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SUMARIO:

fmas permanentes anisotrépicos de Pr-Fe-B-Cu foram produzidos do liga
fundida polc processo de forjamentc a gquente. imas bascados na composigao
de Pr,, ,Fe,, B, ,Cu, , alcangaram uma coercividade intrinseca maior que 21
Koe (> 1674 Kh/m) com tratamentos térmicos apos o forjamento. Uma
moderada temperatura de forjamento de 750°C foi utilirzada no presente
trabalho. Os imas forjados foram tratados termicamcnte em 1000°C por 5
horas e cm 500°C por 3 horas. Taxas do deformagao (g) de 2,7 X 10 até 3,0
X 10 e redugdes na altura de 80 a 50% foram efetuadas no prescote
trabalbo. As perdas de fase rica em prasecdimioco, durante o forjamcnto,
foram anuladas pelo encapsulamento das amostras cm um cilindro de cobre.
Uma investigagio das propriedadcs magnéticas da liga fundida depois dos
tratamentoa térmicos, acima especificados, também foram feitos para uma
comparagac de resultados.
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INTRODUCTION

I privious studics! ¥ the alloys, Pryzles, s BsCu, 5 and PrisFerg s BaCuy s bave boen
bot pressed at around 1000 C 1o produce magnets with gowvd magnetic propenties. Recemly,
bhowever, it has been shown that maguets based on the composition Pray s Feryy By Cuy
produced by upset forging achicve good magnetic propertics at lower forging temperatures
(900 °C)* In the present work, upset forged Prag s Fevy x By 7 Cus magacts have been produced
and investigated after forging at a lower temperature of 750 °C. In previous studies!< | during
bot working in open dies there was a loss of the Pr-rich phase and consequently deviation from
the original composition. In this work, a copper cylinder surrounding the cast ingot has been
used 1o reduce this effect by providing partial constraint. a range of strain rates and thickness

reductions have been used in order to study their inf) on the A

standard post-upset forging heat at two temp (1000 °C and 5009C)*5 has
iiﬁsﬂgﬁkﬁiéigggﬁsi forging process
has been investigated by comparing the of the forged magnets with that of the as
cast alloy after being subject to an identical annealing treatrmentS5,

EXPERIMENTAL

The study &Egmﬂw-w._qguﬁ!&.igin’i&?
upset forged magnets and the upset forging cquipment have all been described in previous

! *Per manent address: Laboratory of Mater ials, Depar tment of Mechanical Engineer i
. h 3 . neering .
University of Sanla Calarina . Flarianopolis, 5 C . Brazil " "

papers®S. The alloy was prepared in a rectangular (10.0¢7.5%1.0 cm) water cooled copper
mould and scveral rectangular blocks of cross-section @10 mm? and of heights 2510 50 mm,
were cut from the cast ingol, so that the height of the specimen was perpendicular 1o theooling
direction of the cast ingot. The blocks were embedded in a copper tube by filing-away theharp
corners of the blocks, and rthe enclosed sample was then upset forged ina similar manner to
that reported previously 4 under vaccuin, al a temperature of 750YC. A rauge of stmin mies
and thickness reductions were employed. A two stage post-upset beal treatment of théorged
ingot was carried out in vacuum at 1000%C for 5 hours followed by quenching to room

temperature, and then at S00°C for 3 hours and again quenchedto room temperature. Suitable

samples (8X8X5 mm*) were cut from the upsetforged ial for perme

The microstructure of the upset forged magnets were observed using amptical microscope and
a scanning electron microscope (SEM),and the magnetic domain structure of the specimens
was investigated using a ferrofluid technique. Density measurements were carried ouby a
displacement method using a sensitivebalance and dicthylphthalate. The remancnce of the cast

gocts, used as a reh for the evaluation of the degree of alignment of the forged

magnets, were obtained after a homogenization heat of the cast ingot carried ounder

vacuum at 1000°C for 10 hours followed by quenching to room temperature.
RESULTS AND DISCUSSION

