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Abstract 

Precipitation phenomenon has been investigated in stoichiometric Nd2Fet4B alloys modified with Ti and Ti with C. 
Precipitates can be used to inhibit grain growth and understanding the precipitation process is important in order to form the 
most effective dispersion. In the Nd-Fe-B-Ti  system, TiB2, and in the N d - F e - B - T i - C  system, TiC are found to be the 
precipitating phases. Depending on composition, the precipitates can form at high temperatures in the liquid, during cooling 
after solidification, and during heat treatment. The precipitates form on grain or phase boundaries. The TiC precipitates 
typically form as discrete particles while the TiB: precipitates form generally in a globular bunched-up fashion. After a 
homogenization heat treatment, the equilibrium solubilities of Ti and Ti with C in the Nd2Fe]4B phase are found to be 0.47 
wt.% and ~<0.06 wt.% respectively. This means that almost all of the alloyed Ti and C can be precipitated as TiC which returns 
the excellent intrinsic magnetic properties of the hard magnetic phase. Both the carbides and the borides are found to have 
excellent high-temperature stability and resist coarsening and dissolution at least to 1000°C. Since Ti and C react to form TiC 
the amount of hard magnetic phase is not reduced while Ti addition alone reacts with boron and reduces the amount of hard 
magnetic phase if extra boron is not added. 
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1. Introduction 

Precipitation in the 2 - 1 4 - 1  system is important  for 
both  rapid solidification processing and in the powder  
route for making permanen t  magnets,  since the coer- 
civity is intimately tied to the grain size of the hard 
magnetic phase in materials made f rom both methods 
of pe rmanen t  magnet  product ion [1-3] .  In order  to 
achieve a uniform fine grain size which is stable during 
thermal  processing, a uniform dispersion of a stable 
second phase may be used. A physical metallurgical 
study was launched to look at the effects of Ti and Ti 
with C addition to the Nd2Fe~4B (2-14-1)  system. The 
formation,  solubility, and stability of the precipitating 
phases will be studied. Precipitates form at surfaces in 
the microstructure including phase boundaries,  grain 
boundaries,  dislocations, etc., because surfaces provide 
sites for heterogeneous nucleation. In order  to form 
secondary phases, the precipitating elements must  
come out of liquid or solid solution. Therefore  the 
solubilities of the alloying elements must  be known in 
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order for precipitation to be understood. This includes 
an understanding of the liquid and solid solubility as 
well as the equilibrium and non-equilibrium solubility. 
The max imum precipitate pinning force at the grain 
boundaries increases as the volume fraction of the 
precipitates increases and as the size decreases [4]. In 
order for the precipitates to effectively prevent  grain 
growth, they must form an effective dispersion and be 
stable at high temperatures.  Both dissolution and 
coarsening (Ostwald ripening) will diminish the effec- 
tive pinning force. 

Since the Nd2FeuB  phase is a ternary phase, alloy- 
ing is complicated by the reactivity of the individual 
elements. The ideal alloying addition would not react 
with the constituent elements of the phase since that 
would reduce the amount  of the hard magnetic phase. 
However ,  if a reaction occurs the starting composit ion 
may be adjusted in some cases to compensate  for the 
loss of the particular element. In Table 1, the stable 
phases f rom binary phase equilibria are shown which 
might form from the addition of Ti and C to N d - F e - B .  
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Table l 
Stability binary phases 

System Phases Enthalpies Ref. 
(KJ (g at)~) 

N d - T i  None 
F e - T i  TiFe 

TiFe 2 
B-T i  TiB 

Ti3B 4 
TiB 2 

N d - C  NdC 2 
Nd2C 3 

F e - C  Fe3C 
B - C  B~C 
TiC Ti2C 

TiC 

-108.0 11 
-29.6 9 

20.45 9 
6.3 11 

-12.535 10 

92.1 11 

This table is only partially complete  since it does not 
list ternary or higher-order  phases or metastable  
phases that can be stabilized by impurity elements  or 
the surrounding lattice. From Table 1, it can be seen 
that the TiB 2 and the TiC phases are by far the most  
stable phases listed. When Ti is added to the 2 - 1 4 - 1  
system it might be expected that TiB 2 will form owing 
to its extremely high free energy of formation.  When 
Ti and C are added to the 2 - 1 4 - 1  system, the binary- 
phase free energies indicate that TiB 2 would form 
preferential ly to TiC. However ,  the balance of free 
energies leading to equilibrium in a mul t icomponent  
system does not necessarily agree with the binary 
phase equilibrium. 

