University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln

David Sellmyer Publications Research Papers in Physics and Astronomy

5-1-2000

Effects of Ga substitution for Fe on the structure and magnetic
properties of Ndg 4Feg7.1-xGaxB4.5 (x = 0—2.2) alloys prepared by

mechanical alloying

B.Z. Cui
Institute of Metal Research, Academia Sinica, Shenyang, 110015, People’s Republic of China

X.K. Sun
Institute of Metal Research, Academia Sinica, Shenyang, 110015, People’s Republic of China

W. Liu
Institute of Metal Research, Academia Sinica, Shenyang, 110015, People’s Republic of China

Z.D. Zhang
Institute of Metal Research, Academia Sinica, Shenyang, 110015, People’s Republic of China

D.Y. Geng
Institute of Metal Research, Academia Sinica, Shenyang, 110015, People’s Republic of China

See next page for additional authors

Follow this and additional works at: https://digitalcommons.unl.edu/physicssellmyer

b Part of the Physics Commons

Cui, B.Z; Sun, X.K,; Liu, W.; Zhang, Z.D.; Geng, D.Y.; Zhao, X.G.; Liu, J. Ping; and Sellmyer, David J., "Effects
of Ga substitution for Fe on the structure and magnetic properties of Ndg 4Feg7.1-xGaxB4.5 (x = 0-2.2)
alloys prepared by mechanical alloying" (2000). David Sellmyer Publications. 55.
https://digitalcommons.unl.edu/physicssellmyer/55

This Article is brought to you for free and open access by the Research Papers in Physics and Astronomy at
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in David Sellmyer Publications
by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln.


https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/physicssellmyer
https://digitalcommons.unl.edu/physicsresearch
https://digitalcommons.unl.edu/physicssellmyer?utm_source=digitalcommons.unl.edu%2Fphysicssellmyer%2F55&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=digitalcommons.unl.edu%2Fphysicssellmyer%2F55&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unl.edu/physicssellmyer/55?utm_source=digitalcommons.unl.edu%2Fphysicssellmyer%2F55&utm_medium=PDF&utm_campaign=PDFCoverPages

Authors
B.Z. Cui, X.K. Sun, W. Liu, Z.D. Zhang, D.Y. Geng, X.G. Zhao, J. Ping Liu, and David J. Sellmyer

This article is available at DigitalCommons@University of Nebraska - Lincoln: https://digitalcommons.unl.edu/
physicssellmyer/55


https://digitalcommons.unl.edu/physicssellmyer/55
https://digitalcommons.unl.edu/physicssellmyer/55
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Effects of Ga substitution for Fe on the structure and magnetic properties
of Nd g 4Feg7 1_,Ga,B, s (x=0-2.2) alloys prepared by mechanical
alloying

B. Z. Cui,Y X. K. Sun, W. Liu, Z. D. Zhang, D. Y. Geng, and X. G. Zhao
Institute of Metal Research, Academia Sinica, Shenyang, 110015, People’s Republic of China

J. P. Liu and D. J. Sellmyer
Center for Materials Research and Analysis, University of Nebraska, Lincoln, Lincoln, Nebraska 68588

The effects of a partial substitution of Ga for Fe on the structure and magnetic properties of
mechanically alloyed NgiFes; Bas were studied. With increasing Ga content, the magnetic
properties of the nanocomposite magnets first improve, reach maxima at 1.1 at. % Ga, and then
degrade. The addition of Ga helps to control the morphology, especially the grain sizes affb®th

and NgFe ,B. © 2000 American Institute of Physids$S0021-89780)22308-§

Ga is consistently used as an additive for improving thestructureda-Fe and NgFe,B is formed. The XRD patterns
magnetic properties of conventional single-phasgR¥gB  for all the alloys annealed at 650 °C for 20 min are shown in
magnets:? In this article, the effects of a partial substitution Fig. 1. Figure 2 shows the dark-field TEM micrograph of the
of Ga for Fe on the structure and magnetic properties of theample corresponding to Fig(dl. It is observed that-Fe
nanocomposite NgiFe;; 1B4 5 magnet are reported. grains (white graing are approximately spherical and ran-

To prepare NgtFey;_,GaBg (x=0, 1, 2, and Bingots,  domly distributed.
the starting materials with at least 99.9% purity were arc  The dependence of intrinsic coercivijyoH., rema-
melted twice, under purified argon. The ingots were crushediencel,, maximum magnetic energy produ@K) ,ax, and
to prepare the alloy powders, with particle sizes of less thameduced remanenck /J4 on Ga content for all the magnets
150 um. Then, according to the nominal compositionsannealed at 650 °C for 20 min is shown in Fig. 3. It can be
Ndg JFes7 1 ,GaBas(x=0. 1.1, 1.6, and 2)2the alloy pow- seen that with increasing Ga conteptyH., J,, and
ders were mixed with an appropriate amountaeFe pow-  (BH)nax Of the nanocomposite magnets first increase and
ders with particle sizes of less than 0n. The powder reach a maximum at 1.1 at. % Ga content and then decrease.
mixtures were then milled under argonrf5 h in ah|gh- In the case of fU”y CryStallized melt-SpUn nanocrysta”ine

energy ball mill. The as-milled powders were annealed afNdssF€3B15:C0sGa;, three-dimensional atom probe and
temperatures ranging from 600 to 750°C for 20 min in TEM observations revealed that a slight enrichment of Ga

vacuum higher than 10 3 Pa. atoms partition at the Néfe,,B/Fe;B interface? Likewise, in

