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Abstract 
 
The result of this research changed the traditional annealing heat treatment to a continuous annealing heat 
treatment process in a copper wire drawn machine with benefits in efficiency, quality, WIP and energy 
consumption. Increasing temperatures above 500ºC in the segment of the annealing process in a copper wire drawn 
machine by keeping elongation results matching the technical specifications using statistical analysis tools and 
comparing the relationship between the values and behavior of the copper stretched with pulleys during the 
continuous annealing process in a copper wire drawn machine. These changes reduced at least forty-eight hours 
from the original process by avoiding the traditional annealing heat treatment. Applying the factorial analysis 
method reduced the number of significant factors that represents the relationship of the independent variables as 
well as a multiple regression analysis were identified establishing the parameters to operate a continuous annealing 
process. More than 3,000 observations were computed, the study significantly identifies two important 
components whose initial eigenvalues are greater than 1 and together reach a cumulative intercorrelation of 
90.686%. The KMO index indicates a high correlation of 0.718 and Bartlett's sphericity with a significance value 
of 0.000 and rotation method VARIMAX with normalization KAISE the second factor is most highly correlated 
with electric charge and elongation.  
 
Keywords 
Annealing, elongation, Bartlett's test of sphericity, multiple regression analysis, transformation matrix. 
 
1. Introduction 
This research is part of the improvements made in the operational processes carried out in the company Cables y 
Plásticos S.A. de C.V. (CYPSA) which manufactures low voltage cables, outlets, harnesses, and electrical 
extensions. The cable consists of several stranded copper wires and a plastic cover around them. In CYPSA the 
manufacture of the caliber 30 AWG represents 95% of the total production of wire. The copper used is electrolytic 
type (C-1100) for its excellent purity, higher than 99.9% and the advantages of its physical properties. The supplier 
of the raw material has been the same for more than fifteen years. The capacity per shift of the drawn wire machine 
is 270 kg and it is necessary to carry out a subsequent heat treatment that allows it to reach the levels of elongation 
indicated by the NMX-J-036-ANCE-2017 standard. The annealing process cycle lasts six hours at a temperature 
of 600ºC. This process is carried out in an electric furnace which has a capacity of one ton. Nitrogen inert 
atmosphere is used to avoid oxidation. Cooling takes eight hours and is done at room temperature. Therefore, the 
total time to anneal a ton of drawn wire takes forty-eight hours. The drawn wire machine has a 35KW transformer 
for the continuous annealing of copper wire, which is connected to a 220V line. Because of the low voltage, there 
is a limitation on the temperature that can be reached in the continuous annealing. Temperatures above 300°C 
cannot be achieved and creates the necessity for a heat treatment after drawing wire. Therefore, it is essential to 
evaluate if it is possible to increase the voltage to 440V in the transformer and monitor the performance of the 
machine and copper wire during the process using the continuous annealing process when the temperature rises 
above 500ºC. 
 
Copper is a non-precious metal and is the third most used metal in the world after iron and aluminum. According 
to the world market the copper wire in the electrical sector represents 27% (Phillips 2020).  
The automation of the copper wire elongation process has been carried out (Lin and Cheng 2019) without affecting 
the copper properties. The results allow to identify in general terms, the improvement in the efficiency of the 
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process, the control, and the precision of the elongation at low cost and high stability. Because the properties of 
the metal, it is ideal for manufacture wires due to its high thermal and electrical conductivity, zero magnetism, 
low hardness, and flexibility without losing its hardness. It is not fragile at the time of bending, so it does not 
crack or break and its elongation at rupture is not less than 15% (Guvorich 1955). The copper stretched with 
pulleys; this process is mechanical, and it is called drawing the wire (Wright 2016). It consists in reducing the 
original diameter by passing the metal through several conical holes, one followed by another and whose inlet 
diameter is greater than the output, reaching at each step smaller dimensions, see Figure 1. Once the wire has gone 
through the last hole, the wire must immediately undergo the annealing heat treatment reaching temperatures 
above 500ºC (Seto et al. 2014). The main purpose of the heat treatment is softening, increase ductility and 
eliminate internal tensions. Furthermore, inadequate stretching is especially harmful, so the behavior of the wire 
drawn metal should be studied in the face of changes of low speed and temperature of the annealing to 
subsequently evaluate its progression (Bunn and Wilkins 2011). The method used to evaluate the drawn wire is 
performed by means of a stress elongation test known as elongation (Gondo et al. 2018). That is, the stretch to 
which a material is subjected with a certain force pulling. It is represented as a percentage and indicates how much 
a wire can be stretched before it breaks.  

