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Abstract

The phase formation behavior of the nominal CeFegCo3Ti;_,Siy system is investigated for 0 < y < 0.6
by powder x-ray diffraction and scanning electron microscopy with energy dispersive x-ray spectroscopy for
ingots formed by arc-melting then annealing at 1000 °C and quenching to room temperature. The ingots are
seen to nearly single phase for y < 0.4 and are multi-phase for y > 0.5 though a compound of the ThMn;4
type does indeed form for all values of y. The saturation magnetizations (M), Curie temperatures (T¢),
and magnetic anisotropy fields (H,) are measured for the y < 0.4 samples and the values of My and H,
appear to be nearly identical for all y < 0.4. T, however, is seen to increase about 20 °C in this range for

increasing y.
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1. Introduction

Iron-rich permanent magnets are ideal mate-
rial systems for practical use due to abundance,
cost, and performance considerations. To gener-
ate uniaxial magnetic anisotropy in iron rich com-
pounds workers have previously investigated iron-
rich phases that also include small percentages of
rare-earth (RE) elements. The 4f electrons in
these atoms generate large spin-orbit effects and
contribute maximally to anisotropy. A result of
these kinds of investigations was discovery of the
compound NdsFei4B and its doped analogs, which
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have been exhaustively studied; see [1] for a review.
The NdsFe 4B family is perhaps the best magnet
system ever discovered, boasting the largest room
temperature energy products ever observed. How-
ever, the lackluster performance of NdsFei4B at el-
evated temperatures has led to studies of different
structures with similar guiding principles in mind,
that is to utilize RE elements in Fe rich compounds
to achieve uniaxial anisotropy. Of course, Fe is
cheap and the goal is always to maximize Fe:Re
ratios while still maintaining acceptable uniaxial
anisotropy and Curie temperatures, T¢. Research
along these lines led to the discovery of perma-
nent magnets having the ThMnj, structure type.
ThMn;3 is a tetragonal compound (space group
I4/mmm) [2] which allows for the possibility of uni-
axial magnetic anisotropy and one might expect ex-
cellent properties of the compound NdFe;s, in anal-
ogy with the aforementioned NdsFe;4B. Unfortu-
nately, the NdFe;o compound is unstable. However,
early work on partial substitution on the iron sites
for other elements, namely, V, Ti, Cr, Mn, Mo, W,
Al, and Si, showed the possibility of structure sta-
bilization [3, 4, 5, 6] for various species of RE atom
in the Th site. Results from these studies on T¢
and anisotropy field, H,, were mixed, with some
promising results depending on species. The suc-
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cess of these early works is the general motivation
for the study of permanent magnets that take on
this structure type.

Recent issues concerning rare-earth mining eco-
nomics have forced researchers to focus their ef-
forts on development of materials that utilize the
elements lanthanum and cerium since the under-
use of these resources is creating a great strain on
that industry and negatively effecting the supply
chain for more critical RE elements. See reference
[7] for a pertinent example involving cerium utiliza-
tion. The aforementioned promise of useable mag-
nets with the ThMn;o structure and consideration
of these economic issues has undoubtedly motivated
the work described in two important papers whose
observations we extend in our work here. In the
first of these papers, Zhou et al. find that the com-
pound CeFe;;Ti is at least metastable and forms
in the ThMny, structure [8]. This finding confirms
the earlier work of Pan et al. [9] and Akayama et al.
[10]. Zhou et al. then investigate the saturation
magnetization, My, T and H, of their melt-spun
ribbon samples as they substitute cobalt into the
iron site for the compound CeFej;_4CoxTi. They
find the maximum value for M, of 125.0 emu/g at
x = 3. T¢ continually increases in the series for
increasing x (Tc= 467 °C for z = 3) and H, de-
creases from H,= 17.0 kOe at x = 0 to H,=11.7
kOe at © = 3. In the second of the papers that
directly motivate our work, Zhou et al. claim that
the compound CeFe;;Si also forms in the melt spin-
ning process [11]. They claim that this compound
has Te=252 °C and H,=15.5 kOe. In [8] T¢ of
CeFey1Ti is shown to be 209°C, making total Si
substitution for Ti a positive move for T improve-
ment if these results are correct. H, is seen to de-
grade slightly, however, going from 17.0 kOe for the
CeFe11Ti compound to 15.5 kOe for the CeFeq;Si
compound. In our work here we concentrate on the
compound of maximum saturation magnetization,
CeFegCosTi, in [8] and ask what happens to the
phase stability and magnetic properties as we sub-
stitute Si for Ti. We will label (and henceforth re-
define z) this compound CeFegCo3Tij_xSix. Note
here that we do not imply that Si substitutes for Ti
on the same atomic site; we can not determine their
site preferences with the data presented here. We
concern ourselves with the substitution by nominal
composition as the only restriction and investigate
said phase stability and magnetic properties.

