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Abstract 

A novel cold assisted sintering process using a combination of functionalised boehmite and 

−alumina particles is demonstrated. Functionalised boehmite and -alumina composites were 

initially densified using a cold sintering process at <300 oC followed by heat-treatment at 1400-1450 

oC (~200-300 oC lower than conventionally sintered -alumina). Highest relative densities (98%) were 

achieved using meso-scale -alumina (d50=720 nm) in a 50:50 wt% mixture with boehmite, 

functionalised in 2M acetic acid. The high densities at low temperature were attributed to easy 



propagation of the transformation to  phase within the dense boehmite matrix, accompanied by 

enhanced nucleation on the surface of the alumina particles. Critical aspects of the transformation 

sequence from functionalised boehmite to alpha alumina were characterised using Raman and 

Fourier Transform InfraRed spectroscopy. Preliminary hardness measurement were comparable with 

conventional alumina sintered at ~1650 oC and initial microwave measurements showed promise for 

the fabrication of high temperature co-fired ceramic substrates in electronics.  

1 Introduction 

Alumina, although a simple oxide, exhibits a complex crystal chemistry and undergoes a range of 

phase transition in which different polymorphs are thermodynamically stable at different 

temperatures, Figure 1. 

 

Figure 1: Polymorphic phase transitions of alumina based on heating hydrated raw materials such as 

gibbsite (Al(OH)3) and boehmite.[1] 

-alumina is the most widely used of the alumina polymorphs in applications such as high 

temperature cofired ceramic substrates in electronics [2], hip joints [3, 4] and as refractories in the 

steel, glass and ceramic industries (bauxite bricks) [5, 6]. The only other polymorph of alumina that 

has been commercially exploited is γ-alumina [7, 8] which, in a lightly sintered form, is used as a 

porous catalyst support in the chemical industry [9, 10]. Both polymorphs may be formed from heat 

treatment at 400-500°C of the hydrated alumina minerals, boehmite (AlO(OH)) and gibbsite 

(Al(OH)3). [1] However, even when pressed into a pellet, boehmite cannot be simply heat treated to 

give dense α-alumina due to differences in density and molar volume associated with the sequence 

of phase transitions shown in Figure 1, which can lead to microcracking and porosity.  

 

Boehmite 



Figure 2: Crystal structure of boehmite and its functionalisation to form acetate alumoxane. [1, 11, 

12] 

Boehmite is a tetragonally distorted defect spinel with a cubic close packed anion lattice structure. 

The hydroxyl groups on the surfaces of each layer join to other hydroxyl groups in a zigzag 

arrangement of hydrogen bonds, parallel with the α-axis [1, 11, 12]. This arrangement facilitates 

functionalisation of the boehmite surface in accordance with the schematic shown in Figure 2. When 

boehmite reacts with a carboxylic acid (such as acetic acid, propionic acid or oxalic acid), cleaving 

occurs and carboxylate groups bind to the (100) plane (Figure 2), forming a carboxylate alumoxane, 

in this case acetate alumoxane (AlOOAc). The surface of boehmite particle therefore becomes 

functionalised and exhibits an enhanced solubility in water with respect to boehmite or alumina 

polymorphs. Carboxylate alumoxanes produced in this manner were investigated in the 1990s as a 

binder to lower the sintering temperature of -Al2O3 [1, 11].  

The CSP is an ultra-low temperature (<300oC) densification method based  on hydrothermal 

sintering, known to geologists since the 1860’s. [13] It has been shown to significantly reduce the 

sintering temperatures of many materials, such as: barium titanate, zinc oxide, alumina and 

magnetite  [14-17]. In CSP, a small amount of transient solvent (a few wt.%) is mixed with the 

material to be sintered which is then placed in a die and pressed at moderate temperature and 

pressure, leading to densification. For greater details of the CSP, the reader is referred to refs 14-17. 

The mechanism(s) is/are however, still poorly understood and thought to involve pressure-solution 

creep prevalent in nature [17-19]. 

