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Abstract 

The in vitro production of ceramic implants used for cranial defect repair can be challenging 

and complex. In this thesis, a raw material in such a production has been mapped in order to 

optimize the production process. The current production leaves variations in the handling 

properties of the calcium phosphate cement (CPC), such as the viscosity and setting perfor-

mance. The problems originate from the in-house recrystallization of the raw material mono-

calcium phosphate monohydrate (MCPM) with a 70% ethanol solution. The treatment of 

MCPM is strongly dependent on the relative humidity and the current process is not reliable 

and leaves unwanted fluctuations in the quality of MCPM. Various material and process pa-

rameters were investigated to get a deeper knowledge of MCPM in the specific process. The 

mapping resulted in new information about how the MCPM recrystallizes and how it depends 

on the evaporation of the ethanol solution during the treatment. Other findings were that the 

particle size distribution of MCPM is not the only factor controlling the viscosity of the CPC; 

the density and shape of the MCPM particles may also influence the handling properties. The 

mapping led to a process optimization suggestion where the amount of ethanol solution is ad-

justed to the relative humidity during the recrystallization to neutralize the effect of the hu-

midity. The adjustment of ethanol solution volume means the evaporation can be controlled 

and in theory, constant quality of MCPM can be maintained. Unfortunately, the new method 

needs additional data to be fully effective but shows great potential. 
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Populärvetenskaplig sammanfattning  

Skallbensrekonstruktion, också känt som kranioplastik, är proceduren där ett implantat an-

vänds för att laga ett skadat kranium. Skadan kan härstamma från krosskador som har frag-

menterat skallbenet vilket gör att det inte kan självläka. Det kan också bero på en hjärntumör 

där skallbenet har avlägsnats vilket gör att man behöver ett nytt ben, i form av ett implantat. 

Det finns många olika typer av kraniala implantat, gjorda av bland annat metall- eller plast-

plattor. Med dagens teknologi är det möjligt att röntga huvudet och sedan tillverka implanta-

ten så att de passar skadan i skallbenet perfekt. Det överlägsna alternativet att använda som 

implantatmaterial för skallbensskador är keramer, för att risken att drabbas av komplikationer 

efter operationen minskar markant jämfört med materialen metall och plast. Vissa keramer 

liknar generellt också materialet som finns i kroppens egna ben, vilket gör det biokompatibelt 

och möjliggör för vissa keramer att kroppen kan börja bygga eget ben runt implantatet.  

OssDsign AB är ett svenskt företag som tillverkar just keramimplantat för reparation av skall-

ben. De använder en keram där sammansättningen av olika keramfaser i materialet är optime-

rad för att främja kroppens nybildning av eget ben. För att stärka upp implantatet är keramen 

gjuten runt ett 3D-printat nät i titan som är designat för att passa en specifik patient. Implanta-

tet tillverkas genom att blanda två keramsalter i ett specifikt förhållande med glycerol för att 

få fram ett cement. Cementet gjuts i en form runt titannätet och härdas sedan i vatten. De två 

pulverformiga keramsalterna heter monokalciumfosfat monohydrat (MCPM) och β-trikalcium 

fosfat (β-TCP). För att kunna använda MCPM i produktionen måste det behandlas för att få 

en mer fördelaktig partikelstorleksfördelning. Används det obehandlat är pulvret för finmalet 

vilket gör cementet alldeles för svårgjutet, de små partiklarna gör cementet oerhört trögt. För 

att få större partiklar i MCPM pulvret innan materialet går in i produktionen löses det upp i en 

etanollösning och rekristalliserar, för att sedan malas ner till pulver igen. Här blir det problem. 

Hur snabbt etanolen avdunstar under rekristalliseringen beror av hur fuktig luften är i labora-

toriet. Är det torr luft avdunstar etanolen mycket snabbare än om det är fuktigt. Egenskaperna 

av MCPM ändras beroende på hur snabbt just etanolen avdunstar. Därför styrs kvalitén på 

MCPM av fuktigheten i labbet. I och med att fuktigheten i labbet inte är styrt kommer därför 

kvalitén på MCPM inte bli lika vid varje tillverkning. Hur trögflytande cementet är under 

gjutningen av implantaten och hur väl det härdar när implantaten placeras i vatten beror till 

största del på MCPMs egenskaper. Därför är det otroligt viktigt att kunna kontrollera behand-

lingen av MCPM.  

Kvalitén på MCPM blir som sagt inte lika vid varje tillverkning, vilket i sin tur gör att gjut-

nings- och härdningsegenskaperna inte heller blir lika vid varje produktion. Det här är ett 

tidskrävande problem vilket i värsta fall kan leda till att råmaterial behöver kasseras, vilket 

såklart leder till ekonomiska förluster för företaget. Syftet med det här arbetet har därför varit 

att kartlägga råmaterialet MCPM för att sedan försöka optimera den nuvarande behandlings-

metoden. Kartläggningen har inneburit att material- och processparametrar har undersökts och 

utvärderats. Ett förslag på processoptimering har givits och även det utvärderats.  

De viktigaste resultaten från kartläggningen av MCPM har varit att partikelstorleksfördel-

ningen av MCPM inte har varit den enda parametern som påverkar trögheten av cementet när 

implantaten gjuts. Partiklarnas densitet och deras form kan också påverka trögheten av ce-

mentet. Det faktum att man kan styra trögheten på cementet med hjälp av hur mycket etanol-

lösning man löser upp MCPM i under rekristalliseringen har också varit av värde. Ny 
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information om hur rekristalliseringen går till rent visuellt och hur det sedan påverkar följande 

steg i processen har även varit intressant. Avdunstar etanolen snabbt kommer MCPM partik-

larna endast att klumpa ihop sig och hålla sig relativt intakt, vilket gör att när man sedan ma-

ler den rekristalliserade MCPMn kommer partiklarna bestå av agglomerat av mindre partiklar, 

med låg densitet och ojämn yta. Partiklarna kommer alltså se ut ungefär som vindruvsklasar. 

Däremot, om etanolen dunstar långsamt kommer det se väldigt annorlunda ut. Då har MCPM 

partiklarna mer tid på sig att lösa upp sig i etanolen och i stället kommer partiklarna att växa 

ihop till en kompakt kaka. När kakan sedan mals kommer partiklarna att ha en annan form 

och densitet än om dunstningen av etanol går snabbt. Tiden det tar för avdunstningen att ske 

har alltså stor påverkan på resterande process och hur trögheten och härdningsegenskaperna 

blir.  

Resultaten om att det går att styra trögheten på cementet med hjälp av etanolmängden låg till 

grund för processoptimeringsförslaget. Mängden etanol kan anpassas efter hur fuktigt det är i 

labbet under behandlingen av MCPM, för att försöka få lika avdunstningstid vid varje be-

handling. Vid torrt klimat där avdunstningen normalt går snabbare kan mer etanol tillsättas för 

att sakta ner hastigheten. På samma vis, vid fuktigt klimat där avdunstningen av etanol nor-

malt går långsamt, kan man minska mängden etanol för att snabba på avdunstningen. Denna 

anpassningsmetod bör kunna ge samma avdunstningstid vid varje behandling och därmed re-

sultera i MCPM med lika kvalité vid varje tillverkning, vilket i sin tur gör trögheten och gjut-

ningsegenskaperna mer konsekventa och pålitliga.  

Denna metod utvecklades till en linjär ekvation där den relativa fuktigheten i labbet lästes av 

och mängden etanol räknades ut. Tanken var att MCPMen som då skulle tillverkas utifrån ek-

vationen skulle ge optimal tröghet och perfekta härdningsegenskaper vid gjutning av implan-

taten. Metoden utvärderas och tyvärr visade utvärderingsprovet oönskade resultat. Trögheten 

blev lägre än förväntat och härdningen inte optimal. Det visade sig även att den nya metoden 

endast fungerar vid luftfuktigheter under 52%RH, för vid högre luftfuktigheter resulterar ek-

vationen i en för liten mängd etanol som krävs för att väta allt pulver.  

Trots detta, så finns det stor potential i optimeringsförlaget och förhoppningsvis så är kart-

läggningen av MCPM och förslaget till stor hjälp när behandlingen av MCPM ska utvecklas.  
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Nomenclature  

MCPM - Monocalcium phosphate monohydrate, Ca(H2PO4)2・H2O 

MCPA - Monocalcium phosphate anhydrous, Ca(H2PO4)2 

β-TCP – beta-tricalcium phosphate, Ca3(PO4)2 

β-CPP - Calcium pyrophosphate, Ca2O7P2 

XRD - X-ray diffraction  

PS - Particle size  

PSD - Particle size distribution  

CT - Computed tomography  

CPC - Calcium phosphate cement 

PEEK – Polyether ether ketone  

PMMA – polymethyl methacrylate  

SEM – Scanning electron microscopy  

MCPMNL – Monocalcium phosphate monohydrate treated without perforated lids during the 

ethanol treatment  

MCPMPL – Monocalcium phosphate monohydrate treated with perforated lids during the etha-

nol treatment 

Symbols 

λ – Mean free path  
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1.  Introduction 

The repair of cranial defects by various implants, known as cranioplasty, is a challenging field 

of science[1]. The risk of complications is high and has historically been the rule rather than 

the exception[2]. The numerous materials used in cranioplasty can be divided into biological 

and synthetic ones. The biological materials include autografts, allografts, and xenografts, in 

other words, tissue taken from the patient itself, another individual, or an animal. Autographs 

are by far the best option of the three. However, it still comes with the risk of reoperation due 

to bone resorption. In general, synthetic materials for cranial defect repair lower the risk of 

infection, reoperations, and other complications[2]. It also shortens the operation time and most 

often leads to improved results from an aesthetic perspective[1]. One of the main advantages 

of synthetic cranial implants is the ability to tailor them for each patient. By using 3D models 

and computed tomography (CT) images the implants can be constructed to fit the cranial defect 

perfectly[3].  

Synthetic materials in this case include metals, polymers, and ceramics[2]. The current most 

widely used metal in cranioplasty is titanium because it is inert, biocompatible[2], and has good 

mechanical properties[4], yet it is not an unproblematic material. Titanium plate cranioplasty 

can relatively easily result in post-operational infections, with the risk of infection increasing 

with larger defect sizes[5]. Wiggins et al. studied 127 titanium cranioplasty operations at major 

neurosurgical centres in Australia in 2013 and found that 33% of the operations lead to compli-

cations. The most common was post-op infections, which occurred in 16% of the operations[5]. 

