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This paper presents details of a study to determine the microstructure and
chemical composition of some cast alloys represented by the general formula:
Lag.7.xPriMgo.3Alp.sMng 4Coo sNiszg, (0 < x < 0.7). These hydrogen storage alloys are
candidate material for negative electrodes in nickel metal-hydride (Ni/MH) batteries.
The effects of substituting La with Pr, on the composition of various phases in the
alloys have been studied. The alloys were studied using scanning electron
microscopy (SEM), energy dispersive X-ray analysis (EDX) and X-ray diffraction
analysis (XRD). It has been shown that substitution of La with Pr in the
LaMgAIMnCoNi-based alloys changed the grain structure from equiaxial to columnar.
The relative atomic ratio of rare earth to (Al, Mn, Co, Ni), used as an indicator of the
matrix phase, was 1:5, indicating the phase composition to be of the LaNis-type.
Magnesium was detected only in two other phases found in these alloys. One of
these phases was grey and revealed 11 at.% Mg. The concentration ratios of other
elements in this phase indicated the composition to be close to PrMgNi,. The other
phase, which was dark, was very heterogeneous in composition, and this was
attributed to the as-cast state of these alloys. XRD spectra showed a shift in the
d-spacing with increasing Pr content in the cast alloys. Four phases were identified
by XRD analysis in the Lag7Mgo.3AlpsMno4CoosNizg alloy and these were:
La(Ni,Co)s, LaAl(Ni,Co)4, Lax(Ni,Co); and AIMn(Ni,Co),. Praseodymium favors the
formation of a phase with a PuNis-type structure. Cobalt substituted Ni in the

structures and yielded phases of the type: Pr(Ni,Co)s and Pr(Ni,Co)s.
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1. INTRODUCTION

Since the development of LaNis-based hydrogen storage alloys, there have
been many studies related to substitutions of various alloying elements in the basic
composition. Substitution of alloying elements in La-Ni-type electrodes and their
effects have been widely reported. The purpose of alloy modification is to improve
electrode performance, i.e., high hydrogen storage capacity, improve kinetics of
hydrogen absorption and desorption, increase cycle life, improve corrosion
resistance, etc. In the past a small amount of praseodymium was added to these

(1-19) " Optimization of the Pr content (from 0 to

materials, along with mish metal (MM)
04 at% in the alloy) with respect to electrochemical properties of
MMAIlg sMng 3C0g 4Nis o alloys (MM=LaNdPr) has also been reported ('". It has been
shown that the electrochemical properties of the electrode made with the alloy
containing about 20 at.% Pr in the MM were significantly improved. The electrode
prepared from this alloy had a higher capacity, better discharge rate characteristics
and longer cycle life than that prepared from an alloy with less than 10 at.% Pr in the
MM. AA size cells in which the (LaNdPr)Aly 3sMng 4Coq gNis 5 electrode alloy contained
about 17 at.% Pr in the MM showed a very long cycle life (1400 cycles) with
reasonable capacity (1250 mAh) and also discharged rate capacity (1100 mAh at
5C) "), These batteries also showed higher capacity at low temperatures (1050 mAh
when discharged at 1°C and —18°C). Recently, it has been shown that a PrMg;Nig
alloy has good cycle life and an amorphous PrMgNis alloy, good discharge

(12 A systematic investigation of complete substitution of La with Pr in Mg-

capacity
containing hydrogen storage alloys (Nd-free) has not yet been reported. There are
few reports about the microstructures and composition of the phases in these alloys.
This paper addresses this aspect and reports the results of a systematic study of
hydrogen storage alloys of the type Lag 7.xPriMgo 3Alo.3Mng4CoosNisg (x =0, 0.1, 0.3,
0.5 and 0.7). A thorough investigation of the microstructures of these alloys and the
phases present there in has been carried out using SEM (+EDX) and XRD. This is a
necessary stage, prior to production of negative electrodes for batteries using alloys

based on these compositions.
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2. EXPERIMENTAL

