
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  31 (1996)  4647  4654  

Structure and mechanical properties of 
internally hydrided Mg-Illa transition 
metal alloys 

S. M O R O Z U M I *  
Magnesium Research Center, Chiba Institute of Technology, Narashino 275, Japan 

H. SAIKAWA, T. MINEGISHI  
Department of Metallurgical Engineering, Chiba Institute of Technology, Narashino 275, 
Japan 

M. M A T S U Y A M A ,  K. WATANABE 
*Hydrogen Isotope Research Center, Toyama University, Toyama 930, Japan 

M. I IJ IMA,  M. OHTSUKI 
Mitsubishi Materials Corp., Ohtemachi, Chiyoda-ku, Tokyo 100, Japan 

Magnesium alloys containing Ilia transition metals, such as Sc, Y and He, respectively, were 
hydrogenated at 773 K and examined for microstructure, X-ray diffraction pattern, 
micro-Vickers hardness, and tensile properties at room and high temperatures. Results 
obtained are as follows: 
1. The alloys, respectively, have been internally hydrided and have precipitated hydrides of 
the Itl~ transition metals as small flake-like particles in the matrix and at grain boundaries, as 
well as twin boundaries. 
2. The dispersed hydride particles do not necessarily contribute to further hardening of the 
alloys at room temperature and up to near 673 K. 
3. However, the dispersed particles are very stable and seem to improve mechanical 
properties of the alloys above 673 K. 
4. Presumed relationships of crystallographic coincidence between the matrix and hydrides 
have been obtained. 

1. Introduction 
Internal hydriding of magnesium alloys has been 
studied on Mg rare earth-Zn alloys [-1] and Mg Zr 
alloys [-2-10]. In the M~rare  earth-Zn alloys so far 
studied, however, the internal hydriding was applied 
to liberate zinc atoms from their compounds with rare 
earths by forming the rare earth hydrides, in order to 
restore the age-hardenability of the alloys with zinc in 
solid solution; while in the Mg-Zr alloys dispersed 
zirconium hydride particles improved the strength of 
the alloys. The latter instance suggests that hydride- 
dispersed magnesium alloys can be produced by 
alloying with strong hydride formers, such as rare 
earth metals, and then heat-treating the alloys in hy- 
drogen atmosphere. The present paper deals with 
structure and mechanical properties of internally hy- 
drided magnesium alloys containing IIIa transition 
metals, and discusses the results from a high temper- 
ature use point of view. 

2. Experimental procedures 
2.1. Specimens 
Alloy specimens in Table I were prepared with com- 
mercial raw materials by normal melting process us- 

ing flux, followed by casting into a steel mould 
under a low pressure of about 4 MPa. Then they were 
machined into various shapes of test pieces, with 
which microstructure observations, X-ray diffraction 
analysis (XRD), micro-Vickers hardness test, and ten- 
sile tests at room and high temperatures were per- 
formed. The dimensions of the tensile test specimen 
are 2 mm thick and 4 mm wide, in a gauge length 
of 20 mm. 

2.2. H y d r o g e n a t i o n  
Hydrogenation was performed by keeping finally- 
machined specimens, except TMY3-2, TMY3-3 and 
unhydrided specimens, under about 0.1 MPa of hy- 
drogen at 773 K for 2 h (7.2 x 103 s). By this treatment, 
hydrogen absorption almost ceases, that is, the speci- 
men is fully hydrogenated. However, TMY3-2 and 
TMY3-3, designated as 1/2 and 1/3 hydrogenated 
specimens, respectively, were kept for 16 and 9 min 
(960 and 540 s), respectively, under the same hydrogen 
pressure and temperature. Unhydrided specimens 
were annealed at 773 K for 1 h (3.6 x 103 s), except 
unhydrided TMY3 which was heat-treated in T6 con- 
dition. 
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TABLE I Chemical composition of specimens 

Alloy system Specimen Main composition (mass %) 

For hardness test: 