2. Experimental

Ingots of nominal composition
CeFegCo3Tii_ySiy, were created by arc-melting
elemental Ce, Fe, Co, Ti, and Si. The ingots were
then annealed in sealed quartz ampoules at 1000
°C for 150 hours and then rapidly quenched in
water. Structural and phase characterization of the
samples was performed via powder x-ray diffraction
(PXRD), scanning electron microscopy (SEM) and
electron dispersive x-ray (EDX) analysis. Powder
x-ray diffraction experiments were performed on
ground ingot samples. The instrument used for
PXRD was a PANalytical XPert Pro diffrac-
tometer (Cu Koy, 1.5406 A). Refinements of the
multi-phase ground-ingot samples were done with
the FullProf software package [12]. SEM and EDX
were performed on ingots that were polished then
subjected to compositional analysis using a Hitachi
TM-3000 electron microscope equipped with a
Bruker Quantax 70 energy dispersive spectroscopy
X-ray system. The saturation magnetization was
measured for all samples at 300 K using a Quantum
Design MPMS in applied external fields, Hegzt, up
to 60 kOe. Powders of each ingot for 0 < y < 0.6
were used to make field aligned samples as de-
scribed previously [15] for hard axis field sweeps.
The Curie temperatures, T, were obtained
through thermal analysis using a Perkin Elmer
Pyris Diamond Thermo-Gravimetric Analyzer/
Differential Thermal Analyzer (TGA/DTA).

3. Results and Discussion

3.1. Phase Analysis

The name CeFegCosTi;_Siy, will be used to
describe the nominal, desired composition of the
final sample. CeFegCosTi;_ySiy is, then, the
overall composition used for the arc-melted in-
gots. This naming scheme can be contrasted with
CeFegCo3Ti;_«Six, which represents the measured
composition (by EDX) of the compound within the
ingots with the ThMnjs structure. In all cases re-
ported in this work x = y with the exception of
the y = 0.6 case. y=0.6 corresponds to a value
of x = 0.55. Back-scatter SEM images of pol-
ished ingot surfaces are displayed in fig. 1(a)-(e).
In all images small cerium oxide spots are observ-
able and are the brightest features since the back-
scatter mode is sensitive to cerium content. Cerium
oxide makes up only a tiny portion of the bulk and
will be ignored in all analysis. In all images the



darkest regions are a solid solution that has the
same structure as a Fe and is made up predomi-
nantly of Fe and Co. For convenience we refer to
these o Fe type regions in this document with the
symbol A. Going from dark to light in fig. 1(a)-
(e), we next observe the regions we shall refer to
as ® regions. We believe the ® regions consist of
one single-phase compound of the ThMnys type.
The ® regions are the main regions of interest here.
The y=0, y=0.2, and y=0.4 back-scatter images of
fig. 1 are completely dominated by ® regions. An-
other type of region, a () region, is also observed but
only in the y=0.5 and y=0.6 images. These regions
appear brighter than the ® regions in fig. 1(a)-(e)
and form predominantly around the A regions in
fig. 1(d) but are so prevalent in fig. 1(e) that they
permeate the space of the entire sample. Because
the contrast between ® and (2 is difficult to distin-
guish in fig. 1(d)-(e), we show a false color Ti EDX
map in fig. 1(f) to demonstrate the distinctness of
the regions. We believe that the {2 regions actually
might consist of a mixture of two crystallograph-
ically unique phases that cannot be distinguished
from each other within the 2 region by our EDX.
We will provide our evidence of this claim below
when we discuss the results of x-ray refinements.
For each value of y, EDX analysis was done on at
least four different areas of the sample and within
each are on each region (®, Q, or A). The results
are displayed in table 1, table 2, and table 3. The
value is the average and the number in the paren-
thesis covers the spread of all values. It is worth
noting that the Ce values produced by our EDX
analysis are always observed to be about 90% their
actual values based on standards.