Cold sintering of α-alumina has been previously attempted by several research groups, but is 

challenging due to its chemical resistance, relying on either a high molarity acid [20], concentrated 

or solid strong base to act as a transient solvent [21], creating a composite of alumina with a 

material that actively cold sinters [22] or using cold sintering as part of a larger processing method 

(sometimes referred to as ‘cold assisted sintering’ [23, 24] to help lower the final sintering 

temperature [25]. Most notably Randall and co-workers, used cold assisted sintering to successfully 

achieved densification (97%) at 1400 oC, using glacial acetic acid (17.4M) as a transient solvent [20]. 

However, glacial acetic acid is highly corrosive and scaling up presents significant challenges in terms 

of safety, equipment compatibility, and process sustainability. 

In this study, we present a benign, cost-effective method to densify -alumina in which a 2M acetic 

acid (vinegar is ~0.9M) is used to functionalise pseudo-boehmite to form a surface coating of acetate 

alumoxane. The functionalised boehmite powder is then mixed with different volume fractions of -

alumina powder, cold sintered at up to 300oC and then heat treated at 1400 oC/1450oC to densify the 



final pellet. The resulting densities and microstructures are investigated, along with preliminary 

hardness and microwave property measurements. 

2 Experimental Procedure  

2.1  Sample preparation 

Pseudo-boehmite powder (Sasol ltd, >99.7% pure, <40nm) was ball-milled in isopropanol for 24 

hours to break up agglomerates and then dried. For boehmite/-alumina mixtures (100:0, 70:30, 

50:50 and 30:70 wt%), the dried powders were weighed and combined with 2.0M acetic acid (25 

ml/20 g) forming a slurry and wet milled for 10 hrs at 300 rpm. The slurry was then dried and the 

powder sieved and maintained at 80 oC for a further 48 hrs. For cold sintering, a few drops (~0.05 

ml/g) of distilled water were added to the dried powder which was then mixed in a pestle and 

mortar and placed in a die and uniaxially pressed at up to ~350 MPa for 10 minutes at room 

temperature. The temperature was then raised to 125°C-300°C and held for 30-60 minutes (ramp 

rate 3.5-10 °C/min), followed by unassisted cooling to room temperature. Cold sintered and for 

comparison, conventionally pressed boehmite pellets were heated to 1400-1450oC for 2 hours with 

a heating and cooling rate of 5 oC/min. In addition, batches were also made using -alumina powder 

with course particles supplied by Pura (Lot:C11U024, CAS:1344-28, D50= 2.6 m) and finer particles 

provided Alpha Aesar (D50 720 nm).  

 

2.2  Density Measurements: 

Geometrical Method: The diameter and thickness of the sample before and after heat treatment 

were measured using Vernier calipers with the average taken of multiple measurements. The mass 

was determined before and after heat treatment using a high-precision electronic balance with the 

average taken average from multiple measurements. The density of the sample was calculated 

before and after heat treatment using the following formula. 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑀𝑎𝑠𝑠 (𝑔)𝑉𝑜𝑙𝑢𝑚𝑒(𝑐𝑚3)  

Archimedes Method: isopropanol (IPA) was used as the liquid medium thereby reducing errors 

caused by air entrapment. Isopropanol has a small molecular structure and can penetrate the porous 

structure of the sample. By thoroughly immersing the sample in isopropanol and using a Metter 

Toledo MS104S Newclassic MS analytical balance to measure the mass of the sample in air and 

water, the density of the sample was calculated from the following formula: 



𝜌𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  =  𝑀𝑎𝑠𝑠𝑎𝑖𝑟𝑀𝑎𝑠𝑠𝑎𝑖𝑟 − 𝑀𝑎𝑠𝑠𝑙𝑖𝑞𝑢𝑖𝑑 (𝜌𝑙𝑖𝑞𝑢𝑖𝑑 − 𝜌𝑎𝑖𝑟) + 𝜌𝑎𝑖𝑟  

where 𝑀𝑎𝑠𝑠𝑎𝑖𝑟  is the mass of the sample in air, 𝑀𝑎𝑠𝑠𝑙𝑖𝑞𝑢𝑖𝑑  is the mass of the sample in isopropanol, 𝜌𝑙𝑖𝑞𝑢𝑖𝑑 is the density of isopropanol, approximately 0.785g/cm3, and 𝜌𝑎𝑖𝑟 is the density of air and 

approximately 1.225×10-3 g/cm3. The theoretical densities of −alumina and boehmite were 3.998 

g/cm3 and 3.049 g/cm3, respectively. The theoretical density after mixing was calculated according 

using the following formula: 