Mg-Sc system 

Mg-Y system 

Mg-Ho system 

For tensile test: 
Mg-Y system 

MS1 Sc; 1.24 
MS2 Sc; 2.84 
MS3 Sc; 6.52 
MY1 Y; 2.48 
MY2 Y; 6.68 
MY3 Y; 9.34 
MH Ho; 14.3 

TMY1 
TMY2 
TMY3 

Mg-Y Nd system TMYN1 
TMYN2 

Mg-Y RE system TMYR 

Y; 0,94 
Y; 5,34 
Y; 8,78 

(also for hardness test) 
Y; 7.91, Nd; 2.72 
Y; 10.6, Nd; 2.15 
Y; 10.5, RE; 2.11 

2.3. Microstructure observation 
Optical and scanning electron microscope (SEM) ob- 
servations were performed on the specimens polished 
and lightly etched with 5% nitric acid, taking electron 
channelling patterns by the scanning electron micro- 
scope on the (0 0 0 1) plane in some specimens. 

2.4. X-ray diffraction analysis 
Identification of hydrides in some specimens was 
made by taking XRD patterns of the specimens and by 
referring to JCPDS (Joint Committee on Powder Dif- 
fraction Standards) cards and reported data [3 5]. 

2.5. Micro-Vickers hardness (MHV) test 
The hardness test on the specimens before and after 
hydrogenation was made under a load of 1.961 N at 
room temperature. 

2.6. Tensile  test  
Tensile tests were carried out on unhydrided and 
hydrided specimens at room temperature and up to 
723 K, at a strain rate of 5.6 x 10 -4 s- t under normal 
atmosphere. 

3. Experimental results 
3.1. Microstructure and X-ray diffraction 
Optical micrographs of as cast and hydrogenated 
Mg-Sc, Mg-Y and Mg-Ho alloys are illustrated in 
Figs 1 to 3, and scanning electron micrographs of the 
hydrogenated alloys are in Figs 4 to 6. The figures 
show that flake-like ScH2, YH2 and HoH2 particles 
have precipitated and finely dispersed in the matrix 
and at grain boundaries, as well as twin boundaries 
(see Fig. 4(c)), in the alloys, respectively; this has occur- 
red by internal hydriding, which has been identified by 
XRD patterns, as illustrated in Fig. 7, referring to 
reported data for ScH2 [11], YH2 [12] and HoH2 
[13]. The dispersion mode of the hydride phases, 
however, is somewhat different among the alloys, 
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Figure 1 Optical micrographs of internally hydrided and unhy- 
drided Mg Sc alloys: (a) unhydrided MS1 (Mg 1.24Sc); (b) hydrided 
MS1; (c) unhydrided MS2 (Mg-2.848c); (d) hydrided MS2; (e) un- 
hydrided MS3 (Mg 6.52Sc); (f) hydrided MS3. 



Figure l (continued) 

which will be discussed later. The microstructure of 
internally hydrided Mg-Ho alloy is similar in aspect 
to that of Mg-Y alloys. 

3.2. MHV 
Change in microhardness by the hydrogenation is 
shown in Table II for Mg-Sc, Mg-Y, and Mg-Ho 
alloys. Generally, the hardness of each alloy increases 
with the amount of alloying element in both unhyd- 
rided and hydrided states. The hardness of internally 
hydrided Mg-Sc alloy, however, is higher than that of 
unhydrided alloy with the same Sc content, while in 
both Mg-Y and Mg-Ho alloys the hardness of hy- 
drided alloys is lower than that of unhydrided alloys. 
This discrepancy in change of hardness by internal 
hydriding between the former alloy and the latter two 
may be attributed to the difference in solution- 
hardenability of the alloying elements, Sc, Y and Ho. 
This fact will be discussed later. 