 

 
 

Figure 1. Traditional Drawn Wire Process 
 

The specific classification of the diameter of copper wire, known as caliber, (ANIXTER 2013) is issued by the 
AWG (American Wire Gauge). These AWG tables indicate the wire’s diameter (conductor), and it refers to the 
number of times a metal needs to go through the wire drawn holes to achieve the desired diameter. It also indicates 
electrical conductivity, resistivity, electric transport capacity across circumference, solidity and uses the cross-
sectional area of the wire as its measurement. The present research study serves to evaluate a wide range of 
conditions in the wire drawing caliber 30 (AWG 2019). In Mexico, the technical reference to the AWG 
classification is the standard issued by the ANCE (National Association of Standardization and Certification for 
its name in Spanish). The present research is based on the NMX-J-036-ANCE-2017 standard whose title is 
"CONDUCTORS - SOFT COPPER WIRE FOR ELECTRICAL USES – SPECIFICATIONS" (ANCE 2017).  
 
Statistically the main purpose of this analysis is to understand a whole set of exploratory techniques and statistics 
that synthesize, represent, and interpret the data obtained by simultaneously observing several statistical variables. 
The factor analysis (Fields 2019) identifies two variables that influence the process and variance among seven. 
The Bartlett's sphericity tests (Pérez 2004) with results less than 0.05 of the significance level indicates the 
hypothesis of a correlation matrix is an identity matrix (Mertel and Reinhart 2017), which would indicate that 
variables are unrelated and therefore unsuitable for structure detection. My analysis shows that energy power and 
elongation are very related, and the statistical methods implemented are the best overall methods to test the 
homogeneity of variances (Arsham and Lovric 2011) 
 
1.1 Objectives 

1. Improve process efficiency. 
1. Implement continuous annealing. 
2. Save forty-eight hours. 

2. Quality control 
1. Precision in elongation 
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3. Reducing cost 
1. Power consumption 
2. Inventories (WIP) 
3. Oven Maintenance 

 
2. Literature reviews 
Ian Milne et al (2003). Annealing after heavy cold work by wire drawing, swaging, or rolling has the potential 
to produce bulk quantities of cost-effective material in the ultrafine-grain size regime. Deformed copper by 
traditional rolling at low temperatures, and then subjected it to a low-temperature annealing treatment. They 
proposed that traditional metalworking procedures would likely be the only processes that are cost effective, and 
able to produce enough material for meaningful structural applications. 
 
Salim Messaoudi et al (2012). This study is performed on the copper wires destined for electrical wire and 
cabling. In this study the authors examined the evolution of texture depending on the level of distortion. Texture 
is an important component of microstructure and thus strongly affects the response of a material to mechanical 
stress. Thus, mechanical properties can be controlled to some degree by using different mechanical processing 
steps and subsequent heat treatments to obtain a specific microstructure and texture. 
 
Changsun Moon and Naksoo Kim (2012), examined the analysis of wire-drawing process with friction and 
thermal conditions obtained by inverse engineering. wire deformation and frictional heating raise the temperature 
of the wire and die, resulting in difficulty in manufacturing the drawn products according to a designated inner 
diameter of the die. 
 
Wendler Tilo and Gröttrup Sören (2016), this book helps to solve difficult questions which require deeper 
statical knowledge, gaining such statistical skills and applying them, using one of the data mining tools offered 
by the industry SPSS. 
 
Sobiesky, Klaudiusz (2016), invention patent, a laser processing apparatus improving an effective use of laser 
power. The innovative wire annealing process is characterized by the fact that it is placed in the constant process 
of wire production after its drawing.  
 
