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Abstract In recent years, the development of techniques

for the controlled preparation of functional graded mate-

rials (FGMs) has become a vigorous research field. In this

study, to improve the efficiency and accuracy of sample

preparations, an automated feeding system based on

gravimetric principles for dry powder with three dosing

feeders is designed and realized. The feeding rate and

accuracy can be regulated by coordinating the protruded

length L (mm) and rotational speed V (r/min) of the feeder

stirrer. To demonstrate this automatic sample preparation

system, the well-known thermoelectric material BixSb2-x-

Te3 (x = 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8) is selected and

prepared by the developed system, and the composition

distribution of the functional graded material is character-

ized. Experimental results show that the BixSb2-xTe3
(x = 0.3–0.8) functionally graded material crystalizes in

the rhombohedral phase after hot-pressing sintering and

annealing and the prepared sample has a good gradient

composition distribution. This verifies the reliability and

accuracy of the feeding system. The concept of samples

with a gradient component and application of the automatic

powder feeding system could considerably accelerate the

research and development of new materials.
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1 Introduction

Thermoelectricity is currently considered as a plausible

means of producing ‘‘clean’’ electrical energy from virtu-

ally any type of waste heat [1]. The demand for higher

thermoelectric device efficiency combined with mandatory

cost reductions per watt of thermoelectrically produced

power helps drive upstream material research. Functional

graded materials (FGMs) have primarily been studied for

fabricating thermoelectric modules for assembling and

welding of p- and n- legs to enhance the thermoelectric

energy conversion efficiency in thermoelectrics [2]. FGMs

are a useful means of improving the efficiency and usable

temperature range of thermoelectrics. An FGM can

undergo a continuous change in composition with anneal-

ing and other processes. Therefore, it might be used as an

ideal sample to screen out the sample composition with the

best thermoelectric performance. Thus, an FGM with a

quasi-continuous composition distribution satisfies the

sample requirement of the emerging materials genome

initiative (MGI) and could lead to further research and

improvements in thermoelectric conversion efficiency.

In actual operation, the precision of weighing a high-

purity material powder has a great influence on the out-

come of the preparation. The greatest challenge in the
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process is that the operator must keep dosing the powder

without scattering small quantities of powders into a small

container to ensure weighing accuracy. In addition, the

aerosol formation may pose a risk of cross-contamination

because of the repeated opening of the storage container for

the powder. In most laboratories, a spatula is usually used

to weigh accurately and dispense powders by hand, which

is an imprecise, time-consuming, tedious, and even high-

risk (e.g., samples may be poisonous and harmful) manual

sample preparation method. Therefore, introducing a pre-

cise sample feeding system to accelerate the development

of thermoelectric materials is necessary.

Similar to the requirements for sample preparation in the

field of thermoelectrics, handling small quantities of

powder is required in a variety of industries and processes,

such as in the preparation of pharmaceutical products, the

continuous preparation of paints, inks, or glazes, and the

formation of a two-dimensional image or a succession of

two-dimensional images [3–5]. Dry powders are primarily

defined by the fact that the adhesive and cohesive forces

outweigh gravity, and the particle sizes of processed

powders become increasingly smaller in biotechnology,

pharmaceuticals, and materials, which leads to mostly

unwanted agglomeration (clumping) and surface adhesion.

Thus, using conventional conveyor systems for dispensing

is more difficult. Yang and Evans [3] have provided an

overview of various micro-feeders and low-dose dosing

systems and their working principles. The methods for

metering and dosing powders, including pneumatic, volu-

metric, screw/auger, electrostatic, and vibratory methods,

are nearly all based on volumetric or gravimetric

principles.

Most dosing techniques are based on volumetric prin-

ciples. An aspirating-dispensing head for volumetric dos-

ing can draw off powder in discrete metered quantities of

0.5–10 mg [6]. However, this pneumatic method cannot

provide continuous automatic metering and powder dis-

pensing. Volumetric metering can be achieved using con-

tinuous aspiration from a grooved conveyor [7]. The

machine can be used to dispense powder with high

instantaneous precision (less than 1% variation) and at high

speeds (3–11 g/s). A volumetric micro-feeder based on a

cylinder piston system (i.e., a powder pump) was presented

by Besenhard et al. [8], and this feeder allowed for accurate

micro-feeding and feed rates of a few grams per hour, even

for very fine powders. However, volumetric dosing gen-

erates errors as a result of particle packing, the potential

effects of humidity, electrostatic effects, and batch-to-batch

variations in the powder. Small differences in particle size

distribution between different powder batches can dispro-

portionately affect the particle packing efficiency and some

waste powder is always created [9].

