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bstract

anocrystalline Ni–Cu–Zn ferrite powders Ni0.20Cu0.20Zn0.62Fe1.98O3.99 were prepared by thermal decomposition of an oxalate precursor. The
article size is 6 nm and 350 nm, respectively, for powders obtained through calcinations at 350 ◦C or 750 ◦C. The shrinkage behavior significantly
hanges with particle size; the temperature of maximum shrinkage rate is TMSR = 700 ◦C for particles of 6 nm size and increases to TMSR = 880 ◦C
or particles 350 nm in size. Dense samples with a permeability of μ  = 780 are obtained by sintering at 900 ◦C for 2 h. Mixtures of nanocrystalline
nd sub-micron powders allow tailoring of the shrinkage behavior. A maximum permeability of μ  = 840 is obtained after sintering of a 1:1-mixture

t 900 ◦C. This demonstrates the potential of nanocrystalline ferrites for co-firing without additives at 900 ◦C and integration of ferrite inductors
nto LTCC modules.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Ni–Cu–Zn ferrites are used as standard soft magnetic mate-
ials for multilayer ferrite inductors (MLFI) because of their
ow sintering temperature and good performance up to MHz
requencies.1–3 The temperature for co-firing multilayer induc-
or components is restricted to 900 ◦C because silver is used
s metallization. Correlations between the composition of
i–Cu–Zn ferrites and their sintering behavior and magnetic
roperties have been investigated4–8 and optimum compositions
or low-temperature ceramic co-firing (LTCC) of multilayer
nductors can be selected. A typical feature of low-firing fer-
ite compositions seems to be a small deficiency of iron
xide, i.e. less than 50 mol% Fe2O3 is used in the starting
ixture of oxides. Such compositions are referred to as sub-

toichiometric here; their composition typically translates into

 spinel formula with less than two Fe per formula unit, e.g.
i0.20Cu0.20Zn0.62Fe1.98O3.99, compared to stoichiometric fer-

ites with 50 mol% Fe2O3 and two Fe per formula unit, e.g.
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i0.20Cu0.20Zn0.60Fe2O4. It was shown that Fe-deficient sub-
toichiometric compositions exhibit enhanced densification.9

dditionally, sintering additives are being used in order to
nhance shrinkage and densification at 900 ◦C. Bismuth oxide
as frequently been suggested as sintering aid for Ni–Cu–Zn
errites.10–12 The addition of <1 wt% of Bi2O3 has been shown
o be effective for preparing ferrites with a permeability as large
s μ  = 900.13,14

Another approach to obtain dense samples with optimized
icrostructures after firing at 900 ◦C is the use of sinter-active

errite powders prepared by alternative synthesis routes. The
recipitation of mixed oxalates and their subsequent thermal
ecomposition into ferrites is a classic alternative synthesis pro-
edure of nanocrystalline ferrite particles.15 The oxalate route
as already used to synthesize various nanocrystalline ferrite
owders, e.g. magnetite,16 Mn–Zn ferrites,17,18 and Ni–Cu–Zn
errites.19

In this contribution, we report on a systematic investigation
f the synthesis and morphology of nanocrystalline Ni–Cu–Zn
errite particles via the oxalate precursor route. We have studied

he shrinkage, sintering behavior and microstructure forma-
ion upon firing at 900 ◦C. The permeability of the sintered
amples was investigated as function of the powder particle

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.11.021
mailto:joerg.toepfer@fh-jena.de
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ize, and compared to that of ferrites made from standard sub-
icron powders. The effect of dwell time during sintering at

00 ◦C on grain size and permeability is studied. Moreover,
he potential of powder mixtures of nanocrystalline and sub-
icron powders is evaluated. This method was already reported

y Su et al. using nanocrystalline Ni–Cu–Zn ferrite synthe-
ized via a sol–gel route.20 However, no detailed information
n individual powder particle sizes was reported. Moreover,
he powder mixture was wet-milled until the average parti-
le size was below 1 �m using stainless steel balls. The wear
rom the grinding media used in Ref. 20 is very likely to have
ncreased the iron content upon milling and modified the ferrite
omposition and, hence, sintering behavior and permeability.
t is demonstrated here, that the addition of nanocrystalline to
ub-micron standard ferrite powders can be understood as appli-
ation of an “internal” sintering aid. This is an approach to
evelop “external” (e.g. Bi2O3) additive-free Ni–Cu–Zn ferrites
or integrated multilayer inductors. It has been shown, that the
ddition of Bi2O3 sintering aid to ferrites might have dramatic
ffects on the microstructure formation and hence permeability
f Ni–Cu–Zn ferrite multilayer structures integrated into LTCC
odules.21

