[bookmark: _GoBack]investigating the influence of moisture content and pressure on the bonding mechanisms during roller compaction of an amorphous material
James D. Osborne1, Tim Althaus2, Laurent Forny2, Gerhard Niederreiter2, Stefan Palzer3, Michael J. Hounslow1 & Agba D. Salman1 
1 Department of Chemical and Biological Engineering, University of Sheffield, Mappin Street, Sheffield, 
S1 3JD, UK
2 Food Science and Technology Department, Nestlé Research Centre, Vers-Chez-Les-Blanc, CH-1000 Lausanne, Switzerland
3 Nestlé Product Technology Centre York, Haxby Road, York, YO91 1XY, UK 
example@sheffield.ac.uk
ABSTRACT 
Roller compaction is a dry agglomeration process which uses high pressure to bond powder particles together to form an agglomerate (ribbon). The bonding that occurs depends on the compressibility, deformation and fragmentation characteristics of the material. For amorphous materials these properties vary significantly with water content. The aim of this work was to investigate the influence of water content on the physical properties of the agglomerate formed in a roller compactor.
In this work a ribbon was produced from an amorphous food polymer, dextrose syrup IT21, using a roller compactor operating at different hydraulic pressures (30-180 bar). The powder was equilibrated at different relative humidities, (aw) of 0.15, 0.32 and 0.42 at 25 °C, prior to compaction. The strength of the ribbon produced was evaluated by a novel ball milling method as well as by using the three point bend test. The temperature of the ribbon was followed during production using a thermal camera.
It was found that the strength of the ribbon was dependent on both the hydraulic pressure and Tg-T value. It was shown that increasing the hydraulic pressure increases the temperature of the compacted powder up to 54 °C and this causes the material to surpass its glass transition temperature. At a certain water content and hydraulic pressure, solid bonding became the dominant bonding mechanism due to sintering of the material. 
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1. introduction
Agglomeration is a size-enlargement process used to bond powder particles together to form a larger entity. It is regularly used in industries, such as food and pharmaceuticals, to improve powder properties such as flowability and uniformity as their larger size reduces cohesiveness. Industries require that these agglomerates are strong enough to survive transport to the consumer. 
Roller compaction uses two counter-rotating rolls to compress powder to form an agglomerate or ‘ribbon’. The powder is usually fed to the rollers either by gravity or by means of a screw feeder. The ribbons are then passed through a milling step in order to form granules.
 Roller compaction is a dry agglomeration process which means that there is no liquid addition during the process and, therefore, no need for a drying stage which can save production costs. Its other advantage over conventional wet granulation processes is that it can be run continuously, therefore increasing the efficiency of the overall process [1]. 
As there is no additional liquid, the particles are bonded together as a consequence of the high compaction forces acting on the material, similar to tabletting. However, the difference between roller compaction and tabletting is the magnitude of the normal and shear stresses applied to the material during processing. The type of bonding which can occur between the particles (Van der Waals forces, interlocking forces, solid bridges etc.) during agglomeration depends highly on the compressibility, deformation and fragmentation characteristics of the material [2].
Hydrophilic amorphous materials store water in their matrix structure, even if they are termed as ‘dry’, depending on the relative humidity of the surrounding environment. The water content of a material affects its compressibility, especially in food materials which are hygrosensitive [3,4]. 
In tabletting, previous work has been carried out to study the effect of water content on the compressibility of materials and the properties of the tablets formed. Li and Peck [5] and Ollet et al. [6] showed that increasing the water content affected the compression behaviour of amorphous food materials and that increasing amounts of water increased plastic deformation. Sebhatu et al. [7] supported this work by demonstrating a similar result with amorphous lactose exhibiting increasing deformability with increasing water content, therefore increasing the strength of tablets. An increase in plastic deformation will increase the bonding area between particles, therefore increasing the strength of tablets. However, Sun [8] showed that increasing amounts of water will decrease the bonding strength between particles. The final strength of the tablet was, therefore, suggested to be a trade off between bonding area; increasing with increasing water content, and bonding strength; decreasing with increasing water content [9]. 
