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(57) ABSTRACT 
A calcium phosphate bone graft material comprising an 
amorphous calcium phosphate glassy phase of from about 
30 to about 100 volume % is obtained by plasma spraying 
calcium phosphate-containing poWder onto a target to pro 
duce a deposited layer and removing the deposited layer 
from the target to provide the calcium phosphate bone graft 
material. 
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CALCIUM PHOSPHATE BONE GRAFT 
MATERIAL, PROCESS FOR MAKING SAME AND 
OSTEOIMPLANT FABRICATED FROM SAME 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Disclosure 

[0002] This invention relates to a calcium phosphate bone 
graft material, to a process for making the calcium phos 
phate bone graft material, and to an osteoimplant fabricated 
from the calcium phosphate bone graft material. More 
particularly, this invention relates to a calcium phosphate 
bone graft material composed of plasma sprayed calcium 
phosphate Wherein the relative amounts of amorphous 
(glassy) phase and crystalline (ceramic) phase varies from 
about 100 volume % amorphous, 0 volume % crystalline to 
about 30 volume % amorphous, 70 volume % crystalline. 

[0003] 2. Description of the Related Art 

[0004] An ideal arti?cial bone graft possesses an osteo 
conductive surface that bonds to bone, and dissolves 
(resorbs) at about the rate of bone groWth so that the 
formation of neW bone is not inhibited. Existing arti?cial 
bone grafting materials are usually quite osteoconductive, 
but most resorb either too quickly or too sloWly. 

[0005] The most commonly employed arti?cial grafting 
materials are ceramic forms of hydroxylapatite (HA), or of 
hydroxylapatite/tricalcium phosphate (TCP) mixtures. 
These ceramic materials are obtained by sintering HA or 
HA/TCP. Sintering is a heating process Whereby crystals 
groW larger and more perfect to the limit Where all crystals 
completely surround other crystals and all porosity is elimi 
nated. The ceramic structure is therefore characteriZed by 
Well-de?ned crystals held together by grain boundaries 
Where different crystals touch. The more perfect the sinter 
ing conditions are, the more perfectly formed the crystals 
are, and the more crystalline the material is. Conventionally 
employed HA or HA/TCP arti?cial bone grafting materials 
contain a minimum of 80 volume % crystallinity With 
amounts of up to 100 volume % not being uncommon. 

[0006] These highly crystalline calcium phosphate ceram 
ics are reasonably osteoconductive (i.e., they bond to and 
support the groWth of bone), but they resorb much more 
sloWly than the rate of bone groWth since more energy is 
required to disrupt a perfect crystal than a disordered struc 
ture. One approach to improving the resorbability of calcium 
phosphate grafting materials is to partially sinter the ceramic 
so that the crystals are less perfect. HoWever, there are limits 
to this approach because strength decreases as the amount of 
sintering is decreased. 

[0007] In another approach to make the ceramic calcium 
phosphates more resorbable, the calcium to phosphorous 
ratio is loWered from the 1.67 of HA to the 1.5 of TCP (or 
someWhere in betWeen for mixtures of the tWo), to take 
advantage of the slightly greater solubility of TCP. TCP is 
more soluble than HA because only HA is stable in the 
presence of Water (TCP is metastable). Thus, there is a 
driving force for TCP to dissolve since it is not stable in 
Water. Once dissolved, it can remain in solution (if condi 
tions are favorable), or it can later precipitate as HA by 
picking up additional calcium from the solution. The disad 
vantage to this approach is that bone is essentially HA, and 
TCP does not have as good bone bonding properties as HA. 
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Other arti?cial bone graft materials that are not calcium 
phosphate ceramics include calcium sulfate, calcium car 
bonate, and bioglasses. Compared to the ceramics, these 
materials resorb much faster (sometimes faster than the rate 
of bone groWth) and sometimes exhibit better bone bonding 
ability (especially the bioglasses). Bioglasses are based on 
short chains of silicon dioxide With added calcium and 
phosphate. Upon exposure to Water, the calcium and phos 
phate reprecipitate on the surface, forming a biological HA 
type material. Bone bonding is excellent due to the biologi 
cal apatite surface, and resorption is at about the rate of bone 
groWth, or faster (depending on the application). Also 
knoWn are glassy forms of calcium phosphates made by 
melting the phosphates in the presence of metals such as 
iron, lithium, extra calcium, etc. These glassy forms of 
calcium phosphates exhibit many of the properties of bio 
glasses, but usually have even faster resorption rates. These 
materials are essentially 100% glassy. 

