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Evolution of Microstructure, Microchemistry and
Coercivity in 2:17 Type Sm—Co Magnets with
Heat Treatment

Y. Zhang, W. Tang, G. C. Hadjipanayis, C. Chen, C. Nelson, and K. Krishnan

Abstract—A systematic study has been undertaken to un- the subsequent slow cooling [4], [7], [8], [10]. Obviously,
derstand the evolution of microstructure, microchemistry, pesides the microstructure morphology, the microchemistry
and coercivity of sintered Sm(CQ.a1CUo.o6F€.015Zr0.027)6.4  eyolution during heat treatment plays an important role in

magnets with heat treatment using magnetometry, transmis- L -
sion electron microscopy, Lorentz microscopy, and nanoprobe the development of coercivity. It was found that the high

chemical analysis. In general, the homogenized and quenchedt€mperature performance of precipitation hardened Sm(Co, Fe,
SM(Ca,.1CUs.06 F€0.015Zr 0.027)s.4 Magnets have a featureless Cu, Zr), magnets is very sensitive to the Cu content, and a high

microstructure with the 2:17 hexagonal structure. During coercivity and good temperature dependence of coercivity were
isothermal aging at 700-850°C, the 1:5 nuclei precipitate and obtained by controlling the Cu content in the magnets [12].

then coalesce and start forming the cellular structure with 2:17 So far few detailed mi hemist tudies h b
rhombohedral cells surrounded by 1 : 5 hexagonal cell boundaries. 0 far, tew detailed microchemistry studies have been per-

Uniform cellular and lamellar structures are formed after 2 hours ~ formed at the different heat treatment stages of Sm(Co, Fe, Cu,
of isothermal aging, and both the cell size and density of lamella Zr), magnets. In this article, a systematic study has been done
phase slightly increase with longer aging. Nanoprobe chemical to understand the evolution of microstructure and microchem-

analysis shows that the Cu content in 1:5 cell boundaries in- i1 ynon heat treatment, and to determine their effect on the
creases during the slow cooling to lower temperatures, reaching ) . . L

a maximum value around 500°C, which is consistent with the magnetic properties, especially on the coercivity.
development of coercivity. Also the Cu content in the triple cell

boundary junctions is twice as much as the amount at the regular Il. EXPERIMENTAL

cell boundaries regardless of cell size and boundary width. Lorentz

microscopy indicates that the triple cell boundary junctions may The sintered Sm(GR1Cuy.06F&.015Zr0.027)5.4 PErManent

play a major role in domain wall pinning. magnets have been subjected to a heat treatment consisting
Index Terms—Coercivity, microchemistry, microstructure, Of homogenization at a high temperature in the range of
Sm-Co. 1160-1190C, followed by aging at 700-85C for 5 min

to 24 h. After aging, the samples were subjected to either a
quenching to room temperature or to a slow cooling down
to 400 °C at 0.5-1°C/min. Some samples were cooled to
HE MAGNETIC properties, especially the coercivityintermediate temperatures and then quenched to room tem-
of 2:17 type Sm (Co, Cu, Fe, Zrpermanent magnets perature in order to retain the intermediate temperature state.
are known to be sensitive to their microstructure. DetaileﬂNo sets of samp|es were prepared perpendicu|ar and para||e|
microstructure studies on these magnets have been done intghéne alignment direction. The lamella phases as discussed
past [1]-[8]. High coercivity is only obtained after a complexelow are parallel to the basal hexagonal plane and can only
two-step heat treatment, which is accompanied by the formatipa observed in samples cut parallel to the alignment direction.
of cellular structure (1:5 hexagonat2:17 rhombohedral) All TEM samples were mechanically polished and thinned by
superimposed on a lamella phase (1:3 rhombohedral or 2:i4 milling. Conventional TEM was carried out on a JEOL
hexagonal) [4], [7]-[10]. Previous results also showed thgEM-2000FX at 200kV. Fresnel and Foucault mode Lorentz
the 1:5 cell boundary phase is rich in Cu, the 2:17 cells microscopy were perform on a JEOL JEM100-CX at 100kV.
Fe, and the lamella phase in Zr [9]-{11]. Also it is not verwanoprobe was done with a Philips CM200 at 200kV. The
clear why the coercivity is low, while the cellular morphologymagnetic properties were measured using a vibrating sample
is fully developed after a long-time isothermal aging withouhagnetometer (VSM) with a maximum applied field of 26 kOe.

