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Abstract Serrated flow in a Ni–Co–Cr-base superalloy

was studied in three microstructural conditions (SUB,

SUBA, and SUPER) from 25 to 750 �C by tensile test at

initial strain rates ranging from 8 9 10-5 to 3 9 10-3 s-1.

The results showed that the SUB and SUBA samples had

fine grain size of about 9 lm, whereas the SUPER samples

had coarse grain size of about 600 lm. The tertiary c0

fraction was about 0 in the SUB, 5% in the SUBA, and

15% in the SUPER samples, respectively. The types and

temperature ranges of serration were different in the alloy

with SUB, SUBA, and SUPER microstructures. It is pro-

posed that the tertiary c0 fraction and size had great effects

on the serrated flow of the alloy with different

microstructures.

Introduction

Serrated flow during plastic deformation is commonly

observed in many alloys within a certain regime of tem-

perature and strain rate. This serration in alloys, generally

referred to as the Portevin–Le Chatelier (PLC) effect, is

considered to be an instability associated with dynamic

strain aging (DSA). The dynamic interaction between dif-

fusing solute atoms and mobile dislocation during plastic

flow is generally accepted to explain the observed phe-

nomena [1].

DSA has also been observed in many nickel-base su-

peralloys with different microstructures over a range of

temperatures and strain rates [2–7]. For example, negative

values of strain rate sensitivity and a PLC effect have been

observed in aged Waspalloy [2, 3], Udimet720Li [4], and

Inconel 718 [5–7]. Normal behavior, i.e., critical strain for

serration (ec) increases with decreasing test temperature

and increasing the strain rate, is often observed in these Ni-

base superalloys. However, in peak aged Waspalloy [2],

Udimet720Li [4], and Inconel718 [7], the inverse behavior,

i.e., ec increases with increasing temperature and decreas-

ing strain rate, is also found. Hayes et al. [2, 3] attributes

the diffusion of interstitial C atoms forming an atmosphere

around mobile dislocations to be responsible for serrated

yielding in Waspalloy. They further suggest that the change

from normal to inverse behavior should be a result of

interactions between carbon atmospheres and the c0

strengthening precipitates. Gopinath et al. [4] suggest that

the locking mobile dislocations by substitutional alloy

elements (Cr, Co, Ti, Al, Mo, and W) would be responsible

for the DSA in Udimet720Li. Hale et al. [7] have identified

that the lattice diffusion of interstitial C atoms at lower

temperatures (127–427 �C) and of substitutional Cr atoms

at higher temperatures (477–627 �C) is responsible for

serrated yielding in Inconel 718.

From the brief literature reviews, the following points

appear: (i) most of the studies explains the mechanisms for

DSA on the basis of the activation energy for diffusion of

different solutes in the serrated regime and (ii) at low

temperature, the diffusion of C atom is responsible for the

DSA, while at high temperature, there is different opinion

as to which element is responsible for DSA.

Recently, Cui et al. [8], from TEM observations on the

tensile-deformed samples, suggest that the normal behavior

should be associated with conventional DSA mechanism

due to dynamic dislocation–solute interaction, while the

inverse behavior would be related to the occurrence of
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stacking faults (SF) in a Ni–Co-base superalloy. The

microstructures of the Ni–Co-base superalloy [9–12] are

complex: it mainly consists of c grain, primary c0, sec-

ondary c0, tertiary c0, and carbide/boride on grain boundary.

These microstructural parameters can be generally con-

trolled by heat treatment, cooling rate, and aging [10, 12].

Mukherji et al. [13] and Viswanathan et al. [14] have

reported that applied stress and precipitate size can sig-

nificantly affect the creep rates and the deformation modes

in the superalloys IN738LC and Rene88DT. However, a

systematic study on the effect of the size and fraction of c0

precipitate on DSA has not been addressed fully in the

literature. In this work, we focus on the effect of micro-

structural scale, particularly the size and fraction of tertiary

c0 precipitate, on the DSA of the Ni–Co–Cr-base superalloy

with high-Co content. We identify the serrated flow in

three microstructural conditions and propose an explana-

tion for the effect of microstructural variation on the DSA.

