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The Bauschinger Effect Magnitude Control in Ultra-Low Carbon Steel Wires
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The cold roller die process increases the tensile strength and decreases the ductility of steel wire.
Annealing heat treatment is applied to restore mechanical properties, but this is a costly process. This
research shows that it is possible to control the mechanical properties of ultra-low carbon steel wire
inducing the Bauschinger effect and relieving residual steel stresses. The present study uses several
pulleys to promote and control the Bauschinger effect magnitude through alternated cyclic bending. A
Completely Randomized Design, a regression study, and the Akaike Information Criterion were used
to understand the relationship between the quantity and diameter of pulleys and the influence on the
magnitude of the Bauschinger effect. Statistical models showed that it is possible to have a maximum
increase of 103% in uniform elongation and a maximum decrease of 14% in yield strength. An
interaction between the factors studied in controlling the Bauschinger effect magnitude was confirmed.

Keywords: Bauschinger effect, Ultra-low carbon steel wire, Stress relief, Completely Randomized
Design in factorial scheme, Akaike Information Criterion, Response Surface Methodology.

1. Introduction

The cold forming process increases the strength and
decreases the ductility of metals. Typical examples are roller
die and conventional wire drawing processes'. Thermally
activated processes, such as the annealing heat treatment,
are usually used to restore the mechanical properties of steel.
However, heat treatments are costly and have a significant
environmental impact due to burning fossil fuels (such as
natural gas) or using liquid lead as thermal energy sources to
heat the wire?. Consequently, there is a growing demand for
more sustainable, environmentally friendly, and cost-effective
alternatives for stress-relieving steel wires. Alternatively,
this work propose to promote microstructural softening by
controlling the Bauschinger effect in alternate bending cycles.

The Bauschinger effect occurs when a metal or metal alloy
is cyclically loaded, increasing the ductility and decreasing
the strength of materials®*>¢, Several studies have been
developed to explain this phenomenon. High-resolution
microscopic scale observations confirm that the metal plasticity
recovery occurs due to the dislocations rearrangement into a
sub-grain structure and, in some cases, due to the reduction
of the dislocation density by mutual annihilation’.

This phenomenon is considered harmful for most
steels®1%, since these mechanical property changes occur
without their magnitude being controlled. In contrast, once
the intensity of this phenomenon is controlled, it is possible
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to use it to adjust the final steel mechanical properties, such
as yield strength, tensile strength, and uniform elongation.

Several techniques have been applied to promote the
Bauschinger effect in metals, of which the most usual are the
ciclic tension-compression'"'%13_ cyclical torsion'*'>!¢ and
cyclical bending”!”. In all of these mentioned techniques
the cyclic loading is applied to the metal. So, from cycle to
cycle, the yield stress, which determines the entry into the
plastic regime, gradually decreases. Similar effects usually
occur when a significant change in the plastic deformation
path occurs, characterizing the Bauschinger effect!®!*20.

Among the mentioned techniques, those that require the
promotion of cyclic loading by uniaxial tensile-compressive
and by cyclical torsion are challenging to implement in a
large-scale production line. On the other hand, cyclical
bending is quite common in industrial practice and can
be observed in the coiling, uncoiling, and straightening of
plates and long steel products®’. Thus, cyclical bending can
be implemented at the end of the roller die production line
or wire drawing process to reasonably restore the plasticity
of the metal.

However, to effectively implement this system in the
industrial sector, it is necessary to build models that describe
the strength and plasticity variation as a function of the
operational parameters of cyclic bending as number and/or
diameter of pulleys. For this purpose, Akaike Information
Criterion (AIC)?! is an essential criterion for model selection.
A model selection is a fundamental step since an under-fitted
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Table 1. Chemical composition (wt.%) of steel wire.
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Element C Mn Si

P S Ti Nb

Composition (wt.%) 0.002 0.20 0.0

0.009 0.006 0.012 0.013

model might not capture the true nature of the variability in
the response variable and, consequently, will tend to have
a low-quality predictive performance. In contrast, an over-
fitted model loses generality and contains more parameters
than those that can justify by the experimental data?>. Hence,
AIC is an efficient predictor of fit quality, selecting the best
model that balances these drawbacks. First, an analysis of
variance (ANOVA) in conjunction with regression analysis is
performed to determine the significance between coefficients
of the predictor variables (number of pulleys and pulley
diameter) and the outcome desired (wire diameter, yield
strength, tensile strength, and uniform elongation).

