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Attempts were made to prepare magnesium-containing calcium phosphate cements. These 
were successful at the composition CaMg2(PO4)2xH20. X-ray diffraction showed that such a 
compound is not formed but that the cement consists of magnesium phosphate precipitated 
on the calcium phosphate admixture. The pH of this formulation is around 10 during setting 
and after. The cement is injectable. Its setting time is about 10 min. In this study compressive 
strength values were as high as 11 MPa and the diametral tensile strength was over 2MPa. 
Animal experiments must show whether it is suitable for replacement or augmentation of bone 
in non-load bearing situations. 

1. I n t r o d u c t i o n  
The biocompatibility of calcium phosphates has been 
well established I-1-4]. Due to their good osteocon- 
ductivity calcium phosphate ceramics have been 
applied for bone replacements and augmentation. 
Ceramic blocks have the disadvantage that they must 
be used in prefabricated forms, whereas granules fre- 
quently drift away from the site of implantation. These 
disadvantages may be overcome with the use of 
calcium phosphates in the form of cements. 

The term 'calcium phosphate cements' was intro- 
duced by Gruninger et el. [5]. Such a cement may be 
described as a powder or a mixture of powders which 
upon mixing with water or an aqueous solution to a 
paste, reacts around room or body temperature by the 
formation of a precipitate containing crystals of one or 
more calcium phosphates and sets by the entangle- 
ment of the crystals of that precipitate. In fact, up to 
now only orthophosphate cements have been pre- 
sented in the literature. Brown and Chow [6] were the 
first who developed a calcium orthophosphate ce- 
ment. They prepared mixtures of dicalcium phosphate 
dihydrate (DCPD) with tetracalcium phosphate 
(TTCP) and of dicalcium phosphate (DCP), TTCP 
and hydroxyapatite (HA) and reported setting times 
decreasing with increasing HA content from 22 to 
8 min as measured with a Vicat needle. Fukase et el. 

[7] optimized such cements as derived from mixtures 
of DCP and TTCP. They added some fluoride to the 
aqueous solution and reported that the reaction 
product was HA and that the setting reaction was 
completed within 24 h, when the samples were kept 
under 100% relative humidity at 37°C. 

Another type of calcium orthophosphate cements 
has been developed by Lemaitre et el. [8]_ They found 
that mixtures of monocalcium phosphate monohydr- 

ate (MCPM) and 13-tricalcium phosphate (13-TCP) 
mixed with water into a paste set at room temperature 
within 2min. M~rtchi et el. [9] reported that the 
reaction product in such cements was DCPD. Fur- 
thermore, Mirtchi et el. [10] measured the setting 
times of such cements with admixtures of calcium 
sulphate dihydrate, calcium sulphate hemihydrate 
and/or calcium pyrophosphate and found that these 
admixtures increased the setting time from about 1 up 
to 10 min, as measured with a Vicat needle. 

Hardened products of calcium phosphates were 
developed by Monma [11]. They made pastes of water 
with mixtures of DCPD and calcium carbonate (they 
did not report which calcium carbonate) or of DCP 
with calcium carbonate and kept them at 50 or 80 °C 
for 16 to 40 h. By X-ray diffraction and IR spectro- 
scopy they proved that either octocalcium phosphate 
(OCP) or carbonated hydroxyapatite or both were 
formed, but they could not report on any setting times. 
Earlier, Monma and Kanazawa [12] had reported 
that hardened bodies could be produced by keeping 
pastes of ~-TCP with water at temperatures between 
60 and 100°C. The reaction product was a calcium 
deficient apatite with a Ca/P molar ratio near 1.50. 
These products can hardly be called cements because 
the setting temperatures are impractically high. 

A third type of calcium orthophosphate cements 
was developed by Monma et el. [13]. They prepared 
mixtures of a-TCP with DCPD and added water to 
form pastes which appear to set within 9 to 30 min as 
measured with a Vicat needle. The reaction product in 
these mixtures was OCP. 

Oonishi 1-14] reported that mixtures of a-TCP with 
collagen gels or of TTCP with collagen gels could set 
upon the implantation into the bones of animals. 
However, it is not clear what the reaction products 
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are, so that it is unknown whether these products can 
be considered as calcium orthophosphate cements. 

The development of a fourth calcium orthophosph- 
ate cement has been published by Nishimura et  al. 

