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Abstract
Thermo-physical properties of the liquid metals and alloys play an essential role in 
modeling and controlling metallurgical processes. In particular, surface tension of 
metals has a strong impact on wetting various surfaces. Boron is added in numer-
ous iron-based alloys as micro-alloying component. In existing literature, there is 
no general agreement with the effect of boron on the surface tension. The present 
study focuses on investigations of boron micro-alloying on the surface tension of 
iron and CrMnNi alloys by the maximum bubble pressure method (MBP). In con-
trast to other techniques, maximum bubble pressure technique is less affected by 
the evaporation of surface-active elements and the purity of the atmosphere around 
the sample. Measurement of the surface tension was accomplished before and after 
in situ addition of boron to the molten metal phase. Samples were molten in  ZrO2 
and  Al2O3 crucibles and yttria-PSZ capillaries were used for the experiments. Meas-
urements were carried out at 1550  °C in argon atmosphere and argon as bubbles 
formation media. Results of the experiments indicate a minor effect of boron on the 
surface tension of liquid iron. Effect of boron on the surface tension of steels is dis-
cussed in the context of other surface-active elements present.
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1 Introduction

Thermophysical properties of the iron-based alloys play an essential role in the 
processing of steel and ferroalloys. For example, it is well known that in the pro-
cess of inert gas atomization, [1, 2], physical properties such as surface tension, 
viscosity, and density of the liquid metal have a serious impact on the process. 
It is well established that reduction of surface tension leads to the decrease of 
median particle size of the atomized powder [2, 3]. Within the project CRC 799 
TRIP-Matrix-Composites, the effects of sulfur, phosphorus, and selenium on the 
surface tension of TRIP/TWIP steel alloys have already been studied. Although 
sulfur and selenium have shown tremendous surface tension reduction effect 
for medium-manganese TRIP steels [3], these alloying elements may be of lit-
tle interest for industrial application. Presence of sulfur is not desirable in many 
alloys. As a possible alternative, boron was previously tested on the liquid iron. 
Dubberstein et  al. [4] have indicated reduction of the contact angle between 
boron-alloyed iron and alumina substrate compared to the pure iron sample.

A literature survey concerning possible surface-active elements that could be 
considered as not harmful for further alloy application revealed controversial infor-
mation on boron. To the knowledge of the authors, one of the earliest investigations 
on the effect of boron on the surface tension of iron or iron alloys date back to 1954 
[5]. In this work, Kreshchanowski et al. studied the effect of additions of 0.06 % to 
0.1 % of B into Cr–Ni steel with the use of Maximum Bubble Pressure technique 
(abbreviated henceforth as MBP). It was reported that the additives of boron led to 
the reduction of surface tension (abbreviated henceforth as ST) from 1400 mN·m−1 
to 1200 mN·m−1. In 1961, Kozakevitch and Urbain measured effect of boron on the 
ST of iron by the Sessile Drop (abbreviated henceforth as SD) technique [6]. These 
authors reported that the surface activity of boron on iron melts is not significant. 
According to the information by Pirogov et al., special experiment made by Blizju-
kov et al. in 1968 have not revealed any surface activity of Boron [7, 8].

On the other hand, MBP measurements of steel made by Bobkova et  al. [9] 
showed that small additions of boron—0.04 to 0.1 % —led to significant decrease 
of surface tension. In 1975, El-Wahab et  al. [10] have studied the influence of 
different boron contents (0–3000 ppm) to steel 22CrMo5. It was found by these 
authors that increasing the boron content leads to constant rise of surface tension.

The most recent study on boron effect on the surface tension of low carbon steel 
was reported by Mukai et al. [11] who used the sessile drop technique. These authors 
found no significant effect of boron on the surface tension of the studied steels.