This paper contributes to the comprehension of the steel
wire macroscopic stress-strain state after applying cyclic
bending and discusses the related strength variations. So, the
objective was to analyze the efficiency of cyclic bending on
the mechanical strength of the ultra-low carbon steel wire
to control the Bauschinger effect magnitude. This study
controlled the intensity of plastic recovery of steels subjected
to high rates of cold strain. Industrially, this effect control can
modify the strength and plasticity of wire, creating possibilities
to propose new production paths with environmental and
productive sustainability improvements and cost reductions.
The originality of this work is highlighted by the application
of cyclic bending to control the magnitude of the Bauschinger
effect in steel wires, using equations, surface response and
contour plots as well.

2. Materials and Experimental Methods

An ultra-low carbon steel wire with a 1.255 mm diameter
and 95% cold reduction was chosen for the experiments.
The chemical composition, in weight percentage, is shown
in Table 1. The mechanical properties obtained by tensile
testing are presented in Table 2. It is noticeable that the wire
exhibits a high level of strain hardening since the uniform
elongation is relatively low.

The alternated cyclical bending was performed at room
temperature with a constant processing speed of 200 mm/s.
The pulleys were placed in fixed positions, always maintaining
a symmetrical sinusoidal deformation path, as shown in
Figure 1. During the cyclical bending, the wire was pulled
by a 365 mm diameter coiler.

The experimental statistical methodology followed a
Completely Randomized Design (CRD) in a double factorial
scheme®. The predictor variables used were the number of
pulleys (4, 8, 12, 16 and 20) and the diameter of the pulleys
(Figure 2) (D1 =28 mm, D2 = 59 mm and D3 = 85 mm),
amounting to 15 parameter combinations.

The mechanical properties (yield strength at which the
permanent elongation is 0.2%, tensile strength and uniform
elongation) have been measured after 15 experimental
conditions through tensile testing, using three samples each.
An EMIC universal testing machine (Instron Company),
model DL, with a load cell of 100 kN capacity, was used to
perform these tests. The adopted parameters for the tensile

Table 2. Ultra-low carbon steel wire mechanical properties.

Diameter  Yield Strength Tensile Umfor.m
(mm) (MPa) Strength Elongation
o (MPa) (%)
1.255 610.3 645.0 118

Table 3. Representation of the 12 linear models of the possible
interactions between the independent variables.

Model

Ml  Z=B +BN+BD+e

M2 Z=B,FBN+BN’>+BD+e

M3  Z=B +BN+BD+BD +e

M4  Z=B +BN+BN+BD+BD +¢

M5  Z=B,+BN+BD+BND+e

M6  Z=B+BN+PN+BD+PND+e

M7  Z=B+BN+BD+BD*+BPND+e

M8 Z=B +BN+BN+BD+BD*+BND+s

M9  Z=B +BN+BN+BD+BD*+BND+BND+¢

MI0  Z=B +BN+BN*+BD+BD*+BND+BD*N+eg

Mil  Z=B +BN+BN+BD+pD*+BN.D+BN-D+BD.N+¢
Mi2  Z=p,+BN+BN+BD+B,D*+pND+BN.D+BD.N

+BN2D? + &

Equation

tests were 406 mm long specimens and a constant crosshead
speed of 10 mm/min. An electronic strain gauge 25 mm long
was attached to the specimen to track the strain up to the
maximum stress at the uniform strain range. Test data were,
as recommended, transformed into true stress and true strain
data up to maximum tensile load*.

Starting from the experimental data correlated with the
tensile test, 12 models were selected, which describe the
possible interactions between the independent variables
(number and diameter of pulleys) up to the second-order
polynomial level (Table 3). Table 3 describes the models
with their respective interactions, where “N” represents the
number of pulleys, “D” the diameter of the pulleys, “B,” are
the estimated regression coefficients for each parameter of
the considered equations, “€” is the error term, and “Z” one
of the four steel wire mechanical properties after cyclical
bending (wire diameter, yield strength, tensile strength, and
uniform elongation).