𝜌𝑡ℎ𝑒𝑜,𝑚𝑖𝑥  =  𝑀𝑎𝑠𝑠𝐴 · 𝜌𝐴 + 𝑀𝑎𝑠𝑠𝐵 · 𝜌𝐵𝑀𝑎𝑠𝑠𝐴 + 𝑀𝑎𝑠𝑠𝐵  

Relative density refers to the ratio of the actual measured density of a material to its theoretical 

density and was calculated using the following formula: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  𝜌𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝜌𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  

2.3 Characterisation 

Crystal phase analysis was performed with X-ray diffraction using Cu Kα radiation (Bruker, D2 PHASER 

and Malvern Aeris) at a step rate 0.02 o2. Raman spectra were collected using a Renishaw InVia 

Raman Microscope with 2400-g/mm grating with a 514.5 nm argon ion laser operating at 2 MW and 

50x magnification. Spectra were collected for 15 s and 10 accumulations. Spectra were background-

subtracted using an asymmetric least squares approach and smoothed using a Savitsky-Golay filter 

with a data window of 5 points and a 2nd order polynomial fit. For FTIR, sodium bromide was ground 

with the sample (99:1) in a mortar and pestle before cold pressing.  A blank of sodium bromide was 

used for the background scan which was automatically removed from the spectra. Scanning electron 

microscopy (SEM) was carried out on a FEI, Inspect F50, with analysis of the microstructure 

performed using ImageJ software.  

Hardness tests were undertaken on a Mitutoyo I9 Indenter with 10 individual Vickers hardness 

measurements taken from the top and cross section of the densest pellets produced using both sizes 

of α-Al2O3. Microwave dielectric properties were measured using the TE011 mode with a network 

analyser (ADVAMTEST R3767CH) and a Cu cavity. 

3 Results and Discussion 

3.1 Fabrication of -alumina 



3.1.1 Pellets produced using coarse α-alumina (D50=2.6μm) 

Three functionalised boehmite/α-Al2O3 composites were produced, all of which were successfully 

cold sintered and annealed at 1400°C to produce pellets which exhibited a single phase in XRD 

patterns (α-Al2O3 ICDD ref. 04-005-4213, Figure 3), confirming complete transformation of boehmite 

into α-Al2O3.  

 

Figure 3: Comparison of the XRD pattern obtained from the annealed ceramic pellets produced from 

boehmite/α-Al2O3 compositions containing 70% (blue), 50% (red) and 30% (black) α-Al2O3.  

XRD, Raman and FTIR were also conducted at key points during the process to monitor changes in 

the crystal form, amorphous content and understand transformational pathway, the results from 

which are presented and discussed in section 3.3.  The final density of the pellets increased with 

increasing boehmite concentration with an average relative density of 95% achieved for the 30% α-

Al2O3 -70% boehmite after heat treatment at 1400 oC, . 

Table 1 . The microstructure of pellets with the highest density was analysed using imageJ 

software which gave an average grain size of 0.95µm with a standard deviation 0.48. (Figure 4). 

The difference in average grain size to the starting a alumina particle size is attributed to the 

presence smaller grains/particles which arise from the decomposition of boehmite. 
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Figure 4: Grain size analysis of the α-Al2O3 ceramic pellets (30:70 alpha:boehmite) sintered at 1400 

oC using micron size α-Al2O3. Inset is the SEM image used to obtain the analysis. 

Table 1: Relative density for various pellet ratios using 2M acetic acid and heat treated at 1400 oC. 

Ratio Final Relative density 

(%) 

CSP Relative density 

(%) −alumina boehmite 

100 0 53±2.0 51±3 

70 30 56±2.0 54±2 

50 50 83±1.0 64±2 

30 70 95±2.0 73±1 

 

The densification achieved for 30:70 alumina:boehmite pellets is similar to that for conventional 

sintering using pure alumina powder at 1650°C [25], suggesting that scaling of the process could 

potentially lead to energy savings in the production of undoped Al2O3 components [15]. 
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Figure 5: SEM micrographs of 30:70 and 50:50 α-Al2O3/boehmite pellets with the pressing direction 

indicated. 