Experimental procedure

The chemical composition (in wt%) of the alloy was

0.01Ce, 0.02C, 13.6Cr, 23Co, 2.8Mo, 1.2W, 5.6Ti, 2.3Al,

0.02B, 0.03Zr, and Ni balance. The alloy was homogenized

at 1,200 �C for 10 h and subsequently hot extruded to

30 mm in diameter. Here, we define the primary c0 as the

undissolved c0 particle during the solution stage, secondary

c0 as the intragranular c0 with particle diameter between 50

and 100 nm, and tertiary c0 as intragranular c0 with particle

diameter below 50 nm. As shown in Fig. 1a, the as-

extruded alloy mainly consisted of equiaxed c grain and

high density of primary c0. The inset in Fig. 1a showed

intragranular secondary c0 precipitate and tertiary c0 pre-

cipitate. The variation of grain size and fraction of primary

c0 with the solution temperature is plotted in Fig. 1b. The

solvus temperature of c0 was determined to be about

1,150 �C. The increase of solution temperature resulted in

the decrease of primary c0 fraction, which indicated the

increase of secondary and tertiary c0 fraction [10]. Thus, the

tertiary c0 fraction could be controlled by suitable heat

treatment and cooling rate. The samples were then heat

treated to produce three different microstructures: (i) sub-

solvus solution treated at 1,110 �C for 4 h and water

cooling (WC), designated as SUB; (ii) SUB alloy aged at

650 �C for 24 h and 760 �C for 16 h to precipitate sec-

ondary and tertiary c0, designated as SUBA; (iii) super-

solvus solution treated at 1,200 �C for 4 h and then aged at

650 �C for 24 h and 760 �C for 16 h to dissolve all the c0

and re-precipitate the c0, designated as SUPER.

Tensile tests were performed on the samples with a gage

section of 3 mm in diameter and 20 mm in length. Tensile

tests were performed on a Shimadz AG-25KNE machine at

temperatures ranging from 25 to 750 �C and initial strain

rates ranging from 3 9 10-3 to 8 9 10-5 s-1, respec-

tively. All the tests were started after holding the speci-

mens for 20 min at the temperature tested. Fracture

surfaces were observed by scanning electron microscopy

(SEM) in a JSM-6301F microscope. The transmission

electron microscopy (TEM) disks with thickness of about

0.3 mm were cut from the samples perpendicular to the

tensile axis. Thin foils for TEM observations were prepared

by means of a standard twin jet polishing technique in a

solution of 23% perchloric acid and 77% acetic acid at

about -30 �C. TEM observations were carried out on a

Philips CM200 operated at 200 kV.

Results

Microstructures

The c0 solvus temperature of the alloy was determined to be

about 1,150 �C (Fig. 1b). Thus, the SUB and SUBA sam-

ples were the subsolvus heat treatment, while the SUPER

samples belonged to the supersolvus heat treatment. Fig-

ure 2 shows the microstructures of the alloys after heat

treatments. The SUB and SUBA samples consisted of

Fig. 1 a The microstructures of

the as-extruded alloy and b the

variation of grain size and

primary c0 fraction with solution

temperature
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equiaxed c grain (about 9 lm), high fraction of primary c0

precipitate (15%) at the grain boundary of the c grain and

small amounts of TiC (Fig. 2a), whereas the SUPER

sample had coarse grain size of about 600 lm and no

primary c0 precipitate, due to the supersolvus heat treat-

ment (Fig. 2b). At higher magnification, typical micro-

structures in three microstructural conditions are shown in

Fig. 2c–e. The SUB microstructure (Fig. 2c) revealed a

sparse distribution of secondary c0 precipitate [8]. The

average size of secondary c0 was measured to about 70 nm.