In fig. 2(a) we show a PXRD refinement for the
y = 0.6 sample. The agreement between theory and
experiment is reasonable and the refinement results
R, and R, can be read for each y value from ta-
ble 4. The refinements required that we include four
phases. One of these is the a Fe phase associated
with the A region. Another is the ThMnis type
phase of the ® region. To fit the remaining peaks
we needed to use two phases. One of the phases has
the structure of a ThoNiy7 type which was modeled
with Ce replacing Th and Fe replacing Ni. The sec-
ond of these two phases was a disordered CaCus
type phase. The CaCus type phase was modeled
after the results of Psycharis et al. in [13]. We used
the same ocuppancies listed for the neutron results
of Table 1 of [13] and we replaced the Y from [13]
with Ce for our x-ray refinements. These last two

phases used for refinements are clearly only approx-
imations. None of Co, Ti, or Si were used as atom
types, only Fe, and we clearly cannot determine
site preferences in this way or if the occupancies
in Table 1 of [13] are the best choice for our data.
Our PXRD patterns simply cannot give this much
detail. However, all attempts at fitting the remain-
ing reflections after the obvious a Fe and ThMnjo
phases had already been included failed. The best
single phase attempt at that point was a disordered
ThCuy; phase, see for example [14], but this three
phase model with the TbCu; type proved inade-
quate. In fig. 2(b) we show a closeup view of the
refinement for full disclosure. Some of the inten-
sities are not well fit. However all peak positions
are well described. All of the peaks with poorly de-
scribed intensities belong to either the CaCus type
phase or the ThoNij7 type phase, a fact that indi-
cates our simple model is not quite sufficient. We
believe that the Q regions in fig. 1 consist of both
the CaCus type phase and the ThyNij7 type phase.
We can say no more about the detailed makeup
of the € regions. Neither the CaCus or ThsoNi;7
structure type is required for refinement of the y=0,
y=0.2, or y=0.4 data. This is consistent with EDX
observations. In fig. 2(c) we display the lattice pa-
rameters of the ThMnis type phase plotted as a
function of x. There is a monotonic decrease of
both a and ¢ which is expected from atomic radius
considerations.

3.2. Magnetic Properties

The magnetic properties of the
CeFegCozTii_ySiy ingots were also investi-
gated. Since single phase samples could not be
isolated, the magnetic properties will be reported
as a function of y and in units that do not require
specific knowledge of intrinsic phase properties like
density, etc. The same samples used for the PXRD
measurements could also be used for magnetization
measurements. FEach powder was checked to be
uniaxial with an easy c axis for the ThMn;5 phase
using powder x-ray diffraction on samples aligned
in epoxy. Those samples were created in a way
previously described [15]. These samples could be
used to measure the hard axis field sweeps shown
in fig. 3(a). Fits of these curves can return the
anisotropy constants and yield H,; such fits are
unnecessary here. The curves for the y < 0.5
samples are nearly identical with H, around 20
kOe, which was about the same result as the
CeFegCosTi sample in [8]. The easy direction