[15]. They prepared a glass from the system 
CaO-SiO 2 P2Os-CaF  2, fractured it and milled it to 
a particle size of 325 mesh, with an average of 5 gm. 
When mixed with a solution of diammonium hydro- 
gen phosphate into a paste, this paste set in about 
6 min at room temperature as measured with a Vicat 
needle, under the formation of calcium ammonium 
phosphate monohydrate. Upon inmersion Of that ce- 
ment in water the reaction product was transformed 
into hydroxyapatite within 1 week. 

Brown and Chow [6] and later Fukase et  al. [7] 
claimed that their powder mixture of DCP and TTCP 
reacted upon mixing with water to stoichiometric 
hydroxyapatite Calo(PO4)6(OH)2. However, more 
recent investigations [16, 17] have shown that only 
the first nuclei consist of nearly stoichiometric 
hydroxyapatite whereas further growth of these nuclei 
occurs in the form of calcium deficient hydroxyapatite 
Ca9(HPO4) (POg)5OH with a Ca/P ratio of 1.50. 
Another hydroxyapatite cement was formed by Con- 
stantz et  al. [18] who mixed water-free phosphoric 
acid with TTCP. 

A prerequisite for calcium phosphate cements to be 
formed is that the calcium phosphate in question 
precipitates from the aqueous phase within the ce- 
ment. Magnesium whitlockite Ca9Mg(HPO4) (PO4) 6 
is known to be formed by such precipitation reaction 
[19]. In the system C a O - M g O - P 2 0 5  compounds 
like Ca4MgsPO4)6 are also known [20], but it is as yet 
unknown whether they can be prepared by precipit- 
ation. In the present study it was investigated whether 
calcium phosphate cements containing magnesium 
could be obtained. 

TABLE I Compounds used as constituents in the attempts to 
synthesize magnesium containing calcium phosphate cements 

Abbreviation Formula Name 

MCPM Ca(H2PO4) 2" H20 " monocalcium phosphate 
monohydrate 

DCP CaHPO4 dicalcium phosphate 
DCPD CaHPO4 2H20 dicalcium phosphate 

dihydrate 
a-TCP Ca3 ( P O 4 ) 2  alpha-tertiary calcium 

phosphate 
~-TCP Caa (PO4)2 beta-tertiary calcium 

phosphate 
TTCP Ca4 (PO4)EO tetracalcium phosphate 

CaKPO4 calcium potassium 
phosphate 

SP Ca2PO4CI spodiosite 
SWH CaloNa (PO4) 7 sodium whitlockite 
CA Calo (PO4)6C12 chloroapatite 
- CaO calcium oxide 
- MgPHO4.3H20 magnesium hydrogen 

phosphate trihydrate 
- MgO magnesium oxide 

As only the third experiment was successful the rest 
of the experiment was devoted to optimization of the 
two most promising CaMgz(PO4) 2 cements. The 
fourth experiment was carried out with mixtures hav- 
ing a constant (Ca + Mg)/P ratio of 1.5, but with 
varying Ca/Mg ratios. A minimum in the setting time 
and a maximum in the strength were determined. At 
that composition the fifth experiment was carried out 
with variable W/P ratios, whereas the sixth experi- 
ment was done with variable milling times. 

Finally, the pH of the cement mix was measured 
from the start of mixing the powder with water for a 
period of up to 3 days. Also the X-ray pattern of the 
resulting cements was recorded. 

2. Ma te r i a ls  and methods  
The materials used in attempts to prepare cements in 
the present study are detailed in Table I. It was estab- 
lished by X-ray diffraction that they were pure and 
single-phase within the limits of error. In the first 
experiment attempts were made to prepare MW H  
cements (magnesium whitlockite) starting with 
MgHPO4.3H20 as one of the components. In the 
second experiment a similar series of attempts was 

i 

done starting with MgO as one of the components. In 
the third experiment formulations were used aiming at 
the formation of CaMg2(PO4)2 cements. The in- 
gredients were proportioned by weighing and homo- 
genized by milling in an agate ball mill. The initial 
setting time I and the final setting time F were deter- 
mined using Gilmore needles at suitable water/pow- 
der ratios. Cylinders were prepared with a diameter of 
6 mm and a height of 12 mm. After soaking for 1 day 
in Ringer's solutions at 37 °C the compressive strength 
C and the diametral tensile strength T (MPa) were 
determined with an Instron Universal Testing Ma- 
chine type 4507 operating at a cross-head speed of 
1 mm min-  1 
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3. Results 
The results of the first and the second experiment 
which were designed to obtain MW H  cements are 
given in the Table II and Table III, respectively. Al- 
though in certain cases the setting times were promis- 
ing, the strength values of the cement cylinders were 
very small. The attempts to prepare CaMg2(PO4)2 
cements were more successful as observed from 
Table IV. For this reason the other experiments in this 
study were devoted to optimization of the second and 
the third formulation mentioned in Table IV. 