I. INTRODUCTION
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Fig. 3. Evolution of 1:5 Cu content and coercivity with aging in
SM(CQ,.1CWy .06 F& 015250 .027)6.4 Magnets; 0, 1, 2 and 3 represent the initial
state, 30 min, 2 h and 24 h aging followed by quenching to room temperature,
respectively; 4, 5, 6 and 7 correspond to 24 h aging followed by a subsequent
slow cooling to 700, 600, 500 and 40C, respectively.

Fig. 1. Evolution of TEM microstructure in  Sm(GQCu o6
Fey 015Zr0.027)s.4 Magnets: (a) Homogenized at 118 followed by
quenching to room temperature; (b) Aged at 83D for 15 min followed by . . . .
quenching to room temperature, showing cellular structure; (c), (d) Ag&nd the lamella phase is shown in Fig. 2(c). Upon aging, the

at 830 °C for 2h followed by quenching to room temperature, showingce gtoms diffuse from the cell boundaries to the cell interiors,

cellular structure and lamella phase superimposed on cellular structyre, . . . . .
respectively: (e), (f) Aged at 830C for 24 h followed by quenching to roomL{/\ﬂﬁlle Cu atoms migrate from cell interior to cell boundaries. It

temperature, showing cellular structure and lamella phase superimpoi@demarkable that the Cu content in the cell boundary, which

on cellular structure, respectively. increases slightly during isothermal aging, is significantly in-
creased during the subsequent slow cooling to 9400 After
70 the full heat-treatment, the 2: 17 cells are rich in Co and Fe and
gg'f”)cu.-ﬂ‘—* e S S depleted in Cu and Zr; the 1:5 cell boundaries are rich in Cu
0] Ty P S —— and depleted in Fe and Zr; and the lamella phase is rich in Zr
_- Smg and depleted in Fe.
£ 01 s . . ‘ The evoluton of Cu content and coercivity
& 0-——4—0?‘—:3315—:—3:-?—;?533—‘:5225&2!———5” in the cell boundary phase with aging in the
§ 70 = SM(CQ,,1Cly.06F&.015Zr0.027)6.4 Magnets is shown in Fig. 3.
b4 gg: Commrhbo bt ] The coercivity remains very low during isothermal aging, and
3 20] ey develops only after the slow cooling to 40Q. Obviously, the
d —-—-'._.--—-"-—-—'-—-_.‘ . . . .
(o] swe ._,___.o..._‘_‘::,-«-'-"’;;iﬁ.g increase of Cu con_tent in th_e cell b(_)u_ndary_ with slqw cooll_ng
£ 1 el et § closely follows the increase in coercivity during cooling, while
D z'o?""“'*""“—g::t ;“"‘ "‘“‘é A 3 the microstructure morphology remains unchanged.
70 T - ~ Table | shows the coercivity and microstructure data for the
gg () q i - | magnet aged at different temperatures. With increasing aging
2] rey temperature, the cell size, boundary width, and lamella density
s-u; 7“-———-—‘..._*___,___! increase leading to an increase in coercivity. The magnets with
104 Com ) - a smaller cell size also have a thinner boundary width, which

04 o : 3 3 py . s leads to nearly the same volume fraction of cell boundary phase
Aging Condition in both magnets. This is also consistent with the nanoprobe re-
sults which show that the Cu content in the cell boundaries of

Fig. 2. Development of microchemistry in Sm(GeCw.osFe&r.01s  the magnets subjected to the 70D aging treatment is nearly

Zrg 027)6.4« Magnets aged at 830C: (a) cell interior; (b) cell boundary; ; ; ; _
(c) lamella phase; 0, 1, 2 and 3 represent the initial state, 30 min, 2 h and Zg.'he same with that of magnets SUbJeCted to the hlgh tempera

aging followed by quenching to room temperature, respectively; 4, 5, 6 and4r€ aging. Furthermore, the nanoprobe chemical analysis shows
correspond to 24 h aging followed by a subsequent slow cooling to 700, 6@Rat the Cu content in the triple cell boundary junctions is much