In this paper,  the study of ingots gives an under- 
standing of the alloy chemistry and phase equilibrium 
involved in the precipitat ion process. In addition, the 
study of as-cast and homogenized ingots will be used 
to gain an understanding of the solubilities of the 
additive elements  and the stabilities of the precipi- 
tating phases. The results f rom this paper  will be 
useful in the powder  route to making permanent  
magnets  and can be related to the precipitation pro- 
cesses occurring on a much finer scale in rapidly 
solidified samples. 

2. Experimental procedure 

All alloys used were made by arc-melting the 
elements on a water-cooled copper  hearth. The 
composit ions of the alloys studied are found in Table  
2. Composit ions are given in the form 
(Nd2/17Fe14/17B1/17)100  x + A d d i t i o n x .  The purity of 
the starting elements  used were 99.95 wt.% Nd, 99.99 
wt.% Fe, 99.5 wt.% B, 99.97 wt.% Ti, and spec- 
trographic grade C. The arc-melted ingots were melted 
and flipped several times, b roken  up, and arc-melted 
again to insure homogeneity.  10 g samples were 
studied to minimize macrosegregation.  The average 
weight loss after arc-melting was less than 0.02 wt.%. 
Hea t  treating was per formed by wrapping the arc- 
melted ingots in tantalum foil and then sealing them in 
a quartz tube under  0.5 a tm argon. The homogeniza-  
tion heat t rea tment  was carried out at 1000°C for one 
week in a box furnace. Cross-sections of the as-cast 
and homogenized ingots were mounted  with diallyl 
phthalate.  The samples were polished using standard 
metal lographic techniques without etching. Micro- 
structural studies were per formed with a Jeol JSM 
6100 scanning electron microscope (SEM). Energy 
dispersive spectroscopy (EDS) was per formed with an 
Oxford Link Pentaset  Detector .  Semiquantitat ive 
analysis was achieved using a Ti standard with the 
appropr ia te  Z A F  (atomic number,  absorption, fluores- 
cence) corrections on MtCROPLUS software made  by 
Dapple.  The  wt.% Ti dissolved in the a -Fe  and 2 - 1 4 -  
1 phases is repor ted  as an average of at least five 
independent  measurements .  X-ray diffraction scans 
were carried out on powdered  samples with Cu K a  
radiation f rom a Phillips X-ray diffractometer.  

3. Results and discussion 

3.1. As -cas t  ingots 

3.1.1. N d - F e - B - T i  sys tem 
The as-cast X = 2 Ti and X = 6 Ti alloys can be seen 

in Figs. 1 and 2 respectively. The usual ternary 

Table 2 
Composition of alloys studied 

Alloy Composition X Ti added X C added 

Base 
X = 2Ti 
X -  6Ti 
X = 2 C  
X = 6 C  
X = 2 TiC 
X - 6 TiC 

Nd2/lvFe14/~vB1/17 
(Nde/tTFe14/17B1/17)loo_ X + Ti x 
(Nd2/17Fet4/17Bl/ t7)loo x q- Tix 
(Nd2/17Fe14/17BHT)tOO x + C x  

(Nd2/17Fel4/lvB1/17)loo x + Cx 
(Nd2/~TFe14/17Bl/17)loo 2× + TixCx 
(Nd2/17Fe14/17Bl/17)H)o :x + TixC x 

2 
6 

2 2 
6 6 
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Fig. 1. SEM image of an as-cast X 2 Ti alloy. Arrows indicate the location of the TiB 2 precipitates. 