Considering existing works on boron, it may be interesting to note that stud-
ies utilizing sessile drop technique were not able to detect surface tension effect 
on iron and its’ alloys. These could be explained by the high sensitivity of the 
SD technique to the purity of the atmosphere and sample. On the contrary, those 
works utilizing MBP technique were able to detect considerable surface ten-
sion change due to boron additions. It should be noted that, in MBP technique, 
atmosphere around the sample does not play a crucial role, as each bubble creates 
entirely new surface inside a big volume of the metal sample.
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Abovementioned works predefined the choice of MBP as a method for study-
ing the effect of boron on the surface tension of pure liquid iron. The objective of 
the present investigation is to highlight the effect of boron on the surface tension of 
extremely pure iron samples and test boron micro-alloying of Cr–Ni–Mn steels.

2  Experimental

2.1  Theoretical Base of Experimental Technique

In the present work, the measurement of surface tension was accomplished with the 
use of maximum bubble pressure technique (MBP).

Theoretical principles of the maximum bubble pressure technique are explic-
itly fully described in the work of Mysels [12]. Maximum pressure in the bubble 
depends on the surface tension of the liquid—σ, immersion depth—h, density of the 
liquid—ρ, radius of the capillary—r and is expressed by the Eq. 1:

Therefore, surface tension of the liquid can be obtained from the Eq. 2

Density of the liquid is obtained as a function of maximum bubble pressure 
change with the immersion into the liquid, e.g., the angle of the pressure vs. depth 
line, and can be expressed as Eq. 3:

In order to account for the gravity effects, the Schrödinger correction of the sur-
face tension is applied [13]:

2.2  Experimental Equipment

Measurement cell was previously described in [14, 15]. For the current research, it 
was modified. Actual configuration of the unit is shown in Fig. 1. Maximum bubble 
pressure is measured with the  ZrO2  (Y2O5-stabilized) capillary (2). Sample is placed 
in the  Al2O3 crucible with 26  mm inner diameter (8).  Al2O3 crucible is located 
inside the graphite heating body (3). Graphite body is placed on a ceramic pedestal 
inside the ceramic furnace (9). Graphite heating body is inductively heated by a cop-
per induction coil inside the walls of the furnace (4). The furnace is movable in 3 

(1)Pmax =
2�

rcapillary
+ � ∗ g ∗ h

(2)� = 0.5 ∗ rcapillary
(

pmax − � ∗ g ∗ h
)

(3)� =
Δpmax

Δh ∗ g

(4)� =
rp

2

(

1 −
2

3

(

r�g

p

)

−
1

6

(

r�g

p

)2
)



 International Journal of Thermophysics (2020) 41:56

1 3

56 Page 4 of 14

dimensions. Electric drive (7) ensures vertical positioning of the furnace and is con-
trolled to micrometer precision. The furnace is flushed with argon at 250 l  h−1 rate 
from the top (1) and bottom (6). Temperature of the sample is measured by two type 
B thermocouples. One thermocouple is placed below the crucible in contact with 
the bottom (5). Second thermocouple is placed 20 mm above the bottom in contact 
with the outer wall of crucible. Typically, the molten sample level is 5–10 mm above 
the thermocouple level.

Thermocouples’ accuracy was calibrated by the immersion of it in a quartz pro-
tection into the liquid nickel and measuring the crystallization temperature. Tem-
perature field in crucible was calibrated by two different procedures: (1) immersion 
of another previously calibrated thermocouple, protected with quartz into the molten 
copper and comparing the results between side thermocouple and temperature in liq-
uid at various depth and (2) by inserting another thermocouple into the molybde-
num cylinder of 25 mm diameter and 35 mm height with a central channel of 5 mm 
diameter. Second procedure allows to simulate the temperature field in liquid metal 
without the need to use any kind of thermocouple protection. It is estimated that 
temperature in the liquid sample is 8–10 °C less than the temperature measured by 
the side thermocouple.