Gravimetric techniques are better suited for providing

accurate low (or micro) feeding. For example, micro-

feeding has successfully been performed using vibrating

capillaries or rods [10–12], an ultrasonic regime [13–15],

auger methods [16], vibratory channels [17, 18], and

vibrating spatulas [19]. Compared to volumetric powder

feeders, a system based on gravimetric feeding principles

can not only guarantee precise and effective feeding but

also can have outstanding robustness. However, conven-

tional weighing units are often too slow for small doses

(below 200 mg) [3].

In this study, an automatic feeding system based on

gravimetric principles is developed to feed powders quickly,

continuously, reliably, and accurately. A successful appli-

cation involving preparation of samples with a gradient

component for FGMs is presented. Bismuth telluride (Bix-
Sb2-xTe3) compounds and alloys are the best materials for

room-temperature dominated industrial applications

because the materials have a layered crystal structure with a

narrow electronic band gap [20]. Therefore, BixSb2-xTe3
(x = 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8) compounds are used to

study the composition distribution of FGMs. Using the

automatic feeding system, we demonstrated that BixSb2-x-

Te3 FGMs formed a single phase following hot-pressing

sintering. We analyzed its composition to prove that the

prepared samples had a gradient component, thus verifying

the feasibility of the system.

2 Materials and methods

2.1 Materials

Homogeneous p-type BixSb2-xTe3 samples with x values

of 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 were prepared. As shown in

Fig. 1, a compositional gradient sample must be formed in

Fig. 1 Schematic of the FGM sample in this work
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six layers. Each layer is prepared using three types of fine

powders (Bi, Sb, and Te) in various ratios. The properties

of the powders, including their purity and mesh number,

are listed in Table 1. The sample components show a

gradient change in the longitudinal direction, and the

content of each layer is given in Table 2.

To improve the efficiency and accuracy over those of

manual operation, a feeding system is developed to prepare

samples with a gradient component. A complete sample

preparation procedure as shown in Fig. 2 is described as

follows:

(i) Use the developed system and stack the raw

materials into gradient compositions;

(ii) Densify the FGMs by hot-pressing, and then

anneal for homogenization;

(iii) Cut along the axial direction and polish into a thin

slab with a thickness of 1.5 mm for performance

characterization.

2.2 Equipment and process

2.2.1 Automatic powder feeding system

The developed automatic system for stacking raw materials

into gradient compositions is shown in Fig. 3 and consists

of the following three modules.

(i) Feeding module. As shown in Fig. 3b, the module

contains horizontal and vertical driving units, a rotating

unit, and three dosing feeders. These two linear driving

units are based on two motorized stages, respectively.

Three dosing feeders (Mettler Toledo, QH012-ZNMW

11150115, Switzerland) are attached to the platform of the

horizontal driving unit. Each dosing feeder contains one

type of powder, and different dosing feeders could be

switched by the horizontal driving unit to achieve

sequential feeding for different powders. The rotating unit

is composed of a DC brushed servo motor and a driving

shaft. The driving shaft is mounted on the platform of the

vertical unit and can be rotated by the DC motor. The

structure of the dosing feeder is shown in Fig. 3c. A thin

and long groove was fabricated at the stirrer of the feeder.

After the feeder containing the required powder is moved

under the shaft by the horizontal unit, the stirrer rotates and

slides down as driven by the vertical and rotating units, and

then the powder can outflow from a glass container through

the groove into a small reservoir on the balance. The

feeding rate and accuracy can be regulated by coordinating

the rotational speed V (r/min) and the protruded length

L (mm) of the stirrer through the shaft. After dosing is

completed, the end of the stirrer can seal the dosing feeder

when it returns to its initial position.

(ii) Weighing module. A micro precision electronic

balance (Advance Mass Verification Balance, Mettler

Toledo XSE105DU, Switzerland) is placed under the

dosing feeders and integrated with the dosing unit to form a

closed-loop control system, as shown in Fig. 3a. The bal-

ance records the actual weight value and sends the feed-

back signal to the controller in real-time to control the

feeding rate and improve the feeding accuracy of the sys-

tem. The balance has a readability of 0.01 mg and a

weighing range 0–41 g, which can meet the requirements

of high-precision and large-range dosing.

