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The effect of  microstructure and crystal direction on the extent of  phase transformation (EPT) of Ni 
into fl-NiH by cathodic charging with H has been investigated by X-ray diffraction. A measure for 
EPT in each crystal direction is the relevant volume fraction of/%NiH. EPT is controlled by the crystal 
direction in the case of  heat-treated specimens. In the case of  electrodeposited specimens, the imperfec- 
tions of  which are commensurate with those of  cold-worked metals, EPT is controlled by both the 
crystal direction and the "dislocation-induced" anisotropy at the same time. The study provides new 
information on the characteristics of  the phase transformation of  bulk nickel into/~-NiH. 

I. Introduction 

It is well known that as a result of cathodic charging 
with H (both of electrodeposited layers and metallur- 
gically produced nickel) in the presence of inhibitors, 
a nickel hydride phase is produced which is unstable 
at room temperature [1-6]. This phase, denoted as 
fl-NiH, coexists alongside c~-Ni [6]. ct-Ni is a solid sol- 
ution of about 5 at. % H in nickel. Above this mean 
content, there is an abrupt formation of/~-NiH, the 
H:Ni  ratio of which is 0.7-0.8. c~-Ni and fl-NiH 
possess a FCC lattice: the lattice constant of/~-NiH is 
0.3738 nm - it is about 6% greater than the lattice 
constant of nickel, which is 0.3524nm [1, 6]. fl-NiH, 
formed during the cathodic charging with H in the 
surface layer of the textured electrodeposited nickel, 
has the same crystallite orientation as the nickel 
matrix [7]. 

The X-ray diffraction (XRD) measurements of 
/~-NiH are relative, since the comparison with stan- 
dards is not possible [5, 8, 9]. Such an approach was 
employed to monitor the influence of the electro- 
chemical conditions of cathodic charging with H on 
the decomposition kinetics of/3-NiH. A model for the 
role of dislocations in the formation and decompo- 
sition has been proposed on the basis of the differences 
in the decomposition rates of B-NiH formed as a result 
of the cathodic charging with H in the presence and 
absence of Cu 2+ [6, 9, 10]. Thus the influence of one of 
the structure parameters on the phase transformation 
is accounted for in practice. In a previous study [11], 
it was established that the extent of phase transition of 
nickel into/?-NiH is greater in bright coatings than in 
matt ones. This indicates that the observed difference 
may be due to both a difference in their texture and 
microstructure. The existence of such a difference for 

analogous coatings has been established in [12]. If a 
property is dependent on the structure, it should then 
be an anisotropic property, since "the structure aniso- 
tropy is a source of anisotropy of the properties" [13]. 
It is known that the diffusion rate is to a great degree 
dependent on the crystallographic direction [14]. The 
diffusion of the H atoms to the sites of their trapping 
(sites of the elementary act of phase transformation) is 
carried out through the grain and twin boundaries, 
crystal lattice and its defects. Thus the question arises 
whether the extent of phase transformation of nickel 
into /?-NiH depends (and eventually how does it 
depend?) on the Ni crystallite orientation and micro- 
structure anisotropy (differing size and microdefor- 
mation of the crystallites in the different crystal 
directions). This study is a first attempt to find an 
answer to this question. 

2. Specimen preparation and experimental details 

Most of the models for this study were nickel coatings, 
deposited on 1 x 25 x 35ram copper substrates. In 
an XRD sense, the 50#m thick coatings behaved as 
bulk metal, since their thickness was greater than the 
effective depth of X-ray penetration [15]. The elec- 
trodeposition conditions (listed in Table 1) were 
selected in such a way as to obtain coatings with 
differing microstructure and texture. To this end matt, 
half-bright, and bright coatings with different surface 
morphologies were prepared [12]. The nickel layers 
were not detached from their substrates. The rest of 
the models were 1 mm x 25mm x 35 mm plates of 
commercial high-purity (99.5% and 99.7%) nickel. 
All specimens given in the table are representative of 
3 or 4 other specimens. 

