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a b s t r a c t 

Plastic instability manifested as the serrated flow on stress-strain curves of metal alloys is generally detri- 

mental to their processing and manufacturing. The flow serration in the HfNbTaTiZr alloy is reported 

in the present work and its dependence on temperatures (573-823K) and strain rates (5 × 10 −5 s −1 - 

1 × 10 −3 s −1 ) is investigated with experiments. The notable transition of the onset strain of the serrated 

flow from a declining (normal behavior) to rising (inverse behavior) trend with increasing temperature 

at applied strain rates is modeled successfully with a theoretical framework. The success of the model 

in predicting the onset strain as a function of temperature and strain rate represents a possibility of 

theoretically constructing a process window for the alloy under examination and beyond. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

The Portevin-Le Chatelier (PLC) effect, a plastic instability phe- 

nomenon manifested as serrated flow on stress-strain curves, has 

been observed in many alloy systems in given ranges of tempera- 

ture and strain rate [1–4] . In general, the flow serration in metal 

alloys is mechanistically attributed to dynamic strain aging (DSA), 

a micro-mechanism involving the interaction between mobile dis- 

locations and diffusing solute atoms or deformation twins [5] . Flow 

serration is also noted in some of recently emerged high-entropy 

alloys (HEAs) [ 6 , 7 ] the Al x CoCrCu x FeNi [8–12] , CrMnFeCoNi [13] , 

and MoNbTaTiV refractory alloys [14] . Despite the resemblance in 

the stress-strain curve appearance, the underlying DSA process re- 

sponsible for serrated flow in conventional dilute alloys and con- 

centrated HEAs is supposedly distinct, considering that all element 

species in the latter may be deemed as solutes. 

Historically, the investigation of DSA mechanisms in conven- 

tional dilute alloys has drawn plentiful attention and is proven 

useful to engineering applications of corresponding alloys. By and 

large, understanding the DSA mechanism in detail enables the 
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identification of the solute element accountable for serrated flow 

in various test conditions, and thus, facilitates the development of 

countermeasures to mitigate property deterioration during man- 

ufacturing or processing [ 15 , 16 ]. Undoubtedly, understanding ser- 

rated flows phenomenologically and theoretically in HEAs is equiv- 

alently critical. On one hand, it is constructive to fundamental 

understandings of the solute-dislocation interplay in concentrated 

HEAs, revealing its linkage with macroscopic mechanical responses. 

On the other hand, it could positively promote the engineering 

adoption of this family of alloys. Following our previous work [17] , 

we here continue to use the refractory HfNbTaTiZr with a body- 

centered-cubic (BCC) structure as a prototype to study its serra- 

tion behavior under tension in a range of applied temperatures 

and strain rates. Emphasis is presently placed on the theoretical 

prediction of the onset strain of the serrated flow as a function of 

temperature and strain rate. 

The fabrication and processing of the HfNbTaTiZr alloy used for 

this study followed the steps outlined in Ref. [17] . The mechanical 

properties were determined under uniaxial tensile tests in a Mate- 

rial Test System (MTS) servohydraulic machine at three strain rates 

of 1 × 10 −3 s −1 , 2 × 10 −4 s −1 and 5 × 10 −5 s −1 and temperatures 

from 573 K to 873 K, under displacement control. At least two tests 

were repeated for each condition. Synchrotron diffractions were 
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Fig. 1. Microstructural information of the as-annealed HfNbTaTiZr alloy. (a) SEM backscattered electron (BSE) micrograph. (b) Grain-size distribution. (c) X-ray diffraction. 

(d) SEM energy dispersive spectroscopy (EDS) mappings. 

conducted on the 11ID-C beamline (beam energy of 115.27 keV), at 

the Advanced Photon Source (APS) of Argonne National Laboratory. 

Microstructural examinations were achieved by scanning electron 

microscopy (SEM) of LEO 1525 at 30 keV. 

Following cold-rolling and annealing, the microstructure of the 

HfNbTaTiZr alloy consists of equiaxed grains with the average grain 

size of 35-45 μm, as revealed in Fig. 1 a-b. X-ray diffraction in 

Fig. 1 c confirms its BCC structure. The elemental maps in Fig. 1 d, 

imaged by energy dispersive spectroscopy (EDS) equipped with 

SEM, evidences the uniform distribution of compositional elements 

across the heat-treated alloys. 

