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The dependence of the resistance of basic refractories to high-temperature plastic deformation under load on

the amount of zirconium dioxide modifying additive is reported. Creep curves are presented and analyzed.

ZrO
2
nanoparticles (average particle size 100 nm) were added to the composition in the range

0.25 – 0.75 wt %. The resistance to high-temperature plastic deformation was significantly improved and was

due to the interaction of the ZrO
2
additive with CaO contained in the synthetic periclase obtained by precipita-

tion. Increasing the amount of ZrO
2
additive above 0.5 wt % was found not to have a significant effect.
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INTRODUCTION

The ability to control the properties of a material enables

its service life to be increased significantly. Today, many ag-

gregates exist where refractories experience high tempera-

tures and several other loads. One of the most common is a

compressive load, which often leads to plastic deformation

of a lining. In such instances, the resistance of an actual ag-

gregate will depend significantly on the ability of the mate-

rial to counteract the deformation. ZrO2 nanoparticles were

shown to be capable of significantly modifying the structure

of a high-purity refractory manufactured from synthetic

periclase [1]. Also, the formation of a new phase (calcium

zirconate CaZrO3) was found to lead to redistribution of a

CaO precursor in the refractory structure, thereby increasing

the number of direct bonds between separate crystals and

periclase grains [2]. The high-temperature and stable phase

CaZrO3 could also improve the high-temperature parameters.

Also, the question of the optimal amount of an additive re-

mains poorly understood. The present work determined the

effect of the amount of ZrO2 nanoparticle additive on the

high-temperature deformation under load.

EXPERIMENTAL

Synthetic periclase obtained from sea water was used as

the main raw material. The typical chemical composition

(wt %) of the periclase was MgO 98.5, CaO 0.74, SiO2 0.12,

B2O3 0.01, Al2O3 0.07, Fe2O3 0.44, MnO2 0.12.

ZrO2micropowder obtained in pulsed-plasma reactors was

used as the modifying additive. The features of this additive

were high chemical purity (ZrO2 + Y2O3 97.6 wt %; Hf2O3

2.4 wt %) and rounded particles (Fig. 1).

The amount of additive needed for the research was de-

termined using the following assumptions. All added ZrO2

was considered capable of reacting with CaO (the CaO con-

tent in the raw material was ~0.74 wt %). Considering that

part of the CaO was situated within the periclase grains and
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could not physically contact the additive, the amount of CaO

available for chemical reactions was taken as 50% of the to-

tal amount (0.74 � 0.5 = 0.37 wt %). The molar masses were

CaO 56.1 g/mol; ZrO2, 123.2 g/mol. The amount of ZrO2 ad-

ditive needed for the maximal completion of the calcium zir-

conate formation reaction with the above assumption was de-

termined using proportions (0.37 � 123.2/56.1 = 0.81 wt %).

Samples with 0 (reference sample), 0.25, 0.5, and 0.75 wt %

ZrO2 were examined as a solution considering the required

calculated amount of ZrO2 additive.

Cylindrical samples of diameter and height 50 mm were

fabricated by hydraulic compression according to DIN

993-1. The pressing pressure was 120 MPa. Table 1 lists the

sample compositions. Then, the samples were fired in an

electric laboratory furnace at 1700°C with holding at the

maximum temperature for 3 h. Several physicomechanical

parameters of the samples were determined after the firing

(Table 2).

The open porosity and water absorption decreased insig-

nificantly. The bulk density increased insignificantly, which

may have been related to the difference in the true densities

of the major component MgO and the additive ZrO2. The

compression strength of the 0Z, 25Z, and 50Z samples in-

creased although increasing the amount of ZrO2 further led

to a slight decrease in the strength. The creep parameter de-

creased over the whole studied range (Fig. 2). In turn, this in-

dicated a significant increase in resistance to plastic defor-

mation (according to DIN 993-9).

Figure 3 shows for clarity the deformation curves of the

plastic deformation of the samples.

Increasing the amount of ZrO2 additive to 0.5 wt.% led

to a significant change in the behavior of the sample under a

compression load. This was primarily manifested in the slope

of the conditionally straight section of the curve. The total

deformation decreased. The time of the first creep (time from

the start of the experiment until reaching the arbitrarily

straight part) decreased. Let us examine the obtained curves

in more detail. The initial stage of the creep was character-

ized by a variable rate of plastic deformation. This circum-

stance was related to structural changes (compaction) [3].

Figure 4 shows deformation curves in the initial stage to

evaluate the time after which the system stabilized and stage

II of the creep began.

The duration of the creep stage I for sample 0Z was

>150 min; 25Z, 88 min; 50Z, 60 min; and 75Z, 38 min.

A clear trend in the amount of additive and the duration of

stage I was observed.

Next, the curves were examined in the range

400 – 1200 min (Fig. 5). The interval was selected to exam-

ine the nearly linear part of the curve. This part allowed the

slope characterizing the deformation in stage II to be deter-

mined.

Fig. 2. Dependence of sample creep on amount of ZrO2 additive.

Fig. 3. Plastic deformation curves of samples: 0Z (1 ), 25Z (2 ), 50Z

(3 ), 75Z (4 ).