Hsiung-Cheng Lin & Chung Hao Cheng (2019), found that automatic wire elongating machines to produce 
very thin wires are available for manufacturing. However, the original wires for the elongating process to thin 
sizes need heating, drawing and then threading through the die molds by the manpower. 
 
César Pérez López (2004) simplifies the study of the Multivariate Analysis by applying more complex sets of 
data performed with software (SPSS). 
 
Richard Johnson and Dean Wichern (2018), the authors in this book make the proper interpretation, apply the 
technics, and explore the statical methods for describing analyzing the multivariate data.  
 
3. Methods 
Determine the working parameters and the combinations between the variables of the drawn wire machine by 
increasing the electrical voltage in the transformer and the temperature of the wire in the continuous annealing at 
500ºC without affecting the quality and physicochemical properties of the wire.  
The variables are:  

1. Speed knob: It has 10 positions from 0 to 1. Its function is to link together the speed of the motors of the 
drawing rollers, annealing, and winding of the reel. Each position represents an increase in speed of 2.5 
meters per second. Maximum speed 25 m/s. 

2. Electric knob: It is divided into ten positions, the highest being the value of 1.00 and represents the 
percentage of the electric charge on the rollers of the continuous annealing. Maximum power 1,800 KW 
per roller. 

3. Speed pulleys: The speed on the pulleys of the rollers. 
4. Volt: The voltage in continuous annealing. 
5. Amp: The amperage in continuous annealing. 
6. Elongation: Mechanical test. A constant tension is applied to the copper wire in a horizontal traction 

machine until it breaks, the distance travelled is verified and it is represented as a percentage. The 
minimum is specified in the NMX-J-036-ANCE-2017. 

7. Diameter: It is the transverse section of the copper wire once it has been stretched through the drawing 
dice. The maximum and minimum are specified in NMX-J-036-ANCE-2017. 
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4. Data collection 
Data was collected ones the power supply line was changed in the drawn wire machine from 220 to 440V. The 
amount of data collected included six tons of electrolytic drawn wire copper, two different copper batches, daily 
production, first shift, sixty days, same caliber, worker, and machine. 
Technical specifications (NMX-J-036-ANCE-2017).  

 Elongation: > 17.5% 
 Caliber:      30 
 Diameter:   Min > 0.2525   0.2535 < Max 

 
5.  Results and Discussion 
This research paper demonstrates how to use statistical methods to support technological development in the 
implementation of a voltage change from 220 to 440V in a 35KW transformer by means of the real adjustment of 
the electrical charge in a process of continuous annealing of copper wire. The statistical methods identify the 
variables that modify the elongation of copper wire in the continuous annealing of the drawn wire machine. An 
important relationship (collinearity) is observed between the increase in speed and the change in voltage and 
amperage (Table 1.1), but there is no change in these variables when modifying the electric charge, because the 
location of the voltage sensors and amperage in the rollers of the drawn wire machine.  
 
5.1 Numerical Results 
Elongation and diameter changes in the copper wire are possible by modifying the percentage values in the speed 
and electric charge knob in the drawn wire machine. Table 1 shows the numerical result per sample. The speed 
of the pulleys is expressed in meters per second, the elongation as stretch percentage and diameter in millimeters. 

 
Table 1.  Numerical Results 

 

 
 
Pearson's correlation coefficient analysis 
The relationship between the variables: speed knob, electric charge knob, pulley’s speed, volt, amperage, 
elongation, and diameter in table 2 shows the dependence of one variable on the other. As a result, there is a 
significant collinearity between speed knob, pulley speed, volt, amperage, and diameter. These variables were 
removed from the study. 
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Table 2.  Pearson’s correlation coefficient analysis 

 
 

Inferences to collinearity 
1. It shows the significant collinearity between the variables speed knob and speed pulleys. 

Therefore, it would affect the model by repetitive data. 
2. There is significant collinearity between the variables Volt and Amperage. Therefore, it would 

affect the model by repetitive data. 
3. Significant collinearity to a lesser degree between Volt and Diameter, affecting the model, by 

repetitive data. 
4. It is shown that the electric charge knob has a significant correlation with elongation. 