One previous study to look at the effect of water content on the roller compaction process is Wu et al. [10]. Their paper investigated the effect of increasing moisture content of the powder on the behaviour of the flow of the powder through a gravity fed system. The work showed that increasing moisture contents affected the flow of powder to the rollers thereby affecting the nip angle and compaction pressure. It was suggested that at higher moisture contents the strength of the ribbons was reduced which was causing them to split at high compaction pressures. Gupta et al. [11] investigated the effect of water content on a powder blend of microcrystalline cellulose and crystalline acetaminophen. Their work showed an initial increase followed by a decrease in tensile strength with water content. This was attributed to competing effects between the mechanical properties of the two materials. The work presented in this paper will investigate the effect of water content on the strength of the amorphous ribbons and relate this to a bonding mechanism.
The water content also has an effect on the glass transition temperature of an amorphous material [4]. Close to its glass transition temperature the material moves into its rubbery state and is, therefore, much less viscous. At this point it is suggested that any contact points between powder particles may sinter together creating solid bridges [4]. 
These solid bridges would be stronger than any other bond holding the particles together [2] and would, therefore, produce a stronger agglomerate. Different methods have been used to assess the strength of ribbons; Gupta et al. [11] and Farber et al. [12] used a three-point bed test whilst Freitag et al. [13] used microhardness measurements. In this paper a new method is suggested which can be used for non-uniform pieces of ribbon. 
The aim of this work was to investigate the influence of the water content of an amorphous material, dextrose syrup IT21, on the physical properties of the agglomerate formed in a roller compactor. It was presumed that varying the water content will affect the bonding mechanism acting between the particles, therefore affecting the strength and porosity. This was investigated by studying the relationship between the strength of the agglomerate and both the hydraulic pressure and water content separately.
2. experimental method
Preparation of powders
Dextrose syrup IT21 (Glucidex IT21, IMCD, UK), an amorphous polymer carbohydrate, with a particle size of ~280 µm was stored in three separate relative humidities for one week to equilibrate the powder to different water activities (aw) of 0.150, 0.320 and 0.422. The water activity is the vapour pressure of the water surrounding the powder divided by that of pure water at the same temperature. These were achieved using saturated salt solutions of LiCl, MgCl2 and K2CO3 at 25 °C. These water activity values of the powder were determined prior to agglomerate production using Rotronic HygroLab2 with AWVC-D10 probes (Rotronic, UK).
Ribbon production
The equilibrated powder was compressed into a ribbon using an Alexanderwerk WP120 (Alexanderwerk, Germany) roller compactor. The WP120 is a horizontally screw fed roller compactor that uses side cheeks to prevent the powder from leaking from between the rollers during compression. It is also fitted with a vacuum de-aeration system which sucks air out of the system prior to entry into the rollers and, therefore, enhances consolidation of the powder. Hydraulic pressures ranging from 30-180 bar between the 40 mm knurled rollers were used to produce a ribbon. A feedback system which constantly altered the feed rate to maintain a constant 2 mm gap between the rollers was turned on during ribbon production. The speed of the rollers was kept constant at 3 rpm throughout which resulted in a constant compression time for the material of         1 second. Cooling liquid was passed around the rollers at a constant temperature of 5 degrees throughout production. The hydraulic pressures convert to pressing force between the rollers, as shown in Table 1. This is the force applied to the powder in contact with the rollers which is the powder located in the nip region. A Flir SC 3000 thermal imaging system (ESPRC, UK) was used to capture thermal images of the ribbon as it exited the rollers. 
After production, the ribbons were then stored in their prior environments before being characterised. It is worth noting that cleanly shaped ribbons were not always produced, especially at high pressures and water contents. The bulk density and porosity of the ribbons were determined from their individual mass and volume measured using a high precision balance and a digital slide calliper respectively. As well as the average ribbon porosity, the central ribbon porosity, lengthways, was also calculated by sectioning it from the outer parts. To reduce the error in the porosity calculations the average of at least ten samples was used for each pressure and water activity. 
A Retsch Planetary Ball Mill PM 100 (Retsch, Leeds, UK) using a 500 ml agate jar and three 30 mm diameter balls, at 400 rpm for 30 seconds, was used to grind 5 g of ribbon. This was repeated five times for each ribbon produced at different hydraulic pressures and water contents. After milling, the size distribution of the fragments was obtained using Qicpic (Sympatec, Germany) image analysis technology. 

