’ eutectic, the complete dissolution of y’ by the appro-
priate heat treatment isof extremeimportance®. The
high melting temperature of Ni base superalloysfre-
quently allowsfor refinement of they” microstructure
with asolution heat trestment followed by one or more
steps of ageing heat trestments. Bothy’ precipitatesize
and volumefraction (V) can significantly influencethe
mechanical propertiesof thesinglecrystal nicke-base
superdloysat room and e evated temperature.

Inthisstudy, the effect of aging heeat treatment pro-
cessonmicrostructure and mechanicd propertiesof an
experimental Ni base superaloy will beinvestigated.
TCPphasesandy’ particle morphol ogy, sizeand vol-
umefractionwill beeva uated under casting conditions
of cooling rateand superhest levels.

EXPERIMENTAL PROCEDURES

Thechemica composition of theinvestigated Ni
basesuperdloysinthisstudyisshowninFigurel. These
alloyswere melted under vacuum atmosphere before
casting under various casting conditionsof coolingrates
and superheat levels. Low (L) and high (H) superheat
levelswere applied into two castings. Each alloy, H
and L aloys, accompanied by three cooling rates, fast,
medium and dow.

These Ni base superaloyswere solution trested at
different conditionsof 1120 and 1180 °C for 2 h fol-
lowed by air cooling. Further aging heat treatment at
845 °C for 24 h was accomplished for both solution
treated aloys.

Opticd emissonapparatus, ARL35600ES aswdll
asNi base software were used to determine the chemi-
ca composition of the heet treated dloys.
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Characterization for microstructure studiesinclud-
ing morphol ogy and volumefraction of different phases
wascarried out by both Zeisslight optical microscope
fitted with Hitachi digital cameraand JOEL JSM-5410
Scanning Electron Microscope (SEM). Thespecimens
for microstructure examination were ground and pol -
ished accordingtoASTM standard E3 and E768, then
etched with 50 ml HCl + 2 ml H,O, (30%) solution.
The study of themicroanadysisand segregationfor a-
loying elementswas performed using EDSin JEOL
JSM5410.

Differentia scanningcaorimetry (DSC) andysiswas
performed using aNetzch STA 449 F3 Jupiter instru-
ment to examinethe crystalization behavior of theal-
loy. All sampleswere heated a aconstant rate of 10°C/
min and duplicate samples were evaluated for each
condition.

TheVickers hardnesswas measured with Akashi
Hardness Tester Machine (Akashi Co. Ltd.) under a
load of 60 Kg. Themean vaueover ten measurements
waseva uated.

TABLE 1: Chemical composition of experimental Ni base
superalloy, mass%.

Elements
Aloy ©  ©

Ascast (H) 0.54 16.95 2.45 4.36 5.88 10.48 1.49 0.10 1.86 Bal.
Ascast (L) 0.47 16.97 2.39 4.27 5.74 10.37 1.41 0.12 1.93 Bal.

Mo W Ti Co Al Nb Ta Ni

RESULTSAND DISCUSSION

Ascast structureof Ni base superalloys

Themicrostructure of theas cast experimental Ni
base superalloys used inthe present work, consi sts of
primary vy, interdendritic y/y’, MC carbides and TCP
phases such asn and ¢ phasesin the interdendritic
zones, asshowninFigure 1.

ThehighestV, of interdendriticy/y” found with highest
cooling rateand lowest melt superheat. WhereastheV,
of o and 1 phases increases as the melt superheat in-
creases and the cooling rate decreases ™.

Bimodal, spheroidal and cuboidal shape, and du-
plex precipitates, fineand coarsey’ phase arefoundin
theascast microstructure.

In dendritic region, therearefiney’ precipitates
whileininterdendriticregion, coarsesizey’ precipitates
exigt, asit hasbeen also observed by Kim et al .[*8l,
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Figurel: Microstructureof ascast Ni basesuper alloy™.

20KV X2,200 10pum

TABLE 2 givethemicro-chemical andyssof TCP
phasesliken and o phases. | phasehashigh levelsof
Ti and Ni elements whereas Cr, Mo and W are the
main elementsinwhich ¢ phase composed of .

TABLE 2: EDSchemical analysisof ¢ and n phasein aged
alloyg*™.

Elements
Phase

n 019 431 084 117 1594 7.19 153 0.34 3.00 Bal.
c 0.78 36.75 20.37 10.01 229 9.68 047 -- 3.45 Bal.

C Cr Mo W Ti Co Al Nb Ta Ni

20kV  X17,000 0053 Taif EMU
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Solution treated microstructure

Solution treatment was carried out for 2h at both
1120 and 1180°C followed by air cooling. The solution
treatment at 1120°C represents the standard solution
treatment whilethat at 1180°C represents the modified
solution trestment. DSC measurements, SEM and EDS
emphasized that the o nodular and interdendritic y/y’
phasesfoundin ascast structurewereentirely vanish
after solution treatment either at 1120 or 1180° C[*9,

After solution treatment with various conditionsfor
all ascast specimens, theinterdendriticy/y’ phase van-
ished compl etdy from these microstructures.

