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The analysis of resistance uniformity
influencing factors of nickel chromium
alloy’

XUEMIN YUAN?*? ZHONGLEI ZHAO*

Abstract. Nickel chromium electrothermal alloy is the most common electrothermal alloy of
which resistivity is one of the most important indexes. The nickel chromium electrothermal alloy
wire resistance is influenced by many factors. In this paper, the chemical composition, impurities
and defects concentration were studied, resulting in drawing the conclusion that silicon was the
main reason for high resistance of nickel chromium electrothermal alloy wire, the resistance of nickel
chromium electrothermal alloy wire is increased with the increase of silicon content, there is a linear
relationship between the resistance and the content of silicon. Element content and size of the
crystalline grain also has impact on electrothermal alloys wire resistance. Therefore, it is necessary
to lay down strictly operations of alloy wire material preparation, including melting, material
weighing, forging, rolling and drawing process. In melting process, there was no floating sand in
the furnace using cleaning material, and preventing melt oxidation in order to avoid inclusion. The
melting temperature, material feeding time and melting length etc. were controlled in order to
reduce element evaporation. The forging, rolling and drawing process should be strictly enforced
accordance to the process requirements.
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1. Introduction

Electrothermal alloy is generally divided into Ni-Cr-(Fe) and Fe-Cr-Al series [1].
Cr20Ni80 and Cr20Ni35 are the most common alloys in Ni-Cr-(Fe) series and the
maximum service temperature of Ni-Cr-(Fe) series electrothermal alloy is 1100 °C,
while 0Cr21A16Nb, 0Cr25A15 are the most common alloys in Fe-Cr-Al series and the
maximum service temperature of Fe-Cr-Al series electrothermal alloy is 1400 °C [2].
Some furnaces, commonly used in industry, such as muffle furnaces, tube furnaces,
pit furnaces etc., are used in the production of various heating elements. Generally,
electrothermal alloy can be processed into wires, strips, bars, wire rods etc., for
its advantages of large resistivity, stable resistance value, high melting point, low
temperature coefficient of resistance, high temperature oxidation resistance and good
processability.

Chromium plays an important role in the oxidation resistance of nickel chromium
electrothermal alloy [3], because chromium can form a dense CryOjz film on the
surface of electric heating element [4]. Electrothermal alloy also contains a little
of silicon, which can be oxidized to SioO3 at high temperature. Si;Os can enter
the chromium oxide film to improve the film density, oxidation resistance, and the
plasticity of nickel-base alloy [5], [6]. The influencing factors of metal resistivity (or
resistance) include temperature, chemical composition, crystal structure (grain size),
impurity and defect concentration and mobility [7]. Kubisztal [8] studied the effects
of temperature on resistivity of nickel-base alloy. The resistivity increases and the
plasticity decreases at high temperature due to the physical and chemical reaction
between different mediums and nickel chromium electrothermal alloy. Peng [9] stud-
ied the effect of grain size on the resistivity of Cr20Ni80 electrothermal alloy. It was
considered that the change of grain size leads to the increase of grain boundary. The
increase of grain boundary leads to the increase of dislocation density and vacancy,
and the increase of resistivity. Dudova [10] studied the deformation mechanisms in
Cr20Ni80 alloy at elevated temperatures, the deformation-behavior characteristics is
explained by the transition from high-temperature dislocation climb, which is con-
trolled by lattice self-diffusion, to low-temperature dislocation climb, which is con-
trolled by pipe diffusion. Zhang [11] introduced the non-metallic high-temperature
materials, and the advantages and disadvantages of electric elements.

