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Abstract The conversion of newly developed three

dimensionally printed calcium sulfate hemihydrate

(70–90% wt/wt CaSO4�0.5�H2O) based materials to calcium

phosphate bioceramics by phosphorization in di-sodium

hydrogen phosphate solution at 80�C for 4, 8, 16 and 24 h

was studied. It was found that transformation rate, phase

composition and mechanical properties were influenced by

porosity in the fabricated samples and by the duration of

the phosphorization treatment. Formulation with 85%

CaSO4�0.5 H2O showed the fastest transformation rate and

resulted in the highest flexural modulus and strength.

Depending on the materials formulation, XRD, FT-IR and

EDS revealed that calcium deficient hydroxyapatite

(CDHA) or a mixture of CDHA and dicalcium phosphate

anhydrous (DCPA) were the resulting phases in the trans-

formed samples. After cell culturing for 14 and 21 days,

human osteoblast cells were observed to attach to and

attain normal morphology on the surface of the trans-

formed sample containing 85% CaSO4�0.5 H2O. Various

sizes and shapes of mineralized nodules were also found

after 21 days.

1 Introduction

Recently, three-dimensional printing (3DP) has been

investigated as a new tool to construct three dimensional

calcium phosphate scaffolds since it can provide sufficient

control over both architecture and macro- and micropo-

rosity. This process normally involves a high temperature

sintering step to burn out the binders and to strengthen the

structure [1–9]. Although this high temperature sintered

calcium phosphate has been used as tissue-engineered bone

repair scaffold due to its good osteoconductivity, the

resorption rate is very low due to its high crystallinity

[10, 11]. In addition, high shrinkage was also encountered

which required the addition of a size compensation factor

during the designing step in order to achieve correct

dimensions of the final structure. Alternatively, low tem-

perature routes have been studied to produce 3DP calcium

phosphate scaffolds of low crystalline hydroxyapatite,

dicalcium phosphate dihydrate (DCPD also known as

brushite), dicalcium phosphate anhydrous (DCPA or mo-

netite), tricalcium phosphate, calcium pyrophosphate and

tetracalcium phosphate that degrade more quickly [12–16].

These low temperature calcium phosphates are expected to

show both osteoconductivity and osteclastic resorbability

in vivo. In the case of low crystalline hydroxyapatite, low

temperature phase transformation from gypsum by phos-

phate solution was one of techniques that have been studied

since it is a relatively simple process [17–19]. This tech-

nique was also employed to transform 3DP material fab-

ricated using commercially available raw material to

hydroxyapatite [20]. However, the colour of the converted

structure changed from white to dark brown and it was

fragile; as a result it was not suitable for medical appli-

cation, hence further improvement is still needed.

In this study, phosphorization of newly formulated 3DP

samples based on calcium sulfate hemihydrates was carried

out to produce poorly crystalline hydroxyapatite samples

with the aim of preventing the above mentioned draw-

backs. Physical and mechanical properties of as-fabricated

3DP material, solution treated 3DP material and traditional
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molded calcium sulfate hemihydrate were compared to

study the influences of processing parameters including

materials composition and soaking periods. Cell culture of

selected representative specimens was also carried out to

ensure the biocompatibility of the developed material.

2 Materials and methods

2.1 Materials

Raw materials used in this study were calcium sulfate

hemihydrate (Lafarge Prestia Co., Ltd, Thailand) and pre-

gelatinized starch (Thaiwah Co., Ltd, Thailand). These

materials were supplied in the form of powders and used

without further sieving.

2.2 Specimen preparation

The raw material mixture was prepared by mixing calcium

sulfate hemihydrate powders with pre-gelatinized starch

powders using a mechanical blender, with proportions as

described in Table 1. Each mixture was loaded into a three

dimensional printing machine (Z400, Z Corporation) to

print green specimens (80 mm 9 10 mm 9 4 mm) using

layer thickness of 0.1 mm. Water-based binder was used as

a jetting media in all formulations. After building, all the

specimens were left in the machine for 2 h before removal

and then left for drying in the laboratory for 24 h. The

specimens were then air blown to remove any unbound

powders. The cast plaster test material was prepared by

mixing calcium sulfate hemihydrate with distilled water

and pouring into the mould for setting reaction overnight.

In the case of treatment in di-sodium hydrogen phosphate

solution, 1 M of solution was prepared and all specimens

were immersed in the solution and kept at 80�C for 4, 8, 16

and 24 h in the oven. After reaching the specified soaking

periods, samples were taken out, rinsed by distilled water

and oven dried.

