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Abstract Apatite-mullite glass—ceramics (AMGCs) are
under investigation as a potential alternative to hydroxy-
apatite (HA) as a coating for cementless fixation of
orthopaedic implants. These materials have tailorable
mechanical and chemical properties that make them
attractive for use as bioactive coatings. Here, AMGC
coatings on TigAl4;V were investigated to determine an
improved heat treatment regime using a systematic exam-
ination of the different inputs: composition of glass,
nucleation hold and crystallisation hold. An upper limit to
the heat treatment temperature was determined by the o +
f — p of TigAl4V at 970°C. The glass composition was
modified to produce different crystallisation temperatures
and sintering characteristics. A glass was found that is fully
crystalline below 970°C and has good sinterability. The
effects of different heat treatment time and temperature
combinations on the coating and substrate morphologies
were examined and the most suitable combination deter-
mined. This sample was further investigated and was found
to have qualitatively good adhesion and evidence of an
interfacial reaction region between the coating and sub-
strate indicating that a chemical reaction had occurred.
Oxygen infiltration into the substrate was quantified and
the new route was shown to result in a 63% reduction in
penetration depth.
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1 Introduction

Cementless fixation of biomedical implants is now feasible
in a variety of different applications and their designs have
now shown medium- and long-term success comparable to
that of cemented fixation [6]. A prospective analysis of
1,000 patients with cementless, hydroxyapatite (HA)-
coated total knee replacements showed a cumulative sur-
vival at 10 years of 99.14% with revision as the end point
[6]. A separate study showed 97.5% survival at 12 years in
118 HA-coated cementless total knee replacements in
young (<55 years of age) patients with primary or post-
traumatic osteoarthritis [27]. Cementless fixation is also
successfully used in acetabular shell revisions resulting in
survivorship of 95% at 20 years with the end point as
revision for aseptic loosening or radiographic evidence of
loosening [20]. Cementless implants are often coated with
synthetic HA [Ca;y(PO4)s(OH),] to enhance osseointegra-
tion. This is done typically by either plasma spraying or
sintering but both routes cause different problems. Plasma
spraying produces a mixed crystallinity coating with
amorphous and crystalline phases which can result in
mixed dissolution rates [10]. High temperature sintering
can cause inadequate strength in the coating and the de-
hydroxylation of the HA [5].

Glass—ceramics offer an alternative to synthetic HA.
Calcium-phosphate based glasses and glass—ceramics have
demonstrated great potential for use in vivo because their
chemical composition resembles that of HA [13]. They can
be produced with little or no porosity, have a reproducible
fine-grained microstructure [19] and can have mechanical
and biological properties tailored to specific applications
[8, 22]. Here, we use apatite—mullite glass—ceramics
(AMGCs), which crystallize to form fluorapatite (FAp,
Ca g(POy4)¢F>) and mullite (Si,AlgO.3) [26]. FAp is a
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fluorine analogue of the HA found in human teeth and bone
[4]. It is more stable than HA and has a lower bioresorption
rate [12]. Mullite is an inert phase and gives the material
excellent mechanical strength. AMGCs have been shown
to be osseoconductive in vivo [8].

When used as a coating material, it has been demon-
strated that AMGCs can be successfully deposited as a
glass on titanium alloy substrates and enamelled in situ
[23-25]. This method combines the reactivity of a glass
during processing with the stability of a ceramic when fully
cerammed. In a previous examination into the bonding of
AMGCs to titanium alloys, the coating interface was
examined using transmission electron microscopy (TEM)
to determine the nature of the reactions occurring during
bonding [24, 25]. The interface is a complex reaction
region and the formation of titanium silicides and titanium
phosphides were observed as interfacial reaction products
in addition to significant grain growth occurring in the
substrate [23]. While it has been proven that glass—
ceramics can be successfully enamelled to titanium sub-
strates [23], little analysis has been presented to determine
an optimised route or to control the coating morphology.

This paper attempts to systematically examine a number
of factors affecting the resultant coating and define an
improved heat treatment protocol. A suitable coating sur-
face would have sufficient mechanical integrity and pro-
vide a surface that encourages cell proliferation. Deligianni
et al. [7] have shown that “surface roughness of HA gen-
erally improved the short- and longer-term response of
bone marrow cells in vitro” and Bigerelle et al. [2] deter-
mined that a topology “formed by many bowl-like nests
favouring cell adhesion and growth” for Ti surfaces.

