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Abstract 
Functionally graded material (FGM) in terms of grain size gradation is fabricated from ZnO with a 

combination of modified Spark Plasma Sintering (SPS) graphite tooling, water sintering enhancements 

through transient liquid phase surface transport, and strategic SPS mechanical loading. The grain size 

gradation of the ZnO FGM is an order of magnitude across a 10 mm thick, fully dense sample. This is the 

first semiconductor or ceramic to be graded microstructurally to this extent. Predictions of the 

microstructure with a Master Sintering Curve (MSC) approach were done with a series of isothermal 

experiments on two different FGM conditions revealing a slight offset due to a constrained mechanism. 

The mechanical properties were tested with Vickers micro hardness across the sample, showing a gradient 

in hardness. In addition, the thermoelectric properties of the FGM were measured and show an 

enhancement of the zT at lower temperature by an order of magnitude compared to uniform small- and 

large-grained samples making a new path for improvements of bulk thermoelectric material. 

Introduction 
Transient heat sources are seeking thermoelectric generators (TEGs) with wider temperature bandwidth to 

capture more waste heat in a larger temperature range [1]. TEGs with segmentation improvements as well 

as well as homogenous property manipulation have shown to improve efficiency in bulk material, and 

bulk material is of interest due to higher currents allowed versus thin films [2], [3] [4], [5]. FGM is one 

way to improve the efficiency and useful temperature range of thermoelectrics, and TEGs based on carrier 

concentration manipulation have improved the efficiency by 8-12 % and improved the useful temperature 

range in some studies, yet no method of fabricating a continuous material has been created until now [6], 

[7]. Work started on FGM thermoelectrics in terms of segmentation, carrier concentration, and 

microstructure was proposed in some work [1], and it is shown that the grain size has a large effect on the 

thermoelectric properties [8] [9]. A study on small, large, and randomly mixed grain size thermoelectric 

samples showed that small grains had the best performance [10]. Spark plasma sintering (SPS) techniques 

have already been explored to fabricate FGMs with modified tooling [11]. A conical die arrangement is 

used to induce an in-situ thermal gradient during the sintering in order to densify different phases of 

material at different spots in the die axially [12]. One group created an axial microstructural gradient from 

fully dense to open porosity in a single step by using an offset die arrangement [13]. The concept of an 

offset die is used in another study to stabilize phase and create the first grain size gradient in an axial 

sample [14]. The first SPS process for specifically FGM TEGs was designed with the conical die 

approach and is intended for microstructural variation [15]. A layered powder system with different 

dopant concentrations was fabricated using a free sintering method and was tested with Pb1-x SnxTe but 

was not compared to homogenous samples [16].  

Zinc oxide (ZnO) is a good candidate for microelectronic and high temperature thermoelectric devices 

because the electrical conductivity is enhanced in pure nanocrystalline ZnO caused by interstitial Zn and 

oxygen vacancies, and the Seebeck at elevated temperatures remains high [17][18][19].  It is a good 



model material to use for thermoelectrics because it is abundant, safe, cost efficient, and relatively easy to 

process. Some SPS work on ZnO showed that with sintering aids the temperature at which it sinters can 

be reduced to 400°C [20], [21]. It was later shown that the compaction plays a key role, and the presence 

of acetate phase is necessary to achieve sintering at this low of temperature [22]. Also SPS studies have 

also shown that the heating rate plays a significant role in sintering when trying to sinter zinc oxide at 

lower temperature [23], [24]. The largest improvement in sintering ZnO was done by adding 1.5 

monolayers of deionized water on the surface of the ZnO by injection into the compacted green body. The 

water is thought to help the densification in four major ways; the first is improved initial packing density 

due to less friction between particles, the second is a purposed hydroxide ion mass transport, the third is a 

liquid phase surface transport of the Zn and O ions, and the fourth is a surface cleaning that consumes the 

carbonate that would inhibit mass transport [25][26].  

In this research, a novel approach to thermoelectric improvement targets a large microstructural transition 

using ZnO as a model material. This is done in one step to create a continuous microstructural gradient. 