Density or V, aswell asmorphology and sizeof y°
precipitatesisaffected by the sol ution trestment condi-
tions. Themorphology of ascast coarsecuboidd y’ pre-
ci pitates changesto fine spheroida onesafter solution
treatment processes, as shownin Figure 2. The V, of
these preci pitatesin as cast microstructuredecreases by
solution trestment. Sol ution trestment with 1120°C has
higher V. of y” precipitates than sol ution treatment after
1180°C. Coarsey’ particles first coalescence with each
other thendissolved inthematrix with solution trestment.

20kV  X10,000 1um

Figure2: y’in as cast (a) and heat treated microstructures at 1120 °C*9.

Theeffect of solution treatment temperatureonthe
V. of n phasefor different specimensingivenin TABLE

TABLE 3: Effect of solution temperatureon V, of n phase™.

V; at solution treatment Temperature (%)

Specimen

at 1120 °C at 1180 °C
L1 2.76 1.23
H1 4.64 2.36
L3 1.27 0.45
H3 3.25 1.89

3. Elevating the sol ution treatment temperature from
11200 1180°C, affect significantly the V. of n phase.
ThisV, decreases by increasing sol ution temperature
from 11200 1180 °C for the same specimen.

I nfluenceof aging on microstructure

Figures 3 and 4 show the aged microstructures at
845° C of L and H specimens after solution treatment
at 1120 and 1180° C, respectively. The aged micro-
structuresof L and H specimenswith various cooling

Au Tudian Yourual



MSAIJ, 7(5) 2011

Nader El-Bagoury

305

rates, L1, L3, H1 and H3 areshownin Figures3 and
4. General speaking, the V, of TCP phases in
interdendritic regionsof 1120° C specimens is higher
than that of 1180° C for both L and H alloys. In other
words, high solutiontemperaturedissolves TCP phases
such asc and 1 phases in the y matrix.

Moreover, casting superhest level hasagreat effect
ontheV, of TCP phases. Superhezt level hasinverse
relationship with TCPV,, where decreasi ng superheat
level increasesthe of TCP phasesininterdendriticre-
gions, asit can beseenin Figures3 and 4.

Additiondly, needle-liken phase can be noticed in
themicrostructure of 1120° C after aging at 845° C, as
showninFHgure3. However, thismorphol ogy of ) phase
entirely vanished from themicrostructure of 1180° C,
asshowninFigure4.

Thegrainsizeof aged dloysaffected aswell by the
solutiontemperature”. It can beeasily recognized that
thegrain sizeof all L and H alloys with 1180° C is
coarser thanthat of 1120° C for the same conditions of
L and H specimens, asshownin Figure3 and 4.

== Pyl Paper

Two typesof carbidesare observed inthe micro-
structure of H and L specimens after aging at 845° C
for 24 h; primary MC and M_,C, carbides. MC car-
bides have an irregular blocky morphology at grain
boundariesandininterdendritic zones. However, M_.C,
carbides are located at the border between n and y
phases.

Accordingto chemica anadysisof carbidesgivenin
TABLE 2, themgjor aloyingelementsin M C carbides
areTaand Ti inadditionto carbon. Additiondly, theM.,,.C,
carbidescong st mainly of Cr and W besidecarbon.

Blocky MC carbidesaresmalerinsizein L speci-
men in comparisonwith H specimen after aging at 845°
Cfor 24 h. Moreover, M, ,C, carbidesobservedin L
specimen are small separated particles at the grain
boundaries. Whilein H specimen, these small sepa-
rated M_,,C, particlesgrow and congregateinto awide
continuous carbidechainat grain boundaries.

Figures 6 and 7 show they’ precipitates in both
aged L and H specimens after solution at 1120 and
1180° C, respectively.
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Figure4: Aged microstructureat 845°C after solution treated at 1180°C of; H1, b) L1, ¢) H3 and d) L3 alloys.
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Figure5: Aged microstructureat 845° C of a) H1 and b) L1 solution treated at 1180°C.

TABLE 4: EDSchemical analysisof carbidesin aged alloys.

Elements

Phase C Al Ti Cr Co Ni Nb Mo Ta W
MC 8.35 0.23 24.07 2.03 1.08 5.06 0.24 1.02 55.38 2.54
M23Cs 11.23 0.70 2.30 64.4 1.86 5.64 0.38 1.74 255 9.2

Theszeof y’ particles in aged H specimen at 845°
Cfor 24 hislarger than that in L specimen in both
casesof solutiontrestment, 1120 and 1180° C, as shown

inFigures6 and 7127,

TheV, of ¥’ particles in case of aged L specimen is
higher than that in H one after solution at 1120 and
1180° C, as shown in Figures 6 and 7.