The titanium alloy TigAl,V is known as a high-temper-
ature alloy, making it is suitable for use with an enamelling
route. However there are limits to the enamelling tempera-
ture. Sha and Guo [21] investigated the solid state trans-
formation of TigAl4V under continuous heating and found
that little change occurs in the material below 970°C. The
only change that did occur was a § — f§ where the f§ phase
transformed into a high temperature f§ phase. They also
observed the formation of Widmanstatten when the sample
was heated to 1,000°C. They point out that at, and above, this

Table 1 Glasses used with codes, xg values and components by wt%

temperature “in most cases o + f§ — f transformation in
o + f titanium alloys develops via the increase of f§ phase
volume, because of migration of o/ff interface” [21].
Therefore, it is sensible to impose an upper limit of 970°C as
the maximum permissible sintering temperature so as to
avoid a phase change in the substrate. The role of alloying
elements Al and V in changing the alloy transus temperature
is described in detail by Long and Rack [16].

2 Materials and methods
2.1 Glass synthesis

A FAp-mullite glass—ceramic system was used with the
composition  1.5(5 — xp)Si0, — (5 — xp)ALL,O; — 1.5P,
05 — (5 — xp)Ca0 — xgCaF,, where xg can vary between
1.0 and 2.5. The glass codes corresponding to the different
xg values are given in Table 1. This glass series was chosen
as it has been designed to maintain an apatitic Ca:P ratio of
1.67 [25]. The reagents were mixed for 40 min in a ball
mill without P,Os due to the hygroscopic nature of the
latter component. The P,Os was then added and the mix-
ture ball-milled for a further 15 min. The powder was then
placed into a high density lidded mullite crucible. Using an
electric furnace, the crucible and charge were heated to the
required firing temperature (see Table 1) and held at this
temperature for 1 h. The glass melt was then poured
directly into demineralised water to shock quench to room
temperature, thereby avoiding crystallization and preserv-
ing the amorphous nature of the glass. The glass was dried
in an oven at 70°C for 1 day, then crushed and sieved to
produce powders with particle sizes of <45 pum, >45 pm to
<125 pm and >125 um, referred to as fine, coarse and frit
respectively.

2.2 Differential scanning calorimetry (DSC)

Thermal analysis was performed using a Rheometric Sci-
entific STA 1600 (Surrey, UK). The glasses were placed in
matched platinum-rhodium crucibles in a flowing dry

nitrogen atmosphere with a heating rate of 10 K min™".

Glass code G250 G220 G200 G187 G175 G150 G125 G100
xp value 2.50 2.20 2.00 1.87 1.75 1.50 1.25 1.00

SiO; (Wt%) 2191 23.38 24.28 24.84 25.34 26.32 27.23 28.08
ALO; (Wt%) 24.78 26.45 27.47 28.10 28.66 29.77 30.81 31.77
P,0s (wWt%) 20.70 19.72 19.12 18.75 18.42 17.76 17.16 16.59
CaF, (wt%) 18.98 1591 14.02 12.86 11.82 9.77 7.86 6.08
CaO (wt%) 13.63 14.54 15.11 15.46 15.76 16.37 16.94 17.47

@ Springer



J Mater Sci: Mater Med (2011) 22:2035-2044

2037

DSC analysis of three different particle sizes was
undertaken to examine whether the glasses crystallized via
bulk or surface nucleation. Frit, coarse, and fine fraction
powders were examined in the DSC at a heating rate of
10 K min~". Since there is a significant difference in the
surface:volume ratio between frit and fine fraction, any
glass with surface nucleation tendencies will crystallize at a
lower temperature for fine powders.

Following the method of Marrota et al. [18], the opti-
mum nucleation temperature (ONT) of the glass was also
found using DSC analysis. The ONT is defined as the
temperature at which the most number of stable nuclei
form per volume element. The ONT is found by heating the
glass powder to temperatures between Ty onse and 7,1, then
holding for 1 h before heating the sample to above T),.
Repeating this for a number of hold temperatures allows
the hold temperature which produces the lowest crystalli-
zation temperature to be found. This is the ONT. In all
cases, a heating rate of 10 K min~' was used.

