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Abstract: The batch stability of ceramic powders is a core indicator that manufacturers of ceramic products are most
concerned about, yet has long been undocumented. In this study, the similarity of Si;N, powders produced in different
batches was quantitatively evaluated by taking combustion-synthesized Si;N4 powders as the sample. A system of
powder performance evaluation parameters covering static physicochemical and dynamic flowability indices was
firstly constructed. Then, all performance data of Si;N, powders in this parameter system were retested. Subsequently,
the consistency evaluation data of Si;N, powders were obtained using the cosine similarity method and the Euclidean

distance method. The results show that both methods based on this parameter system can reflect the similarity between
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batches of powders and quantitatively show the differences between them. Calculation results of the two methods are

mutually verified. For powders judged to be dissimilar, differences in the process were traced to find the key link in the

consistency between the Siz;N, powders and the raw silicon powders. For powders judged to be highly similar, they

were classified as the same class. These study provides a quantitative basis for the classification of different batches of

silicon nitride powders. The “Powder Consistency Evaluation System” established in this work presents an effective

evaluation tool and quantitative basis for batch stability (performance consistency) of silicon nitride powder.

Key words: consistency evaluation; silicon nitride powders; cosine similarity; Euclidean distance
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Table 1 Physical and chemical index system and measurement methods for silicon nitride powder products

General indicator Secondary indicator Symbol Unit Method Test equipment
Dy um
. . . . Particle diameter sizer (Dandong
Particle size D5 pHm Laser diffraction method Bettersize Instruments, Bettersiza 2600)
Physical Dao wm
property ) 3 . Intelligent integrated powder characterizer
Bulk density PB kg/m Weight-volume method (Dandong Bettersize Ins ents, BT-1001)
ific surf 2 . d Gas absorption powder specific surface
Specific surface area S m/g Gas adsorption metho tester (MicrotracBEL, Belsorp max IT )
. Mean-normalised- X-ray diffractometers (Rigaku Corporation,
0,
a phase content A % (in mass) intensity method MiniFlex600)
Component o) o Infrared detection Nitrogen/oxygen analyz (HORIBA, EMGA-
property O content (0] % (in mass) method (CO/CO,) 820)

Moisture content

H,0

% (in mass)

Gravimetric method

Rapid moisture tester (Shenzhen Guanya,
SZ-GY820FT)

®2 AUEMETRRIEERERRNES E

Table 2 Fluidity index system and measurement method of silicon nitride powder products

General indicator Secondary indicator Symbol Unit Definition
i flowabili The energy required for the rotor to overcome the
Basic flowability energy BFE mJ resistance of the powder to rotate
. e Repeated measurements of powder flow energy to
Stability and Stability index S o characterise its stability
variable flow rate .
Flow rate index FRI — Measurement of flow energy at different speeds
Specifi SE W Data measured during the upward movement of the
pectlic energy mJ/g blade through the powder sample
- Conditioned bulk density CBD g/mL Loose packing density of pre-treated powders
Compressibility o o
Compressibility CPS,, % Compressibility at positive stress m kPa
) Shear strength at zero positive stress for a
Cohesion Con kPa pre-consolidated positive stress of m kPa
The maximum principal stress corresponding to a molar
. circle tangent to the yield trajectory at a pre-
Unconfined yield strength ~ UYS,, kPa consolidation stress of m kPa and a minimum principal
stress of 0
Maximum compressive stress calculated from the molar
Shear test ) L. . .
Maximum principal stress ~ MPS,, kPa circle at steady state flow under a pre-consolidated
positive stress of m kPa
Flow functi FF o Ratio of the above maximum principal stress to the
ow function m unconfined yield strength
The angle between the shear linear yield trajectory and
Angle of internal friction AIF ° the x-axis, characterizing the ease with which the
powder particles can slide against each other
The energy required to move the powder sample when
Aerated energy AE, o filling the gas at a rate of » mm/s
. . . Ratio of the base flow energy to the filling energy after
Aeration test Aeration ratio AR o the powder having reached stability in the filling test
Normalized aeration NAS y Sensitivity to the effect of air introduced by the
sensitivity simm powder, normalized BFE to air velocity ratio
Pressure reduction after passing air through a powder
Permeability Pressure drop PD,, 100 Pa sample when a positive stress of m kPa is applied and

the air velocity is maintained at 0.5 mm/s
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Table 3 Performance index of powder at three class centers