The ingredients were such that the formulations 
could be varied along the composition Ca3_ x 
Mg~ (PO4)2 for different values of x. The final setting 
times F for the second and the third formula as 
obtained in this way as a function of x are given in 
Figs 1 and 2, respectively, whereas those for the re- 
spective compressive strengths C can be seen in Figs 3 
and 4. From these figures it is obvious that the optimal 
compositionis CaMg 2 (PO4) 2 in both cases within the 
limits of error. 

At this composition the W/P ratios of the two 
formulations were varied to observe their effect 
on the strength. The results are given in Tables V 
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Other reactants W/P I F C T 

DCP, CaO 0.27 9.5 34 0.5 0.1 
DCPD, CaO 0.30 5 27 0.6 0.1 
MCPM, CaO 0.60 15 > 75 - - 
DCP, TTCP 0.30 7.5 21 1.2 0.2 
DCPD, TTCP 0.33 7.5 30 0.7 0.1 
MCPM, TTCP 0.35 4.5 42.5 
~-TCP 0.30 30 57 < 0.3 < 0.1 
CaKPO 4, SP 0.28 23 70 < 0.3 < 0.1 
SWH, CA 0.27 11 44 0.8 0.2 

W/P = water/powder ratio (g/g) 
I = initial setting time (min) 
F = final setting time (rain) 
C = compressive strength (MPa) 
T = diametral tensile strength (MPa) 

T A B L E  I I I  Attempts to prepare magnesium containing calcium 
phosphate cements of the MWH type using MgO as one of the 
reactants (Mg/P = 0.14, Ca/P = 1.28)and 10% of 13-TCP added as 
nucleator 

Other reactants W/P I F C T 

DCP, CaO 0.30 11 37.5 0.5 0.1 
DCPD, CaO 0.32 11.5 30 1.1 0.2 
MCPM, CaO 0.50 17.5 60 1.0 0.2 
DCP, TTCP 0.30 14.5 25 1.1 0.2 
DCPD, TTCP 0.33 7.5 31 0.7 0.1 
MCPM, TTCP 0.23 < 1 - - 
DCP, ~-TCP 0.30 16.5 47.5 0.9 0.1 
DCPD, a-TCP 0.33 15 47.5 < 0.3 < 0.1 
MCPM, a-TCP 0.50 < 1 2 - 
DCP, CaKPO4, SP 0.25 20 55 1.7 0.4 
DCPD, CaKPO4, SP 0.30 19 50 1.0 0.2 
MCPM, CaKPO4, SP 0.40 1 3 - 
DCP, SWH, CA 0.27 > 30 - 
DCPD, SWH, CA 0.30 17.5 52.5 0.4 0.1 
MCPM, SWH, CA 0.50 < 1 2 

W/P = water/powder ratio (g/g) 
I = initial setting time (min) 
F = final setting time (min) 
C = compressive strength (MPa) 
T = diametral tensile strength (MPa) 

T A B L E  IV Attempts to prepare CaMg 2 (PO4) 2 cements  

Reactants W/P I F C T 

MCPM,  MgO 0.5G a 4 10 6.8 1.4 
DCP, MgO, 0.40 3.5 6 5.5 1.4 
MgHPO43HzO 
DCPD, MgO, 0.40 2.5 4.5 3.7 0.8 
MgHPO4.3HzO 
CaO, MgHPO4.3H20 0.30 21 50 0.8 0.2 

a The liquid was not water, but a 50% aqueous solution of glycerol 
in order to slow down the reaction rate 

a n d  VI .  A t  f i r s t  s i g h t  t h e  W / P  r a t i o s  d i d  n o t  h a v e  a 

s i g n i f i c a n t  e f fec t  o n  t h e  s t r e n g t h  o v e r  t h e  r a n g e  

0 .35 < W / P  < 0.50,  a l t h o u g h  t h e r e  w e r e  s o m e  i n d i -  

c a t i o n s  t h a t  t h e  s t r e n g t h  o f  f o r m u l a t i o n  1 ( o b t a i n e d  

