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ﬁg;‘;:;de”'”g increased drastically and shortened the creep lifetime. The small grain size of the forged specimen was

responsiblefor such inverse creep behavior. In addition, fractographs of this specimen indicated
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the solutioning treatment, the creep lifetime increased about 4dsnempaedto the forged specimen.
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Microstructure

1. INTRODUCTION Kuo et al. [8] studied ageing heat treatment effects on
the creepbehavior of InconeV18 superalloy. Their

The Inconel713C nickelbased superalloy tolerates hard results showed that the amount of phase was
and complex operating conditions such as high Proportional to the ageing time that affected the creep
temperatureS, temperature gradientsl abrupt thermal behavior. Caliari et al. [Qjemon.stl’ated that aftdouble
changes, the oxidizing and corroding atmosphidence heat treatment, creep resistancef Inconet718
it is widely used in different higtemperature ~ Supealloy increased andvas affected byy 'andy
applications, particularly in blades of turbochargers or Precipitates and their interactions with dislocations.
turbines [16]. Inconel superalloys are made through Chomette et al. [10] investigated the creep behavior of
casting, forging, and different hefieatment processes. ~ asreceived, agéardened and coldorked Inconel617
Microstructural changes which result from different Superalloys. They indicated that the prib®00 fours
manufacturing processes affect the alloy performance thermal ageing heat treatment affected the initial strain
[7]. Thus, the heat treatment process has an important ate drop and decreased the creep lifetivienet al. [11]

role in achieving optimum microstructure and studied the initial ageing time on the processing map and
mechanical properties, such &mrdness and creep microstructures of a nickddased superalloy. They found
behavior. Some studiesespecially on Inconet718 that the agieg heat treatmerat 900 °C for 9 burs was
superalloy have focused on these important parameters. Suitable for the hammer forging proceShamanfaet al.

reviewed. to 1035 °Candwater quenching (instead of air cooling),

followed by the double ageingrocessat 621 °Cfor 10

’
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hours is usedthe hardness value of 420 Vickeran be

obtaired Li et al. [13] studied the effect of different 2.2. Creep Test Conditions Creeprupture tests
processing technologies and heat treatmemth® creep were conducted in accordance with the ASE#39, at
behavior of the GH4169 superalloy. The results showed a temperature of 850 °Qhe applied load in all creep
that the specimen with clean grain boundaries and with testing was constant and the stress valuealvast 585.5
no & precipitates exhi bi t eMPa. alThisncreeph cohddiong(the creepestgss Andf et |
Probstleet al. [14] improved the creep strength of niekel  temperature) was selectefdr better comparison of
base superalloysyp o pt i miyzbehagor df $okd vy fesultsof this paper with other results in our previous
solution strengthening elemen&hao et al. [15] showed work [18-19]. Details of the utilized creep apparatised
that the microhardness decreased due to the overgrowthin this studyare found in previous workg8-20.

of MaCe-type carbides at grain boundaries, with

increasing the ageing time. Shin et.a][Indicated that 2. 3. Microstructral Evaluation Before and after
with increasing the ageing time, the creep lifetimélipf creep testing, samples were sectioned and polished by
based single crystal superaltoyeduced.In addition, using standard metallographic techniguasaccordance
several studies 2, 17-18] investigated the with ASTM-E3 and ASTME407. Specimens were
microstructure of the asast Inconelr13C superalloy; examined under the OM technique thg Marblestchant

however, few reports ddalith the relation of the heat  to appear different phases2l]. The grain size
treatment and the forging process to mechanical measurementvas in accordance with the ASTENL12.
properties of the Incon@l13C superalloy. Thus, the aim  TheSEMtechnique (XLGPhilips model) was performed
of this research is to investigate the creep behavior of the to show the details of microstructures. The energy
Inconet713C superalloy after ageing heat treatment dispersive spectroscopy (EDS) with the accelerated

without the solutioning step and forging proceGseep voltage of 20 kV was also conducted for semi
parameters under the stress conditiorb86.5 MPaand guantitative chemical analysis daxisting phases in
at 850 °C were measured Then, loth the optical different samples. The mean size and mean volume

microscopy (OM) and the scanning electron microscopy f r act i @articles fwerey rheasured by the M4P
(SEM) techniques were used the microstructural student material science and the IMAGE J program.
evaluations after the prigeatment process and creep

