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Abstract. Bar straightening is a significant process in the value stream of bar manufacturing 

processes. Any improvement in the process has a substantial impact on quality and 

productivity as a whole. This paper presents the outline of the fundamentals of the 

straightening process from a material science perspective and discusses the state of art in 

terms of process analysis and development. It has been inferred that the major aspect of the 

process is to understand the moment-curvature relationship in bars subjected to re-rolling. The 

process is governed by several parameters such as bar speed, the angle between osculating 

plane and loading plane, bar size or radius of bar, applied reverse bending moment, initial and 

final curvature, etc. It has also been observed that the research in this domain has seldom 

applied a statistical approach to enhance process capability.  A brief account of the potential 

use of statistical process control has been presented. Use of statistics shall enable a better 

understanding of various process parameters. This, in turn, will help in deciding whether the 

process is in control and therein to assist in deciding the acceptance or rejection of lot.   
 

 

Nomenclature: 
c = a  constant 

E = Elastic modulus  

E
p
 = Plastic modulus of the bar. 

σ = Stress 

ϵ, e  = strain 

Y =  Yield Point, Yield Stress 

M = Bending moment  for producing change in curvature, κ 

Mo = Moment  needed  to produce zero curvature 

κ =  curvature change along length of bar. 

κ
r
 =  residual curvature  along bar length 

κ
f
 =  final  residual curvature along bar length 

𝜂 =  curvature function  

σa , σb , σc  =  stresses at point a, b and c 

h = depth of the section of bar 

ϵy =  yield strain 
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ϵ
r
  =  residual strain 

ϵ
r1 = residual strain at extreme fiber  

ϵ
1
  =  change in strain at  ½ depth of  bar  section or at  h/2  in fiber   

λ   =  a function dependent on section parameter, line segment 

I
z    =  Moment of inertia about  z-axis 

v
x =  Throughput speed of bar 

θ  =  Angle between osculating plane and loading plane  

r  = radius of  bar 

P = Probability of occurrence 

f
κ
(𝜅𝑓) =  probability  density function of final curvature   

𝜇𝜅 
= mean curvature 

σ𝜅 
 = standard deviation of curvature 

 

 

 

1. Introduction: 
Bar Straightening is a process of straightening of bars of various sections in order to improve degree 

of straightness [1]. Straight Bars of various sections are a general requirement in industries. Straight 

Bars are required as raw material for the purpose of production of various parts, machine components 

etc. in industries. There are many large number of parts that are formed from cut pieces of straight 

bars. Hence, degree of straightness [1] is always a general concern in any industry where straight bars 

are required as raw materials where straightness of rollers, rolling shafts, idlers are significant 

machine components. In printing machineries, rolling shafts, idlers are used in significant numbers 

from start of feed to end products. In all such cases use of straight bars have significant importance for 

smooth operation of machines and quality output.  

In re-rolling industries degree of straightness is of prime consideration.  Rolling mills provide light 

sections and bars in slightly bent and distorted conditions, which need to be straightened before end 

use. Commercial straightness of metallic bars and sections usually ranges from 1 in 750 to 1 in 5000 

depending on their application.[1] 

Cross-roll straightening machines are widely used to straighten circular bars and tubes. The product 

axis is used as a reference about which the bar is rotated as it moves along the axis through a series of 

staggered rolls.[2]   The principle of operation is used as a primary classifier for commercially 

straightening machines. The main groups are section straighteners, cross-roll straighteners and stretch 

straighteners. 

The product bar passes through a series of staggered rolls in section straighteners and cross-roll 

straighteners. Plastic strains are redistributed in the bars due to the presence of reverse kinematic 

loading. In the process it secures the desired straightening [2]. Several work have been done on bar 

straightening, mostly in the theoretical development with general analysis of straightening process[2] 

including numerical modelling approach, experimental simulation[22], optimization, etc., of 

straightening process.    

In the re-rolling industries, statistical considerations are of much importance since many quality 

related decisions are usually based on statistical considerations. Rejections of products are also due to 

process based on control limits or specification limits set by quality standards.  It is always intended 

to keep the process close to estimated value or mean value of the desired parameters.   Rejection of 

products if takes place do necessarily have an impact on overall cost of production and ultimately on 

the price of final product.   