.  Experimental

Ferrite powders of composition (NiO)0.20(CuO)0.20(ZnO)0.62
Fe2O3)0.99, i.e. Ni0.20Cu0.20Zn0.62Fe1.98O3.99, were prepared
y the oxalate precursor route. Fe-powder was dissolved in
cetic acid under Ar-atmosphere to avoid the formation of Fe3+,

 procedure already proposed by Wickham.15 Ni-, Cu-, and Zn-
cetate-hydrates were dissolved in water and this mixed metal
olution was added to the Fe-(II)-acetate solution. This mixed-
ation solution is added to an oxalic acid solution in an argon
tmosphere and a mixed-metal oxalate precipitate is formed.
o-precipitation and ageing for 2 h was performed at room tem-
erature and at 70 ◦C. The oxalate powder is dried by removing
he liquid in a rotary evaporator at 60 ◦C. The thermal decompo-
ition of the mixed-metal oxalate was performed between 350
nd 750 ◦C in Pt-containers without lids (powders referred to as
xalate350, . . ., 750).

A standard ferrite powder was prepared by the mixed-oxide
oute (powder oxide750). �-Fe2O3 (TKS Germany, HP grade)
ith a specific surface S  = 4.3 m2/g; NiO (Inco, Black Nickel
xide, Grade F) with S  = 70 m2/g; CuO p. A. (Merck, Germany)
ith S  = 4.6 m2/g and ZnO (Harzsiegel Heubach, Germany, stan-
ard grade) with S  = 4.5 m2/g were used as starting materials.
he oxides were wet mixed for 12 h in a polyethylene con-

ainer. After drying the powder was calcined at 750 ◦C for 2 h and
ubsequently milled in a planetary ball mill using zirconia grind-
ng media. Powder mixtures of nanocrystalline (oxalate350) and
ub-micron (oxide750) powders were homogenized in a rotat-
ng PE container using water and zirconia grinding media (1 mm

iameter) for 24 h. The ferrite powders were compacted using
olyvinyl-alcohol as binder to give pellets for sintering stud-
es or toroids for permeability measurements. The sintering was
erformed at 900 ◦C in air with a heating rate of 2 K/min up to

t
d
p
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50 ◦C and 10 K/min to 900 ◦C and dwell times at 900 ◦C of 2,
, or 12 h, respectively.

The phase formation of the materials was evaluated by XRD
Siemens D5000). The particle size of the powders was mea-
ured in an aqueous suspension using a laser diffraction system
Malvern Mastersizer 2000). The specific surface S  of the pow-
ers was determined by nitrogen adsorption (BET, Nova 2000,
uantachrome Instruments, Boynton Beach, USA); a mean par-

icle size (assuming spherical particles) was estimated using the
elation dBET = 6/ρ·S  with the density ρ. The crystallite size
as estimated from XRD line broadening using the Scherrer

quation, dxrd = Kλ/[(B  − b) cos θ], with the wave length λ, the
eak width B, the instrumental broadening b  (b  = 0.08◦ for stan-
ard LaB6), the Bragg angle θ  and the shape factor K ≈  0.89.
hermal analysis (TG, DTA) was carried out with a SETARAM
GA92 system, the samples were heated in open Pt containers

TG + DTA sample holder: diameter 3 mm, height 6 mm) in air
ith a rate of 2 K/min (sample mass about 20 mg). Shrinkage
easurements were made with a Netzsch DIL402 dilatome-

er on cylindrical compacts during heating to 1000–1200 ◦C
ith 4 K/min heating rate. The bulk density of sintered sam-
les was determined from the dimensions and weight. The
owder morphology and the microstructure of the sintered sam-
les were studied with a scanning electron microscope (SEM,
eiss DSM940A). The permeability of the sintered toroids
as measured using an impedance analyzer in the frequency

ange 1–1000 kHz. For frequencies up to 2 GHz permeabil-
ty measurements were performed using an Agilent E4991A
mpedance/materials analyzer.

