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ABSTRACT

The effect of deformation temperature on tensile behavior of Inconel 718 alloy has

been studied by a self-developed in-situ high-temperature tensile stage inside a

scanning electronmicroscopy at a temperature range from room temperature (RT)

to 750 �C. The dynamic microstructure evolution and mechanical properties at

different temperatureswere performed and compared by the uniaxial tensile tests.

The in-situ test results showed that the mechanical properties and fracture mech-

anismsof Inconel 718alloywere sensitive todeformation temperatures. FromRT to

650 �C, theyieldstress andultimate tensile strengthdecrease slightlyand the tensile

ductility is comparable. While up to 750 �C, the yield stress and ultimate tensile

strength decrease significantly, the elongation and reduction of cross section also

showeda significant decrease fromRT to 750 �C. Itwas found that atRTand650 �C,
tensile cracks tended to initiate around the carbide particles and the triple junctions

of grain boundaries, also propagated transgranularly; at 750 �C, the cracks initiated
at grain boundaries and propagated intergranularly. In fact, with the increase in

deformation temperature, the fracture mechanism transformed from the ductile

transgranular fracture to the brittle intergranular fracture.

Introduction

Inconel 718 (IN718) has excellent cyclic fatigue

resistance, high tensile strength, good corrosion

resistance and oxidation resistance at elevated

temperature [1, 2]. Thus, it is widely used in aero-

space field for manufacturing of critical components,

such as combustion chambers, aircraft turbine disks,

shafts, fasteners, guide vanes. [3, 4]. IN718 alloy is a

typical precipitate-strengthened nickel-based super-

alloy with face-centered cubic (fcc) structure. The
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strength at elevated temperature is primarily derived

from metastable c00 phase (Ni3Nb based D022 struc-

ture) coupled with a small amount of spherical c0

phase (Ni3Al based L12 structure) and carbides [5–8].

Therein, c00 phase has a good coherent relationship

with the c matrix and its size and quantity will

directly decide the comprehensive mechanical prop-

erties of the alloy. However, during long-time service

at high-temperature or heat treatment, c00 phase is

unstable and prone to transform into the incoherent

equilibrium phase d (Ni3Nb based D0a structure),

which can stably exist at elevated temperature and

decrease the strength of the alloy [9–11].

As an aero-engine structural material, IN718 alloy

is simultaneously subjected to high temperature and

high stress during a long-term service, resulting in a

continuous evolution of microstructures of the alloy.

The evolution of microstructure directly affects the

mechanical properties of materials [12–14]. Thus, it is

necessary to study the dynamic relationship between

the microstructure evolution and variation of

mechanical properties of IN718 alloy under condi-

tions of changing temperature and stress, which is

helpful to understand the fracture mechanism of

IN718 alloy under similar service conditions. Some

investigations have been carried out to study defor-

mation behaviors and the structure–property rela-

tionships of IN718 alloy at different temperatures.

Liu et al. [15] studied the effect of grain size on the

fracture behavior during uniaxial tensile tests per-

formed on IN718 sheets at room temperature, and

explained the fracture behavior with respect to the

influence of the microstructure, but the effect of ten-

sile temperature on the fracture behavior was

neglected. Wang et al. [16] studied the hot deforma-

tion behaviors of IN718 alloy at elevated tempera-

tures ranging from 950 to 1050 �C by ex-situ tensile

tests, and found that dynamic recrystallization is

responsible for the flow oscillations in stress at lower

strain rates. Lin et al. [17] studied the effects of

deformation temperature and strain rate on the

fracture morphology of IN718 by ex-situ hot uniaxial

tensile tests at the temperature ranging from 920 to

1040 �C and strain rate range of 0.001–0.01 s-1, and

found that the flow behaviors are significantly affec-

ted by the deformation temperature, strain and strain

rate. Zhao et al. [18] studied the influence of the grain

size and strain rate on fracture behaviors of IN718

thin sheets using ex-situ uniaxial tensile tests at 800

�C, and proposed a two-step fracture mechanism

based on the post-mortem observation of fracture

morphology by SEM. Lu et al. [19] investigated the

high-temperature tension and low cycle fatigue

deformation behaviors of IN718 alloy in the electro-

hydraulic servo system with SEM at 455 �C, and

found that the carbide and twin grain are the crack

source during the low cycle fatigue. The fatigue crack

initiation and propagation were observed in situ, but

the detailed microstructure evolution and fracture

behavior until failure were scarcely mentioned in the

article.