3.3. Tensile properties 
Short-time tensile properties of the hydrided TMY1 
(Mg-0.94Y), TMY2 (Mg-5.34Y) and TMY3 
(Mg-8.78Y) are shown in Fig. 8. Even though the 
strength of hydrided alloys is lower than that of un- 
hydrided alloys up to 673 K, as illustrated in Table II! 
for TMY3, above 673 K the strength of hydrided 
alloys containing more than approximately 2 mass % 

Figure 2 Optical micrographs of internally hydrided and unhy- 
drided Mg-Y alloys: (a) unhydrided MY1 (Mg-2.48Y); (b) hydrided 
MY1; (c) unhydrided MY2 (Mg-6.68Y); (d) hydrided MY2; (e) 
unhydrided MY3 (Mg-9.34Y); (f) hydrided MY3. 
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Figure 2 (continued) 

Figure 3 Optical micrographs of (a) unhydrided and (b) internally 
hydrided MH (Mg-14.3Ho). 
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Figure 4 Scanning electron micrographs of internally hydrided 
M~Sc  alloys: (a) MS1 (M~1.24Sc); (b) MS2 (Mg-2.848c); (c) MS2 
with precipitates at twin boundaries; (d) MS3 (Mg-6.52Sc). 



Figure 6 Scanning electron micrograph of internalIy hydrided MH 
(Mg-14.3Ho). 

Figure 5 (a-c) Scanning electron micrographs and (d) Y-Ks X-ray 
image of internally hydrided Mg-Y alloys: (a) MY1 (Mg-2.48Y); 
(b) and (d) MY2 (Mg-6.68Y); (c) MY3 (Mg-9.34Y). 
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Figure 7 X-ray diffraction patterns for internally hydrided MS1 
(Mg-1.24Sc), MY1 (Mg-2.48Y) and MH (Mg-14.3Ho) alloys, o Mg; 
V ScH2; �9 YH2; �9 HoHz. 

TABLE II Micro-Vickers hardness (MHV) of specimens before 
and after hydrogenation 

Specimen Before After 

MS 1 32.5 42.6 
MS 2 32.1 42.7 
MS 3 51.3 70.0 
MY 1 45.1 38.8 
MY 2 71.2 49.3 
MY 3 76.8 57.7 
MH 70.7 58.5 

TMY3-1 (Fully hydrogenated a) 77.0 58.5 
TMY3-2 (1/2 hydrogenated") 77.0 68.4 
TMY3-3 (1/3 hydrogenate&) 77.0 63.8 

a See the text. 

of  yt t r ium is expected to be almost  the same or higher 
than that  of  unhydrided alloys with the same amoun t  
of  yttrium. Above 573 K unhydr ided alloys are su- 
perior in elongation to hydrided alloys. 

Table I I I  also shows tensile properties of T M Y R  
(Mg-10.5Y-2.11RE) and T M Y N 2  (Mg-10 .6Y-  
2.15Nd) before and after hydrogenat ion,  which implies 
that the tensile strength of hydrided alloys at 673 K is 
higher than that  of unhydrided alloys, while elonga- 
tion of  hydrided alloys is less than that of  unhydrided 
ones. 
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Table IV illustrates the change in tensile properties 
at 723 K of TMY3 (Mg-8.78Y) by the treatment at 
various degrees of hydrogenation. Microscopic exam- 
ination of the treated specimens showed that the 
TMY3-2 specimen had the finest distribution of hy- 
drides among three hydrogenated specimens in the 
table. This fact may imply that an optimum period of 
hydrogenation exists, and a longer period of hydro- 
genation induces the growth of hydride particles and 
depletion of solute in the matrix, both of which result 
in the lowering of high-temperature strength of inter- 
nally hydrided specimens. 
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Figure 8 Yttrium content dependence of short-time tensile proper- 
ties of internally hydrided M~Y alloys: TMY1 (M~0.94Y); TMY2 
(Mg-5.34Y); TMY3 (Mg-8.78Y). Triangles TMY1, squares TMY2, 
circles TMY3. (a) Strength, open symbols UTS, closed symbols YS. 
(b) Elongation. 

4. Discussion 
As mentioned above, although finely dispersed hy- 
dride precipitates were formed in the matrix of inter- 
nally hydrided Mg-IIIa transition metal alloys, the 
hardness and tensile properties at room temperature 
were degraded in the Mg-Y and Mg-Ho  alloys, while 
the hardness of Mg-Sc alloys was improved by the 
hydriding. This discrepancy may be explained by the 
different degrees of solution hardenabili ty of added 
elements and/or different aspects of precipitation be- 
haviour of hydrides. 