[0008] What can learned from the above is that calcium 
phosphate glasses possess good bone grafting properties, so 
long as the resorption rate is not too fast. A glass is a much 
more disordered structure than a ceramic or crystal, and, like 
all non-HA forms of calcium phosphate, is not stable in the 
presence of Water. These properties mean that calcium 
phosphate glasses possess signi?cantly higher dissolution 
rates than calcium phosphate ceramics, and the problem is 
keeping the resorption rates under control. 

[0009] The bone bonding of calcium phosphate glasses is 
good because the relatively high solubility of the calcium 
and phosphate encourages the dissolution of material from 
the glass surface folloWed by reprecipitation as “bone” 
apatite on the surface. Bone apatite is an impure form of HA 
that incorporates many additional materials from surround 
ing body ?uids such as carbonate (substituting for OH 
groups and/or phosphate groups), and metals such as man 
ganese that can replace calcium. 

[0010] To date, the most Widely accepted Way of obtaining 
a calcium phosphate glassy material for bone grafting is to 
produce a bioglass Which, as mentioned above, has a silica 
base. A glass is made by heating a material until it melts, 
then cooling it in such a Way that the melted, disordered 
structure is largely preserved. This is a sloW process requir 
ing hours or days of heating, folloWed by sloW or fast 
cooling. 
[0011] For many years ceramic poWders made of HA (and 
HA/TCP or TCP) have been plasma sprayed on to orthope 
dic or dental implants to form osteoconductive coatings, 
thereby improving the integration of the implants into bone. 
The ceramic poWder is injected into a plasma ?ame at 
temperatures of 10 to 15 times the decomposition tempera 
tures of the ceramic, but remains in the plasma ?ame for 
only a feW milliseconds While it travels to the surface of the 
object to be coated, Where the poWder immediately cools as 
it gives its heat up to the much larger object. When calcium 
phosphate ceramic poWders are plasma sprayed on to 
implants, a tWo-phase coating is formed, consisting of a 
melted phase and an unmelted phase comprising unmelted 
particle cores. The melted phase yields no X-ray diffraction 
(XRD) pattern and therefore is non-crystalline. The 
unmelted particle core yields an XRD pattern that is little 
changed from that of the ceramic poWder. The preservation 
of the initial ceramic poWder is, in part, a consequence of the 
extreme rapidity of the plasma spray process. 
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[0012] The generally accepted theory behind plasma 
sprayed coatings is that the crystalline, ceramic phase is the 
functional part of the plasma sprayed calcium phosphate 
coating. Bone bonds to this ceramic phase in the coating the 
same as it bonds to solid, ceramic implants. HoWever, the 
opposite is actually true. The amorphous, non-crystalline 
phase is responsible for the excellent biological properties of 
calcium phosphate coatings. Plasma sprayed coatings 
exhibit a better bone response than the corresponding non 
plasma sprayed solid calcium phosphate ceramics, and also 
resorb at a faster rate. In their osteoconductive and resorp 
tion properties, plasma sprayed coatings can be considered 
to be betWeen calcium phosphate ceramics and bioglasses. 

[0013] The amorphous phase is a type of calcium phos 
phate glass formed by extremely rapid melting and 
extremely rapid cooling. Glassy materials can be produced 
by any method that provides very fast heating and cooling. 
For example, laser melting can be adapted to this process, as 
Well as all forms of plasma spraying including ?ame spray 
ing, vacuum plasma spraying, high velocity oxygen fuel 
(HVOF) spraying, etc. For purposes of this invention, 
plasma spraying shall be understood as being inclusive of all 
methods that provide very fast heating and cooling. 

[0014] The improved biological response of plasma 
sprayed HA or other calcium phosphates compared to 
ceramic forms render them desirable as bone grafting mate 
rials. HoWever, plasma sprayed calcium phosphates are 
currently only available as coatings, and not as grafting 
materials in their oWn right. 

