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Abstract

The formation of amorphous phases in thermally sprayed coatings is a common phenomenon. This work examines the distribution of the

amorphous content in flame sprayed Al2O3–TiO2–ZrO2-compounds. An amorphous percentage appears even in pure alumina and the percentage

increases with increasing amount of TiO2- and ZrO2-addition. Amorphous sub-lamellae appear in all examined compositions. If a system with a

miscibility gap in the liquid state, such as Al2O3–ZrO2, is applied, the formation of secondary amorphous regions is observed. The amorphous sub-

lamellae or primary amorphous region is induced only by rapid cooling, the secondary amorphous regions are induced by rapid cooling plus a

spinodal demixing effect.
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1. Introduction

Rod flame spraying is used as a literally easy to handle

process to study phase and microstructure evolution of

coatings made from mixtures in the pseudo ternary system

Al2O3–TiO2–ZrO2. The complete melt formation and mixing

in liquid state is the most interesting feature of the rod flame

spraying process compared to other thermal spraying

techniques. This makes it suitable for homogenizing com-

pounds with small amounts of additions or high melting points

in a liquid state. The basic principles of coating build up and

therefore lamellar microstructure and phase evolution are

similar to for example plasma sprayed coatings. There are a

high number of publications dealing with the amorphous

content of thermally sprayed coatings in general, e.g. Refs. [1–

11]. Amorphous regions near the coating–substrate interface

are discussed in Refs. [8,12–14] and amorphous sub-lamellae

in the system hydroxyapatite (HA) are presented in Refs.

[15,16]. However, there is only in publications dealing with

HA coatings for medical applications a clear statement

concerning the distribution of amorphous sub-lamellae over

the whole thickness range of the coating. This consideration
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emerges because the amorphous content in HA-coatings has

important and direct impact on the in-vitro-performance of the

coating in such a way, that the bioactivity of amorphous HA

phase is much higher than that of the crystalline HA phase [6].

Finally, lots of work conducted transmission electron micro-

scopy (TEM) examinations where sometimes amorphous

phase was detected but due to the high resolution of this

analyzing technique they could not be localized within the

lamellae [1,17–25]. The degree of amorphization is dependent

on the cooling speed. For example a cooling rate >104 K/s

leads to complete amorphous phases in the eutectic system

Al2O3–ZrO2 [1,26–28]. In eutectic systems amorphization

appears, when the velocity of the isotherms exceeds the

diffusion velocity in the liquid state. From this it follows that if

first, no separation of phases can take place and second, no

solid phase with the melt composition exist the amorphous

state is enforced upon the system [29]. It can be furthermore

deduced from classical glass theory, why alumina based

materials can solidify in an amorphous state. A system is as

more likely to show amorphization as lower the coordination

number of the cation with the oxygen is. To enable the

formation of a glass network high bonding energies are

required to allow bridging oxygen to appear [30,31]. The

coordination number of Al3+ in a melt lays in the range between

4.1 and 4.4 and in gamma alumina at 4 in contrast to 6 for

corundum [32,33]. The coordination number of Al3+ can also
d.
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Table 1

Examples of amorphous content in plasma sprayed materials determined with

Rietveld analysis.

Material Amorphous

percentage (wt.%)

Reference

Al2O3 12.0 � 0.7 [4]

Al2O3–13 wt.% TiO2 50 [11]

ZrO2–60 wt.% Al2O3 29 [2]

Table 3

Phase composition of rods.

Sample Phases Weight fraction

(wt.%)

R-value

phase (%)

R-value

profile (%)