2.3  Materials

For the present study, two groups of samples were prepared. The first group con-
sisted of iron in the form of ARMCO and electrolytic iron. The second group 
included two Cr–Ni–Mn steels developed under the CRC799 project. Samples were 
prepared from iron supplied by the Blyth Metal Limited (electrolytic iron), as well 
as ARMCO iron. Electrolytic iron was deoxidized with the help of aluminum in 

Fig. 1  Scheme of the maximum 
bubble pressure measurement 
cell. 1—top gas inlet (argon), 
2—capillary, 3—graphite 
susceptor, 4—induction coil, 
5—bottom thermocouple—type 
B, 6—bottom gas inlet (argon), 
7—electric drive for vertical 
positioning, 8—crucible, 9—
induction furnace with ceramic 
walls, 10—ceramic cover, 11—
side thermocouple (type B)
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cold crucible vacuum unit (3 samples of iron were separately deoxidized). Chemi-
cal analysis of the metal after deoxidation was as given for Sample 0 in Table 1. 
Samples of the Cr–Ni–Mn steels were prepared in the laboratory induction furnace 
VIM-12 (ALD Vacuum Technologies).

Chemical composition of the samples before and after experiments is given in 
Table 1. Analysis of the chemical composition was accomplished with the use of 
combustion analyser Bruker G4 Ikarus for carbon and sulfur content measurement, 
spark spectrometer Oxford Instruments Foundry-master for general analysis of 
chemical composition.

2.4  Experimental Procedure

Procedure of experiments was as follows:

1) The sample was heated in argon atmosphere until 1550 °C. All the measurements 
were accomplished at the same temperature.

2) Measurement of the surface tension with the MBP technique was performed.
3) Addition of boron to the sample. Alloying was accomplished with the use of low-

alloyed steel envelope (pouch) attached to the low-alloyed wire. The envelop was 
inserted into the furnace through the channel in the ceramic cover and top open-
ing of the graphite susceptor. After inserting the envelop into the liquid sample, 
it dissolves in the liquid and detaches from the wire. At the time of alloying, the 
capillary was removed from the furnace.

4) Measurement of surface tension with MBP technique. Procedure was repeated at 
least two times to assure the reproducibility of the results.

Maximum bubble pressure procedure applied for the iron samples was similar to 
the one described in [14, 15]. After finding the melt level by the detection of initial 
pressure rise inside the capillary, it was immersed to a depth of 10 mm in the melt. 
At this depth, the pressure in at least 10 bubbles was measured. The procedure was 
repeated with further immersions (immersion mode) with 1 mm interval until the 
depth of 20 mm was achieved. The measurement was then continued by decreasing 
the depth level of the capillary (withdrawal mode) back to 10 mm immersion depth. 
Totally 190 bubbles were measured—100 during the increase of immersion depth 
and 90 during the way back. Then the capillary was completely lifted from the melt. 
One surface tension data point measurement took between 1 and 1.5 h. Therefore, 
the sample stayed in the liquid state from 5 to 7 h. Typical profile of the maximum 
bubbles pressure line is shown in Fig. 2.
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3  Results and Discussion

3.1  Iron Samples

The first sample investigated was the ARMCO iron. Surface tension of the pure 
sample was measured twice (after cooling down to room temperature it was molten 
again) to check the data variations. The scatter in the surface tension values obtained 
was less than 1 %. The results obtained are presented in the form of a staple dia-
gram in Fig. 3. Addition of boron to the sample has changed surface tension towards 
higher value—2.4  % higher than two clean sample measurements. This indi-
cated that boron increases surface tension of liquid iron. Chemical analysis of the 
ARMCO sample revealed 46 ppm of total oxygen. Thermodynamic analysis shows 
that boron can react with oxygen and form  B2O3. This reaction has a strong negative 
Free Gibbs Energy of − 645 911 J at 1550 °C. From another side, the sample has 
very low amount of Al. Therefore, boron could bind the free oxygen, which was not 
already in compound with Al.

In the case of ARMCO iron, the sulfur content is four times more than that of 
electrolytic iron samples before boron addition. Thermodynamic analysis shows that 
a formation of BS is possible. This could also remove sulfur from the surface of the 
bubbles, thus increasing the surface tension during experiment.