However, SEM images of polished cross sections revealed penny shaped flaws normal to the 

pressing direction for 50:50 and 30:70 samples, Figure 5. The exact cause of these defects remains 

unknown but they may relate to the large size difference between the functionalised pseudo 

boehmite and α-Al2O3 particles which leads to internal stress during densification or they could 

result from trapped CO2/water vapour from the decomposition of the acetate alumoxane resulting 

in voids too large to be removed via sintering.  

Figure 6: Scanning electron micrographs of fracture surfaces of 50:50 samples a) cold sintered and b) 

cold sintered followed by heat treatment at 1400 oC. 

Figure 6 shows the fracture surfaces of a 50:50 ceramic after a) the cold sinter step and b) 

densification at 1400 oC. In Figure 6a, -alumina particles are suspended within a matrix of 

boehmite/acetate alumoxane which does not exhibit a clearly defined grain structure. After heat 

treatment at 1400°C, the formation of α-Al2O3 is complete and the grain structure shows classic 

triple junctions and equiaxed grains (Figure 6b). Fracture of the pellets occurred dominantly along 



the weakest points in the microstructure, i.e. the flaws normal to the pressing direction, and 

therefore represents the densification/grain morphology at the surface of the void. Nonetheless, it 

clearly shows the potential of this method to create dense alumina bodies at ~250 oC lower than for 

conventionally sintered parts. Xie et al noted that the introduction of alumina particles not only 

lowered the transformation to the  phase to ~ 1100°C in boehmite but also enhanced the rate in 

which the transformation occurred. [26] The size of these grains appeared to be similar to that of the 

alumina powder particles used as the input material (1-2μm), consistent with Messing et al who 

stated that incorporation of -alumina particles in boehmite offered formidable control over the 

grain size [27].  

 

3.1.2 Pellets formed using meso powder of  alumina (D50=720 nm) 

The penny shaped flaws described in section 3.1.1 constitute unacceptable defects in an alumina 

body and would lead to low bend strength and fracture toughness. Hence, it is imperative that they 

are eliminated if the cold assisted sintering of −alumina is to be commercially viable. As described 

previously, the most likely explanations for the appearance of the flaws are poor distribution/mixing 

of the large -alumina particles or trapped gases that leave voids that are too large to be eliminated 

through a conventional sintering step at 1400 oC. In addition, during processing of samples with 

micron sized alumina particles, higher densities were more reproducibly achieved at 1450 oC 

rather than 1400 oC. It is logical therefore to not only increase the sintering temperature but to also 

reduce the particle size of -alumina in the cold sintered body.  

Figure 7: SEM images of fracture surfaces of 30:70 sample, heat treated at 1450 oC but cold sintered 

at ) 125 oC, b) 150 oC, and c) 200 oC.  

 



Figure 8: SEM micrograph of cross-section for ceramic produced from meso α-Al2O3 

(50:50,125°C,250MPa). 

Meso α-Al2O3 particles (D50 720nm) were therefore used and the work replicated at 1450 oC. Figure 6 

shows SEM images of fracture surface from samples cold sintered at 125 oC, 200 oC and 300 oC and 

then annealed at 1450 oC. Cold sintering temperature had little effect on final density with all 

conditions producing a post-heat treatment density >95%, far greater than −alumina 

conventionally sintered at 1450 oC and competitive with samples sintered at 1650 oC. Samples cold 

sintered at 125°C showed more irregular shaped grains with porosity and microcracks throughout 

but increasing the cold sintering step resulted in a more homogeneous microstructure with larger 

regular grains and fewer pores, consistent with a relative density approaching 100 % (Figure 7). Most 

importantly the penny shaped defects were no longer present when cross-sections were analysed by 

SEM (Figure 8). Image analyses of the SEM cross-sections are largely in agreement with the 

geometric densities. Grain size analysis was conducted on the densest ceramic pellet using meso-

powder (figure 9). The grain size was similar to the starting particle size of the  alumina (720nm) 

with a standard deviation of 0.36. 