In this paper, the measurement of the resistance of the nickel chromium elec-
trothermal alloy wire was carried out at room temperature, and the fluctuation of
the temperature during the measurement was low. Therefore, it was not necessary to
consider the effect of temperature on the resistance. The same alloy grade and pro-
cessing technology produced the same crystal structure. This paper, mainly studied
on the preparation of the Ni20Cr35 nickel chromium electrothermal alloy wire, and
the influence of chemical composition, impurities and defects concentration on the
resistivity of nickel chromium electrothermal alloy wire were discussed as well.
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2. Experimental procedure

In this experiment, the nickel chromium electrothermal alloy was melted in a
1.0 T medium frequency induction furnace, and smelted fourteen batches which were
labeled as 1#, 2#, ...14 #. The components of nickel chromium electrothermal
alloy were analyzed by a new type Full Spectrum Direct Read Spectrometer, version
DW-TY-9000. The chemical composition of particular batches of nickel chromium
electrothermal alloy is given in Table 1.

Table 1. Chemical composition of nickel chromium electrothermal alloy

Batch number C Mn Si P S Cr Ni
1# 0.040 | 0.58 | 2.19 | 0.017 | 0.0086 | 19.36 | 38.42
24+ 0.037 | 0.59 | 1.96 | 0.012 | 0.0030 | 19.37 | 38.36
3# 0.038 | 0.60 | 2.42 | 0.012 | 0.0016 | 19.16 | 38.27
44 0.041 | 0.62 | 1.98 | 0.017 | 0.0037 | 19.15 | 38.65
54 0.043 | 0.57 | 1.68 | 0.012 | 0.0034 | 19.32 | 38.42
64 0.040 | 0.54 | 2.17 | 0.012 | 0.0034 | 19.25 | 38.73
TH# 0.040 | 0.58 | 2.08 | 0.013 | 0.0025 | 18.74 | 37.74
8+ 0.037 | 0.54 | 2.00 | 0.014 | 0.0033 19.30 | 38.42
94 0.037 | 0.53 | 2.16 | 0.014 | 0.0032 | 19.30 | 38.60
104 0.038 | 0.54 | 2.03 | 0.014 | 0.0035 | 19.40 | 38.40
11# 0.042 | 0.58 | 2.19 | 0.015 | 0.0038 | 19.25 | 38.90
124 0.042 | 0.57 | 2.18 | 0.010 | 0.0025 | 19.16 | 38.42
134 0.040 | 0.53 | 2.07 | 0.012 | 0.0039 | 19.41 | 38.64
144 0.039 | 0.55 | 1.95 | 0.013 | 0.0035 | 19.32 | 38.42

Twenty-nine ingots can be melted per furnace, the weight of one ingot is about
36 kilograms. After forging, rolling, annealing, drawing with multi-passes and an-
nealing, nickel chromium alloy wire with a diameter of 1.0 mm was maded. The rate
of final product was different in the process of forging, rolling and drawing, therefor
the final sample number was different in different batches. Fourteen batches of nickel
chromium electrothermal alloy wire, two hundred and fifty samples were chosen to
measure their resistances. The length of the sample was one meter. Resistance test
was carried out using four probe tester, model number: SZT-2C. The maximum
value, the minimum value and the average value are given in Table 2.

The preparation of metallographic sample: we took 5 mm nickel chromium elec-
trothermal annealed alloy wire in length, and it was inlaid with mosaic powder, the
diameter of the wire being 1.0 mm. The samples were grinded with metallographic
sandpaper and polished with CroO3 polishing solution, and ultrasonically cleaned
with acetone and deionized water. The microstructure corrosion inhibitor was a
mixed acid of HNO3 and HCIl. The metallographic photographs were obtained by
11xd-pc microscope and the grain size was measured by its analysis software. The
microstructure was analyzed using scanning electron microscopy and energy spec-
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trum.
Table 2. Chemical composition of nickel chromium electrothermal alloy
Batch num- | Specification | Aver. resis- | Max. resis- | Min. resis- | Remarks
ber tance tance tance
Standard Diameter less than 1.418
(mm)
1# 1 1.395 1.409 1.381 26 samples
24 1 1.391 1.402 1.377 20 samples
3% 1 1.416 1.435 1.403 23 samples
4# 1 1.392 1.417 1.374 26 samples
5% 1 1.381 1.404 1.375 16 samples
67 1 1.393 1.408 1.378 23 samples
T# 1 1.379 1.391 1.373 12 samples
87 1 1.392 1.403 1.376 27 samples
97 1 1.403 1.414 1.391 19 samples
104 1 1.395 1.406 1.391 6 samples
119 1 1.392 1.397 1.382 14 samples
124 1 1.413 1.417 1.405 12 samples
134 1 1.398 1.413 1.39 6 samples
14 1 1.388 1.398 1.382 19 samples