2.3 X-ray diffraction (XRD)

Powder XRD was performed to confirm the phases present
in the samples. Prior to XRD, frit samples were crystallized
by heating in the DSC furnace to ensure accurate temper-
ature and heating rate control. Frit was used to minimise
any surface effects. The samples were then crushed and
sieved to <45 pm. Analysis was carried out in a Huber 642
Guinier Diffractometer (Rimsting, Germany) with a quartz
Johansson monochromator and copper target operating in
subtractive transmission mode at 40 kV and 30 mA. X-rays
were pure monochromatic Cu Koy with 4 = 1.54056 A.Si
powder (pure element grade, 99.5% pure, Johnson Matthey
Alfa Products, Karlsruhe, Germany) was added at 10 wt%
to all crystallized samples as an internal standard to allow
correction for non-linear peak shift.

2.4 Optical microscopy

Samples were mounted in epoxy, ground with SiC paper,
polished to <1 pm finish using a diamond paste. To image
the microstructures of the metals they were etched by first
using concentrated HF for 1 s, then 5 s in a solution of 10
ml KOH (40%), 5 ml H,O, (30%), and 20 ml H,O. The
solution dissolves the f-phase quicker than the o phase.
The samples were washed with water, alcohol and then
acetone before drying. Optical imaging was carried out
using a Leica MEF4M (Wetzlar, Germany).

2.5 Glass enamelling procedure

The coating was deposited on the substrates using a simple
sedimentation route. Prior to sedimentation, the substrates

were roughened with 80 grit SiC paper, washed in water,
alcohol then acetone. This was done to remove any release
agents i.e., grease, oil, scale, etc and to provide extra
interfacial bonding area [15]. Glass powder of <45 pum was
mixed with ethanol to create a slurry. This was poured onto
the substrate and ultrasonic agitation used for 3 min to give
a homogeneous layer and break-up any powder aggregates.
The sample was placed in a vacuum oven at 120°C for 24 h
to dry. It was then heat treated in vacuo in a muffle furnace
at 10 K min~".

2.6 Scanning electron microscopy (SEM)

Samples for electron microscope analysis were mounted,
ground, and polished as for optical microscopy. They were
then gold sputter-coated and analysed in a JEOL JSM 840
scanning electron microscope in both secondary electron
imaging (SEI) and backscattered electron imaging (BEI)
modes. Energy dispersive X-ray (EDX) spectroscopy was
used to determine the elements present in some samples.

3 Results and discussion
3.1 Response of TicAl4V to high temperatures

To confirm the upper limit to the temperature at which
enamelling should be done, the response of TigAl,V to
continuous heating was investigated. The volumetric
expansion due to the allotropic transformation from o +
f — [ could generate internal stresses in the coating and
might result in delamination. In addition, the fatigue
strength of the alloy may be compromised [1]. This
transformation is therefore to be avoided. A sample of
TigAlV was examined in a DSC at a heating rate of
10 K min~" in a dry nitrogen atmosphere. This allows the
determination of temperature dependent phase changes.
Peaks were observed at 865, 1014 and 1175°C. These
results are similar to those previously published by Sha and
Guo [21] and Boivineau et al. [3]. The peak at 865°C
corresponds to the transformation of the f§ phase to a high
temperature f§ phase and the peaks at 1,014 and 1,175°C
have been described above by Sha and Guo [21] as
o+ pf — p.

To observe the effect of temperatures above the o +
f — P transformation, two TigAl,V samples were heat
treated to 1,000 and 1,200°C then cooled in the furnace at
40 K min~" once they had reached the target temperature,
see Fig. 1. The effect of the peak at 865°C on the micro-
structure was difficult to observe in the 1,000°C sample but
the changes between 1,014 and 1,175°C were significant.
Once the samples were heated to above the « + f§ — f8
transus, a Widmannstitten morphology formed upon
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Fig. 1 The onset of the « + f — f transformation occurs at 970°C. The microstructures of TigAl,V heat treated to 1,000 and 1,200°C are

shown and the evolution of Widmannstitten is clearly seen

cooling. The Widmannstitten structure comprises plates of
o-phase surrounded by dark areas of f-phase. Figure 1
shows a sample heated to 1,000°C where the Wid-
mannstitten structure is beginning to form but has not
reached equilibrium as there was insufficient time for it to
fully form. In the 1,200°C sample, the Widmannstétten has
completely formed and these structures have undergone
grain coarsening due to the elevated temperature.