This consequently led to an extra seven days at the hospital for the average patient[5] and prob-

ably further psychological and financial costs. Besides metal, polymers are historically common 

as alloplastic materials. Polyether ether ketone (PEEK) and polymethyl methacrylate (PMMA) 

are plastics used for cranial defect reparation, to name a few. Despite their biocompatibility, 

these materials come with a high risk of complications, for example, infections and skin extru-

sion[6]. In 2015 complication rates as high as 25% for PEEK implants in cranioplasty were 

reported[7]. 

Ceramics has huge benefits compared to metals and polymers when it comes to cranioplasty. A 

major advantage when replacing bone with ceramic calcium phosphate materials is the similar-

ities with the mineral phase found in bone, known as calcium deficient hydroxyapatite[8]. The 

two most common calcium phosphate cements (CPC) are apatite and brushite. Both types are 

produced by precipitation reactions, and generally, brushite precipitates at low pH (pH<~4.2), 

while apatite precipitates at more alkaline pH[8]. 

To overcome the challenges of high complication rates the Uppsala-based company OssDsign 

has produced a titanium-reinforced ceramic cranial implant with significantly lower risks for 

the patients. The calcium phosphate-based implant only shows a 1.9% post-op infection rate[1], 

which is a promising decrease compared to other alternatives.  

OssDsign’s implant is based on a titanium mesh for mechanical stability and mostly monetite 

(Ca(HPO4)) due to its osteoconductive and osteoinductive properties. Other calcium phosphate 

phases, such as β-tricalcium phosphate (β-TCP) and β-calcium pyrophosphate (β-CPP), exist 

in minor amounts. The composition of the implant is tailored to balance the degradation of the 
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implant itself and the growth of new bone[9]. The implant has a mosaic design with ceramic 

tiles interconnected with the titanium scaffold, a design that facilitates the integration of tissue 

surrounding the implant and the mechanical properties[9]. 

When producing the implant, a cement paste is mixed, which consists of monocalcium phos-

phate monohydrate (MCPM, (Ca(H2PO4)2・H2O)), β-tricalcium phosphate (β-TCP, 

Ca3(PO4)2), and glycerol. The paste is molded, hardened in water, and lastly autoclaved to be-

come an implant[9]. The MCPM is being recrystallized in-house at OssDsign before release 

into the current production. It has been found that variations in the MCPM treatment have a 

large impact on the molding performance. The recrystallization is done with ethanol to achieve 

a favorable particle size distribution and also to reduce bioburden. Fluctuations in humidity 

during recrystallization change the viscosity and handling properties of the paste. It also 

changes the setting performance of the paste. Their current method for MCPM treatment is 

time-consuming and results in a MCPM with large variability when used in production, and in 

the worst-case scenario, material has to be discarded because it can not be used in the production 

process. 

1.1 Aim 
As previously mentioned, the MCPM treatment method introduces undesirable variability in 

the production process. Small deviations in humidity during the preparation of MCPM result in 

difficulties and unpredicted challenges during the fabrication of the ceramic implants. This 

master thesis project aims to map the material MCPM in order to simplify the manufacturing 

process. The mapping will be done by experimental investigations at OssDsign and supple-

mented with literature. The mapping is done to get a deeper understanding of MCPM and to 

determine what parameters are important and how they can be altered to achieve a more con-

sistent and stable process. The aim was also to present a process optimization suggestion based 

on the mapping of the raw material.  

One of the aims was as already stated to investigate the influence of material parameters of 

MCPM and process parameters in the treatment process at OssDsign’s laboratory facilities to 

learn more about the material. 

1.2 Background 
The successful monetite implant is based on a precipitation reaction between the two aforemen-

tioned calcium phosphates, MCPM, and β-TCP[9]. MCPM is the most water-soluble of all cal-

cium phosphate compounds, it is also the most acidic, because of this it cannot be used on its 

own as a bone replacement. It has to be combined with calcium phosphate phases that are less 

soluble[10]. MCPM transforms into monocalcium phosphate anhydrous (MCPA) at elevated 

temperatures, above 100 C[11].  

When MCPM is dissolved in water it decomposes into monetite and phosphoric acid. Studies 

have shown that when a saturated solution of MCPM and water has partly evaporated, the re-

crystallized solids are mainly monetite. However, after complete evaporation, the recrystallized 

material is MCPM contaminated with excess phosphoric acid. There have been varieties in the 

reported solubility of MCPM in water[12]. Both solubilities of 18 g/L[13] and 783.1 g/L[12] 

have been reported. The large difference is according to Nasri et. al that the decomposition 
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product monetite has very low solubility in water (<0.05 g/L), which results in a misleading 

solubility for MCPM[12].  

Tricalcium phosphate, or TCP, exists in two different phases, the α-phase and the β-phase. α-

TCP has the monoclinic space group structure while β-TCP crystallizes in the rhombohedral 

space group. This difference in structure results in different solubility, β-TCP is less soluble in 

water than α-TCP. Like the MCPA phase was obtained at higher temperatures, the same goes 

for TCP, which switches from the β-phase to the α-phase at 1170 C[11].  

These two raw material powders, MCPM and β-TCP, are mixed with glycerol to enable 

molding[9]. The reaction does not start until the powder mixture comes in contact with water, 

the role of glycerol is therefore only to delay the reaction while molding[8], which can take up 

to an hour for an implant. When soaked in water, the glycerol inside the sample is replaced by 

water via diffusion which then dissolves the MCPM and lowers the pH. The low pH enables 

the dissolution of β-TCP which then together with MCPM precipitates into brushite. The 

brushite has to be heated to remove the bound water and turn into the end product of monetite 

(Ca(HPO4)), which is done by autoclaving the implant.  

Although the implant hardens in vitro, there are similarities with injectable bone cement that 

hardens in vivo. The only difference is the molding occurring in the lab or at the operation table. 

Previous studies on MCPM/ β-TCP/glycerol pastes have shown that the particle size of MCPM 

has a large influence on not only the handling properties of a paste but also the porosity and 

strength of the final product. The required extrusion force of the cement decreased with increas-

ing MCPM particle sizes. The extrusion force could also be lowered by adding β-TCP granules 

to the powder mixture before molding, or by lowering the powder to liquid ratio (i.e using more 

glycerol)[14]. It has been reported that water-based mixtures show the opposite, that by de-

creasing the particle sizes the extrusion force is also decreased[15]. 

The high extrusion force of smaller particles compared to larger ones can be explained by the 

mean free path 𝜆 in equation 1, where d is the particle size and VG is the volume fraction of 

glycerol[14]. 

                 𝜆 =
𝑑∗𝑉𝐺

(1−𝑉𝐺)
                      (1)  

If the particle size (d) increases, the mean free path between the particles will also increase, in 

other words, more glycerol will fit between the particles. Consequently, the friction between 

individual particles decreases and the extrusion force will go down[14]. The mean free path 

between the particles in a liquid phase is illustrated in Figure 1.  
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Figure 1. Illustration of mean free path of paste with small or large particles.  

In addition, it has been proven that small water content in the cement has a great influence on 

its properties. The following example was done with monocalcium phosphate anhydrous, which 

is MCPM without the bound water. If 1.7 wt% water is added to MCPA/β-TCP/Glycerol ce-

ments the working time decreased from 2 weeks (for 0 wt% water) to 5-6 h. If more water was 

added to the cement the working time rapidly decreased further[8]. The extrusion force of the 

cement from the syringe also decreased with increasing water content. However, this was only 

valid within the working time, since the setting of the samples with higher water content was 

more rapid and the extrusion force increased more with time compared to the lower water con-

tent samples. In summary, a higher water content lowers the extrusion force but shortens the 

working time. The viscosity of the cement decreases with added water because the powder to 

liquid ratio decreases, and powders are dissolved. The added water also lowers the viscosity of 

the liquid phase of the cement[8]. The dynamic viscosity of glycerol is 1.412 Pa⋅s, while for 

water it is 0.001 Pa⋅s[16]. Thus, glycerol has around 1400 times the dynamic viscosity of water, 

due to its many hydroxyl groups. Regarding the porosity, an increased liquid (glycerol and 

water) percentage increases the porosity of the hardened cement[8].  

The water content in the paste also affects the crystal size of the hardened cement. Nucleation 

sites can only be formed in the presence of water. If a higher amount of water is present in the 

cement, more nucleation sites will form, resulting in smaller grain sizes. Nucleation sites are 

only formed when the radius of the formed nucleus exceeds a critical value. This is explained 

in equation 2[8], where the first term involving Gv (free energy per volume unit) is negative 

and the driving force for the formation of new nuclei. The second term involving σ (free energy 

per surface area) is positive because creating new surfaces costs energy.  

                        𝛥𝐺 =
4

3
𝜋𝑟3𝐺𝑣 + 4𝜋𝑟2𝜎               (2)  

If the water content is low, it is more likely that already existing nuclei grow than new nuclei 

exceeding the critical radius and are formed. The growth of nuclei into crystals is accelerated 

by the diffusion of water into the sample[8]. 

OssDsign is using MCPM in their process where bound water is already present. This means 

that MCPM and β-TCP must be stored separately before mixing, otherwise, unwanted nuclei 

would form in the container. Since MCPM is hygroscopic[14], meaning it absorbs moisture, it 

is challenging to control the water content in MCPM during the production process even if it is 

stored in a desiccator.  
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The term relative humidity can be confusing without a thorough explanation. It is a measure of 

how much water the air holds compared to the maximum amount of water the air can hold[17]. 

The unit is in percentage and explained by equation 3:  

     %𝑅𝐻 =
𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑖𝑛 𝑎𝑖𝑟

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑚𝑜𝑢𝑛𝑡 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑡ℎ𝑒 𝑎𝑖𝑟 𝑐𝑎𝑛 ℎ𝑜𝑙𝑑
    (3) 

It can also be explained by the ratio of the vapor pressure of air and the air’s saturation vapor 

pressure. The saturation vapor pressure is temperature dependent, in other words, the air can 

hold different amounts of moisture at different temperatures[17]. This means that the moisture 

content in the air is different at 50 %RH at 0 °C and 50 %RH at 20 °C. However, the temperature 

at OssDsign’s laboratory facilities was kept relatively constant, so this was not an issue. The 

relative humidity affects the rate at which a liquid evaporates. If the relative humidity is low, 

the air contains less water, and the evaporation rate increases. On the other hand, if the relative 

humidity is high and the air is moist the evaporation rate will decrease[18]. 