In the subsequent sections, the background of the straightening process is reviewed. In addition, an 

account of introducing statistical consideration on controlling parameters in the straightening process 

is presented. 
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2. Mechanics of Bar Straightening 
Bar straightening involves applications of stresses by the rolls during the axial travel of the bars. To 

understand the mechanism, an analysis was carried out by “Das Talukder, N.K. et al.”  This analysis 

was based on several assumptions as listed below. 

i. Elastic or linear work hardening is assumed to be present in the material of the straightened 

bar. [12] [Figure 1a]   

ii. Under the condition of pure bending, the bar has a circular cross section and the neutral axis 

passes through the centre of the bar end axes. [12]   

iii. The cross section remains on a plane and always make right angles to the axis of the 

material.[9]  

iv. At any assumed point in the bar section, the strain varies proportionally with the distance 

from the perpendicular point on the neutral axis. [12] 

v. The material is perfectly elastic-plastic, and its stress-strain relations in uniaxial tension and 

compression are the same. It has the same modulus of elasticity and yield point in tension 

and compression.[9] 

vi. Every stress component other than the stress in longitudinal direction is zero.[9] 

The basics of stress-strain relationship have been stated for enabling understanding how the analysis 

has actually proceeded. We are familiar the stress-strain relationship of any isotropic material having 

elastic modulus, E up to elastic limit and plastic modulus, Ep beyond E. A simplified diagram on the 

same is presented below [Figure 1a].   Straightening of bar essentially involves  moment-curvature 

relationship  as reverse bending  due to applied moment results in reduction of curvature. This is quite 

a usual practice in industry and also experimentally shown by [Biju, B et.al. IRJET, 2016] [23].    

                                  

                       
 

 

 

 

 

          where E = Elastic modulus and Ep is plastic modulus of the bar. 

 

This phenomenon is well explained by Bauschinger effect. 

 
 

 

Figure 1b: The Stress distribution 

through the section of a circular bar 

when subjected to pure elastic-plastic 

bending 

Figure 1a: The Stress-strain relationship of the 

material 
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The distribution of stresses in the bar cross section when subjected to elastic-plastic pure bending 

which can be observed in Figure 1b. The stress-strain relationship is customarily expressed as below: 

 

σ = Eε                                                                for               z  < c 

  =  Y+Ep [ε – 
𝑌

𝐸
 ]   = (1-μ) Y+ Ep ε                   for               z  >  c                                    

       where, μ = 
𝐸𝑝

𝐸
,   E is  elastic modulus and  Ep  is plastic modulus  and  Y is yield point.   

 

2.1 Bauschinger effect [18] 
 

Previous research findings have found that repeated plastic deformation introduces three major effects 

in pipes and bars: strain hardening, Bauschinger effect and strain aging. However, point of interest is 

much restricted to mainly on Bauschinger effect. This can be attributed to the cyclic loading and 

unloading of bars or pipes in reverse directions in addition to the unidirectional loading beyond σb 

when the initial yield point is at σa. [Figure 1c]. 
 

 

Bauschinger effect is a metallurgical phenomenon wherein the stress/strain characteristics of the 

studied material change due to the influence of microscopic stress distribution in the material.[18] The 

effect is notably observed in real metals, whenever there is a reversal of stress. In the process of re-

rolling, consequently, there is a change in yield point in reverse loading.  

                    
                                         Figure 1c                                                Figure 1d                                 
                                           

                                                Figure 1c & 1d: Bauschinger effect 
 

The above-mentioned loadings are widely regarded as the cause for occurrence of  Bauschinger effect. 

This is due to the close association of the result where after initial plastic deformation, reverse yield 

strength σc is reduced in comparison to the initial value [Figure 1d].  

 

There are three different known residual stresses, viz. Type-1, Type-2 and Type-3 residual stresses. 

Commercially manufactured components possess all three residual stresses in varying degrees that are 

generated during the process of manufacturing. Type-2 and Type-3 residual stresses are primary 

causal agents of Bauschinger effect.[3] [4] 

The physical presence of these stresses could be imperceptible or in the form of minute cracks. Cast 

and welded components can fail catastrophically even without loading at room temperature due to 

residual stresses. They are a proven agent in reducing the working lifespan of metal components.[5] 
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As further discussion is mainly on reverse loading of bars, our consideration will be made on such 

analysis where discussion is centred around reverse loading and its impact on final curvature, 

consequently to degree of straightness and statistical consideration on the same. 