These results imply that any glass suitable for enamel-
ling must be devitrified below the onset temperature for
Widmannstitten which is 970°C. The glass must be fully
crystalline because significant levels of residual glass could
adversely affect the mechanical properties of the coating.

3.2 Thermal analysis of glass

DSC was used to determine the thermal characteristics of
the glasses. The results are tabulated in Table 2. It has been
previously shown that the crystallisation exotherms corre-
spond to the formation of apatite at 7,; and the interde-
pendent co-crystallisation of apatite and mullite at 7},, [25].

The low and intermediate fluorine content glasses,
G100, G125, G150, and G175 showed surface nucleation
characteristics while the high fluorine content glasses
G187, G200, G220, and G250 showed bulk nucleation
characteristics. Some of the low fluorine glasses did not
show a distinct 7T,; and therefore this value was not
reported for some compositions. These results would sug-
gest that only the high fluorine content glasses be consid-
ered for coatings both because they crystallise via bullk
nucleation and at temperatures below 970°C. Surface
nucleation is an undesirable characteristic for enamelling
since it could inhibit particle bonding.

3.3 Sintering and crystallization of glass powders
To examine how well each of the glass compositions sinter,

disks of each glass type were pressed from <45 pum powder
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and sintered to determine if there was a difference in
densification between low and high fluorine glasses. Ini-
tially, disks of each glass were heated to 1,200°C at
10 K min~"' and then cooled. The results are shown in
Fig. 2. Heating all of the samples to the same temperature
allows differences resulting from the fluorine content to be
examined. It would be expected that the glasses with the
lowest viscosity would sinter best. These glasses should be
the high fluorine glasses as the fluorine acts to increase
network mobility and lower viscosity.

Surprisingly however, the images in Fig. 2 clearly show
that the lower fluorine content glasses are the most sin-
terable. This result was unexpected for this experiment but
does further validate the previously published result that
glasses with higher fluorine contents also have higher
activation energies for crystal growth of the FAp phase
[19]. With higher F contents comes higher nucleation
densities and a concomitant localised depletion of fluorine,
phosphorous and calcium around the nascent crystals. This
in turn gives higher network connectivity in the residual
glassy matrix which gives a higher activation energy for
growth due to kinetic hindrance. This same mechanism is
likely to inhibit inter-particle bonding of the glassy phase.

It could also be that the crystallization of mullite at
lower temperatures in the high fluorine glasses inhibits
particle bonding since mullite is a high temperature
refractory ceramic and would be quite stable at high tem-
peratures. The presence of mullite therefore hinders den-
sification. The low fluorine glasses have a delayed mullite
crystallization onset temperature that allows the tempera-
ture of the pressed disks to be raised sufficiently high for
particle necking and bonding to occur before the mullite
crystallizes.

A third possibility is related to the temperature differ-
ence between T, and T,; lower fluorine glasses have a
greater difference between T, and T,; which could allow
the glass to flow and densify better prior to the crystalli-
zation of FAp. These latter mechanisms can be considered
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Table 2 Summary of results from DSC study of the glasses. All results are from runs done at 10 K min~"

Glass code G250 G220 G200 G187 G175 G150 G125 G100
Firing temp (°C) 1420 1420 1420 1430 1430 1440 1440 1440
Ty mia 629 634 650 663 676 696 709 726
Ty
Frit 694 743 754 791 837 918 1011 1040
Coarse 686 738 751 792 822 923 - -
Fine 686 741 755 797 821 917 926 -
sz
Frit 838 907 964 991 1033 1074 1102 1123
Coarse 835 911 968 999 1006 1003 1047 1061
Fine 839 908 959 989 999 1018 1025 1033

Some of the low fluorine glasses did not show a distinct 7,,; and therefore this value was not reported for some compositions

L Dig 800 100um

LG180

T X3 oo 100 um

T DX o0 b

Fig. 2 SEM images of pressed and sintered disks of each glass. The upper half shows samples heated to their respective 75, cna. The lower half
shows samples heated to 1,200°C. Surprisingly the high fluorine content glasses sintered poorly in both cases

in themselves to be outcomes of the initial explanation
given above pertaining to effects of fluorine content on
ease of nucleation in the respective glasses and the effects
that this then has on phase evolution. A final possibility
worthy of note is that SiF, evolution from the surface of the
high fluorine glasses is causing anorthite (CaAl,Si,Og) to

be formed on the surface and this is preventing densifica-
tion. This, however, is unlikely as the glass system is
designed to limit the amount of SiF, loss.