2.1. Influence of chemical composition on nickel chromium
alloy resistance uniformity

Silicon in the alloy reduced the conductivity and temperature coeflicient of re-
sistance and improved the resistivity. Manganese in steel increased the resistivity,
reduced the conductivity, and decreased temperature coefficient of resistance. Nickel
strongly reduced the conductivity, increased the resistivity. Chromium decreased the
conductivity and temperature coefficient of resistance of steel, and improved the re-
sistivity [12, 13].

According to Tables 1, 2 and Figs. 1, 2, the content of chromium mostly was
between 19.15% to 19.41%. Nickel was about 38.5% except for the 7# batch.
When the Cr content was between 19.15-19.41%, the resistance fluctuations were
from 1.381-1.416 /m. The fluctuation of the resistivity was caused by nickel and
chromium content fluctuation.

Combined with table 1, 2 and Fig. 3, the statistical results showed that the range
of the Mn content of nickel chromium electric heating alloy was very narrow, the
fluctuation was not more than 0.1 %, and the element content was controlled well.
So the effect of manganese on the resistance could be ignored.
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Fig. 1. The relationship between resistance per meter and chromium content
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Fig. 2. The relationship between resistance per meter and nickel content
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Fig. 3. The relationship between resistance per meter and manganese content

Figure 4 presents the relationship between the resistance per meter and silicon
content. It can be observed that the silicon content fluctuates greatly in all fourteen
batches. The content of silicon fluctuates was between 1.6-2.5%, the resistance
of nickel chromium electrothermal alloy wire was increased with the increase of Si
content, and the relationship between the resistance and the content of silicon was
linear.

Comparing Table 1, Table 2, Fig.1 and other figures, it is obvious that the 7#
batch nickel chromium electrothermal alloy wire resistance was minimum, the av-
erage value was 1.379Q/m and its Ni and Cr content was lower than in in other
batches, as shown in Table 1. Comparing batches 1#, 57 and 9#, their manganese,
chromium and nickel contents were nearly the same. Through the above data anal-
ysis, we can draw the conclusion that the higher the silicon content, the higher the
resistance. The greater slope of the curve, the greater contribution of the element to
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Fig. 4. The relationship between resistance per meter and silicon content

the resistivity, as shown in Fig. 5. There was a certain relationship between nickel
chromium electrothermal alloy resistance and manganese, nickel, chromium and sil-
icon content, in which silicon played a dominant role. Al, Mg and other elements in
the alloy did not have to be considered.
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Fig. 5. The relationship between Ni-M alloy resistivity and element content [12]

3. Influence of impurities and defects on nickel chromium
alloy resistance uniformity

When the electron wave passes through an ideal perfect crystal at absolute zero,
it will be transmitted without scattering and without hindrance, and that’s recorded
in the book of quantum mechanics. Actually, there are defects and impurities in the
metal. When the temperature is not absolute zero, due to ion movement caused by
temperature, impurity atoms, dislocations and point defects in crystals, the electron
wave scattering occurs in these places, and the resistance of the materials increases.

According to Matthiessen rule, the resistivity of the metal can be expressed by
the formula

p=>_pi=p(T) + premnant - 1)
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In the formula, p is defined as resistivity, p(T") is defined as basic resistance
at temperature related, premnant 18 @ kind of residual resistance, which is caused
by chemical defects and physical defects, and has nothing to do with temperature.
From the microscopic point of view, it is the interaction among electron and impurity
atoms and crystal lattice. Viewed from the macroscopic point, it is the impurity
defects, surface quality defect and grain changes, in this study, impurity defect refer
to inclusion defect. Experience tells us that the grain size of polycrystalline reduction
implied the grain boundary increasing and grain boundary defect increasing. So it
can draw the conclusion that the bigger the grain size, the less the grain boundary
area, the smaller the resistance of the electrons passing through the grain boundary,
the smaller the resistivity, and the larger the conductivity. Contrarily, the resistivity
increases with the decrease of grain size.