Various commercial alloys in the as-cast state were studied in this investigation.
The chemical analyses of the as-cast alloys are given in Table 1. For convenience of
comparison, the equivalent substituted composition, in at.%, is also given. Good
agreement was found between the specified composition values and those
determined by analyses of the alloys. As per the supplier’s specification, the alloys
contained sulfur, oxygen and nitrogen as impurities (<10 ppm). Samples for
microstructure studies were prepared using conventional metallographic procedures.
The microstructures of the specimens were examined using a scanning electron
microscope with an energy dispersive X-ray analysis facility. Average data were
obtained from separate measurements carried out on the different phases. Powder
samples of the alloys (<125 um) were analyzed using the X-ray diffraction (XRD)
technique, with Cu K, radiation. Identification of the various phases was carried out
by comparison with standards in the ICDD data base and using the software
“Crystallographica Search-Match” (CSM).

Table 1. Composition of the as-cast Lag 7-xPriMgo 3Alp sMng 4Cog 5Nis g alloys.

Nominal composition and Specified and analyzed composition (wt.%)

Substitution composition (at.%) X La Pr Mg Al Mn Co Ni c*
Lao_7Mgo_3A|o43Mno_4C00,5Ni3_8 00 25.12 - 1.88 2.09 5.68 7.61 57.62 -
La1 1 _67M95AI5Mn6_67003_33Ni53_33 ) 24 .57 - 1.62 1.90 5.58 7.67 58.55 62
Lao,spl'ol‘]Mgol3A|o_3Mno_4C00,5Ni3,3 0.1 21.52 3.64 1.88 2.09 5.67 7.61 57.59 -
La1oPr1,67Mg5AI5Mn6,67C08,33Ni63,33 ’ 21.01 3.88 1.71 2.03 5.57 7.77 57.93 94
Lag 4Pro.3Mgo 3Alo.3Mng 4Cog sNis g 0.3 14.33 1090 1.88 2.09 5.67 760 5753 --
Lae_67Pr5MgsA|5Mne,67CO&33Ni63‘33 ’ 13.63 10.90 1.77 2.06 5.55 7.72 58.28 97
LaoA2Pr0,5Mgo,3A|o,3Mno,4COoA5Ni3_,8 05 7.16 18.15 1.88 2.09 5.66 7.59 57.47 -
La3,34PI'3.33M95A|5Mn6_67C08,33Ni63,33 ) 6.82 18.18 1.70 2.00 5.63 7.64 57.93 73
Pro_7Mgo_3A|o_3Mno,4COo,5Ni3,8 07 - 25.39 1.88 2.08 5.66 7.59 57.41 -
Pr11_67Mg5AI5Mn5_57008_33Ni63_33 ’ - 23.98 1.54 2.12 5.62 7.92 58.73 90

*ppm (impurity)

3. RESULTS AND DISCUSSION

Backscattered electron micrographs of as-cast alloys containing lanthanum or
praseodymium (x=0 and 0.7) are shown in Figures 1 and 2, respectively. The former
shows a typical equiaxial grain structure, whereas the latter reveals a fine, almost

columnar, grain structure. Comparison of these two microstructures reveals that
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substitution of lanthanum with praseodymium results in a marked change in the grain

structure of the cast alloys.
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Figure 1. Backscattered electron image of the as-cast microstructure of the

Lao_7Mgo_3A|0_3Mn0_4C00_5Ni3_8 aIon.
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Figure 2. Backscattered electron image of the as-cast microstructure of the

Pr0.7Mgol3A|o_3Mno,4C00.5Ni3.8 aIon.

These alloys are mainly composed of the matrix phase and other secondary
phases at the grain boundaries. The chemical compositions of the matrix phases in
the different alloys, as determined by EDX, are presented in Table 2. The chemical
composition of the other phases is discussed later. As expected, praseodymium
substitutes lanthanum in the matrix phase of all the alloys. In general, in these alloys,
good agreement has been found among the various measurements. The rare earth
(RE) content in the matrix phase of all the alloys was about 15 at.%. The magnesium

content in these alloys was below the detection limit of EDX (assumed as 1 at.%).
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Aluminum, manganese and cobalt were detected inside the matrix phase of all the

alloys.