2.3 Material characterizations

XRD characterization was carried out using a JEOL JDX

3530 X-ray diffractometer with Co K-alpha radiation in the

range of 10–80� 2h, a counting time of 0.5 second and a

step angle of 0.02�. JCPDS files were used to identify the

peaks of main components in sample. Functional groups in

each sample were analyzed by Fourier transform infrared

spectroscopy (Perkin Elmer Spectrum One) equipped with

TGS detector. IR spectra were obtained over the region

400–4000 cm-1 using the KBr pellet technique with a

resolution of 4 cm-1. Flexural tests were performed on a

universal testing machine (Instron 55R4502) equipped with

a 10 kN load cell. All the tests were carried out at 23�C and

50% RH using three point bending method and a constant

crosshead speed of 1.9 mm min-1. Microstructures of the

specimens were examined using a scanning electron

microscope (JEOL JSM-5410) at an accelerating voltage of

20 kV. All samples were gold sputtered prior to the

observation. Energy dispersive spectroscopy (EDS, Oxford

Instruments) was employed to determine calcium and

phosphorus elements in the sample.

2.4 In vitro cell culture

Each sample was autoclaved at 121�C for 15 min prior to

cell culture studies. Human osteoblast cells (h-OBs) at a

density of 5 9 104 cells/ml were cultured on the sample in

alpha-MEM supplemented with 10% fetal bovine serum

and antibiotics in 95% air and 5% CO2. The incubation

periods used were 14 and 21 days. After reaching these

periods, cultured samples were dried using ethanol and

hexamethyldisilazane, gold sputtered and then observed by

a scanning electron microscope (JEOL JSM-5410) at an

accelerating voltage of 3 kV. Energy dispersive spectros-

copy (EDS, Oxford Instruments) was also employed to

determine the elements on the cell surfaces.

3 Results

3.1 Phase composition and functional group

Figure 1 shows the nature of as-fabricated 3DP samples after

immersing in di-sodium hydrogen phosphate solution. As for

cast plaster, the 3DP85 and 3DP90 samples were insoluble

and could retain their integrities. In contrast, 3DP70 disin-

tegrated immediately in a similar manner to the sample

fabricated from commercial ZP100 powder. This ZP100

powder, available from 3DP machine manufacturers, consist

of plaster material with numerous additives that maximize

surface finish, feature resolution, and part strength, but it is

not suitable for moist or liquid environment [20, 21].

Therefore, 3DP70 was discarded from further investigation.

Figure 2 shows XRD patterns of unsoaked and soaked

3DP85 samples at different periods. It shows that calcium

sulfate hemihydrate in 3DP sample almost completely

Table 1 Materials formulation

Formulations Calcium sulfate

hemihydrate (%)

Pregelatinized

starch (%)