A second heat treatment regime was also examined
where the powder disks were heated at 10 K min~" to their
respective T}, eng then cooled, see Fig. 2. This was done to
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Fig. 3 DSC of G200 heated at 10 K min~" and held at its ONT of
670°C for 60 min then heated to above Ty eng

examine the resultant densification when each powder disc
was heated to a temperature just sufficient to cause com-
plete crystallization. The densification results show the
same trend seen in previous samples.

There appears to be little difference in the density of
G100 to G200 as compared with the relatively poor den-
sification of G220 and G250 which exhibited very little
particle bonding. G200 was therefore chosen as the most
suitable of the “sinterable” glasses for enamelling as it has
a low crystallisation temperature and will crystallise below
the Ti transus.

The process of bond formation between particles may
be simplified to give the following expression of the
change in particle volume, V, as a function of time, ¢, and
absolute temperature, T [14]:
AV 1\2/5
v~ (7)

’ (1)

This equation predicts that higher sintering temperatures
will require a shorter time to achieve densification. It has been
shown for a number of metal and ceramic systems that the
shrinkage of a powder compact proceeds at a rate proportional
to £*° [14]. This relationship is also qualitatively seen here in
the densification of the coatings where lower temperature
coatings require a longer time to densify.

3.4 Effect of heat treatment hold time and temperature
on coating morphology

Since G200 was chosen as the most suitable glass, it is
useful to see in more detail the thermal characteristics of
G200 heated at 10 K min~" and held at its ONT of 670°C
for 60 min then heated to above T, as shown in Fig. 3.
Comparing this figure to the DSC graph of TigAl4V in
Fig. 1, it can be seen that G200 will be fully crystallized
before the TigAl4V o + f — [ transformation onset
occurs at 970°C.

To enamel G200 to the roughened substrate (produced
by P80 SiC paper to give a substrate R, of 1,380 um), the
samples of sedimented G200 on TicAl,V were heated at
10 K min~" to the G200 ONT and held isothermally for 1
h, then heated and held at different times and temperatures
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at or above T cnq. This elucidates the effect of different
time—temperature combinations on the resulting coating
morphology and substrate microstructure. The heat-treat-
ment profile is designed to fully crystallize the glass—
ceramic, since it is above the T, ¢nq for G200, and also to
adhere it to the substrate without heating above the
TigAlyV o + f — f transition (970°C) as this could
affect the fatigue properties of the metal [1]. The samples
were allowed to cool slowly in the furnace to prevent the
coatings from cracking due to differential cooling rates
between coating and substrate. The glass composition
chosen has a thermal expansion coefficient similar to that
of TigAl,V [23] so delamination should not occur if the
coating is well adhered.

The resultant coatings are shown in Fig. 4. It shows that
AMGC:s can be successfully enamelled to TigAl,V under a
number of different processing conditions. Three broad
groups of coatings have been defined: under-sintered,
optimally-sintered, and over-sintered. Under-sintered
coating coatings are characterised by a lack of particle
cohesion that would result in a friable coating. Over-sin-
tered coatings had a very closed coating morphology and
inspection of the interface showed that excessive interfacial
reactions occurred, as evinced by the non-planar surface of
the substrate (see Sect. 3.5). Optimally sintered coatings
had a relatively planar substrate surface and a reasonably
open coating morphology that should encourage mechani-
cal fixation of bone onto it [2, 7]. It is acknowledged that
the pores present are not large enough to facilitate bone in-
growth [9] where channels of > 110 pm are required.

The most suitable coating was determined to be the
sample sintered at 940°C for 30 min, called the “opti-
mised” sample. This sample has been heated to a tem-
perature just sufficient to cause full crystallization of the
glass. Full crystallization is required to improve the bio-
activity of the glass [8] and this is the lowest possible
temperature at which this occurs for this glass. This rela-
tively low temperature reduces the degree of grain growth
in the substrate and removes the risk of Widmannstitten
forming. The coating has numerous “bowl-like nests” as
suggested by Bigerelle et al. [2] and has a rougher coating
than the over-sintered coatings, which should enhance cell
proliferation [7]. Having a slower formation of the coating
allows for greater control over the exact resultant coating,
for example at 1,000°C the optimal coating forms very
quickly and may be difficult to control.