100:00:00 ZnO 20.0 7.85 10.42

a-Al2O3 80.0 6.60

90:00:10 ZnO 20.0 11.97 12.03

a-Al2O3 71.0 9.18

t-ZrO2 0.9 21.94

m-ZrO2 8.1 42.00

90:10:00 ZnO 20.0 7.65 12.27

a-Al2O3 70.1 7.71

t-TiO2 (rutile) 6.1 13.74

b-Al2TiO5 3.8 47.00

90:05:05 ZnO 20.0 7.38 11.44

a-Al2O3 72.0 11.12

t-TiO2 (rutile) 1.2 41.00

ZrTiO4 6.8 23.83

85:05:10 ZnO 20.0 4.80 10.49

a-Al2O3 69.7 8.27

m-ZrO2 2.5 53.97

ZrTiO4 7.8 19.66

85:10:05 ZnO 20.0 7.79 10.70

a-Al2O3 66.1 10.60

t-TiO2 (rutile) 3.3 28.59

ZrTiO4 5.9 21.82

b-Al2TiO5 4.7 32.41

80:10:10 ZnO 20.0 8.47 10.35

a-Al2O3 65.3 9.42

t-TiO2 (rutile) 3.0 25.10

ZrTiO4 11.7 17.23
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T. Kratschmer, C.G. Aneziris / Ceramics International 37 (2011) 181–188182
be influenced and reduced by additions, for example in the

glass system 12CaO�7Al2O3 [34]. The coordination number in

amorphous alumina shows a distribution with an average value

of 4.5. This distribution is characterizing the amorphous state

and disappears completely during crystallization [35]. In

molten titania the Ti4+ appears in a fivefold coordination [36].

This number can also be influenced by additions, for example

between 4 and 6 in a sodium silicate glass as a function of the

sodia–silica ratio [34]. The Zr4+ in amorphous zirconia is like

in monoclinic zirconia sevenfold coordinated, a similar

number is assumed for the melt [37]. Hence a classical glass

system with network formers and modifiers arises from the

alumina–titania–zirconia ternary system under the condition

of rapid cooling and by the influence of titania and zirconia

additions. The amorphous content influences the mechanical

properties by leading to a higher degree of adhesion between

coating and substrate and between the lamellae. Higher

toughness and abrasion resistance might induced by hard

particles in a tough matrix or a layered amorphous and

crystalline structure [11]. Three examples of the amorphous

content determination in plasma sprayed materials are

presented in Table 1.

2. Materials and methods

The procedure of rod and sample production is described

elsewhere [38,39]. The used thermal spray apparatus is the

Rokide1 apparatus with a MasterJet Flame Spray Gun from

SaintGobain. The ceramic raw materials were alumina

CT3000SG (Almatis, Frankfurt, Germany), rutile Tronox T-

R (Kerr-McGee, Oklahoma City, OK) and monoclinic zirconia

(Unitec Ceramics, Stafford, UK). Phase analysis was done with

a Phillips X’Pert Pro MPD diffractometer and X’Pert

HighScore analysis software. The used electron microscopes

were a REM FEI/Phillips Type XL 30 with EBSD detector and
Table 2

Sample denotation and composition.

Sample Al2O3 (wt.%) TiO2 (wt.%) ZrO2 (wt.%)

100:0:0 100 0 0

90:0:10 90 0 10

90:10:0 90 10 0

90:5:5 90 5 5

85:5:10 85 5 10

85:10:5 85 10 5

80:10:10 80 10 10
a TEM JEOL Type 2010 FEF. The examined mixtures with

sample denotation are listed in Table 2, all values are given in

weight percent. The phase compositions of the rods after

sintering are summarized in Table 3 and present the trend of the

equilibrium phase evolution for this system after temperature

treatment at 1500 8C for 100:0:0 and 90:0:10 and at 1400 8C
respectively for the remaining compositions. 20 wt.% ZnO

was added as an internal standard to all samples before XRD

measurement.
Fig. 1. Cross section of sample 100:0:0.
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Fig. 2. Cross section of sample 90:0:10.

[()TD$FIG]

Fig. 4. Cross section of sample 90:5:5.

[()TD$FIG]
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3. Results

3.1. Electron microscopy and electron diffraction

All compositions show a microstructure typical for thermal

sprayed coatings. The presented cross sections reveal the splat

morphology and microcrack patterns. The direction of

deposition was perpendicular to the picture horizon with the

substrate being on the bottom. Micrographs with visible

amorphous sub-lamellae can be seen in Figs. 1–5. Their

amorphous nature has been proofed by electron diffraction (see

Fig. 5). The contrast between amorphous and crystalline

regions appears both in optical (not shown) and in electron

micrographs. A crack stopping effect seems to appear at the

interface of lamellae–amorphous sub-lamellae.