A 
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T A B L E  II Attempt~ to prepare magnesium containing calcium 
phosphate cements of the MWH type using MgHPO4-3H20 as one 
of the reactants (Mg/P = 0.14, Ca/P = 1.28) and 10% of 13-TCP 
added as nucleator 
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Figure 1 Final setting time F (min) as a function of the value x of 
Ca 3 _iMgx(PO4) 2 cements at a W/P ratio of 0.5, starting with DCP, 
MgO and MgHPO4.3H20 as the basic materials. 
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Figure 2 Final setting time F (min) as a function of the value x of 
Ca3_~Mgx(PO4) 2 cements at a W/P ratio of 0.5, starting with 
DCPD, MgO and MgHPO4-3H20 as the basic materials. 

w i t h  D C P )  w a s  p r o b a b l y  s o m e w h a t  h i g h e r  a t  W / P  

= 0.35.  

V a r i a t i o n s  o f  t h e  m i l l i n g  t i m e  w e r e  c o m b i n e d  w i t h  

v a r i a t i o n s  in  t h e  W / P  r a t i o  f o r  f o r m u l a t i o n  1 (see  

T a b l e  VI I ) .  I t  a p p e a r e d  t h a t  t h e  o p t i m u m  m i l l i n g  t i m e  

w a s  50 m i n ,  a t  w h i c h  s t r e n g t h  v a l u e s  w e r e  h i g h  a n d  

t h e i r  s t a n d a r d  d e v i a t i o n s  l ow.  I t  a l s o  w a s  p r o v e n  
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,0[ T A B L E  V Effect of the W/P ratio on the compressive strength C 
and the diametral tensile strength T of CaMg 2 (PO4)2 cements 
prepared from mixtures of DCP, MgO and MgHPO4.3H20 after 
milling for 30 min (n = 6) (standard deviation in parentheses) 

W/P C T C/T 

0.50 7.0 (1.1) 1.5 (0.3) 4.7 (1.1) 
0.45 6.6 (0.6) 1.2 (0.2) 5.5 (1.2) 
0.40 6.0 (0.8) 1.3 (0.3) 4.6 (1.3) 
0.35 9.2 (3.5) 1.9 (0.4) 4.8 (1.7) 

13_ 
~ 5  
t~ 

TAB L E VI Effect of the W/P ratio on the compressive strength 
C and the diametral tensile strength T of CaMg 2 (PO4) 2 cements 
prepared from mixtures of DCPD, MgO and MgHPO4-3H20 after 
milling for 30 rain (n = 6) (standard deviation in parentheses) 

W/P C T C/T 

0.50 2.7 (0.3) 0.6 (0.1) 4.5 (1.2) 
0.45 2.9 (0.4) 0.5 (0.2) 5.8 (1.4) 
0.40 4_3 (1.2) 0.9 (0.2) 5.6 (1.8) 
0.35 2.7 (0.4) 0.9 (0.3) 3.0 (1.4) 0 L q 

1.5 2.0 2.5 3.0 
X 

Figure 3 Compressive strength C as a function of x of Caa_ ~ 
Mg~(PO4)2 cements at a W/P ratio of 0.5, after soaking for 1 day in 
Ringer's solution at 37 °C. Basic materials were DCP, MgO and 
MgHPOg-3H20. 

T A B L E  VII  Effect of the milling time of mixtures ofDCP, MgO 
and MgHPO4-3H20 on the setting times and the strengths of the 
resulting CaMg2 (PO 4) cements at W/P = 0.35 or 0.40 (n = 6) 
(standard deviation in parentheses) 
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Figure4 Compressive strength C as a function of x of Ca a x 
Mg~(PO4) 2 cements at a W/P ratio of 0.5, after soaking for 1 day in 
Ringer's solution at 37 °C. Basic materials were DCP, MgO and 
MgHPO4-3H20. 

de f in i t e ly  t h a t  t h e  s t r e n g t h  w as  h i g h e r  a t  W / P  = 0.35. 

M i l l i n g  t i m e s  we re  a l so  v a r i e d  for  f o r m u l a t i o n  2 (ob-  
t a i n e d  w i t h  D C P D )  (see T a b l e  VII I ) .  S t r e n g t h  v a l u e s  

m a y  r ise  w i t h  v e r y  l o n g  m i l l i n g  t imes ,  b u t  t h e y  r e m a i n  

far  b e l o w  the  levels  o b t a i n e d  for  f o r m u l a t i o n  1. 