  

200μm 

10μm 10μm 10μm 



 

Figure 9: Grain size analysis of the final α-Al2O3 ceramic pellets (50:50 alpha:boehmite) using meso 

size α-Al2O3 particles cold sintered at 125oC  then sintered at 1450 oC. Inset is an SEM image of the 

region of the sample used for analysis   

Table 2: Ceramic ratio, cold sinter temperature and density after heat treatment at 1450°C for 

pellets fabricated using meso -alumina powder. 

Composite ratio Cold sintering 

Temperature(°C) 

Final 

Relative 

density 

(%) 

CSP only 

relative 

density 

(%) 

α-Al2O3 boehmite 

100 0 NA 78 59 

70 30 125 95 72 

150 93 72 

200 98 73 

50 50 125 98 66 

30 70 125 96 65 
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3.2 Characterisation of −alumina  

3.2.1. Hardness measurements 

Within the limited data set, cold assisted sintered samples exhibited equivalent (1930 kg/mm2) or 

superior hardness to their conventionally sintered counterparts (1800 kg/mm2). Whilst 

comprehensive mechanical property measurements are still required, the hardness tests and high 

density of the cold assisted sintered -alumina show great promise for commercial applications.  

Table 3: Comparison of conventionally sintered commercially available alumina ceramics with 

alumina ceramics produced using the optimal cold sintering process conditions for their respective 

particle sizes. 

Ceramic Average Vickers hardness (Kg/mm2) 

Surface Cross section 

30% Micron Alumina 70% 

Boehmite 

>1930 >1930 

50% Meso Alumina 50% 

boehmite 

1852 1809 

Aloxalon 999 by International 

Syalons (29) 

1800 

Accuratus Ceramic Corporation. 

99.5% Alumina (30) 

1440 

  

3.2.2 Microwave dielectric measurements 

Preliminary measurements of microwave (MW) quality factor (Qf) and permittivity (r) were also 

obtained for the cold assisted sintered samples made using meso-sized -alumina, Figure  10. Qf was 

maximum (3700 GHz) for samples cold sintered at 125 oC but decreased with cold sintering 

temperature. Increasing the percentage of boehmite decreased both r and Qf from 4400, 9.98 (0 %) 

to 2400, 9.68 (100%). These preliminary results demonstrate that the −alumina ceramics exhibit a 

MW dielectric response but further work is required to optimise their properties. It is likely 

however, that the higher the boehmite concentration, the smaller the average grain size which is 

known to decrease Qf due to the high grain boundary area.  (ref) The transition to a alumina may 

also increase the number of point defects and dislocation in the structure, both of which would 

negatively affect Qf. (ref) 

Commented [ir1]: Microwave dielectric ceramics for 

resonators and filters in mobile phone networks, Ian M 

Reaney, David Iddles, J. Am. Ceram. Soc. 89(7), 2063-2072 

(2006) 

 

Commented [ir2]: As above 



 

Figure 10: Microwave dielectric properties (permittivity, r and quality factor, Qf) as a) function 

boehmite concentration (125 oC/250MPa) and b) cold sintering temperature (250 MPa). All samples 

had a final sinter at 1450 oC. 

 

1.3 Boehmite to -alumina transformation 

The transformation of the initial functionalised 50:50 boehmite-alumina mixture to the final pure 

alumina ceramic was monitored using XRD (Figure 11), Raman (Figure 12) and FTIR (Figure 13). As 

expected, samples heat-treated at 1450 oC showed complete conversion to pure α-Al2O3 in 

accordance with literature [1]. XRD showed changes in peak intensities and positions for both cold 

sintered and heat-treated samples, compared with the starting functionalised boehmite/α-alumina 

powder. Cold sintered material (pre-heat treatment) shows broadening of the boehmite XRD peaks 

along with the disappearance of the major peak at 15 o2. Broadening and disappearance of peaks 

have previously been observed for boehmite [28, 29] as a result of decomposition which in our 

case leads to a reduction in the effective diffracting volume without the material becoming fully 

amorphous. Acetate alumoxane was not observed in any XRD data, likely due to a combination of a 

low volume fraction and/or because of its amorphous nature.  



