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ABSTRACT

The influence of solution and aging heat treatment processes on micro-
structure of Hipped Inconel 718 (IN718) aloy has been investigated. Con-
ventional solutiontreatment (CST) at 1273K for 1h precipitatesathinfilm of
d phase at the grain boundaries of y matrix. However, after solution at 1440K
for 3hlong (modified solution), the precipitates of 5 phaseentirely eradicate
fromthe microstructure. Small coloniesof needle-like & phase start to appear
withaging at 1023K for 4h, after CST. Prolonging the aging timeto 50h, these
colonies enlarge in size and spread in the matrix. XRD and TEM observa-
tions were used to identify the precipitation of hard y” and y' phases. The
changing in hardness measurements was evidence about the precipitation
of these hard phases. CST has higher rate to increasein hardnesswith aging
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time comparing to modified solution specimens.
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INTRODUCTION

INCONEL 718 dloyisoneof themost highly uti-
lized Ni-Base Superaloy and isacommonly used ma-
terial for manufacturing of turbine and aerospace com-
ponents. This alloy is age-hardened by the
homogenously precipitated of y” andy’ phases, which
dlow thedloy to haveahigh strength at moderatetem-
peratures and good creep and fatigue resi stance .

Transmission dectron microscope(TEM) could be
used to identify the superlattice spotsdiffraction of the
y" andy” precipitatesthroughout morphology and ori-
entation relationship of these precipitatesinthisalloy®.

The strengthening phasein IN718 aloy that pre-

cipitated after aging treatment i sthe metastable body
centered tetragonal Ni_,Nb (DO,,) y" phase®¥. This
phaseislongdisc-shaped and liesparalld to the{ 100}
planes of thematrix®. Moreover, the ordered face cen-
tered cubic Ni, (Al, Ti), (L1,) v phaseis precipitated
inasmall amount asafinedispersion, of quasi-spheri-
cal particleswhich are coherent withy matrix°.

Additionaly, 6 phasewith orthorhombic (DO,) can
precipitate at 923K and above and thisis the mgjor
congderation. Theplate-like s phaseisharmful for the
mechanical propertiesof IN718 aloy™*3. Most of Ni
base superall oys strengthened by precipitations of y”
phase are proneto 6 phase, which occursduring pro-
cessing or service,
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The heat treatment scheme of IN718 alloy isdi-
vided into solid sol ution and aging treatment. Solution
treatment process dissolvesthe eutectic phasesNi,Nb
(Laves) phase, inadditionto reducing thechemica seg-
regation of thealoying € ementg®®.

Thisresearchamsat studying theeffect of solution
and aging treatment conditionson themicrostructure of
IN718 alloy. The precipitations of y”, y" phases and
elimination of 6 phasetoimprovethefina mechanica
properties, represented by hardness property, of IN718

dloy.
EXPERIMENTAL

Materialsand chemical composition

The nominal chemical composition of standard
IN718 dloy usedinthisstudy ispresented in TABLE
1. Thisalloy was melted by ahigh frequency vacuum
induction furnace then cast into Y-block type samples
under vacuum. Fine and coarse grain sampleswere
prepared by pouring the melt into preheated (1273K)
ceramic mold at 1633 and 1708K, respectively. After
casting, the sampleswere HIPed at 1440K for 4h un-
der pressureof 143MPato diminatethe shrinkageand
gasporosity formed during casting.

Heat treatment conditions

Two conditions of solution treatment processhave
been carried out. Thefirst solution treatment wasthe
conventional oneat 1273k for 1h*¢18 and the other
onewasthe modified solution treatment at 1440K for
3h, both werefollowed by water quenching.

After solution trestment, the aging processeswere
accomplished at two temperatures of 953 and 1023K
with variousaging timeranging from 2 up to 150h.

M etallographicmicrostructureidentification

All sampleswere sectioned and polished, using con-
ventional metallographic preparation techniques.
Shimadzu EPMA-1600 was used to investigate the
precipitation of & phase. Both Super Back Scattered
Electron (SBSE) and Reflected Electron (RE) images
werevery helpful to recognizeand differentiate between
various phasessuch asNi,Nb (laves), NbC and Delta
phase.

X-ray diffraction (XRD) analyseswerecarried out

witha(6-260) Rigaku (Rint 2100) diffractometer by us-
ing Co-Ka radiation (A = 1.788965A°) and working
inthefollowing conditions. 50kV asacceleration volt-
ageand 50 mA for the current.