Process

Plaster 100 0 Casting

3DP70 70 30 3DP

3DP85 85 15 3DP

3DP90 90 10 3DP

420 J Mater Sci: Mater Med (2010) 21:419–429

123



transforms to calcium sulfate dihydrate during the three

dimensionally printing process. At 4 h soaking, it can be seen

that hydroxyapatite phase starts to appear and coexists with

calcium sulfate dihydrate. It can also be noted that some

calcium sulfate dihydrate changes back to calcium sulfate

hemihydrate. At 8 h soaking, calcium sulfate dihydrate

peaks can still be seen, but their intensity is lower than for

4 h. In contrast, the intensity of hydroxyapatite peaks

increases. At 16 h, limited calcium sulfate peaks are

observed, but these completely disappear at 24 h and all

major peaks can be attributed to hydroxyapatite. In the case

of 3DP90 (Fig. 3) the general transformation process is

similar to 3DP85 except that nearly complete conversion to

calcium phosphate needs 24 h and monetite also occurs in

addition to hydroxyapatite. Figure 4 shows XRD patterns of

cast plaster as a control sample. After soaking, cast plaster

changes to calcium sulfate hemihydrate, hydroxyapatite and

monetite. However, rate of transformation is much lower in

comparison to the 3DP samples. Even at 24 h, incomplete

transformation is observed in the cast plaster material. Fig-

ures 5 and 6 show infrared spectrum of unsoaked and soaked

3DP samples. Both unsoaked 3DP85 and 3DP90 show

characteristic bands of calcium sulfate dihydrate including

602 and 669 cm-1 (t4 (SO4)2- bending vibration), 1119 and

1142 cm-1 (t3 (SO4)2- stretching vibration), 3544 and

3404 cm-1 (t3 and t1 H2O stretching vibration), 1621 and

1685 cm-1 (t2 H2O bending vibration). After soaking, both

3DP samples show the spectra bands similar to hydroxyap-

atite including 1028 and 1102 cm-1 (t3 PO4
3- bending

vibration), 1658 and 3403 cm-1 (adsorbed water), 561 and

Fig. 1 Typical behavior of samples after soaking in solution

Fig. 2 XRD patterns of unsoaked and soaked 3DP85 samples at

different periods

Fig. 3 XRD patterns of unsoaked and soaked 3DP90 samples at

different periods

Fig. 4 XRD patterns of unsoaked and soaked plaster samples at

different periods
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602 cm-1 (t4 PO4
3- bending vibration), 860 cm-1

(HPO4
2-). This HPO4

2- may belong to monetite as detected

by XRD in 3DP90 and cast plaster samples. However, this

assigned band is also found for 3DP85 which contains only

hydroxyapatite. Ca/P ratios, which were determined from

EDS, were non-stoichiometric and in the range of 1.47–1.64

for 3DP85 and 1.14–1.82 for 3DP90. In addition, Na was also

detected in all specimens. Therefore, the precipitated

hydroxyapatite could be regarded as calcium deficient

hydroxyapatite (CDHA) with substitution of Na? from the

soaking solution. It should also be noted that the intensities of

bands at 1119 and 602 cm-1 which are overlapped peaks of

both SO4
2- and PO4

3- continuously decrease with

increasing soaking time. This indicates the gradual change

from calcium sulfate dihydrate to calcium phosphate.

3.2 Microstructure

Figure 7 shows the microstructures of un-soaked and

soaked 3DP85 samples at various periods. Initially, the

unsoaked sample is porous, comprising clusters of rod-like

crystals forming the plate-like structure of calcium sulfate.

After soaking in phosphate solution for 4 h, small needle-

like crystals of hydroxyapatite are formed in addition to the

plate-like crystals. Further increases in soaking time

increases the amount of needle-like crystals. At 16 and

24 h, only the needle-like structure is seen in the samples

and the increase in densification of structure is obviously

seen. At similar soaking times between 4 and 16 h, the

microstructure of the 3DP90 sample is denser than that of

3DP85, but it becomes more porous than that of 3DP85 at

24 h as shown in Fig. 8. Prior to soaking, plate-like and

irregular shape structures are observed for 3DP90. Needle-

like crystals are found to form after soaking in phosphate

solution similarly to 3DP85 and the amount also increases

with increasing soaking time. However, the proportion of

needle-like crystals is lower than 3DP85 at similar soaking

periods. It is only after 24 h soaking time that the needles

are clearly seen throughout the sample. The microstructure

of cast plaster is different from both 3DP samples as a

result of different processing routes. It comprises a random

entanglement of rod-like crystals throughout the sample

(Fig. 9). After soaking, needle-like crystals are also

formed, but the amount is much lower than in the 3DP

samples and the needle size is also much smaller. The

overall structure shows a higher density than 3DP.

3.3 Flexural properties

Figures 10 and 11 show the measured flexural modulus and

strength of unsoaked and soaked samples after different

soaking periods. Prior to soaking, cast plaster has the greatest

modulus and strength followed by 3DP85 and 3DP90

respectively. After soaking, the modulus of cast plaster

decreases significantly with increasing soaking time from

about 6 to 3 GPa. In contrast, the modulus for both the 3DP

samples increases slightly after soaking and values for

3DP85 are greater than for 3DP90 at all soaking times,

ranging from about 1.5 to 1.8 GPa. In the case of strength, a

decrease in the flexural strength was observed for the cast

plaster and the 3DP90 samples after 4 h whilst an increase

was observed with the 3DP85 samples. Beyond 4 h, the

strength of the cast plaster remained constant until 16 h and

then decreased again at 24 h to a similar value to that for

3DP90. The strength of 3DP85 slightly decreased further at

8 h and remained relatively unchanged up to 24 h. In

Fig. 5 IR spectrum of unsoaked and soaked 3DP85 samples at

different periods

Fig. 6 IR spectrum of unsoaked and soaked 3DP90 samples at

different periods
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Fig. 7 Microstructure of

unsoaked and soaked 3DP85

samples at different periods
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Fig. 8 Microstructure of

unsoaked and soaked 3DP90

samples at different periods
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Fig. 9 Microstructure of

unsoaked and soaked plaster

samples at different periods
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contrast, the strength of 3DP90 slightly increased with fur-

ther increases in soaking time.