The cathodic charging of Ni with H was carried out 
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Table 1. Electrolytes and conditions for  deposition of  nickel coatings. Main composition." NiSO 4 �9 71120 - 280 g dm 3, H3 BO 3 _ 30 g dm 3, 
pH4.5.  

No. NiCl 2 �9 6H 2 0 Additives (g dm 3) Temperature Current Surface 
g dm 3 (~ C) density type 

Saccharin Butyndiol ( A dm -2) 

1 - - - 50 5 m a t t  

2 50 - 18 3 m a t t  

3 50 0.05 50 5 m a t t  

4 - - 18 5 m a t t  

5 50 1.0 0.025 50 5 hal f -br ight  

6 50 1.0 0.20 50 5 br ight  

at room temperature in an electrolysis bath con- 
sisting of: 1N H z S O  4 and H2SeO 3 at 10mgdm -3. 
The duration of cathodic charging was 30min at 
a current density of Dk = 1 A d m  2. Specimens 
were charged in the as-fabricated state as well 
as in the heat treated state. The annealed nickel 
coatings and plates were H-charged after electro- 
lytic polishing. The polishing was carried out in 
a 60% H 2 S O  4 aqueous solution at about 35~ and 
40 A dm -2 for 20 s. 

3. Experimental methods 

The quantitative expression of the /~-NiH phase as 
a result of XRD measurements was carried out by 
directly comparing the integrated intensities /,~-NiH) 
and/,r which diffracted in directions with the same 
/-indices of the two phases, respectively 

f = /i(fl-NiH) (1) 
/i(3-NiH ) -]- /i(•-Ni) 

where the volume fraction f of 3-NiH is the ratio of 
the volume of /-oriented 3-NiH crystallites to the 
volume of all/-oriented crystallites in the two-phase 
system. Since the /-oriented 3-NiH crystallites are 
formed of/-oriented nickel crystallites [7], f accounts 
for the phase transformation of only crystallites with 
ideal/-orientation, i.e. f is a measure of the extent of 
phase transformation (EPT) of nickel in the respective 
/-crystal direction. 

There are two reasons which determine the use of 
the above simplified expression (Equation 1): 

1. the orientation distribution of the two phases is 
analogous, since the "growth" of the/~-NiH crystal- 
lites during H-charging is a result of the isotropic 
increase of the parameter of ~-Ni crystallites, as 
follows from [7], and 
2. the theoretical integrated intensities, calculated 
with the respective equation [17], for a series of diffrac- 
tion lines of the two phases with the same indices, differ 
by less than 2%. This series contains the 1 1 1, 2 0 0, 
2 2 0 and 3 1 1 lines. In an earlier study Equation 1 was 
applied only to the 1 1 1 diffraction line of the two 
phases [11]. 

The apparent crystal (or coherent domain) size Di 
and the microdeformation e~ were determined by the 

single line method [18, 19]. 

2 
Di - /?f cos 0 (2) 

ei - 4 t a n 0  (3) 

where 2 is the wavelength, 0 is the Bragg angle,/~JC and 
/~ are the Cauchy (C) and Gaussian (G) components 
of the integral breadths of the pure diffraction profile 
( f ) ,  respectively. 

The measurements of the 1 1 1, 200, 220 and 
3 1 1 diffraction lines of 3-NiH and ~-Ni were per- 
formed with an X-ray diffractometer Philips with 
CuK~ radiation (LiF focusing monochromator). The 
measurements gave information on the structure in 
the (1 1 1>, (100>, <110> and (311> directions, 
respectively. The apparent size and the microdefor- 
mations of the crystallites in the same directions were 
determined prior to the cathodic H-charging. To this 
end CoK~ radiation isolated with the help of a LiF 
focusing monochromator was used. 

The study was carried out at room temperature. 
The time for measuring the integrated intensity (area) 
for each line was 100 s, i.e. it is negligible compared to 
the experimentally established time of decomposition 
of/%NiH. 