The evaporation of 70% ethanol will be discussed in this thesis. Ethanol and water do not evap-

orate at the same rate. Ethanol is more volatile than water, hence it has a higher evaporation 

rate[19].  

Since relative humidity is a measure of the moisture content in the air, it also influences the rate 

at which the hygroscopic MCPM absorbs moisture[14].   

According to the process operators at OssDsign, a manageable and moldable paste should not 

be too highly viscous because the extrusion will either be too slow or in the worst case nearly 

impossible. The consequences are that molding one implant will take too much time, which is 

not time efficient. On the other hand, the paste cannot have too low viscosity, since then it 

usually is rather sticky and difficult to work with and tends to slowly run off the implant due to 

gravity, which is undesired. Therefore, an acceptable paste is one that when it hardens in water, 

the paste remains in the silicone mold and does not collapse and fall off.  

 

2.  Method  

The project contained two parts, first a mapping of the material MCPM where different material 

and process parameters were investigated and evaluated. The conclusions and gathered 

knowledge from the mapping later resulted in a process optimization suggestion. The method 

modification was tested and evaluated.  

The investigated parameters were particle sizes and particle size distributions of MCPM, hu-

midity and amount of ethanol used during preparation, milling settings, amount of glycerol, and 

the effect of added water in the paste. The outcome of mixing MCPM batches with different 

characteristics and of preparing MCPM several times, in other words undergoing the process in 

figure 2 twice, was also evaluated. All these parameters and steps affect the production process 

differently and therefore the quality of the end-product implant. 

The following sections present the current process and the methods used in this project. The 

MCPM treatment process is illustrated in Figure 2.  
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Figure 2. Flowchart of current MCPM treatment before molding. MCPM from the supplier is dissolved in etha-

nol in Petri dishes with perforated lids for 48 hours or without lids for 24 hours depending on the humidity. The 

recrystallized MCPM is then milled and sieved. 

2.1 Treatment of MCPM  
MCPM powder from the supplier was dissolved in ethanol at a ratio of 50 mL 70% aqueous 

ethanol solution (henceforth referred to as simply ethanol) per 25 gram MCPM in Petri dishes 

and left for at least 24 hours for the ethanol to evaporate. Left in the Petri dishes were recrys-

tallized MCPM discs around 1 mm in thickness. It was found by OssDsign that in low humidity 

the treatment led to undesired results, such as a too viscous cement paste when mixed with β-

TCP and Glycerol. The theory was that the low humidity caused the ethanol and water to evap-

orate too quickly, not allowing the MCPM to recrystallize. To resolve this issue, they introduced 

perforated lids to cover the Petri dishes to simulate a higher humidity, and thus slow down the 

evaporation of the ethanol and water. For that reason, the current process was the following: at 

low relative humidity, perforated lids were used, and at high relative humidity no lids were 

used. The perforated lids change the evaporation time of the ethanol and therefore allow MCPM 

treatment at a low humidity as well. The different ways of preparing MCPM were performed 

to control the hardness of the recrystallized MCPM.  

The relative humidity can change quickly in the laboratory. All %RH values seen in this thesis 

were noted at the beginning of the MCPM treatment, at the time of mixing MCPM and ethanol 

and not when the treatment was complete.  

For simplification throughout the thesis, MCPM treated without perforated lids is named 

MCPMNL (No Lids), while MCPM treated with perforated lids is named MCPMPL (Perforated 

Lids).  

2.2 Milling of MCPM  
The recrystallized MCPM discs was later milled back to powder in a Retsch Disc Mill DM 200. 

The distance between the discs could be adjusted depending on the hardness of the MCPM. The 

powder was sieved through a 600 µm sieve after milling, and particles larger than 600 µm were 

milled additional times until they passed through the sieve. If material build-up occurred on the 

milling discs the distance between the discs was increased while milling to avoid damage to the 

equipment. Lastly, the material was mixed to ensure a homogeneous powder mixture in a TUR-

BULA 3D mixer. The milling was adjusted to obtain a favorable particle size distribution that 

enabled molding.  

2.3 Molding of ceramic samples 
MCPM and β-TCP were added to a capsule at a specific ratio and mixed for 30 seconds in a 

Cap Cibrator. After mixing, Glycerol was added to the capsule and mixed for 3 minutes to 
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produce the paste. The paste was injected from the capsule into a 20 mL syringe and then 

molded in 6 mm high, 12 mm diameter hexagonal silicone molds using a Makita DCG180, 

modified to house the syringe. Horizontal and vertical molds were filled for every experiment 

to evaluate effects such as the cement running off during the curing process (see section 2.8). 

The molded samples were placed in deionized water and studied, then left for 48 hours to cure. 

The tiles were removed from the silicone molds and put in new deionized water for an additional 

24 hours, to remove any excess glycerol. The water was removed, and the tiles were left to air-

dry for a minimum of 24 hours. The dried samples were finally autoclaved for 20 minutes at 

121°C in a NUVE Autoclave OT 23B. 

Due to time constraints and economic reasons no large implants molded around a titanium scaf-

fold were molded. However, the results from the test tiles molded in small silicone molds are 

reliable and comparable to molding implants.  

2.4 Extrusion test method  
Seven minutes after the mixing of MCPM and β-TCP with glycerol was finished, the amount 

of paste extruded from the syringe for 5 consecutive seconds was weighed. The weight and the 

feeling (dry, sticky, or runny) of the paste and its moldability were noted. The intention was to 

perform each test with a fully charged extruder set at maximum force to maintain consistent 

and reliable test results. Since the extruder is not a standardized equipment, the weight that’s 

achieved can only be compared relative to other samples. The extrusion test was performed to 

get a comparable value of the paste’s viscosity. The extrusion force does not stay constant 

through all paste extruded from the syringe; it increases as the syringe is emptied. Therefore, 

the aim was also to perform the test at roughly the same section of the syringe every time. A 

paste should preferably extrude between 3-6 g on the test. 

2.5 XRD Analysis 
The phase composition of the implant samples was analysed using a Malvern Panalytical XRD. 

Diffraction angles (2θ) 8-70 were analysed at 14.5°/min for MCPM and 7.67°/min for the im-

plant samples. The hardened tiles were crushed and pulverized with an agate mortar and pestle 

before the analysis. The phase composition analysis was performed automatically by the soft-

ware in the XRD machine with a pre-defined Rietveld routine selected to look for the relevant 

calcium phosphate phases.  

2.6 Apparent porosity method 
The apparent porosity was measured with a density determination kit from RADWAG on a 

RADWAG PS 600.R2 scale. The porosity was analysed on three samples and the mean value 

was taken. The porosity was calculated from equation 4:  

               𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
𝐵−𝐴

𝐵−𝐶
∗ 100%            (4)  

where A is the dry weight after two hours in a vacuum oven at 60°C, B is the weight submerged 

in water after being soaked for 24 ± 1 hours and C is the wet weight after 24 hours of soaking 

but excess water on the sample’s surface has been removed. 
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2.7 Density method  
The bulk density of MCPM particles was measured by packing the powder in an XRD sample 

holder with a volume of 1.317 cm3. The packed powder was weighed, and the bulk density was 

calculated. The bulk density is defined as the mass of the particles divided by their total volume, 

including the void volume between the particles. This method is not optimal when measuring 

the density of the MCPM particles since it also includes the void volume in the calculations. 

The method used may be a measure of the particle’s packability and their density combined. 

This method was only used to compare MCPM powders to each other.  

2.8 Setting properties  
When samples were placed in the water during the setting process, some showed poor setting 

performance, in terms of paste immediately falling off the vertical mold. This is not acceptable 

and very time-consuming for the company if an implant that takes around one hour to mold 

shows this behavior when submerged in water, and the paste has to be replaced. The setting 

performance was evaluated by molding one vertical mold for each experiment and its behavior 

while placed in water was noted and photographed. All samples in this thesis, unless otherwise 

stated, were placed in water at approximately the same amount of time after mixing the cement 

and molding. They were all placed in water around 10-15 minutes after the mixing of powders 

and glycerol was finished.  

2.9 Particle size distribution  
To analyse the particle size distribution, MCPM powder was sieved through several sieves on 

top of each other and then the fractions were weighed. Sieves with sizes 500, 400, 300, 200, 

100 (and sometimes 50 µm) were used with the largest one on top. Since the sieves are in steps 

of one hundred micrometers the distribution within each fraction remains unknown.  

2.10 Scanning electron microscopy  
Scanning electron microscopy (SEM) was used to investigate the microstructure and morphol-

ogy of the MCPM particles, it was done with a Hitachi TM-1000 Tabletop Microscope at an 

accelerating voltage of 15.0 kV. The samples were not sputtered before analysis, the powders 

were instead attached to a conducting carbon tape to avoid charging effects. 

 

3. Experimental and results 

For clarity and structure, the experimental section and the results of each experiment are pre-

sented one at a time.  

3.1 Experimental. Untreated MCPM experiment 
MCPM was taken directly from the supplier and no treatment was done to the powder before 

molding. Molding was done according to section 2.3.  

3.1.1 Results. Untreated MCPM experiment 
The molded sample with untreated MCPM is shown in figure 3. During molding, the paste was 

barely extrudable from the capsule into the syringe. The extrusion test resulted in 1.53 g paste 
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extruded from the syringe in five seconds. A lot of paste fell off the vertical mold in the initial 

stage of the setting in water as shown below. The molded implant sample had a porosity of 47.5 

%. 

 

Figure 3. Setting performance of molded sample containing untreated MCPM submerged in water.  

A particle size analysis of the untreated MCPM showed a distribution of 92.2 wt% of the par-

ticles below 100 µm. SEM images of untreated MCPM are shown in figure 4. They show partly 

hollow spherical particles with sizes that match the particle size distribution analysis.  

 

Figure 4. SEM images of the morphology of untreated MCPM directly from the supplier. 