Though plenty of tensile deformation behaviors of

IN718 alloy at high temperature were studied, the

experiments were mainly conducted by ex-situ ten-

sile tests. Fracture mechanisms are mostly deduced

from the speculation of the fracture process by

observing fractographies. Only a few in-situ resear-

ches are based on room temperature or a far lower

temperature than that service temperature of IN718

alloy [19–21]. Therefore, in-situ comparison of the

microstructure evolution and the whole fracture

process during tensile tests at room temperature and

elevated temperature is of great significance, which

will greatly help to understand the effects of defor-

mation temperature on fracture mechanism of IN718

alloy.

In this study, the effect of deformation temperature

on the mechanical properties of IN718 alloy were

studied at room temperature (RT), 650 �C and 750 �C
using uniaxial tensile tests. The crack initiation and

propagation process were observed via real-time

observation of the microstructural evolution behav-

iors by putting the tensile stage into SEM chamber.

The fracture surfaces were also characterized by SEM

after tensile tests. Based on the experimental results,

the effects of deformation temperature on mechanical

properties and deformation mechanism were dis-

cussed. The experimental results would be of

importance to better clarify the structure–property

relationship and fracture mechanism for the super-

alloy at different temperatures.

Experimental material and procedures

Specimen preparation

The hot-rolled bars with 30 mm in diameter of IN718

alloy were used in this study. The chemical compo-

sitions (in wt%) of the alloy are shown in Table 1. The
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bars were firstly subjected to a heat treatment pro-

cedure consisting of a solution heat treatment at 1050

�C for 1 h followed by water quenching. Then, the

bars were aged at 725 �C for 15 h followed by air

quenching.

The tensile specimens were wire-cut into the dou-

ble-dog bone geometry with a gage length of 2 mm, a

gage width of 1 mm, and a gage thickness of 0.7 mm.

The machining dimensions are shown in Fig. 1. The

ladder shape was prone to form the stress concen-

tration area, where the microstructure evolution, as

well as the crack initiation and propagation were

observed in situ during the high-temperature tensile

tests. To reveal the prevailing microstructure of the

specimens via SEM, the specimens were firstly pre-

pared using typical metallographic grinding and

polishing techniques with SiC abrasive papers (from

400 to 2000 grit) until mirror smooth. The specimens

were then etched chemically with a mixture solution

of 5 g CuCl2, 100 ml HCl, and 100 ml C2H5OH for

approx. 1 min at room temperature.

In-situ tensile tests

The in-situ tensile testing system developed by the

authors has been integrated into a FEI Quanta650

FEG SEM, as shown in Fig. 2a. The design allows for

the stage to be mounted inside a SEM, thus allowing

high-resolution and time-resolved observations to be

carried out. The system integrates both tensile stage

and the heater for high-temperature tensile work all

together. The schematic diagram of heater and

clamps is shown in Fig. 2b. The left and right clamps

are controlled by a multistep gear-drive system,

which can achieve the axisymmetric uniaxial bidi-

rectional tension. The heating core with a diameter of

8 mm slightly touches the testing specimen to heat it

by conduction mode. A K-type thermocouple is used

to monitor the temperature by contacting with the

lower surface of the specimen. The tensile system can

provide a maximum load of 2224 N and a maximum

displacement of 40 mm at a temperature range up to

900 �C. A detailed description of the device has been

reported in previous work [22].

The in-situ uniaxial tensile tests were conducted at

a displacement rate of 0.5 lm/s and at RT, 650 �C
and 750 �C until failure. At each temperature, five

specimens were subjected to tensile testing to calcu-

late the average mechanical properties of IN718 alloy.

Before tensile test, the size of specimens was mea-

sured again in order to confirm the effective cross

section, due to the reduction effect of the polishing.

Subsequently, the specimen was heated to the selec-

ted testing temperature step by step and held for

30 min to ensure temperature uniformity along the

gage section. The tensile load–displacement curve

was recorded in real-time via the control system. The

corresponding stress is obtained by the load divided

by the effective cross-section area. In-situ SEM ima-

ges were taken at pauses in the tensile process. After

image acquisition, the test was resumed using iden-

tical displacement-controlled conditions.

