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Abstract

Field assisted sintering (FAST) or spark plasma sintering (SPS) has emerged as a promising technology for densification of ultra high

temperature ceramics like HfB2–20SiC at relatively low temperatures and shorter times. In the present study the concepts of master sintering curve

(MSC) was applied to model the densification behavior of HfB2–20SiC during FAST process. An activation energy of 300 kJ/mol was estimated for

field assisted sintering of HfB2–20SiC. The densification curves at various heating rates merged for activation energy of 300 kJ/mol confirming the

applicability of MSC concepts to FAST process. The developed master sintering curves can be used to design sintering cycles and predict the

densification of HfB2–20SiC during FAST process.
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1. Introduction

Borides, carbides and nitrides of the group IVB and VB

transition metals exhibit high melting temperature in excess of

3000 8C and are considered ultrahigh temperature ceramics

(UHTCs). Among the UHTCs, HfB2 is identified as a potential

candidate system for high temperature aerospace applications

due to its excellent combination of properties such as chemical

stability, high electrical and thermal conductivities, and

resistance to erosion and corrosion [1–3]. However, HfB2

exhibits poor oxidation resistance at high temperatures. The

oxidation resistance of HfB2 is increased with the addition of

20–30 vol.% SiC [3–5]. The densification of HfB2–SiC system

like other UHTCs requires long sintering cycles at high

temperatures and external pressure [6]. In recent years, field

assisted sintering (FAST) has emerged as a potential

technology for densifying HfB2–SiC using faster sintering

cycles at low temperatures. In FAST technique the material is
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densified under the influence of external pressure and pulsed

DC current [7–12].

In the past few years, master sintering curve (MSC) concepts

have been successfully applied to model the densification

behavior of metals and ceramics [13–17]. The master sintering

curves relates the densification parameter f(r) to sintering time

and temperature as per the following equation

fðrÞ ¼ Qðt; TÞ ¼
Z t

0

1

T
exp

�Q

RT

� �
dt (1)

where Q(r) is defined as work of sintering, Q is the apparent

activation energy, R is the gas constant, t is the time and T is the

absolute temperature. For an appropriate value of Q the densi-

fication parameter f(r) becomes independent of heating rate.

Most of the MSC curves reported in the literature were devel-

oped for materials sintered by conventional sintering process

(slow heating rates and long isothermal holds at appropriate

sintering temperature). Recently MSC curves were developed

for plasma compaction process [18]. There are however, no

research studies reported on ability of the MSC concepts to

model the densification of HfB2–20SiC during FAST process.

The primary objective of the present research is to verify the
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applicability of MSC concepts for the FAST process which

involves high heating rates and shorter sintering cycles. The

developed MSC curves will assist in designing sintering cycles

to achieved high densification of HfB2–20SiC during FAST

process.

2. Experimental details

Ball milled HfB2 (�325 mesh Cerac, USA) and SiC powders

(1 mm, H.C. Starck, USA) were used as the starting powders.

The powders were loaded into a 40-mm graphite die coated

with BN and lined with graphite foil. The samples were sintered

using FAST technique (FCT System GmbH, Rauenstein,

Germany). The temperature was measured by an optical

pyrometer focused on the bottom of a bore hole in the graphite

punch approximately 5 mm from the powder. A vacuum of

150 Pa was maintained for the entire heating cycle. A pulsed

DC current of 15 ms on and 5 ms off with a single pulse was

used for heating. Experiments were carried out at a pressure of

40 kN and heating rates of 50 K/min, 100 K/min and 150 K/

min. The samples were held at the maximum sinter temperature

of 2373 K for 8 min.

3. Results and discussion

The raw data (time (s), temperature (8C) and displacement

(mm)) were obtained for each FAST sintering run. The

following steps were used for developing MSC from the

obtained raw data:
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Fig. 1. MSC curves for FAST sintering of
1. The displacement in mm is converted to sample height

(using the initial height, h0, measured before the experi-

ment).

2. The sintered density (g/cm3) is calculated using the height,

weight of powder in the die and cross sectional dimensions

of the die that are fixed.

3. The density in g/cm3 is converted to relative density.

4. Densification parameter f(r), is estimated such that it is 0

when relative density is �40% (green density of samples)

and 1 when relative density is maximum (�99%).

5. Parameter, u is calculated for one assumed value of Q.

6. f(r) vs ln(u) is plotted for each heating rate and assumed

value of Q.

7. The difference (variance) between the curves at different

heating rates is quantified.

8. The steps 5–7 are repeated for different values of Q.

9. The variance is plotted as a function of Q.

10. The plot f(r) vs ln(u) for Q with minimum variance gives

the MSC.

The MSC curves developed based on the above mentioned

procedure for FAST sintering of HfB2–20SiC for various values

of Q is shown in Fig. 1. The variance in the curves at different

heating rates was estimated from the onset of densification for

each assumed value of Q. Fig. 2 shows the plot of variance in

the curves for different assumed values of Q. The plot shows

minimum variance for a Q value of 300 kJ/mol. The plot in

Fig. 1 shows the curves at different heating rates merged into

one curve for a Q value of 300 kJ/mol. The curve of f(r) vs

ln(u) at Q value of 300 kJ/mol is the MSC for FAST sintering of
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Fig. 2. Plot showing variance in curves at various heating rates for assumed values of Q.

Table 1

Comparison of the results obtained in the current study with prior studies focused on densification of HfB2–20SiC. The volume % of SiC in Refs. [22,23] was 19 and

19.5% respectively.

Technique Additives Process conditions Sintered/relative density Reference

HP – 2200 8C, 25 MPa, 1 h �100% [19]

HP – 2000 8C, �70 MPa, 2 h 97% [20]

HP – 1915 8C, 24 MPa 100% [21]

HP 5.8 vol.% Si3N4 1850 8C, 30 MPa, �2 h 95.5% [22]

HP 3 vol.% HfN 1900 8C, 50 MPa, �4 h >99.5% [23]

SPS – 2100 8C, 40 kN, 50 8C/min, 0.13 h 99.2% Present study

SPS – 2100 8C, 40 kN, 150 8C/min, 0.13 h 96.8% Present study
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HfB2–20SiC. The analysis thus confirms the applicability of

MSC concepts to model the densification of HfB2–20SiC

during FAST process.

Table 1 shows the comparison of the results obtained in the

present study with prior studies focused on densification of

HfB2–20SiC. The data in Table 1 confirms the advantages of

using SPS technique to densify HfB2–20SiC compared to hot

pressing. The hot pressing technique requires significantly

higher temperature, longer thermal cycles and higher pressures

to obtain good densification in HfB2–20SiC compared to SPS

technique. The results also show that higher sinter densities can

be obtained by SPS techniques without the addition of sintering

aids.

4. Conclusion

A method was developed to construct MSC for materials

sintered by FAST process. The applicability of MSC concepts

to model the densification during sintering of HfB2–20SiC by

FAST process was confirmed. The MSC analysis estimated

activation energy of 300 kJ/mol for sintering for of HfB2–

20SiC by FAST process.
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