Table I shows the magnetic properties found in various randomly cut samplesf the as-
cast ingot after annealing at 1000C. Before annealing, the as-cast alloy exhibit very poor
magnetic properties. As can be seen,significant differences in intrinsic coercivity are observed
for different regions of theingot. The remanence, however, is less affected. The lower values
of intrinsic coercivity found bere compared with previous work can be attributed to the
different solidification conditions used during ingopreparation. The average remenence (5.64
KG $ 0.05) found in the present work is also lower than that previously reportedon directional
solidification studies (7.2 KG® and 7.1 KG?®) since those werc maximum values (peak) for
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their particular solidification conditions and abo due to small variations uthe alloy
composition®. This average remanence will be used, later in this work, as reference for the
estimation of the approximate degree of alignment obtawed duringpser forging. Cast magnets

based ou the present alloy have been studied extensively 7.

Figure | shows the varations of the magnetic propertics of upset forged at 758C.and
heat treated P s Feqqy B17Cu; magnets as a function of the reduction in thickness for a
conslant strain rate of B.0X 107 5 ', The intrinsic coercivity increases steadily from 80 1o 84%
of thickness reduction and reaches a maximum valvof 21.5 KOc. It then decreases slowly as
the thickness reduction is increased funther. Both remanence and energy product follow a
similar trend with thickness reduction with higher values at around 82%. Theaverage
remanence (from 80 to 90%) is8.32 + 0.05 KG which compared with the average remanence
of the annealed as-cast alloy gives an averagdncrease on the degree of alignment Cuveragyd of
47.5% (Osvcrage = B forged- Br caw / Br .a9)®. The intrinsic coercivity obtained here is higher
then Prag s Feyy y By 7Cuy sitered magnets (<20 KOe)!! and considerably higher than that
reported recently” of 18 KOc for hot pressed PryzFeqq s BsCu, s magnets produced using an
iron ring to coustrain the specimen. Hot pressed magnets processed using a carbon steeking
achieved only around 14 KOd2,

The variations of the ic propertiesof heat I Pros Feryu By Cuy upset

forged magnets as a function of strain rate, for a constant thickness reduction of 80%, are
shown in fig. 2. There is a steadly rise iniHc as the strain rte is increased from 2.7X 102 1o
3.0 X 10! 57! at which the maximum value of iHc is reached. The highest value of iH¢~18
KOe) obtained is lowerthan the value of 21.5 KOe duc to the lower thickness reduction used
for the production of these The ¢ oand cpergy product follow a similar trend

P
L it is

and saturate at a lower strinrate than the intrinsic coercivity. Th
empirically that the optimum strain rate is ofhe order of 2.0 X 10! 5!, The remanence valuies
and trends in behaviour obscrved in the present work are consistent with that previously
reported for PrigFesq s BsCu s hot pressed magoets'?. The higher values of Br oblained with
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Pry7Feqe 5 BsCu s hol pressed magnets'’ can be antributed to the lower strain rate and higher
lemperatureused in that work. In general the densities obtained in the present work with the

upset forged magnets were around 95% of the theoretical densiry.

Figure 3 shows the demagnetisation curves for an upset forged Pry s Fegag By 7Cus
magnet processed using a thickness reduction of %0% and at a strain rate of 8.0 X 102 51 as a
function of post-forging annealing. In the as-upset forged condition (curve 1) quite reasonable

magnetic properties are oblained and after ling at 1000C for 5 hours {curve 2) very little

improvement was achicved. However, by furiher annealing ar S00°C for 3 hours (curve 3) a
significant increase in the iHe has been obtained. Small variations in the remanence have also
been observed. This observations are consisient with a previous work? which has shown thar
most of the free iron, which exists in the cast alloy and is detrimental to the magnetic
v:uvn_.a.nw. is removed during the upset forged process (900YC). Thus, no significant increase
i the iHe ar high lemperature anncaling was observed in the magnets upset forged at 900°C. In
the present work, however, a lowet forging temperature (750¢C) was used and il was expected
that more free iron would be present after the upset forging process, This scems not to be the
case however since only a small increase in iHc was achieved after the high temperature heat

treatment and no low ficld shoulder was observed in the demagnetization curve. It was also

shown* that lower temp ling (SO0YC) was beneficial to the magnetic properties and

which also scems to be the case here for upset forged magnets processed at 750°C. The
improvement with the lower temperature annealing (S00°C) was attributed® to the grain
boundary madification caused by this treatment which is just above the eutectic point of the
grain boundary phase.