testing.
3. RESULTS AND DISCUSSIONS
2. MATERIALS AND EXPERIMENTS 3. 1. Microstructral Evaluations before Creep
Testing Figure 1(a) shows themicrostructure of
2. 1. Materials and Pre-Treatment Process the ascastInconet713C superalloyc ont ai ni ng tt
Creeprupture tests were performexh four different matrix with a few granular and lots of intergranular
types of specimensmade from the Inconéll3C carbides, which were precipitated in the matrix. Alloy

superalloyThe chemical composition (wt.%) of the used carbidesvereobserved in the blaekolored region in the
material was measured as, C: 0.12%, Cr: 14.00%, Nb: OM images. The particles were natlearlyseen in the

1.91%, Ti: 0.97%, Al: 5.50%, Fe: 0.13%, Mn: 0.04%, Si: matrix in this image due to their small size; however, they
0.45%, Zr: 0.06%, B: 0.01%, Mo: 4.50%, Cu: 0.01% and could have appeared in SEM images. Thus, the Ineonel
balance Ni Thefirst type was agast specimens. The 713 C superalloy consisted of
second type of samples was related to the-hgedened and y ’'particles. For the aged hardened sapie, the
specimens without the solutioning stage. The ageing microstructure changedhe details are shownFigure

process contained heating at930 °Candfor 16 hrs. ltwas1 ( b) . A popul ati on of vy’ clu
noticeable he ageing heat treatment aftedusioning matrix can beobserved The vy’ clusters o
process decreased the creep lifetime, with respect to theaccumulation observed in the regias darkercolored

ascast sample of the Incon@l3 superalloy [19]. than the matrix. They were dibuted non
Therefore, the ageing heat treatment without solutioning homogeneously in the matrix. In addition, then

has been chosen for this researthe third type of continuous grain boundary carbides and finely dispersed
samples was the forged spren. The forging process intergranular carbides also appeared in the matrix,

was done at 1200 °C. The size change of the specimenaccording toarother research [8]. However, in some
under the forging process was about 36%. The last type areas continuous grain boundagriideswasobserved.

of samples was related to the forged specimen, which was The microstructure for the forged sample changed
aged hardened after the forging action, again without the completelyafter36% hot work (forging process) on the
solutioning stage. All specimens were cooled in the specimen. As Figure 1(c) shows, it seemed that
ambient air at 25 °C, after heating in the furnace or the thickness of some allagarbideshasincreased. When the
forging process. forged specimen was adibardened, the thickness of



M. Azadi et al. / IJE TRANSACTIONS A: Basics Vol. 33, No. 4, (April 2020) 639-646 641

alloy carbides decreasemks shown in Figure 1(d). The’ reduced the carbide length. However, the morphology of
clusterswerenot observed in this specimen with respect MC carbides changed from the acicularthe rounded
to other agedhardened sample, comparing Figure 1(b) to shape. More MCs-type carbides were precipitated in
1(d). the matrix, among other specimens before creep testing,

Figure 2 shows the SEM images of different as shown in Figure 2(d the phase identification of all
specimens. In the amst sample, a uniform distribution  phasesias beeronducted by Xray diffraction pattans
of vy’ i3 abservedcinh thesmatrix. Besidesvo (XRD) in somepreviousstudies [19, 23
types of carbides (MC and ACs) were found in white For a better di scussi on, S
and blackcolored regions in the matrix, respectively. parti cles plus the y matri x,
The EDS results of the asast specimen have been was edited by the IMAGE J program are shown in Figure
reported in the previous paperl8]. The results 3. For the ag a st speci men, the mea
demonstrated that M@/pe carbides were ¢hNbC ones. particles was 800 nm. Theamphology of this phase was
A similar result was also reported in other research [8]. the rounded shape. When the specimentegdened, the
By applying ageing heat t raamotumen to,f tthhee vyy'' ppaarrttiicclleess wcel
agglomerated in some regions of the matrix. The size of 1 . The vy’ particle size incr
carbides changed significantly, after the ageing heat coal escence of particles. Tt
treatment. The caitte length decreased approximately particles changed to a seraubical shape. It was found
from 90 pm to 15 pm, as s htohwat inhd&ifguamrsi2t{ibdn Whenheéheg’