Results

The initial microstructures

The initial microstructure of IN718 alloy before ten-

sile tests was observed through SEM and the results

are shown in Fig. 3. It can be found that the grains are

equiaxed with the average size of about 95 lm. In

addition, lamella-like twins formed during annealing

are also distributed in the matrix. By local magnifi-

cation, some polygonal-shaped particles embedded

inside matrix (marked by yellow arrows) can be seen

in Fig. 3b, which were confirmed to be (Nb, Ti)C

carbides and (Ti, Nb)(C,N) carbonitrides according to

Table 1 Chemical

compositions of IN718 alloy

(wt%)

Ni Cr Fe Mo C Co W Mn Nb V Al Ti

52.99 17.3 19.36 3.52 0.07 0.01 0.08 0.05 5.26 0.01 0.52 0.83

Figure 1 Dimensions of the in-situ tensile specimen.
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Energy Dispersive Spectroscopy (EDS) analysis, as

shown in Fig. 3d. Along the twin grain boundary

(marked as c in Fig. 3b) nano-sized c0/c00 precipitates
was identified in the microstructure of c matrix, as

shown in Fig. 3c. The d phase was not observed in the

microstructure. This indicated that the d phase was

completely dissolved during the heat treatment.

Tensile properties

In order to compare the influence of temperature on

microstructure and mechanical properties, subse-

quently in-situ tensile experiments were done. Typi-

cal tensile stress–strain curves at RT, 650 �C and 750

�C are shown in Fig. 4, respectively. It is worth noting

that the appearance of stepwise patterns in curves is

mainly due to the stress relaxation and the intermit-

tent starting and stopping during the tensile tests

[23]. Such phenomenon is particularly evident at 750
�C due to the thermal softening. The strain hardening

phenomenon was observed after yielding in all

Figure 2 a In-situ high-

temperature tensile stage

positioned inside the SEM

chamber; b schematic diagram

of the main working parts.

Figure 3 SEM images of the

initial microstructure of IN718

alloy: a grain distribution;

b higher magnification of the

marked region in (a);

c enlarged image of the region

marked as c in (b); d EDS

spectrums of carbide and

carbonitride in (b).

Figure 4 Engineering stress–strain curves measured during the

in-situ tensile tests at RT, 650 �C and 750 �C.
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curves. The average values of yield stress (YS), ulti-

mate tensile strength (UTS), elongation to fracture

and reduction of cross section are tabulated in

Table 2. The corresponding standard deviations are

also shown in parentheses in Table 2. It can be found

that all the values decrease with the increase of

temperature.

From RT to 650 �C, the YS and UTS decreased by

60 MPa and 131 MPa. In contrast, the YS and UTS

decreased by 200 MPa and 257 MPa from RT to 750

�C. It revealed that the mechanical properties

decrease significantly at 750 �C. Notably, the elon-

gation to failure and reduction of cross section from

RT to 750 �C decreased significantly from 43.1 to

31.3% and from 38.5 to 12.5%, respectively. The

similar results were also observed and the reason is

ascribed to some alloy elements, such as O, S, C, Cr

segregation to grain boundary, which finally induced

the ductility decrease and caused the intermediate

temperature embrittlement [24, 25].

In-situ observations of tensile deformation
behavior at RT, 650 �C and 750 �C

In-situ SEM observations reveal that the surface

morphology changes accordingly during sequential

tensile tests at different temperatures.

Figure 5 shows the whole deformation process and

the microstructure evolution under uniaxial tension

at RT. Figure 5a1 and a2 shows the original smooth

and flat surface before applying of tensile load. When

the strain reached 0.019 (point b1 on the black line in

Fig. 4), the surface of specimen became undulated

shown in Fig. 5b1. Close examination reveals that the

deformation is accommodated by crystal slip. This is

evidenced by the direct observation of slip lines for-

mation and stretching of grains on the surface of

specimen in Fig. 5b2. With increasing strain to 0.028

(point c1 on the black line in Fig. 4), the necking

behavior and a wrinkled surface became apparent as

shown in Fig. 5c1. In particular, the density of pre-

sent slip bands is shown to grow and voids are found

in the vicinity of carbides shown in Fig. 5c2. It is

worth noting that some carbides have cracked and

the formation of these voids is caused by the

debonding at the interface of c matrix and carbides.