W/P Milling 1 F C T 
time (min) 

0.40 30 - - 6.0 (0.8) 1.3 (0.3) 
50 - - 6.2 (0.6) 1.5 (0.2) 
70 - 6.1 (1.5) 1.2 (0.3) 

0.35 00 16 28 8.3 (1.2) 1.3 (0.2) 
10 4 7 10.9 (2.4) 1.9 (0.3) 
30 1.5 3.5 9.2 (3,5) 1.9 (0.4) 
50 1 2.5 10.9 (0.4) 2.3 (0.3) 
70 1 2.5 9.0 (1.9) 2.2 (0.2) 
90 2 3 11.0 (1.9) 1.4 (0.4) 

T A B L E  VII I  Effect of the milling time of mixtures of DCPD, 
MgO and MgHPO4-3H20 on the setting times and the strengths of 
the resulting CaMg2 (PO4)2 cements at W/P = 0.40 (n = 6) (stand- 
ard deviation in parentheses) 

Milling I F C T 
time (rain) 

00 42 > 60 0.7 (0.3) 0.2 (0.1) 
10 11 23 2.0 (0.3) 0.4 (0.1) 
30 4 14 4.3 (1.2) 0.9 (0.2) 
50 1.5 3.5 4.4 (0.8) 0.6 (0.2) 
70 2 4.5 4.3 (0.1) 1.0 (0.2) 
90 2.5 5 6.7 (1.7) 1.2 (0.3) 

T h e  p H  of  t he  t w o  c e m e n t  f o r m u l a t i o n s  was  a r o u n d  

10 r i g h t  a f t e r  t he  s t a r t  o f  m i x i n g  w i t h  wa te r .  I t  re-  

m a i n e d  a t  th i s  level  d u r i n g  t h e  3 d a y s  of  o b s e r v a t i o n .  

T h e  X - r a y  d i f f r a c t i o n  p a t t e r n  for  t h e  t w o  f o r m u l a -  

t i o n s  was  d i f f e ren t  f r o m  a n y  p a t t e r n  p u b l i s h e d  for  t h e  

c o m p o u n d  C a 4 M g 5 ( P O 4 )  6. F o r  th i s  r e a s o n  t h e  p a t -  

t e r n  o f  th i s  c e m e n t  is g i v e n  in  T a b l e  I X  (for f o r m u l a -  

1 0 6  



TABLE IX X-Ray diffraction pattern of the cements with com- 
position CaMg 2 (P04)2 (formulation 1) 

d 1/11o 0 d 1/11o o d 1/11o 0 

7.96 15 3.46" 20 2.49" 5 
6.81 5 3.37" 100 2.24" 3 

5.95 20 3.08 10 2.19" 5 

5.34 20 3.04 10 2.11" 10 

4.95 2 2.96" 80 1.91 = 3 

4.72 10 2.76 a 10 1.85 a 5 
4.50 2 2.72" 40 1.80 a 3 

4.10 5 2.58 10 1.72" 15 

~DCP peaks 

tion 1). From this table it is clear that the original 
D C P  had not reacted. 

4. Discussion 
It is evident from the data of Figs 1 to 4 that the 
optimum composition of the cements in this study is 
C a M g 2  ( P O 4 )  2. However, a compound like that is not 
formed according to the X-ray pattern. This pattern 
rather indicates that a conglomerate of magnesium 
phosphate crystals is formed on the original DCP 
crystals as nucleators. The solubility of this conglom- 
erate is unknown. Therefore, it would be mere specula- 
tion to hypothesize something about its behaviour in 

vivo upon implantation. The only thing which is prob- 
able is that its basic character during and long after 
setting promotes the precipitation of bone mineral 
from the body fluids [21, 22]. This is expected to 
happen whether or not the site of implantation is 
bone. For this reason a follow-up study is planned to 
investigate the effect of subcutaneous implantation of 
these cements in rats on ongrowth or ingrowth of 
bone-like mineral and whether this will change the 
mechanical properties of the cement. It will also be 
studied whether in the long run the cement is resorbed 
or transformed into another more bone-like mineral. 
The latter happened with rhenanite upon implanta- 
tion [4]. 

A big advantage of the cements developed in this 
study is that they can be injected into the field of 
operation. Further their setting time is attractive for 
application as a filler in periodontal pockets or in 
alveolar holes (for the reduction of the shrinkage of 
alveolar ridges after extraction of the teeth). In order 
to establish these surgical techniques animal experi- 
ments have to be done first. 
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