specimen forged at 1200 °C, the carbide length changedf r om spheri cal to cuboidal, o
insignificantly with respect to the amst specimen. size became largR4]. Thus, he microstructure of the
Moreover, a | ar g earticles mvbse r ageHhardenet siperalloy consisted of the cubjgathase,

solutioni z e d or decreasedNoi nembheeddgd nrmmat rtihxe. vy matri x. As
precipitating of MsCs carbideswas observed, since from200to 800bur s, the morphol ogy o
black spots disappeared on the image in Figure 2(c). As changed from thespherical to the cubic shape [16

the stability temperature of MCe-type carbides was Therefore,such changes (the ’ particles si z

lower than 1100 °CZ2], the forging process could act as  volume percent) for 16durs seemed to be logical. When
a solutioning heat treatment to solutionize these carbides. the specimerwas forged at 1200 °C, the size and the

Kuo et al. [8] reported that after solutioning step, most amount of the vy phase decre
carbides such ad,;C-type were dissolved badkto the and 22 volume percent, respectively. In thigaibn, the

matrix. However, some of the Mtype carbides still decrease in thg volume fraction in the forged specimen
remainedintact in the matrix Figure 2 (d) shows that  was acceptable. The ageing heat treatment after the

when the forged specimen was aged r dened, ftoregiywg process increased t he
particles wergrecipitatedn the matrixIt was noticeable a value of 53.8 volume percent. In addition, the size of

that the ageing heat treatment after the forging process this phase increade t o 400 nm. It was f

Figure 1. Microstructures of allspecimes before creef Figure 2. SEM images of all specimens before creep test
testing; including 4) ascast, (b) agéardened specimen-a: including (a) ascast specimen (b) agerdened asast ()
cast, (c) forged, and (d) agardened forged forged and (d) aghardened forged
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particles fraction measurements were done in two

Table 1.
3. 2. Creep Testis Results

all specimens.

typical creep behavior contang the three regimes.

In Figure 4, curves of
the engineering strain versus the creeyetire showrfor

ageing heat treatment. is noticeable that tv e n
dimension. In addition, the mean grain size of this sample particles precipitated in clusters and agglomerated in
increased 25% after the forging process, as reported in some regions by the ageing process, more dislocations
easily
in the creegifetime and the increase in theeep strain
could have happened [Zb . I
affected the alloy strengtfThe lattice misfit would be
increased
All samples, except the forged specimen, showed a spherical to semtubical form. Such behavior couddiso
reducethe creep lifetime [2b Thus, increasing the lattice
n the vy

mi grat ed

However, the forged specimen indicated a diverse creepmi s f i t

behavior, under the same creep conditidocordingto

when

i n

t he

n addi t

t he

Y

shape

t

Y

reason for lowering the creep lifetim@lthough the

Table 1 and Figure 4, the ageing process increased theageing heat treatment after
secondary stage of the creep rate about 3 times with minimized the creep rate at teecondary stage, the creep
lifetime decreased by 64%, with respect to theast
sample. This event depicted that the tertiary stage was
started earlier for this specimen, comparing to theass
one. The lowest creep rate was also attributed to the
precipitation of fine intergranular carbides on slip lines,

which pinned dislocations, as the hardening effect [10].

respect to the asastspecimen. The rupture lifetime was
also reduced by 40%, comparing to theast specimen.
The creep strain also increased from 0.10 to 0.15, by the

Figure 3. SEM images ofy +y for all specimens befort
creep testingwhich were edited by the IMAGE J prograr
including (a) ascast, (b) agéardened asast, (c) forged,

and (d) agéhardened forged
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the matrix and the small grain size of the alloy were
responsible for loweringf the creep rate[21]. The
forged specimen showed the sigmoidal creep behavior
since the creep rate increased after the primary regime.
This strain rate enhancement lecatiumpdirectly to the
tertiary creep regime, in the absence of a steady state
creep stage. In other words, in this situation, the strain
increasedinearly by increasing the time, which wast
common for the creep behavior of superalloys. This

behavior demonstted that the work hardening in this

specimen was not dominated and the creep lifetime
decreased with respect to other specimens. In the first

