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Abstract Acoustic emission (AE) detects elastic waves

generated during delayed hydride cracking (DHC). The

detection of the first acoustic signal is used to measure the

propagation time. This time and the crack length measured

on the broken specimen are used to determine the DHC

velocity. In this work, DHC tests were carried out on Zr-

2.5Nb alloy from CANDU pressure tubes. Linear rela-

tionship between cumulative count rate and cracking

velocity was corroborated. It is generally accepted that the

hydrides crack when they reach a critical length; never-

theless, in this work the number of signals generated during

typical DHC test were higher than expected from that

assumption. Dutton and Puls DHC model with some

parameters calculated by Shmakov et al. was used to test

out against experimental data. This modification is an

original approach that makes more rational the DHC

velocity calculation, avoiding arbitrary parameter selec-

tion. Good agreement was obtained for two different

CANDU pressure tubes.

Introduction

Zr-2.5Nb pressure tubes (PT) in CANadian Deuterium

Uranium (CANDU) nuclear power plants are susceptible,

under certain conditions of hydrogen concentration, stress

gradient, and temperature, to a degradation mechanism

known as delayed hydride cracking (DHC) [1, 2]. This

mechanism acts repetitively in discrete steps creating a

growing crack. One of the most important parameters used

for DHC characterization is the velocity of crack propa-

gation (Vp), as this value is necessary to determine the

available time before catastrophic crack when leak before

break (LBB) criterion is applied [3]. In DHC test, Vp can be

estimated in a destructive way by measuring the length of

fracture surface over time of propagation. However, as

hydride fractures occur inside the specimen, a nonde-

structive technique, such as direct current potential drop

(DCPD) [4] or acoustic emission (AE) [5], is necessary to

detect the precise moment when DHC starts. We choose

the AE method because its temperature dependence is

negligible [5], and it can detect—in appropriate configu-

ration—both, plastic deformation and brittle crack [6].

Acoustic emission is a dynamic process of generation

and propagation of elastic waves within a material in an

ultrasonic range [7]. In metals, acoustic emission has been

identified from a broad range of sources, from avalanches

of dislocations to fracture and decohesion of second phase

precipitates [6]. During DHC process, acoustic emission

signals are mainly generated by brittle hydride fractures

and propagate within the solid. Acoustic signal is then

transformed into an equivalent electric signal by means of

piezoelectric transducer; Fig. 1 shows an AE signal and its

typical parameters. Further electronic conditioning and

processing of signals are needed to extract useful infor-

mation. Although AE technique has been demonstrated to
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be useful for detecting DHC start, there are controversial

opinions about the feasibility of using AE to measure DHC

velocity. Arora and Tangri [8] state that ‘‘AE is a viable

technique for determining the crack velocity,’’ while Lin

et. al. [9] manifest ‘‘Because of the large scatter in the AE,

there is no quantitative measure possible of crack

advance....’’ Our goal was to elucidate if any acoustic

emission parameter is reliable to estimate DHC velocity

during a test.

On the other hand, since three decades ago great efforts

have been devoted in order to model DHC process for

prediction and diagnosis [10–16]. The modeling strategy

was based on the steady-state solution of the hydrogen

diffusion equation in the presence of stress gradient [10,

11]. DHC velocity is calculated with a relationship (Eq. 1)

which depends, basically, on the hydrogen diffusion coef-

ficient (DH), and the hydrogen solubility (E) at the crack

tip-hydride location (l) and at the surrounding bulk hydride

location (L) [11].

Vp ¼ f ðDH; th. . .ÞðEðLÞ � EðlÞÞ ð1Þ

This relationship has been successfully correlated with

experimental data measured in PT from different

metallurgical states [10, 17, 18]; nevertheless, some

parameters—like hydride thickness th, l, and L—were

chosen with different criteria. For example, th and L were

usually taken from experimental data, l was calculated as

the position of maximum hydrostatic stress [11, 14] or

equated to the striation length measured on the fracture

surface [18]. Recently, Shmakov et al. [16] presented an

integrated model which combines the hydrogen diffusion

equation with critical characteristics of hydrides (thickness

and length) depending on temperature and stress intensity

factor.