Figure 5d1 and d2 shows that the fracture is a

transgranular mode. The fracture path is almost

perpendicular to the external tensile load. The lon-

gitudinal length decreases from 888 to 622 lm, and

the longitudinal strain is up to 30%. In a word, the

necking is very obvious.

Figure 6 shows the whole deformation process,

including the crack initiation and propagation under

uniaxial tension at 650 �C. It is apparent that the

behavior at this temperature is broadly similar to that

at RT. When the stress reached the yield limit (point

a1 on the red line in Fig. 4), plastic deformation

occurred by crystal slip and multiple slip lines were

observed in Fig. 6a2 due to the thermal activity. As

the strain increased to 0.016 (point b1 on the red line

in Fig. 4), the necking occurred and voids were

observed on the surface of necking region shown in

Fig. 6b1 and b2. With the strain further increasing,

two cracks were observed at the strain about 0.021

(point c1 on the red line in Fig. 4), as shown in

Fig. 6c1 and c2. As the stress reached UTS and then

dropped to 909 MPa (point d1 on the red line in

Fig. 4), two cracks propagated in a transgranular

manner and were inclined to coalesce at strain about

0.026, as shown in Fig. 6d1 and d2. The longitudinal

length decreases from 877 to 752 lm, and the longi-

tudinal strain is about 14%. Therefore, the necking

became less apparent than that at RT, which indi-

cated that the stress concentration was partially

released.

Figure 7 shows the SEM micrographs of

microstructures for the specimen tested at 750 �C
under different strain levels. The deformation

behavior at 750 �C is distinguished from that one

Table 2 Tensile properties of IN718 alloy at RT, 650 �C and 750 �C

Test temperature (�C) Yield stress (MPa) Ultimate tensile strength (MPa) Elongation (%) Reduction of cross section (%)

RT 862 (3.4) 1057 (4.9) 43.1 (2.6) 38.5 (1.5)

650 802 (3.2) 926 (3.5) 36.6 (1.3) 28.2 (0.8)

750 662 (6.6) 800 (5.7) 31.3 (1.5) 12.5 (1.9)

The values in parentheses are standard deviations
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observed at RT and 650 �C. After yielding (point a1 on

the blue line in Fig. 4), the intergranular crack was

firstly observed shown in Fig. 7a2. And no slip lines

around the crack were observed. As the strain

increased to 0.014 (point b1 on the blue line in Fig. 4),

more intergranular cracks were observed, and slip

bands appeared in grain interior and passed through

carbides, as shown in Fig. 7b1. In addition, the car-

bides (marked by yellow arrows) were not cracking,

although slip bands slipped through them, which is

different from that at RT. Meanwhile, the first crack

further propagated in width and depth, and the crack

tip had shifted to the adjacent grain boundary shown

in Fig. 7b2. As the strain further increased to 0.02, it

can be seen that the intergranular cracks coalesced to

form macrocracks along the grain boundaries (indi-

cated by white dotted line) from Fig. 7c1 and c2. The

observations of fractured surface are shown in

Fig. 7(d1 - d3), some shallow dimples and inter-

granular cracks were observed on the cross section of

fractured surface in Fig. 7d2 and d3, respectively,

which indicating a mixed mode of transgranular and

Figure 5 In-situ tensile

deformation process at RT

under strain levels: (a1 - a2)

0, (b1 - b2) 0.019, (c1 - c2)

0.028, and (d1 - d2) 0.033.
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intergranular fracture. The longitudinal length

decreases from 940 (Fig. 7a1) to 885 lm (Fig. 7d1),

and the longitudinal strain is 5.8%, revealing that the

necking is not obvious compared to that at RT. This is

consistent with the results of lower elongation and

reduction of cross section at 750 �C in Table 2.

SEM fractographies at RT, 650 �C and 750 �C

Figure 8 shows the overall fracture surface of IN718

specimens after uniaxial tensile tests at RT, 650 �C
and 750 �C. Figure 8a shows the fractograph of the

specimen after tensile at RT. It can be seen that the

fracture surface is covered by many equiaxed dim-

ples indicating that a ductile transgranular fracture

mode. Moreover, some discrete voids can be

Figure 6 In-situ tensile

deformation process at 650 �C
under strain levels: (a1 - a2)

0.01, (b1 - b2) 0.016,

(c1 - c2) 0.021, and (d1 - d2)

0.026.
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observed on the surface. The fracture surface at 650

�C is comparable to that at RT, as shown in Fig. 8b.