SUMMARY OF THE INVENTION 

[0015] A calcium phosphate bone graft material is pro 
vided Which comprises amorphous calcium phosphate 
obtained by plasma spraying a calcium phosphate-contain 
ing poWder onto a target to provide a plasma-sprayed 
calcium phosphate layer thereon and removing the layer 
from the target to provide the calcium phosphate bone graft 
material. The removed material can be further treated to 
produce granules ranging in siZe from about 50 to about 
4000 microns. The amorphous (glassy) phase of the bone 
graft material of this invention ranges from about 30 to about 
100 volume percent of the material, With the remainder (if 
any) being made up of crystalline (ceramic) phase. In a 
variation on the process, the target can contain cavities that 
become ?lled With the plasma sprayed calcium phosphate 
containing poWder of such siZe and con?guration that 
removal of the material from the target results in preformed 
articles of the siZe and con?guration of the cavities. 

[0016] The bone graft material can be fabricated into an 
osteoimplant by a variety of different methods. In accor 
dance With one embodiment, the material is removed from 
the target, ground and sieved to produce a granulate Which 
is then admixed With a suitable biocompatible ?uid, e.g., 
Water, saline, dilute phosphoric acid, to form a slurry or 
paste Which can be applied to the bone healing site. In 
another embodiment, the bone graft material can be placed 
in a mold and compressed under suitable pressure, option 
ally in the presence of elevated temperature ranging from 
about 50° C. to as high as about 500° C. (if pressing is 
conducted in a closed vessel such as is employed in hot 
isostatic pressing), to form a solid aggregate capable of 
initially bearing loads in vivo. Alternatively, the granulate 
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can be combined With a binder material and compressed to 
form the solid aggregate. In accordance With another 
embodiment, the granules are admixed With bone-derived 
elements, such as bone particles that have been optionally 
demineraliZed, to form an osteoconductive implant. In 
accordance With another embodiment, the granules are 
blended With a suitable biocompatible polymer such as 
polyglycolic acid, polyglycolide, polylactic acid, polylac 
tide, and the like, to form an osteoconductive implant. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0017] It is preferred to start With a ceramic poWder as the 
material to be plasma sprayed because the strength and 
stability of the poWder particles toWards moisture pick up 
makes the material easier to handle. HoWever, it is possible 
to use unsintered poWder as Well. The source of the poWder 
for spraying can be made by a variety of processes such as 
precipitation, solid liquid reactions (such as is used to make 
calcium phosphate cements), bovine bone particles, etc. 

[0018] The calcium phosphate-containing poWder utiliZed 
in accordance With the practice of the present invention Will 
generally contain hydroxylapatite in an amount of at least 
about 60 Weight percent, With the balance (if any) being 
composed of one or more materials selected from the group 
consisting of tricalcium phosphate, dicalcium phosphate, 
tetracalcium phosphate, calcium oxide, calcium hydroxide, 
calcium carbonate, soluble crystalline phases, and traces of 
glass promoting elements such as iron. The starting material 
is preferably HA in order to retain the Ca/P ratio of HA in 
the glass. This helps to enable a faster transformation of the 
glass to a biological apatite once it is implanted, and so 
enhances osteoconductivity. HoWever, other calcium phos 
phates, or mixtures, can also be made into glassy particles by 
the same means and used for bone grafting applications. 
Varying the Ca/P ratio is a Way of “tuning” the bone bonding 
and resorption properties. 

[0019] In accordance With one embodiment, the calcium 
phosphate-containing poWder comprises animal (including 
human) bone tissue that is ground to a poWder of a suitable 
siZe for plasma spraying. Before spraying the poWder can be 
treated by heating it to a temperature of up to about 500° C. 
to burn out the organic matter and, optionally, further 
heating the poWder to a temperature of up to about 1100° C. 
to sinter the poWder. 

[0020] The calcium phosphate-containing poWder is 
plasma sprayed onto a target in accordance With conven 
tional techniques to provide a layer thereon ranging in 
thickness from about 0.5 to about 100, preferably from about 
10 to about 30, mm. 