Fig. 2  Typical maximum bub-
bles pressure on immersion and 
removal of the capillary
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Fig. 3  Surface tension of 
ARMCO iron sample before 
(white) and after (dashed) boron 
addition at the temperature of 
1550 °C
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The next series of experiments were conducted with aluminium-deoxidized 
electrolytic iron. Absolute values of surface tension achieved on pure iron are 
the maximum values for liquids ever measured on our MBP cell. It is neces-
sary to mention the quite significant variation of surface tension for clean sam-
ples—1700(± 5.4), 1670(± 4.3) ,and 1640(± 1.3) mN·m−1. Such variation can 
be explained by deoxidation of each sample separately. However, obtained ST of 
pure iron is considerably lower than maximum values reported in the literature, 
which are usually in the range of 1800 to 2000 mN·m−1 [11, 16, 17]. Such dis-
crepancy of our results can stem from the purity of the samples, as well as from 
purity of the argon gas containing 3–5 ppm oxygen, used to blow the bubbles in 
the sample.

Experimental results revealed very minor effect of boron on the surface tension. 
As can be seen in Fig. 4, at the smallest additions of boron (0.0062 %), surface ten-
sion dropped first by 0.77 %. 3 subsequent repetitions have shown decrease of sur-
face tension with time viz. 1.55 % on a second measurement and 1.85 % on the third 
one. However, when more boron is added, surface tension change with time is more 
significant: 0.053 %B led to 1.35, 3.18, and 3.74 % consequent reduction (Fig. 5).

In order to confirm this reduction in the surface tension by boron addition, one 
more trial was carried out with intermediate boron content (0.0253 %). In this exper-
iment, shown in Fig.  6, only two measurements after boron addition were made. 
Surprisingly, surface tension dropped in the first measurement only by 0.89 % and 

Fig. 4  Surface tension of 
electrolytic iron before (white) 
and after (dashed) addition of 
0.0062 % boron at 1550 °C
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Fig. 5  Surface tension of 
electrolytic iron before (white) 
and after (dashed) addition of 
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then further changed only marginally (1.03 % less than the surface tension of the 
sample before alloying.

Surface tension behavior of all 3 electrolytic iron samples indicated that boron 
had almost no effect on the surface tension. For the first sample of electrolytic iron 
with the smallest boron addition, a gradual reduction of surface tension with time 
may be associated with the better distribution of boron in the volume of the sample. 
Besides, sample had minor change of sulfur content from 5 ppm to 13 ppm. How-
ever, when more boron was added, the decline in the surface tension was higher. At 
the same time, the second sample had almost the same changes in post-treatment 
chemical analysis (negligible difference in C, O, and S contents) as the sample with 
0.0062 %. It indicates that reduction of the surface tension of iron is associated only 
with the effect of boron.

Observed slight decrease of surface tension after boron addition and further ST 
decline in next measurements could be attributed not only to the effect of boron, 
but also to carburisation of the sample. Initial samples were having around 30 ppm 
of carbon. Post-experiment chemical analysis showed significant increase of carbon 
content—up to 0.29 %. Although carbon is not known as a surface-active element, 
some researchers reported either positive or negative ST effect of it. According to 
Lee and Morita [17], when the sulfur content of the iron is very low—10 PPM or 
less—carbon positively affects surface tension. Jimbo et  al. [18] suggested that if 
sulfur content is over 70 PPM,carbon may increase the activity of sulfur, which neg-
atively affects surface tension. In our study, amount of sulfur in the samples after 
experiments fall within the range of 10 PPM  <S> 25 PPM. It means that the car-
bon content should not significantly affect surface tension. Therefore, most likely, 
surface change decrease should be attributed to the effect of boron alloying. The 
effect of boron alloying on the surface tension of pure iron can be summarized in the 
Fig. 7, as shown below.

3.2  Cr–Ni–Mn Steel Samples

The first steel sample investigated with the MBP technique was 
15 %Cr3 %Ni3 %Mn alloy. Surface tension of this alloy was not reported earlier. 
It was estimated as 1266 (± 2) mN·m−1 in the first run (before B-alloying). After 
addition of 0.032  % B, surface tension increased to 1306 (± 5) mN·m−1 in the 

Fig. 6  Surface tension of the 
electrolytic iron before (white) 
and after (dashed) addition of 
0.0253 % boron at 1550 °C
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second and to 1299 (± 1) mN·m−1 in the third run (Fig. 8). It corresponds to 3.16 
and 2.61 % increase from the initial level. No carburisation of the sample and no 
change in oxygen and sulfur was detected during this experiment.