An electron backscatter diffraction pattern (EBSP) mapping

was done on the marked area shown in Fig. 5a. This mapping

included three amorphous sub-lamellae and their transition to

fully crystalline areas. Only 50% of the measured points could

be matched with the phases gamma alumina and Zr5Ti7O24

using certain fit criteria. The number of EBSPs associated with

the phases gamma alumina and Zr5Ti7O24 has a ratio of 2:1. The

deposition direction was here parallel to the picture horizon
[()TD$FIG]

Fig. 3. Cross section of sample 90:10:0.
with the substrate being at the left side. The quality distribution

of the EBSP reveals three distinct areas. The first area with no

analyzable diffraction pattern can be referred to the amorphous

sub-lamellae visible in all micrographs. Afterwards there is an

intermediate area followed by crystalline area with good

diffraction pattern quality. The areas of the visible amorphous

sub-lamellae were quantified using image analysis. Four

images of each composition were analyzed. The error of this

analysis is determined by the sharpness of the boundaries

between amorphous and crystalline areas and is thus difficult to

estimate. The values were specified with an accuracy of 5%-

points. Due to the large aspect ratio of the lamellae of 20–40:1

the area fraction was in a first approach assumed as the volume

and further as the weight fraction. The results of the area

fractions are listed in Table 4. The influence of TiO2 and ZrO2

alone on the area seems very different to the influence of TiO2

and ZrO2 together. Compared to pure Al2O3 for all mixtures an

increase occurs.
Fig. 5. Scanned area (a) and EBSP-quality mapping (b) of three amorphous

sub-lamellae in a cross section of sample 80:10:10.



Table 4

Results of area fraction of amorphous sub-lamellae

from image analysis.

Sample Area fraction of amorphous

sub-lamellae (%)

100:00:00 5

90:00:10 20

90:10:00 25

90:05:05 10

85:05:10 15

85:10:05 10

80:10:10 20
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3.2. Rietveld analysis

The results of the Rietveld analysis are shown in Table 5. A

clear mis-estimation of the phase fractions appear, the

measured ZnO-fraction should be higher than the added

amount of 20 wt.% due to the presence of an amorphous

content. The calculations for the amorphous content determi-

nation were adopted from Westphal et al. [40]. Only the final

formula (1) including a correction factor will be presented

here, for its derivation please see the above mentioned

publication.

A ¼ 100%

100%� R
� 100% � 1� R

C � RR

� �
(1)
Table 5

Results of Rietveld analysis and corrected weight fractions excluding standard for

Sample Phases Weight fractions

from Rietveld analysis

(wt.%)

R-v

pha

100:00:00 ZnO 13.5 3.

g-Al2O3 85.3 13.

a-Al2O3 1.1 37.

Amorph – –

90:00:10 ZnO 19.1 4.

g-Al2O3 80.2 12.

t-ZrO2 0.7 46.

Amorph – –

90:10:00 ZnO 16.1 3.

g-Al2O3 83.9 33.

Amorph – –

90:05:05 ZnO 15.2 3.

g-Al2O3 83.7 22.

Zr5Ti7O24 1.1 92.

Amorph – –

85:05:10 ZnO 21.1 6.

g-Al2O3 77.3 19.

Zr5Ti7O24 1.5 86.

Amorph – –

85:10:05 ZnO 19.2 7.

g-Al2O3 80.8 31.

Amorph – –

80:10:10 ZnO 23.0 9.

g-Al2O3 73.4 18.

Zr5Ti7O24 3.6 60.

Amorph – –
A, amorphous content in the sample; R, amount of added

standard; C, correction factor; RR, amount of standard calcu-

lated with Rietveld analysis.