curves are also displayed in fig. 3(a). The curves
corresponding to the y = 0.6 sample do not match
the rest. The saturation value increases and the
signal looks as if it contains contribution from a
soft magnetic phase or one with planar anisotropy
or both. These results are difficult to interpret
due to the phase coexistence already described.
The saturation magnetizations were measured on
both polycrystalline chunks of material and on the
powders used for PXRD and for the hard axis field
sweeps. Multiple chunks were analyzed because of
irreproducibility at higher y values. The results
of all the measurements of M, are displayed in
fig. 3(b). The likely cause of irreproducibility in
the larger y samples is the growth of the Fe-Co
alloy phase, which has a huge soft magnetic signal.
The same answer is not returned for each chunk
because of apparent distribution differences in
different chunks. One can, however, see that for
y < 0.4 that Mg measurements on various samples
of fixed y are very reproducible and it appears that
My stays nearly constant in this range and it is
not unreasonable to assume that M, might behave
this way for the complete range of 0 < x < 0.55
within the CeFegCo3Ti;_xSix phase, though it is
impossible to prove that using the y = 0.5 and
y = 0.6 ingots examined in this work.

The Curie temperatures were measured for all of
the ingots produced for this study as well. The re-
sults are displayed in fig. 4. Thermo-gravitational
measurements were performed for the determina-
tion of T¢. Changes in apparent weight, plotted
in fig. 4(a), could be used to determine T. Max-
ima in the first derivative curves tend to give best
determinations of T¢ in standards and this anal-
ysis is shown in fig. 4(c) and the results for T¢
shown in fig. 4(d). Tc goes up as the volume of the
CeFegCosTi;_«Six phase contracts with increasing
xz up to z = 0.4, consistent with enhanced hy-
bridization and, thus, enhanced magnetic exchange.
We observe a slight decreasing T for £ = 0.5 and
x = 0.55 samples. The figure displayed in fig. 3(b) is
interesting, though not particularly relevant to the
study of the CeFegCosTi;_«Six system here. Fig-
ure 3(b) is the same type of curve as that displayed
in fig. 3(a) but at lower temperatures. The y = 0.6
curve displays a kink in the apparent weight that is
almost certainly indicitive of T of a phase within
the Q region. Unfortunately, because of our inabil-
ity to isolate the separate compounds of the y = 0.5
and y = 0.6 ingots, we cannot determine the spe-
cific nature of the phase that caused this feature.

4. Conclusions

We have studied the formation of phases in the
nominal system CeFegCo3zTi;_,Siy for y < 0.6 and
found that for y < 0.4 arcmelted then 1000 °C an-
nealed and quenched ingots are nearly single phase
and correspond to the tetragonal, ThMns type
phase CeFegCo3Ti;_Six, where y = x for small
values of y. We find, however, for y = 0.5 we start
to observe the formation of a new, distinct region
in SEM images. At y = 0.6 the observed value
for = is only = 0.55 because of the growth of this
type of region and also the growth of a region with
a structure like o Fe. For x < 0.4 samples the
magnetic anisotropy field and saturation magneti-
zations are all nearly identical while the Curie tem-
peratures increase about 20 °C for increasing y in
this range of excellent homogeneity. Above y = 0.4
definitive statements about the magnetic proper-
ties of the CeFegCo3Ti;_4Six phase become diffi-
cult to make due to phase region coexistence and
some non-uniform distribution of phase regions in
the ingots. We do, however, observe through EDX
analysis on multiple areas of y=0.5 and y=0.6 sam-
ples that the compositions within these regions is
homogeneous.
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Table 1: ® region EDX results

Nominal Comp. | % Fe % Co | %Ce | %Ti | %Si | Approximate Formula
v =0 61.7(5) | 23.1(4) | 6.92) | 8.1(3) | 0.3(2) CeFesCosTi
y = 0.2 61.4(2) | 23.6(3) | 7.1(3) | 6.4(4) | 1.5(2) | CeFesCosTi.sSio.
y = 0.4 61.3(4) | 23.73) | 7.1(1) | 5.13) | 2.9(2) | CeFesCosTio.6Si0.a
v = 0.5 61.5(8) | 23.4(8) | 7.02) | 4.23) | 4.0(4) | CeFesCosTio 5510 5
v = 0.6 60.5(5) | 23.92) | 7.02) [ 3.92) | 4.7(3) | CeFesCosTio 4551055