A parsimonious model was chosen for each of the four
response variables, and the Akaike Information Criterion
(AIC)*" was used to evaluate the quality and selection of
the model. The model corresponding to the smallest value
of AIC is considered the most appropriate. Once the best
model was selected, the standard null hypothesis test (Fisher’s
F-test) was applied to determine the significance between
the coefficients of the predictor variables and the outcome of
interest?. Further statistical parameters were analyzed, such
as the coefficient of determination “R?”, adjusted coefficient
of determination “Adj. R*”, coefficient of variation “CV”,
and adequate precision “AP”.
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Figure 1. Illustration of the pulley positioning for applying cyclic bending to the wire in millimeters.

The coefficient of determination “R*” gives the ratio of
the total variability in the experimental data, which each
of the four models can explain. Therefore, a high R? value,
close to 1, is desirable in agreement with adjusted “R>72%%7.
The statistical analysis and the graphical representation were
performed in the R software environment?%.

Based on the chosen model, according to the AIC criterion,
2D (contour plots) and 3D (response surface) graphical
representation®3® of the predictor variable behavior as a
function of the response variables were performed. Thus, it
is possible to visualize the mechanical properties behavior
as a function of the operational variables controlled in the
cyclic bending process. Using this graphical representation
provided by the selected models also make it possible to
control the Bauschinger effect magnitude in the mechanical
properties of steel wire, which is the main objective of this
study. Furthermore, the optimal region, which relates the
balance between maximum reduction strength and increase
in plasticity, was identified based on the main parameters
in the overlay plot.

3. Results and Discussion

3.1. Experimental results and statistical analysis

The relation between the two variables controlled in cyclic
bending (pulley number and pulley diameter) and the four
wire properties (diameter (D, ), yield strength (c), tensile
strength (c,), and uniform elongation (E )) were examined
in two stages. First, the analysis of variance (ANOVA) was
performed to verify the effect of the factors and later applied
to perform multiple linear regression analysis to verify the
contribution of factor levels to the response variables in the
study. Table 4 shows the results of the tensile tests (yield
strength, tensile strength, uniform elongation), and the wire
diameter measurements for the 15 conditions tested. This
table shows the mean and standard deviation results for all
conditions tested (5x3 full factorial design).

Table 5 shows the AIC values for each model from
Table 3 regarding the response variables after cyclic bending
processing. According to this quality fit criterion, model
11 for yield strength and model 12 for wire diameter, tensile
strength, and uniform elongation presented the lowest
AIC values, being the most parsimonious and, therefore,
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Figure 2. Display of the 3 size pulley inner diameters in sinusoidal
positions used in the experiments: (a) 28 mm, (b) 59 mm e (c) 85 mm.

the selected ones to explain the correlation between the
involved variables.

The AIC was used along with additional criteria to verify
the goodness of fit of the statistical model, such as P-value,
the coefficient of determination “R*”, the adjusted coefficient
of determination “Adj. R?”, the coefficient of variation “CV”’
and adequate precision “AP” (Table 6).

The P-value in Table 6 for all models is less than 0.05,
which indicates that the four models are significant in
explaining the correlation between the predictor variables
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Table 4. CRD for the study of two experimental variables and obtained results.