The mechanical responses of the alloy under uniaxial tensions 

at temperatures ranging from 573 K to 823 K and strain rates from 

5 × 10 −5 s −1 to 1 × 10 −3 s −1 are shown Fig. 2 a-c. The depen- 

dence of yield strength (YS) and ultimate tensile strength (UTS) 

on temperature and strain rate is summarized in Fig. 2 d. In re- 

spect to temperature effect, the samples tested at 5 × 10 −5 s −1 and 

2 × 10 −4 s −1 exhibit like trends, that is, YS and UTS first decrease 

as the temperature ramps from 573 K to 723 K, but reverts to an 

upturn at 773 K. On the other hand, the samples at 1 × 10 −3 s −1 

manifest a somewhat contrasting trend, that is, both YS and UTS 

first rise (slightly though) and then drop as the temperature varies 

from 673 K to 773 K. The influence of strain rate on the uniaxial 

mechanical behavior of the alloy is classical, i.e ., the material hard- 

ens slightly as the strain rate increases. 

Moreover, plastic flow in the full range of temperatures and 

strain rates are observed to transition from being stable and 

smooth to be unstable and serrated when some critical strain are 

passed. Usually, the observed PLC characteristics were classified as 

Type A, B, and C depending on the imposed temperature, strain 

rate, strain hardening and the material state (cold-rolled or an- 

nealed). At all applied strain rates, serrated flow exhibits a ten- 

dency of shifting from Type A to Type C as testing temperature 

increases, as illustrated in Fig. 2 a-c. 

In conventional dilute alloys, flow serration is generally associ- 

ated with the very low or even negative strain rate sensitivity of 

the flow stress. To appraise its applicability in HEAs, the strain rate 

sensitivity (SRS) of the present alloy is evaluated with [18] 

m = 

log ( σ2 / σ1 ) 

log ( ̇ ε 2 / ̇ ε 1 ) 
(1) 

where σ1 and σ2 are the flow stresses at the corresponding strain 

rates of ˙ ε 1 = 5 × 10 −5 s −1 and ˙ ε 2 = 2 × 10 −4 s −1 , respectively. With 

the aid of Eq. (1) , we calculate the strain rate sensitivity, m , of the 

alloy at three distinct temperature ( i.e ., 573 K, 673 K, and 773 K). 

For each temperature, the flow stresses at two different strain lev- 

els, i.e ., 0.07 and 0.09, are read from the DSA regime of the stress- 

strain curves for calculation. The calculation results are plotted in 

Fig. 3 . It is found that the strain rate sensitivity at all three tem- 

peratures are negative, with strain level having minimal influence. 

This observation is essentially consistent with what has been re- 

ported in conventional alloys [18] . 

Of all characteristics in Fig. 2 , the most striking one is, however, 

that flow serration in the HfNbTaTiZr alloy commences at varying 

strain levels depending on temperature and strain rate. From a pro- 

cessing standpoint, it is crucial to know the onset strains of ser- 

rated flows in various conditions, as it can aid in defining the pro- 

cess window within which plastic instability may be safely circum- 

vented, mitigated, or taken advantage of. Defining such a process 

window in a wide range of temperatures and strain rates with the 

experimental methodology is surely costly, time-consuming, and 

less expandable. In consideration of this shortage in experiments, 

we attempt to use theoretical analysis to predict the temperature 

and strain rate dependence of the onset strain of the serrated flow 

in the HfNbTaTiZr alloy. The theoretical framework outlined be- 

low is anticipated to be extendable to other alloy systems with the 

same problem. 

As a first step, the onset strain, ε c , in all testing conditions are 

identified, marked with red dots in Fig. 2 , complied in Table 1 , and 

plotted in Fig. 4 as solid symbols. From Fig. 4 , it is seen that at 

three strain rates, ε c invariably decreases with increasing temper- 

ature at the beginning and then turns to an increasing trend after 

passing a critical temperature in the range of ~700–750 K. Mean- 

while, the effect of temperature on ε c is minimal. The theoretical 

analysis below is then intended to capture these observations in 

ε c . 
Microscopically, the kinetics of serrations is associated with the 

motion of dislocations and the hindrance from solutes. So does its 

dependence on the temperature and strain rate. Firstly, by con- 

sidering the coupled dynamics of gliding dislocations and solutes 

along with the evolution of the flow stress, activation volume, and 

dislocation densities with strain, the plastic flow is thought to be- 
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Fig. 2. Temperature dependence of the uniaxial tensile behavior of the HfNbTaTiZr alloy at the strain rate of (a) 5 × 10 −5 s −1 , (b) 2 × 10 −4 s −1 , and (c) 1 × 10 −3 s −1 . (d) 

Temperature dependence of yield strength (YS) and ultimate tensile strength (UTS) at three applied strain rates. 