3.4 Cell culture

Figure 12 shows the scanning electron microscope images

of human osteoblast cells cultured for 14 and 21 days on

the surface of the 3DP85 sample. It can be seen that cells

spread, adhere and attain a normal morphology on surfaces

of this sample. Many cell filipodia extending from cell

bodies are also observed. At day 21, three-dimensional

mineralized nodule formation is also observed. EDS anal-

ysis on the cell confirms the presence of calcium.

4 Discussion

A combination of the 3DP manufacturing process with

phase transformation provides the potential to easily direct

fabricate customized calcium phosphate scaffold or bone

replacement parts having desirable external and internal

geometries without employing a high temperature sintering

operation. Previously, Lowmunkong et al. showed that this

concept was possible, but the resulting structure was fragile

and not suitable for practical use since heat treatment at

300�C was needed to make the 3DP specimens insoluble in

solution. This present study shows the development of

calcium sulfate hemihydrate based formulations as raw

materials for the 3DP process which after printing can be

directly soaked in phosphate solution without the need for

heat treatment. Pregelatinized starch was selected as the

adhesive binder in this processing step and to help in sta-

bilizing the structure during soaking in solution since it is

inexpensive and provides sufficient bonding strength.

However, it should be used in amounts no greater than

30%. Otherwise, the amount of calcium sulfate hemihy-

drate is too low to hold the structure together while soaking

in phosphate solution. Different formulations and process

were observed to affect the phase transformation and

properties of the produced parts. Both 3DP samples

transformed to calcium phosphate much faster than the cast

plaster. After 24 h soaking period, considerable incomplete

conversion was seen for cast plaster while the 3DP85 and

3DP90 completed or nearly completed conversion to cal-

cium phosphate. The difference in transformation rate is

believed to be mainly due to the difference in porosity of

the samples. In the phase transformation process, calcium

sulfate dihydrate would slightly dissolve when contacting

phosphate solution and release calcium and sulfate ions

which could combine with phosphate ions in the solution to

form calcium phosphate crystals as shown in Eqs 1 and 2.

CaSO4 � 0:5 H2O �!3DP
CaSO4 � 2H20 �����!Na2HPO4

Ca2þ

þ SO2�
4 þ 2H2Oþ HPO2�

4 þ 2Naþ
ð1Þ

10Ca2þ þ 4SO2�
4 þ 2H2Oþ 6HPO2�

4

! Ca10�x HPO4ð Þx PO4ð Þ6�x OHð Þ2�xþ4H2SO4 ð2Þ

Therefore, this transformation would start from the outer-

most surface and gradually advance into the inner part of

the sample with time. An increase in porosity increases the

diffusion rate and amount of phosphate solution which can

penetrate and exchange ions with the sample. From

microstructural observation of unsoaked material in Figs. 7

and 9, it can be seen that cast plaster has the densest

structure following by 3DP90 and 3DP85. The porous

structure of both 3DP samples is the result of using organic

binder to fast set the layered sample during the 3DP

Fig. 10 Changes in flexural modulus of plaster and 3DP samples

after soaking in phosphate solution at different periods

Fig. 11 Changes in flexural strength of plaster and 3DP samples after

soaking in phosphate solution at different periods
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process. This binder can be an obstacle for crystal forma-

tion and leaches out during soaking. The increase in binder

content increased the porosity and this correlated well with

the level of transformation rate as discussed.

The 3DP85 sample transformed to calcium deficient

hydroxyapatite (CDHA) while a mixture of CDHA and

monetite was formed for 3DP90 and cast plaster. As the

reaction proceeds, sulfate ion is released continuously

causing the pH of the solution to decrease from its initial

value of 10 to about 7 after 24 h. Since the precipitation of

calcium phosphate in this reaction is based on the differ-

ence in thermodynamic stability amongst different types of

calcium phosphate and it was reported that the CDHA

phase was stable at pH 6.5–9.5 while monetite phase was

stable at pH 2.0–6.0 and at temperatures greater than

50–80�C [11], a decrease in pH of the solution with

soaking time would cause hydroxyapatite to become

unstable in comparison to monetite. Since 3DP85 has the

lowest amount of calcium sulfate and greatest porosity, this

may produce a favorable basic environment sufficient for

hydroxyapatite precipitation whereas the higher amount of

calcium sulfate and the lower porosity in 3DP90 and in cast

plaster may cause a localized decrease in pH especially at

the inner area where lower amount of solution can reach.