Table 1. Conversion of hydraulic pressure to pressing force between rollers [14].
	Hydraulic Pressure (bar)
	Pressing Force (kN)

	30
	12.4

	50
	20.7

	65
	27.0

	80
	33.2

	100
	41.5

	120
	49.8

	150
	62.2

	180
	74.7



The tensile strength of the ribbons was assessed by using the three point bend test method and  Eq. 1 [15] using a Zwick/Roell Z 0.5 materials testing machine. A fulcrum distance of 26 mm was used with the ribbon lengthways across them. At least ten ribbons were broken for each pressure and Tg-T value using a test speed of 1 mm/min. 
												Eq (1)
where t is the tensile strength (Pa), Fmax is the maximum recorded force at breakage (N), l is the distance between the two fulcrums (m), b is the ribbon width and h is the ribbon thickness (m). 
Electron micrographs were obtained of the ribbons using an InspectF FEI microscope (FEI Company, The Netherlands), operated at 10 kV under low vacuum conditions.
3. Results
Strength analysis
Figures 1, 2 and 3 show the cumulative size distributions of fragments produced at different compaction forces of ribbons after milling using powders equilibrated at different relative humidities (aw = 0.150, 0.320, 0.422 at 25 °C). The size distributions presented are the average of 5 repetitions for each measurement. It can be seen that for all the figures an increase in the production compaction force causes an increase in fragment size, with the curves shifting to the right.

Figure 1. Cumulative size distributions of fragments of ribbon produced with powder at aw=0.15 after ball milling.

[bookmark: _Ref270510042]Figure 2. Cumulative size distributions of fragments of ribbon produced with powder at aw=0.322 after ball milling.

Figure 3. Cumulative size distributions of fragments of ribbon produced with powder at aw=0.422 after ball milling.
From the average size distributions the d10, d50 and d90 values for each pressure were obtained. Figures 4, 5 and 6 show plots of this data in terms of each of the powders’ Tg-T value. The Tg-T value shows the difference between the powder's specific glass transition temperature, Tg, due to their separate water contents, and the input powder temperature before compaction, T (Table 2).
Figures 4, 5 and 6 all reiterate the fact that increasing the hydraulic pressure increases the fragment size of the ribbons after milling for all three powders. It can also be seen, that in all three figures, decreasing the Tg-T value increases the fragment size, with Tg-T=65 °C showing the smallest fragments and Tg-T=30 showing the largest fragments. 
Table 2. Glass transition temperature of the powders equilibrated at different water activities [16].
	aw
	Water content (%)
	Tg (°C)
	Tg  -T (°C)

	0.150
	4.5
	80
	65

	0.320
	6.2
	60
	45

	0.422
	7.5
	45
	30



 

It can be seen in Figures 4 and 5 that for Tg-T=65 °C, between 30 and 80 bar pressure there is not a significant change in the d10 and d50 fragment size. However, above 80 bar there is a steady increase in the fragment sizes with increasing pressure. For powder at Tg-T=45 °C, a similar trend can be seen in that at lower pressures, between 30 and 65 bar, there is little effect on the d10 and d50  fragment sizes. Above 65 bar pressure, similar to the Tg-T=65 °C result, there is a steady increase in fragment sizes with increasing pressure. For powder at Tg-T=30 °C, there is a steady increase in the d10 and d50 fragment sizes for all pressures. The gradient of the steady increase in fragment sizes with increasing pressure is similar for all three Tg-T values. Figure 6 shows that the d90 fragment size for all three Tg-T values increases with increasing pressure for pressures below 150 bar. For higher pressures there appears to be less of an effect as the larger sizes of fragments tend not to differ. 
Figure 7 shows the tensile strength data obtained from the three point bend test measurements using Eq. 1. It shows that the pressure applied to the material has a large impact on the tensile strength of the ribbons for all Tg-T values. It is shown that the tensile strength of the ribbons increases with pressure, the same result as shown using the ball milling method (Figures 4-6). However, the figure also shows that the Tg-T value of the powder appears to have little effect on the tensile strength of the ribbons. To obtain the tensile strength 10 different ribbons were used and it can be seen that there is still a relatively large amount of error in the results, especially for ribbons produced at higher pressures.