. Results  and  discussion

.1.  Synthesis  of  nanocrystalline  Ni–Cu–Zn  ferrite  powders

The co-precipitated Ni–Cu–Zn-Fe oxalate hydrates are yel-
owish powders with an orthorhombic �-oxalate structure as
hown by X-ray diffraction (not shown here). Thermal decom-
osition of the mixed oxalate hydrate in air is almost complete
t 300 ◦C (Fig. 1). The DTA curve exhibits an endothermic peak
t 150 ◦C as signature of the dehydration step and an exother-
ic peak at 270 ◦C corresponding to the oxalate decomposition

eaction. The temperature of Ni–Cu–Zn–Fe oxalate precipitation
as a dramatic influence on the particle morphology. Whereas
ixed oxalates precipitated at room temperature exhibit a homo-

eneous particle size of about 0.5 �m with little formation of
ard aggregates (Fig. 2a), the mixed-metal oxalates precipi-
ated and aged at 70 ◦C form 2 �m large star-like aggregates
Fig. 2b). The oxalate aggregate morphology is kept during the
hermal decomposition process. The morphology of the decom-
osition products is similar to those of the oxalates (Fig. 2c and
). This topotactic transformation behavior is typical of precur-
or decompositions and was already reported for other oxalate

16,18
o ferrite transformations. Since a fine-grained oxide pow-
er is obtained only through thermal decomposition of oxalate
articles precipitated at room temperature, the following studies
ere performed with these mixed-metal oxalates.
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Fig. 1. TG and DTA curves of Ni–Cu–Zn-Fe oxalate (prepared by coprecipita-
t ◦ Fig. 3. XRD patterns of Ni–Cu–Zn ferrites prepared through thermal decompo-

F
m

ion at 25 C) annealed in air with 10 K/min.
s

ig. 2. SEM micrographs of mixed-metal oxalates coprecipitated at 25 ◦C (a) or 70
ixed-metal oxalates coprecipitated at 25 ◦C (c) or 70 ◦C (d).
ition of mixed-metal oxalate at 350, 450, 600, and 750 ◦C.

◦C (b), and ferrite powders prepared by thermal decomposition at 350 ◦C of
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Table 1
Morphological properties of ferrite powders synthesized by thermal decompo-
sition of Ni–Cu–Zn–Fe oxalates at 350–750 ◦C in air (specific surface area S,
particle diameter from specific surface dBET; crystallite size dxrd).

T (◦C) S (m2/g) dBET (nm) dXRD (nm)

350 ◦C/2 h 193 6 7(2)
450 ◦C/2 h 70.9 16 11(2)
600 ◦C/2 h 18.3 60 41(10)
7
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Fig. 4. Shrinkage (a) and shrinkage rate (b) of Ni–Cu–Zn ferrite powders pre-
pared by thermal decomposition of mixed-metal oxalates at 350, 450, 600,
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900 C exhibit a high density (>98%) which does not change
50 ◦C/2 h 3.2 350 250

Samples of the Ni–Cu–Zn–Fe oxalate were calcined at 350,
50, 600, and 750 ◦C for 2 h in air, respectively. XRD analysis
f the decomposition products (Fig. 3) reveals the formation of a
ingle-phase spinel-type ferrite at all temperatures. The powder
ormed at 350 ◦C exhibits broad diffraction peaks indicating a
anocrystalline ferrite particle size. With increasing temperature
f oxalate decomposition the peak widths become smaller. The
rystallite size dXRD of the ferrites calculated using the Scherrer
quation is documented in Table 1. Calcinations of the mixed
xalate at 350 ◦C indeed results in the formation of a nanocrys-
alline ferrite powder with a crystallite size of dXRD = 7 nm and

 mean primary particle size of dBET = 6 nm. Calcination of the
ixed oxalate at higher temperature leads to growth of the fer-

ite particles; e.g. calcinations at 600 ◦C gives particles with
XRD = 41 nm and dBET = 60 nm (Table 1). SEM micrographs
Fig. 2c) illustrate that the ferrite powder, topotactically formed
hrough oxalate decomposition, consists of porous aggregates
f nanocrystalline ferrite particles. However, the aggregates are
ardly agglomerated.

