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We have investigated the interdiffusion behaviors and mechanical properties of Ni-Zr intermetallic
compounds formed in the Ni-Zr interdiffusion interface zone at a temperature range of 865e955  C.
Eight intermetallic compounds (Ni5Zr, Ni7Zr2, Ni3Zr, Ni21Zr8, Ni10Zr7, Ni11Zr9, NiZr, and NiZr2) have been
observed in the Ni-Zr diffusion zones. The square of the thickness of the formed intermetallic compounds
linearly increases with time, which indicates that the growth of intermetallic compounds is diffusioncontrolled at long-term annealing. The decomposition temperature of the Ni11Zr9 has been conﬁrmed
at a temperature range of 930e935  C. Interdiffusion coefﬁcients and activation energies are obtained
from the measured composition proﬁles. We found that the Young's modulus decreases with the increase
of Zr concentration, where Ni5Zr has the highest Young's modulus of 250.21 GPa and NiZr2 has the lowest
value of 76.82 GPa. However, without any linear relation to the concentration of Zr, the Ni10Zr7 has the
highest hardness as 10.17 GPa, and NiZr2 has the lowest hardness as 5.56 GPa.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
Ni-Zr binary alloy systems have been extensively studied
because of their good glassing forming ability, high thermochemical stability, and outstanding mechanical properties,
including residual stress, hardness, corrosion resistance, wear
resistance, strength, and reduced modulus [1e6]. The superior
properties of Ni-Zr alloys are attributed to the existence of various
intermetallic compounds (IMCs), of which diffusion plays a critical
role in the microstructure's formation and evolution [7e12].
The Ni diffusion coefﬁcient in an amorphous alloy of Ni57.5Zr42.5
was determined to be 1  1016 cm2/s at 250  C [7]. By using a
radioactive tracer, secondary ion mass spectrometry, and Rutherford backscattering techniques, the Ni tracer diffusion coefﬁcient
parameters in amorphous Ni50Zr50 was determined to be
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3.18  1016 cm2/s at 300  C [8,9], where they also found that Ni and
Cu diffuse several orders of magnitude faster than Au and Zr in NiZr
amorphous alloy. Other than the diffusion in amorphous alloys, the
diffusion couple technique was employed to investigate the diffusion coefﬁcients of IMCs in Ni-Zr systems [11,12]. The interdiffusion
coefﬁcients of ﬁve IMCs, Ni5Zr, Ni7Zr2, Ni10Zr7, NiZr and NiZr2, have
been studied at three different temperatures 750  C, 800  C and
850  C [12].
According to the Ni-Zr binary phase diagram [13], the pure aZr (HCP) transforms into b-Zr (BCC) at 863  C. As for the diffusion
between Ni and a-Zr, there are some studies in the literatures
[11,12]. Unfortunately, there is little experimental work addressing the bulk interdiffusion between Ni and b-Zr, together with
interdiffusion coefﬁcients of IMCs at elevated temperatures,
which are crucial in processing control. In order to systematically
understand the diffusion behaviors in Ni-Zr alloys, the bulk
interdiffusion behavior between the Ni and b-Zr should be
determined. In this work, the conventional technique of diffusion
couple is applied to Ni-Zr system at elevated temperatures to
extract the diffusion coefﬁcients. Additionally, the micro-
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mechanical properties of Ni-Zr IMCs have been measured using
the nanoindentation technique.
2. Experimental procedure
Ni (99.99 wt%) and Zr (99.95 wt%) plates were used as starting
materials. Ni and Zr plates were cut into cuboids with dimensions
3  5  6 mm. These cuboids were ground and polished to obtain
ﬂat surfaces. The cuboids were then cleaned using ethanol and
acetone in an ultrasonic bath and then dried by dryer.