[bookmark: _Ref271177959]Figure 4. A plot of d10 against hydraulic pressure for each of the Tg-T values.

Figure 5. A plot of d50 against hydraulic pressure for each of the Tg-T values.

Figure 6. A plot of d90 against hydraulic pressure for each of the Tg-T values.

Figure 7. A plot of ribbon tensile strength against hydraulic pressure for each of the Tg-T values.
Porosity analysis
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Figure 8. An image showing the method used for sectioning the ribbons.
Figure 8 shows how the ribbon was sectioned to obtain and distinguish a central porosity from the average porosity. The average ribbon and central ribbon porosity values were plotted against hydraulic pressure for different Tg-T values and are shown in Figure 9. The figure shows that increasing the hydraulic pressure decreases both the average and central ribbon porosity. It can also be seen that the central part of the ribbon is much more dense compared to the average of the whole ribbon. 
The figure also shows that the Tg-T value appears to have little effect on the average porosity of the ribbons. This could be due to the standard deviation associated with the results. However, for the central ribbon porosity, a distinction between the Tg-T values can be seen, with the Tg-T=65 °C results showing the highest porosity and Tg-T=30 °C ribbons showing the lowest porosity. At the highest pressure the porosity for all three Tg-T values becomes very similar.  


Figure 9. A plot of porosity against hydraulic pressure for each of the Tg-T values.

Ribbon temperature
Figure 10(a) shows a photograph of the side view of the roller compactor with the screw feeder on the left and the roller exit on the right. Figure 10(a) also shows a schematic of the setup with the thermal camera and the rollers. Three individual snapshots from the thermal imaging system of the ribbon exiting the roller compactor at different hydraulic pressures (30, 80 and 120 bar) are shown in Figure 10(b). A colour/temperature scale is shown on the right of the figure with the lighter colour signifying a higher temperature. It can be seen that parts of the ribbon appear much lighter just after exiting between the rollers at the higher pressure. In all cases, the thermal images were taken approximately 30 seconds after the feedback system on the roller compactor had reached a steady state, and a 2 mm gap between the rollers was kept constant.  It can be seen from the snapshots that there is an increase in the temperature of the ribbon as it exits the roller compactor with increasing hydraulic pressure. It is worth noting that there was no increase in the temperature of the steel rollers when the hydraulic pressure was changed.
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(a)
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(b)
Figure 10. (a) Image showing the side view of the roller compactor (b) Image taken with the thermal camera facing the exit of the roller compactor as the ribbon is exiting at different hydraulic pressures. 
This observation is reiterated in Figure 11 which shows the maximum temperature of the compacted powder seen during a ten second period of steady state production plotted against hydraulic pressure. The figure shows that there is a near linear increase in the temperature with increasing pressure. It also shows that the exit temperature of the ribbon is not affected by the Tg-T value of the powder. 
4. Discussion
Bonding mechanisms
The results from the ball milling show that for all three powders increasing the hydraulic pressure increases the fragment size produced after milling. This increase in fragment size is an indication of an increase in resistance to breakage and, therefore, an increase in the strength of the ribbon and the bonds between the particles. This result is supported by the tensile strength data shown in Figure 7. 