For comparison, a Ni–Cu–Zn ferrite powder of identical com-
osition Ni0.20Cu0.20Zn0.62Fe1.98O3.99 was prepared through the
ixed-oxide route (powder oxide750). An aggregate size of

50 = 0.6 �m was measured by laser diffraction after calcina-
ions at 750 ◦C and fine-milling. The specific surface of that
owder is S  = 14 m2/g corresponding to a mean particle diameter
f dBET = 80 nm. On the other hand, fine milling of the calcined
owder has led to hard aggregates (as measured by laser diffrac-
ion to d50 = 0.6 �m and clearly visible in SEM micrographs),
ence the powder oxide750 is rather considered as a typical
ub-micron powder.

.2.  Sintering  behavior  of  nanocrystalline  Ni–Cu–Zn
errite powders

Dilatometric shrinkage measurements performed on pellets
ade of nanocrystalline powders (Fig. 4a and b) demonstrate

hat the shrinkage behavior is quite different for ferrite powders
ynthesized through oxalate decomposition at different temper-
tures: (i) the onset of shrinkage is at T < 400 ◦C for ferrite
owders with dBET = 6 nm (oxalate350) and increases to about
00 ◦C for powders with dBET = 350 nm (oxalate750); (ii) the
bsolute shrinkage decreases from 30% for the nanocrystalline
owder oxalate350 with dBET = 6 nm to about 18% for the sub-

icron powder oxalate750 with dBET = 350 nm; and (iii) the

emperature of the maximum shrinkage rate is shifted from
MSR = 880 ◦C for sub-micron powders with dBET = 350 nm

w
o
a

nd 750 ◦C compared to a submicron-sized ferrite powder prepared via the
ixed-oxide route and fine milling (oxide750).

oxalate750) down to about TMSR = 700 ◦C for nanocrystalline
owders with dBET = 6 nm (oxalate350) (Fig. 4b). The shrink-
ge curves of the ferrite powders obtained through the oxalate
oute are compared to that of a ferrite obtained through
he mixed-oxide route. Powder oxide750 exhibits a shrink-
ge behavior similar to that of powder oxalate750 obtained
hrough oxalate decomposition at 750 ◦C. This is somewhat
urprising since the mean primary particle size of the pow-
er oxide750 (dBET = 80 nm) is smaller compared to that of
xalate750 (dBET = 350 nm), but the aggregation behavior of the
ormer results in quite a large number of hard aggregates which
ominate the morphology of this sub-micron powder.

Sintering experiments at 900 ◦C were performed using
anocrystalline Ni–Cu–Zn ferrite powders prepared via ther-
al decomposition of mixed-metal oxalates at 350 ◦C (powder

xalate350). For comparison samples of the submicron powder
repared via the mixed-oxide route (oxide750) were studied.
amples of the nanocrystalline powder (oxalate350) sintered at

◦

ith dwell time (Fig. 5). Samples of the sub-micron powder
xide750 also sinter to high density, however, their densities
re somewhat lower compared to those of samples from powder
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Fig. 5. Grain size and density after sintering at 900 ◦C as function of dwell
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Fig. 6. SEM micrographs of Ni–Cu–Zn ferrites sintered for 4 h at 900 ◦C
made from a nanocrystalline (oxalate350) and a submicron-size ferrite powder
(oxide750).
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ime for Ni–Cu–Zn ferrites prepared from nanocrystalline (oxalate350) and
ubmicron-size ferrite powders (oxide750).

xalate350. This demonstrates the excellent sinter-activity of
he nanocrystalline ferrite powder. The grain size of the samples
intered at 900 ◦C is also shown in Fig. 5 as function of dwell
ime. As expected, the grain size of both sample series increases
ith dwell time, but the grain sizes of the sintered samples made
f nanocrystalline powder (oxalate350) are larger. Grain growth
eems to proceed faster due to the high density of the samples
nd lower resistance to grain boundary motion. The larger grain
ize of ceramics made from nanocrystalline ferrite powders is
emonstrated in SEM micrographs of samples sintered at 900 ◦C
or 4 h (Fig. 6).