[0021] The method of applying the calcium phosphate 
containing poWder to the target employs a plasma spray 
system or plasma detonation system. Plasma spray systems 
are manufactured and marketed under the tradename Metco 
7M and Metco 9M 80 kW spray systems. Plasma detonation 
systems are manufactured and marketed under the trade 
name Metco Diamond Jet Gun System. The plasma spray 
system and the plasma detonation system are available from 
the Metco Division of SulZer. A second source of equipment 
suitable for use With the present invention is Miller Thermal 
based in Appleton, Wis. 
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[0022] A Metco control unit FMCII and Metco AR2000 6 
degree of freedom robot system may be employed to aid in 
applying the calcium phosphate-containing poWder. A 
Metco 4MP feeder may be employed to deliver the poWder 
to the plasma gun. The foregoing equipment is also available 
from SulZer. 

[0023] Plasma spray systems operate by injecting a 
ceramic poWder to the inert gas plasma generated by the 
plasma gun. The plasma gun accelerates the ceramic par 
ticles to a very high velocity at a very high temperature. The 
high velocity high temperature plasma spray is directed 
toWard the target Where the particles of the ceramic material 
strike and coat the target to impregnate (penetrate) the target 
to form an adherent coating. The adherent coating extends 
into the preexisting surface pores of the target due to the high 
velocity of the ceramic material. The plasma spray may be 
alloWed to build up past the surface of the target. 

[0024] A carrier gas, Which is preferably argon or nitro 
gen, is required to carry the ceramic poWder into the electric 
arc of the plasma gun. The particles of the ceramic material 
are entrained in a jet of the carrier gas Which passes through 
the electric arc. The poWer to the electric arc alloWs differing 
ceramic particle siZes to be used. The gun may also be varied 
to provide that the ceramic material strikes the target at a 
velocity sufficient to cause adherence to the target. 

[0025] When desired a plasma detonation system may be 
employed to deliver to the ceramic material to the target. The 
process in a plasma detonation system is generally similar to 
the conventional plasma spray process described above. The 
plasma detonation gun system differs in detonating a mix 
ture of hydrogen and oxygen near the tip of the noZZle 
through Which the ceramic material is fed. The detonation of 
hydrogen and oxygen in the plasma detonation gun system 
signi?cantly increases the velocity of the ceramic particles 
in the plasma. 

[0026] Thereafter, the plasma sprayed layer is removed 
from the target, e.g., by scraping the surface of the target, to 
recover the calcium phosphate bone graft material of this 
invention. The material can be advantageously treated, e.g., 
by grinding and sieving the material, to produce particle 
siZes Within a desired range. The average particle siZes of the 
treated material Will generally range from about 50 to about 
4000, preferably from about 100 to about 1000, microns. 

[0027] By varying the plasma spraying conditions, the 
relative amounts of crystalline (ceramic) phase and glassy 
phase in the material can be varied from about 100 volume 
% glassy, 0 volume % crystalline to 30 volume % glassy, 70 
volume % crystalline. The relative amounts of glassy and 
crystalline material can in?uence both the bone binding 
properties and the rate of resorption, and so provide another 
Way of ?ne tuning the properties in addition to varying the 
calcium to phosphorus ratio. 

[0028] The folloWing examples illustrate the practice of 
the present invention. 

EXAMPLE 1 

[0029] Sintered HA poWder, With a crystallinity of nearly 
100% and a particle siZe of 90% betWeen 1 and 40 microns 
Was sprayed With a METCO 9MB plasma gun, running on 
nitrogen, at 350 amps and 60 volts, at a feed rate of 16 
grams/minutes on to a stainless steel target 70 mm from the 
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gun. The gun Was traversed by a robot in steps of 3 mm each, 
at a speed of 200 mm/minute. The coating Was build up With 
20 passes to a thickness of 5 mm. It Was then removed from 
the target, crushed in a mortar, and sieved through a 125 
micron screen and collected on a 75 micron screen. The 
resulting granulate Was analyZed by X-ray diffraction and 
found to have a crystallinity of 35 volume %. The glassy 
phase represented 65 volume % of the material. 