TABLE 1. Different measurements for all specimens

As- Age- Age

Specimens type cast hardened Forged hardened
as-cast forged

Rupture time (s) 3576 2177 337 1345
Fracture strain 0.10 0.15 0.22 0.16
Creep rate (mif) 0.0004 0.0014 - 0.0003
Meansize ofy’
particles (nm)
before creep 800 1000 250 400
testing
Meansize ofy’
particles (nm) 500 700 200 300
after creepfesting
Meanvolume
fractiono f' v g5 5,90 545620 22.0£2.0 53.8:2.0
particlesbefore
creep testing
Mean grain size 156,50 125150 80450 100:5.0

(pm)

S

U

st
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stage of the creep deformation, the stress increased after creep testing, as presented in Tabk Wwas found

sharply due to the dislocation generation and the that the grain boundary sliding could be also activated

multiplication in the forged sample. However, the ageing during creep testing when the grain size of the alloy was

heat treatment after the forging process changed the small [8]. Therefore, such an event would reduce the

dislocation density. The lower density ofsldcation creep lifetime. In Figure 5(d), the amount of carbides

could postpone the softening process and also postponedwith the maximum sie o f 100 pm was u

the second stage of the creep rate. In addition, the highestdispersed in the matrix, which was Nb€cordingto the

creep strain with a value of 0.22 for the forged specimen EDS resultshownin Table 2. After creep testing, tye’

could be the result of the low size of theé p ar t i c Ipatile size of the alloy did not show any growth, as the
temperature of the testing was lower than the solution

3. 3. Microstructral Evaluations after Creep temperature of thg 'phase [2f Due to the results in
Testing  In Figure 5, OM images of ruptured surfaces Table 1, they particle size decreased from 400 nm to 300
in different specimens are shown. nm, after creep testing. Uh, there was a moderate

Figure 5(a) depicts that carbides were elongated in the dependence of the creep rupture strength onythe
samedirection to the appliedtress. According to Table  particles size. Similar to this paper resultsingledecker
1, thpawyticle size decr ea setal[21] repartedstitanthenoptimuno valbied @ tiye' m.
This behavior was related to the interaction of the moving particle size (800 nm) improved the creep rupture

dislocation with the vy’ p bfatime. cl es. A similar observat
has been reported elsewhere][2Zthe microstructure of Figure 6 presents SEM images of different specimens

the ruptured agbardened specimenas different from in the longitudinal direction.

that ofthe ascast specimen, comparing Figure 5(a) to Figure 6(a) shows elongated M¢pe carbides,

5(b), and the vy’ cl ust er s which were iich o KNb (the aheniicaldcorspbsitionbiau t e d
the matrix, wuniformly. Theshgwn inpTahlet2), inlthe whiteolored mbgion,ratiea s e d f
1000 nm to 700 nm, ashownin Table 1. Figure 5(c) creep testing. Plus thBIC-type carbides, MCs-type

indicates thesmall size of alloy carbides after creep carbides were found in the microstructure whicbeen

testing with the value of 20 mGrain boundaries in this  in the blackcolored region. The MCes-type carbides

image wereclearly seen as well The grain size was 80  were rich in Cr andNi (the chemical composition is

g mlt was noticeable that Mei et al. [4] also showed that shown in Table 2). The amount of these carbides

after the solution treatment at 1200 °Q fb hr, the increasedfter creep testing. This event indicated that the
heterogeneous equiaxed grains structure obtained with anhigh value of the appliedtress during creep testing led
average grain size of 65 thaneacti®ioMC e+ gy itn tddoccaratlowdrange s
before and after creep testing were insignificant for all temperatures. Ti& reaction could be done
specimenglue to the shoiterm creep testing, orgrain thermodynamicallyat temperaturehigher than 1000C.