 
 

5.2 Graphical Results 
It is shown in Figure 2 that the electric charge knob has a significant correlation with elongation. 

 
Figure 2.  Elongation, speed, and electric knob in a drawn wire copper machine 

 
5.3 Proposed Improvements 
It is possible to change a voltage from 220 to 440V in a drawn wire machine with a 35KW transformer by the real 
adjustment of the electrical load in a process with continuous annealing. While increasing the temperature of the 

Proceedings of the International Conference on Industrial Engineering and Operations Management 
Monterrey, Mexico, November 3-5, 2021

© IEOM Society International 192



copper wire above 500°C without affecting the physicochemical properties of the material, the production speed, 
and complying with the NMX-J-036-ANCE-2017 standard. 
 
5.4 Validation 

Correlation matrix analysis   

Null hypothesis 
H0: Rp = 1 The variables are not interrelated 

 
The KMO test in Table 3 indicates a high correlation of 0.718 

 
Table 3.  KMO and Bartlett test 

 

 
               Bartlett's null hypothesis of sphericity is rejected with a significance value of 0.000 
 
 

Total variance explained 
There are two components shown in Table 4, whose initial eigenvalues are greater than 1 and together reach a 
cumulative intercorrelation of 90.686%. 
 

Table 4. Total variance 
 

 
 
Extraction method principal component analysis 
In the matrix of the components, Table 5, two factors, one per column. 
 
Factor 1: identified the variables with the greatest correlation, these are: Volt, Amperage, Speed Knob, and speed 
pulleys.  
 
Factor 2: the Electric charge knob and Elongation.  
The diameter of the copper wire is more related to the speed knob than to the load. 
 

Table 5.  Component matrix 
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The correlation between the variables that make up component 1 and 2 is confirmed in the rotated matrix. In Table 
6 shows the diameter of the wire has a higher correlation with component 1.  
 

Table 6.  Rotated component matrix 
 

                                 
 

When speed is increased, an electric field is generated which has its origin in the differences of voltage, the higher 
the voltage, the stronger the field. The research study does not delve into this topic.  
 
Therefore, in the analysis of multiple linear regression, it is possible to determine the elongation of the copper 
wire from the load knob, without affecting the diameter and speed of the wire drawing machine. It is not correlated 
with the dependent variable.  
 
As a summary of the model, shown in table 7, the R-square is a statistical measure of how close the data is to the 
adjusted regression line with a value of 0.794 (better if the value is closer to 1.0) that indicates how good the 
model explains all the variability of the response data around its mean. 

 
Table 7.  Summary of the model 

 
 

Regression model 
The regression model describe how one variable X influences another variable Y. The goal is to obtain reasonable 
estimates of Y for different values of X and the significance in Table 8 shows a 0.001 in the electric knob. 

 
Table 8.  Standardized coefficients 

     
 

The regression equation for a dependent variable and an independent one: 
  Ŷ = a + b1x1  
The coefficient corresponding to the Constant is the origin of the regression line: 

a = -14.211 
The corresponding coefficient b1 (the electric knob) is the slope of the regression line. Being positive, this data 
indicates that there is a direct relationship. 
  b1 = 36.889 

The equation is as follows, 
Ŷ = - 14.211 + 36.889x1 

          
According to the equation Figure 3 shows how elongation is a dependent variable. 
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Figure 3.  Regression dependent variable: elongation 
 
 

Multiple linear regression model  
Hypothesis: 
The elongation of the copper wire can be modified by the continuous annealing in the drawn wire machine by the 
increase in the electrical charge.  
 

H0 : ρ = 0    There is no correlation between the electric charge and elongation. 
H1 : ρ ≠ 0    There is a correlation between the electric charge and elongation. 
 
Where: 

 
R-squared 
R-squared expresses the proportion of the variance of the dependent variable that is explained by the independent 
variable. It is the coefficient of determination. R2 has a value of 79.4% (high equal to 1) indicates that there is a 
significant correlation between the electric charge knob and elongation. 
 