solidification sequence was found with properitectic, 
peritectic, and eutectic phases formed [5]. The micro- 
structures of the two alloys were similar except rod- 
shaped precipitates approximate ly  3-12  /zm long and 
1-3 # m  in d iameter  were found in the X = 6 Ti alloy 
(labeled 1 in Fig. 2). From EDS semiquantitat ive 
analysis, the pr imary rod-shaped precipitates on aver- 
age consisted of 56.1 wt.% Ti. No other characteristic 

radiation was detected so the balance is presumably 
boron whose characteristic energy is sufficiently low to 
be absorbed by the thin window of the EDS detector. 
The amount  of Ti measured is a little lower than the 
expected value of 68.8 wt.% Ti in the TiB 2 phase. 
However ,  due to the spot size of the electron beam 
some of the surrounding matrix phase was probabili ty 
measured which would contribute to a lower value for 

Fig. 2. SEM image of an as-cast X = 6 Ti alloy. Primary and secondary TiB 2 precipitates are laelled 1 and 2, respecti 
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Fig. 3. XRD pattern of an as-cast Ti alloy. 

g 0  

this measurement.  The TiB 2 phase has been found in 
the 2 -14 -1  system elsewhere [6,7] and X-ray diffrac- 
tion scans verified that the Ti-rich precipitates are the 
TiB 2 phase. The X-ray diffraction scan of the as-cast 
X = 6 Ti alloy can be seen in Fig. 3. Along with the 
TiB 2 phase, a-iron, NdzFe17, and Nd2Fel4B phases 
were found. Note that the shape, size, and distribution 
of the TiB 2 precipitates indicated that the precipitates 

Table 3 
Wt.(%) Ti dissolved 

Alloy As-cast Homogenized 
X 

2-14-1 a-Fe 2-14-1 2-17 

2 Ti 1.1 1.3 0.5 
6 ti 
2 TiC 1.3 1.7 0.06 
6 TiC 1.2 1.7 0.02 

2.2 

formed in the liquid since the liquid solubility of the 
X = 6 Ti alloy had been exceeded. 

In the as-cast microstructures additional small 
titanium-rich precipitates with an acicular morphology 
were found ranging in size from 0.5 to 1 /.tin long. 
These precipitates formed at the grain boundaries of 
the matrix phase in a typically continuous manner. 
These secondary precipitates formed during cooling 
and after solidification and are probably the TiB 2 
phase. Not many precipitates were found because the 
precipitation process upon solidification exhibits C- 
curve kinetics. That  is, there is a peak precipitation 
temperature where the diffusion rate and driving force 
is maximized. There  is simply not enough time during 
the peak-temperature  range for the precipitation pro- 
cess to occur to any significant extent due to the fast 
cooling rate occurring on a water-cooled copper 
hearth. 

The presence of the secondary boride precipitates 
indicate that titanium is being trapped during solidifi- 
cation in supersaturated solid solution. The measured 
solubilities of Ti in the a -Fe  and 2 -14-1  phases can be 
seen in Table 3. In this X = 6 Ti alloy, the wt.% Ti 
dissolved in the as-cast phases was not determined due 
to the difficulty in distinguishing between the 2-17 and 
2 -14-1  phases. These results show that Ti has signifi- 
cant solubility in both the iron and 2 -14-1  phases. 
Note that no titanium was found in the rare earth-rich 
eutectic phases. 