size value was repted in Table 1 for each sampliewas However, the existence of the applied stress decreased
found that the y' particl etheseactioemgpesature asdosvasB50t°©J2A8 sh@wvn n m,

d
Figure 5. OM images of all specimens after creep testi Figure 6. SEM images of all specimens after creep test
including (a) ascast, (b) agéardened asast, (c) forged, in thelongitudinaldirection; including (a) asast, (b) age

and (d) agéhardened forged hardened asast, (c) forged, and (d) a¢ardened forged
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in Figure 6(b), the amount of MCetype secondary 3. 4. Fracture Analysis To identify creep failure
carbides in the agkardened specimen was lower than mechanisms, fractoghraphs of ruptured surfaces for
the ascast specimen. This behavior was due to the lower different specimens were characterized by means of
creep time duration. Chomette et al. [11] reported that SEM. As shown in Figure 7(a), in the-aast specimen,
when MsCs-type secondary carbides could be slip planes were weaker than grain boundaries and
precipitated on slip planes duringeep testing, they were  cleavages in differerglip planeswvereobserved. There
useful in increasing the creep lifetime of the alloy. Thus, were small quadrilateral cleavage planes in different
the highest creep lifetime of the-east specimen could areas of the ruptured surface and cracks propagated
be attributedto have the highest amount of.4@s-type around these cleavage planes. Such fractographic images
carbides participation during creep testing.abtdition, were alsofound in other researels [27]. For the age
MC-type carbides were also searthe elongated shape, hardemd specimen, the transgranular mipares
similar to the axast specimenGrain boundaries were coalescence observed at the intersection of grains, as
decorated with thick planar MCe-type carbides that depicted in Figure 7(b). Vacancies clusters at grain
increased the creep lifetime of the alloy [10]. In the boundaries under stress concenbratisites created
forged specimenM.3Cs-type carbides were not seen  micro-pores [28. However, when the specimen was
after creep testing, as shown in Figure 6(&Yhen the forged, the intergranular fracture was the predominated
forged specimen was adpardened, the small amount of mechanism due to the crack growth in grain boundaries.
M23Ce-type carbides plus M@ype carbides appeared in  In this situation, grain boundaries were weaker than slip

the matrix, as shown in Figure 6(@.h e vy’ p h as @laneso Mareower, the existence of cracks would be
percent deeased about 45% (the highest value) after attributed to carbides participations iain were
creep testing. segregated at grain boundaries prior to failure.

The EDS results for various specimens after creep Decreasing of the grains size in the forged specimen also
testing are reported in Table&ccording to Table 2, no observed obviously in Figure 7(c). It was found that the
new phase precipitated fr gmn bobnearyyslidimpihcreasad, thetneepistnag ardr e e |
testing. The vy saltoh phase that a sredaced she dreepifetime wh the grain size of the alloy
contained several elements such as Fe, Cr, Mo, and Ti. was small [8]. In addition, there was no obvious creep
The high solubility of many elements coudttengthen cavitation on the surface image of the ruptured specimen.
the y. mhhe iw phase with t Thas, thd enobilitg afl dislocations aahiert than ©reep
of Nis(Al, Ti) and with a cubic crystal structure also had cavitation would be the dominant mechanism for
a high voume, compared to its mass. This phase had increasing lie tertiary stage of the creep rate. When the
strong attractive bonds with various atoms and therefore, forged specimen were agédrdened, the formation of

exhibited specific mechanical propertie][2Two types more micrepores was likely possible, as shown in Figure

of MC-type carbides (with the Na@ype structure) and 7(d). The micrepore formation usually happened
M23Cs-type carbideswere also observed. M@&ype bet ween the boundari esheof t h
carbides had the lattice constant of 0.40 nm anpgCi¥ generation of these micoores acted as nuclei sites for

type carbides had the lattice constant of 0.43 nm@CM
type carbides were rich in Cr. In some cases, the eutectic
phase and Mgtype carbides were formed ilnconel
microstructures[16]. However, these phases did not : 2 ;
observe in this research. diwfe-!"m«‘- S “Sare: ke

cleavage plane
NS

e

v

TABLE 2. The EDS results of different phases (% wt) o - Mia-:-;Pore

Element MC M2:Cs 20 b {

Nb 40.8 1.2 15

Ni 16.3 15.4 63.0

Ti 11.0 3.1 2.4

Mo 8.7 2.8 2.9

C 111 36.3 4.8

Cr 5.6 34.4 14.7

Al 4.7 5.7 10.0

Mn 0.5 0.4 0.2 Figure 7. Fracture surface images of all ruptured specime
Fe 13 07 05 including (a) ascast, (b) agdardened asast, (c) forged,

and (d) agéhardened forged
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