4. Results and discussion 

4.1. Texture of specimens 

The electrodeposited nickel coatings have a fibre 
texture. The specimen texture was determined from 
the pole figures, measured with a texture goniometer. 
The growth textures of the different specimens had the 
following ( u v w >  components: (100> + (221>; 
<110> + <411>; <111> + <100>; <210> + 
(542> and (211> + (721> (see Table 2). The high- 
indexed directions correspond to twin components of 
the first order [16]. The method for determining the 
twin orientation of the first and second order, arising 
in different matrix orientations (main components) is 
given in [16], Figs 1-3 show pole figures which illus- 
trate the presence of twin components (411 >, (542> 
and (721>, respectively. The commercial nickel 
plates showed a sheet texture with a predominance of 
the < 100> component. 
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Fig. 1. I~ ~ ~ (qb) - pole figure of  an electrolytically deposited nickel 
layer (specimen 2) acording to Table 2. go _ angle to the layer 
normal  direction. Main texture component  (2 1 0)  with angle pos- 
ition of  the maxima 39.23 ~ and 75.04 ~ . Twin texture component  
( 5 4 2 )  with angIe position of the max imums  18.79 ~ and 52.95 ~ 

4.2. EPT of nickel into nickel hydride 

To establish the way the structure parameters influ- 
ence EPT, f was determined in specimens H-charged 
both in their after as-fabricated state and after their 
heat treatment. For the specimens H-charged in their 
as-fabricated state, the f vaues should be dependent 
both on the crystallite orientation and the microstruc- 
ture anisotropy (differing size and microdeformations 
of the crystallites in the different/-crystal directions). 

If t h e f  values are equal in all/-directions of a given 
specimen, then there is a case of homogeneous phase 
transformation. In reality, however, the f data given 
in Table 2 indicate that the phase transformation has 
occurred to a different degree in the (1 1 1), (1 00), 
(1 1 0), (3 1 1) directions in all specimens, i.e. there is 
an anisotropy of EPT of nickel into/~-NiH. Evidently 
f is considerably greater in the (1 1 1) and (1 0 0) 
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Fig. 2./200(@) -- pole figure of  an  electrolytically deposited nickel 
layer (specimen 3) according to Table 2. ~~  - angle to the layer 
normal  direction. Main texture component  (2  1 1) with angle pos- 
ition of  the maxima 35.26 ~ and 65.91 ~ . Twin component  first order 
( 7 2  1) with angle position of  the max imum 17.72 ~ 
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Fig. 3. I I 11 (qb) -- pole figure of  an electrolytically deposited nickel 
layer (specimen 4) according to Table 2. qb ~ - angle to the layer 
normal  direction. Main texture component  ( 1 1 0)  with angle pos- 
ition of the max imum 35.26 ~ Twin component  first order (4  1 1) 
with angle position of  the max imum 57.02 ~ . 
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Table 2. Volume fractions f of  nickel hydride (~-NiH ) in some ( h k l ) crystal directions of  nickel coatings cathodically charged with hydrogen 
in the as-fabricated state. A f  -- error due to counting statistics. (uv  w) - indices of growth texture. 

No. ( u v w )  f + A f  Surface 
type 

( 1 1 1 )  ( 1 0 0 )  ( 1 1 0 )  ( 3 1 1 )  

1 100 + 22 1 0.49 • 0.004 0.44 4- 0.001 0.27 • 0.007 matt 
2 210 + 542 0.56 • 0.005 0.67 4- 0.005 0.30 • 0.007 0.35 • 0.007 matt 
3 21 1 + 721 0.57 • 0.004 0.54 4- 0.008 0.39 i 0.004 matt 
4 1 1 0 + 4 1 1 0.49 _+ 0.005 0.38 4- 0.008 0.07 • 0.0005 0.17 • 0.007 matt 
5 1 00 + 22 1 0.69 _+ 0.003 0.73 • 0.002 0.45 _ 0.006 half-bright 
6 1 1 1 + 1 00 0.78 _+ 0.003 0.76 • 0.004 0.51 _+ 0.006 bright 

directions than in the (3 1 1) and (1 1 0) directions*. 
There are two clearly manifest trends of this non- 
homogeneous phase transformation. The EPT aniso- 
tropy of the bright and matt nickel layers (not counting 
among the latter specimen No. 2 with a (2 1 0) tex- 
ture) can be represented generally by the inequalities: 

f ,  ll > flO0 > f311 > fl~0 (4) 

while for the half-bright and matt (with a (2 1 O) 
main texture component) nickel coatings the follow- 
ing inequalities are valid 

fl00 > f l , ,  >f31,  > f l , 0  (5) 

The circumstance that the anisotropy of the pahse 
transformation is described by two inequalities (4 and 
5) suggests that EPT depends both on the crystal 
direction and the microstructure anisotropy. The 
main problem is how to distinguish the influence of 
the different structure parameters on EPT. This 
requires the next step of the study to be linked to 
obtaining information on the apparent crystal size and 
microdeformations. 