The atomic size of Mg, Sc, Y, and Ho is 0.320, 0.330, 
0.364 and 0.350 nm, respectively. Since addition of 
Y and/or Ho to magnesium can solution-harden the 
matrix more strongly than does Sc, then the softening 
of the matrix itself by the depletion of solute due to the 
precipitation of hydride may be larger in Mg~Y and 
Mg-Ho  alloys than in Mg Sc alloy. On the other 
hand, the hardening by the precipitation may depend 
on various factors, such as size, interspacing and dis- 
tribution mode of precipitate particles. Then, the re- 
sulting strength of internally hydrided alloys may be 
attributed to the combination of the two hardening 
mechanisms: the solution hardening by remaining sol- 
ute elements and the dispersion hardening due to the 
formation of hydride precipitates. 

As shown in Figs 1 to 6, hydride precipitates in the 
alloys seem to have some crystallographic orientation 
relationship to the matrix, from which they have 
come. At a glance, the figures suggest that three main 
equivalent crystallographic planes of precipitation 
exist in the matrix for Mg-Y and Mg-Ho alloys, while 
only one plane exists for Mg-Sc alloy. Further obser- 
vations with electron channelling patterns and SEM 
micrographs taken in the basal plane of the matrix 
show (referred to in a review [14-1) that ScH2 platelets 
have mainly formed on the basal plane of Mg lattice 
with preferential growth directions, probably 
(1 1 2 0)Mg, in the Mg-Sc alloy (as shown in Fig. 9) 
while plate-like YH2 aggregates have aligned approx- 
imately along prismatic planes of Mg lattice in the 
Mg-Y alloy (as shown in Fig. 10) the surface of which 
is also parallel to the basal plane. Then, the aggregates 

TABLE III Tensile properties of TMYN2 (Mg 10.6Y-2.15Nd), TMYR (Mg-10.5Y 2.11RE) and TMYN1 (Mg-7.91Y-2.72Nd) alloys 
before and after hydrogenation, with TMY3 (Mg-8.78Y) alloy as a reference 

Test temperature RT 523 K 673 K 

Tensile property UTS (MPa) YS (MPa) E (%) UTS (MPa) YS (MPa) E (%) UTS (MPa) YS (MPa) E (%) 

Specimen: 
Unhydrided TMYN2 197 180 1.2 - - 38 38 15.8 
Hydrided TMYN2 192 140 4.5 82 71 12.0 50 43 5.0 
Unhydrided TMYR . . . . .  37 34 161.8 
Hydrided TMYR 134 116 0.4 - - - 53 43 6.6 
Unhydrided TMYN1 194 178 1.0 . . . . . .  
Hydrided TMYN1 189 138 4.5 80 70 11.9 - - - 

573K 
Unhydrided TMY3" 191 164 3.0 155 113 12.3 46 39 29.0 
Hydrided TMY3 117 95 4.0 75 57 9.8 37 34 18.0 

- Not tested. 
T6 condition. 
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TABLE IV Tensile properties at 723 K of TMY3 (Mg-8.78Y) alloys treated in various conditions 

Specimen Condition UTS (MPa) YS (MPa) E (%) 

TMY3-1 Fully hydrogenated a 24.1 
TMY3-2 1/2 hydrogenated" 37.2 
TMY3-3 1/3 hydrogenated" 31.2 
Unhydrided TMY3 T6 heat-treated 24.1 

22.0 21.3 
34.2 25.8 
29.7 28.0 
23.1 93.5 

a See the text. 