Rather than making a graded composition or phase, a continuous gradation of grain size is achieved in a 

10 mm thick ZnO sample by modifying the SPS tooling and using water as a transient liquid phase. In 

order to capture a large range of microstructure, the sintering at lower temperatures was previously 

optimized [25], and the higher temperature sintering has to contribute to grain growth of fully dense 

material.  With a Master Sinter Curve (MSC) approach [27], the effects of various heating rates and 

temperatures on the sintering of ZnO can be used to help understand and predict the microstructure with a 

series of isothermal experiments. The microstructural gradient is a brand new method for improving the 

figure of merit for a thermoelectric device (zT), and this is the first time it has been done. The zT for 

many ZnO systems including doped polycrystalline ZnO has been in the range of 10
-5

 to 10
-2

 in the 

temperature range of 100°C to 400°C, which already makes our pure ZnO competitive with what is 

currently used [19], [28], [29]. In terms of FGM TEGs, this is the first ceramic and semiconductor 

material to be fabricated with grain size gradation of an order of magnitude in a continuous sample. 

Making sintered FGM ZnO in terms of grain size allows for better controllability of properties and 

tunability for higher efficiency thermoelectrics, varistors, and piezo electrics.  

Procedure 

Sintering 
Commercially available ZnO nanopowder (US Research Nanomaterials, Inc.) with high purity of 99.95 % 

and average particle size of 18 nm was used in these studies. A Scanning Electron Microscope (SEM) 

image and an X-ray diffraction (XRD) pattern of the ZnO powder are shown below in Figure 1. The 

particle size is verified with SEM and XRD using the Williamson-Hall method [30]. 

 



 

Figure 1: ZnO powder from US Research Nanomaterials, Inc. (US Nano). SEM image (left) and XRD 

pattern (right). 

Prior to sintering, the powder was stored in a desiccator for up to 72 hours. One hour prior to sintering, 

the powder is exposed to atmosphere as it transferred to a fume hood for loading. 18 g is weighed out and 

loaded into a die of 20 mm inner diameter with graphite foil around the circumference. The sintering 

setup is pressed in the SPS (Fuji Dr. Sinter) at 16 MPa for 1 minute in air in order to get a green body. 

The setup is taken out and 200 microliters of deionized water is injected with a micropipette into each 

side of the green compact, a piece of graphite foil is placed on top of the powder, the plunger faces are 

sprayed with BN spray to ensure that no field effects are present, and the plungers are re-inserted. The 

sintering setup is then placed back into the SPS for 5 minutes at 32 MPa to homogenously distribute the 

water into the powder by means of capillary action. The sintering setup is then loaded with top and 

bottom thermocouples so that they are 2 mm away from the powder. 

The approach for predictions is to achieve faster sintering versus slower sintering conditions and then try 

to achieve these same conditions spatially in one setup. In order to predict the microstructure of a 

continuously graded sample, isothermal samples are sintered with a typical SPS graphite die setup in 

order to understand and predict the density and grain size evolution over time using an MSC approach. 

Three different heating schedules (175°C/min to 900°C, 125°C/min to 700°C, and 75°C/min to 500°C) 

are run isothermally controlling from the plunger of a typical SPS sintering setup and added to one plot to 

show the predictive behavior. The sintering for the three heating schedules is cut off at 97% dense, ½ the 

hold time, and the full hold time. This gives a density-grain size-time (DGT) plot of conditions that can 

predict the final microstructure of system with differential heating schedules. Two DGT plots are made 

for two different mechanical load schedules because of a large water outgassing. One load schedule starts 

with high load (73 MPa) during the low temperature bake out and is released right before the large water 

outgassing to 35 MPa, and the other starts with low load (35 MPa) during the low temperature bake out 

and is increased to 73 MPa after the large water outgassing.  The loads are controlled at 0.1 kN per 

second. 