3.2 Experimental. Particle size experiment 
MCPM was treated by standard (see section 2.1) at around 23 %RH both with and without 

perforated lids. The MCPM treated with perforated lids (MCPMPL) was milled at 0.5 mm, and 

the distance between the discs increased to 0.9 mm during the milling due to material build-up 

on the milling discs. The MCPM treated without perforated lids (MCPMNL) were milled at 1.0 

mm. According to section 2.9 fractions of 0-50, 50-100, 100-200, 200-300, 300-400, 400-500, 

500-600 µm were made for both MCPM batches. Powders with sizes 0-600 µm were also left 

unfractioned. Each fraction and batch was molded according to section 2.3. XRD was per-

formed on both the MCPM fractions and the ceramic samples and the porosity of the ceramic 

samples was also measured (see sections 2.5 and 2.6). 
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3.2.1 Results. Particle size experiment 
The setting performance of the molded samples based on sieved fractions of 0-50, 50-100, 100-

200, 200-300, 300-400, 400-500, 500-600, and 0-600 µm, are shown in figure 5 and 6. The 

samples containing MCPMPL all showed a larger tendency to paste falling off the vertical sili-

cone mold compared to the same fraction but with MCPMNL. In both series, the viscosity of the 

extruded paste decreased with increasing particle size, see appendix table A1 for extrusion test 

results.  

 

Figure 5. Setting performance of samples with different size fractions of MCPM treated with perforated lids at ~ 

23% RH. 

 

Figure 6. Setting performance of samples with different size fractions of MCPM treated without perforated lids 

at ~ 23% RH. 

For the samples with MCPMPL, the porosity increased with increasing particle size. The trend 

was somewhat the opposite for samples with MCPMNL, where the porosity appeared to decrease 

with increasing particle size, except for the fraction 400-500 µm. See appendix figure A1.   

The XRD analysis of the MCPM fractions showed different results based on whether the 

MCPM was treated with or without perforated lids, as presented in figure 7. The MCPMPL 

showed a somewhat constant amount of MCPM+MCPA for all fractions. On the contrary, the 

amount of MCPM+MCPA increases with increasing particle size for MCPMNL. The majority 

of fractions of MCPMNL showed traces of brushite, with the fraction 0-50 µm containing the 

most, at around 2 wt%. The MCPMPL fractions showed no traces of brushite. The remaining 

percentage is almost exclusively monetite. The XRD analysis of the implant samples based on 

the MCPM fractions in figure 7 is found in appendix figure A2.  
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Figure 7. XRD results of MCPM fractions. The remaining percentage is almost exclusively monetite. Fraction 

500-600 µm with perforated lids is missing due to a lack of enough material. 

3.3 Experimental. Equal PSD experiment 
The ceramic samples with MCPM particle sizes 0-600 µm in section 3.2.1 differed a lot. To 

determine if the results were influenced solely by the difference in PSD, further experiments 

were made. The PSD of MCPMPL from section 3.2.1 was simulated by combining fractions of 

MCPMNL. These two MCPM batches with approximately the same particle size distribution but 

treated in different ways were both molded according to section 2.3.  

Two additional samples based on MCPM with approximately the same PSD were made from 

both MCPMNL and MCPMPL. Fractions of MCPM 0-50, 50-100, 100-200, 200-300, and 300-

400 µm were mixed in equal weights (i.e ratio 1:1:1:1:1). Earlier experiments (see section 3.2.1) 

had shown that the fractions originating from MCPMPL all showed a great amount of paste 

falling off during setting when molded individually, while MCPMNL behaved the opposite. 

Molding was done according to section 2.3.  

3.3.1 Results. Equal PSD experiment   
Figure 8 shows molded ceramic samples with approximately the same PSD. The sample con-

taining MCPMPL shows a great amount of paste falling off during setting, while the sample 

based on MCPMNL does not. The extrusion test resulted in 2.43 g of paste in 5 seconds for the 

sample based on MCPMNL compared to 3.93 g for the sample based on MCPMPL. There was 

no significant difference in porosity between the two samples at 41.3 and 40.5% respectively.  

 

Figure 8. Setting performance of samples based on MCPM treated with and without perforated lids at 23%RH, 

with their particle size distribution on the right. 

The samples molded with a MCPM where fractions of 0-50, 50-100, 100-200, 200-300, and 

300-400 µm were mixed in a weight ratio of 1:1:1:1:1 are presented in figure 9 below. They 
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both showed great setting performance with no paste falling off when placed in water. The 

individually molded fractions used in the MCPM mixture for these two samples were presented 

above in section 3.2.1. During molding, the sample based on MCPMNL showed a slower extru-

sion than with MCPMPL. No difference in porosity between the samples was found. Extrusion 

test results and porosity are presented in table 1.  

Table 1. Extrusion test results and porosity of samples based on MCPM fractions 0-50, 50-100, 100-200, 200-

300, 300-400 µm in weight ratio of 1:1:1:1:1. 

MCPM treatment   Extrusion test (g) Porosity (%) 

With perforated lids  8.20 42.3 

Without perforated lids  5.03 42.9 

 

 

Figure 9. Setting performance of samples based on differently treated MCPM and fractions 0-50, 50-100, 100-

200, 200-300, 300-400 µm in weight ratio of 1:1:1:1:1. 

3.4 Experimental. Ratio experiment 
Based on the results from the “equal PSD experiment”, it’s clear that not only the PSD influ-

ences whether the cement will show a tendency to fall off. This part of the thesis investigated 

if the tendency for the cement paste to fall off can be overcome by mixing in MCPM which 

does not show these tendencies. MCPMPL (100-200 µm) and MCPMNL (100-200 µm) were 

mixed at ratios of 100/0, 90/10, 80/20, 75/25, 70/30, 60/40, 50/50, 0/100. For clarification, 

90/10 is 90wt% MCPMPL and 10wt% MCPMNL. Treatments were done by standard at 23%RH 

(see section 2.1) and fractioned by section 2.9. Molding was done according to section 2.3.  

3.4.1 Results. Ratio experiment 
The setting performance of the series of different mixing ratios between MCPMPL (100-200 

µm) and MCPMNL (100-200 µm) treated at 23%RH are shown in figure 10. Samples based on 

only MCPMPL showed poor setting performance, while samples based on MCPMNL showed 

great setting performance. The trend demonstrated from the extrusion test was that the higher 

proportion of MCPMNL, the slower extrusion. The setting performance was poor for samples 

containing >75 wt% MCPMPL.  
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Figure 10. Setting performance of samples based on a mixture of two different MCPM (100-200 µm) batches. 

The percentage indicates the fraction of MCPM treated with perforated lids in the mixture, the rest is MCPM 

treated without perforated lids. 

SEM images of the two different MCPM batches show a slight difference in morphology, see 

figure 11. Particles from MCPMPL, in other words in a simulated humid environment, show 

more dense particles and smoother surfaces. However, if no lids were used in a rather dry cli-

mate the 100-200 µm MCPM particles appear to be clusters of smaller particles ranging from 

0-100 µm.  

 

Figure 11. SEM images of the morphology of MCPM fractions 100-200 µm. The upper two pictures are treated 

with perforated lids and the lower two without. Please note the different magnifications in the right-hand side 

pictures. 

The extrusion test results, porosity, and XRD analysis of each ratio are presented in appendix 

table A2 and figure A3.  

3.5 Experimental. Re-treatment experiment 
To determine how much influence the properties of untreated MCPM have on the process, al-

ready treated and milled MCPM were treated an additional time, in other words, the process in 

figure 2 was performed twice. MCPM treated with perforated lids the first time were retreated 

both with and without lids the second time. In the same way, MCPM treated without lids the 

first time were treated both with and without lids the second time. Both the first and second 

treatments were performed at around 20%RH. The milling distances are shown in table 2. The 

increase in milling distance for samples 1 and 2 during the first treatment was due to material 

build-up on the discs.  
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Table 2. Treatment scheme for the retreatment experiment. 

 First treatment  2nd treatment  

Sample ID Lids?  Milling dist.  Lids?  Milling dist.  

Sample 1 Yes 0.5→0.9 mm Yes 0.5 mm 

Sample 2 Yes 0.5→0.9 mm No 0.5 mm  

Sample 3 No 1.0 mm Yes 0.5 mm 

Sample 4 No 1.0 mm No 1.0 mm  

 

Both treatments and millings were performed by standard (see sections 2.1 and 2.2) and the 

molding was done according to section 2.3.  

3.5.1 Results. Re-treatment experiment 
The results from samples with retreated MCPM batches are shown in table 3 below. Samples 1 

and 3 were both treated identically in the second treatment, as shown in table 2. Despite this, 

they show very different results in both extrusion and porosity.   

Table 3. Results from the retreatment experiment after treating MCPM twice. 

Sample ID Extrusion Test (g/5 sec.)  Porosity  

Sample 1 9,88 44,35 

Sample 2 4,77 41,12 

Sample 3 6,59 40,17 

Sample 4  6,61 40,84 

 

Figure 12 shows the setting performance of samples 1-4. Sample 1 showed a very poor setting 

while the other three presented a good/decent setting.  

 

Figure 12. Setting performance of samples based on MCPM treated twice. White boxes in the pictures show the 

kind of treatments the MCPM has undergone. For example, “with+without lids” means the MCPM was treated 

with lids in the first treatment and without lids in the second treatment. 

3.6 Experimental. Ethanol experiment 
To decide if by increasing the amount of ethanol one can achieve the same impact as using lids, 

the ethanol parameter was investigated. Two series of MCPMPL and MCPMNL were treated 

with 25, 50, 75, and 100 mL ethanol per 25 g MCPM at around 13 %RH. The milling distance 

was kept constant at 0.75 mm for all eight batches. Molding was done according to section 2.3. 

The bulk density of some particles was calculated by using the method in section 2.7.  
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3.6.1 Results. Ethanol experiment 
All samples except the one with MCPMPL and 50 mL ethanol/25 g MCPM show great or decent 

setting performance, see figure 13. The series with samples based on MCPMNL showed a clear 

trend of lower viscosity with higher ethanol amount in the treatment, while samples based on 

MCPMPL did not have the same trend, see appendix table A3. The porosity of all samples is 

found in appendix figure A4.  

 

Figure 13. Setting performance of samples based on MCPM treated with different amounts of ethanol. 

Figure 14 demonstrates the difference in particle morphology between rapid evaporation (small 

amounts of ethanol at low humidity) and slower evaporation (large amount of ethanol). The 

particles in the upper part of figure 14 seem to be agglomerates of intact untreated MCPM 

particles. While the lower part of figure 14 shows more dense particles where the origin MCPM 

particles have almost disappeared. The dense particles produced with 100 mL ethanol showed 

a 9.1% higher bulk density than the particles from preparation with 25 mL ethanol.  