Figs. 6 and 7 show the microstructures of nickel-chromium electrothermal alloy
and its energy spectrum analysis. From Figs. 6 and 7, it can be seen that no larger
metal inclusions were found on the nickel chromium electrothermal alloy microstruc-
ture, and no larger metal inclusions were found in all the batches. On-site detection
statistics showed that the surface quality of the batch products was better, the effects
of inclusions and surface quality defects on resistivity could not be considered. This
is because metal inclusions were not found in the nickel chromium electrothermal
alloy wires.

Fig. 6. Microstructure of nickel chromium electrothermal alloy wire

For the same alloy, the smaller the grain size, the more the grain boundary, the
greater the resistivity will be. The metallographic structure of the nickel chromium
electrothermal alloy wire with abnormal resistance is shown in Fig.8. Figure 8a
is the cross section through metallographic structure of the nickel chromium elec-
trothermal alloy wire with abnormal resistance, Fig.8b is the longitudinal section
through metallographic structure of the nickel chromium electrothermal alloy wire
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Fig. 7. Energy spectrum analysis of nickel chromium electrothermal alloy wire

with abnormal resistance. The grain size analysis was carried out by metallographic
microscope and grain size analysis software, and the grain size of the cross section
is 8.2 grade. The metallographic structure of the nickel chromium electrothermal
alloy wire with normal resistance is shown in Fig.9. Figure 9a is the cross section
through metallographic structure of the nickel chromium electrothermal alloy wire
with normal resistance, Fig.9b is the longitudinal section through metallographic
structure of the nickel chromium electrothermal alloy wire with normal resistance.
The grain size analysis was also carried out by metallographic microscope and grain
size analysis software. And the grain size of the cross section is about 8.1 grade.
The grain size of the the nickel chromium electrothermal alloy wire with abnormal
resistance and normal resistance were almost the same.

The resistances of the two batches of nickel chromium electric electrothermal alloy
were different, the abnormal one was 1.416§2/m, the normal one being 1.381Q2/m.
But the grain sizes from the cross section and longitudinal section exhibited almost
no difference. So, the grain size was not the main factor affecting the resistance in
this experiment.

4. Conclusion

Contrasting the chemical composition of nickel chromium electrothermal alloy
wire, experiments showed that the higher silicon content was, the higher resistance
of nickel chromium electrothermal alloy wire would be, under the circumstance of
the same grain size and the same manganese, chromium and nickel content. The
analysis showed that the high content of silicon was the main factor that led to the
high resistivity, and the main reason for the uniformity of resistivity was the fluctu-
ation of silicon content, and the relationship between the resistance and the content
of silicon was linear. At the same time, the content of other alloy elements in the
nickel chromium electrothermal alloy would also cause its resistance fluctuation. It
was necessary to strictly control the composition of the alloy in smelting, especially
the control of silicon content. Therefore, it was necessary to lay down strictly oper-
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Fig. 8. Metallographic structure of chromium electrothermal alloy with abnormal
resistivity: a—cross section, b—longitudinal section
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Fig. 9. Metallographic structure of chromium electrothermal alloy with normal
resistivity: a—cross section, b—longitudinal section
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ation of alloy wire material preparation, including material weighing, measurement
precision, temperature measurement, material feeding time, melting length, etc.

Under the same chemical composition, the difference of grain size and impurities
would cause the resistance uniformity of the nickel chromium electrothermal alloy
wire, which means that the forging, rolling and drawing process should be strictly
enforced in accordance with the process requirements. In melting process, there
was no floating sand in the furnace using cleaning material, and melt oxidation was
prevented in order to avoid inclusion.
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