In order to achieve the different heating schedules from the DGT spatially in one sintering setup, a novel 

sintering setup is made to achieve differential sintering.  In this approach, one plunger has less contacting 

area to the die and thus has higher current density as shown in Figure 2. This creates a local hot spot on 

that side and a temperature field or thermal gradient (TG) across the sintering specimen.  The heating 

schedules from the DGT are matched spots spatially in the TG specimen.  For TG sintering, the material 



near the hot side will densify more quickly and start grain growth, while the material on the other side 

will densify more slowly due to lower temperature. This differential sintering across the sample results in 

a continuously graded microstructure in terms of grain size or even porosity. The SPS setup for the 

thermal gradient (TG) sintering is shown below in Figure 2. There is an alumina sleeve to aid in 

mechanical support and insulation of the hot side graphite punch, BN spray is used around the hot side 

punch for more insulation, and an external graphite sleeve is used for more support and a heat sink. BN is 

also sprayed on the plunger faces to achieve higher thermal gradient and negate the effects of electric 

field. All of these modifications are necessary to get the maximum temperature gradient across the 

sintering sample. The TG is controlled from the hot side plunger and the cold side temperature is 

monitored to understand the total temperature gradient and heating rates within the TG system. For the 

two mechanical loads, the efficacy of the DGT plot is evaluated for how well it can predict a thermal 

gradient system’s microstructure. 

 

Figure 2: 3-D representation of the whole sintering setup (left) and fully machined sintering setup used in 

thermal gradient sintering (right). 

SEM images are taken of the microstructure to find the grain size and understand the microstructure of 

the thermal gradient sample versus the isothermal predictive samples. Image analysis using fracture 

surfaces and the intercept procedure (ASTM E112, [31]) with a correction factor of 1.56 was performed 

to determine the grain size, and histograms are made for thermal gradient and isothermal samples. 

Densities were first measured geometrically, verified with the Archimedes method, and checked for areal 

density in samples with varying density. Vickers Micro hardness is done on a fully dense FGM sample at 

a load of 9.8 kgf and dwell time of 15 seconds taking 6 indentations at every location tested. 

Thermoelectric properties including Seebeck coefficient, electrical resistivity, and thermal conductivity 

were measured as a function of temperature up to 400°C on the fully dense FGM and compared to 

samples of small grains and large grains. The Seebeck coefficient and resistivity were measured with the 

Kohlrausch method where sections are 2 x 2 x 10 mm sections [32], [33], and the thermal conductivity is 

measured using a modified transient plane method with geometry of the final sintered specimens [34]–



[36]. All samples measured for electrical and thermal properties were calcined after sintering to ensure 

defects are at an equilibrium state for all samples. 

Results and Discussion 
Isothermal Predictive Sintering 

Isothermal sintering is done for three heating schedules, 175°C/min to 900°C, 125°C/min to 700°C, and 

75°C/min to 500°C, and a mechanical load starting at 35 MPa and increasing to 75 MPa after a large 

water outgassing in order to gain a predictive model for the microstructure of the FGM ZnO.  This DGT 

predicts a fully dense system where the grain size is an average of 1.8 micrometers on one side and 250 

nm on the other. 

 

Figure 3: DGT plot for microstructural prediction of continuous sample done when load is ramped to 73 

MPa after large water outgassing. 

A second DGT is done with a different load schedule. This DGT is done to gain more information about 

the TG sintering system and predict different conditions that can be processed in a TG sample. In this 

DGT, the predicted microstructure is a fully dense side with some noticeable grain growth to a 

continuously more porous side.  This shows that the pressure affects this system significantly, and that 

fully dense samples will need enough mechanical load to achieve full density.  The difference in the two 

DGT systems is about 30 MPa. 



 

Figure 4: DGT plot for microstructural prediction of continuous sample done when load is decreased 

to 35 MPa before the large water outgassing. 