Selected sampleswere prepared for transmission
el ectron microscope. TEM examinationswerecarried
out with JEOL Electron Microscope (JEM-1000). The
latter was operated at 1000 kV and equipped with a
tilt rotation probe holder. After theaging treatment, the
sampleswere mechanically ground to ~80um thick-
ness, then el ectro-polished using a Struerstwin-jet at
room temperaturein abath containing chemical solu-
tion of 70% C,H,OCH,, 20% C,H.OH and 10%
HCIO,, under 15V.

Har dnessmeasur ements

Hardnesswas measured using MNK-H1 Akashi
Hardness Tester Machine (Akashi Co. Ltd.) under a
load of 30K g. Themean valueover ten measurements
wasevaluated.

RESULTSAND DISCUSSION

Structureof treated specimensand o phase pre-
cipitation
Solution treatments

The solution hesat trestment isintended to dissolve
bothy” andy' that formed during the cooling during
solidification and that remained after HIPing process.
Additionally solution trestments reduce the degree of
chemica segregation dueto the partitioning of some of
aloying dementsto thedendrite coreand interdendritic
regions.

By usingEPMA, themicrostructure of thesolution
treated IN718 aloy has been investigated. Figure 1
showsthe microstructure of the conventiona solution
(1273K for 1h) specimen, which consistsof primary y
matrix, eutectic (y+NbC) and 6 phase. This d phase

—
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Figurel: Microstructureof standard solution specimen, (a)
SBSE and (b) RE images

Au Tudian Yourual



MSAIJ, 6(2) June 2010

N.El-Bagoury et al.

127

Figure2: Microstructur eof modified solution specimen

precipitatesasathin film at the grain boundaries of y
matrix. Alsofigure 1(a) and 1(b), show thedifferentia-
tion between NbC and 6 phase. These phaseshavethe
samewhite color in SBSE image, but their hardnessis
different; therefore, theinterpenetration between these
white phaseshas been overcomeduetotheir levelsin
RE image. Asthe NbC carbide has higher hardness
vaues, it hasthehighest level in RE imagein compari-
son with & phase, as shown in Figure 1(b). Saied
Azadian, et d.1*¥ found that the 8 phase precipitates as
aneedleshapeor asathinfilm at thegrain boundaries.

The microstructure of modified solution treated
(1440K for 3h) specimen contains primary y matrix
and eutectic (y+NbC). Thereisno presence of the pre-
cipitation of & phasein thisspecimen’s microstructure,
asshowninfigure2.

Depending onthe conditions of the heat treatment
process, 6 phase could be eliminated from the micro-
gructure. Theconventiond solution trestment haslower
temperature and shorter timein comparison with the
modified solution one. Thetemperaturelevel in con-
ventional solution treatment (1273K) isvery near to
thetemperaturerangefor the precipitation of 5 phase.
The 6 phase precipitatesin the range between about
973and 1273K. Therateof itsprecipitationisthehigh-
est at around 1173K. It normally precipitatesby nucle-
ation at grain boundariesfollowed by thegrowth of thin
platesextendinginto thegraing”*9. Theformetion of &
phaseat 973K and aboveisamajor considerationin
limitingitsuse bd ow thisrange of temperatures®.

Because of itsmorphol ogy, the é phase does not
contributesignificantly to thehardening of thedloy. On
the contrary, itspresenceimpliesal ossof hardenability
duetothedepletion of y". Moreover, itspresence has
been associated with an increased susceptibility to hot
cracking®.

Agingtreatment

Themicrostructure of conventiona solution treat-
ment specimens, which aged at 953K for 4 and 50h,
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Figure3: Microstructureof CST specimen aged at 953K

show the precipitations of 6 phaseat thegrain bound-
ariesfigure 3(a) and 3(b). On the other hand, the mi-
crostructure of the modified solution specimenhasno &
phase precipitation. Both SBSE and RE imagesillus-
trate the existence of NbC only in addition to they
matrix, asshowninfigure4(a) and 4(b) after aging for
4handfigure4(c) for 50 haswell.

Aged microstructureat 1023k for 4h has precipi-
tations of 6 phaseinthe CST specimen, but not inthe
microstructure of modified solution specimen.

The absence of 6 phasefrom themicrostructure of
modified solution treatment specimenisapositiveland-
mark in decreasing the susceptibility for hot cracking of
standard IN718 alloy!*¥. Although the precipitation
range for the 6 phase is between about 923K and
1293K 22, the & phase precipitation does not occur in
the modified solution specimen after aging for 4h at
1023K. Prolonging theaging timeto 50h at 1023K for
themodified sol ution specimen has no evidence about
the precipitation of 5 phasein microstructure. Whilein
figure5, themicrogtructureof conventiond solutiontreat-
ment specimen that aged at 1023k for 50h contains
thin & phasefilm at the grain boundaries. Themicro-
sructureof these specimensillustratesthe precipitation
of somesmall size coloniesof needled phaseaged for
4h. After increasing aging timeto 50h, these colonies of
d phaseincreasein sizeand extend intothegrains, as
showninfigure5. Thisisanindicationontheincrease
of thevolumefraction of 6 phaseinthe microstructure
of conventiona solution trestment specimensasaging
timeincreases.