Conditions After Cyclic Bending Testing Results
Run No. Pulley Quantity Pulle}(lnll)rifl)meter ere(rlr)llr';llr)neter YlelziN?}t)r:)ngth Tenm(l;[ it;ar)ength Elog;;fl%r;n( v
1 4 59 1.254 4+ 0.001 535.8+8.2 652.8+£2.6 2.37+0.08
2 4 28 1.251 £ 0.002 529.5+6.6 642.8+3.9 2.07 +0.06
3 20 28 1.091 + 0.002 663.0£4.7 687.3+1.8 0.95+0.08
4 12 28 1.207 £0.001 555.0+£3.4 647.3+£4.0 2.05+0.13
5 85 1.251+0.001 564.5+4.0 655.6+ 1.1 1.71 £ 0.07
6 8 59 1.256 £0.001 531.1+£1.3 6343+2.7 2.01+0.11
7 16 28 1.160 + 0.003 606.4+4.3 668.1+3.7 1.52+0.12
8 20 59 1.249 +0.002 5562+ 11.4 647.5+6.3 1.76 £ 0.04
9 8 85 1.258 £0.002 539.0+4.8 629.8+3.9 1.90 +0.15
10 12 59 1.260 + 0.004 528.2+8.1 632.6+3.9 1.86 +0.04
11 12 85 1.256 +0.001 542.3+9.7 640.8 £ 6.8 1.97 +£0.08
12 8 28 1.238 +0.003 532.0+8.6 627.1+7.4 2.24+0.15
13 16 59 1.255+0.003 533.7+0.9 631.7+2.5 1.88 +£0.09
14 20 85 1.259 £ 0.001 5294 +4.1 619.6 +3.2 1.80 £ 0.03
15 16 85 1.261 +0.002 533.7+4.0 629.2+5.4 1.93+£0.06
Table 5. AIC values evolution for each of the four response variables.
AIC Values
Model - - - - - -
Wire Diameter Yield Strength Tensile Strength Uniform Elongation
Ml -176.3 440.3 382.4 15.7
M2 -176.4 437.8 377.2 13.8
M3 -182.9 437.3 383.7 14.1
M4 -183.4 434.1 378.4 11.9
M5 -218.9 390.5 344.6 -12.3
M6 -222.7 376.1 326.6 -18.2
M7 -245.1 374.0 345.1 -17.6
M8 -254.6 348.3 326.2 -25.0
M9 -264.6 335.6 321.8 -29.7
M10 -306.0 340.6 325.1 -23.2
MI11 -369.6 3235 320.1 -28.0
M12 -390.8 324.8 318.9 -58.5
Table 6. ANOVA results for the response variables.
Response Variable Final Equation P-value R? Adj. R? CV AP

1.243 + 0.0053N - 0.0013N? + 0.000035D + 0.000000032D> -

Wire Diameter (mm)  3005sSND + 0.000032ND + 0.00000013ND* - 0.00000021N2p2 00001 099 0-99 022 8468
Yield Strength (MPa) (5).2()56221;1211533%.3002?1%1}1;+ 0:53D +0.00089D7 - 0.21ND - <0.0001 096 095 141 2599
Tensile Strength (MPa) ig()z'-ggs;gff‘lofog&;g; 322D -0.027D7-05TND +0.016N'D g 5001 086 082 082 17.80
Uniform Elongation (%) 120+ 073N - 0.034N 0.15D - 0.0014D? - 0.029ND <0.0001 091 088 611  17.06

0.0012N?D + 0.00025ND? - 0.000010N?D?

P: probability of error; R?: coefficient of determination; Adj. R*: adjusted coefficient of determination; CV: coefficient of variation; AP: adequate precision.

and the response variables at the 5% probability level.
The adjustment reliability is verified by using both the R* and
adjusted R%. Within the models for each response variable,
the lowest coefficient of determination was 86% and the
highest 99%, i.e., the models explained at least 86% of the
correlation between the variables involved.

The values of the adjusted coefficient of determination
(adjusted R?) corroborated the AIC for choosing these
selected models, presented in Table 6. An additional
indication of the choice of models is in the AP criterion,
of which, for all models it was noticed a value greater than
four desirables?*3!, thus indicating the suitability model to
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the data. Furthermore, it was also noticed that the precision
of experiments was high since the coefficient of variation
(CV) was not greater than 10%?32. Therefore, according to
Table 6, all models are replicable since the CV values are
well below this reference value.

The diagnostics plots, as predicted versus experimental
values (Figure 3), complement the model’s fit quality analysis.
Furthermore, the graph points in Figure 3 are adjusted at an
angle very close to the ideal, a straight line at 45°, which
is desirable as it indicates substantial accordance between
the actual data and the data obtained through the models.

Figure 4 presents four plots, one for each response
variable studied, with the experimental points represented
by the mean values and standard deviation (Table 4), and
the curves of the final equations (Table 6) for each pulley
D value used in the tests. All the experimental points in
Figure 4 are fitted with their respective model curves, which

Wire Diameter (mm)

128
124 o
@120 P
=116 e
163
a’/
1.08
108 112 116 120 124 128
Experimental Data
Tensile Strength (MPa)
700
o
680
o 660 ]
E i
o o
= 640 S
~2°
620 o
600
600 620 640 660 680 700

Experimental Data

corroborates the results in Figure 3, showing that the models
and the experimental points are in close agreement.