[bookmark: _Ref272388579]Figure 11. Ribbon temperature on exit of roller compaction using powders equilibrated to different water activities at 25°C.
It can be seen in Figure 4 and 5 that there is a degree of change between the fragment size and the hydraulic pressure between the lower and higher pressures. It is suggested that this signifies a change in the dominant bonding mechanism acting between the particles. At lower hydraulic pressures for the ribbons produced from powder with Tg-T values of 65 and 45, where the increase in strength is smaller and the ribbons are still relatively weak, it is suggested that the increase in strength is due to increased Van der Waals forces as the particles deform but do not sinter together. This is the weakest type of bonding [17] and appears to be dominant for ribbons produced at pressures around 30-50 bar for these two powders. 
At hydraulic pressures above this value (>50 bar) it can be seen that for all three powders the increase in strength occurs at a higher rate. This increase in rate is suggested to be due to sintering, the creation of solid bridges between the particles as they plastically deform together. It is suggested that this sintering of material occurs when the particles are brought into contact under high pressure which causes an increase in temperature at these localised contact points [16]. The rise in temperature, caused by the high compaction forces, was captured using a thermal camera and is shown in Figure 11. It is thought that the temperatures seen are not as high as localised temperatures at particle contacts at maximum pressure, which cannot be viewed by the thermal camera.
The increase in temperature changes the mechanical properties of this amorphous material as it causes the material to become much less viscous as it surpasses its glass transition temperature and moves into its rubbery state, allowing the particles to flow into one another [4]. This allows solid bridges to form between the particles. These solid bridges then become the dominant bonding mechanism.
The increase in temperature with powder compression has been previously documented when tabletting materials [18-20], however not in roller compaction and not to this extent. Ketolainen et al. [19] showed a surface temperature increase of around 6-8 °C. It can be seen in Figure 11 that the increase in temperature with hydraulic pressure seen with the thermal camera is independent of the Tg-T value. This explains why in the ball milling data, the lower the Tg-T value the higher the strength of the ribbon for all hydraulic pressures. This is because the lower the Tg-T value, the lower the pressure required for the powder to reach its glass transition temperature. This also explains the central porosity values in Figure 8, at lower Tg-T values a higher proportion of the particles have sintered, therefore reducing the porosity.
This result agrees with previous literature which proved that an increase in water content increased the deformation of amorphous powder during compression [6,7]. This is also supported by the SEM images which reveal the surface characteristics of the ribbons. These can be seen in Figures 12 and 13 and show ribbons produced at low, medium and high compression pressures for powders at Tg-T=30 °C and Tg-T=65 °C at different magnifications (160x and 600x). 
It can be seen that there is little to distinguish between the surfaces of the ribbons produced at different Tg-T values at low pressure. However, at 80 bar pressure a difference between the two ribbons can easily be observed with the ribbon at Tg-T=30 °C appearing smoother with less particles on the surface compared to the ribbon at Tg-T=65 °C. It can also be seen that the images for the ribbon at Tg-T=65 °C at 180 bar pressure are very similar to the images shown for the ribbon at 80 bar pressure and at Tg-T=30 °C. Both show smooth surfaces which make it difficult to distinguish individual particles. This is because the amount of deformation and solid bonding is dependent on both the pressure and the water content of the powder and, therefore, Tg-T=30 °C requires less pressure to cause sintering. At 180 bar pressure for the ribbon produced with Tg-T=30 °C powder, i.e. high pressure and high water content, it can be seen that the material is almost completely flat and starts to resemble one uniform material. Furthermore, the material appears to have cracked which is likely to have happened due to unloading stresses as the ribbon exited the compactor.
These SEM images support this hypothesis that at a certain pressure, depending on the Tg-T value, the particles sinter together and solid bonding becomes the dominant bonding mechanism.  
As well as a difference in surface characteristics between the ribbons, it was observed during the production of the ribbons that their appearance altered with increasing hydraulic pressure. A similar observation was made by Wu et al. [10] when increasing the moisture content of powder.  It can be seen from Figure 14 that the ribbon produced at a hydraulic pressure of 30 bar with powder Tg-T=30 °C has the appearance of compressed powder. In contrast, the ribbon produced at 120 bar appears to have some parts which are translucent, looking more like a uniform solid with a smoother surface. These translucent parts appeared in the centre of the ribbon whilst the outer regions continued to look like compacted powder. This is due to a higher density in the centre of the ribbon as shown in Figure 9. At pressures above 120 bar for powder Tg-T=30 °C it could be seen that nearly the entire ribbon produced was translucent. This is due to the particles sintering together whilst in their rubbery state during compression and then moving quickly back into their glassy state. 