Figure6 showsthelineanadysisfor theplate-liked
phase at the grain boundaries of y matrix of conven-
tiona solution trestment specimen?!. Thecomposition
of these precipitatesisenrichedin Ni, Nband Ti and
depletedin Feand Cr compared to the matrix compo-
gtion.

Hardnesschanging after heat treatment

TheHIPed standard IN718 dloy hasbeen submit-

ey, P alzricly Seience

Au Tudian Yournal



128

Microstructure control of HIPed inconel 718 alloy

MSAIJ, 6(2) June 2010

Figure5: Microstructureof conventional solution treatment
specimen aged at 1023k for 50h

ted to different heat trestment processes. At thebegin-
ning, two solution heat treatment processes (conven-
tiona and modified solution) havebeen carried out, and
then followed by isothermd aging at two temperatures
(953 and 1023K) for different durationsof time.
Figure7(a) and 7(b) show the changesinthe hard-
nessvauesasafunction of theagingtimeat different
temperatures. At 953K, figure 7(a), arapid strength-
ening occurred for HIPed IN718 alloy in case of stan-
dard solution (1273K for 1 h) whilein case of modified
solution (1440K for 3 h) thehardnessslowly changes
with short durationsof timestarting from O up to 24h.
Thedifferencein hardness after 24 h between standard
and modified solution trestmentsreaches about 100Hv
wherethe hardnessfor standard solution specimenis
270Hv and for modified solution specimenis170Hv.
With theincreasein aging time, thedifferencein hard-
nessbecomessmaller and both gpecimenstakethesame
vaueof 390 Hv at 100 h. By prolonging theagingtime
from 100h to 150h, adight increasein hardnessvalues
for thetwo specimenstake place reaching about 399Hv.
Figure7(b) showsthevariaioninhardnessfor stan-
dard and modified sol ution specimens after aging for
different durationsof timeat 1023K. Both specimens
of fineand coarse structures havethesame hardness at
different aging conditionsfor standard and modified
solution specimens. The hardness of standard solution
specimen reachesabout 340Hv just after 10hwhileit
was 230Hv at 953K after the same duration of time.
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Figure6: Lineanalysisfor deltaphasein the specimen aged
at 1023K for 100 h (conventional solution treatment)

The standard sol ution specimens harden morerapidly
than modified ones, which need anincubation period to
reach higher valuesof hardness. Thisincubation period
for the hardening of modified sol ution specimens pro-
longed for 16h. Agingfor 24 hwasenoughtoincrease
the hardness of modified solution specimensto reach
the same hardnessval ues (385HV) for standard solu-
tion specimenswhileat 953K it takes 100h to get the
same hardness. Asthe duration of aging increasesto
50, 100 and 150h the hardness of modified solution
specimensincrease slightly to 395, 407 and 421Hyv,
respectively. After the same aging duration times, the
hardness of standard sol ution specimensislower than
that for modified ones.

Thehardness changesarerel ated to thetype of the
preci pitated phases, their volumefractioninthematrix,
andtheirsize.

Identification of yand y' precipitations
XRD examinations
Theidentification of precipitated phasesby XRD
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Figure7: Hardnessmeasur ementsver susvariousaging heat treatment conditions, (a) at 953K and (b) at 1023K
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Figure8: X-ray diffraction pattern for aged specimen at 1023K for 4h

_

Figure9: Bright field micrograph of modified solution speci-
men

was accomplished based on JCPDScardlist. The XRD
analysishasbeen performed on the specimens of con-
ventional solution treatment aswell asmodified solu-
tion one. These XRD patternsexhibit thepresenceof y
matrix and M C carbides and disappearance of non-
equilibrium phase, Ni,Nb, in al specimensof conven-
tional and modified solution specimens. Thed phase
wasfound only in the conventiona solution treatment
specimens.

Figure 8(a) and 8(b) show the XDR patternsfor
the conventiona and modified solution specimensafter
aging for 4 h at 1023K. The peaks of they’ and y”
phases were not clear enough aswell asfor the pres-
ence of 5 phasein the XRD pattern of conventional
solution trestment specimen. Even after longagingtime,

@ - o)

Figure 10 : Bright field micrograph for the modified
solutionspecimen aged at 1023K

50h, at 1023K, the XRD patterns show the absence of
d phasein modified solution specimen.