No tertiary c0 precipitates were detected by dark field (DF)

TEM observations, thus the tertiary c0 fraction was con-

sidered to be zero. In addition to the secondary c0, some

fine tertiary c0 precipitate, which formed by aging at 650

and 760 �C [15], were clearly observed in the SUBA

sample (Fig. 2d). Large secondary c0 precipitate and uni-

formly distributed tertiary c0 precipitate were observed in

the SUPER microstructure (Fig. 2e).

As the size of tertiary c0 was very fine, the tertiary c0

fraction was approximately estimated by using the fol-

lowing equation:

Vtertiary c0 ¼ Vtotal c0 � Vprimary c0 � Vsecondary c0 ð1Þ

The Vtotal c0 was calculated to be about 45% at 700 �C by

using Thermo-Calc software with a commercial database

(Ni-data7). The primary and secondary c0 fractions were

measured by using a point counting method [10]. The

tertiary c0 fraction was estimated to be about 5% in the

SUBA sample and 15% in the SUPER sample,

respectively. All the obtained results are summarized in

Table 1.

Mechanical properties

Figure 3a–d shows the true stress–strain curves of the SUB,

SUBA, and SUPER samples tested at temperatures ranging

from 25 to 750 �C and an initial strain rate of

3 9 10-4 s-1. As shown in Fig. 3a, in the SUB sample,

serrated stress–strain curves resulting from periodic stress

jumps in the plastic regime were observed at test temper-

atures ranging from 300 to 550 �C, typically at 400 �C.

The stress–strain curves at temperatures out of this range

Fig. 2 Representative microstructures of the Ni–Co–Cr-base superalloy: a, c SUB; a, b SUBA; and b, e SUPER. (a) and (b) are scanning

electron microscope, while (c–e) are transmission electron microscopes

Table 1 Effects of heat treatment conditions on the microstructural parameters (grain size, primary, secondary, and tertiary c0)

Phase Grain size (lm) Primary c0 fraction Secondary c0 Tertiary c0

Fraction Size (nm) Fraction Size (nm)

SUB 9.0 0.15 *0.30 *70 – –

SUBA 9.0 0.15 *0.25 *80 *0.05 *15

SUPER 600 0 *0.30 *300 *0.15 *20
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were smooth. In the SUBA sample, the serrated stress–

strain curves were found in the temperatures ranging from

300 to 500 �C (Fig. 3b). In the case of SUPER sample

(Fig. 3c), the serrated stress–strain curves were found in

the temperature range of 300–450 �C. In addition to the

temperature range difference of serrated flow, some dif-

ferences in serration type could also be noticed for the

SUB, SUBA, and SUPER microstructures, as shown in

Fig. 3d. Type A, B, and C serrations were observed in the

SUB and SUBA samples within most of the temperatures

and strain rates studied, while the magnitude of Type B

serrations was smaller in the SUBA sample than that in the

SUB sample. However, only Type B serration was

observed in the SUPER sample. The occurrences of ser-

ration and their type were closely related to the micro-

structures, which will be discussed later.

Figure 4a shows the variation of yield stress of the

SUBA and SUPER samples with the test temperatures

ranging from 25 to 750 �C at a strain rate of 3 9 10-4 s-1.

In general, the SUBA samples had higher yield stress than

the SUPER samples, due to its fine grain size, as listed in

Table 1. On the other hand, in the SUBA and SUPER

samples, the yield stress was slightly affected by

temperatures ranging from 25 to 600 �C, and decreased

gradually at temperature above 600 �C. As shown in

Fig. 4b, the SUBA sample possessed the large elongation

than the SUPER sample at temperatures below 600 �C.

Specifically, the total elongations of the SUBA samples

were slightly affected by temperatures below 600 �C and

decreased markedly at temperatures above 600 �C. This

tendency was different from that in Udimet720Li alloy [4].