 

Figure 14. SEM images of the morphology of MCPM particles. 
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The MCPM particle size distributions of the ethanol series are presented in figure 15 below. 

The milling distance was kept constant at 0.75 mm for all MCPM batches. Interestingly the 

PSD for MCPMPL and with 50, 75, and 100 mL ethanol does not differ much. It does not follow 

the same trend as the MCPMNL, where the distribution is pushed towards smaller particle sizes 

when using less ethanol. The distributions of MCPMPL treated with 50, 75, and 100 mL also 

look similar to the distribution of MCPMNL treated with 100 mL ethanol. The amount of ethanol 

and therefore the time of evaporation has a great impact on the PSD. However, it only seems to 

be valid up to a certain point after which the influence stops since the samples containing 

MCPM with long evaporation time (100 mL without lid and 50, 75, and 100 mL with lid) have 

a similar distribution.  

 

Figure 15. Particle size distribution of MCPM in ethanol series. The left graph shows PSD on MCPM treated 

without lids and with different amounts of ethanol. The right graph is the same, but MCPM treated with lids. 

3.7 Experimental. Milling experiment 
MCPMPL and MCPMNL was treated by standard (see section 2.1) at 17 %RH and milled at 

distances 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 mm. All twelve fractions were put in their container. 

The batches were hand-mixed by shaking the container. The batches were so small the impact 

of not mixing in the TURBULA 3D mixer was likely negligible. Molding was done according 

to section 2.3. SEM was performed according to section 2.10.  

3.7.1 Results. Milling experiment 
The extrusion results from the milling test are presented in table 4 below. The viscosity de-

creased with increasing milling distance for the samples based on MCPMPL. It decreased from 

0.5 mm to 0.8 mm then it showed a slight increase for 0.9 and 1.0 mm. For the samples where 

MCPMNL was used in the cement, the viscosity stayed somewhat constant for all different mill-

ing distances. 

Table 4. Extrusion test results of samples based on MCPM treated with/without perforated lids at 17%RH and 

milled at different distances. 

Milling dist. (mm) Test (g) MCPM with lids Test (g) MCPM without lids 

0.5 6.31 2.34 

0.6 8.76 2.38 

0.7 8.18 1.92 

0.8 9.42 2.48 

0.9 7.34 2.7 

1.0 7.45 2.74 
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The particle size distributions of MCPM milled at 0.5, 0.8, and 1.0 mm are shown in figure 16. 

For both types of MCPM, the distributions are pushed towards smaller sizes with decreasing 

milling distance. The MCPMNL has higher content of smaller particles at all milling distances 

than MCPMPL. This is no surprise since a MCPM disc treated without lids is much softer and 

easier to break than if treated with perforated lids if treated at the same humidity.  

 

Figure 16. PSD for MCPM milled at different distances and with/without perforated lids. 

For the samples based on MCPM milled at 0.5, 0.6, and 0.7 mm, there is no significant differ-

ence in porosity between MCPMPL and MCPMNL. However, at 0.8, 0.9, and 1.0 mm there is a 

difference, as shown in appendix figure A5.   

There was no difference in setting performance between different milling distances. Generally, 

the samples based on MCPMPL showed slightly more paste falling off the mold when placed in 

water, as presented in figure 17.  

 

Figure 17. Setting performance of milling series. The milling distance is presented in the white boxes.  

The milling series was performed on the MCPM discs shown in figure 18. The SEM images 

show very different characteristics. The MCPMNL disc shows hollow MCPM particles while 

MCPMPL does not. The latter also shows a difference in morphology between the top and the 

bottom. Sheet-like crystals appear at the top of the disc, structures that don't occur at the bottom. 

This difference in appearance can even be visualized by the eye, with the bottom layer having 

a gray glass-like look and the top a whiter and crystal-like structure. XRD analysis on material 

provided by grinding with sandpaper on the disc showed a big difference in composition be-

tween the top and the bottom. The bottom contained 4,25% monetite and 95,75% 

MCPM+MCPA while the top had 18,25% monetite and 81,75% MCPM+MCPA. The sheetlike 

crystals at the top are therefore most likely monetite crystals. 
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Figure 18. SEM images of cross sections of MCPM discs after being treated with ethanol. Both MCPM discs 

were treated with 50mL of ethanol per 25g of MCPM. 

3.8 Experimental. Powder to liquid ratio 
The amount of glycerol was lowered to investigate if by altering the powder to liquid ratio the 

behavior of paste falling off during the initial setting could be prevented. Two MCPM batches 

that previously had shown a tendency of poor setting performance and low viscosity when 

molding was used. The molding was done according to standard (see section 2.3) except for the 

lower glycerol amount. For one series the glycerol was lowered from 16.03 g to 15.03, 14.03, 

and 13.03 g, and for the other series to 15.53 and 15.03 g.  

Likewise, the powder to liquid ratio was investigated once more but this time to examine if a 

paste with too high viscosity could be made less viscous by adding water to it. Increasing the 

glycerol amount to achieve the same effect is limited due to the available space in the mixing 

capsule in addition to achieving sufficient mixing. MCPM batches that had shown great setting 

performance but were too viscous in previous experiments were used. The molding was done 

according to standard (see section 2.3) except for the added water of ~0.5wt%, ~1.0wt%, and 

~2.0wt%.  

The porosity was not measured in this experiment.  

3.8.1 Results. Powder to liquid ratio 
How less glycerol affects the setting performance is shown in figures 19 and 20. The trend was 

that the setting performance improved with less glycerol. For both series, the viscosity de-

creased with decreasing glycerol amount, as shown in tables 5 and 6.  
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Table 5. Extrusion test results when lowering the glycerol amount in the paste. 

Glycerol amount in paste (g) Extrusion test (g) 

16.0 12.6 

15.0 10.1 

14.0 6.94 

13.0 3.52 

 

 

Figure 19. Samples with decreasing amounts of glycerol in the cement. MCPM batch treated at 12.5%RH with 

lids, milled at 0.75 mm was used. The sample with 16 g glycerol was molded at a different occasion than the 

other three. 

Table 6. Extrusion test results when lowering the glycerol amount in the paste. 

Glycerol amount in paste (g) Extrusion test (g) 
16.0 13.81 

15.5 9.72 

15.0 8.12 

 

 

Figure 20. Samples with decreasing amounts of glycerol in the cement. MCPM batch treated at 22.8 %RH with 

lids, milled at 0.5 to 0.9 mm, then fractioned to 100-200 µm was used. 

If water was added to the paste the viscosity decreased rapidly, 1 wt% added water increased 

the weight on the extrusion test from 2,3 to 12 g, as shown in table 7. The added water also 

resulted in a very poor setting, see figure 21.   

Table 7. Extrusion test results when adding water to the paste. 

Water added in paste (wt%) Extrusion test (g) 

0 2.3 

0.5 4.85 

1.0 12.0 
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Figure 21. Samples with an increasing amount of water in the cement. MCPM batches treated at 16.9 %RH 

without lids and milled at 0.5-0.7 mm were used. 

3.9 Experimental. Optimal amount of ethanol 
The ethanol experiment (see section 3.6.1) showed that the viscosity of the cement paste can be 

controlled by altering the ethanol amount during the MCPM refinement. To determine if this 

was true at higher humidity as well, the same experiment was executed at 31, 39, and 52%RH. 

MCPMNL was treated with 20-80 mL of ethanol in steps of 10 mL at the mentioned humidities. 

Milling distances were kept constant at 0.75 mm for all batches. Molding was done according 

to section 2.3. The cross-sections of MCPM discs produced at 52%RH were analysed with 

SEM, see section 2.10. All samples were treated without perforated lids.  

The porosity was not analysed in this experiment. 

3.9.1 Results. Optimal amount of ethanol 
The setting performance and the extrusion test result of the ethanol series performed at 31, 39, 

and 52 %RH are both shown in figure 22. Also, for these series, the viscosity stops decreasing 

at a certain amount of ethanol. For all three series, the samples based on MCPM treated with a 

higher amount of ethanol showed a higher tendency to present a poor setting.  

 

Figure 22. Setting performance and extrusion test results for ethanol series at 31, 39, and 52 %RH. Note that the 

extrusion test value of each sample is shown in the small white box in each image. All samples were treated with-

out perforated lids and milled at 0.75 mm. 

The cross sections of MCPM discs treated at 52%RH are shown in figure 23 below. The MCPM 

treated with 40, 50, 60, and 70 mL ethanol all have similar appearances. They also showed 

similar results in viscosity and setting.  
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Figure 23. Cross sections of MCPM treated with various amounts of ethanol at 52%RH. Note the difference in 

magnification. 

3.10 Experimental. Water instead of ethanol 
To determine whether the 30% water in the ethanol or the ethanol and water combined influ-

enced the process, MCPM was treated only with the amount of water present in the 70% etha-

nol. MCPMNL were treated both with 50 mL ethanol/25 g MCPM and with 15 mL deionized 

water/25 g MCPM. Both batches were treated at 52%RH and were milled at 0.75 mm. Molding 

was done according to section 2.3.  

The porosity was not analysed in this experiment. 

3.10.1 Results. Water instead of ethanol 
The results showed a large difference depending on whether the MCPM had been treated with 

ethanol or just the water present in that particular amount of ethanol. MCPM treated only with 

water showed a worse setting and much lower viscosity, 29.5 g on the extrusion test (which is 

almost the whole syringe in five seconds) compared to 14.8 g for the sample based on MCPM 

treated with ethanol. Setting performances of the two samples is shown in figure 24. 

 

Figure 24. Setting performance of sample based on MCPM treated by standard with 50mL ethanol/25g MCPM 

and sample based on MCPM treated with 15mL deionized water/25g MCPM. 
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4.  Discussion 

The results from the molding with untreated MCPM taken directly from the supplier (see sec-

tion 3.1.1) showed an extremely high viscous paste that was nearly impossible to extrude from 

the capsule into the syringe. Additionally, a significant amount of paste fell off the vertical mold 

during the setting which is not acceptable when molding the implants. The porosity of 47.5% 

lay outside OssDsign’s specification limits (36-45%). As much as 92.2 wt% of the particles in 

the used MCPM powder were smaller than 100 µm, which explains the very slow extrusion 

during molding since smaller particles increase the viscosity. These results prove that the 

MCPM must be treated in some way before it is used in the process of molding the implants.  