Increasing the sol ution temperature from 1120 to
1180° C decreasing the V, of y’ particlesinboth L and
H specimens. Whereas the sol ution temperature el -
evated thecoarsey’ precipitates dissolved in the matrix
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loweringtheV, of y’ particles'.
Athe morphol ogy of y partlcle is only round with

20kV XT,OOD 2um 0053 Taif EMU
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different szesintheL and H specimenswith 1120 and
1180° C as shown in Figures 6and 7.

20kV  X7,000 2um 0053 Taif EMU

Figure6: vy’ precipitates in aged microstructure at 845° C of H specimen with solution temperature at 1120° C a) L 1 and b)

H1after agingat 845°C.
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Figure7: vy’ precipitates in aged microstructure at 845° C of H specimen with solution temperature at 1180° C a) L 1 and b)

H1after agingat 845°C.
Har dnessmeasurements

TABLE 5: Hardnessvaluesof aged specimensat 1120 and
1180°C

Alloy L1 L2 L3 H1 H2 H3
1120°C 472 467 445 462 454 440
1180°C 450 438 427 446 436 425

Hardness measurements for aged specimens at
845 Cfor 24 h and solution treated at 1120 and 1180°
C wereevaluated. Hardnessvalue hasastrong rela-
tionship with they’ characteristics especially volume
fraction and size. Moreover, cooling rate and super-
heat |evelsaffect the hardnessvaluesaswell. Hard-
ness measurements of aged L and H specimens after
solution at 1120 and 1180° C are given in TABLE 4.
Highest valuesfor hardness property obtained with

highest cooling rate specimens L1 and H1?1, Addi-
tiondly, lowest hardness measurements achieved with
lowest cooling rate specimenssuch asL3and H3, as
showninFigure 8. Therefore, it could be concluded
that hardness measurementsincreased with increas-
ing cooling rate and vice versa. However, L speci-
mens have higher hardness valuesthan H specimens
in both cases; 1120 and 1180° C, as shown in Figure
8. In other words, as the superheat level increases
the hardness val ue decreased?.

Hardnessmeasurementsfor L and H specimenswith
1120° C are higher than that of 1180° C, as shown in
Figure8 (a) and (b). Moreover, thedifferencein hard-
nessvauesbetween L and H specimensin caseof 1120°
Ciswider thanin 1180° C one, as shown in Figure 8
(@ and (b).

c——  Polorialy Science
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Figure8: Hardnessmeasurementsfor L and H specimensafter aging at (a) 1120 and (b) 1180° C.

Asthe cooling rate increases and superheat de-
creases the hardness value increased®24, This may
related to thesmaller sizeof y’ in comparisonwith the
conditionsof lower cooling rateand higher superhest
level, asshowninFigures6and 7.

Higher temperature of aging treatment, 1180° C,
has higher effects on the dissolution of coarsey’ in
the matrix thanin case of 1120° C. Therefore the V,
of y”in case of 1120° C is higher than that in 1180°
C, whichinturnincreasethe hardnessvauesof 1120°
C specimensthan 1180° C ones. In the same direc-
tion, thesizeof y’ particles in 1120° C specimens is
larger than that in case of 1180° C as shown in Fig-
ures 6 and 7. The variation of hardness val ues be-
tween L and H specimens are different because of
the effectivenessof aging with solution at higher tem-
perature, 1180° C, that diminish the V, and size of y’
than in case of aging with solution at lower tempera-
ture, 1120° C. From the latter it can be concluded
that in case of aging with solution at 1180° C speci-
mens, the rate determining step isthe aging tempera-
ture. However inagingwith solution at 1120° C speci-
mens, cooling rate and superheat level have agreat
influence on the hardness measurementsin addition
to the solutiontemperature level.

CONCLUSIONS
Theresultsof aging at 845° C for 24 h on the mi-

crostructure and mechanica properties of Ni base su-
peralloysthat solution treated at 1120 and 1180 were

asfollows:

1. TheV,of TCPphasesinaged L and H specimens
solution treated at 1120° C is higher than that of
1180° C.

2. Thegrainsizeof aged L and H specimenswith
118°0 C is larger than the grain size of solution
treated at 1120° C.

3. TheV,of y’ particles in case of aged L specimen is
higher thanthat in H oneafter solution at both 1120
and 1180° C.

4. TheV,of y’ precipitatesin case of aged aloys so-
lutiontreated at 1120° C is higher than that solution
treated with 1180° C.

5. Hardnessmeasurementsof aged L andH specimens
with 1120° C are higher than that of 1180° C.
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