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Abstract 
[bookmark: _GoBack]Electric conductivity and oxidation tests of three copper-based metal wires (Cu, Cu11Ni, Cu38Zn) are measured from 200-400 oC in this study. Three different thermocouples made from above wires are also aging in air for 16 days at 200 oC. The conductivity of Cu is better than that of the alloys at room temperature. However the conductivity of Cu degrades dramatically than that[image: ]of two Cu-alloys at high temperatures higher than 200 oC. Two thermocouples Cu11Ni-Cu38Zn and Cu-Cu11Ni, are prepared, and the electric potential (or called “thermo-potential”) of the cases is more stable than that of Cu-Cu38Zn in a long-term test. Less drift (<5%) in thermo-potential at 200 oC has promised the application in smart mold as a temperature sensor. The courses due to the oxidation and grain growth of Cu and Cu alloy wires will be discussed. 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1.Introdution
     Cu and Cu Alloys have been widely used as electrode due to the cost/performance of the conductivity, as mold materials due to the hardness improvement by alloying with Ni or Al [1]. Recently, the wires were used as the feedstock of Melt-Extrusion (ME) process of high-temperature alloys for 3D additive manufacturing [2]. 
     Injection molding is commonly used in manufacturing and continues to develop the parts of more complex shape. After molten materials inject from nozzle to mold cavity, they are cooled and solidified. The solidification time is predicted by the cooling rate of the
plastic materials. However, the cooling time in each mold cavity are different and the temperature of the plastic material is not going through same thermal transformation, e.g. crystallization of the plastics. The formation of crystalline portions results in the products to be brittle and less uniform. Thus, an accurate control of the temperature in an injection mold is needed.    
     An invention [3] was proposed relating to metallic mold for measuring the temperature of molten plastics in a mold cavity. The inject temperature of PMMA (Polymethylmethacrylate), PEEK (polyether ether ketone) and other plastics is usually less than 400 oC. Therefore, the temperature sensing between room temperature to 400 oC is needed for this application.
     In order to isolate thermocouple from metal mold, there are many different insulation materials are used to seal the thermocouple. In Wang’s [4] report, he used glass (TiO2-Na2O-SiO2-B2O3) as the insulator of Cu based thermocouple. He reported that the oxidation and grain growth may influence the stability of thermocouple. Alumina tube is a more common insulator used on the market and is easy to get. Therefore, in this study we use alumina tube, instead of glass, to seal different thermocouples and observe their oxidation behavior and electrical properties.		


2.Experimental
2.1 Sample preparation 
    Three metal wires (Cu, Cu11Ni, Cu38Zn) are prepared for conductivity measurement and making thermocouple. The wires is cleaned by putting into ethanol with 2 vol % diluted hydrochloric acid for removing oxide layer on the wire surface. Then dry the samples in vacuum chamber, and keep away from oxidation. 
     Three types of thermocouple were prepared by using these Cu-alloy wires: Cu, Cu38Zn, Cu11Ni. Twisting and welding method [5] was used in this study in order to increase the strength of coupling point and prevent seperation of two metal wires. Two wires were twisted in one side and welded by fine-wire welder (MINI-2K5A-2, Thermoway Ind. Co, Ltd., Taiwan). After that put the thermocouple into alumina tube (inside diameter: 6.50mm) as an electric insulation layer. 
    
2.2 Characterization
     Cu11Ni samples after heat-treatment at 200 oC in 0 and 96 h were cold-mounted and ground by the sandpapers from P80 to P2000. After the samples were polished by 6.0 μm and 1.0 μm diamond slurries, a clean surface is needed for next etching step. Then we used the solution which was a mixture of 120 ml DI water, 30 ml HCl (>65%, Sigma-Aldrich, Germany) and 10 g FeCl3 (>99%, AENCORE, Australia) [6,7]. After the etching step, the samples were cleaned with ethanol, then studied by optical microscope (DM2005M, LEICA, Germany)
     The cross sections and surfaces of Cu alloy wires were observed by scanning electron microscope (JSM6510, JEOL, Japan). Qualitative and quantitative analysis of the sample composition could be conducted by energy-dispersive X-ray spectroscopy (EDS, Oxford Instruments, UK).
    A DC four-probe method was used to measure the current and voltage. The resistance is calculated by eqs. (3.1), (3.2) and (3.3).
  ……………………………………….. (3.1),
  ……………………………………... (3.2),
  ……………………………………….(3.3)
where  is the conductivity (Scm-1),  is the resistivity (Ωcm), R is the resistance (Ω), V is the voltage (Volt), I is the current (Amp), l is the length (cm) of the wire sample, and A is the cross-section of the sample (cm2). Table 2.1 shows the diameter and length of the sample wires. 
    