X-ray diffraction (XRD) analysis of the samples was the present work, some of the Ga atqms or the Ga-rich
conducted using CK « radiation. The average grain sizes of Phases may cluster at the Jfe,B/a-Fe intergranular re-
the samples were deduced from Scherrer's method of XRD,
and Ka spectral and instrument broadening were corrected
by a computer implementation of Stokes. For the specimens o-a-Fe
with a given composition, the measurements of the average o-NdFe, B
grain sizes were performed for each one from the same batch

as those annealed at different temperatures. Ac initial suscep-

tibility measurement was used to determine the Curie tem- : WI
peratures. The morphology was observed by transmission

electron microscopyTEM). The magnetic properties were ©Ox=16

measured at room temperature using a pulsed magnetometer

in fields up to 8 T. The results of the magnetic measurements L"*’*M
were corrected using an experimentally determined effective (byx=11
demagnetization factor of 0.28. o

As indicated by XRD patterns, the as-milled alloys with @x=0
nominal composition NgFe;, ,GaBss (x=0. 1.1, 1.6,
and 2.2 are composed of a mixture in which nanocrystalline

a-Fe is embedded in an amorphous matrix. In all the alloys
annealed at 600 °C or above for 20 min, a mixture of nano-

Intensity (a.u.)

2 Theta (degree)
dAuthor to whom correspondence should be addressed; electronic maiFIG. 1. XRD patterns for NglFes, . ,GaB, s alloys annealed at 650 °C for
bzcui@imr.ac.cn 20 min.
0021-8979/2000/87(9)/5335/3/$17.00 5335 © 2000 American Institute of Physics
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FIG. 2. Dark-field TEM micrograph of NgFe;; B, s annealed at 650 °C
for 20 min.

Q

gions, which can change the morphology of the nanocom-
posite magnets. In particular, the addition of 1.1 at. % Ga

results in a notable refinement of both the soft and the hard 30 |

Average grain size of Nd,Fe B (nm)

grains (cf. Fig. 4. The appropriate refinement of the soft F A&

grains is favorable for the exchange fields from the hard- BE . \ ) . ) .
phase grains nearest in proximity to fully penetrate the soft 600 650 700 750
grain embedded between the nearest hard grains and sup- T, (C)

press the easy nucleation of inverse magnetization in the soft

grains. On the other hand, the refinement of both the soft andlG. 4. Dependence of the average grain sizes-&% and NgFe, B on

hard grains leads to a significant increase in the ratio of in@"ealing temperature() for Nds J~657.,-xGaBy s alloys.

terface aredor grain-boundary argdo volume of the grains.

Therefore, the effective contact areas between the soft and

hard grains are increased, the exchange coupling betweensaft grain and its nearest-neighboring hard grains can be en-
hanced, and it will play an essential role in improving the
magnetic properties of nanocomposite magnets. In addition,

I 0.70 increased grain interfaces or grain boundaries will act as the
1.10 _'0‘65 obstacles to propagation of inverse magnetization. In this
Los A//,,/'//'/ ] way, the magnetic properties of nanqcomposite magnets are
o0 4 0.60 measurably improved. Compared with the 1.1 at.% Ga-
T} Loss containing alloy, for the alloys with the Ga contert

095 =1.6at. %, the grain sizes of both the soft and hard phases

090 Hos0 are significantly biggefas shown in Fig. ¥ Correspond-

0.85 _—. —a—1(T) oas ingly, uoHc, J;, and BH) .y Of the Ga-cont_aini_ng alloys

080 —e—(BH),_ | are degraded. For example, the average grain size of the soft

075 —v—uH, 40 phase in the alloys witkk=1.6 is always smaller than that of

oo / L the alloys withx= 2.2 under the same annealing conditions.
033 But, the average grain sizes of the hard grains in these two

S ] alloys are not apparently different. Annealed below 650 °C,

060 Ty ] the average grain sizes of the hard grains in the alloys with

ofs : 1f0 : 1!5 Y 0.25 x=2.2 are even smaller than those of 1.6 at.% Ga-
containing alloys. However, the magnetic properties of the

Ga content (at.%) former are worse than those of the lattas shown in Fig. b
FIG. 3. Dependence afgHe, J;» (BH)mae, andJ; /3. on Ga content for  This indicates that the average grain sizeaoFe plays a
Nds JFes7 .- «GaB, 5 alloys annealed at 650 °C for 20 min. predominate role in determining the magnetic properties of

s

uwH (T), 1/

1.(T), (BH),,, (10°T/m’)