3.1.2. N d - F e - B - T i - C  system 
In Figs. 4 and 5, the as-cast X =  2 TiC and X =  6 

Fig. 4. SEM image of an as-cast X = 2 Ti alloy. Arrows indicate the location of the TiC precipitates. 
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TiC alloys can be seen respectively. The usual ternary 
solidification sequence was found for both alloys, 
however in the X = 6 TiC alloy, Ti-rich precipitates 
from 10 to 20 /zm long with a cubic morphology 
formed (labeled 1 in Fig. 5). From EDS, the primary 
carbides are found to be 80.7 wt.% Ti which is very 
close to the expected value of 80.0 wt.% Ti in the TiC 
phase. Carbon intensity was also measured although it 
appeared that the signal was partially absorbed by the 
detector thin window. X-ray diffraction scans verified 
the formation of the TiC phase (Fig. 6). The primary 
precipitates appeared to have first formed from the 
liquid with a cubic shape and then partially reacted 
during solidification. Some of the primary carbides 
remained essentially cubic in form while others ex- 
perienced a much greater degree of dissolution. The 
envisioned solidification scenario is as follows. First, at 
high temperature in the liquid, primary TiC cubic 
precipitates formed reaching an equilibrium of Ti and 
C in the liquid phase. Second, during solidification, 
properitectic iron dendrites formed which contained 
some Ti. To maintain the depleted liquid equilibrium 
some parts of the primary Ti-carbide precipitates 
redissolved. 

The results show that in the quintery F e - N d - T i - B -  
C system, TiC is found to be the most stable secondary 
phase. Apparently in the boron case, there is a free- 
energy balance between using the boron to form a 
TiB2 or using the boron to form the 2-14-1 phase. 
The low stability of the Nd2Fe~4C phase alters the 
phase equilibrium and makes it more favorable in 
energy for TiC to form. 
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Fig. 6. X R D  pattern for the as-cast X = 6 TiC modified alloy. 

In the as-cast microstructures, secondary precipi- 
tation occurs as well with acicular-shaped Ti-rich 
precipitates present in the order of 0.5-1.0 /~m long. 
Owing to the small size of the precipitates, semiquan- 
titative analysis could not be performed on them but 
the phase equilibrium suggests that TiC is formed. The 
existence of the secondary precipitates indicate that 
titanium and carbon have been essentially trapped in 
supersaturated solid solution during solidification. 

The solubilities of Ti in the as-cast phases can be 
seen in Table 3. Ti has at least a 1.3 wt.% non- 
equilibrium solubility in the 2-14-1 phase. It should 
be noted the value of the solubility observed in a 
phase upon solidification is very cooling-rate-depen- 
dent and since secondary carbide precipitation has 
occurred the maximum non-equilibrium solubility 
would be higher. 

Fig. 5. SEM image of an as-cast X 6 Ti alloy. Primary and secondary TiC precipitates are laelled 1 and 2, respectively. 
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3.2. Homogenized ingots 

3.2.1. N d - F e - B -  Ti system 
During homogenization free iron reacts with the 

rare-earth eutectic phase to form more 2-14-1 phase. 
In the X = 2 and X = 6 Ti alloys secondary carbide 

precipitation occurred with many additional fine pre- 
cipitates in the order of 0.5-1 /zm long formed in the 
microstructures of both Ti-containing alloys (Figs. 7 
and 8). These secondary precipitates are very similar in 
size and appearance to those formed initially during 
cooling after solidification. These precipitates formed 

Fig. 7. SEM image of an X -  2 Ti alloy homogenized at 1000°C for one week. Arrows indicate colonies of TiB 2 formation. 

Fig. 8. SEM image of an X = 6 Ti alloy homogenized at 1000°C for one week. Primary and secondary TiB 2 precipitates are labelled 1 and 2, 
respectively. 
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along the grain boundaries of the matrix phase in a 
bunched-up fashion typically as colonies (marked with 
arrows in Fig. 7). 

After homogenization, the X-ray diffraction scan of 
the X = 6 Ti alloy indicates only the presence of TiB 2 
and Nd2Fe17 phases (Fig. 9). From stoichiometric 
considerations, there is more than enough Ti present 
in the alloy to react with all of the boron to form the 
TiB 2 phase with 2.8 wt.% Ti left over. Apparent ly this 
reaction occurred to completion which caused the 
remaining neodymium and iron to form the 2-17 
phase. In the X = 2 Ti alloy, the Ti addition is less and 
the 2 -14-1  phase is the main phase although the 2-17 
phase exists as well. 