The surface characterized by a mixed structure of

equiaxed dimples and shallow dimples along the

shear regions as shown in the area (marked by the

yellow square), which indicated that the fracture

mode belongs to a transgranular ductile fracture.

However, the fracture surface at 750 �C shown in

Fig. 8c is obviously different from that at RT and 650

�C. It exhibits typical mixed fracture characteristics:

There are many shallow dimples indicated by white

arrows on the transgranular ductile surface, while a

number of intergranular cracks are indicated by yel-

low arrows on the fracture surface, which reveal that

the final failure is a combination of both trans- and

intergranular fracture mode at 750 �C.

Figure 7 In-situ tensile

deformation process at 750 �C
under strain levels: (a1 - a2)

0.011, (b1 - b2) 0.014,

(c1 - c2) 0.02, and (d1 - d2)

0.024.
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Figure 9 shows the carbide morphologies on frac-

ture surface after tensile tests at RT, 650 �C and 750

�C. Some broken carbides marked by white arrow can

be clearly observed on the surface near the fracture

surface shown in Fig. 9a1, which indicated that the

carbides cracking occurred during loading before

failure. The voids marked by yellow arrows can also

be found around the broken carbides, which were

caused by the interfacial debonding of c matrix and

carbides [26]. A typical void microstructure feature

with some carbide fragments is shown in Fig. 9a2. At

650 �C, the similar void morphologies are shown in

Fig. 9b1 and b2. Carbide fragments distribute on the

walls of voids as shown in Fig. 9b2. However, the

fracture morphology of carbides at 750 �C is different

from that at RT and 650 �C. Figure 9c1 and c2,

respectively, exhibits the fracture morphologies on

both sides of the four carbides on the fracture surface

denoted by the same numbers. It is found that the

fracture surfaces of these carbides are neat and flat,

and no carbide fragments is observed, indicating that

carbides do not break into pieces before failure, but

directly brittle fracture accompanied by the fracture

of specimen. This is consistent with the observations

in Fig. 7b1 and c1.

Figure 8 Comparison of

fracture surfaces of IN718

specimens after tensile tests at

a RT, b 650 �C and c 750 �C.
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Comparison of tensile deformation
behaviors

Based on the results above, it can be found that the

deformation behavior at RT is similar to that at 650 �C
and quite different from that at 750 �C. To better

clarify the effect of temperature on the tensile defor-

mation behaviors, Fig. 10 shows a comparison of the

grain elongations marked by yellow dotted lines near

the fracture before and after tensile tests at the three

temperatures. The grains are significantly stretched

along the tensile direction and the elongations at RT

and 650 �C are 62% and 69%, respectively, as shown

in Fig. 10a, b and c, d. Although the shape of grain

boundary changes with the deformation of grains, it

remains intact. While at 750 �C, the grain elongation

is markedly reduced to 10%, and the cleavage of

grain boundary occurs, as shown in Fig. 10e, f. These

observations also support the ductility results shown

in Table 2.

Another obvious deformation feature is the way of

crack initiation and propagation. Figure 11 compares

the behavior of crack initiation and propagation

during tensile tests at the three temperatures. It can

be seen that cracks initiate preferentially where dense

slip bands accumulate and tangle, such as the inter-

face of c matrix/carbides (Fig. 11a) or triple junctions

of grain boundaries (Fig. 11c). Subsequently, these

cracks connect with each other and propagate in a

transgranular manner (Fig. 11b and d) at RT and 650

�C. However, cracks primarily initiate at grain

boundaries when temperature increases to 750 �C
(Fig. 11e), and then propagate in an intergranular

manner (Fig. 11f).