500 and 400C, respectively. higher than the amount at the regular cell boundaries in all sam-
ples subjected to a full heat treatment regardless of aging tem-

partial formation of cellular structure. Uniform cellular andberature (Fig. 4).
lamellar structures are formed after 2 h of isothermal aging, For all the magnets studied, a strong domain wall pinning
and both the cell size and density of the lamella phase slightlythe cell boundaries is observed only after the full heat treat-
increase with longer aging up to 24 h [Fig. 1(c)—(f)]. Duringnent, irrespective of the aging temperature. The domain walls
subsequent cooling, after aging, both the cell size and lamdtlave a clear zigzag shape following some of the cell boundaries
phase density are kept constant. (Fig. 5).

The microchemistry changes which occur during aging areWhen the Lorentz microscopy data are combined with the
shown in Fig. 2. The chemical composition of the 2: 17 cells isanoprobe results, the conclusion is that the higher Cu content
given in Fig. 2(a), the 1:5 cell boundary is shown in Fig. 2(b)n the cell boundary phase, especially at the triple cell boundary

-~
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TABLE |
COERCIVITY AND TEM DATA FOR THE MAGNETS AGED AT DIFFERENT TEMPERATURES

Te %ﬁgﬁw , Coewivity CeliSize  Bounday  Demsityof  CuinCell  CuinCell
o &Oe) () Width Lamella Phase Interior Boundary
e (o) (o) (a1%) (2199
J00 6.5 30 6 0046 21 144
8350 130 105 11 0061 3.1 157
@ (k) a lower coercivity is expected according to theoretical models
[13].
80
“le o Co IV. CONCLUSION
6 o The homogenized sintered SM@GELU.06Fe.015
‘§4o Cu Zro.027)6.4 PErManent magnets have a featureless microstruc-
S . © ture with the 2:17 hexagonal structure. The cellular and
lamellar structures can be obtained by furnace cooling from
2 Sm the homogenized state. However, uniform cellular and lamellar
Fe o structures are formed after 2 hours of aging at 700-850r'he
Zr Cu - increase of Cu content in the cell boundaries with slow cooling
0 o . closely follows the increase in coercivity during cooling after
* * Energy (kev) ’ ? isothermal aging, while the microstructure morphology remains

Fig. 4. Nanoprobe EDX patterns of Sm(GoCUs.06F& 015250 027)6.4

unchanged. Triple cell boundary junctions containing high Cu
play a significant role in domain wall pinning.

magnets homogenized at 1186, aged at 700 C for 24 h, and followed by
a slow cooling down to 400C; (a) Triple cell boundary junctions, chemical
composition (at%): Sm: 20.5, Cu: 29.4, Co: 37.7, Fe: 11.3, Zr: 1.1; (b) Regular
cell boundaries, chemical composition (at%): Sm: 13.4, Cu: 14.4, Co: 53.1,
Fe: 17.8, Zr: 1.3.

(1]
(2]
(3]

(4]
(3]
(6]

: il

(7]

Fig. 5. Lorentz microscopy images showing domain walls pinned at the triple 18]
cell boundary junctions in fully aged Sm(GECus asFe 015250 .027)6.4
magnets: (a) Fresnel mode; (b) Foucault mode.

(9]

junctions, is responsible for the strong domain wall pinning. Itis
believed that this will be the key factor which controls the room[10]
temperature magnetic hardening behavior of these magnets. %li]
dilutes the magnetic anisotropy and decreases the Curie temper-
ature of 1: 5 phase. The lower anisotropy leads to lower 1: 5 do-
main wall energy and therefore to a large domain wall gradient; 5,
at the 2:17/1:5 boundaries. This then leads to the high coer-
civity, since H. x (Av/Az)max(A~ : difference of domain

wall energy between 1:5 and 2: 12Xz : domain wall width). [13]
For the lower cell size magnet with the same 1:5 Cu content,
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