In this work, crack velocity was measured in a CANDU

Zr-2.5Nb PT, in the range of reactor temperature. New

acoustic emission data related to DHC process are pre-

sented. Also, the theoretical model of DHC phenomena

[11] with l, L, and th parameters calculated by Shmakov

et al. [16] was tested out against experimental data.

Experimental

DHC measurements were carried out with curved compact

toughness (CCT) samples according to the guidelines of

IAEA Round Robin [19]. The material was a nonirradiated

section of CANDU Zr-2.5Nb pressure tube of Embalse

Nuclear Power Plant. Samples were previously hydrided to

a concentration of about 50 and 80 ppm of hydrogen in a

Sieverts device, and then heat-treated for hydride homog-

enization during 7 days at 380 �C. Figure 2 shows the

layout of the used device.

Crack propagation was monitored by acoustic emission.

Two wide band piezoelectric sensors were selected for

signal characterization in order to get the broadest spec-

trum possible. The main sensor was attached to a Zr-2.5Nb

wave-guide, out of the high-temperature zone, and the

wave-guide was fixed to the sample by resistance welding.

A second ‘‘guard’’ sensor was attached to the structure of

the tension machine in order to filter spurious noise. Each

AE transducer was connected to a 40 dB preamplifier and

to a band pass filter in the range 0.1–1 MHz. The pream-

plified and filtered signal was subsequently amplified

25 dB, analyzed for parameter extraction, and digitized at

5 MSamples/s. The AE signal, to be computed as a true

R A

D

N

R A

D

N

Fig. 1 Typical parameter definition of AE event. A, amplitude; R,

rise time; D, duration; N, counts. Dashed line represents threshold

level

AE main
sensor

Furnace

Wave-guide

σ

σ

Fig. 2 Layout of employed device. Samples inside a furnace are

loaded with initial KI = 15 MPa m1/2. Wave-guide and acoustic

emission sensor are attached for the detection of DHC phenomenon
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delayed hydride cracking event, must be higher than the

threshold value, settled 2.5 times higher than the electronic

noise of the measurement system. Propagation time is

measured from the detection of the first DHC event.

In order to produce a sharp crack at notch tip, CCT

specimens were fatigue pre-cracked [19]. The pre-cracking

length was about 2 mm in each sample. Fatigue cracking

was performed in two steps: the first one with a maximum

stress intensity factor KI of 19 MPa m1/2 and cyclic loads

from 1.58 to 0.158 kN, and the second one with a maxi-

mum KI factor of 10 MPa m1/2 and cyclic loads from 1.071

to 0.01071 kN.

Each test was subjected to a temperature cycle as the

one shown in Fig. 3. The cycle consisted of a heating ramp

up to a temperature where all hydrides were dissolved; then

cooling down to test temperature, where precipitated

hydrides and hydrogen in solution coexisted [19]. After

holding 1 h at test temperature, a constant load was applied

to produce an initial KI = 15 MPa m1/2 which assures a

constant DHC velocity [2]. At the end of each DHC test,

samples were unloaded and cooled down to room tem-

perature. Finally, specimens were broken opened in two

halves by applying an overload.

DHC velocity was calculated in postmortem specimens

by measuring the length of fracture surface using the nine

lines method [20] and using the propagation time. The

same mechanical and acoustic configuration was main-

tained during all tests in order to minimize the variability in

the measurements.

Characterization of Nb percentage of b phase was made

by X-ray powder diffraction. Powder was obtained by

electrolytic anodic dissolution of a phase in a methanol,

perchloric acid and butoxyethanol solution [21]. For X-ray

diffraction, Cu-Ka radiation was used, in the range 10–70�
of 2h, with scanning step of 0.02� every 15 s.

Results and discussion

Five different temperatures in the range of reactor opera-

tion were chosen for testing the samples. Table 1 shows the

details of each test and Fig. 4 shows a typical DHC fracture

surface.

A dummy sample, without hydrogen, was first tested to

characterize the acoustic behavior of the system. No sig-

nificant signals, than the background electronic noise, were

observed.

DHC velocities versus temperatures are plotted in

Fig. 5. The same figure shows other authors’ [22] values

measured on another as fabricated CANDU PT, without

any subsequent thermomechanical treatment. These values

are higher than those measured in this work. Table 2 shows

a comparison between the mechanical properties of both

materials.