Figure 9 SEM images

showing carbides on fracture

surface of IN718 specimens

after tensile tests at (a1 - a2)

RT, (b1 - b2) 650 �C and

(c1 - c2) 750 �C.
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Discussion

Effect of temperature on tensile deformation
behaviors

According to the results above, it can be concluded

that temperature has a strong influence on the tensile

deformation behaviors of IN718 alloy. This is attrib-

uted to the pronounced mismatch of the strength

between grain interior and grain boundary at differ-

ent temperatures [27]. Previous studies [28–30] reveal

that the grain boundary strength is higher than

intragranular strength under low temperature in

polycrystalline alloys. Therefore, grain boundaries

are difficult to deform during plastic deformation at

low temperature (T\ 0.5Tm), and would act as strong

dislocation barriers [31]. Besides, the large carbides

are generally considered as dislocation motion

obstacles [26, 32]. During plastic deformation, the

dislocations would be impeded at the interface of c
matrix/carbides and ahead of grain boundaries. As

the strain increases, the pile-ups of dislocation lead to

severe stress concentration around these regions.

Once the stress concentration reaches a certain level,

voids or cracks would generate (Fig. 11a, c) and then

propagate in a transgranular manner through the

width of the specimen (Fig. 6b2, Fig. 11b, d). Conse-

quently, the plastic deformation is dominated by

crystal slip at RT and 650 �C. This is similar to the

damage micromechanism predicted by Kumar et al.

[33] using Lemaitre’s damage assessment methodol-

ogy during tensile test at ambient temperature and

823 K. However, the limitation is that Kumar et al.

only considered the influence of temperature.

Through in-situ observations, it can be found that in

addition to temperature, the different microstructure

features are also important factors affecting the

deformation mechanism, such as the size, distribu-

tion and amount of carbides, as well as the grain

boundary structure. Therefore, the interaction of

localized dislocations with large carbide particles and

grain boundaries should be responsible for the crack

Figure 10 Comparison of the

elongation of grains near

fracture surface before and

after tensile tests at a, b RT, c,

d 650 �C and e, f 750 �C.
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initiation and propagation in present study. Similar

results were also reported by several researchers in

different alloys [29, 34–37].

However, as the temperature rises to 750 �C,
intergranular cracks appear and propagate along

grain boundaries, the tensile strength and the elon-

gation decrease significantly compared to that at RT.

This phenomenon is consistent with the intermediate

temperature embrittlement of Ni-based superalloys

reported by Zheng et al. [24], who discussed six

interpretations through the representative investiga-

tions on intermediate temperature embrittlement of

Ni and Ni-based superalloys, but no one seems to be

applicable for our results. Interestingly, the inter-

granular cracks are observed prior to the occurrence

of slip lines after over-taking yield point (Fig. 7a2).

This result is similar to the results from Summers

et al. [36], who reported that no slip bands were

observed during tension of STAL15-CC alloys at 750

�C, and attributed this phenomenon to creep due to

dislocation climb. Liu et al. [38] revealed that the high

deformation temperature and low strain rate might

accelerate the dislocation motion and dislocation

annihilation, and then decrease the dislocation mul-

tiplication and dislocation density. That seems to

explain why the slip lines are still not observed

around the intergranular crack after yielding in this

study. However, unlike Ref. [36], with the increase in

strain, the sparse slip bands begin to appear on the

surface of grains before the final fracture, indicating

that a weak plastic deformation occurred within

grains. Meanwhile, it is crucial that the cohesive

strength of grain boundary is greatly deteriorated

due to thermal activity at high temperature [39]. As a

result, the cleavage of grain boundary easily gener-

ates by the external load, leading to the formation of

intergranular cracks directly. Subsequently, the

cracks propagate rapidly along the grain boundaries,

resulting in a low ductility of specimen.

Figure 11 Comparison of

crack initiation and

propagation during tensile

tests at a, b RT, c, d 650 �C
and e, f 750 �C.
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Another interesting finding is the cracking behav-