The necessary ethanol treatment of MCPM is unfortunately rather complex, as mentioned 

throughout the project the villain in this story is the humidity. The example from sections 3.6.1 

and 3.9.1 will emphasize how problematic it is and its large effect on the quality of the process. 

Four MCPM batches were prepared in identical ways, 50 mL ethanol/25 g MCPM without 

perforated lids and milled at 0.75 mm. The only difference between the batches was that they 

were prepared on different occasions with humidities of 13, 31, 39, and 52 %RH. The variety 

in viscosity of the cements based on the different batches was immense. The results from the 

extrusion test increased from 2.4 g with MCPM treated at 13%RH to 14.8 g at 52 RH%. That 

is an increase of 517% just because of the humidity difference in the laboratory during treat-

ment. Since the humidity in the laboratory follows the climate outdoors, it is currently impos-

sible to control. The current answer to this problem was as mentioned to introduce perforated 

lids into the MCPM treatment at low humidity, to slow down the evaporation. This is because 

directly under the lid the humidity is locally higher than the environment. This local increase in 

humidity is the factor that slows down the evaporation. However, this isn’t an optimal solution. 

To circumvent this issue, knowledge gaps had to be filled with information about the raw ma-

terial and the process.  

The effect that the particle size of MCPM had on the paste’s viscosity was distinct and expected. 

Larger MCPM particles resulted in lower viscosity, which matched the findings from the liter-

ature, see section 1.2. The lower viscosity for increasing sizes is due to the increase in mean 

free path and the decrease in friction between the particles. Beyond MCPM roughly half the 

weight of the paste consists of β-TCP with very small particle sizes. However, the presence of 

β-TCP doesn’t affect the argument that the mean free path between particles in the paste in-

creases when almost half of the material increases in particle size. The pastes based on MCPMPL 

were more prone to fall off the mold while placed in water. As mentioned earlier, the perforated 

lids are used to simulate a higher humidity, because the evaporation of ethanol and water is 

slowed down by the lids. Based on these results, it is possible to argue that a poorer setting is 

more likely to occur at higher humidity, or at slower evaporation, than if the evaporation is 

more rapid which it is in dry climate.  

It was shown by XRD analysis (see figure 7) that for MCPMNL, or in dry climate, the purity 

varied between different particle sizes. Larger particles had a higher content of MCPM+MCPA 

than smaller ones. In other words, smaller particles contained more monetite. This could mean 

that the monetite is easily milled and ends up in very fine particles. This difference in the purity 

of the raw material was, not surprisingly, reflected in the composition of the end product, see 
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figure A2 in appendix. However, the MCPM batches used in the process are not fractioned in 

this manner, so this is not an issue.  

The two samples based on MCPM treated in different ways (with and without perforated lids) 

but having approximately the same PSD showed differences in both the setting and handling 

performance of the paste, shown in section 3.3.1. The sample with MCPMPL showed a poor 

setting performance with a lot of paste falling off initially, while the sample containing 

MCPMNL presented an excellent setting with no paste at all falling off. There was also a slight 

difference in viscosity of the two pastes, the paste containing MCPMPL had lower viscosity, 

3.93 g on the test, compared to MCPMNL which showed 2.43 g. Since the two samples had 

almost the same PSD that parameter can be ruled out as an influencing factor for this test. The 

fact that the two samples behaved differently during the molding process despite them having 

the same PSD is interesting. It means that the differences must originate from something else. 

The PSD of MCPM still has an influence on the handling and setting properties of a paste, but 

as shown in this experiment, other factors also matter.  

A similar experiment in section 3.3.1 where the implant samples based on MCPM with equal 

amounts of fractions 0-50, 50-100, 100-200, 200-300, and 300-400 µm also showed interesting 

results. When the fractions of MCPMPL were molded individually, they did not set properly, 

but when combined into one batch they showed excellent setting performance. It was somewhat 

expected that the paste based on those mixed fractions also would fall off the mold when placed 

in water, but it seems that the right PSD can outweigh the poor setting performance from the 

individual fractions.  

However, these conclusions should be taken with a pinch of salt because the PSD within each 

fraction is unknown. With the method of sieving in the order of one hundred micrometers in 

each fraction, it is impossible to mimic the PSD exactly. Nevertheless, the fact that something 

other than just the PSD influences the process should be true.  

The results from the series with mixtures of differently treated MCPM of fractions 100-200 µm 

were presented in section 3.4.1. The amount of paste that fell off the vertical mold was large 

when only MCPMPL was used, and non-existing for MCPMNL. The 50/50, 60/40, 70/30, and 

75/25 ratios also showed an absence of fall, while the 90/10 and 80/20 more or less imitated the 

100/0 ratio. These results show that an MCPM batch that tends to fall can be saved by mixing 

it with a quite small amount (~25wt%) of MCPM that does not have the same behavior. The 

SEM images (figure 11) showed slightly different shapes between the two types of MCPM 

particles. MCPM particles treated at lower humidity had small spherical particles aggregated 

into larger ones, while MCPM particles treated at simulated higher humidity had more flat sur-

faces. Since the two batches mixed in this experiment had the same particle sizes (100-200 µm), 

the only visual difference between them is the morphology. It is possible that this difference is 

the explanation for the different setting performances between the samples with MCPM ratios 

100/0 and 0/100.  

The retreatment experiment where already treated and milled MCPM powder were treated with 

ethanol and milled a second time showed interesting results, see section 3.5.1. MCPM treated 

in different ways (with or without perforated lids) the first time but the same the second time 

showed different behavior. The most interesting comparison was the one treated with lids both 

times with the one treated without lids the first and with lids the second time, since they were 

also milled at the same distance the second time. The one where perforated lids had been used 
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twice showed very poor setting while the other one showed excellent setting and higher viscos-

ity. Despite them being treated exactly the same the second time they still differed a lot in 

setting performance. This suggests that properties of MCPM remain and don’t reset just by 

treating it with ethanol. The knowledge and understanding of the properties, such as particle 

sizes and shape, of the MCPM provided by the supplier are therefore crucial for maintaining a 

reliable production process.  

The solubility of MCPM in water is 1.8g/100mL[13], which means a very small amount of 

MCPM actually dissolves if the standard ratio of 50mL ethanol/25g MCPM is used. In 50mL 

70% ethanol there is 15 mL of water which would mean if the mentioned ethanol/MCPM ratio 

is used that only 0.27 g of MCPM dissolves. MCPM is insoluble in alcohol, meaning only the 

water in the ethanol dissolves the MCPM. However, experiments did show that the ethanol and 

not just the water play an important role in the treatment of MCPM. The MCPM treated only 

with 15 mL deionized water did not show the same results as if treated with 50 mL ethanol, 

regardless of the two being treated with the same amount of water. The sample containing 

MCPM only treated with water had extremely low viscosity and double the weight on the ex-

trusion test (29.5 g vs 14.8 g) compared to one treated with 50 mL ethanol under the same 

conditions and milling distance.  

The experiments where the ethanol parameter was investigated proved that the viscosity of the 

paste can be controlled by altering the amount of ethanol in the MCPM treatment step, see 

section 3.6.1. With increasing amounts of ethanol, the MCPM disc becomes harder and when 

milled it results in particles with probably higher density as shown both by bulk density calcu-

lations and SEM images in figure 14. The bulk density method is not optimal when analysing 

the particle density. However, the bulk density calculations and the SEM images both indicate 

that there is a difference in density. The SEM images of MCPM particles treated at low humid-

ity show aggregates of smaller particles. The consequence of a difference in density would be 

that the number of MCPM particles in the paste doesn’t stay constant even if the weight is the 

same. With heavier and fewer particles in the paste, the mean free path should increase, which 

as described earlier lowers the viscosity. The PSD looked similar for MCPM treated with 50, 

75, 100 mL and perforated lids and 100 mL without lids, even if the ethanol amount and there-

fore the water content in the ethanol differed. Their common denominator was that the evapo-

ration of ethanol and water took a longer time, so perhaps the growth and recrystallization of 

the MCPM disc reaches a point where the process is finalized.   

The only sample in the ethanol series that showed poor setting was also the one with the lowest 

paste viscosity, which strengthens the thesis that low viscosity often is correlated with poor 

setting performance.  

A difference in density between MCPM batches would interfere with the powder-to-liquid ratio. 

Since, as mentioned earlier, the powder is weighed when producing the cement, the volume of 

MCPM will decrease if the density is high. Consequently, a hard and dense MCPM disc will 

result in a lower P/L ratio when considering the volume of the powder. Both the powders and 

the glycerol are weighed in the manufacturing process, so the P/L ratio in grams stays constant 

if the density of the MCPM changes. However, if there is a density difference it should influence 

the volume P/L ratio. This may explain why MCPM treated under humid conditions often re-

sults in low viscous pastes since high-density particles increase the mean free path and lower 

the friction, if the glycerol amount is kept constant. Earlier it was shown that samples treated 
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under different conditions but with approximately the same PSD behaved differently. It is indi-

cated that the PSD parameter is not the only parameter determining the behavior of the paste, 

in this case, the behavior must originate from something else. The possible difference in density 

of the MCPM powder is likely to play an important part. Generally, samples based on MCPM 

treated at simulated higher humidity have proved to be less viscous, which conforms with the 

thesis about density interfering with the mean free path.  

Beyond the possible difference in density, the morphology of the particles could also affect the 

viscosity. Figure 14 clearly shows two different types of particle surfaces. Particles with aggre-

gated small MCPM particles have rough surfaces while the other type has very smooth particle 

surface. This difference in surface roughness may affect the friction between particles in the 

cement. A rougher surface, such as the one where MCPM had undergone rapid evaporation, 

may result in larger friction between adjacent particles and increase the viscosity. If this is true, 

then the surface morphology, density, and the PSD of MCPM particles affect the viscosity of 

the cement.  

The surface morphology could also influence the setting performance, since a larger friction 

between particles likely decreases their tendency to run off the mold due to gravity.  