The clean cuboids were coupled together and tightened by a
steel ﬁxture to ensure a perfect contact at the diffusion surface.
Then, diffusion couples were sealed in vacuum quartz tubes and
subsequently annealed in tube furnace at 865  C, 890  C, 900  C,
915  C, 935  C, 945  C and 955  C for 12, 24, 36 and 48 h, respectively. The temperatures were controlled in the error range of ±2  C.
The annealed diffusion couples were quenched in ice water to
preserve the microstructure and local chemical composition. Then
the diffusion couples were mounted in resin.
The JEOL 8230 electron probe micro-analyzer (EPMA) with wave
length dispersive spectroscopy (WDS) was used to obtain the
composition proﬁles of the phase layers in the diffusion zones. Pure
Ni and pure Zr were employed as reference materials to calibrate
the EPMA results. The quantitative line scanning was set perpendicular to the interfaces of diffusion couples with step size 0.5 mm
(for thin layers with 0.1 mm or 0.3 mm).
Nanoindentation was performed on the Nanovea M1 hardness
tester using a diamond Berkovich tip. During nanoindentation, the
indenter was chosen to load a sample in a controlled way. The load
was selected at a range of 20e50 mN, the loading and unloading
rate were set at 100 mN/min, the contact load was 0.03 mN, and the
holding segment was 5 s, while the displacement was continuously
recorded. The well-established procedures of Oliver and Pharr [14]
can be used to deduce the hardness and modulus of the tested
material by loading and unloading curves.
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Ni21Zr8 phases ﬁrstly formed during the diffusion process, then the
Ni3Zr phase appeared by the peritectic reaction Ni21 Zr8 þ Ni7 Zr2 ¼
Ni3 Zr. Moreover, the existence of Ni3Zr has been conﬁrmed by the
detected plateau stoichiometric ratio of 3:1 (see Fig. 1 (f)). For the
other samples annealed at diffusion temperatures (900  C and
915  C), the BSE images and composition proﬁles are all similar as
those annealed at 890  C for 12 h.
The BSE image of the diffusion couple annealed at 935  C for
12 h is shown in Fig. 2 (a) along with the composition proﬁle in
Fig. 2 (b). Seven IMCs (Ni5Zr, Ni7Zr2, Ni21Zr8, Ni10Zr7, Ni11Zr9, NiZr
and NiZr2) formed in the diffusion zone at 935  C, which coincides
with the Ni-Zr binary phase diagram [13]. The inset of Fig. 2 (b)
depicts the formation of the Ni21Zr8 phase with lamellar spacing of
1.1 mm. The Ni11Zr9 is present at the sample annealed at 935  C and
its thickness increases with annealing time, and is distinct from the
phase diagram [13], from which, the decomposition temperature of
Ni11Zr9 is 978  C. To verify our results, we have repeated experiments, and the Ni11Zr9 was not found at the samples annealing at
930  C. So we believe that the decomposition temperature should
be at the range of 930e935  C. For the other samples annealed at
945  C and 955  C, the BSE images and composition proﬁles are
similar to that annealed at 935  C for 12 h.
It is worth pointing out that all of the binary Ni-Zr IMCs that
have been reported in literature [11,12] have been found in the
present work. The order of lamella spacing follows
NiZr > NiZr2 > Ni10Zr7 > Ni5Zr > Ni7Zr2 > Ni11Zr9 > Ni21Zr8, agreeing
well with a previous study [11], but different from the reported data
[12] of NiZr2 > Ni5Zr > NiZr > Ni10Zr7 > Ni7Zr2. The discrepancy
could be due to the different annealing temperatures and the
different crystal types of Zr in Ref. [12].
It is distinctly shown in Fig. 1 (a), Fig. 1 (c), and Fig. 2 (a) that the
boundaries of each layer are wavy. Tu et al. [15] argued that the
formation of the wavy type is due to the presence of impurities.
Kodentsov et al. [16] suggested a thermodynamic instability of the
interface may give rise to the wavy growth.

