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Abstract: The two steps sintering process provide economical, technological and innovative advantageous aspects to 
produce biocomposite foams for alloplastic bone grafts applications. The kinetic window mechanism, working during the 
2nd TSS step, provides the nanostructured ceramic matrix, respectively improved biocompatibility. Simultaneously, the 
high porous structure, fitting the trabecular bone tissue, remained an important technical request of such applications up 
to this research. The porous biocomposite scaffold could be designed using specific foaming agents, like titanium 
hydride, calcium carbonate and ammonium bicarbonate, by controlling the foaming reactions depending on the foaming 
agents’ type and content into the chemical composition of the initial biocomposite powder mixture. The new concept of 
foaming window, working during the 1st TSS step, includes these factors able to provide the specific foam structure fitting 
the required biocomposite foams porosity. Both windows may work for the benefit of the nanostructured highly porous 
biocomposite manufacturing by TSS process, in advantageous technical and economical terms.  
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1. INTRODUCTION 

The two steps sintering (TSS) process is special 
recommended for the elaboration of highly dense 
(>98% ρt) nanostructured (20-200 nm grain size) 
ceramic materials, especially using a conventional 
furnace [1]. This outstanding achievement is due to the 
conventional sintering process divided in two steps: the 
1st step manages the initiation of the diffusion process 
between the powder particles at a specific temperature 
(T1-TSS) for short time (T1-TSS, about some minutes) and 
the 2nd step by quick cooling down up to the next dwell 
temperature, T2-TSS, when the densification process 
develops without grain growth, for even long times (T2-

TSS, about x10 hours range).  

The progress of TSS process recorded the 
development of the kinetic window mechanism, 
occurring during the 2nd TSS step [2, 3]. The correlation 
between the grain boundary diffusion and grain 
boundary migration creates this kinetic window which 
allows the elaboration of full dense nanostructured 
ceramics. Outside the kinetic window, depending on 
the relationship between the T2-TSS and T2-TSS, full 
dense materials with grain growth or porous materials 
without grain growth may be elaborated [4]. 

Based on this kinetic window, advanced porous 
biocomposite materials with nanostructured ceramic 
matrix reinforced by micrometric metallic/ceramic 
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particles were manufactured for potential alloplastic 
bone reconstruction applications [5-8]. The nano-
structured hydroxyapatite matrix, which is assured by 
the TSS technology, respectively the kinetic window, 
represents a key-element for the biocompatibility 
enhancing, namely osteoblasts proliferation [9, 10]. On 
the other hand, the biocompatibility is related to the 
material porosity, the trabecular tissue being more 
porous (15-70%), with open and interconnected cells, 
than the cortical bone tissue (5-12% porosity) [11, 12]. 

This research proposes a new mechanism related 
to the TSS process, as a modern concept and 
instrument to design and elaborate the biocomposite 
materials for alloplastic bone grafts, with specific 
tailored porosity depending on the grafting placement. 
This concept is entitled foaming window and focuses 
on the foaming reactions designing and coordination in 
such a manner that the compact billet from biocompo-
site powder particles, including special foaming agents, 
will reach the required cellular structure during the 1st 
TSS step. The foaming window is strongly related to 
the kinetic window along the 2nd TSS step, which 
controls the development of the nanostructured 
ceramic matrix without nanometric hydroxyapatite grain 
growth. 

2. MATERIALS AND METHODS 

2.1. Biocomposite Foams Designing 

The nanometric hydroxyapatite (HAP) powder 
particles (<200 nm; >99,99% purity; Sigma-Aldrich) 
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represent the biocomposite ceramic matrix. The 
titanium hydride (water atomised TiH2; < 150 µm; 
Merck) works as reinforcement precursor for the TiO2. 
In the same time, TiH2 take part to the foaming 
reactions as well as calcium carbonate (CaCO3, purity 
≥ 99.0%, density 2.93 g/cm3) powder particles and 
ammonium bicarbonate (NH4HCO3; purity ≥ 99.0%, 
density 1.58 g/cm3, particle size of 250 µm...1.5 mm, 
irregular shape from Chimreactiv SRL, Bucharest, 
Romania) playing as blowing foaming agents role, 
Table 1. 