Fig. 3. Strain rate sensitivity (SRS) calculated at various temperatures and strain 

levels. 

Table 1 

YS, UTS, elongation at failure (EL), and critical strain, ε c , at various testing 

temperatures and strain rates. 

Strain rate (s −1 ) T (K) YS (MPa) UTS (MPa) EL εc 

5 × 10 −5 573 854 962 0.128 0.049 

673 759 930 0.141 0.037 

723 717.5 866 0.084 0.046 

773 722.4 924 0.098 0.074 

2 × 10 −4 573 805.7 930 0.15 0.054 

673 734.8 909 0.146 0.047 

723 689 812 0.087 0.037 

773 698 880 0.17 0.052 

1 × 10 −3 673 817.4 956 0.15 0.078 

773 819.1 975.3 0.145 0.083 

823 734.3 876.6 0.118 0.1 

come unstable when [ 8 , 19 ] 

S < −
(
θ − τ ext 

)
˙ γ t DSA (2) 

where S = 

∂ τ ext 

∂ ln ̇ γ
is the strain-rate sensitivity, θ = 

∂ τ ext 

∂γ
the strain- 

hardening coefficient, τ ext the flow stress, ˙ γ the applied strain rate, 

and t DSA the characteristic DSA time scale. 

3 
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Fig. 4. The variation of the critical serration strain, γc (or ε c ), with temperatures 

and strain rates predicted from numerically solving Eqs. (7) – (9) (solid lines) along- 

side experimental data (symbols). 

With an Arrhenius law for the stress-assisted thermal activation 

process, the strain-rate sensitivity is given as 

S = S 0 − n 

�G 

V 

(
η


˙ γ

)n 

exp 

[
−
(

η


˙ γ

)n ]
(3) 

S 0 = 

k B T 

V 

(4) 

where n is the characteristic aging exponent depending on 

strengthening mechanisms and diffusion modes. �G denotes the 

maximum increase of the free activation enthalpy as a result of 

the DSA process. V represents the activation volume. η is the char- 

acteristic rate of DSA in proportion to the solute mobility. 
 is the 

elementary strain accomplished as all mobile dislocations have un- 

dergone a thermal activation event. k B is the Boltzmann constant, 

and T is temperature. 

With the proper considerations of the statistics of DSA [ 19 , 20 ], 

t DSA is derived as 

t DSA = η
�G 

k B T 

˙ γ

(

˙ γ

 + η

)3 
(5) 

For the case of weak aging, setting n = 1 [ 19 , 20 ] and combining 

Eqs. (2) –(5) , the plastic-flow instability criterion reads as 

exp 

[
−η


˙ γ

]
> 

(
θ − τ ext 

)
V 


k B T 

˙ γ 3 

( ˙ γ + η
) 
3 

+ 

k B T 

�G 

˙ γ

η

(6) 

With the necessary dimensional analysis, Eq. (6) is reduced to 

B < B c ( X, Y ) = ( 1 + X ) 
3 
[ 

exp ( −X ) − Y 

X 

] 
(7) 

where X = 

η

˙ γ represents the scaled aging time. Y = 

k B T 
�G 

is the re- 

ciprocal capacity for DSA. B = 

( θ−τ ext ) V 

k B T 

denotes the dimensionless 

effective strain-hardening coefficient. 

Assuming a linear hardening rule based on our measurement 

data in Fig. 2 a-c, i.e ., τ ext = τ0 + θγ with θ being a constant, 

B ( τ ext ) can be transformed into B (γ ) . Specifically, letting X(γ ) = 

X ∗ + 

η
′ 
˙ γ γ with X ∗ = 

η
∗
˙ γ and 
′ = ∂ 
/∂ γ , it reaches 

B ( X ) = B 

∗ − m 

X 

∗ ( X − X 

∗) (8) 

Table 2 

Material parameters and values used in Eq. (7) – (9) for producing theoretical 

trajectories of the critical serration strains with varied temperatures and strain 

rates in Fig. 4 . 

Strain rate (s −1 ) G s (eV) Y A m B ∗ 
∗ 
′ 

1 × 10 −3 0.5 0.05 1.8 0.20 15 0.05 41 

2 × 10 −4 0.5 0.05 1.8 0.195 10 0.09 84.6 

5 × 10 −5 0.5 0.05 1.8 0.19 9.8 0.12 115.2 

with B ∗ = 

( θ−τ0 ) V 
∗
∗

k B T 
and m = 

V ∗( 
∗) 2 θ
k B T 


′ , where all parameters in 

the form of () ∗ represents constants. 