 Table 2.1 Diameter and length of three Cu alloy wires
	Material
	Diameter (cm)
	Length (cm)

	Cu
	0.100
	1.00

	Cu38Zn
	0.102
	1.00

	Cu11Ni
	0.124
	1.00



After four probes of testing electrodes connected to the sample surface, a current of 2.00 Amp, the voltage (V) shown on the four-probe machine was recorded. Then we heated the sample step-by-step to 350 oC in an interval of 50 oC, and recorded the conductivity at different temperatures.
    Thermocouple is welded by two different metal wires. There is CTE (coefficient of thermal expansion) mismatch between two wires when the temperature of welded spot changes. This situation leads to a decrease of thermal electrical performance. Grain growth of Cu-alloys may change at the temperature above 200 oC, and could be the other possibility. In this experiment,  thermocouple were heated up to 200 oC in a furnance and last for 16 days. The change of thermopotential was recorded so that we can observed the deterioration of thermocouple. 
     The measure time of thermocouple were also tested in two situations. One is put the thermocouple in a furnance at a constant temperature (200 oC, 400 oC, and 600 oC), the other one is put the thermocouple in a furnance and heat up them from room temperature to a specified temperatre (200 oC, 400 oC, and 600 oC).Then start to record the thermopotential when the furnance reach the temperature. We can know how long thermoptential takes to get stable.

3.Results and Discussion  
3.1 Microstructure analysis
3.1.1 Cu11Ni wire 
     In Bradley’s study, the relationship of the annealing temperature to the conductivity of copper wire was reported [8]. Different annealing temperatures make the copper wires having different grain sizes. The conductivity increased until the annealing temperature reached 500oC. The percentage of conductivity increments at 200 oC and 500 oC are 0.43% and 2.89%, respectively. Figs. 3.1 shows the microstructures of the polished surface of Cu11Ni samples after etched, including heat-treated at 200 oC for 0 h (Fig. 3.1(a)) and for 96 h (Fig. 3.1(b)). The average grain sizes are roughly 35 μm.   That do not have significant difference between these two samples. Thus, the grain growth may not be one of the significant reasons for the instability of the thermocouples.

 (a)
(b)

Fig. 3.1 OM micrographs of the etched samples of Cu11Ni after heat-treated at 200oC for (a) 0 h and (b) 96 h.

3.1.2 Surface oxidation of Cu-based samples
     In order to understand the effect of oxidized layer on the surface of wire samples for the degradation of electrical properties, the surfaces of the wires were observed by SEM. Fig. 3.2(a) and 3.2(b) show Cu38Zn wire samples before heat treatment at 200 oC and after 96 h heat treatment. The surface of the wire in Fig. 3.2(a) shows some scratches and cavities which may be introduced during wire-manufacturing processes. In contrast, the surface of the wire in Fig. 3.2(b) appears some small spherical pticles. The EDS revealed that the oxygen content of the wires after the testing increased from 2.8 wt% to 7.74 wt%. The spherical particles may be generated by the oxidation of Cu or Zn content in the wires.   [image: s4.png]
Fig. 3.2 SEM micrographs of the surface of Cu38Zn wire samples testing at 200oC for (a) 0 h, and (b) 96 h.