Table 1: Biocomposite Components and their Role for 
Material Designing 

HAP (nm) matrix 

TiH2 (µm) Reinforcement 
precursor 

CaCO3 (µm) 
NH4HCO3 (µm) 

Foaming agents 

 

The biocomposite samples were designed as the 
Table 2 presents. 

2.2. Biocomposite Foams Preparation 

The HAP powders were calcinated in air at 900
o
C in 

air for 2 hours, using as heating rate 10
o
C/min. and 

cooling rate by furnace. The homogeneous mixture of 
HAP and TiH2 was prepared by mechanical mixing in a 
Fristch Pulverisette 6 planetary ball mill. The 125 ml 
stainless steel vial was loaded in 2:1 ratio of milling 
balls (stainless steel, 5 mm diameter): powder mixture, 
using a wet milling environment (1 ml ethanol for 1 g of 
powder mixture). The mixing stage took 30 minute at 
200 rpm and then the slurry was dried by night in the 
open door furnace heated at 100-150

o
C for alcohol 

removal. The dried slurry was mechanically mixed 
again in the ball mill for 5 minute in order to 
homogenize the powder mixture and then the milling 
balls were removed. The other foaming agents (CaCO3 
and NH4HCO3) were added to the powder mixture 
accordingly (see Table 2). 

Cylindrical billets (10 mm diameter; 5 mm height) 
were unilaterally cold compacted at 120 MPa and then 
sintered in argon atmosphere (99,99% purity) by the 
two-steps sintering (TSS) process, Figure 1, the 
sintering parameters being presented in Table 3. For all 
the sintering cycles, the samples were cooled down by 
furnace. 

 
Figure 1: Schematic representation of TSS process. 

 

Table 3: TSS Technological Parameters for 
Biocomposites Processing 

TSS parameters 

1st Step 
heating Rate 10°C/min 2nd Step 

T1 [°C] T1 [min] T2 [°C] T2 [min] 

900 1-10 800 600 

 

2.3. Biocomposites Foams Characterisation 

The thermal analysis (TA) was performed for each 
biocomposite component in order to depict the critical 
temperatures for the foaming reactions (i.e., TiH2, 
CaCO3 and NH4HCO3), respectively for the 
self/diffusion reactions (i.e., HAP and HAP+TiH2) as 
input data for the sintering process. A horizontal 
“Diamond Differential / Thermogravimetric Analyser” 

Table 2: Chemical Composition of the Biocomposite Samples 

Matrix, HAP [% wt] Foaming agents [% wt.] Sample code 

TiH2 BIO-1 

TiH2 + NH4HCO3 BIO-2 

TiH2 + CaCO3 BIO-3 
75 25 

TiH2 + CaCO3+ NH4HCO3 BIO-4 
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(Perkin elmer Instruments) was used for the TA carried 
out in dynamic argon atmosphere (150 cm3 x min-1) in 
non-isothermal linear regimes. Each biocomposite 
powder was heated in an alumina crucible in the 
temperature range (RT...1200)OC. The heating rate was 
the same, 10C/min, for each heating cycle. 

The optical inspection of the sintered samples was 
carried out by the stereomicroscope NIKON SMZ 745T 
equipped with imaging software NIS-A EDF and NIS-A 
AMEAS, respectively the optical metallographic 
inverted microscope Eclipse MA 100 (Nikon, Japan) 
equipped with NIS-Elements imaging software 3.0 and 
NIS-Elements BR. 

The electronic microscopy analysis of the sintered 
biocomposite foams was performed by the Tescan 
Vega II–XMU equipment, maximum resolution 3,5 nm. 

The biocomposite porosity was evaluated by means 
of the NOVA 2200e Quantachrome analyser, equipped 
with QuantachromeNovaWin©1994-2010 software, to 
determine the specific surface and pores volume using 
the Brunauer-Emmett-Teller (BET) method. Before the 
measurements, the samples were degassed for 6 
hours at 150OC in vacuum (10-2 Torr) to remove the 
water and gas traces. 

3. RESULTS AND DISCUSSIONS 

The experimental results focus on the effect of the 
foaming reactions during the 1st TSS step on the 
topography and porosity of the biocomposite samples, 
directly related to the foaming agent content of the 
biocomposite samples. 