3. Results and discussion

3.2. The parabolic growth constants of intermetallic compounds

3.1. Morphologies and composition proﬁle in the diffusion zones

The thicknesses of the layers are an important parameter
characterizing their concentration. Because of the wavy boundaries
of phase layers, the average thicknesses of the layers were calculated by measurement for 10 times including the wave crest and
valley. The square of the thickness of the phase layers linearly increase with time, as shown in the following equation [17]:

The back-scattered electron (BSE) images of the diffusion couples annealed at 865  C for 36 h and 890  C for 12 h are shown in
Fig. 1 (a) and (c). The composition proﬁles corresponding to the
solid lines are displayed in Fig. 1 (b) and (d). Here the quantitative
line (with blue color) scanning passed through the gap without
precipitates. As indicated by the Ni-Zr phase diagram [13] (shown
in Fig. 1 (e)), Ni5Zr, Ni7Zr2, Ni3Zr, Ni21Zr8, Ni10Zr7, NiZr and NiZr2
were formed in the diffusion zone at 890  C. We observed the
domain of Ⅰ with different colors at the phase boundaries between
Ni7Zr2 and Ni10Zr7 at 865  C (see inset of Fig. 1 (a)), which is speculated to be Ni21Zr8 in Fig. 1 (a) according to the EPMA results.
Unfortunately, the phase layer is too thin to be afﬁrmed due to the
spatial resolution of EPMA. From Fig. 1 (a) and Fig.1 (c), it is evident
that lamellar layers of the Ni5Zr, Ni7Zr2, Ni10Zr7, NiZr and NiZr2 were
formed in the diffusion couple. Though the thickness of Ni21Zr8 is
only 0.8 mm, it can be clearly observed in the diffusion couple
annealed at 890  C for 12 h. The existence of Ni21Zr8 is consistent
with the binary phase diagram [13].
One can see from Fig. 1 (a) and (c) that Ni3Zr was discrete
distributed in Ni7Zr2 phase zone. The formation of Ni3Zr is by
peritectic reaction according to the phase diagram shown in Fig. 1
(e). Fig. 1 (a) and Fig. 1 (c) demonstrate that the Ni7Zr2 and


kðjÞ ¼

DxðjÞ
t

2
(1)

where superscript j is the phase; Dx(j) is the thickness of the j phase
layer, t is the annealing time, and k(j) is the parabolic growth constant of phase j.
It is worth noting that the linear extrapolation based on equation (1) for IMCs doesn't always pass the origin, owing to the
change of growth to diffusion. As explicated by Loo [18], if the phase
layer has grown to a sufﬁciently large thickness, the growth kinetics
will always change to diffusion-controlled. Therefore, the parabolic
equation can still be applied to the later stage growth of the IMCs
layers [19]. In our case, the calculated growth constants of the
intermetallic phases are shown in Fig. 3. It manifests that the
parabolic growth rule is suitable for the growth of all phase layers.
As interpreted by Paul et al. [20], the growth curves can be
expressed with a correction applied to the thickness or the time
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Fig. 1. (a) The BSE image of the interdiffusion zone in the Ni-Zr couple annealed at 865  C for 36 h, (b) the composition proﬁle in the across interdiffusion zone in Ni-Zr couple
annealed at 865  C for 36 h obtained using EPMA. (c) the BSE image of the interdiffusion zone in the Ni-Zr couple annealed at 890  C for 12 h, (d) the composition proﬁle in the
across interdiffusion zone in Ni-Zr couple annealed at 890  C for 12 h obtained using EPMA. (e) the Ni-Zr phase diagram [13], (f) the composition proﬁle of Ni3Zr and Ni21Zr8 in the
phase Ni7Zr2 of Ni-Zr couple annealed at 890  C for 12 h obtained using EPMA.
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and
i is the mole fraction of component i in j phase; Ni
∞
Ni are the corresponding mole fraction in the right and left end
boundaries of the diffusion couple. x(j1,j) is the distance between
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Fig. 2. (a) The BSE image of the interdiffusion zone in the Ni-Zr couple annealed at
935  C for 12 h, (b) the composition proﬁle in the across interdiffusion zone in Ni-Zr
couple annealed at 935  C for 12 h obtained using EPMA.