The microstructures of the surfaces of Cu11Ni and Cu wire samples were also observed by SEM under the same aging condition, as shown in Figs. 3.3 and Figs. 3.4, respectively. The oxygen content was 3.38 wt% for Cu11Ni sample (Fig. 3.3(a)) and 13.2 wt% for Cu sample (Fig. 3.3(b)). The wire sample after 96 h testing was also grew some spherical particles on the surface.
 In Figs. 3.4(a) and (b), the microstructure of Cu wire sample also showed full of sphere-like particles on the oxidized surface. The oxygen content of the Cu wire after 96 h testing at 200 oC was increasing from 3.86 to 14.77 wt%. The oxygen concentration of oxide particles in Cu wire sample was higher than Cu11Ni and Cu38Zn wire samples, that could be proven by both SEM and EDS analysis. The oxidation potential in Ellingham diagram [9] from high to low is Cu, Ni, and Zn, which is correspond to the results of oxidation analysis above. Therefore, the conductivity of Cu-based wire samples may affect by the oxidation of the surface, as well as the thermal stability for thermocouple testing.

[image: s5.png]
Fig. 3.3 SEM micrographs of the surface of Cu11Ni wire samples testing at 200oC for (a) 0 h, and (b) 96 h. 
[image: s6.png]
Fig. 3.4 SEM micrographs of the surface of pure Cu wire samples testing at 200oC for (a) 0 h, and (b) 96 h.

The relationship between the time of testing and the oxidation of Cu-based wire samples are further analyzed by the microstructure of the cross-section of the wire samples after testing. Figs. 3.5, 3.6 and 3.7 show the SEM micrographs of the cross-section of the Cu38Zn, Cu11Ni, and pure Cu wire samples. The oxide layers of all wires were observed from beginning of the testing to 96 h. 
Fig. 3.5(d) shown the thickness of oxide layer on the surface of Cu38Zn wire sample was 1.36 μm. In Chou’s [1] study, an Cu-Zn alloy wire was treated at 800oC in 30 min and the thickness of oxide layer was 10 μm. The oxide was analyzed by EDS and shown mostly ZnO because of the higher activity of zinc. However, in this research the oxidizing state of the oxide layer was too thin to determine. The oxide thickness of Cu11Ni wire sample as shown in Fig. 3.6(d) was 0.91 μm, and that of pure Cu wire samples as shown in Fig. 3.7(d) was 0.5 μm. The oxide on surface of wire was discontinuous which may lead to the less contact areas in the welding regions of the thermocouple, that may change the thermopotential of Cu-based wire samples.
[image: ../Desktop/cuzn.png]
Fig. 3.5 SEM micrographs of the cross-section of  Cu38Zn wire smaples testing in air at 200oC for (a) 0 h, (b) 5 h, (c) 24 h, and (d) 96 h. 
 
[image: ../Desktop/cuni.png]
Fig. 3.6 SEM micrographs of the cross-seciton of Cu11Ni wire samples testing  in air at 200oC for (a) 0 h, (b) 5 h, (c) 24 h, and (d) 96 h.

[image: ../Desktop/cu.png]
Fig. 3.7 SEM microsgraphs of the cross-seciton of pure Cu wire samples testing in air at 200oC for (a) 0 h, (b) 5 h, (c) 24 h, and (d) 96 h.

3.2 Electrical properties of Cu-based wires
3.2.1 Conductivity of Cu-based wires
DC four-probe method was used to measure the conductivity of Cu alloy wires from room temperature to 350oC. Fig. 3.8 shows the electrical conductivities of pure Cu, Ci-11Ni and Cu-38Zn wire samples tested from room temperature to 350oC in air. As the temperature increased, the conductivities of these three wires decreased. The same phenomenon was found in Wolff’s and Acherman’s report [10,11]. The band gap of metal is small and thus the electrons can easily jump to conduction band. However, thermal motion caused by increasing temperature makes the electrons scatter and disturb the mean free path. As a result, drift velocity and mobility of the electrons decrease [12]. So that the conductivity of metal decreases when temperature rises. The theoretical conductivity of Cu metal is 59.6 × 106 Ω-1·m-1 and the conductivity of pure Cu wire of this measurement is 59.2 × 106 Ω-1·m-1 at room temperature. The measured value is 0.67% lower than the theoretical value, and that may be due to the impurity (mainly oxygen content) in the Cu wire. 
The conductivity of pure Cu wire sample is suddenly decreased after test under 200 oC, different from that of Cu11Ni and Cu38Zn wire samples. The conductivity of Cu11Ni and Cu38Zn samples are 7.85 × 106 Ω-1·m-1 and 10.16 × 106 Ω-1·m-1 at room temperature respectively. The conductivity variation of these two samples tested at 350oC are -8.66% and -13.7%. The reason for the different electrical performance between pure Cu and Cu alloy samples may be due to grain growth of Cu-based materials and surface oxidation of the wires during testing. A detail analysis will be mentioned later.     
        