For model efficiency validation analysis, 3 experiments
were conducted under different conditions to the initial
tests (Table 7). As shown in Table 7, when comparing the
results obtained by the model and with new tests, an average
percentage error of 1.85% was obtained. This proves the
capability of the models in Table 6 to estimate the values of
the response variables in the range delimited by the proposed
experimental design.

3.2. Process analysis

The response surface plots and contour plots are shown in
Figures 5-6, respectively. The response surface plots for yield
strength (Figure 5b) and tensile strength (Figure 5c) exhibit a
valley region (red color), which indicates that the maximum
stress relief conditions promoted by the Bauschinger effect

Yield Strength (MPa)

Model 11

540 f«é

520 540 560 580 600 620 640 660
Experimental Data

Uniform Elongation (%)
2.5

23 s

1.9 o®

1T &

Model 12
&

[

1.1 -

09 ©
02 11 13° 15 1F 1.9° 20 23 25
Experimental Data

Figure 3. Plots of the model predicted values versus experimental values for (a) wire diameter (model 12), (b) yield strength (model 11),

(c) tensile strength (model 12) e (d) uniform elongation (model 12).

Table 7. Validation experiment: model response versus new experimental results.

Conditions After Cyclic Bending Testing Results

(D=35 mm) Wire Diameter (mm) Yield strength (MPa) Tensile Strength (MPa) Uniform Elongation (%)
Pulley Quantity 6 10 14 6 10 14 6 10 14 6 10 14
Experimental Result ~ 1.255 1.244 1.221 523.8 522.9 560.7 623.9 616.4 632.0 2.14 2.12 1.89
Model Response 1.250 1.236 1.209 526.8 535.7 561.5 638.1 636.1 645.1 223 2.08 1.82
Error -0.005 -0.008 -0.012 3.0 12.8 0.8 14.2 19.7 13.1 0.09 -0.04 -0.07
Percentual Error (%) 0.38 0.62 0.98 0.57 2.45 0.14 2.28 3.20 2.07 421 1.86 345
Standard Deviation +0.001 +0.005  +0.002 +7.9 +3.5 +6,0 +5.1 +6.3 +1.1 +0.06 +0.10 +0.17
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Figure 4. Plots of the model predicted curves versus experimental points for (a) wire diameter, (b) yield strength, (c) tensile strength e
(d) uniform elongation.
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Figure 5. Response surface plots for (a) wire diameter, (b) yield strength, (c) tensile strength and (d) uniform elongation.
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during cyclic bending is attributed to the number and diameter of
pulleys in these spatial regions. Furthermore, both Figure 5b-5¢
show an asymmetric parabolic shape, with the presence of a
valley region, which represents the space corresponding to the
minimum values of the response variables. The tabs with more
remarkable ascendancy (indigo/blue colors) correspond to the
decreasing region of the wire diameter shown in Figure Sa.
Pulleys less than 60 mm in diameter promote wire stretching
during processing, as shown in Figure 5a, in the cyan, yellow,
and red regions. Under these circumstances, there is a conflict
between the hardening promoted by the strain hardening
phenomenon and the softening produced by the Bauschinger
effect during cyclic bending.

Regarding uniform elongation, the response surface plot
(Figure 5d) shows a peak region in blue. In this region, the
number and diameter of pulleys can produce the maximum
plastic recovery during cyclic bending. Finally, analyzing the
evolution of the wire diameter in Figure 5a, a blue threshold
is highlighted, where the number and diameter of pulleys
can be combined to keep the wire diameter unchanged after
cyclic bending.