EXAMPLE 2 

[0030] The material described in Example 1 Was 
implanted in femoral defects created in rats. As a control, 
defects Were ?lled With ceramic HA particles (98 to 99% 
dense, 100% crystalline, 75 to 125 microns in diameter). 
Fifteen male Long Evans rats from Harlan Sprague DaWley, 
Inc. (Indianapolis, Ind.) Were implanted With the materials. 
The animals Were 300 g or greater at the time of surgery. The 
right thigh muscle of the rat Was separated to expose the 
full-length of the femur. A polyethylene plate Was placed 
along the length of the femur and anchored With four pins. 
A 5 mm section of the femur Was removed betWeen pins 2 
and 3 to create a 5 mm critical defect (a defect so large that 
the bone Will not heal by itself). The defect Was ?lled With 
300 mg of the amorphous material from Example 1, or 300 
mg of the control ceramic HAparticles. Both materials Were 
soaked in approximately 100 ul of sterile saline/blood mix 
ture prior to implantation. No complications occurred during 
surgery, hoWever tWo animals died immediately post sur 
gery, and three animals Were later euthaniZed for fractures. 
The femurs from the remaining ten animals Were retrieved 
after an implantation time of 84 days. There Were ?ve 
femurs for each of the tWo implant materials. Histological 
analysis shoWed only ?brous tissue contact With the ceramic 
HA particles; that is, there Was no direct bone contact With 
any of the ceramic HA particles. In contrast, for the amor 
phous particles, bone contacted and fully surrounded the 
amorphous particles at the outer layer of the graft site and 
partially surrounded some particles up to 1 mm in toWards 
the center of the graft site. This demonstrates the much more 
favorable properties of the amorphous material as a scaffold 
for bone groWth compared to the ceramic HA particles. 
What is claimed is: 

1. A calcium phosphate bone graft material comprising an 
amorphous calcium phosphate glassy phase representing 
from about 30 to about 100 volume % of the total volume of 
the calcium phosphate bone graft material, said material 
being obtained by plasma spraying calcium phosphate 
containing poWder onto a target to produce a deposited layer 
thereon and removing the deposited layer from the target to 
provide the calcium phosphate bone graft material. 

2. The bone graft material of claim 1 possessing an 
average particle siZe of from about 50 to about 4000 
microns. 

3. The bone graft material of claim 1 Wherein the calcium 
phosphate-containing poWder comprises sintered or unsin 
tered hydroxyapatite, sintered or unsintered tricalcium phos 
phate, and mixtures thereof. 

4. The bone graft material of claim 1 Wherein the calcium 
phosphate-containing poWder further comprises calcium 
carbonate, calcium sulfate, or mixtures thereof. 

5. The bone graft material of claim 1 Wherein the calcium 
phosphate-containing poWder comprises animal bone tissue 
Which has been heat treated to remove the organic constitu 
ents thereof. 
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6. An osteoimplant comprising the calcium phosphate 
bone graft material of claim 1. 

7. The osteoimplant of claim 6 further comprising at least 
one bone-derived element. 

8. The osteoimplant of claim 7 Wherein the bone-derived 
element comprises demineraliZed bone particles. 

9. The osteoimplant of claim 6 further comprising at least 
one biocompatible polymer. 

10. A method of making a calcium phosphate bone graft 
material Which comprises 

providing a calcium phosphate-containing poWder; 

plasma spraying the calcium phosphate-containing poW 
der onto a target to provide a deposited layer thereon; 
and 

removing the deposited layer to provide a calcium phos 
phate bone graft material Wherein the amorphous phase 
represents from about 30 to about 100 volume % of the 
total volume of the calcium phosphate bone graft 
material. 

11. The method of claim 10 Wherein the target contains 
cavities. 
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12. The method of claim 10 Wherein the average particle 
siZe of the calcium phosphate bone graft material is from 
about 50 to about 4000 microns. 

13. The method of claim 10 Which further comprises 
compressing the calcium phosphate bone graft material 
under pressure to form a solid aggregate. 

14. The method of claim 13 Wherein the calcium phos 
phate bone graft material comprises bone-derived elements 
in combination thereWith. 

15. The method of claim 13 Wherein the calcium phos 
phate bone graft material comprises a biocompatible poly 
mer in combination thereWith. 

16. A method of treating a bone defect Which comprises: 

providing the calcium phosphate bone graft material of 
claim 1; and 

placing the calcium phosphate bone graft material inside 
the bone defect. 