 

  

 
Figure 2: (a) Pore types of the BIO-3 samples (fractured surface), (b) Macroscopic topography of BIO-3 samples. 
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3.1. Thermal Analysis 

The foaming reaction represents a complex process 
generated by successive chemical responses of the 
foaming agents during the biocomposites heating 
stage. The titanium hydride, ammonium bicarbonate 
and calcium bicarbonate used in our research take part 
from the blowing agents’ category, successively 
generating gases or even vapours during their heating 
as individual foaming components [13-17]. 
Furthermore, the ammonium bicarbonate is especially 
recommended as blowing agent to increase the 
porosity level, with non-residual reaction products after 
sintering [18]. 

The presence of the hydroxyapatite, as the 
biocomposites matrix, determines significant changes 
of the foaming reactions kinetics during the materials’ 
sintering [7, 18, 19]. The final structure of the 
processed biocomposites by TSS route presents 
nanostructured hydroxyapatite matrix reinforced by 
complex compounds of Ca and Ti-based [6, 7]. 

The foaming reactions create different kind of pores 
(size, volume and connectivity type) depending on the 
nature and content of the foaming agent. This 
phenomenon occurs along the 1st TSS step, during the 
heating stage from the RT to 900OC. The biocomposite 
scaffold built by this mechanism reaches the dwell 
temperature T1-TSS (900OC), corresponding to the 
initiation of diffusion reactions between the 
biocomposite components: nanometric HAP particles 
and Ti- and Ca-based compounds already synthesized 
during the TSS heating (1st step). The initiation of the 
diffusion reactions takes place during the τ1-TSS dwell 
time (1-10 min.) at T1-TSS temperature (900OC). The 2nd 
TSS step starts by the quick temperature decreasing 
up to T2-TSS level (800OC) which blocks the grain 
growing and provides the nanostructured HAP sintered 
matrix at the end of the sintering process after τ2-TSS 
dwell time (600 min.) [5]. 

3.2. Microscopical analysis  

The optical inspection of the sintered biocomposites 
BIO-3 showed open (white arrow), closed (black arrow) 
and intercommunicated macropores (yellow arrow), 
Figure 2a, b, beyond other types of pore (dotted 
arrows). 

The macroscopically analysis underlines the 
roughness of the biocomposite samples (Hmax = 420 
µm) which corresponds to the trabecular bone 
characteristics as well as the open, closed and 
interconnected pores presence [20]. 

The scanning electron microscopy reveals a closure 
view on the foaming agents effect during the 1st TSS 
step for biocomposites processing. The comparative 
images on the BIO-1 (Figure 3a) and BIO-4 (Figure 3b) 
point out the role of the CaCO3 and NH4HCO3 foaming 
reaction to produce larger pores (micrometric range) for 
BIO-4 series than for the BIO-1 series (with 
submicronic sized pores). 

The experimental results presented above prove the 
significant influence of the CaCO3 and NH4HCO3 
addition to the TiH2 component, by means of the pores’ 
total volume and biocomposite porosity due to the 
phenomenon occurring during the 1st TSS step. 

 

 
Figure 3: (a) SEM image on BIO-1 samples showing 
submicronic sized closed (black circles) and interconnected 
(yellow circles) pores (300 nm scale line), (b) SEM image on 
BIO-4 samples showing micrometric pore sized (white 
circles). 
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3.3. Porosity Evaluation 

According to the experimental data reported on the 
HAP nanoparticles sintering, high density (>97% ρt, 
respectively 3% porosity) parts was obtained by TSS, 
respectively novel TSS route [21].  

The addition of TiH2 (BIO-1 samples) as precursor 
for TiO2 plays an important role as ceramic 
reinforcement as well as blowing agent to increase the 
biocomposite porosity (average 30%) [22, 23]. The total 
volume of the pores measured by the BET method is 
8,45...10,37 x 10-3cm3/g and the pore average radius is 
1,73...1,91nm. 

One of the most recommended blowing agents is 
the ammonium bicarbonate. The foaming reaction 
develops at low temperatures (40-130)OC, depending 
on the powder mixture type, and all the foaming 
reaction products are volatile, generating bubbles [18, 
24]. For our research, in order to raise the porosity 
level [18], the ammonium bicarbonate was added to 
TiH2 (BIO-2 samples), and in that case the porosity 
reached 40% [5]. On the other hand, the addition of 
CaCO3 to TiH2 (BIO-3 samples) determined higher 
porosity level (max. 46%) than for BIO-2 samples [5]. 
We can assume that CaCO3 provides a stronger 
foaming effect than the ammonium bicarbonate. 
Therefore we may connect this effect to the foaming 

temperatures for each blowing agent separately, as 
literature reports: 400-8000C for TiH2 [13], respectively 
650-900OC for CaCO3 [16, 17]. 