[image: ../Desktop/未命名%202.png]
Fig. 3.8 Electrical conductivities of pure Cu, Ci-11Ni and Cu-38Zn wire samples tested from room temperature to 350oC in air.

3.2.2 Long-term test of thermocouple
In order to understand the time effect on the degradation of thermopotential, three thermocouples including Cu11Ni-Cu38Zn, Cu-Cu38Zn, and Cu-Cu11Ni were prepared and tested at 200 oC held for 16 days (384 h). Fig. 3.9 shows the result of the time dependence test of thermo-potential of these three thermocouples at 200oC in air. The thermopotntial of Cu11Ni-Cu38Zn, Cu-Cu11Ni and Cu-Cu38Zn  samples are 3.30 mV, 3.57 mV and 0.36 mV after 16 days. The change of thermopotential in the three materials are 3.80%, 1.97%and 18.2% respectively. From the variation of test results, Cu11Ni-Cu38Zn and Cu-Cu11Ni samles are more stable than that of Cu- Cu38Zn. The possible reasons meight be due to the  oxidation of the wire and grain growth of the Cu alloys. 

[image: ]
Fig. 3.9 Time dependence test of thermos-potential of Cu-Cu11Ni, Cu-Cu38Zn and Cu11Ni-Cu38Zn   thermocouples at 200 oC in air. 

3.2.3 In-situ measurement of thermocouple
One of the purposes of the thermocouple development in this study is for in-situ measurement of temperature, for example, the distribution of thermal gradient analysis of smart molds during injection molding. The abnormal thermal distribution of the molds may cause process failures or low yields. Figs. 3.10, 3.11 and 3.12 show the thermopotentials of these three types of thermocouples tested at 200 oC, 400 oC and 600 oC within 5 min from test started. 
In Fig. 3.10, the thermopotentials of Cu-Cu38Zn, Cu-Cu11Ni and Cu38Zn-Cu11Ni thermocouples tested at 200oC are 0.31 mV, 3.30 mV and 2.85 mV, respectively. They were all gradually increased to reach the steady state. The variation of these three samples are 3.23%, 3.03% and 12.28%. The thermopotential may keep increasing to reach the value as shown in Fig. 3.9 within 1 h.
[image: g.PNG]
Fig. 3.10 Thermopotentials of three types of thermocouples tested at 200 oC within 5 min.
 
The thermopotentials of Cu-Cu38Zn, Cu-Cu11Ni and Cu38Zn-Cu11Ni thermocouples tested at 400 oC are 0.88 mV, 9.58 mV and 7.77 mV as shown in Fig.3.11. The variation of them are 1.13%, 2.61% and 7.59%. Meanwhile, the thermopotentials of Cu-Cu38Zn, Cu-Cu11Ni and Cu38Zn-Cu11Ni thermocouples tested at 600 oC are 1.27 mV, 18.56 mV and 16.27 mV, respectively, as shown in Fig. 3.12. The deviation of the three thermocouple are 1.57%, 0.86% and 0.80%. In literature, the thermoelectric effect of thermal couples can be explained by Seebeck effect [3], which mentioned the conversion of heat to electricity at the junction of welding wires. The values of thermopotentials will be proportional to the temperatures. 
[image: ../../../Volumes/USB%20]
Fig. 3.11 Thermopotentials of three types of thermocouples tested at 400 oC within 5 min. 