It is known that thermal history affects DHC velocity

[23, 24] by changing the alloy strength, and the composi-

tion and morphology of metastable b-Zr phase. The

metastable phase b-Zr (20% Nb) transforms to equilibrium

b-Nb (*85 wt% Nb) phase, passing through intermediate

stages with metastable x phase precipitation and Nb

enrichment of b-Zr [25].

The Nb percentage of b phase (b-Zr*) can be evaluated

by measuring lattice parameter (ab) in X-ray diffraction

diagrams according to Eq. 2 [26].

ab½Å� ¼ 3:588� 0:002888x ðwt% NbÞ ð2Þ

Figure 6 shows the position of (110) diffraction peak of

PT tested in this work which corresponds to *70% of Nb

in b phase. At temperatures higher than 300 �C, the b
phase transformation slows down DHC velocity as the

transformation progress [24]. The lower DHC velocity

measured in this work is in agreement with the high Nb

percentage (*70%) in b phase compared with (*20–50%)

[27] in typical CANDU PT similar to that used in the IAEA

Round Robin [22]. According to Ref. [25] a heat treatment

at 380 �C during 168 h explains the *70% of Nb in b
phase. It is expected that heat treatment not only increases

the Nb percentage of b phase but also cuts the continuity of

the b lath [24], produced during the PT extruding.

Subsequently, this transformation of b phase produces a

decrease in hydrogen diffusion coefficient [28].

Figure 5 also shows a DHC velocity fitting of the

experimental data according to Puls’s model [10, 11],

Eq. 3.

Vp ¼
2pDðEðLÞ � EðlÞÞ
ðXZrUðL; lÞthNHxÞ ð3Þ

where E(l) and E(L) are the terminal solid solubility of

hydrogen in the presence of applied stresses near and far

away from the crack tip, respectively. These variables (as
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defined in [18]) and other parameters of Eq. 3 are shown in

Table 3.

The hydrogen diffusion coefficient measured by Skinner

and Dutton [28], in the axial direction, for an autoclaved

PT (400 �C/24 h) was selected for the PT used in the IAEA

RR [22], which was tested in the same condition .For the

heat treatment received by the material used in this work

(autoclaved 400 �C/24 h + 380 �C/168 h), there is no

hydrogen diffusion coefficient reported in literature. Skin-

ner and Dutton [28] measured hydrogen diffusion after

heat-treating at 400 �C during 24 h an autoclaved PT. For a

similar heat treatment (400 �C/48 h), Griffiths et al. [25]

Table 1 Conditions and results of DHC tests

Test no Hydrogen

concentration

(ppm)

Test temperature

(�C)

KI (initial)

(MPa m1/2)

Crack length (m) Test time (s) Vp DHC velocity

(m/s)

dNc/dt
(counts/s)

1 80 259 15.0 7.36E-4 12,600 5.85E-08 20.93

2 80 232 13.3 4.43E-4 25,200 1.76E-08 5.95

3 50 220 15.4 6.03E-4 38,376 1.57E-08 4.41

4 50 200 15.9 7.13E-4 87,898 8.12E-09 1.10

5 50 180 16.3 9.34E-4 218,700 4.27E-09 0.37

Fig. 4 Typical DHC fracture surface. Striations are perpendicular to

cracking direction

Fig. 5 DHC velocity versus temperature. Experimental data and

model fitting of typical CANDU (average of [22]) and this work PTs

Table 2 Mechanical properties

of materials

a Tensil axis parallel to PT

circumferential direction
b Measured in RC plane of

pressure tube
c CNEA private report

Material Test temperature

(�C)

0.2% Yield stress

(MPa)a
Micro hardness

[HV0.2]b

IAEA Round Robin [22] 20 803 272.7

250 567 –

This work (as received: 400 �C/24 h)c 20 705 ± 39.5 214.5 ± 2.1

250 507 ± 37.6 –

This work (380 �C/168 h) 20 – 219 ± 5.5

250 –

Fig. 6 Powder X-ray diagram of this work PT. The peak (1 1 0) of

b-Zr phase is shifted to higher angles due to an increase in Nb

concentration
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obtained around 64% of Nb in b phase. As this value is

approximately similar to the 70% of Nb obtained in this

work material, the value reported in Ref. [28] was used for

Vp calculation. The hydrogen diffusion coefficients are

reported in Table 3.