Thermal Gradient Sintering 

The temperature and vacuum schedule for the thermal gradient samples is shown in Figure 5.  The 

temperature of the hot side control point (175°C/min to 900°C) and the cold side (75°C/min to 500°C) in 

the TG sample are measured and are very close to the DGT heating schedules for the 175°C/min to 900°C 

and 75°C/min to 500°C, but some iterative action was done to achieve this because of the mechanical 

load schedule as varying the load in SPS is not a common practice but was found necessary to allow the 

large amount of water to outgas.  The temperature of the geometric middle in the TG samples are 

assumed to be an average of the hot and cold side temperatures at 125°C/min to 700°C.  Nevertheless, the 

heating rates and hold temperatures in Figure 5 are spatially recreated in one sintering specimen using the 

modified tooling setup from Figure 2.  



 

Figure 5: Temperature data collected from thermal gradient sintering sample done when load is ramped 

to 73 MPa after the large water outgassing. 

The two TG samples are compared in the table below. It shows, that when dropping the load before 

outgassing, the sample cannot reach full density. Load has a profound effect on the system, and a 

sufficient amount is needed to close pores and keep densification as the favorable mechanism in a wide 

range of sintering temperatures. The TG sample where load is applied after the large water outgassing 

reaches full density. 

Table 1: Comparison of thermal gradient sintering conditions and density. 

 2wt% injected 

water 

Load during initial 

bake out 

35 73 

Load after large water 

outgassing (MPa) 

73 35 

Density of TG Sample   

(% theoretical) 

98 86 

 

The TG sample that was sintered to full density can be seen below. A macro- and microscopic view of the 

material is shown. It is seen that the sample is not noticeably reduced to non-stoichiometric ZnO by 

retaining its yellowish/white color, is fully dense, and has a large microstructural gradient across the 

sample. There was no notable grain size gradient radially. 



 

Figure 6: Macroscopic cross section and microscopic images of fully dense FGM ZnO. 

The grain size gradation plot of the fully dense TG sample can be seen in Figure 7, and it follows a 

decaying exponential because each mm increment is representative of a different temperature, and 

temperature is known to affect the grain growth exponentially [37]–[39]. The achieved grain size 

gradation is close to an order of magnitude, which should have an influence on the electrical, thermal, and 

mechanical properties along the axial direction of the FGM [40]. Others have achieved small changes in 

microstructure targeting different phases [12] [13] [14], but this is the first semiconductor or ceramic to 

be graded microstructurally to this extent. No one has made a continuous grain size gradation in 10 mm of 

material with close to an order of magnitude grain size difference. 

 



 

Figure 7: Grain size gradation of fully dense thermal gradient sample. 

Microstructural Comparison of thermal gradient system vs. isothermal predictions 

The microstructure of spatial locations in the thermal gradient are compared to their direct isothermal 

predictions. For the first load schedule, the comparison is shown in Error! Reference source not found., 

and it is clear that the isothermal microstructure predictions are different than the thermal gradient 

sample. The grain sizes in the isothermal predictions are larger than those at the corresponding location in 

the thermal gradient at each condition yielding evidence of a constrained system in the thermal gradient 

sintering system. 

Table 2: Comparison of ending grain size for thermal gradient sample versus isothermal 

predictions done when load is ramped to 73 MPa after the large water outgassing. 

Isothermal Predictions (DGT) Thermal Gradient (FGM) 

Condition End Grain Size (nm) Condition Grain Size (nm) 

175°C/min to 900°C 1781 ± 617 175°C/min to 900°C 1194 ± 430 

125°C/min to 700°C 436 ± 125 125°C/min to 700°C 389 ± 133 

75°C/min to 500°C 316 ± 96 75°C/min to 500°C 187 ± 98 

 

A look at the grain size and distribution of the TG versus the isothermal predictions can be seen below, 

and the two show a large distribution of grain sizes and a clear difference in the average grain size due to 

a constraint on the system. The morphology and pore locations are very similar showing little differences 

in the sintering conditions.  
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Figure 8: Microstructural comparisons for TG versus isothermal predictions based on grain size and 

distribution for the system when load is ramped to 73 MPa after the large water outgassing. 

