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(0<Z<2) ceramics with rod-like grain morphology were prepared by gas pressure sintering, and their

mechanical properties (i.e., bulk density, hardness, fracture toughness, and flexural strength) were evaluated. A
model to predict the mechanical properties of 3-SiAION ceramics was established by back propagation (BP) neural
network, and the relationships between process parameters (i.e., Z-value and temperature) and mechanical proper-
ties were investigated. Results show that the model had good prediction accuracy and maximum relative error
lower than 8 %. The model could reflect the complex nonlinear relationship between the process parameters and
the mechanical properties of B-SiAION ceramics. The model can provide an effective reference for optimizing the

design of B-SiAION ceramics.
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INTRODUCTION
B-SIAION is a solid solution of B-Si,N,, where Si and

N are partially replaced by Al and O ar13d ?ts general for-
mula is Si, ,ALON, , (0<Z<4,2). B-SiAION has a hex-
agonal crystal structure with rod-like grain morphology,
resulting in very good toughness and strength [1]. More-
over, B-SIAION has the best oxidation resistance, high-
temperature resistance, and thermal stability among Si-
AION ceramic series [2]. In recent years, B-SiAION and
B-SIAION composite ceramics have been widely applied
in high-temperature metallurgy, materials, aerospace,
military, and other related fields because of their excel-
lent physicochemical properties [3].

Back propagation (BP) neural network, which is one
of the most extensively used artificial neural networks,
has good associative memory and high tolerance. More-
over, this process can quickly and effectively reflect
highly nonlinear and complex relationships between in-
fluencing factors. BP neural network has been prelimi-
narily applied in SIAION ceramic materials. Zhang et
al. [4] used this network to predict the relative content
of a-phase of Ca-a-SiAION prepared by carbothermal
reduction and nitridation synthesis under different pro-
cess conditions. Li et al. [5] introduced the BP neural
network into the design of B-SiAION ceramic prepared
by microwave-assisted carbothermal reduction and pre-
dicted the relative content of the p-phase under various
ratios of n(Si)/n(C) and temperatures.
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In this study, B-SiAION ceramics with rod-like grain
morphology were prepared by gas pressure sintering us-
ing o-Si,N,, Al,O,and AIN as raw materials. A model to
predict the mechanical properties of -SiAION ceramic
materials was established using the BP neural network.
The relationships between process parameters (i.e., Z-
value (0<Z<2) and temperature) and mechanical prop-
erties (density, hardness, fracture toughness, and bend-
ing strength) were investigated.

EXPERIMENTAL PROCEDURE
Material preparation

The starting composition was prepared using a-Si,N,
(UBE-10, containing 1,6 % oxygen), ALO, (99,99 %;
Sumitomo AES I1C), and AIN (Tokuyama, containing 1
% oxygen). In addition, 6 wt.% Y ,O, was added to pro-
mote the sintering densification. Starting compositions
of all samples are given in Table 1.

An a-Si,N, suspension with concentration of 28,8
g/L with absolute ethanol as a solvent was prepared.
Then, ALO,, AIN, and Y,0, were added into the suspen-
sion. A 5-mL volume of PEG400 was used as a disper-
sant. The slurry was agitated, ultrasonically dispersed
for 60 min, and subsequently dried at 500 °C. After dry-
ing, the composite powders were milled and sieved to
100-150 mesh, pressed uniaxially with maximum pres-
sure of 25 MPa, and subsequently cold isostatically
pressed at 300 MPa to form dense green compacts.
Then, the green compact was sintered by gas pressure
sintering. The heating rate was 10 °C/min. The final sin-
tering temperature (T) was 1 550-1 800 °C and holding
time was 2 h. Nitrogen (2 MPa) was introduced into the
furnace at 1 150 °C, and the cooling rate was set to 15
°C/min.
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Table 1 Composition and denomination of samples

Z value Composition / wt. %
Si,N, ALO, AIN
7=0,3 69,09 2,55 1,04
7=0,6 66,61 4,24 1,74
Z=1,0 60,45 8,47 3,47
7=2,0 48,19 16,88 6,92

Characterization techniques

The phase composition was identified by X-ray dif-
fraction (XRD; Rigaku D/MAX-IIIC, Japan) with Cu
radiation at 40 kV and 50 mA at a scan rate of 4 °/min
to record the diffraction patterns. The microstructures
of the polished surface were observed by scanning elec-