Table 2: Q2 region EDX results

Nominal Comp. | % Fe % Co | %Ce | %Ti | %Si
y=0 - - - - -
y =02 - - - 7 -
y=04 - - - - —
v =105 60.5(7) | 24.3(9) | 8.6(1) | 2.92) | 3.8(2)
y = 0.6 59.1(4) | 24.9(4) | 8.4(2) | 2.7(2) | 4.9(4)

Table 3: A region EDX results

Nominal Comp. | % Fe | % Co | % Ce | % Ti | % Si
y=0 75.1() | 18.1() | 0.6() | 6.1() | 0.1()
y = 0.2 77.40) | 1650 | 1.10) | 450 | 0.4(0)
y =04 77.3(0) | 17.70 | 0.80) | 3.1() | 1.0()
v =05 78.2() | 18.40) | 0.90) | 1.60) | 0.9()
y =06 77.8() | 18.60) | 0.80) | 1.50) | 1.30)
y= Backscatter Image (a) y=02 (b) y='0'4 (©)
Ce -O’ t
=05 o 6054 e ® _©
TMADD‘QDGQ 2016/06/06 549 H D70 x1.0k 100um TM30001899 2016/06/06 10:25 H D6.3 x1.0k 1m 50 um

Figure 1: (a-e) Back-scatter SEM images of polished surfaces of CeFegCozTii_ySiy ingots. ®, A, and § type regions are
defined in the results section. (f) A false color Ti EDX map to show the distinguishability of the  and ® regions.
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Lattice Parameters

| Proportion (%) |

y = 0.0 (R,=3.1; Ryp=4.3)
disordered CaCus type - 0
ThMn;4 type a = 8.52729(14); ¢ = 4.75978(10) 96.2
ThyNij7 type - 0
a Fe type a = 2.88463(58) 3.8
y = 0.2 (R,=2.5; Ryp=4.1)
disordered CaCus type - 0
ThMn;» type a = 8.51120(22); ¢ = 4.75651(14) 97.9
ThoNii7 type — 0
a Fe type a = 2.87833(86) 2.1
y = 0.4 (R,=2.3; R,,=3.4)
disordered CaCus type = 0
ThMn; 5 type a = 8.49605(16); ¢ = 4.75369(10) 98.2
ThyNii7 type — 0
a Fe type a = 2.87455(50) 1.8
y = 0.5 (R,=2.1; R,,,=2.8)
disordered CaCus type a = 4.86394(108); ¢ = 4.18172(130) 4.0
ThMn;4 type a = 8.48577(14); ¢ = 4.75285(9) 82.6
ThyNip7 type a = 8.43980(79); ¢ = 8.35833(134) 54
a Fe type a = 2.87055(16) 8.0
y = 0.6 (R,=1.8; R,,=2.5)
disordered CaCus type a = 4.86820(20); ¢ = 4.17741(22) 25.0
ThMn;2 type a = 8.48009(15); ¢ = 4.75205(10) 47.0
ThoNii7 type a = 8.43336(27); ¢ = 8.35467(46) 154
a Fe type a = 2.87064(10) 12.6

Table 4: Results of powder x-ray diffraction refinements
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y = 0.6. (b) The saturation magnetizations measured on many different samples as a function of y. Here, non-uniform volume
distribution of the A regions in fig. 1 is the likely cause of the large spread in the y = 0.6 data.
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Figure 4: (a) Apparent weight TGA curves in an applied field scaled so that the maximum in the range is 1. (b) A lower
temperature version of the same apparent weight curves showing the presumed T near 370°C of a phase within the Q region..
(c) Derivative curves whose maxima determine T¢. (d) T vs. x for the CeFegCo3Ti1—xSix type phase.



Research Highlights:

e CeFegCosTiySiy is studied as x is increased from 0 to 0.55.

e Forincreasing x the samples remain nearly single phase up to x=0.4.

* The saturation magnetization and anisotropy field stay nearly constant.

e The Curie temperature increases for increasing x up to x=0.4 by 20 degrees C.
* A phase with a large Curie temperature emerges alongside larger x samples.