Further investigation of boron micro-alloying for 16  %Cr6  %Ni7  %Mn alloy 
showed very similar results. Initial surface tension of this steel was measured as 
1261 (± 1.6) mN·m−1 (Fig. 9). This value is considerably higher than that previ-
ously reported for this alloy [14, 19]. Such a difference can possibly be explained 
by higher carburisation of the compared to [14, 19] the much lower level of 
total oxygen—10 PPM—in the sample after experiment. Nevertheless, addition 
of boron resulted in an increase of surface tension to 1290 (± 1.75) mN·m−1 in 
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Fig. 7  Surface tension of the liquid iron as a function of boron content at 1550 °C

Fig. 8  Surface tension of the 
liquid 15 %Cr–3 %Ni–3 %Mn 
steel before (white) and after 
(dashed) addition of 0.032 % B 
at 1550 °C
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Fig. 9  Surface tension of the 
16 %Cr–6 %Ni–7 %Mn steel 
before (white) and after (dashed) 
addition of 0.021 %B at 1550 °C 1261

1290 1294

1100

1200

1300

1400

1 2 3Su
rf

ac
e 

te
ns

io
n,

 m
N

/m

Measurement number

0.021%B

1261
1290 1294

1100

1200

1300

1400

1 2 3Su
rf

ac
e 

te
ns

io
n,

 m
N

/m

Measurement number

0.021%B



1 3

International Journal of Thermophysics (2020) 41:56 Page 11 of 14 56

the second and to 1294 (± 2) mN·m−1 in the third run. Relative ST changes were 
+ 2.3 and + 2.6 %, respectively.

The third steel sample was decided to be alloyed with a significantly greater 
amount of boron. Therefore, as much as 0.189 % of B was added to the sample. As 
it can be seen from the Fig. 10, initial surface tension of the alloy in this experi-
ment was slightly lower than that in the first one—1220 (± 2.8) mN·m−1. Post-
treatment chemical analysis detected growth of C content on ~ 50  ppm; thus, no 
significant carburisation of the sample occurred. Additionally, oxygen content 
declined from 76 ppm to 46 ppm. After boron addition, surface tension of the liq-
uid 16 %Cr–6 %Ni–7 %Mn steel has significantly decreased. In the second run, ST 
was measured as 1154 (± 3.3) mN·m−1 and in the third run, ST was measured as 
1132 (± 2.6) mN·m−1. Relative reduction of surface tension was 5.4 % and 7.4 %, 
respectively. These results present an unusual trend. Surface tension of initial alloy 
is relatively low due to high-content surface-active elements like S and O. Also, this 
steel has 7 % of Mn, which is known for its ST reduction effect [20]. Significant 
ST reduction in our experiment contradicts to the results of El-Wahab et  al. [10]. 
These authors obtained a well detectable ST increase in the range of 0.05 % to 0.3 % 
boron in the steel. The steel samples used in their experiments contained approxi-
mately 200  ppm of sulfur and 100–264  ppm of oxygen. El-Wahab suggested that 
boron must bound some amounts of dissolved oxygen and remove it from the liquid 
surface. Our experiments show that, in the presence of significant oxygen amounts, 
boron increases surface tension of iron and steel. These were the cases of ARMCO 
sample, 15  %Cr–3  %Mn–3  %Ni, and first 16Cr  %–7  %Mn–6  %Ni sample. How-
ever, when there is almost no free oxygen left in the melt, boron moderately lowers 
surface tension of the iron. These were the cases of electrolytic iron and sample of 
16 %Cr–7 %Mn–6 %Ni steel with 0.189 % of boron added.

Ambiguous effect of boron on the surface tension of steel was previously reported 
by Bobkova et al. [9], who found a decrease of surface tension at 0.04 % and 0.1 % 
B, while a slight ST increase was detected at 0.17 %B added to the vanadium-alloyed 
(0.27 %) steel. Unfortunately, that work did not present detailed data on the experi-
mental conditions and amounts of oxygen, sulfur, and other important elements in 
the samples which are critical for surface tension of liquid steel. The same problem 
arises when the present results are compared with those of Kreshchanovski et  al. 
[5]—no information on the oxygen and sulfur content of the samples is available.