depending on the early starting stage. In this work, the growth
curves intersect with the time axis. Therefore, the effect of an initial
transient t0 is considered, resulting in equation (2) [21]. The time of
t0 can be attributed to the incubation time for nucleation of IMC, or
more generally, to an initial transient stage. It is should be noted
that t0 doesn't stand for the real time of the initial non diffusioncontrolled stage.


kðjÞ ¼

2
DxðjÞ
t  t0

(2)

3.3. Estimation of diffusion parameters
The interdiffusion coefﬁcient describes the comprehensive ef~ [22]. Because of the
fect of the diffusion, and was deﬁned as D
existence of the wavy phase layers and the narrow homogeneity
~
range, an integrated interdiffusion coefﬁcient D
int deﬁned by
Wagner [17] was used, which is appropriate for the diffusion zone
with a narrow homogeneity range. It is expressed as equation (3).

(5)

If we obtain two diffusion couples with annealing time t2 and t1
and the layer thickness x(j) 1and x(j) 2, we can obtain equation (5)
[21] by subtracting equation (4) [21] for periods t2 and t1. To
~ j can be calculated by
eliminate the effect of the initial stage, D
int
equation (5) [21].
The molar volume of intermetallic phases can be calculated
based on the lattice constants [23e28]. The calculated integrated
interdiffusion coefﬁcients of the intermetallic phases are listed in
Table 1. The interdiffusion coefﬁcients increase with the temperature. Compared with other experimental data [12], the present
results of 865  C are similar as those of 850  C obtained by Paul et al.
[12]. The integrated interdiffusion coefﬁcients of phases are larger
than those in literature [12], as shown in Fig. 4. For examples, the
integrated interdiffusion coefﬁcients of NiZr and NiZr2 phases are
203.045  1016 m2/s and 53.649  1016 m2/s at 900  C, and the
literature values are 44.78  1016 m2/s and 24.69  1016 m2/s at
850  C [12]. The differences are due to the different diffusion
temperatures and different crystalline type of Zr.
It is generally accepted that the diffusion behavior following the
Arrhenius temperature dependence, as shown in equation (6) [17].

~ expð  Q =RTÞ
~ ¼D
D
0
int

(6)

~ are the pre-exponential factors, Q is the activation energy
where D
0
of growth, R is the ideal gas constant and T is the annealing temperature in Kelvin.
~ and 1/T is demonstrated
The linear relationship between lnD
int
in Fig. 5. The calculated activation energies and pre-exponential
factors are listed in Table 2. The integrated interdiffusion coefﬁcients of intermetallic phases were calculated at different temperatures and the values vary in three orders of magnitude, that is,
NiZr has the largest interdiffusion coefﬁcients and Ni21Zr8 has the
smallest interdiffusion coefﬁcients. The activation energies for
diffusion were estimated based on the interdiffusion coefﬁcients.
The present activation energies are different from other experimental values [12]. The reasons may be due to the different temperature range and crystalline type of Zr between our experiment
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Fig. 3. The parabolic growth constants for growth of (a) Ni5Zr, (b) Ni7Zr2, (c) Ni21Zr8, (d) Ni10Zr7, (e) Ni11Zr9, (f) NiZr, (g) NiZr2.
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Table 1
The integrated interdiffusion coefﬁcients of the Ni-Zr IMCs.
~ ð  1016 m2 =sÞ
D
int
Temp( C)

Ni5Zr2

Ni7Zr2

Ni21Zr8

Ni10Zr7

Ni11Zr9

NiZr

NiZr2

865

3:399þ0:141
0:079

4:261þ0:149
0:281

e

9:525þ0:095
0:105

e

95:693þ5:131
3:625

32:859þ2:641
1:297

5:503þ0:367
0:293
6:437þ0:146
0:125
8:163þ0:114
0:093
9:188þ0:529
0:268
11:284þ0:116
0:084
0:35þ0:01
0:01
8:92þ0:61
0:61
14:39þ0:42
0:42