Co-precipitation of monetite thus occurs. In addition, XRD

analysis of material collected from the surface and inner

core of both samples also confirms that monetite was found

only at the inner core area, but not at the surface.

Mechanical properties of the samples were found to vary

with material formulation and soaking periods. It was

reported previously that the mechanical properties of

gypsum or mixed gypsum would decrease after transfor-

mation by soaking in phosphate solution [17, 18]. In this

study, cast plaster does show a large and continuous drop in

modulus with increasing soaking times. In contrast, both

3DP85 and 3DP90 show an increase in modulus after

soaking. This is possibly due to the reinforcing effect of

newly formed calcium phosphate crystals with the initial

calcium sulfate crystals since the unsoaked 3DP samples

were relatively porous. Calcium phosphate crystals can

form both on calcium sulfate crystals and can grow into the

pores amongst the cluster of initial crystals producing a

denser structure with time as shown in SEM images in

Figs. 7 and 8. In the case of cast plaster, calcium phosphate

crystals would form primarily on the original calcium

sulfate crystals themselves. No reinforcement effect

occurs, but the replacement of crystal entanglement of long

and large rod-like calcium sulfate by short and small nee-

dle-shaped crystal is responsible for the decrease in mod-

ulus. In the case of strength, 3DP85 showed the greatest

strength at all soaking periods. However, a slight decrease

in strength with soaking times beyond 4 h may be caused

Fig. 12 a Behavior of

osteoblast cells on surface of

3DP85 sample at 14 and

21 days incubation periods

(9500). b EDS spectrum on the

surface of the osteoblast cell.

Arrows indicate nodule

structures (95000)
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by the reduction of reinforcement efficiency by an increase

in the amount of lower strength needle-like apatite crystals.

In contrast, a continuous decrease in the strength of cast

plaster with soaking time was observed and could be

explained similarly as in the case of the modulus value.

These levels of strength were found to be equal or even

greater than other 3DP calcium phosphates which used

calcium phosphate cement chemistry [9, 12, 15, 16].

However, those studies employed a solution of phosphoric

acid or sodium phosphate as jetting binders. This may

affect the performance and long-term stability of the

printhead and other related components since these com-

ponents were not designed to work with those solutions. In

contrast, this work attempted to modify only the powders

formulation such that the working of the printing machine

was not affected. Although this approach needs an addi-

tional post-processing step for conversion which seems to

be a drawback, additional post-hardening and post-phase

transformation also had to be employed in those studies if

increased strength or specified amount of calcium phos-

phate phase were required. In addition, the type of the

resultant calcium phosphate phase is easier to control in

this present study.

As 3DP85 shows the faster rate of transformation and

higher mechanical properties, it was selected for further

cell culture study to observe the response of material to

human osteoblast cells. Preliminary cell culture shows that

the 3DP85 is non-toxic to osteoblast cells. The cells spread,

adhere and attain a normal morphology on surfaces of this

material and mineralized nodules of various size and

shapes were also observed. Mineralized nodule formation

is basically considered to be the final result of differenti-

ation and function of the osteoblasts [22, 23]. Thus, this

cell culture result proves that 3DP85 can potentially be

used as a scaffold and bone replacement material. How-

ever, further investigation on both in vitro and in vivo

performance is needed to confirm the applicability of this

new material. In order to illustrate the intended application

of the process developed, Fig. 13 shows a bone implant

which was fabricated by 3DP85 intended for skull defect

reconstruction. This model went through all processing

steps successfully and the final implant fits well with the

defect contour. This would be beneficial for patients who

require individual implant customization.

5 Conclusion

Low crystalline calcium phosphates including monetite and

calcium deficient hydroxyapatite were successfully fabri-

cated by phosphorization of three dimensionally printed

calcium sulfate hemihydrate based materials at low tem-

perature. Transformation rate, phase composition and

mechanical properties were influenced by differences in

porosity in the samples resulting from difference in mate-

rials formulation and soaking times. The composition

which gave the fastest transformation rate and greatest

mechanical properties comprised 85% CaSO4�0.5 H2O and

15% pregelatinized starch. The advantage of this fabrica-

tion technique is that the structure can be tailor made to fit

the required shape and size with virtually no limitation.
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