There may be an additional material parameter of MCPM influencing the process. The different 

particles in figure 14 also differ much in surface area. The agglomerate particles with high 

surface roughness produced from low ethanol volume and a rapid evaporation have higher sur-

face area than the particles with smoother surface originating from a treatment with slower 

evaporation. A higher surface area requires more liquid to wet the surface of a particle. The 

difference in surface area of MCPM particles could possibly influence the viscosity of the CPC. 

MCPM particles with higher surface area (as the upper one in figure 14) require more glycerol 

to wet their surface than smoother MCPM particles. Hence, the glycerol content between par-

ticles, not needed to wet surfaces, decreases. This results in a lower mean free path and a higher 

friction in the cement, which increases the viscosity. It has been shown that MCPM particles 

produced by rapid evaporation generally show higher viscosity. The surface area of MCPM 

particles, and consequently the lowering in friction, could be one of the influencing factors of 

this increase in viscosity. This means that there may be four material parameters influencing 

the process, surface roughness, particle density, PSD, and surface area.  

It is difficult to grade the four influencing parameters after magnitude of impact without further 

investigations. 

The milling series in section 3.7.1 was performed on both a batch treated with lids and one 

without, treated at 17%RH. Results from the extrusion test showed that the viscosity was almost 

independent of the milling distance for MCPMNL. This was not the case for MCPMPL. This 

proves that the milling distance parameter is more important on denser MCPM discs treated in 

more humid environments. MCPM treated in dry climates are very soft and fragile due to the 

rapid evaporation of ethanol and water, which will make them easy to break regardless of the 

milling distance.  

The samples with MCPM milled at different distances all showed the same setting quality, 

which was the case for both series. It was shown in the particle size experiment that the PSD of 

a MCPM batch affects its setting performance. However, in this case, the change in milling 

distance does not affect the PSD enough to have any influence on the setting. This was the case 
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for both MCPM treated at low humidity and simulated high humidity. The problems concerning 

setting may arise already by the properties of the MCPM disc and not because of choosing the 

wrong milling settings. In other words, the ethanol step seems to be the most critical moment 

in the process and that is where the focus of improvement should be.   

The SEM images in figure 18 of cross sections of MCPM discs before milling showed two very 

different types of morphology. The MCPM treated at 17%RH without any lids showed aggre-

gates of hollow spherical particles in the cross-section, as seen before in particles produced in 

dry environment. These hollow particles seen in the cross-section are the same as the untreated 

MCPM particles seen in figure 4. If the evaporation is rapid, as it is in dry climate, the MCPM 

only has time to aggregate and the original spherical hollow MCPM particles stay almost intact. 

While if the evaporation takes more time the intact MCPM particles almost disappear and grow 

into a highly dense disc.  

The investigation of how the powder to liquid ratio influenced the molding performance showed 

that the viscosity increased with lower amount of glycerol, as expected. The setting perfor-

mance was improved by lowering the glycerol content. However, by lowering the glycerol 

amount to achieve a ´perfect´ viscosity there is no guarantee that the setting performance will 

be good enough. Therefore, saving a low viscous batch that presents poor setting performance 

by lowering the glycerol amount may not be the best solution. Saving a too highly viscous batch 

by adding water to the cement also seems like a bad idea, since by only adding 0.5 wt% the 

setting performance went from excellent to catastrophic. It also rapidly decreased the viscosity 

since water has a far lower viscosity than glycerol.  

Deliberately adding water to the cement should initiate the precipitation reaction and start the 

nucleation, which probably results in precipitated brushite crystals throughout the cement be-

fore placing it in water. This may worsen the setting performances because parts of the cement 

have already precipitated which may impair the cement’s ability to keep together and the al-

ready precipitated brushite cannot be used in the reaction to form the ceramic implant.  

It has been shown at OssDsign that the humidity at the molding occasion of the implants influ-

ences the setting performance of the cement. All samples molded in this thesis were placed in 

water 10-15 minutes after mixing the cement. However, it takes far more time than 15 minutes 

to apply the CPC to the mold while manufacturing an implant. Experiments where molded 

samples were left on the bench for one hour (to simulate the time it takes to mold an implant) 

before being placed in water have shown more prone to poor setting performance, than samples 

placed in water directly. The risk of poor setting performance was also higher at high humidity. 

This could possibly be explained by the same discussion as if water was added deliberately to 

the cement. During the time the sample is left for one hour on the bench, the hygroscopic 

MCPM absorbs moisture from the air which can initiate the reaction. In conclusion, the humid-

ity does not only affect the treatment of MCPM, and therefore the whole process, but also the 

setting performance of the implants at the time of molding.  

The second ethanol series at 31, 39, and 52 %RH in section 3.9.1 confirmed former findings, 

that the risk of poor setting is high when using MCPM treated at slow evaporation, or more 

ethanol. The SEM images in figure 23 of MCPM discs treated with different amounts of ethanol 

at a fixed humidity also confirmed former conclusions. Low amount of ethanol results in fast 

evaporation which leaves intact original MCPM particles aggregated. With increasing amounts 

of ethanol and slower evaporation, the particles grow into a dense disc. The appearance of the 
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cross sections of MCPM discs treated with 40, 50, 60, and 70 mL ethanol looks similar, which 

also strengthens the thesis that the recrystallization is complete and properties (like viscosity 

when discs are milled and molded) start to resemble each other. There is a very large difference 

between the cross-section of the discs treated with 30 mL and 40 mL ethanol. Just by adding 

10 more mL of ethanol the effect on the recrystallization becomes significant. This is reflected 

in the handling and setting properties. With the 10 mL increase in ethanol volume, the extrusion 

test weight goes from 6.80 to 11.98 grams and the setting from excellent to unacceptable. Eth-

anol volumes above 40 mL do not influence either the recrystallization much or the viscosity 

or setting performance.  

It has been discussed how the evaporation of ethanol influences the MCPM. It is not the evap-

oration rate that determines the MCPM quality. The evaporation rate can for instance be very 

high (if the humidity is very low) and a hard and dense MCPM disc can still be obtained, if 

much ethanol is used in the treatment. A more relevant concept that decides the outcome of the 

recrystallization is the time MCPM spends in ethanol, which is influenced by the evaporation 

rate, perforated lids, humidity, and ethanol volume. Therefore, the time it takes for the evapo-

ration to finish is a more accurate measure that the evaporation rate.  

A summary of some of the gathered knowledge from the mapping of MCPM is found in table 

8. The parameters investigated have been split up into material parameters regarding the MCPM 

properties and process parameters which influence the properties of the material and paste.  

Table 8. Summary of material and process parameters and how they influence the process.  

Material parameter  Influence 

Particle size  Viscosity, increases with decreasing particle size. Purity of parti-

cles at fast evaporation. Affect setting performance. 

Particle size distribution  Viscosity. However, not the only parameter affecting viscosity. 

Controlled by milling distance and evaporation time. Affect set-

ting performance.  

Particle density  Viscosity. Affect P/L ratio. Higher density, less viscous paste. 

Controlled by evaporation time. May affect setting performance.  

Particle shape  Viscosity. May affect friction between particles and therefore the 

viscosity. Controlled by evaporation time. May affect setting per-

formance.  

Particle surface area  Viscosity. Affects mean free path. Higher surface area, more vis-

cous paste. Controlled by evaporation time. 

Process parameters  Influence  

Ethanol volume in treatment  Evaporation of ethanol and therefore hardness and density of 

MCPM disc.  

Perforated lids in treatment  Evaporation of ethanol and therefore hardness and density of 

MCPM disc. 

Milling distance  Viscosity, larger influence on MCPM treated at slow evaporation. 

Does not affect setting performance.  

Glycerol amount  Viscosity increases with less glycerol. Affect setting performance.  

Water content Viscosity decreases rapidly with added water. Affect setting per-

formance.  

Relative humidity  Evaporation of ethanol and therefore hardness and density of 

MCPM disc. Affect setting performance.  
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It appears that pastes based on MCPM treated during more humid conditions have a higher 

tendency to show poor setting and fall off the molds than paste from MCPM treated in a drier 

environment. However, MCPM treated in a too dry environment can barely be extruded from 

the capsule. A too highly viscous paste can also show tendencies of poor setting, as seen for the 

untreated MCPM sample. That is probably because the paste is so dry due to the small particle 

sizes and the paste barely stays together even before placing it in water. There must be a sweet 

spot between these two that gives an extrudable paste that sets properly. If this sweet spot can 

be reached in every single batch, it would be extremely valuable. With the current process for 

MCPM treatment, this is nearly impossible and requires a great amount of luck.  

Since the humidity in the laboratory cannot be controlled, and the humidity has a great impact 

on the quality of the process, the treatment must be adapted to the environment. The current 

solution where lids are chosen at lower humidity only leaves two options. To use lids or not to 

use lids. To only have two choices of adapting when the humidity in the laboratory can vary 

from 10 to 60 %RH or even further, is quite a gamble. Having numerous choices would result 

in a more consistent manufacturing process.  

The ethanol experiment showed that it is possible to modify the MCPMs properties by changing 

the ethanol amount. The fact that it is possible to control the viscosity of the CPC by altering 

the ethanol volume should make it possible to reach the sweet spot for every batch, regardless 

of the humidity. By choosing the optimal ethanol amount for a certain humidity one would 

hopefully achieve a paste that has as high viscosity that it does not show tendencies to set un-

properly, but at the same time is easy enough to extrude and handle.  

4.1 Process optimization suggestion  
The process optimization suggestion is therefore to discard the perforated lids and adjust the 

ethanol volume to the humidity without any lids. The decision to discard the lids is based on 

the results from 3.6.1. The experiments showed that the viscosity was more predictable and 

easier to control by altering the ethanol volume if no lids were used, compared to is lids were 

used.  

This approach should result in a more consistent process since there are numerous options of 

ethanol amounts to use to neutralize the effect from the humidity parameter, compared with just 

the two options in the current process, to use perforated lids or not use lids. Consequently, the 

perforated lids are replaced by adding more ethanol at lower humidity. It has been proved in 

this project that it has the same effect, the viscosity decreases and it is possible to produce an 

extrudable paste even at low humidity. This approach should lower the risk of achieving a paste 

with too low viscosity that doesn’t set properly and also lower the risk of producing a paste that 

is too viscous.  

The optimal amount of ethanol for a specific humidity and at the fixed milling distance of 0.75 

mm was found by the mapping in sections 3.6.1 and 3.9.1. The weight of 4-5 grams on the 

extrusion test was used as the sweet spot since that value showed great extrusion and handling 

properties and excellent setting at the investigated humidities. The optimal ethanol values at the 

examined humidities are shown in table 9.  
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Table 9. The optimal ethanol amount at given humidity values. 