ior of carbides during tensile tests. A number of

studies [17–19, 26, 36, 39, 40] have reported that the

large carbides were sheared into fragments due to the

interactions with dense slip bands at low tempera-

tures. It is well known that the carbide is hard brittle

phase and cannot coordinate deformation with grains

[19]. As the stress reaches the break limit of carbides,

the carbides cracking occurs [26]. Moreover, the car-

bide fragments can be observed on the walls of voids

within the fracture (Fig. 9a2 and b2), indicating a

serious plastic deformation around carbides before

the final fracture, which is consistent with the SEM

observations on the surface of the specimens

(Fig. 11b, d). By contrast, the cracking of carbides at

750 �C is not observed until the final fracture of

specimen, which suggests that deformation temper-

ature significantly affect the cracking behavior of

carbides. On the one hand, the stress concentration

around carbides is greatly reduced due to the

decrease of dislocation density caused by the high

temperature [38]. On the other hand, before the stress

concentration reaches the break limit of carbides, the

grain boundaries cleavage preferentially at elevated

temperature (Fig. 7a2), thus further releasing the

stress around the carbides. Therefore, the carbides

located on the grain boundary do not break into

pieces before failure, but directly brittle fracture

accompanied by the intergranular fracture of speci-

men, which can be evidenced by the fractured car-

bides with smooth surface distributed on the fracture

surface (Fig. 9c1 and c2), and no fragments are

observed.

Effect of temperature on fracture
mechanisms

According to the dense equiaxed dimples on the

fracture surface (Fig. 8a, b), it can be determined that

the fracture mode is a typical transgranular ductile

fracture at RT and 650 �C. However, the fracture is

covered with large amounts of intergranular cracks

and some shallow dimples at 750 �C (Fig. 8c), which

indicate a dominant intergranular brittle fracture

with some degree of ductile fracture. This shift from

trans- to intergrannular fracture can be believed to be

responsible for the decrease in strength and ductility

[41].

According to Rho [42], the competition between

intergranular and transgranular fracture mode is

influenced by temperature in FCC metals. It seems to

be similar to what is known in polycrystalline alloys

that intergranular cracking dominates above a critical

temperature, i.e., so-called iso-strength temperature

Ts at which the grain and grain boundary have equal

strength. For IN718 alloys, the strength of grain

boundary is relative high compared to the intra-

granular strength at low temperatures (less than or

equal to 650 �C). As a result, the grain is preferen-

tially deformed by crystal slip, and transgranular

cracking is preferred. However, both intragranular

strength and grain boundary strength decrease at

high temperatures (greater than Ts), especially the

grain boundary strength decreases more rapidly due

to the increase of grain boundary activity. Hence,

grain boundary cleavage or sliding is the main

deformation mechanism and leads to intergranular

fracture. The similar conclusion was also reported by

Ma et al. [43]. This phenomenon can be schematically

demonstrated in Fig. 12. Accordingly, the Ts for

IN718 alloy can be deduced as between 650 and 750

�C in present study. It should be noted that the

microstructure does not change with the increase of

temperature because the tensile is a short time load-

ing process, so only the influence of temperature on

tensile deformation behavior was considered in this

study. Therefore, the model shown in Fig. 12 may be

not accountable for the macroscopic deformation

mechanism of IN718 alloy during long-term service.

Figure 12 Schematic diagram of the relationship between

deformation temperature and fracture mode.
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Conclusions

The tensile deformation behaviors of IN718 were

investigated in detail using a novel in-situ high-

temperature tensile testing device at RT, 650 �C and

750 �C.

1. From RT to 650 �C, the YS and UTS keep a

relatively high level due to the dominant strain

hardening. The necking occurs during plastic

deformation at both temperatures, especially at

RT. While at 750 �C, the YS and UTS decrease

significantly because of serious deterioration of

the grain boundary strength. The elongation and

reduction of cross section also show a significant

decrease from RT to 750 �C, caused by the

intermediate temperature embrittlement

phenomenon.

2. During tensile tests at RT and 650 �C, the crack

mainly occurs near carbide particles and triple

junction of grain boundary, and then propagates

in transgranular manner. Meanwhile, carbide

cracking is observed during plastic deformation,

but no intergranular crack is formed. At 750 �C,
cracks initiate at grain boundary and propagate

in an intergranular manner. No carbide cracking

occurs during the whole deformation process. It

suggests that the local stress around carbides at

750 �C is obviously lower than the stress level

required for carbide cracking.

3. The influences of deformation temperature on the

fracture mechanism are significant. At RT and

650 �C, the tensile deformation is dominated by

dislocation movement and crystal slip, and the

fracture mode is a typical transgranular ductile

fracture. Whereas at 750 �C, a large amounts of

intergranular cracks are observed on surface

during tension, and the fracture microstructures

are characterized by lots of intergranular cracks

and some shallow dimples, which reveals a

combination of both trans- and intergranular

fracture mode at 750 �C.
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