From the yield stress data reported in Table 2, two

linear regressions were obtained for the material employed

in this work (ry1 = 957 - 0.86 T MPa), and that one used

in the IAEA Round Robin [22] (ry2 = 1103.6 -

1.026 T MPa). As is shown in Table 2 the heat treatment

received by this work material did not affect the microh-

ardness; then, it is expected that the yield stress did not

change either.

The expressions for the distances from the crack tip

were taken from [16] as l = rm + lc and L = 20rp, where

rm is the location of maximum stress from the crack tip, lc
is the critical length of hydride, and rp is the radius of

plastic zone at the crack tip.

rm ¼
ð1� 2tÞ2

6p
Kd

IC

ry

� �2

½lm� ð4Þ

lc ¼
ð1� 2tÞ2

6p
Ka

IC � KI

KI � Kd
IC

� �
KI

ry

� �2

½lm� ð5Þ

rp ¼
ð1� 2tÞ2

2p
KI

ry

� �2

½lm� ð6Þ

Parameters of Eqs. 4 and 5 are defined in Table 4.

Finally, hydride thick (th) was calculated according to

[16] as

th ¼
2Kd

ICð1� t2Þð1� 2tÞ 4ry � 3 1� 2tð Þrfh

� �
9Ee?r2

y

½lm� ð7Þ

where e? is the hydride (stress free) transformation strain

that, for an anisotropic material, holds e? ¼ 0:0458þ
0:0262fT [33], and fT = 0.62 is the fraction of a zirconium

Table 3 Definition of parameters and variables used in Eq. 3

Vp: DHC velocity (m/s)

l: Distance from crack tip to hydride tip

L: Distance away from the hydride tip

E(l) = TSSP1 � eW
a

t ðlÞ=RT

E(L) = TSSP2 � eW
a

t ðLÞ=RT

TSSP1: Equilibrium hydrogen concentration at hydride tip during precipitation (without memory effect, cooling from 420 to 450 �C [29])

TSSP2: Equilibrium hydrogen concentration away from hydride tip during precipitation (with memory effect, cooling from 220 to 368 �C

[29])

U(L, l) =
R L

l expðpðrÞVH=RTÞdr=r

p(r) = rii=3; hydrostatic stress at r

W
a
t ðL; lÞ = �Vhidrijeij; total interaction energy per mole of H due to hydride formation under external stress (summation over repeated indices i,

j = 1,2,3)

rij : Applied external stress. Under plain strain conditions holds [11]

At l r11 = 3.35ry, r22 = 2.08ry, r33 = 2.71ry

At L r11 ¼ r22 ¼ KI=
ffiffiffiffiffiffiffiffi
2pL
p

and r33 ¼ 2mKI=
ffiffiffiffiffiffiffiffi
2pL
p

eij: Hydride (stress-free) transformation strains [30]

At l eT
22 ¼ eT

33 ¼ 0:0458; eT
11 ¼ 0:072

At L eT
11 ¼ eT

33 ¼ 0:0458; eT
22 ¼ 0:072

At the crack tip, the normal-to-hydride platelet is parallel to circumferential direction of PT and applied stress, while at L the normal-

to-hydride platelet is parallel to radial direction of PT

VH = 16.7 9 10-7 (m3/mol), molal volume of hydrogen [31]

Vhid = 16.3 9 10-6 (m3/mol hydride), hydride volume per mole H [30]

D1 = 3.5 9 10-7e(-39558/RT) (m2/s), hydrogen diffusion coefficient in Zr-2.5Nb heat-treated 24 h at 400 �C after autoclaved at 400 �C

during 24 h [28]. Used for this work experimental data

D2 = 2.4 9 10-7e(-34700/RT) (m2/s), hydrogen diffusion coefficient in autoclaved Zr-2.5Nb [28]. Used for typical CANDU PT [18, 22]

ry1 = (957 - 0.86 T) (MPa), extrapolated yield stress from CANDU PT of Embalse Nuclear Power reactor (this work)

ry2 = (1103.6 - 1.026 T) (MPa), extrapolated yield stress for CANDU RX04 PT [18, 22]

R = 8.314 (J/mol K), universal constant of gases

NH = 6.13 9 1028 (atom/m3), atomic density of zirconium hydride [11]

x = 1.66 (at. H/at. Zr), hydrogen atoms in the hydride ZrHx

XZr = 2.3 9 10-29 (m3/atom), atomic volume of zirconium [30]

T: Temperature (K)
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grains whose normal to the {0001} basal planes lies in the

circumferential direction.