In contrast, the elongation of the SUPER samples was

slightly affected by temperatures from 25 and 750 �C.

Microstructures associated with serrated flow

Fractographic observations and stress–strain curves

(Fig. 3) showed that no necking happened before fracture

in the DSA regime. Fracture surfaces of the SUB, SUBA,

and SUPER samples are shown in Fig. 5. The SUB and

SUBA samples (Fig. 5a, b) showed the presence of equi-

axed dimples, indicating the ductile mode of fracture in

both the cases. In the SUPER samples (Fig. 5c), the frac-

ture mode was a mixture of intergranular and transgranular

fracture. These observations showed that characteristics of

fracture in the SUB and SUBA microstructure were

Fig. 3 Typical true stress–

strain curves for different

microstructures at 3 9 10-4 s-1

a SUB, b SUBA, and c SUPER.

(d) Comparison of the true

stress–strain curves of the alloy

with SUB, SUBA, and SUPER

microstructures at 400 �C
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different from those in the SUPER microstructure, mainly

due to the grain size effect on ductility (9 lm in the SUBA

sample vs. 600 lm in the SUPER sample).

TEM observations were also carried out to understand

the different deformation mechanism in the SUB and

SUBA samples. In the SUB sample, as shown in Fig. 6a,

the dislocations were very long, implying that they were

not pinned by fine c0 precipitate, thus they moved easily. In

addition, short SF were present in the SUB samples, and

were hindered by the secondary c0 precipitate. The char-

acteristics of SF were different from those reported in Ref.

[8]. In contract, in the SUBA sample, the dislocations cells

formed in plastic deformation. The cell walls with a high

density of dislocations were rather chaotic regions, while

the cell interior had relatively fewer dislocations, as shown

in Fig. 6b. This phenomenon indicated that the dissociation

of the matrix perfect dislocation was difficult, so the cross-

slip became relatively easier.

Discussion

It turned out that the size and fraction of c0 of the Ni–Co–

Cr-base superalloy significantly changed during heat

treatment with the evolution of grain growth, and that the

serrated flow was affected by different microstructural

conditions. That is, Type A, B, and C serrations were

observed in the alloy with fine grain size (SUB and SUBA

samples). In contrast, only Type B serration was observed

in the alloy with coarse grain size (SUPER sample).

As shown in Fig. 2 and Table 1, grain size, fraction of

primary c0, size and fraction of secondary and tertiary c0,

Fig. 4 The variation of a yield

stress and b elongation in the

SUBA and SUPER samples

with the test temperatures

ranging from 25 to 750 �C

Fig. 5 Fractographs of the Ni–Co–Cr-base superalloy with a SUB, b SUBA, and c SUPER microstructures tested at 400 �C, 3 9 10-4 s-1
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and substitutional element content changed simultaneously

during the heat treatment. Among these parameters, size

and fraction of tertiary c0 was probably the main contrib-

uting factor to DSA of the alloy with different micro-

structures because of the following reasons. First, the main

difference of the SUB and SUBA samples was the tertiary

c0, i.e., tertiary c0 was observed not in the SUB sample, but

in the SUBA samples; second, the dislocations moved

easily in the SUB sample without tertiary c0, as shown in

Fig. 6a. Type B was very small magnitude in the SUBA

sample (Fig. 3c), which disappeared at higher strain

because of the interaction of tertiary c0 with mobile dislo-

cations; third, the fraction of tertiary c0 in the SUBA

sample was greatly different from that in the SUPER

samples, as listed in Table 1, thus the temperature range

and serration type were different (Fig. 3). Regarding the

tertiary c0 effect in superalloy, Viswanathan et al. [14] have

experimentally confirmed by using conventional and high-

resolution TEM that the tertiary c0 volume fraction is

crucial in dictating the transition in creep mechanism.