 

Figure 11: XRD patterns from the initial powder (black), after CSP (250 MPa, 125°C, red) and after 

heat treatment (250 MPa, 125°C , 1450oC, blue) using 50:50 wt.% boehmite/meso α-Al2O3 

composite. 

Consistent with XRD, Raman spectroscopy (Figure 10) revealed several low frequency modes for 

boehmite such as at 377 and 497 cm-1 and for α-Al2O3, most notably at 417 cm-1. A third phase with a 

distinct set of modes which could not be attributed to boehmite or -alumina but consistent with 

acetate salts was also observed [30-32] and interpreted here as arising from acetate alumoxane on 

the surface of boehmite, e.g. 1427 cm-1 (Figure 10, Table 4). 
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Figure 12: Raman spectrum from the initial 50:50 wt% boehmite/ meso α-Al2O3 composite (black), 

after the CSP (250MPa, 125°C, red) and after heat treatment process (250MPa, 125°C, 1450 oC, 

blue). Modes associated with the presence of acetate alumoxane (AA), alpha alumina (α) and 

boehmite (B) [30-32] are assigned. 

After cold sintering at 125°C/250 MPa, the acetate alumoxane, boehmite and −alumina peaks were 

retained. Consistent with XRD, Raman analysis confirmed that after annealing at 1450 °C the only 

modes present were associated with -alumina. 
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Table 4: Raman mode allocations for α-alumina, boehmite and acetate alumoxane. 

Compound Symmetry Class Wavenumber (cm-1) 

Input powder After cold sintering Final Pellet 

α-Al2O3 A1g 417, 643, 687  417,644 

A2g 749   

A2u  495  

Eu1  377  

Eg 377, 430, 574  378, 430, 447, 576, 748 

Boehmite Ag 360, 497, 679 360  

B2g 445 343, 450  

Acetate 

Alumoxane 

A1v1 1427 1421  

A1v2 1354   

A1v3 677   

A1v4 920 922  

B1v9 1451   

 

Concomitant with Raman, FTIR spectroscopy of the initial powder showed the presence of acetate 

groups at ~1560 cm-1 along with O-H associated with boehmite at 3200 cm-1 (Figure ,Table 5). As cold 

sintering temperature increased, the relative intensities of peaks associated with the acetate group 

decreased whilst the O-H bond peak increased in intensity. 

 



 

Figure 13: FTIR spectra of 50:50 functionalised Boehmite/α-Al2O3 powder(black) after being cold 

sintered at 250MPa at 125°C (green), 200°C (blue) and 300°C (red). 

Table 5: Mode allocations for the FTIR spectra of 50:50 wt% functionalised boehmite/α-Al2O3 

provided by ref.  [33] . 

Compound Bond Wavenumber (cm-1) 

Input powder 125°C 200°C 300°C 

Boehmite O-H 3320 3319 3316 3321 

Acetate 

alumoxane 

C=O 1564 1559 1621 1563 

C-O 1075 1071 1073 1073 

C-C=O 1420 1424 1422 1424 

C-H 3095 3090 3097 3088 

 

It is hypothesised that as pressure and heat are applied to the acetate alumoxane/boehmite/α-Al2O3 

composites, functionalised boehmite along with the boehmite partially decompose during the cold 

sintering step, accelerated by increasing temperature. However, complete decomposition of the 

acetate alumoxane and boehmite does not occur under the conditions used within this study. At 

higher cold sintering temperatures (300 oC), it also remains unknown whether amorphous alumina is 
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present since this is reported as a product of the decomposition of acetate alumoxane [34]. At 

1450°C, composites are completely transformed into α-Al2O3. Future studies would benefit from 

more extensive in-situ XRD/FTIR/Raman studies of the transformation process.  