Table 2 Experimental results of the mechanical pro- perties
of the samples

Sample | Z T P HV K. o
/°C | /kgm? | /GPa | /MPa-m'"? / MPa
1# 0,3 | 1550 3,090 1326 6,821 530
24 0,3 | 1600 3,090 1389 6,878 715
34 0,3 | 1650 3,210 1515 6,934 871
4# 0,3 | 1700 3,239 1582 7,662 591
5# 0,3 | 1750 3,246 1593 6,916 507
6# 0,3 | 1800 3,214 1507 7,676 670
7# 0,6 | 1550 3,240 1634 7,375 501
8i# 0,6 | 1600 3,240 1600 7,565 806
o# 0,6 | 1650 3,240 1589 7,580 710
10# 0,6 | 1700 3,225 1571 7,876 704
1# 0,6 | 1750 3,229 1627 7,245 901
12# 0,6 | 1800 3,228 1549 6,997 659
13# 1,0 | 1550 3,210 1546 6,237 550
144 1,0 | 1600 3,210 1538 6,246 780
15# 1,0 | 1650 3,210 1528 6,558 740
164 1,0 | 1700 3,205 1525 6,564 732
174# 1,0 | 1750 3,206 1514 6,668 729
18# 1,0 | 1800 3,150 1507 6,798 666
19# 2,0 | 1550 3,150 1421 4,370 414
20# 2,0 | 1600 3,150 1442 5,403 463
21# 2,0 | 1650 3,150 1543 5,730 436
22# 2,0 | 1700 3,133 1458 5,720 363
23# 2,0 | 1750 3,170 1447 5,640 346
24# | 2,0 | 1800 3,089 1429 6,111 234

Figure 1 Typical microstructure (a) 4#, (b) 12#, (c) 17#, (d) 21#
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tron microscopy (SEM; SIRION 200, FEI, USA). The
bulk density (p) was measured according to Archime-
des’ principle in deionized water. Room-temperature
Vickers hardness (HV) was tested by a Vickers diamond
indenter (HV-50). The standard procedure involved the
application of a load of 10 kg for 15 s. The averages of
the single-edge notched beam (SENB) were used to
measure room-temperature fracture toughness (K ) ina
universal material testing machine (Instron-5569). The
flexural strength (o) was measured by three-point bend-
ing method on an electronic universal testing machine
(CSS-44100).

XRD results showed that all samples were single-
phase B-SIAION  (B-Si, Al ;O .N,, when Z=0,3,
B-Si; Al Oy ¢N,, when Z=06, B-Si,AION, when
Z=1,0, p-Si,AlLLO,N, Z=2,0). The SEM results showed
that all samples had rod-like microstructure morpholo-
gy. The test results of bulk density, Vickers hardness,
fracture toughness, and bending strength of all samples
are listed in Table 2. Figure 1 shows the typical micro-
structures of several samples under different Z values
and sintering temperatures. The grain size distribution
varied from 600 nm to 20 pum.

BP NEURAL NETWORKS

BP neural network is a feed-forward neural network
with three or more layers. Each layer consists of several
neurons (Figure 2).

The steps of the BP neural network are as follows:

(1) Sample standardization

The input sample is defined as X=(X, X,, ..., X),
and the corresponding expected output is Y=(Y,, Y,

Y ). The raw data should be normalized according to
Equation (1) to obtain the ideal training effect.
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Where x” is the raw data, x/“"is the dimensionless
data, and n is the number of experimental data.
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Figure 2 Schematic of BP neural network
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(2) Initialization of the weight coefficient
A small non-zero random number is assigned to the
connection weight (w;) of each layer, and a random
value of (-1, 1) interval is assigned to the threshold.
(3) Calculation of the output of each layer
The network output values are calculated by the ex-
citation function known as Sigmoid function. The input
and output of each node of the hidden layer (k<m) are
defined as follows:
P
=39, b= @
= "o l4e
The input and output of each node of the output lay-
er (k=m) are described by Equation (3) as follows:
. 1
=0t o = 3)

! _Jk
= 1+e™

Where m is the number of layers; p and q are the
numbers of neurons in the input and hidden layers, re-
spectively; s, 7/ are the inputs of the i-th neuron in the
k-th layer; b*, ¢! are the outputs of the i-th neuron in the
k-th layer; w/ is the connection weight; and 6 is the
threshold of a nerve cell.

(4) Calculation of the learning error

E, :i(yl.k—c;‘)z/Z 4)
i=1

Where y/ is the desired output of the network, and E,
is the mean square of the deviation between the net-
work’s expected output and the calculated output.