The DGT done with less mechanical load during the high temperature hold yielded a prediction that is not 

fully dense, and the TG sample is made to compare the sintering. The TG sample follows the same trend 

as the DGT but is again under estimating the microstructure because the grain size on the hot side is 

smaller than the isothermal prediction and the density on the cold side is lower than the predicted 

isothermal sample giving more evidence of a constrained system.  This shows that with another load there 

is evidence of a constraint.  Also, mechanical load plays a significant role in sintering the ZnO FGM 

system. The image of the macro to microstructure is shown below, and a table is made to compare to the 

isothermal predictions of the microstructure at the end of the high temperature hold.  



 

Figure 9: Macro- and microstructural image of TG sample done when the load is decreased to 35 MPa 

before the large water outgassing.  

Table 3: Comparison of ending grain size or density for thermal gradient sample versus isothermal 

predictions done when load is released to 35 MPa before the large water outgassing. 

Isothermal Predictions (DGT) Thermal Gradient (FGM) 

Condition End Grain Size (nm) Condition End Grain Size (nm) 

175°C/min to 900°C 750 ± 273, 98% 175°C/min to 900°C 397 ± 146, 98% 

125°C/min to 700°C 83% 125°C/min to 700°C 80% 

75°C/min to 500°C 78% 75°C/min to 500°C 76% 

 

This purposed constrained behavior arises from the that fact that at any time during sintering there is a 

large thermal gradient along the material which causes different densification and thus strain rates as seen 

in Figure 3 and Figure 4. The higher temperature sinters more quickly and will have closed porosity 

sooner than the underlying material at less temperature causing the stress states to change continuously 

along the porosity or microstructural gradient. This creates a pressure shielding of the underlying material 

and impedes the colder side densification because it is not exposed to the same load distribution and stress 

states as the hotter side with less porosity. The effects of different stress states on ceramic sintering is 

explored in Bordia and Raj [41]. The stress states have been known to affect the densification of a porous 

body by affecting the diffusion paths [42]. In our case the stress states at the colder side most likely retard 

diffusion mechanism yielding a less developed microstructure than isothermal predictions that have the 

same stress state throughout the sample. Initial evidence of this hindrance is the smaller grain sizes in the 

TG sample compared to its isothermal prediction at three different spots. The amount of pressure to 

overcome this could be calculated, and it is estimated form our work and one previous study to be 

between 19 MPa and 30 MPa [25]. 



Micro Hardness Data on Fully Dense FGM 

Typical values for the hardness of ZnO are in the range of 1-2.5 GPa for grain sizes varying from 2-5 

micrometers [43]. This lower value of hardness lines up with our hot side of the sample which has grain 

size of about 1.2 micrometers. The side with smaller grains has improved hardness, and the decrease in 

grain size shows an increase in hardness showing a Hall-Petch-like relationship [44]–[46]. This 

relationship is because smaller grains have smaller and less cracks of critical length. This fabrication 

method provides a designable FGM other than thermoelectrics that could be used for thermal shock 

purposes, cutting tools, and piezoelectrics. 

 

Figure 10: Vickers Micro Hardness axial traverse down the fully dense FGM ZnO. 

TEG Properties on Fully Dense FGM 

Knowledge of the higher load DGT allows for samples to be made with grain sizes that are comparable to 

the hot and cold side of the TG sample in order to compare the FGM to a large- and small-grained sample 

for a direct comparison of TEG properties versus microstructure as shown in Figure 11. The small-

grained sample has grain size of 200 nm ± 30 nm and is associated with the cold side processing, and the 

large grained sample has grain size of 1250 nm ± 240 nm and is associated with the hot side processing. 

The FGM is tested with heat flow in both directions, and no differences were noted in properties except 

with thermal conductivity. Thermal conductivity of the FGM is higher when the heat flux is exposed to 

the large-grained side as opposed to the small-grained side. 