6:939þ0:161
0:159
8:087þ0:178
0:145
10:242þ0:258
0:142
11:496þ0:304
0:196
13:532þ0:068
0:132
0:71þ0:02
0:02
2:71þ0:13
0:13
7:34þ0:14
0:14

0:661þ0:022
0:054
0:931þ0:027
0:016
1:339þ0:101
0:059
1:641þ0:129
0:081
1:985þ0:195
0:095

20:289þ0:881
0:589
28:173þ0:526
0:475
37:659þ2:660
2:341
43:046þ3:654
2:346
51:295þ2:605
1:295
1:91þ0:17
0:17
5:44þ0:131
0:131
12:29þ0:18
0:18

e

203:045þ6:955
5:045
242:818þ4:975
5:267
366:196þ4:804
5:196
413:236þ7:764
6:236
475:31þ5:257
5:115
1:52þ0:04
0:04
8:46þ0:05
0:05
44:78þ1:15
1:15

53:649þ1:851
2:849

890
900
915
935
945
955
750 [12]
800 [12]
850 [12]

4:451þ0:120
0:098

5:963þ0:142
0:136

0:518þ0:031
0:042

e
e
e

14:937þ0:206
0:185

e
e
1:628þ0:282
0:228

21:084þ2:716
1:484
26:065þ1:835
0:665
e
e
e

157:81þ2:417
2:058

48:97þ1:741
1:478

67:053þ2:013
1:980
91:166þ1:431
2:066

104:131þ2:869
2:531
126:683þ3:631
2:349
2:25þ0:06
0:06

11:51þ0:04
0:04
24:69þ0:53
0:53

Fig. 5. Temperature dependence of the integrated interdiffusion coefﬁcients of Ni-Zr
IMCs.

Table 2
The activation energies and the pre-exponential factors Ni-Zr IMCs.
Phase

Q(kJ/mol)

Ni5Zr
Ni7Zr2
Ni21Zr8
Ni10Zr7
Ni11Zr9
NiZr
NiZr2

151.328±4.987
144.830±3.916
242.041±8.978
229.200±5.055
289.901±13.966
206.835±4.268
170.447±5.388

Qint

D0(m2/s)
Ref [12]
224±13 [12]
178±8 [12]
323±6 [12]
230±42 [12]

2.958±1.353E-09
1.927±0.510E-09
4.017±1.472E-06
3.034±0.260E-05
5.750±1.626E-03
3.139±0.302E-05
2.185±0.829E-07

and others. Generally, the lower activation energy for diffusion, the
easier atom diffusion, and the associated phase is formed easily.
That is, the Ni5Zr, Ni7Zr2 and NiZr2 are the easier formed phases
than others due to the present results.
Fig. 4. The variation trend of integrated interdiffusion coefﬁcient versus the concentration of Zr for the IMCs of Ni-Zr system, (a) the result of this work, (b) the result of
literature [12].

3.4. The mechanical properties of intermetallic compounds
The mechanical properties of binary Ni-Zr intermetallic compounds were examined by nanoindentation techniques. The
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hardness and Young's modulus were calculated from the loaddisplacement measurements. In this work, the holding time of
test was set 5 s to avoid the effect of creep on the unloading
segment [29]. The Oliver-Pharr method [14] was used to deduce the
hardness and modulus. A typical load-displacement curve is shown
in Fig. 6 (a) in order to illustrate the method how to calculate the
hardness and Young's modulus, as interpreted by equations
(7)e(9).