The learning error for each node of the output layer
(k=m) is as follows:

5" = = )er (1=¢") 5)
The learning error for each node of the hidden layer
(k<m) is calculated as follows:

9
é'lk — b//c (1 _b’k )Z W;;Ha;rﬂ (6)
j=1
(5) Correct weight coefficient and threshold
The momentum method is used to speed up the con-

vergence and prevent oscillation.
wh (141)=-n8'ci™ +atw; (1) @)

Where 1 is the learning rate, a is the momentum co-
efficient, and t is the iteration times.

When the network is trained, the errors of the neu-
rons in the output layer propagate back to the hidden
and input layers, and the weights between the layers are
constantly corrected. If the requirements are satisfied,
the algorithm ends. Otherwise, step 3 is repeated until
the system’s mean square error is minimized. Using the
resulting weights after training, a model can be con-
structed to predict the relationship between sintering
process and mechanical properties of 3-SiAION.

RESULTS AND DISCUSSION

From the 24 sets of experimental data, 20 groups
were randomly selected as learning samples, and the re-
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Figure 3 Variation in the relative error with testing data

maining 4 groups were the verification groups. A three-
layer (i.e., input, intermediate, and output layers) BP neu-
ral network with two input parameters (Z value and tem-
perature) and four output parameters (bulk density, Vick-
ers hardness, fracture toughness, and flexural strength)
were designed and tested repeatedly. Finally, a single
hidden layer structure of 18 neurons was selected.

Figure 3 shows the variation in the relative errors
with the testing data. The experimental results of den-
sity, Vickers hardness, and fracture toughness are in
good agreement with the predicted values of the model,
with maximum relative error of less than 5 %. However,
the relative error between the predicted value and ex-
perimental results of bending strength is relatively larg-
er, but the maximum relative error is also less than 8 %.
This finding indicates that the established model has
good fitting precision. Therefore, the proposed model
can be used to effectively predict and investigate the
nonlinear relationship between the process parameters
and the mechanical properties. The model can be used
as a reference to optimize the design of B-SiAION ce-
ramics.

The relationship between the process parameters
and the mechanical properties, namely, density, Vickers
hardness, fracture toughness, and flexural strength, of
the B-SIAION ceramics are shown in Figures 4-7, re-
spectively. Increasing the Z value resulted in the initial
increase and subsequent decrease in the bulk density,
hardness, fracture toughness, and bending strength.
However, no obvious linear relationship is observed be-
tween temperature and the mechanical properties. When
the Z value is in the range of 0,45-1,0 and the sintering
temperature is 1 600-1 750 °C, the B-SiAION ceramics
can obtain relatively high bulk density, hardness, frac-
ture toughness, and bending strength with the highest
value of 3,26 kg-m3, 1 630 GPa, 7,78 MPa-m*?, and
914 Mpa, respectively. Therefore, B-SiAION ceramics
prepared using gas pressure sintering within this pro-
cess range are most likely to yield the best mechanical
properties. Using this model, the Z value and sintering
temperature can be well determined according to the re-
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Figure 4 Bulk density versus Z value and temperature

Figure 5 Hardness versus Z value and temperature
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Figure 6 Fracture toughness versus Z and temperature

quired performance, greatly reducing the amount of ex-
periments and saving costs.

CONCLUSIONS

In this study, B-SiAION (0<Z<2) ceramics with rod-
like grain morphology were prepared by gas pressure
sintering. A model to predict the mechanical properties
of B-SiAION ceramics was established using BP neural
network method. The relationships between process pa-
rameters (i.e., Z value and temperature) and mechanical
properties (i.e., density, hardness, fracture toughness,
and bending strength) were investigated. The following
conclusions are drawn:

(1) The model has good prediction accuracy, with
maximum relative error of less than 8 %. This result
indicates that the model can effectively describe the
complex nonlinear relationship between the Z value and
temperature versus the bulk density, hardness, fracture
toughness, and bending strength of the B-SIAION ce-
ramics.

(2) When the Z value is in the range of 0,45-1,0 and
sintering temperature is 1 600— 1 750 °C, the B-SiAION
ceramics can obtain relatively high bulk density, hard-
ness, fracture toughness, and bending strength with
highest values of 3,26 kg-m3,1 630 GPa, 7,78 MPa-m*?,
and 914 Mpa, respectively.
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Figure 7 Flexural strength versus Z and temperature
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