Adjusted R-squared 
It is a downward correction of R-squared based on the number of cases and independent variables. In the example 
there are few cases and a single variable R2, which is significant.  
R2 adjusted = 76.4% 
 
Estimate type error 
In general, the better the setting, the smaller this typical error is 
Standard Error = 2.6130 
Multiple correlation coefficient R 
In the case of the example there is an R = 89.1% which means that there is a high degree of correlation between 
the electric charge knob and elongation. 

 
Significance test 
Hypothesis: 
There is a relationship between the electric knob that determines the value of the elongation. 
H0: β1 = ..... = βκ = 0   There is no lineal relation between the variables that determines the value of elongation. 
H1: β1 ≠ ..... ≠ βκ ≠ 0   There is a lineal relation between the variables that determines the value of elongation. 

Significance level 
α < 0.05 
Degrees of freedom  
7 
T-statistic (0.05,7)  
2.365 
Where: 

   tpc  =  5.187 
Accept the null hypothesis if – 2.365 < t < 2.365 
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Therefore, reject the null hypothesis. There is a linear relationship between the electric knob and elongation. 
a) Values tpc = 5.187 > 2.365 
b) Significance 0.05 > 0.001 
 
Analysis of variance 
This Table 9 ANOVA reports whether there is or not a significant relation between the variables. The critical level 
(Sig.) indicates the probability = 0.001, which is less than the index of 0.05. Which means that the variables are 
linearly related, and the electric charge knob determines the value of elongation. 
 
Hypothesis: 
H0: R = 0      Elongation is not related to the electric charge knob 

 H1: R > 0      Elongation is related to the electric charge knob  
 
 With significance level: 

α < 0.05 
 

Table 9.  ANOVA 
 

 
 

Degrees of Freedom = 1.7 
Critical Value F (0.05,1.7) = 5.591 

 
Where:  
F = 26.905 
Accept the null hypothesis if: F < 5.591  

   
 Therefore the Null Hypothesis is rejected, and elongation is correlated to the electric knob. 

1. The F-value = 26,905 > 5,591 
2. Significance 0.05 > 0.001 

 
 
6.  Conclusions 
Eliminate the traditional annealing heat treatment by a continuous heat treatment in a copper wire drawn machine 
it is possible, see Figure 4, the new drawn wire process by placing a 35KW transformer plus changing voltage 
from 220 to 440V. The main reason is to increase temperature of the copper wire above 500°C without affecting 
the physicochemical properties of the material, production speed and complying with the NMX-J-036-ANCE-
2017 standard. Adjusting the electrical load, it is critical in a continuous annealing heat treatment and the only 
way to find the right values is by using statical analysis tools which compares the relationship between the 
variables and the behavior of the copper stretched. Various positive aspects can be found ones the improvements 
were placed. Main benefits 1. Inventory reduction in process 1.3 tons, 2. Reduction in the electric consumption in 
15 KW every two days, 3. Eliminate electric oven, 4. No more consumption of nitrogen gas. Furthermore, applying 
the statistical methodology improves the parameters of annealing by combining different variables in the copper 
wire drawn process. In this case, for each solution studied, some series are proposed of behavioral verification 
constraints that are the same as the process. For future analysis, copper wire from other suppliers should be 
included to establish several supply alternatives and validate the electric charge-speed model. 
 
Industrial processes in SMEs are usually carried out manually based on some theoretical calculations and 
according to the experience of the operator. It is generally difficult to optimize it due to the impossibility of 
measuring all the parameters that influence the process, such as the internal stress to which the wire is subjected. 
In addition, this adjustment analysis needs the process to be stopped, which is a serious inconvenience for 
production. Supporting SMEs to reduce their costs by improving their manufacturing processes guarantees their 
positioning in the market and the viability of the company. To achieve this, cooperation between universities, 
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specialists in the implementation of new technologies, and the participation of those responsible for companies is 
necessary. 
 

 

 
 

Figure 4.  New drawn wire process 
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