[image: ../../../Volumes/USB%20]
Fig. 3.12 Thermopotentials of three types of thermocouples tested at 600 oC within 5 min.

4. Conclusions 
     In this study, the electrical properties and microstructures of three Cu-based wire samples were analyzed. The conductivity of Cu, Cu-11Ni and Cu-38Zn are 59.2 × 106 Ω-1·m-1, 7.85 × 106 Ω-1·m-1 and 10.16 × 106 Ω-1·m-1, respectively at room temperature. When the temperature increases, the conductivity of metal decreases. The temperature at the sudden reducing of Cu conductivity was similar to the initial oxidation temperature of copper. Thus, oxidation may influence electric properties of thermocouple. The thermopotential of Cu11Ni-Cu38Zn、Cu-Cu11Ni and Cu-Cu38Zn are 3.30 mV, 3.57 mV and 0.36 mV, respectively in 16 days. All of them gradually become stable in long term test. The change of thermopotential in the three materials are 3.80%, 1.97%and 18.2%, respectively. This represent that Cu-Cu38Zn is worsest in stability. Thus, Cu-Cu11Ni and Cu38Zn-Cu11Ni has good sensitivity and slower response time. 
     The discontinuous oxide on surface may contribute to the fewer connection in welding regions of thermocouples and influence the thermopotential. The grain size may have less effect for the thermopotential variation.
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銅基線材電性與氧化行為之研究
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摘要
本研究在200-400 oC下進行三種銅基金屬線材（Cu, Cu11Ni, Cu38Zn）之導電度和氧化測試。三種由上述金屬線所製作而成的熱電偶也在200 oC下長時間（16天）時效處理。在室溫下銅導電性較合金佳，但是銅的導電性在大於200 oC會明顯的下降。合金的導電性在高溫下則較為穩定。Cu11Ni-Cu38Zn和Cu-Cu11Ni這兩種熱電偶在長時間實驗中的熱電動勢比Cu-Cu38Zn穩定。熱電偶的穩定性越高（漂移量<5%）可以作為智慧模具中的溫度感測器。此現象可能是金屬的氧化以及晶粒成長所導致的。
關鍵詞：銅基合金、熱電偶、長時間、氧化




image2.jpeg




image3.jpeg




image4.jpeg




image5.jpeg




image4.png
o4





image5.png
e sy Wottnm sses




image6.png




image7.png




image8.png
o

S s wovmm ssis A0 Sym  m—— SE 15V WOV SIS x4ge0 sym
[ p—_—




image9.png
625 Woiimm Sse0 000 um 5t Wottmm ss4s x4gon sym

oy SRR





image10.png
g& & & 8

N

Conductivity (10°Q 'm’")
o

5

—=—Cu

[—e— Cu-11Ni
|—A— Cu-38Zn

0 50 100 150 200 250 300 350 400
Temperature (°C)




image11.png
40

- . -
- - N
=30
S
£
=25
S
5
220
g
g
g
E15
b [~=—Cu-CuiNi
F 10 |—s— Cu-Cu38Zn
|—+— Cu11Ni-Cu382n|
05
| S - -
00 T T T T T T T
0 50 100 150 200 250 300 350 400

Time (h)




image12.png
N » IS
N ! !

Thermopotential (mV)

—=— Cu-Cu38Zn
—e— Cu-Cu11Ni
|—a— Cu38Zn-Cu11Ni

- —o———+—o—*

Time (min)





image13.png
Thermopotential (mV)

104

®
!

@
!

IS
!

N
N

S

—=— Cu-Cu38Zn
—e— Cu-Cu11Ni
—&— Cu38Zn-Cu11Ni

Time (min)





image14.png
Thermopotential (mV)

N
S

®
!

>
L

=
)

S
)

5}
.

[—=— Cu-Cu38Zn
—+— Cu-Cu11Ni
—a— Cu38Zn-Cu11Ni

Time (min)





image1.png