(iii) Transmission module. The transmission module is

developed to transport the reservoirs before and after

dosing to improve the degree of automation. The module

Fig. 2 Schematic procedure for preparing an FGM sample

Table 1 Properties of sample powders

Material Supplier Purity/% Mesh number Bulk density/

(g�cm-3)

Bi Aladdin industrial corporation 99.99 200 9.8

Sb Aladdin industrial corporation 99.99 200 6.7

Te Aladdin industrial corporation 99.99 100 6.3

Table 2 Sample formulas (unit: mg)

Element Layer

1 2 3 4 5 6

Bi 314 209 209 209 139 105

Sb 275 226 284 365 325 345

Te 719 547 638 765.6 638 638
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contains a charging unit and 6-DoF manipulator (Universal

Robots, UR3, Denmark), as shown in Fig. 3a. To eliminate

the risk of cross-contamination, using a single reservoir for

each mixture ratio of the powder is necessary. The charg-

ing unit conveys the reservoirs to the balance table in

sequence before dosing. It contains a linear actuator,

gripper, and rotary table. Once the reservoir is moved to the

desired position by the rotary table, the gripper carries and

conveys the reservoir to the balance table via the linear

actuator. After the dosing is completed, the reservoir is

transported by the 6-DoF manipulator to the desired loca-

tion to wait for post-processing operations such as com-

paction, forming, and sintering.

2.2.2 Operation space analysis

The feeding rate and accuracy of the system can be regu-

lated by coordinating the rotational speed V (r/min) and the

protruded length L (mm) of the stirrer of the dosing feeder.

As shown in Fig. 3c, a greater protruded length exposes a

larger groove in the stirrer, and more powder outflows. In

addition, the stirrer stirs the powder to overcome adhesion

and promote flowability. Thus, a higher rotational speed of

the stirrer can improve the flowability of the powder,

thereby accelerating the feeding speed. Previous experi-

ments have shown that the protruded length has a more

obvious effect than does the rotational speed on the feeding

Fig. 3 Automated powder feeding system a system setup b feeding module c schematic of the dosing feeder
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rate. However, the responding speed of the system when

regulating the rotational speed is faster than that when

regulating the protruded length. Therefore, the rotational

speed of the stirrer can be used for auxiliary and fine tuning

to guarantee the accuracy, and enlarging the protruded

length can significantly improve the feeding efficiency of

the system. To determine the effect of the rotational speed,

an experiment of feeding Bi powder was performed. The

experimental setup was examined for various rotational

speeds and 4 mm protruded lengths. The values of V were

varied from 20 r/min to 230 r/min at intervals of 35 r/min.

As shown in Fig. 4, higher rotational speed of the stirrer

improved the flowability of powder and accelerated the

feeding speed. The feeding mass linearly increased with the

feeding time, which demonstrated the robust performance

of the system. In Fig. 4, the feeding rate fr (mg/s) can be

determined by the slope of the feeding characteristic curve

according to Eq. (1). For different combinations of V and L,

it was found that the maximum and minimum feeding rates

were obtained when L = 8 mm, V = 230 r/min and

L = 1 mm, V = 20 r/min, respectively. It was determined

that the maximum and minimum feeding rates were

15.27 mg/s and approximately 0.19 mg/s, respectively, by

fitting the linear polynomial. A large range of the feeding

rate represents a major advantage of the device, which

enables the system to achieve both micro- and fast feeding

by regulating the feeding rate.

fr ¼
Dm
Dt

: ð1Þ

2.2.3 Feeding strategy

This study proposes a control strategy for improving the

feeding speed and accuracy. Larger values of protruded

length and rotational speed were adopted first and were

then gradually reduced to guarantee the feeding accuracy

after the feeding mass approached the desired value. A

single feeding event can be divided into fast and precise

feeding stages. When the difference between the target

mass value mt and the measured mass value mb feedback by

the balance is more than e1, the fast feeding stage starts

with a large L and V by open loop control. The precise

feeding stage will start once the difference of mt and mb is

between e2 and e1, and these two feeder parameters will be

reduced to smaller values to ensure the feeding accuracy. A

real-time proportion integration differentiation (PID)

algorithm with position regulation was used in this stage.