Fig. 10  Surface tension of the 
16 %Cr–6 %Ni–7 %Mn steel 
before (white) and after (dashed) 
the addition of 0.189 %B at 
1550 °C
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3.3  Density

Maximum bubble pressure allows to simultaneously gain information on the surface 
tension and density of the measured liquid. As can be seen from the Eq. 2, density 
obtained from the measurement allows to calculate the surface tension of the liq-
uid in the present study. As can be seen in the Fig. 11, a sum of 3 density points at 
1550 °C was obtained for 15Cr3Mn3Ni alloy and 6 for 16Cr7Mn6Ni alloy. Density 
of the ARMCO and electrolytic iron should be treated as one dataset due to negligi-
ble chemical composition differences. As a result of 14 datapoints obtained, density 
of the liquid iron in present work is defined as 6831.81 (± 209.7) kg·m−3. This value 
is 2.8 % less than the recommended value for iron at the temperature of 1550 °C 
[21]. Steel alloys density was estimated as 6825.67 (± 68.24) kg·m−3 and 6777.17 
(± 262.75) kg·m−3 for 15Cr3Mn3Ni and 16Cr7Mn6Ni, respectively. 16Cr7Mn6Ni 
alloy density is almost identical to 6787 kg·m−3 reported for 16Cr7Mn3–9Ni steels 
by Dubberstein et  al. [22]. As for 15Cr3Mn3Ni alloy, it’s higher density should 
stem from the smaller manganese content in the liquid. Generally, it can be stated 
that density values for both liquid iron and CrMnNi steels obtained in the present 
research work are in good agreement with the existing literature.

4  Conclusions

Experimental investigation of boron effect on the surface tension of liquid iron at 
1550 °C with the use of maximum bubble pressure technique was carried out in the 
present work. Tests show that the effect of boron on the surface tension of electro-
lytic iron is quite low. Surface tension dropped by a significant extent, viz. 3.74 % at 
0.053 % of boron addition. Surface tension was slowly decreasing with time. Den-
sity values obtained in this study are in good agreement with the existing literature.

In contrary, samples of TRIP/TWIP steel and ARMCO iron showed moderate 
increase of the surface tension after additions of 0.03 % to 0.02 % of boron. At the 
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same time, addition of 0.189 %B led to strong surface tension reduction of steel. Such 
ambiguous behaviour of surface tension of steel cannot be attributed to variations in the 
contents of other surface-active elements. Most likely, when liquid iron contains free 
oxygen, boron binds some amount of it. At the diminishing amounts of free oxygen, 
boron acts as a surface-active element lowering surface tension.

More detailed research on this topic with various iron and steel samples that could 
reveal the mechanisms of boron effects on the surface tension of iron are currently 
planned as future work.

Appendix

Experimental Uncertainty

Uncertainty of the measurement was calculated by the following equations:

The main effect on the uncertainty of the measurement of surface tension and den-
sity is coming from the radius of the capillary and surface level of the liquid.

Temperature variations with time during the measurement are in the range of ± 1 °C. 
Uncertainty of the Typ B thermocouple is 0.25 % which gives a maximum temperature 
deviation of ± 4 °C at 1600 °C. Calibration with the liquid copper showed that tem-
perature in the liquid is deviating at ± 1 °C. All together gives a ± 5 °C temperature 
uncertainty.

Immersion of the capillary is measured with the precision of 0.005 mm. Contact 
point (surface level) of the capillary with the liquid is defined with the precision of 
0.01 mm which gives a total position uncertainty of 0.01 mm. However, surface level of 
the liquid can change with ± 1 mm during the measurement of one temperature point.

Capillary radius is measured with the uncertainty of 0.005  mm. This gives a ST 
deviation of 0.86 %. Radius changes after the experiment were not observed.

Zero-level pressure of the liquid can vary during the experiment between 0 Pa and 
20 Pa, which gives a ST error of max 0.9 %
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