 

3. Analysis of Bar Straightening 
Detailed analysis of the involved mechanics has been mainly done by Das Talukder, Johnson and Yu 

in the processes of straightening of bars.[2][6][12] In the analysis, it has been assumed that bars behave 

both anisotropically as well as non-homogeneously, along with the degree of straightness of the 

finished component.[6] More thorough analyses of the processes have also been done for different 

types of machines.[2] 

When analysing the process of general straightening under the action of reverse kinematic loading, 

prime considerations are of curvature change and resisting moments. Assumption is made that stress-

strain curve on the basis of the findings of Davis et. al. are indicative curves showcasing the results 

for ductile nature of materials.[4] The stress-strain relationship, between the reverse loading stress, σ 

and the change in longitudinal strain, ε [Figure 2(a)] is collectively demonstrated in Figure 2(b).    

 

 
                         Figure 2. Stress-strain change curves for various different initial residual strains.  

 

Based on the results as reported[6][7], it shows that reverse loading does not have a clearly defined yield 

point and instead curves show sharp changes in the yield region.  In addition to assumptions made 

earlier, it is also necessary that following assumptions are made: 

(a) Yield point stress is the same in tension and in compression for an initially unstrained bar. 

(b) During reverse loading, stress-strain relation is bilineal. This relationship is very close to the 

results reported by Davis, E. A, et al (1950) [7]. The bilineal relationship as assumed can be expressed 

as 

𝜎 = 𝐸𝜀       ε  <  (𝜀𝑦  +  𝑐𝜀𝑟) 

𝜎 =  𝐸 (𝜀𝑦  +  𝑐𝜀𝑟)  + 𝐸𝑝 [𝜀 – (𝜀𝑦  +  𝑐𝜀𝑟)]   
  
ε  ≥  (εy  +  cεr)                 (1) 

 

Where, E is elastic modulus and Ep is plastic modulus,   

            ε
y
 is the yield strain during reverse loading without initial residual strain for an element,  

            c   is a constant     and  c «1. [18] 

 

3.1 The Moment ~ Curvature (M ~ κ) relationship for Circular Bars 
Considering a bar with the following characteristics: 

i. Sectional symmetry about two axes in the y and z directions such that they are mutual 

perpendicular.  

ii. initial residual curvature  κ
r
 in one plane of symmetry which will be  different at different 

distances  since  strains  in  fibre  at  different distances will be different  from z-axis. 
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Figure 2(b) shows the variation in strain change-stress curves as a result of an induced strain change. 

According to the fibre in consideration, the curve of the initial residual strain is noted to calculate the 

stress.  
 

If residual strain in the extreme fibre is 𝜀𝑟1 and the residual strain in the fibre at a distance   y from the 

z-axis is ε
r
 then assuming h to be the depth of the studied section, ε

r 
to be the residual strain at a 

distance of y units from the z-axis and the residual strain in the furthest fibre to be 𝜀𝑟1 then  

 

                                                        
𝜀𝑟1

ℎ 2⁄
=

𝜀𝑟

𝑦
=  𝜅𝑟                     (2)                                             

 
If κ is the change in curvature along the length of the bar as a result of the straightening, then from 

Figure 3: 

 
 

Figure 3:   Variation of stress across the depth in bending 

 

                  κ =
2𝜀1

ℎ
 

      

      and  𝜀 =
2𝑦𝜀1

ℎ
                                                                            (3) 

 

where the change in strain in the fiber at distances y and h/2 are given by ε and   ε1 respectively.  

If the value of y at elastic-plastic boundary is given by ye,[6] then from equation (3) 

 

                                                              𝜎  =  κ𝐸𝑦                   −𝑦𝑒 ≤ 𝑦 ≤ 𝑦𝑒 

          = (𝐸 − 𝐸𝑝) 𝜀𝑦 +  𝜉𝑦   −𝑦𝑒 ≤ |𝑦| ≤
ℎ

2
        (4) 

                                                                         where  𝜉 = (𝐸 − 𝐸𝑝) 𝑐κ𝑟  +  𝐸𝑝κ 

 
Thus, the moment required to produce this change, M, can be found as follows [6]: 

  𝑀 = [𝜆𝐸κ + (1 − 𝜆) 𝜉] 𝐼𝑧                         κ ≥  (κ𝑦 + 𝑐κ 𝑟)                   

                                                                                                                0 ≤ 𝜆 ≤ 1               

       = κ𝐸𝐼𝑧                 κ ≤  (κ𝑦 + 𝑐κ 𝑟)               (5) 