Figure 9 (a) Scanning electron micrograph and (b) electron channell- 
ing pattern on near (000 1) plane of MS1 (Mg-1.24Sc). 

with three different growth directions make an angle 
of 60 or 120 ~ with each other, for example A, B and 
C in Fig. 10. With the figures, the main coincidence 
between hydrides and the matrix is presumed to be 
(0001)Mg//{lll}scH2 in the Mg-Sc alloy and 
{1120}~g//{100}v.2 in the Mg Y alloy, as drawn in 
Fig. 11. In the case of Mg Y alloy (Fig. 10), however, 
each aggregate has taken a branching (e.g. A, B or C in 
Fig. 10). By further investigation, two groups of 
branching angle have been observed: one is 16-19 ~ 
(e.g. C in Fig. 10) and the other is 22-27 ~ (e.g. A and 
B in Fig. 10). Then, these groups of angle are presumed 
to be deviations from main coherent interface of 
{1120}Mg and {100}yn~ to the interface of {1340}Ms 
and {410}y,~ for the former branching, and to the 
interface of {1450}Mg and {310}yn2 for the latter 
branching. This is because the angle between 
{ 1120}Mg and { 1340}~g is calculated as 16 ~ geomet- 

Figure 10 (a) Scanning electron micrograph and (b) electron chan- 
nelling pattern on near (0 0 0 1) plane of MY1 (Mg-2.48Y). 

rically, and the angle between {10 0}yH2 and {4 10}VH2 
is 15 ~ while the angle between (1450}Mg and 
{1 12 0}Mg is 20 ~ and the angle between {10 0}yH2 and 
{3 10}vHg is 19.5 ~ even though some discrepancies 
between observation and calculation are present. This 
branching mentioned above may occur in order to 
minimize interfacial stress between hydrides and the 
matrix. Even though short-time tensile properties at 
room temperature of internally hydrided M ~ Y  alloy 
are inferior to those of unhydrided alloy, the high- 
temperature strength of hydrided alloy is comparable 
or superior to that of unhydrided alloy. For instance, 
as shown in Fig. 12, load versus elongation curves of 
hydrided and unhydrided Mg-10.6Y-2.15Nd alloys 
tested at 673K illustrate different deformation be- 
haviours: strain hardening can be seen in the curve 
of hydrided specimen, while softening occurs immedi- 
ately after yielding in the unhydrided specimen. 
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Figure 11 Presumed schemes of crystallographic coincidence 
between magnesium and hydrides: (a) Mg/ScHz interface where 
(000 1)Mg//(1 1 1)scH2; solid lines with filled circlets (Sc atoms) are for 
ScH2 lattice, dotted lines are for (1 1 1)scn~, and broken lines are for 
the basal plane of Mg lattice. (b) Mg/YH 2 interface where 
(1 1 2 0)Mg//(1 0 0)yn2; solid lines with filled circlets (Y atoms) are for 
YHa lattice, and broken lines are for Mg lattice. 
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Figure 12 Load versus elongation curves at 673 K of (a) internally 
hydrided and (b) unhydrided TMYN2 (Mg-10.6Y-2.15Nd). 

Furthermore, the short-time tensile properties of hy- 
drided alloy at high temperature, say 673 K, are equiv- 
alent or superior to those of Mg-Th alloys [15], and 
the hydride phase is very stable, at least up to 773 K. 
Therefore, it can be expected that the internally hy- 
drided Mg--Y alloy may have a good creep resistance 
at high temperature. Meanwhile, Table III seems to 
imply that the minor addition of other rate earth 
elements, such as Nd and RE (Mischmetal), improves 
the tensile strength of hydrided Mg-Y alloys at room 
temperature, though addition of RE lowers the ductil- 
ity of the alloys. 

Finally, it can be noted from Table IV that when 
internally hydrided magnesium alloys of this kind are 
considered for practical use, finding the optimum hy- 
driding conditions for creep properties may be very 
important. 

5. Summary 
In spite of lower tensile properties of internally hy- 
drided Mg-IIIa transition metal alloys than those of 
unhydrided alloys at room temperature and up to 
about 673 K, above this temperature range the inter- 
nally hydrided alloys are expected to have outstand- 
ing tensile properties, especially creep resistance, due 
to finely dispersed hydrides both in the matrix and at 
the grain boundaries. 
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