4.3. Effect of microstructure anisotropy on EPT 

The microstructure parameters were determined prior 
to charging with H. Table 3 lists the values of the 
apparent crystal size Di (upper lines) and microdefor- 
mations ei (lower lines). D~ of all matt coatings (speci- 
mens no.'s 1-4) in all crystal directions are considerably 
greater than the D~ of the bright coatings (specimen 
No. 6). Moreover these results indicate that Di is 
anisotropic. A specific characteristic of the crystalline 
size anisotropy is that D~ is largest in the direction of 
the main texture component [20]. This is also con- 
firmed in this case: the apparent crystal size is greatest 
in the (1 00) ,  (1 1 0), (1 00)  and (1 1 1) for speci- 
mens no.'s 1, 4, 5, 6, respectivelyt 

The results indicate the specificity of the crystal size 
anisotropy for each concrete growth texture, and that 
it does not correlate with the anisotropy of phase 
transformation as expressed by the two series of 

* Because of the presence of a texture it was not possible to measure 
the 220 lines of  c~-Ni and/~-NiH in all cases, which is the reason for 
the limited number off l l0 determinations. 
"t It was impossible to measure the apparent crystal size D i in the 
(2 1 0) and (2 1 I )  directions with CoKi~-radiation because of tech- 
nical considerations. 

inequalities (4) and (5). What is more, the hydrogen, 
diffusing along the grain and twin boundaries can aid 
the phase transformation in the crystallites, irrespect- 
ively of their orientation. But since the diffusion pro- 
ceeds with a greater rate along the grain and twin 
boundaries (the area of which depends on the mean 
crystallite size), than through the crystal interior [21], 
the grain and twin boundaries favour the phase trans- 
formation by facilitating the supply of H to the bulk 
of the specimen. This is confirmed by the experimental 
fact that in specimen No. 6, with the least mean crys- 
tallite size (and consequently with the largest area of 
grain and twin boundaries), EPT is greatest, com- 
pared to that of the other specimens. It is also evident 
that EPT falls continuously with increase in Di, 
i.e. from bright through half-bright to matt coatings 
(compare Table 2 with Table 3). 

Earlier papers [6, 9, 10] discuss the role of dislo- 
cations in /?-NiH formation. On the basis of the 
experimental results an assessment of the role of 
microdeformations on the EPT is attempted. By origin 
they are linked mainly with the tension fields around 
dislocations in the crystal interior [22], which is the 
reason why the microdeformations may be used as a 

Table 3. Apparent crystallite (or coherent domain) size D i (upper 
lines) and microdef ormations e i (lower lines) in some ( h k l ) directions 
before cathodically charging with hydrogen of  the nickel electrodepo- 
sited layers. XRD measurements with CoKf<radiation. LiF focusing 
monochromator. 

No. D i +_ AD (nm) -- upper line 
(e i • Ae) x 103 - lower line 

( 1 1 1 )  ( 1 0 0 )  ( 1 1 0 )  ( 3 1 1 )  

