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Abstract Custom made tricalcium phosphate/calcium

pyrophosphate bone substitutes with a well-defined archi-

tecture were fabricated in this study using 3D powder

printing with tricalcium phosphate (TCP) powder and a

liquid phase of phosphoric acid. The primary formed matrix

of dicalcium phosphate dihydrate (DCPD, brushite) was

converted in a second step to calcium pyrophosphate (CPP)

by heat treatment in the temperature range 1,100–1,300�C.

The structures exhibited compressive strengths between

0.8 MPa and 4 MPa after sintering at 1,100–1,250�C,

higher strengths were obtained by increasing the amount of

pyrophosphate formed in the matrix due to a post-hardening

regime prior sintering as well as by the formation of a glass

phase from TCP and calcium pyrophosphate above

1,280�C, which resulted in a strong densification of the

samples and compressive strength of[40 MPa.

1 Introduction

Calcium phosphate (CaP) ceramics have been widely used as

bone grafts in orthopaedics and dentistry [1–3]. Most of these

materials are based upon calcium salts of orthophosphoric

acid (H3PO4), e.g., tricalcium phosphate (Ca3(PO4)2; TCP)

[4], hydroxyapatite (Ca5(PO4)3OH) [5] or brushite (CaH-

PO4�2H2O) [6]. Variations in CaP composition can lead to

different dissolution/precipitation behaviour and may

therefore also affect the bone response. Besides orthophos-

phates, condensed phosphates like pyrophosphate (P2O7
4-)

or even polyphosphates (PnO3n + 1
(n + 2)-) are attractive for

bone replacement since these ions are present in serum [7]

(1.8 lM P2O7
4-) and are thought to participate in the bone

mineralisation process [8]. Polyphosphates are present in the

body as compounds such as adenosine triphosphate (ATP),

which are essential to metabolism [9].

Calcium pyrophosphate ceramics are traditionally pro-

cessed by sintering secondary phosphates like brushite or

monetite (CaHPO4; DCPA) following a slip casting or

isostatic-pressing regime to produce the desired shape. This

processing limitation means that it is only possible to

produce regular geometries, e.g., cylinders or cuboids, and

it is difficult to produce custom made implants which

would exactly fill a bone defect. In this work we describe

the manufacture of custom-made calcium pyrophosphate

implant structures and scaffolds via a free form rapid

prototyping process. Fabrication of irregular samples was

performed with a commercial 3D-powder printing system

using a calcium phosphate cement setting reaction, which

produces a matrix of brushite from TCP powder and

diluted acidic orthophosphate solution as the liquid print-

ing phase. In a second step, these matrices were converted

to a-calcium pyrophosphate during sintering at tempera-

tures of 1,000–1,300�C maintaining the shape of the

implants. The mechanical performance and porosity con-

tained within the ceramic samples were characterised

and their phase composition was determined using X-ray

diffraction (XRD) analysis.
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2 Materials and methods

TCP was synthesized by heating a mixture of monetite

(Merck, Darmstadt, Germany) and calcium carbonate

(Merck, Darmstadt, Germany) (Ca:P = 1.5) to 1,400�C for

7 h followed by quenching to room temperature. The sin-

tered cake was crushed with a pestle and mortar and passed

through a 160 lm sieve and then ground in a ball mill

(PM400, Retsch, Haan, Germany) for 10 min to a mean

particle size of 30 lm.

Printing of cement samples was performed with a 3D-

powder printing system (Z-Corporation, Burlington, MA,

USA) using the TCP powder and diluted phosphoric acid

(Merck, Darmstadt, Germany) with different concentra-

tions in the range 5–30%. Approximately 9 kg (3 batches)

of TCP powder were filled into the printer and manually

compressed using hand pressure and a metal plate (with

bore holes) provided by the manufacturer. The powder bed

for the printed samples was prepared in the same way using

1 kg TCP powder. Printing was performed with the fol-

lowing parameters: 100 lm layer thickness, binder/volume

ratio of 0.28 (shell) and 0.14 (core) with a saturation level

of 89%. An additional post-hardening regime was per-

formed by immersing samples in 20% phosphoric acid for

30 s following drying in air for 1 h. This procedure was

repeated twice.

Samples were thermally treated after printing at

temperatures between 1,100�C and 1,300�C for 5 h.

Cylindrical samples (diameter 10 mm 9 height 20 mm)

for compressive strength testing were tested in axial

compression at a crosshead speed of 1 mm/min using a

static mechanical testing machine (440, Zwick, Ulm,

Germany) and a 5 kN load cell. Diametral tensile strengths

(DTS) were determined using cylinders of 10 mm diam-

eter and 5 mm height with a cross-head speed of 10 mm/

min. The DTS was calculated from DTS (MPa) = 2Fmax/

(p * d * h), where d = diameter (10 mm), h = height of

the sample (5 mm) and Fmax is the failure load. The

apparent density of the samples was calculated by using

measured dimensions and weights. X-ray diffraction

patterns of set cements were recorded on an X-Ray dif-

fractometer (D5005, Siemens, Karlsruhe, Germany). Data

were collected from 2h = 20–40� with a step size of

0.02� and a normalized count time of 1 s/step. The pres-

ence of a-TCP, b-TCP and a-calcium pyrophosphate in the

bone substitutes was confirmed by comparing the com-

plete patterns with published data [10–12]. The relative

porosity contained within the cement matrices was deter-

mined using the Archimedes method. The fracture

surfaces of the failed cement samples were examined

using a scanning electron microscope (5300 LV, JEOL,

Tokyo, Japan).