The microstruture of the as-upset forged Pray s Fery g By7Cus magnet  is shown in

Fig.4a, and the mi of this magnet after ling at 1000°C for 5 hours is shown in
fig.4b (demagnetization curves 1 and 2 in fig.3). The present sample was ciched since the
contrast between the different phases and grin boundaries was more proounced in this
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coudition. lu the as-upscl state, 1his magnet cousists ol matrix phase (Prabe g B) and ill-defined
grain boundaries. Free iron which exisied inside of the mairix phase of the as-cast alloy has not
been ubserved in this magoet. After annealing a1 10QUUC, the grain boundaries became slightly

clearer, as seen in fig.4.b. A comparison between these two microsiructure also demonstrates

that there has been no significant changes during this beat ut. This is in ag wilh

the maguetic properties d for this magnet in both conditions (curves | and 2 in fig.3).

The microstructure of this magnet after further annealing a1 500°C is shown in the fig.d.c.
Consistent with the intrinsic coercivity change, which increased substantially (curves 2 and 3 in
fig.3}, the microstruture also changed significantly. As can be scen clearly in this microstruture
the grain boundarics became much more defined. This could indicate that the coverage of the
matrix phase with a non ferro-magnetic Pr-rich matenal is improved afier this low lemperature
lieal treatmuent and this would enhance iHe sinee better isolation of the PraFey B grains would

be achicved. A comparison between these rwo mic rures also d tes, as expected,

that there has been no significant grain growth during this low terop heat

Figure 5 and 6 show the demagnetization curves for upset forged Pryy s Fery g By 1 Cuy
magnets processed af a strain rate of 8.0 X 102 5! using 88 and 84% of thickness reduction,
respectively. 1n both cases there was a significant increase in coercivity wath beat treatment
{1000 + 5009C). The main difference between these magnets is found afier the beat treatmemt
(curves 1). At “88% of thickness reduction™ a higher remanence is obtained whereas at =84 %
of thickness reduction™ a higher intrinsic cocreivity is achicved. This is consistent with

previous work2.13 which has shown that, as the thickness reduction is increased then the

remancoce of the magoets is also i d (probably b of a better c-axis grain
alignment). It is well known for cast® and sintered!4.!5 PrFeB magoets that improved grain
alignment leads to a reduction of coercivity due 1o an increase of internal demagnetizing fields.
This also seems to be the case for the upser qoﬂam magnets since the inrinsic cocrcivity is
higher in the magnet processed with 84% of thickness reduction, in which poorer grain
i pected!3. In the p goets even using 90% of thickness reduction no high
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remanence has been obtained. Fig. 7 shows thal many grains are still misaligned in the magnet
processed using 90% of thickness reduction, and this can probably be atiributed 1o the low
temperature used in the present work. Further studies are being carried out to optimize the
pressing temperature and also 1o correlate the .Eu_,un..:, behaviour and microstruture of upset
forged PrFeBCu magncts with sintered magnet produced by the hydrogen decrepitation (HD)

process and based on the present composition !,

Electron-probe microanalysis (EDX) ina scanning ¢lectron microscope bas shown that
the composition in the ceatre of the upset forged sample is similar to that close 1o the copper
tube. This indicates that no marked prefe ial scgregation of the liquid phase towards the

edges has occurred during upset forging. A summary of the best magnetic properties oblained

with the present magnets is given in Table 2. In this table has also been included the magnetic

propertics of forged magnets produced using the alloy in different starting conditions.