The corresponding microstructure of the substrate
resulting from each of the sintering routes was also
examined and these are shown in Fig. 5. There is some
grain growth evident in the substrate when heat-treated
under the “optimal” regime and an overall loss in the
rolling texture evident even at the lowest time and tem-
perature combination.
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Fig. 4 The resultant coating
morphologies from a variety of
heat treatment profiles

Under-

0. _Eintered
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Fig. 5 Microstructures of the
substrates corresponding to the
different coating morphologies
produced in Fig. 4. The
different AMGC coating
regions discussed in Fig. 4 are
identified for reference
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3.5 Analysis of coating—substrate interface

The nature of the coating—substrate interface formed during
the optimised sintering route was examined by inspecting a
cross-section from an optimised sample. The AMGC
appears to be well bonded to the TigAl,V, with no cracking
evident in the coating. The substrate interface is largely
planar indicating that an excessive reaction did not take
place, see Fig. 6. Backscattered electron imaging (BEI-
SEM) shows that there are three regions in the interface—
the titanium alloy substrate on the left which is bright due
to the relatively high atomic number of Ti, an interfacial
region, and the homogeneous apatite-mullite coating, see
Fig. 6. EDX across the interface shows that the region is

Temperature (°C)

formed with Ti, Si, Ca, and P, similar to previously
examined interfaces [25].

To test the adhesion of the coating, the relative crack
resistance was qualitatively determined using Vickers
microindentation on the interface between the substrate and
coating. Indentations were made on the polished cross
section of the metal-coating interface. The crack path
provides a qualitative assessment of the adhesion at this
interface. Vickers indentation on the interface has been
previously used to qualitatively determine bond strength by
Gomez-Vega et al. [11] and Lopez-Esteban et al. [17].
However, it is recognised that a more comprehensive
investigation is needed due to the complex nature of the
loading in vivo and detailed mechanical testing will be
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Fig. 6 BEI-SEM of the optimised heat treatment route substrate—
coating interface between G200 and TigAl,V. An EDX line scan was
used to examine the variation in elements across the interface

carried out in a separate study. To demonstrate the influ-
ence of the reaction zone on the mechanical properties, an
‘oversintered’ sample with an excessively large reaction
zone was chosen. This should elucidate the crack/material
interaction clearer than a sample with a smaller zone. After
indentation, the cracks did not propagate along the reaction
region interface but instead tend into the coating. This
indicates that the reaction interface is well adhered to both
the substrate and the coating: see Fig. 7. Residual interfa-
cial stress is assumed to not play a significant role in crack
development here as the sample is well-annealed and crack
did not travel very far.

3.6 Effect of heat treatment on oxygen infiltration

Oxygen is an o-stabiliser in titanium, forming o-case when it
diffuses from the atmosphere into the alloy. This can have
negative effects on the fatigue properties of the substrate as it
can embrittle the alloy, commonly known as oxygen
embrittlement. To quantify the depth of oxygen infiltra-
tion—even though samples here are heat treated in vacuo—a
p-titanium alloy known as TMZF (TiMo,ZreFe,, [28]) was
heated and held at two different hold times and tempera-
tures. Oxygen diffuses into the f-alloy grain boundaries and
into grains along preferential crystallographic directions and
thereby stabilises the o phase. The a-phase can then be
preferentially etched to reveal the diffusion paths.

Samples of TMZF were subjected to the previously
published AMGC enamelling route' and to an “optimised”

! Stanton and Vanhumbeeck [23] first described a successful route
for enamelling AMGC to TigAl4V. The following protocol was used:
G187 was sedimented on TigAl4V in the same manner as used here
then heated from room temperature at 10 K min~! to 670°C (the

@ Springer

L D20 x5.0k

20 um

Fig. 7 Indentation testing of the bond strength of the coating. There
appears to be good adhesion between the layers, as the cracks tended
toward the homogeneous coating. The coating has a granular structure
with grains of AMGC bonded together

heat treatment schedule, both under vacuum, for compari-
son. In the case of the optimised route, the sample was
heated at 10 K min~! to 640°C (the ONT for G200) and
held for 60 min, then heated then to 940°C for 30 min then
cooled at 10 K min~'. The sample cross-sections were
then ground, polished, and etched as described in Sect. 2.4.
The distance into the substrate that the oxygen diffused was
measured at a number of different locations using optical
microscopy and the average distance was found.