The bi-dimensional representation of the response variables
(Figure 6) in the plane number/diameter of pulleys (contour
plot) shows the isovalue lines that precisely delimit the
mechanical property ranges. Thus, it is possible to precisely
control the Bauschinger effect magnitude to change the tensile
strength and plasticity of the ultra-low carbon steel within
the desired range. For example, stress reliefs of 14% in yield
strength are possible by cyclic bending using 12 pulleys of
59 mm diameter. Also, maximum recoveries of 103% in
uniform elongation are achieved by cyclic bending with

(=]
=0 1255
3o 1.20 5
s @ 1.15‘%
P
2% &
I 1.10

o

5 10 15 20
Pulley quantity
()

) 690 =
2 680 %
g8
= 670
T o =
33 660 5
g B
8§ o 650 @
o 4
=y 640 7
39 630 C
& =

(=]

o

5 10 15 20
Pulley quantity

4 pulleys of 50 mm diameter. These plastic recovery values
corroborate with the typical range described by Enghag
(2009), the reduction of the yield strength between 10% to
25% during cyclic bending®. Moreover, it becomes evident
in Figure 6a that a critical diameter (D ) starting at 60 mm,
where the addition of pulleys inside the CRD space, does not
promote the wire stretching during the cyclic bending process.

3.3. Optimization analysis

Using the contour plots in Figure 6, finding the optimal
condition for the metal stress relief is possible since this is the
region where the Bauschinger effect magnitude is maximum
to reduce the strength and recover the plasticity. To visualize
this space graphically, the contour plots of yield strength,
strength limit, and uniform elongation were superimposed
on an overlay plot, shown in Figure 7.

Intersecting the isovalue lines, the shaded region
was highlighted, indicating the area where the values of
the response variables exhibit a better balance between
plasticity gain and strength reduction. In addition, it is
also possible to visualize the space where the operational
conditions (number and diameter of pulleys) fit the shaded
optimization criteria?’.

An additional experiment was conducted by applying
a condition from the optimum shaded region (OP Point:
10 pulleys of 59 mm diameter) to confirm the agreement
between the results predicted by the models and those obtained
from the experiments. As a result, as shown in Table 8, there
is a close agreement in the softening capacity exhibited in
the response variables obtained from the experiments and
estimated by the models.

(®)

50 60 70 80

Pulley diameter (mm)

30 40

5 10 15 20
Pulley quantity

el
(SIS

— e e
=N e Oy

Pulley diameter (mm)
30 40 50 60 70 80
Uniform Elongation (%)

5 10 15 20
Pulley quantity

Figure 6. Contour plots for (a) wire diameter, (b) yield strength, (c) tensile strength and (d) uniform elongation.
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Table 8. Optimum region verification experiment.

Materials Research

After Cyclic Bending Testing Results

Conditions
Wire Diameter (mm)

Yield Strength (MPa)

Tensile Strength (MPa) Uniform Elongation (%)

OP = 10 pulleys with 59 mm diameter

Experimental Result 1.254 523.6 627.8 1.88
Model Response 1.259 525.8 631.8 1.96
Error 0.005 22 4.0 0.08
Percentual Error (%) 0.37 0.42 0.63 4.46
Standard Deviation +0.001 +4.9 +1.8 +0.17

|
|
|
|
10 11 12 13 14
Pulley quantity

E, =\1.93%
4 5 & T 8 9 15 16 17 18 19 20

Figure 7. Overlay plot for highlighting the optimal region of
maximum softening.

4. Conclusions

This paper has aimed to present the experimental results
issued from tests performed with an equipment designed to
promote the Bauschinger effect, in ultra-low carbon steel
wires, through alternated cyclic bending. As a result, it is
possible to present the following conclusions:

- The alternated cyclic bending is effective in
controlling the magnitude of the Bauschinger effect
in ultra-low carbon steel wires;

- The cyclic bending can increase the uniform
elongation and reduce the strength, in a controlled
way, in ultra-low carbon steel wires;

- The results showed that with the application of
Akaike Information Criterion (AIC), it was possible to
obtain regression models which showed satisfactory
agreement between the experimental results and
predicted results from the general equations;

- Thesurface and contour plots showed the correlation
between the operational conditions of cyclic bending
and the modification of the strength/plasticity of
the ultra-low carbon steel, allowing to navigate in
the defined space in order to find the most suitable
operational parameters available;

- The overlay plot showed the optimal condition
region that exhibits the equilibrium between
plasticity gain and strength reduction. For the tested
condition in the optimum region using 10 pulleys
of 59 mm diameter, 67% gain in elongation and
14% reduction in yield strength were obtained.
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