The critical condition for the onset of serrations in terms of X

at different values of X ∗ can be determined by numerically solv- 

ing the non-linear equation B (X ) = B c (X ) , i.e ., equating Eqs. (7) and 

(8) . By noting that X (γ ) = X ∗ + 

η
′ 
˙ γ γ , X ∗ = 

η
∗
˙ γ , the critical con- 

dition can be readily transformed from the { X ∗, X } space back into 

the { ̇ γ , γ } space, thereby obtaining the critical serration strain, 

the strain at which a serration initiates, at different strain rates. 

The temperature effect on the critical serration strain can be 

considered as well by noticing that the solute mobility scales with 

the temperature as [19] 

η = Aexp 

(−G s 

k B T 

)
(9) 

where G s is the free enthalpy of solute diffusion, and A is a con- 

stant. Likewise, with Eq. (9) , the critical condition can be trans- 

formed from the { X ∗, X } space into the { T , γ } space. The temper- 

ature effect on the critical serration strain can therefore be quanti- 

fied. 

Using the theoretical framework described above, the variation 

of the critical serration strain, γc , with temperatures and three 

strain rates applied in the measurements ( i.e ., 5 × 10 −5 , 2 × 10 −4 , 

and 1 × 10 −3 s −1 ) is predicted and plotted in Fig 4 . The corre- 

sponding values of material parameters are listed in Table 2 , in 

which G s , Y , and A are assumed to be independent of strain rates. 

Alongside shown as symbols in Fig. 4 are the experimental data 

extracted at available temperatures (573-823 K) and strain rates. 

Overall, the theoretical predictions agree well with experimental 

data, and successfully capture the effect of temperatures and strain 

rates on the critical serration strain. The temperature effect firstly 

exhibits a “normal behavior” ( i.e ., the onset of the serrated flow 

increases with decreasing temperature), and transitions to an “in- 

verse behavior” ( i.e ., the onset of the serrated flow increases with 

increasing temperature) at a given temperature. This transition 

temperature is predicted to be 691.85, 720.85, 729.85 K respec- 

tively for the strain rate of 5 × 10 −5 , 2 × 10 −4 , and 1 × 10 −3 s −1 , 

manifesting an upward trend with rising strain rate. The strain rate 

effect, on the other hand, shows a “normal behavior”, i.e ., the onset 

of the serrated flow increases with increasing strain rate. 

The normal behavior at low temperatures is common in many 

dilute solid solutions [ 18 , 21–23 ]. The critical strain of such nor- 

mal behaviors depends on the pinning state of the mobile dislo- 

cations by solutes [24] . On the other hand, the inverse behavior 

that occurs at high temperatures is less common in dilute solid 

solutions, but mostly observed in concentrated solid solutions like 

HEAs [ 9 , 25 , 26 ]. The previously-reported inverse behavior induced 

by precipitate dissolution and reprecipitation is deemed unlikely 

in the present work, as the BCC structure of the alloy remain sta- 

ble without the formation of any second phases, which is affirmed 

by Synchrotron diffractions (not shown). Thus, the inverse behav- 

ior is argued to be controlled by the diffusion kinetics associated 

with DSA [ 18 , 24 ]. Such serration behavior is also observed in other 

HEAs, such as the CoCrFeMnNi [13] and Al x CoCrFeNi [8–12] . 

In summary, when uniaxially tensioning the HfNbTaTiZr HEA 

at temperatures of 573–823 K and strain rates of 5 × 10 −5 s −1 

4 
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– 1 × 10 −3 s −1 , flow serration is noticed in all conditions. Tem- 

perature and strain rate tend to alter not only the strength and 

stress-strain curve shape of the alloy, but also the flow-serration 

type and the onset strain of the serrated flow, ε c . In particular, pro- 

nounced temperature dependence of ε c is observed, in spite of its 

negligible change with strain rates. The normal ( i.e ., ε c decreases 

with temperature) and inverse ( i.e ., ε c increases with temperature) 

behaviors of ε c with varying temperatures at different strain rates 

are neatly captured with a theoretical model. The model is useful 

for defining the process window when coming to manufacturing or 

processing the HfNbTaTiZr HEA. The model outlined herein is also 

readily expandable to other HEA systems. 
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