Finally, the feeding event will be finished when the dif-

ference is less than e2.

mt � mb [ e1;
e1 > mt � mb [ e2;
mt � mb\e2:

8
<

:
ð2Þ

As shown in Fig. 5, the system is controlled by a pro-

grammable logic controller (PLC, Mitsubishi, FX3U-

32MR/DS, Japan), which has 32 I/O ports, of which 15

input and 15 output ports are used in this system. A PC

running a Windows 10 operating system sends the desired

feeding value to the PLC and receives the signals from the

sensors to record the state of the system through a USB.

According to the real-time weight feedback signal received

from the balance through a RS232 bus, the PLC calculates

the error between the target and measured mass values, and

then sends the commands to the feeding system.

In the precise feeding stage, the flowing PID algorithms

are used to improve the feeding accuracy and prevent

overshoot of the system.

U ¼ KPe tð Þ þ KI

Z

e tð Þdt þ KD

de tð Þ
dt

; ð3Þ

where U is control torque, KP the proportional gain, KI the

integral gain, KD the derivative gain. In our study, the

values of the PID parameters were KP = 0.6, KI = 0.4, and

KD = 1.5.

Fig. 4 Feeding characteristics curve (V = 20–230 r/min, L = 4 mm)

Fig. 5 Electrical system depicting the closed-loop control feeding

system
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2.2.4 Operating procedure

The feeding procedure is described as follows.

Step 1 Fill sufficient powder in the glass containers of

the feeders before feeding.

Step 2 Input the number of layers and weights of the

components for each layer.

Step 3 Prepare one layer of the sample. One reservoir is

conveyed from the rotary table to the balance by the

charging unit, and then the three feeders feed the three

types of powder in sequence by the feeding module. The

reservoir is finally transported to the designated place by

the manipulator.

Step 4 Repeat Step 3 to complete the preparation of all

layers.

It should be noted that Steps 3 and 4 are automatically

implemented by the system without any human

intervention.

2.3 Synthesis and characterization

The prepared elemental layer mixture was first hot pressed

in a U10 mm graphite die at 673 K for 20 h under a uni-

axial pressure of 75 MPa. Then, the hot-pressed cylindrical

sample (compositional gradient ingot) was cut into small

slices along the axial direction. Another part was sealed

into a quartz tube using a Partulab device (MRVS-1003) at

10-3 Pa and annealed at 673 K for 24 h. Finally, the

samples were cut into a thin slab with a wire saw.

Phase identification of the sample was performed on a

Panalytic Aeris diffractometer with Cu-Ka radiation

(40 kV 9 15 mA). The microstructure and sample com-

position were analyzed using a Zeiss GeminiSEM 300

scanning electron microscope equipped with an energy

dispersive X-ray spectroscopy (EDXS) detector (Oxford

Instruments).

3 Results and discussion

3.1 Performance of the developed system

The feeding process for the Bi powder in Layer 2 was used

as an example to demonstrate the feeding performance of

the developed system. As shown in Fig. 6, the trend in the

feeding mass could be divided into fast and precise feeding

stages in less than 3 min. In the fast feeding stage, the

protruded length L (mm) and rotational speed V (r/min) of

the stirrer increased from 0 to 7.2 mm and from 0 to 160

r/min, respectively and were then held at the higher values.

As a result, the feeding mass continuously increased with

the high feeding rate through this stage. Once the feeding

mass approached the desired value, the protruded length

and rotational speed of the stirrer decreased to 6 mm and

Fig. 6 Feeding process of Bi powder for preparing an FGM sample

a feeding mass b protruded length c rotational speed
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130 r/min, respectively. The feeding rate of the powder

gradually slowed to prevent an overshoot and ensure

accuracy in the precise feeding stage. By coordinating the

rotational speed and protruded length of the stirrer, we

improve the feeding efficiency using coarse feeding in the

fast feeding stage, and the feeding accuracy could be

guaranteed by fine feeding in the precise feeding stage.