The clear trend of a systematic underestimation of the ZnO

content in the 7 samples justifies the application of a correction

factor. The expected weight fraction of ZnO from Rietveld

analysis in the sample 100:0:0 with an amorphous content of

5% was calculated and the ratio of that expected value to the

measured value was considered as the correction factor for all

samples. The assumed 5% amorphous content in the sample

100:0:0 was derived from the image analysis presented

previously. The measured and corrected weight fractions are

presented in Table 5 and, for better comparability and

recognizeability, in Fig. 6. Assuming an uncertainty of 1%

for the Rietveld method itself the uncertainty range for the

amorphous content calculated by formula (1) is presented in

Fig. 7. The 1% uncertainty of the Rietveld analysis determines

the accuracy of the correction factor C and the amount of

standard calculated with Rietveld analysis RR. This uncertainty

decreases with increasing amorphous content and represents a

total value. However, the relative differences between each

composition can be regarded to with much higher reliability,

because the error is similar for each composition due to

identical analysis strategy and procedure. Ti4+ and Zr4+ are

incorporated up to a certain degree into the g-Al2O3 lattice;

Zr4+ has hereby a bigger influence on the lattice parameter due

to its higher ionic radius compared to Ti4+ (Fig. 8). Therefore

ZrO2 addition should show a stronger influence on the
the crystalline and amorphous phases.

alue of each

se (%)

R-value

profile (%)

Corrected weight

fractions for crystalline

and amorphous phases (wt.%)

55 9.82 –

27 93.8

36 1.2

5.0

72 6.62 –

92 59.3

49 0.5

40.2

00 11.54 –

34 75.6

24.4

34 8.84 –

62 80.5

00 1.0

18.5

28 6.63 –

02 50.8

93 0.9

48.3

58 9.08 –

62 59.4

40.6

30 6.18 –

30 43.3

51 2.1

54.6
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Fig. 8. Lattice parameter of g-Al2O3 as a function of additions.

[()TD$FIG]

Fig. 6. Total amorphous content by Rietveld analysis.

[()TD$FIG]
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amorphous content due to its lower degree of fitting into the g-

Al2O3 lattice (compare Figs. 6 and 8) [33].

There are clear differences between the areas and, in a

first approximation, the weight percentage of the amorphous

sub-lamellae and the amorphous amount derived from X-ray

diffraction. This gap seems connected with either the binary

composition alumina–zirconia or the ternary compositions.

This gap additionally becomes bigger with increasing

amount of additions in the ternary compositions. This can

be explained by the occurrence of secondary amorphous

areas that in contrast to the amorphous sub-lamellae are

distributed over the sample. To investigate this assumption

transmission electron microscopy was applied to the sample

80:10:10. This sample shows a high amount of secondary

amorphous content that should simplify the finding of these

areas in TEM-examinations.

3.3. TEM investigation

The three different areas distinct with electron diffraction

(see Fig. 5) could also be found in TEM investigations. The

boundaries between these regions of distinct crystallinity are

quite sharp (Figs. 9 and 10), the transition between mixed and
[()TD$FIG]

Fig. 7. Uncertainty range from Rietveld analysis assuming 1% accuracy.
only crystalline areas can be seen in the left top corner of Fig.

10. Therefore it can be deduced, that there is clearly a mixed

crystalline and amorphous area, the crystallites can be seen by

different contrasts and the amorphous state is indicated by the

absence of any diffraction pattern (Fig. 11). A detailed view of

a secondary amorphous zone is presented in Fig. 12. The

secondary amorphous zones are aligned parallel with the

dendritic grown crystallites. They exhibit a diameter of 50 nm

and a length of several 100 nm. The composition of the

dendrites and the secondary amorphous zones was determined

with EDX analysis. The dendrites show a composition similar

to the starting material. The secondary amorphous zones show

about 90 wt.% Al2O3 and a TiO2:ZrO2 ratio of 2:1. The

crystallites in the only crystalline zone are bigger than those in

the dendritic zones and show a globular shape. The size of the

crystallites in the mixed zone is in the range of the diameter of the

electron beam used for electron diffraction and explains thus the
Fig. 9. Transition between primary amorphous and mixed area in 80:10:10.
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Fig. 10. Transition from mixed to crystalline area in 80:10:10.

[()TD$FIG]

Fig. 12. Detail of secondary amorphous zone in 80:10:10.
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poor quality of the diffraction patterns found. The amorphous

phase has lower hardness than the crystalline phases, resulting in

a stronger removal of these zones during sample preparation and

polishing. This prevents gaining useful results from EDX-

mapping of the mixed areas, because the rate of X-ray quantum

generation is here dependent on the sample thickness.