CONCLUSIONS

Anisotropic Pr-Fe-B-Cu-type permanent magnets have been produced from cast ingot
materials using an upset forging | at a mod forging temp of 750°C. Magnets

based on the composition Pry s Fezs § By 3 Cu; can achieve an intrinsic coercivity of higher than
21 KOe after post-upset heat treatments. The increase in the coercivity of Prag s Fery g By7 Cup
upset forged magnets after a low temperature heat treatment can be attributed to the better
magnetic isolation of the Pr:Fe 4B grains promoted with this treatment. The oplimum strain
rate determined for forging at a temperature of 750°C and at a thickness reduction of 80% was
2.0 X 10" 5. Two conditions were found for the thickness reduction: 84% for high coercivity

and 88% for modk ata strain rate of the 8.0 X 102571,
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ABSTRACT

Anisotropic Pr-Fe-B-Cu-type permanent magnets have been produced from cast
ingot materials using upset forging. Magnets based om the composition Sample Hr {BH) g ¥l
Praus#ess By Cuy achieved an intrinsic coercivity bigher than 21 KOe . ...zl,.-...wlaw W.:..,m__q _m__m.w,w_ m;,nvw_
{1674 KAm') after posi-forging heat (reatments. A moderate forging 2 e 20 = 70 766
temperature of 750 *C has been used in the presen! experiments. The upset 3 5.65 5.94 6.10

" led sub I 0 4 5.29 5:59 7.03
forged mag were subseq ly at 1000 YC for 5 hours and then at m W) 03 ET
500 °C for 3 bours. Strain rates (E) from 2.7 X 102 to 3.0 X 10! s' and & 5.58 6.10 6 44
thickness reductions from 80 to 90 % have been employed. Losses of the Average | 5.64 6.28 6.81

. . . : . {Average error: Br:20.05, BHmax:30.05, iHc:20.05)

praseodymium rich-phase during forging { squeezing out } were avoided by
enclosing the speci in a copper cylinder. An investigation of the magnetic

properties of the cast ingots after the above annealing treatments has also been
carried out for comparison.
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Fig.3 The demagnetization curves for upset forged ac 7500C
Prag sFeqy gBy 7Cu; magnet using 90% of thickness reduction,

as-upset forged

(1.

after heat treatment at

and after heat treatment at 10000C + 5000C
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(3).
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(21

(3H)_, | (960¢)

{a)

(b)

(c}

Fig.4 oonwnmw. the
microstructure of the upset forged Pr;; Ffev; 83 Cu; magnet
in the (a) as-forged, (b} heat treated at 1000°C and (¢}
heat treated at 10009C +« 5009C condition ({using nital
58/1s) .
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Fig.6 The demagnetization curves for upset forged (750uC)
Pr,y Fey, 4By 4Cuy magnets usding 4% of thickness

reduction, before (1) and after heat treatment (2) for a

*

constant strain rate of 80 X107 s,

Fig.7 Optical micrograph showing a general view of the
microstructure of the upset forged (7500C) Pry; Fery B, Lu,
magnet in the heat treated at (1000uvC + 500vC) conditlon
{using ferrofluid).

Table 2. Values of remanence, energy product and ilntrinsic
coercivity for forged magnets 17500C) using the
Pr;o oFf@y o8y 7Cu; alloy in different starting conditions.

Procesd | ng) Br {BHY pax
uﬁ\-“ﬂ gﬂ’"ﬁ'.—. CONALL LONS| 1’| | MGOe |
Cast ingot Bae .| 7.79 15.67
8.0x10-7
sl
Cast ingot BE% 8.85 17.81 20.04
8.0x102
5!
HD- powder milled 75% 6,54 9.90 14.50
{on attritor for Smin} 8.0x10:2
P
HD-powder crushed 75% 7.23 12.07 16 .17
(pestle and mortar) B.OX102
s
HD- powder milled and| 70% 5.50 6.89 11.36
aligned {on attritor| 2.0x10°!
for Smin) s!
Inside a die T0% 4.72 5. 10 14.07
(cast ingot) 8.0x10°2
-1
s
without copper ring 7% 6.67 9 .88 15.32
(cast ingot 2.0x10"!
-
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