It is evident that this microstructural gradation affects the FGM Seebeck coefficient because at lower 

temperatures, the Seebeck coefficient is closer to the small-grained sample value and at higher 

temperatures, the Seebeck coefficient is closer to the large-grained sample value. The FGM resistivity and 

thermal conductivity behave more like the large-grained sample at all temperatures. The small-grained 

sample has the highest zT at temperature. The large-grained sample has a similar trend in zT as the small-

grained sample but is less in magnitude. The trends in thermoelectric properties of the small-grained and 

large-grained samples is in accord with many studies done on grain size effects [8], [10], [47]. The FGM 



has an order of magnitude higher zT at lower temperature compared to the small- and large-grained 

samples, and the FGM has lower zT at higher temperature. 

The tail-end of the zT is improved in our system. Because the Seebeck coefficient transitions from a value 

near the small-grained sample value at lower temperature to a value closer to the large-grained at higher 

temperature shows initial evidence of an enhanced system and a compensation of the thermoelectric 

voltage. The resistivity of the FGM is slightly better than the large-grained sample, so it should have 

Seebeck that is less than that of the large-grained sample [48]. The fact that the Seebeck coefficient of the 

FGM has not depleted is more evidence of a Seebeck coefficient enhancement along the sample. This 

enhancement of the zT temperature range is similar to the one proposed in Jin et al. where the properties 

are optimized for given locations in the material based on the temperature to maximize the current density 

[49]. It has also been shown that there is an averaging effect with the Seebeck of segmented TEGs similar 

to the effect demonstrated in this research because the current density will change across the sample 

depending on the grain size, but the FMG will remain higher than the large-grained uniform sample 

because of the location of the small grains near the hot side of the TEG material. This Seebeck coefficient 

enhancer renders an apparent Seebeck coefficient in the FGM [50]. It is also confirmed that the resistivity 

can vary and be less in magnitude in the FGM than in uniform samples like the phenomenon seen in this 

study [51]. Another reason for enhanced resistivity in the FGM can be attributed to the thermal gradient 

sintering process and contact resistance and adherence.  Since the samples are calcined after SPS, the only 

effects from defects should be due to grain size effects solely. The enhancements do not seem to resemble 

a dopant FGM system [1]. The enhancements are also very similar to segmented systems, but the studies 

done have not done a full thermoelectric property study, so it is unclear if the properties are additive in an 

FGM [52]–[55].  

The ZnO FGM is able to improve the zT by an order of magnitude at the lower temperatures tested.  We 

have successfully made a path for improving thermoelectric temperature range with ZnO as a candidate 

material and a model process using the grain size as the variable.  This method is not optimized but shows 

that this a new method for improving thermoelectrics.  Since the effects are prevalent in ZnO, this method 

should in theory work on any bulk thermoelectric material. Also, our system should provide higher 

efficiency compared to a segmented TEG because there is no contact resistance between segments as the 

gradation is continuous, but no direct comparison has been done yet. 

 

 

 



 

 

Figure 11: Thermoelectric properties of the fully dense thermal gradient sample versus isothermal 

samples with the same size grains as the extremes seen in the thermal gradient sample. (a) Seebeck and 

(b) resistivity, and (c) thermal conductivity are measured, and the zT (d) is calculated. 

Conclusion 
We are able to fabricate a continuous sample in one step with a grain size gradation of almost an order of 

magnitude in a 10 mm span of material using modified tooling, transient water assisted sintering, and 

strategic loads with commercially available material. The maximum temperature on the plunger of 900°C 

is not enough to reduce the material. The grain size gradation follows an exponential decay along the 

axial direction. There is constrained sintering in the thermal gradient system which inhibits the final grain 

growth to be less than the predicted DGT model done with isothermal predictions. It is apparent that load 

plays a significant role in the FGM ZnO system in order for a wide range of sintering temperatures to 

reach full density because the grain growth and density are less than predicted with DGTs for two 

different applied mechanical loads. The mechanical properties show a gradation along the sample that 

could benefit many micromechanical systems. Lastly, the thermoelectric properties show an enhanced zT 

temperature bandwidth with an order of magnitude improvement at lower temperature by mechanisms of 

property gradient.  This is a new method for improving bulk thermoelectric material and can be applied to 

many other materials.   
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