The equilibrium solubility of titanium was measured 
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Fig. 9, XRD pattern for the X = 6 Ti modified alloy heat treated at 
1000°C for one week. 

for the 2 -14-1  and 2-17 phases after homogenization 
(Table 3). In the X = 2 Ti alloy, it was found that 0.5 
Wt.% Ti remained in the 2 -14-1  phase and in the 
X = 6 Ti alloy 2.2 wt.% Ti remained dissolved in the 
2-17 phase. However  it is surmised that if greater 
amounts of boron would have been present the 
equilibrium solubility would have been much lower 
due to the formation of TiB 2. 

3.2.2. N d - F e - B - T i - C  system 
During the homogenization heat treatment,  secon- 

dary Ti-rich precipitates formed in both the X = 2 and 
X =  6 TiC alloys (Figs. 10 and 11 respectively). The 
X-ray diffraction scan indicates that a composite 
microstructure is formed consisting of only two phases; 
2 -14-1  and TiC (Fig. 12). The carbides were distribut- 
ed in discrete 0.5-1 k~m long particles along the matrix 
grain boundaries and also along the prior iron 
boundaries which had since homogenized (labeled 1 in 
Fig. 10). A TiC precipitate which formed at the triple 
junction between grains is labeled 3 in Fig. 11. The 
carbides which formed during cooling after solidifica- 
tion and those formed during homogenization are both 
similar in size and appearance. This might be expected 
since in both cases the precipitates formed from 
supersaturated solid solution. 

After the homogenization heat treatment,  only 0.06 
wt.% and 0.02 wt.% Ti remained in the 2 -14-1  phases 
of the X = 2 TiC and X = 6 TiC alloys respectively 
(Table 3). The equilibrium solubility may be even less 
than the measurements indicate owing to the many 

Fig. 10. SEM image of an X = 2 Ti alloy homogenized at 1000°C for one week. Arrows indicate the location of the TiC precipitates. The TiC 
precipitates that formed on the dendritic iron boundaries which have since homogenized are labeled 1. 
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Fig. 11. SEM image o f  an X = 6 TiC alloy homogenized  at 1000°C for one week. Primary and secondary TiC precipitates are labeled 1 and 2, 
respectively. A TiC precipitate that  formed at the triple junct ion of the grains is labeled 3. 
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Fig. 12. X R D  pat tern of the X = 6 TiC alloy which has been 
homogenized  at 1000°C for one week. 

fine precipitates found throughout the microstructure 
and the interaction volume of the beam. Nevertheless, 
this indicates that the equilibrium solubility of Ti with 
C in the 2-14-1 phase is extremely small. 

3.2.3. Stability 
By comparing the appearance and size of the TiB 2 

and TiC precipitates in the as-cast and homogenized 
alloys it is apparent that the Ti carbides and borides 
did not dissolve at high temperatures and that they 
resist coarsening (Ostwald ripening) up to 1000°C. 
Both precipitates are candidates for the inhibition or 
prevention of grain growth. However, TiC seems to 
form the best dispersion of precipitates since it forms 

at the grain boundaries as discrete particles while the 
secondary Ti borides tend to form in a clumped-up 
fashion as colonies. 

4. Summary 

In the Nd-Fe-B-Ti  system, TiB 2 is the most stable 
second phase and in the N d - F e - B - T i - C  system, TiC 
is found to be the most stable second phase. While any 
second phase located at the grain boundaries can 
provide pinning, alloying with Ti and C seems to be a 
much better choice compared with alloying with Ti 
alone. First, the titanium carbides form as discrete 
particles while the titanium borides form in colonies of 
precipitates. In addition, Ti with C has extremely low 
solid solubility which means that after an appropriate 
heat treatment, TiC precipitates form out of super- 
saturated solid solution leaving the 2-14-1 phase 
unalloyed and returning the excellent intrinsic mag- 
netic properties of the 2-14-1 phase. The effects of 
TiC addition to the 2-14-1 system on the hard 
magnetic properties has been studied elsewhere [8]. 
Furthermore Ti with C addition does not alter the 
base-alloy composition and they can be used to modify 
existing alloys without changing the properties of the 
base alloy. When titanium is added alone it will 
ultimately form TiB2, which changes the base-alloy 
composition and additional boron must be added in 
order to compensate for the loss. 
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