Table 2. Composition determined by EDX at the centers of the matrix phase, the

major phase in the Lag 7.xPryiMgo.3Alp.3Mng 4Cog 5Nis g alloys.

Analyzed composition (at.%)

X N*
La Pr Mg Al Mn Co Ni

0.0 154+10.6 - <1 3.6£0.3 3.6x0.6 8.3x0.5 68.4%1.2 5

0.1 13.1£0.3 2.5%0.2 <1 42+0.5 3.410.8 8.2+0.3 68.0+0.1 9

0.3 8.5¢0.1 7.0+0.4 <1 42+06 3.1£09 8.2+04 68.0+1.5 11

0.5 41+0.1 11.1+0.6 <1 44+06 3.7¢0.9 8.4+0.3 67.6x1.1 11

0.7 - 14.840.9 1.1£0.7 4.2+0.7 3.5+1.2 8.3xt0.5 68.0+1.4 17

* Number of independent measurements from the matrix phase.

The matrix phase of all the alloys revealed a RE: (Al, Mn, Co, Ni) atomic ratio of
approximately 5, indicating it to be a 1:5-type phase. Hence, in the matrix phase of
these LaNis-type alloys, Mg was not detected (Mg-free phase), La was substituted by
Pr and Ni was replaced by Al, Mn and Co.

Figure 3 shows a backscattered electron micrograph of the
Lao.4Pro3Mgo3AlosMng 4CoosNis s alloy in the as-cast state. In this micrograph a
mixture of the two microstructures, mentioned earlier, is seen and the grain
boundaries are well defined. Details of the grain boundaries in this alloy are shown in
Figure 4. Three phases can be readily observed, namely: a grey phase (G), a dark
phase (D) and the matrix phase (M).

The chemical composition of the grey phase in all the alloys, determined using
EDX, is shown in Table 3. Once again, in all the alloys, lanthanum was substituted by
praseodymium in this phase and the measured value of rare earth (8.2[0.1 at.%) was
approximately half of that found in the matrix phase (14.8[115.6 at.%). The aluminum
content in the grey phase ([B at.%) was lower, but still close to that found in the
matrix phase ([# at.%). Conversely, the magnesium content in this phase was as
high as 11 at.%, whereas in the matrix phase, below the detection limit of EDX. The
manganese content (7[0 at.%) in the grey phase was twice as much as that
measured in the matrix phase (2.5[8B.6 at.%). In all the alloys, the grey phase
revealed a (RE,Mg):(Al, Mn, Co, Ni) atomic ratio of about 4, indicating a possible
PrMgNis-type phase '® or LaMgNis-type phase * ™ | even though the RE:Mg

atomic ratio varied from 0.75 to 0.9.

5428



17° CBECIMat - Congresso Brasileiro de Engenharia e Ciéncia dos Materiais, 15 a 19 de Novembro de 2006, Foz do Iguagu, PR, Brasil.

v g

y £ )
s =mAccY  Spot Magn
;.,“320.0 kv 5.9  100x
= O Tewaay FLSTSTE S

Figure 3. Backscattered electron image showing a general view of the as-cast

microstructure of the Lag 4Pro.3Mgo.3Alp.3Mng 4Cog 5Nis g alloy.
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Figure 4. Backscattered electron image of details of the microstructure of the

Lao.4Pr0,3Mgol3A|o.3M no.4CO().5N i3,3 aIon.

Table 3. Composition determined using EDX at the centers of the grey phase in the

as-cast Lag 7-«PriMgo 3Alo.3Mng 4C0og 5Ni3 g alloys.