.3. Magnetic  properties

The larger grain size of samples made from nanocrys-
alline powder (oxalate350) is reflected in a larger permeability
Fig. 7a). Samples from nanocrystalline Ni–Cu–Zn ferrite pow-
ers exhibit permeabilities of μ  = 780 and 980 after sintering
t 900 ◦C for 2 and 12 h, respectively (Fig. 7a). Although the
wo sample sets (oxalate350 and oxide750) display different
rain sizes, an almost linear correlation between permeability
nd grain size is observed. This indicates that the permeability
s dominated by domain wall motion. It has been demonstrated
hat for this magnetization mechanism μ  is a linear function of
rain size (Globus model).22,23 The fact that the permeability of
amples with grain size of 2–3 �m linearly increases with grain
ize signals that the grains contain domain walls and are of multi-
omain type. The analysis of permeability spectra of Ni–Cu–Zn
errites has shown that up to 10 MHz domain wall motion as
ell as spin rotation contribute to the magnetization process; at
igher frequency spin rotation becomes dominating.24 A simi-
ar linear relationship between permeability and grain size was
lready observed for Ni–Cu–Zn ferrites with and without Bi2O3
dditive.25 In the former case, due to inhomogeneous grain
rowth, the grain size is between 10 and 50 �m and hence the

ermeability is larger.

The permeability as function of frequency of Ni–Cu–Zn
errite sintered at 900 ◦C for 2 h from nanocrystalline powder

T
t
S

oxalate350) is shown in Fig. 7b. A permeability of μ  = 780
s observed independent of frequency up to 1 MHz. At higher
requency the permeability declines and a resonance frequency
R (maximum of imaginary part of permeability, μ′′

max) appears
t 3 MHz. The ferrite made from submicron powder oxide750
as a lower permeability of μ  = 670 with a somewhat higher

R = 4 MHz. Both samples display a product of μ·fR of around
 GHz which is in fair agreement with values reported for con-
entionally sintered Ni–Zn ferrites with similar grain size.23 The
ermeability spectra μ′′(f) are unsymmetrical in shape; more-
ver the maximum value of μ′′ does not cross the μ′(f) curve.

his might be interpreted as being due to a rather broad distribu-

ion of different grain sizes26 which indeed is confirmed by the
EM micrographs (Fig. 6). However, these results demonstrate
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Fig. 7. Permeability μi (μ at 1 MHz) after sintering at 900 ◦C as function of dwell
time (a) and permeability vs. frequency (b) for Ni–Cu–Zn ferrites prepared from
nanocrystalline (oxalate350) and submicron-size powders (oxide750).
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Fig. 8. Shrinkage (a) and shrinkage rate (b) vs. temperature of com-
pacts of Ni–Cu–Zn ferrite powder mixtures prepared from nanocrystalline
(
c

3

s
a
a
a
s
increased, and the temperature of maximum shrinkage rate is
decreased. The densities of powder mixtures before and after
sintering are summarized in Table 2. The green density of

Table 2
Green density, sintered density after firing 2 h at 900 ◦C, and permeability μi

(μ at 1 MHz) for Ni–Cu–Zn ferrites made from mixtures of nanocrystalline
(oxalate350) and submicron-size (oxide750) powders.

Sub:nano (wt%) ρgreen (g/cm3) ρsintered (g/cm3) μi

100:0 3.22(1) 5.10(1) 670
75:25 3.10(1) 5.28(2) 690
50:50 2.85(1) 5.22(2) 840
25:75 2.64(3) 5.19(2) 795
hat ferrites made from nanocrystalline powders exhibit excel-
ent densification and grain growth characteristics after firing
or 2 h at 900 ◦C. This is a typical sintering profile for multi-
ayer inductors. Usually, submicron ferrite powders are used in
ombination with sintering additives in order to achieve com-
lete densification after sintering at 900 ◦C. Bi2O3, for example,
s a popular additive for multilayer ferrites and a permeabil-
ty of μ  = 900 was reported for additive concentrations as low
s 1 wt%.13,14 The results presented in this study demonstrate
hat additive-free Ni–Cu–Zn ferrites can be sintered to high
ensity and permeability. This might be advantageous, since
dditives at certain critical concentrations usually trigger exag-
erated grain growth. This turns the co-firing of MLFIs into a
rocess step which is difficult to control. Moreover, it was shown
hat Bi2O3 additives might pose problems during the integration
f ferrite layers into LTCC modules because of the mobility
nd volatility of Bi.21 Grain growth significantly depends on
he Bi-concentration13 and different Bi-concentrations in the
nterior and boundary regions of ferrite layers embedded in stan-
ard LTCC tapes were observed.21 These difficulties might be

ircumvented by the use of additive free ferrite systems.
oxalate350) and submicron-size (oxide750) powders; mixing ratio of submi-
ron:nanocrystalline powders (s:n) in wt%.