Good agreement was obtained between experimental

data and the velocity calculated with the yield stress and

hydrogen diffusion coefficient reported in Table 3. In order

to evaluate if the lower strength of this work material might

explain by itself the lower DHC velocity measured, Vp was

re-calculated using the diffusion coefficient D2 and the

yield stress ry1 (Fig. 5). No significant velocity reduction

was obtained, showing that the strength effect is negligible

compared with the diffusion effect.

In Fig. 3, cumulative counts of AE events generated

during a test are superposed to the temperature cycle. The

cumulative count curve shows three distinct stages [8]: an

incubation stage where no AE is detected, a transition stage

with high cumulative count rate (dNc/dt), and finally a

linear behavior. This last stage count rate is correlated with

the velocity of DHC propagation (Vp) measured in

postmortem specimens (Fig. 7). It was found a linear cor-

relation, Eq. 8, between acoustic emission cumulative

count rate and DHC velocity over the temperature range

studied, with a linear correlation index R over 0.98.

Vp ½m/s� ¼ 3� 108dNc/dt ð8Þ

This relationship may be used as a nondestructive tool

for DHC velocity estimation during tests, provided that the

same acoustic configuration is settled.

Table 4 Definition of variables and parameters used in Eqs. 4–7

m = 0.436 – 4.8 9 10-4 (T-273) Poisson’s ratio [11]

KI = 15 (MPa m1/2), stress intensity factor

Kd
IC = 5.35 (MPa m1/2), fracture toughness for delta hydride [16]

Ka
IC = 45 (MPa m1/2), fracture toughness for alpha phase [16]

rfh = 650.84 - 0.09096 T (MPa), fracture strength of zirconium

hydride [32]

E = 95.9 - 0.0574 (T-273) (GPa), elastic modulus [11]
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The number of acoustic emission signals generated

during DHC tests has been proposed to be approximately

equal to the number of striations in fracture surface and

each striation produced by a cracked hydride [9, 34] (see

Fig. 4). However, there are evidences [8] that the number

of signals generated during a typical DHC test is higher

than the number of striations; this may be a consequence

of a complex fracture pattern inside a striation [35]. Our

data support the latter hypothesis as shown in Fig. 8,

where a theoretical calculation of time for critical length

fracture is compared with the histogram of times between

successive AE events. The theoretical time is calculated

as the ratio of lc [16] over Vp from Eq. 3 and shown in

Table 5. The histogram represents the number of AE

events separated from the next one by a time interval of

nDt, for Dt = 40 s and n = 25. Figure 8 shows that

acoustic emission occurs more frequently than the time

required for reaching the critical length, suggesting that

one crack per critical hydride length is a rough

simplification.

Conclusions

In this work we apply acoustic emission technique

to evaluate delayed hydride cracking of nonirradiated

Zr-2.5Nb alloy from CANDU pressure tube.

We found a linear relationship between acoustic emis-

sion cumulative count rate and DHC velocity over the

range of test temperatures (180–259 �C). This relationship

allows to estimate online DHC velocity in a nondestructive

way.

The material used in this work presents lower DHC

velocity than typical CANDU tubes; this can be explained

by the high degree of decomposition of metastable b-Zr

phase, which slows down hydrogen diffusion. This fact was

tested out with a theoretical model of DHC velocity pre-

diction, showing that hydrogen diffusion coefficient is the

key parameters for a good fitting.

From inter-events time histograms of experimental AE

signals, the number of signals generated during typical

DHC test proves to be higher than that expected by the

fracture model of one crack every time the hydride reaches

its critical length.
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