Strength test method comparison
To support the results from the ball milling method the three point bend test was used to obtain the tensile strength of the ribbons. It can be seen that the tensile strength data in Figure 7 supports the ball milling data in Figures 4, 5 and 6 in that it shows the strength of the ribbons increasing with increasing hydraulic pressure. 
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Figure 12. SEM images at 160x magnification showing the difference in structure between the ribbon produced at 30, 80 and 180 bar pressure (top, middle and bottom respectively) as well as the difference between powder at Tg-T=30 and Tg-T=65 (left and right respectively).
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Figure 13. SEM images at 600x magnification showing the difference in structure between the ribbon produced at 30, 80 and 180 bar pressure (top, middle and bottom respectively) as well as the difference between powder at Tg-T=30 and Tg-T=65 (left and right respectively).
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[bookmark: _Ref275945196]Figure 14. Optical images added to Figure 5 showing the difference in appearance of ribbon produced with powder at Tg-T=30 for different hydraulic pressures (Left: 30 bar, Right: 120bar).
However, it does not support the data when investigating the influence of the Tg-T value on the strength of the ribbons. In fact Figure 7 does not show a clear trend when comparing the Tg-T values. This is likely to be due to the error associated with this method [11] as shown by the standard error bars. The relatively large error is related to the non-uniform density across the width and the length of the ribbon, shown in Figure 9 and previous literature, which is attributable to the screw feeding system [21,22]. This also effects the average porosity measurements which show little change with varying Tg-T value. It is apparent that for this application, the ball milling method provides clearer data. 
The ball milling method can also be useful when irregular shaped ribbons are produced as the shape of the ribbons is not an issue as long as the same sample mass is taken which is representative of the whole ribbon width. These ribbons cannot be tested using the conventional three point bend test. This was sometimes the case for IT21 at low Tg-T values as the material tends to stick to the rollers, even when roller cooling is turned on.
Although only the results for one material have been presented in this paper, it is put forward by the authors that any material and ribbon strength can be tested using this method. Both the rotating speed and milling time can be easily varied depending on whether more or less breakage was required to obtain a sample suitable for sizing. 
Overall, the ball milling method does not give a comparable value of tensile strength; however, it has been shown that it can be used to compare ribbon strengths to investigate material and process variables especially for non-uniform density and irregular ribbons. It can therefore be used to support three point bend test data as well as for applications when the three point bend test is not possible.
5. conclusion
This work investigated the effect of hydraulic pressure and water content on the strength and porosity of the resulting ribbons. It has shown that increasing the hydraulic pressure increases the strength of the ribbon whilst decreasing the porosity, and that it also increases the temperature of the exiting ribbon. Increasing the water content, and therefore reducing the Tg-T value, causes the central ribbon porosity to reduce whilst increasing the ribbon strength. However, the hydraulic pressure has much more of an effect overall than the water content.
Both the increasing hydraulic pressure and the water content cause more plastic deformation between the amorphous particles. This is due to a higher temperature and lower glass transition temperature respectively, which cause the materials viscosity to reduce. At a certain pressure, depending on the Tg-T value, the particles will start to sinter together as the glass transition temperature is reached and solid bonding becomes the dominant bonding mechanism. 
The strength and porosity of the ribbon, produced during roller compaction of an amorphous material, is therefore dependent mainly on the hydraulic pressure but also the water content of the material. The water content of the initial material is therefore an important variable to not only consider but to be utilised in a way to control the final properties of the ribbon.
This work has also shown that the ball milling method can be used to investigate the effect of material and process variables on the strength of ribbons.
LIST of symbols
aw		Water activity						[-]
Tg		Glass Transition Temperature				[C]
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Tg-T = 30	30	50	65	80	100	120	150	180	311.24799999999999	390.24599999999964	392.94200000000001	416.92399999999685	408.97799999999899	438.15800000000002	458.82	457.58000000000004	Tg-T = 45	30	50	65	80	100	120	150	180	255.512	275.02799999999894	305.72400000000005	356.75799999999964	398.30199999999923	425.90749999999969	415.62799999999999	422.59199999999709	Tg-T = 65	30	50	65	80	100	120	150	180	235.87	258.3966666666667	269.35333333333432	280.85000000000002	325.06666666666672	352.83	421.22666666666674	423.29666666666668	Hydraulic pressure (bar)