Humidity (%RH) Ethanol (mL) 

13 70 

31 40 

39 40 

52 20 

 

 

Figure 25. Ethanol versus relative humidity graph. The points are the ethanol amount that results in optimal 

molding properties at a certain relative humidity. 

These points turned out to be almost linear in the analysed range as shown in the graph in figure 

25. The relationship between ethanol and humidity in the linear equation is a suggestion for 

method improvement.  

                                                      𝑦 =  −1.23𝑥 + 84.2          (5)  

The humidity is inserted as X in equation 5 and it should calculate the amount of ethanol (as Y) 

required to obtain an acceptable paste.  

4.2 Process optimization evaluation 
This method was evaluated by following the equation. MCPM was treated at 48.6%RH with, 

according to equation 5, 24 mL ethanol/25 g MCPM, and milled at 0.75 mm. The results were 

unfortunately not as expected. The viscosity was a bit too low, and the setting performance was 

not acceptable, as shown in figure 26.  

 

Figure 26. Setting performance of evaluation sample based on the process optimization suggestion. 
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It is difficult to explain why the setting was so poor for the evaluation sample when similar 

samples close to it in the mapping (see section 3.9.1) showed excellent setting performance. It 

is possible that the humidity when molding the sample interfered with setting performance, as 

discussed earlier. The extrusion test showed 7.17 g which was a couple of grams higher than 

expected. To complicate things further, the evaluation sample was remolded with a different 

batch of β-TCP. A batch with combined leftovers from other batches of β-TCP. Surprisingly, 

with the new β-TCP, the evaluation sample showed perfect setting. This might prove that the 

β-TCP is not as innocent in this story as it was believed at first. Regardless of the impact of β-

TCP quality, the last example once again proves the complexity of this process.  

In hindsight, the method optimization is not flawless. The biggest drawback, of course apart 

from the equation not actually working when evaluated, is the method’s inability at very high 

humidity. If the humidity is measured at for example 65% in the lab, which is possible, the 

equation results in mixing 4.25 mL ethanol into 25 grams of MCPM, which is similar to trying 

to mix 1 dL of water into 1 kg of flour when baking. To achieve sufficient wetting of 25 grams 

of MCPM powder, somewhere between 16-20 mL of ethanol is needed. Therefore, the equation 

is not operational for humidities that require 20 mL ethanol or below. For relative humidities 

between 0-52%, the wetting factor is not an issue, since more than 20 mL of ethanol is used. 

Fortunately, the perforated lids are used in this range of humidity where the new method is 

operational, which means they could possibly be replaced by the new method. For humidities 

above 52%, the smallest possible ethanol volume of around 20 mL could be used and still im-

prove the current process. However, this has not been evaluated. Although the new method was 

inadequate when evaluated, it has great potential in theory. It leaves more alternatives to neu-

tralize the effect from humidity than the perforated lids and it enables a control over the viscos-

ity in a new and simple manner.  

4.3 Other optimization suggestions  
Like the perforated lids method, this new method also adapts to the environment in the lab. 

Every batch is not produced in the same way, but the quality of the product should in theory be 

similar every time (below 52%RH). There may be a way to achieve a similar quality of the 

MCPM every time and produce every batch identically. If that was possible it would facilitate 

the work for the process operators and be easier to mass produce. It has been shown several 

times during the experiments that the properties and quality of MCPM and the MCPM discs 

stop evolving beyond a certain point during the ethanol treatment. At large amounts of ethanol 

and slow evaporation, the MCPM starts to resemble each other even if the treatment differs. 

Beyond the critical point where the recrystallization stops and the MCPM ceases to progress 

the resulting MCPM disc is hard and brittle. This state is not difficult to reach every single time, 

only add a lot of ethanol regardless of the humidity to slow down the evaporation. However, 

hard and brittle MCPM discs with high density have shown more prone to poor setting and too 

low viscosity with the current process. This approach would require altering of the remaining 

steps in the process to avoid producing a too low viscous paste. It would probably present poor 

setting in general if the current process parameters settings were used, so additional steps would 

have to be introduced.  

It has been shown that a paste with low viscosity often is correlated with poor setting perfor-

mance. However, there is no guarantee that it is the low viscosity that causes the poor setting. 

There may be another factor that makes the viscosity low and at the same time causes the paste 
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to not set properly, like the particle shape for example. The setting is a challenging problem and 

difficult to find the answer to. It has been shown that it is easier, but still not that easy, to control 

the viscosity than the setting quality. This unpredictable setting problem could possibly be pre-

vented by a rather simple solution. If the paste is prone to set poorly, the paste falls off the mold 

almost immediately when placed in water. This could be prevented by covering the entire im-

plant with a semipermeable membrane material that allows the diffusion of water and glycerol 

through the membrane, but not the powder particles. This should theoretically make the parti-

cles stay in the mold and the setting can take place unhindered. Preferably the membrane should 

not adhere too well to the paste since material may follow the membrane when removed. If the 

membrane is non-recyclable this solution can be rather expensive considering the number of 

produced implants. However, if it is a successful approach, it would allow molding with pastes 

that are non-acceptable from a setting performance perspective. It would save a lot of manhours, 

and it would shift the focus on maintaining a consistent paste viscosity alone.  

4.4 Future thoughts  
If the project were to continue, the other two optimization approaches suggested but not exam-

ined would be thoroughly investigated. If the approach where a lot of ethanol was added to 

MCPM regardless of the humidity (see section 4.3) was developed it probably has greater po-

tential than the process optimization suggested in this project, since it did not work over the 

whole humidity range. The possibilities of scaling up the time-consuming MCPM treatment 

would also be explored. There must be a more time-efficient way to recrystallize than in small 

Petri dishes. By treating the MCPM in much larger containers and scaling the amount of MCPM 

and ethanol with the area of the container it would result in MCPM with the same quality but 

save time in the overall preparation.  

All experiments were only performed once in this project. To receive more data and ensure 

reliable results the experiments would have to be repeated, especially when the process and 

particularly the paste is so sensitive and unpredictable. Another way to ensure more dependable 

data would be to replace the extrusion test method with something more accurate. Because of 

the inconsistency in extrusion force, it is difficult to conclude if the test value only differs by 

for example one gram between two different pastes. However, if the difference in test value is 

larger (>2 grams) one can argue that there really is a difference in viscosity between the pastes. 

An alternative extrusion test method could be to use the universal testing machine Shimadzu 

AGS-H used for measuring injectability.  

The bulk density method used in this thesis may not be optimal. It would be more relevant to 

know the density of the particles and not the particles combined with the void volume between 

them. It is difficult to draw correct conclusions about the particle density from measurements 

of bulk density. The used method may be a better measure of the packability than the density 

of the particles. A better method of measuring the density of the MCPM powder could be to 

weigh a certain amount of powder, and then immerse it in alcohol (where it does not dissolve) 

and measure the volume increase of the liquid.  

The particle distribution analysis method is another method that can be improved. The sieve 

method may be cheap, but it is not very accurate, especially when sieving in the order of one 

hundred micrometers. Photo analysis or laser diffraction could be other alternatives.  
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If these suggestions are taken into consideration in combination with the mapping of MCPM 

the process should hopefully be more stable in the nearby future.  

5. Conclusion 

The goal of this thesis was to gather new knowledge of the material MCPM in a specific bioc-

eramic implant production, and to suggest an optimization for the current method. It has been 

shown throughout the project how sensitive the raw material is and how difficult it is to achieve 

a stable process with constant quality. Hopefully, the company can utilize the gathered 

knowledge gained from the mapping of MCPM, and maybe evolve the, in theory, promising 

optimization suggestion into something more reliable. As mentioned earlier, the new method 

for MCPM treatment showed unwanted evaluation results and a few flaws but has the potential 

for replacing the perforated lids approach. The most important learnings from the mapping were 

the visualization of how the untreated MCPM particles recrystallize into different kinds of 

MCPM discs depending on the evaporation time. The PSD is not the only parameter important 

in controlling the viscosity. The density, surface roughness, and surface area of MCPM particles 

may also have significant influence. These findings are valuable in the development of a more 

reliable process.  
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Appendix 

Table A1. Extrusion test results from particle size experiments. The MCPM with lids was milled at 0.5 to 0.9 mm 

and the MCPM without lids at 1.0mm.  

MCPM fraction used (µm) With lids. Extrusion test (g)  Without lids. Extrus. test (g)  

0-50 0.44 0.30 

50-100 2.45 3.84 

100-200 13.81 6.96 

200-300 18.82 9.49 

300-400 N/A 10.95 

400-500 N/A 9.87 

0-600 3.93 5.44 

 

   

Figure A1. Porosity of implant sample based on different MCPM fractions.  

  

Figure A2. XRD analysis of implant samples based on different MCPM fractions. No samples were made of 

fractions 300-400 and 400-500 µm MCPM treated with perforated lids due to lack of material.  
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Table A2. Extrusion test result and porosity of the ratio series. The percentage indicates the fraction of MCPM 

treated with perforated lids in a mixture of MCPM treated with and without lids. 

MCPM mixture in sample Extrusion test (g) Porosity (%) 

100% 13.8 43.3 

90% 11.0 44.1 

80% 12.7 44.0 

75% 11.4 45.1 

70% 8.86 44.1 

60% 9.64 45.5 

50% 9.68 43.7 

0% 6.96 41.0 

 

 

Figure A3. XRD analysis of implant samples based on mixtures of MCPM treated with and without perforated 

lids. The percentages show fraction of MPCM treated with lids in the MCPM mixture.  

 

Table A3. Extrusion test results from samples containing MCPM treated with various amounts of ethanol and 

with or without perforated lids.  

Ethanol amount in MCPM 

treatment (mL)  

With lids. Extrusion test (g)  Without lids. Extrusion test 

(g)  

25 2.93 1.36 

50 12.6 2.4 

75 11.6 6.88 

100 7.79 9.59 
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Figure A4. Porosity of samples containing MCPM treated with various amounts of ethanol and with or without 

perforated lids. 

  

Figure A5. Porosity of samples containing MCPM milled distances from 0.5 to 1.0 mm. Both MCPM treated 

with and without perforated lids are presented.  

 

  