To demonstrate repeatability, three samples were pre-

pared by this system. The feeding errors of the automated

system generated during the preparation of Sample 1 are

listed in Table 3, and another two samples can be found in

Table S1 and S2 of the Supplementary materials. It was

confirmed that the feeding errors of all the components

were less than 0.1 mg, and an acceptable accuracy was

achieved by the developed system. In addition, to demon-

strate the efficiency of the system, the preparation time for

one sample prepared by the automated system was recor-

ded and compared with the time for manual operation by a

skilled operator. As shown in Table 4, the time-cost sav-

ings was approximately 50% by the system. Therefore, the

developed system greatly reduced the manual burden on

the experimentalists and improved efficiency, indicating it

could have great significance for the development of new

materials and new drugs.

3.2 Phase identification

Figure 7 shows a schematic of the X-ray diffraction (XRD)

of a thin slab and XRD patterns of a compositional gradient

ingot (BixSb2-xTe3, x = 0.3–0.8). The asterisks indicate the

presence of the Sb secondary phase in the sample. XRD

data were collected from the surface of the thin slab. All of

the reflections in the diffraction patterns could be assigned

to the expected BixSb2-xTe3 structure. After hot-pressing,

it was observed that the main peaks were consistent with

the standard pattern of Bi0.4Sb1.6Te3 (PDF#72-1836).

However, the impurity Sb remained, as depicted by the

asterisks in Fig. 7. This could be attributed to an incom-

plete reaction time during hot-pressing. After annealing,

the Sb impurities disappeared inside the thin slab, and the

phase composition was more in line with the phase of

BixSb2-xTe3.

3.3 Microstructural characterization

The middle area of the thin slab (Sample 1), which was

annealed for 24 h, was evaluated by SEM-EDXS analysis.

The area that measured approximately 7.5 mm in length

was divided into 14 small regions that were then used for

EDS elemental mapping, as shown in Fig. 8b. The results

for the SEM-EDX analysis of the small regions are shown

Fig. 7 X-ray diffraction patterns for a compositional gradient ingot

of samples (BixSb2-xTe3, x = 0.3–0.8) that have undergone a hot-

pressing process with annealing

Table 3 Errors in automated dosing for preparing Sample 1

Layer Bi/mg Sb/mg Te/mg

Desired Automated Error Desired Automated Error Desired Automated Error

1 314.00 313.92 0.08 275.00 274.95 0.05 719.00 718.91 0.09

2 209.00 208.95 0.05 226.00 226.01 -0.01 547.00 546.96 0.04

3 209.00 208.95 0.05 284.00 283.97 0.03 638.00 638.03 -0.03

4 209.00 209.03 -0.03 365.00 364.92 0.08 765.60 765.52 0.08

5 139.00 138.94 0.06 325.00 324.96 0.04 638.00 637.92 0.08

6 105.00 104.91 0.09 345.00 344.99 0.01 638.00 637.95 0.05

Table 4 Cost time (s) in dosing Bi powder by the automated system

and a manual method

Layer

1 2 3 4 5 6

Manual 350 310 345 360 322 308

Automated 182 165 160 162 104 95

284 H.-Y. Pu et al.
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in Fig. 9. The SEM joint picture of each area can be found

in Fig. 8, and the details of the specific components are

listed in Table S3 of the Supplementary materials (also see

the composition distribution of Samples 2 and 3 in

Tables S4 and S5, respectively, in the Supplementary

materials.). It was found that the content of the element Bi

increased from the bottom to the top side, and the thin slab

showed a clear compositional gradient along the entire

length of the sample. With verifying reproducibility, we

repeated in triplicates, which showed a gradient distribu-

tion, as shown in the Supplementary materials for Samples

2 and 3. All prepared samples presented a gradient

composition distribution when this dosing was used, which

verified the reliability and accuracy of the feeding system.

4 Conclusions

In this study, an automated system based on gravimetric

feedback was developed to prepare samples with a gradient

component quickly, continuously, reliably, and accurately.

The feeding rate and accuracy of the system could be

regulated by coordinating the protruded length and rota-

tional speed of the feeder stirrer, respectively. Using the

automatic feeding system, we demonstrated that Bix-
Sb2-xTe3 FGMs formed a single phase by hot-pressing

sintering. The compositions were analyzed and the pre-

pared samples were found to have a gradient component,

thus verifying the feasibility of the system. The system

significantly improved the feeding efficiency and accuracy

compared to those of conventional manual operations. The

proposed technology could be a low-cost solution for many

applications in new materials and pharmaceutical devel-

opment and production.
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