General indicator Secondary indicator Symbol Unit Class @ Class @ Class ®
Dio um 1.870 1.854 2.275
) Size Dsg pm 6.439 6.158 7.798
Phymcsl Dy um 16.819  16.038 19.092
. roper
Physical/ PrOPETY Bulk density Py kg/m’ 0.229 0.211 0.261
chemical ) 5
indicator Specific surface area S m/g 2.599 2.480 1.892
o phase content A % (in mass)  92.625 94.350 92.231
Component O content 0 % (in mass)  1.368 0.940 0.800
property . .
Moisture content H,O0 % (in mass) 1.086 1.206 1.654
Basic flowability energy BFE mJ 412.750  458.000 510.500
Stability and variable Stability index SI — 1.058 1.009 1.033
flow rate Flow rate index FRI — 1.840 1.659 1.731
Specific energy SE ml/g 9.283 8.986 9.423
o Conditioned bulk density CBD g/mL 0.295 0.287 0.403
Compressibility o
Compressibility CPS,, % 32.463 37.462 33.388
o Cohesion C,, kPa 1.609 1.949 1.711
Liquidity Unconfined yield strength UYS,, kPa 6.540 7.874 6.989
indicator
Shear test Maximum principal stress MPS,, kPa 28.175 28.337 28.281
Flow function FF, — 4.341 3.619 4.055
Angle of internal friction AIF ° 37.612 37.325 37.800
Aecrated energy AE, — 100.200 140.750 104.262
Aeration Test Aeration ratio AR — 4.053 3.975 6.719
Normalized aeration sensitivity NAS s/mm 0.119 0.089 0.119
Permeability Pressure drop PD,, mbar 20.025 12.492 5.169
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2 Y2203172 20223 950 202 6518 1652 1.124 077 0208 2210 382 1.04 1.8 885 0272 328 148 613 284 4.63 386 945 3.86 0.105 19.7
3 Y2201141 20223 90.8 1.868 6317 1675 1.699 124 022 2790 407 1.06 1.81 946 0294 321 157 639 28 439 376 106 3.7 0.118 239
4 Y2201142 2022/4/19 907 1933 6531 17.14 1538 071 0213 2610 418 1.02 192 95 028 31 158 634 279 44 371 959 441 0.137 139
5 Y2204022 2022/4/15  93.0 1796 6376 16.65 1375 094 023 2790 375 1.03 1.86 9.03 028 327 171 697 288 4.12 37.8 953 3.82 0.111 232
6 Y2204021 2022/4/15 934 1707 6.019 1594 1336 107 024 2510 365 1.1 193 9.04 0292 31 137 558 278 499 377 76 48 0.144 21.1
7 Y220415 2022/4/15 909 1907 6387 1657 1.098 152 024 2520 492 105 1.8 951 0336 336 191 7.8 285 3.65 37.7 131 35 0.103 242
8 Y220503 2022/5/4 88.0 2496 7.73 1858 0.678 1.65 0268  1.720 474 1.11 1.83 926 0355 32.6 1.68 671 27.7 413 367 99.6 504 0.0736 2.45
9 Y220513 2022/5/19  88.0 2239 7.127 175 0865 1.14 0246  2.040 482 1.07 186 97 0337 302 159 641 281 423 373 111 45 00743  1.19
10 Y220602 2022/6/2 89.6 2378 7.522 17.68 0.683 0.84 0266 1.620 495 1.06 1.85 9.64 0355 29.1 155 628 28 445 374 814 7.09 0.0955 4.1
11 Y220606 2022/6/6 89.6 258 797 1831 0.695 1.03 0254 1750 531 1 1.68 9.03 0351 315 161 655 277 422 37.6 957 582 0.0896 5.7
12 Y220629 2022/6/29 937 1.793 6212 1648 1089 1.15  0.20 2540 508 1 1.67 931 0294 379 202 817 285 3.48 375 152 3.76 0.0965 11.7
13 Y220630 20220/6/30 94.1 1.836 6294 1655 0972 0.89 0204 2470 440 1.01 1.62 8.69 0284 375 195 7.99 28.6 3.58 37.9 130 3.56 0.0634 14.7
14 Y220715 2022/7/15 930 1.779 5617 1542 0841 084 0228 2720 451 1 1.76 9.12 0298 38.1 1.86 7.56 283 3.75 37.6 135 3.87 0.0963 11.9
15 Y220726 2022/7/28 942 1.831 5906 1559 0971 1.07 0213 236 453 1.03 1.64 882 0285 357 184 746 28 376 374 115 425 00881 145
16  Y220727 2022/7/28 955 1.873 6.31 1600 0867 1.19 0214 244 424 102 173 888 0291 373 178 7.17 28.1 391 372 132 421 0.103 148
17 Y220808 2022/8/10 943 1946 6571 165 0931 1.13 0196 271 424 0987 1.64 875 0272 37.1 205 826 28.6 347 37.1 133 396 00814 944