                  

where λ is a function dependent on the section parameters, ye  and change in curvature.  
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We know,                         𝑦𝑒 =  
𝜀𝑦

ℎ
                                                                                       (6) 

If the moment required to produce the same curvature change κ in a bar length, having zero initial 

curvature is represented by Mo(κ), then from equations (4) and (5),[6] 

                                       𝑀𝑜 = [𝐸 + (1 − 𝜆) 𝐸𝑝] κ𝐼𝑧                                                  (7) 

from equations (5) and (7) 

                                      𝛥𝑀 = 𝑀 − 𝑀𝑜 = (1 − 𝜆)(𝐸 −  𝐸𝑝 ] 𝑐κ𝑟 𝐼𝑧                                              (8) 

where M is the extra moment required to produce a particular curvature, due to initial curvature in the 

bar. It has been seen that the curvature falls down from roller to roller (Groover, 2010)[24] when a 

round bar is subjected to reverse bending according to the absolute values.[23]   

 

4. Statistical approach to the Bar Straightening 

 
It has been seen experimentally that deflection reduces after initially bent bar passes through 

straightening process by reverse bending. Three specimens have been used by Biju et. al. and 

experimentally observed that at given points deflections reduced in each specimen.[23] Considering the 

data published by Biju et. al. for three different specimens, it has been observed that changes in 

deviation from central axis are much dominant in the first pass and subsequent changes in deviation 

are much lesser in comparison to initial change. The Figures 4(a), 4(b) and 4(c) indicate the above-

mentioned observations. 

 

                                     
                         Figure 4(a)                                                      Figure 4(b) 

 

 

 

 

      
                           Figure 4(c) 

 

Figure 4(a):  Change in deviation from 

central axis after three passes for specimen-1 

 

Figure 4(b):  Change in deviation from 

central axis after three passes for specimen-2 

 

Figure 4(c):  Change in deviation from 

central axis after three passes for specimen-3 
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Although the data available is meagre in nature in the experimentation part, but it can be ascertained 

from above that with reduction of deflections, curvatures are actually reduced and degree of 

straightness is improved significantly with initial pass of reverse bending and also to some extent at 

subsequent passes. This is also in line with the very purpose of manufacturing of bar straightening 

machines. As each specimen enters the roller arrangement for reverse bending, bending moments thus 

faced by specimen causes improvement in reduction of curvature. However, due to insufficient 

experimental data, the frequency distribution followed by the reduction of deflection cannot be 

accurately ascertained.  

 

It can be seen that moment and curvature have relationship in reverse kinematic loading for 

straightening of bar viz. bending moment M, initial and final curvatures κ including residual 

curvatures κr are therefore random variables in the event of straightening process which is actually a 

continuous one. As for continuous variables, probability density function in any arbitrary interval 

(a,b) or  (λa, λb) of length segments of bar under reverse kinematic loading is applied.  

 
However, values of interval (λa, λb) shall be close to the spacing between set of rolls producing 

bending moment and not exceeding the length between two rolls. Even if, rolls are somewhat evenly 

spaced, then too depending on throughput speed and residual stresses and residual curvatures, applied 

bending moments will be random in nature. This is more so, as bar under kinematic loading is also 

rotating about axis making an angle between loading plane and osculating plane affecting the process 
[6].  

 

When a bent bar with initial residual curvature kr is subjected to a loading moment in reverse direction 

(which may be assumed positive), an additional residual curvature kr in the reverse direction causes it 

to become straightened, i.e. the resultant curvature tends to reduce to zero. However, in reality, it will 

be indeed probabilistic only, that meeting various parameters under consideration, i.e. speed of bar, 

angle between loading and osculating plane [Figure 4], applied load through cross rolls, the effect of 

actual reverse loading for curvature in opposite direction amounting same value in reverse direction to 

enable final residual curvature which shall tend to be zero at every point along the axis from 

beginning of process to end.  However, there will indeed be various values of curvature at every point 

along the bar which will be random in nature.   

 
Several variables are involved in the process of   bar straightening.  These are viz.  bending moment 

(M)  arising  due to  reverse bending, angle (θ) between loading plane and osculating plane, 

throughput speed (vx) of the bar in progress, section parameter of bar  like radius of the bar (r), elastic 

and plastic moduli [E and Ep] of the bar, initial curvature (𝜅𝑟)and final curvature (𝜅𝑓). 

 

An important addition to make here is that the zero probability of a random variable taking any 

selected value ‘x’ does not imply impossibility for the random variable taking on the value of x. 