Fig. 4. Creep curves in the range from 0 to 150 min: 0Z (1 ), 25Z

(2 ), 50Z (3 ), 75Z (4 ).
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In general, the trend was similar. An increase in the

amount of additive led proportionally to a decrease in the

slope, i.e., a decrease in the deformation rate. Nevertheless,

this trend did not occur in all instances. Even visual inspec-

tion made it obvious that the creep curves for samples 50Z

and 75Z would intersect at some point if the curves were

mentally extrapolated. The slopes in degrees calculated from

a given two points lying on a single line confirmed this (Ta-

ble 3).

The calculations confirmed that the slope of the line for

sample 75Z was greater than for sample 50Z. In turn, this

suggested that sample 75Z deformed faster than 50Z in stage

II. The question arose about how the sample with the lower

creep parameter (Table 2) would ultimately deform more

strongly. The answer lay in the method for calculating the

creep parameter according to DIN 993-9, in which the total

deformation in a given period was taken as the result and was

divided by the time during which the deformation was exam-

ined (300 – 1200 min). This approach did not consider all in-

tricacies of the deformation process. Next, the time

dependences of the deformation rate under load were exam-

ined to study the dynamics of the change of deformation

(Fig. 6).

The deformation rate clearly dropped in the order

0Z(25Z(50Z. The situation was somewhat different for sam-

ples 50Z and 75Z. The difference was rather clear in the pri-

mary creep stage although the deformations of samples 50Z

and 75Z were very similar thereafter. Also, sections in time

in which the deformation rate of sample 75Z was greater

TABLE 1. Composition of samples

Material

Content (wt.%) in sample

0Z 25Z 50Z 75Z

MgO, fractions, mm:

1 – 4 35 35 35 35

<1 45 45 45 45

<0.09 18 18 18 18

ZrO2* 0 0.25 0.5 0.75

Binder LST

* Above 100%.

TABLE 2. Determination of Physicomechanical Parameters of

Samples

Sample

Compression

strength,

MPa

Bulk

density,

g/cm3

Open

porosity,

%

Water

absorption,

%

Creep, %/h,

at 1500°C

0Z 85.1 2.94 16.00 5.46 0.022

25Z 87.3 2.95 15.74 5.37 0.018

50Z 93.6 2.96 15.72 5.35 0.012

75Z 90.1 2.96 15.69 5.31 0.010

TABLE 3. Calculated Slopes of Creep Curves

Sample

�L, %, after Slope

of curve,

tangent

Slope

of curve,

deg400 min 1200 min

0Z 1.88 1.5 –0.00048 –0.027

25Z 1.85 1.65 –0.00025 –0.014

50Z 2.03 1.93 –0.00013 –0.007

75Z 2.06 1.94 –0.00015 –0.009

Fig. 5. Creep curves in the range from 300 to 1200 min: 0Z (1 ),

25Z (2 ), 50Z (3 ), 75Z (4 ).

Fig. 6. Curves for change of deformation rate: 0Z (1 ), 25Z (2 ), 50Z

(3 ), 75Z (4 ).
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than that of sample 50Z were observed. This also confirmed

the hypothesis that samples 75Z would have greater defor-

mation in longer periods.

CONCLUSION

An additive of ZrO2 nanoparticles in the amount of

0.25 – 0.75 wt.% increased the resistance to high-tempera-

ture plastic deformation. Calcium zirconate formed by a

chemical reaction between CaO and ZrO2 could considerably

change the course and nature of high-temperature plastic de-

formation. Variation of the amount of added additive led

expectedly to a change in the resistance of the sample to de-

formation. The trend was close to linear in the examined

range. The deformation rate dropped by 18% for samples

25Z. The resistance to deformation of samples 50Z increased

by 45%; of 75Z, by 54%. The most effective range of modifi-

cation was 0.25 – 0.5%. The most clearly manifested posi-

tive changes were observed in this range. The duration of

stage I decreased. The slope of the curve in stage II de-

creased. The deformation rate over the whole measurement

range decreased. Stage I creep contracted further if the

amount of additive was increased to 0.75 wt.%. However, in-

creasing the amount of additive above a certain value had the

opposite effect, despite the best final creep value according

to DIN 993-9. The slope of the creep curve in stage II of

samples 75Z increased as compared to that of sample 50Z

(–0.009° and –0.007°, respectively). A visual inspection of

the creep curves of samples 75Z and 50Z clearly showed that

the curves intersected at a certain time. This circumstance in-

dicated that the deformation of sample 75Z would be in-

creased as compared to the total deformation of sample 50Z

at longer times. Despite the increased deformation rate in

stage II, samples 75Z had an important advantage in stage I

(the duration of stage I was 38 min vs. 60 min for sample

50Z). In other words, samples 75Z were more stable at the

start of deformation and showed the best result in the experi-

ment for 1200 min. With respect to the long term, samples

50Z were more attractive. Presumably, the reason for this sit-

uation could be residual ZrO2 that did not react chemically

with CaO for sample 75Z, although the calculations made at

the start of the work on the determination of the required

amount of additive turned out to be rather close to reality.

The amount of additive for which ZrO2 was most completely

reacted with CaO, did not leave free (unbound) additive, and

gave the best resistance to plastic deformation was optimal.
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