18 Y220816 2022/8/16 95 1952 6444 16.12 0948 171 0216 253 484 0995 1.58 897 0282 387 23 9.16 28.6 3.12 367 187 3.82 0.0844 11.7
19 Y220830 2022/8/30 95 1.819 6.091 15.64 0902 167 0219 207 480 103 1.63 935 0291 374 1.79 722 28 3.88 372 142 437 0.102 112
20 Y220907 2022/9/7 942 2175 7215 1771 0780 117 0229  1.880 471 0968 1.8 954 0308 338 175 7.09 284 4 375 110 6.74 0.0579 0.735
21 Y220921 2022/9/21 944 2264 7.661 1858 0.830 129 0274 175 517 1.05 175 9.54 0346 40 1.67 689 284 4.12 382 161 444 0.0827 1.19
22 Y220923 2022/9/26  92.6 2416 8.054 19 0.760 2.69 0256 196 509 0995 1.74 959 0341 297 153 634 283 446 38.6 485149 0.0839 2095
23 Y220927 2022/9/27  92.6 2383 8.046 1929 0.720 2.57 0256 177 531 0986 1.68 9.75 0343 347 192  7.77 284 3.65 373 947 534 0.0873 3.81
24 Y220928 2022/9/28  92.8 2468 837 19.82 0.700 1.69 0259  1.87 562 0944 1.67 9.74 0351 315 2 823 29.6 3.59 38 122 545 0.114 7.1
25 Y220930 2022/9/30 94 2308 7.787 18.68 0.760 261 0246 181 600 107 1.74 10 0351 348 1.82 7.66 29.4 3.84 39.1 139 483 0.105 55
26 Y221026 2022/10/26 925 225 7.838 1933 0.750 173 0263 173 497 1.03 17 9.3 0332 362 172 7.02 28 399 378 763 857 0.151 6.42
27 Y221027 2022/10/28 934 2071 7371 18.62 0830 197  0.26 197 534 105 151 957 0345 355 181 739 28 3.78 37.7 403158 0.14 8.3
28 Y221103 2022/11/2  93.6 2.127 7.65 1924 0810 1.86 0283 1.86 435 1.02 175 892 0315 339 162 651 277 425 372 109 501 0182  6.73
29 Y221104 2022/11/4 939 226 8356 21.13 0.89 1.0l 0281 216 471 104 175 9.13 0321 323 156 647 282 435 384 109 53 0173 6.6
30 Y221107 2022/11/9 923 205  7.604 1895 0.94 121 0257 194 490 104 1.74 913 1335 351 168 69 283 41 381 97.1 653 0.161 7.18
31 Y221109 2022/11/9 946 2.082 7.814 19.86 0.9 1.05 0258 213 547 105 1.73 944 034 339 1.77 7.6 283 3.95 373 184 331 0.134  7.59
32 Y221114 2022/11/15 93.8 2021 7.874 209 099 213 0245 219 493 102 172 92 0328 332 1.84 754 284 377 381 99.6 557 0.159 573
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[ (61957 0190 0196 (61922 [61957 [0193M 01927 0.677 0.749 0.695 0.651 0.827 0.81 0.853 0.892 0.904 0.786 0.736 0.86 0.741 0.747 0.654 0.683 0.65 0.728 0.758 0.716 0.798 0.796 0.768 0.832 0.814
(07957 [N 01843 (01937 (07938 [010MM (0189 [0%883] 0.718 0.822 0.75 0.686 0.82 0.765 0.835 0.847 0.854 0.758 0.697 0.836 0.774 0.786 0.676 0.699 0.66 0.742 0.769 0.746 0.788 0.827 0.788 0.865 0.824
[0750 07843 [ 101867 (01334 (0105|010 [OI8TM 0.569 0.665 0.664 0.648 0.75 0.812 0.795 0.847 0.865 0.735 0.62 0.781 0.739 0.739 0.648 0.582 0.619 0.711 0.716 0.624 0.722 0.792 0.742 0.758 0.748
[0796 [01937 (01864 [N (01953 [01943] 01916 09 0.6 0.732 0.637 0.585 0.778 0.742 0.8  0.816 0.809 0.708 0.639 0.765 0.643 0.644 0.586 0.576 0.563 0.648 0.648 0.621 0.676 0.713 0.695 0.737 0.725
[01922) [01938) (01834 [01955] [N [01906] [01897 [0%848] 0.641 0.791 0.716 0.636 0.752 0.676 0.778 0.758 0.78 0.684 0.596 0.724 0.709 0.662 0.606 0.595 0.599 0.637 0.678 0.61 0.715 0.758 0.722 0.771 0.744
[01957 (019N 10197151 [019%3] (61906 [N [018981 01914 0.554 0.677 0.607 0.567 0.83 0.849 0.875 0.874 0.881 0.816 0.722 0.783 0.702 0.674 0.582 0.59 0.635 0.675 0.669 0.618 0.694 0.741 0.718 0.757 0.759
[07930 07390 [0I9MN (01916 (07897 (07898 N [0%785] 0.581 0.681 0.657 0.542 0.636 0.641 0.733 0.763 0.787 0.587 0.489 0.712 0.592 0.613 0.571 0.47 0.442 0.571 0.643 0.582 0.723 0.726 0.688 0.682 0.67