1 91 _+_ 7 > 150 59 • 6 

1.5 _+ 0.2 1.5 _+ 0.1 1.3 _+ 0.1 

2 87 _+_ 6 56 • 4 23 • 2 
2.8 _+_ 0.2 4.1 • 0.2 1.5 • 0.2 

3 45 4- 3 38 • 4 52 • 6 
1.5 _+ 0.2 3.5 • 0.4 2.2 • 0.2 

4 49 4- 6 44 • 7 96 • 8 40 • 5 
1.5 4- 0.2 1.5 • 0.2 2 • 0.2 1.7 • 0.2 

5 32 • 4 94 ! 8 22 • 5 
3.6 4- 0.3 5.1 • 0.4 3.3 • 0.3 

6 28 • 4 17 ! 2 19 • 3 
4.1 • 0.2 7.9 • 0.6 5.4 • 0.4 
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Table 4. Volume fractions• of  nickel hydride (fl-NiH ) in some ( h k l ) crystal directions of  nickel coatings cathodicaUy charged with hydrogen 
and flat-plate commercial nickel of  high purity after heat treatment. A f  -- error due to counting statistics. ( u v w) - indices of  recrystallizaHon 
texture. 

No. ( u v w )  fi + k f  Surface type 

( 1 1 1 )  ( 1 0 0 )  ( 1 1 0 )  ( 3 1 1 )  

1' 100  + 221 0.51 __+ 0.003 0.18 • 0.001 
2' 100  + 110 + 210  0.50 • 0.004 0.35 • 0.002 0.15 • 0.005 
3' 100  + 221 0.54 • 0.003 0.24 __+ 0.002 
4' I 0 0  + 210  + 110 0.39 • 0.004 0.15 • 0.002 0.04 • 0.001 
5' 100 + 221 0.38 • 0.004 0.24 • 0.001 
6' 100 + 111 0.51 • 0.004 0.24 • 0.002 0.11 _____ 0.005 
7' 100  0.51 • 0.003 0.21 __+ 0.002 0.09 __+ 0.003 
8' 100 0.45 • 0.003 0.31 • 0.001 0.11 • 0.002 

0.l 5 _+ 0.006 mat t  
0.18 +_ 0.006 mat t  
0.14 • 0.006 matt  
0.09 _+ 0.007 mat t  
0.18 + 0.005 half-bright 
0.18 _+ 0.008 bright 
0 . l l  • 0.005 99.5% purity 
0.15 • 0.004 99.7% purity 

measure for assessing the dislocation density [23]. The 
dislocation density in electrodeposited metals [24, 25] 
is commensurate with that of  cold-worked metals, for 
which it is 10 ~1 to 1012 dislocations per cm 2 [26]. The 
values obtained for the dislocation density from Di 
and ei data (see Table 3), on the basis of [23], are 
within the limits 8 x 101~ to 2 x 10 ~2 dislocations per 
cm< The highest dislocation density was established 
for bright coatings (specimen No. 6), and the lowest - 
for matt coatings (specimen No. 1). Because of the 
existing analytical connection between the micro- 
deformations and dislocation density [23], the two 
terms will be used interchangeably. 

The microdeformation values increase in the order 
from matt to bright coatings. Within the set of matt 
coatings this order depends in addition on the texture. 
The ei distribution has an anisotropic character. Thus 
for most of  the specimens the results reveal a trend for 
relatively higher microdeformations in the (1 0 0 )  
direction compared to the other crystal directions. 
This trend is especially clearly expressed for specimens 
No.'s 2, 5, 6 (Table 3) for which e~ are very high. In 
fact, inequalities (5) are valid for specimens No.'s 2 
and 5, i.e. the characteristic for most of the order of 
EPT of nickel into/?-NiH (Inequalities 4) is changed 
by the fulfillment off100 > fll~, while for specimen 
No. 6 f~00 becomes almost equal to f~11. These facts 
undoubtedly confirm that the dislocation-induced 
anisotropy causes anisotropy of EPT and that the 
dislocations strongly favour the phase transformation 
of nickel into fl-NiH. They are in agreement with the 
assumption proposed in [27, 28] that the dislocations 
act as H traps and thus support the model for the 
role of the dislocations for the formation of fl-NiH 
[6, 9, 10]. 

The question arises as to what changes occur with 
anisotropy of phase transformation, if the dislocation- 
induced anisotropy is eliminated. This determined the 
next step in the study; to investigate the influence of  
the crystal structure obtained as a result of annealing 
processes (recovery, recrystallization, grain growth) 
on the EPT of  nickel into fl-NiH. 