.4.  Nanocrystalline/submicron  ferrite  powder  mixtures

Finally, the potential of mixtures of nanocrystalline and
ub-micron powders is evaluated. The shrinkage and shrink-
ge rate of mixtures of different concentrations of oxalate350
nd oxide750 powders are shown in Fig. 8. With increasing
mount of nanocrystalline powder the onset of shrinkage is
hifted towards lower temperatures, the absolute shrinkage is
0:100 2.44(1) 5.12(3) 780
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niaxially pressed compacts decreases with increasing concen-
ration of nanoparticles. This poor densification of nanopowders
uring consolidation is reflected in the large shrinkage of
hese compositions (Fig. 8). After sintering at 900 ◦C all sam-
les exhibit high densities, however, maximum densities are
bserved for mixtures with 25 or 50 wt% nanocrystalline pow-
er (oxalate350). The permeability of the sintered samples has

 maximum value of μ  = 840 for the 1:1 mixture of nanocrys-
alline and submicron powders. This is caused by the maximum
ensity of that particular mixing ratio as well as the fact that
his composition shows a quite homogeneous microstructure
ith grains of size of 2–3 �m. The application of nanocrys-

alline ferrite powders as additives to regular ferrite powders was
lready reported by Su et al.20 using nanocrystalline Ni–Cu–Zn
errite synthesized via a sol–gel route. However, no detailed
nformation on individual powder particle sizes was given, and
he powder mixture was wet-milled until the average particle
ize was below 1 �m using stainless steel balls which might
nduce problems due to wear of the grinding media and modi-
cations in ferrite composition and, consequently, the sintering
ehavior and permeability too. It is demonstrated here, that the
ddition of nanocrystalline to sub-micron standard ferrite pow-
ers can be understood as application of an “internal” sintering
id. This approach can be further optimized to develop “exter-
al” additive-free Ni–Cu–Zn ferrites for integrated multilayer
nductors. This will prove advantageous for the co-firability,

icrostructure formation and hence permeability of Ni–Cu–Zn
errite multilayer structures integrated in LTCC modules. The
ossibility of tailoring of the ferrite shrinkage curve by addi-
ion of nanocrystalline powder is an interesting option to reduce
he shrinkage mismatch between ferrite and dielectric tapes and
o enable successful co-firing of both materials for integrated
nductive components in LTCC modules.

.  Conclusions

Nanocrystalline Ni–Cu–Zn ferrite powders were synthesized
hrough an oxalate-based precursor process. The ferrite parti-
le size is tailored by calcinations of the oxalate precursor at
emperatures between 350 and 750 ◦C. The obtained ferrite par-
icles exhibit interesting properties which can be used to obtain
ptimized multilayer inductors:

) With increasing particle size the temperature of the
maximum shrinkage rate is shifted from TMSR = 700 ◦C
for d = 6 nm towards TMSR = 880 ◦C for a powder with
d = 350 nm. A similar effect is observed for mixtures between
nanocrystalline and standard sub-micron ferrite powders; the
maximum shrinkage rate is shifted towards lower tempera-
tures upon addition of nanocrystalline particles. This effect
can be used to tailor the shrinkage behavior of ferrite tapes
and to reduce the shrinkage mismatch during co-firing with
LTCC tapes.

◦
) Sintering of nanocrystalline ferrite powders at 900 C leads
to almost complete densification. Compared to standard
sub-micron powders, enhanced grain growth gives rise to
increased permeability. A large permeability of μ  = 780 was

1
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found for a sample made from nanocrystalline ferrite pow-
der synthesized by oxalate decomposition at 350 ◦C. An even
larger permeability of μ = 840 was observed using a mixture
of nanocrystalline and submicron powders.

) Nanocrystalline ferrite powders might be used as “inter-
nal” sintering additives for sub-micron Ni–Cu–Zn ferrites for
optimized shrinkage behavior and microstructure formation.
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