0.65
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phase in all the Ga-containing alloys move systematically

0.40 |-
A/\ towards lower angles, which shows that some of the Ga at-
- oms enter into the lattice of the Mee ,B. The Massbauer

035 1 . \ study of NgFe ;GaB shows that the Ga atoms preferably
— T A occupy thek, sites and substitute for some of the iron atoms
at the lattice site$.Thus, the Fe—Fe exchange interaction in
el . the NdFe ,B phase is reinfé)rced, increasing the Qurje tem-
c -— perature of the hard phasé>However, more substitution of
I:f v the nonmagnetic Ga for Fe leads to a decrease of the mag-

o]

\O netic moment per formula unit of the hard phase. Therefore,
- . . . .

025 1 ° it is found thatJ, of the alloys, except for the one containing

:::::)1 1.1 at. % Ga, slightly decreaséas shown in Fig. B The
v x=16 improvement of], of 1.1 at. % Ga-containing alloy may re-
0.20 |- —o—x=22 sult from the strong exchange interaction between nan-
| o ograins, which in turn originates from the notable refinement

of both soft grains and hard grains, as mentioned above. A
small amount of substitution of Ga for Fe in the lattice of
Nd,Fe 4B results in a slight increase of the magnetocrystal-
line anisotropy fieldH,. Compared with that of the
Nd,Fe;,B, Ha of Nd,Fe:GaB only increases by 3%?
Therefore, generally, the effect of the Ga addition on the
magnetic properties of nanocomposite magnets is mainly re-
alized by changing the morphology, especially the grain
sizes of the soft and hard phases.

The Ga addition may affect the average grain size of
a-Fe in the following ways(1) A Ga-containing or Ga-rich
phase distributed at the grain-boundary regions may hinder
the a-Fe grains from growing(2) Compared with the Ga-
free alloy, the addition of too much Ga€1.6—2.2) will
wl S . . . . . . result in a h!gher vqum_e fraction at-Fe. The higher the

500 650 700 750 volume fraction ofa-Fe in the nanocomposite magnet, the

0 larger the average grain size efFe’
T,(0) At relatively low annealing temperatures, thougk-e

FIG. 5. Dependence gigH, and BH),,., on annealing temperaturd () grains are sm'all, thg incomplete crystallization of the' amor-
for Nds 4F€57.1-,GaB4 5 alloys. phous phase is obviously unfavorable for the magnetic prop-
erties of nanocomposite magnets. At relatively high anneal-
ing temperatures, the magnetic properties degrade due to an
&pservable coarsening of both the soft grains and the hard
grains(as shown in Fig. b Thus, the best magnetic proper-
ties are attained after annealing at 650 °C.

90 |-

-
80 -

70

(BH), (kJ/m’)

SOr-

T

nanocomposite magnets under the condition that the avera
grain size of NdFe 4B is almost identical.
As revealed by XRD(Fig. 1), with increasing Ga con-

tent, the relative intensities of the characteristic peaks of the  This work has been supported by the National Nature
Nd;Fe, 4B phase decrease, while those of th&e phase in-  ggjence Foundation Committee of Chingrant Nos.

crease. This suggests that the addition of excessive Ga w@9725103 and 59831010the U.S. NSF(Grant No. INT-
suppress the formation of the bkk,B phase. More Ga- gg15082, and the Science and Technology Commissions of
containing or Ga-rich phases may distribute in theShenyang and Liaoning. Two of the authdsP.L. and

Nd,Fe ,B/a-Fe intergranular regions. These intergranularD_J_S) are also supported by AFOSRrant No. F49126-98-
phases may play a role of partially decreasing the exchangf_oogs_

interaction between the soft and the hard grains. This would

deteriorate the magnetic properties of such nanocomposite

magnets. From the-r-eSUItS of ac initial susc_:eptibility mea-lR Grassinger, S. Heib, G. Hilscher, H. R. Kirchmayr, R. Krewenka, and
surements, the addition of Ga enhances slightly the Curie G Wiesingery’J_'Magn'_ M'agn_ MateB0, 61 (1989. o ’
temperature of the hard phase. Bor0, 1.1, 1.6, and 2.2, 2| ahmad, H. A. Davis, and R. A. Buckley, Mater. LeR0, 139 (1994).

the Curie temperatures of the hard phase are 312, 315, 325p. H. Ping, K. Hono, and S. Hirosawa, J. Appl. Ph$8, 7769(1998.

and 325 °C, respectively. By slowly scanning the character—;‘;\’/-I FL- Herbst, RiV-MMOd- ';\’Ahyga ,\Sﬂli %39311(1990
.. . . Leonowicz, J. Magn. Magn. Mateés, .
istic peaks of the NgFe ;B phase for all samples, it can be 6, "\ Sun, J. Zhang, Y. L. Chu, W. Liu, B. Z. Cui, and Z. D. Zhang, Appl.

seen that the characteristic XRD peaks of the,Fég,B Phys. Lett.74, 1740(1999.
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