Pmax
A

(7)

pﬃﬃﬃ
S p
Er ¼ pﬃﬃﬃ
2 A

(8)

H¼

1
1  v2 1  v2i
þ
¼
Er
E
Ei

(9)

where Pmax is the peak load, A is the projected area, Er is reduced
elastic modulus, S ¼ dP/dh is the experimentally measured stiffness
of the upper portion of the unloading data, E, v, and Ei, vi are
respectively, Young's modulus and Poisson's ratio for the specimen
and indenter.
The load-displacement curves of Ni-Zr IMCs at room temperature have been shown as a representative (Fig. 6 (b)) and calculated
values are summarized in Table 3. The variations of hardness and
Young's modulus versus the concentration of Zr for the intermetallic compounds of Ni-Zr systems are shown in Fig. 7. Obviously,
the experimental Young's modulus follows the same trend as the
results of ﬁrst-principles calculations [5]. That is, the Young's
modulus decreases with the increase of Zr concentration. Among
the intermetallic compound of Ni-Zr systems, Ni5Zr has the highest
Young's modulus of 250.21 GPa, while NiZr2 has the lowest Young's
modulus of 76.82 GPa. Ni10Zr7 possesses the highest hardness,
indicating highest shear modulus. NiZr2 has the lowest hardness of
5.56 GPa. For the hardness, generally, which can be estimated from
the shear modulus with empirical relationship. And the shear
modulus describes the material's response to shear stress, while,
Young's modulus describes the material's strain response to uniaxial stress in the direction of this stress. That is, the Young's
modulus value decreases as the Zr content increases but the same
trend is not in hardness.
4. Conclusions
As a summary, we have experimentally investigated the diffusivity, hardness and the Young's modulus of Ni-Zr intermetallic
compounds at the temperature range of 865e955  C for different
annealing time. The decomposed temperature of the Ni11Zr9 was
determined to be at the range of 930e935  C from the present
experiment. All eight phases of Ni-Zr phase diagram are found in the
interdiffusion zones. The growth mechanism of phases is not
diffusion-controlled at the initial transient stage but change to
diffusion-controlled after long annealing time. The integrated
interdiffusion coefﬁcients of intermetallic phases were calculated at
different temperatures and the values vary in three orders of
magnitude. NiZr has the largest value, while Ni21Zr8 has the smallest
value. The activation energies for diffusion were estimated based on
the interdiffusion coefﬁcients, which are larger than other experimental values due to the different temperature range and the
different crystalline type of Zr. The hardness and Young's modulus of
the Ni-Zr IMCs were deduced by nanoindentation. The results agree
well with those of the ﬁrst-principle calculations. Among the IMCs of
Ni-Zr system, the Young's modulus of Ni5Zr, Ni7Zr2, Ni10Zr7, Ni11Zr9,
Table 3
Hardness (H) and Young's modulus (E) for the Ni-Zr IMCs in this work compared
with data from literature [5].
Phase

H(GPa)

E(GPa)

E(GPa) [5]

Ni5Zr

9:35þ0:42
0:53
7:16þ0:26
0:23
10:17þ0:34
0:23
9:37þ0:41
0:20
6:46þ0:42
0:38
5:56þ0:35
0:23
4:52:09þ0:18
0:16
4:87þ0:23
0:19

250:21þ13:65
12:03
162:93þ7:86
5:24
135:62þ4:02
3:13
124:32þ3:82
2:35
115:89þ3:65
4:29
76:82þ2:14
1:75
176:82þ4:26
3:33
97:83þ3:53
3:20

232.70

Ni7Zr2
Ni10Zr7
Ni11Zr9
NiZr
NiZr2
Fig. 6. (a) A typical load-displacement curve, in which the loading curve becomes
progressively more linear, without actually reaching a constant gradient regime [28],
(b) the load-displacement curves for NiZr.

Ni
Zr

151.22
135.77
122.24
112.96
76.50
184.19
93.24
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Fig. 7. The variation trend of hardness (a) and Young's modulus (b) versus the concentration of Zr for the IMCs of Ni-Zr system.

NiZr, NiZr2 are 250.21 GPa, 162.93 GPa, 135.62 GPa,124.32 GPa,
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