Size (µm)


Tg-T = 30	9.6557304699474281E-2	0.20126397081577621	0.42837823205608311	0.86663080698639594	9.6557304699474281E-2	0.20126397081577621	0.42837823205608311	0.86663080698639594	30	65	100	150	0.56980102138616162	1.6251083519524954	2.5484532873855952	4.1008430183370352	Tg-T = 45	9.6557304699474281E-2	0.20126397081577621	0.42837823205608311	0.86663080698639594	9.6557304699474281E-2	0.20126397081577621	0.42837823205608311	0.86663080698639594	30	65	100	150	0.74950095773071623	1.7273921783384918	2.6658199385785788	3.6	Tg-T = 65	9.6557304699474281E-2	0.20126397081577621	0.42837823205608311	0.86663080698639594	9.6557304699474281E-2	0.20126397081577621	0.42837823205608311	0.86663080698639594	30	65	100	150	0.49869841333471843	1.3753806350179938	2.2766831480556582	4.0251543918300055	Hydraulic pressure (bar)

Tensile strength (N/mm2)


Average Tg-T=30	30	65	100	150	0.49155538015098432	0.39718252416679956	0.34065686608606682	0.33932525299284516	Average Tg-T=45	2.6579935577524083E-2	2.2380460563778556E-2	3.2263188491038403E-2	2.0000000000000011E-2	2.6579935577524083E-2	2.2380460563778556E-2	3.2263188491038403E-2	2.0000000000000011E-2	30	65	100	150	0.49044017174398885	0.41296862047325406	0.36303091537224608	0.33000000000000151	AverageTg-T=65	30	65	100	150	0.50108273922182256	0.43481847752226332	0.36149685183856406	0.31143211028495604	Central Tg-T=30	30	65	100	150	0.35419380100161885	0.21916060666831719	0.18423006773937825	0.14899416614902952	Central Tg-T=45	30	65	100	150	0.37131718214526144	0.26522200621602715	0.1792218112782229	0.15000000000000024	Central Tg-T=65	30	65	100	150	0.40037294741192697	0.33092322095723664	0.23027193340254745	0.15538074514729514	Hydraulic pressure (bar)
Porosity
Tg-T = 30	30	50	80	100	150	180	29.439999999999987	32.660000000000011	39.309999999999995	42.660000000000011	49.379999999999995	53.91	Tg-T = 45	30	50	80	100	150	180	29.77	33.71	39.090000000000003	42.17	49.14	52.760000000000012	Tg-T = 65	30	50	80	100	150	180	30.4	34.25	40	43.42	49.57	53.02	Hydraulic pressure (bar)

Temperature (celsius)


Tg-T = 30	30	50	65	80	100	120	150	180	123.196	152.12200000000001	155.96600000000001	176.62800000000001	180.82800000000128	202.20399999999998	212.846	224.58600000000001	Tg-T = 45	30	50	65	80	100	120	150	180	123.43600000000002	125.05	131.98800000000122	154.41200000000001	169.91800000000001	188.98000000000027	190.69800000000001	200.32800000000128	Tg-T = 65	30	50	65	80	100	120	150	180	112.64666666666666	113.79	113.00333333333325	116.78999999999999	133.29333333333341	146.21666666666513	177.06333333333347	188.55000000000004	Hydraulic pressure (bar)

Size (µm)
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Cumulative volume - Q3
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Cumulative volume - Q3
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Cumulative volume - Q3
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