[01927 (013831 [0S (0100 (07848 [01974) 107851 I 0.695 0.785 0.703 0.684 0.902 0.858 0.898 0.896 0.876 0.826 0.826 0.874 0.768 0.773 0.653 0.758 0.763 0.818 0.758 0.732 0.73 0.747 0.767 0.844 0.817
0.677 0.718 0.569 0.6  0.641 0.554 0.581 0.695 [N [01926][01922] [01897 0.546 0.503 0.547 0.568 0.587 0.514 0.532 0.634 0.769 0.827 0.772 0.832 0.73 0.778 0.846 0.723 0.811 0.796 0.754 0.804 0.76

0.749 0.822 0.665 0.732 0.791 0.677 0.681 0.785 [01926| NN 01947 [01856] 0.643 0.557 0.651 0.614 0.629 0.558 0.543 0.674 0.829 0.835 0.786 0.801 0.764 0.827 0.791 0.694 0.754 0.808 0.766 0.837 0.77

0.695 0.75 0.664 0.637 0.716 0.607 0.657 0.703 [01922) 01947 I [01914! 0.538 0.476 0.556 0.553 0.576 0.46 0.447 0.622 0.827 0.831 0.835 0.802 0.783 0.806 0.848 0.749 0.806 0.853 0.792 0.822 0.762
0.651 0.686 0.648 0.585 0.636 0.567 0.542 0.684 [01897 [0/856] 01914 I 0.588 0.567 0.567 0.6  0.609 0.559 0.551 0.638 0.824 0.855 0.841 0.856 0.841 0.81 0.897 0.772 0.834 0.881 0.807 0.846 0.81

0.82710.82 0.75 0.77810.752 10.83 0.636 0.902 0.546 0.643 0.538 0.588 [ININ 01949 (01949 01946) (01929 [019511 01947 0932] 0.8  0.786 0.556 0.733 0.742 0.787 0.71 0.704 0.654 0.675 0.717 0.838 0.796
0.81 10.765 0.812 0.742 0.676 10.849 0.641 0.858 0.503 0.557 0.476 0.567 [01940] [N 0929 01950) (61935 [01964] 01921 01878 0.752 0.757 0.519 0.657 0.687 0.729 0.676 0.648 0.62 0.665 0.685 0.779 0.751
0.853 10.835 0.795 0.8 0.778 10.875 0.733 0.898 0.547 0.651 0.556 0.567 [01940] 01929 NN 01948 (01951 (019777 018821 01903 0.766 0.77 0.526 0.647 0.654 0.714 0.684 0.652 0.67 0.678 0.707 0.794 0.735
0.892 0.847 0.847 0.816 0.758 0.874 0.763 10.896 0.568 0.614 0.553 0.6 01946 (01959 [0I4S] [N 01979 (01931 (01907619451 0.755 0.769 0.558 0.67 0.65 0.731 0.724 0.714 0.705 0.698 0.722 0.814 0.77