The results show that the optimised route results in
significantly less oxygen infiltration to the substrate, with a
reduction of almost 63%, see Fig. 8. The average diffusion
depth for sample (a) was 25.7 um (44.8 standard devia-
tion) and 9.6 pm (£4.4 standard deviation) for sample (b).
Visually there is also a clear difference between the sam-
ples, see Fig. 8a for the original route, Fig. 8b shows the
optimised route results and Fig. 8c shows the normal grain
structure of TMZF.

Oxygen embrittlement of titanium and titanium alloys,
i.e. the formation of alpha case in TigAl4V, is severely
detrimental to the fatigue properties of the metal and the
new optimised route shows that the level of oxygen dif-
fusion and hence embrittlement can thus be significantly
reduced.

Footnote 1 continued

ONT for G187 [23]); held for 60 min; 670-960°C at 10 K min~;

held for 90 min; cool to ambient at 10 K min~ "
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Fig. 8 Etched samples of
TMZF. The top two have been
heat-treated according to a the
previously published
enamelling route [23], and b the
new optimised route. The
oxygen diffusion paths are
clearly evident. Sample c is a
normalised sample of TMZF for
comparison. The grain size of
sample a has also increased
when compared to the grain size
for the normalised sample. The
oxygen penetration depth into
TMZF for the two different heat
treatment profiles is graphed.
The error bars show the
standard deviation of the
measurements

4 Conclusions

AMGC coatings on TigAl,V were investigated to deter-
mine an improved heat treatment regime using a systematic
examination of the different inputs: composition of glass,
nucleation hold and crystallisation hold.

DSC analysis of the titanium alloy (TigAl,V) shows that
the o + f — f transformation occurs at around 970°C.
Above that temperature, Widmannstitten form which are
detrimental to the fatigue properties of the substrate. This
sets a maximum heat treatment temperature. A suitable
glass must therefore crystallise and adhere to the substrate
below this temperature.

DSC analysis of the glasses identified a transition from
surface to volume nucleation of the glass as the fluorine
content increases. Surface nucleation is to be avoided as the
glass needs to be homogeneously crystallised. A powder
sintering study showed however that lower fluorine glasses
densify better. It is postulated that this occurs because of
their lower nucleation density giving a lower overall net-
work connectivity in the residual glassy phase [19].

G200 was chosen as the most suitable glass as it was the
best compromise between high enough fluorine to crys-
tallise fully at temperature below the o + § — f tran-
sition for TigAl,V but a low enough fluorine content to
densify sufficiently.

Samples of G200 sedimented on TigAl,V were heated to
a number of time—temperature combinations above 7},5 end
and the subsequent coating morphology was examined.

Depth of O, diffusion (wm)

970°C 60 minutes 940°C 30 minutes

‘Under-sintered’ coatings remained friable and had poor
particle cohesion. ‘Over-sintered’ coatings had a very closed
coating morphology and inspection of the interface showed
that excessive interfacial reactions occurred. ‘Optimally
sintered’ coatings had a relatively planar substrate surface
and a reasonably open coating morphology that is tough to
encourage mechanical fixation of bone onto it.

The TigAl4V substrate microstructure for most of the
coatings showed some grain growth and this was attributed
to recrystallisation of the metal grains at elevated temper-
atures during the heat treatment process. Coatings that were
sintered above the o« + ff — f transition showed a
Widmannstétten type microstructure.

EDX analysis of the G200-TigAl,V interface indicated
that some diffusion of elements across the boundary did
occur and a reaction interface formed. Indentation testing
of the qualitative strength of the coating showed that there
was good adhesion between the coating and the substrate
and the interfacial layer did not cause crack propagation.

An examination of the depth to which oxygen diffused
into the substrate during heat treatment was done using
TMZEF. Results show that there was a reduction of almost
63% between the previously published initial results and
the present optimised route.
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