As far as BIO-4 samples concerns, the obtained 
porosity is similar to BIO-2 samples (max. 40%), but 
the total volume of the pores is about 3 times higher 
than for BIO-1 samples whereas the pore radius is 
similar (1,69...1,89 nm). It would be assumed that the 
foaming effect generated by CaCO3 is complementary 
to that provided by the ammonium bicarbonate by 
means of the pore number, respectively total volume 
(25,83...28,31 x 10-3cm3/g). 

Considering the foaming agents type, content, and 
foaming reactions along the 1st TSS step for 
biocomposites manufacturing, we may state a new 
mechanism in BIO samples designing entitled foaming 
window. This instrument could be connected to the 
kinetic window usually used for the nanostructured 
materials processed by TSS process, during its 2nd 
step [4]. The graphical representation of the foaming 
window is showed in Figure 4.  

The relevance of the foaming window mechanism is 
great because it is responsible for the biocomposite 
scaffold construction, respectively the porous structure, 
due to the complex foaming reactions occurring during 
the 1st TSS step, namely the heating stage. Once the 

 
Figure 4: The foaming window mechanism related to the 1st TSS step to produce nanostructured biocomposite materials. 
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scaffold is built, the diffusion reactions between the 
biocomposite components develop, also during the 1st 
TSS step, but at the dwell temperature T1-TSS, for short 
time (1-10 min.). The densification process takes place 
along the 2nd TSS step when the kinetic window has an 
important role on the final sintered nanostructure 
synthesis. 

According to the Figure 4, the 1st TSS step-heating 
stage (continuous red line) presents three foaming 
stages corresponding to the studied foaming agents. 
The main effect of the foaming window is evaluated by 
means of the porosity level [P%] of the processed 
biocomposite materials, and the “size” of this window 
(the cone delimited by the red dotted lines) depends on 
the foaming agent’s content into the biocomposite 
chemical composition. 

The mesopores of the biocomposite scaffold are 
attributed to the low temperature foaming agent 
generated by the ammonium bicarbonate. The high 
temperature foaming agents, respectively titanium 
hydride and calcium carbonate, lead to the 
macrospores’ formation, but successively in this order, 
according to the foaming temperatures: TiH2 has a 
great influence for lower porosity than 40% and CaCO3 
for higher, up to 50%. The porosity level presented in 
Figure 4 includes, also, the experimental data on 
microstructured biocomposites processed from 
micrometric HAP powder particles, which will be 
published in a future paper. 

CONCLUSIONS 

The foaming window mechanism is a new 
developed concept, based on the necessity to design 
the nanostructured biocomposites’ scaffold since the 1st 
TSS step, during the heating stage. The foaming 
reactions, generated by the foaming agents, are 
responsible for the cellular structure of the 
biocomposite material. Depending on the alloplastic 
bone graft texture, namely cortical (dense) or 
trabecular (porous), the 1st TSS step must be 
monitored from the point of view of the type and 
content of the foaming agents incorporated into the 
initial powder mixture. 

The following statements may be assumed 
concerning the blowing agents’ role and effects: 

‐ TiH2 generates up to 25-27% porosity over that 
corresponding to the nanostructured HAP 
biomaterials. It would be the most significant 

contribution to produce biocomposite foams as 
alloplastic grafts for cortical/trabecular bone 
tissue; 

‐ NH4HCO3 adds its contribution of about 10% 
porosity over the titanium hydride one. In the 
same time it may be assumed it is responsible of 
the mesopores formation since low temperatures 
of the 1st TSS step. 

‐ CaCO3 could give max. 15% porosity over the 
titanium hydride’s contribution. Moreover, this 
blowing agent determines the increasing of the 
pores number, respectively total pore’s volume, 
due to the foaming reaction occurring at high 
temperature, close to the end of the 1st TSS 
step. 

The foaming window, acting in the 1st TSS step, is 
strongly related to the kinetic window which works in 
the 2nd TSS step, both mechanisms leading to the 
processing of nanostructured biocomposite materials 
with wide range of porosity level. 
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