0.904 0.854 0.865 0.809 0.78 0.881 0.787 0.876 0.587 0.629 0.576 0.609 [01929] 0193507951 1575 [N [01929] 0789 [01948] 0.791 0.794 0.578 0.687 0.659 0.731 0.748 0.699 0.757 0.732 0.74 0.835 0.787
0.786 0.758 0.735 0.708 0.684 0.816 0.587 (0.826 0.514 0.558 0.46 0.559 [01951 01964 0917 (01931 01925 [N [019591[61866] 0.767 0.725 0.519 0.69 0.706 0.702 0.672 0.645 0.635 0.65 0.663 0.781 0.764
0.736 0.697 0.62 10.639 0.596 0.722 0.489 (0.826 0.532 0.543 0.447 0.551 [01947 01921l [01882] (01907 0739 (01959 IN[GI897 0.747 0.734 0.495 0.739 0.726 0.726 0.671 0.667 0.634 0.596 0.637 0.788 0.746
0.86 10.836 0.781 0.765 0.724 10.783 0.712 0.874 0.634 0.674 0.622 0.638 [01932) 01873 01903 01945] (01948 [01866) 01897 I 0.822 0.852 0.638 0.781 0.714 0.825 0.788 0.781 0.767 0.718 0.753 0.864 0.808
0.741 0.774 0.739 0.643 0.709 0.702 0.592 0.768 [0.769/10.829 0.827 0.824 0.8  0.752 0.766 0.755 0.791 0.767 0.747 0.822 [N [01925] 01838 0901 [0'888I[0/893] 01852 07781 (01782 07824 [07789) (01887 [01852]
0.747 0.786 0.739 0.644 0.662 0.674 0.613 0.773 [0.827/10.835 0.831[0.855 0.786 0.757 0.77 0.769 0.794 0.725 0.734 0.852 [01925] [N 0F785 01885101845 01912 101906 [0S0 01851 (01875 (01847 101927 018621
0.654 0.676 0.648 0.586 0.606 0.582 0.571 0.653 [0.772/10.786 0.835 [0.841 0.556 0.519 0.526 0.558 0.578 0.519 0.495 0.638 [0/838|[0F785] NN 0186907824 (01857 (01871 (01869 (01782 (07820 [077631 (07739 0184
0.683 0.699 0.582 0.576 0.595 0.59 0.47 0.758 [0.8320.801 0.802//0.856 0.733 0.657 0.647 0.67 0.687 0.69 0.739 0.781 001 [0}885] 01869 NN [01936] (619281 61909 (01857 [0:83M (01814 (07792 [01865] (019011
0.65 0.66 0.619 0.563 0.599 0.635 0.442 0.763 0.73 " [0.764[0.783/10.841 0.742 0.687 0.654 0.65 0.659 0.706 0.726 0.714 [(I88E)[0/845] (0822 (01936 [N 01920 [0'86N [05796] (0774 (07834 [07792] [0'869) 0887
0.728 0.742 0.711 0.648 0.637 0.675 0.571 0.818 [0.778 0.8270.806//0.81 ' 0.787 0.729 0.714 0.731 0.731 0.702 0.726 0.825 [01893| [01912I[01857 01928 (0152 [N 6133N (01832 [07782) (018238 (01820 [018 79 [0
0.758 0.769 0.716 0.648 0.678 0.669 0.643 0.758 [0.846 0.7910.848/[0.897 0.71 0.676 0.684 0.724 0.748 0.672 0.671 0.788 [01852) [01906 01871 07509 [0ISEN (OIS NN (01922 [01945] (61936 (07899 101896 (019411
0.716 0.746 0.624 0.621 0.61 0.618 0.582 0.732 [0.723]10.694 0.749 [0.772 0.704 0.648 0.652 0.714 0.699 0.645 0.667 0.781 [0¥781] [0R01 01869 01857 (077961 01332 01922 NN 01819 [0'814] (0815 OIS 018721
0.798 0.788 0.722 0.676 0.715 0.694 0.723 0.73 [0.811/10.754 0.806 0.834 0.654 0.62 0.67 0.705 0.757 0.635 0.634 0.767 [0¥782) [OR5H [0F782 0183 (07774107782 [019%5] [0S 19! [N (01941 [0'867 1018931 019131
0.796 0.827 0.792 0.713 0.758 0.741 0.726 0.747 [0.796/10.808 0.853 [0.881 0.675 0.665 0.678 0.698 0.732 0.65 0.596 0.718 [01824] [01875] 082N 0181407834 [0/328| 101936 [0/814! (01941 [N [0'8931 (019231 019321
0.768 0.788 0.742 0.695 0.722 0.718 0.688 0.767 [0.754/10.766 0.792 0.807 0.717 0.685 0.707 0.722 0.74 0.663 0.637 0.753 [0¥789] [01847 [0F763! [0F792) 07792 (01320 101899 (018151 (01867 (07393] [ (01867 01883
0.832 0.865 0.758 0.737 0.771 0.757 0.682 0.844 [0.804 0.837 0.822//0.846 0.838 0.779 0.794 0.814 0.835 0.781 0.788 0.864 [0I887 (01927 [0F739! 07865 (01860 [01879] (01396 (01NN (08931 (01923 (07867 I (019221
0.814 0.824 0.748 0.725 0.744 0.759 0.67 0.8170.76 [0.77 [0.762/10.81 " 0.796 0.751 0.735 0.77 0.787 0.764 0.746 0.808 [(1852] [0/862] [0:54% (01501 (01887 00NN (01941 [0:872) 019731 01934 078831 [0:922) [