We can also understand the tertiary c0 effect in DSA by

using the critical strain to serration. It is known that in the

precipitate strengthened materials, the critical strain to

serration is often related to the average spacing between

particle [16, 17] and can be described by:

em
c ¼ B L�1 _ec expðQm=kTÞ ð1Þ

Here, B is constant, _ecis the plastic strain rate, Qm is the

effective energy for the thermally activated process, k and

T have their usual meanings and m is a constant equal to

0.5–1.0 for nickel-base alloys. The particle spacing, L, is

related to the volume fraction of c0 and mean planar cross-

section of a particle in the slip plane. The SUBA sample

has smaller L than the SUB sample, due to the tertiary c0

precipitation during aging, as shown in Fig. 2. Thus, the

critical strains to serration were measured to be 0% in the

SUB sample and 0.2% in the SUBA sample (Fig. 3c),

respectively. In this study, only Type B serration was

observed in the alloy with coarse grain size. It is known

that Type B serration corresponds to a hopping propagation

of local band in the localized band in the axial direction of

tensile specimen [18]. Type B serrations, which are also

considered locking serrations, fluctuate about the mean

flow curve in very quick succession. There were two

possible reasons for the occurrence of Type B in the alloy

with coarse grain size. One was related to the high content

of tertiary c0 precipitates distributed uniformly in SUPER

samples, the interaction of mobile dislocation with tertiary

c0 became easier. Another was probably due to the coarse

grain size. The effect of grain boundary on DSA was

minimal in the SUPER samples with grain size of 600 lm.

The temperature ranges of serrations in the alloys with

different microstructures were generally interpreted in the

literature to be due to the formation of an atmosphere

around dislocations and various elements [2–6]. At low

temperature, the diffusion of interstitial C atom is generally

believed to be responsible for the serrated phenomenon.

Thus, the starting temperature of serrated flow was about

300 �C for the Ni–Co–Cr alloy with different microstruc-

tures. While at higher temperature, the interaction of sub-

stitutional elements with mobile dislocation is believed to

be responsible for the DSA. During heat treatment, the

content of substitutional solute atoms changes, due to these

solutes becoming tied up as high fraction of tertiary c0

precipitate. Therefore, the disappearance temperature of

serration was different in the alloy with different solute

atom contents.

Next, we discussed the SFs observed in Fig. 6a. It is

generally known that, in fcc metals, the stacking fault

energy (SFE) is one of the important parameters deter-

mining which deformation and transformation mechanisms

will occur during plastic deformation. Consequently, the

SFE can affect strongly the mechanical properties of fcc

metals. At low SFE metal, wide dissociation of dislocation

Fig. 6 TEM observations on

the deformed Ni–Co–Cr-base

superalloy with a SUB and

b SUBA microstructures tested

at 400 �C, 3 9 10-4 s-1
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into Shockley partials can hinder dislocation glide and thus

favors SFs or mechanical twinning [19]. The present alloy

had a low SFE of about 25 mJ/m2, mainly due to the high-

Co content (23 wt%) [20]. Thus, the SFs could be observed

in the present alloy with a low SFE.

Conclusions

The serrated flows were examined in the Ni-base superal-

loy from 25 to 750 �C by tensile test at initial strain rates

ranging from 8 9 10-5 to 3 9 10-3 s-1 and the following

results were obtained:

(1) The SUB and SUBA samples had fine grain size of

9 lm, whereas the SUPER samples had coarse grain

size of about 600 lm. The tertiary c0 fraction was 0%

in the SUB, 5% in the SUBA and 15% in the SUPER

samples, respectively.

(2) The serrated flow was noticed at temperatures of

300–550 �C for the SUB sample, of 300–500 �C for

the SUBA sample, and of 300–450 �C for the SUPER

sample, respectively. Temperature did not influence

tensile properties such as yield stress, elongation, and

fracture features in the DSA regime.

(3) The results showed that the fraction and size of

tertiary c0 probably had great influence on the serrated

flow of the alloy, due to its interaction with the

mobile dislocation.
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