The use of functionalised boehmite to form acetate alumoxane in a cold sintered process is key to 

increasing the final density and decreasing the sintering temperature of α-alumina. α-Al2O3 powder 

within the initial composition seeds the transformation to the high temperature polymorph and 

enhances the rate of phase transformation. Previous work has discussed the use of alumoxanes as a 

binder material to improve alumina sintering [35] as part of a slip-casting process, however, to date 

its use in a CSP has not been reported. A pressure-solution creep rearrangement process is most 

likely to take place due to the solubility of the acetate alumoxane in water, similar to the ZnO/Zn-

acetate system. In conventional sintering a higher starting “green” density > 40 % theoretical only 

contributes to the rate but has little effect on final densification [36, 37]. However, it is proposed 

that the nucleation process inherent in the growth of α-alumina from boehmite, [38-40] is 

responsible for the lower densification temperatures.   

 

Figure 12:  Schematic illustrating to role of α-Al2O3 seeding in densification: a) shows the better packing of 

alumina/boehmite matrix post cold sintering which leads to a denser pellet and more rapid transformation 

compared to b) in which a pure boehmite matrix transforms but more slowly due to a lower packing density 

and the absence of -alumina seeds during cold sintering. 

The microstructures therefore, observed in this study result from an α-alumina ‘seeding’ process 

similar to that described by refs [38-40] where 1-10 wt% of pre-transformed α-or-γ alumina powder 

was introduced into boehmite. The α-alumina particles act as epitaxial nucleation sites. Pach et al. 



[40] found that without seeding, nuclei will appear in zones of dense hexagonal packing where the 

coordination number is at its highest. The closer packing of the cold sintered boehmite leads to 

larger concentration of these favourable nucleation points, as well as more rapid transformation and 

grain growth. Evidence for this is found from the network-like structure observed in samples, 

sintered conventionally from pressed boehmite, as well as the presence intra-granular pores, often 

linked to rapid grain growth [41]. A diagram illustrating this hypothesis is shown in Figure 12. This 

mechanism is entirely consistent with the increase in density associated with the use of meso- rather 

than micro-scale particles of -alumina in the composite mixture with functionalised boehmite. The 

use of smaller particles increases the surface area of -alumina seeds enhancing the rate and 

increasing the homogeneity of the phase transformation to the high temperature polymorph. 

The decrease in sintering temperature with respect to conventional −alumina in this study is ~200-

250 oC. The total energy saving is therefore significant since radiative heat loss is proportional to T4 

according to the Stefan-Boltzman equation which means even small changes in sintering 

temperature can decrease the cost of production. In addition, for electric furnaces, a 200 oC, 

reduction in sintering temperature permits the use of more robust and cheaper SiC rather than MoS2 

based heating elements, thereby decreasing capital costs. Optimum densities (98 %) were achieved 

for meso- (d50 = 720 nm) rather than nanopowders along with functionalised boehmite. The cold 

assisted sintering process therefore avoids the use of expensive nano-powders. Functionalised 

boehmite is used commercially as a binder for slip cast alumina and is consequently also relatively 

inexpensive.   

Kang et al achieved promising densities at 100°C lower than the current work following a cold 

sintering step. However, these authors used more expensive nano-alumina particles (100 nm) and 

their transient solvent was glacial (17.5M) as opposed to 2m acetic acid. Nano-alumina is already 

known to densify at 1350-1400 oC and therefore the approach does not strictly result in a 

significant decrease in sintering temperature when the particle size of the starting powder is taken 

into account. The use of glacial acetic acid would also result in significant health and safety issues 

if the process were to be scaled. 

4 Conclusions 

High density, undoped α-Al2O3 ceramics were fabricated using a novel process, comprising cold 

sintering of -alumina/functionalised boehmite powder followed by heat treatment at 1400/1450 

oC. Final ceramic pellets achieved densities and hardness similar to conventional ceramics sintered at 

significantly higher temperatures (1650 oC). Preliminary MW property measurements revealed r ~ 



10 typical for -alumina with optimum Qf values approximately, 3700 GHz when cold sintered at 125 

oC. The use of micron sized particles repeatedly resulted in the formation of penny-shaped cracks 

normal to the pressing direction when sintered at 1400 oC. Sintering at higher temperature and the 

use of meso-sized -alumina gave higher densities and eliminated the penny shaped flaws. A 

reduction of 200 oC in sintering temperature with respect to conventional -alumina not only 

reduces energy usage but also facilitates a reduction in capital expenditure through the use cheaper 

more robust SiC with respect to MoS2 heating elements. 
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