3 Results

The printing process enabled the production of complex

components with an x-y-z resolution of ± 200 lm as

shown in Fig. 1. Following printing, the ceramic matrices

consisted of a combination of b-TCP and brushite (Fig. 2).

As the matrices were heated to 1,250�C a-calcium pyro-

phosphate (a-CPP) was detected, with a concurrent

reduction in the intensity of peaks indicative of brushite.

Further heating of the ceramic to 1,300�C resulted in the

disappearance of peaks symptomatic of a-CPP, suggesting

the formation of a glass between TCP and a-CPP. At the

same time, the compressive strength exhibited by the

materials decreased with temperature treatment from

6 MPa to 0.8–4 MPa (Fig. 3), which was associated with a

small decrease in the density of the material (Fig. 4) and a

shrinkage of the samples of approximately 2–4% (Table 1).

At higher temperatures of 1,300�C, both a strong increase

of the strength to 25–45 MPa and of the apparent density to

2.3–2.7 g/cm3 was observed for samples printed with 5%

or 10% H3PO4 (Fig. 4). The increase in the apparent den-

sity was associated with a marked reduction in relative

porosity from 39 ± 4% to 16 ± 1%.

To increase the amount of calcium pyrophosphate in the

sintered samples, the degree of conversion to brushite

(which forms CPP during heat treatment) was increased

after printing by a post-hardening regime immersing the

samples in 20% phosphoric acid for up to 3 9 30 s. The

post-hardening regime increased the compressive strength

exhibited by the non-heat treated samples by almost tenfold

to a maximum of 24.9 ± 4.3 MPa following treatment in

phosphoric acid for 3 9 30 s. This increase in compressive

strength was associated with a marked reduction in relative

porosity from 39 ± 4% to 27 ± 3% (Table 2B). Although

sintering resulted in a reduction in compressive strength

and generally resulted in an increase in porosity, post-

hardening the sintered samples in phosphoric acid resulted

Fig. 1 Macroporous calcium pyrophosphate/tricalcium phosphate

monoliths formed by 3D powder printing and sintering at 1,200�C

(scale in cm)
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in an increase in compressive strength from 2.6 ± 0.2 MPa

to 5.9 ± 0.5 MPa. Prior to heat treatment, the cement

matrix consisted of irregular shaped particles of 30–60 lm

in diameter encrusted in submicron irregular particles

(Fig. 5a). Following sintering at 1,200�C for 5 h, the

ceramic microstructure consisted of fewer discernible

particles, which had become adjoined at their interfaces

(Fig. 5b).

4 Discussion

Variations in CaP composition can lead to different

dissolution/precipitation behaviour and may therefore also

affect the bone response. Pyrophosphate based biomaterials

are attractive for bone replacement since P2O7
4- ions

are thought to participate in the bone mineralisation pro-

cess [7, 8]. One of the first reports of sintered dicalcium

pyrophosphate as a biomaterial was that of Kitsugi et al.

[13] who showed that after 10 weeks of implantation the

sintered dicalcium pyrophosphate had formed a bond with

bone. Other studies have shown that sintered dicalcium

pyrophosphate is more rapidly resorbed in vivo than sin-

tered hydroxyapatite. When implanted in rabbit femoral

condyles it was shown that sintered b-dicalcium pyro-

phosphate containing pores of 100 lm and 400 lm (pore

fraction 48.3%) facilitated complete bone ingrowth after a

period of 4 weeks and after 8 weeks was resorbed by a

process of dissolution and phagocytosis leaving a newly

formed bone structure [14].

Traditional preparation of calcium pyrophosphate

ceramics involve the heat treatment of slip-casted or iso-

statically pressed calcium phosphate materials with a Ca/P

ratio in the range 1.0 \ Ca/P \ 1.5. Processing of calcium

pyrophosphate/tricalcium phosphate green bodies with

defined macroporous architecture was done in this study

using 3D powder printing as a rapid prototyping technol-

ogy. Various authors have described rapid prototyping

techniques to fabricate hydroxyapatite or tricalcium

phosphate scaffolds for bone repair or tissue engineering

[13–18], mostly by using polymeric binder systems which

were then removed by sintering. The preparation of TCP/

CPP samples is this study was done by using an inorganic
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binder in a two step process. Firstly, tricalcium phosphate

powder reacted with phosphoric acid which formed a

matrix of dicalcium phosphate dihydrate (brushite) in

accordance with Eq. 1:

Ca3(PO4)2 þ H3PO4 þ 6H2O! 3CaHPO4 � 2H2O ð1Þ

A second step was the heat treatment of the printed

structures which led to a thermal decomposition of the

brushite phase and forms a-calcium pyrophosphate in

accordance Eq. 2:

2CaHPO4 � 2H2O! a-Ca2P2O7 þ 5H2O ð2Þ

The mechanical performance of sintered CPP ceramics

was comparatively low for sintering temperatures up to

1,250�C, compressive strengths found in this study were

approx. 2–3 MPa depending on the phosphoric acid con-

centration used for printing, which corresponds to the

amount of a-CPP formed during sintering. The reduction in

compressive strength with heat treatment could be

explained by the formation of porosity within the ceramic

structure (Table 2B) during heating. The density of a-CPP

is considerably higher than brushite (2.95 g/cm3 [12]

compared with 2.32 g/cm3) and consequently during con-

version the ceramic matrix would have undergone a

significant shrinkage.

Strength improvements were obtained by two different

ways. Firstly, a post-hardening regime prior to sintering by

immersing the samples in diluted phosphoric acid gave a

Table 1 Medium dimensional

changes and standard deviations

(n = 7) of samples during heat

treatment; samples were printed

with either 5% or 10%

phosphoric acid as binder

Temperature H3PO4

conc. (%)

Dimensions (mm) and shrinkage (%)

H rmin rmax

No heat treatment 5 20.44 ± 0.08 4.94 ± 0.04 5.05 ± 0.05

1,200�C/5 h 20.25 ± 0.09

(0.93)

4.8 ± 0.04

(2.8)

4.91 ± 0.03

(2.8)

1,250�C/5 h 20.26 ± 0.05

(0.9)

4.76 ± 0.06

(3.6)

5.04 ± 0.05

(0.2)

1,300�C/5 h 17.23 ± 0.29

(15.7)

3.91 ± 0.06

(20.9)

4.32 ± 0.04

(14.6)

No heat treatment 10 20.76 ± 0.06 4.96 ± 0.02 5.18 ± 0.02

1,200�C/5 h 20.19 ± 0.09

(2.7)

4.84 ± 0.11

(2.4)

5.07 ± 0.14

(2.1)

1,250�C/5 h 20.35 ± 0.12

(1.9)

4.87 ± 0.05

(1.8)

5.2 ± 0.14

(–)

1,300�C/5 h 16.32 ± 0.27

(21.4)

3.82 ± 0.03

(22.9)

4.16 ± 0.16

(19.7)

Table 2 (A) Compressive strength (CS) and diametral tensile strength (DTS) of structures printed with 10% H3PO4 following post-hardening in

20% acid for up to 3 9 30 s and additional sintering at 1,200�C for 5 h and (B) the porosity contained within the ceramic matrices (n = 7)

(A) Post-hardening Before sintering After sintering

CS (MPa) DTS (MPa) CS (MPa) DTS (MPa)

– 2.81 ± 0.27 0.60 ± 0.08 2.56 ± 0.15 0.37 ± 0.03

1 9 30 s 22.4 ± 5.8 4.16 ± 0.47 6.91 ± 1.22 1.03 ± 0.21

2 9 30 s 24.9 ± 3.5 4.44 ± 0.62 6.88 ± 1.00 0.98 ± 0.13

3 9 30 s 24.9 ± 4.3 4.38 ± 0.76 5.91 ± 0.47 0.92 ± 0.15

(B) Post-hardening Before sintering After sintering

Porosity (%) Porosity (%)

– 39 ± 4 42 ± 5

1 9 30 s 37 ± 4 38 ± 3

2 9 30 s 32 ± 2 42 ± 5

3 9 30 s 27 ± 3 30 ± 2
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100% increase in mechanical performance with maximum

compressive strength of 5–6 MPa, which is a result of a

higher amount of calcium pyrophosphate formed during

sintering. Secondly, higher sintering temperatures of

1,300�C resulted in a strong densification of the samples

with an increase of the compressive strength to more than

40 MPa. This behaviour can be explained by the formation

of a glass phase in the pore structure of the material from

a-CPP and tricalcium phosphate according to the phase

diagram [19], however this procedure only worked well for

cements with comparatively low pyrophosphate contents

e.g., samples printed with 5% or 10% phosphoric acid. The

production of ceramics containing a higher proportion of

a-CPP resulted in a loss of the sample morphology due to

melting.

5 Conclusion

Here we have demonstrated that it is possible to fabricate

calcium pyrophosphate ceramics of defined architecture

heat-treating 3D printed brushite cements. Although heat

treatment of the cements to 1,200�C resulted in considerable

weakening of the matrix, further heating to 1,300�C caused a

significant densifiction of the ceramic by the formation of a

glassy calcium phosphate–pyrophosphate phase and the

production of a material that exhibited a compressive

strength of 40 MPa. 3D printing and heat treatment could

therefore result in the manufacture of bespoke a-CPP

implants for bone replacement applications.
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