4. Discussion

The primary amorphous regions are induced by rapid

cooling. Such contrasted areas (compare micrographs of

amorphous sub-lamellae in section ‘‘3.1 Electron microscopy

and electron diffraction’’, Figs. 1–5) in the systems Al2O3,

TiO2 and HA can also be seen in micrographs presented in

[()TD$FIG]

Fig. 11. Mixed amorphous crystalline area with diffraction pattern of secondary

amorphous zone in 80:10:10.
Refs. [41–48], but there is either no discussion of their origin or

their potential amorphous nature. In the opinion of the author

the absence of a discussion of amorphous sub-lamellae in

alumina-based or other oxide materials has several reasons.

One might be that the most common thermal spray techniques

as plasma spraying or high velocity oxy-fuel spraying involve

powders as feed material. This leads to potential contrasts

between amorphous and crystalline zones of the microstruc-

ture being covered by contrast of lamellae with different

chemical compositions due to very little homogenization of

powder components during the process. Other reason might be

that in pure alumina the amorphous sub-lamellae are very small

and might be overseen or even do not appear at all because the

applied spray parameter might lead to lower particle or higher

substrate temperature. In oxide mixtures the formation of

amorphous contents also depends on the degree of mixing and

homogenization, so the tendency to form amorphous phase is

lower compared with similar materials sprayed with the rod

flame spraying technique.

What process can lead to the formation of secondary

amorphous zones? The depletion of the additions in these

secondary zones indicates that demixing, nucleation and crystal

growth processes might be involved. Another indication is the

fact, that TiO2 and ZrO2 are often used as nucleation agents in

oxide systems [33,49]. In the glass–ceramic system keatite mixed

crystal ZrTiO4 is formed in the presence of TiO2 and ZrO2 [50].

Thus an influence by the nucleation of ZrO2 or various

Zirkoniumtitanates respectively in this ternary system is very

likely to appear [34,51,52]. The effect of spinodal demixing

might provide embryonic crystals inducing nucleation during the

rapid cooling. According to Hudon and Baker [53] spinodal

demixing appears in binary silicate systems, if the following

criteria are fulfilled: First, the bond strength of the network

former ion with the oxygen ion is within the range of 0.26–

0.83 kJ/mol; second, the coordination number of the network

modifier ion is different to one of the network former; and third,
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the field strength of the cations according to Dietzel is in the

range�0.02 to 0.06 and 0.8–0.9. All these criteria are met in this

ternary system making the occurrence of spinodal demixing very

likely. For the primary amorphous area the cooling speed is high

enough to prevent spinodal demixing. In the system Al2O3–SiO2

this critical cooling rate is between 105 and 107 K/s [53], laying

within the range occurring during droplet impact of thermally

sprayed materials [54]. If the cooling speed drops with increasing

thickness of the solidified lamella due to decreasing heat flow and

release of solidification enthalpy, spinodal demixing can appear

leading to homogeneous nucleation and growth of ZrO2 or

Zr5Ti7O24 and heterogeneous nucleation of g-Al2O3. If the

growth rate of the ZrO2 or Zr5Ti7O24 is much higher than that of

g-Al2O3, a depleting of TiO2 and ZrO2 in the remaining melt

appears. If than the concentration of this species drops below a

certain limit, the melt moves out of the immiscibility dome and

no more spinodal demixing can take place. But the cooling speed

is still high enough to lead to amorphous phase. The composition

of the secondary amorphous zones gives the compositional limit

of spinodal demixing. It seems that Zr4+ has a stronger effect than

Ti4+ what can be traced to the higher difference in coordination

number with Al3+ for Zr4+ compared to Ti4+.

5. Conclusion

Two distinct amorphous zones appear in flame sprayed

Al2O3–TiO2–ZrO2 coatings; first, due to rapid cooling in a glass-

like system and second, most probably due to spinodal demixing

induced nucleation and growth effects. This model provides an

explanation for the observed distribution and for the tendencies

of the total and the distinct amounts of the amorphous contents as

a function of amount and kind of TiO2- and ZrO2-addition.
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