Similarly, in the case of continuous assessment, zero probability does not correlate to logical 

impossibility. Additionally, owing to the practical limitations of our ability to measure and observe 

the entirety of the generated results, the study of this field is largely academic by nature and we 

ideally work within probabilities dealt in defined intervals and not for isolated points per se.  

 
In the continuous case, probabilities associated with individual points are always zero, and therefore if 

we deal in the probability associated with the interval present between a and b, the inclusion of the 

endpoint becomes irrelevant. In the case of continuous intervals, the importance of specifying interval 

probabilities drops drastically.    
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As we know, P(X=x) =0 if X is continuous random variable. [9] 

 

Symbolically,  

            P(a<X<b) =  P(λa<X<λb) = P(λa<X < λb ) = P(λa <X<λb ) = P(λa <X< λb) [18]                       (9) 

                          

                                                
                                                 Figure 5: Probability as area under f(x) 

 
Since, this is a continuous case of re-rolling, hence all the parameters figuring in the process will also 

be continuous random variables.  The probability between any intervals, more specifically between 

the rolls of reverse bending shall be in consideration.  

 

However, certain assumptions can be made which is quite logical and also to make our present case a 

bit simple. Since all rollers are running by standard commercial motors, revolution of these motors 

will be nearly constant or with insignificant variation which may be arising out of voltage fluctuation, 

if any. However, on stabilized power supply, the possibility of variation will actually be insignificant. 

Hence, throughput speed (vx) of bars can be treated as constant excepting start and end points. 

Similarly, average radius of bar can also be treated as constant since dimensional variations will be 

insignificant and for all practical purpose considering variation is actually not much meaningful.  

Now, the angle between loading plane and osculating plane (θ) will be indeed varying. Roller 

positions are by and large fixed and rolling about their fixed axis. Variability aspect of θ can be 

considered suitably.  Hence, at present, we can actually deal primarily with two main variables, i.e. 

change of bending moment ΔM and final curvature, 𝜅𝑓. 

 
Therefore, using equation (8), we can say that probability of occurrence of actual loading towards of 

change in bending moment under straightening process may be defined as  

                            P(λa < ΔM < λb) = P(λa  < 𝜅𝑓 < λb) = ∫ 𝑓𝑘(𝜅𝑓)
λ𝑏 

λ𝑎
 dκ                                             (10) 

where, fκ(𝜅𝑓) is the probability  density function of final curvature  due to change  in  bending moment  

on  actual  loading  event  during straightening process in the cross-roll arrangement.  
 

Now as the value of  𝜇𝜅 
is available for a process, then by using the  equation (10) it is possible to  

ascertain the value of  final  curvature κf  at any interval region between a set of  rolls causing reverse  

bending. The probability of any such value for κf can also be found out using equations (9) and (10). 

 
Therefore, the probability or likelihood of  falling values  of final curvature 𝜅𝑓 within the range of  

application of  reverse bending  in the  range of  any  set of rolls  (λa , λb) or (a, b) will be  as below: 

                              P (λa  < 𝜅𝑓 < λb) = ∫ 𝑓𝑘(𝜅𝑓)
λ𝑏 

λ𝑎
 dκ                                                                          (11)                                                                             

 

5. Discussion and Conclusion: 
Probability density function can be evaluated when sufficient amount of experimental data is 

available. The probability distribution function of the data set will play significant role in ascertaining 
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the probability of occurrence of required straightness between set of rolls under reverse bending. 

Mean curvature and standard deviation of the bar can also be estimated accordingly.  

 
The use of bar straighteners as a valuable preparatory process can be established by comparison 

between the conventional bar machining process and the use of bar straightening as a preliminary 

process before the machining stage. This can directly translate into improvements in multiple aspects 

such as productivity, energy requirements and monetary benefits.  

 
Concept of statistical consideration has been applied to bar straightening process for estimation of 

final curvature of line segment of a given bar. The probability of occurrence of final curvature at a 

point within length segment can be expressed if probability density function is expressed between any 

two rollers in case of equidistant rollers. For any other arrangement of rollers, limit values of length 

segment of bar λa and λb have to be suitably changed and equation shall be changed accordingly.  As 

the mean value of curvature and standard deviation of the bar after straightening process is within 

acceptable limits, same can be used for commercial purposes. The viability of using this for preparing 

raw material to produce various components increases as compared to current process. 
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