4.4. EPT of Ni into fi-NiH in thermally treated 
specimens 

The thermal treatment of the above specimens was 
carried out at 520 ~ C in an argon atmosphere (purified 
of oxygen) for 5 h. The data on the recrystallization 
texture obtained from the analysis of the pole figures 
are presented in Table 4, column (u v w). In fact, the 
specimens now possess a new structure, and this is 
reflected in their notation by the addition of a '-mark. 
In all cases the (1 0 0 )  recrystallization component 
was observed, but for specimens Nos. 2, 4 the (1 1 0) 
and (2 1 0) main components of  recrystallization tex- 
ture, respectively were also observed. As a result of the 
recrystallization some crystallites had grown consider- 
ably, the consequence of  which was that they had their 
own detectable reflections on the pole figures. The 
structure of the annealed plates of commercial nickel 
was analogous - the size of  their crystallites was of 
the order of a few microns, which also followed from 
their pole figures. According to [29] the annealed 
metals contain 106 to 108 dislocations per cm 2, which 
means that the dislocation density of our specimens is 
3-4 orders of magnitude lower than that of their 
non-annealed state. This determines a reduced per- 
meation of  H in nickel crystallites as has been dis- 
cussed for an analogous case in [30]. As a rule the 
annealing process leads to the onset of a similarity in 
the texture, crystal size and dislocation density. This 
similarity reflects on a decrease in f common for all 
specimens compared to its values for the nonannealed 
state. The sharp decrease inf~ 00 for specimens Nos. 2, 
5, 6 which, in some cases, is 2-3 times less than f100 for 
the nonannealed state of the same specimens is evident. 
By means of the experiments with annealed speci- 
mens, for which the transport of H toward the interior 
is hindered because of  the lowered dislocation density 
and diminished grain and twin boundaries area 
(because of the increased crystallite size), the promot- 
ing role of these two structure parameters on EPT is 
again revealed. 

The EPT anisotropy in the investigated crystal direc- 
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tions is described by the inequalities (4) for all ther- 
mally treated specimens. What is more, the ratio of 
f t t t  and fl o0 fer most of the specimens can be expressed 
approximately by the factor 2 (see Table 4). Therefore 
after annealing, that is after eliminating the influence 
of the dislocation-induced anisotropy, it becomes 
evident that the main factor which affects EPT is the 
crystallographic direction. This is one of the most 
important results of the study. 

A careful examination of the data in Table 4 indi- 
cates that in the case of annealed nickel, after cathodic 
charging with H, the f values in crystallographically 
equivalent directions of all specimens differ. The f 
ratios in the crystallographically non-equivalent direc- 
tions also differ for all specimens. A possible reason 
for the absence of constant f ratios may be the pres- 
ence, as well as the distribution, of impurities in the 
nickel. In the case of electrodeposited coatings the 
impurities come from the electrolytic bath. It is 
known, however, that the impurities, acting as H-traps, 
may be factors affecting the phase transformation 
[31, 32]. 

5. Conclusion 

The phase transformation of nickel into /~-NiH is 
anisotropic. The present studies indicate that the 
anisotropy of EPT in polycrystals, consisting of crys- 
tallites with lattice imperfections, is controlled by two 
factors: 

(i) crystallographic direction, i.e. orientation of the 
crystallites versus surface of charging with H. 
(ii) "dislocation induced" anisotropy, i.e. the orien- 
tation distribution of dislocation density. 

In the case of polycrystals, consisting of "perfect" 
crystaltites which have grown during the annealing 
process, the anisotropy of the phase transformation is 
controlled by one main factor - the crystallographic 
direction. 

The discussion so far indicates that the mean EPT 
value should depend not only on the above parameters, 
but also on the texture (through the distribution of 
the occurring crystal directions) and on the mean 
crystallite size (through the area of the grain and twin 
boundaries). 

The different EPT observed in the different crystal 
directions is, in essence, an indication of the occur- 
rence of an orientation dependent process during the 
charging of Ni with H. The orientation dependence of 
EPT of nickel into /?-NiH is undoubtedly a conse- 
quence of the differing rates of permeability of H in 
the relevant crystal directions of a nickel polycrystal. 
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