Actually theidentification of precipitated phases
suchasy,y” and 6 wasalittlebit complicated by using
XRD and not as expected. Therefore, TEM wasused
inthisresearchto confirm theidentification of the pre-
cipitated phases.

TEM observations

Figure9 showsthe bright field image of the modi-
fied solution specimen, inwhich thereisno observation
fory’ andy” phases. Thebright field micrograph for
themodified solution specimen that aged at 1023K for
8hisshowninfigure 10(a) whichindicates some pre-
cipitationsof y andy”. Thehardnessvalue of modified
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Figure11l: M odified solution specimen aged at 1023K for 24h: (a) Dark field micrograph using (010) y’ spot, (b) Dark field
micrograph using (1% 0)y" spot, (c) Dark field micrograph using (220) y' spot
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Figure12: Thediffraction patter n of modified solution speci-
men aged at 1023k for 50h obtained from {100} matrix zone
axig?

solution specimen after aging for 8h at 1023K islow
(165Hv), asshowninfigure7(b) and it could bedueto
lower volumefraction of y and y"1#,

By prolonging the aging timeto 24h at the same
temperature, 1023K, the hardness value significantly
increased to reach = 390Hv as shown infigure 7(b).
Thisincrement should bedirectly related to the higher
volumefraction of y" and y” precipitates. The bright
fieldmicrogrgphfor themodified sol ution specimen aged
at 1023K for 24h, figure 10(b) showsthe precipitates
of y” phase in the y matrix. Figure 11(a) showsthe
dark field micrograph fory' precipitatesinthemodified

®

200nm
—

B Ci0nm

solution specimen after aging at 1023K for 24h, ob-
tained from (010) y' spot, and the precipitatesare rec-
ognized to appear like spherica particles. Figure 11(b)
showsthedark field micrograph obtained from the (1
¥ 0) y" spot, which usually appears as long disk—
shaped, uniformly distributed inthe matrix with ahigh
dengity. Additionaly, figure 11(c) illustratesthedark fidd
micrograph obtained from the (220) y' spot.

Astheagingtimeincreased to 50h at 1023K, the
visbility of the precipitatesis enhanced. Figure 12(a)
showsthe <001> matrix zone axis selected areadif-
fraction (SAD) pattern for themodified sol ution speci-
men aged for 50h at 1023K. Figure 12(b) demongtrates
thekey to SAD pattern, { 100} and{ 110} typereflec-
tions correspond to bothy" and y” phaseswhereas{ 1
Y% 0} type reflections correspond to only y”. At these
conditions of heat treatment the hardnessvalue gets
dightly increased to = 400Hv. Figure 13(a) and 13(b)
reveal thedark field micrograph obtained from (110)
v spot and (1 %2 0) y” spot.

Although thed phaseisthermodynamically more
stablethan they” phase, theduggishnessof the d phase
preci pitation meansthat itsformation upto about 1173K
isalways preceded by y" preci pitationg?.

CONCLUSIONS

In this research two types of solution heat treat-
ment, followed by the same aging conditions, werecar-
ried out for standard HIPed Inconel 718 aloy. Based
ontheresults, thefollowing conclus onscould bedrawn:
1 Afteragingat 953K, the hardnessincreasesrap-

idly in case of standard solution (1273K for 1h)

specimensthan that for modified solution (1440K
for 3h) specimens. After 100h, thehardnessreached
thesamevauefor both standard and modified solu-
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Figure13: Modified solution specimen aged at 1023K for
50h: (a) Dark field micrograph using (010) y' spot, (b) Dark
field micrograph using (1% 0) y” spot

tion specimens.

2 Incaseof aging at 1023K with short aging times
(0-4h), the hardnessfor modified solution treated
specimens need an incubation period to increase
suddenly after 24h. While the hardnessfor con-
ventiond sol ution treated specimensincreased dra-
maticalywithhighaccderationwithagingtime. The
hardnessvaluesfor both conventional and modi-
fied solution treated specimens becamenearly the
sameandincreased dightly together after agingtime
for 24h.

3 ByusngEPMA, themicrostructureof sandard so-
lution treated specimen reveal ed the precipitation
of 6 phase asathin layer distributed at the grain
boundariesand aso asneedle-like. Whilethemi-
crogtructurefor modified solution treated one shows
no precipitation of 5 phase neither at the grain
boundaries nor as needle shapein the matrix.

4 After 100h aging at 1023K, SBSE and RE images
confirmed thedisappearing of & phasefrom themi-
crostructure of modified solution treated specimen.

5 Asthe aging time increases from 4h to 50h at
1023K, the colonies of the needle-like 5 phaseis
enlarged and spread inthematrix. Prolonging the
aging timeincreasesthevolumefraction of & phase
in conventional solution treated specimen.
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