Analyzed composition (at.%)

La Pr Mg Al Mn Co Ni

0.0 8.2+0.3 - 10.9+0.2 2.9+04 9.5#1.8 7.6x0.1 60.9£1.7
0.1 7.3x0.6 1.2+0.2 11.5+0.2 3.1+#0.3 8.84#0.8 8.3+0.3 59.8+0.8
0.3 5.0+0.3 4.3x0.2 12.0+0.6 3.7#0.1 6.5#0.5 7.4+0.2 61.0+0.3
0.5 2.6+x0.2 6.4x04 11.2¢0.3 3.0£0.5 7.6+0.9 8.1+0.3 61.1+0.9
0.7 - 9.1+1.2 10.1+0.1 3.4+04 7.3+¥1.2 7.6x0.9 62.5+0.6

NOaNNDN 2

The chemical composition of the dark phase in the different alloys, as
determined using EDX, is presented in Table 4. The lanthanum-content was close or

below the EDX detection limit. Conversely, Pr could not be detected or was below
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the detection limit for the alloy with x < 0.3. However, the Pr content of alloys with x

equal to 0.5 and 0.7 could be determined.

Table 4. Composition determined using EDX at the centers of the dark phase in the

as-cast Lao_7-xPergo_3A|o_3M no_4C00_5Ni3_3 aIons.

Analyzed composition (at.%)

| N

X La Pr Mg Al Mn Co Ni
00 < i 18402 95:04 15101 162403 56.8102 3
<1 <1 1301 96+03 155:01 16.740.5 56.0+0.5 2
04 14803 <1 18102 16703 195:0.1 8301 521102 3
: <1 <1 35:04 186+13 17.3+21 88404 50.9:09 8
24402 <1 39409 11.7+22 149+17 111406 554+11 2
03 < <1 <1 10.3:03 155:0.6 15.7+0.4 56.3:0.9 6
<1 <1 <1 16.6:01 19.9+13 8903 525402 2
05 <1 16t15 3401 152414 19.0:31 84+06 51.6+18 2
32104 75t01 81404 4114 83t04 84101 604+01 2
07 i 18406 -  95t07 161403 136402 59.1:01 2
- . 62t1.7 73309 56+1.6 10.1+1.3 94309 614%09 2

EDX analyses also showed that the dark phase was very heterogeneous, and
the content of the main elements (Mg, Al, Mn, Co, Ni) varied considerably. This can
be attributed to the as-cast condition of these alloys. This is consistent with previous
studies > ' where it was shown that in a Lag7Mgo3Alo2Mng1Coo.7sNiz4s alloy,
annealing at high temperature was essential to achieve a homogeneous composition.
XRD and Rietveld analyses revealed that the major phases in all alloys were the
(La,Mg)Ni; phase and the LaNis phase. These studies also reported that the
discharge capacity and cycle life improved upon annealing the alloy, but the
electrochemical kinetics of the electrodes deteriorated after this treatment ('),

Heat treatment of the alloys mentioned in this investigation are being carried out
assuming that the composition is similar to that studied previously ). It is very likely
that the grey and the dark phases will form the (La,Mg)Ni; phase. Annealing (high
vacuum and temperature) increases the production cost of the electrode. Hence, this
heat treatment should be used only if the discharge capacity increase is worth the
increase in processing cost. In the as-cast condition, the

Lap7Mgo.3Alp2Mng 1Cog 75Niz 45 alloy showed a maximum discharge capacity of
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350.9 mAh/g and this value increased to only to 370.0 mAh/g with heat treatment at

1173 K for 8 hours %,

Figures 5 and 6 show the X-ray diffraction spectra of the as-cast La-Pr-based

alloys for x equal to 0 and 0.1, respectively. Four phases were identified in the

powder sample of Lap7MgosAlo.sMng4CoosNiss alloy: La(Ni,Co)s (SG: P6/mmm-—

PDF: 50-0777),

LaAl(Ni,Co)s (SG: P6/mmm-PDF: 51-0893),

Lay(Ni,Co); (SG:

P63/mmc—PDF: 22-0640) and AIMn(Ni,Co), (SG: Fm3m-PDF: 40-1207).
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Figure 5. X-ray diffraction pattern of the Lag7Mgo.3Alo.3Mng4Co0g 5Nis g alloy.
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Figure 6. X-ray diffraction pattern of the LagsPro.1Mgo.3Alo.sMng 4Cog 5Nis g alloy.
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The differences in the observed reflections positions to the standards could be
attributed to the phase substitutions of Mg, Mn and Co, present in the alloys. The
presence of praseodymium in the alloys favors the formation of a phase with
rhombohedral PuNis-type structure (SG: R-3m-PDF: 41-1129), as reported
previously %, This can be observed in the XDR spectrum of
Lao.6Pro.1Mgo 3Alo 3Mng 4Cog sNis g alloy in Figure 6, and also in the spectra of other Pr-
containing alloys. The sites occupied by Pu in the PuNis-type structure is probably
occupied by Pr, La and Mg. These phases are present alongside the La(Ni,Co)s and
LaAl(Ni,Co)4 phases. The doublet situated at 26=36° in Figure 6 (also observed for
x=0.3, 0.5 and 0.7) indicates substitution of La with Pr in the crystalline PuNis-type
structure (further refinement is necessary to confirm this). The XDR spectra for the
Pr-containing alloys showed the PrNis phase also (SG: P6/mmm-PDF: 12-0502). It is
worthwhile noting that Co substitutes Ni in the structures, yielding phases of the type:
Pr(Ni,Co)s and Pr(Ni, Co)s. The La or PrMgNis-type phases could not be identified in
the XDR spectra of the alloys that were studied. Determination of the structure of
AMgNi, alloys (where A=Ca, La, Ce, Pr, Nd and Y) have been done by Guinier-Hagg

(") The compounds have a cubic SnMgCus (AuBes-type)

X-ray powder diffraction
structure, which is related to the (C15)MgCu, structure .
Figure 7 shows the Pr-concentration versus the d-spacings for the maximum

intensity peak observed in the XDR spectra of the alloys.
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Figure 7. Praseodymium concentration (x) versus the d-values for 1/1,=100 for the
as-cast Lag 7-«PriMgo 3Alo.sMng 4Cog 5Ni3z g alloys (x = 0, 0.1, 0.3, 0.5 and 0.7).
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The substitution of La with Pr shifts the maximum intensity peak position and
consequently the cell volume (dh varied from 2.1111 A to 2.1329 A, for x= 0.7 and 0,
respectively). Cell volume and its variations play an important role in the performance
of the electrode alloy. It has been reported that after Ni was partially substituted with
Al, the cell volume expansion ratio of the La-Mg-Ni-based alloy decreased upon
hydrogenation and pulverization of the alloy was inhibited, with consequent

improvement in cycling stability of the electrode %)

4. CONCLUSIONS

Substitution of La with Pr in the LaMgAIMnCoNi-based alloys changed the grain
structure from equiaxial to columnar. The relative atomic ratio RE:(Al, Mn, Co, Ni),
used as an indicator of the  matrix phase, was 1:5 for the
Lap 7-xPrxMgo 3Alo sMnp 4Cog sNiz g alloys, as determined by energy-dispersive X-ray
spectrometry. Clearly, in spite of alloying element substitution, the matrix phase
remained as LaNis-type in these hydrogen storage alloys. Magnesium was only
detected in the other two phases of these alloys. A grey phase revealed 11 at.% of
Mg and the EDX ratio of concentration gave a composition close to the PrMgNis
phase. The dark phase, also detected using EDX, proved to be very heterogeneous
in composition, and this was attributed to the as-cast state of these alloys. XRD
spectra showed a shift in the d-spacing with increasing praseodymium content in the
cast alloys. XRD analyses helped identify four phases in the
Lap.7Mgo.3Alo.3Mng 4Cog sNis g alloy, namely: La(Ni,Co)s, LaAl(Ni,Co)s4, Lax(Ni,Co); and
AIMn(Ni,Co),. The XRD spectra of the Pr-containing alloys showed the phases
La(Ni,Co)s and LaAIl(Ni,Co)s, and also that Pr favored the formation of a phase with
PuNis-type structure, where Pu is substituted by Pr, La and Mg. Cobalt, on the other
hand, substituted nickel in the structures and yielded phases of